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Abstrakt

Monogenea z Celedi Diplozoidae (podtiida Heteronchoinea) jsou krevsajici
ektoparaziti nachazejici se na zadbrach kaprovitych ryb. Traveni krve u diplozoidt probiha
intracelularné v lysozomalnim cyklu bunék gastrodermis stfeva za ptitomnosti peptidaz
parazita. Avsak informace o zptsobu traveni krve u této skupiny pochazely dosud pouze
z ultrastrukturalnich a histochemickych analyz. Proto jsem se v této praci zaméfila na
biochemickou a molekularni charakteristiku vybranych bioaktivnich molekul, které by se
mohly podilet na zpracovani krve dospélci Eudiplozoon nipponicum, a to konkrétn¢ na
cysteinové peptidazy typu katepsini L a B, aspartické peptidazy typu katepsinu D a na

inhibitory serinovych peptiddz Kunitzova typu.

V homogendtech a exkre¢né/sekrecnich (E/S) produktech dospélcti E. nipponicum
dominovala aktivita cysteinovych peptiddz typu katepsinu L, ndsledovand aktivitou
aspartickych peptiddaz typu katepsinu D a minoritnim podilem aktivity katepsini B.
Hemoglobinolyticka aktivita téchto vzorkd byla kompletné¢ zablokovéana inhibitory
jmenovanych typa peptidaz. V transkriptomu dospélct E. nipponicum byly objeveny
transkripty kodujici 10 katepsinli L a pouze 1 katepsin B. Primarni struktury kédovanych
enzymi byly bioinformaticky a fylogeneticky porovnany. Dva abundantni katepsiny L
(EnCL1, EnCL3) byly exprimovany v expresnich systémech P. pastoris/E. coli a
nasledné biochemicky a funkéné charakterizovany. Oba enzymy byly lokalizovany uvnitf
travicich bunék, ale 1 vlumen stfeva dospélého cerva. Vysledky tedy odhalily
pravdépodobnou extracelularni fazi traveni krve u E. nipponicum a zéroven pritomnost
Siroké Skaly katepsinii L s rozdilnymi strukturnimi vlastnostmi a pravdépodobné i

funkcemi.

Vedle peptiddz ucastnicich se degradace ptijatych krevnich proteini potiebu;ji
krevsajici paraziti také bioaktivni molekuly zabranujici sraZeni nasavané krve. K regulaci
hemostazy vyuZivaji Casto inhibitory serinovych peptiddz ucastnicich se koagulacni
kaskady. Mezi né patii napt. inhibitory Kunitzova typu nalezené i v transkriptomu
dospé€lct E. nipponicum. Jeden z nich (nazvany EnKT1) byl vybran pro heterologni
expresi v systému E. coli. Rekombinantni EnKT1 inhiboval peptidolytickou aktivitu
lidského faktoru Xa, plazminu a plazmového kallikreinu in vitro. Jeho antikoagula¢ni

aktivita zalozena na inhibici faktoru Xa byla potvrzena tromboelastograficky in vitro.



Navzdory schopnosti inhibovat plazmin nebyl prokazan jeho vliv na fibrinolyzu. Na
druhou stranu EnKT1 efektivné blokoval cytolytickou aktivitu rybiho komplementu in
vitro. Pomoci metod in situ hybridizace a imunohistochemie se podafilo EnKT1
lokalizovat uvniti travicich bunék parazita. Protein ma sekrecni signalni sekvenci a byl
detekovan v E/S produktech parazita. Na zéklad¢ uvedenych vlastnosti se 1ze domnivat,
ze EnKT1 funguje jako bifunkéni inhibitor blokujici koagulaci pfijaté krve ve stieve
parazita a zaroven chranici buiiky gastrodermis pfed utokem komplementu. Jedna se o
prvni Kunitz protein parazitarniho plivodu s prokdzanym inhibi¢nim ucinkem na

komplementovou kaskadu v krvi hostitele.

Klic¢ova slova: katepsin, Kunitz inhibitor, hematofagie, monogenea,

Eudiplozoon nipponicum, traveni krve, inhibitor peptidaz



Abstract

Monogeneans from the family Diplozoidae (subclass Heteronchoinea) are
bloodfeeding ectoparasites inhabiting gills of common carp. Digestion of blood in
diplozoids is an intracellular process taking place in gut cells within lysosomal cycle in
the presence of parasite's peptidases. However, information about the blood digestion
comes only from ultrastructural and histochemical analyses. Therefore, I have focused in
this work on biochemical and molecular characteristics of bioactive molecules which may
participate in blood processing by E. nipponicum adults, especially cysteine peptidases of
cathepsin L- and B- types, aspartic peptidases of cathepsin D-type, and Kunitz-type

inhibitors of serine peptidases.

In homogenates and excretory/secretory (E/S) products of E. nipponicum adults,
an activity of cysteine peptidases of cathepsins L-type dominated, followed by an activity
of cathepsin D-like aspartic peptidases and a minor cathepsin B-like activity. Inhibitors
of the abovementioned peptidase types completely blocked hemoglobinolytic activity in
the samples. In the transcriptome of E. nipponicum adults, ten cathepsin L-coding
transcripts were found and only one cathepsin B-coding transcript. Primary structures of
the encoded enzymes were bioinformatically and phylogenetically compared. Two
abundant cathepsins L (EnCL1, EnCL3) were expressed in P. pastoris/E. coli expression
systems and then biochemically and functionally characterized. Both enzymes were
localized inside the gut cells and also in gut lumen of the adult worm. The results
suggested probable extracellular phase of blood digestion in E. nipponicum and also the
presence of a wide range of cathepsins L with different structural characteristics and also

with likely different functions.

In addition to peptidases participating in the degradation of blood proteins,
haematophagous parasites also need bioactive molecules inhibiting coagulation during
the blood intake. To regulate the haemostasis, they often use inhibitors of serine
peptidases which participate in the coagulation cascade. These include, e.g., Kunitz-type
inhibitors which were also found in the transcriptome of adult E. nipponicum. One of
them (named EnKT1) was chosen for heterologous expression in E. coli system.
Recombinant EnKT1 inhibited peptidolytic activity of human factor Xa, plasmin and
plasma kallikrein in vitro. Its anticoagulation activity based on inhibition of factor Xa was

confirmed in vitro by tromboelastography. Despite the ability to inhibit plasmin, its



impact on fibrinolysis was not confirmed. On the other hand, EnKT1 effectively inhibited
cytolytic activity of fish complement in vitro. By means of in situ hybridization and
immunohistochemistry, the EnKT1 was localized inside the digestive cells of the parasite.
It possesses a secretory signal sequence and was detected in E/S products of the worms.
Based on these characteristics, we suppose that EnKT1 serves as a bifunctional inhibitor
dininishing coagulation of ingested blood in the parasite's gut and, simultaneously,
protecting cells of the gastrodermis from complement attack. It is the first example of a
parasite-originated Kunitz protein with confirmed inhibitory effect on complement

cascade in host’s blood.

Key words: cathepsin, Kunitz inhibitor, haematophagy, monogena, Eudiplozoon

nipponicum, blood digestion, inhibitor peptidase



Uvod

Eudiplozoon nipponicum se fadi mezi krevsajici monogenea celedi Diplozoidae.
Jedna se o ektoparazitického helminta, ktery parazituje na zabrach kapra obecného
(Cyprinus carpio), ryby s vysokym ekonomickym vyznamem v mnoha zemich vcetné
akvakultury Ceské republiky. E. nipponicum je invazni druh, ktery byl do Evropy
zavleCen z Asie. Krom¢ mozného patogenniho uc¢inku na své hostitele existuje o
monogeneich velmi malo informaci. Mnoho studii a praci zabyvajicich se skupinou
Monogenea je zaméieno na morfologii, ekologii, anatomii, patogenitu atp. Nicméné
z molekuldrniho a biochemického hlediska se jednd o opomijenou skupinu paraziti,
pfestoze nékteré druhy mohou zplsobit rozsdhlé Skody v akvakultufe. Patogenita
E. nipponicum, ve srovnani s nékterymi zastupci monogenei, je nizka a mize spocivat
v mechanickém poskozeni zaber hostitele, které slouzi jako vstupni brana pro infekce do

hostitele.

E. nipponicum je striktni hematofag. Hematofagie je potravni strategie, ktera se
vyvinula u mnoha skupin organizmil. Krevsajici monogenea stejné¢ jako ostatni krevsajici
paraziti musi pii sani ptrekonat hemostdzu hostitelské krve a hostitelskou imunitni
odpovéd’. Proto  hematofagové vyuzivaji rGznych antihemostatickych a
imunomodulacnich latek, které byvaji soucasti jejich sekretti produkovanych rtiznymi
typy zlaz. Krev se dale dostava do stieva, kde dochézi k traveni krve bud’ v lumen stieva,
nebo uvnitf travicich bunék v lysozomalnim cyklu. Podle ultrastrukturalnich studii travi
monogenea krev intracelularné, podobné jako je tomu u krevsajicich roztoct jako jsou
klist'ata. Na traveni krve se podili evolu¢né konzervovana sit’ cysteinovych, aspartickych,

ptipadné 1 jinych peptidaz.

V této praci jsem se zaméfila na detailni molekuldrni a biochemickou
charakteristiku vybranych bioaktivnich molekul, které by mohly byt zapojeny v piijmu a
traveni krve u dospélcti E. nipponicum. Jedna se zejména o inhibitory Kunitzova typu,
které Casto funguji u ostatnich krevsajicich paraziti jako antikoagula¢ni faktory, a o
cysteinové peptidazy (katepsiny L), které hraji vyznamnou roli u krevsajicich helminta

pfi traveni krevnich proteint.
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Literarni prehled

1.1. Monogenea

Ttida Monogenea se fadi spolu s tfidami Cestoda a Trematoda do podkmene
Neodermata (Platyhelminthes) (Littlewood et Bray, 2001) a dale se déli na dv¢ podtiidy:
Polyonchoinea, kterd se zivi mukusem a epitelidlnimi bunikami (tzv. mukofagové) a
Heteronchoinea zivici se krvi (tzv. hematofagové) (Boeger et Kritsky, 2001; Buchmann
et Bresciani, 2006). VétSina monogenei Zzije ektoparaziticky a vykazuje vysokou
hostitelskou i1 organovou specifitu (Buchmann et Bresciani, 2006). Pfedevs§im se jedna o
parazity vyskytujici se na zabrach, ploutvich a kiizi ryb. Mohou ale zit i endoparaziticky
napt. v zaludku, mocovém méchyti, nebo Ustni, t€lni ¢i nosni dutiné¢ (Smyth er Halton,
1983a). Kromé ryb je miZeme najit i u jinych druhli organizmi jako jsou napf.
obojzivelnici, plazi, hlavonozci a u hrocha. Na konci téla maji charakteristicky
prichycovaci organ, zvany opisthaptor, ktery mize byt opatien destickami, svorkami,
hacky, nebo piisavkami (Smyth et Halton, 1983a; Buchmann et Bresciani, 2006;
Whittington et Kearn, 2011). Vysoka intenzita infekce hematofagnimi druhy monogenei
a nadmérné sani krve miiZze mit u hostiteli za nasledek onemocnéni zvané hypochromni
mikrocytickd anémie (Kawatsu 1978; Buchmann ef Bresciani, 2006; Reed et al., 2009;

Valigurové et al., 2011).

1.1.1. Celed’ Diplozoidae

Zastupci z Celedi Diplozoidae se fadi do podtiidy Heteronchoinea. Jedna se o
skupinu sladkovodnich krevsajicich monogenei parazitujicich na Zabrach kaprovitych ryb
(Matéjusova et al., 2001). Tato prace byla zamétena na druh Eudiplozoon nipponicum
vyskytujici se na kapru obecném (Cyprinus carpio), ktery se fadi mezi ryby s vysokym
ekonomickym vyznamem v mnoha zemich Asie a Evropy (Kawatsu, 1978; Fisheries and

Aquaculture Department, 2017).

Jedna se o oviparni hermafrodity (Obr. 1). Z vajicek, kterd jsou opatfena dlouhym
filamentem, se lihne pohybliva larva onkomiracidium. U onkomiracidii se objevuje
opisthaptor vybaveny prvnim parem svorek s centralnimi hacky. Ten onkomiracidium

vyuziva k pfichyceni na zabry ryby a nasledn¢ se larva pfeméni na stadium zvané
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diporpa, kterd se uz zivi krvi ( Khotenovsky 1985 v Matéjusova et al., 2001; Khotenovsky
1985 v Pecinkova et al., 2007, Khotenovsky 1985 v Hodova et al. 2010, Valigurova et
al., 2011). Diporpa musi najit druhou diporpu, se kterou srtistd v tzv. permanentni kopulu
a vyviji se v dospé€lce. Dochazi tak ke sdileni nervové, travici, svalové a reprodukéni
soustavy (Zurawski et al., 2001, 2003; Maté¢jusova et al., 2001; Roberts et Janovy, 2005;
Pecinkova et al., 2007, Valigurova et al., 2011).

Diplozoon

Zivotni cyklus

Diplozoidae

diporpa onkomiracidium

Obr. 1 — Zivotni cyklus &. Diplozoidae

1.2. Hematofagie

V pribehu evoluce se hematofagie vyvinula jako potravni strategie u mnoha
riznych skupin organizmti, jako jsou Arthropoda, Platyhelminthes, Nematoda, Annelida
atd. (Mans, 2011; Azar et Nel, 2012). Krev je tzv. tekuty organ, ktery se sklada z bunécéné
sloZky a plazmy. Plazma obsahuje vodu, bilkoviny, glukézu a mnoZstvi dalSich
anorganickych a organickych latek. Bunééna slozka krve se nachazi v plazmé a zahrnuje
erytrocyty, leukocyty a trombocyty (Pecka, 2004). Krev tedy nabizi hematofagnim
organizmiim bohaty zdroj energie a stavebnich latek pro procesy jako jsou rist, vyvoj a
reprodukce (Caffrey et al., 2004; Delcroix et al., 2006; Horn et al., 2009). Zaroven je

zapojena v obran¢ organizmu proti infekcim. Proto pii vzniku hematofagie bylo zapottebi
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vyvinout i rizné adaptace, které umozni krevsajicim parazitim piekonat komplikace
souvisejici s pfijmem a travenim krve. Z molekularniho hlediska paraziti produkuji ve
svych sekretech riizné antihemostatické a imunomodulaéni latky, kterymi dokazou
potlacit ochranné mechanizmy hostitele, jako jsou napt. koagulace krve, aktivace
komplementu nebo tvorba zanétu (Gillespie et al., 2000, Champagne, 2005). Krev je za
pfitomnosti peptidaz trdvena ve stfevé/stfevnich buikdch parazita (Smyth er Halton,
1983a; b; Caffrey et al., 2004; Sojka et al., 2013). Nicméné doposud nebyly zadné z

téchto molekul popsany u hematofagnich monogenei.

Daéle se ve své praci budu vénovat pfijmu a trdveni krve u monogenei oddélené,
protoze se jednd o dvé Sirokd témata. Traveni krve je uvedeno v kapitole 1.3. a pfijem

krve v kapitole 1.5.

1.3. Traveni krve u Heteronchoinea

Traveni krve u hematofagnich monogenei probiha ve slepych stfevech, kam je
krev pumpovéna svalnatym farynxem. Nachdzi se zde gastrodermis, kterd se sklada
z hematinovych (travicich) bunék a spojovaciho syncytia (Obr. 2). Syncytium tvofi
kompaktni povrch a skrz néj usti do stteva apikalni vybézky hematinovych bunck. Pod
gastrodermis se nachazi bazalni lamina a vrstva podélné a okruzni svaloviny (Smyth et
Halton, 1983a; b; Konstanzova et al., 2015). Na zéklad€ pivodnich ultrastrukturalnich
studii se pfedpokladd, Ze tradveni hemoglobinu probiha intracelularné v lysozomalnim
cyklu uvnitt hematinovych bun€k. Hemoglobin se endocytézou dostava dovniti bunék,
kde je traven uvniti fagolysozomu lytickymi enzymy a globiny jsou postupné traveny na
dipeptidy a jednotlivé aminokyseliny. Uvolnény hem je oxidovdn na nerozpustny
ferriporfyrin hematin a hromadi se v buiice. Burika se plni pigmentem, ktery se uvoliiuje
exocytozou do stteva, odkud je nasledné odstranén regurgitaci z téla ven (Halton, 1997;

Konstanzova et al., 2015).
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endocytoza exocytoza
hemoglobinu hematinu

spojovaci ;/ x f )
syncytium ' N

fagolyzozom ’ / »
L2y

2fe

x”*&&-.'

Golgiho 7774 .
aparat g

hematin

Obr. 2 —- Hematinova buiika u zastupcii Heteronchoinea (Smyth e Halton, 1983a,
upraveno).

Velmi mélo informaci existuje o biochemii traveni a molekulach ucastnicich se
zpracovani krve u monogenei, na rozdil od ostatnich krevsajicich parazitl jako jsou
schistosomy, ankylostomy, fascioly nebo klistata. Do nedavna byly publikovany pouze
dvé¢ studie, které se zabyvaly peptiddizami u moiského mukofdgniho monogenea
Neobenedenia spp., (Hirazawa et al., 2006; Rao et Yang, 2007), ale Zddné nebyly funkéné
charakterizovany. Nicméné existuje pfedpoklad, Ze trdveni krve u hematofagnich
monogenei probiha podobné jako u ostatnich krevsajicich helmintti, pouze zastoupeni
travicich enzymi, faze traveni (intracelularni/extracelularni), na které se travici enzymy
podileji, a misto traveni (buniky/lumen stieva) se mize vyznamné liSit. Z literatury je
znamo, ze zucastnéné travici enzymy u krevsajicich helminti jsou soucasti konzervované
sité cysteinovych (katepsin L, B, C a legumain) a aspartickych peptidaz (katepsin D)
(Sajid et McKerrow, 2002; Williamson et al., 2003, 2004; Delcroix et al., 2006;
McDougall, 2012). Jako ptiklad zde uvadim rozdilné zplsoby traveni krve u fasciol,

schistosom a u klist’at.

U fasciol dochazi k hemolyze v lumen stfeva pii kyselém pH. Gastrodermis se
sklada z bun€k, které opakované prodé€lavaji strukturni zmény podle faze, ve které se
nachazeji (absorbcni/sekrecni) ( (Robinson et Threadgold 1975 v Dalton, 1999). Prvni
faze traveni hemoglobinu probiha extracelularné v lumen stfeva za pfitomnosti peptidaz

(katepsinu L1, L2 a L5), které jsou do lumen steva sekretovany z bunék gastrodermis
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(Halton, 1976 v Halton, 1997; McVeigh et al., 2012). Hemoglobin je trdven mezi
povrchovymi lamelami pti pH pfiblizné 4,5 na mensi peptidy. Ty jsou pak vstiebany do
bun¢k gastrodermis, kde dochazi k intraceluldrni fazi trdveni za pfitomnosti katepsinu
C a leucin aminopeptidazy (Obr. 3) (Acosta ef al., 1998; Robinson et al., 2008; Lowther
et al., 2009). V gastrodermis byl detekovan 1 katepsin D, ktery by se mohl podilet na
traveni (McDougall, 2012). Pfi hydrolyze hemoglobinu vznika hematin, ktery se hromadi
pfevazné v lumen stfeva a regurgitaci je odstranén ze stieva ven (Robinson ef Threadgold

1975 v Halton, 1997).

hemolyza

lumen stieva <

katepsin L1
katepsin L2
katepsin L5

katepsin D ??
katepsin C
leucin aminopeptidaza

gastrodermis

K_Hf

Obr. 3 — Peptidazy podilejici se na degradaci hemoglobinu u Fasciola hepatica.

U schistostosom dochézi k hemolyze v jicnu, odkud se hemoglobin dostava dale
do stfeva (Dike 1971 v Bogitsh ef Carter 1977). Gastrodermis u schistosom je syncytidlni
a traveni hemoglobinu probihd extracelularné v lumen stfeva (Halton, 1997; Dalton et
al., 2004). Legumain, pfitomny ve stfeve, plni aktivaéni funkci a aktivuje katepsin B1,
ale 1 katepsiny C, L1/F, L2 a D (Sajid et al., 2003, Dalton et al., 1996 v Caffrey et al.,
2004). Katepsin Bl vykazuje ve stievé jak endopeptiddzovou aktivitu, tak 1
exopeptidazovou aktivitu (Sajid et al., 2003; Caffrey et al., 2004, Delcroix et al., 2006).
Hemoglobin je degradovan na hem a globin, kdy globin je dale degradovan na dipeptidy
a jednotlivé aminokyseliny, které jsou nasledné vstiebany do gastrodermis (Halton 1997,

Dalton et al., 2004). V gastrodermis se katepsin L3 a leucin aminopeptidaza (LAP)
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podileji na konecném zpracovani hemoglobinu (McCarthy et al., 2004, Dvoiak et al.,
2009). Hem se ve stfevé oxiduje na hematin a regurgitaci je nasledné odstranén z lumen

stiteva ven (Brindley et al., 1997).

U kliSt’at dochazi k enzymatické hemolyze v lumen stfeva klistéte (Sojka et al.,
2013). Hemoglobin se dostava pies receptory zprostiedkovanou endocytézu do travicich
bun¢k stfeva a dochdzi tak k intracelularnimu traveni (Sonenshine, 1991; Coons et al.,
1986 v Franta et al., 2011, Sojka et al., 2013). Traveni hemoglobinu zacina fuzi
endozomu s primarnim lysozomem a vznika tak sekundérni lysozom (Sonenshine, 1991).
Na degradaci hemoglobinu se podileji cysteinové, aspartitové, serinové a
metalopeptiddzy (Mulenga et al., 2003; Hatta et al., 2006; Sojka et al., 2008).
Hemoglobin je degradovan za ptitomnosti katepsinu D, katepsinu L a legumainu na vétsi
fragmenty, které jsou nasledné Stépeny za pritomnosti katepsinu B. Katepsin C se podili
na dal8i fazi a vzniklé dipeptidy jsou degradovany karboxypeptidazou (SCP) a leucin
aminopeptidazou (LAP) (Horn et al., 2009). Hem se hromadi ve form¢ nekrystalického
agregatu ve specializované organele hemozomu uvnitf travici buiiky (Lara et al., 2003).
Vétsinou jsou velké travici builky s agregatem oddéleny od basdlni laminy a jsou
uvolnény do lumen stfeva a odstranény defekaci. Tyto buriky jsou néasledné nahrazeny

novymi (Sonenshine, 1991).

1.3.1. Peptidazy

Peptiddzy jsou hydrolytické enzymy, které se fadi mezi vyznamné molekuly
ucastnici se interakci mezi parazitem a hostitelem. Podileji se zejména na invazi do
hostitele, traveni potravy, Uniku pfed imunitni odpovédi a tvorbou zanétu, migraci
tkdnémi atd. (Tort ef al., 1999; Caffrey et al., 2004; Delcroix et al., 2006; Kasny et al.,
2009). Jedna se o enzymy, které jsou esencialni pro vSechny druhy organizmt (Rawlings
et Barrett, 1999) a jsou kodovany piiblizné 2 % vSech exprimovanych genti (Sajid et
McKerrow, 2002). Proto je v dne$ni dobé vénovéna velka pozornost zejména travicim
peptidazam hematofagnich paraziti jako jsou klistata (napt. Ixodes ricinus), motolice
(napt. Fasciola spp., Schistosoma spp.) nebo hlistice (napt. Ancylostoma spp.),
v souvislosti s vyvojem novych antiparazitarnich ptipravki (Dalton ef al., 1996, 2003;

McManus et Dalton, 2006; Acosta et al., 2008; Marcilla et al., 2008).
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Peptidazy hydrolyzuji peptidické vazby mezi aminokyselinami proteinii a na
zaklad¢ mista plsobeni se rozdéluji na exopeptiddzy a endopeptidazy. Endopeptidazy
Stépi proteiny uvniti polypeptidového fetézce, zatimco exopeptidazy odstépuji jednotlivé
aminokyseliny nebo né¢kolik aminokyselin z jejich konce (C-/ N- konce, podle typu
exopeptidazy) (Barrett et al., 2004). Podle katalytického mechanizmu, ktery udavaji
postranni fetézce aminokyselin aktivniho mista, mizeme peptiddzy rozdé€lit do deviti

skupin dle databaze MEROPS (Rawlings et al., 2018).

1.3.1.1. Substratova specifita peptidaz

vvvvvv

vvvvvv

kapsy, kde dochazi k interakci s postrannimi fetézci aminokyselin substratu. Vazebné
kapsy jsou oznafovany a Cislovany smérem od aktivniho mista, jako Sn smérem k N-
konci a Sn” smérem k C-konci, kde n za¢ina 1. Postranni fetézce aminokyselin substratu
reagujici s vazebnymi kapsami enzymu se oznacuji a ¢isluji smérem k N-konci jako Pn a
jdouci k C-konci jako Pn’, kde n za¢ina 1. Mezi pozici P1 a P1” se nachazi §tépné misto
(aktivni misto) substratu (Barrett et al., 2004; Rawlings et al., 2008) Obr 4. DalSimi
dalezitymi faktory, které ovlivituji vazbu, jsou: polarita, naboj, prostorova dostupnost a

velikost (Sajid e McKerrow, 2002).

§tépné misto

IIHI

53 So S, Sy Sy’ Sy’

Obr. 4 — Substratova specifita peptidaz (Shinnar et al., 2003, upraveno).

1.3.1.2. Regulace aktivity peptidaz

Peptiddza ve Spatny Cas a na Spatném misté mize buiiku ohrozit. Proto je potieba,

aby jejich aktivita byla pod ptisnou kontrolou. Poruchy regulace jejich aktivity mohou



mit za nasledek vznik onemocnéni jako je napi. rakovina, revmatoidni artritida,

osteoporoza atd. (Vasiljeva et al., 2007).

U organizmi existuje nékolik odliSnych mechanizmt, které slouzi k regulaci
peptidazové aktivity. Mezi n¢ se fadi regulace genové exprese nebo smefovani enzymu
do specialnich kompartmenti jako jsou napt. lysozomy nebo mitochondrie. Dal§imi
mechanizmy jsou proteolytickéd degradace, riizné posttranslacni modifikace (glykosylace,
vazani kovl, pfemosténi S-S mustkil) nebo aktivace enzymii (Lopez-Otin et Bond, 2008).
VétSina peptidaz je syntetizovana ve formé preproenzymu (zymogenil), kde proregion
napomahd ke spravnému slozeni enzymu, dale mtze slouzit jako signal, ktery navadi
enzym do intracelularnich kompartmentl nebo k sekreci a v neposledni fad¢ prochazi
skrz aktivni misto peptidazy a slouzi jako endogenni inhibitor proti nechténé aktivité
(Carmona et al., 1996; Sajid et McKerrow, 2002). Aktivace zymogenu muze byt
zpusobena jinou peptiddzou, kterd odstépi prosegment, anebo miize dojit k autoaktivaci
pfi snizeni pH (Caffrey et al., 2004; Lowther et al., 2009). Lysozomalni katepsiny, aZ na
vyjimky jako jsou parazitarni katepsiny, jsou aktivni v pH okolo 4 a niz§im, zatimco pii
neutrdlnim pH jsou nestabilni. Pravdépodobné se jedna o regula¢ni mechanizmus v
pfipadé¢ uvolnéni peptiddz z kompartmentll a zabraiiuje tak nechténé proteolytické
aktivit¢ (Sajid et McKerrow, 2002). Mezi dal$i vyznamné regulacni mechanizmy
cysteinovych peptiddz se fadi endogenni inhibitory, jako jsou cystatiny, thyropiny a
serpiny, které funguji jako reverzibilni kompetitivni inhibitory (Turk ef al., 2012).

1.3.1.3. Cysteinové peptidazy

Obecné jsou cysteinové peptidazy syntetizovany ve formé preproenzymu, ktery
se sklada ze signalniho peptidu, prodomény a katalytické domény (Sajid et McKerrow,
2002). Katalyticky mechanizmus cysteinovych peptidaz je podobny jako u serinovych
peptidaz, které vyuzivaji jako nukleofil hydroxylovou skupinu serinu. Na rozdil od nich,
cysteinové peptidazy vyuzivaji jako nukleofil sulfhydrylovou skupinu aminokyseliny

cysteinu (Barrett e Rawlings, 1996; Barrett ef al., 1998) (Obr. 5).
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Obr. 5 - Katalyticky mechanizmus cysteinovych peptidaz
(https://en.wikipedia.org/wiki/Cysteine protease).

Cysteinové peptidazy se dle databdze MEROPS déli do 11 klanii (CA, CD, CE,
CF, CL, CM, CN, CO, CP, CQ, CR). Prvni cysteinova peptidaza z ovoce Carica papaya
byla popsana v roce 1879 a byla nazvéana papain. V klanu CA se nachazeji tzv. ,,papain-
like* peptidazy, které vykazuji sekvencni podobnost s papainem (Barrett ef al., 1998).
Tento klan se déale rozd€luje na 41 rodin, z toho 12 rodin zahrnuje vétSinu zndmych
parazitarnich cysteinovych peptidaz (Atkinson et al., 2009, Rawlings et al., 2018).
Dulezité parazitarni peptidazy se nachéazeji v C1 (katepsin L, katepsin B, katepsin C) a
C2 rodin¢ (kalpain-like) (Sajid et McKerrow, 2002). Typickym charakteristickym
znakem pro peptiddzy z klanu CA je jejich citlivost k inhibitoru E-64 (frans-
epoxysuccinyl-L-leucylamido(4-guanidino)butan) a substratova specifita
determinovana S2 kapsou. Peptidazové substraty obsahujici arginin v P2 byly casto
pouzity k rozliSeni aktivity katepsinu B a katepsinu L (Sajid et McKerrow, 2002). DalSim
dalezitym klanem cysteinovych peptidaz je klan CD, kde je substratova specifita
determinovana v P1 pozici. Peptidazy zklanu CD nejsou ovlivnény klasickym

inhibitorem cysteinovych peptidaz E-64 (Mottram et al., 2003). Klan se dale d¢li dle
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databaze MEROPS na sedm rodin, kde se parazitarni peptidazy nachézeji v rodiné: C13
legumain, C14 kaspazy a C50 separdzy (Mottram et al., 2003; Rawlings et al., 2018).

Katepsiny jsou rozdélovany na zékladé vysoké sekvencni podobnosti v oblasti
katalytickych zbytkl na dvé skupiny katepsiny ,,L-like* (L, V, K, S, W, F a H) a na
katepsiny ,,B-like”. Pro katepsiny B je typickd kromé endopeptiddzové aktivity i1
exopeptidazova aktivita, za kterou je zodpovédna peptidicka smycka ,,occluding loop*
v katalytické doméné, kterou katepsiny L nemaji (Musil et al., 1991; Coulombe et al.,
1996; Illy et al., 1997). Déle v textu se budu zabyvat katepsiny L s ohledem na vysledky

mé doktorské prace.

1.4. Katepsin L

Katepsiny L jsou c¢lenové papainové rodiny cysteinovych peptidaz klanu CA
(Barrett ef al., 1998; Rawlings et al., 2010). V soucasné dob¢ by katepsiny nemély byt
povazovany pouze za lysozomalni peptiddzy, protoze se nachazeji v riznych bunéénych
kompartmentech, ale i v extracelularnich prostorech a fadi se mezi vyznamné

multifunkéni proteiny (Zhou et al., 2015).

1.4.1. Struktura

Velikost katepsinu L se pohybuje ptiblizné okolo 25-30 kDa. Lidsky katepsin L
podobné jako papain (Kamphuis et al., 1984) se sklada ze dvou domén, kde leva doména
se sklada ze tfi a-helixi a pravd doména je tvofena B-barelem. Aktivni misto tvofi
aminokyseliny Cys, His a Asn. V centru aktivniho mista se nachazi His na pravé doméné,
ktery reaguje s Cys na levé doméné a vytvafi tak thiol-imidazolovou nabojovou dyadu
(Guncar et al., 1999; Turk et al., 2012). Tato dyada byva vétSinou stabilizovana
asparaginem v aktivnim misté. DuleZitym prvkem pro stabilizaci tetraedralniho
meziproduktu v priibéhu hydrolyzy je glutamin, ktery napomahé formovat oxoniovou

mezeru (Barrett ef al., 1998; Sajid et McKerrow, 2002).

Katepsin L je syntetizovan jako preproenzym na ribozomech endoplazmatického
retikula. Signalni sekvence je odStépena pti vstupu do lumen endoplazmatického retikula

a dochazi zde k N-glykosylaci (Tao et al., 1994 v Barrett et al., 1998). Propeptid slouZzi ke
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spravnému slozeni enzymu, sméfuje signal do lysozoml pies specificky receptor
manodza-6-fosfat a zaroven slouzi jako inhibitor enzymu (Mclntyre et al., 1994).
Katepsiny ,,L-like* obsahuji ve svém proregionu konzervovany aminokyselinovy motiv
ER(V/I)FNIN (pismena oznacuji nazvy aminokyselin) (Karrer et al., 1993; Turk et al.,
2000). Katepsiny W a F maji tento motiv modifikovany na ERFNAQ (Wex ef al., 1999).
Tento motiv spolecné s motivem GNFD je pravdépodobné vyuzivan ke vnitrobunéénému

transportu a zpracovani enzymu (Vernet et al., 1995; Dvorak et al., 2009).

1.4.2. Aktivita

Jedna se o endopeptiddzu, kterd preferuje St€épeni vazby s aromatickym zbytkem
v P2 pozici (Bromme ef al., 1994). K odliSeni aktivity savciho katepsinu L od katepsinu
B byl pouzit synteticky substrat RR-AMC, kde Arginin v P2 pozici je schopny Stépit
pouze katepsin B (Sajid et McKerrow, 2002). Podobn¢ je tomu i u jinych organizmi,
nicmén¢ jsou znamé 1 vyjimky, kde napt. katepsin L (cruzipain) u Trypanosoma cruzi je
schopen $tépit RR-AMC substrat (Gillmor ef al., 1997). Zymogen katepsinu L mize byt
aktivovan autokatalyticky (Caffrey et al. 2004) nebo pomoci jiné peptidazy (Sajid et al.
2003). U obratlovct jsou katepsiny L aktivni v kyselém prostiedi, v rozmezi pH 3 - 6,5.
Na druhou stranu katepsiny L u motolic jsou aktivni v Sirokém rozmezi pH 3-11, kde
katepsin L1 u Schistosoma mansoni ma pH optimum 6,5 a katepsiny L1 a L2 u Fasciola
hepatica maji pH optimum 8 a 6,5. Nicméné tyto enzymy vykazuji i dobrou stabilitu
v neutralnim pH na rozdil od katepsinti L obratlovcti (Dalton ef al., 2003; Dvoték et al.,
2009). Katepsin L3 u S. mansoni byl schopen §tépit synteticky substrat FR-AMC pfi pH
3,5-11 s pH optimem 6,5 (Dvoiak et al., 2009). Siroky profil pH parazitarnich katepsint
je v souladu s mnoha extralysozomalnimi funkcemi, které byly u paraziti popsany (Sajid

et McKerrow 2002).

1.4.3. Katepsin L u parazitu

Katepsiny L u parazitii jsou abundantni peptidazy a mohou hrat vyznamnou roli
napft. pfi invazi do hostitele a tkanové migraci, invazi imunitniho systému, pfijmu a
traveni potravy, reprodukci a pfi interakcich parazita s hostitelem (Atkinson et al., 2009;
Kasny et al., 2009; Robinson et al., 2011). Z diivodu jejich velké dulezitosti v pribehu
zivotniho cyklu parazita neni nic neobvyklého, Ze se tyto enzymy vyskytuji u nékterych

organizmu ve vice kopiich. Podobn¢ jako je tomu u Leishmania major, kde bylo popsano
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nekolik katepsint L a jinych trypanosomatid, kde napt. Leishmania mexicana vyuziva
vice nez 10 kopii katepsint L, Leishmania pifanoi 8-20 kopii, Trypanosoma cruzi az 130
kopii (Sakanari et al., 1997). Genové duplikace mohou hrat potencialni roli v evolu¢ni

historii genii a tvorbé funkéni diverzity (Zhou et al., 2015).

Prvni katepsin L u helmint byl popsan u motolice Fasciola hepatica (Smith et
al., 1993). Nyni jsou znamé u vSech parazitickych ¢ervii. Nicméné se zda, ze u motolic
se katepsiny L vyskytuji ve vét§Sim mnozstvi nez u hlistic (Tort ef al., 1999). Obecné je
znamo, ze peptidazy parazitl jsou exprimovany v riznych zivotnich stadiich a poukazuji
tak na rizné potieby parazitl v priibéhu jejich zivotniho cyklu. Jako ptiklad zde uvadim
zivotni cyklus motolice F. hepatica, u které jeji infek¢ni larva vyuziva katepsin L3 pro
penetraci hostitelské stfevni stény, juvenilni stadium vyuziva katepsin L1, L2 a nékdy i
L3 k migraci hostitelskymi jatry a nasledn¢ dospélec pouziva k traveni hemoglobinu

katepsiny L1, L2 a L5 (Robinson et al., 2008). V tabulce 1 uvadim dal$i katepsiny L u

parazitickych helmintt a jejich pfedpokladané nebo potvrzené funkce.

Tab. 1 —Seznam katepsinii L u parazitickych helminta dle Caffrey et al., 2018, upraveno.

Zelen¢ jsou vyznacena hlistice, ZIuté¢ motolice a modie tasemnice.

] nazev Y . ‘ ‘
organizmus enzymu predpokladana/potvrzena funkce
Haemonchus contortus el L degrada.ce hemoglobinu, fibrinogenu, kolagenu,
IgG, antikoagulant
Schistosoma mansoni SmCL1/F |degradace hemoglobinu
Schistosoma mansoni SmCL2 ucastni se produkce vajicek, degradace
hemoglobinu
Schistosoma mansoni SmCL3 degradace hemoglobinu, albuminu
Schistosoma japonicum SjCL degradace hemoglobinu
Fasciola hepatica FhCL1 migrace jatry, degradace hemoglobinu, IgG
el Tt FhCL2 migrace jatry, degradace hemoglobinu,
kolagenu, IgG
el Tt FhCL3 penetrace hostitelské stfevni stény, degradace
kolagenu
el Tt EhCLS :jgec;gradace hemoglobinu, fibronectinu, lamininu,
Paragonimus westermani Katepsin L | degradace extracelularni matrix proteint a IgG
Taenie solium Katepsin L |degradace tkané a IgG
Taenie pisiformis Katepsin L | degradace IgG, fibronektinu
Echinococcus multilocularis | Katepsin L | degradace IgG, albuminu, kolagenu a fibronektinu
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Doposud existuji pouze dvé studie, které se zabyvaly peptiddzami u monogenei
(Hirazawa et al., 2006; Rao et Yang, 2007) a zaroven zde byla popsana prvni kompletni
sekvence katepsinu L u mukofagniho monogenea Neobenedenia melleni (Rao et Yang,
2007). Katepsin L N. melleni je dlouhy 1070 pb a kdéduje 335 aminokyselin, kde 17
aminokyselin tvofi signalni peptid, 100 aminokyselin proregion a 218 aminokyselin
aktivni enzym (Rao et Yang, 2007). Soucasti této prace jsou dvé publikace, které se

katepsiny L u monogenei zabyvaji.

1.5. Prijem Kkrve u Heteronchoinea

Travici soustava u monogenei podtiidy Heteronchoinea je morfologicky a
funkéné velmi dobie rozliSena. DEli se na predni stievo a parova slepa stfeva. Predni
sttevo zacind ustnim otvorem, na ktery navazuje ustni dutina s bukalnimi pfisavkami,
farynx a ezofagus (Smyth et Halton, 1983b). Na zéklad¢ ultrastrukturalnich analyz bylo
pozorovano, zZe pii ptijmu potravy dochazi k ptichyceni bukalnich ptisavek k povrchu
zaberni lamely a pomoci svalnatého farynxu, ktery vytvoii podtlak, dojde k
jejimu protrzeni. Krev je nasledné pumpovana dale do stteva (Smyth e Halton, 1983a; b;
Hodova et al., 2010). V prednim stfevé se nachazeji cetné piidatné zlazky, kde by mohly
byt pfitomné rtizné antihemostatické a imunomodula¢ni molekuly, které by nasledné
mohly byt sekretovany do ptfedniho stteva (Smyth ef Halton, 1983a; b; Valigurova et al.,
2011).

Podobné je tomu u ostatnich krevsajicich parazitt, ktefi tyto latky obsahuji ve
svych slinach. Diky nim jsou paraziti schopni ptekonat hostitelskou hemostazu,
komplement a tvorbu zénétu (Ribeiro et Francischetti, 2003). Mnoho antihemostatickych
latek je velmi dobfe popsano u krevsajiciho hmyzu a klistat, ktefi v priib&hu sani mohou
pfenaSet pivodce vyznamnych lidskych onemocnéni (Champagne ef al., 1995; Prevot et
al., 2006; Kazimirova et Stibraniova, 2013; Mendes-Sousa et al., 2018). U helmintt byl
popsan jeden znejznaméjSich antikoagulanti hirudin z pijavky Hirudo medicinalis
(Markwardt et al., 1992), ktery je bézn¢ vyuzivan v medicin¢ (Lubenow et Greinacher,
2001). Také u motolic rodu Schistosoma byly popsany molekuly s antikoagulacni a

protizanétlivou aktivitou (Ranasighe et al., 2015a; Ranasighe et al., 2015¢), které by
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mohly byt vyuzity jako potencidlni kandidati na vyvoj vakcin proti schistosomam

(Ranasinghe et al., 2017; Ranasighe et al., 2015c).

Nicméné zadnad ztéchto molekul dosud nebyla popsana u hematofagnich
monogenei. Proto jsem se v této praci zamétila na molekuly, které krevsajici paraziti
vyuzivaji k regulaci hostitelskych obrannych mechanizmu jako je hemostaza (kapitola

1.6.1) nebo imunitni odpoveéd’ (kapitola 1.6.2.), kterymi se budu dale ve své praci zabyvat.

1.6. Zanétliva odpovéd’ hostitele

Zanétem se oznacuji fyziologické reakce, které slouzi jako ochrana organizmu
proti vzniku infekce v poSkozeném misté, zaroven slouzi k lokalizaci poskozeného mista
a k jeho zahojeni (Hoftej$i et Bartiinkova, 2005). Proces zanétlivé reakce zacina zvysenim
permeability cév, zvySenim adhezivity endotelii, aktivaci koagulace krve/ fibrinolyzy/
kininového a komplementového systému, dale ovliviluje autonomni nervovou soustavu a
dochazi i ke zméné v regulaci teploty (Hotejsi er Bartiiikova, 2005; Rittirsch e al., 2008).
Podle rozsahu poskozeni a zanétu reaguje systém rozdilng. Miize dojit k septickému
Soku pti vysokém priniku mikroorganizmt do krve, nebo anafylaktickému Soku pii

podnétech neinfekcniho charakteru (Hotejsi et Bartliikova, 2005).

Tradi¢né jsou komplement a koagulac¢ni kaskadda popisovany zvlast, jako dva
rizné déje. V obou piipadech se jedna o proteolytické kaskady tvotené serinovymi
peptidazami s podobnymi charakteristikami a aktivaénimi stimuly. Zaroven jsou tyto
kaskady spolu s fibrinolyzou propojeny mnoha vzajemnymi vazbami a vytvafi tak
sloZitou sit’ (Rittirsch et al., 2008) (Obr. 6). Jednotlivé kaskady budou detailnéji popsany
nize. Zde uvadim pouze par piikladli vzdjemnych vazeb mezi nimi. Napfiklad trombin,
kromé& funkce v koagulacni kaskad¢, je schopny generovat produkt komplementu C5a
v nepiitomnosti C3 (Huber-Lang et al., 2006). Na druhou stranu konecny komplex
komplementu C5-9 muze katalyzovat $t€peni protrombinu na trombin v koagula¢ni
kaskad¢ i v neptitomnosti faktoru V (Wiedmer et al., 1986). Podobné¢ je tomu u MASP2,
serinové peptidazy z lektinové drahy komplementu, ktera je schopna aktivovat koagulaci
krve §t€épenim protrombinu na trombin (Krarup ef al., 2007). Plazmin a faktor X mohou
pusobit jako C3 a C5 konvertdza (Amara et al., 2010; Leung et Morser, 2016). Tyto

vysledky jsou nesmirné zajimavé, uz jen z divodu, Ze trombin a protein C5a hraji
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centralni roli uvnitt koagula¢ni kaskady a kaskady komplementu, ale zadrovent C5a a C5-
9 mohou byt produkovany i v nepfitomnosti aktivované drahy komplementu (Rittirsch et

al., 2008).

Koagulace Komplement Fibrinolyza
G (Klasickd | [Lektinovd) ',Alternativnf\l TPA, UPA )
(Exlia Qs ca) (masr2 ) (C3b -|- 1
WS _ i
(Aktivovany h Ein (pan,| (Plasminogen)
%.v\protein C—protein Sj|_— €489 PAIZ 1
€V N Y Ky
LA i i (cab) (Plasmin
(Fxa) <«——fkdfovy faktop ~
|
':\Prﬂmw)/
{_Trombin ) “Fibrin-
‘ ) ) degradovany
(Fibrinogen) (Fibrin ) —==. | Produkt

Obr. 6 — Propojeni koagula¢ni kaskady, kaskddy komplementu a fibrinolyzy
(Rittirsch et al., 2008).

V této praci se budu zabyvat podrobnéji koagulaci krve a kaskadou komplementu

u ryb v ndvaznosti na vysledky mé prace.

1.6.1. Hemostaza

Hemostéaza je obranny proces, ktery pii poranéni organizmu zabranuje ztraté krve
formovanim fibrinové zatky. Toho je dosazeno pomoci tfi mechanizmu, které spolu uzce
spolupracuji: cévni, trombocytarni a koagulaéni faze (Boon, 1993). Pro spravné
fungovani hemostazy je =zapotiebi udrzovat jeji rovnovdhu pomoci kontrolnich
mechanizmi jako jsou napft. inhibitory a fibrinolyza (Boon, 1993; Pecka, 2004; Palta et
al., 2014). NaruSeni rovnovahy muize mit za nasledek hyperkoagulaci, a tedy trombozu,

nebo hypokoagulaci, a tedy krvaceni (Rasche, 2001).

VSechny mnohobunécné organizmy potiebuji efektivni hemostaticky
mechanizmus jako ochranu organizmu pfi vzniku riznych poranéni. Nejinak je tomu u
ryb, kde dochézi ¢asto k mechanickému poSkozeni zaber v miste, kde krev proudi v tésné

blizkosti s vnéjSim prostfedim. Proto pokud se ryba porani a nemé G¢inny prostedek pro
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kontrolu pratoku krve do poskozenych zaber, miize dojit az k jejimu vykrvaceni

(Tavares-Diaz et Oliviera, 2009).

V biochemickych studiich u kostnatych ryb byly prokazany faktory vnitini, vné;jsi
a spole¢né cesty koagulacniho systému, které naznacuji, ze koagulacni proces u
kostnatych ryb je podobny koagula¢nimu systému u savct (Tavares-Diaz et Oliviera,

2009).

1.6.1.1. Hemokoagulace

Koagulac¢ni kaskada je sled enzymatickych reakei, kde jeden faktor je substratem
druhého faktoru a dochazi tak k jejich postupné aktivaci. Kaskady se Gi¢astni 1 latky ne-
enzymatické povahy jako jsou napf. vépenaté ionty. Na konci kaskddy vznikd
z rozpustného fibrinogenu nerozpustna fibrinova zatka (Macfarlane, 1964). Koagula¢ni
faktory jsou vzdy oznaceny fimskymi ¢islicemi a jejich aktivované formy maji za Cislem
malé pismeno ,,a* (Tab. 2). VSechny enzymatické koagulacni faktory vyjma tkanového
faktoru se nachazeji v plazmé ve své neaktivni formé (proenzym, zymogen) a je zapotiebi
jejich aktivace proteolytickym S§t€penim. Vyjimkou je faktor VII, ktery se v plazmé

nachazi v malém mnozstvi aktivni (Broze et Majerus, 1980; Slechtova, 2007).
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Tab. 2 — Koagula¢ni faktory (Trojan, 2003).

dislo nazev

Faktor I fibrinogen

Faktor II protrombin

Faktor III tkanovy tromboplastin (tkanovy faktor)
Faktor IV vapenaté ionty (Ca*")

Faktor V proakcelerin

Faktor VII prokonvertin

Faktor VIII antihemofilicky faktor

Faktor IX Christmastv faktor

Faktor X Stuartiv-Powertiv faktor

Faktor XI Plasma Thromboplastin Antecedent (PTA)
Faktor XII Hagemantv faktor

Faktor XIII fibrin stabilizujici faktor

.....

vnitini (amplifikacni), které se sbihaji ve spole¢ny systém (propagacéni) (Obr. 7). Vnéjsi
cesta koagulace zacina vazbou faktoru VII na tkanovy faktor. Vznika tak komplex, ktery
spolu s Ca*" a fosfolipidy dava vznik komplexu zvanému vné&jsi tenaza, ktery aktivuje
faktor X. Faktor X spolu s kofaktorem (faktor V), Ca®" a fosfolipidy vytvaii komplex
zvany protrombindza, kterd zplsobi pfeménu protrombinu na trombin (Boon, 1993;
Trojan, 2003; Pecka, 2004). Tento trombin vSak slouzi k aktivaci vnitini cesty a neni
schopen S§tépit dostatecné mnozstvi fibrinogenu. Vnitini cestou se nazyva proto, Ze
vSechny faktory jsou obsaZeny v plazmé&. Trombin, ktery vznikl pisobenim enzymu
vnéjsi cesty, aktivuje faktor XI, faktor IX, a kofaktory faktor VIII a faktor V. Faktor IX a
kofaktor (faktor VIII) spolu s destickami a Ca®" vytvafeji komplex tzv. vnitini tenazu,
ktera aktivuje velké mnozstvi faktoru X. Néasledny komplex protrombinézy je uz schopen
Stépit dostatecné mnozstvi protrombinu na trombin, ktery aktivuje fibrinogen na fibrin
(Pecka, 2004; Slechtova, 2007). Piivodni predstava o in vivo aktivaci vnitini cesty pres
faktor XII byla opusténa, jednalo se o artefakt ve studiich in vitro (Pecka, 2004;
Slechtova, 2007; Schmaier, 2016).
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TF VIIa

IX — IXa
TF + VIIa
TFPI
Vnéjsi cesta
—_— vnitini tenaza (iniciace)
v * !

Vnitrni cesta

— (amplifikace)
ve -

II . IIa \ Spoleény systém

~I, (propagace)
N

fibrinogen —

l «—— Xa VIII— VIIia

Obr. 7 — Zjednodusené schéma koagulacni kaskady. TF - tkanovy faktor, TFPI -
inhibitor drahy tkanového faktoru, fimské &islice - oznacuji koagula¢ni faktory. Zluté

kruhy oznacuji koagula¢ni faktory nejcastéji inhibované krevsajicimi parazity.

UdrZeni hemostazy ve vyvaZeném stavu se ucastni fada mechanizmi a dileZitou
roli zde hraji inhibitory koagula¢niho a fibrinolytického systému. Ty zde slouZi k inhibici
proteolytickych enzymi hemostazy a brani tak nekontrolovanému srazeni krve nebo
krvaceni v organizmu. Mezi pfirozené inhibitory patfi napf. antitrombin, heparinovy
kofaktor, systém proteinu C, inhibitor drahy tkanového faktoru atd. (Pecka, 2004;
Slechtova, 2007; Palta et al., 2014). Krevsajici paraziti vyuZivaji nékteré podobné
molekuly ve svych sekretech, aby mohli dokoncit krmeni. Mezi nejcastéji blokované
faktory koagula¢ni kaskady parazitdrnimi molekulami se fadi faktor VIla, faktor Xa a
trombin (faktor Ila), které jsou vyznaceny v Obr. 7 (Francischetti ef al., 2002; Hovius et
al., 2008; Macedo-Ribeiro et al., 2008; Tsujimoto et al., 2012; Ranasinghe et al., 2015a;
Ranasinghe et al., 2015¢). Do vyznamnych parazitarnich antikoagulacnich molekul se
fadi proteinové rodiny serpinti, anexinl nebo inhibitory Kunitzova typu (Francischetti et
al., 2002; Genderen et al., 2008; Huntington, 2013). Inhibitory Kunitzova typu se budu
podrobnéji zabyvat v kapitole 1.7.
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1.6.2. Imunitni systém obratlovcu

Imunitni systém slouzi jako obrana organizmu pfed cizorodymi latkami nebo i
pozménénymi molekulami vlastniho té¢la (Hotejsi et Bartinkova, 2005). Organizmus je
denn¢ vystaven pfiblizn¢ milionu potencialnich patogenii kontaktem s kiizi, trdvenim
nebo inhalaci (Alberts et al, 2002). Imunitu muzeme rozdé€lit na vrozenou
(nespecifickou) a adaptivni (specifickou) (Janeway et Medzihov, 2002; Beutler, 2004;
Tosi, 2005). Po prvnim kontaktu s patogenem se adaptivni imunitni reakce objevuje
pomalu. Nejdiive se musi vyvinout antigen-specifickd odpovéd’, ktera spoc¢iva v produkci
protilatek a v aktivaci a rozsiteni specifického klonu B/T- bunék. Proto adaptivni imunitni
reakeci trva delsi dobu (dny az tydny), nez bude imunitni odpovéd’ Gi€inna. Zaroveii je pro
tento druh imunitni odpovédi charakteristickd imunologickd pamét’ (Alberts ef al., 2002;
Beutler 2004; Hoftejsi et Bartiiikova, 2005). Oproti tomu vrozend imunita zahrnuje
rychlou a evolu¢né starsi nespecifickou hostitelskou odpovéd’ s rychlou akci béhem
prvnich hodin a dni, kdy je organizmus vystaven novému patogenu. Mezi nespecifické
odpovédi patii opsonizace, aktivace komplementu, fagocytdza, indukce apoptdzy atd.

(Alberts et al., 2002; Janeway et Medzihov, 2002; Beutler, 2004; Tosi, 2005).

1.6.2.1. Kaskada komplementu

Komplement je esencidlni slozka vrozeného imunitniho systému a zahrnuje okolo
30 solubilnich a membranové vazanych proteinti (Holland et Lambris, 2002; Beutler,
2004). Mezi jeho hlavni funkce patii opsonizace, chemotaxe a osmotické lyza. Nékteré
slozky mohou hrat vyznamnou roli 1 v jinych procesech jako jsou aktivace B-bunék,
transport antigenli do sleziny nebo slouzit jako adhezivni molekuly (Hofejsi et
Barttinkova, 2005). Dale mtize hrat vyznamnou roli i ve fagocytoze nebo zanétu (Gasque,
2004). Komplement je tedy i dillezity propojujici bod mezi vrozenou a adaptivni imunitou
(Holland et Lambris, 2002; Beutler, 2004). Mize byt aktivovany tfemi cestami:
alternativni, klasickou a lektinovou drahou Obr. 8. Mezi hlavni slozky komplementu se

fadi sérové proteiny C1-C9 (Holland et Lambris, 2002; Beutler, 2004).

U alternativni cesty se samovoln¢ §tépi kli¢ova slozka komplementu C3 na C3b a
C3a. U C3b dochazi k odhaleni thioesterové skupiny, kterd reaguje s hydroxy- a
aminoskupinami v okoli. Pokud se tyto skupiny nachéazeji na povrchu napf.

mikroorganizmu, dochazi ke kovalentnimu navazani C3b na jejich povrch a ke spusténi
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kaskady. K C3b se ptipoji faktor B, ktery je pomoci faktoru D §t€pen na Ba a Bb. Vznikly
C3bBb, stabilizovan faktorem P (properdin), tvofi tzv. alternativni C3- konvertazu. Tim
dochdzi k dal§imu stépeni C3 a vzniklé C3b se vazi na povrch kolem komplexu a slouzi
jako opsoniny nebo vytvareji dalsi konvertazy. Z nékterych molekul konvertazy vznika

vvvvvv

C5a a C5b (Hofejsi et Bartiiikova, 2005).

Klasicka draha je aktivovana pomoci protilatek, které se vazi na antigeny na
povrchu mikrobi, kterym byl hostitel vystaven (Beutler, 2004). Dochézi ke konformacni
zméng protilatky a odhaleni vazebného mista pro Cl1 protein, ktery zméni svou
konformaci a zacne $tépit proteiny C4 a C2. Fragmenty C4b a C2a se vaZou na povrch
mikroorganizmu a tvoii klasickou C3 konvertazu (C4bC2a), ktera stépi C3 na C3a a
C3b. Nasledné se vytvaii dalsi enzym klasicka C5 konvertaza (C4bC2aC3b), ktery Stépi
C5 (Hoftejsi ef Barttiiikova, 2005).

Lektinova draha je podobna klasické draze, ale nezahrnuje protilatky. Je
aktivovana pomoci lektinu vazajici manoézu (MBL), ktery se vdze na sacharidové
struktury na povrchu mikrobti (Beutler, 2004). Po navéazani lektini se aktivuji tzv. MASP
peptidazy, které maji schopnost $tépit C4 a C2 (Boshra et al., 2006). Dale kaskada probiha
jako u klasické drahy.

Vsechny tfi drahy smétuji ke stejnému cili, a to k lytické fazi komplementové
kaskady, kde pfi St€peni C5 vznikne C5b. C5b tvoti spolu s C6, C7, C8 a C9 komplex
(membrane attack complex, MAC), ktery se zanofi do povrchové lipidové membrany
buiiky, a to vede ke komplementem zprostiedkované 1yze buiiky (Holland e Lambris,
2002; Hotejsi et Bartinikova, 2005; Zhang ef Cui, 2014). C5a a C3a maji chemotaktické
ucinky pro fagocyty (Hofejsi et Bartiinkova, 2005).

Proteiny komplementové kaskady u ryb jsou strukturné velmi podobné proteinim
u savcid, véetné aktivace komplementové kaskady pomoci tfech aktivacnich drah
(Holland ef Lambris, 2002). Velmi dobfie jsou charakterizovany komponenty alternativni
a klasické drahy (Sunyer et Lambris, 1998; Boshra et al., 2004), ale velmi malo je znamo
o molekuléch zahrnutych v lektinové draze (Boshra et al., 2006). Ryby na rozdil od savct

maji vétsi diverzitu ve slozkach komplementu, které jsou pfitomné v mnoha izoformach,
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jako napft. protein C3 (Sunyer et al., 1996, Sunyer et al., 1997, Nakao et al., 2000).
Hypotetizuje se, ze Siroké diverzita komplementovych slozek u ryb mize rozpoznat vétsi
mnozstvi mikroorganizmu a tim rozs$itit schopnosti jejich vrozené imunity (Sunyer et al.,
1998). Proto kombinace vyssich titrii a schopnost aktivace tohoto systému ve vysokém
rozmezi teplot, spolu sriznorodosti nékterych klicovych komponent, déla

z komplementu velice silny obranny mechanizmus u ryb (Boshra ef al., 2006).
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Obr. 8 Kaskada komplementu (Schroeder et al., 2009, upraveno) — Tii

cesty aktivace komplementu: klasicka draha, lektinovd drdha, alternativni draha.

Cervend jsou vyznadeni paraziti, u kterych je znama schopnost inhibovat kaskadu

komplementu. V zdvorce je uveden ndzev molekuly zodpovédné za inhibici. ?

oznacuje molekuly, které nebyly identifikovéany.
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Komplement je pod ptisnou kontrolou proteinti, jejichz hlavni funkci je zabranit
jeho aktivaci. Tyto inhibitory se déli do dvou kategorii: rozpustné reguldtory a regulatory
membranové vazané a slouzi jako pfirozend ochrana bunék a tkani pfed nezadouci
aktivaci komplementu (Zipfel et Skerka, 2009). Zaroven inhibice komplementu je
nezbytna pro preziti vSech paraziti v hostitelské tkani nebo pro usnadnéni piijmu krve.
Navic inhibice komplementu u hematofagnich paraziti mtize ptispet k prenosu patogenti
(Schroeder et al., 2009). Na obrazku 8 jsou uvedend mista, kde kaskadu komplementu
nejcastéji blokuji parazitarni molekuly. Mezi tyto vyznamné molekuly se fadi i Kunitz
inhibitory, kde napt. TFPI inhibuje MASP-2 v lektinové draze (Keizer et al., 2015).

Podobné to bylo prokdzano u aprotininu ve studiich in vitro (Petersen et al., 2000).

1.7. Inhibitory Kunitzova typu

Inhibitory Kunitzova typu jsou vyznamné reverzibilni kompetitivni inhibitory
nachdzejici se u mnoha riznych druhd organizmi jako jsou zvifata, rostliny a mikroby.
Jedna se pfevazné o inhibitory serinovych peptidaz a ve vyjimecnych piipadech mohou
inhibovat 1 aspartické peptidazy, cysteinové peptiddzy a metalopeptiddzy (Oliva et al.,
2010; Ranasinghe et McManus, 2013; Smith et al., 2016).

1.7.1. Struktura

Kunitz inhibitory jsou vétSinou malé proteiny o velikosti 6-8 kDa (Obr. 9), n¢které
vSak mohou obsahovat i vice aktivnich domén a jejich velikost se miize vyznamné lisit.
Naptiklad Kunitz inhibitor u Ancylostoma caninum obsahuje 12 aktivnich domén
(Hawdon et al., 2003). Aktivni doména ma velikost okolo 60 aminokyselinovych zbytka
a obsahuje Sest cysteini tvoticich tii disulfidické miistky (C1-C6, C2-C4 a C3-C5), které
jsou odpovédné za stabilitu proteinu (Chand et al., 2004; Ranasinghe e McManus, 2013).
Nicméné 1 varianty s dvéma disulfidickymi mistky se béZn€ vyskytuji mezi organizmy a

nejcastéji chybi disulfidicky miistek v misté C2-C4 (Dy et al., 2006).

1.7.2. Mechanizmus inhibice

Standardni mechanizmus inhibice Kunitz proteinti je kanonickd inhibice,
nekovalentni interakce pfipominajici vazbu enzym — substrat. Kunitz inhibitor se pfimo

vaze do aktivniho mista peptidazy bez konformacnich zmén. Segment vazajici se do
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aktivniho mista peptiddzy se nazyva vazebna smycka a je vysoce komplementarni
s aktivnim mistem enzymu (Krowarsch et al., 2003; Ranasinghe et McManus, 2013).
V centralnim useku aktivni smycky (P6-P5") se nachézeji vysoce konzervovana rezidua
v pozici P6, P1, P5S"a P18" (Obr. 9, Chand et al., 2004; Ranasinghe et McManus, 2013).
Vazebna mista P1 a P1” jsou dilezitym determinantem peptidazové specifity (Laskowski
et Kato, 1980; Krowarsch ef al., 1999; Ranasinghe e McManus, 2013). Typické trypsin-
like inhibitory maji Arg/Lys v P1 pozici, zatimco chymotrypsin-like inhibitory maji ve
stejné pozici Leu/Met (Grzesiak et al., 2000).

Obr. 9 - Struktura Kunitz inhibitoru (Chand ef a/., 2004, upraveno). Zelené vyznaceny

aminokyseliny aktivniho mista, C jsou oznaceny cysteiny tvofici disulfidické mustky.

U nékolika Kunitz inhibitor byl popséan i nekanonicky mechanizmus inhibice.
Napft. ornithodorin u klistdka Ornithodoros moubata se skldda ze dvou domén a je
inhibitorem trombinu. Jeho C — doména se vaze do bazické oblasti nazyvané ,,exosite I
trombinu a N — doména, tak piekryvd aktivni misto trombinu. Aktivni doména
ornithodorinu tedy viibec nereaguje s aktivnim mistem trombinu (van de Locht et al.,
1996). Boophilin u klistéte Boophilus microplus je schopen reagovat nekanonickym
mechanizmem s trombinem a zaroven kanonickym mechanizmem s jinou peptidazou

(Macedo-Ribeiro et al., 2008).
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1.7.3. Funkce

Inhibitory Kunitzova typu se mohou ucastnit regulace mnoha biologickych dé&ji v
organizmech jako je napf. trdveni, koagulace, bunécna proliferace, formovani a
remodelace tkani, blokovani iontovych kanald, fibrinolyza, zanét, cytotoxicka aktivita,
obrana proti mikrobidlni infekci atd. (Shigetomi et al., 2010; Lee et al., 2010; Ranasinghe
et McManus, 2013), nicmén¢ popsany byly i1 jako vyznamné bioaktivni molekuly v jedu
pavoukd, hadi, Skorpionti, motskych sasanek atd. (Yuan et al., 2008; Flight et al., 2009;
Millers et al., 2009; Peigneur et al., 2011; Zhao et al., 2011). Podle jejich funkce se
mohou rozd¢lit do péti skupin: télni trypsinové inhibitory, chymotrypsinové inhibitory v
jedu, trypsinové inhibitory v jedu, toxiny s dualni funkei a blokatory K™ kanald (Yuan et

al., 2008).
1.7.4. Kunitz inhibitory u parazitickych helmintu

V nedavné dobé byly popsany Kunitz inhibitory u endoparazitickych helmint
jako je napf. fasciola, schistosoma, ankylostoma a echinokok (Milstone et al., 2000;
Falcon et al., 2014; Ranasinghe et al., 2015a; b; c; Smith et al., 2016; Flé e et al., 2017),
které mohou hrat dalezitou roli pfi ochran¢ pied hostitelskymi travicimi enzymy,
endogenni regulaci parazitarnich cysteinovych peptidaz, antikoagulacni aktivité a
imunomodulacni roli (Milstone et al., 2000; Ranasinghe ef al., 2015a; c; Smith ef al.,
2016; Flo et al., 2017). V tabulce 3 jsou uvedeny jednotlivé Kunitz inihibitory u

parazitickych helmintf.
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Tab. 3 — Kunitz inhibitory u parazitickych helmintd. Zelené jsou vyznaceny hlistice, zlut¢ motolice a modie tasemnice.

organizmus Jméno doména inhibice enzymu predpokladana/potvrzena funkce reference
Ancylo.stoma AceK 1 tryps[n, chymotrypsin, (I)chrarja pred hostltelskyml .tralv|C|m| evnzlymy, Milstone et al., 2000
ceylanicum elastdza unik pred hostitelskou imunitni odpovédi
Ancylost . . -
nc.y ostoma Ac-KPI 12 trypsin, chymotrypsin | Remodelace tkani Hawdon et al. 2003
caninum
trypsin, chymotrypsin,
Schist: trofilni lastd . VT .
cnis os?ma SmKI-1 1 neutrotint elas aza: Antikoagulacni a protizanétliva funkce Ranasinghe et al. 2015a
mansoni Faktor X a plazmovy
kallikrein
trypsin, chymotrypsin,
hi filni lasta
?C lst?soma SjKI-1 1 neutrofiini © astaza: Antikoagulacni a protizanétliva funkce Ranasinghe et al. 2015c
japonicum Faktor X a plazmovy
kallikrein
Fasciola trypsin, urokinaza, t- Bozas et al. 1995
hepatica Fh-Ktm 1 kallikrein, Unik pred hostitelskou imunitni odpovédi Falcon et al. 2014
P chymotrypsin, plazmin
Fasciola katepsiny L , . . _— .
FhKT1 1 R I h h h /. 201
e (FhCLL, FhCL2) egulace endogennich cysteinovych peptiddz | Smith et al. 2016
trypsin, chymotrypsin,
Echinococcus Egkl-1 1 pankrea!tlt,lcka eIasta,lza, Qchrana pred vho,stltelskyml trdvicimi enzymy, Ranasinghe et al. 2015b
granulosus neutrofilni elastdza, | imunomodulacni role

katepsin G




organizmus jméno doména inhibice enzymu predpokladana/potvrzena funkce reference
Echi . " . . .
chinococcus EgKl-2 1 trypsin Ochrana pred hostitelskymi travicimi enzymy | Ranasinghe et al. 2015b
granulosus
Echinococcus , Unik pred hostitelskou imunitni odpovédi, | Gonzalez et al. 2009,
EgkU-1 1 elastaza . . z
granulosus imunomodulacni role Fl6 et al. 2017
Echinococcus EeKU-2 1 chvmotrvpsin Unik pfed hostitelskou imunitni odpovédi, | Gonzalez et al. 2009,
granulosus & ¥ s imunomodulacéni role Fl6 et al. 2017
Echinococcus EeKU-3 1 chvmotrvpsin. elastéza Unik pred hostitelskou imunitni odpovédi, | Gonzalez et al. 2009,
granulosus & ¥ ypsin, imunomodulacéni role Fl6 et al. 2017
e .k v h . I k . . s éd”
Echinococcus . .Um pred OvSt,IteS ou  imunitn| odpovv ! Gonzalez et al. 2009,
EgKU-4 1 trypsin imunomodulacni role, ochrana pred| _
granulosus . e Fl6 et al. 2017
hostitelskymi travicimi enzymy
Jnik pred hostitelskou imunitni odpovédi,
Echinococcus . .Um pred Y ,I o munitnl P Vv ! Gonzalez et al. 2009,
EgKU-5 1 trypsin imunomodulaéni  role, ochrana  pred|_,
granulosus . e Fl6 et al. 2017
hostitelskymi travicimi enzymy
Jnik pred hostitelskou imunitni odpovédi,
Echinococcus . 'Um pred . ,I o imunitnl P Vv "| Gonzalez et al. 2009,
EgKU-6 1 trypsin imunomodulaéni  role, ochrana pred| _,
granulosus . R Fl6 et al. 2017
hostitelskymi travicimi enzymy
e .k v h . I k . . ’ v e
Echinococcus . .Um pred OvSt,IteS ouimunitni odpovevdl, Gonzalez et al. 2009,
EgKU-7 1 trypsin imunomodulaéni  role, ochrana pred| _,
granulosus . R Fl6 et al. 2017
hostitelskymi travicimi enzymy
. . | Unik pred hostitelskou i itni odpovédi,
Echinococcus trypsin, slabé 'Um pred OvSt,IteS ouimunitni P Vv "| Gonzalez et al. 20009,
EgkU-8 1 . imunomodulacni role, ochrana pred| _
granulosus chymotrypsin . R Fl6 et al. 2017
hostitelskymi travicimi enzymy

O Kunitz inhibitorech u monogenei neexistuji dosud zadné publikace, ale je zde ptedpoklad, ze by mohly byt sekretovany a mohly by hrat
vyznamnou roli pfi pfijmu potravy, a to napt. antikoagula¢ni nebo imunomodulacni aktivitou. Soucasti této prace je publikace, kterd se zabyva prvnim

Kunitz inhibitorem u monogenei viibec.
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Cile prace

Tématem této dizertacni prace je studium bioaktivnich molekul zapojenych v piijmu a

zpracovani krve u monogenei celedi Diplozoidae.

Stanoveni, identifikace a poméry peptidazovych aktivit v solubilnim proteinovém extraktu
a exkre¢né sekrecnich produktech dospélce E. nipponicum.

Stanoveni inhibi¢nich aktivit v solubilnim proteinovém extraktu dospé€lce E. nipponicum
vuci serinovym peptiddzam z koagulacni kaskady (faktor X, trombin) a fibrinolytického
systému (plazmin).

. Hledani transkripti katepsini L a Kunitz inhibitord v transkriptomu dosp¢lce
E. nipponicum.

. Priprava rekombinantnich proteinii £. nipponicum (katepsin L1, L3 a EnKT1).

. Biochemicka a funk¢ni charakterizace rekombinantnich katepsini L1/ L3 a EnKT]1.

. Lokalizace proteinti v dospélci E. nipponicum (imunolokalizace / RNA in situ hybridizace)
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Vysledky

Vysledky této dizertacni prace jsou soucasti tfi publikaci, které vysly v

impaktovanych ¢asopisech.

Seznam publikaci:

1. Publikace: Major acid endopeptidases of the blood-feeding monogenean
Eudiplozoon nipponicum (Heteronchoinea: Diplozoidae).

Jedlickova L., Dvordkova H., Kasny M., Ilgova J., Potésil D., Zdrahal Z., Mikes

L.

Parasitology. 2016 Apr;143(4):494-506. 1F2016=2,713

doi: 10.1017/S0031182015001808.

2. Publikace: Cysteine peptidases of FEudiplozoon nipponicum: A broad
repertoire of structurally assorted cathepsins L in contrast to the scarcity of
cathepsins B in an invasive species of haematophagous monogenean of common
carp.

Jedlickova L., Dvotakova H., Dvotéak J., Kasny M., Ulrychova L., Vorel J., Zérsk}'/

V., Mikes L.

Parasite and Vectors. 2018 Mar 6;11(1):142. 1F2018=3,163

doi: 10.1186/s13071-018-2666-2.

3. Publikace: A novel Kunitz protein with proposed dual function from
Eudiplozoon nipponicum (Monogenea) impairs haemostasis and action of
complement in vitro.

Jedlickova L., Dvotak J., Hrachovinoval., Kasny M., Ulrychova L., Mikes L.
International Journal for Parasitology. 2019 Apr;49(5):337-346. 1F2017=3,078

doi: 10.1016/;.ijpara.2018.11.010.
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1.8. Publikace ¢. 1

Obecn¢ je znamo, ze krevsajici helminti pii traveni krve vyuzivaji konzervovanou
sit’ cysteinovych a aspartickych peptiddz, pouze zastoupeni jednotlivych enzymu a misto,
kde enzymy piisobi, se mohou znacné lisit (Dalton et al., 2003; Caffrey et al., 2004;
Delcroix et al., 2006; Robinson et al., 2008). Tato publikace je pilotni studii, ktera
naznacila zastoupeni kyselych peptiddz u dosp€lého monogenea E. nipponicum. Kyselé
peptidazy u parazitickych helmintd jsou zahrnuty v mnoha dtilezitych procesech, jako je
traveni, invaze do hostitele, migrace hostitelskymi tkanémi, interakce s hostitelskym
imunitnim systémem atd. (Tort et al., 1999; Caffrey et al., 2004; Delcroix et al., 2006;
Kasny et al., 2009).

U monogenei dosud neexistuji zaddné ucelené¢ informace ohledné jejich
proteolytické vybavy. Proto jsme v této praci vyuzili molekuldrnich a biochemickych
metod, které¢ prokazaly ve vzorcich E. nipponicum dominantni aktivitu cysteinovych
peptiddz, a to zejména katepsini L pfevazujici nad aktivitou katepsini B. Dominantni
aktivita katepsinil L byla doplnéna aktivitou aspartickych peptidaz, zejména katepsinem
D. O procesu traveni krve u monogenei existuje pouze velmi malo informaci
pochézejicich z ultrastrukturalnich a histochemickych analyz (Smyth ez Halton, 1983a; b;
Konstanzova et al., 2015). Proto jsme testovali, zda vzorky E. nipponicum jsou schopny
degradovat hemoglobin v pfitomnosti inhibitorii cysteinovych a aspartickych peptidaz.
Degradace hemoglobinu byla zcela blokovana kombinaci téchto inhibitorG a sniZena
v pripad¢ pouziti specifickych inhibitorti pro katepsin L, B a D. Pomoci degenerovanych
primert a PCR se podafilo ziskat kompletni sekvence dvou katepsint L E. nipponicum.
Dominantni aktivita katepsinti L ve vzorcich E. nipponicum piipominad podobnost s
Fasciola hepatica, kterd ve svém Zivotnim cyklu vyuZziva pét katepsini L (Robinson et

al., 2008).

Muj podil na praci spocival ve stanoveni a identifikaci poméri aktivity
cysteinovych peptiddz ve vzorcich solubilniho proteinového extraktu a v exkrecné
sekre¢nich produktech E. nipponicum, ziskani sekvenci katepsini L, porovnani jejich

sekvenci, interpretaci dat a podilu na sepisovani publikace.
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SUMMARY

In parasitic flatworms, acid endopeptidases are involved in crucial processes, including digestion, invasion, intera

immune system, etc. In haematophagous monogeneans, however, no solid information has been available abou

these enzymes. Here we aimed to identify major cysteine and aspartic endopeptidase activities in Eudiplozo

invasive haematophagous parasite of common carp. Employing biochemical, proteomic and molecular tools, we

peptidase activities prevailed in soluble protein extracts and excretory/secre-tory products (ESP) of E. nipponic L
was cathepsin L-like in nature supplemented with cathepsin B-like activity. Significant activity of the aspartic cathepsin D also
occurred in soluble protein extracts. The degradation of haemoglobin in the presence of ESP and worm protein extracts was
completely inhibited by a combination of cysteine and aspartic peptidase inhibitors, and diminished by particular cathepsin L, B and
D inhibitors. Mass spectrometry revealed several tryptic peptides in ESP matching to two translated sequences of cathepsin L genes,
which were amplified from cDNA of E. nipponicum and bioinformatically annotated. The dominance of cysteine peptidases of cathe-
psin L type in E. nipponicum resembles the situation in, e.g. fasciolid trematodes.

Key words: cysteine peptidase, aspartic peptidase, protease, haematophagous monogenea, cathepsin L, cathepsin B,

cathepsin D, fish parasite, common carp.

INTRODUCTION

Monogeneans of the family Diplozoidae are blood-
feeding freshwater ectoparasites inhabiting the gills of
cyprinid fishes. They can be significantly virulent to their
hosts, causing mechanical damage to gill filaments
accompanied by a risk of secondary bacterial and mycotic
infections or hypochromic microcytic anaemia (Kawatsu,
1978; Buchmann and Brescini, 2006). The alimentary
tract of these worms is morphologically adapted to blood
uptake, although the mechanisms of blood processing in
monogeneans are largely unknown. The foregut is
composed of an oral opening with prominent buccal
suckers, with an eversible pharynx that leads via an
oesophagus into several deadend side caeca (Smyth and
Halton, 1983; Valigurova et al. 2011; Konstanzova et al.
2015). Both sections of the gut are morphologically and
functionally well differentiated. Numerous gland cells
with proposed extracellular digestive function open into
the foregut lumen.

*  Corresponding author. Department of Parasitology,
Faculty of Science, Charles University in Prague, Vini¢na
7, 128 44 Prague 2, Czech Republic. E-mail:
mikes@natur.cuni.cz

1 These authors contributed equally to this work.

The chemical nature of their secretion is unknown, but it
has been expected that they may produce haemolysins or
peptidases, thus could be involved in preliminary
degradation of complex foodstuff (e.g., blood cells) to
smaller components suitable for endocytosis (Smyth and
Halton, 1983; Hodova et al. 2010; Valigurova et al. 2011).
The basic principles of the digestive process have been
described for a few monogenean species and they were
based mainly on ultrastructural and histochemical studies
(Jennings, 1959; Tinsley, 1973; Halton and Stranock,
1976; Hodova et al. 2010; Valigurova et al. 2011;
Konstanzova et al. 2015). According to these records, the
terminal phase of digestion occurs inside specialized types
of gut cells within the lysosomal cycle (Smyth and Halton,
1983). From this view, the digestion in diplozoids is more
similar to haematophagous mites such as ticks
(Sonenshine, 1991), than to other blood-feeding
platyhelmints with their extracellular digestion (Dalton et
al. 2004). The protein part of haemoglobin is broken down
into peptides and amino acids (aa); the toxic haem is
oxidized to haematin, exocytosed into the gut lumen and
regurgitated by the worm through its oral opening
(Llewellyn, 1954; Jennings, 1959; Smyth and Halton,
1983; Konstanzova et al. 2015).

Parasitology (2016), 143, 494-506. © Cambridge University Press 2016 doi:10.1017/S0031182015001808
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Acid endopeptidases of Eudiplozoon nipponicum

Current knowledge of monogenean peptidases involved in
digestion and other processes is poor. So far, only two
reports have been published concerning peptidases of
marine monogeneans Neobenedenia spp. feeding on
epidermal tissues and mucus of their hosts. A gene
encoding cysteine peptidase cathepsin L in Neobenedenia
melleni was characterized and cloned (Rao and Yang,
2007) and some activity of serine peptidases was found in
homogenates of adult Neobenedenia girellae by
zymography (Hirazawa et al. 2006). Their functions are
unknown.

In general, processing of blood in sanguinivorous
helminths and mites relies on an evolutionary con-served
network of cysteine and aspartic peptidases (e.g.,
cathepsins B, L, F, C, legumain and cathepsin

D) identified in trematodes — Schistosoma mansoni,
Schistosoma japonicum, Fasciola hepatica (Caffrey and
Ruppel, 1997; Dalton et al. 2003; Sajid et al. 2003; Caffrey
et al. 2004; Delcroix et al. 2006; Robinson et al. 2008),
nematodes — Haemonchus contortus, Ancylostoma
caninum, Necator americanus (Williamson et al. 2003a,
2004), and in ticks — Ixodes ricinus, Boophilus microplus
(Renard et al. 2000; Sojka et al. 2008). We suppose that
similar molecular tools for protein hydrolysis are employed
inside the digestive tract of monogeneans.

Our study represents the first direct evidence of the
presence of acid endopeptidases in a haematophagous
monogenean — FEudiplozoon nipponicum; these were
identified and partially characterized by biochemical,
proteomic and molecular methods.

METHODS
Parasites

Living adult worms of E. nipponicum were carefully
removed from gills of common carps (Cyprinus carpio)
immediately after slaughter in a commercial facility of
Rybarstvi Ttebon, Plc. The fish originated from localities
(ponds) in South Bohemia, Czech Republic.

Sample preparation

Freshly collected worms were repeatedly gently washed in
sterilized tap water, placed in Eppendorf tubes, frozen
immediately on dry ice and stored at —80 °C. Soluble
protein extracts (solPE) were pre-pared by homogenization
of worms in 10 mM acetate buffer pH 5 using motor-driven
teflon pellet pestle followed by 3 cycles of sonication on
ice (10 W, 30 s) and centrifugation at 16 000 g for 20 min.
Supernatants were collected. Excretory/secretory products
(ESP) were obtained by incubation of washed adult live
worms in 10 mM phosphate buffer pH 7.4 or 10 mM
acetate buffer pH 6 for 3— 4 h at room temperature (RT) in
Eppendorf tubes. The ability of the ectoparasitic worms to
survive for several hours in selected low osmolarity buffers
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was verified by previous overnight incubation. Full
mobility and no obvious damage of the worms were
observed. ESP were concentrated on Amicon Ultra
filters (MWCO 10 kDa; Millipore). Protein
concentration in all samples was measured by Quant-iT
Protein Assay Kit (Invitrogen). The samples were
stored at —80 °C.

Living adult worms were washed several times in
sterile tap water and then placed in TRIzol® Reagent
(Invitrogen) for stabilization of RNA and processed or
stored at —80 °C. After homogenization, total RNA was
extracted following the TRIzol protocol and
concentration measured in NanoDrop 1000 (Thermo
Scientific). First-strand cDNA synthesis was carried
out with 0.3 ug of total RNA using oligo-dT18 primer
from SuperScript™ Il First-Strand Synthesis kit
(Invitrogen).

Peptidolytic activities, pH optima and inhibition
assays

Enzyme activities in solPE and ESP were measured
with a set of synthetic fluorogenic peptide substrates
(Bachem): Z-Phe-Arg-AMC (FR) was used for de-
tection of papain-like cysteine peptidases (acidic pH)
and trypsin-like serine peptidases (neutral to basic pH),
Z-Arg-Arg-AMC (RR) selectively for cathepsin B and
Z-Ala-Ala-Asn-AMC (AAN) for legumain
(asparaginyl endopeptidase). Abz—Lys—Pro—Ala—-Glu—
Phe—Nph-Arg-Leu (KPAEFnFRL), the specific
substrate for cathepsin D, was kindly provided by Dr.
Martin Horn, Institute of Organic Chemistry and
Biochemistry, AS CR Prague (Abz = 2-aminobenzoyl;
Nph and nF = nitropheny-lalanine). All assays were
performed in black 96-well flat bottom plates (Nunc,
Thermo Scientific). Samples (1 and 5 pg of protein per
well of solPE and ESP, respectively) were pre-
incubated (5 min, RT) in various buffers of pH in the
range 2—10 for substrates FR, RR, AAN and pH 2—6 for
KPAEFnFRL (0.1 M phosphate buffer pH 2; 0.1 M
citrate pH 3; 0.1 M citrate/0.2 M phosphate pH 4—7; 0.2
M Tris—HCI1 pH 8; 0.2 M glycine/NaOH pH 9-10).
Final volume was 100 pL. All buffers contained 2 mM
dithiothreitol (DTT, Sigma-Aldrich), except for
KPAEFnFRL substrate. The reactions were started by
addition of particular peptidyl substrate (final
concentration 50 puM) in 100 pL of the same buffer.
Kinetics of the release of free fluorophors was detected
by Infinite M200 flurometer (TECAN) at 28 °C for 60
min in 1 min intervals. Excitation/emission
wavelengths for AMC substrates and nF substrate were
355/460 nm and 330/ 410 nm, respectively. Controls
contained equal volume of appropriate buffer instead of
the sample. Measurements were performed in
triplicates. The quantification of cysteine and aspartic
peptidase ac-tivities was performed in particular pH
optima with FR and KPAEFnFRL substrates,
respectively.
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Table 1. Sequences of primers used for amplification of E. nipponicum cathepsin L genes.

Primer name

Primer sequence

cDNA fragment PCR with degenerate primers
Cys forward primer”
Asn reverse primer

RACE-PCR with specific primers
M-CL1-RACES’
M-CL1-RACE3’
M-CL3-RACES’
M-CL3-RACE3’

Ba—DRi\Se 2~ DA
GeneRacer Forw

™
GeneRacer Rev

5-CAA/GGGNCARTGYGGITCNTGC/TTGG-3'
5'-CCANSA/TRTTYTTIACRATCCAA/GTA-3'

5'-CCG ACT TGG ATC ACG CCG TAT TGT TGG T-3'
5'-GAC CTT CCA ATG ACC CTG TCG TGG AGA A-3'
5'-GTG CTG CCC CTC TAG TGA TCC TGT TGT-3'
5'-CCA TGG TGT GCT GGT TGT AGG CTA TGG A-3'
5'-CGA CTG GAG CAC GAG GAC ACT GA-3’

5'-GCT GTC AAC GAT ACG CTA CGT AAC G-3'

TGC nucleotide triplet encoding cysteine.
RTT nucleotide triplet encoding asparagine.

Results were expressed as nM of substrate cleaved per
minute in the presence of 1 pg of solPE total protein.
Peptidase inhibitors (50 puM final concentration,
Sigma-Aldrich) were used for inhibition of particular
peptidase activities: E-64 (L-trans-epoxysuccinyl—
leucylamido [4-guanidino] butane), an irreversible in-
hibitor of papain-like cysteine peptidases; CA-074 (N-
(L-3-trans-propylcarbamoyloxirane-2-carbonyl)-L-
isoleucyl-L-proline]), an irreversible inhibitor of
cathepsin B; iCL (Arg—Lys—Leu—Leu—Trp—NH>), a
reversible inhibitor of cathepsin L; pepstatin A
(isovaleryl-Val-Val-Sta—Ala—(3S,4S)-4-amino-3-hy-
droxy-6-methylheptanoic acid), inhibitor of aspartic
peptidases. Inhibitors were mixed with samples prior to
the addition of substrates and incubated for 15 min.
Inhibition tests were performed in pH optimum of
peptidase activity for each particular sub-strate. All
measurements were performed in triplicates, repeated
at least three times. Values in graphs are expressed as
means with standard deviations.

Degradation of haemoglobin

Bovine haemoglobin (10 pg, Sigma Aldrich) diluted in
20 pL of particular buffers in the range of pH 3-6 (see
above) containing 2 mM DTT was incubated with 3 pg
of ESP or 1.5 pg of solPE proteins for 16 h at 30 °C.
Control reactions contained only haemoglobin. The
contribution of individual aspartic or cysteine peptidase
activities to degradation of haemoglobin was evaluated
by inhibition assays at pH 3 and pH 5. Pepstatin, E-64,
CA-074 and iCL were used at concentrations of 10 uM.
Resulting hydrolysates were mixed with reducing
electrophoretic sample buffer and separated by SDS—
PAGE in 4-15% gradient precast gels (Bio-Rad) which
were stained with Coomassie Brilliant Blue R-250
(CBB) and scanned on GS-800 Calibrated
Densitometer (Bio-Rad).

Active site-labelling of cysteine peptidases

Fluorescent Green BODIPY-DCG-04 (Greenbaum et
al. 2002), an analogue of E-64 inhibitor which

binds irreversibly to the active site of papain-like
peptidases, was incubated with ESP (15 pg of total
protein) for 1 h (20 uM DCG-04, 5 mM DTT,

5 mM MgCl) at RT in the dark. Controls were incu-
bated for 30 min with cysteine peptidase inhibitors
(10 uM) E-64, iCL or CA-074 prior to addition of the
probe. SDS-PAGE of labelled samples was
performed as described above. Fluorescent signal was
recorded on a fluorescence scanner (Molecular
Imager FX, Bio-Rad) using excitation/emission
wavelengths 488/530 nm. Finally, the gels were
stained by Silver Stain Plus™ Kit (Bio-Rad).

Amplification of partial DNA sequences of cysteine
peptidases

cDNA obtained by reverse transcription from adult
E. nipponicum was amplified by PCR using PPP
Master Mix (Top-Bio) and degenerate primers (Table
1) designed according to the consensus sequences
corresponding to the coding sequences of cysteine
peptidases of several parasitic species (especially
according to the active site with a cysteine residue —
Cys forward primer and with an asparagine residue —
Asn reverse primer) (Eakin et al. 1990; Heussler and
Dobbelaere, 1996; Li et al. 2006). The PCR protocol
was as follows: one cycle 5 min initial denaturation at
94 °C, then 35 cycles of denaturation at 94 °C for 1
min, primer annealing 45 °C for 1 min, extension at
72 °C for 1 min and finally one cycle 10 min final
extension at 72 °C. Control reactions were performed
using the same primers and cDNA obtained from gills
of a noninfected carp. The amplified gene fragments
of the expected length (ca. 500 bp) were
electrophoresed and isolated from agarose gel (1-5%)
with Gel Extraction Kit (Qiagen), subcloned into
pCR2:-1-TOPO cloning vector (Invitrogen) and
transformed into TOP10 E. coli (Invitrogen). pCR2.1-
TOPO constructs were isolated using Qiaprep
Purification Kit (Qiagen) and sequenced with M13
forward and reverse primers (DNA Sequencing
Laboratory, Faculty of Science, Charles University in
Prague).
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Obtained partial DNA sequences were compared with
NCBI database using BLASTX  (http://blast.
ncbi.nlm.nih.gov/).

Rapid amplification of cDNA ends (RACE-PCR)

In order to amplify the 5'/3" ends and to obtain the entire
gene sequences, two pairs of gene-specific primers (M-
CL1-RACES' + M-CL1-RACE3’, M-CL3-RACES’ +
M-CL3-RACE3’; see Table 1) were designed according
to the obtained ca 500 bp sequence fragments (see
above). First-strand cDNA for RACE prepared
according to  manufacturer's instructions  of
GeneRacerKit (Invitrogen) was used as a template.
The PCR reaction (25 pL) contained 12.5 pL of the
Emerald Amp PCR master mix (Clontech), 1 pL of the
RACE ¢DNA (100 ng uL™"), 1 pL of the M-CL1/3-
RACES'/3" (10 uM), 3 pL of the GeneRacer primers
Fwd/Rev (10 uM), 7.5 pL of ddH»0. The profile of
amplification of 5'/3" ends was: 1x 94 °C=120s, 5 x
(94°C=30s+72°C=60s),5x(94°C=30s+70
°C=060s),35%x(94°C=30s+60°C=90s+70°C
=90 s) and finally 1 x 72 °C = 10 min. PCR products
from 5’ and 3’ RACE were cloned into pCR2.1-TOPO
cloning vector as described above and submitted for
sequencing with M13 forward and reverse primers
(DNA Sequencing Laboratory, Faculty of Science,
Charles University in Prague).

Sequence analysis

The obtained full-length cDNA sequences were blasted
against sequences available in the GenBank database
(NCBI) by BLASTX (http://blast.ncbi.nlm. nih.gov/).
The presence of a signal sequence was predicted by the
SignalP 4.1 Server (http://www.cbs.dtu.
dk/services/SignalP/). The theoretical position of a pro-
region was determined by multiple sequence alignment
of cathepsins L from other organisms: human cathepsin
L [GenBank: NP_001903-1], cathepsin L of
Clonorchis  sinensis  [GenBank: ABK91809-1],
cathepsin L of C. carpio [GenBank: BAD08618-1] and
cathepsin L of Neobenedenia melleni [GenBank:
ABK62794-1]. Multiple sequence alignments of aa
sequences were catried out using the program Clustal
Omega (http:// www.ebi.ac.uk/Tools/msa/clustalo/).
Molecular mass and theoretical pl of the deduced
proteins were deter-mined by the Compute pl/Mw
software  available at the Expasy  site
(http://www.expasy.ch/tools/pitool.html). Detection of
potential N-glycosylation sites was performed using an
online tool at NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc).

Protein identification from 1D gel bands by LC-MS/
MS

ESP were separated by SDS—PAGE as described above
and stained by CBB. Bands (range 25-40 kDa) were
manually excised, destained and incubated each
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with trypsin (Promega). LC-MS/MS analyses were
done using RSLCnano system (Thermo Fisher
Scientific) on-line connected to Impact II Q-TOF
mass spectrometer with CaptiveSpray nanoBooster
ion source (Bruker). Prior to LC separation, tryptic
digests were online concentrated and desalted using
trapping column (100 pm x 30 mm) filled with 3.5
pm X-Bridge BEH 130 C18 sorbent (Waters). After
washing of trapping column (0.1% FA), the peptides
were separated (300 nl/min) using Acclaim
Pepmap100 C18 column (2 pm particles, 75 pm x
500 mm; Thermo Fisher Scientific) by the 0.1% FA
in water: 0.1% FA in 80% ACN gradient program.
MS data were acquired in a data-dependent strategy
with 3 s long cycle time. Mass range was set to 150—
2200 m/z and precursors were selected from

300 to 2000 m/z. Acquisition speed of MS and
MS/MS scans was 2 and 4-16 Hz, respectively.
Speed of MS/MS spectra acquisition was based on
precursor intensity (low and high absolute thresholds
were 10 000 and 100 000 cts, respectively). Mascot
(version 2.4.1) MS/MS ion searches were done
against in-house database with sequences of expected
recombinant proteins. Search results obtained against
in-house database were checked for false positive
identifications using database search against the
whole SwissProt database (version 2014 07). Mass
tolerances for peptides and MS/MS fragments were
15 ppm and 0.05 Da, respectively. Oxidation of
methionine, deamidation (N, Q) and propionamide
(C) as variable modifications and three enzyme miss
cleavages were set for all searches.

RESULTS
Activity profiling

The results of fluorometric analyses of peptidolytic
activities in solPE and in ESP, pH optima and
inhibition tests are shown in Fig. 1. The highest
activity in both sample types was attributed to papain-
like cysteine peptidases in acid buffers of pH 3-5
(optimum pH 5) with FR substrate (Fig. 1A and B). It
dropped down to only ca. 20% in pH 6 and vanished
above pH 7. Inhibitors E-64 and iCL suppressed the
activity to zero and CA-074 by ca. 25 and 80% in the
case of solPE and ESP, respectively (Fig. 1a and b).

With cathepsin B-selective substrate RR, the activity
in solPE peaked in pH 5 and it was negligible in pH 6
and above (Fig. 1C). However, in ESP the highest
activity appeared in pH 6, dropped to ca. 50% in pH
7 (Fig. 1D). In the case of both sample types, E-64
and iCL inhibited the peptidolytic activities nearly to
zero. CA-074 reduced the activities in ESP by ca.
75% and by ca. 95% in solPE (Fig. 1¢ and d).

The activity of aspartic cathepsin D with was found
in the range of pH 2—4 (optimum in pH 3) in solPE of
worms in the presence of KPAEFnFRL
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Fig. 1. The pH profiles and inhibition assays of acid endopeptidase activities. The pH optima of peptidolytic activities in soluble
protein extracts (solPE) and E/S products (ESP) of E. nipponicum and their inhibition at corresponding pH optimum were
measured with a spectrum of fluorogenic substrates: (A, a, B, b) Z-FR-AMC; (C, ¢, D, d) Z-RR-AMC; (E, e) KPAEF-nFRL and
with selective peptidase inhibitors (E-64, CA-074, iCL, pepstatin A). The values are expressed as percentage of maximum activity

in the sample (100% at pH optimum).

(Fig. 1E); this was inhibited by ca. 90% by pepstatin A
(Fig. 1e). In ESP, the activity of cathepsin D was recorded
occasionally in some samples (not shown). The ratio of
cathepsin L + B to cathepsin D activity in solPE was
approx. 4:3 (0.45 vs 0.33 nM min! pg! of protein). No
activity of cysteine asparaginyl

endopeptidase (legumain) was detected with AAN
substrate in any sample (not shown). There was no
difference in activity profiles between the samples of ESP
collected at pH 7.4 and pH 6 (not shown). Therefore, a
pooled mixture of samples was used for the experiments.
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Fig. 2. The pH profile and inhibition of haemoglobin degradation by ESP and solPE. Electrophoretograms of bovine haemoglobin
(Hb) after overnight incubation with E/S products and soluble protein extracts of E. nipponicum. (A) Degradation in the presence

of ESP (lanes E3-E6) and solPE (H3-H6) at pH values 3-6. Controls of Hb in particular pH (C3-C6) contained neither ESP nor

solPE. (B) Inhibition of haemoglobinolysis in the presence of ESP in pH 5 and pH 3.
(C) Inhibition of heamoglobinolysis in the presence of solPE in pH 5 and pH 3. Headings above each pair of lanes (left lane = pH
S, right lane = pH 3) indicate the type of sample: haemoglobin = controls of Hb without ESP or solPE; no inhibitor = controls of
Hb with ESP or solPE; other samples contained inhibitors as labelled. M = markers of molecular size. Bands of Hb monomers are
boxed in grey. Arrowhead points to alpha/beta heterodimers of Hb.

Degradation of haemoglobin

ESP as well as solPE efficiently degraded bovine
haemoglobin during overnight (16 h) incubation within

the pH range of 3—5 and less at pH 6

(Fig. 2A). No substantial degradation occurred above pH
7 (not shown). At pH 5 and 3, haemoglobinolytic activity

Lower level of inhibition

was markedly (but not completely) inhibited by the
general inhibitor of papain-like cysteine peptidases E-64.
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Fig. 3. Active site-labelling of papain-like peptidases in
ESP by DCG-04 affinity probe. Electrophoretogram of
ESP incubated with fluorescent DCG-04 and inhibitors of
particular cysteine peptidases; signal (lanes 1-4) was
recorded on a fluorescence scanner, excitation/emission
wavelengths 488/530 nm. Lane 1 - control without any
inhibitor; lane 2 - E-64; lane 3 - iCL; lane 4 - CA-074;
lane 5 - silver staining of the gel. Arrowheads point to the
three protein bands labelled by the probe. M = markers of
molecular size.

was observed with CA-074, iCL and pepstatin alone;
the latter two were less effective at pH 3 in the case
of ESP. Complete inhibition at both pH values was
reached only when using a mixture of E-64 and
pepstatin (Fig. 2B and C). No marked differences in
inhibition profiles were observed between the
samples containing ESP and solPE.

Active site-labelling of cysteine peptidases

Using the irreversible affinity probe DCG-04, the
presence of papain-like cysteine peptidases was
demonstrated in the samples of ESP. After SDS—
PAGE, three protein bands of molecular sizes
between 25 and 35 kDa were demonstrated in the
gels. The interaction of DCG-04 with the active sites
of cysteine peptidases was efficiently inhibited by the
general inhibitor of cysteine peptidases (E-64) and by
the inhibitor of cathepsin L (iCL), and only partially
by the inhibitor of cathepsin B (CA-074) (Fig. 3).

Amplification of E. nipponicum cathepsin L genes

Two amplified DNA fragments (ca. 500 bp) obtained
by PCR using E. nipponicum cDNA as a template and
primers shown in Table 1 were identified as partial
sequences of cathepsin L-like cysteine peptidases. In
control PCR reactions with DNA template from a
non-infected carp and with the same set of primers, a
sequence encoding cathepsin L was also amplified.
This showed 94.8% sequence identity with cathepsin
L gene from C. carpio [GenBank: BAD08618-1] and
only 55.19 and 49.35% with the fragments amplified
from cDNA of E. nipponicum.
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Applying RACE-PCR on the basis of fragments
mentioned above, whole sequences of two FE.
nipponicum cathepsin L genes were obtained, termed
EnCL1 and EnCL3. Their nucleotide sequences have
been deposited in the NCBI GenBank database under
accession numbers [GenBank: KP793605] and
[KP793606]. The EnCL1 gene has an open reading
frame (ORF) of 954 bp encoding a proenzyme
consisting of 317 aa (Fig. 4). Deduced propeptide
region contains 93 aa and the catalytic domain
(mature enzyme) 224 aa residues. No signal leader
sequence has been identified. The calculated
theoretical molecular weights of the zymogen/mature
protein are 35/24.4 kDa and pl 5.86/6.08. EnCL1
exhibits the highest similarity (53%) to cathepsin L
from the Chinese liver fluke Clonorchis sinensis
[GenBank: ABK91809-1]. The second obtained
cathepsin L sequence from E. nipponicum was
termed EnCL3, as it has the greatest similarity to
cathepsin L3 precursor of Schistosoma mansoni
[GenBank: ABV71063-1]. The ORF of EnCL3 is
made up of 1107 bp and encodes a pre-proenzyme of
368 aa (Fig. 4). The sequence is composed of a signal
leader sequence (24 aa), an unusually long propeptide
(120 aa) and a mature (catalytic) domain (224 aa).
Expected Mr/pl values of the zymogen and mature
enzyme are 38.0/ 4.8 and 24.1/4.15, respectively.
The conserved ‘ERFNIN’ motif typically present in
prosequences of various papain-like cysteine pepti-
dases, e.g. cathepsins L, K, S, but not in cathepsin B
(Karrer et al. 1993), was found in EnCL3; this was
slightly modified in the case of EnCL1 (ERFNVN).
Another sequence motif, ‘GNFD’, that may be
involved in  intracellular  trafficking and
intramolecular processing of some papain-like
cysteine peptidases (Vernet et al. 1995; Dvorak et al.
2009), is modified in the prosequences of EnCL1 and
EnCL3 to ‘ANLD’ and ‘TNFD’, respectively. The
catalytic domains of both enzymes include the typical
catalytic triad (EnCL1/3 numbering: Cysiis, Hiszes,
No2ga/Cysieo, Hiszia, Nizzs) of papain-like cysteine
peptidases and the relatively conserved flanking
sequences around the  catalytic  residues
(QGQCGSCWAFS, LD HA/ GVL, YWIVKNS/TW)
(Turk et al. 2000) (Fig. 4). No potential N-linked
glycosylation sites have been found throughout the
sequences of both proenzymes.

The sequence identity between EnCL1 and EnCL3 is
55.21% on the aa level. Identities among E.
nipponicum cathepsins L and selected aa sequences
of cathepsins L from other organisms are summarized
in Table 2. EnCL1 shares the highest number of
identical aa positions (52.58%) with cathepsin L of
C. sinensis [GenBank: ABK91809.17 and EnCL3
with cathepsin L3 of S. mansoni [GenBank:
ABV71063.1] (52.54%). Identities of EnCL1 and
EnCL3 with the only published whole sequence of
cathepsin L from a monogenean, N. melleni,
[GenBank: ABK62794.1] are only 44.01 and
41.27%, respectively.
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Fig. 4. Multiple sequence alignment of Eudiplozoon nipponicum cathepsins L with orthologs from other organisms. Neobenedenia
melleni [GenBank:ABK62794.1]; Cyprinus carpio [GenBank:BADO08618.1]; Schistosoma mansoni CL3 [GenBank:ABV71063.1];
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Clonorchis sinensis [GenBank: ABK91809.1]; Eudiplozoon nipponicum CL1 [GenBank:

KP793605]; E. nipponicum CL3 [GenBank:KP793606]. The position of pro-region cleavage site is marked by arrowheads.
ERFNIN- and GNFD-like motifs are in bold and indicated by underlined headings. Catalytic triad of the active site (C,

H, N) is marked by arrows. Conserved motifs around active site residues are shaded in light grey. Tripeptides of potential
N-glycosylation sites are boxed. Amino residue (A) at the base of the S2 pocket is boxed in black.

Mass spectrometry analysis of ESP of E.

nipponicum

Both cathepsins L1 and L3, the genes of which
have been amplified, were confirmed in ESP of

peptide sequences from trypsin-digested protein
bands matched to the sequence of EnCL1 [GenBank:
KP793605] and three peptides matched to EnCL3
[GenBank: KP793606] (Fig. 5). EnCL1

adult E. nipponicum by mass spectrometry.
Fifteen
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Table 2. Amino acid identities between cathepsins
L of E. nipponicum and orthologues from other
organisms.

51
101
151
201
251

301

[

51
101
151
201
251
301
351

EnCL1 EnCL3

EnCL1 100 5521
EnCL3 55-21 100

CsCL 52-58 51-12
SmCL3 50-80 52-54
CcCL 50-32 50-30
NmCL 44-01 41-27
Identities expressed in [%]. EnCL1, Eudiplozoon

nipponicum [GenBank:KP793605]; EnCL3, E. nipponicum
[GenBank:KP793606]; CsCL, Clonorchis  sinensis
[GenBank:ABK91809-1]; SmCL3, Schistosoma mansoni
[GenBank:ABV71063-1]; CcCL, Cyprinus  carpio
[GenBank:BADO08618-1]; NmCL, Neobenedenia melleni
[GenBank:ABK62794-1].
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YSLALNHLSD WKDHELLCLR GHRADLKTES RGSAFIPNAC PFELPERVDW
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Fig. 5. Identification of cathepsins L1 and L3 in ESP of E.
nipponicum by mass spectrometry. Each grey line
corresponds to a single identified peptide; the sequences
of some peptides partially overlap with others. (A) Fifteen
tryptic peptides identified in ESP matched to the sequence
of cathepsin L1 [GenBank: KP793605]. (B) Three
peptides matched to the sequence of cathepsin L3
[GenBank: KP793606].

peptides were identified in nine of ten bands between
ca. 24-35 kDa; EnCL3-derived peptides were
recorded only above 35 kDa.

DISCUSSION

In contrast to the comprehensive knowledge con-
cerning peptidases from various groups of blood-
feeding parasites, only very limited information is
available  about  proteolytic = enzymes  of
haematophagous monogeneans. These neglected
helminths in terms of biochemical studies have been
thought to

502

digest haemoglobin and other proteins intracellularly
in the acidic lysosomes/phagolysosomes within the
specialized types of gut cells, unlike other blood-
feeding helmints such as schistosomes (Dalton et al.
2004), but similarly to ticks (Smyth and Halton,
1983; Sonenshine, 1991). However, it is still not clear
whether the first phase of digestion in monogeneans
may take place in the extracellular space of the lumen
of the gut, with the participation of secreted
proteases.

We aimed to identify and partially characterize
dominant cysteine and aspartic endopeptidases which
can be potentially involved in blood digestion or other
processes in the adults of E. nipponicum. solPE of worms
and ESP were compared in terms of peptidolytic
activities. We expected that ESP may be a potential
source of peptidases released into the gut lumen (either
from gut epithelium or accessory glands that are opened
into the front part of the digestive system), and from there
excreted outside the worm by continuous regurgitation of
the rests of digestion (Smyth and Halton, 1983; Hodova
et al. 2010; Valigurova et al. 2011). However, the
presence of peptidases originated in other tissues of the
worm cannot be excluded, especially in the case of solPE
from whole worms.

Activity profiling revealed that the major
peptidase activity can be attributed to the cysteine
class, clan CA, family C1 (MEROPS classification).
This activity tested with Z-FR-AMC as a substrate at
pH 5 was fully inhibited by E-64 (general inhibitor of
papain-like cysteine peptidases) and the iCL, but only
partially by an inhibitor specific for cathepsin B (CA-
074). It is known, that in a reducing environment
(presence of DTT), cathepsin L can also be inhibited
by CA-074 (Steverding, 2011; Steverding et al.
2012). Besides, although iCL (the pentapeptide
RKLLW) has been stated as a highly potent iCL
(Brinker et al. 2000), it was able to diminish
significantly the activity of recombinant cathepsin B2
of Trichobilharzia regenti in an unrelated previous
experiment (Jedlickova, unpublished). With the
substrate Z-RR-AMC, which is often con-sidered as
specific for cathepsin B, the relatively high peptidase
activity in ESP was also fully inhibited by E-64 and
iCL, but only partially by CA-074 (at pH 6). This
brought some confusion on the interpretation of the
relative proportion of cathepsin L/B activities.

Cathepsin  B- and cathepsin L-like
peptidases have been usually distinguished by their
ability to degrade the substrate with an arginine in P2
position. Human cathepsin B is able to hydrolyse the
substrate, whereas cathepsin L is not — a situation
which is not always applicable to orthologous
enzymes in other organisms (Sajid and McKerrow,
2002; Choe et al. 2006). The substrate specificity of
cysteine cathepsins is thought to be determined by
interactions in the S2 pocket, particularly the
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glutamic acid residue in cathepsin B (Gluys in human
CB) and the equivalent alanine residue in cathepsin L
(Alazs in human CL) localized at the bottom of the S»
pocket. The Glu residue can accommodate and stabilize
the polar guanidino group of Arg in the substrate, but Ala
in this position cannot bind to Arg (Sajid and McKerrow,
2002). This was confirmed for mammalian cathepsins
L/B and for peptidases of numerous organisms (includ-
ing parasites). However, many other parasite peptidases
do not possess ‘mammalian’ residues in this position.
For example, the ability to cleave Z-RR-AMC was
described for cathepsin L-like peptidase ‘cruzain’ from
Trypanosoma cruzi (Gillmor et al. 1997) and cathepsin
L of Entamoeba histolytica (Brinen et al. 2000). On the
other hand, cathepsin B from Leishmania major (Chan
et al. 1999) and cathepsin B1-4 from 7. regenti (Dvotak
et al. 2005) cannot hydrolyse this ‘typical’ cathepsin B
substrate. According to the sequence data of EnCL1 and
EnCL3, cathepsins L identified in the ESP of E.
nipponicum have Ala (Alaxss in EnCL1, Alays in
EnCL3) at the bottom of the S2 pocket, and there-fore
should likely not be able to cleave substrates with Arg in
P2 position; however, in the light of the facts mentioned
above, this must be verified experimentally with
recombinant enzymes.

Cysteine peptidases in both solPE and ESP of
E. nipponicum exhibited the greatest activity at pH 5
with the substrate Z-FR-AMC; in the presence of Z-RR-
AMC the optima were pH 5 and pH 6 for solPE and ESP,
respectively. The latter discrepancy could be caused by
the presence of different other peptidases in solPE which
is a more complex sample in terms of protein
composition in comparison to ESP. The results
corresponded, e.g. to pH optima measured for cysteine
peptidases in secretions of adult S. mansoni (Dalton et al.
1996); it has been suggested that the activity against Z-
FR-AMC at lower pH is predominantly due to cathepsin
L, while cathepsin B activity is less significant under
these conditions. The presence of at least two different
cathepsins L in our samples might explain the high
activity in a broader range of acidic pH 3-5. Similarly to
our results, the complex sample of protein extract from
the gut of I ricinus ticks showed the activity in the
presence of the Z-FR-AMC at acidic pH 4-6 (Horn et al.
2009). The fact that this substrate was not hydrolysed at
pH > 7 suggests that trypsin-like serine peptidases were
not present in the samples.

Summarizing the results, we dare to assume that
the majority of cysteine peptidase activity in the samples
was of cathepsin L-like nature. In addition, a smaller
proportion of the activity was cathepsin B-like and
sensitive to inhibition by iCL.

To verify the presence of other peptidases in
solPE and ESP, substrates suitable for detection of
cysteine asparaginyl endopeptidase (legumain) and
aspartic
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cathepsin D were used. Surprisingly, no activity of
legumain was detected. Legumain has been found in
other bloodfeeding helminths as well as ticks (Dalton et
al. 1995; Caffrey et al. 2000; Oliver et al. 2006; Sojka et
al. 2007; Abdul et al. 2007). Its function is connected not
only with hydrolysis of ingested host proteins, but it also
plays an important role in activation of other peptidases
by cleaving their prosequences (Sajid et al. 2003; Caffrey
et al. 2004; Sojka et al. 2008). There is a certain
possibility that this enzyme occurred in our samples as
an inactive zymogen or an inactive variant. Significant
activity of cathepsin D (ca. % of that of cathepsins L +
B) was observed in solPE, whereas only a minute activity
was usually recorded in some samples of ESP (not
shown). Also cathepsin D acts in the digestive process in
other bloodfeeding parasites (Brindley et al. 2001; Verity
etal. 2001; Banerjee et al. 2002; Williamson et al. 2003b;
Boldbaatar et al. 2006; Sojka et al. 2012) and we expect
its involvement in blood digestion by monogenean
parasites, too. The nonpresence or low abundance of
activities of these two crucial enzymes in some samples
could be also possibly explained by alleged instability of
their molecules and low production into the gut lumen.
In vitro degradation of haemoglobin by E. nipponicum
peptidases is optimal at acidic pH, which corresponds
with the pH optima of cysteine and aspartic peptidases.
The reaction was completely blocked by a mixture of E-
64 and pepstatin, less by E-64 and only partially by
individual inhibitors. These results clearly confirmed that
cysteine cathepsins L + B and aspartic cathepsin D are
involved in haemoglobinolysis in E. nipponicum.
Affinity labelling with the active-site specific probe
DCG-04 confirmed active cysteine peptidases in ESP,
proved in three bands (between ca. 25-37 kDa),
indicating the presence of various cysteine peptidases or
intermediates of their activation by limited proteolysis
(the sizes in gel approximately agree with theoretical
MWs of proenzymes and mature parts of EnCL1 and
EnCL3). The binding of the probe to all three bands was
fully inhibited by both E-64 and iCL, whereas CA-074
inhibited only the band of lowest MW. This can be
considered as another proof of the presence of both
cathepsins L and B in ESP of E. nipponicum.

PCR with degenerate primers and RACE-PCR
led to the amplification of E. nipponicum gene specific
DNAs which were sequenced and identified as cathepsin
L genes (named EnCL1 and EnCL3) [GenBank:
KP793605, KP793606]. The propeptide of EnCL1 and
EnCL3 contains some highly conserved regions typical
for cathepsins L. One such a region is a variation of the
EX3RX(V/DFXONXGIX3N (‘ERFNIN’) motif (present
as ‘ERFNVN’ in EnCL1) (Karrer et al. 1993). The
residues in this motif are probably important in
stabilizing the globular structure of the propeptide
(Coulombe et al. 1996; Groves et al. 1998).
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Another conserved motif is the GXNXFXD (‘GNFD”)
present as ‘ANLD’ in EnCL1 and as ‘TNFD’ in EnCL3,
with residues supposed to beinvolved in the control of
intramolecular  processing of cysteine peptidase
precursors and/or participate in folding (Vernet et al.
1995; Dvortak et al. 2009). Processing is believed to be
facilitated by a low pH. When pH is lowered, protonation
of Aspss (papain numbering) may cause a conformational
change of the cysteine peptidase precursor in which the
propeptide is bound less tightly into the active site,
making it more susceptible for clip-off (Coulombe et al.
1996; Jerala et al. 1998). Amino acid differences in these
conserved motifs in EnCL1 and EnCL3 should not affect
the function.

An asparagine residue, found between the
propeptide and mature domain of gut cysteine peptidases
— cathepsins from other blood-feeding parasites, e.g.
schistosomes and ticks, is responsible for recognition
and cleavage by legumain for trans-activation (Sajid et
al. 2003; Sojka et al. 2007). However, this Asn is absent
in both EnCL1 and EnCL3, suggesting that pro-EnCL1
and pro-EnCL3 are rather activated by autocatalysis.
The analysis of EnCL1 sequence using SignalP 4-1
software did not indicate the presence of an N-terminal
signal sequence necessary for vesicle or extracellular
targeting. The absence of such signal sequence has been
described for a few cathepsins L from other organisms,
e.g. the assassin bug Rhodnius prolixus cathepsin L-like
protein (Lopez-Ordoiiez et al. 2001). Additionally, it has
been reported that human cathepsin L can be directed to
a secretion pathway due to an aa sequence (-SXPXV)
located at the carboxy (C) terminus of the enzyme
(Chauhan et al. 1998). Since the secretion of EnCL1 was
supported by our result from mass spectrometry
analysis, it seems that it may be realized in an alternative
way; a non-signal peptide triggered protein secretion
was also predicted by SecretomeP 2-0 software tool
(http://www.cbs.dtu.dk/services/SecretomeP/), but just
at threshold values of the analysis. So far, it is not clear
whether some cryptic (unknown) intramolecular signals
are involved in secretion of this enzyme and only
speculations can be made on another possibility —
extracellular transport in exosomes. On the other hand,
EnCL3 possesses a typical N-terminal signal sequence
(24 aa). EnCL3 zymogen has an atypical long propeptide
(120 aa) similarly as the human blood fluke S. mansoni
SmCL3 (130 aa) [GenBank:ABV71063.1]. It has been
suggested that these extensions may have other
functions to the proenzyme, for example in protein
trafficking or as binding sites for other proteins (Dvotak
et al. 2009). Both EnCL1 and EnCL3 have no potential
N-linked glycosylation sites in their sequences, similarly
to cathepsin L of the monogenean parasite N. melleni
[GenBank: ABK62794.1]. In general
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glycosylation with mannose 6-phosphate has been shown
to be an important sorting signal for routing mammalian
proteins into lysosomes. However, there are several
experimental evidences for mannose 6-phosphate
independent trafficking of proteins into lysosomes (Ni et
al. 2006; Braulke and Bonifacino, 2009). According to
this, it would be possible that EnCL occurrence in ESP is
not connected with the discharge of phagolysosome
residual content into the gut lumen or that the enzyme
maybe targeted into lysosomes in an alternative manner.

Both cathepsins L were confirmed in E.
nipponicum ESP in areas of various molecular sizes by
means of mass spectrometry. Individual bands may
represent partial processing or autolysis of the enzymes.
According to the results, it seems that EnCL1 represents
an abundant peptidase in ESP of E. nipponicum. In
addition, the dominant protein spots found in F.
nipponicum solPE separated by 2D electrophoresis were
also identified by mass spectrometry as EnCL1 (data not
shown).

Digestion of proteins in blood-feeding parasites
represents a major proteolytic process. We showed that
the most abundant haemoglobinolytic endopeptidase
activities in E. nipponicum belong to the cysteine class,
with cathepsin L-like activity predominating over
cathepsin B-like activity. Proteomic investigations
confirmed this fact. Besides, significant involvement of
aspartic cathepsin D was well documented. The
possibility of aimed secretion of proteolytic enzymes to
the external environment by this ectoparasite of carp gills
appears to be purposeless and therefore improbable. From
this point of view and based on our results, we believe
that cathepsins L, B and D are involved in processing of
ingested host’s blood in E. nipponicum.
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1.9. Publikace €. 2

Prvni vysledky nasi studie naznacily, ze nejvyssi aktivita u dospélého monogenea
E. nipponicum je ptifazena cysteinovym peptiddzam z klanu CA a nejvice zastoupeny
jsou zde katepsiny L. Proto jsme se v této praci zamétili na detailni analyzu transkriptomu
dospélce se zaméfenim na cysteinové peptidazy. Podafilo se ndm identifikovat deset
ruznych transkripti koédujicich katepsiny L a pouze jeden transkript kodujici katepsin B.
Bioinformatickéd analyza katepsinii L odhalila vysokou variabilitu v S2 kapse, kterd je
zodpovédna za interakci se substratem, a tedy naznacuje jejich Siroké vyuziti v riznych
biologickych procesech. Dva abundantni katepsiny L a jeden katepsin B byly
vyprodukovany v rekombinantni form¢, purifikovany a funkéné charakterizovany.
Metodou RNA in situ hybridizace a imunohistochemii byly oba katepsiny L detekovany
uvnitt travicich bunék, ale i1 vlumen stieva. Tyto vysledky potvrzuji jejich
predpokladanou roli pfi traveni hostitelskych krevnich proteini a zaroven odhalily
potencidlni extracelularni fazi traveni. Z vysledki vyplyva, ze traveni krve u
hematofagnich monogenei E. nipponicum je pravdépodobné vice podobné traveni u
fasciolidnich motolic, kde hemoglobin je v lumen stfeva §t€pen na mensi fragmenty,
které jsou pak nasledné vstiebany do bunck gastrodermis. Hlavni roli pfi traveni
hemoglobinu u F. hepatica hraji tti katepsiny L (CL1, CL3 a CLS5) (Robinson et al.,
2008). Prekvapivé katepsin B E. nipponicum schopny hydrolyzovat hemoglobin in vitro
se na traveni krevnich proteinii pravdépodobné nepodili, diky své lokalizaci uvnitf

vitelinnich bunék.

Miij podil na praci zahrnoval produkci a purifikaci rekombinantnich katepsinti L,
funk¢ni charakterizace a jejich lokalizace ve tkani dospé€lce E. nipponicum pomoci RNA
in situ hybridizace a imunohistochemie. Dale jsem se podilela na bioinformatické anotaci

enzymovych struktur, interpretaci dat a sepisovani publikace.
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Abstract

Background: Cysteine peptidases of clan CA, family C1 account for a major part of proteolytic activity in the
haematophagous monogenean Eudiplozoon nipponicum. The full spectrum of cysteine cathepsins is, however,
unknown and their particular biochemical properties, tissue localisation, and involvement in parasite-host
relationships are yet to be explored.

Methods: Sequences of cathepsins L and B (EnCL and EnCB) were mined from E. nipponicum transcriptome and
analysed bioinformatically. Genes encoding two EnCLs and one EnCB were cloned and recombinant proteins
produced in vitro. The enzymes were purified by chromatography and their activity towards selected substrates was
characterised. Antibodies and specific RNA probes were employed for localisation of the enzymes/transcripts in
tissues of E. nipponicum adults.

Results: Transcriptomic analysis revealed a set of ten distinct transcripts that encode EnCLs. The enzymes are
significantly variable in their active sites, specifically the S2 subsites responsible for interaction with substrates.
Some of them display unusual structural features that resemble cathepsins B and S. Two recombinant EnCLs had
different pH activity profiles against both synthetic and macromolecular substrates, and were able to hydrolyse
blood proteins and collagen |. They were localised in the haematin cells of the worm’s digestive tract and in gut
lumen. The EnCB showed similarity with cathepsin B2 of Schistosoma mansoni. It displays molecular features
typical of cathepsins B, including an occluding loop responsible for its exopeptidase activity. Although the EnCB
hydrolysed haemoglobin in vitro, it was localised in the vitelline cells of the parasite and not the digestive tract.
(Continued on next page)
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Conclusions: To our knowledge, this study represents the first complex bioinformatic and biochemical characterisation of cysteine peptidases
in a monogenean. Eudiplozoon nipponicum adults express a variety of CLs, which are the most abundant peptidases in the worms. The
properties and localisation of the two heterologously expressed EnCLs indicate a central role in the (partially extracellular?) digestion of host
blood proteins. High variability of substrate-binding sites in the set of EnCLs suggests specific adaptation to a range of biological processes that
require proteolysis. Surprisingly, a single cathepsin B is expressed by the parasite and it is not involved in digestion, but probably in

vitellogenesis.

Keywords: Cysteine peptidase, Protease, Cathepsin, S2 subsite, Haematophagy, Blood digestion, Monogenea,

Diplozoidae, Eudiplozoon nipponicum, Fish parasite

Background

Blood-feeding monogeneans of the family
Diplozoidae (Heteronchoinea) are ectoparasites that live on
the gills of cyprinid fishes. One member of the family,
Eudiplozoon nipponicum, is an important invasive species,
first recorded in Europe in 1983 on farmed carp in France
[1]. Tt is currently found throughout Europe and is a
widespread representative of the helminth fauna of the
common carp (Cyprinus carpio) in the Czech Republic [2].
The common carp is a fish of high economic importance in
many Asian and European countries, with global
aquaculture produc-tion yielding over 4 million tons in 2014
[3]. Since the parasite affects the health of farmed fish,
although precise estimates are unknown, it is assumed it
causes economic losses. Pathogenic effects of E.
nipponicum are associated mainly with inducing
hypochromic microcytic anaemia in the fish by a continuous
intake of blood by worms attached to the carp gills [4].

Monogenea are a rather neglected group of
Neodermata and only a handful of papers on their
biochemistry and bioactive molecules have ever been
published. Based on previous ultrastructural studies, it
has been assumed that in diplozoid monogeneans, the
digestion of blood, gathered by combined action of their
powerful buccal suckers and muscular pharynx, takes
place within the lysosomal cycle in the specialised cells
of the intestinal epidermis [5-9], similarly as in blood-
sucking mites such as ticks [10, 11]. Our previous study
[12] has shown that the processing of blood in E.
nipponicum relies on an evolutionarily con-served multi-
enzyme network of cysteine and aspartic peptidases,
similar to the proteolytic cascades of other blood-feeding
helminths such as Schistosoma, Fasciola, Ancylostoma,
etc. [13-16]. Among the endopeptidases of E.
nipponicum, clan CA cysteine peptidase activities,
including cathepsin L-like and cathepsin B-like activity,
are dominant [12].

In helminths, cathepsins L and B play various
roles. Due to their histolytic potency, they are involved
in host invasion and tissue migration, but they also play
arole in various pathological processes, immune evasion,
and other parasite-host interactions, as well as in
helminth reproduction, nutrient digestion, etc. [17—-19].
In general,

peptidases encoded in the helminth genomes are mostly
temporarily expressed in the various life stages, thus reflecting the
parasite’s specific needs regarding digestion or other hydrolytic
processes. For instance, a characterisation of several cathepsins L
of the liver fluke Fasciola hepatica had shown that the infective
larvae use cathepsin L3 to traverse the host’s intestinal wall, while
the fluke’s migratory stages utilise cathepsin L2 to penetrate host
liver tissue, and adults employ cathepsin L1 jointly with
cathepsins L2 and L5 to digest host proteins [20]. The use of
different peptidases with overlapping substrate specificities helps
heteroxenous and tissue-migrating parasites to adapt to various
environments and sources of nutrition within the hosts. On the
other hand, little is known about the complex functioning of
cysteine peptidases in monoxenous blood-feeding monogeneans
that spend most of their life attached to a single type of host tissue,
such as the gills.

In the present study, we focused on clan CA cysteine
peptidases, namely cathepsins L and B, selected due to their
abundance in the transcriptome of adult E. nipponicum worms.
We have employed phylogenetic and bioinformatic analysis to
investigate their relationship to other helminth peptidases. We
have selected two of the most abundant cathepsins L and the only
expressed cathepsin B, and produced these as functionally active
recombinant forms using the Pichia pastoris expression system.
A biochemical and functional characterisation of the recombinant
enzymes was performed in order to understand their specificity
and substrate preference. Furthermore, we have developed
specific ~ antibodies and RNA  probes to localise
proteins/transcripts ~ within ~ the  worms’  bodies by
immunofluorescence assay and RNA in situ hybridisation
technique. Our work thus presents the first detailed func-tional
characterisation of monogenean peptidases.

Methods

Parasite material

Adult worms of E. nipponicum were collected from the gills of
infected carps (C. carpio) freshly slaughtered in a commercial
facility of the fishery Rybatstvi Tiebon, Plc., Tfebon basin,
South Bohemia, Czech Republic. A soluble worm extract,
parasite RNA, and first-strand cDNA were
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obtained as previously described [12]. For RNA in situ
hybridisation, the worms were flat-fixed between
microscopic slides in Bouin’s solution (Sigma-Aldrich,
Darmstadt, Germany) at RT for 1 h, then transferred into
fresh fixative and incubated at 4 °C overnight. For
immunohistochemistry, 4% paraformaldehyde in PBS was
employed as a fixative. Fixed worms were dehydrated with
increasing concentrations of ethyl alcohol (70-100%),
cleared with xylene, and embedded in paraffin.

Sequence analyses of cathepsin L-like and B-like peptidases
of E. nipponicum

Transcripts from the transcriptome of adult E. nipponicum
worms were assembled within a parallel project and de-
posited in the NCBI GenBank database under accession
number GFYMO00000000. They were annotated by search-
ing for the closest homologues. We have used BLASTp and
BLASTn algorithms (E-value le-5) to mine the fol-lowing
public sequence databases: NCBI non-redundant protein
database [21], MEROPS database of peptidases and their
inhibitors [22], UniProtKB/UniRef100 database and
UniProtKB/TrEMBL only used for searching for protein
sequences related to phylum Platyhelminthes (Taxon ID:
6157) [23], UniProtKB/Swiss-Prot [24], RCSB PDB [25]
and DDBJ [26]. Sequences encoding cathepsin L-like and
B-like peptidases of E. nipponicum were identified and their
amino acid sequences (catalytic domains) aligned with
sequences of formerly recognised as E. nipponicum
cathepsins L, EnCL1 (GenBank: KP793605) and EnCL3
(GenBank: KP793606), F. hepatica cathepsin L1
(GenBank: AAT76664.1), F. hepatica cathepsin L3
(GenBank: CAC12807.1) and with E. nipponicum cathepsin
B, EnCB (GenBank: MF346929), Schistosoma mansoni
cathepsins Bl (GenBank: CAD44624.1) and B2 (GenBank:
XP_018651608.1), respectively, using Clustal Omega tool
(http://www.ebi.ac.uk/Tools/msa/clustalo/)  [27].  The
relative abundance of cathepsin L transcripts, which reflects
the rate of transcription of the corresponding genes, was
predicted by back mapping of raw Illumina reads to the
assembled transcripts using Kallisto v. 0.43.0 [28]. The
presence of a signal sequence in amino acid sequences of the
enzymes was predicted by SignalP 4.1 Server
(http://www.cbs.dtu.dk/services/SignalP/) [29]. A
theoretical position of the proregion and composition of the
enzymes’ S2 subsites of the active site were determined by
multiple sequence alignment (see above). Molecular mass
and theoretical pl of the deduced proteins were determined
by Compute pl/Mw software available at the ExXPASy web
portal (https://web.expa-sy.org/compute_pi/) [30]. Potential
N-glycosylation and O-glycosylation sites were identified
using an online tool at NetNGlyc 1.0 and NetOGlyc 4.0
Servers (http:// www.cbs.dtu.dk/services/NetNGlyc [30]
and http://www. cbs.dtu.dk/services/NetOGlyc [31]).

Eudiplozoon nipponicum cathepsin L1 and L2 amino
acid sequences were used as queries for BLAST searches
in the NCBI non-redundant protein database [32] and the
Wormbase database of platyhelminths [33]. Recovered
sequences were further analysed using CLANS software
[34] and a cluster of 515 sequences containing E.
nipponicum  cathepsins was selected. Redundant
sequences were filtered at 95% level of identity using the
CD-HIT software [35]. Divergent and incomplete
sequences were manually removed, which resulted in a
dataset of 288 sequences. These were aligned using the
MAFFT [36] and the align-ment was trimmed using
BMGE (239 sites) [37]. We inferred a maximum-
likelihood tree using the best-fit model (LG + C60 + G),
and tested the topology with 10,000 ultrafast bootstraps
in IQ-TREE [38]. Bayesian inference of phylogeny was
run under the C60 site-heterogeneous mixture model
using Phylobayes.

Expression of recombinant cathepsins L1, L3 and B in
Pichia pastoris and their purification

Two abundant EnCLs (EnCL1 and EnCL3) and the only
EnCB were selected for a functional expression. Gene-
specific primers (Additional file 1) and the first-strand
cDNA of adult E. nipponicum were used to amplify the
yrEnCL1 (GenBank: KP793605), yrEnCL3 (GenBank:
KP793606), and yrEnCB (GenBank: MF346929) genes.
The amplified products were ligated into a P. pastoris
expression vector pPICZo B as described previously
[39], and the constructs were verified by Sanger
sequencing. Protein expression in P. pastoris X-33 was
carried out following a protocol described previously
[40] and accord-ing to the manual of the Easy Select
Pichia Expression Kit (Thermo Fisher Scientific,
Waltham, Massachusetts). The yeast medium was
centrifuged and the supernatant filtered (0.22 um) and
concentrated on AmiconUltra-15 filters 10,000 MWCO
(Millipore, Darmstadt, Germany). The enzymes were
affinity purified via their His-tag using Ni-chelating
chromatography (HisTrap™ FF crude, GE Healthcare,
Little Chalfont, United Kingdom) and a stepwise elution
by imidazole (0.05-0.5 M). Yeast-origin
hyperglycosylation of EnCB was removed by
endoglycosidase F1 (Calbiochem, Darmstadt, Germany).
Purification was completed by cation exchange FPLC on
Mono S™ 5/50 GL column (GE Healthcare) using 20
mM MES buffer pH 6.0 and gradient elution by NaCl (0—
1 M).

Expression of recombinant cathepsin L1 in Escherichia
coli and its purification

The EnCL1 gene (GenBank: KP793605) was amplified
using first-strand cDNA of adult E. nipponicum and specific
primers (Additional file 2). The amplified product was
ligated into the E. coli expression vector pet28a + (Novagen,
Darmstadt, Germany) and verified by DNA sequencing.
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EnCL1 was expressed in E. coli BL21 Star™ (DE3)
(Invitrogen, Carlsbad, California) according to pET System
Manual (Novagen). Harvested cells were lysed in 20 mM
Tris-HCI pH 8/ 0.3 M NaCl/1% lauryl sarcosine/10 mM
imidazole by sonication, and centrifuged at 10,000x g for 10
min. Inclusion bodies were solubilised with 6 M guanidine
hydrochloride as described elsewhere [41]. The solubilised
mixture was filtered (0.65 pm), passed over the column
containing Ni-NTA beads (Qiagen, Hilden, Germany), and
eluted by imidazole (0.05—0.5 M). Chromatographic
fractions were analysed by SDS-PAGE and the identity of
suspected protein bands was verified by mass spectrometry
as described in [12].

Processing the yrEnCL3 pro-enzyme

Auto-processing of pro-yrEnCL3 was tested by
incubation of the recombinant protein in 50 mM/100 mM
CPB, with 2 mM DTT at pH values of 4, 5 and 6.
Aliquots of 20 pl were taken from reactions at specific
time intervals (15, 30, 60 and 120 min) at 37 °C, whereby
incubations were stopped by adding 10 yM E-64.
Processing of the enzyme to its mature form was
monitored by SDS-PAGE, Western blotting and Edman
degradation of N-terminus and subsequently confirmed
by fluorometry with the corresponding synthetic peptide
substrates (see below). Processing of yrEnCL3 was also
monitored by affinity labelling using 20 yM fluorescent
probe BODIPY green-DCG-04 [42] and 2.5 pg of the
enzyme (30 min incubation at pH 5) as described
previously [40]. Specificity of the probe towards the
active site of the peptidase was verified by preincubation
with the cysteine peptidase-specific inhibitor E-64 (10
MM) for 5 min.

Peptidase activity assays
Peptidase activities of recombinant cathepsins were
measured with fluorogenic aminomethylcoumarin
peptide substrates (Bachem) as described previously
[12]. Substrates tested with yrEnCL1 and yrEnCL3
included Z-Phe-Arg-AMC (FR), Z-Leu-Arg-AMC (LR),
Z-Arg-Arg-AMC (RR), Z-Pro-Arg-AMC (PR) and Z-
Gly-Pro-Arg-AMC (GPR). The yrEnCB was tested with
FR and RR substrates only. The purified rEnCLs (15 nM)
and rEnCB (30 nM) were dissolved in 100 pl of 50
mM/100 mM CPB supplemented with 2 mM DTT, in pH
range of 3—8. The reactions were initiated by adding the
individual substrates (final concentration 50 uM) in 100
M1 of the same buffer at 28 °C. The release of free AMC
was measured at excitation and emission wavelengths of
355 and 460 nm, respectively, in Infinite M200
fluorometer (TECAN, Minnedorf, Switzerland).

For inhibition assays, three inhibitors were used
(final concentration 10 pM, Sigma-Aldrich): E-64 (L-
trans-epoxysuccinyl-leucylamido [4-guanidino] butane),
which
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is a general cysteine peptidase inhibitor, iCL (Arg-Lys-Leu-
Leu-Trp-NH2), a reversible inhibitor of cathepsin L; and CA-
074  (N-[L-3-trans-propylcarbamoyloxirane-2-carbonyl]-Ile-
Pro-OH), which is a selective inhibitor of cathepsin B. Inhibitors
were mixed with enzyme samples and incubated at 28 °C for 15
min prior to adding the substrates. Remaining hydrolysis rates
were measured with the FR substrate (cathepsins L and B), with
LR (cathepsins L), or with RR (cathepsin B) as described above.

The assay of exopeptidase activity of activated
yrEnCB (75 nM) was carried out with benzoyl-glycinyl-
histidinyl-leucine (Bz-Gly-His-Leu; final conc. 2 mm) as a
substrate, using a modified protocol [43]. The activity was
measured in 50 mM/100 mM CPB pH 4—6 containing 2 mM
DTT and 0.05 mg/ml fluorescamine.

Hydrolysis of macromolecular substrates by
recombinant cathepsins L and B

Processed yrEnCL1, yrEnCL3 and yrEnCB (2.5 pg each)
were incubated at 37 °C with 50 pg of macromolecular
substrates (bovine haemoglobin and albumin, human
collagen I, IgG and fibrinogen; Sigma-Aldrich) dissolved in
100 pl of 50 mM/100 mM CPB with 2 mM DTT in pH 4.5—
6. Aliquots (10 pl) for SDS-PAGE analysis in 12% gels were
taken at various intervals (0, 30, 60 and 120 min and 16 h).

RNA in situ hybridisation

EnCL1/EnCL3 gene-specific primers (Additional file 3) and
first-strand cDNA of adult E. nipponicum were used for the
PCR. The amplified products were ligated into pGEM®-T
Easy vector (Promega, Madison, Wisconsin) and verified by
DNA sequencing. The constructs were linearised and used as
a template for RNA probes. Both sense and anti-sense RNA
probes were synthesised in vitro (Dig RNA Labelling Kit
(SP6/T7); Roche, Basel, Switzerland). In situ hybridisation
was performed using a modified protocol [44]. Briefly, the
sections of adult worms on slides were incubated for 19 h at
41 °C (EnCL1) and at 37 °C (EnCL3) with specific RNA
probes diluted 1:100 in a hybridisation mixture (5x SSC, 1x
PBS, 50% deionised formamide, 1% Tween-20, 10%
dextran sulphate Mw 500x, 1 mg/ml Torula yeast RNA).
Detection was achieved with alkaline phosphatase-conju-
gated anti-digoxigenin antibodies (1:500, Roche) and Fast
Red TR substrate (Sigma-Aldrich). Negative controls were
incubated under the same conditions but with an anti-sense
probe or without a probe. Specific strand RT-PCR was used
for the detection of natural anti-sense transcripts occurring in
the monogenean cells [45].

Production of peptidase-specific polyclonal antibodies
For the production of monospecific polyclonal anti-

EnCL3 and anti-EnCB antibodies, ICR/CD1 mice
(ENVIGO,

62



Jedlickova et al. Parasites & Vectors (2018) 11:142

Huntingdon,  United  Kingdom) injected
subcutaneously twice, at a 14-day interval, with 30 pg of
purified pro-yrEnCL3 or deglycosylated yrEnCB in sterile
saline and TitermaxGold adjuvant (Sigma-Aldrich). The
mice were boosted by an intramuscular injection of purified
antigens (15 pg) in sterile saline after another two weeks.
Anti-EnCL1 antibodies were produced in mice injected
intraperitoneally with ¢.50 pg of brEnCL1 cut as a band
from a 12% gel after SDS-PAGE. The strip of the gel
containing the antigen was repeatedly and thoroughly
washed in 50% methanol/10% acetic acid for several hours
to remove SDS, washed several times in sterile saline, and
homogenised in sterile saline using a motorised pellet pestle.
Two antigen deliveries were performed at an interval of 14
days. All mice were bled under deep ketamine/xylazine
anaesthesia 14 days after the last injection and sera were
collected by centrifugation. Control sera were taken from
the same mice prior to immunisation.

Wwere

Western and affinity blotting

Specificity of the anti-cathepsin antibodies produced in
mice was verified on PVDF membrane immunoblots of
soluble worm extracts previously separated by SDS-PAGE
in 12% gels (20 pg/well). The experiment was performed
according to a modified protocol [40]. The membranes were
first incubated for 1 h with mouse anti-EnCL3/anti-
EnCL1/anti-EnCB /control sera diluted 1:100 in PBS-T and
then for 1 h with horseradish peroxidase-labelled goat anti-
mouse IgG (Sigma-Aldrich) diluted 1:5000 in PBS-T.
Finally, the membranes were developed by the Opti-4CN
Substrate Kit (Bio-Rad, Hercules, California).

Purified recombinant proteins (1 pg/well) were
resolved by SDS-PAGE in 12% gels and either stained
by CBB or trans-blotted onto a PVDF membrane. His-
tagged enzymes were detected on blots either with a
mouse biotinylated monoclonal Anti-polyhistidine
antibody (Sigma-Aldrich), alternatively with 5 nM
iBody4, which is a biotinylated copolymer containing
nitrilotriacetic acid-bound nickel cations [46]. In both
cases, detection was finalized using peroxidase-labelled
streptavidin  (Sigma-Aldrich) and the Opti-4CN™
Substrate kit.

Immunohistochemistry

Deparaffined and rehydrated 5 pm sections of worms on
slides were heated 3 x 3 min in 0.01 M citrate buffer pH 6
containing 0.05% Tween 20 in a microwave oven (500 W)
and then allowed to cool for 20 min. Subsequently, the
sections were blocked and immunostained according to a
modified Immunocytochemistry and Immunofluorescence
Protocol (Abcam). After an overnight incubation with sera
(1:50), the slides were placed in a dark chamber for 1 h at
RT with Goat Anti-Mouse IgG H&L-Alexa Fluor® 568
(Ex: 578 nm/Em: 603 nm, Abcam, Cambridge, United
Kingdom) diluted 1:200 in PBS-TX100
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with 1% BSA. Finally, the sections were mounted in
Vectashield with DAPI (Vector laboratories, Burlingame,
California). Immunofluorescence was observed and
photographed under fluorescence or confocal microscope.

Results

Bioinformatic and phylogenetic analyses of the
primary structures of the enzymes

Ten unique transcripts encoding different cathepsin L-like
sequences were discovered in the transcriptome of adult E.
nipponicum. Of the predicted CL amino acid sequences,
seven represented complete sequences of mature
(processed) enzymes, with six encoding the complete
sequences of zymogens including the pro-sequences. Two
of the predicted complete zymogen sequences were
identical with the sequence of EnCL1 (GenBank:
KP793605) and EnCL3 (GenBank: KP793606) obtained
previously by reverse transcription of parasite mRNA
using degenerate primers, followed by RACE-PCR [12].
The complete pro-enzyme molecules were assigned
EnCL1-EnCL6. The remaining four incomplete sequences
shared a relatively high similarity with EnCL6: the five
close orthologs were therefore assigned EnCL6a-EnCL6e.
The alignment of the predicted amino acid sequences of
mature EnCLs with cathepsins L1 (GenBank:
AAT76664.1) and L3 (GenBank: CAC12807.1) of F.
hepatica is presented in Additional file 4, including a
mutual comparison of the amino acids of the S2 pocket,
which determines the substrate-binding specificity of the
enzymes. The alignment of all complete/incomplete
amino acid sequences of ECLs is included in Additional
file 5.

Interestingly, EnCL2 displays a substitution of
the active site cysteine (Cys25) to serine (Ser25). In terms
of amino acid constitutions of the S2 pocket (Additional
files 4, 5 and 6), the EnCLs can be divided in 3 groups.
One is formed by CL1, CL3, CL4 and CL5, which share
the Leu67, Alal33, Leul57 motif (papain numbering used
throughout this column), with a slightly hydrophobic Ala
being at the bottom of the S2 pocket. The second includes
EnCL6a, EnCL6b and EnCL6e, where Alal33 is replaced
by the amphiphilic Gly133 (for EnCL6c and EnCL6d data
were not available.). The third group contains only
EnCL2, in which the S2 pocket differs substantially from
that of the other EnCLs: Alal33 is replaced by the more
hydrophobic Val133 at the bottom, and moreover, the two
leucines are replaced by Trp67 and Phel57, which could
make the S2 pocket highly hydrophobic. The most
variable element in the S2 pocket is the amino acid
position 205, where hydrophobic residues occur in CL3,
CL4 and CLS, and uncharged hydrophilic residues in CL1
and CL6a. In the case of CL2, residue 205 is a positively
charged Arg, whereas in CL6e, it is the negatively charged
aspartate.

Some of the EnCLs include potential N-
glycosylation sites: CL2 has one and CL4 has two in
the mature
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enzyme, others occur in the pro-sequences of CL2, CL4
and CL5. Several O-glycosylation sites have been
predicted in all but one (EnCL6b) cathepsin L
sequences. Most, however, are located in the pro-
domains; CL5 has three, while all the other enzymes
except for CL6d have one in the mature part (Table 1,
Additional file 5).

The rate of transcription of the particular
EnCLs was predicted by a reverse mapping of raw
reads towards the selected transcripts. EnCL1 is the
most abundant and EnCL3 is the sixth most abundant
cathepsin L in E. nipponicum adults (Fig. 1).

Phylogenetic analysis has shown that F.
nipponicum cathepsins L separate into two clusters: one
contains CL1, CL3 and CLS5, and the other includes
CL2, CL4 and CL6a. The two clusters belong to
separate clades, whereby each of the clusters also
includes different cathepsins L of free-living
rhabditophorans and CLs of digeneans and cestodes
(Fig. 2, Additional file 7). It can thus be concluded that
E. nipponicum cathepsins L are polyphyletic.

The cluster containing EnCL1 and EnCL3, for
which the function in blood digestion was confirmed in
this study, occurs within the same clade as the CL of
another haematophagous monogenean, Protopolystoma
xenopodis. The various CLs of the mucophagous
Gyrodactylus salaris fall into both clades where the two
clusters of EnCLs are located. Interesting is the highly
supported position of myxosporean CLs within the
neodermatan clade which contains also EnCL2, EnCL4
and EnCL6a.

In stark contrast to the numerous EnCLs, only
one transcript encoding EnCB was found in the E.
nipponicum transcriptome; it contained the whole
sequence of the pro-enzyme. Its closest relative found in
the databases is cathepsin B2 of Schistosoma mansoni
(GenBank: XP_018651608.1) (see the alignment in
Additional file 8).
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Fig. 1 Relative transcription rate of E. nipponicum cathepsins L. The
relative transcription rate predicted by a back mapping of raw lllumina
reads to the assembled transcripts was calculated as the percentage
of all cathepsin L transcripts

Its primary structure contains the typical motif of an occluding
loop, which is responsible for peptidyl dipeptidase activity of
cathepsins B. One potential N-glycosylation site is positioned
on the occluding loop. Seven O-glycosylation motifs were
predicted in the molecule, five of them located within the pro-
domain. EnCB also contains a modified ‘haemoglobinase
motif’ (213)YWLIANSW-EWGD(226) in the asparagine
active site region, which is ascribed to haemoglobinolytic
cathepsins B of helminth blood-feeders [47]. The predicted/
computed basic features of all EnCLs and EnCB are
summarised in Table 1.

Table 1 Predicted/computed sequence-derived features of E. nipponicum cathepsins L and B

Transcript_ID Bases/AA Completeness SP pl proenzyme/ MW proenzyme/ N-/O-glyc sites
mature enzyme  mature enzyme (kDa)
CL1 E_nip_trans_58808_m.372114  954/317 yes no 5.86/6.08 34.9/24.36 0/7
CL2 E_nip_trans_70234_m.461805 1029/342 vyes yes  7.23/4.87 37/24.9 3/2
CL3 E_nip_trans_02967_m.11341 1107/368 yes yes  4.80/4.15 38/24.1 0/5
CL4 E_nip_trans_06099_m.25531 1062/353 vyes yes  5.59/4.94 37.6/24.2 3/8
CL5 E_nip_trans_65378_m.396731 1071/356 yes no 5.62/5.02 39.5/24 1/8
CL6a E_nip_trans_15113_m.115989 1059/352 yes yes 5.55/4.8 37.7/24.4 0/2
CL6b E_nip_trans_04751_m.20488 519/173 iN ? ?? ?? 0/0
CL6c E_nip_trans_04670_m.20209 642/214 iC yes  ?/? ?/? 0/4
CL6d E_nip_trans_55822_m.362291 705/235 iC yes  ?? ?? 01
CL6e E_nip_trans_60687_m.380367 768/255 iN ? ?/4.58 2124 .47 0/2
CB  E_nip_trans_02724_m.9562  1149/382 vyes yes  7.21/5.55 39.9/28.5 17

Abbreviations: AA Amino acids, SP Signal peptide, N-/O-glyc sites Number of potential N-glycosylation/O-glycosylation sites, iN Incomplete N-
terminus, iC Incomplete C-terminus, ? data not available due to an incomplete sequence
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Fig. 2 Collapsed phylogram showing relationships between E. nipponicum cathepsins L and cathepsins L of other selected
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model (LG + C60 + G). Leaves of related organisms are collapsed. Ultrafast bootstrap supports and posterior probabilities are
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Functional expression and purification of
recombinant cathepsins L1, L3 and B

EnCL1, EnCL3 and EnCB were expressed as pro-enzymes
in yeasts. Since yrEnCL1 and yrEnCB had undergone self
processing already in yeast cultivation medium, a high
activity of both was confirmed in the presence of
appropriate fluorogenic peptide substrates. The yrEnCL1
thus migrated in electrophoretic gels as a ~28 kDa dominant
double band and reacted on the blot with anti-His-Tag
mouse antibody and iBody4 at the same size (Fig. 3). The
enzyme was partially purified by Ni-NTA affinity
chromatography, but attempts to purify it to homogeneity by
ion-exchange chromatography failed due to its poor
stability. Activity and inhibition assays were therefore

performed with only partially purified enzyme.
Additionally,
a b c

kbaM 1 2 3 1 2 3 1 2 3

S0 P = + ¥

7 - .

3 0 L. £ 4

25 -

|
Fig. 3 SDS-PAGE and affinity-/immunoblots of yrEnCL1, yrEnCL3 and
yrEnCB after purification. a 12% gel stained with Coomassie Brilliant
Blue. b affinity blot labelling by iBody4. ¢ immunoblot detection by anti-
His-Tag antibody. Lane 1: yrEnCL1 (28 kDa partially processed form);
Lane 2: yrEnCL3 (38 kDa pro-enzyme); Lane 3: yrEnCB (29 kDa

deglycosylated processed enzyme). Arrows point to the enzyme bands
\

for the production of anti-EnCL1 antibodies it was
necessary to use the inactive recombinant form produced
in E. coli (brEnCL1).

The affinity purified unprocessed pro-yrEnCL3 migrated in
the gel as a double band at ~38 kDa, and reacted with the
anti-His-Tag antibody and iBody4 at the same size (Fig. 3).
Autocatalytic processing of pro-yrEnCL3 was most
effective at pH 4, and resulted in a ~28 kDa band in the gel.
Processing of the zymogen was less effective at pH 5, while
at pH 6 it did not take place even after prolonged incubation.
Affinity probe BODIPY green-DCG-04 bound strictly to the
mature enzyme, while in the pro-enzyme no labelling was
observed (Fig. 4). Edman degradation revealed LPTDVD
sequence at the N-terminus of the processed EnCL3. Since
the processed enzyme had limited stability, the purified pro-
enzyme was used for the immunisation of mice.

YrEnCB pre-purified on a Ni-NTA column
migrated as a broad band around 50 kDa. After enzymatic
deglycosylation and subsequent purification by ion-
exchange chromatography, it migrated as a ~29 kDa band
in the gels, which correlated with the results of Western
and affinity blotting (anti-His-Tag antibody, iBody4)
(Fig. 3).

Activity and inhibition assays

Both EnCLs efficiently hydrolysed the FR substrate, and
to a lesser extent the LR. No activity towards RR, PR and
GPR was detected. The optima for hydrolysis of both
substrates were pH 5.5 for yrEnCL1 and pH 6 for

yrEnCL3. The preferred substrate for yrEnCB was the
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Fig. 4 SDS-PAGE and active site labelling of purified pro-yrEnCL3 after auto-activation at various pH. The 38 kDa zymogen was
autocatalytically processed to a 28 kDa form during incubation in 50 mM/100 mM CPB containing 2 mM DTT at 37 °C. After incubation at
various pH values, the protein was run in 12% polyacrylamide gels and stained with Coomassie Brilliant Blue (pH 4, pH 5 and pH 6). Lane 1:
15 min incubation; Lane 2: 30 min; Lane 3: 60 min; Lane 4120 min. DCG-04, a 12% gel showing active site labelling of the processed
enzyme with fluorescent affinity probe BODIPY green DCG-04. Lane 1: labelling by the affinity probe after 30 min incubation at pH 5; 1%,
binding of the affinity probe was blocked by E-64 inhibitor. The 38 kDa zymogen and the 28 kDa processed enzyme are indicated by arrows
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Fig. 5 pH optima of rEnCLs and rEnCB activities, and the effect of inhibitors on enzyme activities. Activity assays were performed in 50 mM/100 mM CPB
with 2 mM DTT at pH 3-8. Inhibition assays were run at the pH optima of the particular enzymes. The values are expressed as the percentage of
maximum activity in the sample without inhibitor. 1, yrEnCL1; 2, yrEnCL3; 3, yrEnCB; 4, yrEnCB. a pH optima of endopeptidase (1-3) and exopeptidase
(4) activities. b inhibition assays with FR substrate. c inhibition assays with LR substrate (1-2) and RR substrate (3). The inhibitors (10 pM) are indicated
in the graphs above the columns: E-64, general irreversible inhibitor of clan CA cysteine peptidases; iCL, reversible peptide inhibitor of cathepsin L; CA-
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FR, while RR was cleaved less efficiently at the optimum
of pH 5 (Fig. 5).

Activity of all three enzymes was effectively
inhibited by 10 yM E-64 (the general inhibitor of clan
CA family CI1 cysteine peptidases) in the presence of
either substrate. The cathepsin B-selective inhibitor CA-
074 had completely suppressed the activity of yrEnCB at
10 yM and diminished the activity of yrEnCL1 and
yrEnCL3 to ~70% and 45—-65%, respectively, depending
on the substrate. The reversible peptide inhibitor of
cathepsin L (10 pM, iCL) partially inhibited all three
cathepsins but was most effective in the case of yrEnCL3
with both substrates (c.40% remaining activity). The
inhibition rate of yrEnCL1 was comparable with the
effect on yrEnCB (¢.90—70% remaining activity) (Fig. 5).

The exopeptidase (dipeptidyl peptidase) activity
of yrEnCB peaked at pH 4.5, then rapidly dropping to
¢.40% at pH 4, and to less than 20% at pH 5 (Fig. 5).

Hydrolysis of macromolecular substrates by
recombinant cathepsins L and B

Both EnCLs and EnCB efficiently degraded selected
protein substrates (bovine haemoglobin and albumin,
human collagen type I and fibrinogen) at pH 4.5. EnCLs
readily hydrolysed also human IgG, which was poorly
cleaved by yrEnCB at pH range 4.5-6.0 (Fig. 6). While
the action of yrEnCL1 did not vary substantially between
pH 4.5-6.0, yrEnCL3 did not act on the substrates
(except fibrinogen) at pH 5.0 or higher (not shown). At
pH, hydrolysis of all the macromolecular substrates by
yrEnCB failed (not shown).
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Western blotting and immunohistochemistry

Specificity of mouse anti-EnCL1, anti-EnCL3, and anti-
EnCB antibodies was verified on immunoblots of the soluble
worm extracts. The detected bands appeared at ~24 kDa
(EnCL1), ~28 kDa (EnCL3) and ~29 kDa (EnCB). Reactions
of the particular sera with the appro-priate enzyme bands
were highly specific (Fig. 7), so they could be used for
immunohistochemistry. Control preimmune sera did not
exhibit any reaction.

The reactions of specific antibodies with
histological sections of the worms showed the presence of
both EnCL1 and EnCL3 in the lumen of the gut (Fig. 8). No
reaction was observed in the haematin digestive cells or
outside the digestive system.

Anti-yrEnCB antibodies reacted with vesicular
structures in the vitelline cells of the adult parasites (Fig. 8).
All control sera displayed no reaction.

RNA in situ hybridisation

In situ hybridisation with specific antisense-RNA probes
showed a localisation of EnCL1 and EnCL3 transcripts
specifically in the haematin (digestive) cells of the worms’
gastrodermis (Fig. 9). No reactivity was found in other parts
of the parasite body, including tegument, vitelline cells and
the initial part of the digestive tract. The same pattern of
reactivity was obtained when the sense-RNA probes were
used. This was not a non-specific reaction, as demonstrated
by the strand-specific RT-PCR which confirmed the
presence of anti-sense transcripts in E. nipponicum. In the
negative controls (without any probe), no reaction was
observed.
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Fig. 6 SDS-PAGE of protein substrates degraded by recombinant EnCL1, EnCL3 and EnCB. Prior to electrophoresis in 12%
polyacrylamide gel, the enzymes were incubated overnight with various protein substrates in 50 mM/100 mM CPB pH 4.5 containing
2 mM DTT. a Bovine serum albumin. b Bovine haemoglobin. ¢ Human IgG. d Human type | collagen. e Human fibrinogen. Lane 1:
controls (substrates without enzyme); Lane 2: yrEnCL1; Lane 3: yrEnCL3; 4: yrEnCB. Gels were stained with Coomassie Brilliant Blue

\
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Fig. 7 Reactions of anti-cathepsin antibodies with proteins on blots of E.
nipponicum soluble extracts. Lane 1: mixed control (pre-immune sera);
Lane 2: anti-brEnCL1 antibodies; Lane 3: anti-pro-yrEnCL3; Lane 4: anti-
yrEnCB. Arrows point to the enzymes detected by specific antibodies
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Discussion

In a previous study [12], we proposed that cathepsin L-
like peptidases, in cooperation with cathepsins D and
B, play a leading role in the digestion of haemoglobin
in the sanguinivorous monogenean E. nipponicum.
Although the presence of cathepsins L in soluble
extracts of the worms was suggested by several
methods in that study, the large number of different
cathepsin L transcripts (10 in total) found in the
transcriptome of the adult life stage was not anticipated.
In other blood-feeding helminths, such as Fasciola
hepatica, multiple cathepsins L are involved in feeding
and other important tasks, such as tissue migration,
immune evasion, and possibly egg production and
metacercarial excystment [48, 49]. Small changes
(even single amino acid substitutions) in the primary
structure, but especially in the S2 subsite of the active
site of those cathepsin L types/isoforms, alter the
substrate specificity [50—52]. The production of
peptidases with overlapping

Control |

Fig. 8 Immunolocalisation of EnCL1, EnCL3, and EnCB on histological sections of adult worms. Longitudinal sections of E. nipponicum
adult; anterior part of the worm’s body is shown. EnCL1, reaction with anti-orEnCL1 antibodies; EnCL3, anti-pro-yrEnCL3 antibodies;
EnCB, anti-yrEnCB antibodies. a Red fluorescence (Alexa Fluor 568 goat anti-mouse IgG) of the labelled secondary antibody in a dark
field. b Merged picture of bright field view, red antibody fluorescence, and blue DAPI fluorescence. ¢ Higher magnification of b. Reaction of
antibodies raised against brEnCL1 and yrEnCL3 takes place in the lumen of the gut. Reaction of antibodies raised against yrEnCB takes
place in the vesicular structures within vitelline cells. Control, pre-immune mouse sera in the order EnCL1 (a), EnCL3 (b), EnCB (c);
merged picture of bright field view, red and blue fluorescence. No reaction with any of the control sera was detected
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Fig. 9 Localisation of mMRNA encoding EnCL1 and EnCL3 using RNA in situ hybridisation. Longitudinal sections of E. nipponicum adult worms
incubated with specific EnCL1/EnCL3 antisense-RNA probes. a Reaction in haematin cells of the digestive tract. b Higher magnification of
the reacting areas from the same section. Controls were performed without any probe because the worms also produce anti-sense transcripts

specificities enables the parasite to degrade host-derived
macromolecules more efficiently.

All but one of the EnCLs characterised in this study
possess a typical catalytic triad of cysteine peptidase active
site (Cys/His/Asn); the exception is EnCL2, in which the
active site cysteine (Cys25) is replaced by serine (Ser25).
However, as described for congopain (cathepsin L-like
peptidase) in Trypanosoma congolense, Cys-to-Ser mutation
need not necessarily affect the proteolytic ability of an enzyme
[53]. It has been also suggested that Cys-to-Ser mutation in
the cysteine peptidases of parasites might be a way to
moderate oxidation of the active site in case parasites have to
deal with an oxygen-rich environment, such as blood or
external environment [17]. In addition to this substitution in
the active site, EnCL2 has in its S2 pocket Trp at position 67
(papain numbering used throughout the Discussion), which
makes it a potential collagenase/elastase. Presence of the
bulky aromatic residues Tyr67/Trp67 is typical of F. hepatica
cathepsins L2 and L3, and of human cathepsin K, which all
efficiently cleave collagen and elastin of the connective
tissues due to their ability to accommodate Pro residues at P2
position in the substrates via a stabilising interaction with
Tyr67/Trp67 [50-52, 54, 55]. However, the functionality and
possible role of EnCL2 has not yet been studied. Its expression
rate in adult worms is very low, which indicates that the
enzyme is predominantly employed by another life stage (the
larva: oncomiracidium; or the post-oncomiracidial stage:
diporpa), or in some less prominent processes unconnected
with blood digestion.

Since the composition of the S2 pocket is the key
determinant of substrate specificity of papain-like cysteine
peptidases [56], the amino acid sequences of EnCLs were
aligned (Additional files 4, 5 and 6) and their S2 residues

(positions 67, 133, 157, 205) compared. The comparison of
various EnCLs revealed the existence of three groups differing
in the polarity and charge of the S2 pocket. In EnCL2, the S2
pocket is strongly hydrophobic and carries a positive charge.
EnCL1, EnCL3, EnCL4 and EnCL5 have a moderately
hydrophobic S2 pocket with a neutral charge. The least
hydrophobic S2 pocket is found in the closely related EnCL6
orthologs; it has a neutral charge in EnCL6a and 6b, and a
negative charge in EnCL6e (for EnCL6¢ and 6d the complete
data are not available). The presence of a negatively charged
Asp205 in the S2 pocket may endow EnCL6e with the ability
to accommodate a positively charged Arg at P2 position of the
substrate, which would give this cathepsin L ortholog a
cathepsin B-like substrate specificity. Additionally, the group
of EnCL6 orthologs is atypical among cathepsins L by having
an amphipathic Gly133 in the S2 pocket. This feature is,
however, typical of cathepsins S, and Gly133 can also be
found in a few other, yet unclassified, clan CA family CI
peptidases, such as the plerocercoid growth factor of the larval
stage of the tapeworm Spirometra (Genbank: BAB62718.1)
(see the alignment in Additional file 6). Nonetheless,
specificity of the S2 pocket in papain-like peptidases is largely
determined by the residue 205. Cathepsins S contain at this
position a large aromatic non-polar Phe, which implies a short
and more restricted pocket. Cathepsins L, on the other hand,
usually include at this position branched aliphatic residues,
which enables the accommodation of larger aromatic residues
[57]. This was not observed in EnCL6a, which contains a
polar Ser205. It thus seems that diversity in the composition
of S2 subsites of E. nipponicum cathepsins L gives the parasite
a wide array of efficient proteolytic tools with diverse
affinities to potential P2 positions of protein substrates.
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Phylogenetic analysis seems to support a
supposition, inferred from the structural data and relative
rates of expression, that in E. nipponicum, cathepsins L
may be involved in various biological processes. The two
functionally characterised enzymes, EnCL1 and EnCL3,
which seem to play a central role in blood digestion by the
parasite, form a monophyletic group with EnCL5. The
other monophyletic clade formed by EnCL2, EnCL4 and
EnCL6 is relatively distant from the first group, thus
suggesting involvement in other processes or, in the case
of the least proportionally represented transcripts such as
EnCL2 and EnCL6a, a more sub-stantial expression of
these orthologs in other life stages. The presence of
myxosporean-like cathepsins L within the otherwise purely
neodermatan clade may lead to a speculation about a lateral
gene transfer, since myxosporeans share their fish hosts
with monogeneans. Investigation of this possibility would,
however, require a thorough analysis that is beyond the
scope of the present study. Moreover, it should also be
noted that the evolution of genes need not follow the
branching structure of species-level evolutionary trees due
to mechanisms such as gene duplication and independent
gene loss. Particularly, genes of parasites are prone to
phylogenetic artefacts caused by attraction between long
branches, an effect we tried to mitigate by using site-
heterogeneous mixture models [58].

Surprisingly, only one transcript coding for
cathepsin B was found in the transcriptome of adult E.
nipponicum. Amino acid sequence of EnCB had shown that
this enzyme is a typical representative of cathepsins B,
including its active site, composition of the S2 subsite, and the
occluding loop responsible for exopeptidase activity. It also
contains a ‘haemoglobinase motif assigned to helminth
cathepsins B with substrate specificity for haemoglobin [47].
In the case of EnCB, this motif is slightly modified in its C-
terminal region, where the original sequence described for
helminth haemoglobinases ‘DWGE’ is replaced by ‘EWGD’
(Additional file 8). Nevertheless, as we experimentally
verified, these purely conservative amino acid substitutions
did not affect the ability of EnCB to cleave haemoglobin.
Similar substitutions in the motif were described for
schistosome cathepsins B2 (S. mansoni and Trichobilharzia
regenti) that were found only outside the parasites’ digestive
system; it is assumed that their functions do not include the
digestion of haemoglobin [59, 60]. In contrast to EnCB, T.
regenti CB2 degraded haemoglobin at a negligible rate.

In the process of heterologous functional expression
in P. pastoris, YTEnCL1 had undergone auto-activation in the
cultivation medium by cleaving-off a significant proportion of
its pro-sequence and migrated on SDS-PAGE as a 28 kDa
band (the value thus differed from the expected ~35 kDa and
~24 kDa of the zymogen and fully processed
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enzyme, respectively). Other, less abundant bands also
occasionally appeared in the gel; mass spectrometry had
confirmed they were fragments of yrEnCL1, generated
probably by auto-degradation (data not shown). This is
consistent with the very limited stability of the partially
processed enzyme observed during purification. Mono-
specific anti-yrEnCL1 antibodies did, however, react with
a ~24 kDa band on blots of soluble worm extracts,
indicating a full processing of EnCL1 under natural
conditions. The yrEnCL3, on the other hand, was obtained
as a relatively stable zymogen. It was capable of
autocatalytic activation under acidic conditions, but the
size of the resulting product, ~28 kDa, was also somewhat
higher than the predicted mass of ~24.1 kDa of the mature
enzyme. Nevertheless, Edman degradation confirmed an
amino acid sequence at the N-terminus of the processed
yrENCL3 which had been predicted by bioinformatical
methods, thus indicating that the processing was complete.
Monospecific anti-yrEnCL3 antibodies reacted similarly
with a ~28 kDa band on blots of soluble worm extracts.
Given that the EnCL3 does not possess any N-
glycosylation motifs, these differences cannot be explained
by either natural glycosylation of the enzyme or by N-
hyperglycosylation from P. pastoris in the case of the
recombinant enzyme. It could be speculated that the
observed shift in Mw of the enzyme was caused by
disruption of disulphide bonds stabilizing cathepsin L
structure, which resulted in mobility change during
electrophoresis [60, 61]. Although EnCL3 possesses one
potential O-glycosylation site in the mature part, the
prediction software on the NetOglyc server produces
predictions of mucin type GalNAc O-glycosylation sites in
mammalian proteins, and the situation may be different in
invertebrates. Moreover, we are not aware of any descrip-
tions in literature of a cathepsin L with experimentally
confirmed O-glycosylation.

S2 subsite specificity of yrEnCL1 and yrEnCL3
was tested over a range of pH with a set of oligopeptide
synthetic substrates, varying in their Phe, Leu, Arg, and Pro
at P2 position. As predicted from the composition of the S2
pockets, the enzymes were not able to cleave substrates
containing Pro or Arg in this position. Consistently with
most papain-like peptidases, both enzymes preferred at this
position the bulky hydrophobic aromatic Phe and the
branched aliphatic Leu, in order Phe > Leu [56]. The
enzymes did, however, differ in their pH profiles of activity
towards substrates, so that whereas yrEnCL1 was active
only in a narrow pH range with a pH optimum at 5.5,
yrEnCL3 had a broader pH activity profile with an
optimum at pH 6. The slightly acidic pH optima correspond
to those of cathepsin L-like peptidases of other blood-
feeding parasites [61—64].

As expected, activity of both of the recombinant EnCLs
was inhibited by the general papain-like cysteine
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peptidase inhibitor E-64. Surprisingly, however, the
iCL, a highly potent amphiphilic reversible peptide
inhibitor of human cathepsin L [65], had but a little
effect on the enzymes’ activity, although it has Leu at
the P2 position. One can thus hypothesise that a lower
affinity to Trp at Pl position, found also in, e.g.
cathepsin L of Leishmania mexicana [56], might
account for this result. Remarkably, CA-074 (a specific
inhibitor of cathepsin B) also partially reduced the
activity of both cathepsins L. It has been reported
elsewhere [66, 67], however, that CA-074 can decrease
the activity of cathepsins L under reducing conditions
and that could also explains our results.

Activity profiles, pH optimum, specificity to
peptide substrates, inhibition by CA-074 and
exopeptidase activity clearly show that EnCB is a
typical member of cathepsins B group. The pro-enzyme
had undergone auto-activation either in the yeast
medium or during purification, and enzymatic
deglycosylation demonstrated hyperglycosylation of
the recombinant enzyme by yeast, which corre-sponds
to the presence of an N-glycosylation motif in the
EnCB  molecule.  Anti-yrEnCB  monospecific
antibodies detected native EnCB on blots of soluble
worm extracts at ~29 kDa, which is adequate to the
expected size of the processed enzyme which was
probably slightly glycosylated naturally.

Both recombinant EnCL1 and EnCL3 efficiently
degraded various blood proteins and type I collagen of the
connective tissue. Unlike synthetic peptide substrates,
macromolecular substrates (except for fibrinogen) were
cleaved only at pH 4.5 by yrEnCL3, while yrEnCLI
hydrolysed all macro-molecular substrates at pH 4.5—6.0.
Activity at low pH values is in accordance with the site of
expression of both genes encoding the enzymes that was
localised by in situ hybridisation in the haematin
(digestive) cells, and with the presumed intracellular
digestion of haemoglobin in the endolysosomal vesicles
where pH below 4.5 would be expected [68]. Both
enzymes, however, were also immunolocalised in the
lumen of the parasite’s gut. For other blood-feeding
helminths, it has been estimated that the pH in the gut
lumen is only slightly acidic (c.5.5-6.5) [43, 69, 70], and
digestion  therefore takes place in a local
microenvironment between the lamellae of the digestive
cells where the pH is more acidic (~4.5), as documented
for F. hepatica [71]. Haematin cells of another studied
blood-feeding diplozoid monogenean, Paradiplozoon
homoion, also contain numerous lamellae on the side
facing the lumen of the gut. Host erythrocytes are lysed in
proximity of the haematin cells and released haemoglobin
is taken in by lamellae of the cells via pino-cytosis [9].
These facts, together with presence of EnCL1 and EnCL3
in excretory/secretory products of the worms [12], and
with the results of immunolocalisation, imply that in
diplozoid monogeneans extracellular, luminal diges-tion
of blood can take place. Moreover, if the enzymes are
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released from the gut lumen into host circulation, they
could potentially participate in some host-parasite
interactions by affecting, e.g. fibrinolysis (they cleaved
fibrinogen in vitro) or immune response (degradation of
immunoglobulins).

Surprisingly, both EnCLs hydrolysed collagen type
I. This ability was attributed in human body primarily to
family C1 lysosomal cysteine peptidase cathepsin K. Because
of acceptance of Pro in the P2 position, cathepsin K can
completely degrade collagen by cleaving within the repeated
Gly-Pro-Xaa motifs that occur in the triple helix of collagen
[54]. The ability to accommodate substrates with P2 proline
has also been observed in some cathepsins L of F. hepatica,
namely FhCL2, FhCL3 and FhCLS5 [50, 55, 72]. On the other
hand, neither yrEnCL1 nor yrEnCL3 cleaved synthetic
substrates GPR and PR. So, though both enzymes degraded
native collagen, they probably do not possess intrahelical
activity and this likely makes them less effective collagenases.
Such a phenomenon has been described in human cathepsin L
and FhCL1 [51, 54].

During the localisation of expression of EnCL1
and EnCL3 by RNA in situ hybridisation, sense-RNA
probes used as controls had shown similar reaction as
antisense probes. It is known from the literature that over
30% of genes transcribed in humans also have antisense
transcription [73], and antisense transcripts have been
described for genes in a diverse group of eukaryotes [ 74—
76]. The use of a specific strand RT-PCR has revealed that
the EnCL1 and EnCL3 encoding genes also have naturally
present antisense transcripts. Since the cathepsin L-like
peptidases play important roles during the life of the
monogeneans, antisense transcripts may be associated with
the regulation of gene transcription [77].

It has originally been thought that EnCB is also
involved in the proteolytic cascade of blood digestion in E.
nipponicum [12]. In haematophagous parasites, many
cathepsins B, together with other peptidases of the
digestive cascades, function as important enzymes with a
mixed mode of action, as endopeptidases that cleave
proteins into smaller fragments and as exopeptidases
(peptidyldipep-tidases, carboxypeptidases) that remove
dipeptides from the C-termini of those protein fragments
due to the presence of the occluding loop [78].
Immunofluorescence with monospecific anti-yrEnCB
antibodies clearly showed the localisation of EnCB in
vesicular structures in vitelline cells, but its presence in the
digestive tract has not been detected at all. We could thus
speculate on its function in vitellogenesis. The presence of
cysteine peptidases in the reproductive system has been
detected also in other helminths [79—-82], but their role in
worms’ reproduction is still speculative. The lack of
exopeptidase activity in the gut due to the absence of
cathepsin B may be compensated by the activity of
cathepsins C; at least three different transcripts of these
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dipeptidyl peptidases (aminopeptidases) were found in
E. nipponicum transcriptome (not shown).

Conclusions

To our knowledge, this work represents the first
comprehensive exploration and functional annotation of a
group of peptidases from a monogenean transcriptome. It
also describes the very first functional characterisation of
recombinant cysteine peptidases of monogenean origin.
The lack of experimental data from other monogeneans,
particularly those of a high economic importance (such as
Gyrodactylus salaris, Benedenia spp.), unfortunately
precludes the possibility of drawing any comparisons. We
have shown that the haematophagous monogenean F.
nipponicum possesses a wide range of endopeptidases of
cathepsin L type, most of which are highly expressed in
adult worms. Some of these enzymes possess structural
features rather unusual in cathepsins L. It holds true espe-
cially for the composition of S2 subsite of the active site,
which is among the studied enzymes rather variable and
includes even substitutions typical more of cathepsins B
and cathepsins S. This expands our understanding of the
structural diversity of cathepsins L in general. In contrast
to the rich world of cathepsins L, the presence of just one
cathepsin B in the worms was somewhat surprising.
Despite its ability to hydrolyse haemoglobin in vitro,
EnCB, due to its localisation in the vitelline cells of the
parasite, does not seem to be involved in digestion. On the
other hand, functional characterisation and localisation
has revealed that EnCL1 and EnCL3 are important in the
digestion of blood. Despite previous claims, it seems that
the digestive process takes place not only within the
intracellular lysosomal cycle, but at least in part also
outside the gastrodermis, in the lumen of the gut. From
there, the EnCLs may be eventually released into the blood
circulation of the host and participate in elicitation of
immune response and/or immunomodulation. Genomic
data, currently available only for the mucophagous
polyonchoinean G. salaris and the haematophagous
heteronchoinean  Protopolystoma  xenopodis,  and
transcriptomic ~ data  from  the  mucophagous
polyonchoinean Neobenedenia melleni, open a possibility
for future comparative biochemical research of the two
trophic strategies characteristic of the monogeneans. For
example, preliminary data explorations show that mucus
feeders may employ elastase-like serine peptidases that
have not been found in blood-feeders (Mike$,
unpublished). Further research is likely to provide data
interesting from an evolutionary point of view and
information essential to understanding parasite-host
interactions on a molecular level in this group of parasites,
which would be of interest especially in context of
pathogenesis and fish immunity. Although parasite
peptidases have often been seen as promising targets for
the development of vaccines or new
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inhibitor-based remedies, in the case of monogeneans we are
somewhat sceptical regarding this possibility. The main
reasons why we do not believe this is a promising direction are
the likely costs linked to a complicated handling of large
numbers of individual fish hosts in aquaculture, difficulties
with administering a correct dosage of medica-tion (peptidase
inhibitors) in an aquatic environment (assuming that a peroral
formula would even be available) and the necessity of repeated
administering in order to reach a lethal effect on the parasites.
At the moment, most methods applied against monogeneans
rely on mass treatment of farmed fish by readily available,
low-cost chemical biocides, such as hydrogen peroxide, or
antihelminthics, such as praziquantel [83].
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Additional files:

Additional file 1:

yrEnCL3Fwd ATACTCGAGAAAAGAGCTGATCAAAATGAATCACCCTTCCAGA
yrEnCL3Rev ATGCGGCCGCTTAATGATGATGATGATGATGAACGAGAGGATATGAGG
yrEnCL1Fwd ATACTCGAGAAAAGAATGGCAGGTCAGGATCACTGGGCTTCATTCAAG
yrEnCL1Rev ATGCGGCCGCCTAATGATGATGATGATGATGTACGAGTGGATAGCTTGC
yrEnCBFwd ATACTCGAGAAAAGACGAGTTTTCCACAGTCAG

yrEnCBRev AATGCGGCCGCTTACATGATGATGATGATGATGATAAGTTTCGGTATCCC

Primers for the expression of yrEnCL1, yrEnCL3, and yrEnCB in P. pastoris.

Additional file 2:

brCL1Fwd

CATAGAGCTCATGGCAGGTCAGGATCACTGGGCT

brCL1Rev

GATACTCGAGTACGAGTGGATAGCTTGCGCATGTTGCCAC

Primers for the expression of yrEnCL1, yrEnCL3, and yrEnCB in P. pastoris.

Additional file 3:
EnCL1Fwd GAC ACA ACA CGA AGA ACAATTTIT GAG
EnCL1Rev AGT GCT GAC CTT CCA ATG AC
EnCL3Fwd TTT GTATCATCG GCT GTT TCA GTG
EnCL3Rev CTA CAT CTG TAG GCA ACT TGA AATCT

Specific EnCL1/EnCL3 primers for the synthesis of probes for RNA in situ hybridisation.
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LHTNVDWRHSGFVNPPKRQGECRS SYAFSTVAS IETYWAKKSGQLLQLSEQQLMDCATSQ
LPTDVDWRNDGAVTDVKNQGQCGSCHAE STTGS LEGQHFRKTGNLVS LSEQQLVDCSSSY
LPHElDWRTFGVINNVKNQGRCGSCYAFATVCT IESHYATKTSQLINLIEQQIVDCAIDE
LPDHVDWRTKGAVTDVKDQGQCGSCHAESTTGS LEGQHFRKTGKLVSLSEQQLTDCSSSY
LPgfSI DWRNFGVVNRVKDEGNCGS CYAFATVCT IESHYATKTGQLLKLSEQQIVDCAGEE
LPQSVDWRNFGVINRIKDRGDCGSCYAFATVCT IESHYAIKTSHLLRLSEQQIVDCAIDE
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VPASIDWRQYGYVTEVKDQGQCGSCHAES PVGAT EGQYVKKFQNQTLFSEQQLVDCTRRE
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PANDEHAMQLTLALLGPLSVJLEAA-PDLQFYAGGVYNSVQCHDQEETRDHAMNI VGYGT
PTEDEAALDEAVANVGPVSVEINAGRADFMMYKQGIYKFPDECPGOMNDIDHGVLVVGYGS
PSNDEYALKLSLALLGPVAVRI DAE-NDFRHYKKGVENS 1 CDDDPE T#DHALTVIGYGT
PEGDEAALMHALATTGPVSIQINAEPADFMSYRQGIYENPMARGDRSNSDHAVLCIGYGS
PVEDEYALKLSVALLGPVAVETIDAD-NNFKFYKGGVFNSTMCDDDLATEDHARYVIGYGN
PAQDEYAMKLSVALMGPVAVEI DAE-NTFRFYKGGVFNSTMCHDDPS M@DHAVVVIGYGT
HSGSEVELKNLVGAERPAAVEVDVE-SDEMMYRSGIYQSQTCSPL——SiN
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Additional file 4: Amino acid sequence alignment of E. nipponicum cathepsins L with
cathepsins L of F. hepatica. Signal peptides and pro-sequences were omitted. Numbers
at the end of the lines show amino acid numbering of particular mature parts of the
enzymes. Catalytic triad of the active site (C, H, N) is marked by triangles. Conserved
motifs around active site residues are shaded in grey. Residues within the S2 subsite
of the active site involved in determining the substrate specificity are shaded in black
and indicated with numbers (papain numbering). Tripeptides of potential N-
glycosylation sites are boxed. Predicted O-glycosylated residues are marked by grey
squares. The alignment was made using the sequences of F. hepatica mature
cathepsins L1 (GenBank: AAT76664.1) and L3 (GenBank: CAC12807.1).
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Additional file 5: Multiple alignment of all the complete/incomplete amino acid
sequences of E. nipponicum cathepsins L inferred from the transcriptome of adult
worms. Signal peptides are shaded in dark grey, position of the pro-region cleavage
site is marked by arrows. ERFNIN- and GNFD-like motifs are underlined and
indicated by underlined headings. The catalytic triad of the active site (C, H, N) is
marked by triangles. Conserved motifs around active site residues are shaded in light
grey. Residues within the S2 subsite of the active site involved in determining the
substrate specificity are shaded in black and indicated with numbers (papain
numbering). Tripeptides of potential N-glycosylation sites are boxed. Predicted O-
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PDTGSI&EDTCYFKEEDIGAVD'IGMI PTEDEAALQEAVANVGPVSVEINAGRADF
PYKRAKSG===== VCKDDKIEPAVHIHSYVDLPSNDEYALKLSLALLGPVAVRAIDAE-NDF
pyfSEATShA-ASENFDPNKIAATCTGFVDLPEGDEAALMHALATTGEVSIMINAEPADF
PYKEKMG-—---- ICMDHKYKPAVHIENYVDLPVEDEYALKLSVALLGPVAVEI DAD-NNF
PYKDGMT ----- ICKDDEFKPAVHIHSYVDLPAQDEYAMKLSVALMGPVAVEIDAE-NTF
PYKEGMT----- ICKDDKFK= === === === = m e e e e e
PYKEGMT--—-- ICKDDKFKPAVHIHSYVDLPAQDE YAMKLSVALMGEVAVEIDAE-NTF

157V v

MOYKSGIYNPPSCPGDFSDRDHAVELVGYGTQ--NGLNYNWIVEN -SHSEKWGENGYVRIC
QFYAGGVYNSVQCHDQEETIRDHAMNIVGYGTDEQSGONYWLVRN -SHGESWGENGYIRIA
MMYKQGIYKPDECPGOMNDMDHEGVLVVGYGSE--NGQDYWIVREN-SHGPDWGESGY IRMA
RHYKKGvﬁﬁ::ﬁcnnanI HALTVIGYGTDRVIGODYWLVRN-SRGSSWGENGYIRIA
MSYRQGIYENPMARGDRSNMDHAVLCIGYGSE - -NGKEKYWLVEN-SHSGAWGEQGYTIRIA
KFYKGGVFNSTMCDDDLATMDHAAVYIGYGNDKITGODYWLVRN - SWGASWGESGYVRYA
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205
RD-GRNLCGVA SYPLV
RITPNNLCGIAEBIPSYPLV
RN-SGNLCGIATHASYPLV
RINPANLCGIT SFPLV
RD-DRNICGVITEASYPLV
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RINPHNLCGIT SFPLV

RTNPQNLCGITDASFPLV

glycosylated residues are marked by grey squares.
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Additional file 6: Composition of S2 subsites of the active sites shown in the
alignment of parts of amino acid sequences of E. nipponicum cathepsin L orthologs
6a, 6b and 6e with human cathepsin S and with plerocercoid growth factor of
Spirometra tapeworm. The catalytic triad of the active site (C, H, N) is marked by
triangles. Conserved motifs around active site residues are shaded in grey. Residues
within the S2 subsite of the active site involved in determining the substrate specificity
are shaded in black and indicated with numbers (papain numbering). Abbreviations:
PGF, Spirometra erinaceieuropaei plerocercoid growth factor (Genbank:
BAB62718.1); HsCS, human cathepsin S (Genbank: AAC37592).
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Additional file 7: Phylogram showing relationships between E. nipponicum
cathepsins L and cathepsins L of other selected organisms. Unrooted maximum-
likelihood tree of selected E. nipponicum cathepsins L inferred using the best-fit model
(LG +C60 + G). Ultrafast bootstrap supports and posterior probabilities are shown.
The leaf descriptions contain the sequence ID, genus and taxonomic placement.
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Additional file 8: Phylogram showing relationships between E. nipponicum cathepsins L
and cathepsins L of other selected organisms. Unrooted maximum-likelihood tree of selected
E. nipponicum cathepsins L inferred using the best-fit model (LG + C60 + G). Ultrafast
bootstrap supports and posterior probabilities are shown. The leaf descriptions contain the
sequence ID, genus and taxonomic placement. Amino acid sequence alignment of E.
nipponicum cathepsin B with cathepsins B of S. mansoni. Whole zymogens including a
signal peptide were aligned. Numbers at the end of the lines show amino acid numbering of
the mature parts of particular enzymes. Position of the pro-region cleavage site is marked by
an arrow. The catalytic triad of the active site (C, H, N) is marked by triangles. Conserved
motifs around active site residues are shaded in grey. Tripeptides of potential N-
glycosylation sites are boxed. Predicted O-glycosylated residues are marked by grey squares.
The occluding loop typical of cathepsins B is underlined. The ‘haemoglobinase motif’
ascribed to cathepsins B with an assumed function in haemoglobinolysis in blood-feeding
helminths, is shaded in black (it is modified in SmCB2 and EnCB). Residues within the S2
subsite of the active site involved in determining the substrate specificity are marked by a
black dot and indicated with number (papain numbering). The alignment was made using
sequences of Schistosoma mansoni cathepsins Bl (GenBank: CAD44624.1) and B2
(GenBank: XP_018651608.1).
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1.10. Publikace ¢. 3

V této praci jsme se zaméfili na inhibitory Kunitzova typu, které byly nalezeny v
transkriptomu dospélce u hematofagniho monogenea E. nipponicum. EnKT1 byl vybran
kvali své vysoké homologii s textilininem-1, antihemorhagickym faktorem z pakobry
vychodni (Pseudonaja textilis), a byl vyprodukovan v rekombinantni formé v
bakteridlnim systému, piecistén a biochemicky charakterizovan. V in vitro experimentech
EnKT1 blokoval bovinni faktor Xa, ktery je zapojen do koagula¢ni kaskady. Nicméné
jeste lépe blokoval lidsky plazmin a plazmovy kallikrein. Pomoci metody
tromboelastografie byla potvrzena jeho antikoagulacni aktivita zprostfedkovana inhibici
faktoru Xa, ale nepodafilo se prokéazat jeho antifibrinolytickou aktivitu. Na druhou stranu
se podafilo prokazat, ze EnKT1 je schopen blokovat rybi komplement in vitro.
Imunolokalizace a RNA in situ hybridizace detekovaly EnKT1 uvnitf travicich bunék ve
stteveé dospélce. Vysledky lokalizace spolu s pfitomnosti signalnich sekvenci napovidaji,
ze dochazi k jeho sekreci do stfeva, kde pravdépodobné hraje vyznamnou roli jako
antikoagulant pii blokaci hostitelské koagula¢ni kaskady. Muze hrat i vyznamnou roli pii
blokaci hostitelského komplementu, tedy slouzit i jako ochrana gastrodermis parazita
pred lytickymi ucinky komplementu. V transkriptomu dospé€lct byly nalezeny i dalsi
transkripty kodujici Kunitz inhibitory a v homogenatu dospélce byla detekovana inhibi¢ni

aktivita vuci trombinu.

Miij podil na préaci zahrnoval produkci a purifikaci rekombinantniho EnKT1 a jeho
funk¢ni charakterizaci a lokalizace pomoci metody RNA in situ hybridizace ve tkani

dospélého Cerva. Dale jsem se podilela na interpretaci dat a sepisovani publikace.
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Serine peptidases are involved in many physiological processes including digestion, haemostasis and
complement cascade. Parasites regulate activities of host serine peptidases to their own benefit, employing
various inhibitors, many of which belong to the Kunitz-type protein family. In this study, we confirrmed the
presence of potential anticoagulants in protein extracts of the haematophagous monogenean Eudiplozoon
nipponicum which parasitizes the common carp. We then focused on a Kunitz protein (EnKT1) discovered in
the E. nipponicum transcriptome, which structurally resembles textilinin-1, an antihemorrhagic snake venom
factor from Pseudonaja textilis. The protein was recombinantly expressed, purified and biochemically
characterised. The recombinant EnKT1 did inhibit in vitro activity of Factor Xa of the coagulation cascade,

ireli/i‘:gz:giiant but exhibited a higher activity against plasmin and plasma kallikrein, which participate in fibrinolysis,
Kunitz production of kinins, and complement activation. Anti-coagulation properties of EnKT1 based on the
Peptidase inhibitor inhibition of Factor Xa were connfirmed by thromboelastography, but no effect on fibrinolysis was observed.
Factor X Moreover, we discovered that EnKT1 significantly impairs the function of fish complement, possibly by
Plasmin inhibiting plasmin or Factor Xa which can act as a C3 and C5 convertase. We localised Enktl transcripts and
Haematophagy protein within haematin digestive cells of the parasitt by RNA in situ hybridisation and
gie;?:zn;?dae immunohistochemistry, respectively. Based on these results, we suggest that the secretory Kunitz protein of

E. nipponicum has a dual function. In particular, it impairs both haemostasis and complement activation in
vitro, and thus might facilitate digestion of a host‘s blood and protect a parasite‘s gastrodermis from damage
by the complement. This study presents, to our knowledge, the first characterisation of a Kunitz protein from
monogeneans and the first example of a parasite Kunitz inhibitor that impairs the function of the complement.

2019 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Blood-feeding parasites need to control haemostasis of host blood
for the completion of feeding. For this purpose they produce
antihaemostatic molecules including anticoagulants, vasodilators
and anti-platelet factors. Parasite anticoagulants often act as
inhibitors of serine peptidases involved in the coagulation cascade,
particularly Factor X (FX), Factor VII (FVII), and thrombin

T Corresponding author.

E-mail address: mikes@natur.cuni.cz (L. Mikes).

https://doi.org/10.1016/j.ijpara.2018.11.010
0020-7519/2019 The Author(s). Published by Elsevier Ltd on behalf of Australian Society for Parasitology.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

(Francischetti et al., 2002; Hovius et al., 2008; Tsujimoto et al., 2012;
Ranasinghe et al., 2015¢). These inhibitors largely belong to annexin,
serpin and Kunitz type protein families (Francischetti et al., 2002; van
Genderen et al., 2008; Huntington, 2013).

Kunitz inhibitors (KIs) act against serine and in rare cases
even cysteine and aspartic peptidase activities (Oliva et al., 2010; Smith
etal., 2016). They are usually small proteins of approximately 6 - 8 kDa
and their common structural feature is a reactive peptidase-binding loop
containing six cysteine residues that create three disulfide bonds
responsible for the stabilization of proper protein folding. The amino

acid positions P1 and P1’ of the reactive
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site are located in the centre of the loop, where P1 is the important
determinant of the specificity towards serine peptidases, although P6-P5 ‘
residues may be involved in interactions with peptidase exosites
(Laskowski and Kato, 1980; Krowarsch et al., 1999; Ranasinghe and
McManus, 2013). KIs regulate various biological processes in organisms
such as cell proliferation, cuticle formation and tissue remodelling, ion
channel blocking, coagulation, fibrinolysis, inflammation, etc. (Lee et al.,
2010; Shigetomi et al., 2010; Ranasinghe and McManus, 2013). They also
function as important bioactive compounds in venoms of sea anemones,
spiders, scorpions, snakes, etc. (Yuan et al., 2008; Flight et al., 2009;
Millers et al., 2009; Peigneur et al., 2011; Zhao et al., 2011). Based on
their function, KIs have been recently categorized into five groups: body
trypsin inhibitors, venom chymotrypsin inhibitors, venom trypsin
inhibitors, dual-function toxins and K" channel blockers (Yuan et al.,
2008).

Several KIs have also been found in endoparasitic helminths.
Their predicted or extrapolated functions include protection against host
digestive enzymes (Milstone et al., 2000; F16 et al., 2017), regulation of
endogenous cysteine peptidases (Smith et al., 2016), immune evasion and
immunomodulation (Milstone et al., 2000; Falcon et al., 2014;
Ranasinghe et al., 2015a, b, c; Flo et al., 2017).

In this paper we present a thorough characterisation of the first
Kunitz type inhibitor from the Class Monogenea, a group of ectoparasitic
helminths that have been neglected in terms of biochemical and molecular
research, despite the fact that several species cause major devastation in
fish aquaculture. We employed the advantage of having high quality
transcriptomic data from the adults of Eudiplozoon nipponicum
(Heteronchoinea: Diplozoidae), a cosmopolitan haematophagous parasite
inhabiting the gills of a fish of high global economic importance, the
common carp (Cyprinus carpio). The parasite has been considered an
invasive species in Europe and other parts of the world outside Asia,
inducing hypochromic microcytic anemia in the host (Kawatsu, 1978;
Matgjusova et al., 2001; Buchmann and Bresciani, 2006; Reed et al.,
2009). We show that the Kunitz type inhibitor of E. nipponicum, named
EnKTl, is a potent secretory anticoagulant and complement inhibitor,
although its primary structure resembles textilinin-1, an anti-
haemorrhagic factor from the venom of the Eastern brown snake,
Pseudonaja textilis (Masci et al., 2000). The protein was produced in a
recombinant form, functionally characterised and localised within the
body of the worm. Thus, this study represents, to our knowledge, the first
characterisation of a monogenean protein affecting the blood coagulation
cascade and complement, while having features which also imply possible
involvement in associated biological processes such as inflammation.

2. Materials and methods
2.1. Parasite material

Fresh living adult E. nipponicum worms were obtained from
the gills of common carp (Cyprinus carpio) which originated from fish
farm ponds in South Bohemia, Czech Republic. The worms were
collected immediately after fish slaughter in a commercial facility of
Rybafstvi Tiebon Holding, Plc., Czech Republic, and carefully washed in
autoclaved tap water. Soluble protein extract of the worms (solPE) and
excretory/secretory products (ESP) were pre-pared as described
previously (Jedlickova et al., 2016). Total RNA was isolated from the
homogenate of 10 adult worms by using an High pure RNA isolation kit
(Roche Diagnostics GmbH, Germany), the concentration was measured
in a NanoDrop 1000 spectrophotometer (Thermo Scientific, USA). First
strand cDNA was reverse-transcribed from 0.75 mg of total RNA by the
use of a Tran-
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scriptor First Strand cDNA synthesis kit (Roche Diagnostics) following the
manufacturers instructions. For RNA in situ hybridisation, the worms were
fixed in Bouin‘s solution (Sigma-Aldrich, USA) at room temperature for 1
h and transferred to a fresh solution overnight (4 LC). Worms intended for
immunohistochemistry were fixed in 4% paraformaldehyde. Fixed worms
were dehydrated with increasing concentrations of ethyl alcohol (50-100%),
cleared with xylene and embedded in paraffin (more details are in
Jedlickova et al., 2018).

2.2. Ethics statement

The protection, care and use of experimental animals were
carried out in accordance with the European Convention for the Protection
of Vertebrate Animals used for Experimental and Other Scientific Purposes
and its appendix, European Directive 2010/63/ EU, and according to Czech
law (246/1992 and 359/2012) for biomedical research including animals.
Our experimental procedures conform with the legal consent of the
Professional Ethics Committee of the Faculty of Science, Charles
University, Prague, Czech Republic and the Branch for Research and
Development of the Ministry of Education, Youth and Sports of the Czech
Republic. The equipment, facility and welfare conditions of experimental
animals were approved by the Branch of Animal Commodities of the
Ministry of Agriculture of the Czech Republic (approval no. 13060/2014-
MZE-17214). The absolute minimal number of animals (one mouse)
necessary for the production of antibodies was used in this study. Healthy
donors‘ blood was provided by three consenting co-authors of this paper.
Blood from a FX-deficient patient was used on the occasion of a regular
health check of that person at the Institute of Haematology and Blood
Transfusion, Prague, under a written consent signed by the patient. All blood
samples were collected by authorized staff at the abovementioned Institute.

2.3. Inhibitory activities of worm soluble extracts (solPE)

Inhibition assays were performed with three factors (serine
peptidases) involved in blood coagulation and related processes, and their
respective fluorogenic oligopeptide substrates: human thrombin (668 pM,
Sigma-Aldrich: T6884) and Boc-Val-Pro-Arg-AMC (VPR), bovine
activated Factor X (FXa) (945 pM, Sigma-Aldrich: F9302) and Boc-Ile-
Glu-Gly-Arg-AMC (IEGR), human plasmin (735 pM, Sigma-Aldrich:
10602361001) and D-Ala-Leu-Lys-AMC (ALK). An aliquot of solPE (5§ mg
of total protein) was pre-incubated with each peptidase for 10 min at room
temperature in 0.1 M Hepes, 0.3 M NaCl, 0.01 M CaCly, pH 8.0 in a final
volume of 100 ml in 96-well black flat bottom plates (Nunc, Thermo Scien-
tibc). The reaction was started by adding 100 ml of 40 IM substrate in the
same buffer. Controls did not contain solPE. The production of free
fluorophore was measured in 2 min cycles at 28 LC for 30 min using an
Infinite M200 Buorimeter (TECAN, Austria) at 355 nm excitation and 460
nm emission wavelengths. All measurements were performed in triplicate
and repeated twice. Values in graphs are expressed as means with S.D.

2.4. Sequence analysis of the EnKT1 gene and mass spectrometry

The sequence of a Kunitz type inhibitor (EnKT1) was mined from the
Transcriptome Shotgun Assembly project of adult E. nipponicum deposited
at DDBJ/EMBL/GenBank under the accession GFYMO00000000. The
version used in this paper is the first version, GFYM01000000. The
completeness of the sequence was verified by PCR using isolated E.
nipponicum mRNA as a starting material, and by Sanger sequencing (DNA
Sequencing Laboratory, Faculty of Science, Charles University, Czech
Republic). The
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presence of a signal sequence was detected by SignalP 4.1 (http:/
www.cbs.dtu.dk/services/SignalP/) (Petersen et al., 2011). Prediction of
the molecular weight and theoretical pl was performed by the Compute
pI/Mw tool (Expasy, http://web.expasy.org/compute pi/) (Artimo et al.,
2012). Potential N-glycosylation sites were detected by the NetNGlyc 1.0
server (http://www.cbs.dtu.dk/services/NetNGlyc/) (Artimo et al., 2012).
A search for similar protein sequences was carried out with BLASTp
(https://blast.ncbi.nlm.nih.gov/) against the non-redundant protein
sequences database. Selected amino acid sequences of Kunitz proteins
were aligned with the sequence of EnKT1 (GenBank accession number
MF346930) using the Clustal Omega tool (Embl-Ebi, http://www.
ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011).

LC-MS/MS analyses of E. nipponicum ESP were undertaken
using a RSLCnano system connected to an Orbitrap Elite hybrid
spectrometer (Thermo Fisher Scientibc, USA) as described previously
(Illgova et al., 2017).

2.5. Production of recombinant EnKT1 in E. coli and its purification

The sequence of the EnKT1 gene without the part coding the
signal peptide was codon-optimized in silico for expression in a bacterial
system, E. coli BL-21, using a Codon Optimization Tool (Integrated DNA
Technologies, https://eu.idtdna.com/CodonOpt). The gene was
commercially synthesized and inserted by restriction digestion into the
vector pET22b+ using restriction sites for Ndel-Xhol enzymes
(commissioned work performed by the company GenScript, USA). A 6x
His-tag was incorporated on the C-terminus of EnKT1. The construct was
transformed into BL21 Star™(DE3) E. coli (Invitrogen, USA). The
expression of recombinant EnKT1 (rEnKT1) was performed according to
the manufacturer‘s instruction in the pET System Manual (Novagen).
Harvested cells were resuspended in 20 mM Tris-HCl, 0.3 M NaCl, 1%
lauryl sar-cosine, 10 mM imidazole, pH 8.0. The solution was sonicated
on ice (10 W, 3 30 s), centrifuged at 10,000g for 10 min at 4 LC, and
filtered through a 0.22 pum filter. Recombinant EnKT1 was purified by
Ni-chelating chromatography (HisTrap™ FF crude, GE Healthcare,
USA) and eluted from the column by stepwise increasing concentrations
of imidazole (0.04-0.5 M). The protein concentration was determined by
a Quant-iT™ Protein Assay Kit (Thermo Fisher, USA). Fractions after
chromatography were resolved by SDS-PAGE in 4-12% Mini-
PROTEAN TGX™ gels (Bio-Rad, USA) stained by Coomassie Brilliant
Blue R-250. The isolated band of corresponding size was excised from
the gel, and the identity of the protein was confirmed by mass
spectrometry (MALDI TOF/ TOF, Laboratory of Mass Spectrometry,
Charles University).

2.6. EnKT1-specific polyclonal antibody

Monospecific polyclonal antibodies against rEnKT1 were produced in an
ICR/CD1 mouse (ENVIGO, Italy) that was injected s.c. three times at
intervals of 14 days with 30 mg of purified rEnKT1 in TitermaxGold
adjuvant according to the manufacturer‘s protocol

Table 1

(Sigma-Aldrich). The mouse was bled under deep ketamine/xylazine
anaesthesia 2 weeks after the last injection and serum was collected.
Control serum was taken from the same mouse prior to immunization.

2.7. Detection of rEnKT1 on blots

The His-tagged rEnKTlwas detected on blots using iBody4, a
biotinylated copolymer containing nitrilotriacetic acid-bound nickel
cations (Sacha et al., 2016). Purified rEnKT1 (2 mg) was run in a 4-12%
SDS-PAGE gel and transferred to polyvinylidene difluoride membrane
(PVDF, Bio-Rad). Monospecific polyclonal antibodies against rEnKT1
and control sera (both diluted 1:100) were veriPed on immunoblots. The
rEnKT1 (1 mg/well) and worm soluble protein extract (20 mg/well) were
separated by SDS-PAGE in 4-12% gels. The blots were further processed
according to previously published protocols (Jedlickova et al., 2018).

2.8. Stability of the rEnKT1-trypsin complex

Trypsin (1 mg, Sigma-Aldrich 93614) was incubated in the presence of

rEnKT1 (1 mg) in 0.1 M Hepes, 0.3 M NaCl, 10 mM CaClp, pH 8.0 for
15 min at room temperature (molar ratio trypsin: rEnKT1 1:2.2). Then,
non-reducing or reducing (DTT) SDS-PAGE sample buffer was added to
the aliquots of the mixture at room temperature. Alternatively, samples
were boiled in reducing sample buffer. As controls, trypsin or rEnKT1
alone were treated under the same conditions. Samples were separated by
SDS-PAGE at 80 V and gels were stained by Coomassie Brilliant Blue R-
250.

2.9. Inhibitory properties of recombinant EnKT1

The ability of rEnKT]1 to act as an inhibitor was tested using a panel of
serine peptidases: thrombin (Sigma-Aldrich T6884), FXa (Sigma-Aldrich
F9302), plasmin (Sigma-Aldrich 10602361001), plasma kallikrein
(Sigma-Aldrich K2638), trypsin (Sigma-Aldrich 93614), activated Factor
VII (FVIIa) (NovoSeven, Novo Nordisk). Additionally, purified
recombinant cysteine peptidases (cathepsins from E. nipponicum) -
EnCL1 (GenBank accession number KP793605), EnCL3 (GenBank
accession number KP793606), and EnCB (GenBank accession number
MF346929) - available in our laboratory were tested (Jedlickova et al.,
2018). The activities were measured with respective fluorogenic
oligopeptide substrates for particular proteases and assay conditions for
each tested peptidase/substrate as presented in Table 1. The peptidases
were preincubated with different concentrations of rEnKT1 (0, 44, 220,
440, 1100 and 2200 nM were final concentrations after addition of
substrate solution to the reaction mixture) for 15 min at room temperature
in 96-well black flat bottom plates (Nunc, Thermo Scientific).
Measurements were performed under the same conditions as described

above. The ICs0 values were calculated for each peptidase using non-
linear regression in GraphPad Prism software version 7.02.

Panel of serine and cysteine peptidases and conditions used to test the inhibitory specificity of recombinant Kunitz-type inhibitor 1 from Eudiplozoon nipponicum (rEnKT1).

Enzyme

E. nipponicum cathepsin L1 (3 nM)
E. nipponicum cathepsin L3 (3 nM)
E. nipponicum cathepsin B (3 nM)
Trypsin (40 nM)
Plasmin (735 pM)
Thrombin (668 pM)
Factor Xa (945 pM)
Plasma kallikrein (3.5 nM)
Factor VII (4 nM)

Buffer Substrate
0.1 M citrate/0.2 M phosphate pH 5 + 2 mM DTT Z-FR-AMC
0.1 M citrate/0.2 M phosphate pH 5 + 2 mM DTT Z-FR-AMC
0.1 M citrate/0.2 M phosphate pH 5 + 2 mM DTT Z-FR-AMC
0.1 M Hepes, 0.3 M NaCl, 10 mM CaCl, pH 8 Z-LR-AMC
0.1 M Hepes, 0.3 M NaCl, 10 mM CaCl, pH 8 Z-ALK-AMC
0.1 M Hepes, 0.3 M NaCl, 10 mM CaCl, pH 8 Z-VPR-AMC
0.1 M Hepes, 0.3 M NaCl, 10 mM CaCl, pH 8 Z-IEGR-AMC
0.1 M Hepes, 0.3 M NaCl, 10 mM CaCl, pH 8 Z-FR-AMC
0.1 M Hepes, 0.3 M NaCl, 10 mM CaCl, pH 8 Z-VPR-AMC

90


http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://web.expasy.org/compute_pi/
http://web.expasy.org/compute_pi/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/NetNGlyc/
https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/Tools/msa/clustalo/
http://www.ebi.ac.uk/Tools/msa/clustalo/
https://eu.idtdna.com/CodonOpt

340 L. Jedlickova et al. / International Journal for Parasitology 49 (2019) 337-346

2.10. Thromboelastography

Rotational thromboelastography was performed using a ROTEM
analyser (ROTEM delta, Tem International GmbH, Germany) at the
Institute of Haematology and Blood Transfusion in Prague, Czech
Republic. ROTEM measures the elastic properties of the whole blood
clot during its formation and lysis through impedance. The reaction
time, ie. clotting time (CT) is the time from start to the formation of the
first detectable clot. The maximum clot firmness (MCF) is the point
where the clot is at its strongest. ML is maximum lysis as a percentage
of MCF. The ML60 value is the percentage of lysis measured 60 min
after MCF is reached (Flight et al., 2005). CT was measured with star-
tem (Tem Interna-tional GmbH, Germany) ROTEM system reagent for
recalcifying citrated blood (native thromboelastography, NATEG). The
measurements were performed with whole human blood in biological
triplicates (three different healthy donors are co-authors of the
manuscript). One additional measurement was done with whole blood
of a donor with FX deficiency. ML60 and MCF were measured with
ex-tem (Tem International GmbH) ROTEM system reagent containing

Ca®" and tissue factor (extrinsic thromboelastography, EXTEG), and
with 14 nM (Pnal concentration) of tissue plasminogen activator added
(tPA, Sigma-Aldrich); this concentration of tPA was chosen as it
resulted in full clot lysis in 90 min in a normal plasma sample. Three
different final concentrations of purified rEnKT1 and aprotinin
(positive control, Sigma-Aldrich) used in the test were 200 nM, 2 mM
and 4 mM. Each experiment was performed for at least 60 min after the
MCF was reached.

2.11. The effect of tTEnKT1 on fish complement

Since teleost complement readily lyzes erythrocytes from various
mammals, and those from rabbits were found to be the best complement
activators (Sunyer and Tort, 1995; Boshra et al., 2006), we used fish
serum and rabbit erythrocytes to test the effect of rEnKT1 on the
activity of fish complement in vitro. Fresh goldfish (Carassius auratus)
blood serum was obtained from the Department of Zoology, Charles
University, Prague. Rabbit erythrocytes in Alsever‘s solution were
purchased from ITEST plus Ltd., Czech Republic. The erythrocytes
were washed three times in an excess of PBS and finally diluted to a
2% suspension (v/v). The assay was performed in a 96-well round
bottomed microtiter plate (Nunc, Den-mark). Each well contained 100
ml of 20% fish serum in PBS premixed with various amounts of
purified rEnKT1 (0.08-4 mM concentration). After 10 min incubation
at room temperature, 100 ml of erythrocyte suspension were added.
Controls did not contain either rEnKT1 or fish serum, or both.
Additional controls were performed with heat-inactivated serum (56
LC, 30 min) and with bovine serum albumin (BSA) used instead of
rEnKT1 at equal concentrations. Since the undiluted goldfish serum
lysed rabbit erythrocytes immediately after their addition to the
reaction, and the lysis time was virtually non-measurable, we used only
20% working concentration (i.e. 10% final serum concentration), which
had been empirically established as optimal. Reaction wells were
observed individually under a stereomicroscope using oblique
illumination and an aluminium pad, and the time needed for lysis of the
erythrocytes was measured. When full lysis was achieved, the reaction
mixture turned from opaque to transparent. The experiment was
repeated three times.

2.12. RNA in situ hybridisation

The specific amplified PCR product was obtained by PCR using gene-
specific EnKT1 primers covering the whole EnKT1 gene sequence

(forward: 5" ATG GGC AGT AAG TTA ATC TTA TCT ATG G 3  and
reverse: 5 TTAAACCACTGGACAGGTGACTC 3) and

First-strand ¢cDNA of adult E. nipponicum. The product was ligated into a
pGEM -T Easy vector according to the manufacturer‘s instructions. The
resulting circular construct containing an EnKT1 gene insert was
transformed into E. coli (XL1-Blue strain), and a positive clone was verified
by DNA sequencing. Verified constructs were linearized (Sacl/Ncol
restriction enzymes) and used for the synthesis of antisense and sense RNA
probes labelled with digoxigenin for in situ hybridisation in vitro according
to the manufacturers instructions (Dig RNA Labelling Kit SP6/T7, Roche).
Histological sections (5 pm thick) of adult E. nipponicum were
deparafinated in xylene, rehydrated and treated by proteinase K (final
concentration 0.75 mg/ml, 17 min, 37 LC). Hybridisation was performed
with RNA probes for 19 h at 42 LC employing a modified protocol as
described previously (Quack et al., 2009). After that, sections were
stringently washed 4 x 15 min successively in 2 concentrated saline-sodium
citrate buffer (SSC), 1 SSC, 0.5 SSC and 0.1 SSC. Final detection was
performed with alkaline phosphatase-conjugated anti-digoxigenin
antibodies (1:500, Roche 11093274910) and Fast Red TR (Sigma-Aldrich
F4523). As negative controls, sections were incubated under the same
conditions without any probe. Signals were detected and photographed
using an Olympus BX 51 microscope equipped with a DP70 camera
(Olympus Co., Japan). Strand-specific real-time PCR (RT-PCR) was
performed to control the presence of naturally occurring antisense
transcripts in E. nipponicum cells (Ho et al., 2010).

2.13. Immunohistochemistry

Histological sections of worms (5 mm each) were prepared and blocked as
described in Jedlickova et al. (2018). After overnight incubation with sera
diluted 1:10 in blocking buffer, the slides were washed 3 15 min at room
temperature in PBS-Tr (phos-phate buffered saline/0.25% Triton X-100),
incubated for 1 h at 37 LC with horseradish peroxidase (HRP)-labeled
rabbit-anti-mouse IgG secondary antibody (ThermoFisher) diluted 1:2000,
and washed again 3 x 15 min in PBS-Tr. Signal amplification was performed
using the Tyramide Signal Amplification Plus Cyanine 5 System (Perkin
Elmer, USA) according to the manufacturer‘s protocol. Finally, the sections
were mounted in ProLong Diamond Antifade Mountant (Invitrogen).
Fluorescence was observed and photographed under the Olympus IX83
microscope equipped with a PCO edge 5.5 camera and a CoolLED pE-4000
LED illumination system. Cyanine 5 signal was detected using a 635 nm
diode and an emission filter 700/75. Appropriate lighting settings were
determined using control slides probed with pre-immune serum to define
the background signal threshold. Image stacks of optical sections were
processed with Fiji software.

3. Results
3.1. Inhibitory activities of soluble worm protein extracts (solPE)

Fluorometric analyses showed that the solPE decreased peptidolytic
activities of plasmin by 85%, thrombin by 60%, and FXa by 20% at chosen
concentrations (Fig. 1). Control fluorometric assays performed only with
solPE and peptide substrates of the three peptidases mentioned above did
not reveal any hydrolysis of the substrates by peptidases of worm origin.

3.2. Sequence analyses of EnKT1 gene/protein
The nucleotide sequence of EnKT1 has 369 nucleotides and corresponds to
a translated protein of 122 amino acids, of which 26 residues represent a

signal peptide (Fig. 2). The mature protein is composed of 96 amino acids
with a theoretical Mw of
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Fig. 1. Inhibitory effects of Eudiplozoon nipponicum soluble protein extract (solPE) on

Plasmin Factor Xa

peptidases involved in haemostasis/fibrinolysis. Peptidases were preincubated with 5 mg
of solPE. Activity was measured with appropriate substrates VPR-AMC (thrombin),
IEGR-AMC (FXa) and ALK-AMC (plasmin). Bars represent S.D.

10.176 kDa, and pI 8.3. The Mw of the recombinant protein is slightly
higher due to a 6x His-tag attached to the C-terminus. Putative N-
glycosylation motifs are absent. ENKT1 possesses arginine residue in P1
(Rg1) and alanine in P10 (Ag2) positions. BlastP revealed that EnKT1
(GenBank accession number MF346930) has the highest sequence
identity (69%) with textilinin-1 (GenBank accession number
Q90WAL.1), a Kunitz type inhibitor isolated from the venom of the
Eastern brown snake, Pseudonaja textilis (Flight et al., 2005). An
alignment of amino acid sequences of the predicted inhibitory domain of
EnKT1 with selected sequences of other Kunitz type domains from
helminths, animal venoms, and with bovine aprotinin is presented in
Supplementary Fig. S1. Comparison of the amino acid residues in the
Kunitz type reactive loop of EnKT1, textilinin-1 and aprotinin, which
represent important positions involved in interactions with the active site
and exosites of serine peptidases, can be found in Table 2.

Two peptides matching parts of the amino acid sequence of EnKT1 were
identified by mass spectrometry in E. nipponicum ESP (Fig. 2), indicating
that the inhibitor may be secreted outside the worm‘s body.

3.3. Production of tEnKT1 in E. coli, its purification and detection

The recombinant EnKT1 expressed in E. coli was puriPed to homogeneity
by NiNTA affinity chromatography. It resolved in SDS-PAGE gels as a
12 kDa protein band in a reducing buffer. Its identity was verified by mass
spectrometry. Transblotted protein (2 mg) was detected on PVDF
membrane by iBODY4 binding to His-tag (Fig. 3). A reaction of mouse
anti-rEnKT1 antibodies was confirmed on a western blot of rEnKT1
where the detected band occurred around 12 kDa. Control serum did not
show any reaction, and therefore the sera were used for
immunohistochemistry (Fig. 3). No reaction with antibodies was observed
in the case of worm protein extract, solPE (not shown).

3.4. Stability of the rEnKT1-trypsin complex

Recombinant EnKT1 formed a complex with trypsin in vitro. A protein band
around 38 kDa in the SDS-PAGE gel corresponded to the theoretical size of
the complex (Fig. 4A,B). The trypsin-rEnKT1 complex was stable and
unaffected by DTT and SDS in the reducing SDS-PAGE sample buffer (Fig.
4B) unless the sample was boiled (Fig. 4C).

3.5. Inhibition assays

rEnKT1 was tested for its inhibitory potential against a set of serine and
cysteine peptidases. Inhibitory activities were demonstrated towards
pancreatic trypsin, plasma kallikrein, plasmin and FXa with IC50 values
indicated in Fig. 5. The rEnKT1 did not inhibit thrombin, FVIIa, and any of
the tested recombinant cysteine peptidases - cathepsins B, L1 and L3 from
E. nipponicum.

3.6. Thromboelastography

Thromboelastography was used for evaluation of the effect of rEnKT1 on
fibrin clot formation and lysis in whole human blood. Purified rEnKT1
slowed the coagulation process in a concentration-dependent manner - the
clotting time was prolonged by 60% in the presence of 4 mM inhibitor. In
the case of blood from a patient with FX deficiency (<1% of normal plasma
concentration), no effect on the time needed for fibrin clot formation was
observed (Fig. 6). Particular CT data can be found in Supplementary Table
SI.

No effect of rEnKT1 (0.2-4 mM) was recorded on ML60 in tPA - stimulated
lysis of fibrin clot in whole blood in comparison with the positive control
containing aprotinin at the same concentration, where inhibition of
fibrinolysis was obvious at 2 mM (Table 3). On the other hand, we observed
some inhibitory effect of rEnKT1 on MCF values; however, the significance
of this data could not be evaluated statistically due to a low number of
samples (Table 3).

3.7. Inhibition of fish complement-mediated cell lysis by rEnKT1

The lysis of rabbit erythrocytes in the presence of 10% fish serum was
achieved within 3 min 55 s on average +5 s. Inactivation of the serum by
heat resulted in a loss of lytic activity. The final concentration of 0.04 mM
rEnKT1 prolonged the time needed for complete lysis by 33% and 2 mM
rEnKT1 by 145%, relevant to the control without rEnKT1 (Fig. 7). rEnKT1
alone had no effect on erythrocyte integrity even at a 20 mM concentration
(this was verified also under a light microscope). BSA did not affect the
lysis time in the presence of normal serum.

3.8. Localization of EnKT1 in adult worms

RNA in situ hybridisation with a specific antisense-RNA probe localised
EnKT] transcripts inside haematin (digestive) cells on his-tological sections
of adult E. nipponicum worms (Fig. 8). No signals were found elsewhere,
including parenchymal tissue, tegument, gonads or upper digestive tract.
The same result was observed with

MGSKLILSMALLAMAVATLWIAEVSGGVPKFHSGGOQMSGGAHKFLLGGOMSGEVPKFLLDGQTTASPL

STCQLPQMVGMC /. SFPRFYFDGKKCTEFIYGGCGGNANNFQTKAECESTCPVV*

Fig. 2. Complete amino acid sequence of Kunitz-type inhibitor 1 from Eudiplozoon nipponicum (EnKT1). Signal sequence on EnKT1 is marked by a dashed line. The predicted Kunitz

domain is shaded in light grey. Cysteine residues stabilizing the Kunitz domain loop by forming disulfide bonds are marked by black dots. The P1 and P1 0 positions of the reactive site
are indicated by white letters. Solid underlining indicates peptides identiPed by mass spectrometry in excretory/secretory products of adult E. nipponicum.
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Table 2
Primary structures of the P6-ps° region and P1 8° residue of the active loop of Kunitz-type inhibitor 1 from Eudiplozoon nipponicum (EnKT1) textilinin-1, and aprotinin.
P6 Ps P4 P3 P2 Pl p1° p20 p3° p4° ps? p1s®
EnKT1 M \% G M C R A S F P R F
Textilinin-1 D T G P C R \Y R F P S F
Aprotinin Y T G P C K A R 1 1 R F

Positions with non-conservative substitutions are printed in boldface type. The alignment was made with the use of partial sequences of EnKT1 (GenBank accession number MF346930),
textilinin-1 (GenBank accession number QQOWA1.1), and aprotinin (GenBank accession number P00974.2)].

4. Discussion

kDa M 1 2 3 4

150 Haematophagous or blood/tissue-dwelling parasites employ protein
100 inhibitors of haemocoagulation to enable their effective blood feeding or
75 survival within the environment of the host. The targets of these inhibitors
often include serine peptidases, predom-inantly thrombin (Factor Ila),

- FXa and FVIla, due to their important position within the coagulation

50 — cascade (Francischetti et al., 2002; Hovius et al., 2008; Ranasinghe et al.,
37 - % 2015b,c). In this study, we focused on putative anticoagulants from
neglected parasitic platy-helminths in terms of biochemical research, the

blood-feeding diplozoid monogenean E. nipponicum. We combined

25 - biochemical and molecular approaches inclusive of transcriptomics in a
20 search for effective anticoagulants. In the soluble extracts from adult
- worms (solPE) we detected activities that were able to block pep-tidolytic
activities of three serine peptidases involved in haemosta-sis/Pbrinolysis

15 - in vertebrates D thrombin, FXa and plasmin. The results suggested that E.
nipponicum may possess more than one serine peptidase inhibitor, a

« potential regulator of haemostasis, and so the worm extract seems to

10 - represent a complex sample con-taining a spectrum of inhibitors with

different speciPcities/func-tions. This indication can be supported by the
presence of several Kunitz proteins, serpins and annexins in the
transcriptome of adult worms (not shown). On the other hand, activities
of the three tested heterologous peptidases might have been also affected
to a certain degree by the presence of endogenous peptidases in solPE,
although even prolonged incubation never resulted in a complete loss or
a dramatic decrease in their activity.

Fig. 3. Detection of the purified recombinant Kunitz-type inhibitor 1 from
Eudiplozoon nipponicum (rEnKT1) by SDS-PAGE and blotting. Lane 1, rEnKT1 in
4- 12% gel stained with Coomassie Brilliant Blue R-250. Lane 2, rEnKT1 band
labelled by an iBody4 affinity probe on a blot. Lane 3, rEnKT1 band was detected by
mouse anti-rEnKT1 antibodies on a blot. Lane 4, control blot with pre-immune
serum.

A B C Employing the transcriptomic data from adult E. nipponicum, we

M K T K+T K T K+T K T K+T discovered a complete sequence of a Kunitz type protein, named EnKT1,
including a signal peptide determining its secretory nature. A

=0 . bioinformatic analysis showed it as an interesting protein due to a high
37 - = sequence similarity with textilinin-1, an antihaemorrhagic factor from the
venom of the Australian Eastern brown snake, Pseudonaja textilis (Masci

25 - et al., 2000). In addition, the sequence of EnKT1 has one Kunitz type
20 — : domain and shows 41-60% overall identity with the most similar Kunitz
.' - - - . proteins from other platyhelminths. The motif of the peptidase-interacting

15 - site within EnKT1 has Arg at the P1 position, suggesting that it is an
V inhibitor of trypsin-like peptidases. This was verified by fluorometric

10 - . assays using synthetic peptidyl substrates and by the ability of rEnKT1 to

form a stable complex with trypsin.
Fig. 4. Complex formation of recombinant Kunitz-type inhibitor 1 from Eudiplozoon

ipponi EnKT1) with trypsin. (A) Blot d -reduci . . . .
mipponicum (iEKT1) with trypsin. (A) Blots were run under non-reducing Single-domain Kunitz inhibitors (KIs) from blood-feeding ectoparasites

conditions. (B) Blots were run under reducing conditions. (C) Blots were run under . . . .
may target a large spectrum of serine peptidases including procoagulant

reducing conditions with a boiled sample. The rEnKT1-trypsin complex is indicated

by an arrow. Low MW bands in lanes with trypsin correspond to intermediate
products of trypsin autohydrolysis. K, EnKT1 alone. T, trypsin alone. K + T, EnKT1
+ trypsin.

a sense probe; however, strand-specific RT-PCR also revealed anti-
sense transcription in E. nipponicum, which also was proven earlier in
the case of some other transcripts (Jedlickova et al., 2018). No reaction
was observed in negative controls.

Immunolocalisation of EnKT1 with specific antibodies on
histological sections of the adult worms showed the presence of EnKT1
only inside haematin digestive cells (Fig. 8). Pre-immune serum did not
show any reaction.

enzymes such as FXa and FVIla, but usually do not act on thrombin
(Factor IIa). On the other hand, several two-domain KIs from ticks may
block the activity of this factor by a non-canonical mechanism of
peptidase inhibition (Corral-Rodr’guez et al., 2009). To test the inhibitory
specificity of rEnKT1, we used a panel of five serine peptidases involved
in blood clotting, fibrinolysis and some related processes. As the
coagulation mechanisms are highly conserved in vertebrates including
teleost fishes (Tavares-Dias and Oliveira, 2009), we employed
commercially available serine peptidases of human/bovine origin. In
addition, we tested bovine trypsin and three recombinant cysteine
peptidases from E. nipponicum. We had verified by a multiple alignment
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Fig. 5. Relative inhibition of trypsin, plasma kallikrein, plasmin and Factor Xa by recombinant Kunitz-type inhibitor 1 from Eudiplozoon nipponicum (rEnKT1). The dotted line indicates 50%

inhibition of peptidase activity (IC50). Relative inhibition values are related to the enzymes* activities at 0 nM concentration of rEnKT1 inhibitor, which were always taken as 100%. The IC50
values were extrapolated by the software using non-linear regression including 0 nM concentration of rEnKT1 in the calculations. Bars represent S.D.
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Fig. 6. The effect of recombinant Kunitz-type inhibitor 1 from Eudiplozoon nipponicum
(rEnKT1) on formation of a fibrin clot in whole human blood. The black line shows relative
prolongation of coagulation time in the presence of different concentrations of rEnKT1 in
relation to the control. The dashed line shows no effect of rEnKT1 in the case of blood
from a patient with Factor X deficiency (values related to the control from the same
patient). Bars represent S.D. for three biological replicates. CT, clotting time (measured by
rotational native thromboelastography).

Table 3
The effect of recombinant Kunitz-type inhibitor 1 from Eudiplozoon nipponicum (rEnKT1)
and aprotinin on clot lysis and maximum clot firmness (MCF) values in whole human

blood.
Experiment ML60 (%) MCF (mm)
Control (without tPA) 8.8+2.7 57 0
11.
Control (with tPA) 97.7+3.9 47 3
Aprotinin, 200 nM 99.7£0.5 46 2.8
Aprotinin, 2 mM 18.7+6.1 56 1.4
Aprotinin, 4 mM 143 +4.0 545+2.1
rEnKT1, 200 nM 100+ 0.0 30+7.0
rEnKT1, 2 mM 99.6+0.5 425+2.1
rEnKT1, 4 mM 99 £ 1.41 36 +2.8

ML60, percent lysis of the fibrin clot measured 60 min after the maximum clot firmness
was reached. tPA, tissue plasminogen activator.

that, despite the overall sequence heterogeneity, FX, plasmin and
thrombin from Homo sapiens, Bos taurus and Cyprinus carpio share
highly conserved sequence motifs around residues of the active sites and
important substrate-binding sites, which are either identical among the
species or include conservative amino acid substitutions (Supplementary
Fig. S2).

160

120

LT prolongation (%)
(0]
o

0 0.04 0.2 0.5 1 2
rEnKT1 concentration (uM)

Fig. 7. Concentration-dependent effect of recombinant Kunitz-type inhibitor 1 from
Eudiplozoon nipponicum (rEnKT1) on lysis of rabbit erythrocytes by goldbsh complement.
LT, lysis time (time needed for lysis of rabbit erythrocytes in 1% suspension, in the presence
of 10% goldbsh serum). Bars represent S.D.

Although the IC50 value of rEnKTIl was the lowest with plasma
kallikrein (which is able to convert plasminogen to plasmin) and plasmin,
i.e. peptidases involved in fibrinolysis (Plow et al., 1995), the functional
tests with human blood confirmed that the inhibitor has no effect on the lysis
of tPA-stimulated fibrin clots. On the other hand, the effect on prolongation
of clotting time was significant, most likely due to the inhibition of FXa,

albeit the IC50 of rEnKT1 with this enzyme was an order of magnitude
higher than with kallikrein and plasmin. The effect on FXa was further
confirmed by using blood from a FX-deficient patient, where rEnKT1 had
no effect on the time needed for blood coagulation which is, indeed, much
longer compared with healthy persons (Manikkan, 2012; Supplementary
Table S1). Thus, we can consider EnKT1 a potential anticoagulant
inhibiting FXa, which is a key factor situated in the pivotal position of the
coagulation cascade in vertebrates including fish, where its function is to
convert prothrombin to thrombin (Krishnaswamy, 2013).

Despite the overall amino acid sequence similarity of EnKT1 and
textilinin-1, the two inhibitors possess certain non-conservative differences
in the amino acid composition of the Kunitz domain active loop. It is known
that in addition to P1-Arg, which is present in both, coagulation proteases
also require specific interactions with other residues surrounding the scissile
bonds in peptide substrates, in particular with those at the P3-P30 sites
(Manithody et al., 2012). However, it is difficult to elucidate the role of
individual amino acid residues within the active loop of EnKT1 in binding
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EnKT1

Control

"

Fig. 8. Localisation of transcripts of Kunitz-type inhibitor 1 gene from Eudiplozoon nipponicum (Enkt1) and EnKT1 protein on histological sections of E. nipponicum adult worms.
(A) Image of whole worms (pair) with an area marked by a square which indicates the approximate position within a worm*s body corresponding to the body part in B. In situ RNA
hybridisation: (B) reaction of an antisense RNA probe within haematin cells from the digestive tract; (C) negative control. Immunohistochemistry: (D) a reaction of anti-rEnKT1
antibodies within haematin cells (Buorescence); (E) the same as D with merged Buorescence + bright beld; (F) control with pre-immune serum. Arrows indicate localisation of EnKT1

transcripts/proteins inside haematin digestive cells.

to FXa without experiments employing mutant forms of the loop. Obvious
divergences from the primary structure of textilinin-1 occur, especially in
residues at positions P6 (hydrophobic versus polar negative), P5
(hydrophobic versus polar), p20 (polar versus polar positive), and ps0 (polar
positive versus polar) (see Table 2). So, it seems that some of these residues
may support the ability of EnKT1 to effectively inhibit FXa, contrary to
textilinin-1 and aprotinin which do not inhibit FXa (Flight et al., 2009) and
are each more similar to the other in the primary structure of the Kunitz
domain, than to EnKT1.

Plasma (pre)kallikrein has been for a long time believed to play a
significant role in coagulation, as a part of the contact (plasma kallikrein-
kinin) system that should activate the intrinsic coagulation pathway (Dennis
et al, 1995; Wu, 2015). For example, the antithrombotic effect of
Schistosoma  japonicum/Schistosoma mansoni Kunitz proteins SjKI-
1/SmKI-1 had been proposed to be based on the inhibition of the intrinsic
pathway activation (Ranasinghe et al., 2015a,c). In contrast to these
assumptions, recent research indicated that in humans the kallikrein-kinin
contact system does not contribute to haemostasis in vivo (Schmaier, 2016).
Moreover, it should be noted in the context of E. nipponicum biology as a
fish parasite, that teleost fishes lack components of the plasma kallikrein-
kinin system (Wong and Takei, 2013).

Plasmin, the enzyme ensuring proteolytic degradation of a fibrin clot,
was inhibited by rEnKT1 in vitro with an IC5( in the

nanomolar range. Surprisingly, no effect was observed on
fibrinolysis in vitro functional tests, where rapid conversion of
plasminogen to plasmin was facilitated by addition of tPA. While
the reason is currently not obvious, it may be related to the
concentrations of rEnKTl used in the experiment which,
however, were equal to the concentrations of aprotinin that
significantly inhibited fibrinolysis. Perhaps the difference in
anti-fibrinolytic action of these two inhibitors in the system may
be caused by sequestration of tTEnKT1 by FXa. Aprotinin, on the
other hand, does not bind to FXa (Flight et al., 2009).
Nevertheless, the results of thromboelastography make sense in
terms of the parasite‘s need to keep the ingested blood in a fluid
form. It was interesting to note the effect of rEnKT1 on MCF
values in the EXTEG. A low MCEF is generally indicative of
decreased platelet function (or number), a low fibrinogen level
or disorders of fibrin polymerization due to, e.g., decreased
activity of factor XIII (transglutaminase stabilizing fibrin by
polymerization). The lower extem MCF values in the presence
of rTEnKT1 could hypothetically indicate that EnKT1 might have
an inhibitory effect on the function of platelets or on the
enzymatic activity of factor XIII.

As verified by an in vitro test with rabbit erythrocytes and
gold-fish serum, another function of EnKTl1 may be the
inhibition of the host complement cascade. Since FXa and
plasmin can act as both C3 and C5 convertases (Amara et al.,
2010), the inhibition of the two host peptidases may prevent
complement activation inside
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the parasites gut, and help in this way to avoid damage to the cells
of gastrodermis. There is also a possibility that EnKT1 could
interact with Clr/C1s/MASP serine peptidases involved in
classical and lectin pathways of complement activation. Such an
interaction was observed in the case of the human Kunitz-domain-
based tissue factor pathway inhibitor (TFPI) that inhibits the lectin
pathway of complement activation by direct binding to MASP-2
serine peptidase (Keizer et al., 2015). For EnKT1, however, this
should be further tested experimentally. Despite of the mechanism
of inhibition, the ability to impair host complement action would
be of particular importance for a fish parasite, since a combination
of high complement titers in teleosts (compared with mammals)
and activation of the system over a wide range of temperatures,
together with the diversity of some of its key components (C3 in
particular), makes complement an extremely powerful innate
defense system in fish (Boshra et al., 2006).

Transcripts of the EnKT1 gene were detected by RNA in situ

hybridisation inside the digestive haematin cells. Furthermore, the
same localisation was supported for the protein by immuno-
histochemistry using anti-rEnKT1 antibodies. Since the EnKT1
transcript also encodes a signal sequence, the inhibitor is most
likely secreted from these cells to the intestinal lumen of the
worm. The important point is that we must think about the
function of EnKT1 in the context of events that happen in the
parasite‘s gut after ingestion of blood, rather than in the context
of physiological processes in the host‘s circulation. In the
digestive tract, EnKT1 could simultaneously interfere with
haemocoagulation and with complement activation in ingested
host blood. By prolonging the time needed for coagulation and
complement-mediated cell lysis, EnKT1 might provide a longer
time-frame for the parasite‘s digestive cysteine and aspartic
peptidases to hydrolyze soluble proteins including clotting
factors, fibrinogen and complement components in a blood meal
(Jedlickova et al., 2016, 2018). Nevertheless, EnKT1 was also
detected in ESP of adult worms by mass spectrometry analyses.
This implies that the secreted inhibitor could be delivered from
the parasite‘s intestine to the feeding site (wound) on the host‘s
gills and into the host‘s circulation, where it might interfere with
coagulation and other physiological/immune processes based on
the activities of serine peptidases such as complement-
coordinated events in inflammation, and immunity in general
(Markiewski and Lambris, 2007).

In conclusion, we note that despite the high negative economic
impact of some monogenean species on fish aquaculture, no
experimental data on the molecular basis of host-parasite interactions
are available even for highly important pathogens such as Gyrodactylus
salaris and Benedenia spp. Thus, the present study opens a fresh view
on these interactions and deepens our knowledge of digestion-related
events in sanguinivorous monogeneans. It also represents, to our
knowledge, the first detection and biochemical/functional
characterisation of a serine peptidase inhibitor from Monogenea.
EnKT1, a member of Kunitz protein family, acts as a potent secretory
anticoagulant targeting FXa of the coagulation cascade, as well as an
inhibitor of complement-mediated cell lysis. The features of EnKT1,
together with the detection of anti-thrombin activity in worm extracts,
and with the presence of six other Kunitz proteins, three serpins
(unpublished) and a cystatin (Ilgova et al., 2017) in the E. nipponicum
transcriptome, suggest that blood-feeding monogeneans operate a
sophisticated array of tools interfering with host physiology and
immunity. Further research on structures and functions of these
molecules might result in finding interesting parasite-derived peptidase
inhibitors with a potential in human biomedicine, or in the development
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of vaccines targeting proteins which seem to be crucial for survival of
monogeneans, the devastating pests of farmed fish.
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P. textilis (textiinin-1)#} DR PDFOE L PADTGPOER F PSFY YN PDEKKCLEFI YGGOEGNANNF ITKEECESTEAR-  (24-83)
0. microlepidotuse KDRPDFEELPADTGPCEMGFPSFY YNPDEKKELEFIYGGEEGNANNFITKEEEESTGAR- (24-83)
T. trichiura & EQGGNPEELPAKKGPCEMIAFTKY Y YNKDTKQCETFI YGGEKGNANNFETKAEGESRESVE  (576-763)
E. macmahonie — ====- FEYLPDDPGVCESMH I PREY YNPASNKCKNFIYGGLGGNANNFETRAEERHTEVAS  (1-55)
E. granulosus+ NSFSSVEFLFKSTGPCEERIKRFFFDSEAGKCAEFT YGGEMGNANNFFTMEECVSTETHM (22-82)
A, sulcato m --INGDEELPKVVGREEERFPRYY YNLSSRREEKFI YGGEGGNANNFHTLEEEEKVEGVR  (1-58)
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L. hesperus @ ASSEDVESLPSDTGMCEESKPMEFFY DHEKGECGAKFIYGGEQGNGNRFKTIEECESTEGGH (23-83)
0. viverrini % TRKPPSESLPVVVGOOES FPRY FY DSKADKEK PEVY GGEGGNANNFESVEQEENAGMKS  (23-83)
5. japonicum % ¥SLNPIGLOPRVTGKOEESLLEWVHNPOANTEEEFI YGGEGANENNFLTKEEBETVEKMR (73-133)
C. sinensis « GGIEEREFLPNDSGMOESMPOVFFNSTSGAGEHFI YGGEGGNENRFETVEEY THSEMIH (15-75)
5. haeematobium+ KTPDEIQALPLEKKGYCHREN I PRFY YNSLENKELPFIYKGEGGNENRFKTKERCESMEMKE, (24-84)
5. mansoni % SSFEEVEOLPKDPGPCERFOTRY FYDSSTSKERVFLYGGELGNFNRFLLRKEGELAGSOF (852-912)
T. 5uis & PEVENPEELPSDSGEORMY FTKY Y YNKETKKCETFVY GGEOGNANRFDTLEECEAKGREG (729-789)
B. taurusiaprotinin) e AQREDFELE PEY TGECIM@R I IRY FYNAKAGLEQTFVYGGERAKRNNFKSAEDEMRTEGGA (34-93)
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Supplementary fig. S1. Amino acid sequence alignment of predicted Kunitz domains of
the Kunitz-type inhibitor 1 from Eudiplozoon nipponicum (EnKT1) and other selected
Kunitz proteins. The P1 and P1’ positions of the reactive sites are shaded in black.
Cysteine residues stabilizing Kunitz domain loops by creating disulfide bonds are shaded
in dark grey. Important residues of reactive sites at P6-P5’ positions and the P18’ position
are shaded in light grey. Numbering represents true positions within the amino acid
sequences of particular proteins. Organisms were divided into six groups according to
their taxonomic classification and marked by symbols: parasitic platyhelminths, parasitic
nematodes, snakes, anemones, spiders, bovines. Sequences used: Pseudonaja textilis
(GenBank accession number Q90WAIL.1), Oxyuranus microlepidotus (Q61TB4.1),
Trichuris trichiura (CDWS57127.1), Eristicophis macmahoni (P24541.1), Echinococcus
granulosus (EUB61666.1), Anemonia sulcata (Q9TWEFS8.1), Vipera renardi
(AEI52542.1), Nematostella vectensis (XP_001621919.1), Latrodectus hesperus
(ADV40356.1), Opisthorchis viverrini (OON23666.1), Schistosoma japonicum
(CAX74161.1), Clonorchis sinensis (GAAS54961.1), Schistosoma haematobium
(XP_012800948.1), Schistosoma mansoni (XP_018648650.1), Trichuris suis
(KHJ42567.1), Bos taurus (P00974.2).
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Supplementary fig. S2. Alignment of partial amino acid sequences of enzymes involved in
coagulation and fibrinolysis from carp, bovine and human. (A) Thrombin Cyprinus carpio
(GenBank accession number KTF81317.1), Bos taurus (NP_776302.1), Homo sapiens
Bos
(NP _001073682.1), Homo sapiens (NP_001299603.1), (C) plasmin — Cyprinus carpio
(KTF80813.1), Bos taurus (NP_776376.1), Homo sapiens (AAA36451.1). The catalytic
triads of the active site are shaded in black. Conserved motifs around active site residues are
shaded in dark grey. Residues of the substrate-binding sites involved in determination of
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substrate specificity are shaded in light grey.
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Experimental blood

CT (s)

Control/0.2 pM Control/0.5 pM Control/1 pM Control/2 pMm Control/3 pM Control/4 pM
rEnKT1 rEnKT1 rEnKT1 rEnKT1 rEnKT1 rEnKT1
Healthy 832/826 879/752 752/847 701/368 706/989 722/1162
900/901 793/871 783/925 737/879 707/976 735/1176
973/966 851/913 926/1042 749/956 737/1009 706/1138
FXa («1%) 1021/1020 1021/1001 1066/1099 1082/1040 ND ND

Supplementary Table S1. Particular values of coagulation times of recalcified citrated
whole human blood in the presence of various concentrations of recombinant Kunitz-type
inhibitor 1 from Eudiplozoon nipponicum (tEnKT1). Measured with star-tem ROTEM
reagent (NATEG) in three biological replicates (healthy donors) and in one patient with
Factor X deficiency. CT is expressed in seconds. Each concentration of rEnKT1 was
associated with an appropriate control (PBS without rEnKT1). ND, not done.
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Zavér a diskuze

Tato dizertaCni prace predstavuje prvni rozsahlejsi prizkum a funk¢ni popis
bioaktivnich molekul, které se podileji na pfijmu a traveni krve u krevsajicich monogenei.
Z biochemického a molekuldrniho hlediska se jednd o opomijenou skupinu
ektoparazitickych helminti 1 piesto, ze nckteré druhy zplsobuji velké Skody
v akvakulturach ryb. Dikazem toho muze byt, Ze v ramci monogenei jsou dostupna
genomicka data pouze u dvou druhd, mukofiga Gyrodactylus salaris a hematofaga
Protopolystoma xenopodis, a transkriptomova data pouze u mukofaga Neobenedenia
melleni a nyni téZ diky na$i praci u hematofdga Eudiplozoon nipponicum. Tato data
nabizeji do budoucna moznost provedeni srovnavaci studie téchto dvou potravnich
strategii. Z predbézného prizkumu je napft. patrné, ze mukofagové maji elastaze podobné
serinové peptidazy, které nebyly nalezeny u hematofaghi (Mikes, nepublikovano).
Nicméné momentalni nedostatek experimentalnich dat u ostatnich monogenei vylucuje
provést jakékoliv srovnani z biochemického hlediska. Informace jsou dostupné pouze
z ultrastrukturalnich a histochemickych analyz. Proto tato prace piedstavuje v podstaté

pilotni studii.

Eudiplozoon nipponicum je ektoparazit, ktery se fadi mezi prvousté Zivocichy
s jednim piijimacim a vyvrhovacim otvorem. S hostitelem komunikuje pouze skrze Gstni
otvor. Nicméné doposud nebyly popsany Zadné molekuly, které se téchto interakci
ucastni. V prednim stievé se nachdzeji etné pridatné zlazky, ve kterych by mohly byt
obsazeny rizné bioaktivni molekuly, které by se mohly podilet na interakcich
s hostitelem, nebo na pfijmu a zpracovani krve (Smyth er Halton, 1983a; b). Dalsi
molekuly se mohou dostat do exkrecné sekre¢nich produkti parazita s nestravenymi
zbytky potravy, které se uvoliuji regurgitaci ze stfeva ven. Tréveni proteini je u
krevsajicich paraziti jednim z hlavnich proteolytickych procest, ktery se mlize znacné
lisit u jednotlivych druhti parazit zastoupenim podilejicich se peptiddz, ale i mistem, kde
probihd. Napf. u schistosom traveni probiha extracelularn€ v lumen stfeva, kam jsou
travici peptidazy sekretovany z gastrodermis (Caffrey ef al., 2004). U fasciol dochazi ke
kombinaci extraceluldrniho a intracelularniho traveni. Nejprve dochéazi k degradaci
hemoglobinu v lumen stfeva na mensi fragmenty, které jsou pak vstiebany do bunck
gastrodermis, kde traveni pokracuje (Robinson et al., 2008). U klistat probihd traveni

hemoglobinu intracelularné v lysozomalnim cyklu uvnitt travicich bunék (Sonenshine,
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1991). U E. nipponicum se ndm podafilo prokazat, Ze za hlavni proteolytickou aktivitu
jsou zodpovédné cysteinové peptidazy, a to zejména katepsiny L. Nicméné z vysledki
prace je patrné, ze na degradaci hemoglobinu se podileji jak cysteinové, tak aspartické
peptidazy. Podobné je tomu i u mnoha dalSich parazitli, jako je motolice Schistosoma
mansoni (Caffrey et al., 2004) nebo klist¢ Ixodes ricinus (Sojka et al, 2013). U
E. nipponicum aktivita katepsini L pfevazovala nad aktivitou katepsinti D a nasledn¢ i
nad katepsiny B. Proto jsem se v této praci zaméfila na detailni charakteristiku
katepsini L. Pomoci degenerovanych primert a PCR metod byly ziskdny dvé kompletni
sekvence katepsinti L E. nipponicum (EnCL1 a EnCL3), které byly vyprodukovany
v rekombinantni formé. Katepsiny L prokazaly substratové preference typické pro
katepsiny L, liSily se pouze v pH profilech aktivity viici fluorogennim substratim. Byly
schopné Stépit hemoglobin, albumin, kolagen, IgG a fibrinogen a oba katepsiny byly
lokalizovany uvnitf hematinovych (travicich) bunék, ale i v lumen stieva. Na zakladé
ultrastrukturnich analyz z dostupné literatury se pfedpokladalo, Ze traveni krve probiha
intracelularné v lysozomalnim cyklu uvnitf travicich bun¢k (Smyth et Halton, 1983)
podobné jako je tomu u klistat (Sonenshine, 1991). Nicméné z vysledkt této prace je
patrné, zZe k prvni fazi traveni by mohlo pravdépodobné dochazet extracelularné v lumen
stfeva za ptitomnosti sekretovanych peptidaz, podobné jako je tomu u motolice Fasciola

hepatica (Robinson et al., 2008).

Transkriptomova analyza dospélce krevsajictho monogenea E. nipponicum
odhalila Siroké spektrum katepsinti L (10 transkriptl), pouze jeden katepsin B a tii
katepsiny D. Jeden z katepsini D obsahuje mutaci v aktivnim misté, coZ zplisobuje ztratu
jeho hydrolytické aktivity (Dvotakova, nepublikovano). Analyza transkriptomu odpovida
poméroveé zastoupeni enzymu u nékterych dalSich krevsajicich helminti. Napf. u
F. hepatica bylo nalezeno 27 cysteinovych peptidaz a pouze 1 aspartickd peptidaza
(katepsin D). U Fasciola gigantica bylo identifikovano 14 cysteinovych peptidaz (Kasny
et al., 2009; Rawlings et al., 2010) a u Fascioloides magna jich bylo zaznamenano 9
(Cantacessi et al., 2012). Produkce Sirokého spektra peptiddz s riznymi substratovymi
preferencemi umoznuje parazitovi efektivnéji degradovat hostitelské makromolekuly.
Strukturni vlastnosti nékterych katepsinli L u E. nipponicum vykazovaly odliSnosti od
typickych katepsinti L. S2 kapsa je klicovy determinant substratové specifity papain-like
peptidaz (Choe et al., 2006). Proto jsme provedli srovnani sekvenci ziskanych katepsinii

L a zaméfili se na kompozici S2 kapsy aktivniho mista, kterd byla u nékterych vice
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odlisna. Katepsiny L E. nipponicum se na zéklad¢ rozdilné polarity a naboje S2 kapsy
rozdé¢lily do 3 skupin. Jako ptiklad zde uvadim EnCL6, kde negativné nabity Asp v pozici
205 (cislovani podle papainu) v S2 kapse muze katepsinu L dat specifitu podobnou
katepsintim B. Ortology EnCL6 maji amfipaticky Gly133 v S2 kapse, ktery je typicky pro
katepsin S nebo pro ,,plerocerkoid growth factor* (PGF) u larvalniho stadia tasemnice
Spirometra. U EnCL2 naznacila kompozice S2 kapsy, ze se mize jednat o potencidlni
kolagenazu/elastdzu. Pfitomnost aromatického zbytku Tyr/Trp67 v aktivnim misté je
typicka pro katepsin L2 a L3 u F. hepatica a lidsky katepsin K, které ochotné $tépi kolagen
a elastin (Lecaille et al., 2002; Corvo et al., 2009). Navic exprese EnCL2 u dosp¢lého
stadia je velmi nizka. Siroké zastoupeni katepsint L s riiznou mirou exprese u dospé&lého
stadia E. nipponicum pravdépodobné naznacuje dulezitost téchto enzymui v riznych
dé&jich zivotniho cyklu parazita vcetné rozdilnych zivotnich stadii jako je napft.
onkomiracidium, diporpa nebo dospélec. U endoparazitli typu F. hepatica se katepsiny L
podileji, krom¢ trdveni, na tkédfiové migraci, Gniku pfed imunitni odpovédi, excystaci
metacerkarii nebo na produkeci vajicek (Tort er al, 1999; Dalton et al., 2006). I u
Schistosoma mansoni bylo detekovano vice katepsint L, kde SmCL1/F, SmCL2 a SmCL3
se podileji na traveni hemoglobinu (Caffrey et al., 2004, Dvotédk et al., 2009). SmCL2,
kromé podilu na trdveni, byl v jedné studii detekovan i v pohlavni soustave samic (Michel
et al., 1995), coz vSak dalsi studie vyvraci (Bogitsh et al., 2001). U E. nipponicum byly
biochemicky charakterizovany pouze dva katepsiny L z deseti identifikovanych v
transkriptomu, a ty se pravdépodobné¢ ti€astni trdveni. Zbylé enzymy mohou mit rozdilnou
lokalizaci, ale 1 rozdilnou funkci v organizmu. Sekrece proteolytickych enzymi do
vngjSiho prostiedi, jako toho vyuZzivd napt. F. hepatica pifi tkédnové migraci, se u
ektoparazita zijiciho na zabrach kapra zda byt nepravdépodobna. Nicméné oba katepsiny
L byly detekovany v exkre¢né sekrecnich produktech dospélce. Mohou tedy hrat
teoreticky roli i1 v interakcich s hostitelem. Zajimavé je, ze EnCL1 narozdil od EnCL3
neobsahuje N-terminalni signalni sekvenci typickou pro sekretované proteiny.
Nepfitomnost signalni sekvence u katepsini L byla popsana 1 u nékolika dalSich
organizmu jako je napf. plostice Rhodnius prolixus (Lopez-Ordofiez et al., 2001). U
lidského katepsinu L byla prok4dzana piima sekrec¢ni dréha diky aminokyselinové sekvenci
—SXPXV lokalizované v C-terminalni sekvenci enzymu (Chauhan et al, 1998).
V transkriptomu dospélce E. nipponicum byl nalezen 1 dalsi katepsin L (EnCL5), ktery

neobsahuje signalni sekvenci. Doposud neni jasné, jaké intramolekularni signaly by
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mohly byt zahrnuty v sekreci téchto enzymu a zda jsou skute¢né sekretovany. K odhaleni
mechanizmu sekrece by mohla napomoci lokalizace EnCL5 spolu s ovéfenim, zda je
pfitomny i v exkrecné sekrecnich produktech, s naslednym porovndnim jejich primarni
struktury s EnCL1. Nicméné z vysledkt lokalizace a detekci EnCL1v sekretomu je
patrné, Ze k sekreci dochazi. Oba charakterizované katepsiny L byly imunohistochemicky
lokalizovany ve stievé dosp€lce, nicméné u protilatek nebyla oveéfovana zkiizena
reaktivita. Pro potvrzeni vysledkii byly navrzeny specifické RNA proby a byla provedena
RNA in situ hybridizace, ktera lokalizovala oba katepsiny L uvniti travicich bunék stfeva.
Nicméné sense RNA proby, které byly pouzity jako kontrola, reagovaly stejné jako
antisense RNA proby. Z literatury je zndmo, Ze vice neZ 30 % transkribovanych genti u
clovéka ma antisense transkripci (Ozsolak et al., 2010) a podobné je tomu i u jinych
organizmu (Osato et al., 2003; Steigele et Nieselt, 2005; Henke et al., 2015). Vldknové
specifickou RT-PCR byla ovétena ptitomnost obou transkriptii ve vzorcich. Pfitomnost
pfirozené se vyskytujicich antisense transkriptl by mohla slouzit k regulaci genové
transkripce (Pelechano ef Steinmetz, 2013). Zaroven nebyla provedena kolokalizace obou
enzymi najednou, takze nejsme schopni fict, jestli se EnCL1 nachazi ve stejnych

kompartmentech/vacécich jako EnCL3, coz by bylo dobré do budoucna ovéfit.

Vzhledem k tomu, Ze piijem a traveni krve se neobejde bez reakci s koagulaénim
systémem, testovali jsme extrakty dospé€lct E. nipponicum na ptitomnost téchto latek. Ve
vzorku solubilniho proteinového extraktu dospélce se podafilo detekovat inhibi¢ni
aktivitu vici peptiddzdm zahrnutym v koagula¢ni kaskadé, jako je faktor Xa a trombin, a
zaroven 1 proti plazminu, ktery je soucasti fibrinolyzy. Z vysledkli je patrné, Ze
E. nipponicum muiZe mit vice neZ jeden inhibitor serinovych peptidaz a zda se, Ze extrakt,
ktery je komplexnim vzorkem, obsahuje spektrum inhibitorti s rozdilnymi funkcemi a
vlastnostmi (coz se prokazalo 1 v dalsi studii, kde jsme se zabyvali charakterizaci jednoho
ze serpinit E. nipponicum a jejimz jsem spoluautorem — (Roudnicky et al., 2018)).
V transkriptomu dospé€lce byly nalezeny serpiny, annexiny, proteiny s Kunitz a Kazal
doménami. My jsme se v rdmci prace zaméfili na inhibitory Kunitzova typu, jichz bylo
v transkriptomu objeveno nejméné Sest rozdilnych (nepublikovano). Nekolik Kunitz
proteind melo riizné substituce v P1 pozici a bud’ vykazovaly vysokou podobnost anebo
se lisily v mistech mimo aktivni doménu. Data byla ovéfena sekvenaci (Mikes a
Havelkova, tustni sdé€leni). Jeden znich (EnKTI1) vykazoval vysokou podobnost

s textilininem, antihemorhagickym faktorem zjedu pakobry vychodni Pseudonaja
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textilis. Proto byl EnKT1 vyprodukovan v rekombinantni form¢ a biochemicky a funkcné
charakterizovan. Inhibicni efekt EnKT1 vici faktoru Xa byl prokazan, ale jeSté veEtsi
inhibice byly zaznamendna proti plazminu a plazmovému kallikreinu in vitro.
Antikoagulacni  aktivita EnKTIl byla potvrzena tromboelastografii, zatimco
antifibrinolytickou aktivitu se prokdzat nepodatilo. Z téchto vysledkl je patrné, Ze se
muzZe jednat o potencialni antikoagulant cileny proti faktoru Xa. Pro ovéfeni nasi hypotézy
byla pouzita krev pacienta s deficitem faktoru Xa, kterd jasné ukazala, ze EnKT1 nemél
zadny efekt na prodlouzeni ¢asu koagulace oproti testovanym krvim u zdravych osob, u
kterych probihala koagulace krve podstatné rychleji (Manikkan, 2012). Faktor Xa je
klicovy prvek v koagulacni kaskade vSech obratlovell véetné ryb a hraje hlavni roli pii
preméné protrombinu na trombin (Krishnaswamy, 2013). Byt s piesvédcivym
vysledkem, experiment byl proveden pouze s krvi jednoho pacienta s deficitem faktoru
Xa a proto by bylo dobré pokus jest¢ zopakovat. Testy byly provadény na lidské krvi
v nemocnici, kde na pfistrojich nelze pouzivat rybi krev — proto by bylo dobré dale ovétit
1 antikoagulacni efekt EnKT1 v systému s rybi krvi. Nicméné mechanizmy a molekularni
nastroje hemokoagulace jsou u obratlovct zna¢né konzervované (Doolittle ez Surgenor

1962 v Jiang et Doolittle, 2003; Tavares-Dias et Oliviera, 2009).

Abychom dokézali Iépe odhadnout funkci EnKT1 u dospélce E. nipponicum, byl
EnKTI lokalizovan — a to uvnitf travicich buné¢k stfeva. Nejdiive byla pouzita metoda
RNA in situ hybridizace, kde dochazalo k barveni kontrolni sense proby, stejné jako
v piipadé katepsinli L. Proto jsme pro potvrzeni pouZili metodu imunolokalizace, kde bylo
zapotiebi zesilit detek¢ni signal a EnKT1 byl detekovan opét uvnitt travicich bunék,
nikoliv v8ak v lumen stfeva dospélce. Nicméné EnKT1 obsahuje signdlni sekvenci a jeho
pfitomnost byla potvrzena 1 v exkre¢né sekre¢nich produktech. Je mozZné, Ze se v lumen
stteva nachéazi pouze v malém mnozstvi a jeho signal byl pod detek¢nim limitem, anebo
muze byt v komplexu s jinym proteinem. Déle se podafilo prokéazat, ze EnKT1 je schopen
inhibovat rybi komplement in vitro a jedna se tak o prvni parazitdrni Kunitz protein, u
kterého byla schopnost blokovat komplement prokézana. Rybi komplement, na rozdil od
savCiho, vykazuje $irSi diverzitu komplementovych slozek (vice ortologh ¢i kopii gent
nekterych slozek) a je schopen aktivace v Sirokém rozmezi teplot. Tim se stavd velmi
silnym vrozenym obrannym mechanizmem imunity u ryb (Boshra ef al., 2006). Proto
inhibice komplementu bude evidentné pro rybi parazity velmi diilezita. Funk¢ni testy byly

provadény pouze na rybi krvi. Proto by bylo dobré ovétit, zda EnKT1 ma schopnost
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inhibovat 1 lidsky komplement, a zdda ma tedy dal$i biomedicinsky potencial, coz se
v ramci prace z casovych divodu testovat nepodarilo. EnKT1 nejlépe blokoval lidsky
plazmovy kallikrein v testech in vitro. U plazmového kallikreinu se dlouhou dobu
ptedpokladalo, Ze hraje vyznamnou roli v koagulaci krve, jako ¢ast kontaktniho systému,
ktery muze aktivovat vnitini cestu koagulace (Dennis ef al., 1995, Wu, 2015). Kallikrein-
kininovy systém reprezentuje kaskadu, ktera vede k produkci bradykininu Stépenim
vysokomolekularniho kininogenu. Miize mit tedy vliv na tvorbu zanétu, ovlivnit tlak krve
anebo bolest (Bryant et Shariat-Madar, 2009). Na druhou stranu rybi krev se 1i$i od lidské
tim, Ze neobsahuje plazmovy kallikrein (Wong et Takei, 2013). Proto schopnost EnKT1
inhibovat plazmovy kallikrein u ryb z pohledu parazita nema Zadny vyznam. Nicméné
schopnost inhibovat plazmovy kallikrein v lidské krvi by mohla byt vyuzita v mediciné
podobné jako je tomu u aprotininu nebo textilininu-1 (Flight ez al., 2005). Dale jsme
prokéazali schopnost EnKT1 inhibovat plasmin in vitro, ale neschopnost inhibovat
fibrinolyzu lidské krve in vitro. Zajimavé vysledky nés ptivedly na propojeni kaskad
koagulace, fibrinolyzy a komplementu, které spolu uzce spolupracuji (Rittirsch et al.,
2008). Je znamo, ze plazmin, kromé fibrinolyzy, mtize mit i dalsi funkce, jako napt. spolu
s faktorem Xa mohou hrat roli jako C3 a C5 konvertazy pfi aktivaci komplementu (Amara
et al., 2010). Proto schopnost EnKT1 inhibovat plazmin i faktor Xa mlzZe byt klicovym
prvkem pro zabranéni aktivace komplementu a mize slouzit jako ochrana bun¢k a tkani
parazita. Nicmén¢ je tfeba ovéfit, zda za inhibici funkce komplementu stoji tento efekt,
nebo interakce s jinymi peptidazami, napt. MASP-1, MASP-2, Cla. Ve funk¢nich testech
byla urychlend pfeména plasminogenu na plasmin vyvoldna pfidanim tPA (tkanovy
aktivator plasminogenu). Je tedy moZné, Ze ptfed aktivaci plasminu byl jiz EnKT1
sekvestrovan faktorem Xa. Proto ve srovnani s aprotininem, ktery své antifibrinolytické
vlastnosti prokdzal, ale s faktorem Xa nereaguje (Flight et al., 2009), by EnKT1 pfi
stejnych koncentracich fibrinolyzu nemusel zablokovat. Bylo by tedy vhodné hypotézu
ovefit a méteni zopakovat 1 s vy$Simi koncentracemi EnKTI1. Zajimavé vysledky se
objevily 1 pfi méfeni hodnot maximalni pevnosti srazeniny (MCF, maximum clot
firmness) v ptitomnosti EnKT1. Nizké hodnoty MCF poukazuji na sniZeny pocet nebo
funkeci destic¢ek, nizkou hladinu fibrinogenu anebo poruchy polymerace fibrinu v dasledku
snizené aktivity faktoru XIII. Vysledky by tedy mohly naznacit, Ze EnKT1 mtzZe mit vliv

1 na funkeci krevnich desticek nebo aktivitu faktoru XIII. Nicméné hypotézu je tieba ovéfit.
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Zaveérem lze shrnout, Ze ze ziskanych dat ndm vyplyva, Zze EnKT1 by mohl byt
bifunk¢ni protein, ktery v prubéhu sani parazita blokuje koagulaci krve a zaroven brani
bunky stfeva pted aktivitou komplementu. Soucasné jsou nejspiSe molekularni slozky
téchto efektorovych drah v hostitelské krvi S§tépeny ucinnymi protedzami parazita,

zejména katepsiny L, vyskytujicimi se i v lumen stieva.

Je tedy patrné, Ze monogenea maji celou fadu zajimavych molekularnich nastroja,
kterymi dokazou efektivné ziskavat a zpracovavat nasatou krev a ptipadné interagovat se
svymi hostiteli. Proto detailni popis struktury a funkci téchto molekul muize vést
k objasnéni interakci mezi parazitem a hostitelem, a to hlavné z pohledu patogeneze a rybi
imunity. Na druhou stranu muize vést 1 k nalezeni molekul s potencidlnim uplatnénim

v medicin€ nebo pfi vyvoji vakcein cilenych proti parazitim.
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Publikace ¢. 1: Major acid endopeptidases of the blood-feeding monogenean

Eudiplozoon nipponicum (Heteronchoinea: Diplozoidae).
- Sdilené spoluautorstvi

- Méfeni peptidazovych aktivit v solPE a ESP E. nipponicum. Ziskani kompletnich
sekvenci katepsinti L pomoci degenerovanych primeri, PCR a RACE PCR a jejich

bioinformatické analyza. Podil na interpretaci dat a sepisovani publikace.

Publikace €. 2: Cysteine peptidases of Eudiplozoon nipponicum: A broad
repertoire of structurally assorted cathepsins L in contrast to the scarcity of
cathepsins B in an invasive species of haematophagous monogenean of common

carp.

- Produkce rekombinantnich katepsinti L, jejich purifikace a aktivace. Funkéni
charakterizace katepsinti L a jejich lokalizace ve tkani dospélce E. nipponicum
pomoci RNA in situ hybridizace a imunohistochemie. Podil na bioinformatické

anotaci struktur enzymd, interpretaci dat a sepisovani publikace.
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complement in vitro.

- Produkce rekombinantniho Kunitz inhibitoru, purifikace a jeho funkéni
charakterizace. Lokalizace pomoci metody RNA in situ hybridizace ve tkani

dospélého Cerva. Podil na interpretaci dat a sepisovani publikace.
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Seznam zkratek

ESP - exkrecné sekrecni produkty
solPE - solubilni proteinovy extrakt
iKT - inhibitor Kunitzova typu

CP - cysteinové peptidazy

iCL - inhibitor cathepsinu L

AK - aminokyseliny

Cat L/B/C/D - kathepsiny L/B/C/D
SP - signalni peptid

LAP - leucin amino peptidaza

MBL - lektin vazajici manozu

SCP - serinova karboxypeptidaza
MAC - membranovy uto¢ny komplex (membrane attack complex)
tPA - tkanovy aktivator plasminogenu

MCF - maximalni pevnost sraZzeniny (maximum clot firmness)
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