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Abstrakt

Lidsky katepsin K (KatK) je lysozomadlni cysteinova proteasa exprimovana piedevSim
v osteoklastech. Fyziologicka funkce spoc¢iva v degradaci extracelularni kostni matrix, kde
je nejucinnéjsSim enzymem pro Stépeni kolagenu. ZvySena enzymatickd aktivita KatK je
spojena s osteopordzou a dale revmatoidni artritidou a osteoartritidou. Proto je KatK cilovou
molekulou pro 1é¢bu uvedenych patologii a k jeho regulaci jsou vyvijena chemoterapeutika
na bazi proteasovych inhibitort. Tato prace se zabyva reaktivnimi peptidomimetickymi
a nizkomolekuldrnimi inhibitory KatK typu thiadiazoli, vinylketoni a cyanohydrazidi.
Soustfedi se zejména na urceni vazebného modu selektivnich inhibitori a charakterizaci
jejich interakci s aktivnim mistem KatK. Pristupy rentgenostrukturni analyzy jsou
kombinovany s vypocetni chemii, enzymologickou analyzou a bunéénymi testy k objasnéni
vztahu mezi strukturou a biochemickou aktivitou téchto inhibitorii. Ziskané vysledky
pfindSeji vyznamné informace pro navrhovédni a optimalizaci novych vysoce ucinnych
a selektivnich inhibitord KatK uréenych pro vyvoj potencialnich 1éCiv a diagnostickych

sond.

Klic¢ova slova: katepsin K, proteasa, inhibitor, 3D struktura, osteopordza



Abstract

Human cathepsin K (KatK) is a lysosomal cysteine protease expressed predominantly
in osteoclasts. It is the most effective enzyme for collagen breakdown and its physiological
function lies in the degradation of the extracellular bone matrix. Increased enzymatic activity
of KatK is associated with osteoporosis, rheumatoid arthritis, and osteoarthritis. This makes
KatK a target for the treatment of pathologies, and chemotherapeutics based on protease
inhibitors are being developed for its regulation. This work deals with reactive
peptidomimetic and low molecular weight inhibitors of KatK namely thiadiazoles, vinyl
ketones, and cyanohydrazides. It focuses mainly on the determination of the binding mode
of selective inhibitors and characterization of their key interactions with the active site
of KatK. Crystallographic structural analysis was combined with approaches
of computational chemistry, enzymological analysis, and cell-based assays to elucidate
the relationship between structure and biochemical activity of the investigated inhibitors.
The obtained results provide important information for the design and optimization of new

highly effective and selective KatK inhibitors as potential drugs and diagnostic probes.

Keywords: cathepsin K, protease, inhibitor, 3D structure, osteoporosis



1. Uvod

Katepsin K je lysozomdlni proteasa z rodiny papainu, ktera se fadi do tfidy cysteinovych
proteas. Jedna se o enzym exprimovany piedevs§im v osteoklastickych buiikach a je klicovy
pii procesu resorpce kostni tkdn€ a remodelace slozek extracelularni matrix. Katepsin K je
schopen jako jedina savCi proteasa degradovat kolagen typu I, ktery je hlavnim strukturnim
elementem kostni tkdn€. Dysbalance enzymové aktivity této protedzy vede k celé fad¢
patologii. Ptikladem je rozvoj nadorovych onemocnéni, zanét ¢i neadekvatni imunitni
odpovéd’. Proteolytickou degradaci extracelularni matrix pfispiva k rozvoji osteoporozy,
ktera je jednim z nejcastéjSich onemocnéni pohybového aparatu. Osteopordza se vyznacuje
fidnutim a zvysenou kiehkosti kostni tkan¢ a postihuje pfevazné Zeny v postmenopauzalnim
veéku. Dale katepsin K piispiva k rozvoji fibrézy srde¢ni a plicni tkané ¢i zanétlivych
onemocnéni osteoartrdzy a revmatoidni artritidy. ZvySena hladina exprese katepsinu K byla
téz prokazana u celé fady nadorovych onemocnéni, jakymi jsou naptiklad rakovina prsu,
plic, prostaty a melanomu, kde podporuje migraci nadorovych bunék s naslednou tvorbou
metastazi do kostni tkané. Z téchto divodu je katepsin K atraktivni cilovou molekulu pro
vyvoj novych chemoterapeutik, kterd umozni sniZzeni jeho enzymové aktivity.
V soucasné dobé neni komeréné dostupny Zadny terapeuticky prostiedek tohoto typu
a vyvijené latky nckolika farmaceutickych firem neproSly uspé$né klinickymi studiemi.
Disertacni prace je zaméfena na katepsin K a regulaci jeho enzymové aktivity s vyuzitim
novych specifickych peptidomimetickych a nizkomolekularnich inhibitord a dale na
fluorescenné znaCené aktivitni sondy, uréené pro diagnostiku patologii spojenych

s katepsinem K.



2. Literarni uvod a prehled dané problematiky

2.1 Proteolytické enzymy

Proteasy (peptidasy) jsou definovany jako proteolytické enzymy, patiici do skupiny
hydrolas (EC 3.4), které¢ katalyzuji St€peni proteinii nebo peptidit hydrolyzou peptidové
vazby. Dle katalytického mechanismu jsou proteasy rozdéleny na tyto ¢tyfi hlavni tiidy:
serinové, cysteinové, aspartatové, metaloproteasy a minoritné zastoupené: asparaginoveé,
threoninové a glutamatové proteasy (Rawlings 2020). V ptipadé¢ serinovych proteas funguje
hydroxylova skupina v postrannim fetezci zbytku Ser v aktivnim misté enzymu jako
nukleofilni ¢inidlo pti hydrolyze peptidové vazby. Stejnou funkci zastava i thiolova skupina
katalytického cysteinu v aktivnim misté cysteinovych proteas. Termin hydrolyza naznacuje
fakt, ze pfi Stépeni peptidového fetézce je vyuzita molekula vody. Ta je nukleofilnim
¢inidlem v ptipad¢ aspartatovych proteas, kdy karboxylova skupina asparagové kyseliny
molekulu vody aktivuje a tabilizuje ji v aktivnim misté. U metaloproteas je v aktivnim misté

enzymu iont kovu (Bond 2019).

Pfi rozpoznani a Stépeni substratu proteasou je aminokyselinova sekvence substratu
pojmenovana podle modelu zavedeném Schechterem a Bergerem (Schechter and Berger
1967). Aminokyseliny jsou zde oznaceny jako P1 az P3 smérem od $tépné vazby k N-konci
substratu a P1’az P3” smérem k C-konci substratu. Aminokyselina, kterd poskytuje svoji
karboxylovou skupinu peptidové vazb¢, méa oznaceni P1 a aminokyselina, ktera poskytuje
aminoskupinu, nese oznacCeni P1’. Obdobnym zplisobem jsou pojmenovana i vazebna
podmista pro tyto aminokyselinové zbytky na samotné protease jako S1 az S3 a S1’az S3°
(Obr. 1, str. 6). U konkrétnich proteas je pocet funkcnich vazebnych podmist
(a rozpoznavanych P pozic substratu) odlisSny. Preference vazebnych podmist na protease
vuci aminokyselinovym zbytkiim substratu se zna¢né 1i8i a tudiz stejny substrat mize byt

Stépen rtiznymi proteasami za vzniku riznych st€pnych produkti.
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Obrazek 1: Pozice substrdtu a vazebnych podmist v aktivnim misté enzymu dle modelu Schechtera
a Bergera. Jednotlivé pozice aminokyselin jsou znaceny P1 az P3 smérem od stépené vazby k N-konci substrdtu
a Pl’az P3’ smérem k C-konci substratu. Odpovidajici vazebna podmista proteasy pro tyto aminokyselinové
zbytky jsou znacena S1 az S3 a S1°az S3°. Ke Stépeni peptidové vazby substratu (vyznacené cervenou Sipkou)

dochazi mezi aminokyselinami v pozicich P1 a P1’. Prevzato a upraveno dle (Ali et al. 2010).

Proteasy byly zpocatku povazovdny za pouhé ndstroje bunécného katabolismu
bilkovin na zakladni stavebni bloky - aminokyseliny. S odstupem ¢asu se vSak nahromadilo
velké mnozstvi dikazi, ze proteasy hraji fadu dal$ich velmi vyznamnych fyziologickych
tiloh. Rizena proteolyza je nezbytna pro §tépeni vétsich prekurzorovych bilkovin za uvolnéni
biologicky aktivnich fragmenti (napf. peptidovych hormontl), pfi maturaci enzymi
a bunéénych receptort, které jsou syntetizovany jako prekurzory (Kryczka and Boncela
2017). Proteolyzou jsou regulovany procesy jako je bunécny cyklus (degradaci cyklini),
regulovany signaliza¢ni drahy ¢i komplexni d&je pfi krevnim srdZeni a imunitni odpovédi
(Lopez-Otin and Bond 2008). Dale se fizena proteolyza uplatiiuje u apoptdzy, autofagie ¢i
vnitrobunééného transportu (odstranénim signalni sekvence), Proteolyzu vyuzivaji i nékteré
viry, bakterie a paraziti k priniku do hostitelského organismu ¢i jeho bunék a k modulaci

imunitni odpovédi hostitele (Rawlings 2013).

2.1.1 Klasifikace proteas

U lidi bylo doposud popsano vice jak 550 proteas, které se vzajemné 1isi svou strukturou,
substratovou specifitou, katalytickym mechanismem i molekulovou hmotnosti od 20 kDa po
6 MDa (Bond 2019). Tii nejvétsi skupiny predstavuji proteasy cysteinové, serinové
a metaloproteasy. Minoritn€ jsou pak zastoupeny proteasy threoninového, aspartatového

a glutamatového typu (Kappelhoff et al. 2017).

Kromé klasifikace dle katalytického mechanismu se proteasy déli na zdklad€ mista
Stépeni peptidového fetézce. To miiZze probihat uvniti substratu v ptipadé endopeptidas ¢i na
konci substratového fetézce, které katalyzuji exopeptidasy. Exopeptidasy se dale déli na

aminopeptidasy $tépici na N-konci aminokyselinového fetézce substratu a karboxypeptidasy
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Stépici od C-konce fetézce substratu. V piipadé stépeni po definovanych oligipeptidovych
fragmentech se pouzivd oznaceni dipeptidylpeptidasy, odstépujici dipeptid z N-konce
a peptidyldipeptidasy, odstépujici z C-konce substratu. Na zaklad¢ evolucni piibuznosti
a stavby katalytickych center se jednotlivé tiidy proteas dale Cleni do klant a ty se dle
primarni aminokyselinové sekvence nasledné déli do jednotlivych rodin. Aktudlni
klasifikaci lze nalézt v databazi proteas Merops (Rawlings et al. 2018). Nasledujici kapitoly

budou vénovany proteolytickym enzymtim z tfidy cysteinovych proteas.

2.1.2 Mechanismus katalytického pusobeni cysteinovych proteas

Aktivni misto cysteinovych proteas obsahuje katalytickou dyadu, tvotenou thiolovou
skupinou cysteinu a imidazolovym kruhem histidinu, ktery pfijim& proton a zvysuje
nukleofilitu thiolové skupiny pfes imidazolium-thiolatovy systém. Ke stabilizaci
meziproduktu navazaného thioesterovou vazbou na katalyticky cystein dochéazi v takzvané
oxyaniontové jam¢ prostfednictvim postranniho fetézce aminokyseliny glutaminu.
Mechanismus katalyzy lze popsat v Sesti krocich (Obr. 2, str. 8): 1) Zahajeni reakce
nukleofilnim atakem thiolové skupiny katalytického cysteinu na karbonylovy uhlik St&pené
peptidové vazby. 2) Vznik nestabilniho tetraedrického intermediatu, kde je uhlikovy atom
Stépené vazby prostiednictvim thioesterové vazby kovalentné propojen s enzymem.
3) Donace protonu z kladn¢ nabitého katalytického histidinu na aminoskupinu a jeho
regenerace za soucasné¢ho odStépeni prvniho produktu s koncovou aminoskupinou.
4) Nukleofilni atak molekuly vody na thioesterové vazany uhlikovy atom. 5) Vznik druhého
Stépného produktu s koncovou karboxylovou skupinou. 6) Proton odStépeny z molekuly
vody se stane soucasti imidazolium-thiolatového systému enzymu a nastava regenerace

aktivniho mista a cely mechanismus se znovu opakuje (Cstorer and Ménard 1994).
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Obrazek 2: Schéma katalytického mechanismu cysteinovych proteas. Mechanismus probiha v Sesti
naslednych krocich: 1) Nukleofilnim atakem thiolové skupiny na karbonylovy uhlik peptidové vazby. 2) Tvorba
thioesterové vazaného intermediatu. 3) Presun protonu z imidazolového kruhu histidinu na aminoskupinu
substratu, regenerace imidazolového zbytku a odstépeni prvniho produktu reakce. 4) Nukleofilni atak molekuly
vody na thioesterove vazany atom uhliku. 5) Uvolnéni druhého reakcniho produktu. 6) Regenerace aktivniho

mista enzymu. Prevzato a upraveno z (Rzychon 2004).

2.2 Lidské cysteinové proteasy

Cysteinové proteasy jsou rozdéleny na 11 klanti a vice jak 90 rodin. Klany se vzajemné
odlisuji vzajemnou pozici katalytickych zbytkli v primarni sekvenci enzymu. Nejpocetngjsi
je klan CA, ktery cita ptiblizn€¢ 40 rodin a nejvice je prostudovana rodina C1 (rodina
papainu) a C2 (rodina kalpainu). Druhym nejvice prostudovanym klanem je klan CD, ktery
obsahuje 7 rodin. Nejznaméjsi jsou rodiny C13 (asparaginyl endopeptidasy neboli
legumainy) a C14 (kaspasy) (Rawlings et al. 2018). Nékteré¢ klany vyzaduji pouze
katalytickou dyadu (CD, CL) ve svém aktivnim mist¢, tvofenou aminokyselinovymi zbytky
cysteinu a histidinu. Vyjimkou je klan CG, ktery ma katalytickou dyadu tvofenou dvéma

zbytky cysteinu.



U jinych klanii (napt. CA, CE a CF) je dale nutna i ptitomnost dalSich katalytickych zbytka
v podobé sekvencné konzervované kyseliny glutamové ¢i asparagové, které napomaéhaji
orientaci imidazolového kruhu histidinu a tvorbé tzv. oxyaniontové diry pro stabilizaci
reak¢niho meziproduktu (Barrett 1996). V nasledujicich odstavcich budou stru¢né popsany

vyse zminéné rodiny cysteinovych proteas.

2.2.1 Kaspasy (klan CD, rodina C14)

Tyto proteasy Stépi specificky za kyselinou asparagovou (Asp, odtud pochazi jejich nazev)
v aminokyselinové sekvenci substratu v pozici P1. Lidsky genom jich kdéduje 12 ajsou
rozdéleny na tii  skupiny. Prvni  skupinu tvofi  prozanétlivé  kaspasy
skupinu tvofi exekutivni kaspasy (3, 6 a 7). Kaspasa 14 je nezafazena. Kaspasy jsou
syntetizovany v butice ve formé proenzymu (prokaspas) a ke své katalytické funkci musi byt
nejprve aktivovany na maturni enzymy, za nasledné tvorby dimernich ¢i oligomernich
forem. Struktura kaspasy 3 je znazornéna na (Obr. 3, str. 10) (Van Opdenbosch and
Lamkanfi 2019).

Kaspasy jsou velmi dilezitymi regulatory apoptdzy. Jedna se o komplexni a vysoce
regulovany proces, béhem kterého burika prochdzi morfologickymi zménami a je fizené
destruovana za minimalniho poskozeni okolnich bunék. Apoptézou je napiiklad fizena
selekce B-lymfocyti v kostni dieni a T-lymfocytl v brzliku (Burger et al. 2014). OdliSnym
procesem je nekréza, kdy dochazi k poruse celistvosti bunééné membrany a bunéény obsah
je uvolnén do okoli. Specifickym procesem je pyroptoéza, prozéanétlivd programovana
bunéna smrt jako odpoveéd’ pii napadeni bunky intracelularnim patogenem, kterd je

zahdajena aktivitou kaspasy 1 (Fink and Cookson 2005).



Obrazek 3: Lidska kaspasa 3 ve formé dimeru (PDB: 5IAB). Barevné jsou v jedné monomerni jednotce
zvyraznény sekundarni struktury (o-helix: rizove, f-skladany list: tyrkysove) a katalytické zbytky (Cysl63
a Hisl21: cerné). Monomer se sklada z charakteristickych Sesti segmentii f-skladaného listu a péti a-helixii

(Vega-Teijido et al. 2014).

2.2.2 Legumainy a GPI-transamidasa (klan CD, rodina C13)

Nézev legumain pochazi z anglického ,,legume* (luSténina), protoze byl poprvé izolovan
z fazolu Phaseolus vulgaris. Tyto protesy jsou tkaiiové specifické a jejich fyziologicka tiloha
u clovéka spociva ve Stépeni antigend, které jsou nasledné prezentovany profesionalni
antigen prezentujici buitkou na MHC glykoproteinu II (Wolk et al. 2005). Spolu s katepsiny
proteolyticky aktivuji toll-like receptory, které zahajuji nespecifickou imunitni odpovéd’

organismu. Déle inhibuji proces tvorby osteoklastil v kostni tkani.

Legumainy se svou substratovou specifitou fadi mezi asparaginyl endopeptidasy. Jsou
syntetizovany ve formé proenzymu (Obr. 4, str. 11) a v kyselém pH jsou autokatalyticky
konvertovany na maturni proteasy (Dall and Brandstetter 2016). Béhem aktivace je
odstépena N-terminalni C-terminalni propeptidova doména. C-doménu nésledné rozpoznava
receptor diferenciovanych prekurzorovych osteklastii, coz vede k zastaveni pfemény na zralé
osteoklasty; proto je tato doména (Obr. 4, str. 11 vyobrazena Cerven€) oznacovana jako

,»osteoclast inhibitory peptide 2 (Choi et al. 2001).

Do rodiny C13 je fazena téZ GPI-transamidasa, kterd je soucasti multienzymového
komplexu  vIlumen  endoplazmatického  retikula.  Zde  katalyzuje  pfenos
glykosylfosfatidylinositiolového zbytku, oznaovaného jako GPI kotva na C-konce
proteind, které rozeznava na zéklad¢ specifického sekvencniho motivu. Takto posttranslacné
modifikované proteiny zUstavaji nasledné piipojeny k plazmatické membrané (Kinoshita

2020).
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Obrazek 4: Lidsky legumain ve formé proenzymu (PDB: 4FGU). Molekula se sklada z N-koncového
propeptidu (aktivacniho peptidu) a C-koncového propeptidu (modre resp. cervené), které blokuji aktivni misto
enzymu (Cerné jsou vyznaceny katalytické zbytky Cys189 a His148), stabilizujici disulfidické miistky jsou zlute.
Struktura katalytické domény leguamainu vykazuje podobnou architekturu jako je tomu u kaspas s Sesti
segmenty f-skladaného listu a péti a-helixy. Maturni forma je ve formé monomeru. Upraveno dle (Dall and

Brandstetter 2013).

2.2.3 Kalpainy (klan CA, rodina C2)

Nazev kalpain, vychazi ze zavislosti enzymu na vapnikovych iontech, které jsou nezbytné
pro aktivaci této proteasy. V lidském genomu bylo doposud identifikovano
15 izoforem téchto cytosolarnich proteas. Kalpainy jsou regulacni proteasy, které se spolu
s katepsiny podileji na specifick¢ aktivaci biologicky aktivnich proteind napt. béhem
regulace bunééného cyklu a bunééné proliferace (Kovacs and Su 2014) ¢i apoptozy, kde
mezi jejich substraty spada exekutivni kaspasa 3, antiapoptotické Bcl-2 a Bel-x1 proteiny
a proapoptotické proteiny Bid a Bax (Li et al. 2009). Vyjma izoforem kalpainu 1
(Obr. 5, str. 12) a kalpainu 2 se jedna o tkanoveé specifické proteasy s enzymovou aktivitou

v neutralni oblasti pH (Hosseini et al 2018).
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Obrazek 5: Katalyticka doména lidského kalpainu 1 (PDB: 2ARY). Molekula je tvorend ze dvou domén
s aktivnim mistem (katalyticky aktivni Cysll15 a His272 jsou cerné) ulozenym mezi nimi. Leva doména
s katalytickym Cysl115 je tvorena prevazné a-helixy (tyrkysove), kdezto pravou doménu s katalytickym His272
tvori hlavné p-struktury (fialové). Dva vapnikové ionty (oranzoveé), charakteristické pro kalpainy jsou nezbytné

pro aktivaci a enzymovou aktivitu. Upraveno dle (Davis et al. 2007).

2.2.4 Cysteinové katepsiny (klan CA, rodina C1)

Nazev katepsinil je odvozen z fe¢tiny a odkazuje na vyznam ,.travit“. Krom cysteinovych
proteas z rodiny C1 jsou mezi katepsiny fazeny jest¢ dvé serinové proteasy (katepsin A a G)
a dv¢ proteasy aspartatové (katepsin D a E). Lidsky genom koduje celkem 11 cysteinovych
katepsind, které maji rizné fyziologické funkce (Turk et al. 2012). Katepsiny se obecné
podileji na lysozomalnim ¢i endosomalnim odbouravani proteinti a degradaci komponent
extracelularni matrix (Bohley and Seglen 1992). Vedle této nespecifické degradace
proteinovych substratli svoji aktivitou specificky ovliviiyji fadu fyziologickych procest,
jako jsou napftiklad: cytotoxicka imunitni odpovéd’ (katepsin C) (Zavasnik-Bergant and Turk
2006), regulace krevniho tlaku pfes renin angiotensinovy systém (katepsin B) (Patel et al.
2017), Stépeni antigent a prezentace na MHC glykoproteinu II (katepsiny V, L, S, B, F)
(Villadangos and Ploegh 2000), regulace bunécného cyklu abunééna diferenciace
proteolyzou histonu H3 v jadre (katepsin L) (Duncan et al. 2008) ¢i remodelace a resorpce

kostni tkan¢ (katepsin K) (Bromme et al. 1996).

Vnitrobunéény transport obstardva N-glykosidicky vazana manosa-6-fosfatova
znacka, ktera je umisténa béhem posttranslaéni modifikace na molekulu katepsinu
a zajistuje transport do lysozomu prostfednictvim manosa-6-fosfatového receptoru (Brix et
al. 2008). Lokalizace nezahrnuje pouze lysozomy, katepsiny jsou v ramci této drahy
transportovany do endozomi ¢i fagozomu. Katepsin H se napifiklad naléza v casném

endozomu makrofagli, kdezto katepsin Sje lokalizovdn az v endozomu pozdnim
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(Claus et al. 1998). Ne vSechny katepsiny jsou zavislé¢ jen na manosa-6-fosfatové cest¢;
napiiklad katepsin W, a¢ md véazanou manosa-6-fosfditovou znacku, setrvava
v endoplazmatickém retikulu (Biihling et al. 2002). Katepsiny jsou biosyntetizovany ve
form¢ proenzymu a své pH optimum mayji v kysel¢ oblasti; vyjimkou je katepsinu S s pH

optimem v neutralni oblasti (Shi et al. 1992; Vasiljeva et al. 2005).

Lysozomy poskytuji cysteinovym katepsiniim idealni prostiedi (s nizkou hodnotou pH
4 az 4,5), kde jsou autokatalyticky aktivovany na maturni formu. VétSina katepsint rapidné
ztraci svoji aktivitu pfi neutrdlnim pH. Buné¢na lokalizace a regulace enzymové aktivity na
zaklad¢€ pH tedy poskytuje tkani primarni ochranu pfed nezéddouci aktivitou téchto proteas
po jejich ndhodném tniku ztéchto organel (Turk et al. 2012). Tkanova distribuce
cysteinovych katepsinli je pfevazné nespecifickd; vice vyhranéna je u nékolika cleni,
zejména katepsinu W, ktery se nachazi ptevazné v cytotoxickych NK bunkach, katepsinu S
v dendritickych bunkéch a lymfatickych tkdnich, katepsinu V v epitelialnich bunkach brzliku
a varlat ¢i katepsinu K v osteoklastech (Brix et al. 2008; Turk et al. 2012).

ZvySena exprese katepsinti mize poukazovat na patologicky stav a z tohoto divodu
jsou nékteré katepsiny vyuzivany jako prognostické markery, zejména tumoroveé. Napiiklad
katepsiny B a L jsou spojeny s rakovinou slinivky ¢i plic s tvorbou metastazi (Gocheva et
al. 2006). Katepsin S slouzi jako prognosticky marker pfi karcinomu tlustého stfeva
(Gormley et al. 2011), katepsiny X a H pti rakoviné prsu (Decock et al. 2008) a katepsiny
K a S pfi nadoru prostaty s naslednou tvorbou metastazi (Brubaker et al. 2003; Wilkinson et
al. 2015). Nasledujici kapitoly budou pojednavat o katepsinu K, jeho fyziologické roli pfi
remodelaci kostni tkang, jeho patologickém piisobeni a o cilené inhibici pro terapeuticky

zasah.
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2.3 Aktivita a struktura katepsinu K

Vroce 1994 byl pii diferenciacnim mapovani krali¢i cDNA knihovny, pochézejici ze
slinivky a osteoklastii objeven gen, ktery byl podobny genu pro katepsiny L a S a jeho
genovy produkt dostal oznateni OC-2 (Tezuka et al. 1994). Lidsky homolog OC-2 byl
posléze uspésné klonovan nékolika védeckymi skupinami nezavisle na sobé a pozdéji
piejmenovan na katepsin K (KatK) (EC: 3.4.22.38) (Shi et al. 1995; Bromme and Okamoto
1995; Li at al. 1995; Inaoka at al. 1995). Gen pro lidsky KatK (CTSK) se naléza na prvnim
chromosomu, konkrétné v pozici 1q21.3 a obsahuje celkem 7 introntl a 8 exonti (Arman et

al. 2014).

Produktem tohoto genu je proteasa, ktera je exprimovana ve formé preproenzymu. Po
odstranéni signalni sekvence (15 aminokyselin) v endoplazmatickém retikulu nasleduje
v dal$im proteolytickém kroku jeho kyseld autoaktivace v lysozomu. Vlivem zmény pH
dochazi ke konformaéni zméné propeptidové ¢asti 0 99 aminokyselinach (Obr. 6B, str. 15)
a jejimu naslednému Stépeni v pozicich Glul9, Ser98 a Glul10 (Cislovani sekvence je dle
preproenzymu). Timto zpisobem se postupné tvoii aktivacni meziprodukty a vysledné
vznikd po odstranéni celého propeptidu plné aktivovany maturni enzym o délce 215

aminokyselin (Obr. 6A, str. 15) (McQueney et al. 1997).

Maturni forma KatK, stejné jako ostatni proteasy papainové rodiny, ma
charakteristickou prostorovou architekturu dvou domén oznacenych jako levd L-doména
se tfemi a-helixy a prava R-doména obsahuje B-barel, ktery je uzavien a-helixem. Cela
struktura (Obr. 6B, str. 15) je stabilizovana tfemi disulfidickymi mustky. V mezefe mezi
levou a pravou doménou je aktivni misto, tvofené katalytickou dyadou Cys25 a His162
adale pomocnym zbytkem Aspl82, ktery napomahd spravné orientaci His162
(Zhao et al. 1997).
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Obrazek 6. Stavba molekuly katepsinu K. A) Schéma hlavnich segmentii v aminokyselinové sekvenci KatK
ukazuje signalni propeptid (zbytky 1-16, hnéde), propeptidovou cast (16-115, ¢ervené) a katalytickou doménu
(115-329, modre) (cislovani je podle preproenzymu). B) 3D struktura zymogenu lidského KatK
(PDB: 1BYS8). Propeptidova Ccast tvorena tremi a-helixy (Cervené) prekryva aktivni misto enzymu
s katalytickymi zbytky Cys25 a His162 (cerné) (Cislovani je podle maturni formy). Celkova katalyticka doména
odpovidajici maturnimu proteinu (a-helixy jsou tyrkysove, p-struktury fialove, smycky rizové) je tvorena
dvéma dilcimi doménami. Leva doména je tvorena prevaizné a-helixy s katalytickym Cys25 a je stabilizovana
dvéma disulfidickymi mistky (Zluté). Prava doména je skladana do pB-barelu, ktery je uzavien a-helixem,

stabilizovana disulfidickym mistkem a nese katalyticky His162 (LaLonde et al. 1999).

KatK je klasifikovan jako endopeptidasa se substratovou specifitou pro hydrofobni
aminokyseliny v pozici P1 (valin, leucin a izoleucin) a aminokyselinu prolin v pozici P2.
Preference pro prolin v P2 pozici je pro KatK charakteristicka (diky stavbé vazebné kapsy
S2, ktera je tvotena Tyr67 a Leu205) a vyznamné ho odliSuje od jeho strukturnich homologt,
jako jsou katepsiny L a S, se kterymi ma az 60 % strukturni podobnost. Ostatni vazebna
podmista mohou pfijmout vétSinu zbytkli aminokyselin, nicméné arginin, histidin a lysin
s nabitymi postrannimi fetézci jsou vazany prednostné (Lecaille et al. 2003; Choe et al.

2006; Bromme 2013).
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2.3.1 Fyziologicka uloha katepsinu K v lidském organismu

Na zéklad¢ dat z in situ hybridizacnich experimentt bylo zjisténo, ze mRNA pro KatK se
nachazi ve vice tkdnich: v srde¢ni, plicni, kosterniho svalu, vajec¢nikt, folikulech stitné zlazy
a placenty. Nicmén¢ nejvyssi hladina exprese mRNA byla zjisténa v kostni tkani (konkrétné
v osteoklastech), které jsou zodpovédné za resorpci kostni tkdn€. Dale pak byla nalezena
v epitelidlnich buiikach plicni tkdn€, v bunkéch synovialnich fibroblastii, chondrocytt
a u aktivovanych makrofagh (Lecaille et al. 2008). Exprese KatK v lidskych osteoklastech
predstavuje vice jak 90 % z celkové exprese vSech produkovanych katepsinli v tomto typu
bun¢k. Imunolokaliza¢ni pokusy odhalily, ze se KatK nachazi v lysozomech specificky
lokalizovanych primarné pobliz zvinéného (tzv. kartd€ového) lemu osteoklasti (Littlewood-
Evans et al. 1997b). Bunika osteoklastu ma polarizovany charakter, kdy bazalni strana svym
kartdCovym lemem uzavird prohlubenn v misté resorpce kostni tkan€, oznacovanou jako
resorpéni lakuna. Aktivitou vakuolarni V-ATPasové pumpy, karbonické anhydrasy II
aNa'/H" antiportéru dochazi ke snizeni pH v oblasti resorpéni lakuny (Rousselle and
Heymann 2002), coz zvySuje rozpustnost anorganické slozky kostni tkan¢ (hydroxyapatitu).
Nizka hodnota pH je zaroven dulezita pro aktivitu hydrolytickych enzym, které se podileji

na odbouravani kostni matrix.

Kromé anorganické slozky je kostni tkan tvofena i organickou slozkou, kterou je
prevazné kolagen typu 1. Struktura kolagenu I se sestdva ze dvou identickych al fetézci
a jednoho a2 tetézce, ktery se lisi svou primarni aminokyselinovou sekvenci. Tyto fetézce
jsou bohaté na aminokyseliny prolin a jeho derivat 4-hydroxyprolin, lysin a jeho derivat
5-hydroxylysin a dale glycin. Tyto fetézce jsou vzdjemné uspofadany do levotocivé
Sroubovice a stabilizovany za pomoci vodikovych mustkd. Jednotliva kolagenova vldkna
jsou enzymaticky navzajem propojena ptisobenim enzymu lysyl oxidasy, kterd katalyzuje
tvorbu pyridinolind a deoxypyridinolinli ze zbytku lysinu, resp. 5-hydroxylysinu (Shoulders
and Raines 2009).

KatK je jako jedina dosud znama sav¢i proteasa schopna Stépit kolagen ve formé
rigidni trojité Sroubovice (tropokolagen) na vice mistech lokalizovanych pobliZ N-konce
kolagenového vldkna (Garnero et al. 1998). Pro kolagenasovou aktivitu KatK je nezbytné
nutnd komplexace této proteasy s chondroitin-4-sulfatem, ktery je soucasti kostni
extracelularni matrix (Li et al. 2002; Sharma et al. 2015). Vyjma KatK jsou schopny

omezen¢ Stépit kolagen jeSt€ proteasy zetfidy matrixovych metaloproteas
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(MMP-1, 8, 9, 13 a 14) s hemopexinovou doménou, kterad ¢astecné rozvoliuje kolagenovou
Sroubovici, dale neutrofilni elastasa (urozvolnéné formy kolagenu) a minoritné téz
katepsiny S, B, D a L (Novinec and Lenarci¢ 2013). KatK vykazuje nejvyssi kolagenasovou
aktivitu na rigidnim tropokolagenu za tvorby pyridinolin—deoxypyridinolinovych
telopeptidi (markery kostni resorpce) (Drake et al. 2017). Tento fakt potvrzuji studie na
mysich modelech, kdy byl gen pro tuto proteasu vypnut (Saftig 1998; Gowen et al. 1999) ¢i
u pacienti s pyknodystézou (Gelb et al. 1996). Dalsim substratem KatK je glykoprotein
osteonektin, coz je po kolagenu typu I druhy nejvice zastoupeny protein kostni extracelularni
matrix, ktery je nezbytny pro mineralizaci kostni tkané vazbou iontl vapniku. Dale pak
proteoglykan agrekan, ktery je soucéasti chrupavcité tkané a skleroprotein elastin, ktery je

soucasti pojivové tkané (Bromme and Wilson 2011).

KatK ma svou ulohu i v procesu hojeni a udrzovani homeostaze kozni extracelularni
matrix, kde je produkovan koznimi fibroblasty. Uplatiiuje se téz pfi prestavbé cévni stény
degradaci elastinu (nejvyssi elastynolytickou aktivitu nicméné vykazuje katepsin V)
(Andrault et al. 2019). Za zminku stoji jesté ucast KatK v uvolnovani hormonu thyroxinu

(T4) stitné zlazy z komplexni struktury glykoproteinu thyreoglobulinu (Dauth et al. 2011).

Vyse uvedené studie potvrzuji dileZitou tlohu katepsinu K pii procesu piestavby
kostni tkané a pfestavby extraceluldrni matrix. V nasledujici kapitole bude kratce popsana

regulace prestavby kostni tkdné, kde je KatK nezbytnym proteolytickym enzymem.

2.3.2 Regulace tvorby a resorpce kostni tkané

Prestavba kostni tkané€ je dynamicky proces, ktery spociva v cyklické produkcei a resorpci
kostni hmoty. Ma za tikol adaptaci kostni tkan€ na mechanické zatiZeni a reparaci drobnych
poskozeni. Odhaduje se, Ze po 25. roce Zivota je posunuta rovnovaha mezi tvorbou a resorpci
kostni tkané na stranu jeji resorpce. Proces tvorby kostni hmoty zajiStuji osteoblasty,
diferenciované bunky odvozené z mezenchymalnich kmenovych bun¢k. Tyto buiiky jsou
zodpovédné za syntézu kostni matrix, kterd je tvofena prevazné¢ z kolagenu typu I,
proteoglykanti, glykosaminoglykanii atp. Osteoblasty jsou po Case obklopeny kostni tkani a
dochazi k jejich pfeméné na osteocyty, které tvoii vétsSinu kostni tkané a jiz se nepodili na
tvorbé nové extracelularni matrix. Oproti tomu odbourdvani kostni tkan€ zastavaji
mnohojaderné buiiky osteoklasty, odvozené z hematopoetickych bun¢k oznacovanych jako
monocyto-makrofagova fada (Lin et al. 2020). Pro diferenciaci na zralé osteoklasty je tieba

pusobeni cytokini jakymi jsou M-CSF (,,Macrophage Colony-Stimulating Factor®)
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a membranové vazany RANKL (,,Receptor Activator of Nuclear Factor kf Ligand®),
produkovany osteoblasty ¢i jeho rozpustnd a volnd forma sRANKL, kterd vznika
proteolyticky za ucasti metaloproteas. Vazbou RANKL ¢i sSRANKL na RANK receptor u
osteoklastti se spusti vnitini bunécna signalizace a nasledna produkce transkrip¢nich faktort,
coz vede k diferenciaci prekurzorovych bun¢k na buniky plné diferenciované a expresi

adhezivnich receptorti z tfidy integrinli, nutnych pro adhezi osteoklastt (Li et al. 2000).

Adheze osteoklastli pfes integrinové receptory je téz zavisla na aktivité¢ KatK, ktery
Stépenim kolagenu typu I v extracelularni matrix odhaluje sekvenéni tripeptidové RGD
motivy u vzniklych fragmenta kolagenu, které rozeznavaji integriny na povrchu osteoklastt
a dochazi k jejich adhezi (Bromme and Wilson 2011). Osteoblasty produkuji i rozpustny
cytokinovy receptor zvany osteoprotegrin, ktery vychytdva cytokin RANKL a nedochézi
tudiz k diferenciaci na zralé osteoklasty (Wada et al. 2006). Interakcemi
RANKIL/RANK/osteoprotegrin (Obr. 7, str. 19) osteoblasty ovliviiuji nejen diferenciaci
progenitorovych bunc¢k na zralé osteoklasty, ale i naslednou adhezi. Regulaci exprese
RANKL déle pozitivné ovlivituji hormony parathormon a kalcitriol ¢i prozanétlivé cytokiny

(IL-1 a TNFa) a negativné pasobi hormon estrogen a cytokin TGF (Walsh and Choi 2014).
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Obrazek 7: Schéma diferenciace osteoklastii. Buniky osteoblastii produkuji riistovy faktor M-CSF,
ktery rozeznavaji myeloidni progenitorové bunky prostrednictvim svého receptoru (M-CSFR). Dochadzi
k diferenciaci, proliferaci a vzniku prekurzorovych osteoklastickych bunék. Fuzi prekurzorovych bunék
vznikaji mnohojaderné osteoklasty, které rozezndvaji cytokin RANKL ¢i jeho rozpustnou formu sRANKL
produkovany osteoblasty prostrednictvim RANK receptoru na svém povrchu. To mad za nasledek spustéeni
vnitrni bunécné signalizacni kaskady s produkct transkripcnich faktorii a nastava aktivace osteoklastii a vznik
plné diferenciovanych osteoklastii. Osteoblasty produkuji i rozpustny cytokinovy receptor OPG
(osteoprotegrin), ktery vychytava RANKL ¢i jeho rozpustnou formu sSRANKL a tim brani diferenciaci na zralé
osteoklasty. Prevzato a upraveno z (Alliston et al. 2008).

2.3.3 Katepsin K a jeho role v patologickych procesech

V této podkapitole jsou uvedena onemocnéni, u kterych je prokdzadno piimé ¢i
zprostiedkované spojeni s KatK. Tyto patologické déje velmi ¢asto uzce souvisi s chybnou

regulaci a nasledné zvySenou ¢i sniZzenou aktivitou této proteasy v tkani.

Mutace genu CTSK kodujiciho KatK, obvykle v propeptidové ¢i signalni Casti
sekvence, ma za nasledek poruchu vnitrobunééného transportu proteasy ¢i dochazi k jejimu
Spatnému sbaleni a degradaci. Vysledkem je sniZena ¢i kompletni ztrata enzymové aktivity.
Toto vzacné, autosomalné recesivni onemocnéni je nazyvano pyknodistéza ¢i1 Toulouse-
Lautrec syndrom, podle francouzského malife, ktery timto onemocnénim trpél (Kumar
1988). Pacienti s timto postizenim trpi osteosklerozou, kdy je kostni tkan kompaktnéjsi

oproti normalnimu stavu vlivem snizené resorpce kostni tkan¢ osteoklasty a kost je tudiz
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kfehc¢i a nachylnéjsi k unavovym frakturam. Mezi dalsi klinické projevy patii trpasli¢i vzrist

(dwarfismus), deformace lebky a zubii (Gelb et al 1996; Schmidt et al. 2020).

Pochopeni molekulérni podstaty pyknodistdzy otevielo nové moznosti pro klinickou
terapii chorob, kde je naopak aktivita KatK zvySend. V ptipadé€, kdy dochazi k trvale
pfevazujici kostni resorpci nad tvorbou nové kostni tkan€, hovoiime o osteopordze. Je
dualezité podotknout, ze na rozdil od osteomalacie, kde dochézi k ibytku anorganické slozky
kostni tkén€, je u osteopordzy zachovan pomér mezi anorganickou slozkou a osteoidem
Osteopordza se projevuje vice u starSich osob, zvlast€ u Zen po menopauze
(postmenopauzalni osteoporoza) (Obr. 8, str. 21). Klesa hladina hormonu estrogenu, ¢imz se
zvySuje tvorba proteinu RANKL, ktery stimuluje diferenciaci myeloidnich prekurzorovych
bunék na zralé osteoklasty (Streicher et al. 2017). Studie naznacuji, Ze redukce kostni tkané
se projevuje 1 u muzu se snizenou hladinou testosteronu a je ¢astéji spojovana s poruchou
funkce pohlavnich zlaz (hypogonadismus) (Golds et al. 2017). Senilni osteoporéza (typ II),
postihujici pacienty nad 70 let je zpusobena pievladajici diferenciaci kmenovych bunék
kostni dfené v adipocyty, oproti osteoblastim (Qadir et al. 2020). Osteopordza muize byt
vyvolana 1 v pfipadé vyzivovych poruch, po chirurgickém odstranéni vajeénikd, pfi
onemocnéni ledvin ¢i nadmérné aktivité Stitné zlazy (hyperthyredzy). Jedna se o velmi Casté

onemocnéni, a tudiz je KatK atraktivnim terapeutickym cilem (Drake et al. 2017).
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Obrazek 8: Postmenopauzdlni osteoporoza. S rostoucim vekem u Zen klesa hladina hormonu estrogenu.
Nasledkem je poruseni poméru koncentrace proteinit RANKL/OPG systému ve prospech RANKL a stimulace
tvorby novych osteoklastii. Vysledkem je posun rovnovahy v prospéch kostni resorpce zprostredkované
osteoklasty, které uvolnuji do resorpcni lakuny KatK, nad tvorbou nové kostni tkané vzniklé aktivitou
osteoblastii. Dochazi ke snizeni kompaktnosti kostni tkané a kost se stava nachylnéjsi k frakturam. Prevzato

a upraveno z (Park et al. 2021).

Schopnost KatK §tépit kolagen typu II a proteoglykan agrekan, ktery se nachézi
v chrupavcité tkani je spojena s dal§imi typy zanétlivych onemocnéni pohybového aparatu,
jakymi jsou osteoartr6za a revmatoidni artritida. Za normalnich okolnosti je homeostaze
chrupavcité tkané zprostiedkovana chondrocyty v klidovém stadiu, které produkuji jen
omezené mnoZstvi proteas (zejména matrixové metaloproteasy). Ty $tépi kolagen typu II
charakteristickym zplisobem pobliz jeho C-konce a generuji zkracené fragmenty. Naproti
tomu KatK $tépi kolagen typu II v misté nehelikdlni C-koncové ¢ésti a soucasné i v helikalni
oblasti N-konce (Dejica et al. 2012). Stdpenim proteoglykanu agrekanu vznikaji volné
glykosaminoglykany, které nasledn¢ stabilizuji KatK v extraceluldrnim pH a soucasné
alostericky ovliviiuji jeho aktivitu. Pfi naruSeni rovnovahy homoesotdze vlivem senescence,
mechanickym poSkozeni chrupav¢ité tkan€, nadvahou ¢i hormonalné dochazi ke zméné
fenotypu chondrocytii na metabolicky aktivni bunky, jejich shlukovani a hypertrofické
diferenciaci (Houard et al. 2013). Aktivované chondrocyty vlivem stresu produkuji souc¢asné
prozanétlivé cytokiny a proteolytické enzymy v mnohem vys§i mife. Bylo prokazéno,
ze oproti expresi ostatnich cysteinovych katepsini je vlivem cytokinu IL-1 zvySena pouze
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sekrece KatK, kterému je pfipisovana hlavni proteolyticka aktivita, podobné jako v ptipadé
osteoklastické eroze kostni tkané (Hou et al. 2002). Degradaci extracelularni matrix se
generuji  signalizani stresové molekuly, které chondrocyty rozpoznavaji svymi
povrchovymi receptory a opctovnou sekreci cytokini a proteas amplifikuji vyslednou
destrukci, osifikaci, tvorbu zanétu, apoptézu a nekrézu chrupavcité tkané. Kromé
chondrocytt jsou schopny KatK sekretovat i synovialni fibroblasty (Kozawa et al. 2016)
a aktivované CD68" makrofagy (Dodds et al. 1999; Biihling et al. 2001).

Pti patologicky zvySené aktivité proteas dochazi ke $tépeni signalnich a adhezivnich
molekul na povrchu bunék ¢i degradaci slozek extracelularni matrix za uvolnéni biologicky
aktivnich biomolekul. Tyto dé&je vedou k naruSeni signdlnich vnitrobunéénych kaskad
s naslednou proliferaci, diferenciaci, ztrat€¢ adheze bunék a jejich migraci po téle za tvorby
metastazi z primarniho tumoru. ZvySena hladina exprese KatK byla zjiSténa naptiklad
u karcinomu prsu (Littlewood-Evans 1997a), plic (Yang et al. 2020) ¢i prostaty (Brubaker
et al. 2003) a KatK zde pfedstavuje soucasn¢ prognosticky marker téchto onemocnéni.
U karcinomu prsu, prostaty a plic je rovnéZ nejcastéjSim mistem migrace t€chto bunék kostni
tkan (Liang et al. 2019; Vashum et al. 2021). V ptfipad¢ primarniho nadoru kosti
(osteosarkomu) (Husmann et al. 2008) je naopak pozorovana migrace nddorovych bun¢k
pfedevSim do plic a mozku a v termindlnim stddiu nemoci dochdzi téz k zasaZeni kostni

tkan¢ v jinych ¢astech téla.

Remodelaci extracelularniho prostfedi a invazi nadorovych buné€k do kostni tkané
(Obr. 9, str. 23) zajiStuji proteasy sekretované t€émito buikami. Aktivitou téchto proteas se
uvolnuji ristové faktory, které dale podporuji angiogenezi, chemotaxi nadorovych bunck do
kostni tkang, proliferaci a expresi adhezivnich molekul na povrchu invazivnich nddorovych
bunck (Verbovsek et al. 2015; Vashum et al. 2020). KatK a Katepsiny typu B, L a S rovnéz
Stépi endogenni inhibitory matrixovych metaloproteas, coz zvySuje degradaci slozek
extracelularni matrix. Soucasné nadmérnd metabolickd aktivita nddorovych bunék tvofi
mikroprostiedi se snizenym pH a obsahem kysliku, které jesté¢ umociiuje proteolytickou

aktivitu cysteinovych katepsint (Fasanya and Siemann 2020).
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Obrazek 9: Role katepsinu K pii tvorbé metastazi do kostni tkané. 1) Buiiky primdrniho tumoru sekretuji
KatK, ktery degraduje extracelularni matrix a adhezivni molekuly v okoli nadorovych bunek. Uvolnéné bunky
vstupuji do krevniho recisté a putuji do kostni tkané. 2) Tumorové buiiky produkuji Skalu cytokinii a riistovych
faktorii (IL-6, IL-1B, TNF-a). 3) Osteoblasty exprimuji stimulacni a riistove faktory (RANKL, M-CSF), které
davaji povel prekurzorovym bunkam pro diferenciaci na zralé osteoklasty. 4) Plné diferenciované osteoklasty
zahajuji resorpci kostni thané a degradact slozek extraceluldrni matrix se uvolnuji stimulujici rustové faktory
(5), které podporuji riist nadorovych bunék (primdarnich a metastatickych bunék odvozenych z primarniho

nadoru). Prevzato a upraveno z (Li et al. 2019).

2.4 Regulace aktivity katepsinu K

Modulace aktivity KatK probihd na nékolika urovnich. 1) Regulace na trovni genové
exprese této proteasy (Corisdeo et al. 2001) 2) Regulace aktivace pomoci hodnoty pH, kdy
vlivem kyselého pH v lysozomech dochézi k reverzibilni autoaktivaci proenzymu a konverzi
na proteolyticky aktivni maturni formu (McQueney et al. 1997). Naopak dlouhodobym
plusobenim kyselého pH na maturni formu ma za nasledek jeji nevratnou inaktivaci, kdy
dochdzi ke konformaénim zméndm. Stejny efekt nastdva i1 pii vystaveni proteasy vlivu
neutralniho ¢i bazického pH (Bromme et al. 1996). 3) Inhibice aktivity maturni formy KatK
interakci s vlastnim propeptidem. Ten pfedstavuje pfirozeny ligand aktivniho mista, ktery

po odstépeni ze struktury proenzymu a uvolnéni je schopen opétovné interakce, kdy funguje
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jako efektivni ptirozeny inhibitor s nanomolarni hodnotou inhibi¢ni konstanty K; (Billington
et al. 2000). 4) Alosterickd modulace interakci urcitych glykosaminoglykani s KatK.
V tomto ptipad¢ vazbou naptiklad chondroitin-4-sulfatu ¢i keratan sulfatu do tzv. ,,exosite*
neboli exo-mista (je mimo aktivni misto) na povrchu KatK vznikaji oligomerni struktury,
kdy dochazi ke stabilizaci KatKv neutralni oblasti pH a posileni jeho elastinolytické
a kolagenolytické aktivity (Novinec et al. 2010). Opacny, inhibi¢ni efekt ma pak vazba
dermatan sulfatu a heparan sulfatu (Li et al. 2004; Wilson et al. 2009). V molekule KatK
byla identifikovana dvé exo-mista (Sharma et al. 2015). ,,Exosite 1* se nachazi na L-doméné
a je tvoreno segmentem Tyr67 az Gly102, ,,exosite 2* je mezi L-doménou a R-doménou a je

tvotreno segmentem Gly109 az Glul18 (Obr. 10, str. 24).

Bylo prokazano, ze specifickym blokovanim téchto exo-mist nedochazi k ovlivnéni
enzymatické aktivity KatK vi¢i malym oligopeptidovym substratiim, ale je potlacena pouze
jeho elastynolytickd a kolagenolyticka aktivita, protoze je znemoznéna interakce s témito
makromolekularnimi substraty. Exo-misto 1 pravdépodobné interaguje a ucastni se
degradace rozpustné i nerozpustné formy kolagenu, kdezto exo-misto 2 je urceno pro

interakci s elastinem (Sharma et al. 2015; Panwar et al. 2018).

Exosite 1

Exosite 2 Prava doména

Leva doména
Obrazek 10: Interakéni mista na povrchu Katepsinu K. Struktura lidského KatK s inhibitorem E-64 (kalotova
reprezentace) v aktivnim misté (PDB: 1ATK) s vyznacenymi misty pro interakci s makromolekularnimi
proteinovymi substraty. ,,Exosite 1 interaguje s rozpustnou i nerozpustnou formou kolagenu, zatimco

,,exosite 2 je specifické pro interakci s elastinem (Sharma et al. 2015).
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2.4.1 Ptirozené inhibitory a modulatory katepsinu K

V této kapitole jsou uvedeny zékladni rodiny piirozenych (endogennich) inhibitort
proteinového charakteru (klasifikovany dle Merops databaze), které se ucastni inhibicni

regulace KatK a piibuznych cysteinovych katepsinti.

Cystatiny (rodina 125, klan IH): cystatiny pfedstavuji superrodinu inhibitora
cysteinovych proteas, ktera zahrnuje tfi hlavni rodiny: stefiny (cystatiny typu I), cystatiny
typu II a kininogeny (cystatiny typu III). Jedn4d se o malé proteiny tvofené¢ 100 az 120
aminokyselinovymi zbytky (nebo fuzni konstrukty z téchto proteinl). Strukturné jsou
tvofeny péti antiparalelnimi p-strukturami a jednim o-helixem, orientovanym
kolmo k B-skladanému listu, coz vede k velmi stabilni struktufe i pfi vysokych teplotach a
hrani¢nich hodnotach pH. Typ inhibice je kompetitivni, reverzibilni s tzv. ,,tight-binding*

kinetikou (Lecaille et al 2008).

Stefiny (cystatiny typu I) (Turk et al. 1986; Turk et al 2008; Tusar et al. 2021): jsou
tvorené jednim polypeptidovym fetézcem zhruba o 100 aminokyselinach a postradaji
disulfidické mustky. Jsou pfevazné cytosolarni a hraji protektivni tlohu pfi poruse integrity
membrany lysozomu, kdy brani Gniku aktivnich lysozomdlnich proteas do cytosolu. Mezi
zastupce stefint patii lidské stefiny A a B. Reaktivni misto obsahuje N-konec proteinu spolu
se dvéma [-vladsenkami, které tvofi klinovitou strukturu pro interakci s aktivnim mistem
cilové papainové proteasy. Analogickéd stavba reaktivniho mista je i u ostatnich rodin

cystatini (Stubbs et al. 1990; Renko et al. 2010).

Cystatiny typu II: jsou na rozdil od stefinli stabilizovany dvéma disulfidickymi
mustky v C-koncové poloviné polypeptidového fetézce zhruba o 150 aminokyselinach. Jsou
lokalizovany pfevazné extracelularné, napfi¢ vSemi typy extracelularnich télnich tekutin,
pficemz nejvice zastoupeny jsou cystatin C a F. Snizena ¢i naopak zvySena hladina cystatinu
C je spojovana scelou fadou patologickych jevii ¢i nadorovych onemocnéni
(Jones et al. 2017; Leto et al. 2018). Cystatin F je exprimovan pfedev§im buinkami
imunitniho systému naptiklad dendritickymi bunikami ¢i NK ,,natural killer buiitkami ve
form¢ neaktivniho dimeru, ktery Stépi katepsin V na aktivni monomerni formu
v lysozomech, kam je dopraven pfes manosa-6-fosfaitovou cestu. Mezi dal§i zastupce
cystatint typu II patii neglykosylované cystatiny D, S, SA a SN ¢i glykosylované cystatiny
typy E a M. (Lecaille et al. 2008; Prunk et al. 2017).
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Kininogeny (cystatiny typu III): souhrnné oznacuji extracelularni polypeptidove,
glykosylované prekurzory o vice doménach, které proteolyzou (katalyzovanou serinovou
proteasou kalikreinem) poskytuji biologicky aktivni peptidy oznacované jako kininy. Ty se
ucastni procestt krevniho srazeni, vazodilatace ¢i regulace kardiovaskularniho systému.
Kininogeny jsou rozdéleny dle molekulové hmotnosti na tfi typy: nizkomolekularni (LK),
vysokomolekuldrni (HK) a T-kininogeny, které byly nalezeny pouze u krysy. Na svém
N-konci obsahuji tii inhibicni domény (D1-D3), strukturné odvozené od cystatint typu II,
nicméné prvni doména (D1) evolu¢né ztratila schopnost inhibice a slouzi jako transportér
vapenatych iontl. Kininogeny jsou obecné produktem pouze jednoho genu a rozmanitost

vyslednych produktt je dana az jeho alternativnim sestfihem (Lecaille et al. 2008).

Tyropiny (rodina 131, klan IX): rodina pfirozenych inhibitorii cysteinovych proteas
(,,thyroglobulin type-1 domain proteinase inhibitors*) obsahuje doménu Tgl, sekvencné
podobnou s thyreoglobulinovou doménou typu I. Tato doména mé evolu¢né konzervovany
sekvenéni motiv, bohaty na aminokyselinu cysteinu v primarni sekvenci a podle jejich
rozmisténi jsou tyropiny rozdéleny na podtyp 1A se Sesti cysteiny a podtyp 1B se ¢tyimi
cysteiny. Typ inhibice je zalozen na reverzibilni ,,tight-binding* kinetice (Miheli¢ and Turk

2007).

Ne vSechny proteiny obsahujici Tgl doménu jsou u€¢innymi inhibitory cysteinovych
proteas a KatK. Glykoprotein thyreoglobulin je produktem §titn¢ Zldzy a G€astni se syntézy
jejich hormont, kde je substratem pro KatK. Obdobnym zplisobem KatK §tépi Tgl doménu
testecanu-1, coZ je inhibitor katepsinu L, a Tgl doménu nidogenu. Na rozdil od cystatini je
inhibi¢ni schopnost dosud znamych tyropint vici KatK spiSe omezena, ziejmé z divodu

sterickych zdbran objemné Tgl domény (Meh et al. 2005; Novinec et al. 2007).

Serpiny (rodina I4, klan ID): superrodina serpind je tvofena inhibitory pfiblizné
0 400 aminokyselinach v primarni sekvenci a charakteristickym sbalenim do osmi a-helixti
a tfi B-skladanych listd, které maji v blizkosti C-konce tzv. reaktivni smyc¢ku. Mechanismus
inhibice je zde zcela odlisny od vyse uvedenych nekovalentnich inhibitori. Stdpeni sekvence
(podobné substratu) na reaktivni smycce plisobenim cilové proteasy vede ke konformacni
zméné celé molekuly serpinu a tvorbé kovalentniho komplexu s inhibovanou proteasou.
Nazev serpin oznacuje fakt, Ze se jedna prevazné o inhibitory serinovych proteas, ovSem
jsou zndmy 1i tzv. ,,cross-class* promiskuitni serpiny, které inhibuji cysteinové, aspartatove

proteasy ¢i metaloproteasy. Typickymi zéastupci serpint se schopnosti inaktivace KatK je
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SCCA-1 (serpinB3) (Schick et al. 1998), serpin B13 (headpin) (Jayakumar et al. 2003) nebo
serpin MENT (Irving et al. 2002).

o2-makroglobulin (rodina 139, klan IL): je plazmaticky protein produkovany
makrofagy, fibroblasty ¢i hepatocyty. Strukturné je slozen ze ¢tyt identickych podjednotek,
navzajem spojenych prostiednictvim disulfidickych mustki. Je schopen kromé cysteinovych
proteas inhibovat i proteasy ostatnich tfid. Mechanismus inhibice je zalozen na oblasti citlivé
k proteolyze, ktera je St€pena cilovou proteasou, coz spousti konformacni zmeénu zplisobujici
kovalentni zachyceni a uvéznéni proteasy ve struktufe o2-makroglobulinu. Tim je stericky
omezen pristup substratu k aktivnimu mistu inhibované proteasy (Barrett and Starkey 1973;

Mason 1989; Zhu et al. 2021).

2.4.2 Syntetické inhibitory katepsinu K

Inhibitor preferovany pro klinické pouziti by mél mit nizkou molekulovou vahu, vysokou
selektivitu a specifitu, reverzibilni povahu inhibice a lipofilni charakter. Soucasné je
zadouci, aby splnoval farmakokineticka kritéria: jako je nizké toxicita, snadna prostupnost
biologickymi membranami ¢i vysoky biologicky polocas eliminace. Oproti stile hojné
pouzivanym lé¢iviim na bazi bisfosfonatt, které inhibuji aktivitu enzymu farnesylpyrofosfat
synthasy (tim je narusena biosynteticka draha izoprenoidl a osteoklasty podléhaji apoptdze)
(Drake et al. 2008). Doposud vyvijené a experimentaln¢ testované inhibitory cilené proti

KatK zachovavaji i ¢aste€nou tvorbu nové kostni tkang.

VétSina soucasnych vyvijenych inhibitort proti KatK a dalSich cysteinovych katepsinti
je navrzena tak, ze Cast inhibitoru napodobuje sekvenci idedlniho substratu a cast nese
reaktivni skupinu, ktera nasledné reaguje s katalytickym cysteinovym zbytkem proteasy.
Takové inhibitory se pak oznacuji jako reaktivni peptidomimetické inhibitory (Leung et al
2000) a podle chemické povahy reaktivni skupiny jsou déleny na ketony, epoxidy,
vinylsulfony, nitrily atp.

Interakci katalytického mista enzymu s inhibitorem vznika komplex enzym-inhibitor
(EI). Na zaklad¢ stability takto vzniklého komplexu rozliSujeme déle inhibitory na
ireverzibilni a reverzibilni. Ireverzibilni inhibitory trvale modifikuji cilovy enzym
prostfednictvim stabilni kovalentni vazby, zatimco reverzibilni inhibitory interaguji
s aktivnim mistem enzymu obvykle prostiednictvim nekovalentnich interakci
(Strelow 2017). Nicméné urcité reaktivni skupiny inhibitoru jsou hydrolyticky labilni
(nitrily, azanitrily ¢i aldehydy) a dochézi k opétovné regeneraci aktivniho mista
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(Tusar et al. 2021). Mén¢ zastoupenym typem inhibitord KatK jsou pak nekovalentni
inhibitory, které interaguji s aktivnim mistem enzymu skrze vodikové mustky,
dipol-dipdlové interakce Ci van der Waalsovy interakce. Tyto inhibitory jsou téZ schopny
cilit mista na enzymu, ktera jsou lokalizovana mimo aktivni centrum a jsou oznacovana jako

exo-mista (Sharma et al. 2015).

Cilené inhibici katK bylo za poslednich 20 let vénovano vice jak 200 publikaci a vice
jak desitka inhibitorti vstoupila do riiznych fazi klinickych studii, coz dokazuje intenzivni
usili o nalezeni specifického a u¢inného terapeutického prostiedku pro 1é€bu patologii,
kterych se KatK tucastni (Lu et al. 2018). V nasledujicich kapitolach je uveden stru¢ny
ptehled hlavnich skupin syntetickych inhibitort KatK.

24.2.1 Ireverzibilni kovalentni syntetické inhibitory

Ireverzibilni inhibitory jsou obvykle vybaveny elektrofilni reaktivni skupinou. Reakci
s nukleofilni skupinou v aktivnim misté enzymu vznikd stabilni kovalentni adukt. Pfi
dlouhodobém puisobeni takového typu inhibitoru dojde k Gplné inhibici cilovych enzymil

v misté pusobeni (Ghosh et al. 2019).

Z kinetického hlediska probihd ireverzibilni inhibice ve dvou krocich
(Obr. 11, str. 28), kdy nejprve reaguje inhibitor s enzymem za tvorby pifechodného
nekovalentniho komplexu (EI) a nasleduje chemicka reakce zavzniku kovalentné
modifikovaného enzymu s navazanym inhibitorem (E*I). Uginnost prvniho kroku je dana
pomérem mezi vazebnou rychlostni konstantou k; a disocia¢ni rychlostni konstantou k.,
které popisuji rychlost vzniku a rozpadu ptrechodného komplexu (EI). Druhy krok reakce
popisuje inhibi¢ni rychlostni konstanta kinact, kterd je zavisla na koncentraci pfechodného
komplexu (EI) a vyjadiuje maximalni rychlost inhibice enzymu pii jeho nasyceni

inhibitorem (Strelow 2017).

kl kinm'r
E+1 < El — E*I
k

(1) ()

Obrazek 11: Mechanismus inhibice ireverzibilniho typu inhibice. Reakce probiha ve dvou naslednych
krocich, kdy (1) inhibitor reaguje s volnym enzymem za tvorby prechodného nekovalentniho komplexu EI
a (2) chemickou reakci inhibitoru s katalytickym centrem enzymu dochazi ke kovalentni modifikaci enzymu za
vzniku komplexu E*I. Parametry ki, ki @ Kinaet jsou rychlostni konstanty prislusnych kroki reakce. E je volny

enzym a I je volny inhibitor (Strelow 2017).
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Epoxidy: prvnim objevenym inhibitorem, ktery ve své struktuie obsahoval epoxidovy
kruh, byla sloucenina pfirodniho pavodu. Jednalo se o L-trans-epoxysukcinyl-
leucylamido(4-guanidino)butan, ktery byl izolovan z plisn¢ Aspergillus japonicus a byl
pojmenovan E-64 (Obr. 12, str. 29) (Hanada et al. 1978). E-64 je inhibitorem vSech znamych
cysteinovych katepsinii. Mechanismus inhibice je na bazi kovalentni alkylace katalytického
cysteinu. Modifikaci zakladniho skeletu inhibitoru byl ziskan derivat E-64d (aloxistatin)
schopny prostupovat skrze biologické membrany. E-64 se Siroce vyuziva v enzymologii pii
stanoveni koncentrace cilovych proteas metodou titrace aktivniho mista ¢i jako jejich

identifika¢ni marker v aktivitnich testech (Matsumoto et al.1999).
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Obrazek 12: Epoxidovy inhibitor E-64. Kostru inhibitoru tvori modifikovany dipeptid a pozice Pl obsahuje
cyklickou reaktivni epoxidovou skupinu (vyznacend modre). Reakci s katalytickou thiolovou skupinou enzymu
v aktivnim misté dochdzi k otevieni epoxidového kruhu (* oznacuje uhlikovy atom, ktery se vaze na thiolovou

skupinu) a tvorbé ireverzibilniho aduktu (Hanada et al. 1978).

Alkyny: alkyny byly dlouho dobu povaZovany za chemicky bioinertni reakéni €inidlo,
a proto byly vyuzivany pfi tzv. in vivo bioortogonalnich studiich, vyuZivajici ,,click” chemii
na bazi rychlé, jednokrokové reakce bez interference s jinymi biochemickymi procesy.
Alkynové inhibitory vznikly izoelektrickym nahrazenim reaktivni nitrilové skupiny
(viz dale, nitrilové inhibitory) methinovou skupinou. Svou povahou jsou alkyny sice
klasifikovany jako velmi slabé (latentni) elektrofily, nicméné pii dostatecném pfiibliZeni
béhem interakce specifického inhibitoru mulZe nastat reakce mezi alkynovou reakéni
skupinou inhibitoru a thiolovym zbytkem cysteinu. Piikladem je struktura KatK
(PDB: 6QBS) s modelovym inhibitorem tohoto typu (Obr. 13, str. 30) (Mons et al. 2019).
Interakci katalytického cysteinu s alkynovou reaktivni skupinou inhibitoru vznika

thiovinylovy adukt.
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Obrazek 13: Inhibitor s alkynovou reaktivni skupinou. Pozice Pl obsahuje termindlni alkynovou reaktivni
skupinu (vyznacena modre). Reakci s katalytickou thiolovou skupinou enzymu v aktivnim miste dochazi
k tvorbé ireverzibilniho thiovinylového aduktu (* oznacuje uhlik, ktery kovalentné reaguje s thiolovou

skupinou) a tvorbé ireverzibilniho aduktu (Mons et al. 2019).

Michaelovy akceptory: Michaelovy akceptory ptedstavuji skupinu kovalentnich
ireverzibilnich inhibitord, které reaguji s enzymem mechanismem tzv. Michaelovy reakce,
kdy a,B-nenasycend karbonylova sloucenina reaguje nukleofilni adici s thiolovou skupinou
cysteinu v aktivnim misté enzymu za tvorby thioetherového aduktu (Santos and Moreira
2007). Stejnym zptisobem reaguji 1 a,p-nenasycené vinyl sulfony. Prvnim vinylsulfonovym
inhibitorem s popsanym mechanismem inhibice KatK na zaklad¢ rentgenové strukturni
analyzy byl APC3328 (Obr. 14, str. 30) (PDB: 1MEM). Nejznamé&j$im vinylsulfonem je
inhibitor s kddovym oznacenim K11777 (APC3316) (Obr. 14, str. 30); jde o relativné
Sirokospektralni inhibitor, ktery je slibnym terapeutickym prostfedkem pro 1é€bu parazitarni
Chagasovy choroby (inhibuje cysteinovou proteasu cruzipain z prvoka Trypanosoma cruzi)
a soucasng¢ je silnym inhibitorem i pro lidsky KatK v nanomoléarni koncentraci (McGrath et

al. 1997; Kerr et al. 2009; Ndao et al. 2014).

APC3328 K11777

Obrazek 14: Inhibitory s vinylsulfonovou reaktivni skupinou. Peptidomimetické inhibitory APC3328
aK11777 obsahuji reaktivni vinylsulfonovou skupinou (vyznacena modie). Reakci thiolové skupiny
s katalytickou thiolovou skupinou cysteinu v aktivnim misté enzymu s vinylsulfonovou skupinou vznika
thioetherovy adukt. Hvézdickou je oznacen uhlik, ktery je kovalentné spojen s atomem siry cysteinu (McGrath

etal 1997, Kerr et al. 2009).
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Thiadiazoly: z chemického hlediska se jednd o syntetické péticetné heterocyklické
slouceniny, které obsahuji jeden atom siry a dva atomy dusiku. Vzdjemnou polohou
heteroatomti vznikaji ¢tyii izomerni formy (Obr. 15, str. 31). Slouceniny s thiadiazolovym
heterocyklem reaguji jako tzv. ,thiol trapping® inhibitory, kdy reakci atomu siry s cilovou
thiolovou skupinou dochazi k otevieni heterocyklu a vznikd kovalentni ireverzibilni
disulfidicky adukt (Tam et al 2005). U 1,2,4 thiadiazoli uhliky v pozicich C3 a C5 mohou
byt dale substituovany. Substituce v pozici C3 (u izomeru 1,2,4 a 1,2,5) zvysuje ¢i sniZzuje
reaktivitu heterocyklu a naopak substituce v pozici C5 (u izomeru 1,2,3, 1,2,4 a 1,3,4)
vhodnym peptidomimetickym postrannim fetézcem zvySuje selektivitu. Doposud byla
detailné popsana a studovana inhibice na lidskych katepsinech B, H a S (Leung-Toung et al.

2003; Vega-Teijido et al. 2014).

N N TR N-N
/) N 5 /o
N
s’ ks’N N“s’N &s)

1,2,3-thiadiazol 1,2,4-thiadiazol 1,2,5-thiadiazol 1,3,4-thiadiazol

Obrazek 15: Vzorce Ctyt izomernich forem thiadiazoli. Vzajemnou polohou heteroatomti
vznikaji Ctyfi izomerni formy, kdy d&islovani vychazi od heteroatomu atomu siry.
Pfi inhibi¢ni reakci s cysteinovymi proteasami se tvoii kovalentni disulfidicka vazba mezi
atom siry thiadiazolu s thiolovou skupinou katalytického cysteinu v aktivnim misté enzymu

(Tam et al. 2005).
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2.4.2.2 Reverzibilni kovalentni syntetické inhibitory

Z farmakologického hlediska je cCasto pii dlouhodobém podévani 1éCiva preferovana
reverzibilni inhibice cilového enzymu, kdy nedochazi k trvalé a dlouhodobé¢ inhibici cilové
molekuly a je snizeno riziko vzniku nezadoucich vedlejSich napiiklad imunologickych
ucinki, které mohou stabilni komplexy vyvolat. Pii reverzibilnim typu inhibice tvofi
inhibitor s enzymem nestabilni komplex obvykle pouze na zakladé nekovalentni interakce.
Tato kapitola se ale zamétuje na peptidomimeticke inhibitory cysteinovych katepsini, které
vykazuji kovalentné reverzibilni charakter. Tyto inhibitory jsou vybaveny nékolika typy
elektrofilnich reaktivnich skupin (naptiklad nitrily, ketony ¢i azanitrily), které kovalentné
reaguji s thiolovou skupinou cysteinu v aktivnim misté, ale nasledné dochazi k opétovné
regeneraci tohoto Kkatalytick¢ého zbytku (Singh et al. 2011). Mechanismus probiha
dvoukrokové a je znazornén na (Obr. 16, str. 32). Uvodni krok je totozny jako v ptipadé
ireverzibilni inhibice, kdy se tvofi nekovalentné vazany komplex (EI). V nasledném kroku
vznikd kovalentné vazany komplex (E*I), u kterého mize dochazet k jeho rozpadu. Tento
jev nastava v piipad¢, Ze je rychlostni konstanta ko tvorby komplexu E*I pfiblizn€é rovna

rychlostni konstanté jeho rozpadu k-» (Silva et al. 2020).

k! kz
E+1 & EI = E*I
k, k.,

(1) ()

Obrazek 16: Mechanismus reverzibilni kovalentni inhibice Reakce probiha ve dvou naslednych krocich, kdy
(1) inhibitor reaguje s volnym enzymem za tvorby prechodného nekovalentniho komplexu EI a (2) chemickou
reakct inhibitoru s katalytickym centrem enzymu dochazi ke kovalentni modifikaci enzymu za vzniku komplexu
E*L Parametry ki, k.1, k2 a k.;jsou rychlostni konstanty prislusnych krokii reakce. E je volny enzym a I je volny
inhibitor (Silva et al. 2020).

Ketony: reakci ketonl s katalytickym cysteinem enzymu vznikd reverzibilni
thiohemiketalovy adukt. Z inhibitorti na bazi symetrickych ketont a jejich cyklizaci na tzv.
azepanony vznikl relacatib (SB-462795), ktery byl vyvinut firmou GlaxoSmithKline a byl
schopny inhibovat KatK v nanomolarni koncentraci (Obr. 17, str. 33). Nicmén¢ vykazoval

nizkou selektivitu a jeho vyvoj byl ukoncen po 1. fazi klinickych studii (Kumar et al. 2007).

Firma Ono Pharmaceutical pfipravila vysoce selektivni inhibitor ONO-5334
(Obr. 17, str. 33), jehoz vyvoj byl ukoncen ve III. fazi klinickych studii pro své vedlejsi
ucinky na kardiovaskularni systém. MIV-711 (L-006235) je selektivnim inhibitorem od
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firmy Medvir a v soucasné dob¢ se nachazi v I1. fazi klinickych studii, jeho struktura nebyla

zveifejnéna (Wishart et al. 2006)

Relacatib ONO-5334

U):O

(o]

Obrazek 17: Inhibitory Katepsinu K na bazi ketonii. Uvedeny jsou dva priklady firemniho vyvoje: Relacatib
obsahuje cyklicky keton s heteroatomem dusiku (azepanon) jako reaktivni skupinu, ONO-5334 je cyklicky
a-ketoamidovy inhibitor (Lu et al. 2018). Hvézdickou je oznacen atom uhliku tvorici kovalentni vazbu s atomem

siry katalytickeho cysteinu enzymu.

Nitrily: reakci nitrilové reaktivni skupiny inhibitoru s katalytickym cysteinem enzymu
vznikd reverzibilni thioimidatovy adukt. Jako prvni byla popsdna reakce
acetamidoacetonitrilu a benzamidoacetonitrilu s papainem (Lucas and Williams 1969).
Systematickou analyzou substratové specifity KatK byly ur¢eny aminokyselinové zbytky,

které se vazi preferencné do jednotlivych podmist této proteasy.

Na zaklad¢ téchto poznatkli vznikl peptidomimeticky inhibitor balicatib (AAES81)
firmy Novartis. Homocykloleucin v pozici P2 inhibitoru a piperazinovy zbytek v pozici P3
(Obr. 18, str. 40) zajistoval selektivitu (Lu et al. 2018). Nicméné jeho vyvoj byl ukoncen
v II. fazi klinickych studii z divodu jeho bazického a lipofilniho charakteru, ktery
zpusoboval akumulaci v lysozomech (Falgueyret et al. 2005). To vedlo ke kfiZové inhibici

katepsinti L a B s vedlejSimi ucinky v podobé€ vyrazky a zmén morfologie koZni tkané.

Odanacatib (MK-0822) firmy Merck byl metabolicky velmi stabilni peptidomimeticky
inhibitor, ktery v P1 pozici obsahoval cyklopropanovy kruh, v P2 pozici fluorovany
leucinovy zbytek a relativné objemny biarylovy kruh v pozici P3 (Obr. 18, str. 34).
Vzhledem ktomu, Ze nevykazoval bazicky charakter, nedochazelo k jeho kumulaci
v lysozomu. Vyvoj tohoto inhibitoru byl ukoncen ve III. fazi klinickych studii pro podezieni
na spojitost s vyskytem mozkové mrtvice u postmenopauzalnich pacientek, kterym byl

podéavan (Drake et al. 2017; Lu et al. 2018).
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Obrazek 18: Inhibitory katepsinu K na bazi nitrilii. Uvedeny jsou dva priklady firemniho vyvoje balicatib
a odanacatib (Lu et al. 2018). Reaktivni nitrilovd skupina je vyznacena modre a hvézdickou je oznacen atom
uhliku tvorici kovalentni vazbu s atomem siry katalytického cysteinu enzymu. Balicatib obsahuje v pozici P2
cyklohexylovy zbytek a v pozici P3 je piperazinovy zbytek zajistujici selektivitu. Odanacatib reaktivni nitrilova
skupina v pozici Pl rovnéez obsahuje cyklopropanovy kruh, ktery brani proteolytickému Stépeni. V P2 pozici je
fluorovany leucinovy derivdt a P3 pozice je zastoupena biarylovym kruhem.

Azanitrily: izoelektrickym nahrazenim CoH skupiny u téchto peptidomimetickych
nitrilovych inhibitorti za atom dusiku vznikla nova skupina inhibitorti s tzv. azanitrilovou
reaktivni skupinou (N-NH-C=N). Ve srovnani s nitrily vykazovaly wvys$si inhibici
v pikomolarnich koncentracich vi¢i katepsinim K, L a S. To je vysvétlovano reakénim
mechanismem, kdy vznika reverzibilni isothiosemikarbazidovy adukt, ktery je rezonanéné
stabilizovan, viz schéma (Obr. 19, str. 34) (Frizler et al. 2010; Schmitz et al. 2014).
Azanitrilové peptidomimetické inhibitory vykazuji obecné vyborné farmakokinetické
vlastnosti s prodlouZenou dobou Uc¢inku a metabolickou stabilitou a patii mezi

nejpokrocilejsi inhibitory cilené proti KatK (Proulx et al. 2011).
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Obrazek 19: Reakéni mechanismus azanitrilovych inhibitorii. Uvedena je obecnd struktura
peptidomimetickych inhibitorii s reaktivni azanitrilovou skupinou a zbytky v pozicich Pl a P2. Modre je
zabarvena azanitrilovd skupina a hvézdickou je vyznacen atom uhliku tvorici kovalentni vazbu s atomem siry
katalytického cysteinu enzymu. Nukleofilnim atakem thiolové skupiny vznika rezonancné stabilizovany

isothiosemikarbazidovy adukt. Prevzato a upraveno z (Schmitz et al. 2014).
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2.4.3 Nekovalentni inhibitory katepsinu K syntetického a prirodniho pivodu

Tato kapitola se zaméfuje na nekovalentni typ inhibice s vazbou inhibitoru mimo aktivni
misto enzymu. Pfitom inhibi¢ni efektor interaguje prostfednictvim slabych interakci, jakymi
jsou vodikové mistky, hydrofobni interakce ¢i iontova vazba (Novinec et al. 2016).
U KatK byla identifikovéana tato vazebné mista, ktera jsou ¢asto ozna¢ovana jako exo-mista
(,,exo-site) ¢i alostericka mista (Novinec et al. 2010; Sharma et al. 2015). Prostiednictvim
exo-mist KatK interaguje s nékterymi glykosaminoglykany, ¢imz dochdzi ke tvorbé
oligomernich komplext vykazujicich vysokou kolagenolytickou a elastolynolytickou

aktivitu (Novinec et al. 2014; Lemaire et al. 2014).

Blokaci exo-mist na povrchu KatK je nasledné zabranéno interakci
s glykosaminoglykany, coz ma za nasledek selektivni snizeni kolagenolytické
a elastinolytické aktivity, za soucasného zachovani proteolytick¢ aktivity k jinym
substratiim vstupujicich do aktivniho mista enzymu (Novinec et al. 2016; Rocha et al. 2020).
To je zésadni rozdil oproti inhibitorim cilenych na aktivni misto, které plosné vypinaji
proteolytickou aktivitu enzymu, coz mize byt v piipadé KatK spojeno s vedlej$imi tcinky

(L1 et al. 2002; Sharma et al. 2015; Panwar et al. 2018)

Ptiklady inhibitord (Obr. 20, str. 35) cilenych na exo-mista jsou syntetické
nizkomolekularni latky jako NSC13345 a NSC94914 (Novinec et al. 2016) €1 lipofilni latky
ptirodniho plivodu izolované z kotene byliny Salvéje ¢ervenokofenné (Salvia miltiorrhiza)
pouzivané v ¢inské mediciné na nemoci pohybového aparatu a oznacované jako tanshinony

(Panwar et al. 2018).
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Obrazek 20: Nekovalentni inhibitory Katepsinu K cilené na exo-mista. Synteticky pripravené
nizkomolekularni latky NSC13345 a NSC94914 interaguji s vazebnymi exo-misty na povrchu molekuly
KatK na zakladé slabych interakci s aminokyselinami argininem, lysinem a tyrosinem (PDB: 5J94).
Tanshinony jsou lipofilni diterpeny prirodniho piivodu izolované z korene Salvéje cervenokorenné, uveden je

zastupce dihydrotanshinon I (Panwar et al. 2018).
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3. Cile prace

Cysteinova proteasa katepsin K (KatK) je cilovou molekulou pro 1éEbu osteopordzy
a artritidy pomoci chemoterapeutik na bazi proteasovych inhibitorti. Prace je zamé¢fena na
identifikaci novych inhibitord KatK a zejména na urCeni vazebného modu selektivnich
inhibitort cilenych na aktivni misto KatK. Cilem je pfinést nové poznatky o vztahu mezi
strukturou a biochemickou aktivitou inhibitort, které umozni design uc¢innych selektivnich
inhibitorti KatK jako potencialnich 1é¢iv a molekularnich diagnostickych sond pro detekci

KatK.

Dil¢i cile prace jsou nasledujici:
1) Pipravit rekombinantni KatK a jeho jednotlivé aktiva¢ni formy. Testovat inhibicni

vlastnosti studovanych inhibitorti za pomoci enzymologickych metod.

2) Pripravit kovalentni komplexy KatK s inhibitory, krystalizovat je a popsat

rentgenostrukturni analyzou.

3) Urc¢it vazebny mod inhibitor podle 3D struktury komplexi. Integrovat strukturni

data s vysledky ziskanymi pomoci vypocetnich metod, inhibi¢nich analyz a buné¢nych testt.

4) VySe uvedenym zpilisobem studovat tii skupiny kovalentnich inhibitori
se zaméfenim na: (i) funkéni interakci 1,2,4 thiadizolt s KatK, (ii) vyuziti vinylketonl pro
konstrukci fluorescen¢nich sond k detekci KatK, (iii) vztah struktury a funkce

cyanohydrazidd, patficich mezi nejlepsi zndme inhibitory KatK.
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4. Material a metody

Obsahem této kapitoly je poskytnout struény pirehled o pouzitém materialu, vybaveni a
metodice prace, které byly nezbytné pro vypracovani této disertacni prace. Detailni

informace jsou uvedeny v jednotlivych piiloZzenych publikacich.

4.1 Material a laboratorni vybava

Disertaéni prace vznikla s vyuzitim piistrojového vybaveni laboratoii Ustavu organické
chemie a biochemie AV CR (UOCHB AV CR, v. v. i) a ve spolupraci se zahrani¢nimi

vyzkumnymi institucemi.

Plazmid pUC57 obsahujici tsek DNA a kodujici zymogen lidského KatK (Uniprot P43235)

byl syntetizovan firmou (GenScript, USA).

Sady inhibitort poskytli M. Giitschow, Universitit Bonn (Némecko) a P. Majer
(skupina medicinalni chemie), UOCHB AV CR, v. v. i. Syntetické inhibitoryE-64a E-64d
(Sigma-Aldrich, CR) a K-1777 (Fisher-Scientific, USA) byly zakoupeny.

Fluorescenéné znaceny substrat Cbz-Gly-Pro-Arg-AMC byl zakoupen od firmy (Bachem,

Svycarsko).

Mysi monoklondlni protilatky proti lidskému KatK byly zakoupeny od firmy (Santa Cruz

Biotechnology, USA) a sekundarni kozi znacené protilatky anti-mouse IgG

(Sigma-Aldrich, CR)

Buné¢na linie lidského osteosarkomu (U2-OS) poskytla H. Mertlikova-Kaiserova (skupina
biochemické farmakologie), UOCHB AV CR, v. v. i.

Sady komercnich krystalizacnich roztoki byly zakoupeny od firem Molecular Dimensions

(UK) a Jena Bioscience (Némecko)

Sbér difrakénich dat pro rentgenovou strukturni analyzu byl proveden na rentgenové

difrakéni stanici MicroMax-007 HF Microfocus (Rigaku, Japonsko) na UOCHB

AV CR, v. v. i. a na synchrotronu Bessy II electron storage ring (Helmholtz Zentrum,

Némecko).
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4.2 Metody
4.2.1 Priprava rekombinantniho katepsinu K

Gen kodujici zymogen lidského KatK byl z plazmidu pUCS57 do expresniho vektoru
pPICZoA za vyuziti dvou restrikénich mist (Xhol restrikéni misto na 5' konci
a Notl pro 3' konec). Expresni vektor byl linearizovan restrik¢ni endonukledzou Sac I a poté
transformovan elektroporaci do kvasinky Pichia pastoris (kmen X-33). Pozitivni selekce
klonii, byla provedena na sadé¢ agarovych ploten, s obsahem 50 pg/ml a 100 pg /ml
antibiotika Zeocin. Selekce klonli s nejvyssi expresi rekombinantniho proteinu do media
byla provedena inokulaci 10 kolonii do 10 ml YPD media a kultivaci ptes noc pti 30 °C.
Poté byly buiiky centrifugovany (500 g, 10 min) a resuspendovany do 50 ml indukéniho
BMM media. Indukce exprese byla provadéna kazdy den pfiddnim metanolu do finalni
koncentrace 2 %, exprese probihala jeden tyden a z kazdého dne exprese byl odebran vzorek
media. Odebrané medium bylo analyzovano pomoci SDS-PAGE a kinetickym méfenim
proteolytické aktivity na pfitomnost KatK. Identifikovéan byl klon s nejvyssi expresi KatK a
optimalni délka exprese (72 h). Identita rekombinantniho KatK byla ovéfena N-koncovym
sekvenovanim a mapovanim peptidovych fragmenti hmotnostni spektrometrii. Obdobnym
zpusobem byla nasledn¢ provedena velkoobjemova produkce rekombinantniho KatK

s vytéZkem piiblizné 5 mg KatK na 1 1 expresniho média.

Expresni medium bylo zfiltrovano, lyofilizovano a rozpusténo v 20 mM acetatovém
pufru, pH 5,5 (na 10 % ptivodniho objemu). Nasledné byla provedena gelova filtrace na
koloné Sephadex G-25 (500 ml) ekvilibrované stejnym pufrem. Purifikacni krok KatK byl
proveden za vyuZiti ionexové chromatografie na koloné¢ Mono S 5/50 GL (GE Healthcare
Life) ekvilibrované¢ 50 mM acetatovym pufrem, pH 5,5. Eluce byla provedena linearnim
gradientem 2 M NaCl. Frakce obsahujici zymogenni formu KatK byly spojeny,
zakoncentrovany na koncentratoru Amicon Ultracel-10K (Millipore) a skladovéany pti -80
°C. Konverze zymogenu na maturni formu KatK byla provedena autoaktivaci v
prostiedi 100 mM acetatového pufru; 150 mM NaCl, pH 4 po dobu 1 h. Proces autoaktivace

byl monitorovan pomoci SDS-PAGE a kinetickym métenim proteolytické aktivity.

4.2.2 Biochemické metody

V disertacni praci byly pouzity nasledujici hlavni biochemické metody: elektroforeticka
separace proteini pomoci SDS-PAGE, detekce KatK na polyvinyldifluoridové membrané

metodou western blot pomoci specifickych monoklonalnich protilatek, analyza N-koncové
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sekvence proteinii modifikovanou metodou Edmanova odbouravani s naslednou RP-HPLC
separaci, stanoveni koncentrace proteinu, peptidovych substratii a inhibitorti

aminokyselinovou analyzou.

4.2.3 Enzymologické metody

V disertacni praci byly pouzity nasledujici enzymologické metody: méfeni aktivity KatK
pomoci fluorogenniho peptidového substratu Cbz-Gly-Pro-Arg-AMC na fluorescencni
¢teCce (Tecan). Stanoveni kinetickych parametri pro substrat (Km) a pro inhibitory
(ICs0, Ki, kon, kofr). Kinetické parametry byly ziskany nelinedrni regresi v programech GraFit
¢i GraphPad. Koncentrace aktivniho KatK byla stanovena metodou titrace aktivniho mista

(Horn et al. 2009) ireverzibilnim inhibitorem E-64 (Barrett et al. 1982).

4.2.4 Metody rentgenové krystalografické analyzy

Komplexy KatK s inhibitory byly pro krystalizaéni pokusy pfipraveny nésledujicim
zpusobem: purifikovany KatK byl inkubovidn snejméné péti molarnim nadbytkem
prislusného inhibitoru v prostfedi 100 mM acetatového pufru; 2,5 mM DTT; 300 mM NacCl;
1 mM EDTA; pH 4 po dobu 3 h pii 4 °C. Z diivodi mozné oxidace thiolové skupiny
katalytického cysteinu KatK byla inhibi¢ni reakce provedena za redukénich podminek
(2,5 mM DTT) a v inertni atmosféfe argonu. Ziskané komplexy enzym-inhibitor byly
nasledné a pfevedeny do pufru o sloZeni: 20 mM acetatovy pufr; 2,5 mM DTT; 300 mM
NaCl, pH4 a zakoncentrovany na 2,5-6,0 mg/ml na koncentratoru Amicon Ultracel-10K
(Millipore). Primarni krystalizaéni podminky byly uréeny metodou sedici kapky v 96
jamkové desti¢ce s vyuzitim sady komercnich krystaliza¢nich roztokl a automatizovaného
nanaSeciho systému Oryx (DouglasIlnstruments). Primarni krystalizacni podminky byly
nasledné optimalizovany metodou visici kapky, kterd poskytla krystaly pro rentgenovou

strukturni analyzu.

Difrak¢ni data byla sbirana na synchrotronu BESSY II (Helmholtz Zentrum,
Némecko) a na rentgenové difrakéni staniciMicroMax-007 HF Microfocus (Rigaku).
Difrak¢ni data byla procesovana programem XDSGUI (Kabsch 2010) a pro vyteSeni 3D
struktury komplexii byly pouzity programy z balicku CCP4 (Winn et al. 2011). Knihovna
geometrickych a sterickych charakteristik pro ligandy byla konstruovana programem
AceDRG (Long et al. 2017). VyfeSené 3D struktury komplext byly graficky editovany

a prezentovany s vyuzitim programu PyMol (DeLano 2002). Analyza vazebného modu

39



inhibitort a charakterizace interagujicich zbytkii enzymu byla provedena programy

CONTACT a PLIP (Winn et al. 2011; Salentin et al. 2015).
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5. Vysledky

5.1 Prehled vystupi dizerta¢ni prace

Publikace ¢. 1

1,2,4-Thiadiazole acyclic nucleoside phosphonates as inhibitors of cysteine dependent
enzymes cathepsin K and GSK-3p

Pomeislova A., Otmar M., RubeSova P., BenySek J., Matousova M., Mertlikova-Kaiserova
H., Pohl R., Postova Slavétinska L., Pomeisl K., Kre¢merova M., (2021) Bioorganic and
Medicinal Chemistry, 32, 115998, DOI: 10.1016/j.bmc.2021.115998

Predmétem publikace je organicka syntéza a biochemické aktivita novych sloucenin

s reaktivni 1,2,4-thiadiazolovou skupinou zahrnujici inhibici enzymové aktivity KatK.

Muj podil na publikaci spocival v pfipravé a optimalizaci inhibi¢niho testu pro KatK,
uréeni inhibi¢niho parametru ICso pro sadu derivati obsahujicich 1,2,4-thiadiazolovou

skupinu a interpretaci strukturné-funkcénich vztaht.

Publikace ¢. 2

An Activity-Based Probe for Cathepsin K Imaging with Excellent Potency and
Selectivity

Lemke C., BenySek J., Brajtenbach D., Breuer Ch., Jilkova A., Horn M., Busa M.,
Ulrychova L., Illies A., Kubatzky K. F., Bartz U., Mare§ M., Giitschow M. (2021) Journal
of Medicinal Chemistry, 64, 13793—13806. DOI: org/10.1021/acs.jmedchem.1c01178

Publikace popisuje ptipravu unikéatnich fluorescencnich inhibi¢nich sond na bazi
peptidomimetickych vinyl ketonti, umoziujicich selektivni znaceni KatK. Analyzovan byl
strukturni mechanismus interakce sond a vztah mezi jejich strukturou a biochemickou
aktivitou. Funkéni vlastnosti sond byly testovany in vitro a na bun&tné linii lidského
osteosarkomu. Publikace pfinasi nové poznatky pro vyvoj molekularnich sond detekujicich

KatK a jejich biomedicinskou aplikaci.

M1 podil na publikaci spocival v piipravé komplexit KaK s inhibi¢nimi sondami,
jejich krystalizaci a feSeni 3D struktur rentgenostrukturni analyzou. Dale jsem analyzoval
vazebny mod sond a strukturné funkcéni vztahy a podilel se na pfipravé manuskriptu

a grafické prezentaci dat.
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Publikace ¢. 3

Highly potent inhibitors of cathepsin K with a differently positioned cyanohydrazide
warhead: structural analysis of binding mode to mature and zymogen-like enzymes
BenySek J., Busa M., Rubesova P., Fanfrlik J., Lepsik M., Brynda J., Matouskova Z., Bartz
U., Horn M., Giitschow M., Mares M. (2022) Journal of Enzyme Inhibition and Medicinal
Chemistry (accepted a momentaln¢ v tisku). DOI:10.1080/14756366.2021.2024527

Publikace se zabyva strukturni analyzou interakce KatK se dvéma odliSnymi typy
vysoce ufinnych a  selektivnich  peptidomimetickych inhibitori s reaktivni
cyanohydrazidovou skupinou. Poprvé byla studovédna inhibice KatK na dvou riznych
urovnich. Jednak aktivniho maturniho enzymu a jednak aktiva¢niho intermediatu, ze kterého
vznikd maturni enzym. Za vyuziti rentgenostrukturni analyzy, enzymovych kinetik
a vypocetnich metod byl popsan vazebny mod téchto inhibitorti a objasnén vyjimecny
inhibi¢ni potencial, ktery z nich ¢ini jedny z nejucinnéjSich, dosud zndmych inhibitorii

KatK.

Mt podil na publikaci zahrnoval ptipravu komplexii KatK s inhibitory, jejich
krystalizaci a feSeni 3D struktur rentgenostrukturni analyzou. Déle jsem analyzoval vazebny
mdd inhibitort, jejich biochemické funkcni vlastnosti a strukturné funkéni vztahy. Jako

prvni autor jsem se vypracoval manuskript a grafickou prezentaci dat.

5.2 Priprava rekombinantniho katepsinu K

Rekombinantni lidsky KatK byl pfipraven pomoci expresniho systému v kvasinkach
P. pastoris a izolovan s vyuZitim ionexové chromatografie s vytéZkem piiblizné¢ 5 mg/l
expresniho média. Rekombinantni protein byl vizualizovan pomoci SDS-PAGE (Obr. 21,
dradha A, str. 43), kde je patrny pas proteinu ve form¢ zymogenu (37 kDa). Byl
optimalizovan proces autoaktivace v kyselém prostiedi; pii pH 4 je béhem 45 min neaktivni
zymogen autokatalytickou proteolyzou konvertovan na svoji aktivni maturni formu
(23,5 kDa) a soucasné lze pozorovat odStépeny propeptid (11 kDa) (Obr. 21, dréha B,
str. 43). Dale byla provedena vizualizace metodou Western blot s pouzitim mysi
monoklonalni protilatky rozpoznéavajici maturni formu KatK (Obr. 21, drdha C, str. 43).
Detaily ptipravy preparatu rekombinantniho KatK pouzitého pro dalsi experimentalni praci

jsou podrobné uvedeny v ptilozené autorské publikaci €. 3 (sekce materidl a metody).
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Obrazek 21: Piiprava rekombinantniho katepsinu K. Drdaha A znazornuje separaci purifikovaného produktu
rekombinantni exprese pomoci SDS-PAGE, kterym je zymogen KatK (37 kDa). V draze B je vysledek kyselé
autoaktivace zymogenu, kdy vznika maturni forma KatK (23,5 kDa) odstépenim propeptidové casti (11 kDa).
V draze C je k vizualizaci autoaktivacni smesi pouzita mysi monoklonalni protilatka rozpoznavajici maturni

formu KatK.

5.3 Interakce katepsinu K s 1,2,4-thiadiazolovymi inhibitory

V této kapitole jsou prezentovany vysledky autora, které jsou soucasti publikace €. 1, ktera
jako prvni popisuje inhibi¢ni vlastnosti sloucenin s 1,2,4-thiadiazolovym heterocyklem vici

lidskému KatK.

5.3.1 Inhibi¢ni vlastnosti sloucenin s 1,2,4-thiadiazolovym cyklem

V publikaci ¢. 1 byla poprvé popsana inhibi¢ni schopnost latek obsahujicich
1,2,4-thiadiazolovou skupinu viici lidskému KatK. Navrzeny mechanismus inhibice spoc¢iva
v nukleofilnim ataku thiolové skupiny katalytického cysteinu KatK na reaktivni
heterocyklus inhibitoru. Nésleduje otevieni thiadiazolového kruhu a tvorba kovalentniho
a ireverzibilniho disulfidického aduktu podobné jak bylo postulovano pro jiné cysteinové

katepsiny (Vega-Teijido et al. 2014) (Obr. 22, str. 44).
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Obrazek 22: Mechanismus inhibice katepsinu K thiadiazolovymi derivity. Thiolova skupina katalytického
cysteinu KatK tvori kovalentni ireverzibilni adukt s reaktivni thiadiazolovou skupinou inhibitoru. Otevienim
thiadiazolového kruhu vznika disulfidové spojeni mezi inhibitorem a enzymem tzv. , thiol trapping*

mechanismem.

Z vybrané sady 21 slouc€enin (Tab. 1, str. 46) bylo v primdrnim optimalizovaném
kinetickém inhibi¢nim testu s KatK a fluorogennim substratem identifikovano Sest slou¢enin
(oznaceny Cerven¢) s potencidlem inhibice pod hranici 50 % zbytkové enzymatické aktivity.
Tyto derivaty vykazovaly hodnotu ICso v mikromolarnich koncentracich. Ze strukturniho
hlediska se daji rozdélit na 3 strukturni podtypy: a) Nesubstituovand sloucenina
5-amino-1,2,4-thiadiazol-3(2H)-on s kdédovym oznacenim 1 (ICso = 6,34 £ 0,63 puM)
b) Substituované¢  slouceniny na dusiku N5 dimethylaminomethylenem 10a
(ICso = 2,63 £ 0,31 uM), 10b (ICso = 10,08 = 0,95 uM) s rozdilnou polohou postranni
hydroxy-3-trityloxypropylové skupiny spolu s latkou 15 (ICso = 14,9 + 0,75 uM)
¢) Slouceniny s chranici skupinou na dusiku N5 a substituované na N2, zbytkem kyseliny
fosfonové a jejich derivati kodované 37 (ICso = 9,25 + 1,46) a 39 (ICso = 10,15 £ 1,48).

Vzorce Sesti nejlepsich thiadiazolovych derivatl jsou zndzornény na (Obr. 23, str. 45)

Obecné vztahy, vyvozené z inhibicni studie ukazuji, ze latky substituované v pozici
C2 derivatem kyseliny fosfonové (derivaty kdédovane 8, 32 a 37) jsou lepSimi inhibitory
oproti slouc¢enindm, které nejsou takto esterifikovany (9, 38 a 43). Dale plati, Ze substituce
v pozici C5 objemné;jsi chranici skupinou Fmoc (fluorenylmethoxykarbonyl) je pro inhibici
lepsi (37, 40 a 43) oproti méné objemné fenylové skupiné (38, 35 a 41). Veskeré strukturni

vzorce inhibitorl jsou k dispozici v pfilozené publikaci €. 1.
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Obrazek 23: Struktura thiadiazolovych derivdtii s nejvy$Sim inhibi¢nim potencidlem. Nesubstituovand
zakladni sloucenina 5-amino-1,2,4-thiadiazol-3(2H)-on (1), Substituované slouceniny na dusiku N5
a rozdilnou polohou postranni hydroxy-3-trityloxypropylové skupiny (10a, 10b a 15), Slouceniny s chranici
skupinou na N5 a substituci zbytkem kyseliny fosfonové a jejich derivati na N2 (37, 39).
Fmoc-fluorenylmethoxykarbonyl, Eoc-ethoxykarbonyl, OTr-trytyloxy.
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Tabulka 1: Inhibice  aktivity  lidského  KatK sadou sloucenin se  substituovanou
1,2,4-thiadiazolovou skupinou pii 10 uM koncentraci inhibitorii. Inhibice je vyjadiend relativni zbytkovou
aktivitou (%) oproti neinhibované kontrole (100 %). Inhibitory jsou serfazeny v poradi od nejucinnéjsich
s nejvyssim inhibicnim potencialem. Aktivita KatK byla mérena pomoci peptidového fluorogenniho substratu

Cbz-Gly-Pro-Arg-AMC.

ommateni _ZbVtkovi
derivati aktivita (%)

10a 53+1,5
1 169+1,0
10b 28,3+1,7
37 34,1 +24
15 342 +3,0
39 39,1 £1,0
7 52,9+3,8
6 67,0+£5,8
40 67,0 £ 0,6
14a 76,6 + 3,8
8 783 +2,6
32 80,6 +5,0
36 83,4 +8,6
14b 85,0+ 3,5
43 85,5+53
33 86,8 +2,7
9 90,0 + 3,5
38 90,3 £6,0
41 92,3+45
35 929 +2.38
42 97,5+2.8

5.4 Interakce katepsinu K s vinylketonovymi inhibitory

V této kapitole jsou prezentovany vysledky autora, které jsou soucasti publikace €. 2, ktera
popisuje piipravu, vazebny modd a pouziti fluorescencnich inhibicnich sond na bazi

peptidomimetickych vinyl ketonti:

5.4.1 Selektivita vinylketonovych inhibitori katepsinu K

Navrzeny a syntetizovany byly dva peptidomimetické vinylketonové inhibitory na bazi
Michaelovych akceptorii a ze struktury téchto latek byly piipojenim dvou typu

fluorescencnich znacek odvozeny inhibi¢ni sondy klasifikované jako ABP (,,activity-based
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probes®). Vzorce inhibitord a sond jsou uvedeny v publikacni ptiloze (publikace €. 2,
str. 109). Na zdklad¢ in vitro testovani inhibi¢ni aktivity proti ctyfem modelovym lidskym
katepsinim byly vybrany slouceniny 21 a 25 (Tab. 2, str. 48) pro naslednou
rentgenostrukturni analyzu a identifikaci vazebného modu. Z (Tab. 2, str. 48) je patrné, Ze
prekurzorova sloucenina 21 vykazuje dostate¢nou selektivitu viici KatK. Katepsin S je
inhibovan 36x niz8i rychlostni inhibi¢ni konstantou druhého fadu (Kinac/K;) oproti KatK
a inhibice katepsinu L a B je velmi nizkd. Zavedenim fluorescen¢ni znacky do struktury 21
v podobé pigmentu cyaninu 5 (A = 600 nm) byla odvozena fluorescen¢ni sonda 25
(Obr. 24, str. 47). Sonda 25 vykazovala ve funkénich testech jesté vyssi inhibici KatK nez

jeji prekurzor 21 pti zachovani obdobné selektivity.

21

Obrazek 24: Struktury vinylketonovych inhibitorii katepsinu K. Prekurzorova latka s oznacenim 21 je
selektivim inhibitorem KatK a latka s oznacenim 25 je fluorescencné znacend sonda z ni odvozena. Oba ligandy
maji v Pl pozici dibenzylaminovou skupinu nasledovanou reaktivni vinylketonovou skupinou v P1 pozici
(vyznacena modre). Hvézdickou je oznacen atom uhliku tvorici kovalentni vazbu s atomem siry katalytického
cysteinu enzymu. Prekurzorova latka 21 obsahuje v P3 pozici chranici tert-butyloxykarbonylovou skupinu,

zatimco sonda 25 obsahuje v tomto misté fluorofor cyanin 5.
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Tabulka 2: Inhibice lidskych modelovych katepsinii vinylketonovymi inhibitory. Z prekurzorového inhibitoru
21 byla odvozena fluorescencné znacend inhibicni sonda 25. Inhibice je vyjadrena pomoci rychlostni inhibicni

konstanty druhého radu a relativnich zbytkovych aktivit enzymu.

Kinac/Ki (M's1)? a zbytkova aktivita enzymu (%)°

Latka
katepsin K katepsin S katepsin L katepsin B
21 10 600 M!s™! 291 Mls! 83% 91%
25 35300 M1s! 505 Mls! 89% 96%

@ pychlostni inhibicni konstanta druhého vadu odpovida poméru rychlostni konstanty inaktivace Kkinact
a inhibicni konstanty K;. ®Relativni hodnota zbytkové enzymové aktivity p#i koncentraci inhibitoru 2,5 uM

(neinhibovana kontrola odpovida 100 %).

5.4.2 Krystalograficki analyza komplexi vinylketonoych inhibitori a urceni

vazebného médu

Studovany byly dva vinylketonové inhibitory: prekurzorova sloucenina 21 s chranici
skupinou tert-butyloxykarbonylem v pozici P3 a odvozena fluorescen¢né znacena sonda 25
se substituci fluoroforem cyaninem 5 v pozici P3 (Obr. 25B, str. 50). Oba inhibi¢ni ligandy
byly vykrystalizovany v komplexu s rekombinantné pfipravenou maturni formou lidského
KatK (komplexy KatK-21 a KatK-25). Optimalizaci podminek byly ziskdny krystaly
s ortorombickou symetrii a prostorovou grupou P22;2;. Difrakéni data byla zpracovana
programem XDSGUI a pro vyfeSeni 3D struktury komplext byly pouzity programy
z balicku CCP4 metodou molekularniho nahrazeni. Findlni struktury jsou deponované
v databazi PDB s piistupovymi kédy 7NXL pro strukturu KatK-21 v rozliseni 1,80 A
a 7NXM pro komplex KatK-25 srozlisenim 1,72 A. Vyfesené 3D struktury obsahovaly
maturni formu KatK o 215 aminokyselinovych zbytcich (¢islovany dle maturni formy Alal
az Met215) s aminokyselinou argininem (Arg0) na N-konci polyleptidového fetézce navic,

ktera pochazi z propeptidové ¢asti enzymu.

Analyza vazebného modu inhibitord a charakterizace interagujicich postrannich
zbytkli enzymu s ligandem byla provedena programy CONTACT a online programem PLIP.
Krystalografickd analyza komplext prokazala kovalentni typ vazby mezi katalytickym
Cys25 a B-atomem karbonylu reaktivni skupiny ligandu (Obr. 25B, str. 50), coz je v souladu

s reakénim mechanismem na principu Michaelovy nukleofilni adice.
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S vyjimkou nizké hodnoty hustoty elektronové mapy pro oblast fluoroforu cyaninu 5
u sondy 25, spojeného zbytkem kyseliny valerové, byly vSechny ostatni strukturni elementy
obou inhibitorti jasn¢ zietelné (Obr. 25B, str. 57). Z tohoto divodu nebyl fluorofor
modelovan ve finalni 3D struktufe a soucasné toto zjisténi nasvédcuje zvysenou flexibilitu

této ¢asti s orientaci ven z aktivniho mista.
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Obrazek 25: Superpozice vinylketonovych ligandit 21 a 25 v aktivnim misté katepsinu K. A) Leva cast
obrazku znazornuje KatK ve stuzkovém modelu s transparentnim povrchem. Inhibicni ligandy jsou
v tycinkovém modelu, kdy uhlikové atomy prekurzoru 21 jsou znazornény tyrkysové a u fluorescencni sondy 25
purpurové. Heteroatomy jsou vyznaceny ve standartnim barevném kodovani (O: cervend, N: modra, S: Zlutad).
Soucdasti sondy 25 je fluorofor cyanin 5; mapa elektronovych hustot v této casti vykazovala snizenou kvalitu,
tudiz tento segment nebyl modelovan (jeho pozice je vyznacena pomoci ,tag*“). Ligandy jsou navdzdany
v orientaci jako u substratu enzymu a vypliuji vazebna podmista S3 az S1'. Povrchy téchto podmist jsou
barevné odliseny (katalytické zbytky enzymu Cys25 a Hisl162 jsou barveny rizoveé). B) Strukturni vzorce
inhibicnich ligandii (ve vazané formé na katalyticky Cys25) a findlni rozliseni krystalografickych struktur (4)

s mapou elektronovych hustot ligandu 2F ,-F. konturovanych na 1 o.
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Aktivni misto KatK obsahuje katalytickou dyadu Cys25 a His162 s pomocnou
aminokyselinou Asp182. Oba inhibi¢ni ligandy se vazou do aktivniho mista v orientaci
analogické jako u substratu a vypliuji jeho vazebna podmista S3 az S1” (Obr. 25A, str. 50).
Dibenzylaminova skupina ligandu v pozici P1” je umisténa obecné v podmisté S1°, nicméné
jeden z benzylovych kruhli je namifen opaénym smérem do podmista S2°. Stabilizaci
ligandli v aktivnim misté enzymu zprostiedkovava sit’ vodikovych mustkli tvofena mezi
kostrou ligandu a postrannimi fetézci aminokyselin v aktivnim misté enzymu
(Obr. 26A str. 52). Hlavni interakce jsou nasledujici: zbytek Glul9 ma kli¢ovou ulohu pii
stabilizaci meziproduktu enzymové katalyzy prostiednictvim tzv. oxyaniontové jamy
auobou ligandi tvoii vodikovy mustek s atomem kysliku reaktivni skupiny, kterd je
v sousedstvi s dibenzylaminovou skupinou ligandu. Zbytek Asp161 vstupuje do vodikového
mustku atomem kysliku z karbonylu peptidové vazby a tvoii jej s amidickym dusikem
ligandu v oblasti pozice P1. Zbytek Gly66 piispiva k vodikovym miuistkim na jedné strané
svym atomem dusiku a tvofi interakci s kyslikem karbonylové skupiny leucinu v pozici P2
ligandu a zaroven tvoii interakci s atomem kysliku karbamatu chranici skupiny (oznacen
hvézdickou -NH-(C=0)-0*-) na prekurzoru 21 v pozici P3. Gly66 je schopen tvofit 1 dalsi
vodikovy mistek svym atomem kysliku s dusikovym atomem karbamatu
(-N*H-(C=0)-0-) vpozici P3. V celkové bilanci Gly66 tvori tfi vodikové mistky

s prekurzorem 21 a dva vodikové mustky se sondou 25.

Analyza interakci obou ligandii s KatK prokazala dale i pritomnost hydrofobnich
interakci (Obr. 26B, str. 59) které ptredstavuji dalsi typ nekovalentni interakce. Ty jsou
definovéany jako interakce nepolarnich postrannich fetézct vedlejSich aminokyselinovych
zbytkil enzymu s nepolarnimi atomy ligandu do vzdalenosti 4,1 A. Ucastni se jich celkem
osm zbytkl z aktivniho mista KatK. VeSkeré interakce ligandii 21 a 25 s KatK jsou shrnuty
auvedeny v piehledné (Tab. 3, str. 53)
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Obrazek 26: Sit’ interakci tvorenych mezi vinylketonovymi ligandy 21 a 25 a katepsinem K. Ligandy
v superpozici jsou v tycinkovém modelu a barevné kodovani je analogické viz (Obr. 25, str. 50.)
A) Prerusovanou carou jsou zndzorneny vodikové miistky mezi ligandem a aminokyselinovymi zbytky
v aktivnim miste KatK (tycinkovy model je barven Sedé se standardnim barevnym kodovanim pro heteroatomy).
B) Hydrofobni interakce mezi ligandem a aminokyselinovymi zbytky v aktivnim misté KatK. Povrchovy model

enzymu je barven Sedé a interagujici zbytky jsou oznaceny Zluté.
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Tabulka 3: Souhrn vSech kontaktu tvoienych mezi aminokyselinovymi zbytky KatK a vinylketonovymi
ligandy 21 a 25. Analyza interakci byla provedena v programu CONTACT. Struktury ligandit byly rozdeéleny
na jednotlivé pozice s oznacenim P3 az P1’; pro kazdou pozici jsou uvedeny prislusné kontaktni zbytky enzymu.
Parametr s oznacenim C predstavuje soucet vsech kontaktii daného zbytku enzymu s ligandem (vietné
vodikovych miistkii). Pocet vodikovych mustkii udava parametr Hb (zbytky enzymu, které tvori vodikové miistky,

Jjsou uvedeny tucné). Pro urceni kontaktii byly nastaveny vzddlenosti do 4,1 A a pro vodikové miistky vzdalenosti

do 3,3 4 (HD).
P2
O ¥ S [0}
P3 L e
R)ku N N
o P1
Pozice Prekurzorova latka 21 Fluorescencni sonda 25
Aminokyselina Cc Hb Aminokyselina C Hb
GIn 19 6 1 GIn19 5 1
Gly 20 1 Gly 20 1
Gln 21 1 GIn 21 2
Cys 22 8 Cys 22 10
Gly 23 4 Gly 23 7
P1" Cys 25 4 Cys 25 3
Ala 137 4 Ala 137 5
Ser 138 4 Ser 138 3
GIn 143 2 GIn 143 2
Asn 161 3 Asn161 6
His162 8 His162 4
Trp 184 4 Trp 184 3
GIn19 1 GIn 19 1
Gly 23 6 Gly 23 6
P1 Cys 25 6 Cys 25 7
Asn 161 4 1 Asn 161 4 1
His 162 1 His 162 1
Gly23 1 Gly23 1
Cys25 2 Cys25 3
Trp 26 4 Trp 26 4
Gly 65 3 Gly 65 3
Gly 66 12 2 Gly 66 13 2
P2 Tyr 67 1
Met 68 2 Met 68 2
Ala 134 2 Ala 134 2
Leu 160 3 Leu 160 3
Asn 161 5 Asn 161 4
His 162 1 His 162 1
Ala 163 1 Ala 163 1
Leu 209 1 Leu 209 1
Asp 61 2
Gly 64 2
P3 Gly 65 5
Gly 66 7 1 Gly 66 4
Tyr 67 2 Tyr 67 3
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5.5 Interakce katepsinu K s cyanohydrazidovymi inhibitory

V této kapitole jsou prezentovany vysledky autora, které jsou soucasti publikace €. 3, ktera
popisuje strukturni analyzu interakci KatK se dvéma vzijemné odliSnymi chemotypy
peptidomimetickych inhibitorti s reaktivni cyanohydrazidovou skupinou. Poprvé zde byla
studovana inhibice KatK u pln¢ aktivni maturni formy enzymu a soucasné¢ 1 u jeho

aktivaéniho intermediatu.

5.5.1 Cyanohydrazidy jako ucinné a selektivni inhibitory aktivity KatK a procesu

aktivace zymogenu KatK

Cyanohydrazidové inhibitory maji své chemické oznaceni podle spolecného segmentu
struktury, ktery nese reaktivni skupinu, a patii obecné mezi latky s trividlnim oznacenim
azanitrily. Tato kapitola se zabyva dvéma konkrétnimi chemotypy cyanohydrazidovych
peptidomimetik, které jsou nazyvany azadipeptidové nitrily a 3-cyano-3-aza-B-
aminokyseliny (Obr. 27, str.55). Predstavuji novy typ kovalentnich reverzibilnich
inhibitorti, které maji vysokou ucinnost a selektivitu a vykazuji dobré farmakologické
vlastnosti (Loser et al. 2008; Frizler et al. 2011; Schmitz et al. 2014; Chingle et al.2017).
Pro tuto studii byli vybrani zastupci obou chemotypli cyanohydrazidi, které maji rozdilnou
polohou reaktivni skupiny. Derivat Giil303 je azadipeptidovy nitril s termindlni
cyanohydrazidovou skupinou (Frizler et al. 2011) a derivat Gii2602 nalezici mezi 3-cyano-
3-aza-f-aminokyseliny ma reaktivni skupinu umisténou v molekule centralné

(Schmitz et al. 2014).
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Obrazek 27: Peptidomimetické inhibitory s cyanohydrazidovou reaktivni skupinou. Inhibitor Giil303 patri
mezi azadipeptidové nitrily a Gii2602 mezi 3-cyano-3-aza-f-aminokyseliny. Modre je zabarvenad reaktivni
cyanohydrazidova skupina a hvézdickou je vyznacen atom uhliku tvorici kovalentni isothiosemikarbazidovy
adukt s atomem siry katalytického cysteinu KatK. Pozice reaktivni skupiny je u Giil303 v terminalni poloze,

zatimco u Gii2602 v centralni ¢asti molekuly.

Kinetickd inhibi¢ni méfeni s fluorogennim substratem (Cbz-Gly-Pro-Arg-AMC)
a maturni formou KatK (v této kapitole bude oznatovana mKatK) prokazala vyjime¢nou
inhibi¢ni G¢innost studovanych cyanohydrazidovych inhibitord. Pro Gii1l303 byla uréena
hodnotou inhibi¢ni konstanty K; = 0,91 nM a tém¢éft o dva fady nizs$i hodnotu K; = 0,013 nM
mél Gii2602, coz zné¢j Cini jeden znejsilngjSich doposud zndmych inhibitord KatK
(Tab. ¢. 4, str. 55). Dale analyza kinetickych dat ukézala, ze v ptipad¢ Giil303 je patrna
casova zavislost typicka pro tzv. pomalu vazajici inhibitory (“slow-binding”) s asociaéni
rychlostni konstantou kon = 527-10° M's™!, zatimco v ptipadé Gii2602 se jedna o rychle

vazajici inhibitor (“fast-binding”), kde hodnotu kon nelze z principu stanovit.

Tabulka 4: Inhibice aktivity maturniho KatK (mKatK) pomoci cyanohydrazidit Gii2602 a Giil303. Inhibice
byla méerena v aktivitnim testu s fluorogennim substratem Cbz-Gly-Pro-Arg-AMC pri pH 5,5 a hodnoty
kinetickych parametrii byly urceny z grafit generovanych programem GraFit. Technické detaily jsou uvedeny

v priloZené autorské publikaci ¢. 2. n.d. — hodnotu parametru nelze stanovit.

Inhibice mKatK
Inhibitor K Kon Kot
(nM) (10°M's™h (103 s
Gii2602 0,013 £ 0,008 n.d. n.d.
Giil303 0,91 £0,04 527+ 8 0,480 + 0,028
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Utinnost inhibitori Gii2602 a Giil303 pii interakci s KatK byla dile testovana
na bunéném modelu pomoci kultury bunék lidského osteosarkomu (linie U-2 OS), které
KatK exprimuji. KatK byl monitorovan s vyuzitim fluorescencné znacené aktivitni sondy 25
(z publikace ¢. 2), kterd se vaze do aktivniho mista KatK, a vizualizovan po separaci
na SDS-PAGE. Bylo prokazano, Zze oba cyanohydrazidové inhibitory jsou schopny
proniknout pies bunéénou membranu az do lysozomalniho/endozomélniho systému a cilené

se vazat do aktivniho mista KatK, ¢imz kompetuji se sondou 25 (Obr. 28B, str. 64).

Déle byl studovan vliv inhibitoru Gii2602 a Giil303 na proces autokatalytické
aktivace zymogenu KatK pii nizkém pH, pii kterém je generovan maturni KatK. Bylo
pozorovano, ze v pritomnosti cyanohydrazidovych inhibitori dochédzi k vyraznému
potlaceni procesu aktivace zymogenu oproti neinhibované kontrole, kterd za stejnych
podminek vedla k plné konverzi na maturni enzym (24 kDa) za soucasné¢ho oddéleni
propeptidové domény (10 kDa) (Obr. 28A, str. 57). V pribéhu autoaktivacéni reakce
cysteinovych katepsinil jsou oslabeny interakce mezi propeptidem a katalytickou doménou,
dochazi ke konformacni zmén€ propeptidu a postupnému odhaleni aktivniho mista
(McQueney et al. 1997; Pungercar et al. 2009). Lze predpokladat, ze za této situace dochazi
k efektivni interakci s reverzibilnim cyanohydrazidovym inhibitorem, ktery proces

autokatalytické konverze zpomali.
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Obrazek 28: Funkéni interakce inhibitorii Giil303 a Gii2602 s katepsinem K v buiikdach a pii aktivaci
zymogenu. A) Proenzym KatK (pKatK) byl inkubovan in vitro s inhibitory o findlni koncentraci 10 uM pri pH
4,0 a byla sledovana jeho autokatalyticka konverze na aktivni maturni formu (mKatK). V uvedenych casovych
intervalech byly odebrany vzorky reakcni smési, které byly separovany pomoci SDS-PAGE. V pritomnosti
inhibitoru dochazi k potlaceni procesu tvorby mKatK. B) Bunécnd linie osteosarkomu (U-2 OS) byla
inkubovana v pritomnosti inhibitori o finalni koncentraci 1 uM po dobu 3 hodin. Nasledné byly buiiky
inkubovany s fluorescencni sondou 25 rozpozndvajici aktivni misto KatK po dobu 24 hodin. Bunécny lyzat byl
separovan na SDS-PAGE a vizualizovan fluorescencné (leva cast) a barveni proteinu pomoci Coomassie
Brilliant Blue G (prava cast). Zhaseni fluorescencni sondy 25 je ditkazem kompetice s inhibitory o vazbu do

aktivniho mista KatK.

5.5.2 Krystalograficki analyza komplexii cyanohydrazidovych inhibitori

s katepsinem K

V ramci této studie byly pfipraveny komplexy inhibitord Giil303 a Gii2602 se dvéma
molekularnimi formami KatK. S maturnim enzymem mKatK a s aktivaénim meziproduktem
iKatK, ktery vznika béhem konverze zymogenu KatK na maturni formu enzymu. Pro feSeni
komplexti mKatK byla zvolena metoda molekularniho nahrazeni a v ptipad€ feSeni
komplexii iKatK byla pouzita kombinace molekularniho nahrazeni a automatizovaného

modelovani propeptidové domény pomoci programu Buccaneer.

mKatK  komplexy obsahovaly jednu molekulu v asymetrické jednotce
s ortorombickou symetrii krystalové miiZze a bodovou grupou P2:212. V ptipadé komplexu
mKatK-Gii1303 bylo dosaZeno finalniho rozligeni na 1,55 A a pro komplex mKatK-Gii2602

bylo po ofezu datasetu ponechano rozliseni na 2,00 A.

iKatK komplexy obsahovaly téz po jedné molekule v asymetrické jednotce,
s tetragondlni symetrii krystalové miize a bodovou grupou P43212. U komplexu
iKatK-Gii1303 bylo finalni rozliseni 1,90 A a pro komplex iKatK-Gii2602 bylo docileno
rozliseni 1,88 A.
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Kombinaci metod N-koncového sekvenovani a hmotnostni spektrometrie byly urceny
N- a C-konce polypeptidovych fetézcil tvoticich mKatK a iKatK. Molekula mKatK obsahuje
katalytickou doménu s polypeptidovym fetézcem Alal az Met215 (Cislovano podle
maturniho enzymu) s heterogenitou na N-konci, ktera je zptisobena prodlouzenim o dv¢ dalsi
aminokyseliny (Gly98p a Arg99p, pismeno p znaci cislovani propeptidu) zbylymi
z odstépeného propeptidu (Obr. 29, str. 59). Ve vyieSeném 3D modelu komplexu
mKatK-Gii2602 je v mapach elektronovych hustot patrna pouze cast Alal az Met215.
V piipadé komplexu mKatK-Giil1303 je viditelna i N-koncova extenze. Komplexy s iKatK
obsahovaly kromé¢ katalytické domény téz neuplny a nekovalentné vazany propeptidovy
fetézec GluSp az Ser83p. Katalytickd doména iKatK byla na N-konci prodlouzena
o zbytkovou ¢ast tfindcti aminokyselin z C-koncové Casti propeptidové domény a jeji
celkovy rozsah byl v rozmezi Ser87p az Met215 (Obr. 29, str. 59). Na zéklad¢ viditelnych
map elektronovych hustot byl modelovan u komplexu iKatK-Gii1303 polypeptidovy fetézec
rezidualniho propeptidu od Asp8p po GIn73p a fetézec katalytické domény od Pro2 po
Met215. Vysledny model iKatK-Gii2602 m¢l viditelny rezidudlni propeptid v rozsahu
Asp8p po Lys74p a katalytickou doménu Arg99p az Met215.
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Obrazek 29: Aminokyselinovd sekvence N-koncové oblasti maturniho katepsinu K a aktivacniho
meziproduktu. Zndzornéna je oblast sekvence KatK od N-konce propeptidové domény (zelené a Sede)
po prvnich 20 aminokyselin katalytické domény (Cerné). Cdsti propeptidu, které jsou viditelné ve findlnich
krystalografickych modelech jsou zelené, ostatni Sede. Pod sekvenci je uvedena lokalizace sekunddrnich
struktur (H: o-helix, E: B-struktura; odvozeno z 3D struktury mKatK a iKatK, chybéjici segmenty jsou
odvozeny ze struktury zymogenu KatK PDB: IBYS). Trojuhelnikové znacky uvedené nad sekvenci oznacuji
N- a C-konce (uvedeno v legendé) polypeptidovych retézcit urcené N-koncovym sekvenovanim a hmotnostni
spektrometrii. Zelenym kruhem jsou oznaceny aminokyseliny z rezidualniho propeptidu, které tvori kontakt
s inhibitorem Gii2602 v komplexu iKatK-Gii2602. Cerné lomené Sipky urcuji pozici N-konce u proenzymu

pKatK, katalytické domény aktivacniho meziproduktu iKatK a plné aktivované maturni formy mKatK.

5.5.3 Analyza vazebného médu cyanhydrazidovych inhibitori s maturni formou

katepsinu K

Rentgenostrukturni analyza komplexti cyanhydrazidovych inhibitord s mKatK prokazala
kovalentni vazbu inhibitord v aktivnim miste. Thiolova skupina katalytického Cys25 tvofi
s uhlikovym atomem inhibitoru (oznacen hvézdickou na Obr. 27, str. 55) reverzibilni
isothiosemikarbazidovy adukt ve vzdilenosti 1,8 A. Peptidomimetické inhibitory jsou
navazany v orientaci napodobujici substrat, kdy pozice P1 az P3 ve struktuie inhibitori
vyplituji odpovidajici vazebnd podmista S1 az S3 enzymu. Oba inhibitory interagu;ji
s aktivnim mistem enzymu pomoci sit¢ vodikovych mustkl a nepolarnich interakci, které

jsou shrnuty v (Tab. 5, str. 67). V nésledujicich kapitolach budou tyto interakce detailné
popsany.

59



5.5.3.1 Interakce Giil303 v aktivnim misté maturniho katepsinu K

Nepolarni interakce mezi Gii1303 a mKatK jsou uvedeny na (Obr. 30B, str. 62) Pozice P1
inhibitoru obsahuje azaalanin a pfestoze tvofi pocetné kontakty s okolnimi aminokyselinami
v S1 vazebném podmisté (Tab. 5, str. 67), zadna z té€chto interakci neni definovéana jako
striktné nepolarni. Pozice P2 obsahuje aminokyselinu fenylalanin, kterd tvofi interakce
s aminokyselinovymi zbytky (Tyr67, Alal34, Leul60, Alal63 a Leu209) ve vazebném
podmist¢ S2. Pozice P3 sterminalni skupinou benzyloxykarbonylu interaguje
s aminokyselinami (Asp61 a Tyr67) v S3 vazebném podmisté. 4-hydroxyfenylova skupina

Tyr67 dale utvaii stabilizacni n-wt interakci s fenylovym kruhem terminalni skupiny.

Inhibitor Giil1303 je v aktivnim mist¢ mKatK stabilizovan siti vodikovych mustkt
uvedenych na (Obr. 30B, str. 62). Atom dusiku z isothiosemikarbazidového aduktu (ktery
vznikl reakei nitrilové skupiny inhibitoru s thiolovou skupinou Cys25) interaguje vodikovou
vazbou s amidovou skupinou Cys25 a soucasné s amidovou skupinou z postranniho fetézce
GIn19. Dalsi vodikové mustky tvoti Gly66, ktery pfispiva jednak svou amidovou skupinou
k interakci s atomem kysliku karbonylu na zbytku fenylalaninu v pozici P2 inhibitoru
ajednak s atomem kysliku karbamatu terminalni skupiny (oznaen hvézdickou
-NH-(C=0)-0%*-) v pozici P3 inhibitoru. Atom kysliku karbonylu Gly66 jesté tvoti vodikovy
mustek s dusikovym atomem karbamatu (-N*H-(C=0)-O-) inhibitoru.

5.5.3.2 Interakce Gii2602 v aktivnim misté maturniho katepsinu K

Reaktivni cyanohydrazidovad skupina je u Gii2602 oproti inhibitoru Gii1l303 umisténa
v centralni ¢asti molekuly. Inhibitor Gii2602 byl navrzen tak, aby byl schopny cilit
1 na indexovana podmista (S1" a S2”) enzymu (Schmitz et al. 2014). Nepolarni interakce
mezi Gii2602 a mKatK jsou uvedeny na (Obr. 30B, str. 62). Pozice P1 inhibitoru obsahuje
segment N-benzyl-N-methylacetamidu, ktery interaguje s aminokyselinami (Gly23, Gly64
a Gly65) v podmisté S1. Mapy elektronovych hustot findlniho krystalografického modelu
ukazuji, ze benzylovy zbytek tohoto segmentu neni smérovan do pivodné zamyslenych
indexovanych podmist, ale je spiSe orientovana nad aktivni misto v oblasti S1 podmista
(Obr. 30A, str. 62). Tato skute¢nost bude podrobnéji komentovéana v nésledujici kapitole
(5.5.4). V pozici P2 inhibitoru se nachazi terminalni skupina Boc, kterd tvofi nepolarni

interakce se zbytky (Tyr67, Leul60 a Alal63) v podmisté S2.

I v ptipad¢ inhibitoru Gii2602 se pii vazbé do aktivniho mista vytvafi stabiliza¢ni sit’
vodikovych mustka (Obr. 30B, str. 62). Dusikovy atom aduktu interaguje s amidem
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na kostfe katalytického Cys25, amidem postranniho fetézce GInl9 a karbonylem na
kostte Gly23. Oproti Gii1303 nebyly v terminalni oblasti pozice P2 pozorovany vodikové
interakce s Gly66, ale vznikla interakce s kostrou zbytku Asnl61 tvofend amidickym

dusikem inhibitoru Gii2602.
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Obrazek 30: Vazebny mod cyanohydrazidovych inhibitorii v aktivnim misté maturniho katepsinu K.
A) Superpozice inhibitorii v aktivnim misté mKatK a vyrez s vyznacenymi pozicemi inhibitori Pl az P3
a odpovidajicimi podmisty enzymu S1 az S3. Maturni forma enzymu mKatK je zobrazena v transparentnim
povrchovém modelu (Sedé) a stuzkovéem modelu (hnéde). Katalytické misto enzymu ve vyrezu je oznaceno pro
zbytky Cys25 (Zluta) a His162 (rizova). Inhibitory jsou v tycinkovém modelu a jejich uhlikové atomy jsou
barevné odliseny tyrkysovou pro Giil303 a rizovou pro Gii2602. Heteroatomy maji standartni barevné
kbdovani (O: cervend, N: modra, S: zlutd). B) Levé panely s tycinkovymi modely zndzornuji sit' vodikovych
interakci (Carkované) mezi inhibitory (barevné znacent je stejné jako v sekci A) a aminokyselinovymi zbytky
mKatK (Sedé). Pravé panely popisuji nepolarni interakce mezi inhibitory a aktivnim mistem mKatK
v povrchové reprezentaci. Interagujici zbytky enzymu jsou oranzove, ostatni Sedé. Barevné jsou vyznaceny

katalytické zbytky jako v panelu A.
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5.5.3.3 Interakce Giil303 v aktivnim misté aktivacniho meziproduktu katepsinu K

Aktivaéni meziprodukt (iKatK) vznikl limitovanou autokatalytickou proteolyzou zymogenu
a obsahuje nekovalentné navazany rezidualni propeptid (Obr. 31A, str. 64) a podrobng&;ji
kapitola 5.5.2). V krystalovych strukturach komplexu iKatK s obéma cyanohydrazidovymi
inhibitory je patrné, Ze aktivni misto je ve struktufe iKatK oteviené pro vstup ligandu
s vyjimkou c¢astecné blokovanych indexovanych podmist (konkrétné S17). Interakce
inhibitoru Giil303 s iKatK jsou analogické s vyse popsanymi pro jeho komplex s maturni
formou enzymu (Tab. 5, str. 67) a nebyly nalezeny interakce s propeptidovym segmentem.
Superpozice findlnich modeli iKatK-Gii1303 a mKatK-Gii1l303 (Obr. 31B, str. 64)
prokazala témét identickou konformaci inhibitor v katalytickém centru enzymu
s odchylkou pouhych 0,19 A (RMSD). Pouze v P3 pozici je patrnd rozdilnd orientace
karbonylové skupiny a mirna odchylka terminalni skupiny, kterd mé za nésledek ztratu n-n

interakce se zbytkem Tyr67.

5.5.34 Interakce Gii2602 v aktivnim misté aktivaéniho meziproduktu katepsinu K

Inhibitor Gii2602 vytvaii v aktivnim misté iKatK analogické interakce jako v komplexu
s mKatK (Obr. 30B, str. 62). Nicméné superpozice finalnich modelt iKatK-Gii2602
a mKatK-Gii2602 (Obr. 31B, str. 64) ukazuje rozdilnou orientaci segmentu
N-benzyl-N-methylacetamidu v P1 pozici inhibitoru, ktery je nato¢eny smérem k propeptidu,
takze inhibitor vytvafi kontakty s propeptidovymi zbytky Val72p a GIn73p
(Obr. 31A, str. 64). Hodnota odchylky mezi konformacemi Gii2602 v komplexech s iKatK
a mKatK ¢inila z tohoto divodu 1,23 A (RMSD).
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Obrazek 31: Vazebny mod cyanohydrazidovych inhibitorii v aktivnim misté aktivaéniho meziproduktu
katepsinu K. A) Superpozice inhibitori v aktivnim misté iKatK a vyrez s vyznacenymi pozicemi inhibitorii
P1 az P3 a odpovidajicimi podmisty enzymu SI az S3. Katalyticka doména aktivacniho meziproduktu iKatK je
zobrazena v povrchovém modelu (Sedé) a asociovany rezidudlni propeptid je ve stuzkovéem modelu
s transparentnim povrchem (zelené). Katalytické misto enzymu ve vyrezu je oznaceno pro zbytky Cys25 (Zluta)
a Hisl62 (rizova). Gin73p a Val72p jsou zbytky propeptidu vytvarejici kontakty s inhibitorem Gii2602.
Inhibitory jsou zndzornény v tyc¢inkovém modelu a jejich uhlikove atomy jsou barevné odliseny tyrkysovou pro
Giil303 a ruzovou pro Gii2602; heteroatomy maji standartni barevné kodovani (O:cCervena, N: modra,
S: zluta). B) Leve panely s tycinkovymi modely znazornuji sit vodikovych interakci (Carkované) mezi inhibitory
v superpozici (Inhibitory z iKatK komplexii maji stejné barevné kédovani jako v sekci A a inhibitory z mKatK
komplexu maji uhlikové atomy cerné) a aminokyselinovymi zbytky mKatK (Sedé). Pravé panely popisuji
nepolarni interakce mezi inhibitory a aktivnim mistem mKatK v povrchové reprezentaci. Interagujici zbytky

enzymu jsou oranzoveé, ostatni Sedé. Barevné jsou vyznaceny katalytické zbytky jako v panelu A.
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5.5.4 Analyza konformacni flexibility inhibitora Gii2602 a Gii1303 v aktivnhim misté

Krystalografické mapy elektronovych hustot pouzit¢ pro feSeni inhibitord Giil303
a Gii2602 v aktivnim misté mKatK (a iKatK) byly obecné ve vysoké kvalité s vyjimkou
slabého signéalu pro benzylovou skupinu Gii2602 (Obr. 32A, str. 66). Proto byla dale
analyzovana distribuce krystalografickych B-faktort (teplotnich faktort). Jejich hodnoty
jsou obecné nizké, ale zvySuji se pro N-benzyl-N-methylacetamidovy segment v pozici P1
inhibitoru Gii2602 s nevyssimi hodnotami v jeho benzylové skupiné (Obr. 32A, str. 66).
To dokazuje zvySenou flexibilitu a dynamickou neuspotfddanost této krystalografické
konformace benzylové skupiny (viz konformace X na Obr. 32B, str. 66), kterd je umisténa

v oblasti podmista S1 a orientovana smérem ven z aktivniho mista.

Vzhledem k uvedené flexibilit¢ P1 pozice a skutecnosti, ze inhibitor Gii2602 byl
puvodné navrzen tak, aby jeho P1 skupina mohla potencialné interagovat s indexovanymi
podmisty enzymu (Schmitz et al. 2014), byly hledany diikazy pro dal$i mozné konformace.
Detailni inspekce krystalografickych map elektronovych hustot odhalila slaby signal, ktery
lze pfitadit druhé, alternativni konformaci P1 segmentu inhibitoru Gii2602
(viz konformace Y na Obr. 32B, str. 73). Zde je benzylova skupina namifena smérem do S2°
podmista enzymu. Pro dal$i analyzu této alternativni konformace byly pouZity pfistupy
vypocetni chemie, pomoci kterych byla generovdna sada energeticky vyhodnych poloh
benzylové skupiny a celého N-benzyl-N-methylacetamidového segmentu. Ty obecné patii
ke dvéma zakladnim typtim konformaci, které jsou orientovany jednak do neindexované

(podmisto S1), anebo indexované (podmisto S2°) oblasti aktivniho mista enzymu.
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Obrazek 32: Konformacni flexibilita cyanohydrazidovych inhibitorii Giil303 a Gii2602 v aktivnim centru
maurniho katepsinu K 4) Znazornény jsou inhibitory v tycinkovém modelu, které jsou kovalentné navazany
na katalyticky Cys25. Mapy elektronovych hustot (2F,-F) inhibitori byly konturovany na 1 o pro Giil303
a 1,5 o pro Gii2602. Inhibitory jsou vybarveny dle hodnot B-faktorii atomii v gradientu od modré (nizké
hodnoty) po cervenou (vysoké hodnoty). Nejvyssi hodnoty B-faktoru u benzylové skupiny Gii2602 indikuji
vysokou flexibilitu. B) Levy panel ukazuje krystalografické reSeni dvou konformaci N-benzyl-N-
methylacetamidového segmentu inhibitoru Gii2602. Pozorovana majoritni konformace X je rizove
a predikovand alternativni konformace Y je Sedé. Mapy 2F ,-F. jsou zobrazeny pro 1 o. Katalyticky Cys25 je
oranzoveé,; heteroatomy maji obvyklé barevné kodovani (O: cervend, N: modra a S: Zluta). Pravy panel ukazuje
sadu energeticky vyhodnych konformaci odvozenych z krystalografickych konformaci X a Y (levy panel), které
byly ziskany metodami vypocetni chemie (detaily viz autorska publikace ¢ 3). Barevné provedeni je totozné

s levym panelem.
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Tabulka 5: Souhrn vSech kontaktii tvorenych mezi aminokyselinovymi zbytky mKatK/iKatK
a cyanohydrazidovymi ligandy Giil303 a Gii2602. Analyza interakci byla provedena v programu CONTACT.
Struktury ligandit byly rozdéleny na jednotlivé pozice s oznacenim Pl az P3, pro kazdou pozici jsou uvedeny
prislusné kontaktni zbytky enzymu. Parametr s oznacenim C predstavuje soucet vSech kontaktii daného zbytku
enzymu s ligandem (vietné vodikovych muistkii). Pocet vodikovych muistkii udava parametr Hb (zbytky enzymu,
které tvori vodikové miistky, jsou uvedeny tucné). Pro urceni kontaktii byly pouZity vzddlenosti do 4,2 A a pro

vodikové miistky vzddlenosti do 3,3 A

Pozice | mKatK-Gii2602 | mKatK-Gii1303 iKatK-Gii2602 iKatK-Gii1303
C Hb C Hb C Hb C Hb
Val72p 10
Gln73p 2
GIn19 2 1 GIn19 3 1 GIn19 2 1 GIn19 3 1
Gly23 10 1 Gly23 10 Gly23 9 1 Gly23 10
Ser24 2 Ser24 3 Ser24 2 Ser24 3
P1 Cys25 13 1 Cys25 14 1 Cys25 13 1 Cys25 14 1
Trp26 2 Trp26 3 Trp26 1 Trp26 3
Cys63 1 Cys63 1
Gly64 7 Gly64 4
Gly65 2 Gly65 4
Asnl6l 10 1 Asnl6l 2 Asnl6l 6 1 Asnl6l 2
Hisl62 3 His162 2 His162 3 Hisl62 2
Cys25 1 Cys25 2 Cys25 2 Cys25 2
Gly6s 2 Gly65 6 Gly6s 2 Gly65 6
Gly66 5 Gly66 11 2 Gly66 5 Gly66 11 2
Tyr67 2 Tyr67 3 Tyr67 2 Tyr67 3
Met68 2 Met68 2
P2 Alal34 3 Alal34 3
Leul60 3 Leul60 4 Leul60 3 Leul60 4
Asnl6l 6 Asnl6él 9
His162 3 Hisl62 3
Alal63 1 Alal63 1 Alal63 1 Alal63 1
Leu209 2 Leu209 2
Glus9 3 Glus9 3
Asn60 3 Asn60 3
P3 Asp6l 5 Asp6l 5
Gly65 3 Gly65 3
Gly66 15 1 Gly66 15 1
Tyr67 11 Tyr67 11
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6. Diskuse

Disertacni prace se zabyva cysteinovou proteasou katepsinem K (KatK), ktery je cilovou
molekulou pro 1écbu nékolika patologii. Nejvice studované je spojeni KatK s osteopordzou,
dale s artritidou a v neposledni fad¢ s metastazemi do kostni tkan¢. Tato prace se soustiedi
na nové mechanismy regulace aktivity KatK pomoci proteasovych inhibitord, které

pfedstavuji potencialni chemoterapeutika.

V soucasné dob¢ (2021) neni na trhu zadné komercni 1éCivo a bazi cilené inhibice
KatK. Vyvoj n¢kolika inhibi¢nich preparati jako je odanacatib (Merck), balicatid (Novartis)
nebo ONO-5334 (Ono Pharmaceutical) byl ukoncen v II. nebo III. fazi klinickych studii
vzhledem k vedlejsim ucinkim jako jsou zvySené riziko cévni mozkové piihody,
kardiovaskularnich komplikaci nebo kozni defekty (Makras et al. 2015; Drake et al. 2017;
Lu et al. 2018). Dalsi inhibitory KatK zejména pro 1é¢bu osteopordzy jsou v soucasné dobe
ve vyvoji a testovani farmaceutickymi firmami (Qiu et al. 2016). Dle statistickych udaji
v Ceské republice osteopordzou trpi piiblizné 5 % obyvatel (Kanis et al. 2021) a postihuje
zejména zeny po menopauze. NejcastéjSim projevem tohoto onemocnéni je zlomenina krcku
stehenni kosti a vice jak 20 % nemocnych zemie nésledné na komplikace spojené s timto
urazem, nejcastéji v podob¢ zédpalu plic. Klinickd praxe je zaméfena na reZimova opatieni
a suplementaci, ktera spocivaji v podavani vapniku a vitaminu D. Dale v antiresorp¢ni 1écbé
pomoci piipravkll jako jsou estrogeny, modulator estrogenovych receptor Raloxifen,
bisfosfonaty nebo protilatka proti cytokinu RANKL Denosumab, ale u tohoto pfistupu je
také znama cela Skala vedlejsich ucinkt (Zhang et al. 2011; Tu et al. 2018).

Na piikladu vySe uvedenych vyvijenych 1éCiv na bazi inhibice KatK, u kterych byly
prokdzany vedlejsi ucinky, je patrnd komplexnost problému vyzadujici nové podrobnéjsi
informace o KatK. Jednim z dilezitych aspektl je otdazka selektivity inhibice enzymové
aktivity KatK. V proteomu je redundance cysteinovych proteas katepsinového typu a jejich
ucasti v bunéénych signalizac¢nich a regulacnich kaskadach, kdy dochézi k ¢astecnému
prekryvani a zastupitelnosti roli vzhledem k blizkému funkénimu profilu jednotlivych
pfibuznych enzymi. To klade zvySené naroky na uzké cileni inhibice. Proto je kladen diliraz
na vyvoj selektivnéjSich inhibitort KatK nebo dokonce na inhibici pouze nékterych funkci
KatK. Prikladem jsou studie zabyvajici se inhibici kolagenolytické aktivity KatK
blokovanym exo-mist bez ovlivnéni aktivity KatK kjinym typim substratd

(Panwar et al. 2018). Dal$im problémem, s nimz se setkal vyvoj inhibitorti KatK je vhodny

68



testovaci biologicky model. Béhem vyzkumu jsou vyuzivany pifedevSim studie
na hlodavcich (mys, krysa a kralik). Nicméné¢ homologa KatK téchto hlodavet vykazuji
sekvencni identitu 86 % az 96 % a 1i$i se stavbou aktivniho mista, pfedev§im substitucemi
v podmisté S2, oproti lidskému KatK. To ma za nasledek vyznamné rozdily v inhibi¢nich
parametrech testovanych inhibitord (Desmarais et al. 2008) jako piiklad 1ze uvést snizenou
inhibi¢ni u€innost vyvijenych inhibitor balicatib a odanacatib, coz pravdépodobné vedlo
k tomu, ze vedlejsi ucinky terapie nebyly odhaleny uz v Gvodnich fazich testovani

(Law et al. 2017).

Pro design vysoce biologicky aktivnich a selektivnich inhibitori KatK je nezbytné
detailné popsat strukturni mechanismy inhibice a zmapovat interakce mezi inhibi¢nimi
ligandy a cilovym enzymem. Tato dizertaéni prace si kladla zacil testovat Uc¢innost
a analyzovat vazebny mod pro nové peptidomimetické a nizkomolekularni inhibitory KatK

a pfinést relevantni poznatky pro pokrocily vyvoj potencialnich 1éc¢iv.

Regulace  enzymové  aktivity KatK  pomoci  novych  nizkomolekularnich

a peptidomimemtickych inhibitori.

V autorské publikaci €. 1 (Pomeislova et al. 2021) byly poprvé experimentalné
testovany a charakterizovany inhibicni vlastnosti syntetickych nizkomolekularnich
slou€enin s 1,2,4-thiadiazolovou reaktivni skupinou vici lidskému KatK. Tyto slouceniny
byly klasifikovany jako irveverzibilni kovalentni inhibitory, které tvoii disulfidicky adukt
s thiolovou skupinou proteasy. Sada 21 sloucenin obsahovala Sest sloucenin s vyraznou
ucinnosti inhibice KatK pod hranici 50 % zbytkové enzymatické aktivity a tyto latky
vykazovaly hodnotu ICsp v mikromoldrnich koncentracich. Nejucinngjsi derivat 10a
substituovany na dusiku N5 mél hodnotu ICso = 2,63 £+ 0,31 uM. Publikace identifikovala
substituované slouceniny s 1,2,4-thiadiazolovym heterocyklem jako ui¢inné inhibitory KatK
a rozSifuje tak spektrum potencialniho vyuziti této skupiny latek. Derivaty byly jiz diive
popsany jako inhibitory cysteinového katepsinu B (Leung-Toung et al. 2003), ktery je
studovan v souvislosti s 1écbou Alzheimerovy choroby (Bernstein and Keilhoff 2018) nebo
jako reguldtory medicindlné zajimavych enzymua s vazebnymi misty obsahujicimi
cysteinové zbytky jako je GSK-3p (Martinez 2002; Pomeislova et al. 2021). Reaktivni
skupina 1,2,4-thiadiazolu a popsané zavislosti mezi strukturou a aktivitou studovanym
derivatii oteviraji cestu pro dalsi design odvozenych inhibitortit KatK s optimalizovanymi

funkénimi vlastnostmi. Pro dals$i raciondlni design zatim schdzeji informace na urovni
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3D struktur, které zatim nebyly publikovany pro relevantni thiadiazolové ligandy kromé

teoretickych simulaci (Vega-Teijido et al. 2014).

V autorské publikaci ¢. 3 (Benysek et al 2022) byl poprvé popsan strukturni
mechanismus interakce nové skupiny vysoce selektivnich peptidomimetickych inhibitort
KatK vybavenych cyanohydrazidovou reaktivni skupinou, které vykazuji vynikajici
inhibi¢ni G¢innost s hodnotami K; v az pikomolarni oblasti koncentraci. Cyanohydrazidy
predstavuji ziejmeé dosud nejpokrocilej$i design reverzibilnich kovalentnich inhhibitor
KatK a tato prace se zabyva dvéma hlavnimi chemotypy oznacovanymi jako azadipeptidové
nitrily a 3-cyano-3-aza-f-aminokyseliny. Vznikly nahrazenim CaH skupiny konvenéné
pouzivanych karbanitrili (jako jsou napi. diive vyvijena 1é¢iva odanacatib a balicatib)
atomem dusiku v P1 pozici inhibitort a dalsi stabilizaci této skupiny substitucemi. V ptipade
azadipeptidovych nitrili je cyanohydrazidova reaktivni skupina umisténa terminalné
a predstavitelem téchto latek je inhibitor Giil303 shodnotou K;i = 0,91 nM
(Frizler et al. 2011). Pro dosazeni vyssi selektivity vii¢i KatK byla reaktivni skupina
umisténa centrdlné¢ do molekuly inhibitoru, aby byla mozné interakce 1 s indexovanymi
podmisty enzymu, a tak byly odvozeny inhibitory typu 3-cyano-3-aza-f-aminokyselin.
Jejich predstavitelem je inhibitor Gii2602 s hodnotou K; = 0,013 nM (Schmitz et al. 2014).
Disertatni prace pifind$i prvni strukturni analyzu vazebného modu téchto dvou

prototypovych inhibitort.

Inhibitory s cyanohydrazidovou skupinou mohou byt obecné atropochirdlni.
Atropoisomery jsou stereoisomery, které se liSi energii jednoduché substituované vazby
s omezenou rotaci kolem osy symetrie. V pfipadé cyanohydrazidové skupiny jde
o substituovanou vazbu N-N. Inhibitor Gii1l303 ma dusikové atomy NMe—NMe
methylované a sousedni vazba CO—NMe je u nenavazaného inhibitoru v E-konfiguraci
(Jilkova et al. 2021). Po navazéani do aktivniho mista enzymu dochazi ke konformacni zméné
na Z-konfiguraci. Stejny efekt byl pozorovan i v pfipad¢ interakce azadipeptidového nitrilu
s katepsinem B z motolice Schistosoma mansoni (SmCBI1), ktery je cilovou molekulou pro
1é¢bu schistosomozy (Jilkova et al. 2021). V piipadé Gii2602 je vazba NH-NMe pouze
castecné methylovand, a tak nepfedstavuje atropochirdlni centrum, jak bylo prokazano
pomoci NMR dat (Ottersbach et al, 2012). Na sousedni vazbé CO—NH proto nedochézi ke
konverzi konfigurace béhem vazby. Rozdil v konformaci navazaného a nenavazaného
inhibitoru se u Gii1303 a Gii2602 odrazi i v jejich odlisném kinetickém chovani (viz ptiloha

k publikaci ¢. 3). V ptipadé Giil303 byla urcena kinetika typicka pro tzv. pomalu vazajici
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inhibitory, kdy dochazi k pomalému ustaleni rovnovahy mezi enzymem, inhibitorem
a vyslednym komplexem z divodu konformacni zmény inhibitoru. Tato zména byla
prokazana jako krok kontrolujici kinetiku a ziskané vysledky jsou tak v souladu s diive
publikovanym c¢lankem o kinetice inhibice SmCB1 pomoci azadipeptidového nitrilu
(Jilkové et al. 2021). Oproti tomu inhibitor Gii2602 vykazuje kinetiku tzv. rychle vazajicich
inhibitorti, coZ odpovida absenci ¢asové naro¢né konformacni zmény béhem vazby. Tak se
tento inhibitor podoba v kinetice a konfiguraci konvencnim karbanitrilovym inhibitortim

(Jilkova et al. 2021).

Rozdilné umisténi reaktivni skupiny mezi inhibitory Giil303 a Gii2602 se¢ odrazi
1 vrozdilném obsazeni vazebnych podmist na KatK. Giil303 s terminalné¢ umisténou
reaktivni skupinou cili vazebnd podmista S1 aZz S3 a na zdklad¢ analyzy B-faktort
(teplotnich faktor) se jedna o rigidni inhibitor. Naproti tomu Gii2602 s centralné umisténou
reaktivni skupinou obsazuje primarné vazebné podmisto S2 a svym flexibilnim segmentem
N-benzyl-N-methylacetamidu (zv14sté jeho benzylovou skupinou) vytvaii dvé alternativni
konformace. Ty jsou smé&fovany bud’ do podmista S1 nebo S2°. Konformace v podmisté S1
je ta hlavni, kterd byla pozorovana v krystalové struktute, kde je ziejmé upiednostnéna
stabilizaci pomoci pridatnych intramolekularnich kontaktt a krystalografickych kontaktt se
sousednimi molekulami. Pro konformaci v podmisté S2” jsou diikazy v mapé¢ elektronovych
hustot azejména byla prokdzana metodami vypocetni chemie. Pfistup molekularniho
modelovani obecné odhalil sadu moznych variaci v orientaci pro ob¢ zakladni konformace
a potvrdil vysokou flexibilitu této Casti inhibitoru Gii2602. V této souvislosti je také
zajimavé zminit autorskou publikaci €. 2 (Lemke et al. 2021), kde bylo popsano umisténi
flexibilni benzylové skupiny do S2” podmista KatK a jeji funkéni vyznam u jiného typu

inhibitoru.

Zvysena flexibilita inhibitoru Gii2602 je moznym vysvétlenim pro jeho vyjimecné
inhibi¢ni vlastnosti s U¢innosti v pikomolarni oblasti. Lze predpokladat, ze konformacni
flexibilita (na hranici mezi indexovanymi a neindexovanymi podmisty) poskytuje
entropickou vyhodu v celkové energetice vazby na KatK. Je znamo, Ze ztrata konfiguracni
entropie po navazdni na enzym nepfiznivé prispivd k volné vazebné energii
(Chia-en et al. 2007). DalSim vyznamnym faktorem pro vazbu Gii2602 je stabilizace
komplexu siti vodikovych interakci, kde kli€ovou roli hraje interakce amidového dusiku NH

na reaktivni skuping inhibitoru s Asn161 v podmisté S2. Derivaty Gii2602, které maji tento
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dusik methylovany a tudiz netvoii interakci, vykazuji dramaticky pokles inhibi¢ni uc¢innosti

o n¢kolik fada (Schmitz et al. 2014).

Kromé komplext inhibitort Gii1303 a Gii2602 s maturni formou KatK (mKatK) byly
také strukturné charakterizovany komplexy s aktivaénim meziproduktem (iKatK).
Ten vznika v pribéhu autokatalytické konverze nekativniho zymogenu na plné¢ aktivovany
maturni enzym a tento proces je spojen s proteolytickym odstranénim kovalentné spojené
propeptidové domény. Nyni byla poprvé popsana struktura iKatK, ktera obsahuje vedle
hlavni katalytické domény nekovalentné asociovany fragment rezidudlniho propeptidu
(v rozsahu Glu5p az Ser83p). Na rozdil od struktury zymogenu (Sivaraman et al. 1999)
u iKatK zbytkovy propeptid pouze castecné prekryva aktivni misto enzymu a blokuje
pfevazné podmisto S1°. Katalytické centrum iKatK se tak jiz stdva pfistupné pro ligand. Zde
je vidét rozdil oproti aktivaénimu meziproduktu katepsinu SmCBI1, ve kterém je katalytické
centrum stale blokovano rezidualnim propeptidem a proteasa v této formé je neaktivni

(Jilkova et al. 2014).

Bylo prokézano, ze iKatK vaze Gii2602 a Gii1l303 analogickym zptsobem, jaky byl
pozorovan u jejich komplexii s mKatK. To ukazuje, Ze aktivni misto iKatK je pro inhibitory
plné€ piistupné ve vSech potfebnych vazebnych podmistech a mize byt jimi regulovano.
Tento zavér dale podporuji vysledky testovani Gii2602 a Giil303 v autoaktivacnim testu
in vitro se zymogenni formou KatK. Ten prokézal, ze oba inhibitory silné potlacuji
autokatalytickou konverzi zymogenu na maturni formu, ktera probihd jako bimolekularni
reakce katalyzovana funkénimi formami mKatK/iKatK. Tento zavér je v souladu
s predchozimi  studiemi o mechanismu autoaktivace cysteinovych katepsind

(Vernet et al. 1991; Pungercar et al. 2009).

Zavérem byla prokazana schopnost inhibitort Gii2602 a Giil303 regulovat KatK
na bunééném modelu s vyuZzitim bunécéné linie osteosarkomu. Pro vizualizaci KatK byla
pouZita fluorescencné znacend sonda 25 z autorské publikace €. 2 (Lemke et al. 2021) ktera
se selektivné vaze do aktivniho centra KatK a kompetuje o vazbu s inhibitory. Oba inhibitory
siln¢ potlacily znaceni KatK, coz dokazuje dobrou permeabilitu inhibitord pro vstup
do buiiky a efektivni interakci s cilovym enzymem. VSechna ziskané data ukazuji inhibitory
Gii2602 a Giil303 jako ucinné regulatory aktivniho KatK a to jak pfimou interakci, tak

cilenim na aktivacni proces, ktery enzym generuje.
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VyuZiti selektivnich inhibitorit pro konstrukci fluorescencnich sond detekujicich aktivni

KatK

Selektivni vizualizace aktivnich forem jednotlivych proteas v ramci komplexniho
proteomu ma zasadni vyznam pro pochopeni regulace proteolytickych systému a jejich
dysbalance béhem patologii. Z terapeutického hlediska ma dulezité vyuziti v diagnostice,
zejména pro lokalizaci tkani s patologicky zvySenymi aktivitami proteasovych markeri nebo
pro monitorovani redukovanych aktivit cilovych proteas po podéani 1éCiv na bazi
proteasovych inhibitori. Jednoduchym molekularnim nastrojem pro vizualizaci aktivity
proteas jsou selektivni fluorogenni substraty, kde ovSsem muze dojit ke zkresleni vysledki
pti lokalizaci signalu vlivem difuze znaceného Stépené¢ho produktu (Kasperkiewicz 2021).
Alternativnim pfistupem je pouziti znaenych sond na bazi selektivnich proteasovych
inhibitorti, které se vazi do aktivniho mista proteasy a umoznuji tak specifickou detekci
aktivni formy enzymu (,,activity-based probes*, ABP) (Bogyo 2010; Sanman and Bogyo
2014). Tyto sondy jsou v soucasné dobé pfedmétem intenzivniho vyzkumu ve spojitosti
s diagnostikou patologii. Pfikladem jsou aktivitni sondy pro detekci katepsinu L u rakoviny
prsu (Poreba et al. 2018) nebo pro analyzu piisobeni katepsinu B u Alzheimerovy choroby

(Poreba et al. 2019).

Piispévkem k autorské publikaci €. 2 bylo objasnéni vazebného moddu prvni
peptidomimetické aktivitni sondy pro selektivni detekci KatK. Tato sonda je odvozena
ze struktury inhibitoru vybaveného vinylketonovou reaktivni skupinou, ktera se kovalentné
ireverzibiln€ vaze do katalytického centra KatK mechanismem Michaelovy nukleofilni
adice. Na zaklad¢ dat z rentgenové strukturni analyzy komplexu sondy s KatK byly
objasnény klicové interakce v aktivnim misté KatK. Sonda obsahovala v P1” pozici zasadni
dibenzylaminovy segment, ktery cilil benzylové skupiny na dvé podmista S1" a S2’, a byl
zodpovédny za vynikajici ucinnost a selektivitu. O interakcich inhibitori v téchto
indexovanych vazebnych podmistech KatK je z krystalografickych studii znamo doposud
malo. Drfive¢j§i studie se substraty ukazuji, Ze jsou zde akceptovany aromatické

aminokyseliny (Alves et al. 2003).

Na opacné stran¢ sondy je umistén fluorofor cyanin 5, ktery pro nizkou kvalitu map
elektronovych hustot nemohl byt strukturné popsan. To naznacuje jeho flexibilitu
a predpokladanou orientaci ven z aktivniho mista. Pro posouzeni, zdali fluorescencni znacka

neovliviiuje celkovou vazbu sondy v aktivnim misté, byl analyzovan i komplex KatK
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s prekurzorovym inhibitorem bez fluoroforu. Vysledna superpozice obou struktur
a distribuce kontaktl potvrdila, Zze sit’ klicovych interakci je analogicka. Ziskana data
umoziuji konstrukci dalSich derivati napiiklad s jinymi fluorofory ¢i detekénimi znackami

v této poloze bez ztraty vazebnych vlastnosti modifikovanych sond.

Funkéni vlastnosti aktivitni sondy byly tspésné testovany v kontextu komplexniho
proteomu pomoci znaceni bunécnych lyzati a znaceni bunck lidského osteosarkomu.
Fluorescencni mikroskopie a analyza bun€k po separaci na SDS-PAGE ukazuje, Ze navrzena
sonda vstupuje do buniky az do lysozomo/endozomalniho systému, kde znaci aktivni formu

KatK. Tato sonda predstavuje tak G¢inny néstroj pro citlivou a selektivni detekci KatK.

Zavérem lze shrnout, ze disertacni prace pfinesla dilezité poznatky o medicindlné
relevantnich inhibitorech KatK, zejména identifikaci nové tifidy nizkomolekularnich
thiadiazolovych inhibitorGi KatK, vysvétleni strukturniho mechanismu interakce
cyanohydrazidovych inhibitori jako dosud nejacinngjSich regulatort KatK a prvni

fluorescenéni sondu pro selektivni vizualizaci KatK s potencidlnim vyuzitim v diagnostice.
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7. Zavér

Disertacni prace se zabyvala cysteinovou proteasou katepsinem K (KatK), ktery je
cilovou molekulou pro 1é€bu osteopordzy a artritidy pomoci chemoterapeutik na bazi
proteasovych inhibitor. V ramci prace byly studovany tfi skupiny syntetickych
kovalentnich inhibitora KatK nizkomolekularniho a peptidomimetického charakteru.
Zjistény byly nové poznatky o mechanismu inhibi¢ni regulace KatK a vztahu mezi
strukturou a aktivitou inhibitortl této proteasy. Ziskané vysledky maji vyuziti pfi vyvoji
ucinnych selektivnich chemoterapeutik a molekularnich diagnostickych sond. Vysledky jsou
shrnuty ve ttech publikacich, které byly publikovany v mezinarodnich odbornych

Casopisech.
Zadang cile prace byly splnény a hlavni ziskané vysledky jsou nésledujici:

1) Byl ptipraven rekombinantni KatK a jeho jednotlivé aktivacni formy (zymogen,

aktivacni intermediat a maturni enzym).

2) Testovanim knihovny nizkomolekularnich inhibitori na bazi 1,2,4 thiadizolt byla

identifikovana nova tfida inhibitoru KatK.

3) Pro sadu peptidomimetickych inhibitorti na bazi vinylketontli a cyanohydrazida byly
piipraveny komplexy s KatK, nalezeny jejich krystaliza¢ni podminky a byla urcena

3D struktura celkem Sesti komplext pomoci rentgenostrukturni analyzy.

4) Strukturni analyzou byl uren vazebny modd peptidomimetickych vinylketonil
a cyanohydrazidl a byly popsany klicové interakce mezi inhibitorem a aktivnim mistem
KatK. Poprvé byla urena struktura aktivaéniho meziproduktu KatK a jeho inhibi¢ni
interakce. Mezi charakterizovanymi inhibitory je jeden z nejlepSich zndmych inhibitort

KatK a unikétni inhibi¢ni sonda pro detekci KatK.

5) Byly odvozeny vztahy struktury a funkce studovanych inhibitorii na zékladé
integrace strukturnich dat s vysledky ziskanymi pomoci vypocetnich metod, inhibi¢nich

analyz a bunécnych testa.
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ARTICLE INFO ABSTRACT

Keywords:

Thiadiazoles
5-Amino-1,2,4-thiadiazol-3-(2H)-one
Acyclic nucleoside phosphonates
Epigenetic

Cathepsin K, Glycogen synthase kinase 3f

In analogy to antiviral acyclic nucleoside phosphonates, a series of 5-amino-3-ox0-1,2,4-thiadiazol-3(2H)-ones
bearing a 2-phosphonomethoxyethyl (PME) or 3-hydroxy-2-(phosphonomethoxy)propyl (HEMP) group at the
position 2 of the heterocyclic moiety has been synthesized. Diisopropyl esters of PME- and HPMP-amines have
been converted to the N-substituted ureas and then reacted with benzoyl, ethoxycarbonyl, and Fmoc iso-
thiocyanates to give the corresponding thiobiurets, which were oxidatively eyclized to diisopropyl esters of 5-
amino-3-ox0-2-PME- or 2-HPMP- 1,2,4-thiadiazol-3(2H)-ones. The phosphonate ester groups were cleaved
with bromotrimethylsilane, yielding N:‘—prntected phosphonic acids. The subsequent attempts to remove the
protecting group from N° under alkaline conditions resulted in the cleavage of the 1,2,4-thiadiazole ring.
Similarly, compounds with a previously unprotected 5-amino-1,2,4-thiadiazolone base moicty were stable only
in the form of phosphonate esters. The series of twenty-one newly prepared 1,2,4-thiadiazol-3(2H)-ones were
explored as potential inhibitors of cysteine-dependent enzymes — human cathepsin K (CatK) and glycogen syn-
thase kinase 3p (GSK-3p). Several compounds exhibited an inhibitory activity toward both enzymes in the low
micromolar range. The inhibitory potency of some of them toward GSK-3[ was similar to that of the thiadiazole
GSK-3p inhibitor tideglusib, whereas others exhibited more favorable toxicity profile while retaining good
inhibitory activity.

osteoporosis treatment, and a number of CatK inhibitors are being
developed or tested in clinical trials (for reviews, see e.g.’; ). Most of

1. Introduction

1t has been reported that 1,2,4-thiadiazole compounds are capable of
inhibiting cysteine proteases, which contain a catalytic cysteine residue
in the active site, as demonstrated for a selective inhibitor of cathepsin B
acting in the micromolar mnge.T Among cathepsin-type cysteine pro-
teases, human cathepsin K (CatK) has been one of the most investigated
medically important members in the last decade. This lysosomal enzyme
is predominantly expressed in osteoclasts and plays a critical role in the
bone resorption process. It degrades the protein components of the bone
matrix, including its major constituent, type I collagen. The hyperac-
tivity of osteoclasts and an imbalance between bone formation and
resorption lead to the loss bone tissue, which is associated with osteo-
porosis.” CatK has been evaluated as the main drug target for
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these inhibitors contain an electrophilic warhead, such as ketone or
nitrile groups, for covalent binding to the catalytic cysteine of Catk.” ™"
This work describes for the first time CatK inhibitors based on 1,2,4-thia-
diazole employed as a thiol-reactive warhead targeting the catalytic site.
The interaction of 1,2,4-thiadiazole derivatives with the thiol group of
the cysteine residue of the enzyme target is outlined in Fig. 1.

The nucleophilic attack of the cysteine thiol results in the formation
of a covalent adduct and the loss of enzymatic activity. Human cathepsin
K (CatK) is proposed to be inhibited by the modification of catalytic
Cys25 in the enzyme active site, while glycogen synthase kinase 3
(GSK3p) is modified on Cys199, located in the ATP cofactor binding site.

A great effort has been made in the investigation of 1,2,4-
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Fig. 1. Scheme of the interaction of 1,2,4-thiadiazole-based inhibitors with the
thiol group of the functionally important cysteine residue of the enzyme target.

thiadiazolidine-3,5-diones (TDZD) as inhibitors of glycogen synthase
kinase-3p (GSK-3), a key enzyme of glycogen metabolism.”'” In cancer
cells, aberrant nuclear accumulation of GSK-3 positively regulates the
binding of the transcription factor NF-KB to its target gene promoters
and its further transcriptional activity. In this way, the NF-KB activation
promotes the progression of human cancer and also causes resistance to
chemotherapeutic drugs.”'” So far, the most promising inhibitor of GSK-
3 is 4-benzyl-2-(1-naphthyl)-1,2,4-thiadiazolidine-3,5-dione (tide-
glusib). Regarding its ability to influence gene expression, its function
can be considered epigenetic. GSK-3 also plays a crucial role in Alz-
heimer’s disease and other neurodegenerative processes. Clinical studies
of tideglusib for the treatment of Alzheimer’s disease' ' ¥ and myotonic
muscular dystrophy'“ are currently being conducted in Phase II. In
dental medicine, tideglusib is a topic of extensive research aimed at
natural tooth repair by GSK3 antagonists. The ability of the promotion of
dentine reinforcement has been successfully proven in viva.”

A completely different mechanism of action has been reported in a
series of neuroprotective 1,2,4-thiadiazole derivatives influencing ion-
otropic transmembrane receptors for glutamate (NMDA and AMPA re-
ceptors). These receptors are important for controlling synaptic
plasticity and memory function and mediate fast synaptic transmission
in the central nervous system.'”'® A general structural motif of these
derivatives is outlined in Fig. 2.

Besides, there are many 1,2,4-thiadiazol structures whose biological
properties still deserve further exploration. Our team of nucleoside
chemistry has focused on 5-amino-1,2,4-thiadiazol-3-(2H)-one, which
could be understood as a sulfur-containing mimic of cytosine in which
the —CH—CH— group between the positions 5 and 6 of the pyrimidine
ring is replaced by a divalent sulfur (-S-) as reported in several pa-
pers.m‘z‘] 5-Amino-1,2,4-thiadiazol-3(2H)-one is considered a bio-
isostere of cytosine because of the similar electronic and spatial
properties of the —CH=CH— group in cytosine and the bivalent sul-

fur.'”?’ Due to the proposed bioisosterism, there has been an effort to
H2N
\ /
N \‘
0/

| cefozopran (antibiotics)

Na&f‘ ﬁ \E‘iNmCHa
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use 5-amino-1,2,4-thiadiazol-3(2H)-one as a cytosine surrogate in the
synthesis of nucleosides and their acyclic analogs.'”*” 5-Amino-1,2,4-
thiadiazol-3(2H)-one itself has exhibited slight antibacterial activities.
The fact that the antibacterial activity of 5-amino-1,2,4-thiadiazol-3
(2H)-one is not reversed by the presence of natural pyrimidines implies
that in this case, it does not behave as a pyrimidine antimetabolite but
rather interferes with bacterial proteins and thus inhibits the growth of
bacteria.”’ In order to identify the active form for biological in-
teractions, a systematic study of the tautomerism in 5-amino-1,2,4-
thiadiazol-3(2H)-one has been performed. In aqueous solutions, a sig-
nificant stabilization of the amino tautomer has been found, with the
equilibrium shifted to favor the amino form.””

The present study focuses on the synthesis of compounds in which
the 5-amino-1,2,4-thiadiazol-3(2H)-one moiety (as the cytosine mimic)
is attached to a 2-(phosphonomethoxy)ethyl (PME) or 3-hydroxy-2-
(phosphonomethoxy)propyl (HPMP) group analogously to acyclic
nucleoside phosphonates (ANPs). ANPs are known for their large spec-
trum of biological activities, especially antiviral. Three of them have
already become successful commercial drugs: cidofovir, approved for
the treatment of human cytomegalovirus retinitis in AIDS patients but
used off-label also against many other DNA viruses, adefovir for the
treatment of hepamls B (HBV), and tenofovir for the treatment of HIV
and HBV infections.”” > The possibility that 5-amino-1,2,4-thiadiazol-3
(2H)-one could really work as a cytosine mimic together with the ability
of the reactive N—S bond to attack strong nucleophiles such as the
cysteine thiol group of enzymes have provided the impetus to synthesize
5-amino-1,2,4-thiadiazol-3(2H)-one APNs and to subject them to a
detailed biological activity screening.

2, Chemistry

This work is mainly focused on the synthesis of 5-amino-1,2,4-thia-
diazol-3(2H)-one derivatives with the HPMP arrangement, compounds
structurally analogous to the antiviral agents cidofovir (HPMPC)>*#°
and its 5-azacytosine analog (HPMP-azaC), both depicted in Fig. 3.7
The HPMP series was also extended to the PME derivatives with respect
to the antiviral activity of PMEC and PME-azacC (see also Fig. 3), which,
even if it 1s lower, can be increased via transformation to appropriate
prodrugs.”

5-Amino-1,2,4-thiadiazol-3(2H)-one (1) was prepared by oxidative
cyclization of thiobiuret under basic conditions ' (Scheme 1). The direct
alkylation of 1 with the synthon iPry-PME-CI (2) or ($)-glycidyl trityl
ether (4) led to a mixture of compounds, whose TLC analysis profile did
not correspond to the desired products. Therefore, the 5-amino group of

GihG

N
le/ H—0CH,CH;@
~g

etridiazole (fungicide)

@

HO

neurnproteclo rs influencing transmembrane

tideglusib (GSK-3 inhibitor)

glutamate receptors (R4-R4 = H, CH; halogen)

Fig. 2. Examples of 1,2,4-thiadiazoles with diverse types of biological activities,
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Fig. 3. Acyclic nucleoside phosphonates with cytosine and 5-azacytosine base moieties and their 5-amino-1,2,4-thiadiazol-3(211)-one analogues.

NH,
s 0 —
AL a,b "
H,NT N7 “NH, ————— )\N’
H 48 % 0" H
thiobiuret 1

NH,

Q _OiPr /Q

o K N
o™ OiPr ;
2 o N
~
c O\\

iPro-P=0
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OTr

Scheme 1. The synthesis of 5-amino-1,2,4-thiadiazol-3(2H)-one (1). The reagents and conditions: (a) 2 M NaOH, H,0,, MeOH, 0 °C, 2 h; (b) HCI; (¢) Cs,CO3, DMF,

reflux, 4.5 h; (d) Cs,CO3, DM, refhux, 24 h.

1 was protected by dimethylaminomethylene (DMA) to form 6, which
was subsequently alkylated with the synthons (Scheme 2). However, in
the case of the iPry-PME-CI (2), only the product of the Os-all(ylﬂtiou of 7
was formed, and with the synthon 4, a 4:1 mixture of the 0°-10a and the
N2-alkylated 10b product was obtained. The deprotection of 7 by hy-
drazine and the subsequent removal of phosphonate ester groups from
the resulting compound 8 by bromotrimethylsilane afforded the free
phosphonate 9. Like in the case of the iPrp-PME-CI (2), the alkylation of
the isomers 10a and 10b with the tosylate 11 did not provide the desired
HPMP derivatives 12a and 12b.

In a further attempt to achieve N2 alkylation of 1 with the synthons 2
and 4, the DMA protecting group was replaced by acyl (Scheme 3). The
N5~acetyl- (14a) and Ns—benz.oyl- (14b) derivatives were thus prepared
by the reaction of acetyl or benzoyl isothiocyanate with urea, yielding
the formation of the corresponding 1-acetyl- (13a) and 1-benzoyl-2-thi-
obiuret (13b), followed by oxidative cyclization with bromine or NBS.
The N‘P’-henzoyl derivative 14b was alkylated with 4 to yield only the
undesired N4-substituted product 15. Therefore, this synthetic strategy
based on the N“—acyl protection was abandoned.

In order to obtain the desired N*-substituted derivatives of 1, a
stepwise construction of the 5-amino-1,2,4-thiadiazol-3(2H)-one ring on
PME and HPMP scaffolds was performed. The starting synthetic pre-
cursors were iPro-PME-NHz (17) and iPrp-Tr-HPMP-NH; (23). Com-
pound 17 was synthesized according to Scheme 4 by two different

methods. In the first one, iPrs-PME-Cl (2) was converted to 16 by re-
action with potassium phthalimide, and the subsequent removal of the
phthalic moiety by hydrazine released iPro-PME-NH; (17). In the second
method, 2-aminoethanol was N-tritylated to 18, then O-alkylated with
the tosylated synthon 11 in the presence of magnesium tert-butoxide in
N—methyl-z-pyrm]jduuezﬁ to form 19, and after that deprotected to
obtain iPry-PME-NH; (17).

The synthon iPrp-Tr-HPMP-NH; (23) was prepared in three steps
from (S)-glycidyl trityl ether (4) (Scheme 5). In the first step, the oxirane
ring of 4 was opened with sodium azide at 45 °C to form 20. To minimize
the formation of undesired side products, it was necessary to increase
the temperature only slightly and to use a 40-fold excess of sodium azide
in the reaction. Compound 20 was alkylated with the bromomethyl-
phosphonate 21 to obtain the corresponding ether 22. The azide func-
tion in 22 was then reduced to an amino group by the Staudinger
reaction with triphenylphosphine, yielding iPrs-Tr-HPMP-NH3 (23).

The starting synthons, iPro-PME-NH; (17) and iPr,-Tr-HPMP-NHy
(23), on which the stepwise construction of the 5-amino-1,2,4-thiadia-
zol-3(2H)-one moiety, mimicking the cytosine nucleobase, was per-
formed, were converted to the corresponding N-substituted ureas 24 and
25 (Scheme 6). The urea 24, with the iPr,-PME substituent, was pre-
pared by the reaction of the amine 17 with potassium cyanate under
acidic conditions. In the case of the amine 23, bearing the iPry-Tr-HPMP
substituent, the acidic treatment could not be used, because the trityl
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Scheme 2. Alkylation of the DMA protected 5-amino-1,2,4-thiadiazol-3(2H)-ones with PME a HPMP synthons.. The reagents and conditions: (a) DMF DMA,
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Scheme 5. The synthesis of iPr,-Tr-HPMP-NH,, (23). The reagents and conditions: (a) NaNy, DMF, 45 °C, 1 week; (b) NaH, DMF, 60 °C, 24 h; (c) PhyP, H,0, THF,

0°Cto RT, 24 h.
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Scheme 6. The synthesis of N“:'—pmtected 5-amino-1,2,4-thiadiazol-3(2H)-ones substituted on N2 with the PME and HPMP moiety. The reagents and conditions: (a)
KOCN, 35% HCI, 70 °C, 24 h; (b) CDI, CH,Cly, 3 h; (¢) NH3/MeOH, 24 h; (d) acetone, 60 °C, 24 h; (&) 0.5 M Bry/F1OAc, 4 °C, 24 h; (1) NBS, MeOH, 80 °C, 30 min; (g)

TMSBr, CH;CN, 24 h; (h) 11,0,

protecting group would be removed. Instead, the amine 23 was treated
with carbonyldiimidazole (CDI) and then with methanolic ammonia to
form the urea 25 with an intact trityl group. [n the next step, the ureas
24 and 25 were reacted with benzoyl, ethoxycarbonyl (Eoc), and Fmoc
isothiocyanate with the formation of the corresponding thiobiurets
26-31.

The oxidative cyclization of compounds 26-28 with bromine or NBS
led to the formation of the N° -protected 5-amino-1,2,4-thiadiazol-3
(2H)-ones 32-34 alkylated on the N2-position with the iPry-PME syn-
thon. In the compounds 29-31 the oxidative cyclization also caused the
removal of the trityl protecting group, yielding the iPr-HPMP derivatives
35-37. In the next step, the phosphonate ester groups of the compounds
32-37 were cleaved with trimethylsilyl bromide to give the N°-pro-
tected phosphonic acids 38-43.

The attempts to remove the protecting groups with sodium hydrox-
ide or hydrochloric acid at elevated temperature were unsuccessful
(Scheme 7). The use of pyrrolidine and ethanolamine for the depro-
tection of the Fmoc derivatives 40 and 43 according to the literature™”
only led to the open-ring phosphonates 46 and 47 (Scheme 8). Similarly,
the removal of Fmoc from the PME derivative 40 with hydrochloric acid
in harsh conditions under microwave irradiation resulted in the for-
mation of the open-ring phosphonate 46. The same product was ob-
tained by the deprotection of 40 with sodium azide.”' The attempt for
the oxidative recyclization of the compound 46 to the 1,2,4-thiadiazol-3

NH,
method A: a )N\%S
method B: b o N‘\(R
(o]
Ho
" 38.43 O 44 R=n

45 R = CH;0H

Scheme 7. Attempts for the removal of protecting groups from the amino
group in position 5. The reagents and conditions: (a) 35% aq.HCl/dioxane 1:1,
reflux, 8 h; (b) 2 M KOIIL, reflux, 8 h.

(2H)-one 44 with bromine was unsuccessful.

The remaining synthetic path to obtain the desired N2-substituted
derivatives of 1 consists in the oxidative cyclization of the deprotected 2-
thiobiurets bearing at the N5 position the PME or HPMP group with or
without ester groups (46-49, Scheme 9).

The compounds 28 and 31 were thus deprotected with piperidine,
yielding the 5-subtituted biurets 48 and 49. The isopropyl ester and
trityl groups were then cleaved with trimethylsilyl bromide to give the
free phosphonic acids 46 and 47. The attempts to cyclize the compounds
46 and 47 oxidatively with bromine to the 1,2,4-thiadiazol-3(2H)-ones
44 and 45 were unsuccessful, only recovering the starting material.
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Scheme 8. The formation of open-ring derivatives during the deprotection of the 5-amino group. The reagents and conditions: (a) pyrrolidine, CHzCla, 24 h; (a)
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Scheme 9. Cyclization and ring-opening of 5-amino-1,2,4-thiadiazol-3(2H)-ones caused by a redox character of S—N bond. The reagents and conditions: (a)
piperidine, CILCl,, 24 h; (b) TMSBr, CII;CN, 24 h; (e) 1,0, 1 b (d) 0.5 M Bry/LtOAc, 1,0, 4 °C.

Interestingly, the phosphonate diester 48 was successfully cyclized with
bromine to the 1,2,4-thiadiazol-3(2H)-one 50. However, the subsequent
ester cleavage with trimethylsilyl bromide gave only the open-ring
product 46 instead, which, as mentioned above, cannot be recyclized.
The redox character of the 5—N bond was studied in the reaction of

o 9 redox
AL 0._R-OH oH
N NN
H H % H;0,(0.17%) in D,0 o
OH RT, 18 h ’P\:O
47 HO o

45

Scheme 10. The cyclization of 47 by hydrogen peroxide; the experiment was
performed in a NMR tube in D,0.

47 with 0.17% hydrogen peroxide in D;0. The process was monitored at
one-hour intervals by 31p NMR (Scheme 10). Hydrogen peroxide was
chosen for its easy decomposition to water not disturbing the mea-
surement. The reaction exhibited equilibrium between the linear com-
pound 47 and the cyclization product 45. The ratio of the peaks in *'P
NMR spectra for 47 and 45 was 1:1. The addition of anotherr equivalent
of hydrogen peroxide did not lead to a change in the equilibrium.

This equilibrium illustrates the above-mentioned tendency to ring
opening of 5-amino-1,2,4-thiadiazol-3(2H)-ones bearing at the N? po-
sition a PME or HPMP substituent with a free phosphonate function and
the impossibility to recyclize the resulted open-ring derivatives suc-
cessfully. If the amino group at position 5 of the 1,2,4-thiadiazol-3(2H)-
ones is protected and thus the tautomerism is prevented, the stability of
the ring is much higher. In order to explain that the simultaneous
presence of the unprotected 1,2,4-thiadiazol-3(2H)-one ring and the free
phosphonate function is not a stable arrangement, it is necessary to look
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for an analogy with the formation of cyclic HPMPC (51) under the
cleavage of HPMPC diisopropyl ester (52) (Scheme 11).°* The sponta-
neous origination of cyclic HPMPC (51) is conditioned by the possibility
of the formation of the six-membered ring by the nucleophilic attack of
the primary hydroxy group on the intermediate reactive trimethylsilyl
phosphonate ester. A similar situation occurred in the compound 50,
where even the more nucleophilic N2 nitrogen atom is in an analogous
position (enabling the formation of a six-membered ring) to that of the
primary hydroxy group of HPMPC. Contrary to the cyclic HPMPC (51),
the cyclic phosphonoamide 53 is more easily cleavable to the open-ring
phosphonate 46 due to the inherent reactivity of the P—N bond than the
phosphonate cyclic ester 51.

To summarize the results of the above-described syntheses, only the
N°-substituted 1,2,4-thiadiazol-3(2H)-one analogs of ANPs were suffi-
ciently stable and isolable in the form of free phosphonic acids. Com-
pounds with the unprotected amino group of the 5-amino-1,2,4-
thiadiazol-3(2H)-one base moiety were stable only in the form of
phosphonate esters. These findings correspond to our previous obser-
vations, when the esterification of the phosphonic acid residue increased
the stability of a labile base moiety, e.g. the 5-azacytosine ring in 5-aza-
cytosine ANPs. a4

Most of the newly prepared 5-amino-1,2,4-thiadiazol-3(2H)-ones
have exhibited interesting biological activities concerning inhibitory
effects to cysteine-dependent enzymes.

3. Results and Discussion

3.1
ones

The inhibition of cathepsin K by 5-amino-1,2,4-thiadiazol-3(2H)-

Twenty-one derivatives of 5-amino-1,2,4-thiadiazol-3(2H)-one de-
rivatives have been explored as potential inhibitors of human CatK. The
compounds were screened in vitro, at the concentration of 10 pM, against
the recombinant enzyme using a kinetic inhibition assay with the fluo-
rogenic substrate Z-Gly-Pro-Arg-AMC. They exhibited a wide range of
inhibitory activities, with the six most potent inhibitors showing higher
inhibition than 50% (residual enzyme activity below 50%, Table 1). The
determined IC5q values of the effective compounds ranged from of 2.6 to
14.9 pM. According to structural features, the active compounds can be
divided into three categories: (i) the parental unsubstituted 5-amino-
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Table 1

The inhibition of human cathepsin K and GSK-3p by 5-amino-1,2,4-thiadiazol-3
(2H)-ones applied at the concentration of 10 yM. Residual enzyme activities
were measured as described in the Experimental section and expressed relative
to the uninhibited control (100%). The compouinds are ordered according to
decreasing inhibitory potency toward CatK.

Compound name CatK residual activity (%) GSK3 residual activity (%)

10a 53+1.5
1 16.9 + 1.0
10b 28.3 £ 1.7
37 34.1£24
15 34.2+3.0
39.1 +1.0
52.9+3.8
67.0 +5.8
67.0 £ 0.6
76.6 + 3.8
783 +2.6
80,6 £ 5.0
83.4 + 8.6
85.0 + 3.5
85.5+5.3
86.8 + 2.7
90.0 + 3.5
90.3 £ 6.0
92.3 + 4.5
92,9 + 2.8
97.5+2.8
N/A

N/A

39
7

6
40
14a
8
32
36
14b
43

38
41
35
42

Tideglusib
CHIR99021

" not applicable for CatK

1,2,4-thiadiazol-3(2H)-one (1) (IC5q of 6.34 £ 0.63), (ii) derivatives
protected on N° bearing 2-hydroxy-3-trityloxypropyl group: 10a (2.63
+ 0.31 uM), 10b (10.08 + 0.95 M), and 15 (14.9 + 0.75 uM), and (iii)
derivatives protected on N° bearing a phosphonate group on HPMP or
PME aliphatic chain, with: 37 (9.25 + 1.46) or without: 39 (10.15 +
1.48) esterification. The whole series tested revealed several general
trends in SAR. The esterification of the phosphonate function resulted in
more potent inhibitors of CatK in comparison with free phosphonic acids
(8, 32, and 37 versus 9, 38, and 43, respectively). The presence of the
polar hydroxymethyl group (HPMP) decreased inhibition in contrast to
its absence (PME) (35, 41, 43, and 42 versus 32, 38, 40, and 39,

NHa NH, NH, NH; NH;
N7 I MesSBr N7 | NA\‘ 1. Me3SiBr NA\|| NZ |
— 1. MesSiBy p
07 >N~ OH /L O)\N OH O'J\N 2HO g (#\N/ OH
el o e . o e
\/gzo \/zi:o \/%:O \/15;0 \/15:()
. O OH OH
i j/ ( 51 HPMPC
NH, NH,
__/)/Ni MesSiBr N— 0O S 1. MevsiBr
- e e ’ 2. HoO
N J\O N s C(\N JLN)LNHQ f H2
. H
1 O L }3 vi:o ~
\/i:o ZBv,s:o i HO-P-OH 46
50 Y T/ d

Scheme 11. An explanation of the tendency to ring opening of 5-amino-1,2,4-thiadiazol-3(2IT)-ones bearing at the N2 position a PME or ITPMP substituent with the

free phosphonate function.

~
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respectively). At the amino group in position 5, the Fmoc protecting
group effects a higher inhibition than that of benzoyl (40, 37, and 43
versus 38, 35, and 41, respectively). In conclusion, the screened series of
1,2,4-thiadiazoles provided several inhibitors of CatK effective in the
low micromolar range.

3.2. The inhibition of GSK-3f and the cytotoxicity of 5-amino-1,2,4-
thiadiazol-3(2H)-ones

The prepared 5-amino-1,2,4-thiadiazol-3(2H)-ones have also been
screened for their ability to inhibit GSK-3p (human, recombinant).
Interestingly, the inhibition by 10-pM 1,2,4-thiadiazole derivatives
(including the reference inhibitor tideglusib) was relatively wealk in
comparison with previously published data,” with the 1Cs, values > 10
uM, which was not the case for another non-thiadiazole inhibitor,
CHIR99021 (IC50 = 9.9 = 0.65 nM). Since we have employed a validated
commercial GSK-3p kit (Promega), there might be some unknown in-
terferences of assay components with the 1,2,4-thiadiazole moiety,
resulting in the apparently low inhibition effects. Therefore, we have set
tideglusib as a benchmark compound when evaluating the activity of the
compounds toward GSK-3f. Most compounds that have exhibited ac-
tivity similar to tideglusib (i.e. the inhibition of approx. 30%) under the
conditions of the assay fall into the cluster of compounds that have also
been identified as CatK inhibitors (10a, 1, 10b, 37, 15) (Table 1) and
therefore probably follow a similar SAR pattern to that described above.

The cytotoxicity of the compounds intended for use in the treatment
of human diseases is, of course, of concern. This paper shows that the
hereby presented thiadiazole derivatives are generally less toxic than
tideglusib, which exhibited cytotoxicity in two leukemic cell lines
(CCRF-CEM, HL-60) but, more importantly, also to normal human
dermal fibroblasts (NHDF) at 10 pM (Table 2). With the exception of
compounds 10a, 10b and 15, which all include the triphenylmethyl
moiety, and unsubstituted 5-amino-1,2,4-thiadiazol-3(2H)-ones (1), the
compounds have proven to be safe at concentrations up to 100 uM. The
presence of the trityl group increased the inhibitory activity of the
compound toward Cys-containing enzymes CatK and GSK-3p, but at the
expense of undesired toxicity.

Table 2
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4. Conclusions

In this work, we describe for the first time CatK and GSK-3f in-
hibitors based on the 1,2,4-thiadiazole scaffold, employed as a thiol-
reactive warhead targeting the thiol group located in the catalytic
(cofactor binding) site of these cysteine-dependent enzymes. We have
screened a set of 5-amine-1,2,4-thiadiazol-3(2H)-one compounds;
among them, we have identified several inhibitors of CatK effective in
the low micromolar range. The inhibitors are comparable in efficacy to
previously published cathepsin B inhibitors." These compounds have
also been shown to inhibit GSK-3p with similar potency as the estab-
lished 1,2,4-thiadiazole GSK-3p inhibitor tideglusib, with some of them
(e.g. 37) exhibiting even a more favorable toxicity profile while
retaining good inhibitory activity.

The future research of 1,2,4-thiadiazole inhibitors should take more
into account the interior of the enzyme recognition site and design the
new molecules accordingly, similarly as it was published in the case of
peptidomimetic inhibitors of CatK with ketone or nitrile warheads.” *

5. Experimental
5.1. General

The melting points were determined on a Kofler melting point
apparatus with a microscope KBT 300 (Santiago) and are uncorrected.
The analytical TLC was performed on silica gel pre-coated aluminum
plates with a fluorescent indicator (Merck 5554, 60 Fz54). The spots were
visualized with UV light (254 nm) or by spraying with ninhydrine (1%
solution in ethanol) followed by short heating to 300-400 "C. The col-
umn chromatography was performed on silica gel (Sigma S-0507, 40-63
um). Mass spectra were measured on a Q-Tof micro (Waters) and the HR
MS were taken on a LTQ Orbitrap XL (Thermo Fisher Scientific} spec-
trometer. "H and '*C NMR spectra were recorded on a Bruker Avance
400 (*H at 400.0 MHz, 1*C at 100.6 MHz and *'P at 162.0 MHz), Bruker
Avance 500 ('H at 500.0 MHz, '%C at 125.7 MHz and *'P at 202.4 MHz),
and Bruker Avance 600 (ll-[ at 600.1 MHz and '3C at 150.9 MHz) in
CDCl; (referenced to TMS as an internal standard), in DMSO-d,

‘The cytotoxicity of 5-amino-1,2,4-thiadiazol-3(21D-ones to tumor and non-tumor cell lines following the 72-h incubation of the cells with the compounds (10 and 100

uM). The data are expressed as the percentage of viable cells vs. untreated control.

Compound name Cell viability [%]

CCRF-CEM HL-60 HelLa 83 HepG2 SH-SYSY NHDF
10 M 100 uM 10 uM 100 uM 10 uM 100 uM 10 pM 100 uM 10 pM 100 uM 10 M 100 M

1 120 4 98 95 100 87 87 54 99 56 101 49
6 122 81 102 105 97 112 97 85 100 75 105 107
7 106 93 97 98 101 89 99 9% 101 87 101 929
8 114 103 103 108 97 98 100 @K 98 55 104 114
9 113 112 103 100 101 102 97 93 101 99 105 9%
10a 101 2 86 1 91 2 92 1 929 2 97 1
10b 15 1 64 2 80 1 87 1 67 3 77 1
14a 104 102 105 108 97 102 103 88 102 929 99 105
14b 102 96 101 110 99 101 99 77 103 90 104 100
15 81 5 93 9 45 3 91 37 96 34 98 79
32 100 94 104 115 101 100 103 101 104 101 103 101
33 92 98 102 111 100 101 104 100 105 104 101 98
35 86 97 106 118 97 105 109 @K 100 g7 103 104
36 67 45 97 101 90 87 101 a3 104 104 104 100
37 82 82 103 110 99 100 102 92 102 85 98 100
38 98 100 102 113 101 101 100 100 101 105 103 102
39 74 77 96 100 94 96 98 97 103 105 94 97
40 85 90 102 106 97 102 105 103 102 99 93 84
41 72 61 103 106 97 101 101 100 101 103 105 98
42 91 114 95 99 97 94 99 89 100 99 101 99
43 88 119 93 100 98 99 106 88 99 93 98 95
Tideglusib 30 n.a. 34 na. 69 n.a. 92 n.a. 80 n.a. 57 n.a.
CHIR99021 28 n.a. 119 n.a. 67 n.a. 86 n.a. 77 na. 53 n.a.

 n.a. — not available.
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(referenced to the solvent signal 8('H) = 2.50 ppm and 5(**c) = 39.70
ppm), in CD4OD (referenced to the solvent signal 5(*H) = 3.31 ppm and
ﬁ[“C) = 49.0 ppm), or in DyO (referenced to 1,4-dioxane as an internal
standard, 8('H) — 3.75 ppm and 5('*C) = 69.3 ppm). The complete
assignment was based on H,H-COSY, H,C-HSQC and H,C-HMBC corre-
lation experiments. The chemical shifts (5) are given in ppm and the
coupling constants (J) in Hz. The IR spectra were obtained on an FT IR
NICOLET 6700 spectrometer in CCl4 or KBr pellets. Optical rotations
were measured on an Autopol IV polarimeter (Rudolph Research
Analytical, U.S.A.) at 20 °C, [«]p values are givenin 10 ' degem® g .
The concentrations for specific rotation measurements are in the units of
2/100 mL.

The structure numbering for NMR assignment and the NMR spectra
of all compounds are available in the Supporting Information.

5.2. The synthesis of compounds

5.2.1. 5-Amino-1,2,4-thiadiazol-3(2H)-one hydrochloride (1)

30% Hydrogen peroxide (12 mL) was added dropwise to a 0 °C cold
solution of thiobiuret (10.0 g; 83.9 mmel) in 2 M NaOH (12 mL) and the
mixture was stirred at 0 °C for 3 h. Upon successful conversion, the
mixture was acidified to pH 4.5 by the addition of 35% HCl. The
resulting precipitate was filtered off and recrystallized from boiling
water. Yield: 6.19 g (48%) of white crystals, mp 219-220 °C. The
spectral data are in accordance with Ref.'”

5.2.2. (E)-N,N-Dimethyl-N'-(3-0xo0-2, 3-dihydro-1,2,4-thiadiazol-5-yl)
formimidamide (6)

A solution of 1 (5.450 g; 35.5 mmol) and N,N-dimethylformamide
dimethyl acetal (12.4 mL; 93.3 mmol) in acetonitrile (50 mL) was stirred
at RT overnight. An excess of diethyl ether was added, the resulting
precipitate was filtered off and washed with diethyl ether. Yield: 4.7 g
(77%) of white crystals, mp 197-198 °C. MS (ESI) m/z (%): 195 (100,
M+{Na"), 173 (15, M+H"). HRMS (ESI) caled. for CsHgON4S (M+H):
173.0492, found: 173.0492. 'H NMR (DMSO-dg): 5 10.56 (bs, 1H, NH),
8.45 (s, 1H, CH-7), 3.17 (s, 3H, 9b), 3.02 (s, 3H, 9a). *C NMR
(DMSO-d,,): 6 187.02 (C-5), 168.22 (C-3), 157.98 (CH-7), 40.95 (CHa-
9b), 35.04 (CH3-9a).

5.2.3. Diisopropyl (E)-((2-((5-(((dimethylamino)methylene)amino)-
1,2,4-thiadiazol-3-yl)oxy)ethoxy)methyl)phosphonate (7)

Diisopropyl 2-(phosphonomethoxy)ethyl chloride (6.28 g; 24.3
mmol) and caesium carbonate (11.89 g; 36.5 mmol) were added to a
solution of 6 (4.59 g; 26.7 mmol) in DMF (150 mL) and the mixture was
stirred at 95 °C for 5 h. After cooling to RT, the mixture was diluted with
EtOAc (300 mL), washed with aqueous NaHCO3 (2x 250 mL) and then
with brine (1x 250 mL). An organic layer was dried over MgSOy4 and
evaporated. The residue was chromatographed on a silica gel column in
a gradient of 0-5% MeOH in CHCls. Yield: 4.15 g (39%) as yellow oil.
MS (ESI) m/z (%): 417 (90, M+Na™), 395 (100, M+H"). HRMS (ESI)
caled. for Cy4Ho70sN4NaPS (M+Na'): 417.1332, found: 417.1337;
HRMS (ESI) caled. for Cj4Hy0;N4PS (M+H '): 395.1513, found:
395.1511. "H NMR (DMSO-de): 6 8.40 (m, 1H, CH-7), 4.59 (dsept, 2H, J
(H,P) = 7.8 Hz, Jyi. = 6.2 Hz, CH-i-Pr), 4.37 (m, 2H, H-1'), 3.81 (m, 2H,
H-2'), 3.80 (d, 2H, J(3,P) = 8.3 Hz, H-3"), 3.16 (d, 3H, J(9b,7) = 0.5 Hz,
9b), 3.02 (d, 3H, J(9a,7) = 0.8 Hz, 9a), 1.24 (d, 6H, J; = 6.2 Hz, CHy-i-
Pr), 1.23 (d, 6H, Jyic = 6.1 Hz, CHa-i-Pr). 1*C NMR (DMSO-dg): 5191.16
(€-5), 168.05 (C-3), 157.93 (CH-7), 70.71 (d, J(2',P) = 12.0 Hz, C-2),
70.35 (d, J(C,P) = 6.3 Hz, CH-i-Pr), 67.59 (C-1"), 65.08 (d, J(3',P) =
164.6 Hz, C-3'), 40.83 (9b), 34.99 (9a), 24.01 (d, J(C,P) = 3.8 Hz, CHs-i-
Pr), 23.87 (d, J(C,P) = 4.6 Hz, CHs-i-Pr). *'P {'"H} NMR (DMSO-d;,): 6
20.40. FTIR (KBr, em Y v 2980, 2881, 2820, 1705, 1624, 1468, 1375,
1253, 1193, 1107, 1060, 1010, 985, 950, 889.
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5.2.4. Diisopropyl ((2-((5-amino-1,2,4-thiadiazol-3-yl)oxy)ethoxy)
methyl)phosphonate (8)

Hydrazine (8 mL; 35% aqueous solution) was added to a solution of 7
(4.10 g; 10.4 mmol) in MeOH (15 mL) and the mixture was stirred at RT
for 1 h. The solvent was evaporated and the residue was chromato-
graphed on a silica gel column in a gradient of 0-5% MeOH in CHCl3.
Yield: 2.7 g (75%) of a colorless amorphous solid. MS (ESI) m/z (%): 362
(100, M+Na™), 340 (23, M+H™). HRMS (ESI) calcd. for C11Hy305N3PS
(M+Na™): 362.0910, found: 362.0909. '"H NMR (DMSO-d): & 7.94 (s,
2H, NHz), 4.59 (dsept, 2H, J(H,P) = 7.8 Hz, J,ic = 6.2 Hz, CH-i-Pr), 4.30
(m, 2H, H-1"), 3.79 (d, 2H, J(3',P) = 8.3 Hz, H-3"), 3.78 (m, 2H, H-2'),
1.24 (d, 6H, Jyj. = 6.2 Hz, CHy-i-Pr), 1.23 (d, 6H, J,;. = 6.2 Hz, CHz-i-Pr).
3¢ NMR (DMSO-de): & 182.76 (C-5), 167.37 (C-3), 70.72 (d, J(2',P) =
12.1 Hz, CH»-2'), 70.38 (d, J(C,P) = 6.3 Hz, CH-i-Pr), 67.47 (CHy-1'),
65.00 (d, J(3',P) = 164.4 Hz, CH,-3"), 24.03 (d, J(C,P) = 3.8 Hz, CH-i-
Pr), 23.89 (d, J(C,P) = 4.5 Hz, CHz-i-Pr). *'P {'H} NMR (DMSO-dg): &
20.38. FTIR (KBr, cm %) vy 3298, 3162, 2980, 2935, 2882, 1631,
1548, 1507, 1465, 1454, 1409, 1387, 1375, 1337, 1237, 1222, 1178,
1142, 1105, 1013, 995, 891.

5.2.5. ((2-((5-Amino-1,2,4-thiadiazol-3-yl)oxy)ethoxy)methyl)
phosphonic acid (9)

Bromotrimethylsilane (21.6 mL; 0.164 mol) was added to a solution
of 8 (2.78 g; 8.19 mmol) in acetonitrile (50 mL) and the mixture was
stirred at RT overnight. The volatiles were removed in vacuo, the residue
was co-evaporated with acetonitrile (3x) and then with 25% aqueous
ammonia. The erude product was purified on a column of Dowex 50 x 8
(H' form). Impurities and salts were eluted first with water and the
product was than eluted with 2.5% aqueous ammonia. The compound
was crystallized from the MeOH/diethyl ether mixture. Yield: 1.52 g
(73%) of a white crystalline solid, mp 161-163 “C. MS (ESL) m/z (%):
276 (30, M—2H"+Na"), 254 (100, M—H"). HRMS (ESI) calcd. for
C5HoO5N3PS (M—H "): 254.0006, found: 254.0006. "H NMR (DMSO-ds):
68.00 (s, 2H, NHy), 7.47 (vbs, NH{), 4.26 (m, 2H, H-1'), 3.71 (m, 2H, H-
21, 3.37 (d, 2H, J(3',P) = 8.7 Hz, H-3'). '*C NMR (DMSO-dg): 5 182.74
(C-5), 167.44 (C-3), 70.07 (d, J(2',P) = 10.0 Hz, CH,-2"), 69.08 (d, J(3',
P) = 155.0 Hz, CH,-3'), 67.88 (CHx-1). *'P {"H} NMR (DMSO-dy): &
12.88. FTIR (KBr, cm ™) vuay 3290, 3179, 2855, 1635, 1547, 1513,
1455, 1414, 1390, 1339, 1105, 1063, 975, 922.

5.2.6. The reaction of compound 6 with (S)-glyeidy! trityl ether
Compound 6 (2.50 g; 14.5 mmol), (S)-glycidyl trityl ether (4.18 g;
13.2 mmol) and caesium carbonate (0.860 g; 2.64 mmol) were dissolved
in DMF (50 mL) and the mixture was stirred at 95 °C for 4 h. Diethyl
ether (200 mL) was added and the mixture was washed with an aqueous
solution of NaHCO; (2x 150 mL) and then with brine (150 mL). The
organic phase was dried over MgSO,, evaporated, and the residue was
purified on a silica gel column in a gradient of 0-2% MeOH in CHCls.
Compound 10a was eluted first, followed by compound 10b.

5.2.6.1. (R,E)-N'-(3-(2-Hydroxy-3-(trityloxy)propoxy)-1,2,4-thiadiazol-

5-y1)-N, N-dimethylformimidamide (10a). Yield: 2.5 g (35%) as a white
crystalline solid, mp 72-74 °C. [a]p — 2.5 (¢ 0.360 g/100 mL, MeOH).
MS (ESI) m/z (%): 511 (100, M+Na'), 999 (18, 2M+Na*). HRMS (ESI)
caled. for CyyHpgO3N4NaS (M+Na't): 511.1774, found: 511.1773. 'H
NMR (DMSO-dg): 6 8.39 (m, 1H, H-7), 7.37-7.42 (m, 6H, H-o0-Tr),
7.29-7.35 (m, 6H, H-m-Tr), 7.23-7.28 (m, 3H, Hp-Tr), 5.23 (d, 1H, J
(OH,2') = 5.6 Hz, OH), 4.33 (dd, 1H, Jgem = 10.8 Hz, J(1'b,2') = 4.4 Hz,
H-1'b), 4.26 (dd, 1H, Jgem = 10.8 Hz, J(1'a,2') = 5.8 Hz, H-1'a), 3.97
(pentd, 1H, J(2',1'a) = J(2',3'a) = J(2/,3'b) = J(2',0H) = 5.7 Hz, J
(2/,1'b) = 4.4 Hz, H-2'), 3.15 (bs, 3H, 9b), 3.04 (dd, 1H, Jye,, = 9.2 Hz, J
(3'b,2") = 5.6 Hz, H-3'b), 3.02 (d, 3H, J(9a,7) = 0.8 Hz, 9a), 3.00 (dd,
1H, Jyem = 9.2 Hz, J(3'a,2') = 5.7 Hz, H-3a). '*C NMR (DMSO-dq): &
191.07 (C-5, determined by HSQC and HMBC), 168.24 (C-3), 157.87
(CH-7), 143.98 (C-i-Tr), 128.47 (CH-o-Tr), 128.19 (CH-m-Tr), 127.19
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(CH-p-Tr), 86.00 (C-Tr), 70.32 (G-1'), 67.91 (C-2'), 64.99 (C-3'), 40.83
(9b), 35.00 (9a). FTIR (KBr, cm ') uy,: 3415, 3086, 3057, 3032, 3023,
3001, 2928, 2815, 1750, 1685, 1623, 1597, 1583, 1523, 1497, 1449,
1337, 1323, 1154, 1107, 1076, 1033, 1002, 946, 938, 765, 707, 700,
633, 316.

5.2.6.2. (S,E)-N'-(2-(2-Hydroxy-3-(trityloxy)propyl)-3-0x0-2,3-dihydro-
1,2,4-thiadiazol-5-y1)-N,N-dimethylformimidamide (10b). Yield: 0.62 g
(9%) of a white crystalline solid, mp 200-202 °C. [a]p — 3.4 (¢ 0.295 g/
100 mL, MeOH). MS (ESI) m/z (%): 511 (100, M+Na"), 999 (19,
2M-+Na™), HRMS (ESI) caled. for Cy7Hug03N4NagS (M+Na™): 511.1774,
found: 511.1773. '"H NMR (DMSO-dg): 6 8.55 (s, 1H, H-7), 7.38-7.42 (m,
6H, H-0-Tr), 7.31-7.36 (m, 6H, H-m-Tr), 7.23-7.28 (m, 3H, H-p-Tr), 5.41
(d, 1H, J(OH,2) = 5.4 Hz, OH), 3.86 (dd, 1H, Jy, = 13.8 Hz, J(1'b,2") =
3.4 Hz, H-1'b), 3.81 (m, 1H, H-2'), 3.52 (dd, 1H, Jge; = 13.8 Hz, J(1'3,2)
= 7.2 He, H-1'a), 3.20 (s, 3H, 9b), 3.03 (s, 3H, 9a), 2.97 (dd, 1H, Jgm =
9.3 Hz, J(3'b,2") = 5.2 Hz, H-3'b), 2.88 (dd, 1H, Jey, = 9.4 Hz, J(3/2,2")
= 6.2 Hz, H-3'a). 3¢ NMR (DMSO-dg): 6 181.53 (C-5), 165.94 (C-3),
158.01 (CH-7), 143.88 (C-i-Tr), 128.48 (CH-o-Tr), 128.07 (CH-m-Tr),
127.20 (CH-p-Tr), 86.11 (C-Tr), 68.67 (C-2'), 65.34 (C-3'), 47.11 (C-1'),
41.12 (9b), 35.17 (9a). FTIR (KBr, cm 1) vya 3288, 3085, 3057, 3032,
3022, 3001, 2926, 2810, 1678, 1623, 1596, 1585, 1491, 1448, 1418,
1339, 1307, 1153, 1113, 1077, 1033, 1002, 950, 935, 762, 709, 699,
633, 617.

5.2.7. The general procedure for the synthesis of N'-substituted thiobiurets

Potassium thiocyanate (48.0 g; 0.49 mol) was dissolved in acetone
(400 mL) and the appropriate acyl chloride (0.41 mol) was added
dropwise. The mixture was stirred at 50 °C for 3.5 h. After cooling to RT,
the precipitated potassium chloride was filtered off over Celite and the
volume of the filtrate was reduced in vacuo. Urea (24.6 g; 0.41 mol) was
added to the solution and the mixture stirred at 65 °C for 5 h. After
cooling to RT, the flask was cooled in an ice bath to initiate crystalli-
zation and the solution was then left at RT overnight. Crystals were
collected by filtration and recrystallized from methanol.

5.2.7.1. N-(Carbamoylcarbamothioyl)acetamide (13a). Yield: 9.4 g
(14%) of yellowish crystals, mp 196-198 “C. The spectral data are in
agreement with Ref.”"

5.2.7.2. N-(Carbamoylcarbamothioyl)benzamide (13b). Yield: 36.18 g
(40%) of yellow crystals, mp 174-175 “G. The spectral data are in
agreement with Ref.'”

5.2.8. N-(3-Oxo-2,3-dihydro-1,2,4-thiadiazol-5-yl)acetamide (14a)

1 M Brz in CHCl3 (43.8 mL; 43.8 mmol) was added dropwise to a
solution of 13a (5.00 g; 31.0 mmol) in EtOH (40 mL) at 35 “C and the
mixture was stirred at the same temperature for 20 min. After cooling to
RT, the crystals formed were filtered off, washed with diethyl ether and
recrystallized from water. Yield: 2.95 g (60%) as white crystals, mp
236-237 °C. The spectral data are in agreement with Ref.”

5.2.9. N-(3-Oxo-2,3-dihydro-1,2,4-thiadiazol-5-yl)benzamide (14b)

Compound 13b (7.46 g, 33.4 mmol) and N-bromosuccinimide (7.43
g; 41.8 mmol) were dissolved in MeOH (200 mL) and the mixture was
stitred at 70 °C for 6 h. After cooling to RT, the crystals formed were
filtered off and washed with diethyl ether. Yield: 4.15 g (56%) as white
crystals. The spectral data are in agreement with Ref.'"*

5.2.10. (S,Z)-N-(4-(2-Hydroxy-3-(trityloxy)propyl)-3-oxo-1,2,4-
hiadiazolidin-5-ylidene)b ide (15)

Compound 14b (2.00 g; 9.04 mmol), (S)-glycidyl trityl ether (2.62 g;
8.28 mmol) and caesium carbonate (0.553 g; 1.70 mmol) were dissolved
in DMF (70 mL), the mixture was stirred at 110 °C for 24 h and evap-
orated. The residue was chromatographed on a silica gel column in a
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gradient of 0-2% MeOH in CHCI; and the product was recrystallized
from ethyl acetate/hexane. Yield: 1.02 g (21%) as white crystals, mp
176-177 °C. [a]p — 23.3 (c 0.313 g/100 mL, MeOH). MS (ESI) m/z (%):
560 (100, M+Na'). HRMS (ESI) caled. for C33H704N3NaS (M+Na'):
560.1615, found: 560.1609. 'H NMR (DMSO-dg): 5 10.24 (bs, 1H, NH,
determined by HMBC), 8.16 (m, 2H, H-0-Ph), 7.63 (m, 1H, H-p-Ph), 7.46
(m, 2H, H-m-Ph), 7.35-7.41 (m, 6H, H-0-Tr), 7.24-7.30 (m, 6H, H-m-Tr),
7.19-7.24 (m, 3H, H-p-Tr), 5.30 (d, 1H, J(OH,2") = 5.8 Hz, OH), 4.31
(bdpent, 1H, J(2',1'a) = 7.8 Hz, J(2,1'b) = J(2',3") = J(2',0H) = 5.7 Hz,
H-2'), 4.09 (dd, 1H, Jge,, = 13.2 Hz, J(1'b,2") = 5.5 Hz, H-1'b), 4.02 (dd,
1H, Jger = 13.2 Hz, J(1'a,2') = 7.9 Hz, H-1'a), 3.12 (dd, 1H, Jge = 9.5
Hz, J(3'b,2') = 5.1 Hz, H-3'h), 2.98 (dd, 1H, Jyey, = 9.5 Hz, J(3'a,2') =
6.3 Hz, H-33). 1°C NMR (DMSC-ds): 6 176.97 (C-7), 171.52 (C-5),
153.51 (C-3), 143.91 (C--Tr), 133.97 (C-i-Ph), 133.23 (CH-p-Ph),
129.25 (CH-0-Ph), 128.80 (CH-m-Ph), 128.34 (CH-0-Tr), 128.02 (CH-m-
Tr), 127.17 (CH-p-Tp), 86.27 (C-Tr), 66.70 (CHz-3"), 66.33 (CH-21),
48.34 (CHy-17).

5.2.11. Diisopropyl ((2-(N-phthalimido)ethoxy)methyl)phosphonate (16)

A solution of diisopropyl 2-(phosphonomethoxy)ethyl chloride
(20.28 g; 78.4 mmol) and potassium phthalimide (14.52 g; 78.4 mmol)
in DMF (200 mL) was stirred at 120 °C for 3.5 h and then evaporated.
The residue was co-evaporated with toluene and purified on a silica gel
column in a gradient of 0-5% MeOH in CHCl;. Yield: 24.7 g (85%) of a
white amorphous solid. MS (ESI) m/z (%): 392 (100, M+Na'). HRMS
(ESI) caled. for C17Hu406NNaP (M-+Na™): 392.1234, found: 392.1235.
1H NMR (CDCls): & 7.77 (m, 2H, CH-4,7-Ar), 7.67 (m, 2H, CH-5,6-Ar),
4.63 (m, 2H, CH-i-Pr), 3.85 (m, 2H, H-1), 3.80 (m, 2H, H-2"), 3.71 (d,
2H, J(3,P) = 8.3 Hz, H-3"), 1.19-1.22 (m, 12H, CH;-i-Pr). '>*C NMR
(CDCl3): 6 167.95 (C-2, C-9), 133.85 (Cxr-3,4), 131.93 (Car-1,6), 123.09
(CH-4,7-Ar), 70.96 (d, J(C,P) = 6.6 Hz, CH-i-Pr), 69.55 (d, J(2',P) =
10.8 Hz, CH,-2), 65.28 (d, J(3',P) = 167.2 Hz, CH,-3"), 36.90 (CHy-1),
23.87 (d, J(C,P) = 3.8 Hz, CH3-i-Pr), 23.76 (d, J(C,P) = 4.6 Hz, CH3-i-Pr).
31p {'H} NMR (CDCl): § 18.84. FTIR (CCly, em™) smae 3088, 3061,
2981, 2938, 2875, 1778, 1720, 1617, 1469, 1393, 1375, 1241, 1179,
1142, 1107, 1009, 990, 889, 718, 529.

5.2.12. 2-(Tritylamino)ethan-1-ol (18)

Triethylamine (60 mL; 0.431 mol) was added to a solution of 2-ami-
noethan-1-ol (13.0 g; 0.21 mol) in CHyCly (250 mL). Trityl chloride
(59.1 g; 0.212 mol) was added under cooling in an ice bath and the
mixture was stirred at RT for 2 h. The solvent was evaporated and the
residue was partitioned between ethyl acetate (300 mL) and aqueous
NaHCO3 (2% 250 mL) and brine (250 mL). The organic layer was dried
over MgSOy4 and evaporated. The residue was crystallized from the
mixture of ethyl acetate/hexane. Yield: 52.4 g (82%) as a white crys-
talline solid. The spectral data are in agreement with Ref.”™”

5.2.13. Diisopropyl ((2-(tritylamine)ethoxy)methyl)phosphonate (19)
The synthetie methodology described in Ref.”’ was utilized. Mag-
nesium di-tert-butoxide (5.63 g; 33.0 mmol) and diisopropyl tosylox-
ymethanephosphonate (6.94 g; 19.8 mmol) were added to a solution of
18 (5.0 g; 16.5 mmol) in N-methylpyrrolidone (30 mL). The mixture was
stirred at 75-78 °C for 4.5 h. After cooling to RT, water (30 mL) was
added and the mixture was extracted with diethyl ether (50 mL). An
organic layer was washed with aqueous NaHCO3 (2x 50 mL), then with
brine (1x 50 mL), and it was dried over MgSO,4. The solvent was evap-
orated and the residue was chromatographed on a silica gel column in
the CHCl3/hexane system (1:9 to 1:1). Yield: 7.2 g (91%) of a colorless
oil. MS (ESI) m/z (%): 504 (90, M+Na). HRMS (ESI) caled. for
CygH3504NNaP (M+Na™): 504.2274, found: 504.2273; HRMS (ESI)
caled. for CygHa704NP (M+H'): 482.2455, found: 482.2455. 'H NMR
(DMSO-dg): 8 7.41 (m, 6H, H-0-Tr), 7.29 (m, 6H, H-m-Tr), 7.19 (m, 3H,
H-p-Tr), 4.59 (dsept, 2H, J(H,P) = 7.8 Hz, J,;. = 6.2 Hz, CH-i-Pr), 3.68
(d, 2H, J(3,P) = 8.4 Hz, H-3), 3.62 (t, 2H, J(2,1) = 5.6 Hz, H-2), 2.59 (1,
1H, J(NH,1) = 7.9 Hz, NH), 2.16 (dt, 2H, J(1,NH) = 7.8 Hz, J(1,2) = 5.6
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Hz, H-1), 1.23 (d, 6H, Jyj. = 6.2 Hz, CHa-i-Pr), 1.21 (d, 6H, J,;. = 6.2 Hz,
CHy-i-Pr). '*C NMR (DMSO-dg): & 146.09 (C-i-Tr), 128.47 (CH-o0-Tr),
127.88 (CH-m-Tr), 126.29 (CH-p-Tr), 72.56 (d, J(2,P) = 12.1 Hz, CH,-2),
70.27 (C-Tr), 70.22 (d, J(C,P) = 6.5 Hz, CH--Pr), 64.96 (d, J(3,P) =
165.0 Hz, CH,-3), 43.09 (CHy-1), 23.96 (d, J(C,P) = 3.9 Hz, CH3-i-Pr),
23.88 (d, J(C,P) = 4.5 Hz, CHz-i-Pr). *'P {'H} NMR (DMSO-d¢): 5 21.81.
FTIR (CCly, cm™") tpar: 3335, 3085, 3062, 3033, 2980, 2934, 2873,
1597, 1489, 1466, 1449, 1386, 1375, 1318, 1242, 1216, 1191, 1180,
1142, 1107, 1033, 1008, 990, 940, 902, 706, 698, 648, 625.

5.2.14. Diisopropyl ((2-aminoethoxy)methyl)phosphonate (17)

Method A. Hydrazine (1 M in THF; 140 mL, 0.141 mol) was added to
asolution of 16 (5.2 g; 14.1 mmol) in EtOH (50 mL) and the mixture was
stirred at RT for 2 h. The precipitated phthalhydrazide was filtered off.
The filtrate was evaporated and the residue was purified on a silica gel
column under basic conditions in the system of 2-10% methanolic
ammeonia (2.35 M NH3) in CHCl3. Yield: 3.07 g (91%) of a colorless oil.

Method B. 35% Hydrochloric acid (30 mL) was added to a 0 °C cold
solution of 19 (7.0 g; 4.5 mmol) in dioxane (40 mL). The solution was
then stirred at RT for 1.5 h, washed with diethyl ether, and the aqueous
phase was concentrated in vacuo. The residue was purified on a silica gel
column under basic conditions (5% TEA in toluene/CHCl; 2:1 to TEA/
CHCl3 5:95). Yield: 2.26 g (65%) of a colorless oil. MS (ESI) m/z (%): 262
(27, M+Na™), 240 (100, M+H™). HRMS (ESI) caled. for GoHy,0,NNaP
(M+Na'): 262.1179, found: 262.1179; HRMS (ESI) caled. for
CoHu30,NP (M+H"): 240.1359, found: 240.1360. 'H NMR (CDCly): &
4.73 (dsept, 2H, J(H,P) = 7.7 Hz, Jy;c — 6.2 Hz, CH-i-Pr), 3.73 (d, 2H, J
(3,P) = 8.5 Hz, H-3), 3.68 (t, 2H, J(2,1) = 5.1 Hz, H-2), 2.97 (t, 2H, J
(1,2) = 4.9 Hz, H-1), 1.33 (d, 6H, Jy;c = 6.2 Hz, CHy-i-Pr), 1.32 (d, 6H,
Jyic = 6.2 Hz, CH3--Pr). "C NMR (CDCly): 6 75.34 (d, J(C,P) = 11.2 He,
CHa-2), 70.89 (d, J(C,P) = 6.7 Hz, CH-i-Pr), 65.68 (d, J(3,P) = 168.2 Hz,
CHj-3), 41.38 (CHy-1), 24.02 (d, J(C,P) = 3.9 Hz, CHg-i-Pr), 23.95 (d, J
(CP) = 4.6 Hz, CHyi-Pr). 'P {'"H} NMR (CDCls): 6 20.15. FTIR (CCls,
em™Y) Ly 3334, 2081, 2934, 2876, 1467, 1387, 1376, 1241, 1179,
1142, 1106, 1010, 993, 889.

5.2.15. (8)-1-Azido-3-(trityloxy)propan-2-ol (20)

Sodium azide (41.1 g; 632 mmol) was added to a solution of (S)-
glycidyl trityl ether (10.0 g; 31.6 mmol) in DMF (500 mL) and the
mixture was stirred at 45 “C for 7 days. Water (5.0 mL) was added and
the reaction mixture was stirred for 10 min. The precipitated salts were
filtered off on a Biichner funnel and the filtrate was evaporated. The
residue was partitioned between water (350 mL) and ethyl acetate (2x
350 mL). An organic layer was dried over NaySOy,4, evaporated, and the
residue was purified on a silica gel column in CHClz/hexane (15:85).
Yield: 7.53 g (66%) of a colotless oil. [a]p — 17.6 (c 0.250 g/100 mL,
MeOH). MS (ESI) m/z (%): 382 (100, M-+Na"). HRMS (ESI) caled. for
Ca3H210oN3Na (M+Na'): 382.1526, found: 382.1523. 'H NMR
(DMSO-dy): 6 7.36-7.42 (m, 6H, Ho-Tr), 7.30-7.38 (m, 6H, H-m-Tr),
7.23-7.30 (m, 3H, H-p-Tr), 5.35 (d, 1H, J(OH,2) = 5.3 Hz, OH), 3.83
(ttd, 1H, J(2,1b) = J(2,3b) = 6.5 Hz, J(2,0H) = J(2,3a) = 5.3 Hz, J
(2,12) = 3.6 Hz, H-2), 3.36 (dd, 1H, Jge,y = 12.6 Hz, J(1a,2) = 3.6 Hz, H-
1a), 3.30 (dd, 1H, Jgeiy = 12.6 Hz, J(1b,2) = 6.5 Hz, H-1b), 3.01 (dd, 1H,
Jgem = 9.2 Hz, J(3a,2) = 5.3 Hz, H-3a), 2.89 (dd, 1H, Jgery = 9.2 Hz, J
(3b,2) = 6.5 Hz, H-3b). 1°C NMR (DMSO-dg): 5 143.90 (C-i-Tr), 128.45
(CH-0-Tr), 128.08 (CH-m-Tr), 127.22 (CH-p-Tr), 86.11 (C-Tr), 69.14
(CH-2), 65.27 (CH3-3), 53.80 (CHy-1). FTIR (CCl,, em™) Vmax: 3600,
2928, 2858, 2105, 1737, 1467, 1393, 1087, 1077, 529.

5.2.16. (Diisopropyl (S)-(((1-azido-3-(trityloxy)propan-2-yl)oxy)methyl)
phosphonate (22)

Sodium hydride (60% suspension in mineral oil; 2.095 g; 52.3 mmol)
was added to a solution of 20 (7.5 g; 20.9 mmol) in DMF (300 mL) and
the mixture was stirred at RT for 15 min. Diisopropyl (bromomethyl)
phosphonate 21 (8.12 g; 31.4 mmol) was added and the mixture stirred
at 60 °C overnight. The reaction was quenched with water (30 mL), the
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mixture was stirred for 5 min and evaporated. The residue was extracted
between water (300 mL) and ethyl acetate (2x 450 mL). Combined
organic layers were dried over NaySO, and evaporated. The residue was
purified on a silica gel column, first in CHCl3/hexane (40:60), followed
by a gradient of MeOH in CHCI; (0-15%). Yield: 7.85 g (70%) of a
colorless oil. [a]p — 7.4 (c 0.298 g/100 mL, MeOH). MS (ESI) m/z (%):
560 (100, M+Na™). HRMS (ESI) caled. for CagH3605N3NaP (M+Na™):
560.2285, found: 560.2284. *H NMR (DMSO-dg): 6 7.36-7.43 (m, 6H, H-
o-Tr), 7.31-7.38 (m, 6H, H-m-Tr), 7.25-7.29 (m, 3H, H-p-Tr), 4.53-4.64
(m, 2H, CH-i-Pr), 3.84 (dd, 1H, Jye, = 13.9 Hz, J(3a,P) = 9.0 Hz, H-3a),
3.81 (dd, 1H, Jyep, = 13.9 Hz, J(3b,P) = 9.0 Hz, H-3b), 3.74 (dddd, 1H,J
(2,1b) = 5.7 Hz, J(2,4b) = 5.3 Hz, J(2,4a) = 4.9 Hz, J(2,1a) = 4.1 Hz, H-
2), 3.56 (dd, 1H, Jyen, = 13.1 Hz, J(1,2) = 4.1 Hz, H-1a), 3.45 (dd, 1H,
Jgem = 13.1 Hz, J(1b,2) = 5.7 Hz, H-1b), 3.10 (dd, 1H, Jye, = 10.2Hz, J
(4a,2) = 4.9 Hz, H-4a), 3.08 (dd, 1H, Jyep — 10.2 Hz, J(4b,2) — 5.3 Hz,
H-4b), 1.18-1.28 (m, 12H, CH3-i-Pr). 1*C NMR (DMSO-d;): 6 143.70 (C-
i-Tr), 128.44 (CH-0-Tr), 128.12 (CH-m-Tr), 127.30 (CH-p-Tr), 86.36 (C-
Tr), 79.35 (d, J(2,P) = 12.2 Hz, CH-2), 70.38 (d, J(C,P) = 6.3 Hz, CH-i-
Pr), 65.86 (CHx-4), 64.07 (d, J(3,P) = 165.2 Hz, CH»-3), 50.93 (CH»-1),
23.72-24.06 (CHs-i-Pr). *'P {'H} NMR (DMSO-de): & 18.82. FTIR (CCly,
em™") vy 3088, 3062, 3035, 3024, 2081, 2934, 2874, 2103, 1598,
1491, 1467, 1449, 1386, 1375, 1310, 1260, 1244, 1178, 1142, 1159,
1153, 1107, 1088, 1080, 1035, 1008, 991, 936, 889, 705, 697, 633, 555.

5.2.17. Diisopropyl (8)-(((1-amino-3-(trityloxy)propan-2-yl)oxy)methyl)
phosphonate (23)

Triphenylphosphine (4.19 g; 16.0 mmol) and water (2.0 mL) were
added while stirring to a 0 “C cold solution of 22 (7.80 g; 14.5 mmol) in
THF (200 mL) and the mixture left stirring overnight to reach RT. The
solvent was evaporated and the residue was chromatographed on assilica
gel column (a gradient of 0-5% MeOH in CHCI; containing 1% TEA).
Yield: 4.8 g (65%) of a colorless oil. [a]p — 8.8 (¢ 0.656 g/100 mL,
MeOH). MS (ESI) m/z (%): 1024 (88, 2M+H"), 512 (85, M+H"). HRMS
(ESI) calcd. for CyoHsg0sNP (M+H'): 512.2560, found: 512.2557. 'H
NMR (DMSO-ds): § 7.38-7.42 (m, 6H, H-0-Tr), 7.31-7.36 (m, 6H, H-m-
Tr), 7.23-7.28 (m, 3H, H-p-Tr), 4.55-4.65 (m, 2H, CH-i-Pr), 3.85 (dd,
1H, Jgem = 13.3 Hz, J(3a,P) = 8.6 Hz, H-3a), 3.81 (dd, 1H, Jyem = 13.3
Hz, J(3b,P) = 8.6 Hz, H-3b), 3.50 (dddd, 1H, J(2,1b) = 6.1 Hz, J(2,4b) =
5.7 Hz, J(2,1a) = 5.2 Hz, J(2,4a) = 3.9 Hz, H-2), 3.11 (dd, 1H, Jgery =
10.0 Hz, J(4a,2) = 3.9 Hz, H-4a), 3.04 (dd, 1H, Jye, = 10.0 Hz, J(4b,2)
= 5.7 Hz, H-4b), 2.66 (dd, 1H, Jye, = 13.2 Hz, J(1a,2) = 5.2 Hz, H-1a),
2.62 (dd, 1H, Jye, = 13.2 Hz, J(1b,2) = 6.1 Hz, H-1b), 1.24 (d, 3H, Jy;. =
6.2 Hz, CH3-i-Pr), 1.23 (d, 3H, Jyj = 6.2 Hz, CH3-i-Pr), 1.22 (d, 3H, Jy;c
= 6.2 Hz, CHg-i-Pr), 1.21 (d, 3H, Jyjc = 6.2 Hz, CHg-i-Pr). '°C NMR
(DMSO-dg): & 143.94 (C-i-Tr), 128.45 (CH-o-Tr), 128.06 (CH-m-Tr),
127.20 (CH-p-Tr), 86.15 (C-Tr), 82.78 (d, J(2,P) = 11.8 Hz, CH-2), 70.30
(d, J(C,P) = 6.2 Hz, CH-i-Pr), 70.26 (d, J(C,P) = 6.2 Hz, CH-i-Pr), 64.34
(d, J(3,P) = 165.3 Hz, GH»-3), 63.83 (CH-4), 42.59 (CHa-1), 24.02 (d, J
(C,P) = 3.6 Hz, CH4-i-Pr), 24.01 (d, J(C,P) = 3.6 Hz, CH-i-Pr), 23.93 (d,
J(C,P) = 4.5 Hz, CHi-Pr), 23.91 (d, J(C,P) = 4.5 Hz, CH3--Pr). *'P {'"H}
NMR (DMSO-dg): 5 19.55. *'p {{H} NMR (DMSO-dy): 5 19.55. FTIR
(CCly, em 1) vy 3088, 3061, 3035, 3024, 2980, 2874, 1598, 1491,
1466, 1449, 1386, 1375, 1241, 1179, 1159, 1153, 1142, 1106, 1089,
1078, 992, 936, 890, 787, 764, 706, 633,

5.2.18. Diisopropyl ((2-ureidoethoxy)methyl)phosphonate (24)

35% hydrochloric acid (1.65 mL) was added dropwise toa 10 °C cold
solution of 17 (5.12 g; 21.4 mumol) in HoO (50 mL). Potassium cyanate
(3.47 g; 42.8 mmol) was added and the reaction mixture was stirred at
70 °C overnight. The mixture was extracted with CHCl3 (4x 70 mL), an
organic layer was dried over MgSO, and concentrated in vacuo. The
residue was purified on a silica gel column (0-5% MeOH in CHCl,).
Yield: 4.33 g (72%) of a colorless oil. MS (ESI) m/z (%): 305 (100,
M+Na ). HRMS (ESI) caled. for CygH305N;NaP (M+Na ' ): 305.1237,
found: 305.1237. "H NMR (DMSO-de): & 5.95 (bt, 1H, J(H,1)) = 5.8 Hz,
NH), 5.48 (s, 2H, NHy), 4.60 (dsept, 2H, J(H,P) = 7.7 Hz, J,jc = 6.2 Hz,
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CH-i-Pr), 3.72 (d, 2H, J(3',P) = 8.2 Hz, H-3), 3.47 (1, 2H, J(2/,1') = 5.8
Hz, H-2)), 3.12 (q, 2H, J(1,2') = J(1',NH) = 5.8 Hz, H-1"), 1.25 (d, 6H,
Jyie = 6.2 Hz, CHy-i-Pr), 1.24 (d, 6H, Jy;c = 6.2 Hz, CH3-i-Pr). *>C NMR
(DMSO-dy): 5 158.86 (C-1), 72.41 (d, J(2',P) = 11.2 Hz, CHy-2"), 70.42
(d, J(C,P) = 6.4 Hz, CH-i-Pr), 64.94 (d, J(C,P) = 164.4 Hz, GH,-3'), 39.05
(CH2-1"), 24.09 (d, J(C,P) = 3.7 Hz, CH3-i-Pr), 23.98 (d, J(C,P) = 4.6 Hz,
CHg-i-Pr). 1P {1H} NMR (DMSO-d;): 5 19.67. FTIR (CCly, cm™) pax:
3362, 3210, 2982, 2935, 2876, 1690, 1665, 1612, 1555, 1467, 1387,
1376, 1240, 1179, 1142, 1105, 1014, 995, 890.

5.2.19. Diisopropyl (S)-(((1-(trityloxy)-3-ureidopropan-2-yl)oxy)methyl)
phosphonate (25)

Compound 23 (4.75 g; 9.29 mmol) and 1,1'-carbonyldiimidazole
(1.81 g; 11.2 mmol) were dissolved in dichloromethane (200 mL) and
the reaction mixture was stirred at RT for 3 h. Afterwards, 7 M meth-
anolic ammonia (50 mL; 0.350 mol) was added and the mixture was
stirred at RT overnight. The solvent was evaporated and the residue was
purified on a silica gel column (0-5% MeOH in CHCl3). Yield: 3.71 g
(72%) of a colorless oil. []p — 3.7 (¢ 0.216 g/100 mL, MeOH). MS (ESI)
m/z (%): 577 (100, M+Na ™). HRMS (ESI) caled. for C3gH3900N;NaP
(M+Na'): 577.2438, found: 577.2439; HRMS (ESI) caled. for
C0Hy006N,P (M+H™): 555.2619, found: 555.2619. "H NMR (CDCls): &
7.43 (m, 6H, H-0-Tr), 7.30 (m, 6H, H-m-Tr), 7.24 (m, 3H, H-p-Tr), 6.26
(bs, 1H, NH), 4.77 (dsept, 1H, J(H,P) = 7.6 Hz, J,;. = 6.2 Hz, CH-i-Pr),
4.72 (dsept, 1H, J(H,P) = 7.6 Hz, Jyic = 6.2 Hz, CH-i-Pr), 4.52 (bs, 2H,
NH2), 4.13 (dd, 1H, Jgen, — 14.1 Hz, J(3a,P) = 6.4 Hz, H-3'a), 3.76 (dd,
1H, Jyem = 14.1 Hz, J(3'b,P) = 8.7 Hz, H-3'), 3.62 (m, 1H, H-2'), 3.50
(ddd, 1H, Jyen, = 13.8 Hz, J(1'2,2") = 7.8 Hz, J{1'a,NH) = 3.1 Hz, H-1'a),
3.17 (dd, 1H, Jye, = 10.2 Hz, J(4'a,2') = 6.1 Hz, H-4'a), 3.13 (dd, 1H,
Jgem = 10.2 Hz, J(4'b,2") = 4.0 Hz, H-4'b), 3.01 (ddd, 1H, Jgon, = 13.8
Hz, J(1'b,2") = 9.3 Hz, J(1'b,NH) = 3.0 Hz, H-1'b), 1.356 (d, 3H, Jyj. =
6.2 Hz, CHa-i-Pr), 1.349 (d, 3H, Jyi. = 6.2 Hz, CH4-i-Pr), 1.340 (d, 3H,
Jyie = 6.2 Hz, CH3-i-Pr), 1.336 (d, 3H, Jyic = 6.2 Hz, CHz-i-Pr). °C NMR
(CDCl3): 6 159.02 (C-1), 143.65 (C-i-Tr), 128.61 (CH-0-Tr), 127.85 (CH-
m-Tr), 127.10 (CH-p-Tr), 86.83 (C-Tr), 83.25 (d, J(2,P) = Hz, CH-2),
71.82 (d, J(C,P) = 6.6 Hz, CH-i-Pr), 71.24 (d, J(C,P) = 7.1 Hz, CH-i-Pr),
66.99 (d, J(3',P) = 168.1 Hz, CH»-3"), 64.42 (CH,-4"), 42.16 (CHx-1),
24.15 (d, J(C,P) = 3.7 Hz, CH3-i-Pr), 24.09 (d, J(C,P) = 4.6 Hz, CH3-i-Pr),
24.02 (d, J(C,P) = 3.9 Hz, CH3-i-Pr), 23.93 (d, J(C,P) = 4.5 Hz, CH3-i-Pr).
¥1p {H} NMR (CDCl;): § 21.09. FTIR (CHCly, cm™ 1) by 3518, 3413,
3331, 3222, 3089, 3062, 3035, 2985, 2934, 2875, 1675, 1598, 1554,
1491, 1467, 1449, 1443, 1388, 1377, 1305, 1238, 1179, 1159, 1153,
1142, 1103, 1088, 1079, 1035, 1015, 1000, 890, 707, 701, 642, 633,
617.

5.2.20. N'-Substituted thiobiurets with N°-[(diisopropoxy)phosphoryl]
methoxyalkyl arrangement (26-31). The general procedure

Compound 24 or 25 was dissolved in acetone and the appropriate
isothiocyanate was added dropwise. The solution was stirred at 60 °C
until quantitative conversion (4-24 h). The solvent was removed in
vacuo and the residue was purified on a silica gel column (a gradient of
40-100% EtOAc/hexane). For specific conditions, see below.

5.2.20.1. Diisopropyl (1,5-dioxo-1-phenyl-3-thioxo-9-oxa-2,4,6-tri-
azadecan-10-yl)phosphonate (26). Prepared from 24 (7.88 g, 27.9
mmol) and benzoyl isothiocyanate (4.56 g; 27.9 mmol) in acetone (300
mL); reaction time: 4 h. Yield: 7.8 g (63%) of a yellowish oil. MS (ESL) m/
2z (%): 468 (100, M+Na™), 446 (15, M+H"). HRMS (ESI) calcd. for
C1sH2806N3NaPS (M+Na'): 468.1329, found: 468.1328; HRMS (ESI)
caled. for CigH2006N3PS (M+H™): 446.1509, found: 446.1509. 1HNMR
(DMSO-dg): 4 7.90 (m, 2H, H-0-Ph), 7.68 (m, 1H, H-p-Ph), 7.58 (m, 2H,
H-m-Ph), 4.60 (dsept, 2H, J(H,P) = 7.7 Hz, J,i. = 6.2 Hz, CH-i-Pr), 3.78
(d, 2H, J(3',P) = 8.5 Hz, H-3, 3.61 (t, 2H, J(2',1) = 5.3 Hz, H-2'), 3.38
(m, 2H, H-1°), 1.24 (d, 6H, J,; = 6.2 Hz, CHg-i-Pr), 1.23 (d, 6H, Jy;c =
6.2 Hz, CHy-i-Pr). '*C NMR (DMSC-dg): 5 178.96 (C-2), 168.03 (C-3),
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153.60 (C-1; determined by HMBG), 133.56 (CH-p-Ph), 131.42 (C-i-Ph),
129.16 (CH-m-Ph), 128.09 (CH-0-Ph), 71.08 (d, J(2',P) = 11.4 Hz, CH,-
21, 70.38 (d, J(C,P) = 6.4 Hz, CH-i-Pr), 64.97 (d, J(3',P) = 164.5 Hz,
CH3-3"), 39.20 (CHy-1'), 24.03 (d, J(C,P) = 3.8 Hz, CHg-i-Pr), 23.92 (d, J
(C,P) = 4.6 Hz, CHy-i-Pr). *'P {!H} NMR (DMSO-dy): 5 19.34. FTIR
(CCly, em™") e 3497, 3423, 3330, 3237, 3068, 3035, 2981, 2937,
2875, 1723, 1689, 1675, 1603, 1582, 1540, 1502, 1491, 1467, 1451,
1386, 1375, 1316, 1238, 1179, 1143, 1106, 1070, 1013, 994, 890, 704,
686, 644.

5.2.20.2. Diisopropyl (6,10-dioxo-8-thioxo-2,11-dioxa-5,7,9-triaza-
tridecyl)phosphonate (27). Prepared from 24 (11.22 g; 39.7 mmol) and
ethoxycarbonyl isothiocyanate (5.21 g; 39.7 mmol) in acetone (400 mL);
reaction time: 4 h. Yield: 10.3 g (63%) of a yellowish oil. MS (ESI) m/z
(%):436 (100, M+Na™), 414 (47, M+H"). HRMS (ESI) calcd. for
C14H2507N3NaPS (M+Na*): 436.1278, found: 436.1281; HRMS (ESI)
caled. for C14H2007N3PS (M+H1): 414.1458, found: 414.1451. 'H NMR
(DMSO-ds): 6 12.21 (bs, 1H, NH), 11.05 (bs, 1H, NH), 8.34 (bs, 1H, NH),
4.55.4.65 (m, 2H, CH-i-Pr), 4.18 (q, 2H, J(4,5) = 7.1 Hz, H.4), 3.76 (d,
2H, J(3',P) = 8.3 Hz, H-3"), 3.59 (bt, 2H, J(2',1') = 5.4 Hz, H-2'), 3.35
(bg, 2H, J(1,2) = 5.4 Hz, H-1"), 1.24 (d, 6H, Jyic = 6.2 Hz, CH3-i-Pr),
1.23(d, 6H, Jyi. = 6.2 Hz, CHy4-i-Pr), 1.229 (t, 3H, J(5,4) = 7.1 Hz, H-5).
'#C NMR (DMSO-d): 6 178.93 (C-2), 153.13 (C-1), 152.00 (C-3), 71.04
(d,J(2',P) = 12.1 Hz, CHy-2'), 70.36 (d, J(C,P) = 6.4 Hz, CH-i-Pr), 64.97
(d, J(3',P) = 164.4 Hz, CHy-3"), 62.39 (CHz-4), 39.22 (CH»-1'), 24.00 (d,
J(C,P) = 3.7 Hz, CH3-i-Pr), 23.90 (d, J(C,P) = 4.5 Hz, CH3-i-Pr), 14.18
(CHz-5). *'P {!H} NMR (DMSO-dg): & 20.34. FTIR (CCly, cm™1) bpyax:
3252, 3186, 2980, 2935, 2875, 1705, 1537, 1508, 1468, 1454, 1386,
1374, 1337, 1261, 1227, 1177, 1142, 1104, 1012, 993, 890, 794.

5.2.20.3. Diisopropyl (1-(9H-fluoren-9-y1)-3, 7-dioxo-5-thioxo-2,11-
dioxa-4,6,8-triazadodecan-12-yl)phosph (28). Prepared from 24
(1.97 g; 6.96 mmol) and 9-fluorenylmethoxycarbonyl isothiocyanate
(2.43 g; 6.96 mmol) in acetone (100 mL); reaction time: 6 h. Yield: 2.13
g (54%) of a white amorphous solid. MS (ESI) m/z (%): 586 (95,
M+Na®), 564 (12, M-+H"). HRMS (ESI) caled. for CueHsqO-N3NaPS
(M-+Na"): 586.1747, found: 586.1748. 'H NMR (DMSO-d;): 6 12.37 (bs,
1H, NH), 11.13 (bs, 1H, NH), 8.52 (bs, 1H, NH), 7.90 (dt, 2H, J
(10a,9a&10b,9b) = 7.5 Hz, J(10a,8a&10b,8b) = J(10a,7a&10b,7b) =
1.1 Hz, H-10a,b), 7.76 (bd, 2H, J(7a,8a&7b,8b) = 7.5 Hz, H-7a,b), 7.43
(tdd, 2H, J(92,10a&9b,10b) = J(9a,8a&9b,8b) 75 Hz, J
(9a,7a&9b,7b) = 1.2 Hz, J(9a,5&9b,5) = 0.7 Hz, H-9a,b), 7.35 (td, 2H, J
(8a,9a&8b,9b) = J(8a,7a&8b,7b) = 7.5 Hz, J(8a,10a&8b,10b) = 1.1 Hz,
H-8a,b), 4.60 (dsep, 2H, J(H,P) = 7.7 Hz, Jy;. = 6.2 Hz, CH-i-Pr), 4.46 (d,
2H, J(4,5) = 7.1 Hz, H-4), 4.31 (bt, 1H, J(5,4) = 7.1 Hz, H-5), 3.77 (d,
2H, J(3',P) = 8.2 Hz, H-3"), 3.61 (t, 2H, J(2',1"} = 5.3 Hz, H-2"), 3.37 (q,
2H,J(1',2") = 5.3 Hz, H-1"), 1.25 (d, 6H, Jyi. = 6.2 Hz, CH3-i-Pr) 1.24 (d,
6H, Jyic = 6.2 Hz, CHy-i-Pr). '°C NMR (DMSO-dg): 6 178.94 (C-2), 152.93
(C-1), 152.17 (C-3), 143.43 (C-6a,b), 140.94 (C-11a,b), 128.04 (CH-9a,
b), 127.37 (CH-8a,b), 125.50 (CH-7a,b), 120.40 (CH-10a,b), 71.03 (d, J
(2',P) = 11.5 Hz, CHy»-2'), 70.37 (d, J(C,P) = 6.4 Hz, CH-i-Pr), 67.66
(CH2-4), 64.98 (d, J(3',P) — 164.3 Hz, CH,-3"), 46.22 (CH-5), 39.30
(CH2-1'), 24.02 (d, J(C,P) = 3.7 Hz, CH3-i-Pr), 23.92 (d, J(C,P) = 4.5 Hz,
CHy-i-Pr). *'P {'"H} NMR (DMSO-dg): & 20.32. FTIR (KBr, cm ") by
3322, 3243, 3186, 3066, 3040, 2979, 1721, 1705, 1609, 1538, 1509,
1466, 1451, 1386, 1360, 1338, 1323, 1224, 1209, 1172, 1142, 1105,
1084, 994, 840, 760, 741, 726, 621.

5.2.20.4. Diisopropyl (S)-(1,5-dioxo-1-phenyl-3-thioxo-8-((trityloxy)
methyl)-9-oxa-2,4,6-triazadecan-10-yDphosphonate (29). Prepared from
25 (1.50 g; 2.71 mmol) and benzoyl isothiocyanate (0.53 g; 3.25 mmol)
in acetone (100 mL); reaction time: 24 h. Yield: 0.59 g (30%) of a yellow
amorphous solid. [«]p — 3.4 (¢ 0.205 g/100 mL, MeOH). MS (ESI) m/z
(%): 740 (100, M+Nat). HRMS (ESI) caled. for CggHqqO;N3NaPS
(M-+Na™): 740.2530, found: 740.2524. 'H NMR (DMSO-d): § 7.86-7.89
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(m, 2H, H-0-Ph), 7.67 (m, 1H, H-p-Ph), 7.54-7.58 (m, 2H, H-m-Ph),
7.38-7.41 (m, 6H, H-0-Tr), 7.30-7.35 (m, 6H, H-m-Tr), 7.25 (m, 3H, H-
p-Tr), 4.53-4.63 (m, 2H, CH-i-Pr), 3.84 (dd, 1H, Jgem = 13.7 Hz, J(3'a,P)
= 8.8 Hz, H-3'a), 3.79 (dd, 1H, Jyey, = 13.7 Hz, J(3'b,P) = 9.3 Hz, H-3'b),
3.75 (p, 1H, J(2/,1") = J(2',3) = 5.2 Hz, H-2'), 3.42-3.47 (bm, 2H, H-1),
3.09 (dd, 1H, Jyen = 10.1 Hz, J(4'a,2') = 4.9 Hz, H-4'a), 3.06 (dd, 1H,
Joem = 10.1 Hz, J(4'b,2') = 5.3 Hz, H-4'b), 1.22 (d, 3H, J;c = 6.2 Hz,
CH3-i-P1), 1.21 (d, 3H, Jyic = 6.2 Hz, CH3-i-Pr), 1.20 (d, 3H, Jy;c = 6.2 Hz,
CH3-i-Pr), 1.19 (d, 3H, J,;. = 6.2 Hz, CH3-i-Pr). '*C NMR (DMSO-d;): &
168.05 (C-3), 143.72 (C-i-Tr), 133.47 (Ch-p-Ph), 133.10 (C-i-Ph), 129.09
(CH-m-Ph), 128.44 (CH-0-Tr), 128.07 (CH-0-Ph, CH-m-Tr), 127.26 (CH-
p-Tr), 86.33 (C-Tr), 78.91 (d, J(2,P) = 12.0 Hz, CH-2"), 70.39 (d, J(C,P)
= 6.3 Hz, CH-i-Pr), 70.38 (d, J(C,P) = 6.3 Hz, CH-i-Pr), 64.02 (d, J(3',P)
= 165.2 Hz, CHy-3"), 62.89 (CH,-4"), 39.87 (CH,-1"), 24.00 (d, J(C,P) =
3.7 Hz, CH3-i-Pr), 23.90 (d, J(C,P) = 4.4 Hz, CH;-i-Pr), 23.88 (d, J(C,P)
= 4.4 Hz, CH3-i-Pr); C-1 and C-2 not detected. *'P {'H} NMR (DMSO-dg):
520.11. FTIR (CCly, cm ™) 4,0 3423, 3225, 3063, 3035, 2981, 2934,
1722, 1687, 1678, 1603, 1578, 1541, 1491, 1468, 1449, 1386, 1375,
1258, 1238, 1179, 1159, 1143, 1105, 1087, 1079, 1026, 1009, 993, 881,
706, 696, 648, 633.

5.2.20.5. Diisopropyl (S)-(6,10-dioxo-8-thioxo-3-(trityloxymethyl)-2,11-
dioxa-5,7,9-triazatridecyl)phosphonate (30). Prepared from 25 (1.00 g;
1.80 mmol) and ethoxycarbonyl isothiocyanate (0.355 g; 2.70 mmol) in
acetone (80 mL); reaction time: 4 h. Yield: 0.76 g (62%) of a yellowish
crystalline solid, mp 61-62 °C. [a]p — 0.7 (c 0.430 g/100 mL, MeOH).
MS (ESI) m/z (%): 708 (100, M+Na®). HRMS (ESI) caled. for
Cy4H44OgN3NaPS (M+Na®t): 708.2479, found: 708.2477. 'H NMR
(DMSO-dg): 5 12.18 (bs, 1H, NH), 11.04 (bs, 1H, NH), 8.24 (bs, 1H, NH),
7.37-7.41 (m, 6H, H-0-Tr), 7.30-7.35 (m, 6H, H-m-Tr), 7.26 (m, 3H, H-
p-Tr), 4.52-4.63 (m, 2H, CH-i-Pr), 4.18 (q, 2H, J(4,5) = 7.1 Hz, H-4),
3.83 (dd, 1H, Jyem = 13.7 Hz, J(3'a,P) — 8.8 Hz, H-3'a), 3.78 (dd, 1H,
Jgem = 13.7 Hz, J(3'b,P) = 9.3 Hz, H-3'b), 3.72 (p, 1H, J(2/,1) = J(2,4")
= 5.0, H-2), 3.35-3.48 (bm, 2H, H-17), 3.08 (dd, 1H, Jgery = 10.4 Hz, J
(4'a,2') = 4.8 Hz, H-4'a), 3.05 (dd, 1H, Jge = 10.4 Hz, J(4'b,2") = 5.3
Hz, H4'b), 1.16-1.26 (m, 15H, CH;-i Pr, H-5). 1°C NMR (DMSO-d;): &
178.86 (C-2), 153.13 (C-1), 152.03 (C-3), 143.72 (C-i-Tr), 128.43 (CH-0-
Tr), 128.08 (CH-m-Tr), 127.26 (CH-p-Tr), 86.33 (C-Tr), 78.84 (d, J(2',P)
— 12.2 Hz, CH-2"), 70.38 (d, J(C,P) = 6.3 Hz, CH-i-Pr), 64.01 (d, J(3',P)
= 165.1 Hz, CH,-3"), 62.90 (CHy-4'), 62.40 (CHy-4), 39.70 (CHx1),
24.00 (d, J(C,P) = 3.7 Hz, CH3-i-Pr), 23.90 (d, J(C,P) = 4.4 Hz, CH3-i-P1),
23.87 (d, J(C,P) = 4.4 Hz, CHy-i-Pr), 14.19 (CHs-5). *'P {'H} NMR
(DMSO-d): & 18.91. FTIR (CCla, cm 1) v 3413, 3255, 3201, 3088,
3062, 3035, 3024, 2981, 2934, 2874, 1777, 1742, 1717, 1707, 1597,
1535, 1503, 1478, 1467, 1449, 1442, 1386, 1374, 1304, 1223, 1174,
1170, 1142, 1121, 1105, 1096, 1077, 1035, 1011, 993, 936, 890, 706,
696, 642, 633.

5.2.20.6. Diisopropyl (S)-(1-(9H-fluoren-9-y1)-3,7-dioxo-5-thioxo-10-
(trityloxymethyl)-2, 1 1-dioxa-4, 6,8-triazadodecan-12-yl)phosphonate

(31). Prepared from 25 (1.50 g; 2.71 mmol) and 9-fluorenylmethoxy-
carbonyl isothiocyanate (0.92 g; 3.25 mmol) in acetone (100 mL); re-
action time: 18 h. Yield: 1.14 g (51%) of a white crystalline solid, mp
89-90 °C. [a]p — 2.8 (¢ 0.109 g/100 mL, MeOH). MS (ESI) m/z (%): 859
(100, M+Na™). HRMS (ESI) caled. for CysHsqOgN3NaPS (M+Na™):
858.2948, found: 858.2949; HRMS (ESI) caled. for CsqHs;08N3PS
(M+H™): 836.3129, found: 836.3134. "H NMR (DMSO-dg): 5 12.36 (bs,
1H, NH), 11.11 (bs, 1H, NH), 8.48 (bs, 1H, NH), 7.90 (dt, 2H, J
(102,92&10b,9b) = 7.5 Hz, J(10a,8a&10b,8b) = J(10a,7a&10b,7b) =
0.9 Hz, H-10a,b), 7.76 (bd, 2H, J(72,8a&7b,8b) = 7.5 Hz, H-7a,b), 7.43
(bt, 2H, J(9a,10a89b,10b) = J(9a,8a&9b,8b) = 7.5 Hz, H-9a,b), 7.39
(m, 6H, H-0-Tr), 7.30-7.35 (m, 8H, H-8a,b, H-m-Tr), 7.25 (m, 3H, H-p-
Tr), 4.53-4.63 (m, 2H, CH-i-Pr), 4.47 (d, 2H, J(4,5) = 7.1 Hz, H-4), 4.31
(t, 1H, J(5,4) = 7.1 Hz, H-5), 3.83 (dd, 1H, Jyen, = 13.7 Hz, J(3'a,P) =
8.8 Hz, H-3'a), 3.79 (dd, 1H, Jy,, = 13.7 Hz, J(3'b,P) = 9.3 Hz, H-3'),

13

Bioorganic & Medicinal Chemisiry 32 (2021) 115998

3.74 (p, 1H, J(2,1') = J(2',3") = 5.2 Hz, H-2"), 3.39-3.51 (bm, 2H, H-1"),
3.08 (dd, 1H, Jyen = 10.8 Hz, J(42,2') = 5.2 Hz, H-4'a), 3.06 (dd, 1H,
Joem = 10.8 Hz, J(4'b,2) = 5.2 Hz, H-4'b), 1.22 (d, 3H, Jyic = 6.2 Hz,
CHg-i-P1), 1.21 (d, 3H, Jyjc = 6.2 Hz, CH3-i-Pr), 1.19 (d, 3H, Jy;. = 6.2 Hz,
CHg-i-Pr), 1.18 (d, 3H, J,i; = 6.2 Hz, CHy-i-Pr). 1*C NMR (DMSO-d): &
178.90 (C-2), 152.94 (C-1), 152.18 (C-3), 143.74 (C-i-Tr), 143.43 (C-6a,
b), 140.96 (C-11a,b), 128.46 (CH-0-Tr), 128.12 (CH-m-Tr), 128.08 (CH-
9a,b), 127.39 (CH-8a,b), 127.29 (CH-p-Tr), 125.54 (CH-7a,b), 120.45
(CH-10a,b), 86.34 (C-Tr), 78.80 (d, J(2',P) = 12.2 Hz, CH-2"), 70.42 (d, J
(C,P) = 6.3 Hz, CH-i-P1), 67.70 (CHz-4), 64.00 (d, J(3',P) = 165.1 Hz,
CHj-3"), 62.82 (CHy-4"), 46.23 (CH-5), 39.70 (CHy-17), 24.05 (d, J(C,P)
= 3.7 Hz, CHy-i-Pr), 23.95 (d, J(C,P) = 4.2 Hz, CH3-i-Pr), 23.92 (d, J(C,
P) = 4.2 Hz, CHg-i-Pr). >'P {'"H} NMR (DMSO-d;): 6 20.11. FTIR (CHCls,
em 1) pma 3395, 3263, 3208, 3088, 3066, 2985, 1768, 1742, 1712,
1607, 1598, 1538, 1505, 1478, 1450, 1387, 1377, 1305, 1249, 1172,
1104, 1056, 999, 890, 707, 642, 545, 427.

5.2.21. N°-Protected thiadiazolones with N°-[(diisopropoxy)phosphoryl]
methoxyalkyl arrangement. The general procedure

An appropriate starting compound (26, 27, 29, 30 or 31) and N-
bromosuccinimide (1.25 eq.) were dissolved in MeOH and stirred at
80 °C for 30 min. After cooling to RT, the solvent was evaporated and the
residue was chromatographed on a silica gel column (0-3% MeOH/
CHCl3).

5.2.21.1. Diisopropyl ((2-(5-benzamido-3-oxo-1,2,4-thiadiazol-2(3H)-yl)
ethoxy)methyD)phosphonate (32). Prepared from 26 (7.78 g; 17.5 mmol}
and N-bromosuccinimide (3.90 g; 21.9 mmol) in MeOH (200 mL). Yield:
3.74 g (48%) of a white crystalline solid, mp 83-84 °C. MS (ESI) m/z
(%): 466 (100, M+Na'), 444 (9, M+H"). HRMS (ESI) caled. for
C15H300N3NaPS (M+Na™): 466.1172, found: 466.1171; HRMS (ESI)
caled. for CgHyyO5N3PS (M-+H™): 444.1353, found: 444.1352. 'H NMR
(DMSO-dg): 6 13.42 (vbs, 1H, NH), 8.12 (m, 2H, H-0-Ph), 7.66 (m, 1H, H-
p-Ph), 7.56 (m, 2H, H-m-Ph), 4.59 (dsept, 2H, J(H,P) = 7.7 Hz, Jyic = 6.2
Hz, CH-i-Pr), 3.80 (d, 2H, J(3',P) = 8.2 Hz, H-3'), 3.71-3.79 (m, 4H, H-
1', H2'), 1.23 (bt, 12H, Jyic = 5.9 Hz, CH3-i-Pr). 1*C NMR (DMSO-dg):
174.52 (C-7, determined by HMBC), 170.86 (C-5, determined by
HMBC), 161.53 (C-3), 133.57 (CH-p-Ph), 130.56 (C-i-Ph), 129.04 (CH-
m-Ph), 128.94 (CH-0-Ph), 70.74 (d, J(2,P) = 11.5 Hz, CH,-2'), 70.40 (d,
J(C,P) = 6.4 Hz, CH-i-Pr), 64.98 (d, J(3',P) = 163.9 Hz, CH;-3"), 42.47
(CH2-1"), 23.98 (d, J(C,P) = 3.8 Hz, CHa-i-Pr), 23.88 (d, J(C,P) = 4.5 Hz,
CHa-i-Pr). 'P {'H} NMR (DMSO-dg): & 19.01. FTIR (CCly, cm ™) Zmax:
3503, 3430, 3123, 3068, 3032, 2981, 2930, 2877, 1714, 1706, 1684,
1676, 1653, 1601, 1570, 1559, 1488, 1468, 1449, 1387, 1375, 1336,
1302, 1231, 1177, 1143, 1106, 1069, 1017, 999, 890, 687, 639, 529.

5.2.21.2. Ethyl  (2-(2-((diisopropoxyphosphoryl)methoxy)ethyl)-3-oxo-
2,3-dihydro-1,2,4-thiadiazol-5-yl)carbamate  (33). Prepared from 27
(10.20 g; 24.7 mmol) and N-bromosuccinimide (5.50 g; 30.9 mmol) in
MeOH (200 mL). Yield: 2.42 g (19%) of a white crystalline solid, mp
84-86 °C. MS (ESI) m/z (%): 434 (100, M+Na™), 412 (20, M+H™).
HRMS (ESI) caled. for Cy4H2607N3NaPS (M+Na'): 434.1121, found:
434.1121; HRMS (ESI) caled. for C14H707NsPS (M+H): 412.1302,
found: 412.1302. "H NMR (DMSO-d): 5 12.79 (bs, 1H, NH), 4.59 (dsept,
2H, J(H,P) = 7.7 Hz, Jyjc = 6.2 Hz, CH-i-Pr), 4.23 (q, 2H, J(9,10) = 7.1
Hz, CHy-9), 3.77 (d, 2H, J(3',P) = 8.2 Hz, H-3"), 3.76 (m, 2H, H-1'), 3.69
(m, 2H, H-2'), 1.25 (t, 3H, J(10,9) = 7.1 Hz, H-10), 1.23 (d, 6H, J;. =
6.2 Hz, CH3-i-Pr), 1.21 (d, 6H, Jic = 6.2 Hz, CHs-i-Pr). °C NMR
(DMSO-dg): §170.54 (C-7), 162.95 (C-3), 157.49 (C-5), 71.94 (d, J(C,P)
= 6.4 Hz, CH4-Pr), 71.76 (d, J(2',P) = 11.2 Hz, CH,-2"), 65.66 (d, J(3',P)
— 164.7 Hz, CHz-3"), 64.53 (CH2-9), 43.70 (CH3-1'), 24.85 (d, J(C,P) =
3.8 Hz, CHy-i-Pr), 24.75 (d, J(C,P) = 4.6 Hz, CHy-i-Pr), 15.23 (CH3-10).
#1p {"H} NMR (DMSO-dg): 5 19.02. FTIR (CCls, cm ™) riyay: 3426, 3145,
3076, 2982, 2933, 2876, 1716, 1689, 1635, 1576, 1467, 1386, 1375,
1320, 1306, 1252, 1233, 1178, 1144, 1106, 1014, 996, 890.
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5.2.21.3. Diisopropy!l (S)-(((1-(5-benzamido-3-oxo0-1,2,4-thiadiazol-2
(3H)-yl)-3-hydroxypropan-2-yl)oxy)methyl)phosphonate (35). Prepared
from 29 (0.58 g; 0.802 mmol) and N-bromosuccinimide (0.18 g; 1.01
mmol) in MeOH (40 mL). Yield: 0.34 g (89%) of a white amorphous
solid. [a]p — 4.2 (¢ 0.169 g/100 mL, MeOH). MS (ESI) m/z (%): 969 (50,
2M+Na™), 496 (100, M+Na™), 474 (44, M+H"). HRMS (ESI) caled. for
C19H2g07N3NaPS (M+Na™): 496.1278, found: 496.1275; HRMS (ESI)
caled. for CygH2907N3PS (M+H™): 474.1458, found: 474.1458. 1H NMR
(DMSO-dg): 6 13.40 (bs, 1H, NH), 8.10-8.14 (m, 2H, H-0-Ph), 7.66 (m,
1H, H-p-Ph), 7.54-7.58 (m, 2H, H-m-Ph), 4.86 (t, 1H, J(OH,4') = 5.3 Hz,
OH), 4.54-4.65 (m, 2H, CH-i-Pr), 3.92 (dd, 1H, Jyer, = 14.0 Hz, J(3'a,P)
—8.7 Hz, H-3'a), 3.84 (dd, 1H, Jyer, = 14.0 Hz, J(3'b,P) = 8.7 Hz, H-3'b),
3.81 (dd, 1H, Jge = 14.5 Hz, J(1'a,2") = 3.1 Hz, H-1'a), 3.67 (m, 1H, H-
2'), 3.61 (dd, 1H, Jgem = 14.5 Hz, J(1',2) = 7.1 Hz, H-1'b), 3.45-3.54
(m, 2H, H-3"), 1.23 (d, 3H, Jyjc = 6.2 Hz, CH3-i-Pr), 1.22 (d, 3H, Jyjc =
6.2 Hz, CH3-i-Pr), 1.21 (d, 3H, Jvic = 6.2 Hz, CH3-i-Pr), 1.20 (d, 3H, Juic
= 6.2 Hz, CHy-i-Pr). '°C NMR (DMSO-d;): & 133.46 (CH-p-Ph), 129.01
(CH-m-Ph), 128.91 (CH-0-Ph), 80.53 (d, J(2',P) = 10.7 Hz, CH-2'), 70.41
(d, J(C,P) = 6.4 Hz, CH-i-Pr), 70.34 (d, J(C,P) = 6.4 Hz, CH-i-Pr), 63.86
(d, J(3',P) = 164.7 Hz, CHy-3"), 60.22 (CHy-4"), 43.75 (CH»-1'), 23.97 (d,
J(C,P) = 3.5 Hz, CHs-i-Pr), 23.94 (d, J(C,P) = 3.5 Hz, CH3-i-Pr), 23.88 (d,
J(C,P) = 4.5 Hz, CH3-i-Pr), 23.85 (d, J(C,P) = 4.5 Hz, CH3-i-Pr); C-3, C-5,
C-7, and C-i-Ph not detected. *'P {!H} NMR (DMSO-de): 5 20.38. FTIR
(KBr, em ™) vy 3424, 3253, 2981, 1703, 1648, 1600, 1579, 1569,
1555, 1487, 1465, 1449, 1387, 1376, 1257, 1240, 1143, 1104, 1081,
1012, 1001, 994, 893, 690.

5.2.21.4. Ethyl (S)-(2-(2-((diisopropoxyphosphoryl)methoxy)-3-hydrox-
ypropyl)-3-oxo-2,3-dihydro-1,2,4-thiadiazol-5-yl)carbamate ~ (36). Pre-
pared from 30 (0.70 g; 1.02 mmol) and N-bromosuccinimide (0.23 g;
1.28 mmol) in MeOH (50 mL). Yield: 0.34 g (75%) of a white amorphous
solid. [alp — 5.6 (¢ 0.197 g/100 mL, MeOH). MS (ESI) m/z (%): 464
(100, M+Na"), 442 (18, M+H"). HRMS (ESI) caled. for Gi5Hag0sN3.
NaPS (M+Na'): 464.1227, found: 464.1226. "H NMR (CD30D): &
4.69-4.78 (m, 2H, CH-i-Pr), 4.33 (g, 2H, J(9,10) = 7.1 Hz, H-9), 4.02
(dd, 1H, Jge, = 13.9 Hz, J(3'a,P) = 9.0 Hz, H-3'a), 3.96 (dd, 1H, Jyem =
14.9 Hz, J(1'a,2') = 3.4 Hz, H-1'a), 3.93 (dd, 1H, Jyen = 13.9 Hz, J(3'b,
P) = 9.3 Hz, H-3'b), 3.82 (dd, 1H, Jyen, = 14.9 Hz, J(1'b,2') = 6.8 Hz, H-
1'b), 3.73 (m, 1H, H-2'), 3.68 (dd, 1H, Jper, = 12.1 Hz, J(4'a,2") = 4.7 Hz,
H-4a), 3.62 (dd, 1H, Jg, = 12.1 Hz, J(4b2) = 4.9 Hz, H-4'),
1.31-1.37 (m, 15H, GH3-i-Pr, H-10). 3¢ NMR (CD30D): 6 172.10 (C-5),
166.20 (C-3), 157.19(C-7), 82.50 (d, J(2',P) = 11.6 Hz, CH-2'), 73.34 (d,
J(C,P) = 6.8 Hz, CH-i-Pr), 73.25 (d, J(C,P) = 6.8 Hz, CH-i-Pr), 65.28 (d, J
(3',P) = 168.6 Hz, CHy-3"), 64.84 (CH,-9), 61.82 (CHy-4'), 45.40 (CHa-
17, 24.33 (d, J(C,P) = 3.6 Hz, CHy-i-Pr), 24.32 (d, J(C,P) = 3.6 Hz, CHy-
i-Pr), 24.29 (d, J(C,P) = 4.5 Hz, CH3--Pr), 24.28 (d, J(C,P) = 4.5 Hz,
CHj-i-Pr), 14.55 (CH3-10). *'P {'H} NMR (CD30D): 6 19.76. FTIR (CCly,
em ™) v 3385, 2981, 2934, 2875, 2737, 1715, 1670, 1635, 1570,
1467, 1387, 1375, 1245, 1178, 1143, 1105, 1062, 1012, 996, 890, 690.

5.2.21.5. (9H-Fluoren-9-yDmethyl  (S)-(2-(2-((diisopropoxyphosphoryl)
methoxy)-3-hydroxypropyl)-3-oxo-2,3-dihydro-1,2,4-thiadiazol-5-yl)

carbamate (37). Prepared from 31 (1.04 g; 1.25 mmol) and N-bromo-
succinimide (0.28 g; 1.56 mmol) in MeOH (60 mL). Yield: 0.53 g (72%)
of a white crystalline solid, mp 68-70 °C, [a]p — 2.8 (¢ 0.212 g/100 mL,
MeOH). MS (ESI) m/z (%): 1181 (8, 2M—H™), 590 (100, M—H*). HRMS
(ESI) caled. for Cy7H330N5PS (M—H™): 590.1732, found: 590.1729. 'H
NMR (DMSO-dg): 6 7.91 (ddd, 2H, J(15a,14a&15b,14b) = 7.5 Hz, J
(15a,13a&15b,13b) = 1.2 Hz, J(15a,12a8&15b,12b) = 0.7 Hz, H-15a,b),
7.71 (bd, 2H, J(12a,132&12b,13b) = 7.5 Hz, H-12a,b), 7.43 (tdd, 2H, J
(14a,132&14b,13b) = J(14a,15a814b,15b) 75 Hz, J
(14a,12a814b,12b) = 1.2 Hz, J(14a,11a&14b,11b) = 0.7 Hz, H-14a,b),
7.34 (td, 2H, J(13a,12a&13b,12b) = J(13a,14a&13b,14b) = 7.5 Hz, J
(132,12a&13b,12b) = 1.2 Hz, H-13a,b), 4.84 (t, 1H, J(OH,4) = 5.4 Hz,
OH), 4.52-4.63 (m, 4H, CH»-9, CH-i-Pr), 4.34 (1, 1H, J(10,9) = 6.8 Hz,
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H-10), 3.89 (dd, 1H, Jgem = 14.0 Hz, J(3'a,P) = 8.8 Hz, H-3'a), 3.78-3.85
(m, 2H, H-1'a, H-3'b), 3.58-3.65 (m, 2H, H-2', H-1'b), 3.40-3.52 (m, 2H,
H-4), 1.219 (d, 3H, Jyi. = 6.2 Hz, CHy-i-Pr), 1.214 (d, 3H, Jyi. = 6.2 Hz,
CHg-i-Pr), 1.208 (d, 3H, Jyjc = 6.2 Hz, CH3-i-Pr), 1.199 (d, 3H, Jyc = 6.2
Hz, CHy-i-Pr). '°C NMR (DMSO-ds): 6 143.41 (C-11a,b), 140.99 (C-16a,
b), 128.03 (CH-14a,b), 127.37 (CH-13a,b), 125.34 (CH-12a,b), 120.44
(CH-15a,b), 80.64 (d, J(2',P) = 10.5 Hz, CHy-2'), 70.41 (d, J(C,P) = 6.4
Hz, CH-i-Pr), 70.34, (d, J(C,P) = 6.4 Hz, CH-i-Pr), 68.09 (CH3-9), 63.85
(d, J(3',P) = 164.8 Hz, CH;-3"), 60.16 (CH3-4"), 46.36 (CH-10), 43.99
(CHp-1'), 23.97 (d, J(C,P) = 3.5 Hz, CHg-i-Pr), 23.94 (d, J(C,P) = 3.5 Hz,
CHa-i-Pr), 23.87 (d, J(C,P) = 4.5 Hz, CH4-i-Pr), 23.85 (d, J(C,P) = 4.5 Hz,
CHs-i-Pr); C-3, C-5, and C-7 not detected. >!P {'H} NMR (DMSO-ds): &
20.34. FTIR (CCly, em ) pyae 3371, 3068, 3042, 3018, 2981, 2931,
2874, 2856, 2742, 1717, 1668, 1571, 1478, 1466, 1452, 1387, 1375,
1341, 1294, 1243, 1179, 1143, 1105, 1015, 997, 891, 729, 689, 621,
428,

5.2.22. (9H-Fluoren-9-yl)methyl (2-(2-((diisopropoxyphosphoryl)
methoxy)ethyl)-3-oxo-2,3-dihydro-1, 2,4-thiadiazol-5-yl) carbamate (34)

0.5 M bromine solution in ethyl acetate (19.0 mL; 9.5 mmol) was
added at 0 °C to a solution of 28 (2.54 g; 4.51 mmol) in ethyl acetate
(150 mL). The mixture was stirred at 4 °C for 17 h and evaporated. The
residue was purified on a silica gel column (a gradient of 0-5% MeOH/
CHCly). Yield: 2.03 g (80%) of a colorless oil. MS (ESI) m/z (%): 584
(100, M+Na"), 562 (7, M+H"). HRMS (ESI) calcd. for CasH3207N3NaPS
(M-+Na™*): 584.1591, found: 584.1592. 'H NMR (DMSO-d,): & 7.90 (bd,
2H, J(15a,14a&15b,14b) — 7.5 Hz, H-15a,b), 7.71 (bd, 2H, J
(12a,13a&12b,13b) 7.5 Hz, H-12ab), 7.43 (bt, 2H, J
(14a,13a814b,13b) = J(14a,15a&14b,15b) = 7.5 Hz, H-14a,b), 7.34
(td, 2H, J(13a,12a&13b,12b) = J(13a,14a&13b,14b) = 7.5 Hz, H-13a,
b), 4.57 (dsep, 2H, J(H,P) = 7.7 Hz, Jyjc = 6.2 Hz, CH-i-Pr), 4.56 (d, 2H, J
(9,10) = 6.8 Hz, H-9), 4.33 (bt, 1H, J(10,9) = 6.8 Hz, H-10), 3.77 (d, 2H,
J(3,P) = 8.1 Hz, H-3'), 3.76 (bt, 2H, J(1',2") = 4.8 Hz, H-1), 3.69 (bt,
2H, J(2',1") = 4.8 Hz, H-2'), 1.21 (d, 6H, Jyic = 6.2 Hz, CH3-i-Pr), 1.20 (d,
6H, Jyic = 6.2 Hz, CH3-i-Pr). **C NMR (DMSO-dq): § 169.90 (C-5), 160.40
(C-3), 157.55 (C-7), 143.39 (C-11a,b), 140.99 (C-16a,b), 128.03 (CH-
14a,b), 127.37 (CH-13a,b), 125.34 (CH-12a,b), 120.44 (CH-15a,b),
70.84 (d, J(2',P) = 11.2 Hz, CH3-2'), 70.39 (d, J(C,P) = 6.4 Hz, CH-i-Pr),
68.12 (CH-10), 64.94 (d, J(3',P) = 164.0 Hz, CH,-3'), 46.35 (CH-10),
42.70 (CHy-1"), 23.97 (d, J(C,P) = 3.7 Hz, CHy-i-Pr), 23.86 (d, J(C,P) =
4.5 Hz, CHy-i-Pr). *'P NMR {'H} (DMSO-ds): 5 20.04. FTIR (KBr, cm )
Uvmax: 3435, 3250, 2980, 2927, 1716, 1636, 1568, 1478, 1465, 1451,
1232, 1254, 1180, 1145, 1105, 1003, 761, 741, 621.

5.2.23. N°-Substituted N*-[2-(phosphonomethoxy )ethyl]thiadiazolones
(38-40). The general procedure

Bromotrimethylsilane (2.7 mL; 20 mmol) was added to the appro-
priate phosphonate ester 32-34 (1 mmol) dissolved in acetonitrile (30
mL) and the mixture was left at RT overnight. The volatiles were
removed in vacuo and the residue was co-evaporated three times with
acetonitrile, then with 25% aqueous ammonia and finally three times
with ethanol. The product was recrystallized from ethanol.

5.2.23.1. ((2-(5-Benzamido-3-oxo-1,2,4-thiadiazol-2(3H)-yl)ethoxy)

methyl)phosphonic acid (38). Prepared from the starting compound 32
(0.44 g; 1 mmol). Yield: 0.34 g (96%) of a white crystalline solid, mp
219-221 °C. MS (ESD) m/z (%): 380 (13, M—2H'+Na'), 358 (100,
M-H"). HRMS (ESI) caled. for CizHi306N3PS (M—H'): 358.0268,
found: 358.0268. 'H NMR (DMSO-dg): & 8.09 (m, 2H, H-o-Ph),
7.40-7.48 (m, 3H, H-m-Ph, H-p-Ph), 6.97 (vbs, NH4"), 3.68 (m, 2H, H-
1'), 3.60 (m, 2H, H-2'), 3.36 (d, 2H, J(H,P) = 8.8 Hz, H-3'). '*C NMR
(DMSO-dg): 6 176.89 (C-5), 175.28 (C-7), 166.16 (C-3), 136.88 (C-i-Ph),
130.96 (CH-p-Ph), 128.42 (CH-0-Ph), 128.22 (CH-m-Ph), 71.13 (d, J(C,
P) = 10.7 Hz, CH,-2'), 69.17 (d, J(C,P) = 154.4 Hz, CH,-3"), 42.10 (CH,-
1. 31p {'H} NMR (DMSO-dp): & 12.45. FTIR (KBr, em ) by 3127,
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3010, 2930, 1669, 1655, 1617, 1603, 1582, 1564, 1536, 1496, 1448,
1399, 1334, 1302, 1145, 1113, 1070, 1015, 995, 952, 811, 772, 704,
687, 641, 529.

5.2.23.2. ((2-(5-((Ethoxycarbonyl)amino)-3-oxo-1,2,4-thiadiazol-2(3H)-
yDethoxy)methylphosphonic acid (39). Prepared from the starting
compound 33 (0.41 g; 1 mmol). Yield: 0.30 g (91%) of a white crys-
talline solid, mp 184-186 °C. MS (ESI) m/z (%): 348 (26, M—2H*+Na™),
326 (100, M—H"). HRMS (ESI) caled. for CgHi307NsPS (M—H'):
326.0217, found: 326.0213. "H NMR (D0): 5 4.23 (g, 2H, J(9,10) = 7.1
Hz, H-9), 3.88 (m, 2H, H-1'), 3.82 (m, 2H, H-2'}), 3.62 (d, 2H, J(3',P) =
8.5 Hz, H-3'), 1.29 (t, 3H, J(10,9) = 7.1 Hz, H-10). 13¢ NMR (Dy0): &
177.80 (C-5), 166.86 (C-3), 163.26 (C-7), 71.39 (d, J(2',P) = 10.4 Hz,
CH»-2"), 68.32 (d, J(3',P) = 154.2 Hz, CHy-3"), 63.94 (CH,-9), 43.70
(CHs-1'), 14.41 (CHa-10). *'P {'"H} NMR (D»0): 6 15.56. FTIR (KBr,
em ™) Ly 3138, 2978, 2934, 2884, 1706, 1665, 1500, 1483, 1403,
1339, 1312, 1218, 1107, 1027, 1011, 956, 937.

5.2.23.3. ((2-(5-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-oxo-
1,2,4-thiadiazol-2(3H)-yl)ethoxy )methyl)phosphonic acid (40). Prepared
from the starting compound 34 (0.56 g; 1 mmol). Yield: 0.39 g (82%) of
ayellowish amorphous solid. MS (ESI) m/z (%): 476 (43, M—H™). HRMS
(ESI) caled. for CogH907N3PS (M—H'): 476.0684, found: 476.0684. H
NMR (MeOD-dy): 6 7.78 (dt, 2H, J(15a,14a&15b,14b) = 7.5 Hz, J
(152,13a&15b,13b) = J(15a,12a&15b,12b) = 1.1 Hz, H-15a,b), 7.64
(dq, 2H, J(12a,13a&12b,13b) = 7.5 Hz, J(12a,14a&12b,14b) = J
(12a,15a&12b,15b) = J(12a,10&12b,10) = 1.1 Hz, H-12a,b), 7.38 (tdd,
2H, J(14a,13a&14b,13b) J(14a,15a&14b,15b) 7.5 Hz, J
(14a,12a&14b,12b) = 1.1 Hz, J(14a,11a&14b,11b) = 0.7 Hz, H-14a,b),
7.31 (td, 2H, J(13a,12a&13b,12b) = J(13a,14a&13b,14b) = 7.5 Hz, J
(13a,15a&13b,15b) = 1.1 Hz, H-13a,b), 4.59 (d, 2H, J(9,10) = 6.5 Hz,
H-9), 4.27 (t, 1H, J(10,9) = 6.5 Hz, H-10), 3.87 (m, 2H, H-1'), 3.79 (m,
2H, H-2), 3.76 (d, 2H, J(3',P) = 8.3 Hz, H-3'). '°C NMR (MeOD-d,): &
171.87 (C-5), 165.70 (C-3), 156.99 (C-7), 144.47 (C-11a,b), 142.63 (C-
16a,b), 129.04 (CH-14a,b), 128.29 (CH-13a,b), 126.04 (CH-12a,b),
121.08 (CH-15a,b), 72.34 (d, J(2',P) = 10.3 Hz, CH»-2'), 69.91 (CH,-9),
67.33 (d, J(3',P) = 162.9 Hz, CH,-3'), 47.90 (CH-10), 44.44 (CH,-1").
31p NMR {'H} (MeOD-d,): 5 19.15. FTIR (KBr, cm 1) 2y 3431, 3065,
3039, 3015, 2925, 2720, 2320, 1731, 1713, 1643, 1566, 1478, 1450,
1295, 1256, 1230, 1107, 1033, 1005, 942, 761, 741, 621, 428.

5.2.24. N"-Substituted N*- [3-hydroxy-2-(phosphonomethoxy)propyl]
thiadiazolones (41-43)

The general procedure. Bromotrimethylsilane (2.7 mL; 20 mmol)
was added to a solution of the appropriate phosphonate ester 35-37 (1
mmol) in acetonitrile (30 mL) and the mixture was left at RT overnight.
The volatiles were removed in vacuo and the residue was co-evaporated
three times with acetonitrile. Water (5 mL) was added and the mixture
was stirred at RT for 1 h. The mixture was evaporated, the residue was
co-evaporated three times with ethanol and the crude product was pu-
rified on a reverse-phase (C;g) column in a gradient of 0-60% acetoni-
trile/water. Product-containing fractions were combined and
lyophilized.

5.2.24.1. (S)-(((1-(5-Benzamido-3-oxo-1,2,4-thiadiazol-2(3H)-yl)-3-

hydroxypropan-2-yl)oxy)methyl)phosphonic acid (41). Prepared from the
starting compound 35 (0.47 g; 1 mmol). Yield: 0.31 g (80%) as a white
lyophilizate. [a]p — 1.2 (¢ 0.332 g/100 mL, H,0). MS (ESI) m/z (%): 410
(32, M—2H"+Na"), 388 (M—H"). HRMS (ESI) calcd. for C13H;507N3PS
(M—H™): 388.0374, found: 388.0370. 'H NMR (MeOD-d,): 5 8.10-8.14
(m, 2H, H-0-Ph), 7.66 (m, 1H, H-p-Ph), 7.52-7.59 (m, 2H, H-m-Ph), 3.90
(dd, 1H, Jge,, = 14.7 Hz, J(1'a,2) = 4.6 Hz, H-1'a), 3.78-3.86 (m, 2H, H-
1'b, H-3'a), 3.76 (dd, 1H, Jger, = 12.2 Hz, J(4'a,2") = 3.6 Hz, H-4'a), 3.71
(m, 1H, H-2), 3.67 (dd, 1H, Jgem = 12.8 Hz, J(3'b,P) = 9.9 Hz, H-3'b),
3.58 (dd, 1H, Jgey = 12.2 Hz, J(4'b,2") = 4.8 Hz, H-4'b). 1°C NMR
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(MeOD-dy): 6 173.57 (C-7), 171.68 (C-5), 162.56 (C-3), 134.74 (CHp-
Ph), 132.54 (C-i-Ph), 129.94 (CH-m-Ph), 129.82 (CH-0-Ph), 82.41 (d, J
(2',P) = 10.4 Hz, CH-2'), 68.28 (d, J(3',P) = 157.6 Hz, CH»-3'), 62.21
(CHy-4'), 44.96 (CH»-1'). *'P NMR {!H} (MeOD-d,): § 16.50. FTIR (KBr,
em 1) vy 3390, 3200, 3136, 2893, 2516, 2270, 1753, 1705, 1687,
1652, 1600, 1589, 1547, 1487, 1472, 1449, 1303, 1261, 1185, 1157,
1107, 1057, 1027, 1013, 838, 709, 686, 632.

5.2.24.2. (S)-(((1-(5-((Ethoxycarbonyl)amino)-3-oxo-1,2,4-thiadiazol-2
(3H)-y1)-3-hydroxypropan-2-yl)-oxy)methyDphosphonic acid (42). Pre-
pared from the starting compound 36 (0.44 g; 1 mmol). Yield: 0.26 g
(73%) as a white lyophilizate. [a]p — 2.6 (¢ 0.272 g/100 mL, H,0). MS
(ESI) m/z (%): 735 (12, 2M—2H'+Na '), 713 (15, 2M—H ), 378 (5,
M-2H"+Na™), 356 (100, M—H™). HRMS (ESI) caled. for CoH,505N5PS
(M—H™): 356.0323, found: 356.0322. TH NMR (MeOD-d4): 6 4.33 (g,
2H, J(9,10) = 7.1 Hz, H-9), 3.95 (dd, 1H, Jyer = 14.8 Hz, J(1'2,2') = 3.9
Hz, H-1'a), 3.78-3.90 (m, 3H, H-1'b, 2H-4), 3.68-3.74 (m, 2H, H-2', H-
3a), 3.60 (dd, 1H, Jgem, = 13.5 Hz, J(3'b,2') = 6.3 Hz, H-3'b), 1.35 (t, 3H,
J(10,9) = 7.1 Hz, H-10). 3¢ NMR (MeOD-dy): §172.09 (C-5), 166.32 (C-
3), 156.97 (C-7), 82.50 (d, J(2',P) = 10.7 Hz, CH-2"), 66.81 (d, J(3',P) —
162.1 Hz, CH>-3'), 64.86 (CH2-9), 62.02 (CHz-4'), 45.14 (CH»-1'), 14.53
(CH3-10). “'P NMR {'H} (MeOD-d,): 5 19.45. FTIR (KBr, cm™") tax:
3259, 2281, 2137, 1758, 1714, 1689, 1563, 1513, 1370, 1363, 1323,
1276, 1257, 1231, 1034, 1010, 988, 942, 883, 701, 552.

5.2.24.3. (8)-(((1-(5-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-
oxo-1,2,4-thiadiazol-2(3H)-yl)-3-hydroxypropan-2-yl)oxy)methyl)phos-
phonic acid (43). Prepared from the starting compound 37 (0.59 g; 1
mmol). Yield: 0.44 g (86%) as a white lyophilizate. [a]p — 1.8 (¢ 0.221
£/100 mL, H;0). MS (ESI) m/z (%): 528 (10, M—2H"+Na™), 506 (60,
M-H"). HRMS (ESI) calcd. for CpHupOgNsNaPS (M—2H'+Na™):
528.0612, found: 528.0608; HRMS (ESI) caled. for CyjHyOgN3PS
(M—H"): 506.0793, found: 506.0789. "H NMR (MeOD-d,): 5 7.82 (ddd,
2H, J(15a,14a&15b,14b) = 7.6 Hz, J(15a,13a&15b,13b) = 1.3 Hz, J
(15a,12a&15b,12b) = 0.7 Hz, H-15a,b), 7.67 (ddt, 2H, J
(12a,13a&12b,13b) = 7.5 Hz, J(12a,14a&12b,14b) = 1.3 Hz, J
(12a,13a&12b,13b) = J(12a,10&12b,10) = 0.7 Hz, H-12a,b), 7.41 (tdd,
2H, J(14a,132&14b,13b) J(14a,15a&14b,15b) 7.5 Hz, J
(14a,12a&14b,12b) = 1.3 Hz, J(14a,10&14b,10) = 0.7 Hz, H-14a,b),
7.33 (td, 2H, J(13a,12a&13b,12b) — J(13a,14a&13b,14b) — 7.5 Hz, J
(13a,15a&13b,15b) = 1.3 Hz, H-13a,b), 4.65 (d, 2H, J(9,10) = 6.5 Hz,
H-9),4.32 (t, 1H, J(10,9) = 6.5 Hz, H-10), 3.94 (dd, 1H, Jye, = 14.9 Hz,
J(1'a,2") = 3.8 Hz, H-1'a), 3.87 (dd, 1H, Jg.,, = 13.4 Hz, J(3'a,P) = 9.1
Hz, H-3'a), 3.83 (dd, 1H, Jgem = 13.4 Hz, J(3'b,P) = 9.5 Hz, H-3'b), 3.81
(dd, 1H, Jgepy = 14.9 Hz, J(1'b,2') = 6.5 Hz, H-1'b), 3.65-3.72 (m, 2H, H-
2/, H-3'a), 3.60 (m, 1H, H-3'b). '*C NMR (MeOD-ds): & 172.11 (C-5),
166.11 (C-3), 157.00 (C-7), 144.53 (C-11a,b), 142.70 (C-16a,b), 129.07
(CH-14a,b), 128.32 (CH-13a,b), 126.07 (CH-12a,b), 121.10 (CH-15a,b),
82.52 (d, J(2',P) = 11.0 Hz, CH-2'), 69.93 (CH>-9), 66.49 (d, J(3',P) =
163.0 Hz, CH,-3'), 61.99 (CHy4'), 47.96 (CH-10), 45.16 (CH»-1'). 3'p
NMR {'H} (MeOD-dy): & 20.15. FTIR (KBr, em ™) v 3427, 3203,
3069, 3000, 1706, 1626, 1568, 1545, 1496, 1477, 1449, 1247, 1223,
1116, 1057, 1024, 1009, 621, 430.

5.2.25. N°-{[(Diisopropoxy)phosphoryljmethoxyalkyl}thiobiurets (48,
49)

The general procedure. Piperidine (0.15 mL; 1.5 mmol) was added
to a solution of Fmoc derivative 28 or 31 (1 mmol) in dichloromethane
(40 mL). The mixture was stirred at RT overnight, evaporated, and the
residue was chromatographed on a silica gel column (0-3% MeOH/
CHCl3).

5.2.25.1. Diisopropyl  ((2-(3-carbamothioylureido)ethoxy)methyl)phos-

phonate (48). Prepared from starting compound 28 (0.56 g; 1 mmol).
Yield: 92% (0.31 g) of white crystals, mp 125-126 “C. MS (ESI) m/z (%):
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705 (35, 2M+Na"), 364 (100, M+Na™), 342 (38, M+H"). HRMS (ESI)
caled. for Cy1Hp4O5N3NaPS (M{Na'): 364.1067, found: 364.1068;
HRMS (ESI) caled. for C;1Hys0s5N3PS (M+HT): 342.1247, found:
342.1248. 'H NMR (CDCls): 5 9.75 (bs, 1H, NH), 7.22 (bs, 1H, NH), 7.12
(bs, 2H, NH,), 4.76-4.89 (m, 2H, CH-i-Pr), 3.79 (d, 2H, J(3,P) = 8.8 Hz,
H-3"), 3.66 (m, 2H, H-2"), 3.39 (m, 2H, H-1"), 1.35 (d, 6H, Jyic = 6.3 Hz,
CH3-i-Pr), 1.33 (d, 6H, Jyic = 6.3 Hz, CH3-i-Pr). '*C NMR (CDCly): &
182.43 (C-2), 154.35 (C-1), 72.39 (d, J(2',P) = 12.1 Hz, CH»-2), 71.99
(d, J(C,P) = 6.8 Hz, CH-i-Pr), 66.23 (d, J(3',P) = 170.3 Hz, CH,-3"),
39.54 (CHy-1), 24.07 (d, J(C,P) = 3.8 Hz, CHa-i-Pr), 24.00 (d, J(C,P) =
4.7 Hz, CHy-i-Pr). *'P {!H} NMR (CDCl): 6 19.98. FTIR (CHCls, cm 1)
U 3488, 3340, 3296, 3270, 3190, 2984, 2939, 2876, 1704, 1580,
1537, 1466, 1415, 1388, 1377, 1232, 1180, 1143, 1117, 1103, 1018,
1002, 891.

5.2.25.2. Diisopropyl (S)-(((1-(3-carbamothioylureido)-3-(trityloxy)
propan-2-yl)oxy)methyl)phosphonate (49). Prepared from the starting
compound 31 (0.83 g; 1 mmol). Yield: 0.43 g (69%) of white crystals,
mp 77-78 °C. [a]p — 4.6 (¢ 0.240 g/100 mL, MeOH). MS (ESI) m/z (%):
1250 (14, 2M+Na'), 636 (100, M+Na'). HRMS (ESI) caled. for
C31H400N3NaPS (M+Na'): 636.2268, found: 636.2269. 'H NMR
(DMSO-d): 5 9.75 (d, 1H, *J = 1.6 Hz, CSNH), 9.36 (d, 1H, Jye, = 3.3
Hz, NH3), 8.95 (d, 1H, Jgem = 3.3 Hz, NHy), 7.37-7.41 (m, 6H, H-o-Tr),
7.31-7.36 (m, 6H, H-m-Tr), 7.26 (m, 3H, H-p-Tr), 6.82 (bt, 1H, J(NH,1")
= 5.3 Hz, CONH), 4.53-4.63 (1, 2H, CH-i-Pr), 3.81 (dd, 1H, Jyep, = 13.7
Hz, J(3'a,P) = 8.7 Hz, H-3'a), 3.76 (dd, 1H, Jg., = 13.7 Hz, J(3'b,P) =
9.3 Hz, H-3'b), 3.65 (p, 1H, J(2',1") = J(2',4') = 5.1 Hz, H-2), 3.23-3.35
(m, 2H, H-1'), 3.05 (dd, 1H, Jyem = 10.4 Hz, J(4a,2) = 4.6 Hz, H-4'a),
3.02 (dd, 1H, Jyey, = 10.4 Hz, J(4',2') = 5.4 Hz, H-4'b), 1.23 (d, 3H, J e
= 6.2 Hz, CH3-i-Pr), 1.22 (d, 3H, Jyic = 6.2 Hz, CH3-i-Pr), 1.20 (d, 3H,
Jyie = 6.2 Hz, CHg-i-Pr), 1.19 (d, 3H, Jyic = 6.2 Hz, CHy-i-Pr). 1*C NMR
(DMSO-dg): 6 181.51 (C-2), 154.31 (C-1), 143.77 (C-i-Tr), 128.44 (CH-0-
Tr), 128.09 (CH-m-Tr), 127.28 (CH-p-Tr), 86.32 (C-Tr), 79.17 (d, J(2',P)
= 12.0 Hz, CH-2), 70.42 (d, J(C,P) = 6.3 Hz, CH-i-Pr), 70.39 (d, J(C,P)
= 6.3 Hz, CH-i-P1), 64.00 (d, J(3',P) = 165.1 Hz, CHz-3'), 63.01 (CHz-4'),
39.48 (CH,-1"), 24.02 (d, J(C,P) = 3.6 Hz, CH3-i-Pr), 23.91 (d, J(G,P) =
4.4 Hz, CH3-i-Pr), 23.87 (d, J(C,P) = 4.4 Hz, CHy-i-Pr). *'P {'H} NMR
(DMSO-dg): & 18.99. FTIR (CHCl3, cm ") vyyay: 3488, 3390, 3340, 3295,
3264, 3088, 3063, 3035, 2984, 2935, 2875, 1705, 1599, 1578, 1519,
1491, 1466, 1449, 1442, 1412, 1388, 1377, 1228, 1180, 1159, 1152,
1143, 1117, 1101, 1090, 1080, 1036, 1018, 1002, 891, 707, 700, 643,
633, 617.

5.2.26. N° -[(Phosphonomethoxy)alkyl]thiobiurets (46, 47). The general
procedure

Bromotrimethylsilane (2 mL; 15 mmol) was added to the appropriate
phosphonate ester 48 or 49 (1 mmol) in acetonitrile (30 mL) and the
mixture was left at RT overnight. The volatiles were evaporated and the
residue was co-evaporated with acetonitrile. After the addition of water,
the mixture was stirred for 1 h and evaporated (for compound 46) or
extracted with diethyl ether (for compound 47 in order to remove trityl
alcohol) and then evaporated.

5.2.26.1. ((2-(3-Carbamothioylureido)ethoxy)methyl)phosphonic acid
(46). Prepared from the starting compound 48 (0.34 g; 1 mmol). Yield:
0.24 g (93%) of a yellowish crystalline solid, mp 139-140 °C. MS (ESI)
m/z (%): 513 (25, 2M—H"), 256 (100, M—H'). HRMS (ESI) caled. for
CsHj105N3PS (M—H ' ): 256.0163, found: 256.0161. 'H NMR (CD30D):
§3.76(d, 2H, J(3',P) = 9.0 Hz, H-3'), 3.64-3.67 (m, 2H, H-2'), 3.36-3.39
(m, 2H, H-1"). *C NMR (CD;0D): 4 183.67 (C-2), 155.73 (C-1), 72.84 (d,
J(2',P) = 11.9 Hz, CH-2"), 67.08 (d, J(3',P) = 163.7 Hz, CH»-3"), 40.16
(CH»-1"). P {'H} NMR (CD30D): 5 19.57. FTIR (KBr, cm ™) Iy 3336,
3247, 3199, 3139, 2675, 2258, 1723, 1714, 1626, 1604, 1563, 1535,
1223, 1120, 1102.
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5.2.26.2. (S)-(((1-(3-Carbamothioylureido)-3-hydroxypropan-2-yloxy)
methyl)phosphonic acid (47). Prepared from the starting compound 49
(0.61 g; 1 mmol). Yield: 0.26 g (92%) of a colorless oil. [a]p — 11.7 (¢
0.214 /100 mL, MeOH). MS (ESI) m/z (%): 595 (9, 2M—2H"+Na"),
308 (7, M—2H"+Na"), 286 (100, M—H"). HRMS (ESI) caled. for
CoH1306N3PS (M—H ") 286.0268, found: 286,0267. 'H NMR (CD30D):
4 3.85-3.91 (m, 2H, CH,-3"), 3.65 (dd, 1H, Jger, = 11.8 Hz, J(4'2,2) =
4.5 Hz, H-4'a), 3.59 (dd, 1H, Jgem = 11.8 Hz, J(4'b,2') = 5.3 Hz, H-4'),
3.55 (m, 1H, H-2'), 3.46 (dd, 1H, Jge, = 14.2 Hz, J(1'3,2) = 4.5 Hz, H-
1'a), 3.27 (dd, 1H, Jgep, = 14.2 Hz, J(1'b,2) = 6.1 Hz, H-1'b). *C NMR
(CD30D): § 183.74 (C-2), 155.89 (C-1), 82.72 (d, J(2',P) = 11.5 Hz, CH-
27), 66.04 (d, J(3,P) = 164.2 Hz, CH,-3'), 62.51 (CH,-4"), 40.64 (CH,-
1. *'P {H} NMR (CD30D): 5 21.13. FTIR (KBr, cm 1) e 3375, 3280,
2045, 2306, 1730, 1711, 1643, 1599, 1546, 1437, 1222, 1120, 1040,
1002, 943.

5.2.27. Diisopropyl ((2-(5-amino-3-oxo-1,2,4-thiadiazol-2(3H)-yl)
ethoxy)methyl)phosphonate (50)

0.5 M Bromine solution in ethyl acetate (2.5 mL; 12.5 mmol) was
added to a 4 °C cold solution of 48 (0.20 g; 0.59 mmol) in ethyl acetate
(10 mL). The mixture was stirred overnight at 4 °C for 16.5 h (until
quantitative conversion), The solvent was removed in vacuo and the
residue was purified on a preparative TLC plate (5% MeOH/CHCl3).
Yield: 0.18 g (90%) of a colorless oil. MS (ESI) m/z (%): 362 (100,
M+Na'), 340 (M{H'). HRMS (ESI) caled. for CjiHz05N3NaPS
(M-+Na™): 362.0910, found: 362.0910. 'H NMR (DMSO-d,): & 8.33 (bs,
2H, NHy), 4.59 (dsep, 2H, J(H,P) = 7.7 Hz, Jyic = 6.2 Hz, CH-i-Pr), 3.76
(d, 2H, J(3',P) = 8.2 Hz, H-3"), 3.66 (m, 2H, H-1"), 3.64 (m, 2H, H-2"),
1.24(dd, 6H, J,i. = 6.2 Hz, CHs-i-Pr), 1.23 (dd, 6H, J,i. = 6.2 Hz, CH3-i-
Pr). °C NMR (DMSO-d): 6 172.14 (C-5), 164.86 (C-3), 71.22 (d, J(2',P)
=11.3 Hz, CH-2), 70.46 (d, J(C,P) = 6.4 Hz, CH-i-Pr), 64.95 (d, J(3',P)
= 164.1 Hz, CH,-3'), 43.16 (CHx-1'), 24.07 (d, J(C,P) = 3.6 Hz, CHy-i-
Pr), 23.95 (d, J(C,P) = 4.5 Hz, CHz-iPr). *'P NMR {'H} (MeOD-ds): 5
19.08. FTIR (CHCls, em D Umax: 3464, 3398, 3274, 3126, 2983, 2877,
1668, 1630, 1608, 1544, 1388, 1377, 1237, 1179, 1143, 1103, 1000.

5.3. Biological assays

5.3.1. Recombinant expression, purification, and activation of Catk

The synthetic gene of human CatK (GenScript) was cloned into the
expression vector pPICZa and expressed in the X-33 strain of the
methylotrophic yeast Pichia pastoris. * The medium was lyophilized and
desalted over a Sephadex G25 column. The recombinant protein was
purified over a Mono S HR 5/5 column (GE Healthcare Life Sciences)
equilibrated in 50 mM sodium acetate pH 5.5 and eluted using a linear
gradient of 0-1 M NaCl. The purified CatK in the zymogen form was
concentrated to 1 mg/ml by an Amicon Ultracel-10 k ultrafiltration
device (Millipore) and activated to the mature form by autocatalytic
processing at acidic pH as described previously."’ The activation process
was monitored by a CatK activity assay and SDS-PAGE. The concentra-
tion of mature CatK was determined by active site titration with F-64
inhibitor.

5.3.2. CatK inhibition assay

Inhibition measurements were performed in a microplate format
(100-pl assay volume) at 30 °C. The reaction mixture contained 0.7 nM
CatK, 20 pM fluorogenic substrate Z-Gly-Pro-Arg-AMC (Bachem), 0.1 M
sodium acetate pH 5.5, 150 mM NacCl, 50 pM dithiothreitol, 0.1% PEG
6000, and 1 mM EDTA. CatK was preincubated with 0-100 uM inhibitor
(stock solution in DMSO) at 30 °C for 10 min followed by the addition of
substrate, The kinetics of the release of the fluorescent product were
monitored continuously for 30 min in an Infinite M200 microplate
reader (Tecan) at excitation and emission wavelengths of 360 and 465
nm, respectively. The ICsp values were determined using nonlinear
regression (GraFit software; Erithacus Software). The final concentra-
tion of DMSO did not exceed 5%. The assay concentration of
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dithiothreitol was set as low as possible to maintain sufficient CatK ac-
tivity and avoid interference with 1,2,4-thiadiazoles. The measurements
were performed in triplicate.

5.3.3. GSK-3 inhibition assay

Derivatives of 1,2,4-thiadiazole were screened for their potential
inhibition effect toward GSK3p at the concentration of 10 pM using the
GSK3p kinase assay plus ADP-Glo® assay (Promega) according to the
manufacturer’s instructions with minor modifications. Briefly, the re-
action was performed in 384-well white plates (NUNC) in a total volume
of 5 pL. The reaction contained commercial GSK3 kinase buffer with 2
ng of GSK3p kinase recombinant protein, 1 pg of a GSK3 substrate
peptide (GSM) and 10 uM of the respective inhibitors added to the re-
action using the ECHO 550 liquid handler. Following a 15 min pre-
incubation, the reaction was started by 25 uM ATP and incubated for 90
min at RT. The kinase reaction was stopped by adding 5 uL of the Kinase
Glo® reagent and incubated at RT for 40 min (ATP depletion). Lumi-
nescence was recorded 40 min after the addition of 10 uL of the kinase
detection reagent (ADP to ATP conversion) on a Cytation 3 imaging
reader (BioTek). Tideglusib and CHIR99021 were used as reference
GSK3 inhibitors, while staurosporin represented a non-specific pan-ki-
nase inhibitor (all 1 uM).

5.3.4. Cytotoxicity assay

Compound cytotoxicity was evaluated in five cancer cell lines (CCRF-
CEM, HepG2, Hela, HL-60, SH-SY5Y), while non-tumor dermal fibro-
blasts (NHDF)) represented normal tissue. All cell lines were from ATCC
(Manassas, VA, USA). The cells were maintained in RPMI-1640 or
DMEM culture medium containing 10% FBS and 1% GlutaMax without
antibiotics. Cells were seeded in 384-well white plates (Thermo Fisher
Scientific, Waltham, USA) at the concentrations of 2000-50,000 cells
per well and left to rest overnight. The next day, varying concentrations
of the test compounds were added, the cells were incubated at 37 °C, in
an atmosphere containing 5% CO» for 72 h, after which CellTiter-Glo®
detection reagent (Promega, Madison, USA) was added. The plate was
left on a shaker (350 rpm) at RT for 20 min. Luminescence was measured
by a multimode plate reader. The signal of the compound-treated cells
was compared to the value of untreated control, which was set to 100%
viability.
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ABSTRACT: The cysteine protease cathepsin K is a target for the
treatment of diseases associated with high bone turnover.
Cathepsin K is mainly expressed in osteoclasts and responsible
for the destruction of the proteinaceous components of the bone
matrix. We designed various fluorescent activity-based probes
(ABPs) and their precursors that bind to and inactivate
cathepsin K. ABP 2§ exhibited extraordinary potency (k;,../K; =
35300 M~'s™") and selectivity for human cathepsin K. Crystal
structures of cathepsin K in complex with ABP 25 and its
nonfluorescent precursor 21 were determined to characterize the
binding mode of this new type of acrylamide-based Michael
acceptor with the particular orientation of the dibenzylamine
moiety to the primed subsite region. The cyanine-5 containing

Koo/ K; = 35,300 M1s-"

<Catk

probe 25 allowed for sensitive detection of cathepsin K, selective visualization in complex proteomes, and live cell imaging of a
human osteosarcoma cell line, underlining its applicability in a pathophysiological environment.

Bl INTRODUCTION

Human cysteine cathepsins constitute a group of lysosomal
proteases that exert a variety of physiological functions and are
essential for cellular protein digestion, zymogen activation, and
extracellular matrix remodeling. Alterations in their expression,
localization, and activity are associated with manifold
pathological disorders, rendering them important targets for
synthetic bioactive molecules.' Cathepsin K is a bone matrix-
degrading enzyme, tissue-specifically expressed in osteoclasts.
In case of osteoporosis, the activity of these cells is out-of-
equilibrium with that of osteoblasts, and the resulting
imbalance between bone resorption and formation ultimately
leads to deficient bone density and connectivity. Mature
osteoclasts excavate characteristic pits and trails on bone, by
pumping protons and secreting proteases, particularly cathe-
psin K, into the resorption lacuna. The acidified milieu is
responsible for solubilizing hydroxyapatite.””® Cathepsin K
expression is regulated by the master regulator of the
osteoclastogenesis inducer, NFATcl, after RANKL stimula-
tion. RANKL is a type II membrane cytokine belonging to the
tumor necrosis factor family.” Cathepsin K is able to degrade
the triple-helical and telopeptide regions of type I collagen, the
main constituent of the organic bone, as well as other organic
components of the extracellular environment, such as elastin,
osteopontin, and osteonectin. Its unique collagenolytic activity

© 2021 American Chemical Society

VACS Publications

13793

is modulated by glycosaminoglycans forming complexes with
the enzyme."*

Conceptually, selective cathepsin K inhibition would reduce
the osteoclasts’ resorptive activity without interrupting para-
crine signaling to the osteoblasts.” Hence, cathepsin K proved
to be a promising therapeutic target for osteoporosis.
Moreover, it is implicated in the pathophysiology of the two
common forms of arthritis, osteo- and rheumatoid arthritis.”
Drug development efforts culminated in the discovery of the
cathepsin K inhibitor odanacatib (compound 1 in Figure 1),
which efficiently increased bone mineral density in post-
menopausal women; however, because of unforeseen adverse
effects in clinical trials, the development was discontinued."’

Odanacatib is a representative of dipeptide nitriles in which
the scissile peptide bond has been replaced by the C-terminal
nitrile warhead, susceptible to an attack by the active site
cysteine nucleophile, leading to the reversible formation of a
covalent thioimidate adduct.” The P2 and P1 amino acid side
chains allow for specific binding to the S2 and S1 pockets of
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Figure 1. Chemical structures of the small-molecule inhibitors
odanacatib (1) and a nitrile-based cathepsin K inhibitor (2), the
natural product gallinamide A (3), and the cyclic depsipeptide N-
desmethyl thalassospiramide C (4).

the active site. An exchange of the a-CH moiety of the P1
amino nitrile by a nitrogen atom led to potent protease-
inhibiting azadipeptide nitriles.” In the somewhat modified
structure 2 (Figure 1), the cyano group was centrally arranged,
and a selective and intriguingly potent cathepsin K inhibitor
was achieved.”

Tracing the activity of cathepsin K can be realized with
activity-based probes (ABPs). In contrast to the above-
mentioned, covalent-reversible inhibitors, ABPs have to
interact with the target enzyme in an irreversible manner.
The inhibitory substructure is directly conjugated to a
fluorophore or biotin tag to assemble the ABP ready for
target protein labeling, detection, and visualization. Activity-
based probing has been particularly successful to analyze
cysteine and serine proteases as well as lipases, that is, enzymes
which have a covalent mode of catalytic action and can be
modified by electrophilic agents.”'® The a,B-unsaturated
Michael acceptor motif fulfills these requirements and serves
as a standard warhead in ABPs for cysteine proteases. Its
carbon in the f position undergoes a nucleophilic addition by
the active site cysteine thiolate. Most commonly, vinyl
sulfones,' ' ™** vinyl sulfonates,'* a.cryl::u:es,15 or @, f-unsaturated
ketones'® have been implemented in such types of inhibitors
and in ABPs derived therefrom.

The acrylamide warhead has not been utilized for the design
of ABPs so far. However, this moiety is part of some synthetic
inhibitors,'” as well as remarkable natural compounds and their
analogues. Gallinamide A (compound 3 in Figure 1), a marine
cyanobacterial metabolite, combines an imide with two
acrylamide groups. It acts as an irreversible inhibitor of
cathepsin L'” and was highly potent a§ainst parasite cathepsin
L-like proteases cruzain and falcipain.'” Cathepsin L inhibition
by gallinamide A was causative for a reduced SARS-CoV-2
infection in vitro.'” Thalassospiramide C, produced by marine
bacteria, contains the acrylamide within the 12-membered

depsipeptide cycle. An X-ray crystal structure of its N-
desmethyl derivative (compound 4 in Figure 1; PDB ID:
G6HGY) in the active site of cathepsin K corroborated the
nucleophilic attack of the active-site cysteine on the § position
of the Michael acceptor part.*’

Inspired by the structures of these inhibitory natural
compounds and motivated by the pathophysiological relevance
of human cathepsin K, this study was aimed at developing
fluorescent, acrylamide-based ABPs. We performed in-depth
characterization of the probe—target interaction and demon-
strated the excellent applicability of these ABPs for selective
imaging of cathepsin K.

B RESULTS AND DISCUSSION

Design. We conceptualized ABPs for cathepsin K resting
upon the following considerations. The dibenzylamine portion
was applied as the primed site binding element (PSBE) based
on the structure of the nitrile inhibitor 2 (Figure 1). An
acryloyl group as the electrophilic warhead was considered to
enable this structural elongation toward the primed binding
site. As in the highly potent cathepsin K inhibitor 2, two benzyl
groups have been supposed to be oriented toward the primed
binding region thus allowing for favorable interactions with
local hydrophobic amino acid residues. Hence, we designed
N,N-dibenzylacrylamide-based ABPs. This idea was also
realized to revisit the acrylamide substructure of the
aforementioned natural products 3 and 4.

The selectivity of cathepsins mainly relies on the S2 subsite
specificity.”' In case of cathepsin K, mapping studies revealed a
clear prevalence for hydrophobic and a.ii?hatic amino acids at
the P2 position, in particular for leucine.*** Moreover, affinity
can be further increased by concomitant introduction of
natural or unnatural amino acids at other positions, and
norleucine was identified in a combinatorial substrate screen-
ing approach to be well tolerated at the P3 position.”*
Accordingly, a dipeptidic or tripeptidic moiety (Leu-Gly or
Nle-Leu-Gly) was introduced at the P2-P1 or P3-P1 positions
of our probes to interact with the corresponding binding
pockets.

We selected two fluorophores, coumarin 343 and cyanine 5
(Cys), for detection of the target protease. In coumarin 343,
the amino group of 7-aminocoumarin is rigidized because of
cyclization leading to increased quantum yields and high
fluorescence in aqueous media.”® In the present design, this
commonly used fluorophore was either directly attached or
connected via a phenylene linker to the dipeptide moiety. CyS
is valued for its exceptional biocompatibility, a fluorescence
window ranging from more than 600 nm to the near infrared,
and a high signal-to-noise ratio because of minimal
autofluorescence from biological samples in this spectral
range.”® In case of our Cy5 probes, a valeroyl linker combined
the fluorophore and the inhibitor substructure.

Chemistry. The convergent syntheses of the envisaged
probes are composed of two branches. The first is depicted in
Scheme 1 showing the preparation of coumarins and Cy5. The
tricycl.ic aldehyde S5 was reacted in a Knoevenagel con-
densation with the malonate 6 to obtain coumarin 343
(compound 7). By employing dimethyl homoterephthalate
(8), the new coumarin ester 9 was produced whose
saponification gave the building block 10. The preparation of
the CyS dye 16 was performed by following a procedure to a
similar cya.nine.” The first step, an N-alkylation of 2,3,3-
trimethyl-3H-indole (11) with S-bromovaleric acid (12) in
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Scheme 1. Synthesis of Fluorescent Dyes 7, 10, and 16 nitromethane, gave the indolium bromide 13 in low yields.
i 3 COH Afterward, the condensation of 13 with malonaldehyde
L. f dianilide hydrochloride (14) to an intermediate hemicyanine
@OH OWO (@O\LO was performed followed by a further, pyridine-promoted
5 oxo 7 condensation with the tetramethylindolium salt 15 leading to
6 the desired fluorescent component 16. Its structural
elucidation was in agreement with reported spectroscopic
data.l7—29

The second branch of our synthesis started with a Horner—
Wadsworth—Emmons reaction of the diethyl phosphonate 17
with Boc-protected glycinal in the presence of potassium fert-
butylate (Scheme 2). After hydrolysis of 18 to the free acid 19,
this was converted to the dibenzylcarboxamide 20. The next
uronium-promoted peptide coupling of the corresponding
deprotected amino component produced the dipeptidic
building block 21 with leucine at the P2 position. In the
converging step, deprotected 21 was linked via an amide bond
with each of the three fluorescent components 7, 10, and 16,
respectively, to yield the probes 23—25. Our fourth probe was
structurally extended by norleucine as the P3 amino acid. For
this purpose, the protected peptide 22 was prepared from 21,
prior to the completion of the Cy5-containing probe 26.

Enzyme Kinetics. The four ABPs 23—26 together with
their precursors 21 and 22 were fully characterized in in vitro
kinetic assays with four human cathepsins. Next to cathepsin

hte K, the closely related lysosomal cysteine proteases cathepsins
“Reagents and conditions: (a) piperidinium acetate, toluene, rt to S, L, and B were examined. Enzymatic activities were
reflux, 3 h; (b) piperidine toluene, reflux, 4 h; (¢) LiOH x H,0, monitored for 60 min in the presence of a chromogenic or
THF/H,0/EtOH 6 + 3 + 2, 1t, 16 h; (d) MeNO,, 80 °C, 6 h; (e) 1. fluorogenic peptide substrate and five different inhibitor
A0, 120 °C, 0.5 h, 2. pyridine, rt, 70 h. concentrations. The progress curves indicated time-dependent

Scheme 2. Synthesis of Probes 23—26"

: A X — . X N (©
i a b c >L
/\O,P\/COQEI )LH,V\COEEI *ﬁM\COzH OJL WN

[¢] Q
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“Reagents and conditions: (a) Boc-Gly-H, KOtBu, THF, 0 °C to rt, 20 h; (b) LiOH X H,0, THF/H,0 2 + 1,0 °C to rt, § h; (c) HATU, Bn,NH,
DIPEA, CH,Cl,, t, 16 b; (d) TFA/CH,Cl, 1 + 6, 0 °C to tt, 20 by; (e) Boc-Leu-OH x H,0, HATU, DIPEA, CH,Cl,, tt, 16 h; (f) Boc-Nle-OH X
DCHA, HATU, DIPEA, CH,C,, rt, 16 b; (g) 7, HATU, DIPEA, CH,Cl,, rt, 18 h; (h) 10, HBTU, DIPEA, CH,CL,, rt, 16 b; (i) 16, HATU,
DIPEA, CH,Cl,, rt, 18 by (j) 16, HATU, DIPEA, CH,CL,, tt, 68 h.
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inhibition with rates of product formation approaching zero
(Figure S1, Supporting Information). This was in accordance
with the expected mode of enzyme—inhibitor interaction,
comprising the irreversible nucleophilic attack of the active-site
cysteine at the electrophilic f-position of the a,f-unsaturated
Michael acceptor system present in 21-26. Nonlinear
regression of the progress curves gave k, values, which were
replotted against the inhibitor concentrations to obtain
second-order rate constants of inactivation ky,,./K; (Table 1).

Table 1. Inhibition of Human Cathepsins by Precursors 21
and 22 and Probes 23-26“

Koo/ K; (M™'s™)" o residual activity (%)°

empd. cathepsin K cathepsin § cathepsin L cathepsin B
21 10,600 M~'s™ 291 M7's7! 83% 91%
22 6440 M5! 485 M5! 76% 91%
23 9550 M5! 80% 89% 96%
24 84200 M7's7! 1510 M7t 2820 M7isTh 365 M7
25 35300 M7'sT' 505 M 89% 96%
26 17,900 M~ 556 M7~ 91% 96%

“Kinetic inhibition assays were carried out with chromogenic peptide
substrates. "Second-order rate constants of inactivation were
determined in duplicate measurements with five different inhibitor
concentrations, when residual activities were less than 60%. “Mean
values from duplicate measurements at a single inhibitor concen-
tration of 2.5 uM. “The inhibition assay was carried out with a
fluorogenic peptide substrate,

Overall, a striking selectivity for cathepsin K over the other
investigated human cysteine proteases was achieved, thus
indicating that the knowledge-driven conceptualization of the
ABPs was successful. The two precursors 21 and 22 showed
satisfactory activity against cathepsin K (k,,./K > 5000
M~'s7), Table 1). Concomitantly, only the most closely related
cathepsin S was inhibited, still yielding a 36- and 13-fold
selectivity for 21 and 22, respectively. It is noteworthy that the
elongation by a further amino acid, realized in the
tripeptidomimetic 22, neither improved the inactivation
capacity nor the selectivity profile. The ethyl acrylate
counterpart of 21 showed less favorable selectivity indexes,"’
indicating the relevance of the dibenzylic PSBE to achieve
cathepsin K selectivity.

By introducing coumarin 343, the inhibitory profile of the
resulting ABP 23 was not strongly influenced; selectivity and
potency were roughly maintained. ABP 24 exhibited a greatly
improved cathepsin K inhibition by 8-fold when compared to
its precursor 21 and was the most potent compound out of the
herein described series with a second-order rate constant k,,./
K; of 84200 M~'s™". The design of 24 was guided by the
structure of odanacatib (compound 1 in Figure 1) and several
other dipeptidic cathepsin K inhibitors with a common biarylic
pattern reaching into the S3 pocket. In odanacatib, the
biphenyl is attached to the amide-bioisosteric trifluoroethyl-
amine group, and the C4H,—CHCF;—NH unit corresponds to
the C¢gH;—CO—NH unit of 24.

The CyS-containing ABPs 25 and 26 were found to
efficiently inhibit cathepsin K. Again, the incorporation of
norleucine reduced the potency nearly twofold (25 vs. 26).
The highly active compound 25 (k,./K, = 35,300 M~'s™")
displayed an extraordinary selectivity for cathepsin K over
cathepsins S, L, and B. This finding was preferable, but
somewhat unexpected in the light of the similar substrate

specificities of human cysteine cathepsins.”> The target

preference of the probes could be attributed to the presence
of the tailored PSBE, which we implemented based on the
structure of cathepsin K inhibitor 2 (Figure 1). To
unequivocally confirm the binding mode of our probes and
the accommodation of the PSBE in the active site of human
cathepsin K, X-ray crystal structure analyses were conducted.

Crystallographic Analysis and Identification of Bind-
ing Modes. Recombinant human cathepsin K was crystallized
in complex with two inhibitory ligands, ABP 25 and its
precursor 21 (Figure 2), confirming the covalent protease—
inhibitor interaction. The crystal structures were determined
by molecular replacement using the structure of human

TAG Pz;;@;: ™

L. LJ

9 ChApe Y
"':1[1’;‘ LA pye
PP TP
probe 25

Figure 2. Binding mode of precursor 21 and probe 25 in the active
site of human cathepsin K (PDB codes 7NXL and 7NXM). (A) The
zoomed-in view of the active site shows a superposition of 21 and 2§
bound to the $3 to S1' subsites. Cathepsin K is displayed in surface
representation with the catalytic residues Cys25 and His162
highlighted in pink and individual subsites in different colors. Ligands
are shown in stick representation with carbon atoms in dark cyan for
21 and magenta for 25. Heteroatoms have standard color-coding (0,
red; N, blue; S, yellow) and (Z)- and (E)-positioned benzyl groups
are marked. The fluorescence tag of the probe 25 is not included in
the crystal structure, and its position is indicated (TAG). (B) P3 to
P1" moieties of the ligands bind to corresponding $3 to S1’ subsites.
The active site Cys25 forms a covalent bond to the ligands, and the
newly formed (R)-configured stereocenter is shown. The 2F, — F,
electron density maps are contoured at 1 o; the side chain of the
covalently linked Cys2$ is depicted. (C) Hydrogen bond network
formed by cathepsin K with ligands 21 and 25 (dark cyan and
magenta dashed lines, respectively). Inhibitors are colored as in (A},
and interacting enzyme residues are in gray. (D) Surface
representation of the cathepsin K active site shows residues
(highlighted in yellow) forming nonpolar interactions with the
ligands (in stick representation).
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cathepsin K as the template. The final crystallographic models
contain mature cathepsin K residues 1-215 and an additional
N-terminal Arg residue derived from the cathepsin K
propeptide. Both complexes crystallized in the orthorhombic
space group P22,2, with one molecule in the asymmetric unit
and a solvent content of ~38% (Table S1; CatK-21, PDB ID
7NXL; CatK-25, PDB ID 7NXM). The structures were refined
using data to resolutions of 1.80 and 1.72 A for 21 and 25
complexes, respectively. The electron density applied for the
modeling of the ligands was of high quality in both structures,
with the exception of the valeroyl-connected CyS fluorophore
part of ABP 25, for which the electron density was missing
(Figure 2A,B). This suggested that the CyS tag protrudes from
the enzyme. A comparison of cathepsin K in both complexes
revealed a shared core scaffold with no significant differences in
the overall protein structure (backbone RMSD value of 0.126
A

The active site cleft of cathepsin K contains the catalytic
triad residues Cys25, His162, and Asn182. The binding mode
of both ligands is presented in Figure 2. It shows the formation
of a covalent bond between the active-site cysteine sulfur and
the prochiral electrophilic f-carbon of the acrylamide warhead.
The underlying reaction resulted in a (R)-chirality center at the
spJ-hybridized carbon, implicating a nucleophilic attack of the
Cys25 thiolate from the si face of the inhibitor (Figure 2B).
Our data are concordant with the X-ray crystal structure of N-
desmethyl thalassospiramide C (4) in complex with human
cathepsin K’ As predicted, both inhibitory ligands adopt a
substrate-like orientation; their N-terminal parts bind into the
nonprimed S3 to SI region of the active site cleft, and the
PSBEs are directed toward the S1’ subsite (Figure 2). Although
the N-terminal CyS tag of ABP 25 was not included in the
crystallographic model, the binding mode was analogous to
that of its precursor 21, with a slight deviation of the
acrylamide carbonyl groups only.

In both complexes, there is a common hydrogen bond
network between the inhibitor backbone and the active site of
cathepsin K (Figure 2C, Table S2). The GIn19 side chain plays
a major role in cathepsin K catalysis by forming the transition-
state stabilizing oxyanion hole.*” In the CatK-21 and CatK-2§
complexes, it donates a hydrogen bond to the inhibitors’
acrylamide oxygen, adjacent to the PSBE. The respective
interaction of GInl9, a component of the primed binding
region of cathepsin K,*"*” with a sulfonyl oxygen of a
cocrystallized vinyl sulfone inhibitor was reported.”® The
Asnl61 backbone oxygen makes a hydrogen bond with the
amide NH of both ligands. The NH of Gly66 acts as a
bifurcated hydrogen bond donor for the carbonyl oxygen of
the P2 leucine and the noncarbonyl carbamate oxygen of 21. A
further hydrogen bond is established between the Gly66
oxygen and the carbamate NH of 21. As a consequence of the
exchange of the Boc-capping group in 21 by the fluorophore-
linker in 25 and the loss of the noncarbonyl carbamate oxygen,
only two hydrogen bond interactions between Gly66 and the
cocrystallized 25 emerged.

We further analyzed structural determinants of both ligands
with respect to nonhydrogen bond interactions with
components of the cathepsin K subsites. Selected nonpolar
contacts are depicted in Figure 2D. The PSBEs of the ligands
made the largest number of contacts with the protease (Table
S2). The (E)-positioned benzyl group points toward Ala137,
Ser138, and GInl43 and is flanked by Trpl84 and the
catalytically essential His162 (Figure 2D). These amino acid

residues are assumed to form the S1' pocket of cathepsin
K373 The (Z)-positioned benzyl group approaches the
opposite site of the S1” pocket, a region close to the S2’ pocket
with residues Gly20, GIn21, Cys22, and Gly23.3] Electron
density maps indicated several potential conformations of the
benzyl groups in both complexes suggesting their static or
dynamic disorder, and only the major conformation of each
was modeled into the map.

The P2 leucine residues of 21 and 25 accommodate the S2
pocket of cathepsin K and are engaged in nonpolar interactions
with the S2 residues Tyr67, Ala134, Leul60, Alal63, and Leu
209 (Figure 2D). The Boc-capping group of 21 resides in the
narrow S3 groove of cathepsin K and makes contact with
Asp61, Gly64, Gly6S, Gly66, and Tyr67 (Table S2). In case of
25, an apparent acetyl group derived from the linker was
modeled into the electron density map interacting with Gly66
and Tyr67 of the S3 subsite.

In-Gel Detection of Cathepsin K. Having selected the
two most active compounds out of the four ABPs (Table 1), as
a further step of probe evaluation, we established in-gel
detection of human cathepsin K with ABPs 24 and 25.
Recombinantly expressed, purified, and activated cathepsin K
was labeled with S #M of the dipeptidic CyS-tagged probe 25,
subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE), and visualized by fluorescence
imaging (Figure 3). We observed a distinct fluorescent band at

competitive
inhibitor
= &

CatkK 1250 1250 500 400 300 200 100 76 50 25 10 5 (ng)

37-
25 «Catk
20—
kDa

Figure 3. Imaging of human cathepsin K with ABP 25. Left: Purified
recombinant cathepsin K (CatK, 1.25 ug) was incubated with 25 (5
puM). In the control experiment, the enzyme was pretreated with a
mixture of the competitive inhibitors E-64/K11777 (both 10 uM)
prior to incubation with 25 (S #M). Right: Cathepsin K (CatK, S00—
S ng) was labeled with 25 (5 #M). Incubations were performed for 1
h at 25 °C and at pH 5.5. The reactions were resolved by SDS-PAGE
and visualized with a Typhoon RGB imager.

~25 kDa which was completely abolished upon preincubation
with a mixture of two competitive and irreversible inhibitors,
that is, the pan-cathepsin inhibitors E-64 and K11777 (Figure
3, left). This finding confirmed the active site-directed mode of
inactivation by 25. Additionally, probe 25 was not interacting
with nucleophilic residues at the protein’s surface, which would
have led to a residual fluorescence at ~25 kDa. The sensitivity
of ABP 25 was assessed by applying decreasing amounts of
purified cathepsin K, and a detection limit of 25 ng was
determined (Figure 3, right).

For selectivity studies, 25 was applied in the complex protein
mixture of non-cathesin-K-expressing human embryonic
kidney (HEK) cell lysate, either in the presence or absence
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of additionally added cathepsin K. Bovine serum albumin
(BSA) was added to the reaction mixtures to protect HEK
lysate proteins from being excessively degraded by cathepsin K,
thus maintaining the protein composition for the entire
incubation time. The reactions were resolved by SDS-PAGE
and visualized by fluorescence imaging followed by protein
staining (Figure 4). Under these conditions of protein excess

CatK| +

BSA| +

HEK cell lysate | -
25| +

0ok
o+

*
+
+

o+
-
o+

ok

150—
100-
-

CatkKe-

15—
10-
(kDa)

Fluorescence cBB

Figure 4. Imaging of human cathepsin K with ABP 25 in the presence
of the cell lysate. Human recombinant cathepsin K (CatK, 300 ng)
was treated with ABP 25 (5 yM) in the presence of the HEK cell
lysate (30 ug) and BSA (500 ng) for 1 h at 2§ °C and pH 5.5. In
control experiments, cathepsin K (300 ng) and BSA (500 ng), or BSA
(500 ng) alone, or HEK cell Iysate (30 pg) and BSA (500 ng) were
treated with ABP 25 (5 yM), separately. The reactions were resolved
by SDS-PAGE and visualized with a Typhoon RGB imager
(fluorescence, left) and subsequently stained with Coomassie Brilliant
Blue (CBB, right).

(Figure 4, right, third lane), a single clear and bright
fluorescent band was observed (Figure 4, left, third lane),
corresponding to the fluorescence signal of cathepsin K in the
reaction without the cell lysate (Figure 4, left, first lane).
Furthermore, the incubation of 25 with the HEK cell lysate
without spiked cathepsin K did not show any off-target labeling
(Figure 4, left, fourth lane). Also, we confirmed the preference
of 25 for cathepsin K over the highly related human cathepsins
L, B, and S, which were not (cathepsin B) or only marginally
(cathepsins L and S) labeled (Figure S2).

The cyanine fluorophore mainly contributed to the advanta-
geous imaging properties of 25 in comparison to the kinetically
more active, dipeptidic coumarin probe 24. The latter ABP was
employed in the same set of experiments (Figures $3,54).
However, probe 24 exhibited lower fluorescence intensity, and
the fluorescence signal reduction after incubation with the
competing mixture of inhibitors was less pronounced than with
probe 25. While we were able to detect as little as 25 ng of
cathepsin K with ABP 25 (Figure 3), the detection limit of 24
ranged between 100 and 75 ng (Figure S3).

Imaging of Cathepsin K in Human Osteosarcoma
Cells U-2 OS. Next, we demonstrated the cellular functionality
of the superior ABP 25§ by imaging live osteosarcoma cells,
which show enhanced expression levels of cathepsin K>
Labeling of cathepsin K in U-2 OS cell lines was analyzed by
in-gel fluorescence and live-cell microscopy. First, ABP 25 was
incubated with U-2 OS cells for various times, and the
harvested cells were subjected to SDS-PAGE and visualized by
fluorescence imaging (Figure SA). A fluorescent band at 25

kDa corresponding to cathepsin K was clearly detected after 4
h incubation, the maximum intensity was reached after 16 h,
and the fluorescence was persistent after 24 h treatment. In
contrast, noncathepsin K-expressing cells, that is, hepato-
cellular carcinoma HepG cells and cervical cancer HelLa cells,
did not provide a fluorescent cathepsin K signal. Slight off-
target effects of 25, presumably associated with other cysteine
cathepsins, were observed with HepG cells, while the HeLa cell
proteome remained unaffected (Figure S2).

The labeling of cathepsin K was quenched when the U-2 OS
cells were preincubated with E-64d, a cell-permeable,
irreversible, and active-site-directed inhibitor of cysteine
cathepsins, prior to application of the ABP 25 (Figure SA).
Cathepsin K was authenticated by immunoblotting analysis
using a specific anticathepsin K antibody, which detected a 25
kDa single band. The highly potent, cathepsin K-specific
inhibitor odanacatib strongly diminished the labeling of
cathepsin K originating from U-2 OS cells (Figure S2). The
finding that the signal did not entirely disappear was attributed
to the reversible nature of odanacatib.

Furthermore, the ABP 25 was used to localize cathepsin K in
U-2 OS cells by confocal fluorescence microscopy. The cells
were incubated with the probe for 16 h, and a staining pattern
was observed, which colocalized with the signal of
LysoTracker, a marker of late endosomes and lysosomes
(Figure SB). In a competition experiment, the cathepsin K
labeling was completely prevented by preincubation with E-
64d. These results demonstrated that ABP 25 was efficiently
taken up into endolysosomal compartments of U-2 OS cells
and labeled the active form of cathepsin K, providing specific
detection of the target in live cells.

B CONCLUSIONS

We designed an exceptional ABP for cathepsin K by
incorporating a dibenzylamine structural motif for a specific
interaction with the primed binding region of the target
protease. Fusing this PSBE motif with a peptidomimetic
Michael acceptor gave rise to the irreversible inhibitor 21,
whose binding mode was elucidated by X-ray structure analysis
of the covalent enzyme—inhibitor complex, refined at a 1.8 A
resolution. The introduction of a linker-connected fluorophore
(in 25) did not implement changes in the alignment of the
inhibitory substructure within the active site cleft. While one
benzyl group of the PSBE adopted the substrate-like
orientation of P1” residues, the other resided on the opposite
side close to the $2’ pocket. Little is known from crystallo-
graphic and mapping studies on this binding region in the
active site cleft of cathepsin K.>*?! At least, as shown with
internally quenched fluorescent peptide substrates, aromatic
residues at P1” and P2’ positions seemed to be acceptable.””
Nevertheless, the presence of both benzylic groups, when
integrated into the appropriate overall structure of our
inhibitors 21—26, accounted for their outstanding potency
and cathepsin K selectivity. The superior, CyS-containing
fluorescent probe 25, when applied to SDS-PAGE, enabled for
highly specific and sensitive in-gel detection even in the
presence of a complex proteome. The cellular uptake of probe
25 and trafficking into the lysosomes was manifested. Finally,
we exposed a human osteosarcoma cell line to ABP 25 and
demonstrated its capability to detect cathepsin K in a
pathophysiologically relevant context. Owing to its promising
biological properties, ABP 25 may be advanced to animal
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Figure 5. Imaging of cathepsin K with ABP 25 in human osteosarcoma cells U-2 OS. (A) Cells were incubated with 25 (1 #M) for the indicated
time and resolved by SDS-PAGE. The gel was visualized using a fluorescence scanner (left) and protein-stained with CBB (right) or analyzed by
western blot with anticathepsin K antibody (WB, right). The position of cathepsin K is indicated (CatK). (B) U-2 OS cells were incubated for 24 h
with 25 (1 gM, CatK panels), stained with LysoTracker Green (50 nM, Lysosome) and Hoechst (Nucleus), and imaged live using confocal
fluorescence microscopy. Scale bar: 20 ym. In the control experiment, U-2 OS cells were pretreated with cathepsin K inhibitor E-64d (1 uM,
Competitive inhibitor) for 1 h prior to incubation with 25.

studies for investigating the in vivo detection of cathepsin K in
murine models of osteoarthritis.

B EXPERIMENTAL SECTION

Chemistry. General Information. Preparative column chromatog-
raphy was performed using Merck silica gel 60 (63—200 mesh).
Melting points were determined on a Biichi 510 oil bath apparatus
and were uncorrected. 'H NMR and '*C NMR spectra were recorded
on a Bruker Avance 500 MHz NMR spectrometer or on a Bruker
Avance 111 600 MHz NMR spectrometer, respectively. Chemical shifts
are given in parts per million (ppm), coupling constants ] are given in
Hertz, and spin multiplicities are given as s (singlet), d (doublet), t
(triplet), q (quartet), and m (multiplet). High-resolution mass
spectrometry (HRMS) spectra were recorded on a micrOTOF-Q
mass spectrometer (Bruker) with an electrospray ionization (ESI)-
source coupled with an HPLC Dionex Ultimate 3000 (Thermo
Scientific). The purity of the compounds was determined by HPLC/
DAD/MS obtained on an LC—MS instrument (Applied Biosystems
API 2000 LC/MS/MS, HPLC Agilent 1100). An EC50/2 Nucleodur
C18 Gravity 3 gm column (Macherey-Nagel, Diiren, Germany) was
used. The mobile phase was a gradient of 90% H,0 to 100% MeOH
containing 2 mM ammonium acetate in 10 min, then 100% MeOH
containing 2 mM ammonium acetate to 20 min. Retention times (t)
of all compounds are noted. The purity of all compounds was
confirmed to be >95% purity by liquid chromatography—mass
spectrometry (LC—MS). High-performance liquid chromatography
(HPLC) traces of all in vitro test compounds are shown in the
Supporting Information. All (.ompmlnds passed the PAINS filter™
with a false-positive remover.

Coumarin 343 (7).® 8-Hydroxyjulolidine-9-carboxaldehyde (5,
0.44 g, 2.00 mmol) was dissolved in absolute ethanol (20 mL).
Piperidinium acetate (6 mg, 0.04 mmol) and isopropylidene malonate
(6, 0.29 g, 2.00 mmol) were added, and the reaction mixture was
stirred at rt for 20 min. Then, the reaction mixture was refluxed for
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further 2 h. Cooling to rt and subsequent cooling on ice led to the
crystallization of 7 as a bright orange solid (0.15 g, 0.53 mmol, 27%,
mp 238=240 °C, lit.”” mp 253 °C). '"H NMR (500 MHz, DMSO-d,)
5 1.83—191 (m, 4H, N(CH,CH,),), 2.67—2.74 (m, 4H, N-
((CH,),CH,),), 722 (s, 1H, 5-H), 8.44 (s, 1H, 4-H), the signal
for N(CH,), is obscured by the H,O peak; “C NMR (125 MHz,
DMSO-dg) 6 19.65 (N(CH,CH,),), 20.62, 26.90 (N((CH,),CH,),),
49.27, 49.80 (N(CH,),), 10491 (C-4a), 105.28 (C-8), 107.41 (C-6),
119.71 (C-3), 127.61 (C-4), 148.87 (C-5), 149.29 (C-7), 152.80 (C-
82), 160.79 (C-2), 164.77 (CO,H). LC—MS (ESI), ty 8.56 min, m/z
caled for [C,4H,;NO, + H]*, 286.1, found, 285.9.

Methyl 4-(2,3,6,7-tetrahydro-11-oxo-1H,5H,11H-[1]-
benzopyranol6,7,8-ij]-10-quinolizinyl)-benzoate (9). 8-Hydroxyju-
lolidine-9-carboxaldehyde (5, 0.44 g 2.00 mmol), dimethyl
homoterephthalate (8, 0.42 g 2.00 mmol), and piperidine (0.55 g,
4.00 mmol) were dissolved in toluene (25 mL) and refluxed for 4 h.
The orange precipitate was filtered off and purified by column
chromatography using petroleum ether/EtOAc (3 + 1) as the eluent
to obtain 9 as an orange solid (0.29 g, 0.77 mmol, 39%, mp 167—171
°C, decomposition). "H NMR (600 MHz, CDCl,) § 1.93-2.00 (m,
4H, N(CH,CH,),), 2.76 ('] = 6.3 Hz, 2H, N(CH,),CH,), 2.91 (%]
= 6.5 Hz, 2H, N(CH,),CH,), 3.26, 3.29 (both t*] = 6.3 Hz, 4H,
N(CH,),), 3.90 (s, 3H, OCHj), 6.90 (s, 1H, 5-H), 7.67 (s, 1H, 4-H),
7.77 (4] = 8.4 Hz, 2H, 3-H), 8.03 (d,’] = 8.4 Hz, 2H, 2-H); C
NMR (150 MHz, CDCL,) § 2028, 20.50 (N(CH,CH,),), 21.42,
27.52 (N((CH,),CH,),), 49.69, 50.05 (N(CH,),), 52.07 (OCH,),
106.21 (C-4a), 108.81 (C-8), 118.33, 118.74 (C-5, C-6), 12537 (C-
3), 12871 (C-1'), 127.94, 129.55 (C-2', C-3'), 140.81 (C-4), 141.71
(C-4), 146.26 (C-7), 151.51 (C-8a), 161.49 (C-2), 166.97 (CO,Me).
LC—MS (ESI), ty 12.11 min, m/z caled for [C,3H,NO, + H]',
376.2, found, 376.2.

4-(2,3,6,7-Tetrahydro-11-oxo-1H,5H,11H-[1]benzopyrano(6,7,8-
ijl-10-quinolizinyl)-benzoic acid (10). Methyl ester 9 (0.38 g, 1.00
mmol) was dissolved in THF (60 mL), H,0O (30 mL), and EtOH (20
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mL). Upon addition of LIOH X H,0 (0.42 g 10.0 mmol), the
reaction mixture was stirred for 16 h at rt. The organic solvent was
evaporated, and the aqueous layer was acidified using 2 M HCI (6
mL). The resulting yellowish precipitate was filtered off and dried in
vacuo (0.13 g 0.36 mmol, 36%, mp 186—190 °C, decomposition). 'H
NMR (600 MHz, CDCL;) § 1.97—2.01 (m, 4H, N(CH,CH,),), 2.78
(t’] = 6.4 Hz, 2H, N(CH,),CH,), 2.93 (t¥ = 6.5 Hz, 2H,
N(CH,),CH,), 3.28, 3,31 (both t,*] = 6.7 Hz, 4H, N(CH,),), 6.93 (s,
1H, 5-H), 7.72 (s, 1H, 4-H), 7.83 (d,’ = 8.4 Hz, 2H, 3-H), 8.12 (4]
= 8.4 Hz, 2H, 2’-H); '*C NMR (150 MHz, CDCIl;) & 20.27, 20.49
(N(CH,CH,),), 21.41, 27.52 (N((CH,),CH,),), 49.70, 50.07
(N(CH,),), 10621 (C-4a), 108.81 (C-8), 118.18 (C-6), 118.79
(C-5), 12544 (C-3), 127.68 (C-1'), 128.03, 130.18 (C-2, C-3'),
141.88 (C-4'), 143.16 (C-4), 146.35 (C-7), 151.56 (C-8a), 161.49
(C-2), 17023 (CO,H). LC—MS (ESI), ty 10.27 min, m/z caled for
[Cp,HNO, + HJ*, 362.1, found, 362.1.

1-(4-Carboxybutyl)-2,3,3-trimethyl-3H-indolium bromide (13).
2,3,3-Trimethyl-3H-indole (11, 3.17 g 3.2 mL, 20.00 mmol) was
added to a solution of S-bromovaleric acid (12, 3.70 g, 20.00 mmol)
in nitromethane (12 mL) and stirred at 80 °C for 8 h. The reaction
mixture was treated with diethyl ether (80 mL), and the precipitate
was filtered off. Washing of the precipitate with dry acetone (25 mL)
and recrystallization from MeOH/diethyl ether (1 + 9) led to 13 as a
yellow solid (1.00 g, 3.00 mmol, 15%; mp 200-202 °C; lit** mp
188—190 °C). 'H NMR (500 MHz, DMSO-dg) 6 1.54 (s, 6H, 3-
CH;), 1.62-1.68 (m, 2H, CH,CH,CO,H), 1.81-191 (m, 2H,
CH,(CH,),CO,H), 2.31 (t,*] = 7.3 Hz, 2H, CH,CO,H), 2.85 (s, 3H,
2-CH,), 449 (t%] = 7.7 Hz, 2H, CH,(CH,),CO,H), 7.54—7.74 (m,
2H, 4-H, 5-H), 7.80-7.89 (m, 1H, 6-H), 7.93-8.07 (m, 1H, 7-H),
12.09 (s, 1H, CO,H); “C NMR (125 MHz, DMSO) & 13.96 (2-
CH,), 21.40 (CH,CH,CO,H), 22.00 (3-CH,), 26.63
(CH,(CH,),CO,H), 32.97 (C-14, CH,CO,H), 47.24 (C-3), $4.15
(CH,(CH,);CO,H), 11540 (C-7), 123.46 (C-4), 128.88 (C-5),
129.38 (C-6), 141,08 (C-7a), 141.84 (C-3a), 174.00 (CO,H), 196.57
(C-2). LC—MS (ESI), tg 5.64 min, m/z caled for [C,sH,,NO,]*,
260.2, found, 259.9.

1-(4-Carboxybutyl)-3,3-dimethyl-2-((1E,3E,5E)-5-(1,3,3-tri-meth-
ylindolin-2-ylidene) penta-1,3-dienyl)-3H-indolium chloride (Cy5,
16).%° 1-(4-Carboxybutyl)-2,3,3-trimethyl-3H-indolium bromide (13,
0.50 g 1.45 mmol) was added to a solution of malonaldehyde
dianilide hydrochloride (14, 0.46 mg, 1.75 mmol) in acetic anhydride
(30 mL) and stirred for 30 min at 120 °C. A solution of 1,2,3,3-
tetramethyl-3H-indolium iodide (15, 0.62 mg, 2.05 mmol) in pyridine
(20 mL) was added to the prepared solution at rt, and the reaction
mixture was stirred for 70 h. Solvents were removed, the crude
product was dissolved in CH,Cl, (10 mL), and n-hexane (100 mL)
was added. The solution was decanted, and the precipitate was
dissolved in CH,Cl, (80 mL), washed with H,O (3 X 80 mL) and 0.1
M HCI (80 mL), and dried over Na,SO,. Purification by column
chromatography (CH,Cl,/MeOH, 19 + 1 + 3% AcOH) led to 16 as a
blue, red shining solid (027 g 0.53 mmol, 36%, mp. 134—136 2C).
'H NMR (600 MHz, DMSO-d¢) & 1.20-1.28 (m, 2H,
CH,CH,CO,H), 1.56—1.62 (m, 2H, CH,(CH,),CO,H), 1.67 (s,
12H, 3-CH;, 3-CH;,), 2.10 (t%] = 7.1 Hz, 2H, CH,CO,H), 3.59 (s,
3H, NCH,), 4.09 (t,’] = 7.2 Hz, 2H, CH,(CH,),CO,H), 6.26 (d,’] =
137 Hz, 1H, CH(CH),CH), 634 (d*J = 138 Hz, 1H, CH-
(CH),CH), 6.59 (t*] = 12.4 Hz, 1H, (CH),CH(CH),), 7.24 (t}] =
7.2 Hz, 2H, 5-H, $-H), 7.35—7.41 (m, 4H, 6-H, 7-H, 6-H, 7-H),
7.60 (dd,}] = 7.4 Hz, /] = 3.3 Hz, 2H, 4-H, 4-H), 8.31 (1, = 13.0 Hz,
2H, CHCH(CH);). 3C NMR (125 MHz, DMSO-d;) § 22.69
(CH,CH,CO,H), 26.72 (CH,(CH,),CO,H), 27.02, 27.12 (3-CH,,
3’-CH;), 31.00 (NCHj;), 35.85 (CH,CO,H), 43.33
(CH,(CH,);CO,H), 48.74, 48.86 (C-3, C-3'), 103.17, 103.26
(CH(CH),CH), 11091, 111.13 (C-7, C-7'), 122.23, 122.34 (C-4,
C-4'), 124.57, 124.62 (C-5, C-§'), 125.49 ((CH),CH(CH),), 128.30,
128.40 (C-6, C-6'), 140.94, 141.09 (C-3a, C-3"a), 142.01, 142.78 (C-
7a, C-7'a), 153.81, 154.05 (CHCH(CH),), 172.58, 172.99 (C-2, C-
2’), 173.57 (COH). LC—MS (ESI), fx 7.90 min, m/z caled for
[C3H3N,0,]%, 469.3, found, 469.2.

(E)-Ethyl 4-(tert-butoxycarbonylamino)but-2-enoate (18)."° Po-
tassium fert-butoxide (0.57 g, 5.00 mmol) was added to a solution of
ethyl 2-(diethoxyphosphoryl)acetate (17, 1.15 g, 5.00 mmol) in THF
(55 mL) at 0 °C and stirred for 30 min while it was allowed to reach
room temperature. Boc-Gly-H (0.80 g, 5.00 mmol) was then added
dropwise to the reaction mixture and stirred for 20 h at room
temperature. The solvent was evaporated under reduced pressure, and
the resulting oil was dissolved in diethyl ether (100 mL), washed with
saturated NaHSO, solution (2 X 100 mL), H,O (100 mL), and 10%
KHSO, solution (2 X 100 mL), and dried over Na,SO,,. Purification
by column chromatography (petroleum ether/EtOAc, 3 + 1) led to
18 as a yellow oil (0.74 g, 3.20 mmol, 65%).*" '"H NMR (600 MHz,
DMSO-dg) 6 1.19 (t’] = 7.1 Hz, 3H, CH,CH;), 137 (s, 9H,
C(CH,);), 3.71 (4] = 4.0 Hz, 2H, CH,CHCH), 4.10 (%] = 7.1 Hz,
2H, CH,CH;), 5.82 (d,%] = 15.7 Hz, 1H, CH,CHCH), 6.79 (dt’] =
15.7 HzYJ = 4.7 Hz, 1H, CH,CHCH), 7.14 (s, 1H, NH). '*C NMR
(150 MHz, DMSO-dg) & 14.30 (CH,CH,), 28.36 (C(CH,),), 40.87
(CH,CHCH), 60.06 (CH,CH;), 78.21 (C(CH,);), 120.19
(CH,CHCH), 146.71 (CH,CHCH), 155.71 (OCONH), 165.65
(CO,CH,). LC—MS (ESI), t 9.59 min, m/z calcd for [C,,H,(NO,]",
230.2, found, 230.1.

(E)-4-(tert-Butoxycarbonylamino)but-2-enoic acid (19). (E)-
Ethyl 4-(tert-butoxycarbonylamino)but-2-enoate (18, 0.70 g 3.00
mmol) was dissolved in THF (20 mL) and H,0 (10 mL) and stored
at 0 °C. Upon addition of LiOH x H,0 (0.38 g, 9.00 mmol), the
reaction mixture was stirred for 30 min at 0 °C and for further 4.5 h at
room temperature. After evaporation of THF, the aqueous phase was
acidified to pH < 2 with 1 N HCl solution and extracted with EtOAc
(3 x 30 mL) and dried over Na,SO, to yield a white solid (0.56 g,
2.79 mmol, 93%, mp 116—118 °C, lit.*" mp 115 °C). '"H NMR (500
MHz, DMSO-dg) 5 1.38 (s, 9H, C(CH,);), 3.70 (%] = 4.2 Hz, 2H,
CH,CHCH), 5.75 (dt*] = 15.5 Hz,"] = 1.5 Hz, 1H, CH,CHCH),
6.72 (dt*] = 15.7 Hz, °] = 4.8 Hz, 1H, CH,CHCH), 7.12 (s, 1H,
OCONH), 12.22 (s, 1H, CO,H). *C NMR (125 MHz, DMSO-dg) &
28.34 (C(CH;);), 40.79 (CH,CHCH), 78.12 (C(CH,);), 121.18
(CH,CHCH), 14593 (CH,CHCH), 155.68 (OCONH), 167.04
(CO,H). LC—MS (ESI), ty 2.87 min, m/z caled for [CoH gN,0,]",
219.1, found, 218.9.

(E)-tert-Butyl 4-(dibenzylamino)-4-oxobut-2-enylcarbamate
(20). HATU (1.25 g 3.35 mmol) was added to a solution of (E)-4-
(tert-butoxycarbonyl-amino)but-2-enoic acid (19, 0.47 g, 2.30 mmol)
and DIPEA (0.4 mL, 0.30 g, 2.30 mmol) in dry CH,Cl, (15 mL). The
mixture was flooded with argon and stirred for 30 min. A solution of
dibenzylamine (0.60 g, 3.00 mmol) and DIPEA (0.4 mL, 0.30 g, 2.30
mmol) in dry CH,Cl, (5 mL) was prepared and added to the reaction
mixture which was stirred for 16 h at room temperature. Solvents
were removed, and the crude product was dissolved in EtOAc (15
mL). The organic phase was washed with 10% KHSO, solution (3 X
50 mL) and dried over Na,SO,. Purification by column chromatog-
raphy (petroleum ether/EtOAc 3 + 2) led to 20 as a white solid (0.58
g 1.51 mmol, 66%, mp 114—116 °C). "H NMR (600 MHz, DMSO-
dg) & 1.32 (s, 9H, C(CH,)s), 3.71 (s, 2H, CH,CHCH), 4.52 (s, 2H,
NCH,), 4.56 (s, 2H, NCH,), 6.49 (d,’] = 15.1 Hz, 1H, CH,CHCH),
6.74 (dt’] = 15.1 Hz, 3] = 49 Hz, 1H, CH,CHCH), 7.09 (s, 1H,
OCONH), 7.19 (d,%] = 7.5 Hz, 2H, NCH,Ph), 7.22 (d,*] = 7.5 Hz,
2H, NCH,Ph), 7.23—7.39 (m, 6H, NCH,Ph). 3C NMR (125 MHz,
DMSO0-dy) 5 28.13 (C(CH,),), 40.98 (CH,CHCH), 48.17 (NCH,),
4977 (NCH,), 77.86 (C(CH,),), 119.85 (CH,CHCH), 12665,
127.08, 127.35, 127.69, 128.44, 128.69, 137.26, 137.62 (NCH,Ph),
143.42 (CH,CHCH), 155.48 (OCONH), 165.89 (CON). LC—MS
(ESI), fp 11.69 min, m/z caled for [Cy3H3,N;05]", 398.2, found,
398.2.

(S,E)-tert-Butyl-1-(4-(dibenzylamino)-4-oxobut-2-enylamino)-4-
methyl-1-oxopentan-2-ylcarbamate (21). (E)-tert-Butyl 4-(dibenzy-
lamino)-4-oxobut-2-enylcarbamate (20, 0.35 g, 0.90 mmol) was
added to a solution of TFA (1 mL) in CH,Cl, (6 mL) and stirred for
20 h at room temperature. Solvents were removed, and the crude
brownish resin was dissolved in dry CH,Cl, (50 mL) with DIPEA
(0.20 g, 1.55 mmol). A solution of Boc-Leu-OH X H,0 (0.25 g, 1.00
mmol), HATU (0.52 g, 1.35 mmol), and DIPEA (0.1 g 1.15 mmol)
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in dry CH,Cl, (100 mL) was prepared, flooded with argon, and
stirred for 30 min. Both solutions were combined and stirred for 16 h
at room temperature. Solvents were removed, the crude product was
dissolved in EtOAc (20 mL) and washed with saturated NaHCO;
solution (2 X 20 mL), brine (20 mL), and 10% KHSO, solution (20
mL), and the organic phase was dried over Na,SO,. Purification by
column chromatography (petroleum ether/EtOAc, 1 + 1) led to 21 as
a colorless resin (0.39 g, 0.80 mmol, 87%). 'H NMR (600 MHz,
DMSO-dg) 6 0.79 (d,’] = 6.6 Hz, 6H, CH(CH,),), 1.32 (s, 9H,
C(CH,),), 1.35-1.43 (m, 2H, NHCHCH,), 1.51-1.56 (m, 1H,
CH(CH,),), 3.84-3.93 (m, 3H, CH,CHCH, NHCHCH,), 4.40
(d,] = 15.0 Hz, 1H, NCH,), 449 (d,’J = 16.8 Hz, 1H, NCH,), 4.57
(d,] = 15.2 Hz, 1H, NCH,), 4.66 (d,*] = 16.8 Hz, 1H, NCH,), 6.59
(4] = 15.1 Hz, 1H, CH,CHCH), 6.77 (dt,’] = 14.7 Hz, %] = 4.8 Hg,
1H, CH,CHCH), 6.84 (d,%] = 7.9 Hz, 1H, OCONH), 7.17—7.38 (m,
10H, NCH,Ph), 8.12 (bs, IH, CONHCH,). *C NMR (150 MHz,
DMSO-de) & 22.86, 24.10, 24.25 (CH(CH,),), 28.15 (C(CH,),),
40.76 (NHCHCH,), 47.85 (NCH,), 49.71 (NCH,), 52.87
(NHCHCH,), 7793 (C(CH,),), 11975 (CH,CHCH), 12691,
127.08, 127.41, 127.63, 128.43, 128.71, 137.26, 137.56 (NCH,Ph),
143.20 (CH,CHCH), 15541 (OCONH), 16578 (CON), 172.65
(CONHCH,). One signal (CH,CHCH) is obscured by the DMSO
solvent signal. LC—MS (ESI), tx 11.89 min, m/z caled for
[CyoH4N30,4]", 494.3, found, 494.1. HRMS m/z caled for
[CooH,oN;0,]%, 494.3013, found, 494.2964.
tert-Butyl-(S)-1-((S)-1-((E)-4-(dibenzylamino)-4-oxobut-2-enyla-
mino)-4-methyl-1-oxopentan-2-ylamino)-1-oxohexan-2-ylcarba-
mate (22). (SE)-tert-Butyl-1-(4-(dibenzylamino)-4-oxobut-2-enyla-
mino)-4-methyl-1-oxopentan-2-ylcarbamate (21, 0.21 g, 0.43 mmol)
was added to a solution of TFA (2 mL) in CH,Cl, (10 mL) and
stirred for 20 h. Solvents were removed, and the crude brownish resin
was dissolved in dry CH,Cl, (8 mL) with DIPEA (0.08 g, 0.60
mmol). A solution of Boc-Nle-OH x DCHA (0.18 g, 0.48 mmol),
HATU (0.25 g 0.65 mmol), and DIPEA (0.09 g, 0.70 mmol) in dry
CH,Cl, (8 mL) was prepared, flooded with argon, and stirred for 30
min. Both solutions were combined and stirred for 16 h at room
temperature. Solvents were removed, the crude product was dissolved
in EtOAc (25 mL) and washed with saturated NaHCO; solution (2 X
25 mL), brine (25 mL}), and 10% KHSO, solution (25 mL), and the
organic phase was dried over Na,SO,. Purification by column
chromatography (2 X CH,Cl,/MeOH, 29 + 1) led to 22 as a
colorless oil (0.19 g, 0.32 mmol, 74%). "H NMR (600 MHz, DMSO-
d¢) 6 0.74—084 (m, 9H, CH(CH,);CHs, CH(CH,),), 1.14-1.26
(m, 4H, CHCH,(CH,),CH,), 1.30-1.38 (s + m, 11H, C(CH,),,
CHCH,(CH,),CH,), 139-147 (m, 2H, CH,CH(CH,),), 1.48—
1.58 (m, 1H, CH,CH(CH,),), 3.72-3.94 (m, 3H, NHCHCH,CH,
CH,CHCH), 424 (dt] = 8.8 HzJ = 47 Hz, 1H, CH(CH,)),
442-4.66 (m, 4H, NCH,, NCH,), 6.57 (dt,’J = 15.0 Hz,¥] = 1.9 Hz,
1H, CH,CHCH), 6.74—6.80 (m, 2H, OCONH, CH,CHCH), 7.19
(t%] = 6.3 Hz, 4H, NCH,Ph), 7.23—7.38 (m, 6H, NCH,Ph), 7.74
(d,%] = 8.0 He, 1H, CONH), 8.14-8.21 (m, 1H, CONH). *C NMR
(150 MHz, DMSO-d;) & 13.84 (CH(CH,),CH,), 2145, 21.77,
22.87, 24.04 (CH(CH,)CH,CH;, CH(CH,),), 27.49
(CHCH,CH,CH,CH,), 28.11 (C(CH,);), 31.34
(CHCH,(CH,),CHs,), 38.21 (CH,CHCH), 40.86 (CH,CH(CH,),),
47.88 (NCH,), 49.64 (NCH,), 50.99 (NHCHCH,CH), 54.41
(CH(CH,),), 78.08 (C(CH,)s), 119.82 (CH,CHCH), 126.85,
127.03, 127.32, 127.62, 128.38, 128.62, 137.30, 137.57 (NCH,Ph),
142,90 (CH,CHCH), 155.39 (OCONH), 165.64, 171.87, 171.99
(CON, CONH). LC—MS (ESI), t, 8.87 min, m/z caled for
[CysHgN,Og]Y, 607.4, found, 607.6. HRMS m/z caled for
[C5sHN,O5 %, 607.3854, found, 607.3883.
(S,E)-2-(2,3,6,7-Tetrahydro-11-oxo-1H,5H, 1 1H-[1]benzopyrano-
[6,7,8-ij]-10-quinolizinyl)carbonylamino)-N-(4-(dibenzylamino)-4-
oxobut-2-enyl)-4-methylpentanamide (23). (S,E)-tert-Butyl-1-(4-
(dibenzylamino)-4-oxobut-2-enylamino ) -4-methyl-1-oxopentan-2-yl-
carbamate (21, 69 mg, 0.14 mmol) was added to a solution of TFA (2
mL) in CH,Cl, (10 mL) and stirred for 20 h. Solvents were removed,
and the crude brownish resin was dissolved in dry CH,Cl, (5 mL)
with DIPEA (19 mg, 0.29 mmol). Coumarin 343 (7, 44 mg, 0.15

mmol), HATU (80 mg, 0.21 mmol), and DIPEA (19 mg, 0.29 mmol)
were dissolved in CH,Cl, (10 mL) and stirred at room temperature
under argon for 30 min. Both solutions were combined and stirred at
room temperature for 18 h. The solvent was removed under reduced
pressure, and the crude product was dissolved in EtOAc (15 mL),
washed with saturated NaHCOj; solution (20 mL), brine (20 mL),
and 10% KHSO, solution (20 mL), and dried over Na,SO,.
Purification using column chromatography with EtOAC as the
solvent yielded 23 as an orange solid (22 mg, 0.033 mmol, 22%, mp
118—120 °C). 'H NMR (500 MHz, DMSO-d;) 5 0.83 (%] = 6.6 Hz,
6H, CH(CH,),), 1.45-160 (m, 3H, NHCHCH, CH(CH,),),
1.83-191 (m, 4H, N(CH,CH,),), 271 (¢] = 7.0 Hz, 4H,
N((CH,),CH,),), 3.84—3.90 (m, 2H, CH,CHCH), 4.40-4.62 (m,
$H, NCH,Ph, NCH,Ph, NHCHCH,), 6.60 (dt] = 14.8 Hz,* = 1.9
Hz, 1H, CH,CHCH), 6.78 (dt}J = 150 Hz¥ = 45 Hz 1H,
CH,CHCH), 7.11 (s, 1H, 5-H), 7.13=7.19 (m, 4H, NCH,Ph), 7.21—
726 (m, 2H, NCH,Ph), 7.28=7.31 (m, 4H, NCH,Ph), 8.34 (s, 1H,
4-H), 843 (%] = 5.7 Hz, 1H, CONH), 8.87 (d] = 7.8 Hz, 1H,
CONH). One signal (N(CH,CH,),) is obscured by the H,0 peak.
3C NMR (125 MHz, DMSO-ds) § 19.71 (N(CH,CH,),), 20.66
(N(CH,),CH,), 21.99, 2295, 24.64 (CH(CH,),), 2692 (N-
(CH,),CH,), 41.77 (NHCHCH,), 47.96, 49.17, 49.70, 49.82
(N(CH,(CH,),),, NCH,Ph, NCH,Ph), 51.71 (NHCHCH,),
104.76 (C-4a), 107.43 (C-8), 107.58 (C-6), 119.60 (C-3), 119.89
(CH,CHCH), 127.12, 127.17, 127.27, 127.49, 127.75 NCH,Ph, C-
4), 128.55, 128.74, 137.37, 137.70 (NCH,Ph), 143.16 (CH,CHCH),
147.58 (C-5), 148.27 (C-7), 152.23 (C-8a), 162.0S, 162.36, 165.77,
171.83 (C-2, CON, CONH); one signal (CH,CHCH) is obscured by
the DMSO solvent signal. LC—MS (ESI), tg 12.63 min, m/z calcd for
[C4oHysN,Os]*, 661.3, found, 661.4. HRMS m/z caled for
[CyoHysN,O, ], 661.3377, found, 661.3384.

(S,E)-2-(4-(2,3,6,7-Tetrahydro-11-oxo-1H,5H,11H-[1]-
benzopyrano[6,7,8-ij]-10-quinolizinyl)-benzoylamino)-N-(4-(diben-
zylamino)-4-oxobut-2-enyl)-4-methylpentanamide (24). Com-
pound 21 (79 mg, 0.16 mmol) was dissolved in CH,Cl, (12 mL),
treated with TFA (2 mL), and stirred at room temperature for 20 h.
After evaporation of the solvent, the ammonium trifluoroacetate was
dissolved in CH,Cl, (10 mL) and added to a solution of the coumarin
10 (72 mg, 0.20 mmol), HBTU (76 mg, 0.20 mmol), and DIPEA
(129 mg, 1.00 mmol) in CH,Cl, (40 mL). After stirring at room
temperature for 16 h, the reaction mixture was washed with saturated
NaHCO; (2 X 30 mL). The organic layer was evaporated, and the
residue was purified by column chromatography using CH,Cl,/
MeOH (25 + 1) to obtain 24 as an orange solid (58 mg, 0.08 mmol,
499%, mp 96—98 °C). '"H NMR (600 MHz, DMSO-dg) & 0.82 (d,
3H,%] = 6.4 Hz, CHCH,), 0.84 (d,*] = 6.5 Hz, 3H, CHCHj,), 1.44—
1.50 (m, 1H, CH(CH,),), 1.60—1.71 (m, 2H, NHCHCH,), 1.85—
1.93 (m, 4H, N(CH,CH,),), 2.72 (1] = 6.2 Hz, 2H, N(CH,),CH,),
276 (43 = 6.5 Hz, 2H, N(CH,),CH,), 3.25-330 (m, 4H,
N(CH,CH,),), 3.85-3.89 (m, 2H, CH,CHCH), 4.41-4.46 (m,
1H, NHCHCH,), 446—4.48 (m, 2H, NCH,Ph), 4.56 (d,%] = 16.8
Hz, 1H, NCH,Ph), 4.61 (d,] = 16.9 Hz, 1H, NCH,Ph), 6.62 (dt,’] =
15.0 Hz,'] = 1.7 Hz, 1H, CH,CHCH), 6.79 (dt,’] = 15.0 Hz,’] = 4.6
Hz, 1H, CH,CHCH), 7.12 (s, 1H, 5-H), 7.17 ()] = 7.8 Hz, 4H,
NCH,Ph), 7.26—7.35 (m, 6H, NCH,Ph), 7.73 (d,’] = 8.5 Hz, 2H, 3"
H), 7.85 (d,%] = 8.5 Hz, 2H, 2-H), 8.03 (s, 1H, 4-H), 8.30 (t’] = 5.7
Hz, 1H, CONH), 8.44 (d,% = 7.7 Hz, 1H, CONH). *C NMR (150
MHz, DMSO-dg) & 2023, 2045 (N(CH,CH,),), 21.34 (N-
(CH,),CH,), 21.88, 23.41, 24.94 (CH(CH,),), 27.36 (N-
(CH,),CH,), 40.53 (CH,CHCH), 40.74 (NHCHCH,), 48.30,
49.34, 49.83, 50.16 (N(CH,CH,),, NCH,Ph, NCH,Ph), 52.67
(NHCHCH,), 105.47 (C-4a), 108.65 (C-8), 117.12 (C-6), 118.96
(C-5), 120.14 (CH,CHCH), 12621 (C-3), 126.88, 127.42, 127.81,
127.85, 128.10, 128.50, 12891, 129.14 (N(CH,Ph), C-2/, C-3'),
132.82 (C-1'), 137.78, 138.06 (N(CH,Ph),), 139.08 (C-4'), 142.38
(C-4), 143.80 (CH,CHCH), 146.52 (C-7), 151.38 (C-8a), 160.86
(C-2), 16622, 166.55, 172.77 (CON, CONH). LC-MS (ESL), t;
13.07 min, m/z caled for [CyeHsN,O;]", 737.4, found, 737.5. HRMS
m/z caled for [CyeHsN,Os]", 737.3697, found, 737.3704.
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1-(5-((5)-1-((E)-4-(Dibenzylamino)-4-oxobut-2-enylamino)-4-
methyl-1-oxopentan-2-ylamino)-5-oxopentyl)-3,3-dimethyl-2-
((1E,3E,5E)-5-(1,3,3-trimethylindolin-2-ylidene) penta-1,3-dienyl)-
3H-indolium chloride (25). (S,E)-tert-Butyl-1-(4-(dibenzylamino )-4-
oxobut-2-enylamino)-4-methyl-1-oxopentan-2-ylcarbamate (21, 84
mg, 0.17 mmol) was added to a solution of TFA (1 mL) in
CH,Cl, (6 mL) and stirred for 20 h. Solvents were removed, and the
crude brownish resin was dissolved in dry CH,Cl, (2 mL) with
DIPEA (0.08 g, 0.62 mmol). A solution of 16 (0.08 g, 0.16 mmol),
HATU (0.10 g, 0.28 mmol), and DIPEA (0.06 g 0.45 mmol) in dry
CH,Cl, (4 mL) was prepared, flooded with argon, and stirred for 10
min. Both solutions were combined and stirred for 18 h at room
temperature. Solvents were removed, the crude product was dissolved
in EtOAc (10 mL) and washed with saturated NaHCO; solution (2 X
20 mL), brine (20 mL), and 10% KHSO, solution (20 mL), and the
organic phase was dried over Na,SO,. Purification by column
chromatography (CH,Cl,/MeOH, 59 + 1 gradient to 19 + 1) led to
25 as a red shining resin (51 mg, 0.06 mmol, 39%). "H NMR (600
MHz, DMSO-d;) §0.70 (d,%] = 6.5 Hz, 3H, CHCHS,), 0.75 (d,’] = 6.6
Hz, 3H, CHCHS), 1.34—1.40 (m, 2H, CH,CH,CONH), 1.42—1.49
(m, 1H, CH(CH,),), 1.49-1.58 (m, 2H, NHCHCH,), 1.57—1.64
(m, 2H, CH,(CH,),CONH), 1.65—1.72 (m, 12H, 3-CH,, 3-CH,),
2.02 (dt?] = 14.0 Hz, % = 6.9 Hz, 1H, CH,CONH), 2.15 (dt%] =
142 Hz,*J = 7.1 Hz, 1H, CH,CONH), 3.59 (s, 3H, NCH,), 3.76—
3.90 (m, 2H, CH,CHCH), 4.05 (t°] = 7.2 Hz, 2H,
CH,(CH,),CONH), 4.16-423 (m, 1H, NHCHCH,), 4.43-4.51
(m, 2H, NCH,Ph), 4.53—4.61 (m, 2H, NCH,Ph), 624 (d,}] = 13.8
Hz, 1H, CH(CH),CH), 628 (d,3] = 13.7 Hz, 1H, CH(CH),CH),
6.50-6.61 (m, 2H, CH,CHCH, (CH),CH(CH),), 6.74—6.80 (m,
1H, CH,CHCH), 7.17—7.20 (m, 4H, NCH,Ph), 7.21-7.45 (m, 12H,
S-H, 6-H, 7-H, 5™-H, 6-H, 7-H, NCH,Ph), 7.56—7.67 (m, 2H, 4-H,
4-H), 792 (d,*] = 7.9 Hz, 1H, CONH), 8.23 (dd,’] = 8.8 H,}] = 5.7
Hz, 1H, CONH), 8.28—8.36 (m, 2H, CHCH(CH),). "*C NMR (150
MHz, DMSO-d;) & 21.34, 2234, 22.81, 2420 (CH(CH,),
CH,CH,CONH), 2643 (CH,(CH,),CONH), 2698, 27.14 (3-
CH,; 3-CHj), 31.04 (NCH,), 34.63 (CH,CONH), 40.78
(NHCHCH,), 43.06 (CH,(CH,);CONH), 47.88, 48.83, 48.85,
49.64 (C-3, C-3', NCH,Ph, NCH,Ph), 51.04 (NHCHCH,),
103.09, 10321 (CH(CH),CH), 111.01 (C-7, C-7'), 119.71
(CH,CHCH), 12228, 122.39 (C-4, C-4'), 124.63, 124.73 (C-§, C-
s'), 12536 ((CH),CH(CH),), 126.88, 126.91, 127.06, 127.35,
127.64, 12836, 128.42, 128.64 (NCH,Ph, C-6, C-6'), 137.28,
137.56 (NCH,Ph), 140.98, 141.05 (C-3a, C-3'a), 141.99
(CH,CHCH), 142.75, 143.18 (C-7a, C-7a), 153.95, 154.02
(CHCH(CH);), 165.66, 171.82, 172.19, 172.54, 173.22 (C-2, C-2/,
CON, CONH). One signal (CH,CHCH) is obscured by the DMSO
solvent signal. LC—MS (ESI), tz 12.09 min, m/z calcd for
[CssHgeN;O4]", 844.5, found, 844.9. HRMS m/z caled for
[CysHeoN; 051", 844.5166, found, 844.5239.

1-((95,12S,E)-2-Benzyl-12-butyl-9-isobutyl-3,8,11,14-tetraoxo-1-
phenyl-2,7,10,13-tetraazaoctadec-4-en-18-yl)-3,3-dimethyl-2-
((1E,3E,5E)-5-(1,3,3-trimethylindolin-2-ylidene) penta-1,3-dienyl)-
3H-indolium chloride (26). tert-Butyl (S)-1-((S)-1-((E)-4-(dibenzy-
lamino)-4-oxobut-2-enylamino)-4-methyl-1-oxopentan-2-ylamino)-1-
oxohexan-2-ylcarbamate (22, 0.15 g, 0.25 mmol) was added to a
solution of TFA (2 mL) in CH,Cl, (10 mL) and stirred for 20 h.
Solvents were removed, and the crude brownish resin was dissolved in
dry CH,CI, (8 mL) with DIPEA (0.10 g, 0.75S mmol). A solution of
16 (0.13 g 0.25 mmol), HATU (0.16 g, 0.40 mmol), and DIPEA
(0.11 g 0.85 mmol) in dry CH,Cl, (8 mL) was prepared, flooded
with argon, and stirred for 30 min. Both solutions were combined and
stirred for 68 h at room temperature. Solvents were removed, the
crude product was dissolved in EtOAc (25 mL) and washed with
saturated NaHCOj solution (2 X 25 mL), brine (25 mL), and 10%
KHSO, solution (25 mL), and the organic phase was dried over
Na,S0O,. Purification by column chromatography (CH,Cl,/MeOH 29
+ 1) led to 26 as a blue resin (0.06 g, 0.06 mmol, 23%). '"H NMR
(600 MHz, DMSO-d) & 0.72—0.80 (m, 9H, CH(CH,),CH,,
CH(CH,;),), 1.12-120 (m, SH, CHCH,(CH,),CH,), 1.39-143
(m, 2H, CHCH,(CH,),CH,, CH(CH,),), 147—152 (m, 2H,

CH,CH(CH,),), 1.58—1.63 (m, 2H, CH,(CH,),CONH), 1.68 (s,
6H, 3-CH; or 3-CH,), 1.68 (s, 6H, 3-CH, or 3'-CH,), 1.96—2.04 (m,
1H, CH,CONH), 2.13-2.25 (m, 3H, CH,CONH, CH,CH,CONH),
3.60 (s, 3H, NCH,), 3.76—3.83 (m, 1H, CH,CHCH), 3.84—3.91 (m,
1H, CH,CHCH), 4.09 (1] = 7.3 Hz, 2H, CH,(CH,),CONH),
4.12—4.18 (m, 1H, NHCHCH,CH), 4.18—4.24 (m, 1H, CH-
(CH,),), 443—4.62 (m, 4H, NCH,Ph), 6.25 (d,¥] = 13.8 Hz, 1H,
CH(CH),CH), 6.32 (d,’] = 13.7 Hz, 1H, CH(CH),CH), 6.53—6.59
(m, 2H, (CH),CH(CH),, CH,CHCH), 6.75 (dt’] = 15.1 Hz,’] = 4.9
Hz, 1H, CH,CHCH), 7.17-7.36 (m, 12H, 5-H, 5"H, NCH,Ph),
7.37—441 (m, 4H, 6-H, 7-H, 6-H, 7-H), 7.61 (dd}] = 7.3, ] = 2.8
Hz, 2H, 4-H, 4-H), 7.83 (d,’] = 8.0 Hz, 1H, CONH), 7.88 (d,°] = 7.7
Hz, 1H, CONH), 8.14 (t%] = 5.7 Hz, 1H, CONH), 8.33 (%] = 13.0
Hz, 2H, CHCH(CH);). *C NMR (150 MHz, DMSO-d,) & 13.98
(CH(CH,),CH,), 21.63, 21.92, 2222, 22.§7, 22.99, 24.32
((CH,),CH,CONH, CH(CH,),CH,CH,, CH(CH,),), 27.14,
2731 (3-CH,, 3-CH,), 27.58 (CHCH,CH,CH,CH,), 3120
(NCH;), 31.63 (CHCH,(CH,),CH,), 34.77 (CH,CONH), 40.90
(CH,CH(CHj,),), 43.27 (CH,(CH,),;CONH), 48.06 (C-3 or C-3"),
49.00 (NCH,Ph), 49.83 (C-3 or C-3'), 51.24 (NHCHCH,CH),
52.74 (CH(CH,),), 103.22, 103.40 (CH(CH),CH), 111.18 (C-7, C-
7'), 120.10 (CH,CHCH), 122.44, 122.56 (C-4, C-4"), 12478, 124.88
(C-s, C-5"), 125.52 ((CH),CH(CH),), 127.05, 127.21, 127.51,
127.79, 128.51, 128.55, 128.80 (NCH,Ph, C-6, C-6"), 137.43, 137.72
(NCH,Ph), 141.14, 141.21, 142.14, 14291 (C-3a, C-3'a, C-7a, C-
7'a), 143.09 (CH,CHCH), 154.14, 154.21 (CHCH(CH);), 165.82,
171.87, 171.96, 172.11, 172.69, 173.40 (C-2, C-2/, CON, CONH).
One signal (CH,CHCH) is obscured by the solvent signal. LC—M$
(ESI), tg 12.64 min, m/z caled for [CsH,,NgO,]*, 957.6, found,
958.1. HRMS m/z caled for [CqHpNgO4]", 957.6001, found,
957.6105.

Enzymatic Assays. Spectrophotometric assays were carried out
on a Varian Cary SO Bio or 100 Bio device (Agilent) in cuvettes.
Fluorometric assays were performed on a FLUOstar Optima plate
reader (BMG Labtech) in 96 well plates. Human cathepsin B was
purchased from Calbiochem (Merck), and human cathepsins K, L,
and S were from Enzo Life Sciences. All substrates were purchased
from Bachem. The inhibitor stock solutions were prepared in DMSO.
The residual activity was determined in duplicates after 1 h of
measurements via endpoint determination and subsequent compar-
ison to uninhibited reactions. Monitoring of enzymatic reactions was
performed for 60 min in duplicate with six different inhibitor
concentrations. Pseudofirst order rate constants kg, were determined
via nonlinear regression using the eq [P] = v; X (1 — exp(—kg, X t))/
keps + d, where [P] is the product concentration, v; is the initial
product formation rate, ¢ is the time, and d is the offset. The mean of
the kg, values was plotted versus the inhibitor concentrations [I], and
a second nonlinear regression was performed to obtain second-order
rate constants k,,,./K; using the equation kg, = ky,,. X [I1/(X; + [I]),
with k;,,. as the first-order rate constant of inactivation and K, as the
inhibitory constant. K; values were additionally corrected by means of
the Cheng—Prusoff equation.

Cathepsin K. The enzyme stock solution (23 yg/mL in 50 mM
sodium acetate buffer pH 5.5, 50 mM NaCl, and 0.5 mM EDTA) was
diluted 1:100 with a 100 mM sodium citrate buffer pH .0 containing
100 mM NaCl, 1 mM EDTA, 0.01% (w/v) CHAPS, and S mM DTT,
incubated at 37 °C for 30 min, and then stored on ice. A 10 mM
solution of the substrate Z-Phe-Arg-pNA was prepared in DMSO.
Into a cuvette containing 940 uL assay buffer (100 mM sodium
phosphate buffer pH 6.0, 100 mM NaCl, S mM EDTA, and 0.01%
(w/v) Brij 35), the chromogenic substrate (10 #L) and DMSO and/
or inhibitor solution (10 uL) were pipetted. Upon addition of
cathepsin K (40 uL), the measurement was started and followed at 37
°C for 60 min. The final enzyme concentration was 9.2 ng/mL, the
final substrate concentration was 100 uM (= 0.85 X K,), and the total
DMSO concentration was 2% (v/v). The corresponding K, value of
118 uM was determined in duplicate measurements with 10 different
substrate concentrations (10200 uM). The fluorometric assay was
performed in 96-well plates as described elsewhere using Z-Leu-Arg-

2

AMC (40 uM = 1333 x K,,)."*
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Cathepsin S. The enzyme stock solution (70 ug/mL in 100 mM
MES buffer pH 6.5, 1 mM EDTA, 50 mM L-cysteine, 10 mM DTT,
0.5% (w/v) Triton X-100, and 30% (w/v) glycerol) was diluted 1:100
with a 100 mM sodium citrate buffer pH 6.0 containing 50 mM NaCl,
2 mM EDTA, § mM DTT, and 0.01% (w/v) Triton-X, incubated at
37 °C for 60 min, and then stored on ice. A 10 mM solution of the
substrate Z-Phe-Val-Arg-pNA was prepared in DMSO. Into a cuvette
containing 940 uL assay buffer (100 mM sodium phosphate buffer pH
6.0, 100 mM NaCl, 5 mM EDTA, and 0.01% (w/v) Brij 35), the
chromogenic substrate (7 L) and DMSO and/or inhibitor solution
(13 uL) were pipetted. Upon addition of cathepsin S (40 uL), the
measurement was started and followed at 37 °C for 60 min. The final
enzyme concentration was 28 ng/mL, the final substrate concen-
tration was 70 uM (= 0.58 X K,,), and the total DMSO concentration
was 2% (v/v). The corresponding K, value of 121 uM was
determined in duplicate measurements with eight different substrate
concentrations (2—100 M),

Cathepsin L.*? The enzyme stock solution (0.14 mg/mL in 20 mM
malonate buffer pH 5.5, 400 mM NaCl, and 1 mM EDTA) was
diluted 1:100 with assay buffer (100 mM sodium phosphate buffer pH
60, 100 mM NaCl, 5 mM EDTA, and 0.01% (w/v) Brij 35)
containing 5 mM DTT, incubated at 37 °C for 30 min, and then
stored on ice. A 10 mM solution of the substrate Z-Phe-Arg-pNA was
prepared in DMSO. Into a cuvette containing 940 uL assay buffer, the
chromogenic substrate (10 L) and DMSO and/or inhibitor solution
(10 pL) were pipetted. Upon addition of cathepsin L (40 uL), the
measurement was started and followed at 37 °C for 60 min. The final
enzyme concentration was 56 ng/mL, the final substrate concen-
tration was 100 uM (= 5.88 X K,), and the total DMSO
concentration was 2% (v/v).

Cathepsin B.** The enzyme stock solution (0.47 mg/mL in 20 mM
sodium acetate buffer pH 5.0 and 1 mM EDTA) was diluted 1:500
with assay buffer (100 mM sodium phosphate buffer pH 6.0, 100 mM
NaCl, 5 mM EDTA, and 0.01% (w/v) Brij 35) containing 5 mM
DTT, incubated at 37 °C for 30 min, and then stored on ice. A 100
mM solution of the substrate Z-Arg-Arg-pNA was prepared in
DMSO. Into a cuvette containing 960 uL assay buffer, the
chromogenic substrate (5 uL) and DMSO and/or inhibitor solution
(15 pL) were pipetted. Upon addition of cathepsin B (20 uL), the
measurement was started and followed at 37 °C for 60 min. The final
enzyme concentration was 19 ng/mlL, the final substrate concen-
tration was 500 uM (= 045 X K,), and the total DMSO
concentration was 2% (v/v).

Preparation of Cathepsin K-Ligand Complexes, Protein
Crystallization, and Data Collection. Human cathepsin K
zymogen (Uniprot accession number P4323S) was expressed in the
yeast Pichia pastoris, autoactivated, and purified as described
previously.”” The active mature cathepsin K (0.5 mg/mL) was
incubated with a 5-fold molar excess of the ligand 21 or 25 in 100
mM sodium acetate, pH 4.0, 2.5 mM DTT, 30 mM NaCl, and 1 mM
EDTA for 3 h at 4 °C under an argon atmosphere. The enzyme
inhibition was monitored using a kinetic assay. The complexes were
buffer-exchanged into 20 mM sodium acetate, pH 4.0, 2.5 mM DTT,
300 mM NaCl using an Amicon Ultracel-10 k centrifugal filter unit
(Millipore) and concentrated to 2.3 mg/mL for cathepsin K-21 and
1.1 mg/mL for cathepsin K-235. Crystals were grown by vapor
diffusion in hanging drops at 20 °C. The drops consisting of 1 uL of
protein solution and 1 L of reservoir solution were equilibrated over
350 uL of reservoir solution consisting of 100 mM MES /imidazole
pH 6.5, 12.5% (w/v) PEG 1000, 12.5% (w/v) PEG 3350, 12.5% (v/
v) 2-methyl-2,4-pentanediol, 30 mM magnesium chloride, and 30 mM
calcium chloride. The crystals were flash-cooled by plunging into
liquid nitrogen, and diffraction data were collected at 100 K on a
MicroMax-007 HF Microfocus rotating anode X-ray generator
equipped with a PILATUS 300 K detector (Rigaku). All diffraction
data were processed using the XDS suit of programs.** Crystal
parameters, data collection statistics, and final refinement statistics are
given in Table SI.

Structure Determination, Refinement, and Analysis. The
structures of cathepsin K-21 and cathepsin K-25 complexes were

determined by molecular replacement with program Molrep* from
the CCP4 package“S using the structure of human cathepsin K (PDB
code STDI) as a search model. Model refinement was carried out
using the program REFMAC 5.5% interspersed with manual
adjustments using Coot.”” The geometric restraints for ligands were
constructed using the program AceDRG.* The structures were
refined using data to a resolution of 1.80 and 1.72 A for cathepsin K-
21 and cathepsin K-28, respectively. The final crystallographic models
contain cathepsin K residues Alal to Met215 (mature cathepsin K
numbering) and the N-terminal Arg0 residue (corresponding to the
P99 residue of the activation peptide). The quality of the final models
was validated with Molprobity."” The final refinement statistics are
given in Table S1. Atomic coordinates and structure factors have been
deposited in the Protein Data Bank with the accession codes 7NXL
and 7NXM for cathepsin K-21 and cathepsin K-25, respectively.
Ligand interactions were analyzed using the server PLIP*® and
program CONTACT." All figures showi_nﬁ structural presentations
were prepared using the program PyMOL.”

Preparation of the HEK Cell Lysate. The HEK 293 cell lysate
was obtained as described elsewhere.”> HEK cells were cultivated in
Dulbecco’s modified Eagle’s medium containing fetal bovine serum
(FBS) and penicillin/streptavidin at a concentration of 100 mg/mL
each at 37 °C. When a ~70% confluence was reached, the culture
medium was discarded. The cells were then washed twice with
phosphate buffered saline (PBS). After further incubation at 37 °C in
Minimal Esssential Medium (Opti-MEM), the supernatant was
discarded, and the cells were mechanically lysed in PBS. After a
short centrifugation at 2000 g and 4 °C, the supernatant was collected,
and the protein concentration was determined using Roti-Nanoquant
Bradford solution (Carl Roth) and subsequently stored at —20 °C.

SDS-PAGE Analyses and Imaging of Cathepsin K with ABPs
24 and 25. Stock solutions of recombinant cathepsin K at a
concentration of 2.5 mg/mL in 100 mM sodium acetate buffer pH 5.5
containing 150 mM NaCl were used and correspondingly diluted.
Stock solutions (2 mM) of E-64 and K11777 and 0.5 mM solutions of
ABP 24 and 25 were prepared in DMSO. All incubations (see below)
were performed in a total volume of 13 yL in the assay buffer (100
mM sodium acetate buffer pH 5.5, 1 mM EDTA, and 2.5 mM DTT)
with a probe concentration of 5 gM. The reactions were stopped by
addition of SDS-PAGE loading buffer (7 4L) and heating at 75 °C for
10 min. The protein samples were separated on 4—12% bis-tris
polyacrylamide gels with MES running buffer (Bolt series from
Invitrogen). The gels were visualized with a Typhoon RGB imager
(GE Healthcare Life Sciences) using excitation at 488 nm and
emission at 515 nm (long pass filter) for ABP 24 and excitation at 63§
nm and emission at 660 nm (long pass filter) for ABP 25, respectively,
and subsequently stained with CBB.

Competition and Sensitivity Experiments. Cathepsin K (1,250 ng
in 10 uL of assay buffer) was treated with 3 L of the probe 24 or 2§
(final concentration 5 yM) at 25 °C for 60 min in the dark. The
competitive labeling was performed after preincubation of cathepsin K
with E-64 and K11777 (final concentration 10 #M each) in 10 uL of
the assay buffer at 37 °C for 15 min. For the estimation of the
detection limit of probes 24 and 2§, cathepsin K (5—1250 ng) was
treated with probe 24 or 25 (final concentration S #M) at 25 °C for
60 min in the dark.

HEK Cell Spiking. Cathepsin K (300 ng) was incubated with the
HEK293 cell lysate (30 pg), BSA (500 ng) and the probe 24 or 25
(final concentration 5 yM) at 25 °C for 60 min in the dark. In the
control experiment, cathepsin K (300 ng), HEK293-cell lysate (30
pg), and BSA (500 ng) were separately treated with the probes 24 or
25 (final concentration: § uM).

Osteosarcoma Cell Imaging. Human bone osteosarcoma cells,
U-2 OS, were cultivated in McCoy’s SA medium supplemented with
10% (v/v) FBS, 2 mM glutamax (L-alanyl-L-glutamine), 100 units/
mL penicillin, and 100 pug/mL streptomycin at 37 °C in 5% CO,.
Fifty thousand cells were seeded into a well of 12-well plate and
allowed to attach. After 24 h, 1 M probe 25 was added, and cells
were incubated at 37 °C in 5% CO,. At different time points (0 to 24
h), cells were detached using 0.25% (w/v) trypsin—EDTA solution
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(Sigma-Aldrich, Merck), collected by centrifugation (500 g for § min),
washed with PBS, resuspended in 100 uL of SDS-PAGE loading
buffer, and heated at 100 °C for 10 min. The competitive labeling was
performed after preincubation of cells with 1 yM E-64d for 1 h. The
samples (30 uL) were separated on 4—12% bis-tris polyacrylamide
gels (Thermo Fisher Scientific). The gels were visualized using a
Typhoon RGB imager (GE Healthcare Life Sciences) with excitation
at 635 nm and emission at 660 nm (long pass filter) or transferred
onto a PVDF membrane. The membrane was blocked for 1 h with 5%
BSA in TTBS, washed with TTBS, and incubated for 1 h with
anticathepsin K mouse monoclonal antibody (Santa Cruz Biotechnol-
ogy) diluted 1:200 in TTBS. The membrane was incubated for 1 h
with goat HRP-conjugated antimouse IgG antibody (Sigma-Aldrich,
Merck) at a dilution of 1:10,000, developed with Luminata Forte
‘Western HRP substrate (Merck), and imaged using an ImageQuant
LAS 4000 biomolecular imager (GE Healthcare Life Sciences). For
live cell microscopy, 33,000 cells were seeded in a 35 mm glass
bottom dish and cultured overnight, The cells were then incubated
with 1 uM ABP 25 for 24 h. LysoTracker Green (50 nM, Invitrogen)
was added to the cells for the last 2 h to label late endosomes and
lysozomes, and 1 M Hoechst dye (Thermo Fisher Scientific) was
added for the last 15 min to label nuclei. The competitive labeling was
performed after preincubation of cells with 1 uM E-64d for 1 h.
Images were captured on a Zeiss LSM 980 Airyscan 2 confocal
microscope using a 40X water objective (C-Apochromat 40x/1.20 W
Korr). Hoechst dye, LysoTracker Green, and CyS signals were
detected using lasers with excitation wavelengths of 405, 488, and 639
nm, respectively. In all cases, appropriate beamsplitters were used
(MBS 405 for the 405 nm laser line and MBS 488/639 for 488 and
639 nm laser lines), and emission was collected from 300 to 720 nm.
Channels were captured sequentially. All images were acquired using
ZEN software and processed using Fiji software.
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Supporting Figures and Tables
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Figure S1. Kinetic evaluation of precursor 22 with cathepsin K. Left: Product formation is
measured as absorption versus time. From top to bottom: 0 nM, 100 nM, 200 nM, 300 nM,
400 nM, 500 nM. From these progress curves, first-order rate constants ks were determined
following the equation [P] = vi X (1 - exp(-kobs X t))/kobs + d, where [P] is the product
concentration, v; is the initial product formation rate, t is the time, and d is the offset. Right:
The mean of the ks values was plotted versus the inhibitor concentrations [I]. Non-linear
regression was performed to obtain second-order rate constants kj,,/K; using the equation
kobs = kinac X [1)/(K; + [1]), with kinae as the first-order rate constant of inactivation and K; as the
inhibitory constant. K; values were additionally corrected by means of the Cheng-Prusoff

equation.

123



Table S1. X-ray data collection and refinement statistics

Cathepsin K-ligand complex Cathepsin K-21 Cathepsin K-25
Data collection statistics”
Wavelength (A) 1.541 1.541
Space group P22,2, P22,2,
Temperature (K) 100 100
a, b, c(A) 32.37,71.82, 80.78 32.05, 71.68, 80.86
a, B, y (deg) 90, 90, 90 90, 90, 90
Resolution (A) 35.20-1.80 35.84-1.72
(1.865-1.80) (1.782-1.72)
Number of total reflections 106,253 (6,827) 65,175 (968)
Number of unique reflections 18,053 (1,705) 17,404 (552)
nge" 0.1468 (1.211) 0.0564 (0.3496)
Average I/c (I) 9.60 (1.06) 15.85 (2.08)
Completeness (%) 99.57 (96.99) 85.38 (27.25)
Multiplicity 5.9 4.0) 3.7 (1.8)
CCin' (%) 99.6 (46.0) 99.8 (81.5)
Wilson B (A?) 20.13 16.20
Refinement statistics®
Resolution range (f\) 35.20-1.80 35.84-1.72
(1.865-1.80) (1.782-1.72)
Number of reflections in working set 18,050 (1,705) 17,510 (552)
Number of reflections in test set 910 (80) 895 (39)
R value? (%) 17.46 (31.25) 16.08 (26.04)
Riree value® (%) 20.94 (31.74) 19.08 (31.22)
Number of atoms in AU/
o 1,674/36/172 1,692/32/184
protein/inhibitor/solvent
Average ADP* for
o oo 23.92/43.32/30.69 17.93/38.16/27.80
protein/inhibitor/solvent (A”)
RMSD bond length (A) 0.015 0.015
RMSD bond angle (deg) 1.87 1.80
Ramachandran plot statistics”
favored regions (%) 96.3 96.7
allowed regions (%) 3.7 33
PDB code TNXL TINXM

“Numbers in parentheses refer to the highest-resolution shell. "R,“Crgc = 10032 illihkl) — L(hkip |3y 1A hkD),
where (k) is an individual intensity of the i observation of reflection kk/ and <I(hkl) is the average intensity
of reflection Akl with summation over all data. “CC,, is the percentage of correlation between intensities from
random half-datasets.! “R value = ||F,| — |F.|J|F,|. where F, and F, are the observed and calculated structure
factors, respectively. ‘Ry.. is equivalent to R value but is calculated for up to 5% of the reflections chosen at
random and omitted from the refinement process.” AU, asymmetric unit. SADP, atomic displacement parameter,
formally B-factor. "As determined by Molprobity.3
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Table S2. List of contacts formed between cathepsin K and ligands.”

P2, (o
o i S o
P3 I P’
RJ\N N MN
oy Pl ©

Precursor 21 Probe 25
Position

Residue c Hb” Residue C Hb
GIn19 6 1 GIn19 5 1
Gly20 | Gly20 1
GIn21 1 GlIn21 2
Cys22 8 Cys22 10
Gly23 4 Gly23 7

P1' Cys25 4 Cys25 3
Alal37 4 Alal37 5
Ser138 4 Ser138 3
GIn143 2 GIn143 2
Asnl61 3 Asnl61 6
His162 8 His162 4
Trp184 4 Trp184 3
GInl9 1 GInl9 1
Gly23 6 Gly23 6

P1 Cys25 6 Cys25 7
Asnl61 4 1 Asnl6l 4 1
His162 1 His162 1
Gly23 1 Gly23 1
Cys25 2 Cys25 3
Trp26 4 Trp26 4
Gly65 3 Gly65 3
Gly66 12 2 Gly66 13 2
Tyr67 1

P2 Met68 2 Met68 2
Alal34 2 Alal34 2
Leul60 3 Leul60 3
Asnl61 5 Asnl6l 4
His162 1 His162 1
Alal63 1 Alal63 1
Leu209 1 Leu209 1
Asp61 2
Gly6o4 2

P3 Gly65 5
Gly66 7 1 Gly66 4
Tyr67 2 Tyr67 3

“Analysis of protein-inhibitor contacts between the cathepsin K active site and precursor 21 or probe 25 was
performed using the program CONTACT.* The fragmentation of ligands into segments (in red and black)
corresponding to the P3 to P1' positions is depicted in the scheme; R is a fert-butyloxy group for 21 and an
apparent methyl group (derived from the fluorescent tag) for 25. The distance cutoffs were set to 4.1 A for all
contacts and 3.2 A for hydrogen bonds. The cathepsin K residues interacting with the individual ligand positions
are specified. ’For each cathepsin K residue, total number of contacts (C) is listed, including hydrogen bonds
(Hb). Residues forming hydrogen bonds are listed in bold.
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Figure S2. Selectivity of ABP 25. Experiments with related cysteine cathepsins and different
cell lines. (A) Indicated amounts of recombinant human cathepsin K (CatK), purified human
liver cathepsins L (CatL, Sigma) and B (CatB, Calbiochem) as well as recombinant human
cathepsin S (CatS, Enzo Life Sciences) were incubated with ABP 25 (5 uM) at 25 °C for 1 h.
The incubations were resolved by SDS-PAGE and visualized using a fluorescence scanner.
(B) Imaging of CatK with ABP 25 in human osteosarcoma cells (U-2 OS), human epithelial
cancer cells (HeLa), and human liver cancer cells (HepG). 50,000 cells each were seeded into
a well of a 12-well plate and allowed to attach. The cells were incubated at 37 °C in 5% CO,
with 25 (1 uM) for the indicated time. After cell lysis with 100 uL of SDS-PAGE loading
buffer and heating at 100 °C for 10 min, the samples were resolved by SDS-PAGE and
visualized using a fluorescence scanner. Additionally, U-2 OS cells were treated with the
covalent-reversible cathepsin K-selective inhibitor odanacatib (10 pM, 1 h) prior to treatment

with ABP 25 (1 uM).
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Figure S3. Imaging of human cathepsin K with ABP 24. Left: Purified recombinant cathepsin
K (CatK, 1.25 ng) was incubated with 24 (5 uM). In the control experiment, the enzyme was
pretreated with a mixture of the competitive inhibitors E-64/K11777 (both 10 pM) prior to
incubation with 24 (5§ uM). Right: Cathepsin K (CatK, 1000-5 ng) was labeled with 24 (5
uM). Incubations were performed for 1 h at 25 °C and at pH 5.5. The reactions were resolved
by SDS-PAGE and visualized with a Typhoon RGB imager using excitation at 488 nm and

emission at 515 nm.
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Figure S4. Imaging of human cathepsin K with ABP 24 in the presence of cell lysate. Human
recombinant cathepsin K (CatK, 300 ng) was treated with ABP 24 (5 uM) in the presence of
HEK cell lysate (30 pg) and BSA (500 ng) for 1 h at 25 °C and pH 5.5. In control
experiments, cathepsin K (300 ng) and BSA (500 ng), or BSA (500 ng) alone, or HEK cell
lysate (30 png) and BSA (500 ng) were treated with ABP 24 (5 pM), separately. The reactions
were resolved by SDS-PAGE and visualized with a Typhoon RGB imager using excitation at
488 nm and emission at 515 nm (Fluorescence, left) and subsequently stained with Coomassie

Brilliant Blue (CBB, right).
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HPLC Purity Traces and MS Signals for Compounds with in vitro Data

HPLC traces were analyzed with HPLC/DAD/MS. The purity was determined based on area
under the curve (AUC) values for absorption at 200-400 nm (21), 200-600 nm (22), 220-500
(23, 24), 220-700 nm (25, 26). Wavelengths ranges were selected with respect to compounds’
spectroscopic properties. The sum of all AUCs except for that of the injection peak was set at

100%.

HPLC-DAD trace of 21 tg = 12.19 min, purity = 96.24%

B XWC of DAD Spectral Data: 200.0 to 400.0 nm from Sample 2 (DoB7.1.2) of 2019-05-06.... Max. B6.3e4 mAU
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HPLC-DAD trace of 22 tg = 8.80 min, purity = 99.75%

DAD1 Total WL (200.0:600.0 nm)

x10 4
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MS signal of 22
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HPLC/DAD trace of 23 tg = 12.63 min, purity = 96.17%

B XWC of DAD Spectral Data: 220.0 to 500.0 nm from Sample 1 (CL89c) of 2018-10-24.wif... Max. 1.6e5 mAU
% 1665 1263
g 105 !
1 i

i
2 ook - - , ) Y : y v

0 2 4 6 8 10 12 14 16 18
Time, min

MS signal of 23
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HPLC/DAD trace of 24 tg = 13.07 min, purity = 95.39%

F B XWC of DAD Spectral Data: 220.0 to 500.0 nm from Sample 1 (CB225) of 2018-04-05.wif... Max. 1.1e5 mAU,
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[E 10005
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HPLC/DAD trace of 25 tg = 12.09 min, purity = 97.16%

B XWC of DAD Spectral Data: 220.0 to 700.0 nm from Sample 2 (DoB9Fn) of 2019-06-05.w... Max. 1.9e5 mAU
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HPLC/DAD trace of 26 tg = 12.56 min, purity = 97.35%

B XWC of DAD Spectral Data: 220.0 to 700.0 nm from Sample 1 (DoB14B) of 2018-07-15.w... Max. 1.6e5 mAU
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NMR Spectra of Compounds with in vitro Data

'H NMR of compound 21.
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NMR Spectra of Compounds with in vitro Data

'H NMR of compound 21.
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'H NMR of compound 23.
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'"H NMR of compound 24.
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'"H NMR of compound 26.
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ABSTRACT
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Cathepsin K (Catk) is a target for the treatment of osteoporosis, arthritis, and bone metastasis.
Peptidomimetics with a cyanohydrazide warhead represent a new class of highly potent CatK inhibitors;
however, their binding mechanism is unknown. We investigated two model cyanohydrazide inhibitors
with differently positioned warheads: an azadipeptide nitrile Gu1303 and a 3-cyano-3-aza-f-amino acid
Gii2602. Crystal structures of their covalent complexes were determined with mature CatK as well as a
zymogen-like activation intermediate of CatK. Binding mode analysis, together with quantum chemical cal-
culations, revealed that the extraordinary picomolar potency of Gii2602 is entropically favoured by its
conformational flexibility at the nonprimed-primed subsites boundary. Furthermore, we demonstrated by
live cell imaging that cyanohydrazides effectively target mature CatK in osteosarcoma cells.
Cyanohydrazides also suppressed the maturation of CatK by inhibiting the autoactivation of the CatK
zymogen. Our results provide structural insights for the rational design of cyanohydrazide inhibitors of
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CatK as potential drugs.

1. Introduction

Cathepsin K (CatK) is one of the most investigated cysteine cathe-
psins, both by academia and pharmaceutical companies. It is
expressed in high levels in osteoclasts, where it serves as the prin-
cipal protease involved in bone remadelling. It has been validated
as a therapeutic target for osteoporosis, an increasing health prob-
lem in the modern world'=. This disorder is caused by progres-
sive loss of bone mass due to excessive activity of osteoclastic
CatK. Several anti-remodelling inhibitors of CatK, such as odanaca-
tib or balicatib®”’ (Figure 1), have been developed for the treat-
ment of osteoporosis but have not yet been approved. CatK has
also been ‘implicated in the pathophysiology of two common
forms of arthritis, osteoarthritis and rheumatoid arthritis®®. In
bone and cartilage disorders, CatK functions as a potent collagen
degrading enzyme with the unique ability to cleave the triple
helix of collagen molecules at multiple locations, an activity that is
unparalleled among human collagenases'®'". This activity is
induced by glycosaminoglycans, foremost chondroitin-4-sulphate,
which mediates the formation of a complex between CatK and
the collagen substrate'®'>'2,

Further, there is increasing evidence that CatK is a pro-
tumorigenic protease that plays an important role in processes
associated with tumour growth, invasion, and metastasis of cancer

cells and their interactions with the tumour microenvironment (for
review see'*'%). Its complex action includes direct degradation of
collagen and other extracellular matrix proteins, eg. in bone
metastases, and indirect affecting of the signalling pathways'®™"'°.
In glioma, CatK can regulate cancer stem-like cell mobilisation and
proteolytically modulate levels of chemokines and growth fac-
tors®®. Thus, clinical research is investigating CatK as a marker for
diagnosis and survival prognosis in metastatic cancer and as a tar-
get for anticancer inhibitors?'??,

At the protein level, CatK activity is requlated by endogenous
protein inhibitors®*** and by zymogen activation®* %, CatK is
synthesised as an inactive zymogen (procathepsin) in which the
N-terminal propeptide blocks the active site?’?®, Activation to
the mature, active form occurs upon proteolytic removal of the
N-terminal propeptide (also termed the “activation peptide”). This
process was shown to be autocatalytic and bimolecular; it is trig-
gered by acidic pH and also enhanced by interaction with chon-
droitin-4-sulfate??°, The activation pathway of CatK includes an
activation intermediate with a partially processed propeptide®®,
which has not been studied in detail so far, and its spatial struc-
ture remains unknown.

Peptidomimetics with a reactive nitrile functionality have
attracted particular attention as potent inhibitors of Catk and
other cysteine cathepsins. The electrophilic nitrile warhead allows
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Figure 1. Chemical structures of peptidomimetic inhibitors of cathepsin K with a reactive nitrile functionality. The warhead is indicated in red. The dipeptide nitriles
odanacatib and balicatib were developed as osteoporosis drugs. The azadipeptide nitrile Gu1303 and 3-cyano-3-aza-B-amino acid Gu2602 contain the cyanohydra-

zide warhead.

for covalent interaction with the catalytic cysteine nucleophile,
leading to the reversible formation of a covalent thioimidate
adduct. Representatives of such CatK inhibitors are dipeptide
nitriles odanacatib and balicatib®>” (Figure 1). An exchange of the
2-CH moiety of the P1 amino nitrile by a nitrogen atom led to
azadipeptide nitriles with the cyanohydrazide warhead forming a
stabilised isothiosemicarbazide adduct®®*2, They have been intro-
duced as a class of efficient covalent-reversible inhibitors of
human cysteine cathepsins, including CatK, and their homologs
from parasites and pathogens®*~**. Compared to their parent car-
bapeptide analogs, bioactive azapeptides can possess improved
potency, selectivity, and pharmacokinetics®~%. The 3-cyano-3-aza-
f-amino acid derivatives represent another scaffold bearing the
cyanohydrazide warhead®., They were designed to position the
warhead centrally in the peptidomimetic inhibitor molecule for
extended interactions of inhibitor substructures with the non-
primed and primed binding regions of the target enzymes. These
compounds were found to be exceptionally potent, in particular
towards Catk®,

The exact binding mode of peptidomimetics with the cyanohy-
drazide warhead to CatK had not been characterised so far. To do
this, we investigated two model cyanohydrazide inhibitors select-
ive for CatK with high potency in the subnanomolar to picomolar
range, namely the azadipeptide nitrile Gii1303***' and the 3-
cyano-3-aza-f-amino acid derivative Gii2602°° (Figure 1). The
crystal structures of their complexes with mature CatK and the
activation intermediate of CatK were determined and functional
properties in vitro and in cells were described. The present struc-
tures and inhibitor interaction data provide a footing for the
rational design of next generation cyanohydrazide inhibitors of
CatK as potential therapeutics.

2. Materials and methods
2.1. Materials

Inhibitors Gii11303 and Gii2602 and the CatK activity-based probe
25 were synthesised as described previously>®>4°,

2.2. Expression and purification of the recombinant zymogen of
cathepsin K

Human CatK (Uniprot accession number P43235) was expressed in
the X-33 strain of the methylotrophic yeast Pichia pastoris
(Thermo Fisher). A gene coding for the zymogen form of CatK
was purchased from GenScript and recloned into expression plas-
mid pPICZxA (Thermo Fisher) using Xhol and Notl restriction sites.
Transformation of P. pastoris cells and protein expression were car-
ried out as described previously*'*2. The yeast medium containing
the recombinant CatK zymogen was centrifuged (2,500g for
10min), and the supernatant was lyophilised and dissolved in
20mM MES pH 6.0 (to 10% of the original volume). The protein
solution was then desalted over a Sephadex G-25 column
equilibrated with the same buffer. The CatK zymogen was purified
using chromatography on Mono S (HR 5/5 column) equilibrated
with 50mM sodium acetate pH 5.5, and eluted by a linear
gradient of 2M NaCl. The purified protein was concentrated
to 2mg/ml using an Amicon Ultracel-10k centrifugal filter
device (Millipore).

2.3. Activation of the cathepsin K zymogen and preparation of
inhibitor complexes

The purified CatK zymogen (75 pM) was activated by incubation in
0.1 M sodium acetate pH 4.0 containing 2.5 mM DTT, 1 mM EDTA,
and 0.3M NaCl under an argon atmosphere at room temperature.
The zymogen-like activation intermediate iCatK was obtained after
30min of incubation, and fully activated mature enzyme mCatK
after 75 min. Activation was terminated by the addition of 6-fold
molar excess of the inhibitor Gii1303 or Gii12602, followed by
incubation under argon atmosphere for 3 h at room temperature.
The activation and inhibition were monitored with a kinetic
activity assay using the fluorogenic substrate Chz-Gly-Pro-Arg-
AMC (Cbz, benzyloxycarbonyl; AMC, 7-amino-4-methylcoumarin)
and Laemmli-SDS-PAGE. The processing sites were identified by
N-terminal protein sequencing after electroblotting of Laemmli-
SDS-PAGE gels to a PVDF membrane using a Procise 494 cLC pro-
tein sequencer (Applied Biosystems) and by peptide mapping
using mass spectrometry (LC-MS/MS) on an LTQ Orbitrap XL mass
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spectrometer (Thermo Scientific) coupled to a UHPLC system. The
LC-MS/MS data were processed with Bioworks software (Thermo).
The complexes were buffer-exchanged into 20 mM sodium acetate
pH 5.5 containing 2.5mM DTT and 0.25M NaCl, and concentrated
to 35mg/ml for mCatk and 5mg/ml for iCatK using an Amicon
Ultracel-10k centrifugal filter device; the inhibitors were main-
tained during buffer exchange and concentration in a 6-fold molar
excess to mCatk/iCatK in the mixture.

2.4. Autoactivation assay with the cathepsin K zymogen
and inhibitors

The CatK zymogen (2.8 M) was incubated at room temperature
in the presence or absence of the inhibitor (10uM Gii1303 or
Gii2602) in 150puL of 0.1M sodium acetate pH 4.0 containing
25mM DTT and 0.3M NaCl for 0, 30 and 240min. The reaction
was terminated by the addition of E-64 (10puM final concentra-
tion), followed by acetone precipitation; the reaction mixture was
separated by Laemmli-SDS-PAGE.

2.5. Protein crystallisation and data collection

Crystals were obtained by the vapour diffusion technique in hang-
ing drops at 18°C. Drops consisted of 1l of the protein-inhibitor
complex, 0.15 ul 1:100 diluted seed stock and 1 ul of the reservoir
solution. The drops were equilibrated over the following reservoir
solutions: (1) 10% PEG 8000, 20% ethylene glycol, 0.02M sodium
L-glutamate, 0.02M DL-alanine, 0.02M glycine, 0.02M DL-lysine
HCl, 002M DL-serine, 0.1M MES/imidazole pH 6.5 for iCatK-
Gu1303 complex; (2) 10% PEG 8000, 20% ethylene glycol, 0.02 M
sodium formate, 0.02M ammonium acetate, 0.02M trisodium cit-
rate, 0.02 M sodium potassium L-tartrate, 0.02 M sodium oxamate,
0.1 M MES/imidazole pH 6.5 for iCatK-Gu2602 complex; (3) 12.5%
PEG 1000, 12.5% PEG 3350, 12.5% MPD, 0.03M sodium nitrate,
0.03M disodium hydrogen phosphate, 0.03M ammonium sul-
phate, 0.1 M MES/imidazole pH 6.5 for mCatk-Gii1303 complex;
and (4) 10% PEG 8000, 20% ethylene glycol, 0.02M sodium for-
mate, 0.02M ammonium acetate, 0.02 M trisodium citrate, 0.02 M
sodium potassium L-tartrate, 0.02 M sodium oxamate, 0.1M MES/
imidazole pH 6.5 for mCatK-Gti2602 complex. Crystals were flash-
cooled by plunging them into liquid nitrogen, and diffraction data
from the crystals of mCatK complexes were collected at 100K on
a MicroMax-007 HF Microfocus rotating anode X-ray generator
equipped with a PILATUS 300K detector (Rigaku). Data from the
crystals of iCatK complexes were collected at 100K on an MX 14.1
beamline operated by Helmholtz-Zentrum Berlin at the BESSY II
electron storage ring in Berlin-Adlershof, Germany®®. All diffraction
data was processed using the XDS suite of programs**. Crystal
parameters, data collection statistics, and final refinement statistics
are in Table S1.

2.6. Structure determination, refinement and analysis

The structures of the mCatK-Gii1303/Gli2602 complexes and the
main domain of iCatK in complex with Gii2602 were solved by
molecular replacement with the program MolRep®® from the CCP4
program suite*® using the structure of human cathepsin K (PDB
code 7NXM)™ as a search model. The propeptide domain struc-
ture in iCatk-Gli2602 was built using the de nove model building
program Buccaneer®. The structure of the iCatK-Gii1303 complex
was solved by molecular replacement using the structure of iCatK-
Gii2602 as a search model. Model refinement was carried out
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using the program REFMAC 5.5, interspersed with manual adjust-
ments using Coot. The geometric restraints for ligands were con-
structed by the program AceDRG*. The quality of the final
models was validated with MolProbity*, The final refinement sta-
tistics are given in Table S1. Atomic coordinates and structure fac-
tors have been deposited in the Protein Data Bank with the
accession codes: 7QBL, 7QBN, 7QBM, and 7QBO for mCatK-
Gu2602, mCatK-Gii1303, iCatk-Gi2602, and iCatK-Gii1303,
respectively. Inhibitor interactions were analysed using the pro-
grams CONTACT* and PLIP*®, The distance cut-offs were set to
3.3A for hydrogen bonds and 4.2A for contacts. The nonpolar
interactions represent contacts between two hydrophobic atoms
defined as carbon atoms having carbon or hydrogen atoms as
neighbours. All figures showing structural representations were
prepared with the PyMOL Molecular Graphics System, version 1.40
(Schrédinger, LLC).

2.7. Molecular modeliing

The X-ray structure of the mCatK-Gu2602 complex was used for
molecular modelling. Hydrogen atoms were added to the protein
by the Reduce and Leap programs in AMBER 14°'. The Asp, Glu,
Lys, Arg, and His residues were charged, with the exception of
Asp82 and His162. Hydrogen atoms of the inhibitor were added
manually using the PyMOL. The ff14SB force field®' was used for
the protein, while the GAFF force field®' and RESP charges at HF/
6-31G* level were used for the ligand. The molecular dynamics/
quenching (MD/Q) technique was used to search for possible
conformations of Gii2602 in the complex. The simulations were
performed using AMBER 14. During the simulations, the N-benzyl-
N-methylformamide segment of the inhibitor was relaxed; specific-
ally, the C, O, and N heavy atoms in this segment and all H atoms
of the inhibitor were relaxed while the rest of the system was fro-
zen. The structures were collected every 1ps in two independent
runs with two orientations of the relaxed inhibitor segment (i.e.
the heavy atoms as above). The simulations were 10ps long at
600K using 1 fs time step and a Berendsen thermostat. All the
obtained structures were optimised (i.e. residues within 6 A of the
inhibitor were relaxed) by using the corrected semiempirical quan-
tum mechanical (SQM) PM6-D3H4 method**, The environment
was described by the COSMO implicit solvent madel****, The
SOM calculations were done by Cuby4®® and MOPAC2016°.
Residues further than 6 A from the inhibitor were frozen during
the optimisation.

2.8. Cathepsin K activity and inhibition assays

Enzymatic activity of mCatK was measured using a kinetic continu-
ous assay with the fluorogenic substrate Cbz-Gly-Pro-Arg-AMC
(Bachem). The assay was performed in a 96-well microplate format
in a total assay volume of 100 ul at 37 °C. The assay mixture con-
tained an aliquot of mCatK (e.g. from the autoactivation assay)
and 20 uM Chz-Gly-Pro-Arg-AMC in 0.1 M sodium acetate pH 5.5
containing 2.5mM DTT, 0.15M NaCl, 0.1% PEG 6000, and 1mM
EDTA. The kinetics of the product release were continuously moni-
tored in an Infinite M1000 microplate reader (Tecan) at excitation
and emission wavelengths of 360 and 465nm, respectively. The
Michaelis-Menten kinetic parameters were determined by measur-
ing the rate of hydrolysis of the substrate (0-100uM) using the
same assay with mCatK (0.4 nM); the K, value obtained by nonlin-
ear regression using GraFit software was 17.4 uM.

Inhibition measurements were performed analogously. mCatK
(0.42nM) was added to a mixture of the fluorogenic substrate
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Chz-Gly-Pro-Arg-AMC (20 uM) and an inhibitor (0-100nM) in 0.1 M
sodium acetate pH 5.5 containing 2.5mM DTT, 0.15M NaCl, 0.1%
PEG 6000, and 1 mM EDTA. The substrate hydrolysis was moni-
tored for 40min. For the slow-binding inhibitor GU1303, an
observed first-order rate constant k.., was calculated at each
inhibitor concentration by fitting the progress curve to the equa-
tion P = v t+(vi-v)(1-explkopst))/kobs+d, where P is the product for-
mation, v, is the steady-state velocity, t is the reaction time, v; is
the initial velocity, and d is offset. The apparent inhibition con-
stant K; was determined by non-linear regression using equation
Vlvg = 1/(1+ [I]/Kl’). The true inhibition constants K; were calcu-
lated using the Cheng Prusoff equation K = K /(1 + [S)/Km), where
[S] is the substrate concentration and K, is the Michaelis constant.
The apparent second-order rate constant and’ was determined by
fitting to the linear equation kgps = K3ng [N+ko, and the true
constant k,ng was calculated by correction kyng = Kona (1 + [SV/K).
The fast-binding inhibitor Gii2602 showed linear progress curves,
and the apparent inhibition constant K; was determined by non-
linear regression using the Morrison equation for tight binding
inhibition®® with GraphPad Prism software. The concentration of
mCatK was determined by active site titration as described previ-
ously® with E-64 used as the titrant®. The final concentration of
DMSO in the assay systems did not exceed 1.5%.

2.9, Ost

coma cell i ,' g

Imaging of cathepsin K in human bone osteosarcoma cells (U-2
0S) was done as described previously using the CatK activity-
based probe 25%. U-2 OS cells were cultivated in McCoy's 5A
medium supplemented with 10% FBS, 2mM glutamax (L-alanyl-L-
glutamine), 100 units/ml penicillin, and 100 pg/ml streptomycin at
37°C in 5% CO,. Fifty thousand cells were seeded into a well of a
12-well plate and allowed to attach. After 24h, 1uM probe was
added, and cells were incubated for 16h. Cells were detached
using 0.25% trypsin-EDTA solution (Sigma-Aldrich, Merck), col-
lected by centrifugation (5009 for 5 min), washed with PBS, resus-
pended in 100l of loading buffer, and heated at 100°C for
10min. The competitive labelling was performed after the prein-
cubation of cells with 1 uM Gii11303 or Gii2602 for 3 h. The sam-
ples (30 ul) were separated on 4-12% Bis-Tris polyacrylamide gels
(Thermo Fisher Scientific). The gels were visualised using a
Typhoon RGB imager (GE Healthcare Life Sciences) with excitation
at 635nm and emission at 660 nm {long pass filter).

3. Results

3.1. Cyanohydrazides are potent inhibitors of cathepsin K
activity and zymogen activation both in vitro and in cells

Functional properties of the azadipeptide nitrile inhibitor
Gi11303%° and the 3-cyano-3-aza-fi-amino acid inhibitor Gii26023°
were characterised using an in vitro kinetic assay with the mature
form of recombinant human cathepsin K (mCatK) and the fluoro-
genic substrate Cbz-Gly-Pro-Arg-AMC. Subnanomolar values of the
inhibition constant K; were determined: Notably, we found a K; of
091 nM for GU1303 and an almost two orders of magnitude
lower K of 0.013nM for Gii2602 (Table 1). A detailed analysis of
the kinetic behaviour showed non-linear progress curves that
indicated time-dependent inhibition for Gu1303 typical for slow-
binding inhibitors (Figure 2(A)). This allowed for the calculation
of the second-order rate constant of inactivation kg, of
527 x 10°M~'s™!, thus demonstrating the extraordinary potency
of Gii1303 (Table 1). In contrast, linear progress curves were

Table 1. Inhibition of human mature cathepsin K.

mCatK inhibition®

K Kon Kotr
Compound (nM) (10* M= s~ m0—>sM
Gii2602 0.013 +0.008 nd® nd?
Gii1303 0.91+0.04 52748 0.480+ 0.028

“The inhibition parameters were measured using a kinetic adivi‘rg( assay with the
fluorogenic peptide substrate Chz-Gly-Pro-Arg-AMC at pH 5.5. °n.d: not deter-
mined for linear progress curves.

obtained for Gii2602 that are characteristic of fast-binding inhibi-
tors (Figure 2(B)).

The mature enzyme mCatK is generated during the acidic auto-
catalytic processing of an inactive precursor, the cathepsin K
zymogen (pCatK), and this activation process is associated with
the proteoclytic removal of the propeptide domain from
pCatk?+-25, We examined the effect of Gii1303 and Gii2602 on
the autoactivation of recombinant pCatK induced by acidic pH
using an in vitro assay with SDS-PAGE visualisation of the process-
ing forms pCatK and mCatK (bands of ca 37kDa and ca 24kDa,
respectively) (Figure 3(A)). Inhibitors were tested under conditions
providing full conversion to mCatK and the cleaved propeptide (a
band of ca 10kDa). Both inhibitors substantially suppressed the
autoactivation processing of pCatK that resulted in approximately
a 10-15% conversion compared to uninhibited conditions. Also,
both inhibitors were able to suppress the autodegradation of the
generated mCatK observed under prolonged incubation (compare
0.5 and 4 h experiments, Figure 3(A)).

Finally, we investigated the interaction of the inhibitors with
CatK using a cell-based assay with the human osteosarcoma cell
line U-2 OS, which has an enhanced expression level of Cati®?.
For CatK imaging, we used a fluorescent activity-based probe that
binds specifically and irreversibly to the active site of Catk*.
Competition of the probe and inhibitor was monitored by SDS-
PAGE and in-gel fluorescence. As shown in Figure 3(B), both
reversible inhibitors Gii1303 and Gii2602 strongly diminished the
mCatK labelling, demonstrating that these cyanohydrazides are
cell-permeable compounds that effectively interact with the active
form of CatK in the lysosomal/endosomal system.

In conclusion, the cyanchydrazide inhibitors were demon-
strated to inhibit mCatK with subnanemolar potency and different
binding kinetics, to suppress the generation of mCatK from its
zymogen, and to effectively target active mCatK in the
cell context.

3.2. Crystallography of complexes of two cyanohydrazide
inhibitors with mature cathepsin K and its zymogen-like
activation intermediate

Human mature cathepsin K (mCatK) and a zymogen-like activation
intermediate of cathepsin K (iCatK) were crystallised in complexes
with two cyanchydrazide inhibitors, the azadipeptide nitrile
Gii1303 and the 3-cyano-3-aza-f-amino acid GU2602 (Figures 4
and 5). The crystal structures of mCatK complexes with Gi1303
and Gii2602 were determined by molecular replacement using
the structure of uncomplexed mCatK as a template. Both com-
plexes crystallised in the orthorhombic space group P2,2,2 with
one molecule in the asymmetric unit (Table S1). The structure of
the mCatK-Gii1303 complex was refined using data to resolution
1.55A, and to 2.00A for mCatK-Gii2602. The final crystallographic
models contained mCatK residues Alal to Met215; additional N-
terminal residues derived from the propeptide, Gly-Arg (98p-99p,
propeptide numbering), were visible in the mCatK-Gii1303
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Figure 2. Different inhibition kinetics of mature cathepsin K with G(i1303 and G{i2602. Progress curves show the hydrolysis of the fluorogenic substrate Chz-Gly-Pro-
Arg-AMC by mCatK at pH 5.5 in the presence of increasing inhibitor concentrations. (A) Gui1303 exhibited a time-dependent inhibition characterised by non-linear pro-
gress curves typical of slow-binding kinetics. (B) Linear progress curves obtained for GUi2602 are characteristic of fast-binding inhibitors. In dose-response plots, the
derived steady-state reaction velocities were plotted against inhibitor concentration, and the inhibition constants ; were obtained after correction by the Cheng-
Prusoff and Morrison equations (see Materials and Methods). In the kg versus [] plot, the first-order rate constants kg, from the time-dependent progress curves
were plotted against inhibitor concentrations to show a linear dependence,
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Figure 3. The inhibitors GU1303 and GLi2602 suppress the autocatalytic activation of the cathepsin K zymogen and target cathepsin K in cells. (A) The zymogen of
cathepsin K (pCatK) was incubated in the presence and absence of inhibitor (10 uM) at pH 4.0, and the generation of mature cathepsin K (mCatK) was analysed at the
indicated times. The reaction mixture was resolved by SDS-PAGE and visualised by protein staining. The positions of pCatk and mCatK are indicated; note mass hetero-
geneity of pCati due to glycosylation®", (B) The U-2 S cells were pre-treated with inhibitor (1 uM) for 3 h, followed by 24 h incubation with a fluorescent activity-
based probe specific for cathepsin K* (1 puM); quenching of the labelling reaction by competitive inhibition was analysed. Cell lysates were resolved by SDS-PAGE and
visualised by fluorescence imaging (left) and protein staining (right). The position of mCatK is indicated. In control experiments, the probe or inhibitor was omitted.

structure (Figure 5). A comparison of both mCatK complexes did
not reveal any significant differences in protein structure (a back-
bone r.m.s.d. of 0.51A, a value within the range observed for dif-
ferent crystal structures of identical proteins).

iCatk was produced by limited autocatalytic processing of the
zymogen pCatK at acidic pH. This resulted in fragmentation of the
propeptide with cleavage sites identified after Glu4p, Ser83p, and
Arg86p residues by Edman sequencing and mass spectrometry
peptide mapping analysis (Figure 5(A)). The obtained iCatK com-
prised two non-covalently bound domains (chains), namely the

residual propeptide domain (Glu5p to Ser83p) and the main
domain (Ser87p to Met215), including the C-terminal part of the
propeptide and mCatK. The structure of the iCatK-Gii2602 com-
plex was solved by a combination of molecular replacement for
the main domain (see previous paragraph) and automated model
building by fragment-fitting technique for the residual propeptide.
The structure of the iCatK-Gii1303 complex was solved by
molecular replacement based on the iCatK-Gli2602 structure.
Both iCatK complexes crystallised in the tetragonal space group
P432,2 containing one molecule in the asymmetric unit (Table S1).
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Figure 4. Binding mode of the cyanohydrazide inhibitors Gii1303 and Gii2602 in the active site of mature cathepsin K. (A) Chemical structure of the azadipeptide
nitrile inhibitor GU1303 and 3-cyano-3-aza-B-amino acid inhibitor Gii2602; the binding subsites (S) are marked, and the cyanohydrazide warheads are in red. (B)
Reactive warheads form a covalent reversible bond with the thiol of the catalytic cysteine residue of the enzyme; R, and R, are substituents on the N atoms of the
warheads. (C) The zoomed-in view of the mCatK active site shows a superposition of the inhibitors bound to the S1 to 53 subsites (corresponding inhibitor positions
P1 to P3 are indicated). mCatK is displayed in surface representation (grey); highlighted are the catalytic residues Cys25 (yellow) and His162 (pink). Inhibitors are shown
in stick representation with carbon atoms in cyan for Gii1303 and magenta for Gii2602; heteroatoms have standard colour coding (O, red; N, blue; S, yellow). (D)
Interaction of the inhibitors with active site residues of mCatK. Left panels: the hydrogen bond network formed between inhibitors and mCatK residues (dashed black
lines). Inhibitors are coloured as in (C), and interacting enzyme residues are in grey; the side chain of the covalently linked catalytic cysteine residue Cys25 is depicted.
Right panels: the surface representation of the mCatK active site shows enzyme residues (highlighted in orange) forming nonpolar interactions with the inhibitors (in
stick representation); both inhibitors are in the same orientation.
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Figure 5. Binding mode of the cyanchydrazide inhibitors Gii1303 and Gli2602 in the active site of the activation intermediate of cathepsin K (iCatK). (A) The amino
acid sequence of the full-length propeptide domain and the N-terminus of mature CatK (mCatK) are shown with secondary structure elements (H, a-helix; E, B-strand)
(data absent in the iCatK structure are derived from the intact zymogen pCatK; PDB entry: 1BY8). Propeptide residues present or absent in the final crystallographic
models of iCatK are in green or grey, respectively, residues of the catalytic domain are in black. The triangles above the sequence line indicate the N- and C-termini of
the residual propeptid domain of iCatK, the N-termini of iCatk and mCatK catalytic domains as determined by the Edman sequencing and mass spectrometry (see the
inset legend). The green dots show two residues of the propeptid of iCatK that form contacts with Gli2602. The position of the N-termini is indicated for pCatK and
catalytic domains of iCatk/mCatK. (B) The zoomed-in view of the iCatK active site shows a superposition of Gui1303 and Gui2602 bound to the S1 to S3 subsites (corre-
sponding inhibitor positions P1 ta P3 are indicated). iCatK is displayed in surface representation, the catalytic domain is highlighted in grey, the residual propeptide
domain in green, and the catalytic residues Cys25 and His162 in yellow and pink, respectively. Inhibitors are shown in stick representation with carbon atoms in cyan
for Gi1303 and magenta for Gii2602; heteroatoms have a standard colour coding (O, red; N, blue; S, yellow). (C) Interaction of the inhibitors with the iCatK active site
residues. Left panels: the hydrogen bond network formed between inhibitors and iCatK residues with the (dashed black lines). Inhibitors are coloured as in (B), and
interacting enzyme residues are in grey; the side chain of the covalently linked catalytic cysteine residue Cys25 is depicted. Superimposed (black) are the same inhibi-
tors from the structures of their complexes with mCatK (Figure 4). Right panels: the surface representation of the iCatK active site shows enzyme residues forming non-
polar interactions (highlighted in orange) with the inhibitors (in stick representation); bath inhibitors are in the same orientation. The propeptide domain residues are
highlighted in green.
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The final crystallographic model of the iCatK-Gi1303 complex
contained propeptide residues Asp8p to GIn73p and main domain
residues Pro2 to Met215. The model of the iCatk-Gii2602 complex
contained residues Asp8p to Lys74p and Arg99p to Met215. The
structures were refined using data to resolution 1.90 A for iCatk-
Gii1303 and 1.88 A for iCatK-Gi12602. A comparison of iCatK com-
plexes did not reveal any significant differences in protein struc-
ture (a backbone r.m.s.d. of 0.28 A).

The residual propeptide domain of iCatK is folded in a similar
manner to the intact propeptide in the structure of the zymogen
pCatK (PDB: 1BY8) and bound at the same position (a backbone
rm.s.d. of 0.81 and 0.48A for the propeptide domains and cata-
lytic domains, respectively). However, we observed a slightly dif-
ferent orientation of the x2p helix in iCatKk complexes, which is
rotated by approximately 10° compared to pCatK, The propeptide
segment that blocks the active site in pCatK (downstream of the
23p helix, Figure 5) is proteolytically removed or flexible in iCatK,
and therefore the active site cleft of iCatK becomes accessible for
inhibitors. However, the residual propeptide domain partially
occludes the primed region of the active site, in particular the 51’
subsite of iCatK is occupied.

3.3. Interaction of cyanohydrazide inhibitors with the active site
of cathepsin K

3.3.1. Binding mode of the azadipeptide nitrile Gii1303 to mature
and zymogen-like cathepsin K

The active site cleft of mCatK contains the catalytic triad residues
Cys25, His162, and Asn182. Gii1303 is bound in a substrate-like
orientation, and its P1 to P3 residues occupy the 51 to S3 subsites
of mCatK (Figure 4(A,C)). The cyanohydrazide warhead reacts with
the thiol group of the catalytic Cys25, forming a covalent isothio-
semicarbazide adduct through the connection to the C-atom of
the nitrile moiety (Figure 4(B)). Azadipeptides such as Gii1303 are
atropochiral molecules due to the restricted rotation around the
methylated N— N axis, and, in the unbound state, they preferen-
tially adopt the E-configuration of the respective CO-NMe
bond®*®* (Figure 4(B)). However, a Z-configuration at the CO-NMe
bond was observed in Gii1303 bound to mCatk, suggesting an E-
to Z- conformational change in Gii1303 upon binding to the
enzyme, most likely due to a "configurational selection that we
recently reported for an azadipeptide nitrile inhibitor of the prote-
ase SmCB1%2,

Interactions between Gii1303 and the mCatK active site are
presented in Figure 4(D) (for details see Table S2). The inhibitor
forms a network of hydrogen bonds with the active site residues.
The nitrogen atom of the imidate moiety, derived from the war-
head nitrile group, is stabilised by two hydrogen bonds to the
backbone amide of the catalytic Cys25 and the side chain amide
of GIn19 (Figure 4(D)). An analogous interaction pattern was
observed for the warhead of an azadipeptide nitrile inhibitor
reacted with the protease SmCB1 (PDB: 6Y17)*2. The NH of Gly66
acts as a bifurcated hydrogen bond donor for the carbonyl oxy-
gen of the P2 phenylalanine and the noncarbonyl carbamate oxy-
gen in the P3 position of Gii1303. An additional hydrogen bond
is formed between the Gly66 oxygen and the carbamate NH of
Gii1303. A similar network of Gly66-mediated hydrogen bonds
was also reported for a Boc-protected precursor of a reactive
activity-based probe for mCatK (PDB 7NXL)*°. Nonpolar interac-
tions of GU1303 with mCatK are depicted in Figure 4(D). They are
absent in the S1 subsite, although the warhead containing the P1
azaalanine residue forms a number of contacts (Supporting infor-
mation Table S2). At the P2 position, the phenylalanine residue

makes nonpolar interactions with Tyr67, Ala134, Leu160, Ala163,
and Leu209. The P3 benzyloxycarbonyl capping group forms non-
polar interactions with Asp61 and Tyr67, and the phenyl moiety of
this group is stabilised by a T-shaped n-m stacking interaction to
the 4-hydroxyphenyl group of Tyr67.

The binding mode of Gii1303 in the active site of iCatK is
analogous to that in mCatK, and there is no interaction of the
inhibitor with the residual propeptide domain that blocks a part
of the primed region of the iCatK active site (Figure 5(B)). High
conformational similarity of the inhibitor is indicated by a r.m.s.d.
of 0.19 A, with a certain change in the position of the P3 carbonyl
oxygen. Also, Gi1303 forms the same network of hydrogen
bonds and nonpolar interactions in the S1 to S3 subsites of iCatK
and mCatK (Figure 5(C), Table S2). However, no n-n stacking inter-
action with Tyr67 residue was observed, due to a slightly different
orientation of the benzyloxycarbonyl capping group of Gii1303.

3.3.2. Binding mode of the 3-cyano-3-aza-B-amino acid Gii2602 to
mature and zymogen-like cathepsin K

GUi2602 binds to the active site of mCatK in a substrate-like orien-
tation, and the major conformation of the inhibitor occupies the
51 and S2 subsites (Figure 4(A,C)). The cyanohydrazide warhead
positioned centrally in the inhibitor molecule forms a covalent iso-
thiosemicarbazide adduct with a thiol group of the catalytic Cys25
(Figure 4(B)). There is a shift in the inhibitor backbone when com-
paring Gii2602 and Gii1303 that might be the result of nitrogen
methylation in the warhead (CO-NH vs. CO-NMe in Gii2602 and
Gii1303, respectively) (Figure 4(C)). The CO-NH bond of Gii2602
adopts the Z-configuration, similar to what has been observed for
the CO-NMe bond of the enzyme bound inhibitor Gi1303.

The nitrogen atom of the imidate moiety of Gii2602 is strongly
stabilised by three hydrogen bonds to the backbone amide of the
catalytic Cys25, carbonyl group of Gly23, and the side chain amide
of GIn19 (Figure 4(D)). In contrast to Gui1303, there is no hydro-
gen bonding between Gii2602 and the Gly66 residue. However, a
new hydrogen bond is formed between the backbone oxygen of
Asn161 and the amide NH of Gii2602. Analysis of the inhibitor-
mCatK complexes available in the PDB shows that peptidomimetic
inhibitors of mCatK frequently establish hydrogen bonding with
Asn161 as well as Gly66 as important interaction determinants.
The P1 and P2 residues of Gii2602 are located in the non-primed
subsites of the mCatK active site as follows (Figure 4(A,C)). The N-
benzyl-N-methylacetamide substructure at P1 occupies the S1 sub-
site, making contacts with Gly23, Gly64, and Gly65 residues. Its
terminal benzyl moiety is oriented out of the S1 subsite and
towards the 52 pocket. The P2 Boc-capping group resides in the
52 subsite of mCatK and makes nonpolar interactions with Tyr67,
Leu160, and Ala163 (Figure 4(D), Table S2).

In general, Gii2602 binds to the S1 and 52 subsites of iCatK in
a manner that is similar to what has been shown for the Gii2602-
mCatK complex, with a rm.sd. of 1.23 A; this value is substantially
increased compared to Gu1303 in its complexes, with a r.m.s.d. of
0.19 A (Figure 5(B)). The major conformational change, however, is
in the benzyl group of the P1 N-benzyl-N-methylacetamide sub-
structure. It is rotated towards the residual propeptide domain of
iCatK and forms new contacts with its Val72p and GIn73p residues
(Figure 5(A,B), Table S2). The terminal Boc group accommodates
the S2 pocket of iCatK analogously as in mCatK. The network of
hydrogen bonds is identical, and the pattern of nonpolar interac-
tions (Tyr67, Asn161, and Ala163 in iCatK) is similar for both
Gii2602 complexes (Figure 5(C)).
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Figure 6. Analysis of conformational flexibility of Gli1303 and Gii2602 inhibitors
in the active site of mature cathepsin K. (A) The inhibitors and the side chain of
the covalently linked catalytic cysteine residue Cys25 are shown in stick represen-
tation. Their 2F,-F. electron density maps are contoured at 1 & and 1.5 & for
Gi1303 and GU2602, respectively. Structures are coloured according to atomic B-
factor values, from blue (low) to red (high). The highest B-factors indicating flexi-
bility are observed for the benzyl moiety of Gu2602. (B) Conformational flexibility
of the benzyl moiety of Gii2602. Left panel: Crystallographic model of Gii2602
with the major observed conformation of the benzyl moiety in magenta (conf. X
located in the non-primed area) and a predicted alternative minor conformation
in grey (conf. Y located in the primed area). The side chain of the covalently
linked catalytic Cys25 is in orange; heteroatoms have a standard colour coding
(0, red; N, blue; S, yellow). The 2F,-F, electron density maps are contoured at 1
o. Right panel: Conformations of the benzyl moiety were searched by the
molecular dynamics/quenching (MD/Q) technique and optimised by the semiem-
pirical guantum mechanical (SQM) method. The lowest-energy conformations up
to relative Gibbs “free” energy of 5kcal/mol are shown for the general orienta-
tions X and Y (as defined by crystallography in left panel).

3.4. Conformational flexibility of cyanohydrazide inhibitors in
the cathepsin K active site

The crystallographic electron density maps used for modelling
Gu1303 and GU2602 in the active site of mCatK were of high
quality except for a weak electron density signal of the benzyl
group of Gu2602 (Figure 6(A)). This prompted us to analyse the
B-factor distribution in both inhibitors. The B-factor values were
generally in the low range, but increased values were only found
for the P1 N-benzyl-N-methylacetamide part of Gii2602, with the
highest value for its benzyl group (Figure 6(A)). An analogous B-
factor pattern was also observed for inhibitors in iCatk complexes
(Figure S1). This finding indicated an increased flexibility and
dynamic disorder of the major crystallographic conformation of
the benzyl group of Gii2602, which is located in the non-primed
part of the active site and oriented out of the S1 subsite
(Figure 5(C)).

A detailed inspection of electron density maps in the active
site of the mCatK-Gii2602 complex provided a further weak elec-
tron density signal of poor quality in the primed region of the
mCatK active site that can be assigned to Gii2602. Based on this
signal, we attempted to model an alternative conformation of the
benzyl group of GU2602, which is oriented towards the 52' sub-
site as presented in Figure 6(B) (see conformation Y). For this
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purpose, we employed molecular modelling to examine conform-
ational space of the flexible N-benzyl-N-methylacetamide substruc-
ture of GuU2602. The molecular dynamics/quenching (MD/Q)
technique was utilised to generate accessible conformations of
this segment in the active site, and semiempirical quantum mech-
anical optimisation yielded a set of conformations with two gen-
eral orientations into the non-primed and primed areas (the
orientations are marked X and Y, respectively, in Figure 6(B)).

In conclusion, we demonstrated that Gi2602 is more flexible
in the enzyme active site in contrast to the rigid ligand Gu1303.
The former contains a highly flexible benzyl moiety that is capable
of adopting to two different types of conformations that reside in
the non-primed part or primed part of the active site.

4, Discussion and conclusions

Cathepsin K (CatK) is a target for the treatment of osteoporosis,
arthritis, and bone metastasis, and its potent and selective inhibi-
tors are being intensively pursued as chemotherapeutics®”. In
this study, we investigated peptidomimetic inhibitors with a cya-
nohydrazide warhead, a class of highly efficient inhibitors of CatK
that have been recently discovered®®'?®, yet for which the inter-
action mechanism at the atomic level with CatK is unknown. For
two representative cyanohydrazide compounds, Gii1303 and
Gii2602, we present crystallographic analysis of the binding mode
to mature enzyme mCatK and its zymogen-like activation inter-
mediate iCatK, as well as functional analysis in vitro and in cells.

The crystal structures of the complexes of Gii1303 or Gii2602
with mCatK showed that the inhibitors are bound in a substrate-
like orientation, and their cyanohydrazide warhead reacted with a
thiol group of the catalytic Cys25, forming a covalent isothiosemi-
carbazide adduct. The CO-NMe and CO-NH bond (in Gii1303 and
Gii2602, respectively) of the warhead adopted a Z-configuration
in the mCatK active site. This is in line with our recent analysis of
another cyanohydrazide inhibitor (with the azadipeptide nitrile
scaffold) in the active site of a cysteine pro‘[ease32 which also
demonstrated that the warhead with the methylated N — N axis
provides atropochirality, and the E-configuration of the unbound
inhibitor is transformed to a Z-configuration upon binding®.
Therefore, such an E- to Z-conformational change in the course of
its interaction with CatK is proposed for Gli1303, containing the
CO-NMe-NMe portion.

The cyanohydrazide warhead is differently positioned in the
inhibitor scaffold of the azadipeptide nitrile Gli1303 and 3-cyano-
3-aza-fi-amino acid Gii2602. This is reflected in the distribution of
the binding subsites that are targeted by the inhibitors. Gii1303
occupies the non-primed subsites S1 to 53, and B-factor distribu-
tion showed that Gu1303 is rigid in the mCatK active site. In
contrast, Gii2602 primarily occupies the S2 subsite, and the
N-benzyl-N-methylacetamide part (especially its benzyl moiety) is
highly flexible and has two alternative types of conformations that
reside in the non-primed part (the S1 subsite) or primed part (the
S2' subsite) of the active site. The non-primed orientation is the
major one observed in the crystal structure, where it might be sta-
bilised by additional contacts, including crystal packing contacts
(with a symmetry-related protein molecule) and intramolecular
contacts. The primed orientation was clearly demonstrated by
molecular modelling using MD/Q and SQM techniques and is fur-
ther supported by the recent identification of a benzyl group ori-
ented towards the S2' pocket in the activity-based probe for
CatK*. The computational approach showed a set of conforma-
tions for both types of orientations, further highlighting the high
flexibility of this part of GU2602 in the enzyme active site.
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We hypothesise that the conformational flexibility of the com-
plexed ligand at the boundary of the non-primed and primed sub-
sites provides an entropic advantage contributing to the
extraordinary potency of Gii2602 in the low picomolar range. It
has been shown that the loss of configurational entropy upon lig-
and binding contributes significantly unfavourably to the binding
free energy®; this entropy loss is decreased for Gii2602 making
its binding more favourable. An analysis of active site interactions
formed by Gu2602 also identified an important role of hydrogen
bonding between the amide NH of the warhead and Asn161 of
the S2 subsite, an interaction that is absent in Gii1303. This is
supported by analogues of Gii2602 with methylated NH that
exhibited a dramatic decrease in inhibitory potency by 3 orders of
magnitude®¥*°.

The differences in the binding mode between Gii2602 and
Gii1303 are also reflected in their kinetic behaviour. The slow-
binding of Gii1303 is attributed to a conversion from an E- to Z-
configuration upon binding that was recently described as the
kinetic controlling step for a prototype azadipeptide nitrile with
an atropochiral warhead®?. In contrast, the 3-cyano-3-aza-fi-amino
acid scaffold of GUi2602 bears a non-atropochiral warhead, as
demonstrated by NMR studies showing the absence of diastereo-
topic methylene protons®®. Hence, the configuration conversion
step does not occur, as is reflected by the fast-binding of Gii2602
that resembles analogous kinetics and a reaction mechanism
described for carbanitrile inhibitors®2,

In addition to mCatK-inhibitor complexes, we also structurally
characterised the complexes of Gi2602 and Gii1303 with the
activation intermediate iCatK produced during autocatalytic proc-
essing of the inactive zymogen to mature enzyme that is associ-
ated with the removal of the propeptide. The iCatK structure is
described here for the first time. It contains the main catalytic
domain, which is non-covalently bound to the residual propeptide
domain. Unlike the zymogen structure?’?%, the residual propep-
tide (residues 4p to 83p) of iCatK only partially occluded the
active site cleft (mainly the S1 subsite), and thus the catalytic
centre is accessible for ligands. This contrasts to the previously
investigated activation intermediate of the cathepsin SmCB1, in
which the catalytic centre is still blocked by the residual
propeptide®’.

iCatk was demonstrated to bind Gii2602 and Gii1303 in an
analogous manner to that observed in the mCatK complexes. This
indicated that the iCatK active site is competent to bind inhibitory
ligands in the available subsites and can be regulated by them.
This conclusion is supported by the results on testing Gii2602
and Gi11303 in an in vitro autoactivation assay with the zymogen
pCatK. It showed that both inhibitors strongly suppress the forma-
tion of mCatK from the zymogen that proceeds as a bimolecular
processing reaction catalysed by functional forms of iCatk/mCatK.
Furthermore, we provided evidence that Gu2602 and Gu1303 are
capable of effectively targeting mCatK as well as the mCatK-gener-
ating pathway in the pathophysiologically relevant context of
osteosarcoma cells.

In conclusion, our work provides the first crystallographic, com-
putational chemical, and functional insights into the binding
mode of the cyanohydrazide inhibitors to the CatK target and will
facilitate a further rational design of therapeutics against CatK-
mediated pathologies.
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Table S1. X-ray data collection and refinement statistics

CatK-inhibitor complex® mCatK-Gii2602  mCatK-Gii1303 iCatK-Gii2602 iCatK-Gii1303
Data Collection Statistics
wavelength (A) 1.542 1542 0.918 0.918
temperature (K) 100 100 100 100
space group P2,242 P2:242 P4,2,2 P4,2,2
s e 70.63, 78.52, 74.94, 76.12, 103.28, 103.28, 103.21, 103.21,
o 31.02 32.85 55.46 54.99
90.00, 90.00, 90.00, 90.00, 90.00, 90.00 90.00, 90.00,
a B. y (deg) 90.00 90.00 ,80.00 90.00
) 50.0-2.00 50.0-1.55 50.0-1.88 50.0-1.90
resolution (A) (2.12-2.00) (1.64-1.55) (1.92-1.88) (2.02-1.90)
number of unique reflections 11 829 (1880) 23 646 (1843) 24 933 (1541) 23 911 (3763)
redundancy 4.1 (4.0) 6.5 (4.7) 11.1 (4.8) 7.9 (7.5)
completeness (%) 96.5 (97.8) 83.4 (41.0) 99.7 (96.4) 99.8 (99.3)
Runerge? (%) 7.8(59.2) 8.5(38.7) 18.7 (214.1) 11.1 (63.0)
average I/ (I) 12.4 (2.5) 19.4 (4.4) 7.9 (0.7) 13.3 (2.9)
CCaxt (%) 99.8 (88.9) 99.8 (89.1) 97.2 (31.5) 99.8 (85.3)
Wilson B (A2) 35.06 15.94 28.40 27.48
Refinement Statistics
; 28.90-2.0 37.50-1.55 48.91-1.88 46.20-1.90
resolution range (A) (2.05-2.0) (1.59-1.55) (1.93-1.88) (1.95-1.90)
number of reflections in
o e 11 344 (836) 22 487 (439) 23 673 (1662) 22 715 (1633)
2;1”"’6' offfefiEctins ini{est 598 (44) 1184 (23) 1213 (84) 1196 (86)
R value® (%) 22.1 (35.5) 14.4 (23.8) 19.0 (37.4) 16.4 (25.5)
Riee value® (%) 28.6 (34.5) 16.6 (26.0) 23.4 (37.5) 212 (29.1)
number of molecules in AUI 1 1 1 1
RumberokatomsinAus 1657/23/47 1705/27/302 2206/23/235 2226/27/293
protein/inhibitor/solvent
average ADPY for
oroteninhibitor'solvent (A2 38.0/43.2/33.0 12.9/14.8/24.3 36.9/49.2/40.5 24.0/29.7/33.2
RMSD bond length (&) 0.014 0.015 0.014 0.014
RMSD bond angle (deg) 1.91 177 174 1.68
Ramachandran plot statistics”
favoured regions (%) 95.8 97.7 95.3 97.9
allowed regions (%) 4.2 2.3 4.7 2.2
PDB code 7QBL 7QBN 7QBM 7QBO

“Numbers in parentheses refer to the highest-resolution shell. *Rmerge=1003 1| I(hkl) — <Lk |/ S sy Li(hkD), where L(hkT) is
an individual intensity of the /™ observation of reflection Akl and <I(hkl); is the average intensity of reflection /k/ with
summation over all data. “CC»2 is the percentage of correlation between intensities from random half-datasets.' “R-value = ||Fy|
— |Fe|[/|Fo|, where F;, and F. are the observed and calculated structure factors, respectively. “Ricc is equivalent to R value but is
calculated for up to 5% of the reflections chosen at random and omitied from the refinement process.” /AU, asymmelric unit.
2ADP. atomic displacement parameter. formally B-factor. ”As determined by Molprobity.?
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Table S2. List of contacts formed between the ihibitors Giil303 and Gii2602 and mature cathepsin K
(mCatK) or the activation intermediate of cathepsin K (iCatK). Analysis of protein-inhibitor contacts
between the mCatK/iCatK active site and inhibitors was performed using program CONTACT.* The
distance cutoffs were set to 4.2 A for all contacts and 3.3 A for hydrogen bonds. The enzyme residues
interacting in the individual inhibitor positions (P3 to P1) are specified. For each enzyvme residue. total
number of contacts (C) are listed, including hydrogen bonds (Hb) (residucs forming hydrogen bonds arce

in bold).
Subsite mCatK-Gii2602 mCatK-Gii1303 iCatK-Gii2602 iCatK-Gii1303
Residue C Hb Residue C Hb Residue C Hb Residue C Hb
Val72p 10
GIn73p 2
GiIn19 2 1 GIn19 3 1 GIn19 2 1 GIn19 3 1
Gly23 10 1 Gly23 10 Gly23 9 1 Gly23 10
Ser24 2 Ser24 3 Ser24 2 Ser24 3
P1 Cys25 13 1 Cys25 14 1 Cys2§ 13 1 Cys25 14 1
Trp26 2 Trp26 3 Trp26 1 Trp26 3
CysB3 1 Cys63 1
Gly64 7 Gly64 4
Glyg5 2 Gly65 4
Asni61 10 1 Asn161 2 Asn161 6 1 Asn161 2
His162 3 His162 2 His162 3 His162 2
Cys25 1 Cys25 2 Cys25 2 Cys25 2
Glys5 2 Gly65 6 Gly65 2 Gly65 6
Gly66 5 Gly66 11 2 Gly66 5 Gly66 11 2
Tyr67 2 Tyr67 3 Tyr67 2 Tyr67 3
Met68 2 Met68 2
P2 Ala134 3 Ala134 3
Leu160 3 Leu160 4 Leu160 3 Leu160 4
Asn161 6 Asn161 9
His162 8 His162 3
Ala163 1 Ala163 1 Ala163 1 Ala163 1
Leu208 2 Leu209 2
Glu59 3 Glu59 3
Asné0 3 Asng0 3
P3 Asp61 5 AspB1 5
Gly65 3 Gly65 3
Gly66 15 1 Gly66 15 1
Tyr67 11 Tyr67 11
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Figure S1. Analysis of conformational flexibility of the inhibitors Gii1303 and Gii2602 in the
active site of the activation intermediate of cathepsin K. The inhibitors and the side chain of the
covalently linked catalytic cysteine residue Cys25 are shown in stick representation. Their 2F-
I'; electron density maps are contoured at 1 6 and 1.5 o for Gii1303 and Gii2602, respectively.
Structures are coloured according to atomic B-factor values, from blue (low) to red (high). The
highest B-factors indicating flexibility are observed for the benzyl moiety of Gii2602.
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