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Abstrakt:

V ptedlozené praci byly pomoci fluorescencni mikroskopie studovany dvé odlisné skupiny
konjugati biologicky aktivnich latek s riznymi variantami BODIPY barviva. Studie rovnéz

zkoumala proveditelnost fenotypové testovaci metody.

Derivaty kyseliny betulinové (BA) byly testovany na bunécné linii U20S. Prvni skupina
latek zahrnovala devét derivati BA znaCenych BODIPY-FL (konjugaty 1-9), a kontrolni
konjugét sestavajici pouze z linkeru a BODIPY-FL znacky (konjugat 10). Po kratké inkubaci
byla lokalizace téchto konjugétli pozorovana v zivych bunkach. Konjugat 2 vykazoval nejvyssi
cytotoxicitu a rozdilny vzor barveni. Kombinace délky linkeru a struktury triterpenoidni ¢asti
byly klicové pro lokalizaci a cytotoxicitu konjugati. Vizualizace konjugati ve fixovanych
buitkach a bunéénych lyzatech naznacovala moznou kovalentni vazbu téchto derivath
na bunécné cile. Druha skupina latek obsahovala Sest derivati BA a bevirimatu znacenych
BODIPY s modrou fluorescenci. Kratka inkubace ukazala lokalizaci konjugath 11 a 16
v zivych buikéach. Kolokaliza¢ni experimenty a analyzy prokéazaly interakci pfevazné

s endoplazmatickym retikulem a mitochondriemi, a vyznam pfidané aminoskupiny.

Druha ¢ést prace se zaméfila na studium systému 3HQ-aminoBODIPY s OFF-ON efektem
pro sledovani uvoliiovani aktivni latky v bunikdch. Disulfidovy linker byl navrzen pro fizené
uvoliovani 1é¢iva v pfitomnosti glutathionu. Experimenty s zivymi bunikami a fluorescenéni
mikroskopii potvrdily casové zavislé uvoliiovani 1é¢iva z konjugatt 17-20. Koncept trojdilnych
konjugati 20 a 21 byl ovéfen s vyuzitim ¢(RGDfK) motivu a FRET, kde oba konjugaty
aplikované na buniky HeLa vykazaly zménu fluorescence v redlném case. Tato studie ukazuje

moznosti vytvofeni teranostickych ndstrojii vhodnych pro personalizovanou medicinu.

V posledni casti prace byla provedena pokrocila analyza obrazového datasetu potizeného
digitdlnim fazovym kontrastem (DPC) a fluorescen¢ni mikroskopii. Data byla analyzovana
programem Columbus a umélou inteligenci (AI) pomoci konvolu¢ni neuronové sité, coz
umoznilo klasifikaci inhibitord topoizomerazy na bunécéné linii U20S s piesnosti az 99 %. Toto
potvrzuje vyuzitelnost DPC snimku pro klasifikaci pomoci Al a jejich aplikaci v identifikaci

bunécnych cilii a ve vyvoji 1€Civ.



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 (AI) 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 uvod

Identifikace molekularniho cile biologicky aktivnich sloucenin je zasadnim krokem
ve vyvoji 1éCiv, nebot’ umoznuje hlubsi pochopeni jejich mechanismu G¢inku. Tato znalost je
nezbytna pro optimalizaci GC€innosti a minimalizaci vedlejSich G¢inkti 1é¢iv, a soucasné
napomaha v identifikaci specifickou biochemickou nebo fyziologickou cestu, kterou 1é¢ivo
uplatiiuje sviij terapeuticky ucinek. Znalost cile umoznuje dosahnout ptesnéjsiho cileni 1éCiva a
personalizace terapie. Proces identifikace molekuldrniho cile casto odhaluje zékladni
mechanismy onemocnéni a umoziiuje vyvoj cilenych terapii ptizptisobenych jedine¢nému
genetickému a molekuldrnimu profilu pacienta. Jakmile je zndm molekularni cil, je mozné
navrhovat nové, optimalizované chemické struktury, které se zaméfuji na stejné nebo piibuzné
pro existujici [é¢iva mize rozsitit jejich vyuziti v novych ptipadech, a tim i urychlit a zefektivnit
proces vyvoje 1éCiv.! Vyvoj 1éCiv je slozity a nakladny proces, jak ilustruje obrazek 1. Podle
dat OECD Health Statistics 2019 bylo v roce 2016 v Evropé investovano kumulativné 31,4

miliard USD do vyzkumu a vyvoje farmaceutik (¢astka je soucet pro komerc¢ni a vladni sektor).
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Obrazek 1: Cyklus vyvoje novych 1éciv, ktery jasn¢ ukazuje dulezitost vyzkumu a
vyvoje ve farmaceutickém pramyslu. Prevzato od EFPIA (The FEuropean Federation

of Pharmaceutical Industries and Associations).



Identifikace molekularniho cile v kontextu vyvoje 1é¢iv mize byt narocna a ptinasi fadu
vyzev. Biologické systémy jsou slozité, Casto zahrnuji sit’ vzdjemné propojenych drah a
molekul, proto urcit jediny cil, odpovédny za ucinky latky, je velmi obtizné. Potencionalni 1ék
mize v rizné mife interagovat s vice cili v rtiznych tkanich nebo v odliSnych bunéénych
kontextech. N¢které interakce mezi malou molekulou a jejim cilem mohou mit nizkou vazebnou
afinitu nebo specificitu, coz ztéZuje jejich detekci a experimentdlni ovéfeni. Mnoho cilt jsou
proteiny, které funguji jako soucéast vétSich komplext nebo interaguji s jinymi proteiny.
Identifikace konkrétniho ¢lena proteinové rodiny tak mulze byt tézka, protoze clenové
proteinové rodiny casto sdileji strukturni a funkéni podobnosti. Nékterd 1éCiva funguji
prostiednictvim nekonven¢nich mechanismi, jako je modulace konformace proteini a
interakce s DNA a RNA, jejichz identifikace pomoci tradicnich metod mlze byt naro¢na.
V dalsich ptipadech mohou cilit na vzacné, nebo diive nezndmé proteiny, coz znovu ztézuje
jejich identifikaci pomoci konvenénich metod. VytéZeni rozsahlych biologickych dat, jako jsou
data z genomiky a proteomiky, je vypocetné naro¢né a vyzaduje odborné znalosti v oblasti
bioinformatiky. Pfekonani téchto vyzev pfi identifikaci molekuldrnich cili Casto zahrnuje
kombinaci experimentalnich ptistupli, vypoc€etnich metod a mezioborové spoluprace. Pokrocilé
technologie, jako jsou strukturni biologie a vysokopropustné testovani, pomahaji fesit tyto
vyzvy a usnadfiuji objevovani cilt biologicky aktivnich latek.? Je v8ak dalezité 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 molekulirniho cile 1é¢iv

K identifikaci molekularniho cile aktivnich latek 1ze pouzit fadu metod a piistupti, pficemz
jejich vybér zavisi na specifickych vlastnostech 1éku a povaze onemocnéni, které ma ovlivnit.
Naésledujici 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 slouc¢enin (knihoven) proti specifickému biologickému cili nebo
molekularni draze. Slouceniny, které vykazuji aktivitu, jsou dale validovany, aby se ur¢ily jejich
specifické molekularni cile.?

e Fenotypové testovani posuzuje vliv chemickych sloucenin na fenotyp buiiky nebo
celého organizmu.* Podrobné&jsi zhodnoceni fenotypového testovani je uvedeno v kapitole 5

této prace.



e Techniky RNA interference zahrnuji uml¢eni exprese specifickych genti pomoci metod
jako je naptiklad CRISPR/Cas9 nebo siRNA. Takto upravené modelové prostiedi mize byt dale
pouzito i ve spojeni s HTS.?

e Omické analyzy lze pouzit k identifikaci molekuldrnich drah ovlivnénych aktivnimi
slou¢eninami. Posouzeni zmén genové exprese ve vzorcich v reakei na oSetieni latkou mutize
poskytnout informace o jejich ucincich na specifické drdhy a potencidlni cilové geny a
proteiny.6

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

e Profilovani proteinti na zéklad¢ aktivity (Activity-Based Protein Profiling, ABPP),
zahrnuje pouziti sond s malou molekulou, které selektivné reaguji se specifickymi tfidami
proteinti. Ozna¢enim latky vhodnou sondou je mozné identifikovat proteiny, které interaguji
s testovanou slouéeninou v bunééném kontextu.

¢ Hmotnostni spektrometrii 1ze pouzit k identifikaci latek, které interaguji s proteinem.
Tento pfistup je zvlaste uziteCny pro detekci piimych interakci mezi latkou a jejim cilem, a to
v ptipadé kovalentnich i nekovalentnich interakci.’

e Metody strukturni biologie vyuzivaji techniky jako je rentgenové krystalografie a
nukledrni magnetickd rezonance (NMR) a mohou byt pouZity k ureni trojrozmérné struktury a
ovéfeni vazby chemické latky na cilovy protein.!”

e Analyza rozsahlych biologickych dat miZe pomoci identifikovat potencidlni cile
novych chemickych sloucenin. Takové analyzy zahrnuji vyuziti dat genové exprese, sité
interakci protein-protein a zndmych interakci biologicky aktivni slou¢enina — molekuldrni cil.
Do tohoto pfistupu patii chemoinformatické a bioinformatické analyzy. Pfi znamé struktuie
biologicky aktivni slou¢eniny, Ize k predikci molekularnich cilt vyuzit vyhledavani podobnosti
a molekularni dokovani.!!

e Védecka literatura a vytézovani verejné dostupnych databazi mohou poskytnout cenné
informace o znamych vztazich mezi chemickymi slouceninami a jejich cili, coz pomaha

pii identifikaci novych cili.!?

Ve vyzkumné praxi se ¢asto kombinuji rizné metody ke zvySeni pravdépodobnosti Gspésné
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 cilii biologicky aktivnich latek hraji mikroskopické
metody. Tento soubor metod miize byt cennym nastrojem, zejména pii studiu u€inkt latek
na bunécné struktury a organely. Mikroskopie umoziiuje odhalit zmény v bunééné morfologii a
subcelularnich strukturach, naptiklad zmény zlsobené cytotoxickymi latkami. Chemické
slouceniny mohou vyvolat smr$tovani bun¢k, tvorbu ,bublin“ — tedy pteskupeni obsahu
cytoplazmy, jadernou kondenzaci a zmény ve struktuie organel. Tyto morfologické zmény
mohou poskytnout voditka k objasnéni mechanismu tc¢inku latky. Mikroskopie tedy umoziuje
vizualizovat bunky a jejich vnitfni komponenty v poZadovaném rozliSeni. Oznaceni
specifickych bunéénych struktur nebo molekul, které jsou predmétem zajmu, je mozné diky
raznym technikdm barveni. Pouziti specifickych fluorescen¢nich sond a barviv miize pomoci
vizualizovat a sledovat rizné bunécéné slozky, jako jsou DNA, mitochondrie, endoplazmatické
retikulum, lysozomy atd. Pozorovanim zmén v distribuci a intenzité fluorescencnich kanall je

mozné ziskat nahled na vliv latky na dané struktury a organely.'3

Pti klasickém barveni pomoci imunofluorescence se nejdiive oSetiené buniky tzv. fixuji, kdy
dochazi k jejich konzervaci v daném stavu a castecnému naruSeni membran diky plsobeni
roztokl alkoholdl, acetonu nebo formaldehydu. Nasleduje krok uplné permeabilizace membran
a specifické barveni pomoci fluorescencné znacenych protilatek. Takovymto barvenim je

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

Zobrazeni zivych bunék umoziuje sledovat dynamické bunééné procesy v readlném case. To
je zvlasté uzitecné pro sledovani ucinka latky na chovani bunék, véetné zmén v bunééné
motilité, déleni a migraci. Nékteré aktivni latky maji rychlé a dynamické G€inky na bunééné
procesy.'® Zavedenim trvalych fluorescenénich markert nebo proteini do Zzivych bunék,
napiiklad pomoci transdukce fuznich proteinti, je mozné specifické stuktury fluorescencné
vizualizovat.!” Mikroskopie zivych bunék, také umoZziuje pofizovani Casosbérnych zabért, kdy
dochazi k pofizeni snimkil v pravidelnych intervalech po del$i dobu. To mtze odhalit ¢asovou
dynamiku bunéénych zmén a zmény funkci subcelularnich struktur vyvolanych plisobenim
aktivni latky.'® Tato mikroskopickd metoda miZe byt kombinovana s technikami subcelularni
frakcionace a izolace, které oddéli pozadované bunééné kompartmenty a poskytnou tak cenny

zdroj materialu pro dopliiujci metody, napiiklad 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 fluorescen¢nimi
znaCkami, a tim i jejich nositeli. OznaCenim latky a potenciondlniho cilového proteinu
fluorofory, znichz jeden je aktivovany pouze piipfenosu energie, mizeme pii zméené

ve fluorescenénim signalu usuzovat na jejich t€snou blizkost a vzajemnou interakei.?!

Automatickd mikroskopie?>?3,

Casto kombinovana s analyzou s vysokym obsahem
informaci (high-content analysis, HCA), davd moZnost simultdnniho zkoumani mnoha
bunécnych parametrii, reagujicich na piisobeni aktivni souceniny. Takovy ptistup poskytuje
velmi komplexni data pro identifikaci cile. Tyto metody je navic mozné propojit v HTS
platformé, coz umoznuje testovani velkého poctu sloucenin a hodnoceni jejich U¢inkd

na morfologii buriky.?*?°

Dals8i moznosti, jak vyuzit mikroskopické techniky je jejich spojeni s jinymi metodami,
napiiklad proteomickymi a genomickymi pfistupy. Tohoto se ¢asto vyuziva pii tzv. ,,single cell
analyzach, které jsou na vzestupu hlavné v posledni dob¢. Studovani individudlnich bunck
dovoluje odhalit heterogenitu v bunécné populaci a hloubé&ji pochopit bunééné pochody. Takové
propojeni technik nachazi uplatnéni kromé vyzkumu a vyvoje 1é€iv i ve vyzkumu kmenovych

bungk, neurovédach a studiu mikrobiomu.?%%’

1.3.  Vyhody a nevyhody mikroskopickych metod

Jako kazdy technologicky pfistup, nabizi mikroskopické metody cetné vyhody a nevyhody.
Je proto vzdy na zvéazeni, zda ve vybranych piipadech bude zvolend metoda ptfinosem, nebo

naopak ptekazkou k ur¢eni molekularniho cile aktivnich latek.

Mezi vyhody patii pfimé vizualizace bunéénych struktur a procest, moznost pozorovani
v realném cCase a urceni prostorové celularni a subcelularni lokalizace mista piisobeni latky.
Pokroc¢ilé 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 funk¢ni disledky ptsobeni latek, coz
pomaha pochopit jejich ucinky na bunécné procesy. Nekteré techniky, jako je HCA, umoziuji
analyzu vice bunéfnych parametrii soucasné, ¢imz se zvysuje ucinnost identifikace cile.
Mikroskopie Zivych buné€k neni destruktivni metoda, coZ umozinuje jeji kombinaci s dal§imi

piistupy a pofad 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 ptipravy vzorki, ale hlavné
analyzy ziskanych dat. Dale mize mikroskopie vést k faleSné pozitivnim nebo negativnim
vysledkim, pokud procesy znaceni nebo barveni nejsou pecliveé 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 dilezitych
nepiimych nebo nadfazenych cilech, které nevykazuji morfologické zmény. Nekteré
mikroskopické techniky mohou vyzadovat invazivni metody pfipravy vzorki, které mohou
zménit pfirozeny stav bunék a ovlivnit vysledky. Mikroskopie nemusi byt vhodna
pro identifikaci neproteinovych cilli, jako jsou malé molekuly, metabolity nebo nukleové
kyseliny, které mohou vyzadovat jiné techniky, jako je hmotnostni spektrometrie nebo testy
zalozené na afinité. Nekteré experimenty zaloZené na mikroskopii, zejména zobrazovani zivych
bun¢k, mohou byt ¢asové narocné. Konvenéni mikroskopie mize mit omezeni v rozliSeni

struktur v nanoméfitku, coz vyZzaduje pouZiti pokro¢ilych technik se super rozlisenim.!3-28

Ptes tyto vSechny nevyhody jsou mikroskopické metody cennymi ndstroji pro identifikaci
molekularnich cili biologicky aktivnich latek, diky jejichZ schopnosti lze pfimo vizualizovat
bunécné procesy. Shrnuti mikroskopickych metod vhodnych pro identifikaci molekularnich cila

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 =
o g P protein Nutnost fixovat bunky
Imunofluorescence =
4 Siroké spektrum protilatek Omezeny multiplexing
Mikroskopie Detekce v redlném Case Omezeny multiplxing
zivych bunék
Specificita v pfipadé flznich N&ro&né na pfipravu
Fluorescenéni proteinu
Gasosb&mé zabéry Naroc¢né n;aipracovam
Ve svétlém poli “Label-free" Pouze omezené struktury

Naro¢né na zpracovani

Sbér mnoha dat dat

Automaticka

mikroskopie . " < :
MozZnost zapojit do HTS Pozadavky na techniku

Komplexni informace Narocné na zpracovani

i (

"High-Content dat
nalysis" - "
Y Moznost zapojit do HTS Pozadavky na techniku
.. ; Pochopeni klonalni evoluce Narocné na pfipravu
Analyza jedné )
bunky - Pochopeni buné&éné Naro¢né na zpracovani
heterogenity dat

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

1.4.  Fluorescenéni znaceni pomoci BODIPY

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

infracerveného spektra.?’ Ideélni luminofory, pro tyto sondy, predstavuji BODIPY barviva
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(z anglického boron-dipyrromethene), které se vyznacuji intenzivnimi a zafivymi barvami,
vysokou molérni absorptivitou a fluorescen¢ni emisi v Sirokém rozsahu vinovych délek. Tyto
vlastnosti je ¢ini vhodnymi pro techniky vyuzivajici fluorescenci, jako je fluorescencni
mikroskopie, pritokova cytometrie a biozobrazovani. BODIPY barviva se také bézn¢ pouzivaji
jako fluorescen¢ni sondy k detekci a monitorovani biologickych procest, vcetné interakci
protein-protein, enzymové aktivity a bunééné lokalizace. Jejich kliCové charakteristiky lze
snadno zménit pomoci piimych 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 n¢které také

komer¢né dostupné, jako napiiklad LysoTracker a ER-Tracker (zobrazené na obrazku 3).

=

\ 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 cili pFirodnich latek

V poslednich letech byl u€inén vyznamny pokrok v identifikaci mechanismu uG¢inku a
bunéénych cili pfirodnich latek. Pro efektivni identifikaci cilovych proteind a studium
mechanismu G¢inku je nutné vyvinout strategie, které citlivé detekuji biologické procesy

v zivych systémech.’? Fluorescenéné znafené sondy bioaktivnich piirodnich latek se jiz
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dlouhou dobu pouZzivaji*334

a ukazaly se jako mocny néstroj pro zkoumani biologickych jevl a
mechanismii plisobeni téchto molekul.¥-¢ Tento pfistup umoziuje sledovani vstupu latky
do bunky a jeji distribuci v subcelularnich kompartmentech, jak je schematicky zndzornéno
na obrazku 4.>7 Pokud je interakce dostate¢né silnd, miizeme na gelu po separaci proteint
z bunééného 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.®

2 PRIRODNI
BODIPY LINKER -

PROMYTI

BODIPY LINKER )

Obrazek 4: Schéma principu detekce pfirodnich latek znacenych BODIPY v zivych
burikach.

PRIRODNI
LATKA

Biokonjugat se sklad4d z luminoforu konjugovaného s biologicky aktivni pfirodni latkou
prostiednictvim linkeru. Luminofor mutze fungovat jako aktivni latka, napiiklad
ve fotodynamické terapii, kde pisobi jako fotosenzibilizator.>* Vyvinuté biokonjugaty BODIPY
vykazuji v kontextu lékatského a biochemického vyzkumu riiznorodé vlastnosti, které jsou

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

Vysledky predkladané dizertacni prace jsou rozd€leny do 3 ¢&asti, pficemz kazda z nich se
vénuje vyuziti mikroskopickych metod k lokalizaci nebo identifikaci bunécnych cilti biologicky

aktivnich latek.
Cil 1: Lokalizace bunécnych cilt derivati kyseliny betulinové zna¢enych pomoci BODIPY.

Cil 2: Lokalizace bunécnych cilii a monitorovani uvoliiovani aktivni latky z konjugétt kyseliny

3-hydroxy-chinolinové s aminoBODIPY.

Cil 3: Prokdzani proveditelnosti vysokokapacitni fenotypové testovaci metody zaloZené

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

pomoci BODIPY
3.1. Uvod

Terpeny a terpenoidy zahrnuji Sirokou a rtiznorodou skupinu organickych sloucenin,
nachazejicich se v mnoha riznych rostlinach a dalSich organizmech. Jsou slozeny z opakujicich
se izoprenovych jednotek, a mohou mit riznou skalu struktur a funkénich skupin, coz pfispiva

k rozmanitosti jejich biologickych aktivit. ' Né&které z téchto pfirodnich sloucenin maji

42,43 44,45

naptiklad protizanétlivé vlastnosti*>*, zatimco jiné maji antimykotickou***, antibakterialni*,

47,48

antivirovou*’* a protinadorovou* aktivitu.

Triterpeny obsahuji Sest izoprenovych jednotek, diky ¢emuz jsou vétsi nez vétsina ostatnich
terpentl. Maji charakteristickou strukturu, které se sklada z n€kolika fuzovanych kruhi, coz jim
dava strukturalni rigiditu.*® Jednim z priméarnich mechanismi G¢inku terpend je jejich schopnost
modulovat rtizné signalni drdhy v bunkach. Triterpeny mohou inhibovat rizné enzymy,
naptiklad protizanétlivé jako jsou cyklooxygendza a lipoxygenaza.’! Mohou také aktivovat
jaderné receptory, jako je gama receptor aktivovany peroxizomovym proliferatorem>2, coz hraje
roli v regulaci metabolismu glukézy a lipidi. Dal§im spoleénym mechanismem je down-
regulace drahy NF-kB a potlaceni produkce cytokint.>® Zajimavé je, Ze triterpeny inhibuji
efluxni pumpu MDR1, coZ by mohlo byt potencialné vyuzito ke zvySeni a¢innosti 1éka.>* Dale
mohou indukovat apoptézu, ve srovnani se soucasnymi protinddorovymi lécivy, je hlavni
vyhodou spousténi apoptozy vnitini cestou, nezavislou na signalizaci poskozeni DNA.3>¢
V tomto piipad¢ je mitochondridlni membrana permeabilizovana, cytochrom c¢ se uvoliuje
z mitochondrii do cytoplazmy, kde se podili na tvorbé& apoptozomu.’” Vzhledem k jejich
slibnym vysledkiim v protinadorovém vyzkumu je velmi dillezité 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 €asto derivatizovana pro zvySeni
rozpustnosti, terapeutickych u¢inkt a zacileni na konkrétni misto GCinku.’® BA je také
selektivné cytotoxickd pro fadu nadorovych bunék®-! a aktivitni proti HIV-1.92 Diky
riznorodym mechanismiim pisobeni BA je mozné piedchdzet vzniku rezistence, coz ji €ini

slibnym kandidatem pro 1é¢bu nddort odolnych vii¢i béznym chemoterapeutikiim.
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Obrazek 5: Molekularni struktura kyseliny betulinové s vyznaenymi pozicemi

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

Jednim z mechanismii je piimé pisobeni BA na mitochondridlni membranu®, a dale
indukce tvorby reaktivnich forem kysliku, které zplsobuji nespecifické poSkozeni

mitochondrii.??

Podobnym zplisobem je inhibovan rlst nddoru, pomoci Uplného nebo
Casteéného zpomaleni angiogeneze®, které je dosazeno modulaci mitochondrii.% Dal§im
popsanym mechanismem ucinku je inhibi¢ni aktivita vic¢i topoizomeraze 128, a modulace
funkce transkrip¢nich faktort Sp1, Sp3 a inhibice faktoru Sp4, prostfednictvim na proteazomu

nezavislé regulacni draze.

V minulosti bylo prokazano, ze BA ma anti-HIV-1 aktivitu. I kdyz vysledky testl nebyly
pievratné a u¢inek byl pozorovan pouze pii relativné vysokych koncentracich.? Tento objev
vedl k syntéze n¢kolika dalSich analogt, jednim z analogl se silnou anti-HIV-1 aktivitou byl
3-0-(3,3-dimethylsukcinat) betulinové kyseliny, zndmy jako bevirimat (BT).®” BT pusobi jako
inhibitor zrani virionu HIV-1, pfi¢emz inhibice zrdni virovych ¢astic se zda byt kritickym
bodem terapie. Béhem faze zrani virovd protedza Stépi Gag polyprotein, za soucasného
uvoliiovani jednotlivych strukturnich proteinti. Poslednim krokem je Stépeni p25 CA-SP1
na funkéni protein p24 CA. Inhibice posledniho kroku zrani ma za néasledek vznik virové ¢astice
s aberantné vytvofenymi zralymi jadry, kterd nejsou dale schopna infekce.®® BT postoupil
do druhé faze klinického testovani®-’°, béhem niz byla pozorovana redukce viru u 40-50 %
pacientil. Zbytek pacientll si vyvinul rezistenci v disledku pfirozené polymorfni variace

v polyproteinu Gag.”' S timto vysledkem byly klinické studie ukon&eny.

Vzhledem k vlastnostem BA zminénych vySe neni pfekvapenim, Ze se ji zabyvalo mnoho
vyzkumnych skupin. Za posledni dobu byly pfipraveny stovky derivati, s derivatizaci vSak
oCekavany efekt Casto zmizel, rychle se vyvinula rezistence nebo dramaticky vzrostla toxicita
pro nenadorové bunky. K nejcastéjsim modifikacim BA dochdzi v polohdch 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 milzZe vyznamné zvysit protinddorovou

aktivitu.”>-76

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
konjugati. Prvni studii popisujici konjugaci BA s BODIPY provedli Krajéovi¢ova a kol. v roce
2018. (Ptiloha 3, déle 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 konjugatt jsou na obrazku 6. Jejich publikace ukazala vliv rznych linkerG mezi
triterpeny a BODIPY molekulou. Rozdil v cytotoxicité, zavisly na zvoleném linkeru, dokazuje
dulezitost a vyznam vhodného linkeru mezi triterpenem a primarni skupinou.’® Pozd&ji Brandes
a kol. publikovali syntézu a charakterizaci triterpenoidi znacenych aza-BODIPY,
potencionalné vyuzitelnych jako proby pro znaceni endoplazmatického retikula. Konjugaty

triterpenoid-aza-BODIPY nevykazovaly zadnou cytotoxicitu na riznych bunéénych liniich.®?

Nejrozséahlejsi vysledky byly ziskdny ve studii BA upravené polarnimi skupinami a
BODIPY s modrou fluorescenci. Toto barvivo je jedine¢nym piikladem v literatufe a je velmi
vhodné pro fluorescenéni aplikace. Oproti bézné pouzivanym kumarinim pievySuje
fotochemické vlastnosti a v porovnani s klasickym BODIPY-FL dokdze zachovat pfirozené
vlastnosti konjugati. Analoga znac¢end BODIPY s modrou fluorescenci odvozena od BA byla

ptipravena v praci Kodr a kol. (Pfiloha 2, soucasti podkapitoly 3.3 Vysledky a 3.4 Diskuze).

Kromé¢ BODIPY byly triterpenové konjugéty syntetizovany a studovany s riznymi dal§imi
fluorescen¢nimi znackami. Vyznamnou skupinu publikovanych praci predstavuji konjugaty
s thodaminem a prvni vysledky byly shrnuty v prehledu od Hoenke a kol. v roce 2020.3
Na zékladé vysledki uvedenych v téchto pracech je mitokanicky efekt (nejcastéjsi ti¢inek
téchto molekul) zavisly také na pouzitém linkeru, kdy je aminovy linker U¢inngj$i nez
piperazinylovy. Konjugaty mohou cilit na mitochondridlni NADH dehydrogenazu a
mitochondrialni sukcinatdehydrogenazu, které jsou soucéasti mitochondridlniho elektronového

transportniho fetézce, coz vede ke zvySené produkci reaktivnich forem kysliku.®*
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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 prostednictvim amidové nebo esterové skupiny na C-3 (Cervena tecka)

nebo C-28 (modré tecka) nebo C-30 (zelend tecka) 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). Bun&na linie byla udrzovana v TPP 75 cm?
tkanovych kultivacnich lahvich a kultivovana v McCoyové 5a kultivaénim médiu s 10%
fetalnim telecim sérem, za standartnich kultiva¢nich podminek pii 37 °C a 5% CO,. Bunééné
suspenze byly pfipraveny podle instrukci ATCC pro subkultivaci. VSechny testované latky byly
rozpustény v 100% roztoku DMSO, byl u nich proveden test cytotoxicity (MTS test) a
skladovany byly v monitorovanych podminkach chemické knihovny UMTM.

Seznam pouzitych chemikélii a roztoki:

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

5x SDS lyzacni 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)
Dihydrogenfosforecnan draselny (KH>POj4) (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 (NaxHPO4-2H>0) (kat. ¢. 30388APO, LECH-NER)
Metanol (kat. ¢. 10202LP20-10000, MIKROCHEM)

Ortovanadi¢nan sodny (Na3VOs4) (kat. ¢. S6508, SIGMA ALDRICH)

10x PBS pufr s inhibitory (5 mM NayP>O7;, 1 mM NazVO4, SmM NaF, ImM PMSF
rozpusténého v 1 ml 100% methanolu, celé do 1 1, 1x PBS, pH = 7,4)

Peroxodisiran amonny (APS) (kat. ¢. A3678, SIGMA ALDRICH)
Pyrofostat sodny (Na,P,0O7) (kat. ¢. P8010, SIGMA ALDRICH)

Separacni gel 12% (3 ml Akrylamid/Bis roztok (30%) 29:1, 1,875 ml 1,5 M Tris-HCI o pH =
8,8, 75 ul 10% SDS, 75 ul 10% APS, 2,475 ml H>O 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. ¢. BP80, CHEMAPOL)

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

Postup prace pfi mikroskopii zivych bunék oSetfenych derivaty BA znacenych BODIPY-FL

Bunky U20S (2500 buné¢k 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. Bunky byly nasledné¢ oSetieny testovanymi konjugaty BA-BODIPY
v koncentraci 50 pM pomoci Echo®550 liquid handler (Labcyte, USA) a poté inkubovany
pti 37 °C a 5% COz po dobu 3 hodin. Po uplynuti inkuba¢ni doby byly butiky znac¢eny barvivem
Hoechst v koncentraci 1,62 uM pii 37 °C a 5% COa po dobu dalSich 20 minut. Dale byly
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obarvené¢ bunky dvakrat oplachnuty cCerstvym médiem. Zobrazovani zivych bunc¢k bylo
provedeno pomoci Cell Voyager CV7000 (Yokogawa, Japonsko) pii 37 °C v atmosfére 5%
CO.. Zivé buiiky byly monitorovany s objektivem 60x s vodni imerzi. Viechny snimky byly

nasledné zpracovany, véetné odecteni pozadi a dekonvoluce pomoci softwaru Image J.

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

znacenych ER-Trackerem

Postup je totozny s vyse uvedenym, pouze pii pridani barviva Hoechst byl pfidan i

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

Postup priace pii mikroskopii fixovanych bunék oSetifenych derivity BA znadenych

BODIPY-FL

Postup je opét totozny s vySe uvedenym, az na nasledujici: Obarvené bunky byly dvakrat
oplachnuty cerstvym médiem a jednou PBS pufrem, s poslednim fixaénim krokem pomoci
ledového roztoku 70% methanolu. Zobrazovani fixovanych bun¢k bylo provedeno pomoci Cell
Voyager CV7000 (Yokogawa, Japonsko), buniky byly mikroskopovany objektivem 60% s vodni

imerzi.

Postup prace pii detekci derivata BA znacenych BODIPY-FL po separaci na SDS-PAGE

Dva miliony U20S bunék bylo vysazeno na kultivaéni misku, po 24 hodinach prekultivace
byly buiiky oSeteny latkami (50 pM) po dobu 3 nebo 4 hodin. Po uplynuti inkubace byly buiky
dvakrat promyty PBS pufrem s inhibitory a dvakrat pouze PBS pufrem. Dale byl v poméru 1:5
natfedén 5xSDS lyzaéni pufr a PBS puft s inhibitory. Tento roztok o objemu 300 pl byl ptfidan
do kazdé misky s oSetfenymi buitkami, butiky byly lyzovany a lyzat byl pfenesen do eppendorf
zkumavek. Bunécéné lyzaty byly povafeny 10 minut pii 95 °C. Po vychladnuti byly vzorky

bezprostiedné separovany pomoci SDS-PAGE, nebo zamrazeny pfi -20 °C pro pozd¢jsi pouziti.

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

Fluorescence Scanner.
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Pokud byly vzorky ptfed SDS-PAGE precipitovany TCA/Aceton metodou, bylo to podle
nasledujicitho 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 hoding pii -20 °C. Néasledn¢ 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 ¢tyfikrat. Po poslednim
opakovani byl aceton nahrazen THF a vzorky byly opét centrifugovany. Poté byl THF odebran
a peleta se nechala vysusit v digestofi pii pokojové teploté. Peleta byla rozpusténa v piivodnim

objemu SDS lyza¢niho pufru.

Postup prace pii mimikroskopii zivych bunék oSetfenych derivaty BA znacenych BODIPY

s modrou fluorescenci

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

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

Bunééné linie U20S exprimujici fluorescencni fuzni proteiny byly nasazeny (v poctu
1000 bun¢k v objemu 30ul v jamce) do 384jamkovych destiek CellCarrier (PerkinElmer,
USA) a preinkubovany po dobu 24 hodin pti 37 °C a 5% CO,. Adherované buiiky byly oSetfeny
testovanymi slouceninami v koncentraci 10 uM (Echo®550 liquid handler, Labcyte, USA)
po dobu 1 hodiny a nasledné oplachnuty cerstvym médiem. Zobrazeni zivych bunck bylo

provedeno konfokalnim mikroskopem Cell Voyager CV7000 (Yokogawa, Japonsko) pii 37 °C
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v atmosféte 5% CO». Zivé buiiky byly mikroskopovany objektivem 60x s vodni imerzi.
Fluorescencni signdl byl excitovan lasery (405 nm a 561 nm) a pozadovand emise byla
filtrovana pomoci pasmovych filtrti (BP 445/45 a BP 595/20). VSechny snimky byly nésledné
zpracovany v softwaru Image-J, Pearsoniiv a Mandersiiv 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 Krajcovicova a kol. 2017
(Ptiloha 3) a doplnujici vysledky.

Skupina deviti derivatl BA zna¢enych BODIPY-FL byla studovana na bunééné linii U20S,
pfi¢emz 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 bunc¢k jsou uvedeny
na obrazku 8. Vzor barveni odpovidal strukturdm endoplazmatického retikula a mitochondrii,
coz jsme chtéli potvrdit kolokalizacnimi experimenty. Bohuzel fluorescencni signal
ER-Trackeru byl kontaminovan signdlem testovanych konjugatii, jako ptiklad je uveden
konjugat 7 naobrazku9. Kromé pozorovani cerveného fluorescenéniho signdlu
pti mikroskopii bun€k oSetfenych konjugatem 7, jsme testovali i samostatny konjugat 7
v HEPES pufru (obrazek 9). Kvilli kontaminaci signalu jsme provedli experiment, kdy oSetfené
buiiky byly po promyti médiem zafixovany ledovym methanolem, tento pfistup by umoznil
provést vice dalSich promyvacich krokd. Detekce konjugétli ve fixovanych buiikéch ukazala
pfitomnost konjugatii 2, 7 a 9 a s nizkou intenzitou fluorescence u konjugatt 1, 3 a 4, avSak
vzor znaceni byl odliSny oproti nefixovanému barveni. Toto nés ptivedlo k hypotéze o existenci
mozné kovalentni vazby derivati na bunécny 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 vzorkt, kde po precipitaci proteint
TCA/Aceton metodou doslo k promyti THF, ktery je silnym organickym rozpoustédlem a mé¢lo

by velmi dobfe odmyt nenavazané fluorescencni konjugaty (obrazek 11B).
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OEG konjugovany linker
n=1or2

Obrazek 7: Molekularni struktury testovanych BODIPY derivati kyseliny betulinové 1-9,
konjugovanych prostfednictvim esterové skupiny na C-3 (Cervend 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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Obrazek 8: Bunécna linie U20S oSetfend testovanymi konjugéaty 1-9. 'V
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A Bunécna linie U20S oSetfena testovanymi konjugaty 1-9 a kontrolnim konjugatem 10.
Buniky byly oSetfeny 50 pM koncentraci latky po dobu 3 hodin, jadra byla nabarvena Hoechst
anasledné byly buiiky dvakrat oplachnuty cerstvym médiem. Zobrazeni objektivem 60, 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: Bunécnd linie U20S oSetfena konjugatem 7 (Cerveny signal), v koncentraci
50 uM, po dobu 3 hodin a jadra naznacend Hoechst (modry signdl). Bunky byly
pted zobrazenim dvakrat promyty cerstvym 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 fazovy kontrast.

29



Obrazek 10: Buncécna linie U20S oSetfend testovanymi konjugaty 1-9 a kontrolnim
konjugatem 10. Bunky byly oSetfeny 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
(mefitko 100 pm), modry kanal = Ex 405 nm, Em BP 445/45 nm a zeleny kanal = Ex 488 nm,
Em BP 515/30 nm.
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Obrazek 11: SDS-PAGE separace U20S bunécénych lyzath oSetienych testovanymi
konjugaty 1-9 a kontrolnim konjugatem 10. Detekce fluorescencniho 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 lyza¢nim 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 znacené BODIPY s modrou fluorescenci — vysledky publikované v Kodr a kol.
2021 (Ptiloha 2).

Skupina Sesti derivati BA a BODIPY (struktury na obrazku 12) byla studovana na bunééné
linii U20S-Nuc s jadrem znacenym fluorescenénim proteinem mCherry. Jako kontrola byla
pouzita funkéni barviva BODIPY (BODIPY-NH: a BODIPY-CO;H), stejn¢ jako prekurzor
BODIPY-SMe (struktury BODIPY kontrolnich derivati jsou na obrazku 13). VSechny
fluorescencni mikroskopické snimky tohoto pilotniho experimentu jsou zobrazeny na obrazku
14. Pro dosazeni lepsi specificity barveni jsme se zaméfili na kratkou inkubaci
s fluorescencnimi konjugaty. Po kratké inkubaci (1 h) byly konjugaty 11 a 16 z této skupiny
derivath lokalizovany v zivych bunkach, ale pouze se slabym signdlem v jadfe studované
bunécné linie (obrazek 15B — Pearsonliv a Mandersiiv koeficient). Funkéni BODIPY barviva
nebyla v bunécné linii U20S-Nuc detekovana, a proto je vysoce pravdépodobné, ze bunééna
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 bunkach
detekovany; je vSak mozné, ze signidl bude mozné pozorovat v pozdgjSich intervalech.
BODIPY-SMe je reaktivni diky 8-thiomethylové skupiné a bylo ptedpokladano, Zze pronika
do bunécnych kompartmenti; toto bylo potvrzeno fluorescenéni mikroskopii (obrazek 14-18).
Pro dal$i studium bunécné lokalizace konjugati 11 a 16 jsme se rozhodli pokracovat
fluorescenni mikroskopii na bunécnych liniich s fluorescencné znacenymi strukturami
endoplazmatického retikula, mitochondrii a Golgiho aparatu, coz jsou nejvice publikované cile
BA (dale rozvedeno v 3.4 Diskuze). Vysledky téchto kolokalizanich experimentl jsou
ukdzany na obrazku 15. Oba konjugaty prokazaly pfitomnost ve vice bunéénych strukturach.
Pearsontiv koeficient, ktery byl pouzity k hodnoceni kolokalizace (obrazek 15B) ukézal
korelace byla naméfena v bunééné linii U20S-GA. Kdyz jsme kolokalizaci vyjadfili
Mandersovym koeficientem (piekryti Cerveného kandlu — subceluldrni struktura oproti
modrému kanalu - latka), ktery je specifictéjsi pro vypocet kolokalizace signalu prezentované¢ho
ve vice bunécnych strukturach, ziskané data ukazala, Ze oba konjugaty 11 a 16 tém¢t dokonale
zna¢i mitochondrie a endoplazmatické retikulum. Nejniz$i kolokaliza¢ni signal byl opét
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. Celé zorna pole, ze kterych byl vytvotfen obrazek 15A jsou na obrazcich 16-18.
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Obrazek 12: Molekularni struktury testovanych triterpen-BODIPY derivati kyseliny
betulinové 11-16, konjugovanych prostiednictvim esterové skupiny na C-28 (modra tecka)

nebo C-3 (Cervena tecka) pozice molekuly triterpenu.

NH2 OH

\L O%\L
NH NH
=Nt N/ /NfB_N / /NTB N/

FF r

F
BODIPY-SMe BODIPY-NH BODIPY-CO,H

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

Obrazek 14: Bunécna linie U20S, se znaCenym jaddrem mCherry fluorescen¢nim
proteinem, ovlivnéna testovanymi triterpen-BODIPY 11-16 a kontrolnimi BODIPY derivaty.
Buniky byly oSetfeny 10 uM koncentraci latky po dobu 1 hodiny a nasledné oplachnuty
cerstvym médiem. Zobrazeni objektivem 60x (méfitko 100 pm), modry kanal = Ex 405 nm,

Em BP 445/45 nm, ¢erveny kandl = Ex 561nm, Em BP 595/20 nm.
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Obrazek 15: A — Bunécna linie U208, se znaCenymi subcelularnimi strukturami mCherry
fluorescenénim proteinem, ovlivnénd testovanymi triterpen-BODIPY 11 a 16 a kontrolnim
BODIPY-SMe derivatem, neosetiené bunky predstavuji kontrolu. Buniky byly osetfeny 10 uM
koncentraci latky po dobu 1 hodiny a nasledné oplachnuty cerstvym médiem. Zobrazeni
objektivem 60x (méfitko uvedeno u vyiezu snimku), modry kandl = Ex 405 nm, Em BP

445/45 nm, ¢erveny kanal = Ex 561 nm, Em BP 595/20 nm. ¥
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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 snimkti uvedenych na obrazcich 16—18 v programu ImageJ (plug-in JACoP).

Kombinace Modry kanal Cerveny kanal

11

BODIPY-SMe

Obrazek 16: Bunécna linie U20S, se znacenym endoplazmatickym retikulem mCherry
fluorescen¢nim proteinem, ovlivnénd testovanymi triterpen-BODIPY 11 a 16 a kontrolnim
BODIPY-SMe derivatem. Buiiky byly oSetfeny 10 uM koncentraci latky po dobu 1 hodiny a
nasledné oplachnuty ¢erstvym médiem. Zobrazeni objektivem 60x (méfitko 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

BODIPY-SMe

Obrazek 17: Bunécna linie U20S, se znac¢enymi mitochondriemi mCherry fluorescen¢nim
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 nésledné
oplachnuty Cerstvym médiem. Zobrazeni objektivem 60x (méfitko 100 pm), modry kanal = Ex

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

11

16

BODIPY-SMe

Obrazek 18: Bunétna linie U20S, se znaCenym Golgiho apardtem mCherry
fluorescenénim proteinem, ovlivnénd testovanymi triterpen-BODIPY 11 a 16 a kontrolnim
BODIPY-SMe derivatem. Buiiky byly oSetfeny 10 uM koncentraci latky po dobu 1 hodiny a
nasledné oplachnuty ¢erstvym médiem. Zobrazeni objektivem 60x (méfitko 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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3.4. Diskuze

V této Casti prace byly zkoumény na bunécné linii U20S dvé skupiny derivati BA znadené
BODIPY. Prvni skupinu tvofilo devét derivati 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 konjugatt, s vyjimkou
variant 5 a 10, lokalizovéana v Zivych buiikach (obrazek 8). Cas experimentu byl optimalizovan
tak, aby bylo mozné pozorovat prvotni reakci buné€k na testované latky. Jednotna koncentrace
(50 uM) byla vybrana na zaklad¢ dat z cytotoxického MTS testu, kde nejvyssi aktivitu na linii
U20S vykazoval konjugat 2 a déale konjugaty 7, 1 a 9 (sefazeno podle miry cytotoxicity).
Ostatni testované konjugaty nevykazovaly Zadnou cytotoxickou aktivitu na bunécéné linii U20S
(tedy IC50 > 50 uM). Data nejsou soucasti této prace, ale jsou publikovana v Krajéovicova a
kol. 2018 (Ptiloha 3). Konjugat 5, stejn¢ jako kontrolni konjugat 10, nevykazoval zadnou
aktivitu v cytotoxickych testech ani pii mikroskopii Zivych bun€k jim oSetfenych. Toto
naznacuje, ze aktivita testovanych latek souvisi s triterpenoidni ¢asti. Konjugét 2 obsahuje
Michaeliv akceptor (v tomto pfipadé akroleinovou skupinu), ktery byl pravdépodobné
zodpovédny za jeho vysokou cytotoxicitu a také odlisSny vzor fluorescencniho barveni.
Pozorovali jsme homogenni oznaceni bunééné cytoplazmy, coz je pravdépodobné zplisobeno

nespecifickou kovalentni interakci s mnoha intracelularnimi proteiny.3>

Vzor barveni ostatnich analyzovanych latek odpovidal strukturdm endoplazmatického
retikula a mitochondrii, coz jsou publikované cile triterpenoidnich derivati lupanu.364” Provedli
jsme proto dopliujici znaceni ER-Trackerem pro vizualizaci endoplasmatického retikula a
vypocet kolokaliza¢niho koeficientu. Bohuzel, signdl ER-Trackeru byl kontaminovam
signalem testovanych konjugat, jako ptiklad je uveden konjugat 7 na obrazku 9. K tomuto
doslo pravdépodobné kvili Spatné rozpustnosti lipofilnich derivéatii BA ve vodnych roztocich a
tvorbé agregati testované latky. Vzhledem k tomu, Ze agregace nastala i v prostfedi samotného
HEPES pufru (obrazek 9B), tedy v prostiedi bez proteint a dalSich slozek kultivaéniho média,
muizeme tyto z reakce vyloucit. Problematicka rozpustnost BA ve vodnych roztocich je navic
dobie popsany jev.®® Pro dalsi testovani kolokalizace jsme se rozhodli ovéfit detekci konjugati
ve fixovanych buikéch, které poskytuji moznost vice promyvacich krokt a to 1 organickymi

rozpoustédly a tedy potenciondlné omezeni kontaminace signalu ER-Trackeru.

Snimky z mikroskopie U20S buné¢k oSetienych konjugaty 1-10 (bez konjugatu 5, ktery

nebyl lokalizovéan v zivych buiikach) a poté fixovanych metanolem jsou na obrazku 10. Oproti
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experimentu s zivymi buiilky, jsme nyni detekovali pouze konjugaty 2, 7 a 9 a s nizkou
intenzitou fluorescence konjugaty 1, 3 a 4. Uvedené konjugaty patii k tém cytotoxicky
aktivnim. Konjugét 7 nese na triterpenové struktufe pyrazin a stejna struktura byla naznacena
jako konjugat 6, ktery ale obsahuje kratsi linker. Rozdil mezi barvenim zivych a fixovanych
bunék, kdy u fixovanych pretrval jen konjugat 7, dokazal, Ze pro aktivitu derivati byla stézejni
délka linkeru, kdy favorizovana byla delsi varianta. Toto tvrzeni bylo podpoieno i vysledky
MTS testu. Pozdéji Brandes a kol. publikovali, Ze i rozdilné sloZeni linkeru mize byt dilezité
pro aktivitu fluorescenénich derivati.’® Patern znaceni byl u fixovanych bunék narusen, proto

jsme nemohli déle specifikovat miru kolokalizace.

Nicméné, tato pozorovani nas vedla k hypotéze o vzniku kovalentni vazby derivatti na jejich
bunécny cil. Tuto myslenku jsme se rozhodli otestovat provedenim SDS-PAGE
za denaturujicich podminek. Separace proteinli z bunéCnych lyzati oSetfenych konjugaty
detekovanymi ve fixovanych bunkidch a naslednd detekce fluorescencniho signélu
(odpovidajicimu fluorescenci BODIPY-FL) v gelu je na obrazku 11. Signal byl detekovan i
v pripad¢, kdy SDS-PAGE ptedchazela precipitace proteintt TCA/Aceton metodou a promyti
THF, tedy silnym organickym rozpoustédlem %° (obrazek 11B). Jak jiz bylo uvedeno vyse,
konjugéat 2 obsahuje velmi reaktivni Michaeliiv akceptor a podobné jako v ptedchozich
experimentech jsme v gelu detekovali cetné bandy, odpovidajici pravdépodobné mnoha
proteinim. Konjugat 4 nese motiv diketonu, zatimco konjugét 3 nese monoketonovou skupinu.
Diketon v tomto pfipad¢ je vice potentni pro tvorbu kovalentni vazby, coz jsme pozorovali
na pomérné vysSim signalu fluorescence zbandu detekovaného u vzorku oSetfen¢ho

konjugéatem 4.

Druhou skupinou testovanou v této ¢asti prace bylo Sest derivati BA a BT znacenych
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 pouzity
barviva BODIPY-NH> a BODIPY-CO:H spolu s prekurzorem BODIPY-SMe. Struktury téchto
sloucenin jsou uvedeny na obrazcich 12 a 13. Kratkd inkubace (1 h) s fluorescenénimi
konjugaty (10 uM) ukdézala lokalizaci konjugati 11 a 16 v zZivych builkdch (obrazek 14).
Konjugat 11 mé ve své struktuie fluorofor ptipojeny ke karboxylové skupiné 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 pfipojen 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 miize byt tato amino skupina pouzita pro intraceluldrni cileni
na mitochondrie, jak bylo popsano v piedchozich vyzkumnych pracich.”>*° Pro ovéfeni jsme
provedli kolokaliza¢ni experimenty (obrazek 15), kde jsme byli schopni oba konjugéty 11 a 16
témét dokonale kolokalizovat s endoplazmatickym retikulem a mitochondriemi, coz je
v souladu s pfedchozimi pracemi, vcetné vySe uvedené, ukazujicimi interakci s procesy a
proteiny lokalizovanymi v téchto organelach.®*°1%2 Protoze lokalizace obou sloudenin je
podobna, je pravdépodobné, ze piimy cil zlstal nezménén, ale ti¢inek konjugatu 16 byl zesilen
pfitomnosti volné aminové skupiny v molekule. Lokalizace sloucenin v kompartmentech
bohatych na lipidy (mitochondrie, endoplazmatické retikulum) muize byt také vysvétlena

polarnim charakterem BA a jeho analogt.”?

Celkem bylo studovano 13 fluorescen¢nich derivati BA a 2 fluorescencni 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 allylovéa funkéni skupina zachovana volna pro
vazbu. Zavedeni amino skupiny se ukéazalo jako velmi u€¢inné pro zvyseni biologické aktivity.
Bunééné cile testovanych fluorescenénich derivati byly lokalizovany v endoplasmatickém
retikulu, mitochondriich a castecné v Golgiho aparatu. Tato Cast prace popisuje prvni
publikované spojenti triterpent s BODIPY barvivem a také prvni spojeni s modrym BODIPY

barvivem.
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4. Lokalizace bunécnych cilii a monitorovani uvolfiovani aktivni latky
z konjugati kyseliny 3-hydroxy-chinolinové s aminoBODIPY.
41. Uvod

Schopnost lokalizovat a monitorovat 1é¢ivo v biologickém systému, vcetné jeho bunécéné
penetrace a ndsledného uvolnéni aktivni latky, je jednim z klicovych kroki ve vyvoji novych
transportnich 1ékovych systému (drug delivery systém, DDS).** Nejcast&ji vyuzivanou metodou
jsou fluorescencni techniky s pouzitim riznych barviv (kumariny, cyaniny, atd). Velmi ¢asto
jsou pouzivana k témto ucelim BODIPY barviva s celkovym neutralnim nabojem, jejichz
optické vlastnosti I1ze fidit derivatizaci, jak jiz bylo zminéno diive. Optické zobrazovaci metody
Casto vyuzivaji aktivovatelné sondy, jejichz signél se zesiluje v pfitomnosti biomarkeru, nebo
v disledku specifickych molekularnich udalosti. Tento jev je zasadni pro OFF-ON nebo ON-
OFF systémy pouZivané v riznych experimentalnich nebo i diagnostickych aplikacich.”>-7
Nejvétsi vyhoda téchto fluorescencnich systémi je potom méfeni poméru signalti®®*°, kdy
pfi jedné excitacni vinové délce jsou dosaZena dvé emisni maxima, nebo dvé excitani vinové
délky maji jeden emisni vrchol. Takové systémy prekonavaji nékteré nevyhody jednoduchych
intenziometrickych systému, pfedevsim tedy faleSnou odezvu zplsobenou kolisanim 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 formé je dulezitym indikatorem bunécného redoxniho stavu, urcujiciho antioxida¢ni
kapacitu bunék.'”! Zmény syntézy, metabolismu a homeostazy GSH jsou spojeny s mnoha
nemocemi: nedostatek GSH miiZze vést naptiklad k progresi Parkinsonovy choroby, imunitnim
dysfunkcim, onemocnéni jater a cystické fibroze!??, zatimco zvySené hladiny GSH se nachazeji
u mnoha typi rakoviny, a mohou ovlivnit rezistenci na radia¢ni terapii nebo chemoterapii.!®
Hladina GSH u né¢kterych nadorit (0,5 —10 mM) je 10ndsobnd ve srovnani s normalnimi
buiikami!®, Eehoz lze vyuzit jako intracelularnich stimulti 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 uvoliiovani

105-108

aktivni latky pomoci fluorescence , jen nékolik jich umoziovalo sledovani pomért
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signal.!9-11% Tyto zavedené ratiometrické systémy s OFF-ON efektem reaguji na pfitomnost
GSH a jsou zalozeny na principu jedné excitace a dvou emisich pti riznych podminkéch. Jejich
nevyhodou je vyuziti FRET pienosu mezi kampotecinem (1€¢ivo) a fluorescen¢nim barvivem.
Takovy systém tedy postradd obecnou aplikaci pro 1é¢iva bez ohledu na jejich fluorescencni

vlastnosti.

Jeden z nejucinnéjsich pristupd, jak selektivné cilit 1é¢ivo do vybranych bunék, je zalozen
na interakci konjugatu léku a ligandu, se schopnosti cilit na specificky membranovy
receptor.!"!13 Jako mozny receptor, potom miZe slouzit heterodimerni transmembranovy
receptor integrin onf3!!'4, ktery je vysoce exprimovan v aktivovanych endotelidlnich buiikach,
ale chybi v klidovych endotelidlnich bunikach, coz ¢ini tento receptor vhodnym cilem
pro antiangiogenni terapii.!'> Kromé& toho byla nadmérnd exprese integrinu owB3 popsana

v nadorovych buiikkdch karcinomu tlustého stieval'®, slinivky b#igni'l?
> y

, prsu''® a plic!?,
u melanomi!?® a mozkovych tumorti.!?! Integriny oyfs reaguji s peptidovym motivem RGD
(arginin-glycin-asparagin) zejména v jeho cycklické 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'2*

ukdzaly, ze
dosahuji zlepSenych terapeutickych uc¢inkd in vitro stejné¢ jako invivo ve srovnani
s odpovidajicimi volnymi Iéky. Konjugat s cilengitidem a cRGD byl testovan v klinické studii

zaméfené na terapii glioblastomu.!®

Specifickd odezva DDS v pfitomnosti vybraného biomarkeru, zplsobujiciho nasledné
uvolnéni 1é¢iva, umoziuje vyuziti konjugati jako moznych teranostik.'? Vyznam téchto
konjugati pro terapii je dobie popsan v nékolika publikovanych piehledovych ¢lancich.!?7-129
Jak jiz bylo zminéno vySe, ptfestoze se vizualizace bézné provadi pomoci fluorescence, tato
technika obvykle zdvisi na intenziometrické nebo pomérové odezveé fluorescence z 1€k, jako
je kamptotecin!® nebo doxorubicin.!? V této praci testované a diskutované konjugaty obsahuji
univerzalni a jednoduché fluorescenéni barvivo aminoBODIPY, které umoziuje sledovani
vstupu konjugatu do bunky a poté uvoliiovani 1é¢iva. Jako modelova 1éciva byly vybrany
derivaty 2-fenyl-3-hydroxy-4(1H)-chinolinonu (3HQ), zndmé pro svou protinddorovou

aktivitu.!3°
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Obrazek 19: Integrin oyf3 reagujici s RGD peptidem, ktery nese konjugat DDS.
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4.2. Material a metody

Pro testovani jsme pouzili bunéénou linii HeLa odvozenou od karcinomu délozniho ¢ipku
a zakoupenou z ATCC. Bunééna linie byla udrZzovana v TPP 75 cm? tkanovych kultivaénich
lahvich a kultivovana v Eaglové minimélnim kultivacnim médiu s 10% fetdlnim telecim sérem,
za standartnich kultiva¢nich podminek pti 37 °C a 5% CO». Bunécné 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 chemikélii a roztoki:

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

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

Postup prace pii mikroskopii zivych bunék oSetfenych 3HQ-aminoBODIPY konjugaty 17-19

Bunky HeLa (3000 bunék v objemu 30 pl v jamce) byly nasazeny do 384jamkové desticky
CellCarrier (PerkinElmer, USA) a byly inkubovéany po dobu 24 hodin pti 37 °C a 5% CO:
pro adherenci bunék. Buniky byly pfed samotnym oSetfenim latkami preinkubovany s 20 mM
GSH po dobu 2 hodin, pti¢emz poslednich 20 minut byla jadra nabarvena fluorescencnim
barvivem Hoechst v koncentraci 1,62 uM. Dale byly obarvené buniky oplachnuty cerstvym
médiem a oSetfeny testovanymi latkami v koncentraci 10 uM pomoci Echo®550 liquid handler
(Labeyte, USA) po dobu 2 min a oplachnuty znovu Cerstvym médiem. Zobrazovani zivych
buné¢k bylo provedeno pomoci konfokalniho mikroskopu Cell Voyager CV7000 (Yokogawa,
Japonsko) pii 37 °C v atmosfére 5% COs. VSechny mikroskopické snimky byly pofizeny
za vyuziti objektivu 40% s vodni imerzi a ndsledné¢ zpracovany, vcetné¢ odecteni pozadi a
dekonvoluce pomoci softwaru Image J. Kvantifikace intenzity fluorescence byla provedena
v programu Columbus (PerkinElmer), intenzita byla pocitdna 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 pifi mikroskopii zivych bunék oSetfenych 3HQ-aminoBODIPY konjugaty 20-21

Bunky HeLa (10 000 bunék v objemu 100 pl v jamce) byly nasazeny do 96jamkové desticky
CellCarrier (PerkinElmer, USA) a byly inkubovéany po dobu 24 hodin pii 37 °C a 5% CO:
pro adherenci bun¢k. V prvni skupin¢ byly builky, pfed samotnym oSetfenim latkami,
preinkubovany s | mM NEM po dobu 30 min, poté oplachnuty cerstvym médiem a inkubovany
s testovanymi slou¢eninami (50 uM) po dobu 1 hod a znovu proplachnuty cerstvym médiem.
Druha skupina buné€k byla pouze inkubovana s testovanymi latkami (50 uM) po dobu 1 hodiny
a oplachnuta Cerstvym médiem. Tteti skupina bunck byla inkubovéna s testovanymi latkami
(50 uM) po dobu 1 hodiny a poté oplachnuta ¢erstvym médiem s 20 mM GSHOEt. Zobrazovani
zivych bunék bylo provedeno pomoci mikroskopu Cell Voyager CV7000 (Yokogawa,
Japonsko) pii 37 °C v atmosféie 5% CO». 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 nésledné
emisi BP 515/30 a BP 595/20. VSechny snimky byly néasledné 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 snimki

na variantu experimentu.

Postup price prii intracelularnim S$tépeni konjugdtu 20 glutathionem a sledovani jeho

fluorescence

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
pii37 °C a 5% CO;. V prvni skupiné 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.
Druhé skupina buné¢k byla pouze inkubovana s testovanymi latkami (50 uM) po dobu 1 hod a
oplachnuta Cerstvym médiem. Tieti skupina bunck byla inkubovana s testovanymi latkami
(50 uM) po dobu 1 hod a poté oplachnuta Cerstvym médiem s 20 mM GSHOEt. Intenzita

fluorescence byla métena pomoci EnSpire spektrofotometru (PerkinElmer, USA) se dvéma
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odecty pro kazdy ¢asovy bod a kazdou variantu experimentu, nejdiive excitace pti 480 nm a

emise pii 530 nm a poté excitace pfi 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% CO,. Buiky byly preinkubovany s volnym cRGD peptidem v koncentraci 10—
100 uM po dobu 30 min pfed oSetfenim testovanymi latkami. Poté bylo odpipetovano médium
a buiiky byly oSetfeny testovanymi latkami (10 uM) po dobu 10 minut. Buiikky byly dale
promyty cerstvym médiem a intenzita emise fluorescence byla méfena pomoci EnSpire

spektrofotometru (PerkinElmer, USA) s nastavenim excitace pii 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 lé¢iva byly pouzity slouceniny 17-19 ze skupiny
derivatt 3HQ. Struktura téchto modelovych konjugati a mechanismus uvoliiovani aktivni latky
je uveden na obrazku 20. Uvolilovani aktivni latky uvnitt bunék Ize teoreticky sledovat pomoci
OFF-ON efektu fluorescencni mikroskopii. Toto bylo ovéfeno na bunééné linii HeLa, kdy bylo
sledovano uvoliiovani aktivni latky pii pfirozené hladiné GSH a také pii preinkubaci bun¢k
s 20 mM GSH. Detekovana byla fluorescence aminoBODIPY barviva v zeleném kanalu
v Casovém intervalu 5-120 minut. Mikroskopické snimky jsou uvedeny na obrazku 21.

Kvantifikace detekovanych fluorescencnich intenzit je uvedena na obrazku 22.

Dale bylo testovano uvoliiovani 1é¢iva z modelovych konjugati 20-21. Konjugat 20 ma
ve své struktuie obsazenou aktivni latku 3HQ, cRGD peptid odpovédny za specifickou vazbu
na integriny a aminoBODIPY, které slouzi k monitorovani Stépeni. Konjugéat 21 se skladal
z aktivni latky 3HQ, aminoBODIPY barviva, které 1ze detekovat samostatné, nebo slouzi jako
FRET darce a cerveného BODIPY, které funguje jako FRET akceptor. Struktura téchto
modelovych konjugétii a mechanismus uvoliiovani aktivni latky je uveden na obrazku 23. Oba
konjugaty byly testovany na bunééné linii HeLa pro uvoliiovani aktivni latky, a tudiz detekci
fluorescencniho signalu. Fluorescenéni mikroskopii byla detekovdna mira intenzity
fluorescence pro samotné konjugaty a varianty v kombinaci s NEM a GSHoEt. Mikroskopické
snimky a kvantifikace detekovanych fluorescenc¢nich intenzit pro konjugat 20 jsou uvedeny
na obrazku 24 a pro konjugat 21 na obrazku 26. Uvoliiovani aktivni latky uvnitf bunck 1ze
teoreticky také sledovat pomoci OFF-ON efektu, coz jsme otestovali monitorovanim v realném
case pomoci fluorescen¢niho spektrofotometru. Data namétfena pro konjugat 20 jsou uvedena
na obrazku 25A. Déle byl proveden kompetitivni vazebny test s volnym cRGD peptidem,
pro ovéreni vlivu této ¢asti 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 pM.
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Obrazek 20: Molekularni struktury konjugati 3HQ-BODIPY

uvolnéni aktivni latky z konjugati po ptisobeni glutathionu.
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Obrazek 21: Bunécna linie HeLa oSetfend testovanymi konjugaty 17-19. Bunky byly
oSetteny 10 uM latkami po dobu 2 min a poté opladchnuty Cerstvym médiem. Piipadna
preinkubace s GSH (20 mM, 2 h) je uvedena u kazdého panelu, kde - znaci bez preinkubace a
+zna¢i s preinkubaci. Jadra byla nabarvena fluorescenénim barvivem Hoechst.
Zobrazeni objektivem 40x (méfitko 50 um), modry kanal = Ex 405 nm, Em BP 445/45 nm,
zeleny kanal = Ex 488 nm, Em BP 515/30 nm.
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Obrazek 22: A-C - Kvantifikace intenzit fluorescence mikroskopickych snimka
testovanych konjugatd 17-19 lokalizovanych v bunééné linii HelLa. Kvantifikace byla
provedena ze snimk na obrazku 20. D — Pomér intenzity fluorescence testovanych konjugata
17-19 detekované v preinkubovanych buinikach s GSH vii¢i intenzité fluorescence detekované
v buiikach s jejich ptirozenou hladinou GSH. Pomér byl vypocitan v case 2 h, pro 3 biologicka

opakovani.
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amino amino
BODIPY BODIPY

aktivni aktivni
latka latka

Obrazek 23: A — Molekuldrni struktury konjugatt 3HQ-BODIPY 20-21.
B — Mechanismus uvolnéni aktivni latky zkonjugédtu 20 po plsobeni glutathionu.

C — Mechanismus uvolnéni aktivni latky z konjugéatu 21 po ptisobeni glutathionu.
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Obrazek 24: Bunécna linie HeLa oSetiena testovanym konjugatem 20. ¥
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A A — Buiky byly preinkubovany s NEM (1 mM, 30 min) a poté oSetireny 50 uM
koncentraci latky po dobu 1 hod a poté oplachnuty Cerstvym médiem. B — Buiiky byly oSetifeny
50 uM koncentraci latky po dobu 1 hod a poté oplachnuty cerstvym médiem. C — Buiiky byly
osetfeny 50 uM koncentraci latky po dobu 1 hod a poté oplachnuty ¢erstvym médiem s 20 mM
GSHoEt. Zobrazeni objektivem 60% (méfitko 50 um), zeleny kanal = 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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Obrazek 25: A — Pomér intenzit fluorescenci detekovanych pti Ex= 480 nm, Em= 530 nm
a Ex= 510 nm, Em= 530 nm pro konjugat 20 detekovany v bunétné linii HeLa (Cerna, modra a
zelena kiivka) a ptipadné v samotném médiu (Cervena kiivka). B — Kompetitivni vazebny test
s cRGD. Buiiky HeLa byly preinkubovany s volnym cRGD peptidem (0—100 pM, 30 min) poté
byly oSetfeny konjugatem 20 (10 pM, 10 min). Buniky byly déle promyty Cerstvym 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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Obrazek 26: Bunécna linie HeLa oSetiena testovanym konjugatem 21. V¥



A A — Buiky byly preinkubovany s NEM (1 mM, 30 min) a poté oSetireny 50 uM
koncentraci latky po dobu 1 hod a poté oplachnuty Cerstvym médiem. B — Buiiky byly oSetifeny
50 uM latkami po dobu 1 hod a poté oplachnuty cerstvym médiem. C — Buniky byly oSetfeny
50 uM koncentraci latky po dobu 1 hod a poté oplachnuty cerstvym médiem s 20 mM GSHoEt.
Zobrazeni objektivem 60x (méfitko 50 um), zeleny kandl = 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.
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4.4. Diskuze

Tato ¢ast prace sleduje bunécnou lokalizaci a poté uvolnovani aktivni latky z celkem péti
konjugati 3HQ-aminoBODIPY. Tento systém zahrnuje ,,sebedestrukéni® disulfidovy linker
spojujici aktivni latku urcenou k uvolnéni a fluorescen¢ni barvivo. Design je inspirovan
predchozi studii Jain a kol. 2013.'*! Disulfidova vazba pusobi jako spinag, spousti tedy
uvoliiovani 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 vybézkl. Byl ovéten OFF-ON efekt v nékolika roztocich a vliv polarity
rozpoustédla na tento efekt. Schopnost disulfidového linkeru uvolnovat jak aminoBODIPY, tak
1 modelové 1é¢ivo v pfitomnosti 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 lé¢iva uvniti bunék bylo monitorovano pomoci OFF-ON efektu za pomoci
fluorescen¢ni mikroskopie. Pro ovéteni toho principu byly buitky HeLa lokalizovany barvenim
jader barvivem Hoechst a poté oSetieny konjugéty 17-19. Snimky z fluorescen¢ni mikroskopie
zivych bun€k jsou na obrazku 21. Detekce fluorescence v zeleném kandlu v disledku
uvoliiovani aminoBODIPY a odpovidajici aktivni latky, byla pozorovana ¢asové zavislym
zpusobem. Vsechny testované konjugaty se po kratké inkubaci (10 uM, 10 min) nachazely
v cytoplazmatickém prostoru (mimo jadro), pficemz charakter barveni byl difizni, s Casto
detekovanymi agregaty. NejlepSich vysledkti dosahoval konjugat 17, jehoz fluorescence
detekovana v ¢ase 5 min a pfi nativnich podminkéch byla minimdlni, zatim co rostla v Case a
také narustala pii zvySeni hladiny GSH, coz lze pozorovat na obrazcich 21 a 22A. Konjugat 18
vykazoval zménu intenzity fluorescence s rostoucim c¢asem inkubace, nicméné rozdil
mezi $t€épenim v nativnich podminkéach a po zvyseni hladiny GSH byl nizky, coz je zfejmé
na obrazcich 21 a 22B. Posledni testovany konjugat 19 vykazoval métitelnou zménu intenzity
fluorescence, nicméné byl detekovan nulovy rozdil mezi Stépenim konjugéatu v nativnich
podminkach a pfi zvyseni hladiny GSH., jak je mozné pozorovat na obrazcich 21 a 22C.
Z kvantifikované intenzity fluorescence byl vypocitan také pomér intenzity detekované
pro Stépeni konjugatu pti zvysené hladiné GSH k intenzit¢ detekované pti 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 struktuie konjugatu 17 a obsahuje amino skupinu ve §tépitelném misté

57



jako lépe uc¢inny nez linkery obsahujici hydroxyskupinu (konjugét 18) nebo thiolovou skupinu

(konjugat 19).

V dalsich experimentech byl ovéten koncept dvou konjugétii se schopnosti detekce Stépeni
v redlném case pomoci méfitelné fluorescence aminoBODIPY. Konjugat 20 obsahuje ve své
struktuie ¢(RGDfK) motiv pro specifické cileni na integrinové receptory ovf33. Konjugat 21 ma
ve své sktruktuie ,,redBODIPY* pro monitorovani $tépeni konjugatu prostfednictvim FRET.
Systém umoziuje pomérovou odezvu zalozenou na méfeni intenzity emise pii dvou rtiznych
vlnovych délkach excitace (konjugat 20) nebo intenzit dvou vinovych délek emise po jedné
excitaci (konjugat 21). Struktury obou konjugati jsou zobrazeny na obrazku 23. Bunécna linie
HeLa byla oSetfena obéma konjugaty za tfi riznych podminkach. Nejprve byly bunky HelLa
preinkubovany s NEM pro inhibici celkové thiolové aktivity, dale byly buiiky bez pfedchozi
inkubace oSetfeny ob&éma konjugaty. Posledni varianta experimentu byla, kdy po oSetieni
konjugaty byla v bunkdch HeLa zvySena hladina glutathionu pomoci GSHoEt. Snimky
z fluorescen¢ni mikroskopie Zivych bun¢k pro konjugat 20 jsou na obrazku 22 a pro konjugat
21 na obrazku 26. Bohuzel, konjugat 21 nevykazoval Zddnou miru FRET fluorescence
detekovanou fluorescenéni mikroskopii, a proto nebyl dale experimentalné testovan. Lokalizace
konjugatu 20 se liSila v zavislosti na Case a varianté¢ experimentu. V Case 5 minut byly
pozorovany agregaty soustfedéné kolem oblasti jadra a s pozdéj$im ¢asem se distribuce zmeénila

na vice difuzni profil se sitovitym vzorem barveni.
y

Ziskané snimky HeLa buné¢k preinkubovanych s NEM ukazuji, Ze na§ modelovy konjugat
20 emituje fluorescencni signal v zeleném kandlu na zacatku experimentu a po 2 hodinéch s
nezménénou intenzitou (obrazek 24A a D). Tento fakt odpovida pfedpokladu, Ze NEM vycerpa
aktivni thioly v bunkach, takze konjugéat 20 neni Stépen, a jsou pozorovany zadné nebo
zanedbatelné zmény intenzity fluorescence. Dale byla pozorovdna pozménénd distribuce
konjugéatu 20 uvnitt bunék oSetfenych NEM. Pravdépodobné lze toto chovani vysvétlit
skutecnosti, Ze SH skupiny hraji kli¢ovou roli v regulaci propustnosti transmembranovych port,
navic NEM je membranové permeabilni alkyla¢ni ¢inidlo a jeho vazba na cysteinové zbytky
mize ovlivnit poéry v membranach. Bylo publikovano, ze vysoké koncentrace NEM (0,5—

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

Bunky HeLa bez ptfedchozi upravy NEM inkubované s konjugatem 20 ukézaly zvySeni
fluorescence po 2 hodindch (obrazek 24B, D), protoze konjugét byl St€pen nativnim GSH
na aminoBODIPY uvolnéné spolu s aktivni latkou. Navic intenzita emisi byla vyrazné zesilena,
kdyz byly bunky osetieny GSHOEt (obrazek 24C, D), coz vedlo k uvoliiéni vyznamné vétsSiho
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mnozstvi aminoBODIPY, stejné jako aktivni latky. Uvoliovani 1éCiva tak miize byt snadno
detekované OFF-ON efektem, coz bylo potvrzeno experimenty s monitorovanim S$tépeni
v redlném ¢ase pomoci fluorescencni spektrofotometrie (obrazek 25A). Déle bylo potvrzeno,
ze konjugat 20 sc(RGDfK) ve struktufe pronikd do bunék prostfednictvim interakce
s integrinovymi receptory. Toto bylo prokdzano pii kompetitivnim vazebném testu s volnym
cRGD peptidem (obrazek 25B). Detekce snizené fluorescence pii preinkubaci s vy$$imi
koncentracemi cRGD peptidu naznacovaly, Ze vazebnd mista na integrinu a,f33 byly obsazeny
volnymi cRGD. Toto v podstaté vede ke snizeni bunééného piijmu konjugatu 20. Preinkubace

s 100 uM cRGD vedla ke snizeni bunééného ptijmu konjugatu 20 o 53 %.

Ve vsech péti testovanych konjugatech byly pouzity derivaty 3HQ jako modelové
protinadorové 1é¢ivo, ale tyto derivaty vykazuji Spatnou rozpustnost ve vodé a casto zpiisobuji
toxicitu i normalnim zdravym buiikdm.!34135 Obecné, tyto nové vyvinuté konjugaty by mohly
zlepsit fyzikalné-chemické vlastnosti, selektivitu vii¢i nadorovym buiikam a farmakologické
vlastnosti problematickych latek. Zavedeni aminoBODIPY, jako fluoroforu pro reportérové
systémy slouzici k monitorovani uvoliiovani 1éCiv pii reakci na pfitomnost zvySené koncentrace
thioldi, by mohlo vést k vytvoreni teranostik vhodnych pro studium v oboru personalizované
mediciny.!3¢ Tento pfistup by mohlo byt dale vylep$en 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

konvoluéni neuralni sité

5.1. Uvod

Jak jiz bylo zminéno na zacatku této prace, jednim z pfistupd, jak identifikovat molekuldrni
cile biologicky aktivnich latek je fenotypové testovani. Vyhodnoceni tohoto pfistupu probiha
na principu pozorovatelnych a méfitelnych zménéach fenotypu nebo bunééného chovéni.
Fenotypové testovani Casto zacind vybérem vhodného bunééného modelu a testovaciho
systému. VétSinou jsou potom bunky vystaveny knihovné malych molekul, ptirodnich produktii
nebo jinych aktivnich latek. Dochazi k pozorovani a méteni zmén jejich fenotypu, véetné zmény
bunééné morfologie, rastu, expresnich paternti, nebo pfitomnosti specifickych markert.
Takovymi markery jsou mysleny zejména agregaty, faktory dokazujici bunécny stres nebo
doprovazejici bunéénou smrt. Latka, kterd vyvold pozadované anebo zajimavé zmény je
povazovana za tzv. ,hit“. Hity jsou potom déle validovéany, az vedou k selekci kandidatni

molekuly. '3’

LA e )

\ l /jeupravené buriky

>

£

_§ Knihovny latek "Knock-down" RNA knihovny Expresni knihovny
‘0 | /

l St b UL \

k=)

o

[t

Buriky exprimujici geny nemoci

Testovaci model

Buriky exprimujici Cas9

Buriky exprimujici reportérové geny

Tvorba agregatt Bunécna Bunécny ’ E);tp’r:zsve’ h
smrt stres CROTIETaVYC
genu

Obrazek 27: Priklady moznych schémat fenotypového testovani.
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Velkymi vyhodami oproti béznym piistuptim jsou pokryti komplexnich biologickych déja,
objeveni novych cili (v€etné kompletnich bunéénych drah) a identifikace poly-
farmakologickych latek. Na rozdil od testovacich metod zaloZenych na cileni vybraného a dobte
definovaného molekularniho cile (,targed-based screening*) dochézi k posouzeni celkového
vlivu latek na bunééné funkce, morfologii a chovani. V tomto nastaveni jsou mozné rizné typy
testovani, a to od knihoven malych molekul, pfes protilatky po siRNA a CISPR/dCas9
knihovny. Velikost takovych testl se muze také znacné liSit, mohou byt zapojeny HTS

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

Pti zapojeni HTS platformy sledujeme/detekujeme t€inek velkého souboru potenciondlnich
sloucenin (knihoven) a testy probihaji v miniaturizovanych podminkadch a automatickych
modech. Cilem je otestovat knihovny za co nejkratSi mozny cas. NejrychlejSim a nejméné
invazivnim zptisobem hodnoceni stavu bun¢k je automaticka mikroskopie. Cely proces mtize
byt robotizovan a produkovat obrovské mnozstvi mikroskopickych obrazii bun¢k ovlivnénych
konkrétnimi latkami v riznych casovych bodech. Stavajici metody jsou obvykle zalozeny
na fluorescen¢ni mikroskopii, kterd poskytuje velmi prehledné snimky (zejména bunécnych
jader), které Ize snadno segmentovat a vyhodnocovat automaticky pomoci relativné

jednoduchych metod.!3°

Nejrozsitené€jsi fenotypovou HTS metodou je ,,Cell Painting® vyvinuty vyzkumnou
skupinou Anne Carpenter vroce 2016. Tato metoda zahrnuje barveni bun€k kombinaci
fluorescencnich barviv pro zachyceni detailnich informaci o riznych bunécnych strukturach a
procesech. Takovy multiparametricky pfistup poskytuje holisticky pohled na morfologii a
funkci bunky. Po oSetfeni bun€k latkami, nasleduje jejich fixovani a obarveni. V origindlnim
znéni dochdzi k obarveni jadra a jadérka, cytoskeletu, endoplazmatického retikula, Golgiho
aparatu, mitochondrii a plazmatické membrany, toto ale mtize byt upraveno podle konkrétnich
pozadavkll na testovani. Na ziskanych snimcich se provadi vypocetni analyza, aby se
extrahovala kvantitativni data o mnoha bunécénych rysech. Vystupem je sestaveni pomysinych
otisktl prstil testovanych latek, tedy jejich profild, které se dale porovnavaji s profily ziskanymi

testovanim standardii nebo latek s pozadovanymi vlastnostmi.*

Nevyhodami této metody mize byt narocnost standardizace, tedy zajiSténi
reprodukovatelnosti jak v barveni, tak v ndsledném snimkovani. Navic pouziti barviv zvysuje
naklady a dobu zpracovani a soucasné Ize pouZit pouze omezenou kombinaci barviv.!*’ Jako
alternativu k fluorescenni mikroskopii mizeme pouzit mikroskopii digitadlniho fazového
kontrastu (digital phase contrast, DPC), ktera neposkozuje buniky a snimky mulzeme ziskat
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mnohem snadnéji a rychleji. Analyza téchto obrazl je vSak vice ndro¢né na segmentaci a dalsi
analyzu kvuli slozitosti vzhledu bun¢k a ¢astému vyskytu artefakt. Proto se pfi ni uplatni

rozvoj strojového uéeni a umélé inteligence (artificial intelligence, AI).!4!

Klasické ptistupy obvykle zacinaji segmentaci jednotlivych bun¢k a hodnoceni zejména
tvarovych znaktl, které popisuji bunécnou morfologii, tedy soucast bunécného fenotypu.
Posledni krok zahrnuje strojové uceni pro klasifikaci zalozenou na funkcich nebo shlukovéni.
Takové procesy lze implementovat pomoci otevieného softwaru, jako je napftiklad
Imagel/Fiji'*?, Icy'®, CellProfiler'** a EBImage.'* Pozdé&ji se objevily metody hlubokého
uceni, které kombinuji funkce extrakce a klasifikace pro jednobunétnou analyzu.!*® Tyto
metody jsou obvykle zaloZzeny na dobfe znamych architekturach neuronovych siti
z pocitatového vidéni pro segmentaci obrazu, napiiklad U-Net'*’ a klasifikaci, napfiklad

ResNet. 148

Konvolué¢ni neuronové sit¢ (CNN nebo ConvNets) jsou tiidou hlubokych neuronovych siti,
které jsou zvlasté uginné v oblastech, jako je poéitatové vidéni a zpracovani obrazu.!*® Byly
uspé$né napiiklad v ukolech rozpoznavani obrazu, detekce objektl a generovani obrazu.'*®
CNN vyuzivaji konvoluéni vrstvy k automatickému uceni prostorovych vzorct ze vstupnich
dat. Tyto vrstvy aplikuji konvolu¢ni operace s malymi vahovymi filtry na vstupni data, coz
umoziuje zachytit relevantni vzory. Sdruzovaci vrstvy se nasledné pouzivaji k zmenSeni
prostorovych rozméra vstupnich dat. Po konvolu¢nich a sdruzovacich vrstvach nésleduji plné
propojené vrstvy, které spojuji neurony mezi sebou a jsou bézné v klasifikacnich nebo
regresnich tlohéach. Pied pienosem na plné€ propojené vrstvy jsou vysledky konvoluénich vrstev
zplostény do vektoru. Tento vektor slouzi jako vstup do plné propojenych vrstev. Pro dodéani
nelinearity do sité jsou pouZzity nelinearni aktiva¢ni funkce. To umoziiuje modelu flexibilnéji se
pfizplsobit slozitym vztahiim v datech. Architektury CNN se mohou li§it v poctu vrstev,
velikosti filtrd, hloubce sit¢ a dalSich komponentich, jako jsou normalizac¢ni vrstvy a

pieskokova ptipojeni.!>!

CNN jsou casto trénovany na velkych souborech dat a Ize je pouzit jako extraktory funkci
pti pfenosu uceni. To zahrnuje pouziti predem trénovaného modelu CNN pro jiny ukol a jeho
jemné doladéni na mensi datové sadé specifické pro cilovy ukol.!> CNN prokazaly
pozoruhodny uspéch v riiznych tikolech souvisejicich s obrazem a staly se zdkladnim kamenem

v oblasti hlubokého uceni, zejména v aplikacich po¢itatového vidéni.!33-156
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U-Net je specialni typ CNN, navrZeny pro sémantickou segmentaci v oblasti pocitacového
vidéni. Cilem sémantické segmentace je zatadit kazdy pixel v obrazku do urcité tiidy. Tuto
architekturu piedstavili Ronneberger a kol. v roce 2015'%7, a od té doby se hojné vyuziva
v Iékatskych analyzach obrazu a dalSich segmentacnich tlohéach. Klicovym prvkem U-Netu je
jeho pismeno U, které symbolizuje strukturu sestavajici ze dvou hlavnich ¢asti: stahovaci cesty
(kodér) a expanzivni cesty (dekodér). Kodér zmensuje prostorové rozméry vstupniho obrazu a
extrahuje hierarchické prvky pomoci konvolué¢nich a sdruzovacich vrstev. V dolni ¢asti U je
vrstva Uzkého hrdla, kterd uchovava klicové informace. Dekodér potom obnovuje prostorové
rozliSeni a zptesiiuje vysledky segmentace. U-Net obsahuje pfeskokova spojeni, kterd propojuji
vrstvy kodéru pfimo s odpovidajicimi vrstvami dekodéru. Tato spojeni pomahaji udrzet detaily
a prostorové informace béhem procesu pievzorkovani a minimalizuji ztratu informaci. Finalni
vrstva pouziva konvolu¢ni vrstvu s aktivacni funkei softmax pro vytvoreni segmentacni masky,
ptitazujici kazdému pixelu pravdépodobnost, ze patii do urcité tfidy. U-Net se osvédcil
predevsim v tllohach segmentace 1€karskych obrazki, kde je klicové presné vymezeni struktur
nebo abnormalit. Jeho architektura umoznuje presné lokalizace a segmentace objektl
na snimcich, coz ho ¢ini popularni volbou nejen v lékarském zobrazovani, ale i v dalSich

oblastech pocitadového vidéni.!>’
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Obrazek 28: Obecné architektura neuronové sité¢ U-Net. Adaptovano Ronneberger a

kol. 2015.1%7
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ResNet, coz znamend Residual Network (rezidudlni sit’), je populdrni architektura CNN
publikovana He a kol. v roce 2016.!4® Tato architektura byla vyvinuta k ptekonani problémii
s trénovanim velmi hlubokych siti, které se ¢asto potykaji s mizejicimi gradienty a degradaci
vykonu. Klicovym prvkem ResNetu jsou zbytkové bloky obsahujici zkratkova spojeni, ktera
obchazeji jednu nebo vice vrstev sité. Tato preskokova spojeni umoziuji gradientim snaze
protékat siti béhem tréninku, coz fesi problém mizejiciho gradientu. Diky zbytkovym bloklim
muze sit’ efektivné trénovat velmi hluboké modely, které vedlo k GspéSnému vyuziti ResNetu
v ruznych tlohach pocitacového vidéni, véetné klasifikace obrazu, detekce objekti a
segmentace. Zakladni stavebni kdmen ResNetu, zbytkovy blok, umozinuje 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 Gzkého hrdla, kterd snizuje vypocetni naklady pii zachovani reprezentativni
kapacity. Modely ResNet obvykle vyuzivaji globalni primémé sdruzovani na konci, coz
pomaha snizit pocet parametr a zvySuje odolnost modelu vi¢i riznym vstupnim variantam.
ResNet mél zna¢ny vliv na oblast hlubokého uceni a inspiroval vyvoj dalSich pokrocilych
architektur. Jeho pfistup zbytkového uceni se stal zdkladnim konceptem pii navrhu hlubokych

neuronovych siti.!>

dva

7x7 konvoluce 3x3 konvoluce 3x3 konvoluce 3x3 konvoluce 3x3 konvoluce kll""s'flkacm
64 filtr 64 filtr 128 filtr 256 filtr 512 filtr ; vystupy

\

3x3 avg sdruzeni
2. krok

3x3 max sdruZeni
2. krok

vstup obrazu

tok dat

Obrazek 29: Architektura neuronové sité ResNet s 18 vrstvami. Adaptovano z Atik a
kol. 2021.1%°
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5.2. Material a metody

Pro vytvofeni datasetli byla pouZzita buné¢na linie U20S odvozend od osteosarkomu a
zakoupena z ATCC. Dale byla pouzita verze této linie s transdukovanym fluorescenénim
faznim proteinem mCherry-NLS (U20S-Nuc), popis jeji pripravy je shrnut v kapitole 3.2.
Bunééné linie byly udrzovany v TPP 75 cm? tkanovych kultivaénich lahvich a v McCoyové 5a
kultivaénim médiu s 10% fetadlnim telecim sérem, za standartnich kultiva¢nich podminek
pti 37 °C a 5% CO». Bunécné suspenze byly pripraveny 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 pii vytvafeni datasetu s jednotnou koncentraci latky

Bunky U20S-Nuc (1500 bun¢k v objemu 30 pl v jamce) byly nasazeny den pted oSetienim
do 384jamkové desticky CellCarrier (PerkinElmer, USA) a inkubovany pii 37 °C a 5% CO>
pro stabilizaci. Buiiky byly oSetfeny tfemi rliznymi inhibitory topoizomerazy: topotekanem,
daunorubicinem a etoposidem v koncentraci 0,5 pM. OSetfené a kontrolni bunky byly
zobrazeny po inkubaci 24 a 72 hodin s latkami. Zobrazovani zivych bunék bylo provedeno
pomoci Cell Voyager CV7000 (Yokogawa, Japonsko) pti 37 °C v atmosféte 5% CO,. Snimky
byly pofizeny s objektivem 20x po excitaci laserem pii 561 nm a nasledné emisi BP 595/20.
Fluorescen¢ni snimky byly pofizovany paralelné s digitalnim fadzovym kontrastem (lampa a
BP 525/50). Z dataset byl vytvoten ze dvou biologickych opakovani a byly z néj vylouceny

snimky s mén¢ nez tfemi bunkami.

Postup prace pfi analyze obrazu pomoci programu Columbus

Fluorescen¢ni snimky byly vyhodnoceny v programu Columbus (PerkinElmer), kde jsou
pfipravené bloky analyzy obrazu, které 1ze dale upravit uzivatelem. Po nahrani dat do programu
byla provedena segmentace obrazu, na zaklad¢ fluorescencniho signalu z fizniho proteinu
mCherry, lokalizovaného v jadrech buné¢k. K segementaci slouzi blok — find cells, ktery vybere
populaci objektli na snimku. Objektem se v nasem ptipadé mysli butiky, ale je mozné provést
analyzu i jinych ¢asti. V dalsim bloku doSlo ke kalkulaci intenzity fluorescence, standartni
metodou, kdy se pocitd medidn intenzity v jamce. Dale byl do analyzy zahrnut blok vypoctu

morfologickych vlastnosti (metodou STAR), umoziujici vypocet velikosti bunék. Dale se
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zapojil blok vypoctu vlastnosti textury SER metodou. V této metod€, dochdzi k vytvoreni
filtrovanych obrazi pro kazdou podc¢ast analyzy (zobrazeno na obrazku 30), z filtrovanych
obrazi potom byly vypocitany vlastnosti SER, tedy Spot, Edge, Ridge (toto jsou pouze zakladni
prvky SER metody). Poté se pomoci pluginu PhenoLOGIC program naucil, na zaklad¢
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 pii vytvafeni datasetu po oSetfeni bunék latkami v koncentraci odpovidajici IC50

Bunky U20S (1500 bun¢k v objemu 30 pl v jamce) byly nasazeny den pted oSetfenim
do 384jamkové desticky CellCarrier (PerkinElmer, USA) a inkubovany pii 37 °C a 5% CO>
pro stabilizaci. Buniky byly oSetfeny tfemi riiznymi inhibitory topoizomerazy v koncentracich
jejich namétenych IC50: topotekanem (1,24 pM), 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 bun¢k bylo provedeno pomoci Cell Voyager CV8000 (Yokogawa,
Japonsko) pii 37 °C v atmosféte 5% CO». Zivé buiiky byly monitorovany s objektivem 20x
s vodni imerzi. Snimky byly pofizeny digitdlnim fadzovym kontrastem (lampa a BP 525/50).

Z datasetil byly vylouceny snimky s méné nez tremi buitkami.
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5.3. Vysledky

Fenotypové testovani zaloZzené na DPC mikroskopii a analyze dat Al — data publikovana

v Baruci¢ a kol. 2022 (Ptiloha 6) a doplnujici data.

Tfi inhibitory topoizomerdzy (etoposid, topotekan a daunorubicin) byly studovéany
na bunéénych liniich U20S-Nuc a U20S. Timto bylo experimentalné ovéfeno, zda lze
z mikroskopickych snimki urcit mechanismus ucinku latek, ptipadné jejich bunécéné cile. Proto
byly vytvofeny dva datasety, obsahujici jak snimky linie U20S-Nuc oSetfené jednotnou
koncentraci inhibitor topoizomerazy zobrazené v ¢asech 24 a 72 hodin inkubace technikou
fluorescencni mikroskopie a DPC (set ¢islo 1) a také, snimky linie U20S oSetfené koncentraci
IC50 jednotlivych inhibitord topoizomerazy zobrazené v ¢asech 24 a 72 hodin inkubace pouze

mikroskopickou technikou DPC (set Cislo 2).

V této préci byla provedena analyza datasetu Cislo 1, kdy po netispé$né segmentaci obrazu
(zobrazeno na obrazku 31) u DPC snimki, byly dale analyzovany pouze fluorescencni obrazy.
Byla provedena analyza intenzity fluorescence (obrazek 32A), morfologicka analyza (obrazek
32B), analyza poctu bunék a zastoupeni mrtvych bunck (obrazek 32C), dale byla vypocitana
proliferace bun¢k — jako podil poctu bunék v ¢ase inkubace 72 hodin k poctu v ¢ase 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, kvtli velmi malému poctu bunck

v pozd¢j$im case inkubace.

Dataset 1 byl také analyzovan ResNetl8 neuronovou siti, kdy byly klasifikovany jak
fluorescencni, tak DPC snimky. Provedeni klasifikace neni soucasti této prace, ale interpretace
a diskuze vysledkl byla provedena v ramci této prace. Vystupem klasifikace jsou tabulky 1 a

2 a také obrazek 33.

Dale byl vytvofen dataset 2, kde byly ziskany pouze snimky bunck technikou DPC.
Piiklady 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 vysledkt ano. Vystupem klasifikace

je tabulka 3.

67



Obrazek 31: A — Fluorescen¢ni snimky (Cerveny kanal) v ptekryvu se snimky DPC. B —
Segementace obrazu (oznaceni oblasti jader) u fluorescencnich snimki pomoci softwaru

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

jako pomér poc¢tu bunék v ¢ase 72 hod k poctu bun¢k v ¢ase 24 hod.
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Obrazek 33: Analyza fluorescen¢nich snimkti bunék U20S-Nuc oSetfenych inhibitory

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

Tabulka 1: Klasifikace aplikaci Al metody na fluorescen¢ni snimky bun¢k 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 parti tfid. Toto vedlo

k 99% ptesnosti klasifikace spravné tiidy. *provedeni klasifikace nebylo soucasti této prace.

A — Kklasifikace 5 tiid B — Kklasifikace 3 trid
Predikce Predikce
Pravi BezO DMSO Etop Topo Dauno Pravé BezO  Etop  Topo
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  tDauno

Piesnost 61,4 100 100 583 61,4 Pfesnost 100 100 97,0
(%) (%)

Citlivost 98,1 10,8 100 52,5 98,1 Citlivost 980 100 100
(%) (%)
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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 tfid s primérnou piesnosti
70 %. B — snizeni poctu tfid na 3, spojenim nejednoznaénych pari tfid. Toto vedlo k 98%

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

A — Klasifikace 5 trid B — Kklasifikace 3 trid
Predikce Predikce
Pravi BezO DMSO Etop Topo Dauno Pravé BezO  Etop  Topo
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

Piesnost 67,0 80,0 100 57,1 62,5 Presnost 98,9 100 97,1
(%) (%)

Citlivost 983 12,1 939 51,6 714 Citlivost 989 939 100
(%) (%)
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Obrazek 33: Zobrazeni jednotlivych tfid latek, pripadné kontrol, klasifikovanych Al

metodou v 2D prostoru. *provedeni zobrazeni klasifikace nebylo soucasti této prace.

etoposid topotekan daunoubicin DMO

»

Obrazek 34: Buinccénd linie U20S oSetfend inhibitory topoizomeraz v koncentraci

odpovidajici IC50. Zobrazeni objektivem 20x s vodni imerzi (métitko 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 IC50. A — klasifikace 5 tfid s primérnou piesnosti
87,5 %. B — snizeni poctu tiid na 4, spojenim nejednoznaénych pari tid. Toto vedlo k 97,7%

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

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

Prava Prava

Trida Tiida  FDMSO

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

Presnost 50 759 974 97,8 97,5 Presmost 981 974 978 975
(%0) (%0)

Citlivest 66,7 64,7 949 97,8 97,5  Citlivost 100 949 97,8 97,5
(%) (%)
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5.4. Diskuze

V této Casti prace byly vytvofeny, analyzovany a dale diskutovany datasety pro studii
prikazu proveditelnosti fenotypové testovaci metody zalozené na DPC mikroskopii a analyze
obrazu umélou 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 komeréné dostupnym programem Columbus.
Timto programem nebylo mozné provést zakladni segmentaci obrazu na snimcich potizenych
DPC technologii (obrazek 31C), proto byly dale vyuzity jen fluorescencni snimky.
Na obrazcich 32 a 33 mlzeme vidét vypocet intenzity fluorescence, analyzu morfologie a
textury SER metodou. Z téchto analyz a vypocti je patrné, Ze s Casem se prohluboval Uc¢inek
pouzitych inhibitorti topoizomerdzy. Toto bylo ukazano nizkym poctem bun¢k v ¢ase inkubace
72 hodin a vysokym % mrtvych bunék 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 Case 24 hodin inkubace s latkami, byly oSetiené bunky vétsi nez kontroly, v pozdéjSim Case
byl ale viditelny propad u bun¢k osetfenych etoposidem a naopak jeste zvysena velikost bunck
oSetfenych topotekanem a daunorubicinem. Obecné miizeme fici, Ze buiiky oSetfené inhibitory
se lisily od kontrolnich bungk, a navic etoposid vykazoval unikatni profil oproti ostatnim dvéma
pouzitym latkdm. Toto bylo viditelné i na kalkulaci vyskytu spotli (SER-Spot) a SER-Edge
profilu.

Pii uplatnéni analyzy tohoto datasetu pomoci umélé inteligence, piesnéji pouzitim
konvolu¢ni neuronové sit€¢ ResNetl8, byla provedena klasifikace inhibitorii topoizomerazy
na zaklad¢ jejich ucinku na bunécnou linii U20S. Pouzitd CNN byla trénovana 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 aplikovana i na fluorescen¢ni snimky, vysledek je uveden v tabulce
1. Nejednoznaéné pary (topotekan-daunorubicin a DMSO-bez oSetfeni) byly casto
zaménovany, coz vedlo k primérné presnosti klasifikace, pouze 65 %. Proto jsou také uvedeny
vysledky, kdy byly tyto dvojice posuzovany spolec¢né (tabulka 1B), vysledkem pak byla témér
dokonala klasifikace s primérnou piesnosti 99 %. Podobnych vysledkti bylo dosazeno i pro

DPC snimky, jak shrnuje tabulka 2. Klasifikace 5 tfid vedla k primérné ptesnosti metody 70 %
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a pii snizeni poctu tfid spojenim nejednoznacnych part (tabulka 2B) byla dosazena primérna
presnost 98 %. Timto experimentem jsme prokdzali, ze DPC snimky jsou pro klasifikaci tfid
latek na zéklad¢ rizného mechanismu Gc¢inku stejné¢ dobré, jako snimky potizené fluorescencni
mikroskopii. Navic, pokud zobrazime v 2D prostoru funkce extrahované zna$i 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 tfi shluky

latek, pficemz nejednoznacné tiidy patii do stejnych shluki.

Dale jsme se rozhodli ovéfit, zda jsme schopni zcela klasifikovat 5 tiid latek, pokud buiky
U20S osetiime 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 obrazl se 1isi v zavislosti na pouzitém inhibitoru a
Casu inkubace, piiklad je zobrazen na obrazku 34. Samotné vysledky klasifikace se vyrazné
zlepsily ze 70 % na 87,5 % v ptipadé 5 tfid (uvedeno v tabulce 3A). V tomto piipadé bylo
mozné rozlisit diive nejednoznacny par topotekan-daunorubicin. Spojenim tfidy DMSO a
snimki bunck bez oSetieni, které jsou skute¢né nejednoznacné pary, vedlo k témét dokonalé
ptesnosti klasifikace 98 % pro problém 4 tfid (tabulka 3B), stejné jako jsme dfive pozorovali

u klasifikace 3 tfid (tabulka 2B).

Néami vyuzivané mikroskopické snimky ziskané DPC technikou jsou rychleji a snadné&ji
ziskatelné nez fluorescencni snimky a podporuji zobrazovéani zivych bunék. NaSe metoda
dokaze rozlisit testovana cytotoxicka léCiva s presnosti 98 %, za predpokladu, ze se lisi jejich
mechanismus ucinku. Vysledky jsou ptresnéjsi, kdyz se pouziji koncentrace biologicky
relevantni pro testovanou latku. Dale jsme ukézali, Ze 2D vizualizace sdilenych funkci
klasifikace odhaluje shluky, které dobfe odpovidaji zadanym tfidam latek, coz znamena mozné
pouziti nasi metodologie pro vyvoj a vyzkum 1éc¢iv, kdy by se mohla uplatnit pti identifikaci
mechanismu ucinkl latek. NaSe metoda miize zlepSit rychlost a piesnost testovani, coz
potencialné vede ke zlepSeni G€innosti procesu objevovani 1€k, 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 u¢inku a mozna i vice typy bunécnych linii a dal§imi matoucimi faktory,

které by mély zlepsit robustnost klasifikace.
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6. Z.avér

Soucasti prace byly ziskény a publikovany dilezité poznatky o biologické aktivité derivati
kyseliny betulinové s BODIPY. Tyto vysledky nejenze pfispivaji k porozuméni chemie a
biologie derivatl kyseliny betulinové, ale také zdiiraziuji potencial téchto latek pro nasledny
vyvoj léciv. Diikladnd charakterizace biologické aktivity a mechanismii U¢inku téchto
konjugati ptedstavuje dilezity krok smérem k aplikaci triterpentt v 1écbé onemocnéni.
Konjugaty 11 a 16 s BODIPY emitujici modrou fluorescenci, které vykazuji lokalizaci
v konkrétnich ¢astech buiiky, mohou proto slouzit jako zaklad pro vyvoj 1éCiv s cilenym

plsobenim na mitochondrie, endoplazmatické retikulum nebo jiné organely.

Dale byly ziskany a publikovany vysledky studie konjugatt s disulfidovym linkerem, které
umoziiuji uvolnovani aktivni latky v pfitomnosti thiold, a mohou byt vyuzity pro cilené
uvoliovani 1é¢iv v konkrétnich buiikkdch nebo mikroprostfedi s vysokym obsahem thiolt.
Konjugat 20, ktery prokézal specifické cileni na integrinové receptory, mize byt perspektivni
pro vyvoj teranostik zamétrenych na bunky s vysSim vyskytem téchto receptord, coZz je typické

naptiklad pro nadorové burky.!®

V neposledni fad¢ byly ziskdny a publikovany vysledky studie zaméfené na ovéfeni
proveditelnosti fenotypové testovaci metody s vyuzitim DPC mikroskopie a analyzy obrazu
pomoci umél¢ inteligence. Klasifikace inhibitorti topoizomerazy pomoci hlubokého uc¢eni mize
byt aplikovdna ve vyvoji novych latek s 1écebnym potencidlem. Metodika pouzitd v této Casti
prace miZe byt implementovéana a rozvijena v dal$ich studiich k posouzeni u¢inki raznych latek

na bunécné struktury s vysokou piesnosti.

Zavetem, tato prace piindsi piiklady vyuziti mikroskopickych metod k lokalizaci nebo
identifikaci buné¢nych cilit a mechanismu tc¢inku biologicky aktivnich latek. Mikroskopie patii

4,13,161-163

mezi velmi vyhleddvanou techniku ve vyvoji novych 1é¢iv , pfedevS§im ve spojeni

164-166 3 stale Cast&ji i umélou inteligenci.'®-1% Vysledky této

s vysokopropustnym testovanim
prace maji tedy potencial v né€kolika védeckych oblastech, pfedev§im v biomedicinském
vyzkumu a vyvoji 1éCiv a personalizované medicin€é. Toto bylo také prokazano jejich
publikovanim v ¢asopisech spadajicich do kategorie QD-Q2 dle hodnoceni Journal Citation

Reports™ vedeného Web of Science.
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7. 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®!3-161-163,

164-166 and, increasingly, artificial

particularly in combination with high-throughput screening
intelligence.'®71° 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 zKkratek

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

ABPP acitivity-based profiling, profilovani proteint na zaklad¢ aktivity
Al artificial intelligence, uméla inteligence

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

BODIPY dipyrromethenbordifluorid

BT beviritmat

CNN convolutational neural networks, konvolu¢ni neuronové sité
cRGD cyklicka forma RGD peptidu

DDS drug delivery system, transportni 1ékovy systém

DPC digital phase contrast, digitalni fazovy kontrast

ER endoplazmatické retikulum

F.I intenzita fluorescence

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

GSH glutathion, redukované forma

GSHOEt ethylester glutathionu

HCA high-content analysis, vysokokapacitni analyza

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

HTS high-throughput screening, vysokopropustné testovani

MDRI1 multi-drug resistance transporter protein 1

NADH nikotinamidadenindinukleotid

NEM N-ethylmaleimid

NF-kB nukleédrni faktor kappa B
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NMR

PBS

RFUs
ResNet
RGD peptid
SDS
SDS-PAGE
SER

TCA

THF

nukledrni magnetické 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—polyakrylamidova gelova elektroforéza
spot, edge, ridge metoda

trichloroctova kyselina

tetrahydrofuran
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J. Stankova, M. Hajduch, P. Dzubak (Ustav molekuldrni a translacni mediciny, LF UPOL)
Identifikace bunécnych cili aktivnich latek pomoci mikroskopickych metod a
fluorescencnich sonfl. Identifikace bunéénych cili aktivnich latek ma zasadni vyznam pro
optimalizaci 1é&1v a minimalizaci jejich nezadoucich vedlejSich uénki. Komplexni povaha
biologickych systému ztézuje tuto identifikaci. ale mikroskopické metody. zeyména
fenotypové testovani. reprezentované metodou ..Cell Painting™. predstavuyi cenny nastroj pro
pochopeni vlivu latek na trovmi bunék a organel. Tyto metody umoznuyi rychlé testovani
rozsahlych knihoven latek a nabizeji unikatni pohled na mechanismus jejich uéinku
pozorovanim chovani bunék. pomoci hodnoceni jejich morfologie. pohyblivosti, déleni a
migrace. Mikroskopie zivych bunék éeli vyzvam. jako je fototoxicita, coz vyzaduje peélivy
vybér fluorescenénich znaéek a optimalizaci podminek. Mezi syntetickymu fluorescenénimi

sondami pro mikroskopii zivych bunék vynikaji BODIPY barviva. se svou syntetickou
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univerzalnosti a fotofyzikalnimi vlastnostmu, které zajistu)i minimalni poskozeni vzorku
béhem biozobrazovani.

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

J. Stankova, M. Hajduch, P. Dzubak (Institute of Molecular and Translational Medicine, LF
UPOL) Identification of cellular targets of active substances using microscopic methods
and fluorescent probes. Target identification of active substances 1s cnitical 1 optimizing
drugs and mimmizing side effects. The complex nature of biological systems presents
challenges but microscopic methods, particularly phenotypic screening. represented by "Cell
Pamting" 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 unique insights into 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 their synthetic versatility and photophysical properties, providing minimal sample
damage during bioimaging.

Keywords: drug target, mechanism of action. microscopy. fluorophores. BODIPY
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1. Uvod
Objeveni molekulamiho cile aktivnich latek je _svatym gralem™ a mnohdy zasadnim krokem
ve vyvoyi 1éé1v, piicemz v dusledku vede k pochopeni jejich mechanismu uéinku. Tyto
informace jsou nezbytné pro optimalizaci uéinnosti 1ékii a minimalizaci nezadoucich
vedleSich uéinkli. Znalost cile umoziuje lepsi terapeutické zacileni 1é&iva, optimalizaci
klinickych studii a vede k 1dealu personalizované mediciny. Kromé toho. identifikace novych
molekulamich cili pro existujici 1é¢1va mtize vést k jejich pouziti v novych terapeutickych
indikacich, a to v mnohem kratsim ¢asovém horizontu nez pi1 zcela novém vyvoj lééiva.
Zacilenim vyvoje lé¢iva. také dochazi ke zefektivnéni celého procesu. a tim 1 ke snizeni
nakladd na &as a zdroje potiebné k uvedeni konkrétniho léku na trh!. Do vyvoje 1ééiv se
piitom investuji nemalé prostiedky. Bez ohledu na dostupné finanéni zdroje miize byt
identifikace molekulamiho cile v kontextu vyvoje 1é¢1v naroéna z nékolika objektivnich
divodu. Biologické systémy jsou slozité a Easto zahmuyi sit’ vzajemné propojenych drah a
molekul. Potencionalni lék miiZe v mizné mife. s riznou specificitou a afinitou, interagovat
s vice cili. jak zadoucimi, tak 1 nezadoucimu (off-target). v miznych tkanich nebo bunéénych
kontextech. Mnoho cilii jsou protemny. které fungwi jako soucast vétsich komplexti nebo
nepfimo mteraguyi s jinymu proteiny v bunéénych drahach. Néktera léciva fungwi
prostfednictvim nekonvenénich mechanism. jako je modulace konformace proteinti a
interakce s DNA a RNA. jejichz identifikace pomoci tradiénich metod miize byt niroéna’.
Mikroskopické metody. které jsou kli¢ové pro zobrazovani bunék a subcelulamich organel.
hraji zasadni roli pf1 identifikaci cil biologicky aktivnich latek. Tyto metody, véetné technik
jako fluorescenéni a elektronova mikroskopie jsou neocenitelnymu nastroj pro studmum
uéink latek na bunééné struktury a organely®. Tyto latky totiz mohou vyvolat velmi
specifické zmény jak na bunééné Grovni, tak na Grovni organel. Mohou napiiklad zptsobit

kondenzaci chromatinu a fragmentaci jadra, zménit distribuci cytoplasmy a vést k nabobtnani
3
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a prestavbé mitochondrii. Podle téchto zmén miizeme usuzovat na specificky mechanismus

2. Fenotypové testovani
Velmi zajimavym pfistupem pro hledani mechanismu u¢inku a molekulamiho cile je
fenotypové testovani. které analyzuje slouc¢eniny z hlediska jejich uéinku na fenotyp, a to jak
na bunééné trovni. tak 1 na trovni celého organismu’. Takové testovani ¢asto zaéina vybérem
vhodného bunééného modelu a testovaciho systému. Vétiinou jsou potom busiky vystaveny
knthovné malych molekul. pfirodnich produkti nebo jinych aktivnich latek a potom
pozorujeme a analyzujeme zmény jejich fenotypu. Fenotypem se rozumi zmény bunééné
morfologie, ristu, expresnich vzori. nebo piitomnost specifickych markeri®. Schéma

fenotypového testovani je uvedeno na obrazku 1.

Pi1 zapojeni platformy pro vysokopropustné testovani do fenotypového testovani’ (High-
Throughput Screening. HTS) mtizeme v relativné kratkém Ease sledovat/detekovat ucinek
velkého souboru potencionalnich slouc¢enin (knithoven) piicemz testy probihaji
v miniatunizovanych podminkach a automatickych rezimech. Jednim z nejrychlejsich a
nejméné invazivnich zpiisobl fenotypového hodnoceni stavu bunék je automaticka
mikroskopie*®. Cely proces miize byt robotizovan a produkovat obrovské mnozstvi
mikroskopickych obrazii bunék ovlivnénych konkrétnimi latkanmi v riznych ¢asovych
bodech. Takovy pfistup poskytuje velmi komplexni data pro identifikaci cile. Stavajici
metody jsou obvykle zalozeny na fluorescenéni mikroskopii. ktera poskytuje velmi prehledné
snimky. které lze snadno segmentovat a automaticky vyhodnocovat pomoci relativné

jednoduchych metod®.

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

skupinou Anne Carpenterové v roce 2016. Tato metoda je zaloZzena na barveni bunék
4
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kombinaci specifickych fluorescenénich barviv pro zachyceni detailnich informaci o miznych
bunéénych strukturach a procesech. Takovy multiparametricky pristup poskytuje holisticky
pohled na morfologu a funkci busiky. Po osetieni bunék testovanymu latkami. dochazi k jejich
fixaci a barveni. V originalnim protokolu je fluorescenéné barveno jadro a jadérko,
cytoskelet. endoplasmatickeé retikulum, Golgiho aparat, mitochondrie a plasmaticka
membrana. Vybér jmného setu fluorescenénich sond dle pozadavku na testovani uréitého cile
je mozny, ale pak pfichazime o vyhodu porovnatelnosti s pivodnimi daty. Na ziskanych
snimcich se nasledné provadi vypocetni analyza. ktera generuje kvantitativni data ¢iselné
vyjadiujici mizné obrazové charakteristiky analyzovanych bunék. se kterymi je mozné dale
pracovat. Vystupem je sestaveni pomyslnych otiski prsti specifickych pro testované latky.,
tedy jejich profili, které se dale porovnavaji s profily ziskanymi testovanim standard nebo
latek s pozadovanymu vlastnostmi. Pokud je v nich vyznamna shoda, miizeme usuzovat na

spoleény mechanismus biologického uéinku.

Nedavnym piikladem uspésného fenotypového testovani je studie Baillache a kol. 2023*!,
kde byly identifikovany pyrazolopynmudiny. které selektrvné inhibuyi CSF-1R kinasu u

glioblastomovych bunek.

2.2 Fluorescencni sondy pouzivané pii fenotypovém testovani

Fluorescenéni sondy jsou relativné malé molekuly. které obsahwi skupiny detekovatelné na
zakladé vanitini chemickeé vlastnosti — fluorescence. Fluorescenéni molekuly maji schopnost
absorbovat energii fotonli v jedné vinové délce a nasledné j1 vyzafit v jiné vinové délce. Dale
sondy obsahwji reaktivni skupinu schopnou se vazat na funkéni biomolekuly. Pouzivané
fluorescenéni sondy by mély dosahovat vysokych kvantovych vytézki a také mit dostatecné
posunuté emisni spektrum. aby byla zajisténa izolace detekovaného signalu'?. Vétsina
pouzivanych fluoroforii obsahuje systém aromatickych kruht a pfitomnost donatorovych

5
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skupin nejastéji v ortho- a para- polohach mize zvysiit kvantovy vytézek. Naopak
piitomnost elektronegativni skupiny kvantovy vytézek smzuje. Dalsi potencidlni
substituentem s velkym vlivem na fluorescenci jsou tézké atomy. Aromatické kruhy
obsahuyjici tézké atomy maji typicky nizsi kvantovy vytézek™. Nejéastéji pouzivané
fluorescenéni struktury jsou ve vodé rozpustné derivaty cyaninu, fluoresceinu. rhodanunu a
kumarinu®*. Fluorescenéni sondy jsou kli¢ové pro fenotypové testovani a mohou byt vhodné
k barveni fixovanych bunék s permeabilizovanou membranou’”. nebo je mozné pouzit
kombinovany piistup, kdy se barvi z1vé bunky. které jsou nasledné fixovany a dobarvovany
dalsimi barvivy, které by bez fixace nepronikly bunéénou membranou’®. Dillezitou souéasti
puvodniho protokolu dle Carpenterové '° je pouziti specifickych fluorescenénich barviv,

jejichz charaktenistiky jsou podrobnéji popsany nize a shmuty v tabulce L.

Hoechst 33342 patii do rodiny bisbenzimidovych barviv a pouziva se k znaéeni bunéénych
jader. Specificky se vaze na DNA, zejména do mist bohatych na adenin a tymin'”. Nazev
.Hoechst" pochazi od némeckého vyrobce barviv Hoechst AG, ktery tato barviva ptivodné
vyvinul a prodaval. Hoechst 33342 pronika pfes bunéénou a jademou membranu. coz
znamena, ze muZe snadno proniknout 1 do zivych bunék a diky tomu je pouztelny pro
barveni jader fixovanych 1 zivych bunék. Kromé mikroskopickych metod ho lze pouzit 1 pro

pritokovou cytometrii*s.

Konkanavalin A (ConA) je lektin. tedy typ proteinu. ktery se muize vazat na specifické
sacharidové struktury. ConA pochazi ze semen tropické bobovité rostliny Canavalia
ensiformis a je $iroce pouzivan v bunééné biologi. diky své schopnosti selektivné se vazat na
a-mannosylové a a-glukosylové zbytky na glykoproteinech a glykolipidech. véetné
bunéénych membran endoplasmatického retikula’®. Tato vazba je zavisla na iontech Ca’" a

vazebné misto je na kazdé ze étyf podjednotek tetrameru tohoto lektinu. ConA je aktivni
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mitogen a v bunééné a molekulimi biologii se pouziva ke stimulaci lymfocyti®®. Mize byt
konjugovan s fluorofory a poté se pouziva pro metody fluorescenéni mikroskopie®! nebo
prutokové cytometrie®?, kdy znaéi buiiky na zakladé slozeni povrchovych glykoprotemnt.
ConA se také pouziva v biochemickych purifikaénich a chromatografickych technikach®,
muzZe byt imobilizovan na pevnych nosicich a pouzit k separovani a 1zolaci glykoprotemnt
nebo glykolipidii z komplexnich smési. Vazebna afinita lektinu miize byt ovlivnéna riznymi

typy glykosylace pfitomnynu na bunééném povrchu.

SYTO 14 patii do rodiny barviv SYTO, coz jsou bunééna permeabilni barviva, vazajici se na
nukleové kyseliny. Tato barviva se ¢asto pouzivaji k detekci apoptozy u zivych bunék,
protoze jsou netoxicka. Pi1 snizené fluorescenci sledujeme rozklad nukleovych kyselin a
detekce mikropartikuli znaéi poskozeni membrany u aktivovanych a apoptickych bunék®*%.
SYTO 14 barvi konkrétné RNA a muze byt pouzito jak ve fluorescenéni mikroskopii®. tak

v prutokové cytometris®S.

Faloidin je cyklicky heptapeptid. patfici do skupiny falotoxint, ktery pochazi ze smrtelné
jedovaté houby muchomurky zelené (4manita phalloides). Faloidin se selektivné vaze na
filamentarni aktin (F-aktin). hlavni slozku eukaryotického cytoskeletu. Po navazani zabranuje
depolymerizaci aktinovych filamentii a stabilizuje jejich strukturu®’. Faloidin je éasto
konjugovan s fluorofory (jako jsou barviva FITC nebo AlexaFluor) za icelem vizualizace
aktinového cytoskeletu pomoci fluorescenéni mikroskopie®®. Zatimco faloidin se typicky
pouziva ve fixovanych busikach, existwyi denivaty. které byly vyvinuty pro zobrazovani
zivych bunék®™. Tyto derivaty jsou méné toxické a umoziuji pozorovat dynamické zmény v
aktinovém cytoskeletu v pribéhu ¢asu. Kromé mikroskopie Ize faloidin pouzit v pritokové
cytometrii ke kvantifikaci a analyze obsahu F-aktinu v busikach®®.
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WGA (Wheat Germ Agglutinin) pochazi z pSeménych klicku a je Siroce pouzivan v
biologickém a biochemickém vyzkumu 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 studiu bunééné membrany ve
fluorescenéni mikroskopii®~. Dale ho lze pouzit v pritokové cytometrii k selektivnimu
znaéeni a tiidéni bunék na zakladé obsahu povrchovych glykoproteini®®. WGA se pouziva v
biochemickych a molekulamé biologickych technikich pro afinitni éisténi glykoproteinti™.

Vyuzitim jeho vazebné specifity Ize izolovat glykoproteiny pro dalsi analyzu®.

Mitotracker barviva jsou skupinou fluorescenénich sond pouzivanych v bunééné biologu k
znaceni a sledovani mitochondrii v zivych bunkach. pii¢emz néktera z nich jsou stabilni 1 po
jejich fixaci®®. Tato barviva jsou uziteéna ke studiu morfologie, dynamiky a funkce
mitochondrii prostfednictvim miznych zobrazovacich technik. jako je fluorescenéni
mikroskopie a pristokova cytometrie®”. Mitotracker barviva jsou navrzena tak. aby se
selektivné akumulovala v aktivnich mitochondnich. Jejich selektivni akumulace je zavisla na
potencialu mitochondnialni membrany a tato vlastnost je neocenitelna pro hodnoceni zmén v
mitochondnialnim membranovém potencidlu, ktery je kli¢ovym indikitorem mitochondnialni
funkce®. Mitotracker barviva diky své dostupnosti v riznych barvach (napf. Gervena -
Mitotracker Red CMXRos. zelena - Mitotracker Green FM. tmavé ¢ervena Mitotracker Deep
Red FM a oranzova - MitoTracker Orange CMTMRos, chemické struktury zobrazeny na
obrazku 2) poskytuyi vysokou flexibilitu pfi pfipravé vicebarevnych fluorescenénich

experimentu.
3. Mikroskopie zivych bunék

Zobrazeni zivych bunék je zasadni pro studium dynamickych procest v realném éase, coz

umoziuje detailni sledovani uéinki latky na chovani bunék, véetné vlivu na bunéénou
8
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motilitu. déleni, migraci, zmény tvaru a organel. Nékteré aktivni latky mayi rychlé a
dynamické uéinky na bunééné procesy®®. Casosbéma mikroskopie nabizi moznost
dlouhodobého sledovani, ¢imz odhaluje ¢asovou dynamiku bunéénych zmén, funkce a
morfologie subcelularnich struktur vyvolanych plisobenim studované latky. Na druhou stranu
ma mikroskopie zivych bunék nékolik vyzev, mezi které patii fototoxicita a diky tomu 1
omezeni frekvence snimani v case. Proto je dilezité vénovat pozomost volbé vhodnych
fluorescenénich znaéek a optimalizaci experimentalnich podminek*. Studium kolokalizace
latky s bunéénymu slozkami nebo organelami. pfipadné protemnovymi komplexy pomoci
FRET (Forsteriv rezonanéni pfenos energie) techniky, mize poskytnout cenné informace o
potencialnich imterakcich s cili*!. Oznaéenim latky a potencionalniho cilového proteinu
fluorofory. z nichZ jeden je aktivovany pouze pf1 pfenosu energie. miizeme pii zméné ve

fluorescenénim signalu usuzovat na jejich tésnou blizkost. a tedy vzajemnou interakei*.

3.2 Fluorescencni sondy vhodné pro mikroskopii zivich bunék

Pro mikroskopii zivych bunék se asto pouzivaji mizné fluorescenéni sondy. Tradiéné
pouzivané fluorescenéni proteiny. spojené s cilovymi protemy nebo peptidy. mohou
negativné ovlivnit funkci takto filzovaného proteinu. Proto se k pfekonani téchto problénm
vyuzivaji syntetické sondy zalozené na malych chemickych molekulach. které nabizi mensi
velikost. moznosti 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 zafivé barvy. vysoka molarni
absorptivita a Siroky rozsah fluorescenéni enuse jsou 1dealni pro fluorescenéni mikroskopii,
prutokovou cytometrii a biozobrazovani in vivo. BODIPY barviva jsou €asto vyuzivana pro
detekci a monitorovani biologickych procest. véetné interakci protein-protein, enzymové
aktivity, pripadné bunééné lokalizace. Strukturalni modifikace téchto barviv umoziuyi

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 obrazku 3). Mimo
expenimentalné piipravené sondy s BODIPY je nékolik dostupnych 1 komeréné, napriklad
LysoTracker a ER-Tracker®. Struktury komerénich sond jsou zobrazeny na obrazku 3.
Piikladem vyuziti komeréni BODIPY sondy je PARPi-FL. fluorescenéni sonda zaloZena na
BODIPY a olaparibu (inhibitor poly(ADP-ribosa)polymerasy 1 (PARP1). ktera se ukazala
jako slibna pf1 detekci a hodnoceni chirurgickych okraji epitelialnich karcinomii v klinickych
podminkich***”. Fluorescenéni vlastnosti BODIPY lze navic rozsifit do téméf infracervené
oblasti zavedenim atomnt: dusiku do pyrrolové kostry (aza-BODIPY)*. nebo roziifenim
konjugovaného systému*. V posledni dobé piitahuji takové fluorofory pozornost, diky tomu,
Ze umoznwi biozobrazovani se snizenou autofluorescenci a rozptylem svétla. navic smzuyi
poskozeni ¢1 ztratu fluorescence (photobleaching) zpisobeny excitaci fluoroforu®®. BODIPY
sondy mohou byt vyuzivany 1 pro pokroéilé mikroskopické techniky jako je super-rezoluéni
mikroskopie. Ve studii Adhikari a kol. z roku 2019°*, byla vyuzita tvorba dimeri s posunem
emitujiciho svétla do Cervené oblasti spektra. Takto byly ve vysokém rozliSeni lokalizovany
jednotliva analogy mastnych kyselin v membrané zivych kvasinek pomoci mikroskopické
metody lokalizace jednotlivy'ch molekul (Single Molecule Localization Mircoscopy -
SMLM). Dalsi prace vyuzila BODIPY sondy pro super-rezoluéni techniku fotoaktivaéni
lokalizaéni mikroskopie (PhotoActivated Localization Microscopy, PALM). Tato metoda se
opira o stochastickou excitaci fluorescenénich molekul. kdy je aktivovana jen mala
podmnozina fluorescenénich znacek. coz umoznuye jejich individualni lokalizaci s vysokym
rozlidenim. Po nasnimani velkého mnozstvi snimkii jsou tyto snimky kombinovany do
jednoho vysokorozliSovaciho obrazu. kdy po obrazové rekonstrukci mizeme dosahnout
zobrazeni biologickych vzorki v rozliSeni az téméf na molekulimi Grovni 10 nm™. Kromé
toho mohou byt do vyslednych fotoaktivovatelnych fluorofon zaélenény cilené ligandy pro
oznaceni vybranych subcelularnich slozek v zivych busikach®*-3*. Diky svému lipofilnimu
10
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charakteru se BODIPY uplatiiuje pfi syntéze sond pro znaceni plasmatickych membran®.
Struktury experimentalné pfipravenych sond jsou na obrazku 4. Napriiklad sonda BPDPA-Zn
byla vytvofena na zakladé BODIPY a zinkového komplexu. ktery specificky vaze
fosfatidylserin v plasmatické membrané. Slouzi k rozliSeni stupné apoptozy. protoze se
selektivné vaze na membranu ¢asnych apoptotickych bunék a internalizuje se do pozdnich
apoptotickych bunék®’. Dale byla vytvofena amfifilni sonda DSDMHDAB pro vizualizaci
extracelulamiho uvoliovani oxidu dusnatého na membrané pomoci lokalizované reakce

BODIPY na bazi 3 4-diaminofenolu®®.

4. Zaver

Vyuati pokroéilych technologii. jako jsou HTS a fenotypové testovani, zisadné usnadnilo
objevovani cilii biologicky aktivnich latek®. Je viak dilezité si uvédomit. Ze proces
identifikace cili téchto latek zistava komplexnim a neustale se vyvijejicim aspektem
vyzkumu a vyvoje lééiv. zeyména v kontextu novych terapeutickych pfistupti a
personalizované mediciny. Jako kazdy technologicky pfistup. mikroskopické metody
piinaseji fadu vyhod. véetné pfimé vizualizace bunéénych struktur. sledovani procest

v realném Ease a urceni prostorové subcelulami lokalizace cilovych mist ptisobeni
testovanych latek. Pokroéilé mikroskopické techniky s vysokym rozliSenim nabizi detailni
snimky. které umoziui odhalit 1 velmi jemné nuance interakci mezi latkanmu a jejich
molekulamimi cili**. Na druhou stranu. tyto metody mohou byt technicky naroéné®>°,
vyzadwi specializované vybaveni a odbomé znalosti v oblasti pfipravy vzorki a zejména
analyzy dat. Mikroskopie muize vést k faleiné pozitivnim nebo negativnim vysledkiim.
zeyména pokud procesy znaceni a barveni nejsou peélivé optimalizovany a pokud pouzita
barviva nejsou dostatecné selektivni a specificka. BODIPY barviva jsou idealni pro
mikroskopii, nabizeji intenzivni barvy a rizné spektralni charakteristiky. Moznost modifikace
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struktury BODIPY umoziuje regulaci kli¢ovych vlastnosti. Jejich vyuziti v mikroskopickych
technikach super-rezoluce. jako je SMLM nebo PALM. umoziuje biozobrazovani s vysokyvm
prostorovym rozlisenim. BODIPY sondy jsou vyznamnym nastrojem pro studium zivych

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

Barvivo Filtr pro BP Filtr pro Bunécna struktura
excitaci (nm) emisi (nm)

Hoechst 33342 405 447/60 DNA. znaceni bunécnych
jader

ConA 488 536/40 Endoplazmatické retikulum

Konjugat s AlexaFluor

488

SYTO 14 488 593/40 Jadérka. cytoplazmaticka
RNA

Faloidin 561 624/40 F-aktin a cytoskelet

Konjugit s AlexaFluor

568

WGA Konjugat s 561 624/40 Golgiho aparat a

AlexaFluor 555 cytoplazmatickda membrana

Mitotracker Deep Red 640 692/40 Mitochondrie

Mitotracker Red CMXRos

Mitotracker Deep Red FM

Mitotracker Orange CMXRos

Obr. 2: Molekulami struktury Mitotracker barviv.
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1 Medici

Abstract: Betulinic 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 compounds,
induding BODIPY labelled analogues derived from BA. The analogues terminated by amino moiety
showed increased cytotoxicity (e.g., BA had on CCRF-CEM ICq > 50 uM, amine 3 IC5; 021 and
amine 14 1C5, 0.29). The cell-cycle arrest was evaluated and did not show general features for all the
tested compound scence microscopy study of six derivatives revealed thatonly d and 6
were detected in lh ing 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 I1Csy; > 10 M. 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 simil hanism of inhibition as described for bevirimat.

Mex

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 c into the cytosol. It is then responsible for triggering apoptosis [7]. Among
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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-kB [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)
@]
S

O
O-

" 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 [30] 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 synthesis, 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%), f-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-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY-N;)

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% vield. Rp = 0.55 in hexanes-AcOEt 1:1. 'H NMR
(400 MHz, CD30D) 6 ppm: 211 (quin, ] = 6.7 Hz, 2 H), 3.56 (t, ] = 6.5 Hz, 2 H), 3.87 (t,
] =74 Hz,2 H), 639 (br. 5., 1 H), 655 (br. s, 1 H), 732 (br. 5, 1 H), 7.36 (br. 5., 2 H), 7.57 (s,
1 H). BC NMR (101 MHz, CD3;0D) & 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)amino4 4-difluoro4-bora-3a,4a-diaza-s-indacene (BODIPY-NH,)

To a solution of BODIPY-Nj3 (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 yellow solid in 70% yield. R¢ =0.15in
DCM-MeOH 20:1 (v/v). *H NMR (400 MHz, CD:0D) & ppm: 1.98 (quin, | = 6.7 Hz, 2 H),
287(t,J=6.7Hz 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] .

8-N-(B-Alanyllamino-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 §-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-
CO2H (175 mg, 0.63 mmol) was obtained as yellow solids in 68% yield. Rp = 038 in
hexanes-AcOEt 1:1. 'H NMR (400 MHz, CD;0D) & ppm: 2.87 (t, ] = 6.9 Hz, 2 H), 4.00 (t,
] =69 Hz, 2 H), 635 (br. 5., 1 H), 6.53 (br. 5, 1 H), 7.27-7.31 (m, 1 H), 7.33 (br. s, 2 H),
755 (br. 5., 1 H). *C NMR (101 MHz, CD;OD) § ppm: 31.71, 42.48, 112,67, 114.02, 115.89,
123.26, 130.78, 133.83, 148.75, 173.03. HRMS-ESI: calculated 279.099%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
(v/0). 'H NMR (400 MHz, CDCl3) § ppm: 0.63-0.70 (m, 1 H), 0.75 (s, 3 H), 0.81 (s, 3 H),
0.83-091 (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), 238-2.48 (m,
1 H),3.083.20 (m, 2 H),332(s, 4 H), 458 (s, 1 H), 473 (s, 1 H), 585 (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, 3740, 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-dimethy-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 H>O (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 3:1,
v/v). Compound 2 (94 mg, 0.14 mmol) was obtained as white solids in 38% yield. Rg = 0.60
in hexanes-AcOE, 1:1. 'H NMR (400 MHz, CDCls) 8 ppm: 0.73-0.76 (m, 1 H), 0.79 (s, 3 H),
0.82 (s, 6 H), 092 (s, 3 H), 0.95 (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),
1.90-1.93 (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), 333343 (m, 4 H), 445450 (m, 1 H),4.58 (s, 1 H), 4.73 (s, 1 H), 5.86 (t, ] = 5.9 Hz,
1 H); Figure S4. 3C NMR (101 MHz, CDCI3) § 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-2(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 (CHCl5-MeOH 20:1, v/v + 0.5% EtsN — 10:1, v/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/7) + 0.5% EtsN. "H NMR (400 MHz, CD30D) § ppm: 0.70-0.75 (m, 1 H), 0.77 (s,
3 H), 088 (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,
1 H), 2,69 (t, ] = 6.9 Hz, 2 H), 3.07-3.18 (m, 2 H), 3.20-3.32 (m, 2 H), 4.60 (s, 1 H), 4.72 (s, 1 H);
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Figure 57. 3C 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.

(AR)-N-[N"-(4 4-Difluom-4-hara-3a da-diaza-<-indacena-8-yl)-3-aminopropyl]-3-hyvdro-
xylup-20(29)-ene-28-amide (4)

To a solution of BA (50 mg, 0.11 mmol) and BODIPY-NH2 (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-
AcOEt 1:1. '"H NMR (400 MHz, CDCl,) 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), 0.96 (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.s., 1 H), 650 (br. 5., 1 H), 7.12 (br. 5, 1 H), 751 (br. 5., 1 H), 7.67 (br.
s., 2 H), 9.73 (t, ] = 5.3 Hz, 1 H); Figure S10. 13C NMR (101 MHz, CDCly) § ppm: 14.67,
1535, 16.12, 16.15, 18.25, 19.46, 20.96, 25.61, 27.38, 2796, 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 72547504 [M+Na]+
and 741.44867 [M+K]+; Figure S12.

(3B)-N-(3-Azidopropyl)}-3-[N 44 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 mmaol) 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, /), 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% yield. R = 0.62 in DCM-MeQOH 40:1 (v/7). H
NMR (400 MHz, CDCls) § 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), 2.42-250 (m, 1 H), 280 (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,1H),583(t,)] =5.9Hz 1 H),6.44 (br. 5., 2 H), 7.01 (br. 5., 2 H), 7.45-7.68 (m,
2H),7.73 (t, ] = 5.3 Hz, 1 H); Figure S13. 13C NMR (101 MHz, CDCl3) § ppm: 1459, 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, 14798, 150.82, 171.54,
176.32; Figure S14. HRMS-ESI: calculated 799.51318 Da, found m/z 822.50287 [M+Na]* and
838.47620 [M+K]"; Figure S15.

(3B)-N-(3-Aminopropvl}-3-{N "4 4-difluoro-4-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/7) 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) & 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), 245-2.51 (m, 1 H), 277-2.85 (m, 4 H), 3.11-3.18 (m, 1 H), 3.30-3.40 (m,
2H),398(t,]=63Hz,2H),457-461(m,2 H),4.74 (s, 1 H),6.40(t, ] =55 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, CDCly)
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5 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,
32.67,33.70, 34.28, 37.11, 37.52, 37.66, 37.87, 38.33, 38.49, 40.09, 40.76, 42.48, 42,52, 46.74,
50.07, 5055, 55.42, 55.61, 82.90, 109.34, 114.15, 114.82, 11540, 122.45, 132.64, 135.57, 148.06,
150.99, 171.58, 176.32; Figure S17. HRMS-ESI: monoisotopic mass 773.52268 Da, found m/z
774.53046 [M+H]" and 772.51587 [M-H] " ; Figure S18.

Tert-butyl-(3-{[(38)-3- hydroxy-28-oxolup-20{29)-ene-25-ylJamino}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
EDCI (462 mg, 2.41 mmol) were added. The mixture was stirred for 48 h at RT. The
solvents were evaporated under reduced pressure and the residue was chromatographed
(DCM-MeOH 100:1, /2). Compound 7 (%00 mg, 1.47 mmol) was obtained as white solid
in 67% vield. Rg = 0.34 in DCM-MeOH 40:1 (2/v). 'H NMR (400 MHz, CDCls) & ppm:
0.65 0.70 (m, 1 H), 0.75 (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 (s, 3 H), 0.98-1.05 (m, 2 H), 1.13-1.20 (m, 1 H), 1.22-1.44 (m, 8 H), 1.45 (s, 9 H),
1.46 1.68 (m, 11 H), 1.69 (s, 3 H), 1.69-1.81 (m, 2 H), 1.88-2.00 (m, 1 H), 2.00-2.07 (m, 1 H),
2.42-250 (m, 1 H), 3.10-3.28 (m, 5 H), 3.30-3.39 (m, 1 H), 459 (s, 1 H), 4.74 (s, 1 H), 491 (br.
s.,1H), 6.33 (br. 5., 1 H); Figure §19. BC NMR (101 MHz, CDCls) § ppm: 14.64, 15.35, 16.12,
16.14, 18.28, 19.48, 20.94, 25.64, 27.41, 27.97, 2840 (s, 3 C) 29.48, 30.54, 30.92, 33.65, 34.39,
35.28, 37.20, 37.75, 38.51, 38.72, 38.84, 40.76, 42.47, 46.66, 50.04, 50.64, 55.38, 55.76, 67.07,
7896, 79.32, 109.27, 151.05, 156.65, 176.50; Figure S20. HRMS-ESI: calculated 612.48661 Da,
found m/z 613.4939%4 [M+H]", 635.47609 [M+Na]" and 651.44943 [M+K]"; Figure S21.

4-{[(3B)-28-(|3-{(Tert-butoxycarbonyljaminojpropyljamino)-28-oxolup-20(29)-ene-3-yljoxy|-
2,2-dimethyl-4-oxobutanoic acid (8)

To a solution of 7 (400 mg, 0.65 mmol) and 4-DMAP (128 mg, 1.04 mmol) 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 DCM (4 x 20 mL). Combined organic layers were washed
with KHSOy (3 x 5 mL) and brine. The organic layer was dried over Na,SOy and the
solvents were evaporated under reduced pressure. The residue was chromatographed
(DCM-MeOH 40:1, v/o + 1% Et;N) to obtain 8 (260 mg, 0.35 mmol) as white solids in
54% yield. Rp = 0.18 in DCM-MeOH 40:1 (o/o) + 1% EtsN. "H NMR (400 MHz, CDCly) §
ppm: 0.74-0.77 (m, 1 H), 0.80 (s, 3 H), 0.82 (s, 6 H), 0.92 (s, 3 H), 0.96 (s, 3 H), 0.97-1.02 (m,
1 H), 1.13-1.17 (m, 1 H), 1.25-1.27 (m, 2 H), 1.28 (s, 3 H), 1.30 (s, 3 H), 1.31-1.44 (m, 7 H),
145 (s, 9 H), 1.46-1.68 (m, 10 H), 1.69 (s, 3 H), 1.70-1.82 (m, 2 H), 1.90-1.97 (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,
1H),4.59 (s, 1 H), 4.74 (5, 1 H), 4.94 (br. 5., 1 H), 6.43 (br. 5., 1 H); Figure $22. C NMR
(101 MHz, CDCly) § ppm: 14.61, 16.09, 16.15, 16.47, 18.14, 19.45, 20.95, 23.60, 25.02, 25.58,
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, 38.52,
40.44,40.72, 40.76, 42.46, 44.71, 46.64, 49.99, 50.52, 55.47, 55.80, 79.40, 8155, 109.37, 150.97,
156.80, 171.00, 176.72, 182.24; Figure 523. HRMS-ESI: calculated 74053395 Da, found m/z
74154119 [M+H]* and 76352302 [M+Na]*; Figure 524.

4-|[(3B)-28-[(3-Aminopropyl)amino |-28-oxolup-20(29)-ene-3-yljoxy}-2,2-dimethyl-4-oxo-
butanooic acid hydrochloride (9)

Compound 6 (130 mg, 0.18 mmol) was dissolved in CHCl3 (1.5 mL) and 2 M HCI
solution in Et;O (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 Et;0 (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.
Rg = 0.1 in DCM-MeOH 9:1 (v/v). 'H NMR (400 MHz, CD;0D) & ppm: 0.81-0.83 (m,
1 H), 0.86 (s, 6 H), 0.88 (s, 1 H), 0.89 (s, 3 H), 0.98 (s, 3 H), 1.02 (s, 3 H), 1.03-1.11 (m, 1 H),
1.19 (m, 1 H), 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 H), 1.80-1.90 (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), 323-330 (m, 2 H), 4.43-4.48 (m, 1 H), 459 (s, 1 H),4.70 (s, 1 H),
789 (t,] = 5.9 Hz, 1 H); Figure $25. "*C NMR (101 MHz, CD;0D) 6 ppm: 13.64, 15.36, 15.43,
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15.66, 17.85, 18.13, 20.76, 23.25, 24.43, 24.79, 2549, 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, 8122, 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 CHCl; (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/o + 1% EtyN). 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. Ry = 0.73 in DCM-
MeOH 9:1 (v/2). '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,]=55Hz 2 H), 446451 (m, 1 H),465(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,
] =55 Hz, 1 H); Figure $28. *C NMR (101 MHz, CDCl;) 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, 3840, 38.49, 4045, 40.81, 42.47, 4440, 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/7) to obtain product 12 (720 mg,
1.01 mmol) as white solids in 40% yield. R = 0.16 in DCM-MeOH 100:1 (v/v). 'H NMR
(400 MHz, CDCl3) 8 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, 3 H), 0.97-1.00 (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),
2.04 (s, 3 H), 2.07-2.11 (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), 3.25 (br. 5., 2 H), 361 (br. 5., 4 H), 4.44-4.49 (m, 1 H), 458 (s, 1 H), 472 (s,
1 H),4.98 (br. 5., 1 H); Figure $31. *C NMR (101 MHz, CDCls) & ppm: 14.62, 16.11, 16.24,
16.46, 18.18, 19.63, 21.15, 21.30, 23.70, 25.61, 27.93, 28 41, 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, 15130, 155.90, 170.99, 173.46; Figure S32. HRMS-ESL: calculated
709.53937 Da, found m/z 710.54562 [M+H]" and 732.52546 [M+Na]"; Figure S33.

Tert-butyl-(2-|4-{(3p )-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, 7/v) to obtain 13 (310 mg, 0.46 mmol) as white solids in 47% yield. R =0.33 in
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DCM-MeOH 20:1 (/7). 'H NMR (400 MHz, CDCls) 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), 093 (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 (s, 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), 2.84-2.90 (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.,
4H),457 (s, 1 H), 472 (s,1 H), 4.99 (br. 5., 1 H); Figure S34. 13C NMR (101 MHz, CDCly)
§ 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 $36.

(34)-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 CHCl; (2.8 mL), 2 M HCl solution in Ety0O
(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;0O
(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;0D) & 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), 2.89-295 (m, 1 H), 3.11-3.15 (m,
1 H), 3.35-3.81 (m, 11 H), 4.59 (s, 1 H), 4.70 (s, 1 H); Figure S37. 13C 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 $38. HRMS-ESL: calculated
567.47638 Da, found m/z 568.4832 [M+H]'; Figure S39.

(3 )-28-{4-IN(4,4-Difluoro4-bora-3a,4a-diaza-s-indacene-8-yl}-2-aminoethyl|piperazine-
1-yl}-3-hydroxylup-20{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-MeOH 100:1, v/7) 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), 282-2.90
(m, 3 H), 2.95-3.01 (m, 1 H), 3.17-321 (m, 1 H), 3.70 (br. 5., 4 H), 3.75 (br. 5., 2 H), 4.60 (s,
1H),4.74 (s, 1 H), 641 (br. 5., 1 H), 6,53 (br. 5., 1 H), 691 (br. 5., 1 H), 7.13 (br. 5., 1 H), 7.51
(br. s, 1H),7.72 (br. 5., 1 H), 7.92 (br. s., 1 H); Figure S40. 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-([(36)-28-(4-{2-[(Tert-butoxycarbonyl)aminojethyl| piperazine-1-yl)-28-oxolup-20(29)-
ene-3-yl]oxy}-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% EtyN — AcOEt — DCM-MeOH 9:1, 2/v). Compound 16 (328 mg, 0.41 mmol)
was obtained as white solids in 53% yield. Ry = 0.43 in DCM-MeOH 9:1 (v/v). '"H NMR
(400 MHz, CDCly) & ppm: 0.74-0.77 (m, 1 H), 0.81 (s, 6 H), 0.83 (s, 3 H), 093 (5, 3 H), 0.95 (s,
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3 H), 1.12-1.16 (m, 1 H), 1.27 (br. 5., 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), 4.72 (s, 1 H), 5.15 (br. s., 1 H);
Figure $43. B3C NMR (101 MHz, CDCls) 8 ppm: 14.67, 16.06, 16.21, 1657, 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 S45.
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,0 (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;0D) & 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), 1.27 (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), 2.81-287 (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. B¢ NMR (101 MHz, CD3;0D) 8 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,
8125, 108.69, 150.83, 17153, 17440, 179.15; Figure S47. HRMS-ESI: calculated 695.52372 Da,
found m/z 696.53153 [M+H]"; Figure S48.

4-([(3f)-28-[4-[N-(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, 0.08 mmol) in the
mixture of CHCly (5 mL) and THF (3 mL), a drop of EtyN was added. The mixture was
stirred 30 min at RT. Solvents were evaporated and the residuum was chromatographed
(DCM-MeOH 20:1, o/ + 0.5% Et;N). Compound 18 (39 mg, 0.04 mmol) was obtained as
vellowish solid in 62% yield. Ry = 0.22 in DCM-MeOH 20:1 (v/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),
0.880.92 (m, 1 H), 0.94 (s, 3 H), 0.96 (s, 3 H), 1.15-1.19 (m, 1 H), 1.28 (s, 3 H), 1.30 (s, 3 H),
1.35 1.42 (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), 2.51-2.70 (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), 446451 (m, 1 H), 459 (s, 1 H),
473(s,1H),6.39 (br.s.,,1H), 652 (br. 5., 1 H),691 (br.s.,, 1 H),7.13 (br. 5., 1 H), 7.50 (br. 5.,
1H), 771 (br. s, 1 H), 7.96 (br. 5., 1 H); Figure $49. 13C NMR (101 MHz, CDCls) 8 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, 8147, 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 NaHCOy).

2.22. 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 uL)
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 uL) 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 = (ODgnyg-cxpased well/ mean OD;oatrol weiks)
x 100%. The ICyy 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 ICy 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 ug 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/GI1 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.

2.25. 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 ovemnight 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 U20S-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-] 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 pWPXLdA-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 (PEL, 1 mg/mL) at a 2:1 PELDNA 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-um 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 lII 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 (6x) 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-N;, Figure 2)
to amine (BODIPY-NH,, Figure 2) by catalytic hydrogenation.

NH N, 05-OH
$ S
|
\ \m ’j
c“m - D -+ LR = C"\O
% N.g.N& Nt
FF
BOM-NHg BODIPY-N, BODIPY-SMe BODIPY-CO,H
(70%) (97%) (68%)

Figure 2. Synthesis of functionalized BODIPY dyes. Reagents and conditions: (a) f-Als, DMSO-H0,
30 °C, 12 h; (b) 3-azdopropylamine, DCM, 30 min, RT; (¢) Hz, Pd/C, AcOEt, 2h, RT.

Betulinoyl azidopropylamide (N-{3-azidopropyl)-3p-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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vield (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 flucrescently
labelled derivative of bevirimat was prepared by the reaction with BODIPY-SMe.
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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; (¢) PPhs, THF/H,0, 23 b; (d) BODIPY-NH;, 4-DMAFP, DCC, DCM, 12 h, RT; (e) BODIPY-CO,H,
DCC, 4-DMAP, DCM, 12 h, RT; (f) N-Boe-13-diaminopropane, EDC, HOB, 4-DMAF, DME, 48 h, RT; (g) 2M HCI/E4;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 hydroxyl 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.

")
H

Figure 4. Synthesis of “piperazinyl” derivatives. Reagents and conditions: (3) A0, pyridine, 12 h, RT; (b) i. (COCl),,
DCM, DME 2 h, RT, ii. 142-N-boc-amincethyl)piperazine, EGN, DCM, 12 h, RT; (¢) 4M NaOH, THF-MeOH, 3 h, RT; (d) 2M
HCI/Et0, 12 h, RT (under argon); (¢) BODIPY-SMe, CHCI3-THEF, EtsN, 30 min, RT; (f) 2,2-dimethyl succinic anhydride,
4-DMAF, p-TsOH, THF, 2 h, MW-130 °C.

Experimental details of the preparation of substances are described in Section 2.1. and
the NMR, HRMS spectra (Figures S1-551) and photochemical properties (Figure S52 and
Table S1) 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. ICx, 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 ICxy values 0.21 and
0.29 uM 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 MTS assay did not reveal
any effect directed specifically against cancer cell lines, ICg values calculated for normal
fibroblast and cancer cell lines were highly comparable. Resistant sublines CEM-DNR 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-DNR resistant subline.
The biggest difference in favour of CEM-DNR was observed for derivatives 6 and 3. BA
and 13 showed an opposite profile in CEM-DNR 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-glycoprotein transport, and we think
that several tested derivatives could be substrates for LRP protein. Higher LRP expression
in CEM-DNR 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 and DNA/RNA 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 2).

Exposure to 1 x 1Cg and 5 x ICs concentrations of derivatives did not induce DNA
fragmentation with the exception of high doses of 2 and 8. Treatment with 1 x ICg
concentrations did not modulate cell cycle profile while 5 x 1Cs; concentration led in all
samples to a more pronounced effect. The treatment with 5 x 1Cs derivatives 2, 12 and
14 increased the percentage of cells in the S-phase by about 50% compared to untreated
control. Nevertheless, 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 pH3Ser10 and proliferation marker BrDU after 24 h incubation
with the compounds. Analysis of mitotic marker showed a low rate of cell division in
cells treated with 5 x 1Cs) concentration of derivatives 2, 3, 6, 12 and 14. Derivatives 3,
6, 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 DNA during pulse labelling. The complementary BrU based method of monitoring
newly synthesized RNA in cells pre-incubated for 24 with the selected derivatives revealed
stalled RNA synthesis induced by 5 x ICg 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 activities (ICsg, uM).
Compound
Cell Line * BA BT 1 2 3 4 6 7 8 9 10 12 13 u 16 17 18
CCRF-CEM >50 1282 898 8.14 o1 23.65 155 >50 8.18 248 29 9.62 >50 029 >50 576 8.61
CEM-DNR 23.05 217 16.84 1023 122 >50 1153 >50 924 >50 7.00 >50 476 035 >50 >50 >50
K562 >50 23.60 >50 2599 090 >50 525 >50 19.18 >50 2319 >50 509 040 47.90 >50 >50
K562-Tax >50 203 1058 1594 037 >50 31.80 >50 1330 >50 1221 >50 877 052 >50 >50 >50
A549 2268 23.06 >50 287 1.80 >50 6.65 219 1884 >50 1355 >50 515 126 4493 >50 47.80
HCT116 >50 14.17 >50 19.40 082 >50 385 >50 1321 >50 79 >50 6.02 039 46.63 >50 30.84
HCT16p53—/— >50 1820 >50 2924 0.44 >50 339 >50 215 >50 880 >50 % 0.44 4476 >50 45.50
u20s 29.69 2763 294 22 089 >50 500 1839 17.16 >50 1238 >50 416 042 4462 44.58 >50
MRC-5 >50 >50 >50 2419 259 >50 807 1758 2314 >50 1412 >50 5.18 158 4461 >50 >50
B) >50 >50 >50 2533 19 >50 837 20.69 2154 >50 1549 >50 536 159 4763 >50 >50
* Cytotoxic activity w. by MTS assay ,,Sday bation. Vak md@hmﬂvxuﬂrwﬁmtmmnwﬂmﬂ)mghmll)-S'hnl!hea\mlm\alm Tested
cell lines: CCRF-CEM Tacute by CEM-DNR (CCRFCEM K562 (chronic Tax (K562 p A549 (lung

o i HCT116

cancer), HCl'llop53 /= (null p53 gene), and U205 (osteosarcomna). Normal human cefl lines: MRCSmdB](mmalcydmgﬁbmbl.uu),Mb«ﬂmxmd BT, bevinmat.
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Table 2. Effect of cytotoxic compounds on cell eyele, apoptosis and DNA/RNA synthesis in CCRF-CEM lymphoblasts (% of

positive cells).
Compound <G1 GO/G1 S GUM pH3>108 BrDU ¥ BrU ©
control 220 0.77 3764 21.60 177 37.22 40.77
10 136 37.03 4413 1884 153 36.54 52.69
1e 193 4233 3587 21.80 1.71 37.99 a7
20 433 3988 16.65 1347 1.33 5207 28.60
20 4117 3.9 5621 19.85 0.58 2275 4.05
3e 130 35.07 3654 28.40 2.04 41.88 50.56
3e 353 31.73 4118 2709 0.16 206 040
60 223 3339 974 1687 1.50 4497 4225
60 524 37.16 3952 23.32 0.50 7.10 26.05
Be® 264 3193 4772 2035 170 46.44 3361
5@ 39.65 40.78 37.66 2156 1.25 851 1.85
10e 380 3798 44359 1743 14 4225 35.04
we 10.69 4458 4232 13.10 1.25 1018 13.02
120 245 Bed 43.16 2320 140 59.73 41.98
12e 3.0 275 56.69 1355 0.68 64.07 34.00
ue 8.63 21.46 5629 225 0.15 2455 1.56
He 8.16 2728 51.82 2090 0.18 0.52 153
17 289 3483 46.96 1821 1.56 48.07 26.70
17 404 4342 3847 18.10 149 29.41 339
18e 206 36.06 “3n 19.63 125 55.81 46.98
188 297 3.0 4412 1787 155 49.64 7023
Fow ¢ analysis was used for quantification of cell cycle distribution and apoptotic cells with a conx ion of compounds equal
to 1 x ICy, (®) and 5 x ICy, (@) values. * phaspho-Histone (Serl0); * 5-b 2-deoxyuridine; © BrU, 5-bi idi

3.4. Live Cells Imaging

The group of six derivatives of BA and BODIPY was studied on the U20S-Nuc cell
line with the nucleus labelled by fluorescein protein mCherry. The functionalized BODIPY
dyes (BODIPY-CO,H and BODIPY-NH,), as well as precursor BODIPY-SMe, were used
as a control. All fluorescent microscopic images of this pilot experiment are shown in
Figure S53. 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 5B—Pearson’s and Mander’s coefficients).
The functionalized BODIPY dyes were not detected in the U205-Nuc 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 BODIPY were not detected in living cells
under our experimental conditions; however, it is possible that the signal can be observed
at later intervals. BODIPY-SMe is reactive due to the 8-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 U20S-ER cell line, and then in
U20S-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 6 almost
perfectly label mitochondria and endoplasmic reticulum. The lowest colocalization signal
was again detected in the U205-GA cell line. BODIPY-SMe 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 S54-556.

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

Control

BODIPY-SMe

Mander’'s Coefficient

Pearson's Coefficient
(Red channel overlaping Blue channel)

1
» 0
Lo
0s s
oo 00
U20S-Nuc U20S-ER U20S-GA U205Mito U20S-Nuc U20S-ER U20S-GA U20S-Mro

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 BODIFY, 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 [43,41]. 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 S2). 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) [50-52]. 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 (ICsy)
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

4 5 6 7 8 9 10 12 13 15 16 17 18

S1Cs [uM] >40 364 >4 >40 120 >80 378 =40 >0 >40 >0 >3 =40 >40 >0

@ICs [uM] >50

441 =50 nd. >50 14 140 84 319 >3 >50 91 76 7.1

* HEK 293 cells were grown in the presence or absence of tested compounds at a conc 3 % from 5 to 40 uM. The viability of the
cells was determined by Resazurin assay 48 h later (9). Todeh:mmﬂrdfcdofﬂrcmpumdsm“lvllﬂemnty(.} HEK 293 cells
were transfected with the lentiviral vectors and treated with the tested compounds. The cells producing HIV-1 particles in the

or absence of DMSO (at a final concentration of 1%) were used as controls. Mnlshgutrmufe:nnn the content of HIV-1 capsid (CA)

protein from the culture media was quantified by ELISA and normalized amounts of V

-G pseudotyped HIV-1 viruses were used to infect

fresh HEK 293 cells. HIV-1 infectivity was determined 48 h Later by quantification of GFP-producing cells by flow cytometry. The 50%

infection inhibiti

(ICsy) was defined as the ¢ ion of the comp d that reduced 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 (ICx)y) 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 ICsy 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 2 10 11 12

+ + + + +
+ + + + +

10 12 16 17 18

+ 4 |@
N+
E NN
® + + |
0w + + |~

—

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 557).

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 U208 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 ICg 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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Supplementary Materials: The following are available online at https://www.mdpi.com /article /10
3390/ biomedicines%0T104 /51, Supplementary Figures 51-552 and Table 51 document the analytical
identification (NMR, HRMS, UV-Vis and fluorescence). Table 52: Caleulated physical properties
(pKa and logP) of the derivatives. Figures 553-556 show supplementary pictures from fluorescent
microscopy. Figure S57: Effect of selected tested compounds on CA-SP1 processing of HIV-1 Gag
polyprotein (a duplicate of western blot showed in Figure 5. in the articdle).
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Conjugates and their use in Imaging of Cellular Drug Uptake and

Distribution

Sona Krajcovicova,™ Jarmila Stankova,” Petr Dzubak,™ Marian Hajduch,™ Miroslav Soural,*®!
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Abstract: A solid-phase synthetic (SPS) method was devel-
oped for the preparation of BODIPY-labeled bicactive com-
pounds that allows for fast and simple synthesis of conju-

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

Introduction

The visualization of small molecules in cells has become an es-
sential ol in drug discovery. The most commonly used
method Is fluorescent microscopy, in which the studied mole-
cule s 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 various conjugates of small mole-
cules with a vaniety of fluorescent tags have been reported to
date, with application as probes,'” photosensitizers™ and lumi-
nescence switches and sensors™ Among them, BODIPY
dyes”™™ are commonly used flucrophores because of their su-
perior physicochemical properties such as high photostability,
high quantum yleld of fluorescence, total neutral charge, and
low polarity In contrast to other dyes, the wavelengths of ab-
sorption and emission can be tuned easily by various substitu-
tions on the BODIPY core™ The simplest BODIPY derivatives
show fluoresceinike parameters; however, unlike fluoresceins
or rhodamines, they are prone to cellular permeability and lack
nonspecific binding to proteins or lipids™ In this work, we de-
signed a versatile solid-phase synthetic (SPS) method for the
synthesis 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 isolation and
purification steps of the intermediates. Surprisingly, to our
knowledge, there is only one report™ that desaibes the use of
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SPS for adding substituents to the BODIPY core. However,
there is no precedent for using SPS in the synthesis of conju-
gates of BODIPY and other molecules. In agreement with this,
there are a number of articles stating that BODIPY is incompat-
ible with the SPS concept because of the lack of stability
under the standard SPS reaction conditions.™*” Regardless of
this potential issue, 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-
acetic add. BODIPY-FL propanoic acld 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-
totoxic triterpenes in which we expected different mechanisms
of action and differences in cellular uptake and distribution.
The selected compounds (Figure 1) have low micromolar cyto-
toxicity on varous cancer cell lines, whereas some were sup-
posed to have a unigue mechanism of action: aldehyde 2™
monoketone 3 diketone 4™ and pyrazine 5" (Figure 1).
Betulinic add 1 was used as a standard because it is the most
commonly studied cytotoxic triterpene and its mechanism of
action has been well-studied""!

L T L]
4Y=00

LR =0
LR 00

Figure 1. The sclected tnterponold structunes.
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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 biological
behavior. Therefore, we decided to attach the fluorescent dye
at three different sites and to compare the results. Triterpenes
1-5 were modified in positions C, C*, or C*° (Figure 2).

—

Figure 2. Three stes to attach the fluorescent dye.

The steric hindrance at some of the selected positions re-
quired that the original triterpenes had to be premodified by
hemisuccinate at C-OH, glycolate at C"OOH, or oxidized to
carboxylate at €™ (Scheme 1, see the experimental part [EP|
and the Supporting Information). Briefly, the C* modified hemi-
succinates 6, 11, and 12 were obtained after the reaction of
betulinic acid 1, monoketone 3, or diketone 4, with succinic
anhydride in the presence of a base. ' modified hemisuccinic
aldehyde 9 was obtained after two-stage oxidation of betulinic
acid 1 with selenium dioxide, followed by reaction of aldehyde
2 with sucdnic anhydride as noted above. C* modification of
compounds 1 and 5 yielded protected glyoxalates 7 and 13,
which, upon catalytic hydrogenation in the presence of Pd/C,
afforded the desired modified triterpenes 8 and 14, respective-

ly. Finally, compound 10 was obtained after facile and chemo-
selective Pinnick oxidation of aldehyde 2, which generated the
carboxyl at the C*° position.

The synthesis of BODIPY-FL propanoic add had to be opti-
mized (Scheme 2, see the EP and the Supporting Information)
to obtain better yields than those previously reported™
Although BODIPY-FL propanoic add 19 (Scheme 2) is commer-
clally available, its extremely high price led us to synthesize
the dye by ourselves. The reported syntheses™ ™ had to be
shightly modified and optimized to Inaease the overall yield. It
started from commercially available pyrole-2-carbaldehyde 15,
which was fiest converted into offunsaturated ester 16
through Homer-Wadsworth-Emmons reaction with excellent
selectivity, ylelding only (E)-alkene. Such high selectivity was
achieved because of the formation of a stabilized ylide. The
following reduction provided intermediate 17, which was then
subjected to POC-promoted coupling with commerdally
avallable 3,5-dimethyl-1H-pyrrole-2-carbaldehyde. Final treat-
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ment with BF,-Oft, ylelded BODIPY-FL propanoate 18 in a one-
pot reaction sequence (Scheme 2). Subsequent acidic hydroly-
sis of the ester yielded the final BODIPY-FL propanoic acid 19
in excellent overall yield of 40% (Scheme 2), indicating an un-
usually long kinetic stability of BODIPY dye in acidic media."?
Importantly, the improved synthesis of BODIPY-FL propanoic
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acld 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 BODIPYFL. The aminomethyl resin was
equipped with a backbone amide linker (BAL) and subjected
to reductive amination with 2-(2-aminoethoxylethanol to
obtain immobilized secondary ammne 20 (Scheme 3). Chemose-
lective protection of the secondary amine with Fmoc was fol-
lowed by acylation of the hydroxy group with prepared
BODIFY-FL propanoic add 19 to afford resin 21. Cleavage of
the Fmoc-protective group and acylation with |2-2-(Fmoc-ami-
nojethoxy lethoxylacetic (FAEEAA) acid by using the standard
DICHOB (1,3-ditsopropylcarbodiimide/1-hydroxybenzotriazole)
technique yielded Fmoc-protected resin 22, which, upon de-
protection with low concentration of piperidine in DMF, yield-
ed the desired preloaded resin 23 in very good aude purity
(B2%; calculated from UHPLC-MS traces). Subsequent acylation
with the premodified triterpenes 6, 8-12, 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 distribution, and compound 33 was de-
signed to show the properties of the BODIPY-FL connected to
nker without a triterpene. In contrast to the construction of
Intermediate 23, omitting HOBE in the final acylation with tri-
terpenes (Scheme 3, step vil increased the final crude purities
of all conjugates significantly. 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 pipert-
dine and TFA had to be considerably lowered compared with
standard cleavage conditions (20-50% piperidine in DMF; 25-
50% TFA in CHCL,) to maintain good crude purities of all inter-
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mediates as well as final conjugates and to prevent decompo-
sition of the BODIPY scaffold (see the Supporting Information
for details).

The excitation and emission spectra of BODIPY-FL propanoic
acid 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 Stokes shifts as the
parent BODIPY-FL propanoic acid (see the Supporting Informa-
tion for details). The quantum yields of fluorescence of the
conjugates are lower than those of BODIPY-FL propanoic acd
(P98 for 19 vs. ©—0.14-030 for compounds 24-32). The
diminished fluorescence is probably caused by the static
quenching between BODIPY dye and triterpenes, which is con-
sistent with recently published data."**

The cytotoxic activity of the parent compounds and flt
cent conjugates was investigated in vitro against eight human
cancer cell lines and two non-tumor fibroblasts by using the
standard MIS test (lable 1). The cancer cell lines were derived
from T-lymphoblastic leukemia CCRF-CEM, leukemia K562 and
their multiresistant counterparts (CEM-DNR, K562-TAX), solid
twmors  induding Jung  (A549) and colon (HCI16,
HCT116p53-/-) cardnomas, ostecsarcoma cell line (U205), and,
for comparison, on two human non-cancer fibroblast lines (BJ,
MRC-5). In general, the CORF-CEM cell line was the most sensi-
tive cancer cell line to the prepared compounds, with only a
few exceptions. Therefore, SARs assumptions were mostly
based on the activities in CCRF-CEM cells.

Among the unmodified studied molecules 1-5, aldehyde 2
and pyrazine 5 were cytotoxic against the CORF-CEM line in
the low micomolar range of 153 and 0.53 pwm, respectively.
The therapeutic index is rather low for aldehyde 2 (4.7) but
surprisingly high in the case of pyrazine (more than 94). The
synthesized fluorescent conjugate of aldehyde 25 remained
highly but unselectively cytotoxic, probably due to the pres-
ence of the reactive acolein moiety. On the other hand, fluo-
rescent conjugates of pyrazine (28 and 29) had slightly de-
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w creased activity and selectivity in comparison with the parent

’\_.-') compound 5, which Indicates an important role of the free car-

L -»l-l-rl,:\..-h»’" boxyl group as a pharmacophore. Interestingly, the length of
S SRR, oy DS B S $), the linker also affects the activity of the conjugates. This may
- H o A $ite be indicated by the comparison of conjugates 28 and 29 from
::2:6 | f which the longer derivative (29) was more active than the

; vy ! *00&'& shorter one (28). Lastly, the conjugate of diketone 27 was cyto-
o '3” ProTC: | PG DA ,20,\ ’ toxic only on CCRF-CEM cell line, whereas the monoketone
N o A conjugate 26 completely lost both its cytotoxic activity and se-

Y04 lectivity. The conjugate of betulinic acid 24 at the position C*
remained active, although its conjugates at positions C* and

- C* (compounds 30 and 31) were almost inactive.
J p :"‘” o In fluorescent microscopy experiments (which were per-
30 o formed in early Intervals before the cytotoxic effect took
place), we observed that all the tested flucrescent conjugates
-"»-‘.E'o of triterpenes stain living cells and pass through the cellular
OS¢ N N - N membrane into the cytoplasmic compartment (Figure 4, full
b5 Eagt. iy S 07 resolution Image is in the Supporting Information). In addition,
4 we used BODIPY conjugate 33 (which has the active triterpenic
e | - e scaffold replaced by acetate) as a negative control. According
4 0 ¢ to the results, this compound does not penetrate the cellular
/»AY..{ / i o membrane, indicating that it is the triterpenoid part that is re-
-/»4-*}/_\-}“”‘ sponsible for the cellular uptake. This is likely because of the
S n v high kpophilicity of triterpenes. Conjugate 25, containing a Mi-
90 chael acceptor (acrolein moiety in this case), resulted in a dif-
¥ A ferent staining pattem—labeling cellular cytoplasm homoge-
Lo~ oM~ O nously, which is presumably caused by nonspecific covalent in-
teraction with multiple intraceliular proteins. Staining is distinct
when compared to other tested compounds (24, 26, 27, 28,
) pos 29, 30, 31), which labeled more subtle cytoplasmic and mem-
5 brane structures, likely mitochondria, endoplasmic reticulum
(ER), and the nuclear membrane. Co-staining experiments are

3. Structures of 284 33.¢ 32 formed

.;mpoamaum:;ﬁm;;mamu;mumx being performed to confirm this unambiguousty. Such results

tivity. are in agreement with precedent studies on another lupane tri-
terpenes that were found to interact with mitochondrion and
ERP'P
Table 1. Cytatardc activity of the prepared compeunds.
K, [pmolt "P
Comp. CCRF CEM CEM DNR HCING HOITI6pS3 / K562 K562 TAX A58 u20s ) MRC 5 "
»m 809 1404 29 14.09 943 1578 1556 2075 2423 2818 324
2™ 153 766 883 1243 568 173 733 751 nss 239 470
™ 1536 2016 27.25 34.67 21m 2425 7.2 40.06 4428 4267 227
a 3558 3598 >50 an 50 > 50 =50 >S50 »>50 50 > 141
5 0s3 063 nss ne 31384 344 473 3243 50 =50 »9434
24 662 »50 »50 »50 >50 >50 »50 3375 4361 a6 659
<3 076 606 165 10.52 196 156 145 146 187 162 230
26 >S50 =50 >50 =50 =50 50 =50 >S50 >50 50 NA.
7 34 =50 457 »50 > 50 50 > 50 »50 4584 8426 1335
28 1809 2028 »50 >50 >50 50 50 > 50 >50 > 50 >276
29 613 927 1892 12.07 2902 3505 2.4 2634 3974 3823 636
30 >S50 =50 >50 =50 =50 > 50 50 >S50 »>50 50 NA.
n a7 4068 4196 »50 4902 406 9.9 4502 4881 075 109
32 »50 50 »50 » S0 >50 =50 50 50 > 50 »50 NA
33 »50 50 >50 50 > 50 50 50 »50 »50 >50 NA.
[a} The lowest concontration that kils 50% of the colis. The dard y assays & ¥ up to 15% of the average vakue. |b) Thera
mmnwhgdumnuamdn@mwmmnmmmmcaxamuwn
pounds with K, > 50 pM are consldered inactive.
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Figure 4. Huorcsconce imaging of U205 colls stained by BODIPY triterpene
conjugates (for full resolution sec the Supporting Information).

Conclusion

We optimized the synthesis of BODIPY-FL propanoic acid 19 to
give better ylelds 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
fluorescent dye to cytotoxic triterpenic derivatives. Despite
previous reports on the limited applicability of BODIPYs in
solid-phase synthesis, because of their low stability under both
basic and acidic conditions,**” we developed and optimized
synthetic protocols to overcome these problems. The reported
prefoaded resin allows for routine and simple connection of
various compounds to BODIPY label through a linker of choice
using simple laboratory equipment, common coupling re-
agents and conditions, and minimum hands-on-time, and it
can even be commerclalized simiar to blotin-preloaded resin
(Blotin Novalag™, Novabiochem). Nine conjugates of BODIPY
with cytotoxic triterpenes were synthesized using resin 23 and
their spectroscopic and biological properties were evaluated.
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o prove that BODIPY with the linker do not interfere with the
biological 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 s
now focused on a more specific determination of which organ-
elles, proteins or protein complexes are targeted by our conju-
gates, and this will be the aim of further proteomic and molec-
ular blology studies, for example, co-localization experments.

Experimental Section

General technical information is available in the Supporting Infor
mation and & analogous to our previous publications ™ Note
that the yields of the final conjugates (24-33, wsually between 10-
30%) are calculated as overall yields of the entire synthetic proce
dure between compound 20 and the final product in Scheme 3.

General procedure for the preparation of benzyl glyoxalates: To
a stirred solution of starting material in THF were added bensyl
bromoacetate (3 equiv) and K,CO, (3 equiv). The reaction mixture
was stirred at 50°C and the progress of the reaction was moni
tored by TLC (hexane/TtOAc — 3:1, w/v) which indicated its comple
tion after overnight stirring. The reaction mixture was concentrat
ed, diluted with water (100 ml/1.32 mmol) and extracted with
[OAC (5x100 mb/132 mmol). The organic extracts were com
bined, dried over MgS0,, filtered, and evaporated under reduced
pressure. The cude products were purified by flash chromatogra
ply (hexane/EtOAC —3:1 0 11, vw) to give the desired com
pounds.

2-{Benzyloxy)-2-oxoethyl betulinate (7k Compound 7 was pre
pared by lollowing General Procedure A with 1 {600 mg,
132 mmol), benzyl bromoacetate (633 pl, 4 mmol), and K,CO,
(552 mg, 4 mmol) in THF (20 mL); Yield: 783 mg (98%); white
solid; "H NMR (500 MHz, CDCL)Y: & - 7.38-7.35 (m, 5H; Ph), 522 (d,
J—65He, 1H; OCHPH), 518 (d, /123 Hz, 1H; OCH,Ph), 473 (d,
J—-2.0 Hz, 1H; H¥ ™), 465 (d, /2.3 He, 2H; OU1,CO), 4.61-1.60
{m, TH; H™ ™), 321-3.17 (dd, J-11.0, A8 Hz, 1H; H™), 2.97 [ud,
J—113, 109, 4.7 Hz, 1H; H'™, 230 (dv, J—12.6, 27 Hz, 1H), 227
{td, 7135, 134, 3.6 Hz 1H), 2.06-1.99 (m, 1 H), 1.96-1.86 (m, 1H),
1.72-1.13 {m, 24H; overlap with solvent), 0.97 (s, 6H; 2xCH,), 092
{s, 3H; CH,), 0.83 (s, 3H; CH,), 0.77 ppm (s, 3H; CH,); "CNMR (126
Mz, CDCL)E 41756, 168.1, 1507, 1354, 1288, 128.6, 1098, 79.2,
672, 604, 567, 55.6, S0.8, 496, 17.0, 42.6, 409, 390, 389, 383,
374, 37.1, 345, 321, 306, 298, 282, 27.6, 258, 21.1, 196, 185,
163, 16.1, 155, 149 ppm; HAMS (ES1): m/Z cakd for C,H O,
6054201 IM+H] ' found: 605.4207.

Benzyl glyoxalate of betulinic add pyrazine (13): Compound 13
was prepared by following General Procedure A with 5 {100 mg,
0.2 mmol), benzyl bromoacetste (96 pul, 0.61 mmol), and K, CO,
(84 ma, 061 mmol) in THF (8 mL). Yield: 116 mg (91%); yellowish
oil; "HNMR (500 Mz, CDCL): 8- 830 (d, J— 2.1 Hz, 1H; pyrazine],
B.A7 (d, J—-2AHe, 1H; pyrasnne), 733-724 (m, 5H; Ph, overlap
with solvent), 5.14-506 (m, 2H; OCH,Ph), 4.66-14.54 {m, 4H), 296
286 (m, 3H), 237-2.21 {m, 4H), 1.96-1.91 (m, 1H), 1.86-1.80 (m,
1H), 1.70-122 {m, 17H; overlap with solvent), 1.20 (s, 3H; CH,),
118 (s, 3H; CHy), 0.92-0.90 (m, 6H; 2xCHy), 0.70 ppm {s, 3H; Oy);
“CNMR (126 MHz, CDCL): 41755, 168.1, 1598, 1510, 1505,
1424, 1416, 1353, 1288, 1287, 1286, 109.9, 672, 604, 56.7, 53.2,
195, 49.0, 489, 46.9, 426, 40.7, 396, 383, 37.1, 369, 334, 320,
317, 306, 297, 25.7, 24.2, 21.6, 20.2, 196, 163, 157, 148 ppm;
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HRMS (ESI: mvz caked for C HN,0,: 639.4156 W+H]'; found:
639.4155.

3fi-Hydroxylup-20(29)-ene-28,30-dioic acid {10): To & stirred solu-
tion of aldehyde 2 (100 mg, 021 memol) in BuOH/2-methyl-2-
bautene (1:1, 10 ml, w/v) was added NaCIO, (96 mg, 1.06 mmol) and
a solution of KH,PO, (550 mg, 4.04 mmol) in N,O {5 mL). The reac-
tion mixture was stirred vigy ly at amk and
the progress of the reaction was monitored by TlC cay
CH,0H — 10:1, v/v), which indicated its completion after 5h. The
reaction was conc d, diluted with NH,CI (50 mL),
and extracted with BtOAc (5x 50 mL). Organic extracts were com-
bined, dried over MgSO,, filtered and evaporated under reduced
pressure. The crude product was purified by flash chromatography
(CH,O/CH,0H - 5:1, viv) to afford compound 10. Yield: 90 mg
(90%); white crystalline sofid; 'H NMR (500 Milz, [DJDMSO): 4 —
12,17 (br s, 2H; 2xCOOH), 5.96 (s, TH; H™#*9), 560 (s, 1H; H* ™

7, 425 (d, J-51Hz, 1H), 408-4.07 (m, 1H), 298-294 (m, 1H),
222-207 (m, 3H), 1.99-191 (m, 1H), 1.82-175 {m, 2H), 1.62-1.52
(m, 2H), 1.43-1.24 {m, 16H), 090 (s, 3H; CH,), 0.87 (s, 3H; CHy),
086 (s, 3H; CHy), 0.76 (s, 3H; CHy), 0.65 ppen {s, 3H; Ci); “CNMR
(126 MHz, [DJDMSO): & — 1772, 1684, 147.7, 1225, 76.7, 555, 548,
51.05, 198, 1486, 119, 385, 382, 373, 36.7, 36,0, 339, 327, 315,
292, 281, 27.1, 268, 205, 179, 159, 158, 157, 143 ppm; HRMS
(EST): mvz caled for CuflyO.: 485.3262 M- H] ; found: 4853252,
General procedure B 'w qunﬁm of hemisuccinates: To a
stirred solution of I THF/DMF (2:1) was added
succinic anhydride (ﬁequn) and A-dimethylaminopyridine (DMAPF,
6 equiv). The reaction mixture was stirred at 80°C and the progress
of the resction was monitored by TLC (CH,CLACH,0H - 10:1, vivl,
which indicated its completion after 36 to 48 h. The resction mix-
ture was concentrated, diluted with NHC (150 mL/2.2 mmol) and
extracted with EtOAc (5 100 mL/2.2 mmol). Organic extracts were
combined, dried over MgS0,, filtered, and evaporated under re-
duced pressure. The aude products were purified by flash chroma-
tography (CH,O/CH,0H - 10:1, viv) to afford the desired com-
pounds.
d 6 was

Hemi ad

of 21 id (11): Compound 11 was p
by following General Procedure B with 3 (700 mg, lﬁmnol) suc-
cnic  anhydride (867 mg, B68mmol), and DMAP (105g,
8.68 menol) in THF/DMF (2:1, 15ml) for 40 h. Yieki: 13 g (73%);
white: sofid; "H NMR (500 MHz, CDCLL): 4451 (dd, J—11.0, 55 He,
1H; W), 369 (s, 3H; COOCH,), 3.22-3.16 {m, 1H), 270-2.60 (m,
AH), 249-2.43 (m, 2H), 2.13 (d, J— 186 He, 1H), 2.00 (dd, J 125,
30 He, TH), 1.92-123 (m, 9H; overfap with solvent), 1.21 {app s,
3H; O,), 1.20 {app s, 3H; OH), 1.02 (s, 3H; G1), 093 (s, 3H; CH,),
0.50 (s, 3H; CH), 0.84 (s, 3H; CH,}, 0.83 ppm (s, 3H; CH); "CNMR
(126 MHz, CDCL): & —-207.5, 1777, 175.1, 172.1, 1720, 1459, B15,
556, 533, 527, 512, 478, 454, 415, 387, 380, 373, 350, 339,
295, 293, 29.2, 281, 278, 253, 237, 214, 203, 202, 183, 170,
168, 16.7, 16.1 ppm; HRMS (ESI: m/z caled C H O 5853786
WM+H]'; found: 585.3796.

Hemisuccinate of 21,22-di d (12): Compound 12 was pre-
pared by following a peeviowsly published procedure™ 'H NMR
{500 Mz, [DJDMSO): 6 —12.20 {br s, 1H; COOH), 1.40 (dd, J 116,
A7 Hz, 1H; H™), 366 (s, 3H; COOCH,), 3.37-330 {m, 1H; overlap
with solvent), 2.72-2.69 {m, 1H), 2.52-2.44 {m, 4H; overlap with
solvent), 2.25-2.22 (m, 1H), 1.97-1.87 {m, 3H), 1.74-131 (m, 14H),
119 {d, J-35He, 3H; O1y), 118 (d, J-35Hz, 3H; OL), 1.00 (s,
3H; CHy), 095 (s, 3H; Oy, 086 (s, 3H; CHy), 080 (s, 3H; CHy),
079 ppm (s, 3H; CHL); "CNMR (126 MHz, [DJDMSO): o — 1944,
1890, 1734, 171.6, 1705, 1680, 149.2, 79.9, 58.1, 54.5, 535, 498,
456, 453, 41.0, 377, 374, 366, 339, 29.1, 287, 278, 275, 273,
264, 252, 233, 205, 199, 194, 177, 165, 164, 163, 156 ppm;
HAMS (ESh: miz cabkd for C H, 0, 5973422 [M-HI ; found:
597.3408.

General procedure C for preparation of glyoxalates: To a freshly
degassed solution of starting material in CH,CL/CH,0H (2:1) was
added PA/C (10%, 3.5 mol %) and H, was bubbled through the re-
sulting reaction mixture for 20 min. The resction was monitored by
TLC {CH,CL/CH,0HACOH — 10:1:0.1, v/v), which indicated its com-
pletion after The The reaction mixture was diluted with CHL,OH
{20 mlL/0.83 mmol) and filtered through a bed of Cefite. The residu-
al solvent was evaporated under reduced pressure and the crude

Betulinic acid 3-hemisucd (6): Comgs prepared by
following General Procedure B with 1 (1 g, 2.2 mmol), succinic an-
hydride (132 g, 13.1 mmol), and DMAP (1.6 g, 13.1 mmol) in THF/
DMF (2:1, 60ml) for 36h. Yield: 980 mg (80%); white solid;
'HNMR (500 Miiz, [DJDMSO):  —12.14 (br s, 2H; 2xCOOH), 4.69
(s, 1H; ¥ #=2) 456 (s, 1H; HP¥2=4), 437 (dd, J—11.7, 46 Hz, 1H;
H™), 2.87-292 (m, 1H; H'"), 2.54-2.46 (m, 4H; overlap with sol-
vent), 225-2.18 (m, 1H), 2.11 (m, 1H), 1.79 {m, 1H), 1.64 (s, 3H;
), 1.62-1.07 (m, 12H), 0.94 (s, 3H; CH,), 087 (s, 3H; CH,), 0.80
(s, 3H; CHY), 078 ppm (s, 6H; 2xCH,). All other data were consis-
tent with published results ™

30-Aldehyde 3-hemisuccinate of betulinic add (9 Compound 9
was prepared by following General Procedure B with 2 (15g
3.13 mmeol), succinic anhydride {188 g, 1878 mmol), and DMAP
(23 g, 18.78 mmol) in THF/DMF (2:1, 30 mL) for 48 h. Yield: 13 g
(73%}; white solid; "H NMR (500 MHz, [DJDMSO): & — 12.14 (br s,
2H; 2% COOH), 9.49 (s, 1H; CHO), 6A7 (s, 1H; H**7), 6,09 (s, 1H;
H?#™%), 437 (dd, J—113, 4.6 Hz, 1 H; H™), 3.25 (dd, J— 11.1, 48 Hz,
1H), 3.19 (d, J—21.6 Hz, 2H), 2.52-2.46 (m, 4H), 2.20-2.12 (m, 2H),
1.97-189 (m, 1H), 1.81-1.77 (m, 2H), 1.58-1.11 (m, 17H), 091 {d,
J—72 He, 3H; CHy), 086 (s, 3H; O1y), 0.78 ppen (d, J— 36 He, 9H;
3xCHi); "CNMR (126 MHz [DJDMSO): 41956, 177.1, 1750,
1734, 1716, 1703, 1563, 134.8, 79.9, 555, 546, 494, 41.9, 377,
374, 366, 36.1, 337, 316, 314, 292, 288, 27.6, 268, 233, 207,
205, 17.7, 164, 158, 1556, 143, 14.1 ppm; HAMS (ESI: mv/z caked
for C,H,0,: 5693473 [M—H] ; found: 569.3456.
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product was purified by flash dhwomatography (CHCOL/CH,0H/
AcOH 10:10.1, viv).

Betulinic acid glyoxalate (8): Compound 8 was prepared by fol-
lowing General Procedure C with 7 (500 mg, 0.83 mmol), PAC
30 mg) in CH,CL/CH,0H (2:1, 75 ml). Yield: 357 mg (84%); white
solid; "HNMR (500 Miz, [DJDMSO): 41291 (br s, 1H; COOH),
465 (d, J—-20 Hz, 1H; WP #=7), 453 (s, 1H; 1 #°1), 450 (app s,
2H, OCH,CO), 421 (be s, 1H; 1), 294 (m, 1H), 2.90-284 (m, 1H),
2.18-2.13 (m, 2H), 192-1.86 (m, TH). 1B3-175 (m, 1H), 162 (s,
3H; CH,), 1.58-1.01 (m, 20H), 0.90 (s, 3H; CH,), 084 (s, 3H; CH,),
082 (s, 3H; CH), 0.72 {5, 3H; CH,), 0.62 ppm (s, 3H; CH); "CNMR
(101 Miz, [Dg]DMSO): & — 1746, 1693, 150.1, 1097, 76.7, 60.3, 55.7,
548, 199, 486, 465, 420, 385, 382, 374, 367, 362, 339, 313,
298, 289, 281, 27.1, 250, 204, 189, 179, 159, 158, 157,
143 ppm. HRMS (ESI): m/z caled for ColieOs: 5133575 IM-HI ;
found: 513.3567.

Glyoxalate of pyrazine of betulinic acid (14): Compound 14 was
prepared by following Genersl Procedure € with 13 (500 mg,
078 menol) and PA/C (27 mg) in CHOLCHOH (2:1, 7.5 mi). Yield:
210 myg (49%); white solid; 'H NMR (500 Mz, [DJIDMSO): & — 845
(d, J— 23 Hz, 1H; pyrazine), 8.32 (d, J— 2.4 Hz, 1H; pyrazine), 471
{d, J-1.9Hz, 1H; H® ™), 459 {app s, 1H; 1W* **°), 455 (app s,
2H; OCH,C0), 2.92 (1d, J—11. 2, 109, 4.7 Hz, 1H; H™), 288 i, 1
166 Hz, 1H; H'), 2.46 (d, J—166 He, 1H; H'), 2.28-2.20 (m, 2H),
1.93 (dd, J—11.9, 8.1 Hz, 1H), 1.87-1.79 {m, 1H), 1.67 s, 3H; CH,),
1.67-128 (m, 15H), 1.24 (s, 3H; CIf,), 120 (s, 3H; CH,), 1.17-1.05
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(m, 2H), 1.00 (s, 3H; CH,), 0.93 (s, 3H; CH,), 0.72 ppm (s, 3H; CHL);
“C NMR (126 Miz, [DJDMSO): & —174.7, 1693, 1585, 150.2, 150.1,
1423, 141.7, 109.8, 60.2, 558, 52.0, 48.1, 47.8, 465, 42.1, 375, 362,
328, 313, 208, 290, 251, 240, 210, 195 189, 158, 152,
14.4 ppm. HAMS (ES): m/z caled for CLHN,O,: 547.3530 IM-H] ;
found: 547.3527.

Methyl (E)-3-(1H-pyrrol-2-yljacrylate (16) To a stirred solution of
pyrrole-2-carbakdehyde 15 (ISg. ISJ’BmmoD in CH,G, (30ml)
was  added hyl (i Jacetate (105 g
3157 mmol) in CII,O, (50 ml.).'l’he n:suluug mixture was stimed at
room temperature ovemnight. The residual solvent was evaporated
and the crude oily product was purified by Aash chromatography
(hexane/TOAC —2:1, viv) to afford compound 16. Yied: 2 g (84%);
pale-pink solid; "HNMR (500 MLz, CDOL): & -B65 (be s, 1H), 7.56
(d, J 160 Hz, 1H), 694-693 (m, 1H), 6.58-657 (m, 1H), 6.31-6.28
(m, TH), 6.00 (d, J—16.0Hz, 1H), 3.78 ppm (s, 3H); "CNMR (126
Mz, CDCL): 41682, 1345, 1285, 1226, 1147, 1112, 1110,
518 ppm; HRMS (ES0): m/z caled for CHNO,: 1520706 [M+H]';
found: 152.0705.
Methyl 3-(1H-pyrrol-2-ylipropanoate (17k To a freshly degassed
solution of 16 {2 g, 13.25 mmol) in CH,OH (20 mL) was added PA/C
(10% loading, 3.5 mol %, 500 mg) and H, was bubbled through the
lting resction for 20 min. The reaction was monitored
with UHPLC-MS, which indicated its completion after Th. The reac-
tion mixture was diuted with G10H (20 mL) and fltered theough
a bed of Celite. The residual solvent was evaporated and the crude
product was purified by flash ch g MEOAC —
2:1, viv) 1o alford 17. Yeeld: 1.67 g (90%); pale—yelon oil; 'HNMR
(500 Mz, CDCh): 6851 (br s, 1H), 669-6.67 (m, 1H), 6.11 {dd,
4-57, 28Hz, 1H), 592-591 {m, 1H), 3.71 (s, 3H), 292 {t, J—
6.8 Hz, 2H), 265 ppm (t, J- 68 Hz, 2H); UC NMR (101 MHz, DA
41747, 1311, N70, 1082, 1057, 520, 345, 227 ppen; HRMS
(ESY): myz caled for CH, NO,: 154.0863 [M+H] '; found: 154.0863.
BODIPY-FL-methyl propancate (18 To a stirred solution of 17
(167g, 1092mmol) and 3,5dimethylpyrrole 2-carboxaldehyde
(154 g, 1201 mmol) in CH,CL, (80 mL) was added dropwise POCH,
(112 mil, 12.01 mmol) at 0°C and the reaction mixture was allowed
1o warm to ambient tempersture. The reaction was monitored
with UHPLC-MS, which indicated formation of dipyrromethane in-
termediate after 3 h The reaction mixture was then cooled to 0°C
and NN-disopropylethylamine (DIPEA, 8.1 ml, 49.14 mmol) was
added dropwise, followed by stirring for 20 min at 0°C. BF 0L,
(54 ml, 4368 mmol) was added subsequently and the reaction
was stirred ight at ambi The was di-
huted with GI,CI, (50 mL) and brne (100 mL), fikered through a
bed of Celite, again diluted with brine (100 ml) and extracted with
1,0, (5x200 mL). Organic extracts were combined, dried over
MgSO,, filtered and evaporated under reduced pressure. The crude
product was purified by flash chromatography (100% CHCL) o
give 18. Yield: 2.13 g (63%); dark-green crystalline solid; 'H NMR
(500 MHz, CDCL): & —-7.09 (s, 1H), 6.89 (d, J-39Hz, 1H), 6.27 {d,
J—A0He, TH), 6.12 (s, TH), 3.70 (s, 3H), 331 (¢, J-76 Hz, 2W), 2.78
(t, J— 75 He, 2H), 258 (s, 3H), 226 ppm (s, 3H); "'C NMR {126 Mz,
OCL): 81732, 1608, 144.1, 1355, 1335, 1283, 1241, 1207,
116.9, 52.0, 335, 30.0, 243, 152, 115 ppen; "F {'H} NMR (471 Miiz,
OCL): & 14523 (d, J-314Hz), — 14537 ppm (d, J-31.4 Hz);
HRMS (ESI): m/éz caled for CHBF N,0,: 3051267 IM-H] ; found:
305.1266. Other spectral data were consistent with ersture prece-
dencies™
BODIPY-FL-propancic add (19): To a stirred solution of 18 (143 g,
467 mmol) in THF (30 mL) was added water (20 mL) and conc. HCI
(10ml) at 0°C. The reaction mixture was stirred at ambient tem-
perature and monitored by UHPLC-MS, which indicated its comple-
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tion after 52h. The reaction mixture was diluted with water
(100 mL) and extracted with CH,C, (3x150 mL). Organic extracts
were combined, dried over MgSO,, filtered and evaporated under
reduced pressure. Purification of the aude product by flash chro-
matography (CH,0,/ACOH 100:1, viv) afforded 19. Yield: 1.15g
(85 %); dark-red crystalline solid; 'H NMR (500 Mz, [DJDMSO): 4 —
1230 (s, TH), 7.70 (s, 1H), 7.09 {d, J-40Hz, 1H), 638 (d, J-
40 Hz, TH), 631 (s, 1H), 3.10-3.05 (t, J—-7.1 Hg, 2H), 264 {1, J—
85 Hz, 2H), 247 {s, 3H), 226 ppm (s, 3H); "CNMR {126 MH,
IDJDMSO): & — 1734, 1595, 156.9, 1443, 1345, 133.0, 1288, 1254,
1204, 1165, 323, 235, 145, 110 ppm; "F {'H} NMR (471 Mii,
CDAL): & — 14521 (d, J-318Hz), - 14536 ppm (d, J-31.8Hz);
HRMS (ESI): m/z caked for C H,BF,N,0,: 2911111 [M-H] ; found:
291.1105. Other spectral data were comsistent with published re-
sults ™
Preparation of BAL resin: Ami hyl poly resin (1 g,
loading 0.98 mmol/g) was swollen in CH,C, (lOni) for 30 min,
washed with DMF (3x 10 mL), lized in DMF/piperidine (5:1,
10 mL) for additional 30 min and again washed wilh DMF (5x
10 mL). Backbone amide finker (700 mg, 2.94 mmol) and HOBt
(450 mg, 2.9 mmol) were dissolved in DMF/CH,Q, (1:1, 10 ml, wiv)
and DIC (460 Hz, 2.94 mmol) was added. The resulting solution was
added to a polypropylene fritted with armi -mhyltes'n
The reaction shurry was shaken at
followed by washing with DMF (3x10mlL)} and aLa, BxIOmI.J
Bromphenol blue test confirmed quantitative acylation of the
amino groups.
Procedure for reductive amination: BAL resin (1 g, loading
098 mmol'g) was swollen n CHCL (10ml) for 30 min, then
washed with anhydrous THF (3x 10 mL) and anhydrous DMF (3x
10mL). The solution of 2-{2-aminoethoxylethanol (450 pl,
4.9 mmol) in DMF/ACOH (10:1, 10 mL, w'v) was added to a poly-
propylene fritted syringe with BAL resin and it was shaken over-
night at ambient temperature. NaBHIOAC), (210 mg, 2.94 mmel) in
DMF/ACOH (20:1, 5 ml, v/v) was then added portionwise to the re-
action mixture 3 during period of 4 h, followed by washing with
DMF (5x10 mb) and CH,C, (3X10ml) and neutralization with
DME/TEA (10:1, 10 mi, v/v) for an additional 30 min to obtain resin
20. The loading was determined according to a published proce-
dure™ (0.4-0.6 mmol/g).
Procedure for protection with Fmoc: Resin 20 {250 mg) was swol-
len in CHQ, (3 ml) for 30 min and then washed with CH,Q, 3x
Sml). Fmoc-OSu (505mg, 15 mmol) was dissolved n G0,
(3 mL) and added to 8 polypropylene fritted syringe with the resin.
The reaction shurry was shaken at ambi h
followed by washing with CH,CL {(Sx5 mL). An analytical unple
wis cleaved from the resin and UHPLOCMS analysis confirmed the
presence of desired product. MS (EST): mvz 328 [M+H] .
Procedure for acylation with BODIPY-FL propanoic add: Resin 20
equipped with Fmoc (250 mg) was swollen in CHCL, (3ml) for
30min and then washed with DMF 3x3ml) and CHO, (3x
3ml). BODIPY-FL peopanoic acid 19 (220 mg. 0.75 mmol), HOBt
(115 mg, 0.75 mmol) and DMAP (92 mg, 0.75 mmol) were dissolved
in DMF/CHLCE, (120, 25 mil, wiv) and DIC (117 pl, 0.75 mmol) was
added. The resulting solution was added to a polypropylene fritted
syrmgemhuerm Mmmﬂmmmnmx
ht, folk § by washing with DMF (10x3 mi)
andCN,Cl, (l0x3niJ to give resin 21, An analytical sample was
deaved from the resin and UHPLC-MS analysis confirmed the pres-
ence of desired product. MS (ESI: m/z 600 M-H] .
General procedure D for deprotection of Fmoc: Resin 21
{250 mqg) was swollen in CH,CL, (3 mL) for 30 min and then washed
with DMF (3x3 ml). The freshly prepared solution of DMF/piperi-

e
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dine {20:1, 2.5 mL, wiv) was added to polypropylene fritted syring:
with the resin. The reaction slurry was shaken at ambient lempera-
ture for 30 min, followed by washing with CH,Cl, (3x3 ml), THF
(3x3mL), DMF (3x3 mL), THF (3x3 mL), and CH,CI, (3x3 mL)L
Procedure for acylation with FAEEAA: Frnoc deprotected resin 21
(250 mg) was swollen in CH,G, (3 mL) for 30 min and then washed
with DMF 3x3ml) and CH,QO, (3x3 ml). [2-2{Fmoc-amino)-
ethoxylethoxylacetic acd (334 mg, 0.9 mmol) and HOB (137 mg,
0.9 mmol) were dissolved in DMF/CH,CL, (121, 3 ml, v/v) and DIC
(140 pl, 09 mmol) was added. The resulting solution was added to
polypropylens lnuul syringe with the resin. The reaction slurry
was shaken at P are: overnight, followed by wash-
ing with DMF [10x3 mL) and CHLCL, (10x3 ml), which gave resin
ummmnmmhmmmunmwmc
MS confirmed the p e of desired product. MS (ESI:
mf'1745|M H . mrmam&prmaedmnmnnbyu:
general procedure to give resin 23,

Procedure for acylation with acetic anhydride: Resin 23 (200 mg)
was swollen in CH,C, (2eml) for 30 min and then washed with
DMF (3x2mi) and CHCl, (3x2 mL). DMAP (92 mg, 075 mmol)
was dissolved in GICL (25ml) and acetic anhydride (71 pl,
0.75 mmol) was added. The resulting solution was added to poly-
prupylmelnuedsyvmgemmmetmﬂwmctmshrym
shaken at ambi ature h i by

with G, (lemL).Stbsquemchnagelm Ihereunand
UHPLC-MS analysis confi e of the desired product
33

General procedure E for acylation with triterpene derivatives:
Resin 23 (250 mg) was swollen in CH,C, (3 mL) for 30 min and
then washed with DMF (3x3 ml) and CH,C, (3x3 ml). To each so-
lution of premodified triterpenes 6, 8-12, 14 (0.9 mmol) in DMF/
CH,C, (121, 3 ml, viv) was added DIC (70 pl, 045 mmol) and the
resulting mixture was added to a polypropyh fritted syring;
with starting mlaﬂ.ﬂzruf.m slurry wa:shakm at ambient

ht, followed by with CHQ, (10x
nds were ol acqmﬁ\ngened

BHlJ.Thefni- P
Procedure F.

G I p dure F for ol ge from the resin: Geavage of in-
termediates 24-31 and 33 in analytical scale {ca. 5 mg) prior o
analysis was carried out in CHCL/TFA (10:1, 1 ml, w/v) for 30 min
according to the General Information.

Ceavage of intermediates 24-31 and 33 in preparative scale
{ca. 250 mg): The ¢ ponding resin was llen in CHLCH, (3 mL)
for 30 min and then washed with CH,CL, (5x3 ml). A solution of
O, O/TFA (10:1, 3 ml, v/v) was added to each polypropylene frit-
ted syringe with resin, The reaction shurry was shaken st ambient
temperature for 90 min (28-30) or 2 h (24-27, 31, 33) and then
washed with CHCL/TFA (1021, 3x3ml, vh)amlCme Bx3mu
The ceavage ux.kml with combined was

under a of \ the cude prods nwemﬁsaolv:dm
OLCN Bml.)nndwiiedbyﬂl’ﬂl’lcmalotd final compounds
24-33.

BODIPY-FL-triterpene conjugate 24: Yiedd: 11.4 mg (14% overall
yield); dark-red crystalline solid; 'H NMR (500 Mz, CDCh): 8 -7.19
it, J—56Hz, 1H), 7.09 (s, 1H), 6.87 (d, J—40Hz, TH), 637 [t, J—
55Hz, 1H), 627 {d, J—40Hz 1H), 611 (s, 1H), 473 {d, /- 15Hz,
TH; 1% 57), 460 (s, 1H; IF* %), 4.48-4.44 {m, 1H), 1.26-424 (m,
2H), 4.01 (s, 2H), 369-365 [m, SH), 3.60-356 {m, SH), 352-3.47
(m, 5H), 343 (1, J—56He, 2H), 3.28 t, J—7.6 He, 2H), 3.02-2.97
(m, 1H; H'), 2.79 (t, J—7.6 Hz, 2H), 255 (s, 3H), 248 (¢, /- 69 Hz,
2H), 2.25 (s, 3H), 168 (s, 3H; CH,), 1.64-1.15 (m, 23 H; overlap with
solvent), 0.96 (s, 3H; CH,), 0.92 (s, 3H; CH,), 0.83 (s, 3H; O4,), 0.82
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(s, 3H; L), 0.81 ppen (s, 3H; CHY: "CNMR (101 MHz, CDCL): 4 —
1810, 1729, 172.7, 1719, 1705, 160.8, 1569, 1506, 144.2, 1355,
1334, 1282, 124.1, 1208, 116.8, 1099, 81.4, 71.1, 70.8, 70.4, 70.2,
70.1, 69.1, 63.7, 565, 556, 50.6, 494, 47.1, 426, 410, 40.9, 395,
388, 385, 380, 373, 344, 334, 323, 31.1, 307, 300, 299, 282,
256, 24.1, 239, 211, 1956, 184, 167, 164, 162, 152, 149,
NS5ppm; "F {HINMR (471 MHz, (DL &— 14582 (d, J—
315 Hz), 14596 ppm (d, J—31.5 Hz); HRMS {ESI): m/z caled for
CHBFN,O,: 10616276 IM-H] ; found: 10616275; UV/Vis
(CH,CL): 4, —507 nem; A, — 513 nm; @ —020.

BODIPY-FL-triterpene conjugate 25: Yield: 10.0 mg (10% overall
yield); dark-red oil; "H NMR (500 MHz, CDCL): & — 952 (s, 1 H; CHO),
7.17 (t, J—-52 Hz, 1H), 7.09 (s, 1H), 688 {d, /3.9 Hz, 1H), 636 {t,
J—54 Hz, 1H), 629-6.26 (m, 2H), 6.12 (s, 1H; IF*#=2), 591 (s, 11;
1% o), 447443 (m, 1H), 4.27-4.24 (m, 2H), 401 (s, 2H), 3.69-
364 (m, 5H), 361-355 {m, 5H), 3.52-347 (m, SH), 3.45-3.43 (m,
2H), 329 (. J-76Hz, 2H), 279 (, J—-76Hz 2H), 264 (t, J—
6.9 He, 2H), 2.55 (s, 3H), 248 {1, J—7.0 He, 2H), 2.25 (s, 3H), 221-
2.09 {m, 2H), 2.00-195 {m, 2H), 1.73-1.16 (m, 19H; overlap with
solvent), 093 (s, 3H; O1,) 091 (s, 3H; CH,), 0.82 (s, 6H, 2xCH,),
0.81 ppen (s, 3H; CHy): “CNMR (101 MHz, CDCL): 4 —195.2, 180.7,
1729, 172.7, 1719, 1705, 1608, 1569, 1443, 1355, 1334, 1282,
124.1, 120.8, 1168, 814, 71.1, 70.8, 70.4, 70.2, 70.1, 69.1, 637, 5656,
556, 504, 425, 40.8, 395, 389, 384, 38.0, 373, 37.1, 34.4, 335,
321, 311, 300, 298, 282, 274, 24.1, 238, 210, 183, 167, 163,
162, 152, 148, 115 ppm; “F {'H} NMR (471 MHz, CDCh): 4 -
14585 (d, J—31.8He), 14599 ppm (d, J—31.8 Hz); HRMS (ESI):
miz caled for  CH BFNO,: 10756069 [M-H] ; found:
1075.5985; UV/Vis (CH,CLY: A — 507 nm; 4, — 513 nm; @ —0.14.

BODIPY-FL-triterpene conjugate 26: Yield: 10.7 myg (15% overall
yield); dark-red solid; 'HNMR (500 MHz, CDCLY: 6715 {1, J—
A7 He, TH), 7.09 (s, 1H), 688 (d, /-39 Hz, TH), 632 {t, J-52 He,
1H), 627 {d, /40 Hz, 1H), 6.12 (s, 1H), 450-4.47 (m, 1H), 4.27-
424 (m, 2H), 1.00 (s, 2H), 3.70-3.65 (m, 5H), 3.69 (s, IH, COOCH,)
3.61-356 (m, 5H), 3.52-348 (m, S5H), 3.45-3.42 (m, 2H), 3.29 (¢, J -
7.6 He, 2H), 321-3.17 (m, 1H), 2.79 (1, J 7.6 Hz, 2H), 267-262 (m,
3H), 255 {s, 3IH), 251-2.46 (m, 3H), 225 (s, 3H), 2.14-1.23 (m,
15H; overlap with solvent), 1.21 (d, J— 12 He, 3H; CH,), 1.20 (d, /-
1.3 He, 3H; CHy), 102 (s, 3H; O, 093 (s, 3H; CH), 089 (s, 3H;
CH,), 083 (s, 3H; 1), 082 ppm (s, 3H; CH); “CNMR (101 Mi,
CDOL): 82074, 175.1, 1729, 1727, 1719, 1718, 1704, 1608,
1569, 1459, 144.2, 1355, 1334, 1282, 124.1, 1208, 1168, 812,
71.1, 708, 704, 702, 70.1, 69.1, 637, 55.6, 532, 527, 51.2, 478,
454, 115, 395, 388, 387, 380, 373, 35.0, 339, 335, 31.0, 299,
296, 28.1, 278, 253, 24.1, 238, 214, 203, 202, 183, 17.0, 168,
16.7, 16.1, 152, 143, 115 ppm; "F {'H} NMR (471 MHz, CDCL): & —

14571 (d, J—345 He), 14585 ppm (d, /345 Hz); HRMS (ES1):
myz caled for ColeBF NGO, ;- 1089.6225 M- H] ; found: 1089.6141;
UVVis (CHXCL)Y: A — 507 nm; A, — 513 nm; @ - 0.25.

BODIPY-FL-triterpene conjugate 27: Yield: 10.0 mg (15% overall
yield); dark-red solid; 'HNMR (500 MHz, CDCL): 8717 @, J—
53 He, TH), 7.09 (s, 1H), 688 (d, J—-39Hz, 1H), 634 {t, /- 53 He,
1H), 627 {d, /—40 Hz, 1H), 6.12 (s, 1 H), 450-4.47 (m, 1H), 4.27-
A.24 (m, 2H), 4.01 {s, 2H), 372 (s, 3H; COOCH,), 3.69-3.65 (m, 4H),
3.61-356 (m, 4H), 3.53-3.48 (m, 4H), 3.46-3.42 (m, 2H), 3.39-3.33
(m, 1H), 331-328 (m, 2H), 281-2.76 (m, 2H), 2.67-2.64 (m, 2H),
2.56 (s, 3H), 251-248 (m, 2H), 225 (s, 3H), 2.11-191 (m, 6H),
1.76-1.32 (m, 14H; overlap with solvent), 1.28 (d, /6.9 He, 3H;
Cih), 125 (d, J-69He, 3H; Oh), 1.06 (s, 3H; Ok), 0.97 (s, 3H;
CH,), 091 (s, 3H; CH,), 0.84 (s, 3H; CH,), 083 ppm (s, 3H; CH,);
YCNMR (101 MHz, CDCL): 41945, 1895, 1763, 1729, 1721,
1719, 1712, 1706, 1683, 1608, 156.8, 150.8, 1443, 1355, 1334,
1280, 124.1, 1207, 1167, 813, 81.1, 71.1, 70.8, 70.4, 702, 70.0,
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69.1, 637, 586, 556, 536, 510, 463, 457, 41.7, 395, 387, 380,
37.3, 347, 334, 310, 299, 295, 290, 286, 281, 276, 26.1, 240,
237, 212, 200, 182, 170, 169, 167, 163, 151, 11.5ppm; “F
HINMR  (471MHz, (D) 6 14504 (4 J—3441L),

M58 ppm  {d, J-34412; HRMS (ESD: m/z caled for
CJHBFNO,,: 11036018 [M-H] ; found: 11035925; UV/Vis
(CH,C): A, — 507 nm; 4, — 513 nm; @ —0.26.

BODIPY-FL-triterpene conjugate 28: Yield: 21.7 mg {30% overall
yield); dark-red solid; 'HINMR (500 MHz, CDCL): & —-841 (d, J—
2.3 Hz, 1H; pyrazine), 827 (d, J— 2.4 He, 1H; pyrazine), 7.08 (s, 1H),
7.07-7.04 {m, 1H), 687 (d, J—40Hz 1H), 652-651 (m, 1H), 6.27
(d, J—A4.0 Hz, 1H), 611 {5, 1H), 4.75 (d, J— 1.6 Hz, TH; H®*"), 4.64
(d, J—13 Hz, 1H; H® #4459 (d, J—15.1 Hz, 1H; OCH,CO), 453
(d, J—15.1 Hz, 1H; OCH,CO), 4.26-4.24 (m, 2H), 3.99 (s, 3H), 368-
364 (m, 4H), 3.62-361 (m, 2H), 358-354 (m, 4H), 3.52-3.47 (m,
4H), 329 (t, J—7.6 He, 2H), 3.09 (d, J— 166 Hz, 1H; H™), 2.97 {dd,
J—11.0, 4.7 Hz, 1H), 2.79 (t, J— 74 Hz, 2H), 255 (s, 3H), 2.44 (d, J -
16.6 Hz, 1H; H'%), 231-226 (m, 2H), 2.25 (s, 3H), 2.00-1.96 {m, 11),
1.93-189 (m, 1H), 1.79-1.74 (m, 1H), 1.70 (s, 31; CH,), 168-1.32
(m, 13H; overlap with solvent), 129 (s, 3H; O1,), 127 (s, 3H; CH,).,
1.01 {s, 3H; CIk), 0.98 (s, 3H; O, 0.79 ppen {s, 3H; CHLy); “CNMR
(101 Mz, CDCL): 4 —174.8, 172.6, 170.1, 1677, 160.8, 159.9, 1569,
1509, 150.7, 150.2, 144.2, 1425, 1415, 1355, 1334, 128.1, 1240,
1207, 1167, 1102, 71.1, 70.9, 704, 70.0, 69.9, 69.1, 63.7, 62.6, 568,
532, 195, 490, 488, 169, 42.7, 407, 397, 39.0, 388, 383, 371,
37.0, 335, 32.1, 317, 306, 299, 256, 242, 24.1, 216, 202, 1956,
163, 158, 15.1, 14.8, 11.5 ppn; "F {1} NMR (471 MHz, CDCL): & —
~145.04 (d, J—31.8Hz), —145.18 ppen (d, J—31.8 He); HRMS (ESI):
miz caled for CH,,BF NO,: 1053.6126 [M-H] ; found: 1053.6134;
UV/Vis (OH,CLE A, — 507 nm; A, — 513 nm; @ —0.21.

BODIPY-FL-triterpene conjugate 29: Yield: 16.7 mg (20% overall
yield); darkred solid; "HNMR (500 MHz, CDCLY: 4846 (app s,
1H; pyrazine), 828 (d, J— 2.4 Hz, 1 1; pyrazine), 7.08 (s, 1H), 7.07-
7.06 (m, 1H), 687 (d, J 3.9 Hz, 1H), 657 {t, J—5.1 Hz, 1H), 627 {d,
J-A0 Hz, 1H), 6.11 (s, TH), 475 (app s, 1H; H'* ™), 4.64 (app s,
1H; H® ™), 4.60 (d, J—15.1 He, 1H; OCH,C0), 4.53 (d, J—15.1 Hz,
1H; OCH,CO), 426-423 (m, 2H), 4.00 (s, 4H), 3.68-3.46 (m, 24H),
328 (t, J—7.6 He, 2H), 3.09 (d, J— 167 Hz, 1H), 3.01-2.96 (m, 1H),
279 {t, J—7.6Hz, 2H), 2.55 {s, 3H), 2.46 (d, J— 167 Hz, 1H), 230-
227 {m, 2H), 2.25 (s, 3H), 2.00-1.93 {m, 2H), 1.77 (d, J—115Hz,
1H), 1.70 (s, 3H; CH,), 1.68-134 (m, 14H; overlap with solvent),
130 (s, 3H; CH,), 1.28 {s, 3H; O1), 101 (s, 3H; CH,), 098 (s, 3H;
CH,), 080 ppm (s, 3H; CH,); “C NMR (101 Miz, CDCL): & — 1748,
1726, 170.1, 167.7, 1608, 160.4, 157.1, 1569, 151.0, 1502, 1442,
1427, 1355, 1334, 1282, 124.1, 1207, 1168, 110.2, 71.0, 709, 704,
70.1, 70.0, 69.0, 637, 62.6, 56.8, 53.1, 495, 489, 484, 469, 427,
407, 39.7, 390, 388, 383, 37.1, 37.0, 335, 322, 31.7, 306, 299,
256, 242, 241, 229, 216, 202, 196, 163, 158, 152, 148, 143,
NSppm; "“F {'HINMR (471 MHz, CDCh): 8- 14585 (d, J—
342 Hz), 14599 ppen (d, J— 342 Hz); HRMS (ESI): mvz caled for
CullBFN,Oy: 12006865 [M+H]'; found: 12006848; UV/Vis
(CHYCLY: e — 507 1Y dos— 513 nim; @ —0.30.

BODIPY-FL-triterpene conjugate 30: Yiekd: 85mg (12% overall
yield); dark-red solid; '"HNMR (500 Mz, CDCL): 6 -7.09 (s, TH),
707-7.06 (m, 1H), 6.88 (d, /-39 Hz, 1H), 6.50-648 (m, 1H), 6.27
(d, J— 40 Hez, TH), 6.12 (s, 1H), 4.73 {app s, 1H; W™, 460 (d, J -
20Hz, 1H; H® *%), 459 (d, J—155 Hz: OCHLO), 452 (d, J—
15.1 Hz, 1H; OCHCO), 4.27-4.24 (m, 2H), 3.99 (s, 2H), 3.68-363
(m, 4H), 3.62-3.60 (m, 2H), 358-353 (m, 4H), 3.52-347 (m, 4H),
329 (t, J—76 He, 2H), 3.18 {dd, J— 114, 48 Hz, 1H), 2.99-2.94 (m,
1H), 279 (t, J— 7.6 Hz, 2H), 2.56 (s, 3H), 2.25 (s, 3H), 2.25-2.20 (m,
2H), 1.98-186 {m, 3H), 1.68 (s, 3H; CH,), 1.65-1.15 (m, 19H; over-
kap with solvent), 0.96 {s, 3H; CH,), 0.96 (s, 3H; CH,), 0.90 (s, 3H;
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CH,), 0.81 (s, 3H; Q) 0.75 ppm {5, 3H; CHY; “CNMR (101 Mik,
DAY 31748, 1726, 1701, 1677, 1569, 1503, 1443, 12811,
124.1, 1208, 1168, 110.1, 79.2, 71.1, 70.9, 70.4, 69.9, 69.1, 637, 6256,
568, 555, 507, 496, 470, 42.6, 40.9, 39.0, 389, 388, 383, 374,
37.1, 345, 335, 322, 306, 299, 282, 27.6, 257, 24.1, 21.0, 195,
185, 163, 162, 155, 152, 149, 115 ppm. "F {'H}NMR (471 Mikz,
CDCL): &— 14576 (d, J—305Ha), —14590 ppm (d, J— 305 Ha);
HAMS (ESI: m/z caked for CH BN, 10196170 [M-H] ;
found: 1019.6171; UVAs (CH,CLY: A, — 507 nm; A, —513 nm;
@_017.

BODIPY-FL-triterpene conjugate 31: Yield: 152 mg (21% overall
yield); dack-red solid; 'HNMR (500 MHz, CDCLE: 8719 {t, J—
55Hz, 1H), 7.09 (s, 1H), 6.88 (d, J—40Hz, 1H), 640 {t, J—52 He,
1H), 627 (d, J—4.0 Hz, 1H), 6.12 (s, 1H), 5.67 (app s, 1H; H” ™),
529 (app s, 1H; W¥*°9), 427-4.24 (m, 2H), 4.03 (s, 2H), 3.71-366
(m, 4H), 3.64-350 (m, 10H), 3.29 (t, J—-7.6Hz 2H), 3.17 (dd, J—-
11.0, 5.1 He, 2H), 2.79 (1, J—-7.6 Hz, 2H), 255 (s, 3H), 2.25 (s, 3H),
2.22-2.13 (m, 2H), 1.96-1.84 (m, 3H), 1.67-134 (m, 15H), 1.25-1.16
{m, 4H), 0.95 (s, 6H; 2xCH,), 0.91 (s, 3H; CH,), 0.80 (s, 3H; CH,),
0.74 ppen (s, 3H; CH,): “CNMR (101 MHz CDCL): 4 — 1798, 1725,
1707, 169.1, 160.8, 156.9, 150.7, 1443, 1355, 1334, 1282, 1279,
1272, 1251, 124.1, 1208, 1168, 79.1, 71.3, 708, 707, 70.3, 700,
69.1, 636, 5655, 55.5, 509, 50.6, 42.6, 40.9, 394, 390, 389, 384,
374, 368, 345, 335, 329, 32.0, 298, 282, 275, 24.1, 21.1, 184,
163, 162, 15,6, 15.2, 149, 11.5 ppm; “F {'"H} NMR (471 Mitz, CDCL,):
A 14575 (d, /356 Hz), 14597 ppm (d, J—35.6 Hz); HRMS
(ESl: m/z caled for C HBFNDO,: 9915857 [M-H] ; found:
991.5852; UV/Vis (CHChY: A — 507 nm; du — 513 nim; @ —0.17.

BODIPY-FL-triterpene conjugate 32: Yield: 45 mg (7% overall
yield); dark-red oil; "H NMR (500 MHz, CDCL): & —7.17 (1, J—53 He,
1H), 7.09 (s, 1H), 688 (d, J—38Hz, 1H), 633 (t, J—52Hz, 1H),
627 (d, J—38Hz 1H), 612 (s, 1H), 4.49-445 (m, 1H), 4.27-4.24
{m, 2H), 4.01 (s, 2H), 3.93 (s, 1H), 3.67 (dd, /92, 53Hz, 4H),
3.61-356 (m, 4H), 3.53-3.48 (m, AH), 3.46-3A2 {m, 2H), 329 {t, J—
75 He, 2H), 2.79 (t, J—76He, 2H), 2.66-2562 {m, 2H), 2.55 (s, 3H),
2.50-2.47 (m, 2H), 2.25 {s, 3H), 1.85 (d, J— 134 Hz, 1H), 1.79 (d, J—
111 Hz, 1H), 1.72-1.18 (m, 24 H; overlap with solvent), 1.02 (s, 3H;
CH,), 0.95 (s, 3H; CH), 0.90 (s, 3H; CH,), 0.86 (s, 3H; CH,), 085 (s,
3H; Cih), 083 (s, 3H; CHy, 082ppm (s, 3H; CH); "CNMR
(126 Mz, CDCL): 3 —180.1, 1729, 1726, 171.8, 1704, 1608, 1569,
1442, 1355, 1335, 1282, 124.1, 1208, 116.8, 1099, 8622, 813, 711,
708, 704, 702, 70.1, 69.1, 63.7, 558, 51.4, 469, 463, 40.8, 10.1,
395, 389, 388, 381, 374, 362, 339, 338, 335, 325, 321, 311,
30.1, 289, 281, 28.1, 267, 242, 24.1, 238, 21.1, 182, 168, 167,
157, 152, 138, NS ppm; "F {'"HINMR {471 MHz, CDChE &

14531 (d, J— 318 Hz), 14545 ppm (d, J—31.8 Hz); HRMS (ESD:
mz caled for CHLBF N0, 2 1061.6276 [M-HJ ; feund: 10616278;
UVAVis (CH,CLY: A, — 507 nem; 4, — 513 nm; @ —020.

BODIPY-FL-2,11-diox0-6,9,15-trioxa-3,12-diazaheptadecan-17-yl
propionate 33: Yied: 2.49 mg {11% overall yiedd); dark-red crystal
line: solid; 'H NMR (500 MHz, CDCly): & —7.18 (t, /5.5 He, 1H), 7.09
(s, 1H), 6.88 (d, /—-40Hz 1H), 629-627 (m, 2H), 6.12 (s, TH),
427-424 (m, 2H), 401 (s, 2H), 3.69-3.66 (m, 4H), 361-357 (m,
4H), 3.53-347 (m, 4H), 3.45-3.41 (m, 2H), 3.29 {t, J—76 Hz, 2H),
2.79 (1, J—T7A Hz, 2H), 2.56 (s, 3H), 2.25 {s, 3H), 1.98 ppm (s, 3H);
UCNMR (126 MHz, CDCLY: 81727, 1706, 1705, 1609, 1569,
1443, 1355, 1335, 1282, 124.1, 120.1, 1168, 712, 709, 705, 703,
70.1, 69.1, 637, 395, 388, 335, 24.1, 233, 152, 115 ppm; F
{HINMR (471 MHz, C(DQ) A— 14564 (4 J-356Hz,
-14579ppm (d, J-356Hz); HRMS (ES: m/z cakd for
CH,BF N,O,: 5652723 IM-H] ; found: 5652736; UV/Vis (CH,CL):
g — 507 niem; A, — 513 nm; @ —0.71.
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Amino-BODIPY as the ratiometric fluorescent
sensor for monitoring drug release or “power
supply” selector for molecular electronics+

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

The glutathione cleavable conjugates of amino-BODIPY dye with model drugs have been tested for
monitonng the drug release via 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 emussion 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 conjugates demonstrated their potential appbication
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, et. 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
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Listopadu 12, 771 46 Ol , Caech Republic. E-madl: jan. hiovac@upol
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ding of probes cleavage. See DOE 10.1039/c9ra03472b
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one “bulb” to maintain its light intensity.

phenomencn 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-ON 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 based on the (irjreversible turmm-on or turn-off effect
giving the fluorescence response in the presence of appropriate
marker has been described several times,™ a selector as
a molecular electronic device that can switch two 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-
BODIPY 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 electronic selector activated by the presence of
thiols and optimal pH.

Experimental section
Materials and methods

For the preparation and characterization of the compounds, LC/
MS analyses were performed using UHPLC/MS with an UHPLC
chromatograph (Acquity) 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 ul 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,
a vaporizer 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 1l with a YMC
C18 reverse phase column (20 x 100 mm, 5 pm particle size).
The mobile phase consisted of acetonitrile and a 10 mM
aqueous ammonium acetate gradient over 6 min.

NMR spectra were measured in CDCI; or DMSO-d, using
a Jeol ECX-500 (500 MHz) spectrometer. Chemical shifts (4] are
reported in parts per million (ppm), and coupling constants (/)
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, 9, 25075-25083
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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 I~ with 0.1% formic
acid in water and methanol (50 : 50, v/v).

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).

Fluorescence spectra were recorded on a Varian Cary Eclipse
fluorescence spectrophotometer equipped with a thermostat
(FL1009MO15). Excitation and emission slits were 5 nm.
Absorption spectra were recorded on a Cary 300 UV/Vis spec-
trophotometer (UV111M031, Agilent). Excitation spectra of the
model drugs 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 (®) were calculated by standard procedure
using Fluorescein as a reference (¢ = 0.91) according to eqn (1).

& = Dy x Iy x AglA x 9*l(ng’) (1)
where @y, is the quantum yield of reference fluorophore, I is area
under emission peak, A is absorbance at the excitation wave-
length 7 is refractive index of the solvent.

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

0.25 ml of the conjugate 4, 5 and 6 solution {2 mM) in DMSO
was mixed with 0.1 ml of GSH solution (50 mM) in HEPES
(0.1 M, pH 7.4) and diluted with 0.65 ml DMSO/HEPES (2: 1 v/
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
fluorescence monitoring

5 ul of the probe 4, 5 or 6 solution (1 mM) in DMSO was mixed
with 20 ul, 60 ul or 100 pl of the GSH 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 mlL 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
fluorescence monitoring

Hela cells were added to black 96-well plates by MultiDrop
Combi (Thermo Fisher Scientific, USA) at a cell density of 1.25 x
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 PBS, immediately
treated with tested compounds for 2 min and washed with PBS
again. Finally, 50 pl 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% CO, to
adhere. The cells were pretreated with 20 mM GSH for 2 h and
stained by Hoechst dye in concentration 1.62 puM within last
20 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 Voyager CV7000 (Yokogawa, Japan) spinning disc confocal
microscopy system at 37 “C in 5% CO: atmosphere. Living cells
were monitored by a 40x 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-hydroxy-
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-BODIPY 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 triethyleneglycol (Scheme
2). Compound 3 was synthesized according to the previously
published procedure.™

Amino-BODIPY 7 was prepared by reaction of previously
published chloroderivative 10 (ref. 31) with ammonia in
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Scheme 1 Schematic #lustration of the drug and amino-BODIPY
release from their conjugates.
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Fig. 1 Structure of model drugs 1, 2, and 3 (ref. 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-BODIPY 7 with linker precursor 13
and subsequent reaction with HOBt gave rise to compound 14
with activated carbonate group. Then, final conjugates 5 and 6
were prepared by coupling the derivative 14 with the corre-
sponding quinolinones 2 or 3 respectively via carbamate or
carbonate bond (Scheme 3).

The fluorescence spectra of amino-BODIPY 7 and its conju-
gates 4-6 were first measured in HEPES 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 525-527 nm is very close to the
emission of amino-BODIPY 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-ON 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 =R

PR w0y, R ety
Scheme 2 Synthesis of model drugs 1 and 2. (1) 8. triethyleneglycol.
H S0, (cat), THF, reflux, on; {il} Rink amide resin preloaded with
cysteine, 9, HOBt, DIC, DMF/Pyr, 3, rt. (iii) TFA/OCM/TES (2 - 1 : 0.05),
ihrt

LA ) 3w VO K 5 it gt
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Scheme 3 Synthesis of amino-BODIPY 7 and its conjugates 4-6. (i}
7.0 M NH</MeOH, DCM 70 °C, on; (1) DMAP, TEA DCM, rt, 3 h: {iil)
DMF, 60°C, on; (iv) TEA, DMAP, 13, DCM, rt, 3 h. {v) K2COs, THF/MeOH
3:1 rt on; (Vi) DMAP, TEA DCM, rt, on

Therefore a significant difference was observed between amino-
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 close to the excitation maxima of conjugates 4-6 and
sufficiently distal from the emission maximum of BODIPY 7,
the emission intensity was high for amino-BODIPY 7 due to its
broad excitation spectrum and high quantum yield (Fig. 3;
Table 1). The system could work as OFF-ON 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 DMSO (1 : 2 v/v). Based on the
results from Table 1 and Fig. 4, the excitation as well as emis-
sion spectra 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 4-6, 18, 19 and BODIPY
dyes 7. 20

Compound  Solvent Jewe (NM)  Jem (nm) Al (nm) QY (%)
4 HEPES 515 527 12 14
DMSO/HEPES 517 5 14 77
5 HEPES 516 525 9 14
DMSO/HEPES 520 530 10 58
6 HEPES 57 525 8 32
DMSO/HEPES 521 532 11 53
7 HEPES 480 523 a3 77
DMSO/HEPES 496 523 40 95
14 DMSO/HEPES 521 549 28 23
19 DMSO/HEPES 520 55 11 95
20 DMSO/HEPES 521 550 29 48

25078 | RSC Adv, 2018, 9, 2507525083
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Fig. 2 Normalzed fluorescence excitation and emission spectra of
amino-BODIPY 7 and its conjugates 4-6 (HEPES buffer, 0.1 M, pH 7.4)
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Fig. 3 Ratio of fluorescence intensity of amino-BODIPY 7 to conju-
gates 4-6 at 525 nm after excitation at 480 nm or 510 nm (HEPES
buffer, 0.1 M, pH 7.4).

When the excitation wavelength ... = 480 nm is applied, the
emission intensity ratio for i, = 530 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-
BOODIPY 7 and conjugates 4—6 (DMSO/HEPES buffer 2:1, 0.1 M, 7.4

pH).
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Fig. 5 Ratio of flucrescence Intensity of amino-BODIPY 7 to conju-
gates 4-6 at 530 nm after excitation of the appropriate couple at
480 nm or 510 nm (DMSO/HEPES buffer 2: 1, 0.1 M, pH 7.4).

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

To confirm the ability of disulfide linker to release the
amino-BODIPY 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 physiological 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. 6, 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-BODIPY 7 indicating complete cleavage of the
conjugate, but also the formation of adducts 15 and 16 derived
from the 3-HQ or BODIPY dye. Interestingly, the concentration
of the adduct 15 increases in a time-dependent manner, which
might be attributed to the equilibrium between 15 and 1.
Conversely, the concentration of adduct 16 decreased with time
because of the presence of self-immolative disulfide linker that
prevents similar equilibrium.

The cleavage of the conjugates 5 and 6, wherein 3HQ is
bound via carbonate and carbamate bonds, afforded the cor-
responding 3HQs 2 and 3, respectively. Although the GSH
adducts 16 and 17 were also observed, these were subsequently
converted to the final free 3HQ derivative 2 or 3 and amino-
BODIPY 7 (Fig. 6B and C). The treatment using all prodrugs
4-6 was performed with 20 uM in the extracellular matrix.*' 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 via OFF-ON mode in HEPES buffer
(Fig. 3), which is optimal for potential biological applications.
Next 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. S2 and S47).

Furthermore, plotting the ratio of emission intensities at
525 nm after excitation at 480 nm and 510 nm (/. /,,) vs. 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 GSH 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 6 (HEPES buffer 7.4 pH, 37 °C, 2 h incuba-
tion). Obtained LOD values were 305 nM and 752 nM, respec-
tively (ES1,T 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 only 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-BODIPY 7 reflects release
of the drugs. Thus, the monitoring of the drug release is
dependent only on the change of acylamino-BODIPY to amino-
BODIPY derivative and is independent of the type of the drug.
To prove this hypothesis, compounds 18, 19, and 20 with
different substitutions on amino-BODIPY (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-ON effect is not influenced by the nature of
a compound conjugated to BODIPY dye, but rather depends
only on the transformation of acylamino-BODIPY 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
isoshestic 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 level of redox potential due to high concentration of
thiols, mainly GSH."*** A maximal release of a drug within
a time period corresponded to the maximal release of amino-
BODIPY 7 from appropriate conjugate (Scheme 1; Fig. 6). To

RSC Adgv, 2019, 9, 25075-25083 | 25079
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Fig.6 Monitoring the drug release from conjugates 4, 5, and 6 (0.5 mM; DMSO/HEPES buffer 2 : 1, 0.1 M; pH 7.4, 37 °C} by GSH (5 mM) by HPLC/
MS.

prove the real functioning of the system, we performed the limitation, excitation at 485 nm was used instead of joe =
cleavage experiment of conjugates 4-6 in Hela cells that were 480 nm. Although the inherent concentration of GSH in the
pretreated with glutathione (20 mM). Due to the instrumental cells was sufficient to cleave the disulfide conjugates 4-6, the

i)

F1omd

Fig. 7 GSH-mediated cleavage of probe 4 monitored within 180 min
by

fluorescence emission at 525 nm after excitation at 480 nm (A} and
510 nm (8} {5 uM probe 4, 5 mM GSH; HEPES butfer, 0.1 M, pH 7.4, 37

*C).

25080 | RSC Aav, 2019, 9, 2507525083

Framnaimnin e Lr, (500

6; DMSO/HEPES buffer2 -1, 0.1 M, pH 7.4, 37 °C).
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Fig. 8 Ratio of emission intensities at 525 nm upon excitation at 480
and 510 nm in time after treatment with different concentrations of
GSH {5, 3, 1 mM). Probe 4 (A); probe 5 (8); probe 6 (C) (5 uM probes 4-
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Fig. 9 Ratio of emission intensities at 525 nm upon excitation at 480
and 510 nm after 30 and 60 minutes of incubation of probes 4—6 with
GSH at various pH (5.0-8.0) and without GSH after 60 minutes. Probe
4 (A), probe 5 (8); probe 6 (C) (5 uM probe 4-6, 5 mM glutathione;
DMSO/HEPES butfer 2:1, 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 model
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 release of a drug inside the cells can be monitored via
the OFF-ON effect by fluorescence microscopy. For this
purpose, 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-BODIPY

Fhorascance intensity (3.u.)
£

a9

Se4ePeERLETIY

Fig. 10 Fluorescence intensity enhancement upon incubation of
probe 4 (5 uM) with various amino acids and NaSH (100 mM, DMSO/
HEPES buffer 2 : 1, 0.1 M, pH 7.4) after 60 min (4, = 480 nm, J_ =
525 nmy.
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Fig. 11 Normalized excitation and emission profile of compounds 18,
19, and 20 {5 uM in DMSO/HEPES buffer 2: 1, 0.1 M, pH 7.4).

7 and the corresponding 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
derivative 4 was studied in DMSO/HEPES (2:1 wviv) at
a concentration of 5 uM. If none or only one of the above-
mentioned conditions (lack of thiols and pH < 6) were ful-
filled, the conjugate was stable (Fig. 9). However, when both
conditions were fulfilled, the conjugate was cleaved. In the case
of intensity of emission at 527 nm or 543 nm, the excitation at
Aexe = 510 nm before cleavage and at .. = 480 nm after
cleavage was similar (Fig. 15).

The molecular selector represented schematically in Fig. 16,
wherein two circuits with different power supplies are con-
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

i

“f
1
r

1

Fig. 12 Monitoring of cleavage of probes 4 (A} and 19 (B) by UV/VIs
spectroscopy {5 pM probes; 5 mM GSH, 0.1 M HEPES buffer, pH 7.4, 37
°C). For spectra highlighting change of fluorescence in time see Fig. 7
and S7.¢
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Fig. 13 Ratio of emission intensities at 525 nm upon excitation at
485 nm and 510 nm in Hela cells corresponding to the cleavage of
conyugate 4 (A, 5 (B). and 6 (C} within the prescribed period

Fig. 14 Fluorescence intensity of released amino-BODIPY 7 (green
celor) after cleavage of conjugate 4 inside the Hela celis pretreated
with glutathione at time 0 mun (left) and 120 min (nght). Z..c = 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

Fl(au)

~—

oo L
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 cleavage
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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 self-immolative 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 two
sources to maintain the intensity of one light.

The concept of acylamino-BODIPY conjugates affording the
amino-BODIPY dye after thiol-mediated cleavage based on the
altered fluorescence offers development of various applications
in chemical biology and molecular electronics in the future.
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ABSTRACT: In this work, we report two concepts of drug delivery based on small-molecule drug conjugates with the ability of
specific targeting and drug release itoring via ratiometric fluorescence. The functionality of these concepts has been verified by
two model systems consisting of three pam (i) Buorescent 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(1H)-quinolinone (3HQ) as a model drug. The model drug
release is based on a selfimmolative disulfide linker sensitive to environments containing thiols, especially glutathione, which &
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

Glutathione in its reduced (GSH) or oxidized form (GSSG)is ~ conditions in tumors i advantageous for enhancing the
R i . specificity of anticancer drugs, the next major step toward
a ubiquitous component of all living organisms. It can prevent X 2 2 i

s % improving the therapeutic index involves the active targeting of

the oxidation of critical cellular components by reactive oxygen : "o, £ Fecti
P e ey l!u P edmm.m drugs to cancerous tissues. ne of the most effective
specu:s. r;e!: pe H althmq 2 : ¥ approaches for the selective delivery of drugs to the
aspects of the immune response.’ Healthy cells ! ate cells is based on the interaction of a drug—ligand

| g % §

o, e 3 o bmicmeln vl gt et et e pece e X poni
’ receptor that can targeted is imenic trans-
protect against drugs and establish resistance only after membrane receptor integrin a,f,' which is highly expressed
developing resistance to chemotherapeutics.” 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 involving various Published: May 7, 2021

formulations such as dendrimers, polymers,” nanoparticles,”

and micelles.'”
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systems. This fact makes this recept itable target for the
antiangiogenic cancer therapy.'” lu addmou, integrin a. fi, is
ako’. uYchlr d in tumor cells, as observed in
colon,™” pancreas, " and lung™® cancers, melanomas,™ brain
tumors,”" or breast™ cancers.

The integrins overexpressed in cancer cells interact with the
RGD pepude motif (Arg-Gly-Asp), especially in its cyclic form
(¢RGD).* Cyelic RGD ides conmg:ned with anticancer
drugs, such as doxorubicin,” camplodu-an, and padnmel,"
were shown to have improved therapeutic activities in vitro as
well as in vivo as compared to the corresponding free drugs. In
addition, cRGD binds to the integrins on many cancer cells,
resulting in active internalization. Recently, it was shown that
¢RGD peptides could selectively bind to a f, integrins over
afi, integring with a very high affinity, an IC, in the
nanomolar range, and a negligible difference between the
effects of the conjugated drug and free ligand™ The afi,
integrin-targeting moiety was implemented with the cilengi-
tide—c(RGDIV) conjugate, which has been fromoted to
clinical trials for the t t of glioblast

The specific responses of dmg delivery systems in the
presence of a selected marker, causing the consequent drug
release, give rise to the development of targeted small-molecule
drug conjugates (T-SMDCs) or theranostics—the combi
tion of therapeutics and diagnostics in one material ™ The
significance of these SMDCs in therapy is well discussed in the
recent reviews and perspective.”' ™" Although the visualization
is commonly performed via ﬂuorescmce, this technique usually

relies on the fl ent i tric or ti tric resp

of the drugs such as camptothecin or d bicin."""* Only a
few drug conjugates contain a | and simple fluorescent
dye, which allows drug uptake and rel itoring. "

Therefore, in this study, ‘we have used aminoBODIPY as
reported in our previous work.'” Generally, BODIPY dyes are
known for their exceptional fluorescence properties such as
high quantum yield, extinction coefficient, and low photo-
bleaching."*

Herein, we report a model system that overcomes some of
the abovementioned drawbacks. We also 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
dellwry of (non)ﬂuorescent drugs providing a drug-

d nt to high concentrations of
gluullnone causing lhe drug release and (ii) the amino-
BODlPY—redBODIP’Y—dmg conjugate for the ratiometric

ence itoring of glutathione-triggered 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 is bound by the cleavable disulfide

m‘duf ofearape
| by GSH

cowvrgaenr
ddewrage

Conjugate 1

Conjugate 2

Figure 1. Suggested design of small molecule drug conjugs

self-immolative 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
glutathione attack, the disulfide linker releases the amino-
BODIPY dye, and the central unit undergoes a 1 6-elimination
reaction producing the q methide moieties, """ result-
ing in the release of the drug (Figure 1).

W EXPERIMENTAL SECTION

Materials and Methods. For the preparation and
characterization of the compounds, LC/MS analyses were
performed by UHPLC/MS via a UHPLC chromatograph
(Acquity) with a PDA detector, 2 single quadrupole mass
spectrometer (Waters), and an X-Select C18 column at 30 °C
and a flow rate of 600 uL/min. The mobile phase consisted of
(A) 0.01 M ammonium acetate in water and (B) acetonitrile,
with a linear gradient over the course of 2.5 min; at the
conclusion of the gradient, the final ratio was maintained for
LS min. The column was re-equilibrated with 10% B for | min.
The APCI ionization was operated at a discharge current of §
A, a vaporizer temperature of 350 °C and a capillary
temperature of 200 “C. Compound purity was determined
wsing the ratio of the appropriate peak area to sum of the areas
of all peaks of the mixture. Areas were determined by
integration of the peaks ﬁ'om the PDA detector response. The
purity of the final ds was d d by this method
and was estimated to be >95%.

The purification was performed using a semipreparative
HPLC with a Waters 1500 series HPLC equipped with a 2707
autosampler, a 1525 binary HPLC pump, 2 2998 Waters
photodiode array detector, and a Waters Fraction Collector 111
with YMC C18 a reversed-phase column (20 X 100 mm, § ym
particle size). The mobile phase consisted of acetonitrile and a
10 mM aqueous ammonium acetate gradient over 6 min.

NMR spectra were measured in CDCL, DMSO-d,, or
CD,OD using a JEOL ECX-500 (500 MHz) spectrometer.
The chemical shifts (5) are reported in parts per million (ppm)
and the coupling constants (J) are reported in Hertz (Hz).

The 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 ionization were as follows: an oven temperature of
300 “C, 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 methanol (50:50 v/v).

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

sigmaaldrich.com).

Fluorescence spectra were rrcorded on a Varian Cary
Eclipse Al ence eter equipped with a
thermostat (FLlOO9M0l$) The excitation and emission slits

were 5 nm. Absorption spectra were recorded on a Cary 300
UV/VIS spectrophotometer (UVI1IMO31, Agilent).
Compound 4. Compound 4 was prepared according to the
previously published procedure.”’
Compound 5. Compound $ was p
previously published procedure.”*
Compound 6. To a solution of the benzyl alcobol 5 (087 g,
489 mmol, 1.1 equiv) in dry DMF (20 mL) was added
imidazole (366 mg, 1 equiv) and fet-butyldimethysilyl
chloride (811 mg, 1.1 equiv). The resulting solution was

pared according to the

httpasidal o0g' 10, 1001 acumoipharmacet 1000219
Mol Fhasmocnutes 2021, 18, 23852396
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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,SO, and concentrated under reduced pressure.
The crude product was purified using 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),
689 (d, ] = 8.1 Hz, 1H), 6.85-6.82 (m, 1H), 5.53 (s, 1H),
4.75 (d, ] = 2.4 He, 2H), 4.67—4.66 (m, 2H), 2.54 (¢, ] = 2.4
Hz, 1H), 0.94 (s, 9H), 0.09 (s, 6H). 'C NMR (50 MHz,
CDCly): & 145.11, 144.72, 133.71, 12037, 114.82, 111.23,
7832, 7621, 64.91, 57.15, 26.12, 1855, —5.04. MS (ESI):
calculated for C, H, 0,Si: 291.142. Found: 291.656.

Compound 7. Compound 7 was prepared according to our
previously published procedure.’

Compound 8. To a solution of phenol 6 (147 mg, 0.503
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
amino-BODIPY disulfide linker 7 (280 mg, | equiv) in dry
DCM (2 mL). The reaction mixture was then stirred for 30
min at room temp The mixture was then diluted with
Et,O (50 mL) and washed with water three times and then
with brine solution. The organic layer was dried over Na,SO,
and concentrated under nduced peessace. The crude product
was purified using ¢ graphy (DCM) to give
299 mg of pure compound 8 (81% ynld) 'H NMR (500
MHz, CDC1,): & 8.05 (s, 1H), 7.15 (d, ] = 1.7 Hy, 1H), 7.10
(d, ] = 82 Hz, 1H), 7.00 (s, 1H), 698 (d, ] = 4.4 Hz, 1H),
6.92—6.89 (m, 1H), 6.89—-6.87 (m, 1H), 6.04 (s, 1H), 4.74—
4.71 (m, 4H), 4.50 (dt, ] = 10.6, 6.6 Hz, 4H), 3.06 (1, ] = 6.6
Hz, 2H), 3.01 (1, ] = 6.6 Hz, 2H), 2.52 (1, ] = 2.4 Hz, 1H), 2.51
(s, 3H), 2.22 (s, 3H), 0.95 (s, 9H), 0.11 (s, 6H). *C NMR (50
MHz, CDCL): & 155.64, 153.17, 151.56, 149.71, 149.18,
145.09, 141.21, 140.90, 139.31, 133.66, 130.94, 129.77, 122.23,
122.09, 12032, 119.02, 11220, 111.23, 109.35, 78.31, 76.16,
66.55, 64.44, 64.27, 56.82, 37.14, 37.10, 26.09, 26,05, 26.04,
26.03, 26.02, 18.48, 14.65, 11.35, —5.17. MS (ESI): cakulated
for C H, BF N O.S,Si": 734.237. Found: 734.582.

Compound 9. To a solution of compound 8 (340 mg, 0.46
mmol, 1 equiv) in methanol (20 mL) was added pTSA (13
mg, 0.15 equiv), and the resulting solution was stirred for 2 h

at room t The tion mixture was diluted with
EtOAc (50 m.L) and washed with water three times. The
organic layer was dried over Na,SO, and concentrated under
reduced pressure to yield 235 mg of crude product (89%
yield), which was used without further purification). '"H NMR
{500 MHz, CDC,): 5 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 Hz, 2H), 4.54—4.50 (m, 2H), 4.50—
4.46 (m, 2H), 3.08—3.04 (m, 2H), 3.02-2.99 (m, 2H), 2.56—
2.53 (m, 1H), 2.51 (s, 3H), 2.23 (s, 3H). **C NMR (50 MHz,
CDCly): 4 155.72, 153.07, 15161, 14936, 14035, 139.95,
13094, 122,61, 12213, 120.12, 113.08, 109.36, 78.17, 76.32,
66.59, 64.91, 6429, 56.92, 42.96, 37.23, 3709, 1468, 11.38.
MS (ESI): calculated for C,;HyBF.N,0.S,": 620.1503.
Found: 620.406.

Compound 10. To a solution of alcohol 9 (95 mg, 0.153
mmol, 1 equiv) in dry THF (4 mL) were added pyridine (25
uL, 3 equiv) and the solution of 4-nitrophenylchloroformate
(93 mg, 2 equiv) in dry THF (1 mL). The reaction mixture
was stirred for 2.5 h at room temperature and then diluted with
EtOAc (50 mL) and washed with water three times and brine.
The organic layer was dried over Na,SO, and concentrated

under reduced pressure. The crude product was purified using
column chromatography (DCM/hexane 1:1 to DCM) to
afford 115 mg of pure product (91% yield). 'H NMR (500
MHz, CDCl,): 6 8.26-8.22 (m, 1H), 8.11—8.08 (m, 2H), 8.04
(s, 1H), 7.18 (¢, ] = 5.2 Hz, 2H), 7.06 (dd, ] = 8.1, 1.9 Hy,
1H), 699 (s, 1H), 6.96 (d, ] = 4.4 Hz, 1H), 6.86—6.83 (m,
3H), 5.25 (s, 2H), 4.75 (d, ] = 2.4 Hz, 2H), 453 (1, ] = 6.5 He,
2H), 448 (1, ] = 6.6 Hz, 2H), 3.05 (¢, ] = 6.5 Hz, 2H), 3.00 (¢,
] =6.6 Hz, 2H), 2.56 (1, ] = 2.4 Hz, 1H), 249 (s, 3H), 220 (s,
3H). Y'C NMR (50 MHz, CDCL,): § 16219, 155.91, 15553,
153.02, 152.46, 151.65, 149.37, 145.50, 141.56, 14129, 140.93,
133.69, 133.48, 130.84, 129.68, 126.21, 125.38, 12295, 122.19,
121.85, 115.70, 114.78, 109.12, 77.78, 76.63, 70.33, 66.78,
64.28, 56.96, 37.07, 37.03, 14.19, 11.28. MS (ESI): calculated
for Cy H,BF,N,O,S,": 785.156. Found: 785.754.

Compound 11. The compound was syn!hcsued according
to our previously published procedure.’

Compound 12. To a solution of the activated carbonate 10
(93 mg, 0.119 mmol, 1 equiv) in dry DMF (1.3 mL) were
added TEA (33 uL, 2 equiv) and the solution of 3HQ 11 (49
mg, 1 equiv) in dry DMF (0.5 mL). The resulting solution was
stirred overnight at room temperature. After ¢ ption of
the starting material, the reaction mixture was diluted with
EtOAc (50 mL) and successively washed with water three
times and brine solution. The organic layer was dried over
Na,SO; and concentrated under reduced pressure. The crude

ct was purified using column chromatography (DCM/
EtOAc 1:1 to DCM/MeOH 50:1) to give 90 mg (72% yield)
of the desired product. 'H NMR (500 MHz, CDCL,) 5 10.94
(s, 1H), 8.36 (d, ] = 8.5 Hz, 1H), 8.32 (s, 1H), 802 (s, 1H),
796 (s, 1H), 7.88 (d, ] = 8.5 Hz, 1H), 7.60-7.50 (m, 2H),
747-736 (m, 3H), 7.07 (dd, ] = 8.0, 4.9 Hz, 2H), 6.98 (s,
1H), 6.96 (d, ] = 4.4 Hz, 1H), 6.88 (dd, ] = 8.2, 1.7 Hz, 1H),
684 (d, ] = 4.1 Hz, 1H), 6.02 (s, 1H), 5.11 (s, 2H), 4.68 (4, |
=23 Hz, 2H), 449 (dt, ] = 14.6, 6.6 Hz, 4H), 4.45—4.42 (m,
2H), 3.80-3.74 (m, 2H), 3.66 (d, ] = 2.9 Hz, 3H), 3.64—3.58
(m, 4H), 305 (1, ] = 6.6 Hz, 2H), 3.00 (t, | = 6.6 Hz, 2H),
252 (t, ] = 2.3 Hz, 1H), 249 (s, 3H), 2.19 (s, 3H). **C NMR
(50 MHz, CDCl,) & 165.58, 155.64, 153.10, 152.88, 151.54,
149.59, 149.27, 144.08, 141.27, 140.55, 138.74, 134.25, 133.63,
133.08, 132.88, 130.94, 130.81, 130.67, 129.77, 12885, 128.62,
128.19, 126.53, 123.52, 122.59, 122.13, 121.47, 120.58, 118.96,
114.25, 109.28, 77.98, 76.47, 72.00, 70.72, 70.07, 69.81, 68.98,
66.63, 6442, 6425, 61.78, 57.00, 37.11, 37.09, 14.63, 11.33.
MS (ESI): calculated for CyHyBF.N,OS,": 1059.277.
Found: 1059.468.

Compound 1. To the starting compound 12 (40 mg, 0.038
mmol, 1 equiv) in DMF/ACN (1 mL) were added CuSO,-
SH,0 (5 mg, 0.5 equiv), sodium ascorbate (4 mg, 0.5 equiv),
and cRGD peptide 13 (85 mg, 2 equiv; for the synthesis, see
Scheme S1), and the resulting solution was heated to 50 °C
and stirred t. 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 over
Na,SO, 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,) & 8.44 (s, 1H), 8.34 (s, 1H), 828 (d, ] =
85 Hz, 1H), 8.19-8.12 (m, 3H), 7.95 (s, 3H), 7.90—-7.85 (m,
1H), 7.67-7.56 (m, 6H), 7.39 (s, 1H), 7.25-7.20 (m, $H),
7.15 (dd, ] = 10.7, 2.7 Hz, 3H), 6.93 (d, ] = 8.2 Hz, 1H), 6.79
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(d, ] = 4.2 Hz, 1H), 6.19 (s, 1H), 5.23 (s, 2H), 5.19 (s, 2H),
4.59—4.51 (m, 4H), 448—4.44 (m, 2H), 442 (dd, ] = 113,55
Hz, 4H), 4.28—4.22 (m, 1H), 4.06 (dd, | = 15.3, 7.9 Hz, 2H),
3.86—3.78 (m, 6H), 3.61 (dd, ] = 5.8, 3.6 Hz, 2H), 3.57-345
(m, 14H), 3.44—3.40 (m, 3H), 3.08 (1, ] = 6.1 Hz, 3H), 3.05—
2.99 (m, 7H), 241 (s, 3H), 222 (s, 3H), 1.74—1.71 (m, 2H),
1.61—1.53 (m, 2H), 1.43-1.38 (m, 2H), 1.36—1.29 (m, 2H),
1.10—1.01 (m, 2H). "'C NMR (50 MHz, DMSO-d,) 5 172.08,
171.08, 170,52, 169.06, 165.01, 16249, 156.67, 152.56, 15227,
149.47, 141.97, 139.65, 138.84, 134.41, 132.48, 132.01, 131.64,
130.62, 129.05, 128.77, 128.69, 128.05, 127.53, 126.16, 125.67,
124.93, 122.75, 122,43, 120.29, 11391, 7234, 70.15, 69.95,
69.90, 69.74, 69.56, 69.51, 68.68, 68.28, 66.25, 64.68, 63.68,
62.01, 60.20, 53.97, 51.61, 49.43, 48.84, 45.86, 4583, 43.16,
40.39, 37.86, 37.18, 36.24, 35.94, 28.57, 25.92, 25.86, 24.91,
22.86, 14.16, 10.91. MS (ESI): calculated for
CyHy0BF,N, 04,5, *: 1877.6805. Found: 1877.483.

Compound 2. To a solution of compound 12 (127 mg,
0.120 mmal, 1 equiv) in DMF/ACN (3 mL) were added
CuSO,-5H,0 (30 mg, 1.0 equiv), sodium ascorbate (24 mg,
1.0 equiv), and red-BODIPY 14 (116 mg 1 equiv; for the
synthesis, see Scheme S2). The resulting solution was stirred
overnight at room temperature. Then, it was diluted with
DCM (50 mL) and washed with water three times and brine
solution. The organic layer was dred over Na, SO, and
concentrated under reduced pr The obtained crude
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 MHz,
DMSO-d,) 4 12.32 (s, 1H), 11.85 (s, 1H), 9.85 (d, ] = 32 Hz,
1H), 845 (d, ] = 17.8 Hz, 1H), 8.38 (s, 1H), 8.27 (dd, ] = 84,
3.6 Hz, 1H), 8.15 (d, ] = 8.4 Hz, 1H), 7.88-7.80 (m, 4H),
7.63—=7.52 (m, 6H), 749—743 (m, 1H), 740 (s, 1H), 734 (s,
1H), 7.31 (¢, ] = 7.6 Hz, 3H), 725-723 (m, 1H), 7.21 (dd, ]
= 8.1, 1.9 Hz, 1H), 7.17 (s, 2H), 7.07 (d, ] = 8.4 Hz, 1H), 696
(ddd, ] = 332, 82, 1.7 Hz, 1H), 6.86 (4, ] = 10.1 Hz, 1H),
6.78 (d, ] =44 Hy, 1H), 620 (d, ] = 38 Hz, 1H), 6.16 (d, | =
8.9 Hz, 1H), 5.23 (s, 1H), 5.19 (d, ] = 1.9 Hz, 2H), 5.12 (s,
1H), 4.57-4.52 (m, 3H), 446—4.40 (m, 6H), 4.16 (s, 4H),
4.11(d, ] =42 Hz, 2H), 3.83 (d, /= 3.1 Hz, 2H), 3.78 (dd, | =
9.4, 5.2 Hz, 6H), 3.73 (3, 1H), 3.66 (d, ] = 4.3 Hz, 2H), 3.63—
3.60 (m, 6H), 3.57-3.51 (m, 18H), 3.47 (s, 2H), 3.44—341
(m, 6H), 3.23 (d, ] = 5.4 Hz, 6H), 3.10-3.06 (m, 2H), 3.05—
3.01 (m, 2H), 242 (s,3H), 222 (d, ] = 3.4 Hz, 3H), 1.44 (4, ]
= §.7 Hz, 3H), 1.39 (d, ] = 6.0 Hz, 3H), 1.23 (s, 3H).""C NMR
(50 MHz, DMSO-d,) & 16939, 168.64, 164.97, 154.95,
153.89, 152,69, 152.55, 152.26, 15131, 149.90, 149.46, 148.83,
148.45, 143.74, 142.26, 141.96, 141 84, 141.58, 140.08, 139.65,
13921, 138.69, 137.06, 134.39, 133.05, 132.50, 132.34, 131.98,
131.56, 131.17, 130.62, 130.25, 12940, 129.30, 129.23, 128.93,
128.75, 128.67, 128.55, 128.29, 12747, 125.66, 124.92, 123.66,
122.76, 122,39, 121.09, 120.79, 120229, 119.77, 118.92, 117.97,
11607, 114.15, 113.89, 113.11, 109.05, 7233, 71.26, 70.38,
70.27, 70.00, 69.89, 69.85, 69.82, 69.73, 69.58, 69.54, 69.00,
68.87, 68.67, 68.54, 68.43, 68.27, 66.23, 64.66, 63.78, 62.00,
60.19, 58.02, 58.00, 54.78, 49.43, 36.12, 3592, 2899, 22.06,
14.39, 1430, 14.15, 10.89. MS (ESI): calculated for
C,H, BFN O_S.": 2025.749. Found: 2025.149.

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

D=0 X I/l Xx Ag/A X 'f/n,! (1)
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where @ is the quantum yield of the reference fluorophore,
1 is the area under the emission peak, A is the absorbance at
the excitation wavelength, and 5 is the refractive index of the
solvent.

FRET Efficiency. FRET efficiency was calculated for
conjugate 2 using standard eq 2.

FRET = E/(F, + F) @

where F, is the emission intensity of the acceptor and Fy s
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
solution (50 mM) in HEPES (0.1 M, pH 7.4) and diluted with
0.65 mL DMSO/HEPES (2:1 v/v). The mixture was heated to
37 °C and analyzed using LC/MS at the same time.

Cleavage of Conjugates 1 and 2 by Glutathione and
Its Fluorescence Monitoring. First, 5 uL of the solution of
conjugate 1 or 2 (1 mM) in DMSO was mixed with 20, 60, or
100 uL of GSH solution (50 mM) in HEPES buffer (0.1 M;
pH 7.4) and diluted with | mL of HEPES buffer (0.1 M; pH
74) or DMSO/HEPES buffer (2:1). Then, the mixture was
beated to 37 °C and the ence was d at the
same time.

Fluorescence Microscopy. Hela cells (10,000 well ™, 100
uL per well) were seeded into 96 CellCarrier plates
(PerkinElmer, 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 rinsed 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 uM) for 1 h and rinsed with fresh media with 20
mM GSHOEt. The live-cell imaging was performed using a
Cell Voyager CV7000 (Yokogawa, Japan) spinning disc
confocal microscopy system at 37 “C in a 5% CO, atmosphere.
Living cells were monitored with a 60X water immersion
objective at 0 and 2 h. Microscopy images were taken

P ly with excitation at 488 nm using a laser and
emissions detected using band pass filters (BP 515/30 and BP
§95/20). All the obtained images were post-processed,
background-subtracted, and deconvolved using Image ]
software. Fluorescence intensity quantification of microscopy
images was interpreted as a median of two technical replicates
caleulated in a total of 10 microscopy fields.

Intracellular Cleavage of Conjugate 1 by Glutathione
and Its Fluorescence Monitoring. HeLa cells (10,000
well ™", 100 uL per well) were seeded into 96 CellCarrier plates
(Perkin Elmer, USA) and incubated overnight at 37 °C and 5%
CO, in order to adhere. The first group of cells was pretreated
with 1 mM NEM for 30 min, then rinsed with fresh media,
incubated with test compound 1 (50 yM) for 10 min, and
again rinsed with fresh media. The second group of cells was
only incubated with test compound 1 (50 gM) for 10 min and
rinsed with fresh media. Finally, the third group of cells was
incubated with test compound 1 (50 uM) for 10 min and
rinsed with fresh media with 20 mM GSHOEL The
fluorescence ity was ed using an EnSpire
multimode plate reader (Perkin Elmer, USA), with two reads
for each time point and each conjugate (conjugate 1 - first with
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Conjugate 2

Figure 2. Structures of SMDCs aminoBDP-<RGD-3HQ 1 and T-SMDC aminoBDP-redBDP-3HQ 2.

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

cRGD Binding Assay. HelLa cells (10,000 well™', 100 uL
per well) were seeded into 96 CellCarrier plates (Perkin Elmer,
USA) and incubated overnight at 37 °C and 5% CO, in order
to adhere. The cells were pretreated with a free RGD peptid

incorporating up to three different moieties as follows: For
conjugate 1, (i) the model drug 2-phenyl-3-hydroxyquinolin-4-
(1H)-one(3HQ), (ii) integrin-specific cRGD-peptide-targeting
ligand, and (iii) the previously dnmtem:ed aminoBODIPY
fluorescent dye for cleavage monitoring.”” For con]ugue 2, it

in concentration from 0 to 100 uM for 30 min, and after that,
the content of the wells was discarded and the cells were
treated with conjugate 1 at a concentration of 10 uM for 10
min. Subsequently, Lhe cells were rinsed with fresh media and
the fluorescent emi intensity was d using an
EnSpire multimode plate reader (Perkin Elmer, USA), with
excitation at 485 nm and emission at 530 nm.

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-diol, a versatile building central unit suitable for

consisted of (i) BODIPY dye, serving as a “green light”
FRET donor; (ii) redBODIPY dye as the FRET acceptor; and
(iti) 3HQ as the model drug bound to the central unit via a
carbonate bond. The tethering of the fluorescent amino-
BODIPY dye to the central frame is provided by the disulfide
self-immolative linker for both probes. The linker allows the
controlled release of the drug 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) speaes (Figure I and &hemc 2).
Both conjugates are capabl king a rati P

based on the issi tensity ts at one
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wavelength after applying two different excitation wavelengths
(conjugate 1) or intensities of two wavelengths after
one excitation (conjugate 2).

In both prepared conjugates (Figure 2), we have used a
derivative of 2-phenyl-3—hydtoxyquinolin-4-(lH)-one as a

del drug p the anticancer activity but suffering
from poor aqueous solubnlily 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 amino-
BODIPY fluorophore, as the reporter responding to the
presence of an elevated concentration of thiols together with a
targeting unit, could lead to the formation of a targeted
theranostic agent suﬂable for the studies in the Geld of
personalized 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 27

G e

3 “ s

7

“Conditions: (i) bromide, NaH, DMSO, 0 °C, on; (i)
NaBH, McOH/H,0, 0 °C, 1 h; (i) imidazole, TRDMSCI, DMF, rt,
L b; (iv) DMAP, TEA, DcM. 1, 30 min; (v) pTSA, MeOH, rt, 2 h;
(vi) 4 shenyichl idine, THF, rt, 2.5 h; (vii) TEA,
DMF, 1t, on; {viii) CuSO,- 5n,o sodium ascorbate, ACN/DMF, 50
°C, on.

To form a central frame, 3 4-dihydroxy benzaldehyde 3 was
alkylated with prop. bromide and reduced with NaBH, 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 fert-butyldimethylsilyl chloride (TBDMS-CI) to afford a
derivative 6 with 91% yield after purification. Compound 6 was

then reacted with amino-BODIPY disulfide linker 7 with the
HOBt-activated carbonate group, whlch is synthesized

according to our published procedure,” to form compound
8 with 81% yield after purification. The TBDMS protecting
group was then removed under acidic conditions using pTSA
and reacted with p-nitrophenyl chloroformate to obtain the
acylated compound 10 with 96% yield.

In the next step, the 3HQ drug 11 was incorporated into the
central QM frame under basic conditions through a carbonate
bond using triethylamine to afford compound 12 with 45%
yield after purification. Compound 12 was then used as a
precursor to prepare the final conjugates 1 and 2 via a
copper(l)-catalyzed cycloaddition reaction with azide 13 or 14,
respectively.

The ¢RGD peptide derivative 13 was synthesized using the
solid-phase peptide synthesis on the 2-chlorotrityl resin.
RedBODIPY azido derivative 14 was synthesized by the
standard Knoevenagel condensation of azido-BODIPY with
3,4-bis-{2-[2-(2-methoxy-ethoxy )-ethoxy]-ethoxy }-benzalde-
hyde, available similarly to that from the reported procedures®”
(see the Experimental Section). This BODIPY dye motif was
considered for its optical properties as a suitable FRET
acceptor for the green light-emitting amino-BODIPY 17.

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 anmalysis with MS detection. The
mechanism for the GSH—mediated cleavage of conjugates 1
and 2 is depicted in Scheme 2. In the fisst step, the disulfide
bridge is attacked by the thiol group of GSH. After disrupting
the SS 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 Drug 11 via 1,6-elimination

»
"-‘v‘\’vl ais NV\N'L
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two molecules of thiolactone and leaves the free amino- A B
BODIPY 17 and intermediate 18. The push—pull effect of S B= A i 52 m pAp =
electmns in this intermediate causes the mlense of the d.mg 11 i ==ty ',{,‘1 g o (1] || l| '
via 1,4-elimination and the sub for of g s ¥4 A \ £, ﬂ | ]\
metiude 19. This QM 19, being 3 very good Michael acceptor, 3 RN AT R
can be promptly captured by a nucleophile — GSH to form a g // N AR ' )/ .‘Il.;:)‘._ { \
fully aromatic system 20. o ‘ \;:._ o1 IS V4 |\ A
The obtained LCMS data showed that the total cleavage of S B TR
conjugates 1 and 2 occurred within 80 and 60 min, Wl —_—»
respectively, along with the formation of the aminoBODIPY c o
17. In the case of conjugate 1, the formation of int dat o A v F
16a is also observed. Similarly, the process of the elimination = | I ? “ 1/} |Il|nl' =
reaction of conjugate 2 to 19b and the liberation of the drug s Y i IR
11 occurred aleng with the formation of intermediate 16b gu-' ) b / fl“.l | A
(Figure 3). % g .t.'u‘ A
3 v E i ;H \
A ———e -
P - W‘:b’-rﬂ W-vq =
n Fipm 4. (A) Nommalized excitation and emission spectra of
jugate 1 and ""’DIPY 17 (HEP‘ES buffer, Ol M, pH
L« I 74) (B) Normmalized exci and of
B - and 2 (DMSO/HEPES buffer 0.1 M, 2:1, pH 74) (C) Nomuhmcd
it emission spectra of FRET conjugate 2 in ddfeunt solmls. Exc:ubon
_“,l length A, = 510 nm. (D) N lived and
oo Tors yird L spectra of conjugate 2 and aminoBODIPY 17.
Figure 3. (A) GSH-mediated cl of the conjugate 1 (0.5 mM, §

mM GSH, DMSO/HEPES bulferOlM,Z.l 37 'C)and(B) GSH-
diated cleavage of the conjug, 2(0\mh(.2mMGSHDMSO/

2 abso includes the fact that in the case of excitation around
$10 nm, not only the conjugated aminoBODIPY but the

HEPES buffer 0.1 M, 2:1, 37 °C), with the d of
products by LCMS.

>

Optical Properties of SMDCs 1 and 2. According to the
results described previously,'” the optical response of
acylaminoBODIPY in conjugate 1 and the released amino-
BODIPY 17 should differ significantly in excitation wave-

leased aminoBODIPY 17 also emits light at around 530 nm
(Figure 4D). Due to the significant difference in quantum
yields of bound and released aminoBODIPY, the emission
ratio in the given environment should increase much more
significantly during the cleavage of the conjugate than during
the suppression of FRET due to other effects.

To prove the ability to monitor the fuorescence of
comugates 1 and 2 in GSH-mediated cleavage and the

lengths, while the should r Imost
identical. To demonstrate the validity of this feature of
conjugate 1, we have compared the excitation and emission
spectra of the newly synthesized ¢RGD-aminoBODIPY-3HQ
conjugate 1 to aminoBODIPY 17. As shown in Figure 4A, the
comparison of aptical properties fits well with the previously
described system,”” allowing the OFF—ON ratiometric drug
release monitoring. The fluorescence quantum yield (@) of
compound 1 in HEPES was calculsted to be 0.15, taking
fluorescein as a reference. The quantum yield of the
aminoBODIPY dye released after conjugate dmuguon was
previously calculated to be 0.77 (in HEPES buffer).

In the case of conjugate 2 measured in DMSO/HEPES
buffer, the emission of bound aminoBODIPY is expectedly
transferred to redBODIPY and used for its excitation. The
FRET between these two dyes is depicted in Figure 4B. The
first excitation maximum belongs to the bound aminoBODIPY
as observed from the comparison of uncxtzbon spectra of

quent liberation of the drug, we performed a series of
fluorescence measurements using GSH in HEPES buffer and
DMSO/HEPES buffer (2:1), in which conjugate 2 exhibited a
sygnificant FRET. GSH concentration used in our experiments
was in the range generally found in many cancer cells (ie, up
to § mM)."*

As shown in Figure 5, upon subjecting conjugate 1 to § mM
concentration of GSH, the rapid liberation of aminoBODIPY
occurred via disrupting the disulfide bond. Similarly, the self-
immolative elimination of thiolactone (Scheme 2) caused the
increase in the fluorescence intensity at 530 nm with excitation
at 485 nm in HEPES as well as the 2:1 HEPES/DMSO
mixture (Figure SA,C). In contrast, the emissi at
530 nm excited at 510 nm, belonging to the conjugate, sllghdy
increases with time in HEPES but decreases in the DMSO/
HEPES mixture at a ratio of 2:1 (Figure 5B,D). When the
emission intensity ratio of 530 nm (excited at 485 nm) and
510 nm (ie, Iy/L,,) is followed with time, it is possible to

teeh :

compounds 1 and 2. The simil

conjugates 1 and 2 at around 530 nm can be attribu!ed to
aminoBODIPY itselL The second emission maximum of
compound 2 at 592 nm belongs to redBODIPY. This emission
can be achieved after excitation of aminoBODIPY (the first
excitation maximum) or by redBODIPY itself (the second
excitation maximum). The FRET effect is considerable in
DMSO/HEPES buffer but decreases with a lower DMSO
concentration (Figure 4C). The advantage of the FRET system

29

itor the conjugate cleavage. In HEPES buffer, conjugate 1
is fully cleaved within appmnm:nely 50 min, as indicated by
reaching the pl for , the cleavage in
DMSO/HEPES is found to be shgbt!y slovm' In addition, the
cleavage is accompanied by a significant 6-fold change in the
Ligs/ L5y ratio in HEPES buffer or a 2.5-fold change in the
DMSO/HEPES (2:1) mixture (Figure 5E).

Apart from aminoBODIPY, conjugate 2 carries the addi-
tional dye, redBODIPY—designed for the efficient FRET from
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$. Fluorescence spectra of GSH-mediated cleavage (5 mM
GSH) of conjugate 1 (5 uM) upon excitation at (A) 4835 nm or (B)
510 am in HEPES buffer (0.1 M, pH 7.4). Fluorescence spectra of
GSH-mediated cleavage (5 mM GSH) of conr;ugahe 1 (5 uM) upon
excitation at (C) 485 nm and (D) 510 nm in DMSO/HEPES buﬂ'er
(O.IMZI.JT"C) (E)Sd::mabc P ion of the rati

of fiv ities at 530 nm after excitation at 483
nm and $10 nm (Liys/Tgyy 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 DMSO/HEPES

A B
- £ J T
O / . _§ | |
il A U B .
= £ l .
w Y /\ 3
. 2D 8.5
b =™ - " .- o L] " » v - - "
Wormlsog (rmv) r:--nu

Figure 6. (A) Fluorescence spectra of conjugate 2 (1 pM) duri 33
GSH-mediated deavage (3 mM GSH) upon excitation at 510 nm

(B) schematic reg of the ratiometric change of I /I
emissions ratio (3 mM GSH, DMSO/HEPES buffer 0.1 M, 2:1, 37
“C).

(2:1), the system affords the fluorescence of redBODIPY (4_,
= 595 nm) upon excitation of aminoBODIPY (4, = 510 nm)
due to the effective FRET transfer. During the cleavage, the
green emission (530 nm) of the released aminoBODIPY
appears and increases with time (Figure 6A). FRET efficiency
of conjugate 2 was determined to be 72% in DMSO/HEPES
(2:1) buffer.

When the ratio of both emission intensities at 530 and 595
nm upon excitation at 510 nm (ie, L/l is followed with
time, the plateau is achieved in ;ppron.nutely 30 min. In this
case, the fluorescence resp t is kably
higher than that in conjugate 1, and it stands for a one-order
increase in the emission ratio of I, /I, (Figure 6B).

Next, we examined the stability of the conjugates 1 and 2 at
various pH values and the rate of cleavage by $ mM GSH at 37
“°C in the pH range of 5—8. It is known that the disulfide bond
is stable in the presence of thiols at lower pH, while the linker
readily deaves at higher pH. The same pH stability is also
observed for both conjugates 1 and 2, as shown in 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 higher pH (7-8).

>
w

e 304
- e

| Ratio e 4psis
_ Rasoorc Ugsisio
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Figure 7. (A) Stability of conjugate 1 (1 gM) at various pH 5—8 in
HEPES buffer (0.1 M, 37 °C) and (B) DMSO/HEPES butfer (0.1 M,
2:1, 37 °C) without GSH and the cleavage of conjugate 1 (1 gM) in
the presence of GSH (3 mM) upon incubation for 1 h. All the data
points were acquired upon excitation at 485 and 510 nm with
emission at 530 nm and were performed in three repetits

[ . ] .

pH

Figure 8. Stability of conjugate 2 (1 M) at various pH values (pH
5-8) (DMSO/HEPES baffer 0.1 M, 2:1, 37 °C) without GSH and
o of conjugate 2 in the p ce of GSH (3 mM) upon
mmbmm for 1 h. All the data points were acquired upon excitation
at 510 nm with emissions at 530 and 595 nm and were performed in
three repetitions.

As expected, the cleavage of both conjugates increases with
increasing pH. However, for conjugate 1, the cleavage rate in
the range of 5—6.5 pH is significantly slower than that of
conjugate 2. When the emission ratio I;o/Iis of conjugate 2 in
the absence of GSH (I, /1, = 0.50) is compared to the value
obtained after the incubation of conjugate 2 with GSH at pH §
for 1 h (Lp/Iies = 1.32) and considering a value of L/l =
6.7 as the full cleavage (see Figure 6B), we can estimate that
the conjugate is cleaved by 13% even at pH 5. Also, both
conjugates proved to be stable in the selected pH range
without the presence of reduced GSH. Figure 9 and Table 1
summarize the GSH concentration and rate of the cleavage
relationship followed by the abo tioned fl ence
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Figure 9. Influence of GSH concentration on the rate of cleavage of
(A) conjugate 1 (1 uM, HEPES buffer, 0.1 M, pH 7.4, 37 °C)
demonstrated by the ratio of the emission intensities at 530 nm after
excitation at 485 and 510 nm (I4/];,,) and (B) conjugate 2 (1 uM,
DMSO/HEPES buffer 0.1 M, 2:1, 37 °C) demonstrated by the ratio
of the fluorescence intensities at 530 and 3595 am (Iga/lses) after
excitation at 510 nm. All the data points were measured in three

replicates, with SD ranging up to 5%.

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

conjugate GSH conc. (mM) badffer t,» (min)
1 5 HEPES™ 23
I K HEPES™ 23.1
1 3 HEPES™ 38.2
1 2 HEPES" 54.6
2 5 DMSO/HEPES' 154
2 Kl DMSO/HEPES 236
2 3 DMSO/HEPES' 2.7
2 2 DMSO/HEPES' 5L.5

“HEPES, 0.1 M, pH 7.4; "DMSO/HEPES 2:1, 0.1 M, pH 74. “t,,
was determined by the ExpDecay function in OriginLab software. “All
the measurements were performed in three repetitions.

intensity ratios. The halflife of conjugate 1 was significantly
longer than that of conjugate 2 under the same conditions.

Monitoring of the Conjugate 1 Cleavage Inside the
Cell. Since compound 2 lacks the FRET effect in the buffer
medium, we performed fluorescence monitoring of the drug
release inside the cells only with compound 1.

Conjugate 1 was subjected to a series of experiments 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 fluorescence microscopy images of Hela cells
pretreated with NEM show that our model system 1 emits
green light at the beginning of the experiment and after 2 h
(Figure 10A) with the same intensity (Figure 10D). This fact
corresponds to the assumption that NEM depletes the active
thiols in the cells so that conjugate 1 is not cleaved, and no or
negligible changes in fluorescence intensity are observed
Additionally, from the microscopy images, an altered
distribution of compound 1 inside the NEM-treated cells
and slightly higher green emission intensity at the beginning of
the experiment was observed (Figure 10A) as compared to
non-treated cells (Figure 10A,B). Arguably, this behavior may
be explained by the fact that SH groups play crucial roles in
regulating the permeability of transition pores. NEM is a
membrane-permeant alkylating agent, and its binding to
cysteine residues may affect the transition pores in membranes.
This hypothesis results from the literature confirmed the fact
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Figur: 10. (A) Microscopy images of the conjugate 1 internalization
inside the HeLa cells after the pretreatment with | mM NEM, (B)
without any pretreatment, and (C) after pretreatment with 20 mM
GSHOEL (D) Quantification of fluorescence intensity in Hel.a cells.
Excitation/emission wavelengths of 488/515—530 nm.

that the high concentrations of NEM (0.5-1.0 mM) induce
the pore opening in membranes.” i

When the cells without NEM pretreatment are incubated
with conjugate 1, the fluorescence is found to be increased in 2
h (Figure 10B,D) as the conjugate is cleaved by native GSH to
release the aminoBODIPY h)gcllu:r with the dn:g (see Scheme
2). On the other hand, the emission intensity is significantly
enhanced in 2 h when the cells are pretreated with GSHOE!
(Figure 10C,D), and a significant amount of aminoBODIPY as
well as the drug is released. Thus, the drug release can be easily
detected by the OFF-ON effect and confirmed by the
experiments with real-time monitoring of cleavage using a cell
EnVision plate reader (Figure 11).

Mol Prasmoceuties 2021, 18, 23852396
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3 fluorescence response with the advmtage of ratiometric mode.
° 1115;;;; » NEMe1 System 2 showed an enhanced FRET effect in a mixture of
3 2 l " WhGSH+1 HEPES buﬂ'er and DMSO, bul this effect was significantly
} + GSHOE + 9 d in an aq buffer alone.

' H . Coni 1in medium, Comuga!e 1 was proven to be an effective drug delivery
5 1 ] | ! Wiocie system with enhanced selectivity toward the cells having aﬁ‘
3 OB Bl integrins, serving as the ¢RGD binding sites. Drug release
~ became possible to be monitored inside the cell via ratiometric

N> 7 i R fuorescence
Time (h) In summary, we have prepared and tested the first thiol-
cleavable system based on QM elimination. The syntheti

Figure 11. Time-dependent 1 cleavage monitoring inside protocol enabled the modification of the system by different

Hela cells pretreated with NEM (l mM, 30 min) and HeLa cells with
or without treatment with GSHOE:t (20 mM). Excitation/emission

lengths for 1 were selected as 485/530 and 510/530
nm.

L

To prove the enhanced uptake of conjugate 1 by HeLa cells,
which possess overexpressed levels of af, integrins,™"' the
¢RGD binding assay was performed by adopting the described
protocol.™ In the process, the cells were pre-incubated with
various ¢RGD peptide concentrations (0—100 guM) and then
treated with conjugate 1 (10 uM). As Figure 12 depicts, the

15000

0 10 50 100
¢RGD concentration (M)

Figure 12. Uptake of coajugate 1 (10 gM) by Hela cells pre.
incubated with the cRGD peptide (0—100 uM). Fluorescence
intensity was measured at 4, = 530 nm upon excitation at 4 =
485 nm. All were performed in at least five repetitions.

r

decreased fluorescence response with higher ¢RGD peptide
concentrations suggested that the binding sites at a.fi;
integrins were occupied by free ¢RGD peptides. This
essentially results in reducing the penetration of conjugate 1
into the cells. The pre-incubation with 100 4M cRGD led to
an approximately 53% reduction in the cell uptake of conjugate
1 according to the fluorescence intensity at 530 nm.

In this stady, the next-generation small-molecule drug
conjugates (SMDCs) based on aminoBODIPY ratiometric
fuorescence system were prepared utilizing a quinone methide
(QM) central frame for the incorporation of three moieties,

ly, (i) f ent BODIPY for real-time detection
of prodrug cleavage; (i) the ¢(RGDIK) peptide, which is
specific for targeting @ fi, integrin receptors or the redBODIPY
dye with a bathochromic shift of absorption for real-time
FRET monitoring of release; and (i) pegylated-2-
phenyl-3-hydroxy-4( 1H)-quinolinone (3HQ) as a model drug.
Both the targeting SMDC 1 and di-BODIPY FRET conjugate
2 were proven to be functional as cleavable conjugates in the
presence of high concentrations of GSH (0.5-5 mM). The
monitoring of the conjugates” cleavage was possible via the

drugs and target moieties while keeping the fluorescence
properties for drug rel stored. Inc d 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 therapy.
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Kiywords: In this wark, we classify ch h ! (topoi inhibitors) based on their effect on U-2 08

Deep learning cdk.Wc\neﬁuzanu'xtmampvlmags.whﬁmfnunndmerwobuhmmﬂmmtmuu
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ded that their h of action

differs, cutperforming previous wock. The results are even better wbm substance-specific concentrations are
mw:mnuﬂ(dshmmemfmmmmnﬂdlm(dn@) Finally, a 2D visualization

of these fi |

which d well to known class labels, suggesting the passible use of
lyzing new, unseen drugs.

our methodology for drug d

Yy application in J

1. Introduction

Drug discovery aims to search for effective treatment of diseases
with minimum side effects. Machine leaming 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 st 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 arrsy may
contain hundreds of them. The fastest and least invasive way of evalu-
ating the state of the cells is automatic microscopy imaging. The whole
process can be robotized, producing a vast number of microscopic
images of cells in particular wells at various time points. Therefore,
automated image analysis techniques are necessary to achieve the
desired high throughput.

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. 3) and analyze because of the intricste
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. Howe\-et our pmcedure was compli-
cated. It used simult ly acquired g ically aligned fluores-
cence and phase-contrast images o 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-
cmuastlnngamdlhelhluﬁmdcnmidaimmﬂylheshapeotdn
d nuclei. We also show the benefit of sharing the features

of cell nuclei) mmmarmx)ufomrdmsemmd k au-
tomatically, using relatively simpl H , fluorescence
masﬁmmqmmad&ﬂomllabeﬂmbyﬂnmenldyeormmn.
which increases the cost and processing time and could affect the
cellular morphology and the final analytical output [4]. Furthermore,
only a limited combination of dyes can be used simultaneously.

* Corresponding author.

byfmmdaun;ﬂnmskasammndasdmﬁmmmstudotmlv

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 corresponding Mucscicence (left) and phase-contrast (right) images mken 24 b and 72 h after belag reated with Topotecan.

24 hours

72 hours

Fig. 2. Example of two pairs of the corresponding Ooorescence (left) and phase-coatrast (right) images taken 24 h and 72 h after being treated with Etoposide.

Fig. 3. Fluorescence image (ia ved) overlaid over a phase-contrast image (A). The Ouoeescence image can be segmented by standard took, such as the Columbas software by
PerkinElmer (B). The same method fails whea applicd 10 phise-contrast images (CL In (B, C), segmessed cbjects are individually colored and overlald over the grayscale input

image.

the mechanism 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 mul-
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 pipeli can be impl ted using open software such
as Imaged/Fiji [12], ley [13), CellProfiler [14], and EBlmage [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] o
capture both short and long-range patterns.

Note that this work addresses the task of classifying the whole
sample (dide or well) into one dlass. 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 dassification of individual cells [32]. However, we are not
aware of any work where phase-contrast cell culture images similar in
appearance to 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 to segment using a U-Net [21]. Shape-based features
were extracted from the segmented images and fed 1o a support vector
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Table 1
The number of images per ciss

Class Fuorescence
™
78
80
™

Toposecan
Daunoredicin
Etoposide 71
DMSO 74
No treatmess 119 116

Torad 435 392

67

machh\e(SVM)l:Nllotbmrychsiﬂ ion. The approach required
paired fluc and phase images.

2. Data

We are using the same dataset as in [5,6): The U-2 OS cell line,
derived from human osteosarcoma (American Tissue Culture Collec-
tion), was transduced by fluorescent mCherry-NLS (nuclear localization
signal, cat. n. 0023VCT, Vectalis-TaKaRa, Japan). The cells were seeded
at a density of 1500 cells per well and treated with three topoiso-
merase inhibitors, Top D; bicin, and Etoposide, at a final
concentration 0.5 pM. The treated and control cells were imaged at
20x magnification and sampled at five locations per well and two
time points — 24 and 72 h after the treatment. The images are of
size 2560 x 2160 pixels. The original dataset alo contained images
taken before the treatment. However, we have decided not to use these
images to red lhe.......,. ion of cells with no treatment.

Fl were acquired in parallel with the digital
phase-commlimags.Wenselhanhmonlylbrmpaﬁmnwilh
existing methods,

There are five different image classes. Topotecan, Daunorubicin, and
Etoposide are each applied to 8 wells. The remaining two classes are
controls: 8 wells with a 0.05% solution of DMSO (Dimethyl Sulfoxide)
and 12 wells with no treatment. In total, we have 440 phase.contrast
images from 44 wells. Excluding controls, there are 120 images from
24 wells with active treatment for each time point. Finally, skipping
images containing less than three cells -~ mostly due to failed acquisition
- leads to class sizes summarized in Table 1.

3. Method

We formulate the task as a standard multiclass image dassification:
given an input phase-contrast image, a convolutional neural network
(CNN) assigns it to one of the n = 5 classes defined above.

3.1. Tiling

The input images are 100 big and cannot be fed directly to the CNN
due 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 ( is processed separately by the CNN, andlheresulung
tile-wise class probabilities p are aggregated by o
image-wise probabilities

A——Zp‘ a)

=l

Maximization over the class index leads to the final image-wise predic-
tion

“atis

k" =arg max . 2

See Section 4.2 for an experimental P of this approach with
(i) maximum-based aggregation and (ii) no aggregation, considering all
tiles independently and sharing the same image label.
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3.2 Network architecture

We use the ResNet18 [22] network, known to perform well on
a number of tasks. It uses residual blocks with skip connections for
regularization and to combat the vanishing gradient problem. In our
case, we have used the smaller, 18-layer version due to the limited
size of our dataset. The final layer has n = 5 outputs, one for each
class, 10 which we apply the softmax transformation [35] to obtain class
probability estimates p, for each class k. Since our batch size is small (5,
due to GPU memory limitation), we use instance normalization [36,37)
instead of the more standard batch normalization [38]).

Apart from the multiclass approach, we have also trained binary
classifiers (n = 2) for each class pair (Sections 4.2 and 4.3). The binary
classifiers were either trained in two ways either from scratch or by
fine-tuning the final layer of a pre-trained multiclass classifier.

3.3. Training and evaluation

The k is d by minimizing the cross-entropy loss using
the Adam optimizer. We use class weights inversely proportional to
class sizes to account for class imbalances. The initial leaming rate
4 = 107, determined by the cyclical method [39), is reduced 10x
during training wh the validation loss stops improving. For
augmentation, we apply random horizontal and vertical {lipping and
color adjustments. The best model with respect to the validation loss is
used for the final evaluation on the test set.
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4.2. Fluorescence images

Wenmapﬂme(Nmuanychﬁﬂauonmﬁddu
tinguishing between a pair of ¢ from fl to
enaNeadinctmpaﬂdenearﬁaMlSﬁ] We coasider all ten
possible pairs of our five classes. In Table Z, note that distinguishing
Topotecan from Daunorubicin and DMSO from the No treatment class
(last two rows) seems to be much more difficult than for the remaining
pairs. This holds for all methods and both types of input data. We call
these pairs ambiguous and do not consider them in the observations
below. See Section 5 for more discussion.

We compare the age and aggregation op (see
Section 3.1) with the tile.wise accuracy, i.e., no aggregation. We see
that average aggregation outperforms maximum aggregation and no
aggregation. We shall therefore use average aggregation for all the

S training
== validation

1.6 -

Ll T v
] 20 40 &0 S0 100 120
epech

Fig. 5. The evakaion of the ing and 5 class y and loss during
mes:wm-(wm)uwammrm)
is shown.

4. Experiments

All  experiments were conducted using 10-fold  stratified
cross-validation. In each fold, 10% of the training data is used for
validation, e.g., for leaming rate adaptation. Average results and stan-
dard errors are reported. The number of training epochs for the binary
and multiclass classification was set to 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 3.1) and compare our deep learing approach with pre-
vious work on fluorescence images in Sections 4.1 and 4.2. The main
experiments on supervised classification of phase-contrast images are
in Sections 4.3 and 4.4. Furthermore, we analyze the effect of the time
delay between drug application and image scquisition in Section 4.5
and the dependency on the dataset size in Section 4.6, We visualize the
fe: d by our k 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 a summary
of the used statistical measures.

4.1. Tiling effect

For the binary classification of phase-contrast images of Topotecan
and Etopaside, we have tried tile sizes 256 x 216, 512 x 432, 768 x 648,
and 1024 x B64. Tindmﬂalmaccumdesmmo.m:on 088;:
0.18, 0.90 £ 0.15, and 0.96 + 0.07, respectively, i ly
with the tile size. Moreover, gmaulemleahmlmm
This justifies our choice of 1024 x 864. Larger sizes are not feasible due
to GPU memory limitations.

The rightmost column of Table 2 shows the result of the previous
method from [5.6] using hand-crafted shape features and an SVM
classifier. We see that the new CNN method either outperforms the
earlier SVM method or matches its performance.

4.3. Phase-contrast images

We repeated the binary classification experiment from Section 4.2
with phase.contrast images (see Table 3). We see that fine-tuning a pre-
trained multiclass classifier (see Section 3.2) is 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, so high-quality features Iamedonalargechmsel work
well for all pairs of classes. Anoth _,of‘J the fi
is speed, as fine-tuning is faster than rep ing-from-scratch by
a factor of at least 6.

4.4. Multiclass classification

Our main result is the multiclass classification method for phase-
contrast images. Table 4a shows the confusion matrix (for the sum
of all folds). The ambiguous classes identified earlier (Toporecan vs.
Daunarubicin and DMSO vs. No treatment) are often confused, leading
to the average classification accuracy of only 70%. We, therefore, also
report results where the ambiguous class pairs are considered together
(Table 4b). Then the dassification is almost perfect, with an average
classification accuracy of 98%. On fluorescence images, the results are
similar (Tables 5a and 5b).

4.5 Time delay effect

To investigate the effect of the delay between drug application and
image acquisition, we divided the dataset into two subsets, acquired
24 hmd'lzlsaﬁcrapplkaunn. We examined different combinations
of these sub for 1g and testi

TableﬁaMsdn(fmlheSd&foﬂnuhbﬂ\.ﬂ!ﬂhmges
seem about as difficult to classify as 72 h images, with accuracies
61% and 63%, respectively. Interestingly, the two subsets seem quite
different, as we observe a significant drop in sccuracy when training on
one and testing on the other subset (24 h vs. 72 h). On the other hand,
aggregating the ambiguous classes leads to almost perfect classification
results for the 72 h data in the 3 class formulation (Table 6b), with
a weaker performance on the 24 h subset. We can conclude that
given more time, the effects of the drugs are more substantial.” We
have repeated the same experiments also for fluorescence images with
qualitatively similar results (Tables 7a and 7b).

’Thesh;htdlﬁum d i
caused by ies over runs & d of

inTables band 4 s
ing the counts.

Lol 3
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Table 2
Padrwise class accuracies for average and ! tile aggregs aad no-aggregition (tile-wise accunacy) for Noceescence images. The kst
column (SVM) shows i d by the pe method [56]. Cross-validation seass and stasdard errors are reported, and & dold
foot denotes the best results for a p class pair. Ambig cliss pairs are denoted by & star ()L
Classes Tile-wise Image-wise SVM (5]
Average Mindesoss
Topotecan vs. Etoposide 096 « 0.01 100 L 000 (8S & 004 0.85
Topotecan vs. DMSO 0922002 Q9T s0n2 075 « 006 LE]
Topotecan vs. No trestment 0.9 2 002 M 003 094 & 003 09
Dasnocubicin v Exoposide 097 2 001 100 000 082+ 006 0.95
Dasnorubicin ve DMSO 0922001 100 L 000 080 & 006 190
D vi No 0.95 & 002 098 4 002 089« 000 100
Ercposide vi. DMSO 097 2001 100 L 000 084 & 003 0.97
Eteposide vs. No treatment 0.9 « 003 100000 096« 003 0.98
DMSO vs No treatssent* 061 2004 62 s 04 066 £ 005 0.64
Topotecan vs. Daunorddicin® 062 2 004 Q424004 0372004 ns2
Average (all) 0.589 < 0.04 059 L 008 079« 008 089005
Average (unambiguous) 095 2 002 0 iom 086« 002 096 2 002
Table 3

Padrwise class accuracies on phase-contrast images, with the bisary classifiers obtained by training froes scrasch or by finequning a pre-trained
multicliss classifier. We show both the tile-wise and image-wise accuracies (idier aggregation). The last colusen (SVM) shows accuracies oblained

by the previcus methed [5,6] Cress-validation means and standard errors are reported, and a bold foat denotes the best sesults for & particular
dass pair. Ambiguous cliss paies are denoted by & star (*).

Classes From scrasch Finetuning
Tile-wise Imiage-wise Tile-wise Image-wise SVM [6]
Topotecan vs. Etoposide 0006 ansond 032 004 09 s 002 0.78
Topoteca vs. DMSO 089+ 003 0% s0n: 093 s 002 100000 0.79
Topotecan vs. No treatment 0% s 0m amsom 095 ¢ 001 077
Dasnorubicin v Esoposide QR8s 002 Q95002 034 £ 003 09T0M 0.79%
Dawnceubicin vs. DMSO ORE & 002 097 2002 0%« 001 100« 000 0.91
D b vi No 0% s 0m 100000 095« 001 0990 0.95
Eteposide vi. DMSO 08T+ 003 M0 093 £ 001 09T 002 0.72
Eteposide va No treatment 09800 100+ 000 095 £ 001 09900 0.77
DMSO vs No treatment” 06l & 004 063 008 046 « 004 065003 0.54
Topotecan vs. Duunoradicin® 0A0 & 006 0532008 (46 « 008 038006 0.41
Average (all) QB4 £ 004 a8 s 008 032 & 006 091008 074 2005
Average (unambiguous) 090 ¢ 002 Q97 s0m 09«00 09 .L0m 0Al 2003
Table 4
Confe foe the multicl i of phase images. We peovide Toble 4(a) a ccafusion matrix for the fve-clas

dassification, where the averige peadiction accaracy is 705, and Toble 4] a reduced confusion matrix, where the amdiguous classes are
Joined together, leading 1o the averige prediction accancy of 98%. The matrices were oblained as a sum of matrices from all folds

(a) Five classes (b) Reduced
Troe cliss Prediction Tree class Prodiction
Topen. DMSO Daun. Etop. No oreat. Daun. No treat.
+ TepoL Ezop. + DMSO
Toper 16 o 15 o o Daun.+ Topot. &6 o 0
DMSO 1 4 o o 28 Etop. 1 3 1
Daun. 10 o b3 o o No treat.+ DMSO 1 o a22
Eop. 1 (] o 3 1
No reat. 0 1 o o 59
Recall %] 516 121 7.4 939 9.3 Rocall %] 100.0 9.9 98.9
Precision [%] 571 800 62.5 1000 67.0 Precision [%] 971 100.0 989
Table 5
G i’ for the classification of fluarescence images. We peovide Tuble 5(a) & confusion matrix for the fve-clas

dasification, where the average peediction accamcy is 65%, and Table &) a reduced confusion matrix, where the amdigucus clisses are
Joined together, leading 1o the average prediction accuncy of 99%. The matrices were obtained as 4 sum of matrices from all folds

(a) Five classes (®) Reduced
True cliss Prediction True class Prediction

Topot. DMSO Daun. Exop. No treat Daun. No treat

+ Topot. Etop. + DMSO

Topor. 2 o 19 0 0 Dasn+ Topot. 68 0 o
DMSO o K 1 (1] 32 Encp. o a3 o
Dasny. 14 o 14 o 0 No weat.+ DMSO 2 0 a7
Etep. o o 33 0
No trear. 1 o 0 o 51
Recall [%] 525 108 500 100.0 241 Recall [%] 1000 1000 9%.0
Preciion [%] 58.3 100.0 412 100.0 614 Precision [%] 970 100.0 100.0
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Multiclass classification accuracy as 4 function of the tme between drug application and image soguisition for phase-contrast images for

Talie &{a) 5 classes and Talic 6(b) 3 agpregated clisses.

(a) Five class @) Reducsd
Traised on Tested on Tradsed on Tested on
24n 72 all 24h 72 all
24h Q6l £ 006 0.39 2008 051 2005 24n 053 & 006 07l 2006 031 2 005
72h 036 4004 043 £ 04 048 2 000 72h 057 108 048 s 02 076 2 0.03
Al 072 £ 005 074 4 Q04 073 2 003 Al 005 & 03 100+ 00 096 2 0.03
Table 7
Mulriclass classification as a function of the time b drug appl and image soguiition o O images for Table 7(a)
5 dasses and Tuble 7(d) 3 sggregated classes.
(a) Five class ) Redoced
Teadned o Tested on Teaised on Tested on
24 72k all 24h 72h all
24 Q55 L 008 0.50 £ 004 0532008 24h 092 004 093 4008 092 2003
72h 02 s 006 068 204 0155 2 006 72h 058 £ 008 098 s a0l 078 2004
Al 06d £ 007 0.53 2 005 061 2004 Al 0% « 002 0¥ san 099 2 001
10
__——""-"""------ *  cloposide
,—”- X daunoruhicin
- LJ
081 & +  DMSO
™ .’% B topotecan
g "6 / . ¥ oo weamment
E + +
04 h
o
o — Seclass X w""
- G<lass % +
0.0 T T T T T
20 W 60 80 100
training peopoetion [%]
Fig. 6. Depesdency of the ssulticass bwage classification accanicy oa the training

dataset size. We show a carve for the 5-class probless and alwo the 3-class formulation
with the wo ambdigucus cliss pairs merged into two clisses. Mean (solid Lse) and
standard erroe (shaded region) are showe

4.6. Dataset size impact

To understand the effect of the training data size on the generaliza.
tion ability, we evalusted the multiclass classification sccuracy using
20 ~ 1005 of the original data for training. We found that, for the 5-
class formulation, the test image sccuracy already gets saturated at 60%
of the data (Fig. 6). However, this is probably due to the ambiguous
classes, since for the 3-class problem, the accuracy continues to improve
with more data, albeit slowly.

4.7. Feature visualization

Fig. 7. The d f from the |
visualized wiieg he 1-SNE mapping algosithm.

layer of the classification CNN

4.8. ICy, concentrations

The response to different active substances varies both in the ap-
pearance of the affected cells as well as in their number. We want
to focus on app e since the ¢ tion will be unknown in
real use cases To the diffs in the effect size, we
have repeated the data acquisition not with equal concentrations but
with substance-specific ICg,* concentrations of the active substances,
chosen so that 50% of the cells are affected. In particular, we used:
Topotecan (1.24 yM), Daunorubicin (0.18 pM), and Etoposide (5.88 pM).
We then repeated the multiclass classification experiment on phase-
contrast images (Section 4.4). Very interestingly, the classification
lts have much improved from 70% to 87.5% in the 5 class case

Lirni

This experiment illustrates the potential useful of the fi
extracted by our CNN to analyze unseen data. We took the 512.
di ional fe from the penultimate layer of the multi-
class CNN classifier trained on the image tiles from one of the cross-
validation folds. We employed the t-SNE [40] dimension reduction
method to visualize the features corresponding to unseen test image
tiles as two-dimensional vectors. Three distinet clusters emerge (Fig. 7),

— compare Tables 4 and B. The formerly ambiguous Topotecan and
Daunorubicin can be distinguished in this case. Aggregating DMSO and
no treatment classes (which are truly ambiguous) leads to an almost
perfect classification sccuracy 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.

with the ambig classes belonging to the same clusters. This in-
dicates that the features characterize well the drugs’ mechanism of
action.

2 Half cimal inhibétory
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Table 8

Comdy for the

Compusers (n Biodogy and Madicine 151 (2022) 106171

classification of phase-contrast images with Nelogically-sctive drag concentraticns: Table B(a) a confusion

matrix foe the five-clas dassification with the average prediction accarcy of 87.5%, and Table 6(D) a reduced confusion matrix, where DMSO
and No peapuex are joined together, leading (o the average prediction accamcy of 97.7%.

(a) Flve class ) Reduced
Troe cliss Prediction Tree clas Prediction

Topor. DMSO Dirans. Etop. No trear Topot. DMSO Daun. Erep.

+ No weat
Topor a8 o 1 o o Topot. 4 o 1 o
DMSO o 2 o o 12 DMSO + No wear o 52 o o
Daun. o o 9 1 o Daun. 0 o » 1
Etop. 1 1 0 37 o Etop. 1 1 0 37
No trest. o & o o 12
Recall [%] 978 64.7 2.5 949 66.7 Recadl %] s 100.0 7.5 949
Precision [%] 978 75.9 9.5 974 50.0 Precision [%] s 9.1 975 97.4
5. Discussion and conclusions Acknowledgments

We created a method capable of distinguishing the effect of several
cytotoxic compounds on a cell line population from phase-contrast mi.
croscopy images instead of the more commonly used fluorescence im-
ages. This paves the way to a much simpler and faster high-throughput
screening for new potential drugs. Moreover, we could visually observe
a meaningful separation b 1 in the f space. This
is very promising for the future task of clustering yet unseen drugs
according 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 h than after 24 h.

Our method can improve the speed and accuracy of the cellular
micro-array screening, potentially leading to improved efficiency of the
drug discovery process and, thus, to better clinical outcomes 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 steps
in the drug discovery process.

It is well known that the cell response can be different in vivo than in
vitro, vary for different cell lines, and be influenced by multiple genes.
This is not a problem for our use case where the conditions are well
controlled, and the cell lines are identical. However, they would need
to be addressed for this technique to be used for predicting the effect in
more general situations with more confounding factors. The principal
limitation of our study is the relstively small dataset size — we plan
to extend it to 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 factors that have an escential effect
on classification accuracy. In particular, by optimizing the concentra-
tions, it was possible to distinguish Top and Ix bicin, which
could not be discerned in the fixed concentration dataset, possibly be-
cause they are both topoisomerase inhibitors [41] and their mechaniem
of action is similar. Although the concentration will be unknown in real
use cases, it should be possible to analyze images at several dilution
levels and automatically choose the most relevant ones, complicating
the experiment and increasing the ber of y acquisitions.
We also distinguish b DMSO and no treatment, which is
nol surprising since DMSO is not supposed to affect the cells.

In theory, our method could be used directly on histological im-
ages in the clinical setting, similar to [42), although the network
would have to be retrained. The principal difficulty would be obtaining
a sufficiently karge and comprehensive database.
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Appendix. Statistical evaluation measures
The dassification performance is evaluated via accuracy, the pro-
portion of correct classifications,
|mmcuy classified mm|
[alt instances| :
For each class ¢ separately, we also report recall (also known as sensi-
tivity),

accuracy =

|mmcuy classified instances of .|
lall instances of 'I
and precision (or positive predictive value),
) ||:on'eclly dlassified instances of 4
R Ilnsuncs classified as ll

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

recall =
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