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Abstrakt (CJ)

Schistosoméza je zdvazné infekéni onemocnéni postihujici vice nez 200 miliont lidi
v oblasti tropti a subtropti. Plivodcem je parazit krevnicka, ktery Zije v cévach clovéka a
ziviny ziskava degradaci hemoglobinu z krve hostitele plisobenim travicich proteas.
V soucasnosti je k dispozici pouze jediny Iék proti schistosomoze a hrozba vzniku
rezistence vyvolava potiebu vyvoje novych terapeutik. Katepsin Bl (SmCB1) je klicovou
travici proteasou krevnicky sttevni (Schistosoma mansoni) a predstavuje cilovou molekulu
pro terapeuticky zasah. Tato prace podava komplexni charakterizaci SmCB1 zamétfenou na
vztah struktury a aktivity a na inhibi¢ni regulaci s vyuzitim Sesti vyfeSenych
krystalografickych struktur molekuldrnich forem a komplexi SmCBI.

SmCB1 je syntetizovan ve formé neaktivniho zymogenu, ve kterém N-koncovy
propeptid pusobi jako pfirozeny intramolekularni inhibitor blokujici aktivni misto. Detailni
biochemickou a strukturni analyzou byl identifikovan novy unikéatni mechanismus procesu
aktivace zymogenu, pii kterém je propeptid odStépen, a byla popsana regulace tohoto
procesu pomoci glykosaminoglykant. Studium proteolytické aktivity SmCB1 prokazalo,
ze se jedna o enzym pusobici jako endopeptidasa 1 exopeptidasa a piedstavuje tak Gcinny
nastroj pro traveni hemoglobinu hostitele. Vyznamna Cast prace se zabyvala vyhledanim
ucinnych molekul pro inhibici SmCBI1 a to svyuzitim dvou pfistupti. Zaprvé byly
navrzeny a syntetizovany reverzibilni peptidové inhibitory odvozené ze struktury
propeptidu, které jsou funkéni in vitro v mikromolarnich koncentracich. Zadruhé byly
identifikovany peptidomimetické inhibitory s vinylsulfonovou reaktivni skupinou, které
jsou funkéni in vitro v nanomolarnich koncentracich. Mechanismus jejich interakce byl
detailné studovan pomoci krystalovych struktur komplexii s SmCBI1 a s vyuzitim metod
vypodetni chemie. Uginnost vinylsulfonovych inhibitor( byla prokézana ex vivo pii supresi
zivych parazitu.

Zaverem, tato prace pomohla definovat SmCBI jako cilovou molekulu pro supresi S.

mansoni a ptinesla nové typy inhibitorii pro potencidlni vyvoj 1é¢iv proti schistosomoze.



Abstract (EN)

Schistosomiasis is a serious infectious disease that afflicts over 200 million people in
tropical and subtropical regions. It is caused by Schistosoma blood flukes that live in
human blood vessels and obtain nutrients from host hemoglobin, which is degraded by
digestive proteases. Current therapy relies on a single drug and concern over resistance
necessitates new drug development. In Schistosoma mansoni, cathepsin B1 (SmCBI1) is a
critical digestive protease that is a target molecule for therapeutic interventions. This thesis
provides a comprehensive characterization of SmCBI1 focused on structure-activity
relationships and inhibitory regulation based on six crystal structures solved for SmCBI
molecular forms and complexes.

SmCBI is biosynthesized as an inactive zymogen in which the N-terminal propeptide
operates as a natural intra-molecular inhibitor by blocking the active site. Detailed
biochemical and structural analyses have identified a new and, so far, unique mechanism
of SmCB1 zymogen activation through which the propeptide is proteolytically removed
and the regulatory role of glycosaminoglycans in this process has been described. A study
of SmCBI1 proteolytic activity has revealed that the enzyme acts in two modes, as
endopeptidase and exopeptidase, which makes it an efficient tool for host hemoglobin
digestion. A major part of the thesis focused on the identification of new molecules for
SmCBI1 inhibition using two different approaches. First, reversible peptide inhibitors
derived from the structure of the SmCB1 propeptide were designed and synthesized that
are effective in vitro in the micromolar concentration range. Second, peptidomimetic
inhibitors with a vinyl sulfone reactive group were identified that are effective in vitro in
the nanomolar concentration range. The mechanism of the interaction between SmCB1 and
the vinyl sulfone inhibitors was studied in detail using crystallographic structures of
SmCBI1 in complexes with the inhibitors and by computational chemistry methods.
Finally, the ex vivo efficiency of the vinyl sulfone inhibitors was demonstrated by the
suppression of live schistosoma parasites in culture.

To conclude, this thesis has defined SmCBI1 as a target molecule for the suppression of S.
mansoni and has identified new types of inhibitors for the development of potential anti-

schistosomal drugs.



1. Uvod

Schistosomoéza je chronické onemocnéni vyvolané parazity rodu krevnicka (Schistosoma).
Touto nemoci je infikovano vice nez 200 miliont lidi v tropickych a subtropickych
oblastech svéta a predstavuje zdvazny zdravotni i1 socialn¢ ekonomicky problém [1-4]. Tti
nejvyznamnéjsi druhy krevnicky ohrozujici clovéka jsou Schistosoma mansoni (krevnicka
stievni), S. japonicum (krevnicka jaterni) a S. haematobium (krevnicka mocova). K infekci
¢lovéka dochazi pti kontaktu s kontaminovanou vodou, ve které se nachazeji infekéni larvy
krevni¢ky schopné penetrace neposkozenou kazi Clovéka. Pies tkdné se dostavaji do
krevniho obéhu, kde rostou a vyvijeji se v dospelé krevnicky, které pak Zziji v cévach
obklopujicich stfevo nebo urogenitalni trakt. Samicka zde klade denn¢ az tisice vajicek,
kterd jsou hlavnim patogennim agens schistosomodzy [5]. Imunitni odpovéd’ na vajicka
zpusobuje zanéty, vznik granulomt, vede k poskozeni organii a pii infekci byva zvyseno
riziko vzniku rakoviny [6].

Proti schistosomoze v sou¢asnosti neexistuje zadna ockovaci latka a pro 1écbu se pouziva
témet vyhradné 1€k praziquantel [7]. S ohledem na to, Ze praziquantel je jediny u¢inny ¢k
a nepretrzité se pouziva jiz vice nez 20 let, stale nartsta pravdépodobnost vzniku rezistence
a potieba vyvoje novych alternativnich 1é¢iv [8-12]. Tento vyzkum se v soucasnosti
zaméfuje hlavné na porozuméni biochemie parazita a jeho molekularnich drah a na hledani
cilovych molekul, zasadnich a unikatnich pro parazita, jejichz blokovani by bylo pro
parazita letalni.

Proteasy hraji velmi dulezitou tlohu ve vSech vyvojovych stadiich krevnicky, zejména
pfi interakci s hostitelem. Utastni se procesii invaze do hostitele, migrace tkanémi,
degradace krevnich proteinti v procesu traveni, piekonani imunitniho systému hostitele a
aktivace a modulace zanctu [13]. Dospélé¢ krevnicky zijici v cévach Clov€ka ziskéavaji
ziviny pro rist a vyvoj odbouravanim krevnich proteinti. Proteolytické traveni je pro
preziti parazita zdsadni a je pfedmétem intenzivniho védeckého vyzkumu. Na degradaci
hemoglobinu se podili kaskdda travicich enzyml ztfid cysteinovych, serinovych,
aspartatovych proteas a metaloproteas. Ve stievé krevnicky S. mansoni byly identifikovany
proteasy katepsin B1, katepsin C, katepsiny LI, L2 a L3, katepsin D,
asparaginylendopeptidasa a leucylaminopeptidasa [ 14-21].

Katepsin Bl ze S. mansoni (SmCBI), kterym se zabyva tato prace, je nejvice zastoupena

proteasa ve stieve krevnicky a hraje v degradaci hemoglobinu klicovou roli [14;22]. Tento



enzym pusobi komplexné jako endopeptidasa i exopeptidasa [14]. SmCBI je cilova
molekula pro 1é¢bu schistosomdzy, jak bylo prokazano in vivo na mySim modelu pomoci
inhibitoru K11777 blokujiciho aktivitu SmCB1 [23]. Uginné inhibitory SmCBI tak
predstavuji perspektivni molekuly pro vyvoj chemoterapeutik proti schistosomoze.
Dukladna strukturné funkéni charakterizace SmCB1 predkladand v této praci je nezbytna
pro raciondlni design téchto novych inhibi¢nich molekul a pro pochopeni biochemickych

mechanismt aktivity a regulace SmCBI.



2. Literarni prehled

2.1. Katepsin B v kontextu cysteinovych proteas

2.1.1. Proteasy, katepsiny a jejich déleni

Proteasy (proteolytické enzymy, peptidasy) jsou enzymy katalyzujici hydrolyzu peptidové
vazby proteinti a peptidi. Vyskytuji se ve vSech zivych organismech a jsou zapojeny
v mnoha dulezitych biologickych a fyziologickych procesech, jako je naptiklad
lysosomalni degradace proteind, krevni srdzeni, trdveni ¢i apoptoza [24;25]. Podle
uspotadani aktivniho mista a katalytického mechanismu se proteasy déli do tfid na
cysteinové, serinové, aspartatové, threoninové, glutamdtové a metaloproteasy. Podle
zpusobu Stépeni substratu (peptidového fetézee) se rozliSuji endopeptidasy, Stépici uvnitf
fetézce, a exopeptidasy, odstépujici jednotlivé aminokyseliny (nebo skupiny aminokyselin)
z jeho N nebo C konce.

Katepsiny byly pivodné povazovany za savéi proteasy zajist'ujici vyhradné nespecifické
intracelularni odbouravani proteinli uvnitt lysosomil. Dnes je zndmo, Ze hraji dilezitou
ulohu 1 pfi specifické aktivaci a regulaci fady proteinit v mnoha fyziologickych procesech.
Kromé lysosomu byly navic lokalizovany i v jinych kompartmentech buiky (cytoplasma,
bunééné jadro) nebo sekretované z buniky do extracelularni matrix [26-28]. Proteasy
katepsinového typu byly rovnéz identifikovany u jinych organisml nez u savct. Napiiklad
u parazitti (klistat, helmintd, a prvoki) se ucastni interakci s hostitelem, u herbivorniho
hmyzu interakce s rostlinou a u rostlin se podileji na obranyschopnosti proti patogeniim.
Katepsiny dnes predstavuji velmi rdznorodou skupinu zahrnujici enzymy ze tfi
proteasovych tfid vcetné cysteinovych (katepsin B, C, L, K, S, F, H, O, V, X, W),
serinovych (katepsin A a G) 1 aspartatovych proteas (katepsin D a E), které jsou
klasifikovany podle sav¢ich modelovych katepsint [25].

2.1.2. Cysteinové katepsiny

2.1.2.1. Funkce a struktura cysteinovych katepsini

Cysteinové proteasy vyzaduji pro svou hydrolytickou aktivitu pfitomnost cysteinu
s nukleofilni thiolovou skupinou v aktivnim misté. Podle homologie jejich primarnich
struktur se v databazi MEROPS cysteinové proteasy de€li do zhruba 70 rodin, z nichz C1
rodina papainu je nejpocetnéjsSi a nejlépe charakterizovana [29]. Do této rodiny patii
krom& modelové proteasy papainu 1 piibuzné enzymy rostlin (napf. bromelain,

chymopapain), viri, prvoki, bakterii, hub a Zivogichd [25]. Radi se sem i velka skupina



cysteinovych katepsinii, kterou tvoii zejména savci katepsiny, ale i homologické enzymy
katepsinového typu pfitomné u fady obratlovcl, bezobratlych i rostlin. U savet bylo
nalezeno 11 zastupcii cysteinovych katepsint (katepsin B, C, F, H, K, L, O, S, V, X a W),
obecné jsou rozsifeny témeét ve vSech tkanich a bunikach a podileji se kromé lysosomalni
degradace proteini naptiklad na procesech aktivace a prezentace antigenti, remodelace
extracelularni matrix a aktivace hormont (piehledné v [30]). Jejich chybné regulace mtze
vyvolat patologické stavy jako rakovina, ateroskleroza, osteopordza ¢i revmaticka artritida,
jsou proto Castym cilem vyvoje novych terapeutik [31-33]. Medicindln¢ vyznamné jsou
rovnéZ parazitarni cysteinové katepsiny, které zajistuji zakladni biologické funkce parazit
a jsou vhodnymi cilovymi molekulami pro vyvoj novych antiparazitik. Vyzkum se
zam¢ifuje napiiklad na vyvoj inhibitora proteas typu katepsinu L parazitd Trypanosoma
cruzi (cruzain) a Plasmodium falciparum (falcipain) jako potencidlnich 1é¢iv proti
Chagasové chorobé a malarii [34;35].

Katalyticky mechanismus cysteinovych katepsinll je stejny jako pro ostatni cysteinové
proteasy rodiny papainu a je popsan na obr. 1 na str. 9. Aktivni misto je tvofeno dvéma
vysoce konzervativnimi aminokyselinovymi zbytky Cys25 a His159 (Cislovani papainu).
Dalsi aminokyselinové zbytky, které napomahaji pfi mechanismu katalyzy, jsou Asnl75 a
GIn19. V zakladnim stavu je thiolova skupina Cys25 deprotonovand a vytvafi thiolat-
imidazolovy iontovy par s histidinem His159. lontovy par je stabilizovany zbytkem
Asnl75. Hydrolyzu substratu zalind nukleofilni atak thiolové skupiny Cys25 na
karbonylovou skupinu §tépené amidové vazby za tvorby tetrahedralniho intermediatu
stabilizovaného tzv. oxyanionovou dirou obsahujici GInl9 (krok 1, obr. 1, str. 9).
Nasleduje acylace enzymu, Stépeni peptidové vazby a uvolnéni prvniho produktu, aminu,
ktery deprotonuje His159 (krok 2, obr. 1, str. 9). His159 nasledné deprotonuje molekulu
vody, ktera atakuje karbonylovy uhlik acyl-enzymu za tvorby druhého tetrahedralniho
intermediatu. Nasleduje deacylace enzymu (uvolnéni druhého produktu) a regenerace

enzymu do zakladniho stavu (krok 3, obr. 1, str. 9).
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Obr. 1. Katalyticky mechanismus cysteinovych proteas. Detaily jsou uvedeny v textu. Cislovani
aminokyselinovych zbytkii je dle papainu. Prevzato a upraveno podle [36].

Cysteinové katepsiny jsou biosyntetizovdany jako prekurzory (preproenzymy) slozené ze
signalni sekvence, propeptidu a zralého enzymu [37]. Signalni sekvence zajist'uje transport
biosyntetizovaného proteinu pifes membranu endoplasmatického retikula a poté je
odstépena. Propeptid napoméha spravnému sbaleni enzymu a fizenému transportu do
cilovych kompartmenti (pfedev§im lysosomt, endosomil), pfiCemz ziistdvd navazan do
aktivniho mista zymogenu (proenzymu) a brani tak nezadouci proteolytické aktivité
enzymu [38]. Ze zymogenu je propeptid proteolyticky odstépen béhem aktivace bud’
pomoci jiné proteasy [39] nebo autokatalyticky [40;41]. Stavba propeptidu je jednim
z dilezitych rysi, kterymi se odliSuji katepsiny typu B, typu L a typu F [42;43]. Katepsiny
typu L maji delsi propeptid (vice nez 100 aminokyselin) a obsahuji charakteristickou

sekvenci ERFNIN. Katepsiny typu F se vyznacuji sekvennim motivem ERFNAQ.



Katepsiny typu B nemaji zadny z uvedenych sekvencnich motivli a délka propeptidu je
obvykle kolem 60 aminokyselin.

Zname¢ krystalové struktury cysteinovych katepsini vykazuji zna¢nou vzajemnou
podobnost a obsahuji charakteristické strukturni znaky modelové proteasy papainu [44].
Zraly aktivni enzym je protein o molekulové hmotnosti kolem 25-35 kDa, vyjimkou je
katepsin C, ktery tvofi tetramer o molekulové hmotnosti 200 kDa [45]. Molekula je
tvofena levou a pravou doménou, mezi nimiz je ulozena dutina aktivniho mista s
katalytickymi zbytky Cys25 a His159 (Cislovani papainu). Aktivni misto obsahuje pét
relativné dobfe definovanych vazebnych podmist, znacenych S3, S2, S1, S1” a S2°, do
kterych se vazi odpovidajici aminokyselinové zbytky substratu P3, P2, P1, P1" a P2’ (obr.
2) [46]. Proteasy rodiny papainu maji pomérné Sirokou substratovou specificitu, pro vazbu
substratu je urcujici zejména vazebné podmisto S2, ve kterém jsou preferovany velké
hydrofobni aminokyseliny. Substratova specificita pro jednotlivé enzymy byla detailné
studovana a je dostupna v databazich MEROPS (http://merops.sanger.ac.uk) nebo
BRENDA (http://www.brenda-enzymes.org). Mezi katepsinové proteasy patii hlavné
endopeptidasy, exopeptidasova aktivita nékterych proteas (katepsin H, B, C, X) je
dasledkem specifickych strukturnich elementli, které castecné blokuji nckterd vazebna

podmista [45;47;48].

enzym CysZg

4
§3 S2 S1 S1° S2 /s1
\

substrat Xy S3

1Y
Cys63

Stépena vazba

L doména R doména

Obr. 2. Krystalova struktura a popis aktivniho mista cysteinovych proteas rodiny papainu. U
cysteinovych proteas rodiny papainu je v aktivnim misté definovano pét vazebnych podmist. A,
Schematické znazornéni vazby jednotlivych aminokyselin peptidového substratu (P3, P2, Pl, P1’,
P2, fialové) do odpovidajicich vazebnych podmist enzymu (S3, S2, S1, S1°, S2’, Sedé). Prevzato a
upraveno podle [13]. B, Schematické znazornéni aktivniho mista cysteinovych proteas rodiny
papainu s prostorovym rozmistenim vazebnych podmist. Definovani podmist vychadzi z krystalovych
struktur proteas v komplexu s peptidovymi inhibitory navazanymi do aktivniho mista. Zobrazeny
jsou katalytické zbytky Cys25 a His159 a dale Cys22 a Cys63, které tvori disulfidicky miistek
(Cislovani papainu). Prevzato z [37]. C, Prostorova struktura papainu (Sede) s molekulou
inhibitoru E-64 (fialové) kovalentné navdazanou v aktivnim misté (PDB kod: 1PPP). Struktura je
rozdelena na levou a pravou doménu (L a R), uprostred které se nachdazi aktivni misto
s katalytickymi zbytky Cys25 a His159 (Zluté). Pripraveno pomoci programu Pymol.
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2.1.2.2. Regulace aktivity cysteinovych katepsini

Aktivita cysteinovych katepsini musi byt pifisné regulovdna, aby nedochazelo
k nekontrolované proteolyze, kterd mtize vyvolat fady patologii. Prvni regulace nastava uz
na urovni genové exprese a dale Fizenym transportem do cilovych kompartmentd bunky
[28]. Miize také dochazet k alternativnimu sestiihu mRNA transkriptli, coz ovliviiuje
rychlost proteinové exprese a vede k nezadouci extracelularni sekreci ¢i zméné cilového
kompartmentu [49;50].

Dal$im regulacnim mechanismem je proces aktivace zymogenii na aktivni enzymy.
Cysteinové katepsiny jsou syntetizovany jako neaktivni zymogeny (prokatepsiny),
ve kterych N-koncovy propeptid funguje jako pfirozeny intramolekuldrni inhibitor a
blokuje aktivni misto. Orientace propeptidu v aktivnim misté je opacna nez pii vazbé
substratu, ¢imz se zamezuje hydrolyze peptidové vazby [38]. Proteolytické odstranéni
propeptidu pfi aktivaci probihd bud’ autokatalyticky, nebo vyZzaduje ptfitomnost jiného
enzymu. Tuto aktivaci mohou ovliviiovat i parametry prostiedi jako pH a redoxni
potencial. Propeptid po odstépeni disociuje, je rozbalen a degradovan proteasami [51]. Jiz
béhem aktivace mlize byt propeptid Stépen na né€kolika riiznych mistech, coz snizuje jeho
inhibi¢ni funkci [41;52]. Inhibi¢ni schopnost a selektivita propeptidu pro danou proteasu
z n¢ho Cini nastroj pro vyvoj novych inhibitori [53]. In vitro miize uvolnény propeptid i po
odstépeni pusobit jako inhibitor aktivovaného enzymu [54], pficemz byla prokazana
castecna selektivita interakce propeptidu s rodi¢ovskym enzymem [55;56].

Aktivita katepsinll je regulovana pomoci pH. VétSina lidskych katepsind (s vyjimkou
katepsinu S [57]) m& pH optimum v mirn¢ kyselé oblasti a plnd aktivita je tak zajiSténa
hlavné v prostiedi lysosomil [58;59]. V neutralnim pH jsou lysosomalni katepsiny obvykle
rychle a ireversibilné degradovany, coz pfedstavuje kontrolni mechanismu pro potlaceni
jejich nezadouci proteolytické aktivity ptfi proniknuti do cytosolu [59]. Naproti tomu
mnoho parazitarnich cysteinovych katepsinli ma pH optimum v neutralni oblasti pH, coz
odpovida jejich roli v extracelularnich procesech jako je napt. invaze do bunék a tkani,
encystace a obrana pied imunitnim systémem hostitele [13;60].

Nov¢jsi studie ukazuji, ze aktivita i stabilita cysteinovych proteas mize byt modulovana
glykosaminoglykany (GAG), coz jsou sulfatované polysacharidy se silnym negativnim
nabojem piirozené se vyskytujici v extracelularni matrix a na povrchu bunék. GAG zvysuji

stabilitu katepsinu B v neutralnim pH [61], moduluji kolagenolytickou aktivitu katepsinu K
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[62] a plsobi jako alosterické modulatory na trypanosomalni katepsin L, brucipain [63].
GAG rovnéz urychluji autoaktivaci né€kolika cysteinovych katepsinii [64-67]

Nejveétsi moznost selektivni regulace poskytuji razné typy inhibitord. Cysteinové
katepsiny jsou inhibovdny zejména ptirozenymi makromolekularnimi proteinovymi
inhibitory zrodiny tyropind, cystatind, stefinl, kininogend, chagasinl, clitocypini,
macrocypind, Kunitzova typu a nékterymi serpiny [68-71]. Mezi nizkomolekularni
inhibitory izolované z pfirodnich zdroji patii leupeptin (Ac-Leu-Leu-Arg-H) nebo
epoxysukcinat E-64 (trans-epoxysukcinyl-L-leucylamido-4-guanidinobutan).

Vin vitro pokusech je E-64 Siroce pouzivany kovalentni ireverzibilni inhibitor
cysteinovych proteas a jeho objeveni zahgjilo vyvoj novych syntetickych derividtii. Byl
z n¢ho odvozen specificky inhibitor pro proteasy typu katepsinu B, CA074, a dalsi jeho
analoga [72]. Dalsi syntetické derivaty peptidii (tzv. peptidomimetika), které se pouzivaji
pro inhibici papainovych proteas in vitro jsou jednak inhibitory s reverzibilnim uc¢inkem
(peptidyl aldehydy, methylketony, nitrily) a dale inhibitory s ireverzibilnim piisobenim
(diazomethany, halomethylketony, acyloxymethylketony, epoxysukcinylové derivaty a
vinyl sulfony) [37]. Tyto inhibitory se li§i reaktivni skupinou, reakénim mechanismem a
specifitou vici riznym proteasam [73]. Chemicky reaktivni inhibitory jsou vyuzivany i pro
konstrukci znacCenych proteomickych prob tzv. “activity-based probes” pro detekci a
vizualizaci cysteinovych katepsini. Reaktivni Cast “activity-based probes” na bazi
inhibitoru se kovalentn¢ vaze do aktivniho mista enzymu aje propojena s detekéni
znackou (napf. fluorofor, biotin, radioizotop), ktera umoznuje néslednou detekei.
“Activity-based probes” jsou vysoce selektivni a slouzi k vizualizaci aktivnich
cysteinovych katepsini v komplexnich biologickych materidlech jako jsou tkanové

homogenaty, buniky nebo i celé organismy [74].

2.1.3. Katepsin B: biosyntéza, aktivita a inhibice

Katepsin B (EC 3.4.22.1) je hojné se vyskytujici cysteinova proteasa rodiny papainu. U
savcit je exprimovan téméi ve vSech tkanich a orgénech. V lysosomech byl nalezen ve
velmi vysokych koncentracich (az 1 mM) [75]. Kromé nespecifické lysosomalni degradace
proteinti se podili i na proteolytické upravé (processingu) jinych enzymu [76], antigenii
[77] ¢i prekurzori hormont [78]. Velky zdjem je o vyzkum katepsinu B hlavné v
souvislosti s riznymi patologickymi stavy jako je revmatoidni artritida [79], osteoartr6za

[80] a rtizné druhy rakoviny, kdy je vétSinou spojovan se stadii progrese a invaze tumort
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[81-83] a je povazovan za prognosticky marker [84;85]. V nadorové tkani je zvySena
exprese katepsinu B, je sekretovan z bunék [86;87] a podili se na degradaci extracelularni
matrix [88]. Katepsin B uvolnény z lysosomt do cytosolu miize spoustét apoptosu [89;90].

U rostlin se katepsin B ucastni obrannych mechanisml spojenych s invazi patogen
a procesu starnuti rostlin [91;92]. Proteasy typu katepsinu B jsou také vyuzivany tadou
paraziti pro zajisténi zdkladnich metabolickych funkci (traveni potravy a piijem Zivin) a
interakci mezi hostitelem a parazitem (invaze do hostitele, migrace tkdnémi, obrana pied
hostitelskym imunitnim systémem) [93]. Katepsin B vyuzivaji napf. paraziticti prvoci
(Trypanosoma [94], Leishmania [95], Toxoplasma [96]), motolice (Schistosoma [20],
Trichobilharzia [97], Fasciola [98;99]), hlistice (Necator [100], Ancylostoma [101]) ¢i
Clenovci (Ixodes [102]). Tato prace se zabyva katepsinem B1 z krevnic¢ky S. mansoni,
oznacovanym SmCBI, ktery hraje klicovou roli v traveni parazita [21].

Zakladni informace o struktufe a aktivaci katepsinu B byly ziskany pro sav¢i enzymy.
Stejn¢ jako ostatni proteasy rodiny papainu je katepsin B syntetizovdn jako preproenzym.
Propeptid lokalizovany na N konci proenzymu se vaze po celé délce aktivniho mista, ¢imz
blokuje aktivitu proteasy a ptsobi jako intramolekularni inhibitor. U lidského prokatepsinu
B je propeptid tvoifen 62 aminokyselinami [103]. Po odStépeni je propeptid Gcinny a
znacné selektivni inhibitor zralého katepsinu B [55]. Komplex enzymu s propeptidem je
stabilni v neutrdlnim pH [54], ale disocia¢ni konstanta komplexu se zvySuje v kyselé
oblasti pH. K aktivaci proteolytickym odstépenim propeptidu dochazi autokatalyticky
v kyselém prostredi lysosomd, ale neni vylouceno ani piisobeni jiné proteasy [40;104].

pH optimum in vitro autoaktivace savcich katepsinti B je kolem 4.5 [65;105] a jedna se
ziejme o kombinaci unimolekularniho a bimolekularniho procesu [106]. Predpoklada se, ze
pii niz§im pH, kdy je interakce mezi propeptidem a enzymem zeslabena [55;107], dojde
k ¢astecnému uvolnéni propeptidu z aktivniho mista, ¢imz vznikd prokatepsin B se
stopovou katalytickou aktivitou. Tato konforma¢ni zména je unimolekuldrni proces. Dalsi
krok je bimolekularni, kdy ¢astecné aktivni prokatepsin B mlize odStépit propeptid druhé
molekuly proenzymu za vzniku zralého katepsinu B. Ten je pak schopen aktivovat dalsi
molekuly proenzymu [106]. Pfesny popis tohoto schématu je v soucasné dob¢ stale znacné
hypoteticky, zatim nebyla jednoznacné dofeSena fada aspektli vCetné existence a tlohy
velmi nestabilnich intermediati béhem procesu aktivace. Proces autoaktivace lidského
katepsinu B in vitro je usnadnén v pfitomnosti glykosaminoglykant, které indukuji

konformacéni zmény a konvertuji prokatepsin B na lepsi substrat pro aktivni katepsin B
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[64]. Aktivace pomoci glykosaminoglykani miize probihat i pfi vyssim pH (kolem 6.5)
[65].

Zraly katepsin B z rtiznych biologickych druhti je monomer o molekulové hmotnosti 24-
27 kDa. U sav¢ich katepsinit B byva plisobenim legumainu vystépen dipeptid v pozici 48-
49 aktivniho enzymu [108] a molekula je pak tvofena dvéma fetézci propojenymi
disulfidickymi miustky. Struktura katepsinu B vykazuje klasické znaky proteas rodiny
papainu, rozdil je v pfitomnosti unikdtni smycky tzv. “occluding loop” v levé doméné
proteasy, tvotfené inzerci asi 20 aminokyselin, ktera se u jinych proteas této rodiny
nevyskytuje (obr. 3) [47]. V soucasnosti je v PDB databazi uloZzeno 26 rentgenovych
struktur sav€ich katepsinti B (lidskych, hovézich a krysich), ztoho 4 jsou struktury
proenzymu a 22 struktur aktivniho enzymu nebo jeho komplexu s nizkomolekularnimi
nebo piirozenymi proteinovymi inhibitory. Rovnéz byla vyfeSena struktura proenzymu a 2
struktury aktivovaného katepsinu B parazita Trypanosoma brucei. Tato dizertani prace
prispiva 6 novymi strukturami katepsinu B z krevnic¢ky Schistosoma mansoni k pochopeni

inhibi¢niho a aktivaéniho mechanismu.
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Obr. 3. Krystalovd struktura lidského katepsinu B. Cast katepsinu B odpovidajici zralému enzymu
je zobrazena Sedym stuzkovym modelem. Zvyraznény jsou smycka “occluding loop” (oranzoveé)
s dveéma histidinovymi zbytky (hnede), katalytické zbytky Cys29 a His199 (Zluté). Viechny molekuly
Jsou ve stejné orientaci; pozice smycky “occluding loop” se méni pri vazbé riznych strukturnich
elementii do aktivniho mista. A, Struktura proenzymu s propeptidem navdazanym do aktivaniho mista
(zelené); PDB kod: 3PBH. B, Struktura aktivniho enzymu s kovalentné navazanym malym
syntetickym inhibitorem CA030 (rizove); PDB kod: 1CSB. C, Struktura zralého katepsinu B
v komplexu s proteinovym inhibitorem stefinem A (tyrkysové); PDB kod: 3K9M. Obrazky byly
pripraveny pomoci programu Pymol.

Z hlediska aktivity jsou savei katepsiny B komplexnimi proteasami, protoZze mohou
zastavat funkci jak endopeptidasy, tak exopeptidasy [58]. Exopeptidasova aktivita je

umoznéna smyckou “occluding loop”, kterd interaguje s aktivnim mistem a stericky
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blokuje vazbu substratu za S2” podmistem, ¢imz zarucuje peptidyldipeptidasovou aktivitu
(odstépovani dipeptidit z C-konce substratu). Dva histidinové zbytky pfitomné na smycce
jsou dulezité pro jeji funkci, His110 vytvari interakce, které stabilizuji pozici smycky, a
His 111 pomaha ukotveni C-koncového karboxylu P2” substituentu substratu (obr. 3, str.
14). Smycka je flexibilni v zavislosti na pH, coz je rovnéz regulovdno His110 a Hisl111
[107;109]. Pti nizkém pH jsou tyto zbytky protonované a smycka se vaze do aktivniho
mista. Pfi vy$Sim pH deprotonace histidint zplisobuje pohyb smycky mimo aktivni misto a
katepsin B mtiZze vazat substrat po celé délce aktivniho mista a Stépit v endopeptidasovém
modu [47].

Sav¢i katepsiny B vykazuji hydrolytickou aktivitu 1 stabilitu v slabé kyselém prostiedi,
PpH optimum je 5.0-6.0 (v zavislosti na substratu) [58;110]. Endopeptidasova aktivita
s malymi syntetickymi substraty byla detekovana i pfi vysSich pH (maximalni hodnoty
mezi 7.5 az 8) [111], ale nad pH 7 je katepsin B nestabilni a ireverzibiln¢ degraduje
[58;112]. Katepsin B jako cysteinova proteasa vyzaduje pro svou maximalni aktivitu
reduk¢ni prostiedi (napt. v aktivitnich testech piitomnost dithiotreitolu ¢i cysteinu spolu s
EDTA), jinak dochazi k oxidaci katalytického cysteinu a inaktivaci enzymu [113].

Substrdtova specifita sav¢ich katepsinli B je urcena zejména S2 podmistem, kde stejné
jako fada ostatnich proteas rodiny papainu preferuje velké hydrofobni aminokyseliny
[114], ale na rozdil od ostatnich zde akceptuje i arginin [115]. Selektivita ostatnich
vazebnych podmist neni tak striktni, nicméné¢ byla dokazana jista preference pro pozitivné
nabité¢ a alifatické zbytky na pozici P1 [116-118], aromatické a hydrofobni zbytky na
pozici P3 [119], aromatické a vé&tsi alifatické zbytky v pozici P1" [120] a aromatické
zbytky v pozici P2 [121]. In vitro jsou pro katepsin B bézn¢ pouzivané malé syntetické
substraty Z-Phe-Arg-AMC a vice selektivni Z-Arg-Arg-AMC. Katepsin B je in vitro
schopen hydrolyzovat slozky extracelularni matrix laminin, kolagen typu IV, fibronectin a
tenascin C [122-124].

Specifickymi ireversibilnimi inhibitory pro katepsin B jsou CA074 (N-(L-3-trans-
karboxyoxiran-2-karbonyl)-L-isoleucyl-L-prolin) a jeho derivaty, které byly vytvofeny
modifikaci neselektivniho inhibitoru cysteinovych proteas E-64 s epoxidovou reaktivni
skupinou [72]. Krystalové struktury katepsinu B s CA074 a derivaty [125;126] potvrdily,
ze karboxylova skupina prolinu interaguje s histidiny His 110 a Hisl1l na smycce
“occluding loop” stejné jako v ptipad¢ vazby substratu. Katepsin B je inhibovan i velkymi

proteinovymi inhibitory cysteinovych proteas jako jsou napf. cystatiny, stefiny a
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chagasiny, ale afinita téchto inhibitord je mensi nez u jinych cysteinovych proteas diky
sterické zabrané aktivniho mista smyckou “occluding loop”. Krystalové struktury
komplexti katepsinu B s chagasinem [127] a stefinem A [128] ukazuji, Ze vazba vétSich

inhibitort je mozna diky konformacni flexibilité smycky “occluding loop” (obr. 3, str. 14).

2.2. Parazitické krevnicky a onemocnéni schistosoméza

2.2.1. Taxonomické zarazeni krevnic¢ek

Rod krevnicka (Schistosoma) se taxonomicky Fadi do kmene plosténct (Platihelminthes),
ttidy motolic (Trematoda), podtiidy dvourodi (Digenea), taddu Strigeatoidea, celedi
krevnickoviti (Schistosomatidae). Dvourodi z tfidy motolic jsou jednou z nejrozsifengjSich
skupin paraziti ohrozujici vSechny tfidy obratlovcii a zasahujici fadu jejich tkdni. Mnoho
druhtt vyvolava ekonomické problémy zplsobené infekci domestikovanych zvitat, jiné
jsou vysoce vyznamné z hlediska humanni mediciny. Jedna se o endoparazity se slozitym
alesponi dvouhostitelskym zivotnim cyklem, kdy prvnim hostitelem je vzdy mekkys [129].

Krevnicka byva fazena spolecné napt. s tasemnicemi (Cestoda) a hlisticemi (Nematoda)
do skupiny helmintii (Helminthes). Helminti netvofi zoologicky taxon; nazev se uziva pro
velmi riznorodou skupinu organismt, dfive oznaCovanou jako paraziticti ¢ervi. Helminti
sdruzuji fylogeneticky a ontogeneticky variabilni a nepfibuzné skupiny organismt, které
jsou vyznamnymi ptivodci lidskych parazitdz a zoondz, tzv. helmintoz [130].

Je zndmo nejméné 5 druha krevnicek, které mohou parazitovat na lidech Schistosoma
mansoni (krevnicka stfevni), S. haematobium (krevnicka mocovd), S. japonicum
(krevnicka jaterni), S. mekongi a S. intercalatum, znichz nejbéznéjsi jsou prvni tfi
zminované druhy [5]. Krevnicky rodu Schistosoma obyvaji tropické a subtropické oblasti
svéta (tab. 1, str. 17 a obr. 6, str. 20). S. mansoni se vyskytuje v Africe, na Stiednim
vychod¢, nékterych Karibskych ostrovech, v Brazilii, Venezuele a v Surinamu, S.
Jjaponicum je rozsifena v Cing, Indonésii a na Filipinach a S. haematobium se vyskytuje
v Africe a na Stfednim vychodé. V naSich zemépisnych Sitkach mitizeme nalézt nékteré

druhy z ¢eledi krevnickoviti parazitujici na ptacich (rod Trichobilharzia).
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Tabulka 1
Prehled medicinsky nejvyznamnéjsich druhu  parazita krevnicky zpusobujicich lidskou
schistosomozu. Upraveno podle [131] a [5].

Lokalizace dospélé Zpisob . .
.y Oy oy sy s « .. Mezihostitel
Druh krevni¢ky | Geograficka distribuce | krevni¢ky v lidském vylucovani ;1
- .oy (vodni plz)
hostiteli vajicek
Urinalni schistosomé6za
S. haematobium | Afrika, Stfedni vychod vezikularni cévy moci rod Bulinus
Intestinalni schistosomodza
Afrika, Stfedni vychod,
. Karibskeé ostrovy, . . - . .
S. mansoni o cévy mezenteria stolici rod Biomphalaria
Brazilie, Venezuela,
Surinam
. Destné pralesy centralni , . ., .
S. intercalatum . cévy mezenteria stolici rod Bulinus
Afriky
. . Cina, Indonésie, . . ., .
S. japonicum o, cévy mezenteria stolici rod Oncomelania
Filipiny
. Nékteré ¢asti Kambodze . . ., .
S. mekongi a Laosu cévy mezenteria stolici rod Tricula

2.2.2. Morfologie a Zivotni cyklus krevnicek

Zivotni cyklus krevnicky probiha ve dvou hostitelich (obr. 4, str. 18) a jednotliva vyvojova
stadia prodélavaji vyrazné morfologické a fyziologick¢é zmény (obr. 5, str. 19).
Definitivnim hostitelem je Clovék, ve kterém probihd pohlavni rozmnozovéni a tvorba
vajicek. Lihnuti vaji¢ek je vdzadno na vodni prostfedi a nepohlavni rozmnozovani parazita
probiha v mezihostiteli, kterym je tropicky sladkovodni plz.

K infekci ¢loveéka dochézi pti kontaktu lidské kiize s kontaminovanou vodou, ve které se
nachazeji infek¢ni stadia krevnicky, cerkarie (obr. 5A, str. 19). Cerkarie ma ovalné télo
(300 x 70 um) a charakteristicky rozdvojeny ocasek [132]. Vyhledava hostitele na zakladé
latek obsazenych v kazi hostitele (arginin, kyselina linolova, ceramidy) a pomoci sekreti
vyloucenych penetracnimi zlazami (enzyma a mucinll) je schopna pfichyceni a naruSeni
neposkozené kize ¢loveka [133;134]. Pii penetraci kizi ztraci cerkarie ocasek a méni se ve
stadium zvané schistosomula (obr. 5B, str. 19). Po priniku tkanémi se dostavaji
schistosomuly do krevniho fecist€¢ a krevnim ob&éhem do plic, do srdce a do portalni Zily,
kde ziskavaji ziviny z portalni krve a dochazi k jejich ristu a vyvoji v dospé€lé krevnicky.
Za 3-4 tydny po infekci se dospéli Cervi sparuji (obr. 5C, str. 19) a samecek ptenasi
samicku do cév mezenteria obklopujicich stfeva (S. mansoni a S. japonicum) nebo do cév

urogenitalniho traktu (S. haematobium), kde samicka klade vajicka. Za den mize samicka
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vyprodukovat stovky az tisice vaji¢ek (obr. 5D, str. 19) [5]. Vajicka pronikaji ptes sténu
cévy, tkdn¢ a mukoézu stfeva nebo mocového méchyie a jsou vyloucena moci (S.
haematobium) nebo stolici (S. mansoni, S. japonicum). Néktera vajicka se mohou zachytit
ve tkanich a jsou potom hlavnim patogennim agens schistosomozy.

Pti kontaktu s vodou se vaji¢ko vylihne a uvolni se obrvend larva miracidium (obr. 5E,
str. 19). Miracidium vyhledd na zdkladé chemickych a svételnych stimuli specifického
hostitelského plze (tab. 1, str. 17), penetruje jeho kizi, ztraci obrvenou epidermis a vyviji
se v matefskou sporocystu, ktera dava vznik dcefinym sporocystam. Ty migruji do
travicich zlaz plze, kde nepohlavnim rozmnozovanim vznikaji tisice novych sporocyst a
v urCité fazi dochazi k produkei larev cerkarii. Cerkarie opousti télo plze asi 4 tydny od
infekce a jeji uvolnéni je stimulovano svétlem [5]. Nepohlavni rozmnozovani umoznuje
namnozeni parazita a zvySuje jeho Sanci na infikovani definitivniho hostitele [7]. Jeden plz

infikovany jednim miracidiem muze produkovat tisice cerkarii kazdy den [5].

infekani larva e
cerkarie se uvolni do definitivni hf:St'EiI i
. vody clove

béhem vyvoje v ’ cerkirie
pizi vznikaji dvé @ b&hem penetrace
gegreorscset sporocysta kuzi se cerkarie méni
P y i na schistosomulu
schistosomula
schistosomula se dostava
krevnim ob&hem do jater, kde
se vyviji v dospélou krevni¢ku
miracidium miracidium dospéla krevnicka |
mezihostitel  penetruje do | f
_vodni plz plze sparovani dospéli ¢ervi obyvajl i

tenké stfevo (S. mansoni)
vajicko

- tlusté stifevo (S Japonicum) !
larva miracidium se lihne @ urogenitalni trakt (S. haematobium) |

ve vodé z vaji¢ka
vajicko je vylouceno

moci nebo stolici

Obr. 4. Zivotni cyklus parazita krevnicky. Detailni popis cyklu je v textu. Prevzato a upraveno
podle [135].

Morfologie dospélé krevnicky. Dospélé krevnicky jsou drobni Cervi valcovitého tvaru o
délce 10-26 mm a Sifce 0.5-1 mm zijici v krevnich cévach ¢loveka. Jsou to gonochoristé

s vyraznym pohlavnim dimorfismem. Samicka je delsi a $tihlejsi a je permanentné ulozena
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v podélné ryze (canalis gyneacophorus) na bfisSni strané samecka, kde probiha kopulace
(obr. 5C). Povrch parazita je pokryty vrstvou tzv. tegumentu, ktery chrani pfed imunitnim
systémem hostitele a podili se na pfijmu potravy. VEtSina potravy je pfijimana ustnim
otvorem obklopenym ustni piisavkou pro uchyceni na sténu cévy, pobliz které se nachézi
jesté druhd bfisni pfisavka (acetabulum) [129]. Primérnd doba Zivota dospélé krevnicky je

3-5 let, ale nékdy mohou zit v cévach ¢loveka az 30 let [5].

Obr. 5. Vyvojova stadia parazita krevnicky. A, Infekcni larva cerkarie. B, Larva schistosomula. C,
Par dospélych krevnicek, které se vyskytuji v cévach cloveéka. Samicka je drobnéjsi a je ulozena
v canalis gyneacophorous na brisni strané samecka. Dobre patrny je tmavy pigment hemozoin ve
strevé samicky, ktery vznika degradaci hemu. Poskytl Dr. C. Caffrey. D, Vajicko krevnicky S.
mansoni s charakteristickym lateralnim trnem. E, Vylihnuta obrvena larva miracidium. Prevzato z
[136,137,:138].

2.2.3. Schistosoméza: symptomatika a patogeneze
Schistosomoza je tropickd nemoc vyvolana parazitickymi krevniCkami rodu Schistosoma.
Nékdy je podle svého objevitele Theodora Bilharze nazyvana téz bilharzidza [139]. Je to
svété nakazeno pres 200 milionu lidi a vice nez 600 miliona je v ohroZeni ndkazou [1-4].
Schistosomoéza je endemicka v 78 zemich svéta, pfi¢emz ptiblizné 97% vSech nakaZenych
se vyskytuje v oblastech Afriky (obr. 6A, str. 20) [2;140]. Onemocnéni je rozSifené
v tropickych a subtropickych oblastech, zejména v chudych castech bez piistupu
k bezpecné pitné vode a s nedostacujicimi hygienickymi podminkami. Zakladani novych
zavlazovacich ploch a ptehrad a globalni oteplovani mohou vést k rozsiteni schistosomozy
do zatim neendemickych oblasti [4;141].

Schistosomoza se tadi mezi tzv. opomijené tropické nemoci (“Neglected Tropical
Diseases” [142]), skupinu chronickych infekci zpisobujicich postizeni a nasledné 1

zhorSeni socidln¢ ekonomickych podminek predevsim v extrémné chudych venkovskych
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oblastech nebo znevyhodnénych méstskych populacich [143-145]. Dostupnost 1éCby a

potlaceni nemoci stale neni dostatecné a pocet infikovanych lidi neni trvale redukovan [3].

Prevalence (%) ;
bez vyskytu 8y TR
I vyskyt eliminovan 1 A
<1.0
1.0-99
10.0-249
I 25.0- 499

B =500 L: = s

Obr. 6. Schistosomoza. A, Mapa zachycujici rozsireni onemocnéni. Prevzato a upraveno z [140].
B, Nakazeny schistosomozou se symptomem ascites - hromadenim tekutiny v brisni dutiné.
Prevzato z [146].

Patogeneze u onemocnéni schistosomodza je zpusobena vajicky a lidskou imunitni reakei
na n¢ spiSe nez samotnymi parazity pfitomnymi v cévach €loveka. Pribéh nemoci se da
rozdélit na tii faze, které souvisi s vyvojem parazita: migracni, akutni a chronickou.
Migracni faze zahrnuje obdobi od penetrace cerkarie do vyvoje v dosp€lé schistosomy a
produkce vaji¢ek. Tato faze je Casto bez priznakil, mize se objevit vyrazka v misté priniku
cerkarie. Akutni faze (n¢kdy zvané Katayamska horecka) nastava 4-10 tydnli po pocatku
infekce, kdy schistosomy zacinaji produkovat vajicka. Symptomy jsou vyvolané imunitni
odpovédi na antigeny produkované vajicky a zahrnuji horecku, nevolnost, inavu, bolest
hlavy, bolest svali. Typicka je eosinofilie a zvétSena jatra a slezina. Vajicka, kterd maji
charakteristicky trn, opoustéji t€lo s moci (S. haematobium) nebo stolici (S. japonicum, S.
mansoni) a mohou zpusobovat hematurii nebo krvacivy prijem. Chronicka faze byva opét
Casto bez ptiznakt, ale v téle se zacinaji projevovat vyrazné patologie. Vajicka, kterd jsou
zachycena ve tkanich rGznych organl, vyvolavaji zanétlivé imunitni reakce, coz vede
k tvorbé granulomi. Po opakovanych zanétech se mnozstvi granulomi zvétsi natolik, ze
organy kalcifikuji a dochazi k poSkozeni jejich funkce [129]. U intestinalni schistosomoézy
(zptsobené S. mansoni a S. japonicum) je zasazeno hlavng tlusté stfevo a jatra, dochazi
k portalni fibr6ze a mlze vznikat ascites (hromadéni tekutiny v bfisni dutiné, obr. 6B) a

nadory. U urogenitalni schistosomoézy (zplisobené S. haematobium) je zasazen urogenitalni
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trakt a onemocnéni miize byt spojeno se vznikem rakoviny a neplodnosti [6]. Nektera
vajicka se mohou dostat krevnim obéhem i do dalSich organti, kde plisobi patologie.
Diagnoza schistosomodzy se vétSinou stanovuje na zékladé mikroskopické identifikace
vajicek v moci nebo stolici. V oblastech postizenych schistosomdzou je dulezitd prevence,
ktera spocivd v kontrole kvality vody, v celkovém zlepSeni Zivotnich a hygienickych
podminek, preventivni 1écb¢ dostupnymi léky a kontrole a likvidaci mezihostitelskych

vodnich plza [140].

2.2.4. SoucCasna lécba schistosomoézy a nové sméry vyvoje Iéki

Proti schistosomo6ze v soucasnosti neexistuje zddnd ockovaci latka, pro 1écbu se dnes
pouziva téméi vyhradné praziquantel (obr. 7). Praziquantel je U€inny proti vS§em druhiim
krevniCek, je dobfe snasSen s minimalnimi vedlejSimi ucinky, nizkou toxicitou a nizkou
cenou (cca 0,2 USD na lécbu jednoho ditéte) [7]. Praziquantel zplisobuje tetanické stahy
svaloviny dospélych Cervil, coz vede k jejich uvolnéni od stény cévy a migraci do jater.
Navic dochéazi k poskozeni a vakuolizaci tegumentu a k expozici antigenli na povrch
parazita [7;147]. Pfesny mechanismus ucinku praziquantelu neni znadmy, predpoklada se
souvislost interakce praziquantelu s Ca®* kanaly krevni¢ek [148]. Hlavni nevyhodou
praziquantelu je, Ze plsobi pouze na dospélé krevniCky, ale neméd Zzadny vliv na
schistosomuly a vajicka. V prabéhu prvnich 21 dni infekce tedy neni u¢inny, 1éCba byva
kombinovana s kortikosteroidy, které¢ potlac¢i symptomy akutni faze. Je mozna kombinace
praziquantelu s lékem artemisininem, coz je antimalarikum, které je ucinné proti
nedospélym cerviim krevnicky [149]. Tato kombinace vSak vede ke sniZeni efektu
praziquantelu na redukci vajicek [150] a zaroven se nedoporucuje plosné uzivani
arteminisinu v endemickych oblastech kvili moznému vyvoji rezistence v parazitické

zimnicce (Plasmodium) zpisobujici malarii [5].

Obr. 7. Strukturni vzorec ucinné latky v lécivu praziquantel.
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S ohledem na to, ze praziquantel je jediny ucinny 1€k a nepfetrzité se pouziva uz vice nez
20 let, stdle narGstaji obavy zvyvoje rezistence [8]. Pfipady nizké citlivosti viici
praziquantelu jiz byly zaznamenany [9-11] a v laboratornich podminkach na mySich se
rezistenci podaftilo vyvolat [12]. Proto se uz nyni zamétuje pozornost na hledani novych
1€ka ¢i vakcein.

Vyvoji vakcin je vénovano velké Usili, hlavné proto, ze infekci je v pocatecnich stadiich
velmi té¢zké odhalit vzhledem k ¢astému nesymptomatickému pribéhu a nez je zapocata
1é¢ba, miize jiz dojit ke vzniku vaznych patologii. Nékolik potencidlnich antigent bylo
kandidat na vakcinu je rekombinantni glutathion-S-transferasa Sh28GST (bilhvax,
Eurogenentech, Belgie) pro urinarni schistosomézu. Vakcina je nyni ve tfeti fazi
klinickych studii [151]. Vyvoj vakcin ztstava stale velkou vyzvou [152;153], protoze
dospé€lé krevnicky jsou na Zzivot v krevnim fecisti Clovéka velmi dobie adaptované
(ptezivaji zde az 30 let) a maji dobfe vyvinuté strategie pro Unik lidskému imunitnimu
systému [154].

Stale se tedy zda byt snazsi vyvej novych chemoterapeutik, ktery se snazi ubirat novym
smérem. Dodnes pouzivané léky pochazeji z vyzkumnych programli zaloZenych na
testovani riznych latek bez znalosti cilovych molekul nebo mechanismu pisobeni dané
latky [8]. Nyni se vyzkum zamétuje hlavné na porozuméni biochemie parazita a jeho
molekularnich drah a na hledani cilovych molekul, zasadnich a unikatnich pro parazita,
jejichz zablokovani by pro n¢ho bylo letdlni. Do této oblasti spadaji také inhibitory
travicich proteas krevnicek jako je katepsin Bl [23]. Pro zjiStovani Gc¢innosti novych
inhibitor nebo pro RNAi pokusy je v soucasnosti k dispozici U¢innd metoda in vitro
testovani na larvach schistosomula uchovavanych v kultivacnich médiich a vyhodnocovani
zmény fenotypu. Tato metoda muze byt dnes jiz ¢asteCné automatizovana a umoznuje

efektivni testovani riznych latek [155].

2.3. Proteolyticky systém krevniéky Schistosoma mansoni

Proteolytické enzymy hraji v zivoté paraziti velmi dilezitou tlohu. Krevnicka je vyuziva
ve vSech svych vyvojovych stadiich a to zejména pfi interakci s hostitelem. Maji klicovou
roli v procesech invaze do hostitele, migrace tkdnémi, degradace krevnich proteinli pfi

traveni, prekondni imunitniho systému hostitele a aktivace a modulace zanétu [13].
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2.3.1. Genom a degradom S. mansoni

V roce 1994 bylo zahajeno sekvenovani jaderného genomu krevnicky S. mansoni s cilem
1épe pochopit biologii a fyziologii krevnicky a vyhledavat geny pro cileny vyvoj
raciondlnich 1€kt ¢i vakcin. Sekvenovani bylo dokonceno v roce 2009 [156], transkripcni a
sekvenacni data byla dale v roce 2012 upravena a rozsifena na udaje pro riizna vyvojova
stadia (cerkarie, schistosomula, dospéla krevnicka) [157] a jsou nyni k dispozici ve
vefejnych databazich SchistoDB (www.schistodb.net) a GeneDB
(http://www.genedb.org/Homepage/Smansoni). Genom krevnicky je asi desetkrat vétsi nez
genom parazitickych prvoki, je tvofen 360 Mb a obsahuje 10852 genti kddujicich proteiny,
81% genomu se podafilo pfifadit na chromozomy [157]. Pro S. mansoni je rovnéz
osekvenovany mitochondrialni genom [158], ktery ma vyznam hlavné pro mezidruhové
porovnani a epidemiologické studie [159;160].

V genomu S. mansoni bylo identifikovano 335 sekvenci proteas, coz ¢ini 2.5% genomu.
Byly vném nalezeny sekvence zastupct pécti tiid proteas (aspartatove, cysteinove,
serinové, threoninové a metaloproteasy). Procentudlni zastoupeni jednotlivych tiid je
znacné podobné jako v genomu clovéka. Nejvyraznéjsim rozdilem je u krevnicky mensi
zastoupeni enzymi rodiny S1 chymotrypsinu, které se u c¢lov€ka podili na vysoce
komplexnich a regulovanych proteolytickych kaskadach jako je napft. srdzeni krve (16 u
krevnicky oproti 135 u ¢loveka) [161]. Oproti tomu ma krevnicka vice ¢lenti cysteinovych
proteas rodiny C1, které se ucastni predevsim traveni krevnicky. Bylo identifikovano 15
zastupct této rodiny, z ¢ehoz 8 ma konzervativni doménu katepsinu B [162]. V genomu
bylo rovnéz nalezeno 34 proteasovych inhibitorti v€etné cystatinil - proteinovych inhibitor

cysteinovych proteas [156].

2.3.2. Travici systém a travici proteasy S. mansoni
Dospivajici larvy schistosomula a dospé€lé krevnicky ziji v cévach Clovéka a ziskavaji
ziviny nezbytné pro rist, vyvoj, rozmnozovani a produkci vaji¢ek rozkladem krevnich
proteinii obsazenych v ¢ervenych krvinkach a krevnim séru. Ve stievé krevnicky jsou
krevni proteiny (zejména hemoglobin) degradovany travicimi proteasami [20].

Travici soustava krevnicky zacind ustnim otvorem obklopenym silnou ustni ptisavkou,
kterou se krevnicka uchycuje na stény cévy. Pokracuje parové stievo, které se spojuje asi
v polovin¢ délky Cerva a pokracuje jako jedna trubice. Travici trakt je slepy a nestravené

zbytky potravy jsou prabézné vyvrhovany zpét do krve hostitele [5]. Odhaduje se, Ze
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dospély samecek je schopen piijmout desitky tisic erytrocytil za hodinu, samicka, kterd ma
vetsi energetické vydaje spojené s produkci vajicek, muize pfijmout az stovky tisic
erytrocytii za hodinu [163]. Cast potravy je ziejmé rovnéZ pfijimana povrchem téla.

Rozklad erytrocytit zaCina v jicnu (esophagus), mechanismus hemolyzy neni piesné
znamy. Hemoglobin uvolnény z cervenych krvinek se dostdva do stfeva, kde je
degradovan kaskddou endopeptidas a exopeptidas, nejprve na oligopeptidy, a dale na
dipeptidy a jednotlivé aminokyseliny, které jsou vyuzity parazitem. Ve stfevé krevnicek
byly identifikovany pomoci imunochemickych a biochemickych metod cysteinové
proteasy rodiny papainu katepsin B1 (SmCB1), katepsin L1, L2 a L3 (SmCL1-3) a
dipeptidylpeptidasa 1 (katepsin C, SmCC), cysteinova proteasa klanu CD
asparaginylendopeptidasa (legumain, SmAE), aspartatova proteasa katepsin D (SmCD) a
metaloproteasa leucylaminopeptidasa (SmLAP) [14-21]. AZ na SmLAP jsou vSechny tyto
enzymy syntetizovany jako neaktivni zymogeny, které se aktivuji na zral¢ aktivni enzymy
bud’ autoaktivaci v kyselém pH nebo piisobenim jinych proteas.

Role jednotlivych travicich enzymiit (SmCB1, SmCL, SmAE a SmCD) v kaskadé stépeni
hemoglobinu a sérového albuminu byla zkoumédna pomoci specifickych inhibitora
jednotlivych tiid proteas v kombinaci s RNAi [21]. Plsobeni cysteinovych a aspartatovych
proteas na hlavni proteinové substraty je kooperativni a je schematicky zndzornéno na obr.
8 na str. 25. Hemoglobin je v prvni fazi efektivné St€pen pomoci SmCD, s pfispénim
SmCB1 a SmCL. Cysteinové endopeptidasy (SmCB1, SmCL) dale degraduji produkty
vzniklé podateénim $tépenim. Stépeni dokonluje exopeptidasova aktivita SmCBI1 a dale
exopeptidasy SmCC a SmLAP. Pfi §tépeni albuminu se v pocatecni fazi uplatituje nejvic
SmCBI s ¢astecnou redundanci SmCD. Déle jsou fragmenty albuminu S§tépeny pomoci
endopeptidas SmCD, SmCB1 a SmCL. Stépeni je opét dokonéeno pomoci exopeptidas
jako u hemoglobinu. Role SmAE v celém procesu je ziejmé v aktivaci SmCB1 a/nebo ve
specifické limitované proteolyze substratu s pfimou synergii s katepsiny.

Otazkou stale zistava, kde presné k procesu traveni dochazi. Uvniti stfeva bylo
stanoveno pH 6.0-6.4 [14], ale pH optimum degradace hemoglobinu a albuminu je nizsi,
kolem 4.0 a v pH 6.0 je degradovano jen asi 40% obou proteini [21]. To naznacuje
moznost traveni v diskrétnich kompartmentech v gastrodermis nebo v luminalnich
“kapsach” uvnitf stfeva, které zajiSt'uji kyselé prostiedi pro traveni krevnich proteinii a kde

byly travici proteasy lokalizovany [14;21].
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Proteolytickd degradace hemoglobinu zplsobuje uvolnéni hemu, prostetické skupiny,
ktery je pro parazita toxicky. Krevnicka, stejné jako jini hematofagni parazité, detoxifikuje
hem pfeménou na tmavé hnédy krystalicky pigment hemozoin, ktery se akumuluje ve
sttevé krevnicky a je prubézné vyvrhovan [7;164].

Podobnd proteolyticka kaskdda degradace hemoglobinu zahrnujici cysteinové a
aspartatové proteasy jako u S. mansoni byla nalezena i u jinych hematofagnich paraziti
jako jsou klistata (Artropoda), méchovci (Nematoda) nebo zimnic¢ky (Protozoa), ale
vyrazn¢ se liSi od traveni obratlovcli, kterého se ucastni zejména serinové proteasy
[13;165;166]. Identifikace kli¢ovych enzymd, které zabezpecuji degradaci hostitelskych
proteinti a tim i pfeziti parazita, je dilezitd jak pro pochopeni biologie parazita, tak pro
vybér vhodnych cilovych molekul pro racionalni a biospecificky design novych 1ékt proti

schistosomoze.

Hemoglobin Albumin @

SmCD / SmcB + SmCL SmCB + smcCL / SmcD

Velké fragmenty

SmCB + SmCL @ SmCB + SmCL + smcD

Peptidy
SmCC + SmCB + SmLAP SmCC + SmCB + SmLAP
» »a Al s a

v vy = A 4
Dipeptidy (a aminokyseliny)

Obr. 8. Schéma degradace krevnich proteinii pomoci travicich proteas krevnicky S. mansoni.
Dva hlavni proteiny hemoglobin (vievo) a albumin (vpravo) jsou pomoci travicich proteas
postupné Stépeny na velké fragmenty, mensi peptidy a absorbovatelné dipeptidy/aminokyseliny.
Modpre jsou zvyraznény exopeptidasy, cervené endopeptidasy. Proteasa, kterd ma vetsi roli v daném
kroku, je zvyraznéna vétsim pismem. Asparaginylendopeptidasa se ucastni aktivace ostatnich
proteas. Upraveno podle [21]. Vysvétlivky: SmCD, katepsin D, SmCB, katepsin B, SmCL, katepsin
L, SmCC, katepsin C, SmLAP, leucylaminopeptidasa, SmAE, asparaginylendopeptidasa
(legumain,).

2.3.3. Katepsin B1 ze S. mansoni (SmCB1)

2.3.3.1. Funkce a lokalizace SmCB1

Katepsin B1 (SmCBI1) je nejvice zastoupend cysteinova proteasa ve stievé dospélé
krevnicky S. mansoni i v celotélnim homogenatu [14;22]. Pomoci imunologickych a

biochemickych metod byl lokalizovan v lumen stiev a v bunikdch gastrodermis vystylajici
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stievni dutinu [14;167;168]. Je na ngj soustfedéna znacnd pozornost, protoze je povazovan
za klicovou proteasu v degradaci lidského hemoglobinu [21]. Z hlediska transkrip¢ni
analyzy je SmCB1 exprimovan zejména dospélymi krevnickami a larvami schistosomula
[169]. SmCB1 vykazuje vysokou antigenni schopnost v infikovanych lidech a mysich a je
tak potencidlni serodiagnosticky marker [170-173].

Existuji 2 geny pro SmCBI1, oznacované SmCB1.1 a SmCBI1.2 (UniProt: QSMNY?2,
Q8MNY1). Prvni uvefejnénd nukleotidova sekvence UniProt: P25792 [174] byla
pravdépodobné ziskand ze smési obou téchto isoforem [14]. Krom¢é¢ SmCB1 byl u
krevnicek nalezen homologicky katepsin B2, ktery byl lokalizovan v tegumentu a

parenchymovych bunikach dospélych krevnic¢ek [175] a na traveni krevnicky se nepodili.

2.3.3.2. Sekven¢ni a biochemicka charakterizace SmCB1

Sekvence SmCB1 zymogenu vykazuje 48-57% homologii se zymogeny sav¢ich katepsinil
B a prokazuje ptitomnost smycky “occluding loop” s konzervativnimi histidinovymi
zbytky, kterd u proteas typu katepsinu B zajiStuje exopeptidasovou aktivitu [121;176].
Propeptid SmCB1 je dlouhy 71 aminokyselin a neobsahuje sekven¢ni motiv ERFNIN a
ERFNAQ, coz fadi SmCB1 mezi katepsiny typu B [42;43]. Na rozdil od lidského
katepsinu B nebyl SmCBI1 nikdy nalezen v krevnickéch jako dvoufetézcovad molekula.
V sekvenci SmCBI se vyskytuje tzv. “hemoglobinasovy motiv” (YWLIAN*SWXXDWGE;
x, nekonzervativni aminokyselina, N, katalyticky zbytek Asn290), ktery je piitomen
v proteasach hematofagnich paraziti podilejicich se na degradaci hemoglobinu a mohl by
ovliviiovat interakci se substratem [177].

Molekulova hmotnost aktivniho SmCB1 vypoctena z aminokyselinové sekvence je
kolem 28 kDa. V sekvenci SmCBI1 se vyskytuji dvé potencidlni N-glykosyla¢ni mista a
vysledna glykosylace zvySuje molekulovou hmotnost na 31 kDa, podle které byl SmCB1
diive nazyvan Sm31 [178]. Pokud jde o prostorovou strukturu, byl doposud k dispozici
pouze homologni model SmCB1 [179] a prvni krystalové struktury pfinaseji publikace €. 2
a 4 této dizertacni prace.

Ptirozeny SmCBI1 byl izolovan z celotélniho homogenatu dospélych cervii pomoci
afinitni chromatografie s pouzitim inhibitoru Gly-Phe-Gly-semikarbazon [175].
Rekombinantni SmCBI1 se podafilo pfipravit expresi v hmyzich bunkach [180],
v kvasinkach Saccharomyces cerevisiae [181] a Pichia pastoris [14] a dale pomoci in vitro

transkripce a translace (“cell-free” systém) [178]. VétSina systémil poskytovala pouze malé
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mnozstvi enzymu pro dalsi charakterizaci [14] a je nadale bézn¢ pouzivana [182;183].
Priirozeny SmCBI1 izolovany 7 celotélniho homogendtu dospélych krevnicek S. mansoni
umoznil zékladni biochemickou charakterizaci. Byly stanoveny enzymologické konstanty
se syntetickymi substraty pro katepsin B (Z-Phe-Arg-AMC a Z-Arg-Arg-AMC),
identifikovana interakce s inhibitorem CA074 savc¢ich katepsinii B a prokdzdna ¢astecna
degradace hemoglobinu a sérového albuminu [184]. Rekombinantni SmCB1 piipraveny
expresi v P. pastoris hydrolyzuje syntetické substraty s podobnou uc¢innosti jako ptirozeny
SmCB1 a byla pro n¢j prokdzana endopeptidasovd i exopeptidasova aktivita [14].
Endopeptidasova aktivita SmCB1 byla podrobnéji zkoumana pomoci substratové knihovny
z hlediska specifity v S1-S4 vazebnych podmistech a nalezena substratova specifita

SmCBI1 byla podobna jako pro lidsky katepsin B [182].

2.3.3.3. Biosyntéza a aktivace SmCB1

SmCBI je syntetizovan jako neaktivni proenzym (zymogen) obsahujici 323 aminokyselin.
Prvnich 71 aminokyselin tvoii propeptid, ktery je odStépen v pritbé¢hu aktivace, ¢imz
vznikd zraly aktivni enzym. Proces aktivace nebyl zatim u SmCBI1 detailné popsan. In
vitro  aktivace  zymogenu  SmCB1  byla  uspéSn¢  provedena  pomoci
asparaginylendopeptidasy ze S. mansoni (SmAE) [14]; star§i pokusy s aktivaci pepsinem
nevedly k pln¢ funkénimu produktu [181]. Trans-aktivace pomoci SmAE poskytla aktivni
zraly enzym, ktery svymi vlastnostmi odpovidal nativnimu SmCBI1. Pii proteolyze
katalyzované SmAE dochazi k odstépeni 69 aminokyselin propeptidu, tj. dvé
aminokyseliny pred $tépnym mistem odpovidajicim N-konci nativniho enzymu. Tyto 2
aminokyseliny mohou byt dale odstranény pomoci katepsinu C (SmCC) s odpovidajici
dipeptidylpeptidasovou aktivitou [14]. V dosud publikovanych pracich se nepodaftilo
autoaktivovat rekombinantni zymogen SmCBI1 na zraly aktivni enzym a byly pfipraveny

pouze neaktivni intermediatni formy SmCB1 [14;181].

2.3.3.4. SmCBI1 jako cilova molekula pro 1é¢bu schistosomézy

V nékolika publikacich byly podény dikazy o zésadni roli SmCB1 pro zivotaschopnost
krevnicky S. mansoni, coz zné¢ho ¢ini potencialni cilovou molekulu pro vyvoj novych
1éCiv proti schistosomoze. SmCBI1 je nejvice zastoupena proteasa ve stieveé krevnicky,
ktera in vitro t¢inné€ degraduje hemoglobin [14;21]. Potlaceni exprese SmCBI1 v dospélych

krevnickéach S. mansoni pomoci RNAi experimentl vyvolalo u parazith pokles schopnosti
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Stépit krevni proteiny a bylo docileno zpomaleni rtstu krevnicek [21;185]. Hlavni dikaz o
SmCB1 jako cilové molekule poskytla prace zr. 2007 provedena v laboratofi Dr.
Caffreyho na University of California San Francisco [23], ve které byl testovan inhibitor
K11777 na mySim modelu schistosomézy. K11777 je inhibitor vinylsulfonového typu
navrzeny proti cruzainu, cysteinové protease rodiny papainu z parazita Trypanosoma cruzi
zpusobujiciho Chagasovu chorobu [34;186]. Uginnost tohoto inhibitoru byla testovana na
mysich infikovanych cerkariemi S. mansoni. Bylo dokazano, ze opakované podavani
tohoto inhibitoru infikovanym mysim snizuje patologické stavy zptisobené krevnickou;
redukovan byl pocet parazitl,, produkce vajicek i1 postizeni jater a sleziny. Jako hlavni
molekularni cil inhibitoru K11777 byla pomoci aktivitni proby identifikovana travici

proteasa SmCBI, jejiz aktivita byla po aplikaci inhibitoru potlacena [23].
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3. Cile prace

Disertacni prace se zabyva travici proteasou katepsinem B1 (SmCB1) z krevnicky stievni
(Schistosoma mansoni), zpusobujici zavazné parazitarni onemocnéni schistosomézu. Tato
proteasa ma kliCovou roli pfi traveni krevnich proteinti hostitele a ptedstavuje cilovou
molekulu pro vyvoj novych 1éCiv proti schistosomodze. Prace je zaméfena na strukturné
funk¢ni charakterizaci SmCBI1, popis mechanismu aktivace zymogenu a nalezeni uc¢innych

inhibitord SmCBI jako potencialnich chemoterapeutik.

Dildi cile této prace jsou:
1. Ptiprava SmCBI1 rekombinantni expresi a jeho purifikace.
2. Urceni krystalové struktury SmCB1.
3. Analyza substratové specifity SmCB1 pomoci syntetickych i pfirozenych substrata.
4. Studium inhibice SmCB1 pomoci vinylsulfonovych (VS) inhibitora:
a) Urceni inhibi¢ni specifity SmCB1 pomoci sady syntetickych VS inhibitort.
b) Strukturni popis kritickych interakci mezi SmCB1 a VS inhibitory.
c) Zjisténi biologické ti¢innosti VS inhibitort na larvach S. mansoni.
d) Enzymologickd analyza inhibicniho mechanismu VS inhibitori pro vyvoj
vypocetni metody skorovani i€innosti inhibice.
5. Ptiprava  syntetickych  peptidovych inhibitori SmCB1  odvozenych  ze
struktury propeptidu.

6. Biochemicka a strukturni analyza mechanismu aktivace zymogenu SmCBI.
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4. Material a metodika

Tato kapitola podava obecny ptehled o zdkladni metodice, vybaveni a pouzitém materialu;

detailni informace jsou uvedeny v jednotlivych ptilozenych publikacich.

4.1. Material a laboratorni vybaveni
Vétsina dat byla ziskana s vyuzitim vybaveni a piistrojii v laboratofich Ustavu organické
chemie a biochemie AV CR (UOCHB AV CR). Prace vznikla ve spolupraci s pracovistém
University of California, San Francisco (UCSF, Dr. C. Caffrey), které poskytlo sadu
vinylsulfonovych inhibitori a kde byly provedeny biologické experimenty s larvami
krevnicky.  Analyzy  metodami  vypocetni  chemie  byly provadény  ve
spolupracujicich laboratofich Dr. Lepsika a Dr. Vondraska UOCHB AV CR. Difrakéni
data pro feSeni krystalografickych struktur byla ziskdna na synchrotronu na pracovistich
(1) Helmholtz-Zentrum Berlin, Bessy II electron storage ring, Berlin-Adlershof, Némecko
a (2) Structural Biology Center, Advanced Photon Source, Argonne National Laboratory,
Argonne, U.S.A. Redeni krystalovych struktur probihalo ve spolupraci s laboratofi Dr.
Reza¢ové na UOCHB AV CR.

Celkové bylo ptipraveno 5 konstrukti zymogenu SmCBI v plasmidu pPICZa pro

IWT

expresi v kvasinkdch Pichia pastoris: (1) ptirozeny SmCB1" ", (2) deglykosylovany

SmCB1"Y se dvéma mutacemi v sekvenénich motivech pro N-glykosylaci (Thr168—Ala,
Thr283—Ala), (3) SmCB1 obsahujici mutace v motivu vazajicim heparin: SmCB1"P*
(Arg57—Ala, Arg59—Ala) a SmCB1"" (Arg57—Asn, Arg59—Asn) a (4) SmCBI
s mutaci katalytického cysteinu v aktivnim misté (Cys100—Ser100). Syntetické peptidy a

FRET substraty byly pfipraveny na UOCHB AV CR.

4.2. Metodika

Zakladni metody pouzité v ptiloZzenych publikacich jsou nésledujici:

Metody molekularni biologie:

Klonovani do plasmidu pPICZa, cilena mutageneze SmCBI1 konstruktli, transformace
bunék P. pastoris (kmen X-33), rekombinantni exprese v P. pastoris.

Biochemické metody:

Elektroforeticka separace proteinii pomoci SDS-PAGE a detekce proteinii na membrané
metodou Western blot, vizualizace proteas pomoci proteomickych aktivitnich prob,

chromatograficka purifikace proteini pomoci FPLC, separace peptidi pomoci RP-HPLC,
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analyza proteini a peptidd metodami termofluor, cirkuldrni dichroismus, hmotova
spektrometrie a N-koncové sekvenovani.

Enzymologické metody:

Meéfieni aktivity enzymi pomoci syntetickych fluorogennich a FRET substratii, stanoveni
kinetickych parametrt SmCB1 pro substraty (Kca, Kin, keat/Ki) @ inhibitory (K, ICsg, kong)-
Krystalografické metody:

Krystalizace proteini metodou visici kapky, feSeni struktur proteini metodou
molekuldrniho nahrazeni, analyza krystalografickych struktur pomoci programi CCP4,
Pymol, PISA.

Biologické metody:

Test ex vivo Uc¢innosti inhibitort na larvach S. mansoni (schistosomula) v kultivatnim

médiu a vyhodnocovani indukovanych zmén fenotypu.
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5. Vysledky

Vysledky této disertacni prace jsou shrnuty v celkem ctyfech publikovanych pracich
(kapitola 5.1, 5.2, 5.3, 5.5) a v jednom rukopise (kapitola 5.4) pfipraveném k podani
do impaktovaného Casopisu. VSechny publikace uvedené v této dizertacni praci se zabyvaji
katepsinem B1(SmCB1) z krevni¢ky stfevni (Schistosoma mansoni), hlavni travici
proteasou podilejici se na procesu degradace krevnich proteinil hostitele. Publikace na sebe
volné navazuji a vzajemné se dopliluji. V této Casti jsou predlozeny uvedené publikace,

kazdé predchazi kratky souhrn, ktery rekapituluje hlavni vysledky.

Seznam publikaci

Publikace ¢. 1: Mapping the Pro-Peptide of the Schistosoma mansoni Cathepsin B1
Drug Target: Modulation of Inhibition by Heparin and Design of Mimetic Inhibitors

Martin Horn, Adéla Jilkova, Jifi Vondrasek, Lucie MareSova, Conor R. Caffrey, Michael
Mares

ACS Chem Biol, 6 (6), 609-617 (2011)

Publikace €. 2: Structural Basis for Inhibition of Cathepsin B Drug Target from the
Human Blood Fluke, Schistosoma mansoni

Adéla Jilkova, Pavlina Rezaova, Martin Lepsik, Martin Horn, Jana Vachova, Jindfich
Fanftlik, Jifi Brynda, James H. McKerrow, Conor R. Caffrey, Michael Mare$

J Biol Chem, 286 (41), 35770-35781 (2011)

Publikace ¢. 3: Quantum Mechanics-Based Scoring Rationalizes the Irreversible
Inactivation of Parasitic Schistosoma mansoni Cysteine Peptidase by Vinyl Sulfone
Inhibitors

Jindfich Fanfrlik, Pathik S Brahmkshatriya, Jan Rezag, Adéla Jilkova, Martin Horn,
Michael Mares, Pavel Hobza, Martin Lepsik

J Phys Chem B 117(48), 14973-14982 (2013)

Publikace ¢. 4: Activation Route of the Schistosoma mansoni Cathepsin B1 Drug
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Adéla Jilkova, Martin Horn, Pavlina Rezadova, Lucie Mare$ova, Pavla Fajtova, Jifi
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5.1. Publikace €. 1: Mapping the Pro-Peptide of the Schistosoma mansoni
Cathepsin B1 Drug Target: Modulation of Inhibition by Heparin and Design of
Mimetic Inhibitors

5.1.1. Souhrn

Jednim z hlavnich cilt disertani prace je nalezeni novych u¢innych inhibitort SmCBI1
jako potencialnich 1éCiv proti schistosoméze. Tato publikace se zaméfila na vyvoj
inhibitorti odvozenych ze struktury propeptidu SmCBI1. Propeptid je N-koncovou ¢ésti
zymogenu (proenzymu) cysteinovych katepsinli a piisobi jako pfirozeny intramolekularni
inhibitor tim, Ze se vdze do aktivniho mista zymogenu a blokuje tak jeho aktivitu. Po
proteolytickém odstépeni propeptidu béhem procesu aktivace vznikd plné aktivni enzym.
Propeptid se i po odstépeni mize vazat zpét do aktivniho mista a inhibovat enzym, ze
kterého byl vystépen [54]. Strukturni principy inhibice propeptidem se daji vyuzit pii
konstrukci malych peptidomimetickych inhibitort, jak bylo prokdzéno v ptipadé¢ lidského
katepsinu L [53]. Tato publikace se zabyva (1) identifikaci inhibi¢nich oblasti v propeptidu
pomoci jeho syntetickych fragmentd navrzenych s vyuzitim homologniho modelu
zymogenu SmCB1 a (2) racionalnim vyvojem novych inhibitor odvozenych z nalezené¢ho
prirozeného inhibi¢niho motivu.

Analyza 3D homologniho modelu zymogenu SmCBI1 ukazala, Ze oproti propeptidim
savCich katepsini B se v propeptidu SmCB1 nachazi unikatni o-helix, ktery obsahuje
sekvencni motiv. XBBXBBX (kde B je bazickd aminokyselina a X je hydropaticka
aminokyselina) znadmy schopnosti vazat heparin (“HB motiv” [187]). Porovnanim se
sekvencemi propeptidu katepsinit B z jinych organismt bylo zjiSténo, Ze tento motiv je
pritomny pouze u katepsini B z parazitickych motolic, které se podileji na traveni krve
hostitele. Identifikovany “HB motiv’ se mulze ucastnit intermolekularnich interakci
SmCBI1 s glykosaminoglykany (GAG). Ptiklady interakci mezi savéimi cysteinovymi
katepsiny a GAG, které zptusobuji modulaci aktivity nebo usnadiiuji aktivaci zymogent,
byly jiz popsany [61;62;64;66;67].

Pomoci 3D modelu SmCB1 byla navrzena a syntetizovana sada peptidovych fragmentt
pokryvajici celou délku propeptidu s ohledem na sekundarni struktury. Pro tyto peptidy
byly urceny hodnoty inhibi¢nich konstant K; s rekombinantnim SmCBI. V propeptidu
byly identifikovany dv¢ inhibi¢ni oblasti, jedna interagujici s aktivnim mistem SmCBI1 a
druha, kterd obsahuje “HB motiv”, ta byla v§ak uc¢inna pouze v ptitomnosti heparinu.

Inhibi¢ni oblast interagujici s aktivnim mistem byla dale pouzita jako pentapeptidovy

templat, z n¢hoz byly pomoci 3D modelu SmCB1 a metody dokovani navrzeny derivaty
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s vy$$i inhibi¢ni ucinnosti. Nejlepsi z cca 50 derivatli dosahovaly mikromolarnich hodnot
K; s SmCBI1. Druhd inhibi¢ni oblast obsahuje “HB motiv” a plsobi inhibi¢né pouze
v ptitomnosti heparinu. Tento efekt miize byt zpiisoben dualni interakci heparinu jednak se
syntetickym “HB motivem” a jednak s SmCBI1. Tato hypotéza byla podlozena analyzou
uvedenych interakci pomoci afinitni chromatografie, metodou termofluor a ur¢enim modu
inhibice. Funkce “HB motivu” je dale detailné¢ zkoumana pomoci bodovych mutaci

v publikaci €. 4.

Muj podil na praci spocival v produkci SmCBI1 k enzymologickym pokusim, coz
zahrnovalo vyvoj metody pro aktivaci SmCB1 na zraly enzym a jeho chromatografickou

purifikaci. Dale jsem provadéla analyzu interakci heparinu s enzymem SmCBI.
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5.1.2. Publikace é. 1

Horn, M., Jilkova, A., Vondrasek, J., Maresova, L., Caffrey, C. R. a
Mares, M.

Mapping the Pro-Peptide of the Schistosoma mansoni Cathepsin B1 Drug
Target: Modulation of Inhibition by Heparin and Design of Mimetic
Inhibitors

ACS Chemical Biology, 6 (6), 609-617 (2011)
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ABSTRACT: Blood flukes of the genus Schistosoma cause the
disease schistosomiasis that infects over 200 million people
worldwide. Treatment relies on just one drug, and new thera-
pies are needed should drug resistance emerge. Schistosoma
mansoni cathepsin B1 (SmCB1) is a gut-associated protease that
digests host blood proteins as source of nutrients. It is under
evaluation as a therapeutic target. Enzymatic activity of the
SmCBI zymogen is prevented by the pro-peptide that sterically
blocks the active site until activation of the zymogen to the

mature enzyme. We investigated the structure—inhibition relationships of how the SmCB1 pro-peptide interacts with the enzyme
core using a SmCB1 zymogen model and pro-peptide-derived synthetic fragments. Two regions were identified within the pro-
peptide that govern its inhibitory interaction with the enzyme core: an “active site region” and a unique “heparin-binding region”
that requires heparin. The latter region is apparently only found in the pro-peptides of cathepsins B associated with the gut of
trematode parasites. Finally, using the active site region as a template and a docking model of SmCB1, we designed a series of
inhibitors mimicking the pro-peptide structure, the best of which yielded low micromolar inhibition constants. Overall, we identify a
novel glycosaminoglycan-mediated mechanism of inhibition by the pro-peptide that potentially regulates zymogen activation and
describe a promising design strategy to develop antischistosomal drugs.

Schistosomiasis (bilharzia) is a chronic infectious disease that
is caused by a trematode blood fluke and infects over 200
million people in tropical and subtropical areas." Of the five
species of schistosomes affecting humans, Schistosoma mansoni is
a major agent of disease in the Middle East, Africa, and South
America and the most convenient experimental model. Morbid-
ity associated with the disease results from immuno-pathological
reactions to parasite eggs trapped in various tissues, including the
liver, intestinal tract, and bladder. Symptoms include decreased
physical and cognitive performance, abdominal pain, and
lassitude.” Treatment and control of schistosomiasis now relies
on mass chemotherapy with just one drug, praziquantel, a
tenuous situation should drug resistance emerge and spread."”
Accordingly, there is pressure to identify new schistosomal
protein targets for both chemo- and immuno-therapeutic
interventions.

Adult schistosomes live in the cardiovascular system, and host
blood proteins are a primary source of nutrients required for growth,
development, and reproduction. In the schistosome gut, a network of
proteases contributes to the digestion of host proteins to absorbable
peptides and amino acids.** For S. mansoni, the component digestive

v ACS Publications ©2011 American chemical Society

proteases thus far characterized include (i) the Clan CA papain-like
cathepsins B1 and L1, L2, and L3, dipeptidyl peptidase I (cathepsin
C), (ii) the Clan CD asparaginyl endopeptidase (legumain), and (i)
the Clan AA aspartic protease, cathepsin D.>~ "' Similar acid pH-
based proteolytic networks are found across phylogenetically diverse
organisms such as nematodes, Plasmodium (malaria), and ticks,"> 1
Given their central importance to schistosome nutrition, therefore,
gut proteases represent potential chemotherapeutic targets. The
present research focuses on S. mansoni cathepsin B1 (SmCB1),
which has been validated in a murine model of schistosomiasis
mansoni as a molecular target for therapy with a peptidomimetic,
vinyl sulfone protease inhibitor."® SmCB1 is a central digestive
protease due first to its relative abundance and second to its complex
proteolytic activity comprising both endopeptidase and exopeptidase
(peptidyl dipeptidase) modes of action.*’

Members of the Clan CA, Family C1 (papain-like) cysteine
proteases,’” including cathepsins B, are biosynthesized as inactive
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i alp i Blp : a2p
2D HHHHHHHHH EEE H---HHHHHH
SmCB1 HISVK-NEKFEPLSDDIISYINEHPNAGWRAEKSNR--FHSLD---DART 'VDHNDW--NVE 71p
SjCB1 HVTTRNNQRIEPLSDEMISFINEHPDAGWKADKSDR--FHSLD---DARI DHHDL--NVE 72p
TrCB1 ENEIQFEPLSDEMIAYINQHPDAGWTASRSDR--FKSLE---DARI DHONV--SLE 68p
FhCB1 APNEKPQFEPFSDELIHYINEKSGASWKAAPSSR--FINIE---HFKQHLG YNVS--DND 70p
TcCB GHSFHAEDAPILTDEFLELVNRLNGGKWTAGRTSRTKYLTRR---GAS GTFLRNTS----ILPPRQFSEE--ELR 69p
SmCB2 EIDARRHKRMYQPLSMELINFINYEANTTWKAAPTTR--FRTVS---DI P-DPNG--EQLETLCTGYI--SDE 70p
SjCB2 DARRHKRMHQPLSKELIHFINYEANTTWKAGPTRR--FKTVS---DI P-DPNG--EQLETLCTGYELTLNE 70p
TrCB2 EANRHKFMHQPLSSELIHFINHEANTTWKAAPSPR--FKSVS---DI P-DPNG--GHLPTLCTGYTPSLDE 70p
IrCB EIHPKRWHPLSDQMINFINKI-NTTWKAGRN----FDKSISMSYIRG: PKSKE---YRLPEFVHEEIP--DD 66p
bCB RSSLYLYFPPLSDELVNFVNKQ-NTTWKAGHN----FYNVD-LSYVKKLCGAILGGPK----- LPQRDAFAA--DVV 65p
hCB RSRPSFHPLSDELVNYVNKR-NTTWQAGHN----FYNVD-MSYLKRLCGTFLGGPK----- PPQRVMFTE--DLK 62p
rCB HDKPSSHPLSDDMINYINKQ-NTTWQAGRN----FYNVD-ISYLKKLCGTVLGGPN----- LPERVGFSE--DIN 62p
3D HHHHHHHHHH EEE HHHHHHH

Figure 1. (a) Structure-based alignment of the pro-peptides of cathepsin B-type proteases from the human blood flukes S. mansoni (SmCB1 and
SmCB2), S. japonicum (SjCB1 and SjCB2), the bird fluke Trichobilharzia regenti (TrCB1 and TrCB2), the liver fluke Fasciola hepatica (FACB1), the
protozoan Trypanosoma cruzi (TcCB), the tick Ixodes ricinus (IrCB), and bovine, human and rat cathepsins B (bCB, hCB and rCB; Uniprot accessions
QSMNY2, Q9SPML1, P43157, C7TYR4, Q4VRWY, A7L844, QSI7B2, 061066, A4GTA7, P07688, P07858, and P00787, respectively). The secondary
structure of the SmCB1 pro-peptide (2D) is based on prediction analysis, whereas the secondary structure of rCatB and hCatB pro-peptides (3D) is
derived from crystallographic data (PDB entry IMIR and 3PBH): H, a-helix; E, -strand. The SmCB1 pro-peptide (blue) contains two inhibitory
regions: an heparin-binding region (green) with a heparin-binding motif (boxed) and an active site region (red) containing residues in contact with the
S1 and S1’ subsites of the active site (boxed). Residues identical with those of SmCB1 are shaded in gray; numbers above the alignment refer to the pro-
peptide of SmCB1, the suffix “p” indicates pro-peptide numbering. A larger multiple alignment is provided in Supplementary Figure S1. (b) The tertiary
structure of the SmCB1 zymogen was modeled using the X-ray structure of rat pro-cathepsin B (PDB entry IMIR). The enzyme core is shown as a gray
surface, and the active site Cys is in yellow. The pro-peptide (blue ribbon) contains two inhibitory regions color-coded as in the alignment (panel a): a
heparin-binding region (residues SSp—61p in green) and an active site region (residues 45p—49p in red). The Oi-helices are indicated in magenta bold

typeface.

zymogens (pro-cathepsins) in which the pro-peptide operates as an
intramolecular inhibitor by blocking the active site. Activation to the
mature, catalytically active forms occurs by proteolytic removal of the
N-terminal pro-peptide (also termed the “activation peptide”);
removal is either autocatalytic or involves other protease(s). After
cleavage, the released pro-peptide can remain bound and inhibit its
cognate enzyme.'® The genomes of many organisms encode pro-
peptide-like proteins that may act as intermolecular inhibitors of
cysteine cathepsins.'® Most studies on pro-peptide inhibition have
been performed with full length pro-peptides and have demonstrated
that inhibition of both parental and nonparental enzymes by pro;
peptides is a function of the latter’s structural complementarity.”* >

The application of pro-peptide fragments and crystal struc-
tures of cathepsin zymogens has shown that pro-peptides contain
structural regions that govern their interactions with the mature
enzyme.”* > As reported for the human cathepsin L pro-
peptide, the structural principles defining pro-peptide inhibition
can be used to construct small peptidomimetic inhibitors.>! Also,
studies with pro-peptides and their fragments have shown how
they regulate the activity of cognate cysteine proteases from a

diversity of protozoan and metazoan parasites including Trypa-
nosoma, Plasmodium, and Fasciola®"***>*” and, importantly, that
they can suppress the development of Plasmodium.”® Yet, there is
alack of detailed structure —activity studies for small pro-peptide
mimetics of parasite peptidases and their potential as chemical
starting points for therapeutic intervention of disease.

The activity of cysteine cathepsins is modulated by glycosa-
minoglycans (GAGs), sulfated polysaccharides with a strong
negative charge that are widely distributed in tissues. The
interaction of GAGs with mammalian cathepsins is complex
and includes, for example, induction of collagenolytic activity of
cathepsin K,* stabilization of cathepsin B at neutral pH,** and
facilitation of autocatalytic activation of several cathepsins in-
cluding cathepsins B, L, and $.3*73% Mutation studies have shown
that the GAG-accelerated activation involves interaction of
GAGs with pro-peptides.>**® However, the effect of GAGs on
inhibition by pro-peptides or their truncated synthetic derivatives
has not been investigated.

Here, we define a structure—activity relationship (SAR) for
SmCBI1 and its pro-peptide. Using synthetic pro-peptide
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HISVKNEKFEPLSDDIISYINEHPNAGWR [1p-29p] nsi nd
AEKSNRFHSLDDARIQMGARREEPD [30p-54p] 15.1 14.5
NAGWRAEKSNRFHSLDDARIQMGARREEPD [25p-54p] 6.1 57
PDLRRTRRPTVDHNDWN [53p-69p] nsi 38
LRRTRRPTVDHNDWN [55p-69p] nsi 42
LRBTBRPTVDHNDWN [55p-69p]Cit, nsi nsi
LRRTRRP [55p-61p] nsi 61
QMGARREEPDLRRTRRPTVDHNDWN [45p-69p] 65 1.9
OMGARREEPDLRBTBRPTVDHNDWN [45p-69p]Cit, 99 nsi
QOMGARREEPDLRRTRRP [45p-61p] 216 35
LDDARIQMGARREEPDLRRTRRP [39p-61p] 105 10
LDDARIQMGARREE [39p-52p] 97 127
LDDARIQMGAR [39p-49p] 160 170
QMGARREE [45p-52p] 221 231
QMGAR [45p-49p] 233 245
OMGA [45p-48p] nsi nsi
MGAR [46p-49p] nsi nsi

Figure 2. Design and inhibitory activity of synthetic peptide fragments derived from the pro-peptide of SmCB1. In the pro-peptide sequence, the active
site (AS) and heparin-binding (HB) inhibitory regions are highlighted in gray, and those residues (Met46p and Gly47p) in contact with the S1 and S1’
subsites of the active site are marked (*). Synthetic peptide fragments are coded according to their location in the sequence; the suffix “p” indicates pro-
peptide numbering. Substituted residues are in bold and underlined; B denotes citrulline. The inhibition constants (K;) were determined in a kinetic
activity assay with SmCB1 and the fluorogenic peptide substrate, Z-Phe-Arg-AMC, at pH 5.5 in the absence and presence of heparin. Mean values are
given for triplicate measurements (SE values are within 10% of the mean); nsi, no significant inhibition with 400 M peptide; nd, not determined due to

low solubility.

fragments, we identify structural regions within the pro-peptide
that account for its inhibition of the mature enzyme and uncover
a new mechanism for their functional regulation by GAGs. In
addition, one of these structural regions was employed as a
scaffold to design small inhibitory peptides. These inhibitors of
SmCBI represent a chemical basis from which new antischisto-

somal drugs might be developed.

B RESULTS AND DISCUSSION

SmCatB1 Pro-Peptide Contains a Phylogenetically Con-
strained a-Helix Incorporating a Heparin-Binding Motif. As
the amino acid sequence of pro-SmCB1 (Uniprot accession
Q8MNY?2) is substantially homologous (48—57% identity) with
those of mammalian pro-cathepsins B, we constructed a spatial
model of the SmCB1 zymogen as a tool for structure—function
analysis. We employed the X-ray structure of rat pro-cathepsin B
(PDB entry 1MIR) as a template (Figure 1b). The SmCB1 pro-
peptide comprises two Ot-helices (0t1p and 02p) and a short f3-
strand (1p) that is shared between zymogens of the cathepsin B
subfamily. A significant difference occurs toward the C-terminal
of the SmCB1 pro-peptide where there is an extra Ot-helical
segment, denoted 3p. Figure la shows an alignment of pro-
peptides of SmCB1 and other cathepsins B. The predicted
secondary structure of 03p is associated with a sequence inser-
tion that contains a consensus sequence for heparin binding,
namely, XBBXBBX (where B is a basic amino acid and X is a
hydropathic amino acid).*” This new structural segment may be
involved in intermolecular interactions between the SmCB1 pro-
peptide and GAGs, as represented by heparin.

In addition, using blastp tools at NCBI, we inspected the
cathepsin B-type sequences from other organisms and found that
the predicted a3p helix including the heparin-binding motif is
phylogenetically distributed in the pro-peptides of some, but not
all, cathepsins B of parasitic trematodes, including Schistosoma,
Trichobilharzia, and Fasciola spp. (Supplementary Figure S1).
The feature is apparently absent from cathepsin B pro-peptides
of nematodes, insects, and vertebrates. For those enzymes that

contain the feature, the literature suggests they are gut localized
and involved in digestion of host blood and/or tissues. By
contrast, other trematode enzymes not associated with this
function (eg, SmCB2, homologous to SmCB1 but found in
the tegument (worm surface)), do not contain this structural
feature.®® Accordingly, it seems that 03p is a novel structural
feature in the pro-peptide of SmCB1 and certain other cathepsins
B involved in the digestion of host proteins by parasitic
trematodes.

Design of Pro-Peptide Fragments for Structure—Inhibi-
tion Analysis. With the help of the 3D model (Figure 1), we
designed a panel of peptide fragments derived from the sequence
of the SmCB1 pro-peptide (Figure 2). The fragments were
synthesized with capping groups (N-terminal acetyl and C-term-
inal amide) to mimic peptide linkages and to protect peptides
against exopeptidase degradation by SmCB1. The main fragments
were designed to reflect the secondary structure pattern, ie., the
fragments [1p—29p], [30p—S4p], and [S3p—69p] contain alp,
02p, and 3p O-helices, respectively. Fragment [25p—S54p]
combines a2p with the fS-strand Slp that is involved in the
formation of an adjacent hairpin structure. Met46p and Gly47p fill
the S1” and S1 pockets of the active site of SmCB1. Both Met46p
and Gly47p are centrally positioned in a series of peptides that
were synthesized to extend in both the N-terminal (to include
02p) and C-terminal directions (to include a3p and its heparin-
binding motif, and the pro-peptide C-terminus). A number of the
synthesized fragments contain sequence stretches that form o-
helices according to the prediction analysis and the 3D model
(Figures 1 and 2). For representative fragments, we demonstrated
by circular dichroism spectroscopy the presence of a partial ot-
helical conformation (Supplementary Figure S2). This under-
scores the utility of the model and designed fragments to analyze
structure—inhibition relationships in the SmCB1 pro-peptide.

Pro-Peptide Mapping of SmCB1 Identifies Two Inhibitory
Regions with Differing Sensitivities to Heparin. The inhibi-
tion constants (K;) for an array of synthetic pro-peptide
fragments against mature SmCB1 was measured using a kinetic
assay with the fluorogenic substrate Z-Phe-Arg-AMC (Figure 2).
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The long N- and C-terminal pro-peptide fragments ([1p—29p]
and [53p—69p]) did not inhibit SmCB1 activity. In contrast, the
central fragment [25p—54p] had a K; of 6 #M. The potency of
the central fragment was partially supported by the S1p structure
as demonstrated by its deletion in peptide [30p—S4p] that
resulted in a K; of 15 uM. This 3-strand contains the conserved
hydrophobic residues Trp28p and Ala30p that interact with the
“pro-peptide binding loop”, a short loop found on the surface of
the core of mammalian pro-cathepsins B.*” The central fragment
[30p—54p] that traverses the active site was gradually truncated
at both termini in a set of peptides spanning the S and S’ subsites.
The extensive trimming of the 25-mer peptide did not abolish
inhibition but did result in increased K; values up to 233 M as
measured for the shortest pentapeptide QMGAR [45p—49p].
This segment represents a minimal inhibitory region, the active
site region, which surrounds Met46p—Gly47p residues occupy-
ing the S1’ and S1 subsites.

Next, we tested the inhibitory potency of the synthetic
peptides in the presence of heparin, as the heparin-binding motif
is located in the C-terminal region of the SmCBI1 pro-peptide
(residues SSp—61p). Interestingly, the large C-terminal frag-
ment [S3p—69p] required heparin to display inhibition, which
was substantial (K; = 38 uM; Figure 2). The same heparin-
dependent inhibition was observed for the shorter peptide
LRRTRRP [SSp—61p] that is equivalent to the length of the
heparin-binding motif (K; = 61 #M in the presence of heparin).
Accordingly, we identify a novel heparin-binding region
[SSp—61p] that acts as an inhibitor of SmCB1, but only in the
presence of heparin.

The peptides spanning both the heparin-binding and active
site regions ([4Sp—69p], [39p—61p], [4Sp—61p]) inhibited
with K; values in the range 65—216 #M in the absence of heparin.
In the presence of heparin, however, these values were decreased
by 1 order of magnitude (K; ~2—35 uM). This demonstrates
that the heparin-binding region significantly improves the in-
hibitory potency of the active site region. The properties of the
most potent peptide fragment [45p—69p] were studied in detail.
First, the mode of inhibition was found to be competitive
(Figure 3), which is consistent with the expected interaction of
this peptide in the substrate-binding site through the active site
region. Second, the inhibitory selectivity was investigated. It is
known that pro-peptides of cysteine proteases and their trun-
cated synthetic forms bind not just to the mature cognate
enzymes but also to homologous enzymes with varying potencies
(for a review, see ref 20). The pro-SmCB1 peptide [45p—69p]
inhibited bovine cathepsin B with K; values of 512 and 257 uM in
the presence and absence of heparin, respectively. This compares
with the K; values for SmCB1 of 2 and 65 uM, respectively. The
weaker inhibition of bovine cathepsin B activity can be explained
by its partial homology (51% identity) to SmCB1. Importantly,
heparin does not improve the inhibition of the mammalian
enzyme by the peptide [4S5p—69p], pointing to the specificity
of the interaction between SmCB1 and the fragment through the
heparin-binding region.

Overall, mapping the pro-peptide of SmCB1 with synthetic
peptides identifies two distinct small inhibitory regions. First,
the active site region is topologically similar (i.e., in contact with
the active site residues) to pro-peptide fragments that inhibit
other cysteine proteases, including mammalian cathepsin B.**~>°
In those reports, 7- to 15-mer peptides had K; values in the range
of those described here. For SmCBI, inhibition by peptides
covering the active site region is independent of the presence
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Figure 3. Competitive mode of inhibition of SmCB1 by fragments
[45p—69p] (a) and [SSp—61p] (b) derived from the SmCBI1 pro-
peptide. A Lineweaver—Burk plot is presented together with a second-
ary plot of the same data (inset); K; values are 2.0 and S5 uM for
[45p—69p] and [SSp—61p], respectively. The activity assay with the
fluorogenic peptidyl substrate, Z-Phe-Arg-AMC, was performed at pH
5.5 in the presence of 25 ug mL ™' heparin. Mean values are given for
triplicate measurements (SE were within 10%).

or absence of heparin. Second, it is now clear that the
heparin-binding region, unique to certain trematode cathepsins
B, can also inhibit proteolysis by SmCB1, but that heparin (and
possibly other GAGs) needs to be present.

Heparin Interacts with Both the Heparin-Binding Region
of the Pro-Peptide and the Enzyme Core. The properties of
the heparin-binding region’s interaction with heparin were
examined. For fragments [SSp—69p] and [45p—69p], we
synthesized derivatives in which the heparin-binding motif was
altered by substituting two positively charged arginine residues
with citrulline isosteres that possess uncharged side chains
(peptides [SSp—69p]Cit, and [45p—69p]Cit,). This abolished
the heparin-dependent inhibition of SmCB1 (Figure 2). The
result was confirmed by heparin affinity chromatography
(Figure 4): the wild-type peptide [45p—69p] bound to immo-
bilized heparin, whereas its citruline derivative [4Sp—69p]Cit,
did not.

In addition, mature, i.e., fully activated, SmCB1 was bound by
the heparin affinity column (Figure 4). This can be rationalized
on the basis that SmCBI, being more basic then mammalian
cathepsins B (theoretical pl values of 8.7 and S.1, respectively),
can interact with the positively charged heparin. The mature
SmCBI1 sequence does not contain a canonical heparin-binding
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Figure 4. Heparin affinity chromatography of SmCB1, its pro-peptide-
derived fragment [4Sp—69p] containing the heparin-binding motif, and
the same fragment but in which the two positively charged arginine
residues have been substituted with citrulline [45p—69p]Cit,. The
column was equilibrated in 25 mM sodium acetate, pH S.S, and eluted
with a linear gradient of 0—1 M NaCl
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Figure S. Thermal denaturation of SmCBI1 using the thermofluor
technique. The curves were recorded for SmCBI in the presence
(dashed line) and absence (solid line, control) of heparin (25
ug mL™"). The fraction of unfolded protein is displayed. Inset: the
melting temperature (T,,) values determined from the denaturation
curves. Mean values & SE are given for triplicate measurements.

motif; however, inspection of the 3D model reveals several
positively charged patches. One of these involves the occluding
loop on the “front site” surface of SmCB1 close to the active site
(Supplementary Figure S3). Basic surface gatches are reported to
mediate heparin—protein interactions.>> The interaction of
SmCB1 with heparin was also studied using the thermofluor
technique*>*" in order to understand whether heparin alters
the thermal stability of SmCBI. In the presence of heparin, the
thermal stability of SmCB1 was increased (melting tempera-
ture (T,,) shifted from 54 to 61 °C (Figure 5)), thus indicating
the formation of a complex between SmCB1 and heparin.

On the basis of the above results, we propose a mechanism by
which heparin promotes the inhibitory functionality of the
heparin-binding region. The heparin polymer interconnects the
pro-peptide heparin-binding region through the heparin-binding
motif and the enzyme core through a surface basic patch. This
facilitates docking of the heparin-binding region in a proper
orientation, which finally leads to steric hindrance of the adjacent
active site by a bulky complex formed from the heparin-binding

peptide and heparin. This is in line with the competitive mode of
inhibition of SmCB1 by the synthetic heparin-binding region
[SSp—61p] in the presence of heparin (Figure 3b). The electro-
static character of the involved interactions is supported by the
finding that the heparin-dependent inhibition of SmCBI1 by
[45p—69p] is abolished by 0.3 M NaCl (data not shown). The
specific requirements for the heparin structure were tested using
heparins ranging from 2 to 17 kDa in size. The inhibition by
peptide [4Sp—69p] did not vary significantly (K; ~1.0—1.9 uM),
demonstrating that a 2 kDa hexasaccharide fragment (K; = 1.2 uM)
is as effective as 17 kDa heparin (K; = 1.9 M) in mediating the
interaction.

What is the function of the heparin-binding region? We
speculate that it may participate in regulating the activation of
the SmCB1 zymogen. For several mammalian cysteine cathe-
psins, including cathepsin B, it was reported that heparin and
other GAGs accelerate zymogen autoactivation through desta-
bilization of the pro-peptide interaction with the mature enzyme,
thus facilitating its autocatalytic cleavage.34’36 The present data
suggest that the modulatory activities of GAGs are more com-
plex. In the case of SmCB1, these polysaccharides might produce
increased stabilization of the pro-peptide interaction via the
heparin-binding region. GAGs are widespread in host tissues
and are also found in Schistosoma.** Interestingly, and unlike
mammalian cathepsins B, the SmCB1 zymogen only partially
autoactivates and the assistance of processing proteases, such as
an asparaginyl endopeptidase, is necessary for complete zymogen
conversion.” The partially processed SmCB1 zymogen is cataly-
tically inactive and still retains a pro-peptide fragment (residues
39p—71p) that includes both the active site and heparin-binding
regions.” Our future research will test the hypothesis that GAGs
regulate the activation of pro-SmCB1 using purified recombinant
zymogen and various heparin-binding region mutants.

Pro-Peptide Mimetics Derived from the Active Site Region
as a Design Basis for Novel Anti-Schistosomals. We found
that the active site region [4Sp—49p] synthesized as a synthetic
pentapeptide retains some inhibitory activity (K; = 233 uM)
against SmCB1 (Figure 2). Also, neither this pentapeptide nor
variants extended in either the N- ([30p—S54p]) or C-terminal
directions ([45p—69p]) are hydrolyzed by SmCB1 (see Supple-
mentary Figure S4). We suggest that the synthetic active site-
directed pentapeptide likely binds in the same manner to the
active site as the native pro-peptide, i.e., in the opposite orienta-
tion than substrates, and thus prevents cleavage. Accordingly, we
set out to use the active site region as a starting scaffold for the
design of more potent inhibitors of SmCB1.

In our structure-based design, we employed a 3D model of
mature active SmCB1 that was built by homology modeling
using the X-ray structure of rat cathepsin B (PDB entry 1CPJ) as
template (Figure 6). The wild-type pentapeptide [4Sp—49p],
Ac-QMGAR, was docked into the active site cleft where it
occupied the S2' through S3 subsites. The corresponding P2’
through P3 residues in the inhibitor structure were substituted by
L- and D-amino acids, and the modified structures were redocked
and evaluated for their interaction potential. The best candidates
selected in silico were synthesized. These compounds are listed in
Table 1 together with their K; values for SmCB1. Initially, we
substituted the P1 residue (Gly) with p-Arg that is known to
prevent interaction of peptidic ligands in the substrate-like
binding mode.>* Then, we used Phe at P3 to fill the S3 pocket
of SmCB1 as bulky hydrophobic groups in this position are
generally favored in SmCB1 substrates.*’ Next, the P2’ residue
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P3

Figure 6. Chemical structure and docking model of the Ac-NMrAF inhibitor, a synthetic mimetic of the pro-peptide active site region. The inhibitor
(black ball-and-stick) was docked into the active site of SmCB1 (gray surface) and residues in the P2'—P3 positions are indicated. The Ac-NMrAF
binding mode is superimposed on that of the SmCB1 pro-peptide (dark green, with active site region backbone in ball-and-stick). Heteroatoms of Ac-
NMTrAF are colored red for oxygen, blue for nitrogen, and yellow for sulfur. In the SmCBI active site, the catalytic residues Cys100 and His270 are
highlighted in yellow and orange, respectively. The histidine residues of the occluding loop (His180 and His181) are in green. The SmCB1 molecule is

oriented as in Figure 1.

that interacts with the occluding loop of SmCB1 was optimized.
During this step, we also evaluated N-terminal capping, which for
several P2’ substituents was required for efficient inhibition. This
step defined two routes for the further iterative design of
compounds containing either an acetylated P2’ Asn or an
N-terminally free Glu. Finally, employing mostly hydrophobic
residues at P1’ and P2 yielded Trp and Ala, respectively, as
generally suitable substituents. In summary, the screening of 48
inhibitors (Table 1) yielded S inhibitors with K; values lower than
50 uM and one (EYrAF) with a value of 14 M, i.e., 16-fold more
potent than the native active site region [45p—49p] (K; = 233
UM). The S best ranked inhibitors were also screened against
human cathepsins B, L, and S under analogous conditions, and
no significant inhibition was observed (Table 1).

Docking Ac-NMTrAF, one of the more potent inhibitors (K; =
32 uM), in the active site of SmCB1 (Figure 6) illustrates a
network of potential interactions (contacts within 4 A) that is
formed between enzyme and inhibitor. These include P3 (Gly67,
Leu68, Ile74), P2 (Gly72, Gly73), P1 (Gly27, Cys39, Cys70,
Glu71, Ile122, His199), P1’ (Gly197, Gly198, Leul96), and P2’
(His110, Val176, Leul81, Leul96, Trp221). The P2’ residue
(Ac-Asn) interacts with His110 of the occluding loop. A similar
interaction of the epoxysuccinyl peptidyl inhibitor, CA-074, with
His110 and His111 was critical for its potent inhibition of bovine
cathepsin B.**

In conclusion, we demonstrate that the active site region is a
useful starting scaffold in the design of inhibitors selective for
SmCBI1 over host-derived cathepsins B, L, and S. The K; values of
the most potent pentapeptide inhibitors are in the mid to low
micromolar range and are thus an improvement on the inhibition
produced by the original active site region [45p—49p]. More-
over, the K; values are comparable with those measured for
the large central 25-mer pro-peptide fragment [30p—S4p]
(Figure 2). We will continue the optimization process by
introducing unnatural amino acids and building blocks. These
modifications may confer low or submicromolar inhibition as was
found for the pro-peptide-derived inhibitors of human cathepsin

L' We will also attempt to cocrystallize optimized inhibitors
with SmCB1 for X-ray analysis to provide direct evidence for the
modeled binding mode. This will further the rational design of
inhibitors that may help identify molecules for consideration as
antischistosomal drugs.

B METHODS

Materials. Heparins from porcine intestinal mucosa with an average
molecular weight of 17, S, and 3 kDa were from Sigma, and heparin
hexasaccharide was from Dextra Laboratories. The fluorogenic substrate
Z-Phe-Arg-AMC was from Bachem. Amino acid precursors and resins
for peptide synthesis were from Iris Biotech. S. mansoni asparaginyl
endopeptidase (SmAE) was produced recombinantly in Pichia pastoris
as described in ref 10. Bovine cathepsin B was purified from bovine
spleen,” human cathepsin B was obtained from Merck, and human
cathepsins L and S from Sigma.

Recombinant Expression and Purification of SmCB1.
SmCBI was expressed in the X33 strain of the methylotrophic yeast
P. pastoris as described previously.” The induction media were concen-
trated and desalted on a Sephadex G-25 column equilibrated with
25 mM sodium acetate, pH S.5. Recombinant protein (a mixture of
zymogen and intermediate forms) was separated on a Mono S HR §/5
column (GE Healthcare Bio-Sciences) equilibrated with 25 mM sodium
acetate, pH 5.5 and eluted using a linear gradient of 0—1 M NaCl. The
activated SmCB1 was obtained by proteolytic treatment with SmAE in
0.1 M sodium acetate, pH 5.0, containing 2.5 mM dithiothreitol.” The
conversion to active SmCB1 was monitored using the Z-Phe-Arg-AMC
assay (see below) and SDS-PAGE. SmCBI1 was finally purified on a
Mono S HR 5/5 column as above. The preparation was concentrated
and desalted into 20 mM sodium acetate, pH 5.5 using Amicon Ultracel-
10k (Millipore). The typical yield was 2 mg of SmCB1 from 1 L of
induction media.

Synthesis of Peptides. Peptides were synthesized by Fmoc solid
phase chemistry in an ABI 433A Peptide Synthesizer (Applied
Biosystems) in the form of peptidyl amides with free or acetylated
N-termini as described previously.*® Peptides were purified by RP-
HPLC over a C18 column using a trifluoroacetic acid (TFA) elution
system and characterized by ESI mass spectrometry on an LCQ Classic
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Table 1. Structure-Based Optimization of Synthetic
Inhibitors Derived from the Active Site Region of the SmCB1
Pro-Peptide

K (uM)*
peptide” structure” Ac NH,
QMGARREE 221 268
QMrARREE 83 159
QMGAR 233 nsi
XMrAF QMrAF 210 nsi
NMrAF 32¢ nsi
EMrAF nsi 161
DMrAF nsi nsi
XWrAF PWrAF 134 265
HWrAF 159 nsi
RWrIAF 164 189
QWIAF 266 291
SWrAF 299 nsi
TWrAF nsi 66
NXrAF NWrIAF 22¢
NYrAF nsi
NFrAF nsi
EXrAF EYrAF 147
EWrAF 37
ECrAF 97
EFrAF 112
EIrAF 177
ELrAF 225
EArAF 230
EGrAF 240
ESrAF 255
EHrAF nsi
ERrAF nsi
ER(Tos)rAF nsi
EMXAF EMKAF 299
EMVAF nsi
EMLAF nsi
EMFAF nsi
EWXAF EWwAF 46°
EWIAF nsi
EWIAF nsi
EWTfAF nsi
EMrXF EMrIF 231
EMrFF nsi
EMrRF nsi

X positions (P2'—P3 residues) were substituted with the selected L- and
Dp-amino acids (upper- and lower-case letters, respectively). bPeptides were
synthesized as carboxy-amides with free (NH,) or acetylated (Ac) N-termini;
R(Tos), tosyl-arginine. “ The inhibition constants (K;) were determined in a
kinetic activity assay with SmCB1 and the fluorogenic peptidyl substrate,
Z-Phe-Arg-AMC. Mean values are given for triplicate measurements (SE
values were within 10% of means); nsi, no significant inhibition with 300 uM
peptide. 4 Peptides were screened against human cathepsins B, L, and S under
conditions analogous to those used for SmCB1, and no significant inhibition
was observed at a 300 uM peptide concentration.

Finnigan Mat device (Thermo Finnigan). The characterization of the
synthesized peptides is presented in Supplementary Table S1.

SmCB1 Activity and Inhibition Assays. SmCB1 activity was
measured with the fluorogenic substrate Z—Phe—Arg—AMC.7 The reac-
tion was performed in a 96-well microplate format in a total assay volume
of 100 4L in 0.1 M sodium acetate, pH 5.5, containing 2 mM dithiothreitol
and 0.1% (w/v) PEG 6000. For inhibition measurements, the enzyme
(0.6 nM) was preincubated with synthetic peptide (0—400 #M) at 37 °C
for 1S min followed by the addition of 25 uM Z-Phe-Arg-AMC. Where
indicated, the 17 kDa heparin was added to the preincubation mixture to
give a final concentration of 25 g mL " in the assay; this value was selected

based on the fact that the potential of heparin to promote the SmCB1
inhibition (by peptides [45p—69p] and [SSp—61p]) did not vary sig-
nificantly in the tested range of 0.5—50 ug mL ™" (data not shown). The
kinetics of product release was continuously monitored in an Infinite M200
microplate reader (Tecan) at excitation and emission wavelengths of 360
and 465 nm, respectively. Each measurement was performed in triplicate.
The inhibition constants (K;) were determined from the residual velocities
using the dose—response plot (v;/vo vs [I]) to obtain ICs values that were
then converted to K; values by Cheng and Prusoff relationships.*” The
inhibition mode was determined using an analogous activity assay and the
initial velocities of product release were interpreted using the Linewea-
ver—Burk plot. The active site concentration of SmCB1 was determined by
titration with E-64, and the peptide solutions were quantified by amino acid
analysis. The same activity assay was employed with bovine and human
cathepsins B and human cathepsins L and S.

Stability of Peptides. Resistance of pro-peptide-derived frag-
ments to proteolysis was investigated as described previously*® under
conditions similar to those used in the inhibition assay. The reaction
mixtures contained 0.6 or 6.0 nM SmCB1 and 100 #M synthetic peptide
in 0.1 mM sodium acetate, pH 5.5, containing 2 mM dithiothreitol (and
25ugmL " 17 kDa heparin where indicated). The reaction was incubated
at 37 °C for 16 h and stopped by the addition of 10 #M E-64. Mixtures
were analyzed by RP-HPLC, and the obtained profiles were compared to
those of controls not subjected to enzyme treatment. The RP-HPLC
separation was performed on a Vydac C18 column (218TPS4, Vydac)
equilibrated in 5% (v/v) acetonitrile solution in 0.1% (v/v) TFA and
eluted with a 2% min~" gradient of a 90% (v/v) acetonitrile solution in
0.1% (v/v) TFA.

Secondary Structure Prediction. Prediction of secondary struc-
ture was performed using the PORTER and PSIPRED web services
(http://distill.ucd.ie/porter/ and http://bioinf.cs.ucl.ac.uk/psipred/).

Molecular Modeling. A model of SmCB1 was constructed using
the X-ray structure of rat cathepsin B (PDB entry 1CPJ) as a template
and a pairwise sequence alignment generated by the BLAST program
using a BLOSUMG62 substitution matrix. The homology module of the
MOE program was used for the modeling of the SmCB1 structure.*’
The Ac-NMTrAF inhibitor was built into the SmCBI active site cleft
based on the position of three known active site ligands: (i) Compound
13 inhibitor from the human cathepsin L complex (PDB entry IMHW)
defined the orientation in the P1 to P3 positions; (i) CA-074 inhibitor
from the bovine cathepsin B complex (PDB entry 1QDQ) defined the
orientation in the P2’ position; and (iii) CGT (42p—44p) segment in
the pro-peptide of rat pro-cathepsin B (PDB accession 1MIR) defined
the orientation in the P1'—P2 positions. The conformation of Ac-NMrAF
was refined by applying the LigX module of the MOE for the optimization
procedure. The final binding mode of the inhibitor was selected by the best-
fit model based on the London dG scoring function and the generalized
Born method.*® The same strategy was used for the docking of other
compounds derived from the active site region to evaluate their interaction
potential with SmCB1. The structure of pro-SmCB1 was modeled on the
basis of the X-ray structure of the rat pro-cathepsin B (PDB accession
IMIR) as template as described for the SmCB1 model. The multiple
sequence alignment of the pro-peptide segments that was used for the
SmCB1 modeling was generated by ClustalW2 (Figure 1a). Molecular
images were generated with UCSF Chimera (http://www.cglucsf.edu/
chimera/).

Heparin Affinity Chromatography. SmCB1 (10 ug) or syn-
thetic peptides (50 nmol) were applied to a 1 mL HiTrap Heparin HP
column (GE Healthcare Bio-Sciences) equilibrated with 25 mM sodium
acetate, pH 5.5. A linear 0—1 M NaCl gradient was used to elute the
bound material at a flow rate of 1 mL min . Chromatography was
monitored by measuring the absorbance at 280 nm.

Thermal Stability Assay. The thermal denaturation curves of SmCB1
were recorded in a thermofluor assay using the LightCycler 480 System
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(Roche) and a thin-wall PCR plate format.** A temperature increment of
1 °C min " was applied. Samples (25 L) contained 0.8 ug of SmCB1 in
0.1 M sodium acetate, pH 5.5, in the presence or absence of 25 ug mL ™"
of 17 kDa heparin. Protein unfolding was monitored by measuring
the fluorescence signal of the hydrophobic reporter dye Sypro Orange
(Invitrogen) with excitation and emission wavelengths of 465 and S80 nm,
respectively. Melting temperature (T},,) values were calculated using the first
derivative method.
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SmCB1 HISVK-NEKFEPLSDDI-I SYINEHPNAGWRAEKSNR—FHSLD———DARI-REEPDLRRTRRPTVD——HNDWNVE IPSSFDSRKKWPRCKSIATIRDQSRCGSCW
SjCB1 HVTTRNNQRIEPLSDEM-ISFINEHPDAGWKADKSDR-FHSLD---DARILMGARKEDAEMKRNRRPTVD--HHDLNVEIPSQFDSRKKWPHCKSISQIRDQSRCGSCW
TrCB1 ENEIQFEPLSDEM-IAYINQHPDAGWTASRSDR-FKSLE---DARILLGAMHEDEELRKKRRPTVD--HONVSLEIPSSFDSRKKWHQCKSISNIRDQSRCGSCW
TsCB1 HILTDNEVQFEPLSDEM-IAYINQHPDAGWTASRSDR-FKSVE---DARILLGAMSEDEELRKKRRPTVD--HQNVSLEIPSSFDSRKKWRQCKSISNIRDQSRCGPCW
FhCB1 APNEKPQFEPFSDEL-IHYINEKSGASWKAAPSSR-FINIE---HFKQHLGLLEETPEERQTRRPTVR--YNVSDNDLPESFDAREKWPLCRSIRQIPDQSSCGSCW
CsCB3 KGTESIGL-REYVDSKSGARWIYAEPPERFQPG----NFQLMFGALRE-PEEQRSKRPTVS-HESFSDEHIPKAFDARKQWPHCPTIGEIRDQSSCGSCW
OvCB2 EVTGSIGM---REYVDSETGAKWIYAEPPETFRQG----NLQLMFRAIRE-PEEQRSKRPTVS-HESLGDENIPKTFDAREQWPHCPTIGQIRDQSSCGSCW
SmCB2 IDARR-HKRMYQPLSMEL-INFINYEANTTWKAAPTTR-FRTVS---DIRRMLGALP-DPNG-—EQLETLCTGYIS--DELPKSFDARVEWPHCPSISEIRDQSSCGSCW
SjCB2 DARR-HKRMHQPLSKEL-IHFINYEANTTWKAGPTRR-FKTVS---DIRRMLGALP-DPNG--EQLETLCTGYELTLNELPKSFDARKEWTHCPSISEIRDQSSCGSCW
TrCB2 EANRHKFMHQPLSSEL-THFINHEANTTWKAAPSPR-FKSVS——-DIRRMLGALP-DPNG--GHLPTLCTGYTPSLDELPKEFDARKYWPHCPSISEIRDQSSCGSCW
TsCB2 EANRHKYMHQPLSSEL-IHFINHEANTTWKAAPSSR-FKSVS---DIRRMLGALP-DPNG--GYLPTLCTGYTPSLDELPKEFDARKHWPHCPSISEIRDQSSCGSCW
CsCB1 EY IPSFESLSDEI-VHYINHKANTTWKAAKYQR-FKTIS---DVRRVLGAVP-DPNGF-GLEKR-CLLSTIREQELPESFDAREKWPYCSSIAEIRDQSNCGSCW
TcCB GHSFHAEDAPILTDEF-LELVNRLNGGKWTAGRTSRT-KYLTRR-GASRLLGTFLRNTSILP---PRQF-SEEELRVPLQDRFDAGEAWPKCPTITEIRDQSSCGSCW
LdCB LYAK-PSDFPLLGKSF-VAEINSKARGQWTASADNGYLVSGKSLEEVRKLMGVTDMSTEAVP---PRNF-SVDEMQODLPEFFDAAEHWPMCVTISEIRDQSNCGSCW
ImCB LYAK-PSDFPLLGKSF-VAEVNSKAKGQWTASANNGYLVTGKSLGEVRKLMGVTDMSTEAVP---PRNF-SVEELQQODLPEFFDAAEHWPMCLTISEIRDQSNCGSCW
NaCB YLEQPIPEEAENLSGEAF-AEFLNKRQ-SFFTAKYTPN-ALNIL---KMRVMESRFLDNEEGE--MLKEED--MDFS-EEIPVSFDARDKWPKCTSIGFIRDQSHCGSCW
AcCB RAQPI-EEHVKDLSGQAFVDYINEHQPF-YRAEYSPN-AEAFV---KARIMDSKFLVEP--—-—— KKEEVL--TEVFGDDPPDSFDARAHWPECRSIGTIRDQSACGSCW
IsCB RLMVPTYLAPLSDKM-VDYIN-FINTTWKAGHNEG-HRDLE---TVRRKLGVSRDNHK---YRLPELV--HDTLEMDIPAQFDSRQQWQODCPTIREIRDQGACGSCW
IrCB ETHPKRWHPLSDOM-INFINKI-NTTWKAGRN---FDKSISMSYIRGLMGVNPKSKE---YRLPEFV--HEEIPDDLPESFDAREKWSHCASINLIRDQSTCGSCW
HICB RYLVPVDMDNFPDKM-IEYIN-YLNTTWQAGRN---LGYEDPR-YVRTLLGVHPNNHK---YRLPEIE--IDTSNVQIPDHFDSRHRWHDCPTIREIRDQGSCGSCW
AvCB ARSQP-FKHIHPLSEKM-IEYVN-FMNTTWKAGRN---FHEGV---TMKYIRGLLGVHKDNHKYRLPSIR---HAVPGDLPESFDSREQWPNCPTISEIRDQGSCGSCW
AgCB AAG-GSKKYPLSSKF-IEEINTKATT-WRAGON---FHPDTSLTYIRGLMGVHPDADK---FREPEIL-HDLSDGDELPENFDSREQWPNCPTIREIRDQGSCGSCW
TcaCB SVA-VH---PLSKEF-IQQINEKQST-WKAGPN---FAENVPMSYIRRLMGVPPNSK----YHMPSVK-RHLLDAMEIPDDFDARKQWPNCPTIREIRDQGSCGSCW
DvCB SKELHPLSDEF-INSINAAKST-WIAGRN---FAQDKSMDYITIKLMGVLPDHKN---YMPPVLT-HKLEAL-EIPADFDARQQWPHCPTIREIRDQGSCGSCW
PaCB VPPPEP-SVLVDPLSDDF-IDHINSLNTT-WKAHRN---FGNDIPLREIKKLMGVRRSLEN---FRLPEKS-MEDIDI-EIPEEFDPREQWPECPTLKEIRDQGSCGSCW
TdCB A-SIPTDPLSDEF-IDYINTLQTT-WRAGRN---FAPNTPKKYLKSLAGVHKNANNA--FTLP-KR-KVSLDV-TIPDEFDARKQWPNCPSITDIRDQGSCGSCW
DrCB ARPRLPPLSHEM-VNFINK-ANTTWTAGHN---FRDVD-YSYVKKLCGTFLKGPK----- LPVMV--QYTEGLKLPKNFDAREQWPNCPTLKEIRDQGSCGSCW
X1CB HLPYFAPLSHDM-VNYINK-VNTTWKAGHN---FANAD-LHYVKRLCGTLLKGPQ--——— LOKRF--GFADGLELPDSFDSRAAWPNCPTIREIRDQGSCGSCW
GgCB RSIPYYPPLSSDL-VNHINKL-NTTGRAGHN---FHNTD-MSYVKKLCGTFLGGPK--—-—— APERV--DFAEDMDLPDTFDTRKQWPNCPTISEIRDQGSCGSCW
BtCB RSSLYLYFPPLSDEL-VNFVNKQ-NTTWKAGHN---FYNVD-LSYVKKLCGAILGGPK----- LPQRD--AFAADVVLPESFDAREQWPNCPTIKEIRDQGSCGSCW
HsCB RSRPSFHPLSDEL-VNYVNKR-NTTWQAGHN---FYNVD-MSYLKRLCGTFLGGPK-—-——-— PPQRV--MFTEDLKLPASFDAREQWPQCPTIKEIRDQGSCGSCW
RnCB HDKPSSHPLSDDM-INYINKQ-NTTWQAGRN---FYNVD-ISYLKKLCGTVLGGPN-—-——-— LPERV--GFSEDINLPESFDAREQWSNCPTIAQIRDQGSCGSCW
Supplementary Figure S1.

Sequence alignment of pro-SmCB1 with representative members of cathepsin B-type proteases. Only
sequences for the pro-peptide and N-terminal portions of mature enzyme are presented. The active site and
heparin-binding regions of SmCB1 are highlighted in red and green, respectively. Residues in contact with
S1 and S1° subsites of the active site are marked with asterisks. Every tenth amino acid residue in the
sequence is numbered and the suffix ‘p’ refers to the pro-peptide. The sources of the sequences are as
follows: trematodes: Schistosoma mansoni (SmCB1 and SmCB2, Uniprot accessions Q8MNY2 and
Q95PM1, respectively), Schistosoma japonicum (SjCB1 and SjCB2, P43157 and C7TYR4), Trichobilharzia
regenti (TrCB1 and TrCB2, Q4VRW9 and A7L844), Trichobilharzia szidati (TsCB1 and TsCB2, B5AXI3 and
B5AXI4), Fasciola hepatica (FhCB1, Q817B2), Chlonorchis sinensis (CsCB3, A3SR0V6) and Opisthorchis
viverrini (OvCB2, C7EXK1); protozoa: Trypanosoma cruzi (TcCB, O61066), Leishmania donovani (LdCB,
Q9GQMb) and Leishmania major (LdCB, P90627); nematodes: Necator americanus (NaCB, A1YUMb5) and
Ancylostoma caninum (AcCB, Q11007); arthropods: /xodes ricinus (IrCB, A4GTA7), Ixodes scapularis (1sCB,
B7PF28), Araneus ventricosus (AvCB,Q7Z0Z2), Haemaphysalis longicornis (HICB, A1IHGO0), Anopheles
gambiae (AgCB, Q7Q9Y3), Tribolium castaneum (TcaCB, D6WGZ1), Diabrotica virgifera (DvCB,Q70EX1),
Periplaneta americana (PaCB, Q5MBV5) and Triatoma dimidiata (TACB, Q5GH35); vertebrates: Danio rerio
(DrCB, Q6PH75), Xenopus laevis (XICB, Q7ZXM4), Gallus gallus (GgCB, P43233), Bos taurus (BtCB,
P07688), Homo sapiens (HsCB, P07858) and Rattus norvegicus (RnCB, P00787). Of the above trematode
enzymes, the following have been localized in the digestive tract; SmCB1 (Sajid et al., Mol. Biochem.
Parasitol. 131, 65-75, 2003), SjCB1 (Caffrey and Ruppel, J. Parasitol. 83,1112-1118, 1997), TrCB1 (Dvorak
et al., Int. J. Parasitol. 35, 895-910, 2005), and FhCB1 (Beckham et al., Int. J. Parasitol. 41, 1601-1612,
2009).
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Supplementary Figure S2.

Circular dichroism spectra of a-helical fragments derived from the SmCB1 pro-peptide. The peptides [1p-
29p], [30p-54p], and [45p-61p] contain the a-helices alp, a2p, and a3p, respectively (see Figure 2). The
spectra were measured with 0.3 mM peptide in 50 mM sodium phosphate, pH 5.8 in the presence of
50% (v/v) trifluoroethanol (TFE) at 26°C using a CD6 Dichrograph (Jobin Yvon). The CD spectra were also
measured in the absence of TFE and with 20% (v/v) TFE. The relative content of helical structure was
determined from the spectra by Dichroweb (Whitmore and Wallace, Nucleic Acids Res 32, W668-W673,
2004); the values for 0%, 20%, and 50% TFE, respectively, are as follows: 22%, 31%, and 39% for peptide
[1p-29p]; 15%, 23%, and 27% for peptide [30p-54p]; 17%, 19%, and 22% for peptide [45p-61p].
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Supplementary Figure S3.

The surface of the mature SmCB1 molecule is colored by its electrostatic potential displayed at a scale from
-5 kT/e (red) to +5 kT/e (blue). The protein is in the same ‘front site’ orientation as in Figure 1. The open
yellow circle indicates the position of the active site Cys residue. The model was constructed using the X-ray
structure of the rat cathepsin B (PDB entry 1CPJ) (see Methods). The electrostatic potential surface was
calculated for pH 5.5 using the APBS software (Baker et al., Proc. Natl. Acad. Sci. U.S.A. 98, 10037-10041,
2001) and input data were prepared with the PDB2PQR (Dolinsky et al., Nucleic Acids Res 32, W665-W667,
2004) and PROPKA programs (Li et al., Proteins 61, 704-721, 2005).
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Supplementary Figure S4.

Stability of synthetic pro-peptide-derived inhibitors to proteolysis by SmCB1. The analysis is presented for
the following peptide inhibitors: (a) [30p-54p], (b) [55p-69p], (c) [55p-61p], (d) [45p-69p], (e) [45p-49p], and
for (f) a fluorogenic peptidic substrate of SmMCB1 Z-Phe-Arg-AMC. The reaction mixtures (200 uM) containing
6.0 nM SmCB1 and 100 uM peptide in 0.1 mM sodium acetate, pH 5.5, containing 2 mM dithiothreitol and
25 ug mL" heparin (for [55p-61p] and [45p-65p]), were incubated at 37 °C for 16 h. The reaction was
stopped by the addition of 10 uM E-64 and mixtures were analyzed by RP-HPLC (blue lines). In the control
experiments (brown lines), the peptide was added to the reaction mixture after the incubation was stopped
by E-64. Chromatography was performed on a Vydac C18 column equilibrated in 5% (v/v) acetonitrile
solution in 0.1% (v/v) TFA and eluted with a 2% min”* gradient (dotted line) of 90% (v/v) acetonitrile solution
in 0.1% (v/v) TFA. The RP-HPLC elution profile was monitored by measuring absorbance at 220 nm. The
peak at the retention time of around 11 min is associated with the assay system and not with the tested
peptides.
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Supplementary Table S1. Characterization of purified peptides prepared by Fmoc solid phase

chemistry.
Peptide® Theoretical Mass (Da) | Measured Mass (Da)° | HPLC purity®*©
m/z %
Pro-peptide derived fragments from Figure 2
[1p-29p] 3448.7 [M+3H]>* 1150.4 91.3
[30p-54p] 2968.4 [M+2H]** 1485.3 95.1
[25p-54p] 3552.7 [M+3H]>* 1185.4 91.5
[53p-69p] 2189.37 [M+2H]** 1095.4 99.8
[55p-69p] 1976.0 [M+2H]** 989.5 94.3
[55p-69p]Citz 1978.1 [M+2H]"* 990.3 97.7
[55p-61p] 994.6 [M+H]" 995.6 92.5
[45p-69p] 3145.5 [M+3H]>* 1050.1 91.1
[45p-69p]Cit. 3147.6 [M+3H]>* 1050.9 94.4
[45p-61p] 2164.2 [M+3H]>* 722.4 98.3
[39p-61p] 2847.5 [M+3H]>* 950.3 95.6
[39p-52p] 1699.8 [M+2H]** 850.8 971
[39p-49p] 1285.6 [M+H]" 1286.4 94.5
[45p-52p] 1016.5 [M+H]* 1017.5 98.1
[45p-49p] 602.3 [M+H]" 603.3 98.9
[45p-48p] 446.2 [M+H]" 447.2 94.5
[46p-49p] 474.2 [M+H]" 475.2 98.6
Active site region derived peptides from Table 2
QMGARREE 974.5 [M+H]* 975.5 95.6
Ac-QMrARREE 1115.6 [M+H]" 116.5 98.2
QMrARREE 1073.6 [M+H]" 1074.6 96.8
QMGAR 560.3 [M+H]* 561.3 92.7
Ac-QMrAF 692.3 [M+H]" 693.3 99.8
QMrAF 650.3 [M+H]" 651.4 98.4
Ac-NMrAF 678.3 [M+H]" 679.4 96.1
NMrAF 636.3 [M+H]" 673.3 94.9
Ac-EMrAF 693.3 [M+H]" 694.3 98.8
EMrAF 651.3 [M+H]" 652.3 98.3
Ac-DMrAF 679.3 [M+H]" 680.4 98.4
DMrAF 637.3 [M+H]" 638.4 97.6
Ac-PWrAF 716.4 [M+H]* 717.4 98.1
PWrAF 674.4 [M+H]* 675.4 97.5
Ac-HWTrAF 756.4 [M+H]* 757.4 96.5
HWrAF 714.4 [M+H]* 715.4 97.4
Ac-RWrAF 775.4 [M+H]* 776.4 96.8
RWrAF 733.4 [M+H]" 734.4 99.1
Ac-QWrAF 747.4 [M+H]* 748.4 95.6
QWTrAF 705.4 [M+H]* 706.4 97.4
Ac-SWrAF 706.4 [M+H]* 707.4 96.3
SWrAF 664.4 [M+H]" 665.4 97.2
Ac-TWrAF 720.4 [M+H]* 721.4 98.2
TWrAF 678.4 [M+H]* 679.4 97.4
Ac-NWTrAF 733.4 [M+H]* 734.4 98.5
Ac-NYrAF 710.3 [M+H]* 711.3 97.6
Ac-NFrAF 694.4 [M+H]" 695.4 98.3
EYrAF 683.3 [M+H]" 684.4 96.1
EWrAF 706.4 [M+H]* 707.4 96.6
ECrAF 623.3 [M+H]" 624.3 95.1
EFrAF 667.3 [M+H]" 668.4 97.8
EIrAF 633.3 [M+H]" 634.3 97.7
ELrAF 633.3 [M+H]" 634.3 96.8
EArAF 591.3 [M+H]* 592.3 98.7
EGrAF 577.3 [M+H]* 578.3 95.9
ESrAF 607.3 [M+H]" 608.4 97.5
EHrAF 657.3 [M+H]" 658.3 96.8
ERrAF 676.4 [M+H]" 677.4 99.1
ER(Tos)AF 830.4 [M+H]* 831.4 98.1
EMKAF 623.3 [M+H]" 624.4 96.1
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EMVAF 594.3 [M+H]* 595.3 95.9
EMLAF 608.3 [M+H]* 609.2 97.1
EMFAF 642.3 [M+H]* 643.1 97.3
EWwAF 736.3 [M+H]* 737.3 975
EWIAF 663.3 [M+H]* 664.2 96.8
EWIAF 663.3 [M+H]" 664.2 97.4
EWTAF 697.3 [M+H]* 698.2 95.1
EMrIF 693.4 [M+H]* 694.6 98.5
EMrFF 727.3 [M+Na]* 750.5 96.2
EM/RF 736.4 [M+H] 737.7 97.3

? Pro-peptide derived fragments from Figure 2 were synthesized as carboxy-amides with acetylated N-
termini. Active site region derived peptides from Table 2 were synthesized as carboxy-amides with free or
acetylated (Ac-) N-termini. R(Tos), tosyl-arginine; upper- and lower-case letters, L- and D-amino acids,
respectively.

® ESI mass spectra were measured on an LCQ Classic Finnigan Mat device (Thermo Finnigan).

¢ HPLC analysis was performed on a Vydac C18 column equilibrated in 0.1% (v/v) TFA and eluted with a
1% min”’ gradient of 90% (v/v) acetonitrile solution in 0.1% (v/v) TFA.

4 The relative amino acid composition of peptides was determined by amino acid analysis on Biochrom 20
(Amersham Biosciences); the obtained experimental values were within 10% of the theoretical values.
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5.2. Publikace €. 2: Structural Basis for Inhibition of Cathepsin B Drug
Target from the Human Blood Fluke, Schistosoma mansoni

5.2.1. Souhrn

Tato publikace nabizi odliSny piistup pro hledani inhibitori SmCBI1, nez byl pouzit
v publikaci ¢. 1. Jedna se o plosné testovani sady syntetickych peptidomimetickych
vinylsulfont, které se kovalentné¢ vazi do aktivniho mista cysteinovych proteas. Publikace
se zabyva komplexni strukturné¢ funkéni charakterizaci SmCB1, kterd poskytuje detailni
popis jednotlivych vazebnych podmist aktivniho mista pomoci (1) analyzy ziskanych
krystalovych struktur komplexu SmCB1 s inhibitory, (2) analyzy vazby inhibitort do
aktivniho mista SmCB1 pomoci metod vypocetni chemie, (3) urCeni inhibicni specifity
SmCBI1 pomoci vinylsulfonovych inhibitorGi a (4) ur€eni substratové specifity SmCBI1
pomoci fluorogennich substratl a fragmentace pfirozené¢ho substratu hemoglobinu.

Tato publikace piinasi vliibec prvni krystalovou strukturu proteasy z parazita krevnicky.
Struktura SmCB1 vykazuje obecné znaky proteas rodiny papainu a obsahuje smycku
“occluding loop” charakteristickou pro katepsiny B. Byly ur¢eny celkem tfi krystalové
struktury SmCB1 v komplexu s inhibitory K11777 (PDB kod: 3S3R), K11017 (PDB kod:
3S3Q) a CA074 (PDB kod: 3QSD), které davaji nové informace o vazb¢ inhibitora
v aktivnim misté. K11777 je vinylsulfon a byl vybran jako u¢inny inhibitor SmCB1, ktery
v 1. 2007 poskytl zasadni dikaz o SmCBI jako cilové molekule pro terapeuticky zasah pfi
1écbé schistosomozy na mysim modelu [23]. K11017 je derivat K11777, ktery se lisi
substituenty v P2 a P3 pozici. CA074 je epoxidovy inhibitor specificky pro katepsin B s
mechanismem inhibice odliSnym od vinylsulfont. Krystalové struktury komplexti SmCBI1
s inhibitory byly déle pouzity pro analyzu interakce substituentli v jednotlivych vazebnych
podmistech enzymu pomoci kvantové chemickych vypocta.

V dalsi Casti prace byla testovana sada 20 vinylsulfonovych inhibitorii cysteinovych
proteas odvozenych ze struktury K11777, které obsahuji rizné substituenty v pozicich P3
az P1’. Inhibitory pochézeji z knihovny inhibitorti ze spolupracujiciho pracovisté¢ UCSF.
Tato sada byla testovana in vitro v aktivitnim testu s rekombinantnim SmCB1 a ex vivo
na zivych larvach S. mansoni. Bylo prokazano, Ze in vitro i ex vivo vysledky koreluji a
ucinnost inhibice podle parametru ICsy odpovida mife suprese parazita.

Proteolytickd aktivita SmCBI1 byla studovana pomoci fyziologického substratu
hemoglobinu a pomoci syntetickych peptidovych substratii uréenych pro exopeptidasovy a

endopeptidasovy mod $tépeni. Oba piistupy prokézaly, ze SmCBI1 je schopen vyuzivat jak
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endo- tak exopeptidasovou aktivitu, ale exopeptidasova aktivita pfevlada. Detailni
exopeptidasova specifita SmCB1 byla dale studovana pomoci knihoven FRET substratd,
navrzenych pro analyzu aminokyselin preferovanych v P1” a P2” pozicich.

Tato publikace prokazala vyznam SmCBI jako cilové molekuly pro vyvoj inhibitora

jako potencialnich chemoterapeutik proti schistosomoze.

Mij podil na prdci zahrnoval: (1) rekombinantni expresi, aktivaci a purifikaci SmCBI1,
(2) ptipravu inhibi¢nich komplext a jejich krystalizaci, analyzu krystalografickych struktur
(pomoci programtit CONTACT a Pymol), jejich interpretaci a molekularni grafiku (pomoci
programu Pymol), (3) testovani knihoven FRET substrati a analyzu degradace
hemoglobinu, urceni inhibi¢nich konstant ICsy, ex vivo testovani inhibitori a

vyhodnocovéani zmén fenotypu parazita a (4) Gcast na piipravé manuskriptu.
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Schistosomiasis caused by a parasitic blood fluke of the genus
Schistosoma afflicts over 200 million people worldwide. Schisto-
soma mansoni cathepsin B1 (SmCB1) is a gut-associated pepti-
dase that digests host blood proteins as a source of nutrients. Itis
under investigation as a drug target. To further this goal, we
report three crystal structures of SmCB1 complexed with pep-
tidomimetic inhibitors as follows: the epoxide CA074 at 1.3 A
resolution and the vinyl sulfones K11017 and K11777 at 1.8 and
2.5 A resolutions, respectively. Interactions of the inhibitors
with the subsites of the active-site cleft were evaluated by quan-
tum chemical calculations. These data and inhibition profiling
with a panel of vinyl sulfone derivatives identify key binding
interactions and provide insight into the specificity of SmCB1
inhibition. Furthermore, hydrolysis profiling of SmCB1 using
synthetic peptides and the natural substrate hemoglobin
revealed that carboxydipeptidase activity predominates over
endopeptidolysis, thereby demonstrating the contribution of
the occluding loop that restricts access to the active-site cleft.
Critically, the severity of phenotypes induced in the parasite by
vinyl sulfone inhibitors correlated with enzyme inhibition, pro-
viding support that SmCB1 is a valuable drug target. The present
structure and inhibitor interaction data provide a footing for the
rational design of anti-schistosomal inhibitors.

Schistosomiasis (bilharzia) is a chronic infectious disease
caused by trematode blood flukes that infect over 200 million
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people in tropical and subtropical areas (1). Of the five species
of schistosomes infecting humans, Schistosoma mansoni is a
major etiological agent of disease in parts of Asia, the Middle
East, Africa, and South America. Morbidity associated with the
disease arises from immunopathological reactions to parasite
eggs that accumulate in various tissues, including the liver,
intestinal tract, and bladder (2). Treatment and control of schis-
tosomiasis now relies on just one drug, praziquantel, a perilous
situation should drug resistance emerge and become estab-
lished (1, 3). Accordingly, there is continued impetus to identify
new schistosomal protein targets and chemotherapeutically
active anti-schistosomals (4—6).

Adult schistosomes live in the cardiovascular system, and
host blood proteins are a nutritive source for growth, develop-
ment, and reproduction. In the schistosome gut, a network of
peptidases (proteases) contributes to the digestion of host pro-
teins, predominated by hemoglobin, to absorbable peptides and
amino acids (7, 8). For S. mansoni, the component digestive
peptidases thus far characterized include the following: (i) cys-
teine peptidases of the Clan CA (papain family), namely cathep-
sin B1, cathepsins L1-L3, dipeptidyl peptidase I (cathepsin C),
and a Clan CD asparaginyl endopeptidase (legumain); (ii) the
Clan AA aspartic peptidase, cathepsin D; and (iii) the Clan MF
metallopeptidase, leucine aminopeptidase (7—11). This study
focuses on S. mansoni cathepsin B1 (SmCB1),> which is the
most abundant cysteine peptidase in the parasite gut (12, 13)
and is necessary for normal parasite growth (14). SmCB1 is
synthesized as an inactive zymogen and is converted in vitro to
a mature, active 31-kDa enzyme by proteolytic removal of the
pro-peptide that can be catalyzed by legumain (12). SmCB1is a
molecular target for cure of schistosomiasis mansoni in a mouse
model using the vinyl sulfone cysteine peptidase inhibitor K11777
(15). Inhibition of SmCBI1 therefore represents an attractive
option for anti-schistosomal drug development; however, target-
based rational design of lead compounds has been hampered by a
lack of structural information for the enzyme.

2The abbreviations used are: SmCB1, cathepsin B1 from S. mansoni; VSPh,
phenyl vinyl sulfone; RP-HPLC, reverse phase HPLC; AMC, aminomethyl-
coumarin; Cbz, carboxybenzyl; Hph, homophenylalanine; NTS, newly
transformed schistosomula; r.m.s.d., root mean square deviation; Abz, ami-
nobenzoic acid; Nph, 4-nitrophenylalanine; EDDnp, ethylenediamine 2,4-
dinitrophenyl; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]glycine;
N-Mpip, N-methylpiperazinylcarbonyl; Mu, morpholinylcarbonyl; Cbz,
benzyloxycarbonyl.
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Recently, we designed reversible inhibitors of SmCB1 based
on the pro-peptide scaffold. These were effective in vitro in the
low micromolar range (16). Here, we identify covalent nanomo-
lar inhibitors of SmCB1 and analyze their binding mode by
structural analysis. The inhibitors include the following: (i)
epoxide inhibitor CA074, a specific inhibitor of cathepsin
B-type peptidases (17) that has been previously structurally
characterized in complex with mammalian cathepsins B (18),
and (ii) vinyl sulfone inhibitors K11017 and K11777 that have
not been crystallographically studied so far in complex with
cathepsins B. Vinyl sulfones are effective against papain-like
cysteine peptidases and were originally investigated in the con-
text of inhibiting human cathepsins (19, 20). Later, they were
demonstrated to inhibit cysteine peptidases from a variety of
protozoan pathogens such as Trypanosoma and Plasmodium,
and provide either parasitological cure or a temporary remis-
sion of parasitemia (21-23). As a chemotype, vinyl sulfones
have acceptable pharmacokinetic attributes and in vivo safety
profiles (24, 25). Currently, K11777 is in pre-clinical develop-
ment as an anti-chagasic compound (26).

Here, we report the crystallographic structure of SmCB1, the
first for a schistosomal proteolytic enzyme. A comprehensive
analysis of structure-activity/inhibition relationships is pro-
vided to describe the active site of SmCB1. We demonstrate
that SmCBL is an efficient exopeptidase/endopeptidase against
both synthetic peptide substrates and the physiologically rele-
vant protein substrate, hemoglobin. Also, inhibition of SmCB1
by various vinyl sulfone inhibitors correlates with the severity of
phenotypes induced in the parasite in culture. This study there-
fore provides both evidence that SmCB1 is a relevant drug tar-
get and the necessary structure-ligand data with which the
design of anti-schistosomal SmCB1 inhibitors can be
continued.

EXPERIMENTAL PROCEDURES
Cloning and Mutagenesis of SmCB1

The pPICZaA plasmid containing SmCB1 insert was con-
structed as described previously (12). A nonglycosylated
mutant of SmCB1 was generated from the plasmid construct
using site-directed mutagenesis performed by PCR according
to QuikChange® system (Stratagene). A two-step PCR proce-
dure was employed for disruption of consensus glycosylation
sites Asn-His-Thr to Asn-His-Ala (residues 166 —168) and Asn-
Lys-Thr to Asn-Lys-Ala (residues 281-283) using forward
5-AGTTCGAAGGAGAATCACGCAGGTTGTGAACCAT-
ATC-3" and reverse 5'-GATATGGTTCACAACCTGCGT-
GATTCTCCTTCGAACT-3' primers (for Thr to Ala-168
mutagenesis) and forward 5'-TGGGGTGTGGAAAACA-
AGGCTCCTTATTGGTTGATTG-3" and reverse 5-CAA-
TCAACCAATAAGGAGCCTTGTTTTCCACACCCCA-3' prim-
ers for Thr to Ala-283 mutagenesis. Constructs were sequenced
to verify desired mutations.

Recombinant Expression and Purification of SmCB1

The nonglycosylated SmCB1 zymogen was expressed in the
X33 strain of the methylotrophic yeast Pichia pastoris, purified
and activated by S. mansoni legumain (27), as described previ-
ously (16). All purification steps were maintained under reduc-
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ing conditions in the presence of 3.5 mm B-mercaptoethanol
and 1 mm EDTA to prevent the active site cysteine from oxida-
tion. The expressed nonglycosylated SmCB1 exhibited analo-
gous activity properties as the wild-type SmCB1 produced in
the Pichia expression system (12). The nonglycosylated SmCB1
was used in all experiments described here.

Preparation of Substrates and Inhibitors

Fluorogenic fluorescence resonance energy transfer (FRET)
substrates Abz-Phe-Arg-Xaa-Nph-OH and Abz-Phe-Arg-Xaa-
Nph-OH (the Xaa position contains one of the 19 proteino-
genic amino acids except Cys) were synthesized by N-(9-fluo-
renyl)methoxycarbonyl (Fmoc) solid phase chemistry in an ABI
433A peptide synthesizer (Applied Biosystems) as described
previously (28). Peptides were purified by RP-HPLC over a C18
column using a TFA/acetonitrile system and characterized by
electrospray ionization mass spectrometry on an LCQ Classic
Finnigan Mat device (Thermo Finnigan). FRET substrates Abz-
GlIn-Val-Val-Ala-Gly-Ala-EDDnp and Abz-Ala-Phe-Arg-Phe-
Ser-GIn-EDDnp, fluorogenic substrate Cbz-Phe-Arg-AMC,
and CA074 inhibitor were purchased from Bachem. Vinyl sul-
fone inhibitors (Table 1) with prefix K were synthesized as
described previously (19, 29), with prefix WRR as described
previously (30-33), and with prefix AR as described previously
(34) and were kindly provided by James T. Palmer, William R.
Roush, and Adam R. Renslo.

Preparation of SmCB1-Inhibitor Complexes

The freshly activated SmCB1 was incubated (10 h, 18 °C)
with a 5-fold molar excess of the inhibitor in 0.1 M sodium
acetate, pH 5.5, containing 15 mm cysteine and 1 mm EDTA.
The enzyme inhibition was monitored with Cbz-Phe-Arg-
AMC substrate. The complex was rechromatographed on an
FPLC Mono S column (16), concentrated, and buffer-ex-
changed into 2.5 mm sodium acetate, pH 5.5, using Amicon
Ultracel-10k centrifugal units (Millipore).

Protein Crystallization and Data Collection

Crystals were obtained by vapor diffusion in hanging drop.
Drops consisting of 1 ul of the protein solution and 1 ul of the
reservoir solution were equilibrated over 1-ml reservoir solu-
tion at 20 °C. The reservoirs solutions were 0.2 M ammonium
acetate, 0.1 M sodium citrate, 30% PEG 1500, pH 6.2, for
SmCB1-K11777 and SmCB1-K11017 complexes, and 0.1 M
sodium citrate, 0.2 M ammonium acetate, 30% PEG 1500, pH
6.1, for SmCB1-CA074 complex. Protein concentrations of the
stock solutions of the complexes were 2.5-5 mg/ml (in 2.5 mm
sodium acetate, pH 5.5). Rectangle-shaped crystals reached
their final size within 10 days and were flash-cooled by plunging
into liquid nitrogen. Diffraction data at 100 K were collected at
beamline 19-BM of the Structural Biology Center at the
Advanced Photon Source, Argonne National Laboratory,
Argonne, IL All diffraction data were processed using the HKL-
3000 suite of programs (35). Crystal parameters and data col-
lection statistics are given in supplemental Table S1.

Structure Determination, Refinement, and Analysis
The structure of SmCB1 was determined by molecular
replacement with the program Molrep (36) using the structure
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of human cathepsin B (Protein Data Bank code 1HUC) (37) as
the search model. The sequence alignment of SmCB1 with
human cathepsin B is shown in supplemental Fig. S1. Model
refinement was carried out using the program REFMAC 5.2
(38) from the CCP4 package (39), interspersed with manual
adjustments using Coot (40). The final steps included TLS
refinement (41). The quality of the final models was validated
with Molprobity (42). Final refinement statistics are given in
supplemental Table S1. Atomic coordinates and experimental
structure factors have been deposited with the Protein Data
Bank with the codes 3QSD, 3S3R and 3S3Q for SmCB1-CA074,
SmCB1-K11777, and SmCB1-K11017, respectively. The fol-
lowing services were used to analyze the structures: PISA server
(43) and CONTACTS (39). All figures showing structural rep-
resentations were prepared with the program PyMOL (44).

Interaction Energy Calculations

The subsite interaction energy between inhibitors and
SmCBI1 was calculated using the quantum chemical approach.
The strategy consisted of the following two steps: optimization
of the crystallographic complexes and calculation of interaction
energies in the individual subsites.

Model Setup and Geometry Optimization—Hydrogen atoms
were added to the crystallographic complexes of SmCB1 and
inhibitors to correspond to pH of ~6 and were optimized using
the AMBER 10 software (45). Further optimization of the inhib-
itor in the active site (residues within 6 A) was carried out using
the corrected semi-empirical quantum chemical method PM6-
DH2 (46, 47), including implicit water environment. The alter-
native conformation of VSPh in P1’ position of inhibitors was
modeled using PyMOL (44).

Subsite Interaction Energies—The inhibitor structures were
fragmented into the P3 to P2’ segments, with separated side
chains and the main chains, and capped by hydrogens. The
reactive centers of the inhibitors originating from the vinyl and
epoxide moieties (located between P1 and P1’) as well as the
catalytic Cys-100 that form the covalent linkage were not cal-
culated. The subsite interaction energies were obtained as the
difference between the energy of the fragment noncovalently
bonded to the enzyme and the sum of energies of the enzyme
and the inhibitor fragment calculated separately. The PM6-
DH2 quantum chemical calculations in implicit water were
applied.

SmCBT1 Activity and Inhibition Assays

Activity measurements were performed in a microplate for-
mat (100-pul assay volume) at 37 °C. The reaction mixture con-
tained enzyme (0.6 nm) and fluorogenic substrate Cbz-Phe-
Arg-AMC (20 uMm) in 0.1 M sodium acetate, pH 5.5, containing
2.5 mM dithiothreitol and 0.1% PEG 1500 (16). The kinetics of
product release was continuously monitored in an Infinite
M200 microplate reader (Tecan) at excitation and emission
wavelengths of 360 and 465 nm, respectively. For inhibition
measurements, the enzyme was preincubated with inhibitor
(0—100 um) for 5 min followed by the addition of substrate. The
IC,, values were determined by nonlinear regression using
GraFit software. The SmCBL1 activity assay with FRET sub-
strates was performed analogously, and the kinetics of product
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release was continuously monitored at excitation and emission
wavelengths of 320 and 420 nm, respectively. The screening of
libraries of FRET carboxydipeptidase substrates was performed
with 40 uMm substrates in the reaction mixture. The Michaelis-
Menten kinetic parameters (supplemental Table S5) were
determined by measuring the rate of hydrolysis in the substrate
concentration range of 0—-200 um, and K, and k_,, values were
obtained by nonlinear regression using GraFit software. In all
assay systems, the final concentration of DMSO did not exceed
1.5%. Each measurement was performed in triplicate. The con-
centration of SmCB1 was determined by active site titration
with E-64; the peptide solutions were quantified by amino acid
analysis.

Hemoglobin Degradation

Digestion of human hemoglobin (Sigma, H7379) with
SmCB1 was performed as described previously (48). Briefly,
hemoglobin (10 ug) was incubated with SmCB1 (0.25 pg) in 25
mM sodium acetate, pH 3-6, including 2.5 mm DTT in a total
volume of 35 ul for 1-4 h at 37 °C. Aliquots of the digest were
subjected to derivatization with fluorescamine to quantify the
newly formed N-terminal ends (49). The fluorescence signal
was measured using an Infinite M200 microplate reader
(Tecan) at 370 nm excitation and 485 nm emission wave-
lengths. All measurements were performed in triplicate. For
SDS-PAGE visualization, hemoglobin digests were separated in
Tricine gels (16% T, 6% C) containing 6 M urea (50). For RP-
HPLC analysis, hemoglobin (0.15 mg) was incubated with
SmCB1 (1.25 ug) in 50 mm sodium acetate, pH 4.5, containing
2.5 mM DTT in a total volume of 200 ul for 0—15h at 37 °C. The
reaction mixture was treated with 10 ul of 10% TFA and sepa-
rated by RP-HPLC on a C4 Vydac column (Vydac) equilibrated
in 0.1% (v/v) TFA and eluted with a 1%/min gradient of a 99%
(v/v) acetonitrile solution in 0.1% (v/v) TFA. The collected peak
fractions were analyzed by FT-MS using an LTQ Orbitrap XL
mass spectrometer (Thermo).

Parasite Assay and Phenotype Scoring

Newly transformed schistosomula (NTS) of S. mansoni were
prepared from infective larvae (cercariae) as described previ-
ously (5) and incubated in the presence of protease inhibitors.
Briefly, the assay was performed in a microplate 96-well format
(200 pl assay volume) with 200 -300 N'TS in Basch Medium 169
(51) containing 5% FBS, 100 units/ml penicillin, and 100 ug/ml
streptomycin (52). Final concentrations of 1 or 10 um inhibitors
in 0.5% DMSO were added and incubations continued for 3
days at 5% CO, and 37 °C. Phenotypes that arise as a function of
time and concentration were graded as follows: grade I, dead
NTS by 2 days of culture at 10 um and dying/dead NTS by 3 days
at 1 um; grade II, dead NTS by 3 days at 10 um and round/dark/
dying by 3 days at 1 um; grade III, round/dark/dying by 3 days at
1 and 10 uM concentrations.

RESULTS

Determination of Crystal Structures—Recombinant SmCB1
was produced as a nonglycosylated mutant in the methyl-
otrophic P. pastoris expression system. The enzymatically
active SmCB1 was obtained by activation processing of the
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SmCBI1 zymogen with legumain that removes the activation
peptide (pro-peptide) (12). The activated SmCB1 contains 253
amino acid residues starting with N-terminal Val-70 (the
SmCB1 zymogen numbering is used throughout the paper).

SmCB1 was crystallized in complex with three covalent
active site inhibitors, namely CA074, K11017, and K11777. The
structure of SmCB1 was determined by molecular replacement
using the structure of human cathepsin B (37) sharing 59%
sequence identity. The SmCB1-CA074 and SmCB1-K11017
complexes crystallized in the same orthorhombic space group
P2,2,2, with one molecule in asymmetric unit and solvent con-
tent of ~23%. The structures were refined using data to resolu-
tion 1.3 and 1.8 A and the final crystallographic model contains
residues 71-323 and 70-323 for SmCB1-CA074 and SmCB1-
K11017 complex, respectively. The electron density used for
modeling of inhibitors was of excellent quality in both struc-
tures (Fig. 3). The SmCB1-K11777 complex crystallized in the
orthorhombic space group P2,2,2, with three molecules
(named A, B, and C) in the asymmetric unit and solvent content
of ~47% and was refined using data to resolution 2.64 A. One
C-terminal residue in molecule C as well as residues 118 —122 of
molecule B could not be located in the electron density map and
were thus not included in the final model. All three molecules of
the SmCB1-K11777 complex present in the asymmetric unit
were very similar. The root mean square deviations (r.m.s.d.)
for superposition of the three protein molecule backbones onto
each other range from 0.34 to 0.48 A, a value within the range
observed for different crystal structures of identical proteins
(53). Minor structural changes were localized in the surface
exposed loops, and the substrate-binding sites are structurally
almost identical. The electron density used to model K11777
was of excellent quality in all three protein chains in the asym-
metric unit (Fig. 3). Mutual comparison of SmCB1 in complex
with K11777, K11017, and CA074 did not reveal any significant
differences in protein structure (backbone r.m.s.d. values are
0.18-0.54 A).

Overall Structure of SmCB1—SmCBI is a single polypeptide
chain that adopts a classic papain-like fold in which the mole-
cule is divided into L and R domains (37). The active site cleft
with catalytic residues Cys-100, His-270, and Asn-290 is
located between both domains (Fig. 1). The SmCBI1 structure
clearly resembles cathepsin B-type peptidases of papain super-
family with the characteristic “occluding loop” (Phe-175 to Pro-
197) that restricts access to the primed region of the active site
(37). A comparison of SmCB1 with the structure of human
cathepsin B shows a high degree of similarity (r.m.s.d. 0.87 A for
247 Ca atoms). The major differences in backbone superposi-
tion (with r.m.s.d. >1 A) are located at the surface loop seg-
ments, including residues 117-125, 164-167, 175-194
(occluding loop), 247-268, and 281 (supplemental Fig. S2A4).
On the SmCB1 surface, there are several large basic patches; the
major positively charged cluster is located along the edge of the
occluding loop and is absent in mammalian structures (supple-
mental Fig. S2B). This is reflected in the pI of SmCB1 that is
more than 3 units higher than that of human (and other mam-
malian) cathepsin B based on theoretical pI values of 8.7 and
5.2, respectively.
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FIGURE 1. Crystal structure of SmCB1. The three-dimensional structure of
SmCBT1 is shown in a cartoon representation with a transparent surface rep-
resentation overlaid. The active site is located at the interface between the L
and Rdomains (marked L and R). The catalytic triad residues (Cys-100, His-270,
and Asn-290) are depicted in the ball-and-stick representation in green. The
occluding loop (residues 175-194) is colored cyan and contains two histidine
residues involved in the substrate-enzyme interaction (His-180 and His-181;
highlighted as ball-and-sticks). Six disulfide bridges are shown as yellow sticks.

In the SmCB1 occluding loop, there are two important fea-
tures of structural rearrangements compared with mammalian
homologs. First, a conserved segment Gly-Glu-Gly-Asp is
replaced by the sequence Lys-Ile-Tyr-Lys (residues 192—195) in
SmCBI. The glycine-containing segment is flexible in mamma-
lian structures and able to move into the active site (18, 54, 55).
In SmCBI, this segment is located more distally from the active
site, where it is stabilized by the stacking interaction formed
between Tyr-194 and Phe-175 at the side of the occluding loop
(Fig. 2A). Second, the flexibility of the occluding loop of SmCB1
isrestrained by the presence of two salt bridges that stabilize the
loop in the “closed” conformation (37). The ion pair His-180/
Asp-93 is conserved, whereas the pair Arg-186/Asp-295 of
mammalian structures (SmCB1 numbering) is rearranged in
SmCBI1. The arginine is substituted by Tyr-186, which interacts
with Asp-295 through Lys-185 to form a cluster stabilizing the
loop conformation in SmCBI (supplemental Fig. S3).

Mode of Binding of Inhibitors to SmCBI—Based on the crys-
tal structures of the SmCB1-inhibitor complexes, the binding
mode of the inhibitors K11777, K11017, and CA074 was
described. These irreversible inhibitors form a covalent adduct
with the thiol group of the catalytic residue Cys-100 and differ
substantially in their positions in the active site (Fig. 3). CA074
(L-trans-epoxysuccinyl(propylamide)-Ile-Pro-OH)  occupies
the S2 to S2’ subsites and is bonded via a C6 atom after opening
the epoxide ring. K11777 (N-Mpip-Phe-Hph-VSPh) and
K11017 (Mu-Leu-Hph-VSPh) occupy the S3 to S1’ subsites
making covalent bond through the CB atom of the vinyl sulfone
moiety. In all complexes, there is a set of common interac-
tions between the inhibitor backbone and the enzyme active
site that involves predicted contacts of GIln-94, Gly-98, Gly-
143, Gly-144, Gly-269 and His-270, Trp-101, Trp-292 (sup-
plemental Table S2). Specific critical structural determi-
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. WA

FIGURE 2. Structural details of the occluding loop in SmCB1. A, Lys-lle-Tyr-Lys (residues 192-195) segment in SmCB1 (salmon) is stabilized by a stacking
interaction between Tyr-194 and Phe-175; this segment replaces a flexible segment Gly-Glu-Gly-Asp in human cathepsin B (green). Enzyme complexes with
epoxide inhibitors, SmCB1-CA074 and human cathepsin B-CA030 (Protein Data Bank code 1CSB), were used for the superposition. Loop segment residues
(ball-and-stick) and the corresponding inhibitor (sticks) have the same color for carbon atoms, and other atoms are colored by the standard color coding (O, red;
N, blue; S, yellow). B, superposition of the complexes SmCB1-K11017 (magenta) and SmCB1-K11777 (cyan). Both vinyl sulfone inhibitors (sticks) contain Hph and
phenyl sulfone in P1 and P1’ positions, respectively. The lle-193 residue (ball-and-stick) interacts with the P1 position of K11017 but with the P1’ position of
K11777 (the contacts are highlighted). This is associated with a different orientation of the P1’ moiety that fills the S1’ subsite in K11017 but it is flipped in

K11777. Heteroatoms have standard color coding.
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FIGURE 3. Binding mode of inhibitors in the SmCB1 active site. A, superposition of vinyl sulfone inhibitors K11777 and K11017 occupying the P3-to P1'-
binding positions of SmCB1. B, epoxide inhibitor CA074 occupying the P2’- to P2-binding positions of SmCB1. Left-hand panels, surface representation of
SmCB1. Highlighted are the catalytic residues Cys-100 (yellow), His-270 and Asn-290 (salmon), and the occluding loop residues His-180 and His-181 (orange).
Inhibitors are in stick representation with differently colored carbon atoms (K11777, green; K11017, magenta; CA074, cyan). Heteroatoms have standard color
coding (O, red; N, blue; S, yellow). Middle panels indicate the chemical structures of inhibitors. The C atom forming a covalent bond with the S atom of the
catalytic Cys-100 is indicated with an asterisk. Right-hand panels, electron density maps for the inhibitors. The 2F, — F_electron density maps are contoured at
10 for K11777 and K11017, and 1.50 for CA074. The covalently bound catalytic Cys-100 is depicted.

nants of inhibitors and their interactions with SmCB1
subsites are as follows.

In the SmCB1-CA074 complex, propyl and carbamoyl
groups of CA074 are in the S2 and S1 subsites, and the -Ile-
Pro-OH part mimics a substrate in the S1’ and S2’ subsites (Fig.
3). The C-terminal carboxyl group of the P2’ Pro residue inter-
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acts with two His residues localized at the occluding loop of
SmCBI; three charge-assisted hydrogen bonds in total were
formed between carboxyl oxygens and imidazole nitrogens of
His-180 and His-181 (Fig. 4). Thus, the binding mode of CA074
to SmCBI is similar to that known in mammalian cathepsin B
complexes with CA074 and related derivatives, which target the
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FIGURE 4. Interactions between the SmCB1 active-site residues and inhibitors. Upper panels, hydrogen bonds (dashed lines) formed between SmCB1
residues (gray) and inhibitors K11777 (green), K11017 (magenta) and CA074 (cyan). Heteroatoms have a standard color coding (O, red; N, blue; S, yellow). Lower
panels, surface representation of the active site of SmCB1. Highlighted are the SmCB1 residues (orange) that form nonpolar interactions with inhibitors in stick
representation. Carbon atoms are colored gray; heteroatoms have a standard color coding.

occluding loop at the S2’ subsite leading to cathepsin B specific
inhibition (18, 55, 56). An additional stabilization is conferred
by nonpolar interaction between Ile-193 and the P2’ proline
ring. The S1’ subsite is a hydrophobic pocket (Val-247, Leu-
252, Leu-267, His-270, and Trp-292) in the R domain and stably
holds the P1’ Ile of CA074 through hydrogen bonding (Trp-292
and GIn-94). CA074 does not protrude deeply into the S1 sub-
site composed of Gln-94, Gly-98, Gly-144, and Gly-269. The
inhibitor binding in this region is stabilized by the following
interactions: C6 atom covalently bound to Cys-100 and two
carbonyl oxygen atoms interacting with GIn-94 (in the “oxyan-
ion hole”) and Gly-144 (Fig. 4). The terminal propyl of CA074
occupies part of the S2 subsite, where it is directed toward Glu-
316. This P2 group is bound through hydrophobic interactions
with the backbone of Leu-146 and Ala-271.

The chemical structures of K11777 and K11017 are identical
at the P1 position (Hph) and the P1’ position (VSPh) but differ
at the P2 position (Phe and Leu, respectively) and P3 position
(N-Mpip and Mu, respectively) (Fig. 3). Contrary to CA074, the
vinyl sulfone inhibitors do not occupy the S2’ subsite of
SmCB1. When comparing the binding mode of K11777 and
K11017, a striking difference was observed for the conserved
P1’ substituent; the phenyl sulfone moiety fills the S1’ subsite in
K11017 but is flipped ~90° out of the active site in K11777 (for
all three molecules in the asymmetric unit) (Fig. 3 and supple-
mental Fig. S4). Both conformations of phenyl sulfone are sta-
bilized by polar contacts, mainly with Leu-252 and Trp-292 in
K11017, and with Cys-97 and Gly-98 in K11777 (supplemental
Table S2). The S1 subsite of SmCB1 binds the Hph residue of
both K11777 and K11017; however, a net of polar contacts in
this subsite is influenced by the situation in S1’. The residue
Ile-193 located on the Lys-Ile-Tyr-Lys segment of the occluding
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loop has different orientation in the K11777 and K11017 com-
plexes as it interacts with different positions in the inhibitors
(Fig. 2B). In the SmCB1-K11017 complex, Ile-193 makes con-
tacts with Hph in the S1 subsite and, in the SmCB1-K11777
complex, with phenyl sulfone that is flipped out from the S1’
subsite. SmCB1 contains an acidic residue (Glu-316) at the bot-
tom of the S2 subsite similarly to mammalian cathepsins B (57).
Leu in the P2 position of K11017 is able to establish a polar
contact with Glu-316, whereas for the bulkier Phe in K11777,
Glu-316 points out of the pocket to avoid a steric clash (supple-
mental Fig. S5). Similar conformational changes of the acidic
residue in S2 were reported for vinyl sulfone complexes of
cathepsin L-type peptidases of Trypanosoma and Plasmodium
(58). The flexibility of Glu-316 in SmCB1 is further demon-
strated by its dual conformation in the SmCB1-K11017 com-
plex (supplemental Fig. S5). The S3 subsite located at the
entrance of the SmCB1 active site cleft is generally hydropho-
bic. This wide subsite accommodated loosely the terminal
groups Mu and N-Mpip as the P3 substituents of vinyl sulfone
inhibitors.

Computational Analysis of the Inhibitor Binding Mode—The
quantum chemical calculations on the crystallographic com-
plexes were employed to determine the noncovalent interac-
tion energy of the K11017, K11777, and CA074 inhibitors in the
subsites of SmCBI. Fig. 5 shows the interaction energies of the
individual side- and main-chain segments in P3 to P2’
positions.

For CAQ74, by far the largest favorable contribution comes
from the P2’ position containing C-terminal Pro residue
(—32.8 kcal/mol). The other contributions vary in range from
—4.5 to 5.3 kcal/mol with favorable interactions formed by the
P2/P1 and P1 segments and unfavorable interactions by the side
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FIGURE 5. Subsite interaction energies between inhibitors and SmCB1.
The noncovalent interaction energy was determined using quantum chemi-
cal calculations on the crystallographic complexes of SmCB1 with K11017,
K11777, and CA074. The inhibitor structures were fragmented into the side-
chain segments (P3 to P2') and main-chain segments (Pi/P(i-1) connecting Pi
and P(i-1)). The P1/P1’" segment forming a covalent bond with the catalytic
Cys-100 was not calculated. Positions absent in inhibitor structures are
marked with a X.

chains of P2 and P1’ (Fig. 5). This is contrasted with the inter-
action energies of the vinyl sulfone inhibitors that represent
rather smaller favorable contributions. The comparison of
K11017 and K11777 revealed that there are large differences in
the interaction energy between both inhibitors at the P2 and
P1’ positions (Fig. 5). The side chain of the P2 residue, Leu of
K11017 does not bring any favorable interaction (0.1 kcal/mol)
in contrast to Phe of K11777 (—6.9 kcal/mol). The phenyl sul-
fone moiety at P1’ adopts a distinct conformation in each of the
both vinyl sulfone-SmCB1 complexes, contributing —13.8
kcal/mol in K11017 and —4.3 kcal/mol in K11777 to binding.
To evaluate the effect of the two orientations of the P1’ residue
in the respective inhibitor complexes, we calculated the inter-
action energies for artificial complexes of K11017 and K11777,
in which the side chains were built with interchanged confor-
mations (supplemental Table S3). The calculated interaction
energy of P1’ is reduced substantially to less negative values,
which strongly indicates that only the crystallographic confor-
mation is favorable for binding of the respective inhibitor to
SmCBI.

In the crystallographic complexes of SmCB1 with CA074 and
K11017, we found dual conformations of the side chain of Glu-
316 in S2 interacting with the P2 residues. Subsite interaction
energies in both alternative conformations were calculated
(supplemental Table S3). The energy differences were 1.3 and
0.1 kcal/mol for K11017 and CA074, respectively. We conclude
that two conformations of Glu-316 in the S2 subsite are nearly
isoenergetic and might be favorable for the complex formation
in terms of the conformational entropy.

Inhibitor Specificity of the SmCBI-binding Subsites—A set of
20 vinyl sulfone inhibitors was screened in vitro against SmCB1
to explore the structural requirements of the inhibitor-binding
subsites in the SmCB1 active site cleft. These compounds are
listed in Table 1 (Fig. 6) together with their IC,, values deter-
mined using a kinetic assay with the fluorogenic substrate Cbz-
Phe-Arg-AMC. The substitutions at the positions P3 to P1’
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were introduced on the inhibitor scaffold derived from the
K11777 molecule.

The P1’ position of K11777 (IC5, = 2.09 nm) contains a phe-
nyl group directly attached to the vinyl sulfone moiety. A mod-
ified linkage of the P1’ phenyl through a one-atom spacer
(-NH-Ph, -O-Ph, -CH,-Ph) led to inhibitors with similar or
slightly weaker potency (IC, in the range of 2.02-7.80 nwm for
WRR-282, WRR-284, and WRR-285); however, a three-atom
linker (-NH-O-CH,-Ph) provided the best inhibitor WRR-286
(IC5, = 0.61 nm) of the whole set. On the other hand, the inhi-
bition dramatically decreased by 2 orders of magnitude when
the P1’ phenyl was modified to give -O-Ph-O-CH, (WRR-347)
or was replaced with -O-CH,-CH; (WRR-283).

At the P1 position, Hph is the favored residue that is present
in all tested inhibitors with IC,, of <10 nm. Its substitution with
Lys (K11006) or Tyr (WRR-453) led to 1 and 4 orders of mag-
nitude higher IC,,, respectively, as compared with K11002.
Also, a change of configuration at P1 Hph (and adjacent P2 Phe)
from S to R substantially decreased the inhibitory potency as
shown for WRR-359 derived from WRR-284 (IC,, ~114 and
7.8 nM, respectively). Unfavorable substitutions at P1 (contain-
ing (R)-Ala) and P1’ resulted in low inhibition of WRR-185 and
WRR-200 (compare with WRR-145).

At the P2 position, both Phe and Leu are highly effective as
demonstrated with K11002 and K11017 (IC,, around 1.7 nm).
In the K11777 scaffold, replacement of the P2 Phe by Phe-4-
CH,; (AR-198049) and Phe-4-CF; (AR-198048) resulted in 3-
and 5-fold weaker inhibition, and His (WRR-499) and Arg
(WRR-483) afforded 14- and 24-fold weaker inhibition, respec-
tively. The N-terminal modification of inhibitors correspond-
ing to the P3 position was by N-Mpip, Mu, and Cbz capping
groups. The heterocycles are present in the best inhibitors and
do not differ importantly in their contribution to the inhibitory
effect, as shown with K11777 and K11002 (IC, 0f 2.09 and 1.73
nM, respectively).

Cleavage Mode and Substrate Specificity of SmCBI1—Hydrol-
ysis by SmCB1 was analyzed with the physiological protein sub-
strate, hemoglobin, and with a series of synthetic peptide sub-
strates. SmCB1 degraded hemoglobin at acidic pH between 4
and 6 as measured by a fluorescamine assay that directly quan-
tifies hemoglobin fragments (Fig. 7A). SDS-PAGE visualization
of the hemoglobin fragmentation showed that the disappear-
ance of the substrate band is not associated with a correspond-
ing accumulation of large hemoglobin fragments of >3.5 kDa
(Fig. 7B). A detailed pattern of hemoglobin-derived products
was obtained by RP-HPLC separation (Fig. 7C). Like those after
SDS-PAGE, the RP-HPLC profiles indicated that hemoglobin is
gradually converted into a pool of dipeptides with little accu-
mulation of peptides of intermediate size. The detected inter-
mediate fragments ranging in size from 10 to 41 amino acids are
mostly derived from the interior of the hemoglobin sequence
(supplemental Table S4); this demonstrates the involvement of
endopeptidase activity. The combined data suggest that upon
endopeptidolytic cleavage of hemoglobin by SmCB1, the sub-
strate is rapidly processed via carboxydipeptidase activity.

SmCB1 was then tested with various fluorogenic peptide
substrates that allowed for the discrimination of endo- and exo-
peptidase activities. The supplemental Table S5 compares
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TABLE 1

Structural Analysis of SmMCB1 Inhibition

Inhibition of SmCB1 by vinyl sulfone inhibitors and their anti-schistosomal activity

The IC,, values for 20 vinyl sulfone inhibitors were determined in a kinetic activity assay with SmCB1 and the fluorogenic peptide substrate, Cbz-Phe-Arg-AMC, at pH 5.5.
The epoxide inhibitor CA074 was assayed for comparison. The vinyl sulfone structures are defined by the compound core (see scheme below) and substituents R3 to R1".
Inhibitors are ranked according to their IC,, values. Mean values * S.E. are given for triplicate measurements. Induction of phenotypic alterations by the inhibitors was
determined with NTS of S. mansoni. The inhibitors were tested at 1 and 10 wm concentrations, and the resulting phenotypes, arising as a function of time and concentration,

were graded I to III, with I being the most severe (see Fig. 6).

PR O
n [l | 0
RN
! H ~ Ry Severity of
n2 = phenotype against
Compound name Substituent position® Inhibition parasite
Vinyl sulfone R; R, R, R’ I1C50 (nM) Grade"
WRR-286 N-Mpip Phe Hph NH-O-CH,-Ph 0.61 £0.05 1
K11017° Mu Leu Hph Ph 1.71 £0.13 I
K11002 Mu Phe Hph Ph 1.73 £0.21 1
WRR-282 N-Mpip Phe Hph CH,-Ph 2.02+0.10 1
K11777° N-Mpip Phe Hph Ph 2.09+0.08 1I
WRR-285 N-Mpip Phe Hph NH-Ph 2.13£0.03 1
K11747 N-Mpip Naphtyl-CH, Hph Naphtyl 2.50+0.12 I
AR-198048 N-Mpip ~ Phe-4-CH;  Hph Ph 6.00 £0.21 1T
WRR-284 N-Mpip Phe Hph O-Ph 7.80 £0.23 11
AR-198049 N-Mpip Phe-3-CF;  Hph Ph 10.5+0.5 1T
WRR-145 Cbz Phe Ala Ph 22.9+0.5 I
WRR-499 N-Mpip His Hph Ph 295+04 I
K11006 Mu Phe Lys Ph 33.2+0.3 I
WRR-483 N-Mpip Arg Hph Ph 489+04 I
WRR-359 N-Mpip Phe® Hph® O-Ph 114 £2 111
WRR-185 Cbz Phe Ala®  NH-CH(Bz)-COO-CH; 126 +2 1I
WRR-283 N-Mpip Phe Hph 0O-CH,-CH; 192+3 I
WRR-200 Cbz Phe Ala® NH-CH,-Ph-4-C-F; 247+ 4 11
WRR-347 N-Mpip Phe Hph 0-Ph-4-O-CH; 747 £ 20 I
WRR-453 Mu Phe Tyr Ph 11849 + 101 111
Epoxide
CA074° 63.9+2.8 11

“ The following abbreviations used are as follows: N-Mpip, N-methylpiperazinylcarbonyl; Mu, morpholinylcarbonyl; Cbz, benzyloxycarbonyl; Ph, phenyl; Bz, benzyl.

» Compounds were analyzed by x-ray crystallography in complex with SmCB1.
¢ Residues are in R configuration; all other residues are in S configuration.
4 Grade I was the most severe; see text for details.
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FIGURE 6. Phenotypes induced in vitro in S. mansoni NTS by cysteine pep-
tidase inhibitors (listed in Table 1). Examples of three inhibitor-induced
phenotypes in the parasite versus untreated controls. Phenotypes arise as a
function of time and inhibitor concentration and were graded as follows:
Grade |, dead NTS by 2 days of culture at 10 um and dying/dead NTS by 3 days
at 1 um; Grade I, dead NTS by 3 days at 10 um and round/dark/dying by 3 days
at 1 um; Grade lll, round/dark/dying phenotype in 3 days at 1 and 10 um
concentrations. Scale bar, 0.2 mm.
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kinetic parameters of the mode-selective substrates. The endo-
peptidase substrates of cathepsins B (59), Abz-Gln-Val-Val-
Ala-Gly-Ala-EDDnp, and Abz-Ala-Phe-Arg-Phe-Ser-Gln-
EDDnp, displayed 2 orders of magnitude lower k., /K,,, values
than the carboxydipeptidase substrates Abz-Phe-Arg-Val-
Nph and Abz-Phe-Arg-Nph-Val (60, 61). With the mini-
mized endopeptidase substrate, Cbz-Phe-Arg-AMC (62),
k./K,, for SmCB1 was 1 order of magnitude lower than for
the carboxydipeptidase substrates. This analysis indicates
that the exopeptidase catalysis is more efficient than endo-
peptidase catalysis.

We next designed FRET-based substrate libraries for map-
ping the carboxydipeptidase activity and residue preferences in
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FIGURE 7. Hydrolysis of hemoglobin by SmCB1. A, human hemoglobin (Hb) was digested with SmCB1 at various pH values. The degradation rate was
determined with the fluorescamine derivatization assay quantifying the liberated fragments. The mean values = S.E. are expressed relatively to the maximum
value. B and C, Hb digest at pH 4.5 was performed at two time points; the reaction mixture was electrophoretically and chromatographically separated and
compared with the undigested control. B, Tricine-SDS-PAGE of the Hb digest visualized by protein staining. C, RP-HPLC of the Hb digest resolved on a C4
column using a TFA/acetonitrile system. Elution positions are indicated for the intact Hb substrate (a and 8 subunits) and for Hb-derived fragments, which form
the pools of dipeptides and large peptides (ranging in size from 10 to 41 amino acids, see supplemental Table S4). The flow-through peak (see profile at 0 h)

contains nonpeptide components of the reaction mixture.
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FIGURE 8. Carboxydipeptidase specificity of SmCB1. The libraries of FRET-
based peptide substrates Abz-Phe-Arg-Xaa-Nph-OH and Abz-Phe-Arg-Nph-
Xaa-OH were designed to span the P2 to P2’ positions of SmCB1 and intro-
duce substitutions (X) at the P1’ and P2’ positions, respectively. The amino
acids at the X position are grouped according to their chemical characteristics
(aliphatic, aromatic, polar, acidic, and basic). The substrate hydrolysis was
measured in a kinetic activity assay with SmCB1 at pH 5.5. Mean values = S.E.
for triplicate measurements are given normalized to the maximum value in
each series (100%).

the primed substrate-binding subsites of SmCB1. The structure
of the synthesized libraries Abz-Phe-Arg-Xaa-Nph-OH and
Abz-Phe-Arg-Nph-Xaa-OH contain two fixed residues, Phe-
Argin P2-P1 that are favored by SmCB1 and other cathepsins B
(60, 61, 63), and help to anchor the substrates in nonprimed
subsites. The substitutions in the Xaa positions define the P1’
and P2’ residues. The screening of the libraries showed that
SmCBI1 has a broader specificity of the S2’ subsite than S1’
subsite (Fig. 8). All residues were accepted at the P2’ position,
although Pro and basic residues led to lower substrate hydrol-
ysis. At the P1’ position, larger hydrophobic, aromatic (except
for Trp), and basic residues were unfavorable, whereas Pro was
not tolerated. Generally, the primed subsites of SmCB1 differed
in their ability to accommodate large hydrophobic and aro-
matic residues of the tested carboxydipeptidase substrates.
Severity of Phenotypes Induced in Cultured Parasites Corre-
lates with the Potency of SmCB1 Inhibition—A panel of inhibi-
tors of SmCB1 listed in Table 1 was screened against S. mansoni
NTS, the post-invasive parasite stage that feeds on host blood
(5). The NTS were exposed to 1 and 10 um inhibitors, and the
resultant phenotypes were graded I through III from most to
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least severe. About 30 and 60% of the tested compounds led to
death of NTS by the 3rd day of the incubation at 1 and 10 uMm,
respectively. The score and images of typical disordered phe-
notypes are presented in Table 1 and Fig. 6. The severity of
phenotypes induced by the inhibitors was statistically corre-
lated with their potency to inhibit SmCBI activity (Table 1;
Kruskal-Wallis rank analysis of variance, H, 5,y = 12.6, p <
0.001). Specifically, grade I and II phenotypes were generally
caused by inhibitors with IC., values less than 20 nm, and grade
III phenotypes were induced by inhibitors with IC;, values
greater than 20 nm (except for WRR-185 and WRR-200, which
were grade II).

DISCUSSION

SmCBI is one of a number of digestive peptidases in the gut
of the flatworm parasite S. mansoni (8, 12). Both reverse genet-
ics and chemical experiments suggest that it is a critical for
parasite growth and a valuable target for the development of
novel anti-schistosomal drugs (14, 15). In this study, we provide
a comprehensive structure-activity analysis of SmCB1 that
includes a series of crystal structure determinations. We also
describe the SmCB1 interaction with inhibitors and character-
ize its specificity with both peptidyl and protein substrates.

Structure of SmCBI1—The three-dimensional structure of
SmCB1 was solved for three inhibitor complexes; the best res-
olution achieved was 1.3 A. SmCB1 possesses an occluding loop
that is characteristic of cathepsin B-type peptidases (37). It is
known to regulate access to the active site, where it partially
blocks the primed substrate-binding subsites (at S3’ and
beyond), and thus confer carboxydipeptidase activity to cathe-
psins B (59, 61, 64). The occluding loop of SmCB1 presents local
structural rearrangements compared with mammalian
homologs; however, these changes retained the overall loop
fold suggesting its functional competence. This was probed by
determining the mode of SmCB1 action using specific peptide
substrate; carboxydipeptidase activity was clearly manifested.
In addition, SmCB1 displayed endopeptidase activity indicating
that steric hindrance by the SmCB1 occluding loop is flexible
such that the loop can move to accommodate endopeptidase
substrate in the active site cleft as has been reported for human
cathepsin B (59).
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SmCBI1, an Efficient Endo- and Exopeptidolytic Machine—
The carboxydipeptidase catalytic efficiency of SmCB1 as mea-
sured with peptide substrates was greater than its endopepti-
dase efficiency. The screening of carboxydipeptidase substrate
libraries showed that a broad range of residues is tolerated in
the primed positions P1’ and especially P2'. This suggests that
SmCBI is able to trim effectively the C termini of peptides.
SmCB1 has more promiscuous substrate specificity in P2’ than
human cathepsin B (60). Furthermore, we identified a com-
bined carboxydipeptidase/endopeptidase action of SmCB1 on
the physiological substrate hemoglobin. Analysis of the reac-
tion products indicates that endopeptidolytic fragments are
rapidly converted into dipeptides. Thus, oligo/polypeptide
fragments do not accumulate to the extent observed for hemo-
globin digestion by helminth cathepsin L-type endopeptidases
(65—67). With regard to hemoglobinolytic capability, SmCB1
resembles cathepsins B from the Southeast Asian liver fluke
Opisthorchis viverrini and the hookworm Ancylostoma cani-
num (66, 68) but differs from cathepsins B of the avian fluke
Trichobilharzia regenti and the hookworm Necator americanus
that cannot initiate hemoglobinolysis (69, 70). We conclude
that SmCB1 operates as an effective proteolytic machine to
degrade the major protein in the parasite’s blood meal.

Structure-based Insights for Drug Design—The interaction of
SmCB1 with peptidomimetic inhibitors was investigated using
the following: (i) crystal structures of three SmCB1-inhibitor
complexes, (ii) computational analysis of interaction energies,
and (iii) inhibition profiling with a panel of vinyl sulfones. These
enabled us to evaluate the critical interactions of inhibitors in
the binding subsites and provide a basic SAR for improving
inhibitory potency and selectivity.

The S2' subsite was efficiently occupied in the complex of
CAO074, a specific inhibitor of cathepsin B-type peptidases. The
hydrogen bonding of the inhibitor’s C-terminal P2’ residue
with the occluding loop (especially the two His residues) was
the largest favorable subsite interaction among the three crys-
tallographic complexes (Fig. 5). The vinyl sulfone inhibitors, by
contrast, do not contain a P2’ residue, and therefore, we would
consider re-designing the scaffold to extend into the S2' posi-
tion, which may improve both potency and selectivity to
SmCBI. For the vinyl sulfone P1’, aromatic sulfone moieties
were preferred over the Ile residue in CA074 (in accordance
with the low substrate specificity for Ile in P1" (Fig. 8)). An
important discovery is the strikingly different conformation
between the P1’ phenyl sulfone moieties in the K11777 and
K11017 complexes, which suggests a cooperativity between S1’
and other subsite(s) of SmCBI1. This conformational switch
should be taken into account in future docking experiments to
optimize P1’ substituents, e.g. by aromatic groups with a longer
linker (Table 1). Interestingly, two types of orientation of the
P1’ phenyl sulfone were also observed in the crystal structures
of several vinyl sulfone inhibitors with cathepsin L-type pepti-
dases from protozoan parasites, as shown in supplemental Fig.
S4 (58, 71, 72). In these complexes, the particular phenyl sul-
fone orientation was regulated by the structural environment of
S1’; however, a dual (transient) conformation of this substitu-
ent was also documented (71).
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In the S1 subsite of SmCB1, Hph of the vinyl sulfone inhibi-
tors was energetically favored (Fig. 5). A basic residue at this
position reduced inhibitory potency (Table 1), although basic
P1 residues are preferred in SmCB1 substrates (63). This may
reflect the effect of the overall scaffold of the active-site ligand
that has been reported to change the P1 specificity of human
cathepsin B (60, 61). Based on the structural difference, the S1
pocket can be exploited to engineer selective inhibition of
SmCB1 over human cathepsin B. For this purpose, the interac-
tion can be optimized between the P1 residue and Ile-193
located on an nonconserved sequence segment of the occluding
loop of SmCBI1 (Fig. 2). At P2, bulky hydrophobic residues such
as Phe and Leu on the vinyl sulfone scaffold afforded highly
potent inhibitors, which agrees with the known P2 substrate
preferences of SmCB1 (63). The bottom of the S2 pocket of
SmCBI1 and other cathepsins B contains Glu, which facilitates
the recognition of positively charged residues at P2 (57, 60, 63).
Further focus can be placed on this P2-S2 interaction by intro-
ducing basic substituents of a suitable size to make contact
without displacing the flexible side chain of Glu-316 (supple-
mental Fig. S5). Finally, for S3, occupation by monocyclic het-
erocycles of the vinyl sulfones generated favorable interaction
energies. More bulky substituents can be tested at P3 to
improve inhibition, as reported for human cathepsin B inhibi-
tors (73).

SmCBI as Priority Drug Target— Although SmCBI is one of a
number of peptidases expressed in the gut (7-9) and elsewhere in
the parasite (74), the correlation between the severity of pheno-
types induced by vinyl sulfone inhibitors and the potency of inhi-
bition of SmCB1 encourage the view that SmCB1 is a valuable drug
target. This is congruent with the identification of SmCBI as a
major target for inhibition by K11777 during experimental therapy
in a murine model of S. mansoni infection (15). Given the catalytic
efficiency of SmCB1 against hemoglobin described here and being
the major cysteine peptidase activity in the parasite (13, 75), it
might be anticipated that inhibition of this enzyme would impact
the parasite’s ability to thrive. Indeed, RNA interference of SmCB1
slowed the growth of the parasite both in culture and in an animal
model of infection (14). To conclude, the SmCB1 crystal structures
described herein provide the necessary first step in a structure-
based drug development program to improve inhibitor specificity
and potency, and possibly, generate new lead anti-schistosomal
compounds.
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SUPPLEMENTAL TABLE S$1
X-ray data collection and refinement statistics. Numbers in parentheses refer to the highest-resolution
shell.

Inhibitor-SmCB1 complex SmCB1-K11777 SmCB1-K11017 SmCB1-CA074
Data collection statistics
Wavelenght (A) 0.9791 0.9791 0.9791
Temperature (K) 100 100 100
Space group P212121 P21212| P21212|
a, b, c(A) 77.63, 103.12, 100.70 33.09, 79.53, 90.27 33.17, 79.16, 90.61
a, B,y (°) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution (A) 50-2.65 (2.50-2.65) 50-1.8 (1.83-1.80) 50-1.3 (1.32-1.30)
Number of unique reflections 24,218 (1,178) 22,894 (1,111) 55,759 (1,811)
Redundancy 6.0 (5.6) 6.8 (3.7) 5.5(3.1)
Completeness (%) 99.8 (99.5) 99.8 (98.0) 93.5(61.6)
Ruerge (%0) 6.2 (66.9) 10.5 (47.9) 5.3(28.1)
Average I/o (1) 21.7 (1.85) 18.4 (2.30) 26.29 (2.70)
Wilson B (A?) 69.1 13.2 8.5
Refinement statistics
Resolution range (A) 34.20-2.64 29.80-1.80 22.33-1.30
(2.70-2.64) (1.85-1.80) (1.33-1.30)
No. of reflections in working set 22,916 21,548 52,880
No. of reflections in test set 1,236 1,162 2,805
R value (%) 20.46 (29.1) 16.61 (23.26) 11.4 (13.0)
R Value© (%) 27.1 (36.2) 23.3 (35.0) 15.4 (22.7)
Number of molecules in AU 3 1 1

Number of atoms in AU?
protein / inhibitor /solvent
Average ADP* for
protein / inhibitor /solvent (A%)

5,956/ 123 /66 2,057/37/536 2,137/27/472

41.1/53.3/51.56 10.72/11.32/27.1 8.39/10.15/23.93

RMSD bond length (A) 0.011 0.012 0.018
RMSD bond angle (°) 1.287 1.268 1.788
Ramachandran plot statistics’
Most favored regions (%) 84.2 87.8 86.3
Allowed regions (%) 15.5 12.2 12.7
PDB code 3S3R 3S3Q 3QSD

* Rierge=100Y 1> i L(hkT) — A(hkD)>|/Y pa Y I(hkI), where I(hkl) is an individual intensity of the i™ observation of
reflection Akl and <I(%kl) is the average intensity of reflection Ak with summation over all data.

® R-value = ||F,| - |F.|l/|F,|, where F, and F, are the observed and calculated structure factors, respectively.

R is equivalent to R value but is calculated for 5 % of the reflections chosen at random and omitted from the
refinement proces (1).

¢ AU, asymmetric unit

© ADP, atomic displacement parameter, formally B-factor

" As determined by PROCHECK (2)
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SUPPLEMENTAL TABLE S2

List of contacts formed between SmCB1 and inhibitors. Analysis of protein-inhibitor contacts between
the SmCB1 active site and inhibitors (K11017, K11777, CA074) was performed using program CONTACT
(3). The distance cutoffs were set to 3.3 A and 4.0 A for hydrogen bonds (H-bonds) and van der Waals
interaction, respectively. The SmCB1 residues interacting in the individual inhibitor positions (P2 to P2")
are specified. For each SmCB1 residue, total number of contacts is indicated including H-bonds (residues
forming H-bonds are in bold).

Subsite K11017 K11777 CA074
Residue Contacts H-bond Residue Contacts H-bond Residue Contacts H-bond
Gln 94 2
Ser 95 1
Pz' His 180 8 1
His 181 6 2
Ile 193 1
Trp 292 8
GIn 94 4 2 Gln 94 5 1 Gln 94 4 1
Cys 97 1
Gly 98 2
Cys 100 3 Cys 100 3 Cys 100 1
Pl' Ile 193 1
Val 247 5
Leu 252 1
Gly 269 1 Gly 269 1
His 270 11 His 270 8 His 270 4
Trp 292 8 Trp 292 2 Trp 292 3 1
Gln 94 1 Gln 94 1 Gln 94 3 1
Cys 97 1
Gly 98 9 Gly 98 5 Gly 98
Ser 99 1
Cys 100 6 Cys 100 5 Cys 100 15 1
Trp 101 4
P1 Cys 141 1 Cys 141 1
Glu 142 7 Glu 142
Gly 143 2 Gly 143 2 Gly 143 5
Gly 144 4 1
Ile 193 2
Gly 269 1 1 Gly 269 1 1 Gly 269 6 1
His 270 3
Gly 98 1 Gly 98 1
Cys 100 2 Cys 100 2
Trp 101 3 Trp 101 3
Gly 143 3 Gly 143 3
Gly 144 10 2 Gly 144 9 2 Gly 144 1
Pz Leu 146 2 Leu 146 3 Leu 146 4
Gly 244 1
Phe 245 1
Gly 269 4 Gly 269 5 Gly 269 1
His 270 2 His 270 5
Ala 271 1
Glu 316 1 Glu 316 1
Gly 138 1
Leu 139 2 Leu 139 3
P3 Glu 142 2
Gly 143 8 Gly 143 9
Gly 144 8 Gly 144 8
3
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SUPPLEMENTAL TABLE S3

Quantum chemical calculations of interaction energies between inhibitors and SmCB1. The non-
covalent interaction energy was calculated for the following complexes: (i) crystallographic SmCB1-
inhibitor complexes (K11017, K11777 and CA074), (ii) crystallographic complexes with an alternative
conformation of Glu-316 in the S2 subsite (K11017(Glu-316), CA074(Glu-316)), and (iii) artificial
complexes of K11017 and K11777, in which the phenyl sulfone moiety at P1' were built with interchanged
conformations (K11017(P1") and K11777(P1"), respectively). The inhibitor structures were fragmented into
the side-chain segments (P3 to P2') and main-chain segments (Pi/P(i-1) connecting Pi and P(i-1)). The
P1/P1' segment forming a covalent bond with the catalytic Cys-100 was not calculated (n.c.).

Inhibitor segment Inhibitor (conformation variant) / (kcal/mol)
K11017 K11017 K11017 K11777 K11777 CA074 CA074
(Glu-316) Pr1) (P1) (Glu-316)
P3 -4.0 -3.9 -3.9 -5.4 -5.3
P3/P2 -2.0 2.2 -2.7 -4.5 -4.4
P2 0.1 -1.2 -0.6 -6.9 -5.5 1.4 1.6
P2/P1 -5.6 -4.2 -6.0 -4.6 -4.5 -4.5 -4.4
P1 -4.2 -3.7 -4.5 2.2 -1.1 -0.7 -1.5
P1/P1' n.c. n.c. n.c. n.c. n.c. n.c. n.c.
P1' -13.8 -11.3 -2.5 -43 2.1 5.3 5.6
P1'/P2' -2.6 2.7
P2’ -32.8 -32.9
SUPPLEMENTAL TABLE S4

Peptide fragments of hemoglobin produced by the endopeptidase activity of SmCB1. Human
hemoglobin was digested with SmCB1 and the digest was separated by RP-HPLC as presented in Fig. 6.
The peak fractions of the pool of large peptides fragments (Fig. 6) were analyzed by FT-MS using an LTQ
Orbitrap XL mass spectrometer (Thermo) operating in high-resolution mode (R ~10°). Cleavage sites
were searched by the MS-NonSpecific module of ProteinProspector software (University of California San
Francisco) using a mass tolerance of 5 ppm. Alternative fragmentations producing isobaric peptides are
indicated (/).

Peptide position Hemoglobin Measured peptide mass
(residues) chain [M+H]" (Da)
1-32 o 3195.66
14-32 o 1971.97
37-46/38-47 a 1238.62
53-84/54-85 a 3229.66
90-136 a 5105.81
108-142 o 3741.04
111-142 a 3427.84
1-41 B 4261.30
45-68 B 2483.32
102-123 B 2542.32
4
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SUPPLEMENTAL TABLE S5

Hydrolysis of carboxydipeptidase and endopeptidase substrates by SmCB1. Kinetic parameters
were determined for selective peptidic substrates of cathepsins B with the indicated cleavage mode. The
substrate hydrolysis was measured in a kinetic activity assay with SmCB1 at pH 5.5. Mean values are
given for triplicate measurements (SE values are within 10% of the mean).

Substrate K, (uM) Keat 57) Keat/ K (M's™)
Carboxydipeptidase
Abz-Phe-Arg-Val-Nph-OH 1.6 0.4 241,881
Abz-Phe-Arg-Nph-Val-OH 1.8 0.8 442,772
Endopeptidase
Abz-GIn-Val-Val-Ala-Gly-Ala-EDDnp 7.7 0.07 8,636
Abz-Ala-Phe-Arg-Phe-Ser-GIn-EDDnp 24 0.09 3,756
Cbz-Phe-Arg-AMC 25.4 1.0 37,673
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SUPPLEMENTAL FIGURE S1. Sequence alignment of SmCB1 and mammalian cathepsins B. The
amino acid sequence of mature SmCB1 (UniProt accession Q8MNY2) was aligned with those of human
cathepsin B (hCB, UniProt accession P07858) and bovine cathepsin B (bCB, UniProt accession P07688)
based on the superposition of their X-ray structures (hCB, PDB code 1CSB; bCD, PDB code 1QDQ).
Positions of the catalytic residues are indicated (*). Amino acids identical with those of SmCB1 are
shaded. The numbering of SmCB1 is based on the zymogen sequence, whereas numberings of the
mammalian cathepsins B are based on the mature proteins. The sequence identities to SmCB1 are 58%
and 57% for human and bovine cathepsin B, respectively.
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SUPPLEMENTAL FIGURE S2. Comparison of the structures of SmCB1 and human cathepsin B. A.
A superposition of Ca traces of SmCB1 (orange) with human cathepsin B (green; PDB code 1CSB). The
regions in SmCB1 with largest backbone deviations (RMSD >1 A) are highlighted in magenta. The
SmCB1 molecule is in the same orientation as in Fig. 1. B. Molecular surfaces of SmCB1 and human
cathepsin B (hCB) are colored by electrostatic potential that is displayed at a scale from —6 kT (red) to +6
KT (blue). Right-hand views correspond to the orientation in (A).

SUPPLEMENTAL FIGURE S3. Stabilization of the SmCB1 occluding loop by salt bridges. A
comparison of SmCB (A) and human cathepsin B (B). The ion pair His-180/Asp-93 (His-110/Asp-22 in B)
is conserved, while the pair Asp-224/Arg-115 found in human cathepsin B is replaced by a cluster Asp-
295/Lys-185/Tyr-186 in SmCB1. The occluding loop is highlighted in cyan (cartoon and ball-and-stick
representation). The enzyme structures are from the SmCB1-CA074 complex and the human cathepsin
B-CA030 complex (PDB code 1CSB). Side chain heteroatoms have a standard color-coding (O, red; N,
blue).
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SUPPLEMENTAL FIGURE S4. A comparison of vinyl sulfone inhibitors in the active site of SmCB1
and cathepsin L-type peptidases. Stereo image showing a superposition of structurally related vinyl
sulfone inhibitors from the following complexes: SmCB1-K11777 (carbon atoms cyan), SmCB1-K11017
(magenta), rhodesain-K11777 (red, PDB code 2P7U), rhodesain-K11002 (blue, 2P86), cruzain-K11777
(green, 20Z2), falcipain 3-K11017 (orange, 3BWK). The inhibitor P/P' positions are indicated.
Heteroatoms have a standard color-coding (O, red; N, blue; S, yellow).

Glu316

SUPPLEMENTAL FIGURE S5. Conformational flexibility of Glu-316 in the S2 subsite of SmCB1. A
comparison of SmCB1-inhibitor complexes: SmCB1-K11777 (green), SmCB1-K11017 (magenta) and
SmCB1-CAQ74 (cyan). Visualized are inhibitors (P2 is indicated) and Glu-316 (including dual
conformations) at the bottom of S2. Heteroatoms have a standard color-coding (O, red; N, blue; S,
yellow).
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5.3. Publikace €. 3: Quantum Mechanics-Based Scoring Rationalizes the
Irreversible Inactivation of Parasitic Schistosoma mansoni Cysteine
Peptidase by Vinyl Sulfone Inhibitors

5.3.1. Souhrn

V publikaci €. 2 byly aplikovany metody vypocetni chemie na krystalové struktury
komplexu SmCBI1 stfemi riznymi inhibitory pro analyzu interakce inhibitord s
jednotlivymi vazebnymi podmisty aktivniho mista SmCB1. Inhibitory byly fragmentovany
na dil¢i segmenty, pro které byly urCeny interak¢ni energie s vyuzitim metod pro vypocet
nekovalentnich interakci. Tento pfistup umoznil relativné rychlou analyzu vazebnych
podmist, ale nefesil problematiku tvorby kovalentni vazby mezi enzymem a inhibitorem a
mechanismus jejiho vzniku. Publikace ¢. 3 pfinasi detailni studii reak¢niho mechanismu
kovalentni inhibice SmCB1 vinylsulfonovymi inhibitory s vyuzitim enzymové kinetiky a
vypocetni chemie. Hlavnim cilem bylo vyvinout vypocetni metodu, tzv. skérovaci funkci,
pro kovalentni vinylsulfonové inhibitory, kterd by umoznila efektivné predikovat ti¢innost
inhibitorti in silico. Tento novy pfistup predstavuje cenny nastroj pii navrhovani novych
inhibitord SmCBI1.

V této publikaci byla vyuzita sada 20 vinylsulfonovych inhibitorti z publikace ¢. 2, kde
pro né byly experimentdlné ur¢eny inhibi¢ni parametry ICsy. Tato sada umoziiuje studovat
derivaty se stejnou reaktivni skupinou a zaroven velkou inhibi¢ni diverzitou danou
odliSnymi substituenty (v rozsahu 5 fadt hodnot ICsy). Reaktivni vinylsulfonova skupina
tvofi kovalentni vazbu s thiolovou skupinou katalytického cysteinu v aktivnim miste
SmCBI1. Molekularni proces inhibice lze rozdélit do dvou krokii: nejprve se inhibitor vaze
do aktivniho mista za tvorby nekovalentniho intermediatu, coz je popsano parametrem Ki;
nasledna tvorba kovalentni vazby je charakterizovana parametrem k;,,.;. Celkova rychlost
reakce je urcena rychlostni konstantou k;,4, pro kterou plati k>,s=kinac/Ki.

Publikace obsahuje enzymologickou analyzu kinetickych parametri pro reprezentativni
vinylsulfonové inhibitory a déle urceni ireverzibility jejich inhibi¢ni interakce. Skoérovaci
funkce pro kovalentni vinylsulfonové inhibitory byla ziskdna modifikaci jiz znamé
kvantové mechanické skérovaci funkce pro nekovalentni komplexy, tzv. score,. [188].
Nov¢ je zahrnut popis kovalentni vazby a piidan novy AG’'.,y term do skorovaci funkce:
SCOTr€cov= ScOren. + AG'coy, kde AG'.oy odpovidd rozdilu energii mezi kovalentnim a
nekovalentnim komplexem. Kovalentni skoére bylo vypocitano pro studovanou sadu
vinylsulfonovych komplexii, pfi¢emz experimentalné¢ ziskand krystalova struktura

komplexu SmCB1 s K11017 slouzila jako templat pro vystavbu ostatnich studovanych
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komplexil. Po porovnani skore pro jednotlivé inhibitory s jejich inhibi¢nimi parametry 1Cs
vyplyva, Ze korelace je patrna zejména pro AG’.,y slozku skorovaci funkce. Tato slozka je
zarovenn jednoduSeji ziskatelnd a tim pouzitelnd pro efektivni in silico testovani

kovalentnich inhibitoru.

Muj podil na praci zahrnoval enzymologickd méfeni (urCeni kinetickych parametri a

ireverzibility inhibice).
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ABSTRACT: The quantum mechanics (QM)-based scoring function that we previously
developed for the description of noncovalent binding in protein—ligand complexes has been
modified and extended to treat covalent binding of inhibitory ligands. The enhancements are
(i) the description of the covalent bond breakage and formation using hybrid QM/
semiempirical QM (QM/SQM) restrained optimizations and (ii) the addition of the new
AG,,,’ term to the noncovalent score, describing the “free” energy difference between the
covalent and noncovalent complexes. This enhanced QM-based scoring function is applied to
a series of 20 vinyl sulfone-based inhibitory compounds inactivating the cysteine peptidase
cathepsin B1 of the Schistosoma mansoni parasite (SmCB1). The available X-ray structure of
the SmCB1 in complex with a potent vinyl sulfone inhibitor K11017 is used as a template to
build the other covalently bound complexes and to model the derived noncovalent
complexes. We present the correlation of the covalent score and its constituents with the
experimental binding data. Four outliers are identified. They contain bulky R," substituents
structurally divergent from the template, which might induce larger protein rearrangements
than could be accurately modeled. In summary, we propose a new computational approach and an optimal protocol for the rapid
evaluation and prospective design of covalent inhibitors with a conserved binding mode.

1. INTRODUCTION

The covalent inactivation of biomolecular targets is an
alternative strategy in pharmaceutical research which yielded
several clinical drugs, was later forsaken for potential safety
issues but has recently been revived,' > as exemplified by
second-generation covalent proteasome inhibitors for the
treatment of myeloma.* Computational tools for the design
of covalent inhibitors are far less developed than for their
noncovalent counterparts. A few examples could be algorithms
for covalent docking,5’6 analysis of noncovalent complexes,”
covalent QSAR descriptors,” or enzyme mechanism-based
method (EMBM).” However, there is still an urgent need to
develop robust and efficient protocols for covalent inhibitor
computational design.

The molecular processes of the covalent binding of ligands
such as enzyme inhibitors can be notionally divided into two
steps (eq 1). First, the inhibitor (I) binds noncovalently to the
target enzyme (E); this phenomenon is characterized by the K;
value or by its constituent on- and off-rates, k,, and kg
respectively (eq 1a). This leads to the formation of a
noncovalent complex (E—I), in which the moderately reactive
electrophilic group of I approaches the catalytic nucleophile of
E (e.g., cysteine or serine residue). Second, a chemical reaction

-4 ACS Publications  © 2013 American Chemical Society

occurs (characterized by k,,.), and the resulting covalent-bond
formation gives rise to a covalently inactivated complex (EI).
The overall thermodynamics and kinetics can be described by
the ky,q parameter (eq 1b).

k““ kmact
E+ 1= E-1—EI

kot (1)
Ki = koff/kon (la)
klnd = kinact/Ki (lb)

The thermodynamics of the first noncovalent binding step
can be described by standard computational tools based on
molecular mechanics (MM), such as free-energy perturbation,
linear interaction energy, MM-GBSA, or scoring functions.'”
The quantum mechanical (QM) description should also be
used where the MM description fails (e.g, in the case of
metals'"'* or halogen bonds"'* in the E~I complexes) for an
enhanced reliability of the scoring."> The second step, the

Received: September 26, 2013
Revised: ~ November 3, 2013
Published: November 6, 2013

dx.doi.org/10.1021/jp409604n | J. Phys. Chem. B 2013, 117, 14973-14982

80


pubs.acs.org/JPCB

The Journal of Physical Chemistry B

covalent-bond formation, requires the use of QM methods to
explore the reaction mechanism and to search for the transition
states and intermediates. This is done either in a model sgrstem
using QM calculation in the gas phase or implicit solvent'® or in
the full protein—ligand system using a hybrid QM/MM setup.'”
It should be mentioned here that the use of MM in this step is
generally excluded because the MM cannot describe the
formation and breaking of a covalent bond unless specifically
tailored to this aim."®

For cysteine peptidases, much computational work has been
done in the group of Bernd Engels.'” > Importantly, the
stabilization of the zwitterionic thiolate-imidazolium pair of the
catalytic Cys-His dyad has been attributed to a hydrogen-bond
network and 2—4 water molecules.”’ The reactivity of the
thiolate is increased when the substrate binds and disrupts this
hydrogen-bond network.”' The stereo- and regiospecificities of
epoxide and aziridine-based covalent inhibitors of cysteine
peptidases have been elucidated using QM/MM calcula-
tions.”>*> On the basis of the knowledge gained from
computations, new inhibitors have been rationally designed
and synthesized and their high potency has been demonstrated
experimentally.”**

In our laboratory, we have been developing semiempirical
QM (SQM) methods for a reliable and accurate description of
all types of noncovalent interactions”®>® (reviewed in ref 29).
Indeed, the use of the corrections for dispersion (D) and
hydrogen (H) and halogen (X) bonding with the PM6 SQM
method (designated as PM6-D3H4X) results in a high degree
of accuracy, which is close to the much more costly DFT-D.”’
Moreover, the linear-scaling algorithm MOZYME®**! makes
this SQM method so fast that systems of up to 10 000 atoms
can be optimized. An important feature of the method is the
reliable description of the solvent using the implicit COSMO
model.*

Armed with these powerful corrected SQM methods, we
have designed a QM-based scoring function and successfully
applied it to two iconic examples of pharmaceutically relevant
E—I complexes, namely, the HIV-1 protease and protein
kinases, namel?r, cyclin-dependent kinase 2 (CDK2) and casein
kinase (CK2).'*3%3* Recently, we have implemented the triple-
layer QM/SQM/MM methodolosgy and applied it to another
known series of CDK2 inhibitors*> and also to a designed series
of aldose reductase inhibitors.'* In this work, we aim at
extending our QM-based scoring function to be applicable in
describing the process of the covalent inactivation of enzymes
by inhibitory ligands.

Other laboratories have also used corrected SQM methods
for drug design purposes.*”**™>® The corrected PM6 method
has been applied to evaluate the binding to a cucurbit[7]uril
host,*” vitamin D receptor,”® NADH-dependent enoyl-acyl
carrier protein reductase,41 DNA containing zinc-finger
protein,42 avidin, factor Xa, and ferritin.*®

Schistosomiasis, caused by a parasitic blood fluke of the
genus Schistosoma, afflicts over 250 million people worldwide.
Schistosoma mansoni cathepsin Bl (SmCB1) is the most
abundant cysteine peptidase in the parasite gut and is necessary
for normal parasite growth.**~*® SmCB1 is a molecular target
for the cure of schistosomiasis in a mouse model using the vinyl
sulfone-based inhibitor K11777. Recently, we have reported
three crystal structures of SmCB1 complexed with three
peptidomimetic covalent inhibitors containing a vinyl sulfone
or epoxide reactive moiety.*” We have also evaluated the
interactions of these inhibitors with the individual subsites of

the SmCBI active-site cleft by QM calculations.*” These data
and the inhibition profiling with a panel of 20 vinyl sulfone
derivatives have identified the key binding interactions and
provided initial insights into the specificity of SmCBI1
inhibition.*” Here, we investigate this panel of vinyl sulfone
derivatives using a computational approach.

In this study, we show for the first time that the QM-based
scoring function originally designed for noncovalent protein—
ligand binding™ can be readily extended to the inhibitors
binding covalently to their targets. The QM character of the
scoring function enables us to reliably describe both steps of the
ligand binding (i.e., the formation of the noncovalent complex
and the formation of the covalent bond) by the same
methodology. As a proof of concept, we demonstrate this
procedure here with a series of vinyl sulfone-based inhibitors of
the drug-target peptidase SmCB1,*’ taking advantage of (i) the
high-resolution crystal structure of SmCB1 in complex with the
potent vinyl sulfone inhibitor K11017,* (ii) the structural
diversity of the investigated vinyl sulfone inhibitors, and (ii)
the broad range of their inhibition potency (ICs, from 0.61 to
11849 nM, spanning S orders of magnitude). Finally, we
evaluate the correlation between the calculated and exper-
imental inhibition data and discuss the potential applications
and limitations of the developed QM-based procedure in the
analysis of covalent protein—ligand complexes.

2. METHODS

2.1. Vinyl Sulfone Inhibitor Series. Table 1 presents 20
vinyl sulfone inhibitors studied previously biochemically*” and
computationally in this work. They are defined by the
compound backbone and various substituents at the R, R,,
R;, and R;’ positions (see Table 1). The inhibitors are ordered
according to their ICy, values against SmCB1. Among the
series, X-ray crystal structures have been reported for
compounds K11017 and K11777.%

2.2. Enzyme Kinetics. An Analysis of Inhibition Kinetics.
An inhibition assay of vinyl sulfone inhibitors and SmCB1 was
performed as described previously.*” SmCB1 (40 pM) was
added to a mixture of fluorogenic substrate Cbz-Phe-Arg-AMC
(16 uM) and an inhibitor (2 nM to 20 M) in the assay buffer
(0.1 M Na-acetate pH S.5, containing 3 mM DTT and 0.125%
PEG 1500); the hydrolysis of the substrate was monitored for
30 min. An observed rate constant, k,,,, was calculated at each
inhibitor concentration by fitting the progress curve to the
equation P = v,/kg(1 — e ™)) where P is product formation,
v; initial velocity, and t reaction time. The second-order rate
constant, ky.,,q was determined depending on the kinetic
behavior of the enzyme. In theory, two situations may
occur:** (a) If ky, varies linearly with the inhibitor
concentration, then kg4 can be determined by fitting to the
linear equation ko = (Kecona[1])/(1 + [S]/K,,); however, this
kinetic mechanism does not allow the determination of the
individual k., and K; parameters. (b) If kg, varies hyperboli-
cally with [I], then kyong = Kinae/ Ky and ki and K; can be
determined by nonlinear regression using the equation k., =
ki [11/([1] + K(1+[S]/K,,)). The measurement of inhibition
kinetics was performed with five model inhibitors (K11017,
K11777, WRR-145, WRR-185, and WRR-347, see Table 1),
and all of them were found to follow the kinetic mechanism (a)
(see Figure S1 of the Supporting Information). The linear plot
of kg as a function of [I] (Figure S1 of the Supporting
Information) shows that the dependence of ky, on the
inhibitor concentration is nonsaturating. On the basis of this,
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Table 1. Structures of the SmCB1 Inhibitors Used in This
Study along with Their Experimental ICy, Values (Adapted
from Ref 47)“

TR
N {/ | K/: 0
R, R, H o’ N\ R
substituent position
ICyy

compound  (nM) R, R, R R/’
WRR-286 0.6 Mpip  Phe Hph NH—-O-CH,-Ph
K11017 17 Mu Leu Hph  Ph
K11002 1.7 Mu Phe Hph Ph
WRR-282 2.0 Mpip  Phe Hph  CH,-Ph
K11777 2.1 Mpip  Phe Hph  Ph
WRR-285 2.1 Mpip  Phe Hph  NH-Ph
K11747 2.5 Mpip 2-Np-Ala  Hph  Np
AR- 6.0 Mpip  Phe-3- Hph  Ph

198048 CH,
WRR-284 7.8 Mpip  Phe Hph  O-Ph
AR- 10.5 Mpip  Phe-3- Hph  Ph

198049 CF,
WRR-145 229 Cbz Phe Ala Ph
WRR-499  29.5 Mpip His Hph  Ph
K11006 332 Mu Phe Lys Ph
WRR-483 489 Mpip  Arg Hph Ph
WRR-359 114 Mpip  Phe” Hph® O-Ph
WRR-185 126 Cbz  Phe Ala®  NH-CH(Bz)—

COO-CH;

WRR-283 192 Mpip  Phe Hph  O-CH,—CH,
WRR-200 247 Cbz  Phe Ala®  NH-CH,—Ph-4-CF,
WRR-347 747 Mpip  Phe Hph  O—Ph-4-O—CH,
‘WRR-453 11849 Mu Phe Tyr Ph

“We use the following abbreviations for the substituents: N-
methylpiperazinylcarbonyl (Mpip), morpholinylcarbonyl (Mu), ben-
zyloxycarbonyl (Cbz), phenyl (Ph), benzyl (Bz), naphtyl (Np), and
the standard three-letter codes for amino-acid side chains (Phe, Leu,
His, Ala, Hph (homophenylalanine)). ®These residues are in an R
configuration; all other residues are in an S configuration.

we assume that the identified interaction scheme is general for
vinyl sulfone inhibitors binding to the SmCBI active site; the
same scheme was previously reported for the interaction of
vinyl sulfone inhibitors with several other cysteine pepti-
dases.****>" Furthermore, the plot of v; as a function of [I]
(Figure SI of the Supporting Information), showing decreasing
v; with [I], indicates a two-step reaction scheme.>”

An Analysis of lIrreversibility. To demonstrate the
irreversibility of vinyl sulfone inhibitors, we investigated two
representative compounds, K11777 and WRR-359 (the model
inhibitors of S and R configurations, respectively), using a
dilution experiment.>®> SmCB1 (400 pM) was preincubated (10
min at 37 °C) with a vinyl sulfone inhibitor and the assay buffer
in a 20 uL volume; the inhibitor concentration was set to the
ICyy or 10-times the IC, level. Afterward, the mixture was
diluted 10-fold with the assay buffer with an inhibitory
concentration of ICs, (for ICg, preincubation concentration)
or without an inhibitor (for 10X ICg, preincubation
concentration) and was incubated for 10 min at 37 °C. The
final activity was measured with a Cbz-Phe-Arg-AMC substrate
as described in ref 47. This analysis showed that the activity of
SmCBI1 is controlled by the initial concentration of the
inhibitors in the preincubation step and that the extent of

inhibition is not reduced by the subsequent dilution (as known
for reversible inhibitors).”®> The experiment clearly demon-
strated the irreversibility of the inhibition of the inhibitors
tested.

The inhibition constant values presented in Table 1 are in
the form of ICg,, which represents the inhibitor concentration
necessary to cause 50% inhibition of the enzyme under the
conditions of the enzyme assay. The following relations
between ICq, and k hold for an irreversible inhibitor:>*

kops = 0.693/t,,, = 0.693/t

assay

kobs/[l] = 0'693/[tassayIC50:|

Under the assumption that ICg, is the inhibitor concen-
tration necessary to reduce the enzyme activity by 50% during
the time of incubation, the assay time (t,,,) is equal to the half-
life t,/, for the k,, rate constant.

2.3. Setup of the Calculations. Hydrogens were added to
the protein using the Reduce program® and to the ligands
using Chimera, ver. 1.5.3% to correspond to the experimental
pH of 5.5.*” This means that both the N- and C-termini, all the
aspartates, glutamates, lysines, arginines, and all the histidine
residues (except a neutral Ne-protonated His270 in the
covalent EI complex, Figure 1B) were charged. Special care

ssay.
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Figure 1. Scheme of noncovalent (E—I, panel A) and covalent (EI,
panel B) SmCB-vinyl sulfone inhibitor complexes. The dotted lines in
(A) represent the nucleophilic attack of Cys100:SG by C18 of the
inhibitor and the associated proton transfer (HD1 from His270 to C17
of the inhibitor).

was taken to treat the catalytic residues Cys100 and His270. As
was found earlier,”" the protein frame provides the stabilization
of the zwitterionic state, and these two residues were thus
modeled as Cys100:thiolate and doubly protonated His270 in
the noncovalent E—I complex, Figure 1A.

Our previous setup was a full SQM optimization of the
protein—ligand complexes."***** In a subsequent work we
utilized a hybrid SQM/MM setup with a generalized Born
(GB) solvent to speed up the calculations; a three-layer QM/
SQM/MM-GB setup was also implemented for more
quantitative results.'*>> Herein, we have made further progress
in using a hybrid QM/SQM methodology in that we coupled it
with the COSMO implicit solvent model,** which has recently
been shown to be more reliable than GB.>’

Like in our previous works,'*** the coupling between the
QM and SQM parts was done with an in-house program
(CUBY3) using a subtractive scheme of an ONIOM type.”®*’
It calls Turbomole® for QM and MOPAC® for SQM. The
QM part was treated by DFT with empirical dispersion (D for
optimizations,”" D3 for single points®>). The B-LYP/SVP
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functional/basis set combination was used for optimizations
and the TPSS/TZVPP combination for single-point energies.
The QM region comprised the inhibitors and residues Cys100,
GlIn94, and His270 (146 atoms altogether). The SQM part was
treated by PM6-D3H4X. The PM6-D3H4X method (the
semiempirical PM6 method®" corrected for dispersion inter-
actions as well as hydrogen- and halogen-bonding26_28) has
been shown to provide accurate interaction energies for model
complexes®” and for the evaluation of protein—ligand
interactions in QM-based scoring.'* For single-point calcu-
lations, whole complexes were considered (about 4 000 atoms).
For geometry optimization, only residues within 10 A of the
inhibitor were considered (about 1600 atoms). Residues
farther than 8 A from the inhibitor were frozen during the
optimization. The protein surrounding was modeled using the
COSMO implicit solvent model.**

The QM/SQM optimizations were performed using the
FIRE optimization algorithm® until the energy and gradient
convergence criteria (AE = 0.00S kcal mol™!, maximum
gradient of 1 kcal mol A7, root-mean-square value of the
gradient of 0.5 kcal mol™" A™") were met.

2.4. Generating Covalent Complex Structures. Co-
valently bound complexes were built based on the SmCBI-
K11017 crystal structure (PDB entry 3$3Q).*” The guanidi-
nium side chain of compound WRR-483, the aminobutyl side
chain of K11006, and the N-methylpiperazine ring at R; and
the imidazole ring of the WRR-499 compound were considered
in the cationic form because of their pK, values.

The compounds WRR-359, WRR-185, and WRR-200
differed in their stereochemistry at the carbons bearing the
R, and R, substitutions (R isomers) (Table 1). We could not
build these complexes from the SmCB1-K11017 complex
because of steric clashes. The modeling of these compounds
would require large changes in the protein conformation, which
is beyond the limits of the presented methodology.

The built inhibitor modifications were relaxed by annealing
from 300 to 0 K at the MM level in AMBER. The parm03 force
field was used for the protein and the GAFF force field for the
ligands.* The atomic charges for the ligands were calculated
using the RESP procedure at the HF/6-31G* level as
recommended.® The cooling runs were 1 ps, and we used
the Berendsen thermostat, 1 fs time step, GB solvent model
(Bondi radii and igb = 7 sander option). Three levels of
relaxation were explored: first, only the ligand modifications
were treated as flexible; second, His181 and Glu313 were also
treated as flexible; third, all the amino acids within 6 A of R, of
the K11017 were treated as flexible. Four runs of annealing
were performed for each level of relaxation. All the generated
structures were optimized using the QM/SQM methodology.
The most stable complex of each ligand was selected and
further used.

2.5. Generating Noncovalent Complex Structures. For
the generation of noncovalent complexes, it was necessary to
break the covalent bond between the C18 atom of the inhibitor
and the SG atom of Cys100 and transfer the HD1 atom of the
inhibitor to His270, according to an assumed reaction
mechanism (see also Figure 1).*' To this aim, we essayed
three types of bond breaking using harmonic restraints and
relaxed scans: (i) the C18-SG bond, (ii) the C17-HD1 bond,
and (iii) both C18-SG and C17-HD1 bonds. The distance
ranges were 1.9—3.4 and 1.0-3.0 A for the C18-SG and C17-
HD1 bonds, respectively. The obtained noncovalent complexes
(E—I) were reoptimized without any restraint. To localize the

noncovalent intermediate E—I, we further extended the C18—
SG distance from 2.4 to 3.4 A using a relaxed scan. Such an
approach gave us the “free” energy difference between the
covalent and noncovalent complexes (AG’_,,) and an estimate
for the height of the reaction barrier (E,).

2.6. QM/SQM Scoring. The noncovalent complexes were
scored using our standard QM-based scoring function® (QM/
SQM in this case). The binding free energy of the noncovalent
protein—ligand complex is approximated by the noncovalent
score (score,.) expressed by eq S (ref 33; a new consistent
notation in ref 29).

score,. = AEint + AAGsolv + AG/coan(P) + AG,confw(L)
— TAS,, ()
where
AAGSOIV = AAGint,solv + (AGIOWSOIV(L) - AGhighsolv(L))

(Sa)

The individual terms describe the gas-phase interaction
energy (AE,,), interaction desolvation free energy (AAG,,),
change of the conformational free energy of the ligand and
protein (AG’.,,"(P,L)), and the entropy change upon binding
(TAS,). The AE,, was calculated using the QM/SQM
method on the whole complexes (optimized in water
environment) by subtracting the energies of the protein and
ligand alone. The AAG;,,, was determined by the COSMO
solvent model** implemented in MOPAC. The desolvation free
energy of the bare inhibitor AG,(L) was evaluated by a more
demanding but also more reliable®” SMD model® at the HF/6-
31G* level of theory implemented in Gaussian09.” This gave
rise to the correction for ligand desolvation (AG™Y (L) —
AGYs | (L)), which is especiallsy important for a correct
description of charged inhibitors.>

The TAS,, term was estimated by assigning a penalty of 1
kcal/mol to each rotatable bond of the ligand that became
hindered upon comg)lex formation, which is similar to other
scoring functions.®*®” As an alternative, we applied a 1 kcal/
mol penalty for the total number of rotatable bonds in the
ligand and also for the rotatable bonds of the protein side
chains that became hindered upon complex formation.”

The AG',,"(L) term represents the difference between the
conformation free energy of the ligand in the conformation
restrained by the protein surroundings and that of the free
ligand in water. AG’ (L) is the sum of the vacuum and
solvation parts. AEg(L) was calculated at the DFT-D3 level
(see above), and AAG, 01, (L) using SMD at the HF/6-31G*
level. The ligand conformation restrained by the protein
surroundings was taken from the optimized E—I complex. The
energy of the ligand conformation in water was obtained by
using a quenching technique (DFT-D B-LYP/SVP for MD and
gradient optimization followed by DFT-D3 TPSS/TZVPP
calculation combined with the COSMO solvent model; a 50 ps
MD simulation in 300 K, snapshots were taken every
picosecond and optimized, and the obtained energies were
averaged).

The AG'.,"(P) term is the sum of the vacuum and
solvation parts of the protein in the E—I complex and of the
isolated optimized protein (taken from the SmCB1/K11017
crystal structure). This simple approach can be used because all
the complexes have been modeled using the same crystal
structure. This term is calculated at the QM/SQM level.
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In addition to these standard scoring terms for treating
noncovalent protein—ligand complexes, which had been
applied in several studies from our laboratory (reviewed in
ref 29), the total covalent score in this work was constructed as
a sum of score,. and AG',,. The latter term was calculated as
the “free” energy (i.e. the vacuum energy plus solvation free
energy) difference between the covalent and noncovalent
complexes.

The calculated total scores were compared to the
experimental binding data in the form of RTIn(ICs,) using
the coefficient of determination (R*) and the predictive index
(P1).”" While R? reflects the variability of the data by the least-
squares linear fit, the PI represents a measure of the rank-order
prediction: 1 stands for an always correct prediction, 0 for a
random prediction, and —1 for an always incorrect prediction.71

3. RESULTS AND DISCUSSION

3.1. Covalent Complexes of SmCB1 and Vinyl Sulfone
Inhibitors. The series of 20 vinyl sulfone inhibitors (Table 1)
was modeled in the active site of SmCB1 based on the crystal
structure of the SmCB1/K11017 covalent complex. Four
complexes (WRR-359, WRR-185, WRR-200, and WRR-453)
could not be built because of steric clashes with the protein. For
three of these inhibitors (WRR-359, WRR-185, and WRR-
200), the simple structural reason was the opposite stereo-
chemistry at the carbons having R, and R; substitutions (R
isomers) as compared to the parental K11017. This finding
qualitatively indicates that these compounds require large
changes of the protein conformation, the modeling of which is
beyond our current approach. This may also in part explain the
poor activity of these compounds in the experiment (ICs, from
114 to 11849 nM, see Table 1).

The binding mode of the covalently bound inhibitors in the
modeled complexes is shown in Figure 2. Nine of the studied
inhibitors have the phenylsulfonyl moiety in the P1’ position.
This chemical group can adopt two distinct conformations in
the active site of SmCB1 and related cysteine pepti-
dases.*”*7>~7* In our approximate dynamics-based approach

Figure 2. Binding mode of the vinyl sulfone inhibitors (the sticks of
different colors) in the modeled covalent complexes with SmCB1. (A)
The inhibitors with phenylsulfonyl at R,’: K11002 (cyan), K11017
(green), K11777 (magenta), AR-198048 (yellow), AR-198049
(pink), WRR-145 (light gray), WRR-499 (purple-blue), K11006
(orange), and WRR-483 (lime-green); (B) Inhibitors with other
substituents at R;’: WRR-286, WRR-282 (red), WRR-285 (yellow-
orange), K11747 (deep purple), WRR-284 (gray), WRR-283 (blue),
WRR-347 (sand). Hydrogens are not shown for clarity. The protein
surface is colored based on the vacuum electrostatic potential. The
figure was prepared with PyMol.”®

with the limited treatment of protein flexibility, we found the
same conformation of the phenylsulfonyl moiety in P1’ in all of
these complexes (see Figure 2A). It might be the case that
allowing extended protein flexibility and longer simulation
times would also yield different phenylsulfonyl conformations.
However, we had previously found that the alternative
conformation of the phenylsulfonyl moiety in P1’ had a
smaller stabilization energy,47 which is consistent with the
current results.

The studied inhibitors had similar overall binding modes, and
the R;, R,, R;, and R, substituents of the inhibitor bound to
the corresponding S3, S2, S1, and S1’ binding subsites of
SmCBI1. Of special interest was the structure of the SmCB1/
WRR-145 covalent complex. The benzyloxycarbonyl Rj
substituent folded back onto the hydrophobic R; substituent
(Figure 2A, the inhibitor is show in the light gray color). This
may be caused by the higher hydrophobicity of the Ry
substituent (benzyloxycarbonyl vs N-methylpiperazinylcarbon-
yl) and the smaller size of the R; substituent (Ala vs Hph) of
WRR-145.

3.2. Noncovalent Complexes of SmCB1 and Vinyl
Sulfone Inhibitors. The protocol to model the noncovalent
E—I complexes was worked out on the crystal structure of the
SmCB1/K11017 covalent complex (PDB entry 3S3Q).*
Following the presumable reaction coordinate in the reverse
direction,”**! we used harmonic restraints and relaxed scans to
break different covalent bonds: (i) the C18-SG bond, (ii) the
C17-HD1 bond, and (iii) both C18-SG and C17-HD1 bonds
(Figure 3A,B). The first case resulted in an unrealistic scenario,
because upon the C18-SG break the presumed associated HD1
proton transfer from C17 to His270:ND1 did not occur. In
contrast, the second proton-transfer approach induced a
concomitant break of the C18-SG covalent bond (the
interatomic distance increased from 1.9 A to about 2.4 A)
and a change of C17 and C18 carbon hybridization from sp* to
sp”. This was the most appropriate description of the reaction
mechanism and we have thus continued to use it. The third
approach gave similar results but was more artificial because
two distances had been restrained.

However, the completed C17-HDI1 proton transfer to
His270:ND1 did not cover the whole reaction coordinate.
The C18-SG distance of 2.4 A comprised only about 70% of
the sum of the van der Waals radii and thus probably
represented the presumed transition states. To localize the
noncovalent intermediate E—I, we further extended the C18—
SG distance from 2.4 to 3.4 A using a relaxed scan. The
noncovalent E—I complex was found at a C18-SG distance of
2.84 A.

The energy profile of the forward reaction in the SmCB1/
K11017 complex proceeded from the separated reactants to the
noncovalent intermediate E—I, which was more stable by 19.0
kcal/mol (Figure 3E). Further shortening of the C18—SG bond
lead to the presumed transition state via an activation barrier E,
of 4.4 kcal/mol (see Figure 3C, D, E). The further progress to
the products was highly exothermic (by about 25 kcal/mol).

This reaction profile is in qualitative agreement with kinetic
measurements (see 2.2. Enzyme Kinetics), which did not allow
us to determine the individual k;,,., and K| parameters and thus
indicated a possible very fast forward-running chemical
reaction. The structural and energy features of the reaction
coordinates of the modeled noncovalent complexes for the
other investigated vinyl sulfone inhibitors were similar, with E,
values ranging from 1.5 to 7.2 kcal/mol.
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Figure 3. (A) Structural details of the modeled noncovalent SmCB1/K11017 complex, intermediate (E—I), with the reaction coordinates, the C17—
HD1 and C18—SG distances, marked by dotted lines. (B) Covalent SmCB1/K11017 complex, the experimentally determined final product of the
inhibition reaction (PDB entry 3S3Q). The color coding is as follows: red, oxygen; blue, nitrogen; white, hydrogen; yellow, sulfur; cyan, carbon
atoms of SmCB1; black, carbon atoms of K11017. (C) Relative energy (compared to the energy of the separated reactants) plotted against the
C17—HD1 distance. (D) C18—SG distance plotted against the C17—HD1 distance. (E) Relative energy plotted against the C18—SG distance. All
distances are in angstroms, and energies are in kilocalories per mole.
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Figure 4. Correlation between the calculated and experimental binding data of the vinyl sulfone inhibitors in the modeled complexes with SmCBI.
The calculated terms used for the correlation are as follows: (A) The total covalent score, where the coefficient of determination (R?) is 0.47 and
predictive index (PI) is 0.68. The outliers (WRR-286, cyan; WRR-285, green; WRR-282, yellow; K11747, red) are not considered for R* and PI
determination. (B) The noncovalent score (score,.), where R* is 0.27 and PI is 0.49. (C) The free energy difference between covalent and
noncovalent complexes (AG',), where R* is 0.69 and PI is 0.81. All the energies are in kilocalories per mole.

3.3. QM-Based Scoring of SmCB1/Vinyl Sulfone
Inhibitor Complexes. The calculated estimates of the binding
affinities (scores) for the modeled vinyl sulfone inhibitors to
SmCB1 were compared to the experimental inhibition ICs,
values available. The IC, is a suitable parameter for the
enzymological evaluation of the inhibitors studied because we
experimentally demonstrated that they are irreversible ligands
and the kinetic measurements did not allow us to determine
their individual k,,, and K, parameters (see 2.2. Enzyme

14978

Kinetics and Figure S1 of the Supporting Information). The
computationally estimated values of the reaction barrier E, were
low (ranging from 2 to 7 kcal/mol), which agreed with the
kinetic measurements of the fast forward-running chemical
reaction. We thus assumed that the conversion of noncovalent
complexes to covalent is very fast for all the studied inhibitors
and the ki, rate should have a comparable impact on the
measured IC;,. The estimates of E, energies were thus neither
included in the scores nor correlated with the experimental
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data. The experimental binding values (from Table 1) were
compared to the total covalent score values and their
components which are defined in Section 2.6. QM/SQM
Scoring of Methods.

The calculated scores and their terms are summarized in
Table S1 of the Supporting Information and are plotted against
the experimental binding data in Figure 4. The correlation for
the whole series of compounds was insignificant (the predictive
index, PI, ranged from —0.05 to 0.29, and R? from 0.02 to
0.12). However, a visual examination of the graphs showed that
four outliers deteriorated the correlation. Upon exclusion of
these four outliers (WRR-286, WRR-282, WRR-285, and
K11747), the coefficient of determination (R*) equaled 0.47
and PI equaled 0.68 (Figure 4A). The affinities of these
inhibitors tend to be underestimated (see Figure 4). A
structural analysis revealed that the common feature of these
compounds was a more bulky substituent R," (Table 1) as
compared to the template inhibitor K11017 used for the
modeling. We hypothesize that these structurally divergent
substituents in the R,” position induce larger conformational
changes in the S1’ pocket of SmCBI, which cannot be
accurately described with the limited treatment of the protein
flexibility in the methodology applied (see Methods). However,
a more adequate treatment of the protein flexibility would
significantly increase the cost of the calculations, which would
be impractical for high-throughput screening.

The correlation of the AG’,, term with the experimental
data was significantly higher than that of the total covalent
score (compare Figures 4A and 4C). The number of outliers
decreased from four to three for the correlation of the AG',,
term. Upon exclusion of the three remaining outliers (WRR-
286, WRR-282, and WRR-285), the R? equaled 0.69 and PI
was 0.81. The AG’,, term was thus the most important term of
the total covalent score. When the AG’,, term was neglected
(ie., score, alone considered) there was only a weak
correlation (R* = 0.27 and PI = 0.49, see Figure 4B).

The other terms were less important. The omission of
AG',"(P) from the total score had a negligible effect (R* =
0.46 and PI = 0.67). The exclusion of AG'.,"(L) slightly
decreased the correlation (R? = 0.40 and PI = 0.62). Similarly,
when both AG'_*(L) and AG',"(P) were excluded, the
correlation slightly decreased (R* = 0.41 and PI = 0.64, see
Graph S1 of the Supporting Information)

The entropy change of the ligand upon binding was
estimated by the number of rotatable bonds of the ligand
hindered upon complex formation. The omission of this term
slightly deteriorated the correlation (R* of 0.40 and PI of 0.66
as compared to the original R* of 0.47 and PI of 0.68 for the
total covalent score including the entropy term). We also tried
to estimate this term by the total number of rotatable bonds in
the ligand. This approach gave very similar correlation of the
total covalent score (R* = 0.46 and PI = 0.68, see also Graph S1
of the Supporting Information). Additionally, we also applied 1
kcal/mol penalty for the rotatable bonds from the protein side
chains which became hindered upon binding. The effect on the
score correlation was also quite small, R* equaled 0.45 and PI
was 0.70.

3.4. Limitations in Scoring Terms. The correlation of the
AG'.,, term with the experimental binding data was
considerably higher than that of the total covalent score. This
may stem from the fact that the AE, AAG,,,, and AG’,, terms
are described at a significantly higher level than the other
terms.** These approximations in our scoring procedure can

deteriorate the correlation as shown previously.">** For
example, the lack of dynamical treatment of the ligands may
lead in the case of large flexible HIV protease inhibitors to
uncertainties in the computed energies of 2.5 kcal/mol.”® Even
worse, to obtain converged values for the conformational free
energy changes of a protein in the binding process, an extensive
sampling on the microsecond time scale is needed (see, for
example, ref 77). Much simpler and faster protocols utilizing
optimizations of a limited surroundings of the protein active
site have thus been proposed.”® Also, the use of the ligand-
bound form of the protein instead of the apoprotein can
circumvent the problem and yield reliable relative scores.**

In this study, the TAS,,, term was estimated by assigning an
energy penalty to each hindered rotatable bond in the ligand
and optionally also to the hindered amino acid side chains of
the protein. The changes in the vibrational entropy and zero-
point vibrational energy (ZPVE) upon bindin% are very difficult
to address accurately using computations.””*° In our previous
studies, we used vibrational analysis at the MM level®** but
only with a limited success because of the inability of the
empirical potential in describing the quantum phenomena, such
as halogen bonds."? Making use of this knowledge, we did not
opt for the vibrational analysis at the MM level because of the
breaking of covalent bonds and proton transfer in the systems
studied here. In addition, the QM/SQM methodology that is
used for other terms of the covalent score is impractical for
vibrational analysis and optimization to very tight convergence
criteria in extended P—L complexes.

AE,;, is usually negative and thus makes a favorable
contribution to binding, whereas AAG,,, usually disfavors
binding.***> The former term reflects the strength of the
interaction between the ligand and protein. The latter term can
be interpreted as the free energy needed to desolvate the ligand
and binding site of the protein. It can also be viewed as an effect
of the solvent on the first term. In the case of charged ligands
and proteins, these two terms may be large and their balance
can become the most important part of the score. However,
when a ligand and its protein surroundings have a charge of the
same sign, AE;, can become repulsive. In such a case, the
AAG,,, term may lower the repulsion and have a negative sign,
i.e., favor the ligand binding. This is the case of K1006 binding
to SmCB1, where the solvent screens the repulsion of its lysine
R, side chain with the positively charged His180 and His181
side chains of SmCB1 (Table S1).

3.5. Interaction Energy Decomposition. To demon-
strate the power of the QM-based scoring for rational drug
design, we have fragmented the vinyl sulfone SmCB1 inhibitors
and calculated the interaction free energies of the R;
substituents with the SmCB1 active site at the PM6-D3H4X/
COSMO level. For the purpose of fragmentation, the Ca—Cp
bonds of the inhibitors were cut and capped by hydrogens.

The results of this analysis are summarized in Table 2. It is
shown that chemically identical substituents have similar
interaction energies, and the most important finding is as
follows. The parental compound K11017 as well as a majority
of the other inhibitors have homophenylalanine (Hph) as R;;
WRR-145 has Ala and K11006 has a charged Lys in R;. The
interaction free energies of Hph in R, were calculated to range
from —2.2 to —3.8 kcal/mol for the inhibitors studied. When
Hph was changed to Ala, the interactions were lost (an
interaction energy of 0.9 kcal/mol) and the charged Lys in the
hydrophobic S1 pocket had a repulsive character (6.1 kcal/
mol). These calculations quantitatively explain why the ICg, of
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Table 2. Interaction Free Energies of the R; Substituents
with the SmCB1 at the PM6-D3H4X/COSMO Level

compound R interaction free energy (kcal/mol)
WRR-286 Hph -30
K11017 Hph -31
K11002 Hph =3.0
WRR-282 Hph -23
K11777 Hph =31
WRR-285 Hph 24
K11747 Hph -31
AR-198048 Hph -29
‘WRR-284 Hph 2.2
AR-198049 Hph -3.1
‘WRR-145 Ala 0.9
WRR-499 Hph -38
K11006 Lys 6.1
WRR-483 Hph -33
WRR-283 Hph —26
WRR-347 Hph -31

both WRR-145 and K11006 are quite high (about 23 and 33
nM, respectively; see Table 1). However, it should be
mentioned here that the fragmentation approach provides
only quick hints for a rational in silico drug design process and
that the AG,,,” or the whole score should be calculated for new
proposed inhibitors.

4. CONCLUSIONS

We have extended the applicability of the advanced quantum
mechanics (QM)-based scoring function developed previously
in our laboratory for a rapid and reliable description of
noncovalent protein—ligand binding. From this moment
onward, it can also be used for covalent binding thanks to
these enhancements: (i) QM/SQM (DFT-D/PM6-D3H4X
with the COSMO implicit solvent model) restrained
optimizations for the modeling of the noncovalent complexes
and (ii) a new term in the score, AG',, describing the free
energy difference between the covalent and noncovalent
complexes.

This new, enhanced covalent QM-based scoring function has
been applied to describe the inactivation of S. mansoni
cathepsin B1 (SmCB1) with 20 vinyl sulfone-based inhibitors.
Four outliers have appeared in the study. They all have bigger
R," substituents which are difficult to model with our relatively
fast, medium-throughput procedure. We believe that new
crystallographic structures of other SmCB1/inhibitor com-
plexes could overcome these limitations.

The analysis of the results showed that the AG_, term
correlated with the experimental binding data better than the
total covalent score (R? of 0.69, PI of 0.81 versus 0.47 and 0.68,
respectively). In addition, the AG,, term is more readily
accessible. Although these findings may not be general, we
propose that AG,,,” may be used for faster and broader in silico
screening of covalent inhibitors for activity. The total covalent
score may be used to provide a more complete insight into the
binding of selected inhibitors.

The developed covalent QM-scoring methodology has the
advantage of being modular, i.e., it gives physically meaningful
terms. Moreover, this structure-based approach offers the
possibility of decomposing the interaction energies to
individual inhibitor fragments. The insight obtained makes

this method a powerful tool for rational in silico drug design of
covalent enzyme inhibitors.

B ASSOCIATED CONTENT
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Detailed enzyme inhibition kinetics for SmCB1 and the
inhibitor compound K11777 and the calculated scores and
scoring terms. This material is available free of charge via the
Internet at http://pubs.acs.org.
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5.4. Publikace €. 4: Activation Route of the Schistosoma mansoni
Cathepsin B1 Drug Target: Structural Map with a Glycosaminoglycan Switch

5.4.1. Souhrn
Tato prace je pfipravena ve formé rukopisu pro revizni fizeni v ¢asopise Structure.

Cilem prace byla biochemicka a strukturni analyza procesu aktivace zymogenu SmCBI.
SmCBI je syntetizovéan jako neaktivni zymogen (proenzym), jehoz aktivita je blokovéana
N-terminalnim propeptidem fungujicim jako pfirozeny intramolekulérni inhibitor aktivniho
mista. Pfi aktivaci je propeptid proteolyticky odstépen za vzniku aktivniho enzymu.
Zymogen SmCBI1 lze aktivovat pusobenim asparaginylendopeptidasy ze S. mansoni
(SmAE) [14]. Vramci této publikace byl identifikovan a popsdn novy mechanismus
autokatalytické aktivace (autoaktivace) indukované sulfatovanymi polysacharidy (SP).

Autoaktivace SmCBI1 bez piitomnosti SP probihd v pH 4-5 a vede k tvorbé neaktivniho
intermediatu, ve kterém je odstépena jen Cast propeptidu. Krystalova struktura tohoto
intermediatu ukazuje, ze aktivni misto zistava stale blokovano zbytkovym propeptidem. V
ptitomnosti SP je v pH 4-5 propeptid kompletné proteolyticky odstranén a vznika aktivni
enzym. V prubéhu jeho tvorby vznika nékolik aktivnich intermediatli, ve kterych je jiz
aktivni misto pfistupné substratu. Nékolika experimentalnimi pfistupy byla analyzovana
molekularita autoaktivacni reakce, kterd kombinuje monomolekuldrni a bimolekuldrni
déje. Studie strukturnich preferenci SP prokéazala, Ze schopnost efektivné indukovat
autoaktivaci zavisi jak na typu SP, tak na jeho velikosti. Proteolyticka aktivace SmCB1
pomoci SmAE probihd vrozmezi pH 5.0-6.5. Vyznamné bylo zjisténi, ze aktivace
katalyzovand SmAE je ptisobenim SP potlacena. Lze tak ptredpokladat, ze ve
fyziologickém prostiedi je aktivace SmCB1 komplexné¢ regulovand pomoci pH a interakce
s SP.

Soucasti studie je urCeni krystalovych struktur 3 molekularnich forem SmCBI1 v
aktivacni draze, zymogenu (PDB kod: 4104), neaktivniho intermediatu (PDB kod: 4105) a
zralého enzymu (PDB kod: 4107). Struktura zymogenu umoznila analyzu interakce
propeptidu s katalytickou doménou a potvrdila piitomnost unikatniho a-helixu, ktery byl
predikovan v propeptidu pomoci homologniho modelovani v publikaci €. 1. Tento a-helix
obsahuje sekvencni motiv vazajici heparin (“HB motiv”), ktery umoziuje interakci s SP.
To bylo potvrzeno cilenymi mutacemi aminokyselin v motivu, které zabranily

kompletnimu odStépeni propeptidu.
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Miuij podil na praci zahrnoval (1) rekombinantni expresi, aktivaci a purifikaci SmCB1 a
jeho mutantnich forem, (2) krystalizaci tii forem SmCBI z aktiva¢ni drahy, analyzu téchto
krystalografickych struktur (pomoci programit CONTACT a Pymol), jejich interpretaci a
molekularni grafiku (pomoci programu Pymol), (3) biochemické aktivaéni experimenty

analyzované pomoci SDS-PAGE a (4) Gcast na piipravé manuskriptu.
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5.4.2. Publikace ¢. 4

Jilkova, A., Horn, M., Rezagova, P., Mare$ova, L., Fajtova, P., Brynda, J.,
Vondrasek, J., Caffrey, C. R. a Mares, M.

Activation Route of the Schistosoma mansoni Cathepsin B1 Drug Target:
Structural Map with a Glycosaminoglycan Switch

Rukopis ptipraven k podani do Casopisu Structure
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SUMMARY

Cathepsin B1 (SmCB1) is a digestive protease found in the gut of the human blood fluke
Schistosoma mansoni. It is a potential drug target for the treatment of schistosomiasis, a
parasitic disease that afflicts over 200 million people worldwide. SmCB1 is synthesized as an
inactive zymogen in which the pro-peptide operates as an intra-molecular inhibitor by blocking
the active site. We investigated the activation and processing of the zymogen by which the
pro-peptide is proteolytically removed and the regulatory role of sulfated polysaccharides
(SPs) in this process. Crystal structures of three molecular forms of SmCB1 along the
activation pathway were determined, namely the zymogen, an activation intermediate with a
partially cleaved pro-peptide and the mature enzyme. We demonstrate that SPs are essential
to autocatalytic activate SmCB1 as they interact with a specific heparin-binding domain in the
pro-peptide. An alternative activation route for the SmCB1 zymogen is mediated by an S.
mansoni asparaginyl endopeptidase which is down-regulated by SPs, indicating that SPs act

as a molecular switch between both activation mechanisms.

INTRODUCTION

Schistosomiasis (bilharzia) is a chronic infectious disease caused by trematode blood flukes of
the genus Schistosoma. The disease infects over 200 million people and is second only to
malaria as a global parasitic health problem (Colley et al., 2014). Schistosoma mansoni,
present in more than 50 countries, is the most widespread of the human-infecting
schistosomes. Treatment and control of schistosomiasis now relies on just one drug, and, due
to the growing concern over resistance, there is pressure to identify new schistosomal protein
targets and chemotherapeutic strategies (Caffrey, 2007; Thetiot-Laurent et al., 2013).

Adult schistosomes live in the cardiovascular system and host blood proteins are a primary
source of nutrients required for parasite growth, development and reproduction. In the
schistosome gut, a network of proteases performs the digestion of host proteins (Delcroix et
al., 2006; Brindley et al., 1997). These enzymes represent potential intervention targets. The
current research focuses on S. mansoni cathepsin B1 (SmCB1), which is a central digestive
protease due to its high abundance and complex proteolytic activity that comprises both
endopeptidase and exopeptidase (peptidyl dipeptidase) modes of action (Sajid et al., 2003;
Jilkova et al., 2011). SmCB1 has been validated in a murine model of schistosome infection as
a molecular target for therapy with a vinyl sulfone inhibitor (Abdulla et al., 2007). Recently, we
determined the crystal structure of SmCB1 in complex with vinyl sulfone inhibitors to describe
the binding mode and correlated their inhibition of SmCB1 with anti-schistosomal potency
(Jilkova et al., 2011).

Members of the clan CA, family C1 (papain-like) cysteine peptidases, including cathepsins
B, are synthesized as inactive zymogens (pro-cathepsins), in which the pro-peptide acts as an

intramolecular inhibitor by blocking the active site. Activation to the mature, catalytically active
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form occurs upon proteolytic removal of the N-terminal pro-peptide (also termed the “activation
peptide”) and this can be autocatalytic or involve another trans-activating protease (for review,
see e.g. Turk et al., 2012). For SmCB1 expressed in the yeast, Pichia pastoris, the zymogen
does not autoprocess but was trans-activated by S. mansoni asparaginyl
endopeptidase/legumain (SmAE; Sajid et al., 2003), a clan CD cysteine peptidase (Caffrey et
al., 2000). However, a later in vivo study demonstrated that SmAE was not absolutely required
for SmCB1 activation (Krautz-Peterson et al., 2008), indicating that a different mechanism may
also contribute to the maturation of SmMCB1. We propose that this alternative mechanism is an
auto-activation event mediated by sulfated polysaccharides, such as glycosaminoglycans.

Sulfated polysaccharides (SPs) have a strong negative charge and are widely distributed in
tissues participating in the regulation of a number of protein functions and interactions (for
example reviews, see Raman et al., 2005;Gandhi et al., 2008). SPs are also reported to
modulate several mammalian cysteine cathepsins. For example, they induce the collagenolytic
activity of cathepsin K (Li et al., 2002;Cherney et al., 2011), stabilize cathepsin B at neutral pH
(Almeida et al., 2001) and facilitate the auto-activation of cathepsins B, L and S (Caglic et al.,
2007;Vasiljeva et al., 2005;Fairhead et al., 2008).

Here, we show that SPs do more than just modulate the auto-activation of cysteine
cathepsins, but are critically required for the auto-activation of SmCB1. Moreover, they act as
a molecular switch in the SmCB1 activation pathway by alternating between SP-mediated
auto-activation and SP-down-regulated frans-activation. The bi-modal system described here
for SmCB1 might also be relevant to other digestive cathepsins B of parasitic metazoa,
including the trematodes Schistosoma, Trichobilharzia, and Fasciola spp. (Horn et al.,
2011;Beckham et al., 2006). We provide new insights into the mechanism of activation of
cysteine cathepsins by employing a complete set of structures along the activation pathway,
including the zymogen and mature forms, and a processing intermediate not previously

investigated.

RESULTS
Determination of crystal structures

A recombinant zymogen of SmCB1 was produced in the Pichia pastoris expression system
(Sajid et al., 2003; Horn et al., 2011). The inactive intermediate (iCB™**) was obtained from
the zymogen by autocatalytic processing, which removed 38 residues from the pro-peptide
generating N-terminal Leu39 (the SmCB1 zymogen numbering is used throughout the paper).
The enzymatically active mature form of SmCB1 was prepared from the zymogen by frans-
activation (Saijid et al., 2003; Horn et al., 2011), which removed the full-length, 69 residue-long
pro-peptide to reveal an N-terminal Val70. For crystallography of the zymogen, an inactivated
mutant was constructed with mutated active-site cysteine (Cys100Ser) to prevent its

autoprocessing.
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The structures of the Cys100Ser zymogen, the intermediate iCB™ and the mature
enzyme were determined by molecular replacement using the structure of the mature SmCB1
complexed with the inhibitor CA-074 (Jilkova et al., 2011). The zymogen crystallized in the
triclinic space group P1 with four molecules per asymmetric unit. All four molecules are very
similar; the RMSD for the superposition of the four protein molecule backbones onto each
other range from 0.2 to 0.3 A. The structure was refined using data to a resolution of 1.95 A.
N-terminal residues 1-8, 1-7, 1-5 and 1-5 and residues 179-189, 181-186, 179-190 and
180-189 within the occluding loop could not be located in the electron density map in
molecules A, B, C and D, respectively, and were thus not included in the final model (these
two regions are disordered also in several zymogen structures of mammalian cathepsins B).
For presentation purposes, the missing residues were computationally modeled for the most
complete molecule B (Figure 1).

The intermediate iCB™

crystallized in the monoclinic space group C2 with one molecule
per asymmetric unit. The structure was refined using data to a resolution of 1.9 A. The first 8
N-terminal residues in the molecule could not be located in the electron density map and were
thus not included in the final model, which starts with Gly47.

The mCB crystallized in the orthorhombic space group P2:2:2; with one molecule per
asymmetric unit. The structure was refined using data to a high resolution of 1.3 A. No
electron density was found for the N-terminal residue so the final crystallographic model starts

with Glu71.

Structural characterization of the SmCB1 zymogen and its processing sites
In the SmCB1 zymogen, the enzyme core adopts the classic fold of papain-family proteases in

which the molecule is divided into L and R domains with the active-site cleft located in
between (Figure 1A). The active site contains the catalytic residues Cys100, His270 and
Asn290 and is blocked by the pro-peptide, which binds along the cleft in the opposite direction
compared to substrates. This inhibitory mechanism and the overall architecture of the pro-
peptide resemble cathepsin B-type pro-peptides; however, the secondary structure pattern of
the SmCB1 pro-peptide incorporates an additional a-helix, a3p (Figure S1). The interface
between the pro-peptide and the enzyme core contains a net of interactions (listed in Table
S1), and the pro-peptide is further stabilized by a network of internal contacts between
residues within the pro-peptide (Table S2).

The pro-peptide chain (residues 8-69) wraps around the enzyme core, forming three
topological regions located on the top, front and bottom of the molecule (Figure 2E): (i) a
hairpin structure formed by the a1p helix (residues 13-22) and an antiparallel f1p strand
(residues 28-30), (ii) the a2p helix (residues 38-44) followed by the active site-binding
segment, and (iii) from the non-conserved o3p helix (residues 52-60) to the pro-

peptide/mature N-terminus junction.
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The a1p-B1p hairpin segment of the pro-peptide interacts with a large “propeptide-binding
loop” (PBL, residues 247-265) of the enzyme core (Figure 2A). The majority of the contacts
are formed by residues 27-31 from B1p, including hydrogen bonds with a short antiparallel
part of the PBL (Tyr254—Tyr259); Trp28 is also a part of an aromatic cluster along with two
central residues, Tyr254 and Tyr259, of the PBL.

Pro-peptide residues 33—44 follow a crevice located between the “occluding loop” (residues
178-192) and the PBL of the enzyme core (Figure 2B). Residues 33—-37 are organized into a
kink and residues 38—44 into the a2p helix. The interface interactions are provided mostly by
hydrogen bonds and salt bridges of Arg35 from the kink and Asp41 and lle44 from a2p. No
direct hydrogen bonding was found between the pro-peptide and the occluding loop, but
Asp41 in a2p is interconnected via the enzyme-core residue Arg96 with Lys192 and Tyr194 of
the occluding loop (Figure 1B). The occluding loop is in “open” conformation, like in other
cathepsin B-type zymogens, with a highly flexible tip (residues 181-186 have a poorly defined
electron density). In this region, there are significant local changes when comparing SmCB1
with other cathepsin B-type zymogens, in which the pro-peptides are positioned closer to the
occluding loop and their interactions are maintained by a set of hydrogen bonds. The cleavage

B is located on the rim

site (Ser38-Leu39) that is processed to yield the intermediate form iC
of the a2p helix (Figure 1C). The surrounding region (His37-Asp40) forms no hydrogen bonds
with the enzyme core and is exposed to the solvent; the accessibility of this surface region
arises from the flexibility of the adjacent occluding loop.

The pro-peptide occupies the substrate-binding cleft via residues 45-49, which enter the
S2’-S3 subsites in the SmCB1 zymogen (Figure 2C). The S2’ subsite binds GIn45, forming
hydrogen bonds with GIn94 and Trp292, and is in contact with the catalytic His270. The S1’
subsite is occupied by the Met46 hydrogen, bonded to GIn94 and Ser100, the latter of which
was mutated from the catalytic Cys residue. Gly47 enters the S1 subsite and interacts via
hydrogen bonds with Gly144. Ala48 and Arg49 are in the S2 and S3 subsites, respectively,
where they form a total of three hydrogen bonds.

The non-conserved o3p helix contains a heparin-binding motif (based on the arginine
pattern in the LRRTRRP sequence, residues 55-61), which is absent in other structurally
investigated cathepsin B zymogens (Horn et al., 2011). The a-helix makes only a few contacts
with the enzyme core through hydrogen bonds formed by Arg56 and Arg60, however, it is
internally stabilized by hydrogen bonds between the solvent-exposed Arg59 and Arg57 of the
motif and the adjacent acidic residues of the pro-peptide (Arg57-Asp54, Arg59-Glu51-Arg60)
(Figure 1C and 2D). This arrangement of contacts and the position of a3p protruding above
the enzyme-core surface provide a target for glycosaminoglycans; such an interaction will

most likely result in conformational changes in this pro-peptide region.
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Downstream of a3p is the cleavage site Asn69-Val70, which is processed to yield the
mature enzyme. The processing region (residues 64—72) is weak on the hydrogen bond
forming at the interface between the pro-peptide and the enzyme core (Figure 1C); the
interaction is maintained by several hydrophobic residues oriented against the core while an
array of four Asp and Asn residues is exposed to the solvent, thus making this stretch easily

accessible to proteolysis.

Structural characterization of the SmCB1 intermediate and mature forms
The mature form of SmCB1 is derived from the zymogen by proteolytic removal of the full-

length pro-peptide (Figure 1A). The RMSD for the superposition of the main-chain atoms of
the zymogen and the mature enzyme is 1.1 A, and the major difference in both protein
backbones is within the occluding loop. lts “open” conformation in the zymogen imposed by
the pro-peptide is changed to the “closed” conformation after pro-peptide removal (Figures 1A
and 1B). In contrast to the zymogen, the tip of the occluding loop in the mature enzyme is well
defined in electron density (residues 178-189) due to stabilization, which is provided by 13
interdomain hydrogen bonds with the core (Figure 1B). The largest movement (~10 A) in the
occluding loop during open-to-closed transition was found for His180. In the mature enzyme,
two conserved residues His180 and His181 are oriented into the active site, where they
restrict access to the primed region and can interact with the C-terminal carboxyl group of the
substrate P2’ residue (Jilkova et al., 2011); the histidines are hydrogen-bonded with Asp93
and Leu252. The occluding loop is further rearranged between residues 188 and 194 (~6 A
movement for Ser191/Gly190), and this conformation is stabilized by a net of hydrogen bonds
from Tyr194, Pro188 and Cys189 to the core residue Arg96. The active site of the non-
complexed mature enzyme resembles that determined in the complexes with peptidomimetic
inhibitors (Jilkova et al., 2011), but the absence of a ligand results in higher flexibility of His270
as indicated by a double conformation, of which only one appears in the complexes. The
catalytic Cys100 was found to be oxidized.

The intermediate iCB™ is a structural chimera with combined features of the SmCB1
zymogen and the mature enzyme (Figure 1A). It is derived from the zymogen by proteolytic
removal of the first half of the pro-peptide (residues 1-38); the newly formed N-terminal
segment 3946 is flexible and the electron density only becomes defined downstream of
Gly47. The residual pro-peptide interacts with the substrate-binding cleft by three residues,
Gly47, Alad8 and Arg49, located in S1, S2 and S3 subsites, respectively. The majority of
iCB™" pro-peptide interactions in the active site as well as of downstream pro-peptide
regions, including the a3p helix and the pro-peptide/mature N-terminus junction, are similar to
the zymogen. Likewise, the enzyme core of iCB™ is highly similar to that in the mature
enzyme with the RMSD for the superposition of the main-chain atoms of 0.4 A. Specifically,

the occluding loop has an analogous shape and position (a few discrepancies are within 1.5
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A), and interdomain interactions except for the missing hydrogen bonds between His181 and
Leu252, and between Thr182 and Lys255 (Figure 1B).

Sulfated polysaccharides are essential for the auto-activation of SmCB1

The autocatalytic activation of the SmCB1 zymogen was investigated using two different
assays: (1) SDS-PAGE visualization of the processing forms generated by autocatalytic
proteolysis and (2) kinetic measurement of the proteolytic activity of SmCB1 with the
fluorogenic peptide substrate Z-Phe-Arg-AMC. The effect of sulfated polysaccharides on the
activation process was probed with dextran sulfate (DS) as a model glycosaminoglycan-like
polysaccharide. In the absence of DS, the autoprocessing of the zymogen (37 kDa) was
effective at acidic pH, at pH 5.0 and below, and resulted in an intermediate form of 32 kDa,
which did not yield any proteolytic activity (Figures 3A and 3B). In the presence of DS, the
zymogen was converted in the same pH range into mature SmCB1 (28 kDa) via an
intermediate species (~30-31 kDa) (Figure 3A). This was associated with the generation of
proteolytic activity that was stable at pH 5.0 (and declined at lower pH due to auto-degradation
demonstrated on SDS-PAGE). At pH 5.5 with DS, the inactive 32 kDa intermediate was
produced (Figures 3A and 3B).

The fluorescent activity-based probe Green-DCG-04 (Greenbaum et al., 2002) was applied
to label the active site of the variously processed forms of SmCB1 which could then be
visualized by SDS-PAGE (Figure 3C). The mature enzyme was intensively labeled, whereas
the zymogen did not show a significant signal. Regarding the intermediates, the 30-31 kDa
form but not the 32 kDa form interacted with the probe, indicating that only the former contains
an accessible active site.

The cleavage sites in the SmCB1 pro-peptide during the autocatalytic processing were
identified using N-terminal protein sequencing; their localization is presented in the 3D model
in Figure 4. This cleavage map helps explain the difference in the activity status of both
intermediates. The inactive 32 kDa-intermediate corresponds to the crystallographically
characterized form iCB™ (Figure 1) and is derived by the cleavage of the Ser38-Leu39 bond;
this form keeps the pro-peptide region intact with Met46 and Gly47 blocking the S1' and S1
pockets of the active site. In contrast, the active 30-31 kDa-intermediate (iCB®") has a
heterogeneous N-terminus produced by cleavages of the Met46-Gly47 bond and in its close
vicinity, thus opening the catalytic site for substrate entry.

To analyze the cleavage pattern in the pro-peptide in detail, synthetic peptides derived from
the pro-peptide structure were used as a substrate for the hydrolysis catalyzed by mature
SmCB1 (Figures 4 and S2). Interestingly, we found a striking difference in the distribution of
the cleavage sites identified in the peptides digested in the presence and absence of DS.
Whereas both cleavage patterns in the N-terminal half of the pro-peptide (upstream of Met46-

Gly47) are rather similar, the C-terminal half (downstream of Met46-Gly47) was fragmented
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only in the presence of DS. Residues 55-61 close to the C-terminus of the pro-peptide form
the heparin-binding motif (Figure 1), and a synthetic 22-peptide bearing this motif was
fragmented in the presence of DS at multiple sites, including the Asn69-Val70 bond separating
the pro-peptide and mature sequence. However, the substitution of positively charged arginine
residues of the motif with citrulline isosteres that possess uncharged side chains completely
abolished the DS-dependent fragmentation (peptides [53—-74] and [53-74]Cit,, Figure S2).
Similarly, a deletion of the heparin-binding motif in the peptide [62—74] prevented the DS-
dependent fragmentation (Figure S2). It should be mentioned that under these experimental
conditions DS did not increase the enzymatic activity of mature SmCB1 towards the SmCB1
substrate Z-Phe-Arg-AMC (data not shown). This suggests that DS interacts with the heparin-
binding motif and increases accessibility and susceptibility to proteolysis in the same parts of
the pro-peptide that are cleaved during auto-activation.

In conclusion, a sulfated polysaccharide was found to be essential for the auto-activation
processing of the inactive SmCB1 zymogen to the mature active enzyme. In its absence, the
auto-activation is not productive and leads to incompletely processed pro-peptide still

obstructing the catalytic site.

Autoprocessing of SmCB1 involves unimolecular and bimolecular steps
The molecularity of the autocatalytic processing of SmCB1 was examined by several
approaches. First, the effect of the zymogen concentration on the autoprocessing was
analyzed (Figure 5A). The rate of the processing reaction was found to be concentration-
independent in the absence of DS, whereas it was concentration-dependent in the presence of
DS, being accelerated by higher zymogen concentration. This suggested that the critical
process in the formation of the inactive intermediate without DS has a unimolecular
(intramolecular) character, whereas the generation of active forms mediated by DS, i.e., the
active intermediate and mature enzyme, includes bimolecular (intermolecular) reactions.

Second, the active-site inhibitor E-64 was applied in the processing regimes with/without
DS (Figure 5C). In the absence of DS, the inhibitor only had a marginal effect on the
production of the intermediate; in the presence of DS, however, the production of mature
enzyme was completely abolished, resulting in the accumulation of the intermediate species.
E-64 did not effectively inhibit the formation of the intermediates; this implies that it had limited
access to the active site of the SmCB1-processed forms involved in this unimolecular
proteolytic event. In contrast, the bimolecular step sensitive to E-64 was driven by the SmCB1
processed forms with an open active site.

Third, the ability of the mature enzyme to participate in the intermolecular mechanism of
autoprocessing was investigated (Figure 5B). In this experiment, the active-site mutant of the
SmCB1 zymogen (C100S zymogen, Figure 1), which is incapable of autoprocessing, was

tested as a substrate of the mature enzyme added in a catalytic amount. The C100S zymogen
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was processed only in the presence of DS to the forms of intermediate and mature size
(Figures 5B and S3), indicating that the active mature enzyme is competent to function as the
catalytic species in the bimolecular auto-activation of the SmCB1 zymogen.

Fourth, additional evidence for the bimolecularity of the auto-activation was provided by
the experiment in the presence of glycerol, which slows down molecular diffusion by
increasing the solution viscosity. In the presence of 10-20% glycerol, a suppression of the DS-
mediated conversion of the zymogen to the mature enzyme (Figure S4A) was observed
together with a deceleration of the sigmoidal time course of the activity (Figure S4B), both
indicating the bimolecularity of the reaction.

In conclusion, the initiation of the zymogen autoprocessing involves a critical rate-limiting
intramolecular step that was demonstrated in the absence of DS and resulted in a partial
removal of the pro-peptide forming the intermediate form. The full auto-activation mediated by
DS via the intermediate to mature enzyme is an intermolecular process, which is accelerated

through catalysis by the generated mature enzyme.

The heparin-binding motif in the pro-peptide is necessary for the correct maturation of
SmCB1 mediated by sulfated polysaccharides

The SmCB1 pro-peptide contains a consensus sequence for the binding of heparin (and
related sulfated polysaccharides); this XBBXBBX motif (where B is a basic amino acid and X
is a hydropathic amino acid) is located at residues 55-61 (LRRTRRP) (see Figures 1 and 4).
To study its role in the auto-activation of the SmCB1 zymogen, we constructed SmCB1
mutants in which the function of the motif was abolished by substituting two Arg residues
(R57/R59) with Ala or Asn. Both heparin-binding motif mutants were produced as correctly
folded zymogens that could be trans-activated by legumain into mature enzymes with activities
comparable to the mature enzyme derived from the zymogen bearing an intact heparin-
binding motif (see Experimental procedures).

Figure 6 shows the acidic autoprocessing of the motif mutant zymogens. In the absence of
DS, the mutants were converted into the intermediate form cleaved at the same position as
the control zymogen with the intact heparin-binding motif (as demonstrated by N-terminal
sequencing, Figure S3), although with a higher efficiency. In the presence of DS, there is a
striking difference between the processing patterns of the mutant vs. control zymogens. The
motif mutants were processed into a set of intermediate forms (at least 4 species) under the
conditions in which the control zymogen was converted into the mature enzyme via the active
intermediate (Figures 6 and S3). The N-terminal sequencing of the intermediates derived from
the motif mutants revealed that some of them are processed at and downstream from the
region in the pro-peptide that blocks the catalytic site (Figure S3). This is in line with the

enzymatic activity generated in the processing mixtures (data not shown).

106



In conclusion, an intact heparin-binding motif in the SmCB1 pro-peptide and its interaction
with a sulfated polysaccharide are necessary for the effective auto-processing of the zymogen

to the correctly matured enzyme.

The action of sulfated polysaccharides depends on their type, size and concentration
Throughout this study, we used DS as a model sulfated polysaccharide mimicking natural
glycosaminoglycans (GAGs), such as heparins and chondroitin and dermatan sulfates. Now,
we compare the effect of DS, natural GAGs, and their derivatives on the SmCB1
autoprocessing.

Figure 7A shows that both DS and a similarly sized heparin mediated the regular auto-
activation of the zymogen to the mature enzyme, although the heparin-mediated conversion
was slower. In contrast, three chondroitin-related GAGs, chondroitin-4-sulfate, chondroitin-6-
sulfate and dermatan sulfate, induced the production and accumulation of the intermediate,
which was, however, not further processed to the mature enzyme. These GAGs decrease the
activity of mature SmCB1 under the experimental conditions (data not shown), which might
contribute to the incomplete zymogen autoprocessing.

The size of sulfated polysaccharides required for mediating the auto-activation of the
SmCB1 zymogen was investigated using DS and heparin derivatives of differing masses.
Heparins with a greater mass than 3 kDa (corresponding to a decasaccharide) were effective,
whereas smaller octa- to disaccharides did not induce the generation of SmCB1 activity
(Figure 7C). Similarly, DSs were effective over a broad mass range above 5 kDa (a 20-mer
oligosaccharide); a 0.5 kDa disaccharide had no effect (Figure 7B). Furthermore, the
concentration dependence of the action of sulfated polysaccharides was demonstrated with
DS of 9-20 kDa (used throughout this study, unless specified otherwise), which was highly
effective above 10 pg/ml and ineffective at concentrations below 0.1 ug/ml (Figure S5).

In summary, sulfated polysaccharides were found to accelerate the autoprocessing of the
SmCB1 zymogen, but only specific types, such as DSs and heparins, were capable of
inducing the formation of the active mature enzyme; a decasaccharide was the minimal

oligosaccharide length required for their action.

Trans-activation of SmCB1 by legumain: the alternative processing pathway is down-
regulated by sulfated polysaccharides

We investigated the processing and activation of the SmCB1 zymogen catalyzed by
proteolytic action of asparaginyl endopeptidase (legumain) from S. mansoni (SmAE) (Caffrey
et al., 2000). The recombinant SmAE efficiently converted the SmCB1 zymogen to the mature
form, which was associated with the generation of SmCB1 activity (Figures 8A and 8C). This
mature SmCB1 species was formed in the absence of DS by the cleavage of the pro-peptide
at Asn69-Val70 (consistent with (Sajid et al., 2003)); importantly, the same site we found in the
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mature enzyme obtained by autocatalytic processing in the presence of DS (Figure S3). The
highest frans-activation rate of the SmCB1 zymogen by SmAE was in the pH range of 5.0 to
6.0 (Figure 8B), in which SmAE is also active towards peptide substrates (Dalton et al., 1995;
Caffrey et al., 2000; Saijid et al., 2003).

In the next step, we tested the effect of DS on the frans-activation reaction catalyzed by
SmAE. We demonstrated that the conversion of the SmCB1 zymogen was substantially
decreased in the presence of DS, as shown by the processing pattern on SDS-PAGE and by
the yield of SmCB1 activity (the activation rate was about one order of magnitude lower as
compared to that in the absence of DS; Figures 8A and 8C). The depressive effect of DS was
not due to a direct impact on the proteolytic activity of SmAE (measured with a peptide
substrate; data not shown). Note that the frans-activation experiments were not interfered with
by a DS-mediated auto-activation since they were performed at pH 6, at which the auto-
activation does not proceed (Figure 3). Moreover, the active-site mutant of the SmCB1
zymogen was used to analyze the processing pattern (Figure 8A).

In conclusion, the SmCB1 zymogen was effectively matured through proteolytic processing
that is mediated by SmAE at acidic pH up to pH 6.5, and this process was down-regulated by

sulfated polysaccharides.

DISCUSSION

SmCB1 is a critical protease in the hemoglobinolytic pathway of the blood fluke S. mansoni
and a promising target for anti-schistosomal drugs. In this work, we describe the activation
mechanism of the SmCB1 zymogen at the molecular and the structural levels, and provide
evidence for a complex control of the SmCB1 activation pathway by sulfated polysaccharides
(SPs).

In contrast to the zymogens of vertebrate cathepsins B, the SmCB1 zymogen is unable to
auto-catalytically process into a fully mature and active enzyme, even upon prolonged
incubation at various pH values. This is in agreement with the previous findings (Sajid et al.,
2003). Auto-processing truncates at the generation o