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Seznam zKkratek

A
AMC
Abz
BPTI

BmAP
BmCLI1

CTAP-1II

DTT
E-64
EDTA
FPLC

FRET

GAG
ICso

IGF
IGF-BP

IrAE
IrCB
IrCC
IrCD
IrCL
Ir-CPI
IRS-2
IrSPI
IrThy
K

Ki
LAP
MEROPS
MHC

mMCP-4
NAP-2
NMR
OmC2

Angstrém, 10-10 m

7-amino-4-methylkumarin

kyselina aminobenzoova

,bovine pancreatic trypsin inhibitor®, inhibitor trypsinu z hovézi
slinivky

aspartatova proteasa z klistéte Rhipicephalus (Boophilus) microplus
cysteinova proteasa podobna katepsinu L z klistéte Rhipicephalus
(Boophilus) microplus

,connective tissue-activating peptide 111, peptid aktivujici pojivové
tkan¢ 111

dithiotreitol
N-[N-(L-3-trans-karboxyoxirin-2-karbonyl)-L-leucin]-agmatin
kyselinu ethylendiamintetraoctova

,fast protein liquid chromatography®, rychla proteinova kapalinova
chromatografie

,fluroescence resonance energy transfer®, fluorescenéni rezonan¢ni
pfenos energie

glykosaminoglykan

koncentrace inhibitoru potebné k dosazeni 50% inhibice aktivity
enzymu

»insulin-like growth factor®, insulinu podobny rtstovy faktor
»insulin-like growth factor-binding protein, protein vézajici insulinu
podobny rastovy faktor

legumain (asparaginyl endopeptidasa) z klistéte Ixodes ricinus
katepsin B z klistéte Ixodes ricinus

katepsin C z klistéte Ixodes ricinus

katepsin D z kliStéte Ixodes ricinus

katepsin L z kliStéte Ixodes ricinus

Kunitziiv inhibitor z klistéte Ixodes ricinus

serpin 2 z klistSte Ixodes ricinus

Kunitziv inhibitor z kliStéte Ixodes ricinus

tyropin z klistéte Ixodes ricinus

Michaelisova konstanta

inhibi¢ni konstanta

leucinova aminopeptidasa z klistéte Ixodes ricinus

peptidasova databéze

,major histocompatibility complex*, hlavni histokompatibilni
komplex

,mouse mast cell protease-4“, proteasa zirnych bunék z mysi 4
,heutrophil-activating peptide-2*, peptid aktivujici neutrofily 2
nuklearni magneticka rezonance

cystatin 2 z klistéte Ornithodorus moubata

6



P41 fragment p4linvariantniho fetézce asociovaného s MHC ttidou II

PARI ,protease activated receptor-1%, receptor aktivovany proteasou 1
PAR4 ,protease activated receptor-4“, receptor aktivovany proteasou 4
PDB »protein data bank”, databaze proteinovych struktur

PVDF polyvinylidenfluorid

R ,relaxed®, relaxovana konformace

RCL ,reactive centre loop*, smycka reaktivniho centra

S ,.stressed®, stresova konformace

SCP serinova karboxypeptidasa z klistéte Ixodes ricinus

SDS-PAGE elektroforéza na polyakrylamidovém gelu v pfitomnosti SDS
Tgl tyreoglobulinova doména 1

Tris tris(hydroxymethyl)aminomethan

VTDCE ,»vitellin-degrading cysteine endopeptidas®, cysteinova endopeptidasa

degradujici vitelin



Abstrakt (CJ)

Klistata jsou ektoparazité¢ s globalnim rozsitenim, ktefi se zivi krvi hostitele a
prenaseji fadu vyznamnych patogent na ¢lovéka a doméci zvitata. Usp&$né sani klistat
je umoznéno bioaktivnimi molekulami ve slinach klist’at, které jsou injikovany do tkan¢
hostitele. Mezi intenzivné studované patii proteasové inhibitory proteinového charakteru,
které jsou atraktivni pro vyuziti v biomedicing.

Tato prace je zaméfena na nové typy proteasovych inhibitorti ze slin klistéte
Ixodes ricinus, vektoru Lymské boreliozy a klistové encefalitidy, a Ornithodorus
moubata, vektoru navratné horecky a afrického moru prasat. Vyzkum se soustiedil na
biochemickou a strukturni charakterizaci tfi zastupcl proteasovych inhibitorti z rodin
cystatind, serpinl a tyropinl jako zdklad pro vysvétleni jejich biologické funkce pfi
interakci klistéte s hostitelem.

Cystatin OmC2 z O. moubata byl identifikovan jako Sirokospektralni inhibitor
cysteinovych katepsinti hostitele s endopeptidasovou i exopeptidasovou aktivitou.
VyfteSeni krystalové struktury umoznilo popsat vztah mezi strukturou OmC2 a jeho
inhibi¢ni specifitou. V biologickych testech byla prokézana schopnost OmC2 modulovat
imunitni odpovéd’ hostitele a ve vakcina¢nich experimentech supresni efekt na O.
moubata. Serpin IRS-2 z I. ricinus je G€innym inhibitorem dvou serinovych proteas
imunitnich bun¢k hostitele, chymasy a katepsinu G. Diky tomu potlacuje IRS-2 procesy
agregace krevnich desticek a akutniho zanétu, jichz se tyto proteasy ucastni. Funkéni
specifita reaktivniho centra IRS-2 byla analyzovana pomoci krystalove struktury. Tyropin
IrThy z 1 ricinus méa uzkou inhibi¢ni specifitu omezenou pouze na tfi cysteinové
katepsiny hostitele s endopeptidasovou aktivitou, které se ucastni imunitnich odpovédi.
Unikatni inhibi¢ni specifita byla vysvétlena pomoci vyfeSené NMR struktury a bylo
zjisténo, zZe specifita je dale modulovana glykosaminoglykany z tkani hostitele.

Disertaéni prace pfinasi nové vyznamné informace pro pochopeni mechanismil
molekularnich interakci mezi klistétem a hostitelem a dale bioaktivni proteiny, které¢ maji
potencidlni vyuziti jako antigeny pii vyvoji protikliStécich vakcin a l1é¢iva s unikatnimi

farmakologickymi G¢inky.



Abstract (EN)

Ticks are ectoparasites found worldwide that feed on the blood of their hosts and
transmit several important pathogens to humans and domestic animals. Tick saliva
contains bioactive molecules that are injected into the host tissue to aid in successful
blood feeding. Among these molecules, proteinaceous protease inhibitors are being
extensively studied for their potential biomedical applications.

This work focuses on novel protease inhibitors from the saliva of the ticks Ixodes
ricinus, vector of Lyme disease and tick-borne encephalitis, and Ornithodorus moubata,
vector of relapsing fever and African swine fever. Research has focused on the
biochemical and structural characterization of three members of the protease inhibitor
families of cystatins, serpins, and tyropins, and has attempted to elucidate their biological
function in tick-host interactions.

Cystatin OmC2 from O. moubata was identified as a broad-spectrum inhibitor of
host cysteine cathepsins with both endopeptidase and exopeptidase activity. Crystal
structure determination allowed description of the relationship between the structure of
OmC2 and its inhibitory specificity. The ability of OmC2 to modulate the host immune
response was demonstrated in bioassays and a suppressive effect on O. moubata in
vaccination experiments. The serpin IRS-2 from /. ricinus is a potent inhibitor of two host
immune cell serine proteases, chymase and cathepsin G. As a result, IRS-2 inhibits the
processes of platelet aggregation and acute inflammation in which these proteases are
involved. The functional specificity of the IRS-2 reactive center was analyzed by crystal
structure analysis. The tyropin IrThy from 1. ricinus has a narrow inhibitory specificity
limited to only three host cysteine cathepsins with endopeptidase activity that are
involved in immune responses. The unique inhibitory specificity was explained by the
solved NMR structure, and the specificity was found to be further modulated by
glycosaminoglycans from host tissues.

The thesis provides new insights into the mechanism of molecular interactions
between ticks and hosts, as well as bioactive proteins that could serve as antigens for the

development of anti-tick vaccines and drugs with unique pharmacological effects.



1. Uvod

Klist'ata jsou celosvétove rozsitenymi krev sajicimi parazity. Pfenaseji celou fadu
nebezpeénych a Zivot ohrozujicich onemocnéni na ¢lovéka a domaci zvifata'™. Klisté
muze byt rezervoarem nékolika infek¢nich agens a pienaset tak vice onemocnéni jedinym
kontaktem s hostitelem®. V Evropé, Asii a Severni Americe patii mezi vaZzna onemocnéni
pfenasena klistaty, s nejvyssim poctem hlaSenych piipadi, Lymska boreliéza zptisobena
spirochétou druhu Borrelia burgdorferi’®. Dalsim &asto pfenaSenym onemocnénim
v Evropé a vychodni a stfedni Asii je klistova encefalitida. Zptisobuji ji rizné subtypy
viru klitové encefalitidy z rodu flavivird’®. Ob& onemocnéni jsou prenasena klistaty
z ¢eledi Ixodidae, a pokud nejsou vcas zachycena, mohou zanechat dozivotni vazné
nasledky a zplsobit i smrt infikovaného jedince’’. Dale jsou klistata i problémem
ekonomickym. Sani velkého poctu klistat u hospodaiského dobytka snizuje produkci
masa a mléka, coz vede k vyznamnym finan¢nim ztratdm'%-!!,

Prestoze existuje vakcinace proti nékterym onemocnénim prenasenym klist'aty,
v soucasné dobé stale chybi tzv. protiklistéci vakcina, ktera by zabraniovala sani klist’at
na hostiteli, a tim také sniZovala riziko pfenosu patogent. Tato strategie by také vedla ke
sniZzeni populace vektoru. Potencidlnimi molekularnimi cili pro vyvoj takové vakciny
jsou bioaktivni latky obsazené ve slinach klistat'>!3. U kli§tat stejné jako i dalsich krev
sajicich parazitdh maji sliny injikované do hostitele kli€ovou ulohu pro potlaceni
fyziologické obranné reakce hostitele a zajisténi neruSeného sani.

Hostitelské proteasy se ucastni vrozené i ziskané imunitni odpovédi na parazity a
tidi hemostazu, proto je pro parazity vyhodné regulovat jejich aktivitu. K tomu pouzivaji
proteasové inhibitory akumulované ve slinich'®. Biologick4 aktivita t&chto inhibitorti jiz
byla Gspésné vyuzita v biomedicing. Pfikladem je proteasovy inhibitor hirudin z pijavice
1ékaiské (Hirudo medicinalis) jako antitrombotické 1é¢ivo'>. Posledni dekada piinesla
zasadni informace o bioaktivnich proteasovych inhibitorech ze slin klist'at. Tato prace se
zaméfuje na detailni biochemicky popis tii zastupcl té€chto proteini a pfindsi jejich prvni

strukturné-funkéni popis.
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2. Literarni prehled

2.1. Proteinové inhibitory proteolytickych enzymii
2.1.1. Proteolytické enzymy

Proteasy, znamé také jako proteinasy nebo peptidasy, jsou enzymy, které katalyzuji
hydrolyzu peptidové vazby mezi aminokyselinovymi zbytky polypeptidového fetézce.
Mohou byt specifické a Stépit cilen¢ pouze jedno nebo vice mist v proteinovém substratu
nebo nespecifické a degradovat proteiny az na turoven jednotlivych aminokyselin.
Proteasy Stépici od N- nebo C-konce jsou oznacovany jako exopeptidasy
(aminopeptidasy, resp. karboxypeptidasy) a ty, které §t€pi uprostied polypeptidového
fetézce, jako endopeptidasy. Proteasy lze na zakladé mechanismu katalyzy a
aminokyselinovych zbytkli pfitomnych v katalytickém centru rozdélit do Sesti tfid na
cysteinové, serinové, treoninové, aspartatové, glutamatové proteasy a metaloproteasy'®
18 Dile se tyto tiidy klasifikuji na zdkladé homologie aminokyselinovych sekvenci a
strukturni podobnosti do rodin a klant'”.

Vazba peptidového substratu do aktivniho mista proteasy je popsana konvencni
terminologii'®. Pozice aminokyselinovych zbytkti substratu se oznacuji pismenem P, ve
sméru k N-konci P1 az Pn a ve sméru k C-konci P1'az Pn'. Podmista proteasy, do kterych
se vazou jednotlivé aminokyselinové zbytky substratu, se oznacuji analogicky pismenem
S. Ke stépeni peptidové vazby dochazi mezi zbytky P1-P1', které se vdZzou do podmist
S1-S1'. Schématické znazornéni na Obr. 2.1 je mozné pouzit nejen pro vazbu substratu

do aktivniho mista proteasy, ale 1 peptidového inhibitoru.

Stépena
vazba

C-konec

N-konec Substrat

P4 ) P4
P3 P2 4Pl j{P1' P2 %P3’

—

S3 4\ S2 A S1 S1AN S2 AS3'AA

Proteasa

Obr. 2.1: Schématické zndzornéni vazby peptidového substrdtu do aktivniho mista proteasy.
Aminokyselinové zbytky peptidového substratu jsou oznaceny jako pozice PI1—P4 ve sméru k N-
konci a PI'-P4' ve sméru k C-konci. Aktivni misto proteasy je znazornéno jako rada podmist S3—
S3', kdy kazdé vaze prislusny aminokyselinovy zbytek substratu. Stépend vazba se nachdzi mezi

pozicemi P1-P1'. Upraveno podle .
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Proteasy jsou pfitomné ve vSech organismech a jsou zapojené do vSech zivotné
dalezitych funkci, jako ptiklad Ize uvést programovanou bunéfnou smrt, bunécnou

proliferaci, hemostazu, remodelaci extracelularni matrix nebo, prezentaci antigenu?®2>,

2.1.2 Regulace proteolytickych enzymi

Proteolyticky systém je klicovy pro fyziologické procesy tkani. Potencidlni
nebezpeci spocivd v neregulované aktivité proteas a nezddoucim Sté€peni vitalnich
proteini. Regula¢nich mechanismil existuje cela fada, naptiklad na Urovni genové
exprese, translace nebo lokalizace proteas®. Déle jsou proteasy produkovany ve formé
neaktivnich zymogenti a k jejich aktivaci dochézi proteolytickym odStépenim aktivaéniho
peptidu (propeptidu) az v cilovém misté (Obr. 2.2). Regulace aktivity proteas je také
zajiSténa pomoci pH, riznych kofaktori (napf. iontl, proteinti nebo sacharidd),
alosterickych modifikatori nebo endogennich inhibitort peptidového nebo proteinového

27-29

charakteru Nasledujici kapitoly se budou =zabyvat proteasovymi inhibitory

proteinového charakteru.

Neaktivni Aktivni Komplex
zZymogen proteasa proteasa - inhibitor

-~
4 7

Substrat Produkt

Obr. 2.2: Schématické zndzornéni hlavnich mechanismi p¥irozené regulace aktivity
proteasy. Proteasa (riizové) je casto syntetizovdana ve formé neaktivniho zymogenu. Pri aktivaci
proteasy dochazi ke zpristupneni aktivniho mista enzymu proteolytickym odstépenim propeptidu
(tmavé Sede) ze struktury zymogenu. Takto aktivovand proteasa je schopna hydrolyzovat
peptidovou vazbu substratu. Aktivni misto proteasy miize byt blokovano specifickym inhibitorem

(Zluté) za vzniku neaktivniho komplexu, ktery je pro vétsinu proteinovych inhibitorii reverzibilni.
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2.1.3. Proteasové inhibitory proteinového charakteru

Proteasové inhibitory proteinového charakteru, dale jen proteasové inhibitory, se
lisi svou velikosti od n€kolika kDa (napf. inhibitory trypsinu CMTI z tykve, ~3 kDa) az
po nékolik desitek kDa (napf. serpin SPN93 z potemnika, 93-kDa)**3!. Proteasové
inhibitory slouzi k regulaci proteolytickych enzymi na endogenni i exogenni urovni.
Pokud je naruSena rovnovdha mezi proteasami a jejich inhibitory, dochazi
k patologickym staviim?®*>4. Jako ptiklad lze uvést snizenou inhibi¢ni aktivitu cystatinu
C, ktera ma za nasledek zvySenou aktivitu cysteinovych katepsini K, L, S pfi
ateroskleroze®.

Proteasové inhibitory proteinového charakteru jsou diky moznym aplikacim
v medicing, zemédélstvi nebo biotechnologiich hojné studovany. Mohou byt pro tyto
ucely pouzity jako takové nebo mize byt vyuzit mechanismus jejich interakce s cilovou
proteasou pro ndvrh odvozenych syntetickych inhibitord*®. Piikladem je hirudin
z pijavice 1ékatské (Hirudo medicinalis) jako silny inhibitor lidského trombinu, ktery byl
diive vyuzivan jakozto antikoagulacni 1é€ivo a v soucasné dob¢ jsou z ného odvozeny
optimalizované derivity piipravované rekombinantni technologii'®. Dalsi atraktivni
aplikaci jsou vakcinac¢ni strategie vyuzivajici proteasové inhibitory patogent a paraziti,
které byvaji mezi prvnimi molekulami interagujicimi s hostitelem, a proto predstavuji

vhodné kandidatni antigeny>’-.

2.1.4. Klasifikace proteasovych inhibitorii a mechamismus inhibice

Proteasové inhibitory tvoii velkou a velmi rozmanitou skupinu proteinti, které se
1i$1 primarni strukturou i 3D architekturou, typem inhibice i povahou komplexti enzym-
inhibitor. Lze je klasifikovat do 108 proteinovych rodin na zdkladé sekvencni
podobnosti*®. Déle lze proteasové inhibitory délit podle tfid proteas, které inhibuji.
Nekteré proteasové inhibitory jsou specifické pro jednu tiidu (napf. hirudiny), jiné jsou
schopné diky své sekvencni a strukturni variabilit€¢ inhibovat vice tfid
(makroglobuliny)*'**?. Dle mechanismu inhibice lze proteasové inhibitory délit na
reverzibilni (nap¥. cystatiny) a ireverzibilni (napf. serpiny)*. Vétsina inhibitord spada do
skupiny reverzibilnich inhibitorti*.

Mezi nejvice pocetné rodiny inhibitorli patii cystatiny, které cili cysteinové

proteasy, serpiny, které inhibuji serinové a cysteinové proteasy, a inhibitory Kunitzovy
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rodiny z rostlin, které blokuji aktivitu tfi tfid proteas (serinové, cysteinové i aspartatove).
Naopak mezi malo pocetné a prozkoumané rodiny patii chagasiny, které cili cysteinové
proteasy, tyropiny, které inhibuji cysteinové a aspartatové proteasy, nebo clitocypiny
inhibujici cysteinové proteasy*>*’.

Interakce proteinovych proteasovych inhibitori s cilovou proteasou vede k tvorbé
komplexii, z nichz nejrozsitenéjsi jsou tii nasledujici mechanistické typy: nekovalentni
Michaelisovsky komplex mimikujici interakci enzym-substrat, kovalentni acylenzymovy
intermediat a nekovalentni komplex enzymu se stéricky branicim inhibitorem*®.

1) Inhibice tvorbou pevného Michaelisovského komplexu proteasy s inhibitorem je
zprostiedkovana vysokoafinitni interakci inhibitoru s aktivnim mistem proteasy, kdy se
inhibitor vaze do aktivniho mista enzymu podobnym zplsobem jako substrat za tvorby
komplexu podobného Michaelisovskému komplexu enzym-substrat. Tento typ vazby je
charakteristicky hlavné pro inhibitory serinovych proteas s tzv. kanonickym reaktivnim
centrem. Ac je tato skupina inhibitora strukturné velmi rozmanitd, tak ma smycka vazajici
se na proteasu podobnou kanonickou konformaci, kterd je komplementéarni s aktivnim

49

mistem enzymu™. Jako pfiklad lze uvést inhibici serinovych proteas hovézim

pankreatickym inhibitorem trypsinu (BPTI) (Obr. 2.3).

Obr. 2.3.: Mechanismus inhibice proteasy tvorbou pevného Michaelisovského komplexu.
Struktura komplexu inhibitoru trypsinu z hovezi slinivky BPTI ve stuzkovém modelu (Cerné) a
hovéziho chymotrypsinu ve stuzkovém modelu se zndazornénym povrchem (viizove). Zndazornéno

je zakotveni reaktivni smycky inhibitoru (modre) do aktivniho mista proteasy zpusobem
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podobnym interakci substratu (P zbytky substratu / inhibitoru se vazou do S podmist proteasy).
Vyrez ukazuje kanonické reaktivni centrum inhibitoru s interakcni smyckou a katalytickou triadou

enzymu: His57, Asp102 a Ser195 zvyraznénou cervené. Upraveno podle (PDB kod: 1CBW).

2) Inhibice tvorbou acylenzymového intermediatu je dynamicky proces, ktery vede
ke tvorbé kovalentniho komplexu s proteasou. Timto mechanismem mohou byt
inhibovany pouze serinové, cysteinové a threoninové proteasy, které béhem hydrolyzy
peptidové vazby tvoii kovalentni intermediat se substratem®!. Inhibice je zahajena
Stépenim dobte piistupné smycky reaktivniho centra (RCL) inhibitoru proteasou, které
ma za nasledek konformac¢ni zménu inhibitoru a vznik kovalentniho komplexu inhibitor-
proteasa?. Tento tzv. sebevrazedny mechanismus vyuZiva rodina serpinil. Jako piiklad

Ize uvést inhibici serinové proteasy lidskym a-1-antitrypsinem (Obr. 2.4)>.

Obr. 2.4: Mechanismus inhibice proteasy tvorbou acylenzymového intermedidatu. A. Stuzkovy
model volného inhibitoru lidského ol-antitrypsinu (Cerné) s intaktni smyckou reaktivniho centra
(RCL, cervené) (PDB kod: 1QLP) a hlavnim p-skladanym listem (Zluté). Do interakce vstupuje
volna proteasa hovezi trypsin (PDB kod: 10PH), zndazornénd ve stuzkovéem modelu (riizové). B.
Pri interakci s proteasou je Stepena RCL za vzniku kovalentniho acylesterového intermedidtu
mezi inhibitorem a proteasou. RCL (Cervené) se béhem konformacni zmény molekuly vklada do
[-skladaného listu a proteasa je zachycena na druhé strané molekuly v neaktivni formé (PDB

k6d1EZX). Upraveno podle *°.
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3) Pii mechanismu inhibice stérickym branénim je blokovano aktivni misto
proteasy, aniz by inhibitor byl v kontaktu s katalytickym centrem. Typickymi zastupci
tohoto mechanismu jsou cystatiny, které se vazou do aktivniho mista proteasy strukturou
dvou smycek a N-konce molekuly®®. Reaktivni centrum cystatind tak vytvaii klin
komplementarni s aktivnim mistem proteasy, ¢imz blokuje vstup substratu do aktivniho
mista. Podobnou strategii funguji také inhibitory z rodin napf. tyropinii nebo
chagasind®*>. Jako piiklad je uvedena inhibice cysteinové proteasy lidskym stefinem A

(Obr. 2.5)%,

Obr. 2.5: Mechanismus inhibice proteasy stérickym branénim. Struktura komplexu lidského
stefinu A ve stuzkovém modelu (Cerné) a hoveziho katepsinu H ve stuzkovém modelu se
zndzornénym povrchem (riiZové) zobrazuje zakotveni N-koncové casti a dvou smycek inhibitoru
(modre) do aktivniho mista enzymu, které je tak blokovino (PDB kéd: INB5) °°. Detailni vyFez
ukazuje stericke branéni vstupu do aktivniho mista inhibitorem a katalytickou diadu enzymu Cys

25 a His 195 podporovanou zbytkem Gln 19 (Cervené).

2.1.5. Funkce a patofyziologie proteasovych inhibitori

Proteinové inhibitory jsou vyznamnym regula¢nimi molekulami endogennich

proteas a pfi jejich dysregulaci dochézi k celé fad¢ patologickych jevl. Abnormalitam

wewr

epilepsie, dédiény angioneuroticky edém a Nethertonliv syndrom®”>°. Dale mohou
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sekretované proteasové inhibitory piisobit jako obranné molekuly pfii infekei patogenem
nebo parazitem. Chréni tak hostitelsky systém pted jejich invazivnimi proteasami®’>°. Na
druhou stranu inhibice proteas exogennimi inhibitory mohou vyuZit i parazité a patogeny
k inhibici hostitelskych proteas a ovlivnéni celé fady fyziologickych déjt v téle hostitele.
Naptiklad jsou tak schopni ovlivnit imunitni systém hostitele ve svlij prospéch. O
inhibitoru cysteinovych proteas, cystatinu parazitdrnich nematod, bylo prokazéano, ze se
podili na sniZeni proliferace T-bunék a pozménéni funkce makrofagi®. Déle inhibitor

serinovych proteas, serpin parazitirnich nematod, zhor$uje funkci granulocytt ®!.

2.1.6. Cystatiny

Cystatiny byly prvnimi objevenymi endogennimi inhibitory cysteinovych proteas
a patii mezi nejlépe prozkoumané. Vyskytuji se u vSech organismil a vétSina zastupct
inhibuje cysteinové proteasy z rodiny C1 papainu a nékteti také z rodiny C13 leguminu.
Dle MEROPS databaze tvofi cystatiny rodinu 125 a dale se déli dle po¢tu domén,
pfitomnosti disulfidovych mustki, glykosylace a bunécné lokalizace na: 1)
jednodoménové stefiny (cystatiny prvniho typu), které nemaji disulfidy, ani glykosylaci
a pusobi intracelularne; 2) sekretované jednodoménové pravé cystatiny (cystatiny
druhého typu), které maji disulfidy, ale nejsou glykosylované a ptisobi extracelularné a
3) tfidoménové kininogeny (cystatiny tfetiho typu), které jsou glykosylované a vyskytuji
se intra- i extracelularng>*®2. Kininogeny se u savcil dale déli na kininogeny typu H

(vysokomolekularni), L (nizkomolekularni) a T (spojené s akutni fazi)>.

2.1.6.1. Struktura a mechanismus inhibice cystatinli

Struktura cystatinové domény je typicky tvofena péti segmenty antiparalelniho -
sklddaného listu, které jsou rozmistény kolem centralni a-Sroubovice®® (Obr. 2.6).
Mechanismus inhibice byl poprvé popsan pomoci krystalové struktury komplexu stefinu
B s papainem a klasifikovan jako stérické branéni (kapitola 2.1.4.) vstupu substratu do
aktivniho mista proteasy®’. Reaktivni centrum inhibitoru tvoii dvé smyc¢ky vystupujici
z B-skladaného listu a N-konec molekuly, celé centrum tvarem pfipomind klin. Cystatiny
jsou reverzibilni inhibitory s obvykle $ir$i selektivitou (rozliSuji napt. katepsiny s endo-
versus exopeptidasovou aktivitou) a s inhibi¢nimi konstantami v uM az pM

koncentracich®.
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Obr. 2.6: Prostorova struktura reprezentativniho cystatinu. Struktura lidskeho stefinu A ve
stuzkovém modelu je tvorend péti segmenty antiparalelniho p-skladaného listu (fialové), které
Jjsou umisteny kolem centralni a-Sroubovice (Cerné). K interakci s proteasou slouzi N-koncova
cast molekuly a dveé smycky L1 a L2 vystupujici z f-skladaného listu. Pohled na molekulu je ve
dvou orientacich (PDB kod INB)).

2.1.6.2. Funkce a patofyziologické zmény spojené s cystatiny

Cystatiny reguluji fyziologické procesy v organismu a zamezuji nezaddoucimu a
potencidlné destruktivnimu plsobeni cysteinovych proteas. Jejich dulezitou
nespecifickou funkci je ochrana pfed ndhodn€ uniklymi lysosomalnimi proteasami.
Cystatiny vSak maji i1 specializované funkce jako je regulace procesii zanétu, prezentace
antigentl, fagocytdzy, imunitni odpovédi zavislé na T-bunkéch, apoptdzy, zpracovani
hormonti a kostni resorpce®>%®. Déle se t¢astni komplexni interakce mezi hostitelem a
patogenem nebo parazitem, kterd spociva v balancovani dvou procest, ve kterych jsou
cystatiny zapojeny. Pfi napadeni vyuzivaji patogeny nebo parazité své exogenni cystatiny
k inhibici hostitelskych cysteinovych proteas, zejména katepsinti, které jsou spojeny s
imunitni odpovédi. A na druhé strané se hostitelé brani svymi endogennimi cystatiny
pusobeni invazivnich bakteridlnich, virovych a parazitarnich cysteinovych proteas*®.

Patofyziologické zmény vznikaji z naruSeni kiehké proteolytické rovnovahy mezi
cysteinovymi proteasami a cystatiny. Lze uvést nedostateCnou regulaci cysteinovych
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katepsini cystatiny, kterd pfispiva k invazi a metastdzdm nadort napi. degradaci
extraceluldrni matrix nebo aktivaci faktorti podporujicich invazivnost®”%%. Dalgimi
priklady dasledkt dysregulace je bronchidlni astma, revmatoidni artritida, osteoartritida,
cukrovka a neurodegenerativni poruchy®-’°. Nezadouci zmény vsak mohou byt spojeny
1 s defektem samotného cystatinu, napi. ukladani plakd oligomerniho cystatinu C vede k

amyloidoze’'.

2.1.6.3. Vyznamni zéstupci cystatinl

Cystatin C je nejhojnéji se vyskytujicim Sirokospektralnim extraceluldrnim
inhibitorem cysteinovych proteas u savcil. Jednd se o cystatin chrénici pted unikem
cysteinovych proteas a s nimi spojenych patologii. Lidsky cystatin C se pouziva jako
biomarker ledvinovych funkci na zakladg rychlosti jeho glomerularni filtrace’. Vysoké
hladiny cystatinu C byly spojeny s rizikem umrti a zdvaznych kardiovaskularnich ptihod
u pacienttl s akutnim korondrnim syndromem’?. Dale vys$i koncentrace cystatinu C v séru

i’*. Nadmérné ukladani

korelovaly s vyssi zavaznosti onemocnéni COVID-19 a umrtnost
cystatinu C v mozkovych arteriich ve form¢ amyloidd je hlavni pficinou hereditarni
amyloiddzy spojené s mutaci v genu pro cystatin C, kterd vede k paralyze, demenci a
opakovanym mrtvicim’’.

Cystatin B je dal$im ochrannym S$irokospektralnim cystatinem u savci, ktery
chrani ptfed unikem lysosomalnich proteas do cytosolu. Vyskytuje se ve formé
monomerd, dimerd a tetramerti a vysSich oligomerti. AvSak nadmérné exprese cystatinu
B vede k oligomerizaci do nerozpustnych struktur a tvorbé amyloidnich fibril, které jsou
spojovany s neurodegenerativnimi onemocnénimi. V jadie zabraiuje Stépeni N-koncové
¢asti histonu 3 inhibici katepsinti L a B, ¢imzZ reguluje transkripci a bunéény cyklus. Dale
se udastni ochrany proti oxidaénimu stresu a jeho deficit vede ke zvy$enému zandtu’>.

Jednim ze vzacnych onemocnéni zpusobenych mutaci v genu pro cystatin B je

progresivni typ myoklonalni epilepsie - Unverricht-Lundborgova nemoc’®.

2.1.7. Serpiny

Serpinova rodina je jednou z nejrozsahlejSich skupin proteasovych inhibitori a je
rozsifena u vSech organismii. Dle MEROPS databaze tvoii rodinu 104. Jeji zéastupci

inhibuji pievazné serinové proteasy, ale mohou inhibovat i proteasy cysteinové. Dale se
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mezi serpiny fadi proteiny, které nemaji inhibi¢ni aktivitu a slouzi jako transportéry

hormoni nebo regulétory krevniho tlaku’’.

2.1.7.1. Struktura a mechanismus inhibice serpini

3D architektura molekuly serpinil je velmi konzervativni na rozdil od relativné
variabilni aminokyselinové sekvence (Obr. 2.7). Struktura je tvoiena tfemi B-skladanymi
listy (znacenymi A, B a C) a 7 az 9 a-Sroubovicemi. Dillezitym strukturnim prvkem je
variabilni smycka reaktivniho centra (RCL), jejiz délka se lisi insercemi nebo delecemi u
jednotlivych zastupct pro optimalni interakci s cilovou proteasou. Molekulova hmotnost
serpintl se pohybuje od 40 do 100 kDa’®. Castym jevem je u serpini moZnost jemné
kontroly inhibi¢nich interakci prostfednictvim specifickych modulatorti, zejména

glykosaminoglykanti”’.

Obr. 2.7: Prostorovda struktura reprezentativniho serpinu. Struktura ol-antitrypsinu ve
stuzkovém modelu. Zndzornény jsou a-Sroubovice (Cerné), f-skladané listy A, B a C (Zluté, riZové
a fialové) a intaktni smycka reaktivniho centra (RCL, cervené). Molekula je zobrazena ve dvou

orientacich. (PDB kod: 1QLP).

Mechanismus inhibice serpinii oznacovany jako ,sebevrazedny“ je mezi
proteasovymi inhibitory unikatni. Jedna se o inhibici pomoci tvorby kovalentniho
acylenzymového intermediatu znazornénou v kapitole 2.1.4.. Interakce mezi proteasou a

serpinem je zahajena Stépenim smycky RCL, ktera spojuje B-skladany list A a C. RCL je
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exponovana do prostoru a je proteasou rozpoznavana jako substrat. Po sté€peni peptidové
vazby v RCL vznika kovalentni acylesterovy meziprodukt mezi inhibitorem a proteasou
a dochazi ke konformacnimu pieskupeni v molekule serpinu. N-koncova ¢ast RCL se
vklada do B-sklddaného listu A>2. Tato konformaéni zména serpinu se oznaduje jako
ptechod ze stresové (,,stressed” - S) do energeticky vyhodnéjsi relaxované (,,relaxed* -
R) formy. Proteasa kovalentné vazand v acylesterovém meziproduktu podléha
vyznamnym deformacnim zménam, které ji Cini katalyticky nefunk¢ni. V nékterych
piipadech muze dojit k rozpadu kovalentniho komplexu za vzniku funk¢ni proteasy a
inaktivovaného serpinu, ve kterém zistava stépend RCL vlozena do B-skladaného listu
AY.

Nezreagovany serpin je v nativni form¢ v S-konformaci, kterd je ozna¢ovana jako
metastabilni stav, ktery je azZ na vzacné vyjimky za fyziologickych podminek dlouhodobé
stabilni. Metastabilita serpint je kli¢ova pro ispé$nost inhibice, jelikoz energie ptechodu
do R-konformace je vyuzita k zachyceni a deformaci proteasy®®. V n&kterych ptipadech
vede tato konformacni nestabilita k jinému zplsobu inaktivace serpinu, aniz by doslo
k jeho ireverzibilni proteolyze. Intaktni smycka RCL (bez interakce s proteasou) miize
byt vloZena do B-skladaného listu (zplisobem podobnym jako u R-konformace) za vzniku
latentniho stavu serpinu. Tento latentni stav se uplatiiuje 1 pfi tvorbé neaktivnich
serpinovych polymerti, kdy RCL smycka vstupuje do B-sklddaného listu sousedni

molekuly serpinu’!7®,

2.1.7.2. Regulace inhibi¢ni funkce serpinit pomoci moduléatora

Inhibi¢éni  aktivita serpini miZze byt regulovana pomoci dalSich
makromolekuldrnich moduléator. Ptikladem takového modulatoru jsou sulfatované
polysacharidy, glykosaminoglykany, které zlepSuji inhibi¢ni aktivitu u serpinl jako je
napf. al-antitrombin, heparinovy kofaktor II a protein C inhibitor®!**. Samotny ol-
antitrombin neni ucinnym inhibitorem serinovych proteas trombinu a faktoru Xa.
K ptechodu do aktivni konformace al-antitrombinu dochazi po navazani
pentasacharidového segmentu pfitomného v molekule heparinu®’. Zména konformace
vede ke zpfistupnéni RCL a odhaleni aminokyselinového zbytku v P1 pozici. Heparin
dale stabilizuje vznikly komplex serpinu a proteasy tvorbou ternarniho komplexu
s obéma partnery (Obr. 2.8). V dalsim kroku dochazi ke Stépeni RCL a inhibi¢nimu

mechanismu popsanému v obrazku 2.4 (str.15)3!.
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Heparin

Ternarni komplex

Obr. 2.8: Modulace inhibi¢ni interakce serpinu s proteasou pomoci glykosaminoglykanu. A.
Prostorova struktura lidského ol-antitrombinu je ve stuzkovem modelu (cerné, PDB kod 2ANT)
s vyznacenou polohou P1 zbytku (Cervené postranni retézec v kulickovém modelu) na smycce RCL
(Cervené). Teckovanym fialovym kruhem je vyznacend cdst RCL zanovena do f-skladaného listu.
B.  Interakce ol-antitrombinu (Cerné) s trombinem (rizove) je stabilizovana
glykosaminoglykanem heparinem (modre), ktery se vaze na oba partnery za vzniku ternarniho
komplexu (PDB kod 1TB6). Pentasacharidovy segment (tmavé modrie) na heparinu interaguje
se specifickym vazebnym mistem na molekule al-antitrombinu, coz vede ke konformacni zmenée

na RCL a zpiistupnéni P1 mista®’.

2.1.7.3. Funkce a patofyziologické zmény spojené se serpiny

Serpiny predstavuji kliCové regulatory mnoha fyziologickych procest, vcetné
krevni koagulace, fibrinolyzy, remodelace chromatinu, imunitni regulace a apoptozy®**>.
Rada procesti regulovanych serpiny je zajimava pro patogeny a parazity z hlediska
uspeésné invaze. Ti pak svymi serpiny posouvaji rovnovahu v hostitelském systému ve
svlyj prospéch a inhibuji proteasy souvisejicich zejména s hemostazou a imunitni
odpovédi hostitele36%7,

Zavislost inhibicniho mechanismu serpini na konformacni mobilit¢ a
metastabilnim nativnim stavu je ¢ini nachylné k mutacim, které¢ vedou k jejich inaktivaci

nebo polymeraci®®. Zmény souvisejici s polymeraci se vyrazné projevuji u neuronové
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specifického serpinu, neuroserpinu a zpusobuji onemocnéni nazvané familialni
encefalopatie®. Dochazi k hromadéni neuroserpinovych agregati v neuronech, coz ma
za nasledek neuronové dysfukce az bunécnou smrt. Toto onemocnéni se projevuje
narusenymi kognitivnimi i motorickymi funkcemi pacientt. Dal§imi patofyziologickymi
zménami zpisobenymi nedostatkem serpinti jsou napt. chronické obstrukéni onemocnéni
plic vyvolané nedostatkem al-antitrypsinu nebo vznik trombdz zpiisobeny nedostatkem

antitrombinu’”’8,

2.1.7.4. Vyznamni zéstupci serpini

Antitrombin je klicovy reguldtor krevni koagulace obratlovci. Vrozeny nebo
ziskany deficit tohoto proteinu vede ke zvySenému riziku trombotickych onemocnéni.
Antitrombin piimo inhibuje serinové proteasy koagula¢ni kaskady - hlavnimi cilovymi
proteasami jsou trombin, faktor Xa a faktor IXa. Antitrombin ma nejen antikoagulacni,
ale 1 protizénétlivé U€inky. Prostfednictvim interakce s vaskularnimi heparansulfatovymi
proteoglykany indukuje syntézu prostaglandinu 12 endotelidlnimi bunikami vedouci k
inhibici exprese prozanétlivych cytokinli. Prostaglandin 12 je navic silnym
vasodilatatorem a inhibitorem agregace desti¢ek, ¢imzZ nepiimo podporuje antikoagulaéni
funkci antitrombinu®®.

al-antitrypsin je produkovan v jatrech a sekretovan do krevniho fecisté. Hlavni
funkei je inhibice neutrofilni elastasy, serinové proteasy schopné §tépit elastin, ktery je
vyznamnou slozkou pojivovych tkani. Dale ptsobi protizanétlivé diky modulovani
chemotaxe a degranulace neutrofil®'. Deficit tohoto proteinu vede k Fadé plicnich
onemocnéni v diisledku nadmérné aktivity neutrofilni elastasy a prozanétlivych faktor®2.
Nizké hladiny zvySuji riziko infekce a téz8iho pribéhu onemocnénim COVID-19. al-
antitrypsin také inhibuje hostitelskou proteasu TMPRSS2 nezbytnou pro vstup SARS-
CoV-2 do bungk®. Polymerace al-antitrypsinu s mutaci Z vede k hromadéni
nerozpustnych polymernich agregatii v hepatocytech a hepatoceluldrnimu poskozeni®.

Inhibitor aktivatoru plasminogenu 1 fidi fibrinolyzu tim, Ze inhibuje tkanovy
aktivator plasminogenu a urokinasovy aktivator plasminogenu. Mezi serpiny je vyznacny
svou schopnosti spontanné piejit do latentniho stavu, coz je dal$i mechanismus udrzeni
rovnovahy mezi proteasami a serpiny. In vivo je tento piechod zpomalen vazbou na

plazmaticky protein vitronektin a extracelularni matrix®°.
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2.1.8. Tyropiny

Proteasové inhibitory rodiny tyropini jsou soucasti velké skupiny proteint s
tyreoglobulinovou doménou typu 1 (Tgl) a nebyly dosud detailné prostudovany.
Spolecnym znakem této rodiny je strukturni doména tvorend 65-80 zbytky, ktera je
bohat4 na cysteiny. Doména typu 1A nese Sest cysteinovych zbytkli a doména typu 1B
ma pouze Ctyfi cysteinové zbytky. VSechny cysteiny tvoii disulfidy s typickym
uspotradanim. Typickym rysem v sekvenci je konzervovany zbytek Gly49 a motiv Cys-

Trp-Cys-Val pfitomny u vétdiny zastupci®®.

Tgl doména byla poprvé popsana v
tyreoglobulinu, ktery je biosyntetickym prekurzorem hormont §titné zlazy. Tgl doména
se muze vyskytovat samostatné nebo v nckolika opakovanich a byt soucasti
multidoménovych proteint®’.

Se zastupci proteint nesoucich Tgl doménu se mizeme setkat u bakterii, prvokd,
hub a zivocicht. U savet se Tgl doména vyskytuje u proteind ucastnicich se vazebnych
interakci, napt. epitelidlniho glykoproteinového antigenu, gastrointestinalniho antigenu
nebo nidogenu. Pfimou Uc¢ast Tgl domény z receptoru IGF-BP pfi vazbé na insulinu
podobny riistovy faktor (IGF) se podatilo prokazat z NMR struktury komplexu®®. Dalsi
vyznamnou funkci Tgl domény je schopnost inhibovat proteasy, kterd byla studovana u
fragmentu p41 invariantniho fetézce asociovaného s MHC tiidou II, testikanu,
ekvistatinu, saxifilinu atd.>>°°. Proteiny obsahujici Tgl doménu s prokdzanou inhibi¢ni
aktivitou jsou oznacované jako tyropiny a vénuji se jim nasledujici kapitoly.

Tyropiny, fazené¢ dle MEROPS databéaze do rodiny 131, jsou specifické inhibitory
cysteinovych proteas a ncktefi zastupci inhibuji 1 proteasy aspartatove. Piikladem je
ttidoménovy ekvistatin z motské sasanky Actinia equina, jehoZz prvni doména inhibuje
cysteinové proteasy a druhd doména aspartatovou proteasu katepsin D®°. Nejlépe
prostudovanym zastupcem této rodiny je fragment p41 diky analyze fyziologické ulohy

a znamé prostorové struktuie1%,

2.1.8.1. Struktura a mechanismus inhibice tyropint

Krystalovd struktura fragmentu p4l v komplexu s cysteinovou proteasou
katepsinem L poskytla informaci o prostorovém uspotadani molekuly, ktera je tvofena
N-koncovou a-Sroubovici a antiparalelnim B-skladanym listem, a o vazebném modu
tyropint (Obr. 2.9)°>. K inhibici dochazi mechanismem stérického branéni jako u

cystatinti (kapitola 2.1.4.). Tyropin se vaze do aktivniho mista proteasy prostiednictvim
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tfi interak¢énich smycek L1 az L3, které jsou stabilizovany tfemi disulfidovymi mustky, a

tim brani vstupu substratu®.

Pohled shora

Obr. 2.9: Prostorova struktura reprezentativniho tyropinu. Struktura fragmentu p4l
(invariantniho retézce asociovaného s MHC tridou II) ve stuzkovém modelu je tvorena N-
koncovou a-sroubovici (Cerne), centrdalnim [-skladanym listem (fialové) a tremi vazebnymi
smyckami (L1, L2 a L3) pro interakci s proteasou. Tri disulfidy jsou znazornény zlute (D1-D3),
N- a C- konec molekuly jsou vyznaceny. Molekula je zobrazena ve dvou orientacich (PDB kod

1ICF).

2.1.8.2. Funkce a patofyziologické zmény spojené s tyropiny

Biologické funkce tyropind jsou mélo prostudované. Jelikoz Tgl doména byva
soucasti multidoménovych proteintl, je konkrétni inhibi¢ni role této domény znama jen u
nékolika zastupct. Popsano je zapojeni lidského fragmentu p41 do prezentace antigenti
na imunitnich bunkach a adhezni molekuly epitelidlnich bunék EpCAM do regulace
onkogennich signalnich drah'"1°2, Tyto fyziologické funkce jsou spojovany s inhibici

cysteinovych katepsinti'%-192,
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2.1.8.3. Vyznamni zéstupci tyropind

Fragment p41je soucasti invariantniho fetézce asociovan¢ho s MHC tridy II.
Inhibici proteolytické aktivity katepsinu L v kompartmentech, kde jsou zpracovavany
antigeny, chrani imunogenni epitopy proteinii pfed nadmérnou degradaci a umoziluje
jejich rozpoznani T-lymfocyty !°2. Fragment p41 je schopen inhibovat celou $kalu dalsich
cysteinovych katepsini (F, K, V a S), které jsou pfitomné v buitkkdch prezentujicich
antigen, a muiZe tak ziejmé ovliviiovat proces prezentace antigenu komplexn&ji'®.
Zaroven slouzi i jako chaperon zralého katepsinu L, ktery chrani pted degradaci jak v
antigen prezentujicich buikach, tak po uvolnéni do extracelularni matrix!%1%4,

Adhezni molekula epitelidlnich bunék EpCAM je multidoménovy protein, ktery
obsahuje Tgl doménu zodpovédnou za inhibici katepsinu L. Tento katepsin se ucastni
procesu invaze nadorll a metastazy. U rakovinnych bun&k dochazi k mutacim EpCAM,

které vedou ke ztrat¢ inhibi¢ni aktivity, a nékteré mutace také zabranuji spravné distribuci

EpCAM na povrchu bunék!!.

2.2. Klistata a jimi pfenaSené patogeny
2.2.1 Taxonomické zarazeni

Rige zivo&ichové (Animalia)
Kmen ¢lenovci (Arthropoda)

Podkmen klepitkatci (Chelicerata)

Ttida pavoukovci (Arachnida)

Rad rozto€i (Acari)

Podrad klistata (Ixodida)

Celed’ klistatoviti (Ixodidae), klistakoviti (4rgasidae) a
Nuttalliellidae

Klist'ata se déli do tii ¢eledi Ixodidae (klistatoviti neboli tvrdé klistata), Argasidae
(klistékoviti neboli mekka klistata) a Nuttalliellidae, které se lisi zplisobem Zivota a
zivotnim cyklem!%. Tato prace se vénuje charakterizaci proteasovych inhibitord ze slin
klistéte obecného (Ixodes ricinus) z Celedi klistat a Ornithodorus moubata z Celedi

klist'aki.
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Klist¢ ma na prednich koncetindch umistény specializovany smyslovy Halleriiv
organ, ktery mé funkci mechanického, chemického a tepelného ¢idlo pro rozpoznani
hostitele. K priniku pokozkou slouzi saci ustroji tvofené chelicery, kterymi klisté
profizne ki, a hypostomem, ktery vstupuje do tkand a zafixuje se v ni. Zlabkem na

hypostomu klisté vsttikuje sliny do rany (Obr. 2.10).

' ‘ hypostom

chelicery

014 | dwell HV HFW 500 pm
PM | 45ps | 20.00 kV | 2.06 mm | 9. 2 QuantaFEG

Obr. 2.10: Saci ustroji klistéte obecného (Ixodes ricinus). Mezi dvéma chelicery je umistén
centralni hypostom pro vstrikovani slin do tkané hostitele. Fotografie z elektronového

mikroskopu. Prevzato z'%.

2.2.2. Zivotni cyklus

Klistata 1 klist’aci prochazeji n¢kolika vyvojovymi stadii - larva, nymfa, dospély
jedinec- a kazdy piechod je spojen se sanim krve (Obr. 2.11). U klist'akl je nékolik
nymfélnich stadii (4 az 8) oproti jedinému u klistat. Dal§im rozdilem je, Ze zatimco
samicka klistéte po oplodnéni a nakladeni vajicek hyne, u klistaka neni kladeni vajicek

spojeno se smrti samicky, kterd tak miize sat i byt oplodnéna opakovang'®’.
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Obr. 2.11: Schéma Zivotniho cyklu klistéte obecného (Ixodes ricinus). Prechod mezi
Jednotlivymi vyvojovymi stadii klistete je spojen s prijmem krevni potravy (Cervend kapka): larva
se preménuje na nymfu, ktera prechadzi na finalni stadium dospélce, kdy na hostiteli saje pouze
samice. Plnée nasatd samice po oplozeni klade 3000-5000 vajicek. VSechna sajici vyvojova stadia

Jjsou schopnd parazitovat na ¢lovéku. Prevzato a upraveno podle’.

2.2.3. Proteolyticky systém klistat
2.2.3.1. Proteasy klistat

Klistata si osvojila unikatni strategii pifi ziskdvani krevni potravy ve srovnani
s jinymi hematofagnimi ¢lenovci. Naptiklad komaii proces sani dokonc¢i béhem nékolika
sekund nebo minut a krevni potravu travi v lumen stfeva s mirné alkalickym pH. Tomu
odpovida i pfevaha proteas serinové rodiny pii traveni'®®. Naproti tomu kligtata dokazou
sat krev hostitele az celé dny, ¢emuzZ se ptizpisobuji morfologickymi zménami, pfi
kterych se né€kolikandsobné zvétsi jejich objem. Traveni probihd intracelularné
v lysozomech stievnich buné¢k, kde je kyselé prostiedi a vyuzivaji repertoar aspartatovych
a cysteinovych proteas'”. Primarnim zdrojem potravy je hemoglobin uvolnény
z erytrocytl a dalsi krevni proteiny. Degradace hemoglobinu byla podrobné popsana u
klistéte obecného (1. ricinus). V prvni fazi je St€pen na velké fragmenty aspartatovou

proteasou - katepsinem D, a cysteinovymi proteasami - katepsinem L a legumainem
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(asparaginyl endopeptidasou). Dale plisobenim cysteinovych katepsini L a B vznikaji
malé fragmenty, které jsou v dal§im kroku degradovany na vstiebatelné dipeptidy a
samotné aminokyseliny cysteinovymi katepsiny B a C s exopeptidasovou aktivitou,
leucinovou aminopeptidasou a serinovou karboxypeptidasou (Obr. 2.12)M1° Aktivita
proteas se dynamicky meéni v pribéhu sani a dosahuje maxima u pIn€ nasatych jedinct.

Nejvice dominantnimi proteasami jsou katepsin B a C!'!!.

hemoglobin

B IrCD + [rCL + IrAE

velké fragmenty
N IFGB + [rCL

B >  wcB+wcc+LAP+SCP

» ». . A

v v - v

dipeptidy a aminokyseliny

Obr. 2.12: Schématické zndazornéni traveni hemoglobinu u klistéte obecného (1. ricinus).
Hemoglobin je nejprve degradovan na velké fragmenty aspartatovou proteasou katepsinem D
(IrCD), a cysteinovymi proteasami katepsinem L (IrCL) a legumainem (IrAE). Tyto fragmenty
Jsou ddale stépeny cysteinovymi proteasami katepsinem B (IrCB) a L (IrCL). Finalniho Stépeni na
dipeptidy a aminokyseliny se ucastni predevsim cysteinové proteasy katepsin B a C,
metaloproteasa leucinova aminopeptidasa (LAP) a serinova karboxypeptidasa (SCP). Prevzato

a upraveno podle .

Proteasy plni u klist'at fadu fyziologickych funkeci; kromé travicich proteas ve stievé
byly déle studovany proteasy ve slinnych Zlazach a ovariich!'>''%. Ugastni se také
embryonalniho vyvoje. Vitelin, zdsobni protein vaje¢ného Zloutku, je St€pen u klistcte
Rhipicephalus microplus pomoci tzv. vitelin degradujici cysteinové endopeptidasy
(VIDCE)'"® a u klistéte Haemaphysalis longicornis katepsinem B a D'!S. Proteasy jsou
soucasti vrozené imunitni odpovédi na infekcni patogeny, ktera je spojena s generovanim
antimikrobidlnich peptidl, aktivaci fagocytézou, enkapsulaci, tvorbou melaninu a

koagulaci hemolymfy'!”. Ochranné antimikrobialni peptidy ozna¢ované hemocidiny jsou
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generovany z molekuly hemoglobinu kombinovanym piisobenim aspartatové proteasy

BmAP a cysteinové proteasy BmCL1 z klistéte R. microplus''®.

2.2.3.2 Klistéci proteasové inhibitory proteinového charakteru

Endogenni proteasové inhibitory maji Sirokou distribuci v tkdnich klistéte a jsou
zapojeny do rtznych fyziologickych drah vcetné traveni, vrozené imunity, srazeni
hemolymfy a tvorby vaji¢ek''*'?°. Casto plni i vice funkci, napf. vicedoménovy Kunitziv
inhibitor KPI z klistéte Dermacentor variabilis reguluje traveni ve stievé a zaroven
plsobi bakteriocidng'?!. Intenzivné je zkouméno exogenni plsobeni klistécich
proteasovych inhibitort pfi regulaci hostitelskych proteas. Proteasové inhibitory jsou
mezi prvnimi molekulami, které se ve slinach klistéte dostavaji do téla hostitele a
usnadnuji proces sani. Pfi kontaktu parazita s hostitelem dochézi k lokalnimu poskozeni
epidermis, dermis a krevnich cév hostitele. Takové poskozeni by vedlo ke srazeni krve,
agregaci krevnich desti¢ek, zanétlivé a adaptivni imunitni reakci hostitele a procesu
hojeni, coz by potlacilo ispéSnou invazi parazita a vedlo k zamezeni sani. Obranna reakce
hostitele se opira o proteolytické drahy zahrnujici prokoagulanty (trombin, koagulaéni
faktory), prozanétlivé enzymy (neutrofilni elastazu, proteindzu 3, chymazu, tryptazu,
kalikrein a katepsiny L, B, S, C a G, atd.) a enzymy komplementu'?*1>4, Tyto skupiny
hostitelskych proteas dokéaze klisté blokovat diky Siroké $kale proteasovych inhibitort!'>>-
127 Mapovani téchto inhibitorti u 26 druhti klidt'at odhalilo zastupce z 18 rtiznych rodin
proteasovych inhibitord. Vétsina z nich reguluje aktivitu serinovych proteas, mensi pocet

predstavuji inhibitory cysteinovych proteas a metaloproteas'?®,

Kunitzovy inhibitory

Proteiny z Kunitzovy rodiny (klasifikované jako rodina 12 dle MEROPS
databéze) patii k nejhojn&ji zastoupenym proteasovym inhibitoriim ve slinach klistat!%.
Vétsinou inhibuji serinové proteasy trypsinového typu. Studovana byla inhibice proteas
koagulacni kaskddy a proteas tucastnicich se agregace krevnich desticek, zejména
trombinu, faktor Xa a Xlla a elastasy'*°. Kunitziiv inhibitor Ir-CPI exprimovany ve
slinach 1. ricinus specificky interaguje s faktory XlIla a XIa a kalikreinem a brani srdzeni
krve'3!. Kunitzovy inhibitory vyuZivaji pro interakci s proteasami kanonické reaktivni
centrum s konzervativni strukturou a lokalizaci na struktufe inhibitoru (Obr. 2.3). U

nc¢kolika klistécich Kunitzovych inhibitordt byla také identifikovana existence
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nekanonickych reaktivnich center jako u Ornithodorinu z O. moubata, ktery inhibuje

trombin, a u Ixolarisu z I scapularis, ktery je inhibitorem faktoru Xa!3*!3

. Tyto
inhibitory mohou vyuZzivat pro interakci i exomista na povrchu cilovych proteas. Dlouho
byly Kunitzovy inhibitory klistat povazovany vyhradné za antihemostatické proteiny,
nove se objevuji studie o imunomodulacnich, zejména protizanétlivych ucincich. IrSPI z
L ricinus inhibuje elastdzu a moduluje tak zanétlivou odpovéd potlatenim sekrece
prozanétlivych cytokinti a adaptivni imunitni odpovéd’ potlacenim proliferace CD4+ T

lymfocytt !,

Serpiny

Serpiny (rodina 104 dle MEROPS databaze) jsou dal§imi hojné zastoupenymi
proteasovymi inhibitory klistat studovanymi zejména ve slinnych Zzlazach, stievé a
ovariich. V genomu 1. scapularis bylo nalezeno 45 serpinti'*®. Kli§téci serpiny jsou
vétSinou Sirokospektralni inhibitory inhibujici vice proteas ucastnicich se urcitého
biologického procesu jako je imunitni odpovéd’ a hemostaze. Serpin IRS-2 z I. ricinus,
ktery byl studovan v této disertacni praci, je prvnim parazitarnim serpinem s vyfeSenou
3D strukturou. Jeho unikatni inhibi¢ni specifita kombinujici inhibici serinovych proteas
chymotrypsinového a trypsinového typu umoziiuje protizanétlivé piisobeni'*®. Rada
serpinil je cilena na hemostaticky systém hostitele. Dobie prostudovany serpinl9
z Amblyomma americanum inhibuje vétSinu faktorti krevniho srazeni, a tim u¢inné

potladuje srazeni krve!®’.

Cystatiny

Cystatiny (rodina 125 dle MEROPS databaze) jsou nejrozsifencjSimi a nejvice
studovanymi inhibitory cysteinovych proteas u klist’at. Patfi mezi né cystatiny typu 1
(stefiny) a hlavné typu 2 (pravé cystatiny). Pravé cystatiny plni bud’ endogenni funkce,
nebo exogenni funkce pfi interakci s hostitelem. Nejlépe prostudovanym endogennim
cystatinem je mialostatin z /. ricinus lokalizovany ve stfevé klist'ete, kde pravdépodobné
kontroluje travici proteolyticky systém!®8. Cystatiny s exogenni funkci jsou sekretované
do slin a maji pfevazné imunomodulacni funkce, interferuji s prezentaci antigenu,
zanétlivou odpovédi a proliferaci imunitnich bunék v tkani hostitele!!*!*°. Sialostatin L
z I. scapularis a cystatin OmC2 z O. moubata, ktery je popisovany v této disertacni praci,
jsou prvni kliStéci cystatiny, které pii vakcinacnich experimentech vyrazné omezily

schopnost klist’at sat krev nebo jejich vyvoj'4®!4!, Maji silné imunosupresivni vlastnosti
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spojené s inhibici cysteinovych katepsinti. Byly 1 prvnimi strukturné charakterizovanymi

140141~ Qlinné cystatiny z kli§tat rodu Ixodes maji unikdtni

parazitarnimi cystatiny
inhibi¢ni specifitu cilenou na cysteinové katepsiny s endopeptidasovou aktivitou a tato
vysoka selektivita jim zfejmé umoznuje efektivni manipulaci imunitni odpovédi hostitele

pii dlouhodobém séni!3%:140:142,

2.2.4. Onemocnéni pienasena kliStaty

Klist'ata ptedstavuji vektory Siroké Skaly patogenii patticich mezi viry, bakterie a
prvoky, které do hostitele prechazeji spolu s klistécimi slinami. Imunomodulaéni
vlastnosti bioaktivnich latek ve slinach klist'at posiluji infekénost prenasenych patogenti.

vvvvvv

prenaseci infekénich nemoci'®. Tabulka 1 pfinasi prehled hlavnich patogeni, klistécich

13 Tradiéni metody

vektord a geografické distribuce zpusobovanych onemocnéni
kontroly klistat jsou akaricidy a repelenty, ty maji vSak sva omezeni, véetné¢ obav o
zivotni prostiedi a vznik rezistence klistat!®>. Déle existuji pro n&ktera onemocnéni
vakciny na bazi antigenti z pfena$enych patogentl, napt. v CR jsou dostupné dvé vakciny
proti klistové encefalitidé FSME-IMMUN a Encepur'*. Existuji i zdvazna onemocnéni
jako Lymska borelioza, proti kterym prevence dosud neexistuje. Proto je v soucasné dobé
vénovana zna¢na pozornost vyvoji vakcin sméfovanych ptimo proti klistécimu vektoru.
Cilem téchto tzv. protikliStécich vakcin je potlaceni sani kliStéte na hostiteli, a tim 1
snizeni rizika pfenosu patogent. Tato disertatni prace piispiva k identifikaci a
charakterizaci potencialnich kandidatnich antigenti pro tento typ vakcin, které predstavuji

raciondlni volbu z hlediska nékladové efektivity i ekologické bezpecnosti'>.
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Tab. 1. Pfehled onemocnéni prenasenych klist’aty na ¢lovéka. Upraveno podle

143

Onemocnéni Patogeny Vektory Rozsifeni
Africka klistova Rickettsia africae Amblyomma hebraeum, Afrika, Indie
horecka A. variegatum
Horecka Skalistych Rickettsia rickettsii  Amblyomma americanum, Severni a Jizni
hor A. aureolatum, A. cajennense, ~ Amerika
Dermacentor andersoni,
D. variabilis, Rhipicephalus
sanguineus
Lidska granulocytickda  Anaplasma Haemaphysalis concinna, Evropa, Severni
anaplazméza phagocytophilum H. punctata, Ixodes ricinus, I. ~ Amerika
pacificus, I. scapularis,
Rhipicephalus bursa
Lidska monocyticka Ehrlichia Amblyomma americanum Severni Amerika
ehrlichioza chaffeensis

Lymska borelioza

Borrelia burgdorferi

Ixodes hexagonus,
L pacificus, I. persulcatus,
L ricinus, 1. scapularis

Asie, Evropa, Severni
Amerika

Navratna horecka

Borrelia spp.

Ornithodoros spp.

Afrika, Asie,
Australie, Evropa,
Severni Amerika

Q horecka Coxiella burnetii Ruizné druhy Afrika, Asie,
Australie, Evropa,
Severni Amerika

Skvrnity tyfus Rickettsia conorii Rhipicephalus sanguineus, Afrika, Asie, Evropa

R. turanicus
Tularemie Francisella Rtizné druhy Asie, Evropa, Severni
tularensis Amerika
Babesidza Babesia divergens,  Ixodes ricinus, I. scapularis Evropa, Severni

B. microti Amerika

Klistova coloradska Coltivirus Dermacentor andersoni Severni Amerika
horecka
Klistova encefalitida  Flavivirus Ixodes persulcatus, Asie, Evropa

L ricinus, Haemaphysalis

concinna, H. punctata
Krymsko-konzska Naiovirus Amblyomma variegatum, Afrika, Asie, Evropa
hemoragicka horecka Hyalomma anatolicum, H.

punctata, H. marginatum,

H. truncatum, Rhipicephalus

bursa
Nemoc Kyasanurského Flavivirus Haemaphysalis spinigera, Indie
lesa H. turturis
,,Louping il Flavivirus Ixodes ricinus Evropa
Omska hemoragicka Flavivirus Dermacentor marginatus, Asie
horecka D. reticulatus,

Ixodes persulcatus
Powassanska Flavivirus Dermacentor andersoni, Asie, Severni
encefalitida Haemaphysalis longicornis, Amerika

Ixodes cookei,
1. scapularis

33



3. Cile disertacni prace

Proteasové inhibitory proteinového charakteru jsou vyznamnymi pfirozenymi
regulatory proteolytickych procesti. Pro parazity maji kriticky vyznam pfi jejich interakci
s hostitelem na nékolika urovnich, coz znich ¢ini potencidlni cilové molekuly pro
intervenci. Disertacni prace se zamétfuje na nové proteasové inhibitory ze slin klist’at,
které jsou injikovany do tkané¢ hostitele. Jako zdroj byly zvoleny dva vyznamné druhy
klist'at: Ixodes ricinus jako vektor klistové encefality a Lymské borelidzy a Ornithodoros
moubata jako vektor navratné horecky a afrického prase¢iho moru. Obecnym cilem prace
je strukturné-funkéni biochemickd charakterizace vybranych zastupci tfi rodin

proteasovych inhibitort a vyuziti vysledkid k objasnéni jejich biologické role.
Dil¢i cile této prace jsou nasledujici:

1) Identifikovat tfi vybrané zastupce proteasovych inhibitord ze tfid cystatintl, serpind a

tyropinil ve slindch klistat a pfipravit je jako rekombinantni proteiny.

2) Ur¢it inhibi¢ni specifitu studovanych inhibitorii k fyziologicky relevantnim proteasdm,

které jsou regulovany ve tkani hostitele.

3) Podilet se na uréeni prostorové struktury studovanych inhibitord, zejména ptipravou
difraktujicich krystali pro rentgenostrukturni analyzu. Interpretovat 3D strukturu a

popsat, jak stavba reaktivniho centra inhibitorli ur€uje jejich inhibi¢ni aktivitu.

4) S vyuzitim ziskanych informaci o strukturnich a funk¢énich vlastnostech studovanych
inhibitort vyvodit zavéry o jejich fyziologickém plisobeni pfi interakci klistéte s

hostitelem.
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4. Material a metodika

Tato kapitola stru¢né shrnuje zakladni metodiku, vybaveni a materidly pouzité
v této disertacni praci. Detailni popis pouzitych materidlti a metodiky je vzdy soucasti

pfiloZenych publikaci.

4.1. Material a laboratorni vybaveni

Vétsina dat byla ziskdna s vyuzitim vybaveni a pfistrojii v laboratotich Ustavu
organické chemie a biochemie AV CR (UOCHB). Projekt byl vypracovan ve spolupréci
s Parazitologickym ustavem Biologického centra AV CR v Ceskych Budg&ovicich
(ParU). Reseni krystalovych a NMR struktur bylo provedeno ve spoluprici s
laboratoii Dr. Rezd¢ové UOCHB. NMR spektra byla mé&fena na piistroji 850 MHz Bruker
Avance spectrometer, UOCHB. Difrakéni data pro feSeni krystalografickych struktur
byla ziskdana na synchrotronu na pracovisti EMBL-Hamburg, DESY (Deutsches
Elektronen-Synchrotron), Hamburg, Némecko.

Fluorogenni peptidové substraty a nizkomolekularni inhibitory byly komeréniho
ptuvodu. Proteolytické enzymy pouZité pii testovani inhibitort z klist'at byly komer¢ni
kromé katepsinti C, H, K a V, které byly pfipraveny na UOCHB. Proteinové inhibitory
OmC2 a IRS-2 byly piipraveny na ParU.

4.2. Metodika

Zékladni metody pouzité v ptilozenych publikacich jsou nasledujici:

4.2.1. Metody molekularni biologie:

Celkové bylo ptipraveno 6 konstruktl tyropinu IrThy a jeho domén IrThy-Cd a
IrThy-Nd pro expresi jednak v hmyzich bunikach (Schneider S2 buiiky) pro biochemické
charakterizace a jednak v E.coli (SHuffle T7 Competent buiky) pro strukturni
charakterizaci. Pro NMR analyzu byla rekombinantni exprese proteinli optimalizovana

v systému E.coli za pouziti izotopové (1*C/!°N) znaceného média.
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4.2.2. Biochemické metody:

Hlavni pouzité metody byly nasledujici: (1) elektroforeticka separace proteinti
pomoci SDS-PAGE, (2) pienos proteinit na PVDF membranu metodou Western blot, (3)
chromatograficka purifikace proteini pomoci systému FPLC, (4) ureni koncentrace
proteind a peptidii pomoci aminokyselinové analyzy, (5) analyza proteinli hmotnostni

spektrometrii a N-koncovym sekvenovanim, (6) pfiprava extrakta klistécich tkani.

4.2.3. Enzymologické metody:

Hlavni pouzit¢é metody byly nasledujici: meéfeni aktivity enzyml pomoci
fluorogennich a FRET (Fluroescence Resonance Energy Transfer) substrati pomoci
fluorescencni ¢tecky (Tecan), stanoveni kinetickych parametrti proteas pro substraty (Km)
a inhibicnich konstant pro kliStéci inhibitory (ICso, Kj) za pouziti nelinearni regrese

v programu Grafit.

4.2.4. Metody strukturni biologie:

Krystalizace klistécich inhibitord byla provedena ve dvou krocich (1)
vysokokapacitni testovani sad komerc¢nich krystaliza¢nich roztokd v 96-jamkovych
destickach metodou sedici kapky, (2) optimalizovéani uspésné krystaliza¢ni podminky ve
visici kapce. ReSeni 3D struktur rentgenostrukturni analyzou bylo provedeno metodou
molekuldrniho nahrazeni. 3D struktury byly analyzovany a graficky upraveny pomoci

programti CCP4, PyMol, CorelDraw.
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5. Vysledky

Vysledky této disertacni prace jsou shrnuty v celkem ctyfech publikovanych
pracich (kapitola 5.1.-5.4.). Publikace uvedené v této disertaCni praci maji za cil
biochemicky a strukturné charakterizovat proteinové proteasové inhibitory ze slin klistéte
Ixodes ricinus a klistéte Ornithodorus moubata. V této Casti uvadim publikace s kratkym

souhrnem rekapitulujicim vysledky.
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5.1. Publikace ¢. 1: Crystal structure and functional
characterization of an immunomodulatory salivary cystatin from
the soft tick Ornithodoros moubata.

Klistak Ornithodoros moubata je druh klistéte, které se vyskytuje prevazné v
Africe a je znamé jako vektor fady onemocnéni, jako je napiiklad navratna horecka
zpisobena spirochétou Borrelia duttoni. Déle ptenasi virus afrického moru prasat,
zavazné onemocnéni hospodaiskych zvitat zplisobujici smrtelné hemoragie. K pienosu
patogenil a neruSenému sani krve hostitele pomahaji bioaktivni molekuly obsazené
ve slinach klistat. Obecné jsou sliny krev sajicich parazitii bohaté na inhibitory proteas,
ale dosud nebyly detailné studované u tohoto druhu klistéte.

Studie je zaméfena na inhibitor proteas z O. moubata, ktery patii do rodiny
cystatinlt a byl oznacen OmC2. Prvnim krokem byla uspéSna identifikace OmC2 ve
slinach klistéte pomoci proteomické analyzy hmotnostni spektrometrii. Déle byl
pripraven OmC2 ve formé rekombinantniho proteinu, u kterého byla testovana inhibi¢ni
specifita. Ta byla cilena vylu¢né na cysteinové proteasy klanu CA a nebyla pozorovana
inhibi¢ni aktivita vii¢i jinym vyznamnym proteasam, jako jsou cysteinové proteasy klanu
CD nebo aspartatové a serinové proteasy. U detailnéji studovaného klanu CA byla
zjiSténa 1inhibi¢ni interakce jak s endopeptidasami (savCimi katepsiny L a S a
archetypalnim papainem), tak exopeptidasami (sav¢imi katepsiny B, C a H). Inhibi¢ni
ucinnost OmC2 se v pfipadé¢ papainu, katepsinu L, Sa C pohybuje v oblasti
subnanomolarnich koncentraci, v ptipadé katepsinu B a H v nanomolarni oblasti. OmC2
je tedy vysoce ucinnym Sirokospektralnim inhibitorem. Schopnost OmC2 inhibovat
exopeptidasy jej odliSuje od homologického slinného cystatinu z klistéte Ixodes
scapularis, sialostatinu, ktery neni schopen katepsin B a H inhibovat viibec a je 300krat
hor$im inhibitorem katepsinu C. Endopeptidasy inhibuje sialostatin s podobnou G¢innosti
jako OmC2.

Dal$im krokem byla strukturni charakterizace OmC2 rentgenostrukturni
analyzou. Podafilo se najit podminky pro ptipravu krystalu difraktujiciho do 2,45 A a
prostorovou strukturu vyfesit metodou molekularniho nahrazeni. Molekula OmC2 se
sklada z péeti segmentl B-sklddaného listu v antiparalelni orientaci, které jsou rozmisténé
kolem centralni a-Sroubovice. Cela struktura je stabilizovana dvéma konzervovanymi
disulfidy. K interakci cystatinii s aktivnim mistem proteasy slouzi obecn¢ dvé smycky

vystupujici z B-sklddaného listu (oznacované jako L1 a L2) a N-koncova ¢ast proteinu.
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Prave detailni stavbou N-konce a smycky L2 se OmC?2 lisi od sialostatinu a tento rozdil
je zfejmé& zodpovédny za odlisnou inhibiéni specifitu. Sirokou inhibiéni specifitou
podobnou OmC2 se vyznacCuji 1 nékteré cystatiny obratlovcl, jako hojné rozsifeny
cystatin C, a pii srovnani sekvence N-konce a smycky L2 je patrnd jejich znacna
strukturni podobnost. Klist¢ by tak pomoci OmC2 mohlo mimikovat cystatiny hostitele,
a tim ménit proteolytickou rovnovahu pfi regulaci hostitelskych katepsinti, o kterych je
znamo, ze hraji vyznamnou roli pii imunitni odpovédi.

Déle prace studovala biologickou aktivitu OmC2 pomoci testii na hostitelskych
imunitnich bunkach a pomoci vakcina¢nich experimenti na mysich. V prvnim typu testt
se sledoval vliv OmC2 na produkci cytokinti dendritickymi buiikami, které hraji dilezitou
roli v imunitni odpovédi na antigen pomoci cytokinii a prezentovanim antigenu T-
lymfocytim. V pfitomnosti OmC2 doslo ke sniZeni produkce prozanétlivych cytokini
TNFa a IL-12. Dale se zkoumal vliv OmC2 na proliferaci T-lymfocyti indukovanou
dendritickymi buiikami prezentujicimi specificky antigen. V tomto testu rozvoje
adaptivni imunitni odpovédi doslo k statisticky vyznamnému snizeni proliferace naivnich
CD4+ T-lymfocytl v pfitomnosti OmC2. V druhém typu testi byl sledovan rozdil v sani
nymf O. moubata na mySich imunizovanych OmC2 a kontrolnich mySich. U nymf
parazitujicich na imunizovanych mysich bylo pozorovdno omezeni sani a schopnosti
transformace na dalsi stddium zivotniho cyklu.

Ziskané vysledky ukazuji, Ze OmC2 dokaZe modulovat hostitelsky imunitni
systém, a vyhnout se tak obranné reakci hostitele béhem interakce s parazitem. Tato
schopnost je zdsadni pro uspéSné sani klistéte na hostiteli. Poznatky z této studie mohou
byt vyuZity pii ptipravé tzv. protikliStéci vakciny proti O. moubata potlacujici sani klistat
na hostiteli a omezujici $ifeni pfendSenych onemocnéni. Analyza struktury a biochemické
aktivity OmC2 vyznamné ptispéla k pochopeni mechanismu G¢inku tohoto bioaktivniho

proteasového inhibitoru ve slinach klistéte.

Miij podil na praci spocival v: 1) navrhu a provadéni biochemickych funkénich testli
s OmC2, 2) nalezeni a optimalizaci krystalizacnich podminek OmC2 a piispévku k
nasledné rentgenostrukturni analyze, 3) interpretaci ziskané 3D struktury OmC2 s

vyuZzitim molekularni grafiky a korelace vztahli mezi strukturou a aktivitou.
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Crystal structure and functional characterization of an immunomodulatory
salivary cystatin from the soft tick Ornithodoros moubata
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The saliva of blood-feeding parasites is a rich source of biological impact of OmC2 was demonstrated both in virre and
peptidase inhibitors that help to overcome the host’s defence in vivo. OmC?2 affected the function of antigen-presenting mouse
during host—parasite interactions. Using proteomic analysis, dendritic cells by reducing the production of the pro-inflammatory
the cystatin OmC2 was demonstrated in the saliva of the cytokines tumour necrosis factor @ and interleukin-12, and
soft tick Ornithodores moubata, an important disease vector proliferation of antigen-specific CD4™ T-cells. This suggests
transmitting African swine fever virus and the spirochaete that OmC2 may suppress the host’s adaptive immune response.
Borrelia duttoni. A structural, biochemical and biological Immunization of mice with OmC2 significantly suppressed the
characterization of this peptidase inhibitor was undertaken in survival of O. moubata in infestation experiments. We conclude
the present study. Recombinant OmC2 was screened against a that OmC2 is a promising target for the development of a novel
panel of physiologically relevant peptidases and was found to anti-tick vaccine to control O. meubata populations and combat
be an effective broad-specificity inhibitor of cysteine cathepsins, the spread of associated diseases.

including endopeptidases (cathepsins L and S) and exopeptidases

(cathepsins B, C and H). The crystal structure of OmC2 was

determined at a resolution of 2.45 K (1 A=0.1 nm) and was used Key words: cathepsin, cystatin, Omithodoros moubaia, parasite,
to describe the structure—inhibitory activity relationship. The peptidase inhibitor.

INTRODUCTION components of tick saliva and on the description of their
physiological functions, as this may aid the development of
Ticks (Ixodida) are blood-feeding parasites that transmit many vaccines to control tick populations and the diseases they transmit.
pathogens of medical and veterinary importance. The order Moreover, compounds of tick saliva have clear therapeutic
Ixodida has two main families, the Ixodidae (hard ticks) and potential, which have, in some cases, been evaluated in animal
Argasidae (soft ticks), which differ in many aspects of their models [5].
biology. In the hard ticks, the adult female engorges only once (for The saliva of ticks and other blood-feeding parasites contains
several days), lays a batch of eggs and then dies. In the soft ticks, a wide variety of peptidase inhibitors belonging to several
the female lays a batch of eggs after each feeding episode, which structural families. Inhibitors from the cystatin family are small
takes minutes, and typically repeats the cycle several times. The proteins that interact with and block the active site of cysteine
soft tick Ornithodoros moubata is widely distributed throughout peptidases. Cystatins are found in all living organisms and regulate
drier parts of south and east Africa. It is an important disease various biological processes, including the immune response
vector, since it transmits the spirochaete Borrelia duttoni, causing (for a review, see [6]). They have been shown to play an
African tick-borne relapsing fever in humans, and African swine important role in parasite—host interactions. Immunomodulatory
fever virus, which causes a highly lethal haemorrhagic disease of effects were ascribed to cystatins of parasitic nematodes, e.g.

domestic swine [1,2]. Onchocerca volvulus [7], which inhibit antigen processing
Successful feeding of ticks depends on a cocktail of salivary associated with MHC II antigen presentation. Such interference
proteins with antihaemostatic, anti-inflammatory and immuno- reduces the proliferation of human peripheral-blood mononuclear
modulatory properties that are injected into the host [3]. The tick cells stimulated with a specific antigen [8].
feeding site, which is highly modified by these pharmacologically Cystatins were found in the transcriptome of the salivary glands
active molecules, is the place where transmission of tick-borne (sialome) of several hard tick species [9,10]. Silencing of a cystatin
pathogens occurs (for a recent review, see [4]). Much of the gene in the hard tick Amblyomma americanum by means of
current vector-host research focuses on the discovery of novel RNA interference significantly reduced the tick’s ability to feed

Abbreviations used: CID, collision-induced dissociation; DC, dendritic cell; IL-12, interleukin-12; LC, liquid chromatagraphy; LPS, lipopolysaccharide,
NCS, non-crystallographic symmetry; OVA, ovalbumin; RMSD, root mean square deviation; TNFe, tumour necrosis factor e, T-PBS, 0.05% Tween 20 in
PBS.

! Correspondence may be addressed to either of these authors (email gecrge@paru.cas.cz or mares@uochb.cas.cz).

The structural co-ordinates reported for salivary cystatin from Ornithodoros moubata will appear in the Protein Data Bank under accession code 3LOR.

©) The Authors Journal compilation © 2010 Biochemical Socisty
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successfully [11]. Two salivary cystatins (sialostatins L and L2)
have been characterized in the hard tick Ixodes scapularis [12].
They displayed high affinity for cathepsins L and S, which are
cysteine peptidases that play an important role in the processing
of antigens by DCs (dendritic cells). Subsequent studies showed
that maturation of DCs is significantly impaired in the presence
of sialostatin L [13], and that vaccination against sialostatin L2
can lead to decreased feeding success of /. scapularis | 14].

In the present study, we focused on OmC2, a cystatin expressed
in the salivary glands of the soft tick O. moubata [15]. First,
we showed that OmC?2 is secreted by the glands to form part
of the saliva, using a proteomic approach. Secondly, we deter-
mined the crystal structure of OmC2, providing a structural
basis for understanding its inhibitory specificity. Thirdly, we
demonstrated the immunomodulatory effect of OmC2 on antigen-
presenting cells, and evaluated the protein’s vaccine potential
using an animal model.

EXPERIMENTAL
Animals

C57BL/6 and C3H/HeN female mice were from Charles River
Laboratories, and transgenic female mice OT-II were from the
Jackson Laboratory. Mice aged 7-8 weeks were used. Animals
were housed at 22°C and a relative humidity of 65%. Experi-
mental procedures complied with the rules of the European Union
and institutional guidelines on the use of experimental animals.
0. moubata ticks were maintained in an established laboratory
colony at the Institute of Parasitology, Ceské Budgjovice, Czech
Republic, using natural feeding on mice.

Tick saliva preparation

Saliva was obtained from fasting 0. moubara females after
injecting 1 ul of a 1 % solution of pilocarpine hydrochloride
in PBS into their genital pores. After stimulation, saliva was
collected from the mouthpart using capillary tubes and stored
al —80°C.

MS proteomic analysis

LC (liquid chromatography)-MS/MS analysis was performed on
a hybrid mass spectrometer (LTQ Orbitrap XL; Thermo Fisher
Scientific) coupled lo a two-dimensional capillary LC sysiem
(Rheos 2000; Flux Instruments). The first-dimension column
was a monolithic PS-DVB (200 y¢m in diameter x 10 mm long;
Dionex) and the second-dimension column was a C; PepMap 100
(75 pm in diameter x 150 mm long x 3 pm pore size; Dionex)
with gradient clution in a 0.1 % formic acid/acctonitrile system.
The identification of OmC2 in tick saliva was accomplished in
two steps. In the first step, the LC-MS/MS profile was obtained
from a tryptic digest of recombinant OmC2. The DDA (data-
dependent analysis) experiment consisted of one full MS scan (at
a resolution of 60 000), and three MS/MS CID (collision-induced
dissociation) experiments of the most intensive ions from the
full-scan spectra. In the second step, a tryptic digest of the protein
fraction of tick saliva was searched for the presence of OmC2-
derived peptides. This analysis was limited to the major indicative
peptides detected in the first step. The applied method consisted
of one full MS scan (at a resolution of 60000), and five MS/MS
CID experiments with high-resolution MS analysis of fragments
in the Orbitrap (at a resolution of 7500). The following parameters
were used for the MS/MS experiments: collision energy, 35 eV:
isolation width, 1; activation ), 250; and activation time, 250 ms.

(€ The Authors Journal compilation € 2010 Biochemical Society
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Identification of the selected peptides (Supplementary Table
S1 at http://www.Biochem]J.org/bj/429/bj4290103add.htm) was
confirmed by the analysis of retention time, mass accuracy and
CID fragmentation spectra. The mass data were processed by
Bioworks (Thermo Fisher Scientific) and Peaks (Bioinformatics
Solutions) software.

Expression and putification of OmC2

OmC2 was expressed in Sf9 insect cells (Gibco) using the
flashBAC™ one-step baculovirus protein expression system
(Oxford Expression Technologies). Briefly, OmC2 c¢DNA
(Ganank@ accession no. AY347735) prepared as described
previously [15] was cloned into the transfer vector pBacPAKY.
Primers (forward 5'-GGAGGATCCATGTCAAGTTTTAAGG-
TGG-3' and reverse 5'-GGAGCGGCCGCCTAATGGTGAT-
GGTGATGGTGTCCCTCACATCTGTATGACGTG-3")  were
designed to include the tick signal sequence for export
from the cell and to add a C-terminal oligohistidine tag
(-Gly-His,) to aid purification. The Notl and BamHI restriction
sites were used for cloning into the transfer vector. The construct
was amplified in XL1-Blue cells (Stratagene). Baculovirus
containing the OmC2 gene was prepared by homologous
recombination between the flashBAC and transfer vector DNA
following the manufacturer’s instructions. For expression. St9
cells were infected with high-titre baculovirus-construct virus
stock, in a shaker incubator at 28°C. The recombinant protein
was purified from the expression medium by heparin (HiTrap™
Heparin HP; GE Healthcare) and Co™ (TALON® Superflow™
Metal Affinity Resin; Clontech) affinity chromatography using
the manufacturer’s protocol. This was followed by size-exclusion
chromatography, using a Superdex™ 75 10/300 GL column
(GE Healthcare) and running buffer (15 mM Hepes, pH 7.2, and
200 mM NaCl); OmC?2 eluted close to the cytochrome ¢ standard
(12.4 kDa), indicating that it was monomeric. The product was
concentrated with a 5 kDa cut-off ultrafiltration unit (Sartorius).
Purified protein was tested for endotoxin contamination by means
of Limulus Amobecyte Lysate QCL-1000% (Lonza) following
the manufacturer’s instructions. Endotoxin contamination did
not exceed 0.1 EU (endotoxin units)/ml in any of the samples
used for immunological assays. The purified protein was stored

at —80°C.

Enzymatic assays

Inhibitory activity of recombinant cystatins OmC2 and sialostatin
L (prepared as described in [16]) was determined by continuous
peptidase-activity assays using specific fluorigenic substrates.
The cysteine peptidases tested were as follows: human cathepsins
H, S and L and human legumain (Calbiochem); and papain
and bovine cathepsins B and C (Sigma—Aldrich). The peptidase
substrates applied were the following: N-carbobenzyloxy-
Leu-Arg-7-amino-4-methylcoumarin  (R&D  Systems) for
cathepsins B and L and papain; N-carbobenzyloxy-Val-
Val-Arg-7-amino-4-methylcoumarin, H-Gly-Arg-7-amino-4-
methylcoumarin and N-carbobenzyloxy-Ala-Ala-Asn-7-amino-
4-methylcoumarin (Bachem Bioscience) for cathepsins S
and C and legumain respectively; and H-Arg-7-amino-4-
methylcoumarin (Calbiochem) for cathepsin H. The assay
system contained 0.25 mM subsirate; cysteine peptidases were
applied at the following concentrations: 0.04 nM papain, 1.0 nM
legumain, 0.025 nM cathepsin L, 0.05 nM cathepsin 8, 0.04 nM
cathepsin C, 1.5 nM cathepsin H and 1.3 nM cathepsin B. The
assay buffer used was 0.1 M sodium acetate buffer, pH 5.5 (or
5.0 for legumain), 0.1 M NaCl, 1 mM EDTA, 1 mg/ml cysteine
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and 0.005 % Triton X-100. For aspartic and serine peptidases,
these assay conditions were modified as described in [16].
Apparent inhibition constants were determined essentially as
described in [16] by measuring the loss of enzymatic activity
at increasing concentrations of inhibitor in the presence of a
substrate in large excess. Briefly, each enzyme was pre-incubated
for 10 min with the inhibitor, and subsequently the assay was
initiated and developed by the addition of the corresponding
substrate at 30°C. The linear hydrolysis rate of the substrate was
followed for 20 min in a Spectramax Gemini XPS 96-well plate
fluorescence reader (Molecular Devices) using ., =365 nm and
Jem =450 nm with a cut-off at 435 nm. All experiments were
performed in friplicate. Inhibition constants were calculated by
non-linear regression.

Crystallization and data collection

Screening for crystallization conditions was performed using the
Crystallization Basic and Extension Kits (Sigma-Aldrich) by the
hanging-drop vapour-diffusion technique. Preliminary crystals
were obtained in 0.1 M Hepes buffer, pH 7.5, and 1.5 M lithium
sulfate. Optimal crystals of OmC2 were prepared at 20°C using
the hanging-drop vapour-diffusion technique in 24-well Nextal
plates (Qiagen). The crystallization drop consisted of 1.25 ul of
the OmC2 protein solution (3.5 mg/ml in 20 mM Hepes buffer,
PH 7.2) and 0.75 pu1 of the reservoir solution (0.1 M Hepes buffer,
pH 7.5,and 1.5 M lithium sulfate). Crystals shaped as bi-pyramids
reached their final size of 0.35 mmx0.15 mmx0.15 mm within
4 days.

For data collection, crystals were soaked gradually in reservoir
solution supplemented with 10, 15 and 20% (v/v) glycerol
and flash-cooled in liquid nitrogen. Diffraction data were
collected at 100 K using the X12 EMBL beamline at DESY
(Deutsches Elektronen-Synchrotron), Hamburg, Germany, and
processed using the HKL-2000 suite of programs [17]. Crystals
exhibited the symmetry of space group P3,21 and contained
two molecules in the asymmetric unit. Crystal parameters and
data-collection statistics are given in Supplementary Table S2 at
http://www.Biocheml.org/bj/429/bj4290103add.htm.

Structure determination

The phase problem was solved by molecular replacement
using the MolRep program [18]. The search model was derived
from the structure of sialostatin L2 from I. scapularis (PDB
code 3LH4; to be released) sharing 37 % sequence identity with
OmC2. Model refinement was carried out using the program
REFMAC 5.3 |19] from the CCP4 package | 20]. Manual building
was performed using Coot software [21]. Tight NCS (non-
crystallographic symmetry) restraints were applied during initial
refinement; at later stages, NCS restraints were loosened as guided
by the behaviour of Ry.. The final refinement steps included
TLS (translation/libration/screw) refinement [22]. The quality of
the final models was validated with Molprobity software [23].
Final refinement statistics are given in Supplementary Table S2.
Figures showing structural representations were prepared with
the program PyMOL (DeLano Scientific: hitp://www.pymol.org).
The DALI [24] and PISA [25] servers were used (o analyse the
crystal structure.

Isolation of immune cells
DCs

The spleen of a C37BL/6 mouse was dissected, minced with
scissors, digested in RPMI 1640 medium containing 1 mg/ml
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collagenase D (Roche) at 37°C for 30 min and passed through a
70 pm nylon cell strainer (BD Falcon). DCs were isolated using
magnetic beads conjugated with anti-CD1lc (N418) antibody
and MACS® Column (Miltenyi Biotec) separation following the
manufacturer’s instructions. The purity of isolated DCs (~90 %
CDll1c™ cells) was evaluated by flow cytometry.

CD4* T-cells

‘Whole splenocytes from OT-11 mice were obtained by mechanical
disruption of the spleen and washed three times in RPMI
1640 medium. Thereafter, CD4" T-cells were isolated by
immunomagnetic separation using the Dynal Mouse CD4
Negative Isolation Kit (Invitrogen) following the instructions of
the manufacturer. The purity of isolated CD4" T-cells (~90 %
CD4* cells) was evaluated by flow cytometry (see below).

Quantification of cytokine production

Purified spleen DCs were cultured in 96-well plates, at a density
of 10° cells per well, in 200 xl of culture medium [RPMI
1640 supplemented with 10 % (v/v) heat-inactivated fetal bovine
serum, 50 M 2-mercaptoethanol, 100 pg/ml penicillin and
100 wunits/ml streptomycin]. OmC2 was added to wells in 1—
30 pg/ml final concentrations. After a 2 h incubation (37°C,
5% CO,), DCs were activated with LPS (lipopolysaccharide)
(50 ng/ml). Cell-free supernatant samples were collected 3 and
48 h later and analysed for the presence of TNFa (tumour
necrosis factor «) and IL-12 (interleukin-12) respectively using
Ready-SET-Go!™ ELISA kits (eBiosciences) following the
manufacturer’s instructions. Samples were tested in triplicate.

Antigen-specific CD4+ T-cell proliferation

DCs (3 x 10*/well) isolated from the spleen of C57BL/6 mouse
were pre-incubated (4 h) with culture medium (see above) in
the presence or absence of OmC2 (1-30 pg/ml). After the pre-
incubation period, CD4" T-cells (2 x 10°/well) from OT-II mouse
were added to the culture; thereafter, medium with or without
EndoGrade™ ovalbumin (Profos AG) (10 pg/ml) was added. The
culture was incubated for 72 h at 37°C and 5 % CO,. Proliferation
was assessed by adding Cell Counting Kit-8 reagent (Fluka) at
5 % of the incubation volume during the last 4 h of the cultivation
and evaluated by reading the Ay, of the supernatant. Samples
were tested in triplicate.

Flow cytometry

Samples (0.5 x 10° cells) were incubated with CD4-specific
monoclonal antibody (conjugated with FITC) and CD1 1¢-specific
monoclonal antibody (conjugated with Alexa Fluor®™ 488) for
CD4 T-cells and DCs respectively. Isotype control antibodies
were used for appropriate controls. All reagents were obtained
from eBiosciences. Labelled cell samples were analysed on an
Epics XL flow cytometer (Coulter) equipped with a 15 mW argon-
ion laser with excitation capabilities at 488 nm using System II
software (Coulter).

Vaccination with OmG2 and tick feeding success

A group of six C3H/HeN mice was vaccinated by two
intraperitoneal injections of OmC2 supplemented with Freund’s
adjuvant (Sigma—Aldrich). Briefly, 20 ug of OmC2 was
administered with complete Freund’s adjuvant. The same dose of
OmC?2 was delivered with incomplete Freund’s adjuvant 2 weeks
later. Samples of blood were taken from vaccinated mice 10 days
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later and the presence of specific anti-OmC2 antibodies was
assessed by ELISA. A control group of six C3H/HeN mice
was vaccinated with ovalbumin (Sigma—Aldrich) using the same
vaccination protocol. Thereafter, the ability of ticks to feed on
these animals was tested. The mice were placed into small cages to
reduce the possibility of movement, and a plastic tube containing
six or seven (). moubaia nymphs (at the first nymphal stage)
was fixed to the tail of each mouse using Parafilm® M (Sigma—
Aldrich). Whether engorgement occurred or not was assessed
after 1 h and monitored as the percentage of nymphs that were
able to feed. Nymphs that fed were weighed. Survival of engorged
nymphs to the next nymphal stage was assessed after 14 days.

Determination of specific anti-OmC2 antibody titre

ELISA-based systems were used to detect specific anti-OmC2
antibodies in the sera of immunized and control mice. A flat-
bottomed plate (Nunc) was coated with OmC2. A 100 1 volume
of coating buffer containing OmC2 (10 pzg/ml) was added to each
well and incubated overnight at 4 °C. After washing two times with
T-PBS (0.05 % Tween 20 in PBS), unoccupied sites were blocked
with sample buffer [ 10 % (v/v) newborn bovine serum in PBS] for
30 min at 37 °C. The plate was washed three times with T-PBS and
wells were incubated with serial dilutions of the sera in sample
buffer (100 !l final volumes) for 1 h at 37°C. Subsequently
the plate was washed three times with T-PBS and incubated
with peroxidase-labelled goat anti-mouse antibodies (Sigma—
Aldrich) diluted 1:1000 in sample buffer (100 wl/well) for 45 min
at 37°C. After washing three times with T-PBS. an enzymatic
colour reaction was generated using o-phenylenediamine (Sigma—
Aldrich) following the manufacturer’s instructions. Enzymatic
reactions were stopped after 10 min by adding 50 ul of 2 M
H.S0,. The Ay, was measured with an ELISA Multiskan
MCC340 spectrophotometer (Labsystems). Specific anti-OmC2
antibody titres were determined as the reciprocal value of the
serum dilution that gave an A, reading twice that of the negative
control.

Statistical analysis

Differences in cytokine production and proliferation of T-cells
were analysed using Student’s ¢ test. The homogeneity of
variances assumption was tested by the Levene test. Results
of OmC2 affected groups were compared with corresponding
controls and P values of 0.05 or less were considered significant.
Results of tick feeding success and survival were compared by
Fisher’s exact test. The link between the ability of nymphs to
transform to the next stage and the anti-OmC2 antibody titre
of infested mice was tested by the Spearman rank correlation
(percentage data were arcsine-transformed). In addition to
conventional statistical significance, the effect size was reported.
The effect size measured the magnitude of a treatment effect
independent of sample size. Cohen’s d, which represents the
difference between means divided by S.D., was used. The Cohen’s
d was manually computed from the ¢ value of the ¢ test and the r
value of the Spearman rank correlation. Small, medium and large
effects for d were defined as 0.2, 0.5 and 0.8 [26]. All statistical
analyses were conducted using Statistica 8.0 software (StatSoft).

RESULTS

Proteomic identification of OmC2 in tick saliva

Saliva collected from O. monbata adult females was subjected to
proteomic analysis to directly determine the presence or absence
of OmC2. The applied LC-MS/MS strategy is based on enzymatic
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digestion of a complex protein mixture and MS/MS peptide
sequencing (sce the Experimental section). This analysis provided
~53% peptide coverage of the OmC2 sequence and a mass
accuracy of <5 p.p.m. (Supplementary Table S1), allowing us
to conclude that OmC2 is secreted in the saliva of O. moubata.

Preparation of recombinant 0OmC2

The complete ¢cDNA of OmC2 (GenBank® accession no.
AY547735) contains one open reading frame coding for 129
amino acids (including a 19-residue signal sequence), followed
by a 1071 bp 3-untranslated region. OmC?2 was prepared in insect
cells as a recombinant protein with an oligohistidine-tag added to
its C-terminus using the baculovirus expression system. Predicted
pl and molecular mass values of the protein including the tag
were 6.2 and 13115 Da respectively. The protein was purified
to homogeneity from the expression medium using a three-
step chromatographic procedure (see the Experimental section).
Purified OmC?2 migrated as a single band of 13 kDa on reducing
SDS/PAGE. The identity of the purified protein was confirmed by
LC-MS/MS analysis (peptide coverage 100 %).

Inhihitory specificity of OmC2

The purified recombinant OmC2 was screened in vitro for
its inhibitory activity against a panel of cysteine peptidases. The
inhibitory profile of OmC?2 is summarized in Table 1, where it is
compared with that of sialostatin L, a salivary cystatin from the
hard tick I. scapularis.

In a first step, we demonstrated that both cystatins interact
with peptidases of the CA but not the CD clan of the cysteine
peptidase class. This was tested with papain and legumain, which
are representative members of the CA and CD clan respectively
and archetypes in cystatin research (Table 1) [27]. The activity of
aspartic (cathepsin D) or serine (cathepsin G and trypsin) pepti-
dases was not affected by either tick cystatin (results not shown).

In a second step, a set of papain-type peptidases (family
Cl, clan CA) of mammalian origin was screened, including:
cathepsing L and S (endopeptidases), cathepsin B (a peptidyl
dipeptidase and endopeptidase), cathepsin C (dipeptidyl peptidase
I) and cathepsin H (an aminopeptidase). These enzymes were
selected to cover a wide range of endo- and exo-peptidase
cleavage specificities. OmC2 inhibited all of these peptidases,
with ICs, values ranging from approx. 0.15 to 8.9 nM. Inhibition
of endopeptidase cathepsins L and 8 by OmC2 was similar to that
of sialostatin L (subnanomolar ICs, values), whereas OmC2 was
a far more potent inhibitor than sialostatin L of the exopeptidases
cathepsins B, C and H (Table 1). Three hundred times more
sialostatin L than OmC2 was needed to inhibit cathepsin C based
on ICy, values of ~ 314 and ~ 1.07 nM respectively. Moreover,
even in high molar excess, sialostatin L did not block cathepsins
B and H, whereas nanomolar ICs, values characterized the
interaction of OmC2 with these peptidases.

Three-dimensional structure of 0mC2

The crystal structure of OmC2 was determined by molecular
replacement using the structure of sialostatin L2 as a search
model and refined using data to 2.45 A (1 A=0.1 nm) resolution
(Supplementary Table S2). The hexagonal crystal form contains
twomolecules in the asymmetric unit with arelatively high solvent
content of 65.4%. All protein residues could be modelled into
a well-defined electron density map (Supplementary Figure S1
at hitp://www.Biocheml .org/bj/429/bj4290103add.htm) with the
exception of the first two N-terminal residues (Thr' and Ser?).
Owing to its inherent disorder, the C-terminal oligohistidine
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Table 1 Inhibitory effect of OmC2 on the activity of cysteine peptidases

The inhibitory polency of OmC2 from the soft tick 0. moubata is compared with that of
sialostatin L (SialoL) from the hard tick /. scapufaris. The ICso values (means + S.E.M.) were
determined by the peptidase aclivity assays using specific fluorigenic substraies. The MEROPS
database classification (htip://merops.sangerac.uk) of the cysteine peptidases tested (clan)
and their specificity (activity mode) are given. NI, no significant inhibition at 10 M inhibitor
concentration

Enzyme specificity,
Enzyme classification ICzn of OmC2 (nM) ICs; of SialoL {nM)
Papain Endopeptidase, CA 0.164 1+ 0.003 0.548 4 0.037
Cathepsin L Endopeptidase, CA 0146+ 0.016 0178+ 0.005
Cathepsin § Endopeptidase. CA 0149+ 0.015 0.559 +0.026
Cathepsin G Dipeptidyl peptidase, CA 107+ 012 314+5
CathepsinH  Aminopepfidase, CA 1.21+0.01 NI
Cathepsin B Peplidyl dipeptidase/ 8.81+0.52 NI

endopeptidase, CA

Legumain Endopeplidase, CD' NI NI

tag (except for the proximal residue) is also lacking in the
crystallographic model. The final OmC2 model consists of two
molecules of OmC2, cach containing 108 protein residues. The
RMSD (root mean square deviation) for superposition of the main-
chain atoms of the two molecules is 0.62 A, a value within the
range observed for different crystal structures of identical proteins
[28]. Minor structural changes are localized in the loop regions,
which are exposed to solvent and/or involved in crystal contacts
(residues 68-72, 48-52 and 95-99).

Figure 1(a) shows the overall structure of OmC2. The molecule
adopts a typical cystatin fold similar to that of vertebrate
homologues, characterized by a five-stranded twisted antiparallel
fB-sheet, which wraps around an @-helix. OmC2 contains two
conserved disulfide bridges connecting Cys” with Cys™, and
Cys™ with Cys'® (Figure 2a). The sequence alignment together
with a structural comparison with known cystatin structures
clearly demonstrated that OmC2 belongs to family 2 of the
cystatin superfamily (Figure 2). The closest structural homologue
of OmC?2 is sialostatin L2 from the hard tick 1. scapularis. the
structure of which was recently determined (PDB code 3LH4; to
be released): the RMSD is 1.25 A (for 99 aligned Co atoms), and
the sequence identity is 37 %. A lower structural similarity was
found to family 2 cystatins from vertebrates, namely human cys-
tatin F (PDB code 2CH9; RMSD ~2.0 A), chicken egg-white
cystatin (PDB code 1YVB; RMSD ~ 2.6 A), and human cystatin
D (PDB code 1RN7: RMSD ~2.8 A). The sequence identity of
OmC?2 with representative members of this group is in the range
13-24 % (Figure 2a), with the highest values found for salivary
S-type cystatins (represented by human cystatin SN in Figure 2a).

Interaction of the family 2 cystatins with papain-type peplidases
is mediated by three regions, the N-terminal segment and two
hairpin loops L1 and L2 (Figure 2a), which form a tripartite
wedge-shaped edge that binds to the enzyme active-site cleft
[29] (Figure 1b). The first part of the binding site is formed by
the N-terminal segment extending to a totally conserved Gly’
residue (Figure 2a). The orientation of this region in OmC2
suggests conformational flexibility, as seen in vertebrate cystatins
(Figure 2b). Thus Gly® can function as a hinge that allows
the flexible N-terminal segment to adopt a conformation that
is optimal for target enzyme binding. The loop L1 of OmC2
(between B2 and 83) is quite similar in conformation to other
cystatin structures and contains the conserved sequence motif
Gln-Xaa-Val-Xaa-Gly (Figure 2a). The loop L2 (between 4 and
B5) is characterized in OmC2 and vertebrate cystatins by the
presence of conservative Pro-Trp residues: this motif is, however,

(@)

(b)

Figure 1  Crystal structure of OmC2

(a) Acartoon representation of the protein main chain coloured by secondary-structure elements
(ee1, cyan; 1-5, magenta). The N- and C-fermini and two disulfide bridges, Cys®—Cys™ and
Cys®-Cys'® (yellow sticks), are indicated. The hairpin loops L1 and L2 and the N-terminus
of cystatins are involved in the binding of papain-type peptidases. (h) Top view of the
salvent-accessible surface of the OmG2 molecule showing the binding site for papain-type
peplidases. Inthe left-hand image, the N-lermi d L1andL2 loops are coloured green, yellow
and orange, respectively. In the right-hand image, the surface is coloured by its electrostatic
potential displayed at a scale from — 2 kT {red) to 4 2 kT (blue).

lacking in sialostatins, where the L2 loop is shortened by a one-
residue deletion (Figure 2a). Furthermore, in contrast with the
other cystatins depicted in Figure 2(b), the N-terminal segment of
Sialostatin L2 is tightly packed against the 8-sheet and stabilized
there by a net of interactions.

Several members of the cystatin family 2 are able to inhibit
legumain, and the legumain-binding site was localized at critical
residue Asn®' [27]. This functional motif is absent from the OmC2
structure (Figure 2a), which is in line with the fact that OmC2 does
not suppress legumain activity (Table 1).

Effects of OmC2 on host immune cells
0mC2 decreases levels of TNFe and IL-12 produced by LPS- activated DCs

The influence of OmC2 on cytokine production of LPS-
activated DCs was tested. DCs are an important subset of
immunocompetent cells that typically initiate the development of
the innate and adaptive immune responses by producing cytokines
and presenting foreign antigen to T-cells. LPS (a component of
the outer membrane of Gram-negative bacteria) activates DCs
by binding to Toll-like receptor 4 of these cells. TNFu and
IL.-12 are pro-inflammatory cytokines produced by DCs upon
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Figure 2 Comparison of the structure of OmC2 with other family 2 cystatins

(a) Sequence alignment of OmC2 (from the soft tick 0. moubata) with sialostatins (SialoL and SialoL2 from the hard tick [ scapularis), chicken egg-white cystatin (CEW) and representative human
members of family 2 cystatins (cystatins SN, D, C, E/M and F). Aniinitial alignment was made using ClustalW and then adjusted using structural alignments where available, Residues identical with
those of OmG2 are shaded grey or black (fully conserved). The secandary-structure elements of OmC2 are deplicted as In Figure 1(a) (magenta for strands, cyan for helices); the LT and L2 loops
are labelled. The conserved disulfide bridges are indicated by the connecting horizantal black lines. Three conserved regions invalved in the interaction with papain-type peplidases are boxed in
green [32] and the putative legumain-binding site in four cystatins is highlighted in red [30]. The top line gives residue numbers for mature OmG2. Residue numbering an the right-hand side gives
mature protein sequences used for the alignment {the activation processing of cystatin F is included [30]). (b) Stereo image showing a superposition of Cer traces of OmC2 with four other cystatin
siructures. The tick salivary cystatins OmC2 and SialoL2 (PDB code 3LH4: 1o be released) are coloured magenia and orange respectively. Chicken egg-white cystatin (PDB code 1CEW) and human
cystatins F (2CH9) and D (1RN7) are shown in green, grey and cyan respectively. Positions of the binding sites for papain-type peptidases and legumains are indicated.

activation by LPS [31]. The levels of these cytokines in culture
supernatants were measured by capture ELISA. The presence of
OmC2 (10 pg/ml) suppressed (by 20 %) the production of TNFa
in the culture (F =0.043 by 1 test; d =2.9) after a 3 h incubation
(Figure 3a). Lower concentrations of OmC2 did not cause a
significant reduction of TNFw. A similar suppressive effect of
OmC2 was observed on the production of 1L-12 (Figure 3b). At
the highest concentration tested, OmC2 (30 pg/ml) was able to
partially inhibit (by 25 %) the production of this cytokine by LPS-
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activated DCs following a 48 h incubation period (P =0.051 by ¢
test; d = 2.8). OmC?2 had no suppressive effect on IL-6 production
by LPS-activated DCs (results not shown).

OmC?2 reduces DC-mediated proliferation of naive CD4* T-cells

The effect of OmC2 on the development of adaptive immunity
was assessed in this experiment. The antigen-dependent T-cell
proliferation induced by DCs presenting a specific antigen was



Structure—function analysis of a parasite cystatin 109

—_
()
=

250

200

150 -

100

TNF-« (pg/ml)

50 -

1 5
OmC2 (ug/mi)
+LPS

Control  Control

+LPS -

(b)

IL-12 (pg/ml)

]

Control

10 30
OmC2 (ug/ml)
+LPS

Control
+LPS -

Figure 3  Effect of OmC2 on (a) TNFa and (b) IL-12 production by LPS-
stimulated DCs

Enriched CD117 cells (10°/well) were pre-incubated with OmC2 for 2 h and subsequently
stimulated with LPS (50 ng/ml). Supernatants were collected 3 h and 48 h later for TNF« and
IL-12 quantification respectively. Results are shown as means + 5.0, * P < 0.05 compared
with the LPS-activated control group.

tested using CD4" T-lymphocytes from OT-II mice. The T-cell
receptor of these transgenic mice specifically recognizes the
OVA (ovalbumin peptide 323-339) presented by their DCs. DC
presentation of OVA in complex with the MHC II protein leads to
proliferation of the transgenic CD4" T-cells, which was measured
using a chromogenic substrale. Partial, statistically significant,
inhibition of CD4* T-cell proliferation (by 38 %) was observed in
culture wells containing OmC2 (30 pg/ml) at 72 h of incubation
(P=0.03 by t test; d=2.18). Lower concentrations of OmC2
did not cause a significant reduction in CD4" T-cell proliferation
(Figure 4).

0mC2 vaccination decreases tick feeding success

The effect of vaccinating mice with recombinant OmC2 on the
feeding success of O. moubata ticks was assessed. The first
nympal feeding stage of O. meubata and an inbred mouse strain
(C3H/HeN) were used. Feeding success on OmC2 immunized and
control mice was evaluated using three criteria: (i) the ability of
nymphs to engorge; (ii) the weight of engorged nymphs; and (iii)
the survival of engorged nymphs to the next developmental stage.
Six mice were immunized with OmC2 and six mice (the control
group) with ovalbumin. At 10 days after the last injection, sera

0.55
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0.45

CD4+ T cell proliferation (A,,,)

0.40-
1 10 30
OomcCz2 (ugiml) Control  Control
+0VA +OVA i

Figure 4 Effect of OmC2 on antigen specific CD4+ T-cell proliferation

Enriched CD11c+ cells {3 > 10%well) were pre-incubated with OmC2 (concentrations as
indicated) for 4 h, before adding CD4* T-cells (2 > 10°/well) from transgenic OT-l mice
together with OVA (10 zeg/ml). The culture was Incubated for 72 h and the cell proliferation was
assessed using a chromogenic assay (Aw). Results are shown as means +8.0; * P < 0.05
compared with the OVA-activated controls.

were collected and tested by ELISA for anti-OmC2 antibodies.
Anti-OmC2 reciprocal titres ranged from 1 x 10° to 512 x 10°
with an average of 203 x 10°. No anti-OmC2 antibodies could
be detected in the sera of the control mice. Subsequently, six
or seven O. moubata nymphs were allowed to feed on each of
these mice. The analysis of their ability to engorge showed that
62.5 % of ticks (25 out of 40 ticks) were able to feed on OmC2-
immunized mice compared with 78 % of ticks (32 out of 41 ticks)
fed on control mice (P = 0.149 by Fisher’s exact test). Similarly,
there was no significant difference in the weight of engorged
nymphs (the second criterion for feeding success) fed on OmC2-
immunized mice (1.7 + 0.5 mg) or control mice (1.8 +0.3 mg)
(P=10.55 by # test; d = 0.24). The last criterion for assessment of
feeding success was the survival of engorged nymphs to the next
developmental stage. All ticks fed on control animals were able
to moult to the second nymphal stage. In contrast, only 76 % of
ticks fed on OmC2-immunized animals survived and successtully
developed to the next stage. Thus the mortality rate in the group of
ticks fed on OmC2-immunized animals (24 %) was significantly
higher than in the control group (no mortality) ( =0.005 by
Fisher’s exact test). The results of the vaccination experiment
are summarized in Figure 5(a). Only 47.5% of the total ticks
initially allowed to feed on OmC2-immunized animals were
able to successlully reach the second nymphal stage, compared
with 78 % of the ticks feeding on control animals, illustrating a
significant decrease in the feeding success of OmC2-immunized
animals (P =0.006). Detailed statistical analysis of tick survival
showed that the ability of nymphs to survive and develop into the
next stage was negatively correlated with the anti-OmC2 titre
in the blood of the host mice (n=12, r,=—0.66, P=0.019
by Spearman rank correlation; d = 1.8). Ticks fed on the mouse
with the highest level of anti-OmC2 antibodies (titre 512 x 10%)
had the highest mortality (83.3 %); only one of six engorged ticks
was able to survive and transform into the next stage (16.7 %
success rate) (Figure 5b).

DISCUSSION

The present study characterizes OmC2 present in the saliva
of the soft tick O. moubata as a cystatin with an
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Figure 5  Effect of vaccination with OmC2 on tick feeding success

(@) Summary of the results of the vaccination experiment with OmC2. Mice and the first nymphal
stage of 0. maubala licks were used as a host—parasite infestation madel. The ability of ticks
to engorge and survive to the next developmental stage is shown as percentages. OmC2, group
of ticks fed on OmC2-immunized mice; OVA, group of ticks fed on control {OVA-immunized)
tmice. (b) Relationship between the survival of 0. moubata ticks and anti-OmC2 antibody titres
ininfested mice. Column height indicates the percentage of engorged nymphs that survived and
were able to develop from the first to the second nymphal stage (left-hand y-axis). The ratio
of surviving to fotal number of nymphs that engorged is given above the columns (grey bars,
0mC2; open bars, OVA). The anti-OmC2 reciprocal antibady titre ( x 1000, right-hand y-axis)
in each mouse is indicated by the numbers above the black squares.

unusually broad specificity. The high affinity for cysteine
cathepsins with endopeptidase and exopeptidasc activities clearly
distinguishes the soft-tick-derived OmC2 from the hard-tick-
derived sialostatins, which display weak or no inhibition of these
exopeptidases [12]. The highest overall similarity of OmC2, on
the level of tertiary (as well as primary) structure, is to sialostatin
L2. However, local structural differences occur at the N-terminus
and the L2 loop, segments that determine the cystatin’s affinity and
selectivity [32.33], and these are very probably the reason OmC2
targets both endo- and exo-peptidases sialostatins preferentially
target endopeptidases. Interestingly, the structures of the
N-terminus and the L2 loop in OmC2 resemble the corresponding
segments in vertebrate cystatins. In accordance with this, the broad
specificity of OmC2 is similar to that of some vertebrate cystatins,
e.g. human cystatin C (for a review, see |34]). We hypothesize
that the soft-tick-derived OmC2 mimics specific host-derived
cystatin(s) to interfere with its/their in vivo functions in controlling
cathepsin-mediated proteolysis.
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Mammalian papain-type cathepsins play an essential role
in a variety of immunological mechanisms. The biochemical
properties of OmC2 that we have investigated help us to suggest
aspects of the host’s immune system that the inhibitor may affect.

Cathepsins S and L are critically important for the processing of
antigens by antigen-presenting cells and for their presentation in
complex with MHC Il proteins, mechanisms that are required for
the development of an adaptive immune response. In addition,
these peptidases interact with the invariant chain of MHC II
and are responsible for its degradation [35]. We studied the ex
vivo effect of OmC2 on DCs, professional antigen-presenting
cells, as they are an important resident cell type in the skin,
where tick feeding takes place. The observed inhibition of antigen
presentation and suppression of TNFer and IL-12 production
agrees with the recent finding that sialostatin L suppresses DCs
through the inhibition of cathepsin S [13]. TNFw and IL-12
are imporlant messengers between immunocompelent cells, and
reducing their production may impair a normal host immune
response. Thus, by suppressing DC activation and antigen
presentation, OmC2 can suppress the recognition of salivary
antigens secreted into the host by Q. moubata ticks. Manipulating
the adaptive immunity may greatly facilitate repeated feeding by
ticks and their offspring on the same host.

OmC2 was also a potent inhibitor of cathepsins B and H, which
are lysosomal exopeptidases involved in intracellular protein
degradation. They contribute to the variable peptide length of
MHC-II-bound peptides by trimming their N- and C-termini
[36]. Thus, by blocking these cathepsins, OmC2 may further
suppress the recognition of tick saliva antigens. OmC2 also
strongly inhibits cathepsin C (dipeptidyl peptidase I) which is
a key component of innate immunity, activating serine proteases
expressed by mature neutrophils [37]. Neutrophils are a major
population of immunocompetent cells in blood that are part of the
first line of defence in cellular immunity. By inhibiting cathepsin
C, OmC2 may combat an immediate neutrophil-driven reaction
against feeding ticks. It should be mentioned that cathepsin C
is also involved in the activation of granzymes of cytotoxic
T-lymphocytes and natural killer cells [38]. These immune
mechanisms take some time to develop and soft ticks feed for
a short period only. However, they may be relevant when ticks
feed on a host whose immune system has been primed by the
feeding of other ticks.

The vaccination experiments indicated a role of OmC2 in
blood feeding, as the presence of anti-OmC2 antibodies in the
blood of immunized animals reduced the tick feeding success.
Interestingly, the weight of O. moubata nymphs was not lower
when they were fed on immunized animals rather than on control
animals. Immunization of guinea-pigs with sialostatin L2, on the
other hand, not only promoted rejection of L. scapularis nymphs,
but also led to a reduction in their weight [14]. This difference
could be explained by a different uptake of, and exposure to, host
antibodies, reflecting the specific feeding patterns of soft and hard
ticks.

The principal result of our vaccination study was the finding
that O. moubata nymphs feeding on the OmC2-immunized host
showed significantly increased post-engorgement mortality that
was linked to the amount of specific anti-OmC?2 antibodies in the
host serum. We previously reported that OmC2 is expressed not
only in the salivary glands, but also in the gut of the ticks, where it
is secreted into the lumen [15]. Ingested blood is stored in the tick
gut lumen, whereas digestion takes place in the gut epithelium
[39]. We speculated that OmC2 can protect the stored blood
meal against undesired proteolysis by endogenous peptidases
that are released upon lysis of digestive cells [15]. However,
exogenous peptidases may also be present in the ingested blood
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(including cathepsins derived from immunocompetent cells) and
could be targeted by OmC2. Anti-OmC2 antibedies in the blood
of sensitized hosts may block the physiological function of OmC2
in the tick gut, thereby contributing to the observed mortality of
engorged €. moubata nymphs.

Since OmC2 occurs both in the saliva and the gut of the tick,
a vaccine based on this protein may have dual activity, and may
therefore be more efficient. Specific anti-OmC2 antibodies could
neutralize OmC2 that is secreted into the host (interfering with its
immunomodulatory function) as well as OmC2 that is expressed
in the gut (interfering with a putative role in the regulation of
digestion). A “dual vaccine’, which recognizes both exposed and
concealed antigens, has been developed on the basis of a tick
cement protein. This vaccine reportedly protects the host against
the transmission of tick-borne encephalitis virus from the hard
tick Ixodes ricinus [40].

In summary, the present study provides a comprehensive
structure—function analysis of the salivary cystatin OmC2 from the
soft tick O. moubata. This cystatin differs in its inhibitory profile
and in its three-dimensional structure from the other salivary
cystatins described in ticks. We demonstrate that OmC2 acts upon
immunocompetent cells, and that it has potential as an anti-tick
vaccine that could be used to control O. moubata populations and
combal the spread of associated discases.
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Table 82 Crystallographic (a) dataset and (b) refinement statistics

The data in parentheses refer fo the highest-resolution shell. Rygge = Ty ihi(kl) —
(K Z g X1 fi(hkl), where the fi(hkl) is an individual intensity of the ith observation of
reflection hkl and (/(hkl} ) is the average intensity of reflection bkl with summation over all data.
R value = [|Fs| — | Fe||Fo|. where Fy and F. are the observed and calculated structure factors
respectively. Ry is equivalent to the R value but is calculated for 5% of the reflections chosen
at random and omitted from the refinement process [1].

Parameler Value
(a) Data collection statistics
Space group P3;21

Cell parameters (A)

69.8,69.8,133.9
90.0, 90,0, 120.0

Number of molecules in AU 2

Wavelength (&) 0953

Resalution (A) 50-2.45 (2.54-2.45)
Number of unigue reflections 14369 (1285)
Redundancy 56(3.8)
Completeness (%) 98.8 (90.0)

Rinerge 5.7 (33.4)

Average Ifer (1) 27.3(2.43)

Wilsan B (A7) 534

(b) Refinement stafistics

Resalution range (A)

33.7-2.45 (2.51-2.45)

No. of reflections in working set 13588 (899)
Figure S1 Repr 2F,—F, density map at1.5¢ No. of reflections in fest set 744 (39)
for residues 90-97 belonging to the L2 loop i value (%) 18.7(26.2)
Rz value (%) . 22.3(422)
RMSD bond length (4) 0.012
RMSD angle (%) 1.256
. i . e Number of atoms in AU 1865
Z:glles?; Peptides derived from the native OmC2 identified by LC-MS/MS Number of protein atoms in AU 1735
¥ Number of water molecules in AU 12
A difference between experimental and theoretical mass: r, ion charge. WMean B value protein/solvent (A%) 37.8/86.8
Ramachandran plot statistics*
e Residues in favoured regions (%) 90.6
MAIHT™ e (D A (pp.m. Peptid d
I . (02) 1 (npm) eplde {amino acid sequence) Residues in allowed regions (%) 9.4
775.87960 7 g9 IGEVQYSAEQCYPK ¢As determined by PROCHECK [2].
72668804 3 -16 IGEVQYSAEQCYPKDAQQK
62498569 3 -33 STCVAVIYHVPWQNQK
623.83921 2 —0.1 LTIEISPSVCK
598.63208 3 —04 FLELAHFATSSQTEGR

' Correspondence may be addressed to either of these authors (email george@paru.cas.cz or mares@uochb.cas.cz)

The structural co-ordinates reported for salivary cystatin from Ornithadoros moubata will appear in the Protein Data Bank under accessicn code 3L0R.
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5.2. Publikace €. 2: A tick salivary protein targets cathepsin G and
chymase and inhibits host inflammation and platelet aggregation

KIisté obecné (Ixodes ricinus) je jednim z nejrozsifenéjSich druhi klistéte ve
sttedni Evrop€. Je znamé jako hlavni vektor dvou vyznamnych onemocnéni pienasenych
na Clovéka - Lymské borelidzy a klistové encefalitidy. Sliny krev sajicich paraziti
ptichéazeji jako prvni do kontaktu s hostitelem a bioaktivni latky v nich obsazené interakci
parazit-hostitel umoziuji. V soucasné¢ dob¢ je proto vénovéana znacna pozornost jejich
mapovani a komplexni analyze u medicinaln€ vyznamného druhu /. ricinus.

Tato prace je zaméfena na novou proteinovou molekulu ze slin 7. ricinus, ktera
patii do serpinové rodiny proteasovych inhibitort a byla nazvana /. ricinus serpin 2 (IRS-
2). Sekvence IRS-2 byla urena zcDNA knihovny pfipravené ze slinnych Zlaz
izolovanych z polonasatych samic /. ricinus. Dynamika exprese IRS-2 byla analyzovéana
pomoci metody qPCR a prokazala zvyseni hladin exprese mRNA v pribéhu sani na
36nasobek u sajicich klistat oproti nenasatym klistatim, coz nasvéd¢uje tloze tohoto
proteinu v pribchu interakce s hostitelem. Tato funkce byla dale studovdna pomoci
biologickych testu.

Na myS$im modelu byl analyzovan proces akutniho zanétu, ktery byl zvolen na
zaklad¢ znalosti o protizadnétlivych ucincich slin klistat. Test je zaloZen na vstiiknuti
polysacharidu karagenanu, coZ indukuje akutni zanét v tkani, pfi kterém dochazi k tvorbé
otoku a influxu neutrofilti. V experimentu provedeném v ptitomnosti IRS-2 dochézelo
k vyraznému sniZeni otoku az na troven kontroly. Podobné byl také siln€ redukovan
priliv neutrofili monitorovany métfenim jejich myeloperoxidasové aktivity.

V dal8im kroku se detailné studovala inhibi¢ni specifita IRS-2 vii¢i 14 zastupciim
fyziologicky relevantnich serinovych proteas a dvéma prototypovym serinovym
proteasam - chymotrypsinu a trypsinu. IRS-2 nejlépe inhiboval trypsin a trombin
z proteas trypsinového typu a také chymotrypsin, katepsin G a chymasu zirnych bun¢k
z proteas chymotrypsinového typu. Pro senzitivni fyziologicky relevantni proteasy byly
navrzeny podrobné testy. V piipad€ chymasy se pracovalo s my$im homologem mMCP-
4, ktery je hlavni proteasou mysSich zirnych bun€k pojivové tkané. IRS-2 inhiboval
mMCP-4 v testech in vitro 1 ex vivo. V testu se sledoval vliv IRS-2 na agregaci krevnich
desticek. Agregace jakozto fyziologicka odpovéd na poranéni, je pro klisté¢ nezadouct,
protoze brani sani krve a mize zplsobit uvéznéni klistéte v hojici se rané. V piitomnosti

IRS-2 doslo ke kompletni inhibici agregace indukované katepsinem G pies receptor
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PAR4 a pii vyssi koncentraci IRS-2 byl inhibovan proces agregace indukované
trombinem pies receptor PARI.

Soucasti projektu byla krystalograficka analyza IRS-2. Byly urCeny krystaliza¢ni
podminky a vyfeSena prostorova struktura srozlifenim 1,8 A pomoci metody
molekularniho nahrazeni. IRS-2 mé typickou architekturu serpinii tvofenou tfemi -
skladanymi listy a deviti a-Sroubovicemi. IRS-2 byl vykrystalizovan v tzv. relaxovaném
R-stavu, kdy je smycka reaktivniho centra proteolyticky St€pena (viz navazujici publikace
¢. 3 prezentovana v této disertacni praci) a vlozena do B-sklddaného listu. Tato zména
konformace byla dfive popsana jako kliCova soucast ,,sebevrazedného inhibi¢niho
mechanismu serpind pii ataku proteasou. Stdpend vazba je za zbytkem Tyr341, ktery
odpovidd pozici P1 podmista substratu pro proteasy. Pfitomnost této aromatické
aminokyseliny v pozici P1 reaktivniho centra je specifickym rysem IRS-2. VétSina
serpint v genomu klistéte Ixodes scapularis (nejblizsiho ptibuzného 1. ricinus) ma v této
pozici arginin, coz odpovida typickému §tépenému mistu pro proteasy trypsinového typu.
Naopak ptitomnost experimentalné oveéfeného tyrosinu v poloze P1 €ini IRS-2 vhodny
k inhibici chymotrypsinovych proteas jako je chymasa a katepsin G. Dokonce lze
z dostupnych publikovanych dat usuzovat, ze IRS-2 je jediny slinny serpin z /. ricinus
schopny inhibovat jak chymasu, tak katepsin G. Obé¢ proteasy jsou zapojené do vzniku
akutniho zanétu - katepsin G sekretuji po aktivaci neutrofily a chymasu Zirné buiiky. Maji
v tomto procesu fadu uloh, mezi které patii na molekularni Grovni také napft. proteolyticka
aktivace chemokinl a zpracovani dalSich substratil, jako jsou velké endoteliny. Ty jsou
prekurzory nékolika vazokonstriktorii a souc¢asné i chemoatraktanty pro neutrofily a
monocyty. Reaktivni centrum IRS-2 se vyznamné podobd chymasovému $tépenému
mistu v endotelinech: pozice P3 az P3' v IRS-2 obsahuje sekvenci VPY*SLG (* oznacuje
Stépenou vazbu) homologickou se sekvenci VPY*GLG v endotelinu. IRS-2 tak
pfedstavuje prvni parazitarni protein, ktery mimikuje hostitelské endogenni substraty za
ucelem inhibice cilovych hostitelskych proteas. Zaroven se svou strukturou IRS-2 takeé
podobé a-1-antichymotrypsinu, ktery je pfirozenym serpinovym regulatorem katepsinu
G a chymasy u savcl. Druhou strukturné homologickou molekulou je sav¢i serpin
antitrombin, ktery je dilezitym inhibitorem koagula¢ni proteolytické kaskady. Na
strukturni a funkéni trovni je tedy IRS-2 blizky hostitelskym proteasovym inhibitorim,
coz umoziuje cileny zasah do proteolytické rovnovahy mezi proteasami hostitele a jejich
endogennimi inhibitory s cilem modulovat procesy koagulace a zanétu ve prospéch

parazita.
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IRS-2 jako funkéné€ vyznamny slinny protein pfedstavuje kandidatni molekulu pro
vyvoj protiklistéci vakciny proti 1. ricinus, kterd by snizovala riziko pfenosu zejména
Lymské boreliézy. Dale mohou byt poznatky o biochemickych vlastnostech IRS-2
vyuzity pii navrhovani novych protizanétlivych a antitrombotickych 1é¢iv. K tomuto
ucelu ma znaény vyznam vyteSend 3D struktura IRS-2 umoziujici raciondlni odvozeni

derivatl s optimalizovanymi funkénimu vlastnostmi.

Mij podil na praci spocival v: 1) nalezeni a optimalizaci krystalizaénich podminek
IRS2 a prispévku k nasledné rentgenostrukturni analyze, 2) interpretaci ziskané¢ 3D
struktury IRS2 s vyuzitim molekularni grafiky a korelace vztahi mezi strukturou a

aktivitou.
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A tick salivary protein targets cathepsin G and chymase and inhibits host
inflammation and platelet aggregation
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Platelet aggregation and acute inflamma-
tionare key pr in vertebrate def
to a skin injury. Recent studi i

neutrophils in the inflamed tissue. We named
this tick salivary gland secreted effector as

the mediation of 2 serine prot cathep-

I'rigint pin-2 (IRS-2), and we show that it

sin G and chymase, in both mechanisms.
Working with amouse model of acute inflam-
mation, we revealed that an exogenous sali-

I ily inhibits cathepsin G and chymase,
while in higher molar excess, itaffects throm-
bin activity as well. The inhibitory specificity
was explained using the crystal structure,

induced platelet aggregation. For the first
time, an ectoparasite protein is shown to
exhibit such pharmacological effects and
target specificity. The stringent specificity
and biological activities of IRS-2 combined
with the knowledge of its structure can be
the basis for the development of future

vary protein of [xodes ricinus, the vector of
Lyme disease pathogens in Europe, exten-
sively inhibits edema formation and influx of

determined at a resolution of 1.8 A. More- ph
over, we disclosed the ability of IRS-2 to
inhibit cathepsin G-i i

ttical appli . (Blood. 2011;
117(2):736-744)
i e

P

Introduction

The first response of a vertebrate organism to a skin injury involves
blood coagulation, vasoconstriction, platelet aggregation, and
innate immune mechanisms, such as inflammation and comple-
ment activation, that have an important antibacterial role. Upon a
tick bite, these mechanisms are activated as a first line of defense
and are dependent, among others, on serine protease cascades (in
blood coagulation and complement activation) or on the proteolytic
activation of bioactive peptides, such as chemokines, vasoconstric-
tors, or protease-activated receptors (PARs). Previous studies
demonstrated that these serine protease—dependent processes are
regulated by endogenous inhibitors. To prevent pathophysiological
conditions, proteases and inhibitors must be in balance: in the case
of an exogenous inhibitor (eg. of parasitic origin) infiltrating the
system, this balance will be impaired.

This phenomenon is also observed in the saliva of hematopha-
gous arthropod ectoparasites, including ticks.! The saliva of ixodid
ticks plays a crucial role at the tick-host interface not only because
it contains numerous proteins that affect many host nonspecific
defensive mechanisms, such as inflammation, blood coagulation,
and platelet aggregation, but also because it can target acquired
immunity.2 Activation of these host physiological mechanisms
immediately after a tick bite would be detrimental for tick feeding
success, and therefore it is vital for the tick to overcome them.
Investigation of the underlying mechanism, although time consum-
ing, revealed salivary constituents with pharmacologic activities
targeting vertebrate host defense, including molecules with anti-
inflammatory potential.*# This process was accelerated by recent

transcript-sequencing projects on tick salivary glands (ie, sialotrans-
criptomics), where numerous salivary protein candidates were
identified that may account for the pharmacologic properties of tick
saliva.s-7

Of interest. a number of genes encoding for potential serine
protease inhibitors were identified in Ixodes spp salivary glands,
including serpins, the largest, most diverse family of protease
inhibitors. The mode of action of serpins is unique and depends on
their folding and the primary structure of specific conserved
domains. The literature dealing with the structural and functional
properties of serpins and the evolution of this protein family is
reviewed elsewhere.® More than 60 serpins were identified at the
sequence level in ixodid ticks, largely due to the completed
I scapularis genome'®'; however, only 1 tick serpin originating
from I ricinus, the vector of Lyme disease pathogens in Europe, has
been functionally characterized.' The serpin was named I ricinus
immunosuppressant (IRIS), and it targets the serine protease,
elastase. Despite not bearing a classical secretion signal, it can
affect vertebrate hemostasis apart from vertebrate immunity.!
Recently, Prevot and colleagues showed the involvement of an
exosite domain in the anti-inflammatory activity of IRIS. Surpris-
ingly. unlike its antihemostatic activity. the anti-inflammatory
properties of IRIS are independent of its inhibitory nature.'® Thus,
the inhibitory function of IRIS was not directly shown to be
responsible for its observed immunomodulatory properties, so the
answer—whether salivary serpins can mimic the function of
vertebrate regulators and thus immunomodulate the host—
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remained undisclosed. The same is true for the structural basis of
IRIS function. Apart from [RIS. no other serpin from 7 ricinis has
been described to date.

Here, we present the functional characterization of a novel
inhibitory serpin from the saliva of the tick. [ ricinus, that we
named [ ricinus serpin-2 (IRS-2). It bears a clear secretion signal
and inhibits edema formation and neutrophil influx in the inflamed
tissues in a mouse model of acute inflammation. The protein targets
primarily 2 proinflammatory serine proteases, cathepsin G and
mast cell chymase. and, in higher molar excess, thrombin. Because
of its inhibitory activity, IRS-2 blocks cathepsin G— and thrombin-
induced platelet aggregation, thus playing a dual role during tick
feeding, as it can interfere with both inflammation and wound
healing. We also determined a high-resolution crystal structure of
IRS-2 that provides structural insight into the observed inhibitory
specificity. This is the first report of the crystal structure of a serpin
isolated from a parasitic organism. Moreover, such a mechanism in
which the parasite uses inhibition of cathepsin G and chymase to
overcome the host defense system, has not been shown for any
blood-feeding arthropod salivary constituent to date.

NOVEL PHARMACOLOGICALACTIONOFATICK PROTEIN 737

modified Eagle medium with GlutaMAX (Gibco), 10% of conditioned
media from Chinese hamster ovary cells transfected with mouse stem cell
factor (a gift from Dr Marc Daeron), 10% fetal calf serum, 1% penicillin-
streptomycin (Invitrogen), 1% minimum essential medium with nonessen-
tial amino acids (Gibeo), and S50pM mercaptoethanol. Nonadherent cells
(mainly peritoneal cell-derived mast cells [PCMCs]) were collected and
resuspended in fresh medium to a concentration 10° cells'mL every third
day. After 6 weeks of cultivation, the enriched PCMCs were used for
experiments.

Preparation of washed human platelets and platelet
aggregation assays

Platelet-rich plasma was obtained by plateletpheresis from medication-free,
adult, healthy platelet donors at the Department of Transfusion Medicine/
NIH blood bank under the direction of Dr S. Leitmann as described
elsewhere.'® Briefly, after the addition of 0.2 U/mL apyrase, platelet-rich
plasma was centrifuged at 1100 X g for 15 minutes and washed twice by
centrifugation in Tyrode buffer (137mM NaCl, 27mM KCl. 12mM
NaHCO,, 0.42mM NaH,PO,, ImM MgCl,, 5.55mM glucose, 0.25%
bovine serum albumin; pH 7.4). Platelets were resuspended in apyrase-free
Tyrode buffer and adjusted to a concentration of 200 000-400 000 platelets/
L. Washed human platelets (300 pL) were placed in a Chrono-Log

Methods

Unless otherwise indicated, standard procedures were followed,'” and
experiments were performed at room temperature (25 = 1°C). All water
used was of 18-M() quality produced by a MilliQ apparatus (Millipore). If
not otherwise stated, all reagents were purchased from Sigma-Aldrich, and
all cells were cultured at 37°C under an atmosphere of 5% CO,. The
procedures of gene cloning, sequence analysis, real-time polymerase chain
reaction (PCR), protein expression, and biochemical methods are detailed
in supplemental Methods (available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).

Paw edema assay

Female C57BL/6 mice (6-8 weeks old) were used. The mice were
purchased from The Jackson Laboratory and maintained in the National
Institute of Allergy and Infectious Diseases (NTATD) Animal Care Facility
under pathogen-free conditions in temperature-controlled rooms, receiving
water and food ad libimm. All treatments were performed in accordance
with the National Institutes of Health [NIH]'s Guide for the Care and Use of
Laboratory Animals , and the animal study protocols were approved by the
Division of Intramural Research/NIAID Animal Care and Use Committee.
The carrageenan-induced hind-paw inflammation model was used to
investigate the potential anti-inflammatory role of IRS-2. Before each
injection, the basal footpad thickness of each mouse was recorded using a
caliper (Mitutoyo America Corp). Subsequently, 40 L of carrageenan (2%
in saline) was administered by intraplantar injection in each footpad in the
absence or presence of different concentrations of lipopolysaccharide-free
IRS-2. As a control, each group of mice received the same volume of saline
(vehicle) in the presence of IRS-2 only. The same experimental design and
concentrations were used for chymostatin, a generic protease inhibitor, and
indomethacin, a nonsteroid anti-inflammatory compound. Each effector
was coadministered with carrageenan in the mouse footpad. As an index of
edema formation, paw thickness (in millimeters) was measured at 4 and
24 hours after injection, and myeloperoxidase (MPO) activity was mea-
sured to estimate the potential effect of IRS-2 on neutrophil migration. For
details, please see supplemental Methods.

Isolation and cultivation of PCMCs

Animal experiments were performed in accordance with protocols ap-
proved by the local ethical committee. Peritoneal cells were obtained from
6-8-week-old C57BL/6 mice by lavage of the peritoneal cavity with
ice-cold phosphate-buffered saline (PBS), washed in fresh PBS, and
resuspended in growth medium. The growth medium was Dulbecco

Lumi-aggreg (Chrono-Log Corp) and stirred at 1200 rpm at 37°C for
1 minute, followed by the addition of reagents, as indicated in the figure
legends. In all experiments, 1.5p.M IRS-2 was preincubated for 15 minutes
with the various effectors tested, and the mixture was added to platelets.

Crystallization and data collection

Details of the crystallization procedure and diffraction data collection are
reported elsewhere.'” Crystals of IRS-2 were prepared at 20°C using the
hanging-drop, vapor-diffusion technique. The crystallization drop consisted
of 2L of the IRS-2 solution (3.5 mg/mL in 20mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid]; pH 7.2) and 1 pLof the
reservoir solution (75mM MES [2-(N-morpholino)ethanesulfonic acid], pH
6.5, 9% [wt/vol] polyethylene glycol 20 000). For data collection, crystals
were soaked in reservoir solution supplemented with 20% (vol/vol)
polyethylene glycol 400 and flash-cooled in liquid nitrogen. Diffraction
data were collected at 100 K using the X12 EMBL beamline (DESY) and
processed using the HKL-2000 suite of programs.2” Crystals exhibited the
symmetry of space group P4; and contained 2 molecules in the asymmetric
unit. Crystal parameters and data collection statistics are given in
supplemental Table 1.

Structure determination

The structure of IRS-2 was solved by molecular replacement using the
MoLrep 9.2 program.”! The search model was derived from the structure of
the equine leukocyte elastase inhibitor in R-state conformation (Protein
Data Bank [PDB] code 1HLE).?? Model refinement was carried out using
the program REFMAC 5.3 from the CCP4 package. Manual building
was done using Coot.?* Tight noncrystallographic symmetry restraints were
applied during initial refinement; in later stages, the restraints were
loosened as guided by the behavior of Rp... The final steps included
translation, libration, and screw refinement.?® The quality of the final
models was validated with MoLProbity server.”” Final refinement statistics
are given in supplemental Table 1. Figures showing structural representa-
tions were prepared with the program PyMOL 0.99 (DeLano Scientific).”
The DALI server was used to search for structural homologs.” Ramachan-
dran plot statistics were determined by PROCHECK.*

Results
Cloning of serpins from [ ricinus

The sequences of numerous serine protease inhibitors from the
serpin superfamily have been identified from various ixodid tick
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Figure 1. Alignment of the 4 full-length I ricinus serpin clones with thelr orthologs from I scapularls obtalned from the completed I scapularls genome. All serpins.
are compared with IRIS, the only functionally characterized tick serpin so far. Unlike IRIS, IRS-2 has aclear signal peptide (residues 1-21). The secondary structure elements.
are Indicated according to the IRS-2 crystal structure: o-helixes (cylinders), B-strands (arows); the hatched amow represents the region that undergoes a conformational
change from a loop fo a B-sirand after proteolyiic cleavage of RCL. SP, signal peptide; hinge, hinge region, animportant determinant of serpin inhibitory potential; RCL, reactive
cenier loop; P1 (rectangle), predicted residue behind which the target protease cleaves the RCL.

species, and it is also known that the family is represented in
I ricinus salivary glands."* However, the knowledge of I ricinus
salivary serpins, and the function of tick serpins in general. is
limited to IRIS, a serpin that does not follow a classical secretion
pathway from the salivary glands. Therefore, with the aim to
identify classically secreted / ricinus serpins (ie, those containing a
clear signal peptide), we designed degenerate primers based on the
2 most conserved domains (NAIYFKG and PFLFFI) found in the
alignment of 10 arthropod serpins, for which sequence data were
available at that time. The obtained PCR-amplified fragment was
radioactively labeled and used for the screening of a cDNA library
prepared from salivary glands isolated from adult female ticks after
5 days of attachment to the host to find as many serpin clones as
possible. Four different full-length serpin cDNA clones that
contained signal peptide, namely, IRS-1, -2, -4, and -8 (National
Center for Biotechnology Information accession numbers
DQO915842, DQY15843, DQY15844, and DQY15845), were identi-
fied. Orthologs for all 4 genes can be found in the genome of
I scapularis (http://iscapularis.vectorbase.org/index.php). the vec-
tor of Lyme disease pathogens in the Eastern and Central parts of
the United States. Amino-acid identity between the corresponding
serpin orthologs varies from 94.9% for IRS-4 to 98.8% for IRS-8.
The alignment in Figure 1 compares the 4 discovered serpins with
the homologous proteins from [ scapularis and with [RIS.'* All
proteins, including [RIS. display putative inhibitory features in the

serpin hinge region, and all proteins except IRIS bear a clear signal
peptide, suggesting a classical secretory mechanism from the
salivary glands. Based on their amino acid (aa) sequence and on the
preliminary prediction of the Pl position of each serpin, we
proceeded with further analysis of IRS-2. More specifically, the
predicted P2-P2 sequence of the IRS-2-reactive center loop is
Pro-Tyr-Ser-Leu with the tyrosine at the P1 position, suggesting
antichymotrypsin, rather than antitrypsin, specificity. Mature IRS-2
is a 376-aa protein, weakly acidic with pl 5.53; the predicted molecular
weight was 41.9 kDa. The unprocessed protein contains a 21-aa
predicted signal peptide, according to the SignalP 3.0 server program.

IRS-2 expression is up-regulated after tick attachment

Next. we determined the expression profile of IRS-2 in different
tick tissues throughout the feeding period of adult ticks using
quantitative real-time PCR (Figure 2). IRS-2 displayed 36 times
higher mRNA expression in tick salivary glands at day 6 after tick
attachment to the host, compared with salivary glands derived from
unfed ticks. Already, at day 2 after attachment, the expression was
9-fold higher than in unfed ticks. suggesting a role in the tick
salivary glands, even in the early stage of tick feeding. The increase
of IRS-2 gene expression was also notable in tick ovaries, with a
4-fold increase at day 6 after attachment. Finally, IRS-2 transcript
abundance fluctuated in the tick midgut as feeding progressed.
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Figure 2. Expression of IRS-2 Is up-regulated after tick attachment to the host.
IRS-2 transcripts accumulate rapidly in salivary glands after the attachment of an
adult / ricinus female, less rapidly in its ovaries, and they remain almost unchanged in
its midgut Each bar in the graph represenis the ratio between IRS-2 transcript
abundance in a cerfain tick tissue and a given tick feeding stage, compared with the
corresponding tissue from unfed ticks (I, the black bar in the salivary glands part of
the graph shows that the transcript abundance of IRS-2 mRNA s 20 higher in the
salivary glands of fully fed adult female ticks than in the salivary glands of unfed
females). The scale inthe y-axis Is logarithmic.
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IRS-2 inhibits acute inflammation

Induction of IRS-2 transcription in the salivary glands upon blood
feeding and the known anti-inflammatory properties of tick saliva
led us to investigate whether IRS-2 could contribute to the
immunomodulatory activity of tick saliva. For this purpose, we
produced recombinant IRS-2 in a bacterial expression system and
proceeded with lipopolysaccharide decontamination. Subse-
quently, we assessed its effect in a mouse model of acute
inflammation. It is well described that when carrageenan is
inoculated in the mouse footpad, it induces an acute inflammatory
response characterized by edema formation in the paw accompa-
nied by neutrophil influx.3! To investigate whether IRS-2 could
modulate carrageenan-induced inflammation, carrageenan was
administered in the mouse footpads in the presence or absence of
IRS-2. When carrageenan was injected in the presence of IRS-2, a
dose-dependent inhibition of edema formation was observed
(Figure 3 A). More specifically, in the presence of 1 mg/kg of
IRS-2, the thickness of the mouse paw was similar to that of
negative controls; that is, PBS-injected mice (data not shown) or
mice injected with IRS-2 only (Figure 3A). The decrease in edema
formation reached 67.2% (P < .001) at 4 hours after injection,
compared with positive control (carrageenan-injected footpads).
This was not 100% because there was a background increase in
paw thickness even when injecting vehicle alone, since the
inoculum (40 pL of liquid) could not be completely absorbed by
the footpad within 4 hours. The inhibition observed after 4 hours of
carrageenan injection with IRS-2 at the concentration 0.3 mg/kg
was 23.4%. compared with positive control, and it was not
statistically significant (Figure 3A). At 24 hours after injection,
there were no differences in edema formation in any of the
experimental groups of mice. Next, we analyzed carrageenan-
induced recruitment of neutrophils in the footpads by measuring
tissue MPO activity. The experimental design was the same as in
the paw edema experiment. MPO activity in the tissue was
evaluated at 4 hours after injection. the time point at which edema
peaks. Statistically significant inhibition (£ < .05) of MPO activity
(34.3%) was observed even when 0.3 mg/kg of IRS-2 was coadmin-
istered with carrageenan. Inhibition reached 71.6% when | mg/kg
of IRS-2 was coadministered with carrageenan (P << .001; Figure
3B). Finally., we normalized the detected MPO activity for the
number of neutrophils per milligram of inflamed tissue. and we
further evaluated the effect of chymostatin (a generic inhibitor of
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Figure 3. IRS-2 Inhiblits carrag Induced acute Ir 1. Mice recelved
carrageenan injections intraplaniary in either the absence or presence of 0.3 or
1 mg/kg IRS-2. (A) Edema formation was evaluated at 4 and 24 hours after injection
(abscissa) as the increase in paw thickness (in millimeters). (B) Neutrophil recruit-
ment in inflamed foctpads was evaluaied by measuring tissue myeloperoxidase
activity, expressed as units of activity/g of tissue (ordinate). Bar 1 (numbering left to
right), activity detected when only carrageenan was administered to mice; bars 2 and
3, effect of coadministration of carrageenan with 0.3 and 1 mg of IRS-2 per 1 kg of
body weight, respectively. Bar 4, IRS-2 injected without carrageenan. (C) Mice
received injections of saline (-), carrageenan, carrageenan plus IRS-2 (1 mg/kg),
indomethacin (0.3 and 1 mg/kg) or chymostatin (0.3 and 1 mg/kg). At 4 hours after
injection, the hind paws were collected for MPO analysis and the amount of
neutrophils per milligram of tissue was estimated by comparison with purified
neutrophils. Asterisks represent statistically significant differences in MPC activity
("P< 05 **P <2 01; and ***P < .001), compared with groups injected with carra-
geenan only (1-way analysis of variance followed by Tukey post-hoc test; n:4 in each
group).

primarily chymotrypsin-like serine proteases) and indomethacin (a
nonsteroidal anti-inflammatory compound) on MPO activity/
neutrophil migration. Both effectors displayed similar inhibitory
effect with IRS-2 on neutrophil migration (Figure 3C).

IRS-2 specifically targets cathepsin G and chymase

Given the observed anti-inflammatory effect of IRS-2, we pro-
ceeded to a more detailed analysis of the IRS-2 mechanism of
action. Considering that serpins are potential inhibitors of serine
proteases that play a role in inflammation, and that the bioinfor-
matic analysis of [RS-2 reactive center loop (RCL) suggests an
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Flgure 4. Inhibitory specificity of IRS-2. IRS-2 (400nM) was tested against 16
different serine proieases in ftriplicaies. The enzyme concentrafion is staied in
supplemental Table 2. Bars represent the mean remaining enzymatic activity in the
presence of IRS-2, while error bars represent the SEM. Enzymes with an asterisk
were inhibited with a statistical significance (ftest: P< .05).

inhibitory specificity against chymotrypsin-like, rather than trypsin-
like, serine proteases, we tested the protein for inhibitory activity
against a panel of pure recombinant human serine proteases.
Recombinant IRS-2 was tested against an array of 14 different
physiologically relevant serine proteases, in addition to a-chymo-
trypsin and trypsin, the 2 archetypes for chymotrypsin- and
trypsin-like serine proteases. As shown in Figure 4, IRS-2 inhibited
2 trypsin-like (trypsin and thrombin) and 3 chymotrypsin-like
(a-chymotrypsin, cathepsin G, and mast cell chymase) proteases
significantly (P < .05), with higher activity against the latter group.
IRS-2 did not inhibit a series of serine proteases related with the
coagulation or inflammation, such as plasmin, factor Xa, factor
Xla. or elastase and proteinase 3. suggesting a stringent specificity
(Figure 4). Table 1 and Figure 5A-B summarize the concentration-
dependence of IRS-2 inhibition for all 5 targeted enzymes. Table 1
further describes the binding characteristics for thrombin, cathep-
sin ‘G, and chymase, 3 physiologically relevant proteases. For
further details on the related biochemical analysis, please see
supplemental Results and supplemental Figures 1 and 2.

IRS-2 inhibits mMCP-4

Having dissected the target specificity of IRS-2, and considering
that chymase (1 of the 2 targets of IRS-2) is released from mast
cells upon acute inflammation, we next investigated whether IRS-2
would bind to mouse (the animal model used for the anti-
inflammatory experiments) mast cell protease-4 (mMCP-4). Further-
more, mMCP-4 is the main chymotrypsin-like serine protease
produced by connective tissue—type mouse mast cells and is a
functional homolog to the human chymase.*? Therefore. we
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evaluated the effect of IRS-2 on mMCP-4. Indeed, IRS-2 was
found to inhibit mMCP-4 both in vitro and ex vivo. Analogous to
the inhibition observed for human chymase, purified mMCP-4 was
inhibited by IRS-2 in equimolar concentrations. The estimated
inhibitory concentration at half-maximum of IRS-2 against purified
mMCP-4 was 5.21nM, when using a 5nM concentration of the
enzyme (Figure 5C). Moreover, IRS-2 inhibited the chymotryptic
activity present in the suspension of ionomycin-activated PCMCs
in a dose-dependent manner (Figure 5C). We also detected the
formation of covalent mMCP-4/IRS-2 complexes by Western blot.
Notably, mMCP-4/IRS-2 complexes were only detected in associa-
tion with the cell layer, while no complexes were detected in the
conditioned medium. The number of produced complexes was
dependent on the concentration of IRS-2 (Figure 5D). More
specifically, at 20nM concentration of IRS-2, most of the mMCP-4
remained in the free state, while at 50 and 200nM IRS-2, higher
amounts of mMCP-4 were recovered in complex with IRS-2.

IRS-2 inhibits cathepsin G- and thrombin-induced platelet
aggregation

Cathepsin G, the second target of IRS-2, plays a role in platelet
aggregation, which is crucial in wound-healing processes that are
essential for host ability to reject a blood-feeding tick. Therefore,
we evaluated the effects of IRS-2 on cathepsin G-induced platelet
aggregation, which is mediated by protease-activated receptor
4 (PAR4).% Figure 6A shows that cathepsin G-induced shape
change and platelet aggregation was completely inhibited by
15-minute incubation with IRS-2 (Figure 6A). In higher excess to
the enzyme, IRS-2 inhibited also thrombin-induced platelet aggre-
gation (Figure 6B), which is mediated by PARI1 and PAR4.
Collagen-induced (Figure 6C), convulxin-induced™ (Figure 6D),
U46619-induced (Figure 6E), and arachidonic acid-induced (Fig-
ure 6F) platelet aggregation remained unaffected. demonstrating
the specificity in IRS-2—driven inhibition of platelet aggregation.
These results suggest that IRS-2 interferes with platelet aggrega-
tion by blocking their activation through PARs, thus implicating
IRS-2 as an inhibitor of wound-healing processes.

Structural analysis of IRS-2

Finally, we resolved the crystal structure of IRS-2, which was
determined by molecular replacement and refined using data to
1.8 A resolution. The structure of equine leukocyte elastase inhibi-
tor (PDB code 1HLE) was used as a search model; this homolog
had the highest sequence similarity with IRS-2 (35% identity)
among the serpin structures available in the PDB. The tetragonal
crystal form of IRS-2 contains 2 molecules in the asymmetric unit
with solvent content of 45%. The root mean square deviation
(RMSD) for superposition of the main-chain atoms of these

Table 1. Atabular representation of IRS-2 inhibition characteristics for the targeted serine proteases

Enzyme Amount of enzyme used, nM IRS2ICs, NM ICs/enzyme ratio Inhibitor characteristics
Cathepsin G 122 115+0.7 094 Fast binding tight
Chymase 3.6 4+0.2 111 Slow binding tight
Thrombin 0.02 1703 = 11 8515 Slow binding classical
a-chymotrypsin 0.038 0.38 = 0.02 10 NA

Trypsin 0.25 562.7 = 27.3 2251 NA

The amount of enzyme used in the assays as well as the inhibitory concentration at half-maximum (ICsg) of IRS-2 for these enzymes is stated in the first and second
columns. The third column represents the ratio between IRS-2 ICso and enzyme concentration, and the last column shows the binding characteristics of the Inhibitor to the
targeted enzymes with the relevance in host physiology (ie, fight or classical inhibitor, fast binding, or slow binding to the enzyme). Because irypsin and a-chymotrypsin were
not physiologically relevant to our studies, we did not further study their inhibition characteristics, as depicted in by NA.

NA indicates not applicable.
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Figure 5. IRS-2 Is a serpin with activity agalnst
chymotrypsin-like, raiher than trypsin-like, serine
proteases. (A) Proteases targeted by IRS-2. a-chymo-
trypsin, chymase, cathepsin G, frypsin, and thrombin are
inhibited by IRS-2. The amount of enzyme used is staled
InTable 1. The mean remaining enzymatic activity in the
presence of various concentrations of IRS-2 is repre-
sented, while the error bars represent the SEM in
triplicate assays. (B) Inhibition data are normalized by
plotting the remaining enzymatic activity (y-axis) against
the IRS-2/enzyme ratlo (x-axis). (C) Inhibition of purified
mMCP-4 (5nM) or present in the suspension of activated
mouse PCMCs by IRS-2. The mean remaining enzy-
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Figure 7 shows the overall structure of IRS-2. It adopts a
typical serpin fold composed of 3 large B-sheets and 9 a-helices.
Both molecules in the asymmetric unit adopt a conformation
known as the relaxed or R state of the serpins. in which the RCL
is cleaved and inserted into the central B-sheet A as a strand, S4
(Figure 7A). Cleavage of RCL occurs during the crystallization
process and is catalyzed by traces of contaminating proteases, as
demonstrated in the crystallization study.! The cleavage site is
positioned at residue Tyr341, which represents the P1 substrate
residue. In our structure, this residue has a well-defined electron
density for its C-terminal carboxyl group. The P1-P5 residues of the
cleaved RCL are disordered to various extents in the crystal structure;
more specifically, residues 342-344 and 342-346 in molecules A and B.
respectively, could not be modeled and are missing in the final structure.

A structural comparison of IRS-2 with structures from the
serpin superfamily deposited in the PDB identified bovine
antithrombin III (PDB code 1ATT) as the closest structural
homolog (RMSD approximately 1.4 A for 369 aligned resi-
dues). A lower structural similarity was found to typical
representatives of the mammalian serpins, human «-1-antichy-
motrypsin (PDB code 2ACH, RMSD approximately 1.6 A for
337 residues), human «-1-antitrypsin (PDB code 9API; RMSD
approximately 1.8 A for 335 residues), and to human corticoste-
roid-binding globulin and human plasminogen activator inhibi-
tor-1 (PDB codes 2VDX and 3CVM; both RMSD approximately
1.7 A for 363 residues). All the compared structures are in the
R-state conformation; a superposition of selected structures with
IRS-2 is presented in Figure 7B.

Discussion

Many I scapularis serpins possess Arg at the P1 position,!? which
corresponds to typical cleavage sites for trypsin-like enzymes. This
suggests their involvement in modulation or regulation of trypsin-
like proteases involved in host-blood coagulation or tick hemo-
lymph, probably with some redundancy in their function. On the
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other hand, only 2 putative serpins that possess the aromatic aa (ie,
Trp. Tyr, or Phe) at the P1 position can be found in the I scapularis
genome, thus having the potential to inhibit chymase and other
chymotrypsin-like proteases.*® According to the nomenclature used
by the VectorBase server (http:/iscapularis.vectorbase.org), these
serpins are encoded by the transcripts, ISCW004156-RA and
ISCW011013-RA. The latter transcript is the homolog of IRS-2.
Considering the preferential aa residues in the cleavage site for
cathepsin G, we believe that IRS-2 is the only known salivary
serpin from 7 ricinus that can target both cathepsin G and chymase.

BLOOD, 13 JANUARY 2011 - VOLUME 117, NUMBER 2

Flgure 7. Crystal structure of IRS-2. (A) Overall 3-di-
mensional struciure of IRS-2 in a cartoon representation.
The central p-sheet A (magenta) and surounding hell-
ces (cyan) are highlighted. The reactive center loop Is.
cleaved in the relaxed (R-state) conformation of IRS-2
and forms the S4 B-strand (yellow) inserted into the
p-sheet A; the termini generated by this proteolytic
cleavage are marked by scissors. N- and C-fermini of
IRS-2 are labeled (N, C). (B) Stereo Image showing a
superposition of Ca traces of IRS-2 (red) with 2 homolo-
gous mammalian serpins In the R-state conformation.
Antithrombin Il (blug; 1ATT) and a-1-antichymotrypsin
(green; 2ACH) display a high level of similarity to IRS-2
with regard to structural homology and Inhibitory specific-
ity, respectively.

IRS-2 interacts with proteases via a classical “suicide inhibi-
tion” mechanism of serpins. It involves cleavage of RCL and
formation of S4 B-strand that is inserted in the middle of B-sheet A
(Figure 7A). We determined a high-resolution crystal structure of
the protease-cleaved IRS-2 that provided an experimental evidence
of the Tyr residue at the P1 position. These structural data will be
valuable for designing smaller peptides that may mimic IRS-2
inhibitory activities and its pharmacological actions. [RS-2 targets
specifically the chymotrypsin-like proteases, cathepsin G and
chymase. Both of these proteases are secreted after neutrophil
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(cathepsin G) and mast cell (chymase) activation, and they are
involved in a whole range of physiological processes associated
with the development of an acute inflammatory response and, in
particular, in the cross-talk between neutrophils and platelets in the
hemostatic process.*® Cathepsin G is produced mainly by neutro-
phils, where it is stored in azurophile granules, but it may also be
produced in low amounts by mast cells. Cathepsin G is known
primarily for its ability to kill engulfed pathogens and for its role in
tissue remodeling during inflammation. Furthermore, it is involved
in the proteolytic activation of various chemoattractants and
hormones as well as in cell signaling by cleaving PAR4, the latter
having been identified as an important signaling receptor in
inflammation and platelet activation.’® Cleavage of PAR4 by
cathepsin G is responsible for the platelet activation that leads to
their aggregation and clot formation. Here, we showed, for the first
time, that a tick salivary protein inhibits cathepsin G-induced
platelet aggregation, which apparently helps the tick in obtaining
its blood meal. In addition, we revealed that in higher molar excess,
IRS-2 affects thrombin-induced platelet aggregation as well, fur-
ther disclosing its multipotential role in inflammation and hemosta-
sis through the modulation of PAR activation.

Besides preventing blood loss after an injury. activated platelets
produce several chemokines and their precursors, which are further
proteolyticaly processed. In this respect, the role of cathepsin G
overlaps with that of chymase. Chymase is produced almost
exclusively by mast cells that are resident in mucosal and
connective tissues and it processes many substrates, such as
angiotensin I, extracellular matrix components, and also several
proinflammatory substances, such as interleukin-1p and interleu-
kin-18 precursors.’> Both cathepsin G and chymase activate
connective tissue—activating peptide-I1LT (CTAP-III), which is se-
creted by activated platelets, into an active neutrophil-activating
peptide-2 (NAP-2), the chemokine responsible for further activa-
tion of neutrophils and their attraction to the site of injury. It was
also shown that chymase is mainly responsible for CTAP-III/
NAP-2 conversion, and that activated mast cells displayed a
1000-fold higher conversion rate than activated neutrophils4?
Other natural substrates for both enzymes are the big endothelins
(ETs). the precursors for several vasoconstrictors with different
potency. Their cleavage products are 31-aa fragments, denoted Ets
(1-31), that, apart from being among the most potent vasoconstric-
tors, also act as chemoattractants for neutrophils and monocytes.*!
Interestingly, the RCL of IRS-2 strongly resembles the chymase
cleavage site in big ETs. The sequence in the P3-P3/ region consists
of VPY-SLG for IRS-2 and VPY-GLG for big ETs. We can
therefore hypothesize that this is the result of convergent evolution
that created almost identical recognition sites that target both
cathepsin G and chymase on otherwise unrelated proteins. To our
knowledge, this is the first time that a parasitic protein is shown to
inhibit host proteases by mimicking host endogenous substrates.
Moreover, structural comparison revealed significant structural
homology of IRS-2 with «-1-antichymotrypsin, which is supposed
to be a natural vertebrate host regulator of cathepsin G and mast
cell chymase.

Neutrophil-derived cathepsin G and, in particular, mast cell
chymase are present at the early stages of an acute inflammatory
response, probably with some level of redundancy and/or coopera-
tion in their functions. By inhibiting both enzymes, IRS-2 can
significantly alter a defensive response to tissue destruction caused
by a tick bite. Indeed, we demonstrated that IRS-2 inhibits
carrageenan-induced acute inflammation and cathepsin G and
thrombin-induced platelet aggregation. According to recent find-
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ings relating to the biologic function of cathepsin G and mast cell
chymase. we can hypothesize that both described effects may be
mediated by proteolyticaly activated transducers and receptors
during the early steps of inflammatory response that occurs after a
tick bite. To explain the observed effects of IRS-2. we suggest that
IRS-2 targets neutrophils, platelets. and mast cells at the early steps
of their activation by preventing cathepsin G— or thrombin-driven
platelet activation, which may lead to reduced CTAP-III release.
Subsequently, IRS-2, similar to chymase inhibitors.*" inhibits the
cathepsin G- and chymase-catalyzed conversion of CTAP-III into
NAP-2, resulting in impaired extravasation of neutrophils. The
direct proof of the suggested, literature-based hypothesis exceeds
the purpose of this work.

Here, we describe a mechanism of vertebrate host modulation
that is novel not only for a tick salivary component, but to our
knowledge for any parasite. Moreover, the dual specificity of IRS-2
for both cathepsin G and chymase is rare even among natural serine
protease inhibitors in general. The saliva of [ ricinus is a complex
mixture of many proteins. including protease inhibitors with
unknown specificity and function. This work describes a novel
salivary protein that is unique among other salivary serpins of
Ixodes spp—and proteases inhibitors in general—regarding both
specificity and the mode of action in the vertebrate host. Therefore,
the herein described findings contribute to our understanding of
vertebrate physiology and parasite-host interaction, while the
herein disclosed structural basis of IRS-2 activity can lead to the
development of pharmaceutical applications in the near future.
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Isolation of IRS-2 ¢DNA. Ten different arthropod serpins whose sequences were publicly
disclosed at that time were used in multiple alignments to reveal two conserved domains in
arthropod serpins. A radioactively labeled DNA probe was prepared from the PCR product,
obtained with degenerated primers designed based on the sequences of these two domains
(Fwd:  5-AACGC(C/T)(A/G)TCTACTT(C/T)AA(A/G)GG-3/, Rev: 5-GGATGAAGAA
(G/O)A(G/T)GAA(A/T/C/G)GG-3") using a DecaLabel DNA kit (Fermentas Life Sciences).
The probe was used for the screening of a A phage ¢cDNA library constructed from the
salivary glands of partially fed (d 5 after attachment) I. ricinus female adults. The cDNA
library was prepared using the SMART™ c¢DNA library construction kit (ClonTech)
according to the manufacturer's protocol. Phages were plated on 150-mm Petri dishes, and the
print was taken onto the nylon membrane Hybond™ (Amersham Biosciences). The DNA
was linked to the membranes using Stratalinker™ 1800 (Stratagene), the membranes were
preincubated (30 min at 63.5°C with 2% salmon sperm in 0.1% SDS, 300 mM NaCl, 30 mM
natrium citrate, pH 7), and then 25 Il of the denatured (97°C; 10 min) probe was added to
each hybridization tube. Hybridization was done overnight at 63.5°C. After hybridization, the
membranes were washed 3 x 30 min with decreasing concentrations of NaCl (450, 150, and
75 mM) 1n the presence of 0.1% SDS. After washing, the membranes were dried and exposed
on Kodak X-Omat™ LS film using a Kodak X-Omat™ cassette at —80°C. Positive single
clones were isolated after a second screen, excised, and subcloned into pTriplEX vector
according to the manufacturer's protocol and sequenced in an ABI PRISM 3130x1 sequencer

(Applied Biosystems).

65



Bioinformatics tools. BLASTx algorithm on the server http://blast.ncbinlm.nih.gov/Blast.cgi *
was used for similarity searches of IRS-2 with other members of the serpin superfamily. The
presence of signal sequences on the proteins was determined using SignalP 3.0 server
http://www.cbs.du.dk/services/SignalP/, > and their mol wt and pI were determined using
ProtParam program on ExPASy proteomic server http://www.expasy.org/tools/protparam.
html

c¢DNA preparation and quantitative PCR. Ticks used for tissue isolation were fed on guinea
pigs complying with Act No. 207/2004 Coll. and approval AVCR 51/2005 given by the
respective committee of Czech Academy of Sciences. Tissues used for RNA i1solation were
dissected from five feeding stages of adult females: for unfed ticks, 20 females were used; for
next stages, 10-15 females were dissected. RNA was 1solated with a NucleoSpin RNA XS kit
(Macherey-Nagel). The amount of total RNA used for cDNA preparation was set to 0.3 Ig
for all samples. cDNA was prepared using an Avian Enhanced First-strand Synthesis Kit and
diluted 20 times in deionized water to achieve optimal amplification conditions (linear
amplification between 20th and 30th cycle). The program for quantitative PCR was: 95°C for
10 min and then 40 cycles of 95°C for 15 s and 60°C for 60 s. All samples were prepared in
triplicates. Dual-labeled probe from Universal probe library (Roche) and IRS-2-specific
primers were used for quantitative RT-PCR. Data were obtained with Rotor-Gene RG3000
(Corbett Research) and analyzed using the Pfaffl equation. ' Based on our previous
experiences with various housekeeping genes (data not shown), we decided on the tick
ferritin (NCBI GenBank Acc. No. AF068224) * for use as a reference gene.

Preparation of recombinant IRS-2. Primers for amplifying IRS-2 ¢cDNA for overexpression in
bacteria were designed to amplify the gene without its signal peptide sequence and to
introduce restriction sites for Ndel and X0l on its 5" and 3" ends, respectively, for subcloning
purposes. To improve gene expression levels in bacteria, codons for rare tRNAs in

Escherichia coli were replaced by introducing synonymous mutations into the forward
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primer. (Fwd: 5-GCCATATGCAAGAAGAAGCCAAGCTCACCAAGGCCAACAACCG
T-3, Rev: 5-GCCTCGAGTTATCACAGCTTGTTAACCTGTCCCACGAAAAAAATGT
CATC-3). The gene was PCR amplified using ¢cDNA isolated from adult female tick
salivary glands 5 d after attachment to guinea pigs as a template (see below). The amplified
product was cloned into Zero Blunt™ TOPO PCR vector (Invitrogen) and sequenced to
verify the mtegrity of the frame. Then the IRS-2 gene was subcloned into the expression
vector pET 17b (Novagen) using Ndel and Xhol restriction enzymes (Invitrogen). Gene
overexpression was done in BL21(DE3)pLysS cells (Invitrogen) grown in ampicillin (100
Pg/ml) and chloramphenicol (34 Jg/ml) selection and isopropyl B-D-1-thiogalactopyranoside
(IPTG) was used for gene expression induction (0.5 mM). IPTG was added when the ODggo
of the culture reached approximately 0.7 and bacterial growth in the presence of IPTG
continued for 3.5 h. Subsequently, the cells were harvested by centrifugation (10,000 x g, 5
min), and the resulting pellet was resuspended in 20 mM Tris-HCL, pH 8. The cells were
disrupted by sonication (medium amplitude, 3 x 1 min), and centrifuged (10,000 x g; 10
min), resulting in a pellet that, among other insoluble material, contained the rIRS-2 in
inclusion bodies. The pellet was resuspended in inclusion bodies isolation buffer (20 mM
Tris-HCl, 1% Triton X-100; pH 8) and sonicated. Next, the suspension was centrifuged
(10,000 % g; 10 mun), and the resulting pellet was washed four times with 20 mM Tris-HCl,
pH 8, resulting in a final pellet that contained mainly inclusion bodies of nonsoluble,
overexpressed recombinant IRS-2. Inclusion bodies were dissolved by stiring in 6 M
guanidine hydrochloride, pH 8, with 10 mM dithiotreitol for 1 h at room temperature. The
solution was centrifuged at 10,000 x g for 15 min, the resulting pellet was discarded, and the
resulting supernatant containing the denatured protein content of the inclusion bodies was
dissolved into 150-fold volume of refolding buffer (20 mM Tris-HC], 0.25 M L-arginine; pH
8). The buffer remained overnight at 4°C, and the precipitated protein was removed by

filtration through filtration paper and Steritop-GP (Millipore). The protein solution was then
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concentrated using a stirred chamber concentrator (Millipore) down to the volume of 10 ml
The concentrated protein was dialyzed against 20 mM Tris-HCl, pH 8. Refolded and
concentrated IRS-2 was purified on a Mono-Q column with 0-1 M gradient of NaCl using
AKTA FPLC system (Pharmacia) with purity > 99% according to SDS-PAGE. During Mono
Q purification step, a major symmetric peak, corresponding to propetly folded IRS-2 (as
verified on SDS-PAGE and by comparing inhibitory activity of isolated fractions) was
separated from other contaminants and potentially misfolded protein. Endotoxin was
removed by phase separation using Triton X-114 (Sigma-Aldrich), and traces of detergent
were removed using SM2 BioBeads (BioRad) as described elsewhere . Endotoxin level was
estimated using Limulus amobecyte lysate QCL-1000® (Lonza), following the
manufacturer's instructions. Endotoxin contamination did not exceed 0.1 EU/ml in any of the
protein samples used for immunological assays, and the protein samples did not induce
production of nitric oxide by Dendritic Cells (data not shown), further verifying the LPS
decontamination in the IRS-2 preparation.

Serine protease inhibition assays. All assays were performed at 30°C in triplicates. For the
initial screen, 400 nM of protein was pre-incubated with each enzyme for 10 min before the
addition of the corresponding substrate; r-test was used for statistical analysis of the observed
inhibition in the presence of 400 nM IRS-2, and statistical significance was considered when
p < 0.05 when comparing the enzymatic activity in the presence or absence of the inhibitor.
For ICs, estimation of IRS-2, increasing concentrations of the inhibitor were pre-incubated
for 10 min with the enzymes targeted by IRS-2, and the reaction was started by adding the
corresponding substrates. All experiments were performed in triplicate (for each enzyme and
each concentration of IRS-2). The mean percentage of remaining enzymatic activity in the
presence of various IRS-2 concentrations compared with the control enzymatic activity (in
the absence of IRS-2) was plotted against the concentration of IRS-2 used in the assays and in

logarithmic scale. Finally, sigmoidal fit of the data gave the estimate of the ICso of IRS-2 for
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the various enzymes. To determine whether IRS-2 is a fast- or slow-binding mhibitor for the
targeted enzymes, either the enzyme was pre-incubated with the inhibitor for 10 min and the
addition of substrate followed, or the substrate was pre-incubated with the inhibitor for 10
min and the addition of the enzyme followed. In both cases, the hydrolysis rate of the
fluorescent substrate was estimated from the slope that results from the linear fit (arbitrary
fluorescence units per sec; 1° > 0.95) of the data (each experiment was performed in triplicate,
and the mean of the three experiments was plotted).

All enzymes used were of human origin, purified or recombinant. Thrombin, a-
chymotrypsin, plasmin, and chymase were purchased from Sigma; B-tryptase was purchased
from Promega; factor Xa was purchased from EMD Biosciences; factor XIla was purchased
from Haematologic Technologies Inc.; kallikrein was purchased from Fitzgerald Industries
International; elastase was purchased from Elastin Products; cathepsin G, Factor Xla, uPA,
and tPA were from Molecular Innovations; matriptase was from R&D Systems; proteinase 3
was from Merck; and sequencing-grade trypsin was purchased from Roche. The amount of
targeted enzyme used in each assay is shown in Table I. Assay buffers were: for elastase,
proteinase 3 and chymase, 50 mM Hepes buffer, pH 7.4, 100 mM NaCl, 0.01% Triton X-100;
for trypsin and H-chymotrypsin, factor XIa, factor XIla, and thrombin, 50 mM Tns-HCL, pH
8, 150 mM NaCl, 20 mM CaCl,, 0.01% Triton X-100; for B-tryptase, 50 mM Tris-HC1, pH 8,
50 mM NaCl, 0.05% Triton X-100; for kallikrein, matriptase, and plasmin, 20 mM Tris—HCI,
pH 8.5, 150 mM NacCl, 0.02% Triton X-100; for factor Xa, 20 mM Tris-HCI, pH &, 200 mM
NaCl, 5 mM CaCl,, 0.1% BSA; for uPA and tPA, 20 mM Tris-HCI, pH 8.5, 0.05% Triton X-
100; and for cathepsin G, 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.01% Triton X-100. The
substrates used were Suc-Ala-Ala-Pro-Val-AMC for elastase and proteinase 3, Boc-Asp-Pro-
Arg-AMC for thrombin and plasmin, Boc-Gln-Ala-Arg-AMC for trypsin, factor XIa and uPA

(Sigma), Boc-Phe-Ser-Arg-AMC for B-tryptase, Suc-Leu-Leu-Val-Tyr-AMC for chymase
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(Bachem Bioscience, Inc.), Suc-Ala-Ala-Pro-Val-AMC for W-chymotrypsin and chymase
(EMD Biosciences), and methylsulfonyl-D-cyclohexylalanyl-Gly-Arg-AMC acetate for
factor Xa, factor XIla, t-PA, matriptase, and kallikrein (American Diagnostica Inc.). All
substrates were used in 250 PM final concentration in all assays. Substrate hydrolysis rate
was followed in a Spectramax Gemini XPS 96-well plate fluorescence reader (Molecular
Devices) using 365 nm excitation and 450 nm emission wavelength with a cutoff at 435 nm.
MPO activity. MPO was performed as an index of granulocyte recruitment into the hind paw
inflamed tissue according to a modified protocol of Bradley et al. ’. Briefly, the injected paws
were cut at 4 h post-injection (the time pomt at which edema peaks) and weighed prior to
their homogenization in 2 ml of 0.5% hexadecyl-trimethylammonium bromide phosphate-
buffered solution (pH 6.0). The homogenates were then centrifuged at 13,000xg for 3 min,
and the superatants were collected and frozen until use. Three aliquots of each supernatant
were then transferred into 96-well plates before the addition of a solution containing o-
dianisidine (0.2 mg/ml) and H,O, (0.0006%). In parallel, dilutions of pure myeloperoxidase
(Sigma) were used for the construction of a standard curve (OD as a function of units of
enzyme activity). OD readings at 450 nm were taken at 1 min (time point corresponding to
the linear portion of the enzymatic reaction) using a spectrofluorometer linked to SOFTmax
Pro 3.0 software (Molecular Devices). MPO activity detected in the paws was expressed as
units of enzyme/g of tissue. A unit of MPO activity was defined as that converting 1 Jlm of
hydrogen peroxide to water in 1 min at 22°C. Alternatively The MPO activity of samples was
compared to a standard curve of neutrophils ®. Briefly, 10 ml of sample was mixed with 200
ml of 50mM phosphate buffer pH 6.0, containing 0.167mgml ™ O-dianisidine dihydrochloride
and 0.0005% hydrogen peroxide. The results are presented as the MPO activity (number of
neutrophils per mg of tissue).

Analysis of PCMC derived proteases activity. On d 2 after the change of growth medium,

PCMCs were washed and resuspended in Tyrode's buffer (137 mM NacCl, 2.7 mM KCl, 0.36
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mM Na,HPOy, 5.55 mM glucose; pH 7.4) to a concentration of 10° cells/ml. 10° of PCMCs
were incubated at 37°C and 5% CO; for 40 min with different concentrations of IRS-2 in a
total volume of 200 JIl. Then the cells were activated with 2 M of 1onomycin in the presence
or absence of IRS-2 and incubated for additional 30 min. Untreated cells with ionomycin
were used as a negative control, and cells treated with ionomycin only (in the absence of IRS-
2) were used as a positive control. For enzymatic assays 20 J (final concentration 100 M)
of the chromogenic substrate MeO-Suc-Arg-Pro-Tyr-pNA (Chromogenix) was added after 30
min of preincubation with IRS-2, and the substrate hydrolysis rate was measured at 405 nM
using Sunrise™ reader (TECAN) with the methodology described above. For western blot
analysis, cells were premcubated for 30 min with different concentrations of IRS-2,
centrifuged at 1100 rpm for 7 min, and the supernatant transferred into a clean tube. The
pellet was resuspended i 20 Pl of 1x Laemmli sample buffer (2% SDS, 5% 2-
mercaptoehtanol, 10% glycerol, 0.002% bromophenol blue, 60 mM Tris-HCI). Twenty Jil of
both supematant and resuspended cells was loaded onto 12% SDS polyacrylamide gel and
transferred to nitrocellulose filters. Filters were blocked with 5% BSA in TBS-T (10 mM
Tris-HCL, pH 7.7, 0.15 M NaCl, 2 % Tween-20) for 1 h at room temperature. Custom
polyclonal rabbit antisera raised against mMCP-4 were diluted 1:500 in TBS-T and mcubated
overnight at 4°C with the filters. After three washing steps with TBS-T for 3 x 5 min, donkey
anti-rabbit Ig conjugated to horseradish peroxidase (Amersham Biosciences) was diluted
1:2000 in TBS-T and incubated for 1 h with the filters. After 4 washing steps with TBS-T for

4 x5 min, an ECL detection kit (Amersham Biosciences) was used for results visualization.

Results

Characterization of chymase, cathepsin G and thrombin inhibition by IRS-2
IRS-2 inhibited cathepsin G and chymase in equimolar ratio. Furthermore, when lowering the

concentrations of cathepsin G or chymase, lower concentrations of IRS-2 were necessary for
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50% inhibition of these two enzymes. In fact, there was a linear correlation between the
amount of enzyme used in the assays and the observed ICsy. Therefore, IRS-2 can be
considered as a tight binding inhibitor of these two enzymes (Fig. S1 A, B).
On the contrary, IRS-2 behaves like a classical Michaelis-Menten inhibitor (large excess of
inhibitor compared with the amount of the enzyme used in the assays) for thrombin (Table I;
Fig. S1 C). Furthermore, inhibition of chymase was higher when the enzyme
was preincubated with IRS-2, and a competition between the inhibitor and the substrate was
observed when they were added simultaneously to the reaction, suggesting slow binding
(Table I; Fig. S2 A). Preincubation of IRS-2 with cathepsin G did not change
the observed inhibition rate, indicating fast binding (Table I; Fig. S2 B).
Preincubation of IRS-2 with thrombin improved the observed enzymatic mhibition,
indicating that TRS-2 is a slow-binding inhibitor of thrombin with low ability to compete with
the artificial substrate used for detection of enzymatic activities (Table I;

Fig. S2C).
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Table S$1. Crystallographic dataset and refinement statistics

Data collection statistics
Space group

Cell parameters (A)
Number of molecules in AU
Wavelength (A)

Resolution (A)

Number of unique reflections
Redundancy
Completeness (%)

Rmergeal

Average |/@(])

Wilson B (A%

Refinement statistics
Resolution range (A)

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

R value (%)°

Rpree value (%)°

RMSD bond length (A)

RMSD angle (°)

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

Mean B value protein / solvent (A%

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

P4s
84.6, 84.6, 124.4

2

0.953

30.0 —1.80 (1.86 — 1.80)
80,249 (7,790)

3.8 (3.3)

99.6 (97.3)

4.6 (35.8)

32.8 (2.3)

232

30.0 —1.80 (1.86 — 1.80)
76,177 (5,415)

4,026 (285)

17.1 (24.7)

21.2 (31.5)

0.011

1.22

7,003

6,111

875

23.6/38.6

91.3
5.7

Data in parentheses refer to the highest-resolution shell.

Rmerge = I niik 2 = (I(AKIY/E i ; 1i(hKI),
where the [i(hkl) 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.

R value = [|Fo| — |Fell/IFql,

where F, and F. are the observed and calculated structure factors, respectively. Ryee
is equivalent to R value but is calculated for 5% of the reflections chosen at random
and omitted from the refinement process.
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Table $2. Concentration of used enzymes and remaining enzymatic
activity. The values represent the mean remaining enzymatic activity in the presence

of IRS-2 with the standard error of the mean. Enzymes in bold were inhibited with a
statistical significance (f-test; P < 0.05).

Enzyme tested Final concentration of % remaining enzymatic activity in
enzyme used [nM] the presence of 0.4uM IRS-2

kallikrein 08 925+52

tryptase 0.27 106.8 +11.2

uPA 07 87.6+29

factor Xa 0.8 97.8+ 0.6

granzyme B 20 105.8+2.7

matriptase 1.2 986+3

elastase 0.01 101121

proteinase 3 10 91.45+1.3

a-chymotrypsin 0.05 0.3%0.2

chymase 18 1105

factor Xlla 1.2 96,5+ 1.6

factor Xla 0.06 105.3+6.7

plasmin 0.25 103.2+4.8

thrombin 0.01 11.6%0.9

trypsin 0.25 552t 4

cathepsin G 10 49%0.9
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5.3. Publikace €. 3: Crystallization and diffraction analysis of the
serpin IRS-2 from the hard tick Ixodes ricinus

V této publikaci je popsan detailni postup krystalizace serpinu IRS-2 z klistéte
obecného (1. ricinus) a regulace tohoto procesu piisobenim proteolytickych enzymt na
IRS-2. Jedna se o doprovodnou studii k publikaci €. 2. IRS-2 patii do serpinové rodiny
proteasovych inhibitor s unikatnim mechanismem ucinku. Tyto proteiny funguji jako
»sebevrazedné® inhibitory vystavujici na povrchu reaktivniho centra smycku, kterd
mimikuje substrat cilové proteasy. Po Stépeni této smycky je inhibovana proteasa
kovalentné vdzana inhibitorem, nicméné¢ mtze dojit i k uvolnéni proteasy z komplexu,
pfiCemz serpin zustava v inaktivované konformaci se Stépenou smyckou. Posledné
uvedenad situace byla pozorovana v ptipadé IRS-2.

IRS-2 byl ptipraven expresi v bakterii E. coli ve form¢ inkluznich télisek. Aktivni
inhibitor byl ziskan renaturaci a purifikovan jako intaktni jednotetézcovy protein. Tento
material byl pouzit pro vyhledani krystalizaénich podminek. Uvodni vysokokapacitni
testovani identifikovalo primarni krystalizaéni podminku, kterd byla dale optimalizovana
na vyslednou smés, ve které narostl krystal difraktujici na 1,8 A. Nicméné& pii analyze
krystalii pomoci SDS-PAGE se zjistilo, Ze obsahuji molekularni formu IRS-2, ktera byla
specificky modifikovana limitovanou proteolyzou. Proteomicka analyza hmotnostni
spektrometrii identifikovala St€penou vazbu mezi Tyr341 a Ser342. Toto misto se nachazi
ve smycce reaktivniho centra a ziejmé& odpovidd mistu pfirozené¢ho $té€peni cilovymi
proteasami pii jejich ataku. Proteolytické Stépeni vedlo ke konformaénimu ptrechodu
molekuly IRS-2 z méné¢ stabilniho S-(stresového) stavu na vice stabilni R-(relaxovany)
stav, ktery 1épe krystalizoval.

Studie se dale zaméfila na urceni proteolytické aktivity, ktera St€peni IRS-2
katalyzovala a kterd pravdépodobné pochazela z expresniho systému jako stopova
kontaminace. K méfeni této aktivity byly vyuzity fluorescencni peptidové substraty
specifické pro relevantni proteasy a jejich hydrolyza byla testovana za pH odpovidajiciho
krystalizacnim podminkam. Aktivitni test se dale provadél v pfitomnosti
nizkomolekuldrnich selektivnich proteasovych inhibitord k detailni identifikaci typu
proteas. Timto zpiisobem byly prokazany stopové aktivity nékolika cysteinovych a
serinovych proteas v preparatu IRS-2. V dal$im kroku bylo ovéfeno ptisobeni uvedenych

proteas na IRS-2 pomoci simulovaného fragmenta¢niho testu. V ptitomnosti selektivnich
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proteasovych inhibitortl pro detekované kontaminacni proteasy byla potlacena konverze
IRS-2 z formy S na R.

Poznatky z této studie mohou byt vyuzity pii krystalizaci serpint (a obecné fady
proteinti citlivych na proteolyzu) a poukazuji na dilezitou roli proteas piitomnych ve
stopovém mnozstvi, které mohou regulovat molekularni formu serpinu. Proces konverze
na relaxovanou formu R muze byt pfinosem a umoznit efektivni ziskani krystalt. A
naopak v piipadech, kdy je pfitomnost kontaminujicich proteas nezadouci, Ize jejich
aktivitu analyzovat a ucinn¢ potladit pouzitim nizkomolekuldrnich selektivnich

proteasovych inhibitort v krystaliza¢nich experimentech.

Muj podil na praci spocdival v: 1)ndvrhu a provadéni biochemickych a
enzymologickych testli pro identifikaci proteas Stépicich serpin IRS-2, 2) realizaci
krystaliza¢nich experiment a optimalizaci krystalii IRS-2 pro strukturni analyzu a 3)

piipravé manuskriptu.
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Crystallization and diffraction analysis of the serpin

IRS-2 from the hard tick Ixodes ricinus

IRS-2 from the hard tick [xodes ricinus belongs to the serpin family of protease
inhibitors. It is produced in the salivary glands of the tick and its anti-
inflammatory activity suggests that it plays a role in parasite-host interaction.
Recombinant IRS-2 prepared by heterologous expression in a bacterial system
was crystallized using the hanging-drop vapour-diffusion method. The crystals
belonged to the primitive tetragonal space group P4; and diffracted to 1.8 A
resolution. Mass-spectrometric and electrophoretic analyses revealed that IRS-2
was cleaved by contaminating proteases during crystallization. This processing
of IRS-2 mimicked the specific cleavage of the serpin by its target protease and
resulted in a more stable form (the so-called relaxed conformation), which
produced well diffracting crystals. Activity profiling with specific substrates and
inhibitors demonstrated traces of serine and cysteine proteases in the protein
stock solution.

1. Introduction

Serpins (serine protease inhibitors) are a broadly distributed family
of protease inhibitors (Irving et al., 2000). The majority of serpins
specifically inhibit serine proteases, but some serpins that inhibit
papain-like cysteine proteases (Schick er al., 1998) and caspases (Ray
et al., 1992) have also been identified. In rare cases, the serpins have
lost their inhibitory function and act, for example, as hormone
transporters (Pemberton et al., 1988), chaperones (Nagata, 1996) or
tumour suppressors (Zou et al., 1994).

Serpins are relatively large molecules (comprising 330-500 amino-
acid residues) which act as ‘single-use’ or ‘suicide’ inhibitors that
undergo an extensive conformational change to inhibit proteases
(Huntington et al., 2000). The serpin family is structurally well char-
acterized: over 70 serpin structures have been determined (reviewed,
for example, in Law et al., 2006). The remarkable structural change is
induced by proteolysis of the reactive-centre loop (RCL), which in
the native state (also called the S state) has an extended conforma-
tion that protrudes from the serpin domain. Upon cleavage, the
amino-terminal part of the RCL inserts into the central f-sheet to
form an additional S-strand. This structural rearrangement is crucial
for protease inhibition and results in the so-called R state of serpin,
which is more stable compared with the S state. In the final serpin—
protease complex the protease remains covalently linked to the
serpin. However, the protease can escape this trap and dissociate over
time, leaving active protease and inactive serpin with its RCL cleaved
in a substrate-like manner (Huntington ef al., 2000).

Ticks are blood-feeding parasites of a variety of vertebrates,
including domestic animals and humans, They are important (second
only to mosquitoes) pathogen vectors worldwide (Sauer et al., 1995).
The hard tick Ixodes ricinus is the most important European vector
of Borrelia burgdorferi sl., the agent of Lyme disease and tick-borne
encephalitis virus.

In hard ticks, serpins have been identified in all tissues and have
been proposed to be involved in both tick physiology and tick-host
interaction. The salivary glands in particular produce a number of
serpins, which may play roles in the modulation of immune response,
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Table 1

Data-collection statistics.
Values in parentheses are for the highest resolution shell.

No. of crystals 1
X12, DESY, Germany

Beamline

Wavelength (A) 0953

Detector MAR Mosaic 225
Crystal-to-detector distance (mm) 185

Rotation range per image (%) 05

Total rotation range (%) 54

Exposure time per image (s) 10

Resolution range (A) 30.0-1.80 (1.86-1.80)
Space group R P4,

Unit-cell parameters (A) a=h=2846 c=1244
Mosaicity (%) 033

Total no. of measured intensitiest 301874

No. of unique reflections 80249 (7790)
Multiplicity 38(3.3)

Average [fo(l) 32.8(23)
Completeness (%) 99.6 (97.3)

Rigerpct (%) 46 (35.8)

Riin§ (%) 72 (537)

Rood (%) . 37 (292)

Overall B factor from Wikon plot (A%) 232

1 The criterion used for observed reflections was Ho(f) > 0. % Rucrge
1005, X, ILOhKD) — (CKDY /Y X, 1, (kD). where F(hkT) is an individual intensity
of the ith observation of reflection hk! and (I(ftki)) is the average intensity of reflection
Rkl with  summation over all data. § R, 1003, [N/(N = 1)]'2
x 3 [Fhkl) — (HRKD) |/ ¥ s ¥ Li(hkD). where N is the number of times the given
reflection hkIwas observed (Weiss, 2001). % Ryim = 1003 5 3 LORKDY 5 3 LKD),
where N is the number of times the given reflection k! was observed (Weiss, 2001).

coagulation, complement regulation and inflammation (Prevot et af.,
2009). Tick serpins are thus considered to be promising antigens for
the induction of host protective immunity against ticks (Andreotti et
al., 2002; Imamura et al., 2003; Sugino et al., 2003).

The serpin IRS-2 has recently been identified in the salivary glands
of the tick I ricinus. Functional characterization has shown that
its protease-inhibitor activity is directed against chymotrypsin-like
proteases, resulting in an anti-inflammatory effect (Chmelar et al,
manuscript in preparation).

No crystal structure of a serpin isolated from a parasitic organism is
available to date. The closest homologues of IRS-2 among the serpin
structures deposited in the Protein Data Bank are equine leukocyte
elastase inhibitor (PDB code 1hle; Baumann ef al., 1992) and human
squamous cell carcinoma antigen 1 (PDB entry 2zv6: Zheng et al.,
2009), with 35 and 32% sequence identity, respectively.

In order to gain structural information on this newly discovered
serpin, we initiated structural studies on this protein; here, we present
the crystallization of recombinant IRS-2, analysis of its diffraction
and an initial molecular-replacement solution.

2. Materials and methods
2.1. Protein expression and purification

The coding sequence of IRS-2 (UniProt entry Q06B74) was
amplified from cDNA isolated from the salivary glands of an L. ricinus
adult female and was cloned into pET-17b vector (Novagen).

Details of cloning and purification have been described elsewhere
(Chmelar et al, manuscript in preparation). The 377 amino-acid
residue IRS-2 protein was overexpressed in Escherichia coli BL21
(DE3) pLysS cells (Invitrogen) at 310 K upon induction by 0.5 mM
IPTG. The expressed protein accumulated in inclusion bodies, which
were separated. The inclusion bodies were dissolved in6 M guanidine
hydrochloride and the supernatant was diluted into a 150-fold volume
of refolding buffer (20 mM Tris-HCI pH 8, 025 M r-arginine). The
protein solution was then concentrated using a stirred-chamber

concentrator (Millipore) and dialyzed against 20 mM Tris-HCl pH 8
Refolded and concentrated IRS-2 was purified on a Mono Q column
with a 0-1 M gradient of NaCl using an AKTA FPLC system
(Pharmacia) to a purity of >99% according to SDS-PAGE analysis.
For crystallization, IRS-2 was dialyzed into 20 mM HEPES pH 7.2.

2.2. Protein crystallization

Screening for crystallization conditions was performed by sparse-
matrix screening (Jancarik & Kim, 1991) using the commercially
available Crystallization Basic and Extension Kits (Sigma-Aldrich)
and the hanging-drop vapour-diffusion technique in 24-well Linbro
plates at 293 K. Subsequent optimization of the initial crystallization
conditions was performed in NeXtal plates (Qiagen). The reservoir
contained 0.5 ml reservoir solution and the crystallization drop
consisted of 2pl TRS-2 protein solution (3.5 mgml™" in 20 mM
HEPES pH 7.2) and 1 pl reservoir solution. Preliminary needle-
shaped crystals grew in condition No. 22 of the Extension Kit: 0.1 M
MES pH 6.5, 12%(w/v) PEG 20 000. Optimal crystals were obtained
from the original kit solution diluted with water to a final composition
of 75 mM MES pH 6.5, 9% (w/v) PEG 20 000.

2.3. Diffraction data collection

For data collection, crystals were soaked for 30s in reservoir
solution supplemented with 20%(v/v) PEG 400 and flash-cooled in
liquid nitrogen. Diffraction data were collected at 100 K on the X12
EMBL beamline at DESY, Hamburg, Germany. A set of 107 images
was recorded with a 0.5° oscillation angle, an exposure time of 10 s
per image and a crystal-to-detector distance of 185 mm. Diffraction
data were processed using the HKL-2000 suite of programs (Minor et
al., 2006). The redundancy-independent merging R factor R, as
well as the precision-indicating merging R factor R, were calcu-
lated using the program RMERGE (Weiss, 2001). Crystal parameters
and data-collection statistics are summarized in Table 1.

2.4. Mass spectrometry

Mass-spectrometric characterization of IRS-2 was performed by
LC-MS/MS analysis and de nove sequencing of tryptic and chymo-
tryptic digests. LC-MS/MS analysis was performed on a LTQ Orbi-
trap XL hybrid mass spectrometer (Thermo Scientific) coupled to a
Rheos 2000 two-dimensional capillary LC system (Flux Instruments).
The first-dimension column was a monolithic PS-DVB (200 pm x
10mm; Dionex) and the second-dimension column was a CI8
PepMap100 (75 pm x 150 mm x 3 pm: Dionex) with gradient elution
in a 0.1% formic acid/acetonitrile system. The LC-MS/MS data were
processed with SEQUEST and BioWorks (Thermo Scientific) and
PEAKS (Bioinformatics Solutions) software.

2.5. Profiling of proteolytic activities

The residual proteolytic activities that were present in the IRS-2
protein were detected by hydrolysis of the following fluorogenic
peptidic substrates containing a 7-amino-4-methylcoumarin group
(AMC; Bachem): Z-Phe-Arg-AMC, MeoSuc-Ala-Ala-Pro-Val- AMC,
Z-Gly-Gly-Leu-AMC, Suc-Ala-Ala-Pro-Phe-AMC and Suc-Leu-Tyr-
AMC (Horn et al., 2009). The reaction mixture contained 15 pg ml ™'
protein stock solution (final concentration), 40 pM substrate and
0.1 M MES buffer pH 6.5. A blank was prepared without addition of
the IRS-2 protein sample. The reaction mixtures were incubated for
24 h at 310K followed by reading the fluorescence of the liberated
AMC using a GENios Plus fluorescence reader at 360 nm excitation
and 465 nm emission wavelengths. For activity assays in the presence
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Table 2 1 2 3 4 5
Profiling of proteolytic activities in IRS-2 protein preparation. 62
Protease type Proteolytic  Inhibitor |
Substrate (catalytic class) activity sensitivity
Z-Phe-Arg-AMC Papain-like (cysteine) Yes E64 45
Trypsin-like (serine) Pefabloc —
MeoSuc-Ala-Ala-Pro-Val-AMC  Elastase-like (serine) No -
Z-Gly-Gly-Leu- AMC Chymotrypsin-like (serine) Yes Pefabloc - 35
Suc-Ala- Ala-Pro-Phe-AMC Chymotrypsin-like (serine) No E——
Suc-Leu-Tyr- AMC Calpain-like (cysteine) Yes E64
Chymotrypsin-like (serine) Pefabloc 25
of protease inhibitors, the following inhibitors were added to the (a)
reaction mixture: 10 pM E-64 for cysteine proteases and 1mM Figure 2
Pefabloc for serine proteases. Analysis of IRS-2 proteolysis by SDS-PAGE. () 15% SDS-PAGE of an IRS-2

crystal (lane 1) and the protein sample used for crystallization experiments (lanes

" 2-4). Lane 1, dissolved protein crystal; lane 2, 0.75 pg IRS-2; lane 3, 1.1 ug IRS-2;

2.6. Serpin-cleavage assay lane 4, 1.5 pg IRS-2; lane 5, protein molecular-weight markers (Fermentas; labelled
- 5 s i in kDa). (b) 15% SDS-PAGE of IRS-2 protein (0.4 ug) stored at 277 K (lane 1) and

A 10 pl reaction mixture containing 0.4 pg protein from the IRS-2 incubated for 6 d at 310 K without protease inhibitors (lane 2) and in the presence

stock solution in 0.1 M MES buffer pH 6.5 was incubated at 310 K for of 10 pM E-64 and 1 mM Pefabloc (lane 3).
6 d in the presence or absence of protease inhibitors (10 pM E-64 and
1 mM Pefabloc). The reaction was stopped by heating (at 343 K for
5 min) in reducing Laemmli sample buffer. Nonincubated IRS-2 was
used as a control. The reaction mixture was separated by Laemmli
SDS-PAGE (15% gels) and visualized by silver staining.

Analysis of dissolved crystals using SDS-PAGE indicated that the
IRS-2 protein had been proteolyzed during the crystallization at a
temperature of 293 K (Fig. 2a, lane 1). In order to identify the
cleavage site, [RS-2 was subjected to enzymatic digestion followed by
LC-MS/MS analysis, which provided ~85% peptide coverage. This
revealed that the cleavage site was located between Tyr341 and
Ser342. as the unexpected peptide 342-361 was identified in the
IRS-2, a serpin from the hard tick L ricinus, was refolded from tryptic digest. Cleavage at the identified site produced an N-terminal

3. Results

inclusion bodies, producing an active inhibitor, and purified using ion- fragment of the serpin molecule with a molecular weight of 38 kDa

exchange chromatography. The recombinant IRS-2 contained 377 corresponding to the band identified in the protein crystal (Fig. 2a,

amino-acid residues with a molecular weight of 42.2 kDa. The purity lane 1) and a 4.2 kDa C-terminal fragment. The identified cleavage

of the sample was confirmed by the presence of a single band on site 1s located within a region homologous to the reactive-centre loop

silver-stained SDS-PAGE. (RCL) of other serpin inhibitors and is most likely to correspond to a
IRS-2 protein solution at 3.5 mgml ™' in 20 mM HEPES pH 7.2 natural cleavage site for target proteases.

was used for crystallization at 293 K. Preliminary needle-shaped As proteolysis was also obvious in protein sample stored at 277 K

crystals were obtained in 5 d using reservoir solution consisting of (Fig. 2a, lanes 2-4), we concluded that the proteolysis was caused by
0.1 M MES pH 6.5, 12%(w/v) PEG 20 000 (Fig. 1a). During optimi- contaminating proteases that were present in the protein sample and
zation, larger crystals of final dimensions of about 0.3 x 0.1 x 0.1 mm not in the solutions used for erystallization. In order to identify and
appeared within 21 d using reservoir solution consisting of 75 mM characterize the contaminating proteases, we further investigated the
MES pH 6.5, 9%(w/v) PEG 20 000 (Fig. 1b). proteolytic activity in the purified IRS-2 protein sample by testing a

=

Figure 1
Crystals of IRS-2. () Initial crystals obtained from sereening for crystallization conditions. (b) Crystals grown from optimized conditions. For data collection, part of the
large crystal cluster on the night was used.
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panel of specific peptidic substrates for serine and cysteine proteases
(Table 2). The hydrolysis of these substrates was monitored using a
continuous fluorimetric assay at the pH of the crystallization mixture.
In addition, an activity assay was performed in the presence of
selective protease inhibitors, namely Pefabloc and E64, which inhibit
serine and cysteine proteases, respectively. Based on the activity
profiling (Table 2), the detected activities were attributed to several
protease types including the papain-like and calpain-like activities of
the cysteine protease class and the trypsin-like and chymotrypsin-like
activities of the serine protease class.

To verify that the cleavage of IRS-2 protein was indeed caused by
the residual protease activities detected in the protein sample, we
incubated the protein sample for an extended period of time (6 d) at
310K in the presence or absence of serine and cysteine protease
inhibitors. SDS-PAGE analysis (Fig. 2b) revealed specific cleavage of
IRS-2 which is inhibited in the presence of the Pefabloc/E64 mixture.
The cleavage produced an IRS-2 major fragment of ~38 kDa
corresponding to the fragment detected in the protein crystal
Further proteolysis to smaller fragments (~30kDa) was also
observed.

Analysis of the crystals and protein sample led us to the conclu-
sions that IRS-2 was cleaved by contaminating serine and cysteine
proteases in the canonical serpin cleavage site and that the protein
species which produced crystals is the cleaved and more stable R
state.

IRS-2 crystals were used to collect diffraction data after cryopro-
tection with 20% PEG 400. A complete data set was collected from
a single crystal on the X13 beamline at BESSY (Hamburg) to 1.8 A
resolution (Fig. 3). The crystal exhibited the symmetry of space group
P4, with systematic absences indicating the presence of a 4, or 4;
screw axis. Crystal parameters and data-collection statistics are
summarized in Table 1. Evaluation of the crystal-packing parameters
indicated the presence of two molecules (containing 377 amino-acid
residues each) in the asymmetric unit, with a solvent content of 53%
and a Matthews coefficient of 2.62 A* Da™' (Matthews, 1968).

Determination of the structure by molecular replacement with
MOLREP (Vagin & Teplyakov. 2000) was attempted using the
structures of the two serpins that share the highest sequence identity
with IRS-2: human squamous cell carcinoma antigen 1 (PDB entry
2zv0; Zheng et al., 2009) and equine leukocyte elastase inhibitor
(PDB entry lhle; Baumann et al, 1992). The solution in space group
P4; using a polyalanine model derived from the structure of the
cleaved (R-state) equine leukocyte elastase inhibitor gave the best
results (R factor (.55, score 0.252). The two molecules pack sensibly
in the unit cell with no clashes and the electron densities calculated
from the molecular-replacement solution appeared to be suitable for
model building. Examination of the electron-density maps calculated
from the initial phases permitted us to identify that the structure
indeed represents an R form of serpin with the RCL inserted into the
central f-sheet to form as an additional S-strand (Fig. 4). Model
building and refinement of the model is currently in progress and the
structure analysis will be described in a subsequent manuscript
(Chmelar ef al., manuscript in preparation).

4. Discussion

Partial proteolysis has been shown to be an important event that is
required for the successful crystallization of many protein samples.
Successful crystallization of proteins after proteolysis by a contam-
inating protease originating from the protein sample or crystallization
solution has been reported (Mandel et al., 2006) and the inclusion of

a protease in the crystallization experiment (in situ proteolysis) is
becoming a widely used technique (Dong et al, 2007). For most
proteins, the positive effect of limited proteolysis on crystallization

Figure 3
A diffraction image from an IRS-2 crystal. The numbers represent the resolution
in A

Figure 4

Electron-density map (2F,,, — F,,., contoured at 1g) in the region of the central
p-sheet of IRS-2 calculated from the initial phases after molecular replacement.
The protein model (a polyalanine model derived from the structure of the cleaved
equine leukocyte clastase inhibitor) is shown as a ribbon, with the region of
the reactivecentre loop (RCL: residues 362-377) coloured red. The S-strand
conformation of the RCL is well supported by the electron-density map. This figure
was generated using the program PyMOL (DeLano, 2002).
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stems from the removal of flexible parts or highly hydrophobic
segments from the protein surface.

In our case, we observed a specific cleavage of the serpin IRS-2
from the tick I ricinus by contaminating proteases originating from
the bacterial expression system. Interestingly, the cleavage was
located in the RCL, which is the region of the serpin that is
responsible for interaction with the target protease. This proteolytic
treatment of IRS-2 mimicked specific cleavage by a target protease
and caused a conformational transition of the serpin molecule from
the S form into a more stable form (the R form) which produced
crystals that were suitable for diffraction analysis.

The cleavage of serpins during crystallization has been reported
previously. The first crystal structure of a cleaved serpin, that of
human el-proteinase inhibitor, was the result of an unsuccessful
attempt to crystallize its complex with the protease zymogen
(Locbermann et al., 1984). During long-term crystallization, the
serpin reacted with traces of active proteinase to produce the cova-
lent complex, which then dissociated to give the cleaved serpin, which
crystallized. We show here that serpins can be efficiently cleaved by
proteases originating from the expression host and that these
contaminating activities can be identified using specific substrates and
inhibitors as diagnostic tools.

This work was supported by the Grant Agency of the Czech
Republic (grant No. P207/10/2183) and in part by research centre No.
LC06009 from the Ministry of Education and projects Z40550506 and
750520514 awarded by the Academy of Sciences of the Czech
Republic. Diffraction data were collected on beamline X12 at the
EMBL Hamburg Outstation at DESY in Hamburg, Germany;
beamline MX14.2 at BESSY, Berlin, Germany was used for preli-
minary diffraction analysis.
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5.4. Publikace €. 4: An Unusual Two-Domain Tyropin from Tick
Saliva: NMR Solution Structure and Highly Selective Inhibition of
Cysteine Cathepsins Modulated by Glycosaminoglycans

Publikace se zamé&fuje na novy proteasovy inhibitor ze slin kliStéte obecného (/.
ricinus) nazvany Ir-tyropin (IrThy). Tento protein patii do tyropinové rodiny inhibitort,
jejiz zastupci dosud nebyli detailn¢ studovani u paraziti a patogent. Piedlozena prace
pfinasi prvni komplexni strukturné-funkéni charakterizaci parazitarniho tyropinu. 1.
ricinus je dilezitym vektorem Lymské boreliozy a klistové encefalitidy. Bioaktivni latky
z jeho slin, jako jsou proteasové inhibitory, jsou pfimymi Gc¢astniky interakce s hostitelem
a IrThy pfedstavuje vyznamny piispévek k mapovani téchto molekul a poznéni
mechanismu jejich piisobeni v interakci parazit—hostitel.

Sekvence IrThy byla uréena zcDNA knihovny pfipravené ze slinnych zlaz
polonasatych samic /. ricinus. Pfitomnost ve slindch a extraktu ze slinnych zldz byla
nasledné potvrzena pomoci proteomické analyzy hmotnostni spektrometrii. Expresni
profil IrThy byl ur¢en metodou qPCR ve dvou tkanich t€astnicich se priméarné interakce
s hostitelem, slinnych Zl14zach a stfev€. IrThy byl vyrazné vice exprimovan ve slinnych
zlazéach a jeho exprese v priibéhu sani klesa, coz nasvédcuje jeho funkci ve velmi ¢asné
fazi interakce s hostitelem.

Pro tcely biochemické charakterizace byl IrThy pfipraven jako rekombinantni
protein v expresnim systému hmyzich bunék. Analyza sekvence IrThy prokazala, ze
obsahuje dvé tyropinové domény (také oznacované jako tyreoglobulinové domény typu
1). Kromé kompletni rekombinantni molekuly IrThy byly proto pfipraveny i jednotlivé
samostatné domény (oznacované jako N- a C-koncova doména). Pro navrZeni téchto
konstruktl bylo analyzovano parovani disulfidi u dvoudoménového IrThy pomoci
hmotnostni spektometrie a spravné parovani poté ovéfeno i u produkovanych
rekombinantnich domén.

Inhibi¢ni specifita IrThy byla ur€ena v aktivitnich testech s Sirokym panelem
zastupct proteolytickych enzymu z hlavnich tfid se zaméfenim na relevantni hostitelské
proteasy. Bylo zjisténo, Ze IrThy je velmi selektivni nanomolarni inhibitor tfi lidskych
cysteinovych proteas s endopeptidasovou aktivitou — katepsinu V, K a L. Pfi testovani
samostatnych domén si C-doména zachovala obdobnou inhibi¢ni specifitu jako cely
protein, zatimco volnd N-doména byla schopna inhibovat i dvé dal$i cysteinové proteasy,

lidsky katepsin F a archetypalni proteasu papain. Je zndmo, Ze katepsin V a K maji na
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svém povrchu vazebna mista pro glykosaminoglykany (GAG) a interakce s témito
negativné nabitymi polysacharidy ovliviiuje jejich funkéni vlastnosti. V dalsim kroku byl
proto testovan vliv GAG na inhibi¢ni interakci mezi cilovymi katepsiny a IrThy. Zatimco
inhibice katepsinu L byla ovlivnéna minimaln¢, inhibice katepsinu V byla v pfitomnosti
GAG vyrazné posilena a inhibice katepsinu K naopak snizena. Tento efekt je zavisly na
typu GAG a jeho koncentraci. Lze piedpokladat, ze GAG, které jsou Siroce rozsifené
v tkanich hostitele, pfedstavuji modula¢ni faktor zvySujici selektivitu ptisobeni IrThy.

Déle se publikace zabyvala strukturni charakterizaci IrThy. Z divodu znac¢né
flexibility molekuly nebyly uspéSné krystalizaéni experimenty, a proto byl k feSeni
prostorové struktury pouzit pristup NMR spektroskopie. IrThy a jeho dvé samostatné
domény byly pfipraveny v expresnim systému E. coli umoziujicim izotopové znaceni a
pro rekombinantni produkty bylo ovétfeno spravné sbaleni i parovani disulfidii. Pomoci
NMR byla uspésné urcena 3D struktura C-domény (IrThy-Cd) vykazujici pfiznivou
vnitini dynamiku pro ziskani NMR dat. IrThy-Cd ma typicky klinovity tvar
charakteristicky pro tyropiny tvofeny N-koncovou o-Sroubovici a centrdlnim
antiparalelnim f-sklddanym listem. Strukturnim motivem reaktivniho centra jsou tfi
smycky (L1-L3) zapojené do interakce s proteasou. Oproti jedinym dvéma dal§im
strukturné charakterizovanym tyropiniim, fragmentu p41 a saxifilinu, obsahuje I[rThy-Cd
navic v C-koncové oblasti kratkou a-Sroubovici a dale disulfidové propojeni smycek L2
a L3, které zvySuje rigiditu molekuly IrThy-Cd. VyfeSend 3D struktura umoZiuje
vysvétlit pozorovanou uzkou selektivitu IrThy-Cd, ktera je omezena na nékolik mélo
cysteinovych katepsinti s endopeptidasovou aktivitou. Uvedené specifické strukturni
zmeény v oblasti smycek L2/L3 a substituce v sekvenci smycky L1 jsou pfi¢inou, proc¢
IrThy neinteraguje s cysteinovymi katepsiny s exopeptidasovou aktivitou.

Publikace otevird cestu k navazujicim studiim o biologické aktivit¢ IrThy a
obecné tyropintll z kliStat. Podle inhibi¢ni specifity lze v analogii s kli§técimi cystatiny
pfedpokladat Gi¢ast na imunomodulaci reakce hostitele. Dal$im voditkem je homologie
IrThy a ctenitoxinu zjedu pavoukll s antinociceptivnimi Uc€inky, coZ by mohlo

naznacovat potencialni funkci tyropinii jako lokalnich anestetik v misté sani klistéte.

Miij podil na praci spocival v: 1) klonovani a piipravé rekombinantniho proteinu IrThy
a jeho jednotlivych domén v expresnim systému hmyzich bun¢k pro funkcni studie a

v E.coli pro strukturni analyzu, 2) pfipravé vybranych rekombinantnich katepsinovych
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proteas, 3) ndvrhu a provadéni biochemickych a enzymologickych funkénich testd se
studovanymi inhibitory zaméfenymi na interakci s proteasami a GAG, 4) interpretaci
ziskané 3D struktury IrThy-Cd s vyuzitim molekuldrni grafiky a korelace vztahi mezi

strukturou a aktivitou a 5) pfipravé manuskriptu.
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Abstract: The structure and biochemical properties of protease inhibitors from the thyropin family
are poorly understood in parasites and pathogens. Here, we introduce a novel family member,
Ir-thyropin (IrThy), which is secreted in the saliva of Ixodes ricinus ticks, vectors of Lyme borreliosis
and tick-borne encephalitis. The IrThy molecule consists of two consecutive thyroglobulin type-1
(Tg1) domains with an unusual disulfide pattern. Recombinant IrThy was found to inhibit human
host-derived cathepsin proteases with a high specificity for cathepsins V, K, and L among a wide
range of screened cathepsins exhibiting diverse endo- and exopeptidase activities. Both Tg1 domains
displayed inhibitory activities, but with distinct specificity profiles. We determined the spatial
structure of one of the Tgl domains by solution NMR spectroscopy and described its reactive center
to elucidate the unique inhibitory specificity. Furthermore, we found that the inhibitory potency of
IrThy was modulated in a complex manner by various glycosaminoglycans from host tissues. IrThy
was additionally regulated by pH and proteolytic degradation. This study provides a comprehensive
structure—function characterization of IrThy—the first investigated thyropin of parasite origin—and
suggests its potential role in host—parasite interactions at the tick bite site.

Keywords: cathepsin; cysteine protease; tick; parasite; saliva; thyropin; protease inhibitor; pro-
tein structure

1. Introduction

The thyroglobulin type-1 (Tgl) domain is typically a 7 kDa protein module found in a
variety of unrelated multidomain proteins in the animal kingdom. It was first identified
in thyroglobulin, which carries eleven Tgl repeats [1]. The Tgl domains, which feature a
conserved pattern of cysteine residues, are divided into subgroups 1A and 1B based on
the number of cysteines [1]. The variable loops in the molecular architecture of the Tgl
domain make it highly adaptive and account for the multiple functions it has acquired
through evoelution, including protease inhibition. Tgl domain-containing proteins with
antiproteolytic activity are known as thyropins [2], classified as protease inhibitor family
I31 by the Merops database [3]. While Tg1 domains have been shown to directly inhibit
cysteine and aspartic proteases, mainly those of the cathepsin type, individual thyropins
differ greatly in their inhibitory specificities [4].
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Most of our knowledge about thyropins and their inhibitory activity derives from the
following members: the p41 invariant chain fragment, involved in major histocompatibility
complex (MHC) class II maturation and antigen processing [5,6]; saxiphilin, a neurotoxin-
binding protein from bullfrogs [7,8]; equistatin, derived from sea anemones, which contains
domains that selectively inhibit cysteine or aspartic cathepsins [9,10]; human testican-1, a
multi-domain proteoglycan from the brain [11,12]; human epithelial cell adhesion molecule
(EpCAM), a carcinoma cell marker [13]; and the cysteine protease inhibitor ECI from chum
salmon eggs [14]. Additionally, Tgl domains in insulin-like growth factor binding proteins
(IGFBPs) have been proposed as proteolysis regulators [15,16].

Of the thyropins whose inhibitory properties have been demonstrated, only two have
been characterized at the structural level. These include crystal structures of saxiphilin,
which has two Tgl domains embedded in a large transferrin architecture [8], and the p41
fragment, a single Tgl domain thyropin, in complex with cathepsin L [6]. This complex
identified the reactive center on the Tgl domain, which is formed by three loops that
bind to the active site of cathepsin L. In addition to their inhibitory effects, Tgl domains
may establish more complex relationships with the target cathepsin. For instance, as
demonstrated for cathepsin L complexed with the p41 fragment, the Tgl domain may
stabilize the protease at a neutral pH [17]. Another example is the proteolytic degradation
of testican-1, an inhibitor of cathepsin L, by the same protease at high concentrations [12].

There is very little information on the structure—function relationships of thyropins in
invertebrates, particularly those found in parasites. To address this gap, we performed a
molecular characterization of thyropin from the hard tick Ixodes ricinus, a well-known vector
of Lyme borreliosis and tick-borne encephalitis. Although thyropins have been recently
identified by transcriptomic and proteomic analyses in several tick species [18-21], their
biological roles remain unknown. Qur interest in thyropins builds upon successful research
into another family of protease inhibitors targeting cysteine cathepsins, the cystatins. These
proteins found in tick saliva act as powerful immunomodulators of the host response, while
those in the tick gut regulate blood digestion [22-25].

In this study, we provide a comprehensive functional and structural characterization
of Ir-thyropin (IrThy), an unusual thyropin secreted in the saliva of I. ricinus ticks. Its small
molecule consists of only two Tgl domains, which are atypically disulfide-bonded. The
narrow inhibitory specificity of IrThy was explained by NMR structural analysis and was
further shown to be modulated by glycosaminoglycans (GAGs). Finally, we propose a role
for IrThy in the initial stages of host-parasite interactions at the tick bite site.

2. Results
2.1. IrThy—A Salivary Protein Secreted by the I. ricinus Tick

Based on the analysis of the salivary gland transcriptome (sialome) of the hard tick
I. ricinus [26], we identified a set of homologous sequences belonging to the I31 family of
thyropin proteins. Using a consensus sequence, we designed primers for PCR amplification
from the cDNA of salivary glands of half-fed I. ricinus females. The resulting amplicon
was cloned and sequenced, yielding a sequence with an open reading frame of 501 bp
(Figure S1). This sequence was deposited in GenBank under accession number PP107940.
The encoded sequence of the protein, named IrThy, exhibited ~97% and ~96% identity to
GenBank accessions JAA67758.1 and JAP74612.1, respectively, from L. ricinus [26,27].

To demonstrate the specific localization of IrThy, we applied an LC-MS/MS strategy
based on enzymatic digestion of a complex proteome in conjunction with MS/MS peptide
sequencing. Based on our analysis of salivary gland extract and saliva from [ ricinus
females (Table S1), we identified IrThy in both materials, indicating that IrThy was a
secreted salivary protein.

Next, we compared the mRNA transcript levels of IrThy in two tissues that play a
key role in the tick feeding process (Figure 1A). Specifically, we observed substantially
higher expression in the salivary glands of half-fed females than in the midgut, which
is responsible for blood digestion. Figure 1B shows the dynamics of IrThy expression
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during tick feeding on the host. Unfed females displayed the highest level of expression,
which then gradually decreased to reach an expression level approximately one order of
magnitude lower than in fed females.
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Figure 1. Transcriptional profiling of IrThy. Expression of IrThy was evaluated by gqRT-PCR in adult
female Ixodes ricinus ticks in (A) salivary glands and midgut from half-fed ticks and (B) whole-body
homogenates at different stages of blood feeding. The mRNA transcript levels were normalized to
the housekeeping gene ferritinl. Results represent the mean + SD of biological triplicates (pooled
samples), expressed relative to the highest measured value (100%); * p < 0.05, ** p < 0.005.

In summary, we cloned IrThy from I. ricinus as a new member of the thyropin family.
It is predominantly expressed in the salivary glands of unfed female ticks and is secreted
into the tick saliva, suggesting its involvement in the early stages of tick-host interaction.

2.2, IrThy Is a Two-Denwin Thyropin: Sequence Analysis, Evolutionary Distribution, and
Recombinant Production

IrThy ¢DNA contains an open reading frame encoding a protein of 166 amino acid
residues. It contains a 19-residue signal peptide followed by a mature IrThy sequence
of 147 residues consisting of two consecutive Tgl domains from the I31 thyropin family
(Figure 2A). The N- and C-terminal domains have 79 and 68 residues, respectively, and share
26% sequence identity. Both domains belong to Tgl subtype 1A [1], which features three
disulfide bonds. By evaluating the connectivity of the disulfides by LC-MS/MS peptide
mapping (Table S2), we found that all of the cysteines formed disulfide bridges. The con-
nectivity is as follows: Cys17-Cys37, Cys48-Cys59, and Cys61-Cys81 in the N-domain, and
Cys79-Cys103, Cys115-Cys139, and Cys122-Cys147 in the C-domain (Figure 2A). Two of
them are associated with the central sequence Cys79(N-domain)-Lys80-Cys81(C-domain),
where Cys79 is cross-linked to the C-domain and Cys81 to the N-domain; therefore, they
can be classified as interdomain disulfide bridges (Figure 2A). Sequence comparison shows
that the N-domain of IrThy shares the disulfide pattern with the prototype thyropin, the
human p41 fragment, while the pattern in the C-domain is modified (Figure S2).

Given that IrThy consists of two Tgl domains, we decided to investigate the phylo-
genetic distribution of IrThy homologs with analogous domain compositions. The Pfam
database (hosted by InterPro) [28] lists over 20,000 proteins containing the Tgl domain
(Pfam entry: PF00086). These proteins are typically multi-domain, with up to more than
a dozen Tgl repeats, often combined with domains of other types. Figure 2C shows the
distribution of Tgl domain-containing proteins for three different search parameters. Selec-
tion I presents all sequences that have two Tgl domains along with other Pfam domains.
Most of them, 77%, belong to vertebrates, and 23% are mammalian. Selection II differs
from Selection I'in that it excludes proteins containing other Pfam domains. This resulted
in a predominance of invertebrate sequences (70%), with over half coming from arthropods
(57%). In Selection III, we restricted the sequence length to 180 residues spanning two
consecutive Tgl domains; this is consistent with the domain pattern of IrThy. These short
two-domain thyropins were mostly found in invertebrates (63%), including ticks; none
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were found in mammals. This indicated that IrThy-like thyropins from ticks have no
analogs in mammalian hosts.
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Figure 2. Sequence, evolution, and recombinant production of IrThy. (A) Amino acid sequence
of IrThy featuring a signal peptide (italics), an unstructured N-terminal region (dotted), an N-
terminal thyroglobulin-type 1 (Tgl) domain (blue), and a C-terminal Tgl domain (purple). Residue
numbering is according to the mature protein. The connectivity of cysteine residues (highlighted)
is indicated by pairs of black symbols below the sequence. The predicted N-glycosylation site is
underlined. The schematic diagram shows the organization of the domains (N- and C-domains)
with six disulfide bridges (the black lines indicate cysteine residue connectivity). The signal peptide,
the unstructured region, and the two Tgl domains were predicted using SignalP 6.0, PrDOS, and
InterPro, respectively. (B) Purified recombinant full-length IrThy and its individual N- and C-terminal
domains (IrThy-Nd and IrThy-Cd), produced in the insect cell system, were resolved by SDS-PAGE
and visualized by protein staining. (C) Phylogenetic distribution of proteins containing two Tgl
domains in invertebrates (including ticks and other arthropods) and vertebrates (including mammals).
The sequences from three searches in the InterPro-hosted Pfam database are specified as follows:
Selections I and II—the sequence length is not restricted, and other domain types may (Selection I) or
may not (Selection IT) be present in the molecules; Selection Ill—the sequence length is restricted to
180 residues, corresponding to proteins with only two consecutive Tgl domains, such as IrThy.

Recombinant full-length IrThy was prepared as a mature protein with a removable
oligohistidine tag (ultimately cleaved by a TEV protease) and expressed using the S2
insect cell system. The same procedure was used to produce individual single domains
of IrThy, namely the N-domain protein IrThy-Nd and the C-domain protein IrThy-Cd.
For simplicity, interdomain disulfides linked to the central sequence Cys79-Lys80-Cys81
were replaced by intradomain disulfides spanning a sequence two amino acids shorter,
namely Cys61-Cys79 in IrThy-Nd and Cys81-Cys103 in IrThy-Cd. These disulfides formed
correctly in the expressed single-domain proteins, as confirmed by LC-MS/MS peptide
mapping (Table S2). All three recombinants were purified to homogeneity from expression
media (see Section 4). They migrated on SDS-PAGE as single bands corresponding to the
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predicted molecular masses of 16.9, 9.6, and 7.9 kDa for IrThy, IrThy-Nd, and IrThy-Cd,
respectively (Figure 2B). To increase the homogeneity of the recombinants for structural
analysis, the N-glycosylation motif on the C-domain was mutated (Figure 2A); this motif is
located on the opposite side of the domain from the predicted reactive center for protease
binding (see Section 2.6.).

2.3. The Unique, Narrow Inhibitory Specificity of IrThy

Purified recombinant IrThy and its individual domains, IrThy-Nd and IrThy-Cd,
were screened in vitro for inhibitory activity against two panels of proteases, including
archetypal representatives of major protease classes and relevant cysteine cathepsins of
the mammalian host. The latter panel, selected to cover a wide range of endo- and ex-
opeptidase cleavage specificities of cysteine cathepsins, consisted of cathepsins F, K, L,
S, and V (endopeptidases), cathepsins B and X (a carboxydipeptidase/endopeptidase
and carboxypeptidase, respectively), and cathepsins C and H (an aminodipeptidase and
aminopeptidase, respectively).

Inhibition constants (K;) were determined using a fluorescence activity assay; the
specificity profiles are compared in Table 1. No inhibition was observed for members
of aspartic and serine proteases or for cysteine proteases of the CD clan. Inhibition was
observed only for certain cysteine cathepsins with endopeptidase activities from the CA
clan of cysteine proteases. In general, I'Thy and its two individual domains selectively
inhibited cathepsins V, K, and L as follows: K; values were within the range of 2741 nM
and 44-57 nM for cathepsin V and cathepsin K, respectively; cathepsin L was more sensitive
to inhibition by IrThy and IrThy-Nd (K; of 201 and 179 nM, respectively) than by IrThy-
Cd (K; of 795 nM). However, IrThy-Nd exhibited a broader inhibitory specificity and,
in addition to the three cathepsins mentioned above, it effectively inhibited two other
proteases with endopeptidase activities from the CA clan, namely cathepsin F and the
archetypal plant protease papain, with K; values of 207 and 153 nM, respectively.

Table 1. Inhibitory specificity of IrThy and its individual domains. The inhibitory potency of full-
length IrThy and its N- and C-terminal domains (Ir'Thy-Nd and IrThy-Cd) was screened against
mammalian host-derived cysteine cathepsins of the CA clan and archetypal representatives of
protease clans. Kj values (mean =+ SD) were determined by a kinetic activity assay using specific
fluorogenic peptide substrates (see Section 4). The Merops database classification of the tested
proteases (class/clan) and their mode of action are given. n.i.—no significant inhibition at 2 pM
inhibitor concentration.

Enzyme Specifici K; (nM)
E: Zy! P! ty, i
nEymes Protease Class/Clan IfThy IrThy-Nd IrThy-Cd
Host cathepsin proteases
Cathepsin V Endopeptidase, Cys/CA 347+29 272+£31 407 £ 3.8
Cathepsin K Endopeptidase, Cys/CA 569+43 437 £54 531+ 77
Cathepsin L Endopeptidase, Cys/CA 2014+ 158 178.6 + 6.7 795.1 +19.8
Cathepsin F Endopeptidase, Cys/CA n.i. 207.2+142 n.i.
Cathepsin S Endopeptidase, Cys/CA ni. ni ni.
Cathepsin B Endo- and carboxydipeptidase, Cys/CA ni. ni n.i.
Cathepsin X Carboxypeptidase, Cys/CA ni. ni ni
Cathepsin C Aminodipeptidase, Cys/CA ni. ni ni
Cathepsin H Aminopeptidase, Cys/CA ni. ni n.i.
Model proteases
Papain Endopeptidase, Cys/CA ni. 1534 +11.1 n.i.
Legumain Endopeptidase, Cys/CD ni. ni n.i.
Cathepsin D Endopeptidase, Asp/AA ni. ni n.i.
Chymotrypsin Endopeptidase, Ser/PA ni. ni n.i.
Trypsin Endopeptidase, Ser/PA ni. ni n.i.

We demonstrated that IrThy is capable of inhibiting the activity of model target
proteases across the entire pH activity range and, moreover, that the degree of inhibition is
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pH-dependent (Figure 3A). The most effective inhibition was observed at a mildly acidic
pH of ~6, with reduced inhibitory potency at more acidic and neutral /alkaline pH values.
The regulatory effect of pH was more pronounced for cathepsin V than for cathepsin K. We
also analyzed the inhibition mode of IrThy, classifying it as competitive, which suggests
that IrThy binds in the protease active site as previously described for the p41 fragment [6].
The inhibition mode was determined using a Lineweaver-Burk plot with a series of straight
lines intersecting on the 1/v axis (Figure 3B, C).

A
75
m CathepsinV
Cathepsin K
P TS PO 1 SR
5
2 7
5.0 1
£254 A
= 7
.
g n
oM 7 7
4.0 5.0 6.0 7.0 8.0
pH value
B y c 402 o 104nM
2 il I égﬂnﬁm go - & 52nM
1 60 nM 1 52nM
2.0 g / % 0nm 0.20 g / 2 e
“ of v 0nM 0.0
e 50 100 150 2 g 50 100 150
5 1 {1 < M)
= &
10 % 0.10
2 2
- 0.5 < 0.05

0.00 T T T T
-02 00 02 04 06

18] M)

0.0
02 00 02 04 06 08 1.0
18] M)

T 1
08 1.0

Figure 3. Characteristics of cysteine cathepsin inhibition by Ir'Thy. (A) Effect of pH on the inhibitory
potency of IrThy. The kinetic activity assay for cathepsins K and V with fluorogenic peptide substrates
was performed at different pH values in the presence and absence of IrThy. The inhibitor was applied
at a concentration providing ~50% inhibition at pH 6.0, and the % inhibition was calculated relative
to an uninhibited control (0%) at the pH values indicated; means + SD are given. Note that the pH
value of 8.0 is outside the functional range of cathepsin V (n.a.). (B,C) Competitive mode of inhibition
by IrThy. Lineweaver-Burk plots are presented together with secondary plots of the same data (inset)
for (B) cathepsin V and (C) cathepsin K. The kinetic activity assay with fluorogenic peptide substrates
was performed at pH 5.5. Means & SD are given for triplicates.

In summary, we demonstrated that IrThy is a thyropin with a unique and narrow
inhibitory specificity toward mammalian cysteine cathepsins. It targeted only the en-
dopeptidase cathepsins V and K within nanomolar range, followed by cathepsin L; the
other cathepsins with the spectrum of endopeptidase and exopeptidase activities proved
insensitive to IrThy.

2.4, IrThy Is Prone to Proteolytic Degradation by Target Proteases at High Concentrations

The Tgl domains proved susceptible to cleavage by cysteine cathepsins, as reported
in [29]. Human testican, a cathepsin L inhibitor from the thyropin family, undergoes
degradation by its target protease, cathepsin L, at high concentrations [12]. In this context,
we chose to examine the sensitivity of IrThy to the proteolytic activity of cathepsins V, K,
and L, which are selectively inhibited by IrThy (see Section 2.3). For comparison, we also
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included an experiment with cathepsin B as a model endopeptidase /exopeptidase, which
is not targeted by IrThy.

First, we applied the concentration conditions used in the kinetic assay for measuring
the inhibitory potency of Ir'Thy (Figure 4). No apparent degradation of IrThy was observed
using these catalytic concentrations of cathepsins, with an enzyme:inhibitor ratio of 1:20,000
(w/w) (corresponding to 0.2 nM:6 uM concentrations). On the contrary, incubation of
IrThy with cathepsin concentrations increased by three orders of magnitude (1:5 ratio,
w/w) (corresponding to 0.8 uM:6 UM concentrations) led to the substantial degradation
of IrThy by all tested cathepsins. The time course of the degradation reaction is shown in
Figure S3, which illustrates the generation of IrThy fragments. Furthermore, we used mass
spectrometry for mapping the cleavage sites, which were found to be widely distributed
on the IrThy molecule (Figure 54).
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Figure 4. Proteolytic degradation of IrThy by target cathepsins V, K, and L, and a model non-target
cathepsin B. IrThy was treated with high concentrations of cathepsins (an enzyme:inhibitor ratio of
1:5, w/w) or with catalytic concentrations of these cathepsins, corresponding to conditions in a kinetic
inhibition assay (an enzyme:inhibitor ratio of 1:20,000, w/w). The reaction mixture was incubated at
pH 5.5; the aliquots at time points 0 and 1 h were resolved by SDS-PAGE and visualized by protein
staining. The positions of IrThy and cathepsins (Caths) are indicated.

To conclude, we provide evidence that IrThy can be proteolytically degraded by
both its target and non-target cysteine cathepsins. We speculate that this may represent a
concentration-dependent regulatory mechanism that controls the physiological inhibitory
effect of IrThy.

2.5. Complex Glycosaminoglycan Modulation of IrThy Inhibitory Activity

As previously reported, GAGs, which are widely distributed in tissues, modulate
interactions between several protease inhibitors of proteinaceous character and their target
proteases, including cathepsins [30,31]. However, this relationship has not been investi-
gated in thyropins. To address this shortcoming, we tested the effect of GAGs on IrThy
action against cathepsins V, K, and L, which proved sensitive to IrThy inhibition (Table 1).
For the screening, we used a panel of GAGs that included (i) heparin (17-19 kDa) and its
disaccharide fragment (0.7 kDa), (ii) chondroitin-4-sulfate, chondroitin-6-sulfate, dermatan
sulfate (all in the 20-60 kDa range), and (iii) dextran sulfate (9-20 kDa), which served
as a model sulfated polysaccharide GAG analog. Individual GAGs at a concentration of
10 pg/mL were incubated with IrThy and a target cathepsin. The resulting change in
cathepsin activity was measured using a fluorescence activity assay and compared to the
control experiment without GAG.

The results in Figure 5A show the dramatic effects of GAGs on the inhibition of
cathepsins K and V. The inhibitory potency of IrThy against cathepsin K was substantially
reduced from ~50% inhibition to ~7, 16, and 23% in the presence of heparin, chondroitin-4-
sulfate, and chondroitin-6-sulfate, respectively, and was completely abolished by dermatan
and dextran sulfates. The opposite effect was observed for cathepsin V, whose inhibitory
potency was greatly enhanced from ~25% to within an inhibitory range of 55-70% in the

94



Int. J. Mol. Sci. 2024, 25, 2240

8of 21

presence of all tested GAGs. The only exception was the heparin disaccharide fragment,
which had no significant effect on IrThy inhibition of cathepsin V or the other cathepsins. In
contrast to cathepsins K and V, the inhibition of cathepsin L by IrThy was not substantially
affected by GAGs in general; changes in inhibitory potency were within 15% (Figure 5A).
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Figure 5. Effect of glycosaminoglycans (GAGs) on the inhibitory potency of IrThy. IrThy was applied
at a concentration providing ~50% or ~25% inhibition in the absence of heparin. The kinetic activity
assay with fluorogenic peptide substrates was performed at pH 5.5. The % inhibition was calculated
relative to uninhibited controls (0%) with the same GAG concentrations (Figure S5); means + SD
are given. Comparative experiments without GAG are indicated as No GAG and 0 heparin. (A) The
inhibitory potency of IrThy against human cathepsins V, K, and L in the presence of different GAGs,
including heparin (Hep 17-19) and its disaccharide fragment (Hep 0.7), chondroitin-4-sulfate (C4S),
chondroitin-6-sulfate (C6S), dermatan sulfate (DerS), and the GAG analog dextran sulfate (DexS).
GAGs were applied at 10 pg/mL. (B) The inhibitory potency of IrThy against human cathepsins
V, K, and L in the presence of various concentrations of heparin (0-10 pg/mL) and 0.3 M NaCl
(where indicated).

Figure 5B shows the dependence of the modulatory effect on the GAG concentration
as demonstrated by heparin. For the inhibition of cathepsins K and V by IrThy, heparin
was highly effective at concentrations of 1 ug/mL and above, where the inhibitory potency
of IrThy reached its minimum value against cathepsin K and its maximum value against
cathepsin V. Heparin concentrations at and below 0.1 pg/mL had a much less pronounced
effect (<17% compared to the control without heparin). Inhibition of cathepsin L by IrThy,
which exhibited low sensitivity to heparin, was associated with a decrease in inhibition of
up to ~10%.

The electrostatic character of the heparin interactions involved in the modulatory
effect was examined by increasing the ionic strength in the inhibition assay (Figure 5B). The
presence of 0.3 M NaCl either substantially or completely suppressed the heparin-induced
changes observed in the inhibitory potency of IrThy. In addition, the control experiment
with NaCl and without heparin suggests that electrostatic interactions also contributed
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to the interactions between IrThy and cathepsin K, as indicated by the ~20% reduction
in inhibition.

In conclusion, GAGs modulate the inhibitory potency of [rThy against cysteine cathep-
sins in a complex manner. This modulatory effect is highly variable and depends on the
type of target cathepsin, GAG, and GAG concentration employed. Most notably, IrThy
inhibition of cathepsins K and V, both of which contain GAG-binding sites [32-35], was
down- and upregulated by GAGs in opposite ways.

2.6. Spatial Structure of the IrThy C-Domain Determined by NMR Spectroscopy

To investigate the spatial structure of IrThy by NMR spectroscopy, we prepared full-
length Ir'Thy and its individual domains, IrThy-Nd and IrThy-Cd, in an Escherichia coli
expression system for 1°C and 1°N isotope labeling. Correct protein folding was confirmed
by comparing their 1D NMR spectra and inhibitory activity with recombinants produced
in insect cells used in functional studies.

For IrThy and IrThy-Nd, the poor quality of all standard 3D spectra indicated that the
internal dynamics of both proteins contributed to a faster relaxation of the NH resonances,
preventing the acquisition of reliable data. In contrast, the 3D spectra of IrThy-Cd were of
sufficient quality to enable the assignment of ~85% of the backbone atoms and ~64% of
all the atoms. Of the 68 r'Thy-Cd residues, resonances for 17 residues were not detected.
These included a stretch of Lys88—Val96, which is probably flexible and lacks contacts
with more rigid structural elements. The other residues without backbone assignment
were found in the proximity of cysteines Cys115 (Thr117), Cys139 (Ser136, Gly137, and
Thr140), and Cys147 (Argl44, Asp145, His146, and Cys147 itself); this can be attributed to
the dynamics of disulfide conformation on a millisecond timescale, resulting in a decrease
in signal intensities.

Interproton distance restraints were obtained from NOESY spectra (see Section 4).
A dense network of inter-residue restraints was observed within the B-sheet-containing
region Tyr109—Alal30; 18, 15, and 10 restraints were generated for residues Val123, Asp124,
and Prol25, respectively. This points to a significant stabilization of this region, includ-
ing the L2 loop (Figure 6B). As additional restraints, we also incorporated experimental
mass spectrometry data on the pairing of cysteines in IrThy-Cd, namely Cys81-Cys103,
Cys115-Cys139, and Cys122-Cys147, into the structure calculation protocol (Table S2).
The final refinement yielded 30 solution structures of IrThy-Cd selected on the basis of
low overall energy and minimal constraint violations (Figure 6C). Atomic coordinates and
experimental constraints were deposited in the Protein Data Bank (accession code: 8R6T)
and the Biological Magnetic Resonance Data Bank (BMRB) (accession code: 34883).

A representative spatial structure of IrThy-Cd is presented in Figure 6A. The molecule
adopts a wedge-shaped fold typical of thyropins and similar to those of the human p41
fragment (PDB code: 1ICF [6]) and bullfrog saxiphilin (PDB code: 600F [8]), the only
thyropins whose structures are known. Figure 6B,D shows the structure-based sequence
alignment and structural comparison of IrThy-Cd with p41 and the saxiphilin domains 1
and 2; the Coc RMSD values are within the range of 49-5.6 A, and the sequence identities
are within the range of 26—32%. While the architecture of IrThy-Cd is clearly similar to
that of the other thyropins (Figure 6D), the high RMSD values can be attributed to the
considerable flexibility of the loops and orientation of the structural regions. The fold
is characterized by a conserved N-terminal «-helix («1), an antiparallel B-sheet (31-32),
and three loops (L1-L3), which are involved in the protease interaction (Figure 6A). In
addition, IrThy-Cd incorporates another short C-terminal a-helix (c2). In terms of spatial
arrangement, these segments constitute two subdomains: the first subdomain contains o1
and L1, and the second the rest of the thyropin molecule [6].
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Figure 6. NMR solution structure of the IrThy C-domain (IrThy-Cd) and its comparison with other
structurally characterized thyropins. (A) Representative three-dimensional structure of IrThy-Cd
(PDB code: 8R6T) is depicted in a cartoon representation colored by secondary structural elements
(a1-2 helixes, cyan; $1-2 strands, magenta). The N- and C-termini (N, C) and the three disulfide
bridges (yellow sticks and balls) Cys81-Cys103 (D1), Cys115-Cys139 (D2), and Cys122-Cys147
(D3) are indicated. The L1, L2, and L3 loops are involved in the binding of the thyropin inhibitors
to cysteine cathepsins [6]. (B) Structure-based sequence alignment of IrThy-Cd with structurally
characterized thyropins, human p41 fragment (p41), and bullfrog saxiphilin domains (Sxph_Tg1 and
Sxph_Tg2). Residues identical to those of IrThy-Cd are shaded in grey; fully conserved residues are
in bold. Residue numbering is according to IrThy-Cd. Cysteine residues forming disulfide bridges
are shaded in black and labeled D1-3 for IrThy-Cd; disulfide connectivity for the other thyropins is
indicated by black circles, triangles, and squares below the alignment; note changes in the pairings
compared to D2 of IrThy-Cd. The secondary structural elements of IrThy-Cd are depicted in cyan or
magenta above the sequence and labeled the same as in (A). Three regions topped with the L1, L2,
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and L3 loops, which are responsible for the protease interaction, are indicated by horizontal black
lines below the alignment based on the structure of the p4l complex with cathepsin L [6]. The
alignment was generated using ClustalQ [36] and edited based on the structural superposition.
(C) An ensemble of the 30 lowest-energy solution structures of IrThy-Cd in the ribbon representation
is superimposed. The orientation of the molecule is the same as in (A) (left panel); the binding loops
L1 to L3 are marked. (D) Overlay of I'Thy-Cd (magenta) with structurally characterized thyropins
in a ribbon representation, including the p41 fragment (orange, PDB code: 1ICF) and the saxiphilin
domains 1 and 2 (cyan and green, respectively, PDB code: 600F). The positions of the disulfides are
compared for ['Thy-Cd (yellow sticks and balls) and p41 (black sticks and balls). The orientation of
the molecules is the same as in (A) (left panel); the binding loops L1 to L3 are marked.

The disulfide bridges are critical to the overall fold of IrThy-Cd, considering the
absence of a hydrophobic core, low content of secondary structures, and substantial con-
formational flexibility. Both IrThy-Cd subdomains are stabilized by the disulfide bridges
Cys81-Cys103, Cys115-Cys139, and Cys122-Cys147, designated D1 through D3, respec-
tively, in Figure 6A. Thus, IrThy-Cd conforms to the thyroglobulin subtype 1A domain,
which has three disulfides [1]. In the first subdomain, the conserved D1 disulfide bridge
near the N-terminus supports the formation of the L1 loop. The D2 and D3 bridges of
IrThy-Cd, located in the second subdomain, connect the L2-containing segment with the
L3-containing segment. Interestingly, the interloop disulfide bond D2 in IrThy-Cd is re-
placed by an intraloop disulfide in p41 and saxiphilin domain 1, where it forms a clamp
within the L2 loop; this bridge is absent in saxiphilin domain 2. The higher number of
interloop disulfides may provide greater rigidity for the second subdomain of Ir'Thy-Cd.

Loops L1, L2, and L3 form the reactive centers of the thyropins (Figure 6A). The
tripartite wedge-shaped edge fills the active site cleft of the target proteases, as previously
reported for the crystal structure of the p41 fragment complex with cathepsin L [6]. As
the lowest-energy NMR structures of IrThy-Cd demonstrate, the L1- and L3-containing
segments are the most flexible parts of the unbound thyropin molecule in solution
(Figure 6C). The large L1 loop of Ir'Thy-Cd features the conserved residues Gly101 and
Pro105 (Figure 6B), which may be important for protease recognition specificity, as previ-
ously proposed for the L1 loops of thyropins [8]. The L2 loop, rather rigid in IrThy-Cd,
is stabilized by the B1-{32 sheet and two disulfides. The (32 strand contains a part of the
Trp—Cys—Val sequence motif conserved in the Tgl domains (Figure 6B), which form the core
of the second subdomain. The L3 loop is flanked by the D2 interloop disulfide followed by
the C-terminal o2 helix; both of these features are unique to IrThy-Cd among the known
thyropin structures.

3. Discussion

In this study, we provide a comprehensive structural and functional analysis of IrThy,
an unusual member of the thyropin family of protease inhibitors that is expressed and
secreted by the salivary glands of the hard tick I. ricinus. In general, the scientific un-
derstanding of thyropins in invertebrates is limited. To our knowledge, this is the first
study to characterize parasite-derived thyropin at the molecular level. The IrThy molecule
consists of two consecutive Tgl domains, the N-domain and the C-domain. We identi-
fied an atypical disulfide pattern within the C-domain and also between both domains,
forming an interdomain linkage. Intriguingly, the IrThy molecule lacks the complexity of
structural modules common to many other multidomain Tgl-containing proteins. Our
phylogenetic distribution analysis revealed that these notably short thyropin molecules (up
to 180 residues), containing only two tandem Tgl domains, are widespread in arthropods
(including ticks) and entirely absent in mammals.

IrThy is a potent inhibitor of only three human cysteine cathepsins, namely V, K, and
L, which belong to the cathepsin L subfamily of endopeptidases. IrThy does not inhibit
other related cathepsins that possess diverse endo- and exopeptidase activities. Therefore,
ItThy possesses a unique, narrow inhibitory specificity compared to other thyropins. In
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general, thyropins can be effective against endopeptidases, but also against exopeptidases.
A wide range of cysteine cathepsins with endopeptidase activities, including cathepsins
V, K, L, F, and S, are inhibited by the p41 fragment [5]. Inhibition of exopeptidases, such
as cathepsins B and H, has been reported for the p41 fragment, equistatin, saxiphilin, and
salmon egg thyropin [7,14,37,38].

The recombinant C-domain of IrThy (IrThy-Cd) exhibits the same inhibitory profile as
full-length IrThy. We determined the spatial structure of IrThy-Cd by NMR spectroscopy,
which allowed us to analyze the structural basis of the inhibitory specificity by comparing
the IrThy-Cd structure with that of the p41 fragment complexed with cathepsin L [6]. The
binding mode of the p41 fragment, which carries three inhibitory loops (L1, L2, and L3),
enables important interactions with the S2-51 subsite area as well as the surrounding loops
located on the protease R-domain [6]. These interactions are understood to be negatively
affected by two structural changes in IrThy-Cd, including the increased size of the L1 loop
in the first subdomain and the shape of the second subdomain induced by the unique
disulfide D2 (Figure 6B,D). In particular, these changes prevent binding to exopeptidases
such as cathepsin H (an aminopeptidase) and cathepsin B (a carboxydipeptidase), whose
partially obstructed active sites restrict access [39,40].

We observed that the recombinant N-domain (Ir'Thy-Nd) displayed a broader selec-
tivity pattern compared to the narrow inhibitory specificity of IrThy-Cd and the parental
ItThy. In addition to cathepsins V, K and L, IrThy-Nd inhibited two other homologous
proteases with endopeptidase activities, cathepsin F and papain. This suggests that the
binding interactions of the N-domain are somewhat restricted by the closely positioned
C-domain in the full-length IrThy scaffold. Nevertheless, our AlphaFold-derived model
of IrThy (Figure S6) revealed that the two reactive centers of the N- and C-domains are
oriented in opposite directions and can function simultaneously. A similar arrangement
has been previously documented in the tandem Tg1 domains of saxiphilin, which bind two
protease molecules with different inhibitory specificities [7].

Furthermore, we performed a preliminary cross-linking mass spectrometry (XL-MS)
experiment with IrThy and cathepsin V to identify proximal structural regions in the
inhibitor—protease complex (Table S3). Our results indicated that IrThy preferentially
binds to the active site of cathepsin V (added in an equimolar amount) through the reactive
center on the N-domain, which exhibits a lower K; value than the C-domain. However,
further comparative XL-MS data collected under different concentration conditions and
with other target cathepsins is required in order to better understand the IrThy binding
process and the discrimination between domains.

Our results show that several GAGs in their macromolecular forms modulated the in-
hibitory potency of IrThy in a complex manner. Widely distributed in host tissues, these
sulfated polysaccharides regulate cysteine cathepsins, particularly their autocatalytic process-
ing, pH stability, and interactions with specific macromolecular substrates [32,35,41-45]. In
the presence of GAGs, the inhibitory potency of 'Thy generally decreased against cathepsin
K, increased against cathepsin V, and remained relatively unaffected against cathepsin L. As
previously reported, GAGs participate in a variety of functional interactions with cathepsins
K and V. For example, while the collagenolytic activity of cathepsin K requires interaction
with chondroitin-4-sulfate, GAGs suppress the elastinolytic activities of both cathepsins K
and V [32,35,46]. The molecular surfaces of cathepsins K and V contain positively charged
patches for GAG binding [32-34,45]; however, these regions are less distributed in cathepsin
L, leading to reduced interactions with GAGs [33]. We hypothesize that GAGs regulate IrThy
inhibition by interacting with distinct GAG-binding sites on the target cathepsins, and that
GAGs may also interact with positively charged regions found on the predicted surface model
of IrThy, particularly on its N-domain (Figure S6). The arrangement of these intermolecular
interactions can either facilitate or hinder IrThy binding.

Protease inhibitors from tick saliva injected into the host have been shown to modulate
the host immune response and suppress blood clotting at the site of tick attachment and
blood feeding [47]. To date, the only studied tick salivary inhibitors of cysteine cathepsins
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are members of the cystatin family, which exert inmunosuppressive and anti-inflammatory
effects on the host [23-25]. A recent comparative analysis of inhibitory specificity revealed
that tick salivary cystatins differ from other family members in their high affinity for
endopeptidases and limited effect on exopeptidases [24]. This biochemical feature makes
tick salivary cystatins functionally similar to IrThy, exhibiting narrow inhibitory specificity
against cysteine cathepsins with endopeptidase activities. It is therefore reasonable to
assume that [rThy may play a role in immunomoedulation and, based on the expression
dynamics, that it acts in the initial phases of the tick-host interaction. In this context,
cathepsins V, K, and L targeted by IrThy are known to be involved in the immune response
and inflammation and are also present in the host skin [48-53]. Another clue to the
potential physiological function of IrThy comes from a recent report on U24-ctenitoxin-
Pnla, a neurotoxin found in spider venom, that targets voltage-gated sodium channels
(VGSCs) [54]. Interestingly, this protein contains two tandem Tgl domains and is a close
homelog of IrThy. The spider VGSC toxins are generally antinociceptive in an animal
model [55], and it is tempting to speculate about the potential analgesic effect of IrThy at
the tick bite site. Our future research will focus on identifying the exact physiological role
of IrThy in tick-host interactions.

4. Materials and Methods
4.1. Materials

All protease substrates were purchased from Bachem (Bubendorf, Switzerland) with
the exception of Abz-Phe-Arg-Phe(NO;)-OH from MP Biomedicals (Irvine, CA, USA).
Human cathepsins L, K, and V were produced in the Pichia pastoris expression system as
described previously [12,56,57]. Bovine cathepsins C and H were prepared as described
in [58,59]; human cathepsin D was prepared as described in [60]. Bovine trypsin, chy-
motrypsin, and Carica papaya papain were purchased from Merck (Kenilworth, NJ, USA);
human cathepsins F, B, and S were obtained from Enzo Life Sciences (New York, NY, USA);
and human cathepsin X and legumain were obtained from R&D Systems (Minneapolis,
MN, USA). GAGs were purchased from Sigma-Aldrich (St Louis, MO, USA), including
heparin (H3393), chondroitin-4-sulfate (C9819), chondroitin-6-sulfate (C4384), dermatan
sulfate (C3788), and dextran sulfate (D6924); heparin disaccharide (H1002) was purchased
from Dextra (Reading, UK).

Ticks and Tick-Derived Materials

Adult L ricinus ticks were collected in a forest near Ceské Budgjovice, Czech Republic.
Ticks were kept at 24 °C and 95% humidity under a 15/9 h day/night regime. Adult I
ricinus females were fed on guinea pigs and either forcibly removed on the sixth day of
feeding (half-fed) or allowed to fully feed (days 7 to 8). Saliva was collected from half-fed
adult I ricinus females as previously described [61]. Salivation was induced by applying
pilocarpine solution to the tick scutum. Saliva was collected in 10-uL capillaries for 2 h
in a wet chamber kept at 30 °C, pooled, and stored at —80 °C. The salivary glands were
carefully removed without disrupting the epithelium and washed in phosphate-buffered
saline (PBS). Tissue extracts (150 mg protein/mL) were prepared by homogenizing pooled
tissues in 0.1 M sodium acetate pH 4.5, 1% CHAPS on ice. The extract was cleared by
centrifugation (16,000 g, 10 min, 4 °C), filtered through Ultrafree MC 0.22 um (Millipore,
Bedford, MA, USA), and stored at —80 "C.

4.2, IrThy Cloning and Sequencing

Total RNA was isolated from the salivary glands of five adult I. ricinus females fed
for six days, as previously described [62]. The RNA was reverse-transcribed into cDNA
(0.5 ug RNA per 20 uL reaction) using the Transcriptor High-Fidelity cDNA Synthesis
Kit (Roche Applied Science, Penzberg, Germany) with random hexamers and diluted
20 times in water. A 501 bp long fragment encoding IrThy was amplified from cDNA using
specific forward 5'-atgctgaagtcaagtatagtagtg-3' and reverse 5'-ctttcttgattagcagtggtege-3'
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primers, which were designed based on a consensus sequence of thyropin homologs from
I ricinus sialome [26,63]. The sequence was deposited in GenBank under accession number
PP107940. The resulting amplicon was isolated from the gel and cloned into the pCR4-
TOPO vector (TOPO TA Cloning Kit, Thermo Fisher Scientific, Waltham, MA, USA). The
isolated plasmid DNA was sequenced using the sequencing primers provided in the kit;
the IrThy coding sequence resulted from the sequencing of seven individual clones.

4.3. Production of Recombinant IrThy and its Domains in Insect Cells

S2 insect cells were used to produce full-length IrThy (residues 1-147) and its individ-
ual domains, IrThy-Nd (1-80) and IrThy-Cd (80-147). They were produced as fusion pro-
teins containing an oligohistidine tag (6xHis) and a TEV protease cleavage site with an ex-
tension of Ser-Asn-Ala-Ala-Ser residues at the N-terminus. IrThy cDNA was PCR-amplified
from the pCR4-TOPO vector containing the complete IrThy insert using the forward 5'-
getagegtgecaactegagtggee-3  and reverse 5'-geggecgetaacagtggtegege-3” primers, which
introduced the 5 Nhel and 3’ Notl restriction cloning sites (underlined). The PCR product
was ligated into the pUC19 vector (Thermo Fisher Scientific) using Smal restriction endonu-
clease. The N-glycosylation motif Asn-Leu-Thr106 was disrupted by Thr106 to Alal06
mutagenesis as described in [64]. pUC19 vectors containing individual single-domain in-
serts were prepared from full-length IrThy by inverse PCR [65] using the following primers:
the forward 5'-tagcggecgeagggtaccgageteg-3' and reverse 5'-cttgeaggacttcagetgectegatgg-3'
primers for the C-domain deletion; the forward 5 aagtgtctggcagagcatcacgagaag-3’ and
reverse 5’—gctagcggggggatcctctagagtcg—3’ primers for the N-domain deletion; all primers
were 5'-phosphorylated. The resulting vectors were digested with Nhel and Notl restriction
endonucleases and ligated into the pMT/BiP/V5-His A plasmid (Thermo Fisher Scientific),
which was modified to contain at the N-terminus a Nhel restriction site and a sequence
encoding the BiP signal sequence, His6 tag, and TEV cleavage site.

Stably transfected insect cells were prepared as follows: Schneider 2 (52) cells (Thermo
Fisher Scientific) were cultured at 28 °C in 5£-900 II SFM medium (Thermo Fisher Sci-
entific) containing 10% fetal bovine serum (Gibco, Thermo Fisher Scientific). Cells were
co-transfected with the pMT/BiP’ / V5 vector containing IrThy-derived inserts (19 ng) and
the pCoBlast selection vector containing the blasticidin resistance gene (1 ng) (Thermo
Fisher Scientific) using the Calcium Phosphate Transfection Kit (Sigma Aldrich) according
to the Drosophila Expression System protocol (Thermo Fisher Scientific). Stably transfected
cells were selected with blasticidin (25 ug/mL) two weeks after transfection. 52 transfec-
tants were expanded to a large volume (1.5 L) and cultured in S£-900 II SFM medium to
a density of 107 cells/mL in a 6 L spinner flask, stirred at 120 rpm at 28 °C. Expression
was induced with 1 mM CuSOy, and after 10 days, cells were removed by centrifugation
(1000x g, 5 min, 10 "C). The supernatant was concentrated by lyophilization to a final
volume of 150 mL and desalted on a Sephadex G25 column equilibrated with 10 mM
Tris-HCI pH 8.0.

Recombinant His-tagged proteins were purified by Ni?* affinity chromatography on a
HiTrap IMAC HP column (Cytiva, Marlborough, MA, USA) following the manufacturer’s
protocol for elution with imidazole at pH 8.0. The His-tags were cleaved by TEV protease
(enzyme:protein ratio 1:10, w/w) in 50 mM Tris-HCI pH 8.0, 0.5 mM EDTA, and 1 mM DTT
for 12 h at 26 "C and removed by Ni%* affinity chromatography on a HiTrap IMAC HP
column (see above). This was followed by size-exclusion chromatography on a HiLoad
16/600 Superdex 75 column (Cytiva) equilibrated with 50 mM Tris-HCI, 300 mM NaCl,
pH 8.0 (for IrThy and IrThy-Cd) or pH 7.0 (for IrThy-Nd). Protein purity was monitored by
Laemmli SDS-PAGE on 15% polyacrylamide gels stained with Coomassie Brilliant Blue
R-250. The purified proteins were buffer-exchanged into 20 mM Tris-HCl, 20 mM NaCl,
pH 8.0 (for IrThy and Ir'Thy-Cd) or pH 7.0 (for IrThy-Nd), concentrated using an Amicon
Ultra-3K centrifugal unit (Millipore), and stored at —80 "C. These recombinants were used
in all experiments except for the NMR structure determination.
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4.4. Production of Recombinant IrThy and its Domains in E. coli

The pUC19 vectors containing IrThy, IrThy-Nd, or IrThy-Cd inserts (see above) were
digested with Ncol and Notl restriction endonucleases and ligated into the pETM-60
plasmid (EMBL, Heidelberg, Germany) in a frame with the NusA chaperone protein, His6-
tag, and TEV protease cleavage site. Recombinant proteins were produced in SHuffle
T7 Competent E. coli cells (New England BioLabs, Ipswich, MA, USA). Bacterial cultures
were grown in °N or *C/1°N isotope-containing optimized M9 minimal media (0.5 L)
with 50 pg/mL kanamycin to an ODgy of 0.6. Expression was induced by the addition
of isopropyl 1-thio-B-D-galactopyranoside to a final concentration of 0.4 mM. Cells were
harvested by centrifugation (4000x g, 10 min, 4 °C) after 16 h of incubation at 16 °C
with shaking at 200 rpm. Harvested E. coli cells were lysed using an EmulsiFlex-C3
homogenizer (Avestin, Ottawa, ON, Canada), and the lysate was clarified by centrifugation
(12,000 g, 10 min, 4 °C). The recombinant His-tagged proteins were purified by NiZ*
affinity chromatography on a HiTrap IMAC HP column (Cytiva) using the manufacturer’s
protocol for elution with imidazole at pH 8.0. The fusion tags were cleaved by TEV protease
(see above) and removed by Ni?* affinity chromatography on a HiTrap IMAC HP column
(see above). The purified proteins were buffer-exchanged intoe 50 mM Tris-HCI pH 8.0,
150 mM NaCl, concentrated using an Amicon Ultra-3K centrifugal unit (Millipore), and
stored at —80 “C. Protein purity was monitored by Laemmli SDS-PAGE (see above).

4.5. Expression Analysis by Quantitative Real-Time PCR

Total RNA was isolated from adult I ricinus females during different stages of blood
feeding and from different tissues of females fed for six days, as previously described [62].
The I1'Thy gene-specific qRT-PCR primers were designed using Primer3. The expression
level of I'Thy mRNA was measured by qRT-PCR using LightCycler 480 (Roche Applied
Science) and SYBR green chemistry [62], with the forward 5'-atgagcaaatgcagtgcaac-3'
and reverse 5'-geggttccactttctggat-3' primers. Relative expression was normalized to I.
ricinus ferritind (AF068224) [66] according to the mathematical model of Pfaffl [67]. Data
were obtained from three independent biological replicates (five females per replicate).
Statistical significance was analyzed using the unpaired Student’s ¢-test and the one-way
ANOVA test.

4.6. Mass Spectrometry Proteomic Analysis

For the identification of native IrThy, proteins from the salivary gland extract and saliva
of adult I ricinus female were reduced, alkylated, and digested with trypsin. LC-MS/MS
analysis of the digests was performed on an Ulti-Mate 3000 RSLCnano system (Dionex,
Thermo Fisher Scientific) coupled to a Triple-TOF 5600 mass spectrometer equipped with a
NanoSpray III source (ABSciex, Framingham, MA, USA). The peptides were separated on
an Acclaim Pep-Map100 analytical column (3 pm, 150 x 0.75 mm; Thermo Fisher Scientific)
by gradient elution in a 0.1% formic acid-acetonitrile mobile phase. Full mass spectrometry
scans were recorded from 350 to 1250 m/z; up to 25 candidate ions per cycle were subjected
to fragmentation; in MS/MS mode, fragmentation spectra were acquired from 100 to
1600 m/z. Mass data were processed using ProteinPilot 4.5 software (ABSciex).

For disulfide pairing analysis, recombinant IrThy, IrThy-Nd, or IrThy-Cd was digested
with trypsin or Asp-N in the presence of cystamine; LC-MS/MS analysis of the digests
was performed according to the protocol [68] described in Table S2.

4.7. Phylogenetic Distribution Analysis

Phylogenetic distribution was analyzed for proteins with Tgl domains (Pfam en-
try: PFO0086) in the InterPro-hosted Pfam database [28]. Proteins containing two Tgl
domains and meeting the additional criteria specified in Section 2.2. were filtered using
Python scripts.
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4.8. Protease Inhibition Assays

Inhibition measurements were performed in triplicates in 96-well microplates (100 pL
assay volume) at 37 °C. Recombinant inhibitors were preincubated with protease for 15 min,
followed by the addition of a specific fluorogenic substrate (see below). The kinetics of
product release were continuously monitored using an Infinite M1000 (Tecan, Mannedorf,
Switzerland) 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 substrates). The progress curves of kinetic measurements were linear,
indicating that the analysis was not affected by inhibitor degradation. ICsy values were
determined from residual velocities using dose-response plots; nonlinear regression was
fitted using GraFit software Version 7 (Erithacus, East Grinstead, UK), and the inhibition
constants K were calculated using the Cheng-Prusoff equation [41,60].

Substrates and proteases were applied in assays as follows: Z-Phe-Arg-AMC in a
concentration of 25 uM 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; 17 uM Z-Val-Val-Arg-AMC with 0.1 nM cathepsin S; 100 uM
Arg-AMC with 1.9 nM cathepsin H; 87 uM Abz-Phe-Arg-Phe(NO;)-OH with 1.2 nM
cathepsin X; 130 uM Gly-Arg-AMC with 0.4 nM cathepsin C; 70 uM Z-Ala-Ala-Asn-AMC
with 1.2 nM legumain; 33 uM Abz-Lys-Pro-Ala-Glu-Phe-Phe(NO;)-Ala-Leu-NH; with
3.5 nM cathepsin D; 67.8 uM Z-Phe-Arg-AMC with 0.6 nM trypsin; and 41.5 uM Suc-Ala-
Ala-Phe-Arg-AMC with 0.02 nM chymotrypsin. The assay buffers were as follows: 50 mM
sodium acetate pH 4.0 (for cathepsin D), pH 5.0 (for cathepsin X and legumain), or pH 5.5
(for cathepsins L, K, V, B, F, C, and papain); 50 mM MES pH 6.5 (for cathepsins S and H);
and 50 mM Tris-HCl pH 8.0 (for trypsin and chymotrypsin). The buffers contained 0.1%
polyethylene glycol 1500 and 2.5 mM dithiothreitol (for cysteine cathepsins and legumain),
50 mM Nacl (for cathepsin C), and 10 mM CaCl, (for trypsin and chymotrypsin).

The inhibition mode was determined using an analogous activity assay with substrate
concentrations of 1-10 pM for cathepsin K and 1-32 uM for cathepsin V; initial velocities
of the product release were interpreted using a Lineweaver-Burk plot. The effect of pH
on the inhibitory potency of IrThy was measured with cathepsins K and V (as described
above) in 100 mM Britton-Robinson buffers within a pH range of 4.0-8.0. The effect of
GAGs on the inhibitory potency of IrThy was measured with cathepsins K, L, and V (as
described above) in the presence of various GAGs added to the preincubation mixture at
a final concentration of 10 pg/mL. Heparin was also tested in a concentration range of
0.01-10 pg/mL. Where indicated, incubation was performed in the presence of 0.3 M NaClL

4.9. Proteolytic Degradation of IrThy

Recombinant I'Thy was incubated with cathepsins B, K, L, or V in 50 mM sodium
acetate pH 5.5, 2.5 mM DTT, 0.1% polyethylene glycol 1500 at 37 °C. The reaction was
stopped by the addition of 10 pM E-64 at different time points. A 100 uL aliquot contained
10 pg of IrThy (final concentration of 6 uM) and 2 pg or 0.5 ng of cathepsin (final concen-
trations of 0.8 uM or 0.2 nM, respectively). The reaction mixture was acetone-precipitated,
separated by Laemmli SDS-PAGE (15% polyacrylamide gel), and stained with Coomassie
Brilliant Blue R-250.

4.10. NMR Spectroscopy

NMR spectra were acquired at 25 °C using an 850 MHz Bruker Avance spectrometer
equipped with a triple resonance (5N/1B3C/H) cryoprobe. The protein sample (0.35 mL
in a Shigemi tube) was measured in 50 mM deuterated Tris-HCl pH 8.0, 150 mM NaCL
and 5% D20/95% H,0. A series of double- (Figure S7) and triple-resonance spectra [69,70]
were recorded to obtain sequence-specific resonance assignment in NMRFAM-Sparky [71].
IH-1H distance restraints were derived from spectra obtained by 3D 1°N/1H NOESY-
HSQC and 3C/'H NOESY-HMQC spectra using a NOE mixing time of 100 ms. The
structure calculation was performed in CYANA [72] using NOESY data in combination
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with backbone torsion angle restraints generated from assigned chemical shifts using the
TALOS+ program [73].

The combined automated NOE assignment and structure determination protocol
(CANDID) was used for automatic NOE cross-peak assignment. Five cycles of simulated
annealing combined with redundant dihedral angle restraints were then used to calculate
a set of converged structures with no significant restraint violations (distance and van
der Waals violations < 0.5 A and dihedral angle constraint violations < 5”). The 30 struc-
tures with the least restraint violations were further analyzed using the Protein Structure
Validation Software suite [www.nesg.org] (accessed on 11 December 2023).

Statistics for the resulting structure are summarized in Table S54. The structures, NMR
restraints, and resonance assignments were deposited in the PDB (accession code: 8R6T)
and BMRB (accession code: 34883) databases. Figures with structural representations were
generated using PyMOL v2.3.2 (Schrodinger, New York, NY, USA) [74]. The structural
comparison of [rThy-Cd with other thyropins provided the following Cax RMSD values
(number of aligned Cx atoms is indicated): 5.36 A (58 atoms) for the p41 fragment, 4.92 A
(50 atoms) for saxiphilin domain 1, and 5.62 A (49 atoms) for saxiphilin domain 2.

5. Conclusions

Ticks are parasite vectors for a variety of viral and bacterial diseases in humans and
domestic animals. Our study focuses on Ixodes ricinus ticks, vectors of Lyme borreliosis and
tick-borne encephalitis. Tick saliva injected into the host modulates the physiological re-
sponse at the tick bite site and facilitates the transmission of pathogens. Protease inhibitors
from tick saliva are important effector proteins in this process and thus represent promising
vaccination targets and pharmacological agents. Here, we characterize at the molecular
level a new protease inhibitor, IrThy, found in I. ricinus saliva. It belongs to the thyropin
family, which is poorly understood in parasites and pathogens. We provide a comprehen-
sive analysis of I'Thy, including its unique inhibitory specificity against only three human
cysteine proteases, cathepsins V, K, and L, involved in immunity and inflammation, and
the NMR structure that explains the functional properties. Based on the results obtained,
we propose potential physiological roles for [*Thy in host—parasite interaction at the tick
bite site.
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atg ctg aag tca agt ata gta gtg ttt get att tgt tte gtg gtt tac atec aac tge gtg 60
cca act cga gtg gcc aac aat gga gct tcc cga ccc ctg agt gac tgec gag caa cgt aaa 120
cag agg gag gaa cgt aac acg ggt ceg ctg geec atc cge atec gag tge aac cec gat gga 180
agc tac aag ccg atg caa tgc ttt gga aat ccc gat caa ccc cge agg atg tgt geoc tge 240
tac gat caa gag tac gac cag atc aag gcc cca teg agg cag ctg aag tec tge aag tgt 300
ctg gca gag cat cac gag aag tca aag tcc aca cat agt caa gtt gga gac gac att ccc 360
aag tgt aat ctg acg agc gga tat tat gag caa atg cag tgc aac act cag cag cat tgg 420
tge gtg gat cca gaa agt gga acc geca ctt gga gaa agg cgt teec gga gge tge acc gaa 480

gct gcg cge gac cac tge taa 501

Figure S1. Nucleotide and deduced protein sequence of IrThy. This sequence was deposited in GenBank

under accession number PP107940.
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N-domain IrThy ~ yP SDEEQRKQREERNTGPLA-- TRTEENPD-GSYKPMOBFGNPDOPRRM 58
C-domain IrThy ~ —— -K®LAEHHEKSKSTHSQVGDD T PK@NL TSGY Y EQMOSN-TQQ————— 40
pHl e LTKSOEEVSHI P---AVEPGSFRPKE-DENGNYLPLQ@YGSIG----Y 40
L1 L2
N-domain IrThy Y DOEYDQIKAPSRQLKS ———————-[8-—- 19
C-domain IrThy ~ HWEVDPESGTA-LGERRSGGETEAARDHE--- 68
pa1 FP—NGTEVPNTRSRGH-——-—— HMeSES 65
L3

Figure S2. Sequence alignment of the N- and C-domains of IrThy. The human p4l fragment (p41) is
included as a prototype member of the thyropin family. The unstructured extension of the N-domain is
marked by a dotted line; the N-glycosylation motif is in italics. Cysteine residues forming disulfide
bridges are shaded in black; disulfide connectivity is indicated by color coding. Fully conserved residues
are in bold and shaded in grey; other identical residues are shaded in grey. The alignment was generated
using ClustalQ and edited based on the structural superposition of the IrThy C-domain and p41 (Figure
6B). Residue numbering of IrThy is according to the mature protein. Three regions topped with the
binding loops L1-L3 are underlined in the p4l sequence based on the structure of the p41—-protease
complex (Figure 6D). Sequence comparison shows that the N-domain of IrThy shares the disulfide
pattern with p41, while that in the C-domain is modified, and that both IrThy domains differ in two
insertions/deletions in the vicinity of the L2 and L3 loops.

Cathepsin V Cathepsin K
Da) o 5 10 20 30 45 Time (min) <k0337} 0 5 10 20 30 45 Time (min)

37— -

B s s s ] Cath M o —— | Cath K
zu-.' 20—
e .-- «IrThy 15_...- -— «IrThy

-

10— 10—

Figure S3. Time course of the proteolytic degradation of IrThy by target cathepsins. IrThy was treated
with high concentrations of cathepsins V and K (an enzyme:inhibitor ratio of 1:5, w/w). The reaction
mixture was incubated for 45 min at pH 5.5; the aliquots at indicated time points were resolved by SDS-
PAGE and visualized by protein staining. The positions of IrThy and cathepsins (Cath V and Cath K)
are indicated.
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Figure S4. Proteolytic cleavage map of the IrThy molecule. Recombinant IrThy was digested by
cathepsin V, K, or L under the same conditions as in Figure 4 at a high enzyme concentration. The
fragments were identified by mass spectrometry, and the corresponding cleavage sites are indicated in
the IrThy sequence (the N- and C-domains of IrThy are in blue and purple, respectively) as follows:
cleavage by cathepsin V (4), cathepsin K (), and cathepsin L (4). Mass spectrometry analysis of the
reaction mixtures after cathepsin digestion was performed as described in the Methods section 4.6.
(without additional trypsin digestion).
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Figure S5. Effect of glycosaminoglycans (GAGs) on human cathepsins V, K, and L (control experiments
for Figure 5). The kinetic activity assay with fluorogenic peptide substrates was performed at pH 5.5,
and the activity was expressed relative to a control without GAG; means + SD are given. (A) The
following GAGs were used in the assay at 10 pig/mL: heparin (Hep 17-19) and its disaccharide fragment
(Hep 0.7), chondroitin-4-sulfate (C4S), chondroitin-6-sulfate (C6S), dermatan sulfate (DerS), and the
GAG analog dextran sulfate (DexS). (B) The assay contained various concentrations of heparin (0-10
pg/mL).
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Figure S6. Predicted spatial structure of full-length IrThy. The structure was predicted by AlphaFold2
using the ColabFold web server [1]. (A) The model is depicted in a cartoon representation colored by
domains: the N-terminal domain is in blue, the C-terminal domain in purple. The N- and C-termini are
labeled (N, C); the N-terminus is located on a short unstructured region. On each domain, the dotted
line marks three binding loops that form the reactive center involved in the interaction of thyropin
inhibitors with cysteine cathepsins [2]. (B) Molecular surface of the IrThy model is colored by its
electrostatic potential, which is displayed on a scale from -10 kT/e (red) to +10 kT/e (blue). The
orientation of IrThy is the same as in (A). The electrostatic potential was calculated for pH 5.5 using the
APBS-PDB2PQR software suite [3], and the figure was generated using ChimeraX [4].
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Figure S7. 2D 'H-*N NMR spectrum of Ir Thy-Cd with the assigned residues indicated. Dotted lines
connect signals from the same side-chain amino groups. Residue numbering is according to full-
length IrThy.
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Supplementary Tables

Table S1. Mass spectrometry identification of native IrThy. Listed are peptides identified in the tryptic
digest of proteins from saliva and those extracted from salivary glands of halt-fed females of Ixodes
ricinus. Peptides were analyzed by LC-MS/MS as described in Materials and Methods. Mass deviation
(ppm) between experimental and theoretical values and residue numbers of identified peptides are

indicated.
Source Theoretical Mass Experimental Mass Deviation Peptice Sequence
[M] (Da) [M] (Da) (ppm)

Salivary gland 2133.901 2133.892 4.22 MCACYDQEYDQIKAPSR (58-74)

Salivary gland 2290.004 2290.010 2.62 RMCACYDQEYDQIKAPSR (57-74)
Saliva 1722.669 1722.669 0.00 MCACYDQEYDQIK (58-70)
Saliva 2133.908 2133.892 7.50 MCACYDQEYDQIKAPSR (58-74)
Saliva 1878.772 1878.770 1.07 RMCACYDQEYDQIK (57-70)
Saliva 2290.004 2289.993 4.80 RMCACYDQEYDQIKAPSR (57-74)

114



Table S2. Mass spectrometry analysis of disulfide connectivity. Listed are disulfide-bonded peptides
identified in proteolytic digests of recombinant IrThy, IrThy-Nd, and IrThy-Cd by LC-MS/MS, as
described in a note below the table. Mass deviation (ppm) between experimental and theoretical values,
residue numbers of identified peptides and disulfide-bonded cysteine residues are indicated. In the
peptide sequences, the disulfide bridges are presented schematically in red. Note that IrThy contains
two interdomain disulfide bridges, Cys61-Cys81 and Cys79-Cys103. Residue numbering is according to
full-length IrThy.

Experimental Theoretical

Mass * Mass ?e\r:;tlon Protein  Connected Peptides Peptide Sequences E::::Ide
(MI(Da)  [m(pa) PP
I 1
1222.4845 1222.4838 0.57 Irthy-Nd  {16-20)-(35-39) DCEQR [ECNP C17-C37
e C48-C59;
2364.8898 2364.8900 0.34 Irthy—Nd  {40-52)-(58-62)-(78-80) DGSYKPMQCFGNP  MCACY SCK 061-C79
|
1194.5041 1194.5049 0.67 IrThy—Cd  {81-83){103-110) CLA CNLASGYY C81-C103
Fo s o B e e L - E 139,
2854.0878 2854.0876 0.07 IrThy—Cd  {111-123)-{136-144)(145-147) EQMQCNTQOQHWCY SGGCTEAAR DHC ~122-c147
1222.4834 1222.4838 0.33 IrThy {16-20)-(35-39) DCEOR IECNP C17-C37
e o s C48-C59;
2333.8845 2333.8848 0.13 Irthy {40-52)(58-62) (81-83) DGSYKPMQCFGNP MCACY CLA -
]
1224.5027 1224.5035 0.65 IrThy (78-80)-(103-110) SCK  CNLASGYY C79-C103
C115-C139;
2854.0882 2854.0876 0.14 IrThy {111-123)-{136-144)-(145-147) EQMQCNTQOHWCY SGGCTEAAR DHC r122-C147

2Disulfide pairing analysis: The protein sample was digested with Asp-N protease or trypsin (enzyme:protein ratio
1:15, w/w) for 10 hin 50 mM ethylmorpholine pH 8.5, 10% acetonitrile, and 100 uM cysteamine. LC-MS/MS analysis
was performed according to a previous protocol [5]. Briefly, the peptide mixture was injected onto a C18 desalting
column (Luna Omega Polar C18 5 pm, 0.3 x 30 mm) and then separated on a C18 column (Luna Omega Polar C18,
3 pm, 0.3 x 150 mm) by a linear acetonitrile gradient of 5-35% (v/v) at 50 °C. An Agilent 1290 UPLC system was
coupled to the electrospray ionization source of a 15T solariX XR FT-ICR mass spectrometer. The eluted peptides
were analyzed in a positive mode with one million transient data points over the 250-2500 m/z range. The final
spectrum was created by averaging the four following spectra with accumulation ions in the collision cell for 0.2 s.
The mass spectrometer was operated in data independent mode. Fragmentation data were acquired with 12 eV
collision voltage, 02 s MS/MS ion accumulation; two scans were accumulated per spectrum. The raw data were
processed using Data Analysis 4.4 software. The exported txt files were uploaded into LinX 2.0 [6], and the search
was performed with the following setup: protease — AspN or trypsin with two missed cleavages; variable
meodification — oxidation of methionine, modification of cysteine by cysteamine; disulfide bridge of cysteines; mass
error — 1 ppm. All identified peptides with disulfide bridges were checked manually.
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Table S3. Mass spectrometry analysis of intermolecular cross-links in the equimolar complex of IrThy
with cathepsin V. The chemical cross-linking reaction was performed with disuccinimidyl dibutyric
urea (DSBU). Listed are cross-linked peptides identified in the proteolytic digest of the complex by LC—
MS/MS, as described in a note below the table. Mass deviation (ppm) between experimental and
theoretical values, residue numbers of identified peptides, and cross-linked residues are indicated. In
the peptide sequences, the cross-linked residues are in red. The data obtained indicate that the cross-
linked residues of IrThy belong to its N-domain. The homology model of the complex of IrThy (bound
via its N-domain) with cathepsin V was constructed using an AlphaFold model of IrThy (Figure SX)
and the crystal structure of cathepsin V (PDB code: 1FHO); these structures were superimposed on the
structure of the complex of the p41 fragment with cathepsin L (PDB code: 1ICF). In the homology model,
the identified cross-links are formed between (i) the segments adjacent to the binding loops of IrThy
and (ii) the region surrounding the active site of cathepsin V. This result is consistent with the predicted
homeology model of the IrThy—cathepsin V complex and suggests that IrThy binds preferentially via its
N-domain to cathepsin V under equimolar conditions.

Experimental Theoretical Deviation. Conriectsd . C.rnss-
Mass * Mass (ppm) Pastidas Peptide Sequences Linked
[M] (Da) [M] (Da) PP! P Residues
CatV (125-159) x  AVATVGPISVAMDAGHSSFQFYKSGIYFEPDCSSK x 5158 x
asid el 0.8 IrThy (13-26) PLSDCEQRKQREER K21
CatV (125-159) x  AVATVGPISVAMDAGHSSFQFYKSGIYFEPDCSSK x K147 x
58090710 6602:072 912 IrThy (57-77) RMCACYDQEYDQIKAPSRQLK K70
6437.9502 6437.945 0.80 CatV (21-58) x QCGSSWAFSATGALEGOMFRKTGKLYSLSEQNLVDCSR x = 524 x
IrThy (58-74) IMCACYDQEYDQIKAPSR K70
CatV (125-159) x  AVATVGPISVAMDAGHSSFQFYKSGIYFEPDCSSK x K147 x
72603138 7380:312 Rzl IrThy (58-80) IMCACYDQEYDQIKAPSRQLKSCK K77
CatV (148-181) x  SGIYFEPDCSSKNLDHGVLVVGYGFEGANSDNSK x K159 x
7205163 7720307 013 IrThy (24-56) EERNTGPLAIRIECNPDGSYKPMQCFGNPDQPR Ka4

aCross-linking mass spectrometry (XL-MS) method: An equimolar mixture of the IrThy—cathepsin V complex (12
MM, in sodium acetate pH 6.0) was cross-linked using a 100-fold molar excess of DSBU; an active site mutant of
cathepsin V was used for this experiment [7]. The cross-linked samples were diluted twice with 100 mM
ethylmorpholine pH 8.5 and then reduced and alkylated with 5 mM tris(2-carboxyethyl)phosphine (TCEP) and
chloroacetamide (CAA) for 10 min at 70 °C. Subsequently, the samples were digested twice with a combination of
trypsin/Lys-C (enzyme:protein ratio 1:20, w/w) for 4 h, followed by the addition of 0.1% TFA. Peptides were
analyzed by LC-MS/MS using a Vanquish chromatography system coupled to a timsTOF SCP mass spectrometer
equipped with a captive spray source. The peptide mixture was injected onto a C18 trap column (Pepmap Neo C18,
5 um, 0.3 x 5 mm) and then separated on a C18 column (Pepsep C18, 1.5 pum, 150 x 0.15 mm) by a linear acetonitrile
gradient of 5-35% (v/v) at 50 °C. Parameters from the standard proteomics PASEF method were used to set a
HmsTOF SCP. The target intensity per individual PASEF precursor was set to 20,000 and the intensity threshold
was set to 1500. The scan range was set between 0.6 and 1.6 V s/am? with a ramp time of 100 ms. The number of
PASEF MS/MS scans was 10. Precursor ions in the m/z range between 100 and 1,700 with charge states > 2~ and < 6~
were selected for fragmentation. The active exclusion was enabled for 24 5. The raw data were processed using Data
Analysis 5.2 software and exported to Mascot generic files. The search was performed using Merox 2.0 software
[8]with the following setup: protease — trypsin/LysC with three missed cleavages; variable modification — oxidation
of methionine, stable modification — carbamylation of cysteine; mass shift for DSBU and reporter ions — 196.085,
85.053 and 111.032; mass error — 10 ppm for precursor and 15 ppm for fragments. All cross-links identified in
triplicate were manually checked in the raw spectra.
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Table S4. NMR constraints and statistics for the final set of structures of IrThy-Cd.

Non-Redundant Distance and Angle Constraints

Total number of NOE restraints 364
Intraresidue (i = j) 124
Sequential (| i—=j|=1) 108
Medium-range NOEs (1< | i—j | <5) 30

Long-range NOEs (| i—j | 25) 102
Torsion angles 82

Hydrogen bond restraints 32

Total number of restricting restraints 478
Total restricting restraints per restrained residue 8.1

Residual Constraint Violations
Distance violations per structure

0.1-0.2A 0
0.2-0.5A 0
>0.5A 0
r.m.s. of distance violation per constraint 0.02 A
Maximum distance violation 0A
Dihedral angle violation per structure
1-10° 7.33
»>10° 0
r.m.s. of dihedral violations per constraint 145°
Rar dran Plot Summary
Most favoured regions 87%
Additionally allowed regions 13%
Generously allowed regions 0%
Disallowed regions 0%
r.m.s.d. to the mean structure All / ordered
All backbone atoms 14/09 A
All heavy atoms 2.0/ 1347
PDB Entry 8RET
BMRB Accession Code 34883
9
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6. Diskuse

Interakce mezi krev sajicim parazitem a hostitelem je na molekularni tirovni vysoce
komplexni proces a kritickym zplisobem se ho ucastni proteolyticky systém parazita i
hostitele. Jednim z hlavnich pfirozenych mechanismii regulace proteolyzy jsou
proteasové inhibitory proteinového charakteru, které ptisobi jak na endogenni tirovni, kdy
napf. pomahaji pii naCasovani a kompartmentaci pusobeni proteas, tak na exogenni
urovni, kdy parazitim umoziuji invazi hostitele pomoci suprese hostitelskych proteas
ucastnicich se procest jako je imunitni odpovéd’ a hemostaza. Tato diserta¢ni prace se
zaméfuje na nové zastupce proteinovych proteasovych inhibitord z rodiny cystatint,
serpinl a tyropind, ktetfi pochazeji ze slin dvou druhii klistat. K1isté Ixodes ricinus je
vyznamnym vektorem klistové encefalitidy a Lymskeé borelidzy a klistak Ornithodoros
moubata je vektorem navratné horecky a afrického prase¢iho moru. Vyzkum se soustiedil
zejména na strukturné-funkéni analyzu téchto bioaktivnich proteinti injikovanych do téla
hostitele a pfinasi vyznamné nové informace pro pochopeni mechanismu interakce mezi
klistétem a hostitelem, které maji vyuziti pfi vyvoji protiklistécich vakcin a biofarmak.

Diskuse je rozdé¢lena do tii kapitol v€novanych jednotlivym proteasovym inhibitortim.

6.1. Proteasovy inhibitor OmC2 z rodiny cystatini

Cystatin OmC2 ze slin klistdka Ornithodoros moubata byl biochemicky
charakterizovan jako ucinny inhibitor cysteinovych katepsinii s neobvykle Sirokou
inhibi¢ni  specifitou cilenou proti katepsinim jak s endopeptidasovou, tak
exopeptidasovou aktivitou. To jej odliSuje od Siroké skupiny sialostatini, slinnych
cystatini z kliStéte 1. scapularis a I. ricinus, které exopeptidasové katepsiny inhibuji
velmi slab& nebo viibec!*#!14%142 OmC2 se tak spise podoba nové identifikovanému

mialostatinu, cystatinu ze stieva I. ricinus'®

. Vyfteseni 3D struktury OmC2 umoznilo
srovnani téchto dvou typi cystatind, které obecné vykazuji znacnou podobnost jak na
urovni primarni, tak terciarni struktury. U OmC2 byly nicméné zjistény lokalni sekven¢ni
a strukturni odliSnosti na N-konci molekuly a smycce L2. Oba tyto segmenty jsou
zodpovédné za afinitu a selektivitu cystatini k cilovym proteasam a jsou proto
pravdépodobné hlavni pii¢inou siroké inhibi¢ni specifity OmC2!46. Podobny design obou
segmentll je mozné pozorovat u cystatinli z obratlovct, jako je napf. Siroce rozsifeny

cystatin C. Proto se lze domnivat, ze OmC2 mimikuje hostitelské cystatiny a tim
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interferuje s jemnou rovnovahou hostitelského proteolytického systému mezi katepsiny a
jejich endogennimi inhibitory.

O mechanismu imunomodula¢niho u¢inku OmC2 lze spekulovat na zakladé jeho
inhibi¢ni specifity a dostupnych informaci o roli inhibovanych proteas v imunologickych
procesech. Katepsin S a L jsou zapojeny do procesovani antigenli pomoci antigen-
prezentujicich buné¢k v komplexu s MHC II proteiny, coz umoziuje rozvoj adaptivni
imunitni odpovédi'¥’. Experimenty studujici vliv OmC2 na antigen-prezentujici buiiky,
konkrétné dendritické buniky (hojné pritomné v kiizi jako misté sani klistéte), prokazaly
inhibici prezentace antigenu a snizeni produkce mediator zanétu, cytokinid TNFa a IL-
12. Suprese dendritickych bunék spojena s inhibici katepsinu S byla také prokazana u
piibuzného klistéciho cystatinu, sialostatinu L'4%, Manipulovani adaptivni imunity miZe
usnadnit opakované sani klist’at a jejich potomki na hostiteli, jelikoz jsou slinné antigeny
1épe maskovany pred imunitnim systémem hostitele. K potlaceni rozpoznani klistécich
antigeni mtize OmC2 pfispét i inhibici katepsinti B a H s exopeptidasovou aktivitou, které
se podileji na upravé peptidi vazanych na MHC II zkracovanim jejich koncovych

149

usekti’ ™. Dalsi proteasou siln¢ inhibovanou OmC?2 je katepsin C, ktery je klicovy pro

vrozenou imunitu, jelikoZ aktivuje serinové proteasy produkované zralymi neutrofily'°.
Po prisati klistéte, jsou to prave neutrofily, které jsou v prvni linii obrany bunééné imunity
a které by mohly negativné ovlivnit proces sani.

Vakcinace pomoci OmC2 omezila schopnost nymf efektivné sat na
imunizovanych zvitatech a zvysila 1 mortalitu nymf po nasati, kterd byla imérna titru
specifickych anti-OmC2 protilatek v séru hostitele. OmC2 je exprimovan nejen ve
slindch, ale i ve stfevé klistéte, kde probiha proces traveni hostitelské krve'>!. Je
pravdépodobné, ze OmC2 zde miize hrat protektivni roli pfi zamezeni predCasné
proteolyzy piijaté potravy, ktera je urena pro skladovani, a to jednak inhibici
endogennich proteas z poskozenych bunék stieva a jednak hostitelskych proteas ptijatych
s krvi hostitele. Pokud je tato funkce ve stfeve blokovéana anti-OmC2 protilatkami, mize
to vysvétlit zvySenou mortalitu nasatych nymf. ProtikliStéci vakcina zaloZena na OmC2
by tedy mohla ptisobit na dvou trovnich a v rozdilnych kompartmentech béhem interakce
klistéte s hostitelem. Specifické protilatky proti OmC2 budou interferovat s
imunomodulacni funkci OmC2 injikovaného do hostitele ve slinach klistéte a zaroven
budou tyto protilatky blokovat piedpokladanou fyziologickou funkci OmC2 ve stievé

klistéte. To by mohlo zvySovat G¢innost této dudlni vakciny.
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6.2. Proteasovy inhibitor IRS-2 z rodiny serpintu

Dalsi ¢ast disertacni prace se zabyvala inhibitorem serinovych proteas, IRS-2, ze
slin klistéte 1. ricinus, ktery patii do rodiny serpinti. Serpiny ptisobi jako ,,sebevrazedné*
inhibitory, u nichz cilova proteasa §tépi smycku reaktivniho centra inhibitoru za vzniku
primarniho kovalentniho komplexu proteasy s inhibitorem. Analyza krystalové struktury
IRS-2 prokazala, ze u tohoto serpinu dochazi pti ataku proteasou ke Stépeni reaktivni
smycky v unikatni poloze s tyrosinovym zbytek v poloze P1. VétSina serpinti z genomu
pribuzného klistéte 1. scapularis ma v poloze P1 bazicky (pfedevsim argininovy) zbytek
vhodny pro $tépeni enzymy trypsinového typu, napt. proteasami koagulacni kaskady.
Naopak aromatické aminokyseliny se v této poloze nachazeji pouze u dvou
predikovanych serpinl 1. scapularis, z nichz jeden je homologem IRS-2. Tyrosinovy
zbytek je zde unikatni a Ize tak pfedpokladat, Ze IRS-2 je jediny slinny serpin 1. ricinus
schopny inhibovat dvé cilové proteasy chymotrypsinového typu, katepsin G a chymasu.

Katepsin G je sekretovan po aktivaci neutrofili a chymasa je sekretovana po
aktivaci Zirnych bunék. Tyto bunky se pfimo ucastni akutni zanétlivé odpovédi. O
katepsinu G je znamo, ze se podili na odstranéni pohlcenych patogeni a remodelaci tkani
b&hem zanétu, proteolytické aktivaci riznych chemoaktraktantti a hormoni a bunééné
signalizaci §tépenim proteasou aktivovaného receptoru 4 (PAR4)'%>!153. Stépeni PAR4
katepsinem G aktivuje krevni desticky a vede k agregaci a tvorb& krevni zatky'>*. Tato
studie o IRS-2 jako prvni prokazala, Ze bioaktivni protein ze slin klist'at inhibuje agregaci
krevnich desti¢ek indukovanou katepsinem G a také trombinem, a tim klistéti usnadiuje
piijem krve.

Aktivované krevnich desti¢ky produkuji fadu chemokint, jejich prekurzorli a
bioaktivnich peptidd, které jsou proteolyticky zpracovavany katepsinem G a chymasou.
Ptikladem je chemokin CTAP-III sekretovany aktivovanymi krevnimi desti¢kami, ktery
je konvertovan na chemokin NAP-2, jenz aktivuje neutrofily a pfivolava je do mista
poranéni!>>, Katepsin G a chymasa dale zpracovavaji velké endoteliny, prekurzory
nékolika vazokonstrik¢nich latek jako jsou peptidové fragmenty oznacované ET(1-31),
které soucasné piisobi i jako chemoaktraktanty pro neutrofily a monocyty'*®. Zajimavym
zjiSténim je, Ze Stépend oblast smycky reaktivniho centra na IRS-2 (VPY*SLG) se
vyrazné podoba mistu Stépenému chymasou ve velkych endotelinech (VPY*GLG). IRS-
2 je tak prvni popsany parazitarni protein, ktery inhibuje hostitelské proteasy tim, Ze

mimikuje jejich endogenni substraty. Dale se IRS-2 strukturné znacné podoba
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pfirozenému inhibi¢nimu regulatoru katepsinu G a chymasy, kterym je hostitelsky serpin
a-1-antichymotrypsin.

Inhibovanim katepsinu G neutrofilii a chymasy zirnych bunék ptitomnych v ¢asné
fazi zanétu muze klist¢ pozménit obrannou reakci na poskozeni kiize zptisobené jeho
pfisatim. V této praci se podatilo experimentalné prokézat, ze IRS-2 inhibuje akutni zanét
vyvolany polysacharidem karagenanem a agregaci krevnich desti¢ek indukovanou
katepsinem G nebo trombinem. Domnivame se, ze IRS-2 cili neutrofily, krevni desticky
a zirné bunky v ¢asnych fazich jejich aktivace tim, Ze zamezuje aktivaci krevnich desti¢ek
vyvolané katepsinem G nebo trombinem. Tim se uvoliiuje mén¢ CTAP-III a ten také neni
ucinn¢ konvertovan na NAP-2, ¢imz se do mista poranéni zhorsi pfistup neutrofila.

Doprovodna studie se detailné€ zabyvala procesem krystalizace IRS-2 v ptitomnosti
stopovych mnozstvi proteas. Jejich katalytické ptisobeni mimikovalo specifické Stépeni
smycky reaktivniho centra cilovymi hostitelskymi proteasami. Identifikované Stépeni
indukovalo celkovou konformacni prestavbu molekuly IRS-2 ze stresového stavu S do
relaxovaného stavu R. Tato konverze typickd pro reakéni mechanismus serpind’>
umoznila nalezeni G¢innych krystaliza¢nich podminek vedoucich k findlnim krystaliim
IRS-2 s kvalitnim rozliSenim. Proteasy Ucastnici se konverze IRS-2 byly detekovany a
klasifikovany za pouziti diagnostickych selektivnich substrati a inhibitort. Vliv
stopovych proteas na krystalizaci serpinti nebyl dfive studovan. Popsany efekt 1ze srovnat
s pouzivanou technikou limitované proteolyzy krystalizaénich smési proteinii'®’, ktera
vede k odstranéni flexibilnich ¢asti nebo nezddoucich segmenti z proteinovych povrchd,
coZ napomaha procesu krystalizace.

Strukturné-funkéni analyza IRS-2 je prvni publikovana pro serpin pochazejici z
klistat (a obecné z parazitll). Nasledujici studie slinnych serpint z /. ricinus podporuji
komplexnost funkce serpint pfi interakci s hostitelem jako bylo zjist€no pro Iripin-1

ovliviujici ~ zanétlivé  odpovédi'®®,  Iripin-3  pidsobici  imunomodulaéné a

159 160,161

antihemostaticky >” a Iripin-5 a Iripin-8 plisobi proti komplementu . Inhibi¢ni
specifita uvedené skupiny Iripinti je cilena proti proteasdm trypsinového typu a IRS-2 je
jedinym dosud podrobné studovanym slinnym serpinem klistat s unikatni inhibi¢ni

specifitou vii¢i medicindln€ vyznamnym proteasdm chymotrypsinového typu.

122



6.3. Proteasovy inhibitor IrThy z rodiny tyropini

IrThy sekretovany slinnymi zlazami kliStéte /. ricinus byl charakterizovan na tirovni
struktury a funkce jako prvni parazitdrni zastupce rodiny tyropinti. Molekula tohoto
proteinu se sklada ze dvou tyroglobulinovych (Tgl) domén a neobsahuje dalsi strukturni
moduly, které jsou bézné u velké fady multidoménovych proteinti obsahujicich Tgl
doménu. Jak ukdzala fylogenetickd analyza dvoudoménové uspotadani tyropint je
rozsifené u ¢lenovcu, veetné klistat, ale nevyskytuje se u savci. Molekula IrThy dale
obsahuje atypické uspotadani disulfidi v C-koncové domén¢ a na rozhrani obou domén.

Ve srovndni s jinymi tyropiny ma IrThy unikatni uzkou inhibi¢ni specifitu, kdy
inhibuje pouze katepsiny V, K a L vykazujici endopeptidasovou aktivitu. Rada v literatufe
popsanych tyropintl, jako je fragment p41, equistatin, saxifilin nebo tyropin z vajicek
lososa, je schopna inhibovat katepsiny s jak endopeptidasovou, tak exopeptidasovou
aktivitou (napt. katepsin B nebo H)?*:10%162163 Rekombinantni C-koncova doména IrThy
(IrThy-Cd) vykazuje stejnou inhibi¢ni specifitu jako celd dvoudoménova molekula.
Vyfteseni jeji 3D struktury pomoci NMR spektroskopie umoznilo analyzovat strukturni
pficinu inhibi¢ni specifity porovnanim struktury IrThy-Cd s jiZ zndmou strukturou p41 v
komplexu s katepsinem L>°. Reaktivni centrum p41 nese tfi inhibi¢ni smy¢ky (L1, L2 a
L3), které umoziuji dilezité interakce s oblasti vazebnych podmist S2-S1 a okolnimi
smyckami na R-doméné proteasy. Takové interakce jsou ale v pifipadé IrThy-Cd
negativné ovlivnény dvéma specifickymi strukturnimi zménami v jeji struktufe:
zvétSenim velikosti smycky L1 a zménou tvaru molekuly, ktera je indukovand atypickym
disulfidem D2 mezi smyckami L2 a L3. Tyto zmény zabraiuji vazb¢ IrThy-Cd na
exopeptidasy, jako je katepsin H (aminopeptidasa) a katepsin B (karboxydipeptidasa),
jejichz prostorové omezena aktivni mista se stavaji nepfistupna pro vazbu studovaného
inhibitoru!®+163,

Rekombinantni N-koncova doména (IrThy-Nd) méla Sirsi inhibi¢ni specifitu o dvé
dals$i endopeptidasy (katepsin F a papain), neZ kompletni dvoudoménovy IrThy. To
naznacuje, Ze vazebné interakce N-domény jsou ponckud omezeny tésné umisténou C-
doménou ve dvoudoménové molekule. Model celé struktury IrThy byl navrZzen
programem AlphaFold, ze kterého je patrné, Ze ob¢ reaktivni centra N- a C-domény jsou
orientovana v opacnych smérech a mohou fungovat soucasn¢. Obdobné uspotradanim
dvou Tgl domén je popséano u saxifilinu, kde domény vazou dvé molekuly proteas s

3

riznou inhibi¢ni specifitou'®. K lep§imu pochopeni orientace molekuly IrThy v
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komplexu s proteasou byly také provedeny piredbézné experimenty chemického zesiténi
IrThy s katepsinem V analyzované hmotnostni spektrometrii. Vysledky ukazaly, ze IrThy
se prednostné vaze do aktivniho mista katepsinu V (pfidaného v ekvimolarnim mnozstvi)
prostiednictvim reaktivniho centra na N-doméné¢, ktera vykazuje nizs$i hodnotu K;nez C-
doména. Pro podrobny popis procesu vazby IrThy a vyuziti jednotlivych domén budou
zapotiebi systematické experimenty za ruznych koncentra¢nich podminek a s riznymi
proteasami.

Inhibi¢ni ucinnost IrThy je modulovana nékolika glykosaminoglykany (GAG)
hojné zastoupenymi v tkanich hostitell. Je zndmo, Ze tyto sulfatované polysacharidy
reguluji cysteinové katepsiny, zejména jejich autokatalytickou aktivaci, pH stabilitu a
interakci se specifickymi makromolekularnimi substraty!%-1%, V piitomnosti GAG se
inhibi¢ni uc¢innost IrThy obecné snizovala vici katepsinu K, zvySovala viici katepsinu V
a zUstavala relativné neovlivnéna vuci katepsinu L. Molekularni povrchy katepsint K a

V obsahuji kladné nabité oblasti pro vazbu GAG!66:16%:170

, tyto oblasti jsou vSak mén¢
rozsifené u katepsinu L, coz vede k poklesu jeho interakci s GAG. Lze predpokladat, ze
GAG reguluji inhibici IrThy pomoci kombinované interakce jednak s riznymi vazebnymi
misty pro GAG na cilovych katepsinech a jednak s pozitivné nabitymi oblastmi, které se
nachdzeji na navrzeném modelu povrchu IrThy, zejména na jeho N-doméné. Konkrétni
uspofadani téchto mezimolekularnich interakci mlZe bud’ posilovat nebo potlacovat
vazbu IrThy.

Bylo prokazano, ze inhibitory protedz ze slin kliStéte injikované do hostitele
moduluji imunitni odpovéd’ hostitele a potladuji srazeni krve v misté prisati klistste 17!,
Dosud jedinymi studovanymi inhibitory cysteinovych katepsinii ze slin klistat jsou
zastupci rodiny cystatinfi, ktefi maji imunosupresivni a protizanétlivé G¢inky 3140142,
Nedavna srovnavaci analyza inhibi¢ni specifity prokazala, Ze klistéci slinné cystatiny se
od ostatnich ¢lenil rodiny cystatinil 1i$i vysokou afinitou k endopeptidasdm a omezenym
icinkem na exopeptidasy '*2. Tato biochemicka vlastnost ¢ini klistéci slinné cystatiny
funkéné podobné IrThy, ktery také vykazuje izkou inhibi¢ni specifitu vici cysteinovym
katepsinim s endopeptidasovou aktivitou. Lze proto predpokladat, Ze IrThy muze hrat
roli v imunomodulaci a Ze na zdkladé¢ dynamiky exprese pusobi v pocatecnich fazich
interakce kliStéte s hostitelem. V této souvislosti je znamo, ze katepsiny V, K a L, na které
je IrThy cilen, se podileji na procesech imunitni odpovédi a zan€tu a jsou rovnez pritomny
v ktizi hostitele!’*!75, Dalsi voditko k potencidlni fyziologické funkci IrThy pochédzi z

nedavné studie o U24-ctenitoxinu-Pnla, neurotoxinu obsazeném v jedu pavoukt, ktery
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reguluje napétové iizené sodikové kanaly (VGSC)'’S. Je zajimavé, Ze tento protein
obsahuje dvé tandemové domény Tgl a je blizkym homologem IrThy. Toxiny pavoukl
s VGSC aktivitou jsou obecné& antinociceptivni'’’ a je ldkavé spekulovat o mozném

analgetickém ucCinku IrThy v misté prisati klistcte.
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7. Zavéry

Disertacni prace se zabyvala funk¢ni a strukturni charakterizaci tii novych

proteasovych inhibitor z rodiny cystatinl, serpinti a tyropinli. Tyto inhibitory byly

identifikovany ve slinach klistéte druhu Ixodes ricinus, ktery je vektorem klistové

encefalitidy a Lymské borelidzy, a Ornithodorus moubata, ktery je vektorem navratné

horecky a afrického prase¢iho moru. Disertacni prace obsahuje vysledky uvetfejnéné ve

¢tyfech pavodnich publikacich.

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

Cystatin OmC2 z O. moubata

Pro rekombinantni OmC2 byla urcena Siroka inhibi¢ni specifita, kterd zahrnuje
inhibici cysteinovych katepsinll jak s endopeptidasovou, tak exopeptidasovou
aktivitou. To vyrazné odlisuje OmC2 od dosud znamych slinnych cystatina klist'at
s typickou uzkou inhibiéni specifitou.

Byly nalezeny krystaliza¢ni podminky a vyfeSena prostorova struktura OmC2,
kterd umoznila objasnit jeho inhibini specifitu. Reaktivni centrum OmC2
vykazuje zna¢nou strukturni podobnost s n€kterymi cystatiny hostitele.

Byl korelovan vztah mezi zjisténymi imunomodula¢nimi vlastnostmi OmC2 a
inhibovanymi cilovymi katepsiny hostitele, které hraji vyznamnou roli pfi
imunitni odpovédi. Lze pifedpokladat, Zze OmC2 interferuje s aktivitou
hostitelskych cystatini a tak méni proteolytickou rovnovahu v tkani hostitele a

spojené relevantni fyziologické procesy ve prospéch klistéte.

Serpin IRS-2 z 1. ricinus

Pro rekombinantni IRS-2 byla ur€ena inhibi¢ni specifita, kterd cili unikétni
kombinaci serinovych proteas trypsinového a chymotrypsinového typu, véetné
trombinu, katepsinu G a chymasy. Naopak vétSina ostatnich serpinii ze slin 1.
ricinus inhibuje pouze proteasy trypsinového typu.

Byly nalezeny krystaliza¢ni podminky a vyfeSena prostorova struktura IRS-2 jako
prvni pro serpin parazitarntho plvodu. Tato struktura odpovidala tzv.

relaxovanému R-stavu konformace serpinové molekuly po Sté€peni reaktivniho
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centra cilovou proteasou. To umoznilo podrobné popsat ,,sebevrazedny* inhibi¢ni
mechanismus a korelovat stavbu reaktivniho centra se specifitou IRS-2.

IRS-2 mé vyrazné antikoagula¢ni a protizanétlivé vlastnosti vyhodné pro sani
klistéte, které 1ze vysvétlit na zéklade jeho inhibi¢ni specifity. Ta je zamétena na
regulaci agregace krevnich desticek a dale na relevantni imunitni buiiky, zejména

neutrofily a zirné buiiky produkujici katepsin G a chymasu.

Tyropin IrThy z L. ricinus

Rekombinantni expresi byl pfipraven IrThy a jeho dvé separatni tyropinové
domény. IrThy mé unikétni uzkou inhibi¢ni specifitu a inhibuje pouze tfi
cysteinové katepsiny K, L a V. Obé domény jsou funkéni, ale lisi se specifitou.
Inhibi¢ni  aktivita IrThy je  modulovdna  komplexnim  zplGsobem
glykosaminoglykany z tkdni hostitele. To zvySuje selektivitu pisobeni IrThy na
katepsiny K a V, které maji vazebna mista pro glykosaminoglykany.

Prostorova struktura domény IrThy byla uréena NMR spektroskopii jako prvni
struktura pro tyropin parazitarniho ptivodu. Urcena struktura umoznila vysvétlit
uzkou inhibi¢ni specifitu IrThy, kterd je fizena modifikacemi ve stavbé tii
vazebnych smycek, které neumoziiuji i¢innou interakci s exopeptidasami.

Na zéklad¢ strukturné-funkéni analyzy a expresniho profilu I[rThy u 1. ricinus byly
navrzeny potencialni fyziologické funkce IrThy v ¢asné fazi interakce klistéte s

hostitelem.

vvvvv

ze slin klist’at, které hraji klicovou roli v molekularnich mechanismech interakce mezi

timto parazitem s hostitelem. Potencialni vyuziti studovanych bioaktivnich inhibitort a

ziskanych vysledkt je v biomedicinskych aplikacich pii vyvoji napt. protizanétlivych a

antikoagulacnich 1€¢iv. Déle ptredstavuji studované inhibitory zajimavé kandidaty pro

vyvoj protiklistécich vakcin, které narusuji sani klistéte a snizuji riziko pfenosu patogend.
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