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V predloZené disertacni praci je prezentovdn komentovany soubor péti
experimentalnich publikaci, které jsou zaméreny na studium mitochondrialnich
enzymi 17(3-hydroxysteroiddehydrogenasy typu 10 (178-HSD10) a cyklofilinu D
(CypD). Prace je rozClenéna na teoretickou cast a komentovany prehled
publikovanych praci.

Teoreticka c¢ast prace se vénuje charakterizaci, fyziologické funkci a roli
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k patologiim pozorovanym u AD jako je poSkozeni mitochondrii a bunécny stres.
Za jeden z potencidlnich pristupli pri vyvoji nové terapie AD se povazuje inhibice
jejich enzymatické aktivity, ktera je hlavnim predmétem studia predkladané prace.
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The dissertation is designed as an annotated collection of five experimental
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dehydrogenase type 10 (173-HSD10) and cyclophilin D (CypD). The thesis is divided
into a theoretical part and an annotated review of the published articles.

The theoretical part of the thesis deals with the characterization,
physiological function, and role of the studied enzymes in the development and
progression of the pathophysiological processes associated with Alzheimer's
disease (AD), as both enzymes are thought to contribute to pathologies observed in
AD such as mitochondrial damage and cellular stress. The main focus of the thesis is
the inhibition of the enzymatic activity of these enzymes, which is considered to be
one of the potential approaches in the development of new AD therapy.

The annotated review of published papers is structured as a set of five
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1 Uvod

Alzheimerova choroba (AD) je nejcastéjSi formou demence a s rostoucim
vékem populace se predpokldda znacny narlst pacientli s timto onemocnénim.
V soucasnosti je dostupna zejména symptomaticka lécba této nemoci, pricemz
nejnoveéjsi terapeuticka strategie vyuZivajici jako 1é¢iva monoklonalni protilatky
proti amyloidu  (AB) dosud nebyla v Evropé kviili kontroverznim vysledkiim
schvalena, proto je vyvoj efektivni terapie aktualni a potfebny (Cummings et al.,
2023, 2022; GBD 2019 Dementia Forecasting Collaborators, 2022; Rayathala et al.,
2022). Pii vyvoji acinné terapie je nicméné zasadni vyzkum patii¢cnych
molekularnich cilii a vybér vhodnych metod a modelovych systémi pro testovani
a design novych sloucenin s terapeutickym potencialem.

Mitochondrialni enzymy 17@-hydroxysteroiddehydrogenasa typu 10
(17B-HSD10) a cyklofilin D (CypD) studované v ramci této disertac¢ni prace jsou
povaZovany za potencidlni terapeutické cile AD, nebot rliznou mirou a rliznymi
mechanismy prispivaji k patologiim pozorovanym u AD, jako je mitochondrialni
dysfunkce a bunécny stres vyvolany AB. V poslednich letech je proto vénovana
pozornost vyzkumu a objasnéni jejich roli v tomto progresivnim
neurodegenerativnim onemocnéni (Benek et al., 2015; Lim et al., 2020).

Predkladana prace je vénovana studiu enzymatické aktivity
rekombinantnich enzymt 173-HSD10 a CypD a jejich inhibice, s vétSim dlirazem na
17(3-HSD10. Pro tento ucel byly v ramci disertac¢ni prace zavedeny a optimalizovany
metody pro stanoveni enzymatické aktivity obou studovanych enzymt vyuzivajici
prirozenéjsi substraty a reakéni podminky neZ v minulosti vyuzivané metody.
Pomoci téchto in vitro metod byl studovan inhibi¢ni potencial vybranych slouc¢enin

na aktivitu cilovych enzym?.



2 Cile prace

Hlavnim cilem predkladané prace bylo testovani a in vitro hodnoceni
inhibi¢niho potencialu vybranych sloucenin, které ovliviiuji enzymatickou aktivitu
173-HSD10 a CypD, svyuZzitim fyziologicky relevantnich metod pro stanoveni

enzymatické aktivity téchto enzymu.
Dil¢i cile:

e exprese a purifikace rekombinantnich enzymt 173-HSD10 a CypD

e zavedeni, optimalizace a charakterizace metod pro stanoveni enzymatické
aktivity 178-HSD10 a CypD

e screening sloucenin s inhibi¢nim potencidlem vtci 173 HSD10 a CypD

e charakterizace nejsilnéjsich inhibitort, tj. stanoveni koncentrace inhibitoru

sniZujici aktivitu enzymu o 50 % (ICso) a typu inhibice

e studium stability 17p-HSD10 a CypD pomoci diferentni skenovaci
fluorimetrie (DSF)

e priprava monoklondlni bunécné linie HEK293 (lidskd bunécna linie
odvozena z embryonalnich bunék ledvin) s nadmérnou expresi 173-HSD10
(HEK293-173-HSD10)
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3 Teoreticka cast

3.1 Neurodegenerace a Alzheimerova choroba

Neurodegenerativni onemocnéni jsou charakterizovana progresivnim
ubytkem neuronii v disledku jejich dysfunkce ¢i odumirani, coZ vede k postiZeni
kognitivnich a/nebo motorickych funkci (Dugger a Dickson, 2017). Souhrnné
oznaCeni pro neurodegenerativni onemocnéni s prevahou postiZeni kognitivnich
funkci je demence. Neurodegenerativni onemocnéni jsou s rostoucim vékem
populace stale castéjsi a do roku 2050 se predpoklada témeér trojnasobny nartst
prevalence demence v populaci (GBD 2019 Dementia Forecasting Collaborators,
2022).

Mezi nejcastéjSi formy demence patii AD. Toto progresivni onemocnéni
vedouci k nevratnému poskozeni mozku je v poclatecnich fazich doprovazené
poruchami paméti, ndsledné nastupuji kognitivni zmény a zmény chovani. Na ztraté
synaptickych funkci a rozvoji neurodegenerativnich zmén se podili dva klicové
patologické znaky - hromadéni extraceluldrnich plakii AB a intracelularnich
neurofibrilarnich spleti hyperfosforylovaného proteinu tau. Onemocnéni dale
doprovazi metabolické, cévni a zanétlivé zmény a dalSi komorbidni patologie.
VsouCasné dobé jsou dostupnd pouze symptomaticka léciva, kterda prinaseji
kratkodobou a omezenou tulevu od symptom AD a obvykle se podavaji jako
paliativni 1écba s cilem zpomalit zhorSovani kvality Zivota, proto je vyvoj ucinné
terapie AD aktudlni, nutny a spolecensky potiebny (Du et al.,, 2018; Soria Lopez
etal., 2019; Weller a Budson, 2018; Zhang et al., 2021).

3.2 Mitochondrie a AD

Mitochondrie jsou esencidlni pro fadu bunécnych funkci. Kromé ustiedni
role v produkci energie, diky niZ se mitochondriim casto prezdivd bunécné
elektrarny, maji tyto organely zdsadni vyznam v metabolismu mastnych kyselin
a aminokyselin, udrzovani homeostasy Ca2+ a regulaci apoptosy (Osellame et al.,
2012). Neurony jsou na mitochondriich zavislé v radé zakladnich procest vCetné
produkce energie ve formé ATP prostiednictvim oxidativni fosforylace, ktera je vSak
i hlavnim zdrojem vzniku reaktivnich forem kysliku (ROS) (Lopez Sanchez et al,,
2016). Mitochondrie se téZ vyznamné podileji na komplexni regulaci synaptické
plasticity a udrZeni zakladni funkce synapsi jako takovych, a to zejména diky
produkci ATP a udrzovani hladiny Ca%* (Kang et al., 2008; Tang et al.,, 2019).

S fadou neurodegenerativnich onemocnéni vcCetné AD je spojena
mitochondrialni dysfunkce (Lionaki et al., 2015; Pei a Wallace, 2018). U AD je tato
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dysfunkce obvykle pripisovana zvySenym hladinam A3 a obecné se projevuje
sniZenim oxidativni fosforylace, a tim i produkce ATP, zvySenim produkce ROS,
naru$enim homeostasy Ca2?* a zménami v morfologii a dynamice mitochondrii.
Nadmérna produkce ROS nasledné vede k posSkozeni membran v disledku
peroxidace lipidli a nasledné indukci apoptosy (Afsar et al., 2023; Luque-Contreras
etal, 2014) (Obr. 1). Konkrétné byly v mozcich pacientli s AD v priibéhu let nalezeny
poruchy jako je sniZena aktivita a/nebo hladina pyruvatdehydrogenasového
komplexu (Sang et al, 2022; Sheu et al, 1985; Sorbi et al, 1983)
a a-ketoglutaratdehydrogenasy (Butterworth a Besnard, 1990; Mastrogiacomo
et al, 1993; Sang et al.,, 2022), deficit komplextl I a IV dychaciho tfetézce (Holper
et al, 2019; Kim et al, 2001; Parker et al, 1994, 1990), vyrazna redoxni
nerovnovaha spojend s narusenou antioxidacni ochranou mozku (Fracassi et al.,
2021) a snizena mitofagie (Fang et al., 2019). Nalezy u pacienti byly nasledné
potvrzeny i experimentalné s vyuzitim bunéénych modelti AD, tzv. cybridniho
modelu (Khan et al, 2000; Swerdlow, 2007) a neuronii odvozenych
od indukovanych pluripotentnich kmenovych bunék pacientli trpicich AD
(Flannagan et al., 2021), u nichZ byly pozorovany patologické zmény jako je snizena
pohyblivost a velikost mitochondrii, sniZena aktivita dychaciho fetézce (zejména
komplexu 1V), zvySeny oxida¢ni stres, sniZeny membranovy potencial
a mitofagie, a také zvySena produkce Af. Obdobné poskozeni mitochondrialni
funkce bylo u pozorovano i u mysich modeli AD (Dragicevic et al., 2010; Du et al,,
2010). Mnoho vyzkumnych skupin navic poukazuje na to, Ze toxicita vyvolana A3
se prohlubuje soubéZzné s mitochondridlni dysfunkci a cely proces usti
do zac¢arovaného kruhu, ktery vede k aktivaci mnoha riznych mechanismi
prispivajicich k neurodegeneraci (FiSar, 2022; Silva et al., 2011; Swerdlow et al,,
2010; Yao etal,, 2011a) (Obr. 1).

V mitochondrialni matrix miize Af interagovat s riznymi molekularnimi cili
a ménit tak jejich fyziologické funkce, coz muze prispivat k mitochondrialni
dysfunkci a rozvoji AD (Benek et al., 2015). Mezi interakéni partnery A patii
i enzymy 17p3-HSD10 a CypD (Benek et al,, 2015; Du et al,, 2008; Yan et al,, 1997).
Tyto enzymy jsou spolu pravdépodobné schopné interagovat (Carlson et al,, 2015)
a jsou povazovany za potencialni terapeutické cile AD (Benek et al., 2015; Haleckova
et al,, 2022; He et al,, 2022). Inhibice interakce s A} a/nebo inhibice enzymatické
aktivity téchto enzyml pomoci selektivnich inhibitori se povaZuje za jeden
zmoznych pristupli k terapii AD. Predkladana prace byla vénovana studiu
enzymatické aktivity téchto dvou enzymi a jeji inhibice, s vétsim dirazem
na studium 17(3-HSD10.
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Obr. 1: Poskozeni mitochondrie u Alzheimerovy choroby. Nadprodukce amyloidu [
(AB), ktery je stépnym produktem amyloidového prekurzorového proteinu (APP),
zptisobuje dysfunkci komplexti I a IV dychaciho retézce, coZ vede ke zvysené produkci
reaktivnich forem kysliku (ROS) a poklesu ATP. Deplece ATP zpiisobuje dysfunkci
iontovych kandlii zavislych na ATP, ¢imZ dochdzi k naruseni iontové rovnovdhy
vcytosolu. Zvyseni ROS vede kotevireni mitochondridlniho péru prechodné
propustnosti (mPTP), coZ umoZiiuje vstup Ca?* do matrix mitochondrii a dochdzi ke
zvySenému poskozeni dychaciho retézce a oxidativni fosforylace. Nadprodukce ROS md
téZ za ndsledek poskozeni membran v diisledku peroxidace lipidii a spusténi apoptosy.

Vytvoreno v BioRender.com podle (Luque-Contreras et al., 2014).
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3.3 Mitochondrialni enzym 173-HSD10

Lidska 17B-HSD10 (UniProt: Q99714) je multifunkéni mitochondridlni
enzym, ktery katalyzuje preménu celé rady substratli, mezi néz patfi mastné
kyseliny, alkoholy a steroidy (Yang et al., 2005). Diky své vySe zminéné schopnosti
vazat A je tento enzym v literature casto oznacCovan téz jako amyloid 3 vazajici
alkoholdehydrogenasa (ABAD) (Yan et al., 1999), pricemZ tento nazev primo
implikuje jeho spojitost s AD, v souvislosti s niZ je dosud také nejvice diskutovan.
Kromé toho je 173-HSD10 spojovana i s dalsimi onemocnénimi, konkrétné se jedna
o Parkinsonovu chorobu (Tieu et al.,, 2004) a nékteré typy nadorovych onemocnéni,
zejména rakovinu prostaty a s ni spojené metastasy do kosti (He et al., 2003;
Jernberg et al, 2013). Vzhledem k jeho multifunkénosti a zapojeni do mnoha
bunécnych procesi se pirepoklada, Ze tento enzym hraje dtlezitou roli v udrZeni
homeostasy neurosteroidd, strukturni a funkéni integrité mitochondrii, a také
v bunécné stresové odpovédi (Rauschenberger et al, 2010; Yan et al, 2000;
Yan a Stern, 2005).

3.3.1 Struktura, lokalizace a exprese 173-HSD10

Lidsky gen HSD17B10 kodujici protein 173-HSD10 je mapovan na
chromosomu Xp11.2. Tento gen je sloZen ze Sesti exontl a péti intront, pricemz prvni
tii exony kéduji N-koncovou oblast proteinu s vazebnym mistem pro kofaktor NAD+,
tzv. Rossmantiv zahyb, a zbylé exony kéduji C-koncovou oblast s katalytickymi
residui pro vazbu substratu obsahujici tzv. katalytickou triddu aminokyselin
(Ser155, Tyr168, Lys172) (He et al, 1998; Kissinger et al., 2004). Strukturné
173-HSD10 tvori homotetramer s celkovou molekulovou hmotnosti 108 kDa
a kazda jeho podjednotka se skldda z 261 aminokyselinovych zbytkl (He et al,,
1998) (Obr. 2). 173-HSD10 patii do nadrodiny dehydrogenas/reduktas s kratkym
retézcem (SDR), ¢emuZ napovida jeji nomenklaturni nazev SDR5C1. S ostatnimi
Cleny SDR sdili nékteré strukturni podobnosti, jako je pritomnost domény
s Rossmanovym zahybem ¢i podobna velikost (Persson a Kallberg, 2013). Je vSak
jedinym zastupcem této nadrodiny, ktery ve své strukture nese jedine¢nou sekvenci
aminokyselin oznac¢ovanou jako smycka D, diky niZ je schopen vazat Af
(Lustbader et al.,, 2004).

17B-HSD10 je lokalizovana v mitochondrialni matrix (He et al, 1999;
Shafqat et al,, 2003) a je exprimovana ve vSech typech lidskych tkani v€etné mozku
(Yan et al,, 1997), kde se jeji exprese zda byt specificka pro urcCité oblasti, pricemz
nejvyssi hladiny byly nalezeny v hypotalamu, hipokampu a amygdale (He et al,
2005a). Optimalni hladina 173-HSD10 je povaZovana za nutnou pro spravny vyvoj
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mozku, a to zejména kvili udrZeni rovnovdhy metabolismu neurosteroidi
(Yang et al, 2009). Uplna ztrata tohoto proteinu je u ¢lovéka pravdépodobné
neslucitelna se Zivotem (Zschocke, 2012), nebot’ kompletni inaktivace genu pro
173-HSD10 vedla u octomilek (Drosophila melanogaster) (Torroja et al., 1998)

a drapatek (Xenopus laevis) (Rauschenberger et al., 2010) k embryonalni letalité.

Obr. 2: Krystalovd struktura homotetrameru 17(-HSD10 s barevné odliSenymi
podjednotkami. Prevzato z RCSB PDB (RCSB.org), PDB ID: 1U7T (Kissinger et al.,
2004).

3.3.2 Fyziologicka funkce 173-HSD10

Z hlediska enzymové aktivity je 173-HSD10 klasifikovdna pod cislem
EC 1.1.1.178 a fadi se to tridy NAD*-dependentnich oxidoreduktas. Z jejiho nazvu je
patrné, Ze patfi do skupiny 17B-hydroxysteroiddehydrogenas, které katalyzuji
redoxni reakce v pozici C17f steroidniho kruhu Cis- a C19-steroidti, pii nichz dochazi
ke konverzi hydroxyskupiny na ketoskupinu a naopak, ¢imz se podileji na jejich
aktivaci a inaktivaci (He et al, 1998; Moeller a Adamski, 2006). Kromé
dehydrogenace 17(3-OH skupiny estrogenti Kkatalyzuje 17p-HSD10 také
dehydrogenaci 3a-OH androgenti a ucastni se oxidace hydroxyacyl-CoA
v metabolismu mastnych kyselin (He et al.,, 2000b, 2000a, 1999) (Obr. 3). Navzdory
Cetnym zavadéjicim oznaCenim 173-HSD10 jako alkoholdehydrogenasy
(viz alternativni ndzev ABAD) byla tato jeji aktivita vii¢i jednoduchym alkohollim
v poslednich letech oznacena spiSe za zanedbatelnou nebo zcela zpochybnéna
(He et al,, 2023; Yang et al.,, 2014). V katabolickém metabolismu ma 173-HSD10
vyznamnou funkci ve tretim kroku [-oxidace mastnych kyselin s kratkym

rozvétvenym fretézcem pri preméné L-3-hydroxyacyl-CoA na 3-ketoacyl-CoA
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(He et al., 1998; Powell et al., 2000), ktera je jednim z dil¢ich krokl degradace
isoleucinu, pri niz Kkatalyzuje oxidaci 2-methyl-3-hydroxybutyryl-CoA na
2-methyl-acetoacetyl-CoA (Luo et al.,, 1995). Mira dileZitosti a celkové zapojeni
tohoto enzymu v metabolismu ketolatek je kontroverzni (He et al., 2023), nicméné
pfi jeho deficitu je pozorovano hromadéni degradacnich produkti tiglylglycinu
a 2-methyl-3-hydroxybutyryl-CoA (Zschocke et al., 2000). Zasadni vyznam ma
vS8ak v metabolismu pohlavnich hormoni a neuroaktivnich steroidii, kde
katalyzuje oxidaci 17(-estradiolu (E2) na estron, allopregnanolonu (ALLOP) na
Sa-dihydroprogesteron a 3a-androstandiolu na 5Sa-dihydrotestosteron (Obr. 3)
(He et al,, 2000b; Shafqgat et al., 2003; Yang et al., 2009).

OH o

17B—estradiobéjﬁ @:?ﬁ estron
HO' HO'

OH

3q-androstanc&gjﬁ

HO f

A S
allopregnanolon Cf"
Ho' 73
CHs
|
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(!'H SI—CDA
2-methyl- NADH NAD’ 2-methyl-
3-hydroxybutyryl-CoA acetoacetyl-CoA

Obr. 3: DiileZité reakce katalyzované lidskou 17[3-HSD10. Prevzato a upraveno
(Yangetal, 2011).

Kromé enzymatické funkce ma 17B-HSD10 také strukturni funkci. Bylo
zjiSténo, Ze jeji neenzymaticka funkce je nezbytna pro strukturni a funk¢ni integritu
mitochondrii a celkové preziti buiniky (Rauschenberger et al., 2010). 173-HSD10 je
také jednim ze tifi protein tvoricich plné funk¢ni komplex mitochondridlni
ribonukleasy P (RNasa P, EC 3.1.26.5), ktera je zodpovédna za Stépeni 5' konce
prekurzori tRNA (Holzmann et al, 2008). Tento komplex se sklada z tRNA
methyltransferasy (MRPP1, protein mitochondrialni RNasy P ¢. 1) a 173-HSD10
(zde oznacovan jako MRPP2), které spolu tvori stabilni komplex, na néjz se slabymi
interakcemi vaze Mg?*-dependentni metalonukleasa (MRPP3) (Holzmann et al,

2008; Oerum et al., 2018). Existuje hypotéza, Ze by naruSeni aktivity RNasy P
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v disledku akumulace AP mohlo ovlivnit translaci a expresi mitochondrialnich
proteint, a tim i oxidativni fosforylaci, coZ by mohlo mit za nasledek oxidativni stres,
mitochondrialni dysfunkci a smrt neurondlnich bunék (Holzmann a Rossmanith,
2009). Tato hypotéza byla podpoirena bunéénym modelem, na kterém bylo
pozorovano, Ze hladina 173-HSD10 je dilezita pro udrZeni normalni hladiny MRPP1
a zachovani jejich subkomplexu, pricemz uplna ztrata 173-HSD10 vedla k poruse
zpracovani mitochondridlnich prekurzorovych transkripti a mitochondridlni
dysfunkci (Deutschmann et al., 2014).

Vzhledem k vysSe zminénym rozmanitym fyziologickym funkcim se
173-HSD10 tadi do skupiny multifunkénich proteinli oznacovanych jako
tzv. ,moonlighting proteins®. Tyto proteiny vykazuji vice fyziologicky relevantnich
biochemickych ¢i biofyzikalnich funkci najednou a mohou se uclastnit vice
biochemickych procest, ale zaroven byvaji ¢asto spojeny s rliznymi onemocnénimi
(Jeffery, 2018, 1999). Tato charakteristika zcela odpovida vlastnostem 17(3-HSD10
a je tedy ziejmé, Ze je jeji enzymaticka i strukturni funkce spolu s jeji optimalni
hladinou vyznamna pro udrZeni homeostasy celé rady fyziologickych molekul
a spravnou regulaci mnoha biochemickych i biologickych déji odehravajicich se

v burce.

3.4 Role 17p-HSD10 v AD

Jak jizZ bylo zminéno, 173-HSD10 je jednim z potencialnich terapeutickych
cild u AD. V literature bylo v priibéhu let diskutovano nékolik moznych dtvodd, pro¢
tento enzym prispiva k mitochondrialni dysfunkci a patofyziologii pozorované u AD,
pricemZ za dva klicové kritické faktory je povaZovana jeho interakce s Af
a jeho zvySend exprese, ktera byla pozorovana v mozcich pacienti s AD
i v experimentalnich modelech. Zda se navic pravdépodobné, Ze jsou spolu tyto dva
faktory uzce propojené (Benek et al.,, 2015; He et al,, 2005; Lustbader et al., 2004;
Yan et al,, 1997; Yan a Stern, 2005).

34.1 Interakce 173-HSD10 s AP

Vazebna interakce 173-HSD10 a AP byla poprvé popsana pomoci
kvasinkového dvouhybridniho screeningu, avSak v té dobé byla 173-HSD10 jesté
mylné povazovana za protein asociovany s endoplasmatickym retikulem (viz jeji
nespravné oznaceni ERAB) (Yan et al., 1997). Jeji lokalizace v mitochondrii byla
odhalena aZ o par let pozdéji (He et al., 2001) a nasledné byla v mitochondriich
mozki pacientl s AD i u mySiho modelu potvrzenai jeji kolokalizace s AB (Lustbader
etal., 2004).
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Interakce 173-HSD10 a AP je vysoce specificka a byla detekovana jiz pri
nanomolarni koncentraci AP (Kda = 40—-70 nM), avSak k inhibici enzymatické aktivity
173-HSD10 dochazi az pri jeho mikromolarni koncentraci: Ki = 1,6 pM pro
acetoacetyl-CoA (AAC) a Ki= 3,2 uM pro E2 (Yan et al., 1999). V priibéhu dalSich let
byla ovéfena i jiz dfive navrhovand domnénka, Ze oligomerni forma A (Yan et al.,
2007), jako makromolekula vétSi neZ samotny monomer, deformuje enzym
17B3-HSD10 a narusuje tak jeho funkci, nebot vazbou agregatii A na 173-HSD10
dochazi k vyraznému naruseni katalytické triddy aminokyselin a vazebné kapsy pro
kofaktor NAD*, pricemZ soucasna vazba A3 a NAD* na enzym se vzajemné vyluCuje
(Lustbader et al., 2004; Yan et al.,, 2007). Vazba peptidi AB (1-42, 1-40 a 1-20) na
17B3-HSD10 je zavisla na davce (Lustbader et al,, 2004) a pro inhibici 178-HSD10
jsou rozhodujici residua 14—24 AB4o, (Oppermann et al., 1999), coZ bylo podpoteno
i pozorovanim, Ze peptid AB(25-35) nevykazoval specifickou vazbu na 173-HSD10
(Lustbader et al.,, 2004).

V pribéhu let byla u bunéfnych a mysSich modelii pozorovana rada
Skodlivych dtsledkl interakce 17B-HSD10 a AP vedoucich k mitochondrialni
toxicité a dysfunkci, které jsou charakteristické pro AD (Lustbader et al., 2004;
Oppermann et al.,, 1999; Takuma et al., 2005; Yan et al., 1999, 1997; Yan a Stern,
2005). Obecné byly nejcastéji pozorovany projevy mitochondrialni dysfunkce jako
je oxidacni stres a zvySena hladina ROS, sniZena aktivita komplexu IV dychaciho
Fetézce a tim i hladina ATP, uvoliiovani laktatdehydrogenasy a cytochromu c
z mitochondrii, fragmentace DNA a zvySenad apoptosa. Transgenni mysi
s nadmérnou expresi mutantni formy lidského amyloidového prekurzorového
proteinu (APP) a 173-HSD10 (Tg mAPP/ABAD) vykazovaly téZ kognitivni zmény
jako jsou poruchy prostorové i ¢asové paméti a neschopnost efektivniho uceni
(Lustbader et al., 2004; Takuma et al., 2005). Zda se, Ze v rozvoji cytotoxicity
zplUsobené AP hraje klicovou roli enzymaticka aktivita 173-HSD10, nebot' neaktivni
mutantni enzym toxicitu A3 nezvysil, a to i navzdory stejné vazebné afinité Ap vici
nemutované i mutované formé 173-HSD10 (Yan et al., 1999).

V mozcich pacientli s AD a Tg mAPP/ABAD mysi byla téz zjisténa zvysSena
exprese endofilinu I (Ren et al., 2008) a peroxiredoxinu II (Yao et al., 2007), ktera
vznika v disledku interakce Af a 173-HSD10 a miZe tak slouZit jako jeji indikator.
Endofilin I hraje dtleZitou roli v regulaci endocytosy synaptickych vezikul (Zhang
et al., 2015) a jeho zvySené hladiny v neuronech vedou k aktivaci stresové
c-Jun N-termindlni kinasy a nasledné bunécné smrti (Ren et al., 2008), umlceni jeho
exprese naopak zabranuje synaptické dysfunkci vyvolané AB (Yin et al., 2019).
Peroxiredoxin II je antioxida¢ni enzym, ktery redukuje hladinu peroxidii v burice

a jeho zvySena exprese se zda byt ochrannou reakci neurond pred oxidac¢nim
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poskozenim v pritomnosti Af (Yao et al,, 2007). Kromé toho tento protein pomaha
zachovavat hipokampalni synaptickou plasticitu (Kim et al., 2011) a jevi se jako
potencialni biomarker pro diagnostiku AD (Yoshida et al., 2009).

Zabranéni interakci AB a 17B-HSD10 ¢i jeji prevence ma pozitivni vliv
na mitochondrialni funkci a bunécny stres vyvolany A a povazuje se proto za jeden
z moznych terapeutickych pristupti pro l1écbu AD (Lustbader et al., 2004; Yao et al.,
2011b). Dosud bylo publikovano nékolik inhibitort vazby 173-HSD10-AfB, mezi nez
patii tzv. ndvnadovy peptid, ktery je mimetikem smycky D zodpovédné za vazbu Af3
(Lustbader et al., 2004), a jeho stabilnéjSi varianta fizovand s Tat doménou
a mitochondrialni sekvenci (Yao et al.,, 2007). Dale byly in silico designovany dva
ucinné nepeptidové inhibitory mimikujici pouze residua smycky D klicova pro vznik
vazby 17(3-HSD10-Af (Tyr101, Thr108, Thr110), slouceniny VC15 a VC19
(Viswanath et al., 2017). Ze skupiny nizkomolekuldrnich inhibitori prokazaly
nejvyssi inhibici slouceniny 5h a 51 publikované Xie et al., které patii do skupiny
benzothiazolyl mocovinovych derivati (Xie et al, 2006), a dale allopurinolovy
derivat s oznacenim 14b a hodnotou ICso 0,74 uM odvozeny od vyznamného
inhibitoru enzymatické aktivity 173-HSD10 s nazvem AG18051 (Obr. 4). Tento
derivat prokazal schopnost obnovit sniZenou Zivotaschopnost bunék
a mitochondrialni dysfunkci vyvolanou AB42 u neuroblastomové bunécné linie
SH-SY5Y a u primarnich kortikalnich neuroni ziskanych z transgennich mysich
model mél téz pozitivni vliv na mitochondridlni metabolismus a morfologii
(Morsy et al., 2022).
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Obr. 4: Struktura inhibitoru AG18051 (Kissinger et al., 2004).

3.4.2 Nadmérna exprese 173-HSD10 a homeostasa E2 a ALLOP pti AD

Prirozenym kompenzacnim nebo moZznym sekundarnim mechanismem pro
prekonani inhibice 173-HSD10 v diisledku interakce s Af se zda byt jeji nadmeérna
exprese (Rauschenberger etal.,, 2010; Yang et al., 2007) (Obr. 5), kterd byla nalezena
v mozcich pacientd s AD (He et al., 2005a; Kristofikova et al., 2009; Lustbader et al.,
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2004; Yan et al,, 1997). ZvySena hladina 173-HSD10 v mozku exprimujicim Af je
povazovana za Kkriticky faktor, ktery prispiva k mitochondrialni dysfunkci
a patogenezi AD, nebot’ vede ke zvySeni mitochondridlni toxicity a neuronalniho
stresu vyvolaného A (Chen a Yan, 2007; Lustbader et al., 2004; Seo et al,, 2011;
Takuma et al., 2005). Nové poznatky v této oblasti prinasi nedavna studie, ktera
s vyuzitim mozkovych bunék izolovanych z transgenniho mysiho modelu AD
odhalila uc¢inek prirodniho alkaloidu huperzinu A jak na sniZeni hladiny A, tak
i sniZeni hladiny 17B3-HSD10 zvysené v diisledku jejich vzajemné interakce, ¢imz
doslo ke zlepseni mitochondridlni funkce a zvySeni Zivotaschopnosti bunék
(Xiao et al., 2019).

Ztrata enzymatické
aktivity 17B-HSD10

I

Vazba AB HSD17B10
na 17-HSDL0 4 produkce ROS (N eXPI’ESE‘I
: cop s hladi tei
2 intraceluldrni AB Mitochondrialni o™
dysfunkce l
Akumulace AR 4 17B-estradiol

\ 4, odboura'va'nl'AB /

Obr. 5: Patologickd kaskdda zpiisobend interakci 17(-HSD10 a Af. Interakce A
a 17(-HSD10 inhibuje jeji enzymatickou aktivitu, ¢imZ dochdzi k prirozené
kompenzaci zvysenim jeji exprese a celkové hladiny v burice. V diisledku zvysené
exprese je nadmérné metabolizovdn 17f-estradiol, ktery je vsak moduldtorem
odbourdvdni Af, coZ vede k jeho akumulaci a kaskdda se opakuje. Cely proces je
doprovdzen oxidacnim stresem a zvysenou tvorbou reaktivnich forem kysliku (ROS).
Vysledkem této patologické kaskddy je mitochondridlni dysfunkce. (I znaci pokles,
T znaci ndrist). Prevzato a upraveno (Vinklarova et al., 2020).

Nadmérna exprese 173-HSD10 miiZe mit téZ za nasledek strukturni zmény
v mitochondriich, jako je Caste¢na ztrata struktury mitochondrialnich krist

a kondenzace matrix (Shafqat et al., 2003), a miiZe téZ narusovat rovnovahu mezi

.....

nervovém systému a zhorSeni kognitivnich funkci (Giatti et al, 2012).
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ZvySena hladina 17p-HSD10 navic pravdépodobné naruSuje homeostasu
neurosteroidntho metabolismu a miZze ménit hladiny neuroprotektivnich
steroidnich substratii tohoto enzymu, zejména E2 a ALLOP, v rliznych oblastech
mozku (He et al, 2018; Yang et al, 2014, 2011). V souladu s tim je i nékolik
publikovanych studii, v nichZ byla detekovana sniZzend hladina obou téchto
neurosteroidli v mozcich pacientti s AD (Manly et al., 2000; Marx et al., 2006; Yue
et al,, 2005). U E2 byla navic pozorovana zpétnovazebna smycka regulace aktivity
173-HSD10 v dlisledku zmény hladiny E2 (Yao et al., 2012).

Spravna hladina 173-HSD10 je Kkritickd pro udrzeni optimalni hladiny E2,
kterd je dileZitym faktorem pro preZiti neuront (Yang et al, 2007). E2 ma radu
protektivnich ucinki na mitochondrie, mezi néz patii sniZeni produkce ROS, zvySeni
aktivity dychaciho retézce a produkce ATP, stabilizace mitochondridlniho
membranového potencidlu a regulace vstupu Ca?* do bunék vyvolana
excitotoxicitou (Amtul et al.,, 2010; Grimm et al., 2012). E2 m{zZe buiiku chranit pred
apoptosou aktivaci antioxida¢nich mechanismt (Guglielmotto et al., 2020; Ozacmak
a Sayan, 2009) a svou vazbou na estrogenové receptory a a f muze v jadre
modulovat transkripci fady vyznamnych genti (Marino et al., 2006). Kromé toho ma
E2 vyznamny vliv na regulaci dvou klicovych patologickych znakt AD, AB a tau
proteinu. Regulaci zpracovani APP sniZuje hladinu A, a tim i jeho agregaci do plaki
(Amtul et al., 2010), a zabranuje téZ AB-indukované dysregulaci homeostasy Ca2*
vedouci k oxida¢nimu stresu (Nilsen, 2008). V pritomnosti netoxické koncentrace
AB42 bylo pozorovano zvySeni hladiny E2 v mitochondrii, coZ naznacuje moZnou
spojitost se snizenou aktivitou 178-HSD10 zplisobenou interakci s A, ktera miize
mit za nasledek omezenou preménu E2 na estron, naopak opacény efekt, tedy sniZeni
hladiny E2, byl pozorovan pfi pouziti toxické koncentrace tohoto peptidu
(Schaeffer et al., 2008). Toto pozorovani se zda byt v souladu s vySe zminénou
kompenzacni hypotézou (Obr. 5).

V pripadé tau patologie mize byt vlivem E2 indukovana fosforylace, resp.
deaktivace glykogensynthasy kinasy 3B, coZ miuze vést ke sniZeni a prevenci
hyperfosforylace tau proteinu (Alvarez de la Rosa et al., 2005; Goodenough et al.,
2005). Dale byl u samic transgenniho mysSiho modelu exprimujiciho lidsky tau, které
byly po ovariektomii vystaveny substitucni 1é¢bé E2, pozorovan ochranny vliv pred
vznikem patologické konformace tau zpiisobené Af42. Tento protektivni efekt je
pripisovan antioxidacni aktivité E2 a jeho schopnosti modulovat expresi miRNA
218, ktera je spojena s fosforylaci tau (Guglielmotto et al., 2020).

Lidska 17B-HSD10 je téZ zodpovédna za intracelularni oxidaci ALLOP,
pozitivniho alosterického modulatoru receptoru kyseliny y-aminomaselné typu A

(GABAA), ktery ma vliv na udrZeni GABAergni funkce neuronti a reguluje jejich
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plasticitu a excitabilitu (Hosie et al., 2006; Schverer et al., 2018). Bylo pozorovano,
ze 1é¢ba ALLOP muze eliminovat ztratu neuront a zlepSovat kognitivni schopnosti
po traumatickém poranéni mozku (He et al., 2004) a v literatufe byl téz diskutovan
jeho moZny terapeuticky potencial diky jeho vlivu na neurogenesi a diky jeho
schopnosti obnovit neuronalni populace v mozku postiZeném neurodegeneraci
(Brinton a Wang, 2006; Wang et al., 2005). ALLOP m43, stejné jako E2, vliv na
patologické znaky spojené s AD. V trojité transgennim (3xTgAD) mySim modelu AD
byla vlivem ALLOP eliminovana akumulace A3 a s tim spojena hyperfosforylace tau
proteinu (Chen et al., 2011) a v nékolika studiich byl prokazan jeho antioxida¢ni
a neuroprotektivni ucinek.

U bunéc¢né linie PC12 odvozené z potkaniho feochromocytomu a v mySim
hipokampu ALLOP vyznamné zvySil expresi a aktivitu antioxidatniho enzymu
superoxiddismutasy (Cho et al.,, 2018; Qian et al.,, 2015). U lidskych fibroblastii
ziskanych od pacientti trpicich Niemann-Pickovou chorobou typu C snizil ALLOP
hladinu ROS a miru peroxidace lipidi (Zampieri et al, 2009). Nedavna studie
dokonce objevila modula¢ni i¢inek ALLOP na syntézu a opravnou kapacitu enzymu
drahy excisni reparace basi DNA v ov¢i amygdale a hipokampu, a to za prirozenych
i stresovych podminek (Misztal et al.,, 2020). Vroce 2019 byl ALLOP schvalen
Uradem pro kontrolu potravin a 1é¢iv v USA (FDA) jako 1ék brexanolon (obchodni
nazev Zulresso) pro lécbu poporodni deprese (Meltzer-Brody et al, 2018)
a aktualné probihaji druhé faze klinickych studii pro vyuziti ALLOP k 1é¢bé
chronického komplexniho traumatickém poranéni mozku (VA Office of Research
and Development, 2023) a pro regenerativni lécbu mirné formy AD (Brinton, 2023).

Neurosteroidy E2 a ALLOP maji vyznamny vliv jak na funkci, bioenergetiku
a antioxidacni procesy mitochondrii, tak i na patologické zmény u AD, jako je
akumulace AP a hyperfosforylovaného tau (Grimm et al., 2016, 2014). Za jeden
z potencidlnich pristupli pti vyvoji terapie AD se povazuje inhibice enzymatické
aktivity 17B8-HSD10, kterd by méla obnovit narusenou homeostasu zptsobenou
nadmérnou expresi tohoto enzymu, a tedy i hladiny neuroprotektivnich steroidti E2
a ALLOP.

3.4.3 Inhibice enzymatické aktivity 173-HSD10

Dosud publikované inhibitory enzymatické aktivity 173-HSD10 lze dle
struktury rozdélit do tfi skupin. Prvni skupinou jsou slouceniny na bazi
pyrazolopyrimidinu, které jsou prvotnimi, a také velmi ucinnymi inhibitory
173-HSD10. V poslednim desetileti se na né vSak vyzkum tolik nezaméiuje

(Vinklarova et al., 2020). Mezi pocetnéjsi dvé skupiny a téZ hojné publikované
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inhibitory patfi steroidni derivaty a benzothiazolylové derivaty, které byly
studovany i v ramci prekladané disertacni prace.

Do skupiny sloucenin na bazi pyrazolopyrimidinu patii jeden z dosud
nejucinnéjSich inhibitord AG18051 (ICso 92 nM; Obr. 4) (Kissinger et al., 2004).
Nevyhodou tohoto inhibitoru je jeho ireversibilni mechanismus inhibice, ktery je
pravdépodobné zplisoben tvorbou kovalentniho aduktu AG18051 s NAD+
v aktivnim misté 173-HSD10 (Kissinger et al., 2004; Marques et al., 2008). Navzdory
tomu vykazoval tento inhibitor na bunécné linii SH-SY5Y ac¢inné sniZeni toxickych
ucinkl A4z spolu s pozitivnim vlivem na preZiti bunék, nebot’ byl schopen zabranit
tvorbé ROS a obnovit hladiny E2 (Lim et al, 2011), a u primarnich astrocyti
s nadmérnou expresi 173-HSD10 obnovil naruSenou bunécnou respiraci a inhiboval
zvySenou tvorbu superoxidu zptisobenou AB42 (Metodieva et al., 2022). Skupina
Abreo et al. identifikovala sérii 18 pyrazolylpyrimidinovych derivati, z nichz
7 nejucinnéjsich vykazovalo hodnoty I1Cs0 51-97 nM, tyto derivaty vSak byly aZ do
minulého roku pod patentovou ochranou (Abreo et al., 2005).

Steroidni derivaty se intuitivné nabizi jako potencialni inhibitory 173-HSD10
diky své analogii s jejimi prirozenymi steroidnimi substraty. Dosud byla
publikovana rada sloucenin patrici se do této skupiny, nejucinnéjsi z nich vsak
vykazuji nizkou selektivitu nebo poskytuji diametralné rozdilné vysledky pri pouZziti
odliSnych metod testovani, resp. pouziti rekombinantniho enzymu vs. bunéc¢nych
linii (Ayan et al., 2012; Boutin et al., 2018). Nejucinnéjsim publikovanym steroidnim
derivatem je sloucenina D-3,7 (Obr. 6) s hodnotou ICso 0,14 puM namérenou
s vyuZzitim bunéc¢né linie HEK293-17(3-HSD10 (Boutin et al., 2021).

Nejpocetnéjsi, nejhojnéji publikovanou a nejvice prostudovanou skupinou
jsou benzothiazolylové derivaty, pripadné benzothiazolyl mocCovinové derivaty.
Strukturné tyto slouceniny vychazi z 1éku frentizolu schvaleného FDA (Obr. 6), ktery
je zaroven slabym inhibitorem vazby Af a 173-HSD10 (ICso = 200 uM) (Xie et al,,
2006). Kdnesnimu dni bylo publikovano velké mnoZstvi derivati téchto latek
s odliSnymi inhibi¢nimi a farmako-chemickymi vlastnostmi, pricemz vyvoj
potentnéjsich inhibitort je stile predmétem studia nékolika vyzkumnych skupin
(Aitken et al., 2019; Benek et al., 2018, 2017; Hroch et al., 2017, 2016; Schmidt et al.,
2020; Valasani et al., 2014, 2013; Xie et al., 2006). Nejsilnéjsi dosud publikované
inhibitory z této skupiny maji hodnoty ICso okolo 0,3 uM (Benek et al., 2023).
Vyzkumu novych ucinnéjsich benzothiazolylovych inhibitord je vénovana znacna

Cast predkladané prace.
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Obr. 6: Struktury vyznamnych inhibitorii 173-HSD10 - sloucenina D-3,7 (steroidni
derivdty; Boutin et al., 2021) a frentizol (benzothiazolylové derivdty; Xie et al., 2006).

Pro hodnoceni inhibi¢niho potencidlu novych sloucenin je klicova volba
pouzitych metod, nebot vysledky ziskané z in vitro stanoveni mohou byt zatiZzeny
urcitym zkreslenim a mohou se téz zasadné lisit. V radé publikaci bylo pro stanoveni
enzymatické aktivity 17B-HSD10 a hodnoceni jejich inhibitor vyuzivano
spektrofotometrické stanoveni vyuzivajici substrat AAC spolu s kofaktorem NADH
(Aitken et al., 2019, 2017, 2016; Hroch et al, 2016; Oppermann et al., 1999;
Schmidt et al., 2020), které vychazi z metody publikované Binstockem a Schulzem
(Binstock a Schulz, 1981). Toto stanoveni vyuziva reduktasové aktivity 173-HSD10,
ktera vSak u tohoto enzymu neni ve fyziologickém prostifedi buriky preferovan,
nebot 173-HSD10 jako mitochondridlni dehydrogenasa preferuje oxida¢ni smér
reakce s kofaktorem NAD+* (Yang et al.,, 2005). V nékolika publikacich byl pouZit
tento preferovany smér reakce s vyuzitim prirozenych neurosteroidnich substratt
173-HSD10 E2 a ALLOP, pricemZ narlst vznikajictho produktu byl nejcastéji
stanoven bud’ pomoci tenkovrstvé chromatografie (Boutin et al., 2018; He et al,,
2005b, 1999), nebo byl spektrofotometricky méren narast NADH pti 340 nm
(Powell et al., 2000; Shafqat et al., 2003; Yan et al., 1999), avSak oba typy stanoveni
Casto trpi nedostatec¢nou citlivosti. Z tohoto diivodu byla zna¢na c¢ast predkladané
disertacni prace vénovana zavedeni a optimalizaci dostatecné citlivé metody pro
stanoveni enzymatické aktivity 173-HSD10 a testovani inhibi¢niho potencialu jejich

inhibitora.
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3.5 Mitochondrialni enzym CypD

Druhym enzymem studovanym v piredkladané praci je lidsky CypD (UniProt:
P30405) lokalizovany v mitochondridlni matrix (Johnson et al., 1999). Jedna se
o protein kédovany genem ppif mapovaném na chromosomu 10q22.3 a jeho
spravny nazev by tak mél byt cyklofilin F, coZ je diivod, pro¢ nékdy byva zaménovan
s cytosolickym cyklofilinem koédovanych genem ppid. CypD je vSak jedinou
isoformou cyklofilinu exprimovanou v mitochondrii. Lidsky CypD je
cytoplasmaticky translatovany globularni protein sloZeny z 207 aminokyselinovych
zbytkli s molekulovou hmotnosti 22 kDa (Obr. 7), jehoZ mitochondrialni cilova
sekvence je po transportu do mitochondrii odStépena, ¢imz dochazi k redukci jeho
molekulové hmotnosti na 19 kDa (Bergsma et al., 1991; Gutiérrez-Aguilar a Baines,
2015).

Obr. 7: Krystalovad struktura CypD. Prevzato z RCSB PDB (RCSB.org), PDB ID: 3RDC
(Gelin et al.,, 2015).

3.5.1 Fyziologicka funkce CypD

Z hlediska enzymové aktivity patfi CypD do nadrodiny peptidyl-prolyl
cis-trans isomeras (EC 5.2.1.8), které jsou zodpovédné za katalyzu cis-trans
isomerace peptidovych prolin-X vazeb (X mize byt jakakoliv aminokyselina). Tato
funkce je dulezita nejen pii skladani proteini, ale také prii sestavovani
vicedoménovych proteinti (Davis et al., 2010; Wang a Heitman, 2005).

Jednou =z kliCovych mitochondrialnich funkci CypD je regulace
mitochondrialniho pdéru prechodné propustnosti (mPTP), ktery hraje dilezitou roli
pfi udrzovani homeostasy Ca2* a regulaci bunécné smrti (Giorgio et al., 2010).
Po otevieni mPTP mize mit vysoka vodivost tohoto kanalu za nasledek rychlé

nabobtndni mitochondrie zplisobené kolapsem chemiosmotického gradientu,
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prasknuti vnitini a vnéjSi mitochondrialni membrany, zhrouceni mitochondrialniho
membranového potencidlu a vycerpani bunéctného ATP, coZ nakonec miiZze vést
k bunécné smrti (Halestrap, 2010; Kinnally et al., 2011; Strubbe-Rivera et al., 2021).
Prechodné otevieni tohoto péru ma vsak i fyziologickou funkci, a to zejména
v udrZovani homeostasy Ca2*, resp. vyplavovani nadbyte¢ného CaZ*
z mitochondrialni matrix (Bernardi a von Stockum, 2012). Pfesny mechanismus
regulace tohoto p6ru pomoci CypD vSak dosud neni zcela znam. V regulaci otevieni
mPTP moZna hraje roli i interakéni partner CypD, 173-HSD10, nebot existuje
hypotéza, Ze za normalnich podminek se 173-HSD10 lokalizovana v mitochondrialni
matrix vaze na CypD a zabranuje jeho translokaci a nasledné tvorbé mPTP, ¢imz
muze regulovat otevirani tohoto péru (Carlson et al., 2015). Pti zvySené akumulaci
AP v mitochondrii vS§ak miize byt tato interakce narusena a regulace CypD pomoci
173-HSD10 je tak eliminovana. CypD je tudiZ ve zvySené mife translokovan
a interaguje s mPTP, coZ miiZe vést k apoptose a nekrose (Kristofikova et al., 2020;
Muirhead et al, 2010a). Bylo ovéieno, Ze 173-HSD10 tvoii s CypD v in vitro
podminkach stabilni komplex, avSak vazba 173-HSD10 mtize byt ovlivnéna faktory
jako je pH a pritomnost iontii K+ a MgZ* nebo pravé vyse zminénd piitomnost Af3
(Hemmerova et al., 2019).

Kromé ucasti pri otevirani mPTP ma CypD nékolik dalsich dilezitych
mitochondrialnich funkci, jako je napft. regulace exprese mitochondridlnich genf,
a tim i proliferace a diferenciace bunék (Radhakrishnan et al., 2015), sniZeni
produkce ATP po vazbé na ATP-syntasu (Giorgio et al, 2009), nebo téZ role
v B-oxidaci mastnych kyselin skrze interakci s mitochondridlnim trifunkénim
proteinem (Tavecchio et al., 2015). Pri ztraté ¢i inhibici CypD byly téZ pozorovany
zmény ve vyplavovani Ca%* zprostfedkované mPTP, coz vedlo ke zvySeni hladin Ca2*
v mitochondridlni matrix, aktivaci Ca%*-dependentnich dehydrogenas a zvySeni
oxidace glukosy namisto mastnych kyselin (Elrod et al., 2010).

Rada vice ¢i méné prozkoumanych funkci poji CypD s patofyziologii nékolika
riznych onemocnéni, mezi néz patii napft. ischemicko-reperfusni poskozeni nebo
téZ nékterd neurodegenerativni onemocnéni véetné AD (Fayaz et al., 2015; Javadov
etal., 2017; Kalani et al,, 2018).

3.6 CypD jako terapeuticky cil AD

V souvislosti s AD je dosud nejvice diskutovana klicova role CypD v modulaci
tvorby a otevirani mPTP a z toho plynouci terapeutické vyuZiti jeho selektivnich
inhibitort zabranujicich patologickému otevirani mPTP. Zaroven by vsSak tyto
inhibitory mohly zasahovat i do dalSich fyziologickych funkci CypD

zprostredkovanych interakcemi s jinymi proteiny (Haleckova et al., 2022; Rao et al,,
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2014). V poslednich letech je vénovana pozornost nalezeni uCinnych
nizkomolekuldrnich inhibitori enzymatické aktivity CypD s vhodnymi
terapeutickymi vlastnostmi a vysokou selektivitou, navrh takovych molekul je vsak
ztiZzen vysokou mirou podobnosti aktivniho mista v rdmci rtznych isoforem
cyklofilint (Davis et al., 2010; Haleckova et al., 2022).

Mezi potencialni terapeutické cile patri téZ Skodliva interakce CypD a Af,
ktera ma za nasledek zvySenou tvorbu mPTP a naslednou mitochondrialni
a neurondlni dysfunkci (Akhter et al., 2017; Du a Yan, 2010; Rao et al., 2014)
(Obr. 8). Vmozcich pacientii s AD byla navic nalezena zvySend exprese CypD
vysvétlovand jako pravdépodobny disledek akumulace A v mitochondrii
(Duetal, 2008).
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Obr. 8: Patologické diisledky interakce Af a CypD. Vlivem interakce dochdzi
k nadmérnému otevirdni mPTP, coZ vede k naruseni rovnovdhy Ca?*, kterd spolu
s oxidacnim stresem aktivuje navazujici signdini drdhu p38 MAP kinasy. Ndsledné
dochdzi k poruchdm axondlniho mitochondridlniho transportu a vse prispivd
k mitochondridlni dysfunkci, kterd prohlubuje vyse zminéné patologie, a cely proces
usti v bunécnou smrt (T znaci ndrtist). Vytvoreno v BioRender.com podle (Akhter et al.,
2017).
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3.6.1 Inhibice enzymatické aktivity CypD

Inhibitory enzymatické aktivity CypD lze dle plivodu zaradit do dvou
zakladnich skupin. Prvni skupinou jsou prirodni makrocyklické inhibitory a jejich
analoga a druhou skupinou jsou syntetické nizkomolekularni inhibitory. Inhibitory
z druhé skupiny lze strukturné zaradit do tii podskupin: (1) N-4-aminobenzyl-
N'-(2-(2-arylpyrrolidin)-2-oxoethyl)mocoviny, (2) 2-(benzyloxy)aryl mocoviny
a jejich analoga a (3) ostatni nizkomolekularni inhibitory (Haleckova et al., 2022).

Do skupiny prirodnich makrocyklickych inhibitori se fadi nejznaméjsi
a velmi ucinny inhibitor enzymatické aktivity CypD cyklosporin A (CsA; Obr. 9)
(Tanveer et al,, 1996). Jedna se o cyklicky undekapeptid produkovany vlaknitymi
plidnimi houbami Typocladiumum inflatum, ktery vSak vykazuje fadu nezadoucich
vlastnosti, jako jsou imunosupresivni ucinky a nizka selektivita, nebot tento peptid
inhibuje i dalsi cyklofiliny a pravé tato skutecnost dala vzniknout nazvu celé této
skupiny proteint (Barbarino et al., 2013; Davis et al., 2010). Ve snaze eliminovat
nezadouci ucinky CsA bylo vyvinuto nékolik jeho neimunosupresivnich derivati,
napf. alisporivir (Hansson et al.,, 2004) a NIM811 (Waldmeier et al., 2002), kviili své
peptidické strukture maji vSak tyto struktury nepriznivy farmakokineticky profil.
Nevhodny farmakokineticky profil a nizka selektivita jsou bohuZel spole¢nymi

omezujicimi negativy pro celou tuto skupinu piirodnich inhibitort (Haleckova et al.,
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Obr. 9: Struktura cyklosporinu A. Prevzato z (Varache et al.,, 2020).

Syntetické slouCeniny podskupiny (1) patrici do skupiny syntetickych
nizkomolekularnich inhibitord jsou strukturné odvozeny od slouceniny 22
publikované Ahmed-Belkacem et al. s hodnotou ICso 6,2 uM (Ahmed-Belkacem et al.,
2016). Tato podskupina inhibitori je nejlépe charakterizovana a patii do ni

nejucinnéjsi nizkomolekularni inhibitory CypD. NejsilnéjSi dosud publikovany
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inhibitor CypD je sloucenina 14 (Obr. 10) vyzkumné skupiny Gradler et al.
s hodnotou ICso 6 nM (Gradler et al.,, 2019).

Slouceniny podskupiny (2) jsou strukturné modifikované inhibitory
cyklofilinu A (CypA) publikované Guichou et al. (Guichou et al., 2006). Je zde vyuZito
predpokladu, Ze inhibitory CypA mohou byt téZ uc¢innymi inhibitory CypD, nebot
tyto dvé isoformy jsou ze 75 % sekvencné identické a residua vazebného mista
interagujici s CsA jsou u obou enzymii konzervovana (Kajitani et al.,, 2008).
Nejucinnéjsim inhibitorem radicim se do této podskupiny je sloucenina 9w
(Obr. 10) publikovana skupinou Park et al., ktera pti koncentraci 5 uM dokazala
inhibovat otevirani mPTP z 95 %, pricemz molekularni dokovani odhalilo nékolik
moznych zpisobii vazby této slouceniny v aktivnim misté CypD (Park et al., 2017a).

Podskupina (3) zahrnuje riizné strukturné odlisné inhibitory CypD, jako jsou
analoga dimedonu (Walkinshaw et al., 2002), chinoxalinové derivaty (Guo et al.,
2005), slouceniny odvozené od myorelaxantu dantrolenu (Murasawa et al., 2012)
a inhibitory se 4-aminobenzensulfonamidovymi a tetrahydropyrimidinovymi
skelety (Valasani et al., 2016, 2014b). Lze sem zaradit i nékolik nepeptidovych
nizkomolekuldrnich inhibitori CypD odhalenych Parkem et al. s vyuZitim
virtudlniho screeningu a molekularniho dokovani, z nichZ se jako nejucinnéjsi
inhibitor CypD ukazala sloucenina 29 (Obr. 10) s hodnotou Kd¢ 88,2 nM
a neuroprotektivnimi UCinky, ktera byla schopna chranit mitochondrie pred
toxicitou vyvolanou A prostrednictvim inhibice mPTP (Park et al., 2017b).
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Obr. 10: Vyznamné slouceniny z riiznych strukturnich podskupin inhibitorti CypD —
slouc¢enina 14  (N-4-aminobenzyl-N'-(2-(2-arylpyrrolidin)-2oxoethyl)mocoviny;
Gradler et al., 2019), slouc¢enina 9w (2-(benzyloxy)aryl mocoviny a jejich analoga;
Park et al., 2017a), sloucenina 29 (ostatni nizkomolekuldrni inhibitory; Park et al.,
2017b).

Pro identifikaci a evaluaci inhibitord je zasadni volba vhodnych metod.

Pro hodnoceni inhibitorti CypD lze vyuzit funkcni testy pro sledovani mPTP, pii

kterych se obvykle stanovuji parametry jako je ztrata mitochondrialniho
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membranového potencialu (vyuziti fluorescencniho barviva JC-1) (Sivandzade et al,,
2019) nebo mitochondrialni retencni kapacita Ca* (stanoveni mitochondrialniho
bobtnani) (Li et al., 2018), které nepiimo stanovuji miru otevirdni mPTP. Tyto
funkéni testy se provadéji na izolovanych mitochondriich nebo na bunécnych
kulturach, ziskané vysledky tudiz nemusi vZdy svédcit o inhibici samotného CypD,
nebot mize dochazet k inhibici mPTP jinymi, na CypD nezavislymi, mechanismy.
Pro stanoveni enzymatické aktivity rekombinantniho CypD byla radu let
vyuzivana metoda publikovana Kofronem et al. (Kofron et al., 1991). Principem této
metody je isomerace prolinové peptidové vazby tetrapeptidu Suc-AAPF-pNA z cis na
trans konformaci katalyzovand CypD. Nasleduje stépeni produktu reakce,
trans-isomeru, chymotrypsinem a vysledny degradacni produkt je detekovan
spektrofotometricky. Na stejném principu jsou zaloZeny i nékteré fluorescencni
metody (Caporale et al., 2016; Mori et al., 2009; Vivoli et al., 2017; Zoldak et al,,
2009), souhrnné vsak tato stanoveni trpi fadou omezeni, jako je spontanni
a teplotné citliva cis-trans isomerace substratu nebo degradace samotného CypD
chymotrypsinem. Soucasti preklddané prace bylo zavedeni nové, vice fyziologicky
relevantni a robustnéjSi metody pro stanoveni enzymatické aktivity CypD in vitro,
ktera by byla vhodnd pro piesnéjsi hodnoceni novych nizkomolekularnich

inhibitort CypD.
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4 Komentare k publikovanym pracim

Tato disertacni prace je predkladana jako komentovany soubor péti publikaci,
z nichZ 4 jsou publikovany v mezinarodnich impaktovanych Casopisech a 1 je t.C.
rukopisem v pokrocilé fazi recenzniho tizeni. VSechny publikace jsou ptvodni
experimentalni prace zameérené na lidské mitochondridlni enzymy spojené
s neurodegeneraci, resp. AD. Jedna publikace je zaméfena na studium enzymatické
aktivity CypD a jeji inhibici (Kapitola 4.1, str. 32-34). Cty¥i publikace jsou zaméieny
na studium enzymatické aktivity 173-HSD10 a evaluaci jejich inhibitori in vitro
(Kapitola 4.2—4.5, str. 35-45).
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4.1 Metoda vyuzivajici znovuslozeni RNasy T1 pro stanoveni aktivity
mitochondrialniho cyklofilinu D: Nova in vitro metoda pouzitelna
pti vyzkumu a vyvoji 1éCiv

Zemanova, L., Vaskova, M., Schmidt, M., Roubalova, ]., Haleckova, A., Benek, O.,

Musilek, K., 2020. RNase T1 Refolding Assay for Determining Mitochondrial

Cyclophilin D Activity: A Novel In Vitro Method Applicable in Drug Research and

Discovery. Biochemistry 59, 1680-1687.

https://doi.org/10.1021/acs.biochem.9b01025

Lidsky mitochondrialni enzym CypD je klicovym komponentem pri modulaci
tvorby mPTP, ktery je vyznamnym reguldtorem bunécné smrti (Giorgio et al., 2010).
CypD je proto povazovan za jeden z terapeutickych cili onemocnéni spojenych
s nadmérnym oteviranim mPTP, mezi néz patii i AD, a proto je v posledni dobé
vénovana pozornost vyvoji ucinnych selektivnich inhibitori tohoto enzymu
(Haleckova et al., 2022; Rao et al., 2014).

Volba vhodnych metod zohlediiujicich fyziologické podminky a dlohu daného
enzymu v organismu hraje duleZitou roli pfi identifikaci a evaluaci inhibitori
s terapeutickym potencidlem. Vzhledem k fadé omezeni, kterymi trpi v literature
Casto pouzivana Kofronova metoda (Kofron et al., 1991), bylo cilem této studie
zavedeni nové, robustnéjsi a fyziologicky relevantni in vitro metody pro stanoveni
enzymatické aktivity CypD. Tato metoda je zaloZena na jeho katalytické ucasti pri
znovuslozeni modelového proteinu, v tomto pripadé RNasy T1, jako substratu, ktera
je inspirovana metodou Bose et al. (Bose et al., 1994). Stejného principu, ale
s pouzitim rtiznych modelovych proteinti, vyuziva i nékolik dalSich studii, které byly
vénovany studiu enzymatické aktivity riznych isoforem cyklofilini a jejich
peptidyl-prolyl cis-trans isomerasové aktivity, nebot pravé ucast pri skladani
proteint se zda byt hlavni fyziologickou funkci téchto enzymi (napt. Matouschek
et al.,, 1995; Rassow et al,, 1995; Zhang et al.,, 2013).

V rdmci této studie byla nejprve experimentalné vyloucena vhodnost pouziti
Kofronovy metody, nebot pritomnost chymotrypsinu v reakéni smési vede jak
ke Stépeni vzniklého produktu, tak i k degradaci samotného CypD.

Nasledné byla zavedena a optimalizovana nova metoda vyuzivajici RNasu T1
jako substrat pro CypD (Obr. 11). RNasa T1 byla denaturovana v 8 M mocoviné a jeji
znovuslozeni doprovazené narlstem fluorescence tryptofanii probihalo po
nasledném zredéni reakénim pufrem, pricemZ bylo ovéreno, ze CypD urychluje
opétovné skladani RNasy T1 ve srovnani se spontannim procesem (Obr. 124).

Nejprve bylo nutné optimalizovat sloZeni reakéni smési (50 pM RNasa T1
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a 25 nM CypD), aby byla zajiSténa optimalni odezva a doba trvani reakce,
a s vyuZzitim metody DSF byl zvolen vhodny pufr zajiStujici dobrou stabilitu CypD
pri skladovani a stanoveni jeho enzymatické aktivity. Pomoci nové metody byly
nasledné stanoveny hodnoty ICso tfech vybranych inhibitori (Obr. 12B):
CsA (22,9 nM); JC-9 (1,26 uM); sloucenina 4 (10,2 pM). Vysledky ziskané v nasi
studii koreluji s publikovanymi daty, ¢imZ potvrzuji relevanci zavedené metody.

Nova metoda pro stanoveni enzymatické aktivity CypD lépe odpovida jeho
predpokladané fyziologické uloze pri skladani proteinti a je vhodna pro identifikaci
a hodnoceni novych inhibitort CypD pii vyzkumu a objevovani 1éCiv. V soucasné
dobé je na naSem pracovisti tato metoda hojné vyuzivana pri testovani vybranych
inhibitort CypD.

Inhibice enzymatické

aktivity CypD
ﬁt"? ‘ E ﬁt"?
ﬁ‘)‘ }/ § 7- 4 % "*ﬂ@i
& - 3 £3 8% (& ¢
\a*-\\‘) b\ l ) | Q x ' \‘\\'8 t:(\

Ay’ )“‘- < = - : J *\\
'/\_(\\:;\C 8 M urea s 7 X CypD (\{Q\;g{;
s ¥ VN e ¥ VN
Slozena RNasa T1 Denaturovana RNasa T1 ZnovusloZzena RNasa T1

Obr. 11: Schématické zndzornéni nové metody pro stanoveni enzymatické aktivity
rekombinantniho CypD vyuZitelné pro testovdni inhibitorti tohoto enzymu. Principem
metody je denaturace RNasy T1 v 8 M mocoviné a jeji opétovné sloZeni s vyuZitim
katalytickeé aktivity CypD. Vytvoreno v BioRender.com podle (Zemanova et al., 2020).
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Obr. 12: Klicové vysledky publikace 1. (A) Spontdnni znovusloZeni RNasy T1 (tmavé
Sedd krivka) a znovusloZeni RNasy T1 katalyzované CypD (Cernd krivka). (B) Krivky
zdvislosti zbytkové aktivity CypD na koncentraci testovanych sloucenin CsA, JC-9 a 4
a vysledné hodnoty ICso.
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4.2 Vyvoj submikromolarnich inhibitort 173-HSD10 a jejich in vitro
a in vivo hodnoceni

Benek, 0., Vaskova, M., Miskerikova, M., Schmidt, M., Andrys, R., Rotterova, A,
Skarka, A., Hatlapatkova, J., Karasova, ].Z., Medvecky, M., Hroch, L., Vinklarova, L.,
Fisar, Z., Hroudova, ]., Hand]l, J., Capek, J., Rousar, T., Kobrlova, T., Dolezal, R., Soukup,

0., Aitken, L., Gunn-Moore, F., Musilek, K., 2023. Development of submicromolar
173-HSD10 inhibitors and their in vitro and in vivo evaluation. Eur. J. Med. Chem.
258, 115593. https://doi.org/10.1016/j.ejmech.2023.115593

ZvySena exprese multifunk¢niho mitochondridlniho enzymu 173-HSD10 je
rizikovym faktorem u nékterych typi naddorovych onemocnéni a téz u AD, nebot
podporuje nadorové bujeni a odolnost nddorovych bunék vii¢i oxidacnimu stresu
(Carlson et al., 2015) a u AD vede k naruseni homeostasy neuroaktivnich steroidt
a prispiva k mitochondridlni dysfunkci (Yang et al.,, 2014). Inhibice enzymatické
aktivity 173-HSD10 ma terapeuticky vyznam pro lécbu téchto onemocnéni, priCemz
dosud nejpublikovanéjsi skupinou inhibitorti 173-HSD10 jsou benzothiazolylové
derivaty (Vinklarova et al., 2020).

V této studii byla publikovana série 15 novych inhibitori na bazi
benzothiazolylmocoviny, které byly navrzeny na zakladé studia vztahu
struktura-aktivita (SAR) drive publikovanych sloucenin a predpovédi jejich
fyzikalné-chemickych vlastnosti. S vyuZitim rekombinantni 173-HSD10 a AAC jako
substratu bylo identifikovano nékolik submikromolarnich inhibitort, z nichZ dva
nejsilnéjsi inhibitory vykazovaly hodnoty ICso ~ 0,3 pM, konkrétné se jednalo
o slouCeninu 9 s ICso 0,34 uM a slouceninu 11 s ICso 0,31 uM (Obr. 13A). Obé
slouceniny ve své struktuie obsahuji mocovinovy spojovaci retézec se 3-Cl, 4-OH
substituovanym fenylem, ktery je povaZovan za rozhodujici pro silnou inhibici
enzymu, a liSi se substituenty na pozici 6 benzothiazolové ¢asti (slouCenina 9
obsahuje acetamidovou skupinu a slou¢enina 11 karboxylovou; Obr. 13B). Interakce
téchto dvou sloucenin se 173-HSD10 byla potvrzena pomoci DSF (Obr. 13C) a dale
bylo na bunéc¢né linii HEK293 pozorovano, Ze nejsou cytotoxické aZ do vysokych
mikromolarnich koncentraci. Na izolovanych mitochondriich byla ovérena
jejich selektivita vii¢i potencidlnim mitochondridlnim necilovym enzymim
(citratsynthasa, komplexy I[-III dychaciho retézce, monoaminooxidasy A a B)
a u slouceniny 9, na rozdil od slouceniny 11, byla predikovana prichodnost pies
hematoencefalickou bariéru. Pri in vivo testovani na potkanech bylo u slouceniny 9
zjiSténo, Ze je peroralné biologicky dostupna a pfi intravenéznim podani pronika do

mozku, slou¢enina 11 naopak vykazovala nevyhovujici farmakokineticky profil.
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Vysledky in vitro a in vivo potvrzuji, Ze je slouCenina 9 slibnou strukturou pro

dal8i vyvoj a hodnoceni na zvirecich modelech.

A

Compound  178-HSD10 inhibition

10 pM p value 1M p value 1Cso K;
screening screening (uM)
Residual Residual (uM)
activity activity
(%) (%)
control 100 + 4.3 100 + 4.8
6 13.0+ 24 <0.0001 398+ 45 <0.0001 0.57 0.44
0.12
7 79.4+ 28  0.0022
8 270+ 14 <0.0001 627+8.0 0.0023
9 220+ 34 <0.0001 495+99 0.0014 0.34 0.25
0.07
10 586+ 21 0.0001
11 175+ 40 <0.0001 50.0 + 0.0022 0.31 0.23
11.4 +
0.09
12 383+ 21 <0.0001 50.0 £ 6.2  0.0004 0.84 0.65
0.18
13 310+ 21 <0.0001 70.0+ 0.013
11.2
14 68.7 +£ 4.0 0.0008
15 721+ 48  0.0017
16 76.6 +£ 2.9 0.0014
17 33.2+£52 <0.0001 744+9.0 0.0122
18 541+14 <0.0001
19 67.6+ 5.0  0.001
20 738+ 3.2 0.0011
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Obr. 13: Klicové vysledky publikace Il. (A) Vysledky screeningu inhibice 173-HSD10,
hodnoty ICso a vypoctené hodnoty Ki (B) Struktury sloucenin 9 a 11. (C) Ovéreni
interakce sloucenin se 173-HSD10 metodou DSF.
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4.3 Fyziologicky relevantni fluorescentni metoda pro identifikaci
inhibitort 173-HSD10

Schmidt, M.T; Vaskova, M.t; Rotterova, A.; Fiandova, P.; Miskerikova, M.; Zemanova,
L.; Benek, O.; Musilek, K., 2023. Physiologically Relevant Fluorescent Assay for

Identification of 17B-hydroxysteroid dehydrogenase type 10 Inhibitors.
J. Neurochem. 167, 154-167. https://doi.org/10.1111/jnc.15917

(T autofi prispéli k publikaci ekvivalentnim podilem)

Volba vhodného enzymového substratu je klicovym predpokladem pro zisk
relevantnich experimentalnich dat pri identifikaci a hodnoceni testovanych
inhibitort. 178-HSD10 jako mitochondridlni NAD+-dependentni dehydrogenasa
preferuje oxidacni smér Katalyzované reakce, proto se hojné vyuzivané
spektrofotometrické stanoveni jeji enzymatické aktivity vyuzivajici substrat AAC
spolu s kofaktorem NADH jevi jako fyziologicky méné relevantni. Vzhledem k ui¢asti
tohoto enzymu v metabolismu neuroaktivnich steroidi je téZ vhodné vyuzit jeho
nativni steroidni substraty. V ramci této studie byla optimalizovana fluorescencni
metoda pro stanoveni enzymatické aktivity 173-HSD10 vyuZivajici substraty E2
a ALLOP, ktera byla pouzita pro provéreni 38 ucinnych publikovanych inhibitora
173-HSD10 odhalenych drive pouZivanou metodou se substratem AAC,
a nejucinnéjsi inhibitory byly nasledné evaluovany in cellulo s vyuZitim syntetické
fluorogenni sondy (—)-CHANA (cyklohexenyl aminonaftalen alkohol), ktera slouzi
jako substrat pro 17p3-HSD10 a umozZiuje stanoveni jeji aktivity uvnitf Zivych bunék
(Muirhead et al.,, 2010b).

Nejprve bylo nutné optimalizovat mnoZstvi enzymu v reakéni smési
(42,5 nM) a stanovit kinetické parametry pro 173-HSD10, jako je Michaelisova
konstanta (Km) a maximalni rychlost reakce (Vmax): Km 13,11 uM pro EZ2;
Km 6,86 uM pro ALLOP; Km 84,36 uM pro NAD* (Obr. 14A). BEhem tohoto stanoveni
bylo odhaleno, Ze glycerol, béZné pouZivany jako kryoprotektant pro uchovani
proteind, je rozpoznavany 173-HSD10 jako substrat, a proto byl vyloucCen ze vSech
experimentalnich krokd.

Nasledné byl proveden screening 38 vybranych benzothiazolylovych
derivatt pti 10 uM a 1 uM koncentraci s vyuZzitim substratu E2 a pro nejsilnéjsich 13
z nich byly stanoveny hodnoty ICso. Sloucenina 26 (Aitken at al., 2019; Obr. 14E)
s nekompetitivnim typem inhibice (ICso 70 nM s E2; 19 nM s ALLOP) a sloucenina
34 (Aitken at al, 2019; Obr. 14E) s akompetitivnim typem inhibice
(ICs0 346 nM s E2; 191 nM s ALLOP) disponovaly nejvysSim inhibi¢nim potencialem,

pricemZ sloucenina 26 vykazala niZ$i hodnotu ICso neZ dosud nejucinnéjsi
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experimentalné ovéreny inhibitor 178-HSD10, AG18051 (Obr. 14B). Interakce obou
sloucenin se 17p3-HSD10 byla ovérena metodou DSF (Obr. 14C). U obou sloucenin
byla téZ s vyuzitim fluorogenni sondy (—)-CHANA ovérena jejich schopnost pronikat
do buriky a inhibovat cilovy enzym v bunécné linii HEK293-17(3-HSD10 (Obr. 14D).
Na bunéc¢né linii HEK293 byl dale vyloucen cytotoxicky vliv slouceniny 34
a sloucenina 26 vykazala zvysenou cytotoxicitu az pri dlouhodobé expozici pii vyssi
koncentraci.

Publikovana metoda vyuzivajici preferovaného sméru katalyzy a nativnich
pomoci pri designu slibnych sloucenin pro vyvoj klinicky relevantnich inhibitori
17B3-HSD10.
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E2 ALLOP NAD* glycerol
Km (uM) 13.11+£0.26 6.86+ 0.11 84.36 £ 5.47 360.43 x 10°
Vinax (Nmol min-* mg-) 6.34 £ 0.07 8.46 £ 0.06 8.06 £0.09 11.88 £ 0.35
Kcat (min-) 0.178 0.238 0.227 0.334
Kcat/Km (M1 min-) 13.6 x 10° 34.7x10° 2.7x10° 0.93
B IC5, (hM) £ SEM Type of inhibition
Compound E2 ALLOP E2 ALLOP
AG18051 89+9 20+1.9 Covalent Covalent
26 70+10 19+1.5 Non-competitive Non-
competitive
34 346+53 191+28 Uncompetitive Uncompetitive
w/o NAD*
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Obr. 14: Klicové vysledky publikace 11l. (A) Kinetické parametry enzymu 173-HSD10.
(B) Hodnoty ICso a typy inhibic sloucenin 26 a 34 s pouZitim substrdti E2 a ALLOP.
(C) Ovérenti interakce sloucenin se 173-HSD10 metodou DSF. (D) Inhibice 17-HSD10
v bunécné linii HEK293-HSD10 stanovend s vyuZitim fluorogenni sondy (-)-CHANA.
(E) Struktury nejucinnéjsich sloucenin 26 a 34.
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4.4 Nanomolarni inhibitory 173-HSD10 na bazi benzothiazolylovych
derivatl s bioaktivitou v bunécném prostiedi

Hanzlova, M.t; Miskerikova, M.t; Rotterova, A.t; Jurkova, K., Hamsikova, M.;
Haleckova, A.; Andrys R.; Schmidt, M.; Benek, O.; Musilek, K., 2023. Nanomolar
benzothiazolyl-based inhibitors of 173-HSD10 with cellular bioactivity. ACS Med.
Chem. Lett. 14, 1724-1732. https://doi.org/10.1021/acsmedchemlett.3c00355

(T autofi prispéli k publikaci ekvivalentnim podilem)

Tato studie byla stejné jako studie v Kapitole 4.2 a 4.3 (str. 35-39) vénovana
inhibici enzymatické aktivity 173-HSD10. Na zakladé SAR analyzy drive
publikovanych inhibitori (Benek et al, 2023) byla navrZena série novych
benzothiazolylovych derivati, které byly testovany in vitro s vyuzitim nékolika
enzymatickych a bunécnych metod.

Celkem bylo navrZeno a pripraveno 14 sloucenin, které ve svych strukturach
obsahuji riznou kombinaci substituentu na pozici 3 fenylové ¢asti, substituentu na
pozici 6 benzothiazolové Casti a riizné dlouhého spojovaciho retézce (Obr. 15D).
Jako parentalni struktury slouzily toho casu nejucinnéjsi publikované
benzothiazolové inhibitory, slou¢eniny 9 a 11 uvedené v Kapitole 4.2 (str. 35-36).

Screening sloucenin pfi 10 uM a 1 uM koncentraci na rekombinantni
17B3-HSD10 byl proveden s vyuzitim AAC a E2 jako substratti. VSechny slouceniny
vykazovaly dobry inhibi¢ni potencial, proto jim byly stanoveny hodnoty
ICso s vyuZitim fyziologicky relevantnégjsiho substratu E2. Sest sloudenin
vykazovalo submikromolarni hodnoty ICso a u nejsilngjSich inhibitort
(sloucenina 3: ICso 0,41 puM; 5: ICso 0,27 uM; 6: ICso 0,52 puM; 7: 1Cso 0,34 uM)
byl uren smiSeny typ inhibice a byly jim téZ stanoveny hodnoty ICso se substratem
ALLOP (sloucenina 3: 1Cs0 0,095 pM; 5: 1C50 0,33 uM; 6: 1C50 0,29 pM; 7: 1Cs0 0,25 pM)
(Obr. 15A). Pro ovéreni interakce téchto Ctyrech inhibitort se 173-HSD10 pouZita
metoda DSF, ktera potvrdila stabilizaci konformace 173-HSD10 v zavislosti na davce
pridaného inhibitoru (Obr. 15B). Pro stanoveni inhibice aktivity 173-HSD10 uvnitr
zivych bunék HEK293-17(3-HSD10 byla pouZita fluorogenni sonda (—)-CHANA
(Obr. 15C), pticemZ slouceniny 13 (ICso 5,45 pM), 14 (ICso 4,39 uM)
a 15 (ICso 4,76 uM) s alifatickymi spojovacimi retézci a 6-acetamidovou substituci
na benzothiazolové ¢asti molekuly se pfiitestovani in cellulo ukazaly jako
enzymatického testovani, kde byly nejsilnéjSimi inhibitory slouceniny

s mocovinovymi spojovacimi retézci, nicméné tyto rozdily byly pravdépodobné
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zplUsobeny nizsi prichodnosti benzothiazolylmocovinovych slouc¢enin do bunék.
U vSech testovanych sloucenin byla vyloucena cytotoxicita na bunécné linii HEK293.

Vysledky in vitro a in cellulo ukazaly, Ze benzothiazolylové derivaty
s alifatickymi spojovacimi retézci mohou byt vhodnéjsi pro budouci vyvoj novych
inhibitor 17B-HSD10 nez diive publikované a dosud favorizované

benzothiazolylmocoviny.
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A E2 ALLOP

compound ICso (M) inhibition type IC5o (M)
1 1.81 + 0.19 - -
2 1.15 £ 0.11 - -
3 041 + 0.04 mixed 0.095 + 0.006
4 0.78 + 0.05 - —
5 027 + 0.02 mixed 033 + 0.02
6 0.52 + 0.04 mixed 0.29 + 0.03
7 0.34 + 0.04 mixed 0.25 + 0.03
9 198 + 0.17 — —
10 1.34 + 0.16 - -
11 6.56 + 0.69 - -
12 1.01 + 0.11 - -
13 2.38 + 0.16 - -
14 1.69 + 0.12 - -
15 093 + 0.11 - -
16 1.38 + 0.09 - -
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Obr. 15: Klicové vysledky publikace 1V. (A) Hodnoty ICso a typy inhibic testovanych
sloucenin s pouZzitim substrdti E2 a ALLOP. (B) Ovéreni interakce sloucenin se
17B-HSD10 metodou DSF. (C) Hodnoty ICso pro inhibici 173-HSD10 v bunécné linii
HEK293-HSD10 stanovené s vyuZitim fluorogenni sondy (-)-CHANA. (D) Obecnd

struktura novych benzothiazolylovych derivdtii.
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4.5 C-3 steroidni hemiestery jako inhibitory 173-HSD10

Hanzlova, M., Slavikova, B., Morozovova, M., Musilek, K., Rotterova, A., Zemanova,
L., Kudova, E. 2024. The C-3 steroidal hemiesters as inhibitors of
17B-hydroxysteroid dehydrogenase type 10. Manuskript v pokrocilé fazi recenzniho

rizeni v ACS Omega.

Tato studie byla vénovana inhibici enzymatické aktivity 17p3-HSD10
s vyuzitim inhibitorl se steroidni strukturou. Steroidni derivaty, analoga nativnich
substrati 173-HSD10, jsou druhou nejhojnéji zastoupenou skupinou inhibitori
tohoto enzymu, nejdcinnéjsi publikované inhibitory vsSak disponuji nizkou
selektivitou a poskytuji rozporuplné vysledky pri testovani in vitro (Ayan et al.,
2012; Boutin et al., 2018). Publikovana studie byla proto vénovana vyvoji novych
inhibitorl patricich do této skupiny a jejich testovani in vitro.

Nejsilnéjsimi dosud popsanymi steroidnimi inhibitory jsou RM-532-46
(Ayan 2012) a D-3,7 (Boutin 2021). Je zajimavé, Ze tyto slouceniny, stejné jako
benzothiazolylmocovinové derivaty, obsahujici dusik, a tudiZ se mohou chovat jako
protonovy akceptor, resp. baze. S prihlédnutim k tomuto faktu byla pro porovnani
navrzena a pripravena série 24 novych zaporné nabitych steroidnich sloucenin,
které obsahuji kysely hemiesterovy substituent v poloze C-3 steroidniho kruhu.

Pro testovani novych slouCenin byla vyuZita fluorescen¢ni metoda popsana
v Kapitole 4.3 (str. 37-39) vyuZivajici E2 jako substrat. Vysledky 10 uM screeningu
ukazaly, Ze slouceniny 10, 14-16 a 21-24 vykazuji inhibici = 50 % (Obr. 164),
a proto byly pro téchto osm slouCenin stanoveny hodnoty ICso (Obr. 16B).
Studie SAR odhalila, Ze nejaktivnéjSimi slouCeninami jsou slouceniny 14-16
a 21-24 s lipofilni substituci v poloze C-17 steroidniho kruhu, pri¢emzZ nejvyssi
inhibici prokazaly slou¢eniny 22 (ICso 6,95 pM) a 23 (ICso 5,59 puM). NejsilnéjSim
inhibitorem byla slouCenina 23 (Obr. 16E), ktera vykazovala kompetitivni typ
inhibice a se substratem ALLOP vykazovala hodnotu ICso 15,25 pM, ¢imZ byla
ovérena jeji schopnost inhibovat aktivitu 173-HSD10 bez ohledu na substrat.
U sloucenin 14-16 a 21-24 byly navic zjistény ptiznivé biologické vlastnosti,
konkrétné dobra permeabilita pfes monovrstvu bunék Caco-2 a vysoka in vitro
stabilita v potkani a lidské plasmé (Obr. 16C). S vyuzitim bunéc¢né linie HEK293 bylo
nasledné ovéreno, Ze slouCenina 23 neovliviiuje zZivotaschopnost bunék
a nevykazuje cytotoxicitu ani pri nejvy$si testované Kkoncentraci 20 pM.
Pro ovéreni schopnosti slouceniny 23 inhibovat cilovy enzym uvnitt Zivych bunék
HEK293-HSD10 byla pouzita fluorogenni sonda (—)-CHANA. Inhibice vykazovala
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zavislost na davce (Obr. 16D), pricemZ nejvyssi pouzita koncentrace 25 pM vedla
k ~ 50% inhibici aktivity 173-HSD10 uvnitf bunék.

Vysledky této studie prinasi rozsireni poznatkli o steroidnich inhibitorech
173-HSD10 spolu s hodnotnymi experimentalnimi vysledky. Priznivé biologické
a inhibi¢ni vlastnosti vybranych steroidnich sloucenin, zejména slouceniny 23,

naznacuji, Ze se jedna o slibné kandidaty pro dalsi vyvoj.
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Obr. 16: Klicové vysledky publikace V. (A) Screening inhibi¢niho potencidlu sloucenin

pri koncentraci 10 uM se substrdtem EZ. (B) Hodnoty ICso pro nejsilnéjsi inhibitory.

(C) Stanoveni zddnlivého permeacniho koeficientu (Papp) pres monovrstvu bunék

Caco-2 a in vitro stability v potkani a lidské plasmé u vybranych inhibitori.
(D) Inhibice 173-HSD10 uvnitr bunék HEK293-HSD10. (E) Struktura slouceniny 23.
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6 Zaveér
V soucasné dobé je lécba AD pouze symptomaticka nebo zaloZena na
kontroverznim pouZiti monoklonalnich protilatek, proto je v poslednich letech
vénovana pozornost vyzkumu této nemoci a nalezeni nové uUcinné terapie.
Studované mitochondridlni enzymy 173-HSD10 a CypD predstavuji potencidlni
terapeutické cile tohoto neurodegenerativniho onemocnéni (Lim et al., 2020).
Vyvoj novych nizkomolekularnich inhibitord 17B-HSD10 a CypD je
predmétem zajmu mnoha vyzkumnych skupin. Pro testovani novych sloucenin
in vitro je vSak klicova volba vhodnych metod pro relevantni stanoveni enzymatické
aktivity a potazmo inhibi¢nich vlastnosti a charakterizaci testovanych sloucenin.
Proto byly v ramci predkladané prace zavedeny, optimalizovany a charakterizovany
robustnéjsi metody pro stanoveni enzymatické aktivity studovanych enzymf,
které zohlediuji fyziologické podminky a ulohu daného enzymu v organismu:
pro 173-HSD10 byly pouzity neurosteroidni substraty E2 a ALLOP, pro CypD byla
vyuzita jako substrat RNasa T1. Tyto metody byly nasledné vyuzity k testovani
inhibitori danych enzymi. V ramci publikaci vztahujicich se k této disertac¢ni praci
byla testovana cela fada inhibitort 17p3-HSD10, které se strukturné radi do skupin
benzothiazolylovych derivatii a steroidnich derivati, u CypD byly pri evaluaci
metody testovany tfi jeho zndmé inhibitory. Interakce 173-HSD10 s vybranymi
slouceninami byla ovéfena metodou DSF, pricemZz u CypD byla touto metodou
studovana jeho stabilita v pufrech o rizném sloZeni. Soucasti pirekladané prace byla
téZ priprava monoklonalnich bunécnych linii HEK293-173-HSD10, které byly
vyuzity pro testovani vybranych inhibitort 173-HSD10 v buné¢ném prostredi.
Hlavnim piinosem piedkladané prace je zavedeni a optimalizace metod pro
stanoveni enzymatické aktivity obou studovanych enzymi, které jsou robustné;jsi,
citlivéjsi a vyuzivaji vice fyziologické substraty a reak¢ni podminky pro dané
enzymy neZ dosud pouzivané metody. Ziskané experimentalni vysledky poskytuji
rozsifené poznatky a hodnotna data nejen pro jiz publikované inhibitory, ale také
pro design a vyvoj novych Kklinicky relevantnich inhibitord s lep$im inhibi¢nim

potencidlem a vhodnéjsSimi vlastnostmi.
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ABSTRACT: Human cyclophilin D is a mitochondrial peptidyl-
prolyl isomerase that plays a role in regulating the opening of the
mitochondrial permeability transition pore. It is considered a viable
and promising molecular target for the treatment of diseases for
which disease development is associated with pore opening, e.g,,
Alzheimer’s disease or ischemia/reperfusion injury. Currently
available and widely used in vitro methods based on Kofron’s
assay for determining cyclophilin D activity suffer from serious
drawbacks and limitations. In this study, a completely novel
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approach for an in vitro assay of cyclophilin D activity using RNase T1 refolding is introduced. The method is simple and is more in
line with the presumed physiological role of cyclophilin D in protein folding than Kofron’s assay, which relies on a peptide substrate.
The method is applicable for identifying novel inhibitors of cyclophilin D as potential drugs for the treatment of the diseases
mentioned above. Moreover, the description of CypD activity in the in vitro RNase T1 refolding assay reveals new possibilities for
investigating the role of cyclophilin D in protein folding in cells and may lead to a better understanding of its pathological and

physiological roles.

yclophilins (Cyps) are ubiquitous enzymes present in
almost all forms of life from bacteria to humans. They are
peptidyl-prolyl isomerases (PPlase, EC 5.2.1.8) and catalyze
the interconversion of cis and trans conformers of planar
peptide bonds preceding internal proline residues."~* This
reaction is considered a rate-limiting step in protein folding.
However, the reaction can also be catalyzed by structurally
unrelated enzymes, such as FK506-binding proteins (FKBPs)
and parvulins.”>°
Seventeen human cyclophilins have been identified, and
each contains a PPlase domain (~109 amino acids) with a
sequence similarity of 51—86%. Some Cyps encompass other
structural motifs, such as tetratricopeptide (TRP) or RNA-
recognition motif (RRM).” Cyps can be found in all cellular
compartments; however, only one isoform is expressed in
mitochondria, namely, cyclophilin D (CypD, encoded by the
ppif gene so its correct name should be CypF). CypD can also
be localized in the cytosol, but such a molecule is a different
protein encoded by a different gene (ppid). The mitochondrial
CypD contains only the PPlase domain and a mitochondrial
targeting signal sequence with a molecular weight of 22 kDa,
whereas the cytosolic CypD (also named Cyp40) consists of
the PPIase domain and a TRP motif with a molecular weight of
40 kDa.” The mitochondrial CypD is a protein crucial for
mitochondrial function because it is associated with the
formation of mitochondrial permeability transition pore

© 2020 American Chemical Society

7 ACS Publications 1680

(mPTP), which is in turn implicated in mitochondrial swelling
and apoptosis/necrosis. Thus, it is involved in the development
of several diseases (e.g., Alzheimer’s disease and ischemia/
reperfusion injury).®”'® Although components of mPTP
(ANT, VDAC, and F-ATP synthase) and the exact mode of
its action remain controversial and widely discussed, the role of
CypD as a regulator of mPTP opening is relevant and widely
accepted."”'> Thus, CypD is considered a viable and
promising target for the treatment of the diseases mentioned
above. Despite intensive research, its exact function in the
mitochondria and the opening of mPTP remains not fully
understood.'*"?

As a well-known CypD inhibitor, cyclosporine A (CsA) is
potent but not selective for only for CypD; major efforts have
been made to find inhibitors with better characteristics for
drug research and discovery. In studies of novel inhibitors of
CypD, several methods, such as binding assays (e.g., isothermal

S . 14-16
titration calorimetry and surface plasmon resonance),
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functional assays (e.g, mitochondrial swelling and JC-1
mitochondrial membrane potential assays),'*'”'* and in silico
approaches,''®'® have been used. However, there is only one
approach for determining the CypD enzymatic activity that
uses a short peptide as a substrate as described by Kofron et al.
(also used for other Cyps)."” This method is based on
coupling with an indicator enzymatic reaction using chymo-
trypsin. The method uses a tetrapeptide Suc-AXPF-pNA with
the cis conformation of the proline peptide bond as a substrate.
The trans isomer formed by CypD is subsequently degraded by
chymotrypsin, and the degradation product is measured
spectrophotometrically.

Although this method has been used for more than 25
years,'>*" it is associated with more drawbacks than benefits.
Maintaining the X—P peptide bond in the substrate (Suc-
AAPF-pNA) in the cis conformation is problematic, and 0.5 M
LiCl in anhydrous trifluoroethanol (TFE) must be used as a
solvent for the substrate stock solution. When the substrate
solution is added to the aqueous environment of the assay, a
spontaneous cis—trans isomerization of the substrate occurs
leading to its degradation by chymotrypsin; this effect presents
via very high absorbance values. Moreover, the enzymatic
reaction itself is very rapid (a reaction plateau is reached within
tens of seconds from initiation) even though the assay is
performed at temperatures below 10 °C. These issues lead to
very complicated implementation and evaluation.

Reported efforts to introduce novel peptide substrates
with better properties for such an assay have yet to yield
significant success. Moreover, the physiological function of
CypD is likely not the interconversion of cis and trans
conformers of short geptides but that of proteins in the process
of protein folding," as inferred from the functions of other
cyclophilins.> Cyps were formerly described to play a role as
foldases (accelerating slow steps in protein folding, such as the
isomerization of the prolyl peptide bond) or chaperones. The
folding activity is connected with the PPlase domain,® whereas
chaperone activity is mainly associated with other parts of
Cyps (such as the TRP domain or the linker part in cytosolic
CypD****). The first experimental evidence that human CypD
could participate in protein folding in the case of pS3 was
recently published.”®

The aim of this study was to develop a novel, simple in vitro
assay for determining CypD activity using an unfolded model
protein as a substrate to prove the ability of CypD at least in
vitro to participate in protein re/folding. The method should
be suitable for the identification and evaluation of novel CypD
inhibitors in drug research and discovery.

20—-22

H MATERIALS AND METHODS

Chemiicals. Chymotrypsin from bovine pancreas (C7762),
N-succinyl-Ala-Ala-Pro-Phe p-nitroanilide (Suc-AAPF-pNA),
trifluoroethanol (TFE), cyclosporine A (CsA), SYPRO
Orange, benzonase nuclease, and lysozyme (L6876) were
obtained from Sigma-Aldrich. RNase T1 from Aspergillus
oryzae (EN0S542, UniprotKB accession number P00651) was
purchased from Thermo Fisher Scientific. The protease
inhibitor cocktail cOmplete, Mini, EDTA free was obtained
from Roche. All other chemicals and reagents were of the
highest commercially available purity.

Syntheses of Compound 4 and JC-9. Compound 4 and
JC-9 were synthesized using previously described proto-
cols."*"® The identity and purity of prepared compounds
were confirmed by 'H and *C NMR spectroscopy and mass
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spectrometry. Details of the synthesis protocols are provided in
the Supporting Information.

Prediction of Chymotrypsin Activity toward Human
CypD. The sequence of CypD (or other PPlases) was
extracted from UniProt. Two prediction tools were used: the
PeptideCutter tool (https://web.expasy.org/peptide cutter/)
and Prosper.”® In PeptideCutter, only potential chymotrypsin
high-specificity cleavage sites [C-terminus (FYZ), not before
P] were evaluated.

Cloning and Expression of Human CypD. The DNA
sequence for the truncated version of human CypD
(UniprotKB accession number P30405, amino acids 30—207,
CypDA29)*” was synthesized as a DNA fragment using the
GeneArt gene synthesis service (Thermo Fisher Scientific)
after codon optimization for the Escherichia coli expression
system. The DNA sequence was amplified by polymerase chain
reaction (PCR) using specific primers with overlaps for
restriction endonucleases Ncol and Xhol present in the
expression vector and cloned into the pCR4-TOPO vector;
the coding sequence was confirmed by sequencing. The coding
sequence was subcloned into the pET28b(+) expression vector
in frame with an upstream His-tag sequence to generate N-
terminal His-tagged truncated CypD and then transformed
into the E. coli BL21(DE3) expression strain (Novagen). The
transformed bacterial cells were grown in LB medium. The
protein expression was subsequently induced by transferring
the bacteria into autoinduction Overnight Express TB medium
(Novagen) and incubated at 25 °C in a shaking incubator (200
rpm) for 16 h.

Purification of Human Recombinant CypD. Bacterial
cells expressing human CypD were harvested by centrifuga-
tion; the bacterial pellet was resuspended in a lysis buffer [S0
mM sodium phosphate buffer, 150 mM NaCl, and 10 mM
imidazole (pH 8.0) with added 1 mg/mL lysozyme, 250 units/
mL benzonase, and 1 tablet of protease inhibitor cocktail/10
mL] and incubated for 20 min on ice. Sonication was used to
disrupt the cells followed by centrifugation (12000g for 10
min). The supernatant was transferred onto 1 mL of Ni-NTA
resin and incubated for 1 h at 4 °C. His-tagged CypD bound
on resin was washed three times with 10 mL of washing buffer
1 [S0 mM sodium phosphate buffer, 150 mM NaCl, and 10
mM imidazole (pH 8.0)], followed by 3 X 10 mL of washing
buffer 2 [S0 mM sodium phosphate buffer, 150 mM NaCl, and
20 mM imidazole (pH 8.0)], and eluted by elution buffer [S0
mM sodium phosphate buffer, 150 mM NaCl, and 250 mM
imidazole (pH 8.0)]. The elution buffer was exchanged using
Amicon Ultra-4 into 50 mM Tris, 150 mM NaCl (pH 8.0), or
20 mM Tris (pH 8.0). Glycerol was added to a concentration
of 30% (v/v), and the final CypD solution was stored at —20
°C. The purification process was monitored by 12.5% sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS—
PAGE), and the presence of CypD was confirmed by Western
blot. The protein concentration was determined by the
Bradford assay.”®

Western Blot. Samples were separated on a 12.5% SDS—
polyacrylamide gel and transferred to an Immobilon P PVDF
membrane (Merck Millipore) at 25 V and 1 mA for 1S min
using the Trans-Blot Turbo system (Bio-Rad) in blotting
buffer [25 mM Tris, 192 mM glycine, and 20% (v/v)
methanol]. The membrane was rinsed for 90 min in blocking
buffer comprising 3% (w/v) nonfat dry milk (Bio-Rad) in
TBS-T buffer [0.1% (v/v) Tween-20 in TBS]. The blocked
membrane was incubated overnight with mouse anti-cyclo-
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philin F antibody (sc-376061; 1:500; Santa Cruz Biotechnol-
ogy). After the membrane had been extensively washed, m-Igk-
BP-HRP (sc-516102; 1:5000; Santa Cruz Biotechnology) was
applied for 90 min. Antibody and binding protein were diluted
in 3% (w/v) nonfat dry milk in TBS-T buffer. After being
extensively washed, the membrane was incubated with
Amersham ECL Prime reagent (GE Healthcare Lifesciences).
Chemiluminescence was detected by Azure C400 (Azure
Biosystems).

Assay of Chymotrypsin Activity. Purified recombinant
CypD (1 ug) was incubated with chymotrypsin (5 pug,
dissolved in 1 mM HCI) with or without 20 pg of substrate
(Suc-AAPF-pNA4, dissolved in 0.5 M LiCl in TFE) in S0 mM
HEPES and 100 mM NaCl (pH 8.0) (total volume of 10 uL).
The reaction was started by adding chymotrypsin and
incubating the mixture on ice or at room temperature for 10,
30, or 60 s. The reaction was stopped by adding 2.5 uL of SDS
sample buffer for electrophoresis. Samples were incubated at
95 °C for 3 min and loaded onto a 20% SDS—PAGE gel.

Buffer Screening by Differential Scanning Fluori-
metry. SYPRO Orange was mixed with particular buffers at
1:1000 dilutions and added to white PCR tubes containing 1.4
ug of CypD (total volume of 40 uL). The samples were
vortexed, briefly centrifuged, and heated in a qPCR machine
qTower’/G (Analytic Jena) from 25 to 90 °C (1 °C/min).
Fluorescence was monitored at excitation and emission
wavelengths of 490 and 575 nm, respectively. Obtained
melting curves were analyzed, and melting temperatures
(T,,) were determined by qPCRsoft 4.0.

Folding Activity of CypD. RNase T1 unfolding (50 uM;
100, 75, 25, and 10 pM in the initial experiments) was
performed in the presence of 20 mM Tris buffer and 8 M urea
(pH 8.0) for 2 h at room temperature. CypD was first diluted
in 20 mM Tris buffer and 30% glycerol (pH 8.0) to a
concentration of 1 #M and further with 20 mM Tris buffer
(pH 8.0) to a final concentration of 25 nM (10, S0, 75, and
100 nM in the initial experiments). After a S min incubation on
ice, 390 uL of 25 nM CypD (or buffer without CypD as a
control) was added to a cuvette containing 10 L of 50 uM
unfolded RNase T1 to start the refolding of RNase T1. The
mixture was briefly mixed using a pipet, and the measurement
started immediately. The refolding of RNase T1 was
monitored by tryptophan fluorescence (excitation wavelength
of 268 nm, slit of 10 nm, and emission wavelength of 325 nm,
slit of S nm) at 10 °C using a PerkinElmer LSS5S
spectrofluorometer (PerkinElmer). The folding enzyme
activity of CypD was calculated from a linear part of the
obtained graph (as explained in Table S2) and expressed as
AF/min.

Determination of the Emission Spectra of RNase T1.
Emission spectra from 290 to 450 nm (slit of S nm) at an
excitation wavelength of 268 nm (slit of 10 nm) were
measured at 10 °C using a PerkinElmer LS44 spectrofluor-
ometer (PerkinElmer) for different samples: S0 uM RNase T1
in 20 mM Tris buffer and 8 M urea (pH 8.0) (unfolded RNase
T1), SO uM RNase T1 in 20 mM Tris buffer (pH 8.0) (folded
RNase T1), SO uM unfolded RNase T1 in the presence 25 nM
Cyp D after 1000 s from the reaction start (refolded by CypD),
and 50 yM unfolded RNase T1 in buffer after 1000 s from the
reaction start (refolded spontaneously). Samples refolded by
CypD or refolded spontaneously were prepared in the same
way as described in Folding Activity of CypD.
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Determining the Effect of the Efficiency of CsA,
Compound JC-9, and Compound 4 Inhibition on
Folding Activity of CypD. The unfolding of RNase T1
was performed in the same way as described in Folding
Activity of CypD. CsA, compound JC-9, and compound 4
were dissolved in anhydrous DMSO to prepare stock solutions
with concentrations of 100, 40, 20, 8, 4, and 2 uM for CsA or
40, 30, 20, 10, 4, and 2 mM for compound JC-9 and
compound 4. CypD was first diluted in 20 mM Tris buffer and
30% glycerol (pH 8.0) to a concentration of 1 #M and further
with 20 mM Tris buffer (pH 8.0) containing 0.25% anhydrous
DMSO (noninhibited control), CsA, compound JC-9, or
compound 4 to a final concentration of 25 nM. After a 5 min
incubation on ice, 390 uL of 25 nM CypD with DMSO or CsA
(or only buffer as a non-enzymatic control) was added to a
cuvette containing 10 L of SO #M unfolded RNase T1 to start
the refolding. The samples were processed and measured as
described in Folding Activity of CypD. The non-enzymatic
control was subtracted from the measured values, and the ICy,
value was determined using GraphPad Prism 8 (GraphPad
Software, Inc.).

M RESULTS AND DISCUSSION

The method used for assaying CypD activity according to
Kofron'® has many drawbacks as described above. Another

Table 1. Prediction of Protease Activity of Chymotrypsin
toward CypD by PeptideCutter” and Prosper”,*

no. of
cleavage
sites position of the cleavage site
PeptideCutter 15 10, 49, 78, 88, 90, 95, 102, 109, 121, 130,
154, 155, 163, 171, 187
Prosper 2 66, 171

“https://web.expasy.org/peptide_cutter/. Yhttps://prosper.erc.mona-
sh.edu.au/home.html.

A

B

15

kD

Figure 1. (A) SDS—PAGE of purified recombinant CypD and (B)
Western blot to confirm identity using a specific anti-CypD antibody.
The molecular weight of CypD was 18 kDa. The DNA sequence
without the mitochondrial signal peptide (corresponding to amino
acids 1-29, CypDA29) was cloned.

important issue is the resistance of CypD to the protease
activity of the indicator enzyme, chymotrypsin. For this
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Figure 2. Experimental evaluation of chymotrypsin (Ch) activity
toward CypD (A) without and (B) with peptide substrate Suc-AAPF-
pNA for CypD. The CypD:substrate:chymotrypsin ratio was 1:20:5
(w/w/w) for the 10, 30, and 60 s incubation times. Some degradation

products of CypD are marked by arrows.

purpose, software predictions were performed by two distinct
tools. Both indicated that CypD was likely to be degraded by
chymotrypsin (Table 1).

However, software predictions could be misleading;
experimental confirmation would be necessary. For this reason,
human recombinant CypD was prepared in E. coli and purified
to homogeneity using a His-tag affinity matrix (Figure 1). Our
experiments showed that CypD was completely cleaved by
chymotrypsin within the first 10 s after mixing even at 0 °C
(Figure 2A). Using an experimental setup with CypD and
substrate Suc-AXPF-pNA closer to Kofron’s assay'” [1:20:5
(w/w/w) CypD:substrate:chymotrypsin ratio], CypD degra-
dation was slower but still present (Figure 2B). However, in
the original Kofron’s assay, the chymotrypsin excess was
several orders of magnitude higher (7 nM cyclophilin vs 0.234
mM chymotrypsin'®). Thus, the rate of degradation of CypD

in the original setup would be more rapid, and CypD would
likely degrade as soon as the first seconds of the assay.

Software predictions of protease activity of chymotrypsin
that seemed to be in accordance with experimental evaluation
were used for other Cyps and PPlases (Table S1). Kofron’s
assay was likely inappropriate for determining their activity.

The aim of our study was to introduce a novel, simple in
vitro assay that could be used for the determination of CypD
enzymatic activity. Because CypD is predicted to play rate-
limiting roles in the isomerization of peptidyl—proline bonds in
protein folding, an in vitro assay from this area was considered.
Several different model proteins have been used to determine
PPlase activity in protein folding in vitro, e.g,, RNase T1,2273!
dihydrofolate reductase,’>** arginine kinase,”* and carbonic
anhydrase.”>*° In this study, RNase T1 was selected because it
is a relatively small protein with 104 residues containing four
prolyl—peptide bonds, two of which (bonds preceding Pro39
and ProSS) are in the cis conformation in its native form
(Figure S1).>” Moreover, in the proximity of the aforemen-
tioned cis prolyl—peptide bonds, RNase T1 contains Trp
(Trps9), which can be used to monitor the assay’>*"*”** and
is commercially available.

The first test of CypD refolding activity was inspired by Bose
et al;*’ i.e, 100 #M RNase T1 was unfolded in 8 M urea and
refolded by dilution in the presence or absence of 25 nM
human CypD (Figure 3A). Human CypD was found to
accelerate the refolding of RNase T1 in comparison with
spontaneous processes. To the best of our knowledge, the
activity of human CypD in the refolding of RNase T1 in vitro is
described here for the first time. The used concentration of
RNase T1 is quite high for routine assays, so different
concentrations of RNase T1 in the presence of 25 nM CypD
were tested. It was necessary to balance between low RNase
T1 concentrations and sufficient differences in the time change
of fluorescence between the catalyzed and spontaneous
refolding of RNase T1 due to the intended use of this method
in CypD inhibitor testing. Thus, 50 M RNase T1 was selected
as a reasonable compromise (Figure 3B).

The concentration of CypD in the reaction mixture was also
optimized (Figure 4B) because higher concentrations of CypD
were associated with faster refolding. The 25 nM concentration
of CypD was selected as optimal because only the linear part of
the curve was used to evaluate CypD refolding activity (Table
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Figure 3. (A) Initial test of refolding 100 M RNase T1 in the absence or presence of human CypD. (B) Dependence of the fluorescence signal
corresponding to folding activity on the concentration of RNase T1 in the absence or presence of 25 nM human CypD.
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The emission spectra of folded and unfolded RNase T1 were FLE S
studied to monitor the refolding reaction. In both cases (i.e., Q@t@@ S
when the reaction was spontaneous or catalyzed by CypD), e
unfolded RNase T1 (at an emission maximum of 350 nm) in 8 Figure 7. Melting temperatures (T,) for recombinant human CypD
M urea refolded to the folded state (at an emission maximum in the presence of different buffers. Values are given as means + the
of 325 nm). However, the refolding of RNase T1 was standard deviation from three experiments.

approximately 8 times faster in the presence of CypD (Figure
SA) than in buffer alone (Figure SB). The contribution of the the high content of His in the SlyD sequence. To avoid this

intrinsic fluorescence of CypD was negligible. issue, an extra washing step was added to the purification

A similar folding activity has been previously described for protocol to further reduce the level of binding of low-affinity
yeast mitochondrial cyclophilin Cpr3.”**" In this case, Scholz proteins to Ni-NTA. Moreover, SlyD belongs to FKBPs not
et al.’*>* reported that expression in a bacterial system may inhibited by CsA. However, in our experiment, CypD refolding
lead to contamination of pure His-tagged Cpr3 with bacterial activity was inhibited by CsA (Figure 6). Altogether, we can

protein SlyD, which possesses a high PPIase activity because of conclude that human CypD could catalyze refolding of RNase
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Figure 8. Half-inhibition concentrations (ICs,) for (A) CsA, (B) compound JC-9,'* and (C) compound 4" for the RNase T1 refolding assay
catalyzed by human CypD. Values are given as means + the standard deviation for three or four experiments.

T1 in vitro, and such activity is inhibited by the well-known
Cyp inhibitor CsA (Figure 6).

Human CypD is very sensitive to the environment and
handling. For this reason, a suitable buffer for CypD was
determined by differential scanning fluorimetry (DSFE).*"*
General buffers used for biochemical purposes were tested at
pH 8.0 because CypD is an enzyme physiologically localized in
the mitochondrial matrix at higher pH values.* CypD stability
was determined using T,, values (Figure 7); an increased Tj,
corresponded to better stability. CypD was generally found to
be less stable in phosphate buffers than in Tris or HEPES. The
influence of salt on CypD stability was also tested (Figure 7)
because Kofron’s assay uses a buffer with 100 mM NaCL
Surprisingly, NaCl was shown to be a destabilizing agent in all
tested buffers. Decreased CypD activity in the presence of
NaCl was also observed during the optimization of the
refolding assay (data not shown).

The 20 mM Tris buffer (pH 8.0) was selected as the optimal
buffer for the refolding assay. With the addition of 30% (v/v)
glycerol, this buffer proved to be suitable for short-term storage
(approximately months) at approximately 1 mg/mL. For long-
term storage (approximately one year), the presence of 150
mM NaCl was found to be favorable for preserving refolding
activity. CypD was also sensitive to dilution; it was necessary to
dilute it gradually (see Materials and Methods) to maintain
stability for at least 180 min on ice. Such a time span was
sufficient for screening the inhibition ability of several
compounds or for determining half-inhibition concentration
(ICsy) of CypD inhibitors even if the measurement was carried
out in cuvettes.

As shown in Figure 6, CsA could inhibit CypD refolding
activity at a concentration of 2 uM. The half-inhibition
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concentration (ICsy) of CsA was determined in an RNase T1
refolding assay catalyzed by CypD (Figure 8A). Although it is
not possible to directly compare ICy, values among diverse
studies and methods, data determined in this study for CypD
and CsA in the refolding assay (ICsy ~ 23 nM) corresponded
well with previous results (approximately nanomolar IC, or
K).'"*"> The refolding assay was also tested with weaker
inhibitors of CypD. Two structurally different inhibitors
(approximately micromolar ICg,, K;, and K;) from Valasani
et al."* (compound JC-9) and Shore et al.'® (compound 4)
were utilized. The results obtained in our study (ICg, = 1-10
uM) again corresponded well with the published data (Figure
8B,C), demonstrating that the RNase T1 refolding assay could
be widely applicable for studying diverse CypD inhibitors.

A possible drawback of the refolding assay lies is its
dependence on measurements in cuvettes. If a reaction is rapid,
it could be difficult to convert the assay to a high-throughput
screening format. However, it is possible to adapt the assay
with a simple high-throughput screening method that captures
the interaction of the compound or ligand with the target
protein. As such, DSF has been used in similar applications and
could be an option here.**™** In any case, the introduction of
an in vitro protein refolding assay catalyzed by CypD opens
new opportunities for CypD studies and helps reveal the role
of CypD in the cell and its involvement in the development of
Alzheimer’s disease or ischemia/reperfusion injury.

B CONCLUSION

CypD is a novel molecular target for the treatment of diseases
associated with mPTP opening. One research direction
involving CypD focuses on the search for new potent and
selective inhibitors. However, currently available methods for
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determining CypD activity based on the standard Kofron’s
assay are inappropriate for many reasons, including the
degradation of CypD by the indicator enzyme chymotrypsin.
This paper introduced a completely novel in vitro approach for
determining CypD activity using the RNase T1 refolding assay.
It is a very simple method using unfolded model proteins; such
a reaction better simulates probable CypD physiological
functions in the cell than Kofron’s assay with peptide
substrates. This method improves the investigation of novel
CypD inhibitors (optimally in tandem with a high-throughput
screening method) in drug research and development and
presents new possibilities for investigating CypD pathological
and physiological functions in the cell.
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1. Prediction of protease activity of chymotrypsin

Table S1. Prediction of protease activity of chymotrypsin toward different human

cyclophilins and other PPlases (previously measured by Kofron assay) by Peptide cutter.

Peptide cutter
Number of cleavage sites Position of cleavage site
CypA 20 7,8, 22,25, 36, 46, 48, 53, 60, 67,
79, 83, 88, 112, 113, 121, 129, 145,
170, 174
cypB 21 23,24, 47, 48, 62, 65, 76, 86, 88, 93,

100, 107, 119, 128, 133, 137, 152,
153, 161, 169, 211,

cypC 20 22,29, 41, 42, 59, 70, 80, 82, 87, 94,
113, 122, 127, 131, 146, 147, 155,
163, 205, 212
cypD cytosolic 26 19, 20, 37, 48, 68, 73, 80, 87, 99,

103, 108, 110, 132, 133, 149, 233,
234, 239, 246, 252, 289, 311, 317,
323, 365, 369
cypE 26 9, 26, 29, 41, 49, 51, 54, 73, 96, 101,
105, 143, 172, 182, 184, 189, 196,
203, 215, 219, 224, 248, 249, 257,

265, 300
pinl 13 11, 23, 24, 25, 34, 73, 92, 103, 110,
125, 134, 139, 151
FKBP12 8 27 37 47 49 60 81 83 100

S2



2. Raw data from RNaseT1 refolding assay

Table S2. Example of raw data from RNaseT1 refolding assay (Figure 4). Only linear part of

the graph (values marked in gray) was used for evaluation of CypD activity expressed as

AF/min.
0nM 25nM 0nM 25nM 0nM 25nM 0nM 25nM 0nM 25nM
cypD cypD cypD cypD cypD cypD cypD cypD cypD cypD

t(s) | F(268/325) | F(268/325) | t (9

F(268/325) | F(268/325) | t(s) | F(268/325) | F(268/325) | t(s) | F(268/325) | F(268/325) | t(s) | F(268/325) | F(268/325)

0,5 191,84 219,985 | 24,

&l

200,6262 368,5778 | 48,5 214,003 4052194 | 72,5 227,3796 412,9176 | 96,

g

239,3496 416,3344

1 192,6636 225,4074 25 200,8242 370,2112 49 214,294 405,7644 73 227,6882 412,7796 97 239,5754 416,2662
15 193,3552 230,7522 | 255 200,797 371,8972 | 49,5 214,3402 405,6202 | 735 228,0626 412,6768 | 97,5 240,0052 416,416
2 193,8214 235,6724 26 200,852 373,7574 50 214,4442 406,3902 74 228,3048 413,3732 98 240,5504 416,4758
25 193,9388 240,2242 | 26,5 201,1254 375,2056 | 50,5 214,408 406,51 | 745 228,3694 413,4552 | 98,5 240,8356 416,7778
3 194,0868 244,9506 27 201,254 376,6528 51 215,0046 406,941 75 228,7194 413,5686 99 241,2054 417,151

35 194,2714 249,3906 | 27,5 201,6554 378,1532 | 51,5 215,495 407,4748 | 75,5 229,266 413,589 | 995 241,5006 417,3314

4 194,4114 253,8602 28 201,9222 379,2274 52 215,9162 408,0004 76 229,391 413,3996 100 241,7656 417,421

4,5 194,187 258,6298 | 28,5 202,2316 380,1102 | 52,5 216,4386 407,766 | 76,5 229,8848 413,1484 | 100,5 241,9432 417,531

5 194,1074 263,295 29 202,5698 381,1042 53 216,8304 408,246 7 230,2202 413,1954 101 241,7734 417,4344

55 194,2184 267,6988 | 29,5 202,8 382,1836 | 53,5 216,7266 408,5528 | 77,5 230,44 412,971 | 1015 242,1158 417,0082

6 194,2908 271,9424 30 202,9094 383,3222 54 216,8566 408,4332 78 230,3946 413,2242 102 242,1418 417,2002

6,5 194,5844 276,2654 | 30,5 203,4396 384,2262 | 54,5 216,7594 408,7642 | 785 230,5672 413,1582 | 102,5 242,327 417,2682

7 195,1094 279,9394 31 203,737 385,4558 55 217,026 409,0988 79 230,6844 413,1248 103 242,5164 417,0318

75 195,3116 283,867 | 315 204,1206 386,6184 | 55,5 217,3276 409,016 | 79,5 231,0378 413,2332 | 103,5 243,1522 417,2232

8 195,3026 287,5814 32 204,1832 387,6796 56 217,5922 409,2212 80 231,3234 413,3626 104 243,4768 417,3028

85 195,1068 291,4352 | 32,5 204,5086 388,3384 | 56,5 217,9502 409,3994 | 80,5 231,8416 413,454 | 1045 244,1198 417,2746

9 195,0378 294,8008 33 204,51 389,347 57 218,3914 409,4938 81 232,1456 413,8294 105 244,4646 417,4114

9,5 195,0446 298,3278 | 335 204,8922 390,2384 | 57,5 218,4792 409,8434 | 81,5 232,4828 413,8126 | 105,5 244,573 417,3514

10 195,0688 301,6798 34 205,1338 391,0684 58 218,748 409,9042 82 232,583 413,9824 106 244,7824 417,4356

105 195,1598 304,7788 | 34,5 205,3848 391,8942 | 58,5 219,2612 410,2294 | 82,5 233,0186 414,3164 | 106,5 244,9814 417,5458

11 195,5194 307,839 35 205,5664 392,8462 59 219,541 410,3386 83 233,0598 414,5198 107 245,1536 417,8328

115 195,7286 311,2576 | 355 205,8306 393,5548 | 59,5 219,8406 410,5444 | 835 233,2902 414,5824 | 107,5 245,13 418,0096

12 195,739 314,5364 36 205,9216 394,1132 60 220,3424 410,675 84 233,4856 414,907 108 245,5134 418,154

125 195,8948 317,2734 | 36,5 206,3182 394,7738 | 60,5 220,8986 411,0262 | 84,5 233,7492 414,8948 | 108,5 245,9174 418,1462

13 196,2616 320,3398 37 206,5936 395,4786 61 221,2116 411,4678 85 233,6996 415,1896 109 246,1534 418,239
135 196,5936 323,1704 | 37,5 206,8944 395,889 | 61,5 221,3814 4118498 | 855 233,6736 414,9448 | 109,5 246,2472 417,6946
14 196,8144 325,6624 38 207,3532 396,332 62 221,6586 411,8614 86 233,9546 415,0414 110 246,6696 417,3502

145 197,0346 328,0598 | 38,5 207,5414 397,0714 | 62,5 221,7914 411,7858 | 86,5 234,1496 415,195 | 1105 247,2702 417,3986

15 197,2016 330,9136 39 207,499 397,5606 63 221,8244 411,7082 87 234,62 415,3302 111 247,3664 417,6006

155 197,1506 333,6992 | 39,5 207,8068 398,1958 | 63,5 221,8986 4115706 | 87,5 235,0744 4149972 | 111,5 247,6722 417,603

16 197,3016 336,4744 40 207,9858 398,7116 6:

=

222,073 411,686 88 235,8612 415,0754 112 248,0846 417,5492
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16,5 197,638 339,1814 | 40,5 208,2482 399,4564 | 64,5 222,3334 411,716 | 885 236,115 4151434 | 112,5 248,5926 417,6912
17 197,737 341,5782 41 208,65 400,0972 65 222,5954 412,0084 89 236,0398 415,2024 113 248,2326 418,0506
175 197,97 | 343,8568 | 415 208,7434 400,6358 | 65,5 | 222,9202 | 4122198 | 89,5 | 236,0374 | 4153424 | 113,5 | 248,4678 418,0044
18 198,21 345843 | 42 209,2784 400,834 | 66 | 2232882 | 412,4806 90 | 236,1388 41564 | 114 248,694 418,0542
18,5 198,2808 347,7548 | 42,5 209,7394 401,3562 | 66,5 223,6268 412,3498 | 90,5 236,3044 415,765 | 1145 248,7554 418,437
19 | 198,2016 | 3495772 | 43 209,906 401,6828 | 67 223,926 412,49 91 | 2365678 | 4158186 | 115 | 248,5912 418,2276
19,5 198,355 | 351,6094 | 43,5 210,2442 402,0254 | 67,5 | 224,2816 412,461 | 91,5 | 237,2648 | 4158616 | 1155 | 248,8862 417,473
20 198,5858 353,5232 44 210,7698 402,4534 68 224,4196 412,7334 92 237,6774 415,9562 116 249,1096 416,7644
20,5 198,7082 355,46 | 44,5 210,7916 402,8426 | 68,5 224,6338 412,6184 | 92,5 238,054 416,1038 | 116,5 249,3748 415,877
21 198,7914 357,4732 45 211,3282 403,214 69 225,0818 412,8656 93 237,984 416,5126 117 249,7346 415,714
21,5 198,9838 359,0232 | 455 211,518 403,525 | 69,5 225,3218 412,902 | 935 238,1034 416,679 | 1175 249,9594 416,0388
22 199,3444 360,9878 46 211,8084 403,6424 70 225,3866 413,199 94 238,329 416,7062 118 250,342 416,8746
22,5 199,4584 362,6436 | 46,5 212,2622 403,6824 | 70,5 225,8332 413,2886 | 94,5 238,5442 416,6884 | 118,5 250,6044 417,45
23 199,857 364,2908 47 213,0252 404,3906 71 226,292 413,4962 95 238,5962 416,4666 119 250,6134 418,3486
23,5 200,1492 365,3828 | 47,5 213,1338 404,5562 | 71,5 226,419 413,0956 | 95,5 238,85 416,4368
24 | 200,2402 367,263 | 48 213,7798 404,9732 | 72| 226,8968 | 413,0966 96 239,289 |  416,1826
0nM 25nM
cypD cypD
AF(17,5-2,5) 4,03 103,63
CypD activity
(AF/s) 6,64
CypD activity
(AF/min) 398,41
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3. RNase T1 from Aspergillus oryzae

Figure S1. RNase T1 from Aspergillus oryzae (PDB: 1BU4) with displayed all proline
residues (Pro39, Pro55, Pro60, Pro73). Peptide bonds preceding Pro39 and Pro55 (cyan) are
in cis conformation, Trp59 (green) is in close proximity to these Pro and its fluorescence is

used for monitoring of folding reaction.
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4. Chemical synthesis of used CypD inhibitors

General chemistry

Solvents and reagents were purchased from Fluka and Sigma-Aldrich (Czech Republic) and
used without further purification. Reactions were monitored by thin layer chromatography
performed on aluminium sheets pre-coated with silica gel 60 F254 (Merck, Czech Republic)
and detected under 254 nm UV light. Column chromatography was performed on a silica gel
60 column (230 mesh). Melting points were measured by using a Stuart SMP30 melting point

apparatus (Bibby Scientific Limited, Staffordshire, UK) and were uncorrected.

NMR spectra were recorded at Varian S500 spectrometer (1H 500 MHz and 13C 126 MHz,
Palo Alto CA, USA). In all cases, the chemical shift values were reported in ppm (9) relative to
residual solvent peak for dimethylsulfoxide-d6 (6 2.50 and & 39.52 for 1H and 13C

respectively).

LC-MS was determined using Agilent Infinity 11 1290 UHPLC system with Agilent 6470 QqQ
mass spectrometer (Agilent Technologies, Santa Clara, USA). Chromatographic separation was
performed on Zorbax Eclipse C18 column (50 x 2.1 mm, 1.8 um) with 0.1% formic acid in
ultra-pure water as mobile phase A and 0.1% formic acid in acetonitrile as mobile phase B. MS
conditions were as follows: gas temp 300 °C, gas flow 8 I/min, nebulizer 35 psi, sheat gas temp
380 °C, sheat gas flow 11 L/min, capillary 3500 V, nozzle voltage 0 V. Positive and negative

ions were monitored in the range of 50 — 800 m/z. The purity of final products was >95%.
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Chemical synthesis and product characterization
Compound JC-9

2-(3-Cyano-4-isobutoxyphenyl)-4-methyl-N-(4-sulfamoylphenyl)thiazole-5-carboxamide

To a solution of 2-(3-cyano-4-isobutoxyphenyl)-4-methylthiazole-5-carboxylic acid (0.5 g,
1.58 mmol) in anhydrous toluene (10 mL) containing catalytic amount of DMF was added
dropwise thionyl chloride (115 pl, 1.58 mmol) and the resulting mixture was stirred at room
temperature for 30 min and afterwards at 90 °C for 3 h. The reaction mixture was then slowly
cooled to room temperature and concentrated to give acyl chloride intermediate as white
residue. This residue was dissolved in acetonitrile and an equimolar amount of 4-
aminobenzenesulfonamide (0.27 g, 1.58 mmol) was added. This solution was stirred for 4 h at
75 °C to give impure solid. This solid that was separated by filtration, washed with acetonitrile,

ice-cold water, and then recrystallized from ethanol (25 mL) to give pure compound 2.

Yield 57%; mp: 285-286 °C; 1H NMR (500 MHz, DMSO-d6) & (ppm) 10.55 (s, 1H), 8.28 (d,
J=23Hz, 1H), 8.22 (dd, J = 8.9, 2.4 Hz, 1H), 7.95 — 7.73 (m, 4H), 7.39 (d, J = 9.1 Hz, 1H),
7.29 (s, 2H), 4.01 (d, J = 6.5 Hz, 2H), 2.65 (s, 3H), 2.09 (dd, J = 12.9, 6.2 Hz, 1H), 1.02 (d, J =

6.7 Hz, 6H); 13C NMR (126 MHz, DMSO-d6) & (ppm) 164.46, 161.94, 160.03, 156.25, 141.50,

S7



139.13, 132.88, 131.31, 126.58, 125.88, 125.32, 119.90, 115.36, 113.98, 101.62, 75.13, 27.57,

18.69, 17.16: ESI-MS: m/z 471.1 [M+H]" (calc. for C22H22N404S2: 471.1 [M+H]").

Intermediate S1 in synthesis of compound 4

Ethyl 2-(3-(4-(tert-butoxycarbonylamino)benzyl)ureido)acetate (S1)

NH, H H\)CJ)\
e o™ Hou ©
o. (o] N\“/N\)J\o/\
+ CN/\H/O\/ - . . o)
NH o]
Y OY NH S1 compound 4

X° X NH,

Ethyl isocyanatoacetate (252 pl, 2.25 mmol) was dissolved in THF (6 mL), then 4-(tert-
butoxycarbonylamino)benzylamine (500 mg, 2.25 mmol) was added in one portion and the
reaction mixture was stirred for 2 h at room temperature. The reaction mixture was concentrated
and purified by precipitation in diethyl ether, yielding intermediate S1 (690 mg, 88%) as a white

solid.

1H NMR (500 MHz, DMSO-d6) § (ppm) 9.25 (br s, 1H), 7.37 (d, ] = 8.3 Hz, 2H), 7.12 (d, J =
8.5 Hz, 2H), 6.56 (t, J = 6.0 Hz, 1H), 6.23 (t, J = 6.1 Hz, 1H), 4.12 (d, J = 5.9 Hz, 2H), 4.08 (g,

J=7.1Hz, 2H), 3.77 (d, J = 6.0 Hz, 2H), 1.46 (5, 9H), 1.19 (t, J = 7.1 Hz, 3H).
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Compound 4
Ethyl 2-(3-(4-aminobenzyl)ureido)acetate

N-boc protected intermediate S1 (350 mg, 0.99 mmol) was dissolved in 1.75 mL of
dichloromethane, then 1.75 mL of trifluoroacetic acid (TFA) was added and the reaction
mixture was stirred for 1 h at room temperature. Then the reaction mixture was concentrated
and the crude product purified by precipitation using ethyl acetate/ hexane to yield the
deprotected amine in form of TFA salt as a yellow solid. The TFA salt was quenched with 10%
aq. NaHCO3 solution and the product in form of free amine was extracted into ethyl acetate
(4%x20 mL). The combined organic layers were dried over Na>SOg, filtered and concentrated to

yield the product (186 mg, 74%) as a yellow solid.

Yield 74%; mp: 158-160 °C; 1H NMR (500 MHz, DMSO0-d6) & (ppm) 6.90 (d, J = 8.2 Hz,
2H), 6.50 (d, J = 8.4 Hz, 2H), 6.40 (t, J = 5.8 Hz, 1H), 6.17 (t, J = 6.1 Hz, 1H), 4.92 (s, 2H),
4.08 (g, J = 7.1 Hz, 2H), 4.01 (d, J = 5.7 Hz, 2H), 3.77 (d, J = 6.0 Hz, 2H), 1.19 (t, J = 7.1 Hz,
3H); 13C NMR (126 MHz, DMSO-d6) & (ppm) 171.21, 157.86, 147.36, 128.05, 127.35,
113.68, 60.15, 42.73, 41.55, 14.11; ESI-MS: m/z 252.2 [M+H]" (calc. for C12H17N30s: 252.1

[M+H]").
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ARTICLE INFO ABSTRACT

Keywords: 17p-hydroxysteroid dehydrogenase type 10 (17p-HSD10) is a multifunctional mitochondrial enzyme and puta-
Amyloid-binding alcohol dehydrogenase tive drug target for the treatment of various pathologies including Alzheimer’s disease or some types of hormone-
(ABAD)

dependent cancer. In this study, a series of new benzothiazolylurea-based inhibitors were developed based on the
structure-activity relationship (SAR) study of previously published compounds and predictions of their physico-
chemical properties. This led to the identification of several submicromolar inhibitors (ICso ~0.3 pM), the most
potent compounds within the benzothiazolylurea class known to date. The positive interaction with 173-HSD10
was further confirmed by differential scanning fluorimetry and the best molecules were found to be cell pene-
trable. In addition, the best compounds weren’t found to have additional effects for mitochondrial off-targets and
cytotoxic or neurotoxic effects. The two most potent inhibitors 9 and 11 were selected for in vivo pharmacoki-
netic study after intravenous and peroral administration. Although the pharmacokinetic results were not fully
conclusive, it seemed that compound 9 was bioavailable after peroral administration and could penetrate into the
brain (brain-plasma ratio 0.56).

Alzheimer’s disease

17p-hydroxysteroid dehydrogenase type 10
(17p-HSD10)

Enzyme inhibition

Pharmacokinetics

1. Introduction treatment strategy for Alzheimer’s disease (AD) and hormone-

dependent cancer [1].

17p-hydroxysteroid dehydrogenase type 10 (17p-HSD10), also
formerly termed amyloid-binding alcohol dehydrogenase (ABAD), is an
oxidoreductase enzyme located in the mitochondrial matrix. It can ca-
talyse the turnover of numerous substrates, especially steroids and
neurosteroids. Besides its catalytic activity, it also acts as a structural
component of RNase P. Thus, it is involved in many physiological
functions. 178-HSD10 plays an important role in the development of
several human diseases and its inhibition is considered a potential

The development of AD is connected with an elevated level of am-
yloid-f peptide (Af), tauopathy, and mitochondrial dysfunction in the
brain [2]. There are several putative mechanisms of AP toxicity to
neuronal cells [3]. One of the theories focuses on the detrimental effects
of AB on mitochondrial functions via interaction with mitochondrial
proteins. Among other mitochondrial targets, Ap is known to interact
with 178-HSD10, which compromises its function and contributes to
mitochondrial dysfunction seen in AD. Blocking the interaction of
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17p-HSD10 with AB or inhibition of 17p-HSD10 enzymatic function
suppresses Af toxicity and ameliorates mitochondrial dysfunction, and
thus presents a potential AD treatment strategy [1,4,5].

Due to its important role in steroid metabolism, 17p-HSD10 is
implicated in some cancer types. In prostate cancer, 178-HSD10 enables
steroid synthesis, catalysing the alternative synthesis pathway of
androgen by generating dihydrotestosterone (DHT) in the absence of
testosterone [6,7]. It was also suggested that 173-HSD10 overexpression
supports cancer growth and makes the cancer cells more resistant to
oxidative stress [8,9]. Based on these findings, inhibition of 17p-HSD10
could be considered a potential treatment strategy for cancer [1,7].

There is only a limited number of 173-HSD10 inhibitors known to
date. Based on their structure, the inhibitors can be sorted into three
main classes, i.e., pyrazoles [10,11], steroids [7,12,13], and benzo-
thiazolylureas. Benzothiazolylureas and their analogues are the largest
class of 17p-HSD10 inhibitors and their development was described in a
number of studies [14-22]. The most potent benzothiazolylurea in-
hibitors known to date (1-5) have ICsq values ~1 pM (Fig. 1) [21,22].

The intention of this study was to design and develop new benzo-
thiazolylurea inhibitors with improved activity and/or physico-
chemical properties that would be suitable for in vivo experiments.

2. Results and discussion
2.1. Structural design

Formerly, our research group has published several articles on the
development of 1-benzothiazolyl-3-phenylurea 173-HSD10 inhibitors
[17-22]. SAR analysis of previous results highlighted several key
structural motifs important for inhibition activity. Firstly, the 3-halo-
gen-4-hydroxy substitution pattern on phenyl moiety was crucial for
potent enzyme inhibition [17,18,21,22]. It seems that halogens, with
their electron-withdrawing inductive (-I) effect, could increase the
acidity and/or hydrogen bond donor (HBD) capacity of the neighbour-
ing hydroxyl group, which resulted in improved binding and inhibition.
However, electron-withdrawing groups with negative mesomeric (-M)
effect (e.g., carboxyl, carbonyl) were not tolerated except for the nitrile
group. This could be due to their ability to create an intramolecular
hydrogen bond with the neighbouring hydroxyl group while creating a
6-membered ring. This would result in a decreased acidity/HBD capa-
bility of the neighbouring hydroxyl, which consequently manifested in
the lower activity of the corresponding inhibitor. In contrast, the nitrile
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group (-M effect) possess linear geometry, thus could not form a
hydrogen bond with the neighbouring hydroxyl. To further probe this
theory, we decided to prepare compounds 6 and 7 (Fig. 2A) substituted
with strongly electron-withdrawing trifluoromethyl group (-I effect) and
nitro group (-M effect, the potential for intramolecular H-bonding),
respectively.

Secondly, the substitution in position 6 of benzothiazolyl moiety
affected the inhibition potency. The best-known inhibitors bear either a
larger HBA group (ethoxy in compound 2, methanesulfonyl in 3) or a
small HBD group (hydroxyl in 4 and primary amine in 5) [21,22].
Therefore, we decided to prepare a series of compounds containing
larger substituents with combined HBA/HBD properties (Fig. 2B).
Further, the synthetic precursor of compound 11 (ester 10) was also
isolated and evaluated. To assess the importance of HBD properties, we
prepared N-methylated analogues of 5 and 12 devoid of HBD character
(compounds 8 and 13, respectively; Fig. 2B).

The ability to pass cell membranes is a necessary pre-requisite for
drugs acting via intracellular effectors (e.g., 178-HSD10). The ability to
pass cell membranes (via passive diffusion) can be assessed by in silico
predictions of their physico-chemical properties. Even more strict
physico-chemical criteria are required from CNS-targeted drugs that
need to pass blood-brain barrier (BBB) to exert their effect in the brain
[23,24]. Thus, we have calculated the physico-chemical properties [25]
of the designed compounds and used the CNS multiparameter optimi-
zation (MPO) developed by Wager et al. [23] to predict and compare the
likeliness of BBB-permeation. As can be seen, the benzothiazolylureas
have rather suboptimal physico-chemical properties with the exception
of compounds 7 and 12 (Table 1).

To address this issue, we have designed compounds with urea linker
replaced by two- or three-membered aliphatic linker (compounds 15,
17, and 18; Fig. 2C) and benzothiazolyl moiety replaced by isosteric
benzoxazole or indole heterocycles (compounds 19 and 20; Fig. 2C).
Further, two imine precursors, 14 and 16, were also isolated and eval-
uated (Fig. 2C). All the “non-urea” compounds, with the exception of 15
(MPO = 3.9), comply with the MPO score for CNS bioavailable drugs
(MPO >4; Table 1). In addition, solubility is another important physico-
chemical parameter predictive for BBB penetration, with most CNS
drugs having aqueous solubility at pH 7.4 higher than 100 pmol/L [24].
The previously published urea inhibitors showed, in some cases, low
solubility, which hampered theirs in vitro assessment [18]. Therefore, we
have accounted for solubility when designing the non-urea compounds.
As seen in Table 1, compounds 17-20 have improved ClogS; 4 values

S—NH
R S )—NH
R2
OH
Compound R! R? IC;, (M)
1 OMe Br 1.3
2 OEt Cl 1.6
3 SO,Me Cl 0.9
4 OH Cl 1.2
5 NH, Cl 1.6

Fig. 1. The most potent benzothiazolylurea 178-HSD10 inhibitors discovered to date (1-5).
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Compound R?
o) 6 -CF,
R’ 7 -NO,
OH
f B Compound R? \
N 8 -N(Me)
/©: \>_NH 9 NHA ’
-NHAc
R2 S NH
o 10 -COOEt
cl 11 -COOH
12 -CONH,
OH 13 -CON(Me),

N 7 OH
Y—N
-
o S o]

N OH
~ S
~o S cl

HN

Cl

OH

Fig. 2. Prepared compounds could be divided into three series. A) Compounds 6 and 7 with halogen in position 3 of phenyl moiety replaced with alternative
electron-withdrawing groups. B) Compounds 8-13 with different substitutions in position 6 of benzothiazolyl moiety. C) Compounds 14-20 with non-urea linkers.

compared to urea compounds (with the exception of likely highly sol-
uble compound 11).

2.2. Synthesis

Compounds containing urea linker in their structure were generally
prepared via a two-step synthesis. Firstly, the corresponding
benzothiazole-2-amine was treated with 1,1’-carbonyldiimidazole to
form an imidazolyl intermediate, which was then treated with the cor-
responding aniline derivative to yield the 1,3-disubstituted urea as a
final product. Final product 11 substituted in position 6 of benzothiazole
with carboxyl group was prepared via basic hydrolysis of ethyl ester 10
(Fig. 3).

In several cases, the required 2-aminobenzothiazole and 4-

aminophenol precursors were not commercially available, thus, they
were synthesized. 4-amino-2-(trifluoromethyl)phenol (25a) was pre-
pared by de-methylation of 4-methoxy-3-(trifluoromethyl)aniline using
hydrobromic acid (Fig. 3). Benzothiazole-2-amines substituted in posi-
tion 6 with acetamide (22b) or dimethylcarboxamide group (22g) were
prepared from corresponding para-substituted anilines in reaction with
potassium thiocyanate and tetramethylammonium dichloroiodate(I)
(Fig. 3).

However, using above-mentioned process didn’t yield desired N® N°-
dimethylbenzo[d]thiazole-2,6-diamine (30). Therefore, it was prepared
from 6-nitrobenzo[d]thiazole-2-amine via 4-step synthesis (Fig. 4).
Firstly, the amine group of 6-nitrobenzo[d]thiazole-2-amine was pro-
tected with di-tert-butyl dicarbonate. Secondly, the nitro group was
reduced with Pd/C catalysed hydrogenation. Consequently, the 6-amine
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Table 1

Calculated physico-chemical properties of new inhibitors. MPO score >4 indicates that the compound is likely to be CNS bioavailable.
Compound ClogP ClogD TPSA MW HBD pPKa MPO ClogS7.4
optimal score <3 <2 40-90 <360 <0.5 <8 4-6 > (-4
6 3.92 3.57 111.72 383.35 3 2.31 3.0 —4.86
7 2.97 1.97 157.54 360.35 3 2.22 4.2 —4.13
8 3.90 3.74 105.73 362.83 3 3.6 3.3 —4.86
9 2.82 2.29 131.59 376.82 4 1.72 3.7 —4.06
10 4.18 2.95 128.79 391.83 3 0.38 2.9 -3.95
11 3.44 -0.16 139.79 363.78 4 0.38 3.8 -1.36
12 2.36 1.27 145.58 362.79 5 0.52 4.0 —3.43
13 2.79 1.67 122.80 390.84 3 0.69 39 —3.98
14 4.35 4.32 73.72 288.75 1 1.79 4.2 —4.86
15 4.17 4.16 73.39 290.77 2 2.94 3.9 —4.55
16 4.02 3.36 82.95 318.78 1 3.91 4.6 -3.77
17 3.90 3.84 82.62 320.79 2 3.83 4.1 —4.72
18 3.61 3.58 73.39 304.80 2 5.46 4.4 —2.87
19 3.06 3.02 58.29 288.73 2 6.33 5.0 —2.88
20 3.67 1.71 48.05 286.76 3 9.24 4.2 —-1.63

Notes: In silico predictions of physico-chemical properties using ACS Percepta software. The multiparameter optimization (MPO) scoring function is based on six
fundamental physico-chemical parameters — calculated partition coefficient (ClogP); calculated distribution coefficient at pH 7.4 (ClogD); molecular weight (MW);
topological polar surface area (TPSA); number of HBD; most basic centre (pK,). All properties are weighted equally, with a desirability score ranging from 0.0 to 1.0
and therefore a total CNS MPO desirability score ranges from 0.0 to 6.0. The MPO score for CNS available drugs is > 4. Further, aqueous solubility at pH 7.4 was
predicted (ClogS;.4).

H,N 24
21 NH, 21a:R'=NHAc
21b: R'= CON(Me), CF;
R1
O_
a c
N
22 23 H,N 25 S—NH
\ R1 S NH
\>_N b == S%N;— N/QN * R? —>d 0%
R’ s R A 6-10 R
OH 12,13
OH
22a: R'= OMe 23a: R'= OMe 25a: R2= CF, o
22b: R'= N(Me), 23b: R'= N(Me), 25b: R?= NO,
22¢: R'= NHAC 23c: R'= NHAC 25¢: R?=Cl N
22d: R'= COOEt 23d: R'= COOEt S—NH
22e: R'= COOH 23e: R'= COOH HO s°  )—NH
22f: R'= CONH, 23f: R'= CONH, o) o
22g: R'= CON(Me), 23g: R'= CON(Me), 11 Cl
OH

Fig. 3. General method for synthesis of 1-(benzo[d]thiazol-2-y]1)-3-phenylurea derivatives 6-13. Reagents and conditions: (a) KSCN, tetramethylammonium
dichloroiodate(I), DMSO/H-0, RT — 70 °C; (b) CDI, DCM, RT; (c) HBr, acetic acid, reflux; (d) MeCN, reflux; (¢) NaOH, H,O/MeOH, 50 °C.

26 N 27 N 28 N 29 N 30 N
D 2
@ S—NH, 2 o /@: S—N(Boc), — L m /@: S—N(Boc), % __ /E:[S?—N(Boc)z d, /@J—NHZ
O:N s O,N s HoN g N >SN

Fig. 4. Synthesis of N6,N6-dimethylbenzo[d]thiazole-2,6—diamine (30). Reagents and conditions: (a) (Boc),0, DMAP, THF, RT; (b) Pd/C, H,, EtOH, RT; (c) methyl
iodide, K,CO3, DMF, RT; (d) 4 M HCI, dioxane, RT.

group was di-methylated with methyl iodide, and finally, N-Boc acidic Benzothiazole derivative with three-membered aliphatic linker (18)
deprotection yielded N° N°-dimethylbenzo[d]thiazole-2,6-diamine. was prepared in two steps via nucleophilic substitution from 2-(bro-

Inhibitors with two-membered aliphatic linker (15, 17) were pre- momethyl)benzo[d]thiazole and (3-chloro-4-methoxyphenyl)methan-
pared from corresponding aldehyde and amine starting materials via amine and by consequent de-methylation of methoxy group from the
reductive amination. Imine intermediates 14 and 16 were also isolated resulting intermediate (Fig. 6). The corresponding benzoxazole deriva-
and evaluated (Fig. 5). tive (19) was prepared in three steps (Fig. 6). First, 2-aminophenol was
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Fig. 5. Synthesis of inhibitors with two-atom linkers. Reagents and conditions: (a) toluene, reflux; (b) Pd/C, MeOH, RT; (c) NaBH4, MeOH, RT.
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Fig. 6. Synthesis of inhibitors with three-atom aliphatic linkers (18-20). Reagents and conditions: (a) DIEA, DCM, RT; (b) AlCls; DCE, 60 °C; (c¢) 2-chloroacetyl
chloride, Et3N, o-xylene, 145 °C; (d) DIEA, MeCN, 70 °C; (e;) MeOH, 0 °C - RT; (ez) NaBH3CN, MeOH, 0 °C - RT.

converted to 2-(chloromethyl)benzo[d]oxazole in reaction with 2-chlor-
oacetyl chloride. Then, 2-(chloromethyl)benzo[d]oxazole reacted with
4-(aminomethyl)-2-chlorophenol to obtain 1-(benzo[d]oxazol-2-yl)-N-

Table 2

Experimental physico-chemical properties of prepared compounds.

(3-chloro-4-methoxybenzyl)methanamine, which was consequently de- Compound logP logD PKa logS7.4
methylated to obtain final product 19. The corresponding indole de- 6 4.28 + 0.05 5.06 £ 0.24 11.23 £ 0.33 -4.48
rivative (20) was prepared in two steps. Reductive amination of 1H- 7 3.47 £0.01 3.44 £0.01 10.43 £0.14 —4.78
indole-2-carbaldehyde and (3-chloro-4-methoxyphenyl)methanamine 8 4.09.+0.03 4.08 +0.05 461 £0.11 —408
ielded th thoxv i diate th vd hviated 9 3.66 + 0.19 3.35 + 0.09 9.83 + 0.06 -4.55
yielde .t e methoxy 1nterq1e iate that was consequently de-methylate 10 458 & 0.02 4.64 & 0.02 0.26 + 0.18 _481
to obtain compound 20 (Fig. 6). 11 1.19 + 0.01 0.75 + 0.10 9.75 + 0.23 —4.36
The details of chemical synthesis are described in the Experimental 12 3.32+£0.05 3.34 £0.12 9.35 £ 0.05 -4.78
Section of the manuscript (Chapter 4). All final products were charac- 13 2.94£0.01 2.95£0.08 9.51 £0.15 —4.81
. 175 13 . 14 2.94 +0.03 2.73 + 0.06 9.14 + 0.14 —4.68
térlzed. by "H/"°C NMR and HRMS techniques (spectral data are pro- 15 3.77 £ 0.02 3.88 4 0.04 0.07 £ 0.04 469
vided in the Supporting Information). 16 3.79 £ 0.04 3.95 + 0.01 11.57 4 0.02 ~4.73
17 419 +0.03 417 +0.03 8.40 + 0.08 -4.73

18 4.03 + 0.05 4.04 + 0.01 8.79 + 0.14 -3.99

2.3. Experimental physico-chemical parameters 19 3.14 +0.06 3.19 £ 0.02 8.74 4 0.21 -3.38
20 2.84 +0.06 2.73 + 0.10 7.60 + 0.06 —3.39

To validate the predicted physico-chemical properties of prepared
compounds, we have measured the logP, logD, pK,, and logS; 4 values
(Table 2). The distribution coefficient of prepared compounds between
water — octanol (logP) and PBS buffer (pH 7.4) — octanol (logD) was
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determined by UHPLC-DAD-MS measurement of analyte concentration
in a particular solvent. The negative decimal logarithms of the dissoci-
ation constants (pK,) of prepared compounds were determined spec-
trophotometrically using buffers of given pH (range from 3.0 to 11.5
with 0.5-unit increment).

Generally, the in silico predictions of logP, logD, and logSy 4 corre-
lated plausibly with the experimental results, showing similar trends
when comparing the compounds. However, the experimental values
were generally shifted in a less-desired direction (i.e., higher logP and
logD, and lower logSy 4 values). The pK, (most basic center) measure-
ments were limited by the assay pH window 3-12, as most urea de-
rivatives were predicted to have pK, less than 3. Therefore, the
comparison was possible only for urea 8 and non-urea compounds
16-20. However, the predicted and experimental values did not corre-
late very well, showing the limitations in the prediction of pKj, for this
particular set of compounds. Taken together, the experimental mea-
surement of physico-chemical parameters confirmed that the non-urea
compounds generally had better “CNS drug-like” properties than their
urea counterparts and, thus, are more likely to penetrate the BBB.

2.4. Enzyme inhibition

The prepared compounds were initially screened for their inhibition
activity towards 17p-HSD10 at 10 uM concentration (Table 3). Com-
pounds that showed inhibition higher than 50% (i.e., residual activity
lower than 50% of uninhibited enzymatic reaction) were consequently
forwarded for 1 pM screening. Compounds that showed inhibition
higher than 40% at 1 uM (i.e., residual activity lower than 60%) were
consequently forwarded for ICsy measurement. K; values were calcu-
lated from ICs data using method by Cer et al. [26].

Table 3
Results of 17B-HSD10 inhibition screening, ICso measurements, and K;
calculations.

Compound  17B-HSD10 inhibition
10 pM p value® 1pM p value® 1Cso K"
screening screening (M)
Residual Residual (M)
activity activity
(%) (%)
control 100 £ 4.3 100 + 4.8
6 13.0+24 <0.0001 39.8+45 <0.0001 0.57 0.44
+
0.12
7 79.4 £2.8  0.0022
8 27.0+£1.4 <0.0001 62.7+80 0.0023
9 22.0 + 3.4 <0.0001 49.5 +9.9 0.0014 0.34 0.25
+
0.07
10 58.6 + 2.1 0.0001
11 175+ 4.0 <0.0001 50.0 + 0.0022 0.31 0.23
11.4 +
0.09
12 383+21 <0.0001 50.0+6.2 0.0004 0.84 0.65
+
0.18
13 31.0+21 <0.0001 70.0+ 0.013
11.2
14 68.7 + 4.0 0.0008
15 72.1 £4.8 0.0017
16 76.6 £2.9  0.0014
17 33.2+5.2 <0.0001 74.4 £ 9.0 0.0122
18 541+14  <0.0001
19 67.6 £5.0  0.001
20 73.8 £ 3.2 0.0011

Notes: All reactions were measured in triplicate, and the values are expressed as
mean + SD.

2 Versus control by Student’s t-test.

b Values calculated based on the models described in Cer et al. (2009) [26].
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Out of fifteen new compounds, four were found to be highly potent
inhibitors with submicromolar ICsg values (namely 6, 9, 11 and 12). The
most potent inhibitors 9 and 11 had ICsp of 0.34 pM and 0.31 pM,
respectively. Unfortunately, none of the non-urea compounds have been
found very active in the 10 pM screening except compound 16, which
advanced for the 1 pM screen, but it did not advance further for ICsg
measurement.

From the structure-activity point of view, we have identified or
verified several important features that affect inhibitory activity.
Replacement of chlorine in position 3 of phenyl moiety with tri-
fluoromethyl (compound 6) led to a significant increase in activity
compared to fluorinated and chlorinated analogues (presented in
Schmidt et al. [22]). Nitro-substituted analogue 7, on the other hand,
was found inactive. This complies with our theory that this position is
ideal for an electron-withdrawing substituent that, at the same time,
cannot create an intramolecular H-bond to neighbouring hydroxyl, so
that the hydroxyl stays available for H-bonding (as a H-bond donor) or
eventually salt-bridge interaction with the target enzyme. The other
three potent (submicromolar) inhibitors bear an HBD group at position 6
of benzothiazolyl moiety (acetamide 9, carboxyl 11, and amide 12),
while analogues devoid of HBD character (dimethylamine 8, ester 10,
and dimethylamide 13) were found less potent. Finally, replacing of the
urea linker with a two- or three-membered linker led to a decrease in
activity (analogic ureas presented in Schmidt et al. [22]).

2.5. Molecular docking

The molecular docking study was performed with two different
protein structures (PDB: 1E6W and 1U7T) and using two docking soft-
wares (AutoDock: Vina [27] and MOE [28]). The docking was per-
formed with all the prepared compounds, so that calculated binding
energies (Table 4) could be compared to experimental inhibition data.
Further, the inspection of ligands orientation within the active site and
their binding interactions with protein residues were studied. The key
findings were demonstrated for the most potent inhibitor out of each of
the three structural series (Fig. 2), i.e. compound 6 for class A, com-
pound 11 for class B and compound 17 for class C (Fig. 7). A 2D
depiction of individual ligands within the active site can be found in
Supporting Information (Figs. S1, S2, S3).

The best correlation between estimated binding energy and inhibi-
tion results was obtained for 1IE6W receptor using MOE (Table 4). In this
setup, the urea-linked compounds (6-13) performed better to non-urea
analogues. Similar trend, though less pronounced, was observed also for
MOE with 1U7T receptor. On the other hand, results from AutoDock:
Vina (AD: Vina) with either receptor did not pick up this trend.

Table 4
Calculated binding energies in various docking setups (receptor 1E6W or 1U7T;
docking software AD: Vina or MOE).

Compound Binding energy estimate [kcal/mol]

AD: Vina MOE

1U7T 1E6W 1U7T 1E6W
6 -7,3 —6,6 -6 7.1
7 -6,8 -5,9 -6,1 -7,2
8 —6,0 -1,9 —-6,1 -7
9 -6,3 -1,2 —6,6 7.1
10 -6,5 -1,6 -6,3 -7,6
11 -6,9 —-6,7 -6 -6,8
12 -6,5 -2,3 -5,8 -7,1
13 —6,4 0,4 -6,3 -7,6
14 —-6,1 —-5,6 -5 -5,9
15 —6,4 -7,0 -5,7 6,5
16 —6,4 -3,5 -5,6 —6,2
17 -6,7 -7,1 —-5,7 -6,8
18 —6,2 -7,5 -6 —6,4
19 -6,3 -7,4 -5,8 -7,1
20 —6,6 -7,8 -5,6 —6,6
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Fig. 7. Superimposition of the top-scoring binding modes of compounds with 6, 11 and 17 in 1IE6W (A, C) and 1U7T (B, D) as predicted by MOE (A, B) and AD: Vina
(C, D). Inhibitors 6 and 11 are shown in cyan, serine 155 residue along with inhibitor 17 are shown in green, other protein residues and NAD" cofactor are shown

in orange.

However, none of the docking setups could predict the differences in
inhibitor potency in regard to different substitutions of benzothiazolyl of
phenyl moieties. Resulting Gibbs binding energies from AD: Vina with
1U7T receptor correctly predicted compounds 6, 11 and 17 as the best
hits within their structural series, while they showed lower binding
energy values for other two highly active compounds 9 and 12.

The overall orientation of ligands within the binding site differed for
AD: Vina and MOE as depicted for the exemplary inhibitors 6, 11 and 17
(Fig. 7). In MOE (both receptors) the urea linked compounds 6 and 11
were oriented with their phenyl moiety facing inside, towards the NAD™
cofactor, while the benzothiazolyl moiety pointed towards entrance of
the active site. On the other hand, compound 17 with aliphatic linker
was oriented in opposite direction. This could possibly explain the better
docking score as well as experimental inhibition results of urea-linked
compounds (6-13) compared to non-urea analogues (14-20). In AD:
Vina (both receptors), however, the orientation of the three sample in-
hibitors did not show any regular pattern offering no particular expla-
nation for the experimental inhibition data.

Analysis of individual inhibitors and their interactions within the
active site showed highly variable results and did not show any partic-
ular interaction responsible for good binding affinity/inhibition. Despite
high variability of the ligand binding interactions, the docking results
showed recurrent involvement of residues GIn162, GInl65, Lys212,
Tyrl68 as well as Serl55, especially if lower-scoring ligand poses were
included in the analysis (see Figs. 7 and 8 and Supplementary Figs. S1,
$2, §3). GIn162 and Gln165 often showed van der Waals and possible H-
bond interaction with NH or CO groups of the linker moiety. Lys212
showed either van der Waals or H-bond interaction with urea linker or

Fig. 8. Residues that may play an important role in stabilization of ligands in
the substrate-binding site of 17p-HSD10 enzyme (illustrated in 1E6W struc-
ture). The superimposed inhibitors are highlighted in pink.

phenyl ring substituents and also H-arene interaction with thiazolyl
ring. Tyr168 and Ser155 from the catalytic site also seemed to frequently
participate to ligand stabilization, although the nature of the interaction
with ligands was not consistent. A specific interaction was frequently
observed for inhibitor 11 - an H-bond between its carboxyl substituent
and the C-terminal carboxyl of Pro261.
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Taken together, the docking results showed high variability in li-
gands orientation within the active site and in their interaction patterns
with the particular amino acid residues, and thus the reliability of
docking results seems rather low. An experimentally obtained 3D
structure of a benzothiazolylurea inhibitor complexed together with
17p-HSD10 enzyme would be of great benefit for understanding the
interactions that are taking place between this type of inhibitors and
17p-HSD10, thus providing a solid starting ground for the future docking
studies.

2.6. Mitochondrial off-targets

As the compounds are supposed to act on 17p-HSD10 within mito-
chondria, we assessed their effect on several potential mitochondrial off-
targets, namely citrate synthase (CS), complexes I, II, and III of electron-
transport chain, and monoamine oxidases A and B (MAO-A and MAO-B).
For this evaluation, we have selected the four most potent 17p-HSD10
inhibitors 6, 9, 11, and 12.

The activity of mitochondrial CS, Complex I, and the couple Complex
II + III was measured spectrophotometrically on isolated pig brain
mitochondria at a drug concentration of 50 pM (Table 5). CS activity was
measured as the colour change of 5,5-dithiobis-(2-nitrobenzoic) acid
(DTNB) according to a method published by Srere [29]. The activity of
respiratory Complex I was measured based on the rotenone-sensitive
rate of the NADH oxidation; a slightly modified previously published
method [30] was used [31]. The Complex II + III activity was measured
as the antimycin A-sensitive rate of cytochrome c reduction upon
addition of succinate [32]. The activity of citrate synthase was not
significantly affected by any tested compound. The activity of Complex I
was inhibited significantly by three compounds (6, 9 and 12). Complex
II + III activity was partially inhibited by the compound 6 only. Thus,
Complex I represents a potential off-target for these compounds, espe-
cially compound 6 (residual activity 5.3% at 50 pM).

The in vitro effects on the overall activity of the electron-transport
chain (expressed as Complex I-linked respiration and Complex II-
linked respiration) were measured using high-resolution respirometry
as drug-induced changes in the oxygen consumption rate of the isolated
mitochondria in state 3 respiration as described previously [33]. The
obtained ICsp values for all compounds were in the mid-micromolar
range (Table 6), which was about two orders of magnitude higher
than the ICs¢ values for inhibition of their primary target 17p-HSD10.
The effects of the tested compounds on mitochondrial respiration are in
good correlation with the above-mentioned effects on the activity of
individual mitochondrial complexes, confirming that Complex I repre-
sents a potential off-target for compound 6.

The activities of MAO-A and MAO-B in isolated mitochondria were
assayed using a radiochemical method by the modification of a previ-
ously published experimental protocol [34] with either radiolabelled
serotonin ([3H] 5-HT) as the MAO-A substrate and radiolabelled phen-
ylethylamine ([14C]PEA) as the MAO-B substrate. The obtained ICsg
values for MAO-A and MAO-B (Table 7) were found in the
mid-micromolar range except for the inhibition of MAO-A by compound
9 (ICs0 = 5.8 pM). Therefore, MAO-A should be considered a potential
off-target for compound 9, although its ICsy value for 17p-HSD10
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Table 6
Drug-induced inhibition of mitochondrial respiration.

Compound Complex I-linked respiration Complex II-linked respiration
ICs0 (1M) ICs0 (HM)

6 28.0+1.1 98 + 19

9 36.4 + 3.2 27 + 47

11 93+ 15 260 + 143

12 88 + 21 ND*

Notes: Mitochondrial respiration was measured in isolated pig brain mito-
chondria using protocols for the O2k-Respirometer (Oroboros). Inhibitory
curves were analysed by the four-parameter logistic regression and the half-
maximal inhibitory concentrations (ICsy) were established. Data are presented
as mean =+ standard error (SE) of at least three independent measurements.

@ Compound 12 caused an increase in respiratory rate associated with Com-
plex II.

Table 7
Drug effects on monoamine oxidase (MAO) activity.

Compound MAO-A ICso (pM) MAO-B ICsq (pM)
6 79 £17 ND*

9 58+ 1.1 120 + 23

11 85 + 58 81 £8.9

12 ND* 84 + 39

Notes: Monoamine oxidase (MAO) activity was assayed radiochemically in
isolated pig brain mitochondria. Inhibitory curves were analysed by the four-
parameter logistic regression and the half-maximal inhibitory concentrations
(ICso) were established. Data are presented as mean =+ standard error (SE) of at
least two independent measurements.

# Compounds 6 and 12 showed no inhibition for MAO-B and MAO-A,
respectively.

inhibition is still 10-times lower.

Together, the tested compounds exhibited inhibitory effects on the
activity of mitochondrial enzymes up to relatively high concentrations
that mostly exceeded the expected therapeutic plasma concentrations.
On the other hand, due to the positive effects of MAO-A inhibition on
depression (frequent comorbidity in AD) and MAO-B inhibition on
neurodegeneration [35], it may be actually appropriate to include the
effect on MAO activity for novel AD lead molecules [36]. Targeting
several pathological mechanisms with one molecule for the treatment of
complex diseases like AD is a well-established approach, also termed as
“multi-target drug design” [37]. Notably, compounds with a combined
effect on 173-HSD10 and MAOs had been previously developed by
Hroch et al. [18].

2.7. Cytotoxicity and cell viability

A set of cellular assays was used to evaluate the cytotoxic potential of
prepared compounds. Firstly, the four most potent inhibitors (6, 9, 11,
12) were assessed for their toxic effects on HEK293 and SH-SY5Y cell
lines. Cytotoxic effect and effect on cell viability were measured at two
concentrations (1 and 10 pM) and expressed as normalized % of control
values (1% DMSO and 100 pM valinomycin, respectively). The cell
viability was determined as changes in ATP level by measuring

Table 5

Effects on citrate synthase and respiratory chain complexes activity at drug concentration of 50 pM.
Compound Citrate synthase activity (%) p value® Complex I activity (%) p value® Complex II + III activity (%) p value®
control 100.0 + 5.5 100.0 + 3.3 100.0 + 5.6
6 92.7 £ 0.3 0.0834 53+£75 <0.0001 52.2+ 8.7 0.0013
9 99.9 £ 0.1 0.9764 243+7.1 <0.0001 97.4 +1.1 0.4742
11 100.3 + 0.3 0.9294 87.7 £12.3 0.1697 ND
12 944+ 54 0.2767 25.2+18.1 0.0021 99.7 £ 9.5 0.9647

Notes: Values are expressed as mean + SD for at least three independent measurements.

@ Versus control by Student’s t-test.
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luminescence in CellTitre-Glo® assay. The cytotoxicity of compounds
was determined as changes in membrane integrity by measuring fluo-
rescence in CellTox™ Green assay. None of the tested compounds
showed significant toxicity at either concentration (Fig. 9). A slight
cytotoxic effect, as well as slightly decreased viability, were observed in
both cell lines for compound 6 at 10 pM.

For further evaluation, we decided to discard compound 6, due to its
cytotoxicity and effects on mitochondrial off-targets, and also the less
potent inhibitor 12, and we continued with the two most promising
compounds 9 and 11. The cytotoxicity of the two most promising in-
hibitors was tested on neuronal cell line SH-SY5Y by measuring the
glutathione levels (GSH assay) and dehydrogenase activity (WST-1
assay). The testing was performed at four concentrations (0.1-100 pM)
and at two time-points (incubation for 4 and 24 h). A significant
decrease of glutathione levels was found only in cells treated with 100
puM compound 9 after 4 h incubation, however, after 24 h incubation this
effect was less distinct (Fig. 10A). Transient decrease of intracellular
glutathione could be related to increased oxidative stress caused by in-
cubation with tested compound. A significant decrease of dehydroge-
nase activity was found in cells treated with 100 pM compound 9 in both
time intervals (Fig. 10B). The decreased dehydrogenase activity of cells
correlated with their decreased metabolic activity and viability.
Notably, no signs of cytotoxicity were observed for compound 11, even
at the highest concentration tested. Taken together, the two most potent
17p-HSD10 inhibitors 9 and 11 showed low cytotoxicity up to 10 pM
concentration, when assessed via different methods and under various
conditions, which is about two orders of magnitude above their ICsg
values for 173-HSD10 inhibition. Additional cytotoxicity data were ob-
tained via the lactate dehydrogenase (LDH) assay and can be found in
the Supporting Information (Table S1).

2.8. Differential scanning fluorimetry

Differential Scanning Fluorimetry (DSF) was employed as an
orthogonal assay to confirm the best hits (9, 11) identified in the
enzymatic assay. DSF is used to detect the molecular binding between
ligand and protein based on the change in the protein’s denaturation
temperature [38]. Both compounds significantly increased the dena-
turation temperature of the protein, and thus were confirmed to bind to
the enzyme (Fig. 11). The measurement was conducted at two different
concentrations of the inhibitor, and the results were found
concentration-dependent, which indicates specific binding (opposite to
non-specific binding events based on ligand aggregation, etc.).
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2.9. PAMPA-BBB

In order to further explore the capacity of the two most promising
compounds 9 and 11 to penetrate into the brain, we used the Parallel
Artificial Membrane Permeability Assay (PAMPA-BBB) described by Di
et al. [39]. Further, we included the rather inactive compound 19, which
was however favoured for the BBB penetration by having the highest
CNS-MPO score. An assay validation was made comparing the reported
permeability values of commercial drugs. Based on the obtained results
(Table 8) compounds 9 and 19 are expected to cross the BBB by passive
diffusion, while compound 11 was predicted not to penetrate BBB.

In correspondence to their physico-chemical properties and CNS-
MPO score, compounds 11 and 19 showed positive and negative re-
sults in the PAMPA assay, respectively. Compound 19, which obtained
the highest CNS-MPO score, was also found superior in the PAMPA-BBB
model with Pe value comparable with the best reference drugs donepezil
and rivastigmine. On the other hand, compound 9 was found to be BBB
permeable in PAMPA assay despite its calculated (Table 1) as well as
experimentally determined (Table 2) physico-chemical properties did
not fully meet the criteria suggested by CNS-MPO model.

2.10. Pharmacokinetics

Firstly, a pharmacokinetic study after intravenous (i.v.) administra-
tion was performed with compounds 9 and 11. The 20 pM solution of 9
or 25 pM solution of 11 was applied to the tail-vein of male wild-type
rats (0.1 mL per 100 g of weight = overall dose 0.013 mg/kg for 9
and 0.018 mg/kg for 11). The inhibitors were dissolved in saline con-
taining 3% DMSO, the dosing was based on the maximal solubility of
compounds in water. Animals were sacrificed at 9 time-points (5, 15, 30,
60, 90, 180, 240, 360, and 1440 min; 3 animals per time-point). Animals
were exsanguinated, plasma and brain samples were collected, and the
concentration of inhibitor in samples was quantified using HPLC-MS.

Consequently, pharmacokinetic study after peroral (p.o.) adminis-
tration was performed with compounds 9 and 11. The inhibitor was
dissolved in a vehicle comprising of 10% NMP, 25% Kolliphor EL and
65% saline. The 16 mM inhibitor solution was applied with a blunt
needle via the oesophagus into the stomach of male wild-type rats
(overall dose 60 mg/kg). Animals were sacrificed at 15 time-points (5,
15, 30, 45, 60, 120, 180, 240, 300, 360, 420, 480, 540, 600, and 1440
min; 3 animals per time-point). Animals were exsanguinated, plasma
and brain samples were collected, and analysed by HPLC-MS. Treated
animals (both administration routes) displayed normal behaviour
without side effects for the entire period of experiments. The
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Fig. 9. Cell viability and compound cytotoxicity determination. Cell viability was determined using CellTitre-Glo (Promega) in HEK293 (A) and SH-SY5Y (B) cell
lines in multiplex with measurement of compounds cytotoxicity assayed by CellTox Green (Promega). Data are presented as mean + standard error of at least two

independent experiments in tetraplicate.



O. Benek et al.

A

150+

100+

50+

GSH level (%)

W ouM

O 0.1 uM

H 1um

European Journal of Medicinal Chemistry 258 (2023) 115593

vy)

Dehydrogenase activity

cmp 9 cmp 11

il ns*FFunn

Dehydrogenase activity (%)

& & & &
o o o
™ ‘Lb‘ ™ ‘1?‘
O 10um I 100 uM

Fig. 10. Effects of compounds on glutathione levels (A) and intracellular dehydrogenase activity (B). SH-SY5Y cells were incubated with inhibitors 9 and 11
(0.1-100 pM), for 4 and 24 h. After treatment, dehydrogenase activity using WST-1 test and glutathione levels using monochlorobimane assay were measured. Data
are presented as mean + SD of triplicate of at least three independent experiments and differences between groups are determined by the Student’s unpaired t-test.

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 11. Results of DSF experiments. Inhibitors 9 and 11 were both found to
interact with the protein, significantly increasing its denaturation temperature
in a concentration-dependent manner. Values are given as means + SD (n = 3)

and differences between groups are determined by the Student’s unpaired t-test.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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experimental data were analysed using standard non-compartmental
analysis in the Kinetica software, version 4.0. The obtained results are
summarized in Table 9.

After i.v. administration, both compounds were successfully detected
in plasma. Compound 11 was detected in higher concentrations and
with higher AUC in plasma compared to 9, otherwise both compounds
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Table 8
Prediction of BBB penetration of 17p-HSD10 inhibitors and standard drugs using
PAMPA-BBB assay.

Compound BBB Penetration Estimation
Pe £ SEM ( x 10 ®cms ™) CNS ()

9 7.81 +1.00 +
11 0.39 + 0.22 -
19 23.71 £5.41 +
Furosemide 0.19 + 0.07 -
Chlorothiazide 1.15 + 0.54 -
Ranitidine 0.35 +0.31 -
Donepezil 21.93 + 2.06 +
Tacrine 5.96 + 0.59 +
Rivastigmine 20.00 + 2.07 +

Notes: ‘CNS (+)’ (high BBB permeability predicted); Pe (10 em s7YH > 4.0.
‘CNS (—) (low BBB permeability predicted); Pe (10 cm s 1) < 2.0. ‘CNS ()
(BBB permeability uncertain); Pe (107° ¢cm s 1) from 4.0 to 2.0. Data are pre-
sented as the mean + SEM of three independent measurements.

showed similar pharmacokinetic profiles. Regarding brain bioavail-
ability after i.v. administration, compound 9 showed significantly
higher exposure (0.57 brain/plasma ratio) compared to 11 (0.02 ratio),
which was in accordance with the PAMPA assay (Table 8).

After p.o. administration, compound 9 reached a higher Cpax than 11
and had significantly higher AUC, while the Tp,x values were similar for
both compounds. Although the exact peroral bioavailability could not be
assessed due to the different i.v. and p.o. dosage, it is obvious that
compound 9 has a higher p.o. bioavailability compared to 11. This is in
agreement with the higher Pe value for compound 9 in the PAMPA assay
and overall better physico-chemical properties, i.e. it is more likely to
permeate through cellular membranes and absorb from the GIT.
Regarding their ICsy values, both compounds reached the effective
concentration in plasma but only for a limited time (approx. 1 h and 0.5
h for 9 and 11, respectively). Both compounds showed two plasma peaks
after p.o. administration, which could indicate enterohepatic circula-
tion. Contrary to i.v. results, the brain exposure was very low for both
compounds after p.o. administration (less than 0.1 brain/plasma ratio),
and their concentration did not reach effective levels, which would be a
subject of further investigation.
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Table 9

Pharmacokinetic parameters in plasma and brain following a single intravenous
(dose 0.013 and 0.018 mg kg " for 9 and 11 respectively) and oral (dose: 60 mg

kg~!) administration in male wild-type rats.

PLASMA (i.v.) Compound 9 Compound 11
Cmax (PM) 389.00 + 60.66 1540.33 £ 246.06
Tmax (min) 5.00 + 0.00 5.00 + 0.00
AUCg.1440 (min x pM) 5832 + 895 18 961 + 4978
A, (L/min) 0.049 + 0.009 0.025 £ 0.003
Half-life (min) 15.80 + 2.91 29.37 + 3.74
MRT (min) 24.53 + 3.76 15.70 + 2.83
CL (L/min/kg) 6.67 + 0.79 3.10 £ 0.62

V, (L/kg) 147.33 + 26.92 134.97 + 35.31
BRAIN (i.v.) Compound 9 Compound 11
Cumax (M) 12.61 + 6.97 0.41 + 0.34
Timax (min) 956.00 + 388.30 90.00 + 0.00
AUCg.1440 (min x pM) 3299 + 900 34.00 + 28.00
Kp brain (AUCbrain/AUCplasma) 0.566 0.002

PLASMA (p.o.)

Compound 9

Compound 11

Cinax (PM)
Tmax (min)
AUCp.1440 (min x pM)

13 529.33 + 1261.49
35.00 + 4.09
1431 047 + 211 968

6854.00 + 923.33
25.00 £+ 4.09
212993 + 30 083

BRAIN (p.o.) Compound 9 Compound 11
Crmax (M) 205.83 + 124.37 154.33 + 58.88
Tmax (min) 35.00 + 4.09 40.00 + 8.17
AUC.1440 (min x pM) 15749 + 7917 20 135 + 12 942
Kp brain (AUCbrain/AUCplasma) 0.011 0.095

Notes: Cpax, maximal plasma or brain concentration; Ty, time to Cpayx; AUCo.
1440, area under curve/bioavailability; A,, elimination constant in terminal phase
of curve, half-life in elimination phase; MRT, mean residence time; CL, clear-
ance; V,, elimination rate constant. All values are expressed as mean =+ standard
error (SE) of three independent measurements.

3. Conclusion

Inhibition of mitochondrial enzyme 173-HSD10 is a potential treat-
ment strategy for AD or hormone-dependent cancer. In this study, we
have developed a series of new benzothiazolylurea-based inhibitors.
Several compounds were found to be submicromolar inhibitors and their
interaction with 17p-HSD10 enzyme was further confirmed using DSF.
Selected inhibitors 9 and 11 were extensively assessed in vitro and they
were found non-cytotoxic up to high-micromolar concentrations, had
good selectivity profile over potential mitochondrial off-targets, and
compound 9 was predicted to pass BBB. Finally, a pharmacokinetic
study of the two best inhibitors 9 and 11 was performed after i.v. and p.
o. administration. While compound 11 showed an inappropriate phar-
macokinetic profile, compound 9 was found to be perorally bioavailable
and likely to penetrate to the brain, however, the brain bioavailability
results were not fully conclusive, as brain penetration was observed only
after i.v. but not after p.o. administration. Together, the in vitro and in
vivo results highlighted compound 9 as a promising lead compound for
further development and evaluation on animal models.

4. Experimental Section
4.1. General chemistry

All reagents and solvents were purchased from commercial sources
(Sigma Aldrich, Activate Scientific, Alfa Aesar, Merck, Penta Chemicals
and VWR) and they were used without any further purification. Low
boiling point (>90% 40-60 °C) petroleum ether (PE) was used if not
stated otherwise. Thin-layer chromatography (TLC) for reaction moni-
toring was performed on Merck aluminium sheets, silica gel 60 Fas4.
Visualisation was performed either via UV (254 nm) or appropriate stain
reagent solutions (alternatively in a combination of both). Preparative
column chromatography was performed on silica gel 60 (70-230 mesh,
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63-200 pm, 60 A pore size). Melting points were determined on a Stuart
SMP30 melting point apparatus and are uncorrected.

Nuclear magnetic resonance (NMR) spectra were acquired at 500/
126 MHz (1H, 13C) on a Varian S500 spectrometer or at 300/75 MHz (1H
and 3C) on a Varian Gemini 300 spectrometer. Chemical shifts 5 are
given in ppm and referenced to the signal center of solvent peaks
(DMSO-ds: & 2.50 ppm and 39.52 ppm for 'H and 3C, respectively;
Chloroform-d: 5 7.26 ppm and 77.16 ppm for 'H and '°C, respectively),
thus indirectly correlated to TMS standard (5 0 ppm). Coupling constants
are expressed in Hz. Spectra acquisitions were performed by assoc. prof.
Jiri Kunes workgroup, Department of Inorganic and Organic Chemistry,
Faculty of Pharmacy in Hradec Kralove, Charles University in Prague.

High-resolution mass spectra (HRMS) were recorded by coupled LC-
MS system consisting of Dionex UltiMate 3000 analytical LC system and
Q Exactive Plus hybrid quadrupole-orbitrap spectrometer. As an ion-
source, heated electro-spray ionization (HESI) was utilised (setting:
sheath gas flow rate 40, aux gas flow rate 10, sweep gas flow rate 2,
spray voltage 3.2 kV, capillary temperature 350 °C, aux gas temperature
300 °C, S-lens RF level 50. Positive ions were monitored in the range of
100-1500 m/z with the resolution set to 140 000. Obtained mass spectra
were processed in Xcalibur 3.0.63 software.

4.2. Chemical synthesis

4.2.1. 4-Amino-2-(trifluoromethyl)phenol (25a)

4-Methoxy-3-(trifluoromethyl)aniline (1 eq) was dissolved in glacial
acetic acid (3 mL/mmol) and hydrobromic acid (40%, 3 mL/mmol). The
reaction mixture was heated at reflux for the next 20 h. The solution was
neutralized with saturated NaHCOs solution. The aqueous layer was
extracted with EtOAc (3 x 25 mL). Combined organic layers were
washed with brine, dried over anhydrous NaSO4 and the solvent was
removed under reduced pressure. The crude residue was purified by
column chromatography (CHCl3:MeOH, 30:1) to yield 4-amino-2-(tri-
fluoromethyl)phenol as an off-white solid (65%).

'H NMR (500 MHz, DMSO-dg) 6 9.30 (s, 1H), 6.75-6.70 (m, 2H),
6.67 (dd, J = 8.6, 2.6 Hz, 1H), 4.95 (br s, 2H); HRMS (ESI) calcd for
CyH;F3NO [M+H]" 178.0474, found 178.0473.

4.2.2. Procedure A (general conditions): 6-substituted-benzo[d]thiazol-2-
amines (22b, 22g)

N-(4-Aminophenyl)acetamide or 4-amino-N,N-dimethylbenzamide
(1 eq) and potassium thiocyanate (7 eq) were dissolved in DMSO:water
(5 mL/mmol, 9:1) and stirred for 15 min. Tetramethylammonium
dichloroiodate(I) (3 eq) was added and the reaction mixture was heated
at 70 °C for 16 h [40]. The reaction mixture was diluted with H50O,
alkalized with 1 M NaOH and extracted with EtOAc (3 x 25 mL).
Organic layers were combined, dried over anhydrous Na;SO4 and the
solvent was removed under reduced pressure. The residue was recrys-
tallized (Eto0:EtOAc) to obtain 6-(substituted)benzo[d]thiazol-2-amine.

4.2.3. N-(2-Aminobenzo[d]thiazol-6-yDacetamide (22b)
Beige solid; yield 89%; 'H NMR (500 MHz, DMSO-dg) 6 9.86 (s, 1H),
8.00 (t, J = 1.3 Hz, 1H), 7.33 (s, 2H), 7.25-7.22 (m, 2H), 2.02 (s, 3H).

4.2.4. 2-Amino-N,N-dimethylbenzo[d]thiazole-6-carboxamide (22g)

Beige solid; yield 81%; H NMR (500 MHz, DMSO-dg) 6 7.74 (d, J =
1.5 Hz, 1H), 7.64 (s, 2H), 7.32 (d, J = 8.2 Hz, 1H), 7.26 (dd, J = 8.2, 1.6
Hz, 1H), 2.96 (s, 6H).

4.2.5. N,N-di(Boc)-6-nitrobenzo[d]thiazol-2-amine (27)

The mixture of 6-nitrobenzo[d]thiazol-2-amine (1 eq) and DMAP
(0.05 eq) in anhydrous THF (5 mL/mmol) was cooled to 0 °C and the
solution of tert-butyl-dicarbonate (2.05 eq) in anhydrous THF (2 mL/
mmol) was added drop-wise. The reaction mixture was allowed to reach
RT, stirred overnight and heated at 65 °C for 2 h to complete the reaction
[41]. The solvent was removed under reduced pressure, the residue was
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diluted with EtOAc (25 mL), washed with citric acid (15%, 2 x 5 mL),
water (5 mL) and brine (5 mL). The organic layer was dried over
anhydrous NapSOy, the solvent was removed under reduced pressure
and the crude residue was subsequently recrystallized (PE:Et20) to yield
N,N-di(Boc)-6-nitrobenzo[d]thiazol-2-amine as a light yellow solid
(97%).

'H NMR (500 MHz, DMSO-dg) § 9.11 (d, J = 2.4 Hz, 1H), 8.29 (dd, J
= 8.9, 2.4 Hz, 1H), 7.92 (d, J = 8.9 Hz, 1H), 1.57 (s, 18H).

4.2.6. N2,Nz—di(Boc)-benzo[d]thiazole—z,6-diamine 28)

N,N-di(Boc)-6-nitrobenzo[d]thiazol-2-amine (27; 1 eq) was dis-
solved in EtOH (10 mL/mmol) and palladium on activated carbon (Pd/
C, 10%, 0.05 eq) was added. The hydrogen atmosphere was introduced
and the mixture was stirred at RT overnight [42]. The mixture was
filtered through cellite pad and evaporated to dryness. The crude
product was subsequently recrystallized (PE:Ety0) to yield N2 N2-di
(Boc)-benzo[d]thiazole-2,6-diamine as a white solid (97%).

1H NMR (500 MHz, DMSO-dg) 6 7.48 (d, J = 8.7 Hz, 1H), 7.01 (d, J =
2.2 Hz, 1H), 6.73 (dd, J = 8.7, 2.2 Hz, 1H), 5.36 (s, 2H), 1.48 (s, 18H).

4.2.7. NZ,NZ—di(Boc)-N6,Né—dimethylbenzo[d]thiazole—Z, 6-diamine (29)

The mixture of N2,N2-di(Boc)-benzo[d]thiazole-2,6-diamine 28; 1
eq), methyl iodide (2.05 eq) and potassium carbonate (2.05 eq) in DMF
(5 mL) was stirred at RT overnight. The reaction mixture was diluted
with HjO, filtered and the crude residue was purified by column chro-
matography (heptane:EtOAc) to yield Nz,Nz—di(Boc)—Né,N(’—dime—
thylbenzo[d]thiazole-2,6-diamine as a colourless oil (38%).

'H NMR (500 MHz, DMSO-dg) § 7.62 (d, J = 8.9 Hz, 1H), 7.25 (d, J =
2.5 Hz, 1H), 6.94 (dd, J = 9.0, 2.5 Hz, 1H), 2.95 (s, 6H), 1.49 (s, 18H).

4.2.8. N6,N6-dimethy1benzo[ d]thiazole-2,6-diamine (30)

N2,N2-di(Boc)-N6,N6-dimethylbenzo[d]thiazole-Z,G-diamine 29; 1
eq) was stirred for 24 h in 4 M HCl-dioxane solution (10 mL/mmol) [41].
The reaction mixture was diluted with Et;0 (50 mL) to achieve complete
hydrochloride salt precipitation, which was collected by suction filtra-
tion. The solution of 1 M NaOH was added to the mixture of hydro-
chloride salt in HO to achieve a neutral pH value and the mixture was
stirred for the next 2 h. Finally, the precipitate was collected by suction
filtration, dried and recrystallized (PE:Et;0) to yield N® N®-dime-
thylbenzo[d]thiazole-2,6-diamine as a white solid (95%).

'H NMR (500 MHz, DMSO-dg) 67.17 (d, J = 8.8 Hz, 1H), 7.05 (d, J =
2.6 Hz, 1H), 7.03 (s, 2H), 6.70 (dd, J = 8.8, 2.6 Hz, 1H), 2.83 (s, 6H).

4.2.9. Procedure B (general conditions): N-(6-substituted-benzo[d]thiazol-
2-yl)-1H-imidazole-1-carboxamides (23a-23g)

N,N'-Carbonyldiimidazole (1.2 eq) was added to a solution of 6-
substituted-benzo[d]thiazol-2-amine (1 eq) in anhydrous DCM (5 mL/
mmol) and the reaction was heated at reflux for 20 h. The reaction
mixture was cooled down to 2-8 °C, the precipitate was collected by
suction filtration and washed with cold DCM [154]. The crude product
was dried under reduced pressure to yield N-(6-substituted-benzo[d]
thiazol-2-yl)-1H-imidazole-1-carboxamide as a white solid and used in
the next reaction step without further purification.

4.2.10. Procedure C (general conditions): 1-aryl-3-(6-(substituted)benzo
[d]thiazol-2-yl)ureas (6-10, 12, 13)

An aniline derivative (1.1 eq) was added to the suspension of N-(6-
substituted-benzo[d]thiazol- 2-yl)-1H-imidazole-1-carboxamide (1 eq)
in anhydrous acetonitrile (15 mL/mmol) and the reaction was heated at
reflux for 20 h [154]. The reaction was cooled to RT, quenched with 1 M
HCI (15 mL/mmol) and the precipitate was collected by filtration. The
crude product was recrystallized from Et;0:MeOH and dried to constant
weight yielding the corresponding 1-aryl-3-(6-substituted-benzobenzo
[d]thiazol-2-yl)ureas (6-10, 12, 13).
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4.2.11. 1-(4-Hydroxy-3-(trifluoromethylphenyl)-3-(6-methoxybenzo[d]
thiazol-2-yDurea (6)

White solid; yield 64%; m.p. 260.5-262.5 °C; 'H NMR (500 MHz,
DMSO-dg) 6 10.35 (br s, 1H), 9.74 (s, 1H), 7.74 (s, 1H), 7.55 (d, J = 9.0
Hz, 1H), 7.51 (s, 1H), 7.47 (d, J = 9.1 Hz, 1H), 7.03 (d, J = 8.9 Hz, 1H),
6.98 (d, J = 9.1 Hz, 1H), 3.79 (s, 3H); '*C NMR (126 MHz, DMSO-dg) &
157.77, 155.77, 152.25, 151.45, 141.75, 132.25, 129.91, 124.82,
123.91 (q, J=270.5Hz),119.85,117.49,117.15(q,J = 5.3 Hz), 115.17
(q, J 30.3 Hz), 114.49, 105.01, 55.66; HRMS (ESI) calcd for
C16H13F3N303S [M+H] " 384.0624, found 384.0611.

4.2.12. 1-(4-Hydroxy-3-nitrophenyl)-3-(6-methoxybenzo[d]thiazol-2-yl)
urea (7)

Beige solid; yield 99%; m.p. 263-264.5 °C; 'H NMR (500 MHz,
DMSO-dg) 6 10.90 (s, 2H), 9.26 (s, 1H), 8.22 (d, J = 2.7 Hz, 1H), 7.59
(dd, J = 9.0, 2.7 Hz, 1H), 7.53 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 2.6 Hz,
1H),7.12(d, J=9.0 Hz, 1H), 6.98 (dd, J = 8.8, 2.6 Hz, 1H), 3.79 (s, 3H);
13C NMR (126 MHz, DMSO-dg) 5§ 158.16, 155.74, 152.69, 148.06,
141.39, 135.86, 132.13, 130.51, 127.12, 119.61 (two non-equivalent
carbons), 114.79, 114.45, 105.04, 55.63; HRMS (ESI) calcd for
C15H13N405S [M+H] " 361.0601, found 361.0595.

4.2.13. 1-(3-Chloro-4-hydroxyphenyl)-3-(6-(dimethylamino)benzo[d]
thiazol-2-yDurea (8)

Beige solid, yield 92%, m.p. 130-132 °C; H NMR (500 MHz,
DMSO-de) 5 10.56 (br's, 1H), 9.89 (s, 1H), 8.98 (s, 1H), 7.60 (d, J = 2.6
Hz, 1H), 7.46 (d, J = 8.8 Hz, 1H), 7.19 (d, J = 2.6 Hz, 1H), 7.17 (dd, J =
8.8, 2.6 Hz, 1H), 6.93 (d, J = 8.7 Hz, 1H), 6.86 (dd, J = 8.9, 2.6 Hz, 1H),
2.91 (s, 6H). 13C NMR (126 MHz, DMSO-dg) 5 156.08, 152.15, 148.79,
147.47, 139.62, 132.72, 130.92, 120.65, 119.33, 118.04, 116.65,
115.30, 112.69, 103.97, 40.89. HRMS (ESI) caled for Cy6H16CIN4O2S
[M-+H]* 363.0677, found 363.0673.

4.2.14. N-(2-(3-(3-chloro-4-hydroxyphenylureido)benzo[d]thiazol-6-yl)
acetamide (9)

Beige solid; yield 71%; m.p. 190.5-191.5 °C; 'H NMR (500 MHz,
DMSO-dg) §10.06 (s, 1H), 9.33 (s, 1H), 8.23 (d, J = 2.1 Hz, 1H), 7.59 (d,
J = 2.6 Hz, 1H), 7.56 (d, J = 8.7 Hz, 1H), 7.44 (dd, J = 8.7, 2.1 Hz, 1H),
7.18 (dd, J = 8.8, 2.6 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 2.06 (s, 3H); 13C
NMR (126 MHz, DMSO-dg) § 168.15, 158.61, 152.17, 148.89, 143.73,
134.88, 131.43, 130.82, 120.59, 119.35, 119.26, 119.17, 118.21,
116.70, 111.40, 23.96; HRMS (ESI) caled for Ci6H;4CIN4O3S [M+H]™
377.0470, found 377.0465.

4.2.15. Ethyl 2-(3-(3-chloro-4-hydroxyphenyDureido)benzo[d]thiazole-6-
carboxylate (10)

Beige solid; yield 78%; m.p. 233-234 °C; 'H NMR (500 MHz,
DMSO-dg) 611.08 (brs, 1H), 9.95 (s, 1H), 9.04 (s, 1H), 8.54 (s, 1H), 7.96
(dd, J = 8.5, 1.8 Hz, 1H), 7.70 (d, J = 8.5 Hz, 1H), 7.61 (d, J = 2.6 Hz,
1H), 7.20 (dd, J = 8.8, 2.6 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 4.33 (q, J =
7.1 Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H); 3C NMR (126 MHz, DMSO-ds) 6
165.50, 162.93, 151.97, 149.09, 131.39, 130.53, 127.09, 124.14,
123.41, 121.18, 120.92, 119.58, 119.34, 116.64, 60.66, 14.24; HRMS
(ESI) caled for Cy7H;5CIN304S [M+H] " 392.0466, found 392.0463.

4.2.16. 2-(3-(3-Chloro-4-hydroxyphenylureido)benzo[d]thiazole-6-
carboxylic acid (11)

Ethyl 2-(3-(3-chloro-4-hydroxyphenyl)ureido)benzo[d]thiazole-6-
carboxylate (10) was suspended in a mixture of 1 M NaOH and MeOH
(1:1) and the reaction mixture was heated at 50 °C overnight. After the
reaction was completed (monitored by TLC), the reaction mixture was
concentrated under reduced pressure and neutralized with 1 M HCl. The
resulting precipitate was collected by filtration and recrystallized
(MeCN) to obtain 2-(3-(3-chloro-4-hydroxyphenyl)ureido) benzo[d]
thiazole-6-carboxylic acid as a beige solid (0.34 g, 94%).

Beige solid; yield 94%; m.p. 265 °C (decomp.); H NMR (500 MHz,
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DMSO-dg) 6 9.95 (br's, 1H), 9.36 (s, 1H), 8.52 (s, 1H), 7.95 (dd, J = 8.4,
1.2 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.60 (d, J = 2.3 Hz, 1H), 7.20 (dd,
J = 8.7, 2.3 Hz, 1H), 6.95 (d, J = 8.7 Hz, 1H); '3C NMR (126 MHz,
DMSO-de) § 167.09, 162.63, 152.26, 149.05, 131.23, 130.65, 127.31,
125.08, 123.54, 120.75, 119.41, 119.37, 118.77, 116.71; HRMS (ESD)
caled for C15H;1CIN304S [M+H] ' 364.0153, found 364.0149.

4.2.17. 2-(3-(3-Chloro-4-hydroxyphenyl)ureido)benzo[d]thiazole-6-
carboxamide (12)

Beige solid; yield 42%; m.p. 185-186 °C; 'H NMR (500 MHz,
DMSO-dg) 6 9.93 (br s, 1H), 9.25 (s, 1H), 8.42 (d, J = 1.8 Hz, 1H), 7.97
(brs, 1H), 7.91 (dd, J = 8.4, 1.8 Hz, 1H), 7.66 (d, J = 8.4 Hz, 1H), 7.61
(d, J = 2.6 Hz, 1H), 7.33 (br s, 1H), 7.20 (dd, J = 8.7, 2.6 Hz, 1H), 6.94
(d, J = 8.7 Hz, 1H); 13¢ NMR (126 MHz, DMSO-dg) 6 167.49, 161.67,
152.34, 150.03, 149.01, 130.86, 130.67, 128.90, 125.71, 121.24,
120.76, 119.43, 119.35, 118.46, 116.68; HRMS (ESI) calcd for
C15H:2CIN403S [M+H]' 363.0313, found 363.0308.

4.2.18. 2-(3-(3-Chloro-4-hydroxyphenyl)ureido)-N,N-dimethylbenzo[d]
thiazole-6-carboxamide (13)

Beige solid; yield 92%; m.p. 266-267 °C; 'H NMR (500 MHz,
DMSO-dg) 6 11.08 (br s, 1H), 9.94 (s, 1H), 9.06 (s, 1H), 7.99 (d, J = 1.7
Hz, 1H), 7.65 (d, J = 8.3 Hz, 1H), 7.61 (d, J = 2.6 Hz, 1H), 7.42 (dd, J =
8.3, 1.8 Hz, 1H), 7.20 (dd, J = 8.8, 2.6 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H),
2.98 (s, 6H); 3C NMR (126 MHz, DMSO-ds) 5 169.87, 161.21, 152.36,
149.01, 148.39, 130.85, 130.79, 130.66, 125.29, 120.84, 119.53,
119.33, 119.33, 118.56, 116.65, 34.99; HRMS (ESI) calcd for
C17H16CIN4O3S [M+H]" 391.0626, found 391.0620.

4.2.19. Procedure D (general conditions): Schiff bases synthesis (14, 16)

Equimolar amounts of amine and aldehyde were dissolved in toluene
(10 mL/mmol) and heated at reflux for 48 h. The solvent was removed
under reduced pressure and the crude residue was recrystallized (PE:
Et;0) to yield the corresponding product as a yellow solid.

4.2.20. (E)-4-((Benzo[d]thiazol-2-ylmethylene)amino)-2-chlorophenol
(14)

Yellow solid; yield 95%; m.p. 242-243 °C; H NMR (500 MHz,
DMSO-dg) 6 10.62 (s, 1H), 8.99 (s, 1H), 8.19-8.15 (m, 1H), 8.14-8.10
(m, 1H), 7.65 (d, J = 2.6 Hz, 1H), 7.61-7.53 (m, 2H), 7.41 (dd, J = 8.6,
2.6 Hz, 1H), 7.06 (d, J = 8.6 Hz, 1H); 13C NMR (126 MHz, DMSO-dg) &
167.46, 153.55, 153.50, 151.59, 140.62, 134.54, 126.95, 126.78,
123.82, 123.40, 123.10, 122.65, 120.41, 116.82; HRMS (ESI) calcd for
C14H;(CIN,0S [M+H] " 289.0197, found 289.0195.

4.2.21. (E)-2-Chloro-4-(((6-methoxybenzo[d]thiazol-2-yl)imino)methyl)
phenol (16)

Yellow solid; yield 84%; m.p. 260.5-261.5 °C; 'H NMR (500 MHz,
DMSO-dg) 6§ 11.34 (s, 1H), 8.99 (s, 1H), 8.07 (d, J = 2.1 Hz, 1H), 7.90
(dd, J = 8.5, 2.1 Hz, 1H), 7.80 (d, J = 8.8 Hz, 1H), 7.64 (d, J = 2.6 Hz,
1H), 7.14 (d,J = 8.5 Hz, 1H), 7.10 (dd, J = 8.9, 2.6 Hz, 1H), 3.84 (s, 3H);
3¢ NMR (126 MHz, DMSO-dg) § 168.94, 164.36, 157.82, 157.18,
145.55, 135.28, 131.85, 130.29, 127.05, 123.08, 120.64, 117.06,
115.64, 105.09, 55.70; HRMS (ESI) caled for Ci5H;2CIN2O2S [M+H] ™
319.0303, found 319.0302.

4.2.22. 4-((Benzo[d]thiazol-2-ylmethyl)amino)-2-chlorophenol (15)
(E)-4-((benzo[d]thiazol-2-ylmethylene)amino)-2-chlorophenol (14;
leq) was dissolved in MeOH (10 mL/mmol) and palladium on activated
carbon (10% Pd/C; 0.1 eq) was added. The hydrogen atmosphere was
introduced and the mixture was stirred at RT overnight [42]. The
mixture was filtered through cellite pad and evaporated to dryness. The
crude residue was recrystallized (Et2O:EtOH) to obtain 4-((benzo[d]
thiazol-2-ylmethyl)amino)-2- chlorophenol as a white solid (69%).
White solid; yield 69%; m.p. 188.5-189.5 °C; 'H NMR (500 MHz,
DMSO-dg) 6 9.10 (s, 1H), 8.02 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 8.1 Hz,
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1H), 7.51-7.45 (m, 1H), 7.42-7.36 (m, 1H), 6.73 (d, J = 8.7 Hz, 1H),
6.62 (d, J = 2.8 Hz, 1H), 6.47 (dd, J = 8.7, 2.8 Hz, 1H), 6.40 (t, J = 6.1
Hz, 1H), 4.62 (d, J = 6.1 Hz, 2H); '3C NMR (126 MHz, DMSO-dg) &
174.86, 153.13, 144.46, 141.51, 134.53, 125.95, 124.76, 122.25 (two
non-equivalent carbons), 120.00, 117.47, 113.54, 112.62, 46.38; HRMS
(ESI) caled for C14H;2CIN,OS [M+H] " 291.0353, found 291.0349.

4.2.23. 2-Chloro-4-(((6-methoxybenzo[d]thiazol-2-yl)amino)methyl)
phenol (17)

(E)-2-chloro-4-(((6-methoxybenzo[d]thiazol-2-yl)imino)methyl)
phenol (16; 1 eq) and NaBH4 (1.1 eq) were added to anh. MeOH (10 mL/
mmol) and the mixture was stirred at RT overnight. The mixture was
diluted with H>O and extracted with EtOAc (3 x 15 mL), dried over
anhydrous NaySO4 and the solvent was removed under reduced pres-
sure. The crude residue was recrystallized (Et,O:EtOH) to yield 2-chloro-
4-(((6- methoxybenzo[d]thiazol-2-yl)amino)methyl)phenol as a white
solid (83%).

White solid; yield 83%; m.p. 163.5-164.5 °C; H NMR (500 MHz,
DMSO-dg) 6 10.08 (s, 1H), 8.18 (t, J = 5.7 Hz, 1H), 7.33 (d, J = 2.1 Hz,
1H), 7.31 (d, J = 2.7 Hz, 1H), 7.29 (d, J = 8.7 Hz, 1H), 7.14 (dd, J = 8.4,
2.2 Hz, 1H), 6.92 (d, J = 8.3 Hz, 1H), 6.82 (dd, J = 8.7, 2.6 Hz, 1H), 4.43
(d, J = 5.4 Hz, 2H), 3.73 (s, 3H); *C NMR (126 MHz, DMSO-dg) §
164.48, 154.36, 152.04, 146.46, 131.40, 130.82, 128.87, 127.30,
119.35, 118.42, 116.48, 112.97, 105.60, 55.54, 46.24; HRMS (ESI)
caled for C5H;4CIN205S [M+H] T 321.0459, found 321.0454.

4.2.24. 1-(Benzo[d]thiazol-2-yD)-N-(3-chloro-4-methoxybenzyl)
methanamine (37)

2-(Bromomethyl)benzo[d]thiazole (1 eq), (3-chloro-4-methox-
yphenyl) methanamine (1.7 eq, 0.51 g) and DIEA (1.7 eq) were dis-
solved in DCM (10 mL/mmol) and the mixture was stirred at RT for next
24 h. The solvent was removed under reduced pressure and the residue
was purified by column chromatography (PE:CHCl3, 1:1) to yield 1-
(benzo[d]thiazol-2-y1)-N-(3-chloro-4-methoxybenzyl)methanamine as a
light yellow oil (96%).

'H NMR (500 MHz, Chloroform-d) § 7.99-7.95 (m, 1H), 7.91-7.87
(m, 1H), 7.49-7.44 (m, 1H), 7.42 (d, J = 2.1 Hz, 1H), 7.40-7.35 (m, 1H),
7.23(dd, J = 8.4, 2.1 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 4.23 (s, 2H), 3.90
(s, 3H), 3.84 (s, 2H).

4.2.25. 4-(((Benzo[d]thiazol-2-ylmethyl)amino)methyl)-2-chlorophenol
(18)

1-(Benzo[d]thiazol-2-y1)-N-(3-chloro-4-methoxybenzyl)methan-
amine (37; 1 eq) was dissolved in anhydrous DCE (6 mL/mmol) and
nitrogen atmosphere was introduced. Aluminium chloride (3 eq) was
added portion-wise and the mixture was heated at 60 °C overnight. The
reaction mixture was cooled down to RT, quenched with Hy0, parti-
tioned between H,O:EtOAc and extracted with EtOAc (3 x 25 mL). The
organic layers were combined, dried over anhydrous Na;SO4 and the
solvent was removed under reduced pressure. The residue was purified
by column chromatography (PE:EtOAc, 2:1) to yield 4-(((benzo[d]
thiazol-2-ylmethyl)amino)methyl)- 2-chlorophenol as a white solid
(45%).

White solid; yield 45%; m.p. 120-121 °C; H NMR (500 MHz,
Chloroform-d) § 8.00-7.95 (m, 1H), 7.90-7.86 (m, 1H), 7.49-7.44 (m,
1H), 7.40-7.36 (m, 1H), 7.35 (d, J = 2.1 Hz, 1H), 7.13 (dd, J = 8.3, 2.1
Hz, 1H), 6.94 (d, J = 8.3 Hz, 1H), 4.23 (s, 2H), 3.82 (s, 2H); 13C NMR
(126 MHz, Chloroform-d) § 173.26, 153.36, 150.94, 135.10, 132.71,
129.03,128.39,126.14,125.06,122.83,121.91,120.18,116.43, 52.38,
50.68; HRMS (ESI) calcd for C;5H14CIN,OS [M+H] ™ 305.0510, found
305.0508.

4.2.26. 2-(Chloromethylbenzo[d]oxazole (39)

2-aminophenol (1 eq) and chloroacetyl chloride (1.5 eq) were dis-
solved in o-xylene (6 mL/mmol) under nitrogen atmosphere. TEA (1.1
eq) was added dropwise and the reaction mixture was stirred at 145 °C
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overnight. The mixture was diluted with 20 mL sat. aq. NH4Cl and
extracted with EtOAc (3 x 6 mL), The organic phase was dried over
anhydrous NaySO4 and solvents were removed under reduced pressure.
The residue was purified by column chromatography (PE:EtOAc, 6:1) to
yield 2-(chloromethyl)benzo[d]oxazole as a yellow oil (71%).

'H NMR (500 MHz, DMSO-de) & 7.78 (t, J = 7.4 Hz, 2H), 7.51-7.37
(m, 2H), 5.08 (s, 2H).

4.2.27. 1-(Benzo[d]oxazol-2-yl)-N-(3-chloro-4-methoxybenzyl)
methanamine (40)

2-(Chloromethyl)benzo[d]oxazole (39; 1 eq), (3-chloro-4-methox-
yphenyl)methanamine (1.5 eq) and DIEA (2 eq) were dissolved in anh.
MeCN (8 mL/mmol) under nitrogen atmosphere. The reaction mixture
was stirred at 70 °C overnight. The reaction mixture was concentrated at
reduced pressure. The crude residue was purified by column chroma-
tography (CHCl3:MeOH, 100:1) to yield 1-(benzo[d]oxazol-2-yl)-N-(3-
chloro-4-methoxybenzyl)methanamine as a yellow oil (79%).

1H NMR (500 MHz, DMSO-dg) & 7.76-7.63 (m, 2H), 7.44-7.30 (m,
3H), 7.25 (dd, J = 8.4, 2.1 Hz, 1H), 7.06 (d, J = 8.4 Hz, 1H), 3.94 (s, 2H),
3.81 (s, 3H), 3.72 (s, 2H), 3.00 (br s, 1H).

4.2.28. 4-(((Benzo[d]oxazol-2-ylmethyl)amino)methyl)-2-chlorophenol
(19)

1-(Benzo[d]oxazol-2-y1)-N-(3-chloro-4-methoxybenzyl)methan-
amine (40; 1 eq) was dissolved in anh. DCE (10 mL/mmol) under ni-
trogen atmosphere, aluminium trichloride (3.5 eq) was added and the
reaction mixture was stirred at 60 °C overnight. The reaction mixture
was concentrated at reduced pressure. The residue was diluted with
H20, pH was adjusted to 7 using sat. aq. NaHCOs solution. The product
was extracted with EtOAc (3 x 10 mL), dried over anhydrous NazSO4
and the solvent was removed under reduced pressure. The crude residue
was purified by column chromatography (CHCl3:MeOH, 30:1). Result-
ing oily compound was recrystallized from PE to yield 4-(((benzo[d]
oxazol-2-ylmethyl)amino)methyl)-2-chlorophenol as white solid (46%).

White solid; yield 46%; m.p. 99-100.5 °C; 'H NMR (500 MHz,
Chloroform-d) 6 7.74-7.69 (m, 1H), 7.54-7.49 (m, 1H), 7.36-7.31 (m,
3H), 7.12(dd, J = 8.3, 2.0 Hz, 1H), 6.92 (d, J = 8.3 Hz, 1H), 4.08 (s, 2H),
3.81 (s, 2H); ®C NMR (126 MHz, Chloroform-d) 5 165.08, 150.97,
150.93, 140.97, 132.37, 129.16, 128.47, 125.18, 124.57, 120.20,
120.03, 116.47, 110.75, 52.19, 45.70; HRMS (ESI) caled for
C15H14CIN2O, [M+H]' 289.0738, found 289.0733.

4.2.29. N-((1H-indol-2-yDmethyl)-1-(3-chloro-4-methoxyphenyl)
methanamine (41)

1H-indole-2-carbaldehyde (1 eq) was dissolved in anh. MeOH (7 mL/
mmol) under nitrogen atmosphere and the solution was cooled to 0 °C.
(3-chloro-4-methoxyphenyl)methanamine (1 eq) was dissolved in anh.
MeOH (1 mL/mmol) and was added dropwise to the reaction mixture at
0 °C. The reaction was warmed up to RT and stirred overnight. Then the
reaction mixture was cooled to 0 °C and NaBH3CN (1.5 eq) was added.
The reaction mixture was stirred at RT overnight. The solvent was
evaporated and the residue was diluted with HyO. The product was
extracted with EtOAc (3 x 10 mL), dried over anhydrous NazSO4 and the
solvent was removed under reduced pressure. The crude residue was
purified by column chromatography (CHCI; mobile phase) to yield N-
((1H-indol-2-yl)methyl)-1-(3-chloro-4-methoxyphenyl)methanamine as
a yellow oil (43%).

'H NMR (300 MHz, DMSO-dg) 6 10.93 (br s, 1H), 7.48-7.39 (m, 2H),
7.35-7.29 (m, 1H), 7.26 (dd, J = 8.4, 2.1 Hz, 1H), 7.08 (d, J = 8.5 Hz,
1H), 7.04-6.96 (m, 1H), 6.96-6.88 (m, 1H), 6.25 (d, J = 1.1 Hz, 1H),
3.83 (s, 3H), 3.78 (s, 2H), 3.64 (s, 2H), 2.63 (br s, 1H).

4.2.30. 4-((((1H-indol-2-yDmethyl)amino)methyl)-2-chlorophenol (20)
N-((1H-indol-2-yl)methyl)-1-(3-chloro-4-methoxyphenyl)methan-
amine (41; 1 eq) was dissolved in anh. DCE (12 mL/mmol) under ni-
trogen atmosphere, aluminium trichloride (3.5 eq) was added and the
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reaction mixture was stirred at 60 °C for 7 h. The reaction mixture was
concentrated at reduced pressure. The residue was diluted with H,O and
the product was extracted with EtOAc (3 x 10 mL), dried over anhy-
drous NaSO4 and the solvent was removed under reduced pressure. The
crude residue was purified by column chromatography (CHCl3:MeOH,
20:1 + 1% TEA) to yield 4-((((1H-indol-2-yl)methyl)amino)methyl)-2-
chlorophenol as a light-beige solid (30%).

Light-beige solid; yield 30%; m.p. 136-138 °C; 'H NMR (500 MHz,
DMSO-dg) 6 10.92 (s, 1H), 7.43 (d, J = 7.8 Hz, 1H), 7.37-7.28 (m, 2H),
7.09 (dd, J = 8.3, 2.0 Hz, 1H), 7.04-6.98 (m, 1H), 6.96-6.88 (m, 2H),
6.25 (d, J = 1.1 Hz, 2H), 3.78 (s, 2H), 3.60 (s, 2H); 13C NMR (126 MHz,
DMSO-dg) § 151.66, 138.79, 136.12, 132.44, 129.25, 128.01, 127.68,
120.29, 119.37, 119.31, 118.57, 116.26, 110.91, 99.15, 51.08, 45.37;
HRMS (ESI) caled for C1¢H16CIN2O [M+H] ™ 287.0946, found 287.0945.

4.3. LogP and LogD determination

The distribution coefficient of prepared compounds between water —
octanol (logP) and PBS buffer of pH 7.4 — octanol (logD) was determined
by UHPLC-DAD-MS measurement of analyte concentration in particular
solvent using Agilent 1290 Infinity II chromatography system coupled
with Agilent 6470 OqQ mass spectrometer (Agilent Technologies, Santa
Clara, USA). Compounds were weighed (0.25 mg) and dissolved in 500
pL of water/buffer — octanol mixture (1:1 (v/v) ratio). Samples were
shaken for 30 min and subsequently centrifuged for 10 min at 10,000
rcf. Aqueous and octanol phases were transferred into vials and ana-
lysed. The concentration of analyte in a particular phase was determined
according to an adequate calibration line.

4.4. pK, determination

The negative decimal logarithms of the dissociation constants (pK,)
of prepared compounds were determined spectrophotometrically using
buffers of given pH (range from 3.0 to 11.5 with 0.5 unit increment). Ten
microliters of tested compound (1 mg/mL) were dissolved in 490 pL of
particular buffer and absorbance spectra of various dissociation states
were scanned in the range 200-400 nm using Carry-60 UV-VIS spec-
trophotometer (Agilent Technologies, Santa Clara, USA) at 20 °C. The
pK, values were calculated from the sigmoidal dependence of the
absorbance of the dissociated form of the substance on the pH value
using GraphPad Prism 8.2 software (San Diego, USA).

4.5. Solubility

Compound solubility determination was performed using nephe-
lometry assays on NEPHELOstar microplate instrument (BMG Labtech,
Offenburg, Germany). Stock solutions of analysed compounds were
prepared in a concentration 160 pg/mL in phosphate buffer (pH = 7.4).
Each suspension was sonicated at full power with Hielscher UP100H
needle ultrasonic processor (Teltow, Germany) to achieve uniform
dispersion of particles. Inmediately after sonication, the suspension was
loaded into NEPHELOstar instrument injector A, together with phos-
phate buffer (pH = 7.4) loaded into injector B. Compound dilution was
then performed automatically in 48 wells in range 0-160 pg/mL. After
30 s of shaking, each well was scanned with 80% laser power in matrix 3
x 3, beam width 2 mm. If necessary, the process was repeated with a
higher concentration of stock solution (640 pg/mL and 2.54 mg/mL).
Obtained data were evaluated in Graphpad Prism 7.03 using segmental
linear regression.

4.6. Enzyme inhibition

The recombinant 178-HSD10 was expressed in Escherichia coli BL21
(DE3) strain and purified as described previously [22]. For the com-
pounds’ inhibitory potency and ICsy determination, the SAAC method
using acetoacetyl-CoA (AAC) as a substrate and absorbance readout at
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340 nm was used [22]. In brief, 0.15 pg of recombinant 178-HSD10 was
mixed with 320 pmol/L nicotinamide adenine dinucleotide (NADH) as
an enzyme cofactor in assay buffer (10 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1 mM dithiothreitol (DTT), 0.001% Tween 20 and 0.01% bovine
serum albumin) and the mixture was preincubated for 5 min at 37 °C
with the tested inhibitor (or vehicle control). The reaction was started by
the addition of 320 pmol/L AAC and monitored as a change in absor-
bance at 340 nm for 5 min in 10-sec intervals. Inhibitors were dissolved
in anhydrous DMSO and further diluted in DMSO and assay buffer to
reach the final inhibitor concentrations. All data were analysed in
GraphPad Prism 7 software using non-linear regression, and ICsq values
were calculated for each inhibitor from at least three independent
measurements, all in triplicate. The data are expressed as the mean +
SD.

4.7. Molecular docking

For the purposes of molecular docking, two crystal structures of 17f-
HSD10 (PDB ID: 1U7T with resolution 2.00 A and PDB ID: 1E6W with
resolution 1.70 A) were obtained from the online PDB database (www.
resb.org). The ligands under investigation were generated by Avogadro
v1.2.0 [43] and consequently geometrically optimized using MMFF94
force field. Two docking methods, AutoDock: Vina v1.1.3 [27] and MOE
v2022.02 [28] respectively, were employed in the molecular docking
experiment.

Following procedure was adopted to conduct the flexible docking in
AD: Vina: UCSF Chimera v1.16 [44] was used for the initial process of
removal of the surplus copies of the enzyme chains, non-bonded in-
hibitors and other small molecules (except for NAD). AutoDockFR suite
v1.0 [45] and OpenBabel library v2.4.1 [46] were used to add hydrogen
atoms and to assign the partial charges to all atoms in both enzymes.
Residues Ser155, Tyr168 and Lys172 from the active site were selected
as flexible. The rotatable bonds in the flexible residues were detected
automatically by AutoDock Tools v1.5.4. Centre of the grid box was
selected as the centre of an estrone molecule that was co-crystallized
with 1E6W, or center of the cavity in the active site of 1U7T respec-
tively. Size of x, y, and z sides of the grid box was set to 25 A. AD: Vina
docking was then performed using exhaustiveness parameter of 32,
employing 12 CPUs in parallel multithreading. 10 replicate dockings
were conducted for every ligand. Resulting complexes with minimal
predicted Gibbs binding energy were selected as the top-scoring.

In MOE, the initial process of removal of the surplus copies of the
enzyme chains, non-bonded inhibitors and other small molecules
(except for NAD) was followed by receptor preparation using MOE-
QuickPrep, which included addition of hydrogen atoms and assigning
the partial charges to all atoms in both enzymes. Ligand placement was
performed using the Triangle Matcher protocol, which defines the active
site using a-spheres, that were generated using the MOE-SiteFinder
application. The top 1000 poses produced from placement were then
scored using the London dG scoring function. The top 30 poses as ranked
by London dG were kept and minimized using MMFF94x within a
flexible receptor. The resulting poses were then scored using the GBVI/
WSA dG scoring function.

Superpositions of selected top-scoring ligands were visualised by
VMD v1.9.4 [47] and edited in GIMP v2.10 (www.gimp.org).

4.8. Mitochondrial assays

4.8.1. Pig brain mitochondria

A crude mitochondrial fraction was isolated from the brain cortex of
slaughtered pigs by the standard differential centrifugation technique.
Purified mitochondria were separated from the crude mitochondrial
fraction by centrifugation with a sucrose gradient and used for the assays
[48]. A cytochrome c test was used to evaluate the intactness of the outer
mitochondrial membrane in mitochondrial preparations. Damage to the
inner mitochondrial membrane was assessed by measuring the release of
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the matrix enzyme citrate synthase (CS). Mitochondria were stored in a
preservation medium on the ice at a total protein concentration of
20-50 mg/mL. The concentration of proteins was determined by the
Lowry method [49] with bovine serum albumin as a standard.

4.8.2. Citrate synthase and complex I and complex II + III activity

The activity of CS (E.C. 2.3.3.1) and mitochondrial Complex I (E.C.
7.1.1.2) and the couple Complex II (E.C. 1.3.5.1) and III (E.C. 7.1.1.8)
was measured spectrophotometrically using an Uvikon XL spectropho-
tometer (Secomam, Ales, France). Isolated pig brain mitochondria were
diluted in hypotonic buffer (25 mM potassium phosphate and 5 mM
MgCly, pH 7.2) and shortly ultrasonicated three times to stimulate the
enzyme to the highest activity. The drug was incubated with mito-
chondria at 30 °C for 30 min. The drug-free solvent (DMSO) was added
to the control sample. The total sample volume was 1 mL; the mea-
surement temperature was 30 °C.

CS activity was measured as the color change of 5,5-dithiobis-(2-
nitrobenzoic acid) (DTNB) according to a method published by Srere
[29]. The incubation medium was composed of 0.2 mM DTNB, 0.1 mM
acetyl-CoA, 0.1% Triton X-100, 100 mM Tris/HCI (pH 8.1), mitochon-
dria (20 pg/mL mitochondrial protein), and 50 pM of drug. The reaction
was initiated by adding the oxaloacetate (0.5 mM) and measured at 412
nm for 3 min.

The activity of respiratory Complex I was measured based on the
rotenone-sensitive rate of the NADH oxidation; a slightly modified
previously published method [30] was used. The incubation medium
was composed of phosphate buffer (25 mM KH2PO4, 5 mM MgCl,, pH
7.2), 2 mM KCN, mitochondria (1 mg/mL of mitochondrial protein), and
50 pM drug. The reaction was initiated by coenzyme Qj¢ (100 pM) and
NADH (100 pM) and measured at 340 nm for 5 min. A background
correction was verified, which was measured under the same conditions
after inhibition of the Complex I by 10 pM rotenone.

The couple Complex II + III activity was determined as the rate of
reduction of cytochrome ¢ measured at 550 nm for 3 min [32,50]. The
final mitochondrial protein concentration was 0.5 mg/ml. The medium
contained 50 mM KH,POQy4, 0.625 mM EDTA, 20 mM succinate, 0.1 mM
rotenone (Complex I inhibitor that ensured that cytochrome ¢ reduction
occurs via Complex II), 2 mM KCN (cytochrome c oxidase inhibitor that
prevented the re-oxidation of cytochrome c), and 50 pM drug. The re-
action is started by the addition of 30 pmol/L cytochrome c.

4.8.3. Mitochondrial respiration

In vitro effects of the test compounds on electron transport system
activity were measured by high-resolution respirometry as drug-induced
changes in the rate of oxygen consumption in isolated mitochondria in
state 3 respiration, as previously described [33,48]. The Oxygraph-2k
equipped with two tempered chambers and Clark-type electrodes and
an automatic titration-injection micropump TIP2k (Oroboros In-
struments, Innsbruck, Austria) was used [51]. Briefly, following sub-
strate addition was made (malate + pyruvate + ADP for Complex
I-linked respiration and ADP + rotenone + succinate for Complex
II-linked respiration), the sample was titrated with a drug in one
chamber and with DMSO in the second chamber. Drug-induced changes
in oxygen flow were determined with 10-20 different drug concentra-
tions (the final concentrations were set within the range of 1.25-500
pM).

4.8.4. Monoamine oxidase assay

The activities of MAO-A and MAO-B were assayed using radio-
chemical method by the modification of a previously published experi-
mental protocol [34] with either tritium-labelled serotonin ([°*H]5-HT)
as the MAO-A substrate and #C-labelled phenylethylamine ([**CIPEA)
as the MAO-B substrate. The reaction mixture containing the mito-
chondria and a drug at 5-7 various concentrations (final drug concen-
trations ranged from 1 pM to 1000 pM) was preincubated at 37 °C for 60
min. The reaction was initiated by the addition of the radiolabelled
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substrate and terminated after 20 min (MAO-A activity) or 1 min
(MAO-B activity) incubation. The MAO activities were determined by
measuring the radioactivity levels of the corresponding aldehyde,
resulting from oxidative deamination of [3H]5-HT or [14C]PEA, using an
LS 6100IC liquid scintillation counter (Beckman Instruments, Inc.,
Fullerton, CA, USA).

4.8.5. Data analysis

DatLab software (Oroboros Instruments, Innsbruck, Austria) was
used for respirometry data acquisition and analysis. To correct for a
slight decrease in respiratory rate during experiments lasting more than
1 h, the relative respiratory rate was calculated as the ratio of the oxygen
consumption rate in the sample titrated with a drug to the oxygen
consumption rate in the sample titrated with the solvent (DMSO).

Plotted dose-response curves of the activity were analysed by four-
parameter logistic regression using SigmaPlot software (Inpixon HQ,
Palo Alto, CA 94303, USA), and the half-maximal inhibitory concen-
tration (ICso) was established, which represents the drug concentration
required to inhibit by 50% the difference between baseline (no drug)
and residual value (drug overdose) of mitochondrial respiratory rate or
MAO activity.

Statistical analyses were performed using a Statistica data analysis
software system (TIBCO Software Inc., Palo Alto, CA, USA). Data are
presented as the mean + standard error (SE) or the mean =+ standard
deviation (SD).

4.9. CellTox Green Cytotoxicity Assay and CellTiter-Glo cell viability
assay

HEK293 and SH-SY5Y cells were maintained in DMEM (Capricorn)
supplemented with 10% fetal bovine serum (Gibco), 2 mM r-glutamine
(Lonza) and non-essential amino acids additives (Gibco) at 37 °C, under
a humidified atmosphere of 5% CO5. Selected compounds (6, 9, 11, 12)
were tested on HEK293 and SH-SYSY cell lines to determine their
cytotoxic effects and impact on cell viability using CellTox Green and
CellTiter-Glo 2.0 kits (Promega G8741 and G9241, respectively),
respectively. The measurements were performed as endpoint methods in
the multiplex using a TECAN SPARK® instrument. For multiplex mea-
surement, 7500 cells were seeded per well in 50 pL of culture media and
cultured for 24 h before adding selected compounds. The compounds
were dissolved in anhydrous DMSO, further diluted in DMSO and added
to the wells at a final compound concentration of 1 pM and 10 pM (1%
DMSO concentration). The cells treated with 1% DMSO only were used
as a vehicle control and 100 pM valinomycin treatment was used as a
positive control. After the treatment, the cells were cultured for addi-
tional 48 h followed by the multiplex measurement. The measurements
were performed in a white solid bottom 96 well microplates (Grainer
Bio-One 655083) following the manufacturer’s protocol. The fluores-
cent CellTox Green Cytotoxicity Assay was measured first (ex 485 nm
and em 530 nm wavelengths) followed by the CellTiter-Glo Luminescent
Cell Viability Assay with an integration time of 500 ms.

4.10. Dehydrogenase activity and glutathione assay

SH-SY5Y cells (ATCC CRL-2266), a human neuroblastoma cell line,
was cultured in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 w/wo phenol red supplemented with 15% (v/v) fetal bovine serum,
50 pg/mL penicillin, 50 pg/mL streptomycin, 1% (v/v) nonessential
amino acids and 2 mM glutamine and maintained at 37 °C in a sterile,
humidified atmosphere of 5% CO,. All the experiments were conducted
using SH-SY5Y cells in passages 14-18. The cells were cultured for 4 and
24 h with selected compounds.

Glutathione (GSH) levels were measured using the optimized mon-
ochlorobimane spectrofluorometric assay [52]. After cell treatment, 20
pL of the bimane solution was added to cells to obtain the final con-
centration 40 pmol/L and the spectrofluorometric measurement was
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started immediately. The fluorescence increase (EX/EM = 394/490 nm)
was measured for 10 min using a Tecan Spark fluorescence microplate
reader (Tecan, Switzerland). The fluorescence was expressed as the
slope of change in fluorescence over time. The glutathione levels were
expressed as the percentage relative to the glutathione levels in control
cells (= 100%). The results were expressed as mean + SD.

Dehydrogenase activity was assessed by WST-1 test (Roche, Ger-
many). The WST-1 test measures the activity of intra- and extra-
mitochondrial dehydrogenases. After cell treatment, 10 pL of WST-1
reagent was added to the cultured cells. The absorbance change (0-1
h) was measured spectrophotometrically at wavelength of 440 nm using
a Tecan Spark fluorescence microplate reader (Tecan, Switzerland). The
cell viability was expressed as the percentage of intra- and extra-
mitochondrial dehydrogenases activity relative to that in control cells
(= 100%). The results were expressed as mean + SD. The maximal
background absorbance was lower than 15% of a signal in untreated
cells.

4.11. Thermal shift assay

Melting temperatures (Ty,) were measured in 100 mM potassium
phosphate buffer (pH 8.0) containing a 1:1000 dilution of SYPRO Or-
ange (Sigma-Aldrich) and 1.43 pM 17p-HSD10. The compounds were
tested at two concentrations (25 and 50 pmol/L) in the total reaction
volume of 40 pL. The fluorescence melting curve was monitored in a
temperature range from 25 to 90 °C in the temperature ramps of 1 °C/
min using qTOWER? real-time PCR thermal cycler (Analytic Jena; Ex/
Em = 490/575). Melting curves were analysed and melting tempera-
tures were determined using qPCRsoft 4.0. All measurements were
performed in triplicate.

4.12. Parallel Artificial Membrane Permeability Assay (PAMPA-BBB)

The filter membrane of the donor plate was coated with PBL (Polar
Brain Lipid, Avanti, AL, USA) in dodecane (4 pL of 20 mg/mL PBL in
dodecane) and the acceptor well was filled with 300 pL of PBS pH 7.4
buffer (Va). Tested compounds were dissolved first in DMSO and that
diluted with PBS pH 7.4 to reach the final concentration in the range
between 25 and 100 pM in the donor well. The concentration of DMSO
did not exceed 0.5% (v/v) in the donor solution. 300 pL of the donor
solution was added to the donor wells (Vp) and the donor filter plate was
carefully put on the acceptor plate so that coated membrane was “in
touch” with both donor solution and acceptor buffer. Test compound
diffused from the donor well through the lipid membrane (Area = 0.28
em?) to the acceptor well. The concentration of the drug in both donor
and the acceptor wells were assessed after 3, 4, 5 and 6 h of incubation in
quadruplicate using the UV plate reader Synergy HT (Biotek, Winooski,
VT, USA) at the maximum absorption wavelength of each compound.
Besides that, the solution of theoretical compound concentration,
simulating the equilibrium state established if the membrane were
ideally permeable was prepared and assessed as well. The concentration
of the compounds in the donor and acceptor well and equilibrium
concentration were calculated from the standard curve and expressed as
the permeability (Pe) according to the equation:

[drugloceepior

[drugl.guiivrium ) }

c— Vp x Vy
(Vb + Vi) x Area x Time

log Pe:log{C X —ln<1 -

where
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4.13. In vivo experiments

4.13.1. Animals

Male albino Wistar rats weighing 220-250 g were purchased from
Velaz (Prague, Czech Republic). They were kept in an air-conditioned
enclosure with light from 07:00 a.m. to 7:00 p.m. and were allowed
access to standard food and tap water ad libitum. During the housing, rats
were divided into groups of 6 animals. The pharmacokinetic study was
performed following ethical guidelines. The handling of the experi-
mental animals was performed under the supervision of the Ethics
Committee of the Faculty of Military Health Sciences, Czech Republic
(No. MO 103046,/2018-684800, and MO 268874,/2018-684800).

4.13.2. Pharmacokinetic study

After intravenous (i.v.) administration of 9 (15.06 pg/kg; 0.2 mL/
100 g b.w., 3% DMSO in saline) and 11 (18.18 pg/kg; 0.2 mL/100 g b.w.,
3% DMSO in saline) blood samples were collected from the rats under
deep terminal anaesthesia (CO3) by cardiac puncture and stored in
heparinised 1.5 mL tubes at 0, 5, 15, 30, 60, 90, 180, 240, 360 and 1440
min (n = 3). After oral administration of 9 and 11 (both 60 mg/kg; 1 mL/
100 g b.w., 25% Kolliphor + 10% NMP in saline) blood samples were
collected in the same way at 0, 5, 15, 30, 45, 60, 120, 180, 240, 300, 360,
420, 480, 540, 600 and 1440 min (n = 3). All blood samples were
immediately centrifuged at 3000xg for 10 min (10 °C), and the plasma
was divided into two parts.

As the blood in organ vessels also contained the studied molecules,
this would have interfered with the accuracy of the brain concentration
assay. Therefore, the animals were perfused transcardially with saline
solution (0.9% NaCl) for 5 min (10 mL/min). After perfusion, the skull
was opened, and the brain was carefully removed. Brains were stored at
—80 °C until analysis.

4.13.3. Sample analysis

Frozen brains were homogenized in cold PBS (w/v 1:4) using
Fastprep-24 5G sample disruption instrument. Thawed plasma or ho-
mogenized brain in the volume of 100 pL, was mixed with the same
volume of methanol and acetonitrile, vortexed for 15 min and centri-
fuged at 14000 g for 3 min. The supernatant was then filtered through
0.22 pm PTFE syringe filter into the vial and measured.

Detection of 9 and 11 was performed on the Agilent 1290 Infinity II
UHPLC system coupled to the Agilent 6470 QqQ mass spectrometer.
Chromatographic conditions were maintained at gradient elution of 0.4
mL/min by 0.1% formic acid in water and acetonitrile (0-0.5 70:30,
0.5-3.0 gradient to 10:90, 3.0-3.6 10:90, 3.6-5.0 70:30), thermostated
autosampler set to 15 °C and column thermostat equipped with the
Zorbax Eclipse plus RRHD C18 2.1 x 50 mm, 1.8 pm (PN 959757-902)
column kept to 25 °C. MS source parameters for detection of compound
9 were set to the following: drying gas 320 °C at 4 L/min, sheath gas
400 °C at 12 L/min, nebulizer pressure 35 psi, capillary voltage 3500 V
and nozzle voltage 300 V. Transitions of [M-+H]' ions m/z were
detected with setting of dwell time 200 ms, cell accelerator 4 V, frag-
mentor 129 V for 377 — 208, 166 and 133 (CE 24, 44 and 60 V). MS
source parameters for detection of compound 11 were set to the
following: drying gas 260 °C at 12 L/min, sheath gas 400 °C at 12 L/min,
nebulizer pressure 30 psi, capillary voltage 3500 V and nozzle voltage
900 V. Transitions of [M+H]" ions m/z were detected with setting of
dwell time 200 ms, cell accelerator 4 V, fragmentor 129 V for 364 —
195, 151 and 109 (CE 20, 48 and 60 V).

4.13.4. Data evaluation

Standard non-compartmental analysis was performed using the
Kinetica software, version 4.0 (InnaPhase Corporation, Thermo Fisher
Scientific Inc., Waltham, MA, USA). The maximum concentration (Cpax)
and the time to the maximum concentration (Tpya.x) Were determined
directly from the observed data. The area under the mean plasma
concentration-time curve from zero to 1440 min (AUCy_1440min) Was

European Journal of Medicinal Chemistry 258 (2023) 115593

defined. The 1, (terminal rate constant) was estimated using linear
regression of the log-transformed concentrations plotted against time.
The half-life was calculated as follows: t;,2 = In(2)/2,.
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'H NMR spectrum of compound 6 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 7 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 8 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 9 (500 MHz, DMSO-ds)

170

160

150

140

130

120

110

100
90
80

70

60

50

40
130
120
10
-10

€69
S6'9
[AYA
8L
6L
6LL
EvL
L
SvL
StL

ssL
LS
65L
6SL

Mva.

€8

EE6 —

9001 —

Cl

OH

Fozt

f1 (ppm)

13C NMR spectrum of compound 9 (126 MHz, DMSO-d)

200
190

180

170

160

150

140

130

120
110
100

90
80
70
60
50
40
30
20
10

+-10

96'€C —

et~
68'8T ~
rzsi~

19'85T —

SI'891 —

Cl
OH

T

T
130

T

T

T

T

180

T

T

110 100
f1 (ppm)

120

160 150 140

170

220 210 200 190

230



'H NMR spectrum of compound 10 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 11 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 12 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 13 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 14 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 15 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 16 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 17 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 18 (500 MHz, Chloroform-d)
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'H NMR spectrum of compound 19 (500 MHz, Chloroform-d)
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'H NMR spectrum of compound 20 (500 MHz, DMSO-ds)
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HR-MS information of compound 6
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HR-MS information of compound 8
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HR-MS information of compound 9
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HR-MS information of compound 10
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HR-MS information of compound 11
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HR-MS information of compound 12
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HR-MS information of compound 14
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HR-MS information of compound 15
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HR-MS information of compound 16
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HR-MS information of compound 18
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HR-MS information of compound 19
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HR-MS information of compound 20
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Molecular docking

1E6W MOE 1U7T MOE
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Figure S1: 2D representation of binding interactions of compound 6 within the active site.
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Figure S2: 2D representation of binding interactions of compound 11 within the active site.
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Figure S3: 2D representation of binding interactions of compound 17 within the active site.
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Lactate dehydrogenase (LDH) assay

Compounds 9 and 11 were evaluated using lactate dehydrogenase (LDH) assay to further confirm
results cytotoxicity testing. LDH assay is a colorimetric assay routinely used to quantitatively measure
LDH released into the media from damaged cells as a biomarker for cellular cytotoxicity and cytolysis.
Cell cytotoxicity of 9 and 11 at 25uM concentration was assessed on HEK293 cell line after 24 hours
incubation. All three compounds showed only slight cytotoxicity (< 15 % increase compared to control;
Table S1), which was in accordance with the results from CellTiter-Glo/CellTox Green assay, WST-1

test, and monochlorobimane assay (Figures 9 and 10 in the main manuscript).

Table S1: Cytotoxicity at 25uM concentration measured by LDH assay.

Compound LDH cytotoxicity (%)

9 143+1.8
11 11.4+0.7

Notes: Data are presented as the mean + standard deviation (SEM).

LDH methodology

Cell cytotoxicity was assessed via the measurement of lactate dehydrogenase leakage into the culture
medium using a commercially available kit from Pierce (Thermo Scientific, UK, cat no. 88953). This was
carried out in accordance with the kit guidelines, with the activity of LDH being calculated from the
change in absorbance at 340 nm as NADH is reduced. HEK293 cells overexpressing mts17p3-HSD10 were
cultured in phenol-red free media (10% FBS, 1 mM sodium pyruvate, 100 units penicillin, 0.1 mg/mL
streptomycin and 2 mM L-glutamine) and seeded at a density of 10,000 cells per well (100 pL, 96-well
plates). Cells were then treated with the compound of interest at 25uM concentration in triplicate.
Treated cells were then incubated at 37 °C and CO; (5%) for 24 h before the LDH assay was performed
as per the manufacturer’s instructions. Spontaneous control (water) and maximum control (lysis
buffer) used in accordance with the kit guide. Absorbance was measured at 490 nm and 680 nm using
the SpectraMaxM?2e spectrophotometer (Molecular Devices, San Jose, CA, USA). The measured LDH

activity was used to calculate % cytotoxicity using the following equation:

o (compound treated LDH Activity — Spontaneous LDH Activity)
% cytotoxicity = - — — x100
(Maximum LDH Activity — Spontaneous LDH Activity)
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Abstract

Mitochondrial enzyme 17p-hydroxysteroid dehydrogenase type 10 (HSD10) is a
potential molecular target for treatment of mitochondrial-related disorders such as
Alzheimer's disease (AD). Its over-expression in AD brains is one of the critical fac-
tors disturbing the homeostasis of neuroprotective steroids and exacerbating amyloid
beta (Ap)-mediated mitochondrial toxicity and neuronal stress. This study was focused
on revalidation of the most potent HSD10 inhibitors derived from benzothiazolyl urea
scaffold using fluorescent-based enzymatic assay with physiologically relevant sub-
strates of 17p-oestradiol and allopregnanolone. The oestradiol-based assay led to the
identification of two nanomolar inhibitors (IC., 70 and 346 nM) differing from HSD10
hits revealed from the formerly used assay. Both identified inhibitors were found to
be effective also in allopregnanolone-based assay with non-competitive or uncom-
petitive mode of action. In addition, both inhibitors were confirmed to penetrate the
HEK293 cells and they were able to inhibit the HSD10 enzyme in the cellular environ-
ment. Both molecules seem to be potential lead structures for further research and
development of HDS10 inhibitors.

KEYWORDS
17B-oestradiol, 17p-HSD10, allopregnanolone, Alzheimer's disease, benzothiazole, CHANA

1 | INTRODUCTION

A mitochondrial enzyme 17p-hydroxysteroid dehydrogenase type
10 (HSD10, EC 1.1.1.178) is involved in the oxidation of a wide vari-
ety of substrates, for example, alcohols, fatty acids and steroids, and
appears to play an essential role in the energy metabolism of mito-
chondria and cellular response to stress (He et al., 2001). This multi-
functional enzyme is expressed in all human tissue types, including

the brain (Yang & He, 2001), where its levels seem to be region

specific, when high levels were found in the hippocampus, hypothal-
amus and amygdala (He, Wegiel, & Yang, 2005). Enzyme HSD10 is
known to possess multiple essential functions inside the mitochon-
dria (e.g. reviewed in Morsy & Trippier, 2019; Vinklarova et al., 2020),
and its complete depletion is connected with embryonic lethality in
animals or humans, thus leading to death (Zschocke, 2012).

HSD10 is known to be connected with the pathophysiology
of neurodegenerative diseases, in particular Alzheimer's (AD)

and Parkinson's disease, as well as certain forms of cancer (He

Abbreviations: AAC, acetoacetyl coenzyme A; AD, Alzheimer's disease; ALLOP, allopregnanolone; Ap, amyloid beta; CHANA, cyclohexenyl amino naphthalene alcohol; CHANK,
cyclohexenyl amino naphthalene ketone; DMSO, dimethyl sulfoxide; DSF, differential scanning fluorimetry; E2, 17p-oestradiol; HEK293-HSD10, HEK293 cell line over-expressing the

HSD10; HSD10, 17p-hydroxysteroid dehydrogenase type 10; ICy, half-maximal inhibitory concentration; k

.0 turnover number; K, Michaelis constant; NAD™, oxidised form of

nicotinamide adenine dinucleotide; NADH, reduced form of nicotinamide adenine dinucleotide; SD, standard deviation; SEM, standard error of the mean; T_, melting temperature; V, _,

maximal enzyme reaction velocity.
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et al., 2018; Tieu et al., 2004; Yang et al., 2005). So far, the most
discussed is the pathology associated with AD, where HSD10 plays
an important role caused by its increased expression in AD brains
and its interaction with amyloid beta (Ap) peptide (He, Wegiel, Yang,
Pullarkat, et al., 2005; Lustbader et al., 2004; Yan et al., 1997). It
seems that HSD10 up-regulation is one of the critical factors causing
mitochondrial dysfunction in AD, as its over-expression exacerbates
AB-mediated mitochondrial toxicity and neuronal stress (Chen &
Yan, 2007; Seo et al., 2011; Takuma et al., 2005). Furthermore, even
a non-enzymatic function of HSD10 is required for mitochondrial
functional and structural integrity and cell survival (Rauschenberger
et al., 2010). Therefore, HSD10 could be one of the major mitochon-
drial targets for development of anti-AD therapy.

17p-oestradiol (E2; He et al., 1999) and allopregnanolone (ALLOP;
He, Wegiel, & Yang, 2005; He, Wegiel, Yang, Pullarkat, et al., 2005)
belong among the essential steroids processed by HSD10 when both
neurosteroids are involved in the neuronal survival and neuroprotec-
tion of the cells. E2 has been shown to have various protective effects
on mitochondria, that is, increased electron transport chain activity
and ATP production, stabilisation of the mitochondrial membrane po-
tential, decrease in reactive oxygen species production and control of
the calcium influx-induced excitotoxicity (Amtul et al., 2010; Grimm
et al., 2012). Also, E2 may protect the cell from apoptosis by several
mechanisms, such as by activation of antioxidant mechanisms leading
to up-regulation of glutathione levels and by its function as a transcrip-
tion factor after binding to oestrogen receptors a and $ (Nilsen, 2008;
Pike et al., 2009; Simpkins & Dykens, 2008). Furthermore, E2 signifi-
cantly affects the regulation of the two most important pathological
hallmarks of AD, Ap and tau proteins (Alvarez-De-La-Rosa et al., 2005;
Amtul et al., 2010; Nilsen et al., 2006). A neuroprotective antioxidant
effect of ALLOP was demonstrated in different studies, for example,
in enhancing superoxide dismutase activity in AD model of PC12 cells
or reduction in lipid peroxidation and reactive oxygen species levels in
human fibroblasts (Qian et al., 2015; Zampieri et al., 2009).

The over-expression of HSD10 was found in the brains of AD
patients (Lustbader et al., 2004; Yan et al., 1997). It may probably
affect the homeostasis of the neurosteroid metabolism and it can
alter neurosteroid levels in different brain regions (Yang et al., 2011,
2014) when the E2 and ALLOP levels were found reduced in AD
brains (Manly et al., 2000; Marx et al., 2006; Yue et al., 2005). The
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appropriate enzyme level of HSD10 imply to be critical for brain de-
velopment, cognitive function and neurosteroid homeostasis in a
healthy brain (He et al., 1999; Yang et al., 2007, 2009). However, the
inhibition of the HSD10 over-expression could increase the level of
these neuroprotective steroid levels and thus restore the disturbed
homeostasis in the AD brain (He et al., 1999; Lim et al., 2011).

Several classes of HSD10 inhibitors have been developed, for
example, benzothiazolyl ureas, steroids and pyrazolopyrimidines
(Vinklarova et al., 2020). The most numerous group is benzothiazolyl
ureas, whose structure was based on the FDA-approved drug fren-
tizole (Figure 1; Xie et al., 2006). To date, our group has published
several series of these compounds, with the best ones having submi-
cromolar IC,, values (see compounds 15, 16, 21, 27 and 30; Aitken
etal., 2019; Benek et al., 2017, 2018, 2023; Hroch et al., 2016, 2017;
Schmidt et al., 2020). The most in vitro IC50 determinations were
done via an absorbance assay with recombinant HSD10 enzyme,
acetoacetyl-CoA (AAC) as a substrate and reduced form of nicotin-
amide adenine dinucleotide (NADH) as a co-factor. This assay was
derived from a method published in 1981 by Binstock and Schulz
(Binstock & Schulz, 1981) and is based on HSD10 reductase activity,
whereas HSD10 is basically dehydrogenase which prefers the oxi-
dative reaction with NAD™ (oxidised form of nicotinamide adenine
dinucleotide) as a co-factor (Yang et al., 2005).

In this work, we report the use of fluorescent enzymatic assay
and fluorescent cellular assay for HSD10 screening. In enzymatic
assay, we have used fluorescence properties of NADH in combina-
tion with neurosteroid substrates E2 and ALLOP to determine the
best HDS10 inhibitors published by our group in more physiologi-
cally relevant in vitro conditions. Moreover, the best hits were eval-
uated in cellular environment to confirm their cell penetrability and
HSD10 inhibitory ability.

2 | MATERIALS AND METHODS
2.1 | Chemicals and compounds
Most of the used chemicals were obtained from Sigma-Aldrich un-

less otherwise stated. All chemicals and reagents were of the highest

commercially available purity. The tested compounds were chosen

RM-532-46

FIGURE 1 Prototypical compounds from different structural classes of HSD10 inhibitors—frentizole (benzothiazolyl ureas), AG18051

(pyrazolopyrimidines) and RM-532-46 (steroids).
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from the in-house library. The synthetic routes and chemical proper-
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ties can be found in the published articles (i.e. references in Table 1).
All compounds were dissolved in anhydrous dimethyl sulfoxide
(DMSO) and further diluted with assay buffers or culture media to
the working concentrations to keep the maximum DMSO concen-
tration in all reaction mixtures at 2.2% (v/v) for enzymatic measure-
ments and at 1% (v/v) for cell culture experiments. All buffers were
prepared from ultra-pure water and their pH was adjusted for par-
ticular buffer.

2.2 | Expression and purification of human
recombinant HSD10 enzyme

The recombinant N-terminally His-tagged HSD10 (UniProtKB
server accession number: Q99714) was expressed in Escherichia
coli BL21 (DE3) strain harbouring pET28b vector with inserted
HSD17B10 gene, and purified as described previously (Schmidt
et al., 2020) with minor changes. Briefly, the autoinduction and
over-expression were performed at 25°C for 18h using the
Overnight Express™ Instant TB medium (Novagen, Merck). The
bacterial pellet harvested by centrifugation (75008, 10 min, 4°C)
was resuspended in lysis buffer (50 mM sodium phosphate buffer,
150mM NaCl and 10mM imidazole, pH8.0) containing 1mg/
mL lysozyme, 150U/mL benzonase and cOmplete™ EDTA-free
protease inhibitor cocktail (Roche, Merck). The suspension was
incubated on ice for 20min and sonicated several times. After
centrifugation (16000g, 10 min, 4°C), the supernatant was loaded
onto the Ni-NTA agarose-filled column (Qiagen) and incubated on
ice with gentle stirring for 1 h. Affinity purification was performed
under native conditions. His-tagged HSD10 bound on the resin
was washed three times with 10 mL of washing buffer | (50 mM
sodium phosphate buffer, 150mM NaCl and 20mM imidazole,
pH8.0), followed by 3x 10 mL of washing buffer Il (50 mM sodium
phosphate buffer, 150mM NaCl and 40mM imidazole, pH8.0).
Elution was performed using elution buffer (50 mM sodium phos-
phate buffer, 150 mM NaCl and 250 mM imidazole, pH 8.0), and the
elution buffer was subsequently exchanged on Amicon® Ultra-4
Centrifugal Filter Unit (10000 MWCO) for storage buffer (70mM
Tris-HCl and 215mM NaCl, pH8.0). The purified HSD10 enzyme
was aliquoted and stored at -80°C. The protein concentration was
determined using the Bradford assay using bovine serum albumin
as a protein standard and the purification steps and the purity of
the enzyme were monitored using SDS-PAGE.

2.3 | Western blot analysis

Sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis using 15% resolving and 4% stacking gels were used for the
recombinant HSD10 purity confirmation. To detect HSD10 by
Western blot, samples under reducing conditions were sub-
jected to electrophoresis [1pg of purified recombinant HSD10 or

10 pug of HEK293 or HEK293 cell line over-expressing the HSD10
(HEK293-HSD10) cell lysate], and subsequently transferred to
0.22pM PVDF membrane and detected using an anti-HSD10 pri-
mary mouse monoclonal antibody (anti-ERAB, clone 5F3, Abcam
Cat# ab10260, RRID:AB_296999, dilution 1:1000), followed by
the chemiluminescence detection of HRP-conjugated second-
ary goat anti-mouse IgG antibody (Thermo Fisher Scientific Cat#
32430, RRID:AB_1185566, dilution 1:1000).

2.4 | HSD10 activity assay and enzyme kinetics

The activity of the purified HSD10 was measured fluorometrically
using E2 and ALLOP as the substrates and NAD* as the enzyme co-
factor. The general reaction mixture (200 pL per well) was 50pM E2
or 20pM ALLOP (Tocris Bioscience, 0.4 pL, dissolved in anhydrous
DMSO0), 500pM NAD* (10pL, dissolved in ultra-pure water) and
42.5nM purified recombinant HSD10 (1 ulL) in assay buffer (188.6 uL,
100 mM potassium phosphate buffer, pH8.0). The reaction mixture
of enzyme and co-factor in the assay buffer was pre-incubated for
5min at 37°C before adding the substrate. The activity assay was
measured in polystyrene black 96-well plates (BRAND, 781608)
at 37°C using Tecan Spark 10M instrument (Mannedorf), and the
HSD10 activity was monitored for 20min in 30s intervals as the in-
crease in fluorescence (Ex/Em=340/460nm) caused by the enzy-
matic conversion of NAD™ to NADH.

The HSD10 kinetic parameters, Michaelis constant (Km) and max-
imal enzyme reaction velocity (V, , ), were determined for enzyme
substrates (E2, ALLOP and glycerol) and NAD™ co-factor, and the
concentrations were as follows: 2.3-200uM for E2, 1.1-100uM for
ALLOP, 62.5-4000mM for glycerol and 5.3-500uM for NAD*. The
enzyme reaction rates were determined via the AF within the lin-
ear range of the measured curves and calculated using a calibration
curve of NADH dilution series. For the determination of the kinetic
parameters for NAD* and glycerol, the saturation curves were fit-
ted using Michaelis-Menten kinetics in GraphPad Prism 8.4.3. As
a result of substrate inhibition, the kinetic parameters for E2 and
ALLOP were manually calculated from the saturation curve (Vmax as
the highest reaction rate achieved and K as the substrate concen-
tration at the one-half of the V__ ).

max

2.5 | Small-molecule inhibitors screening and IC,,
determination

The compounds were screened at 10 and 1uM concentrations to
compare their ability to inhibit HSD10. The general reaction mixture
(200 L per well) consisted of 50uM E2 or 20pM ALLOP (0.4 pL, dis-
solved in anhydrous DMSO), 500 uM NAD* (10 L, dissolved in ultra-
pure water), a particular concentration of inhibitor (4 uL) and 42.5nM
purified recombinant HSD10 (1 uL) in assay buffer (184.6 uL, 100mM
potassium phosphate buffer, pH8.0). The reaction mixture of en-
zyme, co-factor and inhibitor in the assay buffer was pre-incubated
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TABLE 1 Invitroinhibitory potency of the tested compounds against human HSD10 in AAC and E2 assay for transformation of AAC to
3-hydroxybutyryl-CoA (taken from previously published data) and E2 to estrone respectively. The measured IC, values (E2 assay) are given
as means+SEM from a single experiment performed in tetraplicate (n=4).

4 2

5 =~ N — R2
R'B—\ | x\ \ 7
7 e

\r.-)

o

AAC assay E2 assay
Cmp R! X Linker R? IC,, (tM)+SEM/SD  References IC5, (kM) + SEM
AG18051 0.092 Kissinger et al. (2004) 0.089+0.009
= S NHCONH 3-Cl, 4-OH 2.2+0.5 Schmidt et al. (2020) =
2 — O NHCONH 3-Cl, 4-OH 4.7+2.3 Schmidt et al. (2020) -
3 - NH NHCONH 3-Cl, 4-OH 2.3+0.5 Schmidt et al. (2020) -
4 4-Cl S NHCONH 3-Cl, 4-OH — Schmidt et al. (2020) —
5 6-Cl S NHCONH 3-Cl, 4-OH - Hroch et al. (2016) 1.17+0.09
6 7-Cl S NHCONH 3-Cl, 4-OH 2.5+03 Schmidt et al. (2020) -
7 6-Cl (¢} NHCONH 3-Cl, 4-OH 24+0.6 Schmidt et al. (2020) =
8 6-Cl NH NHCONH 3-Cl, 4-OH 1.9+04 Schmidt et al. (2020) -
9 6-F S NHCONH 3-Cl, 4-OH 16.8+1.0 Hroch et al. (2016) =
10 6-Br S NHCONH 3-Cl, 4-OH - Schmidt et al. (2020) 1.08+0.08
11 6-Me S NHCONH 3-Cl, 4-OH 55+14 Schmidt et al. (2020) =
12 6-CF, S NHCONH 3-Cl, 4-OH - Schmidt et al. (2020) —
13 6-iPr S NHCONH 3-Cl, 4-OH 5.12¢ Aitken et al. (2019) 0.89+0.05
14 6-tBut S NHCONH 3-Cl, 4-OH 5.29¢ Aitken et al. (2019) 1.01+0.09
15 6-COOH S NHCONH 3-Cl, 4-OH 0.31+0.09 Benek et al. (2023) =
16 6-CONH, S NHCONH 3-Cl, 4-OH 0.84+0.18 Benek et al. (2023) 1.61+0.12
17 6-CONMe, S NHCONH 3-Cl, 4-OH - Benek et al. (2023) =
18 6-NH, S NHCONH 3-Cl, 4-OH 1.6+0.3 Schmidt et al. (2020) 1.20+0.08
19 6-NMe, S NHCONH 3-Cl, 4-OH = Benek et al. (2023) =
20 6-NO, S NHCONH 3-Cl, 4-OH 50+1.2 Schmidt et al. (2020) —
21 6-NHAc S NHCONH 3-Cl, 4-OH 0.34+0.07 Benek et al. (2023) =
22 6-OH S NHCONH 3-Cl, 4-OH 1.2+0.2 Schmidt et al. (2020) 0.71+0.09
23 6-OMe S NHCONH 3-Cl, 4-OH 2.4+0.6 Schmidt et al. (2020) -
24 6-OCF, S NHCONH 3-Cl, 4-OH — Hroch et al. (2016) —
25 6-OEt S NHCONH 3-Cl, 4-OH 1.61° Aitken et al. (2019) 0.79+0.07
26 6-SCN S NHCONH 3-Cl, 4-OH 2.61° Aitken et al. (2019) 0.07+0.01
27 6-SO,Me S NHCONH 3-Cl, 4-OH 0.93¢ Aitken et al. (2019) 0.85+0.06
28 6-SO,CF, S NHCONH 3-Cl, 4-OH 2.69¢ Aitken et al. (2019) 1.05+0.11
29 6-OMe S NHCONH 3-Br, 4-OH 1.28¢ Aitken et al. (2019) 0.67+0.05
30 6-OMe S NHCONH 3-CF;, 4-OH 0.57+0.12 Benek et al. (2023) —
31 6-OMe S NHCONH 3-CN, 4-OH = Aitken et al. (2019) =
32 6-OCF, S NHCONH 3,5-Cl, 4-OH - Hroch et al. (2016) -
33 6-Cl S NHCONH 3,5-F, 4-OH — Schmidt et al. (2020) —
34 6-OMe S NHCO 3-Cl, 4-OH - Aitken et al. (2019) 0.35+0.05
35 6-OMe S NHCH, 3-Cl, 4-OH - Benek et al. (2023) -
36 - S CH,NHCH, 3-Cl, 4-OH — Benek et al. (2023) —
37 6-OMe S NHCNHNH?*  4-OMe 3.06+0.40 Benek et al. (2017) —
38 3-Cl-4-OH-Ph® NHCONH 3-Cl, 4-OH 6.83¢ Aitken et al. (2019) —
?Guanidine.
PReplacement of the benzothiazole moiety with 3-chloro-4-hydroxyphenyl.
“Confidence intervals can be found in (Aitken et al., 2019). (Continues)
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for 5min at 37°C before adding the substrate. The residual activity
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was calculated with respect to the uninhibited reaction with DMSO
as vehicle control (100% of HSD10 activity). Compound AG18051
(Kissinger et al., 2004) was used as a standard inhibitor from the
literature.

For half-maximal inhibitory concentration (lcso) values determi-
nation, the residual activity was calculated from a series of reactions
measured as dose-response inhibition at nine different concentrations
of inhibitors (0.03-40uM) at fixed enzyme, co-factor and substrate
concentrations. The initial rates of the dose-response data were an-
alysed in GraphPad Prism 8.4.3 using non-linear regression analysis,
and IC,, values (+ SEM, standard error of the mean) were calculated.

2.6 | Determination of inhibition type

The activity assay was further used to determine the type of inhibi-
tion of the two most potent inhibitors with respect to the substrates,
E2 and ALLOP. The inhibitors were used at different concentrations
according to their inhibitory ability (compound 34: 300 and 450nM
for E2 and 127 and 190nM for ALLOP; compound 26: 44, 67 and
100nM for E2 and 5, 10 and 20nM for ALLOP) in combination with
different concentrations of the substrate (3.125-75uM for E2 and 1.8-
20uM for ALLOP) and a saturated co-factor concentration (500uM
NAD*). DMSO was used as vehicle control. The data were analysed by
GraphPad Prism 8.4.3 using the linearisation of Hanes-Woolf. In addi-
tion, the Km and Vmax values of inhibited reactions were compared with

the control reaction to more precisely determine the inhibition type.

2.7 | Differential scanning fluorimetry (DSF)

Melting temperatures (T,)) were determined in 100mM potassium
phosphate buffer (pH 8.0). The general mixture with a total volume of
40pL consisted of 1.43 M HSD10 (0.82pL), compounds at a final con-
centration of 25 and 50uM (0.88pL) and reaction buffer containing
1:1000 dilution of SYPRO Orange (37.9 uL) with or without the pres-
ence of 250pM NAD™ (0.39pL). DMSO was used as vehicle control.
The fluorescence melting curve was monitored in a temperature range
from 25 to 90°C with the temperature ramps of 1°C/min using gPCR
machine qTower3/G (Analytic Jena; Ex/Em=490/575nm). The data
were analysed and the melting temperatures were calculated using
gPCRsoft 4.0 (Analytic Jena). The differences between groups, that
is, between the DMSO vehicle control and the tested inhibitor, were
analysed by GraphPad Prism 8.4.3 using the Student's unpaired t-test.
The normality was conducted using Q-Q analysis with a Shapiro-Wilk

assessment to test for normality. The outlier test was not performed.

2.8 | Cell cultures and HSD10 over-expression

HEK293 cells (ECACC Cat# 85120602, RRID:CVCL_0045) were main-
tained in Dulbecco's modified Eagle medium (Capricorn) supplemented

with 10% foetal bovine serum (Gibco), 2mML-glutamine and non-
essential amino acids additives (Gibco) at 37°C in 5% CO, humidified at-
mosphere. The cells were passaged regularly at 70-80% confluency using
the split ratio from 1:6 to 1:10, and all experiments were performed at a
maximum passage number of 15 (the passage number counting started at
the time of purchasing). All culture preparations were repeatedly tested
for Mycoplasma contamination (MycoAlert Plus, Promega), authenticated
during the preparation of this manuscript and is not listed as a com-
monly misidentified cell line by the International Cell Line Authentication
Committee (ICLAC, https://iclac.org/databases/cross-contaminations/).
For HSD10 over-expression, the gene for HSD10 was codon optimised
and synthesised de novo as GeneArt Strings DNA fragment (Thermo
Fisher). The full-length gene was PCR amplified and inserted into con-
stitutive mammalian expression pcDNA3.4 vector using topoisomerase-
based cloning and sequenced. Low-passaged HEK293 cells were
nucleofected (Amaxa Nucleofector kit V, Lonza, nucleofector pro-
gramme A-023) with 3-5pg of pcDNA3.4-HSD10 plasmid DNA isolated
using PureLink HiPure Plasmid MiniPrep kit (Invitrogen). Twenty-four
hours after nucleofection, the cells were treated with G418 disulphate
salt solution (Roche) at a concentration of 500pg/mL in culture media
to select positive cell clones. After several weeks of clonal selection and
expansion, several monoclonal cell lines (HEK293-HSD10) were isolated
using limiting dilution. The HSD10 over-expression was confirmed by im-
munoblotting using an anti-HSD10 primary mouse monoclonal antibody.

No institutional ethical approval was required for this work.

2.9 | Cellular HSD10 inhibition

HSD10 inhibition in HEK293-HSD10 cells was performed using
(-)-CHANA (cyclohexenyl amino naphthalene alcohol) fluorogenic
probe (Muirhead et al., 2010). The cells were seeded at a density of
10* cells/well into black 96 clear bottom-well plates (Brand, 781971)
in 200pL cell culture media without phenol red. After 20h of in-
cubation, the cells were treated with selected compounds (2pL) in
various concentrations (1-25pM) dissolved in anhydrous DMSO or
2uL of DMSO only (vehicle control). After 2 h treatment, 2 pL of (-)-
CHANA probe was added at the final concentration of 20uM, and
the changes in fluorescent intensities were measured immediately
(Oh) and after 2 h after the addition of (-)-CHANA. The fluorescence
intensities of the reaction product cyclohexenyl amino naphthalene
ketone (CHANK) were measured using TECAN Spark 10M instru-
ment (Ex/Em=2380/525nm). The HSD10 activity was calculated as
the AF between 2 and Oh after (-)-CHANA addition, and the data
were normalised between DMSO-treated HEK293-HSD10 and non-

transfected HEK293 controls (using relative response ratio).
2.10 | Cytotoxicity of selected
compounds and their influence on cell viability

The selected compounds 26 and 34 were tested on HEK293 cells
to determine their cytotoxicity effects and the impact on cell
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viability using CellTox Green Cytotoxicity Assay and CellTiter-
Glo Luminescent Cell Viability Assay kits (Promega). For multiplex
measurement, 5% 10° cells were seeded per well in 50pL of com-
plete culture media in a white solid flat-bottom 96-well microplates
(Nunc, 136102) and cultured for 24 h, followed by the addition of
selected compounds (0.5uL) at a final compound concentration of
10 and 25 uM. The treated cells were cultured for the next 4 or 48h,
followed by the multiplex measurement using a TECAN Spark in-
strument following the manufacturer protocol with minor changes.
For cytotoxicity measurements, 20uL of complete CellTox Green
Reagent (prepared by mixing 20 L of CellTox Green Dye with 6 mL
of CellTox Green Assay Buffer) was used. For viability measure-
ments, 25 L of CellTiter-Glo 2.0 Reagent was used. The compounds'
cytotoxicity was measured fluorometrically (Ex/Em=485/530nm),
followed by the luminescence-based measurement of the cell viabil-
ity with an integration time of 500 ms. Cells treated with 1% DMSO
only (vehicle control) and 100 M valinomycin-treated cells (positive

control) were used as the controls.

3 | RESULTS

3.1 | Fluorescent E2 and ALLOP assays offer a
more relevant point of view on HSD10 inhibition

The importance of the HSD10 enzyme in E2 and ALLOP inactivation
and the implications for cell neuroprotection led us to re-investigate
the best benzothiazolyl inhibitors and their ability to inhibit HSD10
enzyme using E2 and ALLOP as physiological and thus more relevant
enzyme substrates. The assay was based on E2 and ALLOP oxidation
by HSD10 leading to inactive estrone or 5a-dihydroprogesterone,
respectively. The reaction was continuously monitored as fluores-
cence increments at 460nm (Figure 2a) as a result of the formation
of NADH.

(a)

17B-oestradiol

HO
allopregnanolone

FIGURE 2 Assay characteristics.

(a) Schematic presentation of HSD10 HO™
enzymatic activity with E2 and ALLOP
substrates and (b) Z'-factors for E2

and ALLOP substrates. HSD10, 17p-
hydroxysteroid dehydrogenase type

10. ALLOP, allopregnanolone; E2,
17p-oestradiol; NAD*/NADH, oxidised/
reduced form of nicotinamide adenine
dinucleotide.

(b)
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The amount of HSD10 enzyme (42.5nM, 1.2pg/mL) in both
assays was adjusted with respect to general considerations for en-
zymatic assay development, that is, the amount of enzyme should
ensure the linearity of product formation in the reaction, depletion
of substrate should be up to 10% of its concentration and enzyme
concentration should be lower-than-expected inhibitory constants
of the most potent inhibitors. This setup provided a sufficient assay
window and thus the assay with a relevant screening window co-
efficient (Z'-factor; Figure 2b; Zhang et al., 1999). The calculated
Z'-factors for both substrates were over 0.9, suggesting excellent
assays addressing the quality of the assays.

The composition of the reaction mixtures for both substrates
was kept as minimalistic as possible. The addition of stabilisers,
detergents and other proteins was avoided to exclude their impact
on the HSD10 enzymatic activity or ligand binding. To improve the
common solubility issues reported previously (Aitken et al., 2019;
Hroch et al., 2016), the amount of final DMSO concentration was
increased to 2.2% as a safe concentration without much depletion
of enzymatic activity.

For both substrates, the relation between the substrate/co-
factor concentrations and reaction rate was determined (Figure 3).
The K, values were determined for both neurosteroids, E2 and
ALLOP (Figure 3a,b), as well as for the enzyme co-factor NAD*
and glycerol (Figure 3c,d). The saturation curves of the reactions
using E2 and ALLOP as substrates displayed substrate inhibition
(Figure 3a,b), showing a decrease in the reaction velocity. The pres-
ence of glycerol was also addressed as it is used as a stabiliser for
many recombinant enzymes (Vagenende et al., 2009), and glycerol
interference was observed in the 173-HSD14 enzyme experiments
(Bertoletti et al., 2016). The glycerol was shown to be a substrate
for the HSD10 enzyme and displayed three orders of magnitude
higher K value compared to E2, ALLOP or NAD™" (Figure 3d). As
this may affect the inhibitory data obtained using both substrates

and independently on method readout, glycerol was excluded from

Ex 340 nm Em 460 nm
OH [o]
NAD*
HO
oestrone
(o) HSD10 (0]
[¢]
5a-dihydroprogesterone
Substrate Z’factor
E2 (50 uM) 0.977
ALLOP (20 pM) 0.959
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(a) (b) FIGURE 3 Determination of kinetic
89 109 parameters of HSD10 enzyme. HSD10
T » 84 activity was measured with (a) E2
13 F? 6. and (b) ALLOP, both at fixed NAD*
€ 4 g concentration (500 uM); (c) NAD* at fixed
E S 4~ E2 concentration (50 pM) or (d) glycerol
£ 24 f 2 at fixed NAD* concentration (500 uM);
and (e) The kinetic parameters of HSD10
0 T T T 1 0 : - - i o0 00 enzyme. The K_and V__ values are given
0 50 [E;]O((;M) 150 200 [ALLOP] (uM) as means+SEM from a single experiment
performed in tetraplicate (n=4). ALLOP,
(c) (d) allopregnanolone; E2, 17f-oestradiol;
8+ 12+ NAD™, oxidised form of nicotinamide
. adenine dinucleotide; SEM, standard error
_g, 6 F‘g 9+ of the mean.
_E 4 £ 6
E ;
£ 9] § 3
0 T 1 1 1 1 0 T T 1
0 100 200 300 400 500 0 1000 3000 4000
[NAD"] (uM) [glycerol] (mM)
(e)
E2 ALLOP NAD* glycerol
Km (M) 13.11+£0.26 6.86 £ 0.11 84.36 + 5.47 360.43 x 10°
Vimax (nmol min-* mg-) 6.34 £ 0.07 8.46 £ 0.06 8.06 £ 0.09 11.88 £+ 0.35
Kcat (min-) 0.178 0.238 0.227 0.334
Kcat/Km (M- min-t) 13.6 x 10° 34.7x10° 2.7x10° 0.93

all steps during enzyme preparation, purification, storage and deter-

minations. The maximum velocities (V.

max)» Michaelis constants (K, ),

turnover numbers (k_,,) and catalytic efficiencies (k_,./K,) were cal-

cat cat’

culated for both substrates, NAD* co-factor and glycerol from their
saturation curves (Figure 3e).

3.2 | Assay with E2 and ALLOP revealed potent
HSD10 inhibitors

To date, our group has developed numerous benzothiazole-based
HSD10 inhibitors (Aitken et al., 2019; Benek et al., 2017, 2018, 2023;
Hroch et al., 2016, 2017; Schmidt et al., 2020). In the formerly pub-
lished works, the enzymatic activity of HSD10 was determined using
acetoacetyl coenzyme A (AAC) as the substrate and NADH as the
enzyme co-factor. Based on previous studies, we have selected 38
promising inhibitors that were identified in the AAC assay. These
inhibitors were re-evaluated using a novel assay via oxidative NAD*-
dependent route using physiological substrates E2 and ALLOP. All
tested compounds were evaluated at 10uM and 1pM concentra-
tions (Figure 4, data available in Table S1). Compound AG18051
(Kissinger et al., 2004), the most potent HSD10 inhibitor published
so far, was used as the control.

All tested compounds, except for compound 30, displayed
good inhibition activity of HSD10 at 10 pM concentration in the E2
assay (>50% inhibition). The consequent 1 uM screening revealed
13 compounds with more than 50% inhibition ability and they were

forwarded to IC50 determination (Table 1). Most compounds dis-
played IC;, values around 1 uM. In addition, several screened com-
pounds demonstrated excellent inhibition and showed I1C; values
in submicromolar concentrations (26, 29 and 34). Compound 26,
having an IC;, value of 70nM, was found slightly more potent than
the best experimentally validated HSD10 inhibitor, AG18051 (IC;,
89 nM). Interestingly, most of the previously published inhibitors
(Table 1, column AAC assay) were confirmed active also in the
E2 assay (5, 10, 13, 14, 25, 28 and 29), while several others were
found poorly active and they failed to pass for the IC;, determina-
tion (15, 21 and 30).

3.3 | Compounds 26 and 34 demonstrated
enhanced HSD10 inhibition in vitro

The two best HSD10 inhibitors in E2 assay (26 and 34) were pre-
viously determined with moderate inhibition ability using AAC
assay (Aitken et al., 2019). Compound 34 displayed around 50%
inhibition in 25pM screening using AAC (no IC,, data were avail-
able) and it was determined as compound acting with the mixed
type of inhibition with respect to the AAC substrate or NADH
co-factor (Aitken et al., 2019). This compound has the usual
3-chloro-4-hydroxylphenyl substitution in combination with
methoxy substituent in position 6 on the benzothiazole moiety.
Its uniqueness lies in the linker, where the urea was replaced by
the shorter amide moiety. This linker variation seems to be very
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important, as its analogue 23 containing urea linker was unable to
inhibit HSD10 in E2 assay by more than 40% in the 10 pM screening
(Figure 4), while compound 34 resulted as nanomolar inhibitor in
E2 assay. In addition, compound 34 was acting via the uncompeti-
tive type of inhibition with respect to the E2 substrate (Table 2),
which confirmed our previous findings for other benzothiazoles
using AAC assay (Schmidt et al., 2020).

Compound 26 demonstrated the highest inhibition towards
HSD10 enzyme in E2 assay, but it previously showed only mild en-
zyme inhibition in AAC assay (Aitken et al., 2019). The compound
structure differs from other inhibitors by the thiocyanate substi-
tution in position 6 of the benzothiazole moiety. Unlike compound
34, compound 26 has shown a non-competitive type of inhibition.
Interestingly, this compound was previously published as a mixed-
type inhibitor in AAC assay (similarly to 34; Aitken et al., 2019). The

difference in the determined type of inhibition between these two

FIGURE 4 10uM (a)and 1uM (b) (@ 125-
screening of HSD10 inhibitors using E2
assay. Values are given as means +SD >
from a single experiment (a) or two > 100
independent experiments (b) performed in 2 %
tetraplicate (n=4 or 8, shown as individual = *E' 75
data points). HSD10, 17B-hydroxysteroid -3 S
dehydrogenase type 10. g s 50— ---------
o2
a
% 25—
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assays may be in the different substrates used or in the methodology
used for kinetic measurements (e.g. in concentrations of substrates
and inhibitors used).

The two most promising compounds, 26 and 34, were further
forwarded to the assay with ALLOP substrate to confirm their
inhibitory effect with another physiologically occurring neuros-
teroid. Using this substrate, compounds 26 and 34 displayed sig-
nificantly lower IC,, values than with the E2 substrate (Table 2).
The control inhibitor AG18051 demonstrated inhibition compara-
ble to that of compound 26. Furthermore, the same type of inhi-
bition was demonstrated using ALLOP substrate (Table 2), when
compound 34 was found to be the uncompetitive inhibitor, while
compound 26 showed the non-competitive type of inhibition.
These results indicate that these two compounds have different
binding mode to the HSD10 within the oxidative conversion of

both substrates.
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TABLE 2 Invitroinhibitory ability
and mechanism of action of the
most promising compounds using Compound
E2 and ALLOP substrates. ALLOP,
allopregnanolone; E2, 17f-oestradiol; IC,, AG18051
half-maximal inhibitory concentration. 26
34

PO oA DN NORLROPPDPRPRRD PP PN D PPN P

IC;, (NM) £ SEM Type of inhibition
E2 ALLOP E2 ALLOP
89+9 20+1.9 Covalent Covalent
70+ 10 19+1.5 Non-competitive Non-
competitive
346+53 191+28 Uncompetitive Uncompetitive
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3.4 | DSF confirmed different binding modes of
compounds 26 and 34

Neurochemistry

The shift in the thermal stability of the HSD10 in the presence of
selected compounds 26 and 34 was evaluated using the DSF method
to confirm the ligand-target interactions (Figure 5, data and statisti-
cal reports available in Tables S2 and S3). As the enzyme co-factor
NAD* can be a very important element in the binding process and
thus in the compounds' mode of action, the enzyme thermal stabil-
ity was examined both in the presence or absence of NAD*. Control
compound AG18051 showed strong binding (increase of T ) only in
the presence of NAD™, which is in accordance with its known mech-
anism of action, that is, the covalent binding/interaction with the
co-factor within the enzyme's active site (Kissinger et al., 2004). The
thermal stability of HSD10 after treatment with inhibitors 26 and
34 showed a positive thermal shift (increase in Tm) and confirmed
their interactions with HSD10. In addition, some differences in
binding modalities can be assumed from the differences in HSD10
thermal shift profiles in the presence or absence of NAD* co-factor.
Compound 34 affected the HSD10 thermal stability more in the
presence of co-factor, while 26 caused similar increase in T under
both conditions used. The DSF data thus confirmed the different
mechanisms of action for 26 and 34 and they are in agreement with
their suggested non-competitive and uncompetitive inhibition mode

respectively.
3.5 | Compounds 26 and 34 are HSD10 inhibitors
in the cellular environment

The promising results from in vitro determination using recombi-
nant enzyme led us to determine the activity of the best inhibitors

26 and 34 at cellular level. To detect the HSD10 activity inside the
cells, the fluorogenic probe (-)-CHANA (cyclohexenyl amino naph-
thalene alcohol; Figure 6a) in combination with HEK293-HSD10
cells was used. The HSD10 over-expression was analysed by im-
munoblotting using an anti-HSD10 primary antibody (Figure 6b
bottom, original western blot image available in Figure S1), and
the HSD10 activity was determined by comparing the (-)-CHANA
turnover in HEK293-HSD10 cells and HEK293 cells (Figure é6b
top). The inhibitors' ability to affect the enzyme inside the cell was
measured as the decrease in fluorescence of CHANK after the in-
hibitor treatment.

The selected inhibitors 26 and 34 displayed inhibitory activity
against HSD10 inside the cells after 4h treatment and their inhi-
bition ability was found dose dependent (Figure 6c). Although the
(-)-CHANA probe is not the physiological substrate of HSD10, it un-
dergoes the alcohol to ketone conversion (oxidation) similar to E2
and ALLOP. The obtained results demonstrate that both inhibitors,
26 and 34, were able to enter the cells and engage the HSD10 en-
zyme within.

In addition to HSD10, the compounds may also affect other
molecular targets inside cells. For this reason, the cell viability
via ATP determination and cytotoxicity were determined after 4
and 48 h post-inhibitor treatment. Compounds 26 and 34 nor the
control inhibitor AG18051 displayed a decrease in cell viability
measured by ATP levels or in cell membrane integrity after 4h
post-treatment (Figure 7a). These data validate the results from
the cellular HSD10 inhibition since the decrease in (-)-CHANA
turnover after inhibitors’ treatment was not accompanied by the
decrease in cell viability. Compound 26 displayed reduced ATP
levels and increased cytotoxicity after 48h at 25uM concentra-
tion (Figure 7b), suggesting impairment of other cellular struc-
tures. On the other hand, compound 34 showed no cytotoxicity
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FIGURE 5 Melting temperatures (T ) for HSD10 in the presence of the compounds 26 and 34. Enzyme HSD10 treated with inhibitors
in the (a) absence or (b) presence of 250uM NAD" co-factor. Values are given as means +SD from single experiment performed in triplicate
(n=3, shown in individual data points), and differences between groups were determined by the Student's unpaired two-tailed t-test
(*p=0.05, **p<0.01, **p=<0.001 and ****p<0.0001). The data were normally distributed according to the Shapiro-Wilk test. DMSO,
dimethyl sulfoxide; NAD™, oxidised form of nicotinamide adenine dinucleotide; SEM, standard error of the mean; T_, melting temperature.
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FIGURE 6 HSD10 activity in HEK293-HSD10 cells. (a) The schematic conversion of (-)-CHANA probe by HSD10. (b) (-)-CHANA turnover
to CHANK and immunoblotting analysis in HEK293-wt and HEK293-HSD10 cells using an anti-HSD10 antibody. (c) HSD10 inhibition inside
the cellular environment was determined using a fluorogenic probe (-)-CHANA and its conversion via HSD10 to fluorescent CHANK inside
the HEK293-HSD10. Values are given as means+SD (n=23) from three independent cell culture preparations with four technical replicates
(n=12, shown as individual data points). HSD10, 17B-hydroxysteroid dehydrogenase type 10; CHANA, cyclohexenyl amino naphthalene
alcohol; CHANK, cyclohexenyl amino naphthalene ketone; HEK293-HSD10, HEK293 cell line over-expressing the HSD10; NAD*/NADH,
oxidised/reduced forms of nicotinamide adenine dinucleotide; SD, standard deviation.
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FIGURE 7 Cell viability and cytotoxicity in the HEK293 cell line 4 h (a) or 48 (b) post-compound exposure. DMSO-treated (1%) and
valinomycin-treated cells (100 pM) are used as cell viability and cytotoxicity controls respectively. Values are given as means + SD from two
independent cell culture preparations with three technical replicates (n=6, shown as individual data points). SD, standard deviation.

or altered cell viability after 48h treatment even at the highest
concentration used.

4 | DISCUSSION

Mitochondrial dysfunction has been demonstrated as a fundamen-
tal component of AD, and as synaptic plasticity and its function
are highly energy-dependent, mitochondria have been consid-
ered as a therapeutic target in AD (Swerdlow, 2018; Swerdlow
et al., 2014). Many inhibitors of HSD10 were discovered in pre-
vious years with the aim to inhibit the enzyme itself or to pre-
vent/disrupt the HSD10-Ap interaction to reverse the AD-driven

pathology (reviewed in Vinklarova et al., 2020). HSD10 was des-
ignated as moonlighting protein because of processing several
known substrates inside the mitochondria as well as its structural
function, role in maintaining the neurosteroid homeostasis, func-
tional and structural integrity of mitochondria and cell survival.
The neurosteroids E2 and ALLOP seem to be significant players as
the excessive turnover and inactivation of these neuroprotective
steroids induced by HSD10 up-regulation may cause the neurons
to be more vulnerable/susceptible to AD-related stress (see our
latest review Vinklarova et al., 2020). From this point of view, the
choice of the appropriate substrate molecule involved in the en-
zyme inhibitory screenings is crucial with regard to the relevance
of the results. We have focused on enzyme inhibition induced by
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ture substitutions capable of inhibiting the HSD10 enzymatic
activity discovered using AAC as an enzyme substrate in the re-
ductive reaction direction (Aitken et al., 2019; Benek et al., 2017,
2018, 2023; Hroch et al., 2016, 2017; Schmidt et al., 2020). Here,
we present a fluorescent enzymatic and fluorescent cellular assay
for HSD10 inhibitors re-screening using E2 and ALLOP as enzyme
substrates.

The E2/ALLOP fluorescent method is based on the substrate ox-
idation associated with the conversion of co-factor NAD* to NADH.
This reaction setup has several advantages compared to the previ-
ously used AAC method. First, HSD10 is the dehydrogenase, thus
dehydrogenation/oxidative reaction is more physiologically relevant
than the method using AAC which was based on hydrogenation/re-
duction setup (Aitken et al., 2016, 2017, 2019; Hroch et al., 2016;
Oppermann et al., 1999; Schmidt et al., 2020,2023 ). Furthermore,
fluorescence readout is more sensitive than absorbance determina-
tion. In addition, the price of AAC itself is relatively high compared
to E2/ALLOP and it has to be used in higher concentrations than E2/
ALLOP when considering the K, values. Also, the continuous read-
out and data collection of the NAD" reduction better ensure the
initial curve slope determination and is free of the downstream steps
necessary for the product determination. Moreover, the exclusion of
glycerol from the enzyme preparation and measurements provided
more accurate and unbiased data for structure-activity relationship
analysis as glycerol was recognised as hydroxysteroid dehydroge-
nase substrate earlier (Bertoletti et al., 2016). Finally, the assay setup
enables easy exchange of substrate molecules, thereby extending
the inhibitory data availability.

E2 as an enzyme substrate has been used several times to mea-
sure the HSD10 enzymatic activity with different method read-
outs, including absorbance (Aitken et al., 2017; Powell et al., 2000;
Schmidt et al., 2020; Shafqgat et al., 2003; Yan et al., 1999), thin-layer
chromatography (TLC) method (He et al., 1999), TLC in combination
with radioactive-labelled E2 (Ayan et al., 2012; Boutin et al., 2018,
2021; Boutin & Poirier, 2018) or ELISA-based E2 determination
(Morsy et al., 2022). TLC detection method was also used for the de-
termination of HSD10 activity using ALLOP as the substrate (Boutin
et al.,, 2018; He, Wegiel, & Yang, 2005; Yang et al., 2009). A simi-
lar method using ALLOP substrate in combination with continuous
measurement was used to determine MRPP2 protein (alternative
name for HSD10 protein; Oerum et al., 2017). Most of the published
K., values for E2 were found to be around 15uM, which correlates
well with our data. Much less information is available for the ALLOP
as the HSD10 substrate, but the data from literature (Oerum et al.,
2017) were obtained in a similar setup and the determined K., value
is consistent with our findings.

To date, the most potent experimentally validated HSD10 inhibi-
tor is AG18051, a covalent, irreversible inhibitor with 'Cso 92nM in
AAC assay (Kissinger et al., 2004). In our previous publications, we
have described the development of reversible submicromolar HSD10
inhibitors based on the structure based on benzothiazolyl urea struc-
tural scaffold (Aitken et al., 2019; Benek et al., 2017, 2023; Hroch

et al., 2016; Schmidt et al., 2020). The most potent inhibitors were
1-benzothiazolyl-3-phenylureas harbouring 3-halogen-4-hydroxy sub-
stitution on the phenyl ring in combination with different substitutions
in position 6 of benzothiazolyl part of the molecule. Here, we have con-
firmed the inhibition pattern using the E2 assay and discovered several
structures with excellent inhibition activity on HSD10 in the nanomo-
lar range. The compounds inhibition potencies obtained from the E2/
ALLOP assay are not always in agreement with the previous AAC assay.
The discrepancy between the results of the two different assays may
originate from the varying spatial size of AAC or E2 substrates. The
AAC is much spatially bulkier than E2 and the substrate steric effects
may affect the potency of the inhibitor (Powell et al., 2000).

These data also offer the opportunity to analyse structure-
activity relationships between the two assays. Most of the potent
inhibitors from both assays shared the 3-chloro-4-hydroxy phenyl
substitution in combination with urea linker. The best inhibitors in
AAC assay (15, 16 and 21) harbour a hydrogen bond donating substi-
tution in position 6 of the benzothiazole moiety. On the other hand,
the most potent inhibitors in the E2 assay do not share any particular
structural similarity. Although most of the active inhibitors in the E2
assay (with determined IC,;) share a hydrogen bond accepting sub-
stitution in position 6 of benzothiazolyl moiety, there is not enough
data to verify this trend.

Finally, our most potent inhibitors were subjected to cellular
fluorescent assay using a fluorogenic (-)-CHANA probe. The probe
acts as an artificial substrate for HSD10 and is oxidised to the corre-
sponding fluorescent ketone CHANK (Aitken et al., 2019; Metodieva
et al., 2022; Muirhead et al., 2010). Although this probe is not physi-
ological, it is converted by the enzyme in the same manner as E2 and
ALLOP substrates. Furthermore, the probe was proved to act selec-
tively on the HSD10 enzyme (Muirhead et al., 2010) and was used in
several studies to identify new inhibitors of HSD10 inside living cells
(Aitken et al., 2019; Metodieva et al., 2022; Muirhead et al., 2010).
The two best inhibitors 26 and 34 showed dose-dependent inhibi-
tion of HSD10 in the cellular environment accompanied by low level
of cytotoxicity approving the validity of this result. Unfortunately,
after 48h, 26 has shown increased cytotoxicity, perhaps related
to the previously described respiratory chain inhibition (mitochon-
drial complex I; Fisar et al., 2021). Although higher cytotoxicity was
apparent only at higher concentrations (two orders of magnitude
higher than the IC,, values), it should be considered for future in
vivo studies.

5 | CONCLUSION

Taken together, the presented experimental data clearly dem-
onstrated the importance of appropriate substrate selection for
particular molecular target. HSD10 acts within mitochondria as
NAD*-dependent dehydrogenase and thus the use of substrate
undergoing the oxidative reaction course with NAD* participation
seems to be more physiologically relevant. The use of two native
substrates indispensable in homeostasis of neurosteroids provides
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more accurate data necessary for hit-to-lead optimisation of
HSD10 inhibitors. Many inhibitors of HSD10 were formerly discov-
ered with the aim to inhibit the enzyme or to prevent/disrupt the
HSD10-Ap interaction to reverse the AD-driven pathology (see
recent reviews Morsy & Trippier, 2019; Vinklarova et al., 2020).
Our previous studies on enzyme inhibition by benzothiazolyl ureas
resulted in the discovery of several potent inhibitors, while using
the AAC assay (Aitken et al., 2019; Benek et al., 2017, 2018, 2023;
Hroch et al., 2016, 2017; Schmidt et al., 2020). However, the use of
a fluorescent-based assay with the physiologically relevant HSD10
substrates (E2 and ALLOP) allowed us to re-screen the previously
identified hits and obtain physiologically relevant data regard-
ing their inhibition ability and mechanism of action. Moreover,
we have demonstrated that the inhibitors selected on the basis
of these enzymatic assays, compounds 26 and 34, can penetrate
the cell and inhibit the HSD10 enzyme in the cellular environment
with no or minor effects on cell viability. These results offer fur-
ther insights and valuable data that might help to find promising
hit compounds for the development of clinically relevant HSD10
inhibitors.
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Table S1. 10 uM and 1 puM screening of HSD10 inhibitors using E2 assay. Values are given as
means + SD from single experiment (10 uM screening, n = 4) or two independent experiments

(1 uM screening, n = 8) performed in tetraplicates.

HSD10 Residual Activity (%)

Cmp , ,
10 pM Screening 1 pM Screening

AG18051 0.0 200+ 1.2
1 19.5+1.2 63.9+£3.3
2 30.6+0.4 82.7+1.1
3 0.0 53.6+£4.0
4 10.8+24 543+£33

5 121+1.9 49.1£2.2
6 14.1+0.7 51.0+0.7
7 28.8+ 1.5 74.8 £3.4

8 123+1.4 533+4.0

9 21.0+1.2 65.0+3.0
10 13.0+ 0.8 419=+14
11 153+0.8 57.1+1.9
12 11.3+2.8 51.9=+1.1
13 189+2.1 45.1+42
14 0.0 33.6+3.6
15 9.0+£0.5 61.2+4.6
16 26+0.2 49.5+0.6




17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38

155+2.1
0.0
0.0
26.1+£2.4
97+1.7
0.0
22.5+0.6
14.8+1.7
62+1.0
0.0
0.0
03=+1.9
32+0.8
50.0+4.4
0.0
109+3.5
36.3+3.6
0.0
159+0.2
23.3+04
351+2.4
206+ 1.5

70.3+£3.9
37.0£24
58.5+£5.2
58.1x£2.1
65.2+0.8
30.8+ 1.1
55.4+4.7
553+34
41.1+4.5
147+0.4
40.7+54
29.7+24
43.5+0.9
61314
51.0£0.1
65.7+6.9
67.5+£59
19.2+3.9
69.6 £4.4
84.3+0.3
113.4+45
753+4.2

Table S2. Melting temperatures (Tm) for HSD10 in the presence of the compounds 26 and 34.
Enzyme HSD10 treated with inhibitors in the absence or presence of 250 uM NAD™ cofactor.
Values are given as means = SD from single experiment performed in triplicate (n = 3).

Tm values (°C)
w/o NAD* with NAD*
DMSO 48.4+ 0.1 51.5+04
Compound 25 utM 50 uM 25 utM 50 nM
AG18051 48.4+£0.2 486 +t1.0 63.7+£0.6 65.2+0.7
26 56.6 £0.4 58.1+0.1 61.3+0.0 61.5+0.1
34 479 +£0.1 49.8 £0.6 54.1+£0.0 57.2+0.1




Table S3. Statistical reports for Differential Scanning Fluorimetry. Differences between groups
were determined by the Student’s unpaired two-tailed t-test. Degrees of freedom = 4. The data

were normally distributed according to the Shapiro-Wilk test.

Compound wio NAD® +NADT

P value t value P value t value

25 uM AG18051 0.6919 0.4261 <0.0001 39.24
50 pM AG18051 0.4199 0.8980 <0.0001 30.88
25 uM cmp 26 <0.0001 40.45 <0.0001 47.08
50 uM cmp 26 <0.0001 151.0 <0.0001 45.90
25 uM cmp 34 0.0003 12.25 0.0002 12.49
50 pM cmp 34 0.0140 4.171 <0.0001 26.88

HEK293-HSD10
HEK293-HSD10
HEK293-HSD10

HEK293
HEK293
HEK293

—— i —— ——

Figure S1: Original full Western blot image of HEK293-wt and HEK293-HSD10 overexpressing cells.
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ABSTRACT: Multifunctional mitochondrial enzyme 174-hydrox-
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ysteroid dehydrogenase type 10 (174-HSD10) is a potential drug
target for the treatment of various pathologies. The most discussed
is the pathology associated with Alzheimer’s disease (AD), where
17f-HSD10 overexpression and its interaction with amyloid-f
peptide contribute to mitochondrial dysfunction and neuronal
stress. In this work, a series of new benzothiazole-derived 174-
HSD10 inhibitors were designed based on the structure—activity
relationship analysis of formerly published inhibitors. A set of
enzyme-based and cell-based methods were used to evaluate the
inhibitory potency of new compounds, their interaction with the
enzyme, and their cytotoxicity. Most compounds exhibited
significantly a higher inhibitory potential compared to published benzothiazolyl ureas and good target engagement in a cellular
environment accompanied by low cytotoxicity. The best hits displayed mixed-type inhibition with half maximal inhibitory
concentration (ICs,) values in the nanomolar range for the purified enzyme (3—7, 15) and/or low micromolar ICq, values in the

cell-based assay (6, 13—16).
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17p-Hydroxysteroid dehydrogenase type 10 (174-HSD10)

he mitochondrial enzyme 17f-hydroxysteroid dehydro-
genase type 10 (174-HSD10) catalyzes the conversion of
a broad range of substrates, e.g., fatty acids, alcohols,
neurosteroids, and sex steroids, and is involved in many
cellular processes.' 174-HSD10 is considered to play an
important role in metabolic homeostasis, mitochondrial
structural and functional integrity, and the cellular stress
response.' > Thus, its altered functionality and/or expression
levels are linked to the pathophysiology of various diseases
such as neurodegenerative disorders and certain cancer
types. S
The most discussed is the pathology associated with
Alzheimer’s disease (AD) because 17f-HSD10 is an
interaction partner of amyloid-beta peptide (Af), and its
elevated expression was found in AD brains.””® The over-
expression of 17-HSD10 seems to disrupt the homeostasis of
neurosteroid metabolism, and it may alter the levels of

ition of the 174-HSD10 enzymatic activity presents a plausible
therapeutic strategy for AD treatment, as the enzyme’s
inhibition could restore the disturbed homeostasis of E2 and
ALLOP neurosteroids.

To date, only a limited number of potent 174-HSD10
inhibitors have been discovered.'*'® According to their nature
and structure, they can be divided into three main classes:
pyrazolopyrimidines,'*'® steroids,'””™"? and benzothiazolyl
ureas.’* >’ The benzothiazolyl urea inhibitors have received
the most attention in recent years. The most promising
benzothiazolyl ureas were published as submicromolar
inhibitors of 174-HSD10, and they were found to be
bioavailable after peroral administration, although they showed
uncertain results of penetration into the brain (1 and 2; ICy, ~
0.3 uM; Figure 1).27

neuroprotective steroids, such as 17f-estradiol (E2) and
allopregnanolone (ALLOP), in different brain regions.'”""
Both these neurosteroids have significant effects on mitochon-
drial function, bioenergetics, and antioxidant processes, as well
as AD-related pathologic hallmarks, ie., accumulation of Af
and hyperphosphorylated tau protein.'>'® Therefore, inhib-
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Figure 1. Structural design of new 174-HSD10 inhibitors based on modifications of parent molecules 1 and 2.
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“Calculations of the BBB score were performed using MOE 2022.02 software.*

The goal of this study was to generate new benzothiazole-
based inhibitors with an enhanced inhibitory ability against the
17f-HSD10 enzyme and/or with improved physicochemical
properties, that would be active also at the cellular level. For
this purpose, we employed the newly established 174-HSD10
enzymatic assays utilizing physiological substrates E2 and
ALLOP,”® as well as the cellular assay utilizing the (—)-cyclo-
hexenyl amino naphthalene alcohol ((—)—CHANA) fluoro-
genic probe”” in the HEK293 cell line overexpressing 17f-
HSD10.

The structures of newly designed compounds originate from
previously identified submicromolar inhibitors 1 and 2 (Figure
1).*” The new compounds consist of two aromatic moieties
(benzothiazolyl and phenyl) connected via a 2- or 3-membered
linker. The carboxyl or the acetamide substitution in position 6
of the benzothiazole moiety of the parent inhibitors (1, 2) was
either retained or replaced by substituents that are isosteric or
with similar physicochemical properties (i.e., acidic and/or
hydrogen bond-donating), namely, tetrazole, sulfonyl amide,
methanesulfonamide, and urea. The phenyl moiety always
bears a 4-hydroxy substitution, which is necessary for good
inhibitory activity,”"*****° and an electron-withdrawing group
in position 3, namely, chlorine (similar to 1, 2) or a
trifluoromethyl group. The trifluoromethyl group was
previously identified as potentially superior in terms of
inhibition ability.27 The linker consists of urea, amide,

1725

methyleneamine, or ethyleneamine, and in all cases, the
benzothiazolyl moiety was attached to the linker via its
nitrogen atom, as this structural feature was found essential for
inhibitory activity.”>*” Finally, two particular modifications
were made to broaden the structure—activity relationship
study; i.e., the carboxyl group was moved to position S of
benzothiazolyl moiety, or the ethyleneamine linker was
acetylated. The whole list of 14 designed compounds (3—
16) is presented in Table 1.

Crossing the blood-brain barrier (BBB) and entering brain
cells are prerequisites for the pharmacological relevance of
174-HSD10 inhibitors as treatment for AD. The introduction
of aliphatic linkers instead of original urea (or amide) was
driven by predictions of cell permeability and brain
bioavailability performed in a previous study by Benek et
al.*” Here, we have employed the “BBB score” algorithm to
predict the brain bioavailability of designed molecules.*" This
algorithm uses several calculated physicochemical descriptors:
number of aromatic rings and heavy atoms, molecular weight,
number of hydrogen bond donors and hydrogen bond
acceptors, topological polar surface area, and pK,. The final
score ranges from 0—6, with compounds scoring >4 being
predicted to likely permeate via BBB, while compounds scoring
<2 are unlikely to do so. As can be seen in Table 1,
compounds with an aliphatic linker showed a higher BBB score

https://doi.org/10.1021/acsmedchemlett.3c00355
ACS Med. Chem. Lett. 2023, 14, 1724-1732
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Figure 2. General method for the synthesis of the compounds containing a urea linker in their structure (i.e., 3—9). (A) General synthesis of
compounds 3 and 5—8 using a synthetic route via CDI. Reagents and conditions: (a;) CDI, DIPEA, DCM, reflux (for 18d); (a,) CDI, MeCN,
DMF, 85 °C (for 18¢); (a;) CDI, DCM, reflux (for 18b and 18a); (b;) MeCN, reflux (for 3); (b,) DMF, 60 °C (for 20); (b;) MeCN, 70 °C (for
8 and 22); (c) gl. AcOH, 1 M HCl in AcOH, RT; (d) Fe, NH,Cl, MeOH:H,0:THF, 50 °C; (e,) CDI, DMF, 50 °C; (e,) 25% aq. sol. NH;, 50 °C;
(f) AICl;, DCE, 70 °C; (g) MsCl, pyridine, RT. (B) Synthesis of compounds 4 and 9 using a synthetic route via isocyanate. Reagents and
conditions: (a) triphosgene, TEA, and DCM, reflux; (b) THEF, reflux; (c) AlCl;, DCE, 80 °C.

and thus are predicted to be more likely to enter cells and cross
the BBB.

Generally, the urea-linked compounds were prepared via
reacting 1,3-benzothiazol-2-amines (17a—d) with 1,1’-carbon-
yldiimidazole to give reactive intermediates (18a—d), which
were consequently treated with various aniline derivatives
(19a—b and 21) to yield the 1-benzothiazol-3-phenylureas
(Figure 2A). The resulting ureas were either final products (3

1726

and 8) or intermediates (20 and 22) for further synthesis. The
4-methoxybenzyl ester derivative 20 was hydrolyzed to yield
final product 7. Nitro derivative 22 was reduced to the
corresponding amine 23. To obtain inhibitor 5, intermediate
23 was first treated with CDI and subsequently with a 25%
aqueous ammonia solution to form a 6-urea substituent
(intermediate 24). Next, intermediate 24 was demethylated to
yield the final product 5. To form inhibitor 6, intermediate 23

https://doi.org/10.1021/acsmedchemlett.3c00355
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Figure 3. Synthesis of compounds harboring two-membered aliphatic linker (11, 13, and 14), and compound 10 with amide linker. (A) Synthesis
of compound 10. Reagents and conditions: (a) oxalyl chloride, DCM, RT; (b) toluene, reflux; (c) AlCL, DCE, 70 °C; (d) 1 M aq. NaOH/EtOH,
reflux. (B) Synthesis of compounds 11, 13, and 14. Reagents and conditions: (a) toluene, reflux; (b) NaBH;CN, MeOH, reflux; (c) 1 M aq.
NaOH/EtOH, reflux.
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Figure 4. Synthesis of compounds harboring three-membered aliphatic linker (12, 15, and 16). Reagents and conditions: (a) DIPEA, NMP, 160
°C; (b,) AlCL, DCE, 65 °C; (b,) AlCL, toluene, 100 °C; (b,) AICl,, DCE, 80 °C; (c) Fe, NH,Cl, MeOH:H,0:THF, 50 °C; (d,) Ac,0 (1.0
equiv), TEA, DCM, RT; (d,) Ac,O (6 equiv), TEA, DCM, RT.

gradually underwent a reaction with methanesulfonyl chloride urea-linked compound (28 and 29). By subsequent demethy-
and subsequent demethylation. lation of 29, the final product 4 was prepared. The same
The urea-linked compounds 4 and 9 were prepared by a demethylation procedure with 28 led to concurrent methyl
different procedure (Figure 2B). First, 3-chloro-4-methoxyani- ester hydrolysis, thus providing the final product 9 in a single
line was treated with triphosgene to obtain an isocyanate step. In several cases, the required benzothiazole-2-amine and
intermediate 27. Then, intermediate 27 was combined with the aniline precursors for urea formation were not commercially
corresponding benzothiazol-2-amine (17e and 17f) to yield a available, and thus, they were synthesized (description of
1727 https://doi.org/10.1021/acsmedchemlett.3c00355
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Figure S. Inhibition screening on purified 17-HSD10 enzyme. 10 uM (A) and 1 uM (B) screening of the tested compounds against recombinant
17-HSD10 using AAC and E2 substrates. Values are given as means + SD (n = 3 for AAC, n = 4 for E2).

syntheses, including compounds 30—36, and corresponding
Figure S1 can be found in Supporting Information).

The amide-linked compound 10 was prepared via a four-step
synthesis (Figure 3A). First, 3-chloro-4-methoxy benzoic acid
was treated with oxalyl chloride to gain an acyl chloride
intermediate 38. Then amine 33 and acyl chloride 38 were
combined to yield amide 39. By gradual demethylation and
ester hydrolysis, the final product 10 was obtained.
Compounds containing two-membered aliphatic linkers were
generally prepared via a two- or three-step synthesis, which is
depicted in Figure 3B. First, the corresponding benzothiazole-
2-amine was reacted with the corresponding 4-hydroxybenzal-
dehyde via reductive amination, resulting in final products 13,
14, and intermediate 44. The methyl ester 44 was hydrolyzed
to give the final product 11.

Compounds containing three-membered aliphatic linkers in
their structure were generally prepared via the synthesis
depicted in Figure 4. First, the corresponding 2-chlorobenzo-
thiazole was treated with 3-chloro-4-methoxyphenethylamine
to form intermediates 47a and 47b. To form inhibitor 12, the
intermediate 47a was then demethylated using aluminum
trichloride. Nitro derivative 47b underwent a reduction
reaction to obtain amine 48, which was then treated with
different equivalents of acetanhydride (Ac,0) to yield either
monoacetylated intermediate 49 or diacetylated intermediate
50. Finally, intermediates 49 and 50 were demethylated to
yield final products 15 and 16, respectively. All final products
were characterized by H/C NMR and HRMS techniques. The
synthetic details and spectral data are listed in the Supporting
Information.

The parent inhibitors 1 and 2 were originally identified in an
enzymatic assay using acetoacetyl coenzyme A (AAC) as the
substrate and NADH as the cofactor (i.e., substrate reduction).
However, a more physiological assay with E2 or ALLOP
steroid substrates and NAD* cofactor (i.e., substrate oxidation)
has been recently established.”® Therefore, the new com-
pounds were initially screened in both assays at 10 and 1 yuM
concentrations to depict potential differences in inhibition
results among the two assays (Figure S; numerical data in
Table S1).

All tested compounds showed good to high inhibition in the
AAC assay, as the residual activity at 10 gM did not reach
more than 46% for any of the compounds. At 1 uM
concentration, more than half of the compounds still showed
174-HSDI10 residual activity lower than 50%. In 10 uM E2
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assay screening, all compounds showed even better inhibitory
potential compared to the AAC assay results. The only
exception was compound 8, which was found incompatible
with the E2 assay at the higher (10 uM) screening
concentration due to solubility issues. Similar to the 10 uM
screening, the 1 uM E2 assay screening showed comparable or
better inhibitory potential of the tested compounds compared
to the results from the AAC assay. Despite the difference in
absolute inhibition results between both assays, the relative
comparisons of inhibition between particular compounds were
mostly identical. It is not surprising that the absolute results
from the two assays slightly differ as there are significant
differences in the reaction conditions, i.e., distinct substrates
with opposite conversion (oxidation vs reduction) as well as
different composition and pH of the reaction buffers.”®
Nevertheless, the most potent compounds (3—8, and 15)
exhibited high inhibition in both assays, indicating their
suitability for further evaluation.

Further, the more physiologically relevant E2 assay was used
to determine ICy, values for all newly synthesized compounds
as well as for the parent inhibitors (1 and 2)*” (Table 2). As

Table 2. ICy, Values and Inhibition Type Were Determined
for Purified 174-HSD10

E2 ALLOP

compound ICyo (uM) inhibition type 1Cq, (uM)

1 1.81 + 0.19 - -

2 1.15 + 0.11 - —

3 0.41 + 0.04 mixed 0.095 + 0.006

4 0.78 + 0.0 - -

S 0.27 + 0.02 mixed 0.33 + 0.02

6 0.52 + 0.04 mixed 0.29 + 0.03

7 0.34 + 0.04 mixed 0.25 + 0.03

9 1.98 + 0.17 - -

10 1.34 + 0.16 - -

11 6.56 + 0.69 - -

12 1.01 £ 0.11 - -

13 2.38 + 0.16 - -

14 1.69 + 0.12 - -

15 093 + 0.11 — —

16 1.38 + 0.09 - -

“Values are given as means + SEM (n
inhibition type).

4 for ICsp, n = 3 for
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Figure 6. Differential scanning fluorimetry assay. Melting temperatures (T,,) for 178-HSD10 were measured at 25 and S0 uM inhibitor
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expected from the 1 M screening, all compounds showed ICy,
values in the low micromolar to submicromolar/nanomolar
range. When compared to the parent molecules, exactly half of
the compounds displayed lower ICs, values, thus indicating an
improvement in their inhibitory properties. The four most
potent inhibitors, 3 (IC, = 0.41 uM), § (ICs, = 0.27 uM), 6
(ICsy = 0.52 uM), and 7 (IC5, = 0.34 uM), were further
analyzed, and the inhibition type with respect to E2 substrate,
as well as IC;, values with ALLOP substrate, were determined
(Table 2). All four hits exhibited mixed-type inhibition with
the E2 substrate, which is in line with previous findings on
benzothiazolyl urea inhibitors obtained either in an AAC or E2
assay.”>**”® Mixed-type inhibition is a result of a partial
competition between the inhibitor and the substrate and thus
indicates noncovalent binding of inhibitor within the active site
of 178-HSD10. Compounds 5, 6, and 7 showed similar ICs,
values with the ALLOP substrate compared to E2 results, while
compound 3 displayed a significantly lower ICg, value of 95
nM. Notably, an even more potent benzothiazolyl urea
inhibitor was recently identified using the E2/ALLOP by
Schmidt et al. (ICs, values of 70 nM in E2 and 19 nM in
ALLOP assays).”® However, this inhibitor contains an atypical
thiocyanate substitution that is potentially troublesome from a
selectivity point of view, as it was reported to react with
cysteine residues of other enzymes.*>

Structure—activity relationship analysis of new inhibitors
revealed several important trends. Comparing the influence of
different linkers on the inhibitory potency of the new and the
parent compounds (1 and 2), the compounds containing
amide and ethyleneamine linkers exhibited comparable or
slightly better inhibition, while compounds containing a
methyleneamine linker were weaker inhibitors. A shift of the
original 6-carboxyl on the benzothiazolyl moiety to position $
(9) resulted in inhibition similar to that of the parent
compound 1. However, improvement in inhibitory ability
was achieved by replacing the original carboxyl or acetamide
substituents with tetrazole (3), which is an isostere to
carboxylic acid exhibiting similar acidity, planarity, and
electronic effects. The same trend was observed for sulfonyl
amide (4) or methanesulfonamide (6) groups, which again
exhibit both acidic and HBD/HBA features, as well as for the
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urea (5), which is not acidic but still possess HBD/HBA
properties. Finally, replacing chlorine in position 3 of the
phenyl ring with an alternative electron-withdrawing group
substituent, the trifluoromethyl group (7) confirmed the
premises of previous works,>*** as trifluoromethyl substitution
had a positive effect on inhibition ability.

Differential scanning fluorimetry was used as an orthogonal
assay to verify the results of enzymatic measurements of the
four best inhibitors, 3, 5, 6, and 7. This method measures the
change in melting temperatures (T),) induced by a shift in the
thermal denaturation profile of the protein after inhibitor
binding. The compounds were tested in the absence or
presence of an NAD® cofactor because it can affect the
interaction between the inhibitor and 174-HSD10'%*%33
depending on the binding mode of the inhibitor. All tested
compounds displayed strong binding to the protein in both
setups and especially in the presence of NAD" (Figure 6;
numerical data are listed in Table S2). These findings
correlated well with the aforementioned mixed-type inhibition,
which implies that the inhibitors bind to the enzyme alone as
well as to the enzyme-cofactor complex. The determination
was conducted at two different concentrations of the inhibitor,
and the readout was found to be concentration-dependent for
all the tested compounds, thus indicating specific binding with
17-HSD10 (opposite to nonspecific binding based on ligand
aggregation).

Further evaluation was performed at a cellular level to find
out whether the inhibitors can target 174-HSD10 inside the
living cells. First, the cytotoxicity of compounds was assessed
to exclude their possible incompatibility with the cellular 174-
HSD10 activity assay. For this purpose, the CellTox Green
Cytotoxicity Assay kit was used, a fluorometric method to
determine the damaged cells as a biomarker for cellular
cytotoxicity and cytolysis. HEK293 cells were treated with
compounds at three different concentrations (10 uM, 25 uM,
and 50 uM) for 48 h before measurements were performed.
No significant cytotoxicity was observed for tested compounds,
even at the highest SO M concentration (Table S3 in
Supporting Information).

To detect the ability of compounds to penetrate into cells
and inhibit 174-HSD10 activity inside the cellular environ-
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ment, the fluorogenic probe (—)—CHANA was used. This
probe is oxidized to the corresponding fluorescent ketone
(CHANK), and it was previously shown as a specific substrate
for 17B-HSD10.>***** The inhibition inside the HEK293
cells overexpressing 174-HSD10 (HEK293 174-HSD10) was
determined as the decrease in fluorescence intensity of
CHANK production after the inhibitor treatment. All 14
compounds were screened at 10 and 25 yM concentrations,
and all of them displayed the ability to penetrate the cells and
inhibit 174-HSD10 activity except for compound 11, which
interfered with the assay (Figure 7A,B; numerical data in Table
S4). The six most active inhibitors (4, 6, 13—16) that showed
residual activity around or below 50% in 10 M screening were
selected for ICs, determination (Figure 7C). Compounds 14
and 15 were found to be the most potent with ICs, values less
than S uM (4.39 and 4.76 uM, respectively). Notably, the
inhibition results in the cellular assay did not correspond to the
results obtained for a purified enzyme. Differently from the
enzymatic assay, compounds containing aliphatic methylene-
amine and ethyleneamine linkers (13—15) were the most
potent inhibitors in the cellular assay. Conversely, the urea-
linked compounds with submicromolar ICy, values on the
purified enzyme (3—7) showed significantly weaker activity in
cells. A potential explanation for this discrepancy is that
compounds with aliphatic linkers offer better permeability
across cell membranes and thus better accessibility to the 174-
HSD10, resulting in higher bioactivity. These findings comply
well with the aforementioned structural design of new
compounds, which expected (based on the calculated BBB
score’') that the introduction of aliphatic linkers will improve
penetration through BBB, and thus penetration through
cellular membranes in general. In addition, the 6-acetamide
derivatives 13 and 15 performed significantly better in the
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cellular assay compared to their 6-carboxyl analogues (11 and
12), while there was no significant difference in their activity in
the enzymatic E2 assay. Once again, the possible explanation
lies in the permeability across the cellular membrane, as
carboxylic acids are negatively charged molecules, and thus are
less likely to penetrate into cells.

In summary, a series of 14 novel benzothiazole-based 17f-
HSD10 inhibitors were prepared and evaluated in vitro using
various enzymatic and cellular methods. Initially, the
compounds were screened in the reductive AAC and the
oxidative E2 activity assays on the purified enzyme. All
compounds showed good to high inhibitory potency in both
screenings and were forwarded to ICy, measurement using the
more physiologically relevant E2 assay, where six compounds
showed submicromolar ICy, values. Consequently, the four
most potent inhibitors (3, 5—7) were assessed in the
alternative ALLOP assay, and they were all confirmed as
submicromolar to nanomolar inhibitors. Inhibition type
assessment revealed mixed-type inhibition for the E2 substrate.
Differential scanning fluorimetry was used as an orthogonal
assay to exclude potential false positive results from enzymatic
assays. All four selected inhibitors (3, 5—7) interacted with the
protein and stabilized its conformation in a dose-dependent
manner, which confirmed the validity of the results from
activity assays. Further, the CHANA assay was used to
determine the 178-HSD10 activity inside living cells.
Compounds 13—15 with aliphatic linkers and 6-acetamide
substitution on benzothiazole moiety resulted as the best 174-
HSD10 inhibitors in cellulo (low micromolar ICg, values). This
contrasted with the results of enzymatic assays that highlighted
urea-linked compounds as the most potent inhibitors. This
discrepancy was likely caused by the lower permeability of
urea-linked compounds across the cellular membrane, and it
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suggested that the benzothiazole inhibitors with aliphatic
linkers could be more relevant for future development
compared to formerly pursued benzothiazolyl ureas.
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Synthesis of benzothiazole-2-amine and aniline precursors

In several cases, the required benzothiazole-2-amine and aniline precursors for urea formation

were not commercially available, and thus they were synthesized. 4-amino-2-(trifluoromethyl)phenol

(19b) was prepared by de-methylation of 4-methoxy-3-(trifluoromethyl)aniline (30) using hydrobromic

acid (Figure A). Benzothiazole-2-amines substituted in position 6 with methyl ester (33), cyano (32) or

sulfonyl amide group (17e) were prepared from corresponding para-substituted anilines in reaction

with potassium thiocyanate and bromine (31b and 31c) or benzyltrimethylammonium

dichloroiodate(l) (31a) (Figure B).
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To prepare the tetrazole derivative 17d, the amine group in 2-aminobenzothiazole-6-
carbonitrile (32) was protected with Boc-group and its cyano group converted to 1H-tetrazol-5-yl in
reaction with sodium azide. Consequent de-protection yielded the intended 6-(1H-tetrazol-5-
yl)benzothiazol-2-amine in the form of salt with trifluoroacetic acid (17d; Figure C). The 4-
methoxybenzyl 2-aminobenzothiazole-6-carboxylate (17c) was prepared from methyl 2-
aminobenzothiazole-6-carboxylate (Figure 1D). Firstly, the methyl ester group of 33 was hydrolyzed to
provide carboxylic acid 36, which was then converted to 4-methoxybenzyl ester (17c) in reaction with

4-methoxybenzyl chloride.

: NH, N,
NH, NH, : _A2 »—NH, 32R=CN
a ; o R S 17e R = SONH,
CF . | 31aR=COOMe K N
’ ® | 3tbR=CN Oj((;[ H—NH,
1 - S

31¢ R = SO,NH,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

32 34 o>\; >g 35 O>\; \/ / 17d
N a N o N 0 ¢ N
O e L e e s crcoor
NC s NC S N s N S
N, N,
N-NH N-NH

33 36 17c

N\%NH 2. /@[N\%NH LI /O\(jV N\%NH
-0 s ’ HoOoC S ’ °© S ’
o o)
Figure S1: A) Synthesis of compound 19b. Reagents and conditions: a) gl. AcOH, 48% ag. sol. HBr,
reflux; B) General method for synthesis of benzothiazole-2-amines. Reagents and conditions: (a;) Br,,
KSCN, AcOH, RT; (a;) 25% aq. sol. NH3, 0 °C; (b) BTMA-ICI,, KSCN, DMSO/H,0, 70 °C; C) Synthesis of
compound 17d. (a) Boc,0, DMAP, THF, RT; (b) NaN;, TEA.HCI, DMF, 100 °C; (c) TFA, DCM, RT; D)
Synthesis of compound 17c. Reagents and conditions: (a) 1M ag. NaOH/EtOH, RT; (b) 4-methoxybenzyl
chloride, K,CO5;, DMF, RT.

2 General Information on Chemical Synthesis

All reagents and solvents were purchased from commercial sources (Sigma Aldrich, Activate
Scientific, Alfa Aesar, Merck, Penta Chemicals, and VWR) and they were used without any further
purification. Thin-layer chromatography (TLC) for reaction monitoring was performed on Merck
aluminium sheets, silica gel 60 F,s,. Visualisation was performed either via UV (254 nm) or appropriate

stain reagent solutions (alternatively in a combination of both). Preparative column chromatography
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was performed on silica gel 60 (70-230 mesh, 63—200 pum, 60 A pore size). Melting points were
determined on a Biichi M-565 melting point apparatus (BUCHI Labortechnik AG, Flawil, Switzerland)

and are uncorrected.

All synthesized final products (3-16) were characterized by *H and 3C NMR spectroscopy and
high-resolution mass spectrometry (HRMS) analyses. Intermediate products were generally
characterized by *H NMR and/or LC-MS. To remove potential aluminium residues (demethylation using
aluminium trichloride) or iron residues (Bechamp reduction), corresponding final products and their
intermediates were purified by suitable procedures, commonly used for this purpose, e.g., liquid

extraction or filtration through Celite followed by column or flash chromatography.

Nuclear magnetic resonance (NMR) spectra were acquired at 500/126 MHz (*H/*3C) on a
Bruker Advance Neo 500 spectrometer. Chemical shifts § are given in ppm and referenced to the signal
centre of solvent peaks (DMSO-d;: 6 2.50 ppm and 39.52 ppm for 'H and 3C, respectively; THF-dg: &
3.58 ppm and 67.57 ppm for H and 3C, respectively), thus indirectly correlated to TMS standard (6 0

ppm). Coupling constants are expressed in Hz.

LC-MS was determined using Agilent Infinity 1l 1290 UHPLC system coupled with a DAD
spectrometer and Agilent 6470 QqQ mass spectrometer (Agilent Technologies, Santa Clara, USA) as
detectors. Chromatographic separation was performed on Zorbax Eclipse C18 column (50 x 2.1 mm,
1.8 um) with 0.1% formic acid in ultra-pure water as mobile phase A and 0.1% formic acid in acetonitrile
as mobile phase B. MS conditions were as follows: gas temp 300 °C, gas flow 8 L/min, nebulizer 35 psi,
sheat gas temp 380 °C, sheat gas flow 11 L/min, capillary 3500 V, nozzle voltage O V. Positive and

negative ions were monitored in the range of 50-800 m/z. The purity of the final products was >90%.

For HRMS determination, an Acquity UPLC H-Class analytical LC-MS system coupled with a Vion
IMS QTof spectrometer (both produced by Waters, Milford, USA) was used. The LC-MS system
consisted of a binary solvent manager and a sample manager FTN-I equipped with a 50 uL loop. A
Zorbax Elipse Plus C18 (2.1 x 50 mm/ 1.8 um) column was used as the stationary phase. Water (MFA)
and acetonitrile (MFB) used in the analyses were acidified with 0.1% (v/v) formic acid. lons for mass
spectrometry were generated by an electro-spray ionization source (ESI) working in positive mode,
with the following settings: cone gas flow 50 L/h, desolvation gas flow 600 L/h, capillary voltage 3.00
kV, source temperature 110 °C, desolvation temperature 450 °C, sample cone voltage 40 V, source
offset voltage 80 V, resolution mode. The full-scan MS analyses monitored ions within the m/z range
50-1000, scan time 0.500 s. The studied compounds were dissolved in methanol or acetonitrile, and 1

pL of the solution was injected into the LC-MS system. For elution, the following ramp-gradient
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program was used: 0—1 min: 5% MFB, 1-4 min: 5-95% MFB, 4-5 min: 95% MFB, 5-5.10 min: 5% MFB.
The flow rate in the gradient elution was set to 0.4 mL/min. To increase the accuracy of HRMS, internal
lock-mass calibration was employed using leucine enkephalin of m/z = 556.2771 ([M+H]",
[C,sH37N504]). The chromatograms and mass spectra were processed in UNIFI software (Waters,

Milford, USA).
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3 Detailed description of synthetic procedures and products’

characterization

Procedure A; (general conditions): Synthesis of N-(6-substituted-benzo[d]thiazol-2-yl)-1H-imidazole-
1-carboxamides from corresponding 2-aminobenzo[d]thiazoles (18a, 18b)

The corresponding 6-substituted 2-aminobenzo[d]thiazole (1 eq.; 17a or 17b, respectively) was
dispersed in anhydrous DCM (14 mL/mmol). Subsequently, CDI (1.2 eq.) was added, and the reaction
mixture was stirred under reflux overnight. The reaction mixture was then cooled to RT and allowed
to precipitate for 30 mins in a refrigerator. The precipitate was filtered off using S4 frit, and dried under
reduced pressure at 70 °C, to obtain the crude N-(6-substituted-benzo[d]thiazol-2-yl)-1H-imidazole-1-
carboxamide (intermediate 18a or 18b, respectively), which was used in the next reaction step without
further purification.

N-(6-nitrobenzo[d]thiazol-2-yl)-1H-imidazole-1-carboxamide (18a)

Yield 78%.
N-(6-acetamidobenzol[d]thiazol-2-yl)-1H-imidazole-1-carboxamide (18b)
Yield 95%.

4-amino-2-(trifluoromethyl)phenol (19b)

4-methoxy-3-(trifluoromethyl)aniline (30; 1 eq.) was dissolved in glacial AcOH (3 mL/mmol).
The same volume of 48% aqueous HBr solution was added, and the reaction mixture was stirred under
reflux over the weekend. The reaction mixture was cooled to RT and saturated NaHCO; solution was
added dropwise for neutralization. Subsequently, the reaction mixture was extracted with EtOAc,
organic layers were shaken with brine, dried with anhydrous Na,S0O,, and evaporated under reduced
pressure. The crude product was purified by column chromatography (CHCl;/MeOH; 15:1) to obtain 4-
amino-2-(trifluoromethyl)phenol (19b) in a 66% yield.
1H NMR (500 MHz, DMSO-dg) 6 9.32 (br s, 1H, OH), 6.75 — 6.70 (m, 2H, ArH), 6.66 (dd, J = 8.7, 2.7 Hg,
1H, ArH), 4.78 (brs, 2H, NH,).

Procedure B; (general conditions): Synthesis of 1-phenyl-3-benzo[d]thiazolylureas from corresponding
N-(benzo[d]thiazol-2-yl)-1H-imidazole-1-carboxamides (22, 8)

The corresponding N-(6-substituted-benzo[d]thiazol-2-yl)-1H-imidazole-1-carboxamide (1 eq.;
18a or 18b, respectively) was dispersed in anhydrous MeCN (5 mL/mmol). The corresponding aniline
(21; 1.1 eq.) or phenol (19b; 1.1 eq.) was dissolved in anhydrous MeCN (5 mL/mmol), respectively. The
two fractions (18a+21 or 18b+19b, respectively) were mixed together and the reaction mixture was

stirred at 70 °C overnight. Subsequently, the reaction mixture was cooled to RT and was adjusted
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to a slightly acidic pH using 1M aqueous HCI solution and allowed to precipitate for 30 mins in a
refrigerator. The precipitate was filtered off using S4 frit, and dried under reduced pressure at 70 °C.
The crude product was purified by column chromatography (DCM/MeOH; 10:1) to obtain the

intermediate 22 or the final product 8, respectively.

1-(3-chloro-4-methoxyphenyl)-3-(6-nitrobenzo[d]thiazol-2-yl)urea (22)

Yield 73%.

1H NMR (500 MHz, DMSO-d) 6 11.41 (br s, 1H, NH), 9.17 (br s, 1H, NH), 8.94 (s, 1H, ArH), 8.22 (dd, J =
8.9, 2.5 Hz, 1H, ArH), 7.76 (d, J = 8.9 Hz, 1H, ArH), 7.67 (d, J = 2.7 Hz, 1H, ArH), 7.37 (dd, J = 9.1, 2.6 Hz,
1H, ArH), 7.12 (d, J = 8.9 Hz, 1H, ArH), 3.83 (s, 3H, CHs).

N-{2-[3-(4-hydroxy-3-(trifluoromethyl)phenyl)ureido]benzo[d]thiazol-6-yl}acetamide (8)

Beige solid; yield 55%.

Melting point: decomposition at 270 °C

14 NMR (500 MHz, DMSO-d¢) 6 10.32 (br s, 1H), 10.06 (br's, 1H), 9.38 (br's, 1H), 8.23 (d, J = 2.1 Hz, 1H,
ArH), 7.76 (d, J = 2.7 Hz, 1H, ArH), 7.56 (d, J = 8.7 Hz, 1H, ArH), 7.48 (dd, J = 8.8, 2.7 Hz, 1H, ArH), 7.44
(dd, J = 8.7, 2.2 Hz, 1H, ArH), 7.01 (d, J = 8.8 Hz, 1H, ArH), 2.06 (s, 3H, CH5).

13C NMR (126 MHz, DMSO-dg) 6 168.13, 158.69, 152.43, 151.43, 143.59, 134.89, 131.41, 129.88,
124.97, 123.88 (q, J = 271.4 Hz), 119.11, 118.20, 117.42, 117.31 (q, J = 5.5 Hz), 115.15 (q, J = 29.9 Hz),
111.40, 23.96.

LC-MS: 411.10 [M+H]* (calc. for C17H14F3N405S: 411.07 [M+H]*), 98% purity (300 nm).

ESI-HRMS: m/z 411.0730 [M+H]* (calc. for C;;H14FsN,05S: 411.0733 [M+H]*).

1-(6-aminobenzo[d]thiazol-2-yl)-3-(3-chloro-4-methoxyphenyl)urea (23)

Iron (10 eq.) and NH,CI (4 eq.) were dispersed in a mixture of MeOH/H,0 (1:1; 4 mL/mmol).
The solution of 1-(3-chloro-4-methoxyphenyl)-3-(6-nitrobenzo[d]thiazol-2-yl)urea (22; 1 eq.) dispersed
in anhydrous THF (4 mL/mmol) was added dropwise into the solution with iron and was stirred at 50
°C overnight. Subsequently, the reaction mixture was filtered off through Celite pad. The filtrate was
concentrated under reduced pressure and then diluted with H,0. The solution was neutralized with
saturated NaHCO; solution and was allowed to precipitate for 1 hour in a refrigerator. The formed
precipitate was filtered off using S4 frit, and dried to obtain the crude 1-(6-aminobenzo[d]thiazol-2-
yl)-3-(3-chloro-4-methoxyphenyl)urea (23) in a 99% yield.
14 NMR (500 MHz, DMSO-dg) & 10.50 (br s, 1H, NH), 9.09 (br s, 1H, NH), 7.68 (d, J = 2.6 Hz, 1H, ArH),
7.40—7.25 (m, 2H, ArH), 7.11 (d, J = 8.9 Hz, 1H, ArH), 6.96 (d, J = 2.2 Hz, 1H, ArH), 6.66 (dd, J = 8.5, 2.2
Hz, 1H, ArH), 5.08 (br s, 2H, NH,), 3.82 (s, 3H, CH).
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1-(3-chloro-4-methoxyphenyl)-3-(6-ureidobenzo[d]thiazol-2-yl)urea (24)
1-(6-aminobenzo[d]thiazol-2-yl)-3-(3-chloro-4-methoxyphenyl)urea (23; 1 eq.) was dispersed
in anhydrous DMF (10 mL/mmol). Subsequently, CDI (1.2 eq.) was added, and the reaction mixture
was stirred for 3 hours at RT and 50 °C overnight. Then 25% aqueous NH; solution (5 mL/mol) was
added, and the reaction mixture was stirred for additional 2 hours at 50 °C. The reaction mixture was
then cooled to 0 °C, slightly acidified using 1M aq. HCl and allowed to precipitate for 30 mins in a
refrigerator. The precipitate was filtered off using S4 frit to obtain the crude 1-(3-chloro-4-
methoxyphenyl)-3-(6-ureidobenzo[d]thiazol-2-yl)urea (24) in a 39% yield.
1H NMR (500 MHz, DMSO-dg) 6 10.74 (br's, 1H, NH), 9.23 (brs, 1H, NH), 8.63 (br s, 1H, NH), 8.04 (s, 1H,
ArH), 7.69 (d, J = 2.7 Hz, 1H, ArH), 7.50 (d, J = 8.7 Hz, 1H, ArH), 7.40—7.32 (m, 1H, ArH), 7.29 —7.23 (m,
1H, ArH), 7.12 (d, J = 9.0 Hz, 1H, ArH), 5.86 (br s, 2H, NH,), 3.83 (s, 3H, CH3).

N-{2-[3-(3-chloro-4-methoxyphenyl)ureido]benzo[d]thiazol-6-yl}methanesulfonamide (25)
1-(6-aminobenzo[d]thiazol-2-yl)-3-(3-chloro-4-methoxyphenyl)urea (23; 1 eq.) was dissolved
in anhydrous pyridine (12 mL/mmol). After 5 minutes of stirring at RT, methanesulfonyl chloride (1.1
eq.) was added and the reaction mixture was stirred at RT overnight. After this time, the mixture was
diluted with EtOAc, washed with 1M aq. HCl and brine, then dried with anhydrous Na,SO,, and
concentrated under reduced pressure to obtain the crude N-{2-[3-(3-chloro-4-
methoxyphenyl)ureidolbenzo[d]thiazol-6-yl}methanesulfonamide (25) that was used in the next
reaction step without further purification.
1H NMR (500 MHz, DMSO-dg) 6 11.41 (br s, 1H, NH), 9.70 (br s, 1H, NH), 9.17 (br s, 1H, NH), 7.73 (d, J
= 2.2 Hz, 1H, ArH), 7.69 (d, J = 2.6 Hz, 1H, ArH), 7.60 (d, J = 8.6 Hz, 1H, ArH), 7.36 (dd, J = 8.9, 2.7 Hz,
1H, ArH), 7.24 (dd, J = 8.6, 2.2 Hz, 1H, ArH), 7.12 (d, J = 9.0 Hz, 1H, ArH), 3.83 (s, 3H, CHs), 2.98 (s, 3H,
CHs).

Procedure F (general conditions): Demethylation using aluminium trichloride (5-6)

The corresponding 1-phenyl-3-benzo[d]thiazolylurea (1 eq.; 24 or 25, respectively) was
dispersed in anhydrous DCE (20 mL/mmol), AICl; (4 eq.) was added, and the reaction mixture was
stirred at 60 °C overnight. The next day, 2 eq. of AICl; were added, the temperature was raised to 70
°C and the reaction mixture was stirred overnight again. After the completion of the reaction
(monitored by TLC), the reaction mixture was cooled to RT, and DCE was evaporated. The substance
was dispersed in H,O and 1M aq. HCl was used to slightly acidify the solution. The mixture was
extracted with EtOAc, washed with brine, dried with anhydrous Na,SO, and concentrated under
reduced pressure. The crude product was purified by column chromatography (DCM/MeOH; 20:1) to

obtain the final product 5 or 6, respectively.
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1-(3-chloro-4-hydroxyphenyl)-3-(6-ureidobenzo[d]thiazol-2-yl)urea (5)

White-beige solid; yield 19%.

Melting point: decomposition at 220 °C

1H NMR (500 MHz, DMSO-ds) 6 10.62 (br s, 1H), 9.92 (brs, 1H), 8.99 (br s, 1H), 8.60 (br s, 1H), 8.03 (s,
1H, ArH), 7.59 (s, 1H, ArH), 7.50 (d, J = 8.8 Hz, 1H, ArH), 7.26 (dd, J = 8.7, 2.2 Hz, 1H, ArH), 7.20-7.15
(m, 1H, ArH), 6.92 (d, J = 8.7 Hz, 1H, ArH), 5.85 (br s, 2H, NH,).

13C NMR (126 MHz, DMSO-ds) 6 157.49, 156.12, 151.86, 148.90, 143.54, 136.25, 131.72, 130.83,
120.76, 119.42 (3C), 117.29, 116.68, 109.92.

13C NMR (126 MHz, DMSO-dg) 6 158.16, 156.40, 152.33, 149.14, 142.18, 136.48, 131.62, 131.00,
120.97, 119.59 (2C), 119.17, 117.64, 116.85, 110.26. (33C NMR was also measured with addition of
trifluoroacetic acid (TFA) to improve relaxation of quaternary carbons)

LC-MS: 378.10 [M+H]* (calc. for Cy5H13CIN5O3S: 378.04 [M+H]*), 95% purity (300 nm).

ESI-HRMS: m/z 378.0410 [M+H]* (calc. for C;sH13CINsO5S: 378.0422 [M+H]*).

N-{2-[3-(3-chloro-4-hydroxyphenyl)ureido]benzo[d]thiazol-6-yI}methanesulfonamide (6)

Brown solid; yield 15%.

Melting point: 161-163 °C

1H NMR (500 MHz, DMSO-dg) 6 10.76 (br's, 1H), 9.93 (br's, 1H), 9.69 (br s, 1H), 9.01 (br's, 1H), 7.72 (s,
1H, ArH), 7.63 = 7.57 (m, 2H, ArH), 7.24 (dd, J = 8.7, 2.3 Hz, 1H, ArH), 7.18 (dd, J = 8.8, 2.5 Hz, 1H, ArH),
6.93 (d, /= 8.7 Hz, 1H, ArH), 2.97 (s, 3H, CHa).

13C NMR (126 MHz, DMSO-dg) 6 159.42, 152.28, 149.04, 145.10, 133.52, 132.06, 130.81, 120.87,
120.30, 119.77, 119.53, 119.42, 116.73, 113.86, 39.10. (*3C NMR was measured with addition of
trifluoroacetic acid (TFA) to improve relaxation of quaternary carbons)

LC-MS: 410.90 [M-H] (calc. for C;5H1,CIN4O,4S,: 411.00 [M-H]), 97% purity (300 nm).

ESI-HRMS: m/z 413.0136 [M+H]* (calc. for C;5H14CIN,O,4S;: 413.0140 [M+H]*).

Procedure A,, (general conditions): Synthesis of 6-substituted 2-aminobenzo[d]thiazoles from
corresponding 4-substituted anilines (32, 17e)

The corresponding nitrile (31b; 1 eq.) or sulfonamide (31c; 1 eq.) was dissolved in AcOH (2
mL/mmol), respectively. KSCN (4 eq.) was added, and the reaction mixture was stirred for 20 minutes
at RT. After cooling the reaction mixture to 10 °C, Br, (2 eq.) dissolved in AcOH (1 mL/mmol) was added
dropwise and the mixture was stirred at RT overnight. The reaction mixture was then added to 25%
aqueous NH; solution (18 mL/mmol) at 0 °C. The reaction mixture was washed with EtOAc and the
formed precipitate was filtered off through Celite pad. Subsequently, the filtrate was extracted with

EtOAc and organic layers were concentrated under reduced pressure. The crude product was washed
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with a 10% aqueous solution of Na,S,0; and brine, dried with anhydrous Na,SO, and concentrated
under reduced pressure. The crude product was purified by column chromatography

(heptane/THF/EtOAC; 1:1:1) to obtain the corresponding intermediate 32 or 17e, respectively.

2-aminobenzo[d]thiazole-6-carbonitrile (32)

Yield 27%.

1H NMR (500 MHz, DMSO-dg) & 8.17 (d, J = 1.6 Hz, 1H, ArH), 8.03 (s, 2H, NH,), 7.60 (dd, J = 8.3, 1.5 Hz,
1H, ArH), 7.41 (d, J = 8.3 Hz, 1H, ArH).

2-aminobenzo[d]thiazole-6-sulfonamide (17e)

Yield 42%.

14 NMR (500 MHz, DMSO-dg) 6 8.12 (dd, J = 2.0, 0.4 Hz, 1H, ArH), 7.90 (s, 2H, NH,), 7.66 (dd, J = 8.4,
2.0 Hz, 1H, ArH), 7.42 (dd, J = 8.5, 0.4 Hz, 1H, ArH), 7.21 (s, 2H, SO,NH,).

tert-butyl (6-cyanobenzo[d]thiazol-2-yl)carbamate (34)

2-aminobenzo[d]thiazole-6-carbonitrile (32; 1 eq.) and DMAP (0.05 eq.) were dissolved in
anhydrous THF (5 mL/mmol) at 0 °C. Boc,0 (1.3 eq.) dissolved in anhydrous THF (2 mL/mmol) was
added and the reaction mixture was stirred at RT overnight. The reaction mixture was then extracted
with EtOAc. Subsequently, the obtained organic layers were washed with 10% aqueous citric acid
solution, saturated NaHCO; solution, H,0, and brine. The combined organic layers were dried with
anhydrous Na,SO, and concentrated under reduced pressure to obtain the solid tert-butyl (6-

cyanobenzo[d]thiazol-2-yl)carbamate (34) in an 87% yield.

tert-butyl [6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-ylJcarbamate (35)

The protected tert-butyl (6-cyanobenzo[d]thiazol-2-yl)carbamate (34; 1 eq.) was dispersed in
anhydrous DMF (2 mL/mmol) together with Et;N.HCI (10 eq.). Subsequently, NaN; (10 eq.) was added,
and the reaction mixture was stirred for 16 hours at 100 °C. The reaction mixture was washed with a
threefold volume of 0.5M aqueous HCI solution and allowed to precipitate for 30 minutes in a
refrigerator. The formed precipitate was filtered off using an S4 frit, and dried under reduced pressure
at 70 °C. The crude tert-butyl [6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-yllcarbamate (35) was obtained in
a 73% yield.

6-(1H-tetrazol-5-yl)benzo[d]thiazole-2-amine trifluoroacetate (17d)
The protected tert-butyl [6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-yl]carbamate (35; 1 eq.) was

dispersed in anhydrous DCM (20 mL/mmol) and cooled to 0 °C. 5 mL of TFA was added and the reaction
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mixture was stirred at RT overnight. The organic solvents were evaporated from the reaction mixture,
the crude product was flooded with Et,0 and allowed to precipitate for 1 hour in a refrigerator. The
formed precipitate was filtered off using S4 frit, and dried to obtain 6-(1H-tetrazol-5-
yl)benzo[d]thiazole-2-amine trifluoroacetate (17d) in a 54% yield.

1H NMR (500 MHz, DMSO-dg) 6 8.40 (s, 1H, ArH), 8.26 (br's, 2H, NH,), 7.92 (d, J = 8.3 Hz, 1H, ArH), 7.54
(d, J=8.3 Hz, 1H, ArH).

13C NMR (126 MHz, DMSO-d;) 6 168.92, 158.37 (q, J = 36.9 Hz), 155.28, 152.61, 133.22 (g, J = 290.3
Hz), 130.77, 125.00, 120.23, 117.42, 117.08.

N-[6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-yl]-1H-imidazole-1-carboxamide (18d)
6-(1H-tetrazole-5-yl)benzo[d]thiazole-2-amine trifluoroacetate (17d; 1 eq.) was dispersed in
anhydrous DCM (15 mL/mmol). DIPEA (1.2 eq.) was added and the reaction mixture was stirred for 5
minutes at RT. Subsequently, CDI (1.2 eq.) was added and the reaction mixture was stirred under reflux
overnight. The reaction mixture was then cooled to RT and allowed to precipitate for 1 hour in a
refrigerator. The precipitate was filtered off using S4 frit to obtain the crude N-[6-(1H-tetrazol-5-
yl)benzo[d]thiazol-2-yl]-1H-imidazole-1-carboxamide (18d) in an 82% yield.

1-[6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-yl]-3-(3-chloro-4-hydroxyphenyl)urea (3)
N-[6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-yl]-1H-imidazole-1-carboxamide (18d; 1 eq.) was

dispersed in anhydrous MeCN (20 mL/mmol). 4-amino-2-chlorophenol (19a; 1.1 eq.) was added and

the reaction mixture was stirred under reflux overnight. The reaction mixture was cooled to RT, 1M

aqueous HCIl solution was added, and the mixture was allowed to precipitate for 30 minutes in a

refrigerator. The formed precipitate was filtered off using S4 frit and purified by silica flash

chromatography (SiO, 40 g; 0-20% MeOH in DCM) to obtain 1-[6-(1H-tetrazol-5-yl)benzo[d]thiazol-2-

yl]-3-(3-chloro-4-hydroxyphenyl)urea (3) as a dark purple solid in a 30% yield.

Melting point: 202—-204 °C

14 NMR (500 MHz, DMSO-d¢) & 11.18 (br's, 1H), 9.96 (brs, 1H), 9.11 (br s, 1H), 8.59 (d, J = 1.7 Hz, 1H,

ArH), 8.04 (dd, J = 8.5, 1.8 Hz, 1H, ArH), 7.82 (d, J = 8.4 Hz, 1H, ArH), 7.61 (d, J = 2.6 Hz, 1H, ArH), 7.20

(dd, J = 8.8, 2.6 Hz, 1H, ArH), 6.94 (d, J = 8.7 Hz, 1H, ArH).

13C NMR (126 MHz, DMSO-dg) 6 161.77, 155.52, 152.23, 150.11, 149.11, 132.16, 130.57, 124.95,

120.92,120.54, 119.84, 119.58, 119.37, 118.79, 116.68.

LC-MS: 386.00 [M-H] (calc. for C;5H4CIN,0,S: 386.02 [M-H]"), 99% purity (300 nm).

ESI-HRMS: m/z 388.0364 [M+H]* (calc. for C;5H1;CIN;0,S: 388.0378 [M+H]*).
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Methyl 2-aminobenzo[d]thiazole-6-carboxylate (33)

Methyl 4-aminobenzoate (31a; 1 eq.) and KSCN (7 eq.) were dissolved in a mixture of
DMSO/H,0 (9:1; 10 mL/mmol) and the reaction mixture was stirred for 15 minutes at RT.
Benzyltrimethylammonium dichloroiodate (3 eq.) was added and the reaction mixture was stirred at
70 °C overnight. The reaction was flooded with H,0 and slightly basified using 4M aqueous NaOH
solution. The mixture was extracted with EtOAc, washed with Na,S,0; and brine, dried with anhydrous
Na,S0O,, and concentrated under reduced pressure. The crude product was dispersed in a mixture of
Et,0 and EtOAc, allowed to precipitate for 30 mins in a refrigerator, and the precipitate was filtered
off using S4 frit, which was subsequently dried under reduced pressure at 70 °C to obtain methyl 2-
aminobenzo[d]thiazole-6-carboxylate (33) in a 60% yield.
1H NMR (500 MHz, DMSO-d) & 8.28 (d, J = 1.8 Hz, 1H, ArH), 7.89 (br s, 2H, NH,), 7.81 (dd, /= 8.4, 1.8
Hz, 1H, ArH), 7.37 (d, J = 8.4 Hz, 1H, ArH), 3.82 (s, 3H, CHa).

2-aminobenzo[d]thiazole-6-carboxylic acid (36)

Methyl 2-aminobenzo[d]thiazole-6-carboxylate (33; 1 eq.) was dispersed in a mixture of 1M
ag. NaOH and EtOH (1:1; 30 mL/mmol) and the reaction mixture was stirred at RT overnight.
Subsequently, EtOH was evaporated, and the reaction mixture was slightly acidified using 1M aq. HCI.
The reaction mixture was allowed to precipitate for 30 minutes in a refrigerator and the resulting
precipitate was filtered off using S4 frit, which was subsequently dried under reduced pressure at 70
°C. The crude 2-aminobenzo[d]thiazole-6-carboxylic acid (36) was obtained in a 53% vyield.
1H NMR (500 MHz, DMSO-dg) 6 12.57 (br s, 1H, COOH), 8.24 (s, 1H, ArH), 7.84 (br s, 2H, NH;), 7.80 (d,
J=8.3 Hz, 1H, ArH), 7.35 (d, J = 8.4 Hz, 1H, ArH).

4-methoxybenzyl 2-aminobenzo[d]thiazole-6-carboxylate (17c)

2-aminobenzo[d]thiazole-6-carboxylic acid (36; 1 eq.) was dissolved in anhydrous DMF (3
mL/mmol). K,CO; (1.05 eq.) and 4-methoxybenzyl chloride (1.1 eq.) were added, and the reaction
mixture was stirred for 4 days at RT. The reaction mixture was flooded with H,0 and allowed to
precipitate for 1 hour in a refrigerator. The precipitate was filtered off using S4 frit and dried under
reduced pressure at 70 °C to obtain the crude 4-methoxybenzyl 2-aminobenzo[d]thiazole-6-
carboxylate (17c) in a 78% yield.
14 NMR (500 MHz, DMSO-d¢) & 8.29 (d, J = 1.8 Hz, 1H, ArH), 7.89 (br s, 2H, NH,), 7.82 (dd, J = 8.4, 1.8
Hz, 1H, ArH), 7.41 (d, J = 8.5 Hz, 2H, ArH), 7.36 (d, J = 8.4 Hz, 1H, ArH), 6.95 (d, J = 8.5 Hz, 2H, ArH), 5.25
(s, 2H, CH,), 3.76 (s, 3H, CH5).
MS (ESI*): calculated for Cy6H15N,03S [M+H]*315.08, found 315.07.
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4-methoxybenzyl 2-(1H-imidazole-1-carboxamido)benzo[d]thiazole-6-carboxylate (18c)
4-methoxybenzyl 2-aminobenzo[d]thiazole-6-carboxylate (17c; 1 eq.) was dispersed in
anhydrous DMF (2 mL/mmol) and anhydrous MeCN (5 ml/mmol). Subsequently, CDI (5 eq.) was added
and the reaction mixture was stirred at 85 °C for 4 hours. The reaction mixture was cooled to RT,
flooded with Et,0 and allowed to precipitate for 30 mins in a refrigerator. The precipitate was filtered
off using S4 frit and dried under pressure at 70 °C to obtain the crude 4-methoxybenzyl 2-(1H-

imidazole-1-carboxamido)benzo[d]thiazole-6-carboxylate (18c) in a 51% yield.

4-methoxybenzyl 2-[3-(4-hydroxy-3-(trifluoromethyl)phenyl)ureido]benzo[d]thiazole-6-carboxylate
(20)

4-methoxybenzyl 2-(1H-imidazole-1-carboxamido)benzo[d]thiazole-6-carboxylate (18c; 1 eq.)
was dispersed in anhydrous DMF (30 mL/mmol) and 4-amino-2-(trifluoromethyl)phenol (19b; 1.3 eq.)
dissolved in anhydrous DMF (1 mL/mmol) was added. The reaction mixture was stirred at 60 °C
overnight. The reaction mixture was cooled to RT, slightly acidified using 1M ag. HCl and allowed to
precipitate for 30 minutes in a refrigerator. The precipitate was filtered off using S4 frit and dried under
pressure at 70 °C to obtain 4-methoxybenzyl 2-[3-(4-hydroxy-3-
(trifluoromethyl)phenyl)ureido]lbenzo[d]thiazole-6-carboxylate (20) in a 62% yield.
14 NMR (500 MHz, DMSO-d¢) 6 11.10 (br s, 1H), 10.36 (br s, 1H), 9.10 (br s, 1H), 8.57 (s, 1H, ArH), 7.97
(dd, J = 8.5, 1.8 Hz, 1H, ArH), 7.81 — 7.65 (m, 2H, ArH), 7.49 (s, 1H, ArH), 7.43 (d, J = 8.7 Hz, 2H, ArH),
7.00 (d, J = 8.8 Hz, 1H, ArH), 6.97 (d, J = 8.7 Hz, 2H, ArH), 5.29 (s, 2H, CH,), 3.76 (s, 3H, CHa).

2-[3-(4-hydroxy-3-(trifluoromethyl)phenyl)ureido]benzo[d]thiazole-6-carboxylic acid (7)
4-methoxybenzyl 2-[3-(4-hydroxy-3-(trifluoromethyl)phenyl)ureido]benzo[d]thiazole-6-

carboxylate (20; 1 eq.) was dispersed in glacial AcOH (40 mL/mmol). 1M HCl solution in AcOH (40 eq.)

was added dropwise, and the reaction mixture was stirred at RT overnight. The reaction mixture was

then concentrated on a rotavapor and purified by silica flash chromatography (SiO, 24 g; 0-20%

MeOH in DCM) to obtain 2-[3-(4-hydroxy-3-(trifluoromethyl)phenyl)ureido]benzo[d]thiazole-6-

carboxylic acid (7) as a light pink solid in a 34% yield.

Melting point: 291-293 °C

1H NMR (500 MHz, DMSO-dg) § 12.91 (br s, 1H), 11.51 (br s, 1H), 10.48 (br s, 1H), 8.44 (s, 1H, ArH),

7.99 (d, J = 8.3 Hz, 1H, ArH), 7.89 (d, J = 2.6 Hz, 1H, ArH), 7.71 = 7.51 (m, 2H, ArH), 7.05 (d, J = 8.8 Hz,

1H, ArH).

13C NMR (126 MHz, DMSO-ds) 6 173.18, 169.98, 162.04, 153.34, 151.05, 150.74, 130.92 (2C), 127.20,

124.41, 124.03 (q, J = 271.7 Hz), 122.46, 118.19, 117.38, 116.72, 115.01 (q, J = 29.3 Hz).
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LC-MS: 396.00 [M-H]" (calc. for CisHoFsN30,S: 396.03 [M-H]), 98% purity (300 nm).
ESI-HRMS: m/z 398.0454 [M+H]* (calc. for CigH11FsN30,S: 398.0417 [M+H]*).

3-chloro-4-methoxyphenylisocyanate (27)

Triphosgene (1 eq.) was dissolved at 0 °C in anhydrous DCM (4 mL/mmol). At the same time,
3-chloro-4-methoxyaniline (26; 1 eq.) was dissolved in anhydrous DCM (2 mL/mmol) and then added
dropwise to the dissolved triphosgene. The reaction mixture was removed from the ice bath, 1 mL of
Et;N was added dropwise and the reaction mixture was stirred for 1 hour at RT and 1 hour under reflux.
Subsequently, DCM was evaporated under reduced pressure and 3-chloro-4-

methoxyphenylisocyanate (27) was used in the next reaction step without further purification.

Procedure B (general conditions): Synthesis of 1-phenyl-3-benzo[d]thiazolylureas in reaction with 3-
chloro-4-methoxy-phenylisocyanate (28-29)

The corresponding 2-aminobenzo[d]thiazole (17e; 1 eq. or 17f; 1.05 eq., respectively) was
dissolved in anhydrous THF (4 mL/mmol). 3-chloro-4-methoxy-phenylisocyanate (27; 1 eq.) was
dissolved in anhydrous THF (4 mL/mmol) and added dropwise to the reaction mixture, which was then
stirred under reflux overnight. The reaction mixture was cooled to RT, flooded with 1M aqueous HCI
solution, followed by evaporation of THF. The crude product was dispersed in MeCN and 1M aqueous
HCl solution and was filtered off using S4 frit and dried under reduced pressure at 70 °C. The obtained
solid compound was purified by silica flash chromatography (SiO, 80 g; 0—-20% MeOH in DCM) to obtain

compound 29 or 28, respectively.

2-[3-(3-chloro-4-methoxyphenyl)ureido]benzo[d]thiazole-6-sulfonamide (29)

Yield 45%.

14 NMR (500 MHz, DMSO-dg) & 11.42 (br's, 1H, NH), 9.53 (brs, 1H, NH), 8.41 (s, 1H, ArH), 7.83 (dd, J =
8.5,1.9 Hz, 1H, ArH), 7.77 (d, J = 8.6 Hz, 1H, ArH), 7.72 (d, J = 2.6 Hz, 1H, ArH), 7.41 (dd, J = 8.9, 2.6 Hz,
1H, ArH), 7.33 (s, 2H, NH,), 7.12 (d, J = 9.0 Hz, 1H, ArH), 3.84 (s, 3H, CH3).

Methyl 2-[3-(3-chloro-4-methoxyphenyl)ureido]benzo[d]thiazole-5-carboxylate (28)

Yield 86%.

14 NMR (500 MHz, DMSO-dg) 6 9.21 (br s, 1H, NH), 8.76 (br s, 1H, NH), 8.46 (d, J = 2.3 Hz, 1H, ArH),
7.74 (d, J= 2.3 Hz, 1H, ArH), 7.72 (s, 1H, ArH), 7.66 (d, J = 2.6 Hz, 1H, ArH), 7.28 (dd, J = 8.9, 2.6 Hz, 1H,
ArH), 7.09 (d, J = 9.0 Hz, 1H, ArH), 3.92 (s, 3H, CHs), 3.81 (s, 3H, CHs).
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Procedure C (general conditions): Demethylation using aluminium trichloride (4, 9)

The corresponding 1-phenyl-3-benzo[d]thiazolylurea (1 eq.; 28 or 29, respectively) was
dispersed in anhydrous DCE (20 mL/mmol), AlCl; (4.5 eq.) was added, and the reaction mixture was
stirred at 70 °C overnight. The next day, 2 eq. of AICl; were added, the temperature was raised to 80
°C and the reaction mixture was stirred overnight again. The reaction mixture was cooled to RT and
DCE was evaporated. The substance was dispersed in H,O and extracted with EtOAc, washed with
brine, dried with anhydrous Na,S0,, and concentrated under reduced pressure. The crude product was
purified by silica flash chromatography (SiO, 40 g; 10-50% THF in DCM) to obtain the final product 4

or 9, respectively.

2-[3-(3-chloro-4-hydroxyphenyl)ureido]benzo[d]thiazole-6-sulfonamide (4)

Brow solid; yield 24%.

Melting point: 252-254 °C

1H NMR (500 MHz, DMSO-dg) & 11.08 (br's, 1H), 9.95 (br s, 1H), 9.07 (br s, 1H), 8.40 (s, 1H, ArH), 7.82
(dd, J = 8.4, 1.9 Hz, 1H, ArH), 7.77 (d, J = 8.7 Hz, 1H, ArH), 7.61 (d, J = 2.6 Hz, 1H, ArH), 7.32 (br s, 2H,
NH,), 7.20 (dd, J = 8.8, 2.6 Hz, 1H, ArH), 6.94 (d, J = 8.7 Hz, 1H, ArH).

13C NMR (126 MHz, DMSO-ds) 6 162.76, 152.34, 150.56, 149.29, 138.51, 131.45, 130.73, 123.97,
121.11, 120.00, 119.73, 119.54, 119.38, 116.81. (3C NMR was measured with addition of
trifluoroacetic acid (TFA) to improve relaxation of quaternary carbons)

LC-MS: 399.20 [M+H]*(calc. for Cy4H1,CIN,0,4S,: 399.00 [M+H]*), 99% purity (300 nm).

ESI-HRMS: m/z 399.0014 [M+H]* (calc. for C14H1,CIN,O,S,: 398.9983 [M+H]*).

2-[3-(3-chloro-4-hydroxyphenyl)ureido]benzo[d]thiazole-5-carboxylic acid (9)

Brown solid; yield 30%.

Melting point: 214-216 °C

1H NMR (500 MHz, DMSO-dg) 6 12.38 (br s, 1H, COOH), 9.80 (brs, 1H), 9.05 (br s, 1H), 8.62 (brs, 1H),
8.43 (d, J = 2.5 Hz, 1H, ArH), 7.74 (dd, J = 8.7, 2.5 Hz, 1H, ArH), 7.56 (d, J = 2.6 Hz, 1H, ArH), 7.48 (d, J =
8.6 Hz, 1H, ArH), 7.12 (dd, J = 8.8, 2.6 Hz, 1H, ArH), 6.90 (d, J = 8.7 Hz, 1H, ArH).

13C NMR (126 MHz, DMSO-ds) 6 164.09, 163.56, 152.53, 148.36, 139.42, 131.67, 125.99, 124.95,
124.52,122.84,120.49, 119.24, 119.11, 118.51, 116.60.

LC-MS: 361.90 [M-H]- (calc. for C;5HaCIN30,4S: 362.00 [M-H]"), 94% purity (300 nm).

ESI-HRMS: m/z 364.0137 [M+H]* (calc. for C;sH1;CIN30,S: 364.0153 [M+H]).
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3-chloro-4-methoxybenzoyl chloride (38)

3-chloro-4-methoxy benzoic acid (37; 1 eq.) was dissolved in anhydrous DCM (13 mL/mmol).
Gradually, oxalyl chloride (6 eq.) was added and the reaction mixture was stirred at RT overnight. DCM
was evaporated from the reaction mixture to yield the crude 3-chloro-4-methoxybenzoyl chloride (38),

which was used in the next reaction step without further purification.

Methyl 2-(3-chloro-4-methoxybenzamido)benzo[d]thiazole-6-carboxylate (39)
3-chloro-4-methoxybenzoyl chloride (38; 1 eq.) was dissolved in anhydrous toluene (22
mL/mmol) at RT. Methyl 2-aminobenzo[d]thiazole-6-carboxylate (33; 2.1 eq.) was added and the
reaction mixture was stirred under reflux overnight. The precipitate was filtered off using S4 frit and
dried under reduced pressure at 70 °C. The <crude methyl 2-(3-chloro-4-
methoxybenzamido)benzo[d]thiazole-6-carboxylate (39) was obtained in an 89% vyield.
1H NMR (500 MHz, DMSO-dg) 6 13.03 (br's, 1H, NH), 8.67 (s, 1H, ArH), 8.28 (d, J = 2.3 Hz, 1H, ArH), 8.17
(dd, J=8.7,2.3 Hz, 1H, ArH), 8.04 (dd, J = 8.4, 1.8 Hz, 1H, ArH), 7.85 (d, J = 8.5 Hz, 1H, ArH), 7.34 (d, J =
8.8 Hz, 1H, ArH), 3.97 (s, 3H, CHs), 3.89 (s, 3H, CHs).

Methyl 2-(3-chloro-4-hydroxybenzamido)benzo[d]thiazole-6-carboxylate (40)

Methyl 2-(3-chloro-4-methoxybenzamido)benzo[d]thiazole-6-carboxylate (39; 1 eq.) was
dissolved in anhydrous DCE (25 mL/mmol). AICl; (4.5 eq.) was added, and the reaction mixture was
stirred at 70 °C overnight. Subsequently, DCE was evaporated, the crude product was flooded with
H,0, and neutralized by adding saturated NaHCO; solution. The mixture was extracted with Et,0 and
EtOAc, washed with brine, dried with anhydrous Na,SO,, and concentrated under reduced pressure.
The crude methyl 2-(3-chloro-4-hydroxybenzamido)benzo[d]thiazole-6-carboxylate (40) was obtained
in an 82% yield.

14 NMR (500 MHz, DMSO-dg) & 12.11 (br s, 1H), 10.42 (br s, 1H), 7.85 (s, 1H, ArH), 7.42 (d, J = 2.2 Hz,
1H, ArH), 7.29—7.10 (m, 2H, ArH), 7.02 (d, J = 8.5 Hz, 1H, ArH), 6.28 (d, J = 8.6 Hz, 1H, ArH), 3.06 (s, 3H,
CHs).

2-(3-chloro-4-hydroxybenzamido)benzo[d]thiazole-6-carboxylic acid (10)

Methyl 2-(3-chloro-4-hydroxybenzamido)benzo[d]thiazole-6-carboxylate (40; 1 eq.) was
dispersed in a mixture of 1M ag. NaOH and EtOH (1:1; 30 mL/mmol) and the reaction mixture was
stirred under reflux overnight. The reaction mixture was then concentrated under reduced pressure,
the residue was neutralized using 1M aqueous HCl solution and was allowed to precipitate for 30 mins

in a refrigerator. The precipitate was filtered off using S4 frit, and dried under reduced pressure
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at 70 °C. The compound 2-(3-chloro-4-hydroxybenzamido)benzo[d]thiazole-6-carboxylic acid (10) was
obtained as a white-beige solid in a 45% yield.

Melting point: decomposition at 270 °C

1H NMR (500 MHz, DMSO-dg) 6 12.92 (br s, 1H), 11.24 (br s, 1H), 8.63 (d, J = 1.7 Hz, 1H, ArH), 8.24 (d, J
=2.3 Hz, 1H, ArH), 8.03 — 7.98 (m, 2H, ArH), 7.82 (d, J = 8.5 Hz, 1H, ArH), 7.11 (d, / = 8.6 Hz, 1H, ArH).
13C NMR (126 MHz, DMSO-d;) 6 167.07, 164.64, 162.09, 157.47, 151.60, 131.63, 130.50, 129.12,
127.35, 125.82, 123.86, 123.24, 119.93, 119.88, 116.38.

LC-MS: 346.70 [M-H]- (calc. for C;5sHgCIN,0,S: 346.99 [M-H]"), 99% purity (300 nm).

ESI-HRMS: m/z 349.0036 [M+H]* (calc. for C;5H14CIN,0,S: 349.0044 [M+H]*).

Procedure A (general conditions): Synthesis of imines from corresponding aldehydes and 2-
aminobenzo[d]thiazoles (43a-c)

The corresponding 6-substituted 2-aminobenzo[d]thiazole (1 eq.; 33 or 41, respectively) was
dissolved in anhydrous toluene (10 mL/mmol), molecular sieves were added, and the reaction mixture
was stirred for 5 minutes at RT. The corresponding benzaldehyde (1 eq.; 42a or 42b, respectively) was
added and the reaction mixture was stirred under reflux overnight. Molecular sieves were filtered off,
the filtrate was flooded with Et,0 and allowed to precipitate for 30 mins in a refrigerator.
Subsequently, the precipitate was filtered off using S4 frit and dried under reduced pressure to obtain
the crude intermediate 43a or 43b or 43c, respectively. The crude intermediates were used in the next
reaction step without further purification.

Methyl 2-[(3-chloro-4-hydroxybenzylidene)amino]benzo[d]thiazole-6-carboxylate (43a)

Quantitative yield

1H NMR (500 MHz, DMSO-d;) 6 8.71 (br s, 1H, OH), 8.55 (s, 1H, ArH), 7.97 (d, J = 8.7 Hz, 1H, ArH), 7.89
(s, 1H, ArH), 7.81(d, J=8.4 Hz, 1H, ArH), 7.65 (d, J = 8.7 Hz, 1H, ArH), 6.60 (s, 1H, ArH), 3.87 (s, 3H, CHs),
2.18 (s, 1H, CH).

N-{2-[(3-chloro-4-hydroxybenzylidene)amino]benzo[d]thiazol-6-yl}acetamide (43b)

Quantitative yield.
N-{2-[(4-hydroxy-3-(trifluoromethyl)benzylidene)amino]benzo[d]thiazol-6-yl}acetamide (43c)

Quantitative yield.

Procedure B (general conditions): Reduction of imines to corresponding amines (44, 13-14)

The corresponding 6-substituted benzylidene-2-aminobenzo[d]thiazole (1 eq.; 43a or 43b or
43c, respectively) was dissolved in anhydrous MeOH (13 mL/mmol), NaBH;CN (2.5 eq.) was added, and
the reaction mixture was stirred at 60 °C. After 1 hour another 1 eq. of NaBH;CN was added and the

reaction mixture was stirred under reflux for 48 hours. The reaction mixture was flooded with H,0,
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neutralized with NH,Cl and extracted with EtOAc. The organic layers were washed with brine, dried
with anhydrous Na,SO,, and concentrated under reduced pressure. The obtained crude product was
then purified by silica flash chromatography (SiO, 80 g, using EtOAc in heptane as a mobile phase),
followed by reversed-phase flash chromatography (C18 80 g, using MeOH in H,0 as a mobile phase) to

obtain the intermediate 44 or the final product 13 or 14, respectively.

Methyl 2-[(3-chloro-4-hydroxybenzyl)amino]benzo[d]thiazole-6-carboxylate (44)

Yield 23%.

1H NMR (500 MHz, DMSO-d) 6 10.12 (br s, 1H, OH), 8.81 (t, J = 5.7 Hz, 1H, NH), 8.31 (d, J = 1.7 Hz, 1H,
ArH), 7.83 (dd, J = 8.5, 1.8 Hz, 1H, ArH), 7.43 (d, J = 8.4 Hz, 1H, ArH), 7.34 (d, J = 2.1 Hz, 1H, ArH), 7.15
(dd, J = 8.3, 2.2 Hz, 1H, ArH), 6.94 (d, J = 8.3 Hz, 1H, ArH), 4.51 (d, J = 5.7 Hz, 2H, CH,), 3.83 (d, /= 0.5
Hz, 3H, CHs).

N-{2-[(3-chloro-4-hydroxybenzyl)amino]benzo[d]thiazol-6-yl}acetamide (13)

Yellow solid; yield 9%.

Melting point: 183-185 °C

14 NMR (500 MHz, DMSO-ds) § 9.89 (br s, 1H), 8.30 (t, J = 5.7 Hz, 1H, NH), 8.02 (d, J = 2.0 Hz, 1H, ArH),
7.32—7.29 (m, 2H, ArH), 7.26 (dd, J = 8.7, 2.1 Hz, 1H, ArH), 7.13 (dd, J = 8.3, 2.2 Hz, 1H, ArH), 6.91 (d, J
=8.3 Hz, 1H, ArH), 4.43 (d, J = 5.5 Hz, 2H, CH,), 2.02 (s, 3H, CHs).

13C NMR (126 MHz, DMSO-ds) 6 167.89, 165.27, 152.58, 148.33, 133.26, 130.58, 130.29, 128.88,
127.33,119.48,117.82, 117.63, 116.61, 111.63, 46.31, 23.90.

LC-MS: 348.00 [M+H]* (calc. for C;6H;5CIN;O,S: 348.06 [M+H]*), 97% purity (300 nm).

ESI-HRMS: m/z 348.0594 [M+H]* (calc. for C;¢H15CIN30,S: 348.0568 [M+H]*).

N-{2-[(4-hydroxy-3-(trifluoromethyl)benzyl)amino]benzo[d]thiazol-6-yl}acetamide (14)

White solid; yield 6%.

Melting point: 172-174 °C

14 NMR (500 MHz, DMSO-d) & 10.60 (br s, 1H), 9.90 (br's, 1H), 8.33 (t, J = 5.7 Hz, 1H, NH), 8.02 (d, J =
2.0 Hz, 1H, ArH), 7.51 (d, J = 2.2 Hz, 1H, ArH), 7.44 (dd, J = 8.6, 2.2 Hz, 1H, ArH), 7.34 — 7.24 (m, 2H,
ArH), 6.99 (d, J = 8.4 Hz, 1H, ArH), 4.49 (d, J = 5.6 Hz, 2H, CH,), 2.02 (s, 3H, CH3).

13CNMR (126 MHz, DMSO-d;) 6 167.86, 165.22, 155.18, 148.29, 133.28, 133.06, 130.56, 128.93, 125.69
(9,/ = 5.4 Hz), 124.13 (q, J = 272.0 Hz), 117.82, 117.61, 117.01, 115.10 (g, J = 29.7 Hz), 111.60, 46.35,
23.89.

LC-MS: 382.10 [M+H]* (calc. for Cy;H15F3N30,S: 382.08 [M+H]*), 94% purity (300 nm).

ESI-HRMS: m/z 382.0863 [M+H]* (calc. for C;;H15FsN50,S: 382.0832 [M+H]*).
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2-[(3-chloro-4-hydroxybenzyl)amino]benzo[d]thiazole-6-carboxylic acid (11)

Methyl 2-[(3-chloro-4-hydroxybenzyl)amino]benzo[d]thiazole-6-carboxylate (44; 1 eq.) was
dispersed in a mixture of 1M ag. NaOH and EtOH (1:1; 30 mL/mmol) and the reaction mixture was
stirred under reflux overnight. The reaction mixture was then concentrated under reduced pressure
and the residue was neutralized using 1M aqueous HCl solution and was allowed to precipitate for 30
mins in a refrigerator. The precipitate was filtered off using S4 frit, and dried under reduced pressure
at 70 °C. The compound 2-[(3-chloro-4-hydroxybenzyl)amino]benzo[d]thiazole-6-carboxylic acid (11)
was obtained as a white-beige solid in a 79% vyield.

Melting point: 233-235 °C

1H NMR (500 MHz, DMSO-dg) 6 10.13 (brs, 1H), 8.39 (d, J = 1.7 Hz, 1H, ArH), 7.91 (dd, / = 8.4, 1.8 Hz,
1H, ArH), 7.57 (d, J = 8.4 Hz, 1H, ArH), 7.43 (d, J = 2.1 Hz, 1H, ArH), 7.22 (dd, J = 8.3, 2.2 Hz, 1H, ArH),
7.01 (d, J = 8.3 Hz, 1H, ArH), 4.64 (s, 2H, CH,).

13C NMR (126 MHz, DMSO-d¢) 6 168.39, 166.80, 152.67, 149.60, 129.40, 128.63, 128.09, 127.77,
127.62,124.85,123.78, 119.52, 116.68, 115.77, 47.22.

LC-MS: 333.10 [M-H] (calc. for Cy5sH14CIN,03S: 333.01 [M-H]"), 94% purity (300 nm).

ESI-HRMS: m/z 335.0236 [M+H]* (calc. for C;5H1,CIN,05S: 335.0252 [M+H]*).

Procedure A (general conditions): Synthesis of compounds 47a-b with aminoethylene linker
3-chloro-4-methoxyphenethylamine hydrochloride (46; 1 eq.) was dissolved in NMP (15
mL/mmol). DIPEA (2.5 eq.) was added and the reaction mixture was stirred for 15 minutes at RT.
Subsequently, the corresponding 6-substituted 2-chlorobenzo[d]thiazole (1 eq.; 45a or 45b,
respectively) was added, and the reaction mixture was stirred at 160 °C overnight. The reaction mixture
was cooled to RT, flooded with H,0, slightly acidified using 1M aqueous HCI solution and allowed to
precipitate for 1 hour in a refrigerator. The precipitate was then filtered off using S4 frit, and dried

under reduced pressure at 70 °C to obtain the crude intermediate 47a or 47b, respectively.

2-[(3-chloro-4-methoxyphenethyl)amino]benzo[d]thiazole-6-carboxylic acid (47a)

Yield 87%.

1H NMR (500 MHz, DMSO-dg) 6 12.64 (s, 1H, COOH), 8.43 (t, J = 5.4 Hz, 1H, NH), 8.26 (d, J = 1.8 Hz, 1H,
ArH), 7.81 (dd, J = 8.4, 1.8 Hz, 1H, ArH), 7.41 (d, J = 8.4 Hz, 1H, ArH), 7.35 (d, J = 2.1 Hz, 1H, ArH), 7.20
(dd, J = 8.4, 2.2 Hz, 1H, ArH), 7.08 (d, J = 8.4 Hz, 1H, ArH), 3.82 (s, 3H, CHs), 3.61 (m, 2H, CH,), 2.86 (t, J
=7.0 Hz, 2H, CH,).

N-(3-chloro-4-methoxyphenethyl)-6-nitrobenzo[d]thiazol-2-amine (47b)
Yield 89%.
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H NMR (500 MHz, DMSO-d¢) & 8.79 (br s, 1H, NH), 8.70 (d, J = 2.5 Hz, 1H, ArH), 8.11 (dd, J = 8.9, 2.5
Hz, 1H, ArH), 7.48 (d, J = 8.9 Hz, 1H, ArH), 7.36 (d, J = 2.1 Hz, 1H, ArH), 7.20 (dd, J = 8.4, 2.2 Hz, 1H, ArH),
7.08 (d, J = 8.4 Hz, 1H, ArH), 3.82 (s, 3H, CHs), 3.65 (d, J = 7.3 Hz, 2H, CH,), 2.87 (t, J = 7.0 Hz, 2H, CH,).

2-[(3-chloro-4-hydroxyphenethyl)amino]benzo[d]thiazole-6-carboxylic acid (12)
2-[(3-chloro-4-methoxyphenethyl)amino]benzo[d]thiazole-6-carboxylic acid (47a; 1 eq.) was

dispersed in anhydrous DCE (16 mL/mmol), AlCl; (4.5 eq.) was added and the reaction mixture was

stirred at 65 °C overnight. After the completion of the reaction (monitored by TLC), the reaction

mixture was cooled to RT, and DCE was evaporated. The substance was dispersed in H,O and

neutralized using 1M aqueous NaOH solution. The mixture was extracted with EtOAc, washed with

brine, dried with anhydrous Na,SO,, and concentrated under reduced pressure. The obtained crude

product was purified by column chromatography (DCM/MeOH; 20:1) to obtain the compound 2-[(3-

chloro-4-hydroxyphenethyl)aminolbenzo[d]thiazole-6-carboxylic acid (12) as a white-beige solid in a

14% vyield.

Melting point: 250-252 °C

14 NMR (500 MHz, DMSO-dg) § 12.57 (br s, 1H, COOH), 9.98 (br s, 1H), 8.42 (br's, 1H), 8.26 (d, J = 1.8

Hz, 1H, ArH), 7.81 (dd, J = 8.3, 1.8 Hz, 1H, ArH), 7.41 (d, J = 8.4 Hz, 1H, ArH), 7.23 (d, J = 2.1 Hz, 1H, ArH),

7.02 (dd, J = 8.3, 2.1 Hz, 1H, ArH), 6.89 (d, J = 8.2 Hz, 1H, ArH), 3.57 (d, J = 4.8 Hz, 2H, CH,), 2.81 (t,J =

7.1 Hz, 2H, CH,).

13C NMR (126 MHz, DMSO-d;) 6 168.66, 167.28, 156.29, 151.41, 130.86, 130.35, 129.90, 128.31,

127.34,123.13, 122.68, 119.35, 117.26, 116.55, 45.45, 33.32.

LC-MS: 347.00 [M-H]- (calc. for C;6H1,CIN,0,S: 347.03 [M-H]"), 92% purity (300 nm).

ESI-HRMS: m/z 349.0399 [M+H]* (calc. for C;gH14CIN,0,S: 349.0408 [M+H]").

N,N-(3-chloro-4-methoxyphenethyl)benzo[d]thiazole-2,6-diamine (48)

Iron (10 eq.) together with NH,Cl (4 eq.) was dispersed in a mixture of MeOH/H,0 (1:1; 2
mL/mmol). N-(3-chloro-4-methoxyphenethyl)-6-nitrobenzo[d]thiazol-2-amine (47b; 1 eq.) was
dispersed in anhydrous THF (2 mL/mmol) and added dropwise to the reaction with iron and was let to
stir at 50 °C overnight. Subsequently, the reaction mixture was filtered off through Celite pad. The
filtrate was concentrated under reduced pressure and then diluted with H,0. The filtrate was
neutralized with saturated NaHCO; solution and allowed to precipitate for 1 hour in a refrigerator. The
precipitate was extracted with EtOAc and washed with brine, dried with anhydrous Na,SO,, and
concentrated under reduced pressure. The crude product was purified by silica flash chromatography
(Si0, 80 g; 0—-10% MeOH in DCM) to obtain N,N-(3-chloro-4-methoxyphenethyl)benzo[d]thiazole-2,6-
diamine (48) in a 57% yield.
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H NMR (500 MHz, DMSO-ds) & 7.55 (t, J = 5.4 Hz, 1H, NH), 7.31 (d, J = 2.1 Hz, 1H, ArH), 7.18 (dd, J =
8.4,2.2 Hz, 1H, ArH), 7.08 (dd, J = 12.7, 8.4 Hz, 2H, ArH), 6.81 (d, J = 2.2 Hz, 1H, ArH), 6.50 (dd, J = 8.4,
2.3 Hz, 1H, ArH), 4.79 (br s, 2H, NH,), 3.81 (s, 3H, CHs), 3.51 —3.44 (m, 2H, CH,), 2.82 (t, J = 7.1 Hz, 2H,
CHy).

N-{2-[(3-chloro-4-methoxyphenethyl)amino]benzo[d]thiazol-6-yl}acetamide (49)
N,N-(3-chloro-4-methoxyphenethyl)benzo[d]thiazole-2,6-diamine (48; 1 eq.) was dissolved in
anhydrous DCM (17 mL/mmol), and Ac,0 (1.05 eq.) was added. Subsequently, Et;N (1.1 eq.) was added
dropwise and the reaction mixture was stirred for 10 minutes at 0 °C. The temperature was then
increased to RT and the reaction mixture was stirred overnight. The next day, the reaction was washed
with 1M aqueous HCI solution and DCM was evaporated. The residue was then flooded with 0.5M
aqueous HCl solution, dispersed, and allowed to precipitate for 1 hour in a refrigerator. The precipitate
was subsequently filtered off using S4 frit to obtain the crude N-{2-[(3-chloro-4-
methoxyphenethyl)amino]benzo[d]thiazol-6-yl}acetamide (49) in a 94% vyield.
14 NMR (500 MHz, DMSO-dg) & 10.22 (br s, 1H, NH), 10.11 (br s, 1H, NH), 8.22 (d, J = 1.9 Hz, 1H, ArH),
7.49 = 7.47 (m, 2H, ArH), 7.43 (d, J = 2.2 Hz, 1H, ArH), 7.27 (dd, J = 8.4, 2.2 Hz, 1H, ArH), 7.08 (d, J = 8.5
Hz, 1H, ArH), 3.81 (s, 3H, CHs), 3.72 (d, J = 9.8 Hz, 2H, CH,), 2.90 (t, J = 7.2 Hz, 2H, CH,), 2.05 (s, 3H, CHs).

N-{2-[(3-chloro-4-hydroxyphenethyl)amino]benzo[d]thiazol-6-yl}acetamide (15)
N-{2-[(3-chloro-4-methoxyphenethyl)amino]benzo[d]thiazol-6-yl}acetamide (49; 1 eq.) was
dispersed in anhydrous toluene (50 mL/mmol), AICl; (6 eq.) was added and the reaction mixture was
stirred at 100 °C overnight. The reaction was quenched by adding H,0. Toluene was evaporated under
reduced pressure and the residue was dispersed in MeOH. The residue was then flooded with H,0 and
1M aqueous HCl solution and allowed to precipitate for 30 mins in a refrigerator. The precipitate was
filtered off using an S4 frit and the filtrate was slightly basified using a saturated NaHCO; solution. The
filtrate was then extracted with EtOAc and washed with brine, dried with anhydrous Na,SO,, and
concentrated under reduced pressure. The crude product was purified by column chromatography
(DCM/MeOH; 12:1) to obtain N-{2-[(3-chloro-4-hydroxyphenethyl)amino]lbenzo[d]thiazol-6-
yl}acetamide (15) as a white-beige solid in a 39% yield.
Melting point: 218-220 °C
14 NMR (500 MHz, DMSO-dg) 6 9.92 (br s, 1H), 9.87 (br's, 1H), 8.01 (d, J = 2.1 Hz, 1H, ArH), 7.94 (t, J =
5.4 Hz, 1H, NH), 7.30 (d, J = 8.6 Hz, 1H, ArH), 7.25 (dd, J = 8.7, 2.1 Hz, 1H, ArH), 7.22 (d, J = 2.1 Hz, 1H,
ArH), 7.01 (dd, J = 8.3, 2.1 Hz, 1H, ArH), 6.88 (d, J = 8.2 Hz, 1H, ArH), 3.51 (g, J = 6.7 Hz, 2H, CH,), 2.79
(t,J=7.1Hz, 2H, CH,), 2.02 (s, 3H, CHs).
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3C NMR (126 MHz, DMSO-d¢) & 167.83, 165.13, 151.34, 148.52, 133.11, 131.08, 130.41, 129.86,
128.28,119.31, 117.70, 117.55, 116.52, 111.57, 45.33, 33.40, 23.89.

LC-MS: 362.10 [M+H]* (calc. for C1,H1,CIN;0,S: 362.07 [M+H]*), 96% purity (300 nm).

ESI-HRMS: m/z 362.0755 [M+H]* (calc. for C1;H;,CIN;0,S: 362.0725 [M+H]").

N-(6-acetamidobenzo[d]thiazol-2-yl)-N-(3-chloro-4-methoxyphenethyl)acetamide (50)
N,N-(3-chloro-4-methoxyphenethyl)benzo[d]thiazole-2,6-diamine (48; 1 eq.) was dissolved in
anhydrous DCM (6 mL/mmol). Subsequently, Ac,0 (6 eq.) and Et;N (4 eq.) were added dropwise, and
the reaction mixture was stirred at RT overnight. The following day, 4 eq. of Et;N were added and the
reaction mixture was stirred overnight again. After the completion of the reaction (monitored by TLC),
the reaction was quenched by the addition of 1M aqueous HCl solution, and DCM was evaporated. The
residue was then flooded with H,0, acidified to the pH of 3 using 1M aqueous HCl solution, dispersed,
and allowed to precipitate for 1 hour in a refrigerator. The precipitate was subsequently filtered off
using S4 frit to obtain the crude N-(6-acetamidobenzol[d]thiazol-2-yl)-N-(3-chloro-4-
methoxyphenethyl)acetamide (50) in a 71% yield.
14 NMR (500 MHz, DMSO-d) § 10.10 (br's, 1H, NH), 8.29 (d, J = 2.1 Hz, 1H, ArH), 7.77 (d, J = 8.7 Hz, 1H,
ArH), 7.52 (dd, J = 8.8, 2.1 Hz, 1H, ArH), 7.38 (d, J = 2.1 Hz, 1H, ArH), 7.20 (dd, J = 8.4, 2.1 Hz, 1H, ArH),
7.10 (d, J = 8.5 Hz, 1H, ArH), 4.38 (t, J = 7.6 Hz, 2H, CH,), 3.83 (s, 3H, CHs), 3.03 (t, J = 7.5 Hz, 2H, CH,),
2.30 (s, 3H, CH3), 2.08 (s, 3H, CH3).

N-(6-acetamidobenzo[d]thiazol-2-yl)-N-(3-chloro-4-hydroxyphenethyl)acetamide (16)
N-(6-acetamidobenzo(d]thiazol-2-yl)-N-(3-chloro-4-methoxyphenethyl)acetamide (50; 1 eq.)
was dispersed in anhydrous DCE (11 mL/mmol), AICl; (6 eq.) was added, and the reaction mixture was
stirred at 80 °C overnight. The reaction was cooled to RT and quenched by adding H,0. DCE was
evaporated by rotavapor, and the residue was dispersed in MeOH. Then H,0 and 1M aq. HCl were
added, and the mixture was allowed to precipitate for 30 mins in a refrigerator. The precipitate was
filtered off using S4 frit, and dried under reduced pressure at 70 °C. The crude product was purified by
silica flash chromatography (SiO, 40 g; 0—5% MeOH in DCM) to obtain N-(6-acetamidobenzo|[d]thiazol-
2-yl)-N-(3-chloro-4-hydroxyphenethyl)acetamide (16) as a brown solid in a 66% yield.
Melting point: 201-203 °C
1H NMR (500 MHz, DMSO-dg) 6 10.09 (br s, 1H), 10.03 (br s, 1H), 8.28 (d, J = 2.1 Hz, 1H, ArH), 7.76 (d, J
= 8.7 Hz, 1H, ArH), 7.52 (dd, J = 8.7, 2.1 Hz, 1H, ArH), 7.26 (d, J = 2.1 Hz, 1H, ArH), 7.02 (dd, J = 8.3, 2.1
Hz, 1H, ArH), 6.91 (d, J = 8.2 Hz, 1H, ArH), 4.34 (t, J = 7.5 Hz, 2H, CH,), 2.97 (t, J = 7.5 Hz, 2H, CH,), 2.28
(s, 3H, CH3), 2.07 (s, 3H, CHs).
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13C NMR (126 MHz, DMSO-d¢) & 171.05, 168.25, 157.38, 151.68, 143.69, 135.61, 133.06, 130.15,
130.01, 128.54, 121.02, 119.52, 118.42, 116.68, 110.91, 49.52, 32.17, 24.00, 22.70.

LC-MS: 404.10 [M+H]* (calc. for CioH1oCIN;05S: 404.08 [M+H]*), 96% purity (300 nm).

ESI-HRMS: m/z 404.0867 [M+H]* (calc. for C1H:5CIN;05S: 404.0830 [M+H]").

S22



4

'H and 3C NMR spectra of final products 3-16

'H NMR spectrum of compound 3 (500 MHz, DMSO-dg)
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H NMR spectrum of compound 4 (500 MHz, DMSO-dg)
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'H NMR spectrum of compound 5 (500 MHz, DMSO-dg)
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13C NMR spectrum of compound 5 (126 MHz, DMSO-ds/CF;COOH)
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'H NMR spectrum of compound 6 (500 MHz, DMSO-
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'H NMR spectrum of compound 7 (500 MHz, DMSO-dg)
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'H NMR spectrum of compound 8 (500 MHz, DMSO-dg)
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H NMR spectrum of compound 9 (500 MHz, DMSO-dg)
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H NMR spectrum of compound 10 (500 MHz, DMSO-ds)
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H NMR spectrum of compound 11 (500 MHz, DMSO-ds)
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H NMR spectrum of compound 13 (500 MHz, DMSO-ds)

& SRARHSHARRRANTIONC-RR e
Eh bR bt ] b3
f R et ¥

20

100

MeOH

DMSO

H,0

1 211

T T T T T T T T T T T T T T T T T

T
140 135 130 125 120 11.5 110 10.5 100 95 9.0 85 80 ZSf (7.0)6.5 60 55 50 45 40 35
1 (ppm’

13C NMR spectrum of compound 13 (126 MHz, DMSO-dg)

— 16789
— 16527
— 15258
— 14833

1O S

—#6.31
—23.90

DMSO

MeOH

F1.70E+12

F1.60E+12

F1.50E+12

r1.40E+12

F1.30E+12

F1.20E+12

rl.10E+12

r1.00E+12

[F9.00E+11

I8.00E+11

F7.00E+11

r6.00E+11

r5.00E+11

r4.00E+11

r3.00E+11

r2.00E+11

F1.00E+11

-0.00E+00

~-1.00E+11

r7.0E+10

F6.5E+10

F6.0E+10

F5.5E+10

F5.0E+10

4.5E+10

r4.0E+10

F3.5E+10

3.0E+10

F2.5E+10

F2.0E+10

r1L.5E+10

r1.0E+10

5.0E+09

WML o0

T T T T T T T T T T

T T T
190 180 170 160 150 140 130 120 110 100 90
f1 (ppm)

S34



'H NMR spectrum of compound 14 (500 MHz, DMSO-ds)
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'H NMR spectrum of compound 15 (500 MHz, DMSO-ds)
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H NMR spectrum of compound 16 (500 MHz, DMSO-ds)
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5 HRMS spectra of final products 3-16
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HRMS information of compound 5
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HRMS information of compound 7
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HRMS information of compound 9
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HRMS information of compound 11
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HRMS information of compound 13
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HRMS information of compound 15
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6 Methods of in vitro evaluation

6.1 Enzymatic assays

Inhibition screening using AAC substrate

The recombinant His-tagged 17B-HSD10 was expressed in E. coli BL21 (DE3) strain and purified
as described previously. !

For the pilot 10 uM and 1 uM inhibitor screenings, the absorbance assay using acetoacetyl
coenzyme A (AAC) as a substrate published by Schmidt et. al.2 was used with minor changes. Briefly,
the reaction mixture of 53 nM recombinant 17p3-HSD10 and 320 uM NADH in assay buffer (10 mM Tris-
HCI, pH 7.4; 150 mM NaCl; 1 mM dithiothreitol; 0.001% Tween 20; 0.01% bovine serum albumin) was
pre-incubated with the tested inhibitor at 10 uM or 1 UM concentration (or DMSO as vehicle control)
for 5 minutes at 37 °C. The reaction was started by the addition of 320 uM AAC and the decrease of
absorbance at 340 nm was measured for 2 minutes in 10-s intervals. The inhibitors were dissolved in

anhydrous DMSO and the final DMSO concentration in the reaction mixture was 2.2% (v/v).

Inhibition screening and ICs, determination using E2 or ALLOP substrates

For the 10 uM and 1 uM inhibitor screening and ICs, determination, the fluorometric assay
using E2 (or ALLOP) as a substrate published previously! was used. In brief, the reaction mixture of 45
nM recombinant 17B-HSD10 and 500 uM NAD* in assay buffer (100 mM potassium phosphate buffer,
pH 8.0) was pre-incubated with the tested inhibitor (or DMSO as vehicle control) for 5 minutes at 37
°C. The reaction was started by the addition of 50 uM E2 (or 20 pM ALLOP) and the increase of
fluorescence (Ex/Em = 340/460) was measured for 20 minutes in 30-s intervals. The inhibitors were
dissolved in anhydrous DMSO and the final DMSO concentration in the reaction mixture was 2.2 %
(v/v).

The ICsy measurements were performed as dose-response inhibition at 11 different
concentrations of inhibitors (0.004—40 uM) with fixed concentrations of other components of the
reaction. Dose-response curves were analysed using non-linear regression analysis and ICs, values (£

SEM) were determined (GraphPad Prism 8.4.3).

Inhibition Type Determination

The type of inhibition was determined for the most potent inhibitors (compounds 3, 5, 6, and
7) using E2 as a substrate (methodology mentioned in the previous section). The inhibitors were
measured at three different concentrations according to their ICso values in combination with different
concentrations of E2 (1.56—75 uM) and a saturated NAD* concentration (500 uM). DMSO was used as
vehicle control and measured data were analysed using the linearization of Hanes-Woolf (GraphPad

Prism 8.4.3).
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Differential Scanning Fluorimetry

Melting temperatures (T,,) were determined using Differential Scanning Fluorimetry according
to previously published methodology.! Briefly, 1.43 uM 17B-HSD10 and 1:1000 SYPRO Orange (Sigma-
Aldrich) were mixed in 100 mM potassium phosphate buffer (pH 8.0). The best inhibitors were added
at 25 uM or 50 uM final concentration and the interaction was tested without or in the presence of
250 uM NAD*. DMSO was used as vehicle control. The total reaction volume was 40 pL per tube. The
melting curves were monitored in the temperature ramps of 1 °C/min (25-90 °C) using qPCR machine
gTower® G (Analytik Jena, Ex/Em = 490/575). The melting curves were analysed and melting
temperatures were determined using qPCRsoft 4.0 (Analytik Jena). The differences between groups

were analysed using the Student’s unpaired t-test (GraphPad Prism 8.4.3).

6.2 Cell-based assays

A set of cellular assays were used to evaluate the cytotoxic potential of prepared compounds
and target engagement in the living cells. For this purpose, HEK293 cells and HEK293 overexpressing
17B-HSD10 cells (HEK293 17B-HSD10) published previously® were used. Cells were maintained in
DMEM (Capricorn) supplemented with 10% foetal bovine serum (Gibco), 2 mM L-glutamine, and non-
essential amino acids additives (Gibco) at 37 °C in a 5% CO, humidified atmosphere. The cells were
passaged regularly at 70—-80% confluency, and all culture preparations were repeatedly tested for

Mycoplasma contamination (MycoAlert Plus, Promega).

Cytotoxicity evaluation

All compounds were tested on HEK293 cells to determine their cytotoxicity effects using the
CellTox Green Cytotoxicity Assay kit (Promega). For measurement, 5 x 102 cells per well in 50 uL of
culture media were seeded into white solid flat-bottom 96 well microplates (Nunc, 136102) and
cultured for 24 hours before the addition of compounds. The compounds were dissolved and further
diluted in anhydrous DMSO, and added to the wells at a final concentration of 10 uM, 25 uM, and 50
UM, with a total DMSO concentration in the assay of 1%. The treated cells were cultured for an
additional 48 hours, followed by the fluorescence measurement using a Tecan Spark 10M instrument.
The CellTox Green Assay procedure was performed according to the manufacturer's protocol. The
fluorescence was measured as endpoint readout using 485 nm for excitation and 530 nm for emission
wavelengths. The data were normalized between cells treated with 1% DMSO only (vehicle control),

and 100 puM valinomycin treated cells (positive control).

Cellular 17B-HSD10 inhibition and ICs, determination

The 17B-HSD10 inhibition inside the HEK293 17B-HSD10 cells was performed using (-)-CHANA

fluorogenic probe.? The cells were seeded at a density of 1 x 10* cells per well in 200 puL of DMEM

546



without phenol red (Gibco) supplemented with 10% foetal bovine serum (Gibco), 2 mM L-glutamine,
non-essential amino acids additives (Gibco) and 4.5 g/L glucose (Sigma) into black 96 clear bottom well
plates (Brand, 781971). The cells were incubated for 20 hours following the treatment with the
compounds dissolved in anhydrous DMSO or DMSO only (vehicle control). After 2 hours of compound
treatment, (-)-CHANA probe was added at the final concentration of 20 uM and the changes in
fluorescent intensities were measured immediately after (-)-CHANA addition and 2 hours later. The
fluorescence intensities of the CHANK product were taken using the TECAN SPARK 10M instrument
(Ex/Em = 380/525 nm). The residual 17B-HSD10 activity was calculated as AF between 2 hours and 0
hours after (-)-CHANA treatment and the data were normalized between non-treated HEK293 17p-
HSD10 and non-transfected HEK293 controls (using relative response ratio).

The compounds were screened at 10 uM and 25 uM concentrations to detect the ability to
penetrate the cells and to influence the 17B-HSD10 enzyme activity inside the cells. For the compounds
with residual activity lower than 55% at 10 UM concentration (4, 6, 13, 14, 15, and 16), the ICs, values
were measured as a dose-response inhibition at 9 different concentrations of inhibitors (0.3125-40

KUM). The data were analysed using GraphPad Prism 8.4.3.
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7 Results of in vitro evaluation

Table S1: Inhibition screening on purified 173-HSD10 enzyme. 10 pM and 1 uM screening of the tested
compounds against recombinant 173-HSD10 using AAC and E2 substrates. Values are given as means

+SD (n =3 for AAC, n = 4 for E2).

17B8-HSD10 Activity in vitro (%)

AAC assay E2 assay
Compound
10 uM 1uM 10 uM 1M
1 122140 456 0.7 6.8 + 3.1 624 +34
2 10.0+1.7 43.0+ 3.0 14.3+34 59.7+6.2
""""" 3  70%50 279406  00%22  301%15
4 9.2+35 329+23 25+3.0 30.5+3.0
5 14.0+5.0 451 +2.8 09+1.38 36.8+1.0
6 135129 40927 0.0 39.5+6.2
7 71122 385+3.6 44+27 176+1.8
8 28+3.2 21.0+£20 71.3+£1.0 40.3+2.6
9 37.1+£33 87.2+24 21.1+22 64.8+22
10 40134 424 +1.9 0.0 61.1+22
11 458+52 93.2+3.5 20.7+34 81.3+2.0
12 6.9+27 59.8+1.0 0.0 428 +6.6
13 26.0+2.0 77.7+21 18.0+1.5 65.1+0.3
14 14.2+3.0 60.3+1.3 99+15 57.2+78
15 9.8+20 42.0+3.8 55+19 46.0+4.6
16 27.8+0.7 78.8+4.9 146+1.8 552+28

Table S2: Differential scanning fluorimetry. Melting temperatures (T,,) for 178-HSD10 were measured
at 25 pM and 50 uM inhibitor concentrations in the absence or presence of 250 uM NAD* cofactor.

Values are given as means + SD (n = 3).

T values (°C)

w/o NAD* with NAD*
DMSO 49.9+0.3 545+ 0.1
Compound 25 uM 50 uM 25 yM 50 uM
3 57.3+0.1 59.5+0.2 63.6 £ 0.0 65.1+0.1
5 534+0.2 542+ 0.1 59.9+ 0.1 61.0+0.1
6 53.3+0.3 54.4 +0.2 60.9+0.2 62.1+0.1
7 51.2+0.2 52.4 +£0.2 58.4 + 0.1 60.0+ 0.1
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Table S3: Cellular cytotoxicity determination (CellTox Green Assay) in HEK293 cells at concentrations
50 uM, 25 uM and 10 pM. Values are given as mean * SD from two independent measurements

performed in triplicates.

% of Cytotoxicity
Compound
50 yM Compound 25 yM Compound 10 pM Compound
3 0.46 £ 0.82 0.88+1.34 0.62 +2.91
4 1.90 £ 0.24 1.77 £1.50 3.31+1.48
5 1.08 £ 0.95 -0.10£1.27 0.37 £ 0.01
6 2.00+2.74 0.73+1.92 1.24 +1.30
7 -1.99 + 1.45 -0.70 £ 2.58 0.45 +0.50
8 1.19 £ 0.58 1.05+ 1.57 3.16 £ 1.81
9 0.12+2.39 -0.01 £ 0.51 1.49+2.70
10 -1.44 +1.87 1.10 £ 0.87 1.52+1.70
11 0.24 £ 0.52 1.71+£1.01 1.26+1.78
12 -0.08 £ 0.16 0.31+1.08 1.33+£0.71
13 6.48 £+ 1.35 4.32+1.57 2.87+1.28
14 1.43 +2.65 0.53 £ 0.52 0.11+£0.11
15 0.65+2.73 0.68 + 1.56 1.89+1.72
16 1.95+0.49 1.12+0.54 0.42 +1.58

Table S4: Cellular inhibitory screening of compounds at concentrations 25 uM and 10 uM using a
conversion of (-)-CHANA fluorogenic probe in HEK293 17B-HSD10 cells. Values are given as mean * SD

from two independent measurements performed in triplicates.

Cellular 17B-HSD10 Activity (%)

Compound
25 yM Compound 10 uM Compound
3 61.7+1.9 74630
4 224+0.7 51.7+34
5 36.5+2.3 63.5+ 3.1
6 16.6 £ 1.1 39.1+3.3
7 49.1+2.6 69.0 £ 0.1
8 27.9+0.2 60.5+2.8
9 55.6 £ 0.3 63.8+26
10 64.4+1.5 83.9+57
11 117.6 £ 5.1 86.4+1.7
12 48.6+5.0 649+1.6
13 242+ 3.0 475+ 3.0
14 11.9+1.5 36.6+22
15 0.0 30625
16 21.6+1.9 544 +24
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8 Safety Statement

No unexpected or unusually high safety hazards were encountered during experimental work.
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The C-3 steroidal hemiesters as inhibitors of 173-hydroxysteroid

dehydrogenase type 10
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ABSTRACT: 173-HSD10 is a mitochondrial enzyme that catalyzes the steroidal oxidation of a hydroxy group to a keto group
and thus is involved in maintaining steroid homeostasis. The druggability of 173-HSD10 is related to potential treatment for
neurodegenerative diseases including Alzheimer's disease or certain types of cancer. Here, steroidal derivatives with an acidic
hemiester substituent at position C-3 on the skeleton were designed, synthesized, and evaluated using pure recombinant 17f-
HSD10 converting estradiol to estrone. Compounds 22 (ICso = 6.95 + 0.35 uM) and 23 (ICs = 5.59 # 0.25 pM) were identified
as the most potent inhibitors from the series. Compound 23 inhibited 173-HSD10 activity regardless of the substrate. It was
found not cytotoxic towards the HEK-293 cell line and able to inhibit 173-HSD10 activity also in the cellular environment.
Together, these findings support steroidal compounds as promising candidates for further development as 173-HSD10

inhibitors.

INTRODUCTION

Human 173-hydroxysteroid dehydrogenase type 10 (17f-
HSD10, SDR5C1 also called ABAD/ERAB or HADH2, UniProt
ID Q99714) is a member of the short-chain
dehydrogenase/reductase (SDR) superfamily that is
expressed in the mitochondrial matrix in a variety of
tissues, such as lung, liver, brain and other.! The 173-HSD10
is a so-called moonlighting enzyme that exhibits at least two
physiologically relevant functions. First, it is a key
component of the ribonuclease P (RNase P) complex that
participates in isoleucine metabolism as well as in lipid
metabolism.? The second essential function reflecting its
name is its role in steroid metabolism. 173-HSD10 catalyzes
e.g. NAD*-dependent oxidation of 17f-estradiol to less
active estrone, 3o-androstanediol to more potent 5a-
dihydrotestosterone or neurosteroid allopregnanolone to
S5a-dihydroprogesterone. Thus, the activity of 173-HSD10
can influence important cellular processes related to the
steroid concentrations such as proliferation, apoptosis, or
neural excitability.> 4 Finally, the crucial role of 173-HSD10
in the development of various pathological conditions and
diseases should be mentioned. According to the literature,
the 17B-HSD10 overexpression may lead to the disturbance
in steroid homeostasis proposed as an important factor
attributing to the development of various diseases, such as
Alzheimer’s disease,’ prostate cancer,®”? or osteosarcoma.?
Taken together, the restoration of steroid homeostasis
through 17(3-HSD10 inhibition is thought to promote

neuroprotection and serve as a promising therapeutic
approach for the development of novel drug-like
molecules.>8?

To date, several groups of 173-HSD10 inhibitors have been
described in the literature. For details, see the review of
Vinklarova et al.'® They can be divided into several groups
based on their structure, namely benzothiazole-based
ureas, 115 pyrazole-pyrimidine compounds,'® 17 steroidal
inhibitors,!8-2° and risperidone or its analogues.?! Based on
the mechanism of action, inhibitors of 17B-HSD10 are
designed to either block the catalytic activity of the enzyme
or to modulate the interaction of 173-HSD10 with amyloid-
beta (AB) that is contributing to AB-induced toxicity by
promoting mitochondrial dysfunction.

According to the literature, pyrazole-pyrimidine compound
AG18051, is a well-known and potent inhibitor of 17f-
HSD10.%¢ Co-crystallization of AG18051 with human 17§-
HSD10 with its NAD* cofactor has shown that it forms a
covalent adduct with amino acids in the active site.
Nevertheless, AG18051 has been further studied,?? and
attempts for rational optimization studies of the structure
have been also published.'” Very recently, a novel
benzothiazolylurea inhibitor with similar efficiency and
non-competitive mode of action has been described.’® The
most potent steroidal structures that have been described
so far are RM-532-46 and D-3,7.182° Interestingly,
compounds RM-532-46, D-3,7 as well as benzothiazole-
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based ureas inhibitors are nitrogen-containing compounds
that potentially can act as a proton-acceptor (a base).11-13
Therefore, we proposed, synthesized, and tested a series of
negatively charged steroids 1-24 (Scheme 1) for their
ability to inhibit the 173-HSD10 activity.

Synthesis of neurosteroids for the treatment of yet
untreatable central nervous system diseases represents a
novel and attractive target for the development of drug-like
compounds due to their endogenous origin and significantly
more inherent nature to humans than e.g. benzothiazole-
based ureas or pyrazole-pyrimidine compounds. In
addition, recently FDA-approved neurosteroids
brexanolone (treatment of post-partum depression)? 24 or
ganaxolone (treatment of seizures in CDKL5 deficiency)?®
provide evidence of still underappreciated possibilities of
neurosteroids in drug development.

RESULTS AND DISCUSSION
Chemistry

The synthesis of compounds 1-24 is shown in Scheme 1.
Compounds 1-3 were prepared from commercially
available pregnenolone (Steraloids, Newport, RI, USA).
Compound  3B-hydroxy-5a-pregnan-20-one 25 was
prepared by catalytic hydrogenation with Pd/C of

,CUH xfffh/ )

Pregnenolone

(A)

4G F e

3fi-Hydroxy-5u-pregnan-20-one (25) Pregn-5-en-3-ol

© J(C) (c}

,fH ~ lf v

A}

- =0

“H
[ ? il 5 o o
HGJ\R"\G B HO U\RJ\O

Ho R o’

(1). R = (CHz), M.R=NA (18), R = (CHg),
{2), R = (CH)s (8),R=CH; (15), R = (CHy)s
). R =(CHy)y 9). R=(CH,}, (186), R = (CHy)y

{10), R = (CHy);

(1), R = (CHaly

(12). R = (CH,)s

(13). R = (CHaJg

pregnenolone.?® 27 Compounds 4-6 were prepared from
commercially available progesterone (Steraloids, Newport,
RI, USA). The conjugated carbonyl group of progesterone in
position C-3 was selectively reduced by using sodium
borohydride in the presence of cerium(III) chloride (Luche
reduction) affording compound 26 in 50% yield.?®
Compounds 1-24 were prepared by treatment of parent C-
3 hydroxyl group with anhydride or carboxylic acid
depending on the availability of such reagents. In brief,
compounds 1 and 4 were esterified with succinic anhydride
in the presence of DMAP in pyridine at 110 °C, affording
compounds 25 and 26 in 65% and 40% yield, respectively.
Compounds 2 and 5 were prepared from compounds 25
and 26 by treatment with glutaric anhydride in the
presence of DMAP in pyridine at 110 °C. Hemiesters 2 (45%
yield) and 5 (62% yield) were obtained. The treatment of
compounds 25 and 26 with adipic acid, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI), N,N-
diisopropylethylamine (DIPEA) and DMAP in DCM gave
hemiesters 3 and 6 (93% and 51% yield). Compounds 7-24
were prepared analogously as compounds 1-6 according to
the literature?® from pregnenolone,
dehydroepiandrosterone, pregn-5-en-33-ol, and from
androst-5-en-33-ol. Decarbonylation was achieved by
Clemmensen reduction mediated by Zn/TMSCl according to
the literatere.3°

\kJ: } e g i 5 ] o e },CA]
g Ho L HoPom oJ\/
Progesterone 3[i-Hydroxy-pregn-4-en-20-one (26) (4), R = (CHy)y
(5), R = (CHz)5
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Dehydroepiandrosterone

(b)
myﬁi

Androst-5-en-3fi-ol

(21).R = (CHy),
e (22). R = (CHy)3
)L (28), R = (CHy)y

HO “RTO (24), R = (CHy)s

Scheme 1. Synthesis of compounds 1-24. Reaction conditions and reagents: (a) H,, Pd/C, EtOH/EtOAc; (b) Zn, TMSCI, MeOH, DCM;
(c) For compound 7: oxalyl chloride, EtsN, DCM, DMF. For compound 8: Meldrum’s acid, toluene, 80 °C. For compounds 1, 4, 9, 14,
21: succinic anhydride, DMAP, pyridine, 110 °C. For compounds 2, 5,10,15,17, 22: glutaric anhydride, DMAP, pyridine, 110 °C. For
compounds 3, 6, 11, 16, 18, 23: adipic acid, EDCI, DIPEA, DMAP, DCM. For compounds 12, 19, and 24: pimelic acid, EDCI, DIPEA,
DMAP, DCM. For compounds 13 and 20: suberic acid, EDCI, DIPEA, DMAP, DCM; (d) NaBH,4, CeCl3.7H,0, MeOH.

Biological results

The inhibitory effect of compounds 1-24 at 10 uM
concentration was evaluated in vitro using the conversion
of estradiol to estrone by purified recombinant 173-HSD10.
As standards, we used the known inhibitor AG18051 as the
positive control and the published steroidal compounds?'®
namely, pregnenolone, testosterone, dihydrotestosterone,
androsterone, epiandrosterone, and
dehydroepiandrosterone. Our study has shown that the
uncharged steroids that were used as comparators were

inactive or displayed a very low inhibitory efficiency in the
assay (Table S1). These results reflect the results of study of
Ayan et al.'® although they used different (cellular) assay.

Further, we tested three series of steroidal compounds of
20-oxo-pregna(e)ne skeleton that differed at position C-5
by presence/absence of a double bond: (i) compounds 1-3
with 5a-stereochemistry, (ii) unsaturated compounds 4-6
with C-4,5 double bond (A* compounds), (iii) unsaturated
compounds 7-10 with C-5,6 double bond (A% compounds).
In the primary screening, only compound 10 demonstrated
an inhibitory ability of approximately 50% at 10 uM
concentration (Figure 1). Thus, considering the structure of
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compound 10, we have prepared A> compounds varying
with the substituent at position C-17 with C-3 linker of
various lengths: (i) AS-20-oxo compounds 11-13 with
longer C-3 linker than compound 10, (ii) A>-20-deoxy
compounds 14-16 without 20-oxo substituent, (iii) A5-17-
oxo compounds 17-20 belonging to androstane family
having C-17 substituent, (iv) A> compounds 21-24 without
substituent at position C-17.

Interestingly, the structure-activity relationship revealed
that compounds with lipophilic substitution at position C-
17, namely 14-16 and 21-24 were the most active
compounds in the study. In particular, steroids bearing 20-
oxo (1-13) or 17-oxo substituent (17-20) demonstrated
inhibitory ability <50% at 10 uM concentration except for
compound 10 which demonstrated approximately ~50%
inhibition. In contrast, decarbonylation at position C-20 (14-
16) and position C-17 (21-24) afforded an inhibitory effect
>50% at 10 pM concentration (Figure 1). Therefore,
compounds 10, 14-16, and 21-24 were further described
by their ICs, values. The results are summarized in Table 1.
All tested compounds 10, 14-16, and 21-24 displayed
inhibition with 1Csy values varying from 5.59 pM
(compound 23) to 9.94 uM (compound 14). Dose-response
curves for the most potent inhibitors 22 (ICso “6.95 uM) and
23 (ICso “5.59 puM) are shown in Figure S25A,B. The most
potent inhibitor 23 was also tested for its ability to inhibit
178-HSD10 activity regardless of substrate. In particular,
the oxidation of steroid allopregnanolone was also inhibited
by compound 23 with ICsy ~15.25 pM. The dose-response
curve is shown in Figure S25C.
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Figure 1. Evaluation of the inhibitory effect of compounds
1-24 and inhibitor AG18051 (standard) at 10 uM. Values
represent means £ SD (n = 4).

Table 1. IC5, values for compounds 10, 14-16, and 21-24.
Values represent means = SEM (n = 4).

Compound ICs50 (1M)
10 16.89 + 1.33
14 9.94+0.23
15 9.01+0.43
16 9.29+0.28
21 7.33£0.45
22 6.95 + 0.35

ACS Omega

23 5.59+0.25
24 7.17 £0.40
AG18051 0.09+0.0115

It should be noted that the ICs, values determined in our
experiments using the purified recombinant 173-HSD10
cannot be directly compared with other published studies
due to the strong dependency of ICs, value on various
factors of the assay, i.e. the amount of enzyme, particular
substrate, or other experimental conditions. For example,
steroid inhibitor RM-532-46 has been demonstrated as a
strong inhibitor with an ICsy value of 0.55 uM in the cellular
assay using the HEK-293 cell line.!® The study of Boutin et
al.’ used a method to a certain extent comparable to our
assay (in vitro conditions, recombinant enzyme, identical
substrate) described compound RM-532-46 with ICs, 0of 610
uM using 173-estradiol and 235 uM using allopregnanolone
as substrates. However, no standard (e.g. AG18051) was
used in these studies. Structurally diverse inhibitors of 17f-
HSD10 of the benzothiazolyl type have been described as
compounds having ICs, values in the submicromolar to 1
1M concentration range. Only one compound (26) was able
to achieve the potency of AG18051, namely a derivative of
benzothiazole-based urea with the ICso value of 0.07 uM.
Unfortunately, this compound was identified as toxic for the
HEK-293 cell line.’s

The most potent inhibitor from the current series,
compound 23 was further evaluated for the type of
inhibition. The uninhibited enzymatic reaction (0 uM of 23)
was compared with the enzymatic reaction at three
concentrations of compound 23 (3, 6 and 9 pM) using 17§-
estradiol as the substrate. We have hypothesized that a
compound of steroid origin could demonstrate a
competitive mechanism of action. Such inhibitor binds the
enzyme preventing the formation of the enzyme-substrate
complex. Thus, the substrate concentration does not
enhance the inhibitory ability. This hypothesis was
confirmed by the kinetic experiment. The obtained data
were linearized by using Hanes-Woolf plots (Figure 2).

0.03
—~ OpM
1
= - 3uM
g H
2 £ 0.02 —— 6pM
=
§E —r 9u|\/|
§s
F 0014
IS
1y
0.00 1 1 1 1 1
0 15 30 45 60 75

©17p-estradiol (HM)

Figure 2: The Kkinetic inhibition of 173-HSD10 using
compound 23 at 0, 3, 6 and 9 uM concentration. Data are
shown as mean + SD (n = 3).

Considering the expected biological instability of hemiester
group and lipophilicity of compounds 14-16 and 21-24,
the results permeability and plasma stability experiments
were included in this study (Table 2).3! According to the
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literature, drugs with permeability coefficients greater than
1 x 10°¢ cm/s in Caco-2 cells are expected to be completely
absorbed in humans.3% 33 Therefore, we conclude that
compounds 14-16 and 21-24 display sufficient
permeability. Given the presence of the metabolically
unstable hemiester moiety, compounds 14-16 and 21-24
were expected to exhibit poor stability in both rat and
human plasma. The stability was described as the
percentage of parental compound remaining in plasma after
8 h. Surprisingly, all compounds 14-16 and 21-243!
demonstrated high stability in human plasma after the 8 h
of incubation and mediocre to high stability in rat plasma
(Table 2). We conclude that such unexpected stability in
plasma offers new potential for the structure-activity
relationship study targeting stability of hemiester moiety at
position C-3.

Table 2. In vitro safety assessment and plasma stability of
tested compounds 14-16 and 21-24.

Caco-2 cell Human

permeability Rat pl.a.sma plasma

Compound (50 uM) sizlbilityy stability

Papp (cm/s) % remaining after 8 hours

14 5.7x10°° 55 100
15 1.9x10-¢ 99 100
16 1.2x10°¢ 43 94
21 1.0x107* 88 99
22 1.2x10-5 57 98
23 3.1x10°¢ 32 100
24 1.3x10°° 38 100

Finally, because the strongest inhibitor identified in vitro
compound 23 has a favorable permeability coefficient, its
potency to inhibit 173-HSD10 also at the cellular level was
determined.  First, it was necessary to exclude the
possibility that higher concentrations of compound 23
could be unfavourable to cells. The effect of compound 23
on the cellular viability and cytotoxicity of this compound
(1, 10, and 20 uM) were determined using CellTiter-Glo
viability assay and CellTox Green assay, respectively on
human embryonic kidney 293 cells (HEK-293). The data in
Figure 3 shows that compound 23 does not influence HEK-
293 viability and is not toxic toward HEK-293 cells line up
to concentration 20 uM.

[ cellTiter-Glo Luminescent Cell Viability Assay
= cCellTox Green Gylotoxicity Assay
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Figure 3: Viability of HEK-293 cells in the presence of
compound 23 (measured by CellTiter-Glo Viability Assay)
and its cytotoxic effect (measured by CellTox Green Assay).
DMSO-treated cells were used as controls for cell viability.
Valinomycin-treated cells were used as cytotoxicity
controls. Data are presented as mean * SD (n = 3).

Identical concentrations of compound 23 were used for
fluorogenic cellular assay using a special probe (-)-CHANA
as a substrate for 173-HSD10 overexpressed in HEK-293
(HEK-293-HSD10 cell line).’> These results demonstrate
that compound 23 can inhibit 173-HSD10 in such a more
complex system. Its inhibition ability is dose-dependent and
the highest concentration used (25 pM) leads to ~50%
inhibition of the activity (Figure 4). The exact ICs, value at
the cellular level was not possible to determine because of
some method interferences as well as its unknown cytotoxic
characteristics. Higher 1Cso (> 20 uM) is in agreement with
the high concentration of 17B8-HSD10 in the model cell
line.’>

100
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o —
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Figure 4. Inhibition of 173-HSD10 by compound 23 in HEK-
293 cellular model overexpressing 173-HSD10 (HEK-
293_HSD10). The activity of 173-HSD10 was determined
using a probe (-)-CHANA as a substrate, and the
fluorescence of formed product CHANK was measured.
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Values are given as mean * SD from two biological replicates
with three technical replicates.

The results of our study have described the structure-
activity relationship for steroids with C-3 hemiester moiety
to the inhibitory effect on 178-HSD10 in vitro. We have
show the ability of the non-toxic compound 23 to inhibit the
target enzyme also on the cellular level, along with cellular
permeability and stability in rat and human plasma.

MATERIALS AND METHODS

Chemistry. All other commercial reagents and solvents
were used without purification. Melting points were
determined with a micromelting point apparatus
(Hund/Wetzlar, Germany), and are uncorrected. For
elemental analysis, PE 2400 Series II CHNS/O Analyzer
(Perkin Elmer, MA, USA) was used, with microbalance MX5
(Mettler Toledo, Switzerland). For measurement of optical
rotation, AUTOPOL IV (Rudolph Research Analytical, NJ,
USA) was used, all samples were measured at 20 °C, at a
given concentration in a given solvent at 589 nm. Proton
and carbon NMR spectra were measured in a Bruker
AVANCE II1 400 MHz with chemical shifts given in parts per
million (ppm §, relative to residual CDCl; peak at 7.260 and
77.160 ppm for 1H and 13C nuclei, respectively). Coupling
constants (J) are given in Hz. The HRMS spectra were
performed with LTQ Orbitrap XL (Thermo Fischer
Scientificc, MA, USA) in ESI mode. Thin-layer
chromatography (TLC) was performed on silica gel (Merck,
60 pm) and visualized with phosphomolybdic acid/ethanol
stain. For flash chromatography, puriFlash 5.250
instrument (Interchim, France) was used, with neutral silica
gel (Merck, 40-63 pm) and an ELSD detector. Analytical
samples were dried over phosphorus pentoxide at 25 °
C/0.25 kPa.

General Procedure I: Synthesis of Steroidal Hemiesters from
Anhydrides. A mixture of steroid (1 mmol) and dicarboxylic
acid anhydride (6 eq) was dried overnight at 50 °C. Then,
dry pyridine (12 mL) and DMAP (0.24 eq) were added. The
mixture was stirred at 110 °C for 6 h under an inert
atmosphere. The reaction mixture was then poured into
water and extracted with DCM. Combined organic extracts
were washed with brine and dried over sodium sulfate.
Solvents were evaporated, and the residue was purified on
a column of silica gel.

General Procedure II: Synthesis of Steroidal Hemiesters from
w-Dicarboxylic Acids. A solution of steroid (1 mmol) in dry
DCM (5 mL) was added under an inert atmosphere to a
solution of dicarboxylic acid (2 mmol), EDCI (2 mmol),
DIPEA (2 mmol), and DMAP (0.24 eq) in dry DCM (10 mL)
at 0 °C while stirring. The reaction mixture was stirred at
room temperature for 18 h. The solvents were then
evaporated and the residue was dissolved with DCM,
washed with water, dried over sodium sulfate, and
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Conclusions

Taken together, from the results of our study using both
steroidal standards from Ayan et al.® and the standard
inhibitor AG18051, it can be concluded that steroidal
compounds of the androstane skeleton (14-16 and 22-24)
bearing a lipophilic substitution at the position C-17 with a
negatively charged hemiester moiety at C-3 of various
lengths (C,-C;) demonstrate promising in vitro inhibitory
potential and they could serve as a useful tool for further
development of steroidal 173-HSD10 inhibitors.

concentrated in vacuo. Purification on a column of silica gel
gave the desired steroidal hemiester.

20-0xo-5a-pregnan-3f-yl Hemisuccinate (1). Compound 1
was prepared according to General Procedure I. Starting
from compound 3f-hydroxy-5a-pregnan-20-one 25 (318.5
mg, 1.0 mmol), compound 1 (270 mg, 65%) was obtained as
a white solid by column chromatography (30-50% ethyl
acetate in petroleum ether): m.p. 196-198 °C (toluene);
[a]p®

+70.6 (c 0.2, CHCl;). '"H NMR (400 MHz, CDCl5): § 0.60 (s,
3H, H-18), 0.82 (3H, s, H-19), 2.11 (3H, s, H-21), 2.52 (1H, t,
J=89,H-17), 2.63 (4H, m, H-2" and H-3"), 4.72 (1H, tt, J; =
11.3, J, = 4.9, H-3). 3C NMR (101 MHz, CDCl;): § 209.96,
177.46, 171.84, 74.34, 63.96, 56.76, 54.20, 44.77, 44.390,
39.15, 36.86, 35.64, 35.59, 34.00, 32.05, 31.68, 29.41, 29.05,
28.58, 27.49, 24.54, 22.94, 21.34, 13.60, 12.35. IR spectrum
(CHCl3): 1727, 1716, 1702 (C=0); 1179 (C-0). MS ESI m/z:
417.2 (100%, M - 1), 418.3 (32%, M). HR-MS (ESI) m/z for
CysH3;,05 [M - 1] caled. 417.26465, found 417.26475. For
C25H3505 (418.6) caled: 71.74%, C; 9.15% H. Found: 71.70%,
C;9.22%, H.

20-0Oxo-5a-pregnan-3f-yl Hemiglutarate 2. Compound 2
was prepared according to General Procedure I Starting
from compound 3(3-hydroxy-5a-pregnan-20-one 25 (318.5
mg, 1.0 mmol), compound 2 (195 mg, 45%) was obtained as
a white solid by column chromatography (30-50% ethyl
acetate in petroleum ether): m.p. 165-167 °C (EtOAc); [a]p?°
63.9 (¢ 0.310, CHCI3). H NMR (400 MHz, CDCl3): § 0.60 (3H,
s, H-18), 0.82 (3H, s, H-19), 1.94 (2H, p, ] = 7.3, H-3"), 2.11
(3H,s,H-21),2.36 (2H,t,/=7.3,H-2"), 2.42 (2H,p,]/ = 7.3, H-
4),2.52 (1H,t,]=9.0,H-17), 4.70 (1H, tt, J, = 11.4, ], = 4.9,
H-3). 13C NMR (101 MHz, CDCl3): 6 209.96, 178.30, 172.58,
73.90, 63.96, 56.76, 54.21, 44.78, 44.39, 39.15, 36.88, 35.65,
35.59, 34.10, 33.72, 33.01, 32.05, 31.68, 28.59, 27.59, 24.54,
22.93, 21.34, 20.08, 13.60, 12.36. IR spectrum (CHCl3):
1722, 1711, 1703 (C=0); 1192 (C-0). MS ESI m/z: 431.3
(100%, M - 1), 432.3 (32%, M). HR-MS (ESI) m/z for
Cz6H3905 [M - 1] caled. 431.28030, found 431.27994. For
C26H4005 (432.6) calcd: 72.19%, C; 9.32% H. Found: 71.95%,
C;9.40%, H.

20-0xo0-5a-pregnan-33-yl Hemiadipate (3). Compound 3
was prepared according to General Procedure II. Starting
from compound 3f-hydroxy-5a-pregnan-20-one 25 (318.5
mg, 1.0 mmol), compound 3 (416 mg, 93%) was obtained as
a white solid by column chromatography (20-30% ethyl
acetate in petroleum ether): m.p. 127-130 °C (EtOAc); [«]p?°
60.1 (c 0.284, CHCl3). '"H NMR (400 MHz, CDCls): § 0.60 (3H,
s, H-18),0.82 (3H, s, H-19), 2.11(3H, s, H-21), 2.25-2.41 (4H,
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m, H-2"and H-5"), 2.52 (1H, t,/ = 8.9, H-17),4.70 (1H, tt, J; =
11.4, J; = 4.9, H-3). 13C NMR (101 MHz, CDCl;): § 209.94,
178.66, 173.03, 73.73, 63.96, 56.76, 54.22, 44.78, 44.39,
39.16, 36.89, 35.65, 35.60, 34.42, 34.11, 33.63, 32.05, 31.68,
28.60, 27.59, 24.54, 24.21, 22.93, 21.34, 13.60, 12.36. IR
spectrum (CHCl;): 1723, 1709, 1704 (C=0); 1191, 1182 (C-
0). MS ESI m/z: 445.3 (100%, M - 1), 446.3 (30%, M). HR-
MS (ESI) m/z for C;;H4105 [M - 1] calcd. 445.29595, found
445.29586. For C7H4,05 (446.6) calcd: 72.61%, C; 9.48% H.
Found: 72.82%, C; 9.61%, H.

20-0xo-pregn-4-en-3(-yl Hemisuccinate 4. Compound 4 was
prepared according to General Procedure I. Starting from
compound 3f-hydroxy-pregn-4-en-20-one 26 (316.5 mg,
1.0 mmol), compound 4 (166 mg, 40%) was obtained as a
white solid by column chromatography (10-20% ethyl
acetate in petroleum ether): m.p. 172-174 °C (EtOAc-n-
heptane); [a]p?® 64.3 (. 0.213, CHCI3). 'H NMR (400 MHz,
CDCl;): 6 0.63 (s, 3H, H-18), 1.06 (3H, s, H-19), 2.11 (3H, s,
H-21),2.52 (1H,t,] = 8.9,H-17), 2.65 (4H, m, H-2" and H-3"),
5.22 (1H, m, H-4), 5.26 (1H, m, H-3). 3C NMR (101 MHz,
CDCl;): 6 209.80, 177.10, 172.18, 149.41, 119.17, 71.49,
63.82,56.43, 54.18, 44.24, 38.99, 37.45, 35.99, 35.06, 32.98,
32.23,31.67,29.39, 28.98,25.12, 24.54, 22.94,21.13, 18.95,
13.51. IR spectrum (CHCl;): 1717, 1700 (C=0); 1659 (C=C);
1184, 1111 (C-0). MS ESI m/z: 415.3 (100%, M - 1), 416.3
(30%, M). HR-MS (ESI) m/z for C;sH3s0s [M - 1] calcd.
415.24900, found 415.24879. For CzsH3605 (416.6) calcd:
72.08%, C; 8.71% H. Found: 72.29%, C; 8.63%, H.

20-0xo-pregn-4-en-3f-yl Hemiglutarate 5. Compound 5 was
prepared according to General Procedure 1. Starting from
compound 3f-hydroxy-pregn-4-en-20-one 26 (316.5 mg,
1.0 mmol), compound 5 (265 mg, 62%) was obtained as a
white solid by column chromatography (15-30% ethyl
acetate in petroleum ether): m.p. 138-140 °C (EtOAc-n-
heptane); [a]p?® 67.4 (c 0.224, CHCl3). 'H NMR (400 MHz,
CDCl3): 6 0.63 (3H, s, H-18), 1.06 (3H, s, H-19), 1.96 (2H, p, ]
=7.3,H-3"),2.11(3H, s, H-21), 2.39 (2H, t,] = 7.3, H-27), 2.44
(2H,t,J=7.3,H-4"),2.52 (1H,t,J =89, H-17), 5.21 (1H, m,
H-4),5.24 (1H, m, H-3). 3C NMR (101 MHz, CDCl;): § 209.81,
177.99, 172.89, 149.32, 119.33, 71.08, 63.82, 56.43, 54.20,
44.24,38.99,37.45,35.99,35.12, 33.68, 32.98, 32.96, 32.25,
31.67, 25.22, 24.54, 22.93, 21.12, 20.05, 18.95, 13.51. IR
spectrum (CHCl3): 1722, 1711 (C=0); 1661 (C=C); 1189,
1111 (C-0). MS ESI m/z: 429.3 (100%, M - 1), 430.3 (35%,
M). HR-MS (ESI) m/z for Cy6H3;05 [M - 1] calcd. 429.26465,
found 429.26446. For C,sH3505 (430.6) calcd: 72.53%, C;
8.90% H. Found: 72.34%, C; 8.79%, H.

20-0xo-pregn-4-en-3f-yl Hemiadipate 6. Compound 3 was
prepared according to General Procedure Il. Starting from
compound 3B-hydroxy-pregn-4-en-20-one 26 (318.5 mg,
1.0 mmol), compound 6 (231 mg, 51%) was obtained as a
white solid by column chromatography (15-30% ethyl
acetate in petroleum ether): m.p. 91-93 °C (EtOAc-n-
heptane); [a]p?° 60.7 (¢ 0.201, CHCl3). '"H NMR (400 MHz,
CDCl;): 6 0.63 (3H, s, H-18), 1.06 (3H, s, H-19), 2.11 (3H, s,
H-21), 2.33 (2H, m, H-2"), 2.38 (2H, m, H-5"), 2.52 (1H, t,] =
8.9, H-17), 5.22 (1H, m, H-4), 5.24 (1H, m, H-3). 13C NMR
(101 MHz, CDCl3): 6 209.80, 178.39,173.32, 149.24, 119.42,
70.92, 63.82,56.43,54.22, 44.24, 39.00, 37.45, 36.00, 35.14,
34.39,33.58,32.98,32.25,31.67, 25.23, 24.54, 24.51, 24.24,
22.93,21.12,18.94,13.51. IR spectrum (CHCI3): 1750, 1720,

1709 (C=0); 1661 (C=C); 1183, 1111 (C-0). MS ESI m/z:
443.3 (100%, M - 1), 444.3 (34%, M). HR-MS (ESI) m/z for
Ca7H3905 [M - 1] caled. 443.28030, found 443.28004. For
Cy7H4005 (444.6) calcd: 72.94%, C; 9.07% H. Found: 72.56%,
C; 8.82%, H.

20-0xo-pregn-5-en-3-yl Hemioxalate 7. Compound 7 was
prepared from pregnenolone according to the literature.3*

20-0xo-pregn-5-en-3f-yl Hemimalonate 8. Compound 8 was
prepared from pregnenolone according to the literature.34

20-0xo-pregn-5-en-3(-yl Hemisuccinate 9. Compound 9 was
prepared from pregnenolone according to the literature.3*

20-0xo-pregn-5-en-3-yl Hemiglutarate 10. Compound 10
was prepared from pregnenolone according to the
literature.3*

20-0xo-pregn-5-en-3f-yl Hemiadipate 11. Compound 11
was prepared from pregnenolone according to the
literature.3*

20-0xo-pregn-5-en-3f-yl Hemipimelate 12. Compound 12
was prepared from pregnenolone according to the
literature.3*

20-0xo-pregn-5-en-3-yl Hemisuberate 13. Compound 13
was prepared from pregnenolone according to the
literature.3*

Pregn-5-en-3(-yl Hemisuccinate 14. Compound 14 was
prepared from 3B-hydroxy-pregn-5-en-20-one according to
the literature.3*
Pregn-5-en-3(-yl Hemiglutarate 15. Compound 15 was
prepared from 33-hydroxy-pregn-5-en-20-one according to
the literature.3*
Pregn-5-en-3B-yl Hemiadipate 16. Compound 16 was
prepared from 3B-hydroxy-pregn-5-en-20-one according to
the literature.34
17-0Oxo-androst-5-en-33-yl Hemiglutarate 17. Compound 17
was prepared from dehydroepiandrosterone according to
the literature.3*

17-0xo0-androst-5-en-3f3-yl Hemiadipate 18. Compound 18
was prepared from dehydroepiandrosterone according to
the literature.3*

17-Oxo-androst-5-en-3[3-yl Hemipimelate 19. Compound 19
was prepared from dehydroepiandrosterone according to
the literature.3*

17-0xo0-androst-5-en-3f3-yl Hemisuberate 20. Compound 20
was prepared from dehydroepiandrosterone according to
the literature.3*

Androst-5-en-3(-yl Hemisuccinate 21. Compound 21 was
prepared from androst-5-en-3B-ol according to the
literature.3*

Androst-5-en-33-yl Hemiglutarate 22. Compound 22 was
prepared from androst-5-en-33-ol according to the
literature.3*

Androst-5-en-33-yl Hemiadipate 23. Compound 23 was
prepared from androst-5-en-3B-ol according to the
literature.3*

Androst-5-en-3f3-yl Hemipimelate 24. Compound 24 was

prepared from androst-5-en-33-ol according to the
literature.3*
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3B-Hydroxy-5a-pregnan-20-one 25. Compound 25 was
prepared from commercially available pregnenolone
according to the literature.?627

3[(-Hydroxy-pregn-4-en-20-one  26. Compound 26 was
prepared according to the literature.?® Progesterone (3.14
g, 10.0 mmol) was added with cerium chloride
heptahydrate (3.73 g, 10.0 mmol, 1 eq) to an oven-dried
three-necked 250 mL round-bottom flask with a
thermometer. Methanol (100 mL) was added under argon
and the solution was chilled to -20 °C. Sodium borohydride
(0.189 g, 5 mmol, 0.5 eq) was then added in bulk. The
solution temperature raised briefly up to -16 °C. After 15
minutes, 37 mL acetone was added, and the solution was
warmed to ambient temperature. Water (25 mL) was
added, and the solvent volume was reduced by
approximately 100 mL. Ether was added, along with more
water, which caused the solution to become clear and
colourless. The aqueous layer was extracted with ether (3 x
30 mL). The organic layers were combined, washed with
brine, dried, filtered, and concentrated. The crude material
was purified by column chromatography (20-25% ethyl
acetate in petroleum ether) affording 1.57 g (50%) of 26.
The purity and identity of compound 26 were confirmed by
'H NMR which was identical with the literature. 'H NMR
(400 MHz, CDCl;): 6 0.63 (s, 3 H, s, H-18), 1.05 (3H, s, H-19),
2.11 (3H, s, H-21), 2.51 (1H, t, ] = 9.0, H-17), 4.12-4.18 (1H,
m, H-3), 5.29 (1H, d, / = 1.8, H-4). Therefore, compound 26
was used in further synthesis without further
characterization.

Biology.

Chemicals. 17(-estradiol, NAD*, benzonase, lysozyme, and
anhydrous DMSO were purchased from Sigma-Aldrich.
cOmplete™ EDTA-free protease inhibitor cocktail was
obtained from Roche. Allopregnanolone was purchased
from Tocris Bioscience. All other chemicals and reagents
were of the highest commerecially available purity.

Production and purification of human recombinant.
17B-HSD10 was performed as described previously.!!
Briefly, the autoinduction and overexpression were
performed at 25 °C for 18 h in E. coli BL21 (DE3) strain. The
bacterial pellet resuspended in lysis buffer [50 mM sodium
phosphate buffer, 150 mM NaCl, and 10 mM imidazole (pH
8.0) with 1 mg/mL lysozyme, 150 U/mL benzonase, and
complet EDTA-free protease inhibitor cocktail] was
incubated on ice for 20 min and sonicated (12 x 10 s pulses
with 30 s pauses). After centrifugation (16 000x g, 10 min,
4°C), the supernatant was applied to the Ni-NTA agarose
resin and incubated on ice for 1 h with gentle stirring. The
resin was washed three times with 10 mL of washing buffer
I [50 mM sodium phosphate buffer, 150 mM NaCl, and 20
mM imidazole (pH 8.0)], followed by 3 x 10 mL of washing
buffer II [50 mM sodium phosphate buffer, 150 mM NacCl,
and 40 mM imidazole (pH 8.0)] and elution was performed
using elution buffer [50 mM sodium phosphate buffer, 150
mM NaCl, and 250 mM imidazole (pH 8.0)]. The elution
buffer was exchanged for storage buffer [71 mM Tris-HCl,
214 mM NaCl (pH 8.0)] using Amicon Ultra-4 Centrifugal
Filter Unit (10 000 MWCO). The enzyme was stored at =80
°C. The protein concentration was determined by the
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Bradford assay and the purity of 173-HSD10 was confirmed
by SDS-PAGE.

Inhibition of 17p-estradiol to estrone transformation.
The standard steroids were screened at 1 pM and 10 pM
concentrations, and the tested compounds and standard
AG18051 were screened at 10 uM concentration to compare
the ability to inhibit 178-HSD10. For compounds with at
least 50% inhibition of 17B-HSD10, the ICs, values were
determined.

Steroid compounds were dissolved in anhydrous DMSO to a
concentration of 5 mM and further diluted with DMSO to
working concentrations. DMSO was used as a vehicle
control and AG18051 was used as a control inhibitor.
The enzyme activity was determined fluorometrically at 37
°C in the activity assay buffer [100 mM potassium
phosphate buffer (pH 8.0)]. The general reaction mixture
(200 pl per well) consisted of 25 pM 17fB-estradiol
(dissolved in DMSO0), 500 uM NAD+ (dissolved in deionized
water), 45 nM recombinant 178-HSD10 and different
concentrations of inhibitor (2.2% (v/v) final concentration
of DMSO as solvent). Before the addition of substrate, the
reaction mixture of enzyme, cofactor and inhibitor in the
assay buffer was preincubated for 5 min at 37 °C. The
increase of fluorescence (Ex/Em = 340/460 nm) due to the
formation of NADH was monitored for 20 min (30 s
intervals).

For ICsovalue determination, dose-response inhibitionat 11
different concentrations of inhibitor (0.6-33.75 uM) was
determined and the data were analyzed by GraphPad Prism
8.4.3 (GraphPad Software Inc.). All measurements were
performed in a tetraplicate.

Inhibition of allopregnanolone to Sa-
dihydroprogesterone transformation. Compound 23 was
dissolved in anhydrous DMSO to a concentration of 5 mM
and further diluted with DMSO to working concentrations.
DMSO was used as vehicle control. The enzyme activity was
determined as described in the previous section, the only
difference was the replacement of 25 pM 17-estradiol with
20 uM allopregnanolone as 173-HSD10 substrate. For ICsq
value determination, dose-response inhibition at 10
different concentrations of inhibitor (0.16-33.75 puM) was
determined and the data were analyzed by GraphPad Prism
8.4.3 (GraphPad Software Inc.). All measurements were
performed in a tetraplicate.

Inhibition type determination. The type of inhibition of
the compound 23 was determined with respect to the
substrate 17f3-estradiol. The inhibitor was determined at
three different concentrations (3, 6, 9 uM) in combination
with different concentrations of the 173-estradiol (12.5-75
uM) and a saturated NAD* concentration (500 pM). DMSO
was used as vehicle control. The obtained data were
analyzed using GraphPad Prism 8.4.3 (GraphPad Software
Inc.). All measurements were performed in triplicate.

Luminescent Cell Viability assay and CellTox Green
cytotoxicity assay. HEK-293 cells were maintained in
DMEM (Capricorn) supplemented with 10% fetal bovine
serum (Gibco), 2 mM L-glutamine (Lonza) and non-
essential amino acids additives (Gibco) at 37 °C, under a
humidified atmosphere of 5% CO,. Compound 23 was
tested on the HEK-293 cell line to determine their cytotoxic
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effects and impact on cell viability using CellTox Green
(G8741, Promega) and CellTiter-Glo 2.0 kit (G9241,
Promega), respectively. The measurements were
performed as endpoint methods in the multiplex using a
Tecan Spark 10M instrument. For multiplex measurement,
7500 cells were seeded per well in 50 pL of culture media
and cultured for 24 h before the addition of selected
compounds. Compound 23 was dissolved in anhydrous
DMSO, further diluted in DMSO and added to the wells to
obtain a final compound concentration of 1 and 10 uM (1 %
(v/v) total concentration of DMSO in the reaction). The cells
treated with 1% DMSO only were used as a vehicle control
and 100 uM valinomycin treatment was used as a positive
control. After the treatment, the cells were cultured for an
additional 48 hours followed by the multiplex
measurement. The measurements were performed in a
white solid bottom 96 well microplates following the
manufacturer's protocol. The fluorescent CellTox Green
Cytotoxicity Assay was determined first (Ex/Em 485/530
nm) followed by the CellTiter-Glo Luminescent Cell Viability
Assay with an integration time of 500 ms.

Fluorogenic assay for cellular inhibition of 173-HSD10.
A previously published cell line with overexpressed 17f3-
HSD10 (HEK-293_HSD10)' was used to measure 17(3-
HSD10 inhibition in the cellular environment. For this
purpose, (-)-CHANA fluorogenic probe was used. The cells
were seeded at a density of 1 x 10# cells per well in 200 pL
of DMEM without phenol red (Gibco) supplemented with 10
% foetal bovine serum (Gibco), 2 mM L-glutamine, non-
essential amino acids additives (Gibco) and 4.5 g/L glucose
(Sigma) into black clear bottom 96-well plates (Brand,
781971). The cells were incubated for 20 h following the
treatment with compound 23 dissolved in anhydrous DMSO
or with DMSO only (vehicle control). After 2 hours of
compound treatment, (-)-CHANA probe was added at the
final concentration of 20 pM. The changes in fluorescent
intensities were measured immediately after (-)-CHANA
addition and 2 h later. The fluorescence intensities of the
CHANK product were taken using the TECAN SPARK 10M
instrument (Ex/Em = 380/525 nm). The residual 17f-
HSD10 activity was calculated as AF between 2 h and 0 h
after (-)-CHANA treatment and the data were normalized
between non-treated HEK-293_HSD10 and native, non-
transfected HEK-293 controls (using relative response
ratio). The compound 23 was used at 1, 5, 10, 15 and 25 pM
concentrations to detect the ability to penetrate the cells
and to influence the 173-HSD10 enzyme activity inside the
cells.
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1 Chemistry

1.1 'H and *C NMR spectra of compounds 1-6

Figure S1. '"H NMR spectra of compound 1
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Figure S2. '3C NMR spectra of compound 1
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Figure S3. '"H NMR spectra of compound 2
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Figure S4. '3C NMR spectra of compound 2
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Figure S5. '"H NMR spectra of compound 3
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Figure S6. '3C NMR spectra of compound 3
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Figure S7. '"H NMR spectra of compound 4
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Figure S8. '3C NMR spectra of compound 4
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Figure S9. '"H NMR spectra of compound 5
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Figure S11. "H NMR spectra of compound 6
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Figure S12. '3C NMR spectra of compound 6
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1.2 HRMS spectra of compounds 1-6

Figure S13. HRMS spectra of compound 1
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Figure S14. HRMS spectra of compound 2
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Figure $15. HRMS spectra of compound 3
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Figure $16. HRMS spectra of compound 4
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Figure S17. HRMS spectra of compound 5
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Figure S18. HRMS spectra of compound 6
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1.3 LC-MS analysis of compounds 1-6

Acetonitrile and methanol were of HPLC gradient grade, purchased from VWR Chemicals
(Czech Republic) and Fisher Scientific (USA), formic acid (eluent additive for LC-MS; Fisher
Scientific). Water for the HPLC mobile phase was purified by an ultrapure milli-Q water system
(3P Synergy UV).

The analytical HPLC measurements were performed on Shimadzu (Tokyo, Japan) Nexera LC-
40 equipped with a SCL-40 communication module, a two degasser units DGU- 403 and DGU-
405, two LC-40 D X3 dual solvent delivery module, an autosampler and a thermostated column
oven CTO-40S. The separation was performed using Shim-pack Scepter C8-120, 1.9 pym,
2.1x100mm (Shimadzu). The mobile phase of water/methanol/formic acid (95/5/1) (A) and
acetonitrile (B) was used with isocratic elution. The flow rate of mobile phase was 0.6 ml/min ,
the temperature of the column was set to 40 °C, and the injection volume was 0.4 yL. An
ELSD-LT Il, evaporative light scattering detector (ELSD) (Shimadzu, Japan) was utilized for
the analysis of the purity. The conditions for the analysis were 60 °C nebulization temperature

by nitrogen and 10 the gain factor.

Mass spectrometric detection was performed on a single quadrupole LCMS-2020 (Shimadzu,
Japan) with dual ion source by an electrospray ionization (ESI) probe, and simultaneously
ionized by an atmospheric pressure chemical ionization (APCI) corona discharge needle
located below the ESI outlet. All acquisitions were performed in both positive and negative
ionization mode. The nebulizing gas had flow 1.5 L/min, the drying gas was set to 15 L/min,
corona needle voltage 4500 V (for positive mode), and a heat block had temperature of 400°C.
Full scan mass spectra were acquired from m/z 200-800 . The data was processing by software
LabSolutions™.
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Figure $19. LC-MS spectra of compound 1
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Figure S21. LC-MS spectra of compound 3
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Figure S23. LC-MS spectra of compound 5
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2 In vitro results

Table S1. In vitro inhibitory ability of the steroidal standards. Inhibition of 173-HSD10 activity
in the presence of the steroids at concentrations of 10 yM and 1 uM using 17B-estradiol as
substrate. Values represents means + SD (n = 4).

Steroid Inhibitiop at 10 uM Inhibitiqn at1 uM Inhibition at 1 pM

(%) (this study) (%) (this study) (%) Ayan et al. 2012
pregnenolone 59+0.8 0.0+ 3.1 11+26
testosterone 15.7+ 3.8 10.3+ 5.1 0.0+3.2
dihydrotestosterone 6.3£2.0 0.0+22 15+ 0.8
androsterone 00+24 3.2+22 7.0+59
epi-androsterone 7.0+25 20149 6.0+1.0
dehydroepiandrosterone 6.6 £3.5 54+3.7 0.0+3.2
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Figure S25. Dose-response curve for compound 23 (A and C) and compound 22 (B). The ICs
value with 173-estradiol as substrate was determined 6.95 + 0.35 yM for compound 22 (A) and
5.59 + 0.25 uM for compound 23 (B). The IC5, value for compound 23 with allopregnanolone
as substrate was determined 15.25 + 0.39 uM (C). Presented data are shown as mean + SEM
(n=4).
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