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Seznam zKkratek

A Angstrom, 101%m
AdAPR-1 aspartatova proteasa 1 z méchovce lidského (4Ancylostoma duodenale)
AdCP2 cysteinova proteasa 2 z méchovce lidského (4ncylostoma duodenale)
AMC aminometylkumarin
BPTI ,bovine pancreatic trypsin inhibitor*, inhibitor hovéziho trypsinu ze slinivky
CEW ,,Chicken Egg White”,
CPA cysteinova proteasa A z ni¢ivky Utrobni (Leishmania donovani)
CPB cysteinova proteasa B z ni¢ivky trobni (Leishmania donovani)
CEW ,»chicken egg white®, cystatin z kura domaciho (Gallus gallus)
CTLA ,cytotoxic T-lymphocyte associated protein protein asociovany
s cytotoxickymi T-lymfocyty
CyLS ,cystatin-like stefin®, cystatinu podobny stefin
DPAPI1 dipeptidyl aminopeptidasa 1 ze zimnicky tropické (Plasmodium falciparum)
DTT dithiotreitol
EDTA kyselinu ethylendiamintetraoctova
ESP exkre¢né sekre¢ni produkty
FgStfl stefin 1 z Fasciola gigantica
FhAE legumain (asparagyl- endopeptidasa) z motolice jaterni (Fasciola hepatica)
FhCBI1 katepsin B1 z motolice jaterni (Fasciola hepatica)

FhCLI1-5 katepsiny L1-5 z motolice jaterni (Fasciola hepatica)
FhKT1.3 inhibitor z rodiny Kunitz-BPTI z motolice jaterni (Fasciola hepatica)

FhStf1-3 stefiny 1-3 z motolice jaterni (Fasciola hepatica)

FhSrp1-4 serpiny 1-4 z motolice jaterni (Fasciola hepatica)

FPLC ,.fast protein liquid chromatography®, rychla proteinova kapalinova
chromatografie

FRET Forsteriv rezonan¢ni prenos energie

Hyp hydroxyprolin

ICso koncentrace inhibitoru potfebna k dosazeni 50% inhibice aktivity enzymu

IrAE legumain (asparagyl- endopeptidasa) z klistéte obecného (Ixodes ricinus)

IrCB katepsin B z klistéte obecného (Ixodes ricinus)

IrCC katepsin C z klistéte obecného (Ixodes ricinus)

IrCL1 katepsin L1 z klistéte obecného (Ixodes ricinus)

IrCL3 katepsin L3 z klistéte obecného (Ixodes ricinus)

IrCD katepsin D z klistéte obecného (Ixodes ricinus)

kDa kilodalton

NaAPR-1 aspartatova proteasa 1 z méchovce amerického (Necator americanus)

NaAPR-2 aspartatova proteasa 2 z méchovce amerického (Necator americanus)

NaCP3 cysteinova proteasa 3 z méchovce amerického (Necator americanus)

NEJ nove excystovani juvenilové

NK ,natural killer, pfirozené zabijecské bunky

PEG polyetylenglykol

PDB ,protein data bank”, databaze proteinovych struktur

RMSD ,Joot mean square deviation, stredni kvadraticka odchylka

SmCBI katepsin B z krevnicky stfevni (Schistoma mansoni)

SmCC katepsin C z krevnicky stifevni (Schistoma mansoni)

SmCD katepsin D z krevnicky sttevni (Schistoma mansoni)

SmCL1 katepsin L1 z krevnicky stifevni (Schistoma mansoni)

TbCB katepsin B z trypanosomy spavi¢né (7rypanosoma brucei)

TLR ,» Toll-like receptors®, receptory podobné genu Toll
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Abstrakt (CJ)

Proteiny z rodiny cystatini jsou dilezitymi inhibitory cysteinovych proteas typu katepsini
a ucastni se fady patologii. Parazitarni cystatiny jsou atraktivni cilové molekuly pro regulaci
parazitd, ale je o nich dosud malo informaci. Tato prace se zaméfuje na cystatiny dvou
vyznamnych krevsajicich parazitd: klistéte obecného (Ixodes ricinus) jako hlavniho vektoru
lymské borelidzy a klistové encefalitidy, a motolice jaterni (Fasciola hepatica), pivodce
fascioldzy. Byla provedena funk¢ni a rentgenostrukturni charakterizace ¢tyf novych cystatint,
ktera umoznila urcit strukturni podstatu inhibi¢ni specifity a vysvétlit je v kontextu evoluce
cystatini a jejich fyziologické role.

Cystatin FhCyLS-2 z F. hepatica ma §irokou inhibi¢ni specifitu a hraje pravdépodobné
dudlni roli pfi regulaci proteolytickych systémi v tkani hostitele a ve stfevu parazita.
FhCyLS-2 kombinuje unikatnim zpiisobem charakteristiky dvou podrodin cystatini
a predstavuje modelového zastupce nové evoluéni skupiny cystatinid identifikované u nékolika
fadh parazitickych motolic.

Ricistatin a iristatin jsou cystatiny ze slin /. ricinus, jejichz imunomodula¢ni ptisobeni
na hostitele je zplsobeno vyjimecné uzkou inhibi¢ni specifitou. Ta byla vysvétlena
strukturnimi modifikacemi ve vazebnych segmentech inhibitorti. Modifikace maji jiny
charakter u ricistatinu a iristatinu, jak bylo prokazdno s vyuzitim krystalové struktury
komplexu s proteasou, a odliSuji dvé fylogenetické skupiny slinnych cystatind klistat.
Mialostatin ze stfeva . ricinus ma nemodifikované vazebné segmenty zajiStujici Sirokou
inhibicni specifitu, kterd umoziuje efektivné regulovat multienzymovy travici proteolyticky
systém klistéte.

Disertacni prace piinasi nové informace o strukturné-funkénich vztazich u parazitarnich
cystatinti a jejich molekularni evoluci ke specializovanym fyziologickym funkcim. Studované
cystatiny predstavuji potencidlni antigeny pro vyvoj antiparazitdrnich vakcin a maji

farmakologicky zajimavé G¢inky s moznym vyuzitim v biomediciné.



Abstract (EN)

Members of the cystatin family are important inhibitors of cathepsin-type cysteine
proteases and are involved in a number of pathologies. Parasite cystatins are attractive target
molecules for parasite control, but our knowledge about them is still limited. This work is
focused on cystatins of two blood-feeding parasites: the common tick (Ixodes ricinus) as the
main vector of Lyme disease and tick-borne encephalitis, and the liver fluke
(Fasciola hepatica), the causative agent of fasciolosis. Four novel cystatins were functionally
and structurally characterized to define the structural determinants of their inhibitory
specificity and to describe them in the context of evolution and physiological role of cystatins.

The cystatin FhCyLS-2 from F. hepatica has broad inhibitory specificity and is suggested
to play a dual role in the regulation of proteolytic systems in host tissue and the parasite gut.
FhCyLS-2 combines the characteristics of two cystatin subfamilies in a unique way and is
a model representative of a novel evolutionary group of cystatins identified in several orders
of parasitic flukes.

Ricistatin and iristatin are salivary cystatins of /. ricinus with immunomodulatory effects
on the host caused by an exceptionally narrow inhibitory specificity. This specificity was
explained by structural modifications of the binding segments of the inhibitors.
The modifications have a different pattern for ricistatin and iristatin, as was demonstrated
by the crystal structure of'the cystatin-protease complex and are the principal feature
distinguishing two phylogenetic groups of tick salivary cystatins. Mialostatin from /. ricinus
gut contains unmodified binding segments, providing a broad inhibitory specificity that enables
effective regulation of the multienzyme proteolytic digestive system of the ticks.

The thesis provides new information on structure-function relationships in parasite
cystatins and their molecular evolution towards various physiological roles. The studied
cystatins represent promising antigens for the development of antiparasitic vaccines and have

pharmacologically interesting properties for potential biomedical applications.



1. Teoreticky uvod

1.1. Cysteinové proteasy

Proteasy, oznacované i jako proteinasy nebo peptidasy, jsou enzymy hydrolyzujici
peptidovou vazbu proteind a peptidi. Jsou pfitomny u vSech zivych organismii a maji
nezastupitelnou Ulohuv cel¢ tadé¢ fyziologickych dé&t. Lidsky genom obsahuje
vice nez 600 geniti kodujicich rlizné proteasy, coz predstavuje cca 3 % vsech genti |

Proteasy lze klasifikovat n€kolika zplisoby. Dle pozice §t€pené peptidové vazby se déli na
endopeptidasy, sté€pici uvniti polypeptidového fetézce, a exopeptidasy Stépici peptidové vazby
z C-konce (karboxypeptidasy) nebo N-konce (aminopeptidasy) substratu. MEROPS databaze
zavadi Clenéni na zdklad¢ jejich 3D architektury do 53 rtznych klan a dle sekvencni
piibuznosti do 266 rodin 2. Hlavni rozd&leni proteas Ize provést dle stavby katalytického centra
a mechanismu hydrolyzy $tépené peptidové vazby. Timto zplisobem se proteasy déli do sedmi
rtiznych tiid — na serinové, cysteinove, aspartatove, glutamatové, threoninové, asparaginové
proteasy a metaloproteasy 2,

Cysteinové proteasy jsou tieti nejrozsifenéjsi rodinou proteas po serinovych proteasach
a metaloproteasach. Jsou tvofeny deviti klany, které jsou slozené zcelkem 67 rodin.
Z nich, nejrozsahlejsi a nejvice studovanou je rodina Cl nesouci nazev podle prvni
identifikované proteasy — papainu 2. Dal§imi vyznamnymi rodinami cysteinovych proteas jsou
kalpainy (C2), legumainy (C13) a kaspasy (C14).

Do rodiny papainu patfi i skupina proteas, pivodné popsanych jako lysosomalni, znamych
jako cysteinové katepsiny. U clovéka je nyni terminem katepsin oznaCovdno celkem
15 proteas. Tato heterogenni skupina je tvofena 11 cysteinovymi proteasami (katepsiny B, C,
L,K,S,F, H, O, V, X, W zrodiny Cl), 2 serinovymi proteasami (katepsin A z rodiny S10
a katepsin G z rodiny S1) a 2 aspartatovymi proteasami (katepsiny D a E z rodiny A1) °.
Jednotlivé lidské katepsiny slouzi diky svym odliSnym vlastnostem jako modelové proteasy

pro klasifikaci homolognich proteas identifikovanych u ostatnich organismi 2.

1.1.1. Struktura cysteinovych katepsini
Funkéni molekulou cysteinovych katepsinii jsou monomery o velikosti 20-35 kDa.
Vyjimkou je katepsin C, jehoz funk¢ni jednotkou je homotetramer o celkové molekulové
hmotnosti cca 200 kDa . Jako prvni byla v roce 1984 vyfesena prostorova struktura rostlinného
papainu z papdji obecné (Carica papaya), kterd nyni slouzi jako strukturni archetyp

cysteinovych katepsinti (Obr. 1). Papain je monomerni, globuldrni dvoudoménovy protein



s molekulovou hmotnosti 24 kDa °>. Domény jsou oznacovéany jako leva a pravéa podle polohy
pii konvenénim zobrazeni ®. Zatimco leva doména je tvofena predevsim o-§roubovicemi, pravé
obsahuje pfedevsim B-struktury. Aktivni misto se nachazi v prohlubni mezi doménami a na

jeho dné se naléza katalyticka dyada tvorena zbytky Cys25 a His159.

Obr. 1: Molekula papainu v konvenéni orientaci. Katalyticka doména papainu (znazornéna
jako Sedy povrch) se sklada ze dvou domén odlisenych barevné ve stuzkovém modelu. Leva
(L) doména je oznacena zelen¢ a obsahuje pouze a-Sroubovice, prava (P) doména oznacena
azurové je tvofena predevsim [-strukturami. Kazdd doména nese jeden zbytek katalytické

dyady zbytk Cys a His (Servené). Pievzato z © a upraveno.

Mechanismus Stépeni peptidového substratu (Obr. 2) je shodny pro vSechny cysteinové
katepsiny a jsou pro néj kritické predevsim dva aminokyselinové zbytky tvotici konzervovanou
katalytickou dyadu — Cys25 a His159 (&islovano dle zralého papainu) ’. Po navazani substratu
do aktivniho mista proteasy thiolova skupina cysteinu, ktera v deprotonované forme slouzi jako
nukleofil, atakuje uhlik karbonylové skupiny Stépené peptidové vazby. Dojde k vytvoteni
tetrahedralniho intermediatu, ktery je stabilizovany postrannim fetézcem GInl9. V dal§im
kroku je rozstépena peptidova vazba, uvolni se prvni produkt z C-konce substratu a vznika
kovalentni komplex acyl-proteasa. Déale deprotonovana molekula vody nukleofilné atakuje
karbonylovy uhlik komplexu acyl-proteasa za vzniku dal$iho tetrahedralniho intermediatu.

Poslednim krokem je deacylace proteasy, uvolnéni druhého produktu a regenerace proteasy ’.
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Obr. 2: Katalyticky mechanismus cysteinovych katepsinii. Stépeni substratu se odehrava
v Sesti krocich: 1) nukleofilni atak deprotonované thiolové skupiny Cys25 na karbonylovy
uhlik peptidové vazby, 2) vznik thioesterového intermedidtu a naslednd deprotonace
imidazolového kruhu His159, 3) vznik komplexu acyl-proteasy a uvolnéni prvniho produktu
(amin), 4) nukleofilni atak molekuly vody na thioesterové vazany uhlik, 5) vznik druhého
thioesterového intermediatu a 6) uvolnéni druhého produktu (karboxylové kyseliny)

a regenerace aktivniho mista enzymu. Pfevzato z ® a upraveno.

Stépeny peptidovy substrat se vaze do aktivniho mista a vypliiuje boénimi fetézci
aminokyselinovych zbytkl jednotliva vazebné podmista proteasy (Obr. 3). U papainu bylo
definovdno 5 podmist konvenéné oznaCovanych jako S3, S2, S1, S1° a S2’. PfisluSnym
aminokyselinovym zbytklim substratu potom odpovidajici jednotlivé pozice oznaCované jako

P3, P2, P1,P1’ aP2’.
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Stépend peptidova vazba
Substrat l i e

C-konec

Obr. 3: Schematické znazornéni vazby peptidového substritu do aktivniho mista
proteasy. Zobrazeny jsou pozice jednotlivych aminokyselinovych zbytkli peptidového
substratu (P4-P4"), které se vazou do odpovidajicich podmist enzymu (S4-S4"). Stépena

peptidova vazba mezi zbytky P1 a P1” je znazornéna Cerveng. Pievzato z ° a upraveno.

Substratova specifita papainu je primarné ur¢ena podmisty S1 a S2, kdy podmisto S1
preferuje velké bazické aminokyseliny (Arg, Lys) a podmisto S2 vaZe vSechny hydrofobni
aminokyseliny (pfedevsim Val). Lidské cysteinové katepsiny vykazuji specifitu podobnou
papainu, ovSem n¢které z nich maji odlisné preference pro podmisto S2. Katepsiny L a V
preferuji aromatické aminokyseliny pted hydrofobnimi, katepsiny F, K a S preferuji alifatické
aminokyseliny a katepsin B nema vyhranénou specifitu pro podmisto S2 '°.

Substratova specifita je stéZejni pro biologickou funkci dané proteasy. Napft. katepsin K je
vyuzivan osteoklasty pro degradaci kostni matrix, kterd je slozena pfedevsim z kolagenu typu
I s typickou sekvenci Gly-Xxx-Xxx, kde Xxx muze byt jakdkoliv aminokyselina, ale nejCasté;ji
se jedna o Pro. Katepsin K preferuje v podmisté S2 Pro a dokaze tak konzervovanou sekvenci
kolagenu vazat a efektivng degradovat .

Cysteinové katepsiny jsou pievazné endopeptidasami, pouze n€kolik z nich, katepsiny B,
C, H a X, vykazuji exopeptidasovou aktivitu, ktera je zplisobena implementaci specifickych
strukturnich segmenti: smycek, zbytki aktivacnich peptidi ¢i celych domén (Obr. 4).
U exopeptidas je ptistup substratu do S nebo S° podmist aktivniho mista t€émito segmenty
omezen. To umozni vazbu pouze N- nebo C-konce substratu a ke Stépeni tedy dochéazi pouze
v aminopeptidasovém resp. karboxypeptidasovém modu '2. Konkrétng katepsin H piisobi
jako aminopeptidasa '3, katepsin C jako aminodipeptidasa (dipeptidylpeptidasa) ¢, katepsin X
jako karboxypeptidasa '* a katepsin B jako karboxydipeptidasa (peptidyldipeptidasa) '°.
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Obr. 4: Struktura cysteinovych katepsini s exopeptidasovou aktivitou. Pfidatné strukturni
segmenty zodpoveédné za exopeptidasovou specifitu modifikuji zédkladni endopeptidasovou
architekturu. Klicové strukturni segmenty exopeptidas jsou superponovany pies povrch
endopeptidasy katepsinu L (Sed€) s vyznacenou katalytickou dyadou (cystein — zluté, histidin
— oranzov¢). Segmenty jsou zobrazeny stuzkovym modelem pro aminopeptidasu katepsin H
(,,mini-fetézec” — Cervené), aminodipeptidasu katepsin C (,,exclussion domain“ — zeleng),
karboxypeptidasu katepsin X (,,mini-smycka* — fialov€) a karboxydipeptidasu katepsin B

(,;occluding loop* — azurové). Pievzato z 'S,

1.1.2. Role cysteinovych katepsinii v biologii ¢lovéka
Jednou z hlavnich tloh katepsint v tkdnich je $tépeni bunécnych proteinii v lysosomech.
Do lysosomil je nespecificky sméfovan veSkery material pohlceny buiitkou, membranové

17,18

proteiny nebo fagocytované patogeny Zarovenr jsou do lysosomul specificky

19 Koncentrace

transportovany cytosolarni proteiny pomoci receptori a transportéri
jednotlivych katepsinti miize byt v lysosomech az 1 mM 2°, zaroveii je zde udrzovano kyselé
pH (rozmezi 4,5-5,0) odpovidajici pH optimu téchto proteas.

Funkce katepsinii nicméné nejsou limitovany pouze na nespecifickou degradaci proteind,
ale hraji dulezitou roli 1 pfi vysoce specifickych procesech. Prikladem je aktivace zymogent
proteas (granzymil, neutrofilni elastasy, chymasy ¢&i tryptasy) v pfipadé katepsinu C, Ha L 22,

$tépeni invariantniho fetézce MHC Il receptorti v endosomech antigen-prezentujicich bungk 23,
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role signalnich molekul diky aktivaci Mas-ptibuznych GPCR receptorti katepsinem S *
nebo procesovani Toll-like receptort (TLR3, TLR7 a TLR9) katepsinem B a H, kter¢ je

podminkou jejich spravné funkce 2.

Vétsina lysosomalnich cysteinovych katepsintl je
exprimovana vSemi druhy bunék, ale nékolik katepsinti vykazuje tkanové specifickou expresi.
Jedna se zejména o katepsin K (osteoklasty), katepsin S (antigen-prezentujici bunky), katepsin
V (brzlik, rohovka a varlata) a katepsin W (NK buiiky, T-lymfocyty) '2. Tkatiové specificky
vyskyt jednotlivych katepsinti je spole¢né s nejbeznéjsimi patologiemi shrnut v Tab. 1.
Katepsiny byly ptivodné popsany jako lysosomalni proteiny, ale v poslednich letech se
ukdzalo, ze katepsiny maji pfirozené funkce i mimo lysosom, napt. v cytosolu pfi regulaci
apoptosy a zanétu ¢ nebo v bunééném jadru pii regulaci bunééného cyklu ?’. Katepsiny B a L
jsou sekretovany do mimobunécného prostoru, kde degraduji proteiny extraceluldrni matrix,

8 & specificky aktivuji cytokininy

odstrafiuji membranové receptory a adhezni molekuly 2
a riistové faktory 2>, Dal§im katepsinem cilené sekretovanym do mezibunééného prostoru je

katepsin K, ktery je vyuZivan osteoklasty pii odbouravani kostni tkané 3'.

Tab. 1: PFehled lidskych cysteinovych katepsind, jejich funkei a patologii. Pfevzato z *2.

Katepsin Proteolyticki aktivita Vyskyt Patologie

Katepsin B endopeptidasa/ nespecificky rakovina, revmatiodni artirida, pankreatitida
karboxydipeptidasa

Katepsin C  aminodipeptidasa nespecificky Papillon-Lefertv syndrom, Haim-Munktiv syndrom

Katepsm F  endopeptidasa nespecificky rakovina, neuronalni lipofucindza

Katepsin H  endopeptidasa/ nespecificky rakovina, aterosklerdza
aminodipeptidasa

Katepsin K endopeptidasa osteoklast osteopordza, revimatoidni artritida,

osteoartréza, pyknodysostdza
Katepsin L endopeptidasa nespecificky rakovina, aterosklerdza, epidermalni hyperplazie,
kardiomyopatie, zanétliva onemocnéni, obezita
Katepsin O endopeptidasa nespecificky rakovina
Katepsin §  endopeptidasa antigen prezentujici buitky bronchialni astma, artritida, aterosklerdza,

lupénka, rakovina, neurodegenerativni onemocnéni

Katepsin V. endopeptidasa brzlik, varlata, rohovka  autoimunitni onemocnéni, myathenia gravis
Katepsin W endopeptidasa T-lymfocyty, NK builkky  neni znamo
Katepsin X  karboxypeptidasa nespecificky rakovina, zanétliva onemocnéni

Vychyleni piesné¢ vybalancované aktivity katepsini zrovnovazného stavu je cCasto

v

pri¢inou nebo pravodnim jevem riaznych patologickych stavli (Tab. 1). Napiiklad ztratou

aktivity katepsinu C dochazi ke vzniku Papillon-Lefévrova a Haim-Munkova syndromu 3.
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Zvysena aktivita katepsinu K zplisobuje osteopordzu 4, a naopak ztrata jeho aktivity vede
k pyknodysostoze *. Zvysend aktivita katepsinu S v séru je spojovéana s diabetem 2. typu 3°.
Déle cysteinové katepsiny hraji roli v zanétlivych onemocnénich plic 37, Alzheimerové
chorobé ¥, aterosklerdze *°, tvorbé aneurysmat *°, svalové dystrofii #', revmatoidni artritidé *?

43 Casto byva aktivita cysteinovych katepsini zvySena pii niadorovém

a osteoartroze
onemocnéni, ta je potom spojovdna s horSi progndzou, jelikoz usnadiiuje angiogenezi
a metastazovani rakovinnych bungk *46. Nékolik katepsin@i bylo navrzeno jako prognostické

markery u nadorového onemocnéni krve, prsu, stiev, plic, jater, prostaty nebo slinivky 474

1.1.3. Parazitarni cysteinové katepsiny
Parazitarni ortology katepsinii jsou oznaCovany na zakladé jejich homologie
k archetypalnim lidskym katepsinim. U parazitti prodélaly katepsiny na rozdil od clovéka
bouflivy vyvoj a diky duplikaci archetypalnich genli nyni parazité disponuji celymi genovymi
rodinami katepsind. Nejvice ortologti bylo popsano pro katepsiny L, B, C a F. Jako ptiklad
lze uvést katepsiny L zmotolice jaterni (F. hepatica), kterd nyni disponuje celkem

26 isoenzymy katepsinu L (Obr. 5) *°.

Klad 1A

FhCL1Bn11
FhCLiBar

FhCL1C jpA

FGCLIC thA
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FgCL1C ¢cn (specificky pro F. gigantica)

Klad 1B

FhCL1C jpB
74 FgCL1C thB
82 [ FacLs e
00 { FhCLS aud
100 FhCLS aus$
e FhCL2jn3
97 o5 FgCL2 thD
00 FhCL2tr
e FhCL2 ie2
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y |_: FhCL4 uy?
100 FhCLA uy18
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FhCL3 uyS
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100
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Obr. 5: Fylogeneticka analyza genové rodiny katepsinu L u F. hepatica a F. gigantica.
Z ptivodniho jednoho genu pro katepsin L u F. hepatica duplikacemi a néslednou divergenci
vznikla genova rodina nyni zahrnujici 7 riznych kladi s celkem 32 isoenzymy. Pro zakofenéni

stromu byl pouzit papain z Carica papaya. Pfevzato z °' a upraveno.
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Lidské katepsiny a jejich parazitarni ortology jsou strukturné velmi blizké, a to navzdory
pomérné nizké sekvenéni identité 32. Velky podet aminokyselinovych zdmén tedy neovlivnil
charakteristickou strukturu zndmou u archetypalnich lidskych katepsind, ale byly ziskény jiné
funkéni charakteristiky, jako jsou napt. SirSi pH optimum, vys$i stabilita ¢i odli§nd substratova
specifita 3. Napiiklad lidsky katepsin L vykazuje pH optimum mezi 4,5 a 5,5 a pii pH 7,0 je
inaktivovan v tadu minut. Jeho ortolog IrCL1 zklistéte obecného (Ixodes ricinus) ma
pH optimum posunuté do velmi kyselé oblasti 3,0-4,0 ** a miize tak efektivné degradovat
hemoglobin, ktery v pH pod 3,5 denaturuje >°. Oproti tomu katepsiny L z trypanosomy spaviéné
(Trypanosoma brucei) a F. hepatica jsou stabilni a aktivni pii velkém rozpéti pH od 3,0 do 9,0.
Diky tomu mohou kombinovat funkci travicich proteas a soucasné¢ modulovat hostitelské

prostiedi >67.

1.1.4. Role cysteinovych katepsinu v biologii paraziti
U parazith maji cysteinové katepsiny specifické role, které souviseji s jejich Zivotni
strategii. U vSech parazitl, krom¢ hmyzu a koryst, plni cysteinové katepsiny nenahraditelnou
roli v traveni krevnich proteinti hostitele. K degradaci hemoglobinu parazité vyuzivaji kaskadu
proteolytickych enzymi zalozenou na cysteinovych katepsinech (rodina C1), legumainu
(rodina C13) a aspartatové protease katepsinu D (rodina A1) 33-%%°_ Tato proteolytick4 kaskada

je prekvapivé konzervovana napfi¢ riznymi parazity (Tab. 2) a je spole¢nd mnoha helmintim

60-62 63-65

, prvokiim i ¢lenovelim % a bude ji detailn& vénovana pozornost v kapitolach 1.7.1
a 1.8.1. Nékteré parazitarni cysteinové katepsiny jsou sekretované do hostitelského prostredi,
kde jsou diky vyssi stabilité naddle aktivni a mohou ovliviiovat rizné molekuldrni procesy
v tkanich hostitele, véetn& imunitni odpovédi *°. Endoparazité jsou parazité Zijici dlouhodobé
v téle svého hostitele. Ke vstupu do hostitele a k migraci do cilového organu vyuzivaji
specifické cysteinové katepsiny. Ty jsou schopné §té€pit napi. proteolyticky velmi odolnou
strukturu  kolagenu a umoZiiuji parazitim pronikat ptfes extracelularni —matrix

a tkanové bariéry 6768,
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Tab. 2: Prehled vyznamnych paraziti s proteolytickym travicim systémem zaloZenym
na cysteinovych a aspartatovych katepsinech. Ekonomicky vyznamna onemocnéni jsou

oznadena (a). Pievzato z '°.

Parazit Klasifikace Travici proteasy Onemocnéni (milidény
cysteinové proteasy  aspartatové proteasy Nakazenych osob)
rodiny papainu rodiny pepsinu

Trypanosoma americka a spaviéna  protisté cruzain, rhodesain, Chagasova choroba,

(Trypanosoma cruzi, T. brucei (prvoci) TbCB spava nemoc” (10)

gambiense/rhodesiense)

Nicivka utrobni (Leishmania protisté CPA, CPB leishmanioza (1,5)

donovani) (prvoci)

Zimnicka tropicka (Plasmodium protisté falcipain 2, 3, 2', plasmepsin I, II, IV malarie (350)

falciparum) (prvoci) DPAPI

Krevnicka stievni (Schistosoma helminti SmCBI, SmCC, SmCD schistosomoza

mansoni) (plosténci) SmCL (bilharzidza) (240)

Motolice jaterni (Fasciola hepatica) helminti FhCB, FhCL fascioloza® (5)

(plosténci)

Méchovec americky a lidsky helminti necpain, NaCP3, NaAPR-1, 2, ankylostomoza (700)

(Necator americanus, Ancylostoma  (hlistice) AdCP2 AdAPR-1

duodenale)

Klisté obecné (Ixodes ricinus) ¢lenovel IrCB1, IrCL1, IrCC  IrCDI1 vektor lymeské

(pavoukovci) borrelidzy a klist'ové

encefalitidy

1.2. Regulace cysteinovych katepsini

Hydrolyza peptidové vazby katalyzovana proteasami je déj obecné nevratny, a proto musi
byt ¢innost 1 cysteinovych katepsini piisné¢ regulovéna, a to pomoci nékolika riiznych
mechanismi. Patfi sem regulace genové exprese, alternativniho sestitihu mRNA
a kompartmentace butiky ¢°. S kompartmentaci souvisi i dal$i mechanismus regulace pomoci
pH. Lidské katepsiny maji pH optimum v mirné¢ kyselé oblasti a v neutralnim pH jsou,
s vyjimkou katepsinu S, velmi nestabilni. V cytosolu tedy podléhaji rychlé denaturaci, ¢imz je

potlagena jejich aktivita 707!,
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Obr. 6: Struktura zymogenu katepsinu B1 z krevni¢ky stievni (Schistosoma mansoni).
Stuzkovy model propeptidu (zelen€) blokuje aktivni misto katepsinu mezi L a R doménami

(fialové) a interaguje s katalytickymi aminokyselinovymi zbytky (Zlutg). Pievzato z 7.

Dal$im mechanismem typickym pro cysteinové katepsiny je syntéza ve form¢ neaktivniho
zymogenu. U zymogenu je aktivni misto katepsinu vyplnéno propeptidem, ktery sekvencné
pfedchazi katalytické doméné katepsinu (Obr. 6). Retézec propeptidu je stabilizovan
proti $tépeni, protoZe prochazi aktivnim mistem v opa¢ném sméru nez substrat . Aktivace
zymogenu muze probihat bud’ autokatalyticky, kdy v kyselém prostiedi dochazi k disociaci
propeptidu z aktivniho mista zymogenu a jeho fragmentaci ostatnimi molekulami daného
katepsinu, nebo trans-aktivaci pomoci jiné proteasy, typicky jinym cysteinovym

74,75

nebo aspartaitovym katepsinem nebo legumainem . Autoaktivaéni procesy nékterych

katepsinti mohou byt modulovany zaporné nabitymi polysacharidy, napt. glykosaminoglykany
7276 Poslednim mechanismem vyuzivanym pro regulaci cysteinovych katepsini jsou
proteinové inhibitory proteas, kterymi se tato disertacni prace zabyva a bude jim vénovana

nasledujici kapitola.
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1.3. Pfirozené inhibitory cysteinovych katepsinii

Pfirozen¢ se vyskytujici proteasové inhibitory mohou byt latky bud’ proteinove,
nebo nizkomolekularni. Proteinové inhibitory jsou vSeobecné ptfitomné u vSech organismd.
Jejich roli je pfedevsim regulace vlastnich proteas ¢i ochrana tkani ptfed proteolytickym
poskozenim a jsou detailnéji popsany v dal$i kapitole. Nizkomolekularni inhibitory jsou
syntetizovany predevSim bakteriemi, houbami a rostlinami jako ochranné molekuly
proti patogeniim.

Mezi prvni popsané piirodni nizkomolekuldrni inhibitory cysteinovych katepsinii patii

71 78 79

leupeptin "', chymostatin a antipain identifikované v aktinobakteriich. Tyto
peptidyl-aldehydové inhibitory se kovalentné vazou na katalyticky zbytek katepsinu. Jejich
peptidova Cast nezaru€uje dostatecnou specifitu a tak jsou silnymi inhibitory jak cysteinovych,
tak serinovych proteas .

Prvnim identifikovanym specifickym inhibitorem cysteinovych katepsint je epoxid E-64
(systematickym nazvem N-[N-(L-3-trans-karboxyoxiran-2-karbonyl)leucyl]-agmatin) z houby
Aspergillus japonicus ®'. Struktura E-64 je uvedena na Obr. 7, agmatinova skupina vypliuje
podmisto S3, zbytek leucinu hydrofobni podmisto S2 a reaktivni epoxidova skupina se nachézi
v blizkosti katalytického cysteinu ®. Reakce probihd nukleofilnim atakem katalytického
cysteinu na epoxidovy C2 uhlik E-64. Diky kombinaci vysoké reaktivity a dostatecné
specificity je E-64 pouzivan k dikazu aktivity cysteinovych proteas. Struktura E-64 byla déle
modifikovana a bylo vyvinuto mnoho derivati se specializovanymi vlastnostmi (Obr. 7),
napi. E-64d schopny prochéazet pres biologické membrany 2 nebo CA-074, ktery je

specifickym inhibitorem katepsinu B #.

(A) (9)

(B) (
/C)K_‘ OL rx/[\‘;‘ JN'{ j J Q JO‘ O \H
! J A " h, S 0
HO LSNPS N, o7 ™ N N N W)LN
& N E)]/ x N T \/Y N X N f .m/?
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Obr. 7: Prirozeny inhibitor cysteinovych proteas E-64 (A) a jeho syntetické derivaty
E-64d (Aloxistatinu, B) a CA-074 (C). Pievzato z 3 a upraveno.

V moftskych houbach, cyanobakteriich a rostlinach bylo popsano mnoho dalSich inhibitorti

v

katepsindl, z nichZ nejvyznamné&jsi jsou miraziridin A *°, tokaramid A %6, gallinamid A ¥’
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grassypeptolidy A, B a C %% panduratin A a nikolaioidesin C %°. Mezi zajimavé skupiny
bioaktivnich malych molekul patii triterpeny, flavonoidy a alkaloidy, které¢ stericky snadno
vypliuji aktivni misto cysteinovych proteas, a jejich néktefi zastupci funguji jako slabé,
kompetitivni inhibitory cysteinovych katepsint *.

Pfirodni inhibitory a substraty cysteinovych katepsinti pfinaseji nové strukturni vzory
vyuzitelné k vyvoji silnéjSich ¢i specifictéjSich inhibitora a 1éCiv a je jim v soucasné dobé
vénovana velkd pozornost. Inhibitory odvozené z peptidové stavby se nazyvaji
peptidomimetika a obsahuji typicky ¢ast zodpovédnou za vazbu do aktivniho mista proteasy
a reaktivni skupinu (tzv. warhead), ktera umoziuje kovalentni vazbu s katalytickym cysteinem
% Tyto inhibitory se daji rozdélit dle povahy kovalentni vazby vytvoifené s proteasou
na ireverzibilni inhibitory (halomethylketony, diazomethany, epoxysukcinylové derivaty,
acyloxymethylketony a vinyl sulfony) a reverzibilni inhibitory (peptidyl aldehydy, nitrily,

methylketony) °'92,

Vyvinuté prototypové latky mohou byt nasledné modifikovany
tak, aby splnily farmakologickd kritéria a mohly se stat registrovanymi [éCivy,
jako napf. nirmatrelvir G¢inny proti hlavni protease viru SARS-CoV-2 . Potentni a specifické
inhibitory lze dale vyuzit i jako soucast tzv. aktivitnich sond (,,activity based probes®),

slouzicich k detekeci ¢i vizualizaci cysteinovych proteas *+%.

1.3.1. Proteinové inhibitory cysteinovych katepsint
Databaze Merops eviduje celkem 84 proteinovych rodin inhibitord proteolytickych
enzym, z nichz 8 rodin je specializovano na inhibici cysteinovych katepsinti. Nejvyznamnéjsi
a nejpocetnéjsi je rodina cystatini (125), dale to jsou napft. rodina CTLA (129), thyropiny (I31),
chagasiny (I42), clitocypiny (I48) nebo makrocypiny (I85) 2. N&které rodiny inhibitord
serinovych proteas obsahuji proteiny schopné inhibovat i cysteinové proteasy. Jako ptiklad
mohou slouzit zastupci rodiny zivocisnych (I12) 1 rostlinnych (I13) Kunitzovych inhibitori nebo

serpiny (I14) %68,

1.3.2. Mechanismy inhibice cysteinovych katepsini proteinovymi inhibitory
Existuji dva zédkladni principy, kterymi proteinové inhibitory interaguji s cysteinovymi
katepsiny a blokuji tak jejich aktivitu. Prvnim je poSkozeni architektury aktivniho mista
pti kovalentni interakci inhibitoru s katalytickym zbytkem. Tento princip je pomérné¢ vzacny
aje vyuzivan pouze serpiny (I4) a inhibitory kaspas zrodiny p35 (150) °>!%. Druhym

principem je sterické vyplnéni aktivniho mista proteasy zprostfedkované pomoci
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nekovalentnich interakci. Diky vysoké afinité reaktivnich segmentti reverzibilnich inhibitort
k aktivnimu mistu proteas jsou tyto proteiny cCasto nazyvany také jako ,tight-binding*
inhibitory '°!. Znaény interakéni povrch umoziuje vytvofit celou sit’ nekovalentnich interaket,
pfedev§sim vodikovych mistkd a hydrofobnich interakci, a diky tomu mohou dosahovat
nekovalentni inhibitory jak vysoké afinity, tak selektivity diky rozliSovani i malych
strukturnich zmén u ptibuznych katepsint. Inhibitory mohou vyuzivat i dalsi interak¢ni regiony
na povrchu proteasy mimo jeji aktivni misto, tzv. exomista, a to pro zvySeni specifity

jako napt. serpiny '°? nebo pro zvyseni afinity jako napt. hirudiny '%.

1.3.3. Piehled hlavnich rodin inhibitori cysteinovych katepsini

Rodina CTLA (koéd 129 podle Merops databaze) je tvofena propeptidy cysteinovych
katepsini a inhibitory, které vznikly genovou duplikaci segmentu propeptida z piivodnich genti
pro zymogeny cysteinovych katepsini. Jako soucast zymogent cysteinovych katepsini jsou
Siroce rozSifené¢, ovSem jako samostatné inhibitory jsou vzacné a jejich funkce
nebyla popsana 14195

Thyropiny (rodina I31) byly nejprve identifikovany jako soucdst multidoménovych
proteini thyroglobulin. Jsou stabilizované sadou disulfidickych mustka a do aktivniho mista
katepsinil se vazi pomoci trojice interakénich smycek, podobné jako cystatiny (Obr. 8).
Thyropiny jsou zna¢né selektivni v rdmeci cilovych cysteinovych katepsinil, napt. protein p41
(fragment invariantniho fetézce MHC II) je pikomoldrnim inhibitorem katepsinu L a H,
ale katepsiny S, B a C neinhibuje viibec °. Bylo prokazano, Ze ma stabiliza¢ni vliv na katepsin

L v lysosomech i v extracelularni matrix '97-108

, a UCastni se regulace antigen prezentujicich
bungk ', Thyropinovd doména je ¢asto piitomna ve velkych multidoménovych proteinech,
jako jsou napft. testikany a thyroglobuliny. Equistatin, protein ze sasanky moiské (Actinia
equina), obsahuje tfi thyropinové domény — doména 1 inhibuje cysteinové proteasy,

doména 2 aspartatové proteasy a doména 3 nejspise inhibi¢ni funkci ztratila '°.
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(A) stefin B + papain (B) falstatin + falcipain (C) chagasin + katepsin L

(D) p41 + katepsin L

Obr. 8: Struktury komplexi riznych rodin proteinovych inhibitora s cysteinovymi
proteasami z rodiny papainu. VSechny komplexy zobrazuji stejny bo¢ni pohled na komplex
proteasy (Sedy povrch) a inhibitoru (barevny stuzkovy model bez sekundarnich struktur).
(A) Komplex stefinu B z rodiny 125 a papainu (modie), (B) komplex falstatinu z rodiny 171
a falcipainu (azurov¢), (C) komplex chagasinu z rodiny 142 a katepsinu L (svétle zelen¢), (D)
komplex fragmentu p41 zrodiny 131 a katepsinu L (Cervené) a (E) komplex clitocypinu

z rodiny 148 a katepsinu V (Zlutg). Pfevzato z '°! a upraveno.

Regulace cysteinovych katepsini pomoci proteinovych inhibitori je i u paraziti nesmirné
dilezitd. V parazitickych prvocich se vyvinuly tfi vzdjemné piibuzné rodiny s nizkou

11 Jedna se

sekvencni homologii (<25%), které sdili strukturni vzor imunoglobulini
o chagasiny (rodina 142), falstatiny (I71) a toxostatiny (I81), jejichz zplsob interakce
s aktivnim mistem proteasy pomoci n¢kolika segmentl je podobny jako u cystatinti (Obr. 8)
H213 Modelovi zastupci jednotlivych rodin, chagasin z trypanosomy americké (Trypanosoma
cruzi), falstatin ze zimnicky tropické (Plasmodium falciparum) a toxostatin z kokcidie kocici
(Toxoplasma gondii) jsou pikomoléarni inhibitory hlavnich sekretovanych katepsini danych
parasitil a hraji roli pfi priniku parazita do hostitelskych bunék, pfeméné vyvojovych stadii

parazita a regulaci imunitniho systému hostitele ',
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Makrocypiny (rodina I85) a clitocypiny (I48) jsou dvé malé rodiny s pouze n¢kolika
popsanymi inhibitory z vysSich hub sdilejici obecnou strukturni architekturu s rodinou
rostlinnych Kunitz inhibitord (I3). Na rozdil od Kunitzovy rodiny neobsahuji zadné
disulfidické mustky. Nékteré inhibitory ztéchto rodin jsou schopny regulovat kromé
cysteinovych katepsinti (C1) i legumain (C13) ¢i serinové proteasy z rodiny chymotrypsinu S1

H4I15  Jejich obecnou funkci je nejspise ochrana proti patogentim a skidctim ',

1.3.4. Rodina cystatini

Cystatiny jsou nejveétsi rodinou inhibitort (kéd 125 podle Merops databéaze) cysteinovych
proteas a jsou piitomné u vSech zivych organismil s vyjimkou hub a archei. Zamétené jsou
pfedevsim na cysteinové katepsiny rodiny papainu (rodina C1), nékteré jsou schopny inhibovat
i proteasy z rodiny legumainu (C13) '®!!7. Dle primarni sekvence je 1ze rozdélit do ti podrodin
— stefiny, pravé cystatiny a multidoménové cystatiny 2. Stefiny (také oznadované jako cystatiny
1. typu) jsou jednodoménové proteiny bez signalni sekvence a disulfidickych mustki
s molekulovou hmotnosti cca 11,5 kDa. Pravé cystatiny (cystatiny 2. typu) jsou také
jednodoménové proteiny s molekulovou hmotnosti cca 13 kDa, ale disponuji signalni sekvenci
a dvéma pary konzervovanych disulfidickych mustki. Multidoménové cystatiny (cystatiny
3. typu) jsou tvoiené nékolika doménami pravych cystatini ¢i jejich kombinaci s jinymi

proteinovymi doménami ''®,

1.3.4.1.  Stefiny

Stefiny jsou diky absenci signalni sekvence intracelularnimi proteiny, které se vyskytuji
v cytosolu, mitochondriich a bunééném jadru. V lidském organismu jsou dva
homology — stefin A a B. Stefin A ma velmi omezenou tkanovou distribuci a je exprimovan
pouze buiikami epitelu, jater a lymfatickou tkdni. Tato selektivni exprese odpovidé tkdnim
zapojenym v prvni linii boje proti patogenlim, nicméné jeho funkce neni stale pfesn¢ zndma
19 "Oproti tomu stefin B je exprimovany prakticky v§emi bun&nymi typy ''®!2°, Primérni
funkci obou stefinli je ochrana pifed nezadouci proteolyzou zplisobenou cysteinovymi
katepsiny mimo jejich zakladni lysosomalni kompartment !!. Pro stefin B byla popsana i role

v regulaci bunééného cyklu, diky regulaci aktivity katepsinu L v jadru buriky '%°.
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1.3.4.2.  Pravé cystatiny
Pravé cystatiny jsou piredevSim sekretované proteiny, ale ncktefi zastupci maji
1 intracelularni funkce. V lidském organismu bylo popsdno 7 rliznych homologl cystatind,
z nichZ nejvyznamnéj$im je cystatin C, ktery reguluje aktivitu katepsini v hlavnich télnich
tekutinach '?2. Je produkovan v§emi jadernymi butikami a pouZiva se jako ¢asny biomarker

123

akutniho poskozeni ledvin '** &i kardiovaskularnich onemocnéni '?*. Jednobodova mutace

cystatinu C zpisobuje jeho oligomerizaci a naslednou amyloidovou angiopatii islandského

125 Role cystatinu C v nadorovych onemocnénich neni jednoznaéné definovéna,

typu
v nékterych typech rakovinného bujeni ma cystatin C roli supresoru, v dalSich naopak dé¢leni
podporuje a zda se, Ze interaguje i s jinymi proteiny neZ cysteinové katepsiny a legumain !%6,
Homologni cystatiny jsou soucasti dalSich d&jti v lidském organismu, napt. cystatiny D, S, SA
a SN jsou exprimovany pfedevS§im slinnymi Zldzami a chrani nejspiSe pied exogennimi
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katepsiny v ustni dutiné '/, ale maji i jiné funkce jako naptiklad u cystatinu D, ktery inhibuje

riist nadori '2® nebo prezentaci antigenit APC '?°. Cystatin E/M je exprimovan podkoZnimi
buiikami a hraje roli v homeostazi kiize a v mnoha typech nddorovych onemocnéni '*°.
Cystatin F je produkovan predevsim buiikami imunitniho systému a ovliviiuje cytotoxicitu

NK bunék a T-lymfocyth skrze inhibici katepsinti C, Ha L 3!,

1.3.4.3. Multidoménové cystatiny

Skupina multidoménovych cystatint neni monofyleticka, ale sdruzuje vzajemné
nepiibuzné proteiny vyvojove pokrocilejSich eukaryot tvofené dvéma (fetuiny, ,,histidin-rich*
proteiny), ttemi (kininogeny) a az 12 (multidoménové cystatiny parazitll)) doménami pravych
cystatinfi 8132133 Cystatinové domény téchto inhibitori ¢asto béhem evoluce ztraceji svou
schopnost inhibovat cysteinové katepsiny a ziskavaji funkce jiné, tak jako u fetuint
¢i ,,histidin-rich® proteinti '**. Inhibi¢ni funkce je naopak zachovana u kininogenti, které
ale krom¢ toho slouzi i1 jako prekurzory hormoni, a i u multidoménovych cystatint paraziti

s pravdépodobnou funkci pfi gametogenezi %13

1.3.4.4. Struktura a inhibi¢ni mechanismus cystatini
Krystalova struktura CEW (,,Chicken Egg White®) cystatinu byla vyfeSena jiz v roce 1988
aje tvorena centralni a-Sroubovici, kolem které se obtaci 5 skladanych antiparalelnich
B-struktur (Obr. 9). Tyto B-struktury jsou ¢islovany postupné od N- k C-konci a nejkratsi z nich

B1 je tvofena bud’ pouze nékolika aminokyselinami, nebo neni vytvofend viibec. Obecna
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architektura stefini a cystatini je analogickd, nicméné cystatiny obsahuji inserci

cca 20 aminokyselin mezi 3 a 4, kterd je na opacné strané molekuly nez reaktivni centrum a

136,137

par konzervovanych disulfidickych mustki

Obr. 9: Krystalova stuktura CEW cystatinu. CEW cystatin je zobrazen ve stuzkovém
modelu s vyznacenou o-Sroubovici (azurovd) a B-strukturami (fialova, ¢islované dle potadi
od N-konce), segmenty bez sekundarni struktury jsou zobrazeny rtzové. N- a C-konec
molekuly je oznacen. Tii segmenty v horni ¢asti molekuly (N a smycky L1 a L.2) tvoii reaktivni
centrum inhibitoru pro interakci s cysteinovymi katepsiny. Konzervované disulfidové mistky

jsou zobrazeny ty¢kovym modelem (&ervené). Pievzato z 3¢ a upraveno.

Prostorova struktura komplexu stefinu B s papainem (Obr. 10) ukazala, ze cystatiny
interaguji s cysteinovymi katepsiny tfemi interakénimi segmenty, N-koncem proteinu
a povrchovymi smyc¢kami L1 a L2, které jsou lokalizovany mezi sekundarnimi strukturami
B2 a B3, respektive P4 a B5 '¥7. Tyto segmenty vstupuji do aktivniho mista proteasy, kde
vypliuji vazebna podmista S3-S2°¢, a obsahuji konzervované sekvence dulezité pro afinitu

k cysteinovym katepsinim.
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Obr 10: Strukturni analyza interakce cystatini s proteasami rodiny papainu. V
inhibiénim komplexu je archetypéalni proteasa papain znizornéna stuzkovym modelem
(azurove) s Sedym transparentnim povrchem a lidsky stefin B zelenym stuzkovym modelem.
Katalytické zbytky papainu jsou zobrazeny pomoci tyckového modelu (Cervené), uvedeny jsou
interakéni segmenty (N-konec a smycky L1 a L2) a sekundarni struktury stefinu B.

Upraveno 7.

V inhibi¢nim segmentu N-konce jsou konzervované dva glycinové zbytky, které zajistuji
flexibilitu tohoto segmentu nutnou k otoc¢eni hlavniho fetézce cystatinu mezi podmisty S2 a S1.
Zarovenn umozni obsazeni podmista S3 a S2 boc¢nimi fetézci aminokyselinovych zbytki
piedchézejici Gly-Gly paru 7.

Smycka L1 obsahuje konzervovanou sekvenci Gln-Xxx-Val-Yyy-Gly, kde Xxx zbytek je
nejcastéji Ile, Leu ¢i Val a Yyy pak Ala nebo Asn. Gln z této sekvence vypliiuje podmisto
SI’aGly opét zajistuje flexibilitu této smycky. Konzervovany Val je drzen
v nestandardni kombinaci torznich 0hlh tak, aby idealné¢ vyplnil kavitu aktivniho mista
katepsinu mezi podmisty S1° a S2° 137:138,

Interakéni smycka L2 mé& konzervovanou sekvenci Pro-Trp wu cystatind
a Leu-Pro u stefind 3713, Zbytek Pro zajistuje smy¢ce L2 rigiditu, zatimco hydrofobni fetézce

Leu nebo Trp vypliuji Sirokou hydrofobni kapsu podmist S2° a S3’.
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Prispévek smycky L2 k celkové vazebné energii komplexu je ve srovnani s ostatnimi segmenty
maly, nebot’ pfispivd pouze hydrofobnimi interakcemi. VétSina (az 90 %) vazebné energie
pochazi z interakei N-konce a smycky L1; pomér jejich ptispévki se lisi podle typu navazané
proteasy a cystatinu. Vazba cystatinli do aktivniho mista proteasy je pravdépodobné zahijena
interakci boc¢nich fetézcti N-konce do podmist S2 a S3. Poté smycka L1 vyplni aktivni misto
v okoli podmista S1° a jako posledni probiha hydrofobni asociace smycky L2 s podmisty S2’
aS3 1%,

Cystatiny Casto tvoii nekovalentné vazané dimery, které neinhibuji cysteinové proteasy,
jelikoz k dimerizaci dochazi skrze inhibi¢ni smycku L1. Dimery vznikaji vzdjemnou interakci
¢astecné rozvolnénych cystatind a jednotlivé monomery si vyménuji segmenty al, p1 a f2 ',
Vazebné misto pro inhibici legumainu na zacitku ol neni poruSeno a dimerni cystatiny

141 Cystatin F jako jediny vytvaii dimer

inhibujici legumain si tuto schopnost zachovavaji
jiného typu, spojeny kovalentné pomoci disulfidu. Tento inhibicné neaktivni dimer je
v dendritickych buiikdch pfeveden na efektivni inhibitor pomoci aminopeptidasové aktivity
katepsinu H, ktery odstépi 15 zbytkl z N-konce cystatinu F %2, Dynamicka rovnovaha vzniku

+ 125,143

dimert je ovlivnéna vrozenymi mutacemi a dimery mohou déle oligomerizovat a tvofit

napf. patologické amyloidni plaky 125144,

1.4. Klisté obecné (Ixodes ricinus)

Klistata jsou ektoparazitiCti roztoci zivici se krvi svych hostitelii. Lze je rozd¢lit na tvrda
a mekka klistata, ktera se odliSuji anatomicky 1 Zivotni strategii. Nejrozsitené;si klist¢ obecné
(Ixodes ricinus) patii mezi tvrda klitata a vyskytuje se po celé Evropé. Jeho vyvoj, ktery trva
2 az 6 let, probihd s proménou nedokonalou (vajicko, larva, nymfa, dospélec) a typicky

zahrnuje tfi rizné savci hostitele (Obr. 11).
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Obr. 11: Zivotni cyklus kli§téte . ricinus. Z nakladenych vaji¢ek se vylihne Sestinoha
larva, kterd pfeckd zimu v Gkrytu a néasledné vyhleda hostitele (malé obratlovce), nasaje se
a preméni se v osminohou nymfu. Ta parazituje na vétSich obratlovcich a po nasati se méni

v dospélce. Dospélci se pafi na tietim hostiteli, nasata samicka pak odpada a po nakladeni

snisky umira. Pievzato z '4° a upraveno.

Z hlediska mediciny neni klisté vyznamné jako parazit, ale piedevsim jako vektor mnoha
zavaznych onemocnéni, klistové encefalitidy a lymské borreliozy '“°. Dale mize prenaset i
mnoho dal§ich onemocnéni napf. babeziézu, anaplazmoézu, tularémii a rikettsiozu 47,

V kazdé fazi zivotniho cyklu klistéte (instar) dochézi k sani krve pouze jednou,
a to nepretrzit¢ po nc¢kolik dni (u dospé€lé samicky az 9 dni). Po odpadnuti klistéte z hostitele
dochézi k pfeméné do dalsiho instaru & produkci vajicek a smrti %, Pfi samotném prisati
klistéte dochazi nejprve k protiznuti kiize, zanoteni chobotku (hypostom) do hostitele a fixace
v ran¢ pomoci cementu. Nasleduje faze pomalého sani, béhem které klist¢ béhem 6 dni
postupné zvysuje piijem krve, aktivuje travici kaskddu a az 10x zndsobi svlij objem. Takto
ziskanou energii vyuZzije pro tvorbu dostate¢né velké kutikuly pro zavére¢nou periodu rychlého
sani (6-8 dni). Béhem ni klist¢ opét 10x zvétsi svilj objem a celkove nasaje az 1 ml krve. Poté

klist¢ odpadne z hostitele a v ptipad¢ dospé€lé samicky jsou veskeré poziené krevni proteiny

vyuzity k produkci vajicek 4.
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1.4.1. Cysteinové katepsiny 1. ricinus
Studium fyziologické funkce Kkatepsini v klistatech se soustfedilo predevSim
na proteolytické traveni krevnich proteinli. Po naséti krve jsou hlavni proteiny hemoglobin
a sérovy albumin z lumen stfeva transportovany do lysosomt stfevnich bunék klistéte riiznym
zpiisobem — hemoglobin aktivng, sérovy albumin pasivné '*°. Zde jsou oba proteiny

66,151 "V kyselém pH lysosomtl

degradovany pomoci podobného proteolytického systému
hemoglobin spontann¢ denaturuje a uvoliluje toxickou molekulu hemu, kterd je ulozena
ve specializovanych organeldch — hemosomech '*2. Stépeni hemoglobinu bylo poprvé detailné
prozkoumano u druhu /. ricinus: zacina pomoci endopeptidas — cysteinového katepsinu L1
(IrCL1), aspartatového katepsinu D (IrCD1) a legumainu (asparaginyl endopeptidasa, IrAE)
za vzniku velkych peptidovych fragmentl o velikosti 5-7 kDa. Ty jsou nésledné degradovany
predevsim endopeptidasovou aktivitou katepsinu B (IrCB1) na kratké peptidy a dale Stépeny
pomoci exopeptidas katepsinu C (IrCC) a IrCB1 na vstiebatelné dipeptidy a jednotlivé
aminokyseliny 6. Zakladni proteolytickd kaskada je schematicky znizornéna na Obr. 12.
V poslednich letech se objevuji prace naznacujici, Ze proces traveni se po odpadnuti z hostitele
piesouva do lumenu stieva 1>315% Proteolytick4 aktivita je postupné indukovéna b&hem procesu
sati krve. Zejména od 5. dne dochazi k rychlému narastu aktivity az do maxima, kterého je
dosazeno 8. den sani ®. U ptibuzného druhu klistéte Rhipicephalus microplus byla prokazana
1 role kliStéciho katepsinu L pfi inhibici srazeni krve plisobenim thrombinu, coz je diilezité

pro skladovani krve v lumen stfeva klistéte !>
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Obr. 12: Schéma proteolytického traviciho systému klistat zaloZeného na cysteinovych
a aspartatovych proteasach. V lysozomech stievni tkané€ je hemoglobin postupné degradovan
proteasami s endopeptidasovou aktivitou (Cervenc) a nasledné proteasami s exopeptidasovou
aktivitou (modfe) na vstfebatelné aminokyseliny a dipeptidy. Uvolnény toxicky hem je
odstranén tvorbou agregatt. IrCB, IrCC, IrCD, IrCL oznacuji jednotlivé katepsiny z 1. ricinus
a IrAE (asparaginyl endopeptidasa) legumain. LAP a SCP oznacuji leucinovou aminopeptidasu

a serinovou karboxypeptidasu. Pievzato z ° a upraveno.

1.4.2. Proteasové inhibitory kliSt’at

Proteasové inhibitory kliStat jsou zkoumany piedevsim kviili jejich interakci s proteasami
hostitele a nejveétsi pozornost je tedy vénovand inhibitorim produkovanym slinnymi zldzami
klistat a injikovanym do tkané hostitele. U klistat bylo identifikovdno Siroké spektrum
proteasovych inhibitort z celkem 18 raznych rodin. Nejvice identifikovanych zastupci
(asi 75 %) jsou inhibitory serinovych proteas, zejména zrodin Kunitz-BPTI (rodina 12)
a serpint (I4). Druhou nejpocetnéjsi skupinou (cca 10 %) jsou zastupci rodiny cystatint (I125)
jako inhibitory cysteinovych proteas. Dale jsou ve slinach klistéte pfitomny inhibitory
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metaloproteas a a2-makroglobuliny Nejlépe jsou popsané interakce proteinovych

inhibitorl se serinovymi proteasami koagula¢ni kaskddy (pfedevSim zastupci Kunitz-BPTI

a serpinil) a imunitniho systému hostitele (zastupci Kunitz-BPTI, serpinti a cystatint) %7158,

Endogenni funkce proteasovych inhibitora klist'at nebyly dosud detailné studovany, ale byla

navrzena jejich role pfi embryogenezi, v imunitnim systému kli$téte a pfi regulaci traveni 7.
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1.4.3. Rodina cystatini u kli§tat
V klistatech byla prokazana produkce intracelularnich stefinti a sekretovanych pravych
cystatini. Pro stefiny byla identifikovana tada sekvenci, ale jejich funkce nebyly dosud
studovany. Detailné bylo popsano pét zastupcl stefini (Rmcystatin-1b '>°, Hlcyst-1 160,
DvM602 ' Bmcystatin-1 2 a RHeyst-1 '9), u kterych byla diskutovana mozna udast
na regulaci traveni nebo funkce v embryogenezi °%164165 Biochemicky bylo charakterizovano
zhruba 15 zastupcii pravych cystatinl identifikovanych ve slinnych Zlazach, ale také ve stievu

a dalSich tkanich, ptehledné jsou uvedeny v tabulce 3. K dneSnimu dni nebyly u /. ricinus

popsany zadné inhibitory z cystatinové rodiny.

Tab. 3: Piehled zastupci rodiny cystatini z kli¥tat a jejich predpokladané funkce. Udaje

o inhibi¢ni specifité¢ jsou omezené vzhledem k nejednotnému spektru testovanych proteas.

Ptevzato z 137166 a upraveno.

Podrodina Jméno Druh Klistéte Inhibované katepsiny Odhadovana fyziologicka funkce

stefiny Hleyst-1 Haemaphysalis longicornis B. H, L, papain traveni

prave cystatiny HISC-1 Haemaphysalis longicornis L. papain traveni, modulace imunitniho systému klistete

pravé cystatiny Hlcyst-2 Haemaphysalis longicornis L modulace host. imunitniho systému, interakce s patogeny
pravé cystatiny Sialostatin L Ixodes scapularis L, V, papain modulace host. imunitniho systému

prave cystatiny Sialostatin L2 Ixodes scapularis LV.S modulace host. imunitniho systému, interakce s patogeny
pravé cystatiny BrBmeys2b  Rhipicephalus microplus B.C,L traveni, modelace imunitniho systému klistete

pravé cystatiny BiBmeys2c  Rhipicephalus microplus C,L traveni, modelace imunitniho systému klistéte

prave cystatiny Rmcystatin-3  Rhipicephalus microplus B, L, travici RmCL1 modelace imunitniho systému klistéte

stefiny Bmcystatin  Rhipicephalus microplus B.L embryogeneze

stefiny Rmecystatin-1b Rhipicephalus microplus B, L, papain, travici RmCL1 traveni

pravé cystatiny Ra-cyst-1 Rhipicephalus appendicularus  nejsou znamy traveni

stefiny RHcyst-1 Rhipicephalus haemaphysaloides B, C. L, S, papain embryogeneze

pravé cystatiny REHcyst-2 Rhipicephalus haemaphysaloides B, C, H, L, S, papain embryogeneze

pravé cystatiny OmC2 Ornithodoros moubata B, C,H, L, S, papain traveni, modulace host. imunitniho systému

prave cystatiny OmCl1 Ornithodoros moubata B, C, H, papain traveni

Klistové pravé cystatiny nejsou pfili§ specifické, typicky jsou jejich inhibi¢ni konstanty
viucéi vSem testovanym cysteinovym katepsinim velmi blizké (v rozsahu dvou tada) a tlumi
tak pravdépodobné veskerou proteolytickou aktivitu cysteinovych katepsinti v jejich cilovém
prostfedi 7. Odhad jejich fyziologické funkce se tedy zaklada predevsim na jejich lokalizaci.
Stfevnim cystatiniim je piisuzovana regula¢ni funkce v procesu traveni ', cystatiniim slinnych
714z modulace imunitni odpovédi hostitele '%® a cystatiny pfitomné ve vaje¢nicich a vejcich
maji vliv na embryogenezi '®. Zastupce nalezeny v tukovém télisku a hematocytu nejspise
hraje roli v imunitnim systému klistéte '°. Nicméné& je ¢asté, Ze jsou jednotlivé cystatiny
pfitomny ve vice typech tkani najednou, a tak nejspiSe zastdvaji vice zminénych tkanove

specifickych funkci %,
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Sialomu klistat (transkriptom ze slinnych zl4z) je vénovana velkd pozornost, s cilem
porozumeét procestim spojenym se sanim a travenim krve, pfenosem patogenti a modulaci
hostitelského prostfedi. Proto patfi k prvnim nejlépe prozkoumanym cystatinim klistat
zastupci ze slin, jako jsou homologické sialostatiny L a L2 z klistéte Ixodes scapularis.
Sialostatiny disponuji unikétnim inhibi¢nim profilem, ktery je zaméfen zejména na cysteinové

katepsiny s endopeptidasovou aktivitou !0%17,

Jejich prostorova struktura odhalila
modifikovanou smycku L2 se zbytky Asn/Ser-Leu, kterd pfipomind konzervovany motiv
stefinfi Pro-Leu, misto motivu Pro-Trp typického pro pravé cystatiny ''®. U stefindi nicméng
tato smycka nevede ke stejnému inhibi¢nimu profilu. Sialostatiny jsou pfitomné ve slinach
1. scapularis amaji silné a komplexni imunomodulaéni a¢inky. Tlumi dozravani cytotoxickych
T-lymfocytlh skrze inhibici katepsin Sa L, zodpovédnych za generaci peptidi

168,171

pro MHC II receptory antigen-prezentujicich bunck . Inhibice katepsini L a H muze

ovliviiovat produkci cytokinii s komplexnim vlivem na imunitni systém hostitele 7.
Vyznamnad je i inhibice katepsinu C, ktery je zodpovédny za aktivaci granularnich serinovych
proteas (granzym A a B, tryptasa, proteinasa 3, chymasa, katepsin G a elastasa) v riznych
druzich imunitnich bun&k '"%!73. DuleZitost sialostatint pro klistata dokazuji i experimenty
s cilenym tlumenim jejich exprese pomoci RNA interference, pfi nichz 40 % klistat nebylo
schopno dokon¢it krmeni 74, To dé&l4 ze slinnych cystatind klist'at zajimavé antigeny pro vyvoj

protikliStécich vakcin, které by zabraniovaly dlouhodobému sani klist'at na hostiteli a pfenosu

patogeni.

1.5. Motolice jaterni (Fasciola hepatica)

Motolice jaterni (Fasciola hepatica) je vyznamny, celosvétové rozsifeny paraziticky
helmint. Ma slozity dvouhostitelsky zivotni cyklus (Obr. 13) svodnim plzem jako
mezihostitelem a velkymi bylozravymi savci, ale 1 clovékem jako definitivnim hostitelem.
Zpisobuje onemocnéni fasciolozu, kterou jsou nakazeny zhruba 3 miliony lidi a dalsi desitky
milionti jsou v ohroZeni '7°. Dale m4 fascioléza obrovsky dopad na produkei hospodéiskych
zvitat s odhadovanymi ztratami v fadu miliard dolar ro¢n€. Soucasna terapie spoléha pouze

na piipravek triklabendazol !, proti kterému jsou hlaseny rezistentni kmeny jiz od 90. let !7.
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Obr. 13: Zivotni cyklus motolice jaterni (F. hepatica). Schéma Zivotniho cyklu
s jednotlivymi vyvojovymi stadii, s mezihostitelem a definitivnimi hostiteli; lokalizace dané¢ho

stadia je uvedena v zavorce. Pevzato z !”® a upraveno.

Po pozieni rostliny s cystami metacerkarii definitivnim hostitelem dojde ve dvanactniku
diky zméné pH k excystaci juvenilnich motolic oznacovanych NEJ (nové excystovani
juvenilové). Ty pronikaji stievni sténou do bfiSni dutiny a nasledné na zhruba 10 tydni
do jaterniho parenchymu. Poté juvenilni motolice migruji do Zzlu¢ovodd, kde pohlavné
dospivaji a za¢inaji klast vajicka odchazejici se stolici '7°. Dospélci F. hepatica se dozivaji
az 13 let a zivi se krvi a tkani stén zlucovodd '*°. Fascioléza mé akutni a chronickou fazi.
Akutni faze za¢ind proniknutim larev stfevni st€énou a konci dosaZzenim pohlavni dospélosti
ve zlucovodech. Je charakteristicka silnou zanétlivou odpovédi organismu a mize dochazet
k lokalnim nebo systémovym alergickym reakcim a vnitinimu krvaceni '8'. Nasledna
chronicka faze je jiz bezpiiznakova s mirné zvysenou hladinou eozinofilnich granulocytd 32,

Traveni proteind u motolic probiha zpoc¢atku v lumen stfeva, které je slepé, a proto je jeho
obsah vyvrhovan zhruba kazdé 3 hodiny, jako prevence akumulace toxického hemu 17,
Takto se do okoli parazita dostdva velké mnozstvi parazitarnich proteas, inhibitorti a dalSich

molekul. Tato smés latek vylu€ovanych parazitem do prostiedi hostitele se nazyva sekretom ¢i

exkre¢né-sekrecni produkty (ESP).
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1.5.1. Cysteinové katepsiny u F. hepatica

Cysteinové katepsiny helmintii prodélaly velkou funkéni diverzifikaci spojenou casto
se vznikem genovych rodin uritych typd katepsintl '. F. hepatica ztratila geny kodujici
katepsin C a F, ale jeji geny pro katepsiny L a B prod¢laly silnou expanzi, a tak nyni disponuje
26 ruznymi isoenzymy katepsinu L (FhCL) (Obr. 5, kapitola 1.4), 11 isoenzymy katepsinu B
(FhCB) ¢i 8 isoenzymy legumainu (FhAE) 3!,

F. hepatica je na rozdil od I ricinus endoparazitem a je tak v delSim kontaktu
s hostitelskym prostfedim. Tomu odpovida rozsifeny repertoar funkei cysteinovych katepsini,
ktery krom¢ traveni zahrnuje i degradaci tkani hostitele nebo ovlivnéni hostitelského
imunitniho systému. Spektrum exprimovanych proteas F. hepatica se v prubéhu Zivota parazita

zasadn€ méni (Obr. 14).

noveé excystovani juvenilové juvenilové dospélci
penetrace + migrace migrace + traveni traveni

FhAE

FhCL3

FhCB

Obr. 14: Slozeni sekretovanych katepsint v riznych fazich Zivotniho cyklu F. hepatica
u definitivniho hostitele. U NEJ jsou exprimovany piedev§im katepsiny FhCL3 a FhCB
zajistujici penetraci stievni stény a migraci dutinou bfiSni. FhAE (legumain) slouzi
k trans-aktivaci FhCB. V jaternim parenchymu je exprese FhCL3 a FhCB, postupn¢ nahrazena
travicimi katepsiny FhCL1 a FhCL2. Tyto dvé proteasy spolu s FhCL5 pak u dospélct tvofi

vice nez 80 % veskerych sekretovanych proteintl. Pfevzato z °! a upraveno.
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Traveni hemoglobinu u F. hepatica probihd v lumen stieva v mirné kyselém pH,
pii kterém tetramery hemoglobinu disociuji °’. Pfedpoklada se, Ze nejdiive katepsiny L
(FhCL1, FhCL2, FhCLS) Stépi molekulu hemoglobinu na kratké fragmenty o délce
4-14 aminokyselin, které jsou transportovany do bunék stievniho epitelu '33. Dalsi degradace
probihd v lysosomech téchto bunék pomoci katepsinit B (FhCB) a metaloproteas (leucinové
aminopeptidasy) na jednotlivé aminokyseliny a dipeptidy '**. Hlavni travici proteasa motolice
je FhCL1, ktery je specializovan na §tépeni hemoglobinu, s podmistem S2 specifickym
pro Leu, Val, Ala a Phe, tedy zbytky, které tvoii vice nez 40 % molekuly hemoglobinu 7).

Nékteré cysteinové katepsiny motolice jaterni (napf. FhCB a FhCL3) maji kolagenasovou
aktivitu a umoziuji tak stddiu NEJ piekonat bariéry hostitelského organismu '3>!8¢ Tyto
bariéry, stejné jako extraceluldrni matrix jsou tvofeny pfedevsim kolagenem, ktery obsahuje
sekvenéni motiv Gly-Xxx-Xxx s vysokym obsahem Pro a Hyp (hydroxyprolin), ktery b&ézné
proteasy nejsou schopny §tépit . Parazitdrni katepsiny produkované migrujicimi stadii
motolic tak maji, oproti lidskym homologiim upravenou substratovou specifitu, podobné jako
lidsky katepsin K '°. Napi. FhCL3 ma substratovou specifitu evoluéné piizptisobenou své
kolagenolytické funkci a preferované aminokyseliny v jeho podmistech (Gly v S1 a S3, Pro
v S2) jsou u cysteinovych katepsinti naprosto nezvyklé, avsak odpovidaji sekvenci kolagenu
185 Srovnani substratové specifity FnCL3 s FhCL1 ¢&i lidskym katepsinem L pak svédéi
o vyrazné evoluéni diferenciaci genové rodiny katepsinu L u F. hepatica >>'%>.

Bylo prokazéano, Ze sekretované katepsiny, ptredev§im FhCL1 a FhCL2, moduluji imunitni
odpovéd’ hostitele, a to pomoci dvou riiznych mechanismi. Zaprvé $tépi protilatky typu IgG
a IgE tak, Zze se jejich Fab fragmenty (zopodvédné za rozpoznavani antigenil) vazou na
povrchové proteiny F. hepatica a maskuji parazita pfed rozpoznanim imunitnim systémem '*7,

Zadruhé jsou tyto proteasy internalizovany do lysosomti makrofagt, kde $tépi TLR3 (,,toll-like

Y L

stén Zlu¢ovodh 188187,

1.5.2. Proteasové inhibitory u F. hepatica
Proteasové inhibitory motolic hraji stejné¢ jako u klist'at klicovou roli nejen pfti regulaci
vlastnich fyziologickych procest, ale také moduluji proteolyzu v hostitelském prostredi.
Proto jsou v soucasné dobé zkoumany jako potencidlni vakcina¢ni antigeny. V transkriptomu
motolice jaterni bylo nalezeno celkem 12 rodin preoteasovych inhibitori cilenych

proti cysteinovym a serinovym proteasam a metaloproteasam. Podobné¢ jako u katepsinti doslo
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i u klicovych rodin inhibitord Kunitz-BPTI (12), serpinti (I4) a cystatind (I25) ke vzniku
genovych rodin. F. hepatica tak napt. disponuje 11 variantami monomernich a 4 variantami
multidoménovych Kunitz-BPTI inhibitord. Podobné jako u proteas jsou expresni profily
inhibitorti velmi rozdilné v zavislosti na Zivotnim stadiu parazita °.

U F. hepatica byly doposud alesponi ¢aste¢n¢ charakterizovany tyto proteasové inhibitory

133 190 191,192

na proteinové Urovni: multidoménovy cystatin 7, tfi stefiny 7, Ctyfi serpiny
a dva inhibitory z rodiny Kunitz-BPTI *®. Cystatiny a stefiny jako inhibitory cysteinovych
proteas jsou diskutovany v nésledujici kapitole. Serpiny a proteiny z rodiny Kunitz-BPTI jsou
typicky inhibitory serinovych proteas. V pfipad¢ serpini exprimovanych NEJ stadii
se predpoklada jejich role v modulaci imunitniho systému hostitele a krevniho srazeni
nebo v oogenezi °!1°2, Pro inhibitory z rodiny Kunitz-BPTI identifikované u F. hepatica bylo
prekvapive zjisténo, Ze nejsou inhibitory serinovych proteas, ale jsou cileny na cysteinové
katepsiny >%!*3. Pouze jeden isoinhibitor FAKT1.3 je schopen inhibovat oba typy proteas.
Exprese zéastupcti Kunitz-BPTI rodiny je zavisld na zivotnim stadiu parazita. Nekteré jsou
exprimovani v metacerkariich a NEJ a poskytuji jim pravdépodobné ochranu pii migraci
z tenkého stfeva do jater. Dalsi jsou produkovani dospélci a podileji se na regulaci traveni

v lumen stfeva a na embryogenezi; vzhledem k sekreci nelze vyloucit ani jejich vliv

na modulaci imunitniho systému hostitele *%.

1.5.3. Rodina cystatini u F. hepatica

U F. hepatica byl identifikovan jeden multidoménovy cystatin a tii stefiny 33!,
Multidoménovy cystatin byl nalezen u NEJ stddia a obsahuje 6 domén pravych cystatint,
ze kterych je pouze ¢tvrtd doména schopna inhibovat papain a FhCL1, u ostatnich domén doslo
k deformaci inhibi¢nich segmentii '**. U ptibuzného druhu motolice F. gigantica byl popsan
multidoménovy cystatin, ktery obsahuje 12 domén pravych cystatind, coz je nejvyssi pocet
domén ze viech znamych cystatintl. Ctyti domény si zachovaly schopnost inhibovat cysteinové
katepsiny. Tento inhibitor diky své lokalizaci ve varlatech a ovariich hraje nejspiSe roli
v spermatogenezi ¥,

V roce 2017 byla publikovana studie, ktera provedla ¢asteCnou charakterizaci tfi stefinii
F. hepatica oznatenych FhStf-1 az 3 '°. Jde o nanomolarni inhibitory katepsind FhCL1
a lidského katepsinu L, které se liSi v inhibi¢ni specifité k lidskym katepsinim B a C, s nimiz
interaguje pouze FhStf-2. Geny FhStf-2 a FhStf-3 obsahuji signalni sekvenci na rozdil

od FhStf-1 1%%; vysvétleni fenoménu neobvyklé pfitomnosti signalniho peptidu v sekvenci
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stefinti pfinasi tato disertacni prace. Dalsi studie prokazala, ze FhStf-2 (nyni oznacovany jako
FhCyLS-2) je schopen modulovat lidsky imunitni systém a vykazuje protizanétlivé ucinky %4,
U F. gigantica byl popsan stefin FgStf-1, ortolog FhStf-1 z F. hepatica, tvotici vyznamnou

¢ast ESP, jehoz sekre¢ni mechanismus zatim nebyl identifikovan ',
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2. Cile prace

Proteiny z rodiny cystatinil jsou diilezitymi inhibitory cysteinovych proteas typu katepsint
a ucastni se fady patologii. Parazitarni cystatiny jsou atraktivni cilové molekuly pro regulaci
parazitli, ale je o nich dosud malo informaci. Tato prace se zaméfuje na cystatiny dvou
vyznamnych krevsajicich parazit: motolice jaterni (Fasciola hepatica), pivodce fasciolozy a
klistéte obecného (Ixodes ricinus) hlavniho vektoru lymské borelidzy a klistové encefalitity.
Cilem prace je popsat funkéni a strukturni vlastnosti vybranych zastupct parazitarnich

cystatini a interpretovat ziskané vysledky z pohledu molekularni evoluce a fyziologické role.
Dil¢i cile disertacni prace jsou nasledujici:

1) Vybrat modelové zastupce cystatinli z obou paraziti na zékladé fylogenetické analyzy
dostupnych sekvenénich dat (v ramci spoluprace s Parazitologickym tstavem AV CR

a Parazitologickym Ustavem Univerzity v Curychu).

2) Pouzit rekombinantni formy studovanych cystatint k biochemické charakterizaci interakce

s fyziologicky relevantnimi a modelovymi proteasami s cilem urcit jejich inhibicni specifitu.

3) Nalézt krystalizaéni podminky rekombinantnich cystatini a vyfesit jejich 3D strukturu
pomoci rentgenostrukturni analyzy. Pokusit se krystalizovat jeden z cystatini v komplexu
s vhodnou cilovou proteasou za ticelem strukturniho popisu reaktivniho centra inhibitoru, ktery

zatim neni u parazitarnich cystatinti k dispozici.

4) Analyzovat strukturné-funk¢ni vztahy studovanych cystatinii a vyvodit zaveéry tykajici se

molekularni evoluce cystatinli u parazitl a jejich potencidlnich fyziologickych funkei.
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3. Laboratorni vybaveni a metody

Tato kapitola popisuje materialy, vybaveni a metody vyuzité pro ziskani nepublikovanych
vysledkt, v piipadé publikovanych vysledka je pouzitd metodika vzdy soucasti priloZzenych

publikaci.

3.1. Material a laboratorni vybaveni

Vétsina vysledkil byla ziskand s vyuzitim laboratorniho vybaveni na Ustavu organické
chemie a biochemie AV CR (UOCHB). Syntetické peptidové substraty a inhibitory byly
zakoupeny od firem Bachem (Svycarsko). Lidsky katepsin L byl zakoupen od spole&nosti
Merck (USA), katepsiny B a S od spolecnosti Enzo Life Science (USA), legumain
od spolec¢nosti R&D Systems (USA) a lidsky katepsin V a hovézi katepsiny C a H byly

pfipraveny rekombinantni expresi v domaci laboratoii dle %198,

Sady komerc¢nich
krystaliza¢nich roztoki byly od firem Molecular Dimensions (Velka Britanie) Jena Bioscience
(Némecko) a Hampton Research (USA). Testovani difrakce krystalti a sbér difrakénich dat
probihalo bud’ na rentgenové difrakéni stanici na UOCHB nebo na experimentélnich stanicich
pro makromolekuldrni krystalografii na synchrotronu BESSY II provozovaném

Helmholtz-Zentrum Berlin (Némecko).

3.2. Metodika

3.2.1. Purifikace a priprava komplexu ricistatinu a katepsinu V

Jednotlivé rekombinantni proteiny a ndsledné i komplex ricistatinu a mutantu Cys25Ser
katepsinu V (pfipraveny v molarnim poméru 1,2:1) byly purifikovany pomoci gelové
chromatografie na FPLC pfistroji Akta Basic (GE Healthcare, USA) a kolon& Superdex 75
10/300 GL Tricorn (GE Healthcare, USA). Jako pufr byl pouzit 50 mM citrat sodny pH 5,5,
150 mM NaCl. Cistota proteinti i komplexu byla analyzovana pomoci SDS-PAGE (Laemmli
1970). Frakce obsahujici proteiny resp. komplex byly spojeny a koncentrovany. Krystaliza¢ni
roztok komplexu byl pfeveden do 10 mM citratu sodného pH 5,5, 10 mM NacCl

a zakoncentrovan na 3 mg/ml.

3.2.2. Kinetické inhibi¢ni testy
Mg¢teni byla provadéna v triplikatech v bilych 96-jamkovych destickdch Corning (Thermo
Fisher Scientific, USA) s objemem testu 100 pl pti 37 °C na fluorescencni ¢tecce M 1000

(Tecan, Ménnedorf, Svycarsko) s FRET substraty a excitaéni a emisni vinovou délkou 365 nm,
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resp, 450 nm. Ricistatin byl inkubovan v reakéni smési s testovanou proteasou po 10 min
pii 37 °C, nésledné byla reakce zah4ajena piidavkem substratu.
Slozeni substratl a proteas v reakéni smési bylo nasledujici: 53 pM Z-Phe-Arg-AMC

s 0,2 nM katepsinem B; 2,5 uM s 0,2 nM katepsinem L; 17 pM; 3,6 uM s 0,1 nM katepsinem
V; 130 uM H-Gly-Arg-AMC s 0,4 nM katepsinem C; 100 uM H-Arg-AMC s 1,9 nM
katepsinem H; Z-Val-Val-Arg-AMC s 0,1 nM katepsinem S a 70 uM Z-Ala-Ala-Asn-AMC

s 1,2 nM legumainem. SloZeni reak¢nich pufrl bylo nasledujici: 100 mM Na-acetat, pH 5,0
pro legumain, pH 5,5 50 mM MES pro katepsiny B, C, L a V, nebo pH 6,5 pro katepsin H a S;
reakeni pufry dale obsahovaly 2,5 mM DTT, 0,1% PEG 1500 a 50 mM NaCl (pro katepsin C).
Hodnoty ICso byly stanoveny z residudlnich rychlosti nelinedrni regrese vypoctenych

programem GraFit (Erithacus, East Grinstead, Velka Britanie).

3.2.3. Kirystalizace komplexu ricistatinu a katepsinu V

Pro nalezeni krystaliza¢nich podminek komplexu ricistatinu s katepsinem V byla vyuzita
metoda difuse par v sedici ¢i visici kapce pii 18°C za vyuziti krystaliza¢nich robotti Gryphon
(Art Robbins Instruments, USA) a OryX8 (Douglas Instruments, Velka Britanie),
96-jamkovych desticek Swissci (Molecular Dimensions, Velkd Britanie) a nasledujicich
krystaliza¢nich sad: JCSG++ (Jena Bioscience, Némecko), Morpheus (Molecular Dimensions,
Velka Britanie), Stura FootPrint (Molecular Dimensions, Velké4 Britanie), SG1 (Molecular
Dimensions, Velka Britanie) a sady na piipravu mikrokrystalt Seed Bead (Hampton Research,
USA).

Optimalizace probihala stejnou metodou s vyuzitim 15-jamkovych desticek (Molecular
Dimensions, Velka Britanie). Findlni krystalizacni podminka obsahovala 1 pl roztoku
komplexu, 1 pl roztoku finalniho krystaliza¢ni roztoku (70 mM octan amonny, 3,17% PEG
10000) a 0,2 pl 100x fedéného roztoku rozdrcenych krystalit komplexu. Pfipravené krystaly
byly kratce vystaveny kryoprotektivnimu roztoku (70 mM octan amonny, 3,17% PEG 10000,
25% glycerol) a poté zchlazeny v kapalném dusiku.

3.2.4. ReSeni struktury komplexu ricistatinu a katepsinu V
Difrakéni data byla sbirana pfi teploté 100 K na rentgenové difrakéni stanici v laboratofi
Strukturni biologie na UOCHB. Difrakéni data byla zpracovana pomoci sady programii XDS
199 a analyzovana programem Xtriage ze sady PHENIX 2%, Krystaly vykazovaly symetrii C121
a obsahovaly jednu kopii proteinového komplexu v asymetrické jednotce. Krystalové

parametry a statistiky nasbiranych difrak¢nich dat jsou uvedeny v kapitole 4.4.2. v Tab. 4.
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Struktura komplexu ricistatinu a katepsinu V byla vyfeSena pomoci metody molekularniho
nahrazeni programem MolRep (Vagin and Teplyakov 2010) ze sady CCP4 (Winn et al. 2011).
Jako model byl nejprve pouzit katepsin V (PDB: 1THO) a nasledné sialostatin L2 (PDB: 3LH4).
Model byl uptesnén v programu REFMAC 5.8 (Murshudov et al. 2011) ze sady CCP4, pti¢emz
5 % reflexi bylo vyhrazeno pro generaci testovaci sady. Molekuly vody a manudlni Gpravy
byly provedeny v programu Coot (Emsley et al. 2010). Kvalita vysledného modelu byla
ovéfena pomoci programu MolProbity (Williams et al. 2018). Findlni statistiky upravené¢ho
modelu byly generovany pomoci programu PHENIX (Liebschner et al., 2019) a jsou uvedeny
v kapitole 4.4.2. v Tab. 4. Atomové soufadnice a strukturni faktory byly deponovany
do proteinové databanky (PDB) s kodem 7PK4 a jsou jiz vefejné ptistupné. Ilustrace byly
pfipraveny pomoci programu PyMOL (Schrodinger 2015), interakce mezi ricistatinem
a katepsinem V byly analyzovany pomoci webovych nastroji PISA (Krissinel and Henrick

2007) a PLIP (Adasme et al. 2021).
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4. Vysledky

Vysledky disertaéni prace jsou prezentovany ve tfech c¢lancich publikovanych v
mezinarodnich recenzovanych ¢asopisech, kterym se vénuji kapitoly 4.1. az 4.3. s komentari
hlavnich vysledkii a uvedenim podilu autora na publikacich. Kapitola 4.4. obsahuje dosud
nepublikované vysledky, které se v soucasné dob¢ ptipravuji ke zvefejnéni.

Tyto publikace a nepublikovana data se zabyvaji strukturni a funkéni charakterizaci Ctyt
novych proteinlt zrodiny cystatind, které jsou produkovany parazity jako inhibitory
cysteinovych proteas. V prvni publikaci je charakterizovan inhibitor FhCyLS-2 z motolice
jaterni (F. hepatica) a na jeho zéklad¢ je definovana nova evolucni skupina cystatinll. V druhé
a tfeti publikaci jsou popsany dva cystatiny z klistéte obecného (/. ricinus) — mialostatin
ze stieva kliStéte a iristatin ze slin klistéte, které se ucastni regulace odlisnych proteolytickych
systémi kliStéte, resp. hostitele. Kapitola 4.4. se zabyva inhibitorem ricistatinem z 1. ricinus

a pfinasi prvni strukturni charakterizaci vazebného modu slinnych cystatinil.
Seznam publikaci:

Publikace ¢. 1: An evolutionary molecular adaptation of an unusual stefin from the liver
fluke Fasciola hepatica redefines the cystatin superfamily., Busa M., Matouskova Z.,
Barto$ova-Sojkova P., Pachl P., Reza¢ova P., Eichenberger R. M., Deplazes P., Horn M.,
Stefani¢ S., Mare$, M., Journal of Biological Chemistry, 2023, (IF = 5.5)

Publikace ¢. 2: Mialostatin, a novel midgut cystatin from Ixodes ricinus Ticks: crystal
structure and regulation of host blood digestion., Kotal J*, Busa M*, Urbanova V, Rezadova
P, Chmelar J, Langhansova H, Sojka D, Mare§ M, Kotsyfakis M., International Journal of
Molecular Sciences, 22(10):5371, 2021, (IF = 6,2) * Oba autofi se podileli stejnym dilem

Publikace ¢. 3: The structure and function of Iristatin, a novel immunosuppressive tick
salivary cystatin., Kotal J, Stergiou N, BuSa M, Chlastdkova A, Berankova Z, Rezatova P,
Langhansovéa H, Schwarz A, Calvo E, Kopecky J, Mare§ M, Schmitt E, Chmelaft J, Kotsyfakis
M. Cellular and Molecular Life Sciences, 76(10):2003-2013, 2019, (IF =9,2)
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4.1. Publikace ¢. 1: An evolutionary molecular adaptation of an unusual stefin from

the liver fluke Fasciola hepatica redefines the cystatin superfamily.

Sekretované inhibitory z podrodiny pravych cystatini hraji u paraziti dalezitou roli pfi
interakci s hostitelem. F. hepatica je jednim z celosvétoveé nejvyznamnéjsich parazit cloveka
a hospodarskych zvirat, nicméné zadné pravé cystatiny u ni nebyly identifikovany. Vysvétleni
umoziuje tato studie, ktera popisuje evoluci nové skupiny parazitarnich cystatinti a detailné
charakterizuje jejich modelového zastupce FhCyLS-2.

FhCyLS-2 byl exprimovan v dospélych parazitech ziskanych z téla hostitele. Pomoci
imunofluorescenéni mikroskopie a imunoblotovani bylo prokazano, ze FhCyLS-2 je
lokalizovan ve stfevu parazita a je t€Z uvoliiovan v exkre¢né-sekre¢nich produktech. Bylo také
zjisténo, Ze sekretovany FhCyLS-2 je rozpoznan imunitnim systémem hostitele a dochazi
ke vzniku specifickych protilatek v séru experimentalné infikovanych zvitat.

FhCyLS-2 byl pfipraven jako rekombinantni protein a byly analyzovany jeho funkéni
biochemické vlastnosti. V kinetickych inhibi¢nich testech bylo zjisténo, ze FhCyLS-2 je
Sirokospektrym inhibitorem cysteinovych proteas z rodiny papainu. Je schopen efektivné
inhibovat (v nanomolarnich koncentracich) jednak hlavni travici katepsiny F. hepatica
(katepsiny FhCL1 az FhCL3) a jednak sadu hostitelskych cysteinovych Kkatepsint
s endopeptidasovou i1 exopeptidasovou aktivitou. Ze ziskanych vysledkii I1ze ptfedpokladat,
7ze FhCyLS-2 ma dudlni funkci pfi ochrané travici tkané parazita proti proteolytickému
poskozeni a pii regulaci hostitelskych katepsinovych proteas na rozhrani parazita s hostitelem.

Analyza sekvence ukazala, Zze FhCyLS-2 patii do podrodiny stefinti a nikoli pravych
cystatinl. Pfekvapivé ale obsahuje dva hlavni strukturni znaky typické pro pravé cystatiny —
signalni sekvenci a dva disulfidy. Pfitomnost signalni sekvence u FhCyLS-2 vysvétluje, pro¢
byl nalezen v exkre¢né-sekrecnich produktech F. hepatica, ackoli zéstupci podrodiny stefint
jsou typické intracelularni proteiny. Pfesné parovani disulfidl bylo uré¢eno pomoci hmotnostni
spektrometrie. Dale bylo zjisténo, ze FhCyLS-2 se od ostatnich stefinii odliSuje absenci
C-terminalniho motivu Asp/Glu-Xxx-Leu-Xxx-Tyr/His-Phe. V dal§im kroku byla urcena
prostorova struktura FhCyLS-2 rentgenostrukturni analyzou s rozlisenim 1,6 A s vyuZzitim
metody isomorfniho nahrazeni. FhCyLS-2 ma typickou architekturu stefinl s konzervovanym
vazebnym centrem, které je tvofeno N-koncem molekuly a dvéma povrchovymi smyckami
L1 a L2. Molekula je stabilizovana dvéma disulfidickymi mustky, které maji lokalizaci
blizkou, nikoli ale identickou jako konzervované disulfidy pravych cystating.

Fylogeneticka analyza parazitarnich cystatint a stefinti odhalila, Ze existuje série sekvenci

homologickych s FhCyLS-2 ze stfevnich a jaternich motolic fadu Plagiorchiida
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a Opisthorchiida. Tyto proteiny vytvaieji v podrodiné stefinii sesterskou vétev, kterd nyni
umoznila definovat novou skupinu s ndzvem CyL-stefiny (,,Cystatin-Like stefins*). VSechny
druhy motolic fadu Plagiorchiida disponujici CyL-stefiny postradaji geny kodujici pravé
cystatiny a lze tedy ptedpokladat, ze CyL-stefiny jsou evolu¢ni Upravou stefintli, kterad

kompenzuje absenci pravych cystatini.

Mij podil na praci zahrnoval: (1) rekombinantni expresi a purifikaci FhCyLS-2,
(2) rekombinantni expresi a purifikaci katepsintt FhCL1 a FhCL2 z motolice jaterni, (3) urceni
inhibi¢nich konstant pro FhCyLS-2 pomoci kinetickych testii s fluorescenénimi substraty
ariznymi proteasami, (4) testovani inhibi¢niho efektu FhCyLS-2 na nativni parazitarni
proteasy v testech s hostitelskymi proteinovymi substraty, (5) krystalizaci FhCyLS-2, véetné
pfipravy derivovanych krystali a sbéru nativnich a derivovanych difrak¢énich dat
na synchrotronu, (6) feSeni a analyzu krystalové struktury FhCyLS-2, (7) ptipravu sekvenci

pro fylogenetickou analyzu, (8) pfipravu manuskriptu.
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Abstract

Fasciolosis is a worldwide parasitic disease of ruminants and an emerging human disease caused
by the liver fluke Fasciola hepatica. The cystatin superfamily of cysteine protease inhibitors is
composed of distinct families of intracellular stefins and secreted true cystatins. FhCyLS-2
from F. hepatica is an unusual member of the superfamily, where our sequence and 3D structure
analyses in this study revealed that it combines characteristics of both families. The protein
architecture demonstrates its relationship to stefins, but FhCyLS-2 also contains the secretion
signal peptide and disulfide bridges typical of true cystatins. The secretion status was confirmed
by detecting the presence of FhCyLS-2 in excretory/secretory products, supported
by immunolocalization. Our high-resolution crystal structure of FhCyLS-2 showed a distinct
disulfide bridging pattern and functional reactive center. We determined that FhCyLS-2 is a broad
specificity inhibitor of cysteine cathepsins from both the host and F. hepatica, suggesting a dual
role in the regulation of exogenous and endogenous proteolysis. Based on phylogenetic analysis
that identified several FRCyLS-2 homologs in liver/intestinal foodborne flukes, we propose a new
group within the cystatin superfamily called cystatin-like stefins.

47



Introduction

The common liver fluke, Fasciola hepatica, is a globally spread parasitic flatworm of the class
Trematoda that infects mainly sheep and cattle, causing the disease fasciolosis. It negatively
affects livestock production with estimated worldwide losses of €2.5 billion annually (1).Fasciolosis
is an important zoonosis with 2.4 million people infected, and 150 million in over seventy countries
at risk, and is classified by the WHO as a neglected tropical disease. The control of fasciolosis
relies on a single drug, triclabendazole, and reports of resistant strains of F. hepatica are on the
rise (2).

The superfamily of cystatins (Merops database ID: 125) is ubiquitous in a wide range
of organisms, including animals, plants, fungi, and protista. The superfamily members are
reversible, tight-binding inhibitors of cysteine proteinases; they possess a reactive center against
papain-family proteases, and some members contain an additional reactive center against
legumains (3-5). Based on their sequence and spatial structure, cystatins can be divided into three
families: the type 1 family of stefins (Merops ID: 125A) with intracellular single-domain proteins
devoid of the signal sequence and disulfide bridges, the type 2 family of true cystatins
(Merops ID: 125B) with secreted single-domain proteins containing two disulphide bridges, and
the type 3 family of kininogens (Merops ID: 125C) with multidomain proteins composed of 125B
repeats (5,6). The most characterized are mammalian cystatins, which were shown to regulate
a broad range of physiological and pathological processes, including protein catabolism, hormone
processing, bone resorption, antigen processing, inflammation, and tumor metastasis (for review,
see e.g. (5,7-9)).

In parasites, cystatins are not only essential in the regulation of physiological processes
during parasite development, but they also represent important pathogenicity factors. Various
reports indicated that parasite cystatins have evolved exceptional immunomodulatory properties.
Most of the examples studied originated from ticks and helminths. In ticks, it was shown that
gut-associated cystatins regulate endogenous digestive proteases, while salivary cystatins that
are injected into the host can inhibit the secretion of pro-inflammatory cytokines, reduce T-cell
proliferation or disrupt dendritic cell maturation and differentiation (10,11). Helminth cystatins were
demonstrated to block antigen processing and presentation, interfere with the processing
of pattern recognition receptors in innate immunity, modulate production of cytokines and nitric
oxide, and suppress T-cell proliferation (12-16).
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F. hepatica cysteine proteases from the papain family (cysteine cathepsins) represent
about 80% of secreted proteolytic activity of the adult parasite, and belong to cathepsins L and B.
They are involved in invasion, migration through the host body, feeding, immune evasion and are
regulated by several mechanisms, including activation processing, compartmentalization,
and interaction with protease inhibitors (17-20).

Previous studies identified several inhibitors of cysteine cathepsins in F. hepatica,
including stefins, a multidomain cystatin, and a Kunitz protein (21-23), which were suggested
as candidate targets for a fasciolosis vaccine (24,25). A similar distribution of inhibitors has been
reported for a closely related species, F. gigantica (26,27). No Fasciola-derived member of the
cystatin superfamily has yet been structurally characterized and in general, our knowledge
of helminth cystatins at the structure-function level is very limited (28,29).

In this work, we investigated the cysteine cathepsin inhibitor FRCyLS-2 from F. hepatica,
belonging to the cystatin superfamily and analyzed its crystal structure, inhibitory properties,
localization, and phylogeny. Based on distinct molecular features of FhCyLS-2 and its homologs,
we defined a new evolutionary group called cystatin-like stefins (CyL-stefins, CyLS) within
the cystatin superfamily, with FnCyLS-2 as a prototype member characterized at the structural

and functional levels.
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Results

FhCyLS-2 sequence combines characteristics of stefins and true cystatins

The full-length cDNA available in GenBank under accession no. AY647146.1 contains an open
reading frame coding for a 116-amino acid protein (GenBank accession no. AAV68752), which
we designated here as Fasciola hepatica cystatin-like stefin 2 (FhCyLS-2). In Figures 1 and S1
we compared the sequence of FhCyLS-2 with that of other members of the cystatin superfamily,
including representative vertebrate members of the type 1 family (stefins) and type 2 family (true
cystatins) (Fig. 1) and selected invertebrate members of both families from various blood feeding
parasites (Fig. S1). The sequence alignments revealed several important features
in the FhCyLS-2 sequence, which allowed us to assess the relationship between FhCyLS-2
and both families.

Our results showed that FhCyLS-2 and stefins did not contain a large insert in the central
part of the molecule, which is seen in true cystatins (between strands 2 and 33, Figs. 1 and S1).
On the other hand, FhCyLS-2 lacked a C-terminal sequence motif Asp/Glu-Xxx-Leu-Xxx-Tyr/His-
Phe (30) typical for stefins (Figs. 1 and S1). The interaction of all cystatin superfamily members
with cysteine cathepsins is mediated by three regions, including the N-terminal segment and two
hairpin loops L1 and L2 (3,31). In FhCyLS-2, the mature N-terminus carried the Gly-Gly motif
and the L1 loop bore the GIn-Xxx-Val-Xxx-Gly motif, both motifs are conserved among stefins
and true cystatins (Figs. 1 and S1). The L2 loop was characterized in stefins and FhCyLS-2
by the presence of a conserved central Leu residue, in contrast to a Trp residue in true cystatins
(Figs. 1 and S1). To summarize, FhCyLS-2 possessed the sequence insertion/deletion pattern
and signature of a functionally competent reactive center for inhibition that were related to those
present in stefins.

Analysis of the FhCyLS-2 sequence identified a signal peptide composed of 20 N-terminal
residues with a predicted cleavage site between residues Gly and Glu1 (the first residue in
the mature protein) (Fig. S1). The signal peptide is a hallmark of true cystatins, which are secreted
proteins, and distinguish them from stefins localized intracellularly due to the lack of the signal
peptide (6,32).

The FhCyLS-2 sequence also contained four cysteine residues, and we investigated their
redox status (i.e., free or disulfide-bonded). Disulfide bridges are a typical feature of true cystatins,
however they are absent in stefins, which are usually devoid of cysteine residues or contain
unpaired cysteines with a free thiol (6,32). We prepared recombinant FhCyLS-2 and performed
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LC-MS/MS peptide mapping. Analysis of disulfide-linked peptide clusters revealed that
the cysteine residues formed twe disulfide bridges with connectivity Cys39-Cys66 and Cys69—
Cys95 (Table S1). They are labelled as D1 and D2, respectively, in the FhCyLS-2 sequence
in Figure 1. Thus, FhCyLS-2 resembles true cystatins containing two disulfides; a comparison
of their disulfide patterns is discussed in the chapter on the 3D structure of FhCyLS-2.

In conclusion, we demonstrated that FhCyLS-2 was a close homolog of the stefin family
due to sequence similarity. However, at the same time, FhCyLS-2 also displayed two hallmarks
of the family of true cystatins, namely two disulfides and the N-terminal signal sequence
for secretion. Furthermore, in the sequence databases we found a set of stefin sequences
of trematode origin, which were highly homologous te FRCyLS-2 and also contained the signal
peptide as well as putative disulfides (Figs. S1). Based on this finding, we propose a new group
of the cystatin superfamily named cystatin-like stefins (CyL-stefins) with FhCyLS-2 as a first
member. In the following chapters, we will analyze FhCyLS-2 in detail; regarding the signal
sequence function, disulfide-bridged 3D structure, and phylogeny of CylL-stefins.

1 10 20 30 40 50

| | —£) al -
FhCyLS-2 [SiaPer JEM PRSVTPEERSVFQPMILSKLLTAGSVVSSEELEL--LOVSTOVVAGTNYK]| 57
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HsCyD [SigPep |G SASAQSRTLAGGIHATDLNDKSVQCALDFAISE-YNKVINKDEYY SRPLQVMAAYQQIVGGVNYY| 71
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Figure 1. Structure-based sequence alignment of FhCyLS-2 with representative members
of cystatin superfamily. FhCyLS-2 is compared with representative human members of the type
1 family, stefins A and B (HsStA and HsStB, respectively), and the type 2 family, cystatins D
and F (HsCyD and HsCyF, respectively). Residues identical with those of FhCyLS-2 are shaded
grey, cysteine residues are shaded black. The disulfide bridges are indicated by the connecting
black lines and labeled (circled D1 and D2 for FhCyLS-2, boxed D3 and D4 for cystatins D/F).
The secondary structure elements of FhCyLS-2 are depicted in cyan for o-helix and magenta
for B-strands and labeled as in Fig. 5A. Three segments forming the reactive center for inhibition
of cysteine cathepsins are boxed in red and labeled as in Fig. 5A (the region size was selected
based on the predominant binding residues in the available complex structures); the critical

6
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consensus positions are highlighted in red for FhCyLS-2. The conserved C-terminal segment
of classical stefins is boxed in green. Mature protein sequences without signal peptides (indicated
by a SigPep box) were used in the alignment; residue numbering on the top line is according
to FhCyLS-2. GenBank accessions: FhCyLS-2: AAV68752, HsStA: AAH10379, HsStB:
AAH10532, HsCyD: AAH62678, HsCyF: CAG46658.

F. hepatica developmental stages express and secrete FhCyLS-2

The mRNA transcript levels for FhCyLS-2 were evaluated in eggs, miracidia, metacercariae, newly
excysted juveniles (NEJ) and adults by qRT-PCR (Fig. 2); intra-molluscan stages and cercariae
were not investigated. The highest expression of FhCyLS-2 was recorded in adults followed
by NEJ and metacercariae. Expression in miracidia was below 1% of the FhCyLS-2 level in adults,
and no expression was detected in eggs. The transcript level increased gradually
with development from miracidia to adult.

The excretory/secretory (E/S) products collected from adult F. hepatica were subjected
to proteomic analysis to directly demonstrate the presence of FhCyLS-2. The LC-MS/MS strategy
was based on enzymatic digestion of a complex protein mixture and MS/MS peptide sequencing.
This analysis provided 22% peptide coverage of the FhCyLS-2 sequence, allowing us to conclude
that FhCyLS-2 was secreted into the E/S products of F. hepatica. Furthermore, using this
approach we determined the N-terminus of native FhCyLS-2 (Table S1) and demonstrated that
mature FhCyLS-2 was produced by cleavage of the signal peptide at the Gly(-1)-Glu1 bond
(Fig. S1).
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Figure 2. Transcriptional profiling of FhCyLS-2 in the developmental stages of F. hepatica.
The expression of FhCyLS-2 was evaluated by gqRT-PCR. mRNA transcriptional levels are
presented as percentage of expression relative to that in adults. The mean values + SD for pooled
biological samples are given; statistical significance compares adults with other stages (*p < 0.05).

FhCyLS-2 is localized in the worm gut, reproductive system, and tegument

surface

Indirect immunofluorescence microscopy on semi-thin sections using polyclonal antibodies raised
against recombinant FhCyLS-2 demonstrated that FnCyLS-2 was expressed in distinct tissues
of adult worms (Fig. 3). FnCyLS-2 was observed in the intestinal epithelium and the reproductive
tract of adult parasites; a much weaker signal was present on tegument surface. FhCyLS-2 was
absent in parenchyma or vitelline cells. Pre-immune serum was used as a negative control

and only faint background fluorescence was detected (Fig. S2).
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Figure 3. FhCyLS-2 immunolocalization in sections of an adult F. hepatica. Semi-thin tissue
sections of adult worms were probed with an anti-FhCyLS-2 antiserum followed by reaction with
an anti-mouse 1gG Alexa 633-labeled secondary antibody (yellow). DAPI was used to label nuclear
DNA (blue). The left column shows differential interference contrast (DIC), the right column
fluorescent channels. Upper panels: FhCyLS-2 localized to the gastroderm of the adult worm
(Gd: gastodermal cells, Gl: gut lumen, Teg: tegument, Vit vitelline cells). Lower panels: Higher
magnification revealed a faint signal on the tegument surface and an intense signal lining the ducts
of presumably reproductive organs (Rt reproductive tract, Par: parenchymal tissue,
Teg: tegument). The scale bars represent 100 ym; negative contrel staining is shown in Figure S2.

Preparation of recombinant FhCyLS-2

Recombinant FhCyLS-2 was prepared as a mature protein with an oligohistidine tag appended
to its C-terminus (predicted mass of 11698 Da) and expressed using a Pichia pastoris system.
The protein purified to homogeneity {see Experimental procedures) migrated on SDS-PAGE
as a single band of ~12 kDa (Fig. 4). Its identity was confirmed by LC-MS/MS analysis with
complete peptide coverage. Mouse polyclonal antibodies, raised against recombinant FhCyLS-2
were used for the detection of native FhCyLS-2. In the E/S products and tissue extract of adult
F. hepatica, the antibody recognized a band of ~12 kDa corresponding to FhCyLS-2 (Fig. 4), which
indicated that FhCyLS-2 was released into the host environment.
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Figure 4. Preparation of recombinant FhCyLS-2 and identification of native FhCyLS-2.
The recombinant FhCyLS-2 (rfFhCyLS-2) expressed in P. pastoris was resolved by SDS-PAGE
and protein-stained. Protein extract of adult F. hepatica and the excretory/secretory (E/S) products
were visualized by western blotting using mouse polyclonal antibodies raised against rFnCyLS-2.
The position of FhCyLS-2 is indicated.

FhCyLS-2 is a potent inhibitor of mammalian and F. hepatica cysteine
cathepsins

The purified recombinant FhCyLS-2 was screened in vitro for its inhibitory activity against a panel
of cysteine proteases; its inhibitory profile is shown in Table 1. We demonstrated that FhCyLS-2
interacts with proteases of the CA but not the CD clan from the cysteine protease class. This was
tested with papain and legumain (Table 1), which are representative members of the CA and CD
clans, respectively, and archetypes in cystatin research (3,33). A set of papain-family proteases
(family C1, clan CA) of mammalian origin was then screened, including cathepsins F, K, L, S,
andV (endopeptidases), cathepsins B and X (a peptidyl dipeptidase/endopeptidase
and carboxypeptidase, respectively), and cathepsins C and H (a dipeptidyl peptidase
and aminopeptidase, respectively). These enzymes were selected to cover a wide range
of endo- and exopeptidase cleavage specificities. FRCyLS-2 strongly inhibited all these cysteine
cathepsins, with 1Cso values ranging from approx. 0.9 to 8.6 nM, except for cathepsins F and C
(ICso of 49 and 66 nM, respectively) and cathepsin X (ICso of 8.4 puM), which were inhibited
with lower potency (Table 1). Furthermore, FhCyLS-2 was tested against three major F. hepatica
cathepsin L proteases, which are important Fasciola virulence factors: cathepsins L1 (FhCL1)

and L2 (FhCL2) expressed in immature and mature flukes, and cathepsin L3 (FhCL3)
10
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from infectious larvae (18). These recombinant cysteine cathepsins from F. hepatica were highly

sensitive to inhibition, with ICso values in the low nanomolar range (2.5 to 18.1 nM) (Table 1).

We also investigated the effect of FhCyLS-2 on the proteolytic activity of native cysteine
cathepsins in the E/S products of adult F. hepatica, which were attributed mainly to FhCL1
and FhCL2 (18). Activity measured using a specific peptide substrate was almost completely
inhibited by FhCyLS-2 in agreement with the data obtained for recombinant F. hepatica cathepsins
L (Table S2). This result was further supported by evaluation of FhCyLS-2 in an assay using
general protein substrates, including physiologically relevant collagen and elastin. It showed that
FhCyLS-2 was capable of effectively blocking most proteolytic activity of the E/S products
(Table S2).

In summary, FhCyLS-2 was identified as a broad-specificity inhibitor targeting various
cysteine cathepsins, including exogenous mammalian enzymes and endogenous digestive

enzymes secreted by F. hepatica.

Table 1. Inhibitory effect of FRCyLS-2 on the activity of cysteine proteases. The inhibitory
potency of FhCyLS-2 was determined against papain-family proteases from the CA clan
and legumain from the CD clan. The ICso values (means + SEM) were determined by a kinetic
activity assay using specific fluorogenic peptide substrates. The Merops database classification
of the cysteine proteases tested (clan/family) and their mode of action are given. n.i. indicates
no significant inhibition at 10 pM inhibitor concentration.

Enzyme specificity,

Enzyme ICs0 (nM) protease clan/family

mammalian cathepsins

Cathepsin L 092+0.01 Endopeptidase, CA/C1
Cathepsin S 1.1£01 Endopeptidase, CA/C1
Cathepsin B 21+02 Peptidyl dipeptidase/endopeptidase, CA/C1
Cathepsin H 25+02 Aminopeptidase, CA/C1
Cathepsin V 59+03 Endopeptidase, CA/C1
Cathepsin K 86+07 Endopeptidase, CA/C1
Cathepsin F 49+5 Endopeptidase, CA/C1
Cathepsin C 66+7 Dipeptidyl peptidase, CA/C1
Cathepsin X 8400 + 800 Carboxypeptidase, CA/C1
Fasciola hepatica cathepsins
Cathepsin L1 25+05 Endopeptidase, CA/C1
Cathepsin L2 10+1 Endopeptidase, CA/C1
Cathepsin L3 18+ 1 Endopeptidase, CA/C1
others
Papain 1.1+£01 Endopeptidase, CA/C1
Legumain ni. Endopeptidase, CD/C13
11
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Three-dimensional structure of FNCyLS-2: a unique disulfide-bridged stefin-like

architecture

The crystal structure of recombinant FhCyLS-2 was determined by single isomorphous
replacement and refined using native data to 1.60 A resolution. FhCyLS-2 crystallized
in an orthorhombic space group C222; with one molecule in the asymmetric unit and a solvent
content of 48.3% (Table S3). All protein residues could be modeled into a well-defined electron
density map except for the first three N-terminal residues (Glu1-Leu3) and the C-terminal
oligohistidine tag (Ala97-His105). The final model of FhCyLS-2 contained 93 residues
(Val4-Throe).

Figure 5A shows the overall structure of FhCyLS-2 formed by a four-stranded twisted
antiparallel B-sheet, which were wrapped around a central a-helix. The molecule adopted a typical
fold of classical stefins like the human homologs stefins A and B (Fig. 5B). The closest structural
homolog of FhCyLS-2 was stefin B with the lowest RMSD for Ca (1.98 A), followed by stefin A
(2.14 A RMSD) (Fig. 5B); lower structural similarities were found with true cystatins represented
by human cystatins D and F (3.90 A and 3.34 A RMSD, respectively) (Fig. 5C).

In contrast to stefins A and B, the intact C-terminal strand B4 was split into two smaller
B-strands in FhCyLS-2 (Figs. 1 and 5A). Importantly, FhCyLS-2 incorporated two disulfide bridges
into the disulfide-free scaffold of stefins. They were located in loops at the edge of the p-sheet
and indicated as D1 (Cys39—Cys66) and D2 (Cys69—-Cys95) (Fig. 5A). However, the two-disulfide
pattern of FhCyLS-2 differed from that conserved in true cystatins (their disulfides are indicated
as D3 and D4 in Figs. 1 and 5C). While the positions of the C-terminal disulfides (D2 and D4) were
similar, the upstream disulfides formed an interloop bridge (D1) in FhCyLS-2 but an intraloop
bridge (D3) in the cystatins D and F (Figs. 1 and 5C). All disulfides were located on the side
of the molecules opposite to the reactive center (Fig. 5C).

In both stefins and true cystatins, the reactive center creates a tripartite wedge-shaped edge
formed by the N-terminal trunk and two hairpin loops L1 and L2, which binds into the active site
cleft of cysteine cathepsins (3,31). In FhCyLS-2 (Figs. 1 and 5A), the N-terminal trunk was located
around the conserved pair of glycines (Gly5, Gly6) providing conformational flexibility to this
reactive segment in order to adopt an optimal conformation for target binding. The L1 loop
(between B1 and B2) of FhCyLS-2 exposed the segment GIn49-Val50-Val51-Ala52-Gly53
corresponding to the critical binding motif Gln-Xaa-Val-Xaa-Gly. The L2 loop (between B3 and p4)
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was characterized in FhCyLS-2 and classical stefins by the presence of a conserved Leu78
residue.

In conclusion, the crystallographic analysis demonstrated that FhCyLS-2 is a structurally
distinct member of the type 1 family of stefins equipped with a unique pattern of disulfide bridges

and a functionally competent reactive site.
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Figure 5. The crystal structure of FRCyLS-2 and its comparison with cystatins from type 1
and type 2 families. A, The 3D structure of FhCyLS-2 (PDB code 6I1M) is shown in a cartoon
representation colored by secondary structure elements (a1 helix in cyan, B1-p4 strands
in magenta). The N- and C-termini {labelled N and C, respectively) and two disulfide bridges
Cys39-Cys66 (D1) and Cys69-Cys95 (D2) (represented by red sticks and balls) are indicated.
The hairpin loops L1 and L2 and the N-terminus are involved in the binding of inhibitors
from the cystatin superfamily to cysteine cathepsins; the predicted critical residues are highlighted
and labeled in red. B and C, Superposition of Ca traces of FhCyLS-2 (magenta) with human stefins
A and B (orange and yellow, respectively) and with human cystatins D and F (cyan and green,
respectively). Disulfide bridges are shown as red sticks and balls and labeled as in Fig. 1.
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The segments N, L1, and L2 forming the reactive center against cysteine cathepsins are defined
in Fig. 1. The orientation of FNCyLS-2 is as in A (the right-hand view). PDB accessions: FhCyLS-2:
611M, stefin A (protease bound): 3KSE, stefin B (protease bound):1STF, cystatin D: 1RN7,
cystatin F: 2CH9.

Phylogenetic analysis of FnCyLS-2 and cystatin-like stefins

Phylogenetic analysis of FhCyLS-2 and other monomeric members of the cystatin superfamily is
presented in Figure 6. It shows two main monophyletic clades of type 1 and type 2 families,
corresponding to stefins and true cystatins, respectively. Within the major clades, all sequences
were grouped into several taxonomy-defined subclades. Importantly, stefins were divided
into a monophyletic clade of classical stefins and a stem group of cystatin-like stefins (CyL-stefins)
including FhCyLS-2. Sequences of CyL-stefins were distinct from classical stefins by containing
the signal sequence (as indicated in Fig. 6); this feature was also present in true cystatins.
All identified CyL-stefins originated from certain taxa of parasitic Trematoda and Cnidaria, namely
the foodborne flukes (Trematoda) infecting the gastrointestinal, biliary and respiratory tract of their
definitive vertebrate hosts (fasciolids, echinostomatids, psilostomids, paramphistomids,
microphalids, troglotrematids, opisthorchiids, heterophyids) and the myxozoans (Cnidaria).

Interestingly, no CyL-stefins were identified in the blood flukes (schistosomatids) (Fig. 6).

F. hepatica FhCyLS-2 (Genbank: AY64714) firmly grouped with two paralogs
from the same species (Genbank: THD26684, THD28140) and with the orthologs from other liver
and intestinal foodborne flukes (Plagiorchiida: fasciolids, echinostomatids, psilostomids), forming
the largest clade of CyL-stefins (Fig. 6). The only other sequence from the cystatin superfamily
found in F. hepatica (Genbank: THD19897) belonged to the clade of classical stefins (Figs. S1
and S3). Thus, no true cystatin homolog was identified for F. hepatica and for other Plagiorchiida.
In contrast, members of Opisthorchiida and Schistosomatida possessed homologs that clustered

in the clade of true cystatins.

In conclusion, our phylogenetic analysis revealed that FhCyLS-2 is formally a member
of the type 1 family, stefins. However, FhCyLS-2 and its homologs, defined as CyL-stefins from
Trematoda and Myxozoa species, were evolutionarily different from classical stefins and formed
a distinct stem group in the phylogenetic branch of the type 1 family. F. hepatica and all other
species from the order Plagiorchiida encoded both CyL-stefins and classical stefins but lacked
genes for true cystatins.
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Figure 6. Maximum likelihood phylogenetic tree of the cystatin superfamily. The rooted tree
of vertebrate and invertebrate members shows two clades of the type 1 family of stefins
and the type 2 family of true cystatins; the former is divided into classical stefins and cystatin-like
stefins (CyL-stefins). The position of F. hepatica FhCyLS-2 is marked. Note that sequences
of CyL-stefins and true cystatins contain the signal peptide (yellow-colored taxa/clades). The stem
group of CyL-stefins covers foodborne flukes (Trematoda) and myxozoans (Cnidaria). The organ
location of mature fluke stages in the definitive host is indicated by symbols for each group.
The metamonad Giardia intestinalis cystatin, related to an ancestral gene of the superfamily
(6), was used as the outgroup. Nodal supports calculated from 1000 bootstrap replicates are
depicted as dots on each node. The detailed phylogenetic tree with taxa names and input
sequences are provided in Figure S3 and File S1.

FhCyLS-2 is recognized by serum from naturally and experimentally infected
ruminants

Sera from experimentally infected sheep and from naturally infected cows were examined
for reactivity with recombinant FhCyLS-2 in an ELISA assay. Experimentally infected sheep
recognized FhCyLS-2 three weeks post infection, and the ELISA signals steadily increased until
week 5 post infection, when the experiment had to be terminated (Fig. 7A). In addition, sera from
naturally infected cattle, in which F. hepatica infections were demonstrated by the presence
of F. hepatica eggs in the bile of slaughtered animals, reacted significantly stronger with FhCyLS-2

than sera from non-infected cattle (Fig. 7B).

These results further support the conclusion that FhCyLS-2 is an actively secreted protein
from F. hepatica. Moreover, secreted FhCyLS-2 is recognized by the host during F. hepatica
infection, which suggests that FhCyLS-2 may have potential value as a diagnostic marker

for fasciolosis.
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Figure 7. Recognition of FhCyLS-2 by serum antibodies from F. hepatica infected
ruminants. Sera response to recombinant FhCyLS-2 was analyzed by ELISA and expressed
as means + SD (*p < 0.05, **p < 0.01). A, Sera from two groups of experimentally infected sheep
were drawn prior to infection (pre-i) with F. hepatica metacercaria and 1, 3, and 5 weeks post
inoculation (1 to 5w-pi). Statistical significance compares pre-i and 5w-pi data. B, Sera from cattle
naturally infected with F. hepatica collected from a slaughterhouse are compared with sera
from non-infected cattle).

Discussion

In this work, we provide a comprehensive structural, functional, and phylogenetic analysis
of FNCyLS-2, an unusual member of the cystatin superfamily from F. hepatica. The sequence
and spatial structure revealed that FhCyLS-2 combines, in an unprecedented way, hallmarks
of two major families in the cystatin superfamily, stefins and true cystatins. Homology in the protein
structure indicated a close relationship of FhCyLS-2 to stefins; however, FhCyLS-2 also contains
the secretion signal peptide and disulfides, two structural features typical of true cystatins. We
demonstrated that FhCyLS-2 was present in the E/S products of adult parasites and was released
most likely from their gut. The secreted FhCyLS-2 was recognized by the immune system
of the host during F. hepatica infection, leading to production of specific antibodies detected
in the serum. The crystallographic analysis showed that FhCyLS-2 incorporated two disulfide
bridges into the disulfide-free scaffold of stefins, and the spatial pattern of disulfides was related
to but not identical with that of true cystatins. The acquisition of disulfides might reflect

the secretion status of FRCyLS-2 that differs from that of typical intracellular stefins. In general,
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disulfides stabilize proteins in the oxidizing extracellular environment, and therefore they are

present in the majority of secreted proteins while they are rather rare in cytosolic proteins (34).

The FhCyLS-2 molecule bears the reactive center with an overall architecture common
toits superfamily and is functionally competent for protease binding. FhCyLS-2 acts
as an effective multitarget inhibitor of cysteine cathepsins of mammalian as well as F. hepatica
origins. Figure 8 compares inhibitory specificity of FhCyLS-2 with that of other members
of the superfamily. It shows that FhCyLS-2 effectively inhibits cysteine cathepsins with a wide
range of endo- and exopeptidase cleavage specificities and thus resembles several
broad-specificity inhibitors, including previously well-characterized human and tick stefins,
gut-associated tick cystatins, but also some secreted human cystatins. Mammalian cysteine
cathepsins sensitive to FNCyLS-2 play an essential role in a variety of immunological mechanisms
such as antigen processing and activation of neutrophils, cytotoxic T-lymphocytes, and natural

killer cells (for review, see (35,36)).

Inhibitory potency
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Figure 8. A comparison of the inhibitory potency of FhCyLS-2 and other members of the
cystatin superfamily. Well documented classical stefins from the type 1 family and true cystatins
from the type 2 family are presented, including members of human origin (stefins A and B,
cystatins C, D, and F) and those from parasitic ticks (salivary sialostatins L and L2 (sialo L/L2),
and iristatin; salivary gland-associated Rhcyst-1; gut-associated mialostatin and OmC2). Inhibition
data against various cysteine proteases, including human papain-family cathepsins L to B (hCatL
to hCatB) and mammalian legumains, are presented as |Csp (tick inhibitors (10,37-40), FhCyLS-2
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data are from Table 1) or K;values (human inhibitors (4,41-45) and colored as a heat map (green
scale); n.i. means no inhibition.

Therefore, we hypothesize that secreted FhCyLS-2 mimics specific host-derived cystatins
and interferes with their functions in vivo, controlling cathepsin-mediated proteolysis as previously
found for cystatins with various immunomodulatory activities produced by helminths or ticks
(for review, see ((11,16)). Furthermore, FhCyLS-2 inhibits secreted digestive cathepsins L
from F. hepatica and may function as a physiological regulator in order to protect parasite tissues
from autoproteolytic damage. Thus FhCyLS-2 might have a dual role in the control of both
exogenous and endogenous proteolytic systems during host-parasite interactions. Of note is that
a similar combined function was proposed for the tick cystatin OmC2, which is secreted

into the host for immunomodulatory action as well as regulates proteolysis in the tick gut (39).

The sequence and structural features and phylogenetic analysis revealed that FhCyLS-2
is a member of the type 1 family of stefins. We identified a set of FnCyLS-2 homologs in certain
trematode and myxozoan parasite groups. They are evolutionarily different from classical stefins
and form a distinct stem group in the phylogenetic branch of the type 1 family. Based on this, we
defined a new group called cystatin-like stefins (CyL-stefins) within the cystatin superfamily,
with FnCyLS-2 as a prototype member. They possess an obligatory signal peptide
on the stefin-like sequence lacking the C-terminal motif Asp/Glu-Xxx-Leu-Xxx-Tyr/His-Phe.
The structure of CyL-stefins typically contains two disulfides; however, their number can be

reduced to one or, rarely, altogether absent.

A vast majority of animals express both classical stefins and true cystatins as important
antiproteolytic molecules (5,6). We analyzed the repertoire of cystatin superfamily genes, including
CyL-stefins, among individual fluke groups and found significant differences when comparing
Plagiorchiida, Opisthorchiida, and Schistosomatida. F. hepatica and all other liver and intestinal
foodborne flukes (Plagiorchiida) encode both CyL-stefins and classical stefins but lack genes
for true cystatins. Conversely, no CyL-stefins were identified in the blood flukes (Schistosomatida)
that possess classical stefins and true cystatins; however, opisthorchiid flukes combine all three
inhibitor groups. In addition, Plagiorchiida and Opisthorchiida also express multicystatins.
We hypothesize that CyL-stefins represent an evolutionary upgrade of classical stefins that
occurred as a molecular adaptation to compensate for the absence of, or insufficient functional

range of secreted true cystatins. CyL-stefins can form a multigene group (e.g. three homologs

20

65



present in F. hepatica) and this diversification burst, also known in true cystatins, is unusual
compared to classical stefins, which remain rather evolutionarily stable without dynamic gene
duplications (6). What drives the differences in the repertoire of superfamily genes among fluke
taxa? It is tempting to speculate that they reflect the complexity of life cycles of flukes
and strategies associated with parasite development and survival in host organs, and avoidance
of host immunity. In general, a broader panel of superfamily members is associated with a higher
complexity of multi-host life cycles, the pronounced involvement of vertebrate hosts possessing
more advanced immunity than invertebrate hosts, and diverse types of invaded tissues with
different spectra of host proteases (46,47). The overall complexity of these factors decreases
from Opisthorchiida to Plagiorchiida and Schistosomatida, in line with their inhibitor repertoire (File
S1).

In summary, we present a comprehensive structural and functional characterization
of FNCyLS-2, a secreted inhibitor of cysteine cathepsins from F. hepatica, and propose its
potential role in host-parasite interactions. The unique sequence and structural pattern
of FhCyLS-2, together with phylogenetic analysis of its homologs, allowed us to define cystatin-like
stefins as a new distinct group belonging to the cystatin superfamily.
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Experimental procedures

Parasites and parasite-derived materials

Adult worms of F. hepatica were collected from the livers of naturally infected cattle acquired from
the local abattoir. The worms were washed three times in wash medium (RPMI 1640 medium
(Gibco) supplemented with Penicillin-Streptomycin-Amphotericin B (Antibiotic Antimycotic 100x,
Gibco) and 10 mM HEPES, pH 7.3) and then transferred to complete culture medium (RPMI 1640
medium supplemented with 2 mM L-glutamine supplemented with 5% calf serum, 55 mM glucose,
30 mM HEPES, penicillin (100 U/ml), streptomycin (100 pg/ml), and gentamicin (25 pg/ml),
pH 7.3). After 4 h incubation at 37 °C, the medium with freshly laid eggs were collected.
Metacercariae were obtained from Ridgeway Research Ltd. NEJ material was prepared
by excystation of metacercariae (19) and harvested after 24 h cultivation. For protein extraction,
the worm tissue in PBS containing protease inhibitor cocktail (539131, Calbiochem) was
mechanically disrupted by metal beads (Qiagen TissueLyser IlI), following by ultrasonication.
The lysate was centrifuged at 16000g at 4 °C for 10 min, and the supernatant was stored at -80°C.
Medium containing the E/S products of adult flukes was collected after cultivation for 4 h at 37 °C
in serum-free medium, filtered through an Ultrafree-MC 0.22 mm filter (Millipore), concentrated,
and stored at -80 °C.

Ethic statement

Animal experiments were carried out at the experimental units of the Vetsuisse Faculty
at the University of Zurich after approval by the Cantonal Veterinary Office of Zurich (permission
numbers 162/2009 for mice and 234/2012 for sheep) according to Swiss animal rights

and regulation standards.
Isolation of mMRNA, cDNA synthesis, and qRT-PCR

Total RNA was extracted from F. hepatica developmental stages using Trizol reagent (Invitrogen)
and purified using the RNA Isolation Kit RNeasy (Qiagen) as reported previously (48).
Single-stranded cDNA was synthesized from 1 pg of total RNA using SuperScript Ill reverse
transcriptase (Invitrogen) and an oligo d(T)18 reverse primer according to the manufacturer's
protocol, and the final cDNA product was purified (QIAquick PCR Purification Kit, Qiagen).
The gene expression profile of the FhCyLS-2 was assessed using qRT-PCR. The primers (2 sets
of forward and reverse primers, Table S4) were designed to amplify 160—180 bp fragments using
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the Primer 3 software (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) and their
efficiency was evaluated as described previously (49,50). Triplicate reactions, containing SYBR-
green MasterMix (Roche), were carried out in a final volume of 25 pl in 96-well plates
in a MX 3005P Real-Time PCR cycler (Biorad). The amplification profile consisted of an initial hot
start (95 °C for 10 min) followed by 40 cycles comprising 95 °C for 30 s, 55 °C for 60 s and 72 °C
for 30 s. Carboxyrhodamine and F. hepatica cytochrome C oxidase 9, subunit | (GenBank:
KF111595.1) were used as a reference dye and gene, respectively. Upon completion
of the amplification, the dissociation curve was examined for potential primer dimerization.
The cycle threshold (CT) values were averaged, and the standard deviation was determined.
The relative expression levels were calculated using the delta-delta CT method (51). The PCR
reactions were performed in duplicate for each cDNA sample obtained from a pool of multiple
parasites of individual developmental stages. Statistical significance was determined

with the unpaired Student's t-test.
Cloning and expression of recombinant FhCyLS-2

FhCyLS-2 (GenBank: AY647146) was expressed in the X-33 strain of the methylotrophic yeast
Pichia pastoris (Thermo Fisher). The full-length FhCyLS-2 gene without the N-terminal signal
sequence predicted by SignalP v5.0 (52) was amplified from the adult stage cDNA using
the forward primer, 5-CGGAATTCGAGGTGAAATGCTCGTGGGTG-3 (EcoRI restriction site
underlined) and reverse primer,
5-CGTCTAGAGCTCAATGATGATGATGATGATGAGCTGCAGCAGTGCAGGATACCCGAGTC
(Xbal restriction site underlined, 6xHis-tag in bold) with Phusion DNA polymerase (Fermentas).
The insert sequence was cloned into pPICZaB vector (Thermo Fisher) using EcoRI and Xbal
restriction sites. Recombinant FhCyLS-2 contained an N-terminal extension of residues AGIRG
and a C-terminal extension of residues AAAHHHHHH compared to the native mature sequence.
The vector sequence was verified by DNA sequencing. Transformation of P. pastoris cells
and protein expression were carried out as described previously (53). Media supernatants
from induced P. pastoris were lyophilized and stored at -20 °C until use.

Purification of recombinant FhCyLS-2

The recombinant His-tagged FhCyLS-2 was purified from the concentrated and desalted
expression medium by Ni-affinity chromatography on a HiTrap IMAC HP column (GE Healthcare)

using the manufacturer's protocol for elution with imidazole at pH 8. It was followed
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by size-exclusion chromatography, using a HiLoad 16/600 Superdex 75 pg column (GE
Healthcare) equilibrated with 50 mM Tris-HCI, 200 mM NaCl, pH 8. The purified protein was
concentrated and buffer-exchanged into 10 mM Tris-HCI, 10 mM NaCl, pH 8, using an Amicon
Ultra-3K centrifugal unit (Millipore). Purification was monitored by Laemmli SDS-PAGE
on 15% polyacrylamide gels stained by Coomassie Brilliant Blue R-250. Edman sequencing of
purified recombinant FhCyLS-2 demonstrated the N-terminal sequence starting with IRG, which
indicated a proteolytic trimming and removal of the N-terminal dipeptide AG during protein

expression.
Protein crystallization, data collection, and structure determination

Crystals were grown using vapor-diffusion setup in hanging drops at 18 °C. The ratio of protein
to reservoir solution in the drops was 1:1. The drops were equilibrated over 300 pl of reservoir
solution consisting of 2 M ammonium sulfate, 0.1 M HEPES, 10% PEG 400, pH 7.5. The protein
concentration of the FhCyLS-2 solution was 17 mg/ml. Crystals shaped as thin needles were
soaked overnightin 2 M ammonium sulfate, 0.1 M Na-iodide, 0.1 M HEPES, 10% PEG 400, pH 7.5
and flash-cooled in liquid nitrogen. Diffraction data were collected at 100 K on the MX14.1
beamline at the BESSY electron-storage ring, Berlin, Germany (54). The anomalous data set was
collected at a wavelength of 1.500 A; the native data set was collected at a wavelength
of 0.9184 A. Diffraction data were integrated, reduced, and scaled using XDS integration package
(55). Phasing was performed according to the SIRAS method (56), using anomalous and native
datasets with help of hki2map (57) and SHELX (58). The initial model was improved and rebuilt
by Bucaneer (59), refined by REFMACS5 (60), manually rebuild in Coot (61) and validated with
MolProbity (62), all programs originating from the CCP4 package (63). The structure was refined
at 1.60 A resolution, with Rwork = 0.22 and Riee 0.26. The effective resolution de of the structure
calculated using der = dmnC"™ (©64) was 161 A and the resolution
at the mean I/sigma(l) =2 was 1.74 A. Figures showing structural representations were
generated by PyMOL (65). Table S3 was generated by PHENIX (66). The atomic coordinates and
experimental structure factors were deposited in the Protein Data Bank with accession code 611M.

Protease inhibition assays

Inhibition measurements were performed in triplicate in 96-well microplates (100 uL assay volume)
at 37 °C. Recombinant FhCyLS-2 was preincubated with protease for 15 min followed

by the addition of a specific fluorogenic substrate (see below). The kinetics of product release
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were continuously monitored using an Infinite M1000 (Tecan) microplate reader at 365 nm
excitation and 450 nm emission wavelengths (for AMC-containing substrates) or at 330 nm
excitation and 410 nm emission wavelengths (for Abz-containing substrate). ICso values were
determined from residual velocities using dose-response plots; nonlinear regression was fitted
using GraFit software (Erithacus, East Grinstead, UK). All substrates were purchased
from Bachem with the exception of Abz-Phe-Arg-Phe(NO2)-OH from MP Biomedicals. Human
cathepsins L, K, and V were purchased from Merck, cathepsins F, B, and S from Enzo Life
Science, and cathepsin X and legumain from R&D Systems. Carica papaya papain was
from Merck, bovine cathepsins C and H were prepared as described in (67,68), and F. hepatica
cathepsins L1, L2, and L3 as described in (69,70). Substrates and proteases were applied
in assays as follows: Z-Phe-Arg-AMC in 2.5 uM concentration with 0.2 nM cathepsin L, 4.3 uM
with 0.2 nM cathepsin K, 3.6 uM with 0.1 nM cathepsin V, 53 uM with 0.2 nM cathepsin B, 27 uM
with 1.2 nM cathepsin F, 100 uM with 0.5 nM papain, 20 pM with 2 nM FhCL1, and 20 uM with
5 nM FhCL2; 17 uM Z-Val-Val-Arg-AMC with 0.1 nM cathepsin S; 100 pM H-Arg-AMC with 1.9 nM
cathepsin H; 87 uM Abz-Phe-Arg-Phe(NO;)-OH with 1.2 nM cathepsin X; 130 uM H-Gly-Arg-AMC
with 0.4 nM cathepsin C; 70 uM Z-Ala-Ala-Asn-AMC with 1.2 nM legumain; and 20 pM Z-Gly-Pro-
Arg-AMC with 6 nM FhL3. The assay buffers were as follows: 100 mM Na-acetate, pH 5.0
(for cathepsin X, legumain, and E/S products) or pH 5.5 (for cathepsins L, K, V, B, F, C,
and papain); 50 mM MES, pH 5.5 (FhCL1 and FhCL3) or pH 6.0 (FhCL2) or pH 6.5
(for cathepsins S and H); the buffers contained 2.5 mM dithiothreitol, 0.1% polyethylene glycol
1500, and 50 mM NaCl (for cathepsin C).

Immune assays

Production of anti-FhCyLS-2 serum: Polyclonal serum was raised in three 12 weeks-old NMRI
mice initially immunized with 60 pg recombinant FhCyLS-2 in Freund’s complete adjuvant
(100 L s.c.) followed by a single booster injection with the same amount of antigen in Freund’s
incomplete adjuvant after three weeks. The collected serum was tested in ELISA
for immunoreactivity against recombinant FhCyLS-2, as described for sheep serum below,
with the only difference being the use of mouse serum (1:200) and anti-mouse-IgG for detection
(1:10000, A3562, Sigma) and in western blot for specificity against the F. hepatica E/S products
and total worm extract containing native FhCyLS-2.

Immunofluorescence microscopy: Adult F. hepatica worms were prepared
for immunofluorescence microscopy as described previously (71,72). Antibody dilutions were
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1:500 for mouse polyclonal anti-FhCyLS-2 serum and 1:200 for anti-mouse IgG Alexa
633-conjugated secondary antibody (A21052, Molecular Probes). Antibodies were incubated
for 45 min at 25 °C on sections with 3 washes between the primary and secondary antibody
and 4 times after secondary antibody; the third wash contained 1 pg/ml DAPI. The sections
embedded in mowiol were visualized using a Leica SP2 AOBS confocal laser scanning
microscope (Leica Microsystems) using a 20x oil immersion objective, and images were
processed using the Huygens deconvolution software package version 2.7 (Scientific Volume

Imaging).

Immunoreactivity of sera from infected animals: Sheep were assigned to groups 1 and 2,
consisting of 4 and 5 animals, respectively, that were experimentally infected with 150
metacercariae in a gelatin capsule administered orally. Prior to infection, group 2 was immunized
with ovalbumin (300 ug) as an additional and irrelevant immunogen three times at two-weekly
intervals. The infection was allowed to proceed for 5 weeks, and sera were collected. Sera
from cattle (10 animals) were collected at abattoir, and bile was taken from gall bladders

and examined for the presence of F. hepatica eggs (73).

ELISA assay: Microtiter plates were coated with recombinant FhCyLS-2 (0.5 pg per well),
blocked with PBS, containing 2% dry milk and 0.05% Tween-20. After 3 washes with PBS
containing 0.05% Tween-20 (PBS-T), the antigen was incubated with sera (1:200 sheep,
1:100 cattle) for 1 h at 22 °C. Unbound antibody was removed by washing 4 times with PBS-T,
and the plate was incubated with alkaline phosphatase-conjugated secondary antibodies (donkey
anti-sheep 1gG 1:10000, A24564, Invitrogen or goat anti-bovine IgG 1:2000, 5220-0383,
KPL-SeraCare) for 1 h at 22 °C. The plate was washed 4 times with PBS-T and incubated
with the substrate (pPNPP disodium hexahydrate, Sigma) for 15 min and read at 405 nm
(with reference at 630 nm). All measurements were performed in duplicate. Statistical significance

was determined with the two-sided Mann-Whitney U test.

Western blot: For testing mice sera, protein samples (10 ug of F. hepatica E/S products
and adult worm lysate, or 1 ug of FheCyLS-2) were separated by reducing Laemmli SDS-PAGE
and electroblotted onto a nitrocellulose membrane. The membrane was blocked with PBS-T,
containing 5% dry milk, and incubated with polyclonal serum (1:200) in blocking solution
for 4 h at 22 °C. After 6 washes with PBS-T, bound antibodies were detected with horseradish
peroxidase-conjugated secondary antibodies (goat anti-mouse IgG, 1:20000, 1706516, Bio-Rad)
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for 2 h at 22 °C. Signal was visualized by Western Lightning Chemiluminescence Reagent

(PerkinElmer Life Sciences).
MS proteomic analysis

For identification of native FhCyLS-2, proteins of the E/S products from adult F. hepatica were
reduced, alkylated, and digested with trypsin and chymotrypsin. Recombinant FhCyLS-2 was
analyzed analogously using trypsin digest. The LC-MS/MS analysis of the digests was performed
on an UltiMate 3000 RSLCnano system (Dionex) coupled to a TripleTOF 5600 mass spectrometer
with a NanoSpray Il source (AB Sciex). The peptides were separated on an Acclaim PepMap100
analytical column (3 um, 15 cm x 75 um; Thermo Scientific) with gradient elution in a 0.1% formic
acid/acetonitrile system. Full MS scans were recorded from 350 to 1250 m/z, up to 25 candidate
ions per cycle were subjected to fragmentation; in MS/MS mode the fragmentation spectra were
acquired from 100 to 1600 m/z. The mass data were processed by the ProteinPilot 4.5 software
(AB Sciex).

For disulfide pairing analysis, the recombinant FhCyLS-2 was digested with trypsin
and subsequently with GIuC. The LC-MS/MS analysis of the digests was performed using
the same setup as described above. A peptide of molecular weight 3769.656 in the form of multiply
charged (6+) ion (629.286) was detected and its MS/MS spectrum was recorded (Table S2). This
peptide matches the sequence of a cluster of three peptides
(LLTAGSVVSSC®*E, VSGGATC®PGCSWE, VSC*TAAAHHHHHH) connected by two disulfide
bonds (Table S1). The MS/MS fragments with m/z 1016.932 (doubly charged) and 678.291 (triply
charged) demonstrated the breakage of the parental cluster forming a cluster of two peptides
(PGC®WE, VSC®TAAAHHHHHH) connected by the disulfide Cys69-Cys95. This indicated that
the disulfide connectivity in the original peptide cluster was provided by disulfide bonds
of Cys69-Cys95 and Cys39-Cys66.

Phylogenetic and bioinformatic analyses

The dataset used for the phylogenetic analysis consisted of 160 amino acid sequences
of vertebrate and invertebrate single-domain cystatins. It includes the recently reported dataset
of the superfamily members (30) and newly mined helminth homologues. Sequences were aligned
in MAFFT version 7.450 (74) implemented in Geneious Prime version 2019.0.4 (75) using
the G-INS-i method, with default settings for gap opening penalty and offset value. The sequences
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were retrieved as GenBank/WWormBase Parasite annotated entries or were mined from the publicly
available genome/ transcriptome assemblies using the tBLASTn algorithm and E-value cut off 10-
(File S1). Multidomain cystatins (listed for helminths in File S1) were not included in the analysis
due to difficulties with their alignment to single-domain molecules and classification of their
secretion status. Non-homologous terminal regions of the alignment were removed manually
in Geneious Prime so the final alignment comprised 164 positions, principally corresponding
to the conserved cystatin domain Pfam PF00031. The metamonad Giardia intestinalis cystatin
(GenBank: XP_001705664) resembling the most ancestral eukaryotic cystatin (6) was used
as the outgroup. The phylogenetic tree was reconstructed by the maximum likelihood (ML)
method in IQ-TREE version 1.6.12 (76) using the WAG+F+G4 protein model selected
by ModelFinder (77). Nodal supports were based on 1000 bootstrap replicates. The visualization
and graphics of the resulting tree was performed with the FigTree version 1.4.2.
The presence/absence of signal peptide in the cystatin sequences was predicted in SignalP
version 5.0 (52).

Data availability

3D structure of FhCyL2-2 obtained by X-ray crystallography was deposited in the PDB database

the accession code 611M.
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Figure S1. Multiple sequence alignment of FhCyLS-2 with selected members of the cystatin
superfamily from blood feeding parasites. The groups of sequences correspond to classical
stefins from the type 1 family, true cystatins from the type 2 family, and cystatin-like stefins.
The sequence of FhCyLS-2 is in magenta. The predicted signal peptides are highlighted in yellow,
and cysteine residues in mature protein sequences are shaded black. The conserved C-terminal
segment of classical stefins is green. Three segments N, L1, and L2 forming the reactive center
for inhibition of cysteine cathepsins are indicated by red bars and labeled; the critical consensus
positions are shown in red. The sequence length is indicated on the right (additional C-terminal
extensions are marked with a cross). The sequences are indicated with an abbreviated species
name (Av: Acanthocheilonema viteae, Bm: Brugia malayi, Cs: Clonorchis sinensis,
Em: Echinococcus multilocularis, EQ: Echinococcus granulosus, Fg: Fasciola gigantica,
Fh: Fasciola hepatica, HI. Haemaphysalis longicornis, Ir: Ixodes ricinus, |s: Ixodes scapularis,
Ov: Onchocerca volvulus, Of. Opisthorchis felineus, Om: Omithodoros moubata,
Rm: Rhipicephalus microplus, Sj. Schistosoma japonicum, Sm: Schistoma mansoni,
Sp: Sphaeridiotrema pseudoglobulus, Ta: Taenia asiatica, Ts: Taenia saginata, To:. Taenia
solium, Tt. Trichuris trichiura, Tz. Trichinella zimbabwensis), phylogenetic affiliation
in parentheses (a: arthropoda, n: nematoda, c: cestoda, t: trematoda), and GenBank accession
number.
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Table S1. Mass spectrometry analysis of posttranslational modifications of FhCyLS-2.
Listed are selected peptides derived from the native and recombinant FhCyLS-2 that cover
the mature N-terminal region (tryptic fragment 1-11 and chymotryptic fragment 8-21)
and the regions containing disulfide-bridged cysteine residues. The peptides were analyzed
by LC-MS/MS as described in Experimental procedures. Cysteine residues (red) forming
a disulfide bond in the peptide cluster are aligned; the disulfide bonds connect residues Cys39
to Cys66 and Cys69 to Cys95. Delta indicates the difference between experimental
and theoretical mass.

Theoretical Measured Delta Peptide sequence
FhCyLS-2 peptide mass  peptide mass (Da) (':esidue; No.)
[M] (Da) [M] (Da) )
Native 1250.597 1250.594 0.002 EMLVGGYTEPR (1-11)
Native 1632.811 1632.815 0.005 TEPRSVTPEERSVF (8-21)

LLTAGSVVSSCE (29-40)
Recombinant 3769.656 3769.671 0.015 VSGGATéF‘GQWE (59-71)
VSCTAAAHHHHHH (93-105)

Table S2. Inhibitory effect of FhCyLS-2 on the proteolytic activity of the E/S products.
The proteolytic activity of the E/S products of adult F. hepatica was assayed using the fluorogenic
peptide substrate Z-Phe-Arg-AMC and three different chromogenic pretein substrates.
The inhibition by 0.5 uM FhCyLS-2 is expressed as remaining activity relative to the uninhibited
control (100%) and is compared with the effect of 0.5 pM E-64, a general peptide inhibitor
of papain-family proteases. The mean values + SE are given.

Relative inhibition (%)

Substrate
E-64 FhCyLS-2
Z-Phe-Arg-AMC 99.7+0.38 99.1+04
Azocasein 992+07 96.3+19
Azocollagen 994+41 939108
Elastin congo red 984+12 98.21+3.0
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Table S3. Crystal parameters, data collection statistics, and refinement statistics.

statistics were generated by PHENIX

Dataset Native I soaked
Wavelength (A) 0.918 15
Resolution range (A) 46.67 -1.60 (1.66 - 1.60) 336 -1.90(1.97 -1.90)
Space group C222; €222,

a, b, c(A) 649,672,445 64.7,67.2,446

@B,y () 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Total reflections 88303 (8518) 89387 (5006)
Unique reflections 13131 (1297) 7925 (727)
Multiplicity 6.7 (6.6) 11.3(6.5)
Completeness (%) 98.43 (99.69) 97.97 (91.50)
Mean I/sigma(l) 7.83 (0.80) 17.81(2.77)
Wilson B-factor (A?) 21.33 2225
Rimerge 0.16 (2.14) 0.11 (0.63)
Rimeas 0.17 (2.32) 0.12 (0.69)
Ryen 0.07 (0.90) 0.03 (0.27)
CCin 1.00 (0.43) 1.00 (0.91)
cc’ 1.00 (0.77) 1.00 (0.98)
Reflections used in refinement 12986 (1297)
Reflections used for Ryee 650 (65)
Ruoik 0.22 (0.44)
Riree 0.26 (0.36)
CCuoi 0.95 (0.41)
CCfree 0.94 (0.24)
Number of non-hydrogen atoms 807

macromolecules 707

ligands 2

solvent 98

protein residues 93
RMS bond length (A) 0.014
RMS angle (°) 1.82
Ramachandran favored (%) 978
Ramachandran allowed (%) 1.1
Ramachandran outliers (%) 11
Rotamer outliers (%) 1.18
Clashscore 35
Average B-factor (A%) 2847

macromolecules (A%) 27 44

ligands (A2) 2570

solvent (A?) 3593

&3
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Table S4. Primer sets used for gRT-PCR analysis.

Primer name sequence 5'-3"
QFheCyLS82-A-s CCCAGTGAGGTTGGATGACT
QFheCyLS-2-A-as CAGTCTGCAATGACAGCACA
QFheCyLS-2-B-s TGTTGCGCATACTACTTGGAA
QFheCyLS-2-B-as AGCAACTCCAACTCACACGA
FheCoxl-A-s TGGCCTGTTGTGACTGGTTA
FheCoxl-A-as ACTACCTGCCGAGACAAGAG
FheCoxI-B-s GGTAGTGTTGTTTGGGCTCA
FheCoxl-B-as CCACACAACAGGATCCCATA

FhCyLS-2/

Figure S2. Negative control staining of section of adult F. hepatica. Semi-thin tissue section
of the adult worm was probed with pre-immune mice serum followed by reaction
with an anti-mouse 1gG Alexa 633-labeled secondary antibody (yellow). DAPI was used to label
nuclear DNA (blue). The left panel shows differential interference contrast (DIC), the right panel
flucrescent channels. Positive staining with antiserum is presented in Figure 3. Gd: gastodermal
cells, Gl: gut lumen, Teg: tegument, Vit: vitelline cells; scale bar represents 100 pm.
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Figure S3. Maximum likelihood phylogenetic tree of the cystatin superfamily. The rooted,
non-collapsed tree of vertebrate and invertebrate members shows two clades of the type 1 family
of stefins and the type 2 family of true cystatins; the former is divided into classical stefins
and cystatin-like stefins. The highest taxonomic rank is indicated. FhCyLS-2 is in magenta.
The Giardia intestinalis cystatin was used as the outgroup. Nodal supports calculated from 1000
bootstrap replicates are indicated.
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Figure S3. Maximum likelihood phylogenetic tree of the cystatin superfamily. The rooted,
non-collapsed tree of vertebrate and invertebrate members shows two clades of the type 1 family
of stefins and the type 2 family of true cystatins; the former is divided into classical stefins
and cystatin-like stefins. The highest taxonomic rank is indicated. FhCyLS-2 is in magenta.
The Giardia intestinalis cystatin was used as the outgroup. Nodal supports calculated from 1000
bootstrap replicates are indicated.
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4.2. Publikace ¢. 2: Mialostatin, a novel midgut cystatin from Ixodes ricinus ticks:

crystal structure and regulation of host blood digestion.

Kliste obecné (Ixodes ricinus) je ektoparazit a hlavni vektor lymské boreliozy a klistové
encefalitidy v Evropé. Jako zdroj zivin klist¢ vyuziva krevni proteiny hostitele, které jsou
Stépené proteolytickou kaskadou, vyuzivajici cysteinové proteasy. Nicméné naSe znalosti
o regulaci téchto klistovych travicich enzymi jsou nedostate¢né. Tato prace popisuje prvni
sttevni inhibitor cysteinovych proteas z /. ricinus nazvany mialostatin, pfinasi jeho prvni
strukturni a funk¢ni charakterizaci a navrhuje fyziologickou roli.

Mialostatin z rodiny cystatinti byl identifikovan ve stfevni tkani 1. ricinus a byl pfipraven
jako rekombinantni protein. Kinetické inhibi¢ni testy ukézaly, ze je Sirokospektrym
inhibitorem modelovych i1 klistovych cysteinovych proteas a to jak s endopeptidasovou,
tak exopeptidasovou aktivitou. Nejvyraznéjsi inhibice (v subnanomolarni oblasti koncentraci)
byla urcena pro dva travici katepsiny L z I. ricinus — IrCL1 a IrCL3. In vitro experimenty
prokdzaly stabilitu mialostatinu v prostfedi travicich proteas I. ricinus a jeho schopnost
efektivné inhibovat degradaci hostitelskych krevnich proteini.

V dalsim kroku byly pfipraveny krystaly mialostatinu a vyfeSena jeho 3D struktura
rentgenovou difrakci s findlnim rozlisenim 1,6 A. Mialostatin ma architekturu podrodiny
pravych cystatinii (v€etné paru konzervovanych disulfidl), kterd nese vazebné centrum tvotrené
tfemi interakénimi regiony: N-konec molekuly a povrchové smycky L1 a L2. Analyza struktury
ukézala pln€ kompetentni vazebné centrum odpovidajici jeho inhibi¢nimu profilu. Mialostatin
je prvnim Sirokospektrym cystatinem z I. ricinus, ktery byl strukturné charakterizovan. Jeho
funk¢ni vlastnosti ho vyrazné odliSuji od slinnych cystatinti z I. ricinus, u kterych byla
schopnost inhibovat exopeptidasy siln€ potlacena. To je v souladu i s fylogenetickou analyzou,
ktera prokéazala evolucni odliSnost mialostatinu od cystatinl ze slin kliSt’at.

Exprese mialostatinu i travicich proteas je ve stievu klistéte indukovana béhem traveni
hostitelské krve. Pomoci imunohistochemie byla prokazdna lokalizace mialostatinu
ve sttevnim epitelu a pomoci hmotnostni spektrometrie 1 v obsahu lumen stfeva. Mialostatin
se kolokalizoval predevsim s travici proteasou IrCL3, ktera piedstavuje zfejmé hlavni cilovou
proteasu piisobici v pozdni fazi traveni. Lze tedy pfedpokladat roli mialostatinu pii regulaci
casovych kroki ve fyziologii traviciho procesu.

Tato studie umoznuje novy pohled na mechanismy, které kontroluji travici proteolyzu

klistat a mohou byt vyuzity pti vyvoji molekularnich vakcin proti klistatiim.
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Miij podil na praci zahrnoval: (1) ureni inhibi¢nich konstant pro mialostatin pomoci
kinetickych testl s fluorescen¢nimi substraty a modelovymi a klistovymi proteasami,
(2) testovani inhibi¢niho efektu mialostatinu na nativni klisStové proteasy v experimentech s
hostitelskymi proteinovymi substraty, (3) krystalizaci mialostatinu a sbér difrakénich dat na

synchrotronu, (4) feSeni a analyzu krystalové struktury mialostatinu, (5) pfiprava manuskriptu.
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Abstract: The hard tick Ixodes ricinus is a vector of Lyme disease and tick-borne encephalitis. Host
blood protein digestion, essential for tick development and reproduction, occurs in tick midgut
digestive cells driven by cathepsin proteases. Little is known about the regulation of the digestive
proteolytic machinery of I ricinus. Here we characterize a novel cystatin-type protease inhibitor,
mialostatin, from the L. ricinus midgut. Blood feeding rapidly induced mialostatin expression in the
gut, which continued after tick detachment. Recombinant mialostatin inhibited a number of I. ricinus
digestive cysteine cathepsins, with the greatest potency observed against cathepsin L isoforms, with
which it co-localized in midgut digestive cells. The crystal structure of mialostatin was determined
at1.55 A to explain its unique inhibitory specificity. Finally, mialostatin effectively blocked in vitro
proteolysis of blood proteins by midgut cysteine cathepsins. Mialostatin is likely to be involved in
the regulation of gut-associated proteolytic pathways, making midgut cystatins promising targets for
tick control strategies.

Keywords: cathepsin; crystal structure; cysteine protease; digestion; Ixodes ricinus; midgut; parasite

1. Introduction

Ticks are globally distributed ectoparasitic arthropods that strictly feed on host blood.
While soft ticks (family Argasidae) feed only for a few hours, hard ticks (family Ixodidae)
usually attach to their hosts for several days to fully engorge and proceed to their next
developmental stage. The hard tick Ixodes ricinus is found mainly in Europe but also in
neighboring parts of Africa and the Middle East, where it is a major vector of pathogens
such as Lyme disease spirochetes (Borrelia burgdorferi sensu lato), tick-borne encephalitis
virus [1] or Babesia spp. [2]. Adult L. ricinus females feed for 6-9 days on a vertebrate host
to enlarge over 100 times in weight [3].

Since blood is a highly specific and sole source of nutrients for these ticks, they have
adapted to efficiently process large amounts of host blood. Blood degrades in the acidic
endolysosomes of digestive cells of the tick midgut. Gut lumen uptake of the two main
blood constituents, albumin and hemoglobin, is facilitated by two different mechanisms [4]:
albumin is taken up non-specifically by fluid-phase endocytosis, while hemoglobin is
recognized by specific receptor-mediated endocytosis. Subsequently, albumin is directed to
small acidic vesicles and hemoglobin to a population of large digestive vesicles [4]. Despite

Int. J. Mol. Sci. 2021, 22, 5371. https:/ /doi.org/10.3390/ijms22105371
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these differences, both albumin and hemoglobin are cleaved and processed to single amino
acids and short peptides by the same proteolytic system [5,6]. The degradation pathway
for hemoglobin is described in detail elsewhere [4]. Briefly, the initial phase is catalyzed by
three I. ricinus digestive endopeptidases at low pH (3.5 to 4.5) including a cysteine protease
legumain (IrAE) [7] and aspartic protease cathepsin D (IrCD1) [8]. Two cysteine protease
cathepsin L isoforms, IrCL1 [9] (GenBank: EF428205) and IrCL3 (GenBank: QBK51063),
complement the initial phase: IrCL1 expression in tick gut cells peaks at the end of tick
feeding [9], while its ortholog, IrCL3, is present in the tick midgut predominantly after
feeding, where it complements the activity of IrCL1 (D. Sojka, personal communication,
December 2020). Cysteine proteases with exopeptidase activity, cathepsins B and C (IrCB
and IrCC), continue hemoglobin degradation to dipeptides at an optimal pH of 5.5-6.0 in
digestive cells [6,10,11]. Digestion to single amino acids is facilitated by carboxypeptidase
and leucine aminopeptidase [6]. Blood processing by ticks and the roles of individual
proteases are reviewed in detail elsewhere [12,13].

Under physiological conditions, cysteine protease activity is regulated by proteina-
ceous inhibitors, including those in the cystatin family [14,15]. Cystatins are tight binding,
reversible inhibitors of legumain and papain-like cysteine proteases [16]. According to
MEROPS nomenclature, cystatins are subdivided into three subfamilies: 125A (type 1,
stefins), 125B (type 2 and type 3, kininogens), and 125C (type 4, fetuins) [17]. Only type 1
and 2 cystatins have so far been identified in ticks [18]. Cystatins are mostly associated
with the regulation of proteases involved in blood digestion and heme detoxification in the
tick midgut [18] and with the modulation of the host immune system as components of
tick saliva [19,20], although they have also been detected in other tick tissues [21,22].

In soft ticks, only two midgut cystatins have been functionally characterized:
Om-cystatins 1 and 2 from Ornithodoros moubata [23]. While Om-cystatin 1 is exclusively
expressed in the midgut, Om-cystatin 2 can be found in all tissues and has immunomodu-
latory properties when secreted into the host [24,25]. Both inhibit cathepsins B, C, and H
and are involved in blood processing [23]. Gut-associated cystatins from only two Ixodes
species have been reported to date: a gut-secreted cystatin Jplocys2a from Ixodes ovatus was
shown to inhibit cathepsins B, C, and L [26], while the expression of three Ixodes persulcatus
cystatins, Jplpcys2a, b, and ¢, was demonstrated in almost all tissues and instars [27].

Despite the relatively good characterization of the digestive proteases present in the
I. ricinus midgut [13], there has been little functional characterization of their inhibitors
and regulatory mechanisms. Here we report a novel cystatin from the I ricinus midgut,
mialostatin, and present its crystal structure, inhibitory specificity, tissue localization, and
role in the regulation of blood digestion.

2. Results
2.1. Mialostatin Transcript Predominantly Accumulates in the Tick Midgut

In order to clone mialostatin, we used primers based on available cystatin sequences
identified in Ixodes scapularis tick genome. To obtain the longest possible reads, we also
focused on the 5 UTRs and 3’ UTRs regions. In the course of our study, an L. ricinus
transcriptome was published with a transcript of an identical sequence to mialostatin
(Genbank accession number GFVZ01041806.1) [28]. However, since this particular tran-
script was obtained from whole body tick sequencing, we used BLAST to search for highly
similar sequences in other transcriptomic studies to specifically localize its expression
(https:/ /blast.ncbinlm.nih.gov/Blast.cgi, accessed on 20 May 2021). As a result we found
a highly similar transcript SigP-158801 upregulated mainly in the tick midgut [29]; similarly
to another transcript GCJO01026918.1 identified in a study focusing on the tick gut [30]. To
verify the localization of mialostatin, we examined its expression in different tick tissues
and feeding stages and confirmed its predominantly midgut expression.

Increased transcription of mialostatin over the feeding course implies an important
role in tick metabolism [18]. Figure 1 shows the expression of mialostatin in the tick midgut,
ovaries, and salivary glands before, during, and after feeding. Mialostatin transcript was
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predominantly present in the tick midgut, where expression oscillated throughout feeding
and after detachment but at consistently higher expression than the other examined tissues.
The presence and upregulation of mialostatin transcript in tick salivary glands and ovaries
were low, peaking in fully fed ticks and at the early phase of detachment at maximum
levels of only 10-20% of midgut expression (Figure 1).

Mialostatin expression profile
120
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3 20 EE 12AD
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Figure 1. Mialostatin is predominantly produced in the tick midgut and its expression is upregulated
by tick feeding. Expression maxima are prior to rapid engorgement, in fully fed females, and at two
weeks post tick detachment from the host. Mialostatin expression was determined by quantitative
PCR using cDNA templates prepared from a pool of three tissues from female ticks (MG—midgut,
OVA—ovaries, SG—salivary glands). The gPCR output was normalized to the L. ricinus elongation
factor 1 gene and compared across all values with the highest expression set to 100%. Data show an
average of three biological replicates + SEM. Categories: UF—unfed ticks; 1d, 3d, 5d—ticks after 1, 3,
or 5 days of feeding; FF—fully fed ticks after 7-8 days of feeding; 3AD, 6AD, 12AD—ticks 3, 6, or
12 days after detachment.

2.2. Mialostatin Is a Broad-Spectrum Inhibitor of Cysteine Cathepsins and Is Highly Effective
against Cathepsin L

Purified recombinant mialostatin was screened in vitro for its inhibitory potential
against major endogenous digestive proteases present in the I. ricinus gut [6]. These
proteases were tested in the form of recombinant enzymes or proteolytic activities in the
gut tissue extract (Table 1, left and middle panels). The strongest inhibition was found
for recombinant I. ricinus cathepsins L1 and L3 (IC5¢s of 0.071 and 0.39 nM, respectively),
which are papain-type cysteine proteases and consistent with sub-nanomolar inhibition of
cathepsin L-like activity by the extract (ICs of 0.18 nM). The cathepsin B-like and cathepsin
C-like activities of the extract were inhibited with lower potency, with ICs values in the
double-digit nanomolar range (12.1 and 91.7 nM, respectively). Mialostatin did not inhibit
I ricinus digestive proteases out of the papain family, including the aspartic protease
cathepsin D1 and the clan CD cysteine protease legumain (asparaginyl endopeptidase).

We next expanded a spectrum of papain-type cysteine proteases and screened mi-
alostatin against a representative panel of human cathepsins selected to cover a wide
range of endo- and exopeptidase activities (Table 1, right panel) including endopeptidases
cathepsins L, K, and S and exopeptidases cathepsin B (a peptidyl dipeptidase and en-
dopeptidase), cathepsin C (a dipeptidyl peptidase), and cathepsin H (an aminopeptidase).
Human cathepsin L was inhibited at subnanomolar concentrations (ICsp 0.38 nM), similar
to its 1. ricinus homologs, and all other human cysteine cathepsins were inhibited with
ICsp values in a narrow range from 2.2 to 24 nM.

In conclusion, mialostatin displays an unusually broad inhibitory specificity against
cysteine cathepsins, with a particularly strong interaction with cathepsin L isoforms. The
high affinity for cysteine cathepsins with endopeptidase and exopeptidase activities clearly
distinguishes mialostatin from other described Lxodes cystatins, which display weak or no
inhibition of these exopeptidases (see below).
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Table 1. Inhibitory effect of mialostatin on the activity of tick and human proteases. The inhibitory potency of mialostatin

was determined against: (i) native cysteine cathepsins present in I. ricinus gut tissue extract using protease-specific assays

(left panel); (ii) selected digestive proteases of 1. ricinus prepared as recombinant proteins (middle panel); and (iii) a

representative set of human cysteine cathepsins (right panel). The ICsy values (mean values + SE) were measured by kinetic

activity assays using specific fluorogenic peptide substrates (for details, see Methods).

Inhibition of I. ricinus Inhibition of Recombinant Inhibition of Human
Midgut Homogenate Digestive I. ricinus Proteases Cysteine Cathepsins
Targeted Activity ICsp (nM) Proteases IC59 (nM) Protease 1Cs9 (nM)
Cathepsin L 0.18 +0.02 Ir-cathepsin L1 (IrCL1) 0.071 £ 0.01 Hs-cathepsin L 0.38 +0.03
Cathepsins L and B 314+04 Ir-cathepsin L3 (IrCL3) 0.39+0.18 Hs-cathepsin C 21408
Cathepsin B 121£15 Ir-legumain (IrAE) ni. Hs-cathepsin S 22404
Cathepsin C 91.7+£55 Ir-cathepsin D1 (IrCD1) n.i. Hs-cathepsin B 9.0+0.3
Hs-cathepsin K 9.7+13
Hs-cathepsin H 240+35

Abbreviation: n.i—no significant inhibition at 10 uM mialostatin concentration.

2.3. Mialostatin Is Present in the Tick Gut Wall and Lumen

We further investigated mialostatin’s distribution within the tick midgut. Gut epithelia
and lumina were collected from fully fed I. ricinus adult females and subjected to proteomic
analysis to directly determine the presence or absence of mialostatin. The LC-MS/MS
strategy was based on the enzymatic digestion of a complex protein mixture and MS/MS
peptide sequencing. This analysis provided 11-71% peptide coverage of the mialostatin
sequence and a mass accuracy of <5 p.p.m. (Table S1), allowing us to conclude that
mialostatin is present in both the gut tissue and luminal contents of I. ricinus ticks.

Immunolabeling was used to evaluate the potential biological selectivity of mialostatin
towards different papain-like enzymes present in tick gut tissue. Localization of mialo-
statin with IrCB, IrCL1, and IrCL3 was examined using multicolor immunohistochemistry
(Figure 2), with the sample collection and section preparation time points selected based
on qPCR-determined dynamic expression profiles of individual proteases (sixth day of
feeding for IrCLB and IrCL1; eleventh day post feeding for IrCL3) to establish the availabil-
ity of these proteases for co-localization with mialostatin at these timepoints. IrCL3 was
the most probable target protease for mialostatin, as co-localization signals at the surface
of large vesicles in tick gut cells (specific ring patterns) was nearly complete. However,
there was also some co-localization of mialostatin with IrCL1 but not the cysteine protease
cathepsin B (IrCB).

Immunoblot analyses of tick gut tissue were performed to (i) confirm mialostatin
selectivity for IrCL3 and further evaluate potential interactions with IrCL1; and (ii) evaluate
potential secretion of mialostatin and the cathepsin-L-like tick proteases into the gut
lumen. The latter could not be observed by immunohistochemical labeling due to the rapid
dilution of gut epithelial cell secretions with the large amount of imbibed host blood in
the lumen. However, mialostatin was detected in the gut wall (Figure 3A) at all collected
time-points during feeding. Gut tissue originating from ticks membrane-fed on pure
bovine blood serum (without erythrocytes) [31] was used to avoid interference between
mialostatin-specific signals and host hemoglobin proteins of identical molecular weight.
IrCL1 and IrCL3 signals were also detected in both the gut epithelium (cell wall) and the
gut lumen (Figure 3B). The multiple IrCL1 bands corresponded to the proenzyme and
mature enzyme forms [9].

2.4. Mialostatin Inhibits Blood-Protein Digestion Catalyzed by Tick Gut Cysteine Cathepsins

In tick gut tissue, cysteine cathepsins play a critical role in the acidic degradation of
the two most abundant host blood proteins, hemoglobin and serum albumin. In particular,
cathepsin L is involved in the initial phase of the degradation pathway, which is continued
by the action of cathepsins B and C [5,6]. We evaluated the effect of mialostatin on the
in vitro degradation of hemoglobin and serum albumin by the proteolytically active extract
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of L ricinus gut tissue (limited to cysteine proteases by treatment with inhibitors of other
protease classes). Both blood proteins were digested at optimal acidic plII, and SDS-
PAGE analysis demonstrated highly efficient degradation of these substrates (Figure 4A,B).
These processes were effectively blocked by mialostatin in a dose-dependent manner, with
complete inhibition at a low nanomolar coneentration of mialostatin. A similar effect was
achieved by adding E-64, a small molecule general inhibitor of cysteine cathepsins. Further,
we tested the stability of mialostatin exposed to the complex proteolytic environment of
the gut tissue extract (ligure 4C), which revealed that mialostatin was generally stable
and showed only partial degradation over long-term treatment. In summary, the blood
protein digestion catalyzed by cysteine cathepsins of I. ricinus can be effectively controlled
by mialostatin under native-like conditions.

a-IrCB a-Mialostatin

) -.

a-IrCL1 -Mialostatin Merged

o -.

t-IrCL3 a-Mialostatin Merged

Merged

Figure 2. Mialostatin co-localizes with IrCL3 inside gut digestive cells of female I. ricinis ticks.
Multicolored confocal immunofluorescence indicates variable colocalization of mialostatin (green
signal) with the cathepsin-type proteases IrCB, IrCL1, and IrCL3 (red signal) in female tick gut
sections at the sixth day of feeding (6d) and cleventh day post detachment from the host (11A1).
Mialostatin and [rCIL3 show the greatest co-localization (yellow signal in merged images), thus TrCL3
represents the most probable target protease. DAPI counterstaining is shown in cyan. DC—digestive
cells; Nu—nucleus; Hg—hemoglobin crystals in gut lumen, scale bar-10 pm.

Mialostatin
A
‘)6‘
N o &® &
N

(kDa) & & foV‘Q i\ '\'-1’?. '\f’v < Ny
25— -— —
N e _h-'". - Mist

1>ta
10

Figure 3. Cout.

94



Int. . Mol. Sei. 2021, 22, 5371

6of 18

B rcLa IrCL3

& \?"S W
6&0 \\‘3 & \'\?’
$ \"@ q@
(Zza) —= |rCLs proenzyme
35- —— “~ = —=|rCLs mature
25 - :
15-
10-

Figure 3. Western blot analysis of mialostatin, IrCL1, and IrCL3 in the tick midgut. (A) Tick
midgut wall tissue extracts from various stages of tick feeding and midgut lumina from fully fed
ticks were analyzed by SDS-PAGE and Western blotting. Mialostatin was labeled with a mouse
monoclonal antibody and its signal detected using a fluorescently labeled secondary antibody.
(B} Tick midgut wall and midgut lumen homogenates from fully fed ticks were analyzed by S125-
PAGE and immunoblotting with a-IrCL1 and «-IrCL3 rabbit polyclonal antibodics. Goat a-rabbit
g Alexa 488 fluorescent secondary antibody was used to visualize protein bands using ChemiDoc
MP imager. 6d—sixth day of feeding; FF—fully fed; 6, 7, 13, 15 AD—days post detachment from the
host. Lum. serum—Iluminal fluid from ticks fed on erythrocyte-free serum; rMista—recombinant
mialostatin. Full view of presented Western blots can be found in the Supplementary Materials,
Figures 52-54.
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Figure 4. Blood protein digestion with tick gut proteases is inhibited by mialostatin. Hemoglobin (A}
and serum albumin (B) were digested in vitro with I ricinus gut tissue extracts in the presence and
absence of mialostatin. Blood protein substrate (5 pug of hemoglobin or 10 pg of serum albumin) was
incubated with 0.4 pug gut tissue extract of cysteine proteases at pH 3.6 for 16 h. The extract was
pre-incubated with mialostatin (MiSta) or the general cysteine protease inhibitor E-64 at the indicated
concentrations prior to initiation of digestion. The digests were subjected to Tricine-SDS-PAGE (A) or
Laemmli-SDS-PAGE (B) and visualized by protein staining. The hemoglobin (I1b) and serum
albumin (SA) substrates are marked; the non-digested control is indicated. (C) Proteolytic stability of
mialostatin in the gut tissue extract. Mialostatin (5 ug) was incubated with 0.4 ug gut extract protein
under the same conditions as in (A,B), subjected to Tricine-SDS-PAGE, and visualized by protein
staining. Mialostatin (MiSta) is marked; the non-digested control is indicated.

2.5. Phylogenetic Analysis and Three-Dimensional Siructure of Mialostatin and Its Reactive Site

Phylogenetic analysis clearly demonstrated that mialostatin belongs to the cystatin
superfamily. According to the maximum likelihood method, the tick cystatin phylogenetic
trec contained three separate prostriate clades (Figure 5A and Figure 51). As shown in
the simplified tree in Figure 5A, mialostatin fell into a strongly supported group with
four other cystating from the genus Ixodes. This clade was distant from other clades,
including the recently described iristatin [32] and previously characterized sialostatins L.
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and L2 [33,34]. In general, tick cystatins cluster into several clades specific for either
prostriate, metastriate, or argasid tick species, suggesting fast evolution of cystatin genes in
ticks. The full phylogenetic tree presented in Figure S1 shows strong bootstrap support for
smaller clades, but the topology is less clear closer to the root of the tree, The analysis shows
mialostatin as a new distinet Ixodes cystatin consistent with its presumed major role in the
midgut, as most previously characterized cystatins from Ixodes spp. are of salivary origin.

(A) (B)

N
c
OIS TSA- Pty poser
(]} (D)
Eapain biading sty s 6 “ w .
cn [ ",;9, e ;';_ —Mﬂg “
Vi s
Sialostatin L1 2
Siatostatin L2 @
CEW cysiatin @
@
0 u
7 s 100 110
i L
100
Legumain e e
binding site il o]
w
o
(E) Inhibitory potency of cystatins
Gt
~
P 4
NN
hCatl. 1 0.1 10000
2 ncas [EECRRINEY ni. 200
g heatc 50 &0 60 x
° heatH al L nl
= Mialostatin ™ Sialostatin L2 o hCats nl L ni 800 >1000
= OmC2 = CEW cystatin Legumain  al al al L ~ I
= Iristatin = human cystatin D

Figure 5. Crystal structure of mialostatin and its comparison with other family 2 cystatins.
(A) Molecular phylogenetic analysis (maximum likelihood model) of secreted tick cystatins. Simpli-
fied consensus tree based on the maximum likelihood method with 1000-repeat bootstrap support.
All clades except the one with mialostatin (highlighted in red) are condensed. Cystatin from the mite
Platynothrus peltifer was used as an outgroup. The tree with the highest log-likelihood (—4870, 9711)
is shown. Branches corresponding to partitions reproduced in less than 20% bootstrap replicates
are collapsed. Numbers next to branches represent percentage of trees, in which the associated taxa
clustered together during bootstrap analysis. For full tree see Figure 51. (B) The three-dimensional
structure of mialostatin (PDB code 6ZTK) is shown as a cartoon representation colored by secondary
structural elements («l—cyan; 31-5—magenta). The N-and C-termini and two disulfide bridges,
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Cys69—Cys82 and Cys93-Cys113 (yellow sticks), are indicated. The hairpin loops L1 and 1.2
and the N-terminus of cystatins are involved in the binding of papain-type cysteine proteases.
(C) Superposition of Cu traces of the mialostatin structure with five other cystatin structures in-
cluding OmC?2 from the soft tick O. moubata (PDB code 3LOR), iristatin from the hard tick I. ricinus
(5046), sialostatin L2 from the hard tick I scapularis (3LH4), and representative vertebrate members
of family 2 cystatins: chicken egg white (CEW) cystatin (1CEW) and human cystatin D (1RN7). The
orientation of mialostatin is as in (B). Color coding of the structures and positions of the binding sites
for papain-type cysteine proteases and legumains are indicated. (D) Structure-based sequence align-
ment of mialostatin with OmC2, iristatin, sialostatins L1 and L2, CEW cystatin, and human cystatin
D. Residues identical to those of mialostatin are shaded grey. The secondary structural elements of
mialostatin are depicted in magenta for 3-strands and cyan for a-helices. The conserved disulfide
bridges are indicated by the connecting black lines. Three regions involved in the interaction between
cystatins and papain-type cysteine proteases are boxed in green and labeled (the region size was se-
lected based on the predominant binding residues in the available complex structures); the consensus
core residues are highlighted in red. The legumain binding site in CEW cystatin is highlighted in blue.
Mature protein sequences were used in the alignment; residue numbering is according to mialostatin.
(E) A comparison of the inhibitory potency of mialostatin with the other family 2 cystatins (shown
in D) against various cysteine proteases including human papain-type cathepsins L to B (hCatL to
hCatB) and mammalian legumains. ICz, values are presented [23,32,33,35-37] and displayed as a

heat map (green scale); n.i—not inhibited; x—no literature data are available.

The crystal structure of mialostatin was determined by molecular replacement using
the structure of the tick cystatin OmC2 as a search model and refined using data to 1.55 A
resolution (Table S2). The hexagonal prism crystal form contained two molecules in the
asymmetric unit with a solvent content of about 57%. All protein residues could be modeled
into a well-defined electron density map with the exception of the first nine residues, which
formed a flexible N-terminus (Ser1 to Gly9), and the last two C-terminal residues (Asn118,
Val119) of chain A. The final model consisted of two mialostatin molecules, chains A and B,
containing 108 and 110 residues, respectively. The root-mean-square deviation (RMSD) for
superposition of the Cox atoms of the two chains was 0.14 A, a low value within the range
observed for different crystal structures of identical proteins.

Figure 5B shows the overall structure of mialostatin. The molecule adopts a typical
cystatin fold (so called ‘hot dog’ fold [38]) characterized by a five-stranded twisted an-
tiparallel 3-sheet wrapped around a central x-helix. Mialostatin contains two conserved
disulfide bridges connecting Cys69 with Cys82 and Cys93 with Cys113. Structural compar-
ison and sequence alignment with other known cystatin structures clearly demonstrated
that mialostatin belongs to family 2 of the cystatin superfamily (Figure 5C, D). The clos-
est structural homolog of mialostatin was the salivary /gut cystatin OmC2 from the soft
tick O. moubata [24] with the highest sequence identity (53%) and lowest RMSD for Cox
(0.86 A), followed by salivary homologs iristatin (41% identity, 1.56 A RMSD) from the
hard tick I. ricinus and sialostatins L1 (42%, 2.09 A) and L2 (40%, 2.50 A) from the hard
tick I scapularis [32,33]. Lower structural similarity was found with vertebrate members,
namely human cystatin D (35%, 4.80 A) and chicken egg white (CEW) cystatin (23%, 3.80 A)
(Figure 5D) [39,40].

The interaction between family 2 cystatins and papain-type cysteine proteases is
mediated by three regions, the N-terminal segment and two hairpin loops L1 and L2,
which form a tripartite wedge-shaped edge that binds to the enzyme active site cleft
(Figure 5B,C) [40-42]. In mialostatin, the first part of the binding site is formed by the
N-terminal segment around Gly10, which is the first visible residue in the electron density
map. The conserved pair of glycines (Gly9, Gly10) provide conformational flexibility to
the N-terminal segment to adopt an optimal conformation for target binding. The L1 loop
(between 1 and 32) of mialostatin exposes the segment GIn51-1le52-Val53-Ala54-Gly55
corresponding to the critical binding motif GIn-Xaa-Val-Xaa-Gly conserved in cystatins
(Figure 5B). The L2 loop (between B3 and 4) is characterized in mialostatin and other
cystatins, except sialostatins, by the presence of a conservative Pro101-Trp102 segment. To
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conclude, the structural analysis of mialostatin demonstrated a functionally competent
reactive site against papain-type cysteine proteases. The binding motif for legumain-type
cysteine proteases, which has been characterized in several cystatins (e.g., CEW cystatin),
was absent in mialostatin (Figure 5C,D), consistent with the fact that mialostatin and other
tick cystatins do not suppress legumain activity (Table 1, Figure 5E).

The inhibitory selectivity of the structurally analyzed cystatins is illustrated in Figure 5E.
Mialostatin and OmC2 represent broad-spectrum inhibitors of papain-type cathepsins and
are the most versatile in terms of their interactions of the analyzed tick cystatins. However,
the other tick homologs displayed a distinct selectivity profile limited to effective inhibition
of only some cathepsins. This may reflect structural changes in the conserved motifs
on the L1 and L2 loops of iristatin and sialostatins, respectively, and in their N-terminal
sequence potentially clashing with the partially occluded active sites of exopeptidases such
as cathepsins B or H. Conversely, binding events to, for example, cathepsins B and C, can
be supported by the electrostatic interactions formed by a positively charged basic patch
(residues 12, 20, 106, 107) located at the reactive site of mialostatin and OmC2.

3. Discussion

Ixodes ricinus has previously been used as a model tick species to investigate and de-
scribe the complex intestinal digestive proteolytic mechanisms occurring in hematophagous
arthropods. Blood proteins have been shown to be processed intracellularly by a mul-
tienzyme network of cysteine and aspartic proteases, with major involvement of cysteine
cathepsin-type proteases from the CA clan [6]. However, previous studies have not investi-
gated the regulation of digestive proteolysis, including the control mechanisms that protect
the gut epithelium from excessive proteolysis and potential cell damage. Cystatins, natu-
rally occurring cysteine protease inhibitors, are among the primary molecules of interest
in the I ricinus anti-proteolytic system, as they have been previously proposed to interact
with digestive proteases in several other tick species [26,43,44].

In this study, we identified mialostatin as the first gut-associated cystatin to be identi-
fied in I. ricinus and present its comprehensive functional and structural characterization.
Mialostatin was a potent inhibitor of I. ricinus digestive cysteine proteases of clan CA,
covering both exopeptidases cathepsins B and C and endopeptidases cathepsins L1 and L3
(named IrCB, IrCC, IrCL1, and IrCL3, respectively). Its broad inhibitory selectivity is in
clear contrast with Ixodes salivary cystatins such as sialostatins L1, L2, and iristatin, which
have much narrower selectivity and mainly target endopeptidases [32-34]. On the other
hand, similar broad anti-protease activity has been reported for OmC2 and partially also
for OmC1 [23], cystatins present in the midgut of O. moubata soft ticks, or rBrBmcys2b
from Rhipicephalus microplus [26] hard ticks. The 3D structural analysis identified mialo-
statin as a close homolog of OmC2 and provided a structural explanation for its binding
selectivity through comparison of the architecture of the reactive site of mialostatin with
other publicly available tick cystatin structures. Specifically, we highlight a combination of
structural changes in three segments forming a tripartite wedge on mialostatin and OmC2
that slots into the cathepsin active site cleft. Based on structure-activity relationships and
phylogenetic data, we propose that well-characterized mialostatin and OmC2 represent
a new evolutionary subgroup of tick gut-associated cystatins that differ from salivary
cystatins modulating host immune responses. Functional diversification of the cystatin
superfamily is described in vertebrates [45]. It is likely that similar process occurs in ticks
due to fast evolution of secreted proteins, therefore the phylogenetic tree reflects both
localization and function of the cystatins. It is interesting to note that OmC2 also exhibits
immunomodulatory properties, which correlate with its dual expression pattern in both
the salivary glands and gut of O. moubata ticks, while OmC1 and mialostatin are expressed
predominantly in tick midguts [23].

The biological role(s) of mialostatin in the tick gut can be inferred in the context of
tick feeding behavior and associated physiological processes. Adult L ricinus females
engorge an enormous amount of host blood that exceeds the weight of the unfed tick
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more than a hundred-fold. The current model of the multienzyme digestive protease
network responsible for blood protein processing is based mainly on investigations of the
well-developed digestive midgut cells occurring in partially engorged I. ricinus females
at the end of the slow feeding period at day 6-7 [13]. This period is followed by a rapid
engorgement phase lasting 12-24 h, which accounts for about two-thirds of the total
blood volume ingested before detachment from the host. Most blood proteins are used
for vitellogenesis and massive egg production during several weeks off-host [5,46]. The
molecular mechanisms underlying the associated protein turnover and long-term blood
meal storage in the tick gut lumen remain unexplored, mainly due to technical limitations
in studying fully fed females. Nevertheless, advances in the field and initial results led
to the hypothesis that off-host digestion may include extracellular proteolysis of blood
proteins in the gut lumen, which supports or replaces intracellular digestive proteolysis
in the gut epithelium [47]. Despite the broad biochemical selectivity of mialostatin, its
biological selectivity is limited due to compartmentalization in tick midgut cells. Our
immunohistochemistry results demonstrated that mialostatin is localized to the same
population of intracellular vesicles as IrCL3 on the 11th day post detachment, suggesting
that mialostatin predominantly targets IrCL3. Mialostatin is stored in these vesicles in some
cells even during tick feeding. Forming an inhibitory complex between mialostatin and
IrCL3 might be relevant for intracellular trafficking of enzymatically inactive IrCL3 in tick
gut cells. The localization of the mialostatin-IrCL3 complex to the surface of the large dense
granules two weeks post detachment is probably associated with an excretion/secretion
mechanism allowing translocation of the complex to the gut lumen. We hypothesize
that IrCL3 might partially restore its proteolytic activity in the diluted contents of the gut
lumen, where mialostatin can competitively interact with other secreted cysteine cathepsins
including IrCL1 as the strongest mialostatin binder. This would enable cathepsin-mediated
luminal proteolysis of blood proteins or the generation of antimicrobial peptides under
general mialostatin control [48]. Luminal IrCL3 might also act as an anti-coagulation factor,
as recently reported for a related R. microplus cathepsin L [49].

In conclusion, mialostatin is the first gut-associated cystatin characterized from
I ricinus at the functional and structural levels. Mialostatin localized to both digestive
cells and the gut lumen, where it targets cathepsin L isoforms and regulates their activity
during trafficking and processing of host blood proteins. As components of gut-associated
proteolytic pathways, mialostatin and homologous cystatins in other tick species represent
potential vaccination antigens for novel anti-tick interventions targeting tick reproduction.
The vaccination efficacy of proteins derived from the tick gut (“concealed” antigens) in
controlling tick infestations has already been successfully demonstrated [50], and new
candidate antigens are increasingly in demand to combat tick infestations and to limit the
global spread of tick-borne diseases.

4. Materials and Methods
4.1. Ticks and Laboratory Animals

All animal experiments were carried out in accordance with the Animal Protection
Law of the Czech Republic No. 246/1992 Sb., ethics approval No. 34/2018, and protocols
approved by the responsible committee of the Institute of Parasitology, Biology Centre
of the Czech Academy of Sciences. Male and female adult I ricinus ticks were collected
by flagging in a forest near Ceské Bud&ovice in the Czech Republic and then kept in
95% humidity chambers under a 12 h light/dark cycle at room temperature. Female
BALB/c mice were purchased from Velaz (Prague, Czech Republic). Mice were housed in
individually ventilated cages maintained under a 12 h light/dark cycle. Mice were used
at 8-12 weeks of age. Laboratory rabbits were purchased from RABBIT CZ a. s. (Trhovy
St&pénov, Czech Republic) and housed individually in cages in the animal facility of the
Institute of Parasitology. Guinea pigs were bred and housed in cages in the animal facility
of the Institute of Parasitology. All mammals were fed a standard pellet diet and provided
with water ad libitum.
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4.2. Quantitative Real-Time PCR

Female L. ricinus ticks were fed on rabbits and allowed to mate with male ticks. Salivary
glands, midguts, and ovaries from five ticks per time point were dissected on a petri dish
under a drop of ice-cold DEPC-treated PBS. Total RNA was isolated from dissected tissue
using the NucleoSpin RNA kit (Macherey-Nagel, Diiren, Germany) and its quality checked
by agarose gel electrophoresis before storing the RNA at —80 °C. cDNA was prepared
from 500 ng of total RNA from independent biological triplicates using the Transcriptor
High-Fidelity cDNA Synthesis Kit (Roche Applied Science, Penzberg, Germany). The
c¢DNAs served as templates for subsequent quantitative expression analyses of mialostatin
transcription by gRT-PCR. Samples were analysed with a LightCycler 480 (Roche Applied
Science, Penzberg, Germany) using FastStart Universal SYBR Green Master Mix (Roche
Applied Science, Penzberg, Germany). Reaction conditions over 50 cycles were as follows:
denaturation, 95 °C/10 s; annealing, 60 °C/10 s; extension, 72 °C/10 s. Relative expression
values were standardized to a reference gene, I ricinus elongation factor 1 (¢fl; GenBank:
GU074828) [51-53], and normalized to the sample with the highest level of expression. The
primers sequences for mialostatin and efl RT-PCR are shown in Table S3.

4.3. Mialostatin Cloning, Expression, Refolding, and Purification and Antibody Production

The full cDNA sequence of the gene encoding mialostatin was amplified using primers
designed based on the GFVZ01041806.1 [28] transcript from NCBI GenBank. The primer
sequences used for the final cloning of mialostatin are presented in Table S3. A pool
of I ricinus cDNA prepared from the salivary glands of female ticks fed for three and
six days on rabbits was used as a template. The 372 base pair DNA fragment encoding
mialostatin without a signal peptide and with an inserted ATG codon was cloned into a
pET-17b vector (Novagen, Darmstadt, Germany) and transformed into Escherichia coli strain
BL21(DE3)pLysS (Novagen) for expression. Bacterial cultures were grown in LB medium
with 100 pug/mL ampicillin and 34 pg/mL chloramphenicol to an OD600 of 0.8, when
protein expression was induced by the addition of isopropyl 1-thio-p-D-galactopyranoside
to a final concentration of 1 mM. Cultures were harvested after 2 h of incubation at 37 °C
at 200 rpm shaking speed. Isolated inclusion bodies were dissolved in 6 M guanidine
hydrochloride, 20 mM Tris, and 10 mM DTT, pH 8 for 1 h followed by centrifugation
(10 min, 10,000x g) to remove undissolved impurities. Refolding was performed by
rapid dilution in 160 x excess of 20 mM Tris and 300 mM NaCl, pH 8.5. The resulting
refolded protein was purified by HilL.oad Superdex 200 26/ 60 gel filtration chromatography
and HiPrep Q FF 16/10 ion exchange chromatography. Endotoxin was removed using
a detergent-based method. Purified recombinant mialostatin was used to raise antibodies
in a mouse and rabbit as described previously [54,55]. The immunoglobulin (Ig) fraction of
rabbit serum was obtained by caprylic acid precipitation of serum proteins as described
previously [56]. Hybridoma cells were raised by fusing splenocytes from immunized mice
and mouse myeloma SP 2/0-Ag14 cells. Monoclonal antibodies were produced in cell
culture following the previously described protocol [55].

4.4. Preparation of Tick Gut Samples

I. ricinus midguts were dissected from female I. ricinus fed on laboratory guinea
pigs (samples for proteolysis analysis and Western blotting) or from females” membrane
fed on erythrocyte-depleted blood serum (samples for mass spectrometry analysis) [5].
The gut contents were carefully removed without disrupting the epithelium, and the gut
tissue was washed in phosphate buffered saline (PBS). For mass spectrometry analysis,
the gut contents were processed as described previously [6]. Gut tissue extract (150 mg
protein/mlL) was prepared by homogenization of the pooled gut tissue in 0.1 M Na acetate
pH 4.5, 1% CHAPS on ice. The extract was cleared by centrifugation (16,000x g, 10 min,
4 °C), filtered through Ultrafree MC 0.22 pm (Millipore, Bedford, MA, USA), and stored
at —80 °C.
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4.5. Protease Inhibition Assays

Inhibition measurements were performed in triplicate in 96-well microplates (100 uL
assay volume) at 37 °C. Recombinant mialostatin was preincubated with protease for
10 min followed by the addition of specific fluorogenic substrate (see Sections 4.5.1-4.5.3).
The kinetics of product release were continuously monitored using an Infinite M1000
(Tecan, Méannedorf, Switzerland) microplate fluorescence reader at 360 nm excitation and
465 nm emission wavelengths (for AMC-containing substrates) or at 320 nm excitation and
420 nm emission wavelengths (for Abz-containing substrate). ICsq values were determined
from residual velocities using dose-response plots; nonlinear regression was fitted using
GraFit software (Erithacus, East Grinstead, UK).

4.5.1. Inhibition of Proteases in Tick Gut Homogenates

To prevent interference of non-target proteases, homogenates (80 ng) were treated
with specific low molecular weight inhibitors (final assay concentrations are indicated)
including 1 uM pepstatin and 1 mM EDTA (against aspartic proteases and metallo-
proteases; all assays), 1 uM E-64 (against cathepsins L/B; cathepsin C assay), 1 uM
CA-074 (against cathepsin B; cathepsin L assay), and 1 uM Z-Phe-Phe-DMK (against
cathepsin L; cathepsin B assay) [6]. The assay substrates and buffers were as follows:
20 uM Z-Phe-Arg—AMC substrate and 0.1 M Na acetate pH 4.5 or 5.0 in the cathepsin L
and L/B assays, respectively; 20 uM Z-Arg-Arg-AMC substrate and 0.1 M MES pH 6.5 in
the cathepsin B assay; 20 uM Gly-Arg-AMC substrate in 0.1 M Na acetate pH 5.5, 25 mM
NaCl in the cathepsin C assay; all assay buffers contained 2.5 mM DTT and 0.1% PEG 1500.

4.5.2. Inhibition Assays of Recombinant Tick Proteases

The assay conditions for individual proteases were as follows: 1.2 nM IrCD1 and
20 uM Abz-Lys—Pro—Ala-Glu-Phe-Nph-Ala-Leu substrate in 0.1 M Na acetate pH 4.0;
1.25 nM IrAE and 20 uM Z-Ala-Ala—Asn-AMC substrate in 0.1 M MES pH 5.0, 2.5 mM
DTT, 1 uM E-64; 0.1 nM IrCL1 or 20 pM IrCL3 and 20 uM Z-Phe-Arg-AMC substrate in
0.1 M Na acetate pH 4.5, 2.5 mM DTT; all assay buffers contained 0.1% PEG 1500. The tick
proteases were prepared as described elsewhere [7,9,10,57,58].

4.5.3. Inhibition Assays of Human Proteases

Inhibition assays were performed following the same protocol used in our previous
publications [24,32]. The assay conditions for individual proteases were as follows: 35 pM
cathepsin B or 33 pM cathepsin L or 5 nM cathepsin K and 250 uM Z-TLeu-Arg-AMC
substrate in 0.1 M Na acetate pH 5.5, 0.1 M NaCl; 350 pM cathepsin S and 250 uM
Z-Val-Val-Arg-AMC substrate in the same buffer; 0.5 nM cathepsin C and 250 uM
Gly-Arg-AMC substrate in the same buffer; 20 nM cathepsin Hand 40 uM Z-Leu-Arg-AMC
substrate in 0.1 M Na /K phosphate pH 6.8; all assay buffers contained 1 mM EDTA, 2.5 mM
DTT, and 0.01% Triton X-100. The human proteases were purchased from Merck (Kenil-
worth, NJ, USA) and Biomol (Hamburg, Germany).

4.6. Protein Digestion Assay

Digestion of 10 pug human serum albumin (Sigma Aldrich, St Louis, MO, USA), 5 ug
bovine hemoglobin (Sigma Aldrich, St Louis, MO, USA), and 5 pg of mialostatin was
performed with the tick gut tissue homogenate (0.4 pg protein) in 50 mM Na citrate pH 3.6,
2.5mM DTT, in a total volume of 100 pL for 16 h at 26 °C. In the albumin and hemoglobin
digestion assays, the homogenate was preincubated (15 min) in the same buffer with
non-cysteine protease inhibitors: 1 uM pepstatin, 100 uM Pefablock, and 1 mM EDTA. The
albumin digest was resolved with Laemmli SDS-PAGE gels (15%) and the hemoglobin
and mialostatin digests by Tricine-SDS-PAGE gels (16% T /6% C) containing 6 M urea [59].
Electrophoresis was performed under reducing conditions, and protein was stained with
Coomassie Blue G250.

101



Int. J. Mol. Sci. 2021, 22, 5371

13 of 18

4.7. Reducing SDS-PAGE and Western Blotting

Tick tissue homogenates were separated by reducing SDS-PAGE using 4-20% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad Laboratories, Hercules, CA, USA). Sepa-
rated protein loads were visualized using TGX stain-free chemistry in the ChemiDoc MP
imager (Bio-Rad, Hercules, CA, USA). After protein load documentation, separated pro-
teins were electro-transferred from the gel onto an Tmmun-Blot® LF PVDF membrane using
the Trans-Blot Turbo system (Bio-Rad, Hercules, CA, USA). Prior to Western blot analyses,
membranes were blocked with 3% non-fat milk in PBS with 0.05% Tween 20 (PBS-Tween)
for 1 h at room temperature. Blocked membranes were incubated with the rabbit Ig fraction
of o-IrCL1 or a-IrCL3 polyclonal sera diluted 1:1000 in PBS-Tween containing 1% milk.
Goat anti-rabbit IgG Alexa 488-labeled antibody (1:1000, Thermo Fisher Scientific, Waltham,
MA, USA) was used as a secondary antibody. For mialostatin detection, x-mialostatin
monoclonal antibody (1:30) diluted in in PBS-Tween containing 1% milk and the goat anti-
mouse Alexa 546-labeled antibody (1:1000, Thermo Fisher Scientific, Waltham, MA, USA)
were used. In between individual steps of the whole procedure, membranes were washed
3 x 5 min in PBS-Tween on a rotating shaker platform at room temperature. Labeling
with primary antibodies was performed on a rotating shaker platform at 4 °C overnight.
Labeling with secondary antibodies was performed on a rotating shaker platform at room
temperature for 1 h. Fluorescent signals were again visualized using the ChemiDoc MP
imager and analyzed using Image Lab Software (Bio-Rad, Hercules, CA, USA).

4.8. Immunohistochemistry

Samples of L. ricinus gut tissues were prepared as described previously [11]. Briefly,
the gut was dissected from adult females at specific days of feeding on the host and
days post-attachment and fixed in 4% formaldehyde and 0.1% glutaraldehyde solution,
washed with PBS, dehydrated using ascending ethanol dilutions, then infiltrated with
LR White resin (London Resin Company, Stansted, UK) and polymerized. Semi-thin
sections (0.5 pm) were blocked with 1% BSA and 1% milk in PBS-Tween (0.3% (v/v)
Tween 20) for 45 min. Immunohistochemical double-staining was performed gradually,
with the initial antibody labeling of the respective intestinal protease (I. ricinus cathepsin
L1 IrCL1 [9]; cathepsin L3 IrCL3; cathepsin B IrCB [11]) subsequently followed with
immunolabeling of mialostatin. First, semi-thin tick gut tissue sections were blocked
with blocking solution (1% BSA, 1% milk solution in PBS-Tween) for 45 min at room
temperature. For protease immunostaining, sections were first labeled (4 °C overnight)
with primary antibodies: (i) rabbit o-IrCL1 affinity-purified polyclonal serum diluted 1:5 in
PBS-Tween; (ii) rabbit «-IrCB affinity-purified polyclonal serum diluted 1:5 in PBS-Tween;
(iii) isolated Ig fraction of «-IrCL3 polyclonal serum diluted 1:5 (IrCL1) in PBS-Tween. After
washing 3 x 5 min in PBS-Tween, sections were subsequently labeled with Alexa Fluor®
647 goat a-rabbit secondary antibody (diluted 1:500 in PBS-Tween; Thermo Fisher Scientific,
Waltham, MA, USA). Sections were subsequently used for mialostatin immunolabeling:
sections were once again washed 3 x 5 min in PBS-Tween and incubated with mouse
a-mialostatin monoclonal antibody diluted 1:50 in PBS-Tween. Incubation was performed
in a humid chamber at room temperature for 90 min. Sections were once again washed
(3 x 5 min in PBS-Tween) and incubated with secondary goat a-mouse Alexa Fluor® 488
(Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:500 in PBS-Tween for 1 h at room
temperature. Finally, all sections were washed in PBS-Tween and counterstained with
DAPI (4,6'-diamidino-2-phenylindole; 2.5 ug/mL; Sigma Aldrich, St Louis, MO, USA) for
7 min, washed again with PBS-Tween, mounted in Fluoromount medium (Sigma Aldrich,
St Louis, MO, USA), and examined with the IX83 confocal microscope (Olympus, Tokyo,
Japan). Images were processed with FluoView FV3000 software (Olympus, Tokyo, Japan).

4.9. Evolutionary Analysis by the Maximum Likelihood Method

The evolutionary history was inferred using the maximum likelihood method and
JTT matrix-based model [60]. The bootstrap consensus tree inferred from 1000 replicates
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was taken to represent the evolutionary history of the taxa analyzed [61]. Branches corre-
sponding to partitions reproduced in less than 20% bootstrap replicates were collapsed.
The percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches [61]. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioN] algo-
rithms to a matrix of pairwise distances estimated using the JTT model and then selecting
the topology with the superior log-likelihood value. This analysis involved 71 amino
acid sequences. There were 108 positions in the final dataset. Evolutionary analyses were
conducted in MEGA X [62].

4.10. Crystallization and Data Collection

Screening for crystallization conditions was performed using the JCSG-plus kit (Molec-
ular Dimensions, Sheffield, UK) by the sitting drop vapor diffusion technique. Preliminary
crystals of mialostatin were obtained in 0.1 M citric acid pH 3.5, 0.8 M ammonium sulfate.
Optimal crystals were prepared at 18 °C using the hanging drop vapor diffusion technique
in 15-well NeXtal plates (Qiagen, Hilden, Germany). The crystallization drop consisted of
2 pL of the mialostatin protein solution (12.5 mg/mL in 10 mM Tris buffer, pH 8.0) and
1 uL of the precipitant solution equilibrated over a reservoir containing 300 uL precipitant
solution (0.1 M citric acid pH 4.0, 0.8 M ammonium sulfate). Crystals shaped as hexagonal
prisms reached their final size of 0.6 x 0.3 x 0.3 mm within 1 month. For data collection,
crystals were soaked in reservoir solution supplemented with 20% glycerol and flash
cooled in liquid nitrogen. Diffraction data at 100 K were collected using a BL14.1 beamline
operated by the Helmholtz-Zentrum Berlin (HZB) at the BESSY II electron storage ring
(Berlin-Adlershof, Germany) [63] and processed using the XDS suite of programs [64].
Crystals exhibited the symmetry of space group P6222 and contained two molecules in the
asymmetric unit. Crystal parameters and data collection statistics are shown in Table S2.

4.11. Structure Determination

The phase problem was solved by molecular replacement using Molrep [65] from
the CCP4 package [66]. The search model was derived from the structure of cystatin
OmC2 (PDB code 3LOR) [24] sharing 53% sequence identity with mialostatin. Model
refinement was carried out using REFMAC 5.8 [66] from the CCP4 package with 5%
of the reflections reserved for cross-validation. Manual building and addition of water
molecules was performed using Coot [67]. The quality of the final model was validated with
Molprobity [68]. Final refinement statistics are given in Supporting Information Table S2.
Figures showing structural representations were prepared with the PyMOL Molecular
Graphics System (Schrodinger, New York, NY, USA). Atomic coordinates and structure
factors were deposited in the PDB under accession code 6ZTK.

4.12. Statistical Analysis

All experiments were performed in biological triplicate. Data are presented as
mean =+ standard error of mean (SEM) in all graphs. Student’s t-test or one-way ANOVA
were used to calculate statistical differences between two or more groups, respectively. Sta-
tistically significant results are marked: *p < 0.05; ** p < 0.01; **p < 0.001; **** p < 0.0001.

Supplementary Materials: The following are available online at https: / /www.mdpi.com/article/
10.3390/ijms22105371 /51, Figure S1: The phylogenetic tree of 71 cystatins from both Ixodidae and
Argasidae tick species, Figure S2: Detection of mialostatin in midgut of blood fed ticks, Figure S3:
Detection of mialostatin in midgut of serum fed ticks, Figure S4: Detection of I. ricinus cathepsins L
in midgut of blood fed ticks, Table S1: Identification of mialostatin by mass spectrometry, Table S2:
X-ray data collection and refinement statistics, Table S3: Primer sequences.
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Supplementary Materials

Table S1. Identification of Mialostatin by mass spectrometry

Equal protein amounts (2.5 pug) of gut tissue and gut lumen contents of /. ricinus adult
females were reduced with DTT, alkylated with iodacetamide, and digested in parallel with
trypsin or chymotrypsin. Peptide digests were reconstituted in 0.1% formic acid and
separated on a PepMap RSLC C18 analytical column (2 pm, 15 cm % 75 um, Thermo Fisher
Scientific) using a linear gradient of acetonitrile, The LC-MS/MS analysis was performed on
the UltiMate 3000 RSLCnano system (Thermo Fisher Scientific) coupled to Orbitrap Fusion
Lumos (Thermeo Fisher Scientific). MS scans were recorded from 350 to 2000 m/z in
orbitrap; in MS/MS mode the fragmentation spectra were acquired within the mass range of
100-2000 m/z. Proteome Discoverer 2.4 (Thermo Fisher Scientific) was used for protein
identification against the UniProtKB/Swiss-Prot and TrTEMBL databases. Peptide coverage of
the mature Mialostatin sequence at a mass accuracy of <5 p.p.m. is indicated.

Ticks Sample Sequence coverage (%)
Fully fed Gut tissue 71
Gut lumen centent 48
5 Days after detachment CGiut tissue 49
Gut lumen centent 11
S-1
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Table S2. X-ray data collection and refinement statistics

Data collection

Space group
Cell dimensions

a b c(d)

a fy (%
Number of molecules in AU
Wavelength (A)
Resolution range (A)
Number ol unique rellections
Redundancy/multiplicity
Completeness (%)
Rinerse
Average I/s()
Wilson B (A%

Refinement

Resolution range (A)

No. of reflections in working set
No. ol reflections in test set

R value (%)

Riee value (o)

RMSD bond length (A)

RMSD angle (°)

Number of atoms in AU

Number of protein atoms in AU
Number of water molecules in AU

Ramachandran plot
Residues in favored regions (%)
Residues in allowed regions (%)

P2;22

81.11, 81.12, 162.33
50.00. 90.00, 120.00
2
0.918
429 -1.55 (165 - 1.55)
46381 (4528)
212215
99.90 (99.25)
0.084 (1.203)
21.95 (2.00)
19.54

42.9-1.55(1.65 - 1.55)
44052 (4528)
2328 (237)

17.76
20.83
0.017
1.94
2243
1809
371

2.34
97.66

S-2
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Table S3. Primer sequences

Amplicon name Forward primer 5° - 3 Reverse primer 5 - 3
Mialostatin cloning CATATGATGGGGTCGGCGAGCA CTCGAGCTAGACATCATTAGGA
Mialostatin RT-PCR GAGGTGCAGACTCAGATTGTGG GCATACAGCTTCAACCTTGTTIGTC
Efl RT-PCR ACGAGGCTCTGACGGAAG CACGACGCAACTCCTTCAC

S-3
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1Sdb-5746 Ixodes scapularis
ISdb-6864 Ixodes scapularis
1Sdb-6862 Ixodes scapularis
1Sdb-6863 Ixodes scapularis
KY348759 Iristatin - Ixodes ricinus
1Sdb-6829 Ixodes scapularis
1Sdb-9435 Ixodes scapularis
1Sdb-6861 Ixodes scapularis
34 — 1Sdb-12423 Ixodes scapularis
92— AJ547803.1 Ixodes ricinus
1ISdb10482 Ixodes scapularis
27, AY547735.1 Orithodoros moubata cystatin-2
GFJQ02007880.1 TSA: Ornithodoros moubata
AAS55948.1 cystatin-2 precursor Ornithodoros moubata
JAW02559.1 Lysine-specific histone demethylase partial Ornithodoros moubata
99 GGLE01006787.1 TSA: Ornithodoros turicata
MBY10913.1 cystatin-2 precursor Ornithodoros turicata
66! MAA25951.1 Cystatin-2 Ornithodoros erraticus
}88 MAA44403.1 Cystalin-2 Ornithodoros erraticus
4 KC816584.1 Rhipicephalus appendiculatus (cys2a)
- g e T S
. ipicephalus microplus (cys!
l— gi|1073696558| TSA: Amblyomma aureolatum
1Sdb-8980 Ixodes scapularis
88 EU019714.1 Haemaphysalis longicornis
53 DQ364159.1 Haemaphysalis longicornis (cyst-2)
KX094566.1 Haemaphysalis flava
KC816583.1 Rhipicephalus microplus (cys2e)
EU426545.1 Haemaphysalis longicornis cystatin (cyst-3)
KJ885300.1 Dermacentor silvarum
HQ904072.1 Dermacentor silvarum cystatin (C-1)
KM588295.1 Rhipicephalus microplus (Cys2c)
KC816581.1 Rhipicephalus microplus (cys2c)
1Sdb-1779 Ixodes scapularis
1Sdb-1780 Ixodes scapularis
Mialostatin - Ixodes ricinus @
KP253747.1 Ixodes ovatus (cys2a)
1Sdb-1781 Ixodes scapularis
JOB43747.1 TSA: Amblyomma maculatum
gi|604816396| Amblyomma triste
gi|604802835| TSA: Amblyomma cajennense
KP142980.1 Rhipicephalus microplus cystatin-3
JX082307.1 Rhipicephalus appendiculatus
KM588365.1 Rhipicephalus haemaphysaloides
KC816580.1 Rhipicephalus microplus (cys2b)
KM588294.1 Rhipicephalus microplus (Cys2b)
AB510962.1 Haemaphysalis lengicornis HISC-1
60, 1Sdb-5803 Ixodes scapularis
1Sdb-8666 sialostatin 2 Ixodes scapularis
88 I1Sdb-4553 sialostatin 1 Ixodes scapularis
96| 1Sdb-1556 Ixodes scapularis
99 I1Sdb-1557 Ixodes scapularis
1Sdb-3539 Ixodes scapularis
97 EF633981.1 Ornithodoros parkeri
ABR23498.1 Ornithodoros parkeri
ACB70345.1 Ornithodoros coriaceus
ACB70343.1 salivary cystatin 2 Ornithodoros coriaceus
MAA35372.1 Ornithodoros erraticus
MAA44053.1 Ornithodoros erraticus
JAR86737.1 Carios mimon
GCJJ01000278.1 TSA: Ornithodoros rostratus

& 90, MBY08136.1 Ornithodoros turicata
3 MBY08494.1 Ornithodoros turicata
25 JAR86551.1 secreted cystatin Carios mimon

AY521024.1 Ornithodoros moubata

MBY08525.1 Ornithodoros turicata
MAA24772 1 Ornithodoros erraticus
428[2 MAA28634.1 Ornithodoros erraticus
97 MAA33067.1 Ornithodoros erraticus

— gb|GEYZ01022454.1| TSA: Platynothrus peltifer
49— JAW03963.1 Cystatin type 1 Ornithodoros moubata

23|

Figure S1: The phylogenetic tree of 71 cystatins from both Ixodidae and Argasidae tick
species was prepared by using the maximum likelihood method and JTT matrix-based model
(1). The bootstrap consensus tree is inferred from 1000 replicates (2). Branches
corresponding to partitions reproduced in less than 20% bootstrap replicates are collapsed.
The percentage of replicate trees in which the associated taxa clustered together in the

S-4
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bootstrap test (1000 replicates) are shown next to the branches. Evolutionary analyses were
conducted in MEGA X (3).
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Figure 52: Detection of Mialostatin in midgut of blood fed ticks
Full view on Western blot presented in Figure 3 A, left. Bands at higher molecular weight
than 13kDa probably represent Mialostatin multimers or complexes.
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Figure S3: Detection of Mialostatin in midgut of serum fed ticks

Full view on Western blot presented in Figure 3 A, right. Lanes differ in protein load and only
lane in the right was used for Figure 3A. All samples represent luminal fluid collected from
tick midgut after fully fed. Bands at higher molecular weight than 13kDa probably represent
Mialostatin multimers or complexes.

IrCL1 IrCL3 9
% , X QO
kDa < kDa Y of
180- @é‘ \\Q“ 180- 6@5‘ o
130- S @ 130- R LD
100- 100 - . 1
70- e 70-
s5. _ - -y e —
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35- 1 -
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Figure S4: Detection of I ricinus cathepsins L in mid.gut of blood fed ticks
Full view on Western blot presented in Figure 3B.
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4.3. Publikace ¢. 3: The structure and function of Iristatin, a novel
immunosuppressive tick salivary cystatin.

Sliny klist'at obsahuji velké mnozstvi bioaktivnich proteint, jejichZ tkolem je modulace
fyziologickych procest hostitelské tkané, aby bylo zajisténo uspéSného sani parazita. Tyto
molekuly jsou v soucasné dob¢ intenzivné studovany, protoze maji farmakologicky vyznamné
vlastnosti. Tato studie se zabyvala novym cystatinem iristatinem ze slin kliStéte obecného
(Ixodes ricinus).

Iristatin je sekretovany protein, ktery je exprimovan ve slinnych Zzlazach I. ricinus
béhem sani. Iristatin byl pfipraven jako rekombinantni protein a jeho funk¢ni antiproteolytické
vlastnosti byly studovany v kinetickych inhibi¢nich testech. Ty prokéazaly velmi uzkou
inhibicni specifitu, kdy byly vyznamné regulovany pouze dva cysteinové katepsiny hostitele
v submikromolarni a mikromolarni oblasti koncentraci. Konkrétné¢ jde o katepsin C
s aminodipeptidasovou aktivitou a katepsin L s endopeptidasovou aktivitou. To z iristatinu ¢ini
jeden z nejselektivnéjSich zastupct cystatind. Identifikovany inhibi¢ni profil nese piibuzné
rysy s nékolika dfive popsanymi slinnymi cystatiny z 1. scapularis, zejména omezenou
interakci s cysteinovymi katepsiny s exopeptidasovou aktivitou.

Soucasti projektu byla krystalografickd analyza struktury iristatinu. Byly urceny
krystalizaéni podminky a vyfeSena 3D struktura iristatinu s rozliSenim 1,8 A. Architektura
molekuly ukazuje obecny strukturni motiv typicky pro podrodinu pravych cystatinti se dvéma
pary konzervovanych disulfidi. Iristatin nese tii hlavni vazebné segmenty reaktivniho centra
pravych cystatinli, konkrétné N-konec molekuly a dvé povrchové smycky L1 a L2.
Nicméné v nich byly identifikovany vyznamné strukturni zmény, které jsou zodpovédné
za extrémné Uzkou inhibi¢ni specifitu iristatinu: 1) N-koncovy segment cystatinii obsahuje
konzervovanou sekvenci Gly-Gly, kterd je u iristatinu nahrazena sekvenci Gly-Val, 2)
povrchova smycka L2 nese konzervovany sekvencni motiv Gln-Xxx-Val-Xxx-Gly, ktery je
v pfipad¢ iristatinu modifikovan zdménou Val za Ile. Smycka L2 zachovava Pro-Trp motiv
konzervovany u pravych cystatinli, takze =za inhibi¢ni specifitu iristatinu jsou
zjevné zodpovédné kombinace strukturnich efekt na smycce L1 a N-konci.

Fylogenetickd analyza iristatinu ukazala, ze neni blizkym homologem jinych zndmych
slinnych cystatinti klistat, ale pfesto maji vSechny tyto inhibitory spole¢né rysy inhibi¢ni
specifity, coZz naznacuje ptibuznou fyziologickou funkci. Biologicka aktivita iristatinu byla
efekty v tkanovych kulturdch a v mySim modelu. Iristatin snizoval hladinu prozanétlivych

interleukint,, pocet imunitnich buné¢k v misté zanétu a produkci NO makrofagy.

117



Tato biologicka aktivita déla z iristatinu farmakologicky vysoce zajimavy protein a dale jej 1ze
povazovat, vzhledem k dulezité roli v procesu sani klist’at, za potencidlni antigen pro vyvoj

protiklistovych vakcin.

Miij podil na praci zahrnoval: (1) stanoveni inhibi¢nich konstant pro iristatin pomoci
kinetickych testi s fluorescencnimi substraty a proteasami (2) krystalizaci iristatinu a sbér
difrakénich dat na synchrotronu (3) feSeni struktury iristatinu a jeji analyzu, (4) pfipravu

manuskriptu.
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Abstract

To successfully feed, ticks inject pharmacoactive molecules into the vertebrate host including cystatin cysteine protease
inhibitors. However, the molecular and cellular events modulated by tick saliva remain largely unknown. Here, we describe
and characterize a novel immunomodulatory cystatin, Iristatin, which is upregulated in the salivary glands of feeding Irodes
ricinus ticks. We present the crystal structure of Iristatin at 1.76 A resolution. Purified recombinant Iristatin inhibited the pro-
teolytic activity of cathepsins L and C and diminished IT.-2, IL-4, IL.-9, and IFN-y production by different T-cell populations,
[.-6 and I1.-9 production by mast cells, and nitric oxide production by macrophages. Furthermore, [ristatin inhibited OVA
antigen-induced CD4* T-cell proliferation and leukocyte recruitment in vivo and in vitro. Our results indicate that Iristatin
affects wide range of anti-tick immune responses in the vertebrate host and may be exploitable as an immunotherapeutic.
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Introduction

Ticks are obligatory ectoparasites that feed on the blood of
their vertebrate hosts. Hard ticks (family Ixodidae) feed con-
tinuously for days to weeks during each life stage, so must
overcome specific host antigen-specific immune responses,
non-specific innate responses, and hemostasis to success-
fully finish their blood meal [1]. The hard tick Ixodes ricinus
is an important arthropod disease vector of several patho-
gens in Burope [1]. To counteract vertebrate host anti-tick
responses, 1. ricinus secretes saliva rich in biomolecules that
facilitate tick feeding and pathogen transmission [2].

Tick saliva affects blood coagulation, complement
activation, and immune reaction in terms of immune cell
recruitment, cytokine production, and cell maturation [2].
It also facilitates the transmission of Borrelia, Anaplasma,
Rickeitsia, and various viruses to the vertebrate host [2].
Protease inhibitors are an important group of tick salivary
effectors that are divided according to specificity into serine
and cysteine protease inhibitors, and according to structure
into Kunitz domain inhibitors, serpins, cystatins, and other
less abundant families [1]. Kunitz inhibitors are thought to
be mainly anti-hemostatic, serpins both anti-hemostatic and
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immunomodulatory, and cystatins mainly anti-inflammatory
and immunosuppressive [1, 3].

Cystatins are tight binding, reversible legumain, and
papain-like cysteine protease inhibitors [4]. Cystatins are
subdivided into three subfamilies according to the MEROPS
nomenclature: I25A (type 1, stefins), [25B (type 2 and type
3, kininogens), and I25C (type 4, fetuins) [5]. Only type 1
and type 2 cystatins have, thus, far been identified in ticks
[6]. Type 1 cystatins lack a signaling peptide for secretion
and are, therefore, thought to regulate intracellular blood
digestion in the tick midgut, while type 2 cystatins are
secreted and expressed in both tick salivary glands and the
midgut, and are, therefore, thought to play pleiotropic roles
in both ticks and vertebrate hosts [6]. For example, sialosta-
tin L, a cystatin identified in the hard tick Ixodes scapularis,
inhibits cathepsins C, L, S, V, X, and papain, modulates
cytokine production by lymphocytes, dendritic cells, and
mast cells, and impairs T-cell proliferation [7, 8]. A similar
cystatin in 1. scapularis, sialostatin L2, inhibits cathepsins
C,L, S, and V [9], diminishes [L-1f and IL-18 secretion
by macrophages, and inhibits caspase-1 maturation [10].
Furthermore, both sialostatins alter dendritic cell signaling
[11], and inhibition of sialostatin by RNA interference and
immunization of guinea pigs impairs tick feeding [9, 12,
13]. Therefore, salivary cystatins may be useful targets for
anti-tick vaccines.

However, until the first 1. ricinus genome was released
[14], tick genomic and proteomic studies have been ham-
pered by a lack of full genomic sequences. Here, we report
the structural and functional characterization of a novel type
2 cystatin in the hard tick I ricinus, which we name Iristatin.
We present the crystal structure of Iristatin, which inhibits
the vertebrate cathepsins C and L. Furthermore, we report
the anti-inflammatory and immunomodulatory activities of
Iristatin. Rather than being target specific, Iristatin appears
to affect many immune mechanisms and is a broad-spectrum
immunosuppressor that may be useful in the treatment of
immune-mediated diseases.

Materials and methods
Quantitative real-time PCR

Female I ricinus ticks were fed on rabbits for 1, 2, 4, 6, or
7 days. Tick salivary glands were dissected, and total RNA
isolated and transcribed to cDNA for quantitative analysis
of Iristatin by qRT-PCR. Expression profiles were normal-
ized to ferritin mRNA, the levels of which are independent
of blood feeding [15]. Detailed methods can be found in
the supplement, and the primer and probe sequences are in
Supplementary Table S3.
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Crystallization, data collection, and structure
determination

Screening for crystallization conditions was performed
using the JCSG-plus kit (Molecular Dimensions Ltd.,
Newmarket, UK) and the sitting drop vapor diffusion
technique. Preliminary crystals were obtained in 0.1 M
Bis—Tris, pH 5.5, 1 M ammonium sulfate, 1% PEG 3350.
Optimal Iristatin crystals were prepared at 18 °C using the
hanging drop vapor diffusion technique in 15-well NeXtal
plates (Qiagen, Hilden, Germany). Experiments, crystal
parameters, data collection statistics, and structure deter-
mination are detailed in the Supplementary Methods and
in Supplementary Table S2.

Enzyme assays

Iristatin inhibition constants against various proteases were
determined by measuring the loss of enzymatic activity in
the presence of increasing Iristatin concentrations, the corre-
sponding enzyme and a fluorogenic substrate. The enzymes
tested were: human liver cathepsin B (BiomolGmBH,
Hamburg, Germany); human recombinant cathepsins C, L,
S (Calbiochem, Merck Millipore, Burlington, MA, USA);
human cathepsin G (Molecular Innovations Inc., Novi, MI,
USA); and human factor Xa (Calbiochem). I. ricinus legu-
main IrAE [16] was kindly provided by Daniel Sojka, Ph.D.
Experimental details are provided in the Supplementary
Methods.

Measurement of cytokine preduction

T cells were differentiated as follows. For Thl T cells, naive
CD4* T cells from BALB/c mice were stimulated with anti-
CD3/CD28 (4 ug/ml each) under Thl-skewing conditions
(IL-12, anti-IL-4), For Th2 cells, naive CD4" T cells were
stimulated with anti-CD3/CD28 (4 ug/ml each) under Th2-
skewing conditions (IFN-y, anti-IL-4). For Th9 cells, naive
CD4* T cells from BALB/c mice were stimulated with anti-
CD3/CD28 (4 ug/ml each) under Th9-skewing conditions
(IL-4, TGF-p, anti-IFN-y). Fully differentiated cells were
then re-stimulated solely with plate-bound CD3 mAb for
48 h in the presence or absence of 6 pM LPS-free Iristatin.
IL-2, IL-4, IL.-9, and IFN-y production were determined by
Ready-SET-Go! ELISA (eBioscience, Thermo Fisher Scien-
tific, Waltham, MA, USA) according to the manufacturer’s
instructions.

Bone marrow-derived mast cells (BMMCs) were stimu-
lated with ionomycin (Iono, 0.75 pM) in the presence or
absence of 6 pM Iristatin. IL.-4, IL.-6, and IL.-9 production
was determined by ELISA after 48 h of stimulation.
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For viability screening, naive CD4" T cells from BALB/c
mice were stimulated with anti-CD3/CD28 (4 ug/ml each) in
the presence or absence of different concentrations of LPS-
free Iristatin (6, 3, 1.5, and 0.75 uM) under Th9-skewing
conditions for 72 h. T cells were stained with a fixable via-
bility dye and cell viability determined by flow cytometry.

Nitric oxide (NO) measurement

Macrophages of the PMJ2-R cell line were preincubated for
4h with 3 and 6 pM I[ristatin and then stimulated by adding
LPS to final concentration 100 ng/ml and IFN-y to final con-
centration 5 ng/ml. NO concentration was assessed 24 h after
stimulation with modified Griess reagent (Sigma-Aldrich,
St. Louis, MO, USA).

OVA antigen-induced proliferation of CD4*
splenocytes

OT-II mouse spleens were disintegrated through a 70 pm
cell strainer to obtain a single-cell suspension, and red blood
cells were removed using RBC lysis buffer (eBioscience).
Splenocytes were then stained with eFluor™ 670 cell prolif-
eration dye (eBioscience). Stained splenocytes were seeded
in a 96-well plate (5 10° cells in 200 ul complete RPMT)
and preincubated for 2 h in the presence or absence of 3 pM
Iristatin. Cells were then stimulated using ovalbumin (OVA)
peptide 323-339 (100 ng/ml; Sigma-Aldrich), and spleno-
cytes were incubated for 72 h at 37 °C in 5% CO,. Cells
were then stained with FITC-labeled anti-CD4 antibody and
propidium iodide and analyzed by flow cytometry on a BD
FACSCanto™ II using BD FACSDiva™ Software v. 6.1.3.

Thicglycollate-induced peritonitis

Female C57BL/6N mice were purchased from Velaz
(Prague, Czech Republic). Mice were housed in individu-
ally ventilated cages maintained in a 12 h light/dark cycle
and given a standard pellet diet and water ad libitum. All ani-
mals were used at 8-12 weeks of age. All experiments were
approved by the local ethical committee and the Ministry of
Education and Sports in accordance with law 246/1992 Sb
(ethical approval number MSMT-19085/2015-3).

Control group mice were injected intraperitoneally (i.p.)
with saline (10 ml/kg of body weight) and, 1 h later, acute
peritonitis was induced by i.p. injection of 200 pl 3% ster-
ile, fully oxidized Difco™ thioglycollate medium (BD Bio-
sciences, Franklin Lakes, NJ, USA). Mice in the experimen-
tal group were first injected i.p. with Iristatin (2 mg/kg of
body weight in saline). One hour later, mice were treated i.p.
with Iristatin (2 mg/kg of body weight) together with 200 ul
of 3% thioglycollate medium.

Four hours after thioglycollate medium injection, mice
were killed by cervical dislocation, and peritoneal cavities
were washed with 10 ml cold PBS to harvest cells. Red
blood cells were lysed with RBC lysis buffer (eBioscience).
Collected peritoneal cells were counted using a hemocytom-
eter and light microscope. The percentage of live myeloid
cells (CD11b™), neutrophils (CD11b*Ly-6g"), monocytes
(CD11b*Ly-6¢), and eosinophils (CD11b*Siglec-F*) was
assessed by flow cytometry (see Supplementary Methods
for details). Absolute cell counts were obtained by combin-
ing flow cytometry data with cell counting under a light
microscope.

Neutrophil in vitro migration assay

Neutrophils were obtained from the bone marrow of
C57BL/6] mice by magnetic separation using a Neutrophil
Isolation Kit (Miltenyi Biotec). Isolated neutrophils were
preincubated in the RPMI medium-containing 0.5% BSA
in the presence or absence of 3 uM Iristatin for 1 h at 37 °C
and 5% CO,. Cells were than seeded into the upper inserts of
3 pm pore Corning® Transwell® chambers (24-well format;
Sigma-Aldrich, St. Louis, MO, USA) and allowed to migrate
towards 1 pM fMLP in RPMI with 0.5% BSA in the lower
chamber. After incubation for 1 h at 37 °C and 5% CO,, cell
migration was determined by counting cells in the lower
chamber using a hemocytometer.

Statistical analysis

All experiments were performed in biological triplicates.
Data are presented as mean + standard error of mean (SEM)
in all graphs. Student’s ¢ test or one-way ANOVA was used to
calculate statistical differences between two or more groups,
respectively. Statistically significant results were marked:
*P<0.03; ##P <0.01; ###P <0.001; **++P <0.0001.

Results

Expression and functional and structural analyses
of Iristatin, a novel tick cystatin

Consistent with the other proteins that play important
roles in the tick lifecycle [9], Iristatin mRNA expression
increased significantly over time in the salivary glands
of I ricinus ticks fed on rabbits: 15-20-fold over the first
1-4 days; 50-fold between days 4 and 6, and 80-fold by day
7, when compared with unfed ticks (Supplementary Fig-
ure S1). Iristatin (GenBank accession number KY348759)
BLAST search revealed three genomic contigs (Genbank
accession numbers JXMZ02144755.1; IXMZ02161024.1,
and JXMZ02194599.1) [17] with 92.6%, 90.3%, and 96.4%
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nucleotide identity, respectively, each representing a unique
exon of a single gene. Furthermore, the search in available
1. ricinus transcriptomes revealed 98.8% identity of Iristatin
nucleotide sequence with its best match (Genbank accession
number GFVZ01039973.1). Sequence analysis showed that
Iristatin belongs to the cystatin superfamily [7-9, 13], spe-
cifically to a clade-containing only tick cystatins from the
genus Ixodes (Fig. 1a). For structural and functional analy-
ses, Iristatin was overexpressed in a prokaryotic system [7]
to produce > 95% pure recombinant protein with 119 amino
acids, molecular weight 13.8 kDa, and a p/f of 7.67, as pre-
dicted (Supplementary Figure S2 and S3).

The crystal structure of Iristatin was determined by
molecular replacement using the soft tick Ornithodoros
moubata cystatin OmC2 structure as a search model and

93/ KC816580.1 Rhipicephalus microplus
hal

AY521024.1 Ornithodoros moubata
EF633981.1 Ornithodoros parkeri
1Sdb 3539 Ixodes scapularis.
1001Sdb 1556 Ixodes scapularis
1Sdb 1557 Ixodes scapularis
1Sdb 4553 Sialostatin L Ixodes scapularis
1Sdb 5803 Ixodes scapulars
‘631 Sdb 8666 Sialostatin L2 Ixodes scapularis
AYS47735.1 Ornithodoros moubata
‘o4 KC816584.1 Rhipicephalus appendiculatus
KC816579.1 Rhipicephalus microplus.
BK007289.1 Amblyomma variegatum
KC816582.1 Rhipicephalus microplus c
1Sdb 8980 Ixodes scapularis
89— EUD18714.1 Haemaphysalis longicornis
DQ364159.1 Haemaphysalis longicornis
ristatin

refined using data to 1.76 A resolution (Supplementary
Table S2). The orthorhombic crystal form contained two
molecules in the asymmetric unit with a solvent content
of 50.8%. All protein residues could be modeled into a
well-defined electron density map with the exception of
the first two N-terminal residues (Gly1l and Met2) and the
last four C-terminal residues (Lys116 to Glu119). The final
model consisted of two Iristatin molecules, each contain-
ing 114 amino acid residues. The root-mean-square devia-
tion (RMSD) for superposition of the C, atoms of the two
molecules was 0.52 A, a value within the range observed
for different crystal structures of identical proteins. Minor
structural changes were localized to loop regions exposed
to solvent and/or involved in crystal contacts (residues 1-2,
47-48,77-80, 95-96, and 111-114).

KX094566.1 Haemaphysalis lava

sialo 12
EU426545.1 Haemaphysalis longicornis omc2
76/ KJ885300.1 Dermacentor silvarum

Dscystatin
czn

1001 KC816581.1 Rhipicophalus microplus

56 18db 12423 Ixodes scapularis

1Sdb 6861 Ixodes scapularis

78)1Sdb 6829 Ixodes scapularis

1Sdb 5746 Ixodes scapularis
1Sdb 6864 Ixodes scapularis
47]-1Sdb 6862 Ixodes scapularis
52l ISdb 6863 Ixodes scapularis

Fig.1 Crystal structure of Iristatin and its comparison with the other
family 2 cystatins. a Molecular phylogenetic analysis (maximum-
likelihood model) of secreted tick cystatins. Iristatin clusters with the
other cystatins in the genus Ixodes (highlighted in blue). Plarynothrus
cystatin was used as an outgroup. The tree with the highest log likeli-
hood (—4870, 9711) is shown. The percentage of trees in which the
associated taxa clustered together is shown next to the branches. The
tree is drawn to scale, with branch lengths measured in the number
of substitutions per site. b The three-dimensional structure of Irista-
tin is shown as a cartoon representation colored by secondary struc-
ture elements (x1, cyan; pl1-4, magenta). The N- and C-termini and
two disulfide bridges, Cys64—Cys76 and Cys87-Cys107 (yellow
sticks), are indicated. The hairpin loops L1 and L2 and the N-ter-
minus of cystatins are involved in the binding of papain-type pepti-
dases. ¢ Structure-based sequence alignment of Iristatin (Iris) with
OmC2 (from the soft tick O. moubata), sialostatins L. and 1.2 (from
the hard tick 7. scapularis), DsCystatin (from the hard tick D. silva-
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rum), chicken egg-white cystatin (CEW), and representative human
members of family 2 cystatins (cystatins D, C, E/M, and F). Residues
identical to those of Iristatin are shaded black. The secondary struc-
ture elements of Iristatin are depicted as in b (magenta for strands,
cyan for helices). The conserved disulfide bridges are indicated by
the connecting black lines. Three regions involved in the interac-
tion of cystatins with papain-type peptidases are boxed in green and
labeled; the region size was selected based on predominant binding
residues in the available complex structures. The putative legumain-
binding site in four cystatins is highlighted in red. Mature sequences
(ie., without signal peptide) were used in the alignment; residue
numbering is according to Iristatin. d A superposition of Ca traces
of Iristatin with three other cystatin structures. The tick salivary cys-
tatins Iristatin (PDB code 5046), OmC2 (3LOR), and sialostatin 1.2
(3LH4) are colored magenta, green, and cyan, respectively. Chicken
egg-white cystatin (ICEW) is shown in orange. Positions of the bind-
ing sites for papain-type peptidases and legumains are indicated
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Figure 1b shows the overall structure of Iristatin. The
molecule adopts a typical cystatin fold similar to that of
the other homologs, characterized by a twisted antiparallel
B-sheet wrapped around an «-helix, However, the Iristatin
B-sheet is four-stranded instead of five-stranded, lacking
the N-terminal p-strand. Iristatin contains two conserved
disulfide bridges connecting Cys64 with Cys76 and Cys87
with Cys107. The structure-based sequence alignment
demonstrated that Iristatin displays all the characteristics of
family 2 eystatins, including disulfide pattern, the Gln-Xaa-
Xaa-Xaa-Gly motif, and a secretion signal removed from the
mature protein (Fig. 1c) [18].

The closest structural homologs of Iristatin were salivary
cystatins OmC?2 from the soft tick O. moubata and sialosta-
tin L2 from the hard tick I scapularis; the RMSDs for Ca
were 1.10 A and 1.18 A (without flexible N-termini) and
sequence identity was 42% and 36%, respectively (Fig. 1d).
Lower structural similarity was found with vertebrate family
2 cystatins, namely human cystatins C, D, F and E/M and
chicken egg-white cystatin (RMSDs from 1.53 to 2.21 A);
their sequence identity with Iristatin was between 16 and
24%.

Interaction of family 2 cystatins with papain-type pepti-
dases is mediated by three regions, the N-terminal segment
and two hairpin loops L1 and L2, which form a tripartite
wedge-shaped edge that binds to the enzyme active site cleft
(Fig. 1d). In Iristatin, the first part of the binding site is
formed by the N-terminal segment around a conserved Gly3
residue, the orientation suggesting conformational flexibil-
ity, as with the other cystatins: Gly5 can function as a hinge
that allows the flexible N-terminal segment to adopt an opti-
mal conformation for target enzyme binding. The 1.1 loop of
Iristatin (between Pl and ($2) is similar in conformation to
the other cystatins, only with an isoleucine instead of valine
in the conserved sequence motif Gln-Xaa—Val-Xaa—Gly
(Fig. 1c). The 1.2 loop (between (3 and 34) is characterized
in Iristatin and other cystatins, except sialostatins, by the
presence of conservative Pro-Trp residues.

‘We next analyzed which relevant representative pro-
teases recombinant Iristatin inhibited. As predicted by the
crystal structure and the absence of the legumain-binding
site localized at a critical Asn residue in Iristatin (Fig. 1c,
d), there was no activity against legumain. Among papain-
type peptidases, cathepsins B and S were not significantly
inhibited under given experimental conditions (Supplemen-
tary Table S3). Iristatin was active only against two tested
enzymes, cathepsins C and L, displaying similar sub-micro-
molar affinity as the [. scapuluris cystatins sialostatins L
and L2 to cathepsin C but much lower micromolar affin-
ity to cathepsin L (Supplementary Figure 54). We did not
observe any effect of Iristatin against two representative ser-
ine peptidases—cathepsin G and factor Xa (Supplementary
Table S3).

Iristatin affects cytokine production by T cells
and mast cells

Tick salivary cystatins are known to inhibit T-cell cytokine
production [3]. To elucidate Iristatin’s influence on host
immunity and inflammation, we activated different immune
cell populations and measured the effect of Iristatin on
the production of characteristic cytokines for a given sub-
population. As predicted, Iristatin was a potent inhibitor of
T-cell-derived cytokines (Fig. 2). In cell cultures, recombi-
nant Iristatin inhibited the production of pro-inflammatory
cytokines TFN-y and IL-2 by polyclonally stimulated [CD3/
CD28 monoclonal antibody (mAB)] Thl cells after 48 h of
incubation (Fig. 2a, b). Iristatin also suppressed the produc-
tion of the anti-inflammatory cytokine IL-4 by Th2 cells
(Fig. 2¢) and IL-2 and IL-9 by Th9 cells (Fig. 2d, e). The
inhibition of IL-9 may be an indirect effect, because IL-9
production is known to be IL-2 dependent [19]. Iristatin had
no effect on IL-17 production by Th17 cells (Fig. 2f).

Mast cell numbers are positively correlated with resist-
ance to tick feeding [2]. The only tick cystatin reported to
have a direct effect on mast cells is I scapularis sialostatin
L, which indirectly reduced IL-9 expression [20]. We stimu-
lated Iristatin pretreated mast cells with ionomyecin in cell
cultures and measured their cytokine production. While IL.-4
production by mast cells was not affected (Fig. 2g), IL-6
levels decreased significantly (Fig. 2h) and IL-9 production
was almost blocked by preincubation with 6 uM Iristatin
(Fig. 2i).

Iristatin inhibits antigen-specific CD4" T-cell
proliferation and impairs leukocyte recruitment
invitro and invivo

Saliva, salivary gland extract, or even individual salivary
molecules from many tick species inhibit CD4* T-cell prolif-
eration [1]. Cystatins from I scapularis [7] and O. moubata
[21] are known inhibitors of T lymphocyte proliferation.
Accordingly, we investigated whether Iristatin has similar
properties in the OVA antigen-specific CD4* T-cell prolif-
eration model using splenocytes isolated from OT-II mice.
Iristatin significantly decreased dendritic cell-dependent
CD4* T-cell proliferation upon OVA treatment from 88%
in PBS-treated controls to 72% in the Iristatin-treated group
(Fig. 3a; p <0.05) without affecting cell viability (Fig. 3b).

‘We next investigated whether Iristatin alters inflamma-
tory responses in vivo in a mouse model of thioglycollate-
induced peritonitis. Iristatin significantly impaired recruit-
ment of total immune cells to the peritoneum (Fig. 4a)
without affecting the proportion of living cells (Fig. 4b),
excluding the possibility of Iristatin cytotoxicity. When indi-
vidual cell populations were examined, Iristatin significantly
inhibited the migration of myeloid cells and neutrophils,
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Fig.2 The effect of Iristatin on T-cell and mast cell cytokine produc-
tion. a—f Different subpopulations of T-helper cells were preincubated
with 6 uM Iristatin and polyclonally stimulated with a combination
of CD3 and CD28 mAbs. Cytokine levels were determined 48 h after
stimulation. Th cells activated in the absence of Iristatin were used
as controls and set as 100% in all experiments; all other values are
expressed as percentages of these controls. Iristatin inhibited IFN-y
(a) and IL-2 (b) production by Thl cells. ¢ Iristatin strongly reduced
IL-4 production by Th2 cells. Iristatin inhibited IL-2 (d) and IL-9

and showed a trend to decreasing monocyte and eosinophil
migration. Consistent with these in vivo findings, the migra-
tion of neutrophils pretreated with Iristatin was significantly
less than untreated controls towards an fMLP gradient (8.4%
vs. 12.1%, p £0.05; Fig. 4¢).

Finally, macrophages play an important role in the inter-
action between the host immune system, ticks, and trans-
mitted pathogens. Activated macrophages are crucially
involved in immune cell recruitment to sites of inflammation
or towards pathogens by secreting signaling molecules such
as chemokines or nitric oxide (NO) [22]. Saliva (or salivary
gland extracts) from different tick species has been shown to
reduce NO production by macrophages [23]. Accordingly,
the incubation of monocyte/macrophage PMJ2-R cells with
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(e) production by Th9 cells. f The inhibition of IL-17 production
by Th-17 cells was not significant. g—i Mast cells were pretreated
with Iristatin and stimulated with ionomycin. Cytokine levels were
measured 48 h after stimulation. g IL-4 production was not affected
by Iristatin treatment. h 6 pM Iristatin inhibited IL-6 production by
mast cells. i Iristatin strongly inhibited IL-9 production by mast cells.
The mean of three independent experiments (+ SEM) is shown in all
graphs. #P<0.05; **P <0.01; ¥**P <0.001; ****P <0.0001; n.s. not
significant

Iristatin reduced in vitro production of NO in a dose-depend-
ent manner to nearly 40% of controls in the presence of 6 UM
Iristatin (Fig. 4h), suggesting a considerable suppression of
macrophage activation, perhaps, explaining the reduced
recruitment of other immune cell types.

Discussion

Hard ticks feed for several days on their vertebrate host. To
feed successfully, ticks control and evade the host immune
response and maintain blood flow by secreting saliva into
the feeding cavity. As 1. scapularis cystatins are known to
be strong immunomodulators [2], we focused on cloning a
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Fig.3 Iristatin inhibits CD4" lymphocyte proliferation. a Splenocytes
from OT-II mice were preincubated with Iristatin and subsequently
stimulated with OVA peptide. The percentage of proliferating cells
was evaluated after 72 h. Incubation with 3 pM Iristatin decreased

cystatin from the closely related tick . ricinus, which we
named Iristatin. At the time of this project initiation, . rici-
nus genome has not yet been sequenced, so the traditional
cloning procedures were needed to reveal this first immu-
nomodulatory cystatin from this important disease vector.
The three-dimensional structural analysis of Iristatin
provided useful insights into its biochemistry and function.
Three conserved cystatin domains mediate their specificity
to papain-like proteases [4, 24], including the N-terminal
domain and two hairpin loops L1 and L2. Iristatin differed
by over 50% in the N-terminal domain sequence but by only
one amino acid in hairpin L1 (Ile50 instead of Val) or L2
(Glu99 instead of Gln) compared to the most structurally
similar tick cystatin OmC2. This hairpin loop similarity,
perhaps, explains why both cystatins inhibit cathepsins C
and L. Iristatin showed a major difference in affinity to cath-
epsin L compared to sialostatins L and L2, in which target
specificity is attributed to the lack of a conserved Pro-Trp
motif in hairpin L2, at least with regard to the lower affinity
to cathepsin B and no increased inhibition of cathepsin L [7,
9, 25]. While the only difference between Iristatin and the
sialostatins in hairpin L1 is a Val/Ile substitution, we specu-
late that the significant difference in cathepsin L affinity can
be explained by the different N-termini of these cystatins or
in structures outside the conserved domains. Similarly, both
Iristatin and DsCystatin [26] inhibited cathepsin L, but dif-
fered in their affinity to cathepsins B and C. While both of
these cystatins are almost identical in their L1 and L2 hair-
pin sequences, the difference in their inhibitory specificity
probably originates in the N-terminal region or outside the
conserved domains. Similar to sialostatin L, we speculate
that inhibition of cathepsins C and L by Iristatin impairs
the maturation of other proteases from their proenzymes by
blocking the cleavage of their N-terminal propeptides by
cathepsins C and L [7]. This effect could reduce granzyme
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the percentage of proliferating cells from 88% in the control group
to 72% in the experimental group. The mean of three independent
experiments (+SEM) is shown. *P<0.05 (two-tailed, unpaired ¢
test). b Iristatin had no effect on cell viability

activity in cytotoxic T lymphocytes and natural killer cells,
tryptase and chymase in mast cells, cathepsin G, proteinase
3, and elastase in neutrophils, or impair the maturation of
cathepsins D and B in various cell types [2].

Iristatin suppressed immune responses both in vitro and
in vivo. I ricinus saliva which has previously been shown
to polarize immune responses towards the Th2 pathway
[27], although saliva-driven inhibition of both Thl and
Th2 pathways has been observed in dendritic cells [28].
However, Iristatin appears to have a more general effect on
vertebrate immunity. Inhibition of the production of pro-
inflammatory cytokines TNF and IL-12 by the tick cystatin
OmC?2 or IL-1p, IFN-y, TNF, and IL6 by DsCystatin has
been described in dendritic cells [21] and macrophages [26].
Moreover, impaired T-cell production of IFN-y by sialosta-
tin L has also been reported [8] together with a decrease in
IL-17 production, which was not observed with Iristatin.
Similar to sialostatin L, Iristatin suppressed IL-2 and IL-9
production by Th9 and mast cells, respectively, suggesting
that Iristatin could also have a similar inhibitory effect on
experimental asthma [29]. To our knowledge, no secreted
tick cystatin has been reported to inhibit both Th1 and Th2
cytokines as much as Iristatin. It has been observed in ticks
and other blood-feeding parasites that whole saliva can
have general immunosuppressive effects, with individual
proteins inhibiting specific elements. Saliva from the Aedes
aegypti mosquito has been reported to suppress both Thl
and Th2 cytokines [30]. In contrast, a single A. aegypti sali-
vary protein, SAAG-4, potently polarized a Th2 immune
response by reducing expression of the Th1 cytokine IFN-y
and upregulating the Th2 cytokine IL-4 [31]. Such immu-
nomodulation is not limited to arthropods, as the parasitic
trematode Schistosoma japonicum also polarized the verte-
brate immune response towards Th2 upon infection, with
rSjCystatin increasing IL-4 production by splenocytes [32].
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Fig.4 Iristatin’s effect on leukocyte recruitment and migration and
macrophage production of NO. a—f Mice were injected with 3% TGM
with saline or Iristatin. After 4 h, peritoneal lavage was performed
and infiltrating cells analyzed by flow cytometry. In all figures, mice
injected with TGM and saline are marked as Untreated, while all
mice injected with TGM and Iristatin (2 mg/kg of mouse weight)
are labeled as Iristatin. a Total number of cells in the peritoneum in
tested mice. b Percentage of all living cells in mouse peritoneum. c¢—f
Total number of all living CD11b" cells, neutrophils, monocytes, or

Macrophages play a crucial role in inflammatory
responses through high cytokine and NO production and
represent known cystatin targets [26]. Most cystatins tend
to increase macrophage NO production [33]. Conversely,
rSjCystatin from S. japonicum [34] and Iristatin decreased
macrophage NO levels. Therefore, Iristatin has a rather
unique effect on NO production, which is consistent with the
previous studies, showing that 1. ricinus saliva inhibits NO
production [23]. Since NO is an important regulator of many
processes in various immune and inflammatory cell types,
we propose that its reduction by Iristatin leads to further

@ Springer

cosinophils, respectively. g Mouse bone marrow neutrophils were
preincubated with 3 pM Iristatin and subjected to migration towards
fMLP in a Boyden chamber. h Iristatin inhibited NO production by
PMIJ2-R macrophages in a dose-dependent manner. Macrophages
were preincubated with 3 and 6 pM Iristatin, stimulated with LPS
and IEN-y, and NO concentration was assessed after 24 h. The mean
of three independent experiments (+SEM) is shown. *P<0.05;
##P <0.01; n.s. not significant

immunosuppression. NO can be associated with decreased
T-cell proliferation [35]. Moreover, the dose-dependent dif-
ferences in NO-mediated polarization of immune response
have been described. Low NO levels selectively enhanced
Th1 polarization, while Th1 differentiation was suppressed
at higher NO levels [36]. In contrast to these studies, we
observed that Iristatin decreased NO production by mac-
rophages and also reduced T-cell proliferation; however,
since both experiments were performed separately in vitro,
the in vivo milieu may be different. Furthermore, we used
whole splenocytes in the proliferation assays, so it is unclear
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whether the observed lower CD4" cell proliferation was a
direct or an indirect effect via APCs.

Finally, Iristatin suppressed immune cell recruitment to
the site of inflammation. Several parasitic nematode cysta-
tins have been reported to affect inflammatory cell migra-
tion while polarizing towards Th2 immune responses and
recruiting IL-10-producing macrophages or T cells [37-39].
Conversely, cystatin C inhibited T-cell and monocyte trans-
migration [40]. Until now, only one tick cystatin, DsCys-
tatin, has been reported to have an impact on immune cell
recruitment in a mouse arthritis model [26]. Another tick
cystatin, RHeyst-1 from Rhipicephalus haemaphysaloides,
suppressed tumor cell migration and invasion [41]. We spec-
ulate that the Iristatin effect on cell recruitment can partially
be mediated by the suppression of macrophage activation
[22] as shown by NO inhibition.

In conclusion, Iristatin is a potent immunomodulator of
the host immune system. Iristatin is a specific cathepsin C
and L inhibitor, as evidenced by both structure and funec-
tion. Iristatin attenuated both Th1 and Th2 vertebrate host
immune responses and inhibited T-cell proliferation and
leukocyte recruitment. Our data clearly demonstrate that
individual molecules contribute differentially to the overall
effect of arthropod saliva on blood feeding. Our model for
the action of tick salivary immunomodulators [42] stresses
the importance of pluripotency and redundancy in their
action; specifically, the function of each tick salivary immu-
nomodulator may overlap with that of another one and the
same tick salivary immunomodulator may simultaneously
affect different vertebrate immune system functions [42].
We speculate that synergy exists between individual sali-
vary proteins that might increase the activity of tick saliva;
however, there is currently no direct evidence for such an
effect. Pluripotency and redundancy seem to be essential
for potent immunomodulation by tick saliva, and Iristatin
displays both of these features. These structural and func-
tional data further increase our understanding of vertebrate
host immunomodulation by tick saliva. Furthermore, these
properties could potentially be exploited for the development
of novel immune-related disease drugs or vaccines.
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Figure S1 - Iristatin transcripts accumulate in L ricinus salivary glands upon tick feeding.
Pools of . ricinus salivary glands from female ticks were dissected under RNase-free conditions.
cDNA was subsequently prepared as a template for qRT-PCR. Iristatin expression was
normalized to the reference gene ferritin and compared to unfed ticks. Values on the y-axis show
the fold increase in transcript (unfed = 1). Each bar represents the ratio between the number
of Iristatin transcripts in salivary glands at a specific tick feeding stage (shown on the x-axis)
compared to unfed ticks. The data show an average of three biological replicates (SEM).
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Figure S2 - Iristatin purification. Lane 1: MW standards (250, 150, 100, 75, 50, 37, 25, 20, 15,
10 kDa); Lane 2: Iristatin, load 6 pg; Lane 3: Iristatin, load 3 ug; Lane 4: Iristatin, load 1.5 pg.
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Figure S4 - Iristatin inhibits cathepsins C and L. Iristatin and sialostatins L and L2 differ in
affinity for two of their common enzymatic targets cathepsins C and L. The three cystatins were
allowed to interact with the same amount of enzyme under the same assay conditions. The
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Figure S5 - Tristatin does not alter cell viability. The mean of three independent experiments
(£SD) is shown. *<P 0.05; **<P 0.01; ***<P 0.001, ****<P 0.0001 (two- tailed unpaired t-test).
ns=not significant.

Table S1 - Primer and probe sequences.

Amplicon name Forward primer 5 - 3° Reverse Reverse primer 5° - 3

Iristatin full clone | ATGAGTATCGTGAAGGCAGCGC CGGTG TCATTCAGCTGGCTTGA

Iristatin no SigP ATCATATGTTTCCCGGGGTCTGGAGGAAGCAC CGGTG ATCTCGAGTCATTCAGCTGACTTCA
Iristatin RT-PCR | CACACTTCGCCATCTCCTCT GCCTC CATGTAGTTGACCACGGCTGTAC
Iristatin RT-PCR

probe YAK-TCATCAGCGTCGAGTCTCAGGTAATTGC-BBQ

Table S2 - Crystallography data collection parameters.

Data collection statistics

Space group P212:121

Cell parameters (A) 39.03 76.93 92.12

Number of molecules in AU 2

Wavelength (A) 0.918

Resolution range (A) 46.06 - 1.76
(1.82 - 1.76)

Number of unique reflections 27667 (2700)

Redundancy/multiplicity 3.7(3.7)

Completeness (%) 97.76 (97.90)
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Rumerge® 0.0377 (0.79)
Average I/ 6 (1) 19.32 (1.39)
Wilson B (A?) 29.42

Refinement statistics

Resolution range (A) 46.06 - 1.76
(1.82 - 1.76)

No. of reflections in working set 27631 (2700)

No. of reflections in test set 1381 (135)

R value (%) 19.38

Riree value (%)° 25.68

RMSD bond length (A) 0.016

RMSD angle (1) 1.71

Number of atoms in AU 2196

Number of protein atoms in AU 1922

Number of water molecules in AU | 239

Ramachandran plot statistics®

Residues in favored regions (%) 1.71

Residues in allowed regions (%) 97.77

The data in parentheses refer to the highest-resolution shell.

* Rmerge = ZhkiZili(hkl) - {I(hkl))|/ZwaZi Ti(hkl), where the Tihkl) is an individual intensity of the
ith observation of reflection hkl and ({I(hkl)) is the average intensity of reflection hkl with
summation over all data.

P R-value = ||Fo| - |Fe|l/|Fo|, where Fo and Fe are the observed and calculated structure factors,
respectively.

¢ Reee is equivalent to R value but is calculated for 5% of the reflections chosen at random and
omitted from the refinement process [1].

4as determined by PROCHECK ([2]

Table S3 - Effect of Iristatin on protease activity

Protease % of remaining enzymatic activity
Cathepsin B 98.5+7.6
Cathepsin C 0*
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Cathepsin G 103.1£2.8
Cathepsin L 377+23*%
Cathepsin S 108.7+1.1
Factor Xa 102.0£3.8
Legumain 1004 +1.8

Remaining enzymatic activity of tested enzymes in presence of 6 uM Iristatin. * p<0.05

Supplementary Methods
RT-PCR and primer design

Tick salivary glands were dissected on a petri dish under a drop of ice-cold DEPC-treated PBS.
Total RNA was isolated from dissected tissue using the NucleoSpinRNA II kit (Macherey-
Nagel, Diiren, Germany), with quality checked by agarose gel electrophoresis before storing the
RNA at -80°C. cDNA preparations were made from 0.5 pg of total RNA from independent
biological triplicates using the Transcriptor High-Fidelity cDNA Synthesis Kit (Roche
Diagnostics, Risch-Rotkreuz, Switzerland) according to the manufacturer’s instructions. The
cDNA served as templates for subsequent quantitative expression analyses of Iristatin
transcription by qRT-PCR. Samples were analysed by a LightCycler 480 (Roche) using the
LightCycler® 480 Probes Master kit (Roche). Relative expression was calculated using the AACt
method [3]. Expression profiles were normalised to /. ricinus ferritin mRNA, levels of which are
independent of blood feeding [4]. The primer and probe sequences for Iristatin cloning and RT-
PCR are shown in Table S1.

Iristatin cloning, expression, refolding, and purification

The full cDNA sequence of the gene encoding Iristatin was amplified using primers designed
based on the orthologous /. scapularis cystatin genes (Figure 2). The exact primer sequences
used for the final cloning of Iristatin are presented in Table S1. /. ricinus cDNA prepared from
the salivary glands of female ticks fed for 3 and 6 days on rabbits was used as a template. The
Iristatin gene without a signal peptide and with an inserted ATG codon (360 bp) was cloned into
a pET-17b vector and transformed into Escherichia coli strain BL21(DE3)pLysS for expression.
Bacterial cultures in LB medium with 100 mg/ml ampicillin and 34 mg/ml chloramphenicol
were grown to an OD600 of 0.8, and protein expression was induced by the addition of isopropyl
1-thio-B-D-galactopyranoside at a final concentration 1 mM. The cultures were harvested after 5
h of fermentation at 37°C. Following washing and recovery of inclusion bodies, DEAE
Sepharose FF chromatography was performed under denaturing conditions, followed by three-
step refolding by dialysis in 50 mM Tris, pH 8.5, 0.5 mM KCI, 100 mM NaCl, 50 mM betaine, 1
mM EDTA, 10% glycerol, and <0.02% Triton X114. The resulting refolded protein was purified
by HiLoad Superdex 200 26/60 gel filtration chromatography and endotoxin removal was
performed using a detergent-based method according to [5].
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Phylogeny tree calculation

The evolutionary history of Iristatin was inferred using the maximum likelihood model based on
the Dayhoff matrix-based model [6] using cDNA sequences without signal peptides. Initial
tree(s) for the heuristic search were obtained by applying the neighbor-joining method to a
matrix of pairwise distances estimated using a JTT model. There were 112 positions in the final
dataset. Evolutionary analyses were conducted in MEGAT7 [7].

Flow cytometry

Cell suspensions were incubated with rat anti-mouse CD16/CD32 monoclonal antibody (clone
93, eBioscience, Thermo Fisher Scientific, Waltham, MA) for 5 minutes on ice to block Fc
gamma II/III receptors. Subsequently, cells were stained with population-specific antibodies for
30 minutes in the dark at 4°C. The following rat anti-mouse monoclonal antibodies was used:
CD11b-FITC (clone M1/70, BD Biosciences, Franklin Lakes, NJ), Ly-6G-PE (clone 1A8; BD
Biosciences), Ly-6C-APC (clone HK1.4; eBioscience), and Siglec-F-PerCP-Cy™5 5 (clone
E50-2440, BD Pharmingen). Propidium iodide (eBioscience) was added to distinguish living and
dead cells. Cell suspensions were analyzed by flow cytometry using BD FACSCanto™ II and
BD FACSDiva™ Software v. 6.1.3. Neutrophils were identified as CD11b'Ly-6G" cells,
monocytes as CD11b" Ly-6C" cells and eosinophils as CD11b"Siglec-F".

Enzymatic assays

All assays were performed in triplicate. The mean percentage of remaining enzymatic activity in
the presence of various Iristatin concentrations compared to control enzymatic activity (in the
absence of Iristatin) was plotted against the concentration of Iristatin used in the assays and in
logarithmic scale. Finally, sigmoidal fitting of the data gave an estimate of the IC50 of Iristatin
for the various enzymes.

Assay buffers were as follows: 100 mM Na-acetate, 100 mM NaCl, 1 mM EDTA, 0.01% Triton
X-100, 100 pg/ml cysteine, pH 5.5 for cathepsins B, L, S; 50 mM Na-acetate, 50 mM NaCl, 5
mM DTT, pH 5.5 for cathepsin C; 20 mM Tris-HCI, pH 8, 200 mM NaCl, 5 mM CaClz, 0.1%
BSA for factor Xa, 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.01% Triton X-100 for cathepsin
G; 50 mM Na-acetate, 100 mM NaCl, 4 mM DTT, pH 5.2 for legumain.

Enzymes were used at the following final concentration: 10 pM cathepsin B, 500 pM cathepsin
C, 10 nM cathepsin G, 33 pM cathepsin L, 350 pM cathepsin S, 800 pM factor Xa.

Substrates were as follows: Z-LR-AMC, 250 uM final concentration for cathepsins B, L; Z-
VVR-AMC, 250 uM final concentration for cathepsin S; H-GR-AMC, 250 uM final
concentration for cathepsin C; methylsulfonyl-D-cyclohexylalanyl-GR-AMC, 250 uM final
concentration for factor Xa; Suc-AAPF-AMC, 250 uM final concentration for cathepsin G; Z-
AAN-AMC, 250 pM final concentration for legumain.

The substrate hydrolysis rate was followed in an Infinite® 200 PRO 96-well plate fluorescence
reader (Tecan, Mannedorf, Switzerland) using 365 nm excitation and 450 nm emission
wavelengths with a cutoff at 435 nm.
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Crystallization, data collection, and structure determination

The crystallization drop consisted of 1 pl of Iristatin protein solution (5 mg/ml in 10 mM Tris
buffer, pH 8.0) and 1.5 pl of the reservoir solution (0.1 M Bis-Tris, pH 5.5, 1 M ammonium
sulfate, 1% PEG 3350). Brick-shaped crystals reached their final size of 0.4 x 0.1 x 0.1 mm
within 7 days. For data collection, crystals were soaked in reservoir solution supplemented with
12.5% glycerol and flash cooled in liquid nitrogen. Diffraction data were collected at 100 K
using the MX-14-1 beamline at BESSY, Hamburg, Germany, and processed using the HKL-
3000 suite of programs. Crystals exhibited the symmetry of space group £2;2;2; and contained
two molecules in the asymmetric unit.

The phase problem was solved by molecular replacement using the program Molrep. The search
model was derived from the structure of cystatin OmC2 from O. moubata (PDB code 3LOR),
sharing 41% sequence identity with Iristatin. Model refinement was carried out using the
program REFMAC 5.5 from the CCP4 package. Manual building was performed using Coot.
Tight non-crystallographic symmetry (NCS) restraints were applied during initial refinement,
and, in later stages, NCS restraints were loosened as guided by the behavior of Rfree. The final
refinement steps included TLS refinement. The quality of the final model was validated with
Molprobity. Final refinement statistics are given in Table S2. Figures showing structural
representations were prepared with the PyMOL Molecular Graphics System (Schrodinger).
Atomic coordinates and structure factors were deposited in the PDB under accession code 5046.

Isoelectric focusing

Isoelectric focusing (IEF) was performed on precast Criterion™ IEF gels (Bio-Rad, Hercules,
MA) and separated by IEF cathode buffer 2 mM lysine (free base), 2 mM arginine (free base)
and IEF anode buffer 0.7 mM phosphoric acid at increased voltage modes: 100 V 60 min, 250 V
60 min, 500 V 30 min. IEF markers of pl range 3—10 were used (SERVA 39212.01).

The value of Iristatin pI predicted to be 7.67 (by https://web.expasy.org/protparam) was verified
by isoelectric focusing. Iristatin showed a clear band between pl values 7.6 and 7.7 (Figure S2)

Iristatin shows no toxic effect on CD4" cells

Naive CD4" T cells from Balb/c mice were stimulated with anti-CD3/CD28 (4 ug/mL) in the
presence and absence of different concentrations of LPS-free Iristatin (6, 3, 1.5, and 0.75 uM)
under Th9-skewing conditions for 72 h. T cells were stained with a fixable viability dye, and cell
viability was determined by flow cytometry (Figure SS). The value of the untreated cells is
considered 100%; the other values are expressed as percentages.
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4.4. Nepublikované vysledky

Ptredchazejici publikace ¢. 3 se zabyvala iristatinem, imunomodula¢nim inhibitorem
z podrodiny pravych cystatinii ze slin kliStéte obecného (/. ricinus). V névaznosti na tuto
publikaci je pfipravena pro publikovani dalsi komplexni studie o homologickém inhibitoru
ricistatinu ze slin /. ricinus, ktery vykazuje také imunomodula¢ni uc¢inky. Autor ma na této

publikaci sdilené prvni autorstvi.

Muij podil na této studii zahrnoval:

(1) Analyzu inhibi¢ni specifity ricistatinu, kterd umoziuje tento inhibitor zatadit
do skupiny slinnych klistovych cystatinli s unikdtni uzkou inhibi¢ni specifitou cilenou
preferencné na cysteinové katepsiny s endopeptidasovou aktivitou.

(2) ReSeni krystalové struktury komplexu ricistatinu s modelovym cysteinovym
katepsinem. Tato strukturni analyza je prvni, kterou se podafilo ziskat pro slinny klistovy
cystatin (a parazitdrni cystatin obecné¢) a umoznuje vysvétlit strukturni pfi¢inu inhibicni
specifity téchto inhibitoril. Strukturni koordinaty byly deponovany do databdze PDB s kédem

7PK4 a v soucasné dob¢ jsou jiz vefejné pristupné.

Tyto vysledky jsou uvedeny ve dvou nasledujicich kapitolach.

4.4.1. Inhibi¢ni specifita ricistatinu a jeji srovnani s ostatnimi cystatiny

Funk¢ni biochemické vlastnosti rekombinantniho ricistatinu byly analyzovéany
v kinetickych inhibi¢nich testech s hostitelskymi cysteinovymi proteasami z rodiny papainu
arodiny legumainu. Profil inhibi¢ni specifity ricistatinu byl porovnan s reprezentativnimi
zastupci cystatinové rodiny. Analyza zahrnovala dostupnéd systematicka data publikované
pro pravé cystatiny ze slin a stiev klistat a modelové pravé cystatiny a stefiny obratlovcil
(Obr. 15). Ricistatin a ostatni slinné pravé cystatiny z klistat vykazuji odli$ny inhibi¢ni profil,
ktery je limitovan pouze na nékteré cysteinové proteasy. Typicky inhibuji endopeptidasy,
jako je katepsin L nebo S (iristatin mezi nimi dokaze rozlisit) a exopeptidasu katepsin C.
Na druhou stranu neinhibuji exopeptidasové katepsiny B a H, které jsou ale velmi dobie
inhibovany stfevnimi cystatiny klistat — mialostatinem z /. ricinus a OmC2 z Ornithodoros
moubata a dale vSemi ostatnimi cystatiny obratlovci. Tato analyza umoziuje 1épe definovat
skupinu pravych cystatini ze slin klistéte sunikdtnim uzkym inhibi¢énim profilem

a klasifikovat ricistatin jako nového ¢lena této skupiny.
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Obr. 15: Inhibi¢ni specifita ricistatinu a jeji porovnani s vybranymi cystatiny. Inhibi¢ni
data pro ricistatin jsou porovnana s ostatnimi pravymi cystatiny ze slin klistat, zahrnujici
sialostatiny L and L2 (/. scapularis) a iristatin (1. ricinus), a s pravymi cystatiny ze stiev klistat,
zahrnujici mialostatin (1. ricinus) a OmC2 (O. moubata). Déle jsou uvedeny modelové
cystatiny obratlovct: pravé cystatiny: CEW (,,Chicken Egg White™) cystatin a cystatin C
a stefiny A a B. Inhibi¢ni data proti lidskym katepsiniim L az B a sav€imu legumainu jsou
prezentovana jako ICso (cystatiny z klistat (Kotal et al., 2021, 2019; Kotsyfakis et al., 2010;
Salat et al., 2010)) nebo Ki (cystatiny obratlovcii (Barrett, 1987; Maciewicz et al., 1987))

s intenzitou podbarveni odpovidajici sile inhibice (zelena $kala); n.i. — bez inhibice.

4.4.2. Krystalova struktura komplexu ricistatinu s katepsinem V a analyza
vazebného modu
Byly pfipraveny krystaly komplexu ricistatinu s lidskym katepsinem V (modelovy
cysteinovy katepsin s endopeptidasovou aktivitou). K zajiSténi stability komplexu byl pouzit
katalyticky neaktivni mutant Cys25Ser rekombinantniho katepsinu V. Komplex krystalizoval
v prostorové grupé CI121 s jednou molekulou v asymetrické jednotce. Fazovy problém byl
vyfeSen molekularnim nahrazenim s vyuzitim struktury katepsinu V (k6d PDB: 1FHO) %!,
Struktura komplexu byla vyfe$ena pfi rozligeni 1.9 A (Tab. 4) a deponovana do databaze PDB
pod kédem 7PK4.
Molekula ricistatinu byla modelovana pro oblast sekvence 4i—1131 (,,i* oznacuje zbytky
inhibitoru), nedostatek elektronové hustoty neumoznil modelovat celkem 4 segmenty. Jedna se
o smycky 38i-471 a 68i-90i, které se nachazeji na opacné stran¢ molekuly nez interakéni

smycky a jsou exponovany do prostiedi. Dale chybi 3 zbytky na N-konci a 2 zbytky na C-konci
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ricistatinu. Molekula katepsinu V byla modelovana v celém rozsahu sekvence Oe-221le
(,,e*“ oznacuje zbytky enzymu, zbytek Oe pochdzi z nekompletné odStépené¢ho propeptidu),
nedostatek elektronové hustoty neumoznil modelovat pouze povrchovou smyc¢ku 175e-181e.

Na Obr. 16B je znazornén model celkové struktury komplexu ricistatinu a katepsinu V.
Ricistatin ma typickou architekturu molekuly pravych cystatinii s péti antiparalelnimi
B-strukturami obtoCenymi kolem centralni a-Sroubovice. Sekven¢ni a strukturni porovnani
ricistatinu se znamymi cystatiny prokazalo, Ze ricistatin ndlezi do podrodiny pravych cystatini
(Obr. 16C a 16D). Jeho nejbliz§imi homology jsou slinné cystatiny z /1. scapularis:
sialostatins L2 (90 % sekvenéni identity, RMSD pro Co atomy = 2,2 A) a sialostatin L (78 %
identity, monomerni struktura neexistuje). Molekula zralého katepsinu V je tvofena dvéma
doménami s aktivnim mistem mezi nimi. Ve spodni ¢asti aktivniho mista se nachazi
u pfirozeného katepsinu V katalyticky zbytek Cys25e, ktery byl u krystalizované inaktivni
varianty mutovany na Ser25e. Porovnanim se tfemi dostupnymi strukturami z databdze PDB
201203 pyly ziskany hodnoty RMSD pro Ca atomy v rozsahu 0,2-0,3 A, coz ukazuje,
ze u katepsinu L nedoslo k vyraznym celkovym konforma¢nim zménam.

U cystatintl je interakce s cysteinovymi katepsiny zprostfedkovana pomoci ti interak¢nich
segmentl, N-konce a povrchovych smycek L1 a L2. Dohromady tyto tii segmenty tvofi klin,
ktery se zasouva do aktivniho mista proteasy (Obr. 16A a 16B). U ricistatinu je prvnim
modelovanym zbytkem N-konce Leu4i, ktery vyplituje svym bo¢nim fetézcem podmisto S3
katepsinu V, nasleduje Arg5i, ktery bo¢nim fetézcem vyplituje podmisto S2 a s podmistem S1
interaguji zbytky Gly6i, Gly7i a Tyr9i. Konzervovany par glycinii Gly6i-Gly7i poskytuje
N-konci dilezitou konformacni flexibilitu. U ricistatinu je N-konec zpevnén Arg9i, ktery
stabilizuje jeho konformaci pomoci intramolekulédrnich vodikovych vazeb k Leudi a Gly7i.
Hlavni interakéni zbytky N-konce (region Leu4i—Arg9i) tvofi s katepsinem V celkem
4 vodikové mustky a 2 hydrofobni interakce. Jejich partnery jsou zbytky Asn66e, Gly68e—
Met70e a Leul62e—Aspl163e. Vybrané interakce jsou znazornény na Obr. 16B.

Smycka L1 ricistatinu spojujici B1- a B2-struktury ma sekvenci GIn53i-Thr54i-Val55i-
Ala56i-Gly57i, kterd odpovidd motivu Gln-Xaa-Val-Xaa-Gly konzervovanému u cystatinli
(Obr. 16C). Interakéni oblast smycky L1 je del$i nez konzervovany motiv a konci az zbytkem
Arg61i. Tato smycka vypliiuje podmisto S1 zbytkem GIn53i, podmisto S1° zbytkem Thr54i a
interaguje i s podmistem S3°. Hlavni interak¢ni zbytky tohoto segmentu inhibitoru jsou GIn53i,
Thr541, Ala56i, Asn59i a Arg61i tvorici celkem 5 vodikovych mustkil a 1 hydrofobni interakci.
Ty interaguji s nasledujicimi zbytky katepsinu V: Gln19e—GlIn21le, Gly23e, Cys65e—Asn66e,
Aspl63e a Trp190e (Obr. 16B). Na vrcholu smyc¢ky L1 je Val55i, ktery sice nevytvaii zadnou
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interakci se zbytky katepsinu V, ale pfesné vypliuje danou ¢ast aktivniho mista. Gly57i
zajistuje strukturni flexibilitu.

Smycka L2 mezi B4- a B5-strukturami ricistatinu se vaze do Siroké hydrofobni oblasti
obsahujici Spatn¢ definovand podmista S2’az S4’. Tento segment nevytvaii zadné
elektrostatické interakce, ale zbytky Tyr98i a LeulOli vytvafeji 3 hydrofobni interakce
se zbytky GIn21e, GInl45¢e a Trp190e z katepsinu V (Obr. 16B).

Interakéni plocha mezi ricistatinem a katepsinem V ¢ini 751 A% (Obr. 16F). Hydrofobni
interakce jsou rozdéleny mezi obé domény rovnomérné, zatimco vSechny vodikové mistky
(Obr. 16B) maji své partnery pouze v L-domén¢ katepsinu V. Z téchto celkem 9 vodikovych
mustkll jsou 4 tvofeny hlavnim fetézcem ricistatinu a tyto interakce jsou konzervované
v dostupnych komplexech cystatint. Zbylych 5 vodikovych miistkli vychazi z bo¢nich fetézcii
a jsou u ostatnich komplexii variabilni. Zadny ze zbytki ricistatinu neinteraguje piimo
s katalytickymi zbytky katepsinu V (Ser25e¢ a Hisl64e), které se nachdzeji v prostoru
pod segmenty N-konce a L1 smycky.

Daéle byla provedena analyza konformacnich zmén probihajicich v molekule ricistatinu
béhem vazby do aktivniho mista katepsinu V (Obr. 16E) a analyza strukturnich pficin
zodpovédnych za uzkou inhibi¢ni specifitu ricistatinu (Obr. 17 a 18) — tento rozbor je uveden

v kapitole 5.2. této disertacni prace.
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Obr. 16: Krystalova struktura ricistatinu v komplexu s katepsinem V a analyza jeho
vazebného modu. (A) Celkovy pohled na strukturu komplexu ricistatinu (fialova) a katepsinu
V (azurova) ve stuzkovém zobrazeni. Povrch katepsinu V je zobrazen Sed¢ a katalytické zbytky
zluté. N-konec (N) a smycky L1 a L2 tvofici reaktivni centrum ricistatinu jsou popsany
ervené. Casti molekuly ricistatinu, pro které nebyly nalezeny dostateéné elektronové hustoty,
jsou schematicky vyznaCeny pierusovanou c¢arou. Popsdny jsou sekundéarni struktury.
(B) Priblizeny pohled na rozhrani mezi ricistatinem a katepsinem V. Zbytky ricistatinu
interagujici s katepsinem V jsou zobrazeny v ty¢kovém modelu a popsany (fialova). Zbytky
katepsinu V (popsany ¢erng) tvotici vodikové vazby (pferuSovana Cerna ¢ara) jsou znazornény
ty¢kovym modelem (azurovd). Atomy kysliku jsou cervené, dusiku modre. (C) Strukturni
porovnani ricistatinu s (i) strukturné charakterizovanymi nekomplexovanymi cystatiny z klistat

(sialostatiny L a L2 z I. scapularis, iristatin and mialostatin z /. ricinus a OmC2 z O. moubata),
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(i) strukturné charakterizované cystatiny v komplexu s cysteinovymi katepsiny
(CEW cystatin, lidsky cystatin C, lidské stefiny A a B a rostlinny tarocystatin z Colocasia
esculenta). Byly pouzity sekvence zralych proteinli (+ oznacuje pokracovani sekvence);
¢islovani odpovida ricistatinu. Sekundarni struktury ricistatinu jsou vyznaceny nad sekvenci
a popsany jako v panelu (A). Tti interakéni segmenty zodpovédné za interakci s cysteinovymi
katepsiny jsou ramovany cervené a popsany jako v panelu (A); konzervované zbytky téchto
segmentt jsou cervené, zbytky identické s ricistatinem jsou podbarveny Sedé. Motiv pro vazbu
legumainu u CEW cystatinu je modfe. Cysteiny tvofici disulfidické mustky jsou podbarveny
cerné a jejich parovani je vyznaceno zelenymi symboly. (D) Superpozice hlavniho fetézce
ricistatinu  (fialovd) s ostatnimi cystatiny strukturné charakterizovanymi v komplexu
s cysteinovymi katepsiny: CEW cystatin (zelend; komplex s falcipainem-2, PDB: 1YVB),
stefin A (oranzovéa; komplex s katepsinem V, PDB: 3KFQ), stefin B (Cernd; komplex
s papainem, PDB: 1STF) a tarocystatin (rizova; komplex s papainem, PDB: 3IMA). Orientace
ricistatinu je jako v panelu (B). (E) Strukturni porovnani reaktivniho centra cystatinti vazanych
v komplexu —ricistatinu (fialovd) a CEW cystatinu (zelend) s volnym sialostatinem L2 (modrd)
jako nejbliz§im homologem ricistatinu. Orientace molekuly je jako v panelu (B). Vybrané
interakéni zbytky s vyznamné odliSnou konformaci jsou znazornény v tyckovém modelu;
atomy kysliku jsou cervené, dusiku modie. N-konce jednotlivych cystatinii jsou oznaceny
hvézdickou s odpovidajici barvou; aminokyselinové zbytky se stejnou pozici v panelu (C) jsou
oznaceny shodnymi hornimi indexy (a-c). (F) Interakéni povrch mezi ricistatinem a katepsinem
V. Struktura komplexu je symetricky oteviena a ukazuje interakéni povrch obou proteini.
Barva odpovida skoére zanoteni povrchu (,,buried surface area” — b.s.a.). Peptidomimeticky
inhibitor K11777 (ty¢kovy model, azurova; PDB: 1FHO) je vlozen superpozici do aktivniho
mista katepsinu V a umoziuje lokalizovat jednotliva podmista S3-S1°. Na povrchu ricistatinu

jsou oznaceny tfi interak¢éni segmenty: N-konec a smycky L1 a L2.

143



[] katepsin V [ ricistatin (katepsin V komplex)
[] mini-fetézec katepsinu H [] stefin A (katepsin H komplex)
[ ,,occluding loop“ katepsinu B[] stefin A (katepsin B komplex)

Obr. 17: Strukturni modifikace urcujici Gzky inhibi¢ni profil ricistatinu. Superpozice
ricistatinu (fialov€) z komplexu s endopeptidasou katepsinem V (Sedy povrch) a stefinu A
z komplexu s aminopeptidasou katepsinem H (Zluté, PDB: 1NBS5) a stefinu A z komplexu
s karboxypeptidasou katepsinem B (oranzové, PDB: 3K9M). Inhibi¢ni segmenty (N-konec
asmycky L1 a L2) a zbytky Arg5 a Arg9 ricistatinu jsou popsany. Strukturni elementy
limitujici vazbu substratu do aktivniho mista katepsinu H (mini-fetézec, azurove)
a katepsinu B (,,occluding loop®, zelen¢) zkomplexi se stefinem A jsou zobrazeny

v povrchové reprezentaci pies Sedy povrch endopeptidasy katepsinu V.
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B-faktor

L2 L1 N

Obr. 18: Distribuce Kkrystalografickych B-faktori pro ricistatin z komplexu
s katepsinem V. Molekula ricistatinu je zobrazena jako hlavni fetézec ricistatinu a zbarvena
B-faktory indikujici strukturni rigiditu vykazuji smycky L1 a L2 vazané v aktivnim misté
katepsinu V. U Sirokospektrych cystatinli je naopak L2 smycka velmi flexibilni s relativnimi
B-faktory vice neZz dvojnasobnymi v porovnani sL1 smyckou (napf. u véazaného
CEW cystatinu a stefinu A; PDB kdody: 1YVB respektive 1NBS). Interakéni segmenty
(N-konec, smycky L1 a L2), konzervované zbytky a barevna skala B-faktort je popséana.
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Tab. 4: Krystalové parametry, statistiky difrakénich dat a statistiky upfesnéné struktury.

Statistiky byly generovany programem PHENIX 2%, Hodnoty v zavorkach popisuji

slupku nejvyssiho rozliseni.

VInova délka (A) 1,54
Rozsah rozligeni (A) 38.8971.92
(1,99-1,92)
Prostorova grupa Cl121
Zakladni buiika
a, b, c(A) 117,49 45,32 58,52
a, f, 7 (°) 90,00 96,89 90,00

Celkovy pocet reflexi 70678 (5135)
Pocet unikatnich reflexi 23274 (2237)
Multiplicita 3,0(2,3)
Kompletnost (%) 99,03 (95,47)
Primérné I/sigma(l) 7,81 (0,98)
Wilsontiv B-faktor (A?) 22,16
Rumerge 0,11 (0,92)
Rmeas 0,14 (1,16)
Rpim 0,077 (0,70)
CCan 0,99 (0,45)
CC* 0,99 (0,79)
Pocet reflexi pouzity pii upfesnovani 23397 (2236)
Pocet reflexi generaci Rfree sady 1151 (137)
Rwork 0,20 (0,32)
Riree 0,22 (0,35)
CCuwork 0,95 (0,58)
CCliree 0,95 (0,51)
Pocet nevodikovych atomi 2518

Makromolekuly 2294

Ligandy 37

Solvent 187
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Pocet aminokyselinovych zbytkt
Priimérna kvadraticka odchylka vazeb (A)
Primérné kvadratickd odchylka uhli (°)
Ramachandranem preferované zbytky (%)
Ramachandranem povolené zbytky (%)
Ramachandranem zakazané¢ zbytky (%)
Odlehlé rotamery (%)
Priimérny B-faktor (A?)

Makromolekuly

Ligandy

Solvent

298
0,015
1,81
97,6
2,1
0,4
2,1
29,55
28,78
51,43
34,78
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5. Diskuse

Cysteinové katepsiny maji Sirokou distribuci a zajist'uji mnoho fyziologicky vyznamnych
déjt v organismu parazitli i v télech jejich hostitelt. Parazité produkuji inhibitory cysteinovych
katepsint k regulaci jak endogennich procest, tak je sekretuji do tkani hostitele k ovlivnéni
proteolytickych rovnovah. Vyznamnou rodinou inhibitori cysteinovych katepsinii jsou
cystatiny (ID databaze Merops: 125), které jsou pfitomny v proteomu parazitl i sav¢ich
hostitelti véetné ¢loveka. Rodina cystatinti obsahuje dvé hlavni podrodiny monomernich
proteinovych inhibitord: intracelularni stefiny a sekretované pravé cystatiny, které¢ se lisi
od stefini pfitomnosti signalni sekvence a disulfidickych miustk. Tato disertacni prace
se zabyva zastupci rodiny cystatini ze dvou vyznamnych krevsajicich parazitii. Prvnim je
motolice jaterni (Fasciola hepatica), paraziticky helmint zplisobujici onemocnéni fasciolozu
s obrovskym hospodaiskym dopadem. Druhym je klist¢ obecné (Ixodes ricinus),
ektoparaziticky ¢lenovec a hlavni evropsky vektor klistové encefalitidy a lymské borelidzy.

Diskuse je rozdélena do dvou kapitol vénovanych cystatinim z téchto dvou parazita.

5.1. Identifikace a charakterizace nového typu cystatinii u motolice F. hepatica.

Soucasti disertani prace je studie, ktera se zabyvala FhCyLS-2, neobvyklym ¢lenem
cystatinové rodiny z F. hepatica. Sekvenéni a strukturni analyza odhalila, ze FhCyLS-2
bezprecedentnim zplisobem kombinuje charakteristické znaky dvou hlavnich podrodin
cystatinové rodiny, stefinli a pravych cystatinli. Sekven¢ni homologie prokézala ptislusnost
FhCyLS-2 ke stefinim; FhCyLS-2 vSak obsahuje také signalni peptid pro sekreci a disulfidy,
tedy dva typické molekularni znaky pro pravé cystatiny. Bylo zjisténo, ze FhCyLS-2 je
pfitomen v ESP dospélych motolic a je zjevné uvoliovan sekreci ze stievnich bunék.
VyluCovany FhCyLS-2 byl rozpoznan imunitnim systémem hostitele béhem infekce
F. hepatica, coz vedlo k produkci specifickych protilatek detekovanych v séru.
Byla urfena prostorova struktura FhCyLS-2 rentgenostrukturni analyzou a ukdzala,
ze do obecné architektury stefinli byly inkorporovany dva disulfidické mustky. Nachazeji se
v oblastech molekuly, které¢ jsou blizké, nikoliv vSak totozné s umisténim disulfidii u pravych
cystatini. Akvizice disulfidi nejspiSe souvisi se sekrecnim charakterem FhCyLS-2,
ktery jej vyznamné odliSuje od typicky intracelularnich stefini. Obecna uloha disulfidickych
mustklti spo¢ivd ve stabilizaci proteinti ve vice oxidativnim extracelularnim prostiedi,
a jsou proto piritomny u vétsSiny sekretovanych proteint, zatimco v cytosolarnich proteinech

jsou vzacné 2%,
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Molekula FhCyLS-2 nese funk¢ni reaktivni centrum pro interakcei s proteasami, které ma
analogickou stavbu jako u dalSich ¢lenti rodiny. FhCyLS-2 je efektivnim inhibitorem fady
testovanych cysteinovych katepsintl, a to jak z hostitele, tak z F. hepatica. Porovnéni inhibi¢ni
specifity FhCyLS-2 s ostatnimi ¢leny rodiny ukazalo, ze FhCyLS-2 inhibuje cysteinové
katepsiny s endopeptidasovou i exopeptidasovou aktivitou. Podoba se tak nckterym jiz
popsanym inhibitoriim s Sirokou specifitou, jako jsou lidské a klistové stefiny, klistové stievni
cystatiny 1 néktefi zastupci lidskych pravych cystatind. Cysteinové katepsiny citlivé
na FhCyLS-2 hraji u savct klicovou roli v fadé¢ imunologickych procesii, napt. zpracovani
antigentl a aktivace neutrofil{i, cytotoxickych NK bunék a T-lymfocytt 295-2%,

Proto lze piredpokladat, ze sekretovany FhCyLS-2 napodobuje urcité cystatiny
produkované hostitelem a zasahuje do jejich funkci in vivo. Tim méni proteolytickou
rovnovahu podobné, jako bylo dfive zjiSténo u cystatini helmintl a klistat s riznymi
imunomodulaénimi G¢inky '®¢27. Navic FhCyLS-2 inhibuje hlavni sekretované travici
katepsiny L z F. hepatica a muze tak slouzit jako endogenni regulator s cilem chranit
parazitarni tkdn¢ pfed autoproteolytickym poSkozenim. FhCyLS-2 tedy miiZze mit dvoji roli
v regulaci exogennich 1 endogennich proteolytickych systémii pfi interakci parazita
s hostitelem. Za zminku stoji, Ze podobna kombinovana funkce byla navrhovana pro klistovy
cystatin OmC2, ktery je vyluCovan do hostitele za ucelem imunomodulacniho pilisobeni
a zarovei reguluje proteolyzu ve stievu klistéte 2%,

Z kombinace sekvencnich a strukturnich znakli a fylogenetické analyzy je ziejmé,
ze FhCyLS-2 patfi do podrodiny stefinli. U parazitickych trematod a myxozoi byla
identifikovana sada homologii FhCyLS-2. Ty se evolu¢né 1isi od klasickych stefinti a tvori
samostatnou skupinu na fylogenetické vétvi stefinii. Na zéklad¢ toho je nyni mozné v ramci
cystatinové rodiny definovat novou skupinu nazvanou CyL-stefiny (,,Cystatin-Like stefins)
s FhCyLS-2 jako modelovym zéstupcem. CyL-stefiny nesou signalni peptid na stefinové
sekvenci, kterd postrada C-terminalni motiv Asp/Glu-Xxx-Leu-Xxx-Tyr/His-Phe. Struktura
CyL-stefinli obvykle obsahuje dva disulfidy, jejich pocet vSak muze byt snizen na jeden
nebo vzacné zcela chybét.

Naprosta vétSina organismu exprimuje jak klasické stefiny, tak pravé cystatiny jako

nezbytné antiproteolytické molekuly !182%

. Analyza repertoaru gend rodiny cystatint,
vcetn¢ CyL-stefintl, u jednotlivych skupin motolic ukazala vyznamné rozdily pii srovnani fadi
Plagiorchiida, Opisthorchiida a Schistosomatida. F. hepatica a vSechny ostatni jaterni a stfevni
motolice (Plagiorchiida) maji v genomu jak CyL-stefiny, tak klasické stefiny, ale postradaji

geny pro pravé cystatiny. Naopak u krevnich motolic (Schistosomatida), které disponuji
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klasickymi stefiny a pravymi cystatiny, nebyly identifikovany zadné CyL-stefiny. Motolice
zrodu Opisthorchiida ovSem kombinuji vSechny tfi skupiny inhibitordt. Kromé toho
Plagiorchiida a Opisthorchiida navic exprimuji multicystatiny. Lze predpokladat,
ze CyL-stefiny pfedstavuji evoluéni vylepSeni klasickych stefinti, které nejspiSe predstavuje
molekularni adaptaci na absenci nebo nedostatecny funk¢ni rozsah sekretovanych pravych
cystatinti. Lze spekulovat, Ze rtizné zastoupeni cystatinli ve vySe zminénych tadech odrazi
sloZitost Zivotnich cyklli motolic a strategie spojené s prezitim parazita v hostiteli. Obecné je
SirSi panel zéastupcii rodiny cystatinli spojen s vysSi komplikovanosti vicehostitelskych
zivotnich cykll, s vyraznéj§im zapojenim obratlovci jako hostitelti (disponujicich pokrocilejsi
imunitou nez bezobratli hostitel¢) a vice typy napadenych tkani obsahujicich rozdilné spektrum

hostitelskych proteas 21021,

5.2. Strukturni vysvétleni inhibi¢ni specifity cystatini z kliStéte 1. ricinus.

Druha c¢ast disertaéni prace se vénovala tfem novym zastupcim podrodiny pravych
cystatind, které byly identifikovany ve dvou tkénich klicovych pro proces sani klist’at. Iristatin
a ricistatin jsou produkovany ve slinnych zldzach a sekretovany do slin klistéte, zatimco
mialostatin se nachazi ve stfevu klistéte. VSechny tii inhibitory byly strukturné, funkéné
a fylogeneticky charakterizovany a byly navrZeny jejich biologické role.

Mialostatin byl imunohistochemicky lokalizovan ve stfevni tkani /. ricinus. Tato tkan je
zodpovédna za intracelularni (a ziejmé i extracelularni) zpracovani krevnich proteinti hostitele
prostiednictvim multienzymového systému vyuZivajiciho predeviim cysteinové katepsiny .
Mialostatin byl charakterizovan jako efektivni inhibitor travicich cysteinovych katepsini
1. ricinus zahrnujicich jednak katepsiny L1 a L3 (IrCL1 a IrCL3) s endopeptidasovou aktivitou
a jednak katepsiny B a C (IrCB, IrCC) s exopeptidasovou aktivitou. Jeho Siroka inhibi¢ni
specifita je ve zjevném kontrastu se slinnymi cystatiny klistat z rodu Ixodes, jako jsou diive
studované sialostatiny L a L2, které maji podstatné uzsi spektrum inhibovanych cysteinovych
katepsind '°*17°. Na druhou stranu podobné Siroké antiproteasova aktivita byla zaznamenana
u OmC?2 a ¢asteéné také u OmC1 piitomnych ve stievu klistéte O. moubata 25212, Krystalova
struktura identifikovala mialostatin jako blizky homolog OmC2. Déle poskytla vysvétleni
vazebné selektivity mialostatinu, kdyz ukézala analogickou architekturu jeho reaktivniho
centra, jako maji ostatni dostupné struktury zastupcti pravych cystatinti obratlovct, které také
vykazuji  Sirokou specifitu  zahrnujici cysteinové katepsiny s endopeptidasovou

a exopeptidasovou aktivitou.
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Na zaklad¢ ziskanych funkc¢nich dat a informaci o lokalizaci l1ze navrhnout fyziologickou
roli mialostatinu. Jde o ucinny inhibitor vSech travicich cysteinovych katepsint /. ricinus
véetné nedavno identifikovaného izoenzymu IrCL3 '3, ktery pilisobi v pozdni fizi traveni a se
kterym se mialostatin vyrazn€ kolokalizuje. Déle bylo zjist€éno v bunéénych testech,
ze mialostatin nevykazuje potencidlni imunomodulacni ucinky na hostitele, které jsou dobte
znamé u cystatinti sekretovanych ve slindch klistat rodu Ixodes '°*'7°. Lze piedpokladat,
7e mialostatin reguluje endogenni proteolyticky systém ve stfevu klistéte, jehoz regulace
nebyla zatim studovéana. Pravdépodobné chrani stievni tkan pfed proteolytickym poskozenim
a pomaha pfi fizeni a nacasovani jednotlivych kroku traviciho procesu.

Dalsi dva studované pravé cystatiny jsou ricistatin a iristatin, které jsou produkované
slinnymi zldzami . ricinus. U obou téchto cystatinii byly nalezeny podobné protizanétlivé
a imunomodulacéni uc¢inky na imunitni systém hostitele. Ricistatin a iristatin vykazuji podobné,
ackoli ne identické inhibi¢ni profily, jejichz spolecnym rysem je selektivita pouze k nékterym
cysteinovym katepsinim. Konkrétné inhibuji endopeptidasy, jako je katepsin L nebo S
(iristatin mezi nimi dokaZe rozlisit), a exopeptidasu katepsin C. Na druhou stranu neinhibuji
exopeptidasové katepsiny B a H. Tato analyza umoznila 1épe definovat skupinu pravych
cystatinl ze slin klistéte s unikatnim uzkym inhibi¢nim profilem, ktery je vyrazné¢ odliSuje
od vétSiny dosud detailné€ charakterizovanych zastupcti podrodiny pravych cystatinti z paraziti
1jejich hostiteli.

Ziskana krystalovd struktura ricistatinu v komplexu s katepsinem V (modelovou
endopeptidasou) poprvé umoziiuje piimym zpiisobem vysvétlit strukturni podstatu tzké
inhibi¢ni specifity slinnych klistovych cystatinti. U cystatind je interakce s cysteinovymi
katepsiny zprostiedkovana pomoci tii interak¢énich segmentti, N-konce a povrchovych smycek
L1 a L2, které se zasouvaji do aktivniho mista katepsinu. Diky porovnani inhibi¢niho modu
ricistatinu s ostatnimi dostupnymi komplexy cystatini s katepsiny byly nalezeny tii strukturni
mechanismy, které omezuji interakci Uzkospektrych pravych cystatini a exopeptidas.
Ty totiz, na rozdil od endopeptidas, disponuji strukturnimi doménami limitujicimi vazbu
substratu do S’ resp. S podmist.

U karboxydipeptidasy katepsinu B se tato doména nazyva ,,occluding loop* a blokuje
piistup substratu do podmista S3° 72?14, do kterého se vaZe interakéni smycka L2 cystatind.
Ze strukturni analyzy dostupnych komplexti cystatinii vyplyva, ze smycka L2 ricistatinu
(a homolognich sialostatinil) je o jeden ¢i dva zbytky krat$i a hlfe vypliuje hydrofobni
podmista S2” a S3” v porovnéni se Sirokospektrymi cystatiny (pravé cystatiny resp. stefiny).

Dale, dle analyzy relativnich krystalografickych B-faktord je tato smycka navic mnohem
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rigidnéj$i nez u vSech ostatnich cystatini v komplexu. Upravena smycka L2 ricistatinu
tak nejspis neni schopna odsunout ,,occluding loop*, jako je tomu napt. u komplexu katepsinu
B a stefinu A ?!°. Kombinace vysoké rigidity a nedokonalého vyplnéni podmist S2> a S3” kratsi
smyckou L2 tak nejspiSe zplisobuje ztratu afinity slinnych klisStovych cystatini ke katepsinu B.

Aminopeptidasa katepsin H vyuzivad k omezeni pfistupu substratu do podmist S3 a S2
mini-retézec, oktapeptid, ktery pochazi z propeptidu a je ptipojen k protease disulfidickym
mistkem '*. Komplex katepsinu H se stefinem A ukazuje, ze N-konec stefinu je velmi flexibilni
a dokaze se prizpusobit i stericky velmi omezenému prostoru v okoli mini-fetézce. Nicméné
uricistatinu je toto konformacni pfizpisobeni velmi nepravdépodobné, jelikoz N-konec
ricistatinu obsahuje pfili§ objemny zbytek Arg5i, ktery se vaze do pozice S2 jiz obsazeni
mini-fetézcem katepsinu H. Dalsi zbytek Arg9i navic zpeviiuje konformaci celého N-konce
ricistatinu pomoci intramolekularnich vodikovych mustkd. Pfitomnost velkych objemnych
zbytkl lemujici konzervovany motiv Gly-Gly, je spolecné pro vSechny pravé cystatiny ze slin
klist'at s izkou inhibi¢ni specifitou (Obr. 16C, kap. 4.4.2.).

Druhym studovanym slinnym cystatinem byl iristatin. Jeho inhibi¢ni specifita ma hlavni
rysy ricistatinu a dalSich slinnych cystatint kliSt'at a je omezena pouze na katepsiny L a C.
Analyza sekvence a krystalové struktury iristatinu nicméné ukdzala na jiny strukturni
mechanismus, kterym je dosazeno limitované inhibi¢ni specifity. N-koncovy segment
cystatinti obsahuje konzervovanou sekvenci Gly-Gly, zajistujici flexibilitu nezbytnou
pro efektivni interakci se Sirokym spektrem cilovych proteas, véetné exopeptidas. Iristatin
disponuje sekvenci Gly-Val a lze tedy predpokladat, ze zdména Val za Gly zplsobi zvySeni
rigidity N-konce, ktery tak bude kompatibilni jen s uréitymi interagujicimi proteasami, jelikoz
1 on nese na nekterych pozicich velké, objemné zbytky. Smycka L2 ma u vSech cystatinli
konzervovany sekvenéni motiv Gln-Xxx-Val-Xxx-Gly, ktery efektivné vypliuje kavitu
aktivniho mista. U iristatinu je tento motiv modifikovan zdménou Val za prostorové objemné;jsi
Ile. Val naprosto ptesné vypliiuje prostor mezi aktivnim mistem a ostatnimi zbytky smycky
L2, jeho nahrazeni za vétsi zbytek bude mit za nasledek silné omezeni interakce s proteasami.
Smycka L2 zachovava Pro-Trp motiv konzervovany u pravych Sirokospektrych cystatind,
takZe za uzkou inhibi¢ni specifitu iristatinu jsou zjevné zodpovédné kombinace strukturnich
efektt na N-konci a smyc¢ce L1. Strukturni zaklad tizké inhibi¢ni specifity iristatinu je tedy
odlisny od ricistatinu, ktery k omezeni inhibi¢ni specifity vyuziva kombinace strukturnich
efekt na N-konci a smycce L2.

Provedend fylogenetickd analyza podrodiny pravych cystatini z kliStat ukazala,
ze u klistat rodu Ixodes existuji tii riizné skupiny pravych cystatinti. (1) Skupina ricistatinu
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obsahuje imunomodulac¢ni slinné cystatiny s uzkou inhibi¢ni specifitou, jejiz strukturni
podstatu vysvétluje nyni ziskana prvni krystalova struktura komplexu s proteasou. DalSimi
vyznamnymi zastupci jsou dva dfive charakterizované sialostatiny z I. scapularis 16177,
(2) Skupina iristatinu je evolucné odlisSna od skupiny ricistatinu. Na zaklad¢ analyzy jejiho
prvniho modelového zastupce iristatinu jde opét o cystatiny s uzkou inhibi¢ni specifitou,
ktera je zjevné priCinou jejich imunomodula¢nich vlastnosti. Krystalova struktura iristatinu
ukazuje, Ze inhibi¢ni specifita ma jiny strukturni zéklad, nez je tomu u skupiny ricistatinu.
Funk¢ni vlastnosti byly ziskany pravdépodobné konvergentni evoluci, kterd souvisi s roli
ve slinach klistat, kde doprovazeji zastupce skupiny ricistatinu. (3) Skupina mialostatinu
obsahuje stievni cystatiny, které jsou z pohledu sekvence a prostorové struktury blizsi ostatnim
zastupcim podrodiny pravych cystatini z obratlovell nez slinnym klistovym cystatinlim.
Siroka inhibiéni specifita mialostatinu z n&j &ini efektivni nastroj k regulaci multienzymového

proteolytického systému ve sttevu klistéte.
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6. Zavéry

Diserta¢ni prace se zabyvala charakterizaci novych proteasovych inhibitorti z proteinové

rodiny cystatinii. Byla zamétena na celkem Ctyfi parazitdrni cystatiny pochdzejici jednak

z klistéte obecného (Ixodes ricinus), hlavniho vektoru lymské borelidzy a klistové encefalitidy,

jednak z motolice jaterni (Fasciola hepatica), pivodce fasciolozy. Disertacni prace obsahuje

vysledky uvefejnéné ve tfech plavodnich publikacich a dale nepublikovand data,

ktera se v soucasné dob¢ pripravuji ke zvefejnéni.

V ramci disertacni prace byly splnény zadané cile s nasledujicimi hlavnimi zavéry:

Cystatin FhCyLS-2 z Fasciola hepatica

FhCyLS-2 byl lokalizovan ve stfevni tkdni a sekretech F. hepatica. Rekombinantni
FhCyLS-2 je efektivnim inhibitorem jak trévicich cysteinovych katepsini motolice,
tak cysteinovych katepsini hostitele a hraje pravdépodobné dudlni roli pfi regulaci

endogennich i exogennich proteolytickych systémd.

Analyzou sekvence a krystalové struktury bylo zjisténo, ze FhCyLS-2 patii do podrodiny
stefintl, ale pfitom pfejima unikatnim zptisobem nekteré typické znaky podrodiny pravych
cystatinii. Jde o evolucni modifikaci, kterd umoznila sekreci a stabilizaci molekuly

FhCyLS-2.

Fylogenetickd analyza prokazala existenci homologli FhCyLS-2 u né¢kolika taxond
motolic a umoznila definovat novou skupinu nazvanou CyL-stefiny (,,Cystatin-Like

stefins®) v rdmci cystatinové rodiny a navrhnout divody jejiho vzniku.

Cystatiny ricistatin, iristatin a mialostatin z Ixodes ricinus

Byly identifikovany tii nové pravé cystatiny z /. ricinus, které se 1isi lokalizaci
a fylogenezi. U rekombinantnich proteini byly urceny jejich funkéni vlastnosti, zejména
inhibi¢ni specifita k cilovym cysteinovym katepsinim, a byla vyfeSena jejich krystalova
struktura. Ziskané vysledky umoznily definovat nasledujici tii evolu¢ni skupiny pravych

cystatinii u klist’at rodu Ixodes.
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e Skupina ricistatinu obsahuje cystatiny ze slin kli§téte a s imunomodula¢nimi vlastnostmi.
Jejich unikétni tzkou inhibi¢ni specifitu se podafilo vysvétlit na strukturni tirovni pomoci
krystalografie komplexu ricistatinu s katepsinem V, kterd umoznila prvni ptimou analyzu
interakce u parazitarniho cystatinu. Omezend schopnost ricistatinu inhibovat katepsiny
s exopeptidasovou aktivitou je déna strukturnimi modifikacemi dvou segmentt (N a L2)

reaktivniho centra ricistatinu.

e Iristatin jako modelovy zastupce dal$i skupiny slinnych cystatini ma také
imunomodulacni vlastnosti. Ty jsou zpusobeny Uzkou inhibi¢ni specifitou iristatinu,
kterd je jeSt¢ omezenéj$i nez u ricistatinu. Krystalova struktura iristatinu ukazuje,
ze inhibi¢ni specifita ma jiny strukturni zdklad, nez je tomu u skupiny ricistatinu a je
zalozena na stavbé vazebnych segmenti N a L1. Ob¢ skupiny slinnych cystatinti tedy
evolu¢né konverguji k uzké inhibicni specifité zajist'ujici fyziologickou roli pfi interakci

klist’at s hostitelem.

e Mialostatin je prvni detailné popsany zastupce skupiny sttevnich cystatina z rodu Ixodes.

Ma Sirokou inhibi¢ni specifitu, kterda umoziuje interakci s cysteinovymi katepsiny klist'at

s endo- a exopeptidasovou aktivitou. Tu vysvétluje i architektura reaktivniho centra,

jeznema strukturni omezeni nalezené u slinnych cystatind. Funk¢éni vlastnosti Cini

z mialostatinu efektivni néstroj k regulaci traviciho multienzymového proteolytického

systému ve stievu kliStéte.

Disertacni prace pifindsi nové vyznamné informace o evoluci a strukturné-funkcnich
vztazich v rodin€ cystatinovych inhibitort proteas. Studované parazitarni cystatiny predstavuji
vzhledem ke svym vyznamnym biologickym rolim, potencidlni antigeny pro vyvoj
antiparazitarnich vakcin. Dale maji identifikované slinné cystatiny farmakologicky zajimavé

aktivity s moznym vyuzitim v biomedicin¢.
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