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Abstrakt:

V piedlozené praci byly pomoci fluorescenéni mikroskopie studovany dvé odlisné skupiny
konjugatt biologicky aktivnich latek s rliznymi variantami BODIPY barviva. Studie rovnéz

zkoumala proveditelnost fenotypové testovaci metody.

Derivaty kyseliny betulinové (BA) byly testovany na bunééné linii U20S. Prvni skupina
latek zahrnovala devét derivati BA znacenych BODIPY-FL (konjugaty 1-9), a kontrolni
konjugat sestavajici pouze z linkeru a BODIPY-FL znacky (konjugét 10). Po kratké inkubaci
byla lokalizace téchto konjugétt pozorovana v zivych burikach. Konjugat 2 vykazoval nejvyssi
cytotoxicitu a rozdilny vzor barveni. Kombinace délky linkeru a struktury triterpenoidni ¢asti
byly kli¢ové pro lokalizaci a cytotoxicitu konjugatd. Vizualizace konjugati ve fixovanych
buikdch a bunéénych lyzatech naznacovala moznou kovalentni vazbu téchto derivati
na bunééné cile. Druha skupina latek obsahovala Sest derivatd BA a bevirimatu znacenych
BODIPY s modrou fluorescenci. Kratkd inkubace ukézala lokalizaci konjugati 11 a 16
v zivych buikach. Kolokaliza¢ni experimenty a analyzy prokézaly interakci pievazné

s endoplazmatickym retikulem a mitochondriemi, a vyznam ptidané aminoskupiny.

Druha ¢ast prace se zaméfila na studium systému 3HQ-aminoBODIPY s OFF-ON efektem
pro sledovani uvolnovani aktivni latky v bunikdch. Disulfidovy linker byl navrzen pro fizené
uvolinovani 1é¢iva v pritomnosti glutathionu. Experimenty s zivymi buitkami a fluorescenéni
mikroskopii potvrdily ¢asové zavislé uvoliiovani 1é¢iva z konjugata 17-20. Koncept trojdilnych
konjugati 20 a 21 byl ovéfen s vyuzitim ¢(RGDfK) motivu a FRET, kde oba konjugaty
aplikované na bunky HeLa vykazaly zménu fluorescence v realném ¢ase. Tato studie ukazuje

moznosti vytvofeni teranostickych nastroji vhodnych pro personalizovanou medicinu.

V posledni ¢asti prace byla provedena pokrocila analyza obrazového datasetu pofizeného
digitalnim fazovym kontrastem (DPC) a fluorescen¢ni mikroskopii. Data byla analyzovéna
programem Columbus a umélou inteligenci (Al) pomoci konvolu¢ni neuronové sité, coz
umoznilo klasifikaci inhibitori topoizomerazy na bunééné linii U20S s piesnosti az 99 %. Toto
potvrzuje vyuzitelnost DPC snimkt pro klasifikaci pomoci Al a jejich aplikaci v identifikaci

bunécnych cilii a ve vyvoji 1éCiv.



Abstract:

In this work, two distinct groups of conjugates of biologically active compounds with
different variants of BODIPY dye were studied by fluorescent microscopy. Additionally, the
research focused on a proof-of-concept study for the potential of a phenotypic screening

method.

Betulinic acid (BA) derivatives were tested on the U20S cell line, where the first set of
compounds included nine BA derivatives labeled with BODIPY-FL (conjugates 1-9), with a
control conjugated containing only the linker and the BODIPY-FL label (conjugate 10). After
a short incubation, these conjugates were localized in live cells. Conjugate 2 showed the highest
cytotoxicity and a different staining pattern. The combination of the linker length and the
triterpenoid moiety were crucial for the localization and the cytotoxicity of the conjugates.
Visualization of the conjugates in fixed cells and cell lysates suggested possible covalent
binding of the derivatives to cellular targets. The second set of compounds consisted of six
BODIPY-labeled BA and bevirimat derivatives with blue fluorescence. A short incubation
revealed the localization of conjugates 11 and 16 in living cells. Colocalization experiments
showed interaction predominantly with the endoplasmic reticulum and mitochondria,

emphasizing the importance of the added amino group.

The second part of the work focused on the 3HQ-aminoBODIPY system with OFF-ON
effect to monitor the release of the active drug in cells. A disulfide linker was designed to
regulate drug release in the presence of glutathione. Experiments with live cells and
fluorescence microscopy confirmed the time-dependent effect of drug release from conjugates
17-20. The concept of three-part conjugates 20 and 21 was validated using the c((RGDfK) motif
and FRET, where both conjugates were applied to HeLa cells, and the change in fluorescence
was observed in real-time. This study highlights the potential of creating theranostics tailored

for personalized medicine.

In the final section of the work, an advanced analysis of the image dataset acquired by
digital phase contrast (DPC) and fluorescence microscopy was performed. The data was
analyzed by the commercial program Columbus and artificial intelligence (Al) using a
convolutional neural network, allowing classification of topoisomerase inhibitors on the U20S
cell line with an accuracy up to 99%. This confirms the utility of DPC images for Al

classification and their application in cell target identification and drug development.
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1.  Teoreticky Gvod

Identifikace molekularniho cile biologicky aktivnich sloucenin je zasadnim krokem
Ve vyvoji 1é¢iv, nebot’ umoznuje hlubsi pochopeni jejich mechanismu u¢inku. Tato znalost je
nezbytnd pro optimalizaci G¢innosti @ minimalizaci vedlejSich G¢inku 1é¢iv, a soucasné
napomaha v identifikaci specifickou biochemickou nebo fyziologickou cestu, kterou 1é¢ivo
uplatiiuje sviyj terapeuticky ucinek. Znalost cile umoznuje dosahnout presnéjsiho cileni 1é¢iva a
personalizace terapie. Proces identifikace molekularniho cile casto odhaluje zakladni
mechanismy onemocnéni a umoziuje vyvoj cilenych terapii ptizptisobenych jedine¢nému
genetickému a molekularnimu profilu pacienta. Jakmile je znam molekularni cil, je mozné

navrhovat nové, optimalizované chemické struktury, které se zamétuji na stejné nebo piibuzné
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pro existujici 1é¢iva muze rozsifit jejich vyuZiti v novych ptipadech, a tim i urychlit a zefektivnit
proces vyvoje léiv.t Vyvoj Iéciv je slozity a ndkladny proces, jak ilustruje obrazek 1. Podle
dat OECD Health Statistics 2019 bylo v roce 2016 v Evrop¢ investovano kumulativné 31,4

miliard USD do vyzkumu a vyvoje farmaceutik (¢astka je soucet pro komeréni a vladni sektor).

=

-
s

10 000 rve
Cyklus léciv
VYVOJ LECIV
-

" ) , - N VSTUP GENERIK
- A A w NA TRH
L e .

KLINICKE TESTY © '

-

N 1IN N IO I el
ROKY
o N CERTIFIKAT é
DODATECNE
PEDIATRICKY
OCHRANADAT (8LET)  “=5 +2 |+1 | VYZKUM |
(+6 MESICO)
LECIVA
vagNE 5 10 LET EXKLUZIVITY NA TRHU
CHOROBY .
PEDIATRICKY
VYZKUM
(+2 ROKY)

Obrazek 1: Cyklus vyvoje novych 1é¢iv, ktery jasné ukazuje dulezitost vyzkumu a
vyvoje ve farmaceutickém pramyslu. Pfevzato od EFPIA (The European Federation
of Pharmaceutical Industries and Associations).



Identifikace molekularniho cile v kontextu vyvoje 1é¢iv mize byt naro¢na a pfinasi fadu
vyzev. Biologické systémy jsou slozité, Casto zahrnuji sit’ vzajemné propojenych drah a
molekul, proto urcit jediny cil, odpoveédny za ucinky latky, je velmi obtizné. Potencionalni 1€k
muZe v rizné mife interagovat s vice cili v riznych tkanich nebo v odlisnych bunéénych
kontextech. Nékteré interakce mezi malou molekulou a jejim cilem mohou mit nizkou vazebnou
afinitu nebo specificitu, coz ztéZzuje jejich detekci a experimentalni ovéfeni. Mnoho cili jsou
proteiny, které funguji jako soucast vétsich komplexti nebo interaguji s jinymi proteiny.
Identifikace konkrétniho ¢lena proteinové rodiny tak muze byt tézka, protoze cElenové
proteinové rodiny cCasto sdileji strukturni a funkéni podobnosti. Néktera 1é¢iva funguji
prostfednictvim nekonvenénich mechanismt, jako je modulace konformace proteinii a
interakce s DNA a RNA, jejichz identifikace pomoci tradi¢nich metod mize byt naro¢na.
V dalsich ptipadech mohou cilit na vzacné, nebo dfive neznamé proteiny, coz znovu ztézuje
jejich identifikaci pomoci konven¢nich metod. Vytézeni rozsahlych biologickych dat, jako jsou
data z genomiky a proteomiky, je vypocetné narocné a vyzaduje odborné znalosti v oblasti
bioinformatiky. Piekonani téchto vyzev pii identifikaci molekularnich cilt ¢asto zahrnuje
kombinaci experimentalnich pfistupt, vypocetnich metod a mezioborové spoluprace. Pokrocilé
technologie, jako jsou strukturni biologie a vysokopropustné testovani, pomahaji fesit tyto
vyzvy a usnadiiuji objevovani cili biologicky aktivnich latek.? Je viak diileZité si uvédomit, Ze
identifikace cile je komplexni a vyvijejici se oblast ve vyzkumu a vyvoji 1é¢iv, zejména

v kontextu novych terapii a personalizované mediciny.
1.1.  Pouzivané metody k identifikaci molekularniho cile 1é¢iv

K identifikaci molekularniho cile aktivnich latek 1ze pouzit fadu metod a ptistupt, pticemz
jejich vybér zavisi na specifickych vlastnostech 1éku a povaze onemocnéni, které ma ovlivnit.
Nasledujici vy¢et moznych metod zahrnuje ty nejcastéji vyuzivané, nebo poskytujici zajimavou

perspektivu.

e Vysokopropustné testovani (high-throughput screening, HTS) je zalozeno na testovani
velkého souboru chemickych sloucenin (knihoven) proti specifickému biologickému cili nebo
molekularni dréze. Slouceniny, které vykazuji aktivitu, jsou dale validovany, aby se urcily jejich
specifické molekularni cile.?

e Fenotypové testovani posuzuje vliv chemickych slou¢enin na fenotyp bunky nebo
celého organizmu.* Podrobnéjsi zhodnoceni fenotypového testovani je uvedeno v kapitole 5

této préace.



e Techniky RNA interference zahrnuji umléeni exprese specifickych gentt pomoci metod
jako je napiiklad CRISPR/Cas9 nebo siRNA. Takto upravené modelové prostiedi mize byt dale
pouzito i ve spojeni s HTS.®

e Omické analyzy lze pouzit k identifikaci molekularnich drah ovlivnénych aktivnimi
slou¢eninami. Posouzeni zmén genové exprese ve vzorcich v reakci na oSetfeni latkou muze
poskytnout informace o jejich u¢incich na specifické drahy a potencialni cilové geny a
proteiny.®

e Chemicka proteomika vyuziva sondy s havdzanou testovanou molekulou. Diky tomu je
mozné selektivné vychytat a identifikovat cilové proteiny. Tato metoda je uZite¢na pro analyzu
cilt, které nelze identifikovat tradi¢nimi metodami.”

e Profilovani proteini na zakladé aktivity (Activity-Based Protein Profiling, ABPP),
zahrnuje pouziti sond s malou molekulou, které selektivné reaguji se specifickymi tfidami
proteind. Oznacenim latky vhodnou sondou je mozné identifikovat proteiny, které interaguji
s testovanou slou¢eninou v buné¢ném kontextu.®

e Hmotnostni spektrometrii 1ze pouzit k identifikaci latek, které interaguji s proteinem.
Tento ptistup je zvlasté uzite¢ny pro detekci ptimych interakci mezi latkou a jejim cilem, a to
v piipadé kovalentnich i nekovalentnich interakei.’

e Metody strukturni biologie vyuzivaji techniky jako je rentgenova krystalografie a
nuklearni magneticka rezonance (NMR) a mohou byt pouzity k ur¢eni trojrozmérné struktury a
ovéfeni vazby chemické latky na cilovy protein.

e Analyza rozséhlych biologickych dat mize pomoci identifikovat potencialni cile
novych chemickych sloucenin. Takové analyzy zahrnuji vyuziti dat genové exprese, sité
interakci protein-protein a zndmych interakci biologicky aktivni slou¢enina — molekularni cil.
Do tohoto pfistupu patii chemoinformatické a bioinformatické analyzy. P¥i znamé struktuie
biologicky aktivni slou€eniny, 1ze k predikci molekularnich cilt vyuzit vyhledavani podobnosti
a molekularni dokovani.**

e Veédecka literatura a vytéZzovani vetejné dostupnych databazi mohou poskytnout cenné
informace o znamych vztazich mezi chemickymi slou¢eninami a jejich cili, coz pomaha

pfi identifikaci novych cilt.*?

Ve vyzkumné praxi se ¢asto kombinuji rtizné metody ke zvyseni pravdépodobnosti Gispésné
identifikace molekularniho cile. Vybér konkrétni metody zavisi na faktorech jako je povaha

aktivni chemické slouceniny, dostupné zdroje a specifické cile identifikace.



1.2. Mikroskopické metody vhodné pro identifikaci cili

Vyznamnou roli v procesu identifikace cilti biologicky aktivnich latek hraji mikroskopické
metody. Tento soubor metod mize byt cennym ndastrojem, zejména pii studiu u¢inka latek
na bunécné struktury a organely. Mikroskopie umoznuje odhalit zmény v bunééné morfologii a
subcelularnich strukturach, naptiklad zmény zisobené cytotoxickymi latkami. Chemické
sloueniny mohou vyvolat smr§tovani bunék, tvorbu ,bublin“ — tedy pieskupeni obsahu
cytoplazmy, jadernou kondenzaci a zmény ve struktufe organel. Tyto morfologické zmény
mohou poskytnout voditka k objasnéni mechanismu ucinku latky. Mikroskopie tedy umoziuje
vizualizovat buiiky a jejich vnitfni komponenty v poZadovaném rozliSeni. Oznaceni
specifickych bunéénych struktur nebo molekul, které jsou pfedmétem zajmu, je mozné diky
riznym technikdm barveni. Pouziti specifickych fluorescencnich sond a barviv miize pomoci
vizualizovat a sledovat rizné bunééné slozky, jako jsou DNA, mitochondrie, endoplazmatické
retikulum, lysozomy atd. Pozorovanim zmén v distribuci a intenzité fluorescenénich kanali je

mozné ziskat nahled na vliv latky na dané struktury a organely.'?

Pti klasickém barveni pomoci imunofluorescence se nejdiive osSetifené buiiky tzv. fixuji, kdy
dochazi k jejich konzervaci v daném stavu a ¢asteénému naruSeni membran diky pusobeni
roztokd alkoholti, acetonu nebo formaldehydu. Nasleduje krok uplné permeabilizace membran
a specifické barveni pomoci fluorescencné znafenych protilatek. Takovymto barvenim je

mozné urcit, zda dana latka ovliviiuje distribuci specifického proteinu v butice.!*!3

Zobrazeni zivych bun¢k umoziuje sledovat dynamické bunééné procesy v realném case. To
je zvlasté uzitecné pro sledovani Uc¢inkd latky na chovani bunck, véetné zmén v bunécné
motilité, déleni a migraci. Nékteré aktivni latky maji rychlé a dynamické ucinky na bunééné
procesy.!® Zavedenim trvalych fluorescenénich markerii nebo proteinti do Zivych bunék,
napiiklad pomoci transdukce fiznich proteind, je mozné specifické stuktury fluorescenéné
vizualizovat.!” Mikroskopie Zivych bunék, také umoziiuje pofizovani asosbérnych zabéri, kdy
dochazi k pofizeni snimkii v pravidelnych intervalech po delsi dobu. To mize odhalit ¢asovou
dynamiku bunéénych zmén a zmény funkci subcelularnich struktur vyvolanych plsobenim
aktivni latky.'® Tato mikroskopicka metoda miize byt kombinovéana s technikami subcelularni
frakcionace a izolace, které oddéli pozadované bunééné kompartmenty a poskytnou tak cenny

zdroj materidlu pro dopliiujci metody, naptiklad sestaveni proteomického profilu.!?

Studium kolokalizace latky s bunéénymi slozkami nebo organelami mize poskytnout cenné

informace o potencidlnich interakcich s cili. Kdyz latka a jeji cil kolokalizuji, naznacuje to
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piimou interakci.?’ V takovychto piipadech ¢asto najde uplatnéni technika FRET (z anglického
Forster resonance energy transfer), kterd odhaluje blizkost mezi dvéma fluorescennimi
znaCkami, a tim i jejich nositeli. OznaCenim latky a potencionalniho cilového proteinu
fluorofory, znichz jeden je aktivovany pouze piipfenosu energie, mizeme pii zmeéné

ve fluorescenénim signalu usuzovat na jejich tésnou blizkost a vzajemnou interakci.?!

Automatickd mikroskopie???3

, Casto kombinovana s analyzou s vysokym obsahem
informaci (high-content analysis, HCA), davd moZznost simultanniho zkoumani mnoha
bunécnych parametrti, reagujicich na ptsobeni aktivni souceniny. Takovy pfistup poskytuje
velmi komplexni data pro identifikaci cile. Tyto metody je navic mozné propojit v HTS
platformé, coz umoziuje testovani velkého poctu sloucenin a hodnoceni jejich ucinki

na morfologii buiky.?*?°

Dalsi moznosti, jak vyuzit mikroskopické techniky je jejich spojeni s jinymi metodami,
napiiklad proteomickymi a genomickymi ptistupy. Tohoto se ¢asto vyuziva pii tzv. ,,single cell
analyzach, které jsou na vzestupu hlavné v posledni dobé¢. Studovani individuélnich bunck
dovoluje odhalit heterogenitu v bunécné populaci a hloubé&ji pochopit bunééné pochody. Takové
propojeni technik nachazi uplatnéni kromé vyzkumu a vyvoje 1é¢iv 1 ve vyzkumu kmenovych

bunék, neurovédach a studiu mikrobiomu.?%2’

1.3.  Vyhody a nevyhody mikroskopickych metod

Jako kazdy technologicky pfistup, nabizi mikroskopické metody ¢etné vyhody a nevyhody.
Je proto vzdy na zvéazeni, zda ve vybranych ptipadech bude zvolena metoda piinosem, nebo

naopak ptekazkou k ur¢eni molekulérniho cile aktivnich latek.

Mezi vyhody patii pfimé vizualizace bunécnych struktur a procesli, moZnost pozorovani
v realném Case a urceni prostorové celularni a subcelularni lokalizace mista plisobeni latky.
Pokrocilé mikroskopické techniky s vysokym rozliSenim poskytuji snimky s detailnim
zobrazenim, coz umoziuje rozpoznat i velmi jemné nuance interakci latky s cilovymi
stukturami. Tyto metody detekuji nejen strukturalni, ale i funkéni diisledky plisobeni latek, coz
pomaha pochopit jejich ucinky na bunécné procesy. Nekteré techniky, jako je HCA, umoznuji
analyzu vice buné¢nych parametrii soucasné, ¢imz se zvySuje uUcinnost identifikace cile.
Mikroskopie Zivych bunék neni destruktivni metoda, coZ umoznuje jeji kombinaci s dalSimi

piistupy a potad vychazet z jednoho zdroje vzorku.!>?
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K nevyhodam mikroskopickych metod patii jejich technicka naro¢nost, zejména pak naroky
na specializované vybaveni a odborné znalosti nejen v oblasti pfipravy vzorki, ale hlavné
analyzy ziskanych dat. Dale miize mikroskopie vést k faleSné pozitivnim nebo negativnim
vysledkiim, pokud procesy znaceni nebo barveni nejsou peclivé optimalizovany nebo pokud ma
latka G¢inky mimo testovany cil. Mikroskopické metody mohou identifikovat pouze cile, které
jsou viditelné a ovlivnéné latkou, potencionalné¢ tedy ztracime informace o dualezitych
nepiimych nebo nadfazenych cilech, které nevykazuji morfologick¢ zmény. Nekteré
mikroskopické techniky mohou vyzadovat invazivni metody ptipravy vzorki, které mohou
zménit pfirozeny stav bun¢k a ovlivnit vysledky. Mikroskopie nemusi byt vhodna
pro identifikaci neproteinovych cill, jako jsou malé molekuly, metabolity nebo nukleové
kyseliny, které mohou vyzadovat jiné techniky, jako je hmotnostni spektrometrie nebo testy
zalozené na afinité. Nékteré experimenty zalozené na mikroskopii, zejména zobrazovani zivych
bunék, mohou byt Casov€ naro¢né. Konvencni mikroskopie miize mit omezeni v rozliSeni

struktur v nanoméfitku, coz vyzaduje pouziti pokro¢ilych technik se super rozlisenim.!*28

Ptes tyto vSechny nevyhody jsou mikroskopické metody cennymi nastroji pro identifikaci
molekularnich cilt biologicky aktivnich latek, diky jejichz schopnosti 1ze pfimo vizualizovat
bunécné procesy. Shrnuti mikroskopickych metod vhodnych pro identifikaci molekularnich cil

latek a jejich vyhod a nevyhod je uvedeno na obrazku 2.
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IDENTIFIKACE CIiLE BIOLOGICKY AKTIVNICH LATEK |

METODA VYHODY NEVYHODY
- Velmi specifické pro dany .
€ P protein Nutnost fixovat burky
Imunofluorescence .
s Siroké spektrum protilatek Omezeny multiplexing
Mikroskopie Detekce v redlném Case Omezeny multiplxing
Zivych bunék
Specificita v pfipadé flznich N&ro&né na pripravu
Fluorescenéni proteinu
Gasosbémné zabéry Naroc¢né n;aipracovam
Ve svétlém poli "Label-free" Pouze omezené struktury

Sbé&r mnoha dat Narocné na Zpracovani

Automaticka —— dat
mikroskopie NS
P MozZnost zapojit do HTS Pozadavky na techniku
_— Komplexni informace I nc? ipracovanl
High-Content ! !
Analysis" 5 o
y Moznost zapojit do HTS Pozadavky na techniku
.. ; Pochopeni klonalni evoluce Narocné na pfipravu
Analyza jedné )
bunky 2 Pochopeni bunééné Naro¢né na zpracovani
heterogenity dat

Obrazek 2: Piehled mikroskopickych metod vhodnych pro identifikaci molekularnich cilt
aktivnich latek.

1.4.  Fluorescené¢ni znaceni pomoci BODIPY

Techniky fluorescencni mikroskopie jsou Siroce pouZivané k vizualizaci biologickych
molekul a jevil. Z tohoto divodu byly vyvinuty rizné fluorescencni sondy pro zobrazeni
biologickych komponent. Tradi¢n€ pouzivané fluorescenéni proteiny mohou byt dale spojeny
s cilovou sekvenci peptidu nebo proteinu, vytvaiejice fluorescencni fuzni proteiny. Nicméné
tento pfistup ma i své nevyhody, kdy se miize narusit ptivodni funkce proteinu. Pro piekonani
téchto prekazek byly vyvinuty sondy na zakladé¢ malych chemickych molekul, které nabizeji
mensi velikost, jednodussi tpravy a variabilni moZnosti fluorescence, a to i v oblasti blizkého

infracerveného spektra.”’ Idealni luminofory, pro tyto sondy, predstavuji BODIPY barviva
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(z anglického boron-dipyrromethene), které se vyznacuji intenzivnimi a zafivymi barvami,
vysokou molarni absorptivitou a fluorescencni emisi v Sirokém rozsahu vlnovych délek. Tyto
vlastnosti je ¢ini vhodnymi pro techniky vyuzivajici fluorescenci, jako je fluorescenéni
mikroskopie, priutokova cytometrie a biozobrazovani. BODIPY barviva se také bézné pouzivaji
jako fluorescencni sondy k detekci a monitorovani biologickych procesii, véetné interakci
protein-protein, enzymové aktivity a bunécné lokalizace. Jejich kliCové charakteristiky lze
snadno zménit pomoci pfimych strukturalnich modifikaci.*® Prvnim komplexem, ktery byl
publikovan v roce 1968, je 4,4-difluor-4-bora-3a,4a-diaza-s-indacen.>! Struktura BODIPY je
uvedna na obrazku 3. Mimo experimentalné pfipravené sondy s BODIPY jsou né¢které také

komeréné¢ dostupné, jako naptiklad LysoTracker a ER-Tracker (zobrazené na obrazku 3).

S5
\ N&
Nog-N
FF

BODIPY

OMeO OMeO

ER-Tracker Green ER-Tracker Red

Obrazek 3: Molekularni struktura 4,4-difluor-4-bora-3a,4a-diaza-s-indacen — BODIPY,
LysoTracker Green (emituje v zelené Casti spektra) a Red (Cervené emitujici), ER-Tracker

Green (emituje v zelené Casti spektra) a Red (Cervené emitujici).
1.5.  Vyuziti BODIPY pro lokalizaci a identifikaci cilii pfirodnich latek

V poslednich letech byl uc¢inén vyznamny pokrok v identifikaci mechanismu ucinku a
bunéénych cili ptfirodnich latek. Pro efektivni identifikaci cilovych proteinli a studium
mechanismu U¢inku je nutné vyvinout strategie, které citlivé detekuji biologické procesy

v zivych systémech.>? Fluorescenéné znatené sondy bioaktivnich piirodnich latek se jiz
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dlouhou dobu pouzivaji**-*

a ukdzaly se jako mocny néstroj pro zkoumani biologickych jevi a
mechanismii plisobeni téchto molekul.*>*¢ Tento pfistup umoziiuje sledovani vstupu latky
do bunky a jeji distribuci v subcelularnich kompartmentech, jak je schematicky znazornéno
na obrazku 4.>” Pokud je interakce dostateéné silnd, miizeme na gelu po separaci proteinii
z bunécného lyzatu pomoci SDS-PAGE (z anglického sodium dodecyl sulfate—polyacrylamide
gel electrophoresis) pozorovat fluorescencni bandy, které odpovidaji proteiniim interagujicim

s fluorescencni latkou. Tento postup umoziuje vizualizaci cilového komplexu fluorescen¢ni

latka-protein i v denaturaénich podminkach.®

PRIRODNI
BODIPY LINKER -+

PROMYTI

BODIPY LNKER )

Obrazek 4: Schéma principu detekce pfirodnich latek znacenych BODIPY v Zivych
bunkach.

PRIRODNI
LATKA

Biokonjugat se skladd z luminoforu konjugovaného s biologicky aktivni pfirodni latkou
prostiednictvim linkeru. Luminofor mutze fungovat jako aktivni latka, naptiklad
ve fotodynamické terapii, kde plisobi jako fotosenzibilizator.*® Vyvinuté biokonjugaty BODIPY
vykazuji v kontextu lékatského a biochemického vyzkumu rtiznorodé vlastnosti, které jsou

z4vislé na pouzitych strukturdch a metodé konjugace.*’
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2. Specifické cile prace

Vysledky piedkladané dizerta¢ni prace jsou rozdéleny do 3 casti, pricemz kazda z nich se
vénuje vyuziti mikroskopickych metod k lokalizaci nebo identifikaci buné¢nych cila biologicky

aktivnich latek.
Cil 1: Lokalizace buné¢nych cili derivati kyseliny betulinové znacenych pomoci BODIPY.

Cil 2: Lokalizace buné¢nych cilt a monitorovani uvoliiovani aktivni latky z konjugatt kyseliny

3-hydroxy-chinolinové s aminoBODIPY.

Cil 3: Prokazéani proveditelnosti vysokokapacitni fenotypové testovaci metody zaloZené

na mikroskopii fazového kontrastu a analyze dat pomoci konvolu¢ni neuralni sité.
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3. Lokalizace bunécnych cilii derivati kyseliny betulinové znacenych

pomoci BODIPY
3.1. Uvod

Terpeny a terpenoidy zahrnuji Sirokou a rtznorodou skupinu organickych sloucenin,
nachazejicich se v mnoha riznych rostlinach a dal$ich organizmech. Jsou slozeny z opakujicich
se izoprenovych jednotek, a mohou mit riznou $kalu struktur a funkénich skupin, coz ptispiva
k rozmanitosti jejich biologickych aktivit. 4 Ne&které z téchto piirodnich slouéenin maji

antivirovou*’* a protinadorovou®® aktivitu.

Triterpeny obsahuji Sest izoprenovych jednotek, diky cemuz jsou vEtsi nez vétsina ostatnich
terpent. Maji charakteristickou strukturu, ktera se sklada z n€kolika fuzovanych kruhi, coz jim
dava strukturalni rigiditu.> Jednim z primarnich mechanismi ti¢inku terpent je jejich schopnost
modulovat rizné signalni drahy v bunkach. Triterpeny mohou inhibovat rizné enzymy,
jaderné receptory, jako je gama receptor aktivovany peroxizomovym proliferatorem®?, coz hraje
roli v regulaci metabolismu glukézy a lipida. Dal§im spoleénym mechanismem je down-
regulace drahy NF-kB a potlageni produkce cytokinf.>® Zajimavé je, ze triterpeny inhibuji
efluxni pumpu MDR1, coz by mohlo byt potencialné vyuzito ke zvyseni Gi¢innosti 16kt.>* Déale
mohou indukovat apopt6zu, Ve srovnani se soucasnymi protinadorovymi 1é¢ivy, je hlavni
vyhodou spousténi apoptdzy vnitini cestou, nezavislou na signalizaci poskozeni DNA. %
V tomto ptipadé je mitochondrialni membrana permeabilizovana, cytochrom ¢ se uvoliuje
z mitochondrii do cytoplazmy, kde se podili na tvorbé apoptozomu.>” Vzhledem k jejich
slibnym vysledkim v protinadorovém vyzkumu je velmi dalezité studovat jejich mechanismus
ucinku.

Kyselina betulinova (BA) je pfirodni pentacyklicky triterpen lupanového typu (struktura
na obrazku 5). I pfes svou nizkou rozpustnost ve vodnych roztocich si tato latka ziskava
pozornost svymi zajimavymi biologickymi vlastnostmi. BA je Casto derivatizovana pro zvySeni
rozpustnosti, terapeutickych G¢inkGi a zacileni na konkrétni misto dinku.’® BA je také
selektivné cytotoxickd pro Ffadu nadorovych bunék>®' a aktivitni proti HIV-1.2 Diky
riznorodym mechanismiim pusobeni BA je mozné piedchazet vzniku rezistence, coz ji €ini

slibnym kandidatem pro 1é¢bu nadorii odolnych viici béznym chemoterapeutikliim.
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Obrazek 5: Molekularni struktura kyseliny betulinové s vyznacenymi pozicemi

pro derivatizaci. (C3 — ¢ervena tecka, C28 — modra te¢ka, C30 — zelena tecka)

Jednim z mechanismii je piimé pisobeni BA na mitochondridlni membranu®, a déle
indukce tvorby reaktivnich forem kysliku, které zpusobuji nespecifické poskozeni
mitochondrii.®® Podobnym zptisobem je inhibovan rist nadoru, pomoci uplného nebo
Casteéného zpomaleni angiogeneze®®, které je dosazeno modulaci mitochondrii.®® Dal3im
popsanym mechanismem uc¢inku je inhibi¢ni aktivita viéi topoizomeraze 128, a modulace
funkce transkrip¢nich faktorti Sp1, Sp3 a inhibice faktoru Sp4, prostiednictvim na proteazomu

nezavislé regula¢ni draze.%®

V minulosti bylo prokézano, ze BA ma anti-HIV-1 aktivitu. I kdyz vysledky testti nebyly
prevratné a ucinek byl pozorovan pouze pii relativné vysokych koncentracich.®? Tento objev
vedl k syntéze ne€kolika dalsich analogt, jednim z analogi se silnou anti-HIV-1 aktivitou byl
3-0-(3,3-dimethylsukcinat) betulinové kyseliny, zndmy jako bevirimat (BT).%” BT piisobi jako
inhibitor zréni virionu HIV-1, pfi¢emz inhibice zrani virovych ¢astic se zda byt kritickym
bodem terapie. B&hem faze zrani virovd protedza Stépi Gag polyprotein, za soucasného
uvoliovani jednotlivych strukturnich proteinli. Poslednim krokem je Stépeni p25 CA-SP1
na funkéni protein p24 CA. Inhibice posledniho kroku zrani mé za nasledek vznik virové ¢astice
s aberantné vytvofenymi zralymi jadry, ktera nejsou dale schopna infekce.®® BT postoupil
do druhé faze klinického testovani®®’®, b&hem niz byla pozorovana redukce viru u 40-50 %
pacientii. Zbytek pacientll si vyvinul rezistenci v disledku piirozené polymorfni variace

v polyproteinu Gag.” S timto vysledkem byly klinické studie ukondeny.

Vzhledem k vlastnostem BA zminénych vyse neni piekvapenim, ze se ji zabyvalo mnoho
vyzkumnych skupin. Za posledni dobu byly pfipraveny stovky derivatt, s derivatizaci vSak
o¢ekavany efekt ¢asto zmizel, rychle se vyvinula rezistence nebo dramaticky vzrostla toxicita
pro nenadorové bunky. K nejcastéjsim modifikacim BA dochazi v polohach C-3 a C-28

(zobrazeno na obrazku 5). Adice na dvojnou vazbu mezi atomy uhliku C-20 a C-30 obvykle
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aktivitu vyrazné nezvysi, naopak, aktivita Casto mizi. Toto zjisténi obecné plati jak
pro protinadorové, tak pro anti-HIV G¢inky."?"* Nedavné prace potvrdily, Ze pfitomnost dalsi
aminové skupiny konjugované na molekulu BA mize vyznamné zvysit protinddorovou

aktivitu,”™"®

V literatufe mizeme nalézt vysledky konjugace triterpenovych karboxylovych kyselin,
triterpenu betulinu a derivatu bevirimat s fluorescenénimi barvivy BODIPY.”"#2 Viechny tyto
ptiklady jsou zaméfeny na samotnou syntézu, doplnénou o zakladni biologickou charakterizaci
konjugata. Prvni studii popisujici konjugaci BA s BODIPY provedli Kraj¢ovicova a kol. v roce
2018. (Piiloha 3, dale shrnuto v podkapitole 3.3 Vysledky a 3.4 Diskuze). V navaznosti na toto
téma Brandes a kol. publikovali praci zaméfenou na konjugaty BA, oleanové kyseliny, ursolové
kyseliny, glycyrrhetinové kyseliny a betulinu s BODIPY-FL; vSechny struktury triterpen-
BODIPY konjugatti jsou na obrazku 6. Jejich publikace ukézala vliv riznych linkert mezi
triterpeny a BODIPY molekulou. Rozdil v cytotoxicité, zavisly na zvoleném linkeru, dokazuje
dilezitost a vyznam vhodného linkeru mezi triterpenem a primérni skupinou.’® Pozd&ji Brandes
a kol. publikovali syntézu a charakterizaci triterpenoidd znacenych aza-BODIPY,
potenciondlné vyuZzitelnych jako proby pro znaceni endoplazmatického retikula. Konjugaty

triterpenoid-aza-BODIPY nevykazovaly zadnou cytotoxicitu na riznych bun&nych liniich.8®

Nejrozsahlejsi vysledky byly ziskdny ve studii BA upravené polarnimi skupinami a
BODIPY s modrou fluorescenci. Toto barvivo je jedine¢nym piikladem v literatuie a je velmi
vhodné pro fluorescen¢ni aplikace. Oproti béZn€ pouZivanym kumarinim pievySuje
fotochemické vlastnosti a v porovnani s klasickym BODIPY-FL dokaze zachovat pfirozené
vlastnosti konjugati. Analoga znacena BODIPY s modrou fluorescenci odvozena od BA byla

pfipravena v praci Kodr a kol. (Pfiloha 2, sou¢asti podkapitoly 3.3 Vysledky a 3.4 Diskuze).

Kromé BODIPY byly triterpenové konjugaty syntetizovany a studovany s riznymi dalSimi
fluorescenénimi zna¢kami. Vyznamnou skupinu publikovanych praci ptedstavuji konjugaty
s thodaminem a prvni vysledky byly shrnuty v piehledu od Hoenke a kol. v roce 2020.84
Na zakladé vysledku uvedenych v téchto pracech je mitokanicky efekt (nejcastéjsi ucinek
téchto molekul) zavisly také na pouZitém linkeru, kdy je aminovy linker U¢innéjSi nez
piperazinylovy. Konjugaty mohou cilit na mitochondrialni  NADH dehydrogendzu a
mitochondriélni sukcinatdehydrogenazu, které jsou soucasti mitochondrialniho elektronového

transportniho fetézce, coz vede ke zvysené produkci reaktivnich forem kysliku.84
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Obrazek 6: Molekularni struktury triterpen-BODIPY sond (*acylové zbytky OA oleanova
kyselina; UA ursolova kyselina, BA betulinova kyselina, GA glycyrrhetinova kyselina, BN
betulin) konjugovanych prostrednictvim amidové nebo esterové skupiny na C-3 (Cervend tecka)

nebo C-28 (modra tecka) nebo C-30 (zelena teka) pozice molekuly triterpenu.
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3.2.  Material a metody

Pro testovani jsme pouzili bunécnou linii U20S odvozenou od osteosarkomu a zakoupenou
z americké sbirky tkanovych kultur (ATCC). Bunééna linie byla udrzovana v TPP 75 cm?
tkanovych kultivac¢nich lahvich a kultivovana v McCoyové 5a kultivatnim médiu s 10%
fetalnim telecim sérem, za standartnich kultivaénich podminek pii 37 °C a 5% COz. Bunééné
suspenze byly pfipraveny podle instrukci ATCC pro subkultivaci. VSechny testované latky byly
rozpu$tény v 100% roztoku DMSO, byl u nich proveden test cytotoxicity (MTS test) a

skladovany byly v monitorovanych podminkach chemické knihovny UMTM.

Seznam pouzitych chemikalii a roztoka:

0,5M Tris-HCI zaosttovaci gel pufr, pH=6,8 (kat. ¢. 161-0799, BIO-RAD)
1,5M Tris-HCl separac¢ni gel pufr, pH=8,8 (kat. ¢. 161-0798, BIO-RAD)
10x% Tris-glycin-SDS (10x TGS) elektrodovy pufr (kat. ¢. 1610772, BIO-RAD)

5% SDS lyza¢ni pufr (30% glycerol, 10% SDS, 250 mM TRIS/HCI, 0,5 M DTT,

0,06% bromfenolova modr)

Aceton 100% (kat. ¢. 20001-ATO, LECH-NER)

Akrylamid/Bis roztok (30%) 29:1 (kat. ¢. 161-0156, BIO-RAD)
Bromfenolova modr (kat. ¢. B0126, SIGMA ALDRICH)

Chlorid draselny (KCI) (kat. ¢. APO-30076, SIGMA ALDRICH)

Chlorid sodny (NaCl) (kat. ¢. A131428, MIKROCHEM)
Dihydrogenfosfore¢nan draselny (KH2POjs) (kat. ¢. APO-30016, LECH-NER)
Dodecylsiran sodny (SDS) (kat. ¢. 71729, SIGMA ALDRICH)

ER-Tracker (kat. ¢. E34250, INVITROGEN)

Fenylmethylsulfonyl fluorid (PMSF) (kat. ¢. 20203, USB)

Fluorid sodny (NaF) (kat. & 450022, SIGMA ALDRICH)
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Glycerol (kat. ¢. G5516, SIGMA ALDRICH)

Hoechst 33342 (kat. ¢. H21492, INVITROGEN)

Hydrogenfosfore¢nan sodny dihydrat (Na2HPO4-2H20) (kat. ¢. 30388 APO, LECH-NER)
Metanol (kat. ¢. 10202LP20-10000, MIKROCHEM)

Ortovanadi¢nan sodny (NasVOa) (kat. ¢. S6508, SIGMA ALDRICH)

10x PBS pufr s inhibitory (5 mM NaxP207, 1 mM NazVOs, 5mM NaF, 1mM PMSF
rozpusténého v 1 ml 100% methanolu, celé do 1 1, 1x PBS, pH = 7,4)

Peroxodisiran amonny (APS) (kat. ¢. A3678, SIGMA ALDRICH)
Pyrofosfat sodny (NazP.07) (kat. ¢. P8010, SIGMA ALDRICH)

Separacni gel 12% (3 ml Akrylamid/Bis roztok (30%) 29:1, 1,875 ml 1,5 M Tris-HCl o pH =
8,8, 75 ul 10% SDS, 75 pl 10% APS, 2,475 ml H20 a 3 ul TEMED)

Spectra™ Multicolor Broad Range Protein Ladder (kat. ¢. 26634, THERMOFISHER
SCIENTIFIC)

Tetrahydrofuran (THF) (kat. ¢. 34865-1L, SIGMA ALDRICH)
Tetramethylethylendiamin (TEMED) (kat. ¢. 15524-010, INVITROGEN)
Trichloroctova kyselina (TCA) (kat. ¢. BP§0, CHEMAPOL)

Zaosttovaci gel (412,5 ul Akrylamid/Bis roztok (30%) 29:1, 312,5 ul 0,5 M Tris-HCl o pH =
6,8, 25 ul 10% SDS, 25 pl 10% APS, 1,75 ml H2O a 5 ul TEMED)

Postup prace pi1 mikroskopii Zzivvch bunék oSetfenych derivaty BA znatenvch BODIPY-FL

Bunky U20S (2500 bunék v objemu 30 pl v jamce) byly nasazeny do 384jamkové desticky
CellCarrier (PerkinElmer, USA) a preinkubovany po dobu 24 hodin pii 37 °C a 5% CO>
pro stabilizaci. Buniky byly nasledné oSetfeny testovanymi konjugaty BA-BODIPY
v koncentraci 50 uM pomoci Echo®550 liquid handler (Labcyte, USA) a poté inkubovany
pii 37 °C a 5% CO; po dobu 3 hodin. Po uplynuti inkuba¢ni doby byly buriky znac¢eny barvivem
Hoechst v koncentraci 1,62 uM pii 37 °C a 5% COz po dobu dalsich 20 minut. Déle byly
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obarvené¢ bunky dvakrat oplachnuty cerstvym médiem. Zobrazovani zivych bunék bylo
provedeno pomoci Cell Voyager CV7000 (Yokogawa, Japonsko) pii 37 °C v atmosféie 5%
COs. Zivé buiiky byly monitorovany s objektivem 60x s vodni imerzi. Viechny snimky byly

nésledné zpracovany, v¢etné odeéteni pozadi a dekonvoluce pomoci softwaru Image J.

Postup prace pii mikroskopii zivych bunék oSetfenych derivaty BA znaéenyvch BODIPY-FL a

znacenych ER-Trackerem

Postup je totozny s vySe uvedenym, pouze pii pfidani barviva Hoechst byl pfidan i

ER-Tracker v koncentraci 1 uM po dobu 20 minut.

Postup prace pii mikroskopii fixovanych bunék oSetfenych derivaty BA znadenvch

BODIPY-FL

Postup je opét totozny s vySe uvedenym, aZz na nasledujici: Obarvené buiiky byly dvakrat
oplachnuty ¢erstvym médiem a jednou PBS pufrem, s poslednim fixa¢nim krokem pomoci
ledového roztoku 70% methanolu. Zobrazovani fixovanych bunék bylo provedeno pomoci Cell
Voyager CVV7000 (Yokogawa, Japonsko), buiiky byly mikroskopovany objektivem 60% s vodni

imerzi.

Postup prace pii detekci derivati BA znaenyvch BODIPY-FL po separaci na SDS-PAGE

Dva miliony U20S bungk bylo vysazeno na kultiva¢ni misku, po 24 hodinach prekultivace
byly bunky osetfeny latkami (50 uM) po dobu 3 nebo 4 hodin. Po uplynuti inkubace byly buriky
dvakrat promyty PBS pufrem s inhibitory a dvakrat pouze PBS pufrem. Dale byl v poméru 1:5
nafedén 5xSDS lyzaéni pufr a PBS pufr s inhibitory. Tento roztok o objemu 300 pl byl ptidan
do kazdé misky s oSetfenymi buitkami, buiiky byly lyzovany a lyzat byl pfenesen do eppendorf
zkumavek. Bunécné lyzaty byly povareny 10 minut pii 95 °C. Po vychladnuti byly vzorky

bezprostiedné separovany pomoci SDS-PAGE, nebo zamrazeny pii -20 °C pro pozdéjsi pouziti.

Pro SDS-PAGE byly pouzity 1,5 mm polyakrylamidové gely. Nejprve byl nalit
12% separaéni gel a po zatuhnuti byl navrstven zaostfovaci gel. Elektroforéza probihala
Vv piitomnosti ledového 1x TGS pufru a po naneseni 15 ul vzorku byl spustén zdroj nastaveny
na 110 V. Po projiti vzorkt zaostfovacim gelem bylo napéti zvednuto na 130 V. Jakmile
bromfenolova modi dorazila ke spodnimu okraji gelu, byla elektroforéza ukoncena. Nasledné
byl gel skenovan na laserovém skeneru pro biomolekularni zobrazovani Thyphoon FLA9000

Fluorescence Scanner.
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Pokud byly vzorky pted SDS-PAGE precipitovany TCA/Aceton metodou, bylo to podle
nasledujiciho postupu. Aceton pouzity v tomto postupu byl vychlazeny a po celou dobu
protokolu udrzovany na ledu. Vzorky se smichaly v poméru 1:8:1 s acetonem a TCA (vzorek :
aceton : TCA), proteiny vyprecipitovaly po 1 hodin¢ pii -20 °C. Nasledné se vzorky
centrifugovaly pii 18 000 g a 4 °C po dobu 15 minut. Peleta byla zcela resuspendovana v 1 ml
ledového acetonu. Tento postup promyti pelety byl opakovan celkem ¢tytikrat. Po poslednim
opakovani byl aceton nahrazen THF a vzorky byly opét centrifugovany. Poté byl THF odebran
a peleta se nechala vysusit v digestofi pfi pokojové teploté. Peleta byla rozpusténa v pivodnim

objemu SDS lyza¢niho puftru.

Postup prace pii mimikroskopii Zivych bunék oSetfenvch derivaty BA znacenyvch BODIPY

s modrou fluorescenci

Bunééna linie U20S byla transdukovana komerénimi lentivirovymi ¢asticemi (Vectalis-
TaKaRa, Japonsko) se sekvencemi, které exprimuji fluorescenéni proteinovou znacku mCherry
cilenou do specifickych subcelularnich lokalit. VSechny bunééné linie byly pfipraveny podle
instrukci vyrobci. Bunééna linie U20S-Nuc byla pfipravena za pouziti rLV.EF1.mCherry-Nuc-
9 (kat. ¢. 0023VCT), obsahujiciho sekvenci NLS, ktera importuje proteiny do jadra. Bunééna
linie U20S-ER byla transdukovana pomoci rLV.EF1.mCherry-ER-9 (kat. ¢. 0025VCT),
obsahujici signalni sekvenci Kkalretikulinu a sekvenci KDEL, které asociuji proteiny
s endoplazmatickym retikulem. Buné¢na linie U20S-Mito byla ptipravena s pouzitim vektoru
rLV.EF1.mCherry-Mito-9 (kat. ¢. 0024VCT), obsahujici mitochondriélni signalni sekvenci.
Bunééna linie U20S-GA byla transdukovana pomoci rLV.EF1.mCherry-Golgi-9 (kat. ¢.
0022V CT), obsahujici lidsky GT prekurzor, protein lokalizovany v Golgiho aparatu. Kompletni
popis vyroby bunéfnych linii a jejich validace pomoci MTS testu jsou uvedeny
v HLADIKOVA, E. Pouziti lentivirovych reportérovych systémi pro fluorescenéni vizualizaci
subcelularnich struktur. Olomouc, 2020. bakalaiska prace. UPOL. Pfirodovédecka fakulta

https://library.upol.cz/arl-upol/cs/csg/?repo=upolrepo&key=14732436594.

Bunééné linie U20S exprimujici fluorescenéni fuzni proteiny byly nasazeny (v poctu
1000 bunék v objemu 30ul v jamce) do 384jamkovych desticek CellCarrier (PerkinElmer,
USA) a preinkubovany po dobu 24 hodin pii 37 °C a 5% CO». Adherované buriky byly oSetieny
testovanymi slou¢eninami v koncentraci 10 uM (Echo®550 liquid handler, Labcyte, USA)
po dobu 1 hodiny a nasledné oplachnuty cerstvym médiem. Zobrazeni zivych bunék bylo

provedeno konfokalnim mikroskopem Cell Voyager CV7000 (Yokogawa, Japonsko) pti 37 °C
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v atmosféfe 5% CO». Zivé buiiky byly mikroskopovany objektivem 60x s vodni imerzi.
Fluorescen¢ni signal byl excitovan lasery (405 nm a 561 nm) a pozadovana emise byla
filtrovana pomoci pasmovych filtrti (BP 445/45 a BP 595/20). VSechny snimky byly nésledn¢
zpracovany v softwaru Image-J, Pearsontiv a Manderstiv kolokaliza¢ni koeficienty byly

vypocitany pomoci plug-in modulu JACoP.
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3.3.  Vysledky

Derivaty BA znacené BODIPY-FL — vysledky publikované v Krajéovicova a kol. 2017
(Ptiloha 3) a dopliujici vysledky.

Skupina deviti derivati BA znac¢enych BODIPY-FL byla studovana na bunééné linii U20S,
pticemz kontrolou byl samostatny linker s BODIPY-FL znackou (struktury na obrazku 7).
Po kratké inkubaci (3h) byly vSechny testované konjugaty (50 uM), s vyjimkou derivati 5 a 10,
lokalizovany v Zivych bunkach. Snimky mikroskopie Zivych bunék jsou uvedeny
na obrazku 8. VVzor barveni odpovidal strukturam endoplazmatického retikula a mitochondrii,
coz jsme chtéli potvrdit kolokaliza¢nimi experimenty. Bohuzel fluorescen¢ni signél
ER-Trackeru byl kontaminovan signalem testovanych konjugatd, jako piiklad je uveden
konjugdt 7 naobrazku9. Kromé pozorovani ¢erveného fluorescen¢niho signalu
pti mikroskopii bunék oSetfenych konjugatem 7, jsme testovali i samostatny konjugat 7
v HEPES pufru (obrézek 9). Kvuli kontaminaci signalu jsme provedli experiment, kdy osetiené
buiiky byly po promyti médiem zafixovany ledovym methanolem, tento pfistup by umoznil
provést vice dalSich promyvacich krokd. Detekce konjugatii ve fixovanych bunikach ukézala
ptitomnost konjugati 2, 7 a 9 a s nizkou intenzitou fluorescence u konjugatti 1, 3 a 4, avSak
vzor znaceni byl odlisny oproti nefixovanému barveni. Toto nas privedlo k hypotéze o existenci
mozné kovalentni vazby derivati na bunéény cil, proto byla provedena SDS-PAGE
za denaturujicich podminek. Fluorescenéni detekce signalu v gelu, odpovidajici fluorescenci
BODIPY-FL, je na obrazku 11. Signal byl pfitomen i u vzorki, kde po precipitaci proteint
TCA/Aceton metodou doslo k promyti THF, ktery je silnym organickym rozpoustédlem a mélo

by velmi dobfe odmyt nenavazané fluorescenéni konjugaty (obrazek 11B).
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OEG konjugovany linker
n=1or2
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Obréazek 7: Molekularni struktury testovanych BODIPY derivatt kyseliny betulinové 1-9,
konjugovanych prostiednictvim esterové skupiny na C-3 (Cervena tecka) nebo C-28 (modra
tecka) nebo C-30 (zelena tecka) pozice molekuly triterpenu. Konjugat 10 — linker s BODIPY

bez triterpenové struktury.
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Obréazek 8: Bunééna linie U20S oSetiena testovanymi konjugaty 1-9. ¥
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A Bunécna linie U20S oSetfena testovanymi konjugaty 1-9 a kontrolnim konjugatem 10.
Burniky byly oSetieny 50 UM koncentraci latky po dobu 3 hodin, jadra byla nabarvena Hoechst
anasledné byly bunky dvakrat oplachnuty Cerstvym médiem. Zobrazeni objektivem 60x, modry
kanal = Ex 405 nm, Em BP 445/45 nm, zeleny kanal = Ex 488 nm, Em BP 515/30 nm.

U20S Cerveny kanal Fazovy kontrast

Obrazek 9: Bunécéna linie U20S osetifena konjugatem 7 (Cerveny signal), v koncentraci
S50 M, po dobu 3 hodin a jadra naznacend Hoechst (modry signal). Bunky byly
ptred zobrazenim dvakrat promyty ¢erstvym médiem. Zobrazeni objektivem 60x, modry kanal =
Ex 405 nm, Em BP 445/45 nm, ¢erveny kanal = Ex 561nm, Em BP 595/20 nm. Konjugat 7
rozpustény v HEPES pufru (50 uM) a nasnimany v ¢erveném fluorescen¢nim kanale a fazovym
kontrastem. Zobrazeni objektivem 20x pro ¢erveny kanal = Ex 561nm, Em BP 595/20 nm a
objektivem 20x PH Long W.D., pro fdzovy kontrast.
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Obrazek 10: Bunééna linie U20S oSetfena testovanymi konjugaty 1-9 a kontrolnim
konjugatem 10. Buniky byly oSetieny 50 UM koncentraci latky po dobu 3 hodin, jadra byla
nabarvena Hoechst, nasledné¢ byly bunky dvakrat oplachnuty Cerstvym médiem a poté
zafixovany vychlazenym methanolem. Zobrazeni bylo provedeno pomoci objektivu 60x
(métitko 100 um), modry kanal = Ex 405 nm, Em BP 445/45 nm a zeleny kanal = Ex 488 nm,
Em BP 515/30 nm.

30



kDa C 10 1 9 3 4 2 7 kDa 10 1 9 3 4 2 7

260
140

70 |
50 |

40

Obrazek 11: SDS-PAGE separace U20S buné&nych lyzati oSetfenych testovanymi
konjugaty 1-9 a kontrolnim konjugatem 10. Detekce fluorescen¢niho signalu BODIPY-FL
pomoci Thyphoon FLA9000 Fluorescence Scanner, Ex = 488 nm, Em = LPB (>510 nm). A —
Bunky U20S byly oSetfeny latkami v koncentraci 50 uM po dobu 3 hodin, nésledné¢ byly
promyty PBS roztokem a lyzovany SDS lyzaénim pufrem. B — Buiikky U20S byly oSetfeny
latkami v koncentraci 50 uM po dobu 4 hodin, nasledné byly promyty PBS roztokem a lyzovany
SDS lyza¢nim pufrem. Pied samotnou SDS-PAGE byly vzorky vysrazeny TCA/Aceton
metodou a promyty THF.
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Derivaty BA zna¢ené BODIPY s modrou fluorescenci — vysledky publikovane v Kodr a kol.
2021 (P¥iloha 2).

Skupina Sesti derivati BA a BODIPY (struktury na obrazku 12) byla studovana na bunééné
linii U20S-Nuc s jadrem zna¢enym fluorescenénim proteinem mCherry. Jako kontrola byla
pouzita funkcéni barviva BODIPY (BODIPY-NH2 a BODIPY-CO2H), stejn¢ jako prekurzor
BODIPY-SMe (struktury BODIPY Kkontrolnich derivatd jsou na obrazku 13). Vsechny
fluorescenéni mikroskopické snimky tohoto pilotniho experimentu jsou zobrazeny na obrazku
14. Pro dosazeni lepsi specificity barveni jsme se zaméfili na kratkou inkubaci
s fluorescenénimi konjugaty. Po kratké inkubaci (1 h) byly konjugaty 11 a 16 z této skupiny
derivati lokalizovany v zivych bunkach, ale pouze se slabym signalem v jadie studované
buné¢né linie (obrazek 15B — Pearsontiv a Manderstv koeficient). Funkéni BODIPY barviva
nebyla v bunééné linii U20S-Nuc detekovéana, a proto je vysoce pravdépodobné, ze bunécna
penetrace konjugaty 11 a 16 je zpusobena jejich skupinami na struktufe BA. Dalsi studované
derivaity BA a BODIPY nebyly za naSich experimentalnich podminek v Zivych butikach
detekovany; je vSak mozné, Ze signal bude mozné pozorovat v pozdéjsich intervalech.
BODIPY-SMe je reaktivni diky 8-thiomethylové skupiné a bylo piedpokladano, ze pronika
do buné&¢nych kompartmentu; toto bylo potvrzeno fluorescenéni mikroskopii (obrazek 14-18).
Pro dalsi studium bunécné lokalizace konjugati 11 a 16 jsme se rozhodli pokracovat
fluorescenéni mikroskopii na bunéfnych liniich s fluorescencné znafenymi strukturami
endoplazmatického retikula, mitochondrii a Golgiho aparatu, coz jsou nejvice publikované cile
BA (déle rozvedeno v 3.4 Diskuze). Vysledky téchto kolokaliza¢nich experimentll jsou
ukédzany na obrazku 15. Oba konjugaty prokazaly ptitomnost ve vice buné¢nych strukturach.
Pearsontiv koeficient, ktery byl pouzity k hodnoceni kolokalizace (obréazek 15B) ukazal
korelace byla naméfena v bunééné linii U20S-GA. KdyZz jsme kolokalizaci vyjadfili
Mandersovym koeficientem (ptekryti Cerveného kanalu — subceluldrni struktura oproti
modrému kanalu - latka), ktery je specifi¢téjsi pro vypocet kolokalizace signalu prezentovaného
ve vice bunécnych strukturach, ziskana data ukazala, ze oba konjugaty 11 a 16 téméi dokonale
detekovan v bunécné linii U20S-GA. BODIPY-SMe byl pouzit na zéklad¢ dat z pilotniho
experimentu jako pozitivni kontrola s perfektni kolokalizaci ve v§ech studovanych bunécnych

liniich. Cela zorna pole, ze kterych byl vytvoten obrazek 15A jsou na obrazcich 16-18.

32



H
157 =R? Rb= AN NHCT
16z =R*

Obréazek 12: Molekuléarni struktury testovanych triterpen-BODIPY derivatt kyseliny
betulinové 11-16, konjugovanych prostfednictvim esterové skupiny na C-28 (modra tecka)

nebo C-3 (Cervena tecka) pozice molekuly triterpenu.
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BODIPY-SMe BODIPY-NH, BODIPY-COsH

Obrazek 13: Molekularni struktury kontrolnich BODIPY derivati bez struktury BA.
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BODIPY-NH; BODIPY-CO,H BODIPY-SMe

Obrazek 14: Buné&cna linie U20S, se znafenym jadrem mCherry fluorescenénim
proteinem, ovlivnéna testovanymi triterpen-BODIPY 11-16 a kontrolnimi BODIPY derivaty.
Buriky byly oSetfeny 10 UM koncentraci latky po dobu 1 hodiny a nasledné oplachnuty
cerstvym médiem. Zobrazeni objektivem 60x (méfitko 100 um), modry kanal = Ex 405 nm,

Em BP 445/45 nm, ¢erveny kanal = Ex 561nm, Em BP 595/20 nm.
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Obréazek 15: A — Bunééna linie U20S, se zna¢enymi subcelularnimi strukturami mCherry
fluorescenénim proteinem, ovlivnéna testovanymi triterpen-BODIPY 11 a 16 a kontrolnim
BODIPY-SMe derivatem, neosetiené bunky predstavuji kontrolu. Bunky byly osetfeny 10 uM
koncentraci latky po dobu 1 hodiny a nasledné oplachnuty Cerstvym médiem. Zobrazeni
objektivem 60x (méfitko uvedeno u vytfezu snimku), modry kanal = Ex 405 nm, Em BP

445/45 nm, ¢erveny kanal = Ex 561 nm, Em BP 595/20 nm. V¥
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A ER = endoplazmatické retikulum, Mito = mitochondrie, GA = Golgiho aparat. B —
Urceni kolokalizace pomoci Pearsonova a Mandersonova koeficientu. Kolokalizace byla

odectena z plnych snimkt uvedenych na obrazcich 16-18 v programu ImageJ (plug-in JACoP).

Kombinace Modry kanal Cerveny kanal

11

BODIPY-SMe

Obrazek 16: Buné¢na linie U20S, se znacenym endoplazmatickym retikulem mCherry
fluorescenénim proteinem, ovlivnéna testovanymi triterpen-BODIPY 11 a 16 a kontrolnim
BODIPY-SMe derivatem. Buiky byly osetfeny 10 UM koncentraci latky po dobu 1 hodiny a
nasledné oplachnuty Cerstvym médiem. Zobrazeni objektivem 60x (méfitko 100 um), modry

kanal = Ex 405 nm, Em BP 445/45 nm, ¢erveny kanal = Ex 561 nm, Em BP 595/20 nm.
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Kombinace Modry kanal Cerveny kanal

11

BODIPY-SMe

Obrazek 17: Bunécna linie U208, se znac¢enymi mitochondriemi mCherry fluorescenénim
proteinem, ovlivnéna testovanymi triterpen-BODIPY 11 a 16 a kontrolnim BODIPY-SMe
derivatem. Buriky byly oSetieny 10 uM koncentraci latky po dobu 1 hodiny a nasledné
oplachnuty ¢erstvym médiem. Zobrazeni objektivem 60x (métitko 100 pm), modry kanal = Ex
405 nm, Em BP 445/45 nm, ¢erveny kanal = Ex 561 nm, Em BP 595/20 nm.
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Kombinace Modry kanal Cerveny kanal

11

16

BODIPY-SMe

Obrazek 18: Bunééna linie U20S, se znaenym Golgiho aparaitem mCherry
fluorescenénim proteinem, ovlivnéna testovanymi triterpen-BODIPY 11 a 16 a kontrolnim
BODIPY-SMe derivatem. Buiiky byly oSetieny 10 uM koncentraci latky po dobu 1 hodiny a
nasledné oplachnuty Cerstvym médiem. Zobrazeni objektivem 60x (méfitko 100 um), modry

kanal = Ex 405 nm, Em BP 445/45 nm, ¢erveny kanal = Ex 561 nm, Em BP 595/20 nm.
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3.4. Diskuze

V této ¢asti prace byly zkouméany na bunécéné linii U20S dv¢ skupiny derivati BA znacené
BODIPY. Prvni skupinu tvofilo devét derivata BA znacenych BODIPY-FL (konjugaty 1-9),
jako kontrola slouzil samotny linker s BODIPY-FL znackou (konjugat 10). Struktury jsou
uvedeny na obrazku 7. Po kratké inkubaci (3 h) byla vétSina testovanych konjugatd, s vyjimkou
variant 5 a 10, lokalizovéana v zivych buiikach (obréazek 8). Cas experimentu byl optimalizovan
tak, aby bylo mozné pozorovat prvotni reakci bun¢k na testované latky. Jednotnd koncentrace
(50 uM) byla vybrana na zaklad¢ dat z cytotoxického MTS testu, kde nejvyssi aktivitu na linii
U20S vykazoval konjugat 2 a dale konjugaty 7, 1 a 9 (sefazeno podle miry cytotoxicity).
Ostatni testované konjugaty nevykazovaly Zadnou cytotoxickou aktivitu na buné¢né linii U20S
(tedy IC50 > 50 uM). Data nejsou soucasti této prace, ale jsou publikovana v Krajéovicova a
kol. 2018 (Ptiloha 3). Konjugat 5, stejné jako kontrolni konjugat 10, nevykazoval Zadnou
aktivitu v cytotoxickych testech ani p#i mikroskopii zivych bunék jim oSetfenych. Toto
naznaCuje, ze aktivita testovanych latek souvisi s triterpenoidni ¢asti. Konjugat 2 obsahuje
Michaeliiv akceptor (v tomto pfipadé¢ akroleinovou skupinu), ktery byl pravdépodobné
zodpovédny za jeho vysokou cytotoxicitu a také odlisny vzor fluorescenéniho barveni.
Pozorovali jsme homogenni oznaceni buné¢né cytoplazmy, coz je pravdépodobné zptisobeno

nespecifickou kovalentni interakci s mnoha intracelularnimi proteiny.®

Vzor barveni ostatnich analyzovanych latek odpovidal strukturdm endoplazmatického
retikula a mitochondrii, coZ jsou publikované cile triterpenoidnich derivati lupanu.®®’ Provedli
jsme proto dopliujici znaceni ER-Trackerem pro vizualizaci endoplasmatického retikula a
vypocet kolokaliza¢niho koeficientu. Bohuzel, signal ER-Trackeru byl kontaminovam
signalem testovanych konjugatt, jako pfiklad je uveden konjugat 7 na obrazku 9. K tomuto
doslo pravdépodobné kviili $patné rozpustnosti lipofilnich derivati BA ve vodnych roztocich a
tvorbé agregatii testované latky. Vzhledem k tomu, Ze agregace nastala i v prostfedi samotného
HEPES pufru (obrazek 9B), tedy v prostiedi bez proteint a dalsich slozek kultiva¢niho média,
muizeme tyto z reakce vyloucit. Problematicka rozpustnost BA ve vodnych roztocich je navic
dobte popsany jev.® Pro dalsi testovani kolokalizace jsme se rozhodli ovéfit detekci konjugati
ve fixovanych bunkdach, které poskytuji moznost vice promyvacich krokii a to 1 organickymi

rozpoustédly a tedy potencionalné omezeni kontaminace signalu ER-Trackeru.

Snimky z mikroskopie U20S bunék osetfenych konjugaty 1-10 (bez konjugatu 5, ktery

nebyl lokalizovan v zivych burikach) a poté fixovanych metanolem jsou na obrazku 10. Oproti
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experimentu s zivymi buiky, jsme nyni detekovali pouze konjugaty 2, 7 a 9 a s nizkou
intenzitou fluorescence konjugaty 1, 3 a 4. Uvedené konjugaty patii k t€m cytotoxicky
aktivnim. Konjugat 7 nese na triterpenové struktufe pyrazin a stejna struktura byla naznacena
jako konjugét 6, ktery ale obsahuje kratsi linker. Rozdil mezi barvenim Zivych a fixovanych
bun¢k, kdy u fixovanych pietrval jen konjugat 7, dokazal, ze pro aktivitu derivatl byla stézejni
délka linkeru, kdy favorizovana byla delsi varianta. Toto tvrzeni bylo podpotfeno i vysledky
MTS testu. Pozd¢ji Brandes a kol. publikovali, Ze i rozdilné slozeni linkeru miize byt dulezité
pro aktivitu fluorescenénich derivatii.”® Patern znaceni byl u fixovanych bunék narusen, proto

jsme nemohli dale specifikovat miru kolokalizace.

Nicméné, tato pozorovani nds vedla k hypotéze o vzniku kovalentni vazby derivatii na jejich
bunéény cil. Tuto mySlenku jsme se rozhodli otestovat provedenim SDS-PAGE
za denaturujicich podminek. Separace proteini z bunéénych lyzati osetfenych konjugaty
detekovanymi ve fixovanych bufikach a nasledna detekce fluorescenéniho signalu
(odpovidajicimu fluorescenci BODIPY-FL) v gelu je na obrazku 11. Signal byl detekovan i
v ptipad¢, kdy SDS-PAGE ptredchazela precipitace proteinti TCA/Aceton metodou a promyti
THF, tedy silnym organickym rozpoustédlem 8° (obrazek 11B). Jak jiz bylo uvedeno vyse,
konjugat 2 obsahuje velmi reaktivni Michaeliv akceptor a podobné jako v ptedchozich
experimentech jsme v gelu detekovali ¢etné bandy, odpovidajici pravdépodobné mnoha
proteinim. Konjugat 4 nese motiv diketonu, zatimco konjugat 3 nese monoketonovou skupinu.
Diketon v tomto piipadé je vice potentni pro tvorbu kovalentni vazby, coz jsme pozorovali
na pomérn¢ vys$sim signalu fluorescence zbandu detekovaného u vzorku oSetieného

konjugatem 4.

Druhou skupinou testovanou v této ¢asti prace bylo Sest derivati BA a BT znafenych
BODIPY s modrou fluorescenci, které do této doby v tomto kontextu nebyly pouzity. Jejich
potencialni pfinos byl zminén jiz v ivodu této kapitoly. Jako kontrolni vzorky byly pouZzity
barviva BODIPY-NH; a BODIPY-CO2H spolu s prekurzorem BODIPY-SMe. Struktury téchto
sloucenin jsou uvedeny na obrazcich 12 a 13. Kratka inkubace (1 h) s fluorescen¢nimi
konjugaty (10 uM) ukazala lokalizaci konjugata 11 a 16 v Zzivych bunkach (obrazek 14).
Konjugat 11 ma ve své struktuie fluorofor pfipojeny ke karboxylové skuping v poloze C-28,
takZe je vice podobny plivodni struktufe BA a ma nizkou cytotoxicitu (blizko volné BA).
Naopak konjugat 16 obsahuje amin v poloze C-28 a fluorofor je ptipojen k hydroxylové skupiné
v poloze C-3, jeho cytotoxicita je vyssi nez u konjugatu 11. Data z testu cytotoxicity nejsou
soucasti této prace, ale jsou publikovana v Kodr a kol. 2021 (Ptiloha 2).
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Kromé ovlivnéni cytotoxicity mize byt tato amino skupina pouzita pro intracelularni cileni
na mitochondrie, jak bylo popsano v ptedchozich vyzkumnych pracich.”> Pro ovéfeni jsme
provedli kolokalizaéni experimenty (obrézek 15), kde jsme byli schopni oba konjugaty 11 a 16
témét dokonale kolokalizovat s endoplazmatickym retikulem a mitochondriemi, coz je
v souladu s piedchozimi pracemi, véetné vySe uvedené, ukazujicimi interakci s procesy a
proteiny lokalizovanymi v téchto organelach.84°%%2 ProtoZe lokalizace obou sloucenin je
podobna, je pravdépodobné, ze piimy cil zstal nezménén, ale G¢inek konjugatu 16 byl zesilen
pfitomnosti volné aminové skupiny v molekule. Lokalizace sloucenin v kompartmentech
bohatych na lipidy (mitochondrie, endoplazmatické retikulum) muze byt také vysvétlena

polarnim charakterem BA a jeho analogi.®

Celkem bylo studovano 13 fluorescen¢nich derivata BA a 2 fluorescen¢ni derivaty BT.
Jejich biologické vlastnosti byly zavislé jak na vychozi struktufe, tak na pouzitém linkeru
pro konjugaci s BODIPY znackou. Nejlepsi vysledky byly dosazeny znacenim molekuly
triterpenu na pozicich C3 nebo C28, ¢imz byla allylova funkéni skupina zachovana volna pro
vazbu. Zavedeni amino skupiny se ukéazalo jako velmi G¢inné pro zvySeni biologické aktivity.
Bunééné cile testovanych fluorescenénich derivata byly lokalizovany v endoplasmatickém
retikulu, mitochondriich a c¢asteéné v Golgiho aparatu. Tato ¢ast prace popisuje prvni
publikované spojeni triterpenti s BODIPY barvivem a také prvni spojeni s modrym BODIPY

barvivem.
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4, Lokalizace buné¢nych cilii a monitorovani uvolfiovani aktivni latky
z konjugati kyseliny 3-hydroxy-chinolinové s aminoBODIPY .
4.1. Uvod

Schopnost lokalizovat a monitorovat 1€¢ivo v biologickém systému, vCetné jeho bunécné
penetrace a nasledného uvolnéni aktivni latky, je jednim z kliCovych krokl ve vyvoji novych
transportnich 1ékovych systémui (drug delivery systém, DDS).%* Nejéastéji vyuzivanou metodou
jsou fluorescencni techniky s pouzitim rGznych barviv (kumariny, cyaniny, atd). Velmi ¢asto
jsou pouzivana k témto ucelim BODIPY barviva s celkovym neutrdlnim nébojem, jejichz
optické vlastnosti lze fidit derivatizaci, jak jiz bylo zminéno diive. Optické zobrazovaci metody
Casto vyuzivaji aktivovatelné sondy, jejichz signél se zesiluje v pfitomnosti biomarkeru, nebo
v dusledku specifickych molekularnich udalosti. Tento jev je zadsadni pro OFF-ON nebo ON-
OFF systémy pouZivané v rliznych experimentalnich nebo i diagnostickych aplikacich.”>’
Nejvétsi vyhoda téchto fluorescenénich systémil je potom méfeni poméru signal@®®*°, kdy
pii jedné excitacni vlnové délce jsou dosazena dvé emisni maxima, nebo dvé excitacni vinové
délky maji jeden emisni vrchol. Takové systémy piekonavaji nékteré nevyhody jednoduchych
intenziometrickych systémt, predevsim tedy faleSnou odezvu zpisobenou kolisdnim mistni
koncentrace sondy, rozptylem svétla matrici vzorku, nebo mikroprostfedim sondy. Tyto sondy
najdou i uplatnéni v oboru teranostiky, ktera kombinuje terapeutické a diagnostické techniky

do jediného integrovaného pristupu.'®

Glutathion (y-glutamyl-cysteinyl-glycin) je nizkomolekularni cystein obsahujici thiol, jde
o nejcastéji vyskytujici se thiol v buiikach, kde ma klicovou roli jako bunéény antioxidant.
Glutathion se vyskytuje ve své redukované (GSH) nebo oxidované formé a pomér GSH k jeho
oxidované forme je dilezitym indikatorem bunécného redoxniho stavu, urcujiciho antioxidaéni
kapacitu bunék.!”! Zmény syntézy, metabolismu a homeostazy GSH jsou spojeny s mnoha
nemocemi: nedostatek GSH miiZe vést naptiklad k progresi Parkinsonovy choroby, imunitnim
dysfunkcim, onemocnéni jater a cystické fibroze'%?, zatimco zvysené hladiny GSH se nachézeji
u mnoha typti rakoviny, a mohou ovlivnit rezistenci na radia¢ni terapii nebo chemoterapii.'®
Hladina GSH u né¢kterych nadortt (0,5 —10 mM) je 10ndsobnd ve srovnani s normalnimi
buiikami'™, ¢ehoz lze vyuzit jako intracelularnich stimuli pro uvolnéni aktivni latky z DDS
nebo teranostik, které ve struktufe obsahuji disulfidovy linker. Pfes to, ze n€kolik teranostik
obsahujicich motiv disulfidu, bylo v poslednich letech zavedeno pro monitorovani uvoliovani

105-108

aktivni latky pomoci fluorescence , jen nékolik jich umoziovalo sledovani pomért
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signalt.!%®!% Tyto zavedené ratiometrické systémy s OFF-ON efektem reaguji na pfitomnost
GSH a jsou zaloZeny na principu jedné excitace a dvou emisich pti riznych podminkach. Jejich
nevyhodou je vyuziti FRET pfenosu mezi kampotecinem (1é¢ivo) a fluorescencnim barvivem.
Takovy systém tedy postradd obecnou aplikaci pro 1é¢iva bez ohledu na jejich fluorescencni

vlastnosti.

Jeden z nejucinnéjsich ptistupd, jak selektivng cilit 1é¢ivo do vybranych bunék, je zalozen
na interakci konjugitu Iéku a ligandu, se schopnosti cilit na specificky membranovy
receptor.'!'!® Jako moZny receptor, potom miZe slouzit heterodimerni transmembranovy
receptor integrin a,P3'!', ktery je vysoce exprimovan v aktivovanych endotelidlnich buiikach,
ale chybi v klidovych endotelidlnich bunkach, coz ¢ini tento receptor vhodnym cilem

115

pro antiangiogenni terapii. ° Krom¢ toho byla nadmérnd exprese integrinu oyfB3 popsana

18

v nadorovych buiikach karcinomu tlustého stieva''® slinivky bfisni'!”, prsu''® a plic!!?,

u melanomu'?°

a mozkovych tumord.'?! Integriny owfs reaguji s peptidovym motivem RGD
(arginin-glycin-asparagin) zejména v jeho cycklick¢ formé (cRGD), coz vede k aktivni
internalizaci RGD/cRGD (zobrazeno na obrazku 19).!"> Cyklické RGD peptidy konjugované
s chemoterapeutickymi 1é¢ivy, jako je doxorubicin'??, kamptotecin!?® a paklitaxel'** ukédzaly, Ze
dosahuji zlepSenych terapeutickych ucinkd in vitro stejné jako invivo ve srovnani
s odpovidajicimi volnymi 1éky. Konjugat s cilengitidem a cRGD byl testovan v klinické studii

zaméiené na terapii glioblastomu.'?®

Specifickd odezva DDS v pfitomnosti vybraného biomarkeru, zplsobujicitho nasledné
uvolnéni 1é¢iva, umoziuje vyuziti konjugatl jako moznych teranostik.'’ Vyznam téchto
konjugati pro terapii je dobie popsan v nékolika publikovanych piehledovych ¢lancich.'?71%
Jak jiz bylo zminéno vySe, pfestoze se vizualizace béZn€ provadi pomoci fluorescence, tato
technika obvykle zavisi na intenziometrické nebo pomérové odezvé fluorescence z 1€k, jako
je kamptotecin'® nebo doxorubicin.!'’ V této praci testované a diskutované konjugéty obsahuji
univerzalni a jednoduché fluorescenéni barvivo aminoBODIPY, které umoZiuje sledovani
vstupu konjugéitu do buiiky a poté uvoliiovani 1é¢iva. Jako modelova 1éciva byly vybrany
derivaty 2-fenyl-3-hydroxy-4(1H)-chinolinonu (3HQ), zndmé pro svou protinadorovou

aktivitu.130
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Obréazek 19: Integrin avBs reagujici s RGD peptidem, ktery nese konjugat DDS.
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4.2.  Material a metody

Pro testovani jsme pouzili bunécnou linii HeLa odvozenou od karcinomu délozniho ¢ipku
a zakoupenou z ATCC. Bunééna linie byla udrzovana v TPP 75 cm? tkanovych kultivaénich
lahvich a kultivovana v Eaglové minimalnim kultivaénim médiu s 10% fetalnim telecim sérem,
za standartnich kultiva¢nich podminek pti 37 °C a 5% CO». Bunééné suspenze byly pfipraveny
podle instrukci ATCC pro subkultivaci. VSechny testované latky byly rozpustény v 100%
roztoku DMSO, skladovany byly v monitorovanych podminkach chemické knihovny UMTM
a byl u nich proveden MTS test cytotoxicity.

Seznam pouzitych chemikalii a roztoka:

Glutathion, redukovana forma (GSH) (kat. ¢. G4251-10G, SIGMA ALDRICH)
Glutathion etyl ester (GSHOET) (kat. ¢. G1404-100MG, SIGMA ALDRICH)
Hoechst 33342 (kat. ¢. H21492, INVITROGEN)

N-ethylmaleimid (NEM) (kat. & 04259-25G, SIGMA ALDRICH)

Postup prace pfi mikroskopii Zivych bunék osetfenvch 3HQ-aminoBODIPY konjugaty 17-19

Burky HeLa (3000 bunék v objemu 30 ul v jamce) byly nasazeny do 384jamkové desticky
CellCarrier (PerkinElmer, USA) a byly inkubovany po dobu 24 hodin pii 37 °C a 5% CO>
pro adherenci bun¢k. Buniky byly pied samotnym oSetfenim latkami preinkubovéany s 20 mM
GSH po dobu 2 hodin, pficemz poslednich 20 minut byla jadra nabarvena fluorescenc¢nim
barvivem Hoechst v koncentraci 1,62 puM. Dale byly obarvené buiiky oplachnuty cerstvym
médiem a oSetieny testovanymi latkami v koncentraci 10 uM pomoci Echo®550 liquid handler
(Labcyte, USA) po dobu 2 min a oplachnuty znovu Cerstvym médiem. Zobrazovani zivych
bungk bylo provedeno pomoci konfokalniho mikroskopu Cell Voyager CVV7000 (Yokogawa,
Japonsko) pii 37 °C v atmosféfe 5% CO,. VSechny mikroskopické snimky byly potizeny
za vyuziti objektivu 40x s vodni imerzi a nasledné zpracovany, vcetné odeéteni pozadi a
dekonvoluce pomoci softwaru Image J. Kvantifikace intenzity fluorescence byla provedena
v programu Columbus (PerkinElmer), intenzita byla pocitana jako median fluorescen¢niho
signalu v jamce dvou technickych opakovani pocitanych v celkem 40 mikroskopickych polich

neupravenych snimki pro jednu variantu experimentu.
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Postup prace pfi mikroskopii Zivych bunék o$etfenvch 3HQ-aminoBODIPY konjugéaty 20-21

Burky HeLa (10 000 bun¢k v objemu 100 pl v jamce) byly nasazeny do 96jamkové desticky
CellCarrier (PerkinElmer, USA) a byly inkubovany po dobu 24 hodin pii 37 °C a 5% CO>
pro adherenci bunék. V prvni skupiné byly buiky, pfed samotnym oSetfenim latkami,
preinkubovéany s 1 mM NEM po dobu 30 min, poté oplachnuty ¢erstvym médiem a inkubovany
s testovanymi slouc¢eninami (50 uM) po dobu 1 hod a znovu proplédchnuty cerstvym médiem.
Druha skupina bunék byla pouze inkubovana s testovanymi latkami (50 M) po dobu 1 hodiny
a oplachnuta Cerstvym médiem. Tteti skupina bunék byla inkubovana s testovanymi latkami
(50 uM) po dobu 1 hodiny a poté oplachnuta ¢erstvym médiem s 20 mM GSHOEt. Zobrazovani
zivych bun€k bylo provedeno pomoci mikroskopu Cell Voyager CV7000 (YYokogawa,
Japonsko) pii 37 °C v atmosféie 5% CO2. Zivé buiiky byly mikroskopovany objektivem 60x
s vodni imerzi v ¢ase 0 a 2 h. Snimky byly pofizeny po excitaci laserem pii 488 nm a nasledné
emisi BP 515/30 a BP 595/20. Vsechny snimky byly nasledné zpracovany, vcetné odecteni
pozadi a dekonvoluce pomoci softwaru Image J. Kvantifikace intenzity fluorescence byla
provedena v programu Columbus (PerkinElmer) jako median intenzity v jamce dvou
technickych opakovani pocitanych v celkem 40 mikroskopickych polich neupravenych snimka

na variantu experimentu.

Postup price pii intraceluldrnim $tépeni konjugdtu 20 glutathionem a sledovani jeho

fluorescence

Buniky HeLa (10 000 bunék v objemu 100 pl v jamce) byly nasazeny do 96jamkové desticky
CellCarrier (PerkinElmer, USA) a byly inkubovany pro adherenci bunék po dobu 24 hodin
pii 37 °C a 5% CO,. V prvni skupin¢ byly buiky, pfed samotnym oSetfenim latkami,
preinkubovany s 1 mM NEM po dobu 30 min, poté oplachnuty cerstvym médiem a inkubovany
s testovanymi slouc¢eninami (50 uM) po dobu 1 hod a znovu proplachnuty Cerstvym médiem.
Druha skupina bunék byla pouze inkubovana s testovanymi latkami (50 uM) po dobu 1 hod a
oplachnuta Cerstvym médiem. Tieti skupina bun¢k byla inkubovana s testovanymi latkami
(50 uM) po dobu 1 hod a poté oplachnuta Cerstvym médiem s 20 mM GSHOEt. Intenzita

fluorescence byla méfena pomoci EnSpire spektrofotometru (PerkinElmer, USA) se dvéma
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odeCty pro kazdy casovy bod a kazdou variantu experimentu, nejdiive excitace pii 480 nm a

emise pii 530 nm a poté excitace pii 510 nm a emise pii 530 nm.

Postup prace pii kompetitivnim vazebném testu s volnym cRGD

Bunky HeLa (10 000 bunék v objemu 100 pl v jamce) byly nasazeny do 96jamkové desticky
CellCarrier (PerkinElmer, USA) a byly inkubovany pro adherenci bun¢k po dobu 24 hodin
pti 37 °C a 5% COs,. Buiiky byly preinkubovany s volnym cRGD peptidem v koncentraci 10—
100 uM po dobu 30 min pied oSetienim testovanymi latkami. Poté bylo odpipetovano médium
a bunky byly oSetfeny testovanymi latkami (10 pM) po dobu 10 minut. Bunky byly dale
promyty Cerstvym médiem a intenzita emise fluorescence byla méfena pomoci EnSpire

spektrofotometru (PerkinElmer, USA) s nastavenim excitace pti 480 nm a emise pii 530 nm.
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4.3. Vysledky

Derivaty 3HQ konjugované s aminoBODIPY — vysledky publikované v Porubsky a kol. 2019
(Ptiloha 4) a Porubsky a kol. 2021 (Ptiloha 5).

Ke studiu moznosti sledovani uvoliiovani 1é¢iva byly pouzity slou¢eniny 17-19 ze skupiny
derivati 3HQ. Struktura téchto modelovych konjugati a mechanismus uvoliiovani aktivni latky
je uveden na obréazku 20. Uvolnovani aktivni latky uvnité bunék 1ze teoreticky sledovat pomoci
OFF-ON efektu fluorescen¢ni mikroskopii. Toto bylo ovéfeno na buné¢né linii HeLa, kdy bylo
sledovéano uvoliovani aktivni latky pfi pfirozené hladiné GSH a také pii preinkubaci bun¢k
s 20 mM GSH. Detekovana byla fluorescence aminoBODIPY barviva v zeleném kanalu
Vv ¢asovém intervalu 5-120 minut. Mikroskopické snimky jsou uvedeny na obrazku 21.

Kvantifikace detekovanych fluorescen¢nich intenzit je uvedena na obrazku 22.

Dale bylo testovano uvolfiovani 1é¢iva z modelovych konjugata 20-21. Konjugat 20 ma
ve sv¢ struktuie obsazenou aktivni latku 3HQ, cRGD peptid odpoveédny za specifickou vazbu
na integriny a aminoBODIPY, které slouzi k monitorovani $tépeni. Konjugat 21 se skladal
z aktivni latky 3HQ, aminoBODIPY barviva, které Ize detekovat samostatné, nebo slouzi jako
FRET darce a cerveného BODIPY, které funguje jako FRET akceptor. Struktura téchto
modelovych konjugati a mechanismus uvoliiovani aktivni latky je uveden na obrazku 23. Oba
konjugaty byly testovany na bunééné linii HeLa pro uvoltiovani aktivni latky, a tudiz detekci
fluorescen¢niho signédlu. Fluorescencni mikroskopii byla detekovana mira intenzity
fluorescence pro samotné konjugaty a varianty v kombinaci s NEM a GSHoEt. Mikroskopické
snimky a kvantifikace detekovanych fluorescen¢nich intenzit pro konjugat 20 jsou uvedeny
na obrazku 24 a pro konjugét 21 na obrazku 26. Uvoliovani aktivni latky uvnité bunék lze
teoreticky také sledovat pomoci OFF-ON efektu, coz jsme otestovali monitorovanim v realném
¢ase pomoci fluorescenéniho spektrofotometru. Data naméfena pro konjugat 20 jsou uvedena
na obrazku 25A. Déle byl proveden kompetitivni vazebny test s volnym cRGD peptidem,
pro ovéfeni vlivu této Casti struktury konjugatu 20 na vstup do buiiky, vysledky jsou zobrazeny
na obrazku 25B pro ¢as 0 a 2 hod a koncentraci volného cRGD 10-100 puM.
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Obrazek 20: Molekularni struktury konjugati 3HQ-BODIPY 17-19 a mechanismus

uvolnéni aktivni latky z konjugati po plsobeni glutathionu.
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Obréazek 21: Bunécna linie Hela oSetiena testovanymi konjugaty 17-19. Buiky byly
oSetfeny 10 pM latkami po dobu 2 min a poté oplachnuty Cerstvym médiem. Pfipadna
preinkubace s GSH (20 mM, 2 h) je uvedena u kazdého panelu, kde - znac¢i bez preinkubace a
+znaéi s preinkubaci. Jadra byla nabarvena fluorescenénim barvivem Hoechst.
Zobrazeni objektivem 40x (méfitko 50 wm), modry kanal = Ex 405 nm, Em BP 445/45 nm,
zeleny kanal = Ex 488 nm, Em BP 515/30 nm.

50



- 17 GSH+17 - 18 GSH+18
800 1000+
600 800+
) . 600
o 400 o
/ 400+
200 2004
] 1 I I I 1 0 1 I I I 1
0b 30 60 90 120 05 30 60 90 120
¢as (min) cas (min)
- 19 GSH+19
7004 25—
650
204 = 17
600 _ =1 18
W 1.5
— = 19
o 550 E
500- g 1.07
450 0.5+
4001 T T T 1 0.0
05 30 60 90 120 17 18 19
¢as (min)

Obréazek 22: A-C - Kvantifikace intenzit fluorescence mikroskopickych snimku
testovanych konjugatd 17-19 lokalizovanych v bunééné linii HeLa. Kvantifikace byla
provedena ze snimki na obrazku 20. D — Pomér intenzity fluorescence testovanych konjugatii
17-19 detekované v preinkubovanych bunkach s GSH vi¢i intenzité fluorescence detekované
Vv bunikach s jejich ptirozenou hladinou GSH. Pomér byl vypocitan v €ase 2 h, pro 3 biologicka

opakovani.
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aktivni aktivni
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Obrazek 23: A — Molekularni struktury konjugatt 3HQ-BODIPY 20-21.
B — Mechanismus uvolnéni aktivni latky z konjugatu 20 po pusobeni glutathionu.

C — Mechanismus uvolnéni aktivni latky z konjugatu 21 po ptisobeni glutathionu.
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Obréazek 24: Bunécna linie HeLa oSetiena testovanym konjugatem 20. ¥
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A A — Bunky byly preinkubovany s NEM (1 mM, 30 min) a poté oSetieny 50 UM
koncentraci latky po dobu 1 hod a poté oplachnuty ¢erstvym médiem. B — Buriky byly oSetfeny
50 uM koncentraci latky po dobu 1 hod a poté oplachnuty Cerstvym médiem. C — Buiiky byly
oSetieny 50 UM koncentraci latky po dobu 1 hod a poté oplachnuty Cerstvym médiem s 20 mM
GSHoEt. Zobrazeni objektivem 60% (méfitko 50 pm), zeleny kandl = Ex 488 nm, Em BP
515/30 nm. D — Kvantifikace intenzity fluorescence byla provedena pro celkem 3 biologické

replikaty, v ¢ase 0 a 2 h pro dané varianty experimentu.
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Obréazek 25: A — Pomér intenzit fluorescenci detekovanych pii Ex=480 nm, Em= 530 nm
a Ex=510 nm, Em= 530 nm pro konjugat 20 detekovany v buné¢né linii HeLa (¢erna, modra a
zelena kiivka) a pfipadné v samotném médiu (Cervena kiivka). B — Kompetitivni vazebny test
s cRGD. Buniky HeLa byly preinkubovany s volnym cRGD peptidem (0—100 uM, 30 min) poté
byly oSetfeny konjugatem 20 (10 uM, 10 min). Buniky byly dale promyty ¢erstvym médiem a
byla zméfena intenzita fluorescence pii Ex= 480 nm a Em= 530 nm. Oba experimenty byly

provedeny ve tiech biologickych replikatech.
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Obréazek 26: Bunécna linie HeLa oSetiena testovanym konjugatem 21. ¥



A A — Bunky byly preinkubovany s NEM (1 mM, 30 min) a poté oSetieny 50 UM
koncentraci latky po dobu 1 hod a poté oplachnuty ¢erstvym médiem. B — Buriky byly oSetfeny
50 UM latkami po dobu 1 hod a poté oplachnuty Cerstvym médiem. C — Buiky byly oSetfeny
50 uM koncentraci latky po dobu 1 hod a poté oplachnuty ¢erstvym médiem s 20 mM GSHOoEt.
Zobrazeni objektivem 60x (méfitko 50 pm), zeleny kanal = Ex 488 nm, Em BP 515/30 nm,
Cerveny kanal = Ex 488 nm, Em BP 595/200 nm. D — Kvantifikace intenzity fluorescence byla

provedena pro celkem 3 biologické replikaty, v ¢ase 0 a 2 h a pro dané varianty experimentu.

56



4.4. Diskuze

Tato cast prace sleduje bunéénou lokalizaci a poté uvoliiovani aktivni latky z celkem péti
konjugatd 3HQ-aminoBODIPY. Tento systém zahrnuje ,,sebedestruk¢ni disulfidovy linker
spojujici aktivni latku uréenou K uvolnéni a fluorescenéni barvivo. Design je inspirovan
predchozi studii Jain a kol. 2013.1%! Disulfidova vazba plisobi jako spinag, spousti tedy
uvoliovani lé¢iva a aminoBODIPY v pfitomnosti thiold, zejména GSH. Konjugaty 17-21
(struktury na obrazcich 20 a 23) byly charakterizovany z hlediska excita¢nich maxim, intenzity
emise a kvantovych vybézki. Byl ovéfen OFF-ON efekt v n€kolika roztocich a vliv polarity
rozpoustédla na tento efekt. Schopnost disulfidového linkeru uvoliiovat jak aminoBODIPY,, tak
i modelové lé¢ivo v piitomnosti GSH, byla potvrzena pomoci LC/MS. Data mapujici tuto
charakterizaci nejsou soucasti této prace, ale byla publikovana v Porubsky a kol. 2019
(Ptiloha 4) a Porubsky a kol. 2021 (Ptiloha 5).

Uvolnovani 1é¢iva uvnité bunék bylo monitorovano pomoci OFF-ON efektu za pomoci
fluorescenéni mikroskopie. Pro ovéteni toho principu byly buniky HeLa lokalizovany barvenim
jader barvivem Hoechst a poté oSetfeny konjugaty 17-19. Snimky z fluorescen¢ni mikroskopie
zivych bun€k jsou na obrazku 21. Detekce fluorescence v zeleném kanélu v dasledku
uvolfiovani aminoBODIPY a odpovidajici aktivni latky, byla pozorovana Casové zavislym
zpisobem. VSechny testované konjugaty se po kratké inkubaci (10 uM, 10 min) nachazely
Vv cytoplazmatickém prostoru (mimo jadro), pficemzZ charakter barveni byl diflizni, s Casto
detekovanymi agregaty. NejlepSich vysledkli dosahoval konjugat 17, jehoZz fluorescence
detekovana v ¢ase 5 min a pfi nativnich podminkach byla minimalni, zatim co rostla v ¢ase a
také nartstala pii zvySeni hladiny GSH, coZ Ize pozorovat na obrazcich 21 a 22A. Konjugéat 18
vykazoval zménu intenzity fluorescence s rostoucim Casem inkubace, nicméné rozdil
mezi §tépenim v nativnich podminkach a po zvyseni hladiny GSH byl nizky, coz je ziejmé
na obrazcich 21 a 22B. Posledni testovany konjugat 19 vykazoval métitelnou zménu intenzity
fluorescence, nicméné byl detekovan nulovy rozdil mezi $tépenim konjugatu v nativnich
podminkach a pti zvySeni hladiny GSH., jak je moZzné pozorovat na obrazcich 21 a 22C.
Z kvantifikované intenzity fluorescence byl vypocitan také pomér intenzity detekované
pro Stépeni konjugatu pii zvysené hladiné GSH k intenzité detekované pii nativni koncentraci
GSH, coz je uvedeno na obrazku 22D. Vypocitany pomér potvrzuje predeslé tvrzeni, Ze pouze
konjugat 17 vykazuje nasobny rozdil fluorescence v ¢ase 2 hodiny. Z tohoto pohledu se tedy

jevi linker, ktery je ve struktufe konjugatu 17 a obsahuje amino skupinu ve §tépitelném misté
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jako 1épe G¢inny nez linkery obsahujici hydroxyskupinu (konjugat 18) nebo thiolovou skupinu
(konjugat 19).

V dalsich experimentech byl ovéien koncept dvou konjugathi se schopnosti detekce Stépeni
V realném Case pomoci méfitelné fluorescence aminoBODIPY. Konjugat 20 obsahuje ve své
struktute c(RGDfK) motiv pro specifické cileni na integrinové receptory ovfps. Konjugat 21 ma
ve své sktruktute ,,redBODIPY* pro monitorovani $tépeni konjugatu prostiednictvim FRET.
Systém umoziuje pomérovou odezvu zalozenou na méfeni intenzity emise pfi dvou riiznych
vinovych délkach excitace (konjugat 20) nebo intenzit dvou vinovych délek emise po jedné
excitaci (konjugat 21). Struktury obou konjugati jsou zobrazeny na obrazku 23. Buné¢na linie
HeLa byla oSetiena obéma konjugaty za tii riznych podminkach. Nejprve byly buiiky HelLa
preinkubovany s NEM pro inhibici celkové thiolové aktivity, dale byly buiiky bez predchozi
inkubace oSetfeny obéma konjugity. Posledni varianta experimentu byla, kdy po oSetieni
konjugaty byla v bunkach Hela zvySena hladina glutathionu pomoci GSHoEt. Snimky
z fluorescen¢ni mikroskopie zivych bunék pro konjugat 20 jsou na obrazku 22 a pro konjugat
21 na obrazku 26. Bohuzel, konjugat 21 nevykazoval zadnou miru FRET fluorescence
detekovanou fluorescen¢ni mikroskopii, a proto nebyl dale experimentalné testovan. Lokalizace
konjugatu 20 se lisila v zavislosti na Case a varianté experimentu. V ¢ase 5 minut byly
pozorovany agregaty soustfedéné kolem oblasti jadra a s pozdéj$im ¢asem se distribuce zménila

na vice difazni profil se sitovitym vzorem barveni.

Ziskané snimky HeLa buné¢k preinkubovanych s NEM ukazuji, Ze na§ modelovy konjugat
20 emituje fluorescen¢ni signal v zeleném kanalu na zacatku experimentu a po 2 hodinéch s
nezménénou intenzitou (obrazek 24A a D). Tento fakt odpovida piedpokladu, ze NEM vy¢erpa
aktivni thioly v bunkach, takZe konjugat 20 neni Stépen, a jsou pozorovany zadné nebo
zanedbatelné zmény intenzity fluorescence. Dale byla pozorovana pozménéna distribuce
konjugatu 20 uvnitf bunék oSetfenych NEM. Pravdépodobné lze toto chovani vysvétlit
skute¢nosti, ze SH skupiny hraji klicovou roli v regulaci propustnosti transmembranovych péru,
navic NEM je membranové permeabilni alkyla¢ni ¢inidlo a jeho vazba na cysteinové zbytky
muze ovlivnit pory v membréndch. Bylo publikovano, Ze vysokeé koncentrace NEM (0,5-

1,0 mM) vyvolavaji otevieni porti v membranach. 32133

Bunky HelLa bez pfedchozi tpravy NEM inkubované s konjugatem 20 ukazaly zvySeni
fluorescence po 2 hodinach (obréazek 24B, D), protoze konjugat byl $tépen nativnim GSH
na aminoBODIPY uvolnéné spolu s aktivni latkou. Navic intenzita emisi byla vyrazné zesilena,
kdyz byly bunky osetfeny GSHOEt (obrazek 24C, D), coz vedlo k uvoliiéni vyznamné vétsiho
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mnozstvi aminoBODIPY, stejné jako aktivni latky. Uvolnovani 1é¢iva tak muze byt snadno
detekované OFF-ON efektem, coz bylo potvrzeno experimenty s monitorovanim S$tépeni
Vv realném case pomoci fluorescenéni spektrofotometrie (obrézek 25A). Déle bylo potvrzeno,
ze konjugat 20 sc(RGDfK) ve struktufe pronikd do bun€k prostiednictvim interakce
s integrinovymi receptory. Toto bylo prokazano pii kompetitivnim vazebném testu s volnym
CRGD peptidem (obrazek 25B). Detekce snizené fluorescence pii preinkubaci s vyS$imi
koncentracemi cRGD peptidu naznacovaly, ze vazebna mista na integrinu ovfp3 byly obsazeny
volnymi cRGD. Toto v podstaté vede ke snizeni bunétného piijmu konjugatu 20. Preinkubace

s 100 uM cRGD vedla ke snizeni buné¢ného piijmu konjugatu 20 0 53 %.

Ve vSech péti testovanych konjugatech byly pouzity derivaty 3HQ jako modelové
protinadorové 1é¢ivo, ale tyto derivaty vykazuji §patnou rozpustnost ve vodé a ¢asto zpusobuji
toxicitu i normalnim zdravym buiikam.**4***® Obecné, tyto nové vyvinuté konjugaty by mohly
zlepsit fyzikalné-chemické vlastnosti, selektivitu vac¢i nddorovym bunkam a farmakologické
vlastnosti problematickych latek. Zavedeni aminoBODIPY, jako fluoroforu pro reportérové
systémy slouzici k monitorovani uvoliiovani 1€¢iv pfi reakei na pritomnost zvySené koncentrace
thiolt, by mohlo vést k vytvoreni teranostik vhodnych pro studium v oboru personalizované
mediciny.!3® Tento p¥istup by mohlo byt dale vylepsen pouzitim specifickych motivii pro cileni

na konkrétni proteiny, jako je nami publikovany systém cRGD a receptor pro integrin.
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5. Prokazani proveditelnosti vysokokapacitni fenotypové testovaci
metody zaloZené na mikroskopii fazového kontrastu a analyze dat pomoci

konvolué¢ni neuralni sité

51. Uvod

Jak jiz bylo zminéno na zacatku této prace, jednim z ptistupt, jak identifikovat molekuldrni
cile biologicky aktivnich latek je fenotypové testovani. Vyhodnoceni tohoto pfistupu probiha
na principu pozorovatelnych a méfitelnych zménach fenotypu nebo bunécného chovani.
Fenotypové testovani Casto zaCind vybérem vhodného bunééného modelu a testovaciho
systému. VéEtsinou jsou potom bunky vystaveny knihovné malych molekul, ptirodnich produktt
nebo jinych aktivnich latek. Dochazi k pozorovani a méfeni zmén jejich fenotypu, véetné zmény
bunécné morfologie, rastu, expresnich paternti, nebo piitomnosti specifickych markera.
Takovymi markery jsou mysleny zejména agregaty, faktory dokazujici bunény stres nebo
doprovazejici bunéénou smrt. Latka, kterd vyvold pozadované anebo zajimavé zmeény je

povazovana za tzv. ,hit“. Hity jsou potom dale validovany, az vedou k selekci kandidatni

molekuly.*3’
>
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Obrazek 27: Ptiklady moznych schémat fenotypového testovani.
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Velkymi vyhodami oproti béznym piistuptim jsou pokryti komplexnich biologickych dé&ji,
objeveni novych cili (vCetné¢ kompletnich bunéénych drah) a identifikace poly-
farmakologickych latek. Na rozdil od testovacich metod zalozenych na cileni vybraného a dobie
definované¢ho molekularniho cile (,,targed-based screening®) dochazi k posouzeni celkového
vlivu latek na bunécné funkce, morfologii a chovani. V tomto nastaveni jsou mozné rizné typy
testovani, a to od knihoven malych molekul, pies protilatky po siRNA a CISPR/dCas9
knihovny. Velikost takovych testi se muze také znac¢né lisit, mohou byt zapojeny HTS

platformy nebo se uplatiiuje vybér vstupni knihovny zaloZeny na hypotézach.3®

Pii zapojeni HTS platformy sledujeme/detekujeme G¢inek velkého souboru potencionalnich
slou¢enin (knihoven) a testy probihaji v miniaturizovanych podminkach a automatickych
modech. Cilem je otestovat knihovny za co nejkratsi mozny €as. NejrychlejSim a nejméné
invazivnim zpisobem hodnoceni stavu bun¢k je automatickd mikroskopie. Cely proces muze
byt robotizovan a produkovat obrovské mnozstvi mikroskopickych obrazi bunék ovlivnénych
konkrétnimi latkami v riznych ¢asovych bodech. Stavajici metody jsou obvykle zalozeny
na fluorescen¢ni mikroskopii, ktera poskytuje velmi piehledné snimky (zejména bunéénych
jader), které lze snadno segmentovat a vyhodnocovat automaticky pomoci relativné

jednoduchych metod.*3®

Nejrozsitengjs$i fenotypovou HTS metodou je ,,Cell Painting” vyvinuty vyzkumnou
skupinou Anne Carpenter vroce 2016. Tato metoda zahrnuje barveni bunék kombinaci
fluorescencnich barviv pro zachyceni detailnich informaci o riznych bunécnych strukturach a
procesech. Takovy multiparametricky pfistup poskytuje holisticky pohled na morfologii a
funkci buiky. Po oSetfeni bunék latkami, nasleduje jejich fixovani a obarveni. V originalnim
znéni dochazi k obarveni jadra a jadérka, cytoskeletu, endoplazmatického retikula, Golgiho
aparatu, mitochondrii a plazmatické membrany, toto ale mize byt upraveno podle konkrétnich
pozadavku na testovani. Na ziskanych snimcich se provadi vypoletni analyza, aby se
extrahovala kvantitativni data o mnoha bunéénych rysech. Vystupem je sestaveni pomyslnych
otiskt prsti testovanych latek, tedy jejich profilt, které se dale porovnavaji s profily ziskanymi

testovanim standard@ nebo latek s pozadovanymi vlastnostmi.?*

Nevyhodami této metody miZze byt naro¢nost standardizace, tedy zajiSténi
reprodukovatelnosti jak v barveni, tak v nasledném snimkovani. Navic pouziti barviv zvySuje
naklady a dobu zpracovani a soucasné lze pouzit pouze omezenou kombinaci barviv.1*° Jako
alternativu Kk fluorescenéni mikroskopii mizeme pouzit mikroskopii digitalniho fazového

kontrastu (digital phase contrast, DPC), ktera nepoSkozuje buiikky a snimky muzeme ziskat

61



mnohem snadnéji a rychleji. Analyza téchto obrazii je vSak vice naro¢nd na segmentaci a dalsi
analyzu kvuli slozitosti vzhledu bun¢k a ¢astému vyskytu artefaktd. Proto se pii ni uplatni

rozvoj strojového uéeni a umélé inteligence (artificial intelligence, Al).14

Klasické piistupy obvykle za¢inaji segmentaci jednotlivych bunék a hodnoceni zejména
tvarovych znakti, které popisuji bunécnou morfologii, tedy soucast bunéného fenotypu.
Posledni krok zahrnuje strojové uceni pro klasifikaci zaloZzenou na funkcich nebo shlukovani.
Takové procesy lze implementovat pomoci otevieného softwaru, jako je napiiklad

142 1cy'#3, CellProfiler’** a EBImage.'* Pozdgji se objevily metody hlubokého

Imagel/Fiji
uceni, které kombinuji funkce extrakce a klasifikace pro jednobunéénou analyzu.*® Tyto
metody jsou obvykle zaloZzeny na dobfe znamych architekturdich neuronovych siti
Z pocitadového vidéni pro segmentaci obrazu, naptiklad U-Net'*’ a klasifikaci, naptiklad

ResNet. 148

Konvolu¢ni neuronové sité¢ (CNN nebo ConvNets) jsou tiidou hlubokych neuronovych siti,
které jsou zvlasté u¢inné v oblastech, jako je pocitatové vidéni a zpracovani obrazu.*® Byly
isp&sné napiiklad v ukolech rozpoznavani obrazu, detekce objektéi a generovani obrazu.*
CNN vyuzivaji konvolu¢ni vrstvy k automatickému uceni prostorovych vzorcii ze vstupnich
dat. Tyto vrstvy aplikuji konvoluéni operace s malymi vahovymi filtry na vstupni data, coz
umoziuje zachytit relevantni vzory. SdruZovaci vrstvy se ndsledn€ pouZzivaji k zmenSeni
prostorovych rozmért vstupnich dat. Po konvoluc¢nich a sdruzovacich vrstvach nésleduji plné
propojené vrstvy, které spojuji neurony mezi sebou a jsou bézné v klasifikaénich nebo
regresnich tlohach. Pied pfenosem na plné propojené vrstvy jsou vysledky konvolu¢nich vrstev
zplostény do vektoru. Tento vektor slouzi jako vstup do plné propojenych vrstev. Pro dodani
nelinearity do sité jsou pouZity nelinedrni aktiva¢ni funkce. To umozZituje modelu flexibilnéji se
pfizplsobit slozitym vztahlim v datech. Architektury CNN se mohou liSit v poctu vrstev,
velikosti filtrt,, hloubce sit¢ a dalSich komponentach, jako jsou normalizaéni vrstvy a

pieskokova pfipojeni.t!

CNN jsou Casto trénovany na velkych souborech dat a Ize je pouzit jako extraktory funkci
pii pfenosu uceni. To zahrnuje pouziti piedem trénovaného modelu CNN pro jiny tkol a jeho
jemné doladéni na mensi datové sadé specifické pro cilovy ukol.’® CNN prokazaly
pozoruhodny uspéch v riiznych tkolech souvisejicich s obrazem a staly se zakladnim kamenem

v oblasti hlubokého uceni, zejména v aplikacich pogitadového vidéni. 1315
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U-Net je specialni typ CNN, navrzeny pro s€émantickou segmentaci v oblasti pocitacového
vidéni. Cilem sémantické segmentace je zatradit kazdy pixel v obrazku do urcité tfidy. Tuto
architekturu predstavili Ronneberger a kol. v roce 2015'¥7, a od té doby se hojn& vyuziva
v 1ékatskych analyzach obrazu a dalsich segmentacnich ulohach. Klicovym prvkem U-Netu je
jeho pismeno U, které symbolizuje strukturu sestavajici ze dvou hlavnich Casti: stahovaci cesty
(kodér) a expanzivni cesty (dekodér). Kodér zmensuje prostorové rozmeéry vstupniho obrazu a
extrahuje hierarchické prvky pomoci konvolucnich a sdruzovacich vrstev. V dolni ¢asti U je
vrstva Uzkého hrdla, ktera uchovava klicové informace. Dekodér potom obnovuje prostorové
rozliSeni a zptesnuje vysledky segmentace. U-Net obsahuje preskokova spojeni, ktera propojuji
vrstvy kodéru piimo s odpovidajicimi vrstvami dekodéru. Tato spojeni pomahaji udrzet detaily
a prostorové informace béhem procesu pievzorkovani a minimalizuji ztratu informaci. Finalni
vrstva pouziva konvoluéni vrstvu s aktivacni funkci softmax pro vytvoreni segmentacni masky,
ptitfazujici kazdému pixelu pravdépodobnost, Ze patii do urcité tfidy. U-Net se osvédcil
ptedevsim v tlohach segmentace 1¢kaiskych obrazku, kde je klicové pfesné vymezeni struktur
nebo abnormalit. Jeho architektura umoziuje ptresné lokalizace a segmentace objekti
na snimcich, coz ho €ini popularni volbou nejen v Iékarském zobrazovani, ale i v dalsich

oblastech po¢itatového vidéni.'’
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Obrazek 28: Obecnd architektura neuronové sit€¢ U-Net. Adaptovano Ronneberger a

kol. 2015.1%
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ResNet, coz znamena Residual Network (rezidudlni sit’), je populdrni architektura CNN
publikovana He a kol. v roce 2016.!*® Tato architektura byla vyvinuta k piekonani problémi
s trénovanim velmi hlubokych siti, které se Casto potykaji s mizejicimi gradienty a degradaci
vykonu. Klicovym prvkem ResNetu jsou zbytkové bloky obsahujici zkratkova spojeni, ktera
obchazeji jednu nebo vice vrstev sité. Tato pfeskokova spojeni umoziiuji gradientim snaze
protékat siti béhem tréninku, coz fesi problém mizejiciho gradientu. Diky zbytkovym blokiim
muze sit’ efektivné trénovat velmi hluboké modely, které vedlo k tspéSnému vyuziti ResNetu
v ruznych tlohach pocitacového vidéni, vcéetné klasifikace obrazu, detekce objektd a
segmentace. Zakladni stavebni kdmen ResNetu, zbytkovy blok, umoziuje siti ucit se reziduum,
tj. rozdil mezi vstupem a poZadovanym vystupem. Architektury ResNet mohou byt velmi
hluboké, aniz by trpély mizejicim gradientem. V hlubSich verzich ResNetu se pouziva
architektura uzkého hrdla, kterd snizuje vypocetni naklady pii zachovani reprezentativni
kapacity. Modely ResNet obvykle vyuzivaji globalni primémé sdruzovani na konci, coz
pomaha snizit pocet parametri a zvySuje odolnost modelu vici riznym vstupnim variantam.
ResNet mél zna¢ny vliv na oblast hlubokého uceni a inspiroval vyvoj dalSich pokrocilych
architektur. Jeho pfistup zbytkového uceni se stal zakladnim konceptem pfti navrhu hlubokych

neuronovych siti.!*

dva

7x7 konvoluce 3x3 konvoluce 3x3 konvoluce 3x3 konvoluce 3x3 konvoluce kI,aSIflkacm
64 filtr 64 filtr 128 filtr 256 filtr 512 filtr . Vvystupy

\

3x3 avg sdruZeni
2. krok 2. krok

3x3 max sdruZeni

vstup obrazu

tok dat

Obrazek 29: Architektura neuronové sit¢ ResNet s 18 vrstvami. Adaptovano z Atik a

kol. 2021.1%
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5.2. Material a metody

Pro vytvorfeni datasetll byla pouzita bunécna linie U20S odvozena od osteosarkomu a
zakoupena z ATCC. Dale byla pouzita verze této linie s transdukovanym fluorescenénim
faznim proteinem mCherry-NLS (U20S-Nuc), popis jeji pfipravy je shrnut v kapitole 3.2.
Bunééné linie byly udrzovany v TPP 75 cm? tkatiovych kultivaénich lahvich a v McCoyové 5a
kultivatnim médiu s 10% fetdlnim telecim sérem, za standartnich kultiva¢nich podminek
pii 37 °C a 5% CO». Bunécné suspenze byly ptipraveny podle instrukci ATCC pro subkultivaci
bunéénych linii. Testované latky jsou soucasti LOPAC ®1280 knihovny (kat. ¢. LO3300-1KT,
SIGMA ALDRICH), byly rozpustény v 100% roztoku DMSO a byl u nich proveden test
cytotoxicity (MTS test). Skladovany byly v monitorovanych podminkach chemické knihovny
UMTM.

Postup prace pfi vytvareni datasetu s jednotnou koncentraci latky

Buiky U20S-Nuc (1500 bunék v objemu 30 pl v jamce) byly nasazeny den pied oSetfenim
do 384jamkové desticky CellCarrier (PerkinEImer, USA) a inkubovany pii 37 °C a 5% CO>
pro stabilizaci. Bunky byly oSetfeny tfemi riznymi inhibitory topoizomerazy: topotekanem,
daunorubicinem a etoposidem v koncentraci 0,5 uM. Osetiené a kontrolni buriky byly
zobrazeny po inkubaci 24 a 72 hodin s latkami. Zobrazovani zivych bunék bylo provedeno
pomoci Cell Voyager CV7000 (Yokogawa, Japonsko) pii 37 °C v atmosféie 5% COz. Snimky
byly pofizeny s objektivem 20% po excitaci laserem pii 561 nm a nasledné emisi BP 595/20.
Fluorescen¢ni snimky byly potfizovany paralelné s digitdlnim fazovym kontrastem (lampa a
BP 525/50). Z dataset byl vytvoien ze dvou biologickych opakovéani a byly z n¢j vylouceny

snimky s méné nez tfemi buikami.

Postup prace pii analyze obrazu pomoci programu Columbus

Fluorescencni snimky byly vyhodnoceny v programu Columbus (PerkinElmer), kde jsou
pfipravené bloky analyzy obrazu, které Ize dale upravit uzivatelem. Po nahrani dat do programu
byla provedena segmentace obrazu, na zakladé fluorescenéniho signalu z fuzniho proteinu
mCherry, lokalizovaného v jadrech bun¢k. K segementaci slouzi blok — find cells, ktery vybere
populaci objektl na snimku. Objektem se v naSem piipadé mysli buiky, ale je mozné proveést
analyzu 1 jinych c¢asti. V dalsim bloku doslo ke kalkulaci intenzity fluorescence, standartni
metodou, kdy se pocita median intenzity v jamce. Dale byl do analyzy zahrnut blok vypoctu

morfologickych vlastnosti (metodou STAR), umoziiujici vypocet velikosti bun¢k. Dale se
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zapojil blok vypoctu vlastnosti textury SER metodou. V této metodé€, dochazi k vytvoreni
filtrovanych obrazii pro kazdou podc¢ast analyzy (zobrazeno na obrazku 30), z filtrovanych
obrazi potom byly vypo¢itany vlastnosti SER, tedy Spot, Edge, Ridge (toto jsou pouze zakladni
prvky SER metody). Poté se pomoci pluginu PhenoLOGIC program naucil, na zakladé
manualni selekce nékolika zivych a mrtvych bun€k, rozeznat tyto populace a provedl se vypocet

jejich % zastoupeni.

Edge-filtrovany obraz Ridge-filtrovany obraz

Obrazek 30: Filtrované obrazy vzniklé pii SER analyze obrazu v programu Columbus.

Postup prace pfi vytvareni datasetu po oSetieni bunék latkami v koncentraci odpovidajici 1C50

Bunky U20S (1500 bunék v objemu 30 pl v jamce) byly nasazeny den pied oSetienim
do 384jamkové desticky CellCarrier (PerkinElmer, USA) a inkubovany pii 37 °C a 5% CO;
pro stabilizaci. Buiiky byly oSetfeny tfemi riznymi inhibitory topoizomerazy v koncentracich
jejich naméfenych IC50: topotekanem (1,24 uM), daunorubicinem (5,88 uM) a etoposidem
(0,18 uM). Osetiené a kontrolni buiiky byly zobrazeny po inkubaci 24 a 72 hodin s latkami.
Zobrazovani zivych bunék bylo provedeno pomoci Cell Voyager CV8000 (Yokogawa,
Japonsko) pii 37 °C v atmosféte 5% CO,. Zivé buiky byly monitorovany s objektivem 20x
s vodni imerzi. Snimky byly pofizeny digitalnim fazovym kontrastem (lampa a BP 525/50).

Z datasetii byly vylouc¢eny snimky s méné nez tfemi bunikami.

66



53. Vysledky

Fenotypové testovani zalozené na DPC mikroskopii a analyze dat Al — data publikovana
v Baruci¢ a kol. 2022 (Ptiloha 6) a dopliujici data.

Tii inhibitory topoizomerdzy (etoposid, topotekan a daunorubicin) byly studovéany
na bunéénych liniich U20S-Nuc a U20S. Timto bylo experimentdln¢ ovéfeno, zda lze
z mikroskopickych snimkii ur¢it mechanismus tc¢inku latek, pripadné jejich bunééné cile. Proto
byly vytvoieny dva datasety, obsahujici jak snimky linie U20S-Nuc oSetfené jednotnou
koncentraci inhibitori topoizomerazy zobrazené v ¢asech 24 a 72 hodin inkubace technikou
fluorescen¢ni mikroskopie a DPC (set ¢islo 1) a také, snimky linie U20S oSetfené koncentraci
IC50 jednotlivych inhibitor( topoizomerazy zobrazené v ¢asech 24 a 72 hodin inkubace pouze

mikroskopickou technikou DPC (set Cislo 2).

V této praci byla provedena analyza datasetu ¢islo 1, kdy po netispé$né segmentaci obrazu
(zobrazeno na obrazku 31) u DPC snimkd, byly dale analyzovany pouze fluorescenéni obrazy.
Byla provedena analyza intenzity fluorescence (obréazek 32A), morfologicka analyza (obrazek
32B), analyza poc¢tu bunék a zastoupeni mrtvych bunék (obrazek 32C), dale byla vypocitana
proliferace bunék — jako podil poc¢tu buné€k v ¢ase inkubace 72 hodin k poctu v case inkubace
24 hodin (obrazek 32D). Na toto bylo navazano analyzou textury obrazu pomoci SER metody
(obrazek 33), ktera byla uplatnéna pouze v ¢ase 24 hodin, kvuli velmi malému poétu bunék

V pozdégj$im case inkubace.

Dataset 1 byl také analyzovan ResNetl8 neuronovou siti, kdy byly klasifikovany jak
fluorescen¢ni, tak DPC snimky. Provedeni klasifikace neni soucasti této prace, ale interpretace
a diskuze vysledku byla provedena v ramci této prace. Vystupem klasifikace jsou tabulky 1 a
2 a také obréazek 33.

Dale byl vytvofen dataset 2, kde byly ziskany pouze snimky buné&k technikou DPC.
Ptiklady jednotlivych obrazli bunék oSetfenych inhibitory topoizomerazje uveden
na obrazku 34. Tento dataset byl také analyzovan ResNet18 neuronovou siti, kdy provedeni
klasifikace neni soucasti prace, ale interpretace a diskuze vysledkl ano. Vystupem klasifikace

je tabulka 3.
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Obrazek 31: A — Fluorescenéni snimky (Cerveny kanal) v prekryvu se snimky DPC. B —
Segementace obrazu (oznaceni oblasti jader) u fluorescencnich snimkli pomoci softwaru

Columbus. C — Segmentace obrazu u DPC snimki provedena v programu Columbus.
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Obréazek 32: Analyza fluorescen¢nich snimkt bunék U20S-Nuc oSetfenych inhibitory
topoizomerazy v programu Columbus. A — Kvantifikace intenzity fluorescence u jednotlivych
variant experimentu. B — Vypocitana velikost bun€k u jednotlivych variant experimentu. C —
Pocet bun¢k a % vyjadieni mrtvych bunék v ¢ase 72 hodin inkubace u jednotlivych variant
experimentu. D — Stanovena proliferace bunék pro jednotlivé varianty experimentu, vypocitano

jako pomér poctu bunék v ¢ase 72 hod k poctu bunék v ¢ase 24 hod.
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Obrazek 33: Analyza fluorescenénich snimkd bunék U20S-Nuc osetienych inhibitory

topoizomerazy (24 hod inkubace) v programu Columbus — analyza textury SER metodou.

Tabulka 1: Klasifikace aplikaci Al metody na fluorescenéni snimky bunék U20S-Nuc

oSetfenych inhibitory topoizomeraz v koncentraci 0,5 uM. A — klasifikace 5 tfid s primérnou

presnosti 65 %. B — snizeni poctu tfid na 3, spojenim nejednoznaénych part t¥id. Toto vedlo

k 99% presnosti klasifikace spravné tfidy. *provedeni klasifikace nebylo soucasti této prace.

A — Kklasifikace 5 trid

B — Kklasifikace 3 trid

Predikce Predikce
, BezO DMSO Etop Topo Dauno ) BezO  Etop  Topo
Prava Prava
Trida Trida +DMSO +Dauno
BezO 51 0 0 1 0 BezO
87 0 2
DMSO 32 4 0 0 1 +DMSO
Etop 0 0 33 0 0 Etop 0 33 0
Topo 0 0 0 21 19 Topo
0 0 68
Dauno 0 0 0 14 14  *Dauno
Presnost 61,4 100 100 58,3 61,4 Presnost 100 100 97,0
(%) (%)
Citlivost 98,1 10,8 100 525 98,1 Citlivost 98,0 100 100
(%) (%)
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Tabulka 2: Klasifikace aplikaci Al metody na DPC snimky bun¢k U20S oSetienych
inhibitory topoizomerazy v koncentraci 0,5 UM. A — klasifikace 5 t¥id s pramérnou piesnosti
70 %. B — sniZeni poctu tfid na 3, spojenim nejednoznacnych para tfid. Toto vedlo k 98%

ptesnosti klasifikace spravné tiidy. *provedeni klasifikace nebylo soucasti této prace.

A — Klasifikace 5 trid B — klasifikace 3 trid
Predikce Predikce
, BezO DMSO Etop Topo Dauno , BezO  Etop  Topo
Prava Prava
Trida Trida +DMSO +Dauno
BezO 59 1 0 0 0 BezO
92 0 1
DMSO 28 4 0 1 0 +DMSO
Etop 1 0 31 1 0 Etop 1 31 1
Topo 0 0 0 16 15 Topo
0 0 66
Dauno 0 0 0 10 25  +Dauno

Pfesnost 670 80,0 100 571 625 Presnost 989 100 971
(%0) (%0)

Citlivost 983 121 939 516 714 Citlivost 989 939 100
(%0) (%0)
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Obrazek 33: Zobrazeni jednotlivych tfid latek, ptipadné kontrol, klasifikovanych Al

metodou v 2D prostoru. *provedeni zobrazeni klasifikace nebylo souc¢asti této prace.

etoposid topoteka daunorubicin DMSO
3] T ot N i g gy L : ) “e NS

Obréazek 34: Bunécna linie U20S oSetiena inhibitory topoizomeraz v koncentraci

odpovidajici IC50. Zobrazeni objektivem 20x s vodni imerzi (méfitko 100 um) a DPC metodou.
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Tabulka 3: Klasifikace aplikaci Al metody na DPC snimky bun¢k U20S oSetienych
inhibitory topoizomeraz v koncentraci 1C50. A — klasifikace 5 tiid s primérou pfesnosti
87,5 %. B — snizeni poctu tiid na 4, spojenim nejednoznacnych para tfid. Toto vedlo k 97,7%

ptesnosti klasifikace spravné tiidy. *provedeni klasifikace nebylo soucasti této prace.

A — Klasifikace 5 trid B — klasifikace 3 trid
Predikce Predikce
BezO DMSO Etop Topo Dauno BezO  Etop Topo Dauno

Prava Prava

Ttida Ttida  *DMSO

BezO 12 6 0 0 0 BezO

52 0 0 0

DMSO 12 22 0 1 0 +DMSO

Etop 0 1 37 1 0 Etop 1 37 1 0
Topo 0 0 0 44 1 Topo 0 0 44 1
Dauno 0 0 1 0 39 Dauno 0 1 0 39

Pi‘esnost 50 759 974 978 975 Presnost 98,1 974 978 975
(%) (%)

Citlivost 66,7 647 94,9 978 975 Citlivost 100 949 978 975
(%) (%)

72



5.4. Diskuze

V této Casti prace byly vytvoreny, analyzovany a dale diskutovany datasety pro studii
prukazu proveditelnosti fenotypové testovaci metody zalozené na DPC mikroskopii a analyze
obrazu umeélou inteligenci. Cilem studie bylo identifikovat mechanismus ucinku latek
mikroskopickou metodou bez potieby dalSiho barveni preparatu, coz je nezbytné pii pouziti

techniky ,,cell painting assay*.

Nejprve byla provedena analyza datasetu 1 komercné dostupnym programem Columbus.
Timto programem nebylo mozné provést zdkladni segmentaci obrazu na snimcich potizenych
DPC technologii (obrazek 31C), proto byly dale vyuzity jen fluorescencéni snimky.
Na obrazcich 32 a 33 mlzeme vidét vypocet intenzity fluorescence, analyzu morfologie a
textury SER metodou. Z téchto analyz a vypoctl je patrné, Ze s Casem se prohluboval Gc¢inek
pouzitych inhibitorti topoizomerazy. Toto bylo ukdzano nizkym poétem bunék v ¢ase inkubace
72 hodin a vysokym % mrtvych bun¢k ve stejném case (obrazek 32C), dale velmi nizkym
pomérem znasobeni populace bunck (obrazek 32D), ale také i vyssi intenzitou fluorescence
osetfenych bunck (obrazek 32A) a zménou jejich bunécné velikosti (obrazek 32B). Nejprve,
v ¢ase 24 hodin inkubace s latkami, byly oSetfené buiky vétsi nez kontroly, v pozd¢jsim Case
byl ale viditelny propad u bun¢k osetfenych etoposidem a naopak jesté zvysena velikost bunck
oSetfenych topotekanem a daunorubicinem. Obecné miiZeme fici, Ze buniky oSetfené inhibitory
se liSily od kontrolnich bun¢k, a navic etoposid vykazoval unikétni profil oproti ostatnim dvéma
pouzitym latkam. Toto bylo viditelné i na kalkulaci vyskytu spotii (SER-Spot) a SER-Edge
profilu.

Pii uplatnéni analyzy tohoto datasetu pomoci umélé inteligence, pifesnéji pouzitim
konvolu¢ni neuronové sité¢ ResNetl8, byla provedena klasifikace inhibitorti topoizomerazy
na zakladé jejich G€inku na bunécnou linii U20S. Pouzita CNN byla trénovand end-to-end
pfimo na vstupnich datech bez nutnosti manudlni segmentace nebo jakychkoliv dalSich
pomocnych dat. Hlavnim vysledkem byla vicettidni klasifikaéni metoda pro DPC snimky.
Nicméné klasifikace byla aplikovéna 1 na fluorescen¢ni snimky, vysledek je uveden v tabulce
1. Nejednoznacné pary (topotekan-daunorubicin a DMSO-bez oSetieni) byly casto
zaménovany, coz vedlo k primérné piesnosti klasifikace, pouze 65 %. Proto jsou také uvedeny
vysledky, kdy byly tyto dvojice posuzovany spolecné (tabulka 1B), vysledkem pak byla témét
dokonala klasifikace s primérnou piesnosti 99 %. Podobnych vysledkli bylo dosazeno i pro

DPC snimky, jak shrnuje tabulka 2. Klasifikace 5 tfid vedla k priimérné ptesnosti metody 70 %
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a pfi snizeni poctu tfid spojenim nejednoznacnych part (tabulka 2B) byla dosazena primérna
ptesnost 98 %. Timto experimentem jsme prokazali, ze DPC snimky jsou pro klasifikaci tfid
latek na zéklad¢ rizného mechanismu ucinku stejné dobré, jako snimky potizené fluorescencni
mikroskopii. Navic, pokud zobrazime v 2D prostoru funkce extrahované znasi CNN
pro analyzu obrazovych dat, jsme schopni vidét klastrovani latek, které odpovida datim jak
z analyzy v programu Columbus, tak samotnou CNN. Na obrazku 33 miizeme vidét ti1 shluky

latek, ptiCemz nejednoznacéné tfidy patii do stejnych shlukd.

Déle jsme se rozhodli ovérit, zda jsme schopni zcela klasifikovat 5 tiid latek, pokud bunky
U20S osetfime biologicky aktivni koncentraci, tedy jejich namétenou hodnotou IC50. Proto
jsme zopakovali experiment vicetfidni klasifikace na DPC snimcich z datasetu 2. Jiz pouhym
okem je viditelné, ze paterny jednotlivych obrazi se 1iSi v zavislosti na pouzitém inhibitoru a
casu inkubace, pfiklad je zobrazen na obrazku 34. Samotné vysledky klasifikace se vyrazné
zlepsily ze 70 % na 87,5 % v ptipad¢ 5 tfid (uvedeno v tabulce 3A). V tomto piipad€ bylo
mozné rozliSit dfive nejednoznacny par topotekan-daunorubicin. Spojenim tfidy DMSO a
snimkl bun¢k bez osetfeni, které jsou skutecné nejednoznacné pary, vedlo k témét dokonalé
ptesnosti klasifikace 98 % pro problém 4 tiid (tabulka 3B), stejné€ jako jsme diive pozorovali

u klasifikace 3 tiid (tabulka 2B).

Néami vyuzivané mikroskopické snimky ziskané DPC technikou jsou rychleji a snadné&ji
ziskatelné nez fluorescentni snimky a podporuji zobrazovani Zivych bunc¢k. NaSe metoda
dokaze rozlisit testovana cytotoxicka léciva s presnosti 98 %, za ptedpokladu, Ze se lisi jejich
mechanismus uinku. Vysledky jsou ptesnéjsi, kdyz se pouziji koncentrace biologicky
relevantni pro testovanou latku. Dale jsme ukazali, Ze 2D vizualizace sdilenych funkci
klasifikace odhaluje shluky, které¢ dobie odpovidaji zadanym tfidam latek, coZ znamend mozné
pouziti nasi metodologie pro vyvoj a vyzkum léc¢iv, kdy by se mohla uplatnit pii identifikaci
mechanismu ucinkl latek. NaSe metoda mize zlepSit rychlost a piesnost testovani, coz
potencialné vede ke zlepSeni ti€innosti procesu objevovani 1€ki, a tim i k lepSim klinickym
vysledkiim v dlouhodobém horizontu. Hlavnim omezenim nasi studie je relativné malé velikost
souboru dat — planujeme jej rozsifit na mnohem vétsi soubor dat s vice aktivnimi latkami,
riznymi mechanismy G¢inku a moZna 1 vice typy bunéénych linii a dal§imi matoucimi faktory,

které by mély zlepsit robustnost klasifikace.

74



6. Zavér

Soucasti prace byly ziskany a publikovany diilezité poznatky o biologické aktivité derivati
kyseliny betulinové s BODIPY. Tyto vysledky nejenze piispivaji k porozuméni chemie a
biologie derivati kyseliny betulinové, ale také zdiraznuji potencial téchto latek pro nésledny
vyvoj 1éciv. Dikladna charakterizace biologické aktivity a mechanismi ucinku téchto
konjugati predstavuje dilezity krok smérem k aplikaci triterpentt v 1é¢bé onemocnéni.
Konjugaty 11 a 16 s BODIPY emitujici modrou fluorescenci, které vykazuji lokalizaci
v konkrétnich ¢astech buiky, mohou proto slouzit jako zdklad pro vyvoj 1éCiv s cilenym

pusobenim na mitochondrie, endoplazmatické retikulum nebo jiné organely.

Daéle byly ziskany a publikovany vysledky studie konjugatt s disulfidovym linkerem, které
umoziuji uvoliiovani aktivni latky v pfitomnosti thioll, a mohou byt vyuzity pro cilené
uvolnovani 1é¢iv v konkrétnich buitkach nebo mikroprostfedi s vysokym obsahem thiolt.
Konjugat 20, ktery prokéazal specifické cileni na integrinové receptory, mize byt perspektivni
pro vyvoj teranostik zamétenych na bunky s vyS$§im vyskytem téchto receptord, coz je typické

napiiklad pro nddorové buiiky.'®

V neposledni fadé¢ byly ziskdny a publikovany vysledky studie zaméfené na ovéfeni
proveditelnosti fenotypové testovaci metody s vyuzitim DPC mikroskopie a analyzy obrazu
pomoci umélé inteligence. Klasifikace inhibitorti topoizomerazy pomoci hlubokého uceni mize
byt aplikovana ve vyvoji novych latek s 1é¢ebnym potencidlem. Metodika pouzitd v této Casti
prace miiZze byt implementovéna a rozvijena v dalSich studiich k posouzeni u€inkii riznych latek

na bunécéné struktury s vysokou piesnosti.

vvvvv

identifikaci bun&cnych cilti a mechanismu t¢inku biologicky aktivnich latek. Mikroskopie patii

4,13,161-163

mezi velmi vyhledavanou techniku ve vyvoji novych 1éciv , pfedevS§im ve spojeni

164-166 5 stale ¢astéji i umélou inteligenci.'®” 1% Vysledky této

s vysokopropustnym testovanim
prace maji tedy potencial v nékolika védeckych oblastech, pfedevSim v biomedicinském
vyzkumu a vyvoji léCiv a personalizované medicin€é. Toto bylo také prokazano jejich
publikovanim v Casopisech spadajicich do kategorie QD-Q2 dle hodnoceni Journal Citation

Reports™ vedené¢ho Web of Science.
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1. Summary

As part of this research, significant findings regarding the biological activity of betulinic
acid derivatives with BODIPY have been obtained and published. These results contribute to
the understanding of the chemistry and biology of betulinic acid derivatives, emphasizing the
potential of these substances for subsequent drug development. The comprehensive
characterization of the biological activity and mechanisms of action of these conjugates
represents a crucial step toward applying triterpenes in disease treatment. Notably, the blue-
fluorescent BODIPY conjugates 11 and 16, which exhibit localization in specific cellular
compartments, may serve as a foundation for developing drugs targeting mitochondria,

endoplasmic reticulum, or other organelles.

Additionally, the study's results on conjugates featuring a disulfide linker have been
obtained and published. These conjugates facilitate the release of the active substance in the
presence of thiols, providing a means for targeted drug release in specific cells or
microenvironments with a high thiol content. Notably, conjugate 20, which exhibited specific
integrin-targeting receptors, holds promise for the development of theranostics aimed at cells

with a higher abundance of these receptors, a characteristic often observed in tumor cells.!®

Lastly, the results of the proof-of-concept study on the phenotypic screening method,
conducted using DPC microscopy and image analysis through artificial intelligence, have been
obtained and published. The application of deep learning for the classification of topoisomerase
inhibitors can be pivotal in the development of new agents with therapeutic potential. The
methodology employed in this section of the work can be extrapolated to other research studies,

offering a high-accuracy assessment of the effects of various substances on cellular structures.

In conclusion, this work exemplifies the application of microscopic methods for the
localization and identification of cellular targets associated with biologically active substances.
Microscopy stands out as a highly sought-after technique in of new drug development®!3161-163,

particularly in combination with high-throughput screening!64166

and, increasingly, artificial
intelligence.'¢”-1% Consequently, the findings from this work have significant potential across
various scientific fields, especially in biomedical research, drug development, and personalized
medicine. This potential was further demonstrated by the publication of these results in journals
categorized as QD-Q2 according to the Journal Citation Reports™ ranking maintained by Web

of Science.
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8. Seznam zkratek

3HQ 2-fenyl-3-hydroxy-4(1H)-chinolinon

ABPP acitivity-based profiling, profilovani proteinti na zaklad¢ aktivity
Al artificial intelligence, umél4 inteligence

ATCC american tissue culture colection, americka sbirka tkanovych kultur
BA betulinovéa kyselina

BODIPY dipyrromethenbordifluorid

BT beviritmat

CNN convolutational neural networks, konvoluéni neuronové sité
cRGD cyklickéa forma RGD peptidu

DDS drug delivery system, transportni lékovy systém

DPC digital phase contrast, digitalni fazovy kontrast

ER endoplazmatické retikulum

F.I. intenzita fluorescence

FRET Forster resonance energy transfer, Forsteriv rezonan¢ni pfenos energie
GA Golgiho aparat

GSH glutathion, redukovana forma

GSHOEt ethylester glutathionu

HCA high-content analysis, vysokokapacitni analyza

HEPES 4-(2-hydroxyethyl)-1-piperazinetansulfonova kyselina

HTS high-throughput screening, vysokopropustné testovani
MDR1 multi-drug resistance transporter protein 1

NADH nikotinamidadenindinukleotid

NEM N-ethylmaleimid

NF-kB nuklearni faktor kappa B
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NMR

PBS

RFUs
ResNet
RGD peptid
SDS
SDS-PAGE
SER

TCA

THF

nuklearni magneticka rezonance

phosphate buffered saline, fosfatovy pufr

relativni jednotky fluorescence

residual network, rezidualni sit’

peptid slozeny ze sekvence argininu, glycinu a asparaginu
sodium dodecyl sulfat

sodium dodecyl sulfat—polyakrylamidovéa gelova elektroforéza
spot, edge, ridge metoda

trichloroctové kyselina

tetrahydrofuran
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J. Stankovi, M. Hajduch, P. Dzubak (Ustav molekuldrni a translaéni mediciny, LF UPOL)
Identifikace bunéénych cili aktivonich latek pomoci mikroskopickych metod a
fluorescenénich sonl. Identifikace bunéénych cilt aktivnich litek ma zasadni vyznam pro
optimalizaci 1é&iv a nunimalizaci jejich nezadoucich vedlejdich uémkn. Komplexni povaha
biologickych systémi ztézue tuto identifikaci, ale mikroskopické metody, zejména
fenotypové testovani. reprezentované metodou . Cell Painting™, pfedstavyi cenny nastroj pro
pochopeni viivo Litek na Grovint bunék a organel. Tyvto metody umozingi rvchlé testovini
rozsahlych knihoven litek a nabizeji unikatni pohled na mechanismus jejich uéinku
pozorovanim chovani bunék, pomoci hodnoceni jejich morfologie, pohyblivost:, déleni a
migrace. Mikroskopie &Zivich bunék éeli vwzvam., jako je fototoxicita, coz vyzaduje peclivy
wvvbér fluorescencnich znacek a optimalizaci podminek. Mezi syntetickynu fluorescenéninm

sondami pro mikroskopi Zivych bunék vynilkayi BODIPY barviva, se svou syntetickou
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umiverzalnosti a fotofyzikilnim vlastnostmi, které zajidtuji mintmalni poSkozeni vzorku
béhem biozobrazovani.

KEli¢ova slova: bunéény cil, mechanismus uémku, mikroskopie, fluorofory, BODIPY

J. Stankova, ML Hajduch, P. Dzubik ([nstitute of Molecular and Translational Medicine, LF
LPOL) Identification of cellular targets of active substances using microscopic methods
and fluorescent probes. Target identification of active substances 15 cnitical in optinmzing
drugs and minimizing side effects. The complex nature of biological systems presents
challenges but microscopic methods, particularly phenotypic screening, represented by "Cell
Pamnting" method and fluorescent probes, are valuable tools for understanding the impact of
substances at the cellular and organelle levels. These methods enable rapid testing of large
libranies of compounds and offer umque msights mto their mechanism of action by observing
cell behavior, assessing cell morphology. motility. division, and migration. However, live cell
microscopy faces challenges like phototoxicity, requiring careful selection of fluorescent labels
and the optimized conditions. Among synthetic probes for live cell microscopy, BODIPY dyes
stand out for therr synthetic versatility and photophysical properties, providing nunimal sample
damage during bioimaging.

Kevwords: drg target, mechanism of action. microscopy. fluorophores, BODIPY
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1. Uved
Objeveni molekulamiho cile aktivnich latek je | svatym gralem™ a mnohdy ziasadnim krokem
ve vyvoy lééiv, piicemz v disledku vede k pochopeni jejich mechamismu uéinku. Tyto
mformace jsou nezbytné pro optimalizaci uéinnosti 1€k a minimalizaci nezadoucich
vedlejsich cinki. Znalost cile umoiiuge lepii terapeutické zacileni 1é¢va. optimalizaci
klinickych studii a vede k idedlu personalizované mediciny. Kromé toho, identifikace novvch
molekulamich cild pro existyici 1é¢iva miize vést k jejich pouziti v novych terapeutickych
mndikacich. a to v mnohem kratdim fasovém hornizontu nez pi1 zcela novém vyvon lééva.
Zacilenim vyvoje 1é¢éiva. také dochizi ke zefektivnéni celého procesu. a tim 1 ke sniZend
nikladii na éas a zdroje potiebné k uvedeni konkrétniho Iéku na trh!. Do vivoje 1é&iv se
pittom investuji nemalé prostiedky. Bez ohledu na dostupné finanéni zdroje nize byt
wdentifikace molekulimiho cile v kontextu vyvoje 1é81v naroéna z nékolika objektivnich
diuvodi. Biologicke systémy jsou slozité a éasto zahrmwyi sit’ vzajemné propojenych drah a
molekul. Potencionalni lék miiZze v nizné mife, s miznou specificitou a afiniton. interagovat
s vice cili, jak Zidoucimi, tak 1 neZzadoucimi (off-target). v miznych tkanich nebo bunéénych
kontextech. Mnoho cili jsou protemy. které fungwyi jako soucast vétiich komplexti nebo
nepiimo mteragui s jinym protemy v bunéénych drahach Néktera 1é¢iva fungwyi
prostiednictvim nekonvenénich mechanism. jako je modulace konformace proteinn a
nterakce s DNA a RNA. jejichz identifikace pomoci tradiénich metod miize byt niroéna”.
Mikroskopické metody, které jsou kli¢ové pro zobrazovani bunék a subcelulimich organel,
hraji zasadni roli pi1 identifikaci cili biologicky aktivnich latek. Tyto metody, véetné techmk
jako fluorescencni a elektronova mikroskopie jsou neccenitelnym nastrog pro studmm
ucinki latek na bunééné struktury a organely®. Tyto latky totiz mohou vyvolat velmi
specifické zmény jak na bunééné trovni, tak na Grovni organel. Mohou napfiklad zpisobit

kondenzaci chromatinu a fragmentaci jadra, zmémt distribuct cytoplasmy a vést k nabobtnani
3
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a piestavbé mitochondrii. Podle téchto zmén miZeme usuzovat na specificky mechanismus

uéinku Latky”.

2. Fenotypove testovani
Velmi zajimavym pfistupem pro hledani mechanismu uéinku a molekulamiho cile je
fenotypové testovani. které analvzuje slou€eniny z hlediska jejich uénku na fenotyp, a to jak
na bunééné tirovni, tak 1 na trovni celého organismu’. Takové testovani Easto zadind vibérem
vhodného bunééného modelu a testovaciho systému. Vétimon jsou potom bufiky vystaveny
knihovné malych molekul. pfirodnich produktii nebo jinych aktivnich latek a potom
pozorujeme a analyzujeme zmény jejich fenotypu. Fenotypem se rozumi zmény bunééné
morfologie. ristu, expresnich vzoni. nebo pfitomnost specifickych markerti®. Schéma

fenotypového testovani je uvedeno na obrazku 1.

Pfi zapojeni platformy pro vysokopropustné testovini do fenotypového testovani’ (High-
Throughput Screeming. HTS) mizeme v relativné kratkém case sledovat/detekovat ucmek
velkého souboru potencionalnich slouéenin (knthoven) pfifemz testy probihaji
v mimaturizovanych podminkach a automatickych rezimech. Jednim z nejrychlejéich a
nejméné mvazivnich zpliisobti fenotypového hodnoceni stavi bunék je automaticka
mikroskopie®®. Cely proces mifize byt robotizovan a produkovat obrovské mnozstvi
mukroskopickych obrazi bunék ovlivnénych konkrétninu latkami v miznych éasovych
bodech. Takovy piistup poskytye velmi komplexni data pro identifikaci cile. Stavayici
metody jsou obvykle zalozeny na fluorescenéni mikroskopii. ktera poskytuye velmi pfehledné
snimky, které 1ze snadno segmentovat a automaticky vyvhodnocovat pomoci relativné

jednoduchych metod®.

Nejroziifendjii fenotypovou HTS metodou je _.Cell Painting™'® vyvinuty vyzkumnou

skupinou Anne Carpenterové v roce 2016. Tato metoda je zaloZena na barveni bunék
4
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kombinaci specifickych fluorescenénich barviv pro zachyceni detailnich informaci o miznych
bunéénych strukturich a procesech. Takovy multiparametricky pfistup poskytuye holisticky
pohled na morfologu a funkei budky. Po odetfeni bunék testovanynu latkami, dochazi k jejich
fixaci a barveni. V ongmalnim protokolu je fluorescenéné barveno jadro a jadérko,
cytoskelet, endoplasmatické retikulum. Golgiho aparat, mitochondrie a plasmaticka
membrana Vybér jiného setu fluorescenénich sond dle pozadaviku na testovani uréitého cile
je mozny, ale pak pfichizime o vvhodu porovnatelnosti s piivodnimi daty. Na ziskanych
snimcich se nasledné provadi vwpocetni analyza, ktera genenye kvantitativni data éiselné
vyjadiwyici mizné obrazové charaktenstiky analyzovanych bunék, se kterymu je mozné dale
pracovat. Vystupem je sestaveni pomyslnych otiski prsti specifickych pro testované latky.
tedy jejich profili, které se dale porovnavai s profily ziskanym testovanim standardii nebo
latek s pozadovanymui vlastnostmi. Pokud je v nich vvznamna shoda. mfiZeme usuzovat na
spoleény mechamismus biologického uémku.

Neddvnym piikladem uspéiného fenotypového testovani je studie Baillache a kol. 2023,
kde byly identifikovany pyrazolopynmdiny, které selektivné inhibuyi CSF-1F kinasu u

glioblastomovych busiek.

2.2 Fluorescencni sondy pouzivané pii fenotypovém testovani

Fluorescencni sondy jsou relativné malé molekuly, které obsalwyi skupiny detekovatelné na
zikladé voitini chemickée vlastnosti — fluorescence. Fluorescenéni molekuly maji schopnost
absorbovat energii fotonli v jedné vinové délce a nisledné 1 vyzafit v jiné vinové délce. Dile
sondy obsahuyi reaktrvni skupinu schopnou se vazat na funkéni biomolekuly. Pouzivané
fluorescenéni sondy by mély dosahovat vysokych kvantovych vytézka a také mit dostateéné
posunuté emisni spektrum. aby byla zajisténa izolace detekovaného signilu'®. Vétiina
pouzivanych fluorofon obsahuye systém aromatickych kruht a piitomnost donatorovych

5
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skupin nejéastéji v ortho- a para- polohach muize zvyiit kvantovy vytézek Naopak
piitomnost elektronegativni skupiny kvantovy vytézek smze. Dalsi potencidlni
substituentem s velkym vlivem na fluorescenci jsou tézké atomy. Aromatické kruhy
obsahuyici tézké atomy maji typicky mizsi kvantovy vytézek'. Nejéasté)i pouzivané
fluorescenéni struktury jsou ve vodé rozpustné derrvaty cyaninu, fluoresceinu, thodaminu a
kumannu'®. Fluorescenéni sondy jsou kli¢ové pro fenotypové testovani a mohou byt vhodné
k barveni fixovanych bunék s permeabilizovanou membranou®. nebo je moZné pouzit
kombinovany pfistup. kdy se barvi Zivé bufiky, které jsou nasledn# fixovany a dobarvovany
dalsimi barvivy, které by bez fixace nepronikly bunéénou membrinou'®. Dillezitou souéasti
puvodniho protokolu dle Carpenterové '° je pouiti specifickych fluorescenénich barviv,

jejichz charaktenstiky jsou podrobnéjt popsany niZe a shruty v tabulce L

Hoechst 33342 patfi do rodiny bisbenzimidovych barviv a pouziva se k znafeni bunéénych
jader. Specificky se vaZe na DNA, zejména do mist bohatych na ademin a tymin'”. Nazev
_Hoechst" pochazi od némeckého vyrobce barviv Hoechst AG. ktery tato barviva puivodné
vyvinul a prodaval. Hoechst 33342 pronika pfes bunéénou a jademou membranu. coz
znamena, Zze muZe snadno proniknout 1 do Zivych bunék a diky tomu je pouzitelny pro
barveni jader fixovanych 1 Zivich bunék. Kromé mikroskopickych metod ho lze pouZit 1 pro

pritokovou cytometrii'®.

Konkanavalin A (ConA) je lektin, tedy typ proteinu. ktery se miize vazat na specifické
sacharidové struktury. ConA pochizi ze semen tropické bobovité rostliny Canavalia
ensiformis a je Siroce pouzivan v bunééné biologu, diky své schopnosti selektivné se vazat na
o-mannosylové a a-glukosylové zbytky na glykoprotemnech a glykolipidech, véetné
bunéénych membran endoplasmatickeého retikula'®. Tato vazba je zavisla na 1ontech Ca’ a

vazebné misto je na kazdé ze étyf podjednotek tetrameru tohoto lektinn. ConA je aktivni
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mitogen a v bunééné a molekulimi biologii se pouziva ke stimulaci lymfocyn™. Miize byt
konjugovan s fluorofory a poté se pouziva pro metody fluorescenéni mikroskopie” nebo
prutokové cytometrie™ kdy znaéi bufiky na ziklads sloZeni povrchovych glykoprotemt.
ConA se také pouzivi v biochemickych purifikaénich a chromatografickych technikach™,
nmize byt imobilizovan na peviych nosifich a pouzit k separovani a 1zolaci glykoprotemii
nebo glykolipidii z komplexnich smési. Vazebna afinita lektinu nmize byt ovlivnéna miznymi

tvpy glvkosylace pfitomnymi na bunééném povrchu.

SYTO 14 patii do rodiny barviv SYTO, coz jsou bunééna permeabilni barviva, vazajici se na
nukleové kyseliny. Tato barviva se fasto pouzivaji k deteke: apoptozy u Zzivich bunék.
protoZe jsou netoxicka. Pii snizené fluorescenci sledujeme rozklad nukleovveh kyselin a
detekee mikropartikuli znaéi poikozeni membrany u aktivovanych a apoptickych bungk %,
SYTO 14 barvi konkrétné RNA a nmiZe byt pouzito jak ve fluorescenéni mikroskopii™. tak

v priutokové cytometrin®®.

Faloidin je cyklicky heptapeptid. patiici do skupiny falotoxinti, ktery pochazi ze smrtelné
jedovaté houby muchomurky zelené (Amanita phalloides). Faloidin se selektivné vaZe na
filamentarni aktin (F-aktin), hlavni slozku eukaryotického cytoskeletu. Po navazani zabranuje
depolymerizaci aktinovych filamentl a stabilizuje jejich strukturu™ . Faloidin je Easto
konjugovan s fluorofory (jako jsou barviva FITC nebo AlexaFluor) za ufelem vizualizace
aktinového cytoskeletu pomoci fluorescenéni mikroskopie®®. Zatimco faloidin se typicky
pouziva ve fixovanych budikiach, existuji denivaty, které byly vyvinuty pro zobrazovani
#ivych bunék™. Tyto deriviaty jsou méné toxické a umoziuyi pozorovat dynamické zmény v
aktinovém cytoskeletu v pritbéhu ¢asu. Kromé mikroskopie lze faloidin pouzit v priutokové

cytometri ke kvantifikaci a analyze obsahu F-aktinu v busikach™®.
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WGA (Wheat Germ Agglutinin) pochazi z pieménych klick a je Siroce pouzivan v
biologickém a biochemickém vyzkunm pro svou schopnost selektivné se vazat na rezidua
N-acetylglukosaminu a kyseliny sialové na glykoproteinech a glykolipidech®. Pokud je
konjugovan s fluoroforem. mmiZe byt pouzit k vizualizaci a studin bunééné membrany ve
fluorescenéni mikroskopii®. Dile ho lze pouzit v prittokové cytometrii k selektivnimmu
znaceni a tiidéni bunék na zakladé obsahu povrchovych glykoproteimt™. WGA se pouziva v
biochemickych a molekulamé biologickych technikich pro afinitni &15téni ghykoproteini™.

Wyuzitim jeho vazebné specifity 1ze izolovat glykoproteiny pro daléi analyzu™ .

Mitotracker barviva jsou skupinou fluorescenénich sond pouzivanych v bunééné biologu k
znaceni a sledovani mitochondni v Zrvych bufikach. pfitemz néktera z mich jsou stabilni 1 po
jejich fixaci®®. Tato barviva jsou uziteéna ke studiu morfologie. dynamiky a funkce
mitochondni prostfednictvim riznych zobrazovacich techmk. jako je fluorescenéni
mikroskopie a pritokova cytometrie’”. Mitotracker barviva jsou navrZzena tak. aby se
selektivné akumulovala v aktrvnich mitochondnich. Jejch selektivni akumulace je zavisla na
potencialu mitochondrialni membrany a tato vlastnost je neocenitelna pro hodnoceni zmén v
mitochondriilnim membranovém potencidlu. ktery je klicovym indikatorem mitochondriilni
funkce®®. Mitotracker barviva diky své dostupnosti v miznych barvach (napf. cervena -
Mitotracker Red CMXRos, zelena - Mitotracker Green FM, tmavé éervena Mitotracker Deep
Red FM a oranzovi - MitoTracker Orange CMTMRos. chemické struktury zobrazeny na
obrazku 2) poskytyi vvsokou flexibilitu pii pfipravé vicebarevnych fluorescenénich

experimentu.

3. Mikroskopie zivych bunék

Zobrazeni zivych bunék je zisadni pro studivm dynamickych procesi v realném ¢ase. coZ

umozinye detailni sledovani uéinkn latky na chovani bunék, véetné vlivu na bunéénou
8
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motilitu, déleni. migraci, zmény tvaru a organel. Nékteré aktivni latky magi rychlé a
dynamické aéinky na bunééné procesy™. Casosbéma mikroskopie nabizi momost
dlouhodobého sledovani, ¢imz odhalye éasovou dynamiku bunéénych zmén, funkce a
morfologie subcelularnich struktur vyvolanych ptisobenim studované latky. Na druhou stranu
ma mikroskopie Zivvch bunék nékolik vvzev, mezi které patii fototoxicita a diky tomu 1
omezeni frekvence snimani v ase. Proto je dulezité vénovat pozomost volbé vhodnych
fluorescencnich znacek a optimalizaci experimentilnich podminek®. Studium kolokalizace
latky s bunéénym sloZzkami nebo organelamu, pfipadné proteinovymi komplexy pomoci
FRET (Férsteriv rezonanéni pienos energie) techniky, mnze poskytnout cenné informace o
potencialnich interakcich s cili*'. Oznaéenim latky a potencionalniho cilového proteinu
fluorofory. z nichz jeden je aktivovany pouze pfi pfenosu energie, muzeme pi1 zméné ve

fluorescenénim signalu usuzovat na jejich tésnou blizkost, a tedy vzijemnou interakei®.

3.2 Fluorescenéni sondy vhodné pro mikroskopii Zivych bunék

Pro mikroskopii Zivych bunék se éasto pouZivaji mizné fluorescenéni sondy. Tradiéné
pouzivané fluorescenéni proteiny, spojené s cilovymi proteiny nebo peptidy, mohou
negativné ovlrvnit funke: takto fizovaného protemu. Proto se k prekonani téchto problémm
vvuzivaji syntetické sondy zaloZzené na malych chemickych molekulach, které nabizi mensi
velikost, mo#nosti jednoduchych syntetickych tprav 1 optimalizaci a vyuziti miznych
spektralnich charakteristik*. Mezi idealni luminofory pro tyto uéely patii BODIPY (z
anglického boron-dipyrromethene) barviva, jejichz intenzivni a zifivé barvy, vysoka molarni
absorptivita a Swroky rozsah fluorescenéni enuse jsou 1dealni pro fluorescenéni mikroskopui,
prutokovou cytometrii a biozobrazovani in vive. BODIPY barviva jsou éasto vyuZivana pro
detekci a monitorovani biologickych procest., véetné interakci protein-protein, enzymové
aktivity, pripadné bunééné lokalizace. Strukturalni modifikace téchto barviv umozigi

regulaci jejich klicovych charakteristik™. Prvnim komplexem, ktery byl publikovan v roce
9
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1968. je 4.4-difluor-4-bora-3a.4a-diaza-s-indacen® (struktura uvedena na obrizku 3). Mimo
experimentalné piipravené sondy s BODIPY je nékolik dostupnych 1 komeréné, napiiklad
LysoTracker a ER-Tracker*. Struktury komerénich sond jsou zobrazeny na obrazku 3.
Prikladem vyuziti komeréni BODIPY sondy je PARPI-FL. fluorescenéni sonda zalozena na
BODIPY a olapanibu (inhibitor polv({ADP-ribosa)polymerasy 1 (PARP1). kterd se ukizala
jako slibna pfi deteke1 a hodnoceni chirurgickych okrapi epitelidlnich karcinomm v klinickych
podminkach*®*". Fluorescenéni vlastnosti BODIPY lze navic rozéifit do téméf infradervené
oblasti zavedenim atomi dusiku do pyrrolové kostry (aza-BODIPY)*. nebo roziifenim
konjugovaného systému®. V posledni dobé pfitahuji takové fluorofory pozomost. diky tomu,
Ze umoZiinyi biozobrazovani se snizenou autofluorescenci a rozptylem svétla, navic snizyi
poskozeni & ztratu fluorescence (photobleaching) zptisobeny excitaci fluoroforn™. BODIPY
sondy mohou byt vyuzivany 1 pro pokroéilé nukroskopické techmky jako je super-rezoluéni
mikroskopie. Ve studii Adhikari a kol. z roku 2019, byla vyuzita tvorba dimeni s posunem
emitujiciho svétla do éervené oblasti spektra. Takto byly ve vysokém rozlifeni lokalizoviny
jednotliva analogy mastnych kyselin v membrané zivych kvasinek pomoci mikroskopické
metody lokalizace jednotlivych molekul (Single Molecule Localization Mircoscopy -
SMLM). Daléi prace vyuzila BODIPY sondy pro super-rezoluéni techmilon fotoaktivaéni
lokalizaéni mikroskopie (PhotoActivated Localization Microscopy, PALM). Tato metoda se
opira o stochastickou excitaci fluorescenénich molekul, kdy je aktivovina jen mala
podmnozina fluorescenénich znaéek. coZ umoznuye jejich mdividualni lokalizaci s vysokym
rozlifenim_ Po nasnimani velkého mnoZstvi snimkn jsou tyto snimky kombinovany do
jednoho vysokorozlifovaciho obrazu, kdy po obrazové rekonstrukei mizeme dosahnout
zobrazeni biologickych vzorkil v rozliSeni az téméf na molekulimi tirovnd 10 nm™. Kromé
toho mohou byt do vyslednych fotoaktivovatelnych fluorofori zaélenény cilené ligandy pro
oznaéeni vybranych subcelulamich sloZek v zivych busikach™. Diky svému lipofilnimu
10
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charakteru se BODIPY uplatiiuje pii syntéze sond pro znaceni plasmatickych membran™.
Struktury expennmentalné piipravenych sond jsou na obrizku 4. Napfiklad sonda BPDPA-Zn
byla vytvofena na zakladé BODIPY a zinkového komplexu, ktery specificky vaze
fosfatidylserin v plasmatické membriné. Slou# k rozliSeni stupné apoptozy, protoze se
selektivné vaZze na membrann asnych apoptotickych bunék a internalizuye se do pozdnich
apoptotickych bunék™”. Dale byla vytvofena amfifilni sonda DSDMHDARB pro vizualizaci
extracelulamiho uvolfiovani oxidu dusnatého na membrané pomoci lokalizované reakce

BODIPY na bazi 3. 4-diaminofenolu®.

4. Zavér

Vyuéti pokroéilych technologii. jako jsou HTS a fenotypové testovani, zisadné usnadmlo
objevovini cilii biologicky aktivnich litek®. Je viak dilezité si uvédomit. Ze proces
identifikace cilii téchto latek ziistava komplexnim a neustale se vyvijejicim aspektem
vyzkumu a vyvoje 1ééiv, zejména v kontextu novych terapeutickych pfistupt a
personalizované mediciny. Jako kazdy technologicky piistup. mikroskopické metody
piinaseji fadu vyhod, véetné pfimé vizualizace bunéénych struktur, sledovani procesi

v realném éase a urceni prostorové subcelulami lokalizace cilovych mist pisobeni
testovanych Litek. Pokroéilé mikroskopické techmky s vysokym rozliSenim nabizi detailni
snimky, které umoziuyi odhalit 1 velmi jemmné nuance interakei mezi latkami a jejich
molekulimimi cili**. Na druhou stranu. tyto metody mohou byt technicky naroéné®*.
vyzadwi specializované vybaveni a odborné znalosti v oblasti pfipravy vzorki a zejména
analyzy dat. Mikroskopie muze vést k faleiné pozitivnim nebo negativnim vysledkaim.
zejmeéna pokud procesy znadeni a barveni nejsou peélivé optimalizovany a pokud pouzita
barviva nejsou dostateéné selektivni a specificka. BODIPY barviva jsou idedlni pro
nukroskopi, nabizeji intenzivni barvy a mizné spektralni charaktenistiky. MoZnost moedifikace
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struktury BODIPY umozinye regulaci kli¢ovyeh vlastnosti. Jejich vyuziti v mikroskopickych
technikach super-rezoluce, jako je SMLM nebo PATM, umozimje biozobrazovani s vysokym
prostorovym rozlifenim. BODIPY sondy jsou vyznammym nastrojem pro studium zvych

bunék s minimalizaci poskozeni vzorku.
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Tabulka I. Fluorescenéni barviva pouzivana pro _cell painting assay™ '%.

Barvivo Filtr pro BP Filtr proe  Bunééna struktura
excitaci (nm) emisi (nm)

Hoechst 33342 405 447/60 DNA_ znaceni bunéénych
jader

ConA 488 536/40 Endoplazmatické retikulum

Konjugit s AlexaFluor

488

SYTO 14 488 593/40 Jadérka. cytoplazmaticka
RNA

Faloidin 561 624/40 F-aktin a cytoskelet

Konjugit s AlexaFluor

368

WGA Konjugit s 561 624/40 Golgiho aparit a

AlexaFluor 555 cytoplazmaticka membrana

Mitotracker Deep Red 640 692/40 Mitochondrie

cl Cl

Mitotracker Red CMXRos

cl

Mitotracker Deep Red FM Mitotracker Qrange CMXRos
Obr. 2: Molekularni struktury Mitotracker barviv.
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ic acid (BA) is a potent triterpene, which has shown promising potential in cancer
and HIV-1 treatment. Here, we report a synthesis and biological evaluation of 17 new

induding BODIPY labelled analogues derived from BA. The analogues terminated by amino modety
showed increased cytotoxicity (e.g., BA had on CCRF-CEM ICg, > 50 uM, amine 3 IC; 021 and
amine 14 1Cg, 0.29). The cell-cycle arrest was evaluated and did not show general features for all the
tested comp d scence microscopy study of six derivatives revealed thatonly 4 and 6
were detected in h\'mg cells. These compounds were colocalized with the endoplasmic reticulum
and mitochondria, indicating possible targets in these organelles. The study of anti-HIV-1 activity
showed that 8, 10, 16, 17 and 18 have had IG5y > 10 uM. Only completely processed p24 CA was
identified in the viruses formed in the presence of compounds 4 and 12. In the cases 0f 2, 8,9, 10,
16, 17 and 18, we identified not fully processed p24 CA and p25 CA-SP1 protein. This observation
suggests a similar mechanism of inhibition as described for bevirimat.

Keywords: betulinic acid; BODIPY; bevirimat; cytotoxicity; cancer; cell-cyde; fluorescent microscopy;
maturation inhibitor

1. Introduction

Betulinic acid (BA) is a natural pentacyclic triterpene of the lupane type (Figure 1).
Despite its low solubility in aqueous solutions, this substance is gaining attention with its
wide range of interesting biological activity. BA is often derivatized to increase solubility,
enhance the therapeutic effect, and target the drug to the specific site of action [1]. BA
shows a significant degree of selectivity for cytotoxicity against a variety of tumour cells
mboxciteB2-biomedicines-1332342 B3-biomedicines-1332342,B4-biomedicines-1332342 and
activity against HIV-1 [5]. There are several possible mechanisms of action of BA (reviewed
in [6]), which provide an advantage in the development of resistance to one of the mech-
anisms and may thus find application in the treatment of tumours resistant to current
chemotherapeutics [6]. One is the direct action of BA on the mitochondrial membrane,
leading to an increase of outer membrane permeability, its depolarization and release of
cytochrome ¢ into the cytosol. It is then responsible for triggering apoptosis [7]. Among

Biomadicines 2021, 9, 1104, https/ /doi.org/10.3350/biomedicines9091104
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other effects of BA, reactive oxygen species can be formed causing non-specific damage
to mitochondria [5,9], followed by the induction of caspase activity |10]. BA exhibits
topoisomerase 128 inhibitory activity, and through the proteasome-dependent independent
regulatory pathway, is responsible for the function of the transcription factors Sp1, Sp3 and
Sp4 inhibition [11]. It is also able to inhibit the activation of the stress transcription factor
NF-xB [12]. A slightly different way in which tumour growth is inhibited is a complete
or partial slowing of angiogenesis [13]. Later studies have shown that the antiangiogenic
effect is achieved via modulation of mitochondria [14].

Betulinic acid Bevirimat
(BA) (BT)
o
N
0
\ / O 4
HO. X :
(') * privileged structure

Figure 1. Chemical structure of betulinic acid and its derivatives.

BA has been shown to have anti-HIV-1 activity in the past. Although the test results
were not groundbreaking, and the effect was observed only at relatively high concentra-
tions [5] This discovery inevitably led to the synthesis of several other analogues. One of
the derivatives with strong anti-HIV-1 activity was 3-0-(3,3-dimethylsuccinyl) betulinic
acid, known as bevirimat (Figure 1, BT) [15]. BT acts as an inhibitor of HIV-1 particle
maturation. Inhibition of viral particle maturation appears to be a critical point of ther-
apeutic intervention. During the maturation phase, the viral protease cleaves the Gag
polyprotein while releasing the individual structural proteins. The final step is the cleavage
of p25 CA-SP1 to a functional p24 CA protein. Inhibition of the last step of maturation
results in virus particles with aberrantly formed mature cores that are incapable of further
infection [16]. BT advanced to the second phase of clinical testing [17-19], during which
virus reduction was observed in only 40-50% of patients. The remainder of the patients
developed resistance due to natural polymorphic variation in the Gag polyprotein [20].
With this result, the clinical studies were terminated.

Given the important features of BA mentioned above, it is no surprise that many
research groups addressed it. Hundreds of derivatives have been prepared over the last
few decades. However, with derivatization, for example, the expected effect disappeared,
resistance developed rapidly, or toxicity to normal cells increased dramatically. For anti-
HIV derivatives, several so-called “privileged structures” (Figure 1), structural motifs that
can be the basis for the design of an effective drug, were found [21,22]. BA is most often
chemically modified at C-3 and C-28 positions. Addition to the double bond between
carbon atoms C-20 and C-30 usually does not significantly enhance activity, on the contrary,
the activity often disappears. This finding generally applies to both anti-cancer and anti-
HIV effects [23-25]. Recent works have confirmed that the presence of an extra amine
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group introduced by conjugation into a BA molecule can significantly increase antitumour
potency [26,27].

This work presents the preparation and biological evaluation of new analogues of
BA and BT containing an amino group. In the past, fluorescent analogues of BA labelled
with green-emitting BODIPY (4,4-difluoro-4-bora-3a, 4a-diaza-s-indacene) [25,29] and red-
emitting Rhodamine B [3] were synthesized to study its localization and trafficking in
living cells. In this work, we synthesized and studied new derivatives of BA and BT
labelled at C-3 and C-28 positions using a small blue-emitting BODIPY dye.

2. Materials and Methods
2.1. Chemical Synthesis

Aluminium silica gel sheets for detection in UV light (TLC Silica gel 60 F254, Merck,
Darmstadt, Denmark) were used for thin-layer chromatography (TLC), subsequent visual-
ization was proceeded by a diluted solution of sulfuric acid in methanol and plates were
heated. Silica gel (30-60 um, SiliTech, MP Biomedicals, Costa Mesa, CA, USA) was used
for column chromatography. NMR Spectra were recorded by Agilent-MR DDR2 (Santa
Clara, CA, USA). HRMS were measured by LTQ ORBITRAP VELOS with HESI+/HESI-
ionization (Thermo Scientific, Waltham, MA, USA). For microwave aynthesis, an Initiator
Classic 355,301 (Biotage, Uppsala, Sweden) was used.

The following chemicals were purchased from TCI Europe (Zwijndrecht, Belgium):
N,N N-triethylamine—Et;N (>99%), 4-dimethylaminopyridine—4-DMAP (>99%), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride—EDCI (>98%), N,N'-dicyclohe-
xylcarbodiimide—DCC (>98%), 1-hydroxybenzotriazole monohydrate—HOBt (>97%),
triphenylphosphine—PPhy (>95%), p-toluenesulfonic acid monohydrate—p-TsOH (>98%),
and palladium on carbon—Pd /C (10%). The following chemicals were purchased from
Sigma-Aldrich (Prague, Czech Republic): 3-azidopropylamine (>95%), 1-(2-N-boc-aminoe-
thyl)piperazine (>95%), -alanine (99%). Betulinic acid (BA) was purchased from Betulin-
ines (Stfibrna skalice, Czech Republic).

The solvents for column chromatography and reactions were purchased from PENTA
(Praha, Czech Republic) and were used without further distillation.

Compound Synthesis and Characterization
8-N-(3-Azidopropyl)amino-4 4-diflucro-4-bora-3a,4a-diaza-s-indacene (BODIPY-N3;)
To a solution of BODIPY-SMe (205 mg, 0.86 mmol) in DCM (10 mL), 3-azidopropylamine
(95 mg, 0.95 mmol) was added and the mixture was stirred for 30 min at RT. The solvents
were evaporated under reduced pressure and the residue was taken up with AcOEt and
the product was precipitated by the addition of hexanes. BODIPY-Nj; (243 mg, 0.83 mmol)
was obtained as a yellowish solid in 97% yield. R = 0.55 in hexanes-AcOEt 1:1. 'H NMR
(400 MHz, CD30D) & ppm: 211 (quin, | = 6.7 Hz, 2 H), 3.56 (t, ] = 6.5 Hz, 2 H), 3.87 (t,
J=74Hz,2H),639 (br.s., 1 H),6.55 (br. s, 1 H), 732 (br. 5, 1 H), 7.36 (br. 5., 2 H), 7.57 (s,
1 H). BC NMR (101 MHz, CD30D) & ppm: 27.00, 44.08, 48.76, 112.67, 113.99, 115.78, 123.16,
130.78, 133.76, 148.87. HRMS-ESI: calculated 290.12628 Da, found m/z 291.13312 [M+H]".
8-N-{3-Aminopropyl)amino-4 4-difluoro-4-bora-3a 4a-diaza-s-indacene (BODIPY-NH;)
To a solution of BODIPY-Nj; (150 mg, 0.52 mmol) in AcOEt (8 mL), was added Pd/C
(80 mg) and the mixture was stirred under hydrogen atmosphere for 2 h. The catalyst
was filtered off and the solvents were evaporated under reduced pressure. The residue
was taken up with AcOEt and the product was obtained after precipitation with hexane.
BODIPY-NH: (96 mg, 0.36 mmol) was obtained as vellow solid in 70% yield. Re =0.15in
DCM-MeOH 20:1 (/). "H NMR (400 MHz, CD;0D) 8 ppm: 1.98 (quin, ] = 6.7 Hz, 2 H),
287(t,J=67Hz 2H),3.83 (t, ] =7.0 Hz, 2 H), 6.37 (br. 5, 1 H), 6.52 (br. 5, 1 H), 7.27 (br.
s, 1 H), 7.30-7.36 (m, 2 H), 7.55 (br. 5, 1 H). *C NMR (101 MHz, CD;0D) § ppm: 29.67,
39.12, 4550, 112.53, 113.78, 115.51, 123.15, 130.40, 133.46, 148.73. HRMS-ESI: calculated
264.13578 Da, found m/z 263.12810 [M-H] .
&-N-(B-Alanyljamino-4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY-CO:H)
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To a solution of BODIPY-SMe (220 mg, 0.92 mmol) in DMSO (5 mL), was added a
solution of B-Ala (91 mg, 1.02 mmol) in H20 (2 mL). The mixture was stirred at 30 “C for
16 h. The solvents were removed under reduced pressure and the residue was diluted with
CHCls (100 mL). The product was precipitated by the addition of cyclohexane. BODIPY-
CO:2H (175 mg, 0.63 mmol) was obtained as yellow solids in 68% yield. Re = 038 in
hexanes-AcOEt 1:1. 'H NMR (400 MHz, CD:OD) & ppm: 2.87 (t, ] = 6.9 Hz, 2 H), 4.00 (¢,
] =69 Hz, 2 H), 635 (br. s., 1 H), 653 (br. s, 1 H), 7.27-7.31 (m, 1 H), 733 (br. 5., 2 H),
755 (br. 5., 1 H). *C NMR (101 MHz, CDy0D) § ppm: 31.71, 42.48, 112,67, 114.02, 115.89,
123.26, 130.78, 133.83, 148.75, 173.03. HRMS-ESI: calculated 279.09%06 Da, found m/z
278.09139 [M-H] .

(3B)-N-(3-Azidopropyl)-3-hydroxylup-20(29)-ene-28-amide (1)

To a solution of BA (200 mg, 0.44 mmol) and 4-DMAP (59 mg, 0.48 mmol) in DMF
(3 mL), 3-azidopropylamine (53 mg, 053 mmol), HOBt (65 mg, 0.48 mmol) and EDCI
(93 mg, 048 mmol) were sequentially added. The mixture was stirred at RT for 36 h.
Solvents were removed under reduced pressure and the residue was chromatographed
twice (i. DCM-MeOH 100:1, o/v ii. DCM—DCM-MeOH 70:1, v/v). Azide 1 (200 mg,
0.37 mmol) was obtained as white solids in 84% yield. Ry = 0.48 in DCM-MeOH 40:1
(/o). 'H NMR (400 MHz, CDCl3) & ppm: 0.63-0.70 (m, 1 H), 0.75 (s, 3 H), 0.81 (s, 3 H),
0.83-0.91 (m, 1 H), 0.93 (s, 3 H), 0.96 (s, 3 H), 0.96 (s, 3 H), 0.97-1.05 (m, 1 H), 1.12-1.65 (m,
19 H), 1.67 (s, 3 H), 1.69-1.72 (m, 1 H), 1.75-1.82 (m, 2 H), 1.90-1.95 (m, 1 H), 2.38-2.48 (m,
1 H), 3.08 3.20 (m, 2 H), 332 (s, 4 H), 458 (s, 1 H), .73 (s, 1 H), 5.85 (t, ] = 5.9 Hz, 1 H);
Figure S1. BCNMR (101 MHz, CDCls) & ppm: 14.29, 15.01, 15.79, 15.80, 17.93, 19.13, 20.57,
25.26, 27.05, 27.63, 28.68, 29.10, 30.51, 33.40, 34.04, 36.61, 36.84, 37.40, 38.05, 38.36, 38.49,
40.40,42.11, 46.38, 49.31, 49.74, 50.27, 55.02, 55.30, 78.58, 109.01, 150.50, 175.96; Figure S3.
HRMS-ESI: calculated 538.42468 Da, found m/z 561.41394 [M+Na]'; Figure S2.

4-|[(3B)-28-[(3-Azidopropyljamino}-28-oxolup-20(29)-ene-3-yljoxy)-2,2-dimethyl-4-oxo-
butanoic acid (2)

To a solution of 1 (200 mg, 0.37 mmol) and 4-DMAP (73 mg, 0.59 mmol) in THF (2mL),
2,2-dimethylsucccinic anhydride (238 mg, 1.86 mmol) and p-TsOH were added and the
mixture was stirred for 2 h at 130 °C in microwave reactor (MW). The mixture was diluted
with HyO (20 mL) and extracted with DCM (4 x 15 mL). Combined organic layers were
dried over Na,SOy, filtered and the solvents were evaporated under reduced pressure. The
residue was chromatographed two times (i. DCM-MeOH 100:1, v/7; ii. hexanes-AcOEt 31,
v/v). Compound 2 (%4 mg, 0.14 mmol) was obtained as white solids in 38% vield. Ry = 0.60
in hexanes-AcOE, 1:1. 'H NMR (400 MHz, CDCls) § ppm: 0.73-0.76 (m, 1 H), 0.79 (s, 3 H),
0.82(s, 6 H), 092 (s,3 H), 095 (s,3 H), 0.97-1.01 (m, 1 H), 1.12 1.17 (m, 1 H), 1.27 (s, 3 H),
1.29 (s, 3 H), 1.30-1.67 (m, 17 H), 1.67 (s, 3 H), 1.71 (d, ] = 7.0 Hz, 1 H), 1.75-1.81 (m, 2 H),
1.90-193 (m, 1 H), 2.39-2.46 (m, 1 H), 2.52-2.68 (m, 2 H), 3.08 3.14 (m, 1 H), 3.22-3.33 (m,
2 H),333-343(m, 4 H), 445450 (m, 1 H), 458 (s, 1 H),4.73 (s, 1 H), 5.86 (t,] =59 Hz,
1 H); Figure S4. 3C NMR (101 MHz, CDCI3) 8 ppm: 14.60, 16.14, 16.46, 18.13, 19.44, 20.92,
23.59, 24.99, 25.27, 25.55, 25.58, 27.88, 29.02, 29.42, 30.83, 33.73, 34.30, 36.97, 37.08, 37.70,
37.72,38.40, 40.44, 40.76, 42.45, 44.69, 46.74, 49.65, 50.06, 50.50, 55.47, 55.65, 81.51, 109.42,
109.99, 150.81, 170.95, 176.38, 182.48; Figure S5. HRMS-ESI: calculated 666.47202 Da, found
m/z 667.47921 [M+H]', 689.46125 [M+Na]" and 705.43463 [M+K]"; Figure Sé.

(3B)-N-(3-Aminopropyl)-3-hydroxylup-20{29}-ene-28-amide (3) [31]

A solution of 2 (339 mg, 0.63 mmol) and PPh; (248 mg, 0.95 mmol) in THF (10 mL)
was stirred for 3h at RT. Water (1 mL) was added and the mixture was stirred for additional
20 h at RT. Solvents were evaporated under reduced pressure and the residue was chro-
matographed (CHCl3-MeOH 20:1, v/ + 0.5% EtaN — 10:1, o/v + 0.5% Et;N). Compound 3
(278 mg, 0.54 mmol) was obtained as white solids in 86% yield. Rg = 0.15 in DCM-MeOH
10:1 (v/9) + 0.5% EtsN. "H NMR (400 MHz, CD30D) § ppm: 0.70-0.75 (m, 1 H), 0.77 (s,
3 H), 0.88 (s, 3 H), 0.91-0.96 (m, 1 H), 0.97 (s, 3 H), 0.99 (s, 3 H), 1.02 (s, 3 H), 1.04-1.10 (m,
1 H), 1.15-1.69 (m, 20 H), 1.71 (s, 3 H), 1.80-1.95 (m, 2 H), 2.10-2.19 (m, 1 H), 2.55-2.64 (m,
1H),269(t, ] = 6.9 Hz, 2 H), 3.07-3.18 (m, 2 H), 3.20-3.32 (m, 2 H), 460 (s, 1 H),4.72 (s, 1 H);
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Figure 57. *C NMR (101 MHz, CD;0D) § ppm: 13.80, 14.78, 15.46, 15.49, 18.07, 18.37, 20.78,
25.58, 26.64, 27.28, 29.22, 30.57, 32.01, 32.75, 34.24, 35.77, 36.95, 37.53, 38.11, 38.25, 38.57,
38.72,40.61, 42.14, 46.67, 50.00, 50.68, 55.49, 55.57, 78.26, 108.63, 150.86, 177.88; Figure S8.
HRMS-ESI: calculated 512.43418 Da, found m/z 513.44206 [M+H]"; Figure S9.

(3R)-N-[N"-(4 4-Difluom-4-bora-3a da-diaza-s-indacene-8-yl)-3-aminopropyi]-3-hvdro-
xylup-20(29)-ene-28-amide (4)

To a solution of BA (50 mg, 0.11 mmol) and BODIPY-NH: (32 mg, 0.12 mmol) in DMF
(3mL), $-DMAP (15 mg, 0.12 mmol), HOBt (16 mg, 0.12 mmol) and EDCI (23 mg, 0.12 mmol)
were added. The mixture was stirred for 20h at RT. The solvents were evaporated under
reduced pressure and residue was chromatographed (hexanes-AcOEt 1:1). Compound 4
(56 mg, 0.08 mmol) was obtained as yellow-green solid in 73% yield. Ry = 0.27 in hexanes-
AcOE? 1:1. "H NMR (400 MHz, CDCly) 8 ppm: 0.66-0.70 (m, 1 H), 0.74 (s, 3 H), 0.80 (s, 3 H),
0.84-0.89 (m, 1 H), 0.90 (s, 3 H), 096 (s, 3 H), 1.00 (s, 3 H), 1.01-1.12 (m, 1 H), 1.17-1.71 {m,
20 H), 1.72 (s, 3 H), 1.73-1.80 (m, 2 H), 1.87-2.04 (m, 4 H), 2.48 255 (m, 1 H), 3.14-3.21
(m, 2 H), 3.28-3.36 (m, 2 H), 3.73 (q, ] = 5.5 Hz, 2 H), 4.65 (s, 1 H), 477 (s, 1 H), 6.27 (t,
1 =59Hz 1H),645 (br. 5., 1 H), 650 (br. 5., 1 H), 7.12 (br. 5, 1 H), 7.51 (br. 5., 1 H), 7.67 (br.
s., 2 H), 9.73 (t, ] = 5.3 Hz, 1 H); Figure $10. ¥C NMR (101 MHz, CDCls) § ppm: 14.67,
1535, 16.12, 16.15, 18.25, 19.46, 20.96, 25.61, 27.38, 27 96, 29.15, 29.53, 30.88, 3353, 34.34,
36.75, 37.17, 37.94, 38.48, 38.72, 38.84, 40.81, 42.48, 44.48, 46,90, 50.10, 50.58, 55.35, 55.72,
78.95, 109.78, 113.37, 114.28, 116.74, 122.42, 125.66, 131.71, 134.28, 134.30, 149.07, 150.40,
179.08; Figure S11. HRMS-ESI: calculated 702.48556 Da, found m/z 725.47504 [M+Na]+
and 741.44867 [M+K]+; Figure S12.

(3B)-N-(3-Azidopropyl)}-3-[N {4 4-difluoro-4-bora-3a 4a-diaza-s-indacene-8-yl)-f-alanyl |-
oxy-lup-20(29)-ene-28-amide (5)

To a solution of 1 (130 mg, 0.24 mmol) and 4-DMAP (59 mg, 0.48 mmol) in dry DCM
(5 mL), BODIPY-COzH (101 mg, 0.36 mmol) and DCC (100 mg, 0.48 mmol) were added.
The mixture was stirred at RT for 16 h. DCU was filtered off and the solvents were removed
under reduced pressure. The crude was chromatographed (DCM-MeOH 100:1, v/v), and
the material thus obtained was dissolved in AcOEt and precipitated by the addition of
hexanes and chromatographed once again (DCM-MeOH 100:1, v/v) to obtain pure 5
(160 mg, 0.20 mmol) as yellow solid in 83% vield. R = 0.62 in DCM-MeOH 40:1 (v/v). 'H
NMR (400 MHz, CDCl3) § ppm: 0.78-0.82 (m, 1 H), 0.85 (s, 3 H), 0.85 (s, 6 H), 0.94 (s, 3 H),
097 (s, 3 H), 0.99-1.05 (m, 2 H), 1.14-1.18 (m, 1 H), 1.22-1.66 (m, 17 H), 1.69 (s, 3 H), 1.72 (m,
1 H), 1.75-1.81 (m, 2 H), 1.89-1.97 (m, 1 H), 2.42-2.50 (m, 1 H), 2.80 (t, ] = 6.3 Hz, 2 H),
3.09-3.16 (m, 1 H), 3.23-339 (m, 4 H), 3.94(q, ] = 6.1 Hz, 2 H), 4.56-4.60 (m, 1 H), 4.60 (s,
1H),474(s, 1 H),583(t,] =59Hz 1 H),6.44 (br. 5., 2 H), 7.01 (br. 5., 2 H), 7.45-7.68 (m,
2 H),7.73 (t,] = 5.3 Hz, 1 H); Figure S13. 13C NMR (101 MHz, CDCl3) § ppm: 14.59, 16.17,
16.19, 16.54, 18.14, 19.47, 20.96, 23.73, 25.54, 28.06, 29.04, 29.43, 30.85, 32.63, 33.74, 34.27,
36.98, 37.11, 37.70, 37.87, 38.33, 38.39, 40.77, 42.48, 42.53, 46.74, 5542, 55.65, 76.70, 77.02,
77.34, 82.86, 109.44, 114.00, 114.79, 115.12, 123.08, 132.60, 135.52, 147.98, 150.82, 171.54,
176.32; Figure S14. HRMS-ESL: calculated 799.51318 Da, found m/z 822.50287 [M+Na]* and
838.47620 [M+K]"; Figure S15.

(3B)-N-(3-Aminopropyl}-3-{N "4 4-difluoro4-bora-3a 4a-diaza-s-indacene-8-yl)-B-alanyl}-
oxy-lup-20(29)-ene-28-amide (6)

To a solution of 5 (60 mg, 0.08 mmol) in dry THF (3 mL), PPh; (26 mg, 0.10 mmol)
was added. After stirring for 3h, H,O was added and the mixture was stirred for 20 h.
Solvents were removed under reduced pressure and the product was chromatographed
(DCM-MeOH 9:1, v/v — MeOH-H,0 100:1, v/v) to obtain 6 (25 mg, 0.03 mmol) as yellow
solids in 43% yield. Ry = 0.12 in DCM-MeOH 10:1 (v/v) + 0.5% Et;N. 'H NMR (400 MHz,
CDCly) 8 ppm: 0.79-0.82 (m, 1 H), 0.85 (s, 3 H), 0.85 (s, 6 H), 0.95 (s, 3 H), 0.97 (s, 3 H),
0.98-1.03 (m, 2 H), 1.12-1.16 (m, 1 H), 1.26-1.65 (m, 22 H), 1.69 (s, 3 H), 1.72-1.77 (m, 2 H),
1.92-1.98 (m, 1 H), 2.45-2.51 (m, 1 H), 2.77-2.85 (m, 4 H), 3.11-3.18 (m, 1 H), 3.30-3.40 (m,
2 H),3.98 (t,] = 6.3 Hz,2 H), 57-4.61 (m, 2 H), 4.74 (s, 1 H), 6.40 (t, ] = 5.5 Hz, 1 H), 6.46 (br.
s., 2 H), 6.99-7.09 (m, 2 H), 7.49-7.72 (m, 3 H); Figure $16. *C NMR (101 MHz, CDCls)
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& ppm: 1459, 16.17, 16.19, 16.54, 18.14, 19.48, 20.97, 23.74, 25.56, 28.07, 29.43, 30.89, 32.44,
3267, 3370, 34.28, 37.11, 37.52, 37.66, 37.57, 38.33, 38 49, 40.09, 40,76, 42 48, 42 57, 4574,
50.07, 50.55, 55.42, 55.61, 8290, 109.34, 11415, 114.52, 11540, 12245, 132.64, 135,57, 1458.06,
150,99, 171.58, 176.32; Figure 517. HEMS-ESL: monoisotopic mass 773.52268 Da, found /=
77453046 [M+H]* and 77251587 [M-H] " ; Figure S18.

Tert-butylH3-{[{3p)-3-hydmy-28-cocolup-20(29)-ene-28-yijamino|propyl)-carbamate (7) [23]

To a solution of BA (1.00 g, 2.19 mmol) and 4-DMAP (295 mg, 2.41 mmol) in DMF
(12 mL), N-boc-1,3-diaminopropane (459 mg, 2.63 mmol), HOBt (326 mg, 2.41 mmol) and
EDCT (462 mg, 241 mmol) were added. The mixture was stirred for 48 h at ET. The
solvents were evaporated under reduced pressure and the residue was chromatographed
(DCM-MMeOH 10001, v/7). Compound 7 (900 mg, 1.47 mmol) was obtained as white solid
in 67% yield. Rp = 0.34 in DCM-MeOH 4001 (/7). 'H NMR (400 MHz, CDCls) & ppm:
0,65 070 {m, 1 H), 075 (s, 3 H), 0.81 (s, 3 H), 0.85-0.90 (m, 1 H), 0.93 (s, 3 H), 0.96 (s,
3 H), 0.97 (5, 3 H), 0.95-1.05 (m, 2 H), 1.13-1.20 (m, 1 H), 1.22-1.44 (m, & H), 1.45 (s, 9 H),
1.46 1.68 (m, 11 H), 1.69 (s, 3 H), 1.69-181 {m, 2 H), 1.88-2.00 (m, 1 H), 200-2.07 {m, 1 H),
242250 {m, 1 H}, 3.10-3.28 {m, 5 HJ, 3.30-3.39 (m, 1 H), 459 (s, 1 H), 74 (s, 1 H), 491 (br.
5., 1 H), 633 (br. 5., 1 H); Figure 519. C NMR (101 MHz, CDCls) é ppm: 1464, 15.35, 16.12,
16.14, 18.28, 1948, 20.94, 35,64, 27.41, 27.97, 28.40 (s, 3 C) 29.48, 30,54, 30.92, 33.65, 34.39,
35.28, 3720, 37.75, 38,51, 38.72, 38.84, 40.76, 42.47, 46.66, 50.04, 50,64, 55.38, 55.76, 67.07,
78.96, 79.32, 109.27, 151.05, 156.65, 176.50; Figure S20. HRMS-ESI: calculated 612 48661 Da,
found m/z 613.493%4 [M+H]", 63547609 [M+Na]" and 651.44943 [M+K]"; Figure 521.

4328 |3-{{Tert-butoxycarbonyl Jaminolpropyljamino - 28-oxolup-20(2%-ene-3-yljoxy]-
2 2-dimethyl-4-oxobutancic acid (8)

To a solution of 7 (400 mg, 0,65 mmaol) and 4-DMAP (128 mg. 1.4 mmaol) in THF
(4 mL), 2. 2-dimethylsuccinic anhydride (418 mg, 3.26 mmol) and p-TsOH were added. The
mixture was stirred for 2 h at 130 °C in a microwave reactor. The mixture was poured
into water and extracted with DM (4 = 20 mL). Combined organic lavers were washed
with KHS0y (3 » 5 mL) and brine. The organic layer was dried over NayS0y and the
solvents were evaporated under reduced pressure. The residue was chromatographed
(DCM-MeOH 4001, o + 1% EtsN) to obtain 8 (260 mg, 0.35 mmol) as white solids in
54% yield. Rp = 018 in DCM-MeOH 40:1 (o/7) + 1% EtsN. 'H NMR (400 MHz, CDCly) §
ppm: 0.74-0.77 (m, 1 H), 0.80 (s, 3 H), 0.82 (s, & H), 0.92 (s, 3 H), 0.9 (s, 3 H), 0.97-1.02 {m,
1 H), 1.13-1.17 {m, 1 HJ, 1.25-1.27 {m, 2 H), 1.28 (s, 3 H), 1.30 (s, 3 H), 1.31-1.44 {m, 7 H),
1.45 (s, O H), 1.46-1.68 {m, 10 H), 1.69 (s, 3 H), 1.70-1.82 {m, 2 H), 1.90-197 {m, 1 H),
2.032.07 (m, 1 H), 241-2.48 (m, 1 H), 2.53-2.70 {m, 2 H), 3.10-3.40 (m, 7 H), 4.46-4.51 (m,
1 H), 459 (s, 1 H), 474 (s, 1 H), 494 (br. 5., 1 H), 643 (br. 5, 1 H); Figure 522. 3¢ NMR
(101 MHz, CDCls) & ppme: 1461, 1609, 16.15, 16.47, 18.14, 19.45, 20.95, 23.60, 25.02, 1558,
25,61, 27.90, 28.39, 29.46, 30.49, 30.88, 33,61, 34.30, 35.35, 37.08, 37.70, 37.92, 38.40, 3852,
4044, 40.72, 4076, 42 46, 4471, 46.64, 4999, 5052, 5547, 55.80, 7940, B1.55, 10437, 150.97,
156,80, 171.00, 176.72, 182.24; Figure 523. HEMS-ESI: calculated 740.53395 Da, found m/z
741.54119 [M+H]* and 763.52302 [M+Na]*; Figure 524.

4-[i3 p)-28-[(3-Aminopropylamino |-28-oxolup-20( 2 -ene-3-v[]oxy|-2 2-dimethy l-4-oo-
butanooic acid hydrochloride (9)

Compound 6 (130 mg, 0.18 mmol) was dissolved in CHCl3 (1.5 mL) and 2 M HCI
solution in Ets0 (3 mL) was added slowly. The mixture was stirred for 1 h at RT under
argon atmosphere. Solvents were evaporated under reduced pressure and the residue was
sonicated for 20 min in Etz0 (5 mL). The product was collected by filtration and dried
in vacuo. Compound 9 (102 mg. 0.16 mmol) was obtained as white solids in 91% yield.
Rp = 0.1 in DCM-MeOH 91 (/7). 'H NMR (400 MHz, CDyOD) & ppm: 0.81-0.83 (m,
1 H), 086 (s, & H), 088 {s, 1 H), 0.89 (s, 3 H), 0.98 (s, 3 H), 1.02 {5, 3 Hj, LO-1.11 {m, 1 H),
1.19 {m, 1 HJ, 1.25 (s, 3 H), 1.26 (s, 3 H), 1.27-1.32 {m, 1 H), 1.36-1.65 (m, 15 H), 1.69 (s, 3 H),
1.70-1.76 {m, 2 HJ, 1L.80-1.90 {m, 5 H), 2.10-2.15 {m, 1 H), 2.52-2.65 (m, 3 H), 2.90 2.96 (m,
2 H), 3.06-3.13 (m, 1 H), 3.23-3.30 (m, 2 H), 4.43-4.48 (m, 1 H), 459 (s, 1 H), 470 {s, 1 H),
789 (t,] =59 Hz, 1 H); Figure 525. '%C NME (101 MHz, CDs0D) & ppm: 13.64, 15.36, 1543,
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15.66, 17.85, 18.13, 20.76, 23.25, 24 43, 24.79, 25.49, 27.06, 27.71, 29.22, 30.51, 3259, 34.06,
35.22, 36.85, 36.86, 37.42, 37.58, 38.02, 38.03, 38.18, 39.94, 40.60, 42.13, 44.23, 49.90, 50.50,
55.46, 55.65, 81.22, 108.66, 150.77, 171.53, 179.14, 179.17; Figure S26. HRMS-ESL: calculated
640.48152 Da, found m/z 641.48955 [M+H]"; Figure S27.

4-|[(38)-28-[[N-(4 4-Difluoro4-bora-3a,4a-diaza-s-indacene-8-yl)-3-aminopropylJamino)-
28-oxolup-20(29)-ene-3-yljoxy|-2,2-dimethyl-4-oxobutanoic acid (10)

Compound 9 (15 mg, 0.02 mmol) and BODIPY-SMe (6 mg, 0.03 mmol) were dissolved
in the mixture of CHCls (2 mL) and THF (1 mL). To this solution, one drop of EtsN was
added. The mixture was stirred 30 min at RT. Solvents were evaporated under reduced
pressure and the residue was chromatographed (DCM-MeOH 19:1, v/ + 1% Et;N). The
mixture was dissolved in AcOEt and washed with KHSO; (10% solution, 3x5 mL) and
brine (1 x 5 mL). Organic layer was dried over Na;SO; and the solvents were evaporated.
Compound 10 (14 mg, 0.02 mmol) as yellow-green solid in 74% yield. R = 0.73 in DCM-
MeOH 9:1 (v/v). 'H NMR (400 MHz, CDCls) & ppm: 0.73-0.77 (m, 1 H), 0.78 (s, 3 H),
0.81 (s, 3 H), 0.82 (s, 3 H), 0.83-0.85 (m, 1 H), 0.89 (s, 3 H), 0.99 (s, 3 H), 1.00-1.10 (m, 1 H),
1.16-1.21 (m, 1 H), 1.29 (s, 3 H), 1.31 (s, 3 H), 1.34-1.67 (m, 15 H), 1.72(s, 3 H), 1.74 1.79 (m,
2 H), 1.87-2.03 (m, 5 H), 2.49-2.71 (m, 3 H), 3.14-3.20 (m, 1 H), 3.33 (q, ] = 54 Hz, 2 H),
374(q,1=55Hz2H), 446451 (m, 1 H),4.65(s,1 H), 477 (s, 1 H), 624 (t, ] =6.1 Hz, 1 H),
644 (br. s, 1H),651(br.s.,1H),7.12(br. s, 1 H), 751 (br. s, 1 H), 768 (br. 5., 2 H), 9.71 (t,
J =55 Hz, 1 H); Figure $28. *C NMR (101 MHz, CDCly) 8 ppm: 1463, 16.11, 16.15, 16.47,
18.09, 19.43, 20.99, 23.59, 24.97, 25.62, 27 88, 29.16, 29.51, 30.86, 33.56, 34.26, 36.73, 37.06,
37.70, 37.89, 38.40, 38.49, 40.45, 40.81, 42.47, 44.40, 44.70, 46.88, 50.08, 50.47, 55.46, 55.71,
81.51, 109.83, 113.40, 114.28, 116.67, 122.36, 125.65, 131.78, 134.36, 149.06, 150.35, 171.00,
179.13, 18228; Figure 529. HRMS-APCI: calculated 830.53291 Da, found m/z 829.52699
[M-H] " ; Figure S30.

(3P )-28-(4-|2-[(Tert-butoxycarbonyl)amino Jethyl| piperazine-1-yl)-28-oxolup-20(29)-ene-
3-yl acetate (12)

To a solution of compound 11 (1.27 g, 2.55 mmol) in DCM (20 mL), oxalyl chloride
(1.2 mL) in DCM (10 mL) and 3 drops of DMF were added. After stirring for 2 h at RT,
the solvents were co-evaporated with toluene (3 x 20 mL). Chloride thus obtained was
dissolved in DCM (35 mL), and 1-(2-N-boc-aminoethyl)piperazine (876 mg, 3.82 mmol)
followed by Et;N (0.42 mL) were added. After stirring for 16 h at RT, the mixture was
diluted with DCM (20 mL) and washed with brine (3 x 30 mL). The organic layer was
dried over Na25S0; and the solvents were evaporated under reduced pressure. The residue
was chromatographed (CHCl3-MeOH 100:1 — 50:1, v/v) to obtain product 12 (720 mg,
1.01 mmol) as white solids in 40% yield. Rp = 0.16 in DCM-MeOH 100:1 (/7). 'H NMR
(400 MHz, CDCl) § ppm: 0.77-0.80 (m, 1 H), 0.83 (s, 3 H), 0.84 (s, 3 H), 0.85 (s, 3 H), 0.94 (s,
3 H),095(s,3H),097-1.00 (m, 1 H), 1.12-1.17 (m, 1 H), 1.28-1.42(m, 9 H), 1.46 (s, 9 H),
1.48-1.66 (m, 7 H), 1.68 (s, 3 H), 1.70-1.74 (m, 1 H), 1.81-1.87 (m, 1 H), 1.93-1.98 (m, 1 H),
204 (s, 3 H), 207-2.11 (m, 1 H), 242 (br. 5., 4 H), 2.49 (br. 5., 2 H), 2.83-2.90 (m, 1 H),
294-3.01 (m, 1 H), 325 (br. 5, 2 H), 361 (br. 5., 4 H), 444449 (m, 1 H), 458 (s, 1 H), 472 (s,
1 H),4.98 (br. 5., 1 H); Figure $31. *C NMR (101 MHz, CDCls) 8 ppm: 14.62, 16,11, 16.24,
1646, 18.18, 19.63, 21.15, 21.30, 23.70, 25.61, 27.93, 2841, 29.79, 31.30, 32.46, 32.49, 3431,
35.91, 36.86, 36.95, 37.14, 37.80, 38.41, 40.68, 41.85, 45.65, 50.76, 52.65, 53.12, 54.52, 55.52,
57.15, 79.30, 80.97, 109.16, 151.30, 155.90, 170.99, 173.46; Figure S32. HRMS-ESI: calculated
709.53937 Da, found m/z 710.54562 [M+H]" and 732.52546 [M+Na]"; Figure S33.

Tert-butyl-(2-{4-{(38)-3-hydroxy-28-oxolup-20(29)-ene-28-yl]piperazine-1-yljethyl)-
carbamate (13)

To compound 12 (700 mg, 0.99 mmol) in MeOH (18 mL) and THF (9 mL), 4 M NaOH
solution (9 mL) was added. The mixture was stirred for 2 h at RT. The mixture was
neutralized by 1 M HCl solution and extracted with DCM (4 x 40 mL). Combined organic
layers were washed with saturated brine (2 x 50 mL) and dried over Na,SO;. Solvents
were evaporated under reduced pressure and the residue was chromatographed (DCM-
MeOH 40:1, v/7) to obtain 13 (310 mg, 0.46 mmol) as white solids in 47% yield. Rp =0.33in
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DCM-MeOH 20:1 (/). 'H NMR (400 MHz, CDCly) 8 ppm: 0.66-0.69 (m, 1 H), 0.75 (s, 3 H),
0.82 (s, 3 H), 0.86-0.90 (m, 1 H), 0.93 (s, 3 H), 0.96 (br. 5, 6 H), 1.12-1.17 (m, 1 H), 1.23-1.29
(m, 2 H), 1.29-1.42 (m, 8 H), 1.45 (s, 9 H), 1.48-1.66 (m, 7 H), 1.68 (5, 3 H), 1.69-1.73 (m,
1 H), 1.81-1.87 (m, 1 H), 1.93-1.98 (m, 1 H), 2.06-2.11 (m, 1 H), 2.42 (br. 5., 4 H), 2.48 (br. 5.,
2 H), 284-2.90 (m, 1 H), 2.94-3.00 (m, 1 H), 3.15-3.20 (m, 1 H), 325 (br. 5, 2 H), 3.61 (br. 5.,
4 H),4.57 (s, 1 H), 4.72 (s, 1 H), 4.99 (br. s., 1 H); Figure S34. 13C NMR (101 MHz, CDCly)
5 ppm: 14.67, 15.34, 16.11, 16.18, 18.30, 19.66, 21.14, 25.66, 27.43, 27.98, 28.41, 29.80, 31.32,
32.48, 32.50, 34.39, 35.91, 36.88, 36.97, 37.23, 38.74, 38.85, 40.67, 41.87, 45.62, 50.86, 52.67,
53.11, 54.53, 55.47, 57.15, 78.97, 79.28, 109.10, 151.33, 155.91, 173.45; Figure S35. HRMS-ESI:
calculated 667.52881 Da, found m/z 668.53693 [M+H]"; Figure S36.

(3f)-28-[4-(2-Aminoethyl)piperazine-1-yl]-3-hydroxylup-20(29)-ene-28-one hydrochlo-
ride (14)

To compound 13 (200 mg, 0.30 mmol) in CHCl4 (2.8 mL), 2 M HCl solution in Et;O
(5.1 mL) was slowly added. The mixture was stirred for 16 h at RT under argon. Solvents
were removed under reduced pressure and the crude was sonicated for 20min in Et;O
(5 mL), collected by filtration and dried. Compound 14 (142 mg, 0.25 mmol) was isolated
as white solid in 84% yield. 'H NMR (400 MHz, CD;OD) & ppm: 0.69-0.73 (m, 1 H),
0.75 (s, 3 H), 0.86 (s, 3 H), 0.88-0.93 (m, 1 H), 0.95 (s, 3 H), 0.96 (s, 3 H), 1.01 (s, 3 H),
1.02-1.07 (m, 1 H), 1.22-1.67 (m, 18 H), 1.70 (s, 3 H), 1.73-1.77 (m, 1 H), 1.82-1.88 (m, 1 H),
1.97-2.02 (m, 1 H), 2.11-2.15 (m, 1 H), 2.79-2.86 (m, 1 H), 2.89-2.95 (m, 1 H), 3.11-3.15 (m,
1 H), 3.35-3.81 (m, 11 H), 459 (s, 1 H), 4.70 (s, 1 H); Figure $37. *C NMR (101 MHz,
CD30D) & ppm: 13.65, 14.68, 15.27, 15.38, 18.04, 18.29, 20.86, 25.52, 26.63, 26.67, 27.18, 29.66,
30.92, 31.88, 33.62, 33.63, 34.19, 36.94, 36.96, 38.53, 38.68, 40.54, 41.64, 45.78, 50.78, 52.19,
52.37,53.15, 54.58, 55.52, 78.24, 108.66, 150.85, 174.45; Figure S38. HRMS-ESL: calculated
567.47638 Da, found m/z 5684832 [M+H]"; Figure 539.

(3B )-28-[4-IN<(4,4-Difluoro4-bora-3a,4a-diaza-s-indacene-8-yl)}-2-aminoethylpiperazine-
1-yl}-3-hydroxylup-2(29)-ene-28-one (15)

To compound 14 (45 mg, 0.08 mmol) and BODIPY-SMe (21 mg, 0.09 mmol) in the
mixture of DCM (5 mL) and THF (2.5 mL), was added one drop of Et;N and the mixture
was stirred 30 min at RT. Solvents were evaporated under reduced pressure and the residue
was chromatographed (DCM-MeQOH 100:1, v/v) to obtain 15 (42 mg, 0.06 mmol) as yellow
solids in 70% yield. Ry = 0.19 in DCM-MeOH 100:1 (/7). *H NMR (400 MHz, CDCly) &
ppm: 0.67-0.71 (m, 1 H), 0.76 (s, 3 H), 0.83 (s, 3 H), 0.87-0.91 (m, 1 H), 0.95 (s, 3 H), 0.97 (s,
6 H), 1.16-1.21 (m, 1 H), 1.21-1.32 (m, 3 H), 1.38-1.66 (m, 15 H), 1.69 (s, 3 H), 1.72-1.76 (m,
1 H), 1.82-1.89 (m, 1 H), 1.93-1.98 (m, 1 H), 2.06-2.12 (m, 1 H), 255 (br. 5., 4 H), 2.82-2.90
(m, 3 H), 2.95-3.01 (m, 1 H), 3.17-3.21 (m, 1 H), 3.70 (br. s., 4 H), 3.75 (br. 5., 2 H), 4.60 (s,
1H),4.74 (s, 1 H), 641 (br. 5., 1 H), 653 (br. 5., 1 H), 6.91 (br. 5., 1 H), 7.13 (br. 5., 1 H), 751
(br. s, 1H), 7.72 (br. 5., 1 H), 7.92 (br. 5., 1 H); Figure 540. 13C NMR (101 MHz, CDCly)
& ppm: 14.68, 15.34, 16.18, 18.32, 19.64, 21.14, 25.45, 25.64, 27.43, 27.97, 29.86, 31.31,32.52,
34.42, 35.93, 36.92, 37.24, 38.74, 38.86, 40.69, 41.80, 41.90, 45.62, 50.84, 52.53, 52.65, 54.26,
54.60, 55.46, 78.98, 109.29, 113.76, 114.93, 122,67, 123.28, 125.04, 132.47, 135.78, 147.77, 151.12,
173.64; Figure S41. HRMS-ESI: calculated 757.52776 Da, found m/z 7805171 [M+Na]" and
796.4904 [M+K]"; Figure S42.

4-([(3B)-28-(4-{2-[(Tert-butoxycarbonyl)aminojethyl| piperazine-1-yl)-28-oxolup-20(29)-
ene-3-yl]Joxy]-2,2-dimethyl-4-oxobutanoic acid (16)

To a solution of 13 (500 mg, 0.75 mmol) and 4-DMAP (146 mg, 1.20 mmol) in THF
(5 mL), 2,2-dimethylsuccinic anhydride (480 mg, 3.74 mmol) and a catalytic amount of
p-TsOH were added. The reaction was stirred for 2 h at 130 “C in a microwave reactor. The
mixture was diluted with H,O and extracted with DCM (4 x 20 mL). Combined organic
layers were dried over Na»>SO; and the solvents were removed under reduced pressure.
The crude was chromatographed twice (i. toluene-AcOEt 1:1 — AcOEY; ii. toluene-AcOEt
1:1 + 1% EtsN — AcOEt — DCM-MeOH 9:1, 2/v). Compound 16 (328 mg, 0.41 mmol)
was obtained as white solids in 53% yield. Ry = 043 in DCM-MeOH 9:1 (v/v). '"H NMR
(400 MHz, CDCl3) 8 ppm: 0.74-0.77 (m, 1 H), 0.81 (s, 6 H), 0.83 (s, 3 H), 093 (5, 3 H), 095 (s,
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3 H), 1.12-1.16 (m, 1 H), 1.27 (br. s., 6 H), 1.32-1.41 (m, 8 H), 1.44 (s, 9 H), 1.47-1.65 (m,
7 H), 1.68 (s, 3 H), 1.70-1.74 (m, 1 H), 1.80-1.86 (m, 1 H), 1.90-1.95 (m, 1 H), 2.05-2.09 (m,
1 H), 2.49-2.69 (m, 6 H), 2.82-2.89 (m, 1 H), 2.93-3.00 (m, 1 H), 3.29 (br. 5., 2 H), 3.61 (br.
s.,4 H), 3.71 (br. s, 2 H), 445450 (m, 1 H), 458 (s, 1 H), 472 (s, 1 H), 5.15 (br. 5., 1 H);
Figure 543, B¢ NMR (101 MHz, CDCls) & ppm: 14.67, 16.06, 16.21, 16,57, 18.23, 19.64, 21.14,
23.66, 23.68, 25.57, 25.58, 25.92, 25.94, 27.91, 28.40, 29.82, 31.30, 32.36, 32.39, 34.26, 35.96,
36.69, 36.82, 37.12, 37.76, 38.39, 38.41, 40.63, 41.87, 45.60, 50.72, 52.60, 52.94, 54.49, 55.53,
57.19, 57.20, 109.24, 128.19, 129.00, 151.20, 155.99, 173.43; Figure 544. HRMS-ESL: calculated
795.57615 Da, found m/z 796.58292 [M+H]"; Figure $45.
4-{[(3f)-28-[4-(2-Aminoethyl)piperazine-1-yl]-28-oxolup-20(29)-ene-3-yljoxy]-2,2-

dimethyl-4-oxobutanoic acid hydrochloride (17)

To compound 16 (150 mg, 0.19 mmol) in CHCly (2 mL), 2 M HCl solution in Et,O
(3.2 mL) was added. The mixture was stirred for 2 h at RT under argon atmosphere.
Solvents were evaporated and the crude was sonicated for 20 min in Et;O (5 mL). The
precipitate was collected and dried in vacuo. Compound 17 (102 mg, 0.16 mmol) was
obtained as white solids in 91% yield. 'H NMR (400 MHz, CD;OD) & ppm: 0.82-0.85 (m,
1 H),0.87 (br. s, 6 H), 0.91 (s, 3 H), 0.98 (s, 3 H), 0.99-1.02 (m, 1 H), 1.04 (s, 3 H), 1.05-1.10 (m,
1 H), 127 (s, 3 H), 1.28 (s, 3 H), 1.29-1.69 (m, 8 H), 1.71 (s, 3 H), 1.73-1.78 (m, 2 H),
1.83-1.89 (m, 1 H), 1.98-2.04 (m, 1 H), 2.13-2.18 (m, 1 H), 2.54-2.67 (m, 2 H), 2.81-2.87 (m,
1 H), 2.91-2.97 (m, 1 H), 3.05-3.77 (m, 11 H), 445449 (m, 1 H), 461 (s, 1 H), 4.72 (s, 1 H);
Figure S46. BC NMR (101 MHz, CD;0D) § ppm: 13.72, 15.25, 1540, 15.67, 17.87, 18.29,
20.87, 20.90, 23.27, 24.44, 24.79, 25.43, 25.45, 27.09, 29.66, 30.91, 31.85, 33.65, 34.06, 36.89,
36.92, 37.44, 38.21, 39.94, 40.54, 41.67, 44.24, 45.78, 50.65, 52.19, 52.32, 53.16, 54.56, 55.52,
81.25, 108.69, 150.83, 17153, 174.40, 179.15; Figure $47. HRMS-ESI: calculated 695.52372 Da,
found m/z 696.53153 [M+H]"; Figure S48.

4-([(3f)-28-[4-IN-(4,4-Difluoro-4-bora-3a 4a-diaza-s-indacene-8-yl)-2-aminoethyl|piper-
azine-1-yl|-28-oxolup-20(29)-ene-3-yljoxy|-2,2-dimethyl-4-oxobutanoic acid (18)

To compound 17 (50 mg, 0.07 mmol) and BODIPY-SMe (19 mg, (.08 mmol) in the
mixture of CHCly (5 mL) and THF (3 mL), a drop of Et;N was added. The mixture was
stirred 30 min at RT. Solvents were evaporated and the residuum was chromatographed
(DCM-MeOH 20:1, v/ + 0.5% Et;N). Compound 18 (39 mg, 0.04 mmol) was obtained as
yellowish solid in 62% yield. Rg = 0.22 in DCM-MeOH 20:1 (/7) + 0.5% EtsN. '"H NMR
(400 MHz, CDCl3) & ppm: 0.75-0.78 (m, 1 H), 0.81 (s, 3 H), 0.83 (s, 3 H), 0.84 (s, 3 H),
0.88092(m, 1 H),0.94 (s, 3 H),0.96 (s, 3H), 1.15-1.19 (m, 1 H), 1.28 (s, 3 H), 1.30 (s, 3 H),
1.351.42 (m, 7 H), 1.45-1.51 (m, 2 H), 1.51-1.64 (m, 6 H), 1.69 (s, 3 H), 1.72-1.76 (m, 1 H),
1.83 1.89 (m, 1 H), 1.93-1.98 (m, 1 H), 2.06-2.12 (m, 1 H), 251-2.70 (m, 6 H), 2.82-2.89 (m,
3 H), 2.94-3.00 (m, 1 H), 3.68 (br. 5., 4 H), 3.75 (br. 5., 2 H), 4.46-4.51 (m, 1 H), 4.59 (s, 1 H),
473(s, 1 H), 639 (br. 5., 1 H), 6.52 (br. 5., 1 H), 691 (br. 5., 1 H),7.13 (br. 5., 1 H), 7.50 (br. 5.,
1 H),7.71 (br. 5., 1 H), 7.96 (br. 5., 1 H); Figure 549. 13C NMR (101 MHz, CDCl3) & ppm:
1467, 16.13, 16.21, 16.50, 18.18, 19.60, 21.17, 23.65, 25.05, 25.60, 27.92, 29.68, 29.84, 31.29,
32.49, 34.32, 35.94, 36.88, 37.12, 37.74, 38.42, 4048, 40.68, 41.88, 41.96, 44.75, 45.65, 50.71,
52.57, 5261, 5428, 54.57, 55.55, 81.47, 109.33, 113.68, 114.87, 122,61, 123.38, 125.04, 132.41,
135.68, 147.79, 151.11, 171.11, 173.64, 182.29; Figure S50. HRMS-ESI: calculated 885.57511
Da, found m/z 884.56855 [M-H] ~; Figure S51.

2.2. Biochemistry
2.2.1. Cell Lines

All cells (if not indicated otherwise) were purchased from the American Tissue Culture
Collection (ATCC; Manassas, VA, USA). The highly chemosensitive CCRF-CEM line is
derived from T lymphoblastic leukaemia, K562 represent cells of chronic myelogenous
leukaemia. Colorectal adenocarcinoma HCT116 cell line and its p53 gene knockout coun-
terpart (HCT116p53—/—, Horizon Discovery Ltd., Cambridge, UK) were used as models
to assess the impact of p53 deficiency on cell line sensitivity. A549 cells are derived from
lung adenocarcinoma and U20S from human osteosarcoma. CEM-DNR and K562-Tax
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are well-characterized daunorubicin and paclitaxel-resistant sublines of CCRF-CEM and
K562. The CEM-DNR resistant cells overexpress the P-glycoprotein and LRP protein, the
K562-Tax overexpress P-glycoprotein but is losing the expression of LRP, which is present
at parental K562 cell line. P-glycoprotein belongs to the ABC transporters’ family and
is involved in the primary and acquired multidrug resistance phenomenon by the efflux
of toxic compounds, LRP protein is involved in the lysosomal degradation. MRC-5 and
BJ cell lines were used as a non-tumour control and represent human fibroblasts. The
cells were maintained in Nunc/Coming 80 cm? plastic tissue culture flasks and cultured
in cell culture medium according to ATCC or Horizon recommendations (DMEM /RPMI
1640 with 5 g /L-glucose, 2 mM glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin,
10% fetal calf serum, and NaHCOj).

222 MTS Assay

To perform the cytotoxicity MTS assay, cell suspensions were prepared and diluted
according to the cell type and the expected target cell density (25,000-35,000 cells/mL)
based on cell growth characteristics. Cells were added by an automatic pipettor (30 puL)
into 384 well microtiter plates. All tested compounds were dissolved in 100% DMSO and
four-fold dilutions of the intended test concentration were added in 0.15 uL aliquots at
time zero to the microtiter plate wells by the echo-acoustic liquid handler Echo550 (Labeyte,
San Jose, CA, USA). The experiments were performed in technical duplicates and at least
three biological replicates. The cells were incubated with the tested compounds for 72 h
at 37 °C, in a 5% CO; atmosphere at 99% humidity. At the end of the incubation period,
the cells were assayed by using the MTS test. Aliquots (5 pL) of the MTS stock solution
were pipetted into each well and incubated for an additional 1-4 h. After this incubation
period, the optical density (OD) was measured at 490 nm with an Envision microplate
reader (Perkin Elmer, Waltham, Massachusetts, USA). Tumour cell survival (TCS) was
calculated using the following equation: TCS = (ODgpyg-cxpased well/ Mean OD;gatral weiks)
% 100%. The 1Csj value, the drug concentration that is lethal to 50% of the tumour cells,
was calculated from the appropriate dose-response curves in Dotmatics software (The Old
Monastery, Windhill, Bishop ‘s Stortford, Herts, UK).

2.2.3. Cell Cycle and Apoptosis Analysis

CCRF-CEM cells were seeded in 6-well plates at a density of 1 x 106/well. After
24 h, compounds at concentrations corresponding to 1x or 5 x ICsy were added to the
wells and incubated for 24 h. Cells were then harvested, washed with cold 1 x PBS and
fixed in ice-cold 70% ethanol. Fixed cells were incubated overnight at —20 °C, washed in
hypotonic citrate buffer, treated with RNase (50 pg mL ) and incubated with propidium
iodide for 15 min. DNA content was analysed using Becton Dickinson flow cytometer
and cell cycle data were analysed in the program ModFitLT (Verity, Carrollton, TX, USA).
Apoptosis was measured in a logarithmic model expressing the percentage of the particles
with propidium content lower than cells in G0/G1 phase (<G1) of the cell cycle. The
mitotic marker pH3Ser10 antibody (Sigma) and secondary anti-mouse-FITC antibody
(Sigma) were used for labelling and subsequent flow cytometry analysis of ethanol-fixed
CCRF-CEM cells.

2.2.4. BrDU Incorporation Analysis

Cells were cultivated as in the method above and pulse-labelled with 10 uM 5-bromo-
2-deoxyuridine (BrDU) for 30 min before collection to the test tubes. The cells were washed
with cold 1 x PBS and fixed in ice-cold 70% ethanol. Before analysis, they were washed
with 1 x PBS and incubated in 2M HCI for 30 min at room temperature. Following
neutralization with 0.1M Na;B40; (borax), the cells were washed with 0.5% Tween-20 and
1% BSA in 1 x PBS. The cell pellets were stained using a primary anti-BrdU antibody (Exbio,
Vestec, Czech Republic) for 30 min at room temperature and a secondary anti-mouse-FITC
antibody (Sigma). The samples were then incubated with propidium iodide (0.1 mg mL"?),
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treated with RNase A (0.5 mg mL~?) for 1 h at room temperature in the dark and analysed
as above.

2.2.5. BrU Incorporation Analysis

Cells were cultured, treated as above, pulse-labelled with 1 mM 5-bromouridine
(BrU) for 30 min and fixed in 1% buffered paraformaldehyde with 0.05% NP-40 at room
temperature for 15 min. Following ovemight incubation at 4 “C, they were washed with
1% glycine in 1 x PBS, washed with 1 x PBS again and stained with primary anti-BrdU
antibody cross-reacting to BrU (Exbio) for 30 min and secondary anti-mouse-FITC antibody
(Sigma). The analysis was performed similarly to the BrDU analysis.

2.2.6. Fluorescent Microscopy

U205 cell line (ATCC, USA) was transduced with premade lentiviral particles (Vectalis-
TaKaRa, Japan) with sequences that express fluorescent protein tag mCherry targeted to
specific subcellular locations. All cell lines were prepared according to the vendor’s
instructions. The U20S-Nuc cell line was prepared by using rLV.EF1.mCherry-Nuc-9
(cat. n. 0023VCT), containing a NLS sequence that imports protein into the nucleus. The
U20S-ER cell line was transduced by rLV.EF1.mCherry-ER-9 (cat. n. 0025VCT), which
contains a calreticulin signal sequence and a KDEL sequence that associates protein with
the endoplasmic reticulum. The U205-GA cell line was transduced by rLV.EF1.mCherry-
Golgi-9 (cat. n. 0022VCT), containing a human GT precursor, a protein localized in Golgi
Apparatus. The U20S-Mito cell line was prepared by using rLV.EF1.mCherry-Mito-9 (cat.
n. 0024VCT), containing a mitochondrial targeting sequence.

U205 cells with fluorescent fusion proteins (density 1.0 x 103 per well) were seeded
into 384 CellCarrier plates (Perkin Elmer, Waltham, MA, USA) and pre-incubated for
24 h at 37 °C and 5% CO,. The attached cells were treated with tested compounds in
concentration 10 uM for 1 h and subsequently rinsed with fresh media. The live-cell
imaging was performed by Cell Voyager CV7000 (Yokogawa, Tokyo, Japan) spinning disc
confocal microscopy system at 37 °C in a 5% CO» atmosphere. Live cells were monitored
by a 60 x water immersion objective. The fluorescent signal was excited by lasers (405 nm
and 561 nm) and the emission was filtered by bandpass filters (BP 445/45 and BP 595/20).
All images were post-processed, and Pearson’s and Mander's coefficients were calculated
using the JACoP plugin in Image-J software.

2.2.7. VSV-G Pseudotyped HIV-1 Particles Production

HIV-1 particles were obtained from HEK 293 cells, cotransfected by a combination
of three vectors: packaging psPAX2 vector encoding HIV Gag, Pol, Tat and Rev, re-
porter/transfer pWPXLd-GFP vector encoding LTR, RRE and GFP as a reporter, and
envelope pHEF-VSV-G vector, encoding vesicular stomatitis virus Env, VSV-G. The psPAX2
vector [32] was kindly provided by Dr. Luban, the pWPXLd-GFP and pHEF-VSV-G vectors
were purchased from Addgene (Watertown, MA, USA).

HEK-293 cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, Sigma)
supplemented with 10% fetal bovine serum (Sigma) and 1% L-glutamine (Sigma) at 37 °C
under 5% COy. A day before transfection, cells were plated at 3 x 105 cells per well.
The following day, cells were transfected with the appropriate vectors using polyethylen-
imine (PEI, 1 mg/mL) at a 2:1 PEI:DNA ratio. Four hours post-transfection, the culture
medium was replaced with fresh DMEM, containing various concentrations of tested
compounds, solubilized in DMSO. At 48 h post-transfection, the culture media containing
released virions were harvested, filtered through 0.45-pm pores membrane and used for
immunochemical quantification and characterization by ELISA and Western blot using
rabbit anti-HIV-1 CA antibody.
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2.2.8. Single-Round Infectivity Assay

The infectivity was determined similarly as described earlier [33-35]. Briefly, 48 h
post-transfection, the culture media from HEK 293 cells transfected with psPAX2, pWPXLd-
GFP and pHEF-VSV-G vectors at a ratio 1:1:1 in the presence of tested compounds were
collected and filtered through a 0.45-um filter. HIV-1 CA content was determined by
ELISA [33]. The freshly seeded HEK 293 cells were infected with ELISA-normalized
amounts of VSV-G pseudotyped HIV-1 particles and incubated for 48 h. The cells were
fixed with 2% paraformaldehyde and transferred to a FACS tube. Quantification of GFP-
positive cells was performed using a BD FACS Aria [1I flow cytometer (BD Life Sciences,
San Jose, CA, USA).

2.2.9. Western Blot

At 48 h post-transfection, 100 uL aliquots of virus-containing culture media were
combined with 20 uL of PLB (6 ) and the samples were analysed by Western blot using
rabbit anti-HIV-1 CA (in house production). Proteins were resolved by reducing SDS-PAGE
(12%) and blotted onto a nitrocellulose membrane. The antigen-antibody complexes were
detected by Clarity ™ Western ECL Substrate (Biorad, Hercules, CA, USA) and visualized
using the FUSION 75 system (Vilber Lourmat, Marne-la-Vallée, France).

3. Results and Discussion
3.1. Chemistry

The synthesis of fluorescent labels was based on 8-thiomethyl BODIPY (BODIPY-SMe;
Figure 2), which was prepared in our laboratory, according to the procedure previously
described in the literature [36]. The thiomethyl group is reactive towards amines. After
this reaction, secondary amines are formed with significant fluorescence characterized
by emission in the blue region of the spectrum. For the preparation of betulinic acid
conjugates, a carboxy-terminated derivative (BODIPY-CO,H, Figure 2) was prepared
by reaction of BODIPY-SMe and f-alanine [37] and an amino-terminated derivative by
reaction with 3-azidopropan-1-amine [38] and reduction of azide (BODIPY-Nj, Figure 2)
to amine (BODIPY-NH,, Figure 2) by catalytic hydrogenation.

NH, Ny O -OH
K‘ ~
S T - D - G
A e N b y oL O
B 8 B
FF FF FF R
BODIPY-NH, BODIPY-N, BODIPY-SMe BODIPY-CO,H
(70%) (97%) (68%)

Figure 2. Synthesis of functionalized BODIPY dyes. Reagents and conditions: (a) fi-Ala, DMSO-H,0,
30 °C, 12 h; (b) 3-azidopropylamine, DCM, 30 min, RT; (¢) Hz, Pd/C, AcOEt, 2h, RT.

Betulinoyl azidopropylamide (N-{3-azidopropyl)-38-hydroxylup-20{29)-en-28-amide)
1 was prepared by reacting BA with 3-azidopropan-1-amine using carbodiimide chemistry
(Figure 3A). The reaction was catalysed by EDCI (1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide) in the presence of 4-DMAP (4-dimethylaminopyridine) and HOBt (1-hydroxybenz-
otriazole). The bevirimat derivative 2 was prepared from compound 1 by reaction with
2,2-dimethylsuccinic anhydride according to a protocol reported in the literature [39]. By
Staudinger reduction [40] catalysed by triphenylphosphine in aqueous THF, the azido
group of compound 1 was reduced to amino derivative 3. In an effort to reduce derivative 2
by the same method, a non-separable mixture of products was obtained. By the reaction of
BA with BODIPY-NH; catalysed by DCC (N, N'-dicyclohexylcarbodiimide) in the presence
of 4-DMAP, derivative 4 was obtained. This reaction proceeded without difficulty in good
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yield (Figure 3A). Azide 1 was further conjugated at the C-3 position with BODIPY-CO,H
by Steglich esterification [41] to produce derivative 5. The azide group of derivative 5 was
reduced by Staudinger reduction to amine 6. When attempting to modify compound 4 with
dimethylsuccinic anhydride under the conditions used to prepare derivative 2, degradation
of the fluorescent label occurred, probably due to too high a temperature. Therefore, another
synthetic procedure using a tert-butoxycarbonyl protecting group (Boc) on the terminal
amino group was chosen for the synthesis of other “aminopropyl” derivatives (Figure 3B).
The N-Boc-13-diaminopropane linker was conjugated to BA to give compound 7, which
could already be used to prepare the bevirimat derivative 8. The protecting group was
removed in an acidic environment to give amine 9. From compound 9, a fluorescently
labelled derivative of bevirimat was prepared by the reaction with BODIPY-SMe.

= -
Wi\ H
/( ’;.‘\ nv'\:"s b ﬁ%n\/\ Ny
= e s ‘io,'%rc} ~0
HO™ 1 J o ~
A (85%) \ o 2
FF (38%)
= ,*Ng N =
4 H X n JbY/*'— LS. HI
.q~l i .NH \!/ H N_~_NH;
Weoog: Meoog
i 77%) /38 (86%)
= =D §
_H (a'n M\
TE Ny N_~_NH;
1-2. O%é‘vli\”)o $e ~ @:’% .
o H 8 o xn 6
; {77%) (43%)
NH NH
te B2 L"r"@ o S
N o N/ NNt
gNY/ { B‘"’>
FF FF %
/ - =L 5
:':",—. o,j) RS Y 0.0
wote DU o clie
~ 3 o /j’\ﬂ o
] HO._. O" A
HO™ 7 3 7 8
(67%) (54%)
jo
EF
=, NNy ~
B |'—> n A, =, 2 :'\. n
R S o e
e = » f 3
HO \/ 1 ’_H : HO b % b | .H; 2
B('\’ XN 10 B(\K' Ly el oy
(74%)

Figure 3. Synthesis of “aminopropyl” derivatives by azide reduction (panel A) and Boc chemistry (panel B). Reagents and
conditions: (a) 3-azidopropylamine, 4-DMAP, HOBt, EDC, DMF, 36 h, RT; (b) 2.2-dimethylsuccinic anhydride, 4-DMAP, p-
T50H, THE, 2 h, MW-130 °C; (¢) PPh;, THF/H;0, 23 h; (d) BODIPY-NH;, -DMAP, DCC, DCM, 12 h, RT; (¢) BODIPY-CO;H,
DCC, 4-DMAF, DCM, 12 h, RT; (f) N-Boc-1 3-diaminopropane, EDC, HOBt, 4-DMAP, DMF, 48 h, RT; (g) 2M HCI/E;0, 12 h,
RT (under argon); (h) BODIPY-SMe, CHCl3-THE Et;N, 30 min, RT.
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Analogous to the synthetic procedure shown in Figure 3B, a series of substances with
a piperazine linker at position C-28 was prepared (Figure 4). The introduction of the
piperazine motif was chosen on the basis of promising results for the so-called privileged
structures published previously [21]. The exception was that the C-3 hydrosxyl was first
acetylated to produce compound 11, and in the next step, the carboxyl group was activated
to reactive chloride. After condensation with 1-(2-N-Boc-aminoethyl) piperazine, tertiary
amide 12 was obtained. Deacetylation of 12 occurred in a relatively low yield; however,
part of the starting material was recovered during the separation of the reaction mixture.

+ by
; D,_?: 0 | Dx_ra.'D
==, | MNH ~MNH

H ||'_1|‘\I =, . -JI"

{J?ﬁr@* - mLLﬁ{U'{"’P _.-»O’r)jfjf\ 39

1 m"‘:{;-* 12
(76%) {40%) y (48%)
f
/ d]
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15
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Figure 4. Synthesis of “piperaziny]l” derivatives. Reagents and conditions: (a) AczO, pyridine, 12 h, RT; {b) i. (COCl);,
DCM, DME 2 b, RT, ii. 142-N-boc-aminoethy]jpiperazine, EGN, DCM, 12 k, RT; (¢) 4M NaOH, THE-M=0OH, 2 h, RT; (d) 2M
HCI/Et0, 12 h, RT {under argon); (&) BODIPY-SMe, CHCl-THF, Ets N, 30 min, KT; (f) 2,2-dimethy] succinic anhydride,
4-DMAF, p-TsOH, THE, 2 h, MW-130 °C.

Experimental details of the preparation of substances are described in Section 2.1. and
the MME, HEMS spectra (Figures 51-551) and photochemical properties (Figure 552 and
Table 51) of the substances are shown in the Supplementary Material.

3.2, Cytotoxicity on @ Panel of Cell Lines

The in vitro cytotoxicity of derivatives was assessed using MTS assay on the normal
human foreskin and lung fibroblasts B] and MRC-5 and cancer cell lines of a different
histogenetic type (Table 1). Under the experimental conditions, BA and BT showed a weak
or medium cytotoxic effect directed against cancer cell lines. Structures 5, 15 and 16 did not
induce any cytotoxic effect in the entire cell line panel at the maximal tested concentration.
Derivatives 4, 9, 12, 17 and 18 were inactive against the entire cell line panel except for the
CCRF-CEM lymphoblastic leukaemia cell line. 1Csy values obtained for these compounds in
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the sensitive cell line CCRF-CEM were between 5.76 and 23.65 uM. Derivatives 3, 6, 13 and
14 exerted high cytotoxicity against the entire cell line panel, including normal fibroblasts.
The most potent compounds in the study were structures 3 and 14 with [gy values 0.21 and
0.29 pM in CCRF-CEM. Derivatives 2, 8 and 10 displayed medium cytotoxicity across the
cell line panel. Derivatives 1 and 7 showed activity only against selected cell lines in
the panel. Betulinic acid intermediate 11 was not tested. The MT5 assay did not reveal
any effect directed specifically against cancer cell lines, ICy; values calculated for normal
fibroblast and cancer cell lines were highly comparable. Resistant sublines CEM-DMNE and
K562-Tax displayed for some compounds different sensitivity compared to their parental
cell lines. As expected, a lower sensitivity was observed in the CEM-DME resistant subline.
The biggest difference in favour of CEM-DMR was observed for derivatives 6 and 3. BA
and 13 showed an opposite profile in CEM-DNE and 1, 2, 3, 8 and 10 in the K562-Tax
resistant subline, proposing better activity in resistant cell lines. Based on this data, we can
speculate that there is a different mechanism in the elimination of cytotoxic derivatives.
Several tested compounds are probably substrates of the P-glycoprotein as 4, 6, 13, 16,17
and 18. However, not all data are in conclusion with P-glyvcoprotein transport, and wee think
that several tested derivatives could be substrates for LEP protein. Higher LEP expression
in CEM-DMNER and lower in K562-Tax correlates with cytotoxicity of the derivatives 1, 2,
3, 8, 10. Derivative 13 is not active in the highly chemosensitive CCRF-CEM cell line, but
comparable activity was observed in all tested cell lines, including non-tumour lines.

3.3. Cell Cycle, Apoptosis amd DNARNA Synthesis

To reveal cytostatic effects, we examined proliferation markers and cell cycle profile of
the sensitive CCRF-CEM cell line following a 24 h incubation with the derivatives (Table Z).

Exposure to 1 = 1y and 5 = g concentrations of derivatives did not induce DNA
fragmentation with the exception of high doses of 2 and 8. Treatment with 1 = 1T,
concentrations did not modulate cell cvcle profile while 5 = 1Cs concentration led in all
samples to a more pronounced effect. The treatment with 5 » 1Cs) derivatives 2, 12 and
14 increased the percentage of cells in the S-phase by about 507 compared to untreated
control. Mevertheless, there was not any other prominent effect on the cell cycle profile or
cell cycle arrest. To assess the impact of structures on CCRF-CEM proliferation potential, we
monitored mitotic marker pH3Serl0 and proliferation marker BriDU after 24 h incubation
with the compounds. Analysis of mitotic marker showed a low rate of cell division in
cells treated with 5 = [Cyy concentration of derivatives 2, 3, 6, 12 and 14. Derivatives 3,
&, 8, 10, and 14 reduced the fraction of proliferating BrDU positive CCRF-CEM cells. In
contrast, structures 2, 12 and 18 increased the percentage of cells incorporating BrDU into
the DN A during pulse labelling. The complementary Bril based method of monitoring
newly synthesized EMA in cells pre-incubated for 24 with the selected derivatives revealed
stalled RMA synthesis induced by 5 » ICy concentration of derivatives 2, 3, 8, 10, 14 and 17.
Compound 18 at a high concentration increased the percentage of BrU positive cells. Such
an increase indicates the high transcription activity as a mark of replication stress leading
to DNA damage and cell death [42]. Although there was observed a slight modulation of
cell cycle profile induced by compound derivatives 2, 12 and 14, the overall cell cycle data
indicates that there is no general cytostatic effect of tested betulinic acid derivatives.
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Table 1. Summary of cytotoxic actvities (FCsp, uM).
CM‘P‘.“I’ BA BT 1 2 3 4 B 7 B o 10 12 13 14 16 17 18
Cell Line *

CCRF-CEM =50 1282 8498 B4 02 365 155 =50 ERE] e 1} 2492 QA2 =50 029 =50 576 861
CEM-DNR 2305 »17 16.64 1023 122 =50 1153 =50 924 =50 700 =50 478 035 =50 =50 =50
K562 =50 380 =50 3599 0.90 =50 535 =50 19.18 =50 2319 =50 L1 [OET] 4790 =50 =50
K3562-Tax =50 203 10.58 15.94 037 =50 31.80 =50 1330 =50 122 =50 BT7 052 =50 =50 =50
AS49 2268 2306 =50 87 180 =50 BBS i e 1684 =50 1355 =50 515 126 4493 =50 AT.BD
HCT116 =50 1417 =50 19.40 082 =50 385 =500 131 =50 742 =50 a2 039 46,63 =50 3064
HCT116p53—/— =50 1820 =50 a2 044 =50 i3 =500 2156 =50 BRD =50 4.9 ol 4476 =50 A5.50
Uzos 29,50 2763 2004 2203 0.89 =50 S0 18.39 17.16 =50 1238 =50 416 042 M2 4458 =50
MRC-3 =50 =50 =50 24.19 259 =50 BT 17.58 2304 =50 1412 =50 518 158 el =50 =50

BJ =50 =50 =50 3533 191 =50 B3T 20680 2154 =50 1549 =50 5.36 159 4763 =50 =50

* Cytobonic actvity was detormined by MTS ssssy follawing, 3-dy incubation. Vabuss represent means of ICsp from three indepensdsnt expesiments with SD rangin from 10-25% o the average values, Tested

cell lines: CCRF-CEM (childhood T acute lymphoblastic leukaemix), CEM-DNR (OCRF-CEM

K562 {chranic

ia), K562-Tax (K562 paclitaxed-resistant), AS49 (lung

adenacarcinama), HCT116 (colonectal cancer), HCT116p53—/— (null p53 gene), and U208 (ostecsarcoma). Normal human cell lines: MRC5 and B fnm-m:lqdmg fibroblasts). BA, betulinic acid; BT, bevirimat.
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Table 2. Effect of cytotoxic compounds on cell cycle, apoptosis and DNA/ENA synthesis in CCRF-CEM lymphoblasts (% of

poaitive cells).

Compound =G1 GING1 § G2M pHa==1ta BrDU* Brll ©
enntrol 230 w077 3764 1160 177 W 4077
1e 136 703 44.13 18.84 153 3654 5269
1e 193 233 3587 2180 171 37.99 a7
28 433 A8 1665 1347 133 s2.07 2860
z® 4117 <L} 56.21 1985 0.58 2275 405
3e 130 BO7 3654 A0 204 4188 5056
ie 353 3173 4118 709 0.16 2.06 0.40
1] 233 ek 4974 1687 150 4497 4235
6 524 716 w52 132 0.50 7.0 26,05
BE® 26d 3193 4772 nas 1.70 d6.44 33.61
E® S w0TE 3766 1156 125 851 1.5
0 380 Erk 4459 1743 144 4225 3504
me T e 4232 13.10 125 1018 1302
128 245 T 4316 1320 140 5073 4198
1Ze 3 75 56,60 1355 068 6407 3400
s 863 2146 5629 ¥95 0.15 2455 156
lie 8.16 el 51.82 2090 0.18 052 153
178 289 A3 16.98 1821 156 4807 2670
17e 40 342 AT 18.10 149 29.41 3.39
ET 206 36.06 “n 1963 125 55.81 4698
1B 297 3801 44.12 1787 155 49.64 7023

Flow cytometry analysis was used for quantification of cell cycle distribution and apoptotic cells with a concentration of compounds equal
b 1 s ICsy, () and 5 = ICs, () values. * plnplu:-fﬁﬂmuq&r I.1'I:|;J‘ S-bromo-2-decxyuridine; © BrU, S-bromouridine.

3.4, Live Cells Imaging

The group of six derivatives of BA and BODIPY was studied on the U206-MNuc cell
line with the nucleus labelled by fluorescein protein mCherry. The functionalized BOIHFY
dyes (BODIFY-COsH and BODIFY-NHa). as well as precursor BODIFY-5Me, were used
as a control. All fluorescent microscopic images of this pilot experiment are shown in
Figure 553. To achieve a better specificity of the staining, we have focused on the short
incubation with the fluorescent conjugates. After short incubation (1 h), conjugates 4 and 6
out of this group of derivatives were localized in living cells, but only with the weak signal
in the nucleus of the studied cell line (Figure SB—Pearson’s and Mander’s coefficients).
The functionalized BODIFY dyes were not detected in the U205-Muc cell line and thus it
is highly possible that cellular uptake of conjugates 4 and 6 is due to their groups on BA
residue. Other studied derivatives of BA and BODIFY were not detected in living cells
under our experimental conditions; however, it is possible that the signal can be observed
at later intervals. BODIPY-5Me is reactive due to the S-thiomethyl group and it was
predicted to penetrate cell compartments; this was confirmed by fluorescent microscopy.

To further study the cellular localization of conjugates 4 and 6, we decided to continue
with fluorescent microscopy on cell lines with fluorescently labelled structures of mitochon-
dria, endoplasmic reticulum, and Golgi apparatus, which are the most published targets
of BA [29,30]. The results of these colocalization experiments are shown in Figure 5. Both
conjugates demonstrated presence in multiple cellular structures. Pearson's coefficient
(Figure 5B) showed the highest correlation of signal in UZ0S-ER cell line, and then in
U205-Mito cell line and the lowest correlation was measured in U205-GA cell line. When
we expressed colocalization by Mander's coefficient (overlap of red channel compared to
the blue channel), which is more specific for colocalization calculation of signal presented
in multiple cellular structures, the obtained data showed both conjugates 4 and & almaost
perfectly label mitochondria and endoplasmic reticulum. The lowest colocalization signal
was again detected in the U205-GA cell line. BODIPY-5Me was used based on the data
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from the pilot experiment as a positive control with perfect colocalization in all studied cell
lines. Images with entire microscopic fields are shown in Figures 554-556.

A U20S-ER cell line U20S-GA cell line U20S-Mito cell line

Control

BODIPY-SMe

Pearson's Coefficient Mander’s Coefficient
(Red channel overlaping Blue channel)
1
” 0

I
c .
& BOOWY-SMe

0.8 08

0.0 0.0

U20S-Nuc U20S-ER U205.GA U205-Mito U208-Nuc U20S-ER U205-GA U20S-Mao

Figure 5. Live cell imaging and colocalization experiments of active compounds (4, 6) and BODIPY-SMe (panel A) and

visualization of Pearson “s and Mander s coefficient (panel B).
To conclude our results from fluorescent microscopy study of six derivatives of BA

and BODIPY, only conjugates 4 and 6 are detected in living cells under our experimental
conditions (1 h following the treatment). Furthermore, we were able to almost perfectly
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colocalize both conjugates with cellular structures as endoplasmic reticulum and mito-
chondria, which is in agreement with data published in the past [21]. Compound 4 has,
in its structure, fluorophore attached to the carboxyl group at the C-28 position, thus
it is more similar to the pristine structure of BA and has low cytotoxicity (close to free
BA). Conversely, compound 6 contains a conjugated amine at the C-28 position and the
fluorophore is attached to the hydroxyl group at the C-3 position of BA. Its cytotoxicity
is markedly more pronounced than in the case of substance 4. It is clear that the “polar
head” of the molecule is responsible for cytotoxicity. Moreover, this moiety can be used for
the intracellular targeted delivery, or organelle/mitochondrion targeting, as is described
by the previous research works [43,44]. As the localization of both compounds is similar,
itis likely that the direct target remained unchanged, but the effect of compound 6 was
potentiated by the presence of free amine moiety in the molecule. The localization of the
compounds in lipid rich compartments (mitochondria, endoplasmic reticulum) can also
be explained by the lipid character of the BA and its analogues. The calculated values of
lipophilicity (logP) of the substances are close to BA (Table 52). The acidity constants (pKa)
are indicative and their reproducibility is difficult because, in comparison with BA, the
compounds described here are mostly in the form of amide or ester derivatives.

3.5. Anti-HIV Activity

Bevirimat (3-0-(3' 3'-dimethylsuccinyl) betulinic acid) and its derivatives were shown
to be maturation inhibitors of HIV-1 [45-47]. By binding to the CA-SP1 region of HIV-
1 Gag polyprotein, bevirimat prevents HIV-1 protease-mediated release of C-terminal
part of CA from a spacer peptide 1 (SP1) [48]. This results in a block of the final step of
virus maturation and subsequently abolishes HIV-1 infectivity. An atomic model of HIV-1
CA-SP1 suggested that this inhibitor stabilizes the CA-SP1 structure, thus preventing the
proteolytic cleavage [49]. Although bevirimat is a potent inhibitor of HIV-1 maturation, its
clinical development was discontinued in 2010 due to the bevirimat resistance caused by
Gag SP1 natural polymorphism (Q6, V7 and T8) [5(0-52]. However, bevirimat derivatives
with modification at the C-28 position seem to overcome the problem with HIV-1 resis-
tance [53,54]. Here, using VSV-G pseudotyped HIV-1 particles, we tested the effect of 17 BA
derivatives on HIV-1 maturation and infectivity. The 50% cytotoxic concentration (ICs)
of the compounds was first evaluated by Resazurin assay. Two of the tested compounds,
3 and 14, were highly toxic to HEK 293 cells at a concentration lower than 5 uM and
significant cytotoxicity was also found for compound 6 (ICs 12 uM) (Table 3).

Table 3. Cytotoxicity and anti-HIV-1 activity of the tested compounds *.

Compd. 1 2 4 5 6 7 8 9 10 12 13 15 16 17 18
$1Cx [uM] =40 364 >80 >30 120 =40 378 >40 >0 40 >0 >0 »40 >0 40
®1Ca, [pM] >50 117 441 =50 nd. 50 14 140 84 319 30 50 91 76 7.1

* HEK 293 cells were grown in the presence or absence of tested compounds at a conc ion % from 5 to 40 uM. The viability of the

cells was determined by Resazurin assay 45 h later (#). To determine the effect ofﬂ\ccmnpwndsm HIV-1 infectivity (@), HEK 293 cells
were transfected with the lentiviral vectors and treated with the tested compounds. m«ﬂspmgllwlparbdsmhpa&nm
or absence of DMSO (at a final concentration of 1%) were used as Is. AtdS h fection, unmanofHIV-lcapﬁid(CA)

protein from the culture media was quantified by ELISA and narmalized o VEV-G peeudotyped HIV-1 viruses were e 1o nfect
fresh HEK 293 cells. Hl\'lmlccnvuyhaﬁdtmncdlshhmbyqnlmﬁnhnnnfm«pmd\n cells by flow cytometry. The 50%
infection inhibition (ICsy) was defined as the iom of the componnd that neduced the HIV-1 infectivity by 50% compared to the
untreated controls.

Apart from these three cytotoxic compounds, 14 fewer toxic compounds were used
in the HIV-1 single-round infectivity assay. HIV-1 particles pseudotyped with VSV gly-
coproteins were produced in HEK 293 cells in the presence of tested compounds. At
48 h post-transfection, the content of HIV-1 capsid (CA) protein from the culture media
was quantified by ELISA and normalized amounts of VSV-G pseudotyped HIV-1 viruses
were used to infect fresh HEK 293 cells. At 48 h post-infection, the HIV-1 infectivity was
determined by quantification of GFP-producing cells by flow cytometry. The 50% infection
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HIV-1
DMSO 1%
compd. 10 uM

inhibition (ICxy ) was defined as the concentration of the compound that reduced the HIV-1
infectivity by 50% compared to the untreated controls (Table 3). The compounds 1, 7,
13, 15 and 5 did not exhibit any potent anti-HIV-1 activity (data not shown). Conversely,
compounds 2, 4, 9 and 12 inhibited anti-HIV-1 activity with ICs from 11.7 to 44.1 uM.
The compounds 8, 10, 16, 17 and 18 inhibited HIV-1 with ICsy, below 10 uM (Table 3). To
analyse whether these bevirimat derivatives also act as maturation inhibitors of CA-SP1
cleavage, the HIV-1 virions released from the HEK 293 cells treated with the selected
compounds (2, 4, 8, 9, 10, 12, 16, 17 and 18) were analysed by Western blot using anti-HIV-1
CA antibody (Figure 6).

2 8 9 10 11 12

+ + + + +
+ + + + +

10 12 16 17 18

+ 4+ |
N+ -
R S
@® + + |
w0 + + |~

—

p25 CA+SP1
CA

—— L ————— — 004

Figure 6. Effect of selected tested compounds on CA-SP1 processing of HIV-1 Gag polyprotein. HEK 293 cells produced
HIV-1 particles pseudotyped with VSV-glycoproteins in the absence (lanes 2 and 3) or presence of selected tested compounds
{lanes 4-12). At 48 h post-transfection, VSV-G pseudotyped HIV-1 viruses released from the HEK 293 cells were analysed by
Western blot using an anti-HIV-1 CA antibody (duplicate of blot shown in Figure S57).

Only completely processed p24 CA of molecular weight of 24 kDa was identified
in the viruses formed in the presence of compounds 4 and 12. However, in the samples
treated with compounds 2, 8, 9, 10, 16, 17 and 18, we identified not only fully processed
p24 CA, but also p25 CA-SP1 protein. This observation suggests a similar mechanism of
inhibition as described for bevirimat, i.e., the block of the final step of HIV-1 maturation.

4. Conclusions

This study describes the synthesis and biological evaluation of 17 betulinic acid
derivatives. The biological profiling revealed that BA derivatives 3 and 14 with modification
at C-28 show increased cytotoxicity. However, the cytotoxicity was not specifically directed
against cancer cell lines and was not associated with cell cycle arrest. The most effective
compounds with sub-micromolar ICg, values 3 and 14 possess a hydroxyl group at C-3,
whereas structures with a succinyl hemiester group displayed medium cytotoxicity or
were inactive. The study introduced six original structures with BODIPY moiety linked
to the lupane skeleton. BODIPY conjugates 4, 5, 15 and 18 showed low or no cytotoxic
activity. In contrast, BODIPY derivative 6 induced strong and derivative 10 medium
cytotoxicity in the entire cell line panel, although they do not share any similar substituents
at positions C-3 and C-28. The cellular localization of BODIPY conjugates was further
studied in U205 cells using fluorescent microscopy. Fluorescent derivatives 4 and 6
colocalized with endoplasmic reticulum and mitochondria, which is in agreement with
previous studies showing interaction with the processes and proteins localized in these
organelles [55,56]. Uncoupling of the mitochondrial respiration, followed by radical burst
and mitochondrial membrane disruption, is one of the well-described effects of betulin and
betulinic acid [57-60]. Thus, we believe that reliable tools to study the derivatives of BA on
living cells were established. The anti-HIV-1 activity showed that compounds 2, 8, 9, 10,
16 and 18 with ICgy lower than 10 uM did not fully process the p24 CA and p25 CA-SP1
proteins, suggesting a similar mechanism of inhibition as described for bevirimat.
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5npp|hﬂmh|}' Materials: The fo]l-nwing are available online at hl:l:l:lh.: P wrwew .l.'I1J.F“J.L'\ﬂ:lI:II._l'..."l'i:IL']I."." 1)
3390/ biomedicines91 104 /21, Supplementary Figures 51-552 and Table 51 document the analytical
identification (NMRE, HRMS, UV-Vis and fluorescence). Table 52: Caleulated physical properties
(pa and logP) of the derivatives. Figures 553-556 show supplementary pictures from flusrescent
microscopy. Figure 557 Effect of selected tested compounds on CA-SP1 processing of HIV-1 Gag
polvproten (a duplicate of westem blot showed in Figure 5. i the article).
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Abstract: A solid-phase synthetic (595) method was devel-
oped for the preparation of BODIFY-labeled bioactive com-
pounds that allows for fast and simple synthesis of congu-

gates for use in fluorescent microscopy. The approach was
used to visualize cellular uptake and distribution of cytotoxc
triterpenss in cancer cells.

Intreduction

The viswalization of small molecules in cells has become an es-
sential tool in dreg discovery. The most commonly used
method is flusrescent microscopy, In which the studied mole-
cule is equipped with a fluorescent label that allows direct vis-
ualization of the cellular uptake and distribution of the drug
within the cell. A number of vanous conjugates of small mole-
cules with a varety of fluorescent tags have been reported to
date, with application as probes," photosensitizers™ and lumil-
nescence switches and sensors™ Among them, BODIPY
dyes™ are commonly used flusrophores because of thelr su-
perior physicochemical propemies such as high photostability,
high quantum yield of fluorescence, total neutral charge, and
Iow polanite™ In contrast to other dyes, the wavelengths of ab-
sorption and emission can be tuned easily by various substite-
tions on the BODIPY core™ The simplest BODIPY defivatives
show fluorescein-like parameters; however, unlike fluoresceins
of hodamines, they are prone to cellular permeability and lack
nenspecific binding 1o proteins o lpeds.™ In this work, we de-
signed a versatibe solid-phase synthetic (5P5) method for the
synithesis of fluorescent conjugates of biologically active mole-
cules. The solid-phase synthesis allows for fast and simple pro-
duction of kbraries of desired compounds with only minimum
effort and hands-on-time because it saves many solation and
purification steps of the intermediates. Surprisingly, to our
knowledge, there is only one report™ that describes the use of
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5P% for adding substituents to the BODIPY core. Howewver,
there s mo precedent for usimg 595 in the synthesis of conju-
gates of BODIPY and other molecubas. In agreement with this,
there are a number of artidles stating that BODIPY ks incompat-
ible with the 5P% concept because of the lack of stability
under the standard SP5 reaction conditiens™*" Regardiess of
this potential ssue, we have been able to develop a versatile
procedure for the preparation of such conjugates by using a
common backbone amide linker and standard coupling re-
agents and careful optimization of the reaction time and con-
centration of harsh reagents such as piperidine and trifluoro-
acetlc acd. BOMIPY-FL propanckc ackd was selected as the
most appropriate fluorescent label in this project. To prove the
concept, we have synthesized a small set of BODIPY-labeled cy-
totoxdc triterpenes in which we expected different mechantsms
of action and differences in cellular uptake and distribution.
The selected compounds (Figure 1) have bow micromolar cyto-
toxicity on vanous cancer cell lines, whereas some were sup-
posed to have a unkgue mechanism of action: aldehyde 2™
monoketone 37 diketone 4™ and pyrazine 5" (Figure 1).
Betulinic ackd 1 was used as a standard because it is the most
commaonly studied cytotosic triterpene and its mechanism of
action has been well-studied "
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Figure 1. The sclected titeponoid strucures.
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Results and Discussion

Given that the pharmacophores of the selected triterpenes are
suggested but yet unproven, chemical modification of some
parts of the molecule may negatively influence their blological
behawior. Therefore, we decided 1o artach the fluorescent dye
at three different sites and to compare the results. Triterpenas
1-5 were modified in positions C7, €, ar € [Figure 2).

an c¥

Figure 2. Thiee sites to attach the fluoeesoont dye.

The steric hindrance at some of the selected positions re-
quired that the onginal titerpenes had to be premodified by
hemisuccinate at C-0H, glycolate at C"DOH, or oxidized 1o
carbooylate at O (Scheme 1, ses the experimental part [EP)
and the Supporting Information). Briefly, the ' modified hemi-
succinates 6, 11, and 12 were obtained after the reaction of
petulinic acid 1, monoketone 3, or diketone 4, with succinic
anhydride in the presence of a base. " modified hembswuccink
aldehyde 9 was obtained after two-stage oxidation of betulinkc
achd 1 with selenium dicdde, followed by reaction of aldehyde
2 with sucdnic anhydride as noted above. O™ modification of
compounds 1 and 5 yelded protected glyoxalates 7 and 13,
wihich, upon catalytic hydrogenation in the presence of Pd/C,
afforded the desred modified triterpenes 8 and 14, respective-
Iy. Finally, compound 10 was obtained after facile and chemao-
selective Finnick oxidation of aldehyde 2, which generated the
carbooyl at the £ position.

The synthesis of BODIFY-FL propanolc add had to be opth-
mized [Scheme 2, see the EF and the Supporting Information)
1o obtain better yields than those previously repored™
Although BODIFY-FL propanalc add 19 (Scheme 2) is commer-
clally avallable, its extremely high prce led us to synthesize
the dye by curselves. The reported syntheses™™™ had o be
slightly modified and optimized to indease the overall yield. it
started from commenclally available pyrrole-2-carbaldehyde 15,
wihich was first converted inte o fl-unsaturated ester 16
through Homer-Wadsworth-Emmons reaction with excellent
selectivity, yielding only [Elalkene. Such high selectivity was
achieved because of the formation of a stabilized ylide. The
following reduction provided intermediate 17, which was then
subjected 1o POU-promoted coupling with commercially
avallable 3,5-dimethyl-1H-pymole-2-carbaldehyde. Final treat-
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Schemi 2. The synthetic route for the prepaation of BODIFT FL propandoic
acd 19 Reagents and conditions: | methyl{riphemyphosy dideneiaee
tate, CHCE, HT, BA%; ) PA'T, H,, UHO0H, BT, 20%; 1§ a) 3,5-dimcchyipymmoks
Farbasdehyde, POC,, THAL, 0°C to BT, bj BF (OE, DFEA, CHC, 0°0 to
RIL 63%; W) THF/HOVoone. HO (3:2:1), 0°C mo HI, 85%.

ment with BF-OEt, yielded BODIPY-FL propancate 18 in a onme-
pot reacthon sequence (Scheme 7). Subsequent acidic hydroly-
sis of the ester yielded the final BODIPY-FL propanoic ackd 19
i excelbent overall yield of 40% (Sdheme Z), indicating an un-
usually long kinetic stability of BODIPY dye in acidic media™
Importantly, the improved synthesis of BODIFY-FL propanoic
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acid s scalable up to gram-scale quantities, which addresses
the most common problem in the synthesis of BODIPY dyes.

In contrast to the synthesis of biotin-preloaded resins™""
the procedure for the preparation of BODIFY-preloaded resin
23 had to be carefully optimized because of the limited chemi-
cal stability of BODIPY-FL. The aminomethyl resin was
equipped with a backibone amide linker (BAL) and sulbjected
to reductive amination with 2-[Z-aminoethoxylethanel to
obitabn immobilzed secondary amine 20 (Scheme 3). Chemose-
lective protection of the secondary amine with Fmoc was fal-
lowed by acylation of the hydroxy group with prepared
BODIFY-FL propanoic acdd 19 o afford resin 21. Cleavage of
the Fmoc-protective group and acylation with [2-2-{Fmoc-ami-
nojethoxy|ethoxylacethc ([FAEEAA) acid by using the standard
DICAHOBT (1,3-dilsopropylcarbodiimides 1 -hydroxybenzotrazole)
technique yielded Fmoc-protected resin 22, which, upon de-
protection with how concentration of pipendine in DME, yield-
ed the desired preloaded resin 23 in very good cude purity
(B2 %; calculated from UHPLC-MS traces). Subsequent acylation
with the premodified triterpenes 6, B-12, and 14 afforded the
final conjugates 24-28, 30, and 31 (Scheme 3).

Compound 29, containing an extended linker, was prepared
to investigate the influence of the length of the linker on the
cellular uptake and distibution, and compound 33 was de-
signed to show the properties of the BODIPY-FL connected to
linker withowt a tritefpene. bn contrast to the construction of
intermediate 23, omitting HOBt in the final acylation with tri-
terpenas (Scheme 3, step will increased the final crude purities
of all conjugates significanthy. Additionally, TFA-mediated cleav-
age of conjugate 24 from the resin led to the formation of by-
product 32 in equimolar ratio (calculated from UHPLC-MS
traces) as a result of Wagner-Meerwein rearrangement™ it is
important to mention that the concentration of both piperl-
dine and TFA had to be considerably lowered compared with
standard cleavage conditions (30-50% pipenidine in DMF; 35—
50% TFA in CHLCL,) to maintain good crude purities of all inter-
(Tm. Fue L BOVE, 24, 4057 4066

wan. chemeurj.org
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mediates as well as final conjugates and to prevent decompo-
sitban of the BODIPY scaffold (see the Supporting Information
for detalls).

The excitation and emission spectra of BODIFY-FL propanaic
achd 19 were measured and compared to BODIPY conjugates
24-33 (Figure 3). All of the conjugates 24-33 had the same
absorption/emission wavelengths and “tokes shifis as the
parent BODIPY-FL propanalc acid (see the Supporting Informa-
tion for details). The gquantum yields of fluorescence of the
conjugates are lower than those of BODIPY-FL propanalc acid
(=593 for 19 vs @ =014-030 for compounds 24-32). The
diminished fluorescence s probably caused by the static
quenching between BODIFY dye and triterpenes, which is con-
sistent with recently published data "™

The cytotoxic activity of the parent compounds and flusres-
cent conjugates was investigated in vitro against eight human
cancer cell lines and two non-tumor fibroblasts by using the
standard MT% test (Table 1). The cancer cell lines were derived
from T-lymphoblastic leukemia CORF-CEM, leukemia K562 and
their multiresistant counterparts (CEM-DME, K562-TAX], solid
tumaors  induding  lung  [A54%)  and  colon  (HCTTG,
HCT116p53-/-) cardnomas, osteosarcoma cell line (U206), and,
for comparison, on two human non-cancer fibroblast lines (B,
MHAC-5). In general, the CCRF-CEM cell line was the most sensl-
tive cancer cell line to the prepared compounds, with only a
few exceptions. Therefore, SAHS assumptions were mostly
based on the activities in CCHF-CEM cells.

Among the unmodified studied molecules 1-5, aldehyde 2
and pyrazine 5 were cytotoxic against the CCRF-CEM line in
the low micomolar range of 153 and 0.53 pw, respectively.
The therapeutic index & rather low for aldehyde 2 (4.7) but
surprisingly high in the case of pyrazine (more than 94) The
synithesized fluorescent conjugate of aldehyde 25 remained
highly but unselectively cytotosic, probably due to the pres-
ence of the reactive acrolein molety. On the other hand, fluo-
rescent conjugates of pyrazine (28 and 29) had slightly de-

© 2018 Wiksy WIH Verag GmbH & Co. BiGah, Weinhaim

138



g F ?
[ o e}
n =]
[ 7
L il i}
N o
-, -0
,;; = ¥t
e s
_I._I_,.- ,,_]_.-;a_; .;,_I L
L L A W
Ll . =S Gﬁﬂ v - By
HWn=2 F
ol )
(]
[
1Y) En orgrlre :
i "I. o It.l By
‘:'I.r . N
o o =
.y £ e O
T =
Jr g
_.a-{.lx 1y
--cr"j-.;.' el |
-
Mg F ]
' e a"'-.‘?. o =
&
"il.l 5] Y "
M L ~.0 ¥ 0. g 3
- 4

Figure 3. Siructures of propared conjugates 24 33 Compound 32 foemmed
a5 a byproduct and was nast further studicd becausse it ladoed CYTOAD 2

ity

creased activity and selectivity in comparison with the parent
compound 5, which indicates an impomant role of the free car-
boxyl group as a pharmacophone. Interestingly, the length of
the linker also affects the activity of the conjugates. This may
be indicated by the comparison of conjugates 28 and 29 from
which the longer derivative (29) was more adive than the
shorter one (2B). Lastly, the conjugate of diketone 27 was cyto-
toxic only on CCRF-CEM cell line, whereas the monoketone
conjugate 26 completely lost both its cytotosc activity and se-
lectivity. The conjugate of betulinkc acid 24 at the position £
remained active, although its conjugates at positions O™ and
£ [compounds 30 and 31) were almest inactive.

In fluorescent miroscopy  experiments (which were per-
formed in early intervals before the oytotoxic effect took
place), we observed that all the tested fluorescent conjugates
of triterpenes stain living cells and pass through the cellular
membrane into the cytoplasmic compartment (Figure 4, full
resolution image is in the Supporting Information). In addition,
we used BODIPY conjugate 33 (which has the active triterpenic
scaffold replaced by acetate] as a negative control. According
to the results, this compound does not penetrate the cellular
membrane, indicating that it is the triterpenold part that s re-
sponsible for the cellular uptake. This is likely because of the
high kpophilicty of triterpenes. Conjugate 25, contalning a Mi-
chael acceptor (acrolein molety in this cse), resulted in a dif-
ferent staining pamtem—labeling cellular cytoplasm homoge-
nously, which is presumably caused by nonspecific covalent in-
teraction with multiple intracellular proteins. Staining ks distinc
when compared to other tested compounds (24, 26, 27, 2B,
29, 30, 31), which labeled more subtle cytoplasmic and mem-
brane structures, likely mitochondria, endoplasmic reticulum
(ER), and the nuclear membrane. Co-staining experiments are
being performed to confim this unambiguoushy. Such results
are in agreement with precedent studies on another lupane tri-
tefpenes that were found to interact with mitochondrion and
ERP

Table 1. Dytotosic actiwity of the prepared compounds.
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iz =50 =50 w50 =50 = 50 = 50 =50 =50 =50 =50 LR
|al The kowest concomiration that kil 50% of the colls The standard deviation in cytotosoity aways i typically up to 15% of the aemge value. b Ther
poustic indes & caloulsied for 1, of OCRFCEM line ws. an average of both fibroblasts {B) and MRC-51L [c] Farent compounsds wmed 2 2 standand. Com
pounds with I, = 50 M are considered inactive.
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HOECHST

BOIFIFY-FL MERGE

Fligure 4. Husaresoonce imaging of U205 oolls staincd by BODIFT-tritenpene
conjugates (for full resalution see the Supporting Informatican).

Conclusion

We optimized the synthesis of BOPY-FL propanalc acid 19 to
give better yields than procedures reported by other authors,
and the synthesis is suitable for multigram scale quantities. We
prepared BODIPY-prefoaded resin and applied it to attach the
flucrescent dye to cytoloxic trterpenic derivatives. Despite
previous reports on the limited applicabdity of BODIFYs in
solid-phase synthesis, because of their low stability under both
basic and acdic conditions,™*" we developed and optimized
syfithetic protocols to overcome these problems. The reported
prefoaded resin allows for routine and simple conmection of
vamous compounds to BODIFY label through a linker of chaoice
wsing simple laboratory equiprment, common ooupling  re-
agents and conditions, and minimum hands-on-time, and it
can even be commerdialized similar o biotinpreloaded resin
(Biotin Movalag™, Movabiochem). MNine conjugates af BODIPY
with cytotoxic triterpenes were synthesiped using resin 23 and
thedr spectroscopic and biclogical propenies were evaluated.

hrme. Fuc L BO1E, 24, 4957 - 40686 wanvr. chesmeeurj.org
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To prove that BODIFY with the linker do not interfere with the
Dlological study, we prepared a conjugate in which the triter-
penic part was replaced with acetate. Live cell studies focused
on fluorescence conjugate uptake demonstrated nonspecific
labeling in aldehyde 25 and a more specific labeling pattem in
the case of conjugates 24 and 26-31. Ongoing research is
mow fooused on a more specific detesmination of which organ-
elles, protens or protein complexes are targeted by our oonju-
gates, and this will be the aim of further proteomic and molec-
ular biology studies, for example, co-localization experiments.

Experimental Section

General technical information & available i the Supporting Infor

rmation and i analogous o our previows publicstions " Note
thist the yields of the final conjugates [24-33, wually betaesn 10

30%) are calculated as overall yields of the entire synthetic proce-
dure between compownd 20 and the final prodect in Scheme 3.

General procedure for the preparation of beneyl glyoxslates: To
a stivred solution of starting material in THF were added beneyl
bromoscetate (3 equiv) and K00, (3 equiv). The reaction rmicture
wits, stirred @t S0°C and the progress of the reaction was rmoni
towed by TLC (hesaneTr0Ac — 321, wiv) which indicated its cornple-
tion after owernight stirring. The resction mixture was concentrat
e, diluted with water (100 ml/1.332 mmoll and extracted with
ErOfc (5100 ml/1.32 mmoll. The organic extracls were com
bined, drisd ower MgS0,, filered, and evaporated umler reduced
pressure. The crude products were purified by ksh dhromatogra
phy (hemansEiOAC —3:1 w0 10, wh) to give the desired com

pounds.
2-{Bencyloxy)-2-oxoethyl betulinate (Fk Compound 7 was pre
pared by following Genersl Procedure A owith 1 (600 mg,

132 mmoll, beneyl bromoscetate (633 pl, 4 mmed), and K00,
(552 mg, 4 mmoll in THF [20mL); Yield: 7683 mg (98%); white
solid; 'H NMR (500 MHe, CDChL): & — 738-735 [m, 5H; Ph], 522 (d,
J—6.5 He, TH; OCHPh), 508 id, J—123 He, 1H; OCH:Ph), 473 (d,
J—2.0He, 1H; H¥#), 465 (d, J—2.3 He, 2H; OCHODY, 461460
im, TH; H™ 5, 321-307 (dd, J—11.0, 4.8 He, 1H; H¥}, 297 [id,
J-113, 108, 4.7 He, 1H; '™, 230 iy, J— 126, 27 He, 1H], 227
fd, F—135, 13.4, 3.6 He TH), 2.06-1.99 [m, 1H), 1.96-1_86 {m, 1H],
1.72-1.13 {m, 24H; owerlap with solvent), 097 (5, 6H; 2 <CH), 0.92
fs, 3IH; CH,), 083 (s, IH; CH,), 077 ppm (5, 3IH; CH): "'C NMR (126
MHe, CDCL): & —175.6, 168.1, 1507, 1354, 1288, 128.6, 109.8, 792,
672, 604, 567, 556, 508, 496, 47.0, 42.6, 409, 390, 389, 383,
374, 371, 345, 321, 306, 208, 282, 276 258, 21.1, 1945 185,
163, 161, 155 149 ppm; HEMS (E3): mv calod bor CgH 0
G05A200 [M+H] ' ; found: G0GAR7.

Benzyl glyoxalate of betulinic acd pyrazine (13} Compound 13
wits, prepared by following General Procedure & with 5 (100 mqg,
0.2 mmol), beneyl bromoacetste (36 pl, 061 mmoll, and EC0y
(B4 g, 061 mmol) in THF (8 mLl Yield: 116 mg (91 %); yellowish
oil; "H MMR {500 MH:, (DOh): 4 — 830 (d, J— 2.1 He, 1H; pyracine],
BAT (d, J—24 He, 1H; pyragne], 733-724 (m, 5H; Ph, overlap
with solbvent], 5.14-506 {m, 2H; OCHFPh), 466—154 {m, 4H), 296
286 [m, 3IH], 237-2.21 {m, 4H), 156-1.91 {m, 1H), 1.86-1.80 {m,
TH) 1.70-122 {m, 17H; overlap with solent), 1.20 (s, 3H; CHal,
118 {5, 3H; CHal, 0092-0.90 [m, GH; 2:xCHyl, 070 ppm (5, 3H; OHal;
“CHMR (126 MH:, CD{OL: & 1755, 1681, 1598, 1510, 1505,
1424, 1416, 1353, 1288, 1267, 1285, 1099, 67.2, 604, 367, 53.2,
495, 490, 489, 469, 426, 407, 396, IB3, 371, 369 334, 320,
3137, 306, 297, 357, 24.2, 216, 202, 195, 163, 157, 148 ppm;
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HRAMS. (ESIE: e cabed for C Ho M0, 6394156 [M4H]': found:
6394155,

3f-Hydroxylup-20{2%)-ene-28, 30-diokc acid {10k To a stirred solu-
tion of aldehpde 2 (100mg, 021 memaol} in BuOHZ-methyl-2-
Butene {1:1, 10 mL, wiv] was added NaCI0;, (96 mug, 1.06 memol] and
a solution of KH,PO, (550 mg, 404 mmaol) in HyD {5 mLL The reac-
tion rmicture was stirred vigorowsly st ambient ermperature and
the progress of the reaction was monitored by TLC (CHCLY
CHLOH —10:0, wiv), which indicated s completion after 5h. The
reachion rmicture wis concentrated, diluted with MHCD (50 mL),
amed extracted with EBOWc (550 mL)L. Organic extracts were com-
bined, dried ower Mg50,, filered and evaporated under redoced
pressure. The crude product was purified by flash domatography
FEHOLACHOH — 520, wi] to alford compourd 10, Yield: 30 mg
(90%); white crystalline solid; "H NMR (500 MHe, [DIDMS0): 8 —
1207 (br 5, 2H; 2 C00H), 5.96 (s, 1H; H#F=7, 560 (5, 1H; H® =

T, 435 jd, J—5.1 He, TH), 40B-4.07 (m, 1H], 298-2.94 {m, 1H],
222-207 [m, 3H), 1.99-1.91 (m, TH], 1.82-1.75 {m, 2H), 1.62-1.52
(m, 2H), 1.43-1.24 [rm, 16H), 090 (s, 3H; CHL), 087 &5, 3H: CHy),
0.86 {5, 3H; OHa), D76 [s, 3H; OHy, 065 ppen s, 3H; OHy); "'C NMR
(126 MHE, [DIDMS0E 3 — 1772, 1684, 147.7, 1225, 767, 555, 548,
51.05 498, 485 419, 385, 382, 373, 367, 360, 339, 327, 315,
292 281, 270, 268, 205 179, 159, 158, 157, 143 ppm; HRMS
CESIL: e caled for oD ABS5. 3262 [M—H] ; found: 4853357
General procedure B for preparation of hemisuccinates: To a
stirred solution of starting material i THEDME (2:1) waes added
succinic anbvydride (6 equiv] and A-dimethylaminopyridine {DMAF,
& equin]. The reaction mixture wias stirred at 80°C and the progress
of the resction was monitored by TLC (CHCLACHOH — 1000, wivl,
wehich indicated its completion after 36 to 48 b The resction mix-
twre wirs concentrated, diluted with NHO (150 mLU2.2 mmaol} and
extracted with B0 (5 100 mL2.2 mmoll. Organic extracts werne
combined, dried over Mg30,, filtered, amnd evaporated wnder re-
duced pressure. The aude products were purified by flash chirsma-
tography CHOLAOHOH — 10:1, wiv) to afford the desired com-
pounds.

adid I-hemisuccinate (6 Compound 6 was prepared by
following General Procedure B with 1 (1 g, 2.2 mmol), succinic an-
hydride (132 g, 131 memoll, and DMAP (1.6 g, 131 mmaol) in THES
DMF (2:1, 60ml) R 355 Yield: 280mg (S0%); white solid;
'H MMR (500 MHz, [DDMS0): 4 — 12,14 (br 5, 2H; 2= 000H], 469
{5, TH; W ™=7) 456 [s, 1H; BT} 437 (dd, 7— 117, 46 He, 1H;
H¥), 2.57-292 (m, 1H; H'™F, 254-246 (m, 4H; overlap with sol-
went), 225-208 (m, THL 211 [/, THL 179 {m, TH], 1.64 & 3H;
) 1.62-107 {m, 12HL 094 (s, 3H; CHy), 087 s, 3H; CH,J, 0.B0
(%, 3H; CH,), 0FE ppm (s, 6H; 2xCH,). All other data wene consis-
tent with published resul ™

I0-Aldehyde 3-hemizuccinate of betulinic sdd (9 Compound 9
was prepared by following General Procedure B owith 2 (159,
13 mmaol), succinic anbydride (188 g 16878 mmaol), and DMAP
{23 g. 1878 mmaol) in THEDMF (2:1, 30 mL) for 48 kb Yield: 13 g
(73%); white solid; "H NMR (500 MH:, [DJDMS0)k 6 — 1214 (br s,
2H; 2 CO0H), 949 (s, 1H; CHOY, 647 [, 1H:; H¥*), 6,09 [s, 1H:
H™ P, 437 (b, - 113, 4.6 He, 1H; W™, 325 [dd, J— 1.1, 48 He,
THE 319 fd, J—20.6 He, 2H), 2.52-246 [m, 4H), 220-212 {m, 2H],
1.97-18% (m, 1HL 1.81-137 {m, 2HL 1.58-1.01 {m, 17H], 000 {d,
J—72 He, 3H; CHy), 086 (5, IH; OHy), 0.78 ppm (d, J— 36 He, 9H;
IxCHy); "CNMR (126 MHz [DJDMSO)E d— 1956, 177.1, 1750,
1734, 1714, 1703, 1563, 1348 700, 555, 546, 494, 419, 377,
374, 366, 361, 337, 316, 314, 292, 288, 275 268, 2313, 207,
205, 177, 164, 158, 156, 143, 141 ppm; HAMS [ESl;: mé: caled
bor T H 0 5693473 [M-H] ; found: 3693456
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Hemisuccinate of 21-oxoadd {11k Compound 11 was prepared
by Tollowing General Procedure B with 3 (700 mg, 1.45 rmal), suc-
cinic  anhydride (867 g, BSEmmol], and DMAP (1059,
B.68 memol] in THFE/DME (2:1, 15 mil} for 40 h. Yield: 1.3 g (73%);
white sofid; 'H MMR [500 MHz, CDCLE 8451 (dd, J—11.0, 5.5 He,
1H: 1, 369 is, 3H; COOCH,), 332-316 {m, 1H), 270-2.60 (m,
AH), 249-2A3 (m, 2H], 213 [d, J— V846 He, TH], 2200 [dd, J— 125,
30 He, THYL 1.92-123 (m, 9H; overksp with sobment], 1.21 [app 5,
AH; CHy) 1.20 {app s, 3H; OHG) 102 {5, 3H; CHY), 093 s, 3H; CH),
090 [s, IH; CHy), O.B4 [s, 3H; CHLL B3 ppan [s, 3H; CHY); C NMR
126 MHe, CDCL): & — 2075, 1777, 17510, 1720, 1720, 1459, 815,
556, 533, 527, 51.2, A7B, 454, 415, 3.7, 380, 373, 350, 339,
295, 293, 292, 8.1, 7B, 253, 237, 214, 203, 202, 183, 170,
168, 167, 161 pprn; HREMS (E5): me caled CoH 0~ SB53785
P+HH] ' Found: 38537596,
Hemisuccinate of 21,22-di id (12): Compournd 12 was pre-
pared by following a previowly published procedure™ 'H NMR
{500 MH., [D IS0 5 —12.20 {be 5, TH; COOH), 4.40 (dd, /116,
A7 He, TH; H™), 366 (s, 3H; CODCHL, 3.37-3.30 (m, 1H; overdap
with sodvent), 272-269 (m, 1H), 252-244 im, AH; owerlap with
sohvent), 2.25-2.22 (m, TH], 1.97-1.87 {m, 3H), 1.74-131 {m, 14H),
119 {d, J—35 He, 3H; Othl, 118 (d, J—35He, 3H; CHal, 1.00 (5,
3H; CHaL 095 {5 3H; CHy), 086 (s, 3H; CHy, 080 (s, 3H; CH,
079 pprm [s, 3H; CHy); "CHMA (126 MHe, [DJDMSO): & — 1944,
1690, 1734, 1716, 1705, 1680, 1492, 79.9, 381, 54.5, 535, 498,
456, 453, 41.0, 37.7, 374, 366, 339, 200, 287, I7TR 275, 173,
264, 252, 233, 205, 199, 194, 17.7, 165, 164, 163, 156 ppm;
HRMS (E31): me caled Bor CoHo 0 5973423 [M-HD ; Found:
5973408,

General procedure C for preparation of glyoxalates: To o freshly
degassesd solution of starting material in CHCLACHOH (2:1) ws
added PAC (10%, 3.5 mol %) and H; was bubbled throwgh the re-
sultimg resction mictwre for 20 min. The resction wae monitored by
TLC {CHCLACH O ACDH — 10:02000, wiv), which inclicated s com-
pletion after 1l The reaction mixture was diluted with COH,O0H
{20 mLALES mimol) and filered through a bed of Cedite. The resicu-
al sohent was evaporated under redoced pressune and the crsde
product was purified by flesh dhromatography  (CHLOLAOH, OHY
AcOH 10:12000, whi).

Betulinic scd glyoxal [B): Compound 8 was prepared by fol-
kwing General Procedure C© with 7 (500 g, 083 mmaoll, PAC
30 mag) i OHCLACHOH (221, 7.5 mil). Yield: 357 mg (BA%); white
solid; "H NMR (500 MHz, [DJDMSO)x 4—12.91 (br s, 1H; CDOH,
A65 (d, J— 20 He, TH; H® ==, 453 (s, 1H; H* =7, 450 [app s,
2H, OCH,COL 421 [be &, TH; HY, 294 {m, 1 H), 2.90-284 {m, 1H],
218-213 [m, 2H), 192-1.86 (m, 1H), 183175 [m, 1H), 162 (s,
3H; CHG), 1.58-1.00 (m, 20H]), 0.90 (5, 3H; OHG), 0084 [5, 3H; CH),
082 [s, IH; CHY) 072 [s, 3H; CHLL D62 ppan [s, 3H; CHY); C NMR
1101 MHz, [DeDMS0): & — 17406, 1693, 15000, 109.7, 76.7, 603, 557,
S48, 499, 4B6, 465, 420, 385, 382 374, 367, 362, 319, 313,
298, M5 281, 271, 250, X4, 189, 179, 159, 158 157,
143 ppre HRMS (E51: mye caled for CipbleOs: 3133575 [M-HJ
Tound: 5133567,

Glyoxalste of pyrazine of betulinic scid (14 Compounsd 14 we
prepared by lfollowing Genersl Procedure O with 13 (500 mg,
078 memol] and PASC (27 mag) in CHEORCHROH (2:1, 7.5 mil). Yiekd:
210 iy [(49%); white solid; 'H NMR (500 MHz, [DJDMSO) & — 845
d, J—23 He, 1H; pyrazine}, 832 {d, J—2AHz, VH; pyrazine), 471
B, T 19 He, 1TH; H™ ™), 453 {app 5 1H; W™ "] 455 [app s,
2H; DCHO00, 292 fid, T 11. 2 108, 47 He, 1H; H™), 288 §d, 7
16.6 He, TH; H'S), 246 (d, J— 166 He, 1H; H'), 2.28-220 (m, 2H],
1.93 (dd, J—11.9, B He, TH), 1.87-1.79 [m, TH), 1.67 {5, 3H: CH,),
1L67-128 (m, 15HL 1.24 (s, 3H; CHy), 120 (5, 3H; CHy) 1.17-1.05
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{m, 2H), 1.00 (s, IH; CH), 0.93 (s, IH; CHy), 072 ppm (s, 3H; CHy);
I NMR (136 MHz, [DJOMSO): & — 1747, 1683, 1585, 150.2, 15001,
1423, 141.7, 1096, 602, 558, 520, 48,1, 478, 465, 42.1, 375, 362,
328, 313, POE, 290, 250, 240, 210, 195 169, 158 152,
14.4 ppm. HAMS (ESl: mie caled Tor CHH0,: 5473530 (M- H]
Foured: 5473527,

BMethyl [E-3-{1H-pyrrol-2-yllaaylate (16): To a stired solution of
pymole-Fcabaldehyde 15 (1549 1578 mmol) in OHCL, (30 mL)
was added methyl [iriphenylphosphoranylidenelscetate (105 g,
3157 mmol) in OH,CL, (50 miLL The resulting rixture was stimed at
room tempersture ovemight. The residual sobsent was esaporated
aned the cude oily product was purified by fash chromatography
{hexansTe0fe — 2:1, wivi W0 afford compound 16. Yied: 2 g (84%);
pale-pink sofid; 'H NMR (500 MHe, CDOL): 4 —BAS [be 5, 1H), 7.56
d, J— 160 He, 1H), 6:94-693 (m, 1H), 6.58-6.57 (m, 1H), §31-6.28
(m, TH) 600 {d, J—160Hz, TH), 3.78 ppan (s, 3HL; "CNMR [126
MiHe, 0L 41682, 1345 1285 1226 1147, 1112 1110,
51.8 ppm; HEMS (B3 myle calod for CHNO,: 1520706 [MH] '
Founed: 1520705,

Methyl 3-{1H-pyrrol-2-yllpropanoate {17k To a freshly degasied
solution of 16 (2 g 13.25 mmaol) in CHOH (20 mL) was sdded PAAC
(10% keading, 3.5 maoll %, 500 mg) and H; was bubbled through the
resultimg resclion mictune for 30 mine The reaction was monitored
with UHPLC-MS, which indicated its comghetion after Th. The reac-
tion rmixture was diluted with GH0H (20 mL) and Altered through
a bed of Celite. The residuasl sohent was evaporated and the orode
product was purified by fash chromatograpby hecaneEi0®e —
2:0, wivl o afford 17. Yield: 1.67 g (90%); pale-yellow oil; "H NMR
(500 MHe, CDCl): & —B51 (br 5, 1H), 688667 [m, TH], 611 {dd,
J—57, XBHe, TH], 5.92-591 {m, TH), 371 {5, 3H), 252 {y, J—
6.8 He, 2H), 265 ppm (L J— 6.8 He, ZH); "C NMR (101 MHz, CDCOLY:
S—1747, 1310, 1170, 108.2, 105.7, 520, 345, 227 ppen; HRMS
(ESH): imae caled for CJH, NOy: 1540863 [M+HH] ' found: 1540863,

BODIPY-FL-methyl propanocate [18k To a stirred solution of 17
(167 g, 1092 mmoll and 35-dimethylpyrrole-2-carboxaldetyde
{154 g, 12000 mmeol) im0 CHCL (80 mL) was added dropwise POCL,
112 mal, 12201 rmvmol) at 0°C and the rescion misxture was allovwed
0 warm bo ambient temperatune. The resclion was monitored
with UHPLC-MS, which indicated formation of dipyrmomethans in-
termediste after 3 h The reaction misture was then cooled o 0°C
and N N-disopropylethylarmine (DIPEA, 8.1 ml, 4904 mmaol) was
added dropwise, followed by stirring for 20 min at 0°C. BFA0EL,
(54 mL, 4368 mrool] was added subsequently and the reaction
was stirred owvernight at armbient bermperature. The mixkure was di-
luted with CH,CL (50 mL) and brine {100 mL), fltered throwgh a
bed of Colite, again diluted with brine (100 mL} and extractesd with
H,0, (5x2300 mLL Organic extracts were combined, died ower
M50, filkered and evaporated under reduced pressure, The orude
product was parified by feh chromatography (1000% CHAOE) o
giwe 18 Yield: 213 g (63 %); dark-green orystalline solid; 'H NMR
(500 MH, CDOL): & —7.09 (5, 1H), 689 {d, J—39 He, 1 H), 627 {d,
J— A0 He, THY, 612 (s, TH), 370 (s, 3H), 331 [, J-7.6 He, 2H), 2.78
(L, J—75 He, 2H), 258 (5, 3H), 226 ppm (5, 3H; “C MMR (126 Mz,
DCL: $—173.2, 1608, 1441, 1355 1335 1283, 1241, 1207,
1169, 520, 335, 30.0, 243, 152, 115 ppen; "F {'H} NMR (171 Mz,
DL & ——145.23 (d, 7314 Hzl, 14537 ppm [d, J—314 Hzk;
HRMS (Sl mufe caled for O H JBF NS0 3051267 [M—H ; found:
305.1266. Other spectral data were consistent with lRenstere prece-
dencies.™

BODIPY-FL-propanoic add {19): Te a stirred sodution of 18 (1.43 g,
A6T mrmad) im THF (30 mL) was added water (200 ml) and conc. HC)
(10 ml) &t 07T The resction mixture was strred st ambient tem-
perature amd monitored by UHPLCMS, which indicated its cormple-
it Eue L BOE, 24, 4957 - 4966
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tion after 52 h. The resction michere was dileted with water
(100 mLy and extracted with CHOL (3150 mLL Organic extrscts
were combined, dried owver MgS0,, fltered and evaporated wmder
reduced pressure. Purification of the crode product by lash dho-
rmatography (OH,CLAACOH 100:1, whv) afforded 19, Yield: 11549
(85 %); dark-red crystalline solid; 'H MMR [500 M, [DI0MS0) 4 —
1230 (s, THL 7.70 (s, TH), 709 {d, J—40H: TH), 638 [, J—
A0 He, TH), 631 (s, TH], 3.10-3.05 (t, J—7.01 He, 2H), 264 §t, J—
B85 He, 2HL, 247 {5, 3HL, 226 ppm (s, IH); "CMMRE (126 MHz,
D IDMS0): & — 1734, 1595, 1569, 1443, 1345, 1330, 1288, 1254,
1204, 1165, 323, 735, 145, 11.0ppm; “F {'H} NME (471 MHz,
DL 46— —145210 (d, J— 318 Hz), —14536 ppm (d, J— 318 Hz);
HAMS [ESI: e cabod For CHGBF N0 20010110 [M—H] ; Fownd:
2911105, Other spectral data were comsistent with published re-
suls. ™

Preparation of BAL resin: Aminomethyl polystyrens resin (19,
bowsding 098 mmolfg) was swollen in OHCL (10 ml} for 30 mim,
washed with DMF (3 10mL), neutralized in DMF/piperidine (5:1,
10 mL) for additional 30 min and sgain washed with DMF {5x
1 ml) Backborne amide linker 700 mg 294 mmol) and HOBe
{500 myg, 29 memoll were dissobeed in DMEACHOL (121, 100mL, w9
amwd DIC (460 He, 294 mrmol] was sdded. The resulting solution ws
wided o a polypropylene Fritted syringe with aminomethyl resin.
The reaction shurry was shaken at ambient temperature ovemight,
followed by washing with DMF 33 10ml} and CHCLL (3310 mil).
Bromphenol blue et confirmed quantitative scylation of the
AN QrOups.

Procedure for reductive amination: BAL resin (1 g, loading
0598 mmolig) was swollen in CHCL (10mLl) Bor 30 min, then
washed with anbydrows THF (3510 mL) and anbydrous DMF {3
mlL The solution of 2-{2-aminoethoxy)ethanol (490 pl,
A% mmol) in DMEACOH (1021, 100ml, w'v) was added to o poly-
proppdene fitted syringe with BAL resim and it was shaken over-
night at ambient temperatune. MaBHOA, (210 mg, 294 mmaol) in
DMFAcOH [20:1, 5 ml, wiv) was then added portionwise to the e-
aclion mixture a during period of 4k, followed by washing with
DMF (500 mL) and CHOL (310 ml) amd meutralization with
DOFSTEA (10:1, 10 mil, wh] for an additional 30 mim Lo obssin resin
20. The loading was determined according o a published prooe-
dure™ (D406 mmoligl.

Procedure for protection with Froc: Resin 20 (250 mg) was swol-
e i CHYCL, 3 ol for 30 min s then washed with CHLOLL (3
Sml]. Foc-O5u (305mg, 15 mmoll was dissohed n COHCL
{3 mL) and sdded to a polyprogene Frited syrings with the resin.
The reaction sburry was shaken at ambient temperature ovemight,
followed by washing with COHyCl (55 mL). An anabytical sarmgle
wit cleaved from the resin and UHPLC-MS analysis confinmed the
prresemnce of desired product. M5 {ESl); me 338 [MHHH] .

Procedure for acylation with BODIPY-FL propanoic sdd: Resin 20
equipped with Fmoc {250 mg) was swollen in CHCOL (3 mil) for
30min and then washed with DMF 3x3 ml) and CHOL (3x
Irmnl). BODIPY-FL propanoic acid 19 (230 rmg 075 mmoll, HOBe
{115 mag, 075 mmed) aned DMAP (92 myg, 075 mmol) were dizsobred
i DMFACHLCL, (100, 25 mil, wiv) and DIC (117 pl, 075 mirmel) wees
atided. The resulting solution was added 1o a polypropylene ritted
syrimge with the resine The reaction shorry was shaken at armbient
temperature ovemight, follewed by washing with DMF {1023 mil)
amed CHyCL (1003 mil) to givee resine 21, An analytical sample s
cheaved from the resin and UHPLC-MS anahysis confinmed the pres-
ence of desired product. MS [ESlE md: 600 [M—H] .

General procedure D for deprotection of Fmoc: Resin 21
1250 mg) was swollen im CHCL (3 mb) for 300min and then washed
with DMF (33 miL). The freshly prepared sobution of DMF/piperi-
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dine (301, 2.5 mL, w'v] was sdded 1o polypropylens fritted syringe
with the resin. The reacton shary was shaken at ambient termpera-
ture for 30 min, followed by washing with CHCOL (323 mil), THF
(33 L), DMF (323 ml), THF (33 mL), and CHCL (333 mLL

Procedure for acylation with FAEEAA: Frmoc deprotected resin 21
{250 mg) was swollen in CHLOL, (3 mL) For 30 min and then washed
with DMF [3x3ml) and CHOL (33 mlL [2-[24{Frmoc-amino]-
ethoxylethoxylacetic scid (334 mg, 0.9 mmol} amd HOB (137 mg,
0.9 mmol} were disobeed in DMEACHCL (121, 3ml, wh) and DIC
(140 pl, 09 mumol) was added. The resulting solution was added o
polypropylens fritbed syringe with the resing The reaction shurry
was shaken at ambient termperature overnight, followed by wash-
ing with DMF (1033 mL) and CHCL (1023 mil), which gave resin
22 An analytical sample was cleaved from the resin and UHPLC-
ME analysis confirmed the presence of desired product. M5 (ESIE
myr 745 [M—H] . The Fmoc was deprotected from resin 22 by the
general procedure to give resin 23

Procedure for acylation with acetic anhydride: Resin 23 (200 mg)
was wwollen in CHCL (2 ml) for 30min and then washed with
DMF (32 ml) and CHOL (32 mbl). DMAP [92 g, 075 mmel)
was dissobved in OHCL (25ml) and acetic anhydride (71 pl,
075 mrod]) weas acdded. The resulting solution was added to paly-
propylene fritbed syringe with the resmne The reaction shery was
shaken at ambient termperature overnight, followed by washing
with (HO, (53 ml). Subsequent cheavage from the resin and
UHPLC-MS analysis confinmed the presence of the deired product
33

General procedure E for acylation with triterpene derivatives:
Resin 23 (250 mg) wae swollen in CHLCL, (3 mL) for 30 mine and
then washed with DMF (33 miL} and CHYOL, (353 mill. To each so-
lution of prernodified triterpenes & 8-12, 14 (0.9 mrmod) in DMES
CHLOL (021, 3 il wiv) was added DIC (70 pl, 0A5 mmol} and the
resulting mixture was added w4 polypropylene iritbed syringe
with starting material. The reaction slury was shaken at armksient
temperature ovemight, followed by washing with CHO, (100
Imll The final compounds were desved scoording o General
Procedure F.

General procedure F for deavage from the resin: Oeavsge of in-
termedistes 24-31 and 33 in analytical scale {ca 5 mg) prior o
amalysis was carried ot in CHATEA (10:1, 1 mL w9 for 300min
steording to the General Information.
Cleavage of intermediates 24-31 and 33 in preparative scale
fca. 250 mg): The comesponding resin was swollen in OHCL (3 mL)
for 30min and then washed with OHOL [5x3 mL)L A solution of
CH;OWTEA [10:1, 3 ml, wiv) was added o esch polypropylens frit-
e syrimge with resin The reaction shery was shaken st amésient
temperabure for 90 min (28-30] or 2 h (24-27, 31, 33) and then
washed with CHAOLTRA (1021, 3= 3ml, wiv) amd CHOL 33 mL).
The clesvage cocktail with combrined washes was evaporated
under & stream of nitrogen, the cude prodecs were dissoleed in
HyCH (3 mL) and parified by RP-HPLC to afford final cormpounds
24-33.

BODIPY-FL-triterpene conjugate 24: Yisd: 114 mg (14% overall
wield); dark-red crystalline solid; 'H MMR (500 MHe, CDCLE 8 —7.19
L J—56Hze, 1H}, 700 . 1H], 687 {d, J— 4.0 He, 1H), 637 [t, J—
55 Hz, 1H), 627 {d, J— 40 Hz, 1HY, 611 (5, 1HY, 473 {d, J— 1.5 Hz,
TH; W), 460 is, TH; W™, 448444 [m, 1H), 426424 (m,
2H], 401 [s, 2H}, 350-3.65 (m, SH), 3.60-356 {m, SH], 352-3.47
{m, 5HY, 343 (t, J—5.6 He, 2H), 3.28 @, J—76 He, 2H), 3.02-2.97
{m, 1H; H™, 279 {t, J—7.6 He, 2H]), 255 (s, 3H), 248 [t, J— 69 He,
2H), 225 [s, 3H), 168 (s, 3IH; OH,), 1.64-1.15 fm, 23H; overlap with
sohvent), 096 (s, 3H; CHy), 092 (s, 3H; CHy), DE3 (s, 3H; CHy), 0.82

Chm, Eue L 201E, 24, 4957 - 4056 v chemeurj.org
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{5, 3H; CHy), 081 ppen (s, 3H: CHy: CNMR (101 MEz, CDCL): 6 —
1B1.0, 1729, 1727, 171.9, 1705, 160.8, 1569, 1505, 144.2, 1355,
1334, 1282, 124.1, 120.8, 1168, 109.9, B1.4, 1.1, 70.8, 704, 70.2,
701, 69.1, 637, 565, 556, S0.6 494, 47.1, 426, 410, 40.9, 395,
3EA, IAS5, 30, 373, 34, 334, 323, 311, 307, 300, 209, J82,
256, P, 239, 211, 196 184, 167, 164, 162, 152 149,
NSppm; “F [HIMMR [471 MH:, CDOLE &— 14582 (4, J—
IS He, 14596 ppm (d, J—31.5 He); HRMS (ESIE e cabed for
CoHBF M0, 10616276 [M—H] : found: 10616275; UV/Vis
CHOL): A — 507 nen; A, — 513 nrm; o — 0200

BODIPY-FL-triterpene conjugate 25: Yield: 100 mg (10% overall
yield); dark-red oil; "HNME (500 MHz, CDOLE & —9.52 (s, 1 H; CHO),
TA7 it J—5.2He, TH), 709 (s, 1H], GBE {d, J 3.9 He, 1H), 636 {1,
J—5AHe, TH], 620626 {m, 2H), £12 (s, 1H; H#F=3, 501 5, 1H;
H® Py, 4.A7-4.43 {m, 1H), 4.27-4.24 |m, ZH], 401 [s, 2H), 369
364 [, SH], 361-355 {m, SH), 352-347 {m, 5H), 345-3.43 (m,
IH), 329 [, J-TEH:, JH), 279 (L J_76He JH), 264 I, J—
6.9 He, 2H), 255 [s, 3HL 248 [x, J—7.0He, 2H), 2325 (s, 3H], 221-
209 {rm, PHL, 200-1.95 {m, 2H), 1.73-1.16 im, 19H; overlap with
solvent), 093 [s, 3H; CHy) 091 (s, 3H; CHy), 082 (5, 6H, 2:CH),
0.1 ppen fs, 3H: CHy: “C MM (101 MHz, CDCLE 4 — 1952, 1807,
1729, 1727, 1719, 1705, 1608, 156.0, 1443, 1355, 1334, 1283,
1241, 1208, 1168, B14, 71.1, 708, 7004, 70.2, 70.1, 68,1, 637, 56.6,
555, 504, 425, 08, I05, 389, 384, IN0, 373, 370, 344, 335,
321, 301, 301, 298, 282, 274, 2.1, 238, 210, 183, 167, 163,
162, 152, 148, M5 ppm; “F {'H} NMR (471 MHz, CDCLE &—
14585 (o, J— 31LE He), —145.90 ppen (d, J— 318 He); HEMS (EST):
mve  caled  for  CuHGBF N, 10756069 [M-H] ;  fouwnd:
10755085 ; UV (CH,OLE 4, — 507 nem; A, — 513 am; 0 014,

BODIPY-FL-triterpene conjugate 26: Yield: 107 mg (15% overall
yield); dark-red solid; "HMMR [500 MHe, CDCLE 8 —715 @, J—
4.7 He, TH), 7.09 (s, 1H], 688 (d, J—39 He, TH), 632 {1, J—52 He,
TH), 627 {d, J— A0 He, TH), 612 (=, TH), 450447 [rm, TH), 437-
A4 (m, 2H), A.00 (s, 2H), 3.70-3.65 {m, 5H), 3.69 (s, 3H, CODCH,]
361-356 (m, SH), 3.52-348 (m, 5H), 345-342 {m, 2H), 329, J—
7.6 He, 2HY, 321-37 (m, 1HY, 279 (L J— 76 He, 2H), 267-262 (m,
3H), 255 (5, 3H), 251-2.46 [m, 3HL 225 (5, 3H], 2.14-123 (m,
15H; owerlapy with sobeent), 127 (d, /— 12 He, 3H; CH,) 120 [d, J—
1.3 He, 3H; OH) 103 (s, 3H; OH) 093 (5 3H; OH) 0089 s, 3H;
OHy), 0B (s, 3H; OHy), B2 ppm (s, 3H; CHY; “C NMR (101 MHe,
ODCLY: 42074, 1750, 1729, 1727, 1719, 171.8, 1704, 1608,
1569, 1459, 1442, 1355, 1334, 12832, 1241, 1208, 1168, 812,
711, 708, 704, 702, 7, 6900, 637, 556, 532, 527, 512, 478,
454, 415, 305, 388, 307, 3B0, 373, 350, 339, 335, 310, 399,
2006, 28.1, ZTE, 253, .1, 238, 2.4, 203, 202, 183, 17.0, 168,
167, 16.1, 152, 143, 115 pprm; ™F {'H} NMR (471 MHz, CDOL): A —
14571 (d, J— 345 He), —145.85 ppen {d, J— 345 He); HRMS (ESI):
e caled for ColeBF N0y 10896225 [M—H] ; found: 1082.6141;
UV (ICHOLY: A — 507 nm; A — 513 fm; @ — 025,
BODIPY-FL-triterpene conjugate 27: Yield: 100 mg (15% overall
yield); dark-red solid; 'HMMR (500 MHe, CDOLE & — 707 fu J—
53 He, TH, 709 (s, 1H], 688 (d, J—39 He, TH). 634 {1, J—53 He,
THL 627 {d, J— A0 He, 1H) 612 (<, TH), 450447 [, TH), 437-
A M (rm, 2H), 4000 {5, 2H], 372 s, 3H; OOOCH,), 3.69-3.65 {m, 4H],
361-356 (m, AH), 3.53-3.48 (m, 4H], 346-342 [m, 2H), 3.39-3.33
tm, THL, 331-328 {m, 2H), 281-2.76 (m, 2H], 267-2.64 [m, 2H],
256 (s, IHL 251-248 [m, 2H), 225 5, 3HL 211-1.91 [m, &H,
L76-132 {m, 14H; ovedsp with sohent), 1.28 [d, J—69 He, IH;
Oyl 135 i, J— 69 He, 3IH; CHy), 106 s, 3H; OHL, 097 s, 3H;
CHyl, 091 (s, 3H; CHGL 084 (s, 3H; CH,), 083 ppm (s, 3H; CHy);
YCHMRE (101 MHz, CDOL): &— 1945, 1895, 1763, 1729, 1721,
1718, 1712, 1706, 1683, 16008, 1568, 1508, 1443, 1355 1334,
1281, 1240, 1207, 1167, 813, 1.1, 711, 708, 704, 702, 700,
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G69.1, 63.7, 38,6, 556, 5346, 51.0, 463, 457, 41.7, 395, 387, 380,
373, 347, 334, 310, 299, 205, 290, 286, 281, 276, 261, 240,
237, 212, 200, 1832, 170, 168, 167, 163, 151, 115 ppm; F
{"HEMME (471 M, (DO d— 14504 (d /- 344 Ha,

1518 ppm ., J-344H:):; HEMS (5 mfe caled for
CHBF N 1036018 [M-H] ; found: 11035925; UNVAE
OOk A — 507 nm; A, — 513 nm; & — 0260

BODIPY-FL-triterpene conjugate 28: Yield: 207 mg (30% overall
yield); dark-red solid; 'HNMR (500 MH:, CDOL): S—841 (d, J—
23 Ha, 1H; pyrasine), B27 (d, J— 24 He, 1H; pyrasine), 7.08 (s, 1H),
TO7-704 [, 1H], 687 (d, J— 40 Hz, 1H], 652-651 im, 1H], 627
{d, J— 4.0 He, TH], 611 {s, TH], 4.75 id, J— 1.6 Hz, TH; H™*7), 4.64
{d, J—13 Hz, 1H; WP #=7, 459 jd, J—15.1 He, 1H; OCHO00, 453
{d, J—15.1 He, 1H; OCH,00), 436424 (rn, 2H), 3.99 (5, 3H], 368
364 {m, AHL 362-361 (m, 2H), 358-354 {m, 4H), 152-3.47 (m,
AHY, 329 [t /=76 He, ZH), 309 (d, J—166Hz, 1H; H™), 297 {dd,
J—M0, A7 He, 1H], 279 [t, J—TAHe, 2H), 255 (3, IHY, 244 [d, J—
166 He, 1 H; H'®, 231-226 [m, 2 H), 225 [, 3 H], 2.00-1.96 {m, 1H),
1.93-189 (m, 1H), 1.79-1.74 {m, 1H], 1.70 [, 3H; CH,), 1.68-1.32
im, 13H; owerlap with sobent], 120 (s, 3H; CH,), 137 [s, 3H: CHYL
1.01 {5, 3H; OHy), 098 (5, 3IH; CHy, 0.79 ppen (s, 3 H; OH); C NMR
{101 Mz, CDCL): & —174.8, 1726, 170.1, 1677, 160.8, 159.9, 1569,
1509, 1507, 1502, 1442, 142.5, 1415, 1355, 1334, 1281, 1240,
1207, 1167, 1102, 711, 709, 704, 70.0, 69.9, 69,1, 637, 626, 568,
5312, 495, 400, 488, 469, 427, 407, 307, 300, IA8, IBI, 371,
370, 335, 320, 317, 304, 299, 256, 242, 2.1, 216, 202 1956,
163, 158, 15.1, 148, 11.5 ppen; "F {"H} NMR [471 MHz, CDCL): & —

14504 [d, J— 318 He), —145.18 ppen (d, J— 318 He); HRMS (ESI):
e caled For Ty BF M0, 10536126 [M—H] ; found: 1053.6134;
UV (OHL O A — 507 nm; 4, — 513 nm; @ —0.21.

BODIPY-FL-triterpene conjugate 29: Yield: 167 mg (20% overall
yield); dark-red solid; "HHNMR [500 MHz, CDCLY 8 —BA6 [app s
1H; pyrazine), 838 d, J— 24 He, 1 H; pyracine), 708 [s, 1H), 7.07-
706 {m, THYL 687 {d, J—3.9 He, 1H], 657 t, J— 5.1 He, 1HY, 627 {d.
J—ADHe, TH], 611 (s, 1H], 475 {app & 1H; H™ *™7), 464 (app s,
1H; H™® ), 4,60 (d, 71— 151 He, 1H; OCH,C0), 453 id, J—15.1 Hz,
1H; OCH,000, 436433 (m, 2H], 400 {s, 4H), 3.68-346 (m, 24H],
328 [t, J— 76 He, 2H), 3.09 @, J— 167 He, 1H}, 3.01-2.96 (m, 1H),
279 0t, J—FEHz, IH), 355 (s, IHL, 246 {d, J— 167 Hz, 1HL, 230-
237 im, 2H), 2.35 (s, 3IH), 200-183 {m, 2H], 1.77 i, J—115Hsz,
THY 170 (s 3H; CH), 1.68-134 [m, 14H; overap with sobent),
130 {5, 3H; CHy), 1.28 (s, 3H; CH,), 101 (5, 3H; CH,), 088 s, 3H;
CH,), 080 pprm (5, 3H; CHY); C NMR {101 MHe, CDCLE & — 1748,
1726, 1700, 1677, 1608, 1604, 157.1, 1569, 151.0, 1502, 1442,
1427, 1355, 1334, 1282 1241, 1207, 1168, 1102, 710, 709, 704,
TO, 700, 690, 637, 626, S6.8, 531, 495, 46.9, 184, 46.9, 427,
407, 397, 390, 38K, 383, 370, 370, 335, 322 37, 306 299
256, 2432, 241, 229, 216, 202, 196, 163, 158, 152, 148, 143,
NS ppen; “F {'HNME (471 MH:, CDChl: & — 14585 [d, J—
342 He), 14599 ppen (d, J— 343 Hel; HRMS (E51: mvfe caled for
CoallBF M0 12006865 [M+H]': found: 12006848; UV
BCHOLY: Ay — 507 0 Ry — 513 m; ab — 0300

BODIPY-FL-triterpene  comjugate 30: Yield: 85mg (12% owerall
yield); dakred solid; "HMME (500 MHe, CDOLE & — 700 s 1H),
TA7-7.06 [, 1H], 688 (d, J— 39 He, 1H], 650-648 im, 1H], 6.27
{d, J— 4.0 He, THY, 612 s, 1H), 473 {app 5, TH; ™), 4,60 (d, J—
20Hz TH; H™ #T) 450 (d, 7155 He; OCHUOO), 452 d, J—
151 He, 1H; OCHCOL, 427-4.24 (m, 2H), 399 (s, 2H), 368-3.63
{m, AH), 362-3.60 (m, 2H), 358-353 [m, AH], 3.52-347 {m, 4H],
329 [t, J— 76 He, 2H], 318 {dd, J—11.4, 4.8 Hz, 1H), 2.599-2.94 [m,
1H], 279 {t, J— 76 He, ZH), 256 (s, 3H), 2.35 is, 3IH), 2.25-2.20 (m,
2H], 1.98-1.86 {m, 3H], 168 s, 3IH; CH,], 1.65-1.45 im, 19H; over-
lap with sobeent], 096 (s, 3H; O, 096 (s, 3H; CH), 090 is, 3H;
e, Fur L BOE, 34, 4957 - 4066
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CHy), 081 s, 3H; CHY), 075 ppm (s, 3H; CHY: “C HMR (101 M,
CDOLE §— 1748, 1726, 1701, 1677, 1569, 1503, 1443, 1281,
124.1, 1208, 1168, 110.1, 79.2, 711, 70.9, 704, 69.9, 63.1, 637, 625,
568, 555, 507, 496, 470, 426, 409, 39.0, 389, 388, 383, 374,
37, 345, 335, 3232, 306, 299, J82, 376, 157, M1, 2140, 195,
185, 163, 162, 155, 1532, 149, 115 ppm. “F ['H} NMR {471 MHz,
CDOLE & — 14576 (d, J— 3005 Hel, —145.90 ppm d, J— 305 Hel;
HAMS (ESI: mie caled for CoHBF N0, 10196170 [M—H] ;
foumd: 1019.6071; WA (CHOLE A, — 507 nm; A, —313 nm;
& 017

BODIPY-FL-triterpene conjugate 31: Yield: 152 mg (21% overall
yield); darkred solid; 'HMMR (500 MHz, CDCLE @ —7.09 (L J—
55 He, TH), 7.09 (s, 1H), 688 (d, J—40 He, TH), 6.40 {t, J—52 He,
1H], 637 s, J—4.0 He, 1H), 612 {5, 1H}, 567 (app 5 1H; H™ ™7,
539 (app & TH; 57, 437424 {m, 2H), 403 [s, 2H), 371-366
im, AH)L, 3.64-350 {m, 10H), 329 {t J-7.6He, 2H), 317 [dd, J—
1.0, 5.0 He, 2H), 279 [t J— 7.6 He, 2H), 255 (5, 3H), 225 [5, 3H),
232-213 (m, 2H), 1.96-1.84 (m, IH), 1.67-134 {m, 15H]), 1.25-1.16
im, AHL 095 (s, 6H; 2xCH,) 091 (s, 3IH; CH,) 08D [s, 3H; CHy),
074 ppm (5 3H; CH.E “C MR (101 MHz, COCLE 4 — 1798, 17246,
1707, 168.1, 1608, 1569, 1507, 144.3, 1355, 1334, 1282, 1279,
1272, 1351, 12401, 1208, 1168, 79.1, 71.3, 708, 707, 70.3, 700,
69.1, 636, 36.5, 555, 309, 506, 4246, 40.9, 394, 390, 309, 384,
37A, 368, 345 335 3290 320, 298, X2, 275, 241, 211, 184,
163, 162, 15.6, 15.2, 148, 11.5 ppm; "F {'H} NMR (471 MiHe, CDCLE
d— 14575 (d, J—356 Hel, — 14557 ppm d, J—35.6 He): HEMS
(ESD: me caled for (O HBF,NO: 9915857 [MH] ; fownd:
9915852 ; UMVE [CHOhE e — 307 im; Ao — 513 mim; @ —0.17.

BODIPY-FL-triterpene  conjugate 32: Yeeld: A5 mg (7% owerall
yield); dark-red oil; 'H NMR [500 MHz, COCL): 8 — 707 (1, J— 53 He,
TH), 709 [s, 1H), 688 (d, J—38 He, 1H), 633 [t J—52 He, 1H],
637 [d, J—38He, 1H], 612 {5, 1HL 445445 {m, TH], 437424
im, 2HL, 401 is, 2H), 3.93 (s, 1H) 3.67 (dd, J—9.2, 53 He, 4H],
361-356 {m, AH), 153348 (m, 4H), 3A6-342 |m, 2H), 339, J—
75 He, 2HI, 279 [t, J— 76 He, 2H], 266-262 {m, 2H), 255 (s, 3H),
250247 {m, 2H), 225 (s, 3H], 1.85 (d, J— 134 He, TH), 179 {d, /—
111 He, THYL 1.72-1.18 [, 24 H; overap with sohent), 1.02 s, 3H;
CHy), 095 §s, IH; OHy), 090 (s, IH; CHY), 086 [, 3IH; CH), 085 i3,
IH; CHy), 083 [ 3H; CHy), 082ppm (s, 3H; CHY; “CNMR
{126 MiHe, CDC: & — 1800, 1729, 1726, 171.8, 1704, 160.8, 1569,
1442, 1355, 133.5, 1282, 124.1, 1208, 116.8, 1099, 8632, B1.3, 711,
FOHA, 7oA, 702 O, 691, 617, 558, 514, 469, 463, S0.8, 401,
395, 389, 3B, 381, 374, 362, 339, 316, 335 325, 321, 311,
3000, 389, 280, 381, B6T, M2 M1, FiE 210, 1832, 168, 167,
157, 152 138, M5 ppm; “F {HINMR (471 MHe, (DCHE &—

14531 (d, J—31.8 He), — 14545 ppm (d, J—31.8 He); HRMS (ESI):
e caled for CHBF MO, - 1061.6276 [M—H] ; found: 1061 6278;
U (CHOLE: A — 507 nm; A — 513 nm; 4 — 0L,

BODIPY-FL- 2,11 -dioxo-6,9, 15-trioxa-3, 1 2-diazaheptadecan-17-yl
propionate 33: Yidd: 249 mg (11 % owverall yield); dark-red orystal-
Kine sofid; "H MMR (500 MH, CDCL): & — 7218 [, J— 55 He, 1H], 7.09
is, TH), 688 (d, /—40Hz 1H], 639-627 (m, 2H). 612 & 1H),
A37-424 [m, ZH). AD1 (s, 2H), 3.60-3.66 (m, 4H)., 361-357 (m,
AH), 3.53-3A47 {m, 4H), 3A5-341 (m, 2H}, 3.29 [, J— 76 He, 2H],
279 [t J—T7AHe, 2H), 256 (s, 3H), 225 (s, 3H), 1.98 ppm (s, IH);
UCNMRA (126 MH, CDOLE A— 1727, 1706, 17005, 1609, 15639,
1443, 1355, 1335, 1282, 1241, 12001, 168, 712, 70.9, 705 703,
F00, 641, 617, 305 IRA, 335, B0, 233 1532, 115 ppm; F
{HINMR {471 MH:, (DO A— 14564 [d,  J—356 K,

14579 ppm {d, J-356H:):; HREMS (E51: mf caled o
T H o BF N, Oy 5652723 [M—H] ; found: 5652736; UMMV [CH,CL):
A — 307 mmy; A, — 513 nrm; @ — 0T 1L
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Amino-BODIPY as the ratiometric fluorescent
sensor for monitoring drug release or “power
supply” selector for molecular electronicst

Martin Porubsky,” Sona Gurska,” Jarmila Stankova,” Marian Hajduch,” Petr Dzubak®
and Jan Hlavat@*

The glutathione cleavable conjugates of amino-BODIPY dye with model drugs have been tested for
monitoning the drug release wia ratiometnc fluorescence based on two excitation and one emission
wavelength. As a self-immolative linker was used for the construction of conjugates, free amino-BODIPY
was released with the drug. Different excitation profiles of the dye before and after conjugate cleavage
and similar emission wavelengths that enabled monitoring the release of the drug via the OFF-ON effect
were successfully tested inside the cancer cells. UV/Vis spectrometry could be used in the quantification
of the conjugate/drug In an analyte irespective of the cleavage grade. As the system functionality was
based only on the altered acylamino-B8ODIPY present in the conjugate to amino-BODIPY released
during the cleavage, the method could be applied as a ratiometric fluorescence theranostic system to
other non-fluorescent drugs. Moreover, the present comgugates demonstrated their potential application
in molecular electronics as a “power supply” selector enabling the application of two power sources for

rsclifrsc-advances

Introduction

The ability to monitor a drug’s fate, including its conjugate
penetration and the subsequent drug release is one of the key
features in the development of new drug delivery systems (DDS)
in cancer therapy.' The detection of relevant markers along with
monitoring the drug release with time ranks these systems
among the most intensively studied theranostics.*

The most frequently used visualization method for drug
release is optical fluorescent spectroscopy, using various dyes
such as cyanines, xanthene dyes, coumarines, etc. The
frequently-used BODIPY dyes with total neutral charge, hydro-
phobic nature, and adjustable photochemical properties seem
to be the first candidates of choice for penetration-visualization
studies. In addition, BODIPYs are highly photostable and
possess high quantum yields, high extinction coefficients, and
sharp excitation/emission spectra.’

Optical imaging often utilizes activatable probes that effec-
tuate amplified signal in the presence of selective or overex-
pressed biomarker or due to specific molecular events. This

“Depr of Qrgamic Ch: ry, Facuity of Science, Palacky University, 7. 17.
Listopadu 12, 771 46 Ol Crech Rep Email: jarhi pol cz

B of Molecular and Transl, J Medicine, Faculty of Medicine and Dewtistry,
Palacky U ity, Han k4 5, 779 00, Ol Crech Repubii

t Ek de suppl y inf (EST) available: Description of synthesis

T prop of the probes and fluorescence spectroscopy
ding of probes cleavage. See DOE 10.1039/c9ra03472b

one "bulb’ to maintain its light intensity.

phenomenon is fundamental for the OFF-ON or ON-OFF
systems used in several diagnostic applications.**" The greatest
advantage of the fluorescent systems applied in chemical
biology is the ratiometric measurement,** "' when two emission
maxima are reached after excitation at one wavelength or when
two excitation wavelengths cause one emission peak. Ratio-
metric systems easily overcome some drawbacks of simple
intensiometric systems, especially false response caused by
variation in the local concentration of the probe, light scattering
by the sample matrix, excitation source fluctuation, or micro-
environment effects around the probe.

Thiols, mainly glutathione (GSH), responsible for different
redox state of the cancer cells,'* are the key intracellular stimuli
for the release of a drug from DDS or theranostics. Conse-
quently, the level of glutathione in some tumors is up to 10-fold
higher as compared to normal cells.** Elevated GSH level is
typical of some cancer cells,* which makes them ideal triggers
for the release of a drug from systems including disulfide linker.

Although a few disulfide theranostic prodrugs with an ability
to monitor drug releasing via fluorescence have been intro-
duced in recent years,'** only a few were reported to have the
ratiometric ability for monitoring the drug release.*** These
ratiometric OFF-ON systems are responsive to the presence of
GSH and are based on one excitation/two emissions. However,
the drawback of these systems is the application of the fluo-
rescence resonance energy transfer (FRET) between campto-
thecin as the drug and the fluorescent dye. Thus, this system

RSC Adv., 2019, 9, 25075-25083 | 25075
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lacks the general application to drugs without regards to their
fluorescent properties.

In the molecular electronics, the OFF-0ON or ON-OFF
concept could be used for the construction of molecular logic
gates operated by various inputs, such as pH, the presence of
metal ions, or other specific markers.* Although the molecular
switches hased on the [irjreversible tum-on or turn-off effect
giving the flusrescence response in the presence of appropriate
marker has been described several times,™ a selector as
a molecular electronic device that can switch rwo different
power supplies for one appliance while maintaining the level of
power has not yet been described.

In this study, we report a new acylamino-BODIPY/ amino-
BODIPY system applicable in chemical biology or molecular
electronics. As the specific spectral properties of the amino-
BODIFY are exhibited together with the drug after conjugate
cleavage, the drug release can be monitored via OFF-ON effect
as well as ratiometric fluorescence irrespective of the fluores-
cent properties of the drug. The system could also serve as
a molecular elecironic selector activated by the presence of
thiols and optimal pH.

Experimental section
Materials and methods

For the preparation and characterization of the compounds, LCY
MS analyses were performed using UHPLC/MS with an UHPLC
chromatograph [Acguity] with a PDA detector, a single quad-
rupole mass spectrometer [Waters), an X-Select C18 column at
30 °C and a flow rate of 600 pl min~". The mobile phase con-
sisted of (A) 0.01 M ammonium acetate in water and [B) aceto-
nitrile, with a linear gradient over the course of 2.5 min; at the
conclusion of the gradient, the final ratio was maintained for
1.5 min. The column was re-equilibrated with 10% B for 1 min.
The APCI ionization operated at a discharge current of 5 pA,
avaporizer temperature of 350 °C and a capillary temperature of
200 “C. Compound purity was determined using the ratio of the
appropriate peak area to sum of areas of all peaks of the
mixture. Areas were determined by integration of the peaks
from the PDA detector response. Purity of final compounds was
determined by this method and was =95%.

Purification was performed using semi-preparative HPLC
with a Waters 1500 series HPLC equipped with a 2707 Auto-
sampler, a 1525 binary HPLC pump, a 2998 Waters Photodiode
Array Detector and a Waters Fraction Collector [l with a YMC
C18 reverse phase column (20 = 100 mm, 5 pm particke size).
The mobile phase consisted of acetonitrile and a 10 mM
aqueous ammanium acetate gradient over & min.

NME spectra were measured in CIM]; or DMSO-d, using
a Jeol ECX-500 (300 MHz] spectrometer. Chemical shifts (4] are
reported in pans per million (ppm), and coupling constants (f)
are reported in Hertz [Hz).

HR-MS analysis was performed using an Orbitrap Elite high-
resolution mass spectrometer [Thermo Fischer Scientific, MA,
UsA) operating at positive full scan mode (120 000 FWMH) in
the range of 2000-3000 m/z. The settings for electrospray ioni-
zation were as follows: oven temperature of 300 °C, sheath gas

25076 | RSC Adv, 2013, 5. 25075250483
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of 8 arb. units and source voltage of 1.5 kV. Samples were
diluted to a final concentration of 20 pmol 1° with 0.1% formic
acid in water and methanaol (50 : 50, viv).

Rink amide resin and Fmoc-amino acids were purchased
from AAPPTec (Louisville, KY). Solvents and other chemicals
were purchased from Sigma-Aldrich (Milwaukee, IL, http:/
www.sigmaaldrich.com).

Fluarescence spectra were recorded on a Varian Cary Eclipse
fluorescence spectrophotometer equipped with a thermostat
(FL1O09MO15). Excitation and emission slits were 5 nm.
Absorption spectra were recorded on a Cary 300 UV/Vis spec-
trophotometer [UV1116M031, Agilent). Excitation spectra of the
model drmgs 1-3 correspond to general observations published
previously™= and don't interfere with the spectra of the
conjugates 4-6 or released dye 7.

Quantum yield determination
Quantum yields (4} were caleulated by standard procedure
using Fluorescein as a reference (@ = 0.91) according toeqn (1).

&=y s Ml = Agld = 93ine) (1)

where &, is the quantum yield of reference fluorophore, [is area
under emission peak, A is absorbance at the excitation wave-
length 1 is refractive index of the solvent.

Cleavage of the conjugates 4-6 by glutathione and its LC/MS
moniboring

0.25 ml of the conjugate 4, 5 and 6 solution (2 mM) in DMS0
was mixed with 0.1 ml of GSH solution (50 mM) in HEPES
(.1 M, pH 7.4) and diluted with 0.65 ml DMSO/HEPES (2: 1w/
v¥]. The mixture was heated to 37 "C and analyzed by LC/MS
within the time. Intracellular cleavage of conjugates 4-6 by
glutathione and its fluorescence monitoring.

Cleavage of the conjugates 4-6 by glutathione and its
flusrescence maonitoring

5 pl of the probe 4, 5 or & solution [1 mM) in DMS0 was mixed
with 20 ul, 60 pl or 100 pl of the G5H solution (50 mM) in HEPES
buffer (0.1 M; pH 7.4) and diluted by HEPES buffer (0.1 M; pH
7.4) or DMSO/HEPES buffer (2: 1) to 1 mL The mixture was
heated to 37 °C and the fluorescence was measured within the
time.

Intracellular cleavage of conjugates 4-6 by glutathione and its
flusrescence monitoring

Hela cells were added to black 96-well plates by MultiDrop
Combi [Thermo Fisher Scientific, USA) at a cell density of 1.23 =
10" per well and incubated overnight. Pre-treatment with GSH
was performed by incubation of cells with GSH (20 mM in
medium) for 2 h. The cells were washed with PBES, immediately
treated with tested compounds for 2 min and washed with PBS
again. Finally, 50 ul of PBS was added to each well. Fluorescence
intensity was measured by EnVision plate reader (PerkinElmer,
USA), two reads for each time point (first with ex 510 nm/em
535 nm and second with ex 485 nm/em 535 nm).
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Hela cells (3000 per well, 30 ul per well] were seeded into 384
CellCarrier plates (PerkinElmer, USA| for live cell fluorescence
imaging and preincubated for 24 h at 37 °C and 5% OO, to
adhere. The cells were pretreated with 20 mM GSH for 2 h and
stained by Hoechst dye in concentration 1.62 pM within last
2 min. Further, the stained cells were rinsed with fresh media,
treated with tested compounds (10 uM) for 2 min and rinsed
with fresh media again. The live-cell imaging was performed by
Cell Yovager CV7000 (Yokogawa, Japan) spinning disc confocal
microscopy svstem at 37 °C in 5% OOy atmosphere. Living cells
were monitored by a 40 water immersion objective. All images
were post-processed, background subtracted and deconvolved
using Image | software.

Results and discussion

This novel system is suggested as the conjugate of amino-
BODIPY dye acylated by [(a) symmetrical self-immolative disul-
fide linker, connected to a drug predestinated to release. This
system was designed based on the previous study by Jain et al.**
The symmetrical linker can be used for binding of a drug with
an amino or hydroxy group, whereas the asymmetrical linker
can be used for binding of a drug via its thiol group (Scheme 1).
The disulfide bridge provides a switch that triggers the release
of the drug and free amino-BODIPY in the presence of thiols.

To study the possibility of monitoring a drug release, we
used the compounds 1-3 from a group of 2-phenyl-3-hyd rosy-
4{ 1H}-quinolinone derivatives, known for their anticancer
activity™ as the model drugs. These drugs are substituted by the
thiol, hydroxy, or amino group, suitable for conjugation with
amino-BODIFY 7. The structure of these model drugs and their
conjugates 4-6 are presented in Fig. 1.

The model drug 1 was synthesized from quinolinone 8 (ref.
30) by standard peptide synthesis with immobilized Fmoc-
cysteine on Rink resin. Compound 2 was prepared by esterifi-
cation of the starting derivative 9 with triethyleneglyeol [Scheme
2). Compound 3 was synthesized according to the previously
published procedure. ™

Amino-BODIFY 7 was prepared by reaction of previously
published chloroderivative 10 [ref. 31) with ammonia in
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Scheme 1 Schernatic llustration of the dreg and amino-BODIEY
release from their conjugates.
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Fig. 1 Structure of model dregs 1, 2, and 3 iref. 18] and their conju-
gates 4, 5, and 6 used for thiol-mediated cleavage studies.

methanol/DCM as described previously. The reaction with
disulfide precursor 11 (ref. 32] effectuated the intermediate 12.
The disulfide exchange of this intermediate with mercapto
derivative 1 afforded the final disulfide conjugate 4 (Scheme 3).

The coupling of amino-BODPY 7 with linker precursor 13
and subsequent reaction with HOBL gave rise to compound 14
with activated carbonate group. Then, final conjugates 5 and &
were prepared by coupling the derivative 14 with the corre-
sponding quinolinones 2 or 3 respectively via carbamate or
carbonate bond (Scheme 3L

The fluorescence specita of amine-BODIFY 7 and its conju-
gates 4-6 were first measured in HEFES buffer (0.1 M, pH 7.4) to
meet the requirements for the planned biological experiments.

Amino-BODIPY 7 has one broad excitation maximum at
480 nm and emission at 523 nm (Table 1; Fig. 2). Acylamino-
BODIPY in conjugates 4-6 possesses excitation maxima 515-
517 nm, while emission of 525-5327 nm is very close to the
emission of amino-BODIFY 7 (Fig. 2; Table 1).

Besides the shift of excitation maxima, a significant differ-
ence was observed between amino-BODIPY 7 and its conjugates
4-6 with respect to the quantum yields and fluorescence
intensity. When excitation wavelength at 480 nm, which is the
characteristic maximum for amino-BODIPY 7, was used and
emission at 525 nm was collected, a significant difference was
observed between the fluorescence intensity of amino-BODIPY 7
and its conjugates 4-6 [Fig. 3], and thus, the system can work as
OFF-0N during the cleavage. The intensity ratio of amino-
BODIPY 7 to appropriate conjugate 4-6 differs probably due
to different quenching effect of the bound derivatives 1-3.

- R =5 B = - - - -
AN wr A PR =0y A e papaicine 40 A 0 ey A e o

Scheme 2 Synthesis of model drugs 1 and 2. (1) 8, triethyleneglycod,
H.50, (cat), THF, reflus, on; (i} Rink amide resin preloaded with
cysteine, 9. HOBR, DIC, DMF/Pyr, 3 h, ot Gil) TEADCMTES (2 - 1@ 0.05),

Lh,rt
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Scheme 3 Synithesis of amino-BODIPY 7 and its conjugates 4-6. (i}
70 M MHx'MeOH, DCM 70 °C, on; (i) DMAP, TEA, DCM, rt, 3 kg (i)
DMF, 60 °C, on; (iv) TEA, DMAP, 13, DCM, i, 3k iv) HzCOs, THE MeOH
51 rt. on; (W) DMAP, TEA, DCM, i, on

Therefore a significant difference was observed between aming-
BODIPY 7 and conjugate 4, in which the fluorescence is
expectedly quenched by the nitro group.

When the excitation wavelength was selected at 510 nm,
what is ¢lose to the excitation maxima of conjugates 4-6 and
sufficiently distal from the emission maximum of BODIFY 7,
the emission intensity was high for amino-BODIFY 7 due to its
broad excitation spectrum and high quantum vield [Fig. 3;
Table 1). The system could work as OFF-0N during the cleavage
as well, but less efficiently.

To assess the effect of solvent polarity to OFF-ON effect, we
mixed the HEPES buffer with DMSC (1 : 2 viv). Based on the
results from Table 1 and Fig. 4, the excitation as well as emis-
sion specira of conjugates 4-6 exhibit bathochromic shift to
approximately 520 nm and 530 nm, respectively and enhanced
quantum yield.

Table 1 Fluorescence profile of conjugates 4—86, 18, 19 and BODIFY
dyes 7, 20

Compound  Solvent done (M) dgm (nm)  Ad (nm) QY (%)
i HEPES 515 527 12 1.4
DMSOVHEPES 517 531 14 .7
5 HEPES 516 525 9 14
DMSOVHEPES 50 530 10 58
& HEPES 5z 525 & EL
DMSOVHEPES 521 532 11 53
) HEPES 480 523 43 7
DMSOVHEPES 496 523 40 a5
18 DMSOVHEPES 521 549 28 23
19 DMSOVHEPES 50 531 11 95
L] DMSOVHEPES 511 550 29 48

25078 | RSC Adv, 2013, B 2507525083
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Fig. 3 Ratio of fluorescence intensity of armino-BODIPY 7 to conju-
gates 4—6 at 525 nrn after excitation at 480 nm or 510 nm (HEPES
buffer, 0.1 M, pH 7.4).

When the excitation wavelength A... = 480 nm is applied, the
emission intemsity ratio for i, = 330 nm between amino-
BODIPY 7 and its conjugates 4-6 is approximately 2-3, and
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Fig. 4 Fluorescence excitation and emission spectra of amino-
BODIFY 7 and conjugates 4—6 (DMSO/HEPES buffer 211, 01 M, 74
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Fig. 5 Ratio of fluorescence intensity of amino-BODIPY 7 to conju-
gates 4—6 at 530 nm after excitation of the appropriate couple at
480 nm or 510 o (DMSOSHEPES buffer 2 1, 0.1 M, pH 7.4).

hence, the OFF-0ON effect is not as effective as in the HEPES
buffer. When Az = 510 nm is used, the flusrescence intensity is
lower for amino-BOMPY 7 as compared to conjugates 4-6
[Fig. 5).

To confirm the ability of disulfide linker to release the
amina-BOMPY 7 and the model drugs 1-3 by thiols according
to Scheme 1, conjugates 4-6 were treated with 0.5 mM gluta-
thione at physiclogical conditions [37 °C, pH 7.4) and moni-
tored by LC/MS. Because of the necessity to use a high
concentration of the probes for such a detection, the present
study was performed only in DMSO/HEPES buffer (2:1). As
shown in Fig. &, the treatment of prodrug 4 with GSH resulted in
four products detected by HPLC. According to mass spectrom-
etry, we detected the presence of the expected released drug 1
and amino-BODIFY 7 indicating complete cleavage of the
conjugate, but also the formation of adducts 15 and 16 derived
from the 3-HO) or BODIPY dyve. Interestingly, the concentration
of the adduct 15 increases in a time-dependent manner, which
might be attributed to the equilibrium between 153 and 1.
Conversely, the concentration of adduct 16 decreased with time
because of the presence of self-immolative disulfide linker that
prevents similar equilibrivnn.

The cleavage of the conjugates 5 and &, wherein 3HQ is
bound vig carbonate and carbamate bonds, afforded the cor-
responding 3HOs 2 and 3, respectively. Although the GSH
adducts 16 and 17 were also observed, these were subsequently
converted to the final free 3H() derivative 2 or 3 and amino-
BODIPY 7 (Fig. 68 and C). The treatment using all prodrugs
4-6 was performed with 20 pM in the extracellular matriz. No
cleavage was observed for any derivative in this case.

The difference in fluorescence profile of amino-BODIPY 7
and conjugates 4-6 should enable efficient monitoring of the
cleavage of conjugates wiz OFF-ON mode in HEPES buffer
[Fig. 3}, which is optimal for potential biological applications.
Mest we performed the GSH-mediated cleavage of probes 4-6
monitored by fluorescence with excitation at 480 nm as well as
510 nm and emission at 525 nm. Within 180 min we observed
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the expected enhancement of the fluorescence intensity for
excitation at 480 nm and 510 nm (Fig. 7; Fig. 52 and 547)

Furthermore, plotting the ratio of emission intensities at
525 nm afver excitation at 480 nm and 510 nm [{go/fs) V5 time
allows ratiometric fluorescence monitoring the cleavage in
a concentration independent manner (Fig. 8

The rate of the GSH-mediated cleavage of disulfide bridge
depends on the concentration of GSH. While 5 mM G5SH nor-
mally present in some cancer cells,™ was sufficient for full
cleavage of conjugate 4 within 50 min and 120 min for conju-
gates 5 and 6, respectively; the low concentrations of GSH
caused only partial cleavage during the same period (Fig. 8). The
limit of detection [LOD) for GSH was determined for
compounds 5 and & ([HEPES buffer 7.4 pH, 37 °C, 2 h incuba-
tion). Obtained LOD values were 305 nM and 752 nM, respec-
tively (ESLT Fig. 12). In addition, the cleavage is pH dependent
and proceeds rapidly in basic conditions. In acidic medium,
none or only little conjugate is cleaved (Fig. 9).

As exemplified on probe 4 not anly GSH but also cysteine,
commonly present in a biological medium, can cause the
amino-BODIPY 7 releasing. On the other hand, the system is
resistant to all other amino acids (Fig. 10).

The release of amino-BODIPY 7 from conjugates 4-6 is
accompanied by the release of drugs 1-3 (Fig. 6) and therefore
enhancing the fluorescence of amino-BODIFY 7 reflects release
of the drugs. Thus, the monitoring of the drug release is
dependent only on the change of acvlamino-BODIPY to amino-
BODIPY derivative and is independent of the tvpe of the drug.
To prove this hypothesis, compounds 18, 19, and 20 with
different substitutions on amino-BODIFY (Fig. 11) were
synthesized as described in Scheme 3 [see ESIF). Conjugate 18
and released BODIPY dye 20 showed the same excitation/
emission profile due to the same piperidyl substitution
directly bound to the BODIPY scaffold. On the other hand,
conjugate 19 effectuating amino-BODIPY 7 after cleavage
follows the same excitation/emission profile changes as conju-
gates 4-6 (Fig. 11 and 4). Thus, we can conclude that the prin-
ciple of OFF-0ON effect is not influenced by the nature of
a compound conjugated to BODIFY dye, but rather depends
only on the transformation of acylamino-BODIFY to amino-
BODIPY derivative.

Probe 4-based monitoring of the cleavage by UV/Vis spec-
troscopy resulted in the hyperchromic as well as hypochromic
shift with an isosbestic point at approximately 490 nm (Fig. 12].
As the absorption profile of quinolinones 1-3 bound in conju-
gates 4-6 did not interfere with this wavelength (see ESIT), the
isosbestic point was connected with the change of acylamino-
BODIPY to amino-BODIPY regardless of the bound drug. This
phenomenon could be supported by the same results from UV/
Vis-based monitoring of cleavage of conjugate 19 bearing
cysteine having no absorption in the UV/Vis region (Fig. 12).

The developed system might be used for monitoring the
release of a drug inside the cancer cells, well known for the
increased bevel of redox potential due to high concentration of
thiols, mainly GSH."** A maximal release of a drug within
a time period comresponded to the maximal release of amino-
BODIPY 7 from appropriate conjugate (Scheme 1; Fig. 6). To

RSC Ady, 2019, 9, 25075-25083 | 25009
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Fig. 7 GSH-mediated cleavage of probe 4 monitored within 180 min~ Fig. 8 Ratio of emission intensities at 525 nm upon excitation at 480
by flucrescence emission at 525 nm after excitation at 480 nm (A} and  and 510 mm in time after treatment with different concentrations of
510 i (8] S M probe 4, 5 mi G5H; HEPES buffer, 0.1 M, pH 74, 37 GSH (5, 3, LmM). Probe 4 (&), probe 5 (B, probe 6 (C) (5 pM probes 4—
) 6 DMSOJHEPES buffer 2 -1, 0.1 M, pH 7.4, 37 °C).
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Fig. 3 Ratlo of emission intensities at 525 nrm upon excitation at 480
and 510 nm after 30 and 60 minutes of incubation of probes 4-6 with
G5H at varlous pH (5.0-8.0) and without GSH after 60 minutes. Probe
4 [Al; prabe 5 (Bl probe 6 (L] (5 pM probe 4-6, 5 mM glutathione;
DMSOYHEPES buffer 21, 0.1 M, 37 °C).

cleavage was efficient when conjugates were added to the cells
preincubated with additional GSH (Fig. 13), which is similar to
the previous results (Fig. 8). The exception is conjugate 5 with
the most susceptible carbonate linker between dye and maodel
drug. Supposedly, the GSH concentration in Hela cells is
sufficiently high for maximal cleavage of the linker, and the
preincubation with GSH does not accelerate the disruption of
the disulfide bond.

The releaze of a drug inside the cells can be monitored wa
the OFF-ON effect by fluorescence microscopy. For this
purpase, the Hela cells were localized by staining the nuclei by
Hoechst dye [blue color) and then treated with the conjugate 4,
generating green emission due to the release of amino-BODIFY

g
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¢
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Flugrascance imtansity (3,1}
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Fig. 10 Fluorescence intensity enhancement upon incubation of
probe 4 (5 pM) with varous amino acids and NaSH (100 mM, DMSOY
HEPES buffer 2 : 1, 0.1 M, pH 7.4) after 60 min (i, = 480 nm, i, =
525 nmj.
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Fig. 11 Mosmalized excitation and emission profile of compounds 18,
19, and 20 (5 pM in DMSO/HEPES buffer 2: 1, 01 M, pH 7.4).

7 and the comesponding drug in a time-dependent manner
(Fig. 14

The other possible applicability of the introduced system can
be demonstrated by the construction of a molecular electronic
“selector” of two sources for one appliance. Therefore, the
derfvative 4 was studied in DMSO/HEPES (2:1 wiv) at
a concentration of 5 uM. If none or only one of the above-
mentioned conditions (lack of thiols and pH < &) were ful-
filled, the conjugate was stable (Fig. 9). However, when bath
conditions were fulfilled, the conjugare was cleaved. In the case
of intensity of emission at 527 nm or 543 nm, the excitation at
deme = 510 nm before cleavage and at Ae. = 480 nm afier
cleavage was similar (Fig. 15].

The molecular selector represented schematically in Fig. 16,
wherein two circuits with different power supplies are comn-
nected to one light. The selector able to change the source is
operated by the tandem of molecular gates AND and NAND

operated by thiol and pH inputs. Before the conjugate cleavage

Fig. 12 Monitoring of ceavage of probes 4 (A) and 19 (B) by UVIVis
spectrascopy |5 pM probes; 5 mM GSH, 0.1 M HEPES buffer, pH 7.4, 37
=C). For spectra highlighting chamge of fluorescence in tme see Fig. 7
and S7.%
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Fig. 13 Ratio of emission intensities at 525 nm upen exatation at
485 nm and 510 nm in Hela cells coresponding to the cleavage of
conjugate 4 (AL, 5 (B). and 6 (C} within the prescribed period

Fig. 14 Fluorescence intensity of released amino-8ODIPY 7 (green
color) after cleavage of conjugate 4 inside the Hela celis pretreated
with glutathione at time 0 min (left) and 120 min (nght). e = 485 nm

the output of operator NAND is “one" and source 520 nm is
active. When the conjugate is cleaved NAND operator has the
output “zero" and immediately operator AND produces output

Wavelength (nm)

Fig. 15 Fluorescence emission spectra of compound 4 (S uM, DMSO/
HEPES buffer 2:1 01 M, pH 7.4) after excitation at 510 nm (blue)
before cleavage and at 480 nm (red] after cieavage
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Fig. 16 Schematic description of the selector based on cleavage of
probe 4 able to switch the source of the light to maintain the same
intensity and accuracy based on the truth table

“one. The source 480 nm is than active. This circuitry imitates
“emergency power unit” for the generation of energy for the
“bulb” after the failure of the main source.

Conclusion

In conclusion, the conjugates of amino-BODIPY and model
drugs bound by selfimmolative linker were synthesized and
analyzed using glutathione for their cleavage with respect to the
change in fluorescent properties. The spectral differences
between acylamino-BODIPY in the conjugates and amino-
BODIPY released after the glutathione attack enabled the
monitoring of the release based on two excitations/one emis-
sion ratiometric fluorescence or via the OFF-ON effect. Thus,
the drug release corresponded to the release of the amino-
BODIPY used for monitoring, rendering the system valuable
for monitoring the release of non-fluorescent drugs. Moreover,
the drug interactions are effectuated via their amino, hydroxy,
or thiol group that renders versatility to the compound struc-
ture. The rate of drug release is dependent on the concentration
of glutathione as well as on the pH of the solution. The moni-
toring of the model drug release via ratiometric fluorescence as
well as the OFF-ON effect was also verified in cancer cells with
native and artificially increased concentration of glutathione.
Furthermore, the UV/Vis spectroscopy allows the estimation of
the concentration of conjugates independently on the extent of
cleavage.
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The altered excitation wavelengths post-cleavage also
showed similar emission, and hence, was used for the
construction of molecular electronic selector. This selector was
operated by two logic gates for irreversible switching of the teo
sources to maintain the intensity of one light.

The concept of acylaminoe-BODIFY conjugates affording the
aming-BODIPY dye after thiol-mediated cleavage based on the
altered fluorescence offers development of various applications
in chemical biology and mokecular electronics in the future.
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ABSTRACT: In this work, we report two concepts of drug deﬁvery based on small-molecule drug conjugates with the ability of
specific targeting and drug release monitoring via ratiometr ence. The functionality of these concepts has been verified by
two model systems consisting of three parts: (i) ﬂuouscent aminoBODIPY for real-time detection of conjugate cleavage, (ii) a
¢(RGDIK) peptide specific for af, integrin receptors targeting angiogenesis in most solid tumors or redBODIPY for conjugate
cleavage monitoring via FRET, and (iif) pegylated-2-phenyl-3-hydroxy-4( 1 H)-quinolinone (3HQ) as a model drug. The model drug
release is based on a self-immolative disulfide linker sensitive to environments containing thiols, especially glutathione, which i
overexpressed in cancer cells. The results show effective thiol-mediated cleavage of the fluorescent reporter and the subsequent
liberation of the drug in a tube. The conjugate with ¢(RGDIK) was confirmed to penetrate the cells via interaction with integrin
receptors. Drug release from this conjugate is possible to monitor inside the cells. Further, the synthetic approach to the conjugates
and the method of fluorescence monitoring of the drug release have also been described.

KEYWORDS: BODIPY, drug delivery, controlled release, targeting, conjugate

B INTRODUCTION Although the activation of these prodrugs under particular
poicoa ”r : conditions in tumors i advantageous for enhancing the
Glutathione in its reduced (GSH) or oxidized form (GSSG) is dpecilctiy of saticaicer Tnigg, the Dt Ggoe: e 15
improving the therapeutic index involves the active targeting of
drugs to cancerous tissues.'' One of the most effective
approaches for the selective delivery of drugs to the

a ubiquitous component of all living organisms. It can prevent
the axidation of critical cellular components by reactive oxygen
species, free radicals, and pcrondes. It is also required in Sisny

aspects of the immune response.’ Healthy cells ppropriate cells is based on the interaction of a drug—ligand
glutathione concentration at low submicromolar levels. conjugate able to target the specific rec:ptor.':'m A possible
However, in many cancers, the elevated glutathione levels receptor that can be targeted is the heterodimeric trans-
protect against drugs and establish resistance only after membrane receptor integrin a,f,' which is highly expressed
developing resistance to ch herapeutics.” The high on activated endothelial cells and newbomn vessels, but it is

concentration of GSH in cancer cells (up to 10 mM)," absent in resting endothelial cells and most normal organ
which is approximately 100—1000 times higher than that in

human plasma and blood, is considered a suitable target for Received: March 18, 2021

effective stimuli triggered cargo delivery.”” Many small- Revised:  April 22, 2021

molecule drug conjugates (SMDCs) have been synthesized/ Accepted: April 23, 2021

studied utilizing thiol-cleavable linkers invelving various Published: May 7, 2021

formulations such as dendrimers, polymers,” nanoparticles,”

and micelles.'”

@7 ACS Publications % AmeianemetSssit ppgg e R et 331 4, 33852390
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systems. This fact makes this receptor a suitable target for the
antiangiogenic cancer thm-apg,-.'" In addition, integrin af, is
abo requently overexpresied in tumor cells, as observed in
colon,'” pancreas,™ and lung™ cancers, melinomas,™ brain
tumors, ™" or breast™ cancers.

The integrins overexpressed in cancer cells interact with the
RGD peptide motif (Arg-Gly-Asp), especially in its cyclic form
{¢RGD)™ Cyelic RGD peptides conjugated with anticances
drugs, such as doxorubicin,™ camptothecin,™ and paclitaxe],”™
were shown to have improved thesapeutic activities in vitro as
well as in vivo as compared to the corresponding free drugs. In
addition, ¢RGD binds to the integring on many cancer cells,
resulting in active internalizatson. Recently, it was shown that
cRGD peptides could selectively bind to o f, integnng over
a i, integring with a very high affinity, an 1C, in the
nanomolar range, and a asegljpble difference between the
effects of the conjugated drug and free ligand™ The agf,
integrin-targeting molety was implemented with the cilengs-
tide—c(RGDMV] conjugate, which has been ..,l’“""‘“"m‘i o
chinical trals for the treatment of ghoblastoma ™

The specihc responses of drug delivery systems in the
presence of a selected marker, cavsing the consequent drug
release, give rie to the development of targeted small-molecule
drug conjugates (T-SMDC:) or theranostics—the combina-
tion of therapeutics and diagnostics in one material ™' The
signihcance of these SMDCs in therapy is well discussed in the
recent reviews and perspeﬂime."'“ Although the visualization
is commonly performed via fleorescence, this technigue ugually
relies on the lusrescent intensiometric or ratiometric response
of the drugs such as camptothecin or dosorubicin.™* Only a
few drug conjugates contain a universal and simple fluorescent
dye, which allows drueg uptake and release monitorng.'™"
Thmﬁh'r, in this s'tuﬂ].-. we have vsed aminaBODIPY as
reported in our previous work"" Generally, BODIFY dyes are
known for their exceptional fuorescence properties such as
high quantum yield, extinction coefficient, and low photo-
bleaching ™

Herein, we report 2 model system that overcomes some of
the abovementioned drawbacks. We alse describe the syn-
thesis, characterization, optical properties, and biological
properties of two conjugates, namely, (i) the fluorescent
dye—<cRGD—drug conjugate designed for integrin-targeted
delivery of (non)fluorescent drugs, providing a drug-
independent Aucrescent response to high concentrations of
glutathione causing the drug release and (i) the amino-
BODIPY —redBODIPY —drug conjugate for the rabiometric
fluorescence monitoring of glutathione-triggesed drug release
utilizing the FRET effect {see Figure 1). Both conjugates
comprise a central unit based on the p-hydroxybenzyl moiety
to which the fluorescent dye & bound by the cleavable disulfide

'
R &y e, T e
b GSH Ay GIE
) -
@fﬁ o j

- r W L::mmr

clvarape
Conjugate 2

Conjugate 1

Figure 1. Su.ggzstzﬂ J:s"'.n. of small-molecule Jru.g conjugates.

self-immeolative linker, as described originally by Satyam.™ The
cRGD targeting moiety (conjugate 1) or the second BODIPY
dye (conjugate 2) is bound via a non-cleavable linker. After the
ghetathione attack, the disulfide linker releases the amino-
BODIPY dye, and the central unit undergoes a 1 6-elimination
reaction producing the quinone-methide moieties, "' result-
ing in the releate of the drug (Figure 1).

B EXPERIMEMTAL SECTION

Materials and Methods. For the preparation and
characterization of the compounds, LC/MS analyses were
performed by UHPLC/MS wia a UHPLC chromatograph
[Acquity] with a PDA detector, a single quadrupole mass
spectrometer (Waters), and an X-Select C18 column at 30 °C
and a fow rate of 600 pL/min. The mobile phase conssted of
(A) 0,01 M ammonium acefate in water and [B) acetoniirile,
with a linear gradient over the course of 25 min; at the
conclusion of the gradient, the Anal ratic was maintained for
1.5 min. The column was re-equilibrated with 10% B for 1 min.
The APCI ionisation was operated at a discharge current of 5
A, a vaporizer temperature of 350 °C and a capillary
temperature of 200 “C. Compound purty was detesmined
wsing the ratio of the appropriate peak area to sum of the areas
of all peaks of the mivture. Areas were determined by
integration of the peaks from the PDA detector regponse. The
purty of the final compounds was determined by this method
and was estimated to be »05%.

The purification was pedormed wsing a semipreparative
HPLC with a Waters 1500 series HPLC equipped with a 2707
autesampler, a 1525 bmary HPLC pump, a 2905 Waters
photediode array detector, and a Waters Fraction Collector 111
with YMC C18 a reversed-phase colurmn (20 > 100 mm, 5 ym
particle size). The mobile phase consisted of acetonitrile and a
10 mM agueous ammonium acetate gradient over 6 min.

NMR spectra were measured in CDCL, DMSO-d, o
CDOD using a JEOL ECX-500 (500 MHz) spectrometer.
The chemical shifts (§) are reported in parts per million (ppom)
and the coupling constants (J) are reported in Hertz (Hz).

The HR-MS analysss was performed using an Orbitrap Elite
high-resolution mass spectrometer {Tl-n.e;-rm Fischer Scientific,
MA, USA) operating at positive full-scan mode (120,000
FWMH) in the range of 2000—3000 m/z. The settings for
electrospray ionization were as follows: an oven temperature of
300 7C, a sheath gas of 8 arb. units, and a source voltage of 1.5
kV. Samples were diluted to a final concentration of 20 gmol/ L
with 0.1% formic acid in water and methane] [50:30 v/v).

Rink amide resin and Fmoc-amine acids were purchased
from AAPPTec {Louisville, KY). Solvents and other chemicals
were purchased from Sigma-Aldrich (Milwaukee, IL;, www.
L!FHELHHHLILL'IJ:II.'I].

Flusrescence spectra were recorded on a Varian Cary
Eclipse Huorescence spectrophotometer equipped with a
thermostat (FLIOOSMD15). The excitation and emission slits
were 5 nm. Absorption spectra were recorded on a Cary 300
UV/VIS spectrophotometer {UV111IMO3, Agilent).

Compound 4. Compound 4 was prepared according to the
previously published procedure. ™

Compound 5. Compound § was prepared according to the
Pu'tvi.n‘:lu.%]].- F1.|h|.i.’k]'l|:d Fruﬂeﬂm.”

Compound 6. To a solution of the benzyl alcohol § (087 g,
489 mmaol, 1.1 equiv) in dry DMF (20 mL) was added
imidazole (366 mg, 1 equiv] and tert-butyldimethysilyl
chloride (811 mg 1.1 equiv). The resulting solution was

hitpiidol org' PN Ascumolpharmaoeut. o029
i 5131, 18, 38N - 236
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stirred for 1 h at room temperature. The reaction mixture was
then diluted with Et,0 (150 mL) and washed with water five
times to get rid of traces of DMF. The organic layer was then
dried over Na,80, and concentrated under reduced pressure.
The crude product was purified wing column chromatography
(DCM/hexane 1:1) to give 127 g of pure compound (91%
yield). 'H NMR (500 MHz, CDCL}: & 7.03—7.01 (m, 1H),
6.89 (d, | = 81 Hz, 1H), 6.85-6.82 (m, 1H), 5.53 (s, 1H),
4.75 (d, | = 2.4 He, 3H), 4.67—4.66 (m, 2H), 254 (1, [ = 24
Hz, 1H), 094 (s, 9H), 0.09 (s, 6H). "C NMR (50 MHz,
CDCL): & 14501, 14472, 13371, 12037, 11483, 11133,
TE32, TAIL, 64.91, 5715 26.12, 1835, —504. MS (ESI):
caleulated for C H, 0,85 201142 Found: 201.656.

Compound 7. Compound 7 was prepared according to our
previously published pmcn:du:\e.""

Compound 8 To a solution of phenel 6 (147 mg, 0503
mmol, 1 equiv) in dry DCM (6 mL) were added TEA (84 ul,
1.2 equiv), DMAP (74 mg, 1.2 equiv), and the solution of the
amine-BODIPY disulfide linker 7 (280 mg, 1 equiv] in dry
DCM (2 mL). The reaction mixture was then stirred for 30
min at room temperabure. The mixture was then diluted with
Et,0 (50 mL) and washed with water three times and then
with brine solution. The organic layer was dried over Na, 50,
and concentrated under reduced pressure. The crude product
was purified uging column chromatography (DCM) to give
299 my of pure compound 8 (81% yield). 'H NMR (500
MHz, CDCL): & 8.05 (g, 1H), 7.15 (4, ] = 1.7 Hz, 1H), 7.10
{d, ] = 82 He, 1H), 7.00 (s, 1H), 698 (d, | = 44 He, 1H),
6.92—6.89 (m, 1H), 6.89-6.87 (m, 1H), 604 (s, 1H), 4.74—
4.71 (m, 4H), 450 (dt, | = 106, 6.6 He, 4H), 308 (v, | = 6.6
Hz, 2H), 301 (t, J = 6.6 Hz, 2H), 252 (&, ] = 24 He, 1H), 251
(s, 3H), 2.22 (s, 3H), 0.95 {5, 9H), 0.11 (5, 6H). "'C NMR {30
MHz, CDCL): & 15564, 153.17, 150156, 14971, 14918,
14504, 14121, 14090, 139.31, 133.66, 130004, 13077, 12233,
12208, 12032, 11902, 11220, 11123, 109.35, TE.31, 76186,
66.55, 64.44, 64.27, 5682, 3714, 3700, 2600, 26,05, 26,04,
26.03, 26,02, 1848, 14.65, 1135, —5.17. MS (ESI): caleulated
for C H, BFN 055" 734217, Found: 734382

Compound 9. To a solution of compound & (340 mg, 0.46
ermol, 1 equiv) in methanel (20 mL) was added pTSA (13
mg, (.15 equiv), and the resulting solution was stirred for 2 h
at rood temperature. The reaction misture was diluted with
EtOAc (530 mL) and wasghed with water three times. The
organic layer was dried over Na, 50, and concentrated undes
reduced pressure to yield 235 mg of crude product (89%
yield), which was used without further purification). "H NMR
{500 MHz, COCL): & 8.05 (s, 1H), 7.16—7.12 {m, 2H), 7.05—
6.95 (m, 4H), 6.94—6.84 (m, 2H), 6.05 (s, 1H), 4.75-4.73
{m, 2H), 4.67 (d, | = 4.8 Ha, 2H), 4.54—4.50 {m, 2H), 4.50—
4.46 (m, 2H), 308—3.04 (m, 2H), 302—2.99 (m, 2H), 2.56—
253 (m, 1H), 251 (s, 3H), 223 (s, 3H). “C NMR (50 MHz,
CDCL): & 15572, 15307, 15161, 14936, 14035, 139.95,
13094, 12241, 12213, 120012, 115.08, 109.36, TR17, 7632,
66.59, 64.91, 64.29, 5692, 4296, 3723, 3709, 14.68, 1138
M5 (ESI): caleulated for CHy BFN0.5," 62001503
Found: 620406

Compound 10. To a solution of alechol 9 (25 mg, 00153
mimol, 1 equiv) in dry THF (4 mL) were added pyridine (25
pl, 3 equiv) and the solution of 4-nitrophenylchloroformate
(93 mg, 2 equiv) in dry THF (1 mL). The reaction mixture
wag stirred for 1.5 b at rooin temperatiure and then dilsted with
ErOAc (50 mL) and washed with water three times and brine.
The organie layer was dried over Na 50, and concentrated

under reduced pressure. The crude product was purified using
column chromatography (DCM/hexane 1:1 to DCM) to
afford 115 mg of puse product (91% yield). 'H NMR (500
MHz, CDCL,): 8 8 26—822 (m, 1H), 811808 (m, 2H), 804
(s, 1H), 7.18 {t, ] = 5.2 He, 2H), 7.06 (dd, | = 8.1, 1.9 Hs,
1H), 699 (s, 1H), 696 (d, | = 4.4 Hz, 1H), 686—683 (m,
3H), 525 (5, 2H), 4.75 (d, | = 24 Hz, 2H], 4.53 (1, [ = 6.5 He,
2IH), 448 (t, | = 6.6 He, ZH), 3.05 (1, | = 6.5 Hz, ZH], 3.00 (¢,
I=6.6Hs, 2H]), 256 (1, | = 24 He, 1H), 249 (s, 3H), 220 (s,
3H). "'C NMER (50 MHz, CDCL,): & 162.19, 15591, 15553,
153,01, 15246, 151,65, 14937, 145,50, 141.56, 14129, 14093,
133,69, 133.48, 13004, 129068, 12621, 12538, 12295, 12219,
12085, 11570, 10478, 10912, 7778, Taad, 7033, 66.78,
64.28, 56.96, 3707, 37.03, 14.19, 11258, MS (ESI): caleulated
for CyH,BE,N 0, 8.%: 785156, Found: TB5.754.

Compound 11. The compound was synthesized according
to our previously published pm-cudure.""

Compound 12, To a solution of the activated carbonate 10
(93 mg, 0.119 mmal, 1 equiv) in dey DMF (15 mL) were
added TEA (33 L, 2 equiv) and the solution of 3HQ 11 (49
gy, | equiv) in dry DMF (0.5 mL). The resulting solution was
stirred overnight at room temperature. After consumption of
the starting material, the reaction mixture was diluted with
EtOAc (50 mL) and successively washed with water three
times and brine solution. The organie layer was dried over
Na,S0, and concentrated under reduced pressure. The crude
product was purified using column chromatography (DCM/
ErOAc 111 to DCM/MeOH 50:1) to give 90 mg (72% yield)
of the desired product. 'H NMR (500 MHz, CDCL) § 10.94
(5 1H), 836 (d, ] = 8.5 Hz, 1H), 832 {5, 1H), £02 (s, 1H),
796 (s IH), 7.88 (d, | = 8.5 He, 1H), 7.60-7.50 {m, 1H),
TAT-T736 (m, 3H), 7.07 (dd, | = 80, 4.9 Hz, 2H), 698 (s,
1H), 6.96 (d, J = 4.4 Hz, 1H), 688 (dd, J = 82, 1.7 Hz, 1H),
6.84 (d, [ = 4.1 He, 1H), 6.02 (s, 1H], 5.11 (s, 2H}, 4.68 (d, |
=23 Hz, 2H), 449 (dy, | = 14.6, 6.6 Hz, 4H), 4.45—4.42 (m,
2H), 3.80—3.74 (m, 2H), 3.66 (d, | = 2.9 He, 3H), 3.64-3.58
(m, 4H), 305 (t, ] = 6.6 He, 2H), 3.00 (t, | = 6.6 He, 2H),
2152 (r, [ =213 Hg, 1H), 249 (s, 3H), 2.19 (3, 3H). "C NMR
(50 MHz, CDCL) & 16558, 15564, 153.10, 15288, 151.54,
149,509, 14927, 144.08, 141.27, 140.55, 138.74, 13425, 133.63,
133.08, 13288, 130.94, 130.81, 130.67, 129.77, 12885, 128.62,
12819, 126,53, 123,52, 12250, 12213, 12147, 120058, 11896,
114.25, 10928, 77.98, T6.47, TL00, 70.72, T0.07, 69.81, 68.98,
G663, 6441, 6425, 61.78, §7.00, 37.11, 37.09, 14.63, 1133
M5 (ESI): caleulated for CgH BEN,0S,% 1059277
Found: 1059468

Compound 1. To the starting compound 12 (40 mg, 0.038
mmaol, 1 equiv) in DMF/ACN (1 mL) were added CuS0,-
SHLO (5 my, 05 equiv), sodium ascorbate (4 mg, 0.5 equiv),
and cRGD peptide 13 (85 mg 1 equiv; for the synthesis, see
Scheme 51), and the resulting solution was heated to 30 °C
and stirred overnight. The reaction was monitored by LC/MS
to the Full conversion of the starting material. Then, the
reaction mixture was diluted with DCM (50 mL) and washed
with water three times. The organic layer was dried owver
Ma,50, and concentrated under reduced pressure. The crude
product was purified using preparative HPLC with (ACN/
CH,COONH, buffer 40 to 70% gradient) to afford 40 mg
[(56% yield) of pure compound 1. 'H NMR (500
MHzDMSO-d,) 8 844 (s, 1H), 834 (s, 1H), 828 (4, | =
&5 He, 1H), £.19-8.12 (&, 3H), 7.05 (s, 3H), 700785 (m,
IH}, 767-7.46 (m, 6H), 7.39 (s, 1H), 725-7.20 {m, 3H),
T8 (dd, [ = 10.7, 1.7 Hs, 3H), 693 (d, ] = 8.2 He, 1H), 679
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(d, | = 4.2 He, 1H), 6.19 (s, 1H]), 523 (s, 2H), 519 (s, 2H),
4.59—4.51 (m, 4H), 4 48—4.44 (m, 2H), 442 (dd, [= 113, 5.5
Hz, 4H), 4.28—4.22 (m, 1H), 406 (dd, | = 153, 7.9 Hz, 2H),
386—378 (m, 6H), 3.61 (dd, | = 5.8, 3.6 Hg, 2H), 3.57-345
(m, 14H], 3.44—3.40 (m, 3H), 3.08 (i, | = 6.1 He, 3H), 3.05—
299 (m, TH), 241 (s, 3H), 222 (5, 3H), 1.74—171 (m, 2H),
LE1—1.53 (m, 2H), 143138 (m, 2H), 1.36—1.20 {m, 2H),
L10—1.01 (m, 2H). "C NMR (50 MHz, DMSO-d,) § 17208,
171.08, 170,52, 169.06, 165.01, 162.49, 156,67, 152.56, 152.27,
T49.47, 14197, 13965, 138,84, 13441, 13248, 132.01, 153164,
130.62, 12905, 128.77, 128.69, 128.05, 12753, 126.16, 125.67,
12493, 12275, 12243, 120,29, 11391, 7134, 70.15, 69.95,
G60.90, 69.74, 6056, 6051, GRAE, GRIE 6615, 6468 6368
G101, 6020, 5397, 5161, 4943, 48.84, 4586, 4583, 43.16,
40.39, 37.86, 37.18, 36.24, 3594, 2837, 2592, 25.86, 2491,
13 86, i4.16, 10.9i. MS (ESI): caleulated for
CaoH i BE N 055, 18776805, Found: 1877483

Compound 2. To a solution of compound 12 (127 mg,
0120 mmol, 1 equiv] in DMF/ACN (3 mL) were added
CuS0y-5H.0 (30 mg, 10 equiv), sodium ascorbate (24 mg,
L0 equiv), and red-BODIPY 14 (116 mg, 1 equiv; for the
synthesis, see Scheme 52). The n:sull'.mg sollution was stirred
overnight at room temperature. Then, it was diluted with
DCM (50 mL) and washed with wates theee times and beine
solution. The organic layer was doed over Nag50, and
concentrated under reduced pressure. The oblaned erude
product was purified using preparative HPLC with (ACN/
CH,COONH, buffer 50 to 80% gradient) to afford 35 mg
(15% yield) of pure compound 2. "H NMR (500 MHx,
DMSO-d,) & 1232 (s, 1H), 11.85 (g, 1H), 985 (d, [ = 32 He,
IH), 845 (d, ] = 17.8 Ha, 1H), 838 (s, 1H), 837 {dd, | = 8.4,
5.6 Hz, 1H), 8.15 (d, J = 84 Hz, 1H), 7.88—780 (m, 4H),
763752 (m, 6H), T49-743 (m, 1H), 740 {5, 1H), 734 (s,
IH}, 7.31 (t, ] = 7.6 Hz, 3H), 725723 (m, 1H), 7.21 (dd, J
= 8.1, 1.9 Hz, 1H), 7.17 (s, 2H), 707 (d, ] = 8.4 Hz, 1H), 696
(ddd, | = 332, 82, 1.7 Hz, 1H), 686 (d, ] = 10.1 Hz, 1H),
6.78 (d, ] = 44 Hz, 1H), 620 (d, ] = 3.8 He, 1H), .16 (4, | =
£.9 He, 1H), 523 (5, 1H), 5.19 (d, ] = 1.9 Hz, 2H), 5.12 (g,
1H), 4.57—4.52 (m, 3H), 4.46—4.40 (m, 6H), 4.16 (s, 4H),
4.11 (d, ] = 42 He, 2H), 3.83 (d, ] = 3.1 Hx, 2H), 3.78 (dd, | =
0.4, 5.2 He, 6H), 3.73 (s, 1H), 3.66 (d, | = 4.3 He, 2H), 363—
360 (m, 68H), 3.57-351 (m, 18H), 347 (5, 2H), 3.44—341
(m, 6H), 323 (d, ] = 5.4 Hz, 6H), 3.10=3.06 (m, 2H}, 3.05—
300 (m, 2H), 2432 (s, 3H), 233 (d, | = 34 He, 3H), 144 (d, ]
= 5.7 Hz, 3H), 1.39 (d, | = 6.0 Hz, 3H), 1.23 (5, 3HL."C NMR
(50 MHez, DMSO-d,) & 16939, 16864, 164.97, 15495,
153,89, 152,69, 152,55, 152.26, 15131, 14990, 149.46, 148.83,
L4845, 14374, 14226, 141,96, 141.84, 14138, 140.08, 139.65,
139.21, 138,69, 137.06, 134.39, 133.05, 132.50, 13234, 131.98,
131,56, 131,17, 13062, 130.25, 12940, 12030, 130.23, 12893,
128.75, 128.67, 128.55, 128.29, 12747, 125.66, 124.92, 123.66,
12276, 122,39, 121.00, 120.79, 12029, 119.77, 118.92, 11797,
11607, 11415 11389, 11310, 109.05, 7233, 7125, 7038,
F0.27, T0.00, 6089, 6085 SOEX, 6071, 6958, 6954, 69000,
G887, 6B.67, 68.54, 6R43, 6BIT, 6613, 6466, 6378, 62.00,
60.19, 5802, 3800, 54.78, 4943, 3612, 3592, 2890, 2204,
14.39, 1430, 14.15, 1089 MS (ESI): calculated for
C H, BEN 05 2025749 Found: 2025149,

Quantum Yield Determination. Quantum yields (&)
were calculated by the standard procedure wiing Auorescein as
a reference (@ = 0.91) and according to eq 1

@ = O, % I/T % Ay /A % 0/ (1)
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where @y is the quantum yield of the reference fluorophore,
Iis the area under the emission peak, A is the absorbance at
the excitation wavelength, and § is the refractive index of the
solvent.

FRET Efficiency. FRET efficiency was caleulated for
conjugate 2 using standard eq 1.

FRET = E/(F, + F) @)

where F, is the emission intensity of the acceptor and Fy &
the emission of the donor.

Cleavage of Conjugates 1 and 2 by Glutathione and
Its LC/MS Monitoring. First, 0.25 mL of the conjugate 1 and
2 solution (2 mM) in DMSO was mixed with 0.1 mL of GSH
sodution (50 mM) in HEPES (0.1 M, pH 74) and diluted with
065 mL DMSO/HEPES {2:1 'r."'l.':l. The mixture was heated to
37 °C and analyzed wsing LC/MS at the same time.

Cleavage of Conjugates 1 and 2 by Glutathione and
Its Fluorescence Monitoring. Firsst, 5 pL of the solution of
conjugate 1 or 2 {1 mM) in DMSO was mised with 20, 60, or
100 gL of GSH selution (50 mM) in HEPES buffer (001 M
pH 74) and diluted with 1 mL of HEPES buifer (0.1 M; pH
T4) or DMS0O/HEPES buffer (2:1). Then, the mixture was
heated to 37 °C and the fluorescence was measured at the
same Hme.

Fluorescence Microscopy. Hela cells {10,000 well ™, 100
gLl per well) were seeded inte 96 CellCarrier plates
(PeckinElmer, USA) for live cell fluorescence imaging and
pre-incubated for 24 h at 37 °C and 5% CO, to adhere. The
first group of cells was pretreated with 1 mM NEM for 30 min,
then rinded with fresh media, incubated with test compounds 1
and 2 (50 uM) for 1 b, and again rinsed with fresh media. The
second group of cells was only incubated with test compounds
1 and 2 (50 uM) for 1 h and rinsed with fresh media. Finally,
the third group of cells was incubated with test compounds 1
and 2 (50 M} for 1 h and rinsed with fresh media with 20
mM GSHOEt. The live-cell imaging was pedormed using a
Cell Voyager CVTOOD (Yokogawa, Japan) spinning disc
confocal microscopy system at 37 °C in a 5% CO, atmosphere.
Living cells were monitored with a 60% water immersion
objectsve at 0 and 2 h Microscopy images were taken
separately with excitation at 488 nm using a laser and
ernissions detected wsing band pass flters (BP 515/30 and BP
505/20). All the obtained images were post-processed,
background-subtracted, and deconvolved using lmage |
software. Fluorescence intensity quantification of microscopy
images was interpreted az 3 median of two technical replicates
caleulated in a total of 10 microscopy felds.

Intracellular Cleavage of Conjugate 1 by Glutathione
and Its Fluorescence Monitoring. Hela cells (10,000
well ™', 100 pL per well) were seeded into 96 CellCarrier plates
(Perkin Elmer, USA) and incubated ovemnight at 37 °C and 5%
CO; in order to adhere. The frst group of cells was pretreated
with 1 mM NEM for 30 min, then rinsed with fresh media,
incubated with test compound 1 (50 pM) for 10 min, and
again rinsed with fresh media. The second group of cells was
only incubated with test compound 1 (50 pM) for 10 min and
ringed with fresh media. Finally, the third group of cells was
ineubated with test compound 1 (50 M) for 10 min and
rinsed with fresh media with 20 mM GSHOEL The
fluorescence intensity was measured uwsing an EnSpire
multimode plate reader (Perkin Elmer, USA), with two reads
fior each time point and each conjugate (conjugate 1 - frst with
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Conjugate 2

Figure L. Structures of SMDCs aminoBDP-cRGD-3HQ 1 and T-SMDC amincBDP-redBDP-3HQ X

excitation at 485 nm/emission at 530 nm and second with
excitation at 510 nm/emission at 530 am).

cRGD Binding Assay. Hela cells (10,000 well™', 100 gL
per well) were seeded into 96 Cell Carrier plates (Perkin Elmes,
USA) and incubated overnight at 37 °C and 5% CO, in order
to adhere. The cells were pretreated with a free RGD peptide
in concentration from 0 to 100 gM for 30 min, and after that,
the content of the wells was discarded and the celk were
treated with conjugate 1 at a concentration of 10 M for 10
min. Subsequently, the cells were ringed with fresh media and
the fuorescent emission intensity was measured wsing an
Enfpire multimode plate reader (Perkin Elmer, USA), with
excitation at 485 nm and emission at 530 am.

B RESULTS AND DISCUSSION

The structures of conjugates 1 and 2 are presented in Figure 2
For both compounds, we chose 4-(hydroxymethyl) benzene-
1, 2-dinl, a wversatile building central umit suitable for
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incorporating up to three different moieties as follows: For
conjugate 1, (i} the model drug 2-phenyl-3Fhydrosyquinolin-4-
[ 1H}-one( 3HQ), (i) mtegrin-specific cRGD-peptide-targeting
ligand, and (i) the previously characterized aminoBODIFY
fuorescent dye for deavage monitoring.” For conjugate 2, it
consisted of (i) aminaBODIPY dye, serving as a “green light™
FRET donor; (i) redBODIFY dye as the FRET acceptor; and
(ii) 3HQ as the modd drug bound to the central unit via a
carbonate bond. The tethering of the Auorescent amino-
BODIPY dye to the central frame is provided by the disulfide
seli-immaolative linker for both probes. The linker allows the
controlled release of the dreg upon stimulation, such as the
reductive microenvironment of cancer cells (eg, elevated
concentrations of GSH or thiols), so that it can subsequently
liberate the drug via 1 6-elimination and lead to the formation
of quinone methide (QM) species (Figure 1 and Scheme 2).
Both conjugates are capable of making a ratiemetric response
based on the emisgion intensity measurements at one
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wavelength after applying two different excitation wavelengths
(conjugate 1) or intensities of two emission wavelengths after
one excitation (conjugate 2).

In both prepared comjugates (Figure 1), we have used a
derivative of 2-phenyl-3-hydroxyquinolin-4-(1H)-one a5 a
model dreg possessing the anticancer activity but suffening
from poor aquecus solubility and often causing the toxicity to
normal healthy cells. ™" Generally, binding such a compound
to these developed conjugates could improve their phys-
icochemical properties, the selectivity toward cancer cells, and
pharmacological properties. The introduction of aminoe-
BODIPY Huorophore, as the reporter responding to the
presence of an elevated concentration of thiols together with a
targeting unit, could kead to the formation of a targeted
theranostic agent suitable for the studies in the Beld of
personalzzed medicine.*"

Synthesis and Characterization of Conjugates 1 and
2, The synthesis of conjugates 1 and 2 is depicted in Scheme 1

Scheme 1. Synthesis of Conjugates 1 and 2°

e

“Conditions: {l] propa bromide, MaH, DMS0, 0 °C, on; ['n'}
MaBH, MeOH/H,0, D °C, 1 h; (ii) imidazole, TEDMSCL, DMF, rt,
1 h; (iv) DMAP, TEA, DCM, rt, 30 min; (v) pTSA, MeOH, o, 2 h;
(wi) d--n'l:ruphﬂij'ldllnmﬂmumte. Fj'r'ldh.c. THE, rt, 2.5 h; (vii] TEA,
DIMEF, rt, on; {viii) CuS0,-5H,0, sodium ascarbate, ACN/DME, 50
“C, on.

To form a central frame, 34-dihydroxy benzaldehyde 3 was
alkylated with propargyl bromide and reduced with MaBH, to
form 4-(hydroxymethyl)-2-( prop-2-yn-1-yloxy phenol 5, with
31% yield according to the described procedure'' The
benzylic hydroxyl group of intermediate 5 was then protected
with tert-butyldimethylsilyl chloride {TBDMS-CI) to afford a
dertvative & with 91% yield after purification. Compound 6 was
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then reacted with amine-BODIPY disulfide linker 7 with the
HOBt-activated carbonate group, which is synthesized
according to our published pmuuluna,‘" to form compound
B with 1% yield after purihcation. The TBDMS protecting
group was then removed under acidic conditions wsing pTSA
and reacted with p-nitsophenyl chloroformate to obtain the
acylated compound 10 with 96% yield.

I the nest step, the 3HO drsg 11 was incorporated into the
central QM frame under basic conditions through a carbonate
bond wimg trethylamine to afford compound 12 with 45%
yield after purification. Compound 12 was then used as a
precusior to prepare the fmal conjugates 1 and 2 wia a
copper(1)-catalyzed cycloaddition reaction with azide 13 or 14,
respectively.

The cRGD peptide derivative 13 was synthesized using the
solid-phase peptide synthesis on the 2-chlorotrtyl resin.
RedBODIPY azido derivative 14 was synthesived by the
standard Knoevenagel condensation of azido-BODIPY with
3:4-bis-[2-[2-( 2-methoxy-ethoxy }-ethoxy ] -ethoxy }-benzalde-
hyde, available similady to that from the reported procedures®”
(see the Experimental Section). This BODIPY dye motif was
considered for its optical properties az a suitable FRET
acceptor for the green light-emitting amino-BODIPY 17.7

LC/MS Monitoring of the GSH Cleavage. To demon-
strate the effective cleavage of the drug and the potential
formation of any byproducts during the cleavage, we
performed the UHPLC analysis with MS detection. The
mechansm for the GSH—mediated cleavage of conjugates 1
and 2 is depicted in Scheme 1. In the Grst gtep, the disulfide
bridge is attacked by the thiel group of GSH. After disrupting
the 55 bond, the linker's self-immolation occurs, where it forms

Scheme 2. Mechanism for the GSH-Promoted Cleavage of
Conjugates 1 and 2 to Quinone-Methide Species 19 with the
Subsequent Liberation of the Drag 11 via 1,6-elimination
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two maolecules of thiolactone and leaves the free amino-
BODIPY 17 and intermediate 18. The push—pull effect of
electrons in this intermediate causes the release of the drug 11
via 1 4-elimination and the subsequent formation of quinone
methide 19 This QM 19, being a very good Michael acceptor,
can be promptly capiured by a nucleophile — GSH to form a
fully aromatic system 20,

The obtained LCMS data showed that the total cleavage of
comugates 1 and 2 occurred within 80 and 60 min,
respectively, along with the formation of the aminoBODIPY
17. In the case of conjugate 1, the formation of intermediate
Léa is also observed. Similarly, the process of the elimination
reaction of conjugate 2 to 19b and the liberation of the drug
11 oceurred along with the formation of intermediate 16b
(Figure 3).
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Figure 3. (A) GSH-mediated deavage of the conjugate 1 (0.5 mbM, 5
mM G5H, DMS0,HEPES buffer 0.1 M, 2:1, 37 *C) and (B) GSH-
mediated cbna.\u.g\e af the cnrljusabe ] I:l}.;': mbl 2 mb GSH, DMSOY
HEPES buffer 0.1 M, 2:1, 37 °C), with the detection of resulting
products by LCMS.

Optical Properties of SMDCs 1 and 2. According to the
results described previously,”’ the optical response of
acylaminoBODIPY m conjugate 1 and the released amino-
BODIPY 17 should differ significantly in excitation wave-
lengths, while the emisdon maszma should remain almost
identical. To demonstrate the valdity of this feature of
comjugate 1, we have compared the excitation and emission
spectra of the newly synthesized ¢RGD-amineBODIPY-3HOQ
conjugate 1 to aminsBODIFY 17. Az shown in Figure 44, the
comparison of optical properties fits well with the previously
deseribed gystem,” allowing the OFF—ON ratiometric drog
release monitoring. The Quorescence quantum yield () of
compound 1 in HEPES was caleulated to be 0.15, taking
fluorescein as a reference. The quantum yield of the
aminoBODIPY dye released after conjugate disruption was
previously caleulated to be 077 (in HEPES buffer)."

In the case of conjugate 2 measured m DMSO/HEPES
buffer, the emission of bound aminoBODIPY is expectedly
transferred to redBODIPY and used for its excitation, The
FRET between these two dyes 8 depicted in Figure 4B. The
first excitation maximum belongs to the bound amineBODIPY
as observed from the comparden of excitabon spectra of
compounds 1 and 2. The similar emission maxima of
comjugates 1 and 2 at around 530 nm can be attributed to
aminoBODIPY dtgell The second emission maximum of
compound 2 at 592 am belongs to red BODIPY. This emission
can be achieved after excitation of aminaBODIFY (the firct
excitation maxdmum) or by redBODIPY stself (the second
excitation maximum). The FRET effect & considerable in
DMS0O/HEPES buffer but decreases with a lower DMSO
concentration (Figure 4C). The advantage of the FRET system
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Figure 4. (A) Mormalized excitation and emission spectra af
comjugate 1 and aminoBODIFY 17 (HEPES buffer, 0.1 M, pH
7.4). {B) Normalized excitation and emission spectra of conjugates 1
and 2 {DMS0/HEPES buffer 0.1 M, 2:1, pH 7.4}, (C) Normalized
emission spectra af FRET conjugate 2 in different salvents. Excitation
wavelength 4, = 510 nm. (D) Normalized excitation and emissicn
spectra of conjugate 2 and aminoBODIPFY 17.

2 abo includes the Gct that in the case of excitation around
510 nm, not only the conjugated aminoBODIFY but the
released aminoBODIFY 17 also emits light at arcund 530 nm
(Figure 4D). Due to the significant difference in guantum
yields of bound and released aminoBODIFY, the emission
ratio in the given environment should increase muech more
sigmificantly during the cleavage of the conjugate than during
the suppression of FRET due to other effects.

To prove the ability to moniter the Ouorescence of
comjugates 1 and 2 in GSH-mediated ceavage and the
dubsequent liberation of the drug, we pedormed a seres of
fluorescence measurements using GSH in HEPES buffer and
DMSO/HEPES buffer (2:1), in which conjugate 2 exhibited a
stgnificant FRET. GSH concentration used in our experiments
was in the range generally found in many cancer eells (Le, up
to 5 mM).+

As shown in Figure 3, upon subjecting conjugate 1 to 5 mM
concentration of GSH, the rapid liberation of amineBODIFY
occurred via disrupting the disulfide bond. Similarly, the self-
immolative elimination of thiclactone (Scheme 2) caused the
inerease in the Auorescence intensity at 530 nm with excitation
at 485 nm in HEPES as well az the 2:1 HEPES/DMSO
mixture [Figure 5AC). In contrast, the emidsion intensity at
530 nm excited at 510 nm, belonging to the conjugate, slightly
increases with time in HEPES but decreases in the DMSOY/
HEPES mixture at a ratio of 2:1 (Fygure SBD). When the
emisgion intensity ratio of 530 am (excited at 485 nm) and
510 am (e, Tyofl,q) s followed with time, it is possible to
maonitor the conjugate cheavage. In HEPES buffer, conjugate 1
is fully eleaved within approximately 50 mim, a5 indicated by
reaching the plateau formation. However, the cleavage in
DMS0/HEPES is found to be slightly slower. In addition, the
cleavage is accompanied by a significant 6-fold change in the
Ls /Ly ratio in HEPES buffer or a 25-fold change in the
DMSO/HEPES (2:1) mixture (Figure 5E).

Apart from aminoBODIPY, conjegate 2 carnes the addi-
tional dye, red BODIPY —designed for the eficient FRET from
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Figure . Fluorescence spectra of GSH-mediated cleavage (5 mb

GSH) of conjugate 1 (5 pM) opon excitation at (A) 485 nm or (B}
510 nm in HEPES buffer (0.1 M, pH 7.4). Flucrescence spectra of
GSH-mediated cleavage (5 mM GSH) of conjugate 1 (5 pM) upan
excitation at () 485 nm and {1} 510 nm in DMS0/HEPES bafer
(0.0 B, 2:1, 37 °C). (E) Schematic representation of the ratiometric
change of fuorescence intensities at 530 nm after excitation at 4835
nm and 510 nm (L;./L;,, ratio) with slit widths of 2.5 and 2.5 nm.

the aminoBODIPY dye. As demonstrated in Figure 6, before
the GSH-mediated cleavage of conjugate 2 in DMS0O/HEPES

Rarks wer. bypflgaey

Figure &. (A} Florescence spectra of conjugate 2 (1 pM) duni
GSH.mediated dﬂmgc (3 mM G5l !j upon excitation at 510 mm an
(B) schematic representation af the ratiometric change of I;y,/T.
emissions ratio (3 mM GSH, DMS0/HEPES buaffer 0.1 M, 2:1, 37

o).

{2:1], the system affords the fuorescence of redBODIPY (A,
= 505 nm:l upon excitation of amineBODIPY {ﬂc =510 run}
due to the effective FRET transfer. During the cleavage, the
green emission (530 nm) of the released aminoBODIPY
appears and inereases with time (Figure 64). FRET efficiency
of conjugate 2 was determined to be 72% in DMS0O/HEPES
{2:1) buffer.

392
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When the ratio of both emission intensities at 530 and 595
nm upon excitation at 310 nm (ie, LTy i followed with
time, the plateau is achieved in approximately 30 min. In ths
cage, the fluorescence response enhancement is remarkably
higher than that in conjugate 1, and it stands for a one-order
increage in the emission ratio of I, /T, (Figure 6B).

Mext, we examined the stability of the conjugates 1 and 2 at
variows pH values and the rate of cleavage by 5 mM GSH at 37
“C in the pH range of 5—8. It is known that the disuliide bond
is stable in the presence of thaols at lower pH, while the linker
readily cleaves at higher pH. The same pH stability is also
observed for both conjugates 1 and 2, as shown m Figures 7
and 8, respectively. Both conjugates were found to be stable in
the presence of GSH (5 mM) at acidic pH (5—5.5) and readily
cleaved at highes pH (7—8).
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Figure 7. [A) Stability of conjugate 1 (1 uM) at varions pH 5—8 in
HEPES buffer (0.1 M, 37 °C) and {B) DMS0/HEPES buffer (0.1 M,
2:1, 37 “C) without GSH and the cleavage of conjugate 1 {1 pM) n
the presence of GSH (3 mM) wpon incubation for 1 h All the data
])ainl:s were =|:|:|m'r=|l upon excitation at 485 and 510 nm with
emissicn at 53 nm and were performed in three repetitions.

H
Figure 8. Stability of conjugate 2 (1 gM) at various pH values (pH
5—8) (DMS0O/HEPES buffer 0.1 M, 2:1, 37 °C) without GSH and
deavage of conjugate ¥ in the presence of GSH (3 mM) upon
incubation for 1 h. All the data points were acquired upon excitation
ak 510 nm with emissions at 530 and 595 nm arbdwemep:r‘nrmadim
three repetitions.

As expected, the clesvage of both conjugates increases with
increagsing pH. However, for conjugate 1, the ceavage rate in
the range of 5—6.5 pH i significantly slowes than that of
conjugate 2. When the emission ratio Iy, /T, of conjugate 2 in
the absence of GSH (I,,,/1,,, = 0.50) is compared to the vahse
obtained after the incubation of conjugate 2 with GSH at pH 5
fior 1 b (T lies = 1.32) and considering a value of LTy =
6.7 as the full cdeavage (see Figure 6B}, we can estimate that
the conjugate ic cleaved by 13% even at pH 5. Also, both
conjugates proved to be stable in the selected pH range
withowt the presence of reduced GSH. Figure 9 and Table 1
summarize the GSH concentration and rate of the cleavage
relationship followed by the abovementioned fuorescence
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Figure 9. Influence of GSH concentration on the rate of cleavage of
{A) -.'t:\-niugah: 1 {1 pM, HEPES buffer, 0.1 M, pH 74, 37 “C}
demonstrated by the ratio of the emission intensities at 530 nm after
excitation at 483 and 510 nm I:I-h.\,'fﬂ...l and (B} amiug_atc X {0 M,
DM%0,/HEPES buffer 0.1 M, 2:1, 37 “C) demonstrated by the ratio
of the Huorescence intensities at 530 and 305 nm (Foo/Taes) after
excitation at 510 nm. All the data paints were measured in three
replicates, with S ranging up to 3%.

Table 1. Summary of Half-Lives of Conjugates 1 and 2
under Different Conditions™

coafugate GEH come. (mbd) baaffees B (mim )
1 5 HEPFES" 2.3
1 4 HEFES" 23.1
1 1 HEFE 8.2
1 2 HEFES* B4
1 5 DMSOHEPES” 18.4
2 4 DMSOHEPES” 236
2 3 DMSOHEPES" LT
z 2 DMSOHEPES” 515

“HEPES, 0.1 M, pH 7.4; "DMSO/HEPES X1, 0.1 M, pH 74 “t,,
was determined by the ExpDecay tunction in OriginLab saftware. “All
the measurements were performed in three repetitions.

intensity ratios. The hali-life of conjugate 1 was .\Jt:l:lirl.i.'u:ll.ll}'
lomger than that of conjugate 2 under the same conditsons.

Monitoring of the Conjugate 1 Cleavage Inside the
Cell. Since compound 2 Lacks the FRET effect in the buffer
medinm, we performed Juorescence monitoning of the drug
release inside the cells only with compound 1.

L?un:lut;al-.- 1 was huh:m-\.lud. o a serses of expenments on
Hela cells, with and without pre-incubation by additional
glutathione, to prove its cleavability. The pretreatment with the
N-ethylmaleimide (NEM) was used for the total thiol activity
inhibition in the assay.

The obtained Huerescence microscopy images of Hela cells
pretreated with NEM show that our model system 1 emits
green ligh! at the bet;i:u.nial.; of the experiment and after 2 h
(Figure 104) with the same intensity (Figure 10D). This fact
corresponds fo the assumption that NEM depletes the active
thioks in the cells so that conjugate 1 15 not cdeaved, and no or
n-.-gl.igﬂ:ﬂ-_- i.'I'I.l.I:lb:‘L'h in fuorescence intensity are observed
Additionally, from the microscopy images, an altered
digtribution of compound 1 ingide the NEM-treated cells
and slightly higher green emission intensity at the beginning of
the experiment was obgerved (Figure 10A) 2z compared to
non-treated cells (Figure 10A4,B). Arguably, this behavior may
be explained by the fact that SH groups play erucial roles in
regulating the permeability of transition pores. NEM is a
membrane-permeant  alkylating agent, and its binding to
cysteme residues may affect the transition pores in membranes.
This hypothesis results from the Lterature confirmed the fact
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Fjg;u.re 1. (A) Microscopy images of the conjugate 1 intcmalixahm:l
inside the Hela cells after the pretreatment with 1| mM NEM, (B)
without any pretreatment, and () after pretreatment with 20 mM
GESHOEL { D) Quantihcation of fluarescence intensity in Hela cells.
Excitation /emissicn wavelengths of 488/515—330 nm.

that the '|:|i3|:|. concentrations of MEM (0.5—1.0 mM) induce
the pore opening in membranes.™ "

When the cells without NEM pretreatment are incubated
with comjugate 1, the fuorescence is found to be mcreased in 2
h (Figure 10B,DY) as the conjugate i cleaved by native GSH to
release the amineBODIPY together with the drsg (gee Scheme
2). On the other hand, the emission mtensity is significantly
enhanced in 2 b when the cells are pretreated with GSHOE:
(Figure 10C,D), and a significant amount of amineBODIPY as
well as the drug is released. Thus, the drug release can be easily
detected by the OFF—0ON effect and confirmed by the
experments with real-time monitoring of cleavage using a cell

EnVigion plate reader (Figure 1 1).
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Figure 11 Time-dependent conjugate 1 cleavage monitoring inside
Hela cells pretreated with NEM {1 mM, 30 min) and HeLa cells with
or without treatment with GSHOE: (20 mM). Excitation,emission
wavelengths for conjugate 1| were selected as 485/530 and 310/330
.

To prove the enhanced uptake of conjugate 1 by Hela cells,
which possess overexpressed levels of af, inupiaﬁ,'“’"" the
cRGD binding assay was pedormed by adopting the descrbed
protocel™ In the process, the cells were pre-incubated with
various cRGD peptide concentrations (0—100 gM) and then
treated with conjugate 1 (10 gM). As Figure 12 depicts, the

15000

Fl. {a.u.)

ul!l'll!ll!dﬂﬂ

cRGD concentration (M)

Figure 1% Uptalst af conjugate 1 (10 uM) by Hela cells pre-
incubated with the cRGD peptide (0—100 pM). Fluorescence
intensity was messured at A, = 530 nm upon excitation at A =
483 nm. All measurements were F-ﬂ'fanmed in at least five rep:l:itinru.

decreased Huorescence response with higher ¢RGD peptide
concentrations suggested that the binding sites at af,
integring were occupied by free ¢RGD peptides. This
esgentially results in reducing the penetration of conjugate 1
into the cells. The pre-incubation with 100 M cRGD led to
an approximately 53% reduction in the cell uptake of conjugate
1 according to the fuorescence intensity at 530 am.

In this study, the next-generation small-molecule drg
conjugates (SMDCs) based on aminoBODIPY ratiometric
fusrescence system were prepared utilizing a quinone methide
(M) central frame for the incorporation of three moieties,
oamely, (i) fuorescent aminoBODIPY for real-time detection
of prodrug cleavage; (i) the ¢(RGDIK) peptide, which is
specific for targeting a7, integrin receptors or the red BODIPY
dye with a bathochremic shift of absorption foe real-time
FRET monitoring of release; and (i) pegylated-2-
phenyl-3-hydroxy-4( LH)}-quinolinone (3HQ) a5 2 model drug.
Both the targeting SMDC 1 and di- BODIPY FRET conjugate
2 were proven to be functional a3 cleavable conjugates in the
presence of high concentrations of GSH (0.5—5 mM). The
monitoring of the conjugates’ cdeavage was possible via the

fluorescence response with the advantage of ratiometrnc mode.
System 2 showed an enhanced FRET effect in a misture of
HEPES buffer and DMSO, but this effect was significantly
suppressed in an agquesas buffer alone.

Conjugate 1 was proven to be an effective drug delivery
systermn with enhanced selectvity toward the cells having o,
integring, serving as the cRGD binding sites. Drug release
became possible to be monitored inside the cell via rativmetric
fluorescence.

In summary, we have prepared amd tested the first thicl-
cleavable system based on QM elimination. The synthetic
protocol enabled the modification of the system by different
drugs and target medeties while keeping the fuorescence
propecties for drug release monitored. Increased selectivity
toward cancer cells was assured by a thiol cleavable linker
(both types of conjugates) or by combination with a ¢RGD
targeting unit {conjugate 1). As system 1, which is based on
the QM motif, can reflect the drug release inside the cells, it
can potentially serve as a motif for the development of real-
time theranostics system in anticancer thecapy.

B ASSOCIATED CONTENT
© Supporting Information
The Supporting Information is avalable free of charge at

hetps://pubs.aes.org/doi/10.1021 facs molpharma-
ceut. 1 (0219

NMRE spectra of newly synthesized compounds; syn-
thesis of the compounds 13 and 14 (PDF)

B AUTHOR INFORMATION
Corresponding Author
Jan Hlavié — Department of Organic Chemistry, Faculty of
Science, Palacky Untversity, 771 46 Novieoue, Ceech
Republic; @ orcidlorg/0000-0002-4652-7751;
Einail: jas hlavae@upel o

Authors

Martin Porubsky — Depariment of Orgamic Chemsisiry,
Faculty of Science, Palacky University, 771 46 Olomouc,
Czech Republic

Soma Gurski — Institute of Molecuar and Trensdational
Mediciive, Facidty of Mediciie and Dentistry, Palacky
University, 779 00 Olomoue, Czech Republic

Jarmila Stankova — Institute of Molecidar nd Transbitional
Medicing, Faculty of Medicing and Dentistry, Palacky
Untversity, 779 00 Olomoue, Czéch Republic

Maridn Hajdich — Institute of Molecular and Transtational
Medicine, Faculty of Medicine and Denfistry, Palacky
Unh!rjr'.l‘_"'u, T 00 Olomoue, Czech ReFuHﬁ:

Petr Diubdk — Institute of Molecular and Tramsational
Medicing, Faculty of Medicine and Dentigry, Palacky
University, 779 00 Olomour, Czech Republic

Complete contact information & avadlable at:
1:1I:P5'._-"."]:|u|:|5.:|u.1.1rg_-"lIJ.II:PE]_."u.u.':.lnulF]:nnnaLeut.]cl.'l'l.'lll':"

Author Contributions

The manuscript was written through the contributions of all
authaors,

Notes

The authors declare no competing fnancial interest.

hitpuiidol org' DLW Jecumolpharmasceut 1cD0219
Mol Phasmocoruies 3021, 18, I8S-2356

164



Molecular Pharmaceutics

pruales_ s o gfncleular plasnaceutics

B ACKNOWLEDGMENTS

This work was supported by the Crech Science Foundation
(GACR project 19-239728), Crech Ministry of Education,
Youth, and Sports (projects IGA_PrF_2020_ 013,
IGA_LF_3021-038) and by grants from the Czech Ministry
of Education, Youth and Sports (LM2018133, LM2018130)
and by the European Regional Development Fund - Preject
ENOCH (Ne. CZ.02.1.01/0.0/0.0/ 16_019/0000868).

B REFERENCES

{1) Pompella, A ; Visvikis, A.; Paolicchi, A.; De Tata, V_; Casini, A F.
The |:1u.|15n1.5 faces of E]l.l.l!:]:hu'm'l.-e . a cellular Fmta.sm'uL Bivchem.
Pharmeacol. 2003, 66, 1499—1 503,

{1) Balendiran, G. K_; Dabur, B.; Fraser, D. The role of glutathione
in camcer. Cell Béochem. Funct. 3004, 22, 343—352

{3) Britten, B. A; Green, ] A; Warenius, H. M. Cellular glutathione
{GSH) and ghutathione S-transferase (GST ) activity in human ovarian
tumenr hnpu:: ‘ntlnwirts exposure to =].hr|=ti.|15 agents. Int. J. Radiat.
Oncol. 1992, 24, 527331

{ﬂ-:l Gamasik, M. P_; Kasibhatla, M. §.: Teeter, 5 D.: Cobrin, O M.
Glutathiome levels in human fumors. Biomarkers 20012, 17, 671—691.

{3) Cheetham, A G Zhang, P Lin, Y; Lin Lock, L; Cui, H.
Supramelecular Manostructures Formed by Anticancer Drug

L Am. Chem. Soc. 2013, 133, 2907—2910.

{6) Qin, 5. Y_; Zhang, A C; Cheng, 5 X; Rang L; Zhang, X. Z.
[I:I'I.IS ﬂlf-d:li'lm'gr systems for cancer tl'bﬂipj’. Riomaterials 2007, 112,
234—247.

7) Kurtogh, Y. E; Navath, . 5.; Wang, B; Kannan, 5; Romera, B;
u{m]m R M. Biomsterials Paly {smidoamine) dendrimer — drug
conjugates with disulfide linkages for intracelldar drug delivery.
Béomuzterials 2009, 30, 2112-2121.

{8) Diragojevic, 5 Ryw, J; Raucher, D. Polymer-based Prod.rup:
Improving tumor targeting and the salubility of small malecule drugs
in camcer thﬂlp]’. Muolecrales 2005, 20, 21750-217649.

{‘?:I ﬂu.ns, J- Yuam, Z. F; Wms, ¥.: Chen, W. H.: Luo, G. F:
Cheng, 5 X.; Zhuo, R X; Zhang, X. Z. Mulifunctional Envelope-
Type Mesoparous Silica Nanoparticles for Tamor-Triggered Target-
ing Dimag Dielivery. Jacs 2013, &

{10} Mura, 5; HNicclas, J; Couvreur, P. Stimuli-responsive
ranacarriers for drug delivery. Nat. Mater. 2013, 12, 631—1003.

{ll;l Shin, W. 5. Han, |; Verwilst, P.: Kumar, B; Kim, ]. FL; Kim, ].
5. Cancer Targeted Enzymatic Theranostic Prodrug: Precise
Dizgnosis and Chemotherapy. RBiscomjugate Cheme 2016, 17, 1419—
1426,

{12} Chen, 5; Zhao, X; Chen, ].; Chen, ].; Kumetsova, L; Wang, 5.
5; Ofima, I Machanizm.Based Tumar-Targeting Drag Delivery
System. Validation of Efficient Vitamin H.:::Pmah'led.ialzrl Endacy-
tasis and Drug Release. Bicconjugate Chere. 2000, 21, 979987,

{13) Dcona, M. M Sheldon, ]. E; Mitra, D; Hartman, M. C. T.
I..isht induced rlrl.l.E release from a folic a.ud.-d.ms conjugate. Bioorg.
Med. Chem. Lett. 2006, 27, 466—469.

{14) Cha, FL ]; Lee, 5. J.; Park, 5 ]; Paik, C. H.; Lee, 5. M_; Kim, 5.5
Les, ¥. 5 Activatable iRGD-based Pepl:irl: momnalith: Ta:gcl:ins,
internalization, and fluorescence activation for precise tumor imaging.
I Controlled Release 2016, 237, 177—184.

{lS;I Ilmrui. E: Canchon, M.; Klarskow, K.; Guérin, B.; Van Lier, ]
E. Phthalocyanire peptide conjugates: Receptar-targeting bifunctional
agents far :imal;'mg and phn!ur]]nu:nd: 'Iﬁ:npg,r. I Med. Chem. 2013,
36, 1520—1534.

{16) Pillow, T. H.; Sadowsky, J. D Zhang, D Yu, 5.F; Del
Rosario, (. Xuo, K He, ].; Bhakta, 5. Ohr, B Kozak, K. B ot al.
Decoupling stability and release in disulfide bonds with antibody-
small molecule conjugates. Cheme. Sci 2017, 8, 366—370.

{l'.'-":l Lia, &z Wanx, E; Chen, X ]ﬂ:gri:n. :]:pha\r-heh}hr!;elzﬂ
cancer therapy. Dnig Dew. Res. 2008, 69, 329—-339.

{18) Sancey, L; Garanger, E; Faillard, 5.; Schoehn, G Hurbin, A ;
Albci;es-]lizn. C; Bepburyn, D Souchier, C.: Grichine, A Dumy, P.;

2395

Cell, J.-L. Clustering and Internalization of Integrin o v # 3 With a
Tetrameric RGD-synithetic F'cp!ld.e Mol Ther. 2009, 17, B37—-843.

[l'il} Dianhder, F.; Le Breton, A Preat, V. RGD.RBaged Sn.:.t:s;'les To
Target Alpha ( v ) Beta { 3 ) Integrin in Cancer Therapy and

L is. Mol Pharmacawtics 2002, 9, 29612073,

[ZI:I} Wieberler, M_; Reund U.: Reichart, F.: Notni, J.: Wester, H.
J-i Schwaiger, M.; Weinmaller, M.; Rider, A.; Steiger, K.; Kessler, H.
Exploring the role af RGD-recognizing integrins in cancer. Cancers
(Basel). 3017, 9, 116.

(21} Chen, X.; Sievers, E; How, ¥; Park, B.; Tohme, M_; Bart, B;
Bremner, B Bading, |. B Conti, P. 5. Integrin el — Targeted
Lmasi.na; af I""'“'S Cancer. Nmpfu.-ria s, 7, 271179,

(22) Seftor, B E; Seftort, E A; Gehlsen, K. R; Stetler-Stevenson,
W. G.: Brown, P. D.: Ruoslhii, E; Hendrix, M. 1. Rale of the m'ﬂ:-l-
integrin in human melanoma cell mvasion. Proc. Natl Acad. Soi 1992,
89, 15571561

[23} Gladsan, T L: Cheresh, . A Glioblastoma uprﬂsin:m af
vitronectin and the avf} integrin: Adhesion mechanizm for
tramsformed ghial cells. [ Clin fnwest. 1991, 58, 1924— 1931

[ZJ-:I Ralli, M.: Fransvea, E; F‘ild'l.]: Saven, A; Fel.-d.h'l.g-hab-en'narn't.
B. Activated integrin avB3 cooperates with metalloproteinase MMP-%
in regulating migration of metastatic breast cancer cells. PNAS 2003,
i, Q4830487

(23} Arap, W.; Pasqualini, B.; Ruoslahti, E. Cancer Treatment by
Targeted Drag Delivery to Tumor Vasculature in 2 Mouss Model
Science (80-. ) 1997, 279, 377—380.

(26} Dal Pozza, A; Ni, M. H.; Expasita, E; Dallavalle, 5.; Mussa, L.;
Bargiotti, A; Pisano, C.; Vesd, L; Bucd, F.; Castorina, M.; Fodera,
R.; Giannind, G.; Aulicino, C.; Penco, 5. Novel tumor-targeted RGD
peptice camptothecin conjugates: Synthesis and biological evaluation.
Bioorgamic Med. Chere. 2000, 18, 64—T2.

[Z'.'-'} Chen, X.; Plasencia, C.: Hon, Y.; Neamati, N. 51.'111.11.:::.:- ansd
Bialogical Evaluation of Dimeric RGD Peptide - Pachitaxel Conjugate
a5 2 Model for Integrin.Targeted Dinsg Delivery. . Med. Cheme. 2008,
AE, 1098—1 106,

(28) Rivas, P. L.; Randelovic, I.; Moreira, B.; Pina, A; Arosio, [
T, J.; Mzn';\. G Corso, D ﬁpuhm. L.;: Gennan, C. S'ynﬂuuis
and Binln-gic:] Evaluation of Paditaxel Conjugates [m-uh'ins Linkers
Cleavable by Lyscsomal Enzymes and @ V' 3 - Integrin Ligands for
Tumar Ta:g:l:ing. Eur. | Drg. Chem. 2018, 10022900,

(29} Goodman, 8. L; Hilkemann, G; Sulyok, G- A. G.; Kessler, H_
Manomaolar Small Molecale Inhibitars for avit, oufs, and avid
Integrins. | Med Chem. 2003, 45, 10451051,

(30} Ma, Y.; Huang, J; Song, 5; Chen, H; Zhang, Z. Cancer-
Targeted Nanotheranostics: Recent Advances and Perspectives. Small
2006, 1—49354.

(31} Fernandez, A; Vendrell, ML Flunmphnr:—Drus Canjagates Ta
Unravel the Mechanisms of Action of Therapeatic Assets
Biﬂn’lmi{h‘r L7, 57, 17517

(32} Zhuang, C.; Guan, X.; Ma, H; Cong, H.; Zhang, W.; Miao, Z.
Small moleculs-drag conjugates: A novel strategy for cancer-targeted
treatment. Fur. | Med Chem. 2019, 163, 883885

(33} Casi, G; Mer, D. Antibody—Drug Conjugates and Small
Malscule—Drug Conjugates: Opportunities and Challenges for the

ment of Selective Anticancer Cytotoadc Agents. J. Med Chem.
2015, 58, B7A1—-B761.

(34} Samtra, 5.; Baittanis, ; Santiesteban, O ].; Perez, J. M. Cell-
q)-u:iﬁc. activatable, and theranostic Pu'n-d.lua; for ﬂu.u.l-tar!;e!:ﬂ cancer
imaging and therapy. [ Am. Chem. Soc. 2011, 133, 16680— 16685,

(33) Hu, ¥_; Zeng, F. A theranostic prodrug based on FRET for real-
time -d.ru!: release manitoring in response to biothials. Mater. Sci. Eng.
C 2017, 72, T7T—BA.

[Jﬁ} Lin, ¥.; Pei, () Chen, L: Li, . Xie, 7. thul:timprﬂpﬂruire
fluorescence off — an BODIPY — m'ng:!nthacin conjugates for. J.
Mater. Chem. B 2006, 4, 2332—2337.

(37} Parubsky, M.; Garki, 5; Stankovi, [; Hajdich, M. Diubik,
Py Hlavic, J. Amino-BODIPY as the ratiometric Sworescent sensor for
monitoring drug release or “power supply” selector for molecular
electronics. RSC Adw. 2019, 9, 25075—15083.

hitpiidal.org' VLM Ascumoipharmaoeut. o029
Mol Phasmocnaten BI21, 1E, 18- 2956

165



Molecular Pharmaceutics pulbes_acs org/molecularpharmaceutics

{38) Loudet, A; Burgess, K BODIPY dyes and their derivatives:
Syntheses and spectroscopic properties. Chen Rew. 2007, 107, 4891—
44932

(39) Satyam, A Design and synthesis of releasable folate-drsg
l:m'l.]l.lgm:i using 2 movel heterobifunctional disulfide-containing

Ewo.lxdrm: Med. Chem. Leht 2008, 18, 3196—3199.

{40) Gnaim, 5.; Shabat, D. Quinane-Methide Species, A Gateway ta
Functional Molecular Systems: From Self-Immeolative Dendrimers to
I..nng-WmhnEtE Flsorescent Diyes. Acc. Chem. Res. 2004, 47, 2970—
1984,

(#1) Polagke, M. W.; Kelly, B. D.; Ashworth-Sharpe, ].; Beeniarz, C.
Quincne Methide Signal .ﬂmphﬁﬂtlun Covalent Reporter Labeling
of Cancer Epitopes using Alkaline Phosphatase Substrates. Em-
o) Chem. 3016, 27, G60—tb6.

{-u Funk, = Mn‘tj’.'l'.a. K Diobik, P_; Zm:iei. P.: Garski, 5.; Kasz,
J McMaster, C.; Hajdich, M.; Soural, M. Preparation of 2-phenyd-3-
hydroxyquincline-4{ 1H }-one-3-carboxamides 2 potential anticancer
and fluorescence agents. RSC Adv. 2015, 5, 48861 —48867.

{43) Motyka, ¥ HlawiZ, ]; Soural, M: Funk, P. Fluorescence
properties of 2-aryl-3-hydroxyquinolin-4{ 1 H }-one-carbaxamides. Tet-
rizhedron Lett. 2000, 51, 5060—3063.

{44} di Cagro, M.; Styskala, |.; Hlavis, |.; Brandl M ; Bawer-Brandl,
A Skalko-Basneet, N. Liposomal sclubilization of new 3-hydroxy-
quinolinone derivatives with promising anticancer activity: 2 screening
method to identify maximum incorporation capacity. [ Liposome Res.
011, 21, 2T2—-278

{45) di Cagno, M. Stein, P. C; Styskala, J.; Hlavdz, ] Skalko.
Baznet, N_; Baver-Brandl, A. Overcoming instability and low schbility
of mew cytostatic compounds: A comparison of two approaches. Eur.
I Plrarm. El'np'm.ml. 2013, 80, 657662,

{46) Jo, 5. D; Ku, 5 H; Won, Y. ¥ Kim, 5 H; Kwon, L C.
Targeted Nanotheranostics for Fature Personalized Medicine: Recent
Prap'm i Canscer Thﬂap'p. Theranosics 3016, 6, 1362—13177.

{47) Poolman, ]. M.; Maity, C_; Boekhoven, ].; Van Der Mee, L; Le
Sage. V. A A Groenewold, G. J. M.; Van Kasteren, 5. L; Vershais, F.;
Van En:h._l'. H.: Eelkemna, B A toalbox for Dnnh:ullmg the Pu'npeﬂ'lﬂ
and functicnalisation of hydrazone-based supramolecular bydrogels. .
Mater. Chene. B 2016, 4, 852—858.

{4-!) Costantini, P; Coloona, B Bernardi, P. Induction of the
mitochondrial permeability transition by N-sthylmaleimide depends
on mmmh:!,r oxidation of critical thiol groups. Potentistion by

er phenanthroline without dimerization of the adenine

D]Teuude translocase. Biochim. Biophys Acta, Bicenerg. 1998, 1355,
385— 352,

{4’9] Garcia, M.: Pavdn, M.: Chiver, E. The effect of M.
ethylmaleimide on permeability transiion as induced by carbaxya-
tractyloside, agaric acid, and cleate. Cell Biochewe. Biophys. 2008, 51,
B1-87.

(500 Liw, ¥; Zhao, F.; Gu, W; Yang, H.; Meng, (; Zhang, Y; Yang,
H.; Duan, . The roles of platelet GPIIb/Ma and e integrins
during Hela cells adhesion, :rm';nl:inn. and invasion fo manclayer
:n:ll:ﬁml.il.lm under static and dymamic shear flow. [. Biomed
Biatechmol 2009, 2009, 1.

{S-l;l Drgm:m. M.: Peter, B Bosze, 5.: Ramsden, I 1 Sraba, Bo:
Harvath, B Dependence of cancer cell adhesion kinetics on integrin
ligand surface density messured by a high-throughput label-free
resonant m‘mgmrle p-.lti.ns; bios=nsor. 5. Rzp. 2004, 4, 1-8.

{52) Jang, ]. H.; Kim, W. B; Sharma, A.; Cha, 5. H.; James, T. D.;
Kang, C; Kim, ). 5. Targeted tumor detection: guidelines for
rk\-:ln]n'ns |:|i|:|l:irr|.-|=t=r| rlias;nnstim Chem. Commume. 2017, 53, 2154—
1157.

166



Priloha 6

Computers in Biology and Medicine 151 (2022) 106171

Il\l\IH\

Contents lists available at ScienceDirect
Computers in Biology and Medicine

journal homepage: www.elsevier. comiocata’compbiomed

Comnponrs v Sidagy
wad Mabiinn

Characterization of drug effects on cell cultures from phase-contrast

microscopy images

Denis Baruéi¢ *, Sumit Kaushik *, Jan Kybic *-', Jarmila Stankova ", Petr DZubak *,

Marin Hajdtch *

* Faculty of Electrical Exgineering, Crech Technical Untversity bt Prague, Prague, Ceech Repedlic

* Mrstiuse of Molecudar and ! Medicine, Faculty of Medicine and Denristry, Palacky University, Olamoue, Caech Republic

ARTICLE INFO ABSTRACT

Keywords: In this wark, we classify ch b i (topoi inhibitors) based on their effect on U-2 OS
Deep learning cells. Weupbumu'xtmammpyInngs,whkhmfancrnndeﬂcrmobnhmmﬂunmimngu
Phase-conteast images and support live cell i g We use a lutional neural ck (CNN) d end-to.end directly on
D discewary the input images with g for 1 or any other auxiliary data. Our method can
Asgi-cancer drugs

Convelaional neanl setworks

distinguish between tested cytotoxic drugs with anvmncy of 98%, provided that their mechanism of action

differs, cutperforming previous work. The results are even better when substancespecific concentrations are
udeetmthebcndxdshnnsthemwdf&mtumaudlm(dnw) Finally, a 2D visualization

of these fi |

our methodology for drug di

which d well to known class labels, suggesting the passible use of

y applé in analyzing new, unseen drugs.

1. Introduction

Drug discovery aims to search for effective treatment of diseases
with minimum side effects. Machine learning methods (1] can signifi-
cantly reduce the time, effort and costs involved. Here we shall focus
on one step of this process — cellular phenotypic screening, where
the effect of a large set of potential candidate chemical compounds is
evaluated on standard target cell lines [2,3]. The goal is to examine as
many combinations of chemicals and cell lines as fast as possible. The
combinations are contained in so-called ‘wells’, and a single array may
mmnhmdrcdsolmem.ﬂxfamandlanmmvewaydevalu
ating the state of the cells is ic opy i The whole
process can be robotized, pmducin@avannumberofmjampic
images of cells in particular wells at various time points. Therefore,
automated image analysis techniques are necessary to achieve the
desired high throughp

Existing methods are usually based on fluorescence microscopy
images (Figs. 1 and 2), which provide very clear images (especially

As an alternative to fluorescence imaging, we use phase.contrast
microscopy images (Figs. 1, 2), which do not damage the cells and can
be acquired much easier and faster. However, these images are more
challenging to segment (see Fig. 2) and analyze because of the intricate
cell appearance and frequent imaging artifacts.

In our previous work [5,6], we have shown that it is possible
to distinguish the effect of several chemical compounds on cell cul-
ture from phase.contrast images. However, our procedure was compli-
cated. It used simultaneously acquired geometrically aligned fluores.
cence and phase-contrast images 1o learn to ‘translate’ phase-contrast
images to binary segmentations obtained from fluorescence images.
These segmentations were then analyzed using classical geometric
shape features.

Here, in contrast to the previous work, we analyze the phase.
contrast images directly using convolutional neural networks (CNNs),
avoiding the necessity of acquiring the paired fluorescence and phase-
cmuastinngamdlhel(mluumdcnnﬁdedngonlylheshapeofun
d nuclei. We also show the benefit of sharing the features

of cell nuclei) thmanm@ufomndmxgmuumd k au-
tomatically, using relatively simpl H fh ence
imaging requires additional labeling by fluorescent dye or protein,
which increases the cost and processing time and could affect the
cellular morphology and the final analytical output [4). Furth
only a limited combination of dyes can be used simultaneously.

* Corresponding author.

byfummlaﬁngdneuskasamumdmdamﬁcanminsuadofﬂv-
ing independent binary problems separately for each class (chemical
pound). This approach leads to & much-improved classification

accuracy compared to the work of Mertanova et al. [5,6]. Moreover,
we show visually that clusters of the extracted features correspond to
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24 hours

72 hours

Fig. 1. Example of two pairs of the coresponding fucrcicence (left) and phase-contrast (right) lssages taken 24 h and 72 h after bedeg weated with Toporecan.

24 hours

72 houwrs

Fig. 2. Example of two pairs of the corresponding focrescence (left) and pase-contrast (right) isages taken 24 h and 72 h after being reated with Eteposide.

Fig. 3. Fluorescence mage (ia red) overlaid over a phase-costrast image (A). The Ouceescence image can be segmented by standard ook, such & the Columbus software by
PerkinElmer (B). The same method faiks whea applied 1o phise-contmst images (CL In (B, C), seamented objects are individually colored sad overliid over the grayscale Input

image.

the mechaniem of action of the chemical compounds tested. This hints
at the generalization ability of these features, which could be used as
image-based fingerprints [7].

1.1. Related work

Image-based high-throughput screening for drug discovery has be.
come an established and frequently used technique described in mud-
tiple review articles [8-10]. Classical approaches typically start by
segmenting individual cells and evaluating especially the shape fea-
tures, which describe the cell morphology, a part of the cell phenotype.
Cell shape is known to be related to the cell type, state, and other
relevant properties, such as metastatic capacity [11]. The final step
involves machine learning for feature-based classification or cluster-
ing. Such pipelines can be implemented using open software such
as Image)/Fiji [12], lev [13), CellProfiler [14), and EBImage [15]).
Later on, deep leaming hods [16] app d, combining f
extraction and classification for single-cell analysis [17). An indepen-
dent segmentation step [18] can be avoided by processing the input
images directly [19,20]. These methods are usually based on well-
known neural network architectures from computer vision for image
segmentation (e.g., U-Net [21]) and classification (e.g., ResNet [22]).
The networks are adapted to microscopic images, for example by

"

adding color normalization [23] and the multi-scale approach [24] to
capture both short and long-range patterns.

Note that this work addresses the task of cdassifying the whole
sample (dide or well) into one class. It is also possible to classify
individual cells in the image [25]), which is outside of this article’s
scope.

The high-throughput screening for drug discovery described in
the aforementioned publications works mainly with fluorescence im-
ages [10,26], which is also the majority modality in dataset reposito-
ries such as the Broad Bioimage Benchmark Collection [27] used for
performance evaluation. Phase-contrast images are much rarer in high-
throughput applications because of their more complicated analysis.
Nevertheless, there are methods to perform some processing steps, for
example segmentation of individual cells [ 28], mitosis detection [29],
classification [30] and segmentation [31] of different cell types, or
morphology classification of individual cells [32]. However, we are not
aware of any work where phase-contrast cell culture images similar in
appearance 1o ours would be analyzed with the goal of drug discovery.

In our previous work [5,6], we have taken the roundabout way
of leaming to transform the phase-contrast images using the pix2pix
model [33] to look similar to fluorescence images, which are then
straightforward o segment using a U-Net [21]. Shape-based features
were extracted from the segmented images and fed o a support vector
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Table 1
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machine (SVM) [34] for binary classification. The approach required
paired fluorescence and phase-contrast images.

2. Data

We are using the same dataset as in [5,6]): The U-2 05 cell line,
derived from human osteosarcoma (American Tissue Culture Collec.
tan}, was transduced by fuorescent mCherry-NLS (nuclear localization
signal, cat. n. DOZIVCT, Vectalis-TaKaRa, Japan). The cells were seeded
at a density of 1500 cells per well and treated with three topois-
merase inhibitors, Topotecan, Daunorubicin, and Eloposide, at a final
concentration 0.5 pM. The treated and contral eells were imaged at
20 magnification and sampled at five locations per well and two
time points — 24 and 72 h after the reatment. The images are of
size 2560 x 2160 pixels The original dataset abo contained images
taken before the restment. However, we have decided not 1o use these
images vo reduce the over-repressntation of cells with no treatment.

Fluorescence images were acquired in parallel with the digital
phase-contrast images. We vse them here only for comparisan with
existing methods.

There are five different image classes. Topotecar, Daunarubicin, and
Erposide are each applied 1o 8 wells. The remaining two clasies are
controls: B wells with a 0.05% solution of DMS0 (Dimethyl Sulfooide)
and 12 wells with no trestment. In total, we have 440 phase-contrast
images from 44 wells. Excluding controls, there are 130 images from
24 well with active treatment for each time point. Finally, skipping
images containing less than three cells - mostly due to failed scquigition
= leads vo class sizes summarized in Table 1.

3. Method

We formulate the sk as a standard multiclass image classification:
given an input phase-contrast image, a convolutional neural network
[CHN) assigns it to one of the o = 5 clastes defined above.

A1 Tiling

The inpul images are too big and cannat be fed directly o the CNN
dwe to the limited GPU memory. Instead, we uniformly divide each
image into m = 16 partially overlapping tiles of size 1024 x B64 pixels
[see Section 4.1 for experiments with other tile sizes).

Each tile i is processed separately by the CNN, and the resulting
tile-wise class probabilities g are aggregated by averaging o obtain
image-wise probabilities
Ll
h_mgé' (1
Maximization over the class index l=ads to the final image-wise predic-
Hon
K= :1.!:3:|'r|:|.'u._|'.|t {2)
See Section 4.2 for an experimental comparison of this approach with

(i) maximum-based aggregation and (i) no aggregation, considering all
tiles independently and sharing the same image kabel.
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Fig. 4. The cvolutie of the raisieg s v and hss during training

for the Enposide vs. Topolecon classification on phise-contrast isages. Mess [solid line)
and standand exvar (shaded region) are shown,

32 Nemwark architecture

We ute the ResMetl8 [22] network, known o perform well on
a number of tasks. It uses residual blocks with skip connections for
regularization and 1o combat the vanishing gradient problem. In our
case, we have used the smaller, 18-layer version due 1o the limited
size of our datagel. The final layer has » = 5 outputs, one for easch
class, 1o which we apply the sofimax tramsformation [35] o obtain class
probability estimates p, for each class k. Sinee our bateh size is small (5,
dhwe 1o GPU memory limitation), we use instance normalization [36,37]
instesd of the more standard batch normalization [38].

Apart from the multiclass approach, we have alio trained binary
claszifiers [ = 2) for each class pair (Sections 4.2 and 4.3). The binary
clasgifiers were either trained in bwo waye either from seratch or by
fine-tuning the final layer of a pre-trained multiclass dlassifier.

33 Training and evalsation

The network is trained by minimizing the cross-entropy loss using
the Adam optimizer. We use class weights inversely proportional 1o
class sizes 1o sccount for class imbalances. The initial learning rate
i = 10, determined by the cyclical method [79], is reduced 10
during training whenever the validation loss stops improving. For
augmentation, we apply random horizontal and vertical lipping and
color adjustments. The best model with respect to the validaton loss is
used for the final evaluation on the est set.
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4. Experiments

All  experiments were conducted usding 10-dold  sratified
cross-validation. In each fold, 10% of the wraining data is used for
validation, eg., for learning rate adaptation. Average results and stan-
dard errors are reparted. The number of raining epochs for the binary
and multiclass clasification was set 1o 80 and 120, respectively, which
seems sufficient for convergence (see Figs. 4 and 5).

We first experimentally justify the choice of the tiling parameters
[see Section 7.1) and compare our deep learning approach with pre-
vious work on fluorescence images in Sections 4.1 and 4.2, The main
experiments on sipervised clagsification af phase-contrast images are
in Sections 4.3 and 4.4. Furthermore, we analyze the effect af the time
delay between drug application and image sequisition in Section 4.5
and the dependency an the dataser size in Section 4.6 We visualize the
features extracted by our network in Section 4.7, Finally, we illustrate
the effect of equalizing the effects of the substances by using substance.
specific concentrations in Section 4.8. See the Appendix for & summary
of the wsed statistical measures,

41 Tiling effect

For the binary clasification of phass-contrast images of Topotecon
and Eropaside, we have tried tile sizes 256 x 216, 512 x 432, T6E x 648,
and 1024 x Be4. The cassfication accuracies were 076 + 0,17, 088 +
L8, 090 + 0,15, and 0.96 + 0.07, respectively, increasing monotonously
with the tile size. Moreaver, greater tile size leads 1o faster procesting.
This justifies our choice of 1024 = 864, Larger sizes are nol feasible due
o GPU memory limitations.

Fayuiers in Rl and Madiing TST (AI27) IOGTTT
4.2 Fluorescence imoges

Wi first apply our CNN 1o the binary classification task of dis-
tinguishing between a pair of clagses from fuorescence images Lo
enable a direct comparison with earlier work [5,6]. We consider all ten
possible pairs of our five classes. In Table 2, note that distinguishing
Topotecan from Daounorubicin and DMS0 from the No reatment class
[last two rows) seems 1o be much more difficult than for the remaining
pairs. This holds for all methods and both types of input data. We call
these pairs ombiguowps and do not consider them in the observations
below. See Section 5 for more discussion.

Wi compare the average and maximum sggregation operators {see
Section 3.1] with the tile-wise accuracy, ie., no aggregation. We see
that average aggregation oulperforms maximum aggregation and no
aggregation. We shall therefore use average aggregation for all the

The rightmost column of Table 2 shows the result of the previous
method from [5,6] wsing hand-crafted shape features and an SVM
claszifier. We see that the new CNN method either outperforms the
earlier SVM method or matches s performance.

4.3 Phase-comtrast imoges

‘We repeated the binary classification experiment from Section 4.2
with phase-contrasl images (see Table 7). We see that fine-tuning a pre-
trained multiclass clasifier (gee Section 3.2) s almost always better
[and never significantly worse) than training each classifier indepen-
dently from scratch. This is probably because the images in all classes
are similar, o high-guality festures learnsd on a large dataset work
well for all pairs of clames. Another advantage of sharing the features
is speed, as fine-tuning is faster than repeated uning-from-scratch by
a factor of at leas A

4.4, Multiclass elassification

Our main resull is the multiclas elasification method for phase-
contrast images. Table 4a shows the confusion matrix (for the sum
of all folds). The ambiguous clases identified earlier (Toporecon ve
Daunarubicin and DMS0 vs. No reatment ) are often confused, leading
to the average clasification accuracy of only 70%. We, therefore, also
report results where the ambiguous class pairs are congidered ogether
[Table 4b). Then the dasification is almost perfect, with an average
classification accuracy of 98%. On fluorescence images, the results are
similar (Tables Sa and 5h).

4.5 Time delay effect

To investigate the effect of the delay betwesn drug application and
image acquisition, we divided the dataset into two subsets, scquired
24 h and 72 b after application. We examined different combinations
of these subsets for raining and lesting.

Table Ga shows that for the 5 class formulbation, the 24 h images
smem about as difficult o classify a2 72 h images, with accuracies
61% and 63%, respectively. Intersstingly, the two subsets seem quite
different, as we observe a significant drop in sccurscy when training on
ome and testing on the other subset (24 h vs. 72 h). On the other hand,
aggregating the ambiguous clasees leads to almost perfect elassification
results for the 72 h data in the 3 class formulation (Table 6b), with
a weaker perfformance on the 24 h subset. We can conclude that
given more time, the effects of the drogs are more substantial.’ We
have repeated the same experiments also for fuorescence images with
qualitatively similar results (Tables 7a and 7Th).

1 The slight difference betwesn reported accuracies in Tables G and 4 is
caused by averaging accuracies over mans instead of averaging the counts.
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Table X
Prirmise cliss acssracies for age and i tile aggregatons ssd no-aggeegation (le-wise sccamncy) b Desseicence sages. The last
column (SWM]) shows i=h o d by the previous method [55]. Cros-validation sweoes and stasdard ervors ane reponod, and & bold
Tonr denstes the best pesults for @ particalar clas pair. Ambig class pairs are denoted by & star ("L
Dl Thle-wikse L i WM [5]
Average Ml s
Topoteaan v, Floposks o & 0l [EC Y ] RS & 004 [1¥:-
Topote:an v, SIS0 092 & 0ol 097 £ 00k 075 & 006 UL L]
Topoleian vE. N meslmenl i s i e 0nd 004 & 003 9%
Damnorubicin vi Eopamide A7 & 0l L 5 0D ORI & 005 095
Damnorubicin va DRSO 092 & 0l L 5 0D R0 & 005 180
(i} hicin wa N © S & il 0 & 00T RS & 009 1L
Erepogide v DMS0 097 & 0l [EC Y ] 0E4 & 003 a7
Eneposide vi Mo [restment [T R 096 & 003 .98
DMED wa Mo realsenr bl = oM 6l & 0 i = 005 e
Topote:an v Daunonaléin® 6D & 042 & 0 03T & 00 sz
Average (all} LED & 0ol ES & D6 079 & 005 089 o 005
Avcrage (unambiguous) S & LE Y 1] 0E6 & 00T 096 = 02

Table 3

Peirwise class accuracies on plase-sostrast imapes, with e bisary classifiers obiained by craining fress serstch or by fine-quning a pre-trained
multizles clastifies. We show both the tile-wise and image-wise sccurssies (after sgpregarion). The lao codess (SWM) v securacies oblained
by e porevisis metead [5,6] Cross-validaion means and sandend ervon are repomod, &5l o bold fost denoles (e be sesulis for & pasticuler
el pair. Ambiguous cliss paiss se denoted by & star [*).

Classes From seratch Fine-uning
Tilie-wise Image wise Tile-wiise Image-wise 5WM [5]

Topoisean vs. Elopoie 07 006 003 400 AT & 0104 L6 s 082 0.78
Topaecan v, DLS0 RS & 003 [T 093 & 002 100 & 008 (1% ]
Topoteean vs, Mo irestment 004+ 0 [t T 0L95 & 03] 100 = 008 77
Dasnoeubicin vi Esopoide ORE + 002 005 & 002 34 & 003 AT« 08 079
Dasnorubicin v DMS0 ORE & 002 097 00 L9 & 0 100 + 008 a1

" bicin we. Mo ¢ 004 & 0 100 00 L85 & 03] 009 & 00 a5
Ereposide ve. D50 ORT & 003 [T 093 & 03 LI (1% ]
Ereposide v Mo nestment 09K & 0 100 0D 1L95 & 03] 009 & 0K 077
DMED ws Mo teeatment® [T 06T & 008 146 & 008 BAS & 083 .54
Topoecsn vs. Daunondbicin® A0+ 0106 051+ 00 1L46 & 004 [T .41
Awerage (I} [T R & 005 AT & 006 [T 074 & (5
Awerage (unsmbiguous) 000 & 002 007 00 09 & 002 LIt 031 2 G
Table 4
Confesion matrices for e muliiclass classiGeation of phise Images, We peovide Teble 3[a) @ confusion matrx for the Ove-class

clamification, where the aversge pealiction scowmacy is 700, and Table 40b) @ modeced confusion marris, where the asbiguous disses are
joined tegethes, leading o the average prediction accwrey of 98%. The matrices were oblained ot a sum of marsees from all fakds

(a} Five classes (b Resdueed
True clicss Prediction Troe eliss Frodiction

T, DS Dun. Erop. Bo Dl Dauin. Mo TeEaL

+ TopoL Enop. + DIMED

Toger 15 o 15 [ o Daun.+ Topot. &6 o [
M50 1 4 o o 28 Etop. 1 3 1
Dan. 10 o 15 o o M Creat.+ DMSO 1 o a2
Etop 1 o o 31 1
By D, o 1 o o 59
Recall %] 516 121 1.4 GES 98.3 Recall [%] 1040 9.9 8.0
Precsion [%] 571 B0 BLE 1000 BT Precsion [#] 971 10 084

Table 5

Confesion marrices for e multidas closifeation of Nuorcscence Imags. We provide Table 5(a) & confusion meatris for the Ave-clas
elamifieation, whese e aversge peadiction accwacy (s 65%, asd Table 40b) @ sedeced confusion matris, where the asbiguous clisses are
Joined tegethes, leading o the average prediction accwrey of 99%. The matrices were oblained i o sum of matsees feom all falds

[a) Five clisses &) Beduced
True class Predienion True class Prediction

Topol. D50 Daun. Eog. Mo tredt. Daun. i DReAL

+ Topol. Ennp. + DMS0

Topa. il [ 19 [ [ Das + Topot. &8 [] o
OME0 ] 4 1 ] 32 Enags. a k] ]
D, 14 1] 14 ] 0 Mo peal+ DMSD 2 a &7
Eneg. o o o 33 o
Mo eealL 1 o L} 51
Regall [%] 525 10.8 500 100.0 |a1 Regall [%] 1000 1000 8.0
Preciion [%] 58.3 10400 412 100.0 al4 Prechion [%] a7a 1000 BNk
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Multicliss elasification sccurscy ai a functios of the dme berwesn dreg application and image scgebition for phase-contast images for

Tabile 5{a) 5 clisses and Table 6[) 3 aggregated clisses

[a] Five class s} Raduend
Temisasd om Tested an Tesisesd on Tesped an
24 h Tih all 24 h Tih all
24 h 0Al & 006 .39 4 0L 051 & s 24 h ORA & 006 BT & 00E 031 & oG
71k 036 & 0L e 4 M 048 & G 2k 057 & 008 09 4 0 0.76 & 0B
All 071 w008 78 4+ 0L 0.73 & 0uiG Al 005 00 [ECPE ] 096 & dud
Tabds 7
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[a) Five class &) Reduced
Temised Tested an Tewded on Tested an
24 h Tih all 24 h TZh all
24 h 055 & 00% .50 4 L 053 & 0uDd 24h Al e o 83 4l 0.92 & i
72 h 047 006 68 4 M 055 & DS 72h 053 & 005 08 4ol 0.78 & 04
Al 0 & 007 53 4 005 D&l &0 Al 098 & 00k e T 099 & 0ulil

o e
R
-

-

— Selass

== Glass

b T T T T T
20 Ak B B My

raining propostion [%]
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with rhe twe mebiguous cles pals merged lnbe reo deses. Mean (solid D) and
sallard error [shaded region) are showe

4.6. Datmset size impact

To understand the effect of the training data size on the generaliza-
tion ability, we evalusted the multiclass classification securscy wusing
20 ~ W% af the original data for training. We found that, for the 5-
class formulation, the test image sccuracy already gets saturated ar 60%
af the data (Fig 6). However, this is probably due to the ambiguous
clasmes, since for the 3-class problem, the accuracy continues Lo improve
with more data, albein slowly.

4.7, Feature visualization

This experiment illustrates the potential usefulness of the features
extracted by our CNN o analyze unseen data. We ook the 512-
dimensional feature vectors from the penultimate layer of the muli-
class CNN classifier trained on the image tles from ane of the eros-
validation folds. We employed the -SNE [40] dimension reduction
method w visualize the features corresponding 1o une=en best image
tiles as two-dimensional vectors. Three distinet clusters emerge (Fig. 71,
with the ambiguous clase=s belonging 1o the same clusters. This in-
dicates that the features characterize well the drugs” mechanian of
action.

etopirsidie
dnunonhicin
S0
AnqHMeEcan

no realenent

Fig. 7. The extracied features from the pesslimane layer of e clasifearion ONN
visualized wing the 1-SNE mapping algesitm.

4.8 ICy concentrafons

The response o different active substances varies both in the ap-
pearance of the affected cells as well as in their number. We want
to focus on appearance since the concentration will be unknown in
real use cages To eliminate the differences in the effect size, we
have repeated the data acquisition not with equal concentrations but
with substance-specific 105" concentrations of the active substances,
chosen so that 50% of the cells are affected. In particular, we used:
Topotecan {1.24 M), Daunarubicin (0L1E pM), and Etoposicde (5 88 pM)
Wi then repeated the multiclass classification experiment on phase-
contrast images (Section 4.4)L Very interestingly. the classification
results have much improved from 70% o 87.5% in the 5 class case
— compare Tables 4 and B, The formedy ambiguous Topotecan and
Daunarubicin can be distinguished in this case. Aggregating DMS0 and
no reatment clagses (which are truly ambiguous) leads o an almost
perfect classification scourscy of 98% for this 4 class problem (Table 8),
the same as we had previously for the 3 class problem (Table 4). See
the next section for more discussion.

* Half maximal inhibitory concentrations.
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clasifieation of plase-sonirst imiges with Balogically-active dreg coscentrations: Table 8{a) a confusion

matrix fof the Gve-clas dassification with the average prediction acouracy of B87.5%, and Table B a reduced confusion marris, where DMSO
el No Deamen ane joined cogethes, leading o the svempe prediction accamey of 7.7%

{a} Five class [b) Reduced
Trae eliss Predictian Trae eluss Prediction

Tapao. OMS0  Daren Etnp. Mo reaL Tupet, Ds0 Dsun. Ereg.

+ No 1real
Teget. 44 o 1 [] o Tape. a4 o 1 o
DS ] 22 ] ] 12 DMSO + Ne oeat. 0 52 o o
Daun. ] ] kL] 1 ] Daun. o ] ] 1
Enp 1 1 o 7 o Etisfi. 1 1 o a7
M prest. a B i a 1z
Recall [%] 7.8 64.7 .5 948 BET Rocall [%] WE 100.0 7.5 949
Precision [%] 978 75.9 7.5 074 50D Precision [%] s 9.1 7.5 7.4
5. Discussion and conclusions Acknowled gmenits

We created a method capable of distinguishing the effect of several
cylotaxic compounds on a cell line population from phase-contrast mi-
crasoopy images ingtead of the more commonly used Muorsscence im-
ages. This paves the way 1o a much simpler and faster high-throughput
sereening for new potential drugs. Moreover, we could visnally obierve
a meaningful separation between classes in the feature space. This
is wery promising for the Ffuture task of clustering yet unseen drugs
acrording to their mechanism of action, which we believe will be one
of the primary use cases of this methodology. Finally, we saw that the
drug effects are easier to distinguish after 72 b than after 24 h.

Ouir method can improve the speed and accuracy of the cellular
micra-array screening, potentially leading to improved efficiency of the
drug discovery process and, thus, o better clinical outecomes in the long
term. OF course, we need to be aware that high-throughput cellular
screening under standardized conditions is only one of the many seps
in the drag discovery process.

It is well known that the cell response can be different i vivo than in
vitro, vary for different cell lines, and be influenced by multiple genes.
This it not a problem for our use case where the conditions are well
controlled, and the cell lines are identical. However, they would need
1o be addressed for this technigue to be used for predicting the effect in
mare gpeneral swations with more confounding factors. The principal
imitation of our study is the relatively small datasst size — we plan
o extend it 1o a much larger dataset with more active substances,
various mechanisms of action and possibly more cell line types and
other confounding factors, which should improve the robustness of the
classification.

The preliminary results in Section 4.8 suggest that substance con-
centration is one of the confounding factars that have an essential effect
on classification accuracy. In particular, by optimizing the concentra-
tons, it was possible 1o distinguish Topotecan and Daunorubicin, which
could not be discerned in the fixed concentration dataset, posibly be-
canse they are both wpoisomerase inhibitors [41] and their mechanism
of action is similar. Although the concentration will be unknown in real
use cages, it should be possible 1o analyze images at several dilution
levels and automatically choose the most relevant ones, complicating
the experiment and increasing the number of necessary scquisitions.
We also cannot distinguish between DMS0 and no reamment, which is
nol surprising since DMS0 is not supposed to affect the cells.

In theory, our method could be used directly on histalogical im-
ages in the clinical seming, smilar w [42], although the peowork
wouild have 1o be retrained. The principal difficulty would be obtaining
a sufficiently large and comprehensve database.
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Appendix. Statistical evaluation measures

The classification performance is evaluated via oocunrcy, the pro-
portion of correct classifications,

11:nrn’.'|‘:ll3,' elassified insuru:si

e = |a].| in.umm|

For each class ¢ separately, we also report recall (also known as sensi-
tivityl,
|:nneﬂl_-r classified instances af r|

|all instances of fl
and precision (or positive predictive value),
11:nne1:|lg.- classified instances of .1
|in31anc=i classified .l|

precigion =

We do not use specificity, which we consider less relevant in the
multiclass setting.
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