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Streszczenie

Zjawisko lekoopornosci oraz choroby nowotworowe z roku na rok stajg si¢ coraz
powazniejszymi problemami, z ktorym boryka si¢ wspdtczesna medycyna.
W zwiazku z tym poszukuje si¢ nowych farmaceutykoéw o szerszym spektrum aktywnosci
biologiczng. Istnieje kilka podje$¢ projektowania takich czasteczek, np. na podstawie

tzw. celu molekularnego, ktérym moze by¢ biomolekuta DNA.

Jedna z powszechnie stosowanych w medycynie grup zwigzkow sa sulfonamidy,
ktore wykazuja wlasciwosci przeciwbakteryjne. Moga by¢ one modyfikowane
w celu zwigkszenia spektrum dziatania. Dzieki temu zwigzki moga wykazywad
m.in. wlasciwosci przeciwwirusowe, przeciwzapalne, a nawet przeciwnowotworowe.
Dodatkowo w wyniku wystepowania atoméw zdolnych do przekazywania pary
elektronowej w czasteczkach sulfonamidow mogg tworzy¢ si¢ potaczenia koordynacyjne
Z biologicznie istotnymi jonami metali, co rOwniez znaczaco wptywa na aktywnos$¢

biologiczna farmaceutykow.

Celem niniejszej dysertacji jest okreSlenie wptywu dlugosci podstawnika
alkiloaminowego na witasciwosci bakteriobdjcze pochodnych sulfonamidéw oraz ich
zdolno$¢ przytaczania do jonow metali Ru(IIT) i Rh(III). Jako pochodne sulfonamidowe
przebadano 4-amino-N-(2-aminoetylo)benzenosulfonamid (NethylS), 4-amino-N-(2-
aminopropylo)benzenosulfonamid ~ (NpropylS) oraz  4-amino-N-(2-aminobutyl o)
benzenosulfonamid (NbutylS). Jedng z mozliwych S$ciezek projektowania nowych
preparatow  jest ~wprowadzenie zmian w  juz istniejacych  zwigzkach.
W tym celu wykonano analizg profili elektrochemicznych pochodnych sulfonamidowych
w Srodowisku protycznym oraz aprotycznym, co pozwala na okreslenie zachowania
czasteczek w  uktadach biologicznych. Ponadto, wyznaczono wlasciwosci
kwasowo-zasadowe zwigzkoéw i wartosci pKa. Dzieki temu mozliwe byto okreslenie ich
form protolitycznych. Zbadano rowniez zdolno$¢ pochodnych sulfonamidowych
do tworzenia potaczen koordynacyjnych z jonami Ru(III) oraz Rh(III). Dokonano oceny
sposobu 1 sity oddziatywania analizowanych zwigzkow z helisg DNA wykorzystujac
technike switchSENSE, ktéra umozliwia okre§lenie parametréw kinetycznych
zachodzacych  procesOw.  Przeprowadzono  réwniez  analiz¢  wilasciwosci
przeciwutleniajgcych  sulfonamidéw  z  rodnikami ~ ABTS™ | DPPH",

dzigki czemu mozliwe jest okreSlenie zdolnosci zwigzkow do wychwytu



reaktywnych form tlenu (ROS). Wykonano rowniez badanie ich cytotoksycznosci oraz

aktywnos$ci wzgledem wybranych bakterii G(+), G(-) i drozdzy.

Przeprowadzone badania pozwolg na poszerzenie wiedzy dotyczacej sulfonamidow

oraz zaproponowanie nowych struktur o wysokiej aktywnosci biologicznej.



Abstract

The phenomenon of drug resistance and cancer are the growing problems
for contemporary medicine struggles with every year. Therefore, new pharmaceuticals
with a broader spectrum of biological activity are being sought. There are several
approaches to designing such molecules, e.g. based on the molecular targets, which may

be aDNA bhiomolecule.

One of the commonly used group of compounds in medicine are sulfonamides,
which have antibacterial properties. They can be modified to increase the spectrum
of action. In this way, compounds can exhibit antiviral, anti-inflammatory and even
anticancer properties. Additionally, due to the presence of atoms capable of transferring
an electron pair in sulfonamide molecules, they can coordinate with biologically

important metal ions, which may also increase the biological activity of pharmaceuticals.

The am of this dissertation is to determine the influence of the akylamine
substituent length on the bactericidal properties of sulfonamide derivatives and their
ability to attach to Ru(l1l) and Rh(l11) metal ions. The sulfonamide derivatives studied
were 4-amino-N-(2-aminoethyl)benzenesulfonamide (NethylS), 4-amino-N-(2-amino-
propyl)benzenesulfonamide (NpropylS) and 4-amino-N-(2-aminobutyl)benzenesulfo-
namide (NbutylS). One of the possible pathsto designing new preparationsisto introduce
changes to existing compounds. For this purpose, the electrochemical profiles
of sulfonamide derivatives were analyzed in protic and aprotic environments, which
allows for the determination of the molecules behavior in biological systems. In addition,
the acid-base properties of the compounds and pKa values were determined. This made
it possibleto definetheir protolithic forms. The ability of sulfonamide derivativesto form
coordination binders with Ru(l11) and Rh(l1l) ions was aso studied. The manner and
strength of the interaction between analyzed compounds and the DNA helix was assessed
using the switchSENSE technique, which allows determining of the kinetic parameters
of the ongoing processes. The antioxidant properties of sulfonamides with ABTS™ and
DPPH" radicals were aso analyzed, that helped determine the compounds ability
to scavenge reactive oxygen species (ROS). Their cytotoxicity and activity against
selected G(+), G(-) bacteriaand yeasts were also studied.

The research carried out will expand knowledge about sulfonamides, which will

allow the proposal of new structures with high biological activity.
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ABTS™

Katinorodnik 2,2'-azynobis-(3-etyl obenzotiazolino-6-sulfonianu

AQ-NetOH 1-(2-hydroksyetyloamino)-antraceno-9,10-dion

ATR Spektroskopia  oslabionego catkowitego odbicia w  podczerwieni
(ang. attenuated total reflectance)

CFU Jednostki tworzace bakterie (ang. colony forming units)

CPCM Przewodnikowy ciagly model polaryzacji solwatacji (ang. conductor-like
polarization continuum model)

CV Woltamperometria cykliczna (ang. cyclic voltammetry)

DHF Kwas dihydrofoliowy (ang. dihydrofolic acid)

DM SO Dimetylosulfotlenek (ang. dimethyl sulfoxide)

DNA Kwas deoksyrybonukleinowy (ang. deoxyribonucleic acid)

DPPH® Rodnik 2,2-difenylo-1-pikrylohydrazylu

DPV Woltamperometria pulsowa réznicowa (ang. differential pul se voltammetry)

DTI Oddziatywanie lek-cel molekularny (ang. drug-target interaction)

EB Bromek etydyny (ang. ethidium bromide)

EDTA Kwas etylenodiaminotetraoctowy

EGTA Kwas etylenoglikol-O-O°-bis(2-aminoetyl)-N,N,N‘,N* tetraoctowy

EIS Elektrochemiczna spektroskopia impedancyjna (ang. electrochemical
impedance spectroscopy)

FBO Rozmyty rzad wigzania (ang. Fuzzy Bond Order)

FDA Agencja ds. Zywnosci i Lekow (ang. Food and Drug Administration)

FTIR Spektroskopia Fouriera w podczerwieni (ang. Fourier transform infrared
Spectroscopy)

G(+) Bakterie Gram-dodatnie (ang. Gram-positive bacteria)

G(-) Bakterie Gram-ujemne (ang. Gram-negative bacteria)

GCE Elektrodaz wegla szklistego (ang. glassy carbon electrode)

HDAC Deacetyl aza histonowa (ang. histone deacetylase)

Ka Stata asocjacji (ang. association constant)

Ka Wspodlczynniki szybkos$ci asocjacji (ang. association rate)

Kb Stata dysocjacji (ang. dissociation constant)

Kd Wsptdczynniki szybkosci dysocjacji (ang. dissociation rate)

LOD Granica wykrywalnosci (ang. limit of detection)

LOQ Granica oznaczalnosci (ang. limit of quantification)

MBC Najmniejsze stezenie bakteriobdjcze (ang. minimal bactericidal activity)

MD Dynamika molekularna (ang. Molecular Dynamics)

MDR-TB Gruzlica wielolekooporna (ang. multi-drug resistant tuberculosis)

MIC Najmniejsze stezenie hamujace (ang. minimal inhibitory concentration)

MS Spektrometria mas (ang. mass spectrometry)

NAB Budulec kwasu nukleinowego (ang. Nucleic Acid Builder)

NbutylS 4-amino-N-(2-aminobutyl) benzenosulfonamid

NET Netropsyna (ang. netropsin)

NethylS 4-amino-N-(2-aminoetyl)benzenosulfonamid

NhexylS 4-amino-N-(2-aminoheksyl o)benzenosulfonamid

NMR Spektroskopia magnetycznego rezonansu jadrowego (ang. nuclear magnetic
resonance)

NpentylS 4-amino-N-(2-aminopentyl o)benzenosul fonamid

NpropylS  4-amino-N-(2-aminopropyl)benzenosulfonamid
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oD Gestos¢ pptyczna (ang. optical density)

PABA Kwas p-aminobenzoesowy (ang. p-aminobenzoic acid)

PTCA Pirazyno-2-tiokarboksyamid

ROS Reaktywne formy tlenu (ang. reactive oxygen species)

SAR Zalezno$¢ struktura-aktywnos$é (ang. structure activity relationship)

SCP Sulfachloropirydazyna (ang. sulfamethoxypyridazine)

SCRF Samouzgodnione pole rekagji (ang. Salf-Consistent Reaction Field)

SDM Sulfadimetoksyna (ang. sulfadimethoxine)

SDz Sulfadiazyna (ang. sulfadiazine)

SGD Sulfaguanidyna (ang. sulfaguanidine)

SIZ Sulfizoksazol (ang. sulfisoxazole)

SMD Model gestosci rozpuszezalnika (ang. Solvation Model Density)

SMP Sulfametoksypirydazyna (ang. sulfamethoxypyridazine)

SMR Sulfamerazyna (ang. sulfamerazine)

SMT Sulfametazyna (ang. sulfamethazine)

SMX Sulfametoksazol (ang. sulfamethoxazole)

SPR Powierzchniowy rezonans plazmonowy (ang. surface plasmon resonanse)

SPY Sulfapirydyna (ang. sulfapyridine)

STAT Przekaznik sygnatu i aktywator transkrypcji (ang. signal transduction
and activator of transcription)

STZ Sulfatiazol (ang. sulfathiazole)

SWV Woltamperometria fali prostokatnej (ang. square wave voltammetry)

TBAP Nadchloran tetrabutyloamoniowy (ang. tetrabutylammonium perchlorate)

THF Kwas tetrahydrofoliwy (ang. tetrahydrofolic acid)

TLC Chromatografia cienkowarstwowa (ang. thin-layer chromatography)
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Wprowadzenie

1. Wprowadzenie

Obecnie, jako spoteczenstwo, coraz czg$ciej zmagamy si¢ z problemem
lekoopornosci. Kazdego roku ponad 700 000 osob umieraz powodu oporno$ci na srodki
przeciwdrobnoustrojowe [1]. Szacuje si¢ takze, ze do 2050 roku liczba ta wzros$nie
do 10 milionéw zgondéw [2]. Zjawisko to jest wywotane ciggla ewolucjg bakterii,
wirusow, grzyboOw oraz pasozytow, w wyniku ktorej drobnoustroje nieustannie
dostosowujg si¢ do nowych czynnikéw srodowiskowych i stajg si¢ oporne na stosowane
terapie. Lekooporno.s¢ moze rozwija¢ si¢ na drodze doboru naturalnego, dziatajacego
na podstawie przypadkowych mutacji [3]. Oporno$¢ na srodki przeciwdrobnoustrojowe
wynika ze zmian genetycznych, oporne szczepy bakterii mozna znalez¢ w dowolnym
miejscu na §wiecie. Pochodzg one z roznych Zrédet, np. od ludzi, zwierzat, roslin, wody
I gleby [4]. Problem lekoopornosci jest wywotany m.in. niewlasciwym lub nadmiernym
stosowaniem farmaceutykow, jak i réwniez powszechnym wykorzystywaniem
antybiotykow w produkcji zywnosci [5]. Do typowych przyktadow zakazen
lekoopornych zalicza si¢ oporny na metycyling Staphylococcus aureus [6-8], gruzlice
wielolekooporna (MDR-TB) [9-11] oraz lekooporne szczepy malarii [12-14]
I HIV [15,16].

Kolggnym zagrozeniem, ktore ma wptyw na duza liczbe zgondéw w populacji
ludzkigj sa choroby nowotworowe. Wedtug badania GLOBOCAN 2020 opracowanego
przez Miedzynarodowa Agencj¢ Badan nad Rakiem, w 2020 roku na calym S$wiecie
odnotowano 19,3 mIn nowych przypadkéw nowotwordéw 1 prawie 10,0 mln zgonow
z powodu tych choréb [17]. Ponadto szacuje sie, ze w 2050 r. globalne obcigzenie
chorobami nowotworowymi osiagnie 35,3 mln przypadkéw, co oznacza wzrost o okoto
53% w stosunku do roku 2022, w ktorym odnotowano ich 20 min (Rysunek 1) [18].
Choroby nowotworowe stanowig jedng z gtownych przyczyn zachorowan i zgondéw
na catym globie, niezaleznie od stopniarozwoju cywilizacyjnego w danym rejonie Swiata
[19,20].
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Wprowadzenie
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Rysunek 1. Schemat zachorowalnosci opracowany na podstawie danych uzyskanych
przez Miedzynarodowg Agencje Badan nad Rakiem (na podstawie danych
zliteratury [18]).

Zjawisko lekoopornos$ci i wysoka zachorowalno$¢ na nowotwory sg zagrozeniem
dla ludzkosci, ktore moze doprowadzi¢ do kryzysu wspotczesnej medycyny. Dlatego
konieczne jest opracowanie nowych strategii i podej$¢, aby przezwycigzyé problem
rosngcej opornosci na srodki przeciwdrobnoustrojowe [5,21]. W tym celu poszukuje si¢
nowych zwigzkéw o aktywnosci biologicznej, ale takze modyfikuje si¢ struktury uktadow
o udowodnionym dzialaniu farmakologicznym w celu zwigkszenia ich skuteczno$ci
dziatania [22-24]. Przyktadem takich modyfikacji moze by¢ wigzanie biologicznie

aktywnych ligandow z jonami metali w zwiazki kompleksowe [25].

Proces projektowania nowego leku jest skomplikowany i polega na doborze
odpowiednich wlasciwosci zwigzku w zaleznosci od jego miejsca dzialania i drogi
podania oraz ustaleniu zalezno$ci struktura-aktywnos$¢ (SAR) [26]. Procedura ta jest
czasochtonna i bardzo kosztowna. Szacuje si¢, ze wprowadzenie leku ,,od pomystu”
do wdrozenia zajmuje okoto 18 lat i kosztuje ponad 2 mld dolarow [27]. W trakcie
projektowania farmaceutykow, Szczeg6lng uwage zwraca si¢ na strukturg, wielkos¢
czastek 1 stabilno$¢ substancji chemicznych, czynnikéw biologicznych 1 produktow
metabolitow. Pod uwage nalezy bra¢ takze hydrofilowo-lipofilowy charakter zwigzku,
jego rozpuszczalno$é, wilasciwosci kwasowo-zasadowe, stopien jonizacji, trwato$¢
termiczng, aktywno$¢ 1 cytotoksycznos$¢. Transport czasteczki z miejsca podania
do miejsca dziatania jest ztozony i zwigzany ze sposobem podania leku, a tym samym

z roznym Srodowiskiem chemicznym poszczegolnych etapow drogi farmaceutyku
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Wprowadzenie

do zaktadanego miejsca w organizmie. Najpopularniejsza drogg podawania jest droga
doustna, ktora jest by¢ moze najtrudniejszg, ze wzgledu na rézne srodowiska chemiczne
(wystepujace w zotadku, jelitach, czy dwunastnicy) i bariery fizjologiczne nadrodze leku.
Natomiast niezaleznie od wybrangl metody dostarczania preparatu czasteczka powinna
by¢ rozpuszczalnaw wodzie. Dzigki temu sktadniki aktywne docierajg do zamierzonych
miejsc, takich jak przewod pokarmowy, osocze krwi, czy ptyn optucny i osiagaja
pozadany efekt terapeutyczny. W srodowisku wodnym zwigzki polarne sg tatwo
wydalane przez nerki, ale mogg mie¢ problem z przenikaniem przez barier¢ blon
lipidowych. Zwiazki lipofilowe z kolei maja trudnosci z przenikaniem do krwi, a jesli juz
si¢ tam dostang, czgsto s3 wchilaniane przez komorki tluszczowe. Podsumowujac,
prototypowa czasteczka leku, ktora ma wieksze szanse dotarcia do porzadanego miejsca,
bedzie charakteryzowac sie rozpuszczalnos$cig, umiarkowang lipofilowos$cig oraz
wystarczajacymi cechami strukturalnymi, aby skutecznie oddziatywaé na okre$lony cel
molekularny. Dzigki temu nie dochodzi do nadmiernego zakldcania funkcji innych

napotykanych czgsteczek i makroczasteczek [28,29].

Jedng ze strategii w poszukiwaniu nowych farmaceutykow jest projektowanie
lekéw na podstawie tzw. celu molekularnego [30,31], ktorym jest istotna biologicznie
czasteczka zaangazowana w szlaki sygnatowe lub metaboliczne specyficzne dla dane;j
choroby [32]. Celami molekularnymi sa biatka [33,34], enzymy [35,36], receptory
[37,38] i inne znaczace z punktu funkcjonowania organizmu sktadniki komoérkowe
zaangazowane w szlaki metaboliczne lub procesy fizjologiczne [39-42]. W kontekscie
projektowania lekdéw istotne jest okreslenie zaleznosci pomiedzy lekiem, jego celem,
a zintegrowang z nimi chorobg. W zwiazku z tym, konieczne jest zbadanie profilu
farmakologicznego leku, pod katem wystgpowania pozadanych oraz niepozadanych
efektow terapeutycznych. Ponadto, identyfikacja oddziatywania lek-cel molekularny
(DTI) jest niezbgdna w projektowaniu nowych preparatdow, co moze pomoc
w maksymalizacji efektow terapeutycznych przy jednoczesnej minimalizacji efektow
ubocznych. Niestety w wielu przypadkach eksperymentalne okreslenie zaleznosci
pomiedzy farmaceutykiem, a celem jest kosztowne i czasochtonne co sprawia,
ze podejscie in silico lub metody obliczeniowe sg niezbedne do przyspieszenia

opracowywania struktury lekow [43].

Celem molekularnym moze by¢ réowniez biomolekuta DNA [44,45], ktora

odpowiada za przenoszenie informacji genetyczngg w organizmach zywych.
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Leki skierowane na heliss DNA moga bezposrednio wigzac¢ si¢ z nig, powodujac
zahamowanie procesu replikacji i naprawy. Ponadto, takie farmaceutyki moga dziata¢
naokreslone sekwencje DNA doprowadzajagc do zmiany ekspresji gendéw lub
korygowania defektow genetycznych (Rysunek 2A) [46,47]. Ze wzglgdu na sposob
oddziatywania zwigzkéw chemicznych z DNA mozna wyrdznié: interkalacje, wigzanie
w matym lub duzym rowku helisy, niespecyficzne wigzanie na zewnatrz nici oraz
alkilowanie DNA. W duzym uproszczeniu, interkalacja czasteczek do DNA opiera si¢
nawystepowaniu oddziatywan niekowalencyjnych z kwasem deoksyrybonukleinowym.
Polega ona nawnikaniu heterocyklicznych lub aromatycznych uktadéw pomiedzy pary
zasad w helisie DNA. Oddziatywanie w rowkach natomiast charakteryzuje si¢
powstawaniem gtéwnie wigzan wodorowych pomigdzy grupami funkcyjnymi zwiazku,
a zasadami nukleinowymi. Niespecyficzne wigzanie na zewnatrz nici DNA odbywa si¢
poprzez oddziatywanie =z elektrostatycznie ujemnie natadowanymi grupami
fosforanowymi biomolekuly. W tym przypadku, zwigzki nie wnikaja do struktury DNA
ze wzgledu na wystgpowanie zawady sterycznej. Alkilowanie helisy DNA natomiast
polega natworzeniu wigzan kowalencyjnych. Czasteczka stanowi elektrofil, ktory
reaguje z nukleofilowymi centrami DNA, takimi jak atomy azotu lub tlenu. Wigzanie
tomoze zachodzi¢ zgodnie z mechanizmami substytucji nukleofilowg Syl lub Sy2
[48-51].

Warto réwniez zaznaczy¢, ze kluczowe jest okreSlenie sily oddzialywania
lek-DNA, a co za tym idzie, identyfikacja sposobu dziatania danego zwigzku. W tym celu
przeprowadzane sg badania in vivo na zywych komoérkach [52,53]. Jednak ze wzgledu
na czasochtonno$¢ i wysokie koszty analiz, w poczatkowych etapach projektowanialeku,
mozna zastosowa¢ tansze metody instrumentalne, takie jak techniki spektroskopowe
I elektrochemiczne (Rysunek 2B). Za ich pomoca, mozna wyznaczy¢é warto$¢ statej
oddzialtywania (K) pomiedzy zwigzkiem, a biomolekulag DNA w roztworze. Obie wyzej
wymienione metody opieraja si¢ na analizie sygnalow samej czasteczki i powstatego
adduktu lek-DNA, na podstawie ktorych wylicza si¢ stala wigzania. W technice
spektroskopowej mierzonym sygnalem jest absorbancja, natomiast w woltamperometrii
— odpowiedz pragdowa uktadu [54-57]. Metody te posiadajg jednak pewne ograniczenia.
Nie umozliwiajga one okreslenia szybko$ci reakcji wigzania oraz nie dostarczajg
bezposredniej informacji o procesie dysocjacji adduktu lek-DNA. Alternatywa dla

omawianych metod jest technika switchSENSE, ktora pozwala na wyznaczenie kinetyki
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zachodzacych proceséw. Umozliwia ona wyznaczenie statych asocacji (Ka) i dysocacji
(Kp) zachodzacej reakcji oraz ich szybkosci w czasie rzeczywistym. Technika
tawykorzystuje chipy pokryte cienkg warstwa zlota z zakotwiczonymi fragmentami nici
kwasu nukleinowego, ktore po procesie funkcjonalizacji, przytgczaja do siebie nici DNA
z tzw. uktadem sygnalizacyjnym. Dzigki niemu, otrzymujemy informacje
o zachodzacych oddzialywaniach, na podstawie zmian nat¢zenia fluorescencji uktadu

[58-62].

A B
DNA jako cel molekularny Okreslenie sity oddziatywania lek-DNA
£y -
..n:bu o ‘;_{;'A

metody metody technika
elcktrochemicene spekiroskopowe switchSENSE

zuhamowunie procesu replikuci zmiuna ckspresji genow

Rysunek 2. Schemat przedstawiajgcy A. wplyw farmaceutykow na helise DNA oraz
B. techniki umozliwiajqce okreslenie sily oddzialywan pomiedzy DNA, a badang

czqgsteczkq.

Jedna z powszechnie stosowanych w medycynie grup zwigzkéw sg antybiotyki.
Pierwotnie definiowano je jako substancje, ktore sg wytwarzane przez mikroorganizmy
w celu zahamowania rozwoju innych drobnoustrojow. W zwiazku z tym, slowo
antybiotyk pochodzi od greckiego stowa ,,anitibiosis”, co oznacza ,,przeciw zyciu” [63].
Pierwszy antybiotyk, peniciling, odkryl bakteriolog Alexander Fleming w 1928 roku.
Zauwazyl on, ze na agarowej ptytce z kulturami gronkowcow, rozwinal si¢ szczep plesni
Penicillum notatum, ktéry spowodowal zahamowanie rozwoju bakterii. Naukowiec
wyizolowal substancje czynna z grzyba 1 odkryl, Ze posiada ona wlasciwosci

antybakteryjne przeciw patogenom Gram-dodatnim G(+) [64-66].

Obecnie antybiotyki, podobniejak chemioterapeutyki, definiuje si¢ jako substancje
chemiczne, ktore wprowadzone do organizmoéw zywych wywotuja efekt biologiczny.
Nalezy jednak pamigta¢, ze chemioterapeutyki sg wynalezione przez cztowieka i nie
posiadajg  naturalnego pierwowzoru [67,68]. Do omawianych zwigzkow

przeciwdrobnoustrojowych naleza $rodki naturalne, badz produkowane czeSciowo
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(potsyntetyczne) lub catkowicie (syntetyczne) przy uzyciu technik syntetycznych [69].
Wyrdznia si¢ dwie gtdowne $ciezki ich dziatania: dziatanie bakteriobdjcze, powodujace
smier¢ kolonii bakterii oraz bakteriostatyczne, hamujgce wzrost i namnazanie patogenéw
[67,70]. Miarg aktywno$ci antybiotykéw sg wartosci MBC (najmniejsze st¢zenie
bakteriobdjcze, ang. minimal bactericidal activity) oraz MIC (najmniejsze stezenie
hamujace, ang. minimal inhibitory concentration) wyrazone w jednostce mg/1 lub pg/ml
[71]. Antybiotyki moga posiada¢ aktywnos$¢ przeciw bakteriom Gramrdodatnim (G+),
Gramujemnym (G-), jak 1 rowniez mogg by¢ stosowane przy zakazeniach
mykoplazmatycznych. Bakterie G(+) posiadajg grubg, wielowarstwowg sie¢ mureiny
z obecnymi kwasami tejchojowymi oraz sg pozbawione btony zewnetrznej. W przypadku
bakterii G(-) warstwa mureiny jest cienka, kwasy tejchojowe nie sg w niej obecne, ale
posiadaja one btong zewnetrzng, zbudowang z fosfolipidow, biatek oraz liposacharydow.
Mykoplazmy sa najmniejszymi bakteriami, ktore wielko$cig przypominaja wirusy oraz
nie posiadaja btony komoérkowej. Bakterie Staja si¢ oporne na stosowane antybiotyki.
Mozna wyrozni¢ dwa rodzaje opornos$ci: naturalna, ktora jest cecha stala wystepujaca
u wszystkich szczepdéw danego gatunku oraz nabyta, czyli wyksztatcona w trakcie zycia

drobnoustroju w odpowiedzi na stosowanie farmaceutyku [69].

Antybiotyki mozna klasyfikowa¢ na kilka sposobow, takich jak np. struktura
molekularna, spektrum 1 sposob dzialania. Klasy antybiotykéw na podstawie ich
czasteczki lub struktury chemicznej obejmuja m.in. B-laktamy, tetracykliny, makrolidy,
chinolony, sulfonamidy, aminoglikozydy, oksazolidynony, glikopeptydy, linkozamidy,
streptograminy, lipopeptydy, aktynomycyny, ryfamycyny i nitrofurany [70,72,73].
Ponadto sg one skierowane na r6zne cele molekularne (Rysunek 3). W zwigzku z czym

wyr6zniamy nastgpujace mechanizmy dziatania antybiotykow:

. zaklocanie funkcji btony cytoplazmatyczne;;

. hamowanie syntezy Sciany komodrkowej, rozpad struktury lub funkcji blony
komorkowej;

. blokowanie biosyntezy prekursorow kwasdéw nukleinowych (nukleotydoéw
purynowych lub pirymidynowych);

. hamowanie syntezy biatek wynikajace z blokowania funkcji rybosomalnych
poprzez taczenie z podjednostka 50S lub 30S;

. hamowanie kluczowych proceséw metabolicznych;

. zaktocanie i hamowanie procesu replikacji DNA;
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. hamowanie dzialania okre$lonych enzymow (np. topoizomerazy II);
. inhibicja syntezy RNA, poprzez hamowanie aktywnos$ci polimerazy RNA,;
. blokowanie matrycy DNA [63,69].

Najbardziej popularne klasy antybiotykéw wraz z opisem charakterystycznych

elementéw ich budowy, mechanizmem dziatania oraz przyktadami zebrano w Tabeli 1.

Blokowanie syntezy Blokowanke syntezy
sciany komorkowej DNA Humowunle syntezy
o Penicyliny (B-laktamy) o Cyprofloksacymn (Chinolony) RNA
« Wankomyeyna (Glikopeptydy)  « Kwas nalidyksowy (Chinolony) « Ryfampicyna (Ryfamyevny)

» Bacytracyna (Lipopeptydy) « Aktynomycyon D (Aktynomycyny)

Uszkodzenie blony
protoplazmatycznej Hamowanic syntezy bialek
« Dapromycyna (Lipopeptydy| bakteryjnych przee lgczenie
2 podjednostky SOS

« Erytromycyna (Makroldy)
o Linezolid (Oksazolidynony
» Linkomycyna (Linkozamidy)

Konkureneyjne wnikanic
w kadicnch metabolicany « Walinomycyna (Streptograminy )
bakteril o Chloramfenikol
+ Trimetoprim
« Sulfametoksazol (Sulfonamidy) A e Ry TAek
Iutktery joyeh precs lycsenie
2 podjednostiy 305
PABA - kwas p~aminobenzocsowy B =
.-a A R o Tetracykling (Terrucykliny)
DHF - kwas dihivdrofoliowy - v A l.k d
. eynm {4 e
THF « kwas tetrabydrofoliowy MIrcplomy(}nA L. mmaegitozyoy)
« Nifuroksazyd (Nitrolurany)

Rysunek 3. Schemat przedstawiajgcy cele molekularne antybiotykoéw oraz ich przyktady
(na podstawie literatury [72]).
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Jedna z powszechnie stosowanych grup zwigzkéw o charakterze bakteriobdjczym
sa sulfonamidy. Pierwszym odkrytym zwigzkiem nalezacym do tej grupy jest
sulfanilamid, substancja aktywna Prontosilu. W 1935 roku, niemiecki patolog
i bakteriolog — Gerhard Domagk zauwazyt aktywnos$¢ bakteriologiczng tej substancji,
a juz po dwoch latach zostal on wprowadzony na rynek jako $rodek
przedciwdrobnoustrojowy [66,75]. Obecnie sulfonamidy definiowane sg jako zwiazki
siarkoorganiczne posiadajgce grupe sulfonamidowg —SO2NH- bezposrednio przytaczong
do pierscienia aromatycznego oraz podstawnik —NH2 w pozycji N4 [76]. Charakteryzujg
si¢ one szerokim spektrum dziatania przeciwko bakteriom G(+) oraz G(-) takim jak m.in.
Nocardia, E. coli, Klebsiella, Salmonella, Shigella, Enterobacter, Chlamydia trachomatis
oraz niektérym pierwotniakom [72]. Moga by¢ stosowane w leczeniu m.in. zapalenia
migdatkow, posocznicy, meningokokowego zapalenia opon mozgowo-rdzeniowych,
czerwonki pratkowej i w wielu infekcjach drog moczowych [77]. Sulfonamidy
sg strukturalnymi analogami  kwasu p-aminobenzoesowego (PABA), dzigki czemu
mechanizm ich dziatania opiera si¢ na konkurencji obu powyzej wymienionych
zwigzkow w szlaku prowadzacym do syntezy kwaséw nukleinowych. W konsekwencji
preparaty te powoduja zahamowanie wzrostu komorek [77,78]. Schemat dziatania

sulfonamidéw przedstawiono na Rysunku 4.

h— SULFOMNAMID _:4{_/7'-\ i

KWAS
DIHY DROFOLIOWY

w
KWAS
TETEAHYDROFOLIOWY

SYNTEZA
PLRYN
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E.-?
A

BN

DRA Bialka

Rysunek 4. Schemat przedstawiajgcy mechanizm dziatania sulfonamidow.
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Wsrod sulfonamidow stosowanych obecnie w medycynie oraz weterynarii mozna
wyr6zni¢ m.in. sulfaguanidyn¢ (SGD), sulfapirydyn¢ (SPY), sulfadiazyn¢ (SDZ),
sulfametoksazol (SMX), sulfatiazol (STZ), sulfamerazyne (SMR), sulfizoksazol (S12),
sulfametazyne (SMT), sulfametoksypirydazyne (SMP), sulfachloropirydazyne (SCP)
I sulfadimetoksyng (SDM) [79-81].

Obecnos¢ grupy sulfonamidowej w strukturze antybiotyku moze powodowaé
tworzenie sieci wigzan wodorowych pomiedzy czasteczkami. Takie same uktady tworzg
grupy karboksylowe, w zwigzku z tym, sulfonamidy mogg by¢ stosowane jako ich
skuteczne bioizostery. Dzigki temu antybiotyki te moga by¢ modyfikowane w celu
unikniecia negatywnych wilasciwosci grupy karboksylowej, takich jak toksycznos$c,
niestabilno$¢ metaboliczna, czy ograniczona bierna dyfuzja przez btony biologiczne.
W  konsekwencji, wystgpowanie ugrupowan sulfonamidowych cieszy si¢ duzg
popularnosciag w projektowaniu lekow, a ich modyfikacje moga zwigkszaé¢ aktywnosé
biologiczna [82]. Takie pochodne sulfonamidowe znajduja szerokie spektrum
zastosowan w medycynie, farmakologii oraz farmacji, gdzie sg stosowane jako $rodki
przeciwbakteryjne [83-85], przeciwwirusowe [86], przeciwgrzybicze [83,87],
przeciwzapalne [88,89], inhibitory proteaz [90,91], leki przeciwcukrzycowe [92,93]
I przeciwnowotworowe [94,95]. Te ostatnie zostaly zatwierdzone przez Agencje
ds. Zywnosci i Lekéw (FDA) i sg stosowane w terapiach nowotworowych. Przyktadem
takiego zwiazku jest Belinostat, czyli inhibitor deacetylazy histonowej (HDAC),
stosowany w leczeniu chloniaka z obwodowych komorek limfocytow T [82,95,96].
Innym przyktadem zatwierdzonego leku sulfonamidowego jest amsakryna — inhibitor
topoizomerazy II. Jest ona stosowana do leczenia ostrych biataczek i chloniakow,
a zasada jej dziatania opiera si¢ na interkalacji DNA komodrek nowotworowych
[82,97,98].

Sulfonamidy i ich pochodne w swojej strukturze posiadajg atomy donorowe (tlenu,
siarki i azotu), co umozliwia im tworzenie potaczen koordynacyjnych z jonami metali.
Wilasciwos¢ ta jest czgsto wykorzystywana przy projektowaniu nowych farmaceutykow,
poniewaz umozliwia synteze zwigzkow kompleksowych o znanym dzialaniu
z biologicznie waznymi jonami metali. Takie zabiegi wykazaly wzrost aktywnosci
biologicznej zwiazku koordynacyjnego w poréwnaniu z wolnym ligandem [25,99].
Obecnie poszukuje si¢ biologicznie aktywnych komplekséw metali przejsciowych jako

alternatywnych klas lekéw chemioterapeutycznych, ktore dzialaja samodzielnie lub
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w  schematach skojarzonych, blokujac niepozadang proliferacjc komorek

nowotworowych.

Prawidtowe funkcjonowanie kazdego organizmu jest mozliwe dzigki obecnosci
odpowiednich ilosci jonéw metali, a ich brak lub nadmiar moze powodowaé choroby,
kancerogenezg lub $mier¢. Moga one uczestniczy¢ w wielu reakcjach biochemicznych.
Jony metali s odpowiedzialne m.in. za utrzymanie tadunkow elektrycznych i ci$nienia
osmotycznego, ulozenie 1 stabilno$¢ zasad nukleinowych oraz transkrypcje DNA.
Przyczyniaja si¢ takze do prawidlowego funkcjonowania komoérek nerwowych,
mig$niowych, moézgu 1 serca oraz transportu tlenu. Metalami niezbednymi
do prawidlowego funkcjonowania organizmu sg m.in. sod (Na), potas (K), magnez (Mg),
wapn (Ca), wanad (V), chrom (Cr), mangan (Mn), zelazo (Fe), kobalt (Co), nikiel (Ni),
miedz (Cu), cynk (Zn), molibden (Mo) i kadm (Cd) [100-102]. W komérkach jony metali
wystepuja gléwnie w postaci zwigzkéw koordynacyjnych, na przyklad atomem
centralnym chlorofilu A jest jon Mg?*, witaminy B12 — Co*, ahemu — Fe?*.

Jony metali znajdujg takze zastosowanie w medycynie przy projektowaniu nowych
substancji aktywnych lekow. Obecnie w farmaceutyce coraz cz¢éciej wykorzystywane
sg zwigzki koordynacyjne. Niektore kompleksy Fe(III/IT), Co(IIl) i Cu(Il) posiadaja
wlasciwos$ci przeciwbakteryjne i przeciwnowotworowe [103-106]. Zwigzki zawierajace
w swojej strukturze Pd(II) moga by¢ wykorzystywane w leczeniu HIV, zakazen
mikrobami oraz biataczek [107-109]. Zwigzki kompleksowe Pt(IV/II), Ru(III/1I),
Rh(III/IT), Os(I1I/T1) 1 Au(I1l/T) wykazujg wlasciwosci przeciwnowotworowe [110-112],
a czasteczki zawierajace Ir(Ill) mogg by¢ stosowane jako radioizotopy [113]. Jednym
ze zwigzkow koordynacyjnych, zaakceptowanym przez Agencje ds. Zywnosci i Lekoéw
(FDA) jest auranofina stosowana przy leczeniu reumatoidalnego zapalenia stawow,
posiadajaca Au(Ill) jako atom centralny [114]. Przyklady takich polaczen mozna

by mnozy¢.

Innym, popularnym zwiazkiem koordynacyjnym stosowanym w medycynie jest
cisplatyna oraz jgj analogi drugig i trzecigl generacji, wykorzystywane w leczeniu
nowotworow. Ich gldownym mechanizmem dziatania jest zaklocanie replikacji
I transkrypcji DNA [115]. Jednakze, zastosowanie lekow zawierajacych metale na bazie
platyny w terapii nowotworoéw jest ograniczone ze wzgledu na ich brak specyficznosci
w zakresie celowania w komorki nowotworowe w stosunku do komorek zdrowych,

co prowadzi do powaznych skutkoéw ubocznych. W zwigzku z tym, konieczne jest
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poszukiwanie nowych lekow przeciwnowotworowych bazujacych na jonach innych
metali [116]. Metalami wysokig cytotoksycznosci sg iryd, ztoto, srebro, kobalt i ruten.
Potaczenia tych ostatnich wydaja si¢ najbardziej obiecujaca klasg ze wzgledu na swoje
wilasciwos$ci strukturalne i koordynacyjne. Doniesienia literaturowe wskazujg na wiele
wlasciwosci zwigzkow koordynacyjnych jonow rutenu [117,118]. Zaliczaja si¢ do nich

mig¢dzy innymi:

e mozliwo$¢ wystepowania rutenu na kilku stopniach utlenienia w warunkach
fizjologicznych, dzigki czemu jest on odpowiedni do zastosowan
farmaceutycznych;

e wystepowanie oktaedrycznej geometrii  kompleksow (w  odrdznieniu
od kwadratowo-ptaskiej struktury zwigzkow platyny(Il)) pozwala na steryczne
dopasowanie do biomolekuty;

e wystepowanie podobng kinetyki podstawienia ligandow w procesach
komodrkowych, co charakteryzuje lek duza stabilno$cia kinetyczng i ogranicza
jego reakcje uboczne;

e zdolnos$¢ do nasladowania zelaza w procesie wigzania si¢ z biatkami transferyny
I abuminy surowicy krwi, co umozliwia jonom rutenu przemieszczanie

si¢ po organizmie i przenikanie przez btony biologiczne [119].

Obecnie ngjskutecznigjszymi kandydatami do badan klinicznych sg dwa zwigzki
koordynacyjne rutenu(l11) — KP1019 oraz NAMI-A [120]. Te proleki s przeksztalcane
w bardziej aktywne formy rutenu(Il) przez srodowisko wystepujace w komodrkach
nowotworowych. Dzigki obecno$ci w guzach litych czasteczek redukujacych, takich jak
glutation, cysteina czy kwas askorbinowy, oraz w warunkach niedotlenienia, zwigzki
KP1019 i NAMI-A wykorzystuja mechanizm tzw. ,aktywacji przez redukcj¢”
(Rysunek 5) [121]. Cele molekularne komplekséw jonow rutenu obejmuja: retikulum
endoplazmatyczne, jadro komorkowe, mitochondrium, DNA, biatka
wewnatrzkomérkowe 1 niektore enzymy, takie jak anhydraza weglanowa
| topoizomeraza I, ktore zapewniaja specyficzny mechanizm apoptozy komorek

nowotworowych [122].
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Rysunek 5. Schemat dzialania lekow zawierajgcych tréjwartosciowe jony rutenu.

Dotychczasowe badania wskazuja, ze chemia koordynacyjna rodu(Ill) jest
interesujacag alternatywa. W literaturze brakuje jednak kompleksowego przegladu typow
ich budowy ze wzgledu na niska wydajnos¢ syntezy oraz stabg rozpuszczalnosé
w roztworach wodnych. Biorac pod uwagg badania biologiczne, udowodniono, ze ciesza
si¢ one duzym zainteresowaniem ze wzgledu na swoje wilasciwosci chemiczne
i biologiczne [123,124]. Kompleksy rodu(l11) tworza stabilne i réznorodne struktury
metal-ligand. Moga wigza¢ si¢ z biomolekutami, zaktéca¢ metabolizm komorkowy
i wywolywac dziatanie przeciwnowotworowe [125]. Charakteryzuja si¢ roznorodnymi
mechanizmami dziatania i celami molekularnymi [116]. W literaturze znagjduja si¢
informacje dotyczace interesujacych szlakow przeciwnowotworowych, ktore wykazuja

kompleksy rodu(l11):

e Dblokowanie dimeryzacji szlaku sygnatowego 1 aktywacji transkrypcji 3 (STAT3),
hamujgc w ten sposéb proliferacje komorek nowotworowych [126];

e kierowanie dziatania w mitochondria i zwigkszanie poziomu reaktywnych form
tlenu (ROS), aby uzyska¢ znaczace efekty przeciwnowotworowe [116];

e tworzenie silnych wigzan z biomolekuta DNA 1 biatkami, w wyniku czego
znacznie wzrasta aktywno$¢ przeciwnowotworowa [127];

e hamowanie aktywnosci kinaz [128].

Podsumowujac, w zwigzku rozpowszechniajagcym si¢ problemem lekoopornosci
1 choréb nowotworowych konieczne jest poszukiwanie lekow o wigkszym spektrum
dziatania biologicznego. Pochodne sulfonamidowe stanowig ciekawg $ciezk¢ badan
ze wzgledu na mnogos¢ aktywnosci jakie wykazujg. Na uwage zastluguje rowniez chemia
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koordynacyjna trojwartosciowych jonéw rutenu i rodu. Badania dotyczace powyzszych
zwigzkow sa alternatywa dla konwencjonalnych terapii. Uzyskane informacje pozwola

na zaproponowanie nowych struktur substancji o wtasciwosciach terapeutycznych.

W ramach przedstawionej dysertacji poruszono wyzej wymienione tematy.
Wykonane przeze mnie badania w Katedrze Chemii Bionieorganicznej Wydziatu Chemii
Uniwersytetu Gdanskiego, stanowig integralng cz¢$¢ jedng publikagji przegladowej [P1]
oraz czterech oryginanych [P2-P5] w czasopismach znajdujgcych si¢ na tzw. Liscie
Filadelfijskig:

[P1] Ramotowska, S.; Ciesielska, A.; Makowski, M. What Can Electrochemical Methods
Offer in Determining DNA-Drug Interactions? Molecules 2021, 26, 3478,
doi:10.3390/molecules26113478.

[P2] Ciesielska, A.; Gawronska, M.; Makowski, M.; Ramotowska, S. Sulfonamides
Differing

in the Alkylamino Substituent Length — Synthesis, Electrochemical Characteristic, Acid-
Base Profile and Complexation Properties. Polyhedron 2022, 221, 115868,
doi:10.1016/j.poly.2022.115868.

[P3] Ramotowska, S.; Spisz, P.; Brzeski, J.; Ciesielska, A.; Makowski, M. Application
of the SwitchSense Technique for the Study of Small Molecules’ (Ethidium Bromide and
Selected Sulfonamide Derivatives) Affinity to DNA in Rea Time. J. Phys. Chem. B 2022,
126, 7238-7251, doi:10.1021/acs.jpch.2c03138.

[P4] Brzeski, J.; Ciesielska, A.; Makowski, M. Theoretica Study on the Alkylamino-
Substituted Sulfonamides with Potential Biologica Activity. J. Phys. Chem. B 2023, 127,
30, 6620-6627, doi:10.1021/acs.jpch.3c01965.

[P5] Ciesielska, A.; Brzeski, J.; Zarzeczanska, D.; Stasiuk, M.; Makowski, M.; Brzeska,
S. Exploring the interaction of biologically active compounds with DNA using the
SwitchSense technique, UV-Vis spectroscopy, and computational methods. Spectrochim.
Acta. A. Mol. Biomol. Spectrosc. 2024, 124313, doi:10.1016/j.s8a.2024.124313.

Pelne wersje wyzej wymienionych publikacji zamieszczono na koncu pracy.
Artykut [P1] to praca przegladowa, ktéra wraz z \Wprowadzeniem zawartym w rozprawie
stanowi jej cze$¢ teoretyczng. Publikacje [P2-P5] przedstawiajag wyniki badan

eksperymentalnych zwigzanych z aktualnym stanem wiedzy.
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2. Celebadawcze pracy
Z powodu narastajgcego problemu lekoopornosci i zwigkszajacej si¢ liczby
zachorowalno$ci na choroby nowotworowe, wspdlczesna medycyna jest zmuszona
do poszukiwania nowych preparatéw farmaceutycznych o szerokim spektrum aktywnos$ci
biologiczng. Jednymi z powszechnie stosowanych lekow sg sulfonamidy, ktoére moga
ulega¢ licznym modyfikacjom oraz tworzy¢ potaczenia koordynacyjne z biologicznie

istotnymi jonami metali.

Nadrzegdnym celem dysertacji bylo zbadanie wplywu dhlugosci tancucha
alkiloaminowego pochodnych sulfonamidowych na ich wlasciwosci fizykochemiczne,
mozliwo$ci koordynacyjne z wybranymi jonami metali, zdolno$¢ do oddziatywania z helisg
DNA oraz cytotoksyczno$¢, wlasciwosci bakteriobdjcze 1 przeciwutleniajace.

NaRysunku 6 przedstawiono w sposob graficzny podejmowane w pracy zagadnienia.
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Rysunek 6. Schemat przedstawiajgcy wykonane badania oraz podejmowang tematyke.

Przeprowadzone badania obejmowaly m.in. syntez¢ trzech pochodnych
sulfonamidowych r6znigcych si¢ liczbg jednostek —CH>— w podstawniku R (Rysunek 7),

ktorych nazwy systematyczne oraz akronimy prezentujg si¢ nast¢pujaco:

e 4-amino-N-(2-aminoetyl o)benzenosulfonamid — NethylS;
e 4-amino-N-(2-aminopropylo)benzenosulfonamid — NpropylS;

e 4-amino-N-(2-aminobutylo)benzenosulfonamid — Nbutyl S.
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Rysunek 7. Struktury trzech pochodnych sulfonamidowych, bedgcych obiektami
badawczymi w ninigjszel dysertacji: A. NethylS B. NpropylSoraz C. NbutylS.

W celu okreslenia struktury otrzymanych zwigzkow zastosowano spektroskopie
magnetycznego rezonansu jadrowego (NMR), spektrometric mas (MS), analizg
elementarng oraz spektroskopi¢ Fouriera w podczerwieni (FTIR) z wykorzystaniem
modutu ostabionego catkowitego odbicia (ATR).

Kolejnym etapem realizowanych badan byla analiza profilu elektrochemicznego
zwigzkow NethylS i NpropylS z wykorzystaniem woltamperometrii cykliczng (CV)
oraz pulsowej roznicowej (DPV). Zostala ona wykonana zaréwno w $rodowisku
protycznym, ktore wystepuje w organizmie cztowieka, jak 1 aprotycznym ze wzgledu
na charakter lipofilowy bton komoérkowych i enzyméw. Pozwala to na odzwierciedlenie
zachowania czasteczek w ukladach biologicznych. Ponadto opisano wpltyw pH
srodowiska na procesy redoks dwoch pochodnych sulfonamidowych, co pozwolito
napowigzanie wystepujacych efektow elektrochemicznych z kwasowo-zasadowym

charakterem zwigzkow.

Nastgpnie okreSlono wiasciwosci kwasowo-zasadowe trzech omawianych
czasteczek oraz wyznaczono ich wartosci pKa z wykorzystaniem miareczkowania
spektrofotometrycznego oraz potencjometrycznego. Wykonane badanie
eksperymentalne zostalo wsparte przez obliczenia teoretyczne. Analizy te wykonano
w celu zdefiniowania zdolnosci zwiazkow do przenikania przez btony komorkowe oraz

okresleniaich formy protolitycznej w $srodowisku wewnatrzkomérkowym.

W dalszej czgéci badan poddano analizie wiasciwosci kompleksotworcze
zwigzkow NethylS 1 NpropylS z trdjwartosciowymi jonami rutenu oraz rodu. W tym celu
okreslono state trwato$ci utworzonych kompleksow z wykorzystaniem miareczkowania
potencjomatrycznego. Przeprowadzone doswiadczenie umozliwia zdefiniowanie

preferowanego utozenia przestrzennego zwigzkéw koordynacyjnych.
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Badania oddziatywan trzech pochodnych sulfonamidowych z helisa DNA
pozwalaja na okreslenie ich sposobu i sity wigzania. W tym celu zastosowano technike
switchSENSE, dzieki ktorej wykonano pomiary w przeplywie, w czasie rzeczywistym.
W zwigzku z tym, mozliwa byta analiza kinetyki procesu tworzenia i rozpadu adduktu
zwigzek—-DNA. W konsekwencji okre§lono wartosci wspodtczynnikow szybkosci
asocjacji (ka) i dysocjacji (Kqd) oraz state tych procesow (Ka, Kp). Uzyskane wyniki byty
pomocne w okresleniu powinowactwa omawianych struktur do wybrang sekwencji
dwuniciowego DNA. Badania zostaly uzupetnione analizg dokowania molekularnego,
dzicki czemu oméwiono mozliwy tryb i miejsca wigzania pochodnych sulfonamidowych

z biomolekulg DNA.

Kolejna czg$¢ badan miala na celu analiz¢ wilasciwosci przeciwutleniajacych
zwigzkéw NethylS i NpropylS z wykorzystaniem rodnikow DPPH" i ABTS™.
Doswiadczenie przeprowadzono na spektrofotometrze UV-Vis, a uzyskane wyniki
pozwolity na okreslenie zdolnosci pochodnych sulfonamidowych do wychwytywania

reaktywnych form tlenu (ROS).

Ostatnia cze$¢ badan zostata poswiecona analizie cytotoksycznos$ci oraz testom
mikrobiologicznym, ktére dostraczaja informacji o aktywnos$ci biologiczngj badanych
pochodnych sulfonamidowych.
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3. Opis stosowanych metod badawczych
3.1. Synteza pochodnych sulfonamidowych
Synteze prowadzono w pirydynie z wykorzystaniem chlorku N-acetylosulfanililu
oraz odpowiednig diaming z ostong Boc na jednej grupie aminowej. Mieszaning reakcyjng
ogrzewano w temperaturze 60°C przez 4 godziny. Postep reakcji monitorowano za pomocg
chromatografii cienkowarstwowej (TLC) na zelu krzemionkowym (Merck) w uktadzie
rozpuszczalnika chloroform-metanol-amoniak (25%) (v/iviv = 5:1:0,1). Po zakonczeniu
reakcji mieszaning wylano do wody z lodem i zakwaszono 1 M HCI. Otrzymano olej, ktory
zestalit si¢ przez noc. Staly produkt oddzielono od fazy cieklej przez odsaczenie,

a nastepnie przemyto woda i wysuszono na powietrzu w temperaturze pokojowej.

Otrzymano zwiagzki Ac-NethylS-BOC, Ac-Npropyl S-BOC oraz Ac-NbutylS-BOC.

W nastepnym etapie do etanolowych roztworéw zwigzkéw dodano 1 ml stgzonego
HCl. Mieszaning reakcyjna mieszano w temperaturze 70°C przez noc, nastgpnie
rozcienczono woda i zalkalizowano NaHCOs3 do pH 8. Postgp reakcji monitorowano
zapomocg chromatografii cienkowarstwowej (TLC) w takich samych warunkach jak
w etapie pierwszym. Roztwor odparowano, a pozostalos¢ oczyszczono metoda
chromatografii kolumnowej (zel krzemionkowy, Merck) w uktadzie rozpuszczalnikow
kolgno: octan etylu — metanol 50:1; 40:1; 30:1; 20:1; 10:1; 5:1: 2:1 (v/v). Otrzymano
zwiazki NethylS, NpropylS i NbutylS w postaci ggstego oleju. W zwiazku z tym, konieczne
byto przeprowadzenie zwigzkoéw w dichlorowodorki w celu otrzymania osadu.
Do roztworow zwigzkow w mieszaninie octanu etylu i metanolu dodano niewielki nadmiar
molowy roztworu chlorowodoru w eterze etylowym (2,0 M w eterze dietylowym). Zwiazki
pochodnych sulfonamidowych w postaci dichlorowodorkéw wytracity sig, zostaly
przesaczone, przemyte 1 wysuszone na powietrzu w temperaturze pokojowej. Wydajnos¢

syntezy dla zwigzku NethylS wynosita 43%, NpropylS — 40% i NbutylS — 35%.

Synteza organiczna pochodnych sulfonamidowych zostala wykonana w Katedrze
Chemii Bionieorganicznej Wydzialu Chemii UG przeze mnie we wspoOlpracy

Z dr inz. Malgorzata Gawronska.
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3.2. Charakterystyka strukturalna zwigzkéw
Analizy 1H NMR i 13C NMR zostaly zareestrowane na spektrometrze Bruker
AVANCE Il (500 MHz). Widma masowe (MS) wykonano na instrumencie Bruker
Ddtonics (HCT Ultra). Andiza elementarna zostata zargestrowana w andizatorze

Elementar Vario El Cube.

Widma w podczerwieni wykonano na spektrometrze Perkin Elmer Spectrum Two
FTIR z wykorzystaniem modulu ostabionego catkowitego odbicia (ATR) z krysztatlem

diamentu w zakresie widmowym 4000 + 400 cm™.

W celu okreslenia zawarto$ci chlorkéw w pochodnych sulfonamidowych
wykorzystano metod¢ miareczkowania potencjometrycznego. Analize¢ wykonano przy
uzyciu sterowanego automatycznie mikrotitratora CerkoLab, wyposazonego w elektrode
z chlorku srebra (Schott). Przygotowano roztwor zawierajacy znang ilos¢ wzorca (NaCl)
i probki sulfonamidéw do analizy w wodzie o stezeniu 2,5-102 M i objetosci 10 ml.
Podczas wykonywania miareczkowan potencjometrycznych uktad sekwencyjnie
rejestrowal potencjat 1 dozowal porcje titranta (AgNOgz; 0,1 M) w stalej objetosci (0,008359
ml) ze strzykawki (1 ml; Hamilton). Kazdy pomiar potencjometryczny sktadat si¢ ze 120

krokéw i byt wykonywany w temperaturze 25°C. Procedure powtorzono trzykrotnie.

BadaniaNMR, M S oraz analiza elementarna zostaty wykonane w Sekcji Pomiarow
Fizyko-Chemicznych Wydziatu Chemii Uniwersytetu Gdanskiego.

3.3. Pomiary fizykochemiczne
3.3.1. Pomiary woltamperometryczne
Pomiary elektrochemiczne przeprowadzono przy uzyciu potencjostatu Autolab

PGSTAT204 (Metrohm Autolab B.V., Holandia), sterowanego oprogramowaniem Nova.

We wszystkich badaniach woltamperometrii cyklicznej (CV) i pulsowej roznicowe]
(DPV) wykorzystano uktad trzech elektrod. Jako elektrode robocza zastosowano elektrode
z wegla szklistego (GCE) o $rednicy 2 mm, ktorg przed kazdym pomiarem starannie
polerowano przy uzyciu zawiesiny tlenku glinu o wielkosci 0,5 um (Buehler). Elektroda
pomocnicza byt drut platynowy. Do badan w roztworach wodnych ($rodowisku
protycznym) zastosowano elektrode chlorosrebrowa w 1 M roztworze NaCl, jako elektrode
odniesienia. Podczas pomiarow w s$rodowisku aprotycznym (DMSO) zastosowano
elektrode chlorosrebrowg umieszczong w metanolowym roztworze 0,1 M nadchloranu

tetrabutyloamoniowym (TBAP).
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Do wszystkich pomiaréw woltamperometrycznych stosowano 1-102 M roztwory
sulfonamidéw. Podczas badan w srodowisku wodnym zastosowano 0,1 M nadchloran sodu
(NaClOs) jako elektrolit, w roztworach niewodnych uzyto natomiast 0,1 M TBAP. W celu
okreslenia wptywu zmiany pH na rejestrowane procesy redoks dodawano
do przygotowanych zgodnie z opisem roztworéow pochodnych sulfonamidowych 0,1 M
kwas solny (HCI) oraz 0,1 M wodorotlenek potasu (KOH). Wszystkie pomiary
woltamperometryczne wykonano w temperaturze 25°C. Roztwory odgazowano
przepuszczajac przez nie argon. Powtarzalnos¢ wynikéw zapewniono poprzez trzykrotng

rejestracje woltamperograméw dla kazdego doswiadczenia.

3.3.2. Badanie wlasciwosci kwasowo-zasadowych
W  celu  okreSlenia  wiasciwosci  kwasowo-zasadowych  pochodnych
sulfonamidowych oraz wyznaczenia wartosci pKa wykorzystano miareczkowanie
spektrometryczne oraz potencjometryczne. Pomiary widm UV-VIS zostaly wykonane
na spektrofotometrze Evolution 300 (Thermo Scientific, USA). Wartosci pH roztworu
badano po dodaniu kazdej porcji titranta zastosowano automatyczny uktad

do mikromiareczkowania Cerko-Lab, wyposazony w elektrode pH Hydromet.

Roztwory analitu zostaly przygotowane poprzez rozpuszczenie pochodnej
sulfonamidoweg w 5,27-10° M kwasie solnym (HCI), tak aby stezenie analizowanego
zwigzku wynosito 6-10° M. Uktad miareczkowano w statej objetosci (0,008359 ml)
ze strzykawki Hamilton o pojemnosci 1 ml roztworem 2,09-10° M wodorotlenku potasu
(KOH). Kazdy wykonany pomiar sktadat si¢ ze 120 krokoéw. Wszystkie pomiary wykonano

w temperaturze 25°C. Procedur¢ wykonano dwukrotnie.

Wartosci statych dysocjacji kwasoéw obliczono za pomoca réwnania Hendersona-

Hasselbacha (1) zaimplementowanego w programie Origin Lab:

Ay +A,10PH-PKa1) 4,4+ 4,-10PH-PKa2)  4,4+4,-10PH-PKa3)
" 10WH-DPKa1) 41 10®H-PKa2) 41 10®H-PKa3) 41

@

gdzie A,, jest absorbancja r6znych form protolitycznych. Pomiary i wyznaczanie wartosci

pKaopieraja si¢ na zmianie intensywnosci absorpcji w funkcji pH roztworu [129,130].

3.3.3. Badanie wlasciwos$ci kompleksotwoérczych
Analizy wilasciwosci kompleksujacych pochodnych sulfonamidowych z jonami
rutenu(IIl) 1 rodu(Ill) prowadzono metodg miareczkowania potencjometrycznego. W tym

cdu zastosowano automatyczny uktad do mikromiareczkowania Cerko-Lab,
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wyposazonego w elektrode pH (Hydromet) o parametrach kalibracyjnych E = 402,18 mV
I S=-57,82 mV na jednostke pH.

Roztwor do analizy, o obje¢tosci 4 ml, przygotowano poprzez rozpuszczenie
pochodng sulfonamidowej w 2,5-10° M HCI, tak aby stezenie zwiazku wynosito
3.0-10 M. Do analitu dodano réwniez odpowiednia s6l jonu metalu (RuCls lub RhCl3),
a jego stezenie w mieszaninie wynosito 1,0-10 M. Podczas wykonywania miareczkowan
potencjometrycznych uktad sekwencyjnie rejestrowat potencjat i dozowat porcje titranta
(KOH; 0,1 M) w stalej objetosci (0,004162 ml) ze strzykawki (0,5 ml; Hamilton). Kazdy
pomiar sktadat si¢ ze 120 krokéw i zostat wykonany w temperaturze 25°C. Procedurg

powtorzono dwukrotnie.

Stopniowei skumulowane state tworzenia zwigzkow wyznaczono za pomocg metody
ogolnej J. Kostrowickiego i A. Liwo zaimplementowangl do pakietu obliczeniowego
CVEQUID [131,132]. Wykorzystuje ona analiz¢ nieliniowg krzywej miareczkowania
wyznaczonej eksperymentalnie, dzigki czemu zostaje dopasowany teoretyczny model
rownowag. Nieznane parametry dobiera si¢ tak, aby dane uzyskane eksperymentalnie
pokrywaty sie z zatlozonym modelem rownowagi. Stopniowe state tworzenia (K1 i K1),
opisujace kolejne powstawanie kompleksu o stechiometrii 1:1 1 1:2 (metal: ligand), mozna

przedstawi¢ za pomocg nastgpujacych rownan (2) i (3):

3+ 4 [~ = MI2t _ ML)
M + L «— ML Kll —_— [M3+][L_] (2)
2+ - > + = —[ML-Z'-]
ML + L «— MLZ KIZ -_ [ML2+][L_] (3)
skumulowang statg stabilno$ci mozna wyrazi¢ rOwnaniem (4):
- [ML}]
M3+ + ZL (_—> ML; ﬁlz - W - Kll - Klz (4)
gdzie M3* jest jonem metalu, L~ — ligandem, natomiast ML?* oraz ML} formy jonow

kompleksowych.
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3.3.4. Badanie oddzialywan z DNA przy pomocy techniki switchSENSE
Badanie oddziatywan pochodnych sulfonamidowych z biomolekuta DNA
przeprowadzono z wykorzystaniem techniki switchSENSE na aparacie heliX — Dynamic
Biosensors. W rezultacie wyznaczono wartosci statych asocjacji (Ka) i dysocjacji (Kp) oraz

szybkosci (ka, Ka) tych procesow.

Technika switchSENSE wykorzystuje chipy (HeliX-ADP-2-0), zbudowane ze ztotej
powierzchni i zakotwiczonych na niej nici kwasu nukleinowego, sktadajgcych si¢ 48 par
zasad (sekwencja zastrzezona przez producenta). W procesie funkcjonalizacji zostaje
przytaczony do nigj fragment nici DNA, w ktorej wyrdznia si¢ adapter (5'-48 zasad + TAG
TGC TGT AGG AGA ATA TAC GGG CTG CTC GTG TTG ACA AGT ACT GAT-3')
z przytaczonym fluoroforem oraz ni¢ komplementarng (5-ATC AGT ACT TGT CAA
CAC GAG CAG CCC GTA TAT TCT CCT ACA GCA CTA-3") (Rysunek 8). Mozliwe
sg dwa tryby pracy aparatury: dynamiczny i statyczny. W pierwszym trybie, przylaczone
do powierzchni chipatzw. nanodzwignie mozna wprowadzi¢ w kontrolowany ruch poprzez
zmian¢ napigcia na powierzchni elektrod. Czasteczki analitu wigzace si¢ z nicia DNA
spowalniajg ruch nanodzwigni, w wyniku czego zmieniajg si¢ jej oscylacje i fluorescencja
barwnika. Parametry te sa nastgpnie wykorzystywane do zdefiniowania szeregu
parametrow kinetycznych i biofizycznych. Metodataumozliwia m.in. okreslanie wielkosci
czasteczek 1 konformacji bialek. W trybie statycznym nanodZwignia nie porusza sig,
apodczas oddzialywania analitu Z DNA, wewnatrz barwnika fluorescencyjnego zachodza
zmiany fizykochemiczne. Dzigki temu mozliwa jest pelna analiza kinetyczna tworzgcego
si¢ adduktu DNA-analit.

S
=
-
-
-
-

fluorofor

adapter rakotwiczony
' _ fragment nici kwasu

nukleinowego

-
-
-
-
-
-
-
-
-
-

rlota powierzchnin chipa

-
-
-

Rysunek 8. Schemat przedstawiajgcy budowe powierzchni  chipa po  procesie
funkcjonalizacji.

Analizowanymi w publikacjach [P3] i [P5] zwigzkami byty: bromek etydyny (EB),
sulfatiazol (STZ), NethylS, NpropylS, NbutylS, pirazyno-2-tiokarboksyamid (PTCA),
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1-(2-hydroksyetyloamino)-antraceno-9,10-dion (AQ-NetOH) oraz netropsyna (NET).
Zwiazki EB, STZ, PTCA oraz NET zakupiono w Sigma-Aldrich. Syntez¢ oraz wiasciwosci
fizykochemiczne homologow sulfonamidowych opisano w publikacjach [P2] i [P4].
Pochodna antrachinonu (AQ-NetOH) zostata zsyntezowana w Katedrze Chemii
Analityczng Wydziatu Chemii UG przez dr hab. Pawta Niedziatkowskiego, prof. UG
zgodnie z procedurg opisang przez Krapcho i Shaw [133].

Seri¢ probek do analizy przygotowano zgodnie z danymi zawartymi w Tabeli 2.

Tabela 2. Informacje dotyczgce przygotowania serii roztworéow do pomiaréow Oraz

temperatura analiz wykonanych na aparacie heliX — Dynamic Biosensors.

Zwiazek Zakres stezen Wpolezynnik Bufor Temperatura
rozcienczenia [°C]

EB 1-108M —1-10°M 2i10 PE40, PE140 15, 25, 37
STZ 1-104M - 1,25-10°M 2 PE40 15, 25, 37
NethylS 2-10*M -2,5-10°M 2 PE40 15, 25, 37
NpropylS 810°M— 1-10% M 2 PE40 15, 25, 37
NbutylS 810%M—5-10°M 2 PE40 25, 30, 37
PTCA 8-10*M-5-10°M 2 TEA40 25, 30, 37
AQ-NetOH 2:10°M -125-10°M 2 TE40 25, 30, 37
NET 2:10*M - 125-10°M 2 TE40 25, 30, 37

Stosowane bufory zakupiono od firmy Dynamic Biosensors, ktorych sktad jest
nastgpujacy: PE140 (pH 7,4; 10 mM NaHPO4/NaH2PO4, 140 mM NaCl, 0,05% Tween20,
50 uM EDTA, 50 uM EGTA), PE40 (pH 7,4; 10 mM Na:HPOs/NaH2POx4 , 40 mM NaCl,
0,05% Tween20, 50 uM EDTA, 50 uM EGTA) oraz TE40 (10 mM Tris-HCI, 40 mM
NaCl, 0.05 % Tween20, 50 uM EDTA, 50 uM EGTA) [134].

Podczas pomiaréw stosowano roztwor regeneracyjny stuzacy do denaturagji
dwuniciowych fragmentow DNA, w wyniku czego na powierzchni chipu pozostawione
sa jedynie jednoniciowe sekwencje kotwiczace. Ponadto wykorzystywano rowniez roztwor
pasywacyjny, zawierajacy zwigzki tiolowe. Stuzy on do przemywania powierzchni
elektrody w wyniku czego zapobiega niespecyficznemu wigzaniu zakotwiczonych nici

kwasu nukleinowego do adaptera. Pozwala to na zwigkszenie przylaczonych helis DNA
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do powierzchni chipa oraz przedtuza jego zywotnos¢. Wszystkie odczynniki, z wyjatkiem

badanych analitow, zostaty zakupione od producenta Dynamic Biosensors.

Pierwszym krokiem wszystkich eksperymentow byta funkcjonalizacja powierzchni
chipa. Stezenie adaptera wynosito 1-10" M, a czas tego procesu obejmowat 200 s.
Nastepnie przeprowadzono wilasciwg analiza kinetyki. Czas poswigcony na proces
asocjacji 1 dysocjacji analitu do DNA zostal okreslony eksperymentalnie. Szybkosé
przeptywu we wszystkich przypadkach wynosita 200 pl/s. Proces dysocjacji prowadzono
do calkowitego wyplukania analitu z uktadu przez bufor. Probe Slepa przeprowadzono
przed i po serii stezen. Sprawdzenie stanu i parametrow zastosowanych chipow, przed

I po pomiarze wykonano przeprowadzajac test chipu.
Pomiary zostaty zarejestrowane w trzech temperaturach:

e 37°C, ktéra odpowiada temperaturze ciala cztlowieka;

o 25°C, czyli temperaturze pokojowej, ktdra jest zazwyczaj utrzymywana
w laboratoriach chemicznych oraz do przeprowadzania eksperymentow;

e 15°C lub 30°C w celu analizy wplywu zmiany temperatury na parametry

kinetyczne.

Uzyskane wartosci analizowanych parametrow kinetycznych zostaty obliczone
za pomocg oprogramowania heliOS (v2023.1.1). Otrzymane krzywe zmian fluorescencji

dopasowano do modelu oddziatywania 1:1 wyrazonego przez nastepujace rownania (5,6):
y = A(]_ — e_(ka'c‘l' kq) '(x_ta)) +y0 (5)

y = A(l - e‘kd'(x—td)) + Vo (6)

gdzie A to amplituda sygnatu, t, i t; — czasy rozpoczecia procesOw asocjacji i dysocjacji,
Yo — liniabazowa, ¢ — stezenie, k, i kg —szybkosci asocjacji i dysocjacji. Na podstawie
powyzszych rownan (5,6)mozna obliczy¢ stalg asocjacji (Ka) na podstawie roéwnania (7):
k

Ky=-+= (7

ka
Badania zwigzkow EB, STZ, AQ-NetOH oraz NET z wykorzystaniem techniki
switchSENSE zostaty wykonane w Katedrze Chemii Bionieorganicznej Wydziatu Chemii
UG przez dr Sandre Brzeska oraz dr inz. Pauling Spisz, natomiast analiza PTCA i NbutylS

zostata przeprowadzona we wspolpracy z mgr Magdaleng Stasiuk.
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3.35. Badanie oddzialywan z DNA przy pomocy miareczkowania
spektrofotometrycznego

Do zbadania oddziatywania zwigzku 1-(2-hydroksyetyloamino)-antraceno-9,10-dion
(AQ-NetOH) z helisa wykorzystano miareczkowanie spektrofotometryczne. Analizy
przeprowadzono przy uzyciu spektrofotometru Perkin Elmer Lambda 650 UV-Vis. Widma
rejestrowano w zakresie dtugosci fal od 200 do 700 nm przy uzyciu kuwety kwarcowej
o $rednicy 1 cm. Bufor TE40 o pH 7,4 stuzyl jako roztwor odniesienia. Roztwor DNA
przygotowano przez rozcienczenic DNA grasicy cielecej (CT-DNA) uzyskanego
od Sigma-Aldrich w buforze TE40 (pH 7,4) zakupionego od firmy Dynamic Biosensors
(ten sam, ktory zostat wykorzystany w technice switchSENSE).

Na podstawie pomiaru absorbancji roztworu DNA przy dlugosci fali 260 nm
okreslono jego stezenie (2,88-10~% M), ktérego molowy wspétczynnik absorpcji wynosi
6600 M1-cm™L. Optymalne do pomiaréw spektrofotometrycznych roztwory AQ-NetOH
przygotowano poprzez rozpuszczenie porcji zwigzku w Tris/HCI (pH 7,4) i poprzez kolejne
rozcieficzenia ~ doprowadzono do  stezenia  2,52:10° M. Miareczkowanie
spektrofotometryczne przeprowadzono przy uzyciu automatycznego uktadu w trybie
cigglym, wprowadzajac state porcje roztworu DNA do kuwety pomiarowej w odstepach
3-minutowych. Ustalono wczesniej, ze po dodaniu jednej porcji roztworu DNA
w nadmiarze do roztworu AQ-NetOH nie zaobserwowano zmian absorbancji w czasie.
Aby unikng¢ efektu rozcienczenia roztworu w kuwecie (w wyniku dodania titranta)
wprowadzono korekte stezenia. Warto$¢ stalej wigzania (asocjacji) wyznaczono

za pomocg rownania Benesiego-Hildebranda (8) [135]:

Ao 1 1 1

(A-4)  (Aw-Ag) | (Aw-Ag)K [DNA]

8

gdzie A, to absorbancja zwigzku bez dodatku DNA, A — absorbancja przy réznych
stezeniach DNA, A, — koncowa absorbancja powstatego adduktu AQ-NetOH-DNA,
K — stala wigzania oraz [DNA] — stezenie roztworu DNA. Zalezno$¢ t¢ mozna
przedstawi¢ w postaci rOwnania liniowego y = ax + b, w ktéorym zmiennymi

sa Ay/(A— Ay) oraz 1/[DNA].

Badanie oddziatywania zwigzku AQ-NetOH z biomolekula DNA wykonane
z uzyciem miareczkowania spektrofotometrycznego zostato wykonane w Katedrze Chemii

Analityczng) Wydziatu Chemii UG przez dr Dorote Zarzeczanska.
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3.3.6. Badanie wlasciwosci przeciwutleniajacych
W celu okreslenia zdolnosci dwoch pochodnych sulfonamidowych (NethylS
i NpropylS) do wychwytywania reaktywnych form tlenu (ROS) wykonano analize

wlasciwosci przeciwutleniajgcych z wykorzystaniem rodnikow ABTS ™ oraz DPPH'.

Roztwor kationu rodnika ABTS™ otrzymano w reakcji kwasu ABTS
z nadsiarczanem potasu (K2S:0s). Rozpuszczono 22,5 mg ABTS oraz 5 mg K>S:0s
w 50 ml buforu Tris-HCI o pH 7,4. Mieszaning pozostawiono w ciemnosci na 24 godziny
w temperaturze pokojowej. Nastepnie dobrano eksperymentalnie stezenie ABTS™, tak aby
maksimum absorpcji roztworu wynosito 2 w danych warunkach pomiarowych.
Przygotowano seri¢ rozcienczen zwigzkéw w buforze TrissHCI o pH 7.4, o nastgpujacych

stezeniach:

e NethylS—10mM, 9 mM, 8 mM, 7 mM, 6 mM, 5mM, 4 mM, 3mM, 2mM, 1 mM;
e NpropylS— 10 mM, 9 mM, 8 mM, 7 mM, 6 mM, 5 mM, 4 mM.

Probki do analizy sporzadzono poprzez zmieszanie 1 ml roztworu rodnika oraz
1 ml roztworu badanego zwiazku o danym stezeniu. Roztwor odniesienia przygotowano
przez 2-krotnie rozcienczenie ABTS™ buforem Tris. Wszystkie probki inkubowano przez
1 godzing w ciemnym miejscu. Nastepnie spektrofotometrycznie monitorowano zmiang
absorbancji przy 734 nm. Procentowe wychwytywanie [S] rodnika ABTS™ obliczono
przy uzyciu wzoru (9):

_Ao—4p

S [%] =

+100% (9)

0

gdzie A, to absorbancja proby kontrolnej, a A, — absorbancja analizowanej probki.

Roztwor rodnika DPPH™ przygotowano poprzez rozpuszczenie 4 mg zwigzku
w 50 ml metanolu. Mieszaning pozostawiono w ciemnosci na 24 godziny w temperaturze
pokojowsj. Nastepnie dobrano eksperymentalnie st¢zenie DPPH', tak aby maksmum
absorpcji  roztworu wynosito 2. Przygotowano seri¢ roztwordw pochodnych
sulfonamidowych w wodzie o takich samych stezeniach jak dla analizy z rodnikiem
ABTS". Probki przygotowano poprzez zmieszanie 1 ml roztworu DPPH oraz 1 ml
roztworu badanego zwigzku, a nastgpnie inkubowano przez 1 godzing w ciemnym miejscu.

Monitorowano spektrofotometrycznie zmiang absorbancji przy dtugosci fali 515 nm.
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Badanie wykonano we wspolpracy z dr. hab. Dariuszem Wyrzykowskim, prof. UG
oraz dr Aleksandra Tesmar z Katedry Chemii Ogolnej i Nieorganicznej Wydzialu Chemii
UG.

3.4. Obliczenia teoretyczne
Obliczenia oparte 0 metody gestosci funkcjonatu (ang. Denisty Functional Theory -
DFT) zostaly wykorzystane do okreSlenia miejsc wigzania i energii oddziatywania
badanych zwigzkoéw (bromku etydyny (EB), sulfatiazolu (STZ), NethylS, NpropylS,
NbutylS, pirazyno-2-tiokarboksyamid (PTCA), 1-(2-hydroksyetyloamino)-antraceno-
9,10-dion (AQ-NetOH)) z fragmentem helisy DNA wykorzystywanym w badaniach
eksperymentalnych.

Struktury réwnowagowe wszystkich analitow zostaly uzyskane poprzez
optymalizacj¢ geometrii z wykorzystaniem funkcjonatu wB97XD [136], w tym dyspersji
empiryczng i zestawu bazowego typu Poplea 6-311++G(2d,2p) [137]. Nastepnie
obliczono stale sity i czgstotliwosci drgan, aby upewnic si¢, ze zoptymalizowane struktury
stanowig prawdziwe minima na powierzchni energii potencjalnej. Srodowisko wodne
(e = 78,3553) roztworu zostato przyblizone poprzez zastosowanie przewodnikowego
cigglego modelu polaryzacji solwatacji (ang. conductor-like polarization continuum model
— CPCM) [138] w obliczeniach w publikacji [P3]. Wptyw rozpuszczalnikéw (wody
0 & = 78,3553 i n-oktanolu o € = 9,8629) wyliczony w publikacji [P4] przyblizono stosujac
metode samouzgodnionego polareakcji (ang. Salf-Consistent Reaction Field - SCRF) [139]
i modelu gestosci rozpuszczalnika (ang. Solvation Model Density — SMD) [140]. Wszystkie
obliczenia z zakresu chemii obliczeniowg przeprowadzono przy uzyciu pakietu
obliczeniowego GAUSSIAN16 (werga C.01) [141].

W celu symulagji dokowania molekularnego uzyto programu AutoDock 4.2, werga
4.2.6 [142]. Do zbudowania struktury receptora w oparciu o sekwencje¢ helisy DNA
stosowang w technice switchSENSE wykorzystano NAB (Nucleic Acid Builder) [143].
Tak otrzymany uktad poddano symulacji dynamiki molekularng (ang. Molecular
Dynamics — MD) z wykorzystaniem pola sitowego OL15 [144] w ramach pakietu
obliczeniowego AMBER14 [145]. Wykorzystane w obliczeniach struktury analitow oraz
helisa DNA zostaly pozbawione niepolarnych atoméw wodoru dla przyspieszenia czasu
obliczen. Dla wspomnianych konstrukgcji obliczono tadunki czgstkowe Gasteigera [146],
ktore nastepnie wWykorzystano w symulacjach dokowania. Wigzanie analitow z helisa DNA

zostato przeprowadzone przy uzyciu Algorytmu Genetycznego.

47



Opiss stosowanych metod badawczych

Wartosci pKa odpowiadajace réznym stanom sprotonowania sulfonamidow
obliczono metoda bezposrednia, ktora wykorzystuje cykl termodynamiczny [147].
Aby wyeliminowa¢ bledy wynikajace z niedoktadnych rdznicowych energii wolnych
solwatacji kwasu i sprzezonej zasady zastosowano metode Muckermana [148].
Hydrofilowo$¢ analizowanych zwigzkdw oceniano poprzez obliczenie wartosci log P
[149]. Ponadto w celu okreslenia stopnia kowa escencji badanych wigzan wodorowych

przeprowadzono analize Fuzzy Bond Order (FBO) [150].

Wszystkie obliczenia teoretyczne zawarte w publikacjach [P3-P5] zostaly
wykonane w Katedrze Chemii Bionieorganicznej Wydziatu Chemii UG przez dr. Jakuba
Brzeskiego.

3.5. Badania biologiczne
3.5.1. Badanie cytotoksycznosci
Badania biologiczne trzech pochodnych sulfonamidowych (Nethyl S, Npropyl S oraz
NbutylS) wykonano na dwoch ludzkich liniach komorkowych: HB2 (nie-nowotworowe

komorki nabtonka piersi) 1 SKBr3 (gruczolakorak piersi).

Komorki hodowano w pozywce Dulbecco Modified Eagle Medium (DMEM)
(Sigma) wuzupelione;j 10% plodowa surowica bydleca (Gibco), 100 U/ml
penicyliny/100 pg/ml streptomycyny (Sigma), a w przypadku linii HB2 dodawano takze
5 pg/ml hydrokortyzonu (Sigma) i 10 pg/ml ludzkiej insuliny (Sigma). Komorki
namnazano 1 hodowano w temperaturze 37°C, 5% CO2. Analizowane zwigzki dodawano

do pozywki hodowlanej na 48 godzin przed przeprowadzeniem testow cytotoksycznosci

(MTT).

Komérki wysiewano na 96-dotkowa plytke dzien przed dodaniem zwigzkoéw
NethylS, NpropylS, NbutylS. Po uptywie 48 godzin od dodania badanych zwigzkow,
pozywke hodowlang zastgpiono $wiezg pozywka zawierajaca 0,5 mg/ml soli tetrazolowe;j
(bromek 3-(4,5- dimetylotiazol-2-yl)-2,5-difenylotetrazoliowy) (Sigma). Komorki
inkubowano w temperaturze 37°C, 5% CO2 przez kolgne 4 godziny. Krysztaty formazanu
powstalych w komorkach rozpuszczono poprzez dodanie roztworu DM SO, a nastepnie

przeprowadzono pomiary absorbancji przy OD =590 nm.
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Badania zostaty wykonane przez cztonkéw Pracowni Molekularnej i Komorkowej
Nefrologii, Instytutu Medycyny Doswiadczalnej i Klinicznej im. M. Mossakowskiego,
Polskiej Akademii Nauk.

3.5.2. Badania mikrobiologiczne
Badania mikrobiologiczne trzech pochodnych sulfonamidowych (NethylS,
NpropylS oraz NbutylS) wykonano na szczepach bakterii G(+) (Staphylococcus aureus —
gronkowca zlocistego), G(-) (Escherichia coli — pateczki okreznicy) oraz drozdzy

Candida albicans.

Pierwszy etap badan obejmowal okreslenie minimalnego st¢zenia hamujacego
wzorstu mikroorganizméw (MIC). Analizy wykonano na 96-dotkowej ptytce, w ktorej
umieszczono roztwory pochodnych sulfonamidowych oraz pozywke bakteryjng Mueller-
Hinton uzupetnionej kationami — CA-MHB (Becton, Dickinson and Company), w taki
sposob aby objeto$¢ mieszaniny byta rowna 100 pl, a st¢zenia sulfonamidéw wynosity
800 uM, 700 uM, 600 uM, 500 uM, 250 uM oraz 100 uM. Nastepnie do kazdego dotka
dodano 10 pl zawiesiny bakterii lub drozdzy o stezeniu 5-10° CFU/mI. Réwnocze$nie
wykonano rowniez probe kontrolng w trzech dotkach dodajac 100 pl pozywki i 10 pl
roztworu mikroorganizméw. Nastepnie wysiano ich zawarto$¢ na szalkach Petriego
zawierajacych  podloze TSA  (tryptone-soja-agar)(BTL). Probki inkubowano

w temperaturze 37°C przez 24 godziny.

Kolejny etap polegal na wyznaczeniu najmniejszego st¢zenia bakteriobdjczego
(MBC), ktore wykazuje redukcje 99,9% mikroorganizméw. Badania przeprowadzono
na 96-dotkowych ptytkach zawierajacych 80 pl pozywki bakteryjnej Mueller-Hinton
uzupetnionej kationami — CA-MHB oraz 20 pl roztworu pochodnych sulfonamidowych
o stgzeniu 4 mM. Do kazdego dotka dodano 10 pl zawiesiny bakterii lub drozdzy
o stezeniu 5-10° CFU/mL. Nastepnie mieszaniny wysiano na szalkach Petriego

zawierajacych pozywke TSA 1 inkubowano przez 24 godziny w temperaturze 37°C.

Badania zostaty wykonane w Zaktadzie Badan Zwigzkoéw Biologicznie Czynnych,
Miedzyuczelnianego Wydziatu Biotechnologii UG i GUMed przez mgr Magdaleng
Stasiuk pod okiem prof. dr hab. inz. Aleksandry Krolickie.
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4. Przedmiot badan oraz komentarz

4.1. [P1] What Can Electrochemical M ethods Offer in Determining DNA-Drug

Interactions?

W publikacji przegladowej [P1] podjeto dyskusje dotyczaca zastosowania technik
elektrochemicznych w analizie oddzialywan zwigzkow chemicznych z biomolekuta
DNA. Okreslenie ich rodzaju i sSity jest nieodzownym elementem badan nad
poszukiwaniem nowych farmaceutykow. W tego typu badaniach coraz czgsciej
wykorzystuje si¢ metody elektrochemiczne, ze wzgledu na ich czutos$¢, prostote i niski
koszt. W artykule zebrano i omowiono rézne podejscia elektrochemiczne stosowane
w badaniu oddziatywan pomiedzy srodkami farmaceutycznymi, a biomolekuta DNA.
Gloéwny nacisk polozono na prace z ostatniej dekady, ze szczegdlnym uwzglednieniem
technik woltamperometrycznych. Przedstawiono najbardziej preferowane podejscia

eksperymentalne, materiaty elektrodowe oraz nowe metody modyfikacji.

W rozdziale pierwszym omodwiono mozliwe sposoby oddziatywan farmaceutykow
z biomolekula DNA. Opisano 1 wyjasniono m.in. zjawisko interkalacji oraz tworzenie
wigzan niekowalencyjnych w matym lub duzym rowku wraz z przyktadami lekow
reagujacymi w ten sposob. Ponadto przedyskutowano techniki stosowane do analizy
oddziatywan z DNA, wyrdzniajac m.in. metody spektroskopowe i spektroskopie
UV-Vis, dichroizm liniowy i kotowy, spektrofluorymetri¢, dializ¢ rownowagowa,
model owanie molekularne, czy tez powierzchniowy rezonans plazmonowy (SPR).

Rozdzial drugi koncentruje si¢ na technikach elektrochemicznych
wykorzystywanych w badaniu oddziatywan potencjalnych lekow z DNA. Opisano zasadg
wykonania pomiaru oraz rodzaje elektrod stosowane w tym celu. Zaznaczono tutg),
ze obserwowane zmiany moga obgmowac¢ m.in. przesuniecie potencjatu formalnego
pary redoks oraz spadek natezenia pradu szczytowego, CO wynika z naglego spadku
wspotczynnika dyfuzji po zwiazaniu farmaceutyku z DNA. Podczas wykonywania
eksperymentu stezenie Srodka farmaceutycznego w roztworze nie ulega zmianie.
Do mieszaniny stopniowo dodaje si¢ DNA. Dzigki temu okresla si¢ wpltyw kolejnych
fragmentow (zwigkszajacych stezenie DNA) na procesy redoks badanego ukladu.
Alternatywng metoda jest modyfikacja elektrody polegajaca na unieruchomieniu jednego
z analizowanych elementow uktadu (badanego zwiazku o aktywnosci biologicznej) lub
DNA na powierzchni elektrody roboczej. Podejscie drugie jest czgsto wykorzystywane

w celu uzyskania systemow biosensorow DNA do monitorowania interakcji lekéw.
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W zwigzku z czym, w tym rozdziale poruszono rowniez tematyke biosensorow

elektrochemicznych.

W czgdci  trzeciej artykulu opisano metody i sposoby ich dziatania
woltamperometrii cykliczngj (CV) oraz pulsowej roznicowej (DPV). W pracy poruszono
réwniez mniej popularne techniki takie jak woltamperometria fali prostokatnej (SWV),
czy tez elektrochemiczna spektroskopia impedancyjna (EIS). Wymienione metody

dostarczajg informacji m.in. na temat:

e warto$ci wspotczynnika dyfuzji zarowno czasteczki, jak i jej adduktu z DNA;

e powinowactwa wigzania, ktore wyraza si¢ jako warto$¢ staltej wigzania;

e rodzaju trybu oddziatywania;

e wielkosci migjsca/migsc wigzania, w ktorym zachodzg oddziatywania lek-DNA.

W publikacji wyrozniono zasadnicze parametry wszystkich opisanych w artykule
badan, stosowane metody elektrochemiczne, materiaty elektrod oraz uktady, w ktoérych
prowadzono omawiane badania. Wymieniono rowniez wartosci granic wykrywalnosci
(LOD) i/lub granic oznaczalno$ci (LOQ) oraz stala wigzania, a takze informacje
0 sugerowanym mechanizmie oddziatywania. Przedmiotem omowionych badan byly
m.in.  leki przeciwnowotworowe,  przeciwbakteryjne,  przeciwcukrzycowe,

przeciwdepresyjne oraz flawonoidy.

Wyniki badan zebrane w omawianym artykule przegladowym pokazuja, Ze metody
elektrochemiczne sg pot¢znym narzedziem w badaniach oddziatywan DNA-lek.
Zaprezentowane dane literaturowe ilustrujg kierunki badan i mozliwosci, jakie dajg
techniki woltamperometryczne. Zrozumienie mechanizmu oddziatywania DNA z |ekiem
ma kluczowe znaczenie w badaniach biologicznych nad procesami projektowania lekow
i rozwoju farmaceutycznego. Niezwykle przydatne w tym celu jest zastosowanie technik
woltamperometrycznych. Ponadto, bioczujniki elektrochemiczne charakteryzuja
si¢ wysoka selektywnos$cig i s3 wygodne w uzyciu. Ze wzgledu na swoja uzytecznosé¢
oczekuje sig, ze w przysztoSci stang si¢ one jeszcze bardziej popularne. Nowe
dostosowania biosensorow najprawdopodobniej bedg obejmowaé ich modyfikacje
i tworzenie chipéw ulegajacych regeneracji, ktore mozna dostosowaé¢ do dowolnej

pozadanej funkcjonalnosci.
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4.2. [P2] Sulfonamidesdiffering in thealkylamino substituent length — synthesis,
electrochemical characteristic, acid-base profileand complexation properties

W pracy [P2] przedstawiono wyniki badan wplywu dilugosci tancucha
aminoalkilowego pochodnych sulfonamidowych na wilasciwosci fizykochemiczne
I kompleksotworcze zwigzkow. Lacza one ze sobg chemi¢ koordynacyjng
trojwartosciowych jonéw rutenu i rodu z nowo zaprojektowanymi pochodnymi
sulfonamidowymi 0 mozliwym wykorzystaniu w farmaceutyce. Przeprowadzenie takich
badan dla zwigzkéw w kierunku zastosowan biologicznych jest niezwykle istotne
dla zrozumienia sposobu ich dzialania, a takze okreslenia najkorzystniejszych warunkow

osiggniecia maksymalnego efektu farmaceutycznego.

Wykonano syntez¢ dwoch pochodnych sulfonamidowych réznigcych si¢ dtugoscia
tancucha alifatycznego: 4-amino-N-(2-aminoetyl)benzenosulfonamidu (NethylS) oraz
4-amino-N-(3-aminopropyl)benzenosulfonamidu (NpropylS), a nastgpnie potwierdzono
ich strukture z wykorzystaniem spektrometrii mas (MS), spektroskopii magnetycznego
rezonansu jadrowego (NMR), analizy elementarnej oraz spektroskopii Fouriera
w podczerwieni (FTIR). W dalszym etapie ustalono i opisano pelne profile
elektrochemiczne badanych zwigzkow w srodowisku protycznym 1 aprotycznym oraz
zbadano wplyw zmiany pH na zachodzace w roztworze procesy redoks.
Okreslono rowniez profile spektroskopowe analitow, a co za tym idzie, ich wartosci stalej
dysocjacji kwasu pKa, ktore opisuja zachowanie sulfonamidéw w rozpuszczalniku.
Dzigki temu, mozliwe jest okreslenie zdolno$ci zwigzkéw do przenikania przez btony
komoérkowe oraz identyfikacje jego protolitycznej postaci w  Srodowisku
wewnatrzkomorkowym. Ponadto okreslono stale trwalo$ci tworzenia zwigzkow
koordynacyjnych z jonami Ru(l11) i Rh(Il1), co pozwala na zdefiniowanie preferowanego

utoZenia przestrzennego utworzonych kompleksow.

Przeprowadzone pomiary elektrochemiczne zostaly wykonane w $rodowisku
protycznym (H20) oraz aprotycznym (DMSO). Srodowisko wodne wystepuje
w organizmie prawie we wszystkich molekutach. Warto jednak zaznaczy¢, ze m.in.
w blonach komoérkowych lub enzymach, ktorych warto$ci pKa réznig si¢ znacznie
od warto$ci w wodzie moze wystepowaé $srodowisko lokalne ze wzgledu na wigkszy
charakter lipofilowy tych indywiduéw. W zwigzku z tym, prowadzenie badan
w warunkach niewodnych moze odzwierciedla¢ zachowanie zwigzku w uktadach

biologicznych [151,152].
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Na zarejestrowanych woltamperogramach cyklicznych (CV) (Rysunek 2 w [P2])
w rozpuszczalniku aprotycznym (DMSO) dla obu zwigzkow (NethylS i NpropylS)
obserwuje si¢ dwa piki utlenienia. Dla zwigzku NethylS wystepujg one przy nizszych
wartosciach potencjatu (Eax = 0,840 V, Ex = 1,315 V) niz dla zwigzku NpropylS
(Eaw=0,924V, Ex = 1,433 V). Zjawisko to $wiadczy o tatwiejszym utlenianiu pochodnej
z tancuchem etylowym w podstawniku. Szybko$¢ pomiaru ma decydujacy wplyw
napowstanie piku Ea, ktory jest niewidoczny przy bardzo matych szybkosciach
skanowania (10-25 mV/s) dla obu badanych zwigzkow, natomiast przy szybkos$ciach
wickszych niz 100 mV/s staje si¢ szeroki i rozmyty dla NethylS. Zwigzek NpropylS
charakteryzuje si¢ wyrazniejszymi i intensywnigjszymi pikami. W przypadku roztworow
wodnych dla obu zwigzkow widoczny jest jedynie jeden sygnat utlenienia, ktory
dlazwigzku NethylS wystepuje przy nizszych wartosciach potencjatu (Eax = 0,973 V)
niz w przypadku zwigzku NpropylS (Ea = 1,094 V). Sugeruje to, ze proces utleniania
zachodzi tatwiej dla zwiagzku z krétszym tancuchem alifatycznym. Dla obu ligandow
zarbwno w S$rodowisku protycznym 1 aprotycznym wraz ze wzrostem szybkoSci
rejestrowania pomiaru (od 10 mV/s do 300 mV/s) obserwuje si¢ wzrost intensywnos$ci
sygnatow, przy jego jednoczesnym przesunigciu w stron¢ bardzig dodatnich
potencjatow. Dla obu zwigzkéw zarejestrowano takze woltamperogramy pulsowe
roznicowe (DPV) (Rysunek 2 w [P2]) w DMSO i wodzie. W kazdym przypadku
zaobserwowano sygnal pradowy, ktorego warto$¢ potencjalu byla zgodna

z pomiarami CV.

W celu okreslenia wptywu §rodowiska na procesy redoks badanych sulfonamidow
oraz powigzania efektow elektrochemicznych z ich kwasowo-zasadowym charakterem
rejestrowano woltamperogramy CV i DPV wodnych roztworéw NethylS i NpropylS
przy réznych warto$ciach pH. Zrozumienie wlasciwosci kwasowo-zasadowych ligandow
jest niezbedne do opisania ich zachowania w rozpuszczalniku. Pomiary wykonywano
w roztworze wodnym w zakrese pH od 2,80 do 11,56. Roztwory pochodnych
sulfonamidowych miaty pH 3,69 dla NethylS i 3,86 dla NpropylS, do ktorych
dodawano porcje 0,1 M kwasu lub 0,1 M zasady. Wyniki zostaly przestawione
naRysunku 3 w [P2]. Niskie poczatkowe warto$ci pH roztworéw zwigzkéw wynikaja
zich postaci chlorowodorkowej. Dodatkowe zakwaszenie mieszaniny nie zmienito
potozenia, ani intensywnos$ci sygnatdow w poréwnaniu z poczatkowymi roztworami

analizowanych zwigzkow. Dla badanych sulfonamidow zarejestrowanych w najbardzie)
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kwasowym srodowisku zaobserwowano dobrze uksztalttowane, intensywne, pojedyncze
piki utleniania, zlokalizowane w poblizu warto$ci potencjatu 1 V. Sygnaty te s3 widoczne
na zardbwno na woltamperogramach CV, jak i DPV, jednak w drugim przypadku
obserwuje si¢ bardziej widoczne zmiany. Prowadzg one do zmniejszenia natezenia
(wartoéci pradu) sygnatow, a w pH zasadowym takze do pojawienia si¢ szerokich
pikow przy nizszych wartosciach potencjatéw (w zakresie ok. 0,6 V — 0,8 V).
Swiadczy to o istotnym wptywie zasadowego pH na przebieg zachodzacych procesow
redoks.

Do opisania wlasciwosci spektroskopowych pochodnych sulfonamidowych
I okreslenia warunkéw miareczkowania kwasowo-zasadowego, zarejestrowano
ich widma absorpcji. Ponadto wykonano to samo badanie po dodaniu do analizowanego
roztworu kwasu i zasady w celu sprawdzenia wptywu zmiany srodowiska na ksztatt
1 intensywno$¢ maksiméw. Omawiane sulfonamidy posiadajag maksima absorpcji przy
dhugosci fali 262 nm dla NethylS i 261 nm dla NpropylS, ktérych polozenie nie ulegto
zmianie po dodaniu kwasu. Maksima obu zwigzkow przesungty si¢ jednak w strone
krotszych dtugosci pod wptywem zasady (przesunigcie hipsochromowe). Dla NethylS
przesunigcie to byto silniejsze (AL = 5 nm) 1 taczylo si¢ z efektem hipochromowym.
Niemniej jednak w przypadku NpropylS przesunigcie w strone blekitu bylo bardziej

subtelne (AA = 2 nm) i nie zmniejszato intensywnosci pasma.

Stala dysocjacji kwasu dostarcza informacji o formie protolitycznej w roztworze.
W celu wyznaczenia wartosci pKa badanych zwigzkéw, nalezy okresli¢ model i liczbe
rownowag wystepujacych w roztworze podczas miareczkowania
pH-spektrofotometrycznego. Z zebranych danych eksperymentalnych wykreslono
A-diagramy (Rysunek 5i 6 w [P2]), czyli wykresy przedstawiajagce wzajemne zmiany
absorbancji przy dwoch réznych dlugosciach fali oraz zalezno$ci zmiany absorbancji (A)
w funkcji pH. Na tej podstawie okreslono liczb¢ réwnowag w roztworze
dlaanalizowanego zwigzku (Rysunek 9). Wykazano obecno$¢ trzech réwnowag
w roztworze, o czym $wiadczy obecnosc¢ trzech segmentéw na A-diagramie i taka sama
liczba przegi¢¢ na wykresie zaleznosci absorbancji (A) w funkcji pH. Obliczone warto$ci

pKa dla zwigzkow NethylS i NpropylS przedstawiono w Tabeli 3.
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Rysunek 9. Reakcje rownowag dysocjacji zwigzku NethylS (n = 2) i NpropylS (n = 3)

o)
o

(oryginalny rysunek nr 4 z publikacji [P2], praca Open Access — zgoda na wykor zystanie
nie jest wymagana)

Tabela 3. Wartosci diugosci fali przy maksimum absorpcji (Amax), wartosci molowego
wspolczynnika absorpcji (€) oraz wartosci statej dysocjacji kwasu (pKa) (z odchyleniem
standardowym) (tabela nr 2 z publikacji [P2], przettumaczona na jezyk polski, praca
Open Access — zgoda na wykor zystanie nie jest wymagana).

edlaimax  Mmax[NM]  Amax [NM]
Nazwa Amax

] [dm®mol- (dodatek  (dodatek pKa pKaz pKas
Zwigzku  [nm] _
cm-] kwasu)  zasady)
2,62
NethylS 262 16,830 262 257 019 6,45+0,21 9,67+ 0,08
:t 7
2,11
NpropylS 261 17,080 261 259 010 6,35+ 0,06 10,86+ 0,19
:t 7

W przypadku badanych w pracy [P2] sulfonamidow warto$ci pKa zwigzane
z grupa aminowg ugrupowania sulfonamidowego wynoszg okoto 2. Jesli chodzi o reakcje
dysocjacji grupy amidowej, warto$ci pKa wahaja si¢ od 5,5 do 7,7 w zaleznosci
od budowy podstawnika. Uzyskane z eksperymentu wyniki mieszczg si¢ w zakresach
typowych dla tej grupy zwigzkow [153,154]. Struktura podstawnikaalkiloaminowego ma
kluczowe znaczenie dla zasadowosci czasteczki, a jego dlugo$¢ powoduje zwigkszenie
odleglo$ci grupy aminowej od reszty czasteczki, co powoduje wzrost zasadowosci
z obrebie tej grupy. W zwigzku z tym warto$¢ pKas jest mniejsza w przypadku zwigzku

NethylS (pKas = 9,67), niz dla zwigzku NpropylS (pKas = 10,86). Ponadto, konsekwencja

55



Przedmiot badan oraz komentarz

wigkszej odleglosci pomiedzy grupami aminowymi N1 i N3 (Rysunek 7) jest nizsza
warto$¢ pKa dla pochodnej z tancuchem propylowym (pKa = 2,62 dla NethylS;
pKa = 2,11 dla NpropylS).

Ostatnim etapem badan byla analiza wlasciwosci kompleksotworczych jonow
Ru(l11) i Rh(I11) z pochodnymi sulfonamidowymi. Z uwagi na to, ze ligandy NethylS
1 NpropylS zostaly zsyntezowane w postaci dichlorowodorkow, a co za tym idzie
ich atomy donorowe sg sprotonowane, znaczgco utrudnia to lub catkowicie uniemozliwia
proces kompleksowania jonow metali. W zwigzku z tym, konieczne byto
ich aktywowanie poprzez deprotonacj¢ wraz z dodatkiem KOH podczas miareczkowania.
Procesowi kompleksowania towarzyszyto odbarwianie roztworow. Przeprowadzone
miareczkowania potencjometryczne umozliwity oceng stechiometrii otrzymanych jonéw
zespolonych oraz obliczenie wartoéci statych stabilnosci. Na podstawie uzyskanych

danych, wyznaczono wartosci statych trwalosci utworzonych kompleksow
(Rysunek 7w [P2]).

W zwigzku z tym, ze jony metai koordynuja si¢ sekwencyjnie z ligandami,
W roztworze z pewnoscia obecne sg formy kompleksu ML o stechiometrii 1:1, stad
obliczono warto$¢ stopniowej statej tworzenia Kii, opisujac t¢ rownowage.
Zaobserwowano takze obecno$¢ drugiej stopniowej rownowagi tworzenia (oznaczong
stata K12), zwigzang z przylaczeniem drugiego ligandu sulfonamidowego i utworzeniem
kompleksu ML>. Na podstawie zaleznosci pomigdzy stopniowa i Sumaryczng stalg
trwatosci wyznaczono takze wartoSci fi12. Wszystkie obliczone wartosci statych

stabilnosci zebrano w Tabeli 4.

Tabela 4. Wartosci stopniowych stalych trwatosci (K11 1 Ki2) oraz sumaryczng stalej
trwatosci f12 zwigzkow kompleksowych Ru(l11) i Rh(111) z pochodnymi sulfonamidowymi
NethylS i NpropylS (z odchyleniem standardowym)(tabela nr 3 z publikacji [P2],
przetlumaczona na jezyk polski, praca Open Access — zgoda na wykorzystanie nie jest

wymagana).

Nazwa Rh3* RU3*
zwigzku logK11 logK12 logBi2 logK11 logK12 logBi2
NethylS 6,85+ 1,64 11,36 + 1,59 18,21 6,35+ 0,62 12,08 £ 0,53 18,43
Npropy!S 8,78 £ 0,88 10,74 £0,83 19,51 5,90 +1,98 7,29 + 1,66 13,19

* JogPi2 = logK11 + logK 12
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Dla wszystkich badanych form koordynacyjnych warto$¢ Kiz jest wigksza
od wartosci K11, co potwierdzatworzenie stabilnych potaczen, ktorych stechiometriaM:L
zostata okre$lona jako 1:2 (ML2). W przypadku komplekséw z jonem Rh(III) warto$¢
kumulatywnej stalg] stabilnosci obserwuje si¢ wyzszg dla ligandu NpropylS
(loghz = 19,51), niz NethylS (logf12 = 18,21). W przypadku form koordynacyjnych
zjonami Ru(lll) mozna zaobserwowac zasadnicze roéznice w warto$ciach stopniowej
statej Ki2. Dlaligandu NethylS wartos¢ ta wynosi 12,08, natomiast dla NpropylS — 7,29,
co wskazuje na mniejsza stabilnos¢ kompleksu stechiometrycznego ML2 NpropylS
z jonami Ru(lll). Przektada si¢ to rowniez na wyzsza wartos¢ skumulowanej stalej

stabilno$ci (logfz = 18,43) w przypadku oddziatywania Ru(Ill) z ligandem NethylS.
Sulfonamidy moga koordynowac¢ jony metali na rdzne sposoby, takie jak:

e chelatowanie przez atom azotu z podstawnikai atom tlenu grupy —SONH- [25];

e chelatowanie przez atom azotu z podstawnika i atom azotu ugrupowania
—SO,NH- [155];

e chelatowanie przez atom azotu grupy anilinowej —NH> i atom azotu ugrupowania
—SO;NH- [156];

e chelatowanie zar6wno atomu O, jak i atomu N z grupy —SO-NH- [157];

e koordynacjapoprzez atom N podstawnika pierscienia heterocyklicznego [158].

W przypadku badanych ligandéw atomami donorowymi, ktore mogg bra¢ udziat
w kompleksowaniu jonéw metali, sa atomy azotu (gtownie N2 i N3, rzadziej N1)
(Rysunek 7) i ewentual nie atom tlenu grupy —SO2NH-. Elastyczna struktura podstawnika
alkiloaminowego i konieczno$¢ aktywacji ligandu przez deprotonacj¢ w celu
skompleksowania sugeruja, ze kationy metali sg koordynowane przez atomy azotu N2
i N3. Zaproponowany sposob koordynacji prowadzi do powstania w wyniku chelatacji
stabilnych pierscieni pigciocztonowych (w przypadku NethylS) lub szesciocztonowych
(w przypadku NpropylS). Uzyskane wartosci kumulatywnych statych stabilno$ci
wskazuja, ze w przypadku jondéw rodu(Ill) bardziej uprzywilejowang formag kompleksu
jest szesciocztonowy pierscien chelatowy (z ligandem NpropylS), natomiast jon
rutenu(l11) preferuje utworzenie pigciocztonowego pierscienia poprzez kompleksowanie
z NethylS.

Reasumujgc, pomiary elektrochemiczne wykazaty obecno$¢ pikéw utleniania

dla badanych zwigzkow sulfonamidowych, zar6wno w wodzie, jak i w rozpuszczalniku
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aprotycznym. Zachodzace procesy redoks byly zalezne od pH, jednak
nie zaobserwowano istotnego wptywu szybko$ci procesow na ich przebieg. Zwigzek
NpropylS charakteryzowat si¢ wyrazniejszymi i intensywniejszymi pikami niz pochodna

z krotszym tancuchem w podstawniku (NethylS).

Wyniki miareczkowania potencjometrycznego wykazaty istnienie trzech
rownowag dysocjacji w roztworach badanych ligandéw, co jest zgodne z obecnoscia
trzech centréw kwasowo-zasadowych w obu czgsteczkach. Wyznaczone wartosci statych
PKa i pKa sa zgodne z danymi literaturowaymi dotyczacymi  pochodnych
sulfonamidowych. Struktura podstawnika przytaczonego do grupy aminowe)
makluczowe znaczenie dla zasadowosci calej czasteczki. Wykazano, ze niewielka
roéznica w budowie badanych pochodnych, jak jednostka —CH>— w podstawniku R,
wplywa na wartosci statej pKa opisujacej dysocjacje kolejnych protondéw. Zwiekszanie
dhugosci tancucha w podstawniku powoduje wzrost zasadowosci grupy aminowej atomu
azotu N3, w efekcie czego zmniejsza si¢ takze warto$¢ pKa odpowiadajaca grupie

aminowsgj (N1), niezaleznie od odlegtos¢ oddzielajace) dwa centra kwasowo-zasadowe.

Badania wiasciwosci  kompleksotworczych wykazaty tworzenie si¢ zwiazkow
koordynacyjnych charakteryzujacych si¢ wysokimi wartoSciami statych trwatosci
z jonami rodu(lll) i rutenu(lll). Dla obu jonéw metali stechiometric M:L form
koordynacyjnych zdefiniowano jako 1:2 (ML2). Kompleksowanie jonéw przez badane
sulfonamidy moze prowadzi¢ do powstania pierScieni chelatowych o roznej wielkosci,
w zaleznosci od dtugosci podstawnika alkiloaminowego bioracego udziat w procesie
koordynacji. Z naszych badan wynika, ze w przypadku jonu rodu(I1l) preferowang forma
kompleksu jest szeScioczlonowy pierscien chelatowy z ligandem NpropylS, natomiast
w przypadku jondéw rutenu(IIl) preferowany jest pierscien pigciocztonowy z ligandem

NethylS.

Informacja o profilu fizykochemicznym i wilasciwosciach kompleksotworczych
badanych ligandow jest kluczowa dla dalszych badan tych uktadéw. Mniejsza stabilnos¢
kompleksu NpropylS z jonami Ru(lll) nie wyklucza go jako kandydata na skuteczny
farmaceutyk. W przypadku zwiazkéw kompleksowych o dziataniu biologicznym
zwigzek musi wykazywac si¢ wystarczajaco duza stabilnoscig, aby w skoordynowane;j
formie mogl dotrze¢ do celu molekularnego. Z drugiej strony, pozadana jest rowniez
labilno$¢ takiego uktadu, aby umozliwi¢ uwolnienie zaré6wno czasteczek wolnych

ligandow, jak 1 jonow metali w miejscu dziatania leku [159,160].
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4.3.[P3] Application of the SwitchSense Technique for the Study of Small
Molecules’ (Ethidium Bromide and Selected Sulfonamide Derivatives)

Affinity to DNA in Real Time

Przedstawione w pracy [P3] badania miaty na celu okreslenie sposobu wigzania
i sity oddzialywania zwigzkéw niskoczasteczkowych z tancuchem DNA. Wykonane
analizy byty pomocne w okresleniu powinowactwa analizowanych struktur do wybranej
sekwencji dwuniciowego DNA oraz szybkosci zachodzgcego procesu asocjacji
i dysocjacji. Ponadto wyznaczono wartosci stalej wigzania adduktu DNA-analit. Wyniki
badan switchSENSE zostaly uzupelnione analiza dokowania molekularnego. Dzigki
niemu omoéwiono mozliwy tryb i miejsca wigzania badanych zwigzkow z konkretng

sekwencjg par zasad.

Badania z wykorzystaniem techniki switchSENSE rozpocz¢to od analizy
oddziatywania interkalatora — bromku etydyny (EB) z tafncuchem DNA.
EB charakteryzuje si¢ wysoka warto$cig statej wigzania z DNA, a termodynamiczna
charakterystyka wigzania z ta biomolekula zostata dobrze opisana z wykorzystaniem
innych eksperymentéow [161,162]. Gtéwnym obiektem analizy byly sulfonamidy
zewzgledu na udowodniong aktywno$¢ przeciwbakteryjng i przeciwnowotworowsg
[72,82,95-98]. Jednym z nich byt sulfatiazol (STZ) wykazujacy dziatanie
bakteriostatyczne. Jego oddziatywanie z DNA w roztworach zostato weze$niej okreslone
przez cztonkow Katedry Chemii Bionieorganiczng Wydziatu Chemii Uniwersytetu
Gdanskiego za pomocg miareczkowania spektrofotometrycznego [25]. Kolgnymi
obiektami badawczymi byly dwie pochodne sulfonamidowe, réznigce si¢ dlugoscia
tafcucha sulfonamidowego: 4-amino-N-(2-aminoetylo)benzenosulfonamid (NethylS)
i 4-amino-N-(2-aminopropylo)benzenosulfonamid  (NpropylS), ktorych synteze

1 whasciwosci fizykochemiczne opisano w publikacji [P2].

W dalszej czgsci artykutu przedstawiono i przedyskutowano otrzymane wyniki
dotyczace zwigzku EB. W literaturze pojawiajag si¢ odniesienia wskazujace
nainterkalacj¢ omawianego zwigzku do helisy DNA poprzez oddziatywanie
z sekwencjami guanina-cytozyna [163] oraz adenina-tymina [164]. Interkalacja jest
wynikiem oddziatywania hydrofobowego, podczas ktorego czasteczka aromatyczna
zostgje przyciagana do niepolarnego srodowiska par zasad z hydrofilowego otoczenia

wodnego [165].
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Uzyskane wyniki dokowania molekularnego (Rysunek 2 w [P3]) pozwolity
na okreslenie najkorzystniejszych miejsc wigzania EB. Znajduja si¢ one w dolnej czgsci
badanej helisy DNA, tj. w czes$ci znajdujacej si¢ blizej kotwicy umieszczongj na chipie.
Wykonana analiza pozwolita na okreslenie najbardziej popularnych oraz nagjsilnigjszych
migsc oddziatywania EB. Oba te oddzialywania czasteczki z helisa DNA zachodzg
zazwycza] W tym samym, mniejszym rowku, w ktorym dominuje obecno$é
par adenina-tymina. Ponadto wyznaczono kolgine dwa nagjpopularniejsze migjsca
wigzania zwigzku, ktore znajdujg si¢ W pierwszym mniejszym rowku, w ktorym
nie dominuje zadna konkretna para zasad, poniewaz zakotwiczony fragment helisy
zaczyna si¢ od sekwencji TAG TGC. Otrzymane wyniki dokowania molekularnego
sugeruja wystepowanie duzego powinowactwa bromku etydyny do adeniny oraz tyminy.
W dalszej czgsci badan teoretycznych wykonano dokladniejsze obliczenia dla adduktu
EB-DNA w konkretnym rowku. Dzieki temu wykazano, ze najpopularniejszym
sposobem wigzania bromku etydyny jest jego prostopadte utozenie do mniejszego rowka
helisy DNA. Najsilniejsze oddziatywanie natomiast zachodzi poprzez zacis$nigcie
pierscieni na jednej z par zasad nukleinowych tworzacych mniejszy rowek. Podobne
konkluzje dotyczace sposobu wigzania EB z biomolekula DNA poprzez oddziatywanie
z parg zasad adenina—tymina zostaly juz wczesniej opisane w literaturze [164,166],

co potwierdza stuszno$¢ tej tezy.

Uzyskane z obliczen teoretycznych wyniki wskazuja na wystepowanie interkalacji
bromku etydyny do helisy DNA. Podobny wniosek mozna otrzyma¢ z danych
eksperymentalnych poréwnujgc warto$ci statej asocjacji (Ka), ktore sa wysokie
(rzedu 10°-10° MY) dla tego rodzaju oddziatywania. Znane w literaturze state wiazania
dla adduktu DNA-EB rdznig si¢ nieznacznie wartosciami w zaleznosci od zastosowanej

techniki pomiarowej i wynosza okoto 10°-10° M1 [162,167,168].

Badania dotyczace tworzenia adduktu EB-DNA z wykorzystaniem techniki
switchSENSE przeprowadzono w dwoch trybach: dynamicznym i statycznym (w tym
przypadku zastosowano dwie metody — stabych wigzan i1 kinetyke standardowaq).
Na uzyskanych wykresach (Rysunek 4 w [P3]), dla wszystkich mierzonych wariantow,
widoczne sg krzywe odpowiadajgce za procesy asocjacji i dysocjacji. Podczas stosowania
trybu dynamicznego wyniki byly niezadowalajace, przez co odrzucono zastosowanie

tef metody w wykonywanych badaniach, z uwagi na:
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e brak wystepowania korelacji pomiedzy stezeniem analitu, a intensywnoscig
zmian fluorescencji;

e niepowtarzalno$¢ uzyskanych wynikow;

e bledy w obliczeniach szybko$ci asocjacji i dysocjacji oraz stalej wigzania (Ka),

na co wskazujg wysokie wartos$ci odchylen standardowych.

Dzigki wykonanym pomiarom w trybie statycznym z wykorzystaniem metody kinetyki
standardowej, mozna zaobserwowaé wyrazng krzywa odpowiadajaca zachodzacemu
procesowi asocjacji. Swiadczy to o krotkim czasie tworzenia si¢ adduktu EB-DNA.
Nastepnie przez jedng minute, na wykresie widoczna jest linia prosta utrzymujaca
si¢ nastatym poziomie intensywnosci fluorescencji. Zjawisko to $wiadczy o tym,
ze wszystkie helisy DNA zwigzaly si¢ z analitem. Po uptywie 90 sekund rozpoczat
si¢ proces dysocjacji poprzez przemywanie powierzchni  chipu buforem.
Obserwuje si¢ w tym momencie spadek intensywnos$ci zmian fluorescencji do wartosci
poczatkowych. Powstata krzywa odpowiada za proces dysocacji i jest mnig ostra,
niz w przypadku asocjacji. Sugeruje to tworzenie silnego wigzania EB z helisg DNA.
W koncowej fazie wykresu mozna zaobserwowac¢ wyptaszczenie krzywej na poziomie
zmian intensywnosci fluorescencji dazacej do 0, co $wiadczy o catkowitej dysocjacji
czasteczek analitu od nici DNA. Podobny ksztatt krzywych jest widoczny na wykresach
uzyskanych z pomiaru wykorzystujagcego metode stabych wigzan. W tym przypadku
skrocono czas prowadzenia zarowno procesu asocacji 1 dysocjacji w celu
zoptymalizowania przebiegu analizy. Wyznaczone wartosci szybko$ci Ka i Kga wraz
zestatymi Ka 1 Kp byly powtarzalne (w trzech niezaleznych dos$wiadczeniach)

I przedstawiono jew Tabeli 5.

Uzyskane wartosci wspotczynnikéw szybko$ci asocjacji (ka) sugeruja wpltyw
temperatury na oddzialywanie zwigzku. Wzrost temperatury otoczenia prostych uktadow
o malej masie czasteczkowej powoduje z reguly zwickszenie ich mobilnosci oraz
reaktywnos$ci w roztworach. Analiza wartosci ka prowadzi do wniosku, ze tendencja
tautrzymuje si¢ w badanym przypadku dla temperatur z zakresu 25-37°C. W przypadku
duzych ukfadow (takich jak biatka czy kwasy nukleinowe) temperatura wpltywa
w wigkszym stopniu na konformacj¢, a co za tym idzie na ich reaktywnos¢,
niz w przypadku matych czgsteczek [169,170]. Ponadto zaobserwowano przyspieszenie
procesu asocjacji EB z DNA na skutek obnizenia temperatury (z 25 do 15°C). Moze by¢

to spowodowane faktem, ze w 15°C DNA przyjmuje korzystng termodynamicznie
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konfiguracje, ktora pozwala na szybsze | sSilniggsze oddziatywanie z EB.
Wyzsza temperatura, powodujaca zwigkszone drgania i ruch czasteczek, utrudnia
utrzymanie wigzania. Warto rowniez zaznaczy¢, ze warto$ci wspotczynnikéw szybkosci
dysocjacji kq nie r6zng si¢ znaczgco w zaleznosci od temperatury. Sugeruje to, ze W tym
procesie decyduje gldwnie przepltyw buforu przez uktad. Ponadto widoczne sg roznice
w wartosciach stalej asocjacji (Ka) i dysocjacji (Kp) dla pomiaréw zarejestrowanych
W trzech réznych temperaturach, ktore wynikajg gtdéwnie z wartoSci wspotczynnikow
szybkosci ka i kn. Uzyskane wyniki pomiaru z zastosowaniem metody kinetyki
standardowej sa zblizone do wartosci z analizy metoda slabych wigzan.
Potwierdza to mozliwo$¢ wykorzystania obu podtypoéw trybu statycznego do okreslenia

parametréow kinetycznych oddziatywania bromku etydyny z DNA.

Tabela 5. Wartosci (wraz z ich odchyleniami standardowymi) ustalonych szybkosci
asocjacji (ka), szybkosci dysocjacji (kd), statych asocjacji (Kp) i stalych dysocjacji (Kp)
dla wigzania EB z helisg DNA w buforze PE140 (tabela nr 1 z publikacji [P3],

przettumaczona na jezyk polski, praca Open Access — zgoda na wykor zystanie nie jest

wymagana).

Temp.
Tryb pracy oc) ka [M-1s1] ka [ Kb [M] Ka[M

Statyczna 15 (1,50+0,16) - 108 0,359+ 0,005  (2,39+0,25)- 107 (4,19 + 0,44) - 10°

kinetyka
standar dowa 25 (6,98+0,63)-10° 0,358+0,007  (513+047)-107 (1,95 0,18) - 10°
(standard) 37 (855+095)-10° 03600006  (4,22+047)-107 (2,37+0,27)- 10°
15 (1,69+0,20)-10°  0,391+0,007  (2,32+0,27)- 107  (4,31+0,51) - 10°

Statyczna

slabe wiazania 25 (6,04+0,18) - 10° 0,478 +0,190 (7,91+£045)-107 (1,26 +0,23) - 10°

(weak binders)
37 (1,03+0,19) - 106  0,388+0,008  (3,75+0,69) - 107 (2,67 +0,49) - 10°

Srodowisko, w ktorym zachodzi proces asocjacji moze mie¢ wplyw na tworzenie
si¢ adduktu analitu z helisa DNA. Ponadto udowodniono wptyw ro6znych sit jonowych
nakonformacje czasteczek DNA potaczonych koncami z powierzchnig chipu [169].
W przypadku analizy zwigzku EB w buforze PE140 zastosowano zakres st¢zen

od 10° do 108 M, ktory powodowal zmiany fluorescencji na poziomie
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od okoto 2 do 30%. Byty to parametry najkorzystniejsze dla pomiaréw. Zbyt mate zmiany
fluorescencji (ponizej okoto 1%) moga prowadzi¢ do uzyskania warto$ci parametrow
kinetycznych o duzym odchyleniu standardowym. Dos$wiadczenie zostalo powtdrzone
z wykorzystaniem buforu PE40. Na otrzymanych wykresach (Rysunek 5 w [P3])
widoczny jest wzrost aktywnosci fluoroforu, a zmiany intensywno$ci fluorescencji
utrzymujg si¢ w zakresie od 2 do 70%. Bufor PE40 charakteryzuje si¢ nizszym stezeniem
NaCl (mniejszg silg jonowg) w porownaniu do buforu PE140, jednak
w obu przypadkach wartosci Ka dla zachodzacego procesu s3a porownywalne
(Ka w pe1a0 = (1,95£0,18)-10° M, Ka w peao = (1,52+0,15)-10° MY). W zwigzku z tym,
zwigkszanie intensywno$ci odpowiedzi fluoroforu poprzez odpowiedni dobor buforu
moze by¢ korzystne w przypadku zwiazkéw, ktorych wiazanie z DNA powoduje jedynie

niewielkie zmiany we fluorescencji jednostki sygnalizacyjnej.

Podsumowujgc, wyniki badan dla bromku etydyny wskazuja, ze metoda
dynamiczna nie jest odpowiednia (niewystarczajagco czuta) do badania oddziatywan
zwigzkow maloczasteczkowych z helisa kwasu nukleinowego. Dzigki zastosowaniu

trybu statycznego uzyskano:

e korelacje pomiedzy st¢zeniem analitu, a intensywno$cig zmian fluorescencji;
e powtarzalnos¢ uzyskanych wynikows;
e warto$ci wyznaczonych wspotczynnikow szybkosci dla proceséw asocjacji (Ka)

i dysocjacji (Kq) oraz statych Ka i Kp z ich niskimi odchyleniami standardowymi.

Dzigki zastosowaniu techniki switchSENSE 1 dokowania molekularnego okre$lono
kinetyke procesu asocjacji i dysocjacji adduktu EB-DNA oraz sposobu wigzania analizu

z biomolekula.

Kolejnym zwiazkiem niskoczasteczkowym poruszanym w artykule jest sulfatiazol
(STZ). Jego oddzialtywanie z helisa DNA nie zostalo do tej pory szerokO opisane
w literaturze. Dzigki analizie dokowania molekularnego (Rysunek 2 w [P3]) ustalono,
ze najkorzystniejsze miejsce wigzania znajduje si¢ w pierwszym, mniejszym rowku.
Jak wspomniano weczesniej, ten region podwodjnej nici nie wykazuje zadnej
specyficznosci, poniewaz zakotwiczony na powierzchni chipu fragment helisy zaczyna
si¢ od sekwencji TAG TGC. Pozostate dwa najbardziej preferowane sposoby wigzania
sulfatiazolu znajduja si¢ po drugiej stronie nici DNA, tj. w czwartym mni€ejszym rowku.

Sktada si¢ on gtownie z par adenina-tymina, co pokazuje, ze preferencje sulfatiazolu
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w stosunku do pewnych zasad nukleinowych mozna uzna¢ za nieco podobne
do preferencji EB. Najsilniejsze oddziatlywanie obserwuje si¢ w obrebie drugiego,
mnigszego rowka. To migsce jest zbudowane w przyblizonych iloSciach
par adenina-tymina i cytozyna-guanina. W zwigzku z tym sekwencja (TCG), z ktorej
sktada si¢ ten rowek oraz jej najblizsze otoczenie tworzg istotne wigzanie z punktu
widzenia trwatosci uktadu. Dalsze obliczenia teoretyczne wskazaly na ulozenie
czgsteczki STZ réwnolegle do ,,podstawy” mniejszego rowka W najpopularniejszym
miejscu wigzania. W najsilniejszym adduktcie natomiast wykazano, ze kat dwuscienny
CSNC w sulfatiazolu wynosi 164,91°, co pozwala na uzyskanie wigkszej powierzchni

oddziatywania helisy DNA z czasteczka.

Wyniki eksperymentdw pokazuja, ze zmiany fluorescencji zaobserwowane
dlaSTZ byty znacznie mniejsze niz dla EB. Moze to wynikac ze stabszego wigzania tego
zwigzku z DNA, powstawania oddziatywania w innym rowku helisy lub innego sposobu
interakcji. W zwiazku z tym niemozliwe bylo wyznaczenie parametréw Ka, Kg, Ka 1 Kp
dla adduktu STZ-DNA . Otrzymane dane charakteryzowaty si¢ duzym odchyleniem

standardowym przewyzszajacym warto$¢ pomiaru.

Ostatnimi  obiektami badawczymi opisanymi w artykule byly dwie pochodne
sulfonamidowe roznigce si¢ dlugoscig podstawnika alkiloaminowego (NethylS
i NpropylS). W publikacji [P2] wykazano, ze niewielka réznica w budowie obejmujaca
obecno$¢ dodatkowego wigzania —CH2— wptywa na ich wlasciwosci fizykochemiczne.
W zwiazku z tym, zbadano oddzialywania czgsteczek z biomolekuta DNA za pomoca
techniki switchSENSE. Okreslenie stalej wigzania tych zwigzkéw za pomoca
powszechnie  stosowanych  technik, takich jak  spektroskopia UV-VIS
czy woltamperometria, okazato si¢ bardzo problematyczne. W  przypadku
miareczkowania spektrofotometrycznego nie udato si¢ wyznaczy¢ wartosci Ka
ze wzgledu na wystepowanie maksimum absorpcji zwigzkow (AnethylsiNpropyls = 262 nm)
przy tej samej dlugosci fali, co w przypadku roztworu DNA (Apna = 260 nm).
Obserwowane zmiany nie pozwolity na jednoznaczne okreslenie tworzenia si¢ adduktu.
Podczas miareczkowania wraz ze wzrostem stgzenia DNA obserwowano wzrost
intensywno$ci maksimum absorpcji. Bylo to spowodowane naktadaniem si¢ pasm
ligandu 1 analitu, co uniemozliwiato okreslenie wiarygodnej wartosci statej wigzania.

W przypadku badan elektrochemicznych ze wzgledu na bardzo male nat¢zenie pikow
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pradowych badanych zwigzkoéw i jedynie niewielkie zmiany tych sygnatow podczas

dodawania roztworu DNA nie byto mozliwe wyznaczenie statej wigzania.

Przeprowadzone symulacje dokowania molekularnego (Rysunek 7 w [P3])
wykazaty, ze w przypadku NethylS najwazniejsze miejsca wigzania znajdujg
si¢ w drugim i trzecim rowku. Najsilniejsze oddziatywanie NethylS z helisa DNA
wystepuje w drugim rowku, tak samo jak w przypadku EB i STZ. Podczas tego
oddziatywaniaz DNA, budowa analitu pozwala na utworzenie wewnatrzczasteczkowego
wigzania wodorowego pomigdzy atomem H grupy —NH2 i aomem N grupy
sulfonamidowsej. Obserwuje si¢ wtedy rownolegte utozenie NethylS do dwoch nici DNA.
W przypadku nagjbardziej popularnego oddziatywania atomy H grupy —NH2 biorg udziat
w tworzeniu miedzyczasteczkowych wigzanh wodorowych z atomami tlenu grup

fosforanowych, obu nici DNA.

Dla zwigzku NpropylS dokowanie wykazato wystepowanie zaréwno
najsilniejszego, jak i najbardziej preferowanego oddziatywania z helisa w tym samym
miejscu, czyli w drugim, mniejszym rowku. Pozostate najbardziej popularne miejsca
wigzania znajduja si¢ W drugim i trzecim mnigjszym rowku. Z symulacji dokowania
molekularnego wynika, ze zaréwno NethylS, jak i NpropylS majg wysokie
powinowactwo do tych samych cze$ci badanej helisy DNA, ngprawdopodobnieg
zewzgledu na podobng budowe strukturalng. Ponadto wykazano, Zze pochodna
sulfonamidowa z dluzszym fancuchem alkiloaminowym wiaze si¢ najsilniej
z biomolekulg w poréwnaniu do innych analitow opisywanych w artykule. Podczas
najsilniejszego oddziatywania kat dwuscienny CSNC w zwigzku NpropylS jest
rowny -134,8°, awszystkie jego atomy wodoru przytaczone do ugrupowan aminowych,
tworzg wigzania z receptorem poprzez atomy tlenu grupy fosforanowsej lub ugrupowanie
dezoksyrybozy. Natomiast kat CSNC w najczestszych oddziatywaniach wynosi -28,5°,
co skutkuje ksztattem przypominajgcym liter¢ L calego sulfonamidu i wymusza mnie;j
korzystne wigzanie z receptorem niz mialo to miejsce w przypadku pierwszego
rozwazanego dokowania NpropylS. W efekcie tylko cze$¢ atomow wodoru analitu bierze

udziat w wigzaniu wodorowym z receptorem.

Badania oddzialywan zwigzkéw NethylS 1 NpropylS z uzyciem techniki
SwWitchSENSE przeprowadzono w trybie statycznym w modelu stabych wigzan.
Na uzyskanych wykresach (Rysunek 6 w [P3]) widoczny jest proces asocjacji, ktory
zachodzi wolniej niz w przypadku bromku etydyny. Ponadto, nie obserwuje
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si¢ catkowitego oddysocjowania zwigzku od helisy DNA. Na wykresach krzywa
odpowiadajagca procesowi dysocjacji nie wraca do poczatkowych wartosci zmian
fluorescencji. Swiadczy to o silnym wiazaniu obu pochodnych sulfonamidowych
z biomolekutg DNA. Uzyskane warto$ci stalych wspotczynnikow szybkosci ka i Kq oraz
wigzania Ka i Kp przedstawiono w Tabeli 6.

Analiza wartosci wspoOlczynnikow szybkosci wigzania (ka) W przypadku
obu zwigzkéw prowadzi do wniosku, ze wigzanie prezentowanych sulfonamidow
do helisy nastepuje znacznie wolniej (okoto tysigc razy) niz w przypadku bromku
etydyny. Proces dysocjacji adduktow, opisywany wartoscig kd, roOwniez zachodzi
znacznie wolnig i nie jest on catkowity, nawet przy duzym przeptywie buforu.
Wyznaczone wartosci statych asocjacji (Ka) mieszcza sie w przedziale 10°-10* M7,
zatem mozna je uzna¢ za Stosunkowo niskie. Z drugiej jednak strony mozna
zaobserwowaé duza odpornos¢ powstatego adduktu na dysocjacje spowodowanag
przeptywem buforu. Sugeruje to zupelnie inny sposoéb oddziatywania NethySi NpropylS
z tancuchem DNA niz w przypadku EB.

Tabela 6. Wartosci (wraz z ich odchyleniami standardowymi) ustalonych szybkosci
asocjacji (ka), szybkosci dysocjacji (ka), statych asocjacji (Kp) 1 stalych dysocjacji (Kp)
dla wigzania pochodnych sulfonamidowych z helisq DNA w buforze PE40 (tabela nr 2
z publikacji [P3], przettumaczona na jezyk polski, praca Open Access — zgoda

na wykor zystanie nie jest wymagana).

Temp.
Zwiazek oc) ka[M1sY] ka [sY Ko [M] Ka[M7]

15 727+36 (1,23+004)-102 (1,68+010)-10% (594+0,35) - 10°
NethylS 25  77,7+£37 (877+059)-10% (1,13+029)-10* (8,82+0,72) - 103

37 619+27 (L57+004)-10% (254+0,13)-10° (3,93 0,20) - 103

15 267+34 (1,48+005)-102 (553+0,73)-10% (1,81+0,24) 10°
NpropylS 25  169+05 (1,02+002)-102 (6,02+0,24)-10* (1,664 0,07) - 10°

37  154+06 (119+002)-102 (7,73+034)-10* (1,29 0,06) - 103

Reasumujac, w niniejszej pracy przedstawiono zastosowanie i optymalizacje
techniki switchSENSE do badania oddziatywan matych czgsteczek z helisg DNA.

Technika ta dominuje nad innymi powszechnie stosowanymi metodami badania takich
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wigzan, poniewaz umozliwia pomiary w czasie rzeczywistym i jest stosunkowo tania
W doswiadczeniach przeprowadzonych z bromkiem etydyny zmiany fluorescencji byty
duze, co potwierdza tworzenie adduktu EB-DNA oraz proces dysocjacji. Badania
powtorzono (co najmniej trzykrotnie) 1 otrzymano stale dysocjacji 1 asocjacji
o dopuszczalnych wartosciach odchylenia standardowego. Ponadto, dzigki
przeprowadzonej symulacji dokowania molekularnego dowiedziono, Ze tworzenie
najpopularniejszego i najkorzystniejszego wigzania EB zachodzi w drugim, mnigjszym
rowku helisy DNA. EB wykazato znaczne powinowactwo do par AT, ktore sg liczne
wewspomnianym rowku. Niestety technika switchSENSE jest ograniczona,
co zaobserwowano w przypadku drugiego analizowanego zwigzku, sulfatiazolu,
dlaktérego wigzanie z DNA powodowato niewielkie zmiany w sygnale fluoroforu.
W tym przypadku przeprowadzone eksperymenty pozwolity stwierdzi¢, ze cho¢ STZ
oddziatuje z DNA, to uzyskane wartosci statych asocjacji i dysocjacji obarczone
sg istotnymi btedami. W przypadku STZ najkorzystniggsze miegjsce dokowania
znajdowato si¢ w pierwszym mniejszym rowku (od strony kotwicy). Ustalono jednak,
ze STZ najsilniej wigze si¢ z badanym DNA w obrgbie drugiego mniegjszego rowka.
Stwierdzono rowniez, ze srednia energia wigzania zwigzek—DNA w EB byta wyzsza niz
w STZ, co moze wyjasnia¢ wyniki przeprowadzonych eksperymentow dla uktadu
DNA-STZ. Wyniki badah uzyskane dla NethylS 1 NpropylS okazaty si¢ zaréwno
przekonujace, jak i obiecujace. Wykazano, ze oba te zwiazki wiaza si¢ z helisg DNA do$¢
wolno, jednak powstajacy w tym procesie addukt jest stabilny 1 odporny na dysocjacje
wymuszong przeplywem buforu. Moze to by¢ spowodowane tworzeniem si¢ wigzan
wodorowych w wyniku oddziatywania z DNA. Na podstawie poruszonych w artykule
doswiadczen mozna stwierdzi¢, ze technika SwitchSENSE stanowi alternatywe

dlastosowanych wczesniej metod badania wigzania zwigzkow niskoczasteczkowych
zDNA.

67



Przedmiot badan oraz komentarz

4.4.[P4] Theoretical study of the alkylamino-substituted sulfonamides with
potential biological activity

W pracy [P4] opisano wiasciwosci fizykochemiczne pieciu pochodnych
sulfonamidowych,  roznigcych  si¢  dlugoscia  lancucha  aminoalkilowego
zwykorzystaniem metod obliczeniowych, ktore zostaty porownane z danymi uzyskanymi

eskperymentalnie. Obiektem analiz byly nastepujace zwiazki:

e 4-amino-N-(2-aminoetyl o)benzenosulfonamid — NethylS;

e 4-amino-N-(2-aminopropyl o)benzenosulfonamid — NpropylS;
e 4-amino-N-(2-aminobutylo)benzenosulfonamid — NbutylS;

e 4-amino-N-(2-aminopentyl o)benzenosulfonamid — NpentylS;

e 4-amino-N-(2-aminoheksyl o)benzenosulfonamid — NhexylS.

Ugrupowanie alkiloaminowe wystepuje w roznych lekach wykazujacych szeroki
zakres dziatania, takich jak $rodek przeciwgruzliczy w Ethambutolu [171] lub $rodek
przeciwastmatyczny w Aminofilinie [172]. Przedstawione w omawianym artykule
parametry sg kluczowe dla prawidtowej oceny aktywno$ci analizowanych sulfonamidow.
Wykonana analiza dostarcza roznic strukturalnych i energetycznych migdzy badanymi
czasteczkami 1 ich 1zomerami, rbwnowagi kwasowo-zasadowse),

wewnatrzczasteczkowych wigzan wodorowych 1 hydrofobowosci.

Budowa geometryczna lekow sulfonamidowych determinuje ich reaktywno$¢
biologiczna, poniewaz moze wplywa¢ na wigzanie zwigzku z receptorem. Roznice
w energiach elektronowych (lub energiach swobodnych Gibbsa) pomiedzy izomerami
reguluja populacje kazdego izomeru w danych warunkach. Stan Sprotonowania
natomiast, poza wplywem na aktywnos$¢, wplywa na przenikanie przez blony
w organizmie czlowieka. Wartos$ci pKa pozwalaja przewidzie¢ forme¢ protonowa leku
nakazdym etapie szlaku metabolicznego. Kolejnym waznym czynnikiem wptywajacym
na reaktywnos$¢ jest wspotczynnik podziatu (wyrazony tutaj wartoscig log P), ktory
pozwala oceni¢ dystrybucj¢ danego leku w organizmie. Z kolei badanie
wewnatrzczasteczkowego wigzania wodorowego daje wglad zar6wno w kwasowosc,

jak 1 hydrofobowo$¢ badanych zwigzkow.

W celu poszerzenia do$wiadczenia badania rozpoczeto od syntezy zwigzku
NbutylS, a nastepnie potwierdzono jego strukture. W dalszej czesci okreslono

wlasciwosci  kwasowo-zasadowe zwigzku 2z wykorzystaniem miareczkowania
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spektrofotometrycznego (Rysunek 4 w [P4]). Maksmum absorpcji dla pochodne
sulfonamidowej znajduje si¢ przy dtugosci fali 261 nm, ktérego potozenie nie zmienia
Sie po dodaniu kwasu. Warto$¢ ta zmienita si¢ nieznacznie po dodaniu roztworu zasady.
Maksimum absorpcji tej mieszaniny znajduje si¢ przy dlugosci fali 260 nm. Napoczatku
miareczkowania obserwuje si¢ efekt hiperchromowy, co wraz z dodatkiem zasady
powoduje efektem hipochromowy potagczonym z przesunigciem hipsochromowym.
Na podstawie zebranych danych eksperymentalnych wykreslono A-diagram, czyli
wykres przedstawiajacy zmiany absorbancji przy dwoch réznych dlugosciach fali oraz
zalezno$ci zmiany absorbancji (A) w funkcji pH. Na tej podstawie okreslono liczbe
rownowag w roztworze dla analizowanego zwigzku. Wykazano obecno$¢ trzech
rownowag w roztworze, o czym $wiadczy obecno$é trzech segmentow na A-diagramie
i taka sama liczba przegi¢¢ na wykresie zaleznosci absorbancji (A) w funkcji pH.
Uzyskane wyniki sg spojne z przeprowadzonymi wczesniej badaniami opisanymi
w publikacji [P2]. Obliczone wartosci pKa dla zwigzku NbutylS przedstawiono
w Tabeli 7.

Tabela 7. Wartosci dlugosci fali przy maksimum absorpcji (Amaxy) oraz wartosci statej
dysocjacji kwasu (pKa) (z odchyleniem standardowym) (tabela nr 1 z publikacji [P4],
przetlumaczona na jezyk polski, praca Open Access — zgoda na wykorzystanie nie jest
wymagana).

Amax [NM] Amax [NM]
Nazwa Amax
. (dodatek (dodatek pKa PKa2 pKas
zwigzku  [nm]
kwasu) zasady)
NbutylS 261 261 260 1,76 = 0,07 4,51+0,14 12,28 £ 0,04

Struktura podstawnika alkiloaminowego ma kluczowe znaczenie dla zasadowosci
czasteczki, a jego dlugo$¢ powoduje zwickszenie odlegtosci grupy aminowej od reszty
czasteczki, co wpltywa na wzrost zasadowosci W obrebie tej grupy. W zwigzku z tym
obserwuje si¢ wysokg warto$¢ pKas w poréwnaniu do wczesniej analizowanych
pochodnych sulfonamidowych NethylS i NpropylS opisanych w publikacji [P2].
Ponadto, konsekwencja wigkszej odlegtosci pomigdzy grupami aminowymi NI i N3
sg nizsze warto$ci pKa1 oraz pKa, ktore odbiegajg nieznacznie od danych literaturowych
[153,154]. Warto jednak dodaé, ze opisane w artykutach przyktady pochodnych
sulfonamidowych nie posiadaja tak rozbudowanego podstawnika jak zwigzek NbutylS.
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W dalszej czgéci badan wykonano obliczenia teoretyczne skupiajace sie¢
narownowadze kwasowo-zasadowej pieciu pochodnych sulfonamidowych rézniagcych
si¢ dlugoscig tancucha alkiloaminowego. Przeprowadzone wczesniej badania
eksperymentalne dotyczace zwigzkow NethylS, NpropylS oraz NbutylS pozwolity
na okreslenie kolejnosci rownowag dysocjacji tych zwiazkoéw (Rysunek 9) [P2]. Zgodnie
z nig deprotonacja grup funkcyjnych powinna zachodzi¢ nastgpujaco: —NHz pierscienia
aromatycznego, grupa sulfonamidowa —SONH-, a na koncu —NH2 podstawnika
alifatycznego. Przeprowadzone obliczenia teoretyczne dostarczajag nowych informacji
dotyczacych wspomnianych rownowag. Biorgc pod uwage wspomniang wczesniej
kolejnos¢ reakcji dysocjacji, dzigki przeprowadzonym obliczeniom DFT, wartosci pKas
byly mniejsze niz odpowiadajace im wartosci pKa. Blizsza analiza zachodzacego
mechanizmu (Rysunek 5 w [P4]) wykazala, Zze jon obojnaczy powstajacy po drugim
procesie deprotonowania (deprotonowaniu grupy sulfonamidowej) moze ulegaé
przegrupowaniu  geometrycznemu.  Mianowicie moze nastgpi¢  utworzenie
wewnatrzczasteczkowego wigzania wodorowego pomiedzy aming alifatyczna,
adeprotonowang grupg sulfonamidowa i w ten sposob dochodzi do zamknigcia
ruchliwego tancucha alkiloaminowego. W tym celu obliczono wzgledne energie
swobodne Gibbsa elektrycznie obojetnych form badanych sulfonamidéow. Dzigki temu
stwierdzono, ze utworzenie wewnatrzczasteczkowego wigzania wodorowego,
a tym samym ,zamknigcie” sulfonamidu, jest faworyzowane termodynamicznie
niezaleznie od rozwazanego ukladu. W kolejnym etapie kwasowy proton mozna
przenies¢ z grupy alkiloaminowej do grupy sulfonamidowej. Oczekuje si¢, ze proces
ten bedzie termodynamicznie bezbarierowy dla kazdego z badanych sulfonamidow
z wyjatkiem NethylS. Rozwazane uktady, w ktorych atom azotu grupy sulfonamidowe
pelni role donora wigzan wodorowych, natomiast atom azotu grupy akiloaminowse jest
akceptorem. Charakteryzujg si¢ One nizszymi warto$ciami energii swobodnej Gibbsa
niz jakakolwiek inna dotychczas omawiana struktura. Nalezy jednak pamigtac,
ze sytuacja moze by¢ inna w rzeczywistym roztworze ze wzgledu na efekty
rozpuszczalnika. W oparciu o powyzsze rozwazania, Zaproponowano nast¢pujaca
kolejnos¢ deprotonowania grup funkcyjnych: —NHa pierscienia aromatycznego, grupa
sulfonamidowa —-SO-NH-, kwasowe przeniesienie H z —-NH> podstawnika alifatycznego
do grupy sulfonamidowe —SO.NH-, a nastepnie drugie deprotonowanie grupy
sulfonamidowel —SO-NH-. Wyznaczone wartosci pKa dla analizowanych pochodnych

sulfonamidowych zebrano w Tabeli 8.

70



Przedmiot badan oraz komentarz

Tabela 8. Obliczone wartosci pKa dla badanych pochodnych sulfonamidowych ? (tabela
nr 2 z publikacji [P4], przettumaczona na jezyk polski, praca Open Access — zgoda
na wykor zystanie nie jest wymagana).

Nazwa
. pKar  pKa pKa pKaz pKaz pKaz pKas pKas pKas
zwigzku (calc)) (lift.) (exp.) (calc)) (lift.) (exp.) (calc)) (ift.) (exp.)

NethylS 477 258 2,62+0,19° 815 6,14 6,45+0,21° 18,29 12,07 9,67 +0,08°

NpropylS 435 227 2,11+0,10° 878 6,68 6,35+0,06° 14,92 941 10,86+0,19°

NbutylS 442 1,70 1,76+0,07¢ 832 449 451+0,14° 17,16 11,33 12,28 +0,04°

NpentylS 4,39 1,75 1,764 836 6,88 6,79¢ 17,20 1045 €

NhexylS -590 1,14 1,19¢ 11,72 824 8,04¢ 1691 10,33 €

8 Warto$ci oznaczone zapisem ,,calc.” pochodza z obliczen w oparciu o cykl termodynamiczny, natomiast
warto$ci oznaczone ,,lift.” uzyskano z wykorzystaniem podejscia Muckermana. Wyniki eksperymentow
oznaczono ,.exp.” oraz podano ich odchylenia standardowe.

b Warto$ci eksperymentalne uzyskane z publikacji [P2].

¢ Warto$ci eksperymentalne opisane w tym artykule [P4].

4 Wartoéci ekstrapolowane.

€ Brak danych.

Wartosci pKa obliczone z cyklu termodynamicznego r6znig si¢ istotnie od wartosci
wyznaczonych  eksperymentalnie.  Rozbieznosci  prawdopodobnie  wynikaja
z niewystarczajacego uwzglednienia wptywu rozpuszczalnika w obliczeniach SCRF,
ktory jest prostym modelem uktadu. Zastosowanie procedury zaproponowane przez
Muckermana pozwala na uzyskanie wynikow blizszych eksperymentalnym warto$ciom

pKa.

Przedstawione w Tabeli 8 wartosci pKa sugeruja, ze wydtuzenie tancucha
alkiloaminowego prowadzi do wzrostu kwasowosci grupy —NH2 pierscienia
aromatycznego. Dla drugiego etapu deprotonowania, czyli pKa, wyniki obliczen
teoretycznych wydaja si¢ wykazywaé inng tendencje niz wyniki eksperymentalne.
Mianowicie, zgodnie z obliczeniami, warto$ci pKa2 powinny rosnagé¢ wraz z dlugoscia
fancucha alkiloaminowego. Natomiast wyniki eksperymentow (dla ktorych dostgpne
dane ograniczaja si¢ do trzech zwigzkoéw) wykazuja tendencje odwrotna.
Dzieje si¢ tak prawdopodobnie dlatego, ze w przypadku pojedynczo deprotonowanego
(poprzez  aromatyczng  grupe aminowa) NbutylS istnieje  stabilizujace
wewnatrzczasteczkowe wigzanie wodorowe pomigdzy grupa —NHz* alkiloaminowsa

aatomem tlenu ugrupowania sulfonamidowego. Przesuniecie gestosci elektronowej
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z grupy sulfonamidowej na atom wodoru grupy akiloaminowe prowadzi do wzrostu
kwasowosci pierwszej, powodujac, ze pKa NbutylS jest prawie o dwie jednostki nizsze
niz dla pozostatych sulfonamidow. Dodatkowo produkt wspomnianej deprotonacji jest
roOwniez stabilizowany przez najsilniejsze z badanych tutaj wigzan wodorowych.
W przypadku ostatniego etapu deprotonowania, tj. pKas, obliczenia i eksperyment
ponownie wykazaty odwrotng tendencje. Mianowicie, z obliczen wynika, ze nalezy
spodziewa¢ si¢ spadku wartosci pKaz Wraz ze wzrostem liczby grup metylenowych
w tancuchu alkilowym, natomiast eksperyment wykazal wzrost z 9,67 do 12,28 przy
przej$ciu od NethylS do NbutylS. Jak wspomniano wcze$niej, rozbieznosci pomigdzy
wynikami  teoretycznymi i eksperymentalnymi wynikaja z niedostatecznego
uwzglednienia efektu rozpuszczalnika w teoretycznym opisie. Drugim istotnym
czynnikiem utrudniajgcym uzyskanie doktadnych wartosci pKa metodami teoretycznymi
jest pominigcie obecnosci 1 tym samym wptywu réznych form zwigzkéw w roztworze

rzeczywistym.

W omawianej publikacji skupiono si¢ roéwniez na analizie teoretycznej
wewnatrzczasteczkowych  wigzan  wodorowych. W rezultacie  stwierdzono,
ze najsilniejsze wigzanie wodorowe tworzy NbutylS, natomiast najstabsze oddziatywanie
obliczono dla NethylS. Dla sulfonamidu z podstawnikiem aminoetylowym obserwuje
sie najkrotsze wigzanie D-H (1,022 A), najdtuzszeH--- A (2,392 A) i najmniejsza warto$é
kata dwusciennego <(DHA) (106,4 deg). Ze wzgledu na wspomniane ograniczenia
geometryczne utworzone wigzanie wodorowe jest na tyle stabe, ze nie mozna go wykry¢
za pomocg topologii analizy gestosci elektronowej, poniewaz z oddzialywaniem
niesa zwigzane zadne punkty krytyczne wigzania. Analogiczna sytuacja ma miejsce

w przypadku analizy FBO.

Ostatnim etapem obliczen teoretycznych bylo okreslenie hydrofobowosci
analizowanych pochodnych sulfonamidowych. Stwierdzono, ze parametr ten wzrasta
wraz z liczbg atoméw wegla w tancuchu alkiloaminowym. Ponadto rozluznienie tego
tancucha (poprzedzone zerwaniem wigzania wodorowego) prowadzi do zmnigszenia
hydrofobowosci, natomiast tworzenie wewnatrzczasteczkowych wigzan wodorowych

powoduje jeg wzrost.

Podsumowujgc, opisane w artykule badania stanowig solidng podstawe
1 dostarczaja wielu informacji, ktére mozna wykorzysta¢ przy projektowaniu nowych

lekéw. Wyjasniaja zachowanie czasteczek w $rodowisku wodnym, co pozwala
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nawyciggnigcie wnioskbw na temat ich zachowania w komodrce. Obecnosé
wewnatrzczasteczkowych wigzan wodorowych w strukturze pochodnych sulfonamidow
moze powodowa¢ réznice w mechanizmie oddziatywania zwigzku z bioczgsteczkami
w porownaniu z czasteczkami, w ktorych to wigzanie nie wystepuje. Wyznaczone
wartosci pKa zwigzkéw pozwalaja okresli¢, w jakiej formie protolitycznej sulfonamid
bedzie wystepowal w komorce, przy fizjologicznym pH. Obliczone sity wigzan w obrebie
analizowanych czasteczek moga rowniez wpltywa¢ na mechanizm oddziatywania
zwigzku z bioczasteczkami. Ponadto moga mieé odniesienie
na wihasciwosci kompleksujace omawianych sulfonamidow z biologicznie istotnymi
jonami metali, ktorych potaczenia znajduja zastosowanie takze w farmaceutykach.
Specyficzna hydrofobowos¢ zwigzkow sugeruje, czy sa one w stanie przenikaé przez
btony biologiczne, a takze czy beda wydalane przez nerki. Jest to bardzo wazny aspekt
brany pod uwage przy projektowaniu nowych lekéw, poniewaz podroz czasteczki leku
z miejsca podania do miejsca dziatania jest ztozona 1 wigze si¢ z wieloma zmianami

w $rodowisku.
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4.5. [P5] Exploring the interaction of biologically active compounds with DNA
using the SwitchSense technique, UV-Vis spectroscopy, and computational
methods

W artykule [P5] przedstawiono badania oddziatywan czterech zwigzkow
niskoczasteczkowych z helisa DNA. Celem pracy byta ocena bioaktywnosci wybranych

zwigzkow z biomolekutyg. W zwigzku z tym poruszono nastepujace kwestie:

e charakterystyka powinowactwa badanych czgsteczek do wybranej sekwencji
dwuniciowego DNA;

e okreslenie parametrow, takich jak wspotczynniki szybkos$ci i state asocjacji oraz
dysocjacji dla adduktu czasteczka-DNA;

e omodwienie mozliwego trybu i miejsc wigzania badanych czasteczek z konkretng
sekwencja par zasad wykorzystang w tym badaniu;

e porownanie wynikow uzyskanych przy uzyciu techniki switchSENSE
z wynikami uzyskanymi w wyniku innych eksperymentow, w tym takze metod

teoretycznych.

Do badah wybrano przedstawicieli trzech waznych grup zwigzkéw biologicznie
czynnych: pirazyny, sulfonamidy oraz antrachinony. Pochodne pirazyny znane
sgz szerokiego zastosowania w medycynie i biotechnologii ze wzgledu
naich wtasciwosci przeciwgrzybicze, przeciwbakteryjne, przeciwwirusowe
I przeciwnowotworowe [173-176]. Antrachinony to grupa zwigzkow opartych
na szkielecie antracenu-9,10-dionu, stosowania jako pigmenty w przemysle tekstylnym
[177] i1 spozywczym [178]. Przede wszystkim wykazuja jednak szeroka aktywnos¢
biologiczna, dlatego od lat wykorzystywane sa w farmakoterapii. Pochodne antrachinonu
znane sg gltownie ze swoich wilasciwosci przeciwnowotworowych [179]. Do badan
wybrano trzy nastepujace zwigzki niskoczgsteczkowe: pirazyno-2-tiokarboksyamid
(PTCA); NbutylS (jego synteze i wlasciwosci kwasowo-zasadowe opisano w [P4]) oraz
pochodng antrachinonu — 1-(2-hydroksyetyloamino)-antraceno-9,10-dion (AQ-NetOH).

Do badania oddziatywania z rowkiem helisy DNA jako uktad modelowy wybrano
netropsyne (NET), ktora jest jednym z pionierskich zwigzkéw wykazujacych selektywne
wigzanie w obrgbie mniejszego rowka helisy [180,181]. Jako antybiotyk peptydowy

skutecznie zwalcza zaréwno bakterie G(+), jak i G(-), utrudniajac synteze kwasow
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nukleinowych. NET wykazuje wyrazne powinowactwo do wigzania z regionami helisy

bogatymi w pary zasad adenina-tymina.

Uzyskane z analizy switchSENSE wyniki oddzialywania NET z helisg DNA
(Rysunek 1 w [P5]) wskazujg na tworzenie si¢ adduktu w procesie asocjacji. Nawykresie
widoczny jest ptaski odcinek trwajacy okolo 20 s, podczas ktérego rejestrowany jest
przeptyw buforu i przygotowywana jest analiza. Nastepnie obserwuje si¢ ostrag krzywa
wskazujagcg na proces asocjacji, ktory zachodzi zaledwie w kilka sekund. Zmiany
w intensywnos$ci fluorescencji sg duze, jednak zalezg od temperatury, w ktorej
wykonywany jest pomiar. Wydtuzenie czasu przeptywu analitu przez powierzchnig chipu
nie powoduje dalszych zmian, o czym $wiadczy odcinek pomiedzy 25, a 50 s. Zjawisko
to wskazuje na utworzenie potgczen wszystkich helis DNA z badanym zwigzkiem.
W nastepnym etapie dochodzi do zainicjowania przeptywu buforu (bez analitu),
rozpoczynajac proces dysocjacji. Widoczna na wykresie ostra krzywa przy 50 s §wiadczy
0 szybkim rozpadzie adduktu NET-DNA. W tym momencie obserwuje si¢ gwattowng
zmiang intensywnos$ci fluorescencji, ktora wraca do wartosci poczatkowych, przed
rozpoczeciem eksperymentu. Swiadczy to o catkowitej dysocjacji czasteczek NET
od helisy DNA w wyniku przemywania buforem. Uzyskane warto$ci statych oraz

szybkosci zachodzgcych proceséw przedstawiono w Tabeli 9.

Tabela 9. Wartosci (wraz z ich odchyleniami standardowymi) ustalonych szybkosci
asocjacji (ka), szybkosci dysocjacji (kd), statych asocjacji (Kp) i statych dysocjacji (Kp)
dla wigzania netropsyny z helisq¢ DNA w buforze TE4O (tabela nr 1 z publikacji [P5],

przetlumaczona na jezyk polski, praca Open Access — zgoda na wykorzystanie nie jest
wymagana).

Temp.

(o] ka[Ms?] ka [s7] Ko [M] Ka[M7]

25  (1,74+1,10)-10° 1,29+030  (913+742)-10°  (1,66+ 1,35) - 10°
30  (149+114)-10° 143+011  (958+735)-10° (1,04 0,80) - 103

37 (221+£100)-10° 123+007  (557+254)-10°  (1,80+0,82) - 10°

Zebrane wyniki nie wykazuja znaczacych zmian w wartosciach w zalezno$ci
od temperatury. Przebieg zmian fluorescencji oraz charakter krzywych pomiarowych

proceséw asocjacji 1 dysocjacji NET wzgledem DNA byly bardzo podobne
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do obserwowanych we wczesniejszych badaniach dla modelowego zwigzku
interkalujacego — bromku etydyny [P3]. Niestety nie zaobserwowano bezposredniej
korelacji pomiedzy przebiegiem procesOw asocjacji 1 dysocjacji zarejestrowanych

technika switchSENSE, a trybem wigzania.

Kolejnym analizowanym zwigzkiem byt PTCA, ktory wykazuje aktywno$é
biologiczng przeciwko Candida albicans [182]. Oddzialywanie omawianej molekuty
z CT-DNA bylo juz analizowane w naszej grupie wczesniej przy uzyciu metod
spektrofotometrycznych i woltamperometrycznych [56]. Uzyskane wyniki sugerowaty
oddziatywanie w rowku, ale nie pozwalaty na jednoznaczne okreslenie sposobu i miejsc

wigzania z helisg DNA.

Wykonano obliczenia dokowania molekularnego o niskiej rozdzielczo$ci
(Rysunek 2 w [P5]), co wskazato na wystepowanie oddziatywania PTCA z trzecim
mniggszym  rowkiem helisy DNA, bogatym w pary adenina-tymina.
Bylo to najpopularniejsze miejsce wigzania, czyli miejsce charakteryzujace
si¢ najwicksza liczba dokowan. Najsilniejsze oddzialywanie obserwuje si¢ w pierwszym
mnigszym rowku. Zakotwiczony na powierzchni chipu fragment helisy zaczyna
si¢ od sekwencji TAG TGC, co sugeruje brak powinowactwa PTCA do poszczegdlnych
zasad nukleinowych. Bardziej szczegétowe badania pozwalajg na okreslenie sposobu
ulozenia czgsteczki podczas oddziatywania z biomolekuta DNA (Rysunek 3 w [P5]).
W najsilniej zwigzanej konformacji dwa atomy wodoru grupy sulfonamidowe;j sa stabo
zwigzane z atomem azotu guaniny. W przypadku najpopularniejszego wigzania PTCA
do DNA wystepuje oddzialywanie niekowalencyjne, a mianowicie wigzanie wodorowe

pomiedzy atomem wodoru grupy sulfonamidowsej i atomem azotu adeniny.

Badania wykonane przy uzyciu techniki switchSENSE zwiazku PTCA
(Rysunek 3 w [P5]) wskazuja na inny przebieg proceséw asocjacji i dysocjacji niz byto
to obserwowane w przypadku opisanej powyzej NET lub EB [P3]. Nawykresie widoczna
jest zaokraglona krzywa asocjacji, ktora rozwija si¢ przez ok 50 s, a nastgpnie utrzymuje
statg warto$¢ zmian fluorescencji. Zjawisko to $wiadczy o powolnym procesie tworzenia
si¢ adduktu PTCA-DNA. Od 150 sekundy warto$¢ zmiany fluorescencji spada,
alepomimo dhugiego czasu przemywania powierzchni chipu buforem, nie wraca
ona do poczatkowej pozycji. W zwigzku z tym obserwujemy niecatkowitg dysocjacje,

cowskazuje na to, ze chociaz proces wigzania moze by¢ powolny, t0 pozostae
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on stosunkowo stabilny w warunkach przeptywu buforu. Uzyskane wyniki
przedstawiono w Tabeli 10.

Tabela 10. Wartosci (wraz z ich odchyleniami standardowymi) ustalonych szybkosci
asocjacji (Ka), szybkosci dysocjacji (Ka), statych asocjacji (Ka) i statych dysocjacji (Kp)
dla wigzania PTCA z helis¢ DNA w buforze TE4Q (tabela nr 2 z publikacji [P5],

przetlumaczona na jezyk polski, praca Open Access — zgoda na wykorzystanie nie jest
wymagana).

Temp.
ka [M1sY] ka [sY Kb [M] Ka[M1]
[°C]
25 534+24 (1,23+0,08) - 102 (2,30+0,18) - 10* (4,36+0,33) - 10°
30 61,5+ 3,0 (1,95+0,09) - 10?2 (317+0,21) - 10* (3,16 +0,21) - 10°
37 53,0+ 3,8 (2,32+0,13) - 102 (4,37+0,41) - 10* (2,29+0,21) - 10°

Proces asocjacji PTCA z helisa DNA byt okoto 20 000 razy wolniejszy
nizw przypadku EB [P3] i okoto 30 razy — w przypadku NET. Temperatura uktadu
w badanym zakresie nie maznaczgcego wplywu na szybko$¢ asocjacji (ka), jednak widac
tendencje w przypadku szybkosci procesu dysocjacji (kq). Wartosci te wptywajg réwniez
na stalg zachodzacych procesow (Ka i Kp). Wraz ze wzrostem temperatury
zaobserwowano spadek statej asocjacji. Warto$¢ ta wyznaczona na podstawie pomiaru
technika switchSense (4,36:103 M~ w 25°C) jest nizsza od wartosci uzyskanych
metodami woltamperometrycznymi (1,16:10* Mt i 1,04-10* Mt przy CV i DPV
odpowiednio) i metoda spektrofotometryczng (5,14-10* M™1) [182]. Nalezy jednak
pamigtac, ze nie tylko warunki prowadzenia tych eksperymentéw rdznig si¢ od siebie
(np. rodzaj uzytego DNA), ale takze kazda z tych technik wykorzystuje inne wtasciwosci
fizykochemiczne badanych zwigzkéw. Dodatkowo switchSENSE analizuje w czasie
rzeczywistym proces wigzania zachodzacy w przeptywie buforu, natomiast podejscie
spektrofotometryczne 1 woltamperometryczne wykorzystuje analiz¢ réwnowag

wystepujacych w roztworze.

Nastepnym  badanym  zwigzkiem  byta  pochodna  4-amino-N-(2-
aminobutylo)benzenosulfonamid  (NbutylS). Ze wzgledu na jego wlasciwosci
spektroskopowei el ektrochemiczne, jak i badanej wezesniej grupy jego homologow [P3],

okreslenie statej wigzania z DNA za pomoca technik spektrofotometrycznych
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I woltamperometrycznych okazato si¢ bardzo problematyczne. Naktadanie si¢ pasm
absorpcji analitu i kwasu nukleinowego oraz male natezenie sygnalu pradowego
spowodowato konieczno$¢ zastosowania innych metod — obliczen teoretycznych
i techniki switchSENSE. Poczatkowo wykonano obliczenia dokowania molekularnego
(Rysunek 2i 4 w [P5]). Ze wzgledu na mozliwos¢ utworzenia wewnatrzczasteczkowego
wigzania wodorowego obejmujacego tancuch alkiloaminowy zwiazku NbutylS,
w obliczeniach uwzgledniono zaréwno strukture czasteczki z tancuchem niezwigzanym
(no-HB), jak i =z wewnatrzczasteczkowym wigzaniem wodorowym (HB).
W obu przypadkach dowiedziono, ze najpopularniejsze wigzanie obserwuje si¢ w trzecim
mnigjszym rowku, bogatym w adenin¢ oraz tyming. W przypadku NbutylS (no-HB)
najsilniejsze oddziatywanie stwierdzono natomiast w czwartym mniejszym rowku.
W tym przypadku wystepuja cztery wigzania wodorowe utworzone pomig¢dzy analitem,
a receptorem. Jedno z nich odbywa si¢ przez aromatyczng grupe aminowg sulfonamidu
I atomem tlenu grupy karbonylowej tyminy z helisy DNA. Kolejne potgczenie zachodzi
pomiedzy atomem wodoru grupy sulfonamidowej i atomem tlenu grupy karbonylowej
cytozyny. Ostatnie dwa wigzania wodorowe odbywaja si¢ poprzez oddzialywanie
atomow wodoru grupy akiloaminowej z atomami tlenu grupy fosforanowe
dezoksyrybozy i grupy karbonylowe tyminy. W przypadku najpopularniejszego
oddziatywania zwiazku NbutylS (no-HB) obserwuje si¢ utworzenie dwodch wigzan.
Sa to mianowicie potgczenia aromatycznej grupy aminowsj z grupg karbonylowg tyminy
oraz grupy alkiloaminowej z deoksyrybozg. Podczas tworzenia najsilniejszego wigzania
NbutylS (HB) z helisg DNA obserwuje si¢ trzy wigzania wodorowe pomiedzy ligandem,
a receptorem wystepujace w drugim mniejszym rowku. Pierwsze z nich odbywa
si¢ poprzez oddziatywanie grupy alkiloaminowe atomem N grupy purynowsej adeniny.
Kolejne wigzanie zostaje utworzone pomigdzy atomem H grupy alkiloaminowe i grupy
sulfonamidowsj liganda, dzigki czemu dochodzi do zamknigcia struktury i zablokowania
wolnego tancucha. Ostatnie z obserwowanych w tym przypadku migdzyczasteczkowych
wigzan wodorowych powstaje pomiedzy aromatyczng grupa aminowg analitu 1 atomem
O dezoksyrybozy. W przypadku wystepowania najbardziej popularnego oddzialywania
stwierdzono natomiast obecnos¢ pojedynczego wigzania faczacego aming aromatyczng
liganda z grupa karbonylowa tyminy. Z symulacji dokowania molekularnego wynika,
ze zwigzek NbutylS jak i jego homologi [P3] wykazuja wysokie powinowactwo do tych
samych czgséci badanej helisy DNA, najprawdopodobniej ze wzgledu na podobng budowe

strukturalng.
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W kolejnym etapie przeprowadzono analiz¢ oddzialywan NbutylS z biomolekuta
DNA. Na wykresach zmian fluorescencji zarejestrowanych technika switchSENSE
(Rysunek 4 w [P5]) zaobserwowano bardzo podobny przebieg proceséw asocjacji
i dysocjacji adduktu jak dla PTCA i homologow sulfonamidéw: NethylS i NpropylS [P3].
Proces asocjacji przebiegal mianowicie bardzo wolno, a przeptyw analitu trwat najdtuze;j
ze wszystkich badanych w tej pracy zwiazkow. Krzywe reprezentujace powstajace
wigzanie majg bardzo niewielkie nachylenie. Ponadto wykres przedstawia powolny
1 niepelny proces dysocjacji utworzonego adduktu po zakonczeniu przeptywu analitu.
Oznacza to, ze oddziatywanie zwigzku z DNA zachodzi powoli, ale powstaty addukt jest
na tyle stabilny, ze nawet wydtuzenie etapu dysocjacji nie prowadzi do calkowitego

zakonczenia tego procesu. Uzyskane wyniki przedstawiono w Tabeli 11.

Tabela 11. Wartosci (wraz z ich odchyleniami standardowymi) ustalonych szybkosci
asocjacji (ka), szybkosci dysocjacji (Kd), statych asocjacji (Kp) i statych dysocjacji (Kp)
dla wigzania NbutylS z helisg DNA w buforze PE40 (tabela nr 3 z publikacji [P5],
przettumaczona na jezyk polski, praca Open Access — zgoda na wykor zystanie nie jest

wymagana).

Temp.
ka [M1sY] ka [sY] Kb [M] Ka[M]
[°C]
25 10,6+ 0,3 (1,35+0,02) - 10°3 (1,27 +0,04) - 10 (7,87+0,23) - 10°
30 11,4+ 0,2 (8,19+0,07) - 104 (7,16 £0,13) - 10° (1,40+0,03) - 10*
37 155+0,1 (1,02+0,01) - 10°3 (6,60+0,12) - 10 (1,51+0,03) - 10*

Wyznaczone parametry szybkosci tworzenia i dysocjacji adduktu (ka i Kq)
wykorzystano do obliczenia warto$ci statych asocjacji (Ka). Warto$ci przedstawione
w Tabeli 11 s wyzsze niz dla homologéw NethylS i NpropylS badanych wcze$niej
(Tabela 6) [P3]. Ponadto zaobserwowano wyrazny wzrost zarOwno wartosci szybkosci

asocjac)i (Ka), jak 1 wartosci statej wigzania (Ka) wraz ze wzrostem temperatury.

Ostatnim obiektem badawczym byta pochodna antrachinonu — 1-(2-hydroksyetylo-
amino)-antraceno-9,10-dion (AQ-NetOH). W jg przypadku przeprowadzono dokowanie
molekularne oraz analiz¢ oddziatywan zwiazku z helisa DNA z wykorzystaniem techniki

switchSENSE i miareczkowania spektrofotometrycznego.
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Badania kinetyki switchSENSE oddzialywania AQ-NetOH z DNA (Rysunek 5
w [P5]) wykazaty zupelnie inny przebieg zarejestrowanych zmian w poréwnaniu
z pochodnymi pirazyny i sulfonamidu. Proces asocjacji zachodzi bardzo szybko o czym
Swiadczy ostra krzywa zmiany fluorescencji o okoto 10%. W dalszej czgsci wykresu
widocznajest linia prosta, ktora §wiadczy o catkowitym zwigzaniu analitu z helisg DNA.
Proces dysocjacji rowniez zachodzi szybko. Obserwuje si¢ nagla zmiang warto$ci
fluorescencji do poziomu poczatkowego przed wykonaniem eksperymentu. Swiadczy to
rowniez o catkowitej dysocjacji powstajagcego adduktu. Wyznaczone parametry

kinetyczne przedstawiono w Tabeli 12.

Tabela 12. Wartosci (wraz z ich odchyleniami standardowymi) ustalonych szybkosci
asocjacji (kKa), szybkosci dysocjacji (kd), statych asocjacji (Kp) i statych dysocjacji (Kp)
dla wigzania AQ-NetOH z helisg DNA w buforze TE4O (tabela nr 4 z publikacji [P5],
przetlumaczona na jezyk polski, praca Open Access — zgoda na wykorzystanie nie jest
wymagana).

Temp.
ka[M-1s1] ka [sY] Kb [M] Ka[M
[°C]
25 (4,78 +0,61) - 10 0,96 + 0,02 (2,01+0,24) - 10° (4,97 +0,65) - 10*
30 (5,85 + 2,06) - 10* 1,27+ 0,05 (217+£0,77) - 10° (4,60+ 1,63) - 10*
37 (3,71+£1,27) - 10* 091+0,17 (2,43+£0,95) - 10° (4,12+1,62) - 10*

Warto$¢ ka jest okoto trzydziesci razy nizsza niz dla EB [P3], ale az tysigc razy
wigksza niz w przypadku PTCA 1 nawet kilka tysigcy razy wigksza niz dla NbutylS.
Powstaly addukt rowniez bardzo szybko rozpada si¢ pod wptywem przeptywu buforu.
Mianowicie, jego dysocjacja nastepuje w ciggu okoto 1 s, 0 czym $wiadczg wartosci Ka.
Wartos$¢ statej Ka, obliczona na podstawie szybkos$ci asocjacji 1 dysocjacji, wynosi
4,97-10* M1 w temperaturze 25°C. Jest to najwyzsza warto$é sposrod wszystkich
wyznaczonych technikg switchSENSE dla zwiazkéw przedstawionych w omawianeg
pracy. Jest ona jednoczesnie o dwa rzedy warto$ci mniejsza niz w przypadku EB, ktory
w tej temperaturze charakteryzowat si¢ wartoscia Ka wynoszaca ok. 4-10 M7t [P3].
Warto$ci statej asocjacji nieznacznie malejg wraz ze wzrostem temperatury, w ktorej

przeprowadzono do§wiadczenie.
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W  przypadku pochodnej antrachinonu przeprowadzono takze badania
spektrofotometryczne (Rysunek 6 w [P5]). Wiasciwosci spektroskopowe analitu
umozliwily analiz¢ oddziatywania AQ-NetOH z heliss DNA. Dos$wiadczenie opierato
si¢ na monitorowaniu zmian absorbancji analitu wraz ze wzrostem stezenia DNA.
Zwigzek AQ-NetOH w buforze Tris/HCl w zakresie dlugosci fal 350-200 nm
ma trzy maksima absorpcji: 316 nm, 276 nm i 247 nm. Roztwér DNA charakteryzuje si¢
wystepowaniem jednego pasmma, ktore rozcigga si¢ od ok 230-300 nm. Aby unikna¢
efektu naktadania si¢ pasm absorpcyjnych AQ-NetOH i DNA, wyznaczono stalg
wigzania dla zmian absorbancji przy dtugosci fali 316 nm, przy ktorej roztwér DNA
nie absorbuje. Wraz ze wzrostem ste¢zenia DNA obserwuje si¢ nieznaczny wzrost
absorbancji, ktory ustaje po przekroczeniu stosunku molowego DNA:AQ-NetOH 1:1.
Oznacza to, ze kolejne fragmenty DNA nie wprowadzaja zadnych zmian widmowych.
Na podstawie przedstawionych obserwacji mozna stwierdzié, ze dochodzi do utworzenia
adduktu z AQ-NetOH. Stata wigzania, okre§lona na podstawie wykresu miareczkowania

spektrofotometrycznego wynosi 9,97-10* M1,

Obliczenia teoretyczne (Rysunek 2 i 5 w [P5]) wskazuja na wystgpowanie
najpopularniejszego wigzania w trzecim, mniejszym rowku, bogatymi w adenin¢ oraz
tyming. Najsilniejsze oddziatywanie natomiast obserwuje si¢ w pierwszym, mniejszym
rowku. Ten fragment helisy zaczyna si¢ od sekwencji TAG TGC, co sugeruje brak
wystepowania powinowactwa AQ-NetOH do okreslonych zasad nukleinowych. Wyniki
dokowania molekularnego o wysokiej rozdzielczosci wskazuja na obecnosc
wewnatrzczasteczkowego wigzania wodorowego pomigdzy atomem H  grupy
hydroksylowej zwigzku, a aomem O deoksyrybozy. W zwigzku z tym,
grupa —NH—(CH2)2-OH przytaczona do antrachinonu jest kluczowa dla jego wigzania
z helisg DNA.

W omawianej pracy opisano zastosowanie trzech podejs¢ do okreslenia
oddziatywania zwigzkow niskoczasteczkowych z helisga DNA. Wykorzystanie w tym celu
techniki switchSENSE zapewnilo wglad w kinetyke proceséw asocjacji i dysocjacji.
Warto jednak doda¢, ze metoda ta nie dostarcza informacji 0 migjscach i trybach
wigzania. W zwigzku tym, badania uzupeliono o dokowanie molekularne oraz

spektrofotometri¢ UV-Vis,

Uzyskane wyniki dowodza, ze pochodna antrachinonu (AQ-NetOH) wykazuje

najwyzszy wspotczynnik asocjacji, co wskazuje na szybkie tworzenie si¢ adduktu.
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Ponadto, zmiany temperatury wplywaja w rozny sposob na kinetyke wigzania
poszczegblnych analitéw. Podczas gdy PTCA wykazuje przyspieszong dysocjacje
w wyzszych temperaturach, NbutylS charakteryzuje si¢ niecatkowita dysocjacja,
podkreslajac ztozony charakter tych oddzialywan.

Reasumujac, technika switchSENSE stanowi obiecujace narzedzie do szybkiej
oceny bioaktywnosci zwigzkéw w laboratoriach chemicznych. Chociaz wartosci statych
wigzania mogg nieznacznie r6zni¢ si¢ od innych technik, analiza w czasie rzeczywistym

zapewnia unikalny wglad w kinetyke asocjacji i dysocjacji.
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4.6. Wyniki nieopublikowane wchodzace w sklad rozprawy

4.6.1. Badanie wlasciwos$ci przeciwutleniajacych

Zbadano wlasciwos$ci przeciwutleniajgce pochodnych sulfonamidowych NethylS
oraz NpropylS wzgledem rodnikdéw organicznych (ABTS " i DPPH’). Dzigki temu mozliwe

jest okreslenie zdolnosci omawianych zwigzkéw do wychwytywania reaktywnych form
tlednu (ROS).

Otrzymane wyniki (Rysunek 10) wskazujg na wysokg aktywno$¢ zwigzku NethylS

polegajaca na usuwaniu rodnikow ABTS™. Zwigzek o dluzszym tancuchu
alkiloaminowym nie wygasza analizowanego rodnika — brak widocznych zmian
w absorbancji. Z Rysunku 10A odczytano stezenie zwigzku NethylS, ktore powoduje

zmniejszenie o 50 % badanego rodnika. Warto$¢ ta wynosi 4,21 mM.
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Rysunek 10. Wykres zaleznosci absorbancji od dlugosci fali dla roztworu rodnika ABTS™

oraz serii rozcienczen zwigzku A. N&thylS C. NpropylS; Wykres aktywnosci polegajgcy
na usuwaniu rodnikéw ABTS ™" zwigzku B. NethylSi D. NpropylS.

83




Przedmiot badan oraz komentarz

Badania wtasciwosci przeciwutleniajacych wobec rodnika DPPH' nie pozwalajg
na okreslenie zdolno$ci analizowanych zwigzkéw do wygaszania rodnika organicznego.
Zgodnie z literaturg podczas wygaszania rodnika DPPH" obserwuje si¢ zmian¢ barwy
roztworu z fioletowej na z6tta [183]. W przypadku analizowanych zwigzkow,
obserwowano zmian¢ barwy roztworéw z fioletowej na niebieska, co sugeruje
wystepowanie reakcji konkurencyjng. NaRysunku 11 mozna zaobserwowac przesunigcie
pasma absorpcji w kierunku wyzszych wartosci dlugosci fali. Nie obserwuje si¢ widm

sugerujacych proces wygaszania rodnika organicznego.
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Rysunek 11. Wykres zaleznosci absorbancji od diugosci fali dla roztworu DPPH Orazwraz
z dodatkiem zwigzku NethylS.

Wykonane badania wlasciwosci przeciwutleniajacych pochodnych
sulfonamidowych NethylS i NpropylS wskazuja na ich zdolno$¢ do wygaszania rodnika
ABTS™. Uzyskane wyniki pozwalajag na stwierdzenie, ze wzrost dtugosci fafncucha
alkiloaminowego analizowanych zwigzkéw wplywa na zmniejszenie wlasciwosci

przeciwutleniajacych badanych sulfonamidow.

4.6.2. Badanie cytotoksycznoSci
Okreslenie aktywnosci biologicznej pochodnych sulfonamidowych
naudostepnionych mi liniach komérkowych miato na celu obranie dalszego kierunku
badan. Analiza cytotoksycznosci wykonana zostata na komorkach HB2 (nie-nowotworowe
komorki nablonka piersi) i SKBr3 (gruczolakorak piersi) dla trzech zwigzkéw (NethylS,
NpropylS, NbutylS). Uzyskane wyniki przedstawiono na Rysunku 12.
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Rysunek 12. Wyniki badan cytotoksycznosci na komorkach HB2 dla zwigzku A. NethylS
B. NpropylS, C. NbutylS oraz komérek SKBr3 dla D. NethylS, E. NpropylSi F. NbutylS.

Na wykresach wartosci gegstosci optycznej (OD) dla analizowanych zwigzkéw
w przypadku obu linii komorkowych nie przekraczaja wynikéw uzyskanych dla prob
kontrolnych bez dodatku sulfonamidow. Widoczne sa jednynie nieznaczne odchylenia,
ktore nie wptywaja na ocen¢ cytotoksycznos$ci substancji. Przedstawione wyniki badan
wskazuja na brak cytotoksycznosci wszystkich trzech anaizowanych pochodnych
sulfonamidowych wzgledem nie-nowotworowych komorek nabtonka piersi (HB2) oraz
komorek gruczolakorakapiersi (SKBr3) w zakresie st¢zen 1 uM — 80 uM.

85



Przedmiot badan oraz komentarz

4.6.3. Badania mikrobiologiczne
Badania mikrobiologiczne przeprowadzono w celu okreslenia namnigszego
stezenia hamujacego wzrost mikroorganizméw (MIC) oraz najmniejszego st¢zenia
bakteriobojczego (MBC). Analizy wykonano dla trzech pochodnych sulfonamidowych
roznigcych sie dhugoscia tancuchaalkiloaminowego na szczepach bakterii Gram-dodatnich
(Staphylococcus aureus — gronkowca ztocistego), Gram-ujemnych (Escherichia coli —

pateczki okre¢znicy) oraz drozdzy Candida albicans.

Po przeprowadzeniu badania zaobserwowano zmetnienie mieszaniny we wszystkich
dotkach zawierajacych roztwory pochodnych sulfonamidowych. Swiadczy to o wzroscie
drobnoustrojow chorobotwodrczych, w zwigzku z czym nie bylo mozliwe okreSlenie
wartosci MIC dla analizowanych zwigzkéw. W wykonanych probach kontrolnych
okreslono ilo§¢ wystepujacych kolonii: 7450 kolonii/ml dla Staphylococcus aureus,
3370 kolonii/ml dla Escherichia coli oraz 700 kolonii/ml dla Candida albicans.

Ponadto analizy dla pochodnych sulfonamidowych wykonane na szalkach Petriego
z pozywka TSA rowniez wskazuja na ich brak aktywnosci przeciw wyzej wymienionym
mikroorganizmom. We wszystkich probach widoczny byt wzrost namnazania
si¢ drobnoustrojow (Rysunek 13), co uniemozliwito okreslenie wartosci MBC

dlabadanych zwigzkow.

Rysunek 13. Przyktadowe zdjecia posiewow mikrobiologicznych dla A. Staphylococcus
aureus — gronkowca zlocistego ze zwigzkiem NethylS o stezeniu 800 uM, B. Escherichia
coli — pateczki okreznicy z NpropylS o stezeniu 800 uM oraz C. drozdzy Candida albicans
z NbutylS o stezeniu 800 uM.

Przeprowadzone badania mikrobiologiczne nie pozwolity na okreslenie
najmniejszego stezenia hamujacego wzrost mikroorganizméw (MIC) oraz ngjmnigjszego
stezenia bakteriobojczego (MBC). Na podstawie wykonanych analiz mozna stwierdzi¢
jednoznacznie, ze pochodne sulfonamidowe NethylS, NpropylS i NbutylS w zakresie
stezen 800 uM — 100 uM nie wykazuja wlasciwosci przeciwdrobroustrojowych.
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5. Podsumowanie
Narastajacy problem lekoopornosci oraz wzrost zachorowan na nowotwory zmusza
do poszukiwania nowych farmaceutykéw. Projektowanie lekow moze odbywac si¢ poprzez
modyfikacje zwigzkow o udowodnionej aktywnosci biologicznej w celu poszerzenia
spektrum ich dziatania. Ponadto, niektore czasteczki moga roéwniez wigzac

si¢ koordynacyjnie z jonami metali.

Celem ninejszej dysertacji bylo wprowadzenie modyfikacji w  strukturze
sulfonamidow (NethylS, NpropylS 1 NbutylS) oraz okreslenie wplywu dhugosci
ich tancucha alkiloaminowego nawtasciwosci fizykochemiczne, powinowactwo do helisy
DNA, zdolnosci koordynacyjne, cytotoksyczno$¢, badania przeciwutleniajace oraz

mikrobiologiczne.

Badania obejmowaty syntezg oraz analiz¢ strukturalng otrzymanych pochodnych.
Ponadto, wykonano doswiadczenia pozwalajgce na  zdefiniowane  profili
elektrochemicznych  zwigzkéw, ich  wilasciwosci  kwasowo-zasadowych — oraz
kompleksotworczych z  trojwartosciowymi jonami rutenu 1 rodu. Nastepnie
przeprowadzono badanie charakteru przeciwutleniajgcego omawianych pochodnych
sulfonamidowych oraz ich zdolnosci do oddzialywania z fragmentem dwuniciowego
fancucha DNA. W ostatnim etapie wykonane zostaty testy cytotoksycznosci oraz badania
mikrobiologiczne w celu okreslenia aktywnosci biologicznej omawianych pochodnych

sulfonamidowych.

Przeprowadzony przeglad literaturowy w publikacji [P1] dotyczacy zastosowania
technik elektrochemicznych do analizy oddziatywah czasteczek z biomolekula DNA,
pozwolil na uporzadkowanie wiedzy o preferowane podejscia eksperymentalne, materiaty
elektrodowe oraz nowe metody ich modyfikacji. W artykule podsumowano rdézne
podejscia elektrochemiczne, ktore coraz czesciej znajduja swoje zastosowanie

W poruszang tematyce.

Publikacja [P2] przedstawia synteze i badanie wilasciwosci fizykochemicznych
dwodch pochodnych sulfonamidowych — NethylS 1 NpropylS. Do najwazniejszych

wnioskOw opisanych w artykule zalicza si¢ nastgpujace tezy:

e proces utleniania zachodzi tatwiej dla zwigzku z krotszym fancuchem
alkiloaminowym;

e warto$¢ pH nie wplywa na przebieg zachodzacych proceséw redoks;
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wzrost dlugos¢ podstawnika akiloaminowego powoduje zwickszenie odlegto$ci
grupy aminowej od reszty czasteczki, a co za tym idzie wzrost zasadowosci
z obrgbie tej grupy;

wraz z dtugoscig tancucha zmniejsza si¢ warto$¢ pKa;

pochodne NethylS i NpropylS tworzg zwiazki koordynacyjne z jonami Rh(III)
I Ru(l1l), ktorych stechiometrie M:L okres§lono jako 1:2 (ML2);

w przypadku jonow Rh(III) bardziej uprzywilejowang formg zwigzku
kompleksowego jest szeSciocztonowy pierscien chelatowy (z ligandem
NpropylS), natomiast jon Ru(Ill) preferuje utworzenie pigcioczlonowego

pier§cienia poprzez kompleksowanie z NethylS.

W kolgnym artykule [P3] skupiono si¢ na przedstawieniu wynikow badan

oddziatywan pochodnym sulfonamidowych z helisa DNA. Jako modelowy uktad

i jednoczes$nie punkt odniesienia wykorzystano bromek etydyny. Najwazniejsze

osiggnigcia tej pracy sa nastepujace:

stwierdzenie wystepowania duzego powinowactwa bromku etydyny (EB)
do adeniny oraz tyminy;

temperatura wptywa na szybkos¢ ascocjacji (ka) w przypadku zwiagzku EB;
metoda dynamiczna nie jest odpowiednia (niewystarczajaco czula) do badania
oddziatywan zwigzkoéw niskoczasteczkowych z helisg kwasu nukleinowego;
sulfatiazol (STZ) wykazuje powinowactwo do adeniny oraz tyminy;

zarbwno NethylS, jak i NpropylS wykazuja wysokie powinowactwo do tych
samych cze¢$ci badanej helisy DNA;

addukty NethylS-DNA i NpropylS-DNA charakteryzuja si¢ wysoka stabilnoscia,
co powoduje wystepowanie niecatkowitej dysocjacji;

okreslenie wartosci wspotczynnikéw szybkosci (ka, Kd) oraz statych (Ka, Kp)
asocjacji 1 dysocjacji dla zwigzkow EB, NethylS i NpropylS z wykorzystaniem
techniki swicthsENSE.

Badania przeprowadzone w publikacji [P4] opierajg si¢ na analizie wlasciwosci

kwasowo-zasadowych pigciu pochodnych sulfonamidowych z wykorzystaniem metod

obliczeniowych. Uzyskane wyniki zostaty porownane z danymi eksperymentalnymi.
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Otrzymane wnioski sg nastepujace:

obecnos¢ wewnatrzczasteczkowych wigzan wodorowych w strukturze pochodnych
sulfonamidowych moze powodowaé roznice w mechanizmie oddziatywania
zwiazku

z bioczgsteczkami,

w przypadku elektrycznie obojetnych form badanych sulfonamidow najsilniejsze
wiazanie H wystepuje w NbutylS;

tworzenie wewnatrzczasteczkowych wigzan wodorowych prowadzi do wzrostu
hydrofobowosci;

hydrofobowo$¢ badanych uktadow wzrasta wraz z dlugoscig tancucha

alkiloaminowego.

Ostatni omawiany artykul [P5] opisuje analiz¢ oddzialywania zwigzkoéw

niskoczasteczkowych z biomolekuta DNA. Okreslono wartosci szybkosci (ka, Kg) Oraz

statych (Ka, Kp) asocjagji i dysocjacji dla badanych zwigzkow. Napodstawie otrzymanych

wynikow mozna byto sformutowaé nastepujace stwierdzenie:

addukt PTCA-DNA charakteryzuje si¢ duza stabilnoScia, ze wzgledu
naniecatkowity proces dysocjacji;

w przypadku PTCA temperatura nie wptywa znaczaco na szybko$¢ zachodzacego
procesu asocjacji (Ka);

najczestsze wigzanie zwigzku NbutylS z helisa DNA obserwuje si¢ w trzecim
mniejszym rowku, bogatym w adening oraz tyming, co $wiadczy o powinowactwie
czasteczki

do tych zasad nukleinowych;

oddzialywanie zwigzku NbutylS z DNA zachodzi powoli, ale powstaty addukt jest
na tyle stabilny, ze nawet wydluzenie etapu dysocjacji nie prowadzi do jego
catkowitej dysocjacji;

wzrost temperatury wplywa zarowno na szybko$¢ asocjacji (ka) oraz statej (Ka)
w przypadku zwigzku NbutylS;

zwigzek AQ-NetOH nie wykazuje powinowactwa do okreslonych zasad
nukleinowych;

w przypadku zwigzku AQ-NetOH proces asocjacji zachodzi szybko, a dysocjacja

powstatego adduktu jest catkowita;
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e warto$ci statej asocjacji (Ka) nieznacznie malejg wraz ze wzrostem temperatury

dla AQ-NetOH.

Wykonane badania wiasciwosci przeciwutleniajacych dwoch badanych pochodnych

sulfonamidowych wskazujg na ich zdolno$¢ do wygaszania rodnika ABTS™.

Zaproponowane W badaniach struktury analizowanych zwigzkow nie wykazuja
toksyczno$ci  wzgledem zdrowych 1 nowotworowych komorek nabtonka piersi
(HB2i SKBr3). Ponadto, nie sg aktywne wzglgdem bakterii G(+) — Saphylococcus aureus
(gronkowca zlocistego), G(-) — Escherichia coli (pateczki okreznicy) oraz drozdzy

Candida albicans.
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Zalaczniki
Informacje o aktywnos$ci naukowej

Studia w Szkole Doktorskiej Nauk Scistych i Przyrodniczych Uniwersytetu
Gdanskiego w dyscyplinie Nauki Chemiczne rozpoczetam w pazdzierniku 2020 roku.
Badania realizowatam w Katedrze Chemii Bionieorganicznej Wydziatu Chemii
Uniwersytetu Gdanskiego pod opieka promotora prof. dr. hab. Mariusza Makowskiego
oraz promotora pomocniczego dr Sandry Brzeskiegj.

Jestem wspotautorkag 9 publikacji naukowych, w tym w 6 petni¢ role pierwszego
autora. Wziglam udziat w 4 konferencjach naukowych mie¢dzynarodowych oraz
4 krgjowych, w tym na 3 z nich przedstawitam wyniki w formie posteru, natomiast na
S wyglositam referaty ustne. Jestem roéwniez wspoOtautorka 12 referatéw ustnych

I plakatow przedstawianych przez osoby, z ktérymi wspotpracowatam.

Do tej pory odbytam dwa krotkie pobyty naukowe, odpowiednio tydzien i 10 dni,
na Wydziale Chemii Lwowskiego Narodowego Uniwersytetu im. lwana Franki Ukraina
(2020) oraz Wydziale Chemii Uniwersytetu Florenckiego we Wtoszech (2023). Ponadto

jestem wspoétautorka dwoch zgtoszen patentowych.

Pelitam role wykonawcy w dwoch projektach finansowanych przez Narodowe
Centrum Nauki OPUS oraz ubiegalam si¢ o finansowanie w ramach projektu
PRELUDIUM. Bytam réwniez kierownikiem projektu stuzacemu Rozwojowi Miodych
Naukowcoéw oraz Doktorantow — BMN oraz projektu matych grantéw — Ugrants-start
finansowanych przez Uniwersytet Gdanski. Obecnie rowniez realizuje¢ kolejny projekt
BMN oraz ubiegam si¢ o finansowanie na wyjazd na konferencj¢ zagraniczna

w konkursie PROM NAWA.

W ramach badan realizowanych w Szkole Doktorskiej zajmowalam si¢ synteza
pochodnych sulfonamidowych, ich polaczen koordynacyjnych z trdjwartosciowymi
jonami rutenu 1 rodu oraz analizie fizykochemicznej tych zwigzkow.
Zajmowatam si¢ réwniez okreslaniem sity oddziatywania czasteczek z helisa DNA oraz
kinetyki zachodzacych proceséw przy pomocy techniki switchSENSE. W tej tematyce

naukowej powstato 5 publikacji, ktore sg podstawa niniejszej dysertacji.
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Abstract: The interactions of compounds with DNA have been studied since the recognition of the
rote of nucleic adid in organisms. The design of molecules which specifically interact with DNA
sequences allows for the control of the gene expression. Determining the type and strength of such
interaction is an indispensable element of pharmaceutical studies, Cognition of the thempeutic action
mechanisms is particularly important for designing new drugs. Owing to their sensitivity, simplicity,
and low costs, electrochemical methods are increasingly used for this type of research. Compared to
other techniques, they require a small number of samples and are characterized by a high reliabitity.
These methods can provide information about the type of interaction and the binding strength, as
well as the damage caused by biologically active molecules targeting the cellular DNA. This review
paper summarizes the various electrochemical approaches used for the study of the interactions
between pharmaceuticals and DNA. The main focus is on the papers from the last decade, with
particular attention on the voltammetnc technigues, The most preferred experimental approaches,
the clectrode materials and the new methods of modification are presented. The dataon the detection
ranges, the binding modes and the binding constant values of pharmaceuticals are summarized. Both
the importance of the presented research and the importance of future prospects are discussed.

Keywords: DNA-drug interactions; drug analysis; clectrochemical methods; cyclic voltammetry;
differential pulse voltammetry

1. Introduction
1.1, Interactions between Pharmacenticals and DNA Chain

Deoxyribonucleic acid (DNA) plays an important role in the functioning of life, as it
carries the genetic information of living organisms and some viruses. Since the recognition
of the role of nucleic acids in living organisms, the effect of various substances on their
structure and function has been studied. Understanding the mechanism of the interaction
between the pharmaceuticals and the DNA chain is key to biological research, as it enables
the necessary information for pharmaceutical design and development processes to be
obtained [1-5].

The two DNA strands are linked primarily through hydrogen bonds between com-
plementary nucleobases. Small molecules interact with the DNA helix in several different
ways (Figure 1}, which primarily include intercalation, major and minaor groove interac-
tion, and nonspecific electrostatic interactions with the negatively charged nucleic acid
sugar-phosphate structures, as well as covalent bonding [3,7].

Intercalation is a type of noncovalent interaction with DNA involving spatially flat
systems sliding in between base pairs in the double nucleic acid helix. The compounds
that interact this way generally have flat aromatic or heteroaromatic ring system(s) with
a thickness of about 0.2-0.4 nm. As a result of intercalation, the aforesaid systems are
positioned perpendicularly to the helical axis. The formed adduct is stabilized by the
interactions of the flat aromatic systems with the DNA nitrogenous bases. Intercalators

Malecudes 2021, 26, 3478 https:/ /doi org/ 103390/ molecules26113478
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generally do not exhibit base sequence specificity, but are preferably located at sites with
a predominance of GC (guanine-cytosine) base pairs mstead. After the intercalation
process, the primary and secondary DNA structures remain unchanged. Nonetheless, a
change occurs in the tertiary structure. Namely, the helix torsion angle bends and the
DNA strand becomes stiffened and elongated. An example of a typical intercalator is
amsacrine [3,5~10]. The combination of two intercalating planar units linked by an alkyl
chain gives to more complex bifunctional compounds, called thread-like bis-intercalators
(e.g., bis-acridines [11]). In addition, molecules that are composed of three or more such
systems have been designed. These compounds are characterized by an increased affinity
compared to conventional intercalators, and thus have improved therapeutic properties.
Threading intercalation is an unusual mode of DNA binding with significantly lower
association and dissociation rates compared to classical intercalation [12,13].

Groove binding

Intercalation
Electrostatic interactions

L J

Covalent binding T

Noncovalent binding
Figure 1. Types of interactions between molecules and the DNA chain

Crystallographic studies indicate that under physiological conditions, the DNA double
helix 15 structurally similar to the model form B DNA (10.5 base pairs per turn), the surface
of which contains two grooves. The region where the two strands are close to each other is
called a minor groove, while the region where the two strands are away from each other is
called a major groove. Their dimensions and geometry are therefore important recognition
elements for the ligands to bind correctly to DNA. The DNA phosphate-sugar skeleton is
flexible, which allows the torsion degree of the double helix to change depending on certain
factors. This flexibility is also affected by the number of hydrogen bonds between the
complementary bases, The regions rich in GC, the base pairs are more “rigid” compared to
the base pairs that are rich in AT (adenine-thymine). A high conformational lability of the
ligand structure is required to adjust the compound according to the shape of the groove. A
characteristic feature of these compounds is the presence of several single rings connected
by a short linker. The stability of the complex formed this way is characterized by the
physicochemical interactions (usually hydrogen bonds) between the functional groups of
the ligand and the functional groups within the small groove, The compounds interacting
with the DNA in the small groove usually have a greater affinity toward the regions rich
in AT base pairs. [3,14,15]. Moreover, the molecules that are composed of both polycyclic
systems and elastic side chains interact with the DNA helix by intercalation and by binding
to the DNA grooves. An example of such compounds is actinomycin D [16].
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1.2, Techmiques Used to Describe DNA-Muolecule Infernctions

Prior toin vivo research, the mteractions between pharmaceutical molecules and DNA
can be determined in the chemical laboratory, using the following techniques: spectro-
scopic methods (NMR [17-19], IR [19,20], Raman [21,22], and UV-Vis spectroscopy [Z3-29],
linear and circular dichroism [19,20,29], spectrofluorimetry [2,25,27-29]), mass spectrome-
try [30,21], equilibrium dialysis [32], surface plasmon resonance (SPR) [13,34], and to some
extent, molecular modeling techniques [1,3,6,35,36]. All the above-mentioned methods are
generally applicable in the assessment of the position, strength, and mechanism of the in-
teraction, which in tum are crucial to understanding the drug’s mechanism of action. Each
of these techniques has a certain range of applicability and information that it can provide.

The equilibrium dialysis method can be used to measure the amount of ligand bound
o a macromolecule [37]. Additionally, the binding isotherms and Scatchard plots used to
compare the binding parameters of a drug to nucleosomes and DNA can be estimated from
such an experiment as well [32]. However, equilibrium dialysis s an indirect method and
requires the support of other techniques to describe the interactions in a comprehensive
manner. SPR is an optical technique that allows the concentration of biomolecules to be
determined by measuring the changes in the light refraction parameters. The basis of the
SPR is the interaction of an incoming light source with a thin metallic film in close contact
with a prism or grating. In order to detect an interaction, one molecule is immobilized
onto the sensor surface and its binding partner is injected in a sample buffer [37-39], The
main advantages of SPR over other methods is that no labeling is required, the amount of
both ligand and analyte needed to obtain satisfying results is low, and the experiment is
relatively rapid. On the other hand, the limitation of this technique is that it cannot verify
the stability of the complex formed during drug binding to DNA [3£]. Structural analysis
tools coupled with molecular modelling techniques have had a considerable impact on
the understanding of the microscopic structural heterogeneity of DNA and constitute a
basis for compound-DNA recognition. However, these technigues are primarily used to
study the adduct structure rather than determining the bond constant values [19,.31,%6].
Spectrophotomelric technigues are useful due to their low sample consumption and their
ability to provide information regarding the binding affinity. Changes in the spectrum of the
studied drug in the presence of different DNA concentrations allow the DNA-drug binding
mode and the value of binding constant [25] to be determined. However, they cannot be
used for compounds which do not have absorption maxima in the tested range or their
absorption maximum coincides with the maximum absorption of DNA. If the properties
of the studied compound allow it, both spectroscopic and electrochemical methods are
used 1o describe the interactions as fully as methodologically possible [24]. Electrochemical
techniques are extremely advantageous in the case of compounds that cannot been studied
and described by either UV-Vis or fluorescence spectroscopy because of limitations such
as the weak intensity of absorption /fluorescence maxima or the overlap of the electronic
transition bands of the studied compound with the electronic transition bands of the DNA.

The recent increase in the use of electrochemical methods is due to their numerous
advantages, the most important being a high sensitivity, selectivity in relation to electroac-
tive molecules and a wide range of linearity, On the other hand, ergonomic advantages
are related to the relatively low costs of both the measunng equipment and the single
analysis itself, the low harmfulness of the reagents used in the analysis and the short time
needed to perform the experiment. Compared to the other methods, these techniques
require only a small amount of the sample and are characterized by a high reliability [1].
The apparatus used in this technique is portable and the electrodes can be medified to
increase the sensitivily and can be miniaturized for mass production. Changes in the
electrochemical parameters registered with the use of voltammetric techniques provide a
large amount of information about the studied process. The binding of the drug to a cellular
target can be converted into a useful electrical signal, electron transfer, and a potential or
impedance change at the electrode-solution interface. Due to the similarity between the
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electrochemical and the biological redox processes, the oxidation mechanisms occurring at
the electrode and in the body may share similar principles [4D],

2. Electrochemical Approach to DNA-Drug Interaction Description
2.1. Principles of Measurement with Electrochemical Techiques

The binding of a pharmaceutical compound with DNA is most often observed by
differences in the redox process {electrochemical behavior) of a given drug in the absence
and presence of DNA, Changes mainly include the shifts in the formal potential of the
redox couple and the decrease in the peak current, resulting from the sudden decrease in
the diffusion cocfficient after binding to DNA [1]. The voltammetric methods involving the
electrolysis of the diffusion layer and the current measurements (1 [A]) versus the applied
electrode potential (E [V]) are widely used.

Toobserve and interpret the signals from the DNA-molecule adduct, it is important to
understand the electrochemical behavior of both the studied compound and the DNA. All
DNA bases are oxidized at the glassy carbon electrode (GCE). Guanine and adenine bases
are oxidized at much lower positive potentials compared to cytosine and thymine. For
example, in the Satana et al. [41] experiment, the double-strand DNA (dsDNA) exhibited
two well-defined peaks in an acetate buffer with a pH of 4.5, which were observed by
differential pulse voltammetry (DPV). The peaks corresponded to the oxidation reactions
of deoxyguanosine (dGuo) and deoxyadenosine (dAdo), at the potential values (Ep.) of
+0.98 V and +1.24 V, respectively. The oxidation of adenine and guanine is a two-step
process associated with the loss of four electrons and four protons.

2.2, Types of Electrodes and Research Approaches

In voltammetric measurements, a three-electrode measuring system consisting of
a working electrode, a reference electrode (Ag/ApCl or saturated calomel electrode),
and an auxiliary electrode (Pt wire) is used. The stationary working electrode is com-
posed of various types of electrode materials. The most common are glassy carbon elec-
trodes (GCEs) [42-49], pencil graphite electrodes (PGEs) [51-50], carbon paste electrodes
(CPEs) [57,58], hanging mercury drop electrodes (HMDEs) [5Y], platinum electrodes [60],
and goid electrodes [61,62]. These electrodes can be used either in the bare form [44,54,67]
or madified with a layer capable of increasing their sensitivity [50-53,55,56].

In addition, the approach to conducting the experiment can vary depending on the
electrochemical techniques used. Such analysis often involves examining the electro-
chemical behavior of a pharmaceutical in a solution to which DNA is gradually added.
Consequently, the impact of the subsequent portions (increasing the DNA concentration)
on the redox processes of the examined system is determined [24,26,44.46 59 63]. An
alternative method is the modification of the electrode, which involves immobilizing
one of the analyzed system elements (studied compound with biological activity [64] or
DNA [41,42,57,61-63,65,66]) on the surface of the working electrode. The last-mentioned
approach is often used to obtain DNA biosensor systems for monitoring drug interactions.

2.3, Electrochenuical Biosensors

A chemical sensoris a device that transforms chemical information into an analytically
useful signal. The recognition system utilises a biochemical mechanism in biosensors [67].
They usually contain two basic components: a molecular recognition system (receptor)
and a physicochemical transducer [68], or an electrochemical transducer in the case of
an electrochemical biosensor that can be considered a chemically modified electrode [59].
This integrated receptor-transducer device is able to provide selective and quantitative
analytical information using a biological recognition efement. An electrochemical DNA-
based biosensor in turn, is a device that integrates nucleic acids as the biological recognition
element and integrates an electrode as the physicochemical transducer [70-73].
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There are several types of natural and synthetic DNA and RNA molecules available
for electrochemical biosensors, including chromosomal DNA as well as well-defined
viral or plasmid nucleic acids. Their preparation method is of great practical importance.
This allows the sensor to be prepared for the appropriate application. Electrochemical
blosensors are also widely used outside the analysis of DNA-molecule interactions in the
detection and quantification of chemicals such as drugs, metabolites, pollutants, biomarkers
etc [69,74-78).

3. Electrochemical Methods Applied
3.1, Cyclic Voltanmetry (CV)

Cyclic voltammetry (CV) is widely used for determining the interactions of small
biologically active molecules with DNA [2,3,24,26,42 59,61 79-82]. During the measure-
menl, a linearly changing potential is applied to the working electrode. When the target
value of the potential is reached, a change in the electrode polarization direction takes
place. This allows the reversibility of the analyzed redox process to be observed. The
potentiostat enables the precise polarization of the working electrode and the measurement
of the current flowing between it and the reference electrode. The shape of the resulting
voltammogram is influenced by the type of redox system studied and the conditions of
the measurement. The primary factors determining the voltammogram form are the speed
of the depolarizer molecules transported to the electrode surface and the speed at which
the electrode functions (kinetics of the oxidation / reduction process). In fact, the electrode
does not function until the applied potential reaches the specific value at which the redox
reaction occurs, which is manifested by an increase in the current. The driving force of
this process is diffusion, which is caused by a gradient of the analyte concentration in the
electrode layer and in the further part of the solution. Over time, the ions from further
layers of the solution must reach the electrode; in other words, the number of depolarizer
particles reaching the electrode decreases, Thus, the current decreases after reaching the
maximum value. Subsequently, the recorded signal reaches its peak, which 1s indicated
by the values of “peak potential” (Ep) and “peak current” (Ip) [£3,84], CV is often used
to describe the chemical characteristics of compounds [85]. It provides information, for
example, on the effect of protonation and the formation of hydrogen bonds on redox
processes [N6]. It also determines the acid dissociation constants [57] and acts as a tool for
analyzing the complexation process [B8].

CV is one of the voltammetric techniques which allows for the prediction and evalua-
tion of the interactions, the binding strength, and the DNA damage caused by biologically
active molecules targeting the cellular DNA. The most important information provided by
these methods are: (i) the diffusion coefficient values of both the molecule and its adduct
with DNA; (ii) the binding affinity, which is expressed as the value of the binding constant
(K); (iif) the type of interaction mode; and (iv) the size of the binding site (s) where the
drug-DNA interactions occur.

The diffusion coefficient of the electroactive species can be determined using the
dependencies defined by the Randles-Seveik equation (for 25 “C temp.):

Iy= (2.69 x 105)n§-.4-(‘.-oi-.-;i (1)

where )1 is the number of electrons transferred during the redox process, A is the electrode
area in em?, D is the diffusion coefficient incm?®s !, C is the concentration in mol-cm 7,
and v is the scan rate in V/s. Moreover, the linear plots of 1, vs. v/2 provide evidence for
a diffusion-limited mechanism of the redox process. The value of the binding constant can

be determined from the following equation:
log (1/[DNA]) = logK + log(1/ I — 1) (2)

where K is the binding constant; and Iy and | are the peak currents of the studied redox
process in the absence and presence of DNA, respectively. The binding constant is easily
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calculated from the intercept of the plot of log (1/[DNA]) versus log (1/(Iy—1)). A high
K value suggests intercalation-based interactions, whereas a low value implies a rather
weaker groove or electrostatic interactions. The type of interaction mode can also be
determined by the potential shift direction, The binding site size indicates the number of
free base pairs in dsDNA interacting with the studied compound. This can be determined
by performing a linear regression analysis of the experimental data according to the

following equations:
G _ K[DN4| @

Cy 2

Cb - IDNA

. o i (4
Cy Ipna !

where C;, /C; is the concentration ratio of the bound and free compounds and 5 is the size
of the binding site.

The essential parameters of all the research on the electrochemical aspects of the DNA-
drug interactions described in the paper are summarized in Table 1. It presents the applied
electrochemical methods, the electrode matenals, and the media in which the discussed
studies were conducted. Moreover, it contains the values of the limits of detection (LOD)
and /or the limits of quantitation (LOQ), and the binding constanl, as well as information
about a suggested interaction mechanism.

Table 1. Essential parameters of the deseribed electrochemical research, Each column refers to: author, compound /drug
studied, drug group, electrochemical method, type of electrode and medium used, respectively. Moncover, it contains the
values of LOD/LOQ and the binding constant, as well as information about a suggested interaction mechanism.

. " Binding Intecaction
Author [lef] CompoundDrug ~ Drug Group  Method Electrode Medium  LOD/LOQ Coustant Mechunism
CV,
Sstawetal [41]  Cloforbios(CLF) At o CCE P omum N5 NS
L5-difpiperazin-1- H74
Blakibrzeskaetal [24]  yl)ant 910. A o CE i N 19 10 M1 Intercalstion
tho-5
Qin ctal [3] Bocensesdl A oV ADNAfAw  PE72 e SR IEM] Groove
mwtaS-flucmouracil ok
= e Cv, pHis
Bavmktepe |51] Dosatinib [DSH) Anticances PPV ICE ARG NS 251 « 100 M- Intescalation
morin (mur) Potentally Ho4 201 < 0P M! Intercalation
fabern et al [2] quercetise (quer) mticances ov CCE le NS 482« WM Croove
primudketan (pram) (i3] ds) 088 100 M- S
Cu-morin
(Ca-mor)
Fe-muorin
Roxwm!
i 083 x gt nercakcan
W q"ﬂm A '] i
(Ca-qquer) (Flavorokts oV oCE pH74 NS g:ﬁ ¥ :g.:': 1 Bt rostatic
F%:mm'd'n COMpPRXes) s W02 % 100 M- Bloctrostaty
i R TR S i
(Cu-prim)
Fe-primudtm
(Fe-prim)
Booro et al [43] an Anances DIV o, P Ns NS N5
ASDNA/GCE
Ehoctrostote
= Y GCE, pH45 ond
Dicelescu eral, [49) Dnnusertib Anticances orv WDNA/GCE ADS NS N5 Eeuisn
comphes
Ctadopram (CIT) e
- S-enanticmer— - pH 47 x 56« WEM Ciroove ov
Dindar et al. [47] Antidepressat DPV GCE Fais NS 85 10°M | slechostatic

ad(ld&tvqum
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Table 1. Cont
Author [Ref] Compound/Drug Drug G Method  Electrod Modi LODILOQ Bioading Interat o
B o S SHORE - Corstant Mechanism
Porkarpagam etal. 1] RG)  Amidiobeic o e Eeos NG AWM Groow
Exsinetal. [51] Dinomoicn  Asticancer b coprce PR opagimt NS N8
Eirelik et al. |53 Drnom " Anticancee DIV e L~ SO 1 TR NS Ns
Eindik et al, |52) MitomyeinC (MC)  Anticancer DIV NEs-PCE PHES 1288 g/ml N NS
Botat [75] Trinotecan (CPT-11) Anticances ey MN&(;LI;‘I}%CE ‘mﬁ 103 pgs/mL 654 WM Groove
Tanszek et al. B8] s Amtcancer B spucigsoee PEEL? NS NS NS
Corgur,ctal. Bl B Amticaincer DIV warce RIS S0 NS Intercalation
Javar etal, [35] Amearnw Anticancer ory %‘.é 7 4 PHn;.ﬂ 045 M NS Intercalation
?Ft&ft&g:l] v H72 or ‘ng’ e
" SNLCls A p e
Kumar et al. [o4] CHOC . HeNCh ] Antibacted al PV Pt ™ NS 425 1M Tntercalaton
INIC Hi:NoCle ] A« !
Temeketal (9 Puteidely Aniamer oot pvpE  PHTA NS I WM Inteaation
Teik et al. f0] Taxol Anticancer  DPY RONAMGE PR g0 r0em NS kercalation

Abbreviatiors included in the table: NS—not stated; CV—cyclic voltammetry; DPFV—differential pulse voltammery; SWV-—squarn
wave voltammetry; GCE—g hissy carbon electrode; PGE—pencil graphite electrode; CPE—carbon paste electrode; EIS—eledtrachemical
impedance spectroscopy; ACV—alternating current vol try; t—plati clectrode; HMDE—hanging mercury drop clectrode;
ABS—acetate buffer solution: PBS—phuosphate buffer solution: TBS—tris buffer solution

In their studies on 1,5-di(piperazin-1-yljanthracene-9,10-dione (1,5-ppz-AQ), Bialo-
brzeska et al. [24] determined the intercalation mechanism by both spectroscopic and
electrochemical methods. The intensity of the studied anthraquinone derivative cathode
peak highly decreased {from [= 10 pA to [ =04 uA) with an increased DNA concentration
{up to 100 pM) (Figure 2). Moreover, the lower values of the diffusion coefficient deter-
mined for 1 5-ppz-AQ in the presence of calf tymus DNA (ctDNA) confirmed the formation
of anadduct. The value of the binding constant was calculated from the intercept of the plot
of log (1/[DNA]) versus log (I/(To—1)) {Figure 3). The linear fitting of the voltammetric data
yielded the K values 1.94 x 10° M~ and 1.96 x 10° M~! for 1,5-ppz-AQ and ethidium bro-
mide (measured by the same method for comparison), respectively. These values indicated
that the compounds had a high affinity to the DNA. Furthermore, the linear fit analysis
vielded a site sizes of 1.08. A higher binding constant value of 1.5-ppz-AQ, compared to the
values of the various intercalating drugs that are clinically used (epirubicin, mitoxantrone,
etc, ), suggests its potential use as an anticancer drug.

The lower values found for the binding constant (K) between the studied compound
and the DNA chain indicate the groove bonding interaction mode. Qm et al. [89] deter-
mined the binding constants of two 5-fluorouracil derivatives that interacted with nucleic
acid (K =233 % 107 M 'and K = 145 % 10° Mp ! for ortho- and meta-substituted deriva-
tives, respectively). Moreover, molecular docking was utilized to simulate the modes of
the interactions between the drugs and the DN A. The obtained results demonstrated that
the studied compounds acted as groove binders and interacted with the nucleic acid chain
by binding to the minor groove of the DNA double helix.
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Figure 2, (A) Cyclic voltammogram of 2 » 10-4 M 1,5-ppz-AQ inan aqueous buffer at pH 7.4 in the absence (dashed line)
and the presence (salid line) of 10-100 uM ct-DNA on the glassy carbon electrode. Scan rate: 10 mV s—1, temperature:
25 °C; (B) Cyclic voltammogram of 2 x 104 M ethidium bromide in aqueous buffer at pH 7.4 in the absence (dashed lire)
and the presence (solid line) of 10-100 uM ctDNA on the glassy carbon electrode. Scan rate: 100 mV s—1, temperature:
25 °C. Figure adaptest from the reference [ 24] with permission from Elsevier.

The value of the binding constant is not the only factor used to assess the type of
interactions. In addition, the direction of the signal shift on the voltammogram, with an
increase in the DNA concentration, indicates the nature of the interactions [91]. In general,
the positive shift (a shift toward higher potential values) is caused by the intercalation
with DNA [92], while the negative shift is observed for the electrostatic mteraction of a
drug with DNA [43]. Based on these trends, for example, the interactions of valrubicin
with the DNA chain were determined [%4]. Upon the successive addition of DNA to the
valrubicin solution, the redox peak currents decreased and shifted to positive values due to
the formation of a DNA-valrubicin adduct with a smaller diffusion coefficient, Therefore,
the anodic shift in the voltammetric characteristic of valrubicin and the decrease in the
peak currents with the addition of DN A were attributed to the intercalation mechanism.

Bayraktepe [54] used CV to study the interaction of DNA with dasatinib (DSB), an
anti-cancer drug, for chronic myelogenous leukemia and acute lymphoblastic leukemia
treatment. She registered CV voltammograms of DSB in an acetate buffer solution (pH 4.8)
using a pencil graphite electrode. A DSB anodic peak occurred at the +0.90 'V potential
and it corresponded to the two-electron oxidation of the sulfur group of the thiazole ring
to sulphonyl. The logarithm of the peak current vs. the logarithm of the scan rate plot
had a linear character (R* = 0.9923) which indicated that this redox process was controlled
byp adsorption under diffusion conditions. The DSB peak intensity decreased and shifted
toward positive potential values in the presence of dsDNA. The calculated values of the
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diffusion coefficients were 840 % 1075 em? s ! and 459 x 1079 em? &' for the free
DSB and the DSB-DNA adduct, respectively, which indicated the drug-DNA binding,
Moreover, the heterogeneous electron transfer rate constants (k. } and the electrode surface
concentration for the DSB and the DSB-DNA complex were calculated.
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Figure 3, (A) The plot of log [1-(In/1)] versus log [1/DNA] used to calculate the binding constant of 1,5-ppz-AQ-ctDNA
comptex; (B) The plot of log [1-{1/1)] versus log [1/DNA] used to calculate the binding constant of the ethidium bromide—
ct-DNA complex. Figure adapted from the reference [24] with permission [rom Elsevier.

In addition, the interaction of metal-ligand complexes with the DNA chain was also
studied using the electrochemical methods. Jabeen et al. [52] analyzed three flavonoids (Fls),
namely morin {mor}, quercetin (quer), and primuletin (prim), as well as their complexes
(with Cu (1T} and Fe (1II)) and investigated their DN A-binding ability. All the complexes
were designed and tested for anticancer potential refative to flavonoid ligands. The val-
ues of the binding constant (K) and the DNA binding modes were determined through
spectroscopic methods and CV. The results of the conducted experiments showed that
the complex compounds exhibited different binding modes compared to the correspond-
ing flavonoids. These differences, in tum, strongly influenced the apoptotic activity of
flavonoids as well as their metal complexes. It was found that Fe-mor, Cu—quer, prim, and
Fe—quer were bound to dsDNA through the electrostatic mode of binding, while Cu-mor,
mor, Cu-prim, and Fe-prim intercalated into it, whereas quercetin was shown to interact
with the DNA groove.
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3.2, Differentinl Pulse Voltammetry (DPV)

In voltammetric techniques, the measured electrochemical signal is an algebraic sum
of the undesirable capacitive current and the desired cuirent related to the proper electrode
reaction, the so-called Faraday current. DPV is an electrochemical technique which is
widely used in chemical analysis and for studying the interactions of pharmaceuticals with
DNA [41,43,45,51,60,63,65,94,95], Tts high sensitivity results from the pulsating change of
potential applied to the working electrode. This type of signal modification effectively
eliminates the capacitive current, thus facilitating the analysis of substances in a lower
concentration range compared to the CV technigue. The shape of the voltammetric curve is
determined by a series of potential pulses applied at the right time to the working electrode.
Following each pulse, the potential value returns to a slightly more negative value in the
cathode part and to a more positive value in the anode part compared to that before the
pulse. The pulse techniques work on the principle that with the step-change in potential,
the values of both the currents increase sharply, while decreasing at different speeds. The
capacitive current decreases rapidly compared to the Faraday current [81].

Buoro et al. used DPV for the electrochemical study of the interaction between geme-
itabine (GEM) and DNA [#3]. No GEM-associated redox process was observed under the
experimental conditions. Two different approaches were used for studying the interactions:
an unmodified GCE and a DNA electrochemical biosensor, prepared by successively cover-
ing the GCE surface with drops of the dsDNA solution. The DP voltammogram recorded
immediately after the addition of GEM to the dsDNA solution displayed a decrease in
the oxidation peak currents of dGuo and dAdo, compared with the control dsDNA so-
lution. This effect was enhanced with an increase in the duration of the incubation of
the sample and occurred under both experimental conditions (unmodified electrode and
DNA electrochemical biosensor), The changes resulted from the aggregation of dsDNA,
caused by the interaction with GEM, and were consistent with the spectrophotometric
measurements. The formation of rigid DNA-GEM structures hindered the nucleoside
residues from interacting and oxidizing at the GCE surface. The authors reported that the
interaction between DNA and GEM caused modifications in the morphological structure of
DNA. The mechanism of the DNA-GEM interaction occurred in two successive stages, The
first stage was independent of the DNA sequence and led to the aggregation of dsDNA and
the formation of the GEM-DNA rigid structure. The second stage favored the interaction
between guanine hydrogen atoms in the CG base pair and fluorine atoms on the GEM
ribose moiely, which induced the release of guanine residues on the electrode surface.

A similar approach was used by Diculescu et al. [45] in an experiment for analyzing the
interaction between the anticancer drug danusertib and DNA. The studied drug was itself
electrochemically active, which enabled the tracking of its individual signal changes. In
addition, the experiment was carried out in incubated solutions, and DP voltammograms
were recorded after different incubation periods. The voltammograms recorded after
adding danusertib to the dsDNA solution displayed two oxidation peaks (D1 and D2)
that were characteristic of the drug at lower potential values compared to the subsequent
oxidation peaks of dGue and dAdo. With a prolonged incubation period, a decrease in
the peak current of the D2 signal was observed, while the intensity of peak D1 remained
unchanged. An increase was observed in the intensity of the deoxyribonucleosides signals,
which was in agreement with the conformational modification of the dsDNA. The second
approach to the experiment involved the use of a prepared DNA electrochemical biosensor
which had dsDNA immobilized on the GCE surface. The recorded voltammograms
demonstrated the formation of a DNA-danusertib adduct (Figure 4A), The effect of drug
concentration was also studied (Figure 41B). The binding of danusertib led to modifications
in the morphological conformation of dsDNA, causing slight changes in the oxidation peak
currents of dGuoand dAdo.
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The studies determined the interaction of dsDNA-danusertib that occurred in two
successive stages, The first stage involved the electrostatic interaction of the positively
charged piperazine ring with the DNA phosphate backbone. In the second step, the forma-
tion of a DNA—drug complex involving the pyranopyrazole moiety occurred, resulting in
morphological modifications in the DNA double helix.

A) dAdo
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Figure 4. DF voltammograms, with no conditioning potential, in a (.1 M acetate buffer with apH of
45, with the dsDNA-electrochemical biosensor after: (A) {==) 30 min in the buffer control experiment,
and incubationin: 10 uM of danuscrtib dusng (oo ¢) 15, () 30 and (=) 60 mn, and (B) incubation
in(==}5 M and (==} 25 uM of danusertib during 3) min. Figure adapted from the reference [45]
with permission from Elsevier.
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The changes in the current signals recorded using the DPV technique can also be uced
to calculate the value of the drug-DNA binding constant. Dindar et al. [47] studied Citalo-
pram {CIT) and its S-enantiomer—escitalopram (ESC), which are antidepressants belonging
to the selective serotonin reuptake inhibitors class. The experiment was conducted by
adding increasing concentrations of drugs (from 2 to 10 ug/mL) to the 100 pg/mL ctDNA
in an acetate buffer solution with a pH of 4.7 and recording the oxidation signals of dGuo
and dAdo using GCE. Based on the reduction in the intensity of the current response (1)

caused by the binding of DNA to the CIT and ESC molecules, the plots of log [ri!i"'—'—]

ONAT Lrpmpivn
vs. log Cypyp were determined. Based on the slope and the intercept of the plot values,
the binding constants for CIT and ESC were calculated (Korpna = 56 « 100 M 1 and
Krscona = 85 ¢ 10° M), using the following equation:

lmlnph'r =
[ Iona — complex ] = nIUgK nlogcm g 2
where Ipna and Lgpple, are dAdo are the peak currents in the absence and presence of
different drug concentrations, respectively. Slightly lower values of the binding constants
compared to typical intercalators suggest a groove or an electrostatic binding mode rather
than an interaction; howevery, it did not exclude it,

Bayraktepe [534] used DPV to describe the interaction of DNA with dasatinib (DSB)
and to determine the adduct binding constant value, In her experiment, a 10.0 uM DSB
solution and an acetate buffer solution with a pH of 48 was used, and dsDNA was added
(from 2 to 70 uM). DPV voltammograms showed that the peak current of DSB decreased
with increasing DNA concentralions up to 30.0 uM and then remained constant (Figure 5),
Mareover, the peak potential of DPV voltammograms changed to more positive values,
The binding constant of the DSB-DNA complex was calculated as K = 2.51 x 108 M~L
Moreover, the Gibbs free energy (AG”) of the adduct was estimated as —25.10 kJ/mol,
using the following equation:

AG" = —RTInK (6)

The negalive value proves the DSB and DNA interaction and indicates that binding
occurred spontaneously. All the obtained results indicate that DSB interactions with DNA
may have an intercalation mode, Thermodynamic parameters found from voltammetric
measurements are comparable to those obtained by the UV spectroscopic method,

Ponkarpagam et al. [19] studied the interactions between ctDNA and rosiglitazone
(RG}—a thiazolidinedione anti-diabetic drug—in a 0.05 M Tris-HCl buffer solution (pH 7.3)
in the absence and presence of increasing concentrations of ctDNA, using GCE. The
decrease in the peak current suggested an interaction of RG with ctDNA by the forming of
an electrochemically non-active adduct. This is due to the low diffusion coefficient resulting
from the Stokes-Einstein equation and, consequently, from low or negligible currents, The
shift of the peak to a more negative potential indicated the groove binding mode of the
interaction, which was also confirmed by molecular docking. The binding constant has
been determined as K =34 x 10°M 7,

Due to their ease of use, the construction of disposable measurement systems is an
interesting trend in electrochemical approaches. In particular, modified surface electrodes
are designed to improve the sensitivity or selectivity of measurements. Single-use mod-
ified biosensors are sensitive, time-saving, and practical tools for detecting the analyte.
Such systems have several main advantages: a large surface area, effective mass transport,
controllability, and their ability to study interactions in solution. Eksin et al. [51] stud-
ied the interaction between daunorubicin (DNR) and ctDNA at the surface of disposable
carbon quantum dot-medified PGEs (cQD-PGE). For monitoring the surface-confined
interaction, ¢tDN A was first immobilized onto the electrode surface, and then the elec-
trochemical detection of the interaction between DNA and DNR was carried out. The
study aimed to optimize the experimental conditions, such as the concentrations of both
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Current/ pA

ctDNA and DNR, as well as determine the effect of interaction time (from 3 to 15 min) on
the changes in the oxidation signals of guanine and DNR. Under optimal conditions, very
low values of the detection limits were obtained for DNR and ¢tDNA—0.02 pg/ml and

0.89 pg /mlL, respectively.
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Other examples of interesting modifications were presented by Findik et al., who
have modified pencil graphite electrodes (NFs-PGE; Figure 6) as sensitive electrochemical
biosensors for the anticancer drugs daunorubicin (DNR} [523] and mitomycin C (MC) [52].
In these studies, newly designed and different organic-inorganic hybrid nanoflowers
were used,

In the case of the development of disposable voltammetric sensors for the electro-
chemical analysis of ctDNA, DNR, and the interaction between them, the L-glutamic acid
nanoflowers (ga-NFs) and L-cysteine nanoflowers (¢-NFs) were applied. Amino acid-
Cuy(POy); hybrid NFs were modified at the surface of single use PGE. The ¢-NFs-PGE
electrode tumed out to be very sensitive for the detection of both DNA (0.93 ug/mL) and
DNR (293 uM). In the case of the DNR-DNA interaction, which was the main purpose of
Findik's study, it was determined that both the DNR oxidation peak and the guanine peak
decreased at all interaction times. The highest decrease in a short time of 1 min showed
that -NFs-PCE is a very useful sensor for DNR studies.

The sensors developed to determine MC and its interactions with DNA used glycine
and lysine nanoflowers, and were labeled as GNFs and LNFs, respectively. Nanoflowers
formed the mono-dispersed 3D hierarchical superstructures (Figure 7), The average diame-
ter of these hybrid NFs with excellent monodispersity was determined to be 3 pm and they
were obtained in a homogeneous structure.
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Figure 6. (A) Schemalic illustration of the formation of amine acids-Cu(POy )z hybrid NFs, (B) The representative scheme of
the pretreatment of PGE (1), modification of NFs (ii), immobilization of DNA (ifi) and DNR (iv), surface-confined interaction
of DNR and ctdsDNA (vi). Figure adapted from the reference [33] with permission from Elsevier.
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The detection limit of the biosensor was determined (1.09 pg/mL for ctDNA) and the
biointeraction between MC and ctDNA was investigated,

In order to develop a sensitive tool for DNA detection and to elucidate its structural
changes after the interaction with drugs, Bolat [55] constructed a DNA biosensor based
on electrodeposited cetyl trimethylammonium bromide-multiwalled carbon nanotubes
(paly(CTAB-MWCNTs)) composite on single-use PGE. The D'V and UV-Vis techniques
were used to study the interaction of dsDNA with the anticancer drug irinotecan (CPT-
11). Voltammetric measurements were based on the changes at the guanine oxidation
peak. A high sensitivity was obtained for DNA and DNA-anticancer drug interaction
with detection limits of 3.06 ug /mlL and 1.03 pg/mlL, respectively. Moreover, the binding
constant value was determined as K = 684108 M~ !, The experiment showed that the
interaction between CPT-11 and DNA leads to a condensation of the DNA double helix
and indicated a groove binding mechanism.

Janiszek et al. [43] in their experiment compared two prospective anticancer drugs, 6-
(1H-imidazo [4,5-b]phenasine-2-vi)benzene-1,3-diol (IPBD) and its <Cl derivative (Cl-IPBD)
with doxorubicin, a widely used anthracycline anticancer agent, For the comparison of
the DN A interactions with the drugs, plasmid modified GCEs were used. The aim of the
modification of the electrode with supercoiled plasmid instead of typicaliy chromosomal
DNA was to minimize the interference of the DNA oxidation. Plasmid (scpUC19) accumu-
lation resulted in the formation of well defined, reproducible plasmid DNA layers on a
typical, easily available GCE. In this experiment DPV, square wave voltammetry (SWV)
and the less frequently used alternating current voltammetry (ACV) with phase detection
07, ACV (0"), as well as 90°, ACV (90°) techniques were used in a specific combination. The
correlation of the redox signals of IPBD and CI-IPBD, with their biological effect on cancer
cells were shown. Moreover, the effect of Vitamin C on the redox signals of CI-IPBD that
resemble the reduction in PHIV) anticancer prodrugs to P{II) compounds was observed.
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Figure 7. SEM 1mage of (A) GNFs; (B) LNFs; (C) PCE; (D) CNFs-PGE; (E) LNFs-PCE {(a-<)—different resolutions) and
EDX pattern {d). Figure adapted from the reference [52] with permission from Elsevier

Moreover, biopalymers are used for electrode modification as they offer stable, bio-
compatible, and large surface areas for the immobilization of biomolecules. Congur
et al. [56] modified PGEs with Levan (LVN), a fructan homopolysaccharide comprised of
f-d-fructofuranose residues linked by f-(2—6) glycosidic bonds (Figure 8). The aim of the
experiment was to develop disposable electrochemical biosensors for the detection of DNA,
daunorubicin (DNR), and the biomolecular interaction of DNR with DNA. The interaction
of 20 pM DNR with DNA at the DNA-LVN-PGE modified electrode was evaluated between
3 and 10 min and a decrease in guanine and DNR signals (increasing with the interaction
time) was observed. This was caused due to the intercalation of DNR into double stranded
DNA resulting in strand breaks,

Javar et al [58] developed an electrochemical DNA biosensor based on modified
CPEs (Eu3'-dopcd NiO/CPEs) for the determination of the anti-cancer drug amsacrine.
The powder XRD technique was used to examine the crystal structure of the synthesized
nanocomposite and cyclic voltammograms of Fe[CN],\“'/"*‘ redox couple were recorded
at the surface of the bare CPE, NiO NPs/CPE, Eu* -doped NiO/CPE, and dsDNA /Eu’*-
doped NIO/CPE were used as the indicators for modification. The effect of the amsacrine-
guanine interaction has been electrochemically investigated in comparison to the alterations
in the guanine oxidation peak in the absence and presence of amsacrine.
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Figure 8. The experimental steps of the modification of LVN at the PGE surface, voltammetric determination of fsDNA
and DNR using LVN-PGE and the voltammetric analysis of the biomolecular interaction between fsSDNA and DNR at the
LVN-PGE surface. Figure adapted from the reference [56] with permission from Elsevier.

The DPV technique can also be used to study the interaction between metal-ligand
complexes and the DNA chain. In the experiment carried out by Kumar et al. [60], the
results of voltammetric and spectroscopic studies confirmed that tetraazamacrocyclic
complexes interacted with DNA through the same type of binding. Voltammograms
obtained for each macrocyclic complex displayed a significant decrease in the current
intensity in the presence of ¢tDNA, which indicates that these metal ions stabilize the
ctDNA duplex by the intercalation mode. It was found that the macrocyclic cobalt (IT) ion
complex interacts most strongly with ctDNA.
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3.3, Other Methods

Other electrochemical methods, including square wave voltammetry (SWV) [59]
and electrochemical impedance spectroscopy (EIS) [51,4], are also used to monitor the
binding of molecules to the DNA chain. The first one is a type of linear potential sweep
voltammetry involving a combined square wave and a staircase potential applied to a
stationary electrode. Using SWV, Temerk and Tbrahim [59] determined the effect of a
constant dsDNA concentration on the electrochemical response of a series of flutamide
(Flu) solutions with varying concentrations. The plot displayed a slope representing the
dependence between log [AI{ALy, —Al)] and log [Flu], which confirmed the formation of
acomplex with 1:1 stoichiometry. In addition, the molar relation of flutamide interacting,
with a molar quantity of dsDNA bases and the binding constant for the dsDNA-Flu adduct
were determined.

EIS involves the measurement of the impedance between the working electrode and
the auxiliary electrode, and s used, for example, to assess the structure of a modified
electrode surface. Bolat |55 recorded the Nyquist diagrams of the impedance spectra
during poly(CTAB-MWCNTs) modification of PGE (Figure YB). The unmodified PGE
electron charge transfer resistance (Rct} value was estimated as 1131.5 (2 and decreased to
15.7 Q) for poly(CTAB-MWCN'Ts)/ PGE conlirming the good electrical conductivity of the
produced film. This demonstrated the stronger electron transfer ability of the redox ions to
the electrode surface. At the next modification step—dsDNA immobilization, an increase
in the Ret value was observed (132.2 £1). This mdicates a reduced ability for electron
transfer at the electrode surface due to the non-conductive dsDNA laver. In addition, the
subsequent modification steps were also controlled using the CV technigue {Figure YA),
The registered changes in the CV vollammograms and the Nyquist diagrams of the studied
electrode tllustrate and contirm the ongoing modification increasing the sensitivity of PGE

Eksin et al. [51] used EIS to investigate the surface-confined interaction of DNR
with ctDNA. Nyquist diagrams were recorded before and after the interaction process at
different intervals. In the Tajik et al. [90] experiment, taxo! interacted with guanine and
adenine at the surface of the dsDNA-modified PGE The electrochemical characterization
of bare PGE, dsDNA/PGE, and taxol-dsDNA /PGE was made with EIS to illustrate the
changes caused by the intercalation-mode binding of taxol to DNA on the electrode surface.
The conducted research led to the design and development of a novel taxol biosensor.
Moreover, Findik et al. [52,53] used this method to characterize the surface and evaluate
the effectiveness of PGE electrode modification with newly designed hybrid nanoflowers.

A new, unique, and innovative method for studying the interaction of macromolecules
is based on a dynamic electrical switching of the DNA layers on a metal electrode surface
during solution flow. This technique applies regenerable chips adapted to functionalization.
Electrically switchable nanolever technology (switchSENSE) has been used successfully
in research, e.g., the binding and dissociation kinetics parameters of molecules such as
proteins or polvamides to nucleic acids [¥6-99]. The interactions of small molecules with
proteins attached to DNA fragments (on the electrode surface) are also being studied using
this technique [100]. In our laboratory, we have recently started working on adapting this
technique to study the mechanism of binding small drug molecules and their complexes
directly to the DNA chain. Initial research results are promising, and the technique has the
potential to become another powerful electrochemical-based tool for studying the affinity
of pharmaceuticals to biomolecules.
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Figure 9. Electrochemical characterization of the sutface layer assembly, (A) CVs at a scan rate of
100 mVs~ " and (B) The Ny quist diagrams of impedance recorded on (a) bare PGE, (b) PGE coated
with poly{CTAB-MWCNTs), (c) 150 pg/ml. dsDNA immobilized poly(CTAB-MWCNTs)/PGE in
0.1 M KCl solution containing 5.0 mM Fe(CN ), >~ /%~ (Inset represents the equivalent circuit model
for fitted impedance data. R. is the solution resistance; Ry is the charge transfer resistance at
the electrode /electrolyte interface; C is the constant phase element related to the space charpge
capacitance at the clectrode/electrolvte interface; W is the Warburg element). Figure adapied from
the reference [55] with permission from Elsevier.
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4. Conclusions

Research results compiled in this review show that electrochemical methods are a
powerful tool in DNA-drug interaction studies. The essential parameters of the experi-
ments are summarized in Table 1. The data presented there illustrate the research directions
and possibilities offered by voltammetric techniques.

The selection of the appropriate voltammetric technique and electrode material, the
properties of the studied drug, and the specificity of the experiment performed present an
opportunity to obtain a distinct set of information on the type and strength of the interac-
tion. This summary demonstrates that CV and DPV techniques are the most frequently
used for DNA-drug interaction studies. These methods allow the experiment in selected
environmental conditions (buffer type and pH} to be conducted and important parameters
such as: limits of drug detection, values of diffusion coefficients, and binding constants
to be defined. The thermodynamic parameters including Gibbs free energy and enthalpy
changes can be caleulated as well [54]. The most common working electrodes used in the
study of DNA-drug interactions are often made of carbon materials (GCEs and PGEs). In
order to increase the sensitivity of the measurements, various modifications of the electrode
surface are made. The most common way is the immobilization of DNA fragments, usually
ina double-stranded form (dsDNA), on the working surface [45,90]. The compiled data
show that due to their properties and disposability, PGEs are most willingly modified, The
introduction of polymeric systems on the electrode surface is just one example of such mod-
ifications [56]. Because of the unique chemical and electronic properties of nanomaterials,
the detection of biological compounds on nanomaterial-modified electrodes has received
especially great attention [51-53,55]. Their usefulness is related to their large surface area,
high conductivity, and their ability to promote electron transfer rate and stability. The
modification of working electrodes extends the preparation bme but can significantly
increase their usability. In the case of the cQD-PGEs experiment [51], lower LODs values
were obtained than in earlier reports related to daurorubicin detection. All the presented
experiments were conducted in the pH range from 4.5 to 74, which is also suitable for
in vivo studies as it is compatible with intracellular conditions, To control the course of
modification and to analyze the surface of the modified electrode, EIS and SVW techniques
measurements are preferred. Most of the conducted studies concern anticancer drugs.

Understanding the mechanism of DNA-dmg interactions is crucial in biological stud-
ies on drug design and pharmaceutical development processes, The use of voltammetric
techniques is extremely useful for this purpose. They provide the ability to study the
interactions of potential drugs with DNA in a comprehensive manner, Electrochemical
biosensors are both sensitive and convenient in application. They can be used for many
different pharmaceuticals, especially if they contain an electrochemically active moiety.
Voltammetric methods are very important as both primary and complementary analysis
tools in in vivo studies, aiding in the exploration of the nature of DNA-drug bonding. Due
to their usefulness, they are expected to become even more popular in the future, New
adjustments to biosensors will most likely include modifications to biosensors and the
creation of regenerable chips that can be adapted to any desired functionalization,
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ARTICLEINFO ABSTRACT

“7“’"‘ Two sullonmmck l.k-uv:mvu thﬂuum n tb: lms!h ol nlsyhmmo rxublutuux chwls :nd Npmpyl.S) hnd bec:
Sulfnansdes syathesizex] are then theiz ndd physicoch ies were the sublect of our sxtensive ressarch.
;f‘ Thuomphto ;pettmuwplc anil electrochemical profilee of mnlled <omooumh togelhet with thels IOIIM.' specm

wctc chemistry Bliabed a3 vwell or 4. The el 2= ey i of aull
Ruthaniam(MT) complaxes

ennmudmbodl aqueouu and aprotic zolvents wing cyclic voltunnetry (CV) and diffesential pulse wh.unnxh'y

chnique (DPV), Furth the pH effect on the NethylS/NpropylS redox processes and spectroecopic
properties were also studied. The pK, values of compowunds were d ined using the combined pH-
specouphotometiic (mksoltivation wethod, The octlvity of studiel suifanmmide andliotics was verified by
blading them into complexes with -block metal lows, for which the complexing pmpcmu d both Nethwls and
Npropy®S towards ruthenium(l1) and rhodinm(IT) sons an well a3 their corresp % were

RhodinnIM complexes

determined.

1. lntroduction

Nowvmdays, the problem of diug tesistance is becoming more and
more common. This phenomenen is portinlly coused by easy nccess to
pharmaceuticais and consequently, their abuse. Designing new som-
pounds with mntibecterinl properties and modifying those with proven
activity is, therefore, an extremely important direction of research all
over the world. One group of compounds with proven antibacterial ac-
tivity nre the sulf ides, which contnin the -SO,NH- moiety in their
stiucture [1-3]. They are structiurnl mnlogs of p-aminobenzoic add
(PABA) and, through a cowpetitive mechanism, they inhibit the meta-
bolism of the folic acid and, as n consequence limit cell proliferation
[451. Sulfenamides are used in the weatment of nocurdiosis and acute
urlnary nact infections caused by several microoiganians like Escher-
ichia cafi, ond Protews mirabilis, Additionnl medifications of the sulfon-
amide group allow foc the ex of their biological activity of
antifungal, enti-inflammatory, antitumor, ond antivial properties
[o-8]3.

M, , sulfonamides are capable to form compl with bio-
logieally uuponnm metal lons, which can ba applied in the ceareh and
design of new pharmoceuticals, Such coordination connections may also
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exhibit enhaneed or modified (compused to the unbound ligands) bio-
logical activity (%111 The selection and coupling of the appropriate
metal fon and coordinsting ligand we ervetal. The stmulation and
enhancement of the mtibacterial octivity of aulfonnmide drugs by
binding them into complexes with ruthenium{IIT) ions have already been
proven || 21, Ruthenivumd[1/111) ions are also known for their anti-cancer
netivity {13101, Another, very interesting alternative to Ru complexes
is the so far licde-known chemistiy of pharmaceurical applications of Rh,
11, and Os metnl tons, There are o few reports in the literature describing
the use of complex combinations of mentioned metnl ions in medicine
[20-22], The results obtained so fur suggest that they cun be used in the
treatment of neoplasos 23]

Anglyzing the physicoch | profile of compounds with potential
biological uss is ly important for understanding thelr mode of
nction a5 well as determining the most favosoble conditions for
achisving thelr maxinum phatmaceutical effects. Detatnunation of the
neid dissocintion constant values (pK;) of annlyte binding ligands is
necessary to describe their behavior in o solvent. This allows deter-
mining the ability of compounds 10 penetinte cell membranes and
identify the protolytic form of the compousnd in the Inoacellular me-
divm. This also indirectly provides information nbout the nbility of a
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molecule to interact with other molecules eg. their ability w form
complexes with mctnl ions.

Knowing the isties of the electrochemdenl provesses of
phnrmnneuhmh con belp in obtmning vitlmable information about the
biol l activity of compounds [ 141, The mechanism of action of some
biologically active ds s relared totheir redoxanivlty [#5,26].
An nbsalute cocrelation b redox behavior and biological activity
cannot be developed due to several factors, e.g. solubility, metabullsm,
absorption, and binding sites. Nevu hel the chamcterization
ekectrochemicnl  processes  provi lusble infe on the
behavios of the studied compounds, Relationships between parametess
of the redox process of o d ond its antimierobinl (6] or ant-
neoplasic | 277 activities were confitmed. In the case of metal ion com-
plexes with posible nnti-tumor netivity, their electrochemical
properties are important due to the strongly reducing environment in
tumoreells (241, Under such conditions, the oxidation stara of the metal
cation may be reduced, which [n tumn may affect the bloactivity of the
complex {29,30] Electrochemical methods are nko willingly used in the
study of intemcrions of small molecule compounds with DNA which is
the moleculnr target of many pl uties ypounds (31

Therefore, in this aiticle, we present the synthesis of two sulfon-
amides differing in the length of the carbon chain in the alkylamino
substituent 4-Amino-N-(Z-aminoethyDbenzenesulfonamide (Nethyls)
and  4-Amino-N-(3-aminopropyilbenzenesulfonamide  (NpropvlS)
(11 1) Wedisewss thedr charactatisties with partieuly emphasis on: (1)
electrochemical profile both in the water which reflects typical cellulor
medin, s well s in an aprotic solvent witch may mimic a specific

yme or t, (1) infl of pH on the redox
processes and spectroseopic properties, (iii) jonic forms that are premn
in the solution and pK,, values of tested sulf ides {iv) camp
properties and stability of complexes formed with eations of R\illl) and
Rh(0n.

2. Expermmental

2.3 Materials and apperanss

all chemh:sh nnd solvents used for nyndmu were p-uchaaed ﬁmn
1 M (O B U m 'h <

further pmlﬁcnum Nﬂcctylsnlfmxbrl chlandc. N-Boc-ethylenedi-
amine, N-Boc-1,3- propanediamine, hydrogen chloride solution (2.0 M in
diethyl ether) and anhydrous pyridine were purchased from Signa-
Aldrich, methanol, and ethyl from POCH. '"H NMR and ¢
NMR spectra were recorded on Bruker AVANCE 11 (500 MH2) spec-
trometer, Chemicel shifts wers reported in parts per million relative to
residhm] solvent peaks (DMSO-d, = 250 ppm). 'H NMR eoupling con-
atants ) were reporied in Herrz (Hz), and multplidty was indicated os
the following s (singlet), be (broad singlet), d (doublat), t (triplet) and
qu (quinret). The infrared spectra were 1ecorded on a Perin Elmer
Spectum Two FT-IR spectionmerer using an 1 totul refl
(ATR) moduk with n dinmond aystal in the spectral range of 4000 +
400 em ', The intensity of FT — IR bands was indicated ag s (suong).lu

Polyhedrers 221 (3022) 115868
swreteh), vy, (antlsymumenie strereh), 8 (bending). The el L analysi
(CHNS) was recorded on an Eletnentar Vnno El Cube analyzer. Mms
spectia (MS) were recorded on a Bruker Daltonies (HCT Ultrn) inswu-
ment. Analytical TLC was performed on aluminum sheets of silicn ge]
UV — 254 Merck and visunlized with a UV lamp at 254 nm. Electro-
clmmml memu.remenm were eared out using an Autolab PGSTAT204

(Metiohm Autolob BV, The Netherlands),
which Is contralled by the Nova software. UV-Vis spactia were tecordad
usng Evolution 300 (Themmo S ific, USA) sp h Two-
time distilled wrter (Hydrolab-Reference punﬁul) was used for pre
paging all studied solutions,

2.2, Synthesis of +-Amino-N-(2 ethol)b if ide, 4
Amino-N-(3-aminopropylb fanamid
The synthesic pathway for two sulfonsmide derivatives (based on the

procedure described elsewhere [32]) is p d in Schiee 1,
The 63 mmol of 4-acetamidobenzene-1-sulfonyl chloride wns

1. pyridine
2 M1

A\

N
n

NH-BOC

NH-BOC

:
0

1. cone. HOL EOH
2. NaHC O,

NethylS
NpropylS n=3

n=2

Scheme 1. Synthetic route of sulfoncenides Ac.-NethylS-BOC, NethylS, Ac.

(medinm), w {(weak) and vibration type as: v {stretching), v, (sy

propyiS-BOC, and Npropyls

Fig. 1. Stractures of A, +Amino-N-(2-aminoethyl benzenesulfonamide (NethylS) and 8. 4 Amino-N-(3

I 14¢

ide (NpropylS) with the lo-

beling of nitrogen ntoms used In the paper as & reference, generated in the ChemSDE progmn
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ded i1 10 mL of anhydiows pyridine and then appropriste N-Boe-
amine (6,0 mmol) was added. The reaction mixture was heoted at 60 °C
for 4 h. The progress of the resction was monitored by thin-layer
chromatography (TLC) on Siliea Gel (Merck) in chlotoform-methanol-
ammonia {25%) (v/v/v = 5:1:0.1) system solvent. After completion of
the ceaction, the mi wias 1 infto ice water and acldified with 1
M HCL A yellow oil was obtained which solidified ovemight. The solid
product was separated from the liquid phase by filtedng and then
washed with water and diied on nir at room tempemture. Ac-NethylS-
BOC ax] Ac-Npropyl$-BOC compounds were obtained as yellow solids
with 5096 and 54.0% yield, respectively,

To the ethanolic solutions (2 ml) of Ae-NerthylS-BOC nnd Ae-
NpropylS-BOC (1 nunol) the 1 ml of concentrated HCl was added.
The reaction mixture wos stired at 70 °C overnight, next dilured with
water, ans allsnlized with NaHCO: to pH 8, The renction progress wos
monitored by thm-la;vrchmmnwgqﬂtyﬂw on Silica Gal (Merck) in
chlorof | onia (25%) (v/v/y = 53:0.1) system sol-
vent. The solution was evaporated and the residue was purified by
column chronarography (Silica gel, Merck) In the solvent system sue-
cessively: ethyl acetste — methanol 50:]: 40:1; 30:1; 20:1; 10:1; 5:1: 2:1
(v/¥). NethylS and Npropyls were canverted into their dibydrodhloride
as foll to the soluticn of the compound in the of ethyl ac-
emte ~ methanol, a stight molar excess of hydiogen dilanide solution in
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piotons was observed in the region batween 1.65 mxd 2.98 ppo The
singlet peaks ot 7.67 ppm for Nethyl$ and 7 50 ppm for NpropylS are
nssigned to protors of the sulfosamide -SO,NH- gioup. The proton of
the nmine -NHs— group manifests its presence as a singlet peok at 6,76
and 8.11 ppm for NethylS and €.08 ppm for Npropyis. In '?C NMR
spectia, the asomatie carbons of both derivarives showed sigmls in the
region between 115.79 and 149.70 pput, wherens aliphatic carbons in
the region were benween 27.83 and 40.50 ppo. The FT-IR spectia of
NethylS and NpropylS contain characteristic bands of the vibrations of
sulfonamide group -SO;NH-, primary ammonium group -NH; (Fig. 82),
The brosd bands in the ronge of 3390-2750 an ' ae assigned to the
N—H stratching vibmtions of the primary ammonium group (-NH: )
SO; asymumettic and synunetsic stretching vibrations con be observed in
the range of 1340-1300 ey ' and 1175-1137 em* for Nethyls and
NpropylS, respectively, The stretching vibrotion bands of asomatic rings
UG=C) come in the region of 1580-1479 cm ', and thoss for +(8—N) in

the region of 635-718 em ™',

2.3 Ghloride content determination
Determination of chloside content in NethylS and Npropyls com-

pounds was performed by standard addition nsethod using the CerkoLab
i controled microtinator, equipped with & silver chiolde

ethyl ether (2.0 M in diethyl ether) wos added dropwise at room tem-
peraturs. The whire for Nethyis and brown for Npropyls solids pescip-
itated by anhydrous ethyl ether were separnted and ultimately obtained
with 43% and 40% yield, respactively. Their structures in the form of
dibydrochloride derivatives were checked and confimued by mass
spectrometry (MS), spectroscopic (FT — IR, "H NMR. 'C NMRJ, and
elemental analysis (CHNS). The description of the analysis results are
below and all spectin are included in supplementary mateaals (Fige 81
53).

221 4-Amimo-NA(2
(NethydS)

Anal. Caled. (96) for CyH)sN;0.50, (288.15): €, 33.34; H, 525, N,
14.58:5,11.13;

Found (9%): C, 34.57; H, 5.35; N, 14.59, 5, 11.32,

ESI-MS my'z 216.0 (M + H);

FTIR ATR (cm ') selected honds: 3302 {w) v(NH of SO:NH), 2859
{m) «{NH3), 1597 (w) 3{(NH3 }, 1552 (w) UC=Clar, 1489 (5) YC=C)a;,
1444 (w) H(CHz), 1324 (8) 1(SO2), 1146 (£} L:(SO1), 638 () L{S—N);

'H NMR (DMSO-dy) 4 2.81 (qu, 2H, J = 6.22 Hz), 2,93 (t, 2H, J =
6.62 Hz) 6.76 (be, ZH, -NH); 6.86 (. 2H,.1 = 8.57 H2), 7.48 (d, 2H,J =
8.71 Hz); 7.66 (5, 1H, -SO.NH]); 8.11 (5, 3H, -NH);

*C NMR (DMSO-ds) & 38.98; 40.30; 11552 1258.10; 12006;
149.70 ppa.

22.2 4-Aming-N-(3-eminopropyDbewenesulfonamide dichydochloride
(Nprapyls?

Anal, Caled, (36) for CoHyi7N30:5¢Ck: (302.22): C, 35.77; H. 567, N,
13.9; 5, 10.61;

Found (%) C, 33.69; H, 5.36; N, 12.87; 5, 10.21;

ESI-MS n/z: 230.0 [M -+ H];

FT-IR ATR (em ') selecred bands: 3245 (w) v(NH of SO,NH), 2886
{m) s(NH of NH1 ), 1597 (m) S{NH of NH3 ), 1554 (w) W(C=C),,, 1488
(5) GC=Cay, 1441 (m) S0CH of CHa), 1301 (5) 1,(S0q), 1143 (s)
vAS0.), 665 (5) W{S—N)

TH NMR (DMSO-ds} 4 1.69 (qu, 2H, J = 744 Hz); 2.76 (1, 4H, J =
7.16 Hz), 6.86 (d, 2H,J = 8.47 Hz), 7.45 (s, 1H, -SO,NH); 7.53 (d, 2H, J
= 8.46 Hz), 8.08 (s, 3H, -NH),

135G NMR (DMSO-ds) 5 27.83; 36.98; 40.50; 115,90; 128.62; 129.13;
147.26 ppun.

The "H NMR spectra of (Fig. 51} NethylS and NpropylS show signals
of both sulfonamide derivatives in the region between 6,85 nnd 7.67
ppu, which are assigned to ie pie Thep of aliphatic

1k IF,
v

ide dibydrochloride
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electrode (Schott). A solution was prepared to contain a known amount
of standard (Nacd) and 2.5.10° M NethyiS/NpropylS lu an squeois
solution and o volume of 10 mL While peforming the potentiometric
titmtions the system sequentially recorded the potentinl and dispensed
the titrant (AgNOy, 0.1 M) portions at lume (0.008359 L)
from the syringe (1 mb; Hamilton) Each p i rie

corsisted of 120 steps.

2.4. Voltommetric measurements

A single-compartment, three-electiode cell was used for all cyelic
voltammetry (CV) and differentinl pulse vol y (DPV)
ments. The warking electrode wns a glassy carbon (GC) electrode of 2
mum dinmeter. The electrode was carefully polished before each exper-
iment wusing o 0.5 pm aluminn suspension (Buchler). A platinum wire
served as an auxiliary electrode. All potentinls were wessured using &
stable silver silver chloride (Ag/AgCl) electrode 1o an agueous sodium
chloride solution (1 M NaCl) as o reference electrode. This basic system
was sultable for the stody 10-an aqueous solution. Fou msasiemeants (n
non-agueows media (DMSO, DMF) o double electrolytic key was intro-
duced (n double junction electixie was wsed). The basic sdvu chbrklw
electrode was additionally placed in methanoli
perchlorate (0.1 M TBAP). For all voltunmetrie measiwenents,
apgroximarely 1107 M sulfonandde solutions were used. 0.1 M TBAP In
non-agueots medin or 0.1 M sodium perchlorate (NaclO,) in aqueots
solutions were used as the primary electiolytes. To unalyze the effeﬂ of
pH on the redox processes, voll were regi d ot
pHs by adding hydrochlotie acid (0.1 M HCD and porasium hydroxde
(0.1 MKOH] solutions, All vol i were parformed
ata texperatie of 298 K. Solutions were degasssd by passing argon. At
the start of the experiment, the cell wns held ot the start potential for 105
of quigt time. The reproducibility of the results was ensured by recording
the voltammograms several tines for each experiment,

otrak

2.5, Acid-base titrations and determination of pK, values

A simultancous pH-spectropetzic titration technique was usexd to
Jetermine vahwes of the acid dissocintion constant (pk,) for studied
sulf ides. After the addition of each portion of tinmut, the Uv-vis
spectium wos In the wovelength range From 200 to 350 nm. For aeid-
base titations, appto)dnmnely 610° M sulfonamide solutions dis-
solved in 527.10° M HCl were tinatad with 209 I(T’M KOH. The pH
values during measurement were obtnined by p ic titrati
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pesformed with the microtitmiion automatic system Cerko-Lab, equip-
ped with a Hydromet pH electrode and n 1 mL Hamilton syringe. The
tesolution of the voltage measurenent wos < 0.1 mV. All
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study of redox processes in aprotic media provides tportant informa-
tion, as it ullows ﬂw the repmntm of signals resulting only from the

were petformed at 298 K temperature. Acid dissociation constant vnlurs
drson- Hasoelbnok

were calculated with the form of the Hi q
O lmplenentad into Origin Lab software:

3 R ) 10kl

A+ A e I rTrRal a4y e 1Y E

1 (35 290, The absence of a proton
donor atom pmntx the protonation of redox forms nnd the influence of
additional hydrogen bonds, and thus allows the observation ofa'eured
forms in the q stages. M . the )
may mimic the local found, for ph mmemlxn.nuoa
and other bialogically lmpomm substances, in which the pK,

A=Tqgeraci T T e 1 T 1

()

where A, 15 the absarbance of vanous protolytic forms. Measnuwements
and determination of pK, values nre based on the change in obsorptions
intersity as a function of the pH of the solution [24,33 361,

2.6 Gomplexation with metal iors and determination of stability
constanss values

on the plexing propeities of NethylS nnd NpropylS
spousls with ruth (1) and dhodi "[ll] ions were curried out
using je titmtion. A soluti d 10 contai
1.0+ 10“S M Rucly or RhClyand 3.0 107 M NeﬂlylSox NpmpylSm 2,510
* M HCI (volume of 4 mL). The measurements were parformed using the
Cetkolab outomatic controlled micratitrotor, equipped witha pH elec-
trode (Hydromet) with E = 402,18 mV and § = -57.82 mV per pH unit
calibmtion parameters. While performing the potentiometric tdnations

the system sequentially recorded the inl nnd di d the titinnt
(KOH; 0.1 M) portions at a constant volume (ooo.uoz mL} ﬁ'om the
syringe (0.5 ml; Hamilton). Ench potentt ic con-
sisted of 120 steps.

The gradual nod cumuative stabili of lex com-

pounds were detenmined using the CVEQUID computational pmgx am by
A. Liwoand J, Kostrowidsi [26.37]. Itis based on the algotithu in which
the equilibrium model of the solution is described based on the mea-
datn. The unknown parametess are selected 5o that the data
obtained experimentally coincide with the assumed equilibrinm mexdel,
The stubility gradunl constants (K ; nod K;5), describing the consecutive
formation of a lex with n stolehi v of 1:1 and 1:2 (metal:
ligand), can be reptueuled by the following equnﬂnm (2 and (3):

values differ significantly from the values i water ns these media are
lipophilic rather than hydrophilic (10,41

Two anode peaks wese observed for both tested compounds regis-
tered in the aprotie solvent (DMSO) af the sean rate from 50 mV/s 10100
mV/s(Fig, 2). Por NethylS, these signals occuw at slightly lower poteatial
values (E,; = 0.840V, E;; = 1.315V) than for the NpropylS compound
(Trble 1), which proves easier oxidation of the derivative with the ethyl
chain in the substituent. As the scan rate increases, the E.; peak value
shifts fowasds more positive potentials (from 1.251 V to 1.350 V) and
increases its intensity. The speed of the messurement hss v erucial
Impact on the formation of the E;; peak, which is Invisible at very low
sean mtes (10-25 mVys) for both sudied compounds, while at rates
higher than 100 mV/; it becomes wide and blurved for NethylS The
NpropylS compound is ch ized by more distinct and more intense
peaks.

Voltammograms of redox processes recorded in water show that in
the poteatial yange fram O to 0.9 V, high cutrents were recorded for high
scanning tates, while no shaped anode peak was observed, A single
oxidnnmpenkmwntaocmmnpotemmlofo 973V and 1.094 V for
NethylS and NpropylS, respactively. Diff inl pulse vol
(DPV)mDMSOnndwmuwemnlsomotdalﬁotbothmmpoundv
(Fig. 2). In each cose, an oxidation signal wos observed, with the po-
tentinl value concistent with the CV measurements (Table 1),

Furthermore, to determine the influence of the eavironment on the
redox processes of the studied sulfonamides and 1o carrelare the elec
trochemical effects with their acid-bese character, voltammogmms of
NethylS and NpropylS aqueous solutions at various pH values were
registered (Flg. 3). Understanding the acid-bese properties of ligands is
necessary to describe their behavior in o solvent nnd indirectly, their
ubility to form complexes with metal ions,

Mensurements were carried out in mn aqueows solution in the pH
ronge from 2,80 to 11.56. Portions of 0.1 M acid and 0.1 M alkali were
added to the compound solution with a starting pH of 3.69 for Nethyls
:md 386 (m Npropyls, respectively. The low starting pH values of the
are a q of their hydrochloride forns.
Addmnual acidificarion did not ehange the position or lntensity of the
slsun]s compared to the originnl lignnd solutions, For the studied sul-

ides registered in the most acidic environment, well-shaped,

it

3+ 4 — el = 'L"i’f‘ -
MY L =ML Ko =T ] (2)

; M)
ML L =M Ky = pusbmdd 3
+ L ) fMLﬁ ‘{L i 3)
the lati bility tant can be exg | by equation (4):

5a e 4 1 L_-L

MY+ 1L =ML Fp= 'M‘ i F = KKz (C3]

where M is a metal ion, L - ligand, and ML** and ML; are formed

complex jond.
3. Results and discussion

Since the compounds exist as hydrochlorides, potentiometric tia-
thon was performed to determine chloride content ln Nethy!s ns well os
in Npropyls, The number of moles of the compound in the analyzed
solurion was 2.5.10° mol, while 0.1 M AgND; solution wes used as the
titmnt. The jump in the tittation curve is observed at 0.5 mL AgNOs. The
endpoint of the titration and thus the exact content of charide fons in
the amlyzed solution enn be read fromthe diagram of the fist derivative
(Fig <4). The number of €I lons (n both cases s aqual to 510 mol,
indicating the presence of two HCl groups in both ligands.

o the el , the rype of solvenr can
stongly influence the course of the redox pmcessts that take place. The
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intense, single oxidation peaks located near the valve of the 1 v po-
tentinl were observed, Said peaks nre present in both eyclic snd pulse
differential voltanunograms. Changes in the spectium upon increasing
pH, are more visible on DPVs, They lead to 4 deciense in the lnrensity
(current value] of the signoly, and in the alkaline pH also to the
uppeninnes of wide pealis ar Jower potential values (in the mnge of
npprox. 6.6V — 0.8 V). It proves the inl infl of the alkali
pH on the courve of the redox processes taking place.

To deseribe the spectinscopic proparties of studied compounds and
nssess the conditions for the ocid-base titmtions, thewr electronic ab-
sotption spectra were r!«nded (Fig 55). On their basis, the concen-

for titration were d ined. The
corresponding lpemu obtained by the addition of HCl nod KOH were
also recorded to check the influence of acid and base on l.‘beshpeund
lnnendty of the ima. Both sulfonamid their
maxima with n wavelength of about 260 nm (262 nm for thh)ls and
267 n for Npropyls, respectively, Tible 2), the position of which did
not change after the addition of acid. The maxima of both compounds
shifted hows is shorter lengths (blue shift) under the in-
fluence of the alkali. For NethyiS this shift was swonges (Ak = 5 nm) and
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Vig. 2. CV vel grzms of NethylS registered in
DVS0 o different «wnn @mees (from 10 mvas to 300
mv/s), B DPV voltomemogxam ef Nethyls registered
mn DMSO, € CV voit of NethylS regs |
i H20 at differeat scan rates (om 10 Vs to 300
mV/s), D. DPV voltanumogiam of NethylS tegisterad
in H.0, E. GV vol o1 of Npropwis regi i
i DMSO at different scan rates (from 10 mV/a 1o 300
mV-aj, B DPY vol af NpropylS registered
in DMSO, G CV wlammograms of NpropylS remis.
teved in HyO at diffes=at scan mites (froar 10 mV/s to
300 mv/sh, Ho DPY voltammograns of Npropyls
regisrered In H:O

A Cicsidsha ctal.
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A —1lomVis B
" 2
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3 ] N 1) 1 0N L0 1.2 14
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D
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—= 3
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2
1o o
-0 v o
I‘O.: -l [l 1 08 1.2 1.0 1.1 1.2
E = 10m\s
204
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L[nA)

E
H1S
¢ 10
5

— l0mVis

G

— 3 mVis

<104

-

an s o 0%

Evs AgAgCLEV)

LLE]

combined with the hypochromic effect, Nonetheless, in the cnse of
Npropyls, the blue shift ways more subtle (A). = 2 nm) and did not reduce
band intensity.

The acid dissocisition constant provides information nbout the pro-
tolytic focm involved in the complexation process. To determine the pRs
values of the sudied compounde, It is necesary to detérmine the
aumber of equilibia present in the solution and to adopt an appropriate
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E vs AzARCL[V]

model of the reaction occurring during the pH-spectrophotometric
titation. Thiee equilibria related to proton dissociation were observed
in the solution axl assigned to the reactions presentes in Fig. 4.

The evidence for the presence of three equilibria in solutions is; (D)
the narure of spectuoscopic changes during the tiwations (g 5A and
Fig 6A), (i) theee sunight seetions presented in A-diagrams, Le. graphs
showing mutual changes in ahsorbance at two different wavelengths
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Table 1

Vadues of oxidation potentials &, [V] and differences berween them AE [V] for
redox processes of the studied derivatives tegistered in DMSO aixd worer for scon
rate v = 100 mV./s

Polytedron 221 (2022) 115863

(Fig. 5B and Fig 2B), and three inflections in the nbsorbance (A) versus
pH ewrves (Fle SCand Fig (4). During the titrations, spectral changes
were obsarved, which wese consistent with the above-deseribed
behaviar of tested compounds in a solution with the addition of ncid

Compennd By V]  EafV]  AE[=V] By Eq(V1 Eu(V] and base (i.e. change of band intensity and hypsochromic shift). All
o =% o <y DFY DEY values of pk, resolved from combined pH-spectoph izt
DMSO H0 DASo HA are gothered i Tubie 2
Fou sulfonamides, the pk,) values assoclated with the amino group of
:,:,I:]’ :::: ::;: ;;z: ?gz :’i;’i :2 sulfanilamide moiety are around the value of 2. As for the dissocintion
reaction of the nmide group, the pX. velues vary between 5.5 nnd 7.7
25
| ——pi 250 A —pH 2,80 B
—pl 3.69 e pl 3.69 -8
204 ——pH425 —pH 4.25
—pH 905 — pH .05
———pH 10.03 —— pH 10.03
15 pH 1120 pH 1120 -6
o pH 1135 pli 1158
.i -
=104 t /"\\_/ ‘ 4
i 3/

-
Ll T L L L] Ll Ll 0
2‘0 S0 075 1.00 123 S04 0.6 08 Lo 12 14
——pH 283 C —pH 2.83
——pH 386 —pH 386
20 = pll 4 84 ——pll 4.84
- pH 9.79 ~pH 9.79
—— pH 1048 —— pH 10.48
15+ pld1l.14 pH 11,14
pH 1156 pH 1156

TrA]

0.l75 1 ;m l.'25
E vs Ag/AgCl V]

r
150 0.4

ﬂ'ﬂ I'O 12
Evs AgiAgCl V]

r
0.6

Fig. 8 Influence of pH on registered redox processes, A CV voltammograns of NethylS, B, DPV wltammograms of NethylS, €. CV voltammoszans of NpropyIS, and
D. PPV voltummogrums of Npropyls. The accows show the direction of changes on the vol tumanogs s

Table 2
Wavelengths (eas ), EOOJOE DD
spectrophotometric tittabion method Lt wates.

coefficient (£} values, nnd acid dissociation constant [pK.) values (with standard (leviation) determioed by the pH-

Compoand hass Jn] € fot dgus (dm’mel 'an ) Seen Juan) (with acid) Asze L) Owith allali) pla iz plics

Nethyl$ 262 16,830 262 57 262+ 019 645 £ 021 967 + 0.00

Nptopsls 261 17,080 261 B 211 =010 635+ 0,06 LO86 = 019
6
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Fig. 4. Dissociation equilibiia of NethylS (n = 2) and NpropdlS (n = 3) with assigned pk, constants describe the di

Absorbance

200 220 240 260 280 300 320

1l B
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=)
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o
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~
—
<
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i 0 measured datn
i — fitted data
1.4
[ L
L6 13 20 212 24 26 X8 10 32 4 6 8 10
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A (2= 200 nm)

Fig- 5. A Spectropbotometric acid-base titration curves of Nethyls (¢ = 0,0010° M), The arrows indicate the directions of chasges B. A-dlagram presents
abeotbance change ot 270 nm from absorbanee change ar 200 mn. G Absorbones (A) of Nethyls e a function of the pH at 2 = 255 nm

the substituent (the -R group) ottached to the nmide group is crucial to
the basicity of the entire molecule even despite the large di e be
tween the N1 and N3 amine groups. The length of the alkyl chain in

depending on the structure of the substituent, and thus on the whele
sulfonamide molecules (42 441, The obtained results ft well with the
ranges of values rypical for this group of compounds. The struetuce of
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NH,

W ,N"
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Pig, 6. A, Spectrophotometrie ackl-base titration curves of Npaopyls (¢ = 5.90-10* M), The arrows Undieate the dwrectians of changes B. A-dlagram absorbance
change at 225 nin from absorbance change at 200 nm, C. Absorbance (A)of NpropylS as a function of the pH at ) = 206 nm,

studied compounds also demonstrates such an effect, which is reflected
in the lower pK;; valve for the derivative with the propyl chain (pi;; =
2.62and 2,11 fou Nethyis and Npropyls, respectively). This Is a conse-

of i bety the amino group of the substituent
nml the rest of the molecule, which in tum incieases the basicity of the
side chain amine group, the protolytic reaction of which i described
with the constont pK.y. The values of this constant were found to be
equal to 9.67 and 10.86 for NethylS and Npropyls, respectively. The
smallest differences in the acid-base character wers observed for the
amide group (N2}, where the pKaz value of the tested derivotives d iffers
ouly by 0.1 unit.

Thelast nnd crucial element of our research, which is anintroduction
to the syntt of compl with pr d sulfonamide ligands and
the mwmplim of the biological ucnvily of such connections, is the
NethylS nnd NpropyiS eomplexation ability study towands RA(ID and
Ru(llD ions in solution. Since the tested ligands were in the form of

complex ions stoichiometsy and the caleulation of stability constonts
values. Changes in the potential registered during titmtions are pre-
sented In Flg 7 by square polnta. The caleulated dam, based on which
the values of formed plexes’ stability ts were determined,
nre shown with a med line, There is a good fit between the measured
points (squares) nnd the caleulated ones (solid red lime) in each case.
Standard deviation valnes in elechromotive force (EMF) they were be-
tween 1,3and 1.6 V.

Sinee the ligand 1i quentially to the metal lon, the 101
stoichiometry forms of ML complex are certainly present m the solution,
hence the gradual constant &y values, describing this squilibelum wers
caleulnted, The presence of a second gradunl equilibrium of complexa-
tion (given by K2 constant), nssociated with the attochment of the
second sulfosamide ligand and the bumnon of the ML, comptex was

nles observed. Based on the d ) the grodunl and eu-
mulanve stability constants, l.he values of the f, were alsoderelnuml
All 1 stbility values are fzed in Table

hydrochlorides, and the protonation of the donor wtoms signifienntly

impedes or completely prevents the process of meml ions compkxmm
the ligands were activated by deg with the addition of KOH
(s section 2.6), The complc)mtion process was accompanied by
discoloration of the solutions. Changes in the course of redox processes
xawll[ng from complexmlon werie also recorded (Fig s6) The per-
fi titinti ennbled the mssessment of obtnined

po w
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For all studied coardination forms, the value of K3 is higher than the
wvalue of K;;, which confims the formation of stable complexes with ML
stoichiometry 1:2 (MLy), However, for each of the examined ions, the
differences in the vnlues of these constants are distinct In the ease of
complexes with Rh(IID) fon, the values of the constants are: K;; = 6.85
and Kz « 11.36 for NethylS, and K;; ~ 878 and K3 = 10.74 for
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Table 3
Values of gradual (Ky and K,y) and cumulative () stabifity constunts for
complexes of studied ligands with thodium (D) and muthenium() jons.

Compound  Rh? B’
loghy, logls togitis  logky, loglly s logthz
Nethyls [ NS 1136 = 1821 635 £ 12002 1043
104 1.5 Qo2 .33
&)Myu a7 = 074 = £9.51 290 = 729 = 13.19
oss 0.83 13¢ L.00
" logp,. = JogkK,, 4 logl,,.

NpropylS, respectively. Whereas a higher value of cumulative comtant
was obtained for Npropyl$ (5 = 19.51) which proves the greater sta-
bility of this complex, As one msay notice, the values of the constants for
Rh(TID) complexes vary depending on the ligand, nlthough not

112,45-50). Koown modes of coordination of the metal fon we (i)
chelation duough the N atom from: the substituent and the O atom of the
-50:NH- group eccuming in the cese of Ru(lll-$TZ and Rullll)-SMZ
112], (i) chelstion through N atom from substitvent and the N som
of the ligand -SO.NH- group [ 40, (iii) chelation through the N ntom of
the aniline -NH; group and the N atom of -SO,NH- [49], (iv) chelntion
invalves both the axygen atomand the nitvogenatom from the -50,NH-
group [47], (v} coordinsrion through the N atom of the substiruent
hc(emcycle nng 1507, 50 the sulfonamide Jligond, ncts as n monodentate

" the oxygen atom nor the aloogen from the SO.NH-
group are involved in coordinntion.

For the stidied ligands, the donor atoms that may be involved in the
complexation of metal lons are ninogen atoms (maloly N2 and N3, less
likely N1) and posibly the oxygen atons of the -S0;NH- group. The
flexible iuumneof the alkylaml and the dition of
lLigand acti byd for [ suggeat that metal
cations are cootdmuted by uitrogen uxoms N2 and N3, The proposed

lination mode leads to the f ion of stable five bered (for

extrensely. Crucial differences occus in the case of the coordinat

foxmns with Ru(lf]) ions, The main difference between complexes of two
jons is in the value of the K2 constant (K32 ~ 12.00 forNﬂhyis and K2
— 7.29 for Npropyls), which implies lesser stability of the MLy stoichi-

NetlylS) or six-membered (for NpropyiS) rings as a result of chelation.
The obtaived values of lative stability ndicate that in the
case of thodiue( 11D lons, the more favosed form of the complex is the

ometry complex of NpropyiS with RufliD ions. This also tx intoa
nigher value of the cunwilative stability constant (f1; = 18.43) in the case
of Rl lreyaction with the Nethyls ligand.

<ulf id 1

can metal jons in different waoys
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six bered chelute ring (with Npropyls ligand), while the ruthenium
(11} jon prefers ro form a five-membered ring by complexing with
Nethyls.
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4. Coneclusions

In this work, we report the results of the synthesis of two sulfon-
amides diffening in the length of the alkylamino substituent and their
physicochemical characteristics, Their characteristics are disewssed,
with partieala emphnxls an the elecuoclumlcal pmﬁle md-base

character, nnd complexing ability st and
ruthend lans. Vol k- 1, 1 the p of

idation penks for studied sulf id 1p 15 both in water and
in an aprotic The g redox pr were pH-dependent,

but no significant u:ﬂunm:eohhecpeed of the processes on their coutse
was observed. The NpropylS compound was characterized by maore
distinet and intense peaks than a dedvative with a shorter substituent
chain (Nethyls).

Potentiometric titration results proved the existence of three disso-
ciation equilibria in the solutions of studied ligands, which is
with the pressnce of three acid-base centers 1n each molecule snudied.
The determined pK,; and pK; constants are in good agreement with the
values known for the sulfonamide derivatives, The stuenwe of the
substitvent attached to the amide group is crucial to the basieity of the
entire molecule. It has been demonstiated that even such o small dif-
b in the ¢ of the i tigated derivatives as -CHz- unitin
the R-group influences the obtnined values of the pA. consmnt
describing the dissocintion of subsequent protons. Incressing the chain
length o the substiment resulis in an incrssse o the bastelty of the
amino group of the nitrogen atom N3, as an «ffect of that also the pK;
vnlm conespondilu to the nnuuo gioup (N1) of sulfanilamide moiety is
separating the two acid-base

e
centers,

Cousedic

on the plexing capadity have shown the formation of
complexes characterized by high stobility constants values with
thodiun 1) and ruthenium( 1} ions, For both metal cations, the ML
iehil 1y of the coordination forms was defined as 1:2 (ML,). The
ion complexation by stadied sulfonamides may lead to the formation of
chelare rings of different sizes, depmdingon the length of the alkyla-
mino substituent involved In the dinntion process. Our research
nlgsesh thot in the case of thodivn(li) ion, the preferred form of the
plex k¢ the six beced chel m:g(w(depmpylshguul).whﬂe
i the cnse of the ¢ (111) ions o f 1o of the f E
ring s nn effect of complexation with NethylS is favored,
ion on the physicockemical profile and complexing capacity
of the smdied ligands is crudial for further study of these systems,
including the synthesis of coordination forms with possibly increased
blological acuvity as compuared 1o sole lgands. The lower szbility of the
Npropyl$ complex with Rullf) ions does not exclude it as a candidate for
an effective pharmaceuticnl, it is quite the opposite. In the case of
complex compourxis with biological nerivity, the complex must exhibit
sufficiently high stability to enable it to reach the molecular target in a
coordinated form. On the other hand, the labiliry of such a system is also
deslmble to allow the relense of both free ligand moleculzs and metl
ions at the site of drug action. [51-54 . Therefore, the NpropylS complex
with Ru(lll) seems to be, in our opinksn, o goodmdidmeforﬁmlm
resenrch induding the complex synthesis and the comp
of physicochemical properties and biological activity compared to d'w
unbound ligand.
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ABSTRACT: The discovery and introduction of the switchSense
technique in the chemical laboratory have drawn well-deserved
interest owing to its wide range of applications, Namely, it can be
used 10 determine the diameter of proteins, alterations in their
tertiary structures (folding), and many other conformational
changes that are important from a blological point of view. The
essence of this technique is based on its ability to study of the
interactions between an analyte and a ligand in real bme (in a
butfer flow). Its simplicity, on the other hand, is based on the use
of a signaling system that provides information about the ongoing
interactions based on the changes in the fluorescence Intesity,
This technigue can be extremely advantageous in the study of new
pharmaceuticals, The design of compounds with biological activity,
as well as the determination of their molecular targets and modes of interactions, is' crucial in the search for new drugs and the fight
aganst drug resistance. This article presents another possible application of the switchSense technique for the study of the binding
kinetics of small model molecules such @ ethidium bromide (EB) and selected sulfonamide dervatives with DNA in the static and
dynamic modes at three different temperatures (15, 25, and 37 °C) each. The expenmental results remain in very good agreement
with the molecular dynamics docking ones. These physicochemical insights and applications obtzined from the switchSense
technique allow for the design of an effective strategy for molecular interaction assesspvents of small but pharmaceutically important

. Metrics & More [ | @ Suppotting ksformation

molecules with DNA.

B INTRODUCTION

Why is the search for new, effective methods of studying the
interactions of compounds with potential pharmacological
applications with DNA so crucial? Each cell in the human body
contains one molecule of genomic DNA and various proteins
in numerons coples, Through the genetic information collected
in the DNA, a damaged protein can be blosynthesized. On the
other hand, DNA damage beyond repair capacity leads to cell
death. This is why DNA 15 a target of many therapies and why
it is so important to study the interaction of potential
pharmaceuticals with this biomolecule. Scientists from all over
the wordd seck new tools and applications of accessible
methods for the precise description of physicochemical and
biological phenomena. One of these tools may be the recently
developed technique called switchSense. ™ This technology
uses chips with an clectrically switchable gold surface cavered
with DNA nanolevers, which enables the charcterization of
intermolecular interactions in real time (Figure 1). The single
nanolever consists of an anchor strand that 15 covalently
attached to a chip surface and an adapter strand terminated
with a fluorescence dye. The sequence binds to the anchor
strand due to complementarity, The sequences are spedally
© 2022 The Authors: Publihed by
Amarican Ch

arvical Sodoty
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selected to create a stable double strand even up to 80 °C, The
last component is 3 ligand strand that can bind different types
of ligands. To extend the chips' hfetime and increase the
possibility of their functionalization, they have been adopted to
be regencrable and thus reusable. This also allows for the
reduction of the cost of the measurements, which Is of utmost
importance while working with biclogically active compounds.

The switchSense combines sensitive kinetic research with
structural information, such as the shape, size, and con.
formation of biomolecules, enabling the understanding of
interactions at a molecular level. Dedicated electronies manage
the electric actuation of flucrescently labeled DNA nanolevers
placed on the biochip surface using the phenomenon of
electrically triggered time-correlated single-photon counting
(E-TCSPC). The nanolevers are introduced into a controlled
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Figure 1. Prnciple of the beliX (Dynatmic Bi

[A) Sch

5)
measurement system in (B) static mode and (C) dynamic ‘mod,

of the modified chip surface. Schematic presentation of the

movement by changing the voltage on the surface of the gold
clectrodes,. When the interaction occurs, nanoprebe woscil-
lations and /or dyc fluorescence change, which are then used to
determine the number of kinetic and biophysical parameters.
To obtain data on molecular interactions, the apparatus
combines automatic fluid distribution, measurement mode
control (static or dymamic), temperature control, chip
management, and the introduction of numerous modifications
to the nanolever system, Moreover, using the microfiuidics
system, low sample consumption and biochip regeneration
make the switchSense technique econamical and environ-
mentally friendly, which s Ln agreement with "The 12
Principles of Green Chemistry”.”

SwitchSense has been successfully used to determine
numerous physicochemical properties and quantities such as
diameters of proteins, protein folding, and conformational
changes.” Its applicability can also be exterded to study the
enzyme activity and the influence of 1ons on nudeic aad
folding, analyze the monomenc and trimeric states of TNF-a
(tumor necrosis factor-alpha), and detect carcinogenic water
pollut:mu' ' Furthermore, it has proven useful and effective
in obtaining the binding and dissociation kinetic parameters of
mulcculcs such as proteins or polyamides to nucleic
adds™ " and interactions of small molecules with the
human serum albumin,'

Based on the fact that DNA acts as a molecular rarget for
many of the pharmaceuticals used in a varicty of therapics, e.g.,
anticancer treatment, extending the application of switchSense
seems to be desirable, This technique allows the assessment of
both association and dissociation processes for ligand—analyte
interactions. The determination of the binding strength is one
of the factors that provide a solid justification for further
rescarch, including biological study. Our group has recently
started working on adapting this technique for the study of the
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mechanism 2nd strength of binding of small molacules directly
to the DNA chain, The preliminary studies were performed
with a well-known DNA intercalator: ethidium bromide (EB, a
model molecule). The EB is described by a high value of the
binding constant to the DNA, and its thermodynamic
characteristic of hmdms to the said bxomolemle _has been
well described in other types of experiments.” ™' The
sulfonamides have been selected as the main rescarch obyed
due to their proven antiblotic and anticancer properties.”
Therefore, the second small compound that has been selected
for the research was sulfathiazole (STZ), a chemotherapeutic
agent with a strong bacteriostatic effect. Tts interaction with
DNA in solutions was groven by our group using
spectrophotometric ttration. It was previously confirmed
that STZ was also a promusing ligand for the formation of
complexes with transition metal ions (e.g, Ru(Ill)) and that
the complexation improved its antimicrobial and anticancer
properties.” As for further rescarch objects, two sulfonamide
derdvatives differing In the alkylamino substituent length, 4-
amino-N-(2-aminoethyl )benzenesulfonamide  (NethylS) and
4-amino-N-(3-aminopropyl)benzenssulfonamide (NpropylS),
were sclected. The physicochemical and complex forming
properties of said compounds were recently determined by onr
oup.

g"l_lndtz!st:u'n‘ling the mechanism of DNA—drug interactions is
crucial in the drg design process as well as in blologxtal
activity studies. A combination of both i tive exp
technique and well-known computational methods to
determine the binding made and strength of the Interaction
of small molecules to the DNA chain was nsed in the present
paper. Such an approach might prove extremely important as
both primary and complementary analytical tools for rather
costly and time-consuming i wivo studies. Therefore, n this
paper, we (i) present a3 never reported route of obtaining the

terpr ol 10 107 1 cs b 23 138
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optimal methodology for studying the kinetics of binding of
small molecule compounds to DNA using the switchSense
technique; (i) deseribe the affinity of studied sulfonamides to
a selected DNA double-strand sequence by determining
parameters such as the association/dissociation rate and
binding constant for the sulforamide—DNA adduct; and (iii)
discuss the possible mode and binding sites of studied
sulfonamides to the particular base pair sequence used in
this study. Our results are promising, and the technique has the
potential of becoming a powerful tool for the study of the
affinity of pharmaceuticals to biomolecules in real time. We do
believe that this innovative use of switchSense technology
would facilitate the research on biologically active compounds
targeting nucleic actd.

B EXPERIMENTAL SECTION

Samples and Measurements. The cthidium bromide and
sulfathiazole were purchased from Sigma Aldrich. The NethylS
and NpropylS were synthesized previously by our group, The
synthesis pathway for the NethylS and NpropylS procedure
was described elsewhere.™” All buffers and solutions (PE40
buffer %10, regeneration, passivation x10, EDTA, chip, and
standby solutions) together with 96-well plates and 13 and
100 mL autosampler vials with caps dedicated to the heliX
instrument were delivered by Dynamic Biosensors GmbH
(Planegg, Germany). The buffers and solutions reéquiring
dilution were prepared from double-distilled and additionally
filtered (2 um) water. The apalyte (EB, STZ, NethylS, and
NpropylS} solutions were prepared and measured in several
concentrations, i.c,, the ethidium bromide from 10" to 107° M
(dilution factors 10 and 2), the sulfathiazole from | % 107 to
1.25 x 107° M (dilution factor 2), the NethylS from 2 x 10~
ta 2.5 % 107 M (dilution factor 2), and NpropylS from 8 %
107 to 1 % 1071 M (dilution factor 2). The EB samples were
prepared using the PE140 buffer (pH 7.4; 10 mM Na,HPO,/
NaH,PQO,, 140 mM NzCl, 0.05% Tween20, 50 uM EDTA, 50
#M EGTA} and also using the PE40 buffer (pH 7.4; 10 mM
Na;HPO,/NaH 'O, 40 mM NaCl, 0.05% Tween20, SO yM
EDTA, S0 yM EGTA), while for sulfonamides, the PE40
buffer was used To reduce the evaporation of samples during
the measurement, the plates were sealed.

The Measuring System. The measuring system is made of
2 DNA probe terminated with a fluorophore (red, dye A)
immobilized on the gold biosurface of the chip (standard
adapter, HeliX-ADP-2-0), The DNA fragment is 2 96 bp (base-
pair) sequence where both the adapter (5'48 bases + TAG
TGC TGT AGG AGA ATA TAC GGG CTG CTC GTG
TTG ACA AGT ACT GAT-3') and ligand-free strands (5"
ATC AGT ACT TGT CAA CAC GAG CAG CCC GTA TAT
TCT CCT ACA GCA CTA-3') are distinguished. The first 48
bp is internal company secret information. The strands were
provided by the manufacturer in a prehybridized form as chip
and standby solutions. The measurement system was the same
on spots 1 and 2.

Dynamic and Static Modes of Measurements. The
experiments weee performed using two modes: dynamic and
static. In the fiest of them, there was a need 1o use the stepwise
measurement approach, while in the statle mode, the
experiments were performed using the methods provided by
manufacturers (Standard Kinetics v46, mak binder kinetics),
The first step of all experiments was fi lization. The
adapter concentration was 1 X 107 M, md the time of this
process was 200 s, The proper kinetics analysis was our next
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step. Depending on the sclected mode and method, the
association and dissociation times differed as follows: (i) in the
dynamic mode and for the weak binder method, these were
equal to 30 and 60 &, respectively, (ii) while in the static mode
and for the standard method, these were equal to 60 and 300 s,
respectively, The flow rate in all cases was 200 uL/s. The
dissociation process was carred out until the analyte was
completely washed out of the system by the buffer. The LED
(light-emitting  diode) power was 2, The analysis was
performed for the five concentration varfants, namely, O
{blank} and the remaining four (listed above} depending on
the tested compound, The blank was peformed before and
after & serles of concentrations. The analyses were performed
in either the PE140 or PE40 buffer; these buffers differ in NaCl
concentration and hence ionic strength. All of these parameters
were chosen based on optimization. The measurements in the
vanous flow rates, in the range of 30 to 500 yL/s, and time
vanants of the dissoctation and association process have been
performed.

All variants of measurements have been registered at three
temperatures: 15, 25, and 37 "C. To check the status and
parameters of the used chips, a chip test procedure was
performed before and after the messurement. The chip tests
were carried out using the method provided by the
manufacturers (v3) with an inflection point of 0I5 and a
temperature of 23 °C,

Result Analysis. The results were analyzed using the Helix
software (v1.7.0). All corves of response as fluorescence
change during the dissociation and assoctation processes as
one data set (data for five different concentrations) were fitted
with the I:1 interaction model expressed by eqs | and 2,
respectively,

y= Al - e-(‘f"kﬂ‘("'.)) +y
%

y=A(1 - ey 4 N (2

where A is a signal amplitude; 1, and £ are start times assigned
to the association and dissoclation processes, respectively; v, is
1 baseline; ¢ is 1 concentration; and k, and &, are association
and dissociation rates, respectively. Considering ¢qs 1 and 2,
the association constant (K,) caukl be calcolated following
eq 3 at the equilibrium:
k,
ky (3)

Computational Methods. The cquilibrium structures of
all analytes (EB and sulfonamides) were obtained by geometry
optimizations employing the wB97XD™" hybrid-functional
including empirical dispersion and the 6-311++G(2d,2p)
Pople-type basis set.’” Force constants and vibrational
frequencies were then calculated to ensure that optimized
structures are true minima on the potential energy surface, The
aqueous cnvironment (¢ = 78.33553) of the solution was
approximated by employing the CPCM™ solvation model in
all the above-mentioned calculations, The Cartestan coor-
dinates of the equilibrium structures of all compounds
considered here are collected in Table S1. Al quantum
chemical cal-:uhtmn: were carried out using the GAUSSIAN16
(Revision C01)™ computational package.

Because the experimental structure of the DNA helix used in
this work is not well-known and the only data on the structure
is its sequence, the Nucleic Acid Builder (NAB)" was used to

KA=
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build an initial structure for further calculations. The B-type
conformation of the DNA was assumed at this step, as it is the
most shundant in cells.® In the next step, the OL1S force
field™ was used to obtain the initial parameters (topology and
coordinates) for MD simulations. The DNA double helix wag
solvated with 95,963 TIP3P model” water molecules and

minimization and equilibrated for $0 ps at 298 K with a
constant pressure of 1 bar in an isothermal Isobaric ensemble
(NPT; N: number of particles, P: pressure, and T: temperature
were kept constant), Finally, after heating, the molecular
dynamic simolations (MD) were then run for 10 ns in an NI'T
ensemble with the PME (particle mesh Ewald method™®) and

placed in a truncated octabedral periodic box with an cdge
Tength of 157 A and 2 minimum distance between the solute
and the box equal to 5 A. Subsequently, the system was
neutralized with Na® counterions to reproduce the physto-
logical conditions and keep the solute molacules within the
simulation box, Overall the whole system contained 291,031
atoms. The energy minimization was camried out in two steps:
(1) first with 1500 steepest descent cycles and 1000 conjugate
gradient cydes with the 50 keal/molA~ weight for the
positional restraints on the solute, without H atoms, which
were allowed to relax, and (i) second with 6000 steepest
decent cycles and 3000 conjugste gradient cycles without
restraints. Later, the system was heated up to 298 K for 10 ps
with the same restraints as in the second step of the

158

SHAKE algorithm,” The geometry of the solute obtained by
averaging over structural ensembles from the last 1 ns of the
production step of MD was taken for the molecular docking
simulations. Puring this step, the collision frequency was set o
1 ps!, whereas the cutoff for nonbonded intemctions was set
to 8 A Al MD calculations were performed using the
AMBERI4 package.”

Molecular docking simulations were performed using
AutoDock 4.2 Release 4.2.6" The structures of analytes and
the receptor (DNA) without nonpolar hydrogen atoms wiere
used. For said structures, the Gasteiger partial charges™ were
calculated and then wsed in the docking simulations. The
binding of analytes to the DNA helix was performed using the
Genetic Algorithm.  Because receptor binding sites were

ferper Ol oy 40 0T s pch 203 138
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unknown, it was necessary to cary out docking simulations 1
two manners First, less accurate docking was performed witha
large grid box (96 x 126 x 54 A"} and 1 A grid point spacing,
including the whele DNA strand to locate the most favorable
binding sites. Subsequently, more accurate docking simulations

most popular (top) and the strongest bonded (bottom)
conformation of an analyte—ligand complex from docking
simulations focused on the most important grooves. In the
maost popular bonding mode, for which the bonding energy
was calculated to be equal to 6.87 keal/mol, the ethidium is

with grid boxes coverng only the most important binding sites
with 0.303 A grid point spacing were carried out to obtain
more rigorous and exact results, The analyte—receptor
interaction Gibbs free energy (AG) was evaluated according
to eq 4

~A = ~R B-R
AG = (Vr‘;mml) = V(t-t;‘mml)) + (V{‘)(!nmll ~ Vi anbund
H-A -A
+ (V{bwmll = Vltnhaml)*' Aswut') 4)

where A refers to the "analyte” and R to the "receptor” in &
docking calculation. The pairwise energy temms (V) include
evaluations of hydrogen bonding, electrostatics, dispersion/
repulsion, and desolvation. The exact form of V' can be found
in the AutoDock 4.2 manual. As can be seen from the above
equation, both pairwise evaluations and the conformational
entropy (AS,,) lost upon binding are taken into account in
the assessment.

W RESULTS AND DISCUSSION

Optimization Based on Ethidium Bromide Interac-
tions with DNA. The results of theoretical calculations for
cthidium bromide interactions with DNA are depicted on
Figure 2, The equilibrium structures of ab initio optimized
compounds and the positions of the most common (green)
and most strongly bonded (red) binding sites together with the
results of high-accuracy (0.303 A grid point spacing) docking
simulations are illustrated in the figure.

Ethidium bromide (EB; Frmure 2A} can intercalate mto a
DNA duplex from the minor groove, which results in a
reduction of the 36° twist to 10°, and hence, the DNA
unwinds by 267" Ax previously reported, the EB
preferably intercalates in GCich sequences;* however,
there are also reports indicating its intercalation in AT base
pairs.’ Intercalation has been generally considered to be the
result of a hydrophobic interaction in which an aromatic
molecule is drawn 10 2 nonpolar enviconment of the base palrs
from the hydrophilic aqueous surmum:linp.'"I Moreover,
computational studics with the ethidium bromide suggested
that its intercalation complexes are also stabilized by frontier
orhital interactions between the lowest unoccupied molecular
orbital (LUMO) of the intercalator and the highest
unoccuyled molecular orbital (HOMO) of the adjacent purine
bases.'” As can be seen from Frgure 2B, the most preferable
docking sites for ethidium are located in the bottom part of the
studied DNA helix, i.e., the part doser to the anchor. Namely,
both the most popular docking site (I} and the one within
which analyte binds the strongest (IV) are located in the same
minor groove, ie,, the second one counting from the anchored
end of the double helix. The aforesaid groove is dominated by
the presence of AT base pairs, which indicates a high affinity of
ethidium to these two nucleobases. For the strongest bonded
mode (IV), the corresponding binding energies are in the

ted perpendicularly to the minor groove, On the other
hand, In the case of the complex bonded by the highest value
of 7.97 kcal /mwol, the molecule is oriented m a way that allows
its rings to somewhat clasp one of the nucleobase pairs forming
the groove, like tongs. Both the affinities of ethidium to the AT
base pair and to minor groove binding overall are of no
surprise as such binding modes were observed elsewhere,""
which validate the molecular docking results reported in this
paper. The two remalning most popular binding sites were
calculated to be placed within the first minor groove, which is
not dominated by any particular base pairs as the anchored end
of the helix starts with the TAG TGC sequence.

The computational methods were used to obtain the
information on which parts of the examined fragment of the
DNA helix the EB molecule most preferably attaches to, The
aforesaid data also Indicated the binding mode, which could be
further characterized by the strength of interaction and
compared with the experimental value of the association
constant K. High values of K, (hinding constant; approx.
10*~10" M™') imply intercalation. The association constants
for the DNA—EB adduct known in the literature differ slightly
in their values from cach other, depending on the measure-
menttechnique used,"™""*! and are equal to about
10°—10° M, The switchSense technique enables the
description of both the association and dissociation processey
occurring during the flow of the analyte by kinetic nte
constants &, (eq 1) and k; (cq 2} and, on their basis, the
determination of the association constant expressed (n the
form of K, (eq 3). The curve showing the processes of
association and dissoctation of the analyte to the ligand system
(which is & fragment of double-stranded DNA) and a diagram
illustrating the ongoing process, together with the assignment
of the values of k, and k;, are presented in Figure 1 as an
cxample

The measurements for EB were carried oot in two modes:
(i) The first is dynamic, using the oscillatory movement of the
helix fragments under the influence of changes in the apphied
voltage. The response signal is affected by a change in
hydrodynamic frictton as a result of analyte—ligand interaction.
(ii} The second is static, in which the changes in fluorescence
result only from the influence of analyte—ligand binding on the
fluorophore signaling unit, causing physicochemical changas in
its local covironment, while DNA naneclevers are not
electrically actuated in motion. Two methods (weak binders
and standard kinetic, which will be discussed Lter in the
manuscript) were used in the static mode, To determine the
influence of temperature on the kinetics of the studied
processes, the experiments were carried out in the three
temperature varants: (i) 37 °C, which comesponds to the
temperature of the human body; (i) 25 °C, a room
temperature usually kept in the chemical laboratory as well
as for conducting the experiments (e.g, studies of the
interaction of pharmaceuticals with DNA in solutions using

range of 4.28—5.52 keal/mal depending on the confe

of ethidium relative to the receptor, The situation is quite
different when the results of more accurate, second minor
groove-focused calculations are considered. Over 90% of all
dockings found exhibit binding energy over 5.5 keal/mol. The
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inst ntal technigues such as spectroscopic or electro-
chemical methods); and (it) 15 7C to analyze the influence of
the lowered temperatur¢ on the kinetic parameters. The
duration of the assoctation as well @ dissociation processes and
the flow rate values were determined based on numerous
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Figuro 3. Measuring system, (A Structure of the chip surface used
for research (B) Scheme of the occusting Intersction with the
assignment of k, and &y (C) Representative curve presenting the
processes of assoclation {green line) and dissoclation (red linz)
registored during the measurement of the interaction lanetics.

preliminary measurements (optimization of the procedure;
Figure S1).

The results show that, for all measured variants, the response
curves have the typical shape, and the association and
dissoctation processes are visible, However, at the extreme
flow rate values (20, 30, and 300 uL/min), the obtained kinetic
paramcters were not reproducible. For this reason, the flow of
200 pL/min—neither the highest nor the lowest of the
tested—has been selected for further analysis. The duration of
association and dissociation processes has also been
determined and is equal to 30 and 60 s, respectively. These
time varants ensure complete apalyte dissociation and @
sufficiently long bonding time, The time of association below
10 5 excluded the repeatability of the obtained results, and the
time above 30 s did not affect the efficiency of the process;
therefore, it was not regarded as necessary.

Based on the optimization process, the suitability of the
dynamic mode for studying the interaction of EB with the
DNA chain was checked first. A detailed descrption of the
kinetic measurement pathway in dynamic mode is described in
the Experimental Section. Results of the measurements carried
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out in the dynamic mode at different temperatures and EB
concentrations are shown In Figun 4A.

Unfortunately, the following numerous issues that disqualify
the use of this mode in the studies were encountered: (1) no
correlation bety the conc of the analyte and the
intensity of Huorcscence changes was observed, (ii) the
measurements performed in this mode were not reproducible,
and (iii} the values of the binding (k) and dissociation (k,)
rates obtained on their basis as well as the values of the
association constant (K,} were flawed as indicated by high
values of standard deviations.

Fortunately, studies on a system in which the DNA helices
do not come close to the dectrode surface with oscillatory
movements, for which the changes in fluorescence are the
result of only the binding of the analyte to DNA nanolevers,
ylelded much better results. In the graphs of the changes in
fluorescence during the measurement {Figure 4B), a very sharp
curve related to the process of association of EB to DNA was
noticed, Such a shape of the slope proves that the binding is
fast, cven instantancous. Carrying out the association for the
next part of the minute (as assumed for this process) does not
bring any significant changes in the fluorescence intensity, as
evidenced by the flat segment between about 30 and %0 5 of
the measurement. The flow of the analyte solution through the
chip was then terminated, and the flow of the buffer (without
analyte) began, Initiating the dissociation process. The shape of
the slope representing the dissociation is less sharp, which may
be due to the strong DNA-analyte interaction, For the highest
applied concentration (107" M corresponding to the red line in
the plots), the most clongated shape up to approx. 130 s of the
measurement was observed. Ultimately, the change in
fluorescence descends quite quickly to zero in all the
performed measurements, which proves the complete dis-
sociation of EB molecules from the DNA helix as a result of
washing with the buffer. Therefore, chip regeneration (DNA
nanolever denaturation and freeing the anchor—short single
DNA strand for the next functionalization) is not required after
each concentration, The determined values of k, and k; rates
together with K, and K, constants were found to be repeatable
(In three independent experiments) and presented in Table |

It is apparent from Table 1 that the temperature affects the
rate of the association processes taking place (see k, values). It
might be expected that the increase in the temperature would
lead to higher values of the bonding rate. An increase in
temperature of the environment of simple low-molecular-
weight systems generally cavses an increase in the mobility of
mentioned systems in solutions and boosts their reactivity. The
analysis of &, values leads to the conclusion that this tendency
remains in the case studied here for the temperatures within
the range of 2§ to 37 °C. Namely, an increase in the
temperature resulted in a slight increass in the value of the
association rate. On the other hand, at the temperature of
15 °C, the k, values were comparable and even higher than for
37 °C. In the case of large biomolecular systems (such as
proteins or nucleic acids), the temperature influences the
conformation and thus their reactivity to & bigger extent
stronger than for small molecules™ ™ The influence of the
temperature on the conformation of blomolecules s a
nontrivial problem. On this score, the increase in the
temperature does not necessanly have to translate into an
increase in the fate and strength of the interaction. Tn fact, an
increase in temperature above a certam threshold may indicate
that the intermolecular Interactions will become even weaker,
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Figure 4. Representative rosalts of analyses of EB interaction with DNA helix carried out in 1S, 25, and 37 “C. (A) Dynamic mode, (B} static
{standard) mode, and (C) static (weak binders) mode. The thinner lines in each color represent the measurement points, while the bold line
ropresents the fitted data based on which the knetic parameters are calaudated

Table 1. Values {along with Their Standard Deviations in the Brackets} of Determined Association Rates (k,), Dissocation
Rates (k,), Association Constants (K, ), and Dissociation Constants (Ky) for EB Interactions with DNA Measured by the
Static Kinetic Mcthod (switchSense Technique) in the PE140 Buffer, Flow Rate 200 pL/s

amlyss mode temp [*C] E MY (TR K [M] V9 Vs
statle (standard) 15 {130 = 06) % 10 0359 = 0,005 (239 =028) x W (419 = 044) x 10"
15 (698 = 0A3) X 10° 0358 = 0,007 (503 =047) % 0" (195 = 0.18) x 10°
a7 (K85 = 095) x 10° 0460 = 0.000 (422 £ 047) x 107 {137 = 027) x 10f
statie (weak bindees) 15 (1.69 = 020) % 10° 0181 & 0.007 (132 2 027) x W07 (431 = 081) x 10"
15 (604 = 018) x 10° 0478 + 0100 (791 = 048) x W07 (126 = 023) x 10
k7l {102 = 0.19) % Lo* 0388 = 0.004 (375 = 080) % W0 {167 = 040) % 10F

A higher temperatute, leading to increased vibrations and
movement of the interacting molecules, makes it difficult to
maintain the interaction It is also noteworthy that the
movement of the analyte molecules during the measurement
is forced by the flow mate, which affects the interaction to a
bigger extent than does the temperature (at least in the studied
temperature range ). For that reason, it was passible to observe
an acceleration of the EB to DNA association process as an
effect of the temperature decrease (from 25 1o 15 °C). This ts
presumably caused by the fact that, at 13 °C, the DNA adopts
the thermodynamically favorable configuration that allows it to
have a faster and stronget Interaction with EB, Interestingly,
the temperature did not have 2 large impact on the dissodation
rate of the EB-DNA adduct (k;). The similar values of k; are
mainly determined by the buffer flow. Morcover, the
differences in the association constant (K,) values for the
measurements registered at three different temperatures are
mainly a consequence of the differences in the values of the

dependencies and correlations would require extensive
research.

The results of measurements registered in the standard
stationary mode proved to be sufficiently precise to study the
kinetics of EB interaction with the DNA helix However,
bearing in mind that the purpose of the study was to also
describe the compounds interacting with the DNA chain to a
lesser extent, our research was expanded to include also the
weak binder mode in the static kinetic method. The plots of
the fluorescence changes resulting from the measurements
conducted in this mode are presented in Figure 4C, Due to the
previously observed high rate values of assodation and
dissociation, the duration of these consecutive processes was
shortened. As expected for an EB molecule, the course of
changes in fluorescence and thus the shape of the curve
remained the same a5 in the measurements made in the
standard static mode (Figure 4). This confirms the possibility
of using both static mode subtypes to determine the kinetic

binding rate (k). The determined kinetic p eters
demonstrate that the influence of the temperature on the
interaction processes nvolving biomolecules in the forced flow

of the analyte s a complex ssue, Determination of the exact
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ters of ethidium bromide interaction with DNA.
In the case of EB, the range of concentrations between 107°
and 107" M resulted in changes in fluorescence at the level of
approx, 2 to 30% in the PE140 buffer. These were the most

r

Perper ol oy 100021 e b 23 138
J Ay Clem 8 2022, 126, 72337351



Pelne wersje publikacji — P3

The Joumnal of Physical Chemistry 8

pubsacsorgJPCB

favorable parameters for the measurements. Too low changes
in fluorescence (below approx. 1%) may lead to obtaining
values of kinetic parameters with a high standard deviation.
The changes in the intensity of fluorescence apart from the
nature of the analyte and its binding mode are ako influenced
by the environment in which the process takes place
Morcover, the influence of different ionic strengths on the
conformation of end-tethered DNA molecules on gold surfaces
has been proven.™ An increase in fluorophore activity was
observed when registering the assoctation of EB in the PE40
buffer (Figure SA). The PE40 buffer is characterized by a lower
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Figure §. (A) Representative measurement of EB binding lunetics to
DNA recorded for six concentrations (from 1 X 107" to 3,128 x 10~*
M, dilution factor = 23 in the PE40 butfer at 25 °C. (B) Graph of
fluorescence intensty w analyte concentration (EB; square points),
along with linear fitting (red line; R = 0.998),

NaCl concentration (lower ionic strength) compared to the
PE140 one (see the Expecimental Section), The change of the
buffer did not significantly affect the values of the assodation
constants (Ky = (152 £ 0.15) X 10° M at 25"C). Increasing
the intensity of the fluorophore response through the
appropriate sclection of the buffer can be bencficial in the
case of compounds whese binding to DNA causes only slight
changes in the fluorescence of the signaling unit.
Furthermore, a linear comrelation was observed betwesn the
concentration of the EB and the change in fluorescence
associated with the interaction with the DNA chain
(Figure 5B), This cenfims the sclection of appropriate
parameters and the correct carrying out of the experiments,
To sum up, the results of our study for EB indicate that the
dynamic method is not appropriate (not sensitive enough) for
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the investigation of the interactions of small molecule
compounds with the nucleic acid helix. Despite our exhaustive
attempts to adjust the 1 t parameters, the obtzined
recults remained unsatisfactory. The suitability of the static
kinetic mode (for both standard and weak binder subtypes) for
the study of the direct interaction of the EB molecule with
DNA is justified and demonstrated by (1) the reproductbility of
the obtained results (both the nature of the change over time
and the percentage of change In fluorescence), (1) direct
correlations between the concentration of the analyte and
fluorescence changes (in %), and (iii} the values of the
determined k, and k, rates and K, and K|, constants being
reproducible with their low standard deviations.

Sulfathiazole Binding Studies. The second small
molecuke considered in this study was sulfathiazole (STZ).
Unlike ethidium bromide, its interaction with DNA s not
widely discussed in the awilable literature. It was reported
previously that this sulfonamide derivative interacts with DNA
via binding through a helix groove.™ As for the docking of
sulfathiazole, the situation is quite different than with ethidium
bromide. This is mainly due to the significant structural
differences between STZ and EB (see Figure A} In its
equilibium geometry, ethidium is mostly planar, whereas
sulfathiazole exhibits a vlike shape (as do all remaining
sulfonamides). Namely, for sulfathiazole, the most preferzble
docking site (I) 15 located in the first minor groove In the
projection presented on the bottom part of Figure 2B, which is
between the two minor grooves described in the case of
ethidium binding (on the back of the first projection of the
DNA helix), As mxentioned before, this region of the double
strand does not exhibit any specificity regarding the abundance
of cither AT or CG base pairs. The other two most favored
binding modes for sulfathizole are located on the other side of
the DNA strand, ie., in the fourth minor groove. It consists
mostly of AT pairs In this case, demonstrating that the
preferences of sulfathiazole toward certain nucleobases might
be regarded as somewhat similar to those of cthidium, It
appears from the minor-groove focused calculations that in the
most popular mode of binding (6.18 kaal/mol), the v-shaped
sulfathiazole molecude (the sulfonamide group CSNC dihedral
angle equal to —47.43%) is-parallel to the "base” of the minor
groove. In the case of the complex bonded by the highest
amaount of energy (7.39 keal /mol), the CSNC dihedral angle in
sulfathlazole s equal to 164917, which allows for a higher
contact arca between two interacting systems than was the case
for thee most popular binding mode,

The strongest binding of sulfathiazole to the studied DNA
helix, however, was found to occur within the sccond minor
graove (bottom of Figure 2B). The energy assoctated with this
binding was found to be somewhere in the range between 3.5
and 5.3 kcal/mol, depending on the conformation of
sulfathiazole. The receptor in the region of the second minor
groove is bullt more or less equally by both AT and CG pais.
Hence, it is rather the sequence (TCG) that this groove
consists of and its closest environment that make the
significant binding rather than any specific pair of nucleobases,
Altogether, taking all docked conformations of both ethidium
bromide and sulfathiazole into account, the average binding
energy for EB was found to be ca. 0.58 keal/mol higher than
that of sulfathiazok, ie, 7.97 15 739 kaal/mol for cthidium
and sulfathizzole, respectively. The magnitude of the difference
in the average binding energy indicates a comparable affinity of
the studied DNA helix towand both compounds.
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Figure 6. Representative results of analyses of (A} NethylS and (B) Npropyl§ interactian with DNA helix casried out at 15, 25, and 37 °C in statx
(weak binders) mode. The thnner knes in each color represent the measurement points, while the beld line represents the fited data based on

which the kinetic parameters are calculated

The experimental results show that the flusrescence changey
observed for STZ were significantly lower than those for EB,
which might be due to the weaker interaction of this species
with DNA, interaction In a different groove of the helix, or
another bonding mode. The curves exhibited an analogous
shape as in the case of EB with very low values of fluorescence
changes. This suggested that the Interaction constants were not
possible to determine with a reasonably low standard
deviation. Unfortunately, these facts expose some limitations
of this method. For compounds that interact weakly with DNA
(or if changes in fluorescence are very low), one can perform a
qualitative analysis, ic., answer the question of whether under
given conditions the com d interacts with DNA However,
in the case of determination of the parameters (&, &y, Ky, and
Kp) of this interaction, it should be approached with limited
confidence. A detailed discussion of the experimental results
can be also found in the SI (see pages §6-59),
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NethylS and NpropylS Binding Studies. The last
rescarch objects induded in the present rescarch were two
sulfonamide derivatives differing in the length of alkylamino
substituent (NethylS and NpropylS). It was demonstrated in
the past that even such a small difference in their structure as a
presence or absence of a —CH,— unit in the substituent affects
acid—base and complex forming properties toward trivalent
rhodium and ruthenium ions.” Therefore, it seemed necessary
to investigate the interactions of these compounds with the
DNA chain and to check whether, in this case, we are also able
to notice differences in behavior between NethylS and
Npropyl§. Unfortunately, determination of the binding
constant of these compounds utilizing commonly used
techniques such as UV—vis spectroscopy or voltamperometry
turned out to be very problematic. The use of the
spectrophotometric approach was prevented by the spectro-
scopic properties of the studied systems. The absorption
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Table 2. Values (along with Their Standard Deviations in the Brackets) of Determined Association Rates (k,), Dissociation
Rates (k,), Association Constants (K, ), and Dissociation Constants (Kp) for NethylS and Npropyl§ Interactions with DNA
Measured by the Static Kinetic Method (Weak Binders) in the PE40 Buffer, Flow Rate 200 uL/S

compaund wmg ['C] & (M & [+ Ko (M) Ky M
Nethyl$ 15 FLT £ 10 (1234 004) x 107 (168 £ 010) x 107 (594 4 015) x 107
25 77 437 (877 & 059) x 107 (113 £ 029) x 107 (382 4 072) x 10°
610417 (187 = (M) % 1077 (2,54 +013) % 107 (393 + 020} x 10
Nprogyls 15 267 £ M4 (148 % 0.05) x 10-* (533 + 073) x 107 (181 & 024} % 107
35 169 & 03 (102 = 0.01) x 107 (6.0 +024) x 107 (L.66 & 007} = 107
W 154 4 06 (L19+ 002) x 107 (7.7 + 03] x (07 (129 & c0s} x 107

Figure 7. The tesults of theoeetical caleudations for NethylS (top) and Npropyl§ (bottom). (A} Equilibrium structures of ab sitio optimized
NethylS and NpropylS. (B) The postions of the most common binding sites {green) and the sites characterized by the highest value of analybe—
receptor binding energy (red). The thickmess of each arow cepresents the relative abundance of a given clustering, The presented fsosurface was
obtained from the Gaussian density map as implemented in VMD.™ (C) The most populir (top) and most strangly bonded (bottom)
conformation of an amafyte—ligand complex from docking simulitions focused on the most important grooves. For the NpropylS, both the most
popular and mast strongly bonded binding modes are sented by single analyte—receptor complex conformation (the top one). Hence, the
second confi {on the | )p d for Npropyd$ & that of the second most popular binding site

maxima for NethylS, Npropyl$, and DNA in the Tris buffer intensity of the current peaks of studied compounds and only

were located at basically the same wavelength (A = 262
B, Anpops = 262 nm, and Apy, = 260 nm; Figure S3A).
Spectral cfumges during the titration with increasing DNA
concentration were fimited to the increase in the intensity of
the absorption maximum at 4 2 260 nm (Figure S3B). This
was duc to the overlapping of the ligand and analyte bands that
made determining & reliable value of the binding constant
impessible, On the other hand, the clectrochemical determi-
nation was excluded from the analysis due to 2 very low
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shight changes in these signals during the addition of the DNA
solution (Figure S4).

To analyze the interactions of NethylS and Npropyls with
DNA using the switchSense technigue, we used the static
{weak binder subtype) kinetic mode. The measurement
parameters optimized for the fist studied sulfonamide (STZ)
tumed out to be completely unsuitable for these two
denvatives. Therefose, we were forced to determine new
parameters for each studied system. In the case of the research
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on NethylS and NpropylS, we have noticed two essential
differences in the course of the binding process of these
cempounds to DNA (Figure 6): (i) The association process
took much longer, and the curve had a smaller slope than in
the case of EB and STZ (ii} We did not observe complete
dissociation of the adduct by the buffer flow despite extending
the dissociation time up to 8 min (480 s). To determine the
parameters of the binding kinetics with the greatest accuracy
possible, the assoclation process was carrled out for 4 min (240
3}, while the data fitting was performed using a calculation
model taking into account the incomplete dissocation of the
apalyte, This allowed us to adjust the measurement points to
the calcalation model. This resulted in small errors in the
determined rate and constant values for the interaction of
Nethyl$ and NpropylS with the DNA chain (Table 2),

As for the differences between NethylS and NpropylS in the
course of the interaction, the most important seems to be the
decrease In signaling fluorescence (signal weakening) for the
NpropylS analyte as opposed to the Increase in intensity
observed for NethylS. Moreover, in the case of NethylS,
amalyses carried out at 37 °C had led to problems with
repeatability of measurements, and devistions in concen-
tration—signal intensity dependence were observed. For both
derivatives, the measarements carried out at 25 “C have shown
high repeatability and reliability.

The analysis of the values of the binding rate (k,), in the case
of both compounds, leads to the conclusion that the binding of
the presented sulfonammdes to the helix occurs much slower
(about 1000% than EB and almost 100x than STZ).
Therefore, these systems need much more time to Interct
cffectively. The adduct dissociation process, described by the
ky value, also takes place much slower (10—100x compared to
EB and STZ). It came as a surprise that the dissociation
[especially for the NethylS=DNA adduct) was not complete
even during & Jong process using a high buffer flow. The

determined stability constant values (K, defined as :—) are in
i

the range of 10'—10* M7, so they can be regarded as
somewhat low. On the other hand, bowever, high resistance of
the created adduct to dissociation caused by the buffer flow
can be observed. This suggests a completely different mode of
NethylS and NpropylS interaction with the DNA chain than in
the case of EB that tends to bind quickly and strongly, but the
dissoclation of the adduct by the buffer flow is fast and
complete. Morcover, although NethylS and NpropylS are
sulfonatnides, as s sulfathiazole (STZ), the nature of their
interaction also seems to be significantly different. The
presence of an alkylamino substituent instead of a thiazole
ring in the tested analyte promotes the formation of a stable
and durable adduct with DNA,

Theoretical calculations helped explain this ph

N ztom of the sulfonamide group. As for the orientation of the
analyte to the receptor, the first one seems to be oriented to
the two DNA strands in a parallel manner (see Figure 7). The
value of the binding energy corresponding to the described
docking is equal to 847 keal/mol, which is higher than the
corresponding value for both EB (7.97 keal/mol) and STZ
(739 keal/mol). As mentioned earlier, the most popular
docking site for NethylS is located in the third minor groove.
In this case, the value of the CSNC dihedral angle Is equal to
80.3". Instead of the fi ion of intramolecalar hydrogen
bonds as was the case for the most strongly bonded
configuration, the two H atons of the alkyl -NH, group are
now involved in the formation of intermolecular «n
bonds with the oxygen atoms of one of the phosphate group of
the receptor. These interactions are expected to stabilize the
discussed configuration, The corresponding binding energy
(740 keal/mol) is significantly higher than both that of EB
{6.87 keal/mol) and that of STZ (6.18 kcal/mol).

The NethylS docking simulations reveal that it is expected to
interact with DNA more strongly than both EB and STZ. As
mentioned eatlier, this s liksly due to the presence of the
additional —NH, group in NethylS, which paves the way for
the formation of three hydrogen bonds with the receptor.
Caontrary te the EB, the —NH, group of NethylS (and
NpropylS for that matter) has a significantly higher mnge of
mation, & it {5 attached to the somewhat motile alkyl group,
This, in turn, allows for a better adjustment of the formed
hydrogen bonding net than (s the case with the —NH; groups
of EB that are attached to the rather ngid motety of conjugated
aromatic rings.

The situation is quite similar in the case of Npropyl$. Its
most important docking site is located in the second minor
groove, as the most preferred docking, which ako happens to
be the most strongly banded one, is located there. Moreaver,
the second most preferred clustering also happens in the
discussed groove. On the other hand, the third most favored
docking site for NpropylS is located in the third minor groove,
It appears from the molecular docking simulations that both
NethylS and NpropylS have a high affinity toward the same
parts of the studied DNA helix (second and third minor
groove). This is of no ise, a5 the compounds in questi
are structurally abke.

As it turned out from the calculations, for the Npropyls, the
most popular docking and the most strongly honded onc
correspond to the same configuration (see Figure 7). Hence,
unltke for the remaining cases, for Npropyl$, the first presented
clustering corresponds to the most preferable and most
strongly bonded configuration, whereas the second one
corresponds to the second most preferred docking site, The
DNA-NpropylS binding energy calcalated for the most

r

The docking simulations have revealed that for the Nethyls,
the two most important binding sites are lacated in two
separate grooves, namely, the second and third ones countimg
from the anchor (see Figure 7), The aforesaid docking sites
correspond to the most strongest and most preferred binding
site, respectively. Hence, the most strongly bonded interaction
of the NethylS—receptor occurs via the same groove as was the
case for both EB and STZ. In said docking, the value of the
CSNC angle 1n the NethylS analyte is equal to 12317, whereas
that of the NCCN from the N-alkyl part of the analyte is equal
ta —4.1%, allowing for the formation of an intramolecular
hydrogen bond between the H atom of the —NH, group and

7248

165

important (most preferred and most strongly bonded) docking
was found to be equal to 8.55 keal/mol, making the NpropylS
the most strongly bonded analyte of all four studied in this
paper. Not only that, but as mentioned before, the most
strongly bonded configuration is also the most preferred one.
In the case of the three remaining compounds, the dockings
corresponding to the most strongly bonded configuration
constitute only a small fraction of all dusterings, In the most
important clustering, the CSNC dihedral angle in Npropyl§ is
equal to —134.87 and all its H atoms that are attached to the
N-type hydrogen bond donors form bonds with the recepror
through the O atoms of cither the phesphate group or
deoxyribose molety,
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The value of binding energy corresponding to the second
most preferred docking site for NpropylS was calculated to be
equal to 5,42 keal/mol, which s significantly lower than the
previously discussed one, although they are located in the same
minor groove, The —285° CSNC angle in these conforma-
tions results in an L-like shape of the whole sulfonamide and
enforces less favorable interaction with the receptor than was
the case for the first NpropylS docking considered. As an effect
of that, only some of the H atoms of the analyte are involved in
hydrogen bonding with the receptor.

B CONCLUSIONS

The current paper presents another possible application and
optimization of the switchSense technique for the study of the
interactions of small molecules with DNA helix This
technique dominates over the other commonly used methods
for the study of such interactions because it enables real-time
measurements. Morcover, the immobilization of DNA to the
chip surface only wa an anchor strand (see Figure 1A) makes
the DNA chain flexible, Our research confirms that the use of
the measuring system shown in Figure 3A for the study of the
interaction of DNA with small molecules is justified and, more
impertantly, brings the desired results.

The presented results confirm that the switchSense
technique can be used to study DNA-small molecule
interactions only in the static mode. In the experments
performed with EB, the changes in fluorescence were high,
confirming the EB-DNA adduct formation as well as the
dissociation process. The results show a linear dependence
between the analyte concentration and signal changes The
experiments were repeated (at least three times), and
dissoctation and association constants with acceptable values
of standard deviation were obtained. The results of molecular
docking simulations performed for studied compounds
provided additional information. These results indicate that
both the most preferable and the one within which EB
interacts with the strongest docking site are In the same minor
groove (the second one from the anchor part). EB showed a
significant affinity to the AT pairs, which are abundant in the
aforesaid groove.

Unfortunately, the switchSense technique is limited, which
las been noticed in the case of the second analyzed compound,
STZ, for which interaction with DNA caused rather modest
changes in the fluorophore signal and whose bonding was
much weaker than EB. In this case, the conducted experiments
allowed us te conclude that although STZ interacts with DNA,
the procured association and dissociation constant values are
affected by the substantial error, To further our research, we
are planning on solving this obstacle. In the case of STZ, the
most preferable docking site was found to occur in the first
minor ve (from the anchor side). However, it was
established that the STZ binds the strongest to the studied
DNA within the second minor groove. It was also found that
the average compound—DNA binding energy of EB was higher
than that of STZ, which may explain the resulis of the
conducted experiments for the DNA—STZ system,

The research results obtained for NethylS and NpropylS
tumed out to be both compelling and promising, It has been
demonstrated that both of these compounds bind to the DNA
helix rather slowly, but the adduct formed in the process is
stable and resistant to dissociation forced by buffer flow. This
might be due to the formation of hydragen bonds as a result of
interaction with DNA, The applied theocetical model of
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incomplete dissociation has allowed for both a great fit to the
measuring points and obtainment of the values of kinetic
parameters with small standard deviations, The collected
results predispose NethylS and NpropylS as decent candidates
for further biological research to determine their antimicrobial
and anticancer activity.

Taken together, our findings suggest that the switchSense
technique §s a decent alternative to the previously used
methods of studying the interactions of small compounds with
DNA The switchSense technique provides information on
both binding rate (k} and binding constant (K), whereas
methods such as voltammetnc or spectroscopic methods
provide data un the latter only, The knowledge of binding rates
gives a much deeper insight into ongoing processes,
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The Cartesian coordinates {in A) together with
dectronic energies (E), enthalpies (H}, and Gibbs free
energies (G) (in aw) corresponding to the studied
ligands (Table $1). Example graphs of EB (concen-
tration range: | X 107°-3.125 x 107° M) kinetic
measurements at vanous flow rate values and time
vaviants of association (A) and dissoclation (D)
processes, used to select the optimal measurement
conditions. (A) 20 uL/s, A: 355, D: 70 s; (B) S0 uL/s,
A 305, D:60s; (C) 100 uLl/s, A: 255 D: 50 5; (D) 200
UL/, Az 20 5, D: 40 5; (E) 400 uL/s, A 155, D: 30 ;
ard (F) 500 puLfs, A: 10 5, D: 20 s (Figure S1),
Sulfathiazole binding studies—experimental studies,
Representative resuits of analyses of STZ interaction
with DNA helix carried out at 15, 25, and 37 “C; (A)
static (standard) mode and (B) static (weak binders)
mode. The thinner lines in cach color represent the
measurement points, while the bold line represents the
fitted data based on which the kinetic parameters are
caleulated (Pigure 82), Values (along with their standard
deviations in the brackets) of determined association
rates (k, ), dissociation rates (k;), association constants
(K,), and dissociation constants (K;) for STZ
interactions with DNA measured by the static kinetic
method (switchSense technique) in the PE40 buffer,
flow rate 200 wLfs (Table S2), Spectroscopic and

I ric studies—experimental (A) Spectra of
DNA (red line; ¢ = 2.5 X 107* M), NethylS (black
ling; c = 7.2 % 107" M), and Npropyl$S (blue line; ¢ =7.2
% 107 M) solutions registered in Tris buffer at pH 7.4,
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(B) The titeation spectral curves obtained for NethylS
with different DNA concentrations (from 0 te 80 pm).
The arrow shows the direction of change wpon the
increase of DNA (Figere S3}. Cyclic voltammograms
registered for 2 x 107° M NethylS in the absence and
the presence of 20-200 pM t-DNA on the glassy
carbon electrode, Scan rate: 100 mV/s, temperature; 25
°C (Figure $4) (PDF)
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ABSTRACT: Antibiotics play a key role in the fight against
bactenal diseases. However, bacteria quickly learn how to minimize
the effects of antibiotics and strengthen their resistance. Thus, the
fight against them becomes more and more difficult and there is a
constant search for new bactericidal ds, It is important in
this type of search to determine the basic properties of compounds
such as pK,, hydrogen bond formation, or hydrophobicity. Here,
we present the results of our in silico study of five sulfonamide
derivatives differing in alkylamine substituent length. Based on our ~ *{3f22) S

results, we propose a model of three possible pK;, values for each of ﬁ

the studied compounds. Interestingly, the use of Muckerman's — *{3iz7+ - \>> ‘J \, M e
appeoach for pK, determination exhibits that theoretical and

cxperimental results are in very good agreement. Intramolecular

hydrogen bond formation affects pK,, The strength of the H-bond interaction increases from ethyl to butylamine and then decreases
with the elongation of the alkylamine chain. The obtained partition coeflicients (expressed here in the value of log P) increase with
the number of ¢arbon atoms in the alkylamine chain following Lipinski's rule of five, The presented results provide important
structural, physicochemical, and thermodynamic information that allows for the understanding of the influence of some sulfonamides

[l Merics & More | @ supoorting information

and their possible activity.

B INTRODUCTION

Sulfa drugs comprise a wide range of pharmaceuticals used for
the treatment of various diseases. Among oﬂwﬂ, those
characterized by antibacterial (eg, Sulfathuzole ), anticancer
(e.g, E7070°), and antiviral {¢.g, Amprenavir’) seem to attract
the most attention. Although this group of pharmaceuticals
exhibits a broad range of biological activity, it is mostly known
for its antimicrobial properties. These arc based on structural
similarity to para-aminchenzoic actd (PABA) with which it
competes for the binding to dihydropteroate synthetase
(DHPS) enzyme and thus prevents the synthesis of bacterial
dihydrofolic acid' This {n tun prevents the replication of
bacteria. One of the most important sulfa drugs is
sulfamerazine, which, combined with trimethoprim, s used
in the treatment of diseages like bronchitis, pneumoniy, and
urinary infections.” Moreover, there are records claiming that it
has chemotherapeutic activity as well" Another sulfa drug that
is currently being used in the treatment of dermafifis
herpetiformis (Duhrmgs discase) is sulfapyridine.” The
versatility of medical effects exhibited by pharmaceuticals
based on sulfanilamide derivatives is indicative of their
therapeutic potential.

The process of designing a new dmg i3 complicated and
involves selecting the appropriate propertics of the compound
depending on its site of action and the route of administration.
Particular attention should be paid to the structure, particle

© 2023 The Authors PIIDIP"M b
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size, and stability of chemucals, hlological agents, and
metabolite products. Moreover, it is also very important
hydrophilic—lipophilic mature of the compound, its solubility,
acid=basc properties, degree of ionization, thermal nature,
activity, and cytotoxicity. In the aqueous environment, polar
compounds are easily excreted by the kidneys but may have
difficulty with the barder of lipid membranes, However,
lipophilic compounds may not penetrate the blood, and if they
do get there, they are absorbed by far cells. However,
regardless of the mode of delivery used, water solubility will
be required to ensure that the active molecules can achieve
thetr desited goals, for example, solubility in the gastro-
Intestinal tract, blood plasma, ot lung fluld. Taken together, a
protatype drug melecule that has a better chance of reaching
the target will be soluble, moderately lipophilic, and have
sufficient structural features to effectively interact with the
target without unduly interfering with the many other
functional molecules and macromolecules it encounters,”
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According to the Outpationt Antibvotic Prescriptions report
from 2020, the most often prescribed classes of antibiotics in
the United States were (with the number of prescriptions given
in parentheses) penicillins (43 min}, cephalosporins (30 min),
macrolides (29 min), tetracyclines (23 min), and f-Lactams
with increased activity (21 mln).” Less frequently prescribed
antibiotic groups, including sulfonamides, were not listed in
the aforementioned report. The former widespread use of
sulfonamide drugs (which are in usc since the 1930s) is
cutrently limited, mostly due to the widespread resistance.'”’
The other facters affecting their current and somewhat scarce
application, as compared to former commonness, are the side
effects assoclated with thelr wse'' and the availability of
different groups of antibiotics. Tt is worth noting here that the
same reasan for the decline of the application of sulfonamide
antibiotics affects every other antibiotic ¢lass nowadays, The
overuse of discussed drugs and the paucty of new antibiotics
have led to a global crisis.™*

Because of the continuous enhancement of antibiotics
resistance in general, new sulfonamides may be regarded a¢
promising antimicrobial drugs. This is due to both Inexpensive
and relatively simple synthesis, as compared to other antibiotic
groups. The synthesis of nosel sulfa drags ought to be followed
by a scrupulous assessment of both physicochemical properties
and brological activity. The particular stress should be laid on
the side effects of the aforementioned species, with proper
conclusions drawn from past rescarch on sulfonamide
pharmaceuticals. This paper is an attempt to lay a foundation
for described expermental endeavors because it describes the
physicochemical properties of § sulfonamides (#-amino-N-(2-

thyl)ben 1¢ de—NethylS, 4-amine-N-(2-
aminopropyl )benzenesulfonamide—NpropylS, 4-amino-N-(2-
aminobutyl }benzenesulfonamide—NbutylS, 4-amino-N-(2-
aminopentyl) benzenesulfonamide—Npentyls, and 4-amino-N-
2-aminchexyl)b ulfonzmide~NhexylS) with the pre-
dominant use of quantum chemical methods, All sulfonamides
regarded in this paper differ in the alkylamine substituent
length (sce Figure | below). The alkylamme moicty itself 1s

NH;

it
Q=$=0

NH,

Figure 1. General formuda of sulfs d lyzed in this study,
where s the number of ~CHy— groups within the structure; n = 2—
6.

present in various drugs exhibiting a wide range of activitics,
such ay an antituberculosis agent In Ethambutol'’ or
antissthmatic in Aminophylline.'” The parameters reported
herein are cructal for a correct assessment of the activity of
analyzed sulfonamides. Our analysis provides the structural and
energy differences between studied molecules and their
tsomers, acid—base equilibria, intramolecular hydrogen
bonds, and hydrophobicity.

The geometrical structure of sulfa drugs determines their
biclogical reactivity as it influences the binding to the receptor,
e.g, dihydropteroate synthetase. The differences in electronic
energies (or Gibbs free energies) between lsomers regulate the
population of cach isomer at the given conditions. Since
isomers of various pharmaceuticals have been shown to exhibit
disparate bloJogical activity, " the said analysis appears crucial,
The protonation state, on the other hand, except for affecting
activity, influences the permeation of various membranes
within the human body. Values of pK, allow for the prediction
of the protonation form of the pharmaceutical at each step of
the metabolic pathway, which s crucial in the design of
therapy. Another important factor affecting the reactivity is the
partition coefficient (expressed here in the value of log ),
which allows for the assessment of the distribution of a given
pharmaceutical within the body. The investigation of the
intramolecular hydrogen bond, en the other hand, gives an
insight inte both the acidity and hydrophobicity of the studied
compounds.

B METHODS

The dissociation constant of the acid provides informuation
about the protolytic form; therefore, we proposed the
following dissociation equilibria (Figure 2), the validity of
which iv described in the next part of the publication.

The equilibrium structures of all compounds were abtained
by applying meta-GGA approximation-based hybrid MO0é
functional” with split—valence triple-{ Pople-type basis set—
6-31144G(2d,2p). """ The Berny (with GEDIIS) algorithm
was used during the minimization,

The influence of solvents (water with £ = 78.3553 and n-
octanol with £ = 9.8629) was approximated by the application
of the Self-Consistent Reaction Field (SCRF) method'” and
the SMD model.™ The harmonic vibrational frequencies
characterizing the stationary points were evaluated analytically
at the very same level of theory to assure that all of the
obtained structures correspond to true munima or first-order
saddle points (TS) on the potential energy surface. The
intrinsic reaction coordinate (IRC) procedure” " was applied
to confirm the minima for each TS.

The values of pK, ., carresponding to various protonation
states of cach sulfonamide were calculated with the direct

50

NH' NH,' —%l:’n

)H' )M‘ N

0=850 ;* 0=5=0 # O-S-O‘F_'>
PKat ez

NH,

5 T

WK, NK,

Q

Figure 2. Acid~base equilibria for alkylamine substituted salfonamides studied in this paper, where n = 2-6.
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method, ™! which employs the use of a thermodynamic cycle
presented in Figore 3 below:

HAy . Ag * Hig
]
aGT, (HA]  1aG) (A') lag vy
{ |
AL, Ao * Ml

Figure 3. Thecmodynamic cycle used”’ fol the ulm!;han of ple‘
according to the direct method The © the
condition of 1 atm, whereas tho '*' represents <1 M.

The hydrophilicity of the sulfs drugs was assessed by the
calculation of log P values, according to the following
equation:’

log pP= _( Gn»«ml = L'w:]

2303RT (5)

In o 5, AG, i and AG,,,, correspond to the Gibbs free
energies of an electrically neutral solute in n-octanol and water,
As can be seen from eq 3, the lower the value of log P, the
more hydrophilic the corresp sokute,

The enefgiu of mmoluwhrnﬁydmgm bonds (E) Were

The change of Gibbs free energy of deprotonation (MG, )
was calculated according to eq 1:

AGH = AGH; + AGE(A) + AGI(HT) — AGH(HA)

+ A6 (0

where AGH (A7), AGH(H'), and AGH (HA) are the
standard-state solvation frec energies of A7, HY, and HA,
respectively, and A(}'(’*, represents the Gibbs free energy of the

gas-phase deprotonation of HA:
AGG, = AGHX) + AGKH(H™) — AGG(HA) ()

The AG*™* term guarantees the sama standard conditions to
both phases, as it converts | atm of an ideal gas standard state
10 an | M aqueous standard state, At 298 K, the AG*™
assumes the value of 1.89 kecal/mol® Values of AGH, were
used to calculate pK, . according to the equation;

‘“’(aa‘
RTln 10 (3)

Since pK, ;. values calculated this way terd to deviate from
experimental results to some extent, we have decided to also
use the approach proposed by Muckerman et al™® In this
method, a certain number of experimental results Is necessary
to introduce the pK, ; “lift factor® that was obtained here
separately for 2ach equilibrium and later on used to correct the
computationally determined values:

PR =

AGE

Ko = PKocte + ———
PR = PRack RTIn(10) 4

where AGZE,, 4 is @ parameter correcting the calculated valses
of Gibbs free energles based on the rcsults obtained
experimentally as described by Muckerman ct al.**

Muckerman et al. observed”” that the pK, values obtained
based on the thermodynamic cycle were poorly reproduced.
They claimed that most of the error arose from inaccurate
differential solvation free energies of the acid and conjugated
base. To climinate that they proposed in their approach a
correction based on the realization that the gas-phase acidities
had only a small systematic error relative to the dominant
systematic error in the differential solvation, They lusteated
the insensitivity of their approach to the functional Their
method could be applied to the comparison of results for sets
of neutral acids and protonated amine cationic acids in both
aqueous (water) and nonagueous (acetonitrile) solvents, We
have also proven that it worked forI?ytidine and its N-oxide
derivatives In water and acetoniteie.”
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d using the method proposed by Espinosa et al,™
according to the following cquation:

E = ~1/2Vgep (6)

where Vi stands for @ potential energy density of a Bond
Critical Point (BCP) comesponding to the Interaction of
interest.

The Fuzzy Bond QOrder (FBOY™ analysls was performed to
assess the degree of covalence of studied hydrogen bonds.™ In
this approach, the bond onder t¢ caleulated according to the
following formula; eq 7:

FBO =2 )" Y [(P"sY),, (P"s"),, + (P*s*), (PPs") 1

(7)

In the formula above P is the density matrix, S stands for the
overlap matnix of basis functions in fuzzy atomic spaces, A and
B indices represent atoms forming a given bond, and @ and §f
stand for a spin, where g and © are basis orbitals indices, The
concept of “fuzzy” atoms has appeared for the first time in the
scientific discourse with the study by Hirshfeld"' The
mentioned study describes a division of 3D molecular space
into atomic regions corresponding to separate atoms having no
definitive boundaries, yet being continuously connected. In
Mayer's FBQ,” the fuzzy atomic regions arise from the
introduction of a weight function defining the division of a 3D
space into “fuzzy” regions.

The biggest value of the error of atomic overdap matrix
(AOM) in FBO calculations was found to be equal to 0.00165,
Both the QTAIM 2nd FBO analyses were performed using the
Multiwin"" software.

The final cartesian coordinates of all studied compounds can
be found in the Supporting Information (Table 51). All
quantum chemical calculations were cared out using the
GAUSSIANO? (Rev.C.01) package

Experimental Details of §tudies of the NbutylS
Compound. Two sulfonamide derivatives NethylS and
NpropylS were physicochemically characterized prmousiy
and the results of those stodies were published elsewhere,™
To extend the scope of the experiment, a third N-butylS
compound was synthesized, whose characterization has not
been published so far, The NbutylS derivative has the longest
alkylamino chain and 18 more basic. [ts chain Is more fiexible
than cthyl and propyl derivatives and finally is also more
hydrophobic than the remaining two denvatives.

The synthesis of the NbutylS and determination of its pK,
values were carried out analogously to the procedures
described elsewhere” Elemental analysis, nudear magnetic
resonance (NMR), mass spectrometry (MS), and Fourier
transform infrared spectroscopy (FTIR) were used to confirm
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Table 1. Wavelengths Maxima (4,,.,) and Acid Dissociation Constant (pK,) Values (with Standard Deviation) Determined by

the pH-Spectrophotometric Titration Mcthod in Water

Ao [am] o [mon] {wwith acid)”
161 61 260

Auuss [mm] {seich: alkali)”

P P PR
176 = 007 451014 1228 = 0,04

“The values of wavelength maxima in the acidic eaviconment, i.e., the pH before starting the tation process, and in the alkaline environment, ie,

the pH ot which the titration was completed, are given

the structure of the compound, the results of which are
presented in the Supporting Information (Figures 52-54),

The study of the acid—base properties of the compound was
performed using pH-spectrometric titration, Acid dissoctation
constant (pK,) values were calculated with the form of the
Henderson—Hasselbach ¢ 8 implemented into Origin Lab
software:

Ax 4 Ay x 10PH-RR
1oirtorkal 4

Ay Ay x 10T
1ot )
Ay + 4, x 1075
10PH-PRLY 4y (8)

A=

In the graph of the titration process (Figure 4A), spectral
changes such as intensity change and hypsochromic shift are
observed, From the collected expenmental data, an A-diagram
(Figure 4B) s plotted which shows the relationship between
the absorbance at 270 nm and the absorbance at 210 nm.
Based on this, the number of equilibria in the solution for the
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analyzed compound was determined. The presence of three
equilibaa in the solution was proved, s evidenced by the
presence of three segments in the A-diagram (Figure 4B) and
the same number of absorbance inflections (A) as a function of
the pH curves (Figure 4C), The calculated pX, values of the
NbutylS compound are summarized in table (Table 1),

B RESULTS AND DISCUSSION

Acid-Base Equilibria. As mentioned before, the sulfona-
mides with alkylamine substituents that have been tested hece
differ structurally in the length of the (~CH,~), chain
Namely, there are compounds with ¢ = 2—6 methylene groups
separating the sulfonamide molety from the amino group. As
experimental results suggested, the deprotonation of particular
functional groups of studied sulfonamides should occur in the
following order: aromatic amine, sulfonamide, and aliphatic
amine at the end,”’ Theoretical calculations shed new insights
into the said equilibria, Tnterestingly, it was found here that for
the mentioned order of deprotonation, the calculations of the
pK, values for the Tast two equilibria have Jed to unexpected
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results, as the values of pK,; were calculated to be lower than
the corresponding values of pK,;. A closer examination of the
ongoing process has shown that the zwitterion formed after the
second d it (dep ation of sulfonamide

group) may undergo a gvomctnal rearrangement. Namely, the
form.\tlon of an intramolecular hydrogen bond between
aliphatic amine and deprotonated sulfonamide group and
thus closing of the otherwise mobile alkylamine chain may
oceur (see Figure 5). The formed hydrogen bond may be
regarded as a clasp bringing about a sccond cycle i the
molecule,

NetniS |
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Figure 3. Relative Gibbs free energies of the electrcally neutral forms
of the studied sulfonamides.

As is evident from Figure 5, the formation of an
intramolecular hydrogen bond, and thus the ‘dosing” of
sulfonamide is favored theomodynamically regardless of the
systemn considered, In the next step, the acidic proton may be
transferred from the alkylamine to the sulfonamide group. This
pracess is expected to be thermodynamically barrieress for
each of the studied sulfonamides but NethylS. For NethylS, the
barrier was calculated to be equal to 5.9 keal/mal, which
suggests that it may easily occur in standard conditions. The
reasons for the existence of the proton transfer barrier in
NethylS are discussed in the succeeding part of the manuscript
The analyzed proton transfer leads to the regeneration of the
protonated sulfonamide group. The considered structures, in
which the N atom of the sulfonamide group acts as a hydrogen
bond donor whereas that of the alkylamine groups s an
acceptor, are described by lower values of Gibbs free energy
than any other structure hitherto discussed It Is important to

realize, however, that the situation may be different in a real
solution, especially In the case of polar solvents, where the
zwitterionic form (see Figure 51) may be favored. To get a
complete picture of the occurring processes, the straightening
of the thus-obtained alkylamine cham {and thus breaking of
intramolecular hydrogen bonds) was also investigated, As is
evident from Figure 5, the unfolding of the alkylamine chains is
favored thermodynamically for all but two of the studied
compounds, Le, NethylS and NpropylS. For the remaining
cases, strain energy coming from the bending of the alkylami
chain t form a demgen bond (and thus close the
sulfonamice) is higher than that of the formed hydrogen
bond. Nonetheless, the rather insignificant ditferences in Gibbs
free energies for dosed and opened forms of sulfonamides with
H' on the sulfenamide group indicate that in standard
conditions, both forms are likely to be present, As can be seen
in Figure 5, undoubtedly, the most favorable form of the
neutral sulfonamides studied here is one with acidic H on the
sulfonamide group, regardless of whether it i closed by the
hydrogen bond or not. The exemplary structures of various
forms of neutral sulfonamides are presented in Figure S1.

Bearing all of the shove in mind, we propose the following
deprotonation onder: aromatic amine, sulfonamide deprotona-
tion followed by an acidic H transfer from alkylamine to the
sulfonamide group, and second deprotonation of sulfonamide
{see Figure 2),

The values of pK, comesponding to successive deprotona-
tion steps are shown in Table 2. As can be seen from the said
table, the values of pK, calculated from the thermodynamic
cyde (Figure 3) differ significantly from those determined
experimentally. The differences are most cvident for the finst
and last steps of deprotonation. The disparitics presumably
artse from the insufficent inclusion of solvent effects in the
SCRF calculations. The application of the method proposed by
Muckemun allows for o significant improvement in the
cesults,™

An analysis of the pK;; allows to conclude that elongation of
the alkylamine chain leads to the increase in the acidity of the
aromatic amine group. The effect, however, is rather limited,
which is of no surprise bearing in mind the distance separating
the two functional groups in guestion. For the second step of
deprotonation, ie., pK, the results of theoretical caleulations
seem to show 2 different trend than expenmental ones.
Namely, according to calculations, values of pK,, should
increase with the length of the akylamine chain, Whereas
experimental results (for which the available data are limited to
three compounds) exhibit the opposite tendency. The pK,,
values corresponding to NbutylS are an exception in both
approaches, as they are determined to be equal to ~435 as

Table 2. pK, Valucs Calculated for the Studicd Compounds”

asten PR PRie PRy Pow  pRan L Plaw  pKian [
Netlyls -477 258 262 = 019" n1S 614 645 =021" 1829 12.07 967 = 008"
Nyropl$ 435 2 211 = 000" 678 068 0,35 = 000" 1492 41 1086 = 0.19"
Noatyls —442 L 176 = 0.07 832 S 441 £ 014 1716 1133 1228 + 004
Npentyls —439 175 176" 830 033 679" 17.20 1145 .

Neexyi$ ~590 LI Ly’ 172 824 soq! 1691 10.43

“Values marked by cafcin axlw:q\t come from the thermo dmamic cyce-based calculations, whereas those marked wath iift were obtained with the
use of Muckerman's approach, ™ Experimental results are designated with exp, and their standard deviations are akso provided. "Values from ref 32

“Values obtained in this work “Values extrapolated from egs 9 and 10, “Values are indeterminable due to the low correlition between pK.

Kayn-
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opposed to ~6.5 observed for remaining sulfonamides. This s
liEdy due to the fact that for singly deprotonated (via aromatic
amino group) Nbutyls, there is a stabilizing intramolecular
hydrogen bond between the —NH," alkylamine group and the
O atom of the sulfonamide molety. A shift of the electron
fensity from the sull ide group to the H atom of the
alkylamine group leads to the increase of the acidity of the first,
rendering the pK,, of NbutylS almost two units lower than that
of remaining sulfonamides Additionally, the product of the
said deprotonation is also stabilized by the strongest of
hydrogen bonds studied here. For the last step of
deprotonation, ie., pK,, calculations, and experiment sgain
show the opposite trend. Namely, calculations suggest that the
values of pK,; should be expected to decreme with the
increasing number of methylene groups in the alkyl chain,
whereas the experiment shows an Increase from 9.67 1o 12.28
while going from NethylS to NbutylS. As mentioned earlier,
the discrepancies hetween theoretical and experimental results
arise from insufficient inclusion of solvent effects. The other
important factor that stands in the way of obtaining accurate
values of pK, with the use of theoretical methods is the
of thep ¢ and thus influence of various forms of
compounds in a real solution, By definition, the pK, is
calculated using only two equilibrium structures, ane of the
acid and second of the conjugate base, However, it is worth
adding that in a real solution, compounds appearing as various
conformers {or isomers) are present. Therefore, a hypothetical
theoretical model that accurately predicts the values of pk,
would necessarily need to account for all types of systems
present in the solution. The obtained values of pK;, and
available data on pi, ., were used to assess the pKy ., (g 9)
and pK,y o (&g 10) values for NpentylS and NhexylS, The
vahies of pK, 5., could not be determined in the same manner,
s the correlation between pK, 5 and pKy,,, b rather limited

R’ = 09258
(9)

e

DK, o = 09322, + 01279

aly

R* = 09211
(10}

Our calculations suggest that the pK;; o, of NpentylS should
be close to that of NbutylS, whereas that of NhexylS might be
as low as L19. As for the pK, . values, the values for
Npentyl§ and NhexylS were calculated to be equal 10 6,79 and
8.04 respectively, indicating a decreasing acidic strength of the
corresponding sulfonamide group.

Following Muckerman’s claim, we might conclude that the
methodology allows to generally predicts pK, values for all the
cases Investigated within 1 pK, unit (this is also observed in
our case for pK,; and pK,, ) as the differential solvation error is
larger than the systematic error in the gas-phase acidity
calculations. Oppositely, pK,y differs by more than 1 pK, unit
from those experimental suggesting that the systematic crror
in the gas-phase acidity calculations dominates.

Intramolecular Hydrogen Bonds. As mentioned in the
previous paragraph, alkylamine and sulfonamide groups can
form an intramolecular hydrogen bond leading to a closure of
the otherwise mobile alkylamine chain. Due to the fact, that
the nomwitterionic form of the clectrically neutral sulfona-
mides is lower in energy than its zwittestonic form (Figure S1),
the first one of cach studied sulfonamide was subjected to &
detailed examination, It s apparent from Table 3 that the

pK

5 + DA4681

o = DOIS9DK
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Table 3, H-Bond Distances (in A), Angles (in deg), Energies
(in kcal/mol), and FBO in Closed Electrically Neutral Form
of Sulfonamides

spvtem d(D-H) d(H-A) 4(D--A)

Nethy 1§ 1012 2392 2838 wos =4 -

Nptopyls 1.028 2.000 1.877 1340 S 0080

Nouty’S 1040 1848 1842 1503 wis 0124

Npentyls 1.0% 1948 1,966 1070 6355 a0l

NaexytS Lo 1.964 1999 1775 6.6 0102
"Dimersionless. “Values could not be determined.

qOBAl B RO

strongest hydrogen band is formed for NbutylS, whereas the
weakest interaction was calculated for NethylS, For NethylS,
the shortest D—H (1,022 A), the longest H--A {2392 A), and
the smallest values of the <(DHA) dihedral angle (106.4 deg)
are observed. Because of the said geometrical imitations, the
formed hydrogen bond is so weak that it cannot be detected
via topology of electron density analysts, as no bond entical
points are associated with the interaction. The situation is
analogous in the casc of FBO analysis.

NbutylS is on the other side of the energetic spectrum, as
the energy calculated for H-bond is equal to 9.16 keal/mol
The H-bond of NbutylS is characterized by the lowest value of
He-A (1.846 A) and the highest value of the D—H bond length
(1040 A) of all studied compounds, Additionally, the value of
FBO is equal to 0.124, which is ca 22% ligher than the one
corresponding to the H-bond with the second highest FBO
caleulated for NethylS. In the case of the discussed compound,
the formation of an intramolecolar H-bond leads to the
creation of 2 7-membered ring (Figure S1), made out of NH---
N and four C atoms. Both values of E and FBO indieate that
for NbutylS, the energy of the H-bond surpasses the one
arising from the alkylamine chain strain by the greatest margin.

Naturally, the H-bonds corresponding to remaining
sulfonamides are described by values in-between these
mentioned earlier. Namely, the hydrogen bond lengths vary
from 1.964 to 2,066 A, and the energies change from 3.08 to
6.55 keal/mol, whereas FBO takes values from 0,080 to 0102,
The general trend that can be noticed is that the strength of
the H-bond interaction increases from s = 2 to n = 4 and then
decreases with the elongation of the alkylamine chain.

Hydrophobicity. As mentioned earlier, hydrophobicity is
an important parameter describing biologically active com-
pounds. As shown in Table 4, values of log P theoretically

Table 4. Calculated Values of log P for Closed and Open (in
Parentheses) Forms of Nonzwitterionic Sulfonamides

natem Yog I

Nethyls =470 {~421)
Npropys —A15 (=3.56)
Nburyl§ —-094 (-2.65)
Npeatyl§ Qo (=3.12)
NbexplS 133 (-1.49)

obtained were collected. As anticipated, the hydrophebicity of
the studied compounds increases with the number of carbon
atoms in the alkylamine chain. Furthermore, the relaxation of
the alkylamine chain (preceded by the breaking of the H-
bond) leads to a decrease in hydrophobicity. The said decrease
seems to be to some extent proportional to the length of the
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alkylamine chain, as for NethylS, it s only 047 and for
NhexylS, it is as big as 3.02 units.

According to Lipinski's rule of five," an orally active
compound has a log P value not exceeding 5. As such, all
compounds studied here may be regarded as orally active. The
situation i semewhat different when considenng the Ghose
filter,” according to which druglike compounds should be
characterized by log P values in the range of —04 1o 5.6, In
light of that, only NpentylS and NhexylS in a dosed form can
be regarded as druglike.

B CONCLUSIONS

This study has investigated the set of alkylamine-substituted
sulfonamides with potential bioogical activity with the use of
computational metheds. Taken together, we defined the
following theses:

(i) The studied sulfonamides exist in forms differing in the
presence (or absence) of intramolecular hydrogen
bonds;

(it) Electrically neutral sulfonamides may exist in zwitter-
fonte and nonzwitterlonic forms, whereby the latter |s
thermodynamically fivored,

(iit) Proton transfer that is associated with zwitterfonic to
nonzwitterionic form transition is expected to be 2
barrierless process;

(iv} The calculated values of pK, significantly differ from
those obtained experimentally, It is the application of
Muckerman’s approach that renders the theoretical
findings regarding acld—base properties meaningful;

(¥) For clectncally neutral forms of studied sulfonamides,
the strongest H-band is present in NbutylS, whereas that
of NethylS is on the other side of the spectrum;

(vi) The hydrophobicity of studied systems increases along
with the length of the alkylamine chain, The formation
of intramolecular H-bonds also leads to an Increase In
hydrophobicity.

Our studies provide a solid basis and provide a lot of
information that can be used in the design of new drugs. They
cxplain the behavior of molecules in the aguatic environment,
which allows conclusions to be drawn about their behavior in
the cell. The presence of intramolecular hydrogen bonds in the
structure of sulfonamide derivatives may caose differences in
the mechanism of Interaction of the compound with
biomolecules, compared to molecules in which this bond
does not occur: The determined pi, values of the compounds
allow one to determine in which protolytic form the
sulfonamide will occur in the cell, at physiological pH. The
calculated bond strengths within the analyzed molecules may
alsa affect the mechanism of interaction of the compound with
biomolecules. In addition, they may affect the complexing
properties of the discossed sulfonamides with biclogically
significant metal fons, the combinations of which may also find
potential use in pharmaceuticals. The specific hydrophobicity
of the compounds suggests whether they are capable to
penetrate biological membranes and also whether they will be
excreted through the kidneys. This is a very important aspect
considered when designing new pharmaceuticals because the
joumncy of a drug molecule from the site of administration to
the site of sction is complex and involves many changes in the
environment. In conclusion, the conducted research provides
information useful for understanding the behavior of molecules
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and is the basis for further computational, experimental, and
biclogical studies:

B ASSOCIATED CONTENT
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The Supporting Information is avallable free of charge at
https:/ /pubs.acs org/dot/10.1021 /acs jpech 3c01965.

Cartesian coordinates of the calculated  equilibrium
structures of all studied compounds in water (SMID)
together with the corresponding values of electronic and
Gibbs free energies; equilibrium structures of various
forms of zwitterions sulfonamides; mass spectrum for
Nbutyl$; FT-IR spectra for NbutylS; and 'H NMR
spectra for NbutylS (PDF)
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A. Ciesidsha et o,
1. Introduction

Cursenty, drug resistance poses a significant global ehallenge (1 2],
leading to trentment ineficacy and inereased healthcare costs. Examples
inclide methiciliin-resistant Staphylococeus aureus [5-7), multidiug-
resistant mbercwdosis (9 10), and drag-resistant strains of nmlaria and
HIV {1113 To combat this, prudent antibiotic use and the develop-
ment of new teamments are essentlal [ 101 7] Target-based drug dis-
covery, which identifies speafic molecular tugets for drug interaction,
is a key approach [15-21]

Molecular turgets, such as DNA, play vital soles in medication effi-
cacy [22.25) Understanding a compound s affinity for DNA and its
mechanism of action is cucinl (2692, Txadmounl methods for
agsassing this have Limitations. An infrigui Ls switch
technology (3336, which allows real- time i investigation of molecular
interactions wu:hout additional labeling.

Biormderular &
'

and
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was synthesized according to the procedive deseribed by Krapeho and
Shaw (611

2.2 SwitchSense measurements

Some steps such as standacdization and measuring system of a DNA
with the fluorophore attached m the swi are
repentable. The whole procedure of SwitchSense measurements was
described in our previous paper [22] in detail. Concentrations were
selected mldng inte account the solubility of the ctudied ecompounds and
the intensity of signal changes duting the experiment, detevmined in the
preliminary measuements Le.: the NET from 210 * 10 1.25.10°% M the
PTCA and Nbutyls fiom 810 % to 5 10" M; the AQ-NetOH from 210"
t01.25-10 ° M.

Based an the results of standanlization the experiments were con-
ducted in the kinetic staric mode, which was chosen based on our prior

T s

This study employs & combination of expedmenml and computa-
tional techniques to elucidate bow selected compounds internct with
DNA. It demonsnates the potential of switchSense n evaluating the
bioactivity of new ds towards DNA by chameterizing affinity,
determining associntion/dissocintion rotes and constants, diseussing
binding modes and sites, and compering findings with other methods
[33-36),

Representatives of three important groups of biologically active
compounds wece selactad for teseanch. Namely: pyrazines, sulforamides
and anthimguinones, Denvatives of pyrozine are known for their wide
npphmuon m medxdne and biotechnology due to their anrifungal,

al, and anti properties |17 10, One of the
best-known pynzlm dmgs is pymzinamide (FZA) used in the first phase
of tubereul t 411 Sulfy wdes are o well known class of
antibioties. They are sed to trent many bacterinl disences couxing eye
infections, nocardiosis, and urim:ylnu infections. Further alterations

1o the sulfonamide group ensble broadening of their biological efficacy,
emonqms[nx antifurgal, nnu-lnﬂnnmmwy. anticancer, ond antiviml
[42-456]. Anthraq age a group of compounds based on

the amhmmw‘) 10-dione skeleton well known for thelr useas pigments

in the textile |47 99] and food [ 51} industries. Maceover, they have

been used In molecular recog; y as mrlcu.a types of chemo-
i , and el of biochips [52 57, Above the others,

howmr. they showa wide biological activity, which is why they have

been used in pharmacotherapy for years. Anthuaquinone desivatives ave

mainly known for their anti-cancer properties | n]

The le for utilizing the switchS ique L luati

r b 733] and inidal in this wotke The association (A)
and dissoclation (D) thnes for kineties anolysis were individually
determined for each analyte based on preliminary measurements,
resuling in the following values: A = 30 5, D = 60 s for NET and AQ-
NetOH, A = 120 5 D = 240 5 for PTCA, and A — 240 5, D — 480 5 for
NbutylS, Various concentrations of the tested compound were employed
in the analysis Priot to and foll g each concenmation serfes, a blank
(buffer solution) was conducted, The flow rate during the expeciments
was set at 200 ply/s, except for NbutylS, where the flow rate wis 100 i/
5 during the association phase. All measurements were recordesd ot three
different temperntures; 25, 30, and 37 *C The stotus and parameters of
the used chips were verified using the chiptest procedure provided by
the munufneturers before and after each menswrement. The results of
each experiment were then quantitatively analyzed as described previ-
ousy {231,
The wlvent used for shxdies using the swi technique is a
selected buffer (g Tris buffer or phosphara buffer) with physiological
pH and specific lonic swength. Heixe the resction medium ls highly
polar. When the static mode is used for research, there nre no changes
the potential of the gold electrode functionalized with DNA fi:
The mwitchSense technique does not determine or verify the palariz-
nhility of the wlvent (nor the tested ligands), which isone of the factors
that influences the binding of the ligand to the biomacomolecule, In the
switchSemse technigque, we can deteanins the concentration of the
adapter solution, ie. the DNA strand used to functionalization the chip
smfnee. o addition, we control the concentration of the analyte thar s

the bloactivity of new compounds towards DNA Is demcmn ated o this
paper by: (i) chorocterizing the affinity of the studied molecules for a
chosen DNA double strand sequence; (i) determining par such

fuced into the me system for omalysis. However, there is
no possihility to determine the concentration of the ligand bound to the
DNA stand, because it depends on several factors, including the effec-

as the intion/dissociation rates and for the molecule-DNA
ndduet; (iii) discussing the possible modeand binding sites of the studied
molecules to the specific base pair sequence employed In this investi-

ti of functionalization of the chip surface used for the research.
Moreover, studies performed using the switchSense teclnique wre con-
dueted in flow, not in equilibium lu solutlon,

gation; nnd (iv) ing the findings obtalned using the switel 2.3 Comp [ studies
technique with those ok <l from other experimental including also
theoretien] methods, where applicable. The. equilib gructuces of all studied U\

2. Experimental section
2.1, Reagents

The netropsin dihydrochlotide (NET) from Streptomyces netropsis,
(298 % pusity) was purchased from o lal source (Signwa-
Alklrich) apd used without further purification. The pyrazine2-
thiocarboxamiile (PTCA), of snnlytical pusity grade (=97 W), was pur-
chased from a commercinl source (Sigma-aldrich), and the compound
wag reerystallized ling to the procedure deccribed enrlier [59].
The sulfonamide desivadve (Nburyls) - was synthesized with the use of
the procedine deseribed elsewhere In detail [00]. Anthrnguinone de-
rivative, 1-(2-hydroxyethylamino}-anthrocene-9,10-dione, (AQ-NetOH)
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lished usng the wBY7XD density functionnl [12] togsther with triple
zeta Pople-type 6-311 | +G{2d,2p) basis set [67,64]. The solvent effects
were npproximsted employing the SMD salvation model (657 designed
in Truhlar's group. For the NbutylS system, it was known that there ave
two lmportant conformations, namely the one without (no-HB) and one
with (HB) an intromolecular hydrogen bond connecting the alkylamine
group with the sulfenuunide molety. Hence both of them were subjected
to annlysis, The optimized structures were then subjected to vibeational
frequency annlysis to confiom the nature of caleulated stationary points,
The equilibcium suuenwes expressed s cartesian coordinates together
with corresponding election energlea (E), enthalples (H), and Gibbs fres
enetgies (G} of all studied compounds ean be found n the 5upplenen
Ly Mutscinle (Toble 51) Al quuntum ehemionl enleulations were
performed using the GAUSSIAN16 (Rev. €.01) package [00].
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A. Ciesidsboa ctal.

The sttucture of the receptor DNA helix was obrained from owr
previous work [ 11]. In short, the NAB (Nucleic Acid Builder} (7] wos
used w build m initiol snueture of the recepror based on the DNA balix
sequence provided by the products of the Helix instrument. Thus ob-
tained system was subjectad to an MD simularion employing an OLIS
foree fiekd [60) within the AMBER]4 computational paclage (691, A
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sufficlently proteln-free. AQ-NetOH solutions optimal for spectropho-
tametric measurements were prepared by dissolving nn aliquot of the
compound in Trie/HCl (pH 7.4) and brought to & concentration of
252010 % M by successive dilutians. Spectrophotomerric titration wos
performed using an automatic dosing system in continuous mode,
intreducing portions of the DNA solution into the mexsumg CUNVELTE At

detniled A I dthe 1 l|mfm P ﬁu‘
mination can be found hese (147

To guin insight into bow the studied analytes might interact with the
DNA helix under investigation, molecular docking simulations were
conducted using AutoDods 4.2 (Rev. 4.2.6) software [70], The receptor
helix and ligand stn lacking bar hydrogen atoms were uti-
lized dwing these sm.mlaum Gmexgu pzutml c.lmzas 1 hue
computed fo the aforementioned st and )
in the docking ealculntions. Given the unk bmdm; mudu for rhe
systems in question, it was necessary to conduct dodu.ng simulations in
two steps. Initially, a less precise doclking ployed with a
Inrge grid box (96 x 126 x 98 A% and n somewimt spacious 1 A grid
point spadng, encompassing the auhe DNAmmi w© ldemlfy the most
favorable binding cites. Subseq , more p were
performed using mxl boes that suldy covered the mest signifiennt
binding sites, employing a 0.303 A grid point spacing to vield more
accumte results. The binding energy between the analyte and receptar is
calculated according to the following equation:

AG =(V.:~'|~. s ";‘u;.-uw) =+ ("\‘\-:\‘1 = Vﬁ«l‘:um]

b (Vi ~ Visheos + Sy )

($ 3]

where A stands for the “annlyte”, R stands for the receptor and 8Say
accounts for the sonformational entropy lost upon binding.

The inhibition constant (K} is calevlated wsing the binding enetgy

3l intervals. It was previously blished that no ch in
absorbance over thme wese observed afrer adding one portlon “of an
excess amount of DNA solution to the AQ-NetOH solution. To nvoid the
effect of diluting the solution in the cuvette (due to the adklition of
titrant), & concentration cowrection was introduced.

3, Results and discussion
3.1 Nemepsin (NET) as @ model systern binding in the groove of the helix

Our previous studies have experimentally validated the legitimacy of
employing the switchSense technique for amalyzing the interactions
betveen susll-moleals compounds and DNA Lelix | 35], To lwestigate
DNA binding kinetics, we conducted studies using ethidium bromide
(EB), a well-established model (niereal i moleculi biology. EB
served as a suitable model system for designing experiments to explore
analyte-DNA binding kinetics, establish measurement patameters and
ronges, and assess the impact of vorious factors (mxch os buffer type,
solution iodie strength, analyte solution and butfer flow mtes) on results.
Given the limited usage of the switchSerse technique in such research,
Litemrure lacks reports on how binding medes inl the inti
and dissodation process of the DNA-analyte addoct. The observed dif-
ferences in processes and determined kinetic pammetm conld m-m
from a different bonding mode (g binding i i of intercalati
or ba unique to the ctudled group of sulfonamide compounds, Consa-

(AG) according ro the formula:

AG
K= c\p( - @

where T is the temperature (298,15 K) and R is the uwniversal gas con-
stant (1.985¢10 % kealmal ' K1

Itis imsportant to realize, however, that as good as the AutoDock suite
Is, It does not allow for & precise descrption of processes ocewnring
during the intemetion of analytes with the receptor, Namely, it is not
possible to observe an intercalation of analyte molecules between
nucleohoze pairs within the AutoDock suite. There are two main reasons
for this, Firstly, the soft only impl an implicit solvation
model, which does not nccurately capmxe hyceophobic intesactions thar
often pluy o role i interealation between nucleshass pairs, 1y,
the receptor is typically tieated os a rigid entity dve to limitations in the
flaxibility of enleulntions. ln rigid ealeularions, however, thers s no
physical spoce between two neighboring rigid nuclecbases for a poten-
tial analyte to intercalate. Nonetheless, it is impormnt to realize that
AuroDock gives ather relisble resulis whea it comes to Interaction via
nunor and major groaves.

24 Spectrophatometric ntrations

Specuophotometnic analyses were conducted using a Perkin Elmer
Lambda 650 UV-Vis spectroph P were recorded within
the wavelength mnge of 200 to 700 nmi using a 1 an quartz cuvette, A
Tris/HA buffer with o pH of 7.4 wrved as the eference solution. The
DNA solution wos prepared by diluting Calf thymus DNA (CT-DNA) ac-
quired from Sigmn-Aldrich in Tris/HCl buffer {(pH 7.4} obtained from
Dynaimic Bicsensors GmbH. The DNA concentation (2.88¢10 ¢ M) was
determined based on the nheorbance of this solution at a wavelength of
260 nm, at which the molar absorption coefficient is equal to 6600
M leem ! [72) The absorb ratio at lengthe 260 nm and 280
nm { Aaga/Aagy) was nbove 1.8, which proves that the DNA solution wos
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Juently, it is imperative to investigate the inreraction of s broades range
of model systems with confirmed binding modes using the switchSense
technique. To study intesaction with DNA helix groove netropsin (NET)
was selected s the model system.

Netropsin (Fig 1) is notmble os one of the pioneeting compounds
d 1ating selective binding within the minor groove of the helix
[73.79]. As a peptde anribiotic, it effectvely combats both Gram-
positive and Gram-negative bacteria by impeding nucleic acid synthe-
sl NET exhitbits & macked affinity for blnding to AT base-rich regions
of the helix, facilitated by hydogen banding and hydrophobic in
teractions. Additionally, its protonated amidine group interacts with the
negatively charged sugar-phosphate backbone of the nucleic acid dhain.
The results of the NET-DNA interaction sanlysie recordad with the
switchSense technigue at thaee temp (25, 30, 37 “C) e pre-
sented ln Fip |B The flaoreccence graph exhibits o distinet patrern
Namely, thete's o flat section lnsting approximntely 20 s at the beginning
of measurement, during which the buffer flow is recorded and the
nnalysis is prepaced. Following this prepointory phase, around 20 s into
the measurement, a sharp curve indicative of the NET-DNA associntion
process s observed. This steep slope indicates rapid binding, occurring
within mere seconds. Extending the analyte flow bevond this point (as
uswmed for dm process to 30 5) doss not yield llgmﬁm.m changes in
. as evidenced by another flat section between
umonmamly 25 and 50 5 ino the messurement. This suggests the
p of the . Subsequeatly, the analyte solu-
tion flow through the chip is hnlted and the buffer flow (without the
nnalyte) is initintes), commencing the dissociation process. The disseci-
ation slope also exhibits o sharp decline, indieating the rapid breakd
of the NET-DNA complex. Within just a fes seconds, the fluorescence
dmge approoaches zero for all tested concentmtions, eonfirming the
lissociation of NET molecules from the DNA helix due to
b fFer washing. No ble iff in trends were
observed actoss the tested temperature range Detalks regarding rhe
determined linetle eters and bloding cnn be found In
Table 1.
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A. Ciesidsboa ctal.
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(For interp of the refe
Table 1
Tae sation rates (k). Jdi rates (), (Kal‘anl
dassociation constants (Kg) along with their corresp k
d ined for NET 3 mmDNAmmgmmhneu:mﬂudofdu
switchSense techaique.
Temp Mkl Ke M) Ke i)
1°c)
25 (174 = 110} 1 (915 - 742 1166 + 1 35)
1w 0.3 10 10"
an (1451 1145 143 - (950 = 735) 11,04 + 0.80).
10 0.1l " 10
a7 (2.2 = )00} 123 = (557 = 254) (1,80 & 0.82)
10! 0. 10" 107

The course of fluorescence changes and the charncrer of the mea-
swement curves of the association nad dissodntion processes of NET
against DNA were very similar to thosc observed in prcvtmn mmlm for
the model tuterenlsring - eshidium bronsde {237, Unforr
nately, no direct caurlnnon between the course of association and
di 0N processes d with the switchSense tachnique and the
binding mode was observed.

"

32 Pyrasine-2-thiccarboxamide (PTCA} interaction studies

ln!hep(emnedmdm we focused on the sulfur analog of PZA,
2-thioearb ide (FTCA), with lu proven antifungal prop-
cmal 591, Ther <h ot {in the p 159 demonstiated
the biologienl activity of the PTCA cmnpmmd agoinst C albicans. The
PTCA s interaction with CI‘-DNA has already been analyzed in our group
previously wsing spectiop ric and vol etric methods [0,
The obtained results nuggued the groove interaction mode but did not
allow for bi ! of the bloduyg mode and bindi

with the DNA helix conducted at tempesatzes of 25 °C, 30 °C, and 37 °C,
ing the kinetic p

(including the PTCA) ae presented in Fig. 2. The caleulations of low:
resolution molecular docking (1 A grid point spacing) indicste that all
of the most important binding sites are Jocated in minor grooves. When
it comes 1o the most popular binding site, L.e., a are chamereriand by the
highest number of dodings, a third miner groove from the anchor wes
found to be predaminant, segardless of the system consdesd
Mentioned groove is made of TA pairs, Concerning the strongest bind-
ing, however, other minor grooves are critical. In the case of PTCA, itis
the first one from the anchor. The fact that the first minor groove is made
of TGTC sequence shows that PTCA does not exhibit any propensity
rowards particular nucleobases.

The PTCA malecule i= bonded by the highest mmount of energy via
the first minor groove with hmdmg epergy equol to 5,50 kenl/mol. The
coresponding i t was caleulated to be equal to 153.01
PM. It can be seen from Fig 3B that in the strongest bonded confor-
mation two hydrogen atoms of the sulfonamide group are weakly
bonded to the N ntom of quinine. The conesponding bond lengths nre
equal to 2,530 mx 2.648 A The most popular binding mode for PTCA
nlso bappens 1o be the one bonded by the least nmount of ensrgy, Le,,
3.29 keal/mol, In this conformation, there is only one evident non-
covalent interaction, namely an H-bond between the H atom of the
sulfonamide group and the N atom of adenine.

A completely different course of intion and di pro-
cesses of the PTCA-DNA adduct (7l 3C) was observed than in the case
of NET (Fig. 1€) o EB (53], The process of PTCA binding to the helix
was slow, os evidenced by the i\uprof the association curve. Moreover,
the buffer flow did not comp fate the f ] PTCA-DNA
adduct despite running the pmees for four minutes. This lndicates
that while the bonding process might be slow, it u-mmnx relatively
stabie under buffer Gow condit To v ine the pa-
rameters of interaction kinctics (os shown in Trbie 2), dota fitting wos
conducted utilizing n caleufation model that accounts for the partial

sites with the DNA helix. However, they can be a good veference polm
for the reculte obtalned using the switehSense technique.
The most importont bissding sites of the compounds in question
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dissocintion of the analyte, aiming for the higl ible accuncy,
The process of PTCA association with the DNA helix was about 20
000 times slower than for EB [ 2%, and about 30 times slower than for
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Fig. 2. The positions of the sites chasacterized by the highest value of the
lizand-receptor biexl g energy (black arrow) as well os the most popular site
for every ligand consdered (green nmow) calculated with 1 A grxd pomt
zpacing. (For intespretation of the refetences to color in this figure legend, the
render s refened o the web verslon of this articks.)

NET. While the remperature had no significant effect in this system
studdied on the X, valies, its effect on the dissoclation rate (k) resulted in
a clear trend in the determined values of the association constant (K, ). A
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inobutyl}b Ifonamide (Nbutyls) is a homolog of compounds
previously studied by our group. In the cuse of molecules with o shoster
nliylamino chain, their synthesis, physicochemical and compl
forming properties, and intemction with DNA were nlready investi-
gated. The results reportad in the mentionad papers revealed both solid
and stable binding ro nuclele acid and the ability 1o form camplexes with
Ri{I1) nnd Ru(lll) ons (320 . Due to the oscopic and electro-
chemieal properties of the studied group of hemologs (including Nbu-
tylS), determining the binding comstant with DNA using
spectrophotometzic and voltnmnetie techniques rurned out to be very
paoblematic 23], The overlap of the absorption bands of the analyte and
nuelele acid and the low intensity of the ewrrent signal made it necessary
to use other methods - theoretical caleulations and the switchS:
technigue.

Because of the pessibility of forming m intramelecular hydrogen bond
involving the Nbutyl$ allyiamine chain (501, both the structure of the

nolecule with an unbanded chaln (0o HB) and with an Intmoleculo
hydrogen bond (HB) were taken into secount in the calenlations
For NbutylS (no-HB), In the strongest bonded conformarion (g
tight) there are four H-bonds formad berween the annlyte and the re-
ceptor, First between the aromatic amine group of sulfonamide and O
stom of the carbonyl group of thymine {2,029 A). Second between the H-
ntom of the sulfonamide group and the O atom of the carboayd group of
mm(zgashm to arise from the Hatoms of the alkylamine group
and are directad towands the O atom of phosphare (2012 X) deoxyiiboss
ond cwrbonyl group of thymine. The energy coleulated for this confor-
mation was cakulated to be equal to —7 53 keal/mol wheress the inhi-
bition constant was determined to be equnl to 3.04 M.

In the case of NbutylS (HB) (Fig 4B top, left) there are three
hydrogen bonds between the ligand and receptor. The fist one bonds
the alkylamine group with the third N atom of the purine motety of
ndenine {2.230 A). The other H atom of alkylamine groups is bonded to
the sulfonamide group of the lgand keeping it conformation closed.
The othet hydrogen bond is formed between the sulfonamide group and
the O atom of deoxyribose (1.951 A), The last of the intermolecular H-
bonds observed hese is formed berween the momatic amine group of
analyte and the O atom of deaxyribose (2315 A). All in all, the encrgy
for this binding mode was calculated 10 be equal 10 -6.99 keal/mol,
whereas the mhibition constant is equal to 7.55 yM. It cnn be seen that
the highest bireling energies for the compounds in question are some-
what siiler, as that of AQ is only 0.59 keal/mol higher than that of
Nbutyl (HB). The difference is significantly diffetent when one compares
the inhibition constant, as that of AQ is civea 2.7 times smaller than that
of Nbutyl (HB).

As for the most popular binding ste (Fiy. ‘B bottom), located in the
third minor groove from the anchor, in the cpse of NbutylS (no-HB),
there are two bonds Namely, one connecting aromartie amine group
with (2068 A) with the carbonyl group of thymine and one binding

lkylamine group with deoxyribese (2.136 Aj. For Nbutyls (HB) thete is

decresse in the Ky value was observed with increasing temp . The
value of the (K,)d | using the switchS,
techmique (4.36-10° M ' at 25 *C)is lower than the valuss obtained by
the voltammetric methods (1.16-10* M and 1.04 10* with CV and DPV
tespactively) nnd the spectrophatomeie method (5.14.70° M 1) [40],
However, it should be remembered that not only do the conditions for
condueting these experiments differ from each other (eg. type of DNA
used), but ako ench of these techniques uses differeat physicochemical
properties of stiddied compounds. Addiionally, switch analyzes
the binding process occwrring in the buffer flow in real-time, while the
P pi e and vol tric apy hes use the nnalysis of
equilibria ocering in the solurion te determine the binding constant.

33 4-amino-N-(2-aminoburyl)h ifo
Interaction studies

ide (NbutylS)

The sulfonnmide derivative selected for this research, 2-amino-N-(2-
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 single H-bond between the Hgnnd wd receptor, conneeting the -
mintic amine of the ligand with the earboayl group of thymine,

On the fl hange plots, registered with the switeh
technique (Fig. 4C) avery similar conrse of association and dissociotion
processes of the NburylS-DNA adduct wns obssrved as for PTCA and
sulfonamide homologs: NethylS and Npropyls. Nansely, the association
process took place very slowly and the analyte fow lnsted the longest of
nll the compounds studied in this work - as nwuch as 240 5 (4 min), The
curves representing the bonding taking ploce hove o very modest slope.
The gmph shows the slow and incomplete dissociation process of the
fonwed adduct after the ead of the analyte flow. This mears that the
nteraction between the analyte and DNA ocaws dowly, but the
resulting ndduct is sostable that even extending the dissociation stoge to
480 s (8 min) does pot lead to ity complete dissociation. M ", the
pature of changes in the initial part of the adduct dissocation process
(approx. the first minute) was different from the further cousss of
dissociation. Namely, in the first minue of adduct disintegration forced
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Fig. 3. A The opdmized ab indtio structure of FTCA, indikated atoms with spheses: § atom (vellow), N atow (blue), © atom (grey), and H arom (white), B. Two

conformamions of a PTCA-DRA complex resulting from docking simulations targeting key grooves wiing c'dmlaﬂnnn with 40,303 A grid) point spacing. The left lmage
depicts the most ly boniled cond while the nght image shows the most preval on, C. 1L ve outeomes from the mvestigation of

PTCA interaction with the DNA helix comducted af tempenmtuses of 25 'C, 30 C. and 37 'C, respectively. The ﬂmmu fines in each color represent individual

measurement points, while the bokd line ilkustrates the fitted data used for d
legend, the reader is referved to the web versica of this article.)

Table 2

The Jution rates (k). di rates (ky),
dissociation constants (Ke) aloag with then ¢ 1

with DNA using  the statie kinetle method of

(KA}. :uxl

J inwl for PTCA |
the switchSane technique,
Temp ke ko (57 Ko [M] Ky i)
rc st
25 59404 (L2 £ 008) (2301018 (436 =0.33)
o* 10 10"
an 615« 3.0 950081 (317 £ 021 (316 £0.21)
0* 1w 10
ar 530« 3.0 12304013 (437 4 041) (220 £ 0.21)
02 1w i
by buffer flow, g hanges in the fl of the signaler wete

obeerved (the dissociation process occurred mare intensively) compared
to the next 7 min, when the fl ity ch 1 mch sfower
{the dissocints d ton minor extent). Due to such type of
changes obsmred during the messurement of binding kinetics, an
incomplete dissociation model was used to caleulate the kinetic pa-
rameters (Table 3),

The determined parameters of the rate formation and dissociation of
adduet (k, and ky) were used to caleulate the values of association
(binding) constants (Ky). The values of approximately 1.10% M ™', pre-
sented in Toble 3 me higher thun those obtained for the NethylS and
Npropyl§ homologs previoudy tested by our group (53], Moreover, an

182

kinetic {For interpr of the refe ta color i this figure

explicit increase in both the association sate value (X,) and the binding
corstant value (K;) was observed with increasing temperanire.

14 AQNerOH as a rup ive of anthraguinones with Jating
praperties

The outcomes of the high-resolution molecular docking (using a
0,303 A grid point spacing) targeted at the crucial grooves are illustrared
infiz OB, The predominant binding site for AQ-NetOH lies in the thind
minor groove from the anchor, consistent with the other systems.
However, AQ exhibis the smongest bond ensrgy when attached to the
Bst minor groove, akin to PTCA. The fact that the At nunor groove is
mnde of the TGTC sequence shows that also AQ-NetOH does not show
any bigs rds specific nuckeol: Themest prevalent conformation
vorresponding to the binding is presented on the right side of Fig SB. It
can be seen that the intramolecular hydrogen bond is formed between
the H atom of the hydroxyl group of AQ-NetOH and the O atom of the
deoxyribose, 'l‘hc lcng‘hof thc discussed bond is equal to 1.974 A, The
other notabls int i¢ the 1.924 A lang H-bond
formed between the Hatom from the amine group of AQ and the O atom
of the carbonyl group of thymine. Oversall, the energy calenlated for this
interaction is equal ro —7.58 keal/mol, wh the inhibi i
Is equal to 2.79 pM, which are respectively the highest and the lowest
values caleulated for all systems in this study. evitably the -NH-
(€Ha)y-OH group artachied to the anthmquinone L erueinl fou its binding
to the DNA helix
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4-amino-N-(2-aminobutyl)benzenesulfonamide (NbutylS)

A. Ciesidska ctal.
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B. Two conformations of 3 NbutylS-DNA pl

ng smulations
top image illustiates the most strongly bonded mnlnrnmnog while dr bottam imoge displays the moot p

ing key 21 wing Mﬂ:nomzkgrﬁpmtq)omg The
V! e C.R ive outcomes of

analyees eermding Noutyls Interaction with the DNA helix conducted at tempe rmures of 25 °C, 50 °C, and 37 T, tespectively, The thinper lluu in each colar depote
Individual measuyement pologs, while the bold line ibustrores the firted datn wsed for determining kinetic paramerers,

Table 3
The iatiom rates (k). di rates (), st (Ra) ard
disodation conssants (Kg) along with thelr comesponding stendard devistions

1 | for Nburyds & lona with DNA using the statle kinetic method of
the switchSerse technique,
Temp ke ko '] Ko [M) Ka M)
rc (LU
25 106 =03 1135 2 002 (1.27 = DS (787 = 0.25)
0! i 10
a0 14404 181940071 (11640131 (140 £ 0,03)
w 1wt w
37 153=03 (1.01= 0071 (660 =012 (151 £ 0.03).
w0 w0t 1t

SwitchSerse kinetics studies of the AQ-NetOH interaction with DNA
showed a complerely different course of registerad changes compared to

very similar to that obtained for ethidivm bromide, The determined
linetic parameters, listed in 1nble 4, confirm the very mpid formation of
the AQ-NetOH odduct with DNA. The k, value is about 30 times lower
than for BB, but a5 teh s 1000 tmes higher than in the case of PTCA
nnd even several thousarsd times higher than for NbutylS. The formed
adduct also disintegrates very quickly under the influence of the buffer
flow. Namely, its dissociation ocours within about 1 5 as evidenced by
the ky values The value of the K, constant, calculated based on the rates
of association and dissoclatlon, is equal 1 4.97.10° M ' ar25 *C. Which
is the highest value among all detarmined with the switchSense tech-
nique for the compounds presented in this work. At the some time, it is
two orders of value lowes than in the case of ER, which ar this temyper-
nture wns chameterized by the Ky value of approx. 410° M ', The
values of the association constant slightly decrease as the temperature at
which the experiment was conducted lnereases,

In the case of the anthmquinone denvative, spectrophotometric

dies wera also pedd d. The spect oscople propecties of the analyte

the pyrazine and sulfonamide derivatives. Namely, the lation oe-

curs very quickly and is mumifested by about a 10 % sharp fluorescence
change auve in the first seconds of the analyte flow. Then we observe a
rectilinear section showing the complete binding of the analyte to the
DN\hdlx Af(r: ou]ySOsofbmdmg.dwnudywﬂowwswpped mdthe

P is very fast and complete. This is evi-

dmed by a shalp curve of fluorescence clanges and the retuin of the
signal to the initinl walue. In geneml, the course of the measurement is

183

enabled the study of AQ-NetOH internction with DNA using this method,
which had not been published before. The AQ-NetOH compounxd in the
Tris/HA buffer in the wavelength range of 350-200 nu has three ab-
sorption mwaxinumuns of 316 o, 276 nm, and 247 nm with conesponding
molar abscrption coefficient valves of 6025, 9990, and 35,190
dur ol em Y, respeetively (Fig 6A), In the visible mage, there is
nlso o moximum at 512 nm, which results in a pale red cokor of the
solution.
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1-(2-hydroxyethylamino)-anthracene-9,10-dione (AQ-NetOH)

C
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Pig. 5. A The equilibium stivctue of ab initlo optimized AQ-NetOH. B. Two conformmationy of an AQ N«OH-DNA vomplex eulting fron dodking shnulations

targeting key srooves wing calculations with 2 0.303 & grid point spocing. The left image illu the most ly bonded coai ion, while the right image
dmplays the most prevalent coaf ion C. Rey 3 of ¥ ling AQ-NetOH i ion with the DNA helix conducted at tempemtures of
2570, 30°C and 37 C, respectively, The thinner lines in each color reps individual points, while the bold line illustrazes the ftted datn uoed for

detemining kinetic parametess.

To avoid the effect of overlapping of the absorption bands of AQ-

Tabled ¥ R S7 NetOH and DNA, the binding was ined for changes in
?c ation mﬁﬁﬂ sldeg \riﬂ:':.:i(m' g s ,(Kf".md nbsorbance ot o u'{ln‘)uwﬂi af 3l§ am, at this energy the DNA u')lmion
detesmined for AQ-NetOH aitesmtions with DNA usig the satic kinetic method 9008 Sotabsorb (Fs. SA). Fou justification, a plot was suade showing the
of the switchSense techaique, spectral changes at this wavelength 26 a function of die DNA/AQ-NetOH
=y T - molar ratic (Fig. B). A sight increase in absorbance is observed with

?;’ Sl B E s (v X a1 DRA concentration growt, which sops aftsr exceeding the 1:1 DNA:

AQ-NetOH molnr ratio. This means that subsequent DNA portions do not

a5 SRR ;‘; ’ ';‘;Dl +a3h ’l;.” X058 introduce any spectrul changes, Based on the presented observations, it
20 (585 -106 1o - 217677 (460 1.63) can be conduded that these is an lateraction of DNA with AQ-NetOH.
10¢ 0,05 16°% 104 Howeser, it cannot be clearly stated whether it hns an intercalotion
ar 13.71 2 127) [XTee 243+ 09)  [41211.62) characier becanse the hypochromic effect and bathochromic shift are
1o a4y 1w 10 only observed In the spectin afrer subtinering DNA abaesption
(Figure §2).
To ascertain the binding coistant of AQ-NetOH to DNA, a spectio- The ""}“'P‘ﬂ” binding (association) constant was determinad using
photometric titmtion was conducted. This involved menitoring changes the Benesi-Hildebrand equation (033:

in anaiyte absorbanee with increasing DNA concentration. The titration A, 1 _ 1 |

was recorded within the 350-200 am range (Fig. 1), following confir- (A— &)  (Ae—Ad) h [Ae — s ,M’.m @

mation that spectral changes in the visible range were of minimal ln-

tensity (Figure 51, Notably, a nowble rise in absorbanee walues (with where Ag, A, and A denote the absosption in the absence, at interme-
noalteration ln their positions) was observed for the 276 nmand 247nm diare and infinite DNA concentrations, respectively, This relarionship
bands, Unfortunntely, this is also the extent of DNA sbsorption. To  can be presented in the form of a linear equation y = ax + b in which the

confirm that changes in absorbance are the result of interactions of the  variables ave Ay /(A-Ag) and 1 /[DNA]. The binding constant, & d
compownd with DNA, nucleie acid absorbance was subtracted from the  from the ratio of the intercept to the slope of the graph (Fig, £€), is found
measurement spectra (Figure 82) [82], It can be sean in Figure 52 that  to be 9.9710* M ! using spectropk: ie ti

both maxina (at 276 and 247 nm) occur in thelr descending Intensity
compared to the observations for the onginal solution. Additionally, the
band ot 276 mn was bathochromically shifted to 286 nm.

184
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Vig. 6. UV-VIS spectsa of the AQ NetOH-DNA adduct. A, UV-VIS absorption spectia of AQ-NetOH (2.52010 > M) with increasing coacentrations of DNA (0-Ge10°?
M) in Traa/HCl buffer (pH 7.4). The amrow iixlicates the direction of change dusing tittation. The dnshed black line represents the spectium of the DNA sohition. B.

Changes in absorh at 516 om c
ing 4 11 iation | the two,
4, Conclusions

This sty utilizes three methodalogicnl appmoches © describe an-
alyte interactions with DNA, providing insights into buxi.ng strugda,
mode, and kinetics. Despite sthSeme S i i
kinetic p it lacks 3 about binding sites and modes.
OQmpamuve studies with other techniques confirm this lmitation,
especially evident with netropsin (NET).

Computational studies anxd UV-Vis spectrophotometry complement
switchSense findings, reveuling differences in annlyte interactions with
DNA. Notabl; mthmqulmne dativative (AQ-NetOH) exhibits the
highest rate, indicating rapid adduct formation. Tempera-
ture varistions influence binding Kineties differently among analytes.
While PTCA shows accelerted di at higher P
Nbutyls demonstrates enhanced association, emphasizing the oomplex
nature of these interactions

Finally, switchSense technique presents a promising tool for rapid
compound biosctivity assessment in chemienl liborarories Though
binding cotstant values may slightly differ from other techniques,
switchSense’s renl-time nnalysis offers unique insights into association
and dissociation kinetics. Expanding 1 to metal ion complexes
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3 the molar mtio [DNAT/LAQ-NetOH]. C. Benesi-Hildebrand plot of AQ-NetOH and DNA [abworption at 316 mml,

nnd other moleculor tmgets like proteins is o future direction for our
group.
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Sulfonamides with Potential Biological Activity. /. Phys. Chem. B 2023, 127, 30, 6620-6627,

doi:10.1021/acs.jpeb.3c01963.

Ciesielska, A.; Brzeski, J.; Zarzeczanska, D.: Stasiuk. M.; Makowski, M.; Brzeska, S. Explor-

ing the interaction of biologically active compounds with DNA using the SwitchSense tech-

nique, UV-Vis spectroscopy, and computational methods. Spectrochim. Acta. A. Mol. Biomol,

Spectrosc 2024, 124313, doi:10.1016/5.5aa.2024.124313,

2

wehodzacych w skiad mojej rozprawy doktorskiej obejmowal:

Ad. L Wykonanie przegladu literaturowego oraz opracowanie rysunkow i tabel. Przygotowanie

pierwotnej wersji manuskryptu araz dopracowanie artykufu do publikacji.

Wydzist Chemil vl Jana Bazynskiego 8 www ug adu pl
Uniwnrsytety Gdanshego AO209 Gdansk
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Ad. 2. Przeprowadzenie syntez pochodnych sulfonamidowych oraz analiz ich profili
elektrochemicznych, wilasciwosei kwasowo-zasadowych oraz wlasciwosci kompleksotworezych z
jonami Ru(II) i Rh(IIT). Opracowanie uzyskanych wynikow, rysunkow i tabel. Przygotowanic
pierwotnej wersji manuskryptu oraz dopracowanie artykutu do publikacji.

Ad. 3. Wyznaczenie parametrow  kinetyeznych dln  oddzialywania dwoch pochodnych
sulfonamidowych (NethvlS, NpropylS) z helisy DNA przy pomocy techniki switchSENSE.
Opracowanie uzyskanych wynikow, rysunkéw i tabel, Przygotowanie pierwotne] wersji manuskryptu
oraz dopracowanie artykulu do publikacji.

Ad. 4. Wykonanie syntezy pochodnej sulfonamidowej NbutylS, a nastepnie charakterystyki
strukturalne] oraz analizy wlasciwoscel kwasowo-zasadowych, w tym wyznaczenie wartosci pKy.
Opracowanie uzyskanvch wynikéw, rysunkéw i tabel. Przypotowanic picrwotnej wersji
manuskryptu.

Ad. 5. Wyznaczenie parametrow kinetycznych dla oddzialy wania zwigzku NbutylS oraz PTCA
z helisg DNA przy pomocy techniki switchSENSE. Opracowanie uzyskanych wynikow, rysunkow i
tabel. Przygotowanic pierwotne] wersji manuskryptu oraz dopracowanie artykutu do publikacii.

N » . .
Fleksasaia. Clesedlsks. ...
Podpis

Wydzisi Chemil ul Jans Bazyhskiego @ www.ug ecu pl
Uniwersytetu Gdanskisgo H10-306 Gaansk
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Gdatisk, dnia 24: 06,2024
prof. dr hab, Mariusz Makowski
Katedra Chemii Bionicorganicznej
Wydzial Chemii Uniwersytetu Gdanskiego
Oswindezenie wspolautora

Oswiadezam, ze mdj udzial w przygotowaniu nastgpujacych artykutow naukowych:

1. Ramotowska, S.; Ciesiclska, A.; Makowski, M. What Can Electrochemical Methods Offer in
Determining DNA-Drug Interactions? Molecules 2021, 26, 3478,
doi:10.3390/molecules261 13478,

2. Ciesielska, A.; Gawronska, M. Makowski, M.; Ramotowska, S. Sulfonamides Differing in the
Alkylamino Substituent Length — Synthesis, Electrochemical Characteristic, Acid-Buse Profile
and Complexation Properties. Polvhedron 2022, 221, 115868, doi: 10.1016/.poly.2022.115868.

3. Ramotowska, S.. Spisz. P.; Brzeski, I Ciesielska, A.: Makowski, M. Application of the
SwitchSense Technique for the Study of Small Molecules™ (Ethidium Bromide and Selected
Sulfonamide Derivatives) Affinity to DNA in Real Time. J. Phys. Chem. B 2022, 126, 7238-
7251, doi:10.1021/acs jpcb.2c03138.

4. Brzeski, J.; Ciesielska, A.; Makowski, M. Theoretical Study on the Alkylamino-Substituted
Sulfonamides with Potential Biological Activity. S Phys. Chem. B 2023, 127, 30, 66206627,
doi:10.1021 /acs jpeb.3¢01965.

5. Ciesielska, A.: Brzeski, J: Zarzeczanska, 1).; Stasiuk, M.. Makowski, M.; Brzeska, S.
Exploring the interaction of biologically active compounds with DNA using the SwitchSense
technique, UV-Vis spectroscopy, and computational methods. Spectrochim. Acta 4 Mol
Biomal Spectrosc. 2024, 124313, doi:10.1016/j.saa.2024.124313.

wchodzacyeh w skiad rozprawy doktorskiej mgr Aleksandry Ciesielskiej obejmowal:

Ad. 1. - Ad. 5. Opiek¢ merytoryezng nad realizowanymi badaniami oraz wspéludzial

w opracowywaniu koncepeji prac i dyskusji wynikéw. Zapewnienie finansowania badar w pracach

Wydzial Chemil ul Jana Batynskiege 8 www Ug sdu ol
Uniwersytetu Gdanskiego 80309 Gelatish
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1-4. Korekty pierwotnych wersji manuskryptu oraz dopracowanie artykulu do publikacji. Pelnienie

roli autora korespondujacego.

Wydzinl Chemil u Jans Baryfskiogo 8 WWW.UQ wou pl
Uniwersytetu Gdanskiego 80-309 Gelanak
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Gdarsk, dnia {1002 <0
dr Sandra Brzeska
Katedra Chemii Bionicorganiczncej
Wydzinl Chemii Uniwersytetu Gdanskiego
Oswindczenie wspolautora

Oswiadezam, ze moj udziat w przygotowaniu nastepujacych artykuldw naukowych:

1. Ramotowska, S.: Ciesielska, A.: Makowski, M. What Can Electrochemical Methods Offer in
Determining DNA-Drug Interactions? Molecules 2021, 26. 3478,
doi:10.3390/molecules26113478.

2. Ciesielska, A.: Gawronska, M.; Makowski, M.; Ramotowska, S. Sulfonamides Differing in the
Alkylamino Substituent Length — Synthesis, Flectrochemical Characteristic, Acid-Base Profile
and Complexation Properties, Polyhedron 2022, 221, 115868, doi:10.1016/).poly.2022.115868.

3. Ramotowska, S.; Spisz, P.; Brzeski, ). Ciesielska. A.; Makowski, M. Application of the
SwitchSense Technique for the Study of Small Molecules' (Ethidium Bromide and Selected
Sulfonamide Derivatives) Aftinity to DNA in Real Time. /. Phys. Chem. B 2022, 126, 7238-
7251, doi: 10,102 Vacs jpeb.2¢0H3138.

4. Ciesielska, A.; Brzeski, J.; Zarzeczanska, D.. Stasiuk, M.; Makowski, M.: Brzeska, S.
Exploring the interaction of biologically active compounds with DNA using the SwitchSense
technique, UV-Vis spectroscopy, and computational methods. Spectrochim. Acra. 4. Mol.
Biomol. Specirose. 2024, 124313, doi:10.1016/.5aa.2024.124313.

wehodzacych w sklad rozprawy doktorskiej mgr Aleksandry Ciesielskiej obejmowat:

Ad. 1. Koncepeja pracy, wykonanie przeglydu literaturowego oraz opracowanie rysunkow

i tabel. Przygotowanie pierwotnej wersji manuskryptu oraz dopracowanie artykutu do publikacji.

Ad. 2, Opicka merytoryczna, przy gotowanic pierwotnej wersji manuskryptu oraz dopracowanie
artykulu do publikacji.
Wydzial Chemii ul Jans Bazynskiego B Waw g edu pl
Uniwarsytatu Cdadskiego 80-309 Gdansk
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Ad. 3. Okreslenie problemu badawczego, koncepcja czesei ekspervmentu oraz wyznaczenie
parametrow Kinetycznych dla oddzialy wania bromku etydyny z helisg DNA przy pomocy techniki
switchSENSE. Opracowanie uzyskanych wynikéw, rysunkdw i tabel. Przygotowanie pierwotne)
wersji manuskryptu oraz dopracowanie artykutu do publikacji.

Ad. 4. Koncepcja pracy, wyznaczenie parametrow kinetycznych dla oddzialywania zwigzku
AQ-NetOH oraz netropsyny z helisy DNA przy pomoocy techniki switchSENSE. Opracowanie
uzyskanych wynikow, rysunkow 1 tabel, Zapewnicnic finansowama badan. Przygotowanie

pierwotnej wersji manuskryptu oraz dopracowanie artykutu do publikacji.

Podpis

Wydzial Chemi ul Jana Baxynskiego B www_uQ acu pl
Uniwersytetu Gdanskisgo A0-302 Gdanss
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Gdansk, dnia 70,2500
dr Jakub Breeski
Katedra Chemii Bionieorganicznej
Wydzial Chemii Uniwersytetu Gdanskiego
Odwiadezenie wspolautora

Oswiadezam, ze mdj udzial w przygotowaniu nastepujgcych artykulow naukowych:

1. Ramotowska, S., Spisz. P.; Brzeski, J.; Ciesielska, A.: Makowski, M. Application of the
SwitchSense Technique for the Study of Small Molecules® (Ethidium Bromide and Selected
Sulfonamide Derivatives) Affinity to DNA in Real Time. ./ Phys Chem, B 2022, 126, 7238
7251, doi: 10,102 1 /acs.jpeh.2¢03 138,

2. Brzeski, J.; Ciesielska. A.; Makowski, M. Theoretical Study on the Alkylamino-Substituted
Sulfonamides with Potential Biological Activity. J. Phys. Chem. B 2023, 127, 30, 6620-6627,
doi:10.1021/acs. jpeb.3¢0)1965.

3. Ciesiclska, A.. Brzeski, J.: Zarzeczanska, D.. Stasiuk, M.; Makowski, M.. Brzeska, S.
Exploring the interaction of biclogically active compounds with DNA using the SwitchSense
technique, UV-Vis spectroscopy, and computational methods. Spectrochim. Acra 4. Mol
Biomol. Spectrose. 2024, 124313, doi:10.1016/).52a.2024,124313.

wehodzacych w sklad rozprawy doktorskiej mgr Aleksandry Ciesielskiej obejmowal:

Wykonanic wszystkich obliczen leoretycznych oraz dokowania molekularnego. Opracowanie
uzyskanych wynikow, rysunkdw i tabel oraz przygotowanie pierwotnej wersji manuskryptéw.
Ponadto w przypadku publikacji nr 2 wkiad obejmowal rownie? okreslenie problemu badawczego,
koncepeje w czesei prowadzonego eksperymentu oraz dopracowanie artykulu do publikacji.

Wyecizial Chamil ul Jsng Bazynskiego 8 www ug edu ol
Uniwersytetu Gdariskiege 80-308 Goensk
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Gdatisk, dnia 61108, 2014
dr Dorota Zarzeczanska
Katedra Chemii Analityczncej
Wydzinl Chemii Uniwersyletn Gdaaskiego
Oswiadezenie wspdélautora

O$wiadczam, ze mdj udzial w przy gotowaniu nastgpujacego artykubu naukowego:

1. Cicsiclska, A.; Brzeski, J.. Zarzeczanska, D.; Stasiuk, M.; Makowski, M.; Brzeska, S.
Exploring the interaction of biologically active compounds with DNA using the SwitchSense
technique, UV-Vis spectroscopy, and computational methods, Spectrochim. Acta. 4. Mol.
Biamol. Spectrosc. 2024, 124313, doi:10.1016/.5a2.2024.124313.

wechodzacego w sktad rozprawy doktorskiej mgr Aleksandry Ciesielskie] obejmowat:

Wykonanie analizy oddzialywania zwiazku AQ-NetOH 2z biomolekulty DNA przy uzyeiu
miareczkowania  spektrofotometrycznego. Opracowanie otrzymanych wynikow, sporzgdzenie

rysunkéw oraz przygotowanie pierwotnej wersji manuskryptu.

Wydzial Chemil ul Jana Bazyfaviego 8 www ug edu pl
Uniwersytetu Gdanskiege A0-309 Cidarsk
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Gdansk, dnia 2%:96. .29
Magdalena Stasiuk

Katedra Chemii Bionicorganicznej
Wydzial Chemii Uniwersytotu Gdanskiego

Oswiadezenie wspdlautora

Oswiadezam, ze mo) udzial w przygotowaniu nastgpujacego artykulu naukowego:

1. Ciesielska, A.; Brzeski, J; Zarzeczanska, D.. Stasiuk, M.; Makowski, M.; Brzeska, §.
Exploring the interaction of biclogically active compounds with DNA using the SwitchSense
technique, LIV-Vis spectroscopy, and computational methods. Spectrochim. Acra. 4 Mol
Biomol. Specirose. 2024, 124313, doi:10.1016/).5aa.2024.124313.

wehodzacego w sklad rozprawy doktorskiej mgr Aleksandry Ciesielskiej obejmowal:

Asysta przy wykonaniu badania oddzialy wan zwiazku Nbuty[S oraz PTCA z helisg DNA przy uzyciu
techniki switchSENSE.

Wydzial Chemii ul Jana Barynskego 8 WaW U eoup
Uniwersytetu Gdatskisgo 30-309 Gdanak
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| Weterynaryjnych

Torun, 26.06.2024
Dr inZ. Paulina Spisz
Katedra Immunologii
Wydziat Nauk Biologiczaych i Weterynaryjnych
Uniwersytetu Mikolaja Kopernika w Toruniu

Oswiadezenie wspolautora

Oswiadezam. ze mdj udzinl w przy gotowaniv mastgpujgeego artvkulu nankowego:

1. Ramotowska, S.; Spise, P.; Brzeski, J.; Clesielska, A Makowski, M. Application of
the SwitchSense Technique for the Study of Small Molecules™ (Ethidium Bromide
and Selected Sulfonamide Derivatives) Affinity to DNA in Real Time. J Phys
Chem. B2022, 126, 7238-7251, doi:10.1021/acs.ipebh.2¢03138.

wehodzgeego w skind rozprawy dokiorskiej mgr Aleksandry Ciesielskie) obgjmowat:

Okreslenie  problemu  badawezego 1 czgseiowe] Koneepeji oriuz  wyznaczenic  parametrow
Kinetyeznych dla oddzialvwania sulfatiazolu 2 heliss DNA przy pomocey techniki switchSENSE.
Opracowanie uzvskanych wynikdw, rysunkéw i tabel, Przygotowanie pierwotnej wersji

manuskryptu oraz dopracowanie artykutu do publikacii.

Podpis

de in2. Paulina Spicr Ul Lwowska 1, 87-100 Tarun, Posks, 181428 56511 75 19, amall p epi@umk pl
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Gdansk, dnia 44 G 8.£025

Oswindczenie wspélantora

Ja, dr inz. Malgorzata Gawronska, oswiadczam, ze moj udzial w przygotowaniu nastepujgeego
artykulu naukowego:

1. Ciesielska, A.; Gawronska, M.; Makowski, M.; Ramotowska, S. Sulfonamides Differing
in the Alkylamino Substituent Length — Synthesis, Electrochemical Characteristic, Acid-
Base Profile and Complexation Properties. Polyhedron 2022, 221, 115868,
doi:10.1016/.poly.2022.1 15868,

wehodzacego w sklad rozprawy doktorskie) mgr Aleksandry Ciesielskicj obegjmowal:

synteze pochodnych sulfonamidowych (NethylS @ NpropylS) oraz zlecenic Sekeji Pomiarow
Fizykochemicznych Wydziatlu Chemii UG potwierdzenia ich struktury metodami NMR, MS
i analizy elementamnej. Przygotowanie uzyskanych wynikow w postaci rysunkow i tabel oraz
napisanic czgsci picrwotnej wersji manuskryptu w zakresic przeprowadzonych przeze mnie
eksperymentow.,

> ] o) AN
DMan ponaile, Dol
G Podpis
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