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Povzetek

Bolezni srca in ozilja so po najnovejsem porocilu Svetovne zdravstvene organizacije vodilni vzrok
smrti v svetu (31 %). Trenutne terapije Zal povzrocajo tudi resne stranske ucinke, zato potekajo
intenzivne raziskave na podrocju razvijanja novih, in predvsem bolj varnih zdravil za zdravljenje
kardiovaskularnih bolezni. Strupi kac iz druzine Viperidae so posebno bogati s proteini, ki vplivajo
na proces strjevanja krvi. Z namenom odkrivanja naravnih ucinkovin, primernih za razvoj novih
in varnih zdravil za terapijo kardiovaskularnih bolezni ali za hematolosko diagnostiko, smo
temeljito raziskali strupa dveh lokalnih viperid, modrasa in gada, najbolj strupene in pa najbolj
razsirjene evropske kace.

Primerjava proteomov modrasovega in gadovega strupa nam je podala molekularno razlago
razlike v toksi¢nosti med obema strupoma. Modrasov strup je precej bolj kompleksen od
gadovega. Vsebuje vedji nabor toksi¢nih komponent, pa tudi visje koncentracije metaloproteinaz
P-Ill, ki povzro€ajo mocno krvavitev. Oba strupa se izrazito razlikujeta po vplivu na strjevanje
krvi. Medtem, ko je modrasov strup izrazito antikoagulanten, je gadov prokoagulanten. Med
drugim je ta razlika posledica vsebnosti antikoagulantnih amoditoksinov, sekretornih fosfolipaz
A;, izkljuéno v modrasovem strupu. Amoditoksini so sicer tudi nevrotoksi¢ni. Zato so
nevrotoksi¢ni ucinki v primeru zastrupitve z modrasovim strupom pogosti, v primeru zastrupitve
z gadovim pa izjemno redki. Zaradi veéjega nabora hemostatsko aktivnih komponent v
modrasovem strupu smo tega uporabili kot izhodisce za njihovo analizo. Posebno pozornost smo
posvetili komponentam z antikoagulantnim delovanjem. Razvili smo kompleksne
kromatografske postopke za izolacijo homogenih in farmakolosko aktivnih molekul iz strupa.
Ucinek izoliranih proteinov na koagulacijo krvi smo dolocali s standardnimi kliniénimi testi na
komercialno dostopni plazmi. Detajle molekularnih mehanizmov delovanja izoliranih strupnih
komponent na strjevanje krvi, smo dolocali z uporabo Cistih faktorjev strjevanja krvi. Opisali smo
metaloproteinazo VaF1, ki specifi¢no cepi a-verigo fibrinogena. Sodi v druZino metaloproteinaz
P-llla. Za razliko od sorodnih metaloproteinaz VaFl prakti¢cno ni hemoragicna, kar ji daje
precejSnje moznosti v smeri razvoja sredstva za defibrinogenacijo krvi. Odkrili in opisali smo
protein VaaSPH-1, ki zavira koagulacije krvi po notranji poti. Protein strukturno sodi med
serinske proteaze, je pa encimsko neaktiven. Ugotovili smo, da je antikoagulantna aktivnost
VaaSPH-1 posledica vezave te molekule na aktivirani koagulacijski faktor VIII (FVIlla), kar
prepreci vezavo FIXa in nastanek intrinzicnega tenaznega kompleksa, s tem pa strjevanje krvi po
notranji poti. Dolocili smo del strukture VaaSPH-1, ki tvori kontakt s FVllla, in tako podali
moznost za zasnovo varnih antikoagulantov za zdravljenje venske tromboembolije, ki jih
medicina mocno pogresa. Nadalje smo opisali moc¢no prokoagulantno serinsko proteazo VaaSP-
VX in pojasnili tudi mehanizem njenega delovanja. Deluje tako, da verjetno proteolitsko aktivira
FV in FX, ki potem tvorita protrombinazni kompleks, potreben za koagulacijo krvi. Molekula je
zelo primerna za razvoj lokalnega zdravila proti hemofiliji, saj spodbuja nastanek krvnega strdka
na mestu poskodbe. Zaradi nacina delovanja, bi ta molekula lahko tudi nadomestila manj
zanesljivi reagent, razredcen strup Russellovega gada, pri testiranju lupusnih antikoagulantov. Z
namenom izboljSanja terapije zastrupitev smo se posvetili tudi slabo raziskani kardiotoksi¢nosti
modrasovega in gadovega strupa. Kot glavho komponento z delovanjem na srce smo v obeh
strupih identificirali amoditin L, encimsko neaktivno sekretorno fosfolipazo A,.
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Abstract

Cardiovascular diseases are the leading cause of death worldwide (31%) according to the latest
World Health Organization report. Intensive research is being conducted to obtain new drugs,
as current therapies cause serious side effects. Venoms from the snake family Viperidae are
particularly rich in pharmacologically interesting proteins, which mainly influence the blood
clotting process. In an attempt to discover new natural components suitable for the further
development of safer drugs for the treatment of cardiovascular diseases or for haematological
diagnostics, we studied toxins from two local vipers, nose-horned viper, Vipera ammodytes
ammodytes (Vaa), and the common viper or adder, Vipera berus berus (Vbb), the most
poisonous and the most common European snake, respectively.

The proteomic comparison of the Vaa and Vbb venoms has provided us with an explanation
at the molecular level for the differences in the toxicity of these two venoms. The first and most
important distinction is that the Vaa venom contains more diverse toxic components. We have
also observed higher concentrations of P-lll class metalloproteinases in Vaa venom, which are
the cause of more severe bleeding in humans upon envenomation by Vaa. There is also a
noticeable difference in the activity of both venoms, namely Vbb venom has a procoagulant
effect, while Vaa venom has an anticoagulant effect. Among molecules responsible for the
anticoagulant effect of the Vaa venom are amodytoxins, which we have identified only in this
venom. Amodytoxins are also responsible for neurotoxic effects, which have been rarely
observed in the case of Vbb venom poisoning, probably because they are not present in this
venom. Because of the larger pool of haemostatically active components in Vaa venom, we have
used this venom for further studies. Special attention was paid to the isolation of anticoagulant
components. Therefore, we have developed complex chromatographic methods to purify
haemostatically active molecules from the venom. The effect of the isolated proteins on blood
coagulation was tested using standard clinical tests on commercially available plasmas. Based
on the effect that the isolated toxins had on the homogeneous coagulation factors, we also
determined their molecular mechanism of action. We discovered a metalloproteinase with
fibrinogenolytic activity, VaF1, which specifically cleaves an a-chain of fibrinogen. As such, it has
therapeutic potential as a defibrinogenating agent. It belongs to the P-llla class of
metalloproteinases, which, in contrast to related enzymes, has no significant haemorrhagic
activity. We have also identified and characterized a protein that inhibits the intrinsic pathway
of blood coagulation, VaaSPH-1, which belongs to the family of serine proteases but is devoid of
enzymatic activity. The anticoagulant activity of VaaSPH-1 is a consequence of its binding to
FVIlla antagonizing in this way the binding of a natural partner molecule FIXa. The identified
structural features of VaaSPH-1 that are responsible for its interaction with FVllla provided an
excellent basis for the development of safe medically useful anticoagulants, which are greatly
missed in the treatment of venous thromboembolism. Simultaneously with the isolation of
VaaSPH-1, another serine protease was isolated, VaaSP-VX. The approach described above
helped us to define its mechanism of action, i.e. activation of FV and FX. VaaSP-VX is a suitable
substance for the development of a new drug to promote blood clot formation. Due to its
potentially dual, FV and FX, activation activity, VaaSP-VX is also interesting for lupus
anticoagulant testing to replace the unreliable diluted Russell's viper venom. Additionally, our
intention was to improve the current therapy after Vaa and Vbb poisoning by identifying
cardiotoxins in their venoms. We identified ammodytin L, an enzymatically inactive myotoxic
secreted phospholipase A, as the most important cardiotoxin in both venoms.
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Poglavje 1

Uvod

1.1 Kadji strupi

Kace so mesojedi plazilci, ki jih uvrséamo v red luskarjev. Njihovi sorodniki so zelve, krokodili in
kuscarji. Prehranjujejo se z majhnimi zivalmi, kot so kuscarice, druge kace, mali sesalci, ptici, in
njihovimi jajci, ribami, polzi ali Zuzelkami. Vecina ka¢ ni strupenih in ubijejo plen, tako da ga
pogoltnejo ali zadusijo s stiskanjem. Za razliko od njih strupene kace uporabljajo strup,
kompleksen koktajl peptidov in beljakovin, kot smrtonosno oroZje za lov in obrambo. Strup
proizvajajo in hranijo v strupnih Zlezah, ob ugrizu pa ga vbrizgajo v Zrtev skozi ostre strupnike ali
ob njih. Strup prizadene vitalne telesne funkcije Zrtve ali napadalca, na primer povzro¢i misi¢no
ohromelost, prepreci dihanje, vpliva na proces strjevanja krvi itd. [1].

Od priblizno 3000 do sedaj opisanih kac je petina strupenih. Te so razvrs¢ene v stiri druZine:
Colubridae (gozi), Elapidae (strupeni goZzi), Atractaspidae (zemeljski gadi) in Viperidae (gadi) [1].
Druzina kac Viperidae se naprej deli na poddruzine: Azemiopinae, Crotalinae (jamicarke),
Causine (nocni gadi) in Viperinae (pravi gadi) [2]. V slednjo sodi tudi Sest evropskih vrst kag, in
sicer: Vipera latastei (Latastejev gad), Vipera xanthina (otomanski gad), Vipera ursinii (mali gad),
Vipera aspis (laski gad), Vipera berus (navadni gad) in Vipera ammodytes (modras). Zadnje tri
Zivijo tudi na podrocju Slovenije in njihov strup ima precejSen medicinski pomen.

Slovenske strupenjace prepoznamo po Cokatem telesu, zelo kratkem repu in ozkih
pokoncnih zenicah, pogosto pa se jim po hrbtu vije tudi znacilen cikcakast vzorec. Ta vzorec je
pri navadnem in laskem gadu vcasih lahko nepovezan in tvori pre¢ne proge. Pri obeh vrstah
pogosto srecamo tudi popolnoma ¢rne primerke brez vzorca. Navadni gad lahko zraste v dolZino
tudi do 90 cm, v povprecju pa doseze okoli 70 cm (slika 1.1 — desno). Modras je prepoznaven po
znacilnem rozi¢ku na nosu in temnem cikcakastem vzorcu na svetlejsem hrbtu (slika 1.1 — levo).
V dolZino meri od 65 do 95 cm. Naseljuje skalnata, suha in prisojna podrocja juzne Evrope [3].

Ocenijuje se, da je povprecno Stevilo zdravstvenih posredovanj zaradi zastrupitve po ugrizu
kace med letoma 1970 in 2010 v Evropi znasalo 7992 na leto (kar je priblizno 1 ugriz na 100.000
prebivalcev na leto). Od tega je bilo priblizno 15 % tezjih primerov zastrupitve, 4 % pacientov pa
je zaradi posledic zastrupitve po strupenem kacjem ugrizu umrlo [4].



2 Poglavje 1. Uvod

Slika 1.1: Modras (V. ammodytes ammodytes) (levo) in navadni gad (V. berus berus) (desno).
Modrasa prepoznamo po rozi¢ku na nosu (vir: Shutterstock, 2020).

1.1.1 Sestava in ucinki kacjih strupov na cloveka

Kadji strup (KS) je kompleksna mesanica organskih in anorganskih molekul in ionov [5]. Sestava
strupa variira glede na vrsto kace, pa tudi od osebka do osebka znotraj iste vrste glede na spol,
starost in vrsto prehrane [6, 7]. KS v 90 — 95% sestavljajo organske molekule:

¢ polipeptidi brez encimske aktivnosti, to so na primer proteini, ki delujejo specifi¢no na
Ziveni sistem in celicne membrane. V to skupino sodijo proteini, podobni lektinom tipa
C (PLTC), disintegrini, triprstni toksini in s cisteinom bogati sekretorni proteini (CRISP).
Te molekule inhibirajo proteaze ali delujejo sinergisticno z drugimi netoksi¢nimi
komponentami strupa ter peptidi, katerih aktivnost Se ni znana;

e encimi, kiimajo dve zelo pomembni vlogi, sodelujejo pri usmrtitvi plena in pomagajo pri
njegovi prebavi. Mednje sodijo sekretorne fosfolipaze A, (sPLA;) serinske proteaze (SP),
metaloproteinaze (MP), fosfomono(di)esteraze, 5'-nukleotidaze, hialuronidaze, NAD-
nukleotidaze in oksidaze L-aminokislin (LAAO).

V KS so prisotni Se nukleotidi, biogeni amini ter v zelo majhnih koli¢inah tudi lipidi in
aminokisline. Ogljikovi hidrati so prisotni v glavnem v obliki glikoproteinov.

Anorganske sestavine KS so kovinski ioni: Ca?*, Cu?*, Fe**, K*, Mg?*, Mn?, Na*, Co? in Zn?*. Vsi
nasteti ioni niso prisotni v vseh strupih in njihova kolicina med vrstami variira. Prav tako ni znana
bioloska vloga vseh, vendar nekateri, na primer Ca%* in Zn%, igrajo pomembno vlogo pri
stabilizaciji strukture proteinov in pri aktivnosti dolocenih encimov [1].

Sestava strupa je specificna za vsako kacjo druZino. Strupi kac iz druZine Elapidae delujejo
predvsem nevrotoksi¢no in kardiotoksicno na cloveka, strupi ka¢ iz druZine Atractaspidae
predvsem kardiotoksicno, medtem ko so strupi kac iz ostalih dveh druzin usmerjeni predvsem
na sistem strjevanja krvi — hemostazo. Na splosno strupi viperid poleg motenj strjevanja krvi
povzrocajo tudi lokalne poskodbe tkiva (zatekanje, edem in nekrozo tkiva) ter znizanje krvnega
tlaka [8, 9].

1111 Ucinki in sestava modrasovega strupa

Modras je najbolj strupena kacda v Evropi, ob ugrizu katere so Se posebej izrazeni naslednji ucinki:
hemoragija (krvavitev), nekroza tkiva in nevrotoksi¢nost [10, 11, 12]. Stevilne komponente iz
njegovega strupa delujejo pro- ali antikoagulantno. Delujejo na dva nacina: a) s proteoliticho
aktivnostjo aktivirajo ali pa razgrajujejo komponente koagulacijskega sistema, b) na ne-encimski
nacin, z vezavo na fizioloSke tarce preprecijo vezavo fizioloskih komponent koagulacijskega
sistema in s tem njihovo delovanje [13, 14].

Na mestu ugriza modrasov strup pri ¢loveku povzroci hemoragijo, edem in nekrozo tkiva
[10]. Ti ucinki so posledica delovanja proteoliticnih encimov v strupu — hemoraginov. V strupu
so prisotne tudi nevrotoksi¢ne komponente, ki vodijo v delno ali popolno inaktivacijo perifernih
Zivcev (mozganskih ali motoricnih), kar se odrazi kot na primer ptoza, oftalmoplegija in osibitev

.....



Modrasov strup ima predvsem izrazit vpliv na sréno-Zilni sistem cloveka [12], za kar so
odgovorni proteini iz razlicnih proteinskih druZin: SP, MP, sPLA,, PLTC ali disintegrinov (slika 1.2)
[15]. Zato je modrasov strup zelo primeren vir zdravilnih uéinkovin ali pa spojin vodnic za razvoj
zdravil za zdravljenje bolezni krvi, srca in oZilja.

Zivéni rastni

disintegrini
faktor z%g glutamin
2% ciklaze
oksidaze \ / 2%
L-aminokislin : N

3%

CRISP
7%

proteini, podobni
lektinom tipa C
22%

Slika 1.2: Zastopanost razli¢nih proteinskih druzin v strupu modrasa. Povzeto po [15].

1112 Ucinki gadovega strupa

Gad je najbolj razsirjena kaca v Evropi, zato je tudi primerov zastrupitve Cloveka s strupom te
kace najvec [4, 16]. Gadov strup v ¢loveku povzroci moteno delovanje hemostatskega sistema,
vendar ne tako izrazito, kot ga povzroc¢i modrasov strup. Tudi nevrotoksi¢ni ucinki so zelo redki.
Zastrupitev z gadovim strupom povzroci predvsem zatekanje v okolici ugriza, lahko tudi Sirse, ter
anemijo, ki je posledica krvavitve in hemolize. Pogosto se pojavijo tudi bruhanje, diareja in
abdominalne bolecine [10, 17, 18, 19, 20]. Klini¢na porocila o zastrupitvah z gadovim strupom
v€asih navajajo tudi toksi¢ne ucinke na srce [21]. Tako so porocali o pojavu elektrokardiografske
inverzije pri pacientih, splos¢enju T vala in zvisanju ST intervala (motnje v repolarizaciji
membranskega potenciala), atrioventrikularnem bloku druge stopnje (motnje v prevajanju
impulzov skozi atrioventrikularni vozel), bradi/tahiaritmiji, atrijski fibrilaciji (motnja srénega
utripa, za katero je znacilen nereden in hiter utrip srca) in sr¢ni kapi. Pojav kardiotoksi¢nosti je,
sicer redkeje, opisan tudi pri pacientih po zastrupitvi z modrasovim strupom [22, 23].
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Sestava gadovega strupa do sedaj Se ni bila dobro poznana, zato je bil nas namen celostno
identificirati molekule, ki so prisotne v tem strupu. V poglavju 3.1 je podrobno predstavljena
proteomska sestava gadovega strupa, ki smo jo izvedli v okviru doktorskega dela.

1.1.2 Zdravljenje zastrupitev s kacjimi strupi

Razlike med posledicami toksi¢nih ugrizov se ne pojavljajo le med posameznimi vrstami kac
(interspecificno), temvec tudi med posameznimi osebki znotraj iste vrste (intraspecifi¢no).
Razlike v posledicah so seveda pogojene z razlikami v sestavi strupov. Znotrajvrstne ali
intraspecificne razlike v sestavi strupa so odvisne predvsem od spola Zivali, starosti in vrste
prehrane, ki jo dolo¢a predvsem kraj naselitve [6]. V primeru modrasa so na primer analizirali
strupe osebkov, ki poseljujejo tri razlicna podrocja na Hrvaskem v radiju 150 km, okolico Krapine,
Karlovca in Slunja. Pokazali so, da je doza strupa, pri kateri umre polovica misk (LDso), v primeru
strupa modrasov iz okolice Karlovca in Slunja viSja kot v primeru strupa modrasov iz okolice
Krapine [7].

Pri zdravljenju zastrupitev z modrasovim ali gadovim strupom se uporabljajo protistrupi, ki
jih pridobijo bodisi z imunizacijo Zivali z modrasovim ali gadovim strupom bodisi z mesanico
obeh. Na tak nacin pripravljeni protistrupi so se pokazali ucinkoviti tudi pri paraspecifi¢ni
nevtralizaciji, to je pri nevtralizaciji bolj ali manj podobnih strupov, kot je strup, ki je bil
uporabljen za pridobitev protistrupa. Na primer pri nevtralizaciji strupa laskega gada (Vipera
aspis — ltalija) in otomanskega gada (Vipera xanthina — Gr¢ija, Turcija). Poleg tega so pokazali
ucinkovito paraspecificno nevtralizacijo strupov kac iz gorskih predelov Armenije, Raddejevega
gada (Montivipera raddei) in levantinskega gada (Macrovipera lebetina), s konjskim
protistrupom proti modrasovemu strupu [24]. Znaki zastrupitev s strupi navedenih ka¢ so
podobni tistim, ki jih povzro¢i modrasov strup: poSkodba tkiva, edem, hemoragija, nekroza tkiva,
hipotenzija in motnje v koagulaciji krvi (predvsem slabse strjevanje krvi). Zas¢itna ucinkovitost
paraspecifi¢nih protistrupov pa v primeru hujsih zastrupitev vendarle ni povsem zanesljiva, saj
lahko pride do razli¢nih klini¢nih zapletov [17]. Razlog tici v vecjih ali manjsih razlikah proteinskih
sestav strupov. Tako na primer ViperaTAb® (MicroPharm, VB), protistrup, pripravljen na osnovi
gadovega strupa, ki se zaradi pomanjkanja specificnega protistrupa vcasih uporablja tudi za
zdravljenje zastrupitev z modrasovim strupom, ne nevtralizira toksi¢nih ucinkov vseh
komponent slednjega [25]. S poznavanjem podrobne sestave KS lahko izboljSamo protistrupe in
prispevamo k bolj ucinkovitemu zdravljenju zastrupitev. Bistvene razlike v sestavi strupov
modrasa in gada na molekularnem nivoju, ki smo jih razkrili v poglavju 3.1, so dobra osnova za
to.

Predmet raziskav, opravljenih v okviru doktorskega dela, sta torej gadov in modrasov strup,
njuna sestava in vpliv njunih komponent na sréno-Zilni sistem pri ¢loveku.

1.2  Srcéno-zilni sistem pri cloveku

Sréno-Zilni oziroma kardiovaskularni sistem je nujen za oskrbo telesnih organov in tkiv s hranili
in kisikom, poleg tega ima pomembno vlogo tudi pri uravnavanju telesne temperature in pri
odstranjevanju produktov presnove. Pri ¢loveku sréno-Zilni sistem sestavljajo srce in zile, ki jih
delimo na arterije, vene in kapilare. Kri, ki se pretaka po Zilnem sistemu zaradi delovanja srca, je
tekocina, sestavljena iz plazme, v kateri so raztopljeni plazemski proteini, rdecih (eritrocitov) in
belih krvnih celic (levkocitov) ter krvnih ploscic (trombocitov).



1.2.1 Srce

Srce je ritmicno utripajoci organ, ki poganja kri in hemolimfo po telesu. Ritem za delovanje mu
dajejo posebne Zivéne celice, ki po Zivénih snopicih posiljajo vzburjenje ter tako povzrocajo
enakomerno kréenje sréne misice.

Srce ima stiri predelke, dva zgoraj in dva spodaj, in sicer sta zgornja sprejemna, t. i. atrija
oziroma preddvora, spodnja pa iztisna, t. i. ventrikla oziroma prekata. Preddvora se odpirata v
ventrikla preko atrioventrikularnih zaklopk, ki so prisotne v atrioventrikularnem septumu
(pregradi). Desni preddvor in desni prekat skupaj tvorita desno srce, levi preddvor in levi prekat
pa levo srce.

Nenormalen sréni ritem imenujemo sréna aritmija — lahko povzroci nenadno smrt ali
omotico. Poznamo dva glavna tipa aritmij, in sicer bradikardijo (pod 60 utripov/min) in
tahikardijo (nad 100 utripi/min).

S pomocjo elektrokardiograma (EKG) lahko spremljamo potek sréne aktivnosti, kjer je poleg
Stevila utripov na min pomembno tudi, ¢e srce bije enakomerno oziroma ali je moteno
prevajanje impulzov v srcu. Osnovni vzorec zapisa enega srénega impulza je sestavljen iz treh
valov: vala P, kompleksa QRS (sestavljen je iz treh lo¢enih zobcev, Q, Ris S) invala T.

Elektri¢ni impulz srénega cikla se zacne v podrocju desnega preddvora, ki ga imenujemo
sinoatrialni vozel. Depolarizacija se nato Siri po misicnih vlaknih preddvorov (P val). Za
depolarizacijo je odgovoren vtok Ca?* v celico. Potem sledi kontrakcija preddvorov. Vsak
elektri¢ni impulz iz sinoatrialnega vozla povzroci sréni utrip in doloca frekvenco srca. Po koncani
depolarizaciji preddvorov (traja do 0,10 s), se depolarizacijski val po treh snopih Siri proti
atrioventrikularnem vozlu, kjer se nekoliko upocasni. Interval P-R predstavlja cas
atrioventrikularnega prevoda, ki traja od 0,12 do 0,20 s. Nato depolarizacijski val potuje zelo
hitro skozi prevodno tkivo, imenovano Hissov snop, ki se nato deli za vsak prekat (levi in desni
krak). Levi krak se dodatno deli na sprednjo in zadnjo vejo. Kraka se razdelita na ve¢ manjsih
vejic (t. i. Purkinijeva vlakna), ki vzdrazijo prekata. Na EKG zapisu nastane QRS kompleks.
Kompleks QRS odraza hitro depolarizacijo desnega in levega prekata. Prekata imata v primerjavi
s preddvoroma vec misi¢nine, zato ima kompleks QRS obicajno znatno visjo amplitudo kot val P.
Po depolarizaciji celotnega miokarda se EKG zapis vrne v izolinijo. QRS kompleks ne sme biti Sirsi
kot 0,12 s. Na koncu EKG zapisa nastane T val, ki predstavlja vrnitev celicnega membranskega
potenciala na zacetno vrednost (repolarizacija). Repolarizacija nastane zaradi iztoka K* ven iz
celice. Po koncani repolarizaciji se ponovno za¢ne depolarizacija in cikel se ponovi [26].

1.2.2 Zile

Krvna Zila je cevast organ, po katerem se pretaka kri. Zile so razli¢nih tipov, in sicer: arterije,
arteriole, kapilare, venule in vene. Po arterijah (Zile odvodnice) tece kri iz srca in v njih je krvni
tlak najvedji. Arteriole imajo manjso misi¢no steno od arterij in spreminjajo premer, s tem pa
vplivajo na pretok krvi skozi dolocen predel. Imajo tudi izrazit vpliv na krvni tlak. Arteriole se
zakljucijo s kapilarami, ki imajo izredno tanko steno in predstavljajo most med arterijami in
venami. Kapilarna mreza omogoca izmenjavo hranilnih snovi, plinov, hormonov itd. med krvjo
in telesnimi tkivi. Odpadne snovi se preko kapilar iztekajo v venule, te pa nato v vene, ki vodijo
nazaj v srce. Vene (Zile dovodnice) imajo tanjSo steno od arterij, a praviloma vedji premer kot
arterije. Kri skozi vene tece pocasneje in pod bistveno manj$im tlakom.

Arterije in vene so si po sami anatomski zgradbi zelo podobne. Sestavljene so iz treh plasti:
notranje plasti (tunika intima), ki je sestavljena iz endotelijskih celic in notranjega proznega tkiva;
srednje plasti (tunika medija), ki je zgrajena iz misicnih vlaken in elasti¢nega tkiva (sestavljen iz
kolagena in elastina); ter zunanje plasti (adventicija), ki jo nadalje razdelimo na zunanje prozno
tkivo in plast, sestavljeno iz kolagenskih in proznih vlaken.
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1.2.3 Hemostaza

Hemostaza zajema vse procese, ki ohranjajo kri tekoco in prispevajo k uspeSnemu ustavljanju
krvavitve ob poskodbi Zile ter k regeneraciji le-te. V teh procesih sodelujejo trombociti,
strukture) ter koagulacijski (oznaceni s ¢rko F in rimsko Stevilko, aktivna oblika pridobi Se pripono
»a«: Flla, FVIla, FVIlla, FIXa, FXa, FXIa) in fibrinolizni proteini. V normalnih razmerah prevladuje
antikoagulacijski mehanizem nad prokoagulacijskimi procesi, saj mora kri v neposkodovanem
ozilju ostati tekoca [27].

Ko pride do poskodbe Zile, se proces celjenja rane zacne z zoZenjem Zile, ¢emur sledi
pritrditev trombocitov na poskodovani endotelij. Tako se rana zacasno zapre. Hkrati se ob
nastanku trombocitnega Cepa aktivira tudi koagulacijska kaskada, ki preko niza encimskih
procesov privede do nastanka fibrinskega strdka. Koagulacijski faktorji ali faktorji strjevanja krvi
so SP, ki se tvorijo v jetrih in so v krvi prisotni kot proencimi. Njihova kaskadna aktivacija privede
v koncni fazi do aktivacije fibrinogena v netopen fibrin, ki z dodatnim prec¢nim povezovanjem
(omogoca ga FXIllla) uévrsti trombocitni ¢ep. Ko se Zila zaceli, se trombocitno-fibrinski strdek
razgradi v procesu fibrinolize [11].

Najtanjse krvne Zile, kapilare, so sestavljene le iz ene plasti endotelijskih celic, ki so pritrjene
na bazalno membrano, posebno plast ekstracelularnega (zunajcelicnega) matriksa. Zunajceli¢ni
matriks je sestavljen iz razlicnih makromolekul, najpogosteje kolagena tipa IV, laminina,
nidogena/entaktina in perlekana/heparan sulfat proteoglikanov [28]. Endotelijske celice
proizvajajo snovi, ki v odsotnosti poskodbe Zile preprecujejo adhezijo in aktivacijo trombocitov
ter aktivacijo koagulacijskih proteinov, ob poskodbi pa spojine, ki pripomorejo k aktivaciji tako
agregacije trombocitov kot koagulacije [29].

von Willebrandov faktor (vWF) kroZi v plazmi in se ob poskodbi Zile veze na subendotelijski
kolagen. Povecane strizne sile zaradi pretoka krvi in interakcija s kolagenom povzrocijo aktivacijo
VWF —izpostavijo se vezavna mesta za receptorski kompleks GPIb—V-IX na povrsini trombocitov,
kamor se potem veze. Tako VWF vzpostavi zacetno vezavo trombocitov na mesto poskodbe Zile.
Vezava trombocitov na mesto poskodbe se nato ucvrsti Se z neposredno interakcijo teh celic s
kolagenom preko receptorjev GPVI in a;f1. Pri tem se trombociti tudi aktivirajo [29]. Aktivirani
trombociti spremenijo obliko iz diskoidne v kroglasto s psevdopodiji, s katerimi se pritrdijo na
podlago. Iz sekrecijskih zrnc sprostijo molekule, ki aktivirajo sosednje trombocite (na primer
tromboksan A, (TXA;) in adenozin difosfat (ADP)), molekule, ki povzrocijo konstrikcijo krvne Zile
(serotonin), molekule, ki sodelujejo pri procesih koagulacije (na primer FV, FXIl, vWF,
fibrinogen), ter spojine, ki sodelujejo pri obnavljanju Zilne stene. Na plazemski membrani
aktiviranih trombocitov se izpostavijo tudi negativno nabiti fosfolipidi, na katere se potem vezejo
koagulacijski faktorji in tvorijo komplekse [29]. Na povrsini trombocitov se ob aktivaciji izrazi
receptor — integrin oyipBs (tudi GPlIb/llla), na katerega se vezejo ligandi z vezavnim zaporedjem
RGD, kot sta fibrinogen in vWF. Tako se trombociti Se dodatno povezejo v ¢vrst strdek [30].

Nastanek trombocitnega strdka poteka hkrati z aktivacijo koagulacijskih proteinov. V
kaskadnem modelu koagulacije krvi se posamezni faktorji aktivirajo v zaporednih reakcijah, ki so
razdeljene na dve poti, na intrinzicno ali notranjo (sodelujejo: FXlla, FXla, FIXa, FVIlla) ter
ekstrinzi¢no ali zunanjo pot (sodelujeta tkivni faktor in FVIla). Obe poti se zdruZita v t. i. skupno
pot (sodelujejo FXa in FVa ter protrombin), ki se zakljuci z nastankom fibrinskega strdka [31, 32,
33]. Proces hemostaze je predstavljen na sliki 1.2.

Novejsa klinicna in eksperimentalna opaZzanja so pokazala, da kaskadni model ne opise
dogajanj v procesu hemostaze in vivo v celoti in da notranja pot nima dejanske fizioloSke vloge
[34]. Ugotovili so, da je kompleks tkivnega faktorja in FVlla, ki je prvi korak v zunanji poti
kaskadnega modela, glavni sprozitelj hemostaze in vivo. Ta opaZanja so vkljucili v novejsi opis
procesa, ki mu pravimo celi¢ni model koagulacije.



Celi¢ni model opise potek koagulacije na sledeci nacin. Ob poskodbi Zilne stene se izpostavi
tkivni faktor, ki se izraza na celicah izven ozilja, na primer na fibroblastih. Tkivni faktor je
membranski protein in je receptor za plazemsko SP FVII. Ob vezavi na tkivni faktor se FVII
najverjetneje aktivira avtokatalitsko. Kompleks FVIla—tkivni faktor (t. i. ekstrinzi¢ni tenazni
kompleks) v prisotnosti Ca%* ionov aktivira majhno koli¢ino FIX in FX. FV se lahko aktivira s FXa
ali z neko nekoagulacijsko proteazo. Na negativno nabitih membranskih fosfolipidih celic, ki
nosijo tkivni faktor, se v prisotnosti Ca%* ionov tvori protrombinazni kompleks FXa—FVa, ki
katalizira pretvorbo protrombina (Fll) v aktivno obliko, a-trombin (Flla). Majhna koli¢ina a-
trombina, ki nastane na teh celicah, ima ve¢ pomembnih funkcij. Sodeluje pri aktivaciji
trombocitov ter na povrsini trombocitov aktivira FV (sproscajo ga aktivirani trombociti) in FVIII
(kroZi v plazmi, vezan na vWF) ter FXI. Ob aktivaciji FVIII se FVllla in vWF locita, kar slednjemu
omogoci sodelovanje pri adheziji in agregaciji trombocitov [27, 31, 35, 36]. Ko se na mesto
poskodbe pritrdi veliko Stevilo trombocitov, pride do naslednje, napredujoce faze koagulacije.
Koagulacijski faktorji se v prisotnosti Ca%* ionov veZejo na negativno nabite fosfolipide,
izpostavljene na povrsini aktiviranih trombocitov. FIXa se lahko premakne s celic, ki vsebujejo
tkivni faktor, na trombocite, kjer tvori kompleks s FVIlla. FXa pa se ob disociaciji s teh celic hitro
inaktivira z zaviralcema TFPI (angl. »tissue factor pathway inhibitor« ali zaviralec poti TF) in
antitrombinom. Dodaten FIXa nastane preko aktivacije s FXla, vezanim na trombocitih. FX, ki je
na povrsini trombocitov, se aktivira s kompleksom FIXa—FVllla (t. i. intrinzi¢ni tenazni kompleks).
Nastali FXa se poveie s FVa, vezanim na trombocite, v protrombinazni kompleks, ki sprozi
nastanek velikih koli¢in a-trombina. Le-ta potem aktivira fibrinogen, tako da odcepi
fibrinopeptida A in B in s tem omogoci polimerizacijo fibrinskih monomerov v fibrinske niti. a-
trombin aktivira tudi FXIIl, transglutaminazo, ki ustvari kovalentne precne povezave med
fibrinskimi polimeri in utrdi fibrinski strdek [37].

Nastajanje fibrinskega strdka mora biti omejeno, da se ne bi razsirilo v okoliske zdrave
predele Zile. Zato je proces koagulacije reguliran na vec nacinov [36]:

e s serpini (tj. proteinskimi zaviralci SP), na primer antitrombinom, ki zavira delovanje a-
trombina in FXa, mnogo pocasneje pa tudi FIXa in FXla. Inhibitorno aktivnost antitombina
mocno ojata vezava na heparin in druge sulfonirane glukozaminoglikane na povrsini
endotelija;

e 7z aktivacijo proteina C z a-trombinom, ki je vezan na endotelijski receptor
trombomodulin. Nastali aktivirani protein C ob pomoci kofaktorja proteina S inaktivira
FVain FVIlla;

e s TFPI, ki inhibira tako prosti FXa kot FXa, vezan v kompleks tkivni faktor—FVIla—FXa.

Ko se zacne celjenje rane, se fibrinski strdek odstrani v procesu fibrinolize. Glavna endogena
fibrinoliticna proteaza je plazminogen, ki se v krvi nahaja v neaktivni obliki. Aktivacija
plazminogena v aktivni plazmin poteka preko zunanje in notranje poti. Po notranji poti
plazminogen aktivirajo urokinaza (angl. »urokinase plasminogen activator«, u-PA) ter faktorji
kontaktne aktivacije, FXlla, visokomolekularni kininogen in kalikrein. Po zunanji poti pa
plazminogen aktivira tkivni aktivator plazminogena (angl. »tissue plasminogen activator, t-PA),
ki ga sintetizirajo endotelijske celice. V plazmi je t-PA prisoten v kompleksu z inhibitorjem
aktivatorja plazminogena 1 (angl. »plasminogen activator inhibitor-1«, PAI-1). Fibrin moc¢no
pospesi katalitsko aktivnost t-PA. Delna razgradnja fibrina s plazminom pospesi vezavo
plazminogena na fibrin in tako pospesi fibrinolizo na mestu nastajanja fibrina. Prosti plazmin, ki
se sproséa z razgradnjo fibrina, pa hitro zavrejo serpini, a2-antiplazmin (a2-AP), PAI-1 in a2-
makroglobulin (a2-MG) [37, 38].
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Slika 1.3: Prikaz sistema hemostaze.
Povzeto po [39].

(A) Primarni odziv na poskodbo krvne Zile je agregacija trombocitov, tvorba primarnega
trombocitnega strdka na mestu poskodbe Zile. Ko se poskoduje endotelij se izpostavi
prokoagulantni subendotelijski matriks, sestavljen iz beljakovin, kot so kolagen, vWF, fibrinogen,
laminin in fibronektin. Beljakovine subendotelijskega matriksa se veZejo na glikoproteinske
receptorje na povrsini trombocitov in sproZijo vec¢ procesov, (1) adhezijo trombocitov, (2)



aktivacijo trombocitov in (3) tvorbo trombocitnih strdkov. Vezava vWF na trombocitni kompleks
GPlb—IX-V ter kolagena na trombocitna receptorja GPVI in integrin ouB: sproZi signal v
trombocitu, ki vodi do spros¢anja agonistov aktivacije trombocitov, TXA,, ADP in serotonina, iz
trombocitnih mesic¢kov. Ti agonisti se skupaj z a-trombinom, produktom koagulacijske kaskade
in aktiviranimi trombociti, veZejo na z G-proteini povezane receptorje na trombocitih, kar sprozi
nadaljnjo aktivacijo trombocitov. Trombocitni mesicki vsebujejo tudi polifosfate, ki so tako
prokoagulantni kot antifibrinoliti¢ni. Aktivirani trombociti sprostijo VWF in koagulacijske faktorje
iz celiénih mesickov, kar vodi v tvorbo fibrina in trombocitnih strdkov. Aktivacija trombocitov
izpostavi na celi¢ni povrsini integrin GPllb/llla, ki z vezavo fibrinogena sodeluje pri njihovi
agregaciji.

(B) Koagulacijska kaskada — tvorba fibrina. Pri zunanji poti koagulacije poskodba stene Zil vodi
do izpostavitve tkivnega faktorja na endotelijskih celicah. Tkivni faktor v kompleksu s FVlla
(ekstrinzi¢ni tenazni kompleks) aktivira FX v FXa. Zunanjo pot koagulacije zavira TFPI, ki ga
proizvajajo endotelijske celice. V intrinzicni poti koagulacije (oziroma napredujoci fazi
koagulacije) FXla aktivira FIX v FIXa, ki v kompleksu s FVIlla (intrinzi¢ni tenazni kompleks) aktivira
FX v FXa. V skupni poti koagulacije nato nastali FXa tvori protrombinazni kompleks z aktiviranim
FVa, ki aktivira protrombin v a-trombin. Protrombin je sestavljen iz treh domen, fragmenta 1,
fragmenta 2 in SP (a-trombin). Ob aktivaciji se od protrombina odcepita fragmenta 1 in 2, po
cepitvi Se ene vezi v predelu SP pa nastane konéni produkt a-trombin, ki ga sestavljata disulfidno
povezani verigi A in B. a-trombin potem aktivira fibrinogen v fibrin, strukturo pa Se dodatno
ucvrsti FXIII, ki s transglutaminazno aktivnostjo precno poveze fibrinske niti v fibrinsko mrezo
(strdek). V procesu fibrinolize plazmin cepi fibrin v topne razgradne produkte, vkljuéno z D-
dimeri. Plazminogen se pretvori v plazmin s pomocjo t-PA, ki ga negativno regulira PAI-1.
Aktivnost plazmina zavirata a2-AP in s trombinom aktiviran inhibitor fibrinolize.

1.2.4 Srcno-zilne bolezni

Sréno-Zilne oziroma kardiovaskularne bolezni prizadenejo srce in/ali krvne Zile. Med
najpogostejSimi so povisan krvni tlak, koronarna obolenja, sréna kap, bolezen srénih zaklopk in
revmati¢ne bolezni srca. Kardiovaskularne bolezni so glavni vzrok obolevanja in prezgodnje smrti
ljudi v Evropski uniji in nasploh po vseh delih razvitega sveta. Tovrstne bolezni so tudi vodilni
vzrok za umiranje v svetovnem merilu z 31-odstotnim delezem vseh smrtnih primerov [40].

Mnoge izmed kardiovaskularnih bolezni imenujemo tudi bolezni Zivljenjskega sloga, saj se
razvijajo skozi €as in so povezane z osebnimi navadami, pomanjkanjem telesne vadbe, nezdravo
prehrano, kajenjem in drugimi oblikami nacina Zivljenja [41, 42]. Predhodnik vecine te bolezni je
ateroskleroza, pri kateri se v stenah srednjih in velikih arterij kopicijo majhni ateromatozni plaki.
Ateroskleroza je tudi dejavnik tveganja za akutni koronarni sindrom, ki opisuje stanje, za
katerega je znacilen nenaden primanjkljaj krvi s kisikom v srénem tkivu. Povezana je tudi s
teZzavami, kot so nastanek anevrizme, tj. izboklin, ki zaradi oslabelosti Zilne stene obicajno
nastanejo na razcepis¢u mozganskih arterij [43].

Razvoj kardiovaskularnih bolezni lahko vkljucuje tudi nastanek strdka, imenovanega tromb.
Ta lahko nastane v venah ali arterijah. Globoka venska tromboza vec¢inoma nastane v venah nog.
Ti strdki se lahko odtrgajo z mesta nastanka in potujejo po krvi na drugo mesto v telesu. Tako na
primer nastane plju¢na embolija, prehodni ishemicni napadi ali moZganska kap [44]. Tromboze
razdelimo glede na Zilo, ki jo strdek prizadene, torej na vensko trombozo (na primer globoka
venska tromboza, tromboza jetrne vene itd.) in arterijsko trombozo (moZganska ter sr¢na kap).
Pri slednji je najpomembnejsi razlog za nastanek napredna ateroskleroza, pri kateri se lahko
natrga pokrov ateroskleroticne obloge in posledi¢no nastane tromb, ki popolnoma zapre ze
poprej nekoliko zoZeno arterijo.
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NajpogostejSa vzroka smrti kot posledice kardiovaskularni bolezni sta sréna in mozganska
kap. Na tretjem mestu je venska trombembolija [41, 45]. Ime venska trombemobilja zdruzuje
pravzaprav dve bolezni: vensko trombozo in plju¢no embolijo, do katere lahko pride, ko se tromb
odtrga z mesta nastanka v veni (t. i. embolusa), po krvi odplakne v plju¢a in tam zamasi plju¢no
arterijo. V venah je krvni tlak majhen, Zilna stena vene je drugacna kot v arterijah, precej tanjsa
in ni podvrZena aterosklerozi. Strdki v venah so najveckrat posledica povecane nagnjenosti krvi
k strjevanju oziroma upocasnjenega krvnega pretoka po veni. Venska tromboza je lahko
posledica zgoraj omenjenega Zivljenjskega sloga, lahko pa tudi genetske anomalije, ki se lahko
odraZza kot a) povisana aktivnost enega ali ve¢ faktorjev strjevanja krvi ali inhibitorjev
fibrinoliznih proteinov (PAI-1) in/ali b) zniZana aktivnost enega ali ve¢ antikoagulantnih
proteinov (TFPI, antitrombin, aktiviran protein C) in/ali c) prisotnost FV Leiden (gensko
spremenjen FV) [46, 47, 48].

Zdravljenje patoloskega prekomernega strjevanja krvi poteka z antikoagulanti, ki
neposredno znizujejo aktivnost trombina oziroma inhibirajo njegov nastanek. Tradicionalno
zdravljenje poteka z antagonisti vitamina K, med katerimi je najpogosteje uporabljen varfarin
[45, 49, 50, 51]. Glavni problemi takega zdravljenja so resni stranski ucinki, ki se odrazajo v
mocnih krvavitvah. V izogib tezavam, je potreben konstantni nadzor zdravljenja in po potrebi
prilagajanje odmerka zdravila. Nekatera od zdravil tudi interagirajo s hrano in drugimi zdravili,
kar lahko povzroca Se dodatne zaplete. IzboljSave v terapijo venske trombembolije so prinesli
novi peroralni antikoagulanti, NOAC (angl. »New Oral AntiCoagulant«), ki selektivnho zavirajo
delovanje proteinov v koagulacijski kaskadi. Taka zdravila so usmerjena specificno na trombin
(dabigatran) ali FXa (apiksaban, edoksaban in rivaroksaban) [52]. Za razliko od tradicionalnih
zdravil se ucinek NOAC hitro izrazi, njihov farmakoloski profil je predvidljiv in ne interagirajo s
hrano ali drugimi zdravili. Zal pa trenutno nimajo vsi primernega antidota (le dabigatran ga ima:
Praxbind™ tj. idarucizumab) in v primeru, ko pride do predoziranja, lahko pride do nastanka
obsirne sistemske krvavitve [53, 54, 55].

NOAC si z veliko hitrostjo utrjujejo pot v klini¢ni praksi v Sloveniji, predvsem rivaroksaban in
dabigatran [56, 57]. Od leta 2011 sta zdravili odobreni za preprecevanje kapi in sistemskih
embolizmov ter za zdravljenje venske trombembolije, od 2013 pa Se za preprecevanje
aterotromboti¢nih dogodkov pri odraslih bolnikih z akutnim koronarnim sindromom.

Nasprotje prekomernega strjevanja krvi so hemofilije, kjer se zaradi odsotnosti ali
pomanjkanja koagulacijskih faktorjev kri ne strjuje, kot bi se morala. Gre predvsem za genetske
anomalije, redkeje pa je teZava v tvorbi protiteles proti koagulacijskim faktorjem. Hemofilija A
je najpogostejSa dedna motnja strjevanja krvi. Pri njej gre za pomanjkanje FVIII. Bolezen se zdravi
z intravenoznim dodajanjem FVIII, ki ga pridobijo iz ¢loveske krvne plazme ali s pomocjo
proteinskega inZenirstva. Pri hemofiliji B gre za pomanjkanje FIX, medtem ko pri hemofiliji C
manjka FXI. Von Willebrandova bolezen je druga najpogostejSa oblika koagulopatije, pri kateri
se tvori premalo VWF, ki sodeluje pri pritrijevanju trombocitov na poskodovano Zilno steno.
Bolezen se zdravi z dodajanjem humane plazme [58].

Kot Ze omenjeno, strupi viperid vplivajo na proces strjevanja krvi, povzrocajo lokalne
poskodbe tkiva, poleg tega pa vplivajo na delovanje srca. Toksini iz teh strupov so tako zanimivi
za podrobno karakterizacijo, saj so primerne spojine vodnice za razvoj terapevtskih ucinkov za
zdravljenje kardiovaskularnih bolezni.

1.3 Komponente kacjih strupov z vplivom na srcno-zilni sistem

Obicajno imajo komponente KS, ki so encimsko aktivne, visoko kataliticno specificnost in
ucinkovitost, poleg tega pa so tako encimsko aktivne kot neaktivne makromolekule tudi toplotno
precej stabilne in odporne na razgradnjo s proteinazami [59]. Zato so zelo primerna osnova za
razvoj inovativnih farmakoloskih uéinkovin in/ali diagnosti¢nih reagentov.
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Pot od ustreznega proteina v KS do farmacevtske ucinkovine na njegovi osnovi je zelo dolga,
obsega pa naslednje pomembne korake: izolacijo ustreznega farmakolosko aktivhega proteina
iz KS, njegovo fizikalno-kemijsko in bioloSko karakterizacijo, dolocitev njegove atomske strukture
in dolocitev molekularnega mehanizma njegovega delovanja [14]. Zbrani podatki se nato
uporabijo pri nacrtovanju obicajno malih kemijskih molekul, ki posnemajo delovanje naravne
molekule (mimetik) in so primerni za zdravljenje bolnikov. Poleg terapevtskih ucinkovin so
proteini iz KS lahko uporabni tudi v diagnosticne namene, na primer za kliniéno testiranje
sposobnosti strjevanja krvi [60, 61].

Komponente strupov viperidnih kac, ki so najveckrat predmet tovrstnih raziskav, v glavnem
sodijo v proteinske druzine SP in MP [62]. Primera kacjih toksinov, ki sta nasla uspesno uporabo
v medicini, sta na primer: SP batroksobin iz strupa navadne sulicarke (Bothrops atrox), ki se
uporablja za defibrinazno terapijo (Defibrase®, Pentapharm, Svica) in za dolo¢anje ravni
fibrinogena v krvi [60], ter RVV-X — aktivator FX iz strupa Russellovega gada (Daboia russelii), ki
se uporablja za dolocevanje lupusnih antikoagulantov v krvi [63].

1.3.1 Komponente kacjih strupov z vplivom na hemostazo in njihova uporaba v
kliniki

Na splosno strupi viperid povzrocajo motnje strjevanja krvi (hemostaze) kot tudi lokalne
poskodbe tkiva (zatekanje, edem, nekrozo tkiva) ter znizanje krvnega tlaka. Komponente teh
strupov lahko izzovejo simptome, kot so:

e zmanjSanje sposobnosti strjevanja krvi,

e krvavitve ali hemoragije kot posledica neposredne poskodbe krvnih Zil ter

e sekundarne ucinke krvavitev (hipovolemicni Sok in poskodbe notranjih organov) [8].
Vsi omenjeni simptomi izhajajo iz motenj hemostatskega sistema zastrupljenega organizma [9].
V prihodnjih poglavjih bomo opisali nekatere proteine iz druzin SP, MP in sPLA; iz KS, njihove
uc¢inke na hemostazo in izpostavili tiste, ki se kliniéno uporabljajo. V tabeli 1.1 so predstavljene
fizioloSke tarce tovrstnih molekul iz modrasovega strupa v sréno-Zilnem sistemu in ucinek, ki ga
kacji proteini povzrocijo ob delovanju nanje.
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Tabela 1.1: FizioloSke tarce beljakovin, predstavnikov glavnih proteinskih druZin v modrasovem
strupu, v koagulacijskem sistemu ¢loveka in ucinek, ki ga ob tem sprozijo. Povzeto po [11].

Proteinska druzina Tarca v koagulacijskem Ucinek
strupne komponente sistemu cloveka
trombociti agregacija
serpini inaktivacija
sp plazminogen aktivacija
fibrinogen aktivacija
FIl, FV, FVII, FX aktivacija
protein C aktivacija
endotelijske celice hemoragija
bazalna membrana hemoragija
MP FX, Fll aktivacija
trombociti inhibicija agregacije
serpini inaktivacija
fibrin(ogen) razgradnja
FXa, Flla, tkivni faktor/FVII inhibicija
sPLA; trombociti . a‘gt_'e_gacija/ .
inhibicija agregacije

13.11 Metaloproteinaze

Zastopanost MP v strupih kac iz druZine Viperidae je bogata, v nekoliko manjsi meri pa so MP
prisotne tudi v nekaterih strupih kac iz druzin Elapidae in Colubridae [64]. Skupaj s proteini
ADAM (angl. »A Disintegrin And Metalloproteinase«) MP iz KS uvr$¢amo v poddruZino
reprolizinov (M12B) druzine M12 MP, podklan metcinkinov. Vsi metcinkini vsebujejo znacilno
vezavno mesto za Zn?*, HEXXHXXGXXH, in strukturno ohranjen motiv CIMXP, imenovan Met-
obrat. Met v Met-obratu sodeluje pri koordinaciji Zn?* v aktivnem mestu [65].

MP iz KS se sintetizirajo kot ve¢domenski proencimi, katerih encimsko aktivnost v strupni
Zlezi zavira t. i. cisteinsko stikalo. Aktivno mesto blokira interakcija med Zn?* in Cys iz ohranjenega
zaporedja PKMCGVT v prodomeni. Proteinazno aktivhost MP v strupni Zlezi regulirajo tudi
citratni ioni, ki kelirajo Zn**, kisel pH ter kompetitivni tripeptidni inhibitorji (pyroGlu-Asn-Trp,
pyroGlu-GIn-Trp ali pyroGlu-Lys-Trp) [66].

Aktivne oblike MP iz KS so glede na organizacijo domen razdeljene v tri razrede, P-I, P- 1l in
P-1ll [67, 68]. P-I MP (20-30 kDa) vsebujejo le kataliticho MP-domeno, P-Il MP (30—60 kDa) so
sestavljene iz MP- in disintegrinske domene, P-1Il MP (60-100 kDa) pa iz MP-domene, domene,
podobne disintegrinom (D), in domene, bogate s cisteinom (C). Disintegrinska domena v P-Il se
od domene D v P-lll MP razlikuje predvsem v znacilnem kratkem vezavnem motivu za integrinske
receptorje, ki leZi v t. i. disintegrinski zanki. Le-ta v disintegrinski domeni vsebuje zaporedje RGD,
v domeni D pa zaporedje XXCD [66]. Nekatalititha domena C vsebuje vezavna mesta za
prepoznavo in vezavo razlicnih substratov, na primer hipervariabilno regijo, tj. predel
aminokislinskega zaporedja, v katerem se MP iz KS in ADAM proteini najbolj razlikujejo.
Nekataliticni domeni D in C tako z vezavnimi mesti za substrate dolocata substratno specificnost
posameznega encima. P-lIl in P-lll MP iz KS so glede na posttranslacijske modifikacije,
proteoliticno procesiranje in oligomerizacijo razdeljene v vec podrazredov. P-Il MP se najveckrat
proteoliticno procesirajo v MP in disintegrin. Podobno se P-lll MP (avto)procesirajo v protein,
sestavljen iz D- in C-domene, medtem ko se domena MP razgradi [69]. Strukturo MP iz kacjihi
strupov v oksidacijskem zunajcelicnem okolju stabilizirajo Stevilne disulfidne vezi. Razporeditev
Cys v aminokislinskih zaporedjih MP iz KS je ohranjena znotraj posameznih razredov teh
proteinov [69].
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MP iz KS imajo Sirok nabor patofizioloskih aktivnosti. Povzrocijo lahko hemoragijo, edem, lokalno
mionekrozo, trombogenezo, znizujejo krvni tlak, odgovorne pa so lahko tudi za povzrocanje
vnetnih procesov [70].

MP iz KS povzrocajo krvavitve, tako da cepijo nekatere gradnike bazalne membrane, na
primer laminin, kolagen tipa IV, nidogen, fibronektin in perlekan [70]. Med hemoragicno
aktivnimi MP iz KS imajo P-lll MP najizrazitejSi hemoragicni ucinek, hkrati pa poleg lokalne
povzrocajo tudi sistemsko krvavitev. Vzroki za to so: i) domeni D in C, ki usmerjata in omogocata
vezavo P-lll MP na proteine bazalne membrane ter integrine na edotelijskih celicah; ii) ti dve
domeni omogocata tudi interakcijo MP s komponentami hemostatskega sistema, kot so
trombociti, VWF in fibrinogen, in na tak nacin preprecujeta strjevanje krvi, kar povecuje
hemoragicni ucinek MP; iii) a2-MG ucinkovito inhibira P-| MP, medtem ko P-1ll MP ne [71].

Poskodbe endotelija, ki jih ob zastrupitvi povzrocajo strupne MP, imajo lahko veliko Sirse
posledice kot le povzrocitev lokalne krvavitve. Ker na mestu ugriza pride do poskodb kapilar in
krvavitve, to posledi¢no vodi v pomanjkanje dotoka krvi, s tem pa kisika in hranil v okolisko tkivo
(ishemija) in celicno smrt (nekrozo). Ce je pretok krvi prekinjen dalj ¢asa, je motena tudi
regeneracija skeletnih misic, kar povzrodi fibrozo in trajno izgubo tkiva [72].

Prvi hemostatski uc¢inek MP iz KS, ki so ga raziskovalci opazili in opisali, je bila cepitev
fibrin(ogen)a. Fibrino(geno)liticne MP so izolirali iz strupov elapid in viperid [5]. Fibrinogen je
topna molekula, ki se po cepitvi s trombinom pretvori v netopen fibrinski polimer, kar je glavna
sestavina krvnih strdkov. Fibrinogen je dimeren protein, ki se sintetizira v jetrih. Sestavljen je iz
treh parov polipeptidnih verig (verige Aa, BB in y), ki so medsebojno povezane z disulfidnimi
vezmi [37]. MP iz KS na fibrin(ogen) delujejo neposredno in za svojo aktivnost ne potrebujejo
nobenih kofaktorjev ali encimov iz krvi. Obi¢ajno cepijo Aa- in/ali BB-verigo fibrinogena na C-
koncu molekule [73]. Vecdina nehemoragicnih fibrinogenoliticnih MP iz KS spada v P-l razred in
prednostno cepi Aa- verigo, t. i. a-fibrinogenaze. Razgradni produkti fibrinogena se sicer lahko
aktivirajo s trombinom, ne morejo pa tvoriti visoko polimeriziranih stabilnih agregatov, zato je
ucinek fibrinogenoliticnih MP antikoagulanten. Nekatere MP iz KS imajo poleg fibrinogenolizne
tudi fibrinolizno aktivnost [61].

Strupi viperid vsebujejo tudi prokoagulantne MP. Te molekule aktivirajo FX ali protrombin in
tako skrajsajo ¢as koagulacije. MP iz KS, aktivatorji FX za svojo aktivhost potrebujejo Ca% ione
tako kot naravni aktivatoriji in tudi cepitveno mesto v FX je enako kot pri slednjih [74]. Aktivatoriji
protrombina iz KS so na osnovi strukturnih lastnosti in potrebe po kofaktorjih razdeljeni v Stiri
skupine (A — D). Aktivatorji iz skupin A in B so MP iz KS, medtem ko sta C in D SP iz KS. Prvi ne
potrebujejo nobenih kofaktorjev za svoje delovanje, medtem ko drugi potrebujejo Ca®* ione. MP
iz KS najprej cepijo vez Arg®°-lle3*! v protrombinu in ga spremenijo v meizotrombin, ki se nato
avtokatalitsko spremeni v trombin [74].

Znane so tudi plazminogenolizne MP iz KS, pri ¢emer se po cepitvi plazminogena sproscajo
angiostatinom podobne molekule, ki zavirajo proliferacijo Zilnih endotelijskih celic in s tem
celjenje poskodovanega tkiva [12].

MP iz KS vplivajo tudi na agregacijo trombocitov, tako da zavirajo njihovo interakcijo s
kolagenom in/ali VWF ter fibrinogenom. Pri tem so taréa sami ligandi in/ali njihovi receptorji na
membrani trombocitov, integrini a,B1, GPVI, ouiPBs in GPIb. Nekatere MP iz KS cepijo tudi vVWF in
s tem zmanjSujejo njegovo sposobnost, da interagira s trombociti ali veZe kolagen [74].

V modrasovem strupu je bilo do sedaj opisanih ve¢ MP, vse sodijo v razred P-Ill:
nehemoragi¢na amoditaza, fibrolaza, ki cepi tudi Aa-verigo fibrinogena [75]; hemoragini VaH1,
VaH2, VaH3 [76], VaH4 [77] in amoditagin; dva aktivatorja FX, VaFXA-I in VaFXA-II -1l [78]. Strup
gada prav tako vsebuje aktivatorje FX, in sicer MP z molekulsko maso 38 kDa in homodimerno
MP s podenotama velikosti 59 kDa [79], vendar njuni aminokislinski zaporedji nista znani.

V sekciji 3.4 je podrobno opisana Se ena P-lll MP iz modrasovega strupa, ki smo jo analizirali
v okviru tega doktorskega dela. Je nehemoragicna in fibrinogenoliti¢na.
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13.1.1.2 Uporaba metaloproteinaz v kliniki
MP iz KS imajo Sirok spekter bioloskih aktivnosti, zato se jih pogosto uporablja tudi v diagnosti¢ne
namene.

Ekarin, P-lll MP iz strupa puscavske purse (Echis carinatus), je aktivator protrombina iz
skupine A, ki nima vpliva na ostale koagulacijske faktorje. DoloCanje ekarinskega ¢asa je
laboratorijski test (Pentapharm, Svica), ki se uporablja za spremljanje koncentracije
antikoagulanta hirudina in nekaterih NOAC-ov [80]. Ekarin se v kombinaciji s tekstarinom,
aktivatorjem protrombina iz skupine D iz navadne rjave kace (Pseudonaja textilis), uporablja za
dolocitev lupusnih antikoagulantov [81].

Strup Russellovega gada vsebuje Ze omenjeno MP, t. i. RVV-X, P-lll MP, ki aktivira FX [82].
Uporablja se v mnogih metodah dolocanja plazemske koncentracije FX za razlikovanje med
pomanjkljivostmi FVII in FX in pri dolo¢evanju lupusnih antikoagulantov, kjer se namesto
izoliranega RVV-X uporablja razredcen strup Russellovega gada (dRVVT = 'Diluted Russell's viper
venom time') [83, 84].

Tudi fibrinoliticne MP iz KS brez hemoragicne aktivnosti so pritegnile pozornost raziskovalcev
zaradi mozZne kliniéne uporabe pri raztapljanju trombov, ker jih ne inhibirajo serpini v krvi in
delujejo direktno, tj. ne aktivirajo plazmina oziroma endogenega fibrinoliznega sistema in zato
je manj zapletov, kot so krvavitev, reokluzija Zil in trajna poskodba tkiva [73]. Na osnovi
fibrinoliticne MP fibrolaze iz strupa bronastega glaveZa (Agkistrodon contortrix contortrix) so
razvili rekombinantni encim alfimeprazo, ki je prisla v lIl. fazo klini¢nih testiranj kot tromboliti¢na
ucinkovina [85, 86].

13.1.2 Fosfolipaze A;

PLA; specificno katalizirajo hidrolizo estrske vezi na mestu sn-2 v glicerofosfolipidih in tako se
tvorijo lizofosfolipidi in proste mas¢obne kisline. V druZini PLA, so encimi glede na svoje
strukturne lastnosti razvrséeni v 16 skupin (Gl do GXVI) in v Stevilne podskupine [87]. V KS so
nasli PLA; iz skupin Gl in GlI, ki sodijo med sekretorne PLA; (sPLA;) [88]. GI sPLA; najdemo v
strupih elapidnih kac, predstavnice skupine Gll pa v strupih viperidnih kac [89]. sPLA; so proteini
velikosti 14-18 kDa s petimi do osmimi disulfidnimi vezmi. V aktivnem mestu imajo kataliticno
diado His/Asp in za katalizo potrebujejo Ca?* ione [88, 90]. Primarna struktura vseh sPLA,; je 40—
99 % identi¢na, kar pomeni, da je tudi njihova tridimenzionalna struktura zelo podobna. Kljub
temu pa te molekule izrazajo zelo razlicne farmakoloske aktivnosti.

13.1.21 PatofizioloSka aktivnost fosfolipaz A,

sPLA; lahko na organizem ucinkujejo nevrotoksi¢no, kardiotoksi¢no, miotoksi¢no, hemoliti¢no,
hipotenzivno ali antikoagulantno. Poleg tega lahko vplivajo tudi na agregacijo trombocitov.
Velika raznolikost patofizioloskih aktivnosti je posledica tako razlik v encimski aktivnosti kot tudi
sposobnosti vezave na specificne (gliko)proteinske ali (gliko)lipidne receptorje v razlicnih tkivih
in organih. V primerih, ko se sPLA; veZe na tarcni receptor, lahko mehanizem delovanja vkljucuje
fosfolipazno aktivnost ali pa je od le-te neodvisen. V primeru encimsko odvisnega delovanja
lahko farmakoloski ucinek povzroci sama hidroliza fosfolipidov ali pa nastali produkti hidrolize
[13, 88, 91].

Nekatere sPLA; iz KS se lahko z visoko afiniteto vezZejo na FXa in s tem preprecijo nastanek
protrombinaznega kompleksa [92, 93]. Kot indirektni inhibitorji FXa tako predstavljajo obetavno
smer razvoja antikoagulantnih spojin. Antikoagulantno delovanje sPLA, je tako vecinoma
posledica vezave na proteinske receptorje in ne na fosfolipide [92, 94].

sPLA; z vplivom na agregacijo trombocitov razdelimo na tri skupine. V prvi skupini so tisti
encimi, ki inducirajo agregacijo trombocitov, v drugi pa tisti, ki ta proces inhibirajo. sPLA; iz tretje
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skupine imajo dvofazni ucinek, pri nizkih koncentracijah ali pri kratkih ¢asih inkubacije povzrocijo
agregacijo trombocitov, pri daljSem c¢asu inkubacije ali pri visokih koncentracijah pa agregacijo
zavirajo. Mehanizmi, kako sPLA; vplivajo na agregacijo, niso razjasnjeni, vendar Studije kaZejo,
da vkljucujejo encimsko aktivnost [12, 95].

V modrasovem strupu so bile do sedaj opisane sledece sPLA;: amoditoksini (Atx) A, B in C;
amoditina (Atn) |l; in |, — nevtralna encima brez toksicne aktivnosti [96] in AtnL. Atx so
presinapticno nevrotoksi¢ne bazicne sPLA;, ki inhibirajo sproscanje acetilholina iz perifernih
nevronov v zivéno-misic¢ni stik ali sinapso, do cesar pride v treh fazah. Najprej prehodno
inhibirajo sprosc¢anje nevrotransmiterja acetilholina iz Zivénega konci¢a motori¢nega nevrona,
nato v drugi fazi, prav tako prehodno, povecajo njegovo sproscanje v sinapti¢no rezo. V tretji fazi
sledi nepovratna blokada sproscanja acetilholina, posledica pa je miSicna paraliza.
Nevrotoksi¢nost Atx je odvisna od vezave na razlicne proteine, ki so prisotni na plazemski
membrani zivénega konci¢a, v endoplazemskem retikulumu, v citosolu oziroma v mitohondrijih
Zivéne celice [91]. AtxA ima poleg nevrotoksi¢nega tudi antikoagulantni ucinek, do katerega
pride po njegovi vezavi na FXa, kar povzroci inhibicijo delovanja protrombinaznega kompleksa
[93].

AtnL je encimsko neaktiven homolog AtxA, ki deluje na organizem miotoksi¢éno [97].
Miotoksi¢nost pri sPLA; je pogojena z vezavo na lipide in verjetno tudi proteinske komponente
v plazemski membrani misi¢ne celice. Po vezavi miotoksiéne sPLA, poskodujejo plazemske
membrane misi¢nih celic, lahko s svojo encimsko aktivnostjo, lahko pa tudi neodvisno od nje. V
obeh primerih pride do obseZnega vdora Ca?* v misi¢no celico, kar sproZi niz s Ca?*-pogojenih
degenerativnih dogodkov, na primer aktivacijo citosolnih proteaz, kalpainov, in od Ca?* odvisnih
citosolnih PLA,. Prav tako je dvig Ca%* usoden tudi za nemoteno delovanje mitohondrijev.
Nekatere miotoksicne sPLA, vplivajo na diferencirana misi¢na vlakna na selektiven nacin,
medtem ko druge kaZejo Sirsi citoliticni ucinek [98].

13.13 Serinske proteaze

SP so sestavni del strupov kac iz druzin Viperidae, Colubridae in Elapidae [99, 100]. SP iz KS
spadajo v klan PA, poddruZino S1A tripsinu-podobnih SP [101, 102]. V aktivnem mestu imajo
znacilno kataliti¢no triado His-Asp-Ser. Peptidne vezi cepijo tako z isto specifiénostjo kot tripsin,
na C-koncu pozitivno nabitih aminokislin. Vsebujejo 12 Cys, od katerih jih 10 tvori disulfidne vezi
na enak nacin, kot se te tvorijo pri tripsinu. Preostala dva Cys tvorita disulfidni mosticek, ki je
znactilen za SP iz KS. SP iz KS se sintetizirajo kot proencimi, dolgi priblizno 260 aminokislin, ki
imajo na N-koncu 18 aminokislin dolg signalni peptid in 6 aminokislin dolg propeptid. Zrele oblike
so praviloma enoverizni glikoproteini, katerih molekulska masa se giblje med 26 in 67 kDa in je
odvisna od koli¢ine N- ali O-vezanih sladkorjev [103]. Kljub 50-80 % identi¢nosti v
aminokislinskem zaporedju so SP iz KS encimi z zelo raznolikim patofizioloskim delovanjem, saj
lahko vplivajo na agregacijo trombocitov, koagulacijo krvi, fibrinolizo in krvni tlak [104, 105].

13.131 Patofizioloska aktivnost serinskih proteaz

V KS je bilo opisanih Ze vrsto SP z izrazitim vplivom na proces strjevanja krvi. SP iz KS, imenovane
trombinu podobni encimi (angl. »thrombin-like enzymes«, TLE), sproZijo polimerizacijo
fibrinogena podobno kot a-trombin, ¢eprav imajo z a-trombinom le ~33 % identi¢no primarno
strukturo [106]. Inhibitorji a-trombina, kot so antitrombin, heparin in hirudin, ponavadi ne
zavirajo delovanja TLE. TLE so razdeljeni na tri skupine glede na to, ali odcepijo fibrinopeptid A
iz Aa-verige, fibrinopeptid B iz BB-verige fibrinogena ali oba tako kot a-trombin [107].

Fibrino(geno)liti¢cne SP iz KS neposredno razgrajujejo fibrinske strdke in/ali prepreéujejo
nastajanje strdka z razgradnjo fibrinogena. V vecini prednostno cepijo BB-verigo fibrinogena in
imajo manjsi ucinek na Aa-verigo [73].
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SP iz KS, ki aktivirajo protrombin, so strukturni in funkcionalni homologi koagulacijskega
faktorja FXa oziroma protrombinaznega kompleksa FXa—FVa [104]. Najdemo jih le v avstralskih
elapidah (strupenih goZih) in sodijo v skupini C in D protrombinskih aktivatorjev iz KS (skupni A
in B sta opisani v poglavju 1.3.1.1.1). Aktivatorji skupine C za svoje delovanje potrebujejo Ca?*
ione in negativno nabite fosfolipide, pripadniki skupine D pa Se FVa. Obe skupini cepita
protrombin na enakih mestih kot FXa.

Do zdaj sta med SP iz KS znana le dva aktivatorja FX [74]. Izolirana sta bila iz strupa kraljeve
kobre (Ophiophagus hannah) [108] in progastega krajta (Bungarus fasciatus) [109]. Sta
enoverizna glikoproteina z molekulsko maso 62 oziroma 70 kDa, njuno aminokislinsko zaporedje
ni znano, aktivnost pa je odvisna od Ca* ionov.

V KS so bile opisane tudi SP, ki aktivirajo FV. To sta enoverizni 28,4 kDa VLFVA iz levantinskega
gada (M. lebetina) [110] in 26 kDa RVV-V iz strupa Russellovega gada [111], ki aktivirata FV s
cepitvijo ene same peptidne vezi (Arg*).

Stevilne SP iz KS aktivirajo protein C na enak nacin kot a-trombin, a pri aktivaciji ne
potrebujejo trombomodulina. Druge lahko aktivirajo plazminogen, inaktivirajo endogene
zaviralce SP ali sprozijo agregacijo trombocitov [99].

SP iz KS, ki vplivajo na krvni tlak, so kalikreinu podobni encimi, ki spros¢ajo hipotenzivna
peptida bradikinin in Lys-bradikinin iz kininogenov v plazmi sesalcev. Nekatere izmed teh SP
razgrajujejo tudi angiotenzin, polipeptidni hormon, vkljuéen v renin-angiotenzinski sistem, ki
uravnava prostornino zunajceli¢ne tekocine in krvni tlak [112].

Do sedaj so bile opisane le tri SP iz modrasovega strupa, in sicer dva kalikreinu podobna
encima ter fibrinogenaza z neobicajno kataliticno diado, imenovana VaSP1, ki lahko cepi tudi
protrombin, FX in plazminogen [113, 114].

S doktorskim delom smo dopolnili opis SP iz modrasovega strupa s Se dvema molekulama,
encimsko neaktivnim homologom SP moc¢no antikoagulantnega delovanja (sekcija 3.5) in SP, ki
aktivira tako FV kot FX (sekcija 3.6).

13.1.3.2 Uporaba serinskih proteaz v kliniki
SP iz KS so Ze vrsto let uporabno diagnosticno orodje za dolocanje koagulacijskih ¢asov krvi in
nepravilnosti v sestavi krvi. V nadaljevanju so nastete le najbolj pomembne.

ACC-C je SP iz strupa mokasinke (Agkistrodon contortix), ki z visoko ucinkovitostjo aktivira
protein C. Za razliko od a-trombina njeno delovanje ni odvisno od trombomodulina. Produkt na
osnovi te SP, Protac® (Pentapharm, Svica), se uporablja pri diagnosticiranju pomanijkljivosti
proteinov C in S ter napak v antikoagulantni negativni povratni zanki proteina C [115, 116].

RVV-V je SP iz strupa Russellovega gada, ki aktivira FV s cepitvijo za Arg'®* in je odporna na
inhibicijo z antitrombinom. Uporablja se pri rutinskem dolocanju plazemske koncentracije FV in
pri ugotavljanju mutacije FV, imenovane mutacija Leiden, kjer je Arg>°® zamenjan z Glu. Aktiviran
protein C ne more inaktivirati FVa Leiden, kar posledi¢no vodi v prekomerno strjevanje krvi. FV
Leiden na primer odkrijejo kar pri petini bolnikov z vensko trombozo. Eden od testov za
dolo¢anje te mutacije (Pefakit®, Pentapharm, Svica) vklju¢uje tudi noskarin, aktivator
protrombina iz strupa tigrovke (Notechis scutatus) [117].

Haempatch™ (QRxPharma, Avstralija) je rekombinantna oblika SP podobne FXa na osnovi SP
podenote aktivatorja protrombina iz skupine C iz strupa navadne rjave kace (P. textilis). Tako in
vitro kot in vivo v Zivalskih modelih ta produkt povzroéi koagulacijo krvi neodvisno od Ca?* ionov,
celo udinkoviteje od a-trombina. Haempatch™ je trenutno v predkliniénih $tudijah kot
prokoagulantna ucinkovina za preprecevanje krvavitev pri kirurskih posegih.

Nekatere SP iz KS se tudi Ze uporabljajo v terapevtske namene, na primer Viprinex® in
Defibrase®. Viprinex® (Ancrod, Nemcdija) je fibrinogenaza iz strupa malajske jamicarke
(Calloselasma rhodostoma), ki se uporablja za defibrinogenizacijo krvi [118]. Podobno delovanje
ima tudi produkt Defibrase® (Pentapharm, Svica), ki je zdravilo, narejeno na osnovi SP
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batroksobin iz strupa navadne suli¢arke (B. atrox) [119].

1.3.2 Komponente z vplivom na srce

Kardiotoksiéne komponente so predvsem prisotne v strupih ka€ iz druzine Elapidae in
Atractaspidae. Pri delovanju kardiotoksinov iz KS so bila zabeleZena razli€na odstopanja od
normalne EKG slike, ki je predstavljena v poglavju 1.2.1. V strupu kace mrtvomorskega
zemeljskega gada (Atractaspis engaddensis) so identificirali kardiotoksi¢ne peptide dolzine 21
AK, sarafotoksine [120]. Sarafotoksini so v miskah izzvali spremembe v EKG, na primer:
povecanje amplitude vala R, prehodno zviSanje segmenta ST ter podaljSanje intervala PR, ki se
je razvilo v atrioventrikularni blok, prekinitvijo Zivéne komunikacije med atrijema in srénimi
prekati. V strupu kobre (Ophiophagus hannah) so identificirali sPLA;, ki je povzrocila spremembe
v EKG sliki in tahikardijo [121].

V KS so odkrili Ze vrsto molekul z razlicnim delovanjem na sréno misico [122]. Kardiotoksi¢ne
komponente v strupih kober povzrocajo depolarizacijo in nekrozo sréne misice. Gre za triprstne
toksine po strukturi, ki povzrocijo depolarizacijo celicne membrane z interakcijo zmembranskimi
encimi (protein kinazo C, Na*/K* ATPazo) ali z vezavo na integrine oziroma proteine, ki se vezejo
na K* kanalcke [122]. Kardiotoksin taicatoksin, izoliran iz strupa avstralskega taipana (Oxyuranus
scutellatus), je specifi¢en zaviralec delovanja Ca?* kanalov v sréni misici [123].

Kot Ze omenjeno v poglavju 1.3, so pri zastrupitvah z gadovim strupom zasledili tudi toksi¢ne
uéinke na srce [21]. Opazili so na primer atrioventrikularni blok druge stopnje, bradi/tahi-
aritmije, atrijsko fibrilacijo in celo miokardni infarkt (sr¢no kap).

Redkeje je bila kardiotoksi¢nost opisana pri pacientih po zastrupitvi z modrasovim strupom
[22, 23]. V raziskavi Luksi¢a in sod. (2006) so karakterizirali vpliv modrasovega strupa naizolirano
podganje srce s pomocjo t. i. Langendorffovega modela. Langendorffov model izoliranega in
perfuziranega podganjega srca omogoca Sirok spekter meritev srénih funkcij. Poskusi so
ponovljivi in razmeroma poceni ter kljub nekaj pomanjkljivostim predstavljajo zelo koristno
orodje v sodobnih kardiovaskularnih in farmakoloskih raziskavah [124]. Pri visoki dozi strupa je
prislo v nekaj min do ireverzibilnega asistolicnega srénega zastoja v hiperkontraktilnem stanju. S
tem so potrdili prisotnost kardiotoksi¢nih molekul, tudi v strupu modrasa. Podobne ucinke na
izoliranem podganjem srcu so opazili tudi pri strupih levantinskega gada (M. lebetina) in
nosorogega gada (Bitis nasicornis) [125, 126].

Poznavanje in razumevanje mehanizma delovanja kardiotoksi¢nih komponent KS je
pomembno za pravilno zdravljenje pacientov po zastrupitvi.
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Poglavje 2

Namen doktorskega dela in hipoteze

Glavni namen moje doktorske disertacije je bilo iskanje in karakterizacija molekul iz strupov
modrasa in gada, ki bi bile primerne za razvoj novih terapevtskih ucinkovin za zdravljenje motenj
hemostaze in funkcij sréno-zilnega sistema ali pa bi bile uporabne v diagnosticne namene v
hematologiji.

Ob zastrupitvi z modrasovim strupom so pri ¢loveku izrazeni predvsem hemoragija, edem in
nekroza tkiva. Zastrupitev ¢loveka z gadovim strupom pa povzroci zatekanje (edem) v okolici
ugriza, lahko tudi SirSe, in anemijo, povezano s krvavitvijo in hemolizo. Omenjeni simptomi so
bolj izraziti pri zastrupitvi z modrasovim strupom kot z gadovim, kar kaZe tako na razliko v njuni
sestavi kot tudi v vsebnosti posameznih vrst toksinov. Z namenom razkrivanja teh razlik smo se
odlodili s pomocjo proteomike primerjati proteinski sestavi obeh strupov med seboj ter z
uporabo razli¢nih klini¢nih testov strjevanja krvi primerjati prokoagulantno in antikoagulantno
aktivnost modrasovega in gadovega strupa.

Posebno pozornost smo se namenili usmeriti na tiste komponente modrasovega strupa, ki
bi izraZale zelo mocno pro- ali antikoagulacijsko aktivnost. Razviti smo Zeleli postopke za izolacijo
hemostatsko aktivnih molekul iz strupa v €isti in aktivni obliki. Molekulam, ki bi bile visoko tar¢no
specificne, smo se namenili dolociti tudi molekularni mehanizem delovanija ter identificirati dele
molekularne strukture, ki so odgovorni za farmakolosko aktivnost. Prav ti deli strukture so
namrec¢ najbolj pomembni kot platforma za oblikovanje novih zdravilnih u¢inkovin.

Komponente viperidnih strupov s kardiotoksi¢nim delovanjem doslej Se niso bile opisane na
molekularnem nivoju, zato je bil nas namen, da jih v strupu modrasa ali gada identificiramo, s
tem pa prispevamo k izboljSanju terapije zastrupitev s strupi viperidnih kac.

2.1 Hipoteze

1. Komponente modrasovega in gadovega strupa vplivajo na koagulacijo krvi kot tudi na
sréno-Zilni sistem pri ¢loveku. Strupa obeh lokalnih viperid predstavljata ustrezen vir za
izolacijo molekul z omenjenimi aktivnostmi. Proteomska primerjava strupov in njunih
ucinkov na hemostazo lahko poleg identifikacije najbolj aktivnih komponent na sr¢no-
Zilni sistem pripomore tudi k izboljSanju seroterapije zastrupitve po modrasovem
oziroma gadovem ugrizu.

2. Modrasov strup vsebuje a-fibrinogenazo, ki ima terapevtski potencial kot u¢inkovina za
defibrinogenacijo.

3. Modrasov strup vsebuje proteine, ki zavirajo notranjo pot koagulacije krvi. Ti proteini
so primerni kot spojine vodnice za razvoj bolj varnih antikoagulantov za zdravljenje
venske trombembolije, ki je glavni vzrok za nastanek dveh resnih sréno-zilnih bolezni,
tromboze globokih ven in plju¢ne embolije.
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Poglavje 2. Namen doktorskega dela in hipoteze
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Poglavje 3

Znanstvene publikacije

Doktorsko delo je sestavljeno iz Sestih znanstvenih publikacij, od katerih je vseh Sest publikacij
Ze objavljenih. Sledijo si glede na zaporedje hipotez v poglavju 2. Prva hipoteza se nanasa na
primerjavo sestave in hemostatske aktivnosti modrasovega in gadovega strupa, kar obravnava
nasa prva znanstvena publikacija (sekcija 3.1). Glavne razlike med omenjenima strupoma so v
prisotnosti oziroma odsotnosti nevrotoksi¢nih komponent. Te smo nasli le v modrasovem
strupu. Prav tako je v modrasovem strupu prisotnih ve¢ komponent, ki povzrocajo
trombocitopenijo (zmanjSano Stevilo trombocitov) in vplivajo na strjevanje krvi kot v gadovem
strupu. Iz tega razloga smo modrasov strup izbrali kot vir za iskanje novih hemostatsko aktivnih
molekul, ki jih opisujemo v nadaljevanju. Znanstvena publikacija, predstavljena v sekciji 3.1,
podrobneje predstavi tudi razloge, zakaj protistrup, pripravljen s pomocjo gadovega strupa, ni
dovolj ucinkovit za zdravljenje resnejsih zastrupitev z modrasovim strupom. Obema strupoma je
skupno kardiotoksi¢no delovanje, vendar je bilo to veckrat klinicno opisano v primeru
zastrupitve z gadovim strupom. Kaj daje strupoma obeh viperid tudi kardiotoksi¢ni znacaj, smo
opisali v publikacijah, predstavljenih v sekcijah 3.2 in 3.3.

Modrasov strup vsebuje proteine, ki zavirajo koagulacijo krvi. V doktoratu smo opisali dva
nova antikoagulantna proteina, VaF1 in VaaSPH-1. Na naso hipotezo s tega podrocja odgovarja
znanstvena publikacija, ki jo predstavljam v sekciji 3.4. Ta opisuje izolacijo in biokemijsko
karakterizacijo VaF1, ki sodi med MP razreda P-lll. VaF1 je nehemoragi¢na molekula, izraza pa
fibrinogenolizno aktivnost kot tudi sposobnost cepitve nekaterih drugih proteinov v
koagulacijski kaskadi. S tem ko jih le cepi in pri tem ne aktivira, deluje antikoagulantno.

VaaSPH-1 je za razliko od VaF1l encimsko neaktivha molekula. Kljub temu izrazito zavira
koagulacijo krvi po notranji poti. Strukturno je sorodna med SP iz KS, ki je najbolj zastopana, a le
slabo raziskana druZina proteinov v strupu modrasa. Na tretjepostavljeno hipotezo odgovarjamo
v znanstveni publikaciji, predstavljeni v sekciji 3.5. V tem delu je predstavljena izolacija in
biokemijska karakterizacija ter mozna uporaba VaaSPH-1 kot spojine vodnice v pripravi
inovativnega in varnega antikoagulacijskega zdravila.

V postopku izolacije VaaSPH-1 smo izolirali tudi SP, ki ima za razliko od VaaSPH-1
prokoagulanten ucinek na kri. Podrobno smo to molekulo opisali v ¢lanku, ki je predstavljen v
sekciji 3.6. Molekulo smo poimenovali VaaSP-VX po tem, ker je verjetno sposobna aktivirati tako
koagulacijski FV kot tudi FX. Z moc¢nim in specificnim vplivom na potek strjevanja krvi je ta
molekula zanimiva tako za diagnosti¢no kot tudi za terapevtsko uporabo v primeru hemofilije.
Tudi rezultati tega dela potrjujejo naso prvo hipotezo, da je modrasov strup primeren vir
proteinov z izrazitim vplivom na strjevanje krvi in zato primeren vir proteinov za uporabo ali
razvoj substanc za diagnostiko in terapijo bolezni krvi.
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3.1 Znanstvena publikacija 1: Proteomika gadovega strupa za pojasnitev
razlik v patologiji, ki jo povzroci zastrupitev z modrasovim strupom:
terapevtske posledice

Objavljeno: Latinovi¢ Z., Leonardi A., Sribar J., Sajevic T., ZuZek C. M., Frange? R., Halassy B.,
Trampus-Bakija A., Pungercar J., Krizaj . (2016) Journal of Proteomics, 146, 34-47

Zaradi razli¢nih klini¢énih manifestacij pri zastrupitvah z modrasovim ali gadovim strupom je bilo
treba sistemati¢no raziskati, v ¢em se razlikujeta omenjena strupa na molekulskem nivoju.
Namrec ugriz modrasa lahko povzroci sistemsko hemoragijo in velik u¢inek na hemostazo, kar je
v primeru Vbb, tj. gada, manj izrazito. Prav tako je nevrotoksicen ucinek na ¢loveka izrazit po
zastrupitvi z modrasovim strupom, po zastrupitvi z gadovim pa zelo redek. Tudi nasi ex vivo
poskusi so potrdili klinicna opaZanja. Gadov strup je za razliko od modrasovega deloval
predvsem miotoksi¢no na izolirani misji Zivéno-misi¢ni preparat. Poleg tega je bil manj ucinkovit
od modrasovega pri zaviranju koagulacije ter agregacije in aglutinacije trombocitov, sproZene z
ADP in kolagenom oziroma ristocetinom.

V proteomski studiji, ki je vkljuCevala locevanje kompleksnega KS na Stevilne frakcije in
podfrakcije, izolacijo posameznih komponent ter pridobivanje delov sekvenc in njihovo
primerjavo z razlicnimi bazami aminokislinskih zaporedij proteinov, smo ugotovili glavne razlike
ter podobnosti v sestavah obeh strupov. Proteomska analiza je pokazala, da vsebuje gadov strup
manjse Stevilo komponent od modrasovega oziroma da je veliko manj kompleksen. V
modrasovem strupu je predvsem ve¢ nizkomolekulskih proteinov z navidezno molekulsko maso
med 10 in 20 kDa, kamor sodijo disintegrini in sPLA,. Poleg tega je le-ta bogatejsi s
komponentami z navidezno molekulsko maso nad 50 kDa, kamor sodijo hemoragi¢ne MP. V
obeh strupih pa so prisotni predstavniki proteinskih druZin, karakteristi¢nih za strupe viperidnih
ka¢: MP, SP, LAAO, PLTC (oziroma snaclec), disintegrinov, CRISP in sPLA, [12, 127]. Med
peptidnimi komponentami smo v gadovem strupu identificirali natriureticne peptide in
tripeptidne inhibitorje MP. Najbolj bogato zastopane proteinske druZine v obeh strupih so MP,
SP, sPLA; in CRISP. V gadovem strupu smo identificirali P-lll MP, podobne modrasovima
hemoraginoma VaH3 in VaH4 ter aktivatorju FX, VAFXA-II [76, 77, 78]. V gadovem strupu so tako
kot v modrasovem prisotne tudi P- MP, medtem ko predstavnikov P-Il MP nismo nasli. Slednje
se v strupu modrasa obicajno posttranslacijsko proteoliticno procesirajo na P-I MP in disintegrin
[76]. Verjetno se podobno dogaja tudi v strupu gada. SP so v gadovem tako kot v modrasovem
strupu prisotne v ve¢jem delezu glede na ostale komponente. Njihovi bioloski ucinki so po vecini
povezani s strjevanjem krvi, kar v veliki meri doloca toksi¢nost strupa. V strupu gada smo
identificirali eno bazi¢no antikoagulantno sPLA, brez nevrotoksi¢ne aktivnosti, ne pa tudi
nevrotoksicnih sPLA,, podobnih Atx. Poleg te pa Se protein, podoben AtnL iz modrasovega
strupa. AtnL je miotoksi¢en in encimsko neaktiven homolog sPLA;.

ImunoloS$ka primerjava strupov s Stirimi razlicnimi protistrupi, proti celotnemu
modrasovemu strupu (anti-Vaa), proti hemoragicnim komponentam (anti-H), proti
nevrotoksicnemu AtxA (anti-Atx) in proti netoksi¢nemu Atnl, (anti-Atnl,), je potrdila opaZene
razlike in podobnosti med strupoma, ki smo jih detektirali s proteomskim pristopom. Anti-Vaa
in anti-H sta dobro prepoznala visokomolekulske komponente, v glavnhem MP. Po pricakovanju
je anti-AtxA prepoznal komponente samo v modrasovem strupu. Nasprotno je anti-Atnl; pokazal
prisotnost Atnl, oziroma njegovih ortologov v obeh strupih, kljub temu da jih s proteomsko
analizo v gadovem strupu nismo identificirali.

Moj prispevek v tem delu je bila analiza strupov z dvodimenzionalna poliakriamidna gelska
elektroforeza (2DE) in s pomocjo RP-HPLC, priprava locenih frakcij gadovega strupa za analizo z
MS in izvedba klini¢nih testov strjevanja krvi. Sodelovala sem tudi pri pisanju ¢lanka in urejanju
slik.
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Vipera berus berus (Vbb) is the most widely distnbuted and Vipera ammodytes ammedytes (Voa) the most
venomous viper in Europe. In particular areas of the Old continent their toxic bites constitute a considerable
public health problem. To make the current envenomation therapy more effective we have analysed the
proteome of Vbb venom and compared it with that of Voz. We found the proteome of Vbb to be much less
m#gx-ﬂmmmmsmalhkvdsd wulary snaclecs and sPLAgs. Snadecs are probably ble for
The sPLAGS, dytoxins, are i) h&emspeuﬁr&amrenﬁhe
Wuvaulnpnmun; mdmofmntymmumuemlmdumwhndmm
venom. Both induce t hage and coagulop nnmAstanthbmpmhomb-
gous Pulll snake venom metalloproteinases, the main factors, the severity of the haemorrhage is
mwwmmmww&nmdmmhmmmrmum‘nm&m
venom than that of Ybb venom lies in its higher extrinsic pathway coag: factor-protealysng activity and

mmudmmdmmwmbhdlhe hromb complex fi )
Biological significance: E by snakes itute 2 iderable public bealth problem
worldwide, and also in Europe. In the submitted work we analysed the venom proteome of Vipera berus berus
(Vhb), the mast widely distnbuted venomous snake in Europe and compared it with the venom peoteome of
the most vencenous viper in Europe, Vipera ammodytes ammodytes (Voa). We have offered 2 possible explanation,
uﬂwnﬂemlaknth!heﬁ&nmamdm:dpmmﬂnedbymm:ndmmWEhavt

ded an expl fioe the effecti f of Vbb ion by Voa and

ﬁyhﬂmmdhmpmngby“mdmﬁmkmmMMmm
cases of severe poisoning. The latter makes 3 strong case for Voo antiserum prodisction as we are faced with its

shortage due to ceasing of production of two most frequently used produscts,
© 2016 Elsevaer B.V. All nghts reserved.

L Introduction

the last three are those, according to the WHO Guidelines 2010, whose
bite is of the highest medical im The average number of

Venomous snakes make use of a complex cockail of proteins and
peptides in their venoms as a deadly weapon for hunting and defence.
Of the six European endemic species of vipers, Vipera latasti, Vipera
xanihine, Vipera ursinii, Vipera aspis, Vipera berus and Vipera amimodytes,

* G f author ar: of N
Seelan [nstinuge, Jamova 39, 1000 Lubijang, Sloveada.
E-aman address: igoc Jorizaj@4s.si (L Krida).
' These aumhors contridused equally 1o this week.

and Biomedi Jazet

hirpe A dolong/1 0. B0 36/} j proc 20 16.06 020
1674-39190 2016 Hsevier RV. AR rights reserved.

snakebite cases per year between 1970 and 2010 in Europe has been
estimated to be 7992 (~1 per 100,000 inhabitants), of which
appeoximately 15% were considered severe and 4 were [atal [1]. We fo-
cused our stixly on the two subspecies that are mest relevant from the
medical point of view, Vipera berus berus (Vbb) and Vipera ammodytes
ammodyles (Vaa). The former, known as the adder, or common viper,
is the most widely distributed viper in Europe, causing more bites
than any of its congeners | 1,2]. The Latter, also called the nose-homed
viper, the Western sand viper, the long-nosed viper or the rhinoceros
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viper, is the most venomous Eurcpean snake, responsible for the
majority of severe poisoning cases, edpecially in the southfeastern
parts of Eurape where it is the most comman vensmous snake and
whirie encounter with people is relatively requent [3-5]

The principal local effects af VBl venom poisoning are hasmarthage,
eedlerna, myonecrosis, bruising and pain |25-8 | and lypatersion is the
Mot important sign of systenic envenamation |S-11 |, This & relleced
in gastroin testinal problems, with recurent vomiting, nawsea, circulsto-
ry instability and hsemutolegical disturharsces. A patient may feel Qint,
anl chilldren in particular may become drowsy or semiconscious |2.12].
Ouher systemic effects that can appear indude abdeminal colic, inconti-
memce of urine and feces, dwesting, vaoconstricion, ey cardia, and
angi-oederma of the face, lips, gums, ongue, throst, and epigholtis,
urticaria and bronchospasm [Z2,10,11]. There is some evidence that
the venom contains cardiotoxic components thal can cause elecirocar-
disgraphic T wave mverdion of flattening ST elsdation, second
degree heart block and bradyfischyarrbythmias, atrial beillation, and
myocardial infarcticn [10,13,14). Labaratory tests have lrequently
revealed thrombocylopenis, neutrophilia, elevated erum creatine
phosphokinase, elevated creatinine and metabalic acidosis [27,10,14).
Haemaghobin may remain high at frst, bul anaemia may ocour Laler
210,14 Repors af neurotaxic eflscs [B15-17) systemic haemor-
rhage and cosgubopathy an Vil enven omation are rane [2,11].

The most compréebensive description of dinikal manifestations
caused by Vg venom in man has been presented by Luk3ic e al. 4]
and Karabunda e al [5) wiho have reviewed several hundreds of snake-
bite cages in southern Croatia. The main clinical signs thar appear
lolbowing the venomous bite of Vina résult from the hematotoxic and
meurolasie sotivity of the venom. All the envenomed persond displayed
extensive Swelling and cedema, over 90 had discoloration of kin and
ecchymesis Cranial nerve paresis or paralysis was the most comman
subsequent general complication [ 16E) most elten reflected in plasis,
ophthalmoplegia, dyvsphonda, dysphagia, swelling problems and
neuremuscular weakness. A relatively high percentage (5.9%) of the
patients suffersd central nervows system ((MS) depression, some of
therm [1.1%] without exhibiting shock, hypotendion, of cranial nerde
paresis or paralysis This indicates that Ve venom does not only have
neuroloxic stivily on cranial nerves but can abo exert a direct toxic
actsamn o Che CNS.

Proteamic and ranscriptomic studies in recent years have provided
a comprehensive insight into the complexity and functioning of many
snake veroms. State-of-the-art analytical approaches have greatly
accelerated the elsbaration of more effective reatments of snake
venom poisoning | 18] The risk of severe envenoming snakebiles in
Europe is relatively small Neverthaloss, in particulas aress, for example
in Medilerranean countries, snake wvenom poisoning répresents
considerable public health issue arguing lor further improvements
[4.5] Venom proteomes of two European viper sulbpecies, Vaa and
Vipera ammimodyles meridionals | Vamm) have been reported so b [19).
The venom proteome ol Vb is presented in this work.

The registered clindcal syrptoms and the signs of envenomation by
Vi vendin diller i several dpects fom those of Vid venom. For e-
ple, systemic haemorrhage and coagulopathy are uswally much more
sewere in the case of the former. The maost striking difference in patho-
legical action on man i, swever, in elidting reuroioxe ellecs. These
are wery rarely observed in the case of Vid venom bites but frequently
in that of Vaa and constitute a medical emergency, since they can
progress [rom plodi to interse musoular weakness that can perist far
several hours |d4-10). By analysing the Vb venom proleome we
propoded an explanation, st the malecular level, of the differences in
dlinical pictures irdlicted by the Vhb and Voo venoms. We have provided
i explanstion fof the e fectivenets of rreatrment of Vil envenamation
by Waa antiserurn and explained why full protection aof Vea venom
paoisoning by Vil antiserum should nol be always expected, especially
fil i chdes of severe poisoning. The Latter makes & strong case lor Vaa
antiserum production as we are [sced with its shortage due to ceaging

of production, in Croatia and in France {both in 2015), af two st
Irequently used products.

2 Material and methods
21, Wemairs

Commercial [reeze-dried ¥hh vemomn, obtained from Russia
[Serpentariurm of the Central Trade Bate Too-obyedinense Khimbky,
Moseow DHstrict), was the generows gift of D JGri Siggur from the
Mational Institute of Chemical Phiysics and Biophysics, Tallinn, Estonia.
Crude Vas venom was obtained from the ngtitute of [mmunobgy,
Zagreh, Croatia. The venom was lyophilkzed and stored ar —20°C.

22, RP-HPLL froctionation

The compasition of Vbb and Via venems was analysed by HPLC
(Flexar FX10, PerkinElmer, USA). 25 ul of venom (5 mgfml) was
didgalved i 625 jl 0.1 (¥) TRA (solvent A) and applied on i reversed
phase (RP) column PLEP-S (300 A, 8 pm; 46 = 150 mm; Agilent
Technologies). The colurmn was eluted with an inmeasing concentration
of salvent B (00X [v) ACN and 0LUX (vfv] TFA] at 1 mLfmin wging the
Tl lowing gradient: 0=45% {v/v] B in 5 min, 45-100% (vv] B in 45 min.
Fractions were collected manually and dried in a SpeedVac vacuum
concentrator {Savant, USA) Fractions were analyded using SOS-PAGE
a5 described below. Fractions | to 6, containing components of lower
molecular mass not visible on 12X (wiv) palyacrylamide gel, were
pooled and re-chromatographed on an RP=HPLC C18 colurmn (B0 A,
5 pm: 46 « 30 mm: PerkinElmer, USA). Components were eluted at
1 mlfmin wsing the same solvents as for PLRP-S analysis, starting at
0% solvent B and increasing with sobvent B to 100X (/] in 58 min.
The isolsted fractiond were submitted to the N-terminal arming scid
SECJUen Cirg.

23 W-germinai e ocid sequencing

N-terminal aming acid sequences of peplides and proteins were
determined by Edman degradation on a Procise 4924 Automated

Sequencing System [Applied Bicsystens, LISA).
Zd. 1D S05-PAGE

Fractions of Vird amd Via venoms abtained by BP-HPLC separation
arl the products of cleavage of fibrinogen by the two venoms were
analysed using 1% {wiv] and 12.5% [wiv] polyacrylamide gels in the
presence al 506 [SD5-PAGE) under non-réducing conditbors [20] Pro-
L in gels were visuslized by silver staining using a modified method
of Marrissey |21 | where the protein fixation was sccamplished by the
mibetuire af 300 {v/v) ethamal and 10 [ ) Scetic acid The glutarslde-
Iy fixation step was omitted. In the cass of Vbl venom, protein
spots were excised rom the gel and processed for assessment by mass
spectromerry [M5)L Malecular mass standards were fram Fermentas
(Lithisinia)

25 2-0F

2.5.1. First dimension - IEF

Freere-dried Vaa or Vb venom was digiolved in double distilled
water giving final total profein cancentrations of 5 mg/mL 4 ul of the
solution was added 1o 121 ul of rehydrstion bulfer containing 7 M
urea, 2 M thioures, 30 mM Trig, 25% (wiv] CHAPS detergent, 025X
(i) ASE-14 detergent, 1.5X (v/v] DeStreak rexgent (GE Healthe are,
Sweden], 1% [w/v) IPG buffer, pH 3-11 nonlinear (NL], (GE Heslthcare,
Sweden) and DD0ZE (w)'v) bromophenol blue. The sample was loaded
o6 & 7 it IPG st { lmenobiline DryStrip) pH 3=11 NL (CE Healthcars,
Sweden). The strip was relpdrated overnight ar room temperature.
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Proteins were submitted to1EF on an IPGphor electrophonesis apparatis
({GE Healthcare, Swieden] with the following rumning conditions: step 1:
300 V for 45 min, step 22 1000 V for 30 min, step 32 5000 V for 80 min
and step 4: 5000V wntdl G000 Wi per Strip was reached,

252 Spoonsd dimetesan - SD8-PAGE

Following the IEF, the IPG strip was incubated 3t room [Emperaiure
in 65 mi DTT in equilibration buller conLaining & M urea, 125 mbd Tris!
HC (pH 7.5), 4% (w/v) SD5 and DUO0ZE [wiv) bromephenal blue for
15 rminy with sporadic shakeimg. After reduction, the strip was allylated
in equilibration bulfer containing 135 mM icdoscetamide under the
same conditions. The sirip was then washed in the SDS-PAGE running
Briifles [03% [wi'v] Teid, 1.44% (] ghveine and 01T [wv) SDS), placed
onte 1 25% (wiv) polyacrylamide gel and covered with 0.5% {wiv) aga-
rose solulion containing 0LO2% (wiv) bromophenol blue and 15 {w))
S5, The SDE-PAGE was run at 5 mA per gel with gradual increase of
current up o 15 mA per gel as described |22). Gels wiere stained with
collaidal silver as described above and imaged with optical Image
Seamner using LabScan 5 software (GE Healtheare Lile Scepnces, LISA).
Gel scans were analysed using Imsge Master 2D Platinum 6.0 salbware
{GE Healthcare Lile Scences, USA).

26 Muass spectroietry

In-gel ryplic digestion of Vb venom proleing, their extraction from
the gel and analyais on an IT mass spectrometer 1200 series HPLC=Chip-
LC/MSD Trap XCT Ultra { Agilent Technologies, Germany) wene cartied
oul as described |22]. Proteins were identifisd using Spectrum Mill
software Rev A03.03.084 [Agilent Technologies, USA) against Snakes'
{taxid B750: 15231 entried) profein database extracted rom e mof-
redundant NCBI (National Cemter for Biotechnology Information)
protein databank in May 2004, and supplemented with translated
nucleotide sequenced from Vaa venom depadited in NCEl GenBank in
015 [KUZ49650-KUZ49656, KT14B817-KT148834) The following
search parameters were used: parent jon error Wlerance of 2.5 Da,
fragment error tolerance of 075 Do, maximum of 2 enzyrme mised
clesvages, peptide charges +2 amd + 3, methionine axidation a8
variable modification and carboamidomethyl cysteine as fixed moddifi-
cation. The results were validated using Scaffald software [version 2,
Prateame Software, Ine. USA) with the following parameters: protein
confidence of 95X and one peptide per protein at 95X confidence.
MN=terminally blocked short peptides were analysed using ESI Q=TOF-
SIS [Waters-Micromads, LK) 8 descriled [ 23]

7. Western blof analysis

20 g of Vad ar Vhb raw veno was separsted by 2-DE 4 deseri bed
abiwe. Profeins were iramferred 1o an NC2 PYDF membrane [Serva,
Germany) at room temperature and 200 mA per gel for 90 min in
Towhin transfer buffier (25 mM TrisMCL pH B3, 192 mM ghycine, 01K
(v} 505 and 208 (v&) methanod ). Following Crans e, the PVDF menm-
brame was biocked for 1 h at room emperature in 1% (wv) Western
it blocking solution (WES) [Roche, Germany) in TBS (50 mM Trisf
HCL, pH 75 and 150 mb K0 ) and then inoubated overnight with either
rabibsl anti-raw ¥ venom serm (anti-Via), anti-haemormhagic vemom
fraction serurm (anti=H), anti-ammodyiokin A serem (anti-AA) and
anti-ammmodytin [z serum [anti-Amlz) at a dilution af 1:1.000.000
{anti-Viag and anti-H) and 1210000 {anti-ArA and anti-Atnl;) in 0.5%
{wiyv] WES in TBS at 4 *C, lallowed by incubstion with horseradish
peroxidase [HRPj-oonjugited secondary anti-rablit [§Gs [1:10.000 in
OLSE [wiv) WES in TES] for 45 min al the room lemperalure. Spots
were visualized with the ECL Lumi-LightPLUS Western Blotting
substrate (Rocke, Germany) and sxpodute to Amersham Hyperfilm
ECL (GE Hsalthcare, UK) fallowing the manifaciurer's instructions.

2.8 Fbrinagenalytic activity assay

Fibrimagenolytic scivity of Viaa and of Vis venorm was determmined x5
described [24) Husnan fibrinogen and venoms were dissohved in TBS ar
a concentration of 5 mg/mL Fibrinogen and venom were incubated at a
ratia of 100:1 {w/w) at 37 *C in either the presence or absence af a
protease inhibitor, either EGTA (2.5 mM) or Pelabloc {1 mM). a15, 15
and 60 min after mising fibrinogen and the venomy, 10 . aliquats of
Ll reaction mixture were analysed by SDS-PAGE as described sheve.
Gels were stained with PageBlue® scoording 1o the mamulacturer™s
instructions {Thermo Fisher Scientific, USA). Gels were digitized with
Irnage Scanner and LabScan 5 solfware (GE Healthcare Life Sohenoes,
LISA).

2.8 Blaod coagudalion assays

Disturbance of the coxgulstion system by Vhb and Vg venoms was
assayed using three clinical blood coagulation tests: i) prothrambin
Lifise [PT) - the time nesded for Blood to coagulate alter initiation of
the extringic pathway by addition of thromboplastin and Co*+ 1w
citrated hlad: ii) activated partial thromboplastin time [aFTT) = the
cirme needied for clot formation after initiation of the infrinsic paawny
by adding Ca?*, phesphalipids, and kaolin 1o a sample af citrated
Indooee]; aned i) Chrambin e {TT) = the time nesded loe Gibrin ciot lor-
maticn abter the sddition of a=-thrombin o citrated biood 5 @ of Vish ar
Vi venarn solulion {25 ug total proteins), oe 5 il of bulfer [20 mb MES,
2 mM Ca0l,, pH 7.5) containing no venom as a contral, was added to
45 i ol pocbed plasma [Contral Flasma N [Dade Behring, Germany)
and incubated for 1 min at 37 °C In the case of the PT assay, the
coagulation process was initiated by the addition of 100 pL of
Thrambarel § reagent [Dade Behring, Germany], & sowrce of thrambo-
plastin s C°* ins, while, in the case ol the TT assay, the coagulation
process was initiated by the additgon of a-thrombin in 100 pl of BC
Thromibin reagent [ Dade Behring, Germany). In the aPTT assay, the plas-
ma was incubated with 50 L of Pathrealin 5L Reagent [Dade Behring,
Germarny) for 2 mmin a1 37 *C, after which the caxgulstion was initiated
by the addition of 50 @ of 25 mbd CaCly. Al times were measuned on
a Behring Coagulstion Timer (BCT) System | Dade Behring, Germany)
according o the respective sy protocol |25).

2.10. Patefer aggregation ausay

Elood was donsted by the experimenter in acoordance with permis-
sion Moo S3/08/11 of the Natienal Medical Ethics Committes of the
Republic of Slovenia. Platelet-rich plasma (PRF) and platelet- poor
plasma (PPP) was prepared as described [26]. 250 pl of PRP was pre-
incubated with and without 25 pg ol ¥hb or Voo venom For 5 min ac
37 °C 25 L of collagen [Diabed, Switzerland ). 1o 4 find concentration
of 10jgfm, ristocetin {Chrono-Log Conparation, LSA] toa final conden-
tration of 1 mgfml, or ADP [Chrono-Log Carporation, UISA), to & final
concentration of 10 pM, were added and the change in the optical
derdity monitored lar 5 min uding & Model 700 Whole Blood A0ptical
Lumi-Aggregameter {Clhirsno-Log Corparation, USA). The PRP aptical
density read represented 100% while that of PPP represented the 0%
value [25]

Z.11. Twirch tension recording of mouse phrenic nerve-hemidiaphrogm
prepanation

Muscle contractbon was mexsured as described |27] Briefly, the
diaphragm musche with the xociated phrenic nerves was dissected
oul and kept in an exygenated bath conlaining Krebd-Ringer solution.
Each hemidiaphragm preparation was pinned on its iteral side o a
silbcone-coated glass chamber. The henvidiaphragom medial side with
tendan was attached 1o 4 slk thread vig & sixinless-stee] hook e an
isormetric mechano-electrical transducer, Grass Force-displacement



Z Lasingaa? o al f il of Pratesinis 146 (2016) 3447

tramsclucer FTO3 {Grass Instruments, USA). Nerve-evoked contraction,
direct musde simulstion and directlyfindirectly elicited Stanic muscle
contractiong af the isolsted mouse hermidiaphragm were followed in
the presence of raw Vib venom at room emperature. The experimenial
protoool was a8 follows: indired muscle stimulbastion [N] 10 min, direct
midele stismulition () 3 i, tetanmic indirect muscle stimlation (Ta),
paie 3 min, tetanic direct muscle stimulation (Td), pause & min,
N 1 min, D 1 min, M = 10 min control recording, addition of Vb
venom o 4 final concentration af 125 petmL N 150 min, D 5 min, Tn,
paisse 3 min, Td, pavse 3 min, 4 times washing with Krebs-Ringer
solution, N 15 min, D 5 min, Tr, pause 3 min, Td, pause 3 min,

. Results
1.1, Comparative furetioral anysis of Vb ard Vaa venar

1.1L 1. Fectropysiology on mouse phrenic merve-hemidiophrogm
prefRalion

Under eontrolled experimental condithorns, no change in amplitude
of twitch and tetanic conlractions was observed during the 90 min #x-
posure. Thse muscls one remained agthe baseline throughout the ernline
duration of the experiment (Fig. 1A). 125 jgriml of the Vi venom, how-
ever, completely blocked merve-evoked as well as directly elicited single
twitch resparses and indirectly and directhy svoked (eamic contractions
(Fig. 1B). Al foam lemperature, U venom produced o 50% block in
665 + 6.6 min and 2 complete block of the nerve-svoled witch
respanses of the muscle in 142 + 7.1 min (0 = 31 Nerve-evoked and
directly evoked single twitch contractions and tetanic contractons did
mol recover after 20 min of exterdive washing of the preparation with
venom-lree Krebs-Ringer solution. Based on the increase ol basal
tengion and the cormplete block of both directly evaled muscle pwiteh
and retanic contractsons, the effect of Vb venom on the isolated
mouse neuro-misculsr (NM) preparation is cancluded m be predomi-
nantly myolaxic [28).

27

g

3.1 2 Fibrinogenalytic activity
Bath uipErirJ wenams wene able 1o ceave ﬂ.bﬂm'l. =Chelas mﬂ

in the coagulition cascade (Fig. 2). Degradation by Yaa wenom was mone
intensive. This venom was alio bess specific, deaving effectively - and
[=chains of the substrate, while Vhb venom apparently contained only
i-fibrinogenmes. Experimentd in the presence of specific inhilsitors of
SVMPs or SV5Ps, ie. EGTA or Pelablock [PB), revealed that, in both
venoms, fibrinogenalytic activity was mainly sisociated with SWMPs.

.13 Effert on bived coagulation

Effects of Vi and Vog venoms on bliood cosgulston were compared
by meeasuarieng PT {influence on tisue factor of extrimsic pathway], aPTT
[influence on contact activation of nirinsse pathway ] and TT{infuence
on common pathiway). The most sepndfi cant difference between the two
VEROmS wid in Che measured PT, which was about three-fold loager in
the presence of Via venom than of the Vb venom. According to the
contral experifvent Vid venom prolonged PT by almedt 170%, thus
acting anticoagulantly, while Vbl venom shortened it by about 20%,
thus displaying a procosgulant effect (Fig. 3). Both venoems shortened
thie &PTT, Vi vernom by 38X and Vb venom by 56X, while their effect
on the TT was similar, L& 2 prolongation of the platelst coagulation
time by sbout 10 (Fig. 3). From clinical reparts, both venoms induce
bleeding i vivo that is tepically more severs in the case of Vaa venom
poisoning. [0 was slso reported that blesding disthesis is not typical of
Whir venon poisoning (2,11, The i virre blosd cosgulation results
here confirmed these observations by establishing the anticoagulant
nature af Vag venom and a balance berween anti- and procoagulant
effects in the case of Vhb venom paisoning.

314 Effect on platelel aggregotionfaggitina ton

PMatelet aggregation, induced eitter by ADP or collagen, and plateler
agglutination, induced by ristocetin, was effectively inhibited in the
presence of both viper venoms [Fig. 4). Irrespectively of the mode of in-
dhu ction, the inhibition of the plateler sggregation/agelulination prooess
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The gels were stained with
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was always almost complete in the presence of Vaa venom but not of
Vb The Latter p fully inhibited the collagen-induced plate-
let aggregation while the ADP- and ristocetin-induced processes were
inhibited by only about 50X,

3.2, Proteomic analysis of Vbb venam and ifs comparison with Vaa venom

3.21. Two-dimensional gel electrophoresis

Comparative 2-DE analysis of crude Vb and Vaa venoms includes
proteins with molecular masses of 10 to 150 kDa, having isoelectric
points (pls) in the pH range 3-11. A distinctive dilference between the
venoms is that Vbb venom displayed far fewer peotein spots than Vaa
venom (Fig. 5). The former was resolved into 160 distinet spots and
the latter into 260. The distribution of spots on the gel however was
similar for both venoms. The relative intensities of the corresponding
spots in the two venons mostly differed (Fig. 5). Some proteins were
highly expressed in Vb venom and some others in Vo venom. In
both venoms, the components are spread similarly between the acidic
and peutral areas on the 2-DE gel. Characteristically, Vioa venom
contains proteins that are much more basic than those in Vbb venom
(Fig. 5). The former is also much richer in components with molecular
masses lower than 20 kDa and higher than 60 kDa.

32.2. Structural proteonics

Toidentily proteins in Vhb venom structurally, the crude venom was
first resolved into 14 fractions by RP-HPLC, using the PLRP-S column
(Fig. 68). Fractions 7 to 14 were further analysed by SDS-PAGE to

250% -
£ 200%
)
= 1500 1 mcontrol
'3 o Ves
g 100% - o Vb
=
€ s0% 4

0% -

PT aPTT T

Fig- 3. Effect of the viper venoms on bood coagelation. Influence of the Vb and Viaa

separate proteins by mass in the range of 15 to 150 kDa Under non-
reducing conditions, 30 discrete protein bands were detected on the
gel by silver staining (Fig. 7). The bands were excised, proteins in-gel
digested, extracted and then analysed by MS. 31 different proteins
were identified (Table 1) representing all major protein families of
viperid venoms: SVSPS, SVMPs, sPLA;s, CRISPs, LAAOs, snaclecs and
disintegrins. Interestingly, identified for the first time on the protein
level in snake venoms, one of the proteins is 3 member of the aspartic
protease family (AspP) |29). Drawing a paraliel with the Voa venom 2-
DE pattern, spots in the gel above 60 kDa represent various isoforms
of LAADS, P-HIl SVMPs and snaclecs, spots of intermediate mass (20 to
50 kDa) represent SVSPs, P-1 SVMPs and CRISPs, and spots below
20 kDa reflect the abundance of sPLA; molecules and disintegrins.
Although fractions PRLP-S 1 1o 6 were analysed under the same
conditions by SDS-PAGE, no protein band was seen by silver-staining,
suggesting the presence of only low molecular mass components in
these RP-HPLC fractions. They were pooled and re-chromatographed
on a RP-C18 HPLC column into 12 peaks (Fig. 6C). Using either Edman
degradation or ESI Q-TOF-MS/MS we identified in these peaks inhibitors
of SVMPs, natriuretic peptides, a Kunitz-type protease inhibitor
(inhibitor of SVSPS), an sPLA -like myotaxic ammodytin L (Atnl) and
a covalently beterodimeric disintegrin VB7 (Table 2). Interestingly,
also N-terminal peptides of serine pr orthologous 1o VaspPl
|30}, VoaSPH-1, VaaSP-2 and VaaSP-4 were identified. Probably degra-
dation products of these proteins were detected since, according o
their molecular masses, they should be visible on SDS-PAGE analysis
but were not. Volume (area x intensity) of the SDS-PAGE protein

3100%

80% -

§ 60% mcontrol
g o8 \Vaa
3 40% 1 0Vbb
(=9

2 20%

=

2 e -

ADP collagen ristocetin
mtm«mmmmwammummu
the VB or Vs Vesom o plarelet agregat ion/ g 37y

venom on Blood coagelation was asalysed using three dinical bicod assays:

time (PT), parsal timne (3PTT) and trombia time
(IT). I controls, clottiag times were measured in the Jdseace of venoms and hese
values were taken Imxm-zﬂnmnn were pesformed it 37 °C oa 2 Behning
Coagelation Timer System wsing the dard assay p Resudts are
expressed relative mmmvﬂmdwanm 4 SD of deplicare
MesUremeas.

ing 2 change in optical dessity ummmmmammm
Bhoot0ptical Lumi-Aggregemetes. Agpregation of biood platelets was iaduced with the
addition of either ADP or collagen, while their agglutiasion was indeced with e
addason of ristocetin. Control experiments, i which the aggeegation of agghutination of
platelers was measured in the absence of venoms, Lave values that were takes i 1008
All other resalis are expressed relarive 10 contrd values and dsplaped as means & SD of
duplicae meassrements.
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bands and area of peaks eluting at the HPLC analysis of the Vbb venom
were used 1o estimate the quantity of proteins/peptides belonging to
dilTerent polypeptide families in the venom. In Fig. 8, the pee chart is
presented, which shows the ratios between the major polypeptide
[amilies in the Vb venom.

3.3, Immunologicel comparison of the Vbb and Vaa vencens

The two were first analysed using 2-DE; the proteins were
then electroblotted from the gel onto a PVDF membrane and incubated
with rabbit antisera against the following antigens: raw Ve venom, the
most ic venom comgp A the non-toxic SPLA; erzyme
Atnl, and the total haemorrhagic fraction of Vag venom. Anti-AtxA
was shown 1o rexct exclusively with ammodytaxins (Axs), presynapti-
cally neurotoxic sPLA, isoforms, but not also with paralogous
ammodyting (Atns), non-toxic SPLAS or myotoxic SPLA-like proteins,
froen Vaa venom |31} Similarly, anti-Atnd, recognized Atns but not
Atxs. Anti-Voa recognized particularly strongly Vaa venom proteins
with masses above 40 kDa. Anti-Vag also recognized proteins in
heterclogous Vb venom with comparable strength. Interestingly, the
number of venom components in Vbb that reacted with anti-Vaa was
larger than those in Vaa (Fig. 9 - top half). A similar result was obtained
with anti-H (Fig. 9 - bottom half). Anti-ALxA recognized antigens oaly in
Voa venom (Fig. 10 - top haif) while the orthologues of Atnl, were
detected also in Vhb venom (Fig, 10 - bottom half).

4. Discussion
4.1. The Vb venom proteome is less complex than that of Vaa

The venom proteome of Vhb has been analysed and compared to
available proteomic data for Vaa venom from the literature. Under
identical conditions, raw Vbb venom was separated by 2-DE into 160
distinct spots and Vaa venom into 260 (Fig. 5). Consistent with the
results of 2-DE analysis, Vaa venom was resalved using the PLRP-S RP-
HPLC column into almast twice as many peaks as Vib venom under
identical conditions (Fig. 6B). The venom of Voa i thus more complex
than that of Vbb. Immuno-reactivity patterns demonstrated that all
the major protein groups present in Vag venom are present in Vbb
venom also (Figs. 8 and 9). The antibodies directed against whole Vaa
venom (anti-Vaa) and those directed only against its haemorrhagic
fraction (anti-H) recognized summ populations of molecules in heter-
ologous venom (Fig. 9). A striks logical difference by

-]

o VDO venom () were
the second dimension. Cels were silver stained

the 7 cm IPG strips, pH 3-11, in the firsz, and on 12.5% (whv)

the two venoms was however noted when immuno-staining was car-
ried out with anti-ALA serum (Fig. 10 - top half). While 2 stroag signal
was obtained in the case of the Vaa venom analysis, it was completely
absent from the analysis of Vhb venom. This result suggests that there
is no Atx-like sPLA; molecule in Vb venom.

42 Protein families present in Vb venom

42.1. Snake venom serine proleases (SVSPs)

SVSPs mostly affect hemostasis in mammals, by influencing blood
coagulation, fibrinolysis, platelet aggregation and vasoconstriction
|32]. They belong to the sublamily S1A chymotrypsin-like proteases
and show high macromolecular trypsin-like substrate specificity [33].
Most SVSPs are N- or O-glycosylated, but to different extents. As report-
ed for Vaa venom [ 19], diverse SVSPs are abundant in Vbd venom also
(Table 1). Vb SVSPs, with apparent molecular masses of 25, 35, 40
and 55 kDa, were identified in PRLP-S fractions 8 to 14 by simélarity to
SVPSs from related snakes, Vao, Macrovipera lebeting (M. lebetina),
Crotalus etrox (C. atrox), Agkistrodorn confortrix contortrix (A. ¢. conlortrix)
and Trimeresurus stejmégeri (T. stejnegeri). These Vbb SVSPs may
thus exert thromben-like, fibrinogenolytic and kallikrein-like activities
|34-38|. However, as demonstrated in Fig. 2, the fibrinogenolytic
activity of the Vbb and Vo venoms is mainly caused by their SVMPS. A
protein, probably a degradation product originating from VasP1 [30],
VaaSPH-1, VaaSP-2 or VaaSP-4-like Vhb molecule, was found in RP-C18
fraction 12 (Table 2).

422 Snake venom metafioproteases (SVMPs)

Most of the haemorrhagic activity of Vag venom originates from s
P11l SVMPs [39]. Antibodies directed against the haemorrhagic fraction
of Vaa venom (anti-H) reacted strongly with molecules in Vid venom
with apparent molecular masses greater than 55 kDa (Fig. 9). SVMPs
are synthesised as multi-domain enzymes, whose p Bytic activity
depends on the presence of Zn** joas and is down regulated with
citrate jons, acidic pH and competitive inhibitory tripeptides [40).
SVMPs are grouped structurally into three major classes: P+, consisting
of a protease domain (20-30 kDa), P11, that consists of two domains,
protease and a disintegrin (30-60 kDa), and the P11 class, that consists
of three domains, protease, disintegrin and a cysteine-rich domain
(60100 kDa ). SVMPs affect the hemostatic system in many different
ways. They may degrade components of the capillary basement
membrane, which results in haemorrhage, and prothrombin or lactor
X (FX), which Jeads to their depletion. They can Xt as prothroenbin or
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Fig. 6. Reversed phase HPLC analyses of the viper venoms. The RP-HPLC columa PLRP-S
(300 A 8 um; 46 x 150 mm) was equileared is 0.1% (V) TFA (solvent A) and eluted
Wit an indicated gradient of 90K (W) ACN ia 0.1% (W) TFA (solvers B) at a flow rane
of | esdjmin. Chromatograms (A) and (B) display the analysis of the Vias and Vid
venoms. (C) VI PLEP-S fractons 1 10 6 were pooled asd further chromatographed on
an RP-C13 columa (80 A, 5 jmg 4.6 x 30 man) equilideated in solvent A AT | mdfmis,
venom companents were duled using the indicased gradient of solvest B.

FX activators, inactivators of serpins, and as inhibitors of platelet
aggregation |40,41). Most SVMPs exhibit fibrinogenolytic activity. The
presence of 2 haemarrhagic SVMP in Vhb venom was first reported in
1990 [42}. In our proteomic survey, we identified orthologues of the
haemorrhagins VaH3 and VaHd4, dimeric P-flic SVMPs from Vaa
venam |25.43). With apparent molecular masses above 100 kDa, these
molecules were found in PRLP-S fractions 9, 13 and 14, Proteins in
fraction PRLP-S 11 were identified as orthologues of the P-Hlid subdass
SVMPs, characterized by a P-lIl SVMP with a covalently attached two-
chain snaclec subunit. These are the coagulation FX activators VAFXA-
1l and VLEXA, the first present in Vaa [26] and the second in M. lebetina
venom [44). Also, Vb orthologues of P-Il SVMPs from Echis carinalus
and Bothrops erythromefas, both known as prothrombin activators (45,
46), were found in PRLP-S fraction 11 (Table 1). SVMPs were also iden-
tified in the 33 kDa band of fraction PLRP-S 12. Two peptides identified
in this fraction were sequentially identical to segments of VaaMPII-3
(KT148833), indicating the presence of unprocessed P-Il SVMP in Vbb
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Fig. 7. SDS-PACE analysis of the PLRP-S wesom fractions. 12.5% (wiv) and mp.m
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(whire rectangles) were excised from the gel aad typsaed Resslsiog peptide
fragmenes were extracied Ssom the ged and asalysed by mass spectrometry.

venom Two other peptides in this fraction originate from a disintegrin-
like and cysteine-rich (DC) domain of a protein orthologous to VaH4-B
|25). Hemostatically active DC domairns appear in venoms as products of
proteolytic processing of the P-IEb SVMPs (discussed under Disintegrins)
|47} Samel and Siigur [48] reported a VBb SVMP of 38 kDa with FX
activating activity (VBFXAE) and some of the peptides identified in this
fraction may originate from this molecule.

For effective control of proceolytic activity, SWVMP-rich snake venoms
are usually rich in low molecular mass peptide inhibitors [49]. Such
a molecule was identified in Vbd venom in the RP-C18 fraction 3
(Fig. 6C). Using ESI Q-TOF-MS/MS (Table 2), the inhibitor was identified
as a tripeptide: pyroglutamate-lysine-tryptophan (pEKW). The same
reversible inhibitor of SVMPs, a product of proteolytic processing of a
longer translational product, has been described in other viper venoms
|49}

42.3. Aspartic protease (AspF)
MS/MS analysis of the band with an apparent molecular mass of

40 kDa in the PLRP-S fraction 13 (Fig. 5) revealed the peesence of two
peptides characteristic of renin-like AspPs (Table 1) This is the first
report of an AspP in snake venoms. At the transcriptional level, AspP
was identified in the venom of the snake Echis ocellatus (E. oceflatus)
|29] The sequence of E. ocellatis AspP is highly similar to human and
mouse renin and, their substrate specificity is presumably also samilar.
The main role of renin is regulation of systemic hypertension. [t converts
angiotensinogen, by proteolysis, to angiotensin 1, which is further
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E3406 2 YELVIVADHSMFTE
66256 3 a4-B [Vas] el [25] 29 5 Haemantagin [25] SVMP | O fragmese|
53555 2 KCVDAMTAY
PLRF.5-13 250, 150,110, 66269 3 UTPCAECCOCECODQCR Vabd-B |Vas] Rel [25] 3529 5 Hasmaaiuagin [ 25] SVMP
[ 53555 2 KCVDAMTAY
714 2 NFQILNKFLE VaaMPE-3 [ Vas] ETI&8833 1873 3 nd EVMF
PLRF-E-13 55 5,1z 2 AAYPWLLER WaaSF-3, VaaSr-5 [Waa] ETI48825, KTI48E28 3558 1z nd EVSP
73125 3 TSTHIAPLSI
122733 2 VFDYNDWIQSIACHTANTORF VILAF | ML lebecina ] AAMDEETS ZhE4 E a-Fbrinogesese [18) EVSF
PLRP-S13 40 01639 2 DIQYYCEISICTPAQIK Raeniin- | ke Spartic proease [E CAJSSDE0 3128 [ nd Aspartic peosease
aoellans]
E7.7E 2 QYIEFDR
PLRP-S-13 25 Se0,12 2 AAYPWILLER VaaSr.3, Vaase.s |Vaa] KT143806, KT148628 wn 13 nd svsp
75125 3 TSTHIAPISLPSSPPSVESVIR
PLRF.S-14 350,200, 120 56574 2 LCHEYGY(R VaHl | v ) BO007435 17682 30 Hasmariuagin [43] SVMP
=991 3 K
124647 2 QCISUFGASATVAQDACFOFNR
51494 2 IPCAPQINK
2T 2 KIPCARQIVK
BE3IS 3 ITPLSOCADCECCDOCK
EI6AE 2 SCIMSCTLSCEASIR
E4503 2 SCmGLTLSCEASIR
144254 2 TOIVEPAVOCNYLVELCEDDOGSPR
HHaEE 2 VILDLFCK
61873 2 VILDLFGKWE
PFLRFE-14 35 56045 2 AAYPWLLER WaaSF-3, VaaSr-5 [Waal ETI48825, KTI48E28 ] 1z nd EVSP
73126 3 TSTHIAPLSLPSSPPSVCSVCR
12274 2 VADYNDWIQSIACHNTANTORP VILAF | ML lebe cine] AAMDEETS 06 E u-Fibrinogesee [ 38) EVSP

LI FE (NI 9 53000 0y ) ousny | 0 ey an 3
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Table T
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Assigament af thae Vb venm COMpONEnts, separated on the BF-HPLOC-18 cobamn [Fig, 50, using Edman depradarion asd ES1 (-TOF-MS/MS. kdearficari on of peptde/proren was made

Acoopding o i N-rerminal or MS/NS-derived sequence

what i libedd MOE] accession nussber and the main vty of the mos similar ieatifed proteins along with the peooeis Gy ane

specified. Cys residues in peprides wine not derivatized before Edman seqeeacing, s teir coumende in sequences is oaly infmed based on the absence of a sigeal and smilarity o e

Imoem sequences (Ol Al wudl, o d
HFLC  M-serminal sequencing or MEME  Profcis WCB acoession sember Bellain acrivwiry Fronein famiy
Traczion
C18-3  pEEW Tripepide MF inhiitor precersor[Viaa]  KT143817, KTI4BENR SVMF inhisiion [42] -
CIB-5  DMEPFK Tripeptide MP inhibitor precsrsor [Visg]  KT148813 nd Matriuretic pepride
CIB-7  DMEPFKKVEPNS[C]FGHIIDR Tripepride MP inhibitor precersor [V KT148818 nd Matriuretic pepride
C18-8  DMEFF Tripepide MP inhibitor precsrsor [Visg]  KT148813 nd Matriuretic pepride
CI8-5  DMEFF Tripepride MP inhiitor precsrsor [V KT148818 nd Matriuretic pepride
CIE-10  SVIEFGKMIG Ammodytin L [Vab] CAEAT2SE nd PLAy
HSCHPICIOPY VETA [VL0] FOCEAS bstegrin a5l ihibitien [72]  Dimeric disistegrin
ELLMSGRF(C] WETE [Vib] FOCEAT
ROBFKF|{CTYLP WaaChi [aa ANPO4EES 5P inhiirion |&4) enirz-rype
protease inhdsnar
CIB-11  SVIEFGKMID Ammidytin L Vb CAEATISE nd PLi,
C18-12  WIGEOE{CIMIN VasPl Flbrisdngenas: [13] VIR
WaafPH-1, VaaSP-2, VaaSP-4 [Vas] KTL&RAD4, KTI48ED5, KTI4E3ZT mdl
Irydiralysed by sin-comverting enzyme (ACE] o vasoconstrictor  in Visb venoen wasdetected in the RP-HPLE [racticns C18-10 and C18-11

angiotensin 11 |50} By inducing bocal lypertension, possible robes of
AspPs i snake venoms are promation of lEsue disruption caused by
SVIMIPS and Lacilitation of the spread of venom through the victim®s
bloodsiream

A2 Secreted phosphofipases Az (PLA)

Using specific anti-sPLA; antisera we showed that Vib venom con-
Laifs at least twio Atnk-like molecules, but no Atc-like sPLAz (Fig. 10).
sPLA, mobecules, charscteristic of viperid venoms, belong structurally
to the LA group |51 ] These are standard vensom probeins exerting either
digestive andfor toxic functions. Toxicity of SPLAz molecules can be
manifested in mamy diferent ways, Tor example in neuroloxicty,
myataxicity, cardiotosicity and anticosgulant scivity [52]. Using
Lamdem M3 we identified two peptides in ¥bb vesom PLEP-5 [raction
7 that are a0 predent in the primary strsciure of VBSPLAG, & bagic
arilicougidant <PLA, [53 ] The primary strudtune of VBbPLA, is only 57%
identical with the primary structure of the neuroloxic At fram Vioa
venom | 54] and, not surprisingly, these malecules are not immunaologi-
cally eross-reactive (Fig. 10 - tisp hall). The ather type of sSPLA; molecule

disinbegrin 1%
AspP 0.12%
KR 0.07%

LAsD 2%
snackec 2%

SWMP inhibitor
4%

Fig. & Compesition of Vb venom acoording oo profeis and pepride Gimiles. Relaive
abssndance of venom polypeptide Gamdies wens calrulited from the normalized valames
of comespanding STE-PALE probsin hasds and normaloed aneas of cormesponding peaks
eluting ar the HPLC asalysis of the Wb venem. S9SF, snake venom serine profese;
SWhEF, snake venom metallopreteinase; LAAD, [-aming sl oxbdie; sPLA,, secreted
phospholipase A AspP, aspartic pretease; CRISP, cysbeine-rich secretony proteis;
smacler, snake vesom C-Dype lecting MP, samieretic pepide; P, Kenitz-cype profeass
inhibnsr,

(Figg. 6C, Table 2} Edman degradation showed that this molecule has the
N-terminus identical to that of Atnl, 4 myatocic sSPLA-analogue from
Waa venom [35] Suggestively, the myatasxicity of Vid venam, indcated
in.an ex vive twitch tension experiment on mouse NM préparation, is
caused by this protein (Fig. 1), In scoordances with our proteamic results,
analysis of the sPLA; genes of Vb fom centrsl France feveslsd the
presence of genes encoding the VhbPLA,, Arnl, Atnl, and Atnly |56).
Interestingly, genes of the A and B subunits of vaspin, a beterodirmeric
meurolakin similar to vipaxin [57), were also detected in this study.
The suthors speculated that vaspin is probably either expressed ar a
very how bevel or nof at all in the studied Vi venom, because no neurc-
Laxic envenomation ha ever been reparted in the region wisene the
snakes were captured. We have also not found neurotoxic sSPLAGS, either
dimeric vaspin of monomeric ALxs, in Vib venom investigated, in line
with s mom=neurolasic naure.

425 [-Amita acid wddeses (LAADS)

The presence of LAADS in Vil venom is indicated by its yellow colour.
LAAD comtain the prosthetic flavin adenine dimicleotide (FAD) grougp,
the fidly oxidized FAD group appesring yellovw. LAADS have been lound
i PLRP-5 fraction 11 (Talsle 1], in SDS-PAGE bands of apparent molecis-
lar mass 55, 110, 150 and 250 kDa. Under non-denaturing conditions,
LAADS wsually lorm homadimers, 3o LAADS identilied in the 55 kDa
band are probably menomers of the 110-250 kDa LAADS In the
55 kDa band, peptides identical to the Via-LAAD | from Visa venom
|58] or 1o the LAAD rom Setrures colemeius edwardsdi (5 ¢ edwoardsii)
venem |59 have been identified. Only 5. ¢ edwarndsii LAAD-peptides
have been detected in the barnds with higher masses One of the LAAD
isoforid has alfeady been dolited from Vb wenom and parislly
charscterized [60]. The enzyme disturbed hemastasis by inhibiting
ADP-induced platelet aggregation, and induced apoptosis in cultured
HeLa and K562 cells. Bt effects have been induiced by by doogen perox-
idee, a reaction product of axidative deamination of L-amino acids by
LAAD.

426 Cy rich secretory proleins [CRISPs)

CRISPS are 20 to 30 kDa proteins, contxining 16 cysteins o lorm 8
disullide bands |61,62]. CRISPs are a [requent constituent af snake
venams and, not surprisingly, we found them also in Vb venom
(Table 1). CRISP peptides were mast abundantly present in the fraction
PLEP-5 E, in the 25 kDa protein bard. Peptides were identified according
e their iderlity witl Hse respective parts of CRISP: [raim the venom of 1
berus |63 and the V. berus-relaned vipers, Vipera mikolskii |63),
Protobothrops mucrasquamatis (P. mucrosguanarus) (TM-CEVE) [54]
asd P fleevaviridis (trillin] [65). A CRISP of apparent maleculas s
25 kDa was also identilied in the Iraction FLEP-S 10, with the two
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peptides matching the structure of V. berus venom CRISP |63 ). Interest-
ingly, CRISPs were also detected in SDS-PAGE bands of 55 and 65 kDa

snaclecs, disulfide-bonded ofi-heterodimers of 13-15 kDa CRD-like
subunits, have not been detected, which is very different from Voa

(PLRP-S [ractions 8 and 9 in Figs. 6A and 7). Since, to our k dge,
snake venom CRISPs do not form dimers and are not been glycosylated,
we assume that on non-reducing SDS-PAGE they migrated in complex
with an SVSP detected in the same band (Table 1). This suggests
synergistic action of certain CRISPs and SVSPS |66] Such a possibility is
supported by the fact that, in spite of extensive testing, no pharmacolog-
ical activity appears 1o have been detected in the case of the pure Vaa
CRISP, the molecule 96X identical in its amino acid sequence
(KT148819) tothe V. berus CRISP (Zlajpah M, personal communication ).
Of all the snake venom CRISPS most similar to the Vhb venom CRISPS,
the activity of only triflin (P. flavoviridis CRISP) has been determined
[65]. Triflin inhibited the high K*~induced contraction of the rat-tail
arterial smooth muscle, tentatively by blocking the conductance of the
L-type Ca* channels.

42.7. Snadecs
Smclau uedmxteﬁudbya conserved region of 115-130 amino
log! rbohyd recognition domain
(CRD). CRDs bind saccharides inaCa”-depeom manner in C-type
lecting while in snaclecs they lack the carbohydrate-binding activity
[67]. In Vb venom, snaclecs were only detected among the 90 kDa
high molecular mass proteins in PLRP-S fraction 11 (Table 1) Classic

In Vaa m, snaclecs are abundantly present as proteins of
25-50 kDa | 39). These molecules are the major inducers of thrombocy-
topenia, which is clinically manifested as excessive platelet aggregation/
agglutination. In contrast to our platelet aggregation/agglutination re-
sults obLained in vitro (Fig 4), thrombocytopenia is relatively frequently
encountered in patients posoned by Vbb or by Vaa venom |4,10) Since
no agonists of platelet aggregation have been detected in the venoms,
snaclecs may be responsible for the occurrence of thrombocytopenia
in vivo by activating platelets through interaction with platelet GPIb
receptor or by mediating platelet adhesion to blood vessel walls.
Detected snaclec peptides probably originate from snaclec subunits of
the P-Ilid SVMPs, which have been identified in the same fraction. The
snaclec sequence AFCCPSCWSAYDQNCY is identical to the N-termims
of the light chain 1 (a-snaclec subunit) of the Vaa FX activator,
VAFXA-I1 | 26). The other snaciec peptide was identified as part of the
fS-subunit of lebecin, a b dimeric 30 kDa snaclec from M. lebeting
|68, so the possibility that Vbb snaclecs form high molecular mass
oligomers cannot be excluded (69

4.2.8. Kunitz-type protease inhibitors (KPE )
KPIs share a conserved fold of about 60 amino acid residues stabe-
lized with three disulfide bridges. Besides inhibiting serine proteases,
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which could result in interference with the coagulation cascade, other
KPIs, eg. dendrotoxing and calciclaudine, block conductance of K+ or
Ca** ion channels. The presence of a KPl in VBb venom was confirmed
by N-terminal amino acid sequencing of peptides in the RP-HPLC
fraction C18-10 (Fig. 6C, Table 2). One of the peptides in this fraction
s the N-terminal amino acid sequence of the Vag venom

sin inhibitor (VaaChi) [70). VeaChi was first described by Ritoaja et al.
|71] and recently shown to form a complex with AtxA |72] By itself,
VaaChi is just a potent inhibitor of a-chymotrypsin (K, = 4.3 nM) and
is non-toxic to mouse, however, complexing to AIXA, appears [0 Jug-
ment its toxicity [72] The most recent demonstration of the snake
venom Loxicil ing role of 3 KPI was in Micrurus tener venom
|73} A KPiand an SPLA; molecude from this venam form a non-covalent
complex that targets acid-sensing ion channels, producing pain. A
similar function for Vbb venom KPI in generating pain is possible. Struc-
turally, VaaChi belongs to the nor ic snake KP1s that
have lost the ability to inhibit conductance of K™ and Ca®* channels
| 74). s amino acid sequence is 87X identical to that of Macrovipera
lebeting transmediterranea venom KPf which is abde to inhibit adhesion,
migration and invasion of human ghicblastoma US7 cells by binding to
integrin receptoes via the RGN motif [75]. The RGN motif is also present
in VooChi and, probably, also in Vhb KPI, suggesting a cancer inhibiting
activity.

M [«Dal
vl |

35

42.9. Natriuretic peptides (NPs)

NPs are polypeptide hormones about 40 amino acid residues long
that elevate the level of natriuresis and diuresis in organisms |76} In
the case of Vbb venom we identified them in the RP-C18 fractions 6-9
(Fig. 6C, Table 2). The N-terminal sequences of peptides eluting in
these fractions have been matched with part of the sequence of the
Vaa NP precursor (KT148818) corresponding to the mature form of
the NP. Snake venam NPs are typical inducers of systemic hypotension.
Most probably, the NPs in the venom of Vbd are the main reason for the
pronounced decrease of systemic blood pressure observed in patients
envenomed by Vhb venom |14].

42.10. Disintegrins

Disintegrins are mono- or dimeric snake venom proteins without
enzymatic activity. These cystine-rich molecules of 4-14 kDa selectively
bénd integrin receptors on cells, obstructing their function |77]. In this
way, they can affect, for example, the shaping, survival, proliferation,
migration and invasion of cells |78]. A heterodimeric disintegrin, VB7,
s been already described in Vb venom [79] and its presence was con-
firmed in our proteomic survey. The N-termini of the two subunits were
detected in the RP-C18 fraction 10 (Fig. 68, Table 2). VB7 consists of 1 64
amino ackl residue subunit A Enked to 2 63 amino acid residue subunit B
by interchain disulfide bonds. It binds stroagly to the cell membrane
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fibramectin-binding integrin asf. In this way VBT inhibits adhesion of
e crafi-expressing cells to filronectin, 1 companent af blood plisma
and extracellular matrix [78]. Fibronectin plays a crucial robe in wound
healing and formation of a blood clat 1o stop blesding and pratect the
underlying tissue, therefore, upon emenomation, VBT supposedly
hinders Chese procesdes.

The effects of viper venoms induced by their integrin-binding
activity are, bovwesver, nol associated only with disintegring but also
with their rvultidoomain P-[1 and P-I 5VPS, which contain disintegrin,
disintegrin-like and DL domains. These domaing can be alio rebeaded
from their precursors by posi-iranslational protealytic processing [47)
In PLEP-5 [raction 12, in the 33 kDa band, we detected for example a
DC domain homologous o thar of VaH4-B |25].

5 Conclusions

1. Neurological disturbances are frequent in the case of podsoning by
Vina venam but anly rare in the case of Vb venom poisoning The
main neureloking of Ve versom are AL, presynaplically peuntasb:
APLAZS. These mobecules were niol detected in Vil venom, either by
specific antibodies or by sequencing. Although Vhb possesses genes
encoding the neuroloxic SPLAGS |SE|, these are abviously expreased
only accasionally and 1o a very limited sxtent.

L Systemic haemorrhage and coagulopathy are usually much more
severe in cases of Voo poisoning than poisoning with Virk venom.
The haemoerhagic sctivity af Vag venom is associated exclusively
with the P-Il SVIPE and, using pre ic and i bagical
snudies, similar molecules are shown to be present in Vbl venam
alsn. The le€s severe systemic haemorrhage in the case of Vib
venom poisoning i probably only the consequence of a lower
concentration of activity of the respective haemorrhagic Vi P-11
SWMPs. Vg venom degrades fbrinogen more intengively and less
specifically than Vish venam, although a similar effect on TT was
abserved in both cases, Incontrast 1o Vil vencn, Vo venom showed
& pranournced anticoagulant effect founded on radical prolangation
of the PT by this venom. This could be explined by the excestive
comumption of coagulation actors [39) and by inhibition af the
assembly/activity of the prothrombinase complex by Al through
Dbindirsg o Fa [20]

3 Mareder aggregation and agghutination ane completely inhibited by
Vioa venom, but anly partially by Vb vencm. Flatelet aggregation/
sgplutimation i inhibited by a range of snake venom profeins
[SVIMPs, sPLAGS, LAADS, 5 -nucleolidases, disiniegrin, snaclecs and
three-linger Loxins ), either by hydrolysis of ADP, by degradation of
platelet recepors involved in these processes, ar by antagonising
callagen- or van Willsbrand [ctor receptor binding [41] Our study
expased snaclecs a5 one of the most possible Dctors of such differ-
ence between both venams. Clissic snaciecs, which ane abundantly
predent in Vaa venam [39), have namely nol been found in Vib
venam arall
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3.2 Znanstvena publikacija 2: Kardiotoksicni ucinki frakcij modrasovega
strupa v izoliranem perfuziranem srcu podgane

Objavljeno: Karabuva S., Brzi¢ I., Latinovic¢ Z., Leonardi A., KriZaj I., Luksi¢ B. (2016) Toxicon, 121,
98-104

V dosedanijih klini¢nih porocanjih so bili opisani primeri pacientov po ugrizu kac iz poddruzine
Viperinae (Vaa, Vbb in D. russelii), ki so imeli izrazite vplive na delovanje sréne misice, kot na
primer: motnje srénega ritma, arterijske hiper- in hipotenzije, sréno kap in ne-bakterijski
endokarditis. V poskusih, kjer so modrasov strup vbrizgali v Zivali, so opazili hiter padec aortnega
tlaka z aritmijami, a so ti poskusi potekali pod tehni¢no nenadzorovanimi pogoji. Da bi zagotovili
natancno dolocene pogoje dela, smo za svoj studij kardiotoksi¢nosti modrasovega strupa izbrali
izolirano in perfuzirano podganje srce, ex vivo model po Langendorffu.

S pomocjo gelske kromatografije smo modrasov strup locili na stiri vecje frakcije (A, B, Cin
E) ter jih analizirali s pomocjo NaDS-PAGE. Frakcija A je vsebovala proteine z najvisjo navidezno
molekulsko maso (60—100 kDa), frakcija B proteine z maso 30—40 kDa, frakcija C pa tiste z maso
14-15 kDa. Na osnovi predhodne Studije [12] smo vedeli, da frakcija E vsebuje predvsem
tripeptide pEKW, ki so inhibitorji MP, zato je nismo testirali na podganjem srcu.

Izmed treh testiranih frakcij je frakcija C najbolj izrazito znizala sréni utrip. Pri visjih
koncentracijah frakcije C (22,5 in 37,5 pg/ml) je v dveh min po vbrizgu nastopil sréni zastoj zaradi
ireverzibilne misi¢ne kontrakcije. Frakcija C je tudi zvisala levi diastoli¢ni ventrikularni tlak (dLVP)
koncentraciji 37,5 pg/ml sprva povzrocila upocasnitev srénega utripa, kasneje pa ventrikularno
tahikardijo, cemur je sledila ventrikularna fibrilacija in asistola. Frakcija A ni imela vpliva na utrip
izoliranih src, na koronarni tok ter na tlak v levem ventriklu.

Moj prispevek v znanstveni publikaciji je bilo lo¢evanje modrasovega strupa, karakterizacija
posameznih frakcij in njihova priprava za poskus na podganjem srcu ter pomoc pri pisanju
eksperimentalnih metod.
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The nose=<homed viper (Vipero ammod'ytes ammuodytes ) is the most Eurcpean make. lts venom
is lenown a5 haematotooic, myobmec and newrobocc but it exerts also cardiotonic effects. To farther
explore the cardioioxicity of the yenom we separated it into four fractions by gel filtration chromatogs
raphy. Three fractions that contain polypeptides (4, B, and C) were tested for their effects on isolated rae
heart. Heart rate {HR), incidence of artythmias {(sinoventricalar (AY] blocks, venincular tachyeardia,
ventricular fibrillation, and asystalia L coronary fow {CF) systolic, developed and diastolic left ventricular
preszare [LYF) were measured before, during, and after the application of venom fractions in three
different concentrations. Fraction A, containing proteins of G0—100 kDa, displayed no effect on the rac
heart Fractions B and C disturbed beart functioning in similar way, but with different potenoy that was
higher by the latter. This was manifesied by significant decrease of HRE and CF, the increase of diasiolic,
and the decrease of systolic and developed LvPs. All hearts treated with fraction C in the final CF con-
cendrations X255 and 375 pgiml suffered rapid and imeversible asystolia withour AV blodkade. They
underwent also ventricular fibrillation and ventricular tachyrardia. Fraction B affected hearts only at the
highest dose inducing asystalia in all hearts, ventricular Gbrillation in 802 and ventricular tachycardia in
TUE of the hearts. Venom fraction € induced 71% of all recorded heart rhythm disturbances, signaficanthy
maore than fraction B, which induced 2% Most abundant proteins in fraction C were secreted phios=
phalipases Az among which the venom component acting on the heart is most probably to be looked faor.

© 2006 Elsevier Lid All rights reserved.

L Introduction

injected directly into the blosdsiream of the victim or in the vi-
cinity all his beart [Reid, 1976; Persson and [restedt, 1981; Lusksid

The nose-horned viper, Vipera ammodytes amumodyres (¥ o
ammodyies) is the most venomous viper in Europe (Lukiid et al,
2006; Chippaux, 2012; Karabuva et al, 2016) Poisoning by . o
amunedyies venom can vary from mild o severe, with olsyious
syslemic odcity, and be even Catal The more severns cioes of
poisoming have been recorded especially when the venom was

* Comesponding author, Clinscal Deparment of Infacrious Dissases, Unkversicy
an-‘nl Cenire Split, Seltanska 1, Spdi, Cooaria.
E-mall gddfresiest sy jetlanakarabiva@gailooem [5. Karabuva), ivcabrizio@ner
hr (L Brizidl sowicalacieewic®jssi (2 Ladnowi), Adrijanaleonardi@ijssi
(A Leonandi], igeckrizaj@ijss (L Mrzaj) boris huksic | @sri-combhe (B Laksic).

horp: e dolorg) W0 6] aoedoon 2 i 6059001
D041-0800 M5 3016 Elsewier Lad. All rights nesenved.

el al, 2000% V. o omumodyies venom B a complex mixture of
enzymatic and non-snzymalic proleins and peptides with diverse
pathophysiological activities (Ceorgieva et al, 2008; Krikaj, 2011;
Sajevic el al, 2003) beading 1o several clinical appearances, most
characteristic, neuwroloxic and haematoloxie [Lukiac er al, DD0E;
Karabuva et al, 2016)

waﬂl i..l,g.lli- have Been described a5 the most oommon
general complication in children and in adulis in the case of the ¥ o
aispodyted envenamation [Lukiid er al, 2006; Chippaux, 20012;
Karabuva et al, 2006} Descriptions of neuwrological effects have
been frequently found also in case reports of envenomation by
Viperinoe snakes cosely related o the V. o ammodytes (Ferguel
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et al, 2007 De Haro e al, 2009:; Malina e al, 2003: Lonati e al,,
2014; Jodlver er o, 3015; Karabuva et al, 2016) Proteins that
alfect the nervous system of the victim have been most extensively
characterized in the V. o ammoedyies venom by bischemical, mo-
lscular biology, immunological and ather methods, and ane very
well known [KriZsj, 2001; Sribar et al, 2014}

Disturbances of the haemostatic system with systemic effects
like hasmorrhagic symdrome with massive intravascular haemok-
ysis, pulmonary bleading, severe coagulopatly, and other haefmo-
dynamic  altermations  have been  [frequently  described  ar
envenoming by the V. o ammodytes and other Viperinag venoms
{Dzay et al, 2005; White, 2005; Luksi? et al, 2006, 2000; De Hara
el al, 2009; Karabuva et al, 2006). Companents of the Viperinae
v that alfect normal fundctioning ol the haemosLatic syitem
are already well known, biochemically and srocturally, and their
actions are mainly mechanistically explained (Markland, 1995
Gutidrrez et al, 2005; Sajewic el al, 2011, 20013).

Several case reparts abouwt patients sulfering from a Viperinag
venomous bite are describing vessel and myocandial dysfunctions,
for exarmple, dilferent riythen abnormalities, arterial hypertension
and hypotension also, ST elevation myocardial infarction, non-
bacterial thrombotic endocarditis, and states of threatening shock
{Moore, 1988; Singh et al, 1998; Luksic et al, 2006, Z010; Malima
el al, 2008; Silva e al, 2012) Experimental animals paisoned
wilh ¥iperinge venorm, in which cardiovasoular repercissions have
been registered, uswally manifested a rapid Gall of aortic pressure
with rhythm abnormalities (Valora el al, 1970; Sket et al, 19735,
Kimjo er al, 1990; Alloarti et al, 1991; Faehi-Hassanabad and
Fatehs, 2004) Avadlable studies are however nal very reliable as
they were usually conducted in echnically uncontrolled systems
and using non-sLandardized venoms.

We described previously dode-dependent cardiotoxic elfects of
the whole standardized crude Vo ammodytes venom on isolated
ral heart asserting the depression of contractlity and electro-
physiclogical instability (Lukdil et al, 2008 To further explose
these sffects we separatisd the orude ¥ 0. amnmodyies venom into
several [ractions, and vested individual fractions lor their eflecs on
different parameters of cardiae function in the moded of isolated
perfused rar heart. Viperinae venom components that affect the
heart function are unknown This study B therelore also a starting
point towards their description.

2. Materials and methods
21 Materials

Crude V. o ammodyes venom was procured from the [nstitute of
Imrmunology Inc, Zagreb, Croatia. Venom was collected by “rmilk-
ing" snakes from regions of Krapina [70E) and Samobor (30E). The
crude venom was dried at the ambient temperature, lyophilised
and stored in dry, dark bottles at = 20*C All ather chemicals were
of anabytical and sequencing grade.

22 Methods

221 Gel filtraton chromatography of the crude Vo amemodytes
VeI

Crude venaim {1 ) was dissalved in 15 mL ol 30 mM Tris buller,
pH 7.0, containing 2 mM CaCly and 300 mM NaCl, and separated at
4 oC on a Sephacryl 5-200 superfine column (100 = 4 cm) equili-
braed in the same buller, ar a fow rate of 336 mLh. Eight mL
fractions were collected and the absorbance was measured at
ZB0 nm (Amoe) Fractions from the same peak were posled and
concEntratsd.

222 SDS-palyacryfamide gel slectrophoresis

Profein compogitions of concentrated gel filtration fractions
were analysed by SDS-PAGE on 125X (wiv) polyacrylamide gel
under non-reducing conditions according (o Laemmli [Leermmls,
1970). Molecular mass standards were from Fermentas (Vilniug,
Lithuanda). Gel-separated proteins were stained with oolloidal
silver.

223 Concertralfons of proleind in the veinom [roctiom wsed i
[esring

Luk3id et al reported cardiotoxic effects in isolated rat heart
upon usage of 3, 0, and 15 mgfml stock solution of the raw L a
ammirrodyles venom, which resulted in final coronary flaw (CF)
venom concentrations 30, 90, and 150 pgfml, respectively [Luksic
et al, 2008) With an estimation that each wenom gel filiration
fraction (&, B, and C) containg 25% of the whole venom protein
content we used in our assays 0.75, 2325, and 3.75 mglml stock
solutions ol each fraction in the modified Krebs-Henseleir solution.
Stock solutions of fractions were infused into the rat hearts for
M0 mim an the rate of 1% of CF to get the final CF venom protein
concentrations of 7.5, 225, and 375 pgfml

224, Prepanation of the rat heart and measurement of cardios
Sfurctions

Ex vivo cardise measurements were done on Langendor! maodel
of isolated perfused] rar heart according to the same preparation
conditions describsed in research of Lukdid ot al (Lukiid et al, 2008).
Sims rhythm was condidered o be a physiologically normal
thythin i the baseline conditions, and heart fate (HR) in this
resparch was measured scconding to noted riythm AV conduction
time was determined as the interval between the superior right
atrial beat and the right vemtficulal conis beat. In cades of pro-
longed AV conduction ime, AV blocks wene noled as following:
first-degree AV block (delayed impulse conduction [rom atria (o
ventrickes), second-degres AV block [oondition when one of mone,
but mat all of the strial impulses fail to conduct to the ventricles],
third-degree (complete] AV block (impulses generated in the
atrium do nol propagate (o Uhe ventricles). Ventricular tachycardia
{VT) was defined as four or more consecutive undlorm or multiform
ventricular wavelorms, and a [xster ventricular than atrial rate.
Ventricular fibrillation (VF] was registered by the pressnce of
irregular setivity in the ventricular electrocardiogram, and by the
absence of pressure generation by the lelt ventricle. The absence alf
electrical and mechanical activity of the heart was considered as
asystolia (asystolic cardiae arrest)

225, Experimental profocol

The control group of isolated perfused rat hearts (N = 100 wag
nol treated with any substamsce, amd was monitored for 70 ouin.
Groups of treated hearts (total N = 90) were first monitored for
30 min before wenom fraction application, then the period ol
v [raction delivery started [the 30 min after the Isegzami ngg ol
the experiment] and Lasted for the next 10 oo, During this period,
each venom [raction (A, B, and C) was administered in three
different dodes (refer to section 2.2.3.) All pararmeters of the cardise
function were registered ar the beginning of the venom (raction
delivery (0 min), then in the 3rd min of the venom fraction delivery,
and finally in the 13th min past the start of the venom (raction
delivery, ie in the 3rd min alter the cease of the venom [raction
delivery. In the end, observation period lasted for 30 min. Complete
eiperiment therefore lasted 70 min Procedures and all handling
with animals were in strict scordance with the ED Directive 86/
BO9fEEC, and Convention 123, the Directive 20D0/63{EL. Ethics
Committess of the Mostar University School of Medicine and Split
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University School of Medicine approved all experiments on
amirnals

226 Staristion analysis

Categorical vafiables sre presented i counts (N} and percent-
ages, and were caboulated using yi-test. Quantitive data are
expressed a5 mean + standard deviation (mean + 50), and were
s sied with analysis of vasianee [ANOVA] and Krugical-A\%allis nest,
followed by Bonferroni or Tubey's post-hoc multiple comparisons.
Data were processed using SPSS Statistics (version 1.0, 5PSS INC,
Chicago, llinoig, USAL Pyalue < 001 was considered as statistically
significant.

3. Resulis
. Prepuration and characterisation of the venam froctions

Using gel filtration chromatography the crude V. o anmodytes
venom was separated in four fractions: A, B, C, and E (Fig. 1} Their
S0E=-PAGE analysis under non-reducing conditions is shown in the
mndet of Fig | Fraction A was abundant in venom proteing with
apparent moleculas masses of G0—100 kD The majority af proteins
in fraction B displayed masses in the range 30—40 kDa, while
fraction C contained 14—15 kDa proleing 1n our previous study we
showed rhat fraction E contains mainly a tripeptide pEKW, an in-
hibitor of snake venom metalloproteinases (SYMPs) (Sajevic et al.,
2013 ] therefore, this fraction has not been considered in our study.

32, Effects of the vernom frockons on the ral hearl ex viva

321 Hecraphysislogical effects

Sinus riythm was predominant in all bearts in the beginning of
an experiment (Table 1) Fraction C induced the most pronounced
effect on Irequency of the isolated perfused rat heart beat [Table |
and Fig. 15A) Hearts exposed to the final CF concentration 7.5 pgf
mLof fraction C showed significant slowing of the HR a3 measured
i the 3rd and 13th min from the start of the fraction delivery in
comparison  with the baseline heart frequency P o< 001)

240 .ﬁ. A D G B SMEM

04
0.21
l:l.{l'
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Fraction number

Fig. 1. Gel Mltration eh graply of the | & dytes venom. Doe g of the
T VSR Wi separaned on the Sephacryl 5- 200 Superfine colsmn. Fractons [A, B, C,
atad E) waere collecnsd as deplrred. Inser: SDS-PACGE ol of the vendin racrioes
under non-reducing condihens. The gel & slver stained, M mobecular mass, 5 profen
stasadiods, A<E: venom fracrion.

Particularly interesting i a significant decrease in the 13th v 3rd
min (P 001: Table | and Fig. 15A), this i 3 min after the end of the
wenom [raction delivery. During measurements, i rate was the
prime riythm, and no change of the rhythm type was observed, HRE
that was kwer in the period of the venom fraction expasure
remained the same during the observation persod, and did mot
recower wilil the end of experiment [Fig. 15A). Alter administering
fraction C in the final CF doses of 22.5 and 37.5 pgfml, cardisc arresg
wiad registered in all hearts in -2 min (Fig. 154 and Fig. 2], which
wias conlirmed with statistical significance [P < 0.01). In all cases
[N = 20) of cardiac arrest, ventricular tachycardia, and ventricular
fibrillation preceded agy<tolia (Fg 2) Fraction B in the final CF
concentration of 75 pgfml caused dinically insignificant vasiations
ol HR (Table 1 and Fig. 15B). Increase of the CF concentration of this
fraction to 22 5 pgfml induced gignificant but reversible demease of
HR and no changes of the rhythm type (P < 001 Table 1 and
Fig. 15B) On the confrary, in concentration of 37.5 pgfml this
fraction caused significant slowing of the ginus HR in the 3rd min
fram the beginning of the sample delivery, and then, =12th min past
the application of the sample, complete arrest of electrophysio-
bogical activity of the heart (P« 0U01; Table 1 and Fig. 15B). Hearts
didl ot recover until the end af the measurement $o the elfset wis
Erreversible (Fig. 1SB) In these cases, before cardiac arrest, sinus
rhythm changed into ventricular tachycardia (7 out of 10, followed
by ventricular fibrillation (B out of 10) that very quickly led o
asystolia i all exposed hearts (N = 10) (Fg. 2L S chythm wias
alsa the main elecrical sctivity in all bearts in the period during
and after exposure (o fraction A No sttistically or dinically sig=
nillcant change in HR Wi abserved ot sy concentration of raction
A rested (Table 1) As well, no arrhythmias were recorded with
fraction A (Fig. 2} These were significantly more frequent at
375 pgfenl of fraction B and C [P 0.01) than st 225 pgfml (Fig 2L
Of altagetier 5 heart rhythm disturbances documented, fraction ©
wias responsible for 71% and fraction B for 29% (P < 0.01). Any case
all A blsck was detected.

322 Covonary flow

At the beginning of the obssrvation the CF was about the same
i all hearts (Table 1) Most significantly the CF was affected by the
wenom [raction C, at all three doses (Table 1 and Fig. 25A). Hearts
exposed o the final COF concentrations 72.5 and 375 pgfml of
fraction C digplayed irreversible muscle contracuse rom -2nd min
af the exposure on (Fig. 75A) This led 1o precluded coronary cir-
culation demonstrated as significant decrease of the CF values
[P 0015 Table 1) After application of 7.5 pgfmL of fraction C, CF
abio significantly decreased (P« 001) and remained low until the
end of the mexurement (Fig. 25A). Exposure of hearts to the final
CF doge of 75 pg/ml of fraction B did mot result in important
changes in the CF (Fig. 25B) Howewer, 225 pgfml of fracion B
significantly decreased CF in the 13th min (P < 0.01), this & 3 min
after the venom fraction delivery has beéen interrupted. Intenest-
ingly, lurther on the cormmary circulation started o recover slighthy
but steadily (Fig. 5B} AU the highest final CF concentration
(375 ngfml) raction B significantly decreased the CF due to the
cardiac afrest that eccurfed - 12 min past the stam of hearts
exposure. Statistically significant (P 0U01), teereafter hearts stayed
permanently contracted (Fig. 75B). Fraction A did not induce amy
significant change of the CF (Tabkle 1)

323 LefT ventricular presswres

Fraction A was without an elfect on the deviVF, the dIVP and e
SLVP at all concentrations tested, while fraction C induced the most
significant variation of these parameters. AL the final CF dose of
75 pgfml, fraction C indwced a slight decrease in the devlVP;
hewever, sl doses 22.5 and 375 pglml, an abrupt diop of this
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Table 1
Cardiac paramesers measured in the isolaned perfueed ran hearts expesed o the ¥ o
a5 means + 50 of wen independ and caloulared wing ANOVA.

dytes venom gel fitration chromategrapty ractions (Fig. | Al values ane expressed

Fractisn Time: Cardiac parameeters [mean + S0
Irgmi] Jrmin] HR* o AV AP ALV
|beats{man| [ fmin| [mmHg| [mmHg] |mankg]
Costitred G+ 16 [T 160223 16D =23 a
A[TS]
a HUE 4 15 LT 2 01 165225 1165 = 15 a
3 HEI 15 1T 01 N58= 17 158 = 1.7 o
13 HEI 15 TLT 01 TG0 = 22 106D = 22 a
AJ225]
o ISR 4 25 102+ 02 116E = 1E 1168 = LE o
3 1B+ 28 102+ 02 153213 153 = 13 o
13 IEGS 4 26 102 01 148217 1148 = 1.7 o
A[TS]
o HLE 4 17 N7E= 17 178 2 1.7 o
3 =1.5+13 N53=13 153 =13 o
13 &0+ 22 N45=13 145 = 1.3 o
Costitred 31425 1160 = 1LE 16D = LE a
B75]
a ELE 4 R0 1G5 =13 165 = 1.3 a
3 EHLE 4 21 MG =13 163 = 1.3 a
12 HT5 421 100+ 01 M52 13 145 = 1.3 a
B |25
a ELE + 30 100+ 03 NT0=22 7= 22 a
3 ITEE + 45" EY PR 153221 140 = 22 13 =
12 S 43" &1+ 02" 970 + 22" 9555 21" 15=
B|3TS5)
o L3 4 30 102+ 02 TGS = 1.0 1168 = 10 o
3 350 + 67" al s 10 1328 = 2.3 L 403 3+ 107
13 100+ QU 46 + 03 1285 = 1.7 92E = LI 368 + 107
Costitred HLT 4 2A 11 01 159212 159 2 1.2 o
(4|
a 20422 101+ 03 1N58= 10 1158 = 1.0 a
3 7550 + 38" 998 = T 955 + 1.0 40 = 0E" I8 =05
13 22154437 86 + 07 970+ 1.6 31T 28 =05
Cl2z5)
a E1I 433 11 202 M55 13 1552 1.3 a
3 1.0+ u” 45 07 ATE 3 15 13 05" 865+ 137
13 100+ Gl 3E &+ 02 A0 3 1.8 15+ 08" 4553 13"
C|ars)
o L5 4 42 L1 01 N15= 13 175 = 13 o
3 1.0+ 2 45 ¢ 03" 530 4 L6 13 205" 508 + 137
13 1.0+ " 37 £ 05" 523 3 1.0 10+ 00" 5133 107
P MO v conorel cardiad paramemers
4 HR: hiaim rane.

L] CF: coromary fow.

< sLWP: sysolic left wemmicular pressone.
 dew WP deve boped left wenmicular pressare.
* dLVP: diacnolic kel wentrioalar pressane.

parameter i zerg value resulted in =2 min following the applica-
tion (Fig. 35A4). In the case of (raction B, at the highest final CF
concentration ol 375 pgfml, the decresse of the devlVP was
comparalde o that observed at the lowest final CF concentration
(7.5 pgfmlL) of the venom fraction C (Table 1 and Fig. 35) Interest=
ingly, atan interimediate dose of [faction B (22.5 pgfiml], the deviVP
first decreased and after = 10 min started 1o rise again towarnds the
initial bevel (Fig. 358) The change in the dIVP wis opposite o the
change of the devilVP in the presence of increasing final CF con-
centrations of fractions B and C{Table | and Fig. 45]). The dLVP af the
isolated perfused rat hearts was increasing in the presence of the
increasing concentrations of fractions B and C. Again, the effect was
mare pronounced in the case of fracion C Significant decrease of
the LY and the deviVP in the 3rd min of heart treatment and the
Ird min past the treatment was linked with rsing of dLVF even
with the lowest dase (75 pglml) of fraction C (P < 0.01 Figs. 354
amdd 45A) In experiments with the linal CF concentrations of 22.5
and 37.5 pgfml of Iraction C the deviVP wias almost immeasurable
dise o the extreme e of the dLVP (Figs 354 and 45A) which was

observed as significant change vi. baseling conditions (P < 0.01;
Table 1) This is in acoordance with irmeversible heart contractiune
that ooowrred during s exposure o fracton C in these doses.
Fraction B induced significant and irreversible changes in sSIVP and
deviVP, and a high increase of the devlVP only at the final CF
concentration af 375 pgfml (P < 001), where all expoded hearts
remained in an irreversible contracture state, and finally experi-
enced asystalic armest in =12th min after the point of application
(Figs 350 and 458) Upon expasiare of rat hearts o 22.5 pgfml slight
rising of the ALVP was noticed in the 3rd min of the expasure that
still persisted in the 3rd min after the exposure. This was accom-
panied by 4 dgnificant lowering of the sAVP (P < 0.01) and the
devIVP (P o 0013 Table 1) All mentioned changes were reversible
(Figs. 35B and 456) The final CF fraction dose of 7.5 pgiml did not
induce changes in IVPs [Table 1)

A Dscussion

Regarding significant medical importance of envenomation by
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damaged heart. Intermediate dose of fraction B, 22.5 pgfml,
inflwenced heart function reversibly. This could be explained by
predominately haematotoxic nature of fraction B (Sajevic et al,
2013) Reversible effect on heart action was reported also by
Lukist et al when they exposed rat hearts to the lowest final CF
diose al 30 pgfmL of the raw V. o ommadytes venom (Luk3id e al,
2008) Observation of two ypes of heart elfecs, reversible and
irreversible, can be interpreted by the presence of components in
the V. a4 ariradytes venom that crise reverdible candiotoedeity and
the components that induce irreversible damage to the heart. The
Litter is in accordance with the report of De Haro et al. who
olserved o auwtopsy 4 severe myocardial damage lollowing en-
wenomation by the venom of the closely related Vipera agpis snake
[De Haro et al,, 2009)L Alternatively, reversibility of the cardiotoxic
elfect may depend on the concentration of cardioloxc component.
Proteing of various protein families are présent in the venom
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Wenom fraction

Fig. & Dirse-dependent incidence of fytho disterbances of the Bolated perfused
i hgarts by che ¥ o omsmodynes vensan fractions. [solaed rar heans wene desad
with e venom ged Mragion hromatograpby fractions A, B, and © i the final corenary
Mo concentrations; 75, 125, and 375 gl Witk cach faction &t each dose the
cuperiment was perfommed on ten heams. Framion A did sor affecr rar hears ar all
Incidence of Beart anhytheas: veniriosks la [VTL vesaricular Sbvilation
[VF), and asystalia {ASYS), in the case of faction B and © b displayed.

the V. o ammodytes wenom in particular areas of Ewrope, for
exarmple in Mediterranean countries [Luksic et al, 2006; KEarabuva
el al, 2016, we simed in ths work oo further digssect cardiotoxic
effects of the raw venom that were reported before [Luksid er al,
20081 To this end we separated the venom using gel fltration
chromategraphy into four fractions (Fig. 1) The inflwence on an
array of cardiac parameters of the fractions that contain proteins
(fractions A, B, amd C) has been evaluated and related to their
protein compasitions (Georgieva el i, 2008; Sajevic et al, 2003).

Concentrating on the candiovasculas sfects of Viperidae venoms,
the previously conducted studies were focused on basic electro-
cardiographic changes with no attention on malignant rhythm
changes and with only 4 few messured parameters that ase clini-
cally classifbed as cardiotoic { Kinjo et al, 1590; Alloatn et al., 1991)
As well, in these studies non-standardized venoms were wsed in
uneontrolled systems together with potentially cardio-protective
agenls aiming o search for pharmacological mwlE of venom
neutralization. Experimental model that we have employed in our
qtudy was a controlled system of the Bolated perfused rat heart
[Lukiic et al, 2008). The mode] has some Lmitatsons, which one has
1o be aware of at interpretation of the resulis. The isolated heart
cannol respand [0 envenomation in the same way a5 the complete
organidm would respond. For example, in cases of haemodynamic
insrability the organism activates compensatory mechanisms, like
renal anteries and peripheral circulation resistance 1o Support car-
diae insulficiency, which i abviously not possible in the case of the
solated heart.

The venom [raction A was nol cardioloxic in our madel. The
constituents of this raction are proteing of G0—100 kDa, mainky
class P01 SVMPs, haemorthagic and non-haemorchagic, and L-
amind acid oxidases [Leonardi et al, 2007, 2008, Georgieva et al.,
20D8; Sajevic o al, 2003; Leonardi er al, 2015)

Fraction B, compoded of 30—40 kD venom proteins, fully
expressed its cardiotoxicity only at the highest final CF dase tested
[37.5 pgimL). Infused by such concentration, sach heart experi-
enced arflythmiss and sulfered asyatolia. Asrhythimogenic effect
may be caused by (myojioxic components of the fraction B that
induced hypercontracture state of myocardium, and  arresg
together with aberrant conduction pathways lormed in the

fraction B! snake venom serine proteases (SVSPs ], class P-1 SVMPs,
cystsne=rich secretory proteins (CRISPS), snake C-lype lecting
[smaclecs), and disintegrins (Ceorgieva et al, 2008; Sagevic e al,
2013 ). Myotosxic activity of fraction E, the most likely cause of its
cardiotoxicity, may be the result of CRISP: that inhibit
depalarization-induced onlraction of arterisl smooth muscle by
interacting with voltage-gated Ca?* and K+ channels, and also by
blocking cyclic nucleotide-gated channeds [Yamazaki et al, 2005;
Yarnazaki and Morita, 2004; Ramazanova et al, 2009) Myotoc
activity of this fraction likely stems aBo from ammodytin L, the
main myobedn of the venom. 1t has a structuse of sscreted phos-
pholipase Ay (sPLAz) (KriZaj et al, 1991) with =14 kDa, but a8 it ig
prone o form 4 dimer it B durely present 1o Some extent algo in
fractson B. 5V5Ps, SWMPs, snaclecs, and disintegrins in raction B, a5
far as we know, influence in the first place haemostatic system
[Sajevic et al, 2013), but cardiotosic sctivity of some of e
milecubes cannot be excluded.

The large majority of cardiotoxicity of the V. o omimodyres
wenom wis associsted with it gel filtration chromatography frac-
nion C. Cardiotoxicity was revealed as significant decrease of HR and
CF. together with the increase of the dLVP joined with the decrease
ol SIVP and devIVE. Rat hearts expoged to the venom fraction C in
final CF eoncentrations af 22.5 and 375 pgiml suffered irreversible
asystolic cardiac arrest dresdy alter =2 min. As well, fracion C
induced significantly more rhythm disturbances than other venom
fractions. Cardsotaxic effects induced by the venom fraction C wers
wery similar 1o those reported for the raw venom in the same
experimental system [Lukiil er al, 2008), suggesting that the main
cardiotoic [actors ol the venom are in this fraction. The most
prominent effect reported was a depression af the heart contractile
function, linked (o significant dose-depended increase of
hiochemical markers due to the heart damage. The same study alse
reported about electrophysiological abnormalities manifested a5
short period ol increase of HR followed by its dose-dependent slow
dowen [Lukiil er al, 2008) Such effects were also observed with
crude Vipers febeting and B nasfioormis venoms [Alloatt et al,
1986, 1991 ; Fatehi-Hassanabad amd Fatehi, 2004). Since positive
chronotropic effects were preventesd by propranolol and ranitidine,
fradrenengic and histamine receptar blockers, it was suggested that
the activities were mediated by catecholamines and histamine
releaded from the heart [(Alloami et al, 1986, 1991; Fatehi-
Hagsanabad and Fateld, 300d) Rhythm aboormalities, likee AV
blocks, and ventricular malignant arrhythmiss that preceded
asystolia were also registered in Luk3id et al, study where prolon-
gation of AV conduction time during Loxic Sxpasure Was permanent
and dase-dependent {Luk3id et al, 2008} We did not detect pro-
longation of AV conduction time, and ventricular tachycardia and
fibrillation along with asystolia occurmed mone often than reported
by Luksid et al. for the whole venom [ Luksid ot al, 2008} Observed
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differendes in effect om rat heart between the whole venom and its
isolated fraction C afe likely the result of combination of effecs of
e components in the case of crude venom, some ol which were
absent in fraction C Increase of dLVP and decrease of sLVP was
sirmilar i the rat heart was perfused with the erude venom (Lukiid
e al, 2008) or it fraction C.

Profound decrease of CF registersd during expasure o our
fraction C and also to the raw wenom [Lukiid e al, 2008 ) was not a
reduilt af the difect damage of the Venom 1o coronary veddels, It is
probably the consequence of the myocandial contracture and
precluded coronary circulation since heart contracture happened
before blood Now through coronary arteries stopped. The pro-
posed meehanism for explaining the effect of the venam lraction C
on myocardium contractility i impairment of intracellular Ca*
channels that results in uncontrolled input of Ca®* leading 1o
elevation of cytosel Ca?+ in the myocytes, primarily as a result of
cell membrane damage, which in the end induces contracture of
the heart muscle and increases heart energy expenditure that
worsens ventricular contracture [Lukiid er al, 2008; Mantecucca
et al, 2008 Lukfid er al reported that exygen fmyocardial con-
sumplion remained relatively high in comparison (o the greater
comtractility depredsion indicating expenditure of axygen and
energy in hearts envenomed with the raw venom (Luksic et al,
2008L

Fraction C harbours proteinsg of =14 kDa These are mostly
sPlazs, neurotoxic ammodytoxing (Knfy, 2011), non-toxic
ampodyting (KriZaj et al, 1992), and enzymatically inactive
myotdic ammsdytin L (KriZy et o, 1991). As classical cardiotox-
ind, toxing of ~6 kDa with a three-finger Tald (Kini and Daley, 2000,
are nol présent in the venom of the V. o ammodytes (Ceorgieva
el al, 2008; Sajevic et al, 2013), it i3 most likely that cardiobos-
icity of the venom s induced by one or mone sPLA; molecules in
the venom. Cytodytic action of a cardio-active venam component is
inferred, as the level of biochemical markers in the heart ellluent
increased dependently on the venom dose [Lukid er al, 2008).
Based on indirect experimental evidence, a myotoxic sPLA;
analegue ammadytin L B most likely one of the venom profein
with cardiotoxic sctivity. Interactions of some snake venom sPLA;
midecules with different isolated cell pypes are well known (Kini,
2003; Doumansy el al, 3014}, and the dired wtion on heart has
been also indicated by other suthors: the sFLAz from Najo nig-
ricollis venom induced hypatendion and bradyeardia with a block
in electrical conduction in the myocardium {Barringlon el al,
1986], while the one from Bothrops morgjoensis venom short=
ened, independently on it enzymatic acrivity, resting membrane
potential amplitude and duration of the sction potential, reducing
in this way contractility of the isclated rat ventricular right wall
(Evangedista et al, 20107 Exposure o Bohrops jardrociussy snake
venom  was found o cause an irreversible concentration-
dependent contracture of the isclated rat atria which was
confirmed by quantification of creatine kinase relexse and histo-
logical evidence of muscle damage, while pre-treastment with a
sPLA: inhibitor abolished mentioned carditoxicity [Rodrigues
et al., 2014). Also, myotaxicity and cardiotoxicity of the Bumgarus
Jesciani venom can be antigonized with compounds that inhibit
sPLA activity indicating that tosicity of the whole venom origi-
males from SPLA) (Gomes et al, 2012).

Ethical statement

All ]N‘MI‘H witth animals were in SEect aceordance with fhe
EU Directive 86/609JEEC, and Convention 123, the Directive 3010/
E3I/ELL Exhics Committees of the Mostar University School of
Medicine and Sphit University School of Madicine approved all sx-
perifents on animals.

(Conflict of inberest stalement

The authors declare that there are no conflicts of interest

Acknowledgements

This work was supported by the grant from the Slovenian
Research Agency (P1-0207) and the bilateral cooperation grant
Croatis-Skovenia (BI-HRJ16-17-002) We are grateful m Dr. Maja
Lang Balija from the Centre for Research and Knowledge Transfer in
Bintechnology, University of Zagreh, Croatia, who provided us the
W i armmodyies Vendm

Appendix A Supplementary data

Supplementary data related to tiis articke can be fownd at hig:| |
e daiorg/ 10016 texicon 2016.09.001.

Tramsparency document

Tramsparency document related o this anticle can be lound
anling ag hiep: ffdsdoiorg! 10.1006]j. loxicon. 2006.05.001.

References

AMloar, G, Camdng, E, Cedrini, L, Lesans, G, Marsh, KA, Whaler, BC, 1986 The
effecrs of Gabeon viper [Birs gabanica) venom on the elecrical and mechanical
atiwiry of the Guinea-pig myecandium Toxicen 24 [1], 47=51.

AMloarn, G, Gaotulla, O, Losano, G, Mash, WA, Paglaro, F, Vono, F, 1990 The
miechanical efMects of rhinscerns hamed viper (Bl nosicomis) venom oo the
Eeedaned perfused Cuinea-pig hear. Bxp. Physisl. 76 [(4), S11=614.

Barrirgred, EL, Soons, KR, Resenberg, F, 1986, Carndiotoskony of Nojo sigricolis
phespholipase Az is net due 1o aterarions in prosiaglandin synrhesic. Teetdoon
24 [ 11=13], 1107=1116.

JP., 2012 Epid

EReranare.

ipF ooy of snakebives in Europe: a review ol

55 (1), 86=98. hrpjdedslongfOos]
jreicon 2011100008,

D Har, L, Glaizad, M., Techadow, L, Blanc-Brisser, L, Hayek-Lanthads, M, 20089, Asp
viper (Vipeno aspés) envenomarion: cxpesience of the marseille poison Centne
from 1996 o 200E. Tewind [Basel) 1 2] B00=002. Farpc)fids doiong! 10 3350)
o DO 00 0

Desisrmaresy, |, Mladensia, B, Aleksandoos, B, Danovki, G, Pemowa, 5, 3004 In-
teractions of pharmacslogically acche snake venom sPLA; with different cell
lirees. Bigechnol Botechnol Equip. 38 (5] 918=927.

Evangelista, LL, Mairs, AM, Masciments, MR, Hawt, A, Evangeliaa, |5, de
Moodes, TR, Toyama, M, Diz-Flho, EB, de Dliviera Toyama, D, Fonneses, MLC,

Muoraeion, HE, 2000. Renal ared cardi alar efecrs ol ¥ I
VEnDEn and Az, Towdcon 55 () 061=000. barpeffdadoisogl
TR Ej. ras 004

Farehi-Hassanabad, T, Farshi, M, 2004 Claracreristion of some pharmacological
effiecrs of the wenom frem Vipers feberng Tesdoon 43 (4), 385<301

Ferquiel, E, & Hapn, L, Jan, V, Gullemin, L, Jourdain, 5., Teynid, &, d'Alaver, |,
Cheumet, V., 2007, Reappraisal of ¥pen pis venom neureteicing. PLOS Dne 2
UL eligd

Ceorgieva, O, Roch, M, Kandas, A, Buck, F, van Bergen, M, Berzel, C, 2004,
Comparative analysis of the venom g d Ty
and &

Vipera : i ). P
o dolong] b0, WX | fpelTOETeC

Conmazs, A, Bhamacharya, 5, Mukherjes, 5., Teal, LH., Gomes, A, 2003, Inhibition of
tomic ations of phespholipase Az isolared and characterived from the Indian
Banded Krair [Bsmganss fasoiams) venom by symhetic herhal compounds. In-
dian | Med Res 136 (1) 40=45.

Coridrrez, | M, Bucaado, A, Excalante, T, Diaz, C, 2005 Hemomhage induced by
snake venom metallopreteinases: Bochemical and biophysical mechanisms
irwovisd in microvesse]l damage. Toskoon 45 (B), 5897=<1011.

Joliver, V., Hamel, |F, de Haro, L, Labadic, ML, Sapord, | M, Cordier, L, Villa, A,
Misse, P, Puskarcayk, E, Berthelon, L, Harry, P Bock, 0L, 2015 Eurapean viper
EWEnOmars recordad by French poison comrol centers: a clinical assessment
and management @udy. TeeSoen 108, 97=103. hopfidadsdogl10000E]
jreetkeon 201509 039,

Karabuva, S, Vrkad, 1, Brizid, L, ki, L, Luldid, B, 2016 Versmous snakebites in
children in soarhern Croatia Tossoon 102, =I5 hopfldodedonglo0o0s]
jreicon 201601057,

Kini, BB, 3003, Excitement ahead: soructure, functien and mechanism of snake
venom phespholipase Ay enzymees. Toxdoon 42 (8), 877840

Kini, ML, Daley, R, 2080, Sructure, Tuncobon and evoliton of thres-finger nosdn:
mini proteine with muliple eeges. Toxdoon 56 (8], 855=867. o fjdxdoloog)

of Vipern amumsdy
R 7 {3), BSE<B8E hopJ




46

Poglavje 3. Znanstvene publikacije

(L] 5 Favebesa e ol | Teadcon 121 (005) 92=[d

DLV st 20007000

Ko, M., Moguchi, K., Hirayama, K, Sakanashi, ML, 1950, Characeristics of caodis-
vascular effecs of the venom of habw {Trimersunes Sovvindi] in ras. Jpo |
Pharmasced. 54 (2), 151 =16L

Kriza, L, Bieber, AL, Rionja, A, Gubensek, F, 1991 The primary smuccare of

ytin L, 3 oo ph d Tz Wipsena d|
vesam. Eur, |. Biechem. 202, 11651163,

Kritaj, L, Liang, M., Purgertar, |, Strukel], B, Ritenja, A, Cubendek, F, 1992 Amins
acid and cDNA sequences of & neulral phospholipase Ag nom the long-nosed
viper (Vipens anmodytes mudms:.mm Fur |. Binchem. 204, 1057=1062

KoriZa, L, B01L A v dove inito. Ly ke touiciny of
uu-napmquupuuhummmss:nn!-za hnpeJf
ol org 0.1 6] isicen 201 LOE 009,

Laemmaml, LUK, 1970 Cleavage of structural pracsing during the assemibly of the head
of bacteriophage T4 Mature 227, S30—GES.

Leanardi, A, F, [P, Trampui-akija, A Ki2s, L, 2007 Ammedytse, 3 metal-

frum Vipera TGS WELHE, POssesses smong fbn-
nalytic activiry, Toxicon 43, E33-BAZ,

Lennardi, A, Fu, JW,, Trampas-Bakfa, &, Krila), L, 2008. Twa coagulacion facor X
ativarors feom Vipen & ammidyses venom with polential 1o orear patients with
dysfurectional Factors DG or Vila Tasicen 52, G18—637

Letnardi, A, Sajevic, T, Lavinovel, 7., Pusge ritar, |L, Balija, ML, Babija, AT., Vidmar, R,
Hma,mugzmimum charactesisaken of WaFl,

TE=87. hirp:jjdude. nrg:luu:-l.qj;.mcnbum |JJ:-LL

Lonati, [, Glampreri, A, Ressermn, 0., Pernolind, V.M, Verchis, 5, Buscaglia, E.
Marzoleni, M, Chiara, F., Ame.ll..&m....ﬂ..ll_nmm C. Coccind, T,
Lecanedl, CA., 2004, M iperids in pawia posnn
mm&mmumml-:mLun.mmm}szu;:m
htpffeb did org {103 115563650 2014 S04045,

LnklILB,BrJdHILN.,Prmw.LbIE Venomous snakebibes in southern Croatia.
ColL Antropsl. 30 (1), 191=197.

Lumt.n.,mu.!.l..u-;up. M., Mm-,n..cu.l!,v Halassy, B., Salamunid, I,
Bahan, b, 2008 Duse depend i d nose-homed viper
[Vigera dytes) venom oo of cardiac funcrisn in
isalated rat heart. Comp, Bochem. Physiol, 147 (4], 434=880 hiip: e dei o)
DL B ] chype 00RO LM,

ke, B, Culié, V., Soridevid, L, Brivdf, L, Podjal, MU, Tade!, 2, 2000, Infant deach afier
ngeadinied viger [Vigers ammodyies ammodes) bise in Croatia: o cise pepoit.
Taicon 56 2] 15051508, horps e el odg L1016} escionsn. 201008004,

Maling, T., Krecelk, L, Warrell, LA, 2008, ity aned hyp falowin
Euncpean adder [Vipero benis berus) Bies in Hungary: case report and pevies.
M 13 (M), B0 =806, hirp:ids.doierg 101093 i medfhe niTd,

Maling, T, Babocsay, G., Knevsdi, L, Erdédsz, C, 2013, Further clindcal evidence for the

of v in & pog of the Ei adder [Viper berss

bemis) in eastern Hungary: second aned case. Wild Esvaipon.

M 24 (4], IPE=383. hrpefddioi g ] 0 016{. wem 2013 05,005,

Mlarkland, F.5., 1998 Snake venoms and the hemestaci system. Toxien 36 [12],
1745= 1800,

Mantecucce, ©, Cunieez, |3, Lamanrs, B, mua Cellular pachalogy induced by
snakie venom phosy g my M COMITON aspects of
rheeir mechaniems of arin. Cel Mal L.nes:..ss IRIT=2912,

Moore, RS, 1988, Seoond-degree heart block asseciated with envenomarian by
Vipera berus. Arch. Emerg. Med. 5, 116=118

Oy, G, Bamak, B, Ece, A, Dautogl, M, nlmn,cm F, 2005, cun.ul
characeristics of children with snak
plicacions in the pediatnic imensive cane wni. Pﬁ:lmr Inr. 47, BE&—B?S.

Perssan, H., Inestadt, B, 1981, A study of 136 cases of adder bite meared in Swedish
hospitals during ene year fota Med. Scand. 10 [6), 433-439.

Viperiae

choning and phylogenetic relarionship. Tosicon 53 {1},
162=16E. hrp: s doiorg) L1 H6{.1omicon 2008.11.00L

Rei, H.A, 1976, Adder bites in Britain, Br, Med |. 2 (GO2E}, 153—156.

WMMLMALMNLEMLMEMMHM&
2004 Ran acrial [araa snake venom.

323, 108124, rrrrp\.m.x.dnmg.lm 101 . . B0 14, D6,

Sajevic, T, Leonandi, A, Krilaj L 2011 Hameatatically active i snake
viEnms. Tsioon 57 (5], B27—=645. hiopfjdided oo 101015 roxicon 201 L0 LO0E.

Sajevic, T, mera..,.l. Kiizaj. L 2013, A overview of hemestatically active com-

dyres venom. Toxin Rev. 33 (1=2] 3335,
m.ﬁ,mms,ﬂms,mum infarcrion fallowing a
pert intravences bite of Russells {Dobodn russsil). BMC. Res

Noes 5, 500U horp: e doiorng/ 101185 1755-0500-5-500,

Siggh, 5., Dass, A Jain, 5, Varma, 5, Bannerjes, A, Sharma, BK., 1996 Fatal non-
bacterial thrembatic endocanitis following vipering Bire. Inrem. Med, 37 {3}
343344,

Sket, I, Gube nsek, F, Adamic, 5, Lebez, D, 1973 Actian of & partially purified hasic
precein fraction froms Vipers amssadyres venorm, Tadcon 1 (1}, 47=53.

Sribar, |, Oberfial, | Krity, L, 2014, Usderstanding the melocular mechanism
underlying the P osciciny ol gt an wpdane.
Toxicon 38, 9= 6. hrips)dxdoiong/ HLIDIG( oxicon HHA.06.018.

Walora, M, Eruna, T, Fdanza, A, 170 EMect of Vigera amessadyses venom on the
elecrrocasdisgram, | Bell Soc. Ial Biol. Spee. 46 [2], 67=71

Wihite, |, B005. Snake venoms and ceaguloparty. Tesicon 45 (B), 951967,

‘amazakid, ¥., Hyeda, F, Merita, T, 2003, Wide distribatisn of cysteine-rich secretony
preceins in snake venoms: solackn and cloning of novel snake Yenom cysoeine-
rich secretory praceins. Anch Bochem. Biophys. 412 {1} 133=14L

‘amazakid, ¥, Morita, T, 2004, Strucoure and function of snake venom cyseine-rich
secretany praseins, Toxdcon 44 (3], 237231,




47

3.3 Znanstvena publikacija 3: Amoditin L je glavna kardiotoksicna
komponenta modrasovega strupa

Objavljeno: Karabuva S., Luksic¢ B., Brzic¢ I., Latinovi¢ Z., Leonardi A., KriZaj I. (2017) Toxicon, 139,
98-100

V nadaljevanju raziskav kardiotoksi¢nih ucinkov modrasovega strupa v izoliranem in
perfuziranem srcu podgane (poglavje 3.2) je sledila identifikacija kardiotoksi¢ne komponente v
aktivni frakciji. V ta namen smo frakcijo C, ki je imela najbolj izrazit kardiotoksi¢en ucinek
(opisano v clanku, predstavljenem v sekciji 3.2), locili na Stiri podfrakcije (C1, C2, C3 in C4) s
pomocjo gelske filtracije. Le podfrakciji C1 in C2 sta inducirali podobne kardiotoksi¢ne ucinke na
izoliranem podganjem srcu kot celotna frakcija C, medtem ko frakciji C3 in C4 nista bili toksicni.

Podfrakcije smo nato locili na posamezne proteine s pomoc¢jo RP-HPLC. Izolirane proteine
smo identificirali s tandemsko MS analizo in dolocitvijo N-konénega aminokislinskega zaporedija
po Edmanovi metodi. V vseh stirih podfrakcijah smo identificirali sledece sPLA,: Atnl;, Antl in
Atx A, B in/ali C. Le v podfrakcijah C1 in C2, ki sta izrazali kardiotoksi¢nost, pa smo nasli tudi
proteina brez encimske aktivnosti, AtnL in CRISP.

AtnL je mikotoksi¢ni analog Atx, ki bi lahko povzrodil lizo misi¢nih celic srca [97]. Da bi
preverili, ali je AtnL kardiotoksi¢na komponenta strupa, smo izolirano podganje srce izpostavili
Cistemu AtnlL in analizirali u€inke na sréno funkcijo. AtnL je povzrocil ireverzibilni kardiotoksi¢ni
ucinek (atrioventrikularno blokado), ne pa tudi sr¢nega zastoja. Poleg tega je povisan nivo
biokemijskih markerjev (kreatin kinaza, laktat dehidrogenaza, aspartat aminotransferaza in
troponin 1) v iztoku iz srca prical o poskodbi miokarda, podobno kot v primeru izpostavitve srca
podfrakcijama C1 in C2. Vseh kardiotoksi¢nih ucinkov, ki sta jih povzrodili podfrakciji C1 in C2,
nismo opatzili, ¢e smo v srce dovajali Cisti AtnL, kar kaZe, da za kardiotoksi¢nost v teh frakcijah ni
odgovoren izklju¢no AtnL. Skupna komponenta obema podfrakcijama, ki pa hkrati ni bila
prisotna v netoksi¢nih podfrakcijah C3 in C4, je CRISP. Molekula CRISP je torej potencialni
kardiotoksin v modrasovem strupu. Pokazali so, da doloceni CRISPi iz KS zavirajo napetostno
odvisne in od ciklicnih nukleotidov odvisne ionske kanal¢ke v misi¢nih celicah. Tak bi lahko bil
tudi mehanizem delovanja modrasovega predstavnika.

Moj prispevek pri tej raziskavi je bilo delo, povezano s pripravo podfrakcij modrasovega
strupa za poskuse na izoliranem podganjem srcu, analiza proteinske sestave podfrakcij, priprava
vzorcev za MS in N-terminalno sekveniranje ter pomo¢ pri pisanju eksperimentalnih metod in
pri analizi pridobljenih rezultatov.



48

Poglavje 3. Znanstvene publikacije

Tomicon 139 [2077] S4=<100

Contents lists available at ScienceDirect

Toxicon

journal homepage: www.elsevier.com/flocateftoxicon

Ammodytin L is the main cardiotoxic component of the Vipera
ammodytes ammodytes venom

@c‘ll!l”:lﬂ\.

Svjetlana Karahuua , Boris Luk_f.:lé 45" Jyica Brizi¢ ¥, Zorica Latinovi¢ =
Adrijana Leonardi ©, Igﬂr KriZaj ="

* Clinkcal Department of Infrotious Disesses, Universiny Hospinal of Seili, Soinanska L Spi, Crossia

* Degaravear of Fhurmacodogy, Mosrar Universivy School of Medicine, Bijell brijeg b, Mosrar, Boovin asd Herzegoving
* Dieparrment of Mederuler god Biomedical Soivaces, Jodef Stefis MsTiIr, jomoes ceso 39, Lshjans, Seenia

# Jutaf Srefin Isernarioenl Postgradusre Scheol, o oo 39, Gubong, S

* Uiniversiry of Splir Schoal of Medicing, Soiranska 2, Spli;, Croatia

ARTICLE INFO AEBESTRACT

Venom of the nose<barmed viper (1 o ammadytes) ax alsa venoms of some related European viperids can
induce also cardi effects in m Is. In thvis work we demanstraced that the protein im the ¥ a

ammodytes venom acting on heart is a myotoxic secreted phospholipase 43 analogee ammodytin L
{Aml]) In the isolated perfussd rat heart AL induced significant and irreversible cardiotoxicity chars
acterized by ainoventricular (AV) blockade. This venom protein induced appearance of high levels of

Articke fitiraryz
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Received in pevised farm
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B Dictober 2007
Auailable ooline 10 October 2017

creatine kinase, lactate detywdroge aspartabe aminot ard troponin | in the sinus efflwent of
P . the isolated beart, indicative for myocardial damage, which is obviously the primary cause of its car-
Viper " pyies diotoxic action. Cel filtration chromatography subfractions C1 and 2 of the V. o ommodytes venom
leolaned rai bt harboured most of the venom cardiotoxicity. A= we showed, just these two subfractions contained also
Candimemicicy Amnl Subfraction C1 in the final CF concentration 113 pgjml {containdng 3.1 pgfml Atnl) induced a
AdvurasdyTin L complete cardiac arrest wiile subfraction C2 in the final CF oncentration 6.0 pgiml (contaimng 0.8 pgf

mi Atnl) and the pure AmL {10 pgiml) did mot. Comtrary to Atnl, subfraction C1 at 11.3 ggfml was no
able to induce the AY blockcade. This exposed the only octher cardiotoic subfractions-spexific venom
protein, 3 cysteinesrich secretory protein (CREPL a5 an additional venom component potentialby
involved in modulation of the heart activity. Cardintoxicity reported in some cazss af the adder (¥ kerus)
venom and the asp viper (V. ospis) venom poisonings may be assigned to Al in these venoms.

© 2017 Elsevier Lid All rights reserved.

L Introduction Sajevic ef al, 2013). Mast frequent manifestations of poisoning by

this venom are hasmalaloxicity and newrolasicty [Lubkid o0 al,

The nose-horned viper, Vipera ammodytes ammodpres [V oo
arurodyres) is the largest and the most venomous European viper
[Lukiid ef al, 2006; Chippaus, 2012). Local and systermic dinseal
repercussions of the Vo, anrsodyres envenomation in chiklren and
i adulis have Been woell documented {Luki.l-.' el al., 2006 Karabuva
el al, 2006a) V. & ammodytes venom s a complex mixiure of
enrymatic and noreenrymatic components producing diverse
pathophysiolagical effects (Georgieva el al, 2008, Krizaj, 2011;

E-rmiadl addrrases: Sﬂ:lhul.k.ilihud.ﬂl sailoom (5 Karabuva ) bors. lulsicl @sc
combr (B Lukf'), ivicabrizio@nechr (L Brizifl  soricalacinevic®ijssi
[ Latinowic], Adrganalsonaedisbipsi (A Leonardi), igockonizaj@ips [L Knizaj)

horps: ke orgf 10,00 bS]} peed oon 30T 1003
D041-0800 M5 3017 Elsevier Lud. All righes reserved.

2008; Karabuva el al, 2016a) Cordiotaxicity has been only rarehy
reported, however, when emerged it caused life threatening
insrahiliny of the patient due o severs myocardial dysfunctions, for
example various rhythm abnormalites and even myocandial
infarction [Aravanis el al, 1982; Lukiid er al., 2010]. Toxic compo-
nents of tee V0. ammodyles vepom inducing neurobogical impair-
ments have been thoroughly described from  Bochemical,
milecular, immunological and ather aspects (Krizaj, 2001; Sribar
el al, 20141 Also the venom components alfecting haemosiasis
are well known (Sajevic et al, 2011, 2013). On the coniracy, mio-
becular basis of the Vo ammodyles venom cardiotoxicity is scill
unidentified. We documented previously a dose-dependent car-
diotoxic effed of the standardifed crude ¥ o dmmodyles venom
and its gel filrration chromatography fraction © in a model of
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isolared raf heart [LukSic et al, 2008; Karabuva et al, 2016h).

Aiming to define, which component of the venom [raction C i
responsible for the observed cardiotoxicity we split in this wark the
vemnom [raction Cinto four sublractions and tested each sublraction
for its cardiotoxicity. We determined protein composition of gub-
fractions and confirmed that ammodytin L (Atnl), 3 well-known
myolaxic protein with 2 sscreted phospholipase Ay (SPLA;) struc-
ture (Krikaj et al, 1991 is the main candiotoic mobecule of the 1V a
il e Ve

2 Materials and methods
21 Muoterials

Crude . & ammodytes venom was obtained rom the [nstitute of
Immunology Inc, Zagreb, Croatia. The venom was collected by
“milking” snakes from regions of Krapina (70%) and Samabor (30%]),
dried at the ambient Eemperature, lyophilised and stored in dry,
dark bottles at =20 *C until wed. All other chemicals were of
analytical and sequencing grade.

22 Methods

221 Reversed phase HPLC

The raw V. o amemodyles venom was gel filirated a8 described
{Barabuva et o, 20166} and the fraction Coollected in four separate
sublractsons (C1 o C4) Each of the sublractions was [urther ana-
Iysed on the HPLC (Hewlen-Packard Series 1100, USA) using the
reverded  phase C4  (RP-C4) column  (Aquapore  BU-300,
I = 4.6 num, 7 om) equilibrated in 00X (vjv) rifluoroacetic acid
in water {solution A) at Mow rate of 1 mijmin 500 pL of each sub-
fraction was dilited with salution A to | mL before the analy<is.
Proteins retained on the column where subsequently eluted with
solution B (90 acetonitrile in solution A) at the same flow rate,
using the following gradient: 0—20% in 5 min: 20—45% in 15 min:
45—60% in 5 min; 60-100% in 5 min Elution of proteins was
manitored by measuring the absorbance of the mobdle phase at
215 nm [Agg). Chromatographic ractions wers collscted manwally
and drsed in a vacuum concentrator [Savant, USA) Further analyses
were performed at the ambient temperatune.

222 5DS-potyacivaiide gel elecroplionesis

Profein EDI‘]‘I‘NR.i[iDI'I of the RP-HPLC sublractions Cl 1o Cd were
analysed by SDE-PAGE using 12.5% (myjv) polyacrylamide gel under
non-reducing condilions aceording to Liemmli (1970]. Molecular
muss standards were [rom Fermentas {".I'jl.l'l.iL‘l!-,I ].i[hl.‘lﬂl'l.i.l]. Proteins
were visualized by silver straining,

223 Concentralions of vemnom prolétns used it experiments on mat
heart

Lukdid er al (2008) reported cardiotoxic eflscs in isolated rat
heart using the fnal comnary Oow [(OF) venom profEin oonceén-
trations of 7.5, 235 and 375 pgiml, and Karabuva et al [20166)
registered cardiotoxicity of the venom gel filtration fraction C in
equivalent dodes. With an estimation that the subfraction C1 con-
Lains 30% (mm) of ttal protein content of the fraction C, we used
in our testing the final CF concentrations of 2.3, 6.8 and 113 pgfmL
of thig subfraction. The subfraction C2 was estirmated to consist of
16% (mm) of all profeins present in the raction C £0 it was tested in
doses 1.2, 3.6 and 60 pgiml As approximated, the sublraction C3
harboured 21% (mim) of the fraction C proeing. 1T was probed
therefore in concentrations 16, 4.7 and 79 pgimL Finally, the
suldraction C4, representing the remaining 33% (m{m) lraction €
proteing, was applied to the Bolated rat heart in the final CF con=
cenlrationg of 2.5, 7.4 and 12.4 pgfml

AL was prepared as described (Gubeniek et al, 1980; Thowin
el al, 1983; Kriiaj er al, 1991) amnd dissalved in water at 100 pg/
mil. Esch solated rat heart was exposed o Al at the final CF
concentration of 1.0 pgiml

224, Rat heart preporation and reconding of heart furctioning
Cardisc experiments were done using Langendarll model of the
isolated perfused rat heart as previously described {Karaloova et al.,
2016b) The lolkvwing heart parameters were recorded: Heart rate
(HRE — betagfmin) was measured s atrial beats in ex wvo hears,
Arrioventriculas [AV) conductson time (ms) was determined a5 the
period between the right atrial beat and the right ventricular conus
beat. This parameter was wisd ako o determine the prolongation
ol AV conduction time in order 1o define AV blockade, which was
registen=d as a condition when one or mone, but not all of the atrial
impulses were unable to pulse @ the ventricles. Ventricular
tackeardia (VT — N amd X) wad defined a2 four of fore consecutive
wavelorms of ventricular activity, and a faster ventricular than
atrial rate. Ventricular fibrillation (VF — N and X) was noted by the
presence of irregular action in the ventricular slectrocardiogram,
and by the absence of pressure generation by the lelt ventricke. No
electrical and mechanical activity of the myocardial muscle was
congidered a9 asystolic cardise arrest (ASYS — N and X Coronary
fow (CF — mlmin] and the pressures in the lelt ventricle {mmig)
[develaped belt ventricular pressure — devIVE, diasmolic [&lt ven-
tricular pressure — dIVP and systolic &t ventricular pressure —
SIVP) where meruned 38 previously described (Karabuva et al,
216l Biochemical markers of heart injury, creatine kinase (CK),
lactate dehydrogenase (LDH ), aspartate aminotransferase (AST ) and
troponin [, were measured in the 3 min alter the heart was
expased toa venom sample by taking bood sample fram the sinus
effluent, according 1o the methods presented in Luk3id et al. (2008],

225 Experimental profocal

Wi used the dame experimental Setup as deseribed in Karabuva
et al. [2016h). Biochemical markers of myocardial damage were
measwred follvwing 3 min of exposwre of the heart to a venom
sample, when cardiotoxic effect has already been fully developed.
Al handling and procedures with wsed animals were in strict
accordance with e EUF Directive BE/GOSEEC, and Convention 123,
thee Directive 201063/ELL Ethics Committees ol the Modtar Uni-
versity School of Medicine and Split University School of Medicine
approved all experiments on animals.

226, Stotistical anolysis

Cualitative varishles are grﬂmm as gounts (N) and percent-
ages, and were tested using 3 -test. Quantitative data are expressed
a5 mean + standard deviation (mean + S0 and were tested with
analysis of variance (ANOVA) and Kruskal-Wallis test, followed by
post-hoe Bonferroni of Tukey's multiple compardons. Data were
calculsted using 5P55 Statistics [version 140, PSS INC, Chicago,
Minois, USAL P value < 001 was considered as statistically
significant.

227, Neterminal profein sequemncng

N-terminal amino acid sequendng of proleins wis accom-
plshed using a Procise 4924 Aulomated Sequencing System
(Applied Bicsystems, USA)L

228 Muoss spechrometry

Profeins have been analysed using electro spray ionization
quadrupole tme-of-Might tandem mass spectrometry (ES1 Q-TOF
MSMS: Waters Micromass, U] a2 deseribed (Sodic ot al, 2016)
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3. Resulis

. Preporation of the veram subfroction

Using gel filtration chromatography, the raw Vo amrmodytes
wenom was separated in four major fractions, A to 0. Most of the
wenom cardiotoxicity was concentralied in fraction C (Earabuva
el al, 2016h). To narmow a complement of venom proteing which
ctivity i potentially directed to heart, we subdivided fraction C by
collecting it into four separate test tubes 1o obtain sulbfractions C1
1o C4.

32 Effects of the wemom subfroctions on the mar heart ex vivo

Venom subfractions C1, C2, C3 and C4 were tested for their ef-
fects on HE, CF, sLVE, devi VP and dLVP in the system of the iselated
perfused rat heart (Langendoell modell The moast prominent
change in HRE was produced by the subfraction C1 af its highest final
CF concentration 113 pglmLl (Table 1, Suppl. Fig 1) All hearts
exposed (o such dose of the subfraction C1 (N = 10) sulfered irre-
verdible cardise arrest abready in the 3™ min of envenomation
period, mipported with an abvious statistical significance (1.0 = 0UD
beats/min vi. 2012 + 3.9 beats{min al the tme 0, P< 001 Table 1)
Also, all 10 hearts that stopped beating ended in asystolia with VT
preceding VE AV blockade was not registersd while esting sub-
fractson CL In accordance with elearophysiological changes, pa-
rameters of contractile function changed in conformity with the

irreversible mgn:u:amul contracture. Therefore, CF significantly
decreased in the 3 min of exposure 1o the highest doce of sub-
fractson C1 (4.3 = 02 mlfmin vs 11.2 + 02 mljmin at the mme 0,
P 001), and alse in the 13 min, this i 3 min after stopping the
venom sample delivery (36 + 0.4 miJmin vs. 112 = 0.2 mlfmin at
the time 0, P « 001; Table 1). Decrease of devIVP from
NE4 = 12 mmHg ar the beginning of the experiment o
12 = 0.4 mmHg in its 3™ min was accompanied by an increase of
ALWP from O meHg 1o 592 = L2 mmblg in the same time span
[P 01 ; Table Th A pwio kvwer finad CF concentrations tested, 2.3
and 6.8 pgfml, sublraction C1 did not induce any significant toxic
effect an the rat heart (Tables 1 and 2, Suppl. Fig 1),

Subfraction 2 affected the rat heart in a similar way a8 sub-
fraction C1. Cardiotoxicity of this sublraction was registered only at
the highest linal CF concentration tested [ 6.0 pgfmL), at wihich it did
not induce cardisc arrest (Tables | and 2, Suppl. Fig. 1) U was
manifested as irreversible and statistically significant decrease of
HE in the 3 and 13" min (2350 + 6.7 beatsjmin and 2337 = 56
beats|min, respectively, vs. 2921 + 3.7 beats)min at the beginning
af the experiment (P« 0.01; Table 1), and significant kwering of CF
in the 13™ min in comparison 1o the time 0 (8.0 + 0L mLjrmin vs.
1L0 = 0.2 mlJmin, P 001: Table 1) Na chythm disturbances wiérne
naticed dusing experiments with sublraction C2. Mentioned car-
diotoxic relations of heart contracture were in accordance with
statistically significant decrease of the devLVF and insignificant
increase of dIVP (Table 1, Suppl Fig |

Venorm sublractions C3 and C4 did not affect amy of the candiac

Cardice pararestirs miesdansd inthe Laage nderlT mioadel of the olaved penfised ran beasr. Bar heams wien perfussd with thves different doces of seblireaions C1 and O3 of the
.. asmmaadytes venom gel filration dromasegra phy fracten C and the solution of Anl Hean race (HR), corenary few [(TF), syseoles lef il [=1%F], devek d
ledft wenaraoalar pressane {dewlVF) and Sacole left venoioular pressuce (dIVP ) wiere regirered in each experiment in daee different time pn'n.l.:. a :hehg;ln.rungd'me
expesiment, after 3 min of the sample delivery and 3 min afies the siege of the sample delivery, All values are expressed as mean + S0 of e independ

tested wing ANOVAL
Selbfiraction [aglml] T Candlac parameners [mean + 50]
[imie] HR o SLVF e VP ALVE
| bears/min] Jmljmin] [miHg] |mumHg| |mrkg]
Caniral IO + 1.6 T 1160 + 23 116D+ 23 [
cljz3y
o HEE 4 14 103 + 02 1163 + 24 1163 + 24 o
3 15414 102 + 01 1156 + 15 1156+ 1.5 o
13 W62+ 13 101 & 00 1151 20 1151 + 20 a
Cl |65
a A+ 21 102+ 032 1166 + 25 1166 + 26 a
3 33427 102 + 00 1151 £ 12 1151+ 1.2 a
12 03 4 25 101 & 00 1145 & 14 1145 + 1.4 a
ciia)
a T 1 | 102 + 032 1164 £ 13 1164 + 1.2 a
3 10 +00" 43 02" 604 5 147 1.2 & 0 582 s I
13 10 +00" 16+ 0" 623 107 (W T 537 = 11"
Caniral 3.1 4+ 25 101 & 00 116D + 15 116D+ LE o
c2La
o 2427 102+ 02 1162 £ 12 1162 & 1.2 o
3 EAE 4 24 102 & 00 1158 £ 1.3 1158 & 1.3 o
12 65+ 1.9 100 + 01 1153 12 1153 + 1.2 a
L2 [35]
a WIT 423 100 + 03 1169 +23 1169+ 23 a
3 e A | 108 4 00 1166 + 2.1 1166+ 1 a
13 65+ 23 108 + 03 1153 £ 20 1153+ 20 a
C2 |6
a 0.0 4 27 1.1+ 02 167 £ 12 16T £ 1.2 a
3 1350 = &7 LEPT 6435207 913+ 17 10 206
13 1317 = BE &l + 1Y G40 13 10+ 117 35 04
Caniral 05+ 23 101+ 02 1162 £ 1.7 1162+ 1.7 o
Al [1.0]
o 0.0 4 27 100+ 00 1158 £ 1.3 1158 + 1.3 o
3 12002 4T &1 203" B+ 15 778 3 1.5 123 = 04"
13 2194 = 517 T3 200" B2 13" 6D+ LE 13.1 = 06"

P Q00 v controld candia paramese s
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Fig. L BP-HPLLC separation of ¥ o amnsodyre subliractiesns C1 (o 04 Sehiracions C1 5o Cd, obtained by ged Ararion cheomaiograply of the raw | @ ammadyles vesam, wene
appliad on Aguapore BU-300 ({30 « 46 mim, 7 om) colusen equilibrased s 0X{v[v) eriflucraoetss acid s waser (solution AL Hution af the column-Sostd mol cosles wid achieved

by grad

Tabile 2

By iareasing e conc i

of solemon B (90% {v/v) acetonimile in soliton &) a5 desgnaned Analyses were perfonmed 0 the Now rate of | mbjmin. The eorbaece
wrk monsored A 215 nim (M) Mussbered peaks were asllected and dried before snateral sk

Binchemical markers of syocardial damage in the Lasgendorll medel of the isolated perfused raf hear. Rar heans wene perfused with thoee diferent doses of sub-
phiy Iraction C aned e Solution of Al Creating kinase (CK), lomane dehydrogenase [LH], aspartan

Tractiens O = T4

afuhe V a. iy

1 flloration ch

I e

d in each

[AST) and mreponi
expressed as means = S0 of e indepenodent Measure Menrs, a6 tesied sing ANOVA.

1 iy whee sirvess efflaent of the Bolased rar heart afver = min of the sample Ssliveny. All valess ae

Sublracrisn cnnmura:immg Ii.l Eachermmical Pﬂmuﬁ ll Wl 4_-5I:l|
[=3 Lo AST Toopsain |
iy iy JILL] TgiL)

Conred 211 2 S 034 + 016 318 + 055 0ol = 00l
1

23 237 4 098 037 £ 015 2334 111 002 = 001

[T 243 5 088 091 + 034 BE5 + 099 007 = 002

113 7914 + 203" |50 4 1 88 FHLIE 4 447" 778 = 004"
ol 237 4 051 033 + 020 3894+ 111 02 = 0l
2

12 235 4 2 137 + 134 388+ 138 003 = 00l

36 317+ LIS 191 + 068 503 + 232 007 = 003

&0 14.68 3 210" 1971 3 124" 17634 3 278" 500 = 0z’
ol 236 3 076 054 + 0,19 376 + OGS o3 = 00
[

16 237 4 097 079 + 013 377+ LIS 003 = 00

47 346+ LOL 059 + 043 443 + 097 003 = 0

79 373 4 099 121 £ 037 473+ 100 0ol = 00l
ol 18E 3+ 037 044 + 016 179+ 074 003 = 00l
4

15 261 + 52 086 + 0,14 308 + 119 0o = 00l

7.4 246+ LEL 113 + 055 439+ 110 003 = 001

124 173+ 103 136 + 036 453+ 103 0o = 00l
ol 176+ 023 045 + 0,11 336 + 056 02 = 00
Arsil

10 15.37 + 213" 2423 4 216 173,64 + 426" 578 = 004"

P D01 ve, coantred cardla parameners.
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parameters measured (Suppl Table 1)

The extent of ryocardisl damasge has been evaluated by
measuring concentrations of enzymes, CK, LDH and AST, and
troponin | in the sinus effluent of the isolated rat heart after 3 min
of expodure of the heart (o venom samples, at the paint when
cardiotaxic effect lwas already been fully manifested. While venom
sublractions O3 and C4 did not influence these biochemical in-
dicators, subfractions C1 and C2 drastically increased their con-
centfations in the rat heart perfusate (Talsle Z). At the highest
concentration tested (113 pgiml), sublracton C1 induced 38-lald
increase in CK activity, 825-fold increase in LOH activity, 126-Tald
increage in AST activity and 778-fold increase in troponin | con-
centration in the sinus effluent (Table 2) The highest concentration
of subfraction C2 tested was 6.0 pg/ml, and this induced 7-fold
increage in CK soivity, 60-fold increass in LDH activity, 45-Tald
mcrease in AST activity and 251-fold increase in troponin [ con-
tent in the perfusate (Table 21

Presented results clearly show that cardiotasscity of the V. o
arfuraodytes venom B confined to sublractsons C1 and C2.

13, Biochemical characrerization af the vénom subfractions

To get an idea about passible cardiotoxic companents in sub-
fractions C1 and CZ of the Vo ammodytes venom, sach sublraction
wiad chromatographed on the RP-HPLC Cd eolumn and the sepa-
rated polypeptides  structurally characterized. Peptides of
BO0—1200 Da eluted from the column during the first 10 min of
atalisis then proteing followed (Fig. 1) Molecular identity of pro-
IEins was specified by Edman sequencing and MS {Table 3). In al
four subfractions different sPLA;S, ammodytoxing [Ams] and
amimodytind (Atnd) (Kriky, 2011) were detected An sPLAx-like
protein Atnl (FKria et al, 1991 ) and a cysteine-rich secretory pro-
tein (CRISP) were discoversd exclusively in bath cardiofoxic sub-
fractiond. Due (o its well established myotoxic activity, AL
appeared as the main candidate protein o act adversely on heart.
From RP-HPLC chromatograms in Fig. | we estimated that Atnl
represented 28X (mm) of proteind in subfraction C1 and 13% (mfm)
ol proteins in subfraction C2. On this basis we conchueded that
probing the pure Aml on rat beart af the final OF concentration
1.0 pgfml should undoubtedly reveal whether the molecule B
cardinlaxic or ndel.

4. Effects of the Aml on the ral heart ex viva

To verify our assumplion of AInL s the venom component with
candiotaxic JEI:il.rjl'!.r wie measured the elfects of the pure Arnl an the
isolated rat lveart [Talde |, Suppl. Fig. | L Perfusion of the hearts with
the selution containing 10 gl Atnl significantly lowered the HR
abmerved in the 3™ and 13 min of the experiment (2210 =+ 43

Tabsle 3
Strwcnsral identification of proteins s sublractions C1 te C4. Dry RP-HPLC frac-
tions [Fig. 1) were dissoberd in 20% () aceronitmile. Moleodar masses of proteing in
Trastions were deremined using ES Q-TOF MSBAS whie their N-renmuinal amins
i sy by d Eman de grad Sytin 11z}
L, Arrd 1L amvmod yrain AJRJC, ADGAEAC; cysaeine-rich secretsay protein, CRISE.

Fraction Edman sequencing M+ H™ [Da] Protin
1 SVIEF 13658 ArnL
2 NLYgF 13628 + 13558 Arnly
3 SVOFOSER 24674 CRISF
4 HLSQFCIM 13700 + 136E3 Arnly
SLL 13745 Ar
5 NLYGF 13623 + 13558 Arnly
6 SLL 13779 + 13746 AruARIC
13780 + 13778 ALsAH

beats/min and 2194 + 5.1 beats{min, respectively) comparing o
the initial valse (2921 + 37 beatsfmin, P 0.01: Table 1) Also the
CF vahwes ponsiderably decreased from initial 11.0 + 0.1 mLfmin to
Bl = 02 and 7.7 + 0.1 ml{min in the 3rd and 13th min of the
experiment (P 001; Table 1) The same happensd to sSLVP and
dev[VE The first reduced from the initial value of 115.E + 1.3 mmHg
090 + LEmmHg in the 3rd min and 892 + 1.2 mmbyg in the 13th
min of experiment, while the Later dropped  from
N5.E + 13 minHg st the time 0 o 72.8 + L5 swnHg in the 3rd min
and 76.2 x 18 mmHg in the 13th min of experiment. Oppaositely,
dIVP went up from O mmHg (min 0) 0 123 + 0.4 mmHg (min 3)
and 131 + U6 mmHg [min 13} Amy af the shserved cardiotoxic
ellects did nol revert lollvwing cessation of the delivery ol Atnl
meaning that the damage caused by Atnl to the beart was irre-
werdible [Suppl. Fig 1) AL induced AV blockade in all tegted hearts
[N = 10], but no other type of arrhythmdas, AV Bockade scourned
always about 3 min from the start of the AtnL delivery to the heart
and lasted during the whole experiment. No candisc armest wis
regrtened at 1.0 pgiml Aml.

4. Disgussion

As we reported, the Large majority of cardiatoxicity of the V. o
aifumodyles venom was concentrated in its gel filiration chroma-
tography fraction C (Karabuva er al, 2006b). s lfects on the heart
wiere similar 1o those inflicted by the raw venom [Lukiid er al,
2008} Fraction C caused considerable decrease of HRE and CF,
together with the increase of dIVP joined with the decresis of IVP
and deviVP In thig work, the venon [raction C wis split by gel
filtration chromatograply into four sublractions, C1 o Cd, and
tested in the Langendorll model of the solated perfused rat heart
for their influence on the following cardise parameters, HR, CF,
SLVE, devi VP and dIVE. Sublractions C1 and C2 alTected these heart
parameters in a very similar way as the venom fraction C (Table 1
aned Suppl. Fig. 1: Karabuva et al, 2016b) while sublractions C3
and €4 were ineffective even at the highest doses (Swppl. Table 1)
Subfractson C1, at the highest dose tested (113 pgfml), induced
irreversible asystolic arrest of rat bearts. Cardiac arrest did not
ooowr at alower dose of sublraction Cl (6.8 pgfmlL) a< also not at the
highest dose of sublraction C2 rested (60 pgfml) suggesting its
dependence on the concentration of the cardiolosic component]s)
To identily proteind present in the venom sublractions, each sub-
fraction was chromatographed on the RP-HPLC (Fig. 1) and the
separated components subjected to Edman degradation and ES1 Q=
TOF-MS/MS analysis. Atnl, & myoloxic sPLA-like profein (Krizaj
el al, 19591), and a CRISP molecube [Yamazaki and Morita, 2004},
wiere exclusively found only in cardiotoxic sublfractions C1 and CZ
[Tabde 3L which exposed these bwo proteins i< posdible heart-
targeting components of the venom. In all four sublracsons
mixture of different sPLAs, Atnly, Atnly and Axs, was also detected
[Fig. | and Table 3] but, & demonstrated by the absence of amy
effect of sublractions O3 and Cd on the rat heart, these molecules
were nol cardioboxic.

Increased levels of biochemical markers, CK, LDH, AST and
wrapoinin 1, in the sinus efluent of the Bolated rat lbean follovwing
exposure of the heart o cardiotoxic sublractions C1 and C2
revealed that injury of the heart ook place (Table 2) This suggested
myoloxic Atnl a8 the most plassble cardiotaxic substance in the
wenom. Strongly supporting such astumplion, the extent of the
miyocardial damage reflected in the level of biochemical markers in
the leart efflusnt corresponded to the concentration of AtnL in the
heart perfusate. We wltimately confirmed that Amml acs car-
diotexically by exposing the rat heart tothe pure Atnl obtaining the
aarme main effects on the heart a5 with sublractions Cl and C2
[Tabdes 1 aid 2, Suppl. Fig 1)L Atxs, enzymatically active paralogs of
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AnL, which we were not able to lyse musche cells (Krizaj e al,
19971 ) woere aloo mol able [o affect the heart 28 we demonsirated
(Suppl. Talde 1, Fig. 1 and Table 3). Cardiotexicity of Al is most
likely the consequence af i1 myoloxiaty. A myotoxic sSPLAz male-
cule, Lys49 sPLA; protein rom the wenom of a pit viper Agkistrodon
p. piEcivorus, has already been indicated as being cardiotocic
[Dhillon et al, 19871 18 s also knowmn that venomds of snakes from
the genus Bothrops contain igh concentrations of sPLAz myoloxing
and that cardiotoicity is a common coude af death after Bathrops
snakebite (Sifuentes e al, 20081

In the fimal OF concentration L0 pgfml, Al induced in the rat
Beart all of the effecs that were inducsd also by the Vo ammaodples
vemom subfraction C1, with one exception. The AV blockade was
recorded in the case of pure AL bul not also in the case of the
vemnom sublraction C1. This may indicate that besides Aml addi-
tional component exists in the nose-homed viper venom that
madulates the heant response. Candsdate molecule to be further
eiplored in this dirsction is obviously 4 CEISP molecube that was
ako present just in the two candsstoxic venom sublractions (Fg 1
and Table 3). Certain snake venom CRISP: have been demon-
strated o inhibit voltage-gated or cyclic nucleotide-gated ion
chanpels in miuscle edlls (Yamuzaki et al, 2003 Yamazaki and
Mborita, 2004; Ramazanova et al, 2009) and swch function oy be
anticipated also for the ¥ 0. ammodytes venom CRISE.

There are sx endemic species of vipers in Europe. Although
rarely, cardsotoxicity has been undoubtedly recorded in patients
poisoned by the nose-homed viper (V. o omiemodyles) venom
(Aravanis et al, 1982 Luk3id et al, 2010), the adder [V heruws) venom
{Chadha &t al., 1968 Moose, 1988: Magdalan et al., 2000 Ceajlea
et al, 013; Henge el al, 2015) and the asp viper [V aspis) venom
(D Haro et al, 2009}

The ¥ bheri wenom can induce electrocardiographic T wave
inversion or flattening, STelevation, second degres AV black, brady|
tachyasrhythmias, atrial fbrillation and myocardial inlarction
({Moore, 1988 Mapdalan et al, 2000; Crajka et al, 2003: Hange
et al, 2015} Arguments for a direct toxic effect of the adder
vemnorm on the myocardium have been also presented in the case of
a 1d years ald infant [Chadla et al, 196E). Existence ol AInl in the
W berus wenom has been confirmed [Latinovid et al, 2016) so we
suggest that Atnl is mainly responsible lor cardiotoxic effects alsa
in the case of the adder venam poisoning.

Direct intesvasculas injection ol the \ aipés venom induced
massive myocardial injury amd led to a rapid death af 2 45-year-old
man {De Haro et al, 2009). The expression of AtnL in this venom
has not been conflirmed yet but it is passible that, similarly 2 in e
case of peuroioxic Amxs, the myotocic V. aspis snake population
appeared a3 a result of hybridization between W aspis and
W ammodyles species (Ferqued et al, 2007).

Cardiotoxicity is usually an irrelevant elfect al envenomation of
hurmans by one of the European vipers. Exceptional in this respect
can be the cases where snake injects it venom dirsctly into the
blsod stream { De Haro et o1, 3009) ar in the vicinity of the heart of
the wictim. Exceptional can also be envengmations of young people
as snakes do not adjust the volume af venom ejected Lo the body
s ol o prey of predator allowing cardislonic components 1o
reach the elfective concentrations in the blood {Luksic et al, 2000).
Cardiotaxicity i probably more regular way 0 subdue rodents,
natural prey of vipers, Wi demonstrated here that the main car-
diotoxic molecule in ¥ a. ammodytes venom, a8 likely alo in
vendms of the other European vipers, is the myotoxic sPLAz-like
protein Atnl
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3.4 Znanstvena publikacija 4: Strukturna in biokemijska karakterizacija
molekule VaFl, fibrinogenolizne metaloproteinaze P-llla iz
modrasovega strupa

Objavljeno: Leonardi A., Sajevic T., Latinovi¢ Z., Pungercar J., Lang Balija M., Trampus Bakija A.,
Vidmar R., Halassy B., Krizaj I. (2015) Biochimie, 109, 78-87

Modrasov strup je vir bioloskih molekul z izrazitim vplivom na sréno-Zilni sistem. V primerjavi z
gadovim strupom ima vecji nabor hemostatsko aktivnih proteinov, kar je podrobno opisano v
znanstveni publikaciji, predstavljeni v sekciji 3.1. Molekule lahko delujejo prokoagulantno, tako
da aktivirajo FX, protrombin in/ali fibrinogen, oziroma antikoagulantno, tako da cepijo
fibrin(ogena), inhibirajo koagulacijske faktorje ali uinkujejo na proces agregacije trombocitov.
Sirok spekter omenjenih aktivnosti imajo MP iz KS, ki jih delimo na tri razrede: P-I, P-Il in P-Ill,
glede na njihovo domensko sestavo.

V tej znanstveni publikaciji smo podrobneje opisali osnovne biokemijske znacilnosti nove
fibrinogenolizne MP iz modrasovega strupa, ki smo jo poimenovali Vipera ammodytes
Fibrinogenaza 1 (VaF1).

S pomocjo zacetnih oligonukleotidov, pripravljenih na osnovi ohranjenih 5' in 3'
neprevajajoCih se regij mRNA za P-lll MP, smo v cDNA knjiZznici modrasove strupne Zleze nasli
celotno aminokislinsko zaporedje VaFl. Z MS analizo smo dolocili 34 % aminokislinskega
zaporedja zrele oblike proteina. VaFl ima MP, disintegrinu podobno in s cisteinom bogato
domeno ter nima prostega Cys. Omenjene karakteristike jo dolo¢ajo kot MP razreda P-lll. Poleg
tega smo dolocili bioloske tarce oziroma substrate VaF1, komponente hemostatskega sistema.

VaF1 ima molekulsko maso 49,735 kDa in je N-glikoziliran protein z dvema potencialnima
mestoma za N-glikozilacijo. Skladno s tem se pojavlja v ve€ izooblikah z izoelektri¢nimi to¢kami
okrog pH 5,8. VaFl specificno cepi a-verigo fibrinogena. Poleg tega cepi tudi proteine
koagulacijske kaskade, kot sta FX in protrombin, ter plazminogen, vendar tako, da jih ne aktivira.
VaF1 Sibko hidrolizira proteine zunajcelicnega matriksa in bazalne membrane (kolagen IV,
nidogen in fibronektin), vendar ne povzro¢i hemoragije v miskah in vivo. Kljub prisotnosti
kolagen-vezavnega aminokislinskega zaporedja v domeni D, VaF1 nima ucinka na agregacijo
trombocitov.

Kot encimsko aktiven protein, Cigar delovanje preprecuje normalno strjevanje krvi, je bilo
treba preveriti, ¢e ga prepozna anti-Vaa. Anti-Vaa kot tudi anti-H ne prepoznata VaF1. Anti-H je
prepoznal protein VaF1 le v Cisti obliki, ne pa tudi v surovem strupu. Toksini, ki jih protistrup ne
prepozna, lahko povzrocijo zaplete pri zdravljenju zastrupitve s seroterapijo. Z identifikacijo
takih toksinov, kot je tudi VaF1, lahko torej izboljSamo tak nacin zdravljenja.

S tem delom smo potrdili tudi naso drugo hipotezo, ki trdi, da modrasov strup vsebuje a-
fibrinogenaze. VaF1, ki s cepitvijo a-verige fibrinogena deluje antikoagulantno, je primerna
terapevtska ucinkovina za defibrinogenacijo.

Moj prispevek pri tem znanstvenem delu je bila izvedba izoelektricnega fokusiranja vzorca,
analiza cepitve fibrinogena in imunoloske analize. Poleg tega sem pomagala pri pisanju
eksperimentalnih metod in pri analizi pridobljenih rezultatov ter pripravi slik.
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coagulants, lysing fibrin{fogen), inhibiting coagulation factors and
interfering with platelet aggregation [4L Of these proteins,
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metalloproteinases (MPs) have the broadest spectrum of activities, a
o mce of their modular structure. Snake venom MPY (5WMPL)
are fn-*=-dependent enzymes that are synthesised in venom glands
as multidomain, inactive zymogens and subsequently activated by
thee cysteine-switch (Cys=twitch) mechanism, common [o SV= and
rmatrix MPs |5,6]. According to their domain organisation and post-
translational processing, three major classes of SVBPS exist [7] In
thie P=l clads, the pro-domain is followed by 2 catalytic MP domain.
Twe matils characterise the catalytic slte in the MP domain, the
Zn**-binding maotif {HEXCHONEOM) and the methionine-turm [C-
I=M1=5-X) [E] P-Il S¥MPs are composed of the MP domain and a
digintegrin domain, and serve a4 precursors of disintegring. In the P-
I class SWBAPS, the MP domain is ollewed by a disintegrin-like (dis-
like) and a cysteine-rich {Cys-rich) domain. Depending on the [ype
of maturation of the P-I1 and P-IT class SWAPS, which can be
dimersation, proteclytic processng and inter-molecular disulphide
bond formation, these molecubes are further categorised into sub-
clagses [Pella—g, P=llla—d] SVMPs are structurally and evolutionarily
related 1o plysiologically and pathologically important mammakan
ADAM [ A Disintegrin And Metalloproteinase) proteins |9]. Together
thiy belong to the reprobysin family of the M1ZE clan of zine met=
allsproteinises [MERDPS clisafication: hitp: [fmernops simger.ac.uk)
cpgi=bi o Lamsum Harmily= 1ZE)

Degradation of plasma fibrinogen & one of the mast pronounced
climical effects following snake bites and is caused by metallo- and
serine profeinases. SWMPS are directly acting fibrind ogen)ol ytic
enzyrmes, Le, they do not require additional Dotors fram the blood
lior their activity. They cheave preferentially the Az- or Bf-chain of
fibringogen) and, accordingly, are rélernesd o as o- o f-flrinogen)
ases | 10L SWMPs are not inhibited by human serum proteinase
inhibitors (serping), which makes them wvery useful in the devel-
opment of diagnodtic tests and therspeutic agents |11]. For
exarmple, this characteristic is one of the main advantages of SVMP-
based anti-thrombotics aver the anti-thrombotics currently used in
thee clinic. The lamer affect coagulation indirectly by activation of
the endogenous Gbrinfogenjolyiic system (Le activating plasmin-
ogen) and are readily inhibited by serpins.

Since haemorrhage and necrodis are the most pronounced clinical
effects in humans ollowing envenomation by nose-homed viper
[Vipern omemodytes ammodytes, Vaa) venom, the proteolytic compo-
nents of this venom have been smdied intensively All four potent
Vg hemmorrhaging characterised so far VaH1, VaH3, VaH4 and
ammodytagin, have pronounced librinogenolytic activity |12—15).
Non-hemorrhagic ammodytase acts a5 a potent fibin{ogen jase | 16],
while FX activators, VAFXA-] and VAFXA-IL express bow fibrinoge-
nolytic sctivity | 17]. A serine protease [5P) with fibsinofgena)lytic
activity, VasPl, has recently been purified from Vaa vemom | 18] e
report here the purification and soensive bischemical characteri-
sation, incleding complete primary structure determination, of a
new a-fibrincgenclytic MF, VaFl [V ammodyes banogenase 1)
This molscube is not hemorrhagic. In standand experimental condi-
tions it B nol recognised by Vad venom anSerum, Suggesting s
participation in delayed pathological effects following serotherapy of
envenomed patients, possibly a5 an anti-coagulant

2. Materials and methods

Crude Voa venom wai oblained from the Institute of Immu-
nology, Ine., Croatia. Al other chemicals were of analytical or
sequencing grade.

2.1 Iselatéon of VaF!

WaFl was iselared in the course of pu:inc.rl:inn ul]nen‘mhag.ic
MP Va3 as described | 14] In the last step of VaH3 purilication,

FPLC on a Mano S colurmn (binding buffer: 20 mM MES, 2 mM CaCla,
5% (wiv) glyveeral, pH B.5; linear gradient elution from 0 to 1 M NaQl
in binding buffer], VaF] was eluted at 200 mb Madl. This raction
was tested for fibrinogenolytic and hemorrhagic activities. It was
concentrated and dialysed against 20 md TrisfHO buffer, 2 mM
CaClz, 5% {wiv] glyeerol, pH 8.5 and applied onto an FPLC Moo
column equilibrated in the same buller. Bound proteins were sluted
with 4 30 min linear gradient of 1 8 NaQl in the equilibration buffer
at & Aew rate of 1 mifmin. Proteind were monitored by absobance
at 280 nm throughout the isolation procedure.

22 SDS-polyacrylamide pel electropharesis and ispelectric
Jocussing

SDS-PAGE on 12.5%, 10 or 7.5% (wiv) polyacrylamide gels under
reduicing and pof-redicing conditions | 19) was used to dnalyse the
isolated protein and cleavage products of different proteins
hydrolysed by VaFl. Molecular mass standards used were from
Fermientis (Lithuania).

IEF was performed on a Phast System (Amersham Pharmacia
Bintech, Sweden) using a PhastGel Boelectric locussing (1EF) 3—9
slab-gel (L35 = 43 = 50 mm) scording © O manufaciurer's in-
structions. pl (3.5-93) standards used were from the same
manulaciurer. Prodeing were visualised by Coomassie Brilliant Blue
R250 staining

23, N-Deglycosplotion

& g of dry VaF] were incubated with 1% (w/v] SDS at 100 °C for
5 min and mixed with 1L5% [w)v) CHAPS in 50 mbd MayHPO,, pH 75,
Half the sample was mixed with 3 U of peptide N-glycosidase F
{PN::F. Roche, l;!rl'ﬂ.!l‘l!i’]: the ather hall served as control. After
ceernight incubation ar 37 #C both samples were analysed by SDS-
PACE on 12.5% gel under reducing conditions.

24, Ediman sequencing and moss Spectromerry

N-terminal aming acid sequencing of proteins and peptides was
performed on a Procise 4924 Automated Ssquencing System
(Applied Bicsystems, USA)L

The molecular mass of natural VaFl was determined by MALDI-
TOF mass spectrometry (MS) as described in Ref. [15].

2 ng of VaF1 purified by HPLC and vacwum drisd was recon-
stituted in 10 plol 6 M wres in 30 mbd KHHOD. I was reduced by
adding 0.25 ul of 100 mM dithiothreitel (DTT) in 50 md NHyHCOy
for 1l at 37 °C. The mixture was then diluted with 10 pl of 50 mM
NH4HCOy and alkylated with 0.8 pl of 250 mM iodoacetamide in
30 mM MHaHCOz lor 45 min ot room emperaiure in the dark The
alkylation was stopped by adding 2.5 pl of DTT, and 50 mM
NH4HCOz then added to 90 pl, followed by 10 pl (005 pg) of
trypsin in 50 mM NH4HCOs. Hydrolysis proceeded overnight at
37 = The reaction was stopped by adding formic acid to QX (v]v)
final concemtration. The sample wid decalted and concentrated
using Vivapure C18 micro spin columng (Sartorius Stedim Biotech,
Germany] according to the manufacturer’s instructions, except
that formic acid was used ingtead of triflusroacetic scid. The
pratein hydrolysate was analysed on an oo [rap mass spectrom-
eter 1200 series HPLC-Chip-LOMSD Trap XCT Ultra (Agilent
Technologies, Germany). MS and tandermn MS [MS/MS) spectra
were searched against the Voo venom gland cDNA ranscripts li-
brary and the non-redundant NCEl database using the Spectrum
Mill (Agilent Technologies, CA, UISA) and Mascot softw ane (Matrix
Science, Lid., UK).
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25, cDMA sequence of VaF]

The cDMA sequence of VaF] wag obtained uging a cDMNA brary
ol mRNA transeripts from Voo venom glands and PCR primers
desigred seeording to the conserved 5' and 3" untranslated regions
of mENAs encoding P-II SVMPs, as described previously | 14).

26, Pratenlylic activity and specificity of VaFl

The fbrinogenclytic activity of VaFl and the specificity of
fibrinogen cleavage were examined as described [ 14].

The fibeinalytic sctivity of VaF] was examined using the mods-
fied fibrin plate assay of [20) Human fibrinogen {Hypen Biobed,
Framce] wias dissolved in 10 mM NaHPOy buffer, pH 7.4, containing
150 mM MaCl at a final concentration of 9.5 pgful. Fbrinogen so-
hution, in 300 pl aliquets, was sdded to the seells na 2d-well plate
and clotred by addition of 10 pl of 2-thrarmbin solutson | LODD Lyl
with gentle shaking at room termperaiurne. The plate was incubated
for 3 hoat 37 °C, then VaF1 (5 pg in 10 pl), of plasmin as positive
contral, was added on the top of fibrin clot and incubated for
anather 15 h. The enrymes were assayed in triplicate. Dissolution of

fibrin was indpectsd viswally.

The effect of VaFl on bovine factor X (FX), prothrombin and
plasminogen (Haematobogic Technologies, Ine., USA] was tested as
follows. 30 pg of each substrate was incubated with or without
[contral) 1 ug of VaFl in 55 pl of 50 mM TrisfHCL, 2 mM Cally, pH
B.S5 at 37 *C_ 10 pl aliquots were withdrawn after 2, 4 and 24 h and
analysed by 1258 SD5-PAGE under reducing conditions. FX, o-
thrombin and plagmin were uted a5 positive controls.

The proteolytic action of VaFl on the isolated extracellular
matrix (ECM) and baserment membrane (BM) proteing (ECMBM
proteins), murine Laminin, human type IV ollagen and bavine
fibronectin (Sigma, Germany), and on soluble BM matrix (BD
Matrige] Matrix Growth Factor Reduced, BD Biosciences, USA) was
exarined as described | 14).

Hydrolysis of insulin B-chain (100 ug) by VaF] (2 pg) in 50 mM
TrisfHCL, 2 mM CaCly, pH E.S, was followed by C4-RP-HPLC analysis
ol reaction mixture aliquats after 05, 1, 3 and 24 h of incubation at
37 L, a8 described in detail in Refl |17]. Cleavage sites were
dietermined by N=terminal sequencing of Bolated (ragments.

27 Hemorthagic activily

Hemorthagic activity of VaF1 (9 pg) was assayed according to
[21], and a8 previously described [ 22]

28 Mateler aggregation aisay

The effect of VaF] on collagen-induced platelel aggregation was
evalusted using the procedure of | 14]. VaF] was tested at 300 nb
COmcenlruso.

29 Thromibin generalion aisay

Thrombin generation in plasma was measured Muorimetrically
using Technothrombin®™ TGA reagents (Technockone, GmbH,
Austria). 40 pl ol contral plasma (TGA contred high, lyophilised)
wiere pre-incubated with 4 pl ol VaFl {1 pM final concentration ) for
2 min. The rm,gﬂa[inn cascade was then activated bj' addition of
10 pl of igsue Dactor and phospholipids (TGA reagent C(RC) Low)
followed by 50 pl of & Nuodigenic substrate fof thrombin [TGA
substrate [5‘.'3}}. Fluarescence was monitored a0 37 *C ar 1 min
intervals for 90 min using a Victor™ X2 multilabel plate reader
[Perkin Edmer, Finland) Software [wiwwlechnoclonecom) wis
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used [0 determine peak thromibin generation in nmolfl. The area
under the curve represented endagenous thrombin patential.

210 Western blot analysis

0.7 pgflane of VaF] and 2 pgllane of whole Vg venom wene
separated by SDE-PAGE on 12.5% (mjv) polyacrylamide gels under
reducing conditions, st 20 mA per gel for 90 min. Proleins were
tramsferred 1o a nitrocelluloss membrane { NC2, Serva, Germany ) at
roai tefmperatiine st 200 mA per gel for 90 min in Towbin trangfer
bufTeer {4 i Tris{HCL, pH 7.5, 12 b NaCl asd 205 (vfv] methanol )
Followring transfer, the membrane was incubated overnight with
either ralibbt anti-Van venom of anti-H serum [23,24) at 2 dilution of
1: LOO0.000 in 0.5% (wjv) Western blocking solution [\WES, Rache,
Germany) at 4 °C, lollowed by incubation with horseradish
peraxidase (HRP-conjugated secondary anti-ralsbit lgGs (1: 10,000
i 05X [wv) WES) for 45 min af room temperature. The bands
were visualissd with the ECL Lumi-LightPLUS Western Blotting
substrate (Foche, Germany ) and expogure o Amersham Hyperfilm
ECL{GE Healthcares, LK) following the manufscturer’s indiractions.

3. Resulis
AL Purifieatéon and Besic characlerfzarion of VaFl

A high mobecular mass fbrinogenolytic MP was Bolated from
the venom of Vao and named V. ammodyies fGbrinogenase 1 (VaF1)
using the well established procedures for purification of proteins
from Vag crude venom [12,17]. YaF] was eluted from hydroxyapa-
tite chromatography together with fibrinogenolytic and hemor-
rhagic MP VaH3. The two SVMPs were separated by FPLC on a Mong
5 column at pH 65 [14). Minor impurities present in the VaF1
fraction were remaved by FPLC on a Mono Q) column at pH B5
[Fig 1), The homogensity of the isolsted protein and it molscular
s were determined by SD5-PAGE and MALDI-TOF MS analyss
[Fig 2A) VaFl migrated on a non-reducing SDS-PAGE gel as a
protein of about 45 kDa. Under reducing conditions the mass of
VaFl was only slightly higher, revealing i3 monomeric mabure
[Fig. ZB) lts molecular mass determined by mass spectromelry o
40,735 Da. It i= an scidic profein with multiple isoelectric points
scattered around pH 5.8 (Fig. 2C) The dilfuse isoelectric point 5 due
1o glycosylation — its apparent madecular mass was reduced by
about 3 kDa when trested with PNGF (Fig. 2D) 170 wg of pure VaF1
wiad isolated from 1 g of crude Vag venom.

32 Primury structure af VaFl

Ediman sequencing of the natural VaFl failed, leading to the
psumption that the N-terminal amino acid residue of VaFl &
blocked. The reduced and alkylated profein was then hydrolysed
with trypsin and the resulting peptides sequenced by MS/MS
analysis. The sequences obtained were identified a5 parts af a
trandeript encoding a P-Ill MP PCR-amiplified from a Voo venom
gland cOMA library. The identified VaFl peptides cover 34% of the
mature part of ths aming acid sequence-translated ¢DNA ran-
scripl. They correspond to fragments of the MP, dis-like and Cys-
rich domains of the Pl SVMP molecule (Fig. 31 Being a

monomenic prolein, as demonstrated by SDS-PAGE analysis (Fig. 2),
it belongs o tse P-Illa subclags of the P11 SWMPS.

The complete mucleatide sequence of the VaFl precursor is
compased of 1845 base pairs (Fig. 3), coding lor a precursor profein
ol 614 amino acids. Its prepro-segment consists of two highly
condervid parts, a 20-amino ackd residue signal peptice and a 172-
aming acid residus pro-peptide. The latter includes the Cys-switch
molil PEMCGVT. Judged by it similarity to closely related SVMPs,
the fatisfe protein starts at Ghu and i< 422 residues long The st
residue of the mature protein, Glul, B most probably, 22 in the
closely related SVMPs, post-translationally modified o pyrogluta-
mate [25]. VaF1 i< an N-glycosylated prolein and two patential N-
ghycosy lation sites yre lound in 58 Sequence.

The non-redundant NCBI database was searched with the full-
length precursor and with the mature form af VaF]L As expected,
it wias fund o show the highest identity with some P-[1 SVMPs
[Fig. 4). Comparing only mature forms of these proteins, VaFl is
maost similar o the three tentative P01 MPs from Echis colorars
[ADITES2.1, ADI4TEI0), ADIMTEALY), showing BXX amimo acid
identity. 79% af the amino acid residues are identical 1o the rao
predicted Pl MPs from Echis corinotus socfumeki (ADIATSSEN,
AMNATEOLT). VLAIP-A (Q4VMOB) and VLAIP-B (Q4VMOT1]), gub-
units of the heterodimeric P=I11 MP [rom the venom of Mocrovipen
letreting, and VaH3 (KODO7435), the homodimeric P=lllc MP from
the same venom a5 VaF1, ane bess similar, with 62—635X, identity.

33 Protealytic specificity of VaF]

After incubating insulin B-chain with VaF1 for more than 24 b,
eleavage of only two peplide bonds was detected, Alald—Le 15 and
Tyrl6—Leul7. They were kydrolysed after only 30 min of
incubation.

34 Fitwinof{geno yiic aerivity

VaF1 hydrolyses fibrinogen (Fig. 5AL The band corresponding to
the Az-chain of fibrinogen disappearsd in about 30 min of inci-
bation with VaF1, while the Bfi- and y-chaing rermained intact even
after 3 o The N-terminal sequence of the 15 kDa Az-chain degra-
dation product constitutes the N-terminus of VaFl, while the
13 kDa fragment results [rom clessage of the Lysdl3—Lewd b4 bond.
As expected, pre-incubation of the enzyme with EDTA blocked the
fibrinogenalytic sctivity of VaFl, wheras pelabloc, an inhibitor of
SPs, had no effect on VaFl protealytic sotivity (oot showmn)

I the fibein plate assay no fibrin degradation was observed with
5 pg of VaFL For comparison, in 4 control experiment in which
plaimin wias used instead of VaF], fibrin was completely dissolved,
ie., degraded

35 Proteolylic actions of VaF] on FX, prothrombin and
plasminogen

The pwo major eoagulation Letors, FX and prothrombin, and the
fibrinolysis factor, plisminogen, were only partially hydrolysed by
VaFl in vitre (Fig. SB—D). FX and pleminogen were degraded als
wery slowly. None of the degradation products detected by SDS-
PAGE analysis had the same apparent molecular mass as the
hexvy chaing of the activated factors, FXa, z-thrombin and plasmin.

Fig. & Muchstide and deduced profen sequences of VaF] precurser, VaF | precerssr stams with 20 amiso ackd residue signal pepride [grey lemers), loBowed by 3 pro-sequence
[residises= 172 mo — 1}, this the murune pam (reshdises |=427] The mateatisn-concmnling seqgee, the so-called Cys-owinch motl, & enderlimned A Clu resides, the predimed
stating amino ackd regidue of e VaF| sature fors, & highlghted black, This recafu is probabily post-rranslaiosally modsfed o pyroglutasate. VaF] was partially sequenced on
tha pootein lewel wsing E51 bom map ME. These pans are grey bighlighned and constinee 345 of the mavere VaF | seqeence. The consens i N-ghpoosylation sequences ane Bosed. The
scceplon rember of ks dBNA and the cormesponding amise a0l sequence of WaF] b the CenBunk daralose s KMEBRS2E
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Thiss, under the experimental conditions used, VaF1 ceaved these
factoors but did mot sctivate them. The heawy chain af FX was mone
susceplible o hydrolysis by VaFl than the hght chain whose hy-
drolysis was observed only alter prolenged incubation. Prothrom-
hin was alio not a good substrate for VaFL Two major cleavage
products, of 60 and 2B kDa, aceurmulated after extended incubation
with VaFL MN-terminal sequencing showed them to be pre-
thromibin=-1 and fragment 1, indscating the deavage of prothrombin
by VaF1 at the Sef157—GlyISE bomd Incubation of plitminogen
wiith WaF] resulted in very limited protealysis, giving rise 1o mul-
tiple products with molecular masses between 40 and 60 kDa. The
cleavage pattern changed little with time of resction.

16, Pratealysis af EOM and BM proteins

The hemorrhagic action af SVMPs depends on their ability o
hydrolyse proteins of BM and ECM. Although devoid of hemor-
rhagic activity, VaF1 was tested in vitro for it effect on isolated
major protein constituents of ECM and BB, laminin, collagen IV and
fibronectin. Its elfect was also determined on Matrigel, a solubilised
preparation of BM that better simulates the actual strsctursl
complexity of these substrates i vive where the individual com-
ponents are interpwined in a complex network that limits their
aceeisibility o SVMPe. After 3 h incubation with VaFl at 37 °C,
collagen IV and fibronectin were partially hydrobysed (Fig. GAL
However, laminin, sther isolated or &8 2 constitwent of Matrigel,
resisted hydrolysis by VaF], even after 24 h incubation {Fig. 6B and
C) However, in the experiment with Matrigel, clesvage by VaF1 of
nidogen, another ECMJEM protein, was observed. Edman degra-
dation of the major degradation product showed that it was
hydrolysed at the Ser322—Phe323 bond (Fig. 6C)

17, Pharmacological activity of VaFT

VaFl displayed na hemorchagic activity when tested in rats.
Intradermal injection af 9 ug of the enzyme induced no patlsobog-
ical changes,

Pre-incubation of plitelet-rich plasma with 300 M VaFl did mot
inhibit collager-dependent aggregation af platelets. | pM VaF1 also
haed o effect an blomd coagulation in a thrombin generation assay.

3B Western bior analysis of VaF1
Serurn fram rabbits immunised with 2 hemorchagic fraction of

Ve venom {anti-H sérum) recognised purifisd VaFl in Western
blot analysis but Giled to detect it in the whole venom When

anti- Faa anci-H
J L
My [y vaF ] ¥ Y v !
I““:I AT ikl Vie 5T WaFl L]
1Ty | — —
| —
11| —
| — —
&F [ - I
—
— —
-
— —
I | e—
| 5 | e ‘ —
Fig. T Wesrem Blon analysis of VaFl Astiera vl W vaEncann st Vog) and

againgt its Bolared hemarthags: factien (ant-H) were produced in rabbes. SO5EPACE
anabysis of VaFl [VaFl, 07 pg/lane) and of whole Voo venom (Ve, 2 sgllane) was
perfamed ussder nedecing conditions. Follewing tranefer of peoteins fom gel onoe
nitrocelulese memb detection was performed by incubating the mes-
b, APt with mahin anti-H or andi-Vie serum, and then with HRP-cosjuganed sec-
ootadary ani-rabibar B, Antibody-recognised Bands were detectad on 2 phinographic
Al sirg the ECL Leserd-LightPLLS Sysiem. Asti-H, but not aati-Vos senem, rocogeised
WaF I, howeewer Bol in the witole venom and only when analysed & a purne peotein. ST,
mileoslar mass stasdants.

serurm from a rabbit imsumised with the whole Vaa venom (anti-
Vg venom serum) was used instead, even pure VaFl was not
immunodetected (Fig. 71 This shows that, in spite of the relatively
high kevel al identity between VaF ] and some other venom SVMPs
(&g VaH3 that is 62X identical 1o VaF1 ), these proteins are al most
wieakly immunologically cross-reactive. We can alio conclude that
the low abundance of this moleoube in the venom—and maybe s
o imvunogenicity—ane the reasons for the negligible production
of ant=WaF1 antibodies follewing immunisaion with whole
wenoim. WiF] was, howiever, enrclied in the hemorrhagic (H) frac-
won af the venom amd, when immunisaition was performed with
this Iraction, specific antibodies were formed.

d. Discussion

Prewiously, only one potent fbrino{geno)lytic and non-
hemorthagic P-II MP from the Voo venom, ammedytase, had

M, ST @ dh 4k € 3k 24k b, ST L 3k X4 M, ST €15 Ih 3l 6fh . lominin ai
|kDa| |kDal[ == |kDal| == . - - lnmimin i1 71
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Fig. 6. Hydrodytic activity of VaF] on ECMJEM proceiss, lsslated composests of ECMIEM, colluges: IV, Abronectn asd laminis, were iscshared with VaF] i a mass ras 25:0 @

I7™C foar thie vimes Enadicared, and thie neacrin prodiens salbed by SDS-PACE ender seducing conditions. VaFl Ipdralysed collagen IV {paned A, left) and Mhrosscnin [pamel A, night]

bir mat Lamasin (panel E). Marrigel and VaF] were incubsted in 3 moas ratio of 40rL SDS-PACE asabyos (paned O} revealsd one major cleavage prodecr, idestifiad by Edman

sequencisg as a fragmest of s dogen staming ar FRe323 bn this e sk, Lamsin essissd ursoechied, In conceod exp ), suib weene Eaubared Tor 24 b owithour VaF L
ards.

ET, maodecular mans stad,
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been Bolated and characterised | 16]. A second fbrinogenolytic and
non-hemorrhagic P10 MP from the venom ol Vad, ermed VaF1, is
here described. The 1B45 base pairs of the cONA coding for the
complete VaF] precursor encode a prepro-protein of 614 residues
(Fig. 31 The sequence stans with a 20 residue export signal peplide,
characteristic of extracellular proteinsg [26) This is followed by a
504 residue rymiogen sequence. Given the structural similasity o
other SVMP: and matrix MPs, the proteolytic activity aof VaF]
ryimogen in the venom gland appeard o be prevented by o Cys-
switch mechanism, eommon o these protein mobecules |G VaF]
zymogen thus harbours a modified Cys-switch motil (whose ca-
nomical firm is the PKMOGV sequence] in it pro-peptide region. By
the Cys-swilch mechanism, the Cys residue in this molil interacts
with the Zn®* jon in the active site of the proteinase, resulting in its
inhibition. The Met in this sequence B clearly not eqsential for the
inhilvition of symogen enzymatic activity, since it 5 replaced by a
Lys in VaF1, and by a Thr in VaH3, without noticeable impact on the
processing of these précursor molecules [ 14]. The mature fomm of
VaFl & 422 aming ackd residues long and composed of three do-
rruins Dypical of P-00 MP5, an MP, a dis-like and a Cys-rich domain.
VaFl has been shown to be 3 monomerc protein of 49.7 kDa
(Fig. 2), qualifying it a5 & P-Mla subelags MP, the samé 28 amno-
dytase. Six conserved Cys residuss are present in its MP domain
(Fig. 4) and, presumably, follow the pairing style typical of P-Il
SVMP: | 7]. Two characteristic sctive site sequences in MPs are alio
present in VaFl—the an“-che-l.l:lng sequence, HELGHNLGINHD,
and the so-called Met-turn, CIMAA These structural elements
classify WaF1 1o the metzincin sublamily of the reprolysin family of
zifie WP

The malecular mass of the mature VaF ] determined using PNGF
is 471 kDa. The discrepancy between this and the MS=-determined
fiadd is 2.6 kDa and stemd from the N-glyoasylation (Fig. 2). From
the sequence of VaF], carbohydrates can attach to the molecule on
Dwo sites, ASn29 in the MP domain andjor Asn342 in the Cys-rich
domain (Fige 3 and 4L The extent of glycosylation af VaFl is
mnsch lower than that of ammadytase, in which the mass of the
carbobydrate modety is about 9 kDa (A Leonardi, personal
ComTvmcation ]

WaFl shares a high degree ol sequence identity with reprolysins.
The highest identity Tound was 82X with three SVMPs from E
colorates with as yet unknown functions [27] VaF1 shows about
BOE Mentity o the bwo subufits of VLAIP, & heterodimeric
apoplosis-inducing SVMP from M. lebeting |28, and to hemarrhagic
VaH3 from Visa that exists as a homodimer | 14).

Fibrinogen i@ one of the major pro@ing in the blood. It i
compoded af pwo identical modules (each consisting of Aa-, Bf- and
r-chains, linked together by disulphide bonds) facing each other at
thie M-terrminal ends | 29|, On proteslytic sctivation by a-thrombin it
polymerises into a highly orgamised fibrin network that forms the
insoluble blood clot that arrests the bleeding |30 A number of high
molecular mass SWMPs with fibrino{genolytic activity have been
isolated from different snake venoms, however, only a few are
devoid of hemorrhagic activity, one of them being VaF1. The group
of P-lla MPs comprises ammaodytase rom Vg | 16], ARV from
Deimaghistrodan acuries [31), atrase B from Naja afrd (32 and NN-
PF3 from Maje faji |33). Among P-[c MPs these are characteris-
tics of VLAIP from M. lebeting | 28], TSV=-DMS0 from Trimeresurs
stejregeri [34) and AHMP from Cloydind fabs venom [35] In
contrast o ammodyrase, NN-PF3 and AHPM, VaFl does not
degrade fibrin dots. VaFl selectively cleaves the Az-chain of
fibrinogen, ot is exdusively an a-fibrinogenase, like strase B and
MN-PF3 |32,33]. Cleavage positions in fibrinogen have been deter-
mined only lor VaFl, ammaodytase | 16] and VLAIP |28|. Fibrinogen
Ag-chains are almost twice a5 long as Bf- and y=chains, and their C-
terminal  dofmaind  (xC-domaing), which protrude  from e

fibrinagen molecule, are more susceplible o proteolysis by SYMPs.
In this region, VaF] and VLAIP were found to hydrolyse the same
Lysd13-Lewd1d peptide bond. It appears thar this site is frequently
attacked by SVMPs regardless of their hemorrhagic potential or the
structural class towhich they belong | 13-15,36—358 ). Ammodytase
cleaves fibrinogen i the same region a8 the SVEPs described abaove
but with diverse peptide bond specilicities |16) Following the
observation that fibrinogen, nicked in its aC-domain by SWAPg,
fofitis 4 boase fbrin clat that is more prome o 1y [ 39, it was found
that fibrinogen =C-domains have a very important function in
lateral aggregation and crosslinking of protofibeils in the process af
fibrin formation [40). Morsover, the sC-domain medistes in-
teractions with some other plasma proteins. This domain harbours,
for example, binding sites for fibronectin, FXIN, plasminogen and
tigsue plsminogen activator. By bnding to the aC-domaing ol
fibrin, plasma proteins are corparated into a fibrin clot. The al-
domaing of fibrinogen and fibrin also bind receptors (integring] on
cells In this way, the former play an important role in the processes
of fibrinolysis and wound healing. VaF 1, by its specific protealysis ol
fibrinagen, could prevent the formation al plysiologically effective
fibrin clots, normal fibrinolysis and wound healing. s anti=
codgilant potential is further emphasised by i3 sction on other
cosgulation factors—VaFl partially hydrolyses FX, prothrombin
and plasminogen—however, nol o their respective active forms
(Fig. 5). For example, like hemorrhagic MPs from Voo venom, VaFl
cleaved the activation peplide 1 from prothrombin (FIIL The
resulting prethrombin-1 cannot bind 1o phospholipid membranes
1o fisrm the prothrombinase complex together with FXa and FYa, so
that a-thiombin (Flla), crucially important for fbrin polyiersta-
tion, activation of platelets and several blood coagulation factors, is
not formed.

PN elass SWMPs affect platelet aggregation by different mech-
anisms 4] SVMPs were found 1o bind © andjor cleave platelst
adhesion receptors, ghycoprotein I (GPIb), GPV], integrin 23/, and
integrin agpfls or their lkgamds, von Willebrand factor, collagen of
fibrinogen. Like ammadytase, VaF] is not able o inhibit collagen-
induced aggregation of plaelets. Although it possesses a SECD
sequence in its dis-like domain, which has been indicaied a5 the
sequence responsible for binding o collagen and consequently
preventing collagen-induced aggregation of plateders [41), this is
olwiowily not functional in VaF] probably due to 2 steric reason.
Althouigh information about the structured and functions of SVMPL
i accumulating rapidly, no distinet structural motil has besn
reveabed that would clearly distinguish between a hemorrhagic and
a non-hemorrhagic P10 SVMP. In general, the P10 bemorthagic
SVMIPs are more patent in their pathologic action than the P-1
hemorrhagic SVMPS. 1t was suggested that this is due to the mone
complex action of the former, involving, bedides the catalytic ac-
tion, the asistance of the non-catalytic domains |42 Several lines
of evidende support the hypothesis that SVMPs cause haemorrhage
by weakening micro-vessel walls by hydrolysis of the BM and its
surrounding ECM proteins |45 ]. Haemodynamic forces, impased by
blood sreaming through the vessel, ultimately disrupt rhe
darmaged vessels and blood extravasates. Although devoid of
hefmorthagic sctivity under the experimental conditions wed, VaFl
i, like ammodytase, able o cesve some proteing of the BM and
ECM i vitro { Fig. 6 it cleaved collagen IV, nidogen and fibronectin,
however, much more showly and less effectively than bemorthagic
SWMIPs fromm Voo venom | 13—15 ] In nidogen the prefermed cleavage
site of VaF1 is at Ser322—Phe323. This bond is abo preferentially
attacked by hemorrhagic Viia SWMPe. However, the latter enzyrmes
also clesve nidogen at positiond Tyr352—Asn353 and Valdd2—
Phed23, which is essential for destabilisation of the BM structure
|44,45] The inability of VaF1 to induce haemortage in vivo is thus
dhise b the low degres of hydrobysis of BM and ECM, probably the
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BB A Levevordi o ol f Eiochimde 109 (2005) Ta<87

consequence of & oo narmow protealytic specificity and Jor inability
1o recognise subetrale exasites by its dis-like and Cys-rich domains.

VaF1 in the venom induced only marginal (il amy) production of
specific anti-VaF1 antibodies on immunisation. The fact that anti-H
serum, which recognised purified WaF1, also [iled 1o detect this
molecule in the whole venom (Fg 7)) implies that the reason & in
an amount of this malecule in the venom that is insufficient 1o
indlivce an effective immune response. In addition, VaF] showed at
sl weak immunalogical cros-resdivity with ather SVMPS in the
venom [Fig. 7), dlthough some of them are highly similar to VaF1
(g, VaH3 and VaF] have 62X ol amino ackd ressdues identical)l
Venom components that are nol recognised by specific anti-
VERDME i etcape anti-venom ssrotherapy of patients and cause
past-treatment oomplications. WaF1 is a good candidate for such a
companent.

5. Conclusions

A mon-hemarchagic proleinase, VaF1, has been purified from the
wenom ol Vam, the most poisonous snake in Europe. It belongs 1o the
P-lla subclags of SVMPs, beig 4 monomeric protein composed of
three distin domains—an MP, a dis-like and a Cys-rich domain.
The comphete aming acid sequence of VaFl precursor was deduced
by amplilying and sequencing its cDNA. We showed that VaFl snaly
woeakhy, and only ar a limited nusmber af sites, degrades some of the
BM and ECM components, which is the main reason that it is not
hemorthagic. Howeser, it hydrolyses some plisma  proteins
involved in blood cosgulation—[ibringgen, FX, prothrombin and
plasminogen—which demonstrates its anti-eoagulant potential
in vive, Despite possessing the collagen-binding sequence in the
dis-like domain, VaF] wias not able (o infterfere with oollagen-
induced aggregation of plaelets. Due o its low level in the
vepnom, and possibly abBo low immunogenicity, VaFl elicited a
negligible invmune response on immunisaton of animals with Vaa
wenom. Moreover, VaFl cross-reacts immunobogically at most
weakly with similar SVMPs in the venom. As such il can cause post-
senotherapy complications in patbents, for example anti-coagulant
action. These, however, can be avoided by supplementing Vaa
anti-venom with specific anti-VaF] antibodies raised against the
purified antigen.
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3.5 Znanstvena publikacija 5: Prvi inhibitor intrinzicnega tenaznega
kompleksa s strukturo serinske proteaze ponuja nov pristop v
antikoagulantni terapiji

Objavljeno: Latinovi¢ Z., Leonardi A., Kovaci¢ L., Koh C.Y., Sribar J., Trampus Bakija A.,
Venkateswarlu D., Kini R.M., KriZaj I. (2018) Thrombosis and Hemostasis, 118(10), 1713-1728

Anomalije v hemostazi lahko vodijo do prekomernega strjevanja krvi, kar lahko privede do
tvorbe krvnega strdka, najpogosteje v venah. Nastali strdek lahko prepreci pretok krvi skozi veno
ali pa je vzrok za plju¢no embolijo. Skupno ime za kardiovaskularne tezave s takim ozadjem je
venska trombembolija. Venska tromboza je posledica pretiranega strjevanja krvi, ki je gensko
pogojena ali pa posledica okoljskih dejavnikov.

Za zdravljenje venske trombembolije se uporabljajo antikoagulantna zdravila, kot so heparin
in antagonisti vitamin K ali tar¢no usmerjena zdravila, ki specificno inhibirajo delovanje enega
koagulacijskega faktorja, na primer trombina (dabigatran) ali FXa (apixaban ali rivaroxaban). Zal
nobeno od omenjenih zdravil ni popolnoma varno zaradi nezazelenih stranskih ucinkov, kot so
resne krvavitve, interakcij s hrano in pomanjkanja antidotov v slucaju predoziranja. Boljsi, tj. bolj
varni, antitrombotiki se zato intenzivno iS¢ejo. Kot zelo zanimiv kandidat se je izkazal encimsko
neaktiven protein iz modrasovega strupa z izrazitim antikoagulantnim delovanjem. Ker je
molekula izolirana iz strupa Vaa in je strukturni homolog SP, smo jo poimenovali VaaSPH-1. V
tem clanku smo raziskali biokemijske znacilnosti VaaSPH-1 in razkrili mehanizem njegove
antikoagulantne aktivnosti. VaaSPH-1 je glikoprotein z navidezno molekulsko maso 35 kDa in
heterogeno pl v obmodju pH 6-9,5. Eksperimentalno smo dolocili 36 % celotnega
aminokislinskega zaporedja VaaSPH-1, celotno strukturo pa smo dolodili iz ustreznega
nukleotidnega zaporedja. Sekvenca je razkrila, da od treh aminokislin, ki tvorijo klasi¢no
kataliti¢no triado pri SP, Ser-His-Asp, pri VaaSPH-1 manjkata prvi dve.

Ugotovili smo, da se VaaSPH-1 veZe na negativno nabite fosfolipide, vendar smo pokazali, da
njegova antikoagulantnost ni posledica te lastnosti. Pokazali smo, da se VaaSPH-1 veZe na vec
koagulacijskih faktorjev (protrombin, FVII in FVII(a), FVIlla, FIX in FIX(a) ter FX in FXa) in tako
inhibira delovanje protrombinaznega in obeh tenaznih kompleksov, intrinzicnega in
ekstrinzi¢nega. VaaSPH-1 je bistveno bolj podaljsal aktivirani parcialni tromboplastinski ¢as kot
protrombinski ¢as, kar je kazalo, da je njegova primarna taréa v koagulacijski kaskadi
koagulacijski faktor notranje koagulacijski poti. Ugotovili smo, da je ta tarca FVllla. Vezava
VaaSPH-1 FVIlla onemogoci vezavo FIXa na FVllla in s tem tvorbo intrinzicnega tenaznega
kompleksa, ki je odgovoren za aktivacijo FX. Rezultat je inhibicija strjevanja krvi. Antikoagulanti,
ki delujejo na notranjo pot strjevanja krvi, so bolj varni za uporabo v medicini in VaaSPH-1 s tega
vidika pomeni idealno izhodisce za njihov razvoj.

Razvoja nove vrste varnih antikoagulantov za medicinsko uporabo smo se lotili s pomocjo
molekularnega modeliranja. Najprej smo izdelali prostorski (3D) model molekule VaaSPH-1 in
nato Se model intrinzicnega tenaznega kompleksa, v katerem smo FIXa nadomestili z VaaSPH-1.
S pomocjo modela kompleksa smo lahko natancno dolocili sticno povrsino med VaaSPH-1 in
FVIlla, kar je osnova za nacrtovanje malih molekul z antikoagulantno aktivnostjo za uporabo v
medicini.

Moj prispevek k znanstveni publikaciji je bilo celotno eksperimentalno delo, razen
sekvenc¢nih analiz in molekularnega modeliranja. Prispevala sem tudi pri pisanju ¢lanka, s
pripravo prvega osnutka in pri pripravi slik.
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Serine Protease Structure Offers a New
Perspective in Anticoagulant Therapy
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Abstract Components of the intrinsic blood coagulation pathway, among them factor Villa
{FWlila), have been recognized as suitable therapeutic targets to treat venous throm-
boembolism, pathological process behind two very serious cardiovascoular diseases,
deep vein thrombosis and pulmonary embaolism. Here, we describe a wnigue ghyco-
protein from the nose-homed viper (Vipera ammodytes ammodytes |Voo]) venom, Voo
serine proteinase homobog 1 (WooSPH-1), structurally a serine protease but without an
enzymatic activity and expressing potent anticoagulant action in human blood. We
demonstrated that one of its targets in the blood coagulation system is FVllla of the
intrinsic tenase complex, where it antagonizes the binding of FIXa. Anticoagulants with
such characteristics are intensively sought, as they would be much safer for medical
application as the contemporary drugs, which frequently induce excessive bleeding
and other complications. VaaSPH-1 is unlikely to be orally available for chronic usage as
it has molecular mass of 35 kDa. However, it represents a very promising template to

Keywards design low molecular mass FVllla-directed anticoagulant substances, based on struec-
= znake venoms tural features of the interaction surface between VooSPH-1 and FVilla. To this end, we
= haemostasis constructed a three-dimensional medel of VooSPH-1 bound to FVilla. The model

coagulation inhibitors  exposes the 157-loop and the preceding o-helix as the mast appropriate structural
= factor VIll inhibitors  elements of VooSPH-1 to be considered as a guideline to synthesize small Py llla-binding
= wenous thrombosis molecules, potential new generation of anticoagulants.
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Introduction

Cardiovascular diseases (CVDs ) are the leading cause of death
wiorldwide with more than 30% share of all global deaths
[wwwowhoint/mediacentre/factsheets{iE317fen/L Two of
them, deep vein thrombosis and pulmonary embalism,
originate from the same pathological process known as
wenous thromboembolism (VTE) in which the blood clot or
thrombus is formed most commonly in the leg vein due to
dysfunction of haemostasis. The clot can block the blood flow
in the vein causing deep vein thrombosis or it can be
displaced from the site of formation in the vein to the heart
and pulmonary arteries of the lungs to induce pulmonary
embolism.' VTE is the third leading cause of CVD-relared
mortality, after myocardial infarction and stroke? One to
three persons out of 1,000 die from VTE every year” Vein
thrombosis is caused by the increased activity of blood
coagulation factors resulting in hypercoagulability of blood
leading to thrombus formation.* Reasons for dysregulation of
haemostasis in veins can be environmental or genetic.™®
Among the former are surgery, trauma, prolonged immobi-
lity, decreased cardiac output, malignancy and chronic cigar-
ette smoking ™ Inherited venous thrombotic disease is
characterized by an increased activity of one or more pro-
coagulant blood proteins (activated form of blood coagula-
vion factor Il [Flla), FyWila, FYilla, FiXa, FXa, FXla or plasmino-
gen activator inhibitor-1) andfor a decreased activity of one
or more anticoagulant blood proteins (tissue factor [TF]
pathway inhibitor, anti-thrombin, activated protein C) and,
or the presence of FV Leiden *10

Pathological blood coagulation is treated with anticoagu-
Lants, which down-regulate the activity of thrombin directly
or inhibit its formation. To this end, different forms of
heparins and vitamin K antagonists have been traditbonally
used *'"12 The main problem of treating patients with thesa
drugs & the induction of excessive bleeding, requiring con-
stant monitoring and dose adjustment. Some of these dregs
can also imteract with food and other drugs, which may
induce addirional therapeutic complications. Improvements
in VTE therapy came with new oral anticoagulants (NOACs),
developed to selectively targer proteins in the blood coagula-
tion cascade, for example, thrombin (dabigatran) or FXa
{apixaban and rivaroxaban).’® The onset and offset of their
action is rapid, their dose-response and pharmacological
profile are predictable and the interaction with food or dregs
s negligible. A serious drawhack associated with the NOACS
therapy is however a severe beeding that may occur, as there
s no reliable test to monitor their therapeuric dosage as well
5 no appropriate reversal agent to inhibit their action in the
case of overdose 15-16

Coagulation process is divided into three pathways—
extrinsic pathway, initiated by binding of FVila o extra-
wascular TF, intrinsic pathway, driven mainly by intravascular
proteins, for example, FXlla, F¥la, FiXa and F¥llla, and
common pathway, where both previous pathways meet,
starting at the activation of pro-thrombin by FXafFva com-
pex (pro-thrombinase complex) resulting in the formation
of fibrin clot a5 the final product.'™'® Considering the
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exponential amplification of the coagulation process by
sequential proteolytic activation of factors in cascades, an
anticoagulant drug targeting an upstream component of the
coagulation process, such as TF, will inhibit the process more
potently than a drug targeting a component in the final step
af the process, for example, thrombin.'? By gene-knockout
experiments in mice, it was demonstrated that blood coa-
gulation factors constituting the extrinsic and the common
coagulation pathways are fundamental for haemostasis and
life."*" On the contrary, mice were able m live quite
normally without components of the intrinsic blood coagu-
lation pathway,®® which malfunction is however mainly
responsible for blood hypercoagulability in veins. Compo-
nents of the intrinsic blood coagulation pathway have been
therefore recognized as very suitable therapeuric targets to
meat VTE 2™ Anticoagulant therapy directed towards one
or mare of these coagulation factors would be much safer for
patients. While on one hand, it would prevent pathologscal
hypercoagulability of blood inveins, it would preserve on the
other reasonably normal coagulation of blood upon vascular
injury.

Several attempts to inhibit components of the intrinsic
blood coagulation pathway have already been made. Some of
them were directed towards FIXa, a serine proteinase [SP),
complexing with its co-factor FYllla on the surface of Ca®*-
decorated anionic phospholipid (PL) membrane in the intrin-
sic tenase complex ™ The intrinsic tenase complex is a key
point of the intrinsic cozgulation pathway as it converts FX
Into its activated form. F1Xa has been targeted by monoclonal
antibodies (eg. SE2494171.7529 NOACS (e.g. TTPEEY, which
wixs lacking anti-thrombaotic effect in vivo and therefore did
not enter clinical trials®) and ribonucleic acid apramers (e.g.
pegnivacogin, which falled in phase 3 clinical trials due to
inducing severe allergic reactions in 1% of the parients®).
Drugs targeting FVila have also been developed, for example,
human momoclonal antibody (eg. TE-402) that partly inhi-
bits F¥llla and has completed phase Il clinkcal studies in
patients with orthopaedic surgery®* Recombinant human
forms of activated protein © (e.g. drotrecogin) and soluble
thrombemodulin {e_g. recomodulin and sodulin) inactivate or
promaote the inactivation of Fva and FWilla; however, none of
these drugs have reached the phase 1l clinical testing** The
main problem using these proteins in therapy is their
immunogenicity.** Peprides, analogous o the FIXa-interact-
ing loop on FVllla, have also been investigated as antic-
oagulants®® but there have been no reports about clinical
studies using these peprides so far.

Owver the past decades, snake venom (5V) components
have been extensively investigated as substances for diag-
nosis and treamment of human diseases.?® In venoms of
snakes Protobothrops flavowiridis (formery Trimeresurus fla-
voviridis), Echis carinarus leucogaster and Deinagkistrodan
ocutus (formerly Agkistrodon acurus), FIX-nding C-type
lectin-like proteins have been discovered. Mone of them
has entered pre-clinical or climical rrials yet.®-7 Vipera
ammodytes ammaodytes (Maa) is the most venomous snake
in Europe. The most pronounced effect of its venom on a
human wictim is the effect on its haemostatic system. The
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venom contains proteins that disturb the blood coagulaton
systern at different points, inducing pro- or anticoagulant
effects > In this venom, we have also detected a glycoprogein
without an enzymatic activity, which significantly probonged
the activated partial thromboplastin time (aPTT) in human
plasma, indicaring its effect on the intrinsic blood coagula-
tion pathway. Here, we report purification and detail char-
acterization of this unique and very promising candidate to
design, based on its structure, a novel type of selective
intrinsic tenase complex inhibitors of therapeutic relevance
im the VTE therapy.

Materials and Methods

Purification of Vaa 5P Homolog 1

The crude Vaa vemom was obtained from the Instipuwte of
Immunology, Zagreb, Croatia. Lyophilized venom was kept at
—207C. For the analysis, it was dissolved in 50 mM Tris, 2 mM
Calls, 300 mM Mall and pH 7.0 (buffer AL The whaole
purification procedure was performed in a cold room
(47C). Mote thar 250 pl of the raw venom solution (1 g)
was applied on a Sephacryl 5-200 Superfine colummn
{100 = 4 cm) (GE Healthcare BioSciences AB, Sweden), equi-
librated with 15 ml buffer A Gel chromatography was
performed at a constant flow rate of 33.6 mUh. Concentra-
tion of proteins in the mobile phase was monitored by
measuring the absorbance at 280 nm (Azm ). The B1 fracton
was dialysed against 20 mM MES, 2 mM CaCls, pH 65
(buffer B} and further fractionated on a Mono 5 5/50 GL
column (GE Healthcare Life-Science, Sweden) Column-
retained material was eluted by linear gradient of MaCl
from @ to 1 M in the buffer B. VagSPH-1 was eluted from
the column, concentrated and dialysed against buffer B.

Native Polyacrylamide Gel Electrophoresis

Vira 5P homaolog 1 (VaaSPH-1) (286 pg) was mixed with one
of the coagulation factors (Fll{a), Fva, FVII{a), FIX(a), FxX(a),
FXMHa), FXII{a) and kallikrein) (Haematologic Technologies,
Inc., United Stares) in 1:1, 1:2 or 1:5 molar ratio. FVID
(Recombinate [Antihemophilic Factor (Recormbinant)].
Shire, United States) (267 U) was dissolved in 267 mL
Milli- water. As no information about the specific activity
of Recombinate was available, the amount of PV (082 U)
that was clearly detectable in gels with PageBlue (Thermo
Fisher Scientific, United States) was used in each experi-
ment. FYIl was activated to FYllla by thrombin (1 nM) in
dS-minute incubation ar 37°C FYllla was mixed with the
increasing amounts of VaaSPH-1 (3, 6, 9 and 15 pg)
Mixtures of coagulation factors and Vag5PH-1 were incu-
bated for 5 minutes at 37°C in a pH 6.8 buffer consisting of
625 mM Tris{HC], 25% (m}v) glycerol and 1% (mfv) Bromo-
phenal blue, in which the native structure of the proteins
was preserved. Samples were analysed on continuous 10%
(mjv) polyacrylamide gels without sodium dodecyl sul-
phate (SD5), using a running buffer of 25 mM Tris and
192 mM glycine, at 80 to 90 V for 6 hours on ice to limit
protein degradation. Proteins in gels were stained with
PageBlue.
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Polyacrylamide Gel Electrophoresis in the Presence of
Sodium Dodecyl Sulphate

SD5-polyacrylamide gel electrophoresis [(SDS-FAGE) ana-
lyses and silver staining of gels were performed as described
i Latingvié et al.™ Molecular mass standards were from
Fermentas (Thermao Fisher Scientific, Lithuania)

Two-Dimensional Gel Electrophoresis

A total of 9 pL of VeaSPH-1 was analysed per two-dimen-
sional ged electrophoresis as specified,® the only two differ-
ences being in amounts of DeStreak reagent (12% |vjv]; GE
Healthcare, Sweden) and immobilized pH gradient buffer
(0.5% [wjv]; GE Healthcare) added.

Deglycosylation of VeaSPH-1 with Peptide N-
glycosidase F

Deglycosylation of 4 pg of dry VooSPH-1 was accomplished
using peptide N-glycosidase F (PNGF, Roche, Germany)
pssentially as presented in Leonardi et al %

Western BElot Analysis

Western blot (WE) analysis of 2 pgflane of Vira5SPH-1 and
5 pgflane of Vma venom was accomplished as described,*
only that the nitrocellulose membrame {Serva, Germany ) was
incubated overmight at 4°C with the rabbir anti-raw Vaa
venom serum (anti-Woa) diloted at 1 vo 10,000 in 0.5%
{mfv] WE solution (Roche, Germany). Specific bands were
visualized on the membrane using the enhanced chernilu-
minescence (ECL) Lumi-Light™™ WEB substrate [Roche,
Germany) on a ChemiDoc MP System gel imager (Bio-Rad,
United Stares). The chemiluminescence signal was detected
for 5 minutes using the ChemiDaoc MP Chemi Hi Sensitivity

application.

Determination of Amine Acdd Sequence of VaaSPH-1

N-terminal amino acid sequencing of 4 g of the isolated native
Vira5PH-1 was performed wsing automated Edman degrada-
tion on a Procise 4924 Sequencing Systern (Appled Bio-
systems, United States) A rotal of 2 pg of VoaSPH-1
hydrolysate was analysed on an ion trap mass spectrometer
1200 series HPLC-Chip-LC/MSD Trap XCT Ulera (Agilent Tech-
nologies, Germany) as described in Leonardi et al*® Deconvo-
lution of mass spectrometry (M5) and tandem M35 (M5/MS)
specira is defined in the same reference. Amino acid sequences
were compared by alignment using the online software

MUSCLE (http: {fwwow.ebiacuk/Tools imsajmusde/L. Y

Proteolytic Activity of VaaSPH-1

The fibrinogenolytic activity of Vma5PH-1 was examined as
described,*? only the mass ratio 100:1 between the human
fibrinogen and Vaa5PH-1 was used. The effect of VaoSPH-1
on bovine FX and FIX, pro-thrombin, protein € and plasmi-
nogen (Haematologic Technologies, Inc., United States) was
tested as follows. Mote that 20 pg of each substrate was
incubated with or without (control) 1 pg of VaaSPH-1 in
55 ul of 50 mM TrisfHCL, 2 mM Cacl,, pH 85 at 37°C. A total
of 10 pL aliquots of reaction mixtures were withdrawn after
2, 4 and 24 hours and analysed by 12.5% (mjv) SD5-PAGE
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under reducing conditions. The gels were stained with
PageBlue. FIXa, FXa, a-thrombin and plasmin were used as
positive controls.

Thrembin Time, Pro-Thrombin Time and Partial
Thromboplastin Time Measurements

To 45 pL of the normal human plasma in a cuvette, we added 5
pL of WaaSPH-1 sample in the buffer B with the final concen-
tration of 1 phd. In the control experimenit, 5 pl of only buffer B
wias added. Measurements of thrombin time (TT), pro-throm-
bin time(FT) and aPTTwere done as described ™ using the BFT
Il Coagulanion Analyser (Skemens, Germany ).

Platelet Aggregation]Agglutination Assays
Blood was donared by the experimenter according to per-

mission no. 53/08)11 of the Mational Medical Erhics Com-
mittee of the Republic of Slovenia. Platelet aggregation
apglutination assays were performed in the same way as
described by Latinovié et al3? VaaSPH-1 in the final con-
centration of 1 pM was used in experiments.

Lupus Anticoagulant Sereening and Confirmation
Assay

To 75 pl of normal human plasma ina cuvette, 20 plof VaorSPH-
1 i buffier B was added with the final concentrationsof VaoSPH-
1 from 10 ro 3,000 nd. In the control experiment, 20 pl of only
buffier B was added to the human plasma. In the case of lupus
anticoagulant (LA) screening assay, 95 pL of LA1 reagent was
then added to cuvertes. LAY reagent (Siemens, Germany) is
diluted Fussell’s viper venom [dRVWYL which initkates plasma
clotting by direct activation of FY and FX. Confirmation or LAZ
reagent (Siemens, Germany) differs from LA1 reagent by con-
taining a high concentration of PLs. Mote that 95 pL of LAZ2
reagent was added to the micture of 75 plL of mormal human
plasma and 20 pl of Voa5PH-1 to obtain final concentrations
from 10 to 3,000 nM. The BFT Il Coagulation Analyser (Siemens,
Gerrnarmy) was ussd to measure clotting time.

Thrombin Generation Assay

Generation of thrombin in human plasma was measured
fluorimetrically using Technothrombin thrombin generation
assay (TGA) reagents (Technoclone, GrobH, Austria). A total of
40 pL of the plasma (TGA control high, lvophilized) were pre-
incubated with 4 plL of VarSPH-1 (770 nM final concentra-
tion) or 4 pL of Milli-Q water (control) for 2 minutes.
Coagulation cascade was then activated by the addition of
10l of TF and PLs [ TGA reagent C low ) followed by 50 plofa
fluorigenic substrate for thrombin (TGA substrate). Fluores-
cence was monitored at 37°C in 1-rninute intervals for
90 minutes using a Vicror X2 multi-label plate reader (Perkin
Elmer, Finland) with the excitation at 355 nm and the
emission at 460 nm. Technoclone software (www.techno-
clone.com) was wsed to determine the concentration of
thrombin at the peak of its generation in nM. The area under
the concentration curve cormesponds to endogenows throm-
bin potential. By using less than 5 pM TF in the assay, both the
intrinsic and the extrinsic blood coagulation pathways were
activated to generate thrombin®3# —therefore, the influence
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of ¥ma5PH-1 on the whole coagulation cascade’s thrombin
potential was ohserved.

Pro-Thrombinase Interference Assay

The assay was performed in buffer E (50 mM 4-(2-hydro-
xyethyl}-1-piperazineethanesulfonic acid [HEPES), 140 mM
MaCl. 5 mM Callz, 1 mgfmL bowine serum albumin [ESAL pH
7.4} at 37°C. Solution of VaaSPH-1, in different concentra-
mions, was pipetted to 96-well microtiter plates, 25 plin each
wiell. Separately, pro-thrombinase complex was constituted
by miting 25 pl of 10 pM FXa, 25 pLof 1 nM Fva and 25 pl of
buffer E containing 67 pM of reconstituted phosphatidylser-
ine:phosphatidyicholine (PC:PS) wesicles (PC:PS in molar
ratio 7:3; Awanti Polar Lipkds, Alabama, United States).
Then the solution containing the pro-thrombinase complex
wis added to Waa%sPH-1 solution in microtiter plates amd
incubated for 15 minutes. Thereafter, 25 pL of 125 nM pro-
thrombin was added and incubated for another 15 minutes.
The reaction was guenched with 25 pl of buffer E supple-
mented with 50 mM  ethylenediaminetetraacetic  acid
[EDTAL The activity of thrombin, generated by the activity
of the pro-thrombinase complex, was assessed using a
microplate reader (Tecan, Switzerland) after the addition
of 50 pL of 250 pM 5-2238 and following the absorption at
405 nm (Ases) The velocity of substrate hydrolysis was
calculated from the absorprion curve. The activity of throm-
bin formed in the absence of VaaSPH-1 was considered 100X
(0% inhibition). Percentages of inhibition of the thromban
formation by different concentrations of VmaSFH-1 were
calculated using the formula: ¥ inhibition = {{velocity
the ahsence of [VaaSPH-1] - velocity in the presence of
[VimaSPH-1]) | velocity in the absence of |WaaSPH-1]} = 100.

Intrinsie Tenase Interference Assay

The assay was performed in buffer Ewith 67 ph PC:PS vesides
[PC:PS in molar ratio 7:3; Avanti Polar Lipids ) at 37°C_ Note that
25 pL of PVl {final concentration of 25 nb) was added to each
wiell of the 96-well microtiter plate. Thirty-minute incubation
of FYlll with 25 plof 1 nM thrombin resulted in the activarion
of FVILL The activation was quenched with the addition of
25 pL of thrombin inhibitor hinedin {115 UlmL). After the
addition of 25 pl of 2 nM FlXa to each well, the intrinsic
tenase complex was formed. Then, to each well 25 pl of
Vira5PH-1 solution [of different concentrations) was added
and incubated for 10 minutes [experimental setup 11 In
experimental setup 2, additions of FiXa and Vaa5PH-1 were
reversed. Mote that 25 pL of 50 nM FX was pipetted into each
well. Activation of FX to FXa by intrinsic tenase proceeded for
15 minutes at 37°C after which the reaction was terminated by
the addition of 25 pL of buffer E supplemented with 50 mh
EDTA. Activity of the generated FXa was assessed after the
addition of 25 pl of 2 pM synthetic FXa substrate 5-2765 and
mieasuremenit of Ay, on a microplate reader (Tecan, Switzer-
land). The velocity of substrate hydrolysis was calculated from
the absorption curve. The activity of FXa formed in the absence
af VaaSPH-1 was considered 100% (0% inhibithon ). Percentages
of inhibition of FXa formation by different concentrations
af VarsPH-1 were calculated using the formula: % inhibivion
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= [(velocity in the absence of |WaoSPH-1] - velocity in
the presence of [WoaSPH-1]) | velocity in the absence of
[VaaSPH-1]) = 100.

Fixa Amidolytic Activity Interference Assay

Mote that 30 pl of VmasPH-1 in 50 mM Tris, 5 mM CaCls,
140 mM MaCl 1 mg/mL B5A and pH 7.4 (spanning concen-
tration range of 0.1-10 pM) and 30 pL of FIX (final concen-
tration of 1 pM), were added to each well of the 95-well
microtiter plate and incubated for 10 minutes at 37°C. Then,
FIX was activated for 10 minwtes by 30 pl of FXla (final
concentration 1 nM). Amidolytic activity of FIXa was
assessed by measuring Asps on microplate reader (Tecan,
Switzerland) after the addition of a chromogenic substrate,
100 plof 2 mM Spectrozyme [American Diagnostics, United
Srates). The webocity of substrate hydrolysis was calculated
from the absorption curve. The activity of FiXa formed in the
absence of VarSPH-1 was considered as 100K,

Structure Medelling, Docking and Molecular
Dynamics

Ab initio Vaa5PH-1 secondary structure prediction was per-
formed using ROSETTA-based Robetta web server (hip:|
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robetta bakerlaborg)® To identify the most suitable tem-
plate structure, a blast of Protein Data Bank [PDB) was
performed with the VaaSPH-1 sequence. The most homo-
logous sequence to the sequence of VaaSPH-1 found was a
sequence of a glycosylated thrombin-like enzyme AHV_TL-1
from the venom of Gloydis halys.* The three-dimensional
(30) structure of this protein (PDE ID: 4ETN) served as a
template to model the 3D structure of VisaSPH-1. VaaSPH-1
sequence was aligned with the sequence of the template
molecule using Clustal (hotp:| hawowoebiac ukfTools/msaf
clustalof). The algnment was adjusted manually, taking
into account the Robetta secondary structure prediction
The Waa5PH-1 model was generated wsing the homology
midelling program Modelber 9v14 {wwwsalilab.org/mod-
eller/)¥ Modelling was performed using the allHmodel
prodocol to inclede hydrogen atoms and default parameters,
thorough molecular dynamics (MD) optimization and refine-
ment protocol. The secondary structure of individwal loops
was re-built using the *loopmodel’ protocol ¥ The model
obtained was further optimized using the NAMD 211
(hrtp:{fwnsrw ks uiucedufResearch namd/) MD plueg-in in
the VMD w19227 program (hotp:/fewwks. viuceduf
Researchjvmd)) by simulating movemnents in water. MD
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Fig.1 Purification of Wpeno it 1 {WoasFk1 jirom the Voowenom. Sze=exdusion chromatography of the

Crude Yoo venom was accomplished ona &ph.l:rg.rl 5200 mp:rﬁn: codumn. The dhution of proteins was manibored at 280 nm (A)L The fraction B1 was
posaled and subsfractonated an the jon eschange chromatography on Mono & 550 GL colurmn (B Columnsretained proteins were eluted by a lnear
gradient af MaCl & depicted. Heven fractions were collectsd and tested for their effect on blocd coagulation. The effect of fractions on activated
partial thromboplastin time (aFTT) i shown (). A pronounced anticoagulant effect was exhibited by fraction 11. Structural characterization,
Heterminal aming acid sequencing and tandem mass spectrometry (M5/k4%] of the praotein in fraction 11 revealed it as a transcript of 2 gene,
which complete complementary deosynbonucleic acld (cONA) sequence is deposited under the National Center for Biotechnology Information
[HICBI) accession number KT 128824 (D), corresponding to a SPdike p harbouring two mutathons ints active site (framed blue in = Fig. 2|
‘We termed it theredore a homologue of 9 from Yoo or VoetPH1.
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simulations were performed from © to 20 ps. Obtained
structures were evaluated in PyMol and with SWISS
MODEL  (htip:[[swissmodel expasy.orgfworkspace/? funcs=
tools_ structureassessment1).

To get insight into the atomic details of interaction
between VaaSPH-1 and FVllla in the intrinsic tenase com-
pex, 3D structures of FIXa and VaaSPH-1 were swapped in
the madel (1 ps extraction of the MD simulation) of human
intrinsic tenase complex.®™ FiXa consists of four structural
domains, 5P y-carboxyglutamic acid-rich (GLA) and two
epidermal growth factor (ECGF)-like domains (EGF1 and
EGF2) Docking and energy calculations were performed
with the web server version of High Ambiguity Driven
protein—-protein Docking (HADDOCK) modelling program
with all of the parameters set to default values, using a
refinement interface and finally analysed in PyMol

Results

Purification and Basic Biochemical Characterization of
VaasSPH-1

Vae venom was sipe-fractionated by gel chromatography
[SephacTyl 5-200 Superfine column) into several peaks
[=Fig. 1A). The B1 fraction, containing proteases with mole-
cular masses in the range between 30 and 40 kDa®® was
further separated on cation exchange chromatography
[=Fig- 1B). Proteins retained by the ion exchanger were
eluted gradually from the column by increasing the content

VaaEFE-1
AHV_TL-I
ne FIXa
he FXa

VaaEPH-1
RHV_TL-L
he FIXa

Fig. 2 Amino ackd seguence of Yipero ommodytes ommodydes serine proteinase homolog 1 (VeoSPHs ) and its e

FEHERHIENGE S
E‘- T !I T ICIADEEY T-HIFLERGGIY.

comglete primany struchure of 'WooSPHe1 wian | nfermed from its comg
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of salt in the eluting buffer. Eleven peaks were collected,
dialyzed and tested for their effect on blood plasma All
fractions exhibited either pro- or anticoagulant effect
[=Fig. 1€} Fraction 11, eluted as the last of all, especially
artracted our attention for its pronounced anticoagulant effect
[=Fig. 1€). The fraction was homogenous as confirmed by the
M-terminal amino acid sequencing, which result was a single
signal corresponding to the VIGGD sequence. Using MS/MS, we
determined its partial amino ackd sequence [=Fig. 10) and
found it identical to the amino acid sequence translated from
the Vaa venom gland complementary deoxyribonucleic acid
library clone deposited under the Mational Center for Biotech-
nology  Information [(MCBL) accession number KT148824
[=Fig. 2). Experimentally, we covered 36% of the predicted
mature part of the amino ackd sequence translated from the
KT148824 nucleotide sequence. Protein corresponding to the
KT148824 nucleotide sequence is structurally a SP but two of
three camonical 5P active site amino ackd residues are mutated
in this molecule (framed blue in = Fig. 2), 50 it should naot be
prodeolytically active. Indeed, as we have demonstrated
[=Fig. 30, the protein in fraction 11 was not proteshytically
rctive, For this reason, we termed it VmaSPH-1.

WaoSPH-1 displayed multiple isoelectric points  (pls)

[=Fig. 3a), which is typical for glycosylated proteins. When
Vira5PH-1 was treated with PNGF, its molecul ar mass dropged
from 35 to 28 kDa, indicating that N-glycans represent & kDa of
Vira5PH-1 modecular mass (- Fig. 38) YmaSPH-1 appeared in
sewen glycaborms with pls spanning from 6.0 o 9.5, Two most

an with some rel Sps. The

ary denwyrivonuckic acid {COMA] sequence depasited at National Cemter for

Bigtechnology Information (MCE) (KT128824). Red letters indicate parts of the Yoo5PH1 sequence that were experimentally determined {altogether
36 of the mature protein). The aminoacid sequence of YoaSPH1 is aligned with AHV_T1sl, a thrombinslils eneyme from the venom of Giowdies hobe, the
heavy chaini (heh of factor 2 [Fla) and the heavy chainof Fa. The extent of the primary structse dentity with Yoo is indicated. The posit ons of
three active site amino acid residues in 575 are framed blue. In proteokytically actiee 5Ps, these positions ane corupied by His, Asp and Sex, whille in VogSPH1
His and %er are exchanged for Arg and Asn. Amino acd reskdues present at the same position in all sequences are printed on the black backgroand
and designated by an astedsk (7] in the s below all sequences. Positions in sequences harbowring conservative substitutions are grey backgrounded and
designated by a colon () in the row below all sequences, while positions of semiscomervative and nonconsenative substitutions are white backgmoanded
and marked by () or () below the ssquences.
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abundant glycoforms have pl of 6.8 and 7.1. From the primary
structure, two possible N-glycosylation sites were inferred in
VaaSPH-1, Asn123 and Asn253. Pure VaaSPH-1 was highly
immunodetectable by rabbit anti-Vaa wenom serum
(= Fig. 3¢). According to the amino add sequence, VaaSPH-1
is an SP. Howewver, two amino acid residues out of three,
constituting the canonical catalytic triad in SPs, are mutated
in VaaSPH-1. As shown in ~Fig. 2, in active SPs from SVs the
essential catalytic residues are usually Ser195, His57 and
Asp102 (chymotrypsin numbering). In VaaSPH-1, only
Asp102 is present while the other two are Asnl195 and
Arg57, which is the obvious reason for the absence of its

d with VooSPH«1 'aﬂmmaurauomo:l h&emﬂdemnnmmlwadded.
at 37°C, the samples were analysed on SDS-PAGE under reducing conditions and stained with PageBlue.

proteolytic activity. VaaSPH-1 was not able to hydrolyse any
protein substrate tested in vitro, either pro-thrombin, FIX, FX,

protein C, plasminogen or fibrinogen. As demonstration, the
negative result obtained with the latter s displayed
in ~Fig. 3D.

VoaSPH-1 Inhibits Blood Coagulation without
Affecting Platelet Function

To explain the pronounced anticoagulant effect of VaaSPH-1
mechanistically (~Fig. 1€ and ~Supplementary Fig. S1,
available in the online version), we first inspected its inter-
ference with platelets. As shown in ~Fig. 4A, VaaSPH-1 did
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Fig.4 Vipera chytes serine pr g 1 {Vea5PH«1) anticoagulant activity is not platelet=directed. (A} We assessed the

Irﬂu:mnl"l.WH-l on platelet aggregationfagglutination I:g.l presincubating platedetrich plasma with 1 ph ¥oo$#H1 at 37°C Then an agonist
of platelet aggreg d ine diphosphate {ADF) or collagen, or platelet agglutination, ristocetin, was added ta the platelet solution amnd
its aptical density measured. Control walwes, taken ax 100X change in optical density, were obtained inthe absence of the venom pratein. As
evident, Voo5FHe1 does nat affect the pllb:letful'u:tlan {B) By diluted Russell's viper venom [dmf]“ ::tlulhﬂl factor % {Fv) and FX in human
blood plasma to constitute 3 prosth plexon y charged ph (PLs) aof the p membrane of platelets. The
complex then activates prosthrombin to Im‘ll.l:e blood coagulation [Iupu:. :ntlr.\n:lg.lllnt |L!l.|1 FHETRS m:nured the difference in time for
blood to coagulate in the absence and in the presence of the indicated concentration of VoaSPH=1 and expressed the difference in per cents of the
clotting time abtaimed withouwt the addition of VoaSPHe1 . The LAZ assay was performed in the same way a5 the LA assay just in the presence afan
excess of megatively charged PLs to see whether the anticoagulant effect of the venom component stems from its interference with the PLs or
nat. Bven at the very high concentrations of YoaFHe1, the ratio between LAT and LAZ result does not exceed 1.4, indicating that the negatively
charged PLs are mot the main target of VooSPHs1. (C) The effect of 1 pM Voo%FH1 on blood coagulation was analysed wsing three clinical blood
coagul ation assays: prosthesmibin time (PT), activated partial thramboplastin time (aPTT) and thrambin time (TT). In control experiments, blood.
clotting times were measured in the absence of VooSPHe1. VootPHd exhibited a distinct effect an the aPTT, prol onging it for 120% acoord ing to

the controd vakue. All expenments were performed in duplicates and results are displayed as mean + standard deviation (50).

not affect aggregation and agglutination of platelets when
tested in vitro using collagen, adenosine diphosphate and
ristocetin as platelet agonists.

However, as we demonstrated a selecrive binding of
VaasPH-1 o the negatively charged PLs, of the highest avidity
for PS [~Supplementary Fig. 52, available in the online
wersion), a possibility emerged that this is the trait defining
VaasPH-1 as an anticoagulant. It is known that complexes of
coagulation factors, for example, the pro-thrombinase com-
pex, constitute and function on the negatively charged PL
surfaces of the plasma membrane of platebers. High affinity
binding of VaaSPH-1 to such PLs could interfere with the
formation of these complexes and consequently with the
blood coagulation process. To verify this assumption, we
performed the LA assays in the presence of increasing
concentrations of VmaSPH-1. In the LAT assay, dRVV was
added to the human plasma to produece FYa and FXa, which
then associated with the negatively charged surface of
platelets to form pro-thrombinase. This cleaved pro-throm-
bin to thrombin, which induced blood coagulation that we
observed. As evident from - Fig. 4B, addition of VaaSPH-1 to
the plasma prolonged the time for plasma to coagulate. The
effect was dose-dependent and may be the result of the
interaction of VaasPH-1 with the protein components of the
pro-thrombinase complex or the negatively charged FLs. The
ambiguiry was resolved by performing the LA2 assay, which
differs from the LA1 assay only for the presence of an excess
of the negatively charged PLs. As we have established earlier,
the activity of thrombin was practically abolished in the
presence of sub-micromolar concentrations of VaaSPH-1
[=Supplementary Fig. 51, available in the online version)
rendering the blood clinically incoagulable. However, the
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results of LA2 and LA1 assays were largely similar (= Fig. 48]
at concentranons up 1o 3 pM, indicating that the binding of
VieaSFH-1 to the megatively charged Fls s not the main
contributor to the inhibition of pro-thrombinase complex.
This primarily stems from its interference with Fva or FXa or
bath. VaaSPH-1 therefore does not affect platelet function to
inhibit blood coagulation but does this by acting on certain
protein factors in the coagulation cascade.

VaaSPH-1 Binds Multiple Coagulation Factors

After demonstrating that the anticozgulant effect of VassSPH-
1 is mainly the result of its interference with protein factors
in the blood coagulation cascade, we focused on identifica-
tion of the factors involved.

Initially, we tested the influence of VoaSPH-1 on three
bleod coagulation times, aPTT, PT and TT (=Fig. 4CL In
human plasma, 1 pM VmaSPH-1 exerted a pronounced effect
an the aPTT, prolonging it for 140%. Much less, for approxi-
mately 20%, it also extended the PT, but it showed no effect
on the TT{=Fig. 4C). As evident from - Fig. 48, 1 uM VaaSPH-
1 prolonged clotting time by approximately 45% in the LA
assays, in which FV and FX were directly activated by dRVV.
Consalidating these results, VeaSPH-1 targets pro-thrombi-
nase complex but also affects components of the intrinsic
and the extrinsic pathway of blood coagulation. However, the
5W protein does not affect the activation of fibrincgen by
thrombin.

Mext, we assessed the affinity of VoaSPH-1 for different
blood coagulation factors using the native PAGE Vao5PH-1
wixs incubated with a particular blood coagulation factor
after which the mixture was electrophoresed under non-
denaruring conditions to reveal whether both proteins
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formed the complex or not. By detecting a protein band on a
different position in a gel than positions characteristic for
VaaSPH-1 and coagulation factor alone, we concluded that
VaaSPH-1 formed a complex with pro-thrombin, FVa, FVII
and FVlla (depicted as FVINa)), FVIlia, FIX(a) and FX(a). Some
analyses are displayed in ~Fig. SA-C, the others can be seen
in =~ Supplementary Fig. S3A (available in the online version).
If the molar ratio between VaaSPH-1 and any of these factors
was Increased, more factor was complexed and the band
corresponding to a complex became more intensive
(~Fig. SA). The native PAGE results also implied that
VaaSPH-1 does not associate with FXI(a), FXI¥a)
(~Fig. 5D), kallikrein and thrombin (-Supplementary
Fig. S38, available in the online version). VaaSPH-1 interfered

Sl

= |=

therefore with the GLA-domain-containing blood coagula-
tion factors implying its interaction with the GLA domain,
and the co-factors, FVa and FVIlla. Noteworthy is that binding
of VaaSPH-1 to coagulation factors did not abolish their
hydrolysis of small chromogen substrates (e.g. FIXa
in ~Fig. 6D; other results are not shown).

VoaSPH-1 Inhibits Activities of Blood Coagulation
Complexes

To verify the hypothesis that VaaSPH-1 exerts its anticoagu-
lant activity also by obstructing the functions of the intrinsic
tenase and pro-thrombinase, two important complexes in
the blood coagulation cascade, we assembled these com-
plexes in vitro and measured their activity in the presence of

&,tf «*f f *’5“«""
T' faud|aed

T}

Fig.5 Vipero d dytes serine pi h g 1 (VooSPH=1) binds to different coagulation factors. Each blood coagulation
fxtawanmdwltthMIInﬂwndntedmohrmﬁo.andmmtedaJT‘CmdeGlfor! 1 S les were analysed by
polyacrylamide gel el ph (PACE) on 10% (mJv) polyacrylamide gels under non=denaturing mnm to analyse whether

VaaSPH-1 mdamagdnhnfmfumthewmphwnﬂ.lmulnhﬂdlonl VooSPH=1 oracmguhuun factor was electrophoresed serve to
itlons of

definep

proteins. in paned (A), comph

g of factor 1Xa (FIXa) and VootPHs1 Is & d. 8yl

g the molar

rmb«menbothptwm;.fmnl 1to 135, m:ompkawasfomnd (B) FX and VooSPHe1 assoclated under used emﬂ:mm

(€) The complex also fi d b

£Villa and VoaSPH=1. Raising the ratio of VooSPH=1 in the mixture Increased complexing of the two

molecules. 1D)Someblood¢nagulallmixm forexample, MImleII:.dﬂmtformacmplnm VaoSPHe1. This Is indicated by the fact no

additional protein band occurred upon of the e, d
reference lanes. Gels were stalned with Pageﬂue

the two bands corresponding to VaoSPH-1 and £XII(a) as specified in the
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the increasing concentrations of VaaSPH-1 (=Fig. ). Under
experimental conditions used, Vaa5PH-1 was able to com-
petely inhibit the activity of the pro-thrombinase complex
at concentrations above 0.7 pM (= Fig- 64). The half-maximal
inhibition of pro-thrombinase activity was reached at
164.1 nM WaaSPH-1 (ICsg). VaaSPH-1 abko inhibited the
activity of the intrinsic tenase complex. The complex was
constituted on the negatively charged PLs, first, by forming
F¥llla from FVII in sim using thrombin. Thrombin activity
wias quenched by hirudin and then FiXa was added. Swuch
mixture, containing the intrinsic tenase complex, was incu-
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bated with the increasing concentrations of VaaSPH-1 and
then the remaining FX-activating ability was assessed
[=Fig. 6B). VaoSPH-1 inhibited the intrinsic tenase activity,
reaching approximately &0% inhibition at 2 phL. The absence
of complete inhibition at such a high concentration of
VieaPH-1 may be due o experimental setup, for example,
the presence of excessive 5P inhibitor hirudin, Vag5PH-1
inhibirs in vitro also the activity of the extrinsic tenase
complex [=Supplementary Fig. 54, available in the online
version), but its much more pronounced effect on aPTT than
on PT implies that the hallmark of the anticoagulant activity
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Fig. & Vipere ammodyirs ammodyies serine proteinase homalog 1 (VaosPH1) Ir|l1|bltl pm-ﬂ'lmbmn-e and intrinsic temase but not factor 1Xa
(FiXa) activity. (A} FXa and Fva wene assembled into the prosth I Jphasphatidylcholine (FC{FS) lipid
vesicles inwitro at pH 7.4 and 37°C. Tothe complex, the increasing concentrations ni'm&PH 1 were anidl:d. Inu:ubnt:d fiar 15 minartes and then its
substrate, prosthromban, was added for 15 minutes. The activity of prosth I 0 ated thrombin was assessed wsing a chromogenic
substrate 5.2234, inllowing the absarption at 205 nm {Aes). (8) PVBll was miced withi BCJPS lpid vesicles and activated by thrombin at pH 7.4
ansd 37*C until the addition of its imhibitor, hinodin, 30 later. tenase comiplex fi d pon the addition of FiXa {(setup 1). Ta the
complex, increasing concentrations of ¥oosPHe1 were added and incubated for 10 minutes, followed by the addition of its substrate, Fx,
and incubation for another 15 minutes. The activity of tenase-generated FXa was determined wsing a chromegenic substrate 5-2765 and by
measuring Asss- |C) Besides the reversed order of addition of F1%a2 and Voo5FHs1 {setup 2], all ather conditions were identical to those in setup 1.
{0} FLX was mixed with VooSPH1 and incubated for 10 minutes at pH 7.4 and 374, FIX was activated in situ by addition of FXla. The activiby of
Flda in the presence of increasing concentrations of ¥oosPHe1 was assessed using a substrate Spectroryme by measuring Augs. The activity
of FiXa formed in the absence of YootPHs1 is considered as 100%. in all three inberference assays, percentages of imhibition by different
concentrations of ¥Yoes#Hel wene calculated using the formula: % inhibition = [[reaction velocity in the absence of | YoeS# Hel | = reac tion velocity
inthe presence of [VeaSPH:1]) [ reactionvelocity in the absence of [VeaSPH«1]] = 100. All experiments were performed induplicates and results
are displayed a mean = standard deviation (S0). Experimental details can be found in the ‘Materials and Methods' section.

binase ¢ on p
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of Vaa5PH-1 is the inhibition of the pro-thrombinase and the
intrinsic tenase activities.

VaaSPH-1 Inhibits the Activity of Intrinsic Tenase
Mostly by Binding te FVilla
Vira5PH-1 can interact with bath constitwents of the intrinsic
tenase complex, FIXa and PyLLa, as well as with its substrate FX
(=Fig. A and €] To expose the most relevant interaction of
ViraSPH-1 for the inhibition of the intrinsic tenase activity, we
measured the hydrolysis of a chromogenic substrate Spectro-
zyme by FlXa in the presence of increasing concentrations of
ViraSPH-1. As evident from « Fig. 8D, hydrolytic activity of FIXa
was mot affected by the presence of VaaSPH-1, not even at 10
pM concentration, meaning that Vaa5PH-1 does not obstrsct
the access of the substrare inno the active site of FIXa. Such
result suggests that Vaa5PH-1 inhibits the activity of intrinsic
tenase by binding to Fvllla in place of FiXa

‘We tested this idea by performing the intrinsic tenase
interference assay in altermative way (setup 2). Differently as
im setup 1 (= Fig. 68), where the complex was formed first
and then VmasPH-1 added, in setup 2, FIXa was added last. I
ViraSPH-1 occupies the FiXa binding site on FVilla, then, in
the larter case, the inhibition should be more effective than in
the former case. Confirming our hypothesis, the extent of
inhibition of the intrinsic tenase activity was higher at the
same concentration of VmaSPH-1 (= Fig. 6C). Forexample, at 2
ph VarSPH-1 (the highest concentration tested), the inhibi-
tion was higher for approcimarely 25% in the case of the
experimental setup 2 than in the case of setup 1. Therefore,
we can conclude that VeaSPH-1 is inhibiting the activity of
the intrinsic tenase comphex mainly by binding to FYLla.

Structural Insight into the Interaction of VaasPH-1
with the Intrinsic Tenase Complex

Using molecular modelling approach, we proceeded to get
insight into atomic details of the VaaSPH-1 binding wo Félla.
To this end, we first constructed a 30 model of VaoSPH-1.
Mext, we replaced the structure of F1Xa in the intrinsic tenase
complex with the VsasPH-1 model and docked it with the
Fvilla molecule.

Modelling of VaasPH-1 3D Structure

3D model of VaaSPH-1 (= Fig. 7B) was built using the crystal
structure of thrombin-like enzyme AHV_TL-1 (AHV_TL; PDB
ID: AETN] from CGloydius halys (formerly Agkistrodon halys)
venom as a template.*® Primary structures of bath proteins
are namely 74%€ identical and 94% homaologous. Comparison
of the constructed 30 model of VaaSPH-1 and the crystal
structure of AHV_TL-1 by calculating the root mean square
deviation (RMSD) of backbone atomic positions of the two
molecubes revealed extremely high resemblance. RMSD of
only 08 A justified our chobce of AHV_TL-1 as a structural
template to model VaasPH-1.

Docking of VaasPH-1 into the Intrinsic Tenase Complex

Intrinsic tenase is the complex of FVllla and FiXa that
constitutes on the platelet plasma membrane. The 5P sub-
unit of the complex, FIXa, cleaves the substrate (FX) and

Poglavje 3. Znanstvene publikacije
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activates it (FXa) By its structure, Visa5PH-1 is a 5P, as FlXa
and FXa (- Fig. 2] Experimental resulis suggest that Vea5PH-
1 inhibits the intrinsic tenase complex activity by interfering
with the binding of FIXa to F¥llla and not of FX to the formed
complex. ¥We verified such suggestion also in silico by
comparison of our 30 model of VesaSPH-1 with the crystal
structures of the heavy chain (hc) of human FIXa*® and he
F¥.5" RM3D values calculared for respective pairs of protein
structures were 1.2 and 1.8 A, additionally supporting our
hypothesis that VaaSPH-1 competes with AXa for binding to
Fvllla.

To get a more detailed insight into the interaction area
berween VaaSPH-1 and FVlla in the intrinsic tenase com-
plex, we replaced the molecule of FIXa for VmaSPH-1 in the
model of the human intrinsic tenase complex [ = Fig. 787
and performed the docking procedure using HADDOCK
program to obtain the energetically optimal structure
(=Fig. 7B). Using the same program, we calculated energies
(Van der Waals, electrostatic and desolbvation energy) for the
intrinsic tenase complex containing VasSPH-1, full-length
F1Xa or he FIXa (= Fig. 7€) According to the energy released
upon formation of the complex, the complex containing
ViraSPH-1 was as stable as the complex containing the full-
length F1Xa and much more stable than the complex contain-
ineg the hi F1Xa. This means that the interaction of VoaSPH-1,
cormprising only the SP domain, with Fvllla is much stronger
than the interaction of the FiXa 5P domain {i.e. the hc FiXa)
with F@llla, reaching the strength of the interaction of the
full-length F1Xa, comprising interactions of its 5P, GLA and
two ECF domains with the constituents of the intrinsic
tenase complex. In particular, VaaSPH-1 forms significantly
stronger electrostatic and Van der Waals interactions with
Fvllla tham the hc FiXa (=Fig. 7C)L Amino acid residues of
ViraSPH-1 invalved in major electrostatic interactions with
Fvlila are GIn153, Lys154, Arg157, Glul61 and Lys162. In the
case of he FIXa, only Lys160 forms such interaction. Amino
acid residues that are also involved in binding to FYllla but
contribute less to the interaction are Asp 148, Ser150, Lys158,
Leu159 and Prol60 in the case of WooSPH-1, and Asp151,
Thr154, Leu156, Arg157 and Thr162 in the case of he FlXa
{=Fig. 7A and B]

Discussion

5vs, especially those from the Crotalidae, Elapkdae and
Viperidae snakes, are known to be rich sources of proteins,
which strongly affect blond coagulation 3! These proteins are
usually very specific for their molecular targets in the
coagulation system, resistant to physiological inhibitors
and stable in vitro and in vivo, Their appropriateness for
application in clinical diagnostics and as therapeutics has
been demonstrated several times 52 5V proteins affecting the
coagulation system are members of different protein families
—5Ps, metalloproteases, C-type lectins, disintegrins and
secreted phospholipases A, 5Ps were shown to affect blood
coagulation in different ways, either preventing or propagat-
ing it Hitherto, anticoagulant SPs have been shown to act
as proteim C activators and thrombin-like enzymes52

Thrombeah and Hessmbnh el 118 Ko, 1002018

1723



79

1724 VaaSPH-1: The First SP-Like FIXa Antagonist  Latinovi¢ et al.
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Fig. 7 Docking of Vipero h dytes sesine h g 1 (VoasPHe1) Into the intrinsk tenase complex. {A) The human intrinsic tenase
oonslmolbmua(ﬁxa) heavy(h:-vbkt)andlmchm(k-gm and FVIa (grey) complexed on the negatively charged plasma b of
phh.-k(. The he FlXa s comprised of sesine p ($#) domain, while the |c FiXa s comprised of ycarboxyg) adddd\(aA)andmm
foﬁr(t(ﬂdunﬁnxmuhbmndnhmmplubymmngmwn chuding all of its & and phospholipids (PLs). (B) In the intrinsc
mummplu. the atomk di of FiXa were replaced with the d of voasPHe1 (blue) and docked by High Ambiguity Drven proteine=
mwwmmmmkalymmmﬂmm Contact areas between F1Xa and Fllla (A), and VoasPHe1 and FVIlla{B)
are d ddh hved in major elec Interac indicated with large letters whille those contributing less tothe Interaction
Mhm\lllﬁ.(C)Usthmeanderwﬂs.&; and desoh les were calouated for the Intrinskc tenase complex and complexes

containing VooSPH«1 mhcmnmmdnnmhmmdwsnmwmnmamma;memqmsm and
substantially more than he FiXa alone.
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Pathological activity of both types of anticoagulant 5Ps is
based on their ability to hydrolyse plasma proteins. Here, we
present the first 5P family member, whose strong antic-
pagulant activity is not proteslytic activity-dependent,
representing therefore an original molecular platform to
develop innovative anticoagulant substances. We purified
this protein from the venom of the nose-horned viper and
named it VoaSPH-1.

The isolation procedure consisted of two chromato-
graphic steps, a gel filtration and a cation exchange chroma-
tography step (= Fig. 1A and B). Vaa5PH-1 eluted from the ko
exchanger in fraction 11 and wvery significantly probonged
aPIT (=Fig. 1C). Its low effect on PT and no effect on TT,
suggested a major action of this fraction on the intrinsic
pathway of blood coagulation, the fearure, which has been
intensively sought Mamely, an anticoagulant acting on the
intrinsic coagulation pathway would be much safer for
medical application® —on one hand, it would prevent patho-
legical hypercoagulability of blood in veins, while on the
other it would not compromise coagulation of blood wpon
vascular injury. N-terminal amino acid sequencing and M5|
MS analysis of the fraction 11 confirmed VaeSPH-1 as the
only protein component present in this fraction (=Fig. 1D).
Contrary to our expectation, based on the long retention
time of Var$PH-1 on the strong cation exchange chromato-
graphy column (-Fig. 1B), the [EF revealed WoaSPH-1 as
essentially neutral protein (= Fig. 3A) Such behaviour indi-
cates existence of an area(s) on the protein surface with
higher density of baskc amino acid residues. The 1EF analysis
also revealed that VoaSPH-1 exists in multiple glycoforms.
The fact that all these ghycoforms, irrespective on their pl,
which span from 6.0 to 9.5, eluted in fraction 11, supports aur
idea of the presence of discrete concentration(s) of the
pasirive charge on the WaaSPH-1 molecule.

Amino acid sequence analysis (=Fig. 1D) revealed
ViraSPH-1 as the SP-like protein encoded by the Vaa gene
deposited at NCBI under accession number KT14BE24
(=Fig. 2} Consistent with mutation of two out of the three
cananical 5P active site amino acid residues (His57 vo Arg and
Ser195 to Asn, only Asp102 is present™), ViraSPH-1 did not
hydrolyse any of the protein substrates rested (e.g. fibrinogen
in =Fig. 30} VmasFH-1 is not the first SP-like protein
discovered in 5Vs. Such proteins have been found before™®
but VoeaSPH-1 is the first reported to influence the blood
coagulation process. Besides its inhibition of the intrinsic
pathway of bleod coagulation, the absence of the enzymatic
activity is another strong artribute for VaaSPH-1 as a candi-
date lead compound for development of a new generation of
safer anticoagulants.

To employ a mobecule as a lead compound, the precise
knowledge of its molecular mechanism of pharmacological
action is essential VaaSPH-1 induced a strong anticoagulant
effect. In the presence of sub-micromolar concentration of
ViraSPH-1, the blood became clinically incoagulable as the
formation of thrombin in bleod plasma was reduced below
the armount necessary for the initiation of fibrin clot forma-
tion [ =Supplementary Fig. 51, available in the online ver-
sion), which is approximately 0.2% of its total capacity.3s
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Such a radical drop of thrombin production was observed in
bload of patients with severe F¥Ill deficiency,® representing
a hint for the molecular target of VaaSPH-1 in the blood.
According to its retention on the cation exchange column
(=Fig. 1B), Vaa5PH-1 behaves as a basic 5P, and basic 5Ps
usually display direct platelet aggregating activity® This
wis not the case with Vag5PH-1. The anticoagulant activity
of WaasPH-1 was not due to its inhibition of plateler coagula-
tion functions [ = Fig. 4A) Megatively charged PL domains on
the plasma membrane of platelets are platforms for assembly
of blood coagulation complexes, tenase and pro-thrombi-
nase, *=9 and their optimal function in production of throm-
bin®*2 in gpite of its preference for the negatively charged
PLs, in particular PS (= Supplementary Fig. 52, available in
the online version), blood-clotting tests (LA1 and LA2) to
diagnose PL-related abmormalities did not confirm that
VmaSPH-1 anticoagulant activity originates from its inter-
ference with PLs [ = Fig. #8). Obviously, this stems from the
interference of VaaSPH-1 with one or maore protein compa-
nents of the coagulation cascade (- Fig. 5), as suggested by its
rmajor and dose-dependent influence on the aPTT [ = Fig. 4€),
particularly with coagulation factor(s) of the intrinsic path-
way of coagulation. The native PAGE analysis did not confirm
interactions between VisaSPH-1 and FXI{a), FXU{a) and kal-
likrein [=Fig. 50 and = Supplementary Fig. 538, available in
the onlime version), that is, blood coagulation factors of the
intrinsic coagulanon pathway upstream the intrinsic tenase
complex, but clearly demonstrated the associarion of
VimaSFH-1 with FVilla and Fi¥{a) (=Fig- 5A and €
and =Supplementary Fig. $3A, available in the online ver-
sion). This exposed the interaction of Vag5PH-1 with intrin-
sic tenase complex as a factor in its anticoagulant action
Explaining the effect of VaaSPH-1 on PT [ = Fig. 4€), the native
PAGE analysis confirmed also interactions of VaaSPH-1 with
Fvli{a), Fx{a), FW{a) and pro-thrombin (-Fig. 5B
and =Supplementary Fig. $3A, available in the online ver-
sion), constituents of the pro-thrombinase and extrinsic
tenase complex. Expected inhibinon of both tenases and
the pro-thrombinase activity by binding of VoaSPH-1 to
constituents of these complexes was confirmed in vitro
(= Fig. & and = Supplementary Fig. 54, available in the online
version). VaasPH-1 inhibited the activity of pro-thrombinase
and extrinsic tenase in vitro even more efficiently than the
activity of intrinsic tenase complex. This may be the con-
sequence of a very cornplicated in vitro experimental setup
imthe case of the intrinsic tenase complex interference assay,
including in situ activation of FVIL with thrombin and
subsequent inhibition of thrombin with an overload of
hirudin, an 5P inhibitor. Also, other awthors reported that
the results in this kind of experiment are highly dependent
on concentration, activity and time of incubation of FYllla
with other coagulation factors 53 Substantially higher inhibi-
tion (for 25%) of the intrinsic tenase activity, when VaogSPH-1
was added before FiXa in the assay (-Fig. 6€), and the
imability of VaaSPH-1 to inhibit hydrolysis of a small sub-
strate by FIXa (= Fig. 6D), proposed FVllla as the main target
of Vea5PH-1 in the intrinsic tenase complex. Conclusively,
our experimental data suggest thar the anticoagulant
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activity of Vea5PH-1 is significantly due to its competitive
binding to the FIXa-binding site on FVilla and consequent
inhibition of the intrinsic tenase complex formation.

We decided to test this hypothesis by an in silico
approach. To this end, we constructed a 30 model of
VaaSPH-1. This was made by the crystal structure of
AHV_TL-1.* a 5V trypsin-like 5P with the highest homalogy
o VmasPH-1. We compared the obtained VaaSPH-1 space
mide]l with the ho FiXa and he P Evaluation resulted in
RMSD values of 1.2 and 1.8 A, respectively, for the first and
the second pair of molecules. Such results confirmed the
view that VmaSPH-1 interferes with the function of the
intrinsic tenase complex principally by mimicking FiXa
amd mot by displacing its substrate, FX—that is, it acts as an
antagonist of FiXa hinding to FVlla. In the next stage, we
replaced the FiXa wnit with either hc FiXa or VaaSPH-1 in the
structure of the intrinsic tenase complex on the PL mem-
brane as constructed by Venkateswarlu.®® Structures were
docked using the HADDOCK program to reach thermodyna-
mically most optimal states (=Fig. 7A and B). In such state,
Van der Waals, electrostatic and desalvation energies were
caloulated for each complex (-Fig. 7€). Confirming our
hypothesis, the structure, in which VarSPH-1 was replacing
FiXa in the complex proved energetically as stable as the
native intrinsic tenase complex. The complex harbouring
just the 5F domain of FiXa (hc FIXa) was considerably less
stable, which was not a surprise, as FiXa forms contacts with
Fllla, not only with its 5P domain, but also with its GLA and
EGF domains. ™S This denoted that the interaction between
VaaSPH-1 and FVilla is tighter than the interaction between
he FiXa and F¥llla, particularly at the expense of the electro-
static energy (= Fig. 7€).

Considering the F¥llla interaction surface, the so-called
558-loap in its A2 domain is involved inthe interaction with
he FIXa,®™ thar is, with its 157-loop (174-loop in chyme-
trypsin numbering) and the preceding a-helix (- Fig. 7A
and B). A contact region between hc AXa and FVilla is
expanded in the inset of ~Fig. 7A, while the one between
VarSPH-1 and FVllla is expanded in the inset of «~Fig. 7B,
Closer views explain larger electrostatic stabilization of the
VarSPH-1/Fvilla complex by one additbonal ionkc and some
hydrogen bond interactions in comparison to the he FiXa/
Féllla complex.

Disturbance in the intrinsic coagulation cascade is the
main reason for blood hypercoagulability in wveing?1.34
therefore inhibition of blood coagulation by obstruction
af the FYllla-FiXa interaction has been perceived as an
attractive possibility for the treatment and prevention of
diseases caused by ¥TE. 3 Based on the notion that the main
interaction berween FiMa and FVilla to form a functional
intrinsic tenase complex includes the 558-koop in F¥llla,
linear and cyclic peptides or peptidomimetics have been
designed and tested for their anticoagulant activity 65
Although these studies confirmed the Fvilla 558-loop
[Sers58-Gln565) as a promising model structure to design
low rmalecular mass anticozgulants, there was no follow-up,
probably due o too low efficacy of the tested compounds.
Epidemiologic studies showed that the highly active FWllla
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represents a significantly higher risk for thrombosis, 58
rendering this particular blood factor a drug target of a
high relevance. VaaSPH-1 with its much tighter interaction
with FVllla than hc FiXa offers therefore an excellent
opportunity to employ a similar approach as described by
Anastasopoulos et al %5 however, to design innovative
F¥llla-directed anticozgulants by taking the VaoSPH-1
structural elements, the 157-loop and the preceding -
helix, as a template. Importantly, effective reversal agents,
recombinant FWill and FIX557 are already available for
potential VmaSPH-1-based anticoagulant drugs.

In summary, from the venom of the European most
venomous snake, we isolated and characterized a protein,
VieaSPH-1, which possesses some unique traits—it is a very
potent anticoagulant, although structurally an 5P, it does not
possess the enzymatic activity, it interferes with the GLA-
domain-containing blood coagulation factors and with the
5P-binding domain of the cofactors, Féa and FVilla Focused
an its interference with the intrinsic pathway of blood
coagulation, we constructed a 3D model of its complex
with Fvilla that will advance a design of original low mole-
cular mass FVilla-targeted anticoagulant substances based
on the detailed analysis at the atomic level of the interaction
surface between Vaa5PH-1 and Fvilla

What is known about this toplc?

« Components of the intrinsic blood coagulation
pathway, among them FVila, have been recognized
as suitable therapeutic targets to treat venous
thromboembolism.

» Complications, such as excessive bleeding, are frequent
upon therapy with contemporary anticoagulants.

* Snake venoms are a rich sowrce of proteins thar affect
blood coagulation.

What does this paper add?

« Comprehensive description of an anticoagulant snake
venom protein, VaeSPH-1, that inhibits intrinsic tenase
by binding to FVIla

= ldentification of the first FIXa antagonist of a serine
protease structure.

= Construction of the three-dimensional model of
WaaSPH-1-Fvllla complex, for rational design of inno-
vative FVllla-directed intrinsic tenase inhibitors of
therapeutic relevance.
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Supplementary Fig. $1. Veat PHe1 almaost comipletely abolishes formation of thrombin in blsod. Thrombin generation assay was wed to astess
the capacity af Voo%5FH1 to suppress the generation of thrombin. Human plasma was incubated with 8.77 phl VooSPHe1 or Millisd) water
{controd) for 2 minates at 37°C. By addition of less than S phd TF, we activated both the: intrinsic and the extrinsic pathway of blood coagulation.
Thrombin activity was measured fluorimetrically wming Technothrombin TGA substrate and Victor X2 multilabed plate reader (Perkin Eimer,
Finland). Flunrescence was induced at 355 nm and recorded at 460 nm. From the intensity of the emitted flsorescence, concentration of
thrombin was calculated using Technoclone saftware [wwe technockone comi). The area under the concentration curve correspanis to the tatal
thrombin potential. Each expenment was performed twice {blue and wioket trace).

Binding of VaaSPH-1 to lipids

Binding of Vaa5PH-1 te Lipids by Sedimentation Assay
Phospholipid multilamellar vesicles (MLVs) were prepared in
a 10-mL vacuum flask. Phospholipids (PLs) in the final
concentration of 10 mg/mL were dissolved in chloroform.
Sodurions of PLs were piperted in the vacuum flask in a way
that the final mass of MLYs in 1 mLwas 5 mg. MLY's consisted
of sphingomyelin (M) and phosphatidylcholine (PC) SM

and cholesterol (CH); phospharidylinosivol (P1) and CH; PC
and phosphatidylserine (P5); PC and CH; and P5 and CH in all
cases in the molar ratio 1:1. Applying vacuum, chloroform
wixs evaporated from the flask and a lipéd film was formed on
the battom of the flask. This was dried for 2 additional hours.
MLV's were formed from lipid films by addition of 1 mL of
buffer C {20 mM Tris, 5 mM EDTA, 140 mM NaCl, pH 7) and
intensive vortexing in the presence of acid-washed glass
beads. Mote that 20 pl of MLV suspension was added to

Thrombonis and Hesmastads
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Supplementary Fig. 52 WH-I binds to negatively charged PLs. The binding of VoaSPHe1 to PLs andm. charge selectivity was explored using
theee different experi pproaches, PL veslclc di assay (A), thindayer ch graphy (TLC) = bk g (8) and surface plasmon
re e (SPR) (C). Secsm assay showed whether VogSPH=1 binds to mululameln vesicles (MLV) or not. MLV varied in their PL
g of sphi lin (SM) + phosphatidyicholine (PC); SM + chol | (CH); phosphatidylinositol (M) + CH; PC +

plmpfnndyheﬂne (Ps) PC + (H and PS 4 CH in the molar ratlo 1:1. YoaSPH-1 was present in sedimented MLVs of PS 4 PC, PS + CH and
P + CH compoesition. i mixed with the MLV of other composition, VoaSPH=1 was found in the supernatant after the centrifug. (A). ndividual
PLs were chromatographed on a thin layer of silica gel. from the developed TLC plate, PLs wm transferred/blotted onto the PVOF membrane,
and analysed for binding of YaaSPHe1 using detection with anti=Voa serum. By overlay ined PVOF b and the silica gel
plate, we concluded that VoaSPH-1 bound to negatively charged PS and PI, but not with SM PCor CH (B). The selective binding of VoaSPH-1 to
membranes containing the negatively charged PS or Pl was confirmed using S#R (C). VooSPH=1 Interacted only with SUV of PS 4+ CHand #1 4 CH,
while no binding was observed with SUV of other compositions (PC + PS, SM + CH, SM + PC, PC 4 CH). Using this technology, we also

determined the dissoclation constant (Kd) for the Interaction of Yoo$PH«1 with SUV consisting of #S + CHand PI 4 CH In the molarratio 1:1.0n

the first instance, Kd was 189 nM, while in the second 481.3 nM (C).

20 pL of 0.5 mg/mL VaaSPH-1 in buffer € and incubated at
the RTwith shaking for 30 minutes. In negative controls, the
same amount of VaaSPH-1 was added in three-fold Milli-Q
water and buffer C. Following incubation, the samples were
centrifuged at 60,000 g for 60 minutes at 4°C. Supernatants
were transferred to fresh test tubes, supplemented with
125 pL of 100% trichloroacetic acd and incubated for
10 min on ice. Then the test tubes were centrifuged at
16,100 g for 12 minutes at 4°C. In each test tube, supernatant
was removed and 300 pl of ice-cold acetone was added to
the sediment. Samples were centrifuged at 16,100 g for
5 minutes at 4°C, followed by removal of supernatant and
addition of ie-cold acetone. After the centrifugation at
16,100 g for 5 minutes at 4°C, supernatants were removed
and sediments air-dried. Sediment and supernatant were
analysed with 12.5% SDS-PAGE, under reducing conditions.
Proteins were visualized by silver staining, as described in
the "Material and Methods section'.

Binding of VaaSPH-1 on the PVDF Membrane-Blotted
Lipids

Thin-layer chromatography was performed on the heated
aluminium silica gel plate (60 W, F254s: a fluorescent
indicator coating silica gel, 20 x 20 cm, Merck, Germany).
Note that 60 pg of PLs (SM, PC, PS and CH) were applied.
The plate was immersed in a solvent or a mobile phase,
consisting of chloroform, methanol and ammonium in the

Thrombaus and Haemontasn

volume ratio 20:20:1, in chromatographic chamber, where
the separation was accomplished. After the separation of
PLs, the plate was dried to completely remove the solvent.
PLs were transferred onto the PVDF membrane (Serva,
Germany) by ironing (30 seconds at 180°C). The PVDF
membrane was blocked for 2 hours at the RT in 5% (m/v)
bovine serum albumin (BSA) (Merck, Germany) in TBS
(50 mM Tris/HCl, pH 7.5 and 150 mM NaCl). Then the
membrane was incubated for 2 hours with shaking at
the RT in the blocking solution supplemented with
2 pgfml VaaSPH-1. After washing the membrane with
TBS, it was incubated with the rabbit anti-Vea serum,
diluted 1:10,000, for 1 hour at the RT in TBS containing
5% (mfv) BSA and then with the horseradish peroxidase
(HRP)-conjugated secondary anti-rabbit IgGs (diluted
1:10,000 in T8BS with 5% (mJv) BSA) for 1 hour at the RT.
PLs remaining on the silica plate were then detected by
immersing the plate for 10 minutes in the mixture of 10 mL
of methanol containing 30 mg of 4-chloro-1-naftol and
50 mL of 137 mM NaCl, 0.72 mM Na,HPO, 25 mM
Tris and 60 pL of H202 in water. Then the plate was
sprayed with primulin solution (5mg primulin in
100 mL 80% (v/v) acetone in water) to visualize PL spots.
Processed PVDF membrane and silica plate were captured
with G:BOX machine (Syngene, USA) and electronically
overlaid to identify the nature of PL to which VaaSPH-1
bound.
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Supplementary Fig. $3 Interaction of VoaSPH.1 with different coagulation factors by native PAGE. Each blood coagulation factor was mixed with
VooSPHe1 hmmhdnﬂirnquhcwa!r{wpﬂufasm Samples were analysed by PAGE an continuous 10% (m)v)
palyacrylamide gels under d mﬂmmmlyuwmmsnblmd:magbﬂmlmhrmhcmﬂexummm
which oaly VoaSPH=1 or a coagul. factor was cle P d serve to define positi of an extra
protedn band upon analysis of the VooSPHe1 and a coagulation factor mi indi ‘the pk ofdletmuwh:*s.fhegelsm
stained with PageBlue. In panel (A), complexing of VoaSPH=1 with FIX, FX: FVII Nla.ﬂha\d h are d d. (B) VaaSPH.1 did
not associate with FXI, £Xl1a, kallkrein and, | 1y with the bl oimﬂu-lon" also thrombin.
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Supplementary Fig. 54 YooSPHe1 infibits also extnnaic tenase activity. Pilla
in buffer £ and Innwin (contains recombinant haman TF, PLs and €a** in
HEPES buffer; Dade Behning, Marbarg, Cermany| were added to each well of
the S6evell microtiter plate and incubated for 15 minutes at 37°C for
extrinaic tenase comples bo foem To the comples, the increasing concens
trations of VooS#Hel wene added, incubated for 13 minutes, and then the
subatrate, FX, was added for 15 minutes. The reaction was stopped by
adding the bufier E supplemented with 50 mA EDTA. Acthity of the
extringic tenaseqenerated Fia wa determined using a dhromogenic
subairate S2P0% and Ay recording. The activity of Fa formed in the
absence of VoosPHe1 was considensd 100% (0% inhibition ). Percentages of
inhibition by different concentrations of YooS#He 1 were caloulated using the
formula: X inhibition = [{reaction velocity in the absence of [oo5PH1 ]
reaction welocity in the presence of [Voos#He1]) | reaction welocity in the
absence of | Voo || x 160, All experimentswere performed in dupbcates
and results are dsplayed as mean = standard deviation {50}
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Binding of Vaa5PH-1 on Lipids by Surface Plasmon
Resonance

Small unilamellar vesicles (SUVs) were obtained from MLVs
with 30 minutes of sonication [pulse on and off for
15 seconds, amplitude 50%) and 45 minutes of heating at
40°C, followed by centrifugation at 6,000 rpm for 5 minutes.
SUWs were prepared in buffer D (20 mb Tris, 140 mM Nadl,
5 mM CaCly, pH 7.4). This was alsa the buffer to perform
experiments on the Biacore T-100 apparatus (GE Health-
care BinSciences AB, Sweden) SUVs were attached on the
Biacore T-100 L1 chip in a flow cell within 10 minutes at a
flow rate 2 pl{min. To prevent the non-specific binding, the
chip was subsequently exposed for 2 minutes to 0.1 mg/mL
B5A ar a flow rate of 10 pLimin. Experiments with VaesSPH-
1 in the flow cell 1 have been executed by applying the
protein to the chip for 2 minutes at 10 pLfmin at different
concentrations, from 3125 nM to 500 nM in case of 5UVs
containing PS5 and CH (molar ration 1:1) and 62.5 nM to
1 pM in case of SUVs containing M and CH (molar ration
1:1). Regeneration of the L1 chip was accomplished in the
flow cell using 40 mM octyl B-D-glucopyranoside until the
baseline was reached. The chip in the reference flow cell 2
wixs used to record the background signal It was reated in
an identical manner as the chip in the flow cell 1, just
without the addition of Voa5PH-1. The dissociation con-
stant Kd was calculated using Blacore T-100 Evaluation
Software.
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3.6 Znanstvena publikacija 6: Prokoagulantna serinska proteaza iz
modrasovega strupa verjetno aktivira koagulacijska faktorja V in X

Objavljeno: Latinovi¢ Z., Leonardi A., Koh C.Y., Kini R.M., Trampus Bakija A., Pungercar J., KriZaj
I. (2020) Toxins, 12(6), 358

SP iz KS so Ze izkazale visok terapevtski potencial v antikoagulantni terapiji (na primer Viprinex®
in Defibrase®). Ob izolaciji VaaSPH-1 smo s kationske kolone eluirali tudi aktivne SP, med
katerimi je izstopala molekula, ki je v preliminarnih poskusih izrazito skrajsala ¢as koagulacije
krvi. Tudi molekule, ki delujejo prokoagulantno, so zanimive terapevtsko in diagnosti¢no, zato
smo jih detajlno raziskali.

Molekula ni cepila a-, B- ali y-verige fibrinogena, prav tako ni imela vpliva na agregacijo
trombocitov. Sledilo je sistemati¢no iskanje substrata izolirane SP v koagulacijski kaskadi, ki je
privedlo do ugotovitve, da cepi tako FV kot FX. Z N-terminalnim sekveniranjem nastalih
fragmentov smo dolocili mesta cepitve in pokazali, da encim verjetno cepi FV na istem mestu
kot njegov naravni aktivator FXa, v FX pa cepi isto peptidno vez kot naravna aktivatorja, FVlla in
FIXa. Torej izolirana SP pretvori FV in FX v ustrezni aktivni obliki, FVa kot FXa, ki se zdruzita v
protrombinazni kompleks, klju¢nega pomena za koagulacijo krvi, saj pretvarja protrombin v
trombin. Ker prokoagulantno delovanje SP, izolirane iz modrasovega strupa temelji, na aktivaciji
FV in FX, smo molekulo poimenovali VaaSP-VX.

VaaSP-VX je ~34 kDa velik glikoprotein s heterogeno izoelektri¢no to¢ko v obmocju pH 6-10.
Aminokislinsko zaporedje smo doloc¢evali z N-terminalnim sekveniranjem po Edmanu in
tandemsko MS ter dolocili 40 % celotnega zaporedja zrele oblike proteina. V ¢cDNA knjiZnici
modrasove strupne Zleze nismo nasli proteina, ki bi bil popolnoma identi¢en VaaSP-VX, smo pa
nasli zapis za molekulo VaaSP-6 [15], ki je 97 % identi¢na molekuli VaaSP-VX na znanih delih
strukture. Isto stopnjo identi¢nosti z znanimi deli VaaSP-VX deli tudi nikobin iz strupa Vipera
nikolskii [128].

V primerjavi s trombinom, ki je tudi naravni aktivator FV in FX, SP iz KS nimajo dveh
strukturnih zank, zato serpini, endogeni inhibitorji v krvi, kot je recimo in, ne morejo inhibirati
njihovega delovanja. Iz tega razloga je VaaSP-VX primerna spojina vodnica za pripravo tako
diagnosticnega orodja za dolocanje casa strjevanja krvi kot tudi novega prokoagulantnega
zdravila, s katerim bi lahko zdravili hemofilike.

Moj prispevek k temu znanstvenemu delu je bilo celotno eksperimentalno delo, z izjemo
sekvencnih analiz, ter priprava prvega osnutka ¢lanka in priprava slik.
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Abstract: A procoagulant snake venom serine protease was isolated from the venom of the nose-
horned viper (Vipera anonodytes anonodytes). This 34 kDa glycoprotein, termed VzaSP-VX, possesses
five kDa N-linked carbohydrates. Amino acid sequencing showed VaaSP-VX to be a chymotrypsin-
like serine protease. Structurally, it is highly homologous to V2aSP-6 from the same venom and to
nikobin from the venom of Vipera nikolski, neither of which have known functions. VeaSP-VX does
not affect platelets. The specific proteolysis of blood coagulation factors X and V by VaaSP-VX
suggests that its blood-coagulation-inducing effect is due to its ability to activate these two blood
coagulation factors, which following activation, combine to form the prothrombinase complex.
ViaaSP-VX may thus represent the first example of a serine protease with such a dual activity, which
makes it a highly suitable candidate to replace diluted Russells viper venom in lupus anticoagulant
testing, thus achieving greater reliability of the analysis. As a blood-coagulation-promoting
substance that is resistant to serpin inhibition, VaaSP-VX is also interesting from the therapeutic
point of view for treating patients suffering from hemophilia.

Keywords: FV activator; FX activator; procoagulant; snake venom; serine protease

Key Contribution: We have characterized the first procoagulant snake venom serine protease that
apparently activates both blood coagulation factors V and X. According to its structure, the protease
is also resistant to serpin inhibition. Such features make this molecule highly medically relevant for

diagnostic and therapeutic purposes.

1. Introduction

Snakes use their venom for defense and to immobilize and digest their prey. These functions are
accomplished by enzymatic andf/or non-enzymatic components of the venom and are usually
characterized by high target specificity and effectiveness, thermal stability, and resistance to
proteolysis [1]. The venoms of Viperidae snakes are rich in proteins that strongly affect the hemostatic
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system by promoting or inhibiting platelet aggregation, blood coagulation, and fibrinodysis [2].
Members of the two families of snake venom enzymes, serine proteases (SV5Ps) and metalloproteases
[S¥MPs), exert procoagulant activity by activating one or more coagulation factors in the blood
coagulation cascade [3]. Depending on their principal target in the coagulation system, they are
usually thrombin-like enzymes (TLEs), activators of prothrombin, factor ¥ (FV), and FX. TLE and FY
activators are exclusively SV5Ps, while activators of FX and prothrombin can be either SV5Ps or
SVMPs [4].

5SW5Fs are abundantly present in viperid venoms, mostly as monomeric glycoproteins of 26 to
67 kDa. Their mass depends on the extent of either - or O-glycosylation. S¥5Ps are classified within
the clan PA as subclan 5, family 51 (chymotrypsing, or subfamily A of the proteclytic enzyres [5].
Such proteases are characterized by a typical chymotrypsin fold and two six-stranded -barrels. Their
active sites lie in the cleft between the latter and include the canonical catalytic triad His-Asp-Ser [6].
Deespite having a 30% to 80% shared identity of their amino acid sequences, SV5Ps differ substantially
in their substrate specificity, and consequently, in their pharmacological activity [7]. 5¥W5Fs that affect
hemostasis express trypsin-like activity, hydrolyzing the BApNA (MNe-benzoyl-L-arginine 4-
nitroanilide) substrate. They are not inhibited by endogenous serine protease inhibitors (serpins) in
the presence of heparin [8]. Consequently, SV5Ps can be used in medical treatments and the diagnosis
of blood coagulation irregularities [9]. The two best-known SVSP-based medical products are
Viprines® and Defibrase®. Viprinex® (also known as Ancrod) is a defibrinogenating agent derived
from Malayan pit viper venom and has been investigated for the treatment of acute ischemic stroke
[10]. Defibrase® is a therapeutic product based on a procoagulant SVSFP called batrowobin from
Bethrops atrex venom. It is used to decrease fibrinogen levels, leading to the inhibition of
thrombogenesis and the prevention of thrombotic diseases. Batrowobin, sold as Reptilase®, is also
used to determine the blood clotting time (Reptilase® time) [11].

The nose-horned viper (Vipera mnmodytes ammodytes — Visz), the most venomous snake in Europe,
exhibits diverse hematotoxic and coagulopathic effects i vive [12,13] and m vitro [14]. Vise venom
contains diverse types of enzymes, such as secreted phospholipases Az (sPLA=s), SVMPs, L-amino
acid oxidases (LAADs), and SVSPs. Although the latter are highly abundant in the venom, they have
not been the most widely studied.

Four Viza 5V5Ps have so far been purified and characterized: fwo kallikrein-like enzymes [15]; a
fibrin{ogenjase with an unconventional catalytic triad, VaSP1 [16]; and an anticoagulant, which is the
enzymatically inactive SVSP homolog VasSPH-1 [12]. Comprehensive transcriptomic and protecmic
analysis of Vaz venom has revealed the existence of at least ten other SVSP molecules [17]. In this
study, one of these SW5Fs has been purified and characterized. VasSP-VX, as we named this molecule,
is a potenit procoagulant. We have shown that its blood-coagulation-promoting effect is likely due to
its FV- and FX-activating activities. The activation of the precursors of both components that form
the prothrombinase complex by a single venom protease would be unique and would endow VeaSP-
VX with promising medical potential.

2, Results

2.1. Isolation and Biochemical Chanucterization of VaaSP-V

Vinz venom was size-fractionated into several protein peaks using gel filtration chromatography
on a Sephacryl 5-200 Superfine (Figure 1A). The Bl fraction, which contained proteases with
molecular masses in the range of 30 to 40 kDa, was further separated using cation-exchange
chromatography (Figure 1B). Eleven peaks were collected, dialyzed against buffer B, and tested for
their effect on blood plasma coagulation. They exhibited either pro- or anti-coagulant activity (Figure
IC). We focused our attention on peak 10, which displayed the most pronounced procoagulant effect
by shortening the prothrombin time assay (FT) and the activated partial thromboplastin time assay
(aPTT). At the same time, this fraction did not influence the ADP- or collagen-induced aggregation,
ot ristocetin-induced agglutination of platelets (Figure 2A). As established using SD5-FAGE analysis
and Edman sequencing, the fraction was homogenous, containing an SVSP with the MN-terminal

91



92

Poglavje 3. Znanstvene publikacije

Toxins 2020, 12, 358 3of 16

amino acid sequence VIGGDECNINEHPFL. This procoagulant molecule was termed VaaSP-VX.
From 1 g of the raw Vaz venom, we obtained 1 mg of pure VaaSP-VX, indicating a purification yield
of 0.1%.

VaaSP-VX is an N-glycosylated protein of about 34 kDa (Figure 1D). When treated with peptide
N-glycosidase F (PNGF), which cleaves off a glycan moiety from the N-glycosylated proteins, its
molecular mass dropped by about 5 kDa. Typical of glycosylated proteins, VazSP-VX was present in
seven glycoforms, with isoelectric points (pls) between 6 and 10 (not shown). The main glycoform
was neutral, displaying a pl of approximately 7.
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Figure 1. The purification and basic characterization of TasSP-VX. (A) Size-exclusion ck graphy

of the raw Vaz venom was carried out on a Sephacryl 5-200 superfine column. The elution of proteins
was monitored at 280 nm (Ax). (B) Fraction Bl from the size-exclusion chromatography was sub-
fmcbaubdonaMomSSlSOQ.m hange fast protein liquid ch tography (FPLC) column.
The retained were eluted using a linear gradient of NaCl (dotted line) in 11 fractions. (C)
Fracbmswmmhd for their effect on blood coagulation. Three dinical blood coagulation assays
were uzed: a prothrombin time assay (PT), an activated partial thromboplastin time assay (aPTT), and
a thrombin time assay (TT). mublednwslheef&d:ofmd\&ubmond’ﬂ PT, and TT in terms
of the percent change relative to the value obtained in the control exp t pexf d without the
addition of a fraction. Fraction 10, which displayed a pronounced ymcoaguhnl effect, contained pure
VaaSP-VX (values in bold). (D) Under reducing conditions, SDS-PAGE electrophoresis revealed
VaaSP-VX to be a monomeric protein of about 34 kDa. Incubation of VasSP-VX with peptide N-
glycosidase F (PNGF) at 37 °C ovemnight followed by SDS-FAGE analysis displayed a lower molecular
mazz of about 29 kDa. 12aSP-VX waz thus found to be an N-glycosylated protein.

2.2. VaaSP-VX Did Not Act Like Thvombin

To explain the molecular background of the pronounced procoagulant effect of VasSP-VX, we
examined whether VaaSP-VX acts like thrombin, ie., whether it can clot fibrinogen directly. The
specific blood coagulation assay, the thrombin time assay (TT), which would confirm the thrombin-
like activity, showed only a slightly extended value of 10.89 (£5.02 %) in the presence of 1 uM VaaSP-
VX (Figure 1C). In accordance with this, VaaSP-VX also failed to convert fibrinogen into a stable fibrin
clot (Figure 2B). These results are consistent with the low fibrinogenolytic activity of the enzyme. As
demonstrated using the SDS-PAGE analysis (Figure 2C), it only partially cleaved the a chain of
fibrinogen, while the other two fibrinogen chains remained intact. It may thus be concluded that the
acceleration of blood coagulation by VaSP-VX was due to its action on blood coagulation factors in
the coagulation cascade upstream of thrombin.
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Figure 2. Effects of VazSP-VX on platelets and fibrinogen. (A) Platelet-rich plasma was pre-incubated
with 1 uM VasSP-VX at 37 °C. The agonists of platelet aggregation (ADP and collagen) or
agglutination (ristocetin) were then added. Platelet aggregationfagglutination was followed by
monitoring the optical density of the samples. Control values, obtained in the absence of the venom
protein, were regarded as a 100% change of optical density. Evidently, V2zSP-VX did not affect the
platelet function. (B) VaaSP-VX, in concentrations from 0.1 to 10 uM, was added to human fibrinogen.
Thrombin was used as a positive control. The formation of fibrin clotz waz tracked using continuous
t= of the absorb at 405 nm (Asws). In the control experiment, thrombin induced a
transformation of fibrinogen to fibrin, as indicated by the rise in Aas (red line). For all concentrations
tezted, VaaSP-VX did not stimulate clotting (black lines). (C) Human fibrinogen, consisting of «, B,
and y chains, was incubated with VasSP-VX in a mass ratio of 100:1. In the control experiment, no
VaaSP-VX was added. Following incubation at 37 °C for 60 min, the samples were analyzed on SDS-
PAGE under reducing conditions and stained with PageBlue®. Only a slight degradation of the a-
chain was apparent; therefore, the pronounced procoagulant effect of VazSP-VX could not be due to
itz action on fibrinogen.
2.3. Activity of VaaSP-VX i1 Fresh Hionan Plasma

The addition of VasSP-VX to fresh human plasma resulted in a dose-dependent shortening of
aPTT and the re-calcification time compared with those of the control (Figure 3A B). This indicated
that VazSP-VX activated one or more of the coagulation factors. Since PT, which reflects perturbations
in the extrinsic pathway of blood coagulation, was shortened to almost the same extent as aPTT,
which points to abnormalities in the intrinsic pathway of blood coagulation, we concluded that
VaaSP-VX most probably interfered with blood coagulation somewhere in the cascade common to
both pathways in the so-called common pathway of blood coagulation. This involved the
prothrombinase complex, prothrombin, and fibrinogen. The prothrombinase complex is an assembly
of activated FV and FX (FVa and FXa) on the negatively charged phospholipid membrane of platelets.
Before proteolytic activation, FV and FX exist as soluble proteins in the blood. The prothrombinase
complex activates prothrombin to thrombin, which then converts soluble fibrinogen to form an
insoluble fibrin clot.
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Figure 3. Clotting of fresh or coagulation factor-depleted plasmas in the presence of VasSP-VX. (A)

To fresh human plasma, VasSP-VX was added at inds i ¢ i and incubated at 37 °C for

10 min. The activated partial thromboplastin (aPTT) was then measured az dezcribed under Section

5: Materialz and Methods. (B) To assess the plasma re-calcification time, the same procedure as in (A)

was uzed, except the addition of the aPTT SA reagent wa:z replaced by the addition of PBS. (C) To

human plasma depleted in FVII, V2zSP-VX was added at the indicated concentrations. After 2 min of

incubation at 37 °C, 25 mM CaCl: was added and the formation of fibrin clotting waz observed by
ing the absorbance at 405 nm (Ass).

2.4. VaaSP-VX-Iuduced Clotting of Plasma Deficient it FVII

Commercial plasmas deficient in FVII or FIX only coagulate in the presence of Ca™ ions if
supplemented by phospholipids to enable the establishment of coagulation complexes, extrinsic or
intrinsic tenase, and a prothrombinase complex, in which one or the other tenase complexes
responsible for activation of FX is not present. Alternatively, such plasmas would coagulate only if
VaaSP-VX were to activate FX directly or would act as FXa. Indeed, Ca*-containing FVIl-deficient
plasma clotted in the presence of VeaSP-VX but remained unaffected if PBS alone was added
(negative control). For example, 100 nM VaaSP-VX induced clotting of FVII-deficient plasmain 320 s.
The effect was dose-dependent: the more VzaSP-VX that was added the quicker the clotting (Figure
3C). Such a result has led us to the conclusion that VaaSP-VX induced plasma clotting by stimulating
the conversion of prothrombin to thrombin, either by activating FX to FXa or by acting in the same
way as FXa.

2.3. VaaSP-VX Did Not Activate Prothrombin Divectly

To test the hypothesis that VasSP-VX induces a procoagulant effect by mimicking the action of
FXa, we incubated prothrombin with VazSP-VX. The formation of a-thrombin was probed using a-
thrombin-specific fluorogenic substrate Boc-Val-Pro-Arg-AFC, whose hydrolysis was inspected by
measuring the fluorescence at 500 nm. The substrate remained untouched ; therefore, we concluded
that VeaSP-VX was unable to activate prothrombin to a-thrombin. In agreement, VaaSP-VX was also
not able to hydrolyze a chromogenic substrate (S-2222™) that contains the FXa-cleavage site of
prothrombin.

2.6. VaaSP-VX Activated FX and Likely Also FV

Next, we tested the hypothesis that VasSP-VX induces the procoagulant effect by promoting the
formation (and thus the activity) of the prothrombinase complex, i.e., by the activation of FX orfand
FV. As is evident from Figure 4, VaaSP-VX was able to cleave both FV and FX. To verify whether the
observed cleavages were converting these factors to their activated forms, we blotted the fragments
from SDS-PAGE gels to polyvinylidene difluoride (PVDF) membranes and sequenced them.

VazSP-VX initially cleaved bovine FV (in the first hour of incubation) into three main fragments
with apparent molecular masses of 38, 55, and about 250 kDa (Figure 4A). The N-terminal sequence
SLHLD of the 38 kDa fragment corresponded to part of the A2 domain of the bovine FVa. This
fragment was excised from FV by two cleavages, after Arg>® within the A2 domain and at the N-
terminus of the B domain (Figure 4C). The 55 kDa fragment, with an N-terminal sequence of
AKLRQFY, corresponding to the FV domain Al, cleaved off FV at Arg»* (Figure 4C). The largest
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fragment represented the rest of the FV molecule. It consisted of domains B, A3, C1, and C2 (Figure
4A,C). The fragment at about 50 kDa (Figure 4A) accumulated over time, with the N-terminal
sequence ASSEV corresponding to the N-terminus of the light chain (LC) of FVa. This was a result of
the sub-cleavage of the 250 kDa fragment after Arg™ within the A3 domain. VazSP-VX thus cleaved
bovine FV at the C-terminal end of Arg>* and Arg™, i.e,, at the same sites as its natural activator FXa
[18-20].

The result of the incubation of human FX with VasSP-VX were two main protein fragments, one
at 36 kDa and the other at 30 kDa (Figure 4B). The band at 42 kDa corresponded to the heavy chain
(HC) of FX, while the band at 19 kDa corresponded to its LC, as we confirmed using Edman
sequencing. We assumed that the band at 36 kDa was the FXa HC, the product of the removal of part
the activation peptide (AP) from the N-terminus of the FX HC. The FXa HC was then further trimmed
by VasSP-VX somewhere at its C-terminal side to give the product FXa HC', which was 30 kDa in
mass. The FXa HC' had the N-terminal sequence IVGGQ, which was the sequence of the FXa HC
resulting from the cleavage of the FX HC after Arg'™ by physiological activators of FX, FVIla, and
FIXa (Figure 4D). Consistently, as FVIla, VaaSP-VX hydrolyzed S-2285™. However, the chromogenic
substrates of FIXa and FXa were not cleaved by VaiSP-VX, offering us the possibility to test its FIX-
and FX-activating abilities. Pre-incubation of FX with VaaSP-VX resulted in the hydrolysis of S-
2222m, which is the specific substrate of FXa. VaaSP-VX thus converted human FX into its active form,
confirming the conclusion suggested by the SDS-PAGE analysis.

A FV + VaaSP-VX C
' HC : ' LC .
RM48 R1753

[ a1 ] a2 8 ixlc{c#
| M

FXaFlla Flls Flla FXa

B FX + VaaSP-VX D
h 1 FXa HC'

FXa HC

} Lc FX HC A

R194
{

e > ]

FiXa
Fvila

Figure 4. Hydrolysis of FV and FX by VaaSP-VX. Bovine FV (A), (or human FX (B)), was incubated
with or without VazSP-VX. An aliquot of the respective reaction mixture (10 pL) was taken
immediately (0 h) and then after 1, 3, 6, and 24 h of incubation at 37 °C; it was then analyzed on SDS-
PAGE under reducing conditions. The gels were stained with PageBlue® to visualize the protein
bands. As products of degradation by VasSP-VX, the protein bandz of FV or FX (arrows) were
electroblotted to the PVDF b and N-terminally sequenced to define the deavage positions.
VaaSP-VX activated FV into FVa and FX into FXa. Schematic presentations of the domain structures
of FV (C) and FX (D), with the indicated sites of activation by the following physiological acti

FXa, thrombin (Fila), FV1la, and FIXa, and RVV-V (below), and 1asSP-VX (above). Abbreviations: Al,
A2, A3, B, C1, and C2: structural domains of FV; AP: activation peptide; EGF, GLA, and SP: epidermal
growth factor-like, y-carboxyglutamic acid-rich, and zerine proteaze domain, respectively; LC, HC,
and HC": light, heavy, and C-terminally truncated heavy chain, respectively.
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2.7, Amine Acid Saquence of VaaSP-TX

Proteolysis of the purified VasSP-VX and MS/MS analysis of the resulting peptides led to the
establishment of 40% of the amino acdd sequence (Figure 5). Using this sequence, we screened the
non-redundant National Center for Biotechnology Information (NCBI) database and the in house Vi
venom gland ¢DNA sequence database. Mo complete match was found; therefore, we continued
screening the cONA library, using a PCR primer based on the N-terminal sequence of TaaSP-VX. As
the search was not successful, a less-specific PCR primer was used directed toward cDNAs of all
currently known 5V5Ps in the Viaz venom gland cDMNA library [17]. In this way, a cDMNA (MG958495),
encoding VaaSP-6, which is a proten almost identical to VeaSP-VX in the known parts of its structure,
was izolated (Figure 5). In the aligned regions, ViaaSP-VX and the predicted mature form of TeaSP-6
differ in only 3 of the 100 amino acid residues: Arg=, Ala®, and Glu™ in VaaSP-VX are replaced by
Thr, His, and Asn in VaaSP-6. VesSP-VX and VasSP-6 may thus be considered to be isoforms.
Searching in the non-redundant NCEI database revealed another SVSFP with a high sequence
similarity to that of VieaSP-VX, namely nikobin, from the venom of Vipera nikolskii [21]. The predicted
amino acid sequence of the mature form of nikobin shared %7.427% identity with Vas5SP-6 and 97.00%
with the sequenced parts of VasSP-VX (Figure 5). Three potential N-glycosylation sites were
conserved in VizaSP-6 and nikobin (Asn™®, Asn', and Asn™). Being located within sequences not
covered by our M5/MS results, the existence of these sites was not confirmed in VieaSP-Vix. TeaSP-6
potentially contained an extra N-glycosylation site at Asn™, which was otherwise absent in VaaSP-VX
and nikobin due to the Asny'Glu substitution.
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Figure 5. Partial amino acd sequence of VasSP-VX and its comparison with sequences of some

relevant serine proteases (SPs). VasSP-VX was sequenced using a combination of Ed degradati
and tandem MS. Based on its established partial structure, VazSP-VX was recognized as an isoform of
VaaSP-6, whoze complete cDNA seq waz determined and depozited at the National Center for

Biotechnology Information (NCBI, MG958495). Nikobin, an SP isolated from Vipeora snkolsiz venom,
is a protein with the same extent of structural identity to the seq ed parts of VasSP-VX az VaSP-
6 (97.0%). Amino acid residues, where differences between VasSP-VX and VazSP-6 or nikobin

occurred, are in red boxesz. Red arrows at the b of the aligned sequences point to three amino
acid residues that ituted the catalytic triad in SPs (His57, Aspl02, and Serl95, according to
chymotrypsin bering). The undetermined partz of the 1aSP-VX sequence are denoted by red

dashes, while predicted gaps are denoted by black ones. Amino acid residues that may be N-
glycosylated in VaaSP-VX (if prezent) are printed in green. Other SPs that were aligned are human
thrombin, which is the main physiological activator of FV, and two snake venom FV activators,
namely RVV-V from Daboia siamesis and LVV-V from Macrouvipera lebetina. Except for thrombin, the
two loops, d-loop and 148-loop (in blue sq ), are abzent in all p ted FV activators from snake
venoms. This was established as the why snake venom SPs were resistant to inhibition by
antithrombin. Below the sequences, an isk (%) designates a position that i strictly conserved in
all aligned sequences, a colon (:) denotes a position in which only conservative substitutions were
detected, and a dot () denotez a position harboring semi: vative substituti On all other sites,
the substitutions were non-conservative. The percent of identity bet the wce of VasSP-

o 1

VX and the corresponding sequences in VazSP-6, nikobin, ﬂlmmbm, RVV-V, and LVV-V are
prezented.

3. Discussion

Vaz venom is a rich source of proteins that act on the hemostatic system [14]. In the present study,
we purified and characterized a procoagulant SP from this venom and named it VaaSP-VX.

VaaSP-VX was isolated in a two-step chromatographic procedure, in which gel filtration was
followed by cation-exchange chromatography (Figure 1). VaaSP-VX was found in the fraction, which
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substantially shortened aFTT and PT without interfering with the platelet function (Figures 1C and
ZA).

VarSP-VX was found te be a single-chain N-glycosylated protein with an apparent molecular
mass of 34 kDa. The mass of the glycan moiety was about 5 kDa (Figure 1D), representing
approximately 15% of the total mass of the molecule. It was demonstrated that glycosylation affected
the enzymatic activity and specificity of SV5Ps by defining target recognition and by binding
inhibitors [22-25]. Therefore, it may be expected that carbohydrates in ViaeSP-VX have similar
functions.

The partial amino acid sequence of VasSP-VX was determined using Edman and MS/MS
sequencing. The sequenced part of TaaSP-VX, which covered about 40% of the predicted mature
protein, exhibited a high sequence identity with another SV5F from the Vizz venom, namely VeaSP-6
(MGI58495), with unknown functions. These two proteins differed in the sequenced parts by only
three amino acid residues, and therefore, could be regarded as isoforms (Figure 5). This conclusion
is supported by a 2D-FAGE-based proteomic study of the Vaz venom [17], in which ViaeSP-6 isoforms
were identified in 21 spots positioned in the pl range from & to 9. Moreover, in 3 of these Z1 spols, a
pephide “"EXTMWDEKDIMLIR™ was detected, which was idenfified as a part of nikobin, which is an
SVEF from the closely related snake V. berus nifplskil (ESAJX2) (Figure 5), but may also hawve
originated from VasSP-VX. The first part of this peptide, "EYTMWDE®, which was only identified
in the case of VasSP-VX, was the same in the two molecules, as was the sequence preceding it, namely
WFFCLSSK". Nikobin and VasSP-VX were therefore identical in the region ®=FFCLSSKEYTMWIDES,
while TaaSP-6 was distinguished in this part from the other two 5Ps by the unigue *E/IN substitution.
In the non-redundant MCBI database, nikobin was the most similar protein to VasSP-VX and VeaSP-
6, displaying a 97% sequence identity (Figure 5). However, some VaaSPs may differ just in their
glycosylation patterns, representing glycoforms of identical amino acd sequences.

The comparable effects of VasSP-VX on aFTT and FT (Figure 1C) and clotting of FVII-deficient
plasma by ViaeSP-VX (Figure 3C) suggested that the action of this venom protease was directed
toward the common pathway of the blood coagulation, in which FXa, as a component of the
prothrombinase complex, activates prothrombin to thrombin, which then cleaves fibrinogen to form
a fibrin clot [26]. We have shown that VaaS5P-VX did not have the same effect as thrombin because it
could not directly induce the clotting of fibrinogen (Figure 2B). Accordingly, the TT was also not
shortened in its presence (Figure 1C), but moreover, it was even slightly extended. Such an effect may
be explained by the defibrinogenating effect of ViaSP-VX due bo its partial cleavage of the « chain of
fibrinogen (Figure 2C). Since we showed that VieaSP-VX also did not possess FXa-like activity, its
effect on blood plasma must be associated with the activity of the prothrombinase complex assembled
frorn the activated forms of FV and FX_ This suggested that VaaSP-VX was involved in the activation
of these blood-clotting factors. To test this hypothesis, we treated FV and FX with VaaSP-VX and
analyzed the cleavage products.

F¥ circulates in the blood as a 330 kDa protein comprised of six domains, Al, A2, A3, B, Cl, and
CZ. In the process of its physiological activation, it is cleaved by thrombin to release the B domain. A
heterodimeric FV is formed, in which the Al and A2 domains constitute the HC and A3 and the C1
and C2 domains the LC, respectively [27]. This form of FV is further trimmed by FXa or by thrombin
(Flla). FXa cleaves FV at Arg™ in the A2 domain and at Arg™ in the A3 domain, which produces its
fully activated form (Figure 4C) [158-20]. Bovine FV was incubated with VasSP-VX and the
degradation products were MN-terminally sequenced. In this way, we established that VaaSP-VX
cleaved FV at the same positions as FXa did. The report that treatment of human FV with FXa induced
the F¥a activity, which is associated with the cleavage at Arg™ (this is Arg™ in bovine FV} [25],
strongly suggests that VieaSP-Wix could convert not only bovine but also human FV into its activated
forrmn (Figure 4A,C). FV has already been identified as a target of SWSPs. Two well-studied examples
are the FV activators from the venoms of Daboia snakes, 26 kDa EVV-V from D. sionensts and 28.4
kDa LVV-V from V. (M) lebeting [29,50]. However, they activate human FV in a thrombin-like
manner, cleaving it at Arg"™® (which corresponds to Arg™™ in bovine FV) Figure 4C) [31]. Both
enzymes are single-chain glycoproteins. Regarding VasSP-VX, RVV-V appears in several isoforms
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[29]. Two of them, which have been completely sequenced, differ from each other only by six amino
acid residues.

Mature FX is a vitamin-K-dependent SP zymogen, which circulates in the blood as a disulphide-
Iinked two-chain molecule of 59 kDa [32]. It is activated by FIXa or FVIla, which are enzymatic
components of the intrinsic or extrinsic tenase complex. In both cases, FXa is produced by deavage
of the Arg'™-lle"™ peptide bond in the HC of FX. As we demonstrated, VieSP-VX dleaved FX in the
same way as both physiclogical activators (Figure 4B,D), and thus likely converted it into its activated
form. Such an assumpiion was then also confirmed by the results of experiments using a specific
chromogenic substrate of FXa. A variety of FX activators have already been found in snake venoms
[4]. While FX activators from Viperidee venoms are mainly SVMPs, FX-activating SVSFs have only
been described so far in fwo Elipidee venoms [33,34]. Like VasSP-VX, they are single-chain
glycoproteins but with a much higher molecular mass (62 and 70 kDva). Mo structural data are
available for any of them; therefore, the first structural data of FX-activating SVSFP is provided in this
paper. The procoagulant activity of VamSP-VX was thus the consequence of the simulitaneous
activation of FV and FX in a physiological manner by this venom enzyvme.

The activity of blood coagulation factors is lightly regulated by endogenous prodein inhibitors
(serpins), such as antithrombin [35]. The serpin interaction site in thrombin includes its 44-loop and
148-loop (Figure 5). As was experimentally demonstrated using EVY-V and LVV-V [31], the absence
of these two loops renders SV5SPs resistant to serpins. VazSP-VX also lacks these two loops; therefore,
it is expected not to be inhibited by serpins. As an activator of multiple blood coagulation factors that
is resistant to inhibition by serpins, VieaSP-VX is of potential interest regarding the development of
an innovative clot-promoting drug for external use in patients suffering from hemophilia or other
bleeding conditions [36].

Additionally, the potential double-activating activity of VeaSP-VX offers an elegant solution to
replacing the unreliable diluted Russell’s viper venom (dRVV) in clinical testing of the lupus
anticoagulant (LA} [37]. Two components of dEVY are important for this test RVV-V, which is an
SVSF that activates F¥ and EVV-X, which is an SWVMFP that activates FX. However, the problem with
the dRVV reagent is ils consistency since it is obtained from a natural source that is subject to
considerable biological variations. Accordingly, the resulls of the LA test are frequently inconsistent.
To improve the sensitivity and specificity of the test, the use of purified snake venom components
for the activation of FV and FX has already been suggested [35]. An even better solution would be to
use Viea5P-VX, which would simultaneously activate both FV and FX.

4. Conclusions

We have purified and characterized the procoagulant 5¥W5F from the venom of the nose-homed
viper. This molecule, VazSP-VX, seems to be unique in terms of its ability to activate FV and FX al the
samie fime. As suggested by its structure, it also escapes inhibition by serpins. Swch traits make VeaSP-
VX medically interesting for replacing dEVV in LA testing and for developing novel blood-clot-
promoting drugs.

5 Materials and Methods

3.1. Purification of VarSP-VX

Crude Var venom was provided by the Institute of Immunology, Zagreb, Croatia. Lyophilized
venom was kept at =20 *C. Before the analysis, it was dissolved in 50 mM Tris, 2 mM CaClz, 300 md
MNall, pH 70 (buffer A). Fifteen milliliters of the crude venom solution (i.e, 1 g of the venom) was
applied to a Sephacryl 5-200 Superfine column (100 cm x 4 em) (GE Healthcare BioSciences AB,
Uppsala, Sweden). Gel chromatography was performed at a constant flow rate of 33.6 mL/h. The
concentration of proteins in the mobile phase was monitored by measuring their absorbance at 280
nm {Azs). The Bl fraction was dialyzed against 20 mM MES, 2 mM CaCl;, pH 6.5 (bulfer B), and
further fractionated on a Mono 5 5/50 GL column of the FPLC system (AKTA, GE Healthcare Life-
Science, Uppsala, Sweden), equilibrated with the same buffer. The column-retained material was
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eluted using a linear gradient of MaCl (0 to 1 M) in the buffer B. TanSP-VX was eluted from the
column, concentrated, and dialyzed against buffer B, at pH 7.5,

3.1 Polyacrylonide Gel Electrophoreses

Une-dimensional polyacrylamide gel electrophoresis (PAGE) of the samples (as specified in the
descriptions of figures showing the results) was performed under non-denaturing or denaturing
conditions, ie., in the absence and presence of the detergent sodium dodecyl sulphate (SDS-PAGE).
For SD5-PAGE analysis, 12.5% (mufv) PA gels were used under non-reducing and reducing conditions.
The proteins in gels were visualized via silver staining using the modified method of Morrissey,
where protein fixation is accomplished by a mixture of water, ethanol (30% (7)), and acefic acd
(10°% (wiw)) [39]. The molecular mass standards were from Fermentas (Thermo Fisher Scientific,
Vilnius, Lithuania).

Two-dimensional gel electrophoresis (ZDE) of 9 ug of VieaSP-VX was performed as specified in
Latimowic et al. [39].

3.3, N-Terminal Aming Acid Sequencing wid Mass Spectrometry

M-terminal amino acid sequencing of the isolated VasSP-VX was performed using automated
Edman degradation on a Procise 492A Sequencing System (Applied Biosystems, Foster City, CA
USA).

For the mass spectrometry (MS) analysis, 2 ug of vacuurm-dried VieaSP-WVX was dissolved in 10
pL of 50 mM NHWHCOs supplemented with & M urea. The protein was reduced via the addition of
0.25 uL of 100 mM dithiothreitol (DTT) in 50 mM NHHCO: and incubation at 37 *C for 1 h. The
mixture was then diluted with 10 pL of 50 mbM NHHCO: and alkylated with 0.8 pL of 250 mM
iodoacetamide in 50 mM NHJHCOhs at room temperature (RT) for 45 min in the dark. Alkylation was
stopped by adding 2.5 uL of DTT and then 50 mM NHdHCOs to 30 pL. Fragmentation of the reduced
and alkylated VesSP-VX was accomplished by adding 0.1 ug of endoproteinase Lys-C and standing
at 37 *C overnight Fifty nanograms of trypsin in 10 uL of 50 mM MH:HCOs was then added, and the
mixiure was left overnight for further fragmentation at 37 °C. Proteolysis was stopped via the
addition of formic acid to the sample o a final concentration of 0L1% (w/7). The sample was desalted
and concenirated im Vivapure Cl8 micro spin columns (Sartorius Stedim Biotech, Géttingen,
Germany) according to the manufacturer's instructions, with formic acid replacing trifluoroacetic
acid. The VasSP-VX hydrolysate was analyzed on an ion trap mass spectrometer 1200 series HFLC-
Chip-LC/MSD Trap XCT Ultra (Agilent Technologies, Waldbrorm, Germany), as described in
Leonardi et al. [40]. M5 and tandem MS (M3MS) spectra were searched against the Vaq venom gland
cDMNA transcripts library and the non-redundant MCBI (Mational Center for Biotechnology
Information) database using the Spectrum Mill software (A.03.03.084, Agilent Technologies, Santa
Clara, CA, USA).

3.2 Seqrch for the mENA Transcript of VimeSP-VE

The cDMNA sequence of VasSP-VX was searched for using the Viaa venom gland cDMNA library of
mEMNA transcripts [41], and PCE primers designed using two different approaches. First, we
designed the sense primer deduced from an amine acid stretch from the MN-terminal region of TaaSP-
VX and determined using Edman degradation (CNINEHFF;
cacgaattcATGTAACATAAATGAACATCCTTTC, where the additional EcoRI restriction site is
underlined). Second, we designed a sense primer with a broader specificity (CNINEHF;
cacgaaltc ATCGTAACATAAATCGAACATCCTTT). The antisense primer was the same in both cases
and was deduced from the end of the coding region of other known VasSP mENAs, including the
stop codon and a part of the 5 UTRE region (tataage TTTTCAAAAGTITICACGGGE, with an
additional Hindlll site underlined and a stop codon doubly underlined). In an attempt to obtain more
specific binding of primers to ternplate DMA, we ernployed different PCR protocols by using Tag or
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05 polymerase, changing the number of cycles and Tm, and lowering concentrations of primers and
dMNTPs.

3.5. N-Deglycosylation

Four micrograms of dry VaaSP-VX were dissolved in 10 L of 1% (w/7) SD5 and incubated at
100 *C for 5 min. The solution was mixed with 34 pL of 1.5% (mfo) CHAPS in 50 mM Na:HPO4, pH
7.5 A total of 3 U (3 pL) of the peptide N-glvcosidase F (PMNGF, Eoche, Mannheim, Germany) was
added to half of this sample. To the other hali, just water was added and served as the control. After
overnight incubation at 37 °C, both samples were analyzed using SD5-PAGE on a 12.5% gel under
reducing conditions. The gel was stained with colloidal silver, as described above.

3.6. Prothrombin Time Activated Partiel Thromboplestin Time. Thrombie Time eud Re-Celeification Time
Mersurenents

To 45 pL of normal human plasma (Diagnostica stago, Asniéres-sur-Seine, France) in a cuvette,
we added an aliquot of each fraction eluted from a Mono 5 column in 5 uL (volume adjustment was
accomplished using buifer B) to obtain the final concentration of protein in the assay of 1 uM. In the
control experiment, just 5 pL of buffer B was added to human plasma. Samples were incubated for 1
min at 37 *C. Then, the prothrombin time (PT), activated partial thromboplastin time (aPTT), and
thrombin time (TT) were measured using the BFT II Coagulation Analyzer (Siemens, Munich,
Germany). The measurement of PT was initiated by adding 100 pL of Thromborel 5 reagent
(lvophilized human placental thromboplastin (=60 gfL) and CaClz (approx. 1.5 g/L); Siemens, Munich,
Germany). The measurenvent of aFTT was initiated by adding 50 uL of Pathromtin 5L reagent (SiCh
particles (1.2 g/L), plant phospholipids (0.25 g/L), NaCl, HEPES, pH 7.6; Siemens, Munich, Germany).
After 2 min of incubation, 50 pL of 25 mM CaCl: was added and the clotting time was recorded as
the aPTT. The addition of 100 uL of Thrombin reagent (source of a-thrombin; Siemens, Germany) to
the sample induced the clotting of plasma in a time registered as the TT.

The dependence of aFTT on the concentration of VaaSP-VX was also measured in an alternative
way. Fresh human plasma, aPTT soluble activator (SA) reagent (Helena Laboratories, Beaumont, TX
USA), 25 mM CaCl: (Helena Laboratories, USA), and selutions of VeaSP-VX in phosphate-buffered
saline (FBS: 10 mM Ma:HPO, 1.8 mM KH2POl, 137 mM NaCl, 2.7 mM KCL, pH 7.4) were pre-warmed
at 37 *C_ Different amounts of VasSP-VX were added to the plasma, which was incubated for 10 min
at 37 °C. The aPTT 5A reagent (0.1 mM Ellagic acid with a suspension of phospholipids extracted
from dehydrated rabbit brain) was then added and the mixture was incubated for another 5 min.
Finally, the clotting of plasma was initiated by the addition of CaClz. All solutions were always added
in 30 uL volumes. The formation of the clot was followed by measuring the absorbance at 405 nm
(Auem) on an Infinite M200 microplate reader (Tecan, Minnederf, Switzerland).

The same procedure, except substituting aFTT 5A reagent with PBS (i.e,, the procedure without
supplement of phospholipids), was used o assess the full plasma re-calcification time.

The bload was donated by healthy human volunteers according to permission no. 53/08/11 of
the Mational Medical Ethics Committee of the Republic of Slowvenia.

3.7. Plateler Ageregation/Agolutition Assays

Matelet-rich plasma (FRF) and platelet-poor plasma (PPF) were prepared as described in
Leonardi et al. [42]. To 250 pL of FEF, 25 pL of VaaSP-VX solution was added, resulting in a final
concentration of 1 ph VaaSP-VX; it was then pre-incubated for 5 min at 37 °C. In the control
experiment, 25 uL of water was added to 250 pL of FRP. Twenty-five microliters of collagen solution
(DiaMed, Cressier,, Switzerland), giving a final concentration of 10 ug/mL; ristocetin (Cheono-Log
Corporation, Havertown, PA, USA), resulting in a final concentration of 1 mg/mL; or ADF (Chrono-
Log Corporation, USA) at a final concentration of 10 uM, were lastly added and the change in the
optical density was monitored for 5 min using a Model 700 Whole Blood/Optical Lumi-Aggregomieter
(Chrono-Log Corporation, Havertown, PA, USA). The cuvette containing PRF corresponded to 0%
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light transmission and the cuvette with FPF to 100% light transmission. Blood was donated by
healthy human volunteers according to permission no. 53/08/11 of the National Medical Ethics
Committee of the Republic of Slovenia.

3.8, FVIla FIXa aud FXa-like Activity Testing

To test whether VasSP-VX acts in the same way as FVIla, FIXa, or FXa, we used the following
specific chromogenic substrates: 5-2238™ (Ddapharma, West Chester Township, OH, USA) for F¥ila,
Spectrozyme® {American Diagnostics Inc., New York, NY, USA) for FIXa, and 5-2765™ and 5-2223m
(Diapharma, West Chester Township, OH, USA) for FXa. To 100 puL VesSP-VX (diluted with PBS to
final comcentrations of 1 pM and 3 pM), 50 pL of Spectrozyme®, 5-2258™ 5-2765™, or 5-2227™ were
added to final concentrations of 1 mM. Substrate hydrolysis was then examined on an Infinite M200
microplate reader (Tecan, Switzerland) by measuring Aan.

Additionally, to test the FXa-like activity of VieaSP-¥X on prothrombin, we incubated 10 pmol of
prothrombin with 20 pmol of VeaSP-VX in 20 pL of a buffer consisting of 50 mM HEPES, 2 mM CaCls,
and 150 mM NaCl (pH 74). After 10 min of incubation at roormn ternperature, the reaction mixture
was 10-fold diluted with the buffer and transferred to a microplate well. After supplementing the
reaction mixture with 10 uM a-thrombin-specific fluorogenic substrate Boc-Val-Pro-Arg-AFC
{Peptide Institute Inc., Osaka, Japan), the hydrolysis of the substrate was assessed on an Infinite
MI1000 microplate reader (Tecan, Switzerland) by activating fluorescence at 330 nm and detecting it
at 500 ram.

3.9 Testing of FIX and FX Activation

The activation of FIX and FX by VasSP-VX was determined using the following specfic
chromogenic substrates: Spectrozyme® (American Diagnostics Inc, USA) for FIXa and 5-2765™
(Diapharma, USA) for FXa. In a well of a 96-well plate, 30 uL of 1 pid VizaSP-VX was added to 50 uL
of 100 nM FIX, and then incubated for 15 min at 37 °C. Furthermore, to 50 pL of 100 nM FX, 3 uM or
even 10 uM ViaSP-VX was added before the incubation. In negative controls, ViaeSP-VX was replaced
with FE5. Activation of a particular blood coagulation factor by VaeSP-VX was detected using an
Infinite M200 microplate reader (Tecan, Switzerland). The activation of FIX or FX was detected via
an increase in Ases following the addition of 20 uL of Spectrozyme® (final concentration 1 mM) or 5
Z7p5™ (final concentration (L5 mM) to the reaction mixture, respectively.

3.10. Characterization of Proteolytic Specificity

The protealytic activity of TasSP-VX was characterized by testing ils ability to hydrolyze andfor
activate Mood coagulation factors and cofactors.

The fibrinogenalytic activity of VeaSP-VX was examined as described in Sajevic et al. [43] using
a human fibrinogen to VasSP-VX mass ratio of 100:1. It was then tested to determine whether the
cleavage of fibrinogen by VagSP-VX resulted in the formation of a stable fibrin clot. To this end, 40
ML of VaeSP-VX in FBES (0.1 to 10 uM final concentration), or 40 uL of thrombin {final concentration 1
pM; Helena Laboratories, USA) in a positive control, was added to a well of the 9%6-well microtiter
plate. Subsequently, 40 uL of fibrinogen (final concentration 2 uM; Sigma-Aldrich, St. Louis, MO,
USA) was added to a well and the fibrin cot formation was monitored at 405 nm (Asws) using a
microplate reader (Infinite M2, Tecan, Switzerland).

To examine the hydrolysis of FY and FX (Haematologic Technologies Inc., Essex Junction, VT,
USA) by VaiSP-VX, we used more easily accessible bovine FV, which appears to be functionally
identical to human FV [19] and human FX. Seven micrograms of each substrate was incubated with
or without {control) 1 pg of VieaSP-V2 in 25 pLoof 20 mM Tris/HCL, 5 mM CaClz, 140 mM MNaCl, pH
7.5 at 37 *C. A 10 uL aliguot of the reaction mixture was withdrawn after 1, 3, 6, and 24 h, and
analyzed using 12.5% (mfv) SDS-PAGE under reducing conditions. The gels were stained with
FPageBlue® (Thermo Fisher Scientific, Vilnius, Lithuania). Protein bands were electroblotted from the
gel to the PYDF membrane in Towbin transfer buffer (4 mM Tris/HCL, pH 7.5, 12 mM NaCl, and 20%
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(v/v) methanol) at 200 mA per gel for 90 min at room temperature. The PVDF membrane was
immersed in 100% methanol for a few seconds, then moved to a 0.1% (my/v) Coomassie Blue R-250
(Thermo Fisher Scientific, Vilnius, Lithuania) + 1% (v/2) acetic acid + 40% (2/v) methanol solution for
1 min. The membrane was destained in 50% (v/v) methanol, then washed with water. Protein bands
were excised and sequenced using automated Edman degradation on a Procise 492A Sequencing
System (Applied Biosystems, Waltham, MH, USA).

5.11. Clotting of FVII-Deficient Plasma

Seventy-five microliters of commercial human plasma lacking FVII (HemosIL®, Lexington, MA,
USA), 95 L of 25 mM CaClk: (Siemens, Germany), and 20 uL VaaSP-VX in PBS to various final
concentrations (refer to Figure 3C for concentrations) were individually pre-warmed to 37 °C. VaSP-
VX (or only PBS in the control experiment) was then added to the plasma and incubated for 2 min at
37 °C, followed by the addition of 25 mM CaCl: to induce clotting. Plasma clotting time was measured
using the BFT Il Coagulation Analyzer (Siemens, Germany).
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Poglavje 4
Zakljucki

V doktorski disertaciji sem se osredotocila na iskanje in karakterizacijo molekul iz strupov
modrasa in gada, dveh medicinsko najbolj zanimivih evropskih kac. Modras je najbolj strupena,
medtem ko je gad najbolj razSirjena kaca na stari celini. KS oziroma toksini, prisotni v strupih, so
Ze nekaj desetletij atraktiven predmet znanstvenih raziskav, ker izrazajo izrazite in specificne
vplive na ¢lovesko telo. Komponente viperidnih strupov, ki ucinkujejo na sistem hemostaze, so
potencialno primerne za razvoj novih terapevtskih ucinkovin za zdravljenje motenj koagulacije
krvi oziroma bi lahko bile uporabne za krvno diagnostiko. Posebno pozornost smo zato usmerili
v iskanje strupnih komponent, ki izrazajo bodisi mocno pro- bodisi antikoagulantno aktivnost na
¢lovesko kri. Tri take molekule iz modrasovega strupa smo podrobno biokemijsko karakterizirali
in jim dolocili tudi molekularni mehanizem delovanja, saj je to osnova za potencialno uporabo v
medicini.

Prvo terapevtsko zanimivo molekulo smo izolirali iz modrasovega strupa, in sicer P-lll MP
VaFl. Le-ta je visoko specificna a-fibrinogenaza brez fibrinolitske aktivnosti. Cepi le eno vez
(Lys*3-Leu**) v C-terminalnem delu Aa-verige fibrinogena in s tem prepreéi nastanek stabilnih
fibrinskih strdkov. VaF1 je nehemoragi¢na MP in ne vpliva na agregacijo trombocitov ter je zato
primerna spojina vodnica za razvoj nove terapevtske ucinkovine za defibrinogenacijo, kar
potrjuje naso drugo hipotezo.

V modrasovem strupu smo zasledili Se dve komponenti z zanimivim diagnosti¢nim kot tudi
terapevtskim potencialom. Clanek v poglavju 3.5 govori o antikoagulantni molekuli, medtem ko
je v sekciji 3.6 opisana molekula s prokoagulantnim delovanjem.

Antikoagulantna molekula VaaSPH-1 je enoverizni glikoprotein, strukturni homolog SP, ki ji
v primarni strukturi manjkata dve aminokislini iz kataliticne triade pri SP. Njegovo delovanje je
zaviranje notranje poti koagulacije, kar potrjuje naso tretjo hipotezo. 3D model kompleksa
FVIlla—VaaSPH-1 nam je omogocil vpogled v sticno povrsino med molekulama. Identificirali smo
del strukture VaaSPH-1, ki je kljuen za vezavo na FVllla, to sta t. i. zanka 157 ter a-heliks, ki sledi
zanki. Identificirani del strukture lahko sluZi kot osnovno ogrodje za pripravo inovativnih
peptidov oziroma peptidomimetikov, ki bodo specificno inhibirali vezavo FIXa na FVllla in tako
preprecili tvorbo kompleksa ter strjevanje krvi. Kot ucinkoviti antidoti pa lahko sluZijo
rekombinantno pripravljeni FVIlla oziroma FIXa [129, 130]. Glede na to, da so glavni vzrok za
hiperkoagulabilnost v Zilah motnje v notranji koagulacijski poti [131, 132, 133], je inhibicija
interakcije med FVllla in FIXa ena od zanimivih in varnih moznosti zdravljenja in preventive
bolezni, povzrocene z vensko trombembolijo. S tem smo dodatno potrdili naso tretjo hipotezo,
ki trdi, da je v modrasovem strupu prisoten primeren protein kot spojina vodnica za razvoj nove
in varne terapevtske ucinkovine za zdravljenje venske trombembolije.

Nasprotno od antikoagulantnega VaaSPH-1 smo v poglavju 3.6 predstavili molekulo, ki deluje
prokoagulantno oziroma skrajsa cas strjevanja krvi. Poimenovali smo jo VaaSP-VX. Za razliko od
VaaSPH-1 je molekula encimsko aktivna. VaaSP-VX verjetno cepi FV in FX in to tako, da ju
pretvori v aktivno obliko. S tem pospesi tvorbo protrombinaznega kompleksa ter posledi¢no
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aktivacijo trombina in nastanek fibrina. Hkrati pa je verjetno odporna na inhibicijo s serpini
zaradi odsotnosti strukturnih zank, kamor se veZejo serpini [134]. VaaSP-VX je tako zelo
primerna spojina vodnica za razvoj novega zdravila, ki spodbuja nastanek strdka.

Poleg terapevtskega ima VaaSP-VX tudi diagnosti¢ni potencial. Glede na to, da verjetno
simultano aktivira FV in FX, lahko nadomesti razredcen strup Russellovega gada pri testiranju
lupusnih antikoagulantov. Predlagano je bilo Ze, da se namesto razredcenega strupa
Russellovega gada uporabita dva izolirana aktivatorja [135]. V primeru VaaSP-VX bi zajeli obe
aktivnosti v eni molekuli, kar je optimalna reSitev.

Z identifikacijo proteinov VaF1, VaaSPH-1 in VaaSP-VX, ki imajo tako terapevtski kot
diagnosti¢ni potencial pri kardiovaskularnih boleznih, smo potrdili tudi del nase prve hipoteze,
ki trdi, da komponente modrasovega strupa vplivajo na koagulacijo krvi ter da je modrasov strup
ustrezen vir za izolacijo molekul z omenjeno aktivnostjo.

Prva hipoteza pravi tudi, da so v modrasovem strupu prisotne komponente z vplivom na srce.
Iskanje kardiotoksina v modrasovem strupu smo predstavili v dveh znanstvenih publikacijah
(poglavji 3.2 in 3.3). V prvi znanstveni publikaciji, opisani v poglavju 3.2, smo prisli do zakljucka,
da imajo najvedji kardiotoksi¢ni ucinek na izolirano podganje srce komponente velikosti ~14 kDa,
izolirane po gelski kromatografiji v frakciji C. Vplivajo na srce, tako da izrazito znizajo srcni utrip
in koronarni pretok, zvisajo dLVP in hkrati zniZzajo sLVP in razviti tlak v levem ventriklu (devLVP),
kar vse skupaj vodi v asistoli¢ni sréni zastoj. Na zelo podoben nacin je deloval celoten modrasov
strup [136], zato smo sklepali, da se glavna(e) kardiotoksi¢na(e) ucinkovina(e) nahaja(jo) v
frakciji C.

V poglavju 3.3 smo opisali nadaljnjo identifikacijo kardiotoksi¢nih komponent v frakciji C. Le-
to smo v ta namen dodatno locili na podfrakcije, v katerih smo identificirali Atx, Antly, Antly, AntL
in CRISP. Kardiotoksi¢en vpliv na izolirano podganje srce so imele le podfrakcije, ki so vsebovale
AtnL in CRISP. Po izpostavitvi podganjega srca Cistemu AtnL je bil vzorec biokemijskih markerjev
enak kot pri izpostavitvi celotnemu modrasovem strupu, zato lahko sklepamo, da je le-ta glavna
kardiotoksi¢éna komponenta v modrasovemu strupu. AtnL je v podganjem srcu izzval enake
ucinke kot celoten modrasov strup, z eno razliko. Antiventrikularni blok se je v primeru AtnL
izni¢il po koncu poskusa, medtem ko pri podfrakciji, kjer je bil prisoten Se CRISP, temu ni bilo
tako. Zato sklepamo, da so za to dejanje odgovorni CRISPi, za katere so Ze pokazali, da inhibirajo
napetostno odvisne ionske kanalcke ali s ciklicnimi nukleotidi kontrolirane ionske kanalcke [137,
138].

V znanstveni publikaciji, opisani v poglavju 3.1, smo s proteomsko analizo gadovega strupa
potrdili prisotnost AntL in CRISP tudi v gadovem strupu, zato lahko predvidevamo, da je njuno
sinergisticno delovanje odgovorno za kardiotoksi¢ne posledice zastrupitve z gadovim strupom.
S tem smo potrdili prvo hipotezo, da so tudi v gadovem strupu komponente z vplivom na sr¢no
misico.

Proteomska analiza gadovega strupa in primerjava s strupom modrasa je izpostavila razlike
med strupoma. Pokazala je, da gadov strup vsebuje manjse Stevilo komponent oziroma da je
veliko manj kompleksen. Predvsem je v njem manj nizkomolekulskih proteinov z navidezno
molekulsko maso med 10 kDa in 20 kDa, kamor sodijo disintegrini in sPLA;, in komponent z
navidezno molekulsko maso nad 50 kDa, kamor sodijo hemoragicne MP. Tako gadov kot tudi
modrasov strup vsebujeta MP, SP, LAAO, PLTC, disintegrine, CRISP-e in sPLA;, zato se pri
pomanjkanju protistrupa proti modrasovemu strupu v praksi ob zastrupitvi pogosto uporablja
protistrup, pripravljen na osnovi gadovega strupa. Primer takega protistrupa je ViperaTAb®, ki
pa ni bil ucinkovit v preprecevanju Sirjenja edema in nevrotoksi¢nih znakov po zastrupitvi
pacienta z modrasovim strupom [25]. Z izpostavitvijo pomembnih razlik med strupoma na
molekularni ravni smo Zeleli prispevati k izboljSanju imunoterapije ob zastrupitvi s strupom ene
ali druge kace.

Vzrok za nevroloske motnje pri zastrupitvah z modrasovim strupom so Atx, presinapti¢no
nevrotoksi¢ne sPLA,. Protitelesa proti Atx niso prepoznala tar¢ v gadovem strupu in tudi v



109

proteomski analizi Atx nismo zaznali, kar je v skladu s tem, da so nevroloske motnje pri
zastrupitvi z gadovim strupom le redko opisane. To razloZi tudi dejstvo, zakaj ViperaTAb® ni
ucinkovit pri preprecevanju nevrotoksi¢nih simptomov po zastrupitvi z modrasovim strupom.
Atx vplivajo tudi na hemostazo, saj z vezavo na FXa inhibirajo tvorbo protrombinaznega
kompleksa. S tem lahko razloZzimo izrazito podaljSanje protrombinskega ¢asa v prisotnosti
modrasovega strupa (za ~170 %) za razliko od gadovega, ki je ta ¢as skrajsal za ~20 %.

Poleg sPLA, na hemostazo vplivajo tudi pripadniki drugih proteinskih druZin, kot so
disintegrini, PLTC, LAAO, SP in MP, ki so prisotne v obeh preiskovanih strupih. Delujejo lahko na
trombocite, komponente Zilne stene ter koagulacijske in fibrinolizne komponente.

S preiskovanjem vpliva strupov na fibrinogen, komponento koagulacijske kaskade, smo
odkrili, da je modrasov strup za razliko od gadovega razgrajeval fibrinogen intenzivneje in manj
specifi¢no. Fibrinogenoliticno aktivnost imajo tako SP kot tudi MP, vendar smo dokazali, da je
vecina fibrinogenoliticne dejavnosti v modrasovem in gadovem strupu posledica proteinov iz
druzine MP. Predstavnikov MP je v modrasovem strupu vec, posebej patofiziolosko pomembna
je vecja vsebnost hemoragi¢nih MP, ki so predvsem pripadnice P-lll razreda. Le-te so vzrok za
bolj izrazito hemoragijo in vecje Sirjenje edema v okolici modrasovega ugriza. NiZja koncentracija
P-1Il MP v gadovem strupu posledi¢no vpliva na niZjo vsebnost njihovih protiteles v ViperaTAb®,
kar ga dela manj ucinkovitega pri preprecevanju Sirjenja edema.

Pomembna razlika v patofizioloSkem delovanju strupov obeh ka¢ je v inhibiciji agregacije in
aglutinacije trombocitov. V prisotnosti modrasovega strupa je prislo do skoraj popolne inhibicije
obeh procesov, medtem ko je bila inhibicija pri gadovem strupu Sibkejsa. Klasi¢nih PLTC, ki so
disulfidno vezani aB-heterodimeri velikosti med 25 in 50 kDa, nismo zasledili v gadovem strupu.
To je verjeten vzrok za veliko slab3o inhibicijo aglutinacije trombocitov z gadovim strupom kot z
modrasovim. PLTC, ki jih je v modrasovem strupu veliko, so odgovorni za povzrocitev
trombocitopenije, zmanjSanja Stevila trombocitov v krvi, ki so na voljo za hemostatski odziv,
hkrati pa to poveca moznost nastanka krvavitev. OpaZzeno je bilo, da je bilo pri zdravljenju
resnejSih zastrupitev z modrasovim strupom s ViperaTAb® potrebno veckratno dajanje
protistrupa, saj se trombocitopenija, po krajSem izboljSanju, povrne [25]. Pri ucinkovitosti
protistupa je pomembno, kateri fragmenti protiteles se uporabijo in kakSen je nacin injiciranja
protistrupa. Konkretno, ViperaTAb® vsebuje Fab fragmente, ki jih injicirajo intravensko, zato se
hitro izlocijo in je njihov ucinek kratek. Poleg tega, je pa pomembno tudi dejstvo, da vsebuje
protistrup, ki je pripravljen na osnovi gadovega strupa, premalo protiteles proti PLTC, ki bi
preprecila trombocitopenijo v primeru zastrupitve z modrasovim strupom.

S tem smo izpostavili glavne vzroke za manj uspesno zdravljenje modrasovega strupenega
ugriza s protistrupom, pripravljenim na osnovi gadovega strupa, in potrdili prvo hipotezo, ki trdi,
da lahko proteomska primerjava strupov izboljSa seroterapije. Potrdili smo vse tri hipoteze,
zastavljene v doktorski disertaciji.
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