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I. WPROWADZENIE

Choroby nowotworowe stanowig powazny problem zdrowotny, spoteczny i ekonomiczny
XXI wieku. Wedlug raportu Miedzynarodowej Agencji Badan nad Rakiem (IARC)
w 2022 roku odnotowano okoto 20 milionow nowych przypadkéw, a liczba zgondw
w wyniku tych chor6b wyniosta prawie 10 milionéw. Do najczesciej diagnozowanych
typéw nowotwordw naleza rak ptuc, piersi, nowotwory jelita grubego oraz prostaty.
Dodatkowo szacuje si¢, ze do 2050 roku liczba nowych przypadkow raka siegnie ponad
35 milionéow [1]. Dane te potwierdzajg, ze poszukiwanie nowych lekow skierowanych
wobec komoérek nowotworowych jest nadal waznym zagadnieniem chemii medyczne;.

Wséréd  obecnie  wykorzystywanych metod w  projektowaniu  nowych lekow
przeciwnowotworowych wyrdzni¢ nalezy metod¢ hybrydyzacji molekularnej, pozwalajaca
na otrzymanie zwigzkow wykazujacych aktywnos$¢ wobec kilku celéw molekularnych
jednoczesnie. Terapia wielocelowa wykazuje szereg korzy$ci w poréwnaniu z tradycyjng
chemioterapia, opierajacg si¢ na lekach ukierunkowanych na pojedynczy cel molekularny,
gdyz pozwala na zwigkszenie skuteczno$ci terapii oraz zmniejszenie ryzyka nawrotow
choroby. Skutecznym sposobem projektowania nowych zwigzkow o potencjalnym
dziataniu biologicznym jest poszukiwanie wsrdd struktur obecnie stosowanych lekow
fragmentow farmakoforowych, determinujacych ich wysoka aktywnos$¢ biologiczna,
ktorych odpowiednie potaczenie w czasteczce umozliwi otrzymanie nowych,
aktywniejszych i mniej toksycznych zwigzkow. Przykladem takiego podejscia jest
optymalizacja czasteczki talidomidu, ktory stanowi prekursor dla lenalidomidu,
pomalidomidu oraz innych lekéw o silnych wilasciwosciach immunomodulujacych
i przeciwzapalnych stosowanych w terapii szpiczaka mnogiego, zespolow
mielodysplastycznych i innych choréb nowotworowych. Pierscien ftalimidowy obecny
w strukturze talidomidu, stanowi wazny farmakofor wystepujacy w zwiazkach o szerokie;j
aktywnos$ci biologicznej, a w przypadku nowotworow o dziataniu antyproliferacyjnym
wobec linii komoérek nowotworowych m.in. raka ptuc, piersi i prostaty. Dodatkowo
wykazano, ze aktywnos$¢ zwigzkow zawierajacych w strukturze uktad ftalimidu zwigzana
jest z inhibicja kinazy tyrozynowej EGFR i VEGFR oraz aktywacja kaspazy 3 1 9 [2].
Kolejnym przyktadem waznego celu molekularnego dla zZwigzkow
przeciwnowotworowych jest elastaza neutrofilowa, enzym proteolityczny nalezacy
do neutrofilowych proteaz serynowych, uwalnianych w trakcie generowania

pozakomorkowych putapek neutrofilowych podczas odpowiedzi zapalnej organizmu.
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Wykazano, ze elastaza neutrofilowa odgrywa wazng role¢ w rozwoju 1 progresji
nowotwordéw, wplywajac na namnazanie, migracj¢ 1 inwazyjno$¢ komorek
nowotworowych, poprzez modulowanie mikro$rodowiska guza i bezposrednig stymulacje
kinaz tyrozynowych oraz indukcje uwalniania czynnikow wzrostu stymulujgcych
angiogeneze. Aktywno$¢ przeciwnowotworowa znanego inhibitora elastazy — sivelestatu
potwierdzono w przypadku HER-2 pozytywnego raka piersi [3-5].

Tematyka niniejszej pracy obejmuje zaprojektowanie i syntez¢ nowych nieznanych
w literaturze pochodnych talidomidu bedacych inhibitorami elastazy o aktywno$ci
przeciwnowotworowej. W badaniach wykorzystano metode hybrydyzacji molekularnej
w celu potaczenia wybranych fragmentow farmakoforowych, determinujacych aktywno$¢
biologiczng nowych zwigzkoéw. Oceniono aktywno$¢ antyproliferacyjng nowych
pochodnych wobec 7 réznych linii komérek nowotworowych, a toksycznos$¢ okreslono
wobec 2 linii komorek zdrowych. Zbadano rowniez zdolno$§¢ nowych pochodnych
do inhibicji §winskiej elastazy trzustkowej oraz ludzkiej elastazy neutrofilowej i okreslono
potencjalny mechanizm inhibicji. Dodatkowo w celu okreslenia sposobu wigzania
badanych zwigzkow 2z miejscem aktywnym elastazy wykorzystano dokowanie
molekularne. Dla wybranych zwiazkéw przeprowadzono rowniez badania inhibicji EGFR,
aktywacji kaspaz, wplywu na procesy apoptozy, nekrozy i progresj¢ cyklu komorkowego

oraz okreslono stabilno$¢ chemiczng otrzymanych pochodnych.
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I1. CZESC TEORETYCZNA
1. Talidomid
1.1. Historia

Talidomid pierwszy raz zostat wprowadzony do lecznictwa w 1957 roku przez niemiecka
firm¢ Chemie Grunenthal. Reklamowany jako skuteczny, nieuzalezniajacy i bezpieczny
srodek uspokajajacy dostepny bez recepty, szybko zyskal popularno$¢ wsrdd pacjentow.
Dodatkowo odkrycie jego dziatania przeciwwymiotnego, spowodowato, ze byt polecany
kobietom w cigzy, ktérym doskwierat problem porannych mdtosci. W latach 1957-1961
byt juz obecny pod réznymi nazwami handlowymi w ponad 46 krajach i powszechnie
stosowany. Co ciekawe, talidomid nigdy nie zostal wprowadzony do obrotu w USA,
z uwagi na sprzeciw dr Frances Kelsey, farmakolog wspotpracujacej z FDA (ang. Food
and Drug Administration), dotyczacy przypadkow neuropatii obwodowej u dorostych
przyjmujacych talidomid oraz niedostatecznych wynikéw badan bezpieczenstwa dla tego
zwigzku. Okazato si¢ to stusznym krokiem, gdyz w czasie popularno$ci talidomidu zaczeto
obserwowa¢ niepokojacy, nagly wzrost urodzen dzieci z nieprawidlowo rozwinigtymi
konczynami. W 1961 roku raporty dwoch niezaleznych klinicystow dostarczyly
niezaprzeczalnych dowodow na zwigzek miedzy stosowaniem talidomidu w cigzy,
a wadami wrodzonymi u potomstwa. Wsrod najczesciej pojawiajacych sie wad wyrdznié
nalezy fokomelie, amelie, a takze uszkodzenia uszu, oczu i1 narzadow wewngtrznych.
W listopadzie 1961 roku talidomid zostat ostatecznie wycofany z obrotu, jednak
szacuje si¢, ze w wyniku jego stosowania urodzito si¢ ponad 10000 dzieci z wadami
wrodzonymi, a ci¢zkie uszkodzenia narzadow wewnetrznych doprowadzity do licznych

poronien, ktorych ilo$¢ trudno dzi$ oszacowac [6].

1.2. Nowe zastosowanie talidomidu w medycynie

W 1965 roku Profesor Sheskin wykazat, Zze talidomid podawany w celach uspokajajacych
pacjentom cierpigcym na trgdowy rumien guzowaty (ang. erythema nodosum leprosum,
ENL), prowadzit do redukcji objawow zapalnych choroby i poprawy stanu klinicznego [7].
Obserwacja ta spowodowata, ponowny wzrost zainteresowania badaczy potencjalnymi
wlasciwosciami terapeutycznymi talidomidu. Wkrotce okazato sig, ze talidomid

charakteryzuje si¢ szerokim dziataniem immunomodulujacym, przeciwzapalnym
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I antyangiogennym [8,9]. Wykazano jego dzialanie przeciwnowotworowe u pacjentow
z zaawansowanym szpiczakiem mnogim [10]. Odkrycia te spowodowaty, ze w 1998 roku
Amerykanska Agencja ds. Zywnosci i Lekow dopuscila stosowanie talidomidu w ostrej
postaci ENL, a w 2006 roku wraz z deksametazonem w skojarzonej terapii nowo
zdiagnozowanych przypadkow szpiczaka mnogiego. Z uwagi na znane dziatanie
teratogenne talidomidu oraz dziatania niepozadane ponowne zastosowanie talidomidu
do lecznictwa zostato potagczone z wprowadzeniem specjalnego programu kontrolujgcego
ordynowanie i wydawanie tego leku o nazwie S.T.E.P.S. (System for Thalidomide
Education and Prescribing Safety) [11]. Oprocz zarejestrowanych wskazan, talidomid
posiada takze szereg zastosowan Off label. Stwierdzono skuteczno$¢ talidomidu w réznych

chorobach o podtozu autoimmunologicznym i zapalnym (Tabela 1) [12-21].

Tabela 1. Potencjalne zastosowania terapeutyczne talidomidu

Zaburzenia Choroby przewodu Choroby Inne
autoimmunologiczne pokarmowego onkologiczne
uktadowy toczen zespot ChorOb?ZZLZi(xzczep
rumieniowaty, mielodysplastyczny, P .
. . . . : gospodarzowi,
reumatoidalne zapalenie nawracajagce  aftowe migsak Kaposiego, anoreksia w
stawow, zapalenie jamy ustnej, rak piersi, Texs) .
1 Qe przebiegu chordb
zespot Sjogrena /choroba choroba Crohna rak prostaty,
- ) . - . nowotworowych,
Mikulicza-Radeckiego, glejak wielopostaciowy choroba
sarkoidoza
Behgeta

1.3. Mechanizm dziatania

W 1991 roku odkryto, ze zwigzek ten hamuje produkcje czynnika martwicy
nowotworow o (TNF-a) przez zaktywizowane monocyty [22]. Odkrycie to byto
pierwszym krokiem do wyjasnienia podstaw silnie przeciwzapalnego dziatania talidomidu.
TNF-o to plejotropowa cytokina stymulujgca reakcje immunologiczng organizmu
w odpowiedzi na zakazenie oraz indukujgca reakcj¢ zapalng. Produkowana jest gléwnie
przez makrofagi, ale takze przez komorki limfoidalne, miocyty serca oraz komorki
srodbtonka i tkanki neuronalnej. Nadprodukcja TNF-a zostata zaznaczona w patogenezie
licznych choréb charakteryzujacych si¢ przewleklym stanem zapalnym, jak choroby
nowotworowe i autoimmunologiczne. Talidomid hamuje produkcje TNF-a poprzez

blokade ekspresji czynnika transkrypcyjnego NF-Kf oraz biatka adaptorowego MyD8S,
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biorgcych udzial w regulacji genéw TNF-o oraz poprzez degradacje jego mRNA [23].
W przeciwienstwie do kortykosteroidow, zahamowanie produkcji TNF-o po podaniu
talidomidu nie wigze si¢ z obnizeniem poziomu innych cytokin, takich jak IL2, ktora
uczestniczy w stymulacji odpowiedzi przeciwnowotworowej organizmu. Talidomid
zwigksza produkcje IL4 i ILS, jest silnym kostymulatorem limfocytow T, zwigkszajac
liczbe limfocytow CD4+ i CD8+ [24]. Dodatkowo wplywa takze na produkcje¢ IFN-y, IL10
i IL12. Dzialanie antyangiogenne talidomidu zwigzane jest z jego zdolnoscig
do hamowania produkcji VEGF oraz bFGF. Mimo zidentyfikowania tak szerokiego
spectrum czasteczek, na ktore oddziatuje talidomid do 2010 roku badacze nie byli w stanie
doktadnie wyjasni¢ podstaw molekularnych mechanizmu dzialania tego zwigzku.
Uwazano, ze plejotropowe dziatanie talidomidu zwigzane jest z istnieniem wielu celow
molekularnych. Stanowisko to zmienito si¢ wraz z opublikowaniem pracy Ito i innych
[25], w ktorej badacze zidentyfikowali cereblon (CRBN), jako biatko bezposrednio
wigzace talidomid, odpowiedzialne za efekty biologiczne tego zwigzku. Cereblon wraz
z biatkiem wigzacym uszkodzone DNA (DDBI), regulatorem kulin-1 (ROC1)
oraz biatkiem CUL4A tworzy kompleks ligazy ubikwitynowej E3 (CRBN-CRLA4).
Struktura ta jest odpowiedzialna za regulacj¢ procesu degradacji biatek na szlaku
ubikwityna-proteasom. Talidomid reguluje specyficzno$§¢ substratowa kompleksu
CRBN-CRL4. W jego obecno$ci oraz innych zwigzkéw 2z grupy IMIDs
(ang. immunomodulatory imide drugs) cereblon przylacza neosubstraty, ktore nastepnie
podlegaja szybkiej ubikwitacji 1 degradacji przez proteasom, co prowadzi do okreslonych
efektow biologicznych w zaleznosci od funkcji degradowanego biatka. Pierwszymi
odkrytymi neosubstratami byly Ikaros (IKZF1) oraz Aiolos (IKZF3), ktorych degradacja
przez CRBN-CRL4 w obecnosci lenalidomidu odpowiada za przeciwszpiczakowa
aktywnos¢ tego zwiazku [26,27]. Te dwa czynniki transkrypcyjne odgrywaja kluczowsq
role w rozwoju limfocytéw B oraz wykazujg wysoka ekspresje w nowotworach ztosliwych
pochodzacych z tych komorek, takze w szpiczaku mnogim. Degradacja tych biatek
prowadzi do zahamowania aktywnosci interferonowego czynnika regulacyjnego
oraz c-MYC, powodujac apoptozg komorek szpiczaka. Obnizenie stezenia IKZF1 i IKZF3
prowadzi rowniez do zwigkszonej produkcji IL2, aktywacji komorek T i NK,
co moze przyczynia¢ si¢ do przeciwnowotworowego dziatania lenalidomidu

i innych IMIDs [28].
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1.4. IMIDs (ang. immunomodulatory imide drugs)

Sukcesy terapeutyczne uzycia talidomidu w zaawansowanym szpiczaku mnogim i innych
chorobach oraz odkrycie jego bezposredniego celu molekularnego, spowodowaty rozwoj
nowej grupy lekéw bedacych strukturalnymi analogami talidomidu, charakteryzujacych si¢
silniejszymi wlasciwosciami przeciwzapalnymi i immunomodulujacymi, z jednoczesng
redukcjg dzialan niepozadanych. Czasteczka talidomidu jest syntetyczng pochodng
kwasu glutaminowego i sktada si¢ z pierScienia glutarimidowego oraz pierscienia

ftalimidowego (Rycina 1).
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Rycina 1. Struktura chemiczna talidomidu

Poprzez zastapienie pierscienia ftalimidowego ugrupowaniem 4-amino-1-oksoizoindolin-
2-ylowym uzyskano pierwszy zwigzek nalezacy do lekéw z grupy IMIDs
(immunomodulujace leki imidowe) [29]. Lenalidomid (Revlimid, CC-5013) w 2006 roku
zostal zarejestrowany przez FDA w potaczeniu z deksametazonem w terapii nawrotowego
szpiczaka mnogiego, a w 2015 roku w terapii nowo zdiagnozowanych przypadkow
tej choroby. W odroznieniu od zwigzku macierzystego nie wykazuje on dziatania
sedatywnego, a przypadki wystgpienia neuropatii czuciowe] aksonalnej sg rzadsze.
Charakteryzuje si¢ natomiast silniejszym dziataniem kostymulujacym
komorki T, aktywujacym komorki NK, a takze silniejszym dziataniem antyangiogennym
i przeciwzapalnym [30]. Pomalidomid (Actimid, CC-4047) jest kolejnym analogiem
talidomidu, powstalym poprzez wprowadzenie w pozycji 4 pierScienia ftalimidowego
zwigzku macierzystego grupy aminowej. Zarejestrowany jest w terapii pacjentow
ze szpiczakiem mnogim, ktorzy zostali poddani wcze$niejszym  terapiom
uwzgledniajacymi lenalidomid. Mechanizm dziatania nowych zwigzkow z grupy IMIDs,
podobnie jak talidomidu, oparty jest na ich interakcji z cereblonem, dlatego nazywane

sg takze modulatorami ligazy E3 cereblonu (ang. cereblon E3 ligase modulators,
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CELMoDs). Struktury nowych pochodnych talidomidu zarejestrowanych w lecznictwie
oraz tych, ktore obecnie sg w fazie badan przedklinicznych i klinicznych przedstawiono na

Rycinie 2 [31].
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Rycina 2. Struktury chemiczne pochodnych talidomidu
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2. Elastaza neutrofilowa

Ludzka elastaza neutrofilowa (HNE, elastaza leukocytowa, EC 3.4.21.37) jest enzymem
proteolitycznym nalezagcym do rodziny chymotrypsyn i razem z proteinazg 3 (PR3)
oraz katepsyng G (CatG) tworzy grup¢ neutrofilowych proteaz serynowych (NSPs).
Syntezowana jest w trakcie rozwoju granulocytow w szpiku kostnym na etapie
promielocytow jako nieaktywna preproteina, ktora nastepnie ulega modyfikacji
I jest przechowywana w granulkach azurofilnych leukocytow wielojadrzastych, jako
aktywny enzym [32]. Wstepuje takze w eozynofilach, komorkach tucznych, monocytach,
a takze keratynocytach i fibroblastach. Dojrzata elastaza stanowi 218-aminokwasowa
proteaz¢ o masie 29-33 kDa, zawierajaca dwa tancuchy boczne weglowodanoéw potaczone
asparaging oraz cztery wewnatrz tancuchowe mostki dwusiarczkowe. Aktywno$¢ elastazy
neutrofilowej determinowana jest przez triade katalityczna, znajdujaca si¢ w centrum

aktywnym enzymu, ktora sktada si¢ z: His57, Asp102 oraz Ser195.
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Rycina 3. Mechanizm aktywno$ci elastazy neutrofilowe;j

16



Mechanizm hydrolityczny HNE obejmuje nastepujace po sobie procesy acylacji
(Rycina 3A) i deacylacji (Rycina 3B). Po zwigzaniu substratu peptydowego
z powierzchnig enzymu, dochodzi do ataku nukleofilowego grupy hydroksylowej reszty
seryny triady katalitycznej na wegiel karbonylowy wigzania peptydowego. Uwolniony
wodor zwigzany zostaje przez azot histydyny, a para elektronow z podwojnego wigzania
karbonylu przemieszcza si¢ do tlenu, co prowadzi do wygenerowania tetraedycznego
zwiagzku posredniego [33,34]. Nastepuje zerwanie wigzania taczacego azot 1 wegiel
w wigzaniu peptydowym, a poprzez uwolnienie aminy dochodzi do wygenerowania
acylo-enzymu. W drugim etapie w wyniku ataku czasteczki wody na acylo-enzym,
dochodzi do wygenerowania kolejnego tetraecdycznego zwigzku posredniego, ktory

rozpada si¢ uwalniajac produkt kwasu karboksylowego oraz aktywny enzym.

2.1. Rola elastazy neutrofilowej w homeostazie

W warunkach fizjologicznych elastaza neutrofilowa bierze udzial we wrodzonej
odpowiedzi immunologicznej organizmu oraz w przebiegu reakcji zapalnej.
Aktywno$¢  przeciwdrobnoustrojowa  elastazy  przebiega zarowno w  szlaku
wewnatrz, jak 1 zewnatrzkomorkowym. W fagolizosomach wspotdziata ona razem
z mieloperoksydaza i RFT generowanymi przez kompleks oksydazy NADPH w trawieniu
fagocytowanych bakterii. Aktywno$¢ elastazy jest wymagana do degradacji bakterii
gram-ujemnych, w przypadku E. coli HNE rozszczepia biatko A blony zewngtrznej
prowadzac do $mierci bakterii [35]. Wykazano takze, ze elastaza neutrofilowa
jest kluczowym biatkiem degradujacym czynniki wirulencji Shigella, wywolujace;j
czerwonke bakteryjng, a neutrofile z inaktywowang farmakologicznie lub genetycznie
HNE sprzyjaja przezywalnosci bakterii [36]. Na drodze zewnatrzkomorkowej elastaza
neutrofilowa degraduje drobnoustroje w trakcie generowania zewngtrzkomorkowych
putapek neutrofili (NETS) - struktur zbudowanych z tancuchow DNA, histonow
I neutrofilowych proteaz serynowych, wydzielanych przez aktywowane neutrofile
w procesie NETozy [37]. NSPs sg obficie wydzielane w trakcie aktywacji neutrofili
W miejscach objetych procesem zapalnym. Z uwagi na fakt, ze elastaza charakteryzuje si¢
szerokim spektrum substratowym, bierze ona udziat nie tylko w degradacji sktadnikow
macierzy zewnatrzkomorkowej objetych zapaleniem, a takze moduluje odpowiedz

immunologiczng, poprzez regulowanie aktywnosci chemokin, cytokin, czynnikow
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wzrostu oraz receptorOw na powierzchni komorek, prowadzac do aktywacji badz utraty

ich funkcji (Tabela 2) [38].

Tabela 2. Wybrane substraty elastazy neutrofilowej

Immuno- Inhibitory

Bialka macierzy  Bialka osocza globuliny Proteazy proteaz Cytokiny
elastyna, i
kolagen drece;p.ory
typ I-1V), ch)ze rl::ﬁifa kininogen e oy e
proteoglikan, ke gni cia IgG, kola er?aze; inhibitor IL2,
trombomodulina, v VTI IpXI@XIII) IgM zela% aza’ metaloproteazy, IL6,
kadheryny, ’fibr’n ’ ’ yn elafina TNF-a
fibronektyna ynogen,
a-2-plazmina

Aktywnos¢ proteolityczna elastazy neutrofilowej w warunkach fizjologicznych jest scisle
kontrolowana przez endogenne inhibitory nalezace do trzech gtéwnych rodzin:

e serpin: inhibitor o-1-proteinazy (a-l-antytrypsyna, ALAT), inhibitor elastazy

neutrofilowej monocytéw (MNEI, Serpin B1);

e chelonianin: wydzielniczy inhibitor proteazy leukocytow (SLPI), elafina;

e makroglobulin: a-2-makroglobulina.
a-1l-antytrypsyna stanowi glowny ogolnoustrojowy inhibitor elastazy, wytwarzana
jest w hepatocytach i wydzielana do osocza, gdzie petni ochronng role dla tkanek przed
proteolitycznym dziataniem elastazy. Nalezy ona do klasy serpin, a jej dzialanie opiera
si¢ na tworzeniu stabilnego kompleksu acylo-enzym-inhibitor, prowadzac do dezaktywacji
enzymu [39]. Innym ogdlnoustrojowym inhibitorem elastazy jest a-2-makroglobulina,
podobnie jak o-1-antyproteinaza, nalezy do wielkoczasteczkowych antyproteaz, jednak
jej aktywno$¢ nie powoduje catkowitego hamowania wilasciwosci proteolitycznych
enzymu. Blokuje ona stereochemicznie dostep do centrum aktywnego elastazy dla duzych
molekularnie  substratow, umozliwiajagc proteoliz¢ substratobw o maltej masie
czasteczkowej.  Aktywnos$¢ ogodlnoustrojowych endogennych inhibitorow uzupeiniana
jest przez dziatanie niskoczasteczkowych antyproteaz, wydzielanych lokalnie w obszarach
infiltracji neutrofilow, W odpowiedzi na bodzce zapalne [40]. Wydzielniczy inhibitor
proteazy leukocytow (SLPI) wystepuje we wszystkich ptynach ustrojowych m.in. w §linie,
tzach, $luzie jelitowym oraz wydzielany jest obficie przez komorki nabtonkowe tchawicy,

oskrzeli i komorki pecherzykow ptucnych, stanowigc gtowny endogenny inhibitor elastazy
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w gornych drogach oddechowych. Elafina, oprocz komorek nabtonka droég oddechowych,
obecna jest takze w naskorku, komorkach jelita grubego oraz endometrium. W odr6znieniu
od SLPI wydzielanie konstytutywne elafiny odbywa si¢ na niskim poziomie i wzrasta
w odpowiedzi na stymulacje czynnikami zapalnymi tj. IL1, TNF-a oraz LPS [41].

Elastaza neutrofilowa jest zdolna do uniknigcia hamujacego wptywu endogennych
antyproteaz na kilka sposobow. Inhibitory proteaz o wysokiej masie czasteczkowej maja
ograniczone mozliwosci dyfuzji do miejsc infiltracji neutrofili w tkankach objetych
zapaleniem, z uwagi na ograniczenia  stereochemiczne. a-l-antyproteaza,
a-2-makroglobulina oraz SLPI mogg by¢ inaktywowane przez utlenienie ich centrum
katalitycznego w wyniku dziatania RFT pochodzacych z aktywowanych neutrofili.
Dodatkowo wykazano ograniczony wplyw endogennych inhibitorow na elastaze
neutrofilowa zwigzang z tkanka, w porownaniu do aktywno$ci wobec wolnego

enzymu [42].

2.2. Rola elastazy neutrofilowej w patomechanizmie chorob zapalnych

Zaburzenie rownowagi pomigdzy dzialaniem elastazy neutrofilowej oraz jej endogennych
inhibitorow prowadzi do niekontrolowanej, destrukcyjnej aktywnosci enzymu, ktora bierze
udziat w patogenezie szerokiego zakresu zaburzen charakteryzujacych si¢ przewleklym

stanem zapalnym (Rycina 4) [43-46].

Reumatoidalne
zapalenie
stawoOw
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Rozstrzenie
oskrzeli

Rycina 4. Stany chorobowe, w ktorych patogenezie uczestniczy elastaza neutrofilowa
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2.2.1. Udziat elastazy neutrofilowej w rozwoju choréb nowotworowych

Cancer related inflammation (CRI), czyli =zapalenic zwigzane =z rakiem,
jest Charakterystycznym zjawiskiem wystepujacym w mikrosrodowisku
guza i zwigzane jest ze zlym rokowaniem i zmniejszong przezywalnoscia w licznych
chorobach nowotworowych [47]. Mikrosrodowisko guza stanowi ztozong sie¢, ktorg
oprocz proliferujgcych komorek nowotworowych, wspottworza komorki zrgbu guza,
naczyn krwionos$nych, naciekajace komodrki zapalne oraz otaczajace te Srodowisko
komorki $rodbtonka [48]. Komorki odpornosciowe infiltrujagce mikrosrodowisko guza,
jako obrona immunologiczna organizmu, promuja przewlekly stan zapalny,
co w konsekwencji nie sprzyja eliminacji komoérek nowotworowych, a promuje
ich progresje oraz zdolno$¢ do przerzutowania. Takze same komoérki nowotworowe
wytwarzaja chemokiny i cytokiny przyciagajace komoérki uktadu odpornosciowego, ktore
nabywaja pronowotworowe wlasciwosci. Dlatego procesy zachodzace w mikrosrodowisku
guza stanowig ostatnio ciekawy obszar badan w poszukiwaniu nowych punktow uchwytu
dla lekéw przeciwnowotworowych.

Wykazano, ze progresja komoérek nowotworowych moze by¢ zwigzana ze zwigkszong
aktywno$cig neutrofili, ktore jako pierwsze docieraja do miejsc objetych stanem zapalnym.
Komérki nowotworowe poprzez wydzielanie cytokin i chemokin rekrutuja komorki
supresorowe pochodzenia mieloidalnego (MDSC), ktore wnikajac do guza rdznicujg
si¢ w neutrofile zwigzane z guzem (TAN), ktére moga przyjmowa¢ dwa fenotypy:
przeciwnowotworowy N1 oraz pronowotworowy N2 [49]. Neutrofile zwigzane z guzem
fenotypu N1  wywieraja  dziatlanie przeciwnowotworowe poprzez posrednia
lub bezposrednig cytotoksycznos¢. W miare progresji nowotworu przewazaja neutrofile
o fenotypie N2, ktore poprzez aktywacje cytokin, wigzanie integryn, wydzielanie RFT
oraz neutrofilowych proteaz serynowych, stymulujg wzrost i inwazyjno$¢ guza [50].
Neutrofile wywierajg dziatanie pronowotworowe w procesic NETozy [51]. Utworzone
z enzymOw proteolitycznych 1 skladnikéw jadrowych zewnatrzkomoérkowe putapki
neutrofilowe (NETs) powigzane s3 z progresja roznych typow nowotworow, wykazano
miedzy innymi, ze poziom kompleksow NE-DNA wzrasta proporcjonalnie
do zaawansowania stadium choroby w przebiegu raka piersi [52]. Glowng proteaza
wydzielang w trakcie generowania NETS jest elastaza neutrofilowa. Jej udziat zaznacza sig
na wszystkich etapach nowotworzenia, zar6wno w trakcie inicjacji, progresji,

jak i w procesie przerzutowania komorek nowotworowych [53]. Poziom NE stanowi
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niezalezny wskaznik prognostyczny u pacjentéw z rakiem piersi, pluc, prostaty i okr¢znicy
[3,54,55]. Pronowotworowg aktywno$¢ elastazy oceniono w licznych modelach
zwierzecych. W modelu gruczolakoraka ptuc wykazano, ze myszy pozbawione genu
elastazy neutrofilowej charakteryzujg sie¢ wickszg przezywalnosciag w poréwnaniu
z grupa kontrolng [56]. W kilku modelach raka piersi wykazano, ze obnizony poziom
ekspresji elafiny w poréownaniu z komorkami prawidlowymi nablonka gruczotu
sutkowego, promuje wzrost komoérek nowotworowych poprzez zwigkszona,
nieckontrolowang aktywnos¢ NE [57,58]. Ostatnie badania potwierdzajg, ze ablacja
genetyczna i farmakologiczne hamowanie elastazy zmniejszaja przerzuty i wydluzaja
przezycie w mysich modelach raka piersi [4]. W przypadku raka jelita grubego wykazano,
ze NE posredniczy w przerzutach komorek nowotworowych do watroby, a wysoki poziom
NETSs koreluje ze ztym rokowaniem przezycia wsérod pacjentow [59]. Badajac potencjalne
mechanizmy, w ktérych elastaza uczestniczy w progresji nowotworu stwierdzono,
ze NE moze bezposrednio stymulowaé szlaki proliferacji poprzez zewnatrzkomodrkowa
transaktywacje receptoréw btonowych tj. EGFR, prowadzac do indukcji sygnalizacji
kinazy biatkowej aktywowanej mitogenami (MAPK). Dodatkowo elastaza moze
stymulowa¢ uwalnianie czynnikéw wzrostu tj. PDGF i VEGF, ktoére promuja angiogeneze
komorek nowotworowych [60,61]. W przypadku komorek raka pluc wykazano, ze elastaza
aktywuje szlak proliferacji kinazy fosfoinozytydowej 3 (PI3K) poprzez degradacje
receptora insuliny (IRS1) [56]. Dodatkowo wykazano, ze elastaza jest zdolna
do dezaktywacji bialek supresorowych prowadzac od utraty ich funkcji
przeciwnowotworowych [62]. Niedawno wykazano, ze W przypadku ostrej biataczki
promielocytowej NE przyczynia si¢ do rdéznicowania i proliferacji komorek
nowotworowych  poprzez proteolityczne  rozszczepienie  supresora  nowotworu
p200 CUX1 [63].
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2.3. Inhibitory elastazy

Szeroki wachlarz zaburzen, w ktérych patogenezie zaznacza si¢ udzial -elastazy
neutrofilowej oraz dowody na ograniczone dziatanie endogennych inhibitorow podkreslaja
znaczenie 1 potrzeb¢ poszukiwania syntetycznych inhibitoréw tej proteazy,
charakteryzujacych ~ si¢  brakiem  ograniczen  wielko$ciowych,  sterycznych
1 mechanistycznych, mogacych skutecznie regulowa¢ aktywno$¢ elastazy w miejscach
objetych stanem zapalnym.

Obecnie jako inhibitory elastazy zatwierdzone sa dwa zwiazki. Pierwszym z nich
jest oczyszczona a-l-antytrypsyna, wprowadzona pod nazwg Prolastin, ktory stosowany
jest we wrodzonym niedoborze o-1-antyproteinazy. Drugim zwigzkiem jest sivelestat
(ONO5046, Rycina 5), jedyny syntetyczny inhibitor elastazy, wprowadzony w Japonii
I Korei pod nazwa Elaspol (Ono Pharmaceutical), stosowany w leczeniu zespotu ostrej
niewydolnosci oddechowej i ostrego uszkodzenia ptuc.

Stwierdzono, ze sivelestat hamuje stymulowane przez elastaze procesy promujace rozwoj
komorek nowotworowych raka trzustki i ptuc [64,65]. Dodatkowo, stwierdzono korzystny
wplyw kombinatorycznego potaczenia sSivelestatu i trastazumabu, jako strategii
terapeutycznej w HER-2 dodatnim raku piersi [5], co potwierdza potrzebg poszukiwania

nowych inhibitoréw elastazy ukierunkowanych na dziatanie przeciwnowotworowe.

OH

Rycina 5. Sivelestat

W ostatnich latach otrzymano nowe inhibitory elastazy neutrofilowej zawierajace rozne
uktady chemiczne. W publikacji I pt. ,,Recent advances in the development of elastase
inhibitors” omoéwiono struktury i aktywno$ci wybranych, nowych inhibitorow elastazy

neutrofilowej przedstawionych w literaturze w latach 2011-2020.
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Wsrdod odkrytych zwigzkow (Rycina 6 [66-71]) znalezé mozna rézne uktady chemiczne
m.in. pochodne aminoglikozydéw, heteroarylowe estry oksymow, diazaboryny
czy cykliczne depsipeptydy wyizolowane z sinic morskich. Wazng grupe inhibitorow
elastazy stanowig pochodne okso-B-laktaméw, ktore wykazujg zdolno$¢ do tatwego
acylowania enzyméw zawierajacych w centrum aktywnym seryn¢. Szeroka game
zwigzkow w tym przegladzie stanowig heterocykliczne zwigzki aromatyczne, wsrod
ktorych wykazano N-podstawione benzoilopirazole, benzoiloindazole oraz pochodne
chinoliny i izoksazolu, jako silne inhibitory elastazy. Przedstawione struktury
jednoznacznie wskazuja, ze heterocykliczne zwigzki azotu stanowia dobre rusztowanie dla

zwigzkoéw hamujacych aktywnos¢ elastazy.
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Rycina 6. Wybrane struktury nowych inhibitorow elastazy
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Human neutrophil elastase (HNE) is a serine proteinase of the chymotrypsin family, and together with Pr3 and
CatG belongs to the main NSPs. Neutrophil elastase is a 218 amino acid glycoprotein, encoded as a zymogen on the
short arm of chromosome 19. It is produced during the development of neutrophils in the bone marrow, mainly at
the stage of promyelocytes, after which it is stored in azurophilic granules of mature neutrophils. Enzymatic activity
of serine proteinases results from the presence of a catalytic triad formed by three amino acid residues, Asp102,
His57 and Ser195. The appearance of a ligand at the active center causes proton transfer within the triad, leading
to Ser195 becoming a highly reactive nucleophile, able to cleave the peptide bond.

The main function of neutrophil serine proteases is to participate in the innate immune response. Neutrophils
release NSPs in response to bacterial or fungal infections. Along with other serine proteases, neutrophil elastase
is an important component of extracellular neutrophil traps. Released neutrophil elastase and other proteases
degrade pathogens by digesting them in phagolysosomes. Under physiological conditions, neutrophil elastase also
modulates the inflammatory response, affecting proinflammatory cytokines and chemokines, and by degrading the
inﬂammatory extracellular matrix. Elastase is found in largc quantities in lung tissue, arteries, ligamcms and skin.
The activity of serine proteases is strictly controlled by endogenous inhibitors. Disturbance of the physiological
balance between released serine proteases and the activity of endogenous inhibitors leads to numerous discases
and disorders. Due to the fact that a large amount of elastase is released during inflammation, it is involved in
the pathogenesis of diseases such as emphysema, chronic obstructive pulmonary disease, acute respiratory failure,
atherosclerosis, rheumatoid arthritis or cancer [1].

The commentary focuses on recent literature concerning the design of new HNE inhibitors and understanding
the mechanism of their action.

Aminoglycosides

Many studies on neutrophil serine proteases inhibitors focus on finding analogs based on the structure of endogenous

protease inhibitors. Heparan sulfate is a glycosaminoglycan present on the surface of cells, that during inflammation

is cleaved by HNE. In the feedback mechanism, fragmented heparan sulfate proteoglycans interact with elastase,

reducing its activity. Heparin, due to similarity in its structure to heparan sulfate, has been tested as an inhalation

agent in the treatment of chronic inflammatory lung diseases in which excessive production of NSPs, such as HNE,

Pr3 and CatG occurs, leading to destruction of the lung matrix. To counteract this effect, Craciun ez 4/. investigated

the — close in structure to heparin — NV-arylacyl O-sulfonated aminoglycosides as nonpeptide inhibitors of the above

three NSPs (2]. The authors used three aminoglycosides, namely neomycin, apramycin and kanamycin, which were

N-substituted with three different arylacyl groups and additionally per-O-sulfonated. Carbobenzyloxy derivatives

with the phenyl ring located furthest from the aminoglycoside core proved to be the best neutrophil clasase ~ hewlands
inhibitors, as this particular phenyl ring location allowed the molecule to bind more strongly to the enzyme. press
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The flexible structure of neomycin, resulting in easier binding to protease, turned out to be the best core for
HNE aminoglycoside inhibitors. In addition, at higher concentrations, carbobenzyloxy neomycin and kanamycin
derivatives protected A549 lung epithelial cells from HNE-induced detachment.

Heteroaryl oxime esters

Another group of compounds that may be potential elastase inhibitors form aryl and heteroaryl oxime ester deriva-
tives. Hasdemir ez al. synthesized aryl and heteroaryl y-hydroxy-, y-methoxyimino- and y-benzyloxyiminobutyric
acid methyl esters and showed that only compounds containing phenyl and p-chlorophenyl group possessed higher
activity against elastase than the standard ursolic acid [31.

Boron derivatives

Boronicacids are interesting systems for the design of biologically active compounds, also for enzyme inhibitors. Due
to their unique properties, boronic acids are currently the subject of numerous studies as potential drugs for many
diseases. Antonio er al. presented very interesting research on the synthesis and activity of diazaborines in which
boron atom is a part of heteroaromatic system [4]. Diazaborines containing thienyl ring showed HNE inhibitory
activity in the micromolar range, and high specificity for elastase in comparison with other tested proteases. The
accompanying molecular docking studies showed the formation of a reversible covalent bond between a boron
atom and an oxygen of the Ser195 residue at the enzyme active site. Diazaborines appear to be excellent starting
points to develop selective HNE inhibitors.

Aromatic heterocyclic compounds

Based on previous research showing that N-benzoylpyrazoles were potent inhibitors of HNE, Crocetti e al. received
a wide range of N-benzoylindazole derivatives and showed that derivatives containing an unsubstituted benzoyl
group exhibited micromolar and nanomolar inhibitoery activities (5. Replacing the phenyl ring with an alkyl or
cycloalkyl fragment resulted in observation that the activity in this series decreased with shortening of the alkyl
chain as well as with increasing steric bulk of the cycloalkyl system. The kinetic studies performed for the most active
compounds showed a competitive, pseudoirreversible inhibition mechanism. Compounds were also characterized
by good stability in aqueous buffers, and elastase selectivity compared with other serine proteases. Molecular
docking showed that the carbonyl group of N-benzoylindazole derivatives interacted with the hydroxyl group of
the Ser195 in the active enzyme site. In conclusion, the authors stated that the impact of the effects of distortion
energy of docked molecules on the formation of the Michaelis complex may be the main factor determining the
activity of compoundsA These conclusions were used to dcvelop fuﬂy optimizcd N—bcnzoylindazolcs [6]. Knowing
that the presence of a benzoyl group in position 1 and an ester group in position 3 is necessary to maintain high
inhibitory activity against HNE, the authors modified position 5 in the phenyl ring of the indazole system using a
wide range of substituents. Studies on HNE inhibitory activity showed that the compounds are active in the low
nanomolar range, and the nitro, bromine and acylamino groups at position 5 and the cyano group at position 3,
and m-methylbenzoyl group at position 1 are necessary for high activity. However, the compounds showed only
moderate selectivity toward other proteases. Further studies conducted by the same research group showed that
replacement of the indazole moiety with an indole scaffold, that does not contain a nitrogen atom in position
2, led to the formation of corresponding derivatives with little or no HNE inhibitory activity [7). Importantly,
indole derivatives contained the same substituents that showed the best inhibitory activity in the case of indazole
derivatives. Molecular docking showed that the indole system has a different spatial orientation at the active center
of the enzyme. The indazole system forms a hydrogen bond with Ser195 or Gly193, and the indole system due to
the lack of a nitrogen atom in position 2 cannot form hydrogen bonds with HNE, which may be responsible for
drastically different inhibitory activity. In another interesting study, the effect of the position of the nitrogen atom in
a heterocyclic ring on elastase inhibitory activity was investigated [s). For this purpose, 1H-pyrrolo[2,3-b]pyridine
derivatives containing a nitrogen atom in position 7 and additionally modified in positions N1 and C3 were
obtained (7). However, the studies of HNE inhibitory activity showed that shifting the nitrogen atom from position
2 to position 7 did not increase the inhibitory activity of HNE compared with indazole derivatives. Developed 1 H-
pyrrolo[2,3-b]pyridines also showed a competitive, pseudoirreversible inhibition mechanism in which the nitrogen
atom in position 7 formed a hydrogen bond with Asp194. Another group of compounds proposed by Giovannoni
et al. and studied as HNE inhibitors are cinnolin-4(1A)-one derivatives. The authors selected cinnoline system
based on its structural similarity to indazole. However, compared with indazole, which contains a pyrazole ring,
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cinnoline contains a pyridazine ring and an additional carbonyl group. The authors used substituents known for
the best activities, such as nitro and bromo groups at position 6, ethyl ester at position 3 and m-methylbenzoyl
group at position 1 [9]. Studies showed that removing the carbonyl group at position 1 led to comp]etc loss of
activity. Insertion of various substituents at position 6 did not lead to an increase in activity compared with other
compoundsA Only one compound containing a hydrogen atom at position 3, a hydrogcn atom at position 6
and m-methylbenzoyl group at position 1 showed ability to inhibit HNE in nanomolar range. In addition, these
compounds were characterized by a much higher stability in aqueous buffers compared with N-benzoylindazoles.
To design a new class of HNE inhibitors Vergelli et /. used a relatively small, flexible isoxazol-5(2H)-one system.
Such a system has two carbonyl groups (2-N-CO and 5-CO) that can form a bond with Ser195 at the active site
of the enzyme [10]. A very interesting conclusion from the conducted research suggests that removal of the carbonyl
group from the 2-N-aroyl substituent leads to a complete loss of inhibitory activities. In addition, transformation
of the 5-CO group into a thio 5-CS analogue also leads to a loss of activity, while removal of the methyl substituent
from position 4 can even lead to 42-fold increase in activity. To explain the structure-activity relationships, the
authors carried out appropriate molecular docking. This study showed that the most active compound formed a
hydrogen bond between the oxygen of the 5-CO group and the NH group of Ser195. In addition, the lack of
activity of derivatives containing the 5-CS group was associated with a higher value of radius of the sulphur atom
and the length of the C-S bond. Chemical stability of isoxazol-5(2/)-ones is much higher than of the compounds
previously tested. Continuing research on isoxazol-5(2/)-ones derivatives Giovannoni ez a/. proved that removal
of the substituent from position 3 and insertion of a differently substituted phenyl group in position 4 did not
increase the ability of newly obtained derivatives to inhibit HNE [11]. An interesting result of the research was that
thiazol-2-(3H)-ones did not have the ability to inhibit HNE even at higher concentrations [12). Molecular docking
studies showed that the impaired interaction of the endocyclic CO group on Ser195 hinders the formation of the
Michaelis complex, on which the inhibitory activity against serine proteases depends.

Lactams

Areias er al. developed an excellent pharmacophore model, which then was used to filter a huge library of oxo-B-
lactams. The resulting new base of structures was docked into the active site of HNE. A compound that showed
important -7 stacking interactions with Phe192 was synthesized and its HNE inhibitory activity was tested. The
compound showed two-times higher inhibitory activity than the commercial sivelestat and additionally showed
no toxicity toward mouse cell lines NIH3T3 and human cell lines HEK293T (13]. Several studies have shown
that B-lactams easily acylate serine-containing enzymes due to their high chemical reactivity. Marto ez af. proposed
a new approach to the study of HNE inhibitors with a potential anti-inflammatory effect in the treatment of
psoriasis and other inflammatory skin diseases [14]. The authors synthesized a 4-oxo-B-lactam derivative (ER143)
which, during the inhibition of HNE, releases the fluorescent hydroxycoumarin acting as a probe that permits skin
permeation studies. However, due to its poor solubility, the derivative has been successfully formulated in starch-
based nanocapsules (SINC) to increase its bioavailability. Studies have shown that the designed ER143 has proved
to be an excellent HNE inhibitor in the nanomolar range, and the incorporation of ER143 into SINC improved
ER143 skin permeation and retention. In addition, SINC-ER143 strongly inhibited the acute inflammatory
response. Next, to improve solubility and reduce toxicity, Nunes et a/. received ER143 derivatives containing a
benzoxazole ring and a carboxyl group. The compounds were very good HNE inhibitors with subnanomolar activity
range [15]. Emulsion and microemulsion formulations were developed for the compound that showed cell viability
profile comparable with the negative control. An important finding was that the emulsion released more drug than
microemulsion, which is directly related to their internal molecular structure. However, the i vivo antipsoriasis
studies results obtained for emulsion released drug did not differ significantly from the results obtained for placebo,
showing that further studies on the mechanism of action of these compounds are needed.

Triazole derivatives

Butt et al. synthesized a number of thiazole-triazole acetamide hybrids as potential elastase inhibitors. Derivatives
included a mono- or dimethyl-substituted phenyl group. All compounds showed very good clastase inhibition
with micromolar activity range. The influence of the methyl group position at the phenyl ring on the activity was
investigated. Compounds containing a single methyl group at position 2 or 3 in the phenyl ring showed the highest
inhibitory activity. All compounds were characterized by a very similar skeleton, therefore the calculated docking
energy values were very close to each other [16).
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To design efficient HNE inhibitors, Dias ez al. also used triazole scaffold combined with the dihydroxyben-
zophenone system 171. The synthesis of new clastase inhibitors with potential anti-inflammatory effects was based
on the copper (I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction. Four of the derivatives showed better
HNE inhibitory activity than the positive control of epigallocatechin-3-gallate. Kinetic studies showed that the
most active compound containing the iodo group in the para-position at the phenyl ring acted as a competitive
inhibitor of elastase. Molecular docking confirmed the experimental results and showed that the iodo-derivative
interacts with the amino acids His71, Asp119 and Ser214 at the active site of elastase.

Aurones

Lately, Lucas et al. discovered aurone derivatives with C-shape architecture for the noncovalent HNE inhibition [18].
A large library of aurones was obtained to determine the structure—activity relationship. It was proved that a 3-
substitution pattern, providing more flexibility of the resulting molecule, may favor its C-shape conformation in
the active site of HNE. Many promising compounds were identified, inhibiting HNE at micromolar concentration
and possessing competitive mechanism of action. Using molecular docking, the authors showed that the aurone
ring forms 7—7 stacking interactions with His57 in the S2 pocket of HNE. All aurones were also found to be
nontoxic toward human cell lines HEK293T.

SuFEx-reactive compounds

In the last years sulfur (VI) fluoride exchange (SuFEx) has been identified as the next click chemistry reaction. Due
to the fact that SuFEx enables the creation of strong intermolecular connections, it quickly found application in
drug design. Zheng ez al. have tested more than one hundred SuFEx-reactive compounds as HNE inhibitors [19].
Among them, benzene-1,2-disulfonyl fluoride showed the ability to inhibit HNE in micromolar range and was
selected as the leading compound. Further structure modification including replacement of one sulfonyl fluoride
group resulted in several more active compounds. All of them exhibited significant HNE selectivity over other
proteases. In addition, molecular docking showed that benzene—l,z—disulfonyl fluoride formed a covalent bond
with Ser195.

Depsipeptides

Lyngbyastatin 7 was first isolated from marine cyanobacteria. Its unique molecular architecture is characterized by
a 19-membered cyclic depsipeptide core containing 3-amino-6-hydroxy-2-piperidone (AHP). Luo ez al. were the
first to carry out total synthesis of lyngbyastatin 7 and investigated its effect on enzyme, cellular and transcriptional
level (20]. Their studies have shown that lyngbyastatin 7 inhibits HNE with nanomolar range, mitigates the elastase-
induced antiproliferative effect in normal BEAS-2B lung cells, as well as regulates the transcriptional level of IL-18,
which can positively affect the control of inflammatory processes in various pulmonary diseases.

Conclusion

Neutrophil elastase is an enzyme involved in the pathogenesis of various inflammatory diseases. Recent findings
provide extensive information about design and modern methods of synthesis, as well as the structure-activity
relationship of new elastase inhibitors. Heterocyclic nitrogen compounds have proved to be a good scaffold for
these compounds. In addition, molecular docking studies have shown that an amide or ester moiety facilitates
interaction with the enzyme active site, significantly increasing drug activity. However, we still need to look for new
solutions, which has already been partly achieved by designing boron-based drugs or sulfur-fluorine bond-containing
compounds.
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3. Hybrydyzacja molekularna w projektowaniu lekéw przeciwnowotworowych

Choroby nowotworowe stanowig globalny problem opieki zdrowotnej, pomimo znacznego
postepu w terapiach onkologicznych, nadal sg jedng z gtownych przyczyn zgonow
na $wiecie. Terapia z zastosowaniem tradycyjnych cytostatykéw, z uwagi na brak
selektywno$ci lekow ogranicza ich potencjal terapeutyczny. Coraz glgbsze poznanie
mechanizméw uczestniczacych w patomechanizmie choréb nowotworowych pozwolito
na opracowanie zwigzkow zorientowanych na dany cel molekularny. Jednak w przypadku
tak zlozonych i wieloczynnikowych zaburzen jak nowotwory, podejScie zorientowane
na pojedynczy cel molekularny jest niewystarczajace. Wprowadzono skojarzong terapi¢
z wykorzystaniem Kilku lekow jednoczesnie, co pozwolito na uzyskanie lepszych efektow
terapeutycznych w porownaniu z monoterapig [72]. Niestety zastosowanie terapii
skojarzonej stwarza wigksze ryzyko dzialan niepozadanych, interakcji lekow
oraz zwigkszonej lekoopornosci [73,74]. Dodatkowo nalezy zaznaczyé, ze stosowanie
kilku lekéw jednoczesnie zwigksza znaczgco koszty leczenia [75].

W tym aspekcie hybrydyzacja molekularna jest obiecujaca strategia w poszukiwaniu
nowych metod leczenia choréb nowotworowych. Koncepcja hybrydyzacji molekularnej
zaklada racjonalne zaprojektowanie nowych czasteczek hybrydowych sktadajacych
si¢ z dwoch lub wiecej jednostek farmakoforowych lub zwigzkow dziatajacych na rézne
cele farmakologiczne [76]. W celu zaprojektowania nowych lekow wykorzysta¢ mozna

cztery podstawowe techniki hybrydyzacji (Rycina 7).
A C
B D

Rycina 7. Techniki hybrydyzacji molekularnej

Potaczenie jednostek farmakoforowych mozna przeprowadzi¢ za pomoca linkera,
w zalezno$ci od jego wlasciwosci skutkuje to otrzymaniem nierozszczepialnych

(Rycina 7A), badz rozszczepialnych (Rycina 7B) lekow hybrydowych. Nierozszczepialne
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zwigzki hybrydowe potaczone sa trwatymi wigzaniami, ktére umozliwiajg utworzenie
stabilnych chemicznie czasteczek z zachowaniem ich aktywno$ci biologicznej.
W przypadku  rozszczepialnych  hybryd  stosuje  si¢  linkery  ulegajace
rozszczepieniu w warunkach fizjologicznych (np. wigzania estrowe), uwalniajac
dwa oddzielne zwigzki o niezaleznym dziataniu. Kolejng technikg hybrydyzacji jest fuzja
czasteczek (Rycina 7C) poprzez kowalencyjne faczenie ich struktur. W reakcji
kondensacji musza uczestniczy¢ grupy funkcyjne z czasteczek wyjsciowych. Ostatnig
technikg hybrydyzacji jest otrzymywanie nowych hybryd poprzez naktadanie si¢ struktur
farmakoforowych (Rycina 7D), docelowe hybrydy roznig si¢ znacznie pod wzgledem

struktury w poréwnaniu z lekami, z ktorych zostaty zaprojektowane [77].
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4. Wybrane uklady farmakoforowe wykazujace aktywnos$¢ przeciwnowotworowa

1 hamujacg elastaze neutrofilowa
4.1. Ftalimid

Ftalimid jest pochodng kwasu ftalowego, nalezaca do grupy cyklicznych imidéw czyli
zwiazkow zawierajacych w strukturze dwie grupy karbonylowe potaczone atomem azotu.
Ugrupowanie to nadaje ftalimidowi kwasowy charakter, dzigki czemu tatwo oddaje proton
I tworzy w $Srodowisku wodnym rozpuszczalne sole z silnymi zasadami. Hydrofobowe
wilasciwos$ci pier§cienia ftalimidowego umozliwiajg tatwa penetracje bton biologicznych,
co zapewnia wigkszg biodostepno$¢ zwigzkow zawierajacych ten uktad w strukturze.

Tradycyjna synteza ftalimidu obejmuje reakcje bezwodnika ftalowego z wodnym

roztworem amoniaku, badz mocznika. (Rycina 8) [78].

NH3+H,0 [ CO(NHy),
o >

NH

bezwodnik ftalowy ftalimid

Rycina 8. Reakcja otrzymywania ftalimidu z bezwodnika ftalowego

Kolejnym przyktadem metody otrzymywania ftalimidu jest reakcja Mathewsa, polegajaca
na hydrolizie nitryli przez kwas ftalowy lub amidéw przez bezwodnik ftalowy,
w rezultacie prowadzac do wydzielenia odpowiedniego kwasu karboksylowego 1 ftalimidu.
Do innych reakcji umozliwiajacych otrzymanie pochodnych ftalimidu naleza rozne reakcje
cyklizacji z udziatem pochodnych amidow aromatycznych lub o-dihaloarenow,

izocyjanianu i arenéw oraz maleimidow (Rycina 9) [78,79].
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Rycina 9. R6zne metody otrzymywania pochodnych ftalimidu

Charakterystyczna reakcja, w ktorej uczestniczy ftalimid jest reakcja Gabriela (Rycina 10)
[80], ktora jest wydajng metodg otrzymywania amin pierwszorzgdowych. Reakcja
przebiega w trzech etapach. Ftalimid poddaje si¢ dziataniu silnej zasady otrzymujac
ftalimidek potasu, ktory nastgpnie ulega substytucji nukleofilowej z udziatem halogenku
alkilowego. W wyniku tej reakcji otrzymuje si¢ alkiloftalimid, poddajac go reakcji

z hydrazyna nastgpuje wydzielenie aminy pierwszorzgdowej.

(o] o 0
/Tl
KH R
NH ———— N K ———— N—\
R
o] 0 o}

ftalimid ftalimidek potasu alkiloftalimid
o)
NH,NH, NH
E— +  H,NCH,R
twrz. NH
amina I°

1,4-ftalazynodion

Rycina 10. Reakcja Gabriela
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Ftalimid jest cennym farmakologicznie farmakoforem, a jego pochodne wykazuja
réznorodng aktywno$¢ biologiczng. Najbardziej znang czasteczky zawierajaca w strukturze
pierscien ftalimidowy jest talidomid. Jednak ugrupowanie to wyst¢puje takze w zwigzkach
o dziataniu przeciwdrgawkowym [81], przeciwbakteryjnym [82], przeciwwirusowym [83],
przeciwgruzliczym  [84], hipoglikemizujacym  [85], przeciwotgpiennym  [86],
przeciwzapalnym [87] i przeciwnowotworowych [82,88-91] (Rycina 11).
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Rycina 11. Pochodne ftalimidu o aktywno$ci biologiczne;j

Przeciwnowotworowe
inhibitor VEGFR-2
HepG2 ICx5p= 4,22ug/ml
Przeciwbakteryjne
inhibitor gyrazy B DNA
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4.2. Tiazole

Tiazol (Rycina 12) jest pigciocztonowym, zwigzkiem organicznym zawierajgcym

w pozycjach 1,3 pierScienia heterocyklicznego atomy azotu i siarki.

0

Rycina 12. Pierscien tiazolu

Pierscien tiazolu zawiera 6n elektronéw ze zdelokalizowang samotng para elektronéw
na atomie siarki, co spetia regut¢ Hiickla. Dodatkowo heterocykliczny charakter uktadu
tiazolu zostal potwierdzony spektroskopia ‘H NMR, gdzie przesuniecie chemiczne
protonow znajduje si¢ miedzy 7,27 a 8,77 ppm. Wykazano, ze podstawienie elektrofilowe
w pierScieniu tiazolu zachodzi preferencyjnie w pozycji C5, a atak nukleofilowy
w pozycji C2. Na reaktywno$¢ ukladu tiazolu wplywaja wprowadzone podstawniki
w pozycje C2, C4 i C5. Stwierdzono, ze zasadowos$C¢ czasteczki silnie wzrasta
gdy w pozycji C2 wprowadzona zostanie grupa elektro-donorowa (np. grupa metylowa).
Odwrotny efekt daje wprowadzenie grupy odciagajacej elektrony. Najsilniejszy spadek
zasadowosci 1 nukleofilowosci obserwuje si¢ poprzez wprowadzenie grupy nitrowej
w pozycj¢ 4 pierScienia tiazolu [92,93].

Zaprezentowano wiele metod syntezy tiazolu i jego pochodnych. Najbardziej popularng
metodg jest synteza Hantzscha (Rycina 13) polegajaca na reakcji zwiazkow
a-halokarbonylowych z tioamidami, tiomocznikiem lub pochodnymi tiokarbaminianu.
Mechanizm reakcji obejmuje nukleofilowy atak atomu siarki tioamidu na wegiel
a-halokarbonylu, co prowadzi do utworzenia zwigzku posredniego, ulegajacego

dehydratacji do odpowiedniego tiazolu [94].
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Rycina 13. Reakcja Hantzscha z uzyciem tioamidu (A), N-podstawionej pochodnej
mocznika (B), estru kwasu tiokarbaminiowego (C)

Innymi przyktadami powszechnie stosowanych syntez tiazolu sg: reakcja Cooka-Heilbrona
I Robinsona-Gabriela. Metoda odkryta przez Cooka i Heilbrona pozwala na otrzymanie
5-aminotiazoli poprzez reakcje a-aminonitryli lub a-aminoamidéw z disiarczkiem wegla.
Synteza Gabriela jest reakcja prowadzaca do utworzeniu pierScienia tiazolu
poprzez reakcje acyloaminoketonu z pentasiarczkiem fosforu z wytworzeniem
2,5-dipodstawionych pochodnych [92,93].

Tiazol jest waznym farmakoforem o wszechstronnym dziataniu biologicznym.
Ugrupowanie to wystepuje w ponad dwudziestu lekach zatwierdzonych przez FDA [95].
Naleza do nich zwigzki o dziataniu przeciwbakteryjnym (cefotaxim, sulfatiazol),
przeciwzapalnym (meloksikam), przeciwkrzepliwym (edoksaban), przeciwwirusowym
(ritonavir), przeciwpasozytniczym (nitazoksanid), hipotensyjnym (timolol) oraz
przeciwparkinsonowskim (pramipeksol). Tiazol stanowi takze rusztowanie wielu
czasteczek o dziataniu przeciwnowotworowym i antyangiogennym [96].

Szczegodlnie cennym ugrupowaniem o silnych wlasciwosciach przeciwnowotworowych
wsérdd pochodnych tiazolu jest struktura 2-aminotiazolu. Ugrupowanie to wystepuje
w zwigzkach przeciwnowotworowych zorientowanych na rézne cele biologiczne tj. biatko
tubuliny, kinazg fosfatydyloinozytolu 3 (PI3K), kinazg Src/Abl czy kinazg receptora
naskorkowego czynnika wzrostu (EGFR). Przyktadami, zwigzkéw ze strukturg
2-aminotiazolu zarejestrowanych przez FDA w terapiach onkologicznych (Rycina 14)
sg dasatinib [97] — wielocelowy inhibitor kinaz tyrozynowych z rodziny BCR-ABL i SRC,

zaprojektowany do leczenia przewleklej biataczki szpikowej oraz alpelisib [98] - inhibitor
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kinazy PI3K, wykorzystywany w terapii zaawansowanego lub rozsianego raka piersi
wykazujacym ekspresje receptora hormonalnego i niewykazujagcym ekspresji ludzkiego

naskorkowego czynnika wzrostu typu 2 [99].
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Dasatinib Alpelisib

Rycina 14. Wybrane zwiazki zatwierdzone przez FDA w terapii przeciwnowotworowej

zawierajace pierscien tiazolu

Piechowska i inni [100] zaprojektowali nowe pochodne 2-aminotiazolu z pierScieniem
tropinonu wykazujace silng aktywno$¢ antyproliferacyjng wobec linii komorek
nowotworowych raka pluc (A549), piersi (MCF-7), biataczki (MV4-11) oraz czerniaka
(B16F10) z wartosciami ICsp W zakresie 5,43-19,16 uM. Pochodna 3g, zawierajgca
podstawnik 3,4-dichlorofenylowy (Rycina 15), dwukrotnie silniej niz referencyjna
kamptotecyna aktywowata kaspaze 3/7 w komorkach A549, dodatkowo 22-krotnie silniej
hamowata aktywnos$¢ tyrozynazy w poréwnaniu do kwasu kojowego. Wyniki te sugeruja,
Ze ugrupowanie 2-aminotiazolu moze stanowi¢ cenne rusztowanie dla zwigzkow

wykorzystywanych w terapii czerniaka.

Cl
H3C\ N — \

Cl

Rycina 15. Zwiazek 39 przedstawiony przez Piechowska i innych [100]

Salem i inni [101] przedstawili 4-podstawione pochodne 2-hydrazynylotiazolu o dziataniu
przeciwnowotworowym wobec komorek raka piersi. Zaprojektowane zwigzki otrzymano

w wyniku kilku etapowej reakcji, rozpoczynajac od reakcji kondensacji odpowiedniego

36



acetofenonu z tiosemikarbazydem w obecno$ci kwasowego katalizatora. Nastepnie
otrzymane tiosemikarbazony poddano cyklizacji z 4-podstawionym bromkiem fenacylu
uzyskujac 4-podstawione-2-hydrazynylo-1,3-tiazole (Rycina 16, zwiazek 3c). Wybrany
zwigzek poddano reakcji acetylowania bezwodnikiem octowym co spowodowato
odtaczenie grupy 1-(4-bromofenylo)etyloaminowej z wydzieleniem 2-[5-(4-chlorofenylo)-
1,3-tiazolo-2-ylo]-1-acetohydrazyny (Rycina 16, zwigzek 4). Sposréd uzyskanych
pochodnych najaktywniejszymi okazaty si¢ zwigzki 3c oraz 4 z 1Csyp wynoszacymi
odpowiednio 13,66 uM i 5,73 uM wobec komoérek raka piersi MCF-7 oraz 17,08 uM
I 12,15 uM wobec komorek linii MDA-MB-231. Dodatkowo przedstawione pochodne
wykazywaty zdolno$¢ do inhibicji receptora czynnika wzrostu §rodbtonka naczyniowego-2
(VEGFR-2), a zwigzek 4 indukowal zaprogramowang $mier¢ komorki poprzez wywotanie

apoptozy i nekrozy w komorkach MCF-7.

Br Cl
O /©/
" -~/ )\ /
N N
H
3c

Rycina 16. Struktury najaktywniejszych zwigzkow 3c i 4 otrzymanych przez Salema
i innych [101]

Niedawno przedstawiono nowe bi-heterocykliczne hybrydy acetamidowe zawierajgce
w ukladzie pier§cien 2-aminotiazolu i 1,2,4-triazolu o dziataniu inhibujacym elastaze
neutrofilowa. Sposrod otrzymanych zwigzkow kompetycyjnym inhibitorem elastazy
okazat si¢ zwigzek 9h (Rycina 17) zawierajacy w uktadzie pierscien 2-metylofenylowy
Z 1Csp wynoszacym 0,0094 uM [102].

(CH3 e
9h

Rycina 17. Zwiazek 9h otrzymany przez Butta i innych [102]
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4.3. Zasady Schiffa

Zasady Schiffa powstaja w wyniku kondensacji pierwszorzedowych amin ze zwigzkami
karbonylowymi i pierwszy raz zostaly opisane przez niemieckiego naukowca Hugo Schiffa
w 1864 roku. Obejmuja one szeroka grupe zwiazkow, ktore strukturalnie naleza
do azotowych analogow aldehydow lub ketonéow gdzie grupa karbonylowa zostala

zastapiona grupg iminowg lub azometinowg (Rycina 18) [103].

R1 R3
\__/
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R>

R1,R, i/lub Ry=akryl/aryl

Rycina 18. Wzér ogolny zasad Schiffa

Mechanizm tworzenia zasad Schiffa (Rycina 19) opiera si¢ na nastgpujacych po sobie
reakcjach addycji i eliminacji. W pierwszym etapie azot aminowy z pierwszorzedowe;j
aminy dziala jak nukleofil, atakujac -elektrofilowy wegiel karbonylowy aldehydu
lub ketonu, tworzac zwigzek przej$ciowy — karbinolaming. W kolejnym etapie nast¢puje
dehydratacja karbionolaminy, w wyniku ktérej uwolniona zostaje czasteczka wody

i zwigzek z podwojnym wigzaniem C=N [104,105].

Rq R, H Rq
\_ \ / > \
C=—0 + Ry—NH, =g —2  HO—C—N -——>2 Cc—N + H,0
/ / N\ /
R R 3 2 3
aldehyd/keton amina I° karbinolamina zasada Schiffa

Rycina 19. Mechanizm tworzenia zasad Schiffa

Zasady Schiffa stanowia szeroka game zwigzkow o znaczeniu biologicznym. Uklad
ten wystepuje w substancjach o dziataniu przeciwzapalnym, przeciwbdlowym,
przeciwdrobnoustrojowym, a takze przeciwnowotworowym. Ostatnio Vanjare i inni [106]
przedstawili pochodne chinoliny bedace zasadami Schiffa, ktore wykazywaty aktywnosé¢
inhibujaca elastaz¢ neutrofilowg. Najbardziej aktywna pochodna Q11 (Rycina 20)

zawierajagca w strukturze podstawnik 4-aminofenylowy (ICsp= 0,89 puM) hamowata
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aktywnosc elastazy prawie 15-krotnie silniej niz zwigzek referencyjny — kwas oleanolowy
(ICs0= 13,43 uM).

Nowe pochodne ftaimidu bg¢dace zasadami Schiffa zaprezentowali w swojej pracy
Abdulrahman i inni [107]. Przedstawili oni syntez¢ nowych N-aminoftalimidow
o aktywnosci antyoksydacyjnej i przeciwnowotworowej. Najaktywniejsza pochodng
okazala si¢ zasada Schiffa H6 (Rycina 20) zawierajaca w ukladzie oprocz pierScienia
ftalimidowego podstawnik 3-bromo-4-fluorofenylowy. Pochodna ta wykazywata wysoka
aktywno$¢ antyproliferacyjng wobec komorek raka jelita grubego (HT-29) i raka piersi
(MCF-7) z ICsp odpowiednio 253,6 uM i 293 uM.
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Rycina 20. Zwiazki zaprezentowane przez Vanjarea [106] i innych oraz przez
Abdulragmana i innych [107]
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4.4. Uktad azetydyno-2,4-dionu

B-Laktamy, jako znane zwiagzki zdolne do acylacji enzymow zawierajgcych w centrum
katalitycznym seryne, postuzyty jako uktad bazowy dla zwigzkow wplywajacych
na aktywnos$¢ elastazy neutrofilowej. Uproszczenie struktury p-laktamow doprowadzito
do uzyskania uktadu azetydyno-2,4-dionu, ktérego pochodne okazaty si¢ silnymi
inhibitorami HNE. W wyniku reakcji 2,2-dipodstawionych chlorkéw kwasu malonowego
i amin Mulchande i inni [108,109] otrzymali seri¢ pochodnych 4-okso-B-laktamow
(Rycina 21) i wykazali, ze na reaktywno$¢ pochodnych znaczacy wpltyw ma rodzaj

podstawnikow wprowadzonych do uktadu.

R R
.

cloc cocl /'_N\

chlorek kwasu malonowego

Rycina 21. Reakcja otrzymywania pierscienia 4-0kso-p-laktamu

Najwyzsza aktywnos$¢ inhibujaca elastaze uzyskaty pochodne zawierajace w pozycji C3
dwie grupy etylowe, ktore wigza si¢ z kieszeniami rozpoznajacymi S1 PPE oraz HNE oraz
w pozycji N1 pierscienie aromatyczne z podstawnikami odciggajacymi elektrony, ktore
zwigkszaja reaktywnos$¢ wegla karbonylowego ukierunkowujac go na atak nukleofilowy

grupy hydroksylowej Ser-195 (Rycina 22).
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Rycina 22. Mechanizm wigzania z miejscem aktywnym HNE uktadu 4-okso-§-laktamu

Ostatnio  przedstawiliSmy nowe pochodne 2-aminotiazolu z  ugrupowaniem

3,3-dietyloazetydyno-2,4-dionu o dzialaniu przeciwnowotworowym oraz inhibujagcym
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elastaze¢ neutrofilowa. Najsilniejszymi inhibitorami elastazy okazaty si¢ pochodne
3c i 3e (Rycina 23) zawierajace w uktadzie odpowiednio grupy trimetoksyfenylowg
i benzenosulfonamidowg z wartosciami ICsy odpowiednio 38,25 nM i 35,02 nM.
Dodatkowo pochodne wykazywaly silne dziatanie antyproliferacyjne wobec 4 linii
komorek nowotworowych tj. MV-4-11, A549, MDA-MB-231 i UMUC-3 z wartoSciami
ICso W zakresie 4,59-7,49 uM. Zwiazki 3c i 3e indukowaly rowniez zatrzymanie cyklu
komorkowego w fazie G2/M oraz proces apoptozy poprzez aktywacje kaspazy

3 w komorkach linii nowotworowej A549 [110].
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Rycina 23. Struktury pochodnych 3c i 3e otrzymanych przez Donarskg i innych [110]
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I11. CEL PRACY

Celem niniejszej pracy byto zaprojektowanie i Synteza nowych nieznanych dotad
w literaturze pochodnych talidomidu, potwierdzenie ich struktury chemicznej za pomoca
metod spektroskopowych, ocena ich aktywno$ci antyproliferacyjnej oraz zbadanie

zdolno$ci do hamowania elastazy i okreslenie mechanizmu inhibicji.

Powyzszy cel zrealizowano w nastepujgcych etapach:

Projektowanie i synteza chemiczna

1. Korzystajac z metody hybrydyzacji molekularnej zaprojektowano Szereg nowych
pochodnych talidomidu (Rycina 24) zawierajacych w swojej strukturze znane
farmakofory, takie jak: pierScien ftalimidu i 2-aminotiazolu, wigzanie iminowe
oraz ugrupowanie 3,3-dietyloazetydyno-2,4-dionu. Obecny w wigkszosci czgsteczek
podstawiony grupami elektrono-donorowymi i elektrono-akceptorowymi pierscien
fenylowy miat za zadanie modyfikowanie wtasciwosci fizykochemicznych otrzymanych
pochodnych.

2. Opracowanie wydajnej metody syntezy wyzej zaprojektowanych pochodnych
oraz sposobu ich wydzielenia i oczyszczania.

3. Ocena czysto$ci otrzymanych zwiazkdw metoda chromatografii cienkowarstwowej
(TLC) i potwierdzenie struktury otrzymanych zwigzkéw za pomoca spektroskopii
magnetycznego rezonansu jadrowego (NMR) oraz spektrometrii mas wysokiej
rozdzielczosci (HRMS).

Badania biologiczne

1. Ocena aktywnosci antyproliferacyjnej otrzymanych zwigzkéw wobec wybranych linii
komorek nowotworowych.

2. Ocena toksyczno$ci otrzymanych zwigzkéw na prawidtowych liniach komérkowych.

3. Ocena aktywnosci inhibujacej elastaze otrzymanych zwigzkéw z uzyciem metod
spektroskopowych i fluorymetrycznych oraz okreSlenie mechanizmu inhibicji elastazy
przez badane zwigzki.

4. Ocena stabilno$ci chemicznej wybranych zwigzkow.
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Obliczenia teoretyczne

1. Przy uzyciu technik modelowania molekularnego ocena mechanizmu interakcji

wybranych pochodnych z elastazg.

2. Zbadanie korelacji

miedzy

obliczonymi

a eksperymentalnymi warto$ciami inhibicji.

energiami  wigzania z

TALIDOMID

(0]
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Ni— o

PIERSCIEN
FTALIMIDOWY

Rycina 24. Modyfikacja uktadu talidomidu
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IV. CZESC EKSPERYMENTALNA
1. Projektowanie i synteza chemiczna

Badania rozpoczeto od dokladnego przegladu literatury i1 wyboru potencjalnych
farmakoforéw, ktore nalezy wybra¢ aby czgsteczka wykazywata zaréwno zdolno$¢
do inhibicji elastazy, jak i mozliwie wysoka aktywno$¢ przeciwnowotworows. W tym celu
postanowiono wybra¢ pier§cien ftalimidu pochodzacy ze struktury talidomidu, pierscien
2-aminotiazolu, ugrupowanie iminowe oraz uktad azetydyno-2,4-dionu, ktore znajdujg sie
w lekach posiadajacych wymienione aktywnosci. Nastgpnie korzystajac z metody
hybrydyzacji molekularnej zaprojektowano tacznie 5 serii (A-E) nowych pochodnych
talidomidu, ktorych struktury przedstawia Rycina 25.
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Rycina 25. Wzory ogdlne zwiazkow przedstawionych w publikacjach 11-1V
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W celu modyfikacji wiasciwosci elektronowych 1 geometrii czasteczek rdzen nowo
zaprojektowanych zwigzkow modyfikowano za pomoca pierscienia fenylowego,
podstawionego rdéznymi grupami elektrono-donorowymi lub elektrono-akceptorowymi,
pierScienia cykloheksylowego, glutarimidowego, fancucha n-propylowego
I oksobutylowego oraz grupy acetamidowej. Jako linker laczacy wybrane grupy
farmakoforowe wykorzystano tancuch etylenowy.

W celu otrzymania zaprojektowanych zwigzkéw uzyto znane w literaturze metody syntezy
zwigzkéw organicznych. Na szczegolng uwage zastuguje tutaj reakcja Hantzscha, ktora
ze zwigzkéw acyklicznych pozwala otrzymaé podstawiony pierscien tiazolu. W celu
otrzymania jak najlepszych wydajnosci badano rowniez rdzne rozpuszczalniki,
temperatur¢ oraz czas ogrzewania. Doktadna metodologia syntezy przedstawiona
jest w cyklu trzech publikacji (publikacje 11-1V) stanowigcych podstawe niniejszej
dysertacji. Czysto$¢ nowo zsyntezowanych zwigzkow oceniono za pomoca chromatografii
cienkowarstwowej (TLC), a struktury otrzymanych zwigzkéw potwierdzono
za pomocg spektroskopii magnetycznego rezonansu jadrowego *H i Bc NMR)

oraz spektrometrii mas wysokiej rozdzielczosci (ESI-HRMS).

2. Metody badawcze
2.1. Badanie aktywnosci antyproliferacyjnej otrzymanych pochodnych

Do oceny aktywnos$ci antyproliferacyjnej potencjalnych chemioterapeutykow stosuje si¢
liczne testy in vitro z wykorzystaniem ludzkich lub zwierzecych linii komoérkowych.
Badania te stanowig wazny etap badan przedklinicznych w trakcie poszukiwania nowych
lekow przeciwnowotworowych. W celu oznaczenia aktywnosci antyproliferacyjnej stosuje
si¢ rozne techniki pozwalajagce na pomiar zmian zwigzanych z zaburzeniem procesow
fizjologicznych badanych komorek w odpowiedzi na dziatanie danej substancji.
Najczgsciej w tym celu wykorzystuje si¢ techniki kolorymetryczne, fluorymetryczne
czy bioluminescencyjne. Aktywno$¢ antyproliferacyjng danej substancji okresla
si¢ poprzez wyznaczenie stezenia hamujacego 1Csp, przy ktorym wzrost 1 proliferacja
komorek w hodowli zostaja zahamowane w 50% w poréwnaniu z komodrkami
kontrolnymi [111].

W niniejszej pracy do oceny aktywnosci antyproliferacyjnej nowo zsyntezowanych

zwiagzkow zastosowano dwie kolorymetryczne metody. Pierwsza z nich jest test MTT,
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w ktorym wykorzystuje si¢ aktywno$¢ enzymu mitochondrialnego obecnego w zywych
komorkach. Dehydrogenaza bursztynianowa przeksztalca rozpuszczalng sol tetrazolowa
(bromek  3-(4,5-dimetylotiazol-2-ylo)-2,5-difenylotetrazoliowy) w nierozpuszczalne
krysztaty formazanu, ktore nastepnie rozpuszczane sg w roztworze DMSO, tworzac
barwny roztwoér, ktérego intensywno$¢ zabarwienia mierzona jest metoda
spektrofotometryczng przy dtugosci fal w zakresie 490-570 nm. Ste¢zenie formazanu jest
wprost proporcjonalne do liczby zywych komoérek obecnych w hodowli [112]. Drugim
testem zastosowanym w niniejszej pracy jest test SRB, wykorzystujacy zdolnos¢
anionowego barwnika - sulforodaminy B (SRB), do wigzania z zasadowymi
aminokwasami biatek komorkowych, ktére s3a utrwalane za pomocg kwasu
trichlorooctowego.  Nastepnie barwnik zwigzany z biatkami jest rozpuszczany
w  roztworze tris(hydroksymetylo)aminometanu  (zasady Tris) i  mierzony
spektrofotometrycznie przy dtugosci fal w zakresie 490-550 nm. St¢zenie SRB jest wprost
proporcjonalne do liczby zywych komorek [111]. Do oceny dziatania antyproliferacyjnego
nowo otrzymanych pochodnych talidomidu wybrano nastepujace linie komorek
nowotworowych:

e MV4-11 (ludzka bifenotypowa biataczka mielomonocytowa B),

e A549 (ludzki rak ptuc),

e  MCF-7 (ludzki rak piersi),

e MDA-MB-231 (ludzki gruczolakorak piersi),

e T47D (ludzki rak piersi),

e UMUC-3 (rak pecherza moczowego),

e RPMI 8226 (szpiczak mnogi).
Toksycznos¢ oceniono wobec normalnych ludzkich fibroblastow skory (HSF) oraz mysich
fibroblastoéw (BALB/3T3).

Doktadny opis przeprowadzonych eksperymentow zamieszony jest w publikacjach 11-1V.

2.2. Badanie aktywacji kaspazy 3/7

Kaspazy 3 i 7 naleza do rodziny proteaz cysteinowo-asparaginianowych, ktore inicjuja
proces apoptozy w komorkach ssakow, prowadzac do degradacji bialek komoérkowych,
poprzez przecinanie wigzan peptydowych na drodze nukleofilowego ataku cysteiny

miejsca aktywnego enzymy na wigzanie peptydowe wystepujace po reszcie kwasu
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asparaginowego. Wykazano, ze niska aktywno$¢ kaspaz jest zwigzana z rozwojem
1 progresja choréb nowotworowych [113].

W niniejszej pracy oceniono zdolno$¢ wybranych nowo zsyntezowanych zwigzkow do
aktywacji kaspazy 3/7 w komorkach linii A549. Wykorzystano w tym celu metode
polegajaca na zastosowaniu specyficznego substratu N-Acetylo-Asp-Glu-Val-Asp-7-
amino-4-trifluorometylokumaryny (Ac-DEVD-ACC) do reakcji enzymatycznej, w ktorej
niniejszy substrat ulega hydrolizie przez aktywng kaspaze 3/7, co powoduje uwolnienie
fluorescencyjnej 7-amino-4-metylokumaryny (AMC), ktorej poziom 0znaczono metodg
kolorymetryczng przy diugosci fal wzbudzenia i emisji wynoszacych odpowiednio
360 nm i 460 nm.

Doktadny opis wykonania eksperymentu znajduje si¢ w publikacji I1.

2.3. Badanie aktywnosci hamujacej kinaze tyrozynowa EGFR

Receptory naskérkowego czynnika wzrostu (EGFR) to klasa receptorow kinaz
tyrozynowych, ktorych aktywno$¢ jest kluczowym mediatorem w szlakach sygnalizacji
komorek. Nadekspresja EGFR zwigzana jest z nadmierng proliferacja, roznicowaniem
oraz inwazyjnoscia komorek nowotworowych. Hamowanie aktywno$ci kinazy
tyrozynowej EGFR jest obiecujacg strategia terapeutyczng w leczeniu chorob
nowotworowych, obecnie w terapii anty-EGFR stosuje si¢ przeciwciata monoklonalne oraz
drobnoczasteczkowe inhibitory kinazy tyrozynowej [114].

W niniejszej pracy aktywnos$¢ inhibujaca EGFR wybranych, nowo zsyntezowanych
pochodnych talidomidu oceniono za pomocg testu immunoenzymatycznego (ELISA),
z wykorzystaniem zestawu Human EGFR (Full lenght) ELISA Kit (Invitrogen). Jako
zrodto enzymu postuzyla linia komérkowa raka ptuc (A549).

Doktadny opis przeprowadzonego eksperymentu przedstawiono w publikacji I1.

2.4. Badanie wptywu na apoptoze, nekroze oraz progresj¢ cyklu komoérkowego

W odpowiedzi na dziatanie substancji cytotoksycznych/cytostatycznych komorki moga
zatrzymywaé cykl zyciowy badZz wchodzi¢ na droge programowanej $mierci komorki
W procesie apoptozy, badz ulega¢ $mierci poprzez nekrozg. Proces apoptozy jest
zaprogramowany genetycznie 1 stuzy do eliminacji komorek zbednych, badz

uszkodzonych.  Cechg  charakterystyczng  komoérek  nowotworowych — oprocz
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niekontrolowanego wzrostu i angiogenezy jest zdolno$¢ do uniknigcia procesu apoptozy.
Utrata kontroli apoptotycznej nad komodrkami nowotworowymi pozwala zwigkszy¢
ich inwazyjnos$¢, stymulowac progresj¢ 1 zdolno$¢ do przerzutow. Dlatego celowanie
W procesy apoptozy, nekrozy i kontrola cyklu komoérkowego sa waznymi cechami
zwigzkow o dziataniu przeciwnowotworowym [115].

Oceng wpltywu badanych zwigzkéw na procesy apoptozy, nekrozy i progresj¢ Cyklu
komorkowego przeprowadzono dla linii komoérek nowotworowych ludzkiego raka piersi
(T47D). W tym celu  wykorzystano metode sortowania komorek aktywowanego
fluorescencja (FASC). Analiz¢ ilosciowa apoptozy oraz nekrozy przeprowadzono
z wykorzystaniem komercyjnego zestawu do apoptozy aneksyny V-fluoresceiny
izotiocyjanianu (FITC)/jodu propidium (PI) (BD Biosciences, BD Pharmingen™, San
Jose, CA, USA). Analiz¢ cyklu komoérkowego przeprowadzono poprzez okreslenie
zawartosci DNA metoda barwienia PI.

Doktadny opis przeprowadzonego eksperymentu przedstawiono w publikacji V.

2.5. Badanie aktywnosci inhibujacej elastaze

Jak wynika ze wstepu elastaza neutrofilowa, enzym nalezacy do grupy serynoproteaz,
uczestniczacy w  warunkach fizjologicznych w  odpowiedzi wrodzonej uktadu
odporno$ciowego oraz w przebiegu reakcji zapalnej, bierze takze udzial w patogenezie
licznych chordb charakteryzujacych si¢ przewlektym stanem zapalnym. Wykazano, udziat
elastazy w patogenezie takich choréb nowotworowych, jak rak piersi czy phluc. Dlatego
aktywno$¢ inhibujaca elastaze neutrofilowa stanowi wazng cechg zwiazkoéw o aktywnosci
przeciwnowotworowej. W niniejszej pracy w celu okreslenia aktywnos$ci inhibujacej
elastazg, = wykorzystano  techniki  spektrofotometryczne 1 fluorymetryczne,
z wykorzystaniem s$winskiej elastazy trzustkowej (PPE) i ludzkiej neutrofilowej
elastazy (HNE).

2.5.1. Badanie aktywnos$ci inhibujacej elastazg trzustkowg z zastosowaniem metody

UV-Vis

W celu okreslenia zdolno$ci nowo zsyntezowanych zwigzkéw do hamowania aktywno$ci
swinskiej elastazy trzustkowej zastosowano metod¢ wykorzystujaca reakcje, w ktorej
elastaza rozszczepia specyficzny substrat  N-succinylo-Ala-Ala-Ala-p-nitroanilid,

w wyniku czego uwolniony zostaje barwny zwigzek p-nitroanilid, ktérego stezenie mozna
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monitorowac spektrofotometrycznie przy diugosci fali 410 nm [116]. Aktywnos¢ badanych
zwigzkéw oceniono w odniesieniu do aktywnosci inhibitora referencyjnego — kwasu
oleanolowego, poprzez poréwnanie wyznaczonych wartosci ICso— czyli stezenia badanego
zwigzku niezbgdnego do 50 % inhibicji aktywnosci enzymu. Badanie przeprowadzono
w trzech powtdrzeniach dla kazdego zwiazku. Na podstawie uzyskanych $rednich wartosci
absorbancji proby badanej i proby kontrolnej wyznaczono odpowiednie procenty inhibicji,
ktore nastepnie postuzyty do wyznaczenia wartosci ICsp badanych zwigzkow.

Doktadny opis przeprowadzonego eksperymentu przedstawiono w publikacji 11.

2.5.2. Badanie aktywnos$ci inhibujacej ludzka elastaze neutrofilowa z zastosowaniem

metody fluorescencyjnej

W celu okreslenia zdolno$ci nowo zsyntezowanych zwigzkoéw do hamowania aktywno$ci
ludzkiej neutrofilowej elastazy (HNE) zastosowano metode spektrofluorymetrycznego
pomiaru z wykorzystaniem N-metoksysukcinylo-Ala-Ala-Pro-Val-7-amido-4-metylo-
kumaryny (MOSuc-AAPV-AMC), jako specyficznego substratu elastazy [117].
W wyniku aktywno$ci enzymu nastgpuje uwolnienie 7-amino-4-metylokumaryny (AMC)
- fluoroforu, ktéory moze zosta¢é oznaczony z wykorzystaniem fluorescencji
w zakresie dtugosci fal wzbudzenia i emisji odpowiednio 380nm i 440nm. Pomiary
intensywnos$ci fluorescencji, oznaczone jako jednostki wzglednej fluorescencji (RFU),
wykonano w minimum trzech powtdérzeniach dla kazdego stezenia zwigzku. Za 100%
intensywnosci fluorescencji przyjeto intensywnos$¢ fluorescencji zmierzong dla proby
kontrolnej, ktéra nastepnie wykorzystano do wyznaczenia procentu inhibicji aktywnos$ci
HNE przez badane zwigzki. Wyniki przedstawiono jako warto$¢ ICsy.

Doktadny opis przeprowadzonego eksperymentu przedstawiono w publikacjach 1111 IV.

2.6. Badanie kinetyki reakcji inhibicji elastazy przez wybrane zwiazki

Dla wybranych pochodnych, charakteryzujacych si¢ wysoka aktywno$cig wobec elastazy
trzustkowej 1 neutrofilowej scharakteryzowano kinetyke reakcji inhibicji. W tym celu
wykorzystano metody spektrofotometryczne 1 spektrofluorymetryczne z uZyciem
substratow przywotanych w punkcie 2.5. Otrzymane wyniki wykorzystano do utworzenia
wykresow  Linewaever’a-Burk’a —  zalezno$ci  odwrotno$ci  szybkosci  reakcji
do odwrotnosci stezenia substratu (1/V vs 1/[S]). Uzyskane wyniki umozliwity

wyznaczenie wartosci K 1 Vmax oraz okreslenia mechanizmu inhibicji [102,118].
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Doktadny opis przeprowadzonego eksperymentu przedstawiono w publikacjach 11-1V.

2.7. Badanie stabilnosci chemicznej otrzymanych zwigzkow

Stabilno$¢ chemiczna nowych substancji jest kluczowym parametrem decydujacym
o skutecznosci 1 bezpieczenstwie potencjalnych lekéow. Dlatego dla wybranych
pochodnych przeprowadzono badania stabilnosci chemicznej w wodnym buforze
fosforanowym o pH 7.3, symulujagcym warunki fizjologiczne. Badanie przeprowadzono
zgodnie z wczesniej przedstawiona metoda [119] z zastosowaniem pomiaru
spektrofotometrycznego. Pomiary  absorbancji (Ay) przy  wyznaczonych,
charakterystycznych maksimach absorpcji dla badanych zwigzkéw postuzyty
do sporzadzenia wykresu zaleznosci log(A+-Ay) od czasu, ktory postuzyt do wyznaczenia
wartosci statej k, co pozwolilo na obliczenie czasu potowicznego rozktadu (ty) badanych
substancji.

Doktadny opis przeprowadzonego badania przedstawiono w publikacjach 11 V.

2.8. Dokowanie molekularne

W celu przeprowadzenia dokowania molekularnego wykorzystano oprogramowanie
Avogadro do przygotowania czasteczek ligandow, ktdre zoptymalizowano w polu sitowy
UFF. Zoptymalizowane ligandy zadokowano w kieszeniach wiazacych 5 roznych struktur
biatkowych elastazy z zastosowaniem programu Autodock.

Doktadny opis przeprowadzonego badania przedstawiono w publikacjach I1-1V.
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V. OPIS PRZEPROWADZONYCH BADAN I DYSKUSJA UZYSKANYCH
WYNIKOW — CYKL PUBLIKACJI

Przed rozpoczeciem badan eksperymentalnych dokonano przegladu aktualnej literatury
dotyczacej nowych inhibitorow elastazy i1 ich aktywnosci biologicznej. Efektem tego
bylo przygotowanie artykutu przegladowego w recenzowanym czasopismie naukowym,
ktory stanowi pierwszg z cyklu publikacji wchodzacych w skfad niniejszej dysertacji,
stanowigc teoretyczne uzupehienie przeprowadzonych badan. Publikacja | pt. ,,Recent
advances in the development of elastase inhibitors” zostala zaprezentowana

w rozdziale 2.3.

Badania eksperymentalne bedace tematem niniejszej pracy doktorskiej zostaly
przedstawione i oméwione w cyklu trzech publikacji 11-1V opublikowanych w latach
2021-2023.
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Phthalimide derivatives are a promising group of anticancer drugs, while aminothiazoles have great potential as
elastase inhibitors. In these context fourteen phthalimido-thiazoles containing a dichloro-substituted phenyl ring
with high antiproliferative activity against various cancer cell lines were designed and synthesized. Among the
screened derivatives, compounds 5a-5e and 6a-6f showed high activity against human leukemia (MV4-11) cells
with ICsq values in the range of 5.56-16.10 uM. The phthalimide-thiazoles 5a, 5b and 5d showed the highest
selectivity index (SI) relative to MV4-11 with 11.92, 10.80 and 8.21 values, respectively. The antiproliferative
activity of compounds 5e, 5f and 6e, 6f against human lung carcinoma (A549) cells is also very high, with ICsg
values in the range of 6.69-10.41 uM. Lead compounds 6e and 6f showed elastase inhibition effect, with ICsg
values about 32 uM with mixed mechanism of action, The molecular modeling studies showed that the binding
energies calculated for all set of compounds are strongly correlated with the experimentally determined values of
ICs0. The lead compound 6e also increases almost 16 times caspase 3/7 activity in A549 cells compared to
control. We have also demonstrated that compound 6f reduced EGFR tyrosine kinase levels in A549 cells by
approximately 31%. These results clearly suggest that 3,4-dichloro-derivative 6e and 3,5-dichloro-derivative 6f
could constitute lead dual-targeted anticancer drug candidates.

1. Introduction

targets that play a key role in cancer cell growth and survival [2].
Currently, the concept of anticancer drugs based on a single molecular

Among the many diseases that plague humanity, cancer causes the
greatest anxiety in humans. Unfortunately, this is a fully justified
concern because the incidence of cancer increased to 18.1 million, and
the number of deaths reached 9.6 million in 2019. It is estimated that
currently the number of people living within 5 years of being diagnosed
with cancer, known as the five-year prevalence, is 43.8 million. Lung,
female breast and colorectal cancers are the three most common types of
cancer and also have the highest mortality: lung cancer ranks first in
terms of mortality in both men and women (18.4%) followed by colo-
rectal cancer (9.2%), and breast cancer ranks fifth (6.6%) [1]. Devel-
opment of targeted cancer therapies requires identification of potential
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target is increasingly being abandoned due to the complexity of these
diseases. Interestingly, drugs acting on multiple molecular targets may
have a safer profile and better pharmacokinetics compared to drugs
acting on one molecular target [3-7]. One of such molecular targets may
be neutrophil elastase, which is secreted by a cancer cell to disintegrate
the matrix protein, facilitating the breast cancer cells invasion and
metastasis [8]. In addition, increased levels of elastase in patients with
breast cancer have been shown to cause disease recurrence and also lead
to death [9]. Recently, neutrophil elastase has been shown to directly
induce cancer cell proliferation in A549 human lung adenocarcinoma
cells, while increased activity of neutrophil elastase in leukemia MV4-11
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cancer cells enhances their proliferation potential [10,11]. Several
mechanisms have now been proposed that explain the procancerogenic
activity of neutrophil elastase. It has been found that neutrophil elastase
can directly stimulate proliferative pathways by extracellular trans-
activation of epidermal growth factor receptor (EGFR) [12]. EGFR is
associated with the pathogenesis of many types of cancers including
lung, breast, and colorectal cancers. Overexpression of EGFR is associ-
ated with excessive proliferation, differentiation, invasiveness or
reduced survival in a variety of cancers. It has also been shown that
EGFR is a direct substrate for active caspase-3, and that EGFR down-
regulation by caspase leads to cell death [13,14],

Taking advantage of the fact that the elastase, caspase and EGFR
pathways can be interrelated, and bearing in mind that these enzymes
are potential molecular targets in the treatment of cancer, we decided to
design multi-targeted anticancer drugs that will interact at least with
two enzymes simultaneously. To the best of our knowledge, this
approach is not known in the literature.

In order to achieve this, we decided to use appropriate structural
elements responsible for the required properties and combine them into
hybrids [15-21], and next modulate them appropriately to create multi-
targeted molecules with expected biological properties. Thiazole scaf-
fold is currently a widely studied system used in the design of multi-
targeted anticancer drugs [22]. Our previous research revealed that
the presence of thiazole ring combined with 3,4-dichlorophenyl group in
drug molecule results in high activity against leukemia MV4-11 and
human breast carcinoma MCF-7 cells, with ICsq 3.56 and 7.59 pM,
respectively [23]. Our other studies have shown that thiazole derivative
(I) containing 2,4-dichlorophenyl substituent also possessed high ac-
tivity towards human breast carcinoma MCF-7, and mouse skin mela-
noma B16-F10 cells with ICso 7.05 and 5.48 pM, respectively [24].
Another study has also shown that the combination of a thiazole ring
with 2,4-dichlorophenyl moiety resulted in molecule with high activity
against K562 cancer cell line with ICso 5.48 pM [25]. Also thiazole-based
chalcones (II) containing a 2,4-dichlorophenyl group were also active
against A549 and MCF-7 cancer cells with ICs5¢ 17.29 and 26.34 pM,
respectively [26].

Another system that we decided to use in the design of our drugs is
phthalimide moiety. One of the best known drugs containing the
phthalimide system is Thalidomide, which was used in pregnant women
to relieve the symptoms of morning sickness, but after discovering its
teratogenic properties, it was immediately withdrawn from the market
[27,28]. However, further clinical studies have shown that thalidomide
shows anti-angiogenic, anti-inflammatory and immunomodulatory
properties, which have been successfully used in the treatment of mul-
tiple myeloma (MM) [29]. Recent studies show that phthalimide de-
rivatives are a promising group of anticancer drugs [30,31], and can also
be used as proteolysis-targeting chimeras (PROTACs) as a strategy for
the degradation instead of inhibition of the anticancer targets, for
example oncogenic PI3K [32]. Recently has been shown that phthali-
mide derivatives (III) containing 4-chlorophenyl ring have promising
activity against the aggressive human glioblastoma SF295 cell line with
1Csp 58.7 pM [33]. Chloroacetamides, otherwise known as the warhead,
are a very important class of drugs that by forming a permanent covalent
bond mainly with cysteine, improve the drug’s binding ability as well as
its selectivity [34]. In cancer therapies, covalent inhibitors are much
better than reversible inhibitors due to the high probability of cancer cell
resistance to the latter [35]. Recently, have been developed a chlor-
oacetamide derivatives (IV) containing a 4-chlorophenyl ring which
proved to be very active against colon HCT116 cancer cell with Glsg 1.2
UM, and highly selective EGFR inhibitors containing both chlor-
oacetamide and 3,4-dichlorophenyl groups (V) with ICso 0.07 nM
[36,37]. Particularly noteworthy here are the received cyclic chlor-
oacetamide derivatives (chloro-p-lactams) containing the 3-chloro-
phenyl group (VI), with very high activity against human breast
carcinoma MCF-7 with ICsp 0.091 uM [38].

Considering the above-mentioned findings, we decided to receive
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three series of compounds containing the thiazole system, phthalimide
ring and chloroacetamide group, respectively. Additionally, we decided
to thoroughly investigate the effect of dichloro-substitution on anti-
proliferative activity, as well as the ability to inhibit specific molecular
targets. To the best of our knowledge, no such comprehensive research
has been carried out so far (Fig. 1).

In our investigations, phthalimide-thiazoles were tested for their
antiproliferative activity against three human cancer cells lines (biphe-
notypic B myelomonocytic leukemia MV4-11, human lung carcinoma
A549, and human breast carcinoma MCF-7), while their cytotoxicity was
tested using normal mouse fibroblast (BALB/3T3). To carry out these
tests, the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazoliun bromide
(MTT) or sulforhodamine B (SRB) assays were used. To verify our hy-
pothesis and recognize the possible mechanism of action of these drugs
as accurately as possible, we tested elastase inhibitory potential using N-
succinyl-Ala-Ala-Ala-p-nitroanilide as substrate, then activation of cas-
pase 3/7 in A549 cancer cells using Ac-DEVD-ACC as substrate, and
consequently the inhibition of EGFR tyrosine kinase in A549 cancer
cells. Finally, in order to carry out comprehensive studies, we deter-
mined the energy of binding of our compounds to the active site of five
different elastase structures by using molecular docking study.

2. Experimental
2.1. Materials and methods
For more details, see Supplementary material.

2.1.1. 2-(3-Oxobutyl)phthalimide (2)

3-Buten-2-one (7.0 gm, 100.0 mmol) was added to a stirred solution
of phthalimide (1) (14.70 gm, 100.0 mmol) in ethyl acetate (100 ml) and
then sodium ethoxide (0.27 gm) in absolute ethyl alcohol (25 ml) was
added. The reaction mixture was stirred at room temperature for 2 hrs,
and next under reflux until a clear solution was obtained. Heating was
continued for additional 2 hrs, next solvent was evaporated and the
crude product was crystallized from ethyl alcohol to yield (18.0 gm,
83%); m.p. 108-110 °C [39,40]; eluent: dichloromethane/methanol
(95:5); R = 0.55. 'H NMR (700 MHz, DMSO-ds), 5(ppm): 2.12 (s, 3H,
CHs); 2.84 (t, 2H, CHa, J = 7.2 Hz); 3.76 (t, 2H, CHy, J = 7.4 Hz);
7.81-7.87 (m, 4H, 4Ar-H). '>C NMR (100 MHz, DMSO-dg), 8(ppm):
30.11 (C—H); 33.04 (C—H); 41.29 (C—H); 123.35 (2C); 132.02 (20);
134.74 (2C); 168.05 (2C = 0); 206.77 (C=0).

2.1.2. 2-(4-Bromo-3-oxobutyDphthalimide (3)

4-N-Phtalimido-2-butanone (2) (7.0 gm, 32.23 mmol) was dissolved
in methanol (100 ml). A solution of bromine (1.65 ml, 32.23 mmol) was
added dropwise over 30 min at 0 °C. The reaction mixture was stirred at
room temperature for 15 hrs. The separate precipitate was collected by
filtration and dried in vacuum to yield (8.33 gm, 87%); m.p. 115-116 °C
[39,40]; eluent: dichloromethane/methanol (95:5); R = 0.84. "H NMR
(700 MHz, DMSO-ds), 8(ppm): 3.00 (t, 2H, CHp, J = 7.1 Hz); 3.82 (t, 2H,
CHa, J = 7.1 Hz); 4.37 (s, 2H, CH,); 7.81-7.89 (m, 4H, 4Ar-H). '3C NMR
(100 MHz, DMSO-de), 8(ppm): 33.06 (C—H); 37.09 (C—H); 37.88
(C—H); 123.38 (2C); 132.04 (2C); 134.75 (2C); 168.04 (2C = O); 200.09
(C=0).

2.1.3. 2-(4-(1,3-Dioxoisoindolin-2-ybutan-2-ylidene)
hydrazinecarbothioamide (4)

4-N-Phtalimido-2-butanone (2) (0.434 gm, 2.0 mmol) was added to
stirred solution of thiosemicarbazide (0.182 gm, 2.0 mmol) in absolute
ethyl alcohol (15 ml). Then five drops of glacial acetic acid were added.
The reaction mixture was stirred under reflux for 20 hrs. The separate
precipitate was collected by filtration, recrystallized from ethyl alcohol
and dried in vacuum to yield (0.53 gm, 92%); m.p. 205-206 °C; eluent:
dichloromethane/methanol (95:5); Rt = 0.41. '"H NMR (700 MHz,
DMSO-de), 8(ppm): 1.92 (s, 3H, CH3); 2.59 (t, 2H, CHz, J = 7.0 Hz); 3.84
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Fig. 1. General strategy for the design of the phthalimide-thiazoles.

(t, 2H, CHa, J = 6.8 Hz); 7.47 (s, 1H, NH); 7.79-7.87 (m, 4H, 4Ar-H);
8.02 (s, 1H, NH,); 9.93 (s, 1H, NHy). 13C NMR (100 MHz, DMSO-ds),
8(ppm): 17.24 (C—H); 34.61 (C—H); 36.69 (C—H); 123.41 (2C); 131.93
(2C); 134.84 (2C); 151.59 (C); 168.34 (2C=0); 178.97 (C=S).

2.1.4. 2-(2-(2-(2-(2,3-Dichlorobenzylidene)hydrazinyl)thiazol-4-ylethyl)
isoindoline-1,3-dione (5a). Typical procedure

2-(4-Bromo-3-oxobutyl)phthalimide (3) (0.296 gm, 1.0 mmol) was
added to stirred solution of 2-(2,3-dichlorobenzylidene)-hydrazine-1-
carbothioamide (0.248 gm, 1.0 mmol) in absolute ethyl alcohol (25 ml).
The reaction mixture was stirred under reflux for 20 hrs. The separate
precipitate was collected by filtration, recrystallized from ethyl alcohol
and dried in vacuum to yield (0.32 gm, 71%); m.p. 224-226 °C; eluent:
dichloromethane/methanol (95:5); Rf = 0.60. 'H NMR (700 MHz,
DMS0-dg), 8(ppm): 2.89 (t, 2H, CH,, J = 7.2 Hz); 3.87 (t, 2H, CH, J =
7.2 Hz); 6.65 (s, 1H, CHhiazole); 7-44 (t, 1H, Ar-H, J = 8.0 Hz); 7.67 (dd,
1H, Ar-H, J = 1.4 Hz, J = 8.0 Hz); 7.81-7.89 (m, SH, 5Ar-H); 8.41 (s, 1H,
CH =N); 12.23 (bs, 1H, NH). '3C NMR (100 MHz, DMSO-dg), 5(ppm):
29.21 (C—H); 37.16 (C—H); 106.07 (Chiazole); 123.51 (2C); 125.66 (C);
128.90 (C); 131.04 (C); 131.78 (C); 132.03 (2C); 132.91 (C); 133.95 (C);
134.87 (2C); 140.69 (C); 145.11 (C); 168.03 (C); 168.13 (2C=0). LC-
ESI-HRMS (m/z) calculated for CooHi5CloN4O4S: 445.0293 [M+H]".
Found: 445.0287 [M+H]".

2.1.5. 2-(2-(2-(2-(2,4-Dichlorobenzylidene)hydrazinyl)thiazol-4-yl)ethyl)
isoindoline-1,3-dione (5b)

Yield: (0.37 gm, 83%), (dichloromethane/methanol (95:5), Ry =
0.48); m.p. 223-225 °C. 'H NMR (700 MHz, DMSO-de), 5(ppm): 2.87 (t,
2H, CHy, J = 7.0 Hz); 3.86 (t, 2H, CHa, J = 7.0 Hz); 6.65 (s, 1H,
CHihiazole); 7-49 (dd, 1H, Ar-H, J = 2.1 Hz, J = 8.5 Hz); 7.69 (d, 1H, Ar-H,
J = 2.1 Hz); 7.81-7.84 (m, 2H, 2Ar-H); 7.84-7.87 (m, 2H, 2Ar-H); 7.88
(d, 1H, Ar-H, J = 8.5 Hz); 8.35 (s, 1H, CH—N); 12.48 (bs, 1H, NH). 'C
NMR(100 MHz, DMSO-dg), 8(ppm): 29.00 (C—H); 37.10 (C—H); 106.12
(Cthiazole); 123.52 (2C); 128.31 (C); 128.47 (C); 129.91(C); 130.49 (C);

132.02 (2C); 133.97 (C); 134.89 (2C); 135.49 (C); 140.44 (C); 144.41
(C); 168.04 (C); 168.13 (2C=0). LC-ESI-HRMS (m/z) calculated for
CooH15C1aN4043: 445.0293 [M+H]". Found: 445.0300 [M+H]".

2.1.6. 2-(2-(2-(2-(2,5-Dichlorobenzylidene)hydrazinyl) thiazol-4-yl)ethyl)
isoindoline-1,3-dione (5¢)

Yield: (0.30 gm, 67%), (dichloromethane/methanol (95:5), Ry =
0.54); m.p. 226-227 °C. 'H NMR (700 MHz, DMSO-de), 5(ppm): 2.84 (t,
2H, CHy, J = 7.0 Hz); 3.84 (t, 2H, CHa, J = 7.0 Hz); 6.59 (s, 1H,
CHihiazole); 7-43 (dd, 1H, Ar-H, J = 2.5 Hz, J = 8.3 Hz); 7.54 (d, 1H, Ar-H,
J=8.3Hz); 7.79 (d, 1H, Ar-H, J = 2.5 Hz); 7.82-7.84 (m, 2H, 2Ar-H);
7.84-7.87 (m, 2H, 2Ar-H); 8.24 (s, 1H, CH=N); 12.36 (bs, 1H, NH). 13C
NMR (100 MHz, DMSO-dg), 8(ppm): 30.33 (C—H); 37.48 (C—H);
105.25 (Cehiazole); 123.50 (2C); 125.57 (C); 130.39 (C); 131.05 (C);
132.08 (2C); 132.19 (C); 132.71 (C); 133.94 (C); 134.86 (2C); 135.94
(C); 135,96 (C); 168.13 (2C=0); 168.20 (C). LC-ESI-HRMS (m/z)
calculated for CyoH;5CloN4O5S: 445.0293 [M+H]'. Found: 445.0285
[M+H]".

2.1.7. 2-(2-(2-(2-(2,6-Dichlorobenzylidene)hydrazinyl) thiazol-4-yDethyl)
isoindoline-1,3-dione (5d)

Yield: (0.41 gm, 92%), (dichloromethane/methanol (95:5), Ry =
0.46); m.p. 102-104 °C. 'H NMR (700 MHz, DMSO-dg), 5(ppm): 2.84 (t,
2H, CHy, J = 7.0 Hz); 3.85 (t, 2H, CHy, J = 7.0 Hz); 6.52 (s, 1H,
CHthiazole); 7-37 (t, 1H, Ar-H, J = 8.4 Hz); 7.53 (d, 2H, 2Ar-H, J = 8.4
Hz); 7.80-7.84 (m, 2H, 2Ar-H); 7.84-7.87 (m, 2H, 2Ar-H); 8.19 (s, 1H,
CH=N); 12.25 (s, 1H, NH). '*C NMR (100 MHz, DMSO-ds), §(ppm):
30.49 (C—H); 37.53 (C—H); 105.06 (Cthiazole); 123.49 (2C); 129.85
(20); 130.26 (C); 130.74 (C); 132.08 (20C); 133.95 (C); 134.84 (O);
135.99 (C); 149.50 (C); 168.14 (2C); 168.46 (2C=0). LC-ESI-HRMS (m/
z) calculated for CaoHi5C1aN405S: 445.0293 [M+H] ™. Found: 445.0300
[M+H]".
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2.1.8. 2-(2-(2-(2-(3,4-Dichlorobenzylidene)hydrazinyl)thiazol-4-yDethyl)
isoindoline-1,3-dione (5e)

Yield: (0.33 gm, 75%), (dichloromethane/methanol (95:5), R =
0.54); m.p. 233-235 °C. "H NMR (700 MHz, DMSO-ds), 5(ppm): 2.87 (t,
2H, CHy, J = 7.2 Hz); 3.87 (t, 2H, CHy, J = 7.2 Hz); 6.59 (s, 1H,
CHthiazole); 7.62-7.70 (m, 2H, 2Ar-H); 7.82-7.88(m, 5H, 5Ar-H); 7.98 (s,
1H, CH=N); 12.38 (bs, 1H, NH). '3C NMR (100 MHz, DMSO-ds),
8(ppm): 28.82 (C—H); 37.10 (C—H); 106.04 (Cipiazole); 123.52 (2C);
127.29 (C); 128.85 (C); 131.54 (2C); 132.02 (2C); 132.22 (C); 132.78
(C); 134.88 (2C); 143.60 (C); 168.00 (C); 168.14 (2C=0). LC-ESI-HRMS
(m/z) calculated for CyoHisClaN4O2S: 445.0293 [M+H]'. Found:
445.0285 [M+H] ™.

2.1.9. 2-(2-(2-(2-(3,5-Dichlorobenzylidene)hydrazinyl}thiazol-4-yDethyl)
isoindoline-1,3-dione (5f)

Yield: (0.34 gm, 76%), (dichloromethane/methanol (95:5), Ry =
0.70); m.p. 219-221 °C. TH NMR (700 MHz, DMSO-ds), 5(ppm): 2.88 (t,
2H, CHp, J = 7.0 Hz); 3.88 (t, 2H, CHy, J = 7.0 Hz); 6.63 (s, 1H,
CHihiazole); 7.58-7.62 (m, 1H, Ar-H); 7.68 (s, 2H, 2Ar-H); 7.79-7.91 (m,
4H, 4Ar-H); 8.00 (s, 1H, CH = N); 12.20 (bs, 1H, NH). '*C NMR (100
MHz, DMSO-dg), 8(ppm): 29.26 (C—H); 37.19 (C—H); 105.80 (Cihiazole);
123.51 (2C); 125.44 (2C); 129.17 (2C); 132.04 (2C); 134.89 (2C);
135.09 (2C); 138.05 (C); 168.15 (2C=0); 168.21 (C). LC-ESI-HRMS (m/
%) calculated for CogH15CloN402S: 445.0293 [M+H] . Found: 445.0296
[M-+H]*.

2.1.10. 2-Chiloro-N'-(2,3-dichlorobenzylidene)-N-(4-(2-(1,3-
dioxoisoindolin-2-yl)ethylthiazol-2-yl) acetohydrazide (6a). Typical
procedure

2-(2-(2-(2-(2,3-Dichlorobenzylidene)hydrazinyl)thiazol-4-yl)ethyl)
isoindoline-1,3-dione (5a) (0.245 gm, 0.55 mmol) was added to stirred
solution of chloroacetyl chloride (0.045 ml, 0.55 mmol) and triethyl-
amine (0.08 ml, 0.55 mmol) in dioxane (20 ml). The reaction mixture
was stirred under reflux for 20 hrs. Then solvent was evaporated and
water (50 ml) was added. The separate precipitate was collected by
filtration, washed with water and recrystallized from ethyl alcohol to
afford the desired product to yield (0.23 g, 79%); m.p. 201-202 °C;
eluent: dichloromethane/methanol (95:5); Ry = 0.87. TH NMR (700
MHz, DMSO-dg), 8(ppm): 3.06 (t, 2H, CHy, J = 6.9 Hz); 3.92 (t, 2H, CH_,
J = 6.9 Hz); 5.12 (s, 2H, CHy); 7.47-7.5 (m, 2H, Ar-H, CHiniazole);
7.71-7.74 (m, 2H, 2Ar-H); 7.74-7.76 (m, 2H, 2Ar-H); 7.79 (dd, 1H, Ar-
H,J = 1.6 Hz, J = 7.8 Hz); 8.03 (dd, 1H, Ar-H, J = 1.4 Hz, J = 7.8 Hz);
9.34 (s, 1H, CH = N). '3C NMR (100 MHz, DMSO-ds), 5(ppm): 30.19
(C—H); 37.70 (C—H); 44.84 (C—H); 116.70 (C); 123.31 (2C); 126.89
(C); 129.02 (C); 131.92(2C); 132.36 (C); 132.85 (C); 132.87 (C); 133.73
(C); 134.63 (2C); 145.24 (C); 149.78 (C); 154.93 (C); 168.07 (2C=0);
168.33 (C). LC-ESI-HRMS (m/z) calculated for CppHjgClaN4O3S:
521.0009 [M+H]". Found: 520.9990 [M+H]".

2.1.11. 2-Chloro-N’-(2,4-dichlorobenzylidene)-N-(4-(2-(1,3-
dioxoisoindolin-2-yDethyDthiazol-2-yl) acetohydrazide (6b)

Yield: (0.13 gm, 44%), (dichloromethane/methanol (95:5), Rf =
0.88); m.p. 168-169 °C. "H NMR (700 MHz, DMSO-ds), 5(ppm): 3.08 (t,
2H, CHo, J = 6.9 Hz); 3.94 (t, 2H, CH,, J = 6.9 Hz); 5.15 (s, 2H, CH,);
7.51 (s, 1H, CHypiazol); 7.59 (dd, 1H, Ar-H, J = 1.4 Hz, J = 8.4 Hz);
7.74-7.82 (m, S5H, SAr-H); 8.09 (d, 1H, Ar-H, J = 8.4 Hz); 9.31 (s, 1H,
CH=N). >C NMR (100 MHz, DMSO-dg), 5(ppm): 30.18 (C—H); 37.66
(C—H); 44.83 (C—H); 116.66 (C); 123.37 (2C); 128.48 (C); 129.48 (C);
129.91 (C); 130.37 (C); 131.92 (2C); 134.65 (2C); 135.30 (C); 136.55
(C); 144.60 (C); 149.72(C); 154.91 (C); 168.07 (2C=0); 168.27 (C). LC-
ESI-HRMS (m/z) calculated for CaoHisClsN403S: 521.0009 [M+H]™.
Found: 521.0004 [M+H]".

2.1.12. 2-Chloro-N"-(2,5-dichlorobenzylidene)-N-(4-(2-(1,3-
dioxoisoindolin-2-yl)ethyDthiazol-2-yl) acetohydrazide (6c)
Yield: (0.18 gm, 61%), (dichloromethane/methanol (95:5), Ry =
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0.85); m.p. 198-199 °C. 'H NMR (700 MHz, DMSO-dg), 3(ppm): 3.05 (t,
2H, CHa, J = 7.0 Hz); 3.91 (t, 2H, CHa, J = 7.0 Hz); 5.18 (s, 2H, CHy);
7.49 (s, 1H, CHpiazole); 7.59 (m, 2H, 2Ar-H); 7.71-7.78 (m, 4H, 4Ar-H);
8.05 (s, 1H, Ar-H); 9.21 (s, 1H, CH=N). >C NMR (100 MHz, DMSO-ds),
8(ppm): 30.23 (C—H); 37.73 (C—H); 44.58 (C—H); 118.89 (C); 123.34
(2C); 126.60 (2C); 130.37 (C); 131.89 (2C); 134.81 (2C); 135.14 (2C);
137.36 (C); 145.08 (C); 151.10 (C); 168.02 (C); 168.23 (2C=0); 168.28
(C). LC-ESI-HRMS (m/z) calculated for CaoHieClzN403S: 521.0009
[M+H]". Found: 521.0009 [M+H]".

2.1.13. 2-Chloro-N'-(2,6-dichlorobenzylidene)-N-(4-(2-(1,3-
dioxoisoindolin-2-ylethyDthiazol-2-ylDacetohydrazide (6d)

Yield: (0.24 gm, 85%), (dichloromethane/methanol (95:5), Ry =
0.63); m.p. 159-160 °C. TH NMR (700 MHz, DMSO-ds), 8(ppm): 3.08 (t,
2H, CHa, J = 6.9 Hz); 3.90 (t, 2H, CHa, J = 6.9 Hz); 4.95 (s, 2H, CHy);
7.49 (t, 1H, Ar-H, J = 7.7 Hz); 7.58 (s, 1H, CHihiazole); 7.59 (d, 2H, 2Ar-H,
J = 6.1 Hz); 7.68-7.71 (m, 4H, Ar-H); 8.69 (s, 1H, CH = N). '*C NMR
(100 MHz, DMSO-dg), 8(ppm): 30.14 (C—H); 37.66 (C—H); 44.95
(C—H); 116.86 (C); 123.36 (2C); 127.48 (C); 131.90 (C); 132.11 (C);
132.34 (C); 132.96 (2C); 133.10 (C); 134.61 (2C); 134.81 (C); 144.20
(C); 149.84 (C); 154.82 (C); 168.04 (2C=0); 168.37 (C). LC-ESI-HRMS
(m/z) calculated for CpHieClsN4OsS: 521.0009 [M-+H]'. Found:
520.9997 [M-+H]*.

2.1.14. 2-Chloro-N’-(3,4-dichlorobenzylidene)-N-(4-(2-(1,3-
dioxoisoindolin-2-yl)ethyDthiazol-2-yl)acetohydrazide (6e)

Yield: (0.18 gm, 63%), (dichloromethane/methanol (95:5), Ry =
0.88); m.p. 130-131 °C. "H NMR (700 MHz, DMSO-dg), 5(ppm): 3.07 (t,
2H, CHy, J = 6.5 Hz); 3.93 (t, 2H, CH,, J = 6.5 Hz); 5.10 (s, 2H, CHy);
7.54 (s, 1H, CHinjagole); 7.76-7.83 (m, 6H, 6Ar-H); 8.09 (s, 1H, Ar-H);
8.32 (s, 1H, CH = N). '*C NMR (100 MHz, DMSO-de), 5(ppm): 30.05
(C—H); 37.84 (C—H); 44.44 (C—H); 118.21 (C); 123.24 (20); 129.56
(0); 129.80 (2C); 131.78 (C); 132.27 (C); 134.60 (4C); 139.72 (C);
143.58 (C); 150.74 (C); 154.50 (C); 168.05 (2C=0); 168.24 (C). LC-ESI-
HRMS (m/z) calculated for CooH16C13N403S: 521.0009 [M+H]*. Found:
521.0004 [M+H]".

2.1.15. 2-Chloro-N’-(3,5-dichlorobenzylidene)-N-(4-(2-(1,3-
dioxoisoindolin-2-yl)ethyDthiazol-2-yl)acetohydrazide (6f)

Yield: (0.23 gm, 81%), (dichloromethane/methanol (95:5), R =
0.80); m.p. 162-163 °C. 'H NMR (700 MHz, DMSO-ds), 8(ppm): 3.07 (t,
2H, CHa, J = 6.5 Hz); 3.93 (t, 2H, CHa, J = 6.5 Hz); 5.13 (s, 2H, CHy);
7.56 (s, 1H, CHthiazole); 7-74-7.75 (m, 1H, Ar-H); 7.79 (m, 4H, 4Ar-H);
7.88 (s, 1H, CH); 7.89 (s, 1H, CH); 8.27 (s, 1H, CH=N). °C NMR
(100 MHz, DMSO-dg), &(ppm): 30.23 (C—H); 37.73 (C—H); 44.49
(C—H); 118.73 (C); 123.41 (2C); 128.09 (C); 129.66 (C); 131.64 (C);
131.89 (2C); 132.28 (C); 133.66 (C); 134.53 (C); 134.81 (2C); 145.73
(C); 151.01 (C); 154.66 (C); 168.09 (2C = O); 168.28 (C). LC-ESI-HRMS
(m/z) calculated for CyyHieCl3N4O5S: 521.0009 [M+H]'. Found:
521.0002 [M+H]*'.

2.1.16. 2-(3-(2-(4-(2,4-DichlorophenyDthiazol-2-yl) hydrazono)butyl)
isoindoline-1,3-dione (7a)
2-(4-(1,3-Dioxoisoindolin-2-yl)butan-2-ylidene)hydrazinecarbo-
thioamide (4) (0.290 gm, 1.0 mmol) was added to stirred solution of
2,2/, 4/-trichloroacetophenone (0.233 gm, 1.0 mmol) in absolute ethyl
alcohol (20 ml). The reaction mixture was stirred under reflux for 20 hrs.
The separate precipitate was collected by filtration and dried in vacuum
to yield (0.25 gm, 55%); m.p. 167-168 °C; eluent: dichloromethane/
methanol (95:5); R¢ = 0.77. 'H NMR (700 MHz, DMSO-de), 5(ppm): 1.96
(s, 3H, CH3); 2.56 (t, 2H, CH3, J = 6.8 Hz); 3.83 (t, 2H, CH», J = 6.8 Hz);
7.19 (s, 1H, CHihjazole); 7-47 (dd, 1H, Ar-H, J = 1.8 Hz, J = 8.4 Hz); 7.65
(d, 1H, Ar-H, J = 2.1 Hz); 7.79-7.81 (m, 2H, 2Ar-H); 7.82-7.87 (m, 3H,
3Ar-H); 10.81 (s, 1H, NH). 3C NMR (100 MHz, DMSO-dg), 8(ppm):
17.22 (C—H); 35.14 (C—H); 36.78 (C—H); 109.42 (C); 123.42 (2C);
127.84 (C); 130.05 (C); 131.93 (C); 132.02 (C); 132.09 (2C); 132.64 (C);
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133.07 (C); 134.80 (2C); 144.71 (C); 151.22 (C); 168.20 (2C=0);
169.20 (C). LC-ESI-HRMS (m/z) calculated for Cp1H;7Cl;N404S:
459.0449 [M+H]". Found: 459.0453 [M+H]".

2.1.17. 2-(3-(2-(4-(3,4-Dichlorophenyl)thiazol-2-yl)hydrazono)butyl)
isoindoline-1,3-dione (7b)

Yield: (0.29 gm, 63%), (dichloromethane/methanol (95:5), Rf =
0.90); m.p. 213-214 °C. "H NMR (700 MHz, DMSO-ds), 5(ppm): 1.97 (s,
3H, CHa); 2.54 (t, 2H, CH,, J = 6.8 Hz); 3.83 (t, 2H, CHp, J = 6.9 Hz);
7.33 (s, 1H, CHhiazore); 7.63 (d, 1H, Ar-H, J = 8.1 Hz); 7.76-7.80 (m, 3H,
3Ar-H); 7.81-7.84 (m, 2H, 2Ar-H); 8.03 (d, 1H, Ar-H,J = 1.7 Hz); 10.78
(s, 1H, NH). LC-ESI-HRMS (m/2) calculated for Cz;H;7ClaN4045S:
459.0449 [M+H]". Found: 459.0456 [M+H]".

2.2. Biological activity

Cell preparation, in vitro antiproliferative assay, MTT and SRB
cytotoxic tests were performed according to literature [24,41,42,43,44].
For more details, see Supplementary material.

2.2.1. Elastase inhibition assay

The porcine pancreatic elastase inhibition assay was performed ac-
cording to the previously presented methods with some modifications
[45]. Porcine pancreatic elastase and its substrate N-succinyl-Ala-Ala-
Ala-p-nitroanilide (Sigma Aldrich) were dissolved in assay buffer (1 mM
Tris-HCl, pH 8) to give a concentration of 150 pg/ml and 3 mM
respectively. Test compounds (6a-6f) were dissolved in DMSO as stock
solution with concentration 2 mM. The reaction mixtures contained
assay buffer, different volumes of solutions of the tested compounds (to
give finally concentration in the range of 12.5-100 pM) and 50 pl of
substrate solution, were incubated with 50 ul of enzyme solution at room
temperature for 30 mins. Following, release of p-nitroaniline was
determined by measuring the absorbance at 410 nm using a T60U
spectrophotometer (PG Instruments) equipped with quartz cells of 1 cm
path length. Oleanolic acid was used as reference inhibitor. The ICsg
values were calculated from the equation generated by exponential or
linear fit of the experimental data. The effectiveness of inhibition was
expressed for the investigated compounds as the percentage of con-
centration necessary to achieve 50% inhibition (ICsg), calculated using
the following equation:

% Inhibition = [I — (A — B)/(C — D) ] x 100,

where: A = absorbance of reaction mixture, B = absorbance of reaction
mixture without enzyme, C = absorbance of reaction mixture without
test compound and D = absorbance of reaction mixture without enzyme
and test compound.

2.2.2. Kinetic analysis of the inhibition of elastase

To better understand the inhibitory mode of new synthetic com-
pounds (6a-6f) against elastase, kinetic studies were performed, using
the previously presented method with some modifications [46]. Kinetic
studies were carried out using different concentrations of N-succinyl-
Ala-Ala-Ala-p-nitroanilide (0.045-0.090 mM) in the presence of selected
concentrations of test compounds (50 pM and 100 uM). Maximal initial
velocity was determined from the initial linear portion of absorbance up
to 15 mins after addition of enzyme. The inhibition type of the enzyme,
Michaelis-Menten constant (Kp) and maximal velocity (Vi) were
determined by Lineweaver-Burk plots of inverse of velocities (1/V)
versui inverse of substrate concentration 1/[N-succinyl-3(Ala)-pNA]
mM ™.

2.2.3. Analysis of active caspase 3/7
The analysis was carried out in accordance with the literature
[24,47]. For more details, see Supplementary material.
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2.2.4. EGFR assessment by Enzyme-link immunosorbent assay (ELISA)

The 2.5 x 10° of A549 cells were seeded at the culture dishes in
culture medium to the final volume of 8 ml. The cells were exposed to
the tested compounds (6a-6f) at concentrations 10 pg/ml for 72 hrs.
After 72 hrs of the incubation, the cultured medium was removed and
the cells were collected (by using non-enzymatic Accutase solution,
Sigma-Aldrich) and washed twice with PBS. Then the cells were sus-
pended in Cell Extraction Buffer (Invitrogen) and lysed on ice by 40
mins. Lysed cells were centrifuged by 10 min (4 °C, 13 000 rpm). Su-
pernatants were collected and frozen at —80 °C. The concentration of
EGFR in each lysate was determined by Human EGFR (Full lenght)
ELISA Kit (Invitrogen) according to the instruction of the manufacturer.
Results were normalized to protein concentration in each lysate. Protein
concentration in lysates was determined by using DC Protein Assay
(BIO-RAD). Absorbances (at 450 nm for EGFR ELISA, and at 650 nm for
protein assay) were recorded using a Biotek Synergy H4 (Biokom,
Warsaw, Poland). Cell lysates were tested in duplicates in single ELISA
experiment and each experiment was repeated at least 3 times
independently.

2.3. Molecular modeling study

The ligand molecules were prepared by using the Avogadro 1.1.1
software [48] and optimized within the UFF force field [49] (2000 steps,
steepest descent algorithm). The flexible, optimized ligands were
docked into the binding pockets of the high-resolution protein structures
found in the following five PDB entries: 1bma (X-ray resolution: 0.192
nm), 1hv7 (X-ray resolution: 0.17 nm), 1qnj (X-ray resolution: 0.11 nm),
2de9 (X-ray resolution: 0.13 nm) and 2h1u (X-ray resolution: 0.16 nm).
Due to the fact that some of the ligands that can be found in the crystal
structures of elastase are covalently bound to protein, we have consid-
ered both standard and covalent docking procedures. In the case of
standard docking, the AutoDock Vina software [50] was applied. The
procedure of docking was carried out within the cuboid region which
covered the whole co-crystallized ligand present in the 2hlu PDB
structure as well as the closest amino-acid residues that exhibit contact
with that ligand. All the default procedures and algorithms implemented
in AutoDock Vina were applied during docking procedure. The pre-
dicted binding energies were averaged over all protein structures
applied for docking whereas only the ligand poses exhibiting the same
structural features and ligand-protein contact patterns were subjected
to calculations of such average energy. The more favorable binding
mode is associated with the lower binding energy value; only the lowest
energy values corresponding to the given ligand were accounted for
during subsequent analysis. Averaging was accompanied by visual in-
spection of the location and orientation of the docked ligands, in order to
control the uniformity of the binding pattern. The calculations of the
RMSD value for each pose of the docked ligand (after aligning with
respect to the given structure) were carried out as well in order to assure
that the partial energies contributing the the final, averaged, binding
energy value, correspond to the structurally analogous orientations. The
docking methodology was initially validated by docking simulation of
the ligand molecule originally included in one of the studied protein
structures (i.e. 2h1u). Note that in spite that the majority of the elastase
structures available in the PDB database contains the co-crystalized li-
gands, the 2h1u structure is one of very few examples when the ligand is
bound to the protein in a non-covalent manner; this is an essential
condition to perform the validation procedure and the main reason to
select this system for that purpose. Graphical illustration of the valida-
tion results is given in Fig. S1. The accepted procedure appeared to be
accurate enough to recover the original position of the ligand with the
corresponding RMSD value equal to ~ 0.14 nm. In the case of covalent
docking, the AutoDock code was applied [51] and the docking meth-
odology was analogous to that described in [52]. The inspection of the
PDB records (e.g.: 1btu, 2e36, leas, leat, 1fzz, 1hv7, linc, 1qgf, 8est,
9est) revealed that the ligand-elastase covalent binding always involves

56



B. Donarska et al.

Ser195 and the topological pattern in the ligand molecule that is
essential for such binding is: C—C—O (where C’s are non-aromatic). The
only moiety fulfilling this condition is the carbonyl group, present in all
studied ligands. Additionally, the results of the standard docking simu-
lations reveal that this group is in relatively close proximity to Ser195 (i.
e. ~0.42-0.45 nm) which further speaks for selecting such location of
the potential covalent bond. In analogy to the standard docking, also in
this case all five protein structures were considered. The alignment of
covalent bonds was performed separately for each individual protein
structure-ligand pair. The binding energies were averaged over the
structural cluster corresponding to each ligand.

3. Results and discussion
3.1. Chemistry

In order to obtain the designed phthalimide-thiazole derivatives, we
decided to use phthalimide (1) as starting material. To obtain the
compounds (5a-5f) (series A), phthalimide (1) was reacted with methyl
vinyl ketone in the presence of sodium ethoxide as a catalyst. The 2-(3-
oxobutyl)phthalimide (2) obtained in good yield 83% was then bromi-
nated with bromine in methyl alcohol to give the corresponding 2-(4-
bromo-3-oxobutyl)phthalimide (3) in good yield 87% and high purity
[39,40]. Consequently using the Hantzsch reaction involving the
condensation of the resulting bromoketone 3 with six different dichloro-
substituted benzaldehyde thiosemicarbazones, the six target products
(5a-5f) from the series A were obtained with 67-92% yields. The reac-
tion of products (5a-5f) with chloroacetyl chloride in the presence of
triethylamine with heating for 4 hrs in dioxane led to derivatives (6a-6f)
(series B) containing chloroacetamide group with a yield of up to 85%
[53]. The compounds (7a) and (7b) (series C) were obtained as a result
of a two-step reaction.

In the first step, the corresponding hydrazinecarbothioamide (4) was
synthesized with 92% yield through condensation of 2-(3-oxobutyl)
phthalimide (2) with thiosemicarbazide in absolute ethyl alcohol con-
taining catalytic amount of glacial acetic acid. In the next step,
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cyclization of hydrazinecarbothioamide (4) with 2,4-dichloro- and 3,4-
dichloro-substituted bromoacetophenones in ethanolic solution and
under reflux produced compounds (7a) and (7b) with high yield (55 and
63%) and with high chemical purity. The required pure compounds
were obtained by recrystallization from ethyl alcohol.

The reaction pathways have been summarized in Scheme 1. The
isolated products (5a-5f), (6a-6f), and (7a), (7b) were characterized on
the basis of spectroscopic methods, 'H NMR (700 MHz) and *C NMR
(100 MHz) and LC-ESI-HRMS analysis. The 'H NMR spectra of the newly
synthesized compounds (5a-5f) contain the two characteristic triplets
derived from two methylene groups at about 2.90 and 3.90 ppm, the
thiazole-5H proton singlet at 6.52-6.65 ppm, the proton singlet of the
CH = N bond at 7.98-8.41 ppm, and the broadened singlet of the NH
group at 12.18-12.48 ppm. In compounds (6a-6f) a shift of thiazole-5H
proton signals by about 1 ppm towards higher chemical shifts values can
be observed. The characteristic singlet of the COCH2Cl group can also be
observed at 4.95-5.18 ppm. In the *C NMR spectra of compounds (6a-
6f), the most characteristic observations include the carbon atom signal
of the CH,Cl group at about 37.8 ppm, the very characteristic signal of
CH of the thiazole ring at 116.66-118.89 ppm, and the signal of the
C=O0 carbon atom of the phthalimide ring at about 168 ppm.

3.2. Biological evaluation

To study the effect of the dichloro-substitution on antiproliferative
activity of phthalimide-thiazole derivatives, three series of compounds A
(5a-5f), B (6a-6f), and C (7a, 7b) were tested against a panel of three
cancer cell lines, representing cancers types that are diagnosed with the
greatest frequency in 2019, namely human biphenotypic B myelomo-
nocytic leukemia (MV4-11), human lung carcinoma (A549), and human
breast carcinoma (MCF-7) [1]. Results of the in vitro studies on anti-
proliferative activity of compounds (5a-5f), (6a-6f) and (7a, 7b) against
cancer cell lines and normal mouse fibroblast (BALB/3T3), are sum-
marized in Table 1. As a positive control, we decided to choose cisplatin,
because similarly to chloroacetamides, cisplatin forms stable bonds with
cysteine-containing proteins [54,55]. As shown in Table 1, phthalimide-
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Scheme 1. Synthesis of the target phthalimide-thiazoles series A (5a-5f), B (6a-6f), C (7a, 7b).
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Table 1

Bioorganic Chemistry 110 (2021) 104819

In vitro inhibitory effects of compounds series A (5a-5f), B (6a-6f), C (7a, 7b) and reference compound cisplatin against the proliferation of human biphenotypic B
myelomonocytic leukemia (MV4-11), lung carcinoma (A549), breast carcinoma (MCF-7), and normal mouse fibroblast BALB/3T3 cells.

Phthalimide derivatives ICsp =+ SD [uM]

SI

MV4-11 A549 MCF-7 BALB/3T3 BALB/3T3/MV4-11 BALB/3T3/A549 BALB/3T3/MCF-7

5a 9.30 + 0.93 13.86 + 4.57 33.39 +12.38 110.86 + 25.56 11.92 8.00 3.32
5b 9.00 + 1.09 1417 £ 5.25 4242 + 16.41 97.21 £ 10.53 10.80 6.86 2.29
5c 10.60 + 1.93 11.99 + 3.88 20.08 + 6.96 16.12 + 2.83 1.52 1.34 0.80
5d 16.10 + 3.71 23.38 £ 7.85 2322 £7.03 132,20 4+ 70.84 8.21 5.65 5.69
Se 8.98 +5.21 6.94 + 1.25 13.14 + 4.78 7.86 + 0.20 0.87 113 0.60
5f 38.69 £ 6.30 6.69 + 1.39 28.59 +12.30 714 +1.14 0.18 1.07 0.25
6a 5.56 4 2.01 47.74 +£13.93 62.48 + 8.18 19.70 + 5.55 3.54 0.41 0.32
6b 5.75 + 2.30 53.31 + 10.69 59.74 + 9.04 34.13 £ 6.66 5.94 0.64 0.57
6¢c 8.82 + 3.92 36.03 + 6.07 28.98 + 4.53 34.74 £+ 16.05 3.94 0.96 1.20
6d 6.61 +1.91 31.22 + 9.07 22,94 + 5.69 25.34 £ 1.68 3.83 0.81 110
6e 8.66 + 1.83 10.41 + 1.05 18.69 + 6.67 8.07 + 0.76 0.93 0.78 0.43
6f 5.81 + 0.58 9.41 + 1.02 9.06 + 1.42 6.57 + 0.25 113 0.70 0.73
7a 115.42 + 23.65 — - — - — -

7b 66.72 + 3.35 - - - - - -

cisplatin 1.97 £ 0.23 3.17 £ 0.59 5.70 £ 0.63 7.00 £ 2.27 3.55 2.21 1.23

Selectivity index (SI) = ICsp of compound in a normal cell line / ICsq of the compound in cancer cell line.

thiazole derivatives (5a-5e) belonging to the series A showed high ac-
tivity against human leukemia (MV4-11) cells with ICs 8.98-16.10 uM.
Among all tested compounds, derivatives (5a), (5b) and (5d) showed
the highest selectivity index (SI) relative to MV4-11 with 11.92, 10.80
and 8.21 values, respectively. According to the literature data, com-
pounds showing SI > 10 were considered as highly selective drugs [56].
The introduction of COCHxCl group in place of the hydrogen atom in the
NH group in the series A has further improved antiproliferative activity.
Compounds (6a-6f) belonging to the series B turned out to be even more
active than the series A against MV4-11 cells, with ICsq 5.56-9.03 uM.
The resulting activities seem very good compared to the highly active
inorganic cisplatin (ICso 1.97 uM). Also derivatives (6a-6d) showed a
good selectivity index of about 3 to 6. The research shows that the
dichloro-substituted derivatives (7a) and (7b) showed the lowest ac-
tivity against MV4-11 cells with ICsg 115.42 and 66.72 pM, respectively.
Antiproliferative activity of compounds (5e), (5f) and (6e), (6f) against
human lung carcinoma (A549) cells is also very high, with ICs, values in
the range of 6.69-10.41 pM. According to our results, compounds (5a)
and (5b) have high activity against A549 cells, with IC5q values between
13.86 and 14.17 pM, and they show high selectivity index values,
ranging from 7 to 8. Our data indicate also that compounds (5e) and (6f)
have high activity against human breast carcinoma (MCF-7) with ICsg
values 13.14 and 9.06 pM, respectively.

Analysing the effect of the dichloro-substitution on antiproliferative
activity of phthalimide-thiazole derivatives, it can generally be stated
that for the series A and the MV4-11 cancer cell line, compounds with
2,3-dichloro, 2,4-dichloro and 3,4-didichloro substituents were the most
active. For the series B and the same cancer cell line, 2,3-dichloro, 2,4-
dichloro and 3,5-dichloro turned out to be the most active substituents.
It should be noted that the differences in activity between individual
compounds were small and were around 3 pM. However, for the other
types of cancer, i.e. A549 and MCF-7, the 2,3-dichloro- and 2,4-dichloro-
substituents significantly reduce antiproliferative activity, and 3,4-
dichloro and 3,5-dichloro substituents were the most active.

3.2.1. Elastase inhibitory activity

Earlier studies suggest that aminothiazole derivatives and other
heterocyclic compounds have great potential as elastase inhibitors, this
finding was used by us to design our compounds [46,57]. In order to
determine potential molecular targets and thus the mechanism of action
of compounds (6a-6f), first of all, their abilities to inhibit elastase were
evaluated and compared to oleanolic acid, which is pentacyclic tri-
terpenoid HNE inhibitor [58]. The method involves using the specific N-
succinyl-Ala-Ala-Ala-p-nitroanilide substrate for the enzymatic reaction,
which hydrolysed by the elastase gives a colored p-nitroaniline whose

level is determined by spectrophotometric methods [45,46]. The results
were summarized in Table 2, Among the investigated compounds, the
best inhibition effect was demonstrated by compounds (6e) and (6f)
containing two chlorine atoms in the 3,4- and 3,5-positions in the phenyl
ring with ICsg values 32.1 and 32.9 uM, respectively. These values are
only two times lower than the inhibition values for standard oleanolic
acid. In in vitro studies compounds (6e) and (6f) showed the best anti-
proliferative activity against all cancer cell lines tested. Compound 6c,
which is a 2,5-dichloro derivative with ICsq 35.3 pM, also achieved very
good results in the studies. The smallest effect of elastase inhibition was
demonstrated by compounds (6b) and (6d), with ICs, values 93.9 and
71.7 uM, respectively.

Next, kinetic analysis of the mechanism of inhibition of elastase by
compounds (6a-6f) was determined using Lineweaver-Burk double
reciprocal plots, which represent useful graphical method for analysis of
the Michaelis-Menten equations used to determine the inhibition con-
stant K, for possible competitive, uncompetitive, noncompetitive and
mixed mechanisms of inhibitions. The plots for the two the most active
inhibitors (6e) and (6f) are presented in Fig. 2.

In our research, we showed that all derivatives (6a-6f) showed a
mixed mechanism of inhibition of elastase, which means that inhibitors
can bind to the enzyme whether or not the enzyme has already bound
the substrate. We have found that the location of two chlorine atoms in
the phenyl ring plays a significant role in the ability to inhibit elastase.
The measured ICso values for elastase inhibition are several times
weaker than the antiproliferative activities and therefore it can be
concluded that elastase inhibition is not the main mechanism of activity,
however for compounds (6e) and (6f) it may be an important component
in the complex mechanism of high cytotoxic activity of the derivatives.

Table 2

Elastase inhibitory activity of phthalimide-thiazoles (6a-6f) compared to stan-
dard inhibitors. Mechanism of inhibition, maximum velocity (Viyay) and inhi-
bition constant (Kp) in the elastase-catalyzed N-succinyl-(Ala)s-p-nitroanilide
hydrolysis.

Compounds at 0.1 ICs0 + SD Inhibitory Vinax K
mM [uM] mechanism

6a 48.5 +0.53 mixed 0.7050 0.1196
6b 93.9 + 4.08 mixed 0.4906 0.0748
6¢ 35.3 £0.32 mixed 2.1277  0.8040
6d 71.1 +0.38 mixed 0.3192  0.0223
6e 32.9+1.28 mixed 0.2610 0.0972
6f 32.1 £1.66 mixed 0.4535  0.1928
Oleanolic acid 14.25 +1.28 - - -
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Fig. 2. Lineweaver-Burk plots for elastase inhibition for compounds 6e and 6f at concentration 0.1 mM using N-succinyl-(Ala);-p-nitroanilide as substrate at

concentrations 0.045, 0.060, 0.075 and 0.090 mM.

3.2.2. Analysis of caspase 3/7 activation

To investigate whether compounds (6a-6f) cause cell death in lung
cancer cell lines through the process of apoptosis, we decided to measure
caspase 3/7 activation [59,60]. Degree of apoptosis depends on the level
of active effector caspase 3/7 which degrades intercellular proteins.
After incubation of A549 human lung cancer cells with test compounds
(6a-6f) using a specific substrate for caspase-3/7, namely Ac-Asp-Ph
(F5)-Val-Asp-7-amino-4-carbamoylmethylcoumarin ~ (Ac-DEVD-ACC),
the degree of caspase 3/7 activation was measured [61].

Our research has shown that the effect of the dichloro-substitution
plays a significant role in the activation of caspase 3/7. Compound
(6e) containing the 3,4-dichloro-substituent increases almost 16 times
caspase 3/7 activity in A549 cells compared to control. In addition,
compounds (6a) and (6b) containing 2,3-dichloro- and 2,4-dichloro-
substituents increase caspase activity in A549 cells about 3 to 4 times.
It is interesting that other derivatives (6c), (6d), and (6f) at a

concentration of 20 pg/ml did not increase the caspase 3/7 activity in
A549 cells. The results are summarized in Fig. 3.

Also in this case, the obtained results indicate that caspase activation
in most cases is not the main mechanism of action, however our studies
have shown that compound (6e), in addition to its ability to inhibit
elastase, can also lead to cell death as a result of apoptosis through the
activation of caspase 3/7. The combination of these two mechanisms can
lead to the synergy effect and consequently to the high antiproliferative
activity of the (6e) derivative. An interesting observation is that com-
pound 6f, which showed similar activity against the cancer cells, did not
increase caspase 3/7 activity, suggesting a very large dichloro-
substituent effect on the ability to caspase activation.

3.2.3. EGFR tyrosine kinase inhibitory activity
Keeping in mind the purpose of our research, the inhibitory activity
of compounds (6a-6f) against EGFR was tested using enzyme-link
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Fig. 3. Caspase 3/7 activation in A549 cells induced by compounds 6a, 6b and
6e at concentrations 20 pg/ml. Statistical significance vs. control (*p < 0.05;
Statistica 10.0, Mann-Whitney U test).

immunosorbent assay (ELISA), and A549 cell nuclear extract as enzyme
source (Fig. 4). Our studies have shown that the dichloro-substitution
effect also plays a significant role in the EGFR inhibitory activity.
Among the investigated compounds, the best inhibition effect was
demonstrated by compound (6f) containing 3,5-dichloro-substituent,
which reduced EGFR levels in A549 cells by approximately 31%. It
can also be stated that this compound is selective for EGFR, because it
showed no activation of caspase 3/7. It is worth mentioning that
phthalimide-thiazole (6f) was the most active in this series against A549
cancer cell lines with ICsp 9.41 uM, as well as against other cancer cell
lines, with ICsg 5.81 and 9.06 uM. Also derivatives (6¢-6e) showed some
ability to inhibit EGFR tyrosine kinase by reducing its level from 13 to
16%, respectively. This group contains compound (6e), which also has
the ability to activate caspase 3/7. The low inhibition of EGFR in most
cases does not explain the high cytotoxicity of the resulting derivatives,
however our studies have shown that compound (6f), has a dual ability
to inhibit elastase and EGFR tyrosine kinase. The combination of these
two mechanisms can lead to the synergy effect and consequently to the
high antiproliferative activity of the (6f) derivative.

3.3. Molecular modeling study

Consequently, the molecular docking study was used to analyse the
influence of pharmacophore groups on the activity of the compounds.
The binding energies found during standard docking simulations are
given in Table 3 and graphically illustrated in Fig. 5. Each of the final
energy values was averaged over the set of poses exhibiting the same
structural orientation in the binding cavity, as confirmed by separate
RMSD calculations. All the obtained binding energies exhibit similar
magnitude, varying in the range of ~—7.1——8.1 kcal/mol. The stron-
gest binding is exhibited by compound (6f) whereas the weakest by (6b)
which is in line with the experimental results. Moreover, the binding
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Fig. 4. EGFR concentration (mean + SD) in human lung cancer cells A549 after
72 h treatment by tested compounds. *p < 0.05 vs control.
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Table 3

The docking results with respect to the studied ligands. The calculations were
averaged over the five structures (1bma, 1hv7, 1qnj, 2de9 and 2h1u) available in
the PDB database; the corresponding standard deviations are given as well.

Phthalimide Standard docking Covalent docking
derivatives Binding energy, £ SD [keal/  Binding energy. £ SD [kecal/
mol] mol]

6a —7.64 +0.26 —8.71 £ 0.22

6b —7.08 £0.12 —8.65 £ 0.20

6c —7.64 +0.12 —8.12 + 0.31

6d —7.28 £ 0.27 —8.81 £ 0.26

6e ~7.94 +0.36 —7.95 £ 0.25

6f -8.12 4+ 0.37 —8.63 +0.18

energies calculated for all set of compounds are strongly correlated with
the experimentally determined values of ICsg (Fig. 6). Thus, one can
conclude that a good agreement between the theoretical and experi-
mental results exists. The relatively small divergences between binding
energies determined for particular ligands may be explained in terms of
their high structural similarity (they differ only by the position of some
small substituents and are structural isomers) combined by extremely
close locations and orientations exhibited by them when interacting
with binding cavity. The latter issue is discussed below.

The results of the docking studies were also analysed with respect to
the mechanistic interaction pattern that may be significant in the
context of interpretation of the obtained binding energy values. The
summary given below relies on analysing the ligand—protein contacts
that take place if the distance between any corresponding atom pair is
smaller than the arbitrarily accepted value of 0.4 nm. The description
provided below concerns collectively all the studied compounds due to
their nearly identical orientations in the binding cavity (Fig. 5). Thus,
the found interaction pattern is common for all studied compounds,
within the accuracy limits resulting mainly from the molecular topology
of the ligand (in practice, this factor is restricted to single moiety). The
graphical illustration of the docking results (on example of 6f) is given in
Fig. 5.

When considering the ligand—protein interactions, the main
anchoring site seems to be the phthalimide ring which maintains close
contacts (distances ~ 0.34-0.38 nm) with Thr175, Trp172 and Phe215.
The two latter residues contain aromatic side chains and their
arrangement with respect to the phthalimide ring of the ligand molecule
suggests the occurrence of the attractive n-n and H-z interactions. The
hypothesis about the main anchoring site is supported by extremely low
spatial fluctuations of this moiety across the set of studied ligands
(Fig. 5).

The pattern of interactions involving the dichlorophenyl moiety (i.e.
the group that differentiate between considered ligands) is more com-
plex and engage much larger number of amino acid residues in com-
parison to the phthalimide ring, discussed above. In particular, the
contacts (distances ~0.34-0.38 nm) with the following amino acids
were observed: Thr147, Cys220, GIn192, Ser217, Arg217 and Val216.
None of these contacts is associated with the strong, specific and
attractive interaction types (e.g. hydrogen bonding or n-n interactions).
Thus, it can be concluded that the substituent-dependent discrimination
of the ligand-protein affinities is driven by a collective influence of
various interactions, with a contribution of several different amino acid
residues. This finding is also in line with a relatively low scatter of
determined ligand-protein binding energies (they differ from each other
by no more than ~1 kcal/mol). Moreover, the relative spatial fluctua-
tions of the dichlorophenyl moiety are much stronger across the whole
set of ligands which is understandable when realizing that this part of
the molecule differs from one ligand to another; the mentioned fluctu-
ations reflect the energetically optimal arrangements exhibited by
groups with diverse molecular topologies.

The central parts of the ligand molecule (including the thiazole ring
and the aliphatic ‘linkers’) interact with Val99, Ser214, Val216 and
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Fig. 6. The correlation between the calculated binding energies, averaged over
the five protein structures available in the PDB database and the corresponding
(experimental) values of ICse. The horizontal bars represent the standard de-
viation values within the set of binding energies. See Table 3 for numeri-
cal values.

GIn192 maintaining contacts with corresponding distances varying in
the range ~0.32-0.38 nm. Also in this case no systematic, strongly
attractive interactions were observed which again suggests a collective
but moderate influence of the involved amino acid residues. The related
spatial fluctuations are of moderate magnitude in comparison to those
described above which is in line with such statement.

Finally, it is worth noting that due to a large flexibility of the ligand
molecule, the dichlorophenyl moiety is located relatively close to the
remaining groups of the ligand, in particular to the carbonyl oxygen
atoms attached to the phthalimide ring and to the thiazole ring. The
exact magnitude of the corresponding distance depends on the substit-
uent type (0.4-0.48 nm) and the existence of such contacts suggests a
small contribution of the intramolecular interactions into the calculated
binding energies. The binding energies assessed in the results of covalent
docking procedure are collected in Tab. 3 and graphically illustrated in
Fig. 6. In comparison to the standard, non-covalent binding, the
different type of scoring function is applied, thus, the energy values
obtained in accordance to these two protocols cannot be directly
compared against each other. However, the applicability of the alter-
native, covalent docking methodology as well as the underlying
assumption can be estimated on the basis of the agreement with the
experimental data. In contrast to standard docking, the correlation of the
binding energies with the ICsq value is extremely poor, indicating a very
limited possibility that the ligand binding is driven by covalent in-
teractions with the protein. For this reason, the pattern of ligand—protein
contacts will not be described in detail. We only notice that the due to

Gin192 -
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Fig. 5. (A) The superposed positions of all
studied ligands (stick representation) in the
binding cavity of the 1bma structure of
elastase. All these positions were identified
as the optimal ones during the standard
(non-covalent) docking procedure. (B) The
location of the 6f ligand molecule bound to
the 1bma structure of elastase and found in
the docking procedure. The ligand molecule
is shown in ball-and-stick representation
-~ | N whereas all the closest amino-acid residues
are represented by sticks. The description of
the interaction types is given in the text.

Trpt72

enforced (covalent) contact of the ligand with Ser195, the previously
described network of interactions is disrupted and the new contacts
formed instead. Moreover, the conformation of the ligand molecule is
significantly altered to enable its accommodation in the binding cavity
(this results in e.g. intramolecular n-n interactions between aromatic
moieties of ligand). Graphical illustration of the results is given in
Fig. S2.

4. Conclusions

In summary, a series of phthalimide-thiazole derivatives has been
synthesized and their antiproliferative activity associated with the
presence of dichloro-substituents has been studied on selected cancer
cell lines. We have found that the location of two chlorine atoms in the
phenyl ring plays a significant role in antitumor activity, as well as in the
ability to inhibit specific molecular targets. Among the derivatives,
compounds (5a-5e) and (6a-6f) showed high activity against human
leukemia (MV4-11) cells with IC50 5.56-16.10 uM, and compounds (5a),
(5b) and (5d) had high selectivity index values of 11.92, 10.80 and 8.21,
respectively. The antiproliferative activity of compounds (5e), (5f) and
(6e), (6f) against human lung carcinoma (A549) cells was also very
high, with ICso values in the range of 6.69-10.41 pM. Among the de-
rivatives, compounds (6e) and (6f) were the most active against all
cancer cell lines.

Analysing the effect of the dichloro-substitution on antiproliferative
activity of phthalimide-thiazole derivatives containing 3,4-dichloro and
3,5-dichloro substituents showed the highest activity against all cancer
cell lines. Lead compounds (6e) and (6f) showed elastase inhibition
effect, with ICs values about 32 M with mixed mechanism of action.
The molecular modeling studies showed that the binding energies
calculated for the whole set of compounds are strongly correlated with
the experimentally determined values of ICs,. The lead compound (6e)
increases almost 16 times caspase 3/7 activity in A549 cells compared to
control. We have also demonstrated that compound (6f) reduced EGFR
tyrosine kinase levels in A549 cells by approximately 31%. These results
clearly suggest that compounds (6e) i (6f) could constitute lead dual-
targeted anticancer drug candidates.
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W publikacji Il otrzymano pochodne talidomidu o strukturach A-C (Rycina 25)
zawierajace uktady farmakoforowe ftalimidu i tiazolu, b¢dace zasadami Schiffa, ktore beda

wykazywac¢ aktywno$¢ przeciwnowotworowg 1 hamujacg aktywnos$¢ elastazy.

W celu ich otrzymania ftalimid poddano reakcji z metylowinyloketonem w obecnos$ci
etanolanu sodu jako Katalizatora, a uzyskany z wysoka wydajnoscia (83%)
2-(3-oksobutylo)ftalimid poddano dalszej reakcji bromowania, co doprowadzito
do uzyskania z rownie wysoka wydajnoscig (87%) 2-(4-bromo-3-oksobutylo)ftalimidu.
Nastepnie wykorzystujac reakcje Hantzscha, obejmujaca reakcje kondensacji z dichloro-
podstawionymi tiosemikarbazonami benzaldehydu, otrzymano 6 zwiazkow serii A
z wydajnoscia w zakresie 67-92%. Nastepnie w celu wprowadzenia do struktury
czasteczek grupy chloroacetamidowe, zwiagzki serii A poddano reakcji z chlorkiem
chloroacetylu w obecno$ci trietyloaminy, ogrzewajac mieszaning reakcyjna przez
4 godziny w dioksanie otrzymujac zwiagzki serii B z wydajnoscig okoto 85%. Kolejnym
krokiem byto otrzymanie zwigzkéw serii C poprzez dwuetapowa syntez¢ obejmujaca
reakcje 2-(3-oksobutylo)ftalimidu z tiosemikarbazydem w absolutnym alkoholu etylowym
zawierajacym katalityczng ilos¢ lodowatego kwasu octowego, W wyniku ktorej otrzymano
hydrazynokarbotioamid z 92% wydajnoscig. Nastepnie uzyskany zwigzek poddano
cyklizacji z  2,4-dichloro- i  3,4-dichloropodstawionymi  bromoacetofenonami,
w roztworze etanolowym w temperaturze wrzenia roztworu, uzyskujac zwiazki serii C
z wydajnoscig 55-63%. Wysoka czysto$¢ zwigzkow uzyskano poprzez rekrystalizacje
z alkoholu etylowego.

Nowo zsyntezowane zwigzki Serii A-C przebadano pod katem aktywnosci
antyproliferacyjnej. Otrzymane rezultaty wykazaly, ze przedstawione pochodne
charakteryzujg si¢ wysoka aktywnoscig antyproliferacyjng wobec wszystkich badanych
linii  komoérek nowotworowych tj. MV4-11, A549 oraz MCF-7. Zwiazki
5a-5f serii A zawierajace w ukladzie pierscienie ftalimidu, tiazolu oraz pierscienie
dichlorofenylowe  wykazywaly najwyzsza aktywno$¢ wobec linii  komorek
raka pluc A549 z ICsp 6,69-23,38 uM oraz wobec linii komorek biataczki
szpikowej MV4-11 z ICsy dla zwigzkéw 5a-5e w zakresie od 8,9 uM do 16,10 uM
i 38,69 uM dla zawigzku 5f. Dodatkowo zwigzki 5a i 5b zawierajace w uktadzie pier§cien

2,3- 1 2,4-dichlorofenylowy wykazaly najnizsza toksycznos¢ wobec komodrek zdrowych,
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z jednocze$nie najwyzszym indeksem selektywnosci (SI) odpowiednio 11,92 i 10,80
co wskazuje, ze zwigzki te mogg by¢ najbardziej efektywne i bezpieczne w warunkach
in vivo. W porownaniu z lekiem referencyjnym - cisplatyng, zwigzki te wykazywaty tylko
okoto 4-krotnie nizsza aktywno$¢ antyproliferacyjng wobec komorek nowotworowych
z jednoczesnag kilkunastokrotng mniejsza toksycznoscia wobec komodrek zdrowych.
Zwiazek 5e (Rycina 26) zawierajacy podstawnik 3,4-dichlorofenylowy sposrod zwigzkow
serii A  wykazywal najwyzsza aktywno$¢ wobec wszystkich linii  komorek
nowotworowych z 1Csq w zakresie 6,94-13,14 uM, bedac tylko okoto 2-krotnie stabszy
niz cisplatyna wobec komorek A549 i MCF-7.

H c 5e
N N N\N/ MV4-11 8,98 pM
%( A549 6,94 UM
\ N MCF-7 13,14 uM
S
[¢]

Rycina 26. Najaktywniejszy zwigzek serii A

Kolejng zaprojektowang serig zwigzkéw byla seria B (zwiazki 6a-6f), ktorg otrzymano
poprzez wprowadzenie do struktury zwigzkow 5a-5f podstawnika chloroacetamidowego.
Zabieg ten poskutkowal otrzymaniem zwiazkdbw o wyzszej sile dzialania
antyproliferacyjnego wobec linii komoérek MV4-11 w poroéwnaniu ze zwigzkami
wyjéciowymi, z 1Csp w zakresie 5,56-8,82 uM. Dodatkowo pochodne 6a-6d
charakteryzowaly si¢ dobrym indeksem selektywnosci w zakresie 3,54-5,94. Sposrod
zwigzkoéw serii B najaktywniejsze wobec badanych linii komorek nowotworowych
okazaly si¢ pochodne 6e i 6f zawierajace 3,4-dichloro i 3,5-dichloropodstawione

pierscienie fenylowe, z ICsp odpowiednio w zakresie 8,66-18,69 uM oraz 5,81-9,41 uM.

Poprzez bezposrednie przytaczenie do pierscienia tiazolu podstawnika dichlorofenylowego
oraz wprowadzenie dluzszego tancucha alifatycznego otrzymano pochodne serii C. Taka
zmiana struktury zaprojektowanych pochodnych spowodowata drastyczny spadek
aktywnosci antyproliferacyjnej zwigzkéw. Pochodne 7a i 7b wykazywaty aktywno$¢
cytotoksyczng jedynie wobec linii komoérek MV4-11, wobec pozostatych komoérek byly
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nieaktywne. Najaktywniejszym zwigzkiem serii C (Rycina 27) okazata si¢ pochodna 7D,
zawierajagca  podobnie  jak  najaktywniejszy  zwigzek  serii A podstawnik
3,4-dichlorofenylowy.

N N—NH
b
—=N MV4-11 66,7 pM
cl

Rycina 27. Najaktywniejszy zwigzek serii C

Reasumujgc, w stosunku do linii komérek MV4-11 wszystkie zaprojektowane pochodne
z wyjatkiem zwigzkow 5f, 7a 1 7b wykazywaly bardzo wysoka aktywno$¢
przeciwnowotworowg z ICsp W zakresie 5,56-16,10 pM, a sposrod nich wysoce selektywne
okazaty si¢ pochodne 5a, 5b i 5d. W stosunku do linii komérek A549 najaktywniejsze
okazaly si¢ pochodne serii A i B z grupami 3,4-dichloro- (5e i 6e) z ICs, odpowiednio
6,94 uM i 6,69 uM oraz 3,5-dichlorofenylowymi (5f i 6f) z ICsy odpowiednio 9,41 uM
i 10,41 pM. Wobec linii komodrek raka piersi MCF-7 najwyzsza cytotoksycznos¢
wykazywat zwigzek 6f serii B (1C50=9,06 uM) oraz zwiazek 5e serii A (1C5=13,14 uM).

Analizujgc strukture oraz aktywnos$¢ zwigzkéw serii A-C wobec badanych linii komorek
nowotworowych mozna stwierdzi¢, ze:

1) na aktywno$¢ antyproliferacyjnag duzy wplyw mial sposdb rozmieszczenia atomow
chloru w pierscieniu fenylowym,

2) wprowadzenie do ukladu pierScienia 3,4- i 3,5-dichlorofenylowego prowadzito
do zwigkszenia aktywnos$ci antyproliferacyjnej wobec wszystkich linii komorek
nowotworowych,

3) podstawniki 2,3- i 2,4-dichlorowe w pierécieniu fenylowym wptywaty na aktywnosé
zwiazkow w zaleznos$ci od badanej linii komérek nowotworowych tj. wzrost aktywnosci
obserwowano w przypadku komorek MV4-11, a odwrotng zalezno$¢ zaobserwowano
dla komorek A549 i MCF-7, gdzie wprowadzenie tych podstawnikow w strukturg serii

A i B znaczaco zmniejszyto aktywno$¢ zwiazkow,
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4) na aktywnos¢ antyproliferacyjng zaprojektowanych pochodnych oprécz podstawnikow
w pierscieniu fenylowym wplyw miat sposob taczenia i rozmieszczenia w czasteczce grup
farmakoforowych, najkorzystniejszy z punktu widzenia aktywnosci przeciwnowotworowe;j

jest uktad zwigzkow serii B.

Dla zwiazkow serii B 6a-6f wykazujacych najwyzszg aktywno$¢ antyproliferacyjng wobec
badanych linii komoérek nowotworowych przeprowadzono szereg badan w celu
wyjasnienia prawdopodobnego mechanizmu dziatania zwigzkow.

Pierwszym badaniem bylo okreslenie zdolnosci pochodnych 6a-6f do hamowania
aktywnosci elastazy trzustkowej za pomocg metody spektrofotometrycznej i porownanie
ich aktywnosci do kwasu oleanolowego, jako inhibitora referencyjnego. Sposrod badanych
zwigzkow najaktywniejsze okazaly si¢ pochodne 6f, 6e i 6¢ wykazujace ICso W zakresie
32,1-35,3 pM. Pochodne te wykazywaty tylko o potowe nizsza aktywno$¢ niz kwas
oleanolowy. Dodatkowo wykazano, ze badane zwiagzki charakteryzuja si¢ mieszanym
mechanizmem inhibicji elastazy, co oznacza, ze zwiazki te mogg wigzac si¢ z enzymem
niezaleznie czy enzym zwigzal substrat, czy nie. Podobnie jak w przypadku dzialania
antyproliferacyjnego pochodne zawierajace w uktadzie podstawniki 3,4- i1 3,5-

dichlorofenylowe wykazywaty najwyzsza aktywno$¢ inhibujaca elastaze (Rycina 28).

cl cl
0
o cl \@
cl
N N\(N\N/\R
IS Cl
‘\_§/5 6e 6f
° MV4-11 8,66 UM MV4-11 5,81 pM
A549 10,41 pM A549 9,41 uM

MCF-7 18,69 pM MCF-7 32,1 uM
PPE 1C50 32,9 UM PPE IC5032,1 UM |

Rycina 28. Najaktywniejsze zwigzki serii B

Przeprowadzone badania dokowania molekularnego dla zwigzkow serii B umozliwity
okreslenie energii wigzania zwigzkdw do miejsca aktywnego pigciu réznych struktur
elastazy (lbma, 1hv7, 1qgnj, 2de9, 2hlu) uzyskane z bazy PDB (Protein Data Bank).

Wszystkie uzyskane energie wigzania wykazywaty zblizong warto§¢ w zakresie
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od -7,1 do -8,1 kcal/mol. Najsilniejsze wigzanie z enzymem wykazywal zwigzek
6f z energia wigzania -8,12 kcal/mol, a najstabsze zwigzek 6b (-7,1 kcal/mol). Nalezy
zaznaczy¢, ze uzyskane wyniki dokowania molekularnego $cisle  korelujg
z eksperymentalnie wyznaczonymi warto$ciami ICsp.
Dodatkowo zidentyfikowano wzér oddziatywania z wngka wigzaca elastazy. Analizie
poddano oddzialywania bialko-ligand, ktoére maja miejsce gdy odleglos¢ pomigdzy
odpowiadajagcymi im parami atoméw jest mniejsza niz 0,4 nm. Wyniki wskazuja
na nastgpujace korzystne typy oddzialywan:
e pierscien ftalimidowy z Thr175, Trp172, Phe215 (oddziatywania typu n-m 1 H-m)
— glowne miejsce zakotwiczenia ligandu w miejscu wigzania enzymu,
e ugrupowanie dichlorofenylowe i Thrl47, Cys220, GIn192, Ser217, Arg2l7,
Val216 (oddziatywania niespecyficzne),
e pierscien tiazolowy oraz linkery alifatyczne 1 Val99, Ser214, Val216, GIn192
(oddziatywania niespecyficzne).
Oprocz standardowego dokowania molekularnego przeprowadzono kowalencyjne
dokowanie zwigzkow serii B do wybranych struktur elastazy. W tym przypadku
nie uzyskano podobnej korelacji wartosci ICsp z wynikami dokowania, co wskazuje
na mate prawdopodobienstwo wystepowania kowalencyjnych interakcji w mechanizmie

wigzania ligandu.

Kolejnym badaniem byta ocena zdolnosci zwigzkéw 6a-6f do aktywacji kaspazy 3/7.
Pomiar przeprowadzono metoda spektrofluorymetryczng na komorkach linii raka phuc
A549. Wykazano, ze na zdolno$¢ badanych pochodnych do aktywacji kaspazy 3/7
znaczacy wplyw ma sposob podstawienia atomow chloru w pierScieniu fenylowym.
Najwigkszy wpltyw na aktywno$¢ kaspazy mial zwigzek 6e zawierajacy podstawnik
3,4-dichlorofenylowy, zwickszal on aktywno$¢ enzymu prawie 16-krotnie,
co taczy si¢ z jego wysoka aktywnoscig antyproliferacyjng 1 inhibujaca elastaze. Kolejno
zwigzki 6a i 6b z pierscieniami 2,3-dichloro- i 2,4-dichlorofenylowymi wykazywaty
umiarkowany wplyw na aktywno$¢ kaspazy, zwickszajac ja okoto 3- do 4-krotnie.
Co ciekawe pozostale zwiazki serii B w stgzeniu 20ug/ml nie wykazywaty zdolno$ci
do aktywacji kaspazy w komorkach A549. Interesujacy jest fakt, ze zwigzek
6f (3,5-dicholoro-) wykazujacy podobnie, jak zwigzek 6e (3,4-dichloro-) wysoka

aktywno$¢ antyproliferacyjng oraz hamujaca elastazg, nie wykazywat zdolnoSci
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do aktywacji kaspazy 3/7, co potwierdza znaczacy wplyw rodzaju podstawnika

w pierscieniu fenylowym na aktywno$¢ tych zwiazkow.

Dalej poszukujac mozliwych mechanizmow dziatania zwigzkoéw serii B poddano
je badaniu na zdolno$¢ do inhibicji EGFR. Badanie wykonano za pomoca testu ELISA
z wykorzystaniem komorek A549, jako zrédta enzymu. Kolejny raz potwierdzone zostato
znaczenie sposobu podstawienia atomow chloru w pierScieniu fenylowym czgsteczki
na jej aktywno$¢. Sposrod badanych zwigzkow pochodna 6f, zawierajagca podstawnik
3,5-dichlorofenylowy, wykazywala najwyzsza zdolno$¢ do obnizenia poziomu EGFR
w komodrkach A549, dokladnie o 31%. Nalezy zauwazy¢, ze zwigzek ten dziata
selektywnie wobec EGFR, nie wykazujac aktywnosci wobec kaspazy 3/7. Pozostate
pochodne serii B 6¢-6d obnizaty poziom EGFR o okoto 15-16%, a zwigzki 6a i 6b ponizej
4%. Zwigzek 6e o wysokiej aktywnos$ci cytotoksycznej oraz zdolnosci do aktywacji
kaspazy 3/7 wykazywat niska skuteczno$¢ wobec hamowania EGFR.

Badania przeprowadzone w publikacji 11 dowiodty, ze zwigzki zawierajace w czasteczce
ugrupowania ftalimidu, tiazolu oraz chloroacetamidu sg obiecujagcymi kandydatami dla
nowych zwigzkéw przeciwnowotworowych wykazujacych zdolno$¢ do inhibicji elastazy,
a ich aktywno$¢ mozna modyfikowaé przez odpowiednio podstawione pierscienie

fenylowe.
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Abstract: Herein, nine phthalimide-based thiazoles (4a-4i) were synthesized and investigated as new
human neutrophil elastase (HNE) inhibitors using spectrofluorimetric and computational methods.
The most active compounds containing 4-trifluoromethyl (4c), 4-naphthyl (4e) and 2,4,6-trichloro
(4h) substituents in the phenyl ring exhibited high HNE inhibitory activity with ICs values of
12.98-16.62 uM. Additionally, compound 4c exhibited mixed mechanism of action. Computational
investigation provided a consistent picture of the ligand—recep tor pattern of inter-actions, common
for the whole considered group of compounds. Moreover, compounds 4b, 4c, 4d and 4f showed high
antiproliferative activity against human cancer cells lines MV4-11, and A549 with ICs values of 8.21
to 25.57 uM. Additionally, compound 4g showed high activity against MDA-MB-231 and UMUC-3
with ICsq values of 9.66 and 19.81 uM, respectively. Spectrophotometric analysis showed that the
most active compound 4c demonstrated high stability under physiological conditions.

Keywords: spectrofluorimetric method; human neutrophil elastase; antiproliferative activity;
phthalimide; thiazole

1. Introduction

Tumor cells interact with surrounding tissues leading to changes in their structure
and biochemistry, resulting in a specific tumor microenvironment that can stimulate tumor
growth. The tumor microenvironment includes the surrounding blood vessels, immune
cells, fibroblasts, signaling molecules and the extracellular matrix (ECM). Recently, pro-
cesses in the tumor microenvironment have been an important point of interest in the
search for new anticancer drugs [1]. In this context, neutrophils, which in response to
cytokines and chemokines secreted by the tumor are released from the bone marrow and
richly infiltrate the tumor microenvironment, become interesting. Increased activity of
tumor-associated neutrophils (TANs) has been shown to be associated with faster tumor
progression, angiogenesis and reduced survival in various types of cancer [2].

Tumor-associated neutrophils are capable of forming neutrophil extracellular traps
(NETs), which under physiological conditions play an important role in defense against
infection, and in the case of tumors can stimulate metastasis and angiogenesis [3]. NETs
consist of secreted nuclear DNA supplied with proteases and various inflammatory media-
tors [4].

An important component of NETs are neutrophil serine proteases (NSPs), which
include neutrophil elastase (NE), cathepsin G and proteinase 3. These homologous enzymes
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belong to the chymotrypsin family, which contains aspartate, histidine and serine residues
in the active site [5]. The most abundant serine protease in neutrophils is elastase, which has
broad substrate specificity [6]. Potential substrates of NE are components of the extracellular
matrix mainly elastin, fibrin, fibronectin, as well as various proteins, i.e., coagulation factors,
immunoglobulins and cytokines. Under physiological conditions, elastase together with
another neutrophil serine proteases, plays an important role in the immune response during
infection or in modulating the inflammatory process, and its activity is controlled by its
endogenous inhibitors, i.e., al-antitrypsin or elafin [7,8]. An imbalance between elastase
activity and its inhibitors can cause many inflammatory pathological processes such as
cystic fibrosis, chronic obstructive pulmonary disease, atherosclerosis or arthritis [9-11].
Increased elastase activity has also been marked in the pathomechanism of various types
of cancer. Using the LSK-K-ras mouse model of lung adenocarcinoma as an example,
it was shown that mice lacking the ELANE gene (encoding neutrophil elastase) had a
higher surface survival rate compared to ELANE (+) mice. In addition, NE was shown
to stimulate tumor cell proliferation by degrading the insulin receptor substrate-1 (IRS-1),
resulting in an increased interaction between phosphatidylinositol kinase-3 (PI3K) and
platelet-derived growth factor receptor (PDGFR) [12]. Neutrophil elastase also plays an
important role in the development of acute promyelocytic leukemia (APL). It has been
recently shown that neutrophil elastase stimulates proliferation and exhibits anti-apoptotic
effects in cells of leukemia lines K562 and U937, and that the treatment of cells with the
specific elastase inhibitor GW311616A led to inhibition of cell growth and induction of
apoptosis [13]. Another study demonstrated that increased NE expression and levels were
also found in tissues and sera collected from patients with colorectal cancer (CRC). In
addition, tumor volume was compared in two xenografts with and without Sivelestat
administration. The results proved that Sivelestat, an elastase inhibitor, significantly
reduced tumor growth [14]. In breast cancer, increased elastase activity was found in tumor
cells and overexpression of elafin, a specific elastase inhibitor, resulted in inhibition of
proliferation and reduction in tumor size [15]. It has also been confirmed that neutrophil
elastase stimulates proliferation, migration and invasion of other types of cancer cells
including prostate cancer and pancreatic ductal adenocarcinoma (PDAC) [16,17].

Taking into account the involvement of elastase in the development of many types
of cancer, it becomes interesting to search for new compounds with anticancer activity
with synergistic elastase inhibitory activity. Among the already known elastase inhibitors
are such compounds as 1H-pyrrolo [2,3-b] pyridines [18], isoxazolones [19], ethylated
thiazole-triazole acetamides [20], indoles [21] and cinnolines derivatives [22]. Interesting
elastase inhibitors include cyclic depsipeptides such as loggerpeptins A-C and molassamide
isolated from marine cyanobacteria, which in addition to their high inhibitory activity
against neutrophil elastase also inhibited the migration of highly invasive MDA-MB-231
breast cancer cells [23].

An interesting pharmacophore in the search for compounds with different biological
activities is phthalimide. The best-known compound containing this moiety is Thalidomide,
an agent used in the 1960s as a sedative and antiemetic for pregnant women, withdrawn
from the market due to teratogenic effects [24]. However, it is a great example of drug repo-
sitioning, as subsequent studies on thalidomide have led to the discovery of its pleiotropic
biological activity. Thalidomide has been shown to be an inhibitor of peptidases, glu-
cosidase and COX, it decreases the activity of the important pro-inflammatory cytokine
tumor necrosis factor-alpha (TNF-alpha), and also exhibits antiangiogenic and proapoptotic
activity. The discovered potent antineoplastic and immunomodulatory properties have led
to the application of Thalidomide and its derivatives in the therapy of multiple myeloma,
erythema nodosum, as well as in studies on the use of this compound in other types of
cancer, including haematological ones [25]. Such broad biological activity of Thalidomide
prompts a closer look at its chemical structure. It consists of two rings, glutarimide and
phthalimide, the latter of which is an important pharmacophore used in drug design. Due
to its hydrophobic nature, it has the ability to cross biological membranes under in vivo
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conditions. Phthalimide derivatives have been shown to exhibit antibacterial [26], antipara-
sitic [27], antifungal [28] and analgesic [29] activities. Compounds containing a phthalimide
group in the molecule also show potent anticancer activity against various types of tumor
cells, i.e., prostate [30,31], breast [31,32] or liver cancer cells [31,33].

Another biologically important pharmacophore is thiazole ring, found in compounds
with anticancer [34-36], antimicrobial [37], antituberculosis [38], anticonvulsant [39,40], and
anti-Toxoplasma gondii activity [41,42]. Thiazole derivatives were presented as inhibitors
of important protein kinases such as EGFR, VEGF and PI3Ks [43], and SARS-CoV 3CL
protease [44].

Our previous studies showed that dichloro-substituted phthalimido-thiazole deriva-
tives showed high antitumor activity against MV4-11 and A549 with ICs5 values in the
range of 5.56-16.10 uM. They also showed the ability to inhibit porcine pancreatic elastase,
with IC5) values in the range of 32.10-93.90 uM [45].

In this study, we report the synthesis of new phthalimide-thiazole derivatives and
investigate them as new human neutrophil elastase (HNE) inhibitors using spectroflu-
orimetric and computational methods. The main core of the molecule contains various
substituents that are intended to modify the electronic properties and geometry of the
molecules. The main compounds were tested for their antitumor activity against four hu-
man cancer cells lines, namely biphenotypic B myelomonocytic leukemia MV4-11, human
lung carcinoma A549, human breast adenocarcinoma MDA-MB-231 and human bladder
translational cell carcinoma UMUC-3, and their cytotoxicity was tested using normal mouse
fibroblast (BALB/3T3). Finally, chemical stability of the key compound was also inves-
tigated in an aqueous phosphate buffer simulating physiological conditions using the
spectrophotometric method.

2. Results and Discussion
2.1. Chemical Synthesis

The synthetic pathway leading to compounds 4a—4i is shown in Scheme 1. In the
first step, phthalimide 1 was reacted with methyl vinyl ketone in the presence of sodium
ethoxide as a catalyst to obtain 2-(3-oxobutyl)phthalimide 2. In the next step ketone was
brominated with bromine in methyl alcohol to give 2-(4-bromo-3-oxobutyl)phthalimide
3 [45-47]. In the last step using the Hantzsch reaction of bromoketone 3 with various
thioureas, ten final compounds 4a—-4i were obtained. The newly synthesized compounds
were identified using spectroscopic methods, such as 'H NMR (700 MHz), '*C NMR
(100 MHz) and ESI-HRMS analysis [see Supplementary Materials]. The 'H NMR spectra
of compounds 4a—4i have four characteristic signals: two triplets derived from methylene
groups at about 2.90 ppm and 3.90 ppm, thiazole-5H proton singlet at about 6.50 ppm
and singlet of the NH group at 9.45-10.44 ppm. The structure of the newly synthesized
compounds was also confirmed using *C NMR spectra. The most characteristic signals
were found at about 30 ppm and 37 ppm derived from the two methylene groups, and at
about 105 ppm corresponding to the CH of the thiazole ring. The key signals are also those
from the two carbonyl groups of the phthalimide ring at about 168 ppm.

2.2. Elastase Inhibitory Activity and Kinetic Analysis

The study of human neutrophil elastase inhibition by compounds 4a—4i was carried
out using a spectrofluorimetric method. The results of the study are shown in Table 1.
Ursolic acid was used as the reference inhibitor. All newly synthesized phthalimide
derivatives showed the ability to inhibit neutrophil elastase. The best inhibitory activity
was shown by compounds with 4-trifluoromethyl (4c), 4-naphthyl (4e) and 2,4,6-trichloro
(4h) substituents in the phenyl ring with ICs values of 12.98 uM, 15.58 uM and 16.62 uM,
respectively. These values are only two to three times higher than the ICsp value for
reference inhibitor—ursolic acid, ICsp 5.32 pM. Compounds containing 4-COCHj (4i),
3,4,5-triOMe (4d) and 4-fluorophenyl (4a) substituents also proved to be good elastase
inhibitors, with IC5j values in the range of 22.92-29.35 uM. The weakest inhibitory activity
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among the 4a—4i derivatives was shown by compounds 4f and 4g, with I1C5q 49.88 and
64.89 uM, respectively. It can be seen that the HNE inhibitory activity increases in a
series of compounds 4a and 4c containing 4-fluorophenyl and 4-trifluoromethylphenyl
groups, probably due to an increased electron-acceptor or steric effect. Moreover, the
same relationship can be seen for derivatives 4b and 4h containing chlorophenyl and
2,4 ,6-trichlorophenyl groups and for derivatives 4b and 4a containing chlorophenyl and
fluorophenyl groups.
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Scheme 1. Synthesis of the target phthalimide-thiazoles 4a—4i.

To better understand the mechanism of inhibition of human neutrophil elastase by the
newly synthesized compounds, kinetic studies using double-reciprocal plots of Lineweaver—
Burk and Dixon analysis were performed. The most active compound 4c was selected
for this study. The results are shown in Table 2 and Figure 1. Compound 4c has been
identified as an elastase inhibitor characterized by a mixed type of action. This means
that the compound can inhibit the enzyme through two different mechanisms, depending
on whether it has a higher affinity for the free enzyme (type I) or the enzyme-substrate
complex (type II). To determine which inhibition model characterizes compound 4c, the
appropriate inhibition constants K; and Kjs were determined using secondary plots of
K/ Vmax and 1/Vax versus inhibitor concentration. In the case of compound 4c, the K;
constant is smaller than the Kj constant, indicating that the compound has a higher affinity
for the free enzyme than the enzyme-substrate complex, showing mixed type I inhibition.

Table 1. Elastase inhibitory activity of phthalimide-thiazoles 4a—4i compared to standard inhibitor.

Compound ICs¢ + SD [uM]
da 29.35 £+ 3.13
4b 46.51 + 4.85
4c 12.89 £0.98
4d 2292 +1.59
4e 15.58 + 0.16
af 49.88 £+ 0.98
4g 64.89 + 7.75
4h 16.62 £+ 2.06
4i 25.60 +1.78

Ursolic acid 5.32£0.68
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Table 2. Kinetic analysis of mechanism of elastase inhibition by compound 4c.

Compound Dose [uM] Vmax Kn Inhibition Type K; [uM] Kjs [uM]
5 10.29 127.27 .
4c 10 8.22 230.63 mixed 454 32.18
4c
& [1]=0uM
[IJ=5uM
_ A[I=10uM
£
g
=)
=
=
= -0.15 0.05 0.1 0.15 0.2 0.25
VSIS
(A)
30 . 0.14
25 0.12
o 20 % 00(;; ¢
a e
o1 2 0.06
10 = 0.04
5 0.02
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Figure 1. (A) Lineweaver-Burk plots for elastase inhibition for compound 4c. (B) The secondary
plots of the slope and the intercept of the straight lines versus the concentration of compound 4c.

2.3. Antiproliferative Activity

The newly synthesized compounds were tested for their antiproliferative activity
against four cancer cell lines: human biphenotypic B myelomonocytic leukemia (MV4-11),
lung carcinoma (A549), human breast adenocarcinoma (MDA-MB-231), urinary bladder
carcinoma (UMUC-3), and normal mouse fibroblast (BALB/3T3) cells. The results are
shown in Table 3. It can be seen that compounds 4b, 4d and 4f containing 4-chloro, 3,4,5-
trimethoxy and 3,5-dimethyl substituents in the phenyl ring have high antiproliferative
activity against human cancer cells lines MV4-11, with ICs in the range of 8.21-13.19 pM.
The same series of compounds 4b, 4d and 4f extended by the compound 4c with trifluo-
romethyl group have also high antiproliferative activity against A549 cell lines, with ICsq in
the range of 13.99-25.57 uM. Additionally, compounds 4g with sulfonamide group showed
high activity against MDA-MB-231 and UMUC-3 with IC5j values of 9.66 and 19.81uM,
respectively. Moreover, compound 4e containing a naphthyl ring in its structure showed
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good antiproliferative activity against MV4-11 and A549 cancer cell lines, with ICs) of
33.25 and 41.07 uM, respectively. The less potent of the series for this cancer cell line were
compounds 4a, 4h and 4i, with ICs values in the range of 44.45-120.05 uM. Next, we
decided to calculate the selectivity index (SI) by comparing the cytotoxic activity (ICsg) of
compounds against the normal fibroblasts BALB/3T3 with the cytotoxic activity (ICsp) of
cancer cell lines (Table 4). The selectivity indexes for phthalimide derivatives 4a—4i against
MV4-11 and A-549 cancer cell lines were in general much higher than for MDA-MB-231
and UMUC-3 cancer cells. The highest selectivity index for MV4-11 and A549, SI values
in the range of 5.42-7.68, was found for the compounds 4b, 4c, 4d and 4f. Additionally,
with the exception of compounds 4a and 4g, the SI values are greater than 1, which proves
that the obtained phthalimides are more effective against cancer cells than toxic against
normal cells.

Table 3. Antyproliferative activity of compounds 4a—4i against human biphenotypic B myelomono-
cytic leukemia (MV4-11), lung carcinoma (A549), human breast adenocarcinoma (MDA-MB-231),
human bladder transitional cell carcinoma (UMUC-3) and normal mouse fibroblast BALB/3T3 cells.

Phthalimide IC50 + SD [uM]

Derivatives MV4-11 A549 MDA-MB-231 UMUC-3 BALB/3T3
4a 59.55 + 4.63 50.71 +3.32 109.83 + 24.50 82.31 +2.18 7417 +12.25
b 12.22 4+ 4.56 18.11 + 0.94 86.47 + 10.68 61.74 + 1.56 66.25 + 4.17
dc 46.57 + 25.39 1399 + 156 77.48 + 13.66 75.20 + 6.71 84.90 + 18.21
4d 821 +2.37 2373 +£5.23 48.87 £ 13.20 46.08 = 7.28 46.80 = 2.05
4e 33.25 +11.99 4107 £3.13 76.44 + 11.14 80.01 + 16.19 102.74 + 30.70
af 13.19 + 477 2557 + 3.63 86.39 + 12.19 66.47 + 9.80 101.31 + 12.19
4g 83.32 + 26.61 NA 9.66 + 1.40 19.81 + 1.40 14.35 +2.10
4h 4848 + 2143 57.05 £ 19.35 NA 120.05 + 36.00 NA
4 4445 + 20.18 62.87 + 5.75 87.73 + 21.97 74.06 + 12.01 98.97 + 21.20

cisplatin 1.43 + 0.40 5.41 + 0.60 15.61 4+ 2.00 1.73 £ 0.17 847 + 1.96

IC5p—compound concentration leading to 50% inhibition of cell proliferation was calculated for each experiment
separately (experiments were repeated 3-5 times) and data are presented as mean values + SD, calculated using
Prolab-3 system based on Cheburator 0.4 software. NA-not active. cisplatin was used as a positive control [45].

Table 4. The calculated selectivity index (SI) of tested compounds. The SIindex = ICs of compound
in a normal cell line/IC5 of the compound in cancer cell line.

SI
Phthalimide
Derivatives BALB/3T3/ BALB/3T3/ BALB/3T3/ BALB/3T3/
MV4-11 A549 MDA-MB-231 UMUC-3

4a 1.25 1.46 0.68 0.90
4b 5.42 3.66 0.77 1.07
4c 1.82 6.07 1.10 1.13
4d 5.70 1.97 0.96 1.02
4e 3.09 2.50 1.34 1.28
4f 7.68 3.96 1.17 1.52
4g 0.17 - 149 0.72
4h - - - -
4i 2.23 1.57 113 1.33

A beneficial SI'> 1.0 indicates a drug with efficacy against cancer cells greater than toxicity against normal cells.

2.4. Compounds Stability

The stability of new substances is a key parameter that determines the effectiveness of a
drug as well as its safety. Therefore, the most active phthalimide derivative 4c was assessed
for chemical stability in an aqueous phosphate buffer at pH 7.3 simulating physiological
conditions using spectrophotometric method (Table 5). In the tested phosphate buffer, a
decrease in the maximum absorbance at 305 nm was observed over time, which indicates a
spontaneous hydrolysis of the compound 4c (Figures 2 and 3). The calculated half-life (t; /)
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value is 38.5 min, which proves the high stability of the compound under physiological
pH conditions.

0.5 -

0 50 100 150 200

log(At-Ac)

y =-0.018x +0.0457
R*=0.9753

t [min]

Figure 2. Semilogarithmic plot used to determine rate constants for spontaneous hydrolysis of
compound 4c.

e

Figure 3. The changes in absorbance spectra of compound 4c during spontaneous hydrolysis. Spec-
trum was monitored for 250 min with 10 min intervals in 0.05 M phosphate buffer (pH 7.3, 25 °C).

Table 5. Half-life (t1/2) for the spontaneous hydrolysis of selected compound 4c.

Phthalimide A [nm] k [min—1] ty/o [min]
4c 305 0.018 38.5

2.5. Molecular Docking Study

The molecular docking study was used to analyses the influence of pharmacophore
group on the activity of the studied compounds. According to literature reports [48] the elas-
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tase inhibitors can be bound to protein by the formation of covalent bond between Ser195
and the ligand group capable to participate in the condensation reaction. Subsequently,
the ligand molecule may undergo a decomposition into two fragments. Paradoxically,
event in such case, the covalent docking procedure, involving the whole ligand molecule
does not seem suitable for predicting the inhibition properties due to the following facts:
(i) the low-energy ligand poses do not necessarily correspond to the conformations that
facilitates the prospective reaction with serine, thus, they may be chemically meaningless;
(ii) after the ligand decomposition, the covalently bound ligand fragment may be common
for all considered compounds, thus, performing covalent docking would not produce
any distinguishable results. On the other hand, one of our previous results indicate that
standard docking produces the trend in binding energies which is in agreement with the ex-
perimental values of ICs [45]. Previously [49], we have applied the standard, non-covalent
docking with the so-called ‘logical constraint’, responsible to reflect the spatial requirements
necessary to consider the ligand-Ser195 reaction. This resulted in a reasonable agreement
of the binding energies with the experimentally-inferred ICs values but also provided a
consistent picture of the ligand-receptor pattern of interactions, common for the whole
considered group of compounds. In the initial stages of the current study, we planned to
apply the ‘logical constraint’-based procedure, analogous to that described in more detail
in ref. [49]. In short, such a procedure relies on introducing the cutoff-based criteria and
ignoring all the docking results (structures) in which the distance between Ser195 sidechain
and the reaction site within the ligand molecule is larger than 0.3 nm. Here, the prospective
reaction site was defined as the two oxygen atoms of the isoindoline-1,3-dione moiety of the
ligand molecule. However, during analysis of the obtained docking poses, it was concluded
that all the low energy structures already fulfill this additional distance-based condition
and no poses corresponding to more favorable ligand-protein interactions and some other
arrangements in the binding cavity were observed. This indicates that the mechanism of
binding is associated either with the formation of a covalent bond involving Ser195 or at
least with creating the network of ligand—protein interactions compatible with early stages
of such processes.

The binding energies found during docking simulations are graphically illustrated in
Figure 4A. Each of the final energy values was averaged over the set of poses exhibiting
the same structural orientation in the binding cavity, as confirmed by separate RMSD
calculations and visual inspection (Figure 4B). All the obtained ligand-protein interaction
energies display similar magnitude, varying in the range of ~—7.8-—6.8 kcal/mol. Such a
small scatter of ligand—protein interaction energies across the studied set of compounds
(1.0 kcal/mol) can be explained in terms of their high structural similarity of the studied
compounds combined by extremely close locations and orientations exhibited by them
when interacting with binding cavity.

Although the correlation between In(ICs) values and the determined binding energies
is not as good (R = 0.41, p < 0.27) as those obtained in our previous studies [45,49], some
binding trends are reflected correctly. For instance, the two most potent compounds (4c and
4e) display the most and second most favourable binding energies. At the same time one
can observe that compounds exhibiting the highest ICsy values (4g and 4h) are not correctly
identified in the calculations. In fact, ignoring these two data points results in a significant
improvement of the statistical parameters that describe the above-mentioned correlation
(R =0.72, p <0.04). There exist several distinct factors that may be responsible for that, for
instance: (i) the large scatter of binding energies across the set of considered PDB structures
(standard deviation is of magnitude of broadness of the data set values); (ii) the small
scatter of both the experimental and theoretical values; (iii) the influence of mechanisms
that cannot be reflected by classical force field-based docking, i.e., the processes related to
the electronic structure of ligand, essential for hypothetical reaction with Ser195.
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Figure 4. (A) The correlation between the calculated binding energies, averaged over the five
elastase structures available in the PDB database and the corresponding (experimental) values of ICsq
(recalculated as log(ICsp)). The horizontal bars represent the standard deviation values within the
set of binding energies. The green solid line represents the linear regression (with 95% confidence
intervals filled in grey) (R = 0.41; p < 0.27). (B) The superposed positions of all studied ligands (stick
representation, colored by atom type) in the binding cavity of the 1bma structure of elastase. All these
positions were identified as the optimal ones during the standard (non-covalent) docking procedure.
The maximal distance of oxygen atoms at the isoindoline-1,3-dione group and Ser195 does not exceed
0.3 nm. (C) The location of the 4c ligand molecule bound to the 1bma structure of elastase and found
in the docking procedure. The ligand molecule and all the closest amino-acid residues are represented
by thick and thin sticks, respectively. The description of the interaction types is given in the text.

In our previous paper [49], we concluded that a good correlation of the binding
energies with the ICsj values speaks for dependence of the inhibition properties on the
stage of ligand alignment in the binding cavity before the subsequent reaction with Ser195.
Here, the analogous correlation is not so obvious. Therefore, it is hard to draw a similar,
unmistakable conclusion. Nevertheless, the consistent arrangement of the lowest-energy
ligand poses, common for all considered compounds and all protein structures support the
hypothesis about the contribution of Ser195 in covalent ligand binding.
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The results of the docking studies were also analysed with respect to the struc-
tural/mechanistic protein-ligand interaction pattern that is essential for interpretation
of the obtained binding energy values and identifying the physical basis responsible for
ligand binding. The summary given below relies on analysing the ligand—protein contacts
that take place if the distance between any corresponding atom pair is smaller than the arbi-
trarily accepted value of 0.4 nm. The provided description can be related to all the studied
compounds due to their nearly identical orientations in the binding cavity (Figure 4B). The
accuracy limits in this context result mainly from the molecular topology of the ligand, i.e.,
different chemical character of a single moiety). The graphical illustration of the docking
results (on example of 4c) is given in Figure 4C. Note that the analysis below concerns
only the non-covalent ligand-protein interactions and does not include the hypothetical,
subsequent steps involving covalent bonding with Ser195. The network of interactions
responsible for distinguishing between potencies of particular compounds is created by
Trp172, Thrl75, Phe215 and Arg217. The limiting, aromatic substituents of all compounds
always maintain contact with Phe215 and Trp172 via attractive -7t or CH-7 interactions.
The type of interactions with Thr175 varies on the character of substituent and may concern
either polar or non-polar interactions, dependent of the character of moieties located in this
region of ligand molecule. Interactions with Arg217 occur with both the thiazole ring and
limiting, aromatic moiety (as shown in Figure 4C and according to description below). The
Arg217 sidechain is the most flexible among all sidechains considered explicitly during
docking and can exhibit various, conformationally-diverse contacts with those two regions
of the ligand molecule. Nearly the same network of contacts, also distinguishing between
inhibition properties, has been identified for other group of elastase inhibitors in our pre-
vious study [49]. The physical-chemical character of interactions formed by this crucial
substituent and neighboring residues is not uniform and involves e.g., hydrogen bonding
donation and acceptance, CH-7 and -7 stacking, therefore, the detailed interpretation of
the dependence of the moiety type on the compound potency is not straightforward. Basing
on the case of the two most potent compounds (for which the prediction of docking results
agrees with the experimental results) it can be concluded that the increased contribution
of the CH-7r and 77 stacking (compound 4e) has a positive effect on the favorability of
the ligand-protein interactions. The same can be said about introduction of fluorine atoms
(compound 4c), which, in theory, allows for creation of halogen bonds with Trp172 and
Thr175. However, larger number of fluorine atoms at the aromatic substituent (compound
4e) apparently results in unfavorable steric restrictions and increase of the interaction
energy. The remaining ligand-protein interactions concern the polar interactions of Arg217
with thiazole ring (hydrogen bonding) and CH-m stacking involving also the thiazole ring
and Val99 sidechain. The thiazole ring also maintains contact with backbone fragment of
Val216, but it seems to be only an opportunistic consequence of other, stronger interactions,
imposing the corresponding conformational arrangement. The aliphatic linker connecting
thiazole ring with the isoindoline-1,3-dione group maintains contact with GIn192. Again,
this interaction does not seem to be crucial in the context of ligand-protein interactions
strength. The part of the ligand molecule that contains the isoindoline-1,3-dione moiety is
especially crucial for occurrence of the possible reaction with Ser195. The attractive, hydro-
gen bonding-mediated interactions are always observed in the case of one of the oxygen
atoms in the isoindoline-1,3-dione group and neighboring Ser195 sidechain. However, the
associated O-O distance is slightly larger (0.27) than it was observed in the case of our
previous study and analogous contact [49]; this is the consequence of increase dimension
of the group interacting with Ser195. This contact and arrangement of the isoindoline-1,3-
dione group is stabilized by the CH-m and 7-m stacking with neighboring His57 sidechain.
The vicinity of the two other residues (Thr96 and Ser214) seems to be only an opportunistic
consequence of other protein-ligand interactions discussed above.
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3. Materials and Methods
3.1. Chemistry
3.1.1. 2-(3-Oxobutyl)phthalimide (2)

3-Buten-2-one (7.0 g, 100.0 mmol) was added to a stirred solution of phthalimide
(1) (14.70 g, 100.0 mmol) in ethyl acetate (100 mL) and then sodium ethoxide (0.27 g)
in absolute ethyl alcohol (25 mL) was added. The reaction mixture was stirred at room
temperature for 2 h, and next under reflux until a clear solution was obtained. Heating
was continued for additional 2 h, next solvent was evaporated, and the crude product
was crystallized from ethyl alcohol to yield 18.0 g (83%); mp 108-110 °C [45-47]; eluent:
dichloromethane/methanol (95:5); R¢ = 0.55. 'H NMR (400 MHz, DMSO-dg), §(ppm): 2.12
(s, 3H, CHj); 2.84 (t, 2H, CH,, ] = 7.2 Hz); 3.76 (t, 2H, CH,, ] = 7.4 Hz); 7.81-7.87 (m, 4H,
4CHa,). 3C NMR (100 MHz, DMSO-ds), 5(ppm): 30.11 (CHs); 33.04 (CHy); 41.29 (CHy);
123.35 (2C); 132.02 (2C); 134.74 (2C); 168.05 (2C); 206.77 (C).

3.1.2. 2-(4-Bromo-3-oxobutyl)phthalimide (3)

4-N-Phtalimido-2-butanone (2) (7.0 g, 32.23 mmol) was dissolved in methanol (100 mL).
A solution of bromine (1.65 mL, 32.23 mmol) was added dropwise over 30 min at 0 °C. The
reaction mixture was stirred at room temperature for 15 h. The separate precipitate was
collected by filtration and dried under vacuum to yield 8.33 g (87%); mp 115-116 °C [45-47];
eluent: dichloromethane/methanol (95:5); R¢ = 0.84. 'H NMR (400 MHz, DMSO-dg),
d(ppm): 3.00 (t, 2H, CH,, ] = 7.1 Hz); 3.82 (t, 2H, CHy, ] = 7.1 Hz); 4.37 (s, 2H, CHy);
7.81-7.89 (m, 4H, 4CH,,). *C NMR (100 MHz, DMSO-dg), 8(ppm): 33.06 (CH;); 37.09
(CH;); 37.88 (CH>); 123.38 (2C); 132.04 (2C); 134.75 (2C); 168.04 (2C); 200.09 (C).

3.1.3. 2-(2-(2-(4-Fluorophenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4a)
Typical Procedure

2-(4-Bromo-3-oxobutyl)phthalimide (3) (0.296 g, 1.0 mmol) was added to a stirred
solution of 4-fluorophenylthiourea (0.17 g, 1 mmol) in absolute ethyl alcohol (20 mL). The
reaction mixture was stirred under reflux for 20 h. Next, the reaction mixture was added
to water (50 mL) and neutralized with NaHCOj5 solution. The separate precipitate was
collected by filtration and dried under vacuum over P,0Os to afford the desired product:
0.24 g (66%); mp 153-154 °C; eluent: dichloromethane/methanol (95:5); R¢ = 0.63. TH NMR
(400 MHz, DMSO-dg), 5(ppm): 2.86 (t, 2H, CH,, ] = 6.3 Hz); 3.85 (t, 2H, CHy, ] = 6.3 Hz); 6.51
(s, TH, CHypiazole); 6.94 (t, 2H, 2CHy,, ] = 8.4 Hz); 7.46 (q, 2H, 2CH A, J = 9.1 Hz); 7.77-7.79
(m, 2H, 2CH,,); 7.80-7.83 (m, 2H, 2CH ,); 10.03 (s, 1H, NH). 13C NMR (100 MHz, DMSO-
de), 8(ppm): 30.23 (CHy); 37.82 (CHz); 103.83 (Cihiazole); 115.61 (d, 2C, ] = 22.5 Hz); 118.51
(d, 2C,J = 7.6 Hz); 123.45 (2C); 132.12 (2C); 134.76 (2C); 138.09 (C); 149.51 (C); 157.03 (d, C,
J =235.9 Hz); 163.71 (C); 168.18 (2C=0). ESI-HRMS (1m/z) calculated for C19H;5FN30;S:
368.0869 [M + HJ*. Found 368.0862.

3.1.4. 2-(2-(2-(4-Chlorophenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4b)

Yield: 0.29 g, 76%, (dichloromethane/methanol (95:5); Ry = 0.52); mp 165-167 °C;
1H NMR (400 MHz, DMSO-dg), 5(ppm): 2.88 (t, 2H, CH,, J = 7.0 Hz); 3.85 (t, 2H, CHa,
] =6.3 Hz); 6.56 (s, 1TH, CHniazole); 712 (d, 2H, 2CHa,, ] = 9.8 Hz); 7.47 (d, 2H, 2CHa,,
] = 8.4 Hz); 7.76-7.79 (m, 2H, 2CH ,); 7.79-7.82 (m, 2H, 2CH,,); 10.16 (s, 1H, NH). 3C
NMR (100 MHz, DMSO-de), 5(ppm): 30.20 (CHy); 37.82 (CH,); 104.33 (Cipiazote); 11845 (2C);
123.44 (2C); 124.54 (C); 128.85 (2C); 132.11 (2C); 134.71 (2C); 140.44 (C); 149.60 (C); 163.27
(C); 168.17 (2C=0). ESI-HRMS (m/z) calculated for C19H;5CIN3O,S: 384.0573 [M + H]*.
Found 384.0569.

3.1.5. 2-(2-(2-(4-(Trifluoromethyl)phenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4c)
Yield: 0.31 g, 73%, (dichloromethane/methanol (95:5); R¢ = 0.62); mp 170-172 °C.

TH NMR (400 MHz, DMSO-dg), 5(ppm): 2.91 (t, 2H, CH,, ] = 7.0 Hz); 3.86 (t, 2H, CH,

J=7.0Hz); 6.65 (s, 1H, CHyjazole); 7-38 (d, 2H, 2CHp,, ] = 8.4 Hz); 7.60 (d, 2H, 2CHp,,
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] = 8.4 Hz); 7.74-7.76 (m, 2H, 2CH ,); 7.79-7.80 (m, 2H, 2CH,,); 10.44 (s, 1H, NH). 13C
NMR (100 MHz, DMSO-dg), 5(ppm): 30.06 (CHy); 37.86 (CH3); 105.29 (Cipiazole); 116.56 (2C);
123.44 (2C); 126.34 (q, C, ] = 7.65 Hz); 126.38 (C); 126.42 (C); 132.16 (2C); 134.72 (2C); 144.71
(C); 149.77 (2C); 162.78 (C); 168.21 (2C=0). ESI-HRMS (m/z) calculated for CooH15F3N30,S:
418.0837 [M + H]*. Found 418.0831.

3.1.6. 2-(2-(2-(3,4,5-Trimethoxyphenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4d)

Yield: 0.26 g, 58%, (dichloromethane/methanol (95:5); R¢ = 0.63); mp 80-82 °C. H
NMR (400 MHz, DMSO-dg), 5(ppm): 2.85 (t, 2H, CHy, ] = 7.7 Hz); 3.56 (s, 3H, CHs); 3.75
(s, 6H, 2CHs); 3.89 (t, 2H, CHa, J = 7.7 Hz); 6.52 (s, 1H, CHhingole); 6.98 (5, 2H, 2CHa,);
7.76-7.78 (m, 2H, 2CH ,); 7.79-7.83 (m, 2H, 2CH4,); 9.99 (s, 1H, NH). 13C NMR (100 MHz,
DMSO-ds), 8(ppm): 30.57 (CH»); 37.56 (CHy); 56.09 (2CH3); 60.57 (CH3); 95.20 (2C); 103.76
(Cihiazole); 123.44 (2C); 132.09 (2C); 132.28 (C); 134.74 (2C); 137.88 (C); 149.10 (C); 153.37
(2C); 163.73 (C); 168.21 (2C=0). ESI-HRMS (1m/z) calculated for CoHx»nN3055: 440.1280
[M + HI*. Found 440.1274.

3.1.7. 2-(2-(2-(Naphthalen-1-ylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4e)

Yield: 0.27 g, 67%, (dichloromethane/methanol (95:5); R¢ = 0.48); mp 161-162 °C.
TH NMR (400 MHz, DMSO-dg), 5(ppm): 2.87 (t, 2H, CHy, ] = 7.7 Hz); 3.87 (t, 2H, CHa,
] =7.0Hz); 6.53 (s, 1H, CHjazole); 7-28 (t, 1H, CHgy, ] = 7.7 Hz); 7.49-7 .51 (m, 2H, 2CH,,);
755 (d, 1H, CHp,, ] = 8.4 Hz); 7.77-7.79 (m, 2H, 2CHy,); 7.82-7.84(m, 2H, 2CHy,); 7.87-7.89
(m, TH, CHa,); 8.02 (d, 1H, CHpy, ] = 7.0 Hz); 8.22 (t, 1H, CHy,, ] = 4.2 Hz); 9.92 (s, 1H, NH).
13C NMR (100 MHz, DMSO-dg), §(ppm): 30.39 (CHy); 37.80 (CHy); 104.36 (Chiazole); 116.36
(©); 122.61 (C); 123.21 (C); 123.45 (2C); 125.94 (C); 126.17 (C); 126.33 (C); 126.47 (C); 128.66
(C); 132.12 (2C); 134.39 (C); 134.78 (2C); 137.16 (C); 149.33 (C); 165.75 (C); 168.20 (2C=0).
ESI-HRMS (1/z) calculated for Co3H1sN30,S: 400.1120 [M + H]*. Found 400.1114.

3.1.8. 2-(2-(2-(3,5-Dimethylphenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4f)
Yield: 0.22 g, 58%, (dichloromethane/methanol (95:5); R¢ = 0.55); mp 60-61 °C. H
NMR (400 MHz, DMSO-dg), 8(ppm): 2.18 (s, 6H, 2CH3); 2.87 (t, 2H, CH,, ] = 7.2 Hz); 3.88
(t, 2H, CH,, ] = 7.6 Hz); 6.49 (s, 1H, CHax,); 6.53 (s, 1H, CHjaz0le); 7-14 (s, 2H, 2CHy,);
7.77-7.83 (m, 4H, 4CHy,); 9.89 (s, 1H, NH). 13C NMR (100 MHz, DMSO-dg), 8(ppm):
21.69 (2CH3); 30.51 (CHy); 37.64 (CH,); 103.52 (Cipyjazole); 115.05 (2C); 123.17 (C); 123.41
(2C); 132.09 (2C); 134.76 (2C); 138.23 (2C); 141.57 (C); 149.38 (C); 163.77 (C); 168.18 (2C=0).
ESI-HRMS (m/z) calculated for Cy1HygN30,S: 378.1276 [M + H]*. Found 378.1269.

3.1.9. 4-(4-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)thiazol-2-ylamino)benzenesulfonamide (4g)
Yield: 0.23 g, 54%, (dichloromethane /methanol (95:5); R; = 0.23); mp > 260 °C. 'H
NMR (400 MHz, DMSO-dg), §(ppm): 2.92 (t, 2H, CH,, ] = 6.8 Hz); 3.89 (t, 2H, CHj,
] =6.8 Hz); 6.65 (s, 1H, CHipjazole); 7-13 (s, 2H, NHy); 7.55-7.58 (m, 4H, 4CHy,), 7.75-7.78
(m, 2H, 2CHa,); 7.78-7.82 (m, 2H, 2CHa,); 10.42 (s, 1TH, NH). 13C NMR (100 MHz, DMSO-
dg), 8(ppm): 30.16 (CH,); 37.77 (CHy); 105.27 (Cihiazole); 116.22 (2C); 123.42 (2C); 127.27
(2C); 132.07 (2C); 134.83 (2C); 136.04 (C); 144.19 (C); 149.69 (C); 162.81 (C); 168.22 (2C=0).
ESI-HRMS (1m/z) calculated for C19H17N404S;: 429.0691 [M + H]*. Found 429.0685.

3.1.10. 2-(2-(2-(2,4,6-Trichlorophenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4h)

Yield: 0.37 g, 81%, (dichloromethane/methanol (95:5); R¢ = 0.39); mp 168-169 °C.
TH NMR (400 MHz, DMSO-dg), 8(ppm): 2.75 (t, 2H, CH,, ] = 7.0 Hz); 3.74 (t, 2H, CH,,
T =7.0 Hz); 6.48 (s, 1H, CHniasole); 7-63 (s, 2H, 2CHa,); 7.80 (bs, 4H, 4CHa,); 9.54 (s, 1H,
NH). '3C NMR (100 MHz, DMSO-dg), §(ppm): 29.70 (CH,); 37.38 (CH,); 123.38 (2C); 129.04
(4C); 132.08 (2C); 134.74 (2C); 165.60 (C); 168.11 (2C=0). ESI-HRMS (1m1/z) calculated for
C19H13C13N30,S: 451.9794 [M + H]*. Found 451.9791.
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3.1.11. 2-(2-(2-(4-Acetylphenylamino)thiazol-4-yl)ethyl)isoindoline-1,3-dione (4i)

Yield: 0.24 g, 62%, (dichloromethane/methanol (95:5); Ry = 0.38); mp 174-175 °C. 'H
NMR (400 MHz, DMSO-dg), d(ppm): 2.46 (s, 3H, CHz); 2.93 (t, 2H, CH>, ] = 6.8 Hz); 3.88 (t,
2H, CHy, ] = 6.8 Hz); 6.67 (3, 1H, CHipiagole); 7.53 (d, 2H, 2CHa,, J = 8.8 Hz); 7.69 (d, 2H,
2CHy,, J = 8.8 Hz); 7.75-7.78 (m, 2H, 2CHa,); 7.8-7.83 (m, 2H, 2CH,,); 10.48 (s, 1H, NH).
13C NMR (100 MHz, DMSO-dg), 5(ppm): 26.72 (CH3); 30.13 (CHy); 37.88 (CHp); 105.48
(Cthiazote); 115.97 (2C); 123.50 (2C); 129.81 (C); 130.05 (2C); 132.18 (2C); 134.78 (2C); 145.51
(C); 149.76 (C); 162.82 (C); 168.13 (2C=0); 196.14 (C=0). ESI-HRMS (m1/z) calculated for
Cp1H1gN305S: 392.1069 [M + H]*. Found 392.1061.

3.2. Inhibitory Activity
3.2.1. Elastase Inhibition Assay

Fluorometric assay for human neutrophil elastase (HNE) inhibition was performed
according to the previously presented method with some modifications [50], using N-
methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-methyl-coumarin (MOSuc-AAPV-AMC, Cal-
biochem) as substrate. Stock solutions of the tested compounds were prepared in DMSO,
the final content of which in the tested sample did not exceed 1%. The reaction was carried
out in assay buffer containing 0.1 M HEPES (pH 7.5). Briefly, different concentration of
tested compounds was incubated with 20 mU/mL of HNE (Bradford) in 25 °C. The reaction
was started by addition of 25 pM elastase substrate to final reaction volume 100 pL and
monitored for 30 min at 25 °C on a microplate reader (FP-8500 Spectrofluorometer, JASCO,
USA) with excitation and emission wavelengths of 380 nm and 440 nm, respectively. By
computing the log of inhibitors concentrations versus the percentage of activity, the ICsy
values were determined by non-linear regression analysis. Assays were performed in
triplicate and data presented as the mean and the standard deviation. Ursolic acid was
used as the reference compound.

3.2.2. Kinetic Analysis of the Inhibition of Elastase

Kinetic studies were conducted in the presence of different concentrations of substrate
(5, 25,50 and 100 uM) and test compound (in the range of 0-10 uM). The reaction conditions
were the same as in the HNE inhibition assay and the reaction was monitored for 10 min
at 25 °C with the same Ey an E, wavelengths. By Lineweaver-Burk plots, kinetic values
such as Michaelis-Menten constants and maximum velocity were determined. Next, two
inhibition constants for inhibitor binding with free enzyme or enzyme—substrate complex
(K and K;s) were obtained by plotting the secondary plot of the slopes of the determined
straight lines or vertical intercept versus inhibitor concentration [51].

3.3. Antiproliferative Activity

Cell preparation, in vitro antiproliferative assay, MTT and SRB cytotoxic tests were
performed according to literature [45,52-55].

3.4. Analysis of Compounds Stability

Spontaneous compound hydrolysis studies were performed following the literature
procedure [56]. The kinetics hydrolysis of the compounds was evaluated at 25 °C in 0.05 M
phosphate buffer, pH 7.3, by measuring changes in absorbance spectra during incubation
using a T60U spectrophotometer (PG Instruments). The absorbance (A¢) at characteristic
absorption maxima for each compound was measured at 10 min intervals until there was
no further decrease in absorbance (A«). Using these measurements, semilogarithmic plots
of the dependence of log(At-A«) on time were prepared, and k” values were determined
from the slope of these plots according to the first order reaction kinetics. Half-conversion
times were calculated using equation: t;,, = 0.693/k’.
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3.5. Molecular Docking Study

The ligand molecules were drawn manually by using Avogadro 1.1.1 [57] and op-
timized within the UFF force field [58] (5000 steps, conjugate gradient algorithm). The
flexible, optimized ligands were docked into the binding pockets of the high-resolution
elastase structures found in the following five PDB (rcsb.org) entries: 1bma (X-ray resolu-
tion: 0.192 nm), 1hv7 (X-ray resolution: 0.17 nm), 1qnj (X-ray resolution: 0.11 nm), 2de9
(X-ray resolution: 0.13 nm) and 2h1u (X-ray resolution: 0.16 nm). The AutoDock Vina
software [59] was applied in all docking simulations. The procedure of docking was carried
out within the cuboid region (of dimensions: 20 x 20 x 20 A3) which covered the whole
co-crystallized ligand present in the PDB:2h1u structure as well as the closest amino-acid
residues that exhibit contact with that ligand. In order to provide sufficient numbers of
conformationally-diverse ligand arrangements, the number of possible poses generated
during single run was increased to 20, whereas the energy threshold between highest- and
lowest-ranked poses was increased to 4 kcal/mol. Apart from that, all the default proce-
dures and algorithms implemented in AutoDock Vina were kept. The predicted binding
energies were averaged over all protein structures applied for docking. The more favorable
binding mode is associated with the lower binding energy value; only the lowest energy
values corresponding to the given ligand were accounted for during subsequent analysis.
The visual inspection of the location and orientation of the docked ligands, in order to
control the uniformity of the binding pattern was performed. The docking methodology
was initially validated by docking simulation of the non-covalently-bound ligand molecule
originally included in one of the studied protein structures (i.e., 2h1lu). Details are given in
our previous work [45].

4. Conclusions

The phthalimide-thiazole derivatives with various substituents in the phenyl ring have
been synthesized to explore their role in human neutrophil elastase inhibition and antiprolif-
erative activity using spectrofluorimetric, spectrophotometric and computational approaches.
The most active compounds containing 4-trifluoromethyl, 4-naphthyl and 2,4,6-trichloro
substituents exhibit high HNE inhibitory activity with ICsq values of 12.98-16.62 uM. Ad-
ditionally, compound with 4-trifluoromethyl group showed mixed mechanism of action.
Computational investigation resulted in a consistent picture of the ligand-receptor pattern
of interactions, common for the whole considered group of compounds in spite of a series
of discrepancies observed between the calculated binding energies and the experimentally-
inferred IC5) values. Moreover, some compounds showed high antiproliferative activity
against leukemia, lung, breast, and urinary bladder human cancer cells lines with IC50
values of 821 to 25.57 pM. Additionally, spectrophotometric analysis showed that the
most active compounds demonstrated high stability under physiological conditions. We
believe that analogues containing 4-trifluoromethyl, 4-naphthyl and 2,4,6-trichloro sub-
stituents may serve as lead structures to design highly potent HNE inhibitors with good
antiproliferative profile.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24010110/s1.
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W publikacji 111 badano pochodne talidomidu o strukturze D (Rycina 25) zawierajace
wczesniej wybrane grupy farmakoforowe, jednakze nie zawierajace dodatkowych
fancuchow bocznych oraz wigzan iminowych. Dodatkowo wczesniejsze badania
dla serii A-C wykazaly, ze istotny wplyw na aktywno$¢ biologiczng ma sposob
podstawienia pierscienia fenylowego, dlatego postanowiono w niniejszej serii wprowadzi¢
rézne grupy elektrono-donorowe i elektrono-akceptorowe do pierscienia fenylowego

1 zbada¢ ich wptyw na aktywnos$¢ antyproliferacyjng i zdolno$¢ do inhibicji elastazy.

Sciezke syntezy zwiazkoéw serii D podobnie, jak wczesniej otrzymanych pochodnych
rozpoczeto od reakcji  ftalimidu z ketonem metylowinylowym uzyskujac
2-(3-oksobutylo)ftalimid, a nast¢pnie poddano otrzymany keton reakcji bromowania
w alkoholu metylowym otrzymujac 2-(4-bromo-3-oksobutylo)ftalimid. Wykorzystujac
cyklizacje Hantzscha otrzymany bromoketon poddano reakcji z podstawionymi
N-fenylotiomocznikami w absolutnym alkoholu etylowym otrzymujac docelowe zwigzki

serii D z wydajnoscig w zakresie 54-81%.

Aktywno$¢ antyproliferacyjng otrzymanych czasteczek, tak jak w przypadku poprzednich
badan oceniono wobec linii komodrek nowotworowych MV4-11, A549 oraz
wobec komorek raka piersi MDA-MB-231 1 pecherza moczowego UMUC-3,
a toksyczno$¢ oceniono wobec linii BALB/3T3. Lekiem referencyjnym podobnie,
jak wczesniej byla cisplatyna.

Wobec komorek linii nowotworowej bifenotypowej biataczki mielomonocytowej B
najaktywniejszymi  zwigzkami okazaly si¢ pochodne zawierajace podstawniki
4-chlorofenylowy- (4b), 3,4,5-trimetoksyfenylowy- (4d) oraz 3,5-dimetylofenylowy- (4f)
z warto$ciami ICsg odpowiednio 12,22 uM, 821 uM i 13,19 uM. Zwiazki
te charakteryzowaty si¢ dobrym indeksem selektywnosci w zakresie 5,42-7,68. Pozostate
pochodne wykazywaly zdecydowanie nizsza aktywno$¢ antyproliferacyjng wobec
MV4-11, z wartosciami ICso od 33,25 uM (podstawnik naftylowy) do 83,32 uM
(podstawnik sulfonamidowy). Wobec komorek raka pluc A549 najaktywniejszy okazal si¢
zwigzek 4c, zawierajacy grupe trifluorometylowa w pozycji 4 pierScienia fenylowego,
z 1Csp wynoszacym 13,99 uM oraz wyzej wymienione pochodne 4b, 4d i 4f z ICy
w zakresie 18,11-25,57 uM. Zaré6wno w stosunku do linii komoérek raka piersi MDA-MB-
231, jak i pgcherza moczowego UMUC-3 wysoka aktywno$¢ cytotoksyczng wykazywata
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jedynie pochodna 4g, zawierajaca ugrupowanie sulfonamidowe, z ICsy wynoszacym
odpowiednio 9,66 puM i 19,81 uM. Dodatkowo, w stosunku do linii komorkowej MDA-
MB-231 pochodna 4g dziata prawie dwukrotnie silniej niz cisplatyna, bedgca lekiem
referencyjnym i byla od niej prawie dwukrotnie mniej toksyczna w stosunku do komoérek
zdrowych. Nalezy rowniez zaznaczyC, ze w przeciwienstwie do dziatania wobec linii
MDA-MB-231 i UMUC-3 pochodna 4g wykazywata najnizszg aktywno$¢ wobec MV4-11
oraz byla nieaktywna wobec A549. Podsumowujac dla kazdej z badanych linii komoérek
nowotworowych sposréd pochodnych serii D mozna wskaza¢ wiodacg pochodna,
ktora wykazywata najwicksza aktywno$¢ antyproliferacyjna wobec danej linii
komorek (Rycina 29).

____________________________________________________________________________________________________________________________________

4d R=3,4,5-trimetoksyfenyl 1Csq 8,21 uM

o} A549
4/_{\5 4c R=4-trifluorometylofenyl 1Csg 8,21 pM
N N)\N/R MDA-MB-231, UMUC-3 ;
H 49 R=4-sulfoamidofenyl 1C50 9,66 UM, 19,81uM
o HNE |C50
4c R=4-trifluorometylofenyl 1Cgy 12,89 pM
4e R=4-naftylo 1C5 15,58 uM

4h R=2,4,6-trichlorofenyl 1Cgy 16,62 uM
4d R=3,4,5-trimetoksyfenyl 1Cs5422,92 pM

Rycina 29. Najaktywniejsze zwiazki Serii D w odniesieniu do danych linii komorek

nowotworowych i elastazy neutrofilowej

Poszukujac najaktywniejszego zwiazku serii D, ktory wykazywal najsilniejszg aktywnosé
antyproliferacyjng ogélnie wobec wszystkich linii komérek nowotworowych, wskazac
nalezy zwigzek 4d zawierajacy podstawnik 3,4,5-trimetoksyfenylowy z 1Cso w zakresie
8,21-48,87 uM. Natomiast najnizszg aktywnoscig antyproliferacyjng charakteryzowaty
si¢ pochodne 4a (podstawnik 4-fluorofenylowy), 4h (2,4,6-trichlorofenylowy)
I 4i (4-acetylofenylowy).

Nastepnym krokiem byto okreslenie zdolno$ci nowo otrzymanej serii D do hamowania
dziatania ludzkiej elastazy neutrofilowej (HNE). W celu zbadania aktywno$ci zwigzkow
4a-4f zastosowano metode spektrofluorymetryczng, z wykorzystaniem MOSuc-AAPV-
AMC, jako substratu dla HNE oraz kwasu ursolowego, jako inhibitora referencyjnego.

Wszystkie zwiazki serii D wykazywaly zdolno$¢ do inhibicji aktywnosci HNE.
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Najsilniej  dzialajgcymi  zwigzkami  (Rycina  29)  okazaly si¢  pochodne
4c  (podstawnik  4-trifluorometylofenylowy), 4e (podstawnik naftylowy) oraz
4h (podstawnik 2,4,6-trichlorofenylowy) z warto$ciami ICso odpowiednio: 12,89 uM,
15,58 uM oraz 16,62 uM. Dla najbardziej aktywnego zwigzku 4c¢ wyznaczono dodatkowo
parametry kinetyczne i stwierdzono, ze zwigzek ten wykazuje mieszany mechanizm
inhibicji ludzkiej elastazy neutrofilowej. W pordéwnaniu z inhibitorem referencyjnym
wyzej wymienione pochodne dziataly 2- do 3-krotnie stabiej. Kolejno umiarkowang
aktywno$¢ hamujaca wobec elastazy neutrofilowej wykazywaly zwigzki 4d (podstawnik
3,4,5-trimetoksyfenylowy), 4i (4-acetylofenylowy) i 4a (4-fluorofenylowy), z wartosciami
ICsp W zakresie od 22,92 uM do 29,35 uM. Najstabiej dziatajacymi zwigzkami serii D
okazaty si¢ pochodne 4f i 4g zawierajace odpowiednio podstawniki 3,5-dimetylofenylowy
I 4-sulfonamidofenylowy, ktore wykazywaly wartos¢ ICsy odpowiednio 49,88 puM
I 64,89 uM. Nalezy zauwazy¢, ze wicksza aktywno$¢ inhibujaca elastazg w serii zwigzkow
o podobnej strukturze i grupach funkcyjnych wykazuja zwiazki zawierajace podstawniki
o silniejszych wtasciwosciach elektrono-akceptorowych i o wickszej zawadzie steryczne;.
Zalezno$¢ t¢ widaé zestawiajace ze soba aktywnosci zwigzkow 4a i 4c (podstawniki
4-fluoro i 4-trifluorometylofenylowe), 4b i 4h  (podstawniki  4-chloro

i 2,4,5-trichlorofenylowe) oraz 4b i 4c (podstawniki 4-chloro- i 4-fluorofenylowy).

W kolejnym etapie przeprowadzono dokowanie molekularne. Obliczenia wykazaly,
ze dwa atomy tlenu pierscienia ftalimidu (izoindolino-1,3-dionu), odpowiadajg za wigzanie
z miejscem aktywnym elastazy. Stwierdzono, ze mechanizm wigzania badanych zwigzkéw
z enzymem, moze by¢ wynikiem tworzenia wigzania kowalencyjnego z udziatem Ser195,
badz tworzeniem innych sieci oddzialywan ligand-biato. Energie wigzania dla serii D
uzyskane podczas symulacji dokowania wykazuja podobna wielko$¢, w zakresie
od -7,8 do -6,8 kcal/mol. Chociaz, w przypadku serii D nie uzyskano wysokiej korelacji
pomiedzy wynikami eksperymentalnymi, a obliczeniami teoretycznymi, to dla dwoch
najaktywniejszych zwigzkéw 4c | 4e uzyskano najkorzystniejsze energie wigzania,
potwierdzajace wysoka aktywno$¢ eksperymentalng pochodnych.

Przeprowadzono rowniez analiz¢ mechanistycznych oddziatywan biatko-ligand,
wystepujacych pomiedzy parami atomow, ktorych odlegtos¢ pomiedzy soba nie przekracza
0,4 nm. Analiza pozwolita na wytypowanie nastgpujagcych Kkorzystnych typow

oddziatywan:
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e atom tlenu grupy karbonylowej ftalimidu i tancuch boczny Ser195 (wigzanie
wodorowe),

e podstawniki aromatyczne i Phe215, Trp172 (oddziatywania polarne lub niepolarne
w zaleznosci od typu podstawnika),

e pierscien tiazolowy z Arg217 (polarne oddziatywania).

Z uwagi na fakt, ze stabilno$¢ nowo projektowanych substancji jest kluczowym
parametrem determinujacym ich aktywno$¢ biologiczng i biorgc pod uwage podobna
strukture zwigzkéw serii D postanowiono wybra¢ zwigzek charakteryzujagcy sie wysoka
aktywno$cig antyproliferacyjng oraz hamujaca elastaze neutrofilowa i oceni¢ jego
stabilno$¢ chemiczng w wodnym buforze fosforanowym (pH 7,3). Wybrana pochodna
4c  wykazywata wysoka stabilnos¢  (11,=38,5min) w warunkach zblizonych

do fizjologicznych.

Podsumowujgc nowo zaprojektowana seria D, podobnie jak wczesniej otrzymane
pochodne stanowi zbidr zwiazkdéw o wysokiej aktywnosci antyproliferacyjnej
1 hamujacej aktywnos¢ elastazy, potwierdzajac, ze uktady ftalimidu i1 tiazolu stanowig
wazne farmakofory warunkujace aktywno$¢ projektowanych pochodnych. Usunigcie
ugrupowania chloroactamidowego oraz wigzania iminowego w poréwnaniu do struktury
zwigzkow serii B, spowodowato uzyskanie zwigzkow serii D, o aktywno$ci
antyproliferacyjnej stabszej w stosunku do linii komérek MV4-11, podobnej w stosunku
do linii komoérek A549 oraz mniej toksycznych w stosunku do linii komoérek zdrowych
BALB/3T3. Zwiazki serii D wykazywaty takze dobrg aktywno$¢ antyproliferacyjng wobec
komorek raka piersi (MDA-MB-231) oraz pecherza moczowego (UMUC-3).
Wprowadzone zmiany strukturalne nowo zaprojektowanej serii doprowadzity do uzyskania
pochodnych o wysokiej aktywnos$ci hamujacej elastazg neutrofilowa z ICso W zakresie
mikromolowym, co wskazuje na fakt, ze ugrupowania chloroacetamidowe i wigzanie
iminowe nie s3 niezbedne do aktywnosci prezentowanych zwigzkéw wobec badanego
enzymu. Badania przeprowadzone w ramach niniejszej publikacji potwierdzity réwniez
znaczenie rodzaju podstawnikow w pierscieniu fenylowym, w strukturze badanych
zawigzkow na ich aktywno$¢, oraz pozwolity na wytypowanie podstawnikdéw
determinujgcych najwyzszg aktywnos$¢ biologiczng wobec danych linii komorek
nowotworowych. Dodatkowo zestawiajac ze soba aktywno$¢ antyproliferacyjna

i hamujacg elastazg neutrofilowa mozna stwierdzi¢, ze zwigzek 4d zwierajacy
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ugrupowanie 3,4,5-trimetoksyfenylowe wykazywal zarowno silne dziatanie wobec
badanych linii komoérek nowotworowych oraz silng zdolno$¢ do inhibicji elastazy
neutrofilowej, co czyni go  obiecujacym  kandydatem dla = zwigzkow
przeciwnowotworowych dziatajagcych miedzy innymi poprzez zdolno$¢ do inhibicji

aktywnosci elastazy neutrofilowe;.
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3. Publikacja 1V: Thalidomide derivatives as nanomolar human neutrophil elastase

inhibitors: rational design, synthesis, antiproliferative activity and mechanism of action

Bioorganic Chemistry 138 (2023) 106608

Contents lists available at ScienceDirect

BIO-ORGANIC
CHEMISTRY

Bioorganic Chemistry

e

ELSEVIER

journal homepage: www.elsevier.com/locate/bioorg

Check for

Thalidomide derivatives as nanomolar human neutrophil elastase i
inhibitors: Rational design, synthesis, antiproliferative activity and
mechanism of action

Beata Donarska® , Adrianna Stawinska-Brych b Magdalena Mizerska-Kowalska ©,
Barbara Zdzisiniska ©, Wojciech Plazinski ¢, Krzysztof Z. Laczkowski *

“ Department of Chemical Technology and Pharmaceuticals, Faculty of Pharmacy, Collegium Medicum, Nicolaus Copernicus University, Jurasza 2, 85-089 Bydgoszcz,
Poland

" Department of Cell Biology, Institute of Biologieal Sciences, Maria Curie-Skiodowska University, Akademicka 19 Street, 20-033 Lublin, Poland

¢ Department of Virology and Immunology, Institute of Biological Sciences, Maria Curie-Sktodowska University, Akademicka 19 Street, 20-033 Lublin, Poland

4 Jerzy Haber Institute of Catalysis and Surface Chemistry, Polish Academy of Sciences, Niezapominajek 8, 30-239, Cracow, Poland

© Department of Biopharmacy, Medical University of Lublin, Chodzki 4a, 20-093 Lublin, Poland

ARTICLE INFO ABSTRACGCT

Keywords:

Thalidomide

Human neutrophil elastase
Antiproliferative activity
Competitive inhibitor
Molecular docking

Here, we rationally designed a human neutrophil elastase (HNE) inhibitors 4a-4f derived from thalidomide. The
HNE inhibition assay showed that synthesized compounds 4a, 4b, 4e and 4f demonstrated strong HNE inhibiton
properties with ICsq values of 21.78-42.30 nM. Compounds 4a, 4c, 4d and 4f showed a competitive mode of
action. The most potent compound 4f shows almost the same HNE inhibition as sivelestat. The molecular docking
analysis revealed that the strongest interactions occur between the azetidine-2,4-dione group and the following
three aminoacids: Ser195, Arg217 and His57. A high correlation between the binding energies and the experi-
mentally determined ICso values was also demonstrated. The study of antiproliferative activity against human
T47D (breast carcinoma), RPMI 8226 (multiple myeloma), and A549 (non-small-cell lung carcinoma) revealed
that designed compounds were more active compared to thalidomide, pomalidomide and lenalidomide used as
the standard drugs. Additionally, the most active compound 4f derived from lenalidomide induces cell cycle
arrest at the G2/M phase and apoptosis in T47D cells.

1. Introduction treatment of advanced multiple myeloma (MM), a hematopoietic ma-

lignancy characterized by clonal proliferation of atypical plasma cells

Thalidomide was originally prescribed as a sedative and antiemetic,
mainly to treat nausea in pregnant women, but was forgotten for many
years due to its discovered teratogenic effects. However, reports on its
high effectiveness in the therapy of erythema nodosum have put it back
in the spotlight in the search for new therapeutic agents [1,2]. Partic-
ularly noteworthy are the anti-inflammatory and immunomodulatory
properties of thalidomide, i.e. inhibition of the production of tumor
necrosis factor (TNF-a) and other pro-inflammatory cytokines, and co-
stimulating activity on T-lymphocytes [3,4]. The anti-angiogenic effect
of thalidomide, related to the inhibition of fibroblast growth factor
(FGF-2) and vascular endothelial growth factor (VEGF), was another
reason for its use in anticancer therapy [5].

Numerous studies have shown high activity of thalidomide in the

* Corresponding author.
E-mail address: 265000@stud.umk.pl (B. Donarska).

https://doi.org/10.1016/j.bioorg.2023.106608

[6,7]. As a result, in 2006, the FDA approved thalidomide for use in
newly diagnosed cases of multiple myeloma. Despite high therapeutic
efficacy, thalidomide is also characterized by high toxicity [8]. There-
fore, attempts were made to modify the structure of thalidomide, lead-
ing to the discovery of a new class of immunomodulatory compounds
(IMIDs). In addition, the discovery of cereblon responsible for the
therapeutic effect of thalidomide in the treatment of multiple myeloma,
but also for its teratogenicity, led to the rapid growth of this family of
compounds [9,10]. By introducing an amino group at position 4 in the
thalidomide ring, lenalidomide, a second-generation IMID, was ob-
tained. Lenalidomide has a stronger anti-inflammatory and immuno-
modulatory effect than the parent compound, with a better safety
profile, especially in terms of neurotoxicity. It is currently approved for
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the treatment of multiple myeloma and myelodysplastic syndromes
[11]. In 2013, the FDA approved another thalidomide derivative,
pomalidomide (Pomalyst), for use in relapsed and/or refractory MM
[12]. Iberdomide (CC-220) is a modulator of brain ligase E3, currently in
phase 1b/2a clinical trials in relapsed refractory multiple myeloma
(RRMM), showing activity against lenalidomide- and pomalidomide-
resistant multiple myeloma cells [13]. Another new lenalidomide de-
rivative (CC-885) containing a urea group in its structure has been found
to be effective against acute myeloid leukemia (AML) cells, which is an
interesting finding because classic IMIDs have not been shown to be
effective in the treatment of this type of cancer (Fig. 1) [14]. Apart from
haematological malignancies, thalidomide and its derivatives have been
shown to be active in other types of malignancies [15,16]. Using a
mouse breast tumor model (4T1), thalidomide has been shown to
significantly reduce tumor growth by inhibiting angiogenesis and pro-
moting tumor cell necrosis [17]. The phthalimide system found in the
thalidomide molecule has been used in the design of drugs against
prostate [18], breast and liver cancers [19].

Despite significant progress in the search for new compounds with
anticancer activity, the drug resistance and the ability of cancer cells to
form metastases are still important issues limiting the effectiveness of
therapy. When looking for new entry points for anticancer drugs,
attention is paid to the chronic inflammation occurring in the tumor
microenvironment and the ability of cancer cells to adapt the host’s
immune system to facilitate the growth and progression of cancer cells
[20]. Tumor-associated neutrophils (TAN) are among the first fractions
of cells to appear in response to cytokines secreted by the tumor [21,22].
The protumorigenic role of TANs is related to their ability to generate
NETs (neutrophil extracellular traps), which play an important role in
the body’s defense against infection; while during tumor development,
they stimulate the progression and metastasis of tumor cells [21,23].
NETs are structures composed of DNA fibres, chromatin and proteolytic

enzymes, which include neutrophil elastase, myeloperoxidase,
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proteinase 3 and cathepsin G. Human neutrophil elastase (HNE) is a 29
kDa cytotoxic serine protease whose activity is determined by the cat-
alytic triad composed three amino acids, Asp102, His57 and Ser195
responsible of its proteolytic activity. During infection, it is one of the
key enzymes that break down pathogens. However, due to its high ac-
tivity during the inflammatory response, it is implicated in the patho-
genesis of many diseases characterized by chronic inflammation, such as
chronic obstructive pulmonary disease, rheumatoid arthritis, psoriasis
and cancer [24]. It has been shown that elastase is involved in the
initiation, progression and at the metastasis stage of many types of
cancer [25-27]. It has been found to stimulate the growth of cancer cells
in the A549 lung adenocarcinoma cell line [28], and in a mouse model of
lung cancer (CC-LR) the absence of neutrophil elastase has been shown
to arrest tumor growth by inhibiting proliferation and angiogenesis
[29]. In the case of a HER2-positive breast cancer cell line (SKBR-3),
which exhibits a tumor autoprogression mechanism associated with the
activation of transforming growth factor-alpha (TGF-a) initiated by
neutrophil elastase, it was found that the combined use of trastuzumab
(HER2 inhibitor) and sivelestat (HNE inhibitor) inhibited tumor growth
to a greater extent than monotherapy [30]. Therefore, the inhibition of
neutrophil elastase activity is currently a promising molecular target in
the design of anticancer drugs.

Currently, many inhibitors of human neutrophil elastase are known
containing various pharmacophores, such as: benzoxazinone [31],
indole [32], aminoglycoside [33], thiazole [34,35], phthalimide [35]
and azetidine-2,4-diones [36-39]. However, only Sivelestat has been
approved for clinical use in Japan and the Republic of Korea for the
treatment of acute lung injury [40]. Considering the above-mentioned
findings, there is an urgent need to develop synthetic low molecular
weight HNE inhibitors that show high anticancer activity.

In our recent studies, we identified two leading structures of thiazole
derivatives containing phthalimide Al [35] and 3,3-diethylazetidine-
2,4-dione A2 moieties [37], which show high HNE inhibition activity

Thalidomide (Multiple myeloma) Q:: *§;>:

{ multiple my )

R eres

0 CC-885 (Broad anticancer activity)

S

A3 (Nanomolar HNE inhibitor)

alkyl;
cycloalkyl;
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SO,NH,

ty;

nanomolar HNE inhibitor)

Fig. 1. The rational design strategy for the thalidomide derivatives.
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and anticancer activity. Other authors have found that benzothiazole
containing 3,3-diethylazetidine-2,4-dione A3 pharmacophore has the
ability to inhibit HNE [36]. As can be easily observed, the presence of
phthalimide and 3,3-diethylazetidine-2,4-dione moieties are key build-
ing blocks in these compounds. Therefore, we hypothesized that sub-
stitution of the phthalimide fragment of thalidomide with 3,3-
diethylazetidine-2,4-dione system, could modulate their inhibitory ac-
tivity against HNE as well as induce high anticancer activity (Fig. 1). To
the best of our knowledge, the anticancer properties of azetidine-2,4-
dione derivatives are only studied in our group.

In order to assess the effect of the newly obtained compounds on the
activity of human neutrophil elastase, spectrofluorimetric studies were
performed  using  N-methoxysuccinyl-Ala-Ala-Pro-Val-7-amido-4-
methyl-coumarin (MeOSuc-AAPV-AMC) as a substrate and followed by a
thorough kinetic analysis of their mechanism of action. Next, the anti-
cancer activity was evaluated against human T47D (breast carcinoma),
RPMI 8226 (multiple myeloma), and A549 (non-small-cell lung carci-
noma), while toxicity was assessed against normal human skin fibro-
blasts (HSF). For the most active compound, the mechanism of
antiproliferative activity was also investigated, evaluating the com-
pound’s effect on the cell cycle and the process of apoptosis and necrosis
in T4TD cancer cells. Finally, the effect of compounds structure on their
activity and the possible binding mechanism were evaluated using the
molecular docking.

2. Experimental
2.1. Materials and methods

All reactions were performed under nitrogen atmosphere. All re-
agents and starting materials were purchased from commercial suppliers
and used without further purification. The dichloromethane was dried
over calcium hydride. 1H NMR (400 MHz) and '*C NMR (100 MHz)
spectra were recorded on a Bruker Avance III multinuclear instrument.
High resolution mass spectrometry measurements were performed using
Synapt G2-Si mass spectrometer (Waters) equipped with quadrupole-
Time-of-flight mass analyser. The mass spectrometer was operated in
the positive ion detection mode. The results of the measurements were
processed using the MassLynx 4.1 software (Waters) incorporated with
the instrument. Melting points were determined in open glass capillaries
and are uncorrected. The product was purified by column chromatog-
raphy using silicagel (230-400 mesh). Analytical TLC was performed
using Macherey-Nagel Polygram Sil G/UV254 0.2 mm plates.

2.2 Chemistry

2.2.1. 3- and 4-Nitro-N-alkylphthalimides (2a-2c)
Compounds (2a-2¢) were obtained according to the literature pro-
cedure [41-43].

2.2.2. 3-Nitro-2-(3-oxybutyDphthalimide (2d)

3-Buten-2-one (0.70 g, 10.0 mmol) was added to a stirred solution of
3-nitrophthalimide (1¢) (1.92 g, 10.0 mmol) in mixture of ethyl acetate
(20 mL) and absolute ethyl alcohol (20 mL) after which sodium ethoxide
(0.027 g) was added. The solution was stirred at room temperature for 1
h, then heated under reflux for 20 h. After this time, the solvent was
evaporated and the crude product was crystallized from ethyl alcohol to
yield (2.22 g, 84%); dichloromethane/methanol (95:5); Rf = 0.64; mp
124-126 °C; 'H NMR (400 MHz, DMSO-ds), 8(ppm): 2.09 (s, 3H, CHs);
2.84 (t, 2H, CHy, J = 6.8 Hz); 3.75 (t, 2H, CHy, J = 7.2 Hz); 8.04 (t, 1H,
CHp,, J = 8.0 Hz); 8.14 (dd, 1H, CHa,, J1 = 7.2 Hz, Jo = 0.8 Hz); 8.25
(dd, 1H, CHy,, J; = 8.0 Hz, J5 = 0.8 Hz). *C NMR (100 MHz, DMSO-ds),
5(ppm): 30.23 (CHz); 33.50 (CHg); 40.95 (CH3); 123.49 (C); 127.20 (C);
128.67 (C); 134.12 (C); 136.55 (C); 144.68 (C); 163.59 (C); 166.14 (C);
206.78 (C).
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2.2.3. 3- and 4-Amino-N-alkylphthalimides (3a-3c)
Compounds (3a-3c) were obtained according to the literature pro-
cedure [41-43].

2.2.4. 3-Amino-2-(3-oxybutyl)phthalimide (3d)

Tin chloride dihydrate (5.42 g, 24 mmol) was added to 3-nitro-2-(3-
oxybutyl)phthalimide (2d) (2.09 g, 8.0 mmol) dissolved in absolute
ethyl alcohol (80 mL). The reaction mixture was stirred at room tem-
perature for 20 h. Next, the reaction mixture was added to water and
extracted with dichloromethane. The solution was dried with MgSO4
and the solvent was evaporated to yield (1.30 g, 70%); dichloro-
methane/ methanol (95:5); Ry = 0.57; mp 89-90 °C; 1H NMR (700 MHz,
DMSO0-dg), §(ppm): 2.10 (s, 3H, CH3); 2.79 (t, 2H, CHy, J = 7.0 Hz); 3.69
(t, 2H, CH,, J = 7.7 Hz); 7.14 (d, 1H, CHa,, J = 7.0 Hz); 7.37 (d, 1H,
CHay, J = 8.4 Hz); 7.62 (t, 1H, CHy,, J = 7.7 Hz); 8.90 (s, 1H, NHy), 9.07
(s, 1H, NHa). '3C NMR (100 MHz, DMSO-ds), 8(ppm): 30.16 (CHs);
32.76 (CHy); 41.54 (CHy); 110.82 (C); 113.19 (C); 118.54 (C); 132.48
(C); 135.98 (C); 149.11 (C); 168.26 (C); 168.49 (C); 207.01 (C).

2.2.5. 4-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)-2-propylisoindoline-1,3-
dione (4a). Typical procedure

To dry dichloromethane (15 mL), 3-amino-N-propylphthalimide
(3a) (0.50 g, 2.44 mmol), diethylmalonyldichloride (0.62 g, 0.55 mL,
3.17 mmol) and triethylamine (0.64 g, 0.88 mL, 6.34 mmol) were
added. The solution was stirred at room temperature for 20 h. The sol-
vent was then evaporated, THF was added and the precipitate was
filtered off. The product was purified by column chromatography. Yield:
0.26 g, 33%, (dichloromethane/methanol (95:5); Ry = 0.43; mp
66-68 °C;

1H NMR (700 MHz, DMSO-ds), 5(ppm): 0.88 (t, 3H, CHs, J = 7.7 Hz);
1.09 (t, 6H, 2CH3, J = 7.7 Hz); 1.59 (sext, 2H, CHz, J = 7.7 Hz); 1.90 (q,
4H, 2CHa, J = 7.7 Hz); 3.52 (t, 2H, CHy, J = 7.0 Hz); 7.81-7.84 (m, 1H,
CHay); 7.94-7.99 (m, 2H, 2CHy,).

3¢ NMR (100 MHz, DMSO-d), 8(ppm): 9.37 (2CH3); 11.64 (CHa);
21.70 (CH,); 23.28 (2CH,); 39.75 (CHa); 71.09 (C); 124.00 (C); 124.99
(C); 125.44 (C); 132.04 (C); 133.76 (C); 136.38 (C); 165.88 (C); 167.29
(C); 171.33 (2C). ESI-HRMS (m/z) calculated for CigH21N204: 329.1501
[M + H]". Found 329.1500.

2.2.6. 5-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)-2-propylisoindoline-1,3-
dione (4b)

Yield: 0.48 g, 60%, (dichloromethane/methanol (95:5); Rf = 0.64;
mp 88-89 °C; TH NMR (400 MHz, DMSO-dg), 8(ppm): 0.85 (t, 3H, CHs,
J=7.2Hz); 0.98 (t, 6H, 2CHs, J = 7.2 Hz); 1.58 (sext, 4H, 2CH,, J = 6.8
Hz); 1.87 (q, 4H, 2CHa, J = 8.0 Hz); 3.53 (t, 2H, CH3, J = 6.4 Hz); 7.99
(dd, 1H, CHp,, J; = 8.0 Hz, J; = 1.6 Hz); 7.97-8.01 (m, 1H, CHy,);
8.06-8.08 (m, 1H, CHp,); 8.09-8.13 (m, 1H, CHy,). '*C NMR (100 MHz,
DMSO-dg), 5(ppm): 9.28 (2CH3); 11.64 (CHj); 21.72 (CHp); 23.09
(2CH>); 40.67 (CHy); 72.19 (C); 113.39 (C); 124.32 (C); 125.24 (C);
129.25(C); 133.59 (C); 137.98 (C); 167.42 (C); 167.57 (C); 171.86 (20).
ESI-HRMS (m/z) calculated for C1g8H21N204: 329.1501 [M + H] ™. Found
329.1494.

2.2.7. 2-Cyclohexyl-4-(3,3-diethyl-2,4-dioxoazetidin-1-yl)isoindoline-1,3-
dione (4c)

Yield: 0.34 g, 42%, (dichloromethane/methanol (95:5); Ry = 0.56;
mp 113-115 °C; 'H NMR (400 MHz, DMSO-dg), 8(ppm): 1.08 (t, 6H,
2CHs, J = 7.2 Hz); 1.12-1.19 (m, 1H, CHy); 1.24-1.36 (m, 2H, CHy);
1.58-1.65 (m, 1H, CHy); 1.66-1.81 (m, 4H, 2CH>); 1.88 (q, 4H, 2CH3, J
= 7.3 Hz); 1.95-2.07 (m, 2H, CHy); 3.94 (tt, 1H, CH, J; = 1.2 Hz, J, =
3.6 Hz); 7.79 (dd, 1H, CHar, J1 = 7.0 Hz, Jo = 1.6 Hz); 7.89-7.96 (m, 2H,
2CHay). 1*C NMR (100 MHz, DMSO-de), 8(ppm): 9.39 (2CHs); 23.23
(2CHy); 25.39 (C); 25.88 (2C); 29.78 (2C); 50.86 (C); 71.02 (C); 123.98
(C); 124.95 (C); 125.24 (C); 132.14 (C); 133.64 (C); 136.37 (C); 165.68
(C); 167.13 (C); 171.41 (2C). ESI-HRMS (m/z) calculated for
Co1HsN204: 369.1814 [M + H] ™. Found 369.1813.
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2.2.8. 4-(3,3-Diethyl-2-methylene-4-oxoazetidin-1-yl)-2-(3-oxobutyl)
isoindoline-1,3-dione (4d)

Yield: 0.61 g, 70%, (dichloromethane/methanol (95:5); Ry = 0.58;
mp 130-131 °C; 'H NMR (400 MHz, DMSO-ds), 8(ppm): 1.01 (t, 6H,
2CHa, J =7.2 Hz); 1.94 (q, 4H, 2CH,, J = 7.6 Hz); 2.09 (s, 3H, CH3); 2.82
(t, 2H, CHy, J = 7.2 Hz); 3.74 (t, 2H, CHy, J = 7.2 Hz); 7.95-7.97 (m, 3H,
3CHap). 3C NMR (100 MHz, DMSO-de), 8(ppm): 8.98 (2CHs); 28.06
(2CHa); 30.22 (CHs); 33.31 (CHy); 41.17 (CHy); 52.85 (C); 124.35 (C);
125.65 (C); 129.11 (C); 130.86 (C); 133.85 (C); 136.45 (C); 165.15 (C);
166.94 (C); 169.85 (C) 172.72 (C); 206.78 (C). ESI-HRMS (m/z) calcu-
lated for Cy9HzN20s: 357.1451 [M + H] ™. Found 357.1453.

2.2.9. 4-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)-2-(2, 6-dioxopiperidin-3-yl)
isoindoline-1,3-dione (4e)

Yield: 0.34 g, 35%, (dichloromethane/methanol (95:5); R = 0.36;
mp 214-215 °C; 'H NMR (400 MHz, DMSO-ds), 5(ppm): 1.07 (t, 6H,
2CH3, J = 7.2 Hz); 1.88 (q, 4H, 2CH,, J = 7.6 Hz); 2.01-2.09 (m, 1H,
CHy); 2.54-2.67 (m, 2H, CHp); 2.79-2.92(m, 1H, CHy); 5.16 (dd, 1H,
CH, J; = 13.2 Hz; J, = 5.2 Hz); 7.84-7.93 (m, 1H, CH,,); 7.96-8.08 (m,
2H, 2CH,,); 11.13 (s, 1H, NH). '3C NMR (100 MHz, DMSO-dg), 8(ppm):
9.38 (2CH3); 22.31 (C); 23.29 (2CH,); 31.36 (C); 49.62 (C); 71.19 (C);
124.49 (C); 125.03 (C); 125.30 (C); 132.59 (C); 133.30 (C); 136.99 (C);
165.09 (C); 166.48 (C); 170.06 (C); 171.26 (2C); 173.19 (C). ESI-HRMS
(m/z) calculated for CogHogN304: 398.1352 [M + H] ™. Found 398.1351.

2.2.10. 3-(4-(3,3-Diethyl-2,4-dioxoazetidin-1-yl)-1-oxoisoindolin-2-yl)
piperidine-2,6-dione (4f)

Yield: 0.32 g, 43%, (dichloromethane/methanol (95:5); Ry = 0.36;
mp 102-105 °C; TH NMR (400 MHz, DMSO-de), 3(ppm): 1.01 (t, 6H,
2CHs, J = 7.2 Hz); 1.86 (q, 4H, 2CH>, J = 7.3 Hz); 1.95-2.05 (m, 1H,
CHy); 2.37-2.46 (m, 1H, CHj); 2.54-2.63 (m, 1H, CHy); 2.84-2.93 (m,
1H, CHy); 4.53 (dd, 2H, CHa, J; = 18.4 Hz, J, = 23.2 Hz); 5.12 (dd, 1H,
CH, J; = 5.2 Hz, J, = 13.2 Hz); 7.67 (t, 1H, CHay, J = 8.0 Hz); 7.76-7.80
(m, 2H, 2CHa,); 10.99 (s, 1H, NH).3C NMR (100 MHz, DMSO-de),
5(ppm): 9.49 (2CHg); 22.77 (C); 23.12 (2CHy); 31.63 (C); 47.46 (C);
52.26 (C); 70.59 (C); 123.48 (C); 126.53 (C); 126.97 (C); 129.93 (C);
134.29 (C); 135.17 (C); 167.40 (C); 171.29 (C); 171.78 (C); 173.28 (C).
ESI-HRMS (m/2) calculated for CooH3sN30s: 384.1559 [M + H] . Found
384.1560.

2.3. Biological activity

2.3.1. Elastase inhibition assay and kinetic analysis of the inhibition of
elastase

The neutrophil elastase inhibition assay and kinetic analysis of the
inhibition of elastase were performed with some modifications accord-
ing to the literature [44]. For more details see also the Supporting
information.

2.3.2. Antiproliferative activity

Antiproliferative activity of the investigated compounds was evalu-
ated after 72-h exposure employing the MTT assay, and the ICs values
were calculated as described previously [45].

2.3.3. Apoptosis and cell cycle assays

The quantitative analysis of apoptosis, necrosis and cell cycle anal-
ysis were performed as previously described [45]. For more details see
also the Supporting information.

2.4. Analysis of compounds stability

Spontaneous compound hydrolysis studies were performed as pre-
viously described [35].
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2.5. Molecular docking study

All ligands were prepared using Avogadro 1.1.1 [46] and optimized
within the UFF force field [47]. The AutoDock Vina software [48] was
applied in all docking simulations. More details are given in our previous
work [49].

3. Results and discussion
3.1. Chemistry

The synthesis pathway for the novel thalidomide derivatives 4a-4f is
shown in Scheme 1. In the first step, 3-nitro- or 4-nitrophthalic anhy-
drides were reacted with n-propylamine or cyclohexylamine to obtain
the corresponding N-substituted nitrophthalimides (2a-2¢) [41-43]. 3-
Nitro-2-(3-oxybutyl)phthalidmide (2d) was obtained by reacting 3-
nitrophthalimide (1¢) with 3-buten-2-one in the presence of sodium
ethoxide in the mixture of ethyl acetate and absolute ethyl alcohol.
Then, the nitro-derivatives 2a-2c were subjected to transfer hydroge-
nation in a mixture of formic acid and triethylamine in the presence of
(Pd/C) as a catalyst, yielding quantitatively N-substituted amino-
phthalimides (3a-3¢) [41-43]. 3-Amino-2-(3-oxybutyl)phthalimide
(3d) was obtained by reduction of the nitro-derivative 2d with tin
dichloride dihydrate in ethyl alcohol solution. The final thalidomide
derivatives 4a-4f were obtained by the reaction of N-substituted ami-
nophthalimides (3a-3d) as well as pomalidomide and lenalidomide with
diethylmalonyldichloride in the presence of triethylamine in dry
dichloromethane with good yield. The 'H NMR spectra of the derivatives
4a-4f showed characteristic two peaks from ethyl groups at about 1.00
and 1.90 ppm. On the 13C NMR spectrum these groups are represented
by signals at about 9.00 and 23.00 ppm. In addition, in the 13¢ NMR
spectra of derivatives 4a-4f, characteristic signals derived from two
carbonyl groups of the phthalimide group were observed at about 165
ppm. ESI-HRMS mass spectra of all compounds fully support the pro-
posed structures.

3.2. HNE inhibitory assay and kinetic study

The inhibitory activity of compounds 4a-4f against human neutro-
phil elastase was evaluated by spectrofluorimetric method and
compared with Sivelestat as a reference HNE inhibitor and the results
are summarized in Table 1. Among the investigated compounds, the best
inhibition effect was demonstrated by lenalidomide derivative 4f, with
ICsp value 21.78 nM. This compound inhibited elastase activity almost
at the same level as the reference inhibitor Sivelestat with ICso value
18.33 nM. The pomalidomide derivative 4e also showed strong elastase
inhibition with an ICs, value 36.23 nM. However, its activity is almost
two times lower than the activity of the lenalidomide derivative 4f. This
indicates a beneficial effect of the introduction of the CHz group in place
of the carbonyl group in the phthalimide ring on the ability to inhibit the
HNE activity. Compounds 4a and 4b contain an n-propyl substituent
instead of the glutarimide ring and differ from each other in the position
of the 3,3-diethyl-2,4-dioxoazetidin-1-yl group in the phthalimide ring.
Studies have shown that compound 4b containing a 3,3-diethyl-2,4-
dioxoazetidin-1-yl group in position 5 in the phthalimide ring shows
higher activity compared to compound 4a with the same substituent in
position 4, with ICsy values 30.21 and 42.30 nM, respectively. The
introduction of a cyclohexyl substituent reduces the ability to inhibit
elastase, however, the highest decrease in activity was observed for the
3-oxobutyl substituent. The ICsg values for compounds 4c and 4d were
120.40 and 1313.00 nM, respectively.

To investigate the mechanism of HNE inhibition, appropriate kinetic
studies were performed, and the results are presented in Table 1. An
example of Lineweaver-Burk plots (L-B plots) and secondary plots
generated to determine the inhibition constants (K; and Kjs) for the most
active compound 4f is presented in Fig. 2. The performed studies showed
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Scheme 1. Synthesis of thalidomide derivatives 4a—4f.

Table 1
HNE inhibitory effect and kinetic analysis of compounds 4a-4f.

Compound I1Cs0 + SD [nM] Inhibition type K; [nM] Kis [nM]
4a 42.30 +1.34 competitive 22.38 -

4b 30.21 +0.86 mixed type 1 5.62 7.40

4c 120.4 + 3.30 competitive 70.35 —

4d 1313.00 + 52.80 competitive 245.77 -

4e 36.23 + 1.26 mixed type I 21.74 25.93
4f 21.78 £ 0.44 competitive 8.04 -
Sivelestat 18.33 £ 0.73 - - -

that compounds 4a, 4c, 4d and 4f are characterized by a competitive
inhibition model with K; values of 22.38, 70.35, 245.77 and 8.04 nM,
respectively. Derivatives 4b and 4e were characterized by a mixed type
of inhibition. Additionally, shifting the azetidine-2,4-dione group from

position 4 to position 5 in the phthalimide ring changes the mechanism
of inhibition from competitive to mixed.

3.3. Antiproliferative activity

As we have already mentioned, neutrophil elastase present in the
tumor microenvironment may promote tumor growth and metastasis
[20], therefore we decided to investigate the anticancer potential of the
newly obtained derivatives through analysis of their antiproliferative
activity against three human cancer cell lines: T47D (breast carcinoma),
RPMI 8226 (multiple myeloma), and A549 (non-small-cell lung carci-
noma). Moreover, the antiproliferative activity of all compounds was
tested against normal human skin fibroblasts, i.e. the HSF cell line, to
evaluate the selectivity index (SI). The SI index = ICs( of compound in a
normal cell line/ICso of the compound in cancer cell line. The
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Fig. 2. L-B plots for inhibition of HNE for compound 4f. The plot is expressed as 1/velocity [RFU/min '] vs. 1/substrate concentration [uM '] and the secondary
plots of the slope and intercept of the straight lines vs. inhibitor concentration, respectively.

antiproliferative activity of well-known IMIDs drugs currently used in
treatment of MM and other hematological malignancies (phthalimide
derivatives), i.e. thalidomide, lenalidomide, and pomalidomide was
evaluated as well.

The results of the study are collected in Table 2. Among the newly
designed compounds, derivatives 4b and 4f showed the highest anti-
proliferative activity against all tested cancer cell lines with ICso ranging
from 24.31 to 32.72 pM and from 21.25 to 34.17 uM, respectively.
Compound 4f also exerted a weak antiproliferative activity against
normal HSF cells, which suggests that compound 4f can inhibit the
growth of cancer cells selectively without the toxic influence on normal
cells. It is worth noting that designed compounds 4b and 4f showed 5 to
13 times higher antiproliferative activity against cancer cells than
thalidomide, pomalidomide and lenalidomide. Also, compounds 4a and
4c showed high antiproliferative activity against all cancer cell lines
compared to standard drugs, with ICsg in the range of 32.32-57.05 uM
and 32.5-47.24 M, respectively. They also show 1.5-10 times higher
activity than reference drugs. In turn, compounds 4d and 4e showed
good activity against RPMI 8226 and A549 cancer cell lines with ICsq in
the range of 84.41-95.05 and 62.10.5-101.6 uM, respectively. They also
show higher activity than thalidomide, pomalidomide and lenalidomide
(Table 2). An important highlight is the good selectivity index of the
thalidomide derivatives. The highest selectivity index against all tested

Table 2

Antiproliferative activity of compounds 4a-4f. The ICso values were calculated
from a nonlinear regression (log(inhibitor) vs. normalized response-variable
slope) using GraphPad Prism 5.0. Immunomodulatory drugs: thalidomide,
pomalidomide, and lenalidomide were used as controls.

Compound 1Cs0 + SD (uM)
T47D RPMI 8226 A549 HSF
4a 32.32 + 4.83 57.05 + 2.82 44.04 + 8.49 99.73 +
19.45
4b 2431 £522 30.08+445 3272+693 3336198
4c 32.56 +£6.17  32.5 + 6.08 47.24 = 68.49 + 2.88
18.47
4d 162.2 + 95.05 + 84.41 + 205.7 + 25.2
12.04 24.64 29.55
4e 106.2 + 101.6 + 67.13 + 1745 +
23.73 23.38 27.05 12.66
4f 21.25 + 2.78 3417 + 414 29.93 + 99.11 + 8.22
13.35
Thalidomide 115.8 + 142.1 + 4.66 179.1 £ 198.6 + 4.12
44.42 68.38
Pomalidomide 1359 +26.8 1341 % 747.2 £ 161.8 =
30.07 20.51 10.98
Lenalidomide 325.4 & 366.1 £ 12 336.8 £ 2985 £
170.2 165.4 10.45

cancer cell lines was shown by compounds 4a and 4f ranging from 1.75
to 4.66 (see Table 3).

The SAR analysis showed that the introduction of the azetidine-2,4-
dione group in all cases significantly increased anticancer activity
against all tested cancer lines. Replacing the carbonyl group in the
phthalimide ring in compound 4e with a methylene group significantly
increases the anticancer activity and the selectivity index. An important
observation is that replacing the glutarimide group in compound 4e
with a simple n-propyl or cyclohexyl group increases the anticancer
activity. Also, shifting the azetidine-2,4-dione group from position 4 to 5
in the phthalimide ring increases the anticancer activity. The presence of
the 3-oxobutyl group reduces the anticancer activity of thalidomide
derivatives.

3.4. Compound 4f induces cell cycle arrest at the G2/M phase and
apoptosis in T47D cells

Since compound 4f showed the greatest antiproliferative activity
against the T47D cells and a good selectivity index suggesting low
toxicity against normal cells, the mechanism of its antiproliferative ac-
tivity was studied. To this end, the influence of this compound on the
distribution of cell cycle phases in the T47D cells was first analyzed. As
can be seen in Fig. 3A and B, the 48-h treatment with 4f resulted in an
increased number of T47D cells in the G2 phase and a sub-G1 apoptotic
subpopulation with a concomitant reduction of the cell number in the
G1 phase. Compared to the control, compound 4f used at the concen-
trations of 5, 10, 20, and 40 uM significantly elevated the G2 fraction
from 15.77 + 1.07% to 17.83 + 0.86%, 24.68 + 1.22%, 26.11 =+ 1.25%,
and 22.82 + 1.54%, respectively (Fig. 3B). In contrast, the exposure of
the T47D cells to lenalidomide at a concentration of 20 uM did not result
in the arrest of G2 or other phases of the cell cycle. Compound 4f also
induced a concentration-dependent increase in the number of cells in the

Table 3
The calculated SI of tested compounds. A beneficial SI > 1.0 indicates a drug
with efficacy against cancer cells greater than toxicity against normal cells.

Compound SI
HSF/T47D HSF/RPMI 8226 HSF/A549

4a 3.08 1.75 2.26
4b 1.37 1.11 1.02
4c 2.1 211 1.45
4d 1.27 2.16 2.44
de 1.64 1.72 2.6
4f 4.66 2.90 3.31
Thalidomide 1.72 1.40 1.10
Pomalidomide 1.19 1.21 0.22
Lenalidomide 0.92 0.82 0.89
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Fig. 3. Influence of compound 4f and lenalidomide on cell cycle distribution in T47D cells. The cells were treated with different concentrations (5, 10, 20, and 40
uM) of compound 4f or with lenalidomide (20 uM) for 48 h, stained with propidium iodide, and analyzed with the flow cytometry method. (A) The pictures present

representative DNA histograms of compound 4f- and lenalidomide-treated T47D cells. (B) The bar graph presents the percentages of comp

d 4f- and lenalidomide-

treated T47D cells in different cell cycle phases, i.e. sub-G1, G1, S, and G2. Data were analyzed by one-way ANOVA followed by Tukey's post hoc test and are shown
as means + SD from three independent experiments. *p < 0.05 and ***p < 0.001 in comparison to the control.

sub-G1 phase (Fig. 3A and B), which corresponds to apoptotic cells.
Therefore, the rate of cell apoptosis and necrosis was then detected using
Annexin V-FITC/PI double staining. As shown in Fig. 4A and B, com-
pound 4f induced predominantly apoptotic cell death in the T47D cells,
although the percentage of cells undergoing necrosis also increased,
especially at the highest concentrations of the compound, i.e. 20 and 40
uM (from 2.19 + 0.47% in the control to 10.52 + 4.47% and 9.77 +
3.46%, respectively). The percentage of T47D cells undergoing
apoptosis increased significantly from 2.17 + 0.67% in the control to
3.99 + 0.65%, 13.99 + 1.3%, 21.54 + 3.22%, and 34.49 + 3.03% after
the incubation with 5, 10, 20, or 40 puM of 4f, respectively (Fig. 4B). In
turn, lenalidomide was a weak inducer of apoptosis in the T47D cells:
when used at a concentration of 20 pM, it increased the percentage of
apoptotic cells from 2.17 + 0.67% in the control to 5.16 + 1.04%, i.e. it
was more than four times weaker in induction of apoptosis than com-
pound 4f.

3.5. Compounds stability

Stability studies are an integral part of drug development and is a key
parameter that determines the effectiveness of a drug as well as its
safety. Therefore, the most active thalidomide derivatives 4a, 4e and 4f
were assessed for chemical stability using spectrophotometric method at
25 °C in 0.05 M phosphate buffer, pH 7.3 simulating physiological
conditions (Table 4). The decrease in maximum absorbance for com-
pounds 4a, 4e and 4f was measured initially every 15 min for 3 h, and
then after 8, 24, 33, 48, 57 and 72 h. For these derivatives, the stability
of the compounds was evaluated as a percentage of the compound
remaining. The obtained data suggest high stability of compounds in the
tested solution even after 72 h, which demonstrate their potential as new

therapeutic agents.

3.6. Molecular docking study

To elucidate the effect of the pharmacophore on the activity of
compounds and to determine the binding mechanism, molecular dock-
ing was used. Elastase inhibitors can form a covalent bond with the
protein between Ser195 and a group of ligands co-responsible for
condensation reactions [50]. As a result of this process, the ligand
molecule can be decomposed into two fragments. However, even for
such a case, the covalent docking may not be suitable procedure for
predicting the inhibition properties, as explained in our previous papers
[35,37]. Currently, we apply the same procedure, and neglect all the
structures for which the carbonyl group of the ligand molecule is too
distant from the Ser195 sidechain to participate in the nucleophilic
attack being an essential step in the ligand-enzyme binding [47,
https://doi.org/10.3389/fchem.2020.00795]. This essential to the dis-
tance of 0.35 nm (when considering the carbonyl carbon atom) or 0.3
nm (when considering the carbonyl oxygen atom).In contrary to previ-
ously studied compounds, in the current series of compounds there exist
two distinct potential reaction sites within ligand molecules: (1) the two
equivalent carbon atoms of the phthalimide moiety (or, in the case of 4f,
one carbon atom of the chemically-related isoindoline-1-one group) and
(2) the two equivalent carbon atoms of the azetidine-2,4-dione group. In
spite of the additional cutoff criteria, the majority of the low energy
structures already fulfilled this condition and some other arrangements
in the binding cavity corresponded to high energy poses. Based on the
above, we conclude that the investigated mechanism involves either the
formation of a covalent bonding between Ser195 and the ligand mole-
cule, or at least non-covalent interactions between them, consistent with
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Fig. 4. Influence of compound 4f and lenalidomide on apoptosis induction in T47D cells. The T47D cells were treated with different concentrations (5, 10, 20, and
40 M) of compound 4f or with lenalidomide (20 pM) for 48 h, stained with annexin (An) V-FITC)/propidium iodide (PI), and analyzed with the flow cytometry
method. (A) The dot plot pictures are representative and present the percentage of An—/PI+ necrotic cells (Q1), An+/PI+ late apoptotic cells (Q2), An—/PI— viable
cells (Q3), and An+/PI— early apoptotic cells (Q4). (B) The bar graph presents the percentages of compound 4f- and lenalidomide-treated T47D apoptotic and
necrotic cells. Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test and are shown as means + SD from three independent experiments. **p <

0.01, ***p < 0.001 in comparison to the control.

Table 4
Compounds stability in phosphate buffer at pH 7.3.

Compound Remaining Compound (%)

Oh 3h 8h 24h 33h 48h 57h 72h
4a 100 99.38 97.94 87.84 86.82 84.76 84.86 84.14
4e 100 98.81 94.24 72.49 66.63 61.37 61.17 59.08
4f 100 99.89 98.99 92,25 89.43 86.52 85.41 84.10

first steps of this process (e.g. hydrogen bonding involving Ser195).
The docking results were analysed with respect to the two distinct
clusters of poses, called further cluster I and cluster II, in the case of
Ser195 distance to either the isoindoline-1,3-dione (isoindoline-1-one)
or azetidine-2,4-dione group, respectively. The binding energies found
during docking simulations and the corresponding clusters of poses are
graphically illustrated in Fig. 5. Values of the ligand—protein interaction
energies are close to each other, being in the order of ca. —~9.1--6.6
kecal/mol (cluster I) or —7.7-—6 kcal/mol (cluster II). For all com-
pounds, the binding energy is always more favourable in the case of
cluster I in comparison to cluster II. However, when assuming the ex-
istence of subsequent processes (covalent binding) that cannot be
captured by docking procedure, such difference cannot be treated as a
proof of preferential binding occurring according to cluster I. Both
clusters differ substantially when considering the correlation between In
(ICsp) values and the determined binding energies. Such correlation is
much better in the case of cluster II in comparison to cluster I (R = 0.78
vs. R = 0.38). However, in both cases the most potent compound has
been identified correctly. In fact, in the case of cluster II, the binding

energies order follow the order of experimental ICsq values (except of
compound 4a). Such high correlation suggests that ligand arrangement
compatible with cluster II controls the inhibition properties at the stage
of ligand alignment in the binding cavity and before the subsequent
reaction with Ser195. For obvious reasons, the course of potential re-
action as well as the energy levels of reactants cannot be studied by
classical force field-based docking. Moreover, the binding energy of
sivelestat (determined in our previous study [37] by using the same
methodology) and its ICs, value also fit in the trend characteristic of
cluster II better in comparison to cluster I; the corresponding R value is
unchanged when including the sivelestat data in the case of cluster 1I
whereas doing the same for cluster I, does not significantly improve the
correlation (although formally the R value is increased by 0.05).
Summarizing, the compound arrangement compatible with cluster II
seems to be more probable in relation to cluster I, as indicated by higher
correlation with the experimental data (including the data measured for
sivelestat) and, additionally, by a nanomolar range of experimental ICsg
values, in line with previous data obtained for compounds containing
only one potential reaction site, i.e. the azetidine-2,4-dione group [37].
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Compounds containing an alternative reaction site, i.e. isoindoline-1,3-
dione group are usually characterized by a micromolar range of the ICsqo

values [35,49].

To provide more complete interpretation of the binding energy
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Fig. 5. The results of docking divided into two types
of obtained clusters of ligand poses. The maximal
distance of carbonyl carbon atoms at the isoindoline-
1,3-dione (isoindoline-1-one) group (A,B) or the
azetidine-2,4-dione group (C,D) and Ser195 was
assumed not to exceed 0.35 nm. (A,C) The correla-
tions between the calculated binding energies, aver-
aged over the five elastase structures and the
corresponding (experimental) values of ICsq (recal-
culated as log(ICso)). The horizontal bars represent
the standard deviation values within the set of bind-
ing energies. The solid lines represent the linear
regression (R = 0.38; p < 0.46 for (A) and R = 0.78; p
< 0.05 for (C)). The data point coloured in green
corresponds to the sivelestat (not included in the
statistics reported above). (B,D) The superposed po-
sitions of all studied ligands in the binding cavity of
the PDB:1b0f structure of elastase. The ligand struc-
tures are colored by atom type, except of compound
4b (colored in yellow), exhibiting distinct topology of
molecular scaffold. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the web version of this article.)

values and deeper understanding of the physics behind the ligand
binding, the docking study results were additionally analysed in terms of
the protein-ligand interaction pattern. The analysis was carried out for
the protein-ligand contacts occurring for the distances between any

Fig. 6. The two alternative locations of the 4f ligand molecule bound to the PDB:1b0f structure of elastase, found in the docking procedure and corresponding to
cluster I (A) and cluster II (B). Poses correspond to those depicted in Fig. 5(B) and (D). The ligand molecule is shown in ball-and-stick representation whereas the
closest amino-acid residues (distances between any ligand-protein atom pair smaller than 0.4 nm) and Asp102 are shown as sticks. The labels of the components of

the catalytic triad are bolded.
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corresponding atom pair smaller than 0.4 nm. The presented description
can be related to all investigated compounds, as they all are similarly
arranged in the binding cavity (Fig. 5B and 5D). Fig. 6 presents graphical
illustration of the docking results for the most potent compound 4f. In
the following analysis, only the non-covalent ligand-protein in-
teractions are taken into account, and no hypothetical, subsequent steps
involving covalent bonding with Ser195 are included.

In the case of cluster I, the most intensive interactions are located in
the vicinity of isoindoline-1-one group which maintains contact with
Ser195 (hydrogen bonding with carbonyl oxygen), Phel92 (m—n in-
teractions with isoindoline ring), Val216 (CH-r interactions with iso-
indoline ring) and Phe215 (CH-x and n—= interactions with isoindoline
ring). Apart from that, some less significant contacts of the isoindoline
ring with Cys191, Gly193 and Ser214 are observed. The azetidine-2,4-
dione group maintains contacts with Arg217 (hydrogen bonding)
whereas its two aliphatic substituents form hydrophobic clusters with
Leu99. Finally, the unique substituents, differing between compounds,
interact with His57, and the pair of cysteines creating a disulfide bridge
(Cys42 and Cys52). The latter series of interactions is responsible for
distinguishing between potencies of particular compounds and prefers
the substituents of larger dimensions capable to interact with both
cysteines and His57 (compounds 4a, 4b and 4d exhibit clearly the least
favorable binding energy among the whole series).

In the case of cluster II, the most intensive interactions involve the
azetidine-2,4-dione group. It displays contact with Ser195 (hydrogen
bond with carbonyl oxygen), Arg217 (also hydrogen bond with carbonyl
oxygen), and His57 (hydrogen bonding competing with respect to that
with Ser195). Moreover, Phe192 and Phe215 are also located in prox-
imity of the azetidine ring but seem to exhibit more intensive in-
teractions with other moieties of the ligand. The two aliphatic
substituents of the azetidine group create hydrophobic contacts with
Val216 and the sidechain of Phe215. A series of less significant contacts
with Cys220, Cys119 and Ser214 are observed as well. The isoindoline
ring displays attractive interactions with Phe192 (edge-to-edge n-x in-
teractions) and Leu99 (CH-rn interactions). Finally, the interactions of
the unique substituents, differing between compounds, with Asn61 and
Ala60 are responsible for distinguishing between potencies of particular
compounds. The substituent containing both the hydrogen bond ac-
ceptors (due to hydrogen bonding with Asn61), hydrogen bond donors
(due to hydrogen bonding with the Ala60 backbone fragment), and non-
polar part (non-polar contact with the Ala sidechain) are preferred. The
only substituents that fulfill these conditions are those present in 4e and
af.

Interestingly, the cluster II-compatible arrangement of 4f explains
why this compound is more potent in comparison to its closest analogue,
i.e. 4e, differing from it only by the lack of only one carbonyl oxygen at
the isoindoline-1,3-dione group (being essentially the isoindoline-1-one
group). Namely, the lack of such oxygen atom is preferred due to edge-
to-edge -7 interactions with Phe192 which are possible only when one
of carbonyl atoms is absent, i.e. as in the case of 4f. When the
isoindoline-1,3-dione group is considered, the analogous contact with
Phe192 is more restricted for steric reasons. Both clusters correspond to
intensive interactions of the ligand molecule with the two out of three
components of the catalytic triad (i.e. His57 and Ser195). The third
component, Asp102, is located slightly further, i.e. 0.46 and 0.49 nm for
cluster I and II, respectively, when considering any pair of atoms
belonging either to ligand or Asp102. Still, for the steric reasons both
discussed arrangements are associated with blocking the access of the
potential substrates to the active site, even if the bound inhibitor does
not exhibit simultaneous contact with all components of the catalytic
triad.

Finally, let us briefly discuss the docking results obtained for refer-
ence inhibitor, sivelestat. The original results are given in our previous
paper [37] and were obtained by using the same docking methodology.
The most favorable docking pose corresponds to a highly favorable
binding energy (—8.5 kcal/mol) which agrees with the highest activity
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of this compound; this is also the most favorable binding energy among
all presently studied compounds, when accepting the cluster II-
compatible arrangement of ligand molecules in the binding cavity.
Moreover, the qualitative binding pattern agrees with the expected
mechanism of action, displaying the close proximity of the carbonyl
residue to all sidechains belonging to the catalytic triad (Asp102, His57
and Ser195). A very similar pattern has been reported in several inde-
pendent docking studies [51-53], therefore, we will not discuss it here in
detail.

4. Conclusion

The design of competitive inhibitors is currently being developed
around the world due to the wide clinical use as therapeutics. In the
present work, we have designed and synthesized new competitive in-
hibitors that are thalidomide derivatives containing the azetidine-2,4-
dione system, showing the ability to inhibit human neutrophil elastase
at nanomolar ranges. The most active compound showed a similar
ability to inhibit HNE as the reference inhibitor Sivelestat.

Our compounds showed stronger antiproliferative activity against
breast, lung and multiple myeloma cancer cell lines than the well-known
IMIDs i.e. thalidomide, pomalidomide and lenalidomide. The most
active compound 4f turned out to be a potent inducer of apoptosis in
T47D cells, being four times more potent than lenalidomide. 4f-medi-
ated apoptotic cell death was related to the induction of cell cycle arrest
at the G2/M phase. Molecular docking results showed a good correlation
of binding energy with ICsq values and showed that azetidine-2,4-dione
pharmacophore is responsible for the high activity against HNE. The
obtained data suggest also high stability of compounds at physiological
conditions.
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W ostatniej z cyklu pracy eksperymentalnej, oznaczonej jako publikacja 1V,
przedstawiono pochodne talidomidu o strukturze E (Rycina 25). Zaprezentowane badania
dotyczyly potaczenia uktadu ftalimidu z nowym, istotnym z punktu widzenia celow
i zalozen niniejszej  dysertacji  ukladem  farmakoforowym  tj.  strukturg
3,3-dietyloazetydyno-2,4-dionu.  Dotychczasowe badania dokowania molekularnego
wykazaty, ze atom tlenu grupy karbonylowej ftalimidu oddziatuje z miejscem aktywnym
elastazy. Zgodnie z badaniami literaturowymi uktad 3,3-dietyloazetydyno-2,4-dionu
rowniez moze oddziatywac z miejscem aktywnym tego enzymu.
Dodatkowo wiadomo, ze uktad 3,3-dietyloazetydyno-2,4-dionu tatwo ulega otwarciu pod
wplywem ataku SerOH elastazy. Dlatego podczas projektowania zwigzkow serii E
w strukture nowych pochodnych talidomidu wprowadzono uktad 3,3-dietyloazetydyno-
2,4-dionu. Aby zmniejszy¢ mas¢ czasteczkowa zwigzkow ze struktur zostal usunigty
pierscien tiazolu oraz podstawiony pierScien fenylowy. W zamian tego pozycja
N-pier§cienia ftalimidu zawiera mniejsze podstawniki, takie jak grupa n-propylowa,

3-oksobutylowa, cykloheksylowa i glutarimidowa.

Zwiazki serii E otrzymano w trzech glownych etapach. Pierwszy etap polegal
na otrzymaniu N-podstawionych nitroftalimidow, w tym celu bezwodnik 3- lub
4-nitroftalowy poddano reakcji z odpowiednig aming. Rownologle 3-nitroftalimid poddano
reakcji z 3-buten-2-onem. Nastgpnie w celu otrzymania N-podstawionych
aminoftalimidow wykorzystano reakcje uwodornienia transferowego stosujac mieszaning
kwasu mrowkowego i trietyloaminy oraz jako katalizatory Pd/C lub dichlorek cyny
w roztworze alkoholu etylowego. Tak uzyskane N-podstawione aminoftalimidy
oraz handlowo dostgpne pochodne talidomidu (pomalidomid i lenalidomid) poddano
reakcji z dichlorekiem dietylomalonylu w obecnosci trietyloaminy w suchym
dichlorometanie otrzymujace docelowe zwigzki serii E, ktore wydzielono za pomocg

chromatografii kolumnowej.

Aktywnos¢ antyproliferacyjna nowo otrzymanych zwiazkow serii E 4a-4f oceniono wobec
trzech linii komorek nowotworowych, tj. T47D (ludzki rak piersi), RPMI 8226 (szpiczak
mnogi) oraz A549 (rak phuc), a toksyczno$¢ zbadano wobec prawidtowych ludzkich
fibroblastoéw. Jako zwiazki referencyjne wykorzystano talidomid, lenalidomid
i pomalidomid. Nalezy zaznaczy¢, ze wszystkie nowo otrzymane pochodne serii E

dziataly silniej antyproliferacyjnie wobec badanych linii komorek nowotworowych
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niz wybrane wyzej leki referencyjne. Sposrod zwigzkow serii E pochodne 4b oraz 4f
wykazywaly najwyzsza aktywno$¢ antyproliferacyjng wobec wszystkich badanych linii
komoérek nowotworowych z ICsp w zakresie odpowiednio 21,25-34,17 uM oraz
24,31-32,72 uM. Na szczeg6lng uwage zashuguje tutaj fakt, ze zwiazki 4b i 4f wykazaty
od 5 do 13 razy wyzszg aktywno$¢ antyproliferacyjng niz talidomid, lenalidomid
i pomalidomid. Zwigzek 4b zawieral w strukturze podstawnik n-propylowy, a zwigzek
4f podstawnik glutarimidowy. Kolejne wysokie aktywnosci cytotoksyczne wykazywaty
zwigzki 4a i1 4c dziatajac w zakresie ICsy odpowiednio 32,32-57,05 uM oraz 32,5-47,24
UM, ktoére zawieraly w strukturze podstawniki n-propylowy i cykloheksylowy. Najnizsza
aktywno$cig przeciwnowotworowa z tej serii zwigzkdw charakteryzowaty si¢ pochodne
4d i1 4e, ktore zawieraly odpowiednio podstawniki 3-oksobutylowy oraz pierScien
glutarimidowy. Zwigzki 4a 1 4f wykazywaly zdecydowanie stabsza aktywnosé
antyproliferacyjng wobec komorek zdrowych w poréwnaniu z komorkami
nowotworowymi, a indeksy selektywnos$ci miescily si¢ w granicach 1,75-4,66, co oznacza,
ze moga one wykazywaé skuteczne dziatanie antyproliferacyjne wobec komorek
nowotworowych, z niska toksycznoscig wobec komorek zdrowych.

Analizujac zalezno$¢ struktury od aktywnos$ci przeciwnowotworowej dla pochodnych
serii E nalezy zauwazy¢, ze:

1) przesunigcie ugrupowania azetydyno-2,4-dionu z pozycji 4 do pozycji 5 pierscienia
ftalimidu wptywa na zwigkszenie aktywnosci przeciwnowotworowej,

2) zastgpienie grupy karbonylowej pierscienia ftalimidu grupa metylenowa dla pochodne;j
zawierajace]  podstawnik  glutarimidowy  zdecydowanie = zwigksza  dziatanie
przeciwnowotworowe,

3) w przypadku pochodnych talidomidu zastapienie pierScienia glutarimidowego grupa
n-propylowa lub cykloheksylowa znaczaco poprawia aktywno$¢ antyproliferacyjna,
a zastgpienie jej grupa 3-oksobutylowg powoduje zmniejszenie  dzialania

przeciwnowotworowego.

W celu poznania mechanizmu dziatania antyproliferacyjnego najaktywniejszego zwigzku
4f zbadano jego wplyw na rozktad faz cyklu komorkowego w komoérkach linii T47D.
Wykazano, ze zwigzek 4f jest silnym induktorem apoptozy w komoérkach T47D, dziatajac
czterokrotnie silniej niz lenalidomid. Smier¢ apoptotyczna komérek w wyniku dziatania

zwigzku 4f byta zwigzana z indukcja zatrzymania cyklu komoérkowego w fazie G2/M.
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Nastepnie w celu oceny zdolno$ci zwigzkow serii E do inhibicji aktywnosci ludzkiej
elastazy neutrofilowej przeprowadzono badania spektofluorymetryczne, a jako inhibitor
referencyjny wykorzystano sivelestat. Sposrod badanych zwigzkow serii E najlepszym
inhibitorem HNE okazal si¢ zwigzek 4f, bedacy pochodng lenalidomidu,
z ICsp wynoszacym 21,78 nM. Zwiagzek wykazywat porownywalng aktywno$¢
ze zwigzkiem referencyjnym, dla ktérego wyznaczona warto$¢ 1Csy wynosita 18,33 nM.
Kolejnymi wysoce aktywnymi zwigzkami wobec ludzkiej elastazy neutrofilowej byly
pochodne 4a i 4b zawierajgce podstawnik n-propylowy oraz zwigzek 4e, dla ktorych
warto$ci ICsp miescity si¢ w zakresie 30,21-42,3 nM. Zwiazek 4e, bedacy pochodng
pomalidomidu, dziatal prawie dwukrotnie stabiej wobec HNE niz pochodna otrzymana
z lenalidomidu. Najstabsze dziatanie inhibujace elastaz¢ wykazywaty zwiazki 4c oraz 4d,
zawierajace w strukturze odpowiednio podstawniki cykloheksylowy i oksobutylowy.
Analizujac zalezno$¢ struktury od aktywnosci wobec elastazy neutrofilowej dla
pochodnych serii E mozna stwierdzi¢, ze:

1) zmiana lokalizacji ugrupowania azetydyno-2,4-dionu z pozycji 4 do pozycji 5
pierscienia ftalimidu wptywa na spadek aktywnosci wobec HNE,

2) zastapienie grupy karbonylowej grupa metylenowa w pierscieniu ftalimidu prowadzi do
zwigkszenia aktywno$ci inhibujacej badany enzym,

3) najlepsza aktywno$¢ wykazuja pochodne zawierajace w pozycji N ugrupowanie
glutarimidowe badz n-propylowe, a spadek aktywnos$ci nastepuje w kolejnosci: podstawnik
cykloheksylowy, podstawnik oksobutylowy.

Nastepnie w celu okreslenia mechanizmu inhibicji ludzkiej elastazy neutrofilowej przez
badane zwigzki przeprowadzono badania kinetyczne, z wykorzystaniem wykresow
Lineweavera-Burka. Przeprowadzone badania wykazaty, ze zwiazki 4a, 4c, 4d oraz 4f
wykazuja kompetycyjny model inhibicji, a zwiagzki 4b oraz 4e mieszany typ inhibicji.
Stwierdzono, ze przesunigcie grupy azetydyno-2,4-dionowej z pozycji 4 na 5 pierScienia
ftalimidowego wplywa na zmian¢ mechanizmu inhibicji prezentowanego przez badane

zwigzki.

Ostatnim etapem bylo przeprowadzenie dokowania molekularnego, ktorego celem bylo
wyjasnienie wplywu grup farmakoforowych na aktywno$¢ zwigzkéw oraz okreslenie
mechanizmu ich wigzania z centrum aktywnym elastazy. Zgodnie z zaloZeniami
przyjetymi w trakcie projektowania struktury pochodnych serii E, zwigzki te zawieraty

w uktadzie dwa rdézne potencjalne miejsca wigzania z centrum aktywnym elastazy
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tj. pierScien ftalimidowy oraz uktad azetydyno-2,4-dionu. Dlatego analiza dokowania
molekularnego zostata przeprowadzona dla dwoch roéznych sposobéw wigzania,
tj. klastra | — uktadu ftalimidu (izoindolino-1,3-dionu) oraz klastra Il — uktadu azetydyno-
2,4-dionu. Podobnie, jak w przypadku wczesniejszych publikacji, zastosowano t¢ sama
procedure, biorgc pod uwage tylko te struktury dla ktorych grupa karbonylowa czasteczki
liganda niebyta zbyt odlegla od fancucha bocznego Ser195, aby uczestniczy¢ w ataku
nukleofilowym, niezbednym do wigzania z enzymem. Znalezione energie oddziatywan
biatko-ligand dla obu klastrow przyjmuja zblizone warto$ci w zakresie od -9,1 do -6,6
kcal/mol (klaster 1) i od -7,7 do -6,0 kcal/mol (klaster II). Dla wszystkich zwigzkéw
korzystniejsze energie wigzania wystepuja w przypadku klastra I, jednak zaktadajac
istnienie procesoéw, ktore nie zostaja uchwycone w procedurze dokowania, rdznica
ta nie jest traktowana jako dowdd na preferencyjne wigzanie wedtug klastra 1. Analizujac
korelacje wynikow dokowania z danymi eksperymentalnymi korzystniejsze wyniki
uzyskano w przypadku klastra Il (R=0,38 vs. R=0,78). Ponadto dla klastra Il uzyskano
znacznie lepsza korelacje miedzy obliczonymi energiami wigzania z elastaza,
a eksperymentalnymi wartosciami inhibicji. W przypadku obu klastréw wyniki dokowania
poprawnie identyfikuja najaktywniejszy zwigzek 4f. Podsumowujac uzyskane wyniki
mozna stwierdzi¢, ze bardziej prawdopodobnym ukladem jest ten prezentowany przez
klaster II, poniewaz zwiazki zawierajace w strukturze tylko uktad ftalimidowy osiagaty
ICsp w zakresie mikromolowym, a zwigzki serii E zawierajace takze uktad azetydyno-2,4-
dionu w zakresie nanomolowym.

Analizujagc wzorce oddziatywan biatko-ligand, w przypadku klastra 1, najbardziej

intensywne oddziatywania zlokalizowano w nastepujacych pozycjach:

tlen karbonylowy ftalimidu 1 Ser195 (wigzanie wodorowe),

e pierscien ftalimidu i Phel92, Val216, Phe215 (oddzialywania mn-n, CH-m)
oraz Cys191, Gly193, Ser214,

e grupa azetydyno-2,4-dionu i Arg217 (wigzanie wodorowe),

e dwie grupy etylenowe i Leu99 (oddziatywania hydrofobowe),

e podstawniki w pozycji N pierscienia ftalimidowego i His57, Cys42, Cys52
(preferowane w tej pozycji sa pochodne zawierajace podstawniki wigkszych
rozmiarow).

Analizujagc podobnie wzorce oddzialywan dla klastra II zaznaczy¢ nalezy korzystne

oddziatywania w nastepujacych pozycjach:
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e tlen karbonylowy grupy azetydyno-2,4-dionu i Ser195, Arg217, His57 (wigzania
wodorowe),

e dwie grupy etylenowe w ukladzie azetydyno-2,4-dionu i Val216, Phe215
(oddziatywania hydrofobowe),

e pierscien ftalimidu i Phe192, Leu99 (oddziatywania n-n, CH-m),

e podstawniki w pozycji N pierscienia ftalimidowego i Asn61, Ala60 (preferowane
sg podstawniki zawierajace zar6wno akceptory, jak i donory wigzania wodorowego
oraz fragment niepolarny w strukturze).

Dodatkowo dane uzyskane w analizie dokowania molekularnego wyjasniajg silniejsze
dziatanie zwigzku 4f (nizsza warto$¢ ICsp), ktory zawiera jedng grupe karbonylowa
w porownaniu do analogicznego zwigzku 4e zawierajacego dwie grupy karbonylowe
w pierscieniu ftalimidu. Uktad izoindolino-1-onu (jedna grupa karbonylowa w pier§cieniu
ftalimidu) jest preferowany z uwagi na brak ograniczen sterycznych w interakcji z Phe192.
Nalezy zaznaczy¢, ze w przypadku obu klastrow zauwazono intensywne oddziatywania
czasteczek ligandow z dwoma z trzech sktadnikéw triady katalitycznej elastazy tj. His57
1 Ser195. Brak oddzialywania ze wszystkim sktadnikami triady katalitycznej nie wyklucza
mozliwo$ci blokowania sterycznego centrum aktywnego enzymu przez badane inhibitory

dla potencjalnych substratow elastazy.

Ostatnim parametrem charakteryzujacym zwigzki serii E byto okreslenie stabilno$ci
chemicznej wybranych pochodnych. Badanie przeprowadzono metoda
spektrofotometryczng w buforze fosforanowym o pH 7,3, symulujacym warunki
fizjologiczne. Badane pochodne 4a, 4e i 4f wykazaly wysoka stabilno$¢ w badanym
roztworze (powyzej 72h), co wskazuje na ich korzystne wihasciwosci, jako potencjalne

zwiazki terapeutyczne.

Analizujac wyniki uzyskane dla zwigzkow serii E nalezy stwierdzi¢, ze potaczenie dwoch
waznych farmakoforow tj. ukladu ftalimidu i azetydyno-2,4-dionu doprowadzito
do uzyskania zwigzkoéw o podobnie (w poréwnaniu do zwigzkoéw serii A-D) wysokiej
aktywnosci antyproliferacyjnej i zdecydowanie silniejszej aktywnosci inhibujacej elastaze.
Dodatkowo badane zwigzki wykazywaly silniejsze dziatanie antyproliferacyjne wobec
badanych linii komoérek nowotworowych, niz obecnie stosowane leki tj. talidomid,

pomalidomid i lenalidomid. Najaktywniejszym zwigzkiem zaréwno wobec aktywnosci

108



przeciwnowotworowej, jak i hamujacej elastaze neutrofilowa okazat si¢ zwigzek 4f,
bedacy pochodng lenalidomidu (Rycina 30). Podsumowujac otrzymane rezultaty nalezy
stwierdzi¢, ze zwigzki serii E sg obiecujgca grupg potencjalnych lekoéw
przeciwnowotworowych charakteryzujacych si¢ zdolnoscia do inhibicji elastazy w zakresie

nanomolowym.

.........................................................................................................................................

4f
T47D 21,3 uM
NH RPMI-8226 34,2 uM
4 A549 29,9 uM
HNE 1Cs 21,8 nM

Rycina 30. Najaktywniejszy zwigzek serii E

Przedstawione badania aktywnosci antyproliferacyjnej w publikacjach Il i Il oraz wobec
EGFR i kaspazy 3/7 zostaly zrealizowane we wspolpracy z dr Martg Switalskq oraz
prof. dr hab. Joanng Wietrzyk z Instytutu Immunologii i Terapii Doswiadczalnej
im. Ludwika Hirszfelda Polskiej Akademii Nauk z Wroctawia.

Przedstawione badania w publikacji 1V dotyczgce aktywnosci antyproliferacyjnej oraz
badania  wplywu  otrzymanych  zwigzkow na  procesy  apoptozy, nekrozy
oraz cykl komorkowy zostaly zrealizowane we wspolpracy z dr Magdaleng Mizerskq-
Kowalskq, dr Adrianng Stawinskq-Brych oraz dr hab. Barbara Zdzisinska, prof. UMCS

z Instytutu Nauk Biologicznych Uniwersytetu Marii Curie-Skfodowskiej w Lublinie.

Badania dokowania molekularnego przedstawione w publikacjach [1I-7IV  zostaly
przeprowadzone we wspolpracy z prof. dr hab. Wojciechem Plazinskim z Instytut Katalizy

I Fizykochemii Powierzchni im. Jerzego Habera Polskiej Akademii Nauk w Krakowie.
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VI. WNIOSKI

W ramach przeprowadzonych badan zaprojektowano, opracowano metodologig
syntezy, wydzielenia i oczyszczania 29 nowych nieznanych w literaturze

pochodnych talidomidu.

Wigkszos¢ pochodnych charakteryzuje si¢ wysoka aktywnoscia
antyproliferacyjna wobec badanych linii komorek nowotworowych oraz niska

toksycznoscig wobec prawidlowych linii komérkowych.

Zwiazki serii E wykazuja wyzsza aktywnos$¢ antyproliferacyjna w stosunku do
badanych linii komodrek nowotworowych niz leki referencyjne tj. talidomid,

pomalidomid i lenalidomid.

Nowo zaprojektowane pochodne okazaly si¢ zwigzkami o wysokiej zdolno$ci
do inhibicji aktywnos$ci elastazy, zblizonej badz poréwnywalnej do aktywnosci
inhibitoréw referencyjnych. Najbardziej aktywne pochodne wykazujg zdolnosé

do inhibicji ludzkiej elastazy neutrofilowej w zakresach nanomolowych.

W wyniku przeprowadzonych badan wykazano, ze pierScienie ftalimidu, tiazolu
oraz azetydyno-2,4-dionu stanowig obiecujagce farmakofory nowych lekow

przeciwnowotworowych i inhibitorow ludzkiej elastazy neutrofilowej.

Wykazano, ze rodzaj podstawnika w grupie fenylowej ma znaczacy wplyw

na ich aktywno$¢ biologiczng.

Przeprowadzone badania pozwolily na wylonienie najbardziej aktywnej
struktury (zwiazek 4f seria E) sposrdd nowych pochodnych talidomidu
wykazujacej wysoka aktywno$¢ przeciwnowotworowg oraz hamujacg aktywnos$¢
elastazy w zakresie nanomolowym. Dla wyzej wymienionego zwigzku

sporzadzono zgloszenie do Urzedu Patentowego 0 numerze P.443102.
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VIl. STRESZCZENIE

Nowotwory stanowig obecnie jedng z glownych przyczyn zgondow na S$wiecie,
a zapadalno$¢ na choroby nowotworowe stale rosnie. Nadal, pomimo znacznego postgpu
w terapiach onkologicznych, niekontrolowany wzrost, przerzutowanie i lekoopornos¢
komoérek nowotworowych jest waznym problemem ograniczajacym efektywno$¢ leczenia.
Dlatego poszukiwanie nowych zwigzkdw wykazujacych  wysoka aktywnos$¢
przeciwnowotworowg oraz charakteryzujacych si¢ jednoczesnie niskg toksycznoscia,
jest waznym zadaniem chemii medycznej. Skutecznym sposobem poszukiwania nowych,
aktywnych zwigzkoéw jest modyfikowanie struktur obecnie stosowanych lekow w celu
poprawy ich aktywno$ci oraz zmniejszenia toksycznosci.

W trakcie projektowania nowych zwigzkéw przeciwnowotworowych waznym
zagadnieniem jest znalezienie celow molekularnych wobec ktorych zwiazki te beda
aktywne. Ostatnio wykazano, ze waznym celem dla zwigzkdéw skierowanych wobec
komoérek nowotworowych jest elastaza neutrofilowa. Jest to neutrofilowa proteaza
serynowa, ktorej zwiekszong aktywnos¢ wykazano w rozwoju i progresji raka piersi, ptuc,
prostaty oraz okr¢znicy. Wykazano réwniez, ze inhibitory elastazy wykazujg aktywnosc
antyproliferacyjng w wielu modelach raka.

Przedstawione w niniejszej pracy badania dotyczyty modyfikacji struktury, znanego leku
przeciwnowotworowego — talidomidu, w celu otrzymania nowych nieznanych dotad
w literaturze zwigzkow wykazujacych mozliwie wysoka aktywno$¢ przeciwnowotworowg
1 inhibujacg elastaze. Wykorzystujac jako uklady farmakoforowe pierscienie ftalimidu,
tiazolu oraz uktad azetydyno-2,4-dionu zaprojektowano 5 serii nowych pochodnych
talidomidu. Opracowano wydajne metody syntezy, sposobu wydzielania i oczyszczania
nowo zaprojektowanych zwigzkow, ktorych struktury potwierdzono za pomocg metod
spektroskopowych. Kolejnym krokiem byta ocena aktywno$ci antyproliferacyjnej
otrzymanych pochodnych wobec 7 linii komorek nowotworowych 1 zbadanie
ich toksyczno$ci wobec 2 linii komoérek zdrowych. Przeprowadzono badania aktywnosci
inhibujacej swinskg elastaze trzustkowa 1 ludzkg elastaze neutrofilowg oraz okreslono
mechanizm inhibicji. Dla wybranych pochodnych zbadano réwniez zdolno$¢ do inhibicji
kinazy tyrozynowej EGFR, aktywacji kaspazy 3/7 oraz wpltywu na procesy apoptozy,
nekrozy 1 cykl komoérkowy. Dodatkowo okreslono stabilno$¢ chemiczng nowo

zaprojektowanych zwigzkoéw. Ostatnim etapem badan bylo przeprowadzenie dokowania
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molekularnego, ktore pozwolito na poznanie mechanizmu interakcji nowych pochodnych
talidomidu ze strukturg elastazy.

W wyniku przeprowadzonych badan otrzymano !gcznie 29 nowych, nieznanych dotad
w literaturze pochodnych talidomidu. Wigkszo$¢ nowych zwigzkow charakteryzowata
si¢ wysoka aktywnoS$cig antyproliferacyjng, z jednocze$nie niskg toksycznoscia wobec
komorek zdrowych. Nowo zaprojektowane zwigzki okazaty si¢ dobrymi inhibitorami
elastazy, a najaktywniejsze z nich dziatalty w zakresie nanomolowym. Badania pozwolity
na wylonienie struktury wiodacej dla nowych pochodnych talidomidu o wysokiej
aktywno$ci przeciwnowotworowej i hamujacej elastazg, ktora w przysztosci moze zostac

wykorzystana jako potencjalny lek w terapii nowotworow.

stowa kluczowe: elastaza, pochodne talidomidu, nowotwory, dokowanie molekularne,

tiazol
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Vill. SUMMARY

Cancer is now one of the leading causes of death worldwide, and the incidence of cancer
is steadily rising. Despite significant advances in anticancer therapies, uncontrolled
growth, metastasis and drug resistance of cancer cells is an important problem limiting the
effectiveness of treatment. In this regard, the research on new anticancer drugs with high
activity and low toxicity is an important task for medicinal chemistry. An effective way
to search for new active compounds is to modify the structures of currently used
drugs to improve their activity and reduce toxicity.

In anticancer drug design, an important issue is to find molecular targets against which
these compounds will act. Recently, neutrophil elastase has been shown to be an important
target for compounds directed against cancer cells. It is a neutrophil serine protease whose
increased activity has been associated with the pathomechanism of breast, lung, prostate
and colon cancer growth and progression. Elastase inhibitors have also been shown
to exhibit antiproliferative activity in a number of cancer models.

The research presented in this doctoral thesis focused on modifying the structure of the
well-known anticancer drug - thalidomide, to obtain new compounds, previously unknown
in the literature, that exhibit the highest possible anticancer and elastase inhibitory activity.
Using as pharmacophores the rings of phthalimide, thiazole and azetidine-2,4-dione
system, 5 series of new thalidomide derivatives were designed. Efficient methods
of synthesis, separation and purification of the newly designed compounds were presented
and their structures were confirmed using spectroscopic methods. The next step was
to evaluate the antiproliferative activity of the obtained derivatives against 7 cancer cell
lines and to test their toxicity against 2 healthy cell lines. The inhibitory activity of porcine
pancreatic elastase and human neutrophil elastase was tested and the
mechanism of inhibition was determined. For selected derivatives, the ability to inhibit
EGFR tyrosine kinase, activate caspase 3/7 and affect the processes of apoptosis, necrosis
and the cell cycle were also investigated. In addition, the chemical stability of the newly
designed compounds was determined. The final stage of the study was molecular docking,
which allowed to find out the mechanism of interaction of the new thalidomide derivatives
with the elastase structure.

As a result of the conducted research, a total of 29 new thalidomide derivatives, previously
unknown in the literature, were obtained. Most of the new compounds were characterized

by high antiproliferative activity with simultaneous low toxicity to healthy cells.
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The newly designed compounds proved to be good elastase inhibitors, and the most active
of them were active in the nanomolar range. The performed research identified a lead
structure for new thalidomide derivatives with high anticancer and elastase inhibitory

activities, which could be used as potential drugs in cancer therapy in the future.

keywords: elastase, thalidomide derivatives, cancer, molecular docking, thiazole
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XI11. OSWIADCZENIA AUTORA | WSPOLAUTOROW

Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

mgr Beata Donarska Torun, 24.06.24
Katedra Technologii Chemicznej Srodkéw Leczniczych

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o autorstwie

Niniejszym o$wiadczam, ze w pracy bonarska B, Laczkowski KZ. Recent advances in the
development of elastase inhibitors. Future Medicinal Chemistry. 2020;12:1809-1813.
doi:10.4155/fmc-2020-0163 moj udziat polegat na dokonaniu przegladu literatury, przygotowaniu

i redagowaniu manuskryptu oraz przygotowaniu odpowiedzi dla recenzentéw. Moj udziat

w powstaniu pracy wynosi 95%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

dr hab. Krzysztof Z. Laczkowski, prof. UMK Torun, 24.06.24
Katedra Technologii Chemicznej grodkéw Leczniczych

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Laczkowski KZ. Recent advances in the
development of elastase inhibitors. Future Medicinal Chemistry. 2020;12:1809-1813.
d0i:10.4155/fmc-2020-0163 moj udziat polegal na opiece merytorycznej oraz korespondencji

z wydawnictwem. M6j udzial w powstaniu pracy wynosi 5%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

mgr Beata Donarska Torun, 24.06.24
Katedra Technologii Chemicznej Srodkéw Leczniczych

Wydzial Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o autorstwie

Niniejszym oéwiadczam, ze w pracy Donarska B, Switalska M, Plazifski W, Wietrzyk
J, Laczkowski KZ. Effect of the dichloro-substitution on antiproliferative activity
of phthalimide-thiazole derivatives: rational design, synthesis, elastase, caspase 3/7, and
EGFR tyrosine kinase activity and molecular modeling study. Bioorganic Chemistry.
2021;110:1-12. doi:10.1016/j.bioorg. 2021.104819 moj udziat polegal na dokonaniu przegladu
literatury fachowej, wspétopracowaniu koncepcji i projektu badan, zaprojektowaniu struktur
nowych zwigzkéw, opracowaniu metodologii syntezy, wydzielenia i oczyszczania otrzymanych
substratow i produktow, analizie widm NMR i HRMS, przeprowadzeniu badan inhibicji elastazy,
okreSleniu mechanizmu inhibicji eclastazy, analizie i interpretacji otrzymanych wynikéw,
przygotowaniu i redagowaniu manuskryptéw oraz przygotowaniu odpowiedzi dla recenzentow.

Méj udziat w powstaniu pracy wynosi 70%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 .
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

dr Marta Switalska Torun, 24.06.24
Instytut Immunologii i Terapii Doswiadczalnej

im. Ludwika Hirszfelda Polskiej Akademii Nauk

ul. Rudolfa Weigla 12

53-114 Wroctaw

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy Donarska B, Switalska M, Plazinski W, Wietrzyk J,
Laczkowski KZ. Effect of the dichloro-substitution on antiproliferative activity of
phthalimide-thiazole derivatives: rational design, synthesis, elastase, caspase 3/7, and EGFR
tyrosine kinase activity and molecular modeling study. Bioorganic Chemistry. 2021;110:1-12.
d0i:10.1016/j.bioorg.2021.104819 mo¢;j udzial polegal na przeprowadzeniu badan biologicznych
dotyczacych aktywnosci cytotoksycznej badanych zwiazkéw, zdolnosci do aktywacii kaspazy 3/7
i inhibicji kinazy tyrozynowej EGRF oraz napisanie czgéci manuskryptow dotyczacych metodologii

wyzej wymienionych badan. M6j udzial w powstaniu pracy wynosi 10%.

(podpis)
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Zalgcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.

B

w sprawie postep o pnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu
prof. dr hab. Wojciech Plazinski Torun, 24.06.24

Instytut Katalizy i Fizykochemii Powierzchni
im. Jerzego Habera Polskiej Akademii Nauk
ul. Niezapominajek 8

30-239 Krakow

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Switalska M, Plazinski W, Wietrzyk J,
Laczkowski KZ. Effect of the dichloro-substitution on antiproliferative activity of
phthalimide-thiazole derivatives: rational design, synthesis, elastase, caspase 3/7, and EGFR
tyrosine kinase activity and molecular modeling study. Bioorganic Chemistry. 2021;110:1-12.
doi:10.1016/j.bioorg.2021.104819 mdj udzial polegal na przeprowadzeniu dokowania
molekularnego, analizg oraz opis otrzymanych wynikéw i metodologii wyzej wymienionych badan.

Moj udziat w powstaniu pracy wynosi 10%.

(podpis)
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Zatgcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.

w sprawie postep o i pnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

prof. dr hab. Joanna Wietrzyk Torun, 24.06.24
Instytut Immunologii i Terapii Do$wiadczalnej

im. Ludwika Hirszfelda Polskiej Akademii Nauk

ul. Rudolfa Weigla 12

53-114 Wroctaw

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika

w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Switalska M, Plazinski W, Wietrzyk J,
Laczkowski KZ. Effect of the dichloro-substitution on antiproliferative activity of
phthalimide-thiazole derivatives: rational design, synthesis, elastase, caspase 3/7, and EGFR
tyrosine kinase activity and molecular modeling study. Bioorganic Chemistry. 2021;110:1-12.
doi:10.1016/j.bioorg.2021.104819 mo6j udzial polegal na nadzorze merytorycznym nad
przeprowadzeniem badan biologicznych dotyczacych aktywnosci cytotoksycznej badanych
zwigzkoéw, ich zdolnoéci do aktywacji kaspazy 3/7 i inhibicji kinazy tyrozynowej EGRF oraz
edycje czg$ci manuskryptow dotyczacych metodologii wyzej wymienionych badan. Méj udziat

w powstaniu pracy wynosi 5%.
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

dr hab. Krzysztof Z. Laczkowski, prof. UMK Torun, 24.06.24
Katedra Technologii Chemicznej Srodkéw Leczniczych

Wydziat Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Switalska M, Plazinski W, Wietrzyk J,
Laczkowski KZ. Effect of the dichloro-substitution on antiproliferative activity of
phthalimide-thiazole derivatives: rational design, synthesis, elastase, caspase 3/7, and EGFR
tyrosine kinase activity and molecular modeling study. Bioorganic Chemistry. 2021;110:1-12.
d0i:10.1016/j.bioorg.2021.104819 mdj udziat polegat na wspotopracowaniu koncepcji i projektu
badaf, opiece merytorycznej nad prowadzonymi badaniami, edycji manuskryptu

i korespondencji z wydawnictwem. M6j udzial w powstaniu pracy wynosi 5%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzeénia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

mgr Beata Donarska Torun, 24.06.24
Katedra Technologii Chemicznej Srodkéw Leczniczych

Wydziat Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

OsSwiadczenie o autorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Switalska M, Wietrzyk J, Plazinski W,
Laczkowski KZ. Spectrofluorimetric and computational investigation of new phthalimide
derivatives towards human neutrophil elastase inhibition and antiproliferative activity.
International Journal of Molecular Sciences. 2023;24:1-17. doi:10.3390/ijms24010110
moj udziat polegal na dokonaniu przegladu literatury fachowej, wspétopracowaniu koncepcji
i projektu badan, zaprojektowaniu struktury nowych zwiazkéw, opracowaniu metodologii syntezy,
wydzielenia i oczyszczania otrzymanych substratow i produktéw, analizie widm NMR i HRMS,
przeprowadzeniu badan inhibicji elastazy, stabilnoéci otrzymanych zwiazkéw, okresleniu
mechanizmu inhibicji elastazy, analizie i interpretacji otrzymanych wynikéw, przygotowaniu
i redagowaniu manuskryptéw oraz przygotowaniu odpowiedzi dla recenzentéw. Méj udziat

W powstaniu pracy wynosi 70%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

dr Marta Switalska Torun, 24.06.24
Instytut Immunologii i Terapii Doswiadczalnej

im. Ludwika Hirszfelda Polskiej Akademii Nauk

ul. Rudolfa Weigla 12

53-114 Wroctaw

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Switalska M, Wietrzyk J, Plazinski W,
Laczkowski KZ. Spectrofluorimetric and computational investigation of new phthalimide
derivatives towards human neutrophil elastase inhibition and antiproliferative activity.
International Journal of Molecular Sciences. 2023;24:1-17. doi:10.3390/ijms24010110
moj udzial polegal na przeprowadzeniu badan biologicznych dotyczacych —aktywnosci
cytotoksycznej badanych zwiazkow oraz napisanie czesei manuskryptéw dotyczacych metodologii

wyzej wymienionych badan. M6j udzial w powstaniu pracy wynosi 10%.

(podpis)
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Zatqcznik nr 5 do-uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.

w sprawie postep o i pnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

prof. dr hab. Joanna Wietrzyk Torun, 24.06.24
Instytut Immunologii i Terapii Doswiadczalnej

im. Ludwika Hirszfelda Polskiej Akademii Nauk

ul. Rudolfa Weigla 12

53-114 Wroctaw

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika

w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy Donarska B, Switalska M, Wietrzyk J, Plazinski W,
Laczkowski KZ. Spectrofluorimetric and computational investigation of new phthalimide
derivatives towards human neutrophil elastase inhibition and antiproliferative activity.
International Journal of Molecular Sciences. 2023;24:1-17. doi:10.3390/ijms24010110

moj udziat polegal na nadzorze merytorycznym nad przeprowadzeniem badan biologicznych
dotyczacych aktywnoéci cytotoksycznej badanych zwigzkow oraz edycje czg$ci manuskryptu
dotyczaca metodologii wyzej wymienionych badafn. M6j udziat w powstaniu pracy wynosi 5%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postep ia 0 nadani pnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

prof. dr hab. Wojciech Plazinski Torun, 24.06.24
Instytut Katalizy i Fizykochemii Powierzchni

im. Jerzego Habera Polskiej Akademii Nauk

ul. Niezapominajek 8

30-239 Krakow

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym oéwiadczam, ze w pracy Donarska B, Switalska M, Wietrzyk J, Plazinski W,
Laczkowski KZ. Spectrofluorimetric and computational investigation of new phthalimide
derivatives towards human neutrophil elastase inhibition and antiproliferative activity.
International Journal of Molecular Sciences. 2023;24:1-17. doi:10.3390/ijms24010110
moj udzial polegat na przeprowadzeniu dokowania molekularnego, analiz¢ oraz opis otrzymanych

wynikéw i metodologii wyzej wymienionych badaf. M6j udziat w powstaniu pracy wynosi 10%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postep lia o nad pnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

dr hab. Krzysztof Z. Laczkowski, prof. UMK Torun, 24.06.24
Katedra Technologii Chemicznej grodk()w Leczniczych

Wydziat Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikotaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Switalska M, Wietrzyk J, Plazifiski W,
Laczkowski KZ. Spectrofluorimetric and computational investigation of new phthalimide
derivatives towards human neutrophil elastase inhibition and antiproliferative activity.
International Journal of Molecular Sciences. 2023;24:1-17. doi:10.3390/ijms24010110
moéj udzial polegat na wspolopracowaniu koncepcji i projektu badan, opiece merytorycznej nad
prowadzonymi badaniami, edycj¢ manuskryptu i korespondencj¢ z wydawnictwem. M6j udziat

W powstaniu pracy wynosi 5%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

mgr Beata Donarska Torun, 24.06.24
Katedra Technologii Chemicznej Srodkéw Leczniczych

Wydziat Farmaceutyczny

Collegium Medicum w Bydgoszczy

Uniwersytet Mikolaja Kopernika w Toruniu

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o autorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Slawiniska-Brych A, Mizerska-Kowalska M,
Zdzisinska B, Plazifiski W, Laczkowski KZ. Thalidomide derivatives as nanomolar human
neutrophil elastase inhibitors: rational design, synthesis, antiproliferative activity and
mechanism of action. Bioorganic Chemistry. 2023;138:1-12. doi:10.1016/j.bioorg.2023.106608
moj udziat polegat na dokonaniu przegladu literatury fachowej, wspotopracowaniu koncepcii
i projektu badat, zaprojektowaniu struktury nowych zwiazkéw, opracowaniu metodologii syntezy,
wydzielenia i oczyszczania otrzymanych substratéw i produktéw, analizie widm NMR i HRMS,
przeprowadzeniu badaf inhibicji elastazy, stabilnoéci otrzymanych zwiazkéw, okresleniu
mechanizmu inhibicji elastazy, analizie i interpretacji otrzymanych wynikéw, przygotowaniu
i redagowaniu manuskryptow, przygotowanie odpowiedzi dla recenzentéw i korespondencje

z wydawnictwem. M6j udziat w powstaniu pracy wynosi 60%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

dr Adrianna Stawinska-Brych Torun, 24.06.24
Katedra Biologii Komérki

Uniwersytet Marii Curie-Sktodowskiej

ul. M. Curie-Sktodowskiej 5

20-031 Lublin

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Slawiniska-Brych A, Mizerska-Kowalska M,
Zdzisinska B, Plazinski W, Laczkowski KZ. Thalidomide derivatives as nanomolar human
neutrophil elastase inhibitors: rational design, synthesis, antiproliferative activity and
mechanism of action. Bioorganic Chemistry. 2023;138:1-12. doi:10.1016/j.bioorg.2023.106608
mdj udzial polegal na przeprowadzeniu badan biologicznych dotyczacych wplywu badanych
zwigzkéw na procesy apoptozy, nekrozy i na cykl komérkowy. M6j udzial w powstaniu pracy
wynosi 10%.

(podpis)
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Zatqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.

immunolog w sprawie postepowania o nadanie stopnia doktora na Uniwersytecie
Katedra ;.«/xr\{ic{lc])g\l ;(:—O'L’w Lublin Mikotaja Kopernika w Toruniu
ul. Akademicka 13, €U
dr Magdalena Mizerska-Kowalska Torun, 24.06.24

Katedra Wirusologii i Immunologii
Uniwersytet Marii Curie-Sklodowskiej
ul. M. Curie-Sktodowskiej 5

20-031 Lublin

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Slawiniska-Brych A, Mizerska-Kowalska M,
Zdzisinska B, Plazinski W, Laczkowski KZ. Thalidomide derivatives as nanomolar human
neutrophil elastase inhibitors: rational design, synthesis, antiproliferative activity and
mechanism of action. Bioorganic Chemistry. 2023;138:1-12. doi:10.1016/j.bioorg.2023.106608
méj udzial polegal na przeprowadzeniu badan biologicznych dotyczacych aktywnosci
antyproliferacyjnej badanych zwigzk6w i analizie otrzymanych wynikéw. M6j udzial w powstaniu
pracy wynosi 10%.

Aaplolloa Mpatio - Kovalon
@

podpis)
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Zatgeznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
W Sprawi i danie stopnia doktora na Uniwersytecie
Mikotaja Kopernika w Toruniu

postep o

dr hab. Barbara Zdzisinska, prof. UMCS Lublin, 24.06.2024
Katedra Wirusologii i Immunologii

Uniwersytet Marii Curie-Sktodowskiej

ul. M. Curie-Sklodowskiej 5

20-031 Lublin

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Oswiadczenie o wspélautorstwie

Niniejszym o§wiadczam, ze w pracy Donarska B, Slawiniska-Brych A, Mizerska-Kowalska M,
Zdzisinska B, Plazinski W, Laczkowski KZ. Thalidomide derivatives as nanomolar human
neutrophil elastase inhibitors: rational design, synthesis, antiproliferative activity and
mechanism of action. Bioorganic Chemistry. 2023;138:1-12. doi:10.1016/j.bioorg.2023.106608
moéj udzial polegal na nadzorze merytorycznym nad badaniami biologicznymi dotyczacymi
aktywnoéci antyproliferacyjnej badanych zwiazkéw, ich wplywu na procesy apoptozy, nekrozy i na
cykl komérkowy oraz edycj¢ czgsci manuskryptu dotyczaca metodologii wyzej wymienionych

badan. M¢j udzial w powstaniu pracy wynosi 5%.
t \ (
O%(QA el d)(xQ,

" (podpis)
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Zalqcznik nr 5 do uchwaty Nr 38 Senatu UMK z dnia 26 wrzesnia 2023 r.
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im. Jerzego Habera Polskiej Akademii Nauk
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30-239 Krakow

Rada Dyscypliny Nauki Farmaceutyczne
Uniwersytetu Mikolaja Kopernika
w Toruniu

Os$wiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Slawinska-Brych A, Mizerska-Kowalska M,
Zdzisinska B, Plazinski W, Laczkowski KZ. Thalidomide derivatives as nanomolar human
neutrophil elastase inhibitors: rational design, synthesis, antiproliferative activity and
mechanism of action. Bioorganic Chemistry. 2023;138:1-12. doi:10.1016/j.bioorg.2023.106608
maj udzial polegal na przeprowadzeniu dokowania molekularnego, analizg¢ oraz opis otrzymanych

wynikow i metodologii wyzej wymienionych badan. Méj udzial w powstaniu pracy wynosi 10%.

(podpis)
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w Toruniu

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Donarska B, Slawinska-Brych A, Mizerska-Kowalska M,
Zdzisinska B, Plazinski W, Laczkowski KZ. Thalidomide derivatives as nanomolar human
neutrophil elastase inhibitors: rational design, synthesis, antiproliferative activity and
mechanism of action. Bioorganic Chemistry. 2023;138:1-12. doi:10.1016/j.bioorg.2023.106608
mdj udziat polegal na wspétopracowaniu koncepcji i projektu badan, opiece merytorycznej nad

prowadzonymi badaniami, edycje¢ manuskryptu. M6j udziat w powstaniu pracy wynosi 5%.
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