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1. UvOD

Onecisc¢enje prirodnih voda metalima u porastu je zbog tehnoloskog napretka ljudske
zajednice, pri ¢emu industrija, rudarstvo, poljoprivreda, otpad iz domacinstava i promet
predstavljaju njegove najznacajnije izvore. Za razliku od organskih zagadivala, metali se ne
mogu kemijski niti bioloski razgraditi pa tako jednom uneseni u vodotoke mogu promijeniti
kemijski oblik te postati manje ili viSe toksi¢ni, ali se iz biogeokemijskog kruzenja ne mogu
ukloniti (Sadig, 1992.). Neki metali u vodenim organizmima imaju vaznu biolosku ulogu,
sastavni su dio enzima i drugih slozenih biomolekula, tzv. metaloproteina (Smith i sur.,
1997.), te su prozvani esencijalnim metalima (npr., Cu, Fe i Zn). Metaloproteini su ukljuceni
U niz procesa, poput transporta elektrona i metala, skladiStenja kisika, hidrolize kemijskih
veza, redoks procesa i sinteza bioloskih spojeva (Gellein i sur., 2007.). Cijeli niz drugih
metala nema poznatih uloga u Zivim organizmima te su stoga prozvani neesencijalnim
metalima (npr., Cd i Pb). Uslijed unosa neesencijalnih metala, koji su toksi¢ni ve¢ u vrlo
niskim koncentracijama, ili prekomjernog unosa esencijalnih metala, koji takoder mogu biti
toksi¢ni kada su u organizmu prisutni u povisenim koncentracijama, U vodenim organizmima
moze do¢i do poremecaja homeostaze i razvoja toksi¢nih ucinaka (Livingstone, 1993.).
Nakon unosa, metali se raspodjeljuju po organima i stanicama vodenih organizama te
naposljetku 1 po razli¢itim unutarstani¢nim odjeljcima, kao Sto su citosol, granule, organele i
stani¢ne membrane, a njihova toksi¢nost ve¢inom nastaje uslijed reakcija u citosolu, odnosno
nespecifi¢nog vezanja metala na fizioloski vazne molekule i njihove posljedi¢ne inaktivacije
(Mason i Jenkins, 1995.). Stoga se u istrazivanjima izlozenosti metalima i njihovih toksi¢nih
uc¢inaka u vodenim ekosustavima Cesto koriste bioindikatorski organizmi. Medu najCesce
koriStene indikatorske organizme za pracenje posljedica onec¢is¢enja slatkovodnih ekosustava
metalima ubrajaju se ribe jer se nalaze na vrhu hranidbenog lanca, imaju potencijal za
akumulaciju metala, prikladnu veli¢inu te dugi zivotni vijek (Dragun i sur., 2015.). U brojnim
europskim vodotocima ¢esto se kao bioindikatorski organizam koristi klen (Squalius cephalus
L., 1758), dok se, na primjer, u makedonskim rijekama moze naci srodna vrsta, vardarski klen
(Squalius vardarensis Karaman, 1928). Obje vrste kao svejedi odrazavaju izloZenost
metalima iz raznih izvora, kako iz vode tako i iz hrane zivotinjskog i biljnog podrijetla.
Najcesce koristeni organi za analize metala su jetra, kao najvaznije mjesto metabolizma,
pohranjivanja i detoksikacije metala, te Skrge, kao mjesto unosa metala putem vode (Giguere i
sur., 2006.; Kraemer i sur., 2005.). Dosadasnja istrazivanja izlozenosti metalima i njihovih

uc¢inaka kod klena i vardarskog klena uklju¢uju uglavnom odredivanje ukupnih koncentracija
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akumuliranih metala u organima klena (Dragun i sur., 2007; 2012; 2016; 2019) te ne daju
informaciju o mogué¢em toksi¢énom ucinku metala ili njihovoj detoksikaciji (de la Calle
Guntinas i sur., 2002.). Stoga je potrebno podrobnije istraziti sudbinu metala nakon njihovog
unosa u organizam, odnosno njihovu unutarstani¢nu raspodjelu. BioloSka funkcija, kao i
mehanizmi toksi¢nosti i detoksikacije metala u mnogim organizmima jo$ uvijek nisu dovoljno
istrazeni, dok su biomolekule koje vezu pojedine metale u ribama tek djelomi¢no prepoznate i
opisane (Janz, 2012.; McGeer i sur., 2012.). Prepoznavanje stani¢nih komponenata s kojima
metali stupaju u interakcije pri razliitim razinama izlozenosti znacCajan je korak u
predvidanju njihovih potencijalnih toksi¢nih ucinaka. U skladu s tim, razvijeno je novo
podrucje u istrazivanju metala, nazvano metalomika, koje je Szpunar (2005.) definirala kao
"sveobuhvatnu analizu svih oblika metala i metaloida u stanicama ili tkivima", a koje
obuhvaéa specijaciju metala u najSirem smislu, ukljuéujuci izucavanje kompleksiranja
elemenata, kao i utjecaja tog kompleksiranja na okolis te posljedi¢no i na ljudsko zdravlje. U
podru¢ju metalomike danas se koriste razliite instrumentalne tehnike. Jedan je od
najprihvacenijih pristupa primjena kombinacije tekucinske kromatografije visoke
djelotvornosti (HPLC; za razdvajanje citosolskih biomolekula) i spektrometrije masa s
induktivno spregnutom plazmom (ICP-MS; za odredivanje koncentracija metala) (Montes-
Bayon i sur., 2003.). Brojne kromatografske tehnike razdvajanja mogu se Koristiti za analizu
raspodjele metala medu citosolskim biomolekulama, poput kromatografije s isklju¢enjem po
veli¢ini (SEC-HPLC) i anionsko-izmjenjivacke kromatografije (AEC-HPLC), koje se
odlikuju visokom osjetljivoséu i selektivnoséu (Montes-Bayon i sur., 2003.; Szpunar, 2005.).
Kombinirana primjena razli¢itih kromatografskih tehnika i ICP-MS-a predstavlja vrijedan alat
za razluc€ivanje citosolske raspodjele metala medu proteinima i drugim molekulama razli¢itih
molekulskih veli¢ina i naboja. Kona¢no prepoznavanje i karakterizacija biomolekula koje
vezu metale, zahtjevan je korak u kojemu se primjenjuju razne tehnike spektrometrije masa
(MS) za identifikaciju struktura molekula na koje su vezani metali, poput tekucinske
kromatografije - tandemne spektrometrije mase (LC-MS/MS) te spektrometrije masa s
analizatorom masa s vremenom leta (TOF) uz matricom potpomognutu desorpciju i ionizaciju
laserskim zracenjem (MALDI) (Salekdeh i sur., 2002.). Ovakav visestruki analiti¢ki pristup
povezuje detektore za elemente i molekularne detektore, sa svrhom olaksane identifikacije
metaloproteina ¢ak i u vrlo niskim koncentracijama (Goémez-Ariza i sur., 2004.). Promjene u
raspodjeli metala medu citosolskim biomolekulama, kao i prepoznavanje i karakterizacija
biomolekula koje vezu metale nakon izlozenosti organizama povisenim koncentracijama

metala u vodi, predstavljaju osnovu za razvoj novih biomarkera izloZenosti i toksi¢nih
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ucinaka metala, koji ¢e se s viemenom moc¢i ugraditi u sustave pracenja stanja prirodnih voda.

1.1. Ciljeviisvrharada

Bioloska funkcija i mehanizmi toksi¢nosti u razliitim organizmima, a posebice u
ribama, za mnoge metale jo§ nisu dovoljno istrazeni te je vazno odrediti to¢an identitet
citosolskih biomolekula na koje se ti metali vezu. U skladu s time, osnovni cilj ovoga
istrazivanja bio je produbljivanje razumijevanja unutarstanicne sudbine metala nakon
njihovog unosa u jetra i skrge dvaju odabranih bioindikatorskih organizama, dviju srodnih
ribljih vrsta, klena (S. cephalus) i vardarskog klena (S. vardarensis), pri razli¢itim razinama
izlozenosti tih organizama metalima u umjereno i izrazito metalima onecis¢enim rijekama u
Hrvatskoj i Sjevernoj Makedoniji. Istrazivanje je bilo usmjereno na devet elemenata, sedam

esencijalnih (Co, Cu, Fe, Mn, Mo, Se i Zn) i dva neesencijalna (Cd i Pb).

Cilj istrazivanja ostvaren je kroz sljedece aktivnosti:

e odredivanje citosolskih koncentracija odabranih elemenata akumuliranih u jetrima i
Skrgama klena (S. cephalus) iz rijeke Sutle te vardarskog klena (S. vardarensis) iz triju
rijeka sjeveroisto¢ne Sjeverne Makedonije sa svrhom prepoznavanja jedinki s pove¢anom
bioakumulacijom uslijed povecane izloZenosti metalima u vodi;

e definiranje raspodjela odabranih elemenata medu citosolskim biomolekulama razli¢itih
molekulskih masa u jetrima i Skrgama klena (S. cephalus) i vardarskog klena (S.
vardarensis) pri niskim izloZenostima te definiranje promjena u raspodjelama koje nastaju
uslijed povisene izlozenosti metalima u rije¢noj vodi primjenom SEC-HPLC-a i ICP-MS
visoke rezolucije (HR);

e definiranje raspodjela odabranih elemenata medu toplinski stabilnim biomolekulama u
jetrima i u skrgama vardarskog klena (S. vardarensis) primjenom SEC-HPLC-a i HR ICP-
MS;

e primjenu AEC-HPLC-a kao drugog stupnja razdvajanja citosolskih biomolekula na koje
se vezu metali na temelju razlika u naboju, sa svrhom dodatnog procis¢avanja
metaloproteina 1 razdvajanja njihovih izoformi iz jetara i Skrga vardarskog klena (S.
vardarensis);

e Kkarakterizaciju i identifikaciju nekoliko odabranih citosolskih biomolekula koje vezu Fe,
Cd, Cu, Zn i Mo u jetrima i $krgama vardarskog klena (S. vardarensis) primjenom dviju
tehnika spektrometrije masa (MALDI-TOF-MS i LC-MS/MS).
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1.2. Hipoteze istraZivanja

Provodenjem istrazivanja testirali smo sljedece hipoteze:

raspodjela esencijalnih (Co, Cu, Fe, Mn, Mo, Se i Zn) i neesencijalnih elemenata (Cd i Pb)
medu citosolskim biomolekulama u jetrima i Skrgama klena (S. cephalus) i vardarskog
klena (S. vardarensis) mijenja se uslijed promjene razine izloZenosti metalima/nemetalu u
vodi;

raspodjela esencijalnih elemenata (Co, Cu, Fe, Mn, Mo, Se i Zn) i neesencijalnog
elementa Cd medu citosolskim biomolekulama razli¢ita je u razli¢itim organima (jetrima i
Skrgama) obiju istrazivanih vrsta, klena i vardarskog klena;

raspodjela istrazivanih elemenata medu citosolskim biomolekulama usporediva je u
dvjema srodnim vrstama riba, klenu (S. cephalus) i vardarskom klenu (S. vardarensis),

koje se stoga mogu usporedno koristiti u monitoringu.
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2. LITERATURNI PREGLED

2.1. Metali u slatkovodnim sustavima

U Sarolikom rasponu onecis¢ivaca metali imaju vaznu ulogu jer mogu uzrokovati
toksi¢ne ucinke u vodenim organizmima (Maritim 1 sur., 2016.; Tessier 1 Turner, 1995.), iako
brojni metali imaju i bitnu ulogu u funkcioniranju svih zivih organizama te se prirodno nalaze
u svim sastavnicama okolisa (Cukrov i sur., 2006.). Koncentracija metala u vodenom okolisu
regulirana je procesima poput kemijskog i mehani¢kog troSenja stijena i tla pod utjecajem
vanjskih sila te njihovog ispiranja oborinskim vodama ili raznoSenja vjetrom. Nadalje,
prirodne koncentracije metala u velikoj mjeri ovise i o podrucju u kojem se nalaze, odnosno o
sastavu stijena i tla (Cukrov i sur., 2006.). Osim prirodnim putem, metali u vodu dospijevaju i
iz brojnih antropogenih izvora, koji su u porastu zbog tehnoloskog napretka ljudske zajednice,
pri ¢emu razvoj industrije (proizvodnja plasti¢nih i elektri¢nih elemenata), rudarstvo, promet,
napredna poljoprivreda (putem gnojiva) i gradske otpadne vode imaju najznacajniju ulogu u

onecis¢enju vodenih ekosustava metalima (Slika 1.) (Gaillardet i sur., 2004.).

Prirodni Antropogeni
izvori izvori

E E '“[ Vulkanska aktivnost ] "I Transport I—-" 5 i E E E

E :‘___‘ Geotermalna e E E EE

i e [ Rudarstvo _}-1 11!
Trodenje | Otpadnevode |- | E

stijena 52 E

I s AtmOSfera I Ispiranjesasmetli§tal I

Biljke |

Vodeni ekosustav

Slika 1. Izvori onecis¢enja vodenog ekosustava metalima (preuzeto i prilagodeno prema

Gaillardet i sur., 2004.).

Budu¢i da su prirodne koncentracije ve¢ine metala u rijekama niske, od nekoliko

nanograma do nekoliko mikrograma po litri, zbog Cega su nazvani metalima u tragovima,
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svaki dodatni unos utjeCe na njihove koncentracije i time mijenja prirodnu ravnotezu u
vodenim ekosustavima (Gaillardet i sur., 2004.). Kada antropogeni unos nadmasi prirodni,
dolazi do poremecaja prirodnog biogeokemijskog ciklusa metala, §to za posljedicu moze imati
povecanu akumulaciju metala u vodenim organizmima te eventualno i prekomjerni unos u
ljudski organizam (Flora i sur., 2008.; Mikac i sur., 2007.). U vodenim ekosustavima, metali
se javljaju u raznovrsnim organskim i anorganskim oblicima, od hidratiziranih iona do velikih
organskih kompleksa (Slika 2.), a njihova specijacija u vodi odreduje njihovu
bioraspolozivost, Sto predstavlja glavni ¢imbenik o kojemu ovisi utjecaj toksi¢nih metala na
organizme. Naime, vrste metala u tragovima u vodi su raspodijeljene izmedu razli¢itih
fizickih 1 kemijskih oblika, npr. jednostavnih anorganskih i organskih spojeva, labilnih i
inertnih kompleksa, kao 1 onih adsorbiranih na C¢vrstim i1 koloidnim cesticama (Branica,
1999.).

Najjednostavnija kategorizacija metala u vodi zasniva se na podjeli na otopljenu i
partikularnu fazu nakon filtriranja uzoraka vode kroz filter promjera pora 0,45 um. Frakcija
koja prode kroz filter definirana je kao otopljena, dok je frakcija prikupljena na filteru
definirana kao partikularna. Unato¢ tome, kroz filter promjera pora 0,45 pm mogu proéi i
koloidni oblici metala koji obuhvacaju Cestice Cija se veli¢ina nalazi u rasponu 1 nm do 450
nm te mogu biti organski i anorganski (Gaillardet i sur., 2004.).

Nakon $to metali dospiju u okoli§, mogu mijenjati kemijski oblik te tako postati vise
nalazi pojedini metal, odnosno na specijaciju metala u prirodnom okoliSu utjeCe niz
¢imbenika, poput saliniteta, pH, temperature, prisustva organske tvari i otopljenog kisika
(Mason, 2013.). Primjerice, pri nizim pH vrijednostima (kiseliji okoli§), vise metala je
(Campbell i Stokes, 1985.). Takoder, na primjeru kalifornijske pastrve (Oncorhynchus
mykiss) dokazano je kako je toksi¢nost pojedinih metala (Cu, Zn, Pb i Hg) slabija u tvrdoj
vodi, jer Ca ima ve¢i afinitet za vezanje na membranu $krga riba, u odnosu na ostale katione u
vodi, §to smanjuje njihovu apsorpciju kroz Skrge i posljedicno akumulaciju u tkivima riba
(Mason, 2002.). Utjecaj okolisnih ¢imbenika na metale u vodi, kao i Cinjenica da je voda
dinami¢ni medij (posebno u rijekama), ukazuje kako za procjenu utjecaja metala na biotu nije
dovoljno odrediti samo ukupnu koncentraciju nekog metala u vodi. Ta koncentracija zapravo
odrazava trenutnu vrijednost u trenutku uzorkovanja i ne daje informaciju o bioloski
raspolozivoj koncentraciji toga metala, kao i o njegovim potencijalnim toksi¢nim u¢incima

(Florence i Batley, 1977.).
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Slika 2. Shematski prikaz sastavnica vode, prema njihovoj veli¢ini, na temelju koriStenja

filtera promjera pora 0,45 um (preuzeto i prilagodeno iz Aiken i sur., 2011.).

Radi pouzdane procjene oneciS¢enja vodenih sustava metalima i njegovog utjecaja na
zive organizme u vodi te posljedi¢no 1 na ljude putem prehrane, potrebno je istraziti
posljedice dugoro¢ne izloZenosti biote metalima, izucavanjem bioakumulacije i toksi¢nih
ucinaka metala na vodene organizme. Kao primjer slatkovodnih sustava umjereno i izrazito
oneciS¢enih metalima bit ¢e prikazane rijeka Sutla u Hrvatskoj te tri rijeke sjeveroistocne

Sjeverne Makedonije, Bregalnica, Kriva Reka i Zletovska Reka.

2.1.1. Rijeka Sutla u Hrvatskoj

Rijeka Sutla izvire u Sloveniji na juznim obroncima Maceljske gore te je grani¢na
rijeka izmedu Hrvatske i Slovenije (Slika 3.), ukupne duzine oko 91 km, od toga u Hrvatskoj
89 km. Prema Okvirnoj direktivi o vodama Europske unije, rijeka Sutla svojom povrSinom
porjedja od 581 km? pripada kategoriji srednje velikih rijeka (EPCEU, 2000.; Dragun i sur.,
2011.). U rijeku Savu, jednu od triju najduzih rijeka na teritoriju Republike Hrvatske, utjece
kao lijeva pritoka kod Savskog Marofa. Nadalje, rijeka Sutla nalazi se u podrucju Hrvatskog

zagorja, koje je bogato termalnim izvorima i kupeljima (Teskeredzi¢ i sur., 2009.).
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Slika 3. Karta rijeke Sutle s oznacenim mjestima uzorkovanja (Hum na Sutli, Donje Brezno,

Kumrovec, Klanjec te Drenje Brdovecko) (preuzeto iz Dragun i sur., 2011.).

Rijeka Sutla smatra se umjereno oneciS¢enom metalima, a poznati izvori oneciS¢enja

odnose se na male industrijske objekte, poput tvornice stakla, te na komunalne otpadne vode,

poljoprivredne aktivnosti i ispuStanje otpadnih voda iz termalnih kupaliSta (Dragun 1 sur.,

2011.). Zbog smanjene mogucnosti razrjedenja unesenih toksi¢nih tvari uslijed niskog

protoka vode (tijekom 2009. godine: 0,73-68,8 m>s™; Dragun i sur., 2011.), mali vodotoci

poput rijeke Sutle posebno su osjetljivi na oneciS¢enje. IstraZzivanje provedeno na rijeci Sutli u

jesen 2009. godine (Dragun i sur., 2011.) pokazalo je kako su unato¢ umjerenom

antropogenom utjecaju koncentracije nekoliko otopljenih metala (Fe, Mn i Cd) na pojedinim

postajama u ovoj rijeci bile uocljivo poviSene, §to je vidljivo iz Sirokog raspona njihovih

koncentracija (Fe: 3,1-80,5 pug L™; Mn: 0,44-261,1 pg L™ Cd: 6-308 ng L™). Nasuprot tome,

koncentracije otopljenog Zn i Cu bile su niske duz cijelog rijeénog toka (Zn: <5 pg L™; Cu:

0,17-3,74 ng LY. Najvise su koncentracije metala zabiljezene u rije¢noj vodi gornjeg toka

rijeke Sutle, uglavnom na postajama Hum na Sutli (utjecaj industrije stakla) i Donje Brezno
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(moguci utjecaj otpadnih voda termalnih kupalista) (Dragun i sur., 2011.). lako koncentracije
metala izmjerene u rijeci Sutli jo§ uvijek nisu premaSile ograniCenja koja se smatraju
opasnima za zivot u vodi ili u konacnici za ljudsko zdravlje, uocena su znacajna povecanja te
se zabiljezene koncentracije metala u vodi ove rijeke treba smatrati upozorenjem i poticajem
za zaStitu malih 1 srednjih rijeka s ciljem sprjeCavanja buduceg pogorSanja, prema

preporukama Okvirne direktive o vodama (ODV; EPCEU, 2008.)

2.1.2. Rijeke sjeveroisto¢nog dijela Sjeverne Makedonije

Otpadne vode rudnika ubrajaju se, uz difuzno oneciS¢enje izazvano poljoprivrednim
aktivnostima, u najopasnije izvore onecis¢enja koji mogu dovesti do degradacije slatkovodnih
ekosustava Sirom svijeta (Byrne i sur., 2012.; Cerqueira i sur., 2011.; Environmental Agency,
2006.; Silva i sur. 2011. a, b, ¢). Uzrok toksi¢nosti otpadnih voda rudnika nalazi se u njihovoj
izrazitoj kKiselosti i visokim koncentracijama metala. U kiselim vodama metali su ve¢inom
prisutni u ionskom obliku, koji je bioloski raspoloziviji te se lako akumulira u ribama i
drugim vodenim organizmima, §to znacajno ugrozava njihovo zdravlje i vodi ka smanjenju
bioraznolikosti (Jordanova i sur., 2016.; Stuhlberger, 2010.; Wojtkowska, 2013.).

Geoloska 1 tektonska obiljezja makedonskog teritorija bila su preduvjet za stvaranje
raznovrsnih, brojnih i ¢esto veoma velikih lezista metala, nemetala i energetskih mineralnih
resursa (Spasovski i sur., 2011.). Posljednjih godina Sjeverna Makedonija je zauzela znacajno
mjesto u regiji u iskoriStavanju ruda olova i cinka. Od brojnih nalazista olovnih i cinkovih
ruda posebno treba istaknuti najvaznija podru¢ja bogata tim mineralnim sirovinama, a to su
podrucje Sasa - Toranica, te Kratovo i Zletovo. Ondje se nalaze tri velika rudnika olova i
cinka: Zletovo, Sasa i Toranica. Ti rudnici predstavljaju sirovinsku bazu olova i cinka i
prate¢ih nusproizvoda (srebra, bizmuta, kadmija, sumporne Kiseline, superfosfata, itd.)
(Spasovski i sur., 2011.). Zbog brojnih aktivnih rudnika, otpadne vode rudnika u Makedoniji
jos uvijek predstavljaju vrlo ozbiljan ekoloski problem, uzimaju¢i u obzir da su koncentracije
Pb i Zn u rudama i leZistima i do tisu¢u puta vise u odnosu na ostala podrucja (Alderton i sur.,
2005.; Midzi¢ i Silajdzi¢, 2005.). Ramani i sur. (2014.) procijenili su utjecaj dvaju trenutno
aktivnih rudnika Pb i Zn (Zletovo i Toranica) na kakvocu vode dviju rijeka u sjeveroistocnom
dijelu Sjeverne Makedonije (Slika 4.), vezano uz oneciS¢enje metalima i promjene fizikalno-

kemijskih karakteristika rijecne vode.
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Slika 4. Karta podrucja istrazivanja s oznac¢enim mjestima uzorkovanja u sjeveroistocnoj

Sjeverne Makedoniji (Bregalnica, Zletovska Reka i Kriva Reka) (Ramani i sur., 2014.).

2.1.2.1. Rijeka Bregalnica

Rijeka Bregalnica druga je po veli¢ini makedonska rijeka te je najduza lijeva pritoka
rijeke Vardar, najvece rijeke u Republici Sjevernoj Makedoniji. Ukupna duzina rijeke je 225
km, a povrsina njenog sliva iznosi 4307 km?. Rijeka Bregalnica je manje oneci$¢ena metalima
od ostalih rijeka sjeveroistocne Sjeverne Makedonije jer nije pod izravnim utjecajem rudnika.
Onecisc¢enje ove rijeke karakteristiCno je za podrucja intenzivne poljoprivredne aktivnosti, a
javlja se zbog ispiranja tla rizinih polja (Andreevska i sur., 2013.) te se odnosi na pojavu
poviSenih koncentracija nekoliko metala/metaloida (na primjer, As, Ba, Fe, Mo, U 1 V),
nitrata i fosfata, kao i pojavu izrazitog fekalnog onecis¢enja vode uslijed utjecaja
poljoprivrednih farmi grada Stipa (Ramani i sur., 2014.). U ovoj rijeci nadene su i povisene

koncentracije herbicida koji se koriste u uzgoju rize (Stipanicev i sur., 2017.).

2.1.2.2. Zletovska Reka

Ukupna duzina Zletovske Reke je 56 km, a povrSina njenog sliva iznosi 460 km?. U
gornjem dijelu toka ova rijeka protjece kroz strmu klisuru koju je sama izdubila u stijenama te
zbog toga na pojedinim mjestima ima pad od 42%, puno brzaca i dva vodopada. Jedna je od
najzagadenijih pritoka rijeke Bregalnice (Dolenec 1 sur., 2005.), a zagadenje pretezno potjece

od rudnika Pb i Zn, Zletovo. Rudnik je aktivno radio od 1940.-ih, a njegova proizvodnja i
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dalje traje, iako je bilo nekoliko kratkotrajnih prekida. Rude iz rudnika Zletovo, koje
sadrzavaju vise od 9% Pb i 2% Zn te znacajnu koli¢inu Ag, Bi, Cd i Cu (Alderton i sur.,
2005.), obraduju se u malom gradicu Probistipu dok se otpad iz rudnika odlaze u susjednim
dolinama. Pritoke Zletovske Reke, Kiselica i Koritnica, ispiru glavno podrudje iskopa ruda
kod Probistipa, (Alderton i sur., 2005.) te tako metali dospijevaju i u druge rijeke. Osim toga,
otpadne vode iz rudnika Zletovo, oneciS¢ene metalima, ispustaju se iz koncentracijskog
postrojenja u rijeku Kiselicu, pritoku Zletovske Reke, bez prethodne obrade ili neutralizacije.
Zbog toga u Kiselici nema mnogo Zzivota, odnosno prisutne su samo one vrste vodenih
organizama koje su otpornije na oneciS¢enje te su u njima nadene visoke razine metala
(Midzici¢ 1 Silajdzi¢, 2005.). U Zletovskoj Reci, nizvodno od rudnika Zletovo, nadene su
iznimno visoke koncetracije Cd, Co, Cs, Cu, Li, Mn, Ni, Rb, Sn, Sr, Tl i Zn te sulfata i
klorida. Osobito visoke koncentracije pojedinih metala bile su izmjerene u jesen 2012.
godine, u vrijeme izrazito niskog vodostaja (npr., Cd 2,0 pg L : Mn25mgL™; Zn 1,5 mg L’
1), sto je jasan pokazatelj utjecaja rudnika na kakvoéu rije¢ne vode (Ramani i sur., 2014.).
Pored oneéis¢enja rudarskim otpadom (Dragun i sur., 2019.; Ramani i sur., 2014.), Zletovska
Reka je 1 pod utjecajem otpadnih voda grada Probistipa, ukljucujuci i otpadne vode tvornice

akumulatora (Spasovski i Dambov, 2009.).

2.1.2.3. Kriva Reka

Kriva Reka je najveca pritoka rijeke PCinje, koja je lijevi pritok rijeke Vardar i
najznacajnija rijeka u sjeveroisto¢nom dijelu Sjeverne Makedonije. Duzina ove rijeke je 78,7
km, dok povrSina sliva iznosi 968 km? (Ramani 1 sur., 2014.). OneciS¢enje Krive Reke
metalima potjeCe pretezno od otpada iz aktivnog rudnika Pb i1 Zn, Toranica. Proizvodnja Pb i
Zn iz rudnika Toranica traje od 1987. godine, s nekoliko jednogodi$njih prekida nakon 2000.
godine (Alderton i sur., 2005.). Rude iz rudnika Toranica sadrzavaju oko 6,5% Pb+Zn s
dodatno poviSenim koncentracijama Cd, Cu, Mn, Ag i Bi (Serafimovski i sur., 2007.). Prema
Ramani i sur. (2014.) u Krivoj Reci su zabiljeZene poviSene koncentracije samo za Cd (0,270
ug L'l) 1 Pb (1,85 ugL'l) u proljece 2012. godine te je, slicno kao u Bregalnici, zamijeceno i
izrazito fekalno oneciScenje, kao i povisene koncentracije amonijevih i fosfatnih iona,

vjerojatno uslijed utjecaja otpada okolnih vrtova i obradivih povrSina.
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2.2. Metali u vodenim organizmima

Unos metala u vodene organizme iz okoliSne vode moZe se odvijati putem cijele
vanjske povrSine organizma, putem respiratornih organa (Skrge), putem probavnog epitela iz
vode i hrane ili kombinacijom tih puteva (Brown i Depledge, 1998.). Nakon ulaska u
izvanstani¢ne tjelesne tekucine, unos metala u stanicu se vrsi preko stani¢nih membrana
procesima jednostavne difuzije, olakSane difuzije, aktivnog transporta i pinocitoze (Simkiss,
1998.), pri ¢emu je za unos u stanice najraspoloziviji hidratizirani ionski oblik metala. Ribe
izluCuju Stetne tvari iz organizma putem zuci, bubrega, Skrga i koze (Heath, 1995).
Akumulirana koli¢ina metala u stanicama odrazava razliku izmedu unosa i izlu¢ivanja metala
(Rainbow, 2018.).

S obzirom na svoju funkciju u zivim organizmima metali se mogu podijeliti na
esencijalne 1 neesencijalne. Metali koji predstavljaju vaznu komponentu u metaboli¢kim
procesima zivih organizama, a dio su enzima ili vitamina, ubrajaju se u esencijalne ili bioloski
neophodne metale. To su, na primjer, makroelementi poput Ca, K, Mg i Na te mikroelemeti
poput Zn, Cu, Co, Se i Fe, koji su ljudima i Zivotinjama potrebni u malim koli¢inama, ali
prekomjernim unosom i oni postaju toksicni (Verma i Dwiwedi, 2013.). One metale i
metaloide za koje do sada nije otkrivena uloga u metabolickim procesima zivih organizama
nazivamo neesencijalnima, a to su, na primjer, Pb, As, Hg, Ni 1 Cd koji su toksi¢ni ve¢ u vrlo
malim koli¢inama (Verma i Dwiwedi, 2013.). Medutim, za ve¢i broj mikroelemenata
ustanovljeno je da na organizam mogu djelovati kako u toksi¢nom tako i u stimulativnom
smislu, ovisno o unesenoj koncentracijskoj razini (Luckey 1 sur., 1975.). Stoga ostro
razgraniCavanje metala/metaloida na apsolutno toksi¢ne ili netoksi¢ne nije u potpunosti
prihvatljivo s obzirom na raznolikost fiziolosko-biokemijskih mehanizama svojstvenih
organizmima razli¢itih dobi i vrsta. Reakcija organizma na metale koja ovisi 0 promjeni
njihovih koncentracija moze se opisati krivuljom koja prikazuje meduovisnost koncentracije i
ucinka, gdje se za svaki metal/metaloid moZe definirati podrucje tolerancije, s grani¢nim
donjim 1 gornjim koncentracijama, koje c¢ini prijelaz izmedu stanja deficijencije 1
intoksikacije. To podru¢je tolerancije za svaki pojedini metal ovisi o djelotvornosti
regulacijskih mehanizama u organizmu, koji se znatno razlikuju medu organizmima na
razli¢itom stupnju razvoja (Engel 1 Fowler, 1979.)

U vodenim organizmima metali mogu izazvati Siroki spektar uc¢inaka koji se mogu
pojaviti na raznim bioloSkim razinama: na razini stanice, organa, organizma, populacije,

zajednice ili kombinacijama tih kategorija (Phillips i Rainbow, 1993.). U¢inci na razini
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organizma obi¢no se dijele na morfoloske (deformacije ljuStura, skeleta, Skrga, itd.),
bihevioralne (motoricke promjene, promjene hranjenja) i fizioloske. Fizioloski ucinci
obuhvacaju promjene na razini cijelog organizma, na razini tkiva i organa, ali i stanicne
promjene (biokemijske i citokemijske). Svaki toksi¢ni ucinak zapocCinje biokemijskim
procesima na razini stanice koji potom mogu dovesti do promjena na cijelom organizmu.
Ucinci metala na stani¢noj razini su mnogobrojni, a neki od njih su: inhibiranje ili promjene
funkcija proteina, oksidativni stres, inhibicija mitohondrijske aktivnosti, poremecaj
propusnosti membrana (Phillips i Rainbow, 1993.; Dragun i sur., 2017.). lako brojni metali u
organizmima imaju vazne bioloske uloge, kao sastavni dio enzima ili drugih slozenih
molekula, takozvanih metaloproteina (Smith i sur., 1997.), oni svojim vezanjem na razlicite
proteine mogu uzrokovati njihovu inhibiciju ili im promijeniti funkciju (Viarengo, 1985.). To
se moze dogoditi zamjenom esencijalnog metala vezanog na protein ili vezanjem na
deaktivacijsko mjesto enzima. Stetni u¢inak metala mozZe se o¢itovati i kroz oksidativni stres,
odnosno stvaranjem reaktivnih oblika kisika. Reaktivnih oblici kisika obuhvacdaju radikale
kisika (superoksidni, hidroksilni, peroksidni) i reaktivne neradikalne derivate Kisika (vodikov
peroksid, hipokloritna kiselina) te mogu izazvati inaktivaciju enzima, lipidnu peroksidaciju,
oStecenja DNA, kao 1 povecati rizik od razvoja raka (Viarengo, 1985.). Nadalje, mitohondriji,
organele odgovorne za aerobnu sintezu ATP-a, akumuliraju velike koli¢ine metala, izmedu
ostalog Hg, Cd, Zn i Fe. Inhibicija mitohondrijske aktivnosti i oksidativne fosforilacije
ubrajaju se u moguce Stetne ucinke metala (Viarengo, 1985.). Poremecaj propusnosti
membrana moZe se oéitovati kroz poremedéaj aktivnog i pasivnog transporta. Ziva i Cd se
primjerice mogu vezati na fosfatnu skupinu lipidnog sloja membrane i tako poremetiti pasivni
transport iona. Aktivni transport se moze naruSiti izravno inhibicijom enzima Na/K ovisne
ATP-aze, ili posredno, smanjenjem raspolozivosti ATP-a (Bouquegnau i Gilles; 1979;
Viarengo, 1985.).

U organizmu, medutim, postoje razliiti homeostatski mehanizmi za odrZavanje
koncentracija metala u uskim rasponima, kao i detoksikacijski mehanizmi, koji sprjecavaju,
umanjuju ili ponistavaju Stetne interakcije metala s esencijalnim makromolekulama (Mason i
Jenkins, 1995.), poput stvaranja netopljivih granula metala, odjeljivanja metala unutar
lizosoma te vezanja metala za specificne biomolekule, pa do toksicnog ucinka dolazi samo
ukoliko je naruSena ravnoteza (Viarengo 1 Nott, 1993.).

Uz sve navedeno, toksi¢ni utjecaj metala na organizam ovisi i 0 stanju organizma,
odnosno o stupnju razvoja, starosti, veli€ini, spolu, prebivaliStu i prehrani (Livingstone,

1993.), kao 1 o nizu vanjskih ¢imbenika, odnosno o uvjetima okoliSa poput temperature,
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saliniteta, pH vrijednosti, intenziteta svjetlosti, otopljenog kisika, itd. (Hamelink i sur., 1994.).
Prisustvo drugih toksi¢nih tvari takoder moze utjecati na djelovanje metala na organizme,

izazivajuci sinergisticki ili antagonisticki u¢inak.
2.3. Bioindikatori

U procjeni oneciSéenja pojedinih ekosustava metalima koriste se prikladni
bioindikatorski organizmi. Bioindikatori su organizmi koji svojom prisutnoscu ili specificnom
reakcijom na odredene ¢imbenike u okoliSu mogu odrazavati stanje okoliSa. Bioindikatorske
vrste, osim ekoloSkog stanja nekog vodenog sustava, mogu biti 1 dobar pokazatelj
antropogenog utjecaja na taj ekosustav. Osnovne karakteristike indikatorskih organizama su
Siroka rasprostranjenost i zastupljenost vrste, ograni¢eno podrucje kretanja, dovoljno dug
zivotni vijek, dovoljna veli¢ina za provodenje analiza te relativno jednostavna determinacija i
dostupnost mjesta uzorkovanja (de Andrade i sur., 2004.). Kao bioindikatorski organizmi za
pracenje izlozenosti slatkovodnih ekosustava metalima najéesce se koriste ribe, Skoljkasi i
raci (Dragun i sur., 2015). Prednost riba kao bioindikatora u tome je §to se nalaze na vrhu
prehrambenog lanca u slatkovodnim ekosustavima, imaju potencijal za akumuliranje metala,
dug Zivotni vijek 1 optimalnu veli¢inu za provodenje analiza, lako se uzorkuju te imaju veliku
ekonomsku vaznost (Dragun i sur., 2013.a i b). Budu¢i da pripadaju kraljeznjacima, pogodne
su za izu€avanje 1 zbog fizioloske slicnosti sa sisavcima, a k tome su 1 vazan dio ljudske
prehrane pa razina bioakumulacije metala iznad pravilnikom definiranih vrijednosti moze
predstavljati opasnost za ljudsko zdravlje (Baldwin i Kramer, 1994.). Zbog svih navedenih
karakteristika ribe se smatraju jednim od najznacajnijih bioindikatora u slatkim vodama za
procjenu oneciS¢enja metalima u tragovima (Evans i sur., 1993.; Barak i Mason, 1990.;
Rashed, 2001.). Medutim, znacajan problem kod upotrebe riba kao indikatorskih organizama
ponekad moZze predstavljati njthova mobilnost, uslijed ¢ega je teSko precizno definirati mjesto
1 izvor onecis¢enja, kao i vrijeme i trajanje izloZzenosti (Chovanec i sur., 2003.).

Riblja vrsta koja se Cesto primjenjuje kao bioindikatorski organizam u europskim
vodotocima je klen (Squalius cephalus L., 1758). Klen ima izvrsnu sposobnost prilagodbe
tako da nastanjuje i tekucice i jezera te se ubraja u skupinu predatorskih riba (Habekovi¢ i
sur., 1993.). Dok se u rijekama u Hrvatskoj moze naci vrsta S. cephalus, u makedonskim
rijekama obitava srodna vrsta istoga roda, odnosno vardarski klen (Squalius vardarensis
Karaman, 1928).
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2.3.1. Klen (Squalius cephalus L., 1758)

Klen (Squalius cephalus L., 1758) (Slika 5.), pripadnik porodice $aranki (Cyprinidae),
slatkovodna je omnivorna riblja vrsta Siroko rasprostranjena u Europi s izrazitom otpornoséu
na kemijsko i fizikalno zagadenje (Gandolfi i sur., 1991.; Maitland i Campbell, 1992.;
Vostradovsky, 1973.).

Znanstvena klasifikacija:

Carstvo: Animalia

Koljeno: Chordata

Razred: Actinopterygii

Red: Cypriniformes

Porodica: Cyprinidae

Rod: Squalius

Vrsta: Squalius cephalus Linnaeus, 1758

Slika 5. Prikaz klena Squalius cephalus Linnaeus, 1758.

Autor fotografije: dr. sc. Damir Vali¢.

Naseljava mnoge stajacice i tekucice nizinskog, prijelaznog i djelomi¢no visinskog
karaktera koje pripadaju slivu Sjevernog, Baltickog, Crnog i Azovskog mora u Europi i dijelu
Azije (Habekovi¢, 1982.). Ima vretenasto snazno tijelo, prilagodeno plivanju i u poja¢anim
vodenim strujama (Habekovi¢ i sur., 1993.). MoZe narasti i do 80 cm duZzine i 4 kg mase.
Spolno sazrijeva u dobi od 4 do 5 godina pri duzini od 20 cm, a mrijesti se viSekratno od
travnja do lipnja kada temperatura vode dostigne 15°C, u plitkim zonama bogatim Kisikom i
Cistog dna (Habekovi¢, 1982.; Habekovi¢ 1 sur., 1993.). Unato¢ velikoj sposobnosti
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prilagodavanja, naj¢es¢e se zadrzava ispod brana i drugih zapreka, gdje se hrani. S obzirom
na sve navedeno, kao i na Siroku rasprostranjenost i relativno dug zivotni vijek, klen

predstavlja pogodan bioindikatorski organizam za pracenje kakvoce slatkih voda (Kurtovic i
sur., 2007.; 2008.).

2.3.2. Vardarski klen (Squalius vardarensis Karaman, 1928)

U makedonskim rijekama mozZe se na¢i druga vrsta iz roda Squalius, odnosho
vardarski klen (Squalius vardarensis Karaman, 1928) (Slika 6.). Vardarski klen nastanjuje
rijeke 1 potoke umjerenih tokova na podrucju Sjeverne Makedonije i Gréke, a moze narasti i
do 60 cm ukupne duzine te se mrijesti od svibnja do lipnja u rijekama i potocima s Cistom
vodom (Kottelat i Freyhof, 2007.). Budu¢i da je vrhunski grabezljivac, vardarski klen
predstavlja izvrstan izbor za pracenje utjecaja kemijskih agenasa i metala na slatkovodnu

biotu (Jordanova i sur., 2016.).

Znanstvena klasifikacija:

Carstvo: Animalia

Koljeno: Chordata

Razred: Actinopterygii

Red: Cypriniformes

Porodica: Cyprinidae

Rod: Squalius

Vrsta: Squalius vardarensis Karaman, 1928

Slika 6. Prikaz vardarskog klena (Squalius vardarensis Karaman, 1928).

Autorica fotografije: dr. sc. Zrinka Dragun.

18



Literaturni pregled

2.3.3. Ciljni organi za analizu metala

Metali se mogu akumulirati u razli¢itim dijelovima organizma riba, ovisno o kojem se
metalu radi. Primjerice, Pb ima veliki afinitet za kalcificiranim tkivima dok se u mekim
tkivima najvise talozi u jetrima i bubrezima, nakon ¢ega slijedi koza, mozak i misi¢i (Roberts
I sur., 1976.; Sedak i sur., 2015.), Cd ima najveci afinitet za taloZenje u jetrima (oko 50 % Cd)
I bubrezima (Sedak i sur., 2015.; Siddiqui, 2010.), Zn u jetrima (Bawuro i sur., 2018.; Dragun
i sur., 2019.), dok se Hg akumulira u misi¢cima, a k tome je jedan od rijetkih metala koji se i
biomagnificira u hranidbenom lancu te moze biti izrazito toksi¢na za ljude putem prehrane
(Frodello i sur., 2000.; Mason i sur., 2006.; Sedak i sur., 2015.). Za procjenu dugotrajne,
kroni¢ne izlozenosti riba metalima najbolje je analize provoditi u jetrima (Miller i sur.,
1992.), budué¢i da se radi o glavnom detoksikacijskom organu i metaboliCkom centru
organizma (Giguere i sur., 2004.) te organu koji raspolaze najucinkovitijom sposobno$éu
akumulacije raznih zagadivala (Papagiannis i sur., 2004.; Vukosav i sur., 2014.). Nadalje,
hepatociti, dominantna vrsta stanica u jetrima, sadrze, kao obrambeni mehanizam, visoke
razine unutarstani¢nih proteina i peptida koji veZzu metale 1 pomazu u njihovom uklanjanju,
tako sprjeavajuci interakcije metala s potencijalno osjetljivim biomolekulama; to obiljezje
jetara omogucava proucavanje metala 1 detoksikacijskih mehanizama (Di Giulio 1 Hinton,
2008.; Heath, 1995.; Sigel i sur., 2009.). S druge strane, $krge su, kao vazno mjesto izravnog
unosa toksi¢nih tvari iz vode, prikladne za pracenje kratkotrajne izloZenosti metalima te
naglih promjena u razini izloZenosti. Zbog relativno niske topljivosti kisika u vodi, ribe imaju
vrlo veliku respiratornu povrSinu, propustaju veliki volumen vode kroz Skrge u jedinici
vremena te imaju tanke epitelne membrane, $to sve zajedno olakSava unos tvari iz vode, kao 1

njihov prijenos u krv (Chovanec i sur., 2003.; Heath, 1995.; Reid i McDonald, 1991.).

2.4. Metalomika

Metali se u Zivim organizmima javljaju vezani na cijeli niz razli¢itih biomolekula
(Slika 7.). Veliki broj proteina zahtijeva metal kao kofaktor, a obi¢no se radi o prijelaznim
metalima, poput Cu, Fe, Zn ili Mo (Mounicou i sur., 2009.; Tainer i sur., 1991.). Metalni ioni,
nadalje, mogu kontrolirati regulaciju ekspresije proteina u stanicama, npr. metalotioneina,
proteina bitnog u homeostazi i procesima detoksikacije (Maret, 2004.). Saperoni metala $tite i
usmjeravaju metalne ione kroz citoplazmu (Rosen, 2005.; Rosenzweig, 2002.), dok su
izvanstani¢ni proteini poput albumina 1 transferina bitni kao transporteri metala u krvi

(Mounicou i sur., 2009.). Stoga je unutarstani¢na koncentracija nekoliko metala, njihova
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raspodjela medu razli¢itim stani¢nim odjeljcima te njihova ugradnja u metaloproteine strogo

kontrolirana (Outten i O’Halloran, 2001.).

metaboliti lijekova koji f

sadrzavaju metale

organoarsenovi spojevi h

organoselenovi spojevi (
kovalentno vezan

metal(oid)
npr. selenoprotein

kovalentno vezan
metal(oid)

Biomolekule
koje sadrze
metal(oid)

@
metaboliti
@

organske kiseline h koordinacijski — stres protfeini »
(limunska, maleinska) koordinacijski kompleksi kompleksi s (npr., metalotioneini)
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(fitokelatini) t " oy
q ransportni proteini
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<
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—> Saperoni

Slika 7. Razliciti oblici metala u bioloSkom okruzenju (Mounicou i sur., 2009.).

Zbog svega navedenog, sustavni pristup prouCavanju sadrZzaja metala, njihove
specijacije, lokalizacije 1 upotrebe unutar organizama 1 ekosustava postaje sve vazniji (Thiele
1 Gitlin, 2008.). U proSlosti su istrazivanja metala u okoliSu bila pretezno usmjerena na
fizioloSke mehanizme unosa, toksicnosti 1 izlu¢ivanja te se vecina razvijenih metoda odnosila
na mjerenje ukupnih koncentracija pojedina¢nih metala u vodi i u organizmima, koje ne daju
informaciju o metabolizmu i mehanizmima toksi¢nosti metala, kao ni 0 mehanizmima njihove
detoksikacije (de la Calle Guntinas i sur., 2002.). Posljednjih godina razvijene su ,,omicke*
tehnike, koje  ukljuuju  strukturnu  genomiku, transkriptomiku, proteomiku,
toksikoproteomiku i metalomiku te koje su usmjerene na sveobuhvatna izucavanja na
molekularnoj 1 stani¢noj razini, a koriste se 1 u okoliSnim istraZivanjima za prepoznavanje
novih biomarkera u¢inaka raznih zagadivala na organizme (Shi i Chance, 2008.). U skladu s
tim, metalomika je, prema Szpunar (2004.), definirana kao "sveobuhvatna analiza svih oblika
metala i metaloida u stanicama ili tkivima," a obuhvaca specijaciju metala u najSirem smislu,
ukljucujuéi izu¢avanje kompleksiranja elemenata, kao 1 utjecaja tog kompleksiranja na okolis$
i na ljudsko zdravlje. Metalomika se, nadalje, bavi proucavanjem i razjaSnjavanjem

fizioloskih uloga i funkcija biomolekula koje vezu metalne ione u bioloskim sustavima
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(Monicou i sur., 2009.). Predstavlja transdisciplinarno istrazivacko podrucje, koje povezuje
razna druga znanstvena podrucja, poput geokemije, klinicke biologije, farmakologije, biljne i
zivotinjske fiziologije (Monicou i sur., 2009.). Krajnji je cilj metalomike pruziti sveopce i
sustavno razumijevanje unosa, prijenosa, uloge i izlucivanja metala u bioloskim sustavima
(Monicou i sur., 2009.). Istrazivanja u podru¢ju metalomike provode se pomocu razlicitih
tehnoloskih i metodoloskih pristupa, no ne postoji nijedna tehnologija koja bi bila prikladna
za samostalnu primjenu. Analize se sastoje od niza koraka koji zahtijevaju razli¢ite
metodoloske pristupe, a organizacija i1 integracija analitickih koraka predstavljaju kljuc
uspjeha (Goémez-Ariza i sur., 2005.)

Metalomic¢ke analize, dakle, zahtijevaju slozene multidimenzionalne analiticke
(1) tehnike poput

kromatografije i elektroforeze, (2) detektore visoke osjetljivosti specifi¢ne za elemente te (3)

pristupe, ukljucujuci razdvajanja, razli¢itth tehnika tekucinske
molekularne detektore utemeljene na spektrometriji masa za karakterizaciju razdvojenih
biomolekula koje vezu metale (Slika 8.) (Gomez-Ariza i sur., 2004.; Mounicou i sur., 2009.;

Szpunar i Lobinski, 2002.).

1ZOELEKTRICNO

= GEL < FOKUSIRANJE
G | 7 } SDS-PAGE
lonTRAP Ms  ELEKTRORASPRSENIE ELEKTROFOREZA *
Q-q-TOF-MS :
. Y f KAPILARNA
J\'\/
KARAKTERIZACIA RAZDVAJANJE _
- MOLEKULA MOLEKULA ‘Q:j )
/’ S ISKLJUCENJEM
/,/ » HPLC 9 * REVERZNE FAZE
IONSKO IZMJENJIVACKA
MALDI-TOF-MS

DETEKTIRANJE
METALA
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4

IcP-TOF-ms ' CP-DPR-MS

ICP-Q-MS ICP-SF-MS

Slika 8. Spregnute tehnike u analizama metala i biomolekula koje vezu metale (prilagodeno

prema radu Mounicou i sur., 2009.).
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2.4.1. Analiticke metode za razdvajanje i prociS¢avanje biomolekula na koje se

vezu metali

Za analizu metaloproteina i drugih biomolekula koje vezu metale razvijene su brojne
metode razdvajanja, poput kromatografije i elektroforeze (kapilarna ili gel elektroforeze)
(Goémez-Ariza i sur., 2005.; Monicou i sur., 2009.; Szpunar i Lobinski, 1999.).

Kromatografija je jedna od analitickih metoda koje se najceSce primjenjuju, a Ciji je
razvoj poc¢eo Sezdesetih godina proslog stolje¢a (Majors, 2003.). Tekucéinska kromatografija
osnovna je viSenamjenska tehnika razdvajanja koja se primjenjuje u modernim bioloskim
znanostima 1 u komplementarnim znanstvenim podru¢jima kao S$to su analiticka ili
preparativna kemija (Cindri¢ i sur., 2009.). To je tehnika koja se koristi za razdvajanje
otopljenih tvari. Tvari iz otopina u razli¢itoj mjeri stupaju u interakciju sa stacionarnom
(nepokretnom) 1 tekuéom mobilnom (pokretnom) fazom na osnovu razlika u adsorpciji,
ionskoj izmjeni, razdiobi izmedu faza, razlici u veli¢ini Cestica ili stereokemijskih interakcija.
Kao posljedica navedenih razlika, razliCite se tvari razli¢ito dugo zadrzavaju na
kromatografskoj stacionarnoj fazi (Cindri€ i sur., 2009.; Sattayasai, 2012.).

Za razliku od mnogih drugih tehnika razdvajanja koje imaju razli¢ita ogranicenja,
poput plinske kromatografije koja nije pogodna za razdvajanje toplinski nestabilnih molekula,
tekucinska kromatografija moze uspjesno posluziti za razdvajanje Sirokog raspona molekula
kao §to su polimeri, male molekule farmaceutika ili njihovih metabolita, kao i peptida i
proteina (Cindri¢ i sur., 2009.). Nadalje, dodatna prednost tekuc¢inske kromatografije je
moguénost izravnog povezivanja s drugim analitickim tehnikama (Cindric¢ i sur., 2009.). Za
pocetno prociS¢avanje stani¢nih biomolekula koje vezu metale korisna je primjena
kromatografije s iskljuéenjem po veli¢ini (SEC) u kombinaciji s ionsko-izmjenjivackom
kromatografijom (IEC). Primjenom ovih dviju metoda postize se visoka osjetljivost i
selektivnost (Montes-Bayon i sur., 2003.; Szpunar, 2004.) te zadovoljavajuce razlu¢ivanje
prilikom razdvajanja biomolekula koje vezu metale, odnosno izbjegava se istovremeno

eluiranje vise oblika istog elementa (Mounicou i sur., 2009.).

2.4.1.1. Tekuéinska kromatografija visoke djelotvornosti s isklju¢enjem po
veli¢ini (SEC-HPLC)

SEC-HPLC cesto se koristi kao osnovna metoda za razdvajanje metaloproteina i
drugih biomolekula koje vezu metale (Slika 9.). Temelji se na u¢inku molekularnih sita koja
omogucavaju razdvajanje molekula prema njihovoj veli¢ini te u manjoj mjeri i prema obliku
(de la Calle Guntinuas i sur., 2002.; Szpunar, 2004.). Najbolji je izbor za analize proteina i
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raznih drugih biomolekula, budu¢i da nakon procis¢avanja izvorna struktura i funkcija
proteina ostaju oCuvane, a moze se Koristiti 1 $iroki spektar pufera kako bi se ostvarili

odgovarajuci uvjeti za razdvajanje pojedinih proteina (Rambo, 2017.).

[
-

Pt
Apsorbancija
A Ve
Visoke { V
molekulske Srednje
mase molekulske Niske
o mase molekulske
Injektiranje mase
uzorka
v,
JL | % >
1/} [ el el =2
Ravnotezia 1volumen kolone Volumen kolone

Slika 9. Kromatografija isklju¢ivanjem ili gel-filtracijska kromatografija. Metoda se temelji
na difuziji molekula kroz porozne Supljine punila koje sacinjavaju kolonu. Mehanizam
razdvanja se temelji na prodiranju molekula u pore ¢estica punila, tako da manje molekule,
koje mogu ulaziti u pore, zaostaju, dok vece, koje to ne mogu, prolaze izmedu Cestica punila
te prije izlaze iz kolone. S obzirom na to da pore u punilu stacionarne faze, nisu jednake
veli¢ine, samo najve¢e molekule bit ¢e u potpunosti izuzete od prodiranja u pore punila, dok
¢e sve druge ulaziti s veCom ili manjom ucestalosti (manje CeSce, vece rjede), te ¢e duze
zaostajati u punilu stacionarne faze. Tako ¢e najprije iza¢i najvece molekule, pa onda srednje i

na kraju najmanje molekule. Slika je prilagodena prema Hagel i Haneski (2010.).

Prednost ove metode je Sto proteini, ako se razdvajanje odvija pod blagim, fizioloskim
uvjetima, ostaju gotovo netaknuti, a to je jako vazno pri razdvajanju biomolekula koje su

osjetljive na promjenu pH te analizama metaloproteina (De la Calle Guntinas i sur., 2002.).
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Dodatnu prednost u odnosu na ostale kromatografske metode ima zbog moguénosti
povezivanja sa spektrometrijom masa uz ionizaciju induktivno spregnutom plazmom (ICP-
MS) za odredivanje koncentracija metala. Odabirom odgovarajuc¢ih kromatografskih uvjeta
koji ne Stete analizi spektrometrijom masa (npr., hlapljivih pufera, stabilnog i niskog protoka,
upotrebe polarnih organskih otapala), tekucéinski se kromatograf moze jednostavno povezati
sa spektrometrom masa (Cindri¢ i sur., 2009.). U mnogim je istrazivanjima tehnika SEC-
HPLC u kombinaciji s ICP-MS-om koristena kao polukvantitativna tehnika za specijaciju
elemenata poput Cd (Ferrarello i sur., 2000.), Se (McSheehy i sur., 2001.), ili As (McSheehy i
Szpunar, 2000.).

2.4.1.2. Ionsko izmjenjivacka tekucinska kromatografija visoke djelotvornosti
(IEC-HPLC)

Bioloske molekule su uglavnom polarne te stoga mogu biti nabijene. Upravo je to
svojstvo molekula iskoristeno u izvedbi ionsko-izmjenjivacke kromatografije (IEC), koja se

zasniva na razdvajanju otopljenih molekula na osnovu razlika u naboju (Slika 10.).

Smjesa proteina
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Slika 10. Princip anionsko-izmjenjivacke kromatografije. Proteini se razdvajaju na temelju

svoga neto-naboja (preuzeto i prilagodeno iz Berg i sur., 2002.).

Moze se primijeniti za razdvajanje gotovo bilo koje vrste nabijenih molekula
ukljucujuéi velike proteine, male nukleotide i aminokiseline (Loeschner i sur., 2015.). Dvije

vrste ionsko-izmjenjivacke kromatografije su anionsko-izmjenjivacka (AEC) i kationsko-
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izmjenjivacka (CEC) kromatografija. Molekule koje su topljive i nabijene, kao §to su proteini,
aminokiseline i peptidi, vezu se na suprotno nabijene funkcionalne skupine netopljive
stacionarne faze stvaranjem ionskih veza (Sattayasai, 2012.). U kationsko-izmjenjivackoj
kromatografiji primjenjuje se anionska stacionarna faza kada su Zeljene molekule koje se
razdvajaju kationi, a anionsko-izmjenjivacka kromatografija primjenjuje kationsku
stacionarnu fazu za odjeljivanje aniona. Molekule vezane na stacionarnu fazu ispiru se
povecavanjem ionske jakosti ili promjenom pH eluensa, odnosno mobilne faze. Kationsko i
anionsko izmjenjiva¢ka kromatografija ¢esto se koriste u istrazivanjima metala u bioloSkim
uzorcima (Sanz-Medel i sur., 2003.; Szpunar, 2000.), na primjer pri razdvajanju
metalotioneina (Lehman i Klaassen, 1986.; Rodriguez-Cea i sur., 2003.; Van Campenhout i
sur., 2008.) i serumskih proteina (Soldado Cabezuelo i sur., 1997.; Wrobel i sur., 1995.).

2.4.2. Analiticke metode za odredivanje metala u uzorcima iz okoliSa

Postoji niz razlicitih tehnika kojima se mogu odredivati metali u uzorcima iz okolisa,
kao i u kromatografski razdvojenim frakcijama tih uzoraka (Bettmer i sur., 2009.; Garcia i
sur., 2006; Gomez-Ariza i sur., 2004.; 2005.; Szpunar, 2004.). Kemijske analize metala
provode se koristenjem sofisticiranih metoda visoke osjetljivosti poput atomske apsorpcijske
spektrometrije (AAS - plamena i grafitna tehnika), atomske emisijske spektrometrije s
induktivno spregnutom plazmom (ICP-AES), spektrometrije masa s induktivno spregnutom
plazmom (ICP-MS) te elektrokemijskih metoda (Csuros i Csuros, 2002.; Lobinski i
Marczenko, 1997.; Michalke and Nischwitz, 2010.; Skoog i sur., 1999). U nekim slu¢ajevima
koriste se i dodatne tehnike, poput analize neutronske aktivacije (NAA) ili djelomi¢no
inducirane rendgenske emisije (PIXE).

analizator masa
‘/',J , dvostrukog fokusiranja u

— —ijin \ .,! . /= elektrostratskomi

ﬁp \ ’ magnetskom polju
A ' HR ICP-MS
lr ’ 4 o — ( )

uzorak plin otpad
unos uzoraka izvor iona ekstraktor ionske

ICP lec¢e

Slika 11. Shematski prikaz spektrometrije masa uz ionizaciju induktivno spregnutom

plazmom (ICP-MS; preuzeto iz Bettmer i sur., 2009.)
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ICP-MS (Slika 11.) je svestrana tehnika u kojoj se induktivno spregnuta plazma Kkoristi
kao ionizacijski izvor, a detekcija se vrsi spektrometrijom masa, na temelju odredivanja
omjera mase i naboja (m/z) analiziranih iona (Montaser, 1998.; Thomas, 2013.). Od svoje
prve pojave tijekom ranih 1980.-ih (Houk i sur., 1980.), ICP-MS tehnika postala je jednim od
najvaznijih naéina odredivanja vise od 70% elemenata periodnog sustava (Betmmer i sur.,
2009.) te spada u najbrze razvijajuce tehnike za analizu metala u tragovima (Grochowski i
sur., 2019.). lako se njome mogu odrediti isti elementi kao i ostalim spektroskopskim
tehnikama, ICP-MS ima veliku prednost zbog multielementne i brze analize te niskih granica
detekcije (Al-Hakkani, 2019.; Garcia i sur., 2006.; He i sur., 2017.).

2.4.3. Primjena spektrometrije masa (MS) u analizi biomolekula koje veZu

metale

U proslom nas je desetljec¢u razvoj spektrometrije mase doveo u novo doba analize
proteina i peptida. Spektrometrija masa radi na principu ioniziranja kemijskih komponenti
promatranog uzorka stvaraju¢i nabijene molekule ili fragmente molekula te zatim mjeri
njihove omjere mase i naboja (m/z) (Banerjee i Mazumdar, 2012.; Gali¢, 2004.; Gross, 2004.).
Metode spektrometrije masa neprekidno se razvijaju, a u danasnje se vrijeme upotrebljavaju
za odredivanje masa Cestica, sastava uzoraka ili molekula, kvalitativnog i kvantitativnog
odredivanja sastava smjesa te za razjasSnjavanje kemijskih struktura molekula, primjerice
peptida (Gali¢ i Cindri¢, 2008.; Urban, 2016.). Spektrometrija masa omogucuje odredivanje
masa peptida i/ili proteina, identifikaciju proteina, odredivanje aminokiselinskog slijeda,
identifikaciju i odredivanje polozaja post translacijskih modifikacija, odredivanje mutacija te
provjeru struktura i ¢istoCe proteina dobivenih genetskim inzenjeringom (Calderon-Celis i
sur., 2018.; de Hoffman i Stroobant, 2007.; Graves i Haystead, 2002.; Rathore i sur., 2018.).
Nadalje, primjenjuje se i u istrazivanju razlicitih interakcija izmedu proteina i iona metala,
malih organskih molekula i razli¢itih bioloskih spojeva (Gali¢ i Cindri¢, 2008.; Gibson i
Costello, 2000.).

Slika 12. Shematski prikaz spektrometra masa
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Uredaj, spektrometar masa (Slika 12.), sastoji se od ionskog izvora, analizatora masa
te detektora i sustava za obradu podataka (de Hoffmann i Stroobant, 2007.; Gali¢ i Cindri¢
2008.). Nakon unosa uzorka u spektrometar masa dolazi do ionizacije i pretvorbe molekula
analita u plinsku fazu §to je osnovni zahtjev za daljnu analizu. loni nastali u plinovitoj fazi u
analizatoru masa se razdvajaju na temelju omjera m/z djelovanjem magnetskog ili elektricnog
polja (Gali¢, 2004.). Detekcija se vr$i pomocu elektronskog pojacala ili scintilacijskog brojaca
(Mornar, 2013.; Serti¢, 2013.; Watson, 1999.), a rezultati se prikazuju graficki u obliku
spektara masa koji pokazuju relativnu zastupljenost razliitih ionskih vrsta (Gali¢, 2004.;

Nigovié, 2015.).

Postoji nekoliko razli¢itih metoda ionizacije, a za analizu peptida i proteina najcesce
se koriste ESI i MALDI tehnike. Analiza proteina spektrometrijom masa obuhvaca analizu
intaktnog proteina ili analizu peptida nastalih enzimskom ili kemijskom razgradnjom proteina
te se moze provoditi pristupima odozgo nadolje (engl. top-down) i odozdo nagore (Slika 13.)
(engl. bottom-up) (Bogdanov i Smith, 2005.; Chait, 2006.; Kelleher, 2004.; Khalsa-Moyers i
McDonald, 2006.; Monicou i sur., 2009.; Switzar i sur., 2013.).

Ucestaliji nacin analize proteina je odozdo nagore, a ukljucuje cijepanje proteina i
odstranjivanje posttranslacijskin modifikacija enzimskim putem (pomocu proteaza ili
glikozidaza), kemijskim putem (pomoc¢u hidroliziraju¢ih reagensa) ili kombinirano
(Amunugama i sur., 2013.; Gali¢ i sur., 2008.; Gillet i sur., 2016.; Manes i Nita-Lazar i sur.,
2018.). Zbog visokospecificne i ponovljive reakcije cijepanja proteina najceSce koriSteni
proteoliti¢ki reagens je tripsin. Cijepanjem tripsinom u vecini slu¢ajeva nastaju peptidi duljine
od 5-30 aminokiselina, §to je optimalna duljina niza za analizu spektrometrijom masa
(Corthals i sur., 1999.; Gundry i sur., 2001.). Dva osnovna pristupa u identifikaciji proteina su
identifikacija proteina putem pretrage baze podataka i identifikacija proteina de novo
sekvenciranjem (Reinders i sur., 2004). Identifikacija proteina postiZe se putem pretrage baze
podataka i temelji se na usporedbi eksperimentalno dobivenih podataka s teoretski
izraCunatim vrijednostima dobijenim iz baza podataka proteinskih sekvenci, dok se
identifikacija proteina sekvenciranjem de novo temelji na eksperimentalnom is¢itavanju
slijeda aminokiselina na osnovu MS/MS spektra (Gali¢ i Cindri¢, 2008.; Nesvizhskii, 2007.;
Taylor i Johnson, 2001. ).
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2.4.3.1. Matricom potpomognuta ionizacija uz desorpciju laserskim zracenjem

(MALDI)

MALDI (engl. Matrix-Assisted Laser Desorption/lonization) je tehnika ionizacije
molekula koju su utemeljili znanstvenici Karas i Hillenkamp 1988. godine,koji su prvi snimili
spektar biomolekula molekulskih masa iznad 10 kDa u smjesi uzorka s matricom, dok je
Koichi Tanaka 2002. godine dobio Nobelovu nagradu za kemiju za proucavanje velikih

biomolekula pomo¢u MALDI ionizacijske tehnike (Cho i Normile, 2002.).
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Slika 13. Shematski dijagram koji prikazuje tijek rada MALDI-TOF-MS-a. Kratkim
pulsevima lasera (1-20 ns) bombardiraju se kristali matrice i uzorka $to dovodi do njihove

desorpcije i ionizacije (preuzeto i prilagodeno iz Clark i sur., 2013.).

MALDI-TOF-MS (Slika 13.) je brza metoda, kojom se u kratko vrijeme moze
analizirati veliki broj uzoraka (Kuckova 1 sur., 2007.), te je u danasnje vrijeme jedna od
najpopularnijih tehnika spektrometrije masa koja se koristi za brzu i osjetljivu analizu
biomolekula (Dave i sur., 2011.; Horvati¢ i Cindri¢, 2009.; Swiatly i sur., 2017.; Webster i

Oxley, 2012.). Ubraja se u blage ionizacijske tehnike koje omoguéuju ionizaciju molekula
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vrlo velikih molekulskih masa (do 200 kDa) te ovom tehnikom uglavnom nastaju jednostruko
nabijeni ioni (Gali¢ i Cindri¢, 2008.; Horvati¢ i Cindri¢, 2009.; Singhal i sur., 2015.). Analit
se ugraduje u kristalnu strukturu molekula matrice i kristalizira s matricom nakon isparavanja
otapala (Kazazi¢ i sur., 1999.; Chait i Kent, 1992.; Chalmers i Gaskel, 2000.; Pomastowski i
sur., 2019.). Potom se kristalizirana matrica pod djelovanjem laserske zrake trenutno
zagrijava (Senko i sur., 1994.) te dolazi do isparavanja i ionizacije molekula matrice i analita,
pri ¢emu nastaju ioni protoniranih molekula, koji su naj¢es¢e jednostruko nabijeni, a javlja se
i slabo izrazena fragmentacija (Gali¢ i Cindri¢, 2008.). loni zatim ulaze u analizator masa,
gdje se razdvajaju prema omjeru mase i naboja (Cindri¢ i sur., 2009.; Gali¢ i Cindri¢, 2008.;
Kazazi¢ i sur., 1999.; Pomastowski i sur., 2019. ). Navedena se tehnika ionizacije zbog svojeg
pulsnog karaktera najcesée primjenjuje u kombinaciji s analizatorom koji mjeri vrijeme leta
(eng. Time Of Flight, TOF), odnosno vrijeme potrebno da ioni stignu do analizatora, $to je
proporcionalno njihovoj masi (Boesl, 2017.; de Hoffmann i Stroobant, 2007.; Gali¢ i Cindri¢,
2008.).

Ova je analiticka metoda pogodna za analizu biomolekula i proteina koji vezu metale
(Szpunar, 2004.; Szpunar i Lobinski, 2002.). MALDI-TOF-MS se odlikuje iznimnom
osjetljivosc¢u od femtomola do pikomola, a ¢ak postoje radovi u kojima se odredivanja vrse na
nivou atomola (Gevaert i sur., 1997), velikom brzinom analiza (moguce je analizirati oko 100
uzoraka u 10 min) (Duncan i sur., 2008.; Gali¢ i Cindri¢, 2008.; Kuckova i sur., 2007.).

2.4.3.2. lonizacija elektrorasprsenjem (ESI)

ESI (engl. Electrospray lonization) tehnika takoder spada u skupinu blagih
ionizacijskih tehnika, a postupak se odvija pri atmosferskom tlaku (Slika 14.). loni koji
nastaju mogu biti pozitivnog ili negativhog naboja te ovisno o kemijskoj strukturi analita,
odnosno broju kemijskih skupina koje se mogu ionizirati, mogu biti jednostruko ili visestruko
ionizirani (Cindri¢ i sur., 2009.; Mornar i sur., 2013.). lako je pojava ionizacije
elektrorasprSenjem poznata jo$§ s pocetka 20. stoljeca, i prvi opis principa objavljen je 1968.
(Dole i sur., 1968.), do razvoja ESI doslo je sredinom 1980.-ih nakon radova sto su ih objavili
John Fenn (Fenn i sur.,, 1989.; Yamashita i Fenn, 1984.) i grupa ruskih istrazivaca
(Aleksandrov i sur., 1984.). Za ovaj doprinos znanosti, Fenn je dobio Nobelovu nagradu za
kemiju 2002. godine. Vaznost ESI-ja i njegov ogroman doprinos modernoj spektrometriji
masa proizlazi iz njegovih jedinstvenih karakteristika. To je vrlo blagi nacin ionizacije koji
uglavnom rezultira nastankom viSestruko nabijenih molekulskih iona peptida/proteina te je

mogucée saCuvati i nekovalentno vezane biomolekularne komplekse tijekom prevodenja
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molekula analita u plinsku fazu (Awad i sur., 2015.; Banerjee i Mazumdar, 2012.; Talkington
i sur., 2005.).
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Slika 14. Shematski dijagram koji prikazuje tijek rada u ESI-MS-u (preuzeto i prilagodeno
prema Gates, 2014.). Proces elektrorasprSenja prikladno je podijeliti u tri faze: nastajanje
kapljica, otparavanje kapljica i nastajanje iona u plinskoj fazi (Bruins, 1998.; Cech i sur.,
2001.; Gali¢, 2004.; Gali¢ i Cindri¢, 2009.).

Za razliku od MALDI ionizacije, primjenom ESI-ja nastaju i viSestruko nabijeni ioni
(Gali¢, 2004.; Ozeki i sur., 2019.). Kod ovog oblika ionizacije plinska faza i analit ulaze u
ionizator kroz kapilaru koja predstavlja elektrodu prikljucenu na pozitivni kraj izvora napona
(Cindri¢ 1 sur., 2009.). Pod utjecajem elektricnog polja razdvajaju se pozitivni i negativni
naboji u otopini, pri ¢emu pozitivno nabijeni ioni putuju prema katodi 1 akumuliraju se na
povrsini tekucéine koja se nalazi na kraju kapilare (de Hoffmann i Strobant, 2007.). Pri
kriti€noj jakosti elektricnog polja, na vrsku kapilare se formira tzv. Taylorov stoZac u kojem

se neprestano proizvode kapljice obogacene pozitivno nabijenim ionima (Bruins, 1998.;
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Gali¢, 2004.; Ho i sur., 2003.;). Otapalo se zatim otparava pod utjecajem struje dusika,
temperature i elektri¢nog potencijala te se smanjuje veli¢ina kapljica (Cindri¢ i sur., 2009.).
Kada se kapljice dovoljno smanje, tako da se svi ioni nalaze na njihovoj povrsini, dolazi do
njihovog otparavanja ili razbijanja na manje kapljice (Coulombovo dijeljenje), nakon ¢ega
analit. Tako formirani molekulski ioni prelaze u visoki vakuum do analizatora masa (Slika
14.) (Cindri¢ i sur., 2009.; Crotti i sur., 2011.; Ho i sur., 2003.).

Dok je kod MALDI ionizacije neophodan kristalizirani uzorak, ESI ionizira analit u
otopini $to ¢ini ovu tehniku pogodnom za povezivanje s HPLC sustavima (Glish i Vachet,
2003.). MALDI je pogodna tehnika za analizu relativno jednostavnih smjesa peptida (npr.,
pojedinacnih proteina), dok se HPLC-ESI-MS sustavi koriste za kompleksne uzorke (Fenn i
sur., 1989.). Osjetljivost ESI tehnike dodatno je povecana smanjenjem brzine protoka
analizirane otopine (npr. mikroraspr$enjem ili nanorasprSenjem) pa je granica detekcije
spustena do reda veli¢ine atomola (10™*® mol) (Gali¢, 2004.; Valaskovic i sur., 1995.).
Dodatna prednost u analizi iona moze se ostvariti primjenom tandemne spektrometrije masa
(LC-MS/MS), s ciljem da se poboljsa fragmentacija iona, kako bi se na temelju dobivenih

spektara masa odredila struktura analiziranog iona (Goudog i sur., 2008.).

2.4.4. Metalomika u okoli$nim istraZivanjima

Od svoga su otkrica, ionizacijske metode spektrometrije masa elektrorasprsenje (ESI-
MS) i matricom potpomognuta ionizacija i desorpcija laserskim zracenjem (MALDI-MS) te
ICP-MS postale iznimno vazne tehnike u analizi bioloskih makromolekula (Gémez-Ariza i
sur., 2004.; Mounicou i sur., 2009.; Sanz-Medel, 2005.; Szpunar, 2004.). lako navedene
tehnike u metalomici pruzaju veliki broj moguénosti u istrazivanjima (Montes-Bayon i sur.,
2003.), §to je prepoznato u mnogim znanstvenim podrucjima, primjena metalomike u
okoli$nim istraZivanjima nije jo§ dovoljno prisutna te se takva istrazivanja uglavnom provode
u strogo kontroliranim laboratorijskim uvjetima, najce$¢e nakon izlaganja samo jednome
metalu, dok su istraZivanja u stvarnim okoliSnim uvjetima iznimno rijetko zastupljena.
Primjer takvih laboratorijskih istraZivanja su istrazivanja metabolizma Fe na laboratorijskim
Stakorima hranjenim mlijekom bogatim zeljezom (Alves Peixoto i sur., 2019.; Fernandez-
Menéndez i sur., 2018.) te Cd i As na izlaganom domacem misu (Mus musculus; Garcia-
Sevillano i sur., 2014.).

Sustavni metalomicki pristup u izucavanju biomolekula koje vezu metale u raznim
vodenim organizmima jo$ uvijek nije opsezno primijenjivan te stoga predstavlja podrucje

Sirokih mogucnosti za ekotoksikoloska znanstvena istrazivanja. Dosad je otkriveno tek
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nekoliko metaloproteina u ribama koji se primjenjuju kao biomarkeri, dok njihove
funkcionalne uloge u fiziologiji riba jo§ uvijek nisu u cijelosti poznate (Hauser-Davis i sur.,
2012.). Donedavno se metalomicka tehnologija na vodenim organizmima uglavnom koristila
u istrazivanju pojedina¢nih metaloproteina, poput metalotioneina (MT), primjenom razli¢itih
tehnika tekucinske kromatografije visoke djelotovornosti (Lobinski i sur., 1998.). Razdvajanje
biomolekula pomoé¢u dvodimenzionalne kromatografije (SEC-AEC-HPLC) primijenjeno je
tijekom istrazivanja MT iz nekoliko ribljih vrsta, poput jegulje (Anguilla anguilla; Rodriguez-
Cea i sur., 2003.; Van Campenhout i sur., 2008.), bisernog ciklida (Geophagus brasiliensis;
Rodriguez-Cea i sur., 2006.), plosnatica (Limanda limanda i Microstomus kitt; Duquesne i
Richard, 1994.), limande (L. limanda; Lacorn i sur., 2001.), kao i iz dagnji (Mytilus edulis;
Geret i Cosson, 2002.). Nadalje, Goenaga Infante i sur. (2006.) analizirali su komplekse
metala s izoformama MT primjenom AEC-HPLC-a u kombinaciji s ICP-MS-om u babuski
(Carassius auratus gibelio), dok su Lavradas i sur. (2016.) primjenom elektroforeze (SDS-
PAGE) i SEC-HPLC-a u kombinaciji s ICP-MS-om proveli istrazivanje toplinski stabilnih
proteina metalotioneina u skoljkasima (Perna perna). Dvodimenzionalno razdvajanje pomocu
SEC-AEC-HPLC-a nadogradeno MS analizama primijenjeno je i u identifikaciji kompleksa
Hg, Cd, Cu i Zn s metalotioneinima u jetrima bjeloboke pliskavice (Lagenorhynchus acutus;
Pedrero i sur., 2012.) te u istrazivanju indukcije i vezanja Cd, Cu i Zn na MT u jetrima,
bubregu i skrgama Sarana (Cyprinus carpio; Goenaga Infante i sur., 2003.).

Nadalje, pojedini istrazivaci metalomicki pristup koriste u istraZzivanju pojedinacnih
metala i biomolekula koje ih vezu. Na primjer, primjenom viSestrukog analitickog pristupa
koji povezuje ionsko-izmjenjivacku kromatografiju, detektore za elemente (ICP-MS) i
molekularne detektore (ESI-MS, LC-MS/MS i MALDI-TOF-MS), sa svrhom olaksane
identifikacije metaloproteina u vrlo niskim koncentracijama (Goémez-Ariza i sur., 2004.),
omogucena je i identifikacija i karakterizacija biomolekula koje vezu Fe u kalifornijskoj
pastrvi (Oncorhynchus mykiss; Fago i sur., 2002.), dok je karakterizacija selenoproteina u
pacifickoj plavoperajnoj tuni (Thunnus orientalis) provedena dvodimenzionalnim
kromatografskim razdvajanjem (SEC-AEC-HPLC) u kombinaciji s LC-ESI-MS-om
(YYamashita i Yamashita, 2010.).

Kanadska grupa znanstvenika tek je nedavno zapocela s istovremenim istrazivanjem
sudbine veéeg broja metala u vodenim organizmima, ukljuéuju¢i njihovu raspodjelu unutar
tkiva i u razliitim unutarstanicnim odjeljcima (npr., citosolu, granulama i organelima)
primjenom diferencijalnog centrifugiranja (Vijever i sur. 2004.; Campbell i sur. 2005.;

Giguere 1 sur., 2006.) te njithovu specijaciju u citosolu primjenom razli¢itih analitickih tehnika
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koje se primjenuju u metalomici (Caron i sur., 2018.; Urien i sur., 2018.). Primjena
diferencijalnog centrifugiranja znacajna je za procjenu raspodjele metala izmedu stani¢nih
frakcija osjetljivih na metale i detoksiciranih frakcija metala. Prema Wallace i sur. (2003.),
stani¢ne frakcije osjetljive na prisutnost metala ukljucuju organele (mitohondriji, lizosomi,
mikrosomi) i toplinski nestabilne proteine (poput enzima), dok detoksicirane frakcije metala
ukljucuju granule bogate metalima i toplinski stabilne proteine (poput metalotioneina). Takva
je unutarstani¢na raspodjela metala specificna za pojedini metal, organ i organizam, ali i
dinami¢na ovisno o uvjetima izlozenosti metalima 1 nizu drugih okolisnih ¢imbenika (Wang i
Rainbow, 2006.). Ista je skupina znanstvenika u novije vrijeme proSirila svoja istrazivanja
uvodenjem metalomickih metoda, provodeci istovremene analize cijelog niza metala u ribama
s ciljem odredivanja njihove raspodjele medu citosolskim biomolekulama razlicitih
molekulskih masa. Citosolske raspodjele za Ag, Cd, Cu, Co, Ni i Tl odredili su u mladim
americkim zutim grge¢ima (Perca flavescens, Caron i sur., 2018.), a za Cd, Cu, As i Se u
bijelim sisa¢ima (Catostomus commersonii, Urien i sur., 2018.), pomo¢u kombinacije SEC-
HPLC-a i ICP-MS-a.

Metalomicke pristupe i strategije potrebno je ¢esce sustavno primjenjivati u okolisSnim
istrazivanjima, Sa svrhom otkrivanja mehanizama koji se nalaze u pozadini metabolickih
funkcija, mehanizama detoksikacije i toksi¢nih u¢inaka metala te naposljetku identificiranja
novih biomarkera izlozenosti metalima i njihovih ucinaka (Gomez-Ariza i sur., 2004.;

Hauser-Davis i sur., 2012.; Mounicou i sur., 2009.).
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Abstract Association of selected essential (Co, Cu, Fe,
Mn, Mo, Se, and Zn) and nonessential (Cd, Pb) trace
elements with cytosolic proteins of different molecular
masses was described for the liver of European chub
(Squalius cephalus) from weakly contaminated Sutla
River in Croatia. The principal aim was to establish
basic trace element distributions among protein fractions
characteristic for the fish living in the conditions of low
metal exposure in the water. The fractionation of chub
hepatic cytosols was carried out by size exclusion high
performance liquid chromatography (SE-HPLC;
Superdex™ 200 10/300 GL column), and measurements
were performed by high resolution inductively coupled
plasma mass spectrometry (HR ICP-MS). Elution pro-
files of essential elements were mostly characterized by
broad peaks covering wide range of molecular masses,
as a sign of incorporation of essential elements in var-
ious proteins within hepatic cytosol. Exceptions were
Cu and Fe, with elution profiles characterized by sharp,
narrow peaks indicating their probable association with
specific proteins, metallothionein (MT), and ferritin, re-
spectively. The main feature of the elution profile of
nonessential metal Cd was also single sharp, narrow
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peak, coinciding with MT elution time, and indicating
almost complete Cd detoxification by MT under the
conditions of weak metal exposure in the water (dis-
solved Cd concentration <0.3 pug L™'). Contrary, nones-
sential metal Pb was observed to bind to wide spectrum
of proteins, mostly of medium molecular masses (30—
100 kDa), after exposure to dissolved Pb concentration of
~1 ug L. The obtained information within this study
presents the starting point for identification and characteriza-
tion of specific metal/metalloid-binding proteins in chub he-
patic cytosol, which could be further used as markers of metal/
metalloid exposure or effect on fish.

Keywords European chub - Hepatic cytosol - Trace
elements - Proteins - SE-HPLC - HR ICP-MS

Introduction

Many trace elements play important biological roles,
notably as integral parts of enzymes or protein struc-
tures (Smith et al. 1997). For example, metalloproteins
are involved in electron transport, oxygen storage, metal
transport, chemical bond hydrolysis, redox processes,
and synthesis of biological compounds (Gellein et al.
2007). However, even essential metals (e.g., Cu, Fe, and
Zn), and especially those that have no known physio-
logical functions (e.g., Cd, Pb), could also be toxic.
Their toxicity is often postulated to arise from reactions
in the cytosol, through nonspecific binding of metals to
physiologically important molecules and their conse-
quent inactivation (Mason and Jenkins 1995). For many
trace elements, biological functions and mechanisms of
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toxicity in different organisms are still not thoroughly inves-
tigated, and the proteins to which they bind are only partially
identified and characterized (e.g., Cd (McGeer et al. 2012),
Mo (Reid 2012), and Se (Janz 2012)).

To obtain the information on the bioavailability and toxicity
of metals in the aquatic environment, it is, therefore, not suffi-
cient to determine total or cytosolic metal concentrations in the
tissues of aquatic organisms (de la Calle Guntinas et al. 2002).
The knowledge on metal subcellular partitioning is also needed,
which can serve as a potential indicator of metal toxicity, as
reported for Cd (Wang and Rainbow 2006). Fractionation and a
first screening of the complex samples, such as fish tissue
cytosols, which contain so far unknown element species, could
be performed by the use of size exclusion chromatography in
combination with measurement by inductively coupled plasma
mass spectrometry (ICP-MS; Vacchina et al. 1999). By this
approach, specific metal-binding proteins in fish tissue cytosols
that participate in normal metabolism or in mechanisms of
toxicity could be eventually identified and potentially used for
detection of the consequences of metal contamination in the
aquatic environment.

In our studies on metal-induced disturbances within fresh-
water ecosystems, we have frequently used European chub
(Squalius cephalus) as a bioindicator organism. So far we have
investigated in detail physiological variability and levels of
cytosolic concentrations of several trace elements in different
chub tissues (Podrug et al. 2009; Filipovi¢ Mariji¢ and Raspor
2010; Dragun et al. 2012a, b; Filipovi¢ Mariji¢ and Raspor
2012). However, to our best knowledge, there is no available
information on metal distribution among cytosolic proteins in
organs of this important bioindicator species. As a target organ
in this study, we have chosen the liver because it performs
many metabolic functions and serves as a detoxification center.
In addition, liver is a major producer of metal-binding proteins
and therefore contains high concentrations of most metals
(Roesijadi and Robinson 1994). Our primary aim was to define
the basic distribution profiles of seven essential (Co, Cu, Fe,
Mn, Mo, Se, and Zn) and two nonessential (Cd, Pb) trace
elements in the hepatic cytosol of chub living in the aquatic
environment not severely contaminated with metals/metalloids,
1.e., to establish to which protein group, based on their molec-
ular masses, each trace element was associated. To achieve this
aim, we have used chub from the Sutla River in Croatia, which
was selected as a study area since dissolved metal concentra-
tions in its water have been classified as either comparable to
natural levels or moderately increased (Cd, 0.01-0.31 ug L ™;
Co, 0.06-0.42 pg L™'; Cu, 0.17-3.74 ug L™'; Fe, 3.1-
80.5 ng Lf'; Mn, 0.4-261.1 pg Lfl; Mo, 0.5-20.1 pg L7';
Pb, <1.18 ug L™'; Zn, <5.0 ug L™"; Dragun et al. 2011). The
information obtained by the current study will present the first
step towards defining the specific metal-binding proteins in the
chub hepatic cytosol which could be eventually used as bio-
markers of metal exposure and/or effects.

Materials and methods
Fish sampling

Trace element distribution among protein fractions from he-
patic cytosol was studied on fish caught during the water
quality survey on the Sutla River in the late summer of 2009
(September 14 to 16) at five selected locations from the
river source to its mouth (Dragun et al. 2011, 2012b).
The selected fish species was European chub (S. ceph-
alus L.), as an omnivorous fish species, widespread in
European freshwaters and therefore suitable for monitoring
purposes. The sampling was performed by electrofishing. The
captured fish (75 specimens) were kept alive in aerated water
tank till further processing in the laboratory. After the fish
were anesthetized with Clove oil (Sigma) and killed, the liver
were isolated, weighed, and stored at —80 °C until further
analyses. All captured fish were characterized by length of
15-35 cm, mass of 33-400 g, and age of 1-4 years. Smaller
and younger chub specimens were not included in this study
due to small liver mass and consequently lack of sample for
analyses. As a result, HPLC-analyzed group of chub com-
prised 28 larger specimens with length in the range from 18 to
35 cm, mass from 54 to 400 g, and age from 2 to 4 years. Sex
composition of all captured chub and of HPLC-analyzed
group was comparable, with approximately 80 % of females
and 20 % of males.

Isolation of cytosolic fraction from European chub liver

The samples of liver tissue were cut into small pieces, diluted
six times with cooled homogenization buffer (20 mM Tris—
HCl/Base, Sigma, pH 8.6 at 4 °C) supplemented with reduc-
ing agent (2 mM dithiotreitol, Sigma), and then homogenized
by ten strokes of Potter—Elvehjem homogenizer (Glas—Col) in
ice-cooled tube at 6,000 rpm. For better separation, the homo-
genates were centrifuged subsequently two times in the Avanti
J-E centrifuge (Beckman Coulter) at 50,000xg for 2 h at 4 °C.
Supernatant (S50) obtained after second centrifugation, which
represents water soluble cytosolic tissue fraction containing
lysosomes and microsomes (Bonneris et al. 2005), was sepa-
rated. Aliquots of S50 were stored at —20 °C for metal anal-
yses in cytosol and at —80 °C for separation by size exclusion
high performance liquid chromatography (SE-HPLC).

SE-HPLC separation of chub hepatic cytosol

For the separation of chub hepatic cytosol into fractions con-
taining different molecular mass (MM) proteins, we have used
size exclusion column Tricorn™ Superdex™ 200 10/300 GL
(GE Healthcare Biosciences) and HPLC system (Perkin-
Elmer, series 200) equipped with high-pressure pump, on-
line degasser, column oven, cooled auto sampler with injector
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(100 uL sample loop), and a diode array UV/VIS detector.
The Superdex™ 200 10/300 GL column exclusion limit was
defined as MM of 1,300 kDa for globular proteins, whereas
the optimal separation range was given as MM of 10—
600 kDa. For determination of void volume, blue dextran
was applied, with MM defined as 2,000 kDa. It was eluted
from 14.5 to 18.6 min, which corresponded to MM in the
range from 1,000 to 350 kDa. For column calibration, six
standard proteins were used (thyroglobulin, apoferritin, (3-
amylase, alcohol dehydrogenase, bovine serum albumin, and
carbonic anhydrase—Sigma), dissolved in homogenization
buffer (20 mM Tris-HCl/Base, Sigma, pH 8.1 at 22 °C),
which was also used as mobile phase at a flow rate of
0.5 mL min ' (isocratic mode). Non-denaturating mobile
phase at physiological pH, such as the Tris buffer, stabilizes
the original metalloprotein complexes and is easily tolerated
by high resolution ICP-MS (HR ICP-MS) (Prange and
Schaumloffel 2002; Wang et al. 2001). For each standard
protein, separate chromatographic run was performed, and
chromatograms were obtained using UV detection at
280 nm (Fig. 1a). Calibration straight line was created based
on known MM of standard proteins and their respective
elution times (z., Fig. la, b). In addition, metallothionein
(MT) standard Zn-MT95 (Ikzus) was also applied, and chro-
matogram was obtained using UV detection at 254 nm, char-
acteristic for metal-thiolate bond absorption (Fig. 1a). Narrow
and well-defined double peak, which was obtained for M Ts at
t. from 29 to 32 min, could be a consequence of a partial
overlap of MT monomer and dimer: more intense MT peak at
longer retention time is characteristic for the monomers,
whereas the peak at shorter retention time is characteristic
for dimers or other complexes (Wang et al. 2001). The injec-
tion volume for samples (untreated hepatic cytosols) was
50 uL. The fractions were collected at 1 min intervals in the
plastic tubes using a fraction collector (FC 203B, Gilson). The
resolution of these fractions with respect to molecular mass is
given by the equation of the calibration straight line (Fig. 1b).
For each sample, four consecutive chromatographic runs were
performed, i.e., collected fractions were obtained after chro-
matographic separation of 200 pL of hepatic cytosol.

Determination of trace element concentrations

Trace element concentrations were determined in hepatic cyto-
sols and in SE-HPLC-separated cytosolic fractions. Hepatic
cytosols were ten times diluted with Milli-Q water and acidified
(0.65 % HNO;, Suprapur, Merck) prior to measurements,
whereas SE-HPLC-collected cytosolic fractions were only
acidified (0.16 % HNOs, Suprapur, Merck). Indium (Fluka)
was added to all samples as an internal standard (1 pg L"), The
measurements were performed on HR ICP-MS (Element 2,
Thermo Finnigan), equipped with a double focusing mass
analyzer using reverse Nier—Johnson geometry. An
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Fig. 1 a Separately obtained size exclusion chromatograms of six
standard proteins with UV detection at A=280 nm and of rabbit metal-
lothionein (MT) standard (Ikzus Zn-MT95) with UV detection at A=
254 nm: /—thyroglobulin (8 mg mL " t., 16.65 min; MM, 669 kDa),
2—apoferritin (10 mg mL"; 7, 18.04 min; MM, 443 kDa), 3—pB-
amylase (4 mg mL™"; 7., 20.74 min; MM, 200 kDa), 4—alcohol
dehydrogenase (5 mg mL™'; 7., 21.82 min; MM, 150 kDa), 5—bovine
serum albumin (10 mg mL™'; 7., 22.86 min; MM, 66 kDa), 6—
carbonic anhydrase (3 mg mL " 7., 28.66 min; MM, 29 kDa), 7—
MT (5 mg mL"; first peak: 7., 29.85 min; MM, 16.6 kDa; second
peak: f., 30.90 min; MM, 12.5 kDa). b The calibration straight line for
Superdex™ 200 10/300 GL size exclusion column, with linear regres-
sion equation presented in the figure; t.—elution time; MM—molecu-
lar mass (MM of MT was calculated from calibration equation)

autosampler (ASX 510, Cetac Technologies) and sample intro-
duction kit consisting of SeaSpray nebulizer and cyclonic spray
chamber Twister were employed to transport the analytes into
the plasma of HR ICP-MS. Measurements of 82Ge, %*Mo,
cd, and 2°*Pb were operated in low-resolution mode, where-
as >*Mn, *°Fe, *’Co, ®Cu, and *°Zn were measured in medium-
resolution mode. External calibration was performed using
standards prepared in 2 % HNO; (Suprapur, Merck) by ap-
propriate dilutions of 100 mg L' multielement stock standard
solution (Analytika). Quality control sample (QC for trace
metals, UNEP GEMS/Water PE Study No. 7) was used for
checking the accuracy of trace element measurements by HR
ICP-MS. A generally good agreement was observed between
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our data and the certified values. Limits of detection (LOD)
were determined based on three standard deviations of ten
consecutively determined trace element concentrations in the
blank sample (2 mM Tris—HCl/Base, 0.2 mM dithiotreitol,
and 0.65 % HNOs3). LODs for trace elements measured within
this study were as follows (in micrograms per liter): Cd, 0.005;
Co, 0.002, Cu, 0.037; Fe, 0.084; Mn, 0.002; Mo, 0.004; Pb,
0.010; Se, 0.138; and Zn, 2.40.

Data processing and statistical analyses

Chromatographic results were processed using Totalchrom
Version 6.3.1 software (Perkin-Elmer). Descriptive statisti-
cal analysis and graphs were created using the statistical
program SigmaPlot 11.0 for Windows. Only few represen-
tative distribution profiles for each trace element are pre-
sented in the figures (Figs. 3, 4, and 5), while the remaining
data are given as supplementary information.

Results and discussion

The chromatographic column applied in this study (Superdex™
200 10/300 GL) enabled only rough categorization of proteins
from chub hepatic cytosols according to their MM. We have
designated four main protein categories (Table 1): HMM (high
MM proteins, >100 kDa), MMM (medium MM proteins, 30—
100 kDa), LMM (low MM proteins, 10-30 kDa), and VLMM
(very low MM proteins, <10 kDa). Finer separation was not
enabled by applied column, as can be seen from the exemplary
chromatogram obtained for chub hepatic cytosol, with UV
detection at two wavelengths—280 nm characteristic for aro-
matic amino acids (Fig. 2a) and 254 nm characteristic for metal-
thiolate bond absorption (Fig. 2b). Such rough separation of
protein fractions from hepatic cytosol, and subsequent estima-
tion of protein category within which specific elements were
mainly eluted, presents a first step towards defining specific
metal-binding proteins in the chub hepatic cytosol.

Distribution profiles of essential elements
with the narrowest cytosolic concentration range

Among the studied elements, essential elements Co, Mo, Mn,
and Zn had the narrowest ranges of cytosolic concentrations in
the chub liver, with maximum to minimum ratio amounting to
2-4. Their concentrations in the hepatic cytosol of the studied
chub specimens (Co, 2.1-5.1 ng mL~'; Mo, 8.7
38.5 ng mL™'; Mn, 73.5-252.8 ng mL'; and Zn, 3.0-
11.1 pg mL™") fell mainly within their previously defined
basal ranges (Co, 4.1-5.1 ng mL™'; Mo, 22.8-30.6 ng mL™!
(Dragun et al. 2012a); Mn, 110-190 ng mL ' Zn, 3.5
6.5 ug mL ™" (Podrug et al. 2009)). Low cytosolic Co could
be explained by low Co affinity to accumulate in the liver,

Table 1 Distribution of trace elements among cytosolic fractions of chub liver containing proteins of different molecular masses, separated by size exclusion HPLC with Superdex 200 10/300 GL column

LMM peak® VLMM peak? 1 VLMM peak? 2

HMM peak® 2 MMM peak®

HMM peak® 1

Element

MM/kDa tJ/min MM/kDa t/min MM/kDa

t/min

MM/kDa

MM/kDa tJ/min MM/kDa t./min

t/min

4.1 (93-2.4) 40 37-41) 1.1 (2.4-0.82)

35 (32-37)

181.3 (407.3-61.6)

21 (18-25)
20 (18-25)
22 (18-25)

Co

Essential

7.11 (12.2-4.1)

33 (31-35)

237.4 (407.3-61.6)

698.7 (915.2-533.5)

Mo 16 (15-17)

Mn

elements

26 (25-27) 47.0 (61.6-35.9) 29 (27-33) 209 (35.9-7.1)

138.4 (407.3-61.6)

16.0 (27.4-9.3)
16.0 (27.4-7.1)

47.0 (698.7-35.9) 30 (28-32)
30 (28-33)

26 (16-27)
27 (25-28)

698.7 (915.2-407.3)

16 (15-18)

35.9 (61.6-27.4)

Cu

35.9 (61.6-20.9)

27 (25-29)

407.3 (698.7-181.3)

18 (16-21)

Fe

1.1 (1.8-0.63)

40 (38-42)

209 (61.6-7.1)

29 (25-33)

138.4 (407.3-61.6)

22 (18-25)

Se

61.6 (105.6-35.9) 30 (28-32) 16.0 (27.4-9.3)

61.6 (237.4-35.9)

25 (23-27)

Cd

Nonessential

16.0 (20.9-9.3)

30 (29-32)

25 (20-27)

clements

Elution times () and molecular masses (MM) of proteins contained in the fractions in which respective elements were eluted are given in the table. Presented numbers refer to maximums of trace

element peaks (i.e., the fractions with the highest trace element concentrations), whereas the numbers within the brackets refer to the beginnings and the ends of trace element peaks

“HMM peak—a peak of trace element concentration in the cytosolic fractions with a maximum in high molecular mass protein region (>100 kDa)

" MMM peak—a peak of trace element concentration in the cytosolic fractions with a maximum in medium molecular mass protein region (30-100 kDa)
¢ LMM peak—a peak of trace element concentration in the cytosolic fractions with a maximum in low molecular mass protein region (10-30 kDa)

4 VLMM peak—a peak of trace element concentration in the cytosolic fractions with a maximum in very low molecular mass protein region (<10 kDa)

1>
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since it was observed in different fish species that under
normal Co exposure Co strongly accumulates in the gut and
kidneys (Baudin and Fritsch 1989), whereas the role of the
liver becomes more important only after increasing Co expo-
sure (Mukherjee and Kaviraj 2009). Contrary to Co, Mo was
shown to accumulate in the fish liver in a dose-dependent and
saturable manner (Reid 2002), and despite the fact that this is
an essential micronutrient, there is no known homeostatic
control system for Mo in fish (Reid 2012). Low cytosolic
Mo concentration therefore could be a consequence of specific
Mo accumulation within the nuclei and mitochondria, as
revealed by the studies on turtles (Anan et al. 2002). Similar
to Mo, two out of three primary Mn metalloenzymes in
mammals, Mn superoxide dismutase, which is considered to
be one of the most important intracellular antioxidant enzymes
(88 kDa; Fridovich and Freeman 1986), and pyruvate carbox-
ylase (480-600 kDa; Libor et al. 1979), are localized in
mitochondria, whereas only hepatic arginase is cytosolic en-
zyme (87 kDa; Singh and Singh 1990). And finally, fish are
capable of regulating Zn accumulation over a wide range of
ambient Zn levels, as shown for perch (Perca fluviatilis): a
100-fold increase in total water Zn concentration resulted in

@ Springer

Elution time / min

only a modest 1.2-fold increase of Zn concentration in the
perch liver (Hogstrand et al. 1991). Dissolved Zn concentra-
tions in the Sutla River water were lower than 5 pg L™
(Dragun et al. 2011), and therefore it could not be expected
to find wide range of cytosolic Zn concentrations in the liver
of chub from this river. Therefore, the principal aim for Co,
Mo, Mn, and Zn was to establish their basic distributions
among protein fractions, characteristic either for the fish living
in the conditions of low metal exposure in the water or for
very good cellular regulation which was still not exceeded.

Cobalt

Co distribution profile included three separate Co-containing
peaks (Fig. 3a), with the predominant peak corresponding to
the HMM protein category (Table 1). The remaining two
smaller peaks corresponded to VLMM protein category
(Table 1). The VLMM peak with the maximum obtained at
the elution time of 40 min corresponded to proteins of MM in
the range from 0.8 to 2.4 kDa. Cobalt-containing compound
cobalamin has an MM of 1.3 kDa (Kirschbaum 1981) and
therefore could be eluted together with VLMM proteins.

39



Znanstveni radovi

Environ Sci Pollut Res (2013) 20:2340-2351

2345

0.20

a cytosolic Co concentration
396 ngmL"’

c cytosolic Mn concentration:
10 | 2498 ngmL”'
"l

8
2
- 6
=
=

4

2

0 T T T T T

0 10 20 30 40 50 60

Elution time / min

Fig. 3 Distribution profiles of essential trace elements: a Co; b Mo; ¢
Mn; and d Zn, among cytosolic fractions of chub liver containing
proteins of different molecular masses, separated by SE-HPLC with

Although the main role of Co as an essential element in the
fish organism is associated with its constitutive role in cobal-
amin, i.e., the vitamin B12 (Blust 2012), only minor part of Co
present in the chub hepatic cytosol was eluted within the
fraction presumably containing cobalamin. Taking in consid-
eration that studies concerning the molecular aspects of Co
uptake, its internal processing, and mechanisms of toxicity are
largely lacking (Blust 2012), it would be useful to further
define the characteristics and functions of HMM cytosolic
proteins that bind major proportion of cytosolic Co.

Molybdenum

Molybdenum was mainly eluted with HMM proteins (Fig. 3b).
A smaller HMM peak was eluted within the void volume,
corresponding to proteins with MM above 600 kDa (Table 1),
which could not be distinguished by applied column.
Molybdenum serves as a cofactor of at least seven enzymes
(Beers and Berkow 1998), and a major HMM peak obtained in
our study (Table 1) encompassed their MM (e.g., aldehyde
oxidase, ~130 kDa (Uchida et al. 2003); sulfite oxidase,
~120 kDa (Johnson and Rajagopalan 1976); and Fe-Mo flavo-
protein xanthine oxidase, 275 kDa (Truglio et al. 2002)). Minor
part of Mo was eluted after 30 min, within VLMM fraction
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Superdex™ 200 10/300 GL column; the results are presented as nano-
grams of trace element eluted at specific elution times, after passing
200 pL of hepatic cytosol through the chromatographic column

(Fig. 3b, Table 1). In addition, our study confirmed the absence
of Mo binding to MT in the liver of chub exposed to low or
moderate Mo concentrations in the river water (up to 20 ug L™"),
since Mo peak was not obtained at z, of MT (Fig. 1a). This is
consistent with the report of Ricketts (2009) that MT is
probably not involved in the internal detoxification of Mo.
After short-term exposure of rainbow trout to Mo in concen-
trations as high as 1,000 mg L', Mo failed to induce the
synthesis of MT in the liver, despite its obvious accumulation
(Reid 2012).

Manganese

Manganese was distributed in three peaks (Fig. 3c). The
predominant Mn peak was associated to HMM proteins
(Table 1) and nearly coincided with the 7. of albumin
(Fig. 1), which is involved in Mn transport from the intes-
tine to the liver (Schéfer 2004). In the liver, Mn binds to
transferrin (80 kDa; Martin-Antonio et al. 2009) and in that
form presents a source of Mn for delivery to other tissues
(Schifer 2004). HMM peak encompassed MM of both of
these transport proteins (Table 1). Smaller second and third
peak could be associated to MMM and LMM proteins with
MM around 50 and 20 kDa, respectively.
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Zinc

Distribution profile of Zn was characterized by poorly re-
solved peaks covering a wide range of MM, approximately
from 10 to >600 kDa (Fig. 3d). This was not surprising,
since it is well known that Zn has constitutive and catalytic
roles in many proteins and enzymes. More than 3,000 pro-
teins in humans, representing 10 % of the entire human
genome, as well as about 10 % of all genes in sequenced
fish genomes carry the annotation of Zn binding (Andreini
et al. 2005; Passerini et al. 2007). The first Zn peak appeared
within 7. of void volume, same as in the case of Mo
(Fig. 3b), and could be associated with HMM proteins of
MM above 600 kDa (Table 1). The predominant peak was
rather wide and asymmetrical covering both HMM and
MMM protein categories, and with maximum in MMM area
(Table 1). For example, 7, of standard protein alcohol dehy-
drogenase (Fig. 1), which is known as Zn-containing protein
(Szpunar and Lobinski 1999), coincided with the HMM part
of this peak. The third peak was narrow and sharp and
appeared within LMM protein category (Table 1), with the
maximum coinciding with the 7, of MT (Fig. 1a). Since MTs
were reported to play important roles in detoxification of
toxic metals and maintenance of homeostasis of essential
metals like Zn and Cu (Huang et al. 2004), it was expected
to find Zn in chub liver in the binding form such as Zn/Cu
MT (Huang et al. 2007). This peak, however, also encom-
passed the f. of carbonic anhydrase, which is also a Zn
metallo-enzyme (Szpunar and Lobinski 1999).

Distribution profiles of essential elements with wider
cytosolic concentration ranges

Further on, the distribution profiles of three additional es-
sential trace elements are presented—Cu, Fe, and Se.
Copper is an essential element for all aerobic organisms
since its redox potential is utilized by mitochondrial cyto-
chrome c¢ oxidase; Cu also acts as a cofactor for a large
number of other enzymes (Solomon and Lowery 1993). Iron
is essential for life as an integral part of the oxygen binding
metalloprotein hemoglobin and of cytochrome ¢ oxidases in
respiratory chain acting as an electron donor or acceptor
(Bury et al. 2012). It also plays a role in DNA synthesis
(Bury et al. 2012) and in the defense against bacterial
infection (Vidal et al. 1993). Selenium is an essential ele-
ment to living organisms, with a very narrow range between
essentiality and toxicity (Jukola et al. 1996). Despite their
essentiality, Cu, Fe, and Se occurred in somewhat wider
concentration ranges in the chub hepatic cytosol compared
to Co, Mo, Mn, and Zn (maximum to minimum ratio, 7-9)
indicating enhanced trace element accumulation in the liver
of some chub specimens possibly due to increased exposure
and less strict cellular regulation. Cytosolic concentrations
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of Cu, Fe, and Se in the liver of the studied chub specimens
were the following, respectively: 0.4-3.9 and 2.3—
16.8 pg mL™' and 25.6-229.2 ng mL"'. Copper and espe-
cially Fe levels somewhat exceeded previously defined bas-
al ranges (Cu, 0.7-2.3 ng mLf'; Fe, 3.4-6.6 ng mL ™!
(Podrug et al. 2009)). For Cu, Fe, and Se, therefore, not
only the basic distribution profiles could be described but
also the possible changes in their distribution within chub
hepatic cytosol due to increased accumulation.

Copper

Copper was mainly eluted within the LMM protein category
(Fig. 4a) with a maximum at elution time of 30 min (Table 1),
coinciding with the 7, of MT (Fig. 1a). It was an indication that
the major part of Cu was probably associated with MT frac-
tion. Apart from MT, many proteins are known to contain Cu
(Szpunar and Lobinski 1999), such as transcuprein (270 kDa;
Liu et al. 2007), 3-amylase (200 kDa; Fig. 1), ceruloplasmin
(132 kDa; Boivin et al. 2001), albumin (66 kDa; Fig. 1),
superoxide dismutase (32 kDa; Richardson et al. 1975), and
carbonic anhydrase (29 kDa; Fig. 1). However, additional
smaller Cu peak which appeared within MMM protein region
implicated Cu binding only to proteins of MM from 7 to
60 kDa (Table 1), such as carbonic anhydrase (LMM peak)
or superoxide dismutase (SOD; MMM peak). Cu-SOD asso-
ciation, for example, could point both to Cu’s essential role in
the SOD activity as a protection against oxidative stress
(Sanchez et al. 2005) or to risk of Cu inhibitory effect on this
antioxidant enzyme (Vutukuru et al. 2006).

Increase of cytosolic Cu concentrations was principally
reflected as the increase of Cu peak height in the LMM region
as much as ten times in the specimens with the highest
cytosolic Cu (Fig. 4a). MT contribution to binding of total
cell Cu content is relatively minor (Hogstrand et al. 1991) and
can account for no more than 3040 % of the total cellular Cu
pool. However, our results indicate that in the hepatic cytosol
MT has predominant role in the binding of Cu.

Iron

In chub hepatic cytosol, the basic distribution profile of Fe
was characterized by two clear Fe-containing peaks of com-
parable height (Fig. 4b). The first peak was eluted within
HMM region with maximum associated to proteins of MM
around 400 kDa (Table 1) and corresponded well with the 7,
and MM of apoferritin (Fig. 1). Ferritin (450 kDa) is a protein
mainly present in the liver tissue which serves as Fe storage
protein and keeps Fe in a soluble bioavailable nontoxic form
in the cytoplasm (Szpunar and Lobinski 1999; Martin-
Antonio et al. 2009; Bury et al. 2012). The second Fe peak
appeared within MMM region with maximum corresponding
to proteins with MM of 36 kDa. It, however, covered the range
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Fig. 4 Distribution profiles of essential trace elements: a Cu; b Fe; and
¢ Se, among cytosolic fractions of chub liver containing proteins of
different molecular masses, separated by SE-HPLC with Superdex™

of MM from 20 to 60 kDa (Table 1), which could possibly
involve minor binding to known Fe-containing proteins of
different functions, such as catalase (60 kDa) or myoglobin
(17 kDa, Martin-Antonio et al. 2009). Similar to absence of
Cu HMM peak which could be associated to ceruloplasmin,
Fe peak was not registered within the region which would
correspond to hemoglobin (65 kDa; Martin-Antonio et al.
2009), indicating the absence of blood proteins in the samples
of hepatic cytosol (Martin-Antonio et al. 2009).

Slight Fe cytosolic concentration increase was reflected
in the proportional double increase of both peaks (Fig. 4b).
Additional increase of cytosolic Fe concentration above
10 pg mL !, however, resulted almost completely in bind-
ing to storage protein ferritin. It could be presumed based on
clear increase of the height of HMM peak, up to five times
in the specimens with the highest cytosolic Fe (Fig. 4b).

Selenium

In chub liver, basic Se distribution among cytosolic protein
fractions included three peaks (Fig. 4c). The first peak was

200 10/300 GL column; the results are presented in the same way as
described in the caption of Fig. 3

the smallest with a maximum in the HMM region, whereas
the second peak, connected to the first one, was predomi-
nant and had a maximum within the LMM protein category
(Table 1). Both peaks together covered the wide range of
MM from approximately 10 to 400 kDa, encompassing MM
of several well-characterized fish selenoproteins (Janz
2012), such as enzymes involved in antioxidant defense
(glutathione peroxidase, 85 kDa (Shulgin et al. 2008); thio-
redoxin reductase, 66 kDa (Larsson 1973)), in thyroid hor-
mone metabolism (iodothyronine deiodinase, 65 kDa (Fekkes
et al. 1980)), as well as MTs (12.5-16.6 kDa, Fig. 1). Paliwal
et al. (1986) established that a particular isoform of MT
showed a unique binding of Se, whereas Ferrarello et al.
(2002) suggested that the association of Se with MT plays a
synergistic protective role against heavy metal toxicity. Iwai et
al. (1988), however, established that radiolabeled Se was
mostly eluted in the fraction corresponding to MM larger than
that of MT. In our study, although the 7. of MT was encom-
passed within the second Se peak, it was placed at the peak’s
right tail, thus implying only the possibility of minor Se
binding to MT. The majority of Se was eluted with proteins
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of higher MM, same as described by Iwai et al. (1988). The
third peak was eluted within the VLMM category, and its
maximum corresponded to MM of 1.1 kDa, pointing to the
presence of some small Se-containing compound.

Slight increase of Se cytosolic concentrations in chub
liver was reflected in Se sequestration within the VLMM
category (Fig. 4c). More substantial Se excess in the hepatic
cytosol, however, resulted in its association with LMM
proteins (Fig. 4c).

Distribution profiles of nonessential elements

Nonessential elements Cd and Pb had the widest cytosolic
concentration ranges in the chub liver of all studied elements
(maximum to minimum ratio, ~20), confirming a well-known
fact that regulation of nonessential elements is not characteristic
for fish (Heath 1987). Cytosolic concentrations in the chub liver
in this study were 3.4-59.4 ng mL™" for Cd and from LOD to
442 ng mL™" for Pb. Since both Cd and Pb are known to be
toxic in very low concentrations, it is very important to estab-
lish to which proteins in the soluble tissue fraction is excess
quantity of these metals bound. Potential toxicity will relate to
metal proportion bound to detoxifying versus non-detoxifying
cellular constituents, and metal-binding proteins should be
therefore well characterized (Mager 2012).

Cadmium

Basic Cd distribution among cytosolic protein fractions of
chub liver included narrow Cd peak within the LMM protein
region with maximum obtained at #. of 30 min (Table 1 and
Fig. 5a), corresponding to MT peak (Fig. 1a). After prominent
increase in cytosolic Cd concentrations, the majority of Cd
was still eluted within the same protein fraction, indicating
predominant association of Cd with MTs. The height of pre-
sumable Cd-MT peak increased eight times in the samples
with the highest compared to the samples with the lowest
cytosolic Cd concentrations (Fig. 5a). Furthermore, we have
observed the additional small Cd peak within the MMM
protein category (approximately 35 to 100 kDa; Table 1,
Fig. 5a). It became more obvious in the samples with higher
cytosolic Cd concentrations, above the range defined for the
liver of chub (3-13 ng mL™'; Podrug et al. 2009) living in
relatively non-contaminated river water. Cadmium elution in
MMM protein category, as low as it was, still was an indica-
tion that increased Cd accumulation in the hepatic cytosol
could result with incomplete Cd detoxification and binding
to proteins of higher MM than MTs.

The pathways of Cd metabolism in different fish organs are
complex, and many of Cd-responsive proteins are yet to be
identified (McGeer et al. 2012). The intracellular detoxification
of Cd is primarily mediated by GSH and MTs. Insufficient
binding to these ligands may lead to potential Cd competition
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Fig 5 Distribution profiles of nonessential trace elements: a Cd and b
Pb, among cytosolic fractions of chub liver containing proteins of
different molecular masses, separated by SE-HPLC with Superdex™
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with the essential metals for binding sites on non-MT proteins,
which could induce cellular damage (McGeer et al. 2012).
However, in addition to GSH and MTs, recent studies suggest
that the induction of heat shock proteins (e.g., HSP70, HSP90)
expression also plays an important role in the physiological
changes related to metabolism and cell protection that occur in
Cd-exposed aquatic animals including fish (Kwong et al. 2011;
Matz and Krone 2007). As seen from Table 1 and Fig. 5a, MM
of HSPs was encompassed by Cd-MMM peak. Further studies,
preferably with higher Cd exposure, are therefore needed, to
determine more precisely to which non-MT proteins excessive
quantity of cytosolic Cd binds: does the observed MMM peak
reflect an additional mode of detoxification or a potential for
toxic effects.

Lead

Although dissolved Pb concentrations in the Sutla River
water were within recommended levels for natural waters,
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they were noticeably increased at one sampling site
(~1 ug L"; Dragun et al. 2011), which was reflected in
the increased Pb concentrations in the chub hepatic cytosols
(11.8-44.2 ng mL™"; Dragun et al. 2012b). At four “uncon-
taminated” sites with dissolved Pb in river water <0.1 ug L™
(Dragun et al. 2011), Pb cytosolic concentrations were rather
low (below 5 pg L', with average value amounting to
1.9 ug L™'; Dragun et al. 2012b) and comparable with previ-
ously reported cytosolic Pb concentrations (0.97—
5.93 ng mL ") in the liver of chub from weakly contaminated
Sava River water (Dragun et al. 2012a). Due to exceeding
dilution during the HPLC separation, it was not possible to
measure Pb in SE-HPLC-separated fractions from uncontam-
inated sites. Lead distribution was, therefore, presented only
for the one “contaminated” site, with the aim to define the
protein category within which surplus Pb was sequestered.
As shown in Fig. 5b, Pb was eluted mainly in the frac-
tions corresponding to MMM proteins, with maximal quan-
tity at elution time of 25 min which could be associated to
proteins with MM of about 60 kDa. The remaining Pb was
distributed among several LMM and VLMM fractions,
among which the most recognizable was the fraction
corresponding to MT peak (Fig. la and Table 1). Pavici¢
et al. (1993) reported the appearance of small, but well-
defined Pb maximum at MT position on the elution profile
obtained from mussels exposed to metal mixture (Cd, Cu,
and Pb). On the other hand, several authors reported a lack
of evidence on the induction of Pb-binding proteins related
to MTs in fish tissues (Reichert et al. 1979; Roesijadi and
Robinson 1994). However, a classical characteristic feature
of Pb exposure in fish is Pb sequestration within the metal-
rich granules and cellular debris (e.g., in the whole body of
killifish; Goto and Wallace 2010). Similarly, in mammals,
Pb could be found within insoluble Pb protein aggregates
known as inclusion bodies (Goyer 1983). Evidence has
indicated that MT, «-synuclein (Zuo et al. 2009), and a
cleavage product of o,-microglobulin (Fowler 1998) are
critical to inclusion body formation. Since Pb is a poor
inducer of MT compared to other metals such as Cd and
Zn (Waalkes and Klaassen 1985), the role of MT, and
possible Pb-MT association observed in this study, may be
also associated to inclusion body formation (Mager 2012).

Conclusions

Basic distributions of essential elements Co, Cu, Fe, Mn,
Mo, Se, and Zn and nonessential elements Cd and Pb among
cytosolic proteins of different molecular masses in the liver
of European chub were defined for the first time based on
the study performed on feral chub specimens from aquatic
environment weakly contaminated by metals/metalloids
(Cd, 0.01-0.31 pg L™'; Co, 0.06-0.42 pg L™'; Cu, 0.17—

3.74 ug L''; Fe, 3.1-80.5 ug L' Mn, 0.4-261.1 pg L™';
Mo, 0.5-20.1 ug L™'; Pb, <1.18 pg L™'; Zn, <5.0 pg L'";
Dragun et al. 2011). Several essential elements (Cu, Fe, and
Se) and nonessentail elements Cd and Pb were present in the
hepatic cytosol in wide concentration ranges (maximum to
minimum ratio, 7-20), thus allowing additional observation
of the changes of their distributions among protein fractions
as a consequence of increased accumulation of these ele-
ments in the chub liver. Increased quantity of cytosolic Cu
and Cd was almost completely sequestered by MT, whereas
Fe was associated to Fe storage protein ferritin. In the case
of Se and Pb, it was not possible to define single protein
fraction to which their additional amounts in the hepatic
cytosol associate, but rather a spectrum of proteins, mostly
of low (10-60 kDa) or medium molecular masses (30—
100 kDa), respectively. Based on our results, the changes
of cytosolic trace element distributions could serve as a
sensitive tool for identification of metal/metalloid-induced
stress in chronically exposed fish.
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Abstract The distribution of essential elements Co, Cu, Fe,
Mn, Se, and Zn, and nonessential element Cd among cytosolic
proteins of different molecular masses in the gills of European
chub (Squalius cephalus) sampled in the moderately contam-
inated Sutla River in September of 2009, was studied after the
protein separation by size exclusion high-performance liquid
chromatography (SEC-HPLC), and the metal determination in
the obtained fractions by high-resolution inductively coupled
plasma mass spectrometry (HR ICP-MS). The aims of the
study were to characterize the distribution profiles of metals
within different protein categories in gills in the conditions of
low metal exposure in the river water, and to compare them
with the previously published hepatic profiles. The distribu-
tion profiles of analyzed metals were mainly characterized
with several peaks. However, some observations could be
emphasized: both Cu and Cd were eluted near metallothionein
elution time; elution time of one of Co peaks could be asso-
ciated with Co-containing compound cobalamin; increasing
cytosolic Fe concentrations resulted in possible Fe binding to
storage protein ferritin; both Mn and Zn had poorly resolved
peaks covering wide ranges of molecular masses and indicat-
ing their binding to various proteins; both Zn and Se increased
in protein fractions of molecular masses <5 kDa following
their concentration increase in the gill cytosol; expected clear
metallothionein peak was not observed for Zn. Comparison of
gill profiles with previously published hepatic profiles
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revealed similar and in case of some elements (e.g., Co, Fe,
Mn, and Se) almost identical distributions in both organs
regarding elution times. On the contrary, heights of obtained
peaks were different, indicating possible metal binding to the
same proteins in the gills and liver, but in different propor-
tions. The results obtained in this study can be used as a basis
for comparison in monitoring studies, for identification of
changes that would occur after exposure of chub to increased
metal concentrations.

Keywords Cytosolic proteins - European chub - Gills - HR
ICP-MS - Metals - SEC-HPLC

Introduction

In an aquatic environment, the degree of metal pollution is
often evaluated by establishing the effects of increased metal
exposure on aquatic organisms, such as fish, specifically by
measuring metal concentrations in the liver and gills
(Kamaruzzaman et al. 2010). Gills have a large surface area
that is continuously in contact with the external medium, and
thus present the main uptake route of contaminants from
aqueous phase (Playle 1998). In addition, through blood cir-
culation, gills can also accumulate chemicals that were taken
up by other exposure routes (Levine and Oris 1999). The
study of metal effects on gills is important because gills play
a key role in fish physiology, for example, in respiration,
osmotic and ionic regulation, and acid-base balance (Ahmad
et al. 2008). Metal ions can interfere with these gill functions
by causing cellular damage to gill cells (Evans 1987; De
Boeck et al. 2001). Although some metals, such as Cu, Co,
Fe, Mn, Se, and Zn are essential micronutrients which are
required for numerous physiological processes, they can also
be toxic. The ability to induce toxic effects is not only a feature
of metals with no known functions in the organism (e.g., Cd),
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but also of the essential elements, when they are present in
organisms in concentrations above their threshold. They can
all induce toxic effects by different modes of action, for
example, some of them can generate reactive oxygen species
(ROS); as a result of an effort to maintain ROS levels within
physiological limits, the activity of biotransformation and
antioxidant enzymes, such as glutathione S-transferase
(GST), catalase (CAT), and superoxide dismutase (SOD),
increases (Formigari et al. 2007). Therefore, to assess the
biological effects of metals, it is insufficient to only measure
metal concentrations in the gills and other tissues (Lehtonen
and Schiedek 2006) but also, it is necessary to detect and
characterize protein molecules which bind metals, as well.
Next to the identification of metalloproteins, for the under-
standing of protein processes, it is also necessary to identify
nonproteinaceous molecules of a relatively small size, which
deliver metals to metalloproteins (Outten and O’Halloran
2001). Separation of proteins by size exclusion high-
performance liquid chromatography (SEC-HPLC) combined
with metal detection techniques such as inductively coupled
plasma mass spectrometry (ICP-MS) has been previously
described as a valuable tool for accomplishing such a goal
(Prange and Schaumloffel 2002; Krasnici et al. 2013; Strizak
et al. 2014).

The focus of this study was the investigation of distribution
of essential elements Cu, Co, Fe, Mn, Se, and Zn, and nones-
sential metal Cd among SEC-HPLC separated cytosolic pro-
teins of different molecular masses from the gills of European
chub (Squalius cephalus) sampled in the moderately contam-
inated Sutla River (Dragun et al. 2011). A similar study was
previously performed on the liver of the same chub specimens
(Krasnici et al. 2013), but to our knowledge there is no such
information available for gills either of chub or other fresh-
water fish. Therefore, the main aim of the current study was to
define the basal metal distributions of seven selected elements
among different protein categories, i.e., the distributions char-
acteristic for the conditions of low metal exposure in the water.
An additional aim was to compare metal distribution profiles
in gills with previously published profiles in liver (Krasni¢i
et al. 2013), and to define the similarities and differences of
cytosolic metal allocation within these two functionally dif-
ferent organs.

Materials and methods
Fish selected for analyses

For this study, we have selected seven specimens out of 75
European chub (S. cephalus) caught in the Sutla River in
September of 2009. The fish were caught by electrofishing
and then dissected, as previously described in detail by
Dragun et al. (2011; 2012; 2013) and Krasni¢i et al. (2013).

They were 20.1 to 29.7 cm long, with masses ranging from
94.5 to 260.6 g, and age from 2 to 4 years (Table 1). Sex
composition of chub specimens selected for analyses was
86 % females (Table 1). The selection of the samples for
analyses was based on two criteria: the sample availability
and cytosolic metal concentrations in the chub gills. For
smaller chub specimens, the gills were not large enough to
obtain sufficient volume of cytosol for HPLC separation.
Among the remaining samples, the basic criteria for selection
were the cytosolic metal concentrations, which were mainly
rather low in the gills, for example, much lower than in the
liver. Therefore, we have chosen for this study gill cytosols
with the highest metal concentrations, to ensure the best
possible resolution of obtained peaks. Consequently, number
of fish selected for this study (»=7) was smaller compared to
study performed on liver (n=28, Krasni¢i et al. 2013).

Isolation of cytosolic fraction from European chub gills

The isolation of cytosol from chub gill tissue was previously
described (Dragun et al. 2012, 2013; Krasnici et al. 2013). In
brief, gill tissues were homogenized by Potter—Elvehjem ho-
mogenizer (Glas-Col), using 20 mM Tris—HCl/Base (Sigma,
pH 8.6 at 4 °C) supplemented with reducing agent 2 mM
dithiotreitol (Sigma) as homogenization buffer, and then cen-
trifuged subsequently two times in the Avanti J-E centrifuge
(Beckman Coulter) at 50,000xg for 2 h at 4 °C. Supernatant
(S50) obtained after second centrifugation, which represents
water-soluble cytosolic tissue fraction containing lysosomes
and microsomes (Bonneris et al. 2005), was separated for
further analyses.

SEC-HPLC fractionation of chub gill cytosol

For the fractionation of chub gill cytosol, we have used size
exclusion column Tricorn™ Superdex™ 200 10/300 GL (GE
Healthcare Biosciences) and PerkinElmer HPLC system (se-
ries 200), as previously described in detail by Krasnici et al.
(2013). Column exclusion limit was defined as molecular
mass (MM) of 1,300 kDa for globular proteins, whereas the
optimal separation range was given as 10-600 kDa. The void
volume was determined by use of blue dextran (defined MM:
2,000 kDa), which was eluted at 16.31 min. For column
calibration, six protein standards were used (thyroglobulin,
apoferritin, 3-amylase, alcohol dehydrogenase, bovine serum
albumin, and carbonic anhydrase, Sigma), dissolved in 20
mM Tris-HCI/Base (Sigma, pH 8.1 at 22 °C), which was also
used as mobile phase at a flow rate of 0.5 mL min ' (isocratic
mode). Calibration straight line was created based on known
MM of protein standards and their respective elution times (t.;
Table 2; presented in detail by Krasni¢i et al. 2013). Metallo-
thionein (MT) standard Zn-MT95 (lkzus) was also run
through the column and narrow and well-defined double peak
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Table 1 Basic biometric characteristics and total cytosolic protein con-
centrations in the gills of seven European chub (Squalius cephalus)
specimens caught in the Sutla River in September of 2009, which were
used for this study (legend for sex: F - female; M - male)

Fish no. Length Mass Age Sex Total cytosolic
proteins
cm g years mg mL ™'
1 29.7 260.6 4 F 14.4
2 253 140.0 3 F 14.7
3 23.1 1204 3 P 16.1
4 20.1 94.5 2 F 13.6
5 243 153.5 3 F 16.8
6 26.5 1749 3 M 15.7
1 25.0 156.5 4 F 16.1

was obtained with maxima at t, 29.85 and 30.90 min. For
MTs, more intense peak at longer retention time is character-
istic for the monomers, whereas the peak at shorter retention
time is characteristic for dimers or other complexes (Wang
et al. 2001). The injection volume for gill cytosol samples was
100 pL (except for fish no. 1=50 pL), and for each sample,
four consecutive chromatographic runs were performed (total
sample volume=400 puL; fish no. 1=200 pL). The fractions
were collected at 1-min intervals in the plastic tubes using a
fraction collector (FC 203B, Gilson). The resolution of these
fractions with respect to molecular mass is given by the
equation of the calibration straight line (y=0.1172x+7.7195;
y=MM; x=t,; Krasnici et al. 2013).

Determination of trace element concentrations

Trace element concentrations were determined in ten
times diluted gill cytosols and in SEC-HPLC-separated
cytosolic fractions, both acidified by HNO; (Suprapur,
Merck; final acid concentrations: 0.65 % and 0.16 %,
respectively). Indium (Fluka) was added to all samples

Table 2 Elution times (t.) and molecular masses (MM) of six protein
standards for Superdex™ 200 10/300 GL size exclusion column calibra-
tion, and of rabbit metallothionein standard

Protein fo MM Concentration
min kDa mg mL™'

Thyroglobulin 16.7 669 8

Apoferritin 18.0 443 10

[-amylase 20.7 200 4

Alcohol dehydrogenase 21.0 150 5

Bovine albumin 22.9 66 10

Carbonic anhydrase 28.7 29 3
Metallothionein (1st peak) 29.9 16.6" 5
Metallothionein (2nd peak) 30.9 12.5° 5

“MM of metallothionein was calculated from calibration equation

@ Springer

as an internal standard (1 pg L™'). The measurements
were performed on high resolution ICP-MS (Element 2,
Thermo Finnigan), using an autosampler (ASX 510, Cetac
Technologies) and sample introduction kit consisting of
SeaSpray nebulizer and cyclonic spray chamber Twister.
Due to low cytosolic metal concentrations in the gills, the
analyses were performed for only six essential (Co, Cu,
Fe, Mn, Se, and Zn) and one nonessential metal (Cd) and
did not include Mo and Pb, which were previously ana-
lyzed in the liver. Measurements of **Se and '''Cd were
operated in low-resolution mode, whereas Mn, °Fe,
39Co, Cu, and *°Zn were measured in medium resolu-
tion mode. External calibration was performed using stan-
dards prepared in 2 % HNO; (Suprapur, Merck) by ap-
propriate dilutions of 100 mg L™ multielement stock
standard solution (Analytika). For quality control, QC
sample for trace elements was used (UNEP
GEMS/Water PE Study No. 7), and generally good agree-
ment was observed between our data and the certified
values. Limits of detection were as follows (in ug L™"):
Cd, 0.005; Co, 0.002, Cu, 0.037; Fe, 0.084; Mn, 0.002;
Se, 0.138; and Zn, 2.40 (Krasnici et al. 2013).

Determination of total cytosolic protein concentrations

The concentrations of total proteins in the gill cytosol were
measured according to Lowry et al. (1951). The Bio-Rad DC
Protein Assay was applied according to manufacturer’s in-
structions. The measurements were performed on the
spectrophotometer/fluorometer (Tecan, Infinite M200) at
750-nm wavelength. Calibration curve was constructed with
five different concentrations (0.25-2.0 mg mL™") of bovine
serum albumin (Serva, Germany) dissolved in the homogeni-
zation buffer. Total protein concentrations are presented in
Table 1, separately for each of the analyzed samples of chub
gill cytosol.

Data processing and statistical analyses

Chromatographic results were processed using TotalChrom
Version 6.3.1 software (PerkinElmer). Graphs were created
using the statistical program SigmaPlot 11.0 for Windows.

Results and discussion

In living organisms, most metal ions are bound to specific
proteins or enzymes, and could act as active or structural
centers of proteins (Garcia et al. 2006). Therefore, it is essen-
tial to expand the knowledge on specific proteins to which
trace metals are associated in different fish tissues, such as
gills and liver, to be able to understand their essential func-
tions, their potential role in detoxification processes, as well as
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possible undesirable impacts on fish. The analysis of distribu-
tion of trace elements in the gill cytosol of European chub
(S. cephalus) presents a supplementation of the similar study
recently performed on the hepatic cytosol of the same fish
species (Krasni¢i et al. 2013). The distributions of selected
metals among four protein categories, as previously defined
by Krasni¢i et al. (2013) (high molecular mass proteins,
HMM=>100 kDa; medium molecular mass proteins, MMM=
30-100 kDa; low molecular mass proteins, LMM=10-
30 kDa; and very low molecular mass proteins, VLMM=
<10 kDa), which were established in this study, represent the
first step towards identification of specific metal binding
proteins in the chub gills. Protein separation of better quality
could not be obtained in this phase of the study due to the
limitation imposed by the applied column (Superdex™
200 10/300 GL), as seen from a chromatogram presented
in Fig. 1. However, when comparison was made with
hepatic chromatogram (Krasni¢i et al. 2013), it can be seen
that sharper and better distinguished protein peaks were
obtained in the gills (Fig. 1), possibly due to approximately
25 % lower total cytosolic protein concentrations in the
gills of all sampled chub (2=75; median=14.5 mg mL';
range=6.5-17.8 mg mL™") compared to liver (n=75; me-
dian=19.1 mg mL™'; range=12.0-24.7 mg mL") (Dragun
et al. 2013).

In addition, the variations in metal allocation in different
fish organs were established by comparison between gill
profiles presented in this paper (Figs. 2 and 3) and previ-
ously published hepatic profiles (Krasni¢i et al. 2013). In
general, the cytosolic concentrations of majority of metals
in gills of all sampled chub (e.g., Cd=0.68+0.36 ng mL "',
Cu=42.6+10.4 ng mL™', Dragun et al. 2013; Pb=5.3+
9.3 ng mL™', Dragun et al. 2012) were much lower com-
pared to the liver (e.g., Cd=19.4+11.6 ngmL ™', Cu=1.5+
0.7 ug mL™', Dragun et al. 2013; Pb=6.6+16.1 ng mL ™",
Dragun et al. 2012), which could be expected considering
that gills can transfer absorbed metals by blood to the liver
as a main detoxification organ (Souza et al. 2013). How-
ever, low metal concentrations in the gills were, in many
cases, the cause of rather undefined metal distribution
profiles in this tissue. Therefore, only several representa-
tive distribution profiles, with clear and distinguishable
peaks, are presented in Figs. 2 and 3, whereas the profiles
for all seven chub specimens are presented as supplemen-
tary information (Figs. SI-1-SI-7). Since the chub speci-
mens analyzed in this study originated from moderately
contaminated Sutla River (dissolved metal concentrations
in the river water: Cd, 0.01-0.31 pg Lfl; Co, 0.06—
0.42 pg L™'; Cu, 0.17-3.74 pg L™'; Fe, 3.1-80.5 ug L™";
Mn, 0.4-261.1 pg LY Zn, <5.0 ug T Dragun et al.
2011), the profiles presented in this paper could be
regarded as characteristic for fish non-exposed to metals
and can serve as a basis for comparison in the future

studies of metal distribution in the gills with higher cyto-
solic metal concentrations.

Distribution profiles of essential elements
Cobalt

Cobalt was found in protein fractions covering wide range
of MMs, with three distinguished peaks (Fig. 2a). The first
one occurred within HMM protein category, with maxi-
mum corresponding to protein MM of 80 kDa (Table 3).
The other two smaller peaks occurred within VLMM pro-
tein category, with maxima corresponding to protein MMs
of 4 and 2 kDa, respectively (Table 3). Cobalt profiles
obtained for six chub with cytosolic Co concentrations in
the gills ranging from 1.02 to 1.60 ng mL ™" were compa-
rable. Only in one fish the first VLMM peak (4 kDa) was
approximately 10 times higher, which could not be ex-
plained by higher cytosolic Co concentration in the gills
of that chub (cytosolic Co concentration=1.06 ng mL™';
Fig. SI-1). The distribution profile of gill Co was almost
identical to previously published hepatic profile (Krasniéi
et al. 2013), with the exception that Co peaks in the hepatic
cytosol were higher, narrower and sharp, which could be
explained by 2.5 times higher cytosolic Co concentration
in presented hepatic sample (3.96 ng mL ") compared to
the gills (1.60 ng mL™"). The association of Co with
VLMM protein fraction in gills can be explained as possi-
ble binding to known Co-containing compound, cobalamin
(1.3 kDa; Kirschbaum 1981), as already observed in liver
(Krasni¢i et al. 2013). However, in the liver, HMM peak
was considerably higher than VLMM peak, indicating
almost negligible portion of Co possibly associated to
cobalamin. Contrary, in the gills all three peaks were nearly
equal. It can be hypothesized that Co starts to bind to
HMM proteins when present in cytosol in higher concen-
trations. As already pointed out for the liver (Krasnici et al.
2013), it would be beneficial to identify these Co-binding
proteins in the gills, too, because waterborne metal cations,
like Co**, can interfere with normal function of gills in
ionic regulation, acid base balance, gas transfer, and ni-
trogenous waste excretion (Richards and Playle 1998), for
example, by disrupting Ca transport (Hille 1992).

Copper

The distribution profile of Cu in chub gills is presented for two
samples with different cytosolic Cu concentrations (Fig. 2b).
The sample with lower Cu concentration (42.1 ng mL™") was
characterized with two Cu-peaks (Fig. 2b, Table 3). The first
peak occurred within HMM region with maximum associated
to protein MM of about 500 kDa (Table 3). The second peak
appeared in MMM region and had a maximum at t, of 27 min,
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which could be associated to protein MM of 35 kDa (Table 3).
The range of molecular masses covered by this peak also
included MTs, with t. of 30.9 min (Table 2). Such profile
was obtained for six chub specimens, with cytosolic Cu con-
centrations ranging from 40.7 to 49.9 ng mL ™" (Fig. SI-2). In
the other profile presented in Fig. 2b, originated from the
sample with almost twice higher cytosolic Cu concentration
(76.0 ng mL™"), both of these peaks were higher. Also, an
additional HMM peak which was not observed at lower Cu
concentrations was present in that profile. It had a maximum
att, of 22 min, and covered the range of protein MMs from 60
to 310 kDa, which could possibly indicate Cu binding to
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Elution time / min

several well-known Cu-containing proteins, such as albumin
(66 kDa; Table 2), ceruloplasmin (151 kDa; Boivin et al.
2001), p-amylase (200 kDa; Table 2), or transcuprein
(270 kDa; Liu et al. 2007). Similar feature of Cu profiles in
gills and liver was Cu elution within MT peak which increased
with increasing cytosolic Cu concentration (Fig. 2b; Krasni¢i
etal. 2013). However, this association was more evident in the
hepatic cytosol, probably due to significantly higher Cu con-
centrations (0.45-3.87 ug L") compared to gill cytosol. On
the other hand, in gill cytosol, Cu was found in HMM region
indicating possible presence of blood protein ceruloplasmin in
the sample, whereas in the hepatic cytosol, blood proteins
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Fig. 2 Distribution profiles of essential trace elements among cytosolic
proteins of different molecular masses from European chub gills, sepa-
rated by SEC-HPLC with Superdex™ 200 10/300 GL column a Co; b
Cu; ¢ Fe; d Mn; e Se; and f Zn; the results are presented as nanograms of

were not recorded (Krasnici et al. 2013), or Cu association
with them was negligible compared to its association with
MTs.

Iron

The distribution profile of Fe in chub gills is presented, same
as for Cu, for two samples with different Fe concentrations,
and in both samples, it was characterized with two Fe-
containing peaks (Fig. 2¢). The predominant peak was found
in the MMM region and covered the range of molecular
masses from 10-80 kDa. The smaller peak was found in the

3
Elution time / min

trace element eluted at specific elution times, after passing 400 uL of gill
cytosol through the chromatographic column; the results obtained for fish
no. 1 were multiplied by 2, because they were obtained by passing
200 pL of gill cytosol through the chromatographic column

HMM region with maximum corresponding to protein MM of
405 kDa, and it became more evident in the sample with
higher Fe concentration (Table 3). The MMM peak was
observed in all seven analyzed chub specimens, whereas
HMM peak was more evident in gills of two specimens with
cytosolic Fe concentrations above 5 ug mL ™" (Fig. SI-3). The
position of Fe peaks in gill Fe profile was identical as in the
hepatic profile (Krasnici et al. 2013). The predominant MMM
peak was explained as a possible binding of Fe to certain Fe-
containing proteins (Krasni¢i et al. 2013), like enzyme cata-
lase (60 kDa) or transport protein myoglobin (17 kDa) (Wolf
etal. 2007). The HMM peak, on the other hand, was attributed
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(15 kDa), respectively (Table 3). The third peak was detached
and sharp. It became evident in the sample with Se concen-
tration higher than 100 ng mL™", and further increased with
increasing cytosolic Se concentration. In two samples with
cytosolic Se concentrations lower than 100 ngmL ™", that peak
was still rather indistinct and had a maximum at t, of 37 min
(Fig. SI-5a). However, in the other five samples with cytosolic
Se concentrations in the range from 103.4 to 147.2 ng mL ™",
the peak height increased 47 times and the maximum shifted
to lower molecular masses (t. of 39 min; Fig. SI-5b, c). It
corresponded to VLMM proteins in the range of molecular
masses below 2 kDa (Table 3). Selenium cytosolic concentra-
tions in the gills (67-147 ng mL™") and the liver (45—
171 ng mL'; Krasniéi et al. 2013) were similar, which en-
abled objective profile comparison. Both Se profiles in the
gills and in the liver had three peaks at the same locations.
However, Se increase in the gill cytosol was mainly reflected
in the sharp increase of VLMM peak (Fig. 2¢), which could be
associated to low molecular mass selenocompounds effective
in the defense against oxidative stress, for example, by acting
as a strong free radical scavenger, such as newly identified
organic Se species in bluefin tuna (Thunnus orientalis),
selenoneine (~0.5 kDa; Yamashita and Yamashita 2010;
Yamashita et al. 2012) or selenomethionine (~0.2 kDa; Klotz
et al. 2003). On the contrary, increase of cytosolic Se concen-
trations in the liver resulted with sharp increase of LMM peak
(Krasni¢i et al. 2013), which could be associated to several
selenoproteins catalytically active in redox processes, such as
glutathione peroxidases, iodothyronine deiodinases,
thioredoxin reductases (Hauser-Davis et al. 2012), whereas
in the gills, HMM and LMM peaks increased only slightly.

Zinc

Zinc profile in chub gills was characterized by several peaks
covering wide range of protein MMs from HMM to VLMM
region (Fig. 2f). The first Zn peak was the widest and had two
maxima within HMM protein region, but extended from ~10—
900 kDa. The first maximum was within t. of void volume and
could be associated with protein MM of ~500 kDa, whereas
the second one could be associated with a protein MM of
~100 kDa (Table 3). The second and third peak were better
resolved and appeared within VLMM protein category, the
second one with maximum at 3 kDa, and the third one below
1 kDa (Table 3). However, the second peak (maximum at
3 kDa) was distinctly observed only in two gill samples with
cytosolic Zn concentrations above 21 pg mL"!, whereas it
could not be clearly distinguished in five samples with cyto-
solic Zn in the range from 9.6-15.2 pg mL™' (Fig. SI-6).
Similarly to gills, the hepatic Zn profile was also characterized
by wide and poorly resolved peaks covering broad range of
MMs (Krasni¢i et al. 2013). This was an indication of Zn
binding to large number of proteins both in the liver and in the

gills, for example transport protein albumin (66 kDa, Table 2),
and enzymes alcohol dehydrogenase (150 kDa, Table 2), Cu—
Zn superoxide dismutase (32.5 kDa) or carbonic anhydrase
(29 kDa, Table 2) (Sanz-Medel et al. 2003). In the gills, MM
of MTs (16.6 and 12.5 kDa, Table 2) was also encompassed
by the right tail of the first wide peak, but clear Zn-MT peak
was not observed. On the contrary, hepatic Zn peak which
presumably indicated association to MTs was sharp and could
be clearly differentiated from the other Zn peaks (Krasnici
et al. 2013). However, it should be emphasized, that contrary
to other metals, Zn concentrations in the gills (14.4—
21.2 ug mL™") were two to three times higher than in the liver
(7.2 ug mL™", Krasniéi et al. 2013), and possibly, Zn binding
to various HMM and MMM proteins masked Zn-MT associ-
ation. On the other hand, the gill Zn profile was distinguished
by two high VLMM peaks, which increased following the
increase of Zn cytosolic concentration (Fig. 2f), whereas
hepatic Zn profile had only a few small, barely visible Zn
peaks in the VLMM region (Krasnici et al. 2013).

Distribution profile of nonessential metal cadmium

The most prominent peak of nonessential element Cd in the
gills was found in the LMM protein region (Fig. 3), with
maximum at elution time of MTs (t, ~29 min; Tables 2 and
3), same as previously described for chub hepatic cytosol
(Krasnici et al. 2013). It was observed in all seven analyzed
chub specimens, but somewhat higher in the gills of two
specimens with cytosolic Cd concentrations above
1 ng mL™" (Fig. SI-7b) compared to five specimens with
cytosolic Cd concentration in the range from 0.48—
0.88 ng mL ™' (Fig. SI-7a). Some indication of Cd distribution
within HMM and MMM proteins was also observed (Fig. 3),
especially in two samples with cytosolic Cd concentrations
above 1 ng mL ™" (Fig. SI-7b), which could point to associa-
tion to various proteins, such as, for example, transferrin
(801 kDa), which is recently recognized as a major Cd binding
protein in fish blood plasma (De Smet et al. 2001). Next to
association with LMM fractions, a small portion of cytosolic
Cd was found associated with MMM fractions (35-105 kDa)
even in the hepatic cytosol of chub (Krasni¢i et al. 2013),
whereas in the hepatic cytosol of squid (7odarodes pacificus)
a large portion was bound to species with MM >70 kDa
(Tanaka et al. 1983). However, at low cytosolic Cd concen-
tration, as found in the presented gill sample (0.88 ng mL™';
Fig. 3), such association could not be clearly established.
Prevailing Cd allocation within MT peak was indicated both
by Cd distribution profile in the gills at low cytosolic Cd
concentration (Fig. 3, Tables 2 and 3) and in the liver at 8—
67 times higher cytosolic Cd concentrations (7-59 ng mL™";
Krasni¢i et al. 2013). It was a confirmation of known high
affinity of Cd for MTs, as a mechanism of protection against
toxicity (Roesijadi 1992; Park et al. 2001) .
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Conclusions

Based on metal determination by HR ICP-MS after frac-
tionation of chub gill cytosol by SEC-HPLC, distribution
profiles of several essential and nonessential trace ele-
ments (Co, Cu, Fe, Mn, Se, Zn, and Cd) among cytosolic
proteins of different molecular masses were determined.
Comparison of gill profiles with previously published
hepatic profiles (Krasni¢i et al. 2013) revealed almost
identical distributions of Co, Fe, Mn, and Se in both
organs. The obtained peaks had similar or identical t.,
but different heights, indicating possible binding to same
proteins in the gills and liver, but in different proportions.
For example, with increasing cytosolic Fe concentration, a
peak appeared at t. of Fe storage protein ferritin (t.
18 min; MM ~400 kDa), but much smaller compared to
hepatic Fe profile, indicating more important function of
liver in Fe storage. Selenium, on the other hand, increased
in the VLMM region in the range of MM below 2 kDa
following the increase of cytosolic Se in the gills, contrary
to hepatic Se which was allocated mainly with LMM or
MMM proteins (10-60 kDa). Furthermore, for both Cu
and Cd, a peak was obtained near t. of MTs (27 and
29 min, respectively), same as in the hepatic cytosol.
However, an additional Cu peak in HMM region
(>100 kDa) was obtained in the gills, which was not
previously observed in the chub liver. Zinc had wide
and poorly resolved peaks in both organs, but unlike
hepatic cytosol, expected clear MT peak was not observed
in the gills, possibly due to binding of Zn in higher
proportion to other proteins of higher molecular masses.
Similar to Se, as a result of increase of cytosolic Zn
concentration in the gills, Zn increase was observed in
the VLMM region at MM <5 kDa, which was not regis-
tered in the chub liver. The obtained profiles were mainly
characteristic for fish non-exposed to metals, i.e., for low
total cytosolic metal concentrations, and thus could be
used as a basis for comparison in monitoring studies, as
well as for detection of changes in the profiles of the fish
exposed to increased metal concentrations.
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GRAPHICAL ABSTRACT

ABSTRACT

Many bioindicators have not yet been well characterized regarding their tendency to bind trace elements by dif-
ferent cytosolic biomolecules in response to trace element exposure. Accordingly, our principal aim was to define
the cytosolic distributions of Cd, Co, Cu, Fe, Mn, Mo, Se, and Zn among the biomolecules of different molecular
masses in liver and gills of Vardar chub (Squalius vardarensis Karaman), a representative fish species of Macedo-
nianrivers, and to determine distribution changes which occur as a consequence of increased exposure to specific
trace elements. Additionally, we aimed to confirm the presence of heat-stable biomolecules in chub hepatic and
gill cytosols. Distribution profiles were obtained by separation of cytosols and heat-treated cytosols using size-ex-
clusion high performance-liquid chromatography, and by offline determination of trace element concentrations
using high resolution inductively coupled plasma-mass spectrometry. Distribution profiles of trace elements
were mainly characterized by several peaks encompassing different ranges of molecular masses, as a sign of in-
corporation of trace elements in various biomolecules within hepatic and gill cytosols. Especially interesting find-
ing was probable binding of Fe to ferritin, which was especially pronounced in the liver, as a sign of important
liver function in Fe storage. Furthermore, association with heat-stable proteins, metallothioneins (MT), was indi-
cated for Cd, Cu, and Zn in the hepatic cytosol, as well as for Cd in the gill cytosol, whereas a sign of Zn-MT asso-
ciation was not observed in the gills. The presence of Mo- and Se-binding heat-stable compounds of very low
molecular masses (<10 kDa) in the cytosol was determined for both liver and the gills. Trace elements under
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all studied conditions were found associated to the same biomolecules, and only their proportions associated to
specific cytosolic compounds have changed as a consequence of their increased bioaccumulation in the liver and

gills of Vardar chub.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Trace element contamination which originates from anthropogenic
sources, such as the mining activities (Ramani et al., 2014), presents
one of the major concerns for the preservation of high ecological status
of aquatic ecosystems. Some trace elements are essential in the develop-
ment and functions of living organisms (e.g. Zn, Cu, Fe and Se), and they
play an important role as cofactors of a number of metalloproteins and
enzymes (Garcia-Sevillano et al., 2012). However, in high concentra-
tions they can also compete with the other elements for protein binding
sites, and thus may cause toxic effects. A number of the other trace ele-
ments (e.g. Ag, Cd, Hg, Pb) are considered non-essential, and are associ-
ated with harmful effects in the organisms even in very low
concentrations. Therefore, a long term exposure to high levels of trace
elements in the water, which can result in the increased bioaccumula-
tion of trace elements in organs of aquatic organisms, can consequently
cause various toxic effects, starting with reactions in the cytosol, such as
nonspecific binding of trace elements to physiologically important mol-
ecules and their consequent inactivation (Mason and Jenkins, 1995).

In the pollution assessment, it is important to analyze not only the
concentrations of accumulated trace elements in the organs of aquatic
organisms, but also their fate within the cells by studying the biomole-
cules which bind trace elements, as potential biomarkers of trace
element exposure and their possible toxicity. Particularly useful organ-
isms for the assessment of the effect of waterborne and sediment-de-
posited trace elements are fish, due to their high sensitivity and
readily measured responses to trace elements (Goenaga Infante et al.,
2003). Analysis of different biomolecules that bind trace elements in
fish, known as metalloproteins, can provide insight in the impact of con-
taminants on fish cellular metabolism and global homeostasis (Garcia-
Sevillano et al., 2014). So far only a few fish metalloproteins have been
discovered and applied as successful biomarkers of trace element expo-
sure, such as metallothioneins (MTs), but their exact functional roles in
fish physiology are not yet well understood (Hu et al., 2013; Lavradas et
al, 2016). Therefore, it is important to study metalloproteins in fish in
more detail, and the development of metallomic techniques in the re-
cent years offers the possibility to perform such comprehensive studies
(Hauser-Davis et al., 2012).

We have applied metallomic techniques in the study of biomole-
cules that bind trace elements in Vardar chub (Squalius vardarensis
Karaman) from three mining and agriculturally impacted Macedonian
rivers. In Macedonia, mining is still one of the most important indus-
tries, with Pb/Zn ores in the north-eastern part of the country being
the most significant mineral deposits for exploitation (MidZi¢ and
SilajdZic, 2005; Barisic et al,, 2015). As a result, many natural freshwater
ecosystems, especially in the north-eastern Macedonia, are contaminat-
ed with trace elements. Selected fish species, Vardar chub (S.
vardarensis), is a representative fish in rivers of Vardar basin, as well
as a member of genus Squalius, wide spread in European rivers, thus
providing the possibility for comparison among distant geographical re-
gions (Barisic et al,, 2015). The exposure of fish to trace elements can re-
sult in their accumulation in different organs, and in this study we have
chosen two of them: liver as a metabolic and detoxification centre of an
organism (Krasnici et al., 2013; Van Campenhout et al., 2004; Dragun et
al., 2012, 2015), as well as a major producer of trace element-binding
proteins (Roesijadi and Robinson, 1994); and gills, as a good indicator
of current environmental conditions, due to their direct and permanent
contact with contaminants in the water (Bernet et al., 1999; Amiri et al.,
2011), and their fast response and high sensitivity even to low

concentrations of contaminants (Monteiro et al., 2008). To our knowl-
edge, so far there is no information available concerning the accumula-
tion of trace elements and their cytosolic distribution in organs of
Vardar chub.

The relationship between environmental exposure, bioaccumula-
tion and distribution among cytosolic biomolecules of seven essential
elements (Co, Cu, Fe, Mo, Mn, Se, Zn) and one non-essential element
(Cd) in Vardar chub liver and gills was studied applying the separation
of cytosolic biomolecules by size-exclusion high performance liquid
chromatography (SEC-HPLC) combined with offline determination of
trace elements by high resolution inductively coupled plasma mass
spectrometry (HR ICP-MS). Our main aim was to define, for the first
time, the distribution profiles of studied elements among cytosolic bio-
molecules of different molecular masses, and to determine changes
which occur as a consequence of increased exposure to specific trace el-
ements. Having in mind that some heat-stable biomolecules, such as
MT, have important role in trace element detoxification, our additional
objective was to analyze cytosolic distribution of trace elements after
cytosol heat-treatment, according to the procedure applied for MT anal-
ysis (Erk et al,, 2002). Similar study was previously performed on mus-
sels by Lavradas et al. (2016), but, to the best of our knowledge, this is
the first attempt to determine distribution of selected elements (Cd,
Cu, Mo, Se, Zn) among various cytosolic heat-stable biomolecules in or-
gans of fish.

2. Materials and methods
2.1. Fish sampling and organ dissection

Selected bioindicator species, Vardar chub (S. vardarensis), was col-
lected in spring (May/June) of 2012 from three rivers in north-eastern
Macedonia: the moderately agriculturally contaminated Bregalnica
River and two rivers, Zletovska and Kriva, impacted by active Pb/Zn
mines Zletovo and Toranica, respectively. In total, 90 fish was sampled,
30 from each river. The map and detailed description of the sampling
area were already published (Ramani et al., 2014). The fish were caught
by electro fishing, using electrofisher Samus 725G, according to relevant
standard (CEN EN 14011:2003). Captured fish were kept alive in a tank
with aerated river water until further processing in the laboratory. Fish
capture and their handling complied with the current laws of the Re-
public of Macedonia. Individual fish were anesthetized with Clove Oil
(Sigma Aldrich, USA). First, the biometric data were recorded (total
length, whole mass), whereas Fulton condition indices (FCI) were calcu-
lated according to Ritz and Lloret (2003). After the fish were anesthe-
tized and sacrificed, the liver, gills and gonads were removed. Liver
and gills were weighed and stored in liquid nitrogen immediately
after sampling and then held at —80 °C until further analyses. Gonads
were used for histological examination of sex.

Since previous studies have demonstrated high reliability and re-
peatability of trace element distribution profiles obtained after the re-
peated measurements in the same cytosolic samples, or in the
samples of the same fish species and target organ, by the same approach
as applied in this study (same chromatographic column, HPLC and HR
ICP-MS system) (Krasnici et al., 2013, 2014), we have decided to design
this study based on the analyses of only three fish per each river, due to
the time restrictions and limited resources. The selection of fish for anal-
yses was based on two criteria: 1) the availability of the sample for anal-
ysis, which depended on the fish size and 2) cytosolic trace element
concentrations in liver and gills. We wanted to study samples with a
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wide range of different cytosolic trace element concentrations, from low
to high, to be able to define what happens with the additional quantity
of trace elements accumulated in Vardar chub liver and gills as a conse-
quence of higher environmental exposure. Since some of the fish select-
ed for hepatic analysis had too low gill cytosolic concentrations, or too
small volume of gill cytosol available for analyses, we were forced to se-
lect additional fish for gill analyses. Also, due to smaller fish size in the
Zletovska River, and thus also smaller volume of gill cytosol, we have
analyzed only two gill samples from the Zletovska River, and instead
we have analyzed four gill samples from the Kriva River. Therefore,
we have analyzed in total 13 specimens of Vardar chub, and their bio-
metric characteristics and total cytosolic protein concentrations are
givenin Table 1. Hepatic analyses were performed on the nine fish spec-
imens marked with the following ordinal numbers: 1, 2, 4, 5,6, 7, 8, 10,
and 12 (Table 1, Figs. 1-2). Gill analyses were performed on the nine fish
specimens marked with the following ordinal numbers: 2, 3,4, 5,7, 9,
11,12, and 13 (Table 1, Fig. 3). Analyses of heat-stable biomolecules
were performed on one hepatic sample (No. 8, Table 1, Fig. 4), and
on two gill samples (No. 11 and 13, Table 1, Fig. 5). Few profiles
were excluded from presentation, due to analytical problems, such
as contamination with certain elements during the chromatographic
separations or measurement, namely Mo in hepatic samples 4, 7, and
12 (Fig. 2a); Se in hepatic sample 4 (Fig. 2b); Fe in gill sample 11
(Fig. 3a); Zn in gill sample 13 (Fig. 3¢); and Cd in gill sample 12
(Fig. 3d).

2.2. Isolation of cytosolic fractions from Vardar chub liver and gills

Whole frozen livers and gills of Vardar chub (0.84-5.46 g and 0.29-
2.31 g, respectively) were cut into small pieces. Then cooled homogeni-
zation buffer [100 mM Tris-HCl/Base (Sigma, pH 8.1 at 4 °C) supple-
mented with reducing agent (1 mM dithiothreitol, Sigma)] was added
(w/v 1:5), which was followed by homogenization in an ice cooled Pot-
ter-Elvehjem homogenizer (Glas-Col, USA) applying 10 strokes of
motor-driven PTFE-pestle at 6000 rpm. The homogenates were centri-
fuged (Avanti J-E centrifuge, Beckman Coulter) at 50,000 x g for 2 h at
4 °C. The obtained supernatants, which correspond to water-soluble cy-
tosolic tissue fractions (Van Campenhout et al., 2010) containing lyso-
somes and microsomes (Bonneris et al., 2005), were aliquoted and
stored at — 80 °C for separation by size exclusion high performance lig-
uid chromatography (SEC-HPLC) and for analyses of trace elements
(Krasnici et al., 2013, 2014).

Table 1

Basic biometric characteristics and total cytosolic proteins in livers and gills of 13 speci-
mens of Vardar chub (Squalius vardarensis) used in this study, which were caught in mod-
erately contaminated Bregalnica River and two mining impacted rivers (Zletovska and
Kriva) in north-eastern Macedonia in spring (May/June) of 2012.

Fishno.  River Length/om  Mass/g  Sex FCl/%  Total

proteins/mg

mL~!

Liver  Gills
1 Bregalnica  21.1 108.1 F 1.15 236 17.6
2 Bregalnica  22.0 137.3 E 129 224 20.1
3 Bregalnica  20.4 105.8 F 125 247 212
4 Bregalnica 17.5 58.6 F 1.09 214 16.3
5 Zletovska 21:3 106.7 F 1.10 16.1 15.1
6 Zletovska 15.2 374 F 1.06 16.1 -
7 Zletovska 19.4 69.3 F 0.95 19.7 16.0
8 Kriva 30.2 350.0 F 127 173 173
9 Kriva 20.1 99.9 F 123 193 175
10 Kriva 27.5 2315 F 1.11 21.1 155
11 Kriva 225 1383 F 121 193 221
12 Kriva 26.0 2106 M 120 241 242
13 Kriva 214 125.1 F 1.28 20.2 2238

2.3. Heat-treatment of hepatic and gill cytosols

The heat-treatment of hepatic and gill cytosols was performed ac-
cording to Erk et al. (2002), with slight modifications. The cytosols
were heat-treated at 70 °C for 10 min using The Dri Block (Techne)
(Bibby Scientific Limited, Staffordshire, UK). After the heat-treatment,
cytosols were placed on ice and kept for 30 min at4 °C, and subsequent-
ly centrifuged at 10,000 x g for 15 min at 4 °C (Heraeus Biofuge Fresco,
Kendro, USA). Supernatants obtained after this step were stored at
— 80 °C until further analysis. This heat-stable fraction is expected to
show lower protein content than cytosolic fraction, due to denaturation
of thermo-labile and high molecular mass proteins from cytosol sam-
ples at temperatures above 60-70 °C (Krizkova et al,, 2011). Heat-treat-
ed cytosols, for example, contain heat-stable cytosolic proteins MTs
(Yang et al., 1995).

2.4. SEC-HPLC analysis of cytosols and heat-treated cytosols from chub liver
and gills

Distribution of trace elements among biomolecules of different mo-
lecular masses in the cytosols and heat-treated cytosols from Vardar
chub livers and gills was studied by SEC-HPLC (Perkin Elmer HPLC sys-
tem, series 200, USA), as previously described in Krasnici et al. (2013,
2014). Hepatic and gill cytosols and heat-treated cytosols were separat-
ed into fractions containing biomolecules of different molecular masses
(MM) using two types of size exclusion columns (SEC): prepacked Tri-
corn™ Superdex 200 10/300 GL (GE Healthcare Biosciences, USA)
with a separation range of 10 kDa-600 kDa and Tricorn™ Superdex 75
10/300 GL column (GE Healthcare Biosciences, USA) with a separation
range of 3 kDa-70 kDa, for globular proteins. Immediately before appli-
cation on the column, cytosol samples were centrifuged at 10,000 x g for
10 min at 4 °C (Heraeus Biofuge Fresco, Kendro, USA). The sample vol-
umes of 100 pL were applied on the column. For each sample, two con-
secutive chromatographic runs were performed, i.e. 200 pL in total of
each cytosol sample was run through the column. The separation was
achieved using 20 mM Tris-HCl/Base (Sigma, pH 8.1 at 22 °C, flow
0.5 mL min~") as a mobile phase (isocratic mode). The fractions were
collected at 1 min intervals in the plastic tubes using a fraction collector
(FC203B, Gilson, USA). In total 40 fractions were collected for each sam-
ple, starting with 13th minute to 52nd minute. For column calibration,
several protein standards (thyroglobulin, apoferritin, [3-amylase, alco-
hol dehydrogenase, conalbumin, bovine albumin, ovalbumin, carbonic
anhydrase, cytochrome C, vitamin B12, Sigma, USA) were run through
the column under the same conditions as the samples (Table 2). The

Table 2

Elution times (t.) and molecular masses (MM) of seven proteins used as standards for calibra-
tion of Superdex™ 200 10/300 GL and Superdex™ 75 10/300 GL size exclusion columns, as
well as of rabbit metallothionein standard (Enzo Metallothionein-1, Enzo Metallothionein-2).

Protein t/min  MM/kDa Concentration/
mgmL™"
Superdex™ Thyroglobulin 16.08 669 8
200 10/300 GL  Apo-ferritin 17.80 443 10
3-amylase 2036 200 4
Alcohol dehydrogenase 21.72 150 5
Bovine albumin 2313 66 10
Superoxide dismutase ~ 27.87 32 125
Carbonic anhydrase 2966 29 3
Metallothionein - 2 3122 6.1 1
Metallothionein - 1 3232 61 1
Superdex™ Conalbumin 1857 75 3
7510/300GL  Ovalbumin 17.74 43 4
Superoxide dismutase ~ 19.97 32 1.25
Carbonic anhydrase 2126 29 5
Cytochrome C 2480 12 3
Metallothionein-2 23.02 6.1 1
Metallothionein-1 2406 6.1 1
Vitamin B12 3614 135 3
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equation of the calibration straight line for Superdex™ 200 was: y =
—0.2808x + 1.6469; and for Superdex™ 75: y = — 0.3343x
+ 1.6664; y = Kav; x = log MM. In addition, elution times were also de-
termined for superoxide dismutase (Sigma, USA), MT-1 and MT-2 (Enzo
Life Sciences, USA). The void volume was determined by use of blue
dextran (defined MM: 2000 kDa), which was eluted in columns
Superdex™ 200 and Superdex™ 75 at 16.3 min and 15.6 min,
respectively.

2.5. Determination of trace element concentrations in chub hepatic and gill
cytosols and in the fractions obtained by SEC-HPLC separation

The concentrations of eight trace elements (Co, Cu, Fe, Mo, Mn, Se,
Zn and Cd) were determined within this study. For determination of cy-
tosolic trace element concentrations in the liver and gills of Vardar chub
(Table 3), cytosols were ten times diluted with Milli-Q water and acid-
ified with HNO3 (Suprapur, Merck, Germany; final acid concentration
in the samples: 0.65%). Fractions of liver and gill cytosols obtained
after SEC-HPLC separation were only acidified with HNOs (Suprapur,
Merck, Germany, final acid concentration in the samples 0.16%) prior
to offline measurement of trace elements. Indium (Fluka, Germany)
was added to all samples as an internal standard (1 pg L™'). The mea-
surements were performed using high resolution inductively coupled
plasma mass spectrometer (HR ICP-MS, Element 2, Thermo Finnigan,
Germany), equipped with an autosampler SC-2 DX FAST (Elemental Sci-
entific, USA) and sample introduction kit consisting of a SeaSpray nebu-
lizer and cyclonic spray chamber Twister. Typical instrumental
conditions and measurement parameters were reported previously
(Fiket et al., 2007). Measurements of 52Se, ®Mo, '''Cd were operated
in low-resolution mode, whereas >*Mn, >°Fe, *°Co, ®*Cu, and Zn
were measured in medium resolution mode. External calibrations
were performed using multielement standard solution for trace ele-
ments (Analitika, Czech Republic). All standards were prepared in
1.3% HNO; (Suprapur, Merck, Germany) and supplemented with In (1
g L~ '; Fluka, Germany). The accuracy of trace element measurements
by HR ICP-MS was checked by analysis of quality control sample (QC for
trace elements, catalog no. 8072, lot no. 146142-146143, Burlington,
Canada). A generally good agreement was observed between our data
and the certified values, with the following recoveries (%) (based on
23 measurements in control sample for trace elements): Cd (99.2 +
3.7), Co (100.0 + 4.9), Cu (100.7 £ 11.2), Fe (92.3 £ 7.3), Mn (102.3

Table 3

Total trace element concentrations (ng mL™" or ug mL™") in analyzed hepatic and gill
cytosols of Vardar chub (Squalius vardarensis) which were caught in moderately contam-
inated Bregalnica River and two mining impacted rivers (Zletovska and Kriva) in north-
eastern Macedonia in spring (May/June) of 2012.

Fish  Organ Co Cu Fe Mn Mo Se Zn cd
no. S ¢ o e e e e B

1 Liver 477 167 135 3224 265 2280 517 269
2 Liver 554 287 847 2882 195 2540 631 238

Gills - - 183 - - 885 428 034
3 Gills - - 173 - - 934 528 041
4 Liver 5.21 366 661 4086 - - 693 640
Gills - - 11 - - 89.1 561 057

5 Liver 334 310 706 2317 132 88 351 369

Gills - = 548 - = 579 144 338
6 Liver 256 235 640 2145 126 1151 521 180
7/ Liver 339 419 127 2332 - 1246 551 338
Gills - 857 - 703 117 226

8 Liver 422 654 744 2371 266 4027 761 405
9 Gills - - - - 1789 120 105
10 Liver 527 370 745 2504 212 2898 837 287

11 Gills - - - - 305 3008 576 229

12 Liver 443 486 147 2576 - 631.1 787 682
Gills - - 285 - - 469.0 623 -

13 Gills - - 226 - 255 4497 623 300

+13.2),Mo (95.9 + 2.4), Se (95.4 & 3.9),and Zn (97.7 + 27.7). Some-
what higher deviation of Zn recoveries in comparison to other analyzed
elements was due to much lower Zn concentrations in the control sam-
ple than in the gill and hepatic cytosols. Limits of detection (LODs) were
determined based on three standard deviations of ten consecutively de-
termined trace element concentrations in the blank sample (Tris-HCl/
Base, dithiothreitol, HNO3). LODs for trace elements measured within
this study were as follows (in pg L™ '): Cd, 0.005; Co, 0.002, Cu, 0.037;
Fe, 0.084; Mn, 0.002; Mo, 0.004; Se, 0.138; and Zn, 2.40 (Krasnici et al.,
2013, 2014).

2.6. Data processing

Chromatographic results were processed using TotalChrom Version
6.3.1 software (Perkin Elmer, USA). All basic calculations were done in
Microsoft Excel 2007, whereas graphs were created using the statistical
program SigmaPlot 11.0.

3. Results and discussion

This research presents the first attempt to gain information on the
influence of water contamination and of the subsequent trace element
bioaccumulation on the distribution of trace elements among unknown
cytosolic biomolecules in two organs, gills and liver, of Vardar chub (S.
vardarensis). Information on cytosolic trace element distribution of
this type was previously reported for gills and liver of European chub
(Squalius cephalus) from moderately contaminated Sutla River in Croa-
tia (Krasnici et al., 2013, 2014), but still does not exist for Vardar chub.
Thirteen selected specimens of Vardar chub, analyzed in this study,
whose biometric characteristics and total cytosolic protein concentra-
tions are presented in Table 1, were caught in three rivers in north-east-
ern Macedonia, displaying different degrees and types of environmental
contamination: three specimens were caught in the Zletovska River and
six specimens in the Kriva River, both being contaminated by waste of
active Pb/Zn mines, and four specimens in the Bregalnica River, as
river less contaminated with trace elements and impacted by agricul-
tural runoff. Severe trace element contamination of the Zletovska
River and slighter contamination of the Kriva River were confirmed by
water analysis performed in parallel with fish sampling (Ramani et al.,,
2014). Consequent harmful impact on the fish was also reported,
which was reflected in observable histopathological damages on gills,
liver and spleen of Vardar chub (Barisic et al., 2015; Jordanova et al.,
2016, 2017).

We have defined the basic cytosolic distributions of trace elements
among biomolecules of different molecular masses in the liver and
gills of Vardar chub, which are characteristic for low exposure to trace
elements. According to Langston et al. (2002), increased environmental
concentrations of trace elements may cause shifts in their distribution
profiles among cytosolic ligands, and thus the distribution changes as
a consequence of increased accumulation of trace elements in the se-
lected chub organs were also determined. The technology applied for
that purpose consisted of SEC-HPLC, using Superdex™ 200 column
with a linear separation range between 10 and 600 kDa, and HR ICP-
MS, coupled offline. Several studies have demonstrated the potential
of SEC-HPLC/ICP-MS coupling as a sensitive multi-elemental approach
for the quantitative analysis of metalloproteins (Mason and Storms,
1993; Ferrarello et al, 2000; de la Calle Guntifias et al, 2002;
Montes-Bayon et al., 2003). The elution times of analyzed trace ele-
ments were associated to specific protein molecular masses by use of
calibration straight line, obtained by chromatographic analysis of stan-
dard proteins. For the easier handling of the obtained results, cytosolic
biomolecules were categorized in four groups, according to their molec-
ular masses (MM), as previously defined by Krasnici et al. (2013,2014):
high MM (HMM), >100 kDa; medium MM (MMM ), 30-100 kDa; low
MM (LMM), 10-30 kDa; and very low MM (VLMM), <10 kDa.
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3.1. Distributions of trace elements in hepatic and gill cytosols of Vardar
chub

As defined by Bonneris et al. (2005), tissue cytosols obtained after
centrifugation of tissue homogenates at 50,000 x g (a protocol applied
in our study) contain both heat-sensitive and heat-stable biomolecules
that bind trace elements, with latter being considered as a detoxified
trace element forms (Giguére et al., 2006; Rosabal et al., 2015). Analysis
of trace element distributions among cytosolic biomolecules therefore
gave insight into both potentially toxic and detoxified cellular pools of
trace elements.

It is well known that bioaccumulation of trace elements depends on
different factors, such as fish species, nature of trace elements, as well as
the organ in which accumulation occurs. The cytosolic concentrations of
many trace elements in Vardar chub gills were much lower compared to
the liver, as can be seen from cytosolic concentrations listed in Table 3.
This could be explained by the ability of gills to transfer absorbed
trace elements by blood to the liver as a main detoxification and storage
organ in fish (Souza et al., 2013; Amiri et al., 2011). Much higher hepatic
than gill cytosolic concentrations of several elements were the reason
why we were able to describe cytosolic distributions for as much as
eight elements in the liver (Co, Cu, Fe, Mn, Mo, Se, Zn, and Cd), whereas
in the gills the same thing was done for only four elements (Fe, Se, Zn,
and Cd). Cytosolic distributions of trace elements in the Vardar chub
liver are presented in the Figs. 1 and 2, and in the gills in the Fig. 3,
whereas their elution times and molecular masses of corresponding
biomolecules are given in Table 4. Each studied element will be sepa-
rately discussed further in the text.

3.1.1. Cobalt

Cobalt distribution profiles were determined only for the hepatic cy-
tosol (Fig. 1a). In general, the toxicity of Co to fish seems to be quite low
compared with the effects of the other metal ions, especially during in
situ environmental exposures (Marr et al., 1998; Kubrak et al., 2011).
a) Bregalnica River

500 | % A
|
— b) Bregalnica River

1059

Nevertheless, Co has also been recognized as a stress inducing factor,
which can participate in free radical processes, resulting in reactive ox-
ygen species (ROS) production (Wang et al., 1993; Olivieri et al., 2001;
Battaglia et al., 2009). Cobalt was eluted in four peaks, and the major
proportion of the cytosolic Co in liver was eluted within the HMM
peak (~110-380 kDa), with a maximum corresponding to biomolecules
of MM ~230 kDa (Table 4). It is consistent with previous reports that
ions of Co, as an essential element, have a high affinity for binding to
high MM enzymatic proteins (Paustenbach et al., 2013; Wojcieszek
and Ruzik, 2016). Much smaller amounts of Co were present in three re-
maining peaks, associated with MMM biomolecules (~30-80 kDa, with
a maximum at 66 kDa), and with VLMM biomolecules distributed in
two peaks (2-5 kDa, with a maximum at 4 kDa; and 0.7-2 kDa, with a
maximum at 1.2 kDa) (Table 4). This last peak, with a maximum at
1.2 kDa, could possibly correspond to Co-containing compound cobala-
min, which has a MM of 1.3 kDa (Kirschbaum, 1981). The studies on
mussels also showed that a considerable proportion of Co was associat-
ed to biomolecules of MM below 4 kDa (Ferrarello et al., 2000). Al-
though the main described role of Co in the fish organism is associated
with its constitutive role in cobalamin, i.e. the vitamin B12 (Blust,
2012; Krasnici et al., 2013), and although the liver plays a major role
in the vitamin B12 metabolism (Wang et al,, 2001), only minor part of
Co present in the Vardar chub hepatic cytosol was eluted within the
fraction presumably containing cobalamin. Distribution profile of Co in
Vardar chub liver was further compared to previously published Co he-
patic profile of European chub (S. cephalus), and they were almost iden-
tical, with the only exception that Co HMM and MMM peaks in the
hepatic cytosol of European chub were merged together and were not
clearly resolved (Krasnici et al., 2013).

Nine studied specimens of Vardar chub from three rivers had quite
narrow range of cytosolic Co concentrations (2.6-5.5 ng mL~!, Table
3), and therefore the differences between the profiles were hardly
even notable. Cobalt elution associated to HMM biomolecules was
found to increase only slightly with increasing cytosolic Co
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Fig. 1. Hepatic distribution profiles of four selected trace elements (a - Co, b - Cu, ¢ - Fe, and d - Mn) among cytosolic proteins of different molecular masses in Vardar chub (Squalius
vardarensis) caught in a moderately contaminated Bregalnica River and two mining impacted rivers, Zletovska and Kriva. The profiles were obtained by separation of hepatic cytosols
on SEC-HPLC with Superdex™ 200 10/300 GL column and measurement of trace elements on HR ICP-MS. The results are presented as nanograms of trace elements eluted in the
fractions containing proteins of specific molecular masses. Nine fish were used for these analyses (No.1, 2,4, 5,6, 7,8, 10, and 12, Table 1), and their total trace element concentrations

in hepatic cytosols are presented in Table 3.

61



Znanstveni radovi

1060 N. Krasnici et al. / Science of the Total Environment 613-614 (2018) 1055-1068
06
a) Bregalnica River o s1b) Bregalnica River C) Bregalnica River 51d) Bregalnica River
05 . N "o e No.1 * No.2
* No.2 0. 1 s
o No.t o No.2 No.2 ° No.1
04 2 3 400 4 No.4 4 s+ No.4
? 03 2 a0 g 3
2 S 3
02 200 2
01 100 1
00 o e 0 0 { sesaomocessanosesesd” Ubesasmecessston
Zletovska River Zletovska River Zletovska River 51 Zletovska River
05 8 500
e No.6 e No.5 . :": s
° 2 °© No.6 © No.
| to-2 6 s No.7 400 s No.7
=
2o £ g
o c bl
= 02 N o o s
01 100 1
00
05 Kriva River
e No.10
° No.8
o s No.12
2 03 2
g =
02 N
01
00 &
2 3 4 5 6 2 3 4 5 6 2 3 4 5 6 2 3 4 5 6
log Mr of cytosolic biomolecules log Mr of cytosolic biomolecules log Mr of cytosolic biomolecules log Mr of cytosolic biomolecules

Fig. 2. Hepatic distribution profiles of four selected trace elements (a - Mo, b - Se, ¢ - Zn, and d - Cd) among cytosolic proteins of different molecular masses in Vardar chub (Squalius
vardarensis) caught in a moderately contaminated Bregalnica River and two mining impacted rivers, Zletovska and Kriva. The profiles were obtained by separation of hepatic cytosols
on SEC-HPLC with Superdex™ 200 10/300 GL column and measurement of trace elements on HR ICP-MS. The results are presented as nanograms of trace elements eluted in the
fractions containing proteins of specific molecular masses. Nine fish were used for these analyses (No.1, 2,4, 5,6, 7, 8, 10, and 12, Table 1), and their total trace element concentrations
in hepatic cytosols are presented in Table 3.
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Fig. 3. Gill distribution profiles of four selected trace elements (a- Fe, b - Se, ¢ - Zn, and d - Cd) among cytosolic proteins of different molecular masses in Vardar chub (Squalius vardarensis)
caught in a moderately contaminated Bregalnica River and two mining impacted rivers, Zletovska and Kriva. The profiles were obtained by separation of gill cytosols on SEC-HPLC with
Superdex™ 200 10/300 GL column and measurement of trace elements on HR ICP-MS. The results are presented as nanograms of trace elements eluted in the fractions containing proteins
of specific molecular masses. Nine fish were used for these analyses (No.2,3,4,5,7,9,11, 12 and 13, Table 1), and their total trace element concentrations in gill cytosols are presented in
Table 3.
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383 (231-633)
383 (231-633)
814 (492-1047)

MM/kDa

HMM peak 2¢
18 (20-16)
18 (20-16)
15 (17-14)

te/min

231 (109-383)
140 (85-382)
231 (85-382)
140 (109-298)

MM/kDa

HMM peak 19
20 (23-18)
22 (24-20)
(24-18)
22 (23-19)

te/min

20

MM/kDa
66 (31-85)
40 (24-51)
40 (24-51)
66 (24-85)

MMM peak®
25 (28-24)
27 (29-26)
27 (29-26)
25 (29-24)

te/min

MM/kDa
15 (7-40)
31 (24-51)
31 (19-51)
15 (7-24)

LMM peak”
te/min

31 (34-27)
28 (29-26)
28 (30-26)
31 (34-29)

MM/kDa
4 (2-5)
5(3-7)
4(2-5)

VLMM peak 2%
36 (38-35)
35 (37-34)
36 (38-35)

te/min

MM/kDa
1.2 (0.7-2)
1(0.6-2)
1(0.6-2)

VLMM peak 17
te/min

41 (43-40)

42 (44-39)

Organ
Liver
Liver
Liver
Gills
Liver
Liver
Liver

Co
Cu
Fe
Mn
Mo
Se

Essential elements

with Superdex™ 200 10/300 GL column. Presented data refer to maximums of trace element peaks (i.e. to fractions with the highest trace element concentrations), whereas the numbers within the brackets refer to the beginnings and the ends of trace
Element

element peaks.

Elution times (t.) and molecular masses (MM) of cytosolic proteins from liver and gills of Vardar chub (Squalius vardarensis) contained within the fractions in which respective elements were eluted, after separation of cytosols by size exclusion HPLC

Table 4
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concentrations, and in general this increase showed a good relationship
with cytosolic Co levels (Fig. 1a), indicating that additional attention
should be dedicated to study of HMM Co-binding proteins.

814 (492-1047)
814 (383-1047)

3.1.2. Copper

Same as for Co, Cu distribution profiles were also determined only
for the hepatic cytosol (Fig. 1b). Copper is an essential trace element
for the most living organisms, necessary for certain metabolic processes
(e.g., formation of connective tissue, formation and maintenance of my-
elin, cellular respiration, scavenging of the free radical superoxide;
Gaetke et al,, 2014), because it plays an important role as a cofactor in
a number of enzymes and metalloproteins (Hauser-Davis et al., 2012).
Accordingly, Cu was eluted mainly within one single LMM peak (7-
40 kDa), with a maximum corresponding to biomolecules of MM of
15 kDa (Table 4), coinciding with the elution time of MT (Table 2), but
also encompassing the MM of the other known Cu-containing biomole-
cules, such as superoxide dismutase (SOD; MM 32 kDa) (Table 2),
which indicates Cu essential role in the protection against oxidative
stress (Sanchez et al., 2005; Krasnici et al., 2013). Our results, however,
indicate that the major part of Cu was probably associated with MTs.
MTs constitute a family of low MM, cysteine-rich proteins involved in
the binding, regulation and storage of essential metals such as Cu and
Zn, and the detoxification of non-essential metals such as Cd (Coyle et
al., 2002; Mason et al., 2004). The capacity for MT induction is the
greatest in tissues that are active in uptake, storage and excretion of
trace elements, such as gills, intestine, liver and kidney (Roesijadi and
Robinson, 1994). Cu distribution profile in liver of Vardar chub was in
agreement with the previous results of the investigation on Cu-binding
biomolecules in hepatic cytosol of European chub (Krasnici et al., 2013),
where the most of Cuwas detected in LMM protein region (~7-27 kDa),
and had the same elution time as MT standard (Krasnici et al., 2013).
Copper association with MTs was also confirmed in the liver of eel (An-
guilla anguilla; Rodriguez-Cea et al., 2003).

In the liver of nine studied specimens of Vardar chub from three riv-
ers, Cu cytosolic concentrations were in rather narrow range, from 1.7 to
6.5ngmL~" (Table 3). Positions of Cu peaks within the distribution pro-
files were comparable in Vardar chub from all three rivers (Fig. 1b),
whereas increasing cytosolic concentrations resulted with increased
elution of Cu in MT region, which was especially observable at the
Kriva River. Peak widening towards the region of higher MM was also
observed, which could possibly indicate that Cu was also associated to
the other cytosolic biomolecules, when present in the cell in higher
concentrations.

15(17-14)
15 (18-14)

66 (31-383)
85(11-298)

25 (28-18)
24 (32-19)

15 (7-24)

? VLMM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in very low molecular mass protein region (<10 kDa).

15 (7-24)
b LMM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in low molecular mass protein region (10-30 kDa).

31 (34-29)
31 (34-29)

3(2-5)

37 (38-35)

3.1.3.Iron

Many proteins contain essential metal Fe in ionic form, either within
their own structures or bound to their active sites (del Castillo Busto et
al., 2010). Thus, under physiological conditions, the majority of Fe is
bound to proteins and, to a lower extent, to the other small biomole-
cules (e.g., citrates), to decrease the free metal ion toxicity (del Castillo
Busto et al., 2010). Iron distribution profiles were recorded for both he-
patic and gill cytosols of Vardar chub (Figs. 1c and 3a), and were charac-
terized with two Fe containing peaks. Positions of the peaks were
comparable in both organs. The first peak was positioned in the MMM
region and covered the range of MM from ~25-50 kDa, with a maxi-
mum at the MM of 40 kDa (Table 4), encompassing with its borders
MM of known Fe-containing biomolecules, such as enzyme catalase
(60 kDa) and transport protein myoglobin (17 kDa) (Wolf et al.,
2007). The second peak was located in the HMM region and covered
the range of MM from ~230-630 kDa, with a maximum corresponding
to biomolecules of MM amounting to ~380 kDa (Table 4), which ap-
proximately corresponded to ferritin, the major Fe storage protein in al-
most all living organisms (450 kDa; Szpunar and Lobinski, 1999).

The difference between two organs was in the fact that the majority
of Fe in the gill cytosol was eluted within the first MMM peak (Fig. 3a),
whereas in the liver the quantity of Fe eluted within the second HMM

42 (44-40)

Gills
Liver
Gills
Liver
Gills

Zn
cd
€ MMM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in medium molecular mass protein region (30-100 kDa).

4 HMM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in high molecular mass protein region (>100 kDa).

Non-essential element
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peak was either comparable or even higher than in the first MMM peak
(Fig. 1c). In the gills, clear presence of Fe in the HMM region was record-
ed in only one sample with the highest gill cytosolic Fe concentration
(28.5 ug mL™'; Fig. 3a). The lack of HMM-Fe peak in the gill samples
with lower Fe cytosolic concentrations lead to a conclusion that Fe asso-
ciation with storage protein ferritin was more strongly expressed in the
liver than in the gills, even though cytosolic Fe concentrations were
lower in the liver (6.4-14.7 ug mL™", Table 3) compared to gills (5.5~
28.5 ug mL~ ', Table 3). This was a confirmation of more pronounced
role of liver than gills in Fe storage. Distribution profiles of Fe in Vardar
chub liver and gills were comparable to previously reported Fe profiles
in the liver and gills of European chub, where stronger Fe association
with HMM proteins, probably ferritin, was also observed in the liver
(Krasnici et al., 2013, 2014).

Positions of Fe peaks within the hepatic and gill distribution profiles
were comparable in Vardar chub from all three rivers (Figs. 1c and 3a).
The increase of hepatic Fe concentrations resulted with the increased Fe
elution in HMM peak. This was an indication that in the case of increas-
ing Fe concentration in the liver, the part of Fe probably bounds to ferri-
tin. Synthesis of ferritin is known to be induced by increased Fe
availability, whereas it is repressed under iron deprivation conditions
(Torti and Torti, 2002). Contrary, in the gills, increase of cytosolic Fe
mainly resulted with the increased Fe elution in MMM peak.

3.1.4. Manganese

Distribution profiles for essential element Mn were determined only
for the hepatic cytosol (Fig. 1d). Manganese was eluted within two
poorly resolved peaks covering MMM and HMM regions. Manganese
in MMM peak was associated to biomolecules of MM in the range
from 24 to 85 kDa, with a maximum at 66 kDa, whereas HMM peak
encompassed biomolecules of MM from ~85-230 kDa, with a maximum
at 140 kDa (Table 4). These peaks comprised MM of albumin (66 kDa,
Table 2) and transferrin (80 kDa; Martin-Antonio et al., 2009). Albumin
is a protein involved in the Mn transport from intestine to liver, whereas
in the liver, Mn binds to transferrin, and in that form presents a source of
Mn for delivery to the other tissues (Krasnici et al., 2013; Schéfer, 2004).
Obtained MMM and HMM peaks in the distribution profiles of Mn in the
liver of Vardar chub were consistent with Mn association with MMM
biomolecules of ~35-60 kDa and HMM biomolecules of ~60-400 kDa
in hepatic cytosol of European chub (Krasnici et al.,, 2013). The only dif-
ference between two species was lack of clear Mn binding to LMM bio-
molecules (<20 kDa) in Vardar chub, which was observed in European
chub (Krasnici et al,, 2013).

Positions of Mn peaks within the hepatic distribution profiles were
comparable in Vardar chub from all three rivers (Fig. 1d). The cytosolic
Mn concentrations in liver of all nine analyzed Vardar chub were within
the following range: 215-409 ng mL~" (Table 3). The differences asso-
ciated to concentration changes could not be clearly determined, since
in some cases there was an increase in MMM peak, in the others in
HMM peak, whereas mostly the peaks were nearly identical (Fig. 1d).

3.1.5. Molybdenum

Distribution profiles for essential element Mo were also determined
only for the hepatic cytosol (Fig. 2a). Molybdenum was eluted within
three peaks, one VLMM peak and two HMM peaks. Minor part of Mo,
shown as a first peak, was eluted within VLMM biomolecule region
(Fig. 2a; 3-7 kDa), with a maximum at 5 kDa (Table 4). The major
part of Mo, shown as a second peak, was eluted within HMM biomole-
cule region (Fig. 2a; ~85-380 kDa), with a maximum at ~230 kDa (Table
4). According to Beers and Berkow (1998), Mo serves as a cofactor of dif-
ferent enzymes, such as aldehyde oxidase (~130 kDa; Uchida et al.,
2003), sulphide oxidase (~120 kDa; Johnson and Rajagopalan, 1976),
and Fe-Mo flavoprotein xanthine oxidase (275 kDa, Truglio et al.,
2002) (Krasnici et al., 2013), which were all encompassed by the second
Mo peak. A small amount of Mo was eluted within the void volume of
the column (Fig. 2a), as a sign of Mo association to HMM biomolecules

above ~500 kDa (Table 4), possibly containing protein complexes and
aggregates. Molybdenum distribution profiles in the liver of Vardar
chub were similar to those previously reported for the liver of European
chub, where Mo was also mostly bound to biomolecules of HMM (~60-
400 kDa), whereas only minor Mo part was associated to VLMM biomol-
ecules (4-12 kDa) (Krasnidi et al., 2013).

Positions of Mo peaks within the hepatic distribution profiles were
comparable in Vardar chub from all three rivers (Fig. 2a). The range of
cytosolic Mo concentrations in liver of six analyzed Vardar chub was
the following: 12.6-26.6 ng mL™~" (Table 3) and the increase of cytosolic
Mo concentrations was reflected in the increased Mo elution within
HMM peaks, confirming the predominant Mo association to HMM
biomolecules.

3.1.6. Selenium

Selenium is a nonmetal, an essential micronutrient for the synthesis
of selenoproteins, which plays an important role in the overall metabo-
lism (Rayman, 2012; Braga et al., 2017). However, very little is known
about how Se is metabolized in fish, and for the most fish selenoproteins
functions are yet not known (Hauser-Davis et al., 2012). Selenium dis-
tribution profiles were determined for both hepatic and gill cytosols of
Vardar chub (Figs. 2b and 3b). Hepatic profiles of Se were characterized
with four Se containing peaks. The first two peaks were located within
the VLMM region, and the first one corresponded to biomolecules of
MM in the range from 0.6-2 kDa, with a maximum at 1 kDa, whereas
the second VLMM peak corresponded to biomolecules of MM from 2
to 5 kDa, with a maximum at 4 kDa (Table 4, Fig. 2b). The other two
Se hepatic peaks were eluted in LMM and HMM protein regions (~25-
50 kDa, with a maximum at ~30 kDa, and ~110-300 kDa, with a maxi-
mum at 140 kDa, respectively; Table 4, Fig. 2b). Gill Se distribution pro-
files were almost identical to hepatic profiles, with the only exception
that they were lacking clear HMM peak (Fig. 3b). The main characteris-
tic of gill profiles was that majority of Se was eluted in detached and
sharp peak within the first VLMM region (0.6-2 kDa). The association
of Se with VLMM biomolecules was already reported by many other au-
thors. For example, Se presence in the cell in the form of
selenomethionine (~0.2 kDa) was reported by Klotz et al. (2003),
whereas very low MM organic selenocompound selenoneine
(~0.5 kDa), effective in the defense against oxidative stress by acting
as a strong free radical scavenger, was identified in bluefin tuna
(Thunnus orientalis) by Yamashita and Yamashita (2010) and
Yamashita et al. (2012) (Krasnici et al., 2014). On the other hand, the
higher proportion of Se eluted in LMM region in the liver compared to
the gills, could be associated to several selenoproteins catalytically ac-
tive in redox processes, such as glutathione peroxidase, iodothyronine
deiodinase, and thioredoxin reductase (Hauser-Davis et al., 2012). He-
patic and gill Se profiles obtained for Vardar chub were mainly compa-
rable with those previously reported for European chub (Krasnici et al.,
2013,2014).

Positions of Se peaks within the hepatic and gill distribution profiles
were comparable in Vardar chub from all three rivers (Figs. 2b and 3b).
However, notable quantitative difference was observed in the hepatic
profiles of Vardar chub from the Bregalnica River in comparison to the
Zletovska and the Kriva rivers. In the liver of Vardar chub from the
Bregalnica River pronounced Se elution was observed within the second
VLMM peak (2-5 kDa) whereas much lower Se proportion was eluted
within the LMM region. In the chub from the other two rivers situation
was opposite: the second VLMM peak was negligible, and Se was eluted
in high quantity in LMM region (~25-50 kDa). This finding could be
possibly associated to the type of pollution, since Bregalnica is contam-
inated with agricultural runoff, whereas the Zletovska and the Kriva riv-
ers are contaminated with mining waste. The influence of Se
environmental speciation on its fate in the fish organism should be fur-
ther explored. The range of cytosolic Se concentrations in the liver of
eight analyzed Vardar chub (Fig. 2b) was the following: 85.8-
631.1 ng mL~" (Table 3), whereas Se concentrations in the gills of
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nine Vardar chub (Fig. 3b) ranged from 57.9-469.0 ng mL~" (Table 3).
Increasing cytosolic concentrations of Se in the liver of chub from min-
ing impacted rivers have accordingly resulted with increased Se elution
in LMM region and within the first VLMM peak (<2 kDa), whereas in the
case of the gills increased Se bioaccumulation resulted exclusively with
obvious sharp increase of the first VLMM peak (<2 kDa). The same was
found for the liver and gills of European chub, with reported increases in
LMM and VLMM regions, respectively (Krasnici et al., 2013, 2014).

3.1.7. Zinc

Zinc is an essential metal which has constitutive and catalytic roles
in many proteins and enzymes (de la Calle Guntifias et al., 2002). Zinc
distribution profiles were determined for both hepatic and gill cytosols
of Vardar chub (Fig. 2c and 3c). Zinc distribution profiles in liver were
characterized by three peaks. The majority of Zn was eluted in narrow,
sharp first peak associated to LMM biomolecules (7-24 kDa, with a
maximum at 15 kDa) (Table 4, Fig. 2c), which coincided with the elution
time of known Zn-binding protein, MT (Table 2). Furthermore, a consid-
erable amount of hepatic Zn was found in MMM biomolecules region (~
30-400 kDa, with a maximum at 66 kDa; Table 4, Fig. 2c), coinciding, for
example, with elution time of standard protein alcohol dehydrogenase
(Table 2), which is well known Zn-containing protein (Krasnici et al.,
2013; Szpunar and Lobinski, 1999). The third Zn peak appeared within
the void volume, and could be associated with HMM biomolecules
(above ~500 kDa; Table 4, Fig. 2c). The comparison of hepatic and gill
Zn profiles of Vardar chub (Figs. 2c and 3¢) showed that Zn was much
better resolved in the liver than in the gills. In the gills, it was eluted
within two major peaks, mostly within one broad peak covering both
LMM and MMM region (~10-300 kDa, with a maximum at 85 kDa,
Table 4, Fig. 3c). Unlike in the liver, the clear peak which would indicate
Zn binding to MTs was not observed in the gills, but MT elution time was
still encompassed by the edge of this wide LMM-MMM peak. A portion
of Zn was eluted in HMM region (above 400 kDa), same as observed in
the hepatic Zn profile (Figs. 2c and 3c). Similar results as for Vardar chub
were previously obtained for the liver and gills of European chub, where
clear MT peak was observed only in Zn hepatic profiles (9-27 kDa),
whereas in the gills MT peak was missing (Krasnici et al., 2013, 2014).
Only difference between Zn profiles in Vardar and European chub was
the presence of two high VLMM peaks in the gills (<5 kDa) only in Eu-
ropean chub, which increased following the increase of Zn cytosolic
concentrations (Krasnici et al., 2014).

Positions of Zn peaks within the hepatic and gill distribution profiles
were comparable in Vardar chub from all three rivers (Figs. 2c and 3c).
In the liver of nine analyzed Vardar chub (Fig. 2c) cytosolic Zn concen-
trations were within rather narrow range (3.5-8.4 ug mL™', Table 3),
similar as in the case of gills of eight analyzed Vardar chub (Fig. 3c)
(4.3-14.4 pg mL™ ", Table 3), and therefore it was not possible to com-
ment on the changes which would occur in the case of increased Zn
bioaccumulation.

3.1.8. Cadmium

Cadmium is an element without known functions in the organisms,
and therefore possibly toxic already in very low concentrations. Cadmi-
um distribution profiles were determined for both hepatic and gill cyto-
sols of Vardar chub (Figs. 2d and 3d). Similarly to Cu, Cd was eluted
within single clear and sharp peak in the LMM region (7-24 kDa, with
a maximum at 15 kDa) in both organs of Vardar chub (Figs. 2d and
3d; Table 4). This peak had maximum at elution time of 31 min,
which corresponded to elution time of standard MT-2 (Table 2). Obtain-
ed results confirmed the known high affinity of MTs for Cd binding, as a
mechanism of protection against Cd toxicity (Roesijadi, 1992; Park et al.,
2001). The same observations as made for Vardar chub liver and gills
were previously made for European chub, with the major part of Cd
bound to biomolecules of molecular masses and elution times which
corresponded to MTs, both in the liver (9-27 kDa) and in the gills (4-
35 kDa) (Krasnici et al., 2013, 2014).

Positions of Cd peaks within the hepatic and gill distribution profiles
were comparable in Vardar chub from all three rivers (Figs. 2d and 3d).
In the liver of nine analyzed Vardar chub (Fig. 2d), cytosolic Cd concen-
trations amounted to 2.4-68.2 ngmL ™" (Table 3), whereas in the gills of
eight Vardar chub (Fig. 3d) they amounted to 0.3-33.8 ng mL™' (Table
3). The range of cytosolic Cd concentrations was rather wide, thus en-
abling determination of the Cd distribution changes caused by promi-
nent increase of Cd bioaccumulation. Increase of cytosolic Cd in both
liver and gills of Vardar chub from mining impacted Zletovska and
Kriva rivers resulted only with the increase of Cd elution within the
probable Cd-MT peak, which was well coordinated with the cytosolic
concentration changes. The presence of Cd-MT peak at all studied con-
centrations, from low in the Bregalnica River, to rather high in the
Zletovska and Kriva rivers, indicated almost complete Cd detoxification
in both organs of Vardar chub under the studied conditions, as previous-
ly observed by Lavradas et al. (2016) in the study on mussels. According
to Goenaga Infante et al. (2003 ), MTs were found to be the most impor-
tant Cd, Cu, and, to a lesser extent, Zn-binding compounds, and, there-
fore, MT induction can serve as a biological marker of metal exposure
in fish.

3.2. Changes in the cytosolic distribution profiles of Cu, Zn, Cd, Mo, and Se
after the heat-treatment

Heat-stable proteins and peptides are considered as detoxified frac-
tions of trace elements in the cell, whereas heat-denaturated biomole-
cules are defined as fraction sensitive to trace elements, and a possible
target of their toxicity (Giguére et al., 2006; Goto and Wallace, 2010;
Rosabal et al., 2015). Applying the heat-treatment procedure used for
analysis of MTs, which is based on cytosol heating at 70 °C for 10 min
(Erk et al., 2002), we have removed the heat-sensitive proteins from
the cytosol, and further on analyzed only trace element distribution
among heat-stable biomolecules of different molecular masses. For
that purpose, we have used SEC-HPLC with Superdex™ 75 column (lin-
ear separation range between 3 and 75 kDa), coupled offline with HR
ICP-MS detection. In the Figs. 4 and 5, and Tables 5 and 6, we have pre-
sented only the information on the distribution profiles of those ele-
ments for which the clear presence of the heat-stable biomolecules
was confirmed in the cytosols of liver (Cu, Zn, Cd, Mo, and Se) and of
gills (Zn, Cd, Mo, and Se). The peaks obtained before and after the
heat-treatment of the same samples were at first visually compared
(Figs. 4 and 5). We have further calculated the percentage decreases
or increases of eluted quantities of specific trace elements at specific
elution times, which have occurred after the heat-treatment (Table 6),
to determine if analyzed trace elements were bound to heat-stable bio-
molecules (unaltered peaks) or heat-sensitive biomolecules (decreased
peaks). With the exception of the detailed studies of the heat-stable
protein metallothionein (e.g., Rodriguez-Cea et al., 2003; Mason et al.,
2004; Goenaga Infante et al., 2006; Hauser-Davis et al., 2012), to our
knowledge the information on heat-stable proteins and peptides that
bind specific trace elements in fish organs, and therefore possibly can
serve in the process of detoxification, is yet not available in the scientific
literature.

3.2.1. Distribution of Cu, Zn, and Cd in the heat-treated hepatic and gill
cytosols

In the region of the studied molecular masses (approximately from
0.5 to 140 kDa, Table 5), Cu (Fig. 4a), Zn (Fig. 4d), and Cd (Fig. 4e) in
the untreated hepatic cytosol were all eluted within the same LMM
peak (~10-30 kDa, with the maximum at 20 kDa, Table 5), having the
same elution time as MT-2 standard (Table 2). Only Zn was eluted with-
in the additional MMM peak (~40-110 kDa, with the maximum at
~70kDa, Table 5). After the heat-treatment, Zn-MMM peak was almost
completely removed (Zn quantity decreased for 76%, Table 6), pointing
to heat-sensitivity of those biomolecules, whereas metal-binding bio-
molecules within LMM peak were confirmed as heat-stable, based on
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Fig. 4. Influence of heat-treatment on hepatic distribution profiles of five selected trace elements (a - Cu, b - Mo, ¢ - Se, d - Zn, and e - Cd) among cytosolic proteins of different molecular
masses in Vardar chub (Squalius vardarensis). The profiles were obtained by separation of hepatic cytosol and heat-treated cytosol on SEC-HPLC with Superdex™ 75 10/300 GL column and
measurement of trace elements on HR ICP-MS. The results are presented as nanograms of trace elements eluted in the fractions containing proteins of specific molecular masses. One fish

was used for these analyses (No. 8, Table 1), and its total trace element concentrations in hepatic cytosol are presented in Table 3.

the changes of metal quantity eluted within that peak which generally
have not surpassed 10% (Table 6), and which further corroborated
above suggested binding of Cu, Zn and Cd to MTs in the liver of Vardar
chub.

In the gills, Cu profiles were not determined, due to rather low cyto-
solic Cu concentrations in the gills, both before and after the heat-treat-
ment. In both gill samples, all of Zn (Fig. 5e, f) in untreated cytosols was
eluted within the MMM peaks (~30-140 kDa, with the maximum at
~90 kDa, Table 5), which were almost completely removed after the
heat-treatment (Zn quantity decreased for 76 and 86%, Table 6), and
which coeluted with MMM peak of the hepatic cytosol. On the other
hand, in each untreated gill sample Cd was eluted within two peaks
(Fig. 5g, h). LMM peaks (~10-30 kDa, with the maximum at 20 kDa,
Table 5), as already observed in the liver, indicated Cd binding to MTs,
whereas the additional MMM peaks (~60-110 kDa, with the maximum
at~90 kDa, Table 5) indicated that part of Cd, which was accumulated in
the gills, was not detoxified. Cadmium-LMM peaks were confirmed to
contain heat-stable proteins, most probably MTs, since the decrease of
Cd quantity eluted within that region after the heat-treatment
amounted to ~10% (Table 6), whereas Cd-MMM peaks obviously com-
prised heat-sensitive proteins, since decrease of Cd quantity eluted
within MMM region after the heat-treatment amounted to 65-75%.

Binding to heat-stable proteins, likely MTs, was thus demonstrated
for Cu, Zn, and Cd in the liver, as well as for Cd in the gills of Vardar

chub, whereas previously observed absence of Zn binding to MTs in
the gills of Vardar chub in this study (Fig. 3¢), and the European chub
from the Sutla River (Krasnici et al., 2014), was further confirmed. Var-
ious authors have reported Cu, Zn and Cd association to MT proteins. In
the liver of eel (A. anguilla) MTs were proven as the most important Cu-
binding compounds and, to a lesser extent, Zn-binding compounds
(Goenaga Infante et al., 2003). Lavradas et al. (2016), in the investiga-
tion of heat-stable metalloproteins in Perna perna mussels, also found
that Cu was mostly bound to the proteins with lower MM (13 kDa).

3.2.2. Distribution of Mo in the heat-treated hepatic and gill cytosols
After the separation of untreated hepatic cytosol of Vardar chub on
Superdex™ 75 column, Mo was eluted within two peaks (Fig. 4b). The
first one was barely visible VLMM peak (5-9 kDa, with the maximum
at 7 kDa, Table 5), whereas the second one was high and sharp MMM
peak (~50-110 kDa, with the maximum at ~90 kDa, Table 5). After
the cytosol heat-treatment, however, MMM peak was almost complete-
ly removed (decrease of 92%, Table 6), whereas VLMM peak has signif-
icantly increased (almost 300%, Table 6), as an indication that possibly
due to heat-treatment, heat-sensitive MMM proteins or peptides have
decomposed to small biomolecules of very low molecular masses,
which are heat-stable. Contrary, in the gills, cytosolic Mo was eluted
within single VLMM peaks (5-11 kDa, with the maximum at 7 kDa,
Table 5) in both analyzed samples, even before the heat-treatment.
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Fig. 5. Influence of heat-treatment on gill distribution profiles of four selected trace elements (a, b - Mo, ¢, d - Se, e, f - Zn, and g, h - Cd) among cytosolic proteins of different molecular
masses in Vardar chub (Squalius vardarensis). The profiles were obtained by separation of gill cytosol and heat-treated cytosol on SEC-HPLC with Superdex™ 75 10/300 GL column and
measurement of trace elements on HR ICP-MS. The results are presented as nanograms of trace elements eluted in the fractions containing proteins of specific molecular masses. Two
fish were used for these analyses (No. 11 and 13, Table 1), and their total trace element concentrations in gill cytosols are presented in Table 3.

After the heat-treatment, these VLMM peaks remained practically un-
changed (7-11% peak increase) (Table 6, Figs. 5a, b), thus proving the
heat-stability of the compounds comprised within them. Since there is
no information available about heat-stable biomolecules that bind Mo,
it would be very interesting to further investigate the fate and character
of Mo-binding compounds in the hepatic and gill cytosol of the fish.

3.2.3. Distribution of Se in the heat-treated hepatic and gill cytosols
Separation of untreated hepatic cytosol of Vardar chub on
Superdex™ 75 column resulted with four Se peaks (Fig. 4c). The first
two peaks were eluted within VLMM region (0.5-1.6 kDa, with the
maximum at 0.8 kDa; and 3-6 kDa, with the maximum at 5 kDa;
Table 5). The most of Se was eluted within the third, high and sharp,
MMM peak (~20-50 kDa, with the maximum at ~30 kDa, Table 5).
The fourth peak was also eluted within the MMM region (~60-
110 kDa, with a maximum at ~90 kDa), but it was much smaller and

corresponded to void volume of the column. After the cytosol heat-
treatment, both MMM peaks were almost completely removed (de-
creases of approximately 90%, Table 6), whereas VLMM peaks were
only slightly decreased (10-26%, Table 6), indicating that a portion of
hepatic Se binds to small, heat-stable compounds within the cytosol.
In both untreated gill samples, cytosolic Se was mostly eluted within
the single, sharp and narrow VLMM peaks (0.5-1.3 kDa, with a maxi-
mum at 0.8 kDa; Fig. 5¢, d), which coincided with the first peak in the
hepatic cytosol (Fig. 4c; Table 5), and corresponded well with the results
obtained for the gills after the cytosol separation on Superdex™ 200 col-
umn (Fig. 3b). These VLMM peaks were not affected by the heat-treat-
ment (peak variations within 10%, Table 6). Selenium binding to
VLMM compounds in both liver and gills of Vardar chub might corre-
spond to some Se-containing peptides or selenoamino acids, and
based on the analyses performed after the cytosol heat-treatment, it
can be concluded that those compounds are heat-stable.
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Table 5

Elution times (t.) and molecular masses (MM) of cytosolic proteins from liver and gills of Vardar chub (Squalius vardarensis) contained within the fractions in which respective elements
were eluted, after separation of cytosols and heat-treated cytosols by size exclusion HPLC with Superdex™ 75 10/300 GL column. Presented data refer to maximums of trace element peaks
(i.e. to fractions with the highest trace element concentrations), whereas the numbers within the brackets refer to the beginnings and the ends of trace element peaks.

Element Organ VLMM peak 1* VLMM peak 2° LMM peak® MMM peak 1¢ MMM peak 2¢
te/min MM/kDa te/min MM/kDa te/min MM/kDa te/min MM/kDa te/min MM/kDa
Essential elements Cu Liver 23(26-21) 20(11-31)
Mo Liver 28 (30-27) 7(5-9) 16 (19-15) 89 (47-111)
Gills 28 (30-26) 7(5-11)
Se Liver 38(40-35) 0.8(0.5-1.6) 30(32-29) 5(3-6) 21(23-19) 31(20-47) 16(18-15) 89(58-111)
Gills 38 (40-36) 0.8(0.5-1.3)
Zn Liver 23(26-21) 20(11-31) 17 (20-15) 72(38-111)
Gills 16 (14-21) 89(31-137)
Non-essential element Cd Liver 23(25-21) 20(13—31)
Gills 23 (25-21) 20(13-31) 16 (18-15) 89(58-111)

# VLMM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in very low molecular mass protein region (<10 kDa).
b MM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in low molecular mass protein region (10-30 kDa).
€ MMM peak - a peak of trace element concentration in the cytosolic fractions with a maximum in medium molecular mass protein region (30-100 kDa).

4. Conclusions

This comprehensive study of cytosolic distributions of eight trace el-
ements (Co, Cu, Fe, Mo, Mn, Se, Zn, and Cd) in the liver and gills of Var-
dar chub (S. vardarensis) from three differently contaminated
Macedonian rivers by use of metallomics approach, based on SEC-
HPLC cytosol separation and HR ICP-MS detection, has enabled determi-
nation of the ranges of molecular masses of biomolecules that bind trace
elements under different conditions of environmental exposure. Espe-
cially interesting findings were: (i) probable binding of Fe to storage
protein ferritin observed in much higher proportion in the liver than
in the gills; (ii) association with metallothioneins observed for Cd, Cu
and Zn in the liver, and Cd in the gills; (iii) Se binding to compounds
of very low molecular masses, below 5 kDa, observed in both organs,
but in higher proportion in the gills. Additional study of distributions
of trace elements in the hepatic and gill cytosols after their heat-treat-
ment further confirmed binding of Cd, Cu and Zn to heat-stable proteins,
probably MTs, as well as existence of the heat-stable cytosolic com-
pounds of very low molecular masses (<10 kDa) that bind Mo and Se.
Analysis of the influence of increased environmental exposure to trace
elements on their cytosolic distributions in liver and gills of Vardar
chub revealed that the changes were generally of quantitative and not
qualitative nature. In other words, trace elements under all studied con-
ditions were found associated to the same biomolecules, and only their
proportions associated to specific cytosolic compounds have changed as
a consequence of their increased bioaccumulation in the liver and gills
of Vardar chub. Comparison of the results obtained for the liver and
gills of Vardar chub from the Macedonian rivers with previously pub-
lished information on the same organs of European chub (S. cephalus)
from the Sutla River (Croatia) indicated that distributions of trace

Table 6

Heat-treatment induced changes in distribution profiles of Cu, Mo, Se, Zn and Cd in cytosol
of chub liver and gills, after separation by SEC-HPLC with Superdex™ 75 10/300 GL col-
umn. The results are presented as percentage decrease (—) or increase (+ ) of metal quan-
tity in certain peaks which occurred after heat treatment of the cytosol.

Protein MM Liver Gills
Fish No. 8 Fish No. 11 Fish No. 13
Cu 11-31 kDa +8%
Mo 5-9 kDa +272% +11% +7%
47-111kDa —92%
Se 0.5-1.6 kDa —26% +2% —6%
3-6kDa —10%
20-47 kDa —89%
58-111kDa —92%
Zn 11-31 kDa -11%
38-111kDa —76% —86% —76%
Cd 13-31 kDa +5% —10% —-11%
58-111 kDa —65% —75%

elements are generally comparable in these two species from the
same genus, Squalius, which enables their comparative use in the mon-
itoring programmes, even in the distant parts of the world.
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Significance to metallomics

Characterization and identification of selected
metal-binding biomolecules from hepatic and

gill cytosols of Vardar chub (Squalius vardarensis
Karaman, 1928) using various techniques of liquid
chromatography and mass spectrometryf

Nesrete Krasnici,” Zrinka Dragun, {9 ** Snjezana Kazazi¢,® Hasan Muharemovic,®
Marijana Erk,” Maja Jordanova,© Katerina Rebok® and Vasil Kostov®

Metals play crucial physiological roles, but they can also cause irreparable toxic effects through binding
to important cellular biomolecules in aquatic organisms. The aim of this study was to determine the
exact molecular masses and to identify several selected metal-binding biomolecules in hepatic and gill
cytosols of Vardar chub (Squalius vardarensis Karaman, 1928). Methods applied for the achievement of
this goal were SEC-AEC-HPLC for two-dimensional separation of cytosolic biomolecules, HR ICP-MS
for metal measurements, and mass spectrometry (MALDI-TOF-MS and LC-MS/MS) for biomolecule mass
determination and identification. The analyzed biomolecules included: Fe-binding biomolecules, which were
identified as hemoglobin subunit B in the liver (molecular masses of ~15 kDa), and hemoglobin subunits
o and B in the gills (molecular masses of ~11 kDa, ~13 kDa and ~15 kDa); heat-stable Cd-binding
biomolecules, which were identified as MT isoforms MT-I and MT-Il (molecular mass of ~6.0 kDa in both
liver and gills, and an additional 4.9 kDa isoform in the gills); and heat-stable Mo-binding biomolecules of
molecular masses equal to 3.3 kDa (in the gills) and 8.5 kDa (in the liver). An important finding of this study
was the obvious presence of different isoforms of the same biomolecules in the liver and gills. This was,
among others, manifested through the absence of Zn binding to MTs only in the gills, indicating that the
same type of biomolecule can be responsible for different functions in different organs. Thus, for better
understanding of metal behaviour in aquatic organisms, it is crucial to identify cellular metal-binding
biomolecules and their functions.

This study has brought us one step closer to the understanding of the fate of metals bioaccumulated in the organs of an important aquatic bioindicator species,
namely Vardar chub. Application of two-dimensional chromatographic separation of cytosolic biomolecules according to their sizes and charges, and of
subsequent metal and biomolecule analyses using various mass spectrometry techniques (HR ICP-MS, MALDI-TOF-MS, and LC-MS/MS) enabled the
recognition of important Fe, Cd, and Mo-binding biomolecules in Vardar chub liver and gills. Differences in biomolecule characteristics observed between
the two organs have confirmed the importance of studies of organ-specific isoforms of various proteins within cells.
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As a consequence of human activities (such as mining, industry,
traffic, and agriculture), environmental contamination with metals,
especially contamination of aquatic systems, is steadily increasing
and affecting living organisms." For the evaluation of the degree of
metal contamination and possible pollution of aquatic ecosystems,
fish play an important role due to their key position in many food
webs, thus being useful for the assessment of the bioaccumulation
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and effects of metals originating from water, food and
sediments.”” Metals bioaccumulated in fish organs bind to or
interact with cytosolic molecules and can interfere with cell
functions, leading to various deleterious effects.®” On the other
hand, metals also play an important physiological role in living
organisms, since many biological functions critically depend on
interactions with certain metals within the cell; for example,
several proteins require a metal ion to be able to perform their
catalytic activities, to stabilize their structures and to properly
perform their functions.® *° Therefore, metal physiological func-
tions, as well as their possible toxic effects on metabolism and
homeostasis of fish organisms can be assessed by analyses of
various metal binding biomolecules within the cells, such as
various metalloenzymes and other metalloproteins.""** A large
number of studies on metal-binding biomolecules were carried
out in the frame of various metal speciation projects, but only a
few fish metalloproteins have so far been identified and their
functions clarified, allowing better insight into the intracellular
fate of bioaccumulated metals, as well as toxic and defensive
mechanisms that are triggered by metal exposure.">™”

To obtain valuable information on the identity and functions
of metal-binding biomolecules in living systems it is necessary to
apply adequate state of the art analytical equipment.'® The
researchers in this field generally use a combination of high-
sensitivity atomic detectors, such as inductively coupled plasma
mass spectrometry (ICP-MS), different techniques of high per-
formance liquid chromatography (HPLC), and various types of
mass spectrometry (MS), to enable metal/nonmetal analyses
within the cells, as well as characterization and possible identifi-
cation of specific metal-binding biomolecules."*>* Association
of multidimensional separation approaches (e.g. size exclusion
(SEC)-HPLC and anion exchange (AEC)-HPLC) with various mass
spectrometry techniques (e.g. matrix assisted laser desorption/
ionization (MALDI) time-of-flight (TOF) MS, or liquid chromato-
graphy (LC) MS) further improves the reliable identification of so
far unknown and undescribed metal binding biomolecules, that
will in turn provide a possibility of precise assessment of
hazardous environmental situations.>*®

In our previous work we have implemented offline coupling
of SEC-HPLC and high resolution (HR) ICP-MS to determine
distributions of several elements (Cd, Co, Cu, Fe, Mn, Mo, Pb,
Se, Tl and Zn) among cytosolic biomolecules of the gills and/or
liver of three fish species, European chub (Squalius cephalus),*’*®
Vardar chub (Squalius vardarensis)*® and brown trout (Salmo
trutta)*® In our studies, the liver was chosen as a key metabolic
and detoxification organ of fish, containing a high amount of
various metalloproteins which are characterized by a wide range of
molecular masses.”*" The gills were chosen as an important entry
route of contaminants, such as metals; they are known for their
good reflection of the current environmental situations, through
metal bioaccumulation and oxidative stress responses.’* However,
the complete separation and a precise determination of mole-
cular masses of all metal-binding biomolecules contained
within hepatic or gill cytosols of selected fish species would
be rather difficult, and probably not even possible, based solely
on the SEC-HPLC-HR-ICP-MS measurements. The resolution
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and sensitivity of the SEC-HPLC method is such that it offers a
rough separation of the studied metal-binding biomolecules,
and the obtained elution peaks of each studied element generally
cover rather wide ranges of molecular masses, which can include
several metalloproteins. Furthermore, elution peaks of different
metals can partially or completely overlap, thus needing a further
separation before any kind of additional analyses.”

Hence, in this study, which presents the continuation of our
previous study on the liver and the gills of Vardar chub,*” our
first goal was to implement anion-exchange chromatography as
an additional separation technique following size-exclusion
chromatography, to isolate purified fractions that contain,
whenever possible, individual metal-binding biomolecules.
Our second goal was to implement two mass spectrometry
techniques into our research (MALDI-TOF-MS and LC-MS/
MS), to more precisely determine the molecular masses of
several metal-binding biomolecules from hepatic and gill cyto-
sols of Vardar chub, and, when possible, to identify them. Our
attention was directed towards analyses of several hepatic and gill
metal-binding biomolecules, which were roughly determined in our
previous study on Vardar chub,” including: (1) medium molecular
mass (~25-50 kDa) Fe-binding biomolecules; (2) heat-stable low
molecular mass (~ 7-25 kDa) Cd-, Cu- and Zn-binding biomolecules,
presumably metallothioneins (MTs); and (3) heat-stable very
low molecular mass (~5-10 kDa) Mo-binding biomolecules. By
the application of two-dimensional HPLC separation followed
by HR ICP-MS analyses of metals and MS analyses of the above
listed metal-binding biomolecules, our general aim in this
study was to extend the knowledge and understanding of
metal handling strategies in Vardar chub, as an important
bioindicator species.

Experimental data
Fish sampling and organ dissection

As a bioindicator species in this study we have used Vardar
chub (Squalius vardarensis Karaman, 1928), a member of the
Cyprinidae family, because it is a widespread fish species in the
Macedonian rivers, and closely related to European chub
(Squalius cephalus), fish species abundant in European fresh-
waters. Fish sampling was performed in the spring period (June
2015) in two rivers in north-eastern Macedonia, Bregalnica
(N 41°43.57' E 22°10.27) and Zletovska (N 40°58.54" E 21°39.45"),
and the map of the sampling area was previously published." Fish
were caught by electro fishing, using an electrofisher Samus 725G,
according to the guidelines described in standard CEN EN
14011:2003. The captured fish were transported to the laboratory,
and during transportation they were kept alive in a tank containing
aerated river water, which was collected at each sampling site. In
the laboratory, the fish were anesthetized with Clove Oil (Sigma
Aldrich, USA) and euthanized, and then the liver, gills and gonads
were dissected. Fish total lengths (cm) and total masses (g) were
measured, and Fulton condition indices (FCI) were calculated using
the formula provided by Ritz and Lloret,*® whereas fish sex was
determined histologically.** The liver and gills were put in liquid
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Table 1 Basic biometric characteristics and total hepatic and gill cytosolic concentrations of Cd, Cu, Fe, Mo and Zn of five Vardar chub (Squalius
vardarensis) specimens, which were caught in two Macedonian rivers (Bregalnica and Zletovska) in June 2015

3

Fish no. River Length/cm Mass/g Sex FCI/g cm™ CdugL™' CupgL™' Fe/mgL ' Mo/ugL ™' Zn/mgL ' TP/mgL’
i Bregalnica 19.1 78.57 F 1.13 Liver 6.99 4,07 x 10°  6.53 22.2 5.87 17.69
Gills 4.04 46.2 5.26 2.79 14.8 13.25
2 Bregalnica 19.4 8375 F 115 Liver 10.8 2.88 x 10°  3.65 16.2 5.68 18.15
Gills 2.32 44.6 4.53 2.41 13.9 1315
3 Zletovska  16.2 4594 M 1.08 Liver 175.0 7.21 x 10° 111 27.6 10.0 19.74
Gills  66.7 42.7 4.26 1.38 18.1 15.50
4 Zletovska  18.5 59.36 F 0.94 Liver 142.1 5.47 x 10°  8.51 20.1 6.80 18.64
Gills  52.3 45.4 4.48 1.62 22.2 13.67
5 Bregalnica 17.7 56.20 M 101 Liver 26.5 3.80 x 10°  7.90 29.7 5.32 19.60
Gills 2.28 44.5 3.63 2.16 10.0 14.08

nitrogen immediately upon dissection, and afterwards they were
stored in a freezer at —80 “C. In total, five fish were analyzed in the
course of this study, and their biometric parameters are given in
Table 1.

Isolation of cytosolic fractions from Vardar chub liver and gills
and their heat-treatment

Frozen Vardar chub livers and gills were put on ice and cut into
small pieces, and then cooled homogenization buffer [100 mM
Tris-HCl/base (Sigma, pH 8.1 at 4 °C) supplemented with
reducing agent (1 mM dithiothreitol (DTT), Sigma)], w/v 1:5,
was poured in. The obtained mixture was homogenized in
a glass tube, which was put on ice, applying 10 strokes of a
PTFE-coated pestle at 6000 rpm (Potter-Elvehjem homogenizer,
Glas-Col, USA). Hepatic and gill cytosols were obtained by
homogenate centrifugation at 50000 x g for 2 h at 4 °C, using an
Avanti J-E centrifuge (Beckman Coulter), ie. the supernatants (S50)
obtained after centrifugation corresponded to water-soluble
cytosolic tissue fractions® containing lysosomes and micro-
somes.”® The supernatants were aliquoted and stored in a
freezer at —80 °C.

The heat-treatment of hepatic and gill cytosols was performed
according to the slightly modified procedure described by Erk et al.*’
The cytosols were heated at 70 °C for 10 minutes using a DB-2D
Dri-Block (Techne, UK). After the heat-treatment, the samples
were kept on ice for 30 min at 4 °C, and then centrifuged at
10000 x g for 15 min at 4 °C (Heraeus Biofuge Fresco, Kendro,
USA). The supernatants (S10), containing heat-stable biomolecules,
were separated from the pellets and stored at —80 “C.

Determination of total cytosolic protein concentrations

Total protein concentrations were measured in the hepatic and
gill cytosols of Vardar chub according to Lowry, as previously
described by Krasnici et al.>® For protein determination we have
used the Bio-Rad DC Protein Assay and the measurements
were carried out on a spectrophotometer/fluorometer (Tecan,
Infinite M200) at a wavelength of 750 nm. The concentrations
were read from the calibration curve, which was constructed
using five concentrations (0.25-2.0 mg mL ) of bovine serum
albumin (Serva, Germany) dissolved in the homogenization
buffer. Total protein concentrations in the gills and liver are
presented separately for each fish as shown in Table 1.

This journal is © The Royal Society of Chemistry 2019

SEC-HPLC fractionation of cytosols and heat-treated cytosols
from Vardar chub liver and gills

The distribution of metals/nonmetals among biomolecules of
different molecular masses in the cytosols and heat-treated
cytosols from Vardar chub livers and gills was studied using
SEC-HPLC (PerkinElmer HPLC system, series 200, USA), as
previously described in detail by Krasniéi et al.”’>° Two types
of SEC columns for globular proteins (GE Healthcare Bio-
sciences, USA) were used: prepacked Tricorn™ Superdex 200
10/300 GL with a separation range of 10-600 kDa and a
Tricorn™ Superdex 75 10/300 GL column with a separation
range of 3-70 kDa. For each sample two chromatographic runs
were carried out, and in each run a volume of 100 pL was
applied on the column. The separation was achieved using
20 mM Tris-HCl/base (Sigma, pH 8.1 at 22 °C, flow 0.5 mL min ")
as a mobile phase (isocratic mode) in both types of SEC columns.
The fractions were collected in plastic tubes at one minute intervals
using a fraction collector (FC 203B, Gilson, USA). For the column
calibration, several protein standards (thyroglobulin, apoferritin,
B-amylase, alcohol dehydrogenase, conalbumin, bovine albumin,
ovalbumin, carbonic anhydrase, cytochrome C, and vitamin B12;
Sigma, USA) were run through the column under the same
conditions as the samples. The equation of the calibration
straight line for Superdex 200 was: y = —0.281x + 1.6473; and
for Superdex 75: y = —0.3343x + 1.6664 (y = K,y; X = log MM). The
void volume was determined by the use of blue dextran (defined
MM: 2000 kDa), which was eluted in column Superdex 200 at
16.3 min and in Superdex 75 at 15.6 min.

AEC-HPLC separation of fractions of interest collected after
SEC,09-HPLC and SEC;5-HPLC fractionation of cytosols and
heat-treated cytosols from Vardar chub liver and gills

Fractions of interest collected from Vardar chub hepatic and
gill cytosols using fractionation by SEC,o-HPLC or SEC;5-HPLC
were pooled and preconcentrated to a volume of ~200 uL by
ultrafiltration using Amicon Ultra centrifugal filters (cut off at
3 kDa, Merck, Millipore, Ireland) and centrifuged at 14000 x g
at 4 °C in a Heraeus Biofuge Fresco centrifuge (Kendro, USA).
Concentrated samples were then applied in volumes of 100 pL
on anion-exchange column mono Q 5/50 GL (5 x 50 mmy;
GE Healthcare Bio-Sciences, Sweden) to perform AEC-HPLC
separation. The separation and elution were achieved using
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4 mM Tris-HCl buffer (pH 7.4) as mobile phase A, and 250 mM
ammonium acetate buffer prepared in 10 mM Tris-HCI (pH
7.4) as mobile phase B. The mobile phase flow was 1 mL min '
and the gradient elution protocol was adjusted according to the
procedure described by Rodriguez-Cea et al.*® The protein
absorbances were monitored at 254 and 280 nm using a Diode
Array Detector (DAD) (PerkinElmer, series 200, USA). For each
sample, two consecutive chromatographic runs were per-
formed, and the fractions containing metals and biomolecules
of interest were collected at 0.5 min intervals in plastic tubes
using a fraction collector (FC 203B, Gilson, USA).

Measurements of metal/nonmetal concentrations in Vardar
chub hepatic and gill cytosols, as well as in fractions obtained
by SEC-HPLC and AEC-HPLC separations

The concentrations of Cd, Co, Cu, Fe, Mn, Mo, Se, and Zn were
measured in the hepatic and gill cytosols of Vardar chub, which
were ten times diluted with Milli-Q water and acidified with
HNO; (Suprapur, Merck, Germany; final acid concentration in
the samples: 0.65%) prior to measurements. Fractions of hepatic
and gill cytosols collected after SEC-HPLC and AEC-HPLC
separations were only acidified with HNO; (Suprapur, Merck,
Germany, final acid concentration in the samples: 0.16%) prior
to offline metal/nonmetal measurements. Indium (Fluka,
Germany) was added as an internal standard (1 pg L") in all
samples.>® The measurements were performed via HR ICP-MS
(Element 2, Thermo Finnigan, Germany), equipped with an
autosampler SC-2 DX FAST (Elemental Scientific, USA) and a
sample introduction kit consisting of a SeaSpray nebulizer and a
cyclonic spray chamber Twister. Measurements of *’Se, **Mo,
and '''Cd were operated in low-resolution mode, whereas *’Mn,
36Fe, *°Co, **Cu, and °°Zn were measured in medium resolution
mode. External calibrations were performed using multielement
standard solution for trace elements (Analitika, Czech Republic).
All standards were prepared in 1.3% HNO; (Suprapur; Merck,
Germany) and supplemented with In (1 ug L™ '; Fluka, Germany).
Limits of detection (LODs) were calculated as three standard
deviations of ten consecutive measurements of trace elements in
the blank solution (Tris-HCl/base, dithiothreitol, HNO;). The
LODs for trace elements measured within this study were as
follows (in pg L’l): Cd, 0.005; Co, 0.002, Cu, 0.037; Fe, 0.084; Mn,
0.002; Mo, 0.004; Se, 0.138; and Zn, 2.40.>”">° The accuracy of
metal/nonmetal measurements via HR ICP-MS was checked by
the analysis of the quality control sample (QC for trace metals,
catalog no. 8072, lot no. 146142-146143, Burlington, Canada). A
generally good agreement was observed between our data and
the certified values, as can be seen from the obtained recoveries:
Cd (96.2 + 2.0%), Co (98.5 + 2.7%), Cu (94.8 + 4.0%), Fe (94.5 +
4.3%), Mn (97.3 + 2.9%), Mo (96.4 + 13.4%), Se (98.2 + 5.3%),
and Zn (104.4 £ 15.5%).

Determination of exact molecular masses of selected cytosolic
biomolecules from Vardar chub liver and gills and their
identification via MALDI-TOF-MS and LC-MS/MS

The fractions, containing specific metal-binding biomolecules, were
collected after one-dimensional (SEC-HPLC) and two-dimensional
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chromatographic separations (SEC-AEC-HPLC). They were
further on pooled and preconcentrated by ultrafiltration using
Amicon Ultra centrifugal filters (cut off at 3 kDa, Merck,
Millipore, Ireland) and centrifuged at 14000 x g at 4 °C in a
Heraeus Biofuge Fresco centrifuge (Kendro, USA). Thus pre-
pared samples were then analysed by MALDI TOF-MS (Bruker
Daltonik Microflex series, Germany) and LC-MS/MS (the Bruker
Daltonik amaZon ETD ion trap system, Germany).

Analyses on MALDI-TOF-MS were used to determine exact
molecular masses of isolated Vardar chub hepatic and gill
biomolecules of interest. For this purpose, 1 pL of preconcentrated
samples was spotted in two replicates onto a 96-spot steel target
plate (Bruker Daltonik, Germany) and allowed to visibly dry at room
temperature. Subsequently, 1 pL of a-cyano-4-hydroxycinnamic acid
(10 mg mL™"; Bruker Daltonik, Germany) in 50% acetonitrile/2.5%
trifluoroacetic acid was added on top of the samples as a matrix.

The analyses of LC-MS/MS were performed with an aim to
identify, whenever possible, isolated cytosolic biomolecules
obtained from Vardar chub liver and gills. For that purpose,
preconcentrated samples were first dried and then redissolved
in 20 mM ammonium bicarbonate. In this solution DTT was
added to a final concentration of 10 mM in order to reduce
possible disulfide bonds in the proteins. After 1 hour at room
temperature, iodoacetamide (IAA) was added to the reaction
mixture to a final conncentration of 54 mM and left in the dark
at room temperature for another hour. Finally, trypsin (Trypsin
Gold, Promega, USA) was added (1 pg per 100 pg of proteins)
and the mixture was incubated overnight at room temperature.
The reaction was stopped by the addition of formic acid.

Analyses of obtained samples of tryptic peptides were per-
formed via low resolution ion trap LC-MS/MS. Peptides were
loaded onto a Dionex Ultimate 3000 RSLC trap column (C18 resin,
Acclaim “pepmap”, 100 A, 5 um, 1 mm x 5 mm) in 1 pL of solution
containing 0.1% formic acid and 2% acetonitrile, and desalted for
2 min with 0.1% formic acid at a flow rate of 20 uL min~". Peptides
were separated on a cappilary column (C18 resin, Acclaim “pepmap”,
100 A, 2 pm, 0.3 mm x 150 mm) at a flow rate of 1 pL min "
Mobile phase A consisted of 0.1% formic acid in water and mobile
phase B consisted of 0.1% formic acid in acetonitrile. The 45 min
multistep gradient consisted of mobile phase B: 1 min 5%, 30 min
linear gradient to 45%, 1 min linear gradient to 90%, 4 min hold on
90%, 3 min linear gradient to 5%, 6 min hold on 5%. The Amazon
ETD ion trap (Bruker Daltonik, Germany) mass spectrometer was
operated at an ESI capillary voltage of —4500 V, while the high
voltage end plate offset was —500 V. The nebulizer was set at 10 psi.
The temperature of dry gas was set at 200 “C with a flow rate of
5L min". Helium was used as a collision gas. The fragmentation
amplitude was set at 0.60 V and ramped between 30% and 300%
of this value. Product ion spectra were sequentially recorded for
each selecter precursor. The acquisition software was set up in
autoMSMS mode using up to three precursor ions with active
exclusion on (precursor exclusion after two MSMS spectra for
2 min). MS and MSMS spectra were acquired within a scan range
from 300 to 1500 m/z using averages from five/two spectra and a
scan rate of 8100 (m/z) s™'. DataAnalysis software 4.0 (Bruker
Daltonik GmbH, Germany) was used to extract MS and MS/MS
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biomolecules (3-9 kDa). Predominant binding of Co, Mn, and
Mo to HMM biomolecules in the liver of Vardar chub was
consistent with previous observations on Vardar chub*® and
can be explained by the essential function of these metals in the
activities of numerous enzymes.*™*! Furthermore, both hepatic
(Fig. Sif, ESIT and Table 2) and gill Se (Fig. S2b, ESI{ and
Table 2) in this study were mainly distributed between two
VLMM peaks, with the major Se quantity bound to VLMM
biomolecules of 0.3-1.5 kDa, which encompassed small peptides
and free amino acids, such as selenomethionine.”” High Se
affinity for VLMM biomolecules in hepatic and gill cytosols of
Vardar chub was already reported in our previous study, and
could be associated to Se binding to small biomolecules involved
in the defense against oxidative stress.*>*¥*!

Hepatic Cu (Fig. S1b, ESIf and Table 2) in this study was
distributed within one peak, containing LMM biomolecules
(5-24 kDa). The same was observed for hepatic (Fig. Sth, ESIT
and Table 2) and gill Cd (Fig. S2d, ESIT and Table 2). This was
consistent with the previous study on Vardar chub, where
Cu- and Cd-binding LMM biomolecules were eluted within a
single and sharp peak at the elution time of the MT standard,
indicating high affinity of Cu and Cd for binding to MTs.*
Such binding, suggesting a detoxification response of the
organism, was previously reported for white sucker (Catostomus
commersonii),” juvenile yellow perch (Perca flavescens),” and
European eel (Anguilla anguilla).*® Both hepatic (Fig. S1g, ESIt
and Table 2) and gill Zn (Fig. S2c, ESIf and Table 2) were
also found bound to LMM biomolecules (7-24 kDa), but this
binding was more obvious and more intense in the liver, and
indicated hepatic Zn association to MTs. This was consistent
with the observations for both Cu and Cd, and was also in
agreement with the previous reports on pearl cichlid (Geophagus
brasiliensis) and sea catfish (Netuma barba),*® as well as on
European eel (A. anguilla)."® However, notable quantities of
hepatic and gill Zn were additionally found bound to HMM
biomolecules (>495 kDa) and to MMM biomolecules (24-299 kDa).
Large quantities of Zn eluted within HMM and MMM protein
regions were also observed in our previous study in both Vardar
chub organs,? indicating the essential role of Zn in the function of
many proteins and enzymes,"”*® such as transport protein albumin
(66 kDa) and enzymes Cu-Zn superoxide dismutase (SOD, 32 kDa)
and carboanhydrase (29 kDa).** Furthermore, potential Zn binding
to MTs, which was more pronounced and clear in the liver than in
the gills, was also observed in our former study on Vardar chub.*

In this study, hepatic Fe (Fig. Sic, ESIT and Table 2) was
distributed between two comparable peaks, the first one refer-
ring to HMM biomolecules (181-637 kDa) and the second one
to MMM biomolecules (24-51 kDa). In the gills (Fig. S2a, ESI{
and Table 2), however, the majority of Fe was distributed within
one peak containing MMM biomolecules (19-51 kDa), which
coincided with the second Fe peak of the hepatic cytosol. This
was in agreement with the previous finding on Fe distribution
in the liver and gills of Vardar chub, with much more pro-
nounced Fe presence in the HMM protein region in the liver,*’
most likely referring to Fe binding to ferritin (~450 kDa)," a
primary iron storage protein.’® The suggested explanation was
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that the absence of HMM Fe-binding biomolecules in the gills
was the reflection of known function of the liver and not the
gills in the process of Fe storage.*® Similarly, Neves et al.**
found ferritin expression in both the liver and brain of sea bass
(Dicentrarchus labrax), but higher concentrations were measured in
the liver, as the major organ of iron storage. On the other hand, we
have found comparable Fe quantities eluted within the MMM
protein region in both organs of Vardar chub, which possibly
reflected Fe binding to transport or enzymatic proteins, such as
hemoglobin (~ 65 kDa),* transferrin (~ 80 kDa),"* myoglobin
(~17 kDa),"® catalase (subunits of ~60 kDa),” or some other
proteins.

Since it is usually expected to find transport protein trans-
ferrin in the hepatic samples, as described by Neves et al.>® in
the study on the liver of sea bass (D. labrax), we have run the
standard protein transferrin (76-81 kDa) through the SEC,40-
column and recorded its elution time at the 22nd to 27th
minute, with a maximum at approximately the 24th minute,
corresponding to MM of 85 kDa (Fig. S3, ESIf). However, the
corresponding peak was not observed in either hepatic or gill
SEC,, Fe profiles of Vardar chub (Fig. Sic and S2a, ESI{). We
have, furthermore, collected the MMM Fe-fractions from both
liver and gills after the SEC,0,-HPLC separation (¢, 25-30 min),
and then recorded MALDI-TOF-MS spectra for the collected
samples (Fig. S4a and b, ESIT), as well as for standard proteins
transferrin (Sigma-Aldrich Co., USA) and Zn,Cu-SOD (Sigma-
Aldrich Co., USA) (Fig. S4c and d, ESIt). We have included SOD
because MMM Fe-fractions have partly overlapped with the
tails of LMM Cu-fractions and MMM Zn-fractions (Table 2).
A comparison of MALDI-TOF-MS spectra obtained for the
samples and standards clearly indicated the absence of trans-
ferrin in our samples, but confirmed the probable presence of
SOD, based on the concurrent appearance of similar peaks in
the spectra of both hepatic and gill samples and of the SOD
standard (peaks at 31 kDa, 15.5 kDa (2+), and 7.75 kDa (4+)).
Since hemoglobin subunits have molecular mass of approxi-
mately 15 kDa,** peaks at 15.5 kDa could have additionally
indicated the presence of hemoglobin in our samples, espe-
cially taking into consideration the reddish colour of the
collected fractions. Several peaks observed below 10 kDa in
the MALDI-TOF spectra of hepatic and gill samples have
possibly indicated Fe-binding to biomolecules belonging to a
low-molecular-mass iron pool, sometimes called the transit
iron pool,® which contains small and soluble complexes that
help in intracellular Fe transport from one Fe-binding protein
to the other.”

Analysis of Vardar chub hepatic and gill MMM Fe-binding
biomolecules (isolated by SEC,q,-HPLC) using AEC-HPLC and
MS techniques

Since the likely presence of non-Fe-binding proteins was estab-
lished in MMM Fe-fractions obtained by SEC,,-HPLC separa-
tion, in the next step of our research we have collected these
fractions from liver and gills (¢. 26-29 min, Fig. Sic and S2a,
ESIt), purified them via AEC-HPLC (Fig. 1), and then analyzed
Fe-binding proteins present in hepatic and gill samples via
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Fig.1 AEC-HPLC analyses of hepatic and gill MMM Fe-peaks, which were obtained by SEC;00-HPLC separations (t. 26—29 min). The obtained AEC
distribution profiles of Fe, Zn, and Cu in three samples of liver (a—c) and Fe and Zn in three samples of gills (d—f) are presented in this figure as nanograms
of metals eluted every half minute. The major Fe-containing peaks (liver: t. 11-14 min; gills: t. 10-13 min), which are marked by dotted lines, were further

used for MS analyses.

MALDI-TOF-MS and LC-MS/MS (Fig. 2, Tables 3 and 4). AEC-
separation was often applied after SEC-fractionation in the
course of isolation and characterization of Fe-binding bio-
molecules, e.g. in human serum® " and in fish (rainbow trout,
Oncorhynchus mykiss).”> During AEC-separation, Fe-binding
biomolecules were eluted within single clear and sharp peaks,
with elution time from 10.0 to 14.5 min for the liver (Fig. 1a-c)
and from 9.5 to 13.5 min for gills (Fig. 1d-f), whereas the
concentration of ammonium acetate (mobile phase B) needed
for their elution generally ranged from 32.5 to 43.8 mM
(Table 3). Small Zn and Cu peaks separated from Fe-peaks were
observed (¢, 15.0-17.5 min), especially in the profiles of hepatic
samples (Fig. 1a-c), showing the advantage of AEC-HPLC as a
useful protein purification procedure.

To further characterize purified Fe-binding biomolecules,
we have collected Fe-fractions eluted during AEC separation
(liver: o 11-14 min; gills: t. 10-13 min) and recorded their mass
spectra via MALDI-TOF-MS. The MALDI spectra obtained for
the hepatic Fe-fractions always showed one major peak at
15.4 kDa, and sometimes two additional smaller peaks at

This journal is © The Royal Society of Chemistry 2019

31.5 kDa and 46.9 kDa (Fig. 2a). Recorded peaks most likely
corresponded to hemoglobin (Hb) spectra, with characteristic
Hb monomers (~15 kDa), dimers (~30 kDa) and trimers
(~45 kDa). Hemoglobin, although a large protein of molecular
mass of approximately 64.5 kDa, has four subunits each con-
taining a polypeptide chain (« or ) and a heme group.”® In the
rainbow trout (O. mykiss) blood, five major o chains and four
major B chains have been identified, with the mass range
from 15.1 to 16.0 kDa,** corresponding well to our results. In
the study on human blood, Yu et al.*>' have also observed the
simultaneous occurrence of monomers and dimers after the
separation of Hb on SDS-PAGE mini-gels. Accordingly, the peak
at ~15 kDa most likely corresponded to either an o-chain, or a
B-chain, and the peak at ~30 kDa probably corresponded to the
covalent product of o-o, p-p, or a—-p crosslinking, whereas the
peak at 45 kDa probably corresponded to a covalently linked
trimer.’’ The MALDI-TOF spectra obtained for the gill
Fe-fractions also showed clear peaks at ~15 kDa, which could
be attributed to Hb, but additional peaks were observed at lower
molecular masses, indicating multiple charges on proteins
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Fig. 2 Mass spectra obtained via MALDI-TOF-MS for MMM Fe-binding biomolecules, which were separated by SEC;00-HPLC followed by AEC-HPLC
from hepatic cytosols (a) and gill cytosols (b) of Vardar chub (the spectra are presented for fish no. 2).

Table 3 Elution times (t.) and concentrations of ammonium acetate (mobile phase B) needed for elution of hepatic and gill cytosolic biomolecules of
Vardar chub during the AEC-HPLC separation of Fe-MMM (Fig. 1) and Cd-LMM (Fig. 3) fractions, which were obtained by prior SEC,0-HPLC fractionation
(te 26—-29 min and 30-34 min, respectively). Data for the AEC-HPLC separation of Cd-LMM fractions from fish no. 2 are not presented, due to low Cd

concentrations and high dilution effect

Sample  Fe-MMM fraction (Fig. 3)  t/min ¢ (NH40Ac)/mM  Cd-LMM fraction (Fig. 5)  t/min ¢ (NH;,0Ac)/mM
Liver  No. 1 Peak 1 10.0-12.5 32.5-43.8 Peak 1 9.5-12.0 32.5-43.8
Peak 2 13.0-16.5 43.8-62.5
No. 2 Peak 1 11.0-14.0 32.5-43.8 — — —
No. 3 Peak 1 10.5-14.5 32.5-62.5 Peak 1 9.0-12.0 25.0-43.8
Gills No. 1 Peak 1 10.0-13.0 32.5-43.8 Peak 1 9.5-12.0 32.5-43.8
Peak 2 13.0-16.5 43.8-62.5
No. 2 Peak 1 10.0-13.0 32.5-43.8 = = =
No. 3 Peak 1 9.5-13.5 32.5-43.8 Peak 1 10.0-12.0 32.5-43.8
Peak 2 12.5-16.0 43.8-62.5

(Fig. 2b), whereas the signs of multimers were not recorded. For
example, in fish no. 1 (Fig. 2b), the other two peaks were
probably double charged (peak 2: 7.7 kDa; 2+) or triple charged
(peak 1: 5.1 kDa; 3+).

To identify Fe-binding biomolecules with certainty, we addi-
tionally analyzed AEC-collected hepatic and gill Fe-fractions via
LC-MS/MS with a subsequent Mascot database search, which
confirmed the Hb presence in soluble fractions of both the liver
and gills of Vardar chub (Table 4). In both the liver and gills,
subunit B of Hb (corresponding to subunits originating from
various fish species) was identified, whereas subunit o was only
found in one gill sample (fish no. 2, Table 4). The observation
of subunit o can explain the MALDI spectra obtained for the
gills of fish no. 2, which next to the peak of 15.3 kDa also
contained two additional peaks of lower molecular masses (at
11.3 kDa and 13.5 kDa) which possibly corresponded to Hb
subunit o. Lower molecular mass of the o-chain (15.1 kDa)
compared to the B-chain (15.9 kDa) was also recorded in human
Hb,”" as well as in rat Hb (o: 15.3 kDa; B: 16.0 kDa).”®> Our
results, therefore, undoubtedly confirmed the presence of
blood in the samples of Vardar chub liver and gills, which

Metallomics

was not surprising considering that organ perfusion was not
performed prior to liver and gill dissection and the isolation of
soluble tissue fractions. In addition, major binding of Fe to
hemoglobin instead of transferrin is consistent with the find-
ings by Fernandez-Menéndez et al,* who showed that in rat
red blood cells less than 13% of total Fe was bound to
transferrin, i.e. 87-93% of Fe was found bound to hemoglobin.
Combination of SEC- and AEC-HPLC with MS analyses was
proven to be a sensitive and optimal tool for the detection of Hb
variants, as also pointed out by Kleinert et al.®®

Analysis of Vardar chub hepatic and gill LMM Cd-binding
biomolecules (isolated by SEC,,,-HPLC) using AEC-HPLC

Furthermore, our aim was to better characterize the potential
MT fraction from Vardar chub liver and gills, i.e. Cd, Cu, and
Zn-binding LMM biomolecules observed after SEC,n,-HPLC
separation. Hyphenated techniques, such as combination of
SEC-HPLC and AEC-HPLC with ICP-MS, allow us to distinguish
different MT isoforms, which could bring much more insight-
ful information on the regulation of essential elements such as
Cu and Zn, and on the detoxification of metals such as Cd in
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Table 4 Characterization and identification of MMM Fe-binding biomolecules from hepatic and gill cytosols of Vardar chub separated by SEC,00-HPLC
(te 26—-29 min) and AEC-HPLC (t. 11-14 min), using MALDI-TOF (Fig. 2), and LC-MS/MS after protein trypsinization

MM (kDa) m/z (kDa)
Fish (according to SEC,q) (according to MALDI-TOF) Proteins identified by LC-MS/MS: Mascot search results
Liver  No. 1 (Fig. 4a)  24-51 Peak 1 15.4 Hemoglobin subunit beta (Danio rerio, score: 244;
Peak 2 315 Carassius auratus, score: 181; Arctogadus glacialis, score: 147)
Peak 3 46.9
No. 2 24-51 Peak 1 15.4 Hemoglobin subunit beta (Danio rerio, score: 225;
Peak 2 — Carassius auratus, score: 156; Arctogadus glacialis, score: 122)
Peak 3 —
No. 3 24-51 Peak 1 15.4 Hemoglobin subunit beta (Danio rerio, score: 160;
Peak 2 31.6 Arctogadus glacialis, score: 106)
Peak 3 47.0
Gills  No. 1 (Fig. 4b) 19-51 Peak 1 5.1 Hemoglobin subunit beta-1 (Danio rerio, score: 313)
Peak 2 7.7
Peak 3 15.4
No. 2 19-51 Peak 1 11.3 Hemoglobin subunit beta (Danio rerio, score: 111;
Carassius auratus, score: 96; Arctogadus glacialis, score: 85)
Peak 2 13:5 Hemoglobin subunit alpha (Cyprinus carpio, score: 69)
Peak 3 15.3

various organisms.®' Thus, we have collected hepatic and gill
Cd-containing LMM fractions produced by SEC,q,-HPLC separa-
tion (¢, 30-34 min) and analysed them by AEC-HPLC (Fig. 3a-d).

In general, two well resolved Cd-peaks were obtained by
AEC-separation of Cd-containing LMM fractions from both the
Vardar chub liver (Fig. 3a and b) and gills (Fig. 3c and d), with
elution times from 9.0-12.0 minutes and 12.5-16.5 minutes,
whereas the concentrations of ammonium acetate (mobile
phase B) needed for their elution generally ranged from
32.5 to 43.8 mM and 43.8 to 62.5 mM, respectively (Table 3).
The elution of these biomolecules did not require hard ionic
strength conditions in the anion-exchange column, which is
consistent with the previous studies on MTs obtained from
several other fish species (Cyprinus carpio, A. anguilla, and
G. brasiliensis), which reported MT elution at a concentration
of 30-45 mM of ammonium acetate.’®**% In addition to AEC-
separation of hepatic and gill samples, we have also analyzed
MT standards from rabbit liver (isoforms MT-1 and MT-II) using
the AEC-HPLC method (Fig. 3e and f). Examination of their
absorbance profiles at 254 nm revealed that the MT-I standard
eluted at 9.5-11.5 minutes, whereas the MT-II standard eluted
at 13.0-16.0 minutes. Evidently, elution time of the MT-I
standard coincided with the first Cd-containing peak, whereas
the elution time of the MT-II standard coincided with the
second Cd-containing peak of Vardar chub organs, further
confirming that analyzed LMM Cd-containing fractions indeed
contained MTs, specifically MT isoforms MT-I and MT-II. The
Cd-binding biomolecules were previously investigated in the liver
of two species of flatfish (Limanda limanda and Microstomus kitt)
by Duquesne and Richard,*" who also confirmed the existence of
two isoforms of hepatic MT, with MT-II as a predominant isoform.
Several other authors also reported Cd-binding to two MT iso-
forms, MT-I and MT-I], in organs of various fish species: in the liver
of eel (A anguilla)*® and dab (L. limanda)® and in the liver and
gills of goldfish (Carassius auratus), yellow catfish (Pelteobagrus
fulvidraco), stone moroko (Pseudorasbora parva) and barbel chub
(Squaliobarbus curriculus).®® The obtained results in this study

This journal is © The Royal Society of Chemistry 2019

further demonstrated the importance of the multidimensional
chromatographic approach in MT analyses, since the sole applica-
tion of SEC-HPLC separation revealed Cd-binding to MTs, but was
not able to reveal the presence of various isoforms.

The obtained AEC-peaks contained all three analyzed metals
(Cd, Cu, and Zn) in hepatic samples (Fig. 3a and b), whereas in
the gills they referred solely to Cd (Fig. 3¢ and d), since Cu was
not measured due to its low cytosolic concentrations in the gills,
and Zn was not detected in the MT region after AEC-separation.
This was an indication of the absence of Zn binding to MTs in
Vardar chub gills, as this was already anticipated based on the
results of the SEC,,,-HPLC analysis of gill cytosols (Fig. S2, ESIT).
Furthermore, this was in agreement with the absence of the clear
Zn peak at the elution time of MTs in the gills of European chub
(S. cephalus) obtained from the Sulta River.*® Observed differ-
ences between Zn distributions in the liver and in gills suggested
a tissue-dependent physiological role of MT isoforms. Although
both organs evidently contained MT-I and MT-II isoforms, it is
possible that each isoform differed in the amino acid sequence
between organs, presenting gill and hepatic subisoforms of MT-I
and MT-II. The hepatic Zn-containing MT isoforms are therefore
considered, not only as a means of detoxification, but also as a
means of storage of essential metals, which can be donated to
the other proteins when needed.***” The gill Cd-containing MT
isoforms, on the other hand, can be hypothesized to serve
predominantly as a detoxification tool.

It was previously reported by Goenaga Infante et al.* that Cd
was preferably bound to a major MT-I isoform in the rabbit liver
standard and that the increase of the Cd amount bound to MTs
in the liver of gibel carp (Carassius auratus gibelio) mainly
reflected the induction of an MT-I isoform. Such predominant
binding to MT-I was observed in our study only in one liver
sample (fish no. 3, Fig. 3b), whereas in the same fish, Cd
binding to MT-II was more pronounced in the gills (fish no. 3,
Fig. 3d). Similarly, Li et al.®® reported Cd binding only to MT-I
in the liver of bighead carp (Aristichthys nobilis) and white amur
bream (Parabramis pekinensis), whereas in the gills of the same
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Fig. 3 AEC-HPLC analyses of hepatic and gill LMM Cd-peaks (presumably containing MTs), which were obtained by SEC,00-HPLC separations (t. 30—34 min). The
obtained AEC distribution profiles of Cd, Cu, and Zn in two samples of liver (a and b) and Cd and Zn in two samples of gills (c and d) are presented in this figure as
nanograms of metals eluted every half minute. AEC-HPLC chromatographs recorded by UV detection at 254 nm are presented for standard proteins MT-| (e) and

MT-II (f).

fish species Cd was bound to both MT-I and MT-II. Goenaga
Infante et al.” further reported that, in contrast to Cd, the excess
of intracellular Cu and Zn appears to be sequestered by four MT
isoforms in the liver of gibel carp (C. auratus gibelio), including
MT-I1 and MT-II isoforms, which were also detected via AEC-
HPLC. This phenomenon of differential metal-binding by
specific MT isoforms, which has been reported in various types
of organisms (mammals, snails, and mussels),®* 7 might be
related to different roles of each MT isoform in the metal
detoxification and regulation.*®

Metallomics

Further characterization of MT fractions by the application
of MALDI-TOF-MS was done after heat-treatment and SEC-s-
HPLC fractionation of hepatic and gill cytosols, which are
presented in the next subsection.

SEC,5-HPLC analyses of trace element distributions in hepatic
and gill cytosols before and after the heat-treatment

According to Rosabal et al.,”" the heat-stable cytosolic fraction
contains biomolecules, such as MTs, which are consistently
involved in the detoxification of trace metals. MTs are

This journal is © The Royal Society of Chemistry 2019
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heat-stable proteins, owing to a high content of cysteine residues
(30% of their amino acids) which give heat-stability to
peptides.” However, in addition to MTs, we have previously
detected the presence of the other heat-stable biomolecules
in Vardar chub liver and gills, namely VLMM biomolecules
(<10 kDa) that bind Mo and Se.>* Our aim, therefore, was to
further purify cytosolic samples to obtain the fractions which
contain solely heat-stable peptides and proteins characteristic of
Vardar chub liver and gills, i.e. to remove by the heat-treatment
at 70 °C high molecular mass proteins that could interfere with
the characterization of heat-stable biomolecules.'®*” We have
performed SEC;s-HPLC analyses on both untreated and heat-
treated hepatic and gill cytosols of Vardar chub to define the
changes in the cytosolic distributions of several elements (Cd,
Cu, Zn, Mo and Se) that occur after the cytosol heat-treatment. As
already stated above in the introductory part of the section
SEC,00-HPLC analyses of trace element distributions in hepatic
and gill cytosols of Vardar chub, by performing this procedure
we were able to confirm the results obtained during the 2012
campaign,?® and to isolate the heat-stable metal-containing
fractions that we wanted to further characterize. Distribution
profiles of five mentioned elements in the hepatic and gill
cytosols of Vardar chub before and after the heat-treatment are
presented in the ESIf (Fig. S5 and S6), whereas their elution
times and the molecular masses of the corresponding bio-
molecules are given in Table 5.

In our previous study, we have reported binding to heat-
stable LMM biomolecules (10-30 kDa), presumably MTs, for Cd
and Cu in the liver and Cd in the gills of Vardar chub.?® In this
study, elution within the LMM peak (9-31 kDa, Table 5) was
again observed for both hepatic Cd (Fig. S5a and d, ESI{) and
Cu (Fig. S5c and f, ESI{), as well as for gill Cd (Fig. S5g and i,
ESIT). The observed LMM peaks remained mostly unchanged
after the heat-treatment in the case of the liver (changes within
10%, Table 6) and slightly decreased in the case of the gills
(changes up to 30%, Table 6), confirming the presence of
Cd,Cu-binding heat-stable biomolecules, mostly MTs, in the
Vardar chub liver and gills. As the heat-treatment causes a
partial removal (~50% after 10 minutes at 70 °C) of the MT20
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fraction (MT dimers) from the samples due to the presence of
disulphide bonds within MT20 molecules,’” the observed 30%
decrease of the gill LMM peak after the heat-treatment most
likely referred to the slight reduction of MT dimers.’” MT
monomers (MT10), on the other hand, are resistant to any
physical or chemical treatment and do not change under the
influence of increased temperature.’” In the case of the Vardar
chub gills, a small part of Cd was additionally eluted within the
MMM peak (38-137 kDa, Fig. S5g, i, ESI and Table 5), which
visibly decreased (up to 65%, Table 6) after the heat-treatment,
indicating the heat-sensitive nature of Cd-binding MMM bio-
molecules in the gills. This was a confirmation of the previous
finding of Cd binding to MMM biomolecules only in the Vardar
chub gills (60-110 kDa), which was hypothesized to refer to the
undetoxified portion of gill Cd.*

Elution within the LMM peak (11-31 kDa, Table 5) was also
observed for hepatic Zn (Fig. S5b and e, ESIt), but, as expected,
not for gill Zn (Fig. S5h and j, ESIf), again confirming the
absence of Zn-MT binding in the gills of Vardar chub. The
hepatic Zn-LMM peak was proven to be relatively heat-stable,
taking into consideration the rather low decrease of the LMM
peak after the heat-treatment (up to 22%, Table 6). This small
decrease of the Zn-LMM peak was probably related to the
reduction of the MT20 fraction,” as already discussed above
for the gill Cd-LMM fraction. The findings of this study are
consistent with the previously reported Zn binding to heat-stable
LMM biomolecules (10-30 kDa) in the liver and its absence in
the gills of Vardar chub.?” In this study, in both organs of Vardar
chub, Zn was also eluted within the MMM peak (~20-137 kDa),
which represented the minor part of cytosolic Zn in the liver (Fig.
S5b and e, ESIt), and the major part in the gills (Fig. S5h and j,
ESIf). After the heat-treatment, both hepatic and gill Zn-MMM
peaks were almost completely removed (decrease up to 80%,
Table 6), pointing to the heat-sensitivity of Zn-binding MMM
proteins. Zinc binding to MMM biomolecules (30-140 kDa) and
their almost complete removal by the heat-treatment was also
previously reported for the Vardar chub liver and gills.*

In the untreated hepatic cytosols of Vardar chub, Mo was
eluted within two peaks (Fig. S6a and ¢, ESIT), with the majority

Table 5 Elution times (t.) and molecular masses (MM) of hepatic and gill cytosolic proteins of Vardar chub, which were comprised within metal-
containing fractions obtained by separation of cytosols and heat-treated cytosols using SEC;5-HPLC (Fig. S5 and S6, ESI). Presented data refer to
maximums of trace element peaks and to the peak spans (within the brackets)

MMM peak 1¢ MMM peak 2¢ LMM peakb VLMM peak 1° VLMM peak 2°
Element Organ t./min MM/kDa  t./min MM/kDa t./min MM/kDa t./min MM/kDa t./min MM/kDa
Essential elements ~ Cu Liver 23 (21-27) 20 (31-9)
Mo Liver 16 (14-21) 89 (137-31) 28 (26-30) 7 (11-5)
Gills 28 (26-30) 7 (11-4.5
Se Liver 16 (14-18) 89 (137-58) 21 (19-25) 31 (47-13) 30 (28-32) 4.5 (6-3) 37(35-39) 1 (1.6-0.5)
Gills 16 (14-24) 89 (137-16) 30 (28-32) 4.5 (6-3) 38 (35-40) 0.8 (1.6-0.5)
Zn Liver 18 (14-20) 58 (137-38) 23 (21-26) 20 (31-11)
Gills (14~23) (137 20)
Non-essential Cd Liver 23 (21-26) 20 (31-11)
element Gills 16 (14-20) 89 (137-38) 23 (21-26) 20 (31-11)

“ MMM peak - peak maximum in the medium molecular mass protein region (30-100 kDa). * LMM peak - peak maximum in the low molecular

mass protein region (10-30 kDa).
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¢ VLMM peak - peak maximum in the very low molecular mass protein region (<10 kDa).
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Table 6 Heat-treatment induced changes in distribution profiles of Cd,
Zn, and Cu (Fig. S5, ESI) and Mo and Se (Fig. S6, ESI) in cytosols of Vardar
chub liver and gills, as observed after SEC;5-HPLC fractionation. The
results are presented as a percentage decrease () or increase (+) of metal
quantity eluted within individual peaks (in the table expressed as molecular
masses (MM) of eluted proteins) of heat-treated cytosols, when compared
to untreated cytosols

Liver Gills
Protein MM Fish no.2 Fishno.5 Fishno.2 Fishno.5
cd 137-38 kDa ND ND —65% —45%
31-11 kDa —-2% +0.5% -31% —-20%
Zn 137-20 kDa —80% —81% —76% —81%
31-11 kDa —-12% —22% ND ND
Cu 31-9 kDa —-2% —6% NM NM
Mo 137-31 kDa —83% —80% ND ND
11-5 kDa +146 +272% +7% +27%
Se 137-58 kDa —82% —84% —82% —62%
47-13 kDa -73% —80% —82% —64%
6-3 kDa -13% —27% +1% 0.5%
1.6-0.5 kDa  +2% —-11% +6% +6%

ND - peak not detected; NM - metal not measured.

of Mo eluted within the first MMM peak (31-137 kDa, Table 5),
and only a small amount eluted within the second VLMM peak
(5-11 kDa, Table 5). However, after the cytosol heat-treatment,
the hepatic Mo-MMM peak was almost completely removed
(decrease of ~80%, Table 6), whereas the Mo-VLMM peak
markedly increased (146-272%, Table 6), suggesting that a part
of Mo has shifted from the MMM region to the VLMM bio-
molecule region. The same finding was previously reported for the
Vardar chub liver, and hypothesized as possible decomposition of
heat-sensitive Mo-MMM-proteins to smaller, heat-stable, Mo-
binding biomolecules.® In contrast, both before and after the
heat-treatment, gill Mo (Fig. S6e and g, ESIf) was eluted almost
completely within the VLMM peak (5-11 kDa, Table 5) which
coincided with the second peak of the hepatic cytosol, again
confirming the results of our previous study*® and proving the
heat-stability of gill Mo-VLMM biomolecules. The gill Mo-VLMM
peak also slightly increased after the heat-treatment, but only up
to 30% (Table 6). Since a small part of Mo was eluted in the MMM
protein region, and was removed after the heat-treatment (Fig. S6e
and g, ESIY), it was possible that a portion of Mo also shifted from
the MMM to VLMM region, as observed for the liver, thus
explaining a slight increase of the VLMM peak.

In the untreated hepatic (Fig. S6b and d, ESIf) and gill
cytosols (Fig. S6f and h, ESIt) of Vardar chub, Se eluted within one
or two peaks in the MMM protein region (~10-140 kDa, Table 5),
as well as within two VLMM peaks (3-6 kDa and 0.5-1.6 kDa,
Table 5). After the cytosol heat treatment, Se-MMM peaks of both
organs were almost completely removed (decrease up to 80%,
Table 6), confirming their heat-sensitivity. In contrast, Se-VLMM
peaks exhibited evident heat-stability, with hepatic Se-VLMM peaks
having slightly decreased (up to 27%, Table 6), and gill Se-VLMM
peaks having remained almost unchanged (increase up to 6%,
Table 6) after the heat-treatment. These results were consistent with
our previous report on Se in Vardar chub organs, indicating partial
Se binding to small, heat-stable compounds within the hepatic and
gill cytosols of Vardar chub.”
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Our further aim in this study was to more closely characterize
the heat-stable biomolecules that bind Cd (probable MT
fractions), as well as those that bind Mo in the liver and gills
of Vardar chub. To achieve this goal, we have collected
the fractions of interest obtained by the above described
SEC,5-HPLC fractionation of heat-treated Vardar chub hepatic
and gill cytosols, and then analyzed them via AEC-HPLC and
MALDI-TOF-MS.

Analysis of hepatic MT fractions of Vardar chub (isolated
by heat-treatment and SEC,5-HPLC) using AEC-HPLC and
MALDI-TOF-MS

We have collected LMM fractions containing Cd, Cu and Zn,
which were produced by the SEC,5-HPLC separation of heat-
treated hepatic cytosols (. 21-25 min), and analysed them by
AEC-HPLC. The distribution profiles of Cu, Zn and Cd obtained
by the combination of AEC-HPLC separation and subsequent
measurements of HR ICP-MS are presented in Fig. 4 for the
samples of hepatic cytosols purified by the heat-treatment, and
they confirmed the results already presented for the untreated
hepatic cytosols (Fig. 3a and b) in the section Analysis of Vardar
chub hepatic and gill LMM Cd-binding biomolecules (isolated
by SEC,o-HPLC) using AEC-HPLC. As can be seen, in both
analyzed fish Cd, Cu, and Zn were eluted within two peaks, the
first one from 9.5 to 12.5 min (concentration of ammonium
acetate as mobile phase B from 32.5 to 43.8 mM) and the
second one from 12.5 to 15 min (concentration of ammonium
acetate as mobile phase B from 43.8 to 62.5 mM) (Fig. 4a and b).
This was a confirmation of the above discussed association of
Cd, Cu and Zn to two different MT isoforms in the liver of Vardar
chub, where the elution time of standard MT-I (9.5-11.5 min;
Fig. 3e) coincided with the first Cd, Cu, and Zn peak and the
elution time of standard MT-II (13-16 min; Fig. 3f) coincided
with the second Cd, Cu, and Zn peak.

Furthermore, we have collected these two hepatic fractions
obtained by AEC-HPLC separation, marked as the L-Cd1 frac-
tion (¢, 9.5-12 min) and the L-Cd2 fraction (¢, 12.5-15 min) and
analyzed them via MALDI-TOF-MS, to determine their exact
molecular masses and define if there are observable differences
in the masses of MT-I and MT-II isoforms of the Vardar chub
liver. First, we have recorded mass spectra for each of the MT
standards (Fig. 5a and b) and established that molecular
masses of MT-I (6.2 kDa) and MT-II (6.1 kDa) differed by only
100 Da. Molecular masses of major peaks in L-Cd1 and L-Cd2
fractions were the same (6.0 kDa; Table 7; Fig. 5¢ and d) and
only 100-200 Da lower than molecular masses of MT standards.
Considering the accuracy of the MALDI-TOF-MS instrument, as
well as the possibility of some differences in MT saturation or
in the content of specific metals bound to MTs, both of which
can result in mass differences of a few hundred Da,”* our
findings suggested that the mass of the two MT isoforms
isolated from the Vardar chub liver corresponded to the masses
of analyzed MT-I and MT-II standards. MT isoforms I and II
commonly differ from one another very little considering their
molecular masses.”® Accordingly, rabbit liver standards MT-I
and MT-II without Zn (Enzo, Switzerland), which we have used
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Fig. 4 AEC-HPLC analyses of hepatic LMM Cd-peaks, which were
obtained by SEC;s-HPLC separations of heat-treated hepatic cytosols
(te 21-25 min). The obtained AEC distribution profiles of Cd, Zn, and Cu
in two samples of heat-treated hepatic cytosols (a and b) are presented in
this figure as nanograms of metals eluted every half minute. The L-Cdl
peaks (te 9.5-12 min) and L-Cd2 peaks (t. 12.5-15 min), which are marked
by dotted lines, were further used for MS analyses.

in this study, were declared as both having the same molecular
masses, amounting to 6.145 kDa, whereas their fully saturated
forms (including seven Zn ions) have a mass of 6.603 kDa.
Carpené and Vasak™ identified two MT isoforms (MT-1 and
MT-2) in the liver of goldfish (C. auratus) by ion exchange
chromatography and amino acid sequencing. The two isoforms
differed in only one amino acid residue, with MT-1 containing
61 and MT-2 containing 62 residues.” So, it was evident that it
is not possible to distinguish these two isoforms based solely
on their masses, since the molecular masses of some MT
isoforms are too close for successful separation via SEC-HPLC
and mass spectrometry.”> The application of AEC-HPLC as an
intermediate step can be helpful in such cases. MT isoforms
differ in amino acid composition other than cystein residues,
which causes them to have different isoelectric points and
different hydrophobicities,”* and consequently their distinct
separation by AEC-HPLC following SEC-HPLC can be expected. The
two dimensional approach of MT separation via SEC-AEC-HPLC is
often applied in various aquatic organisms, such as flatfish
(L. limanda),”® gibel carp (C. auratus gibelio),” eel (A. anguilla),”
sea catfish (N. barba) and pearl cichlid (G. brasiliensis),”® and
molluscs.” Further similarity between the two MT isoforms from
Vardar chub liver and two MT standards referred to the fact that in
all four samples we have also detected smaller peaks probably

This journal is © The Royal Society of Chemistry 2019
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corresponding to MT dimers, with the molecular masses equal
to 12.0 kDa for the liver and 12.3-12.4 kDa for the standards.
Concurrent presence of MT-monomers and MT-dimers was
previously reported by Ivankovi¢ et al’® in both control and
Cd-exposed mussels (Mytilus galloprovincialis).

In addition to the described MT peaks, in MALDI-TOF-MS
spectra of L-Cd1 and L-Cd2 several other minor peaks were
observed, as shown in Fig. 5c and d, which could present new
molecular signatures that bind to Cd in fish liver. Minor peaks
observed within the L-Cd1 fraction had molecular masses equal
to 4.3 kDa, 4.4 kDa, 8.6 kDa and 9.3 kDa, whereas within the
L-Cd2 fraction the following minor peaks were observed: 4.3 kDa,
4.4 kDa, 7.9 kDa, 8.2 kDa and 8.6 kDa. Since low resolution ion
trap LC-MS/MS applied in this study could not reliably deter-
mine listed Cd-binding biomolecules, their investigation will
be included in our future studies.

Analysis of gill MT fractions of Vardar chub (isolated by
heat-treatment and SEC;-HPLC) using MALDI-TOF-MS

To further characterize gill MTs, we have collected Cd-
containing LMM fractions, which were produced by SEC,s-
HPLC separation of heat-treated gill cytosols (f. 21-25 min),
and tried to analyse them by AEC-HPLC, the same as we have
done for the liver. However, due to the low concentrations of
analyzed metal and proteins in the samples, we were not able to
obtain detectable results. Therefore, we have analyzed the LMM
fractions collected after the SEC,5-HPLC separation (f. 21-25
min) directly on MALDI-TOF-MS. The obtained spectrum pre-
sented in Fig. 5e showed three peaks, with a major peak at a
mass of 4.9 kDa (Table 7). This peak did not seem as it referred
to MTs. However, Maltez et al”> also found a major Cd-
containing peak at a mass of 5.1 kDa in the snail Marisa
cornuarietis. Although they initially inferred that this mass was
too low if compared with already classified metallothionein-like
proteins (MLPs), they eventually came to the conclusion, based
on sequencing analysis, that the MLP isoform at a mass of
5.1 kDa could correspond to MT.” In our study, two smaller
peaks were also obtained, one at 6.2 kDa which corresponded to
masses of MT standards (6.1-6.2 kDa; Fig. 5a and b), and
another at 3.1 kDa which probably corresponded to double
charged MT molecules. Using such approach of MS analysis
directly after the SEC-HPLC separation obviously has its dis-
advantages, as it did not provide the possibility to reliably discern
two isoforms, whose presence was observed after the AEC-HPLC
separation of SEC,0-HPLC fractions from untreated gill cytosols
(Fig. 3c and d; Table 3) and discussed in the section Analysis of
Vardar chub hepatic and gill LMM Cd-binding biomolecules
(isolated by SEC,0-HPLC) using AEC-HPLC. However, our ana-
lyses did indicate that there were differences between MTs from
the two organs. Our finding that gill MTs, unlike hepatic MTs, do
not bind Zn, is consistent with the report by Noél-Lambot et al.”’
who claimed that gill MT of eels (A. anguilla), contrary to the liver,
binds very small amounts of Zn and Cu. They even asserted
that MT does not seem to be a normal constituent of the gills,
but rather its synthesis in the gills is induced as a consequence
of Cd exposure.”” Van Campenhout et al.”® found a similar type
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Fig. 5 Mass spectra obtained via MALDI-TOF-MS for the following samples: metallothionein standards MT-I (a) and MT-II (b); two heat stable LMM
hepatic peaks, L-Cd1 (c) and L-Cd2 (d), which were separated by SEC;5-HPLC and AEC-HPLC from heat-treated hepatic cytosols of Vardar chub (the
spectra are presented for fish no. 5); heat stable LMM Cd-containing peak, G-Cd (e), which was separated by SEC;5-HPLC from heat-treated gill cytosol

of Vardar chub (the spectra are presented for fish no. 2).

of difference between the liver and kidneys of carp (C. carpio),
with only 2% of cytosolic Zn bound to MTs in the kidneys, and
over 30% in the liver. This difference between gill and hepatic
MT was further confirmed by the fact that gills, in addition to a
small amount of commonly found 6 kDa MT, contained a
predominant MT isoform of lower molecular mass (~5 kDa).

Analysis of heat-stable Mo-binding biomolecules from hepatic
and gill cytosols of Vardar chub (isolated by heat-treatment and
SEC,5-HPLC) via MALDI-TOF-MS

Since there is no information available about heat-stable bio-
molecules that bind Mo, or about Mo-binding biomolecules of
fish in general, it was interesting to further characterize such
molecules in the hepatic and gill cytosols of Vardar chub. As
stated in the literature, molecular characterization of Mo
transporters, storage proteins and chaperones in fish, as well
as genomic and proteomic studies concerning Mo-exposed
fish have not yet been carried out.”” Thus, we have collected

Metallomics

Mo-containing VLMM fractions, which were produced by SEC;s-
HPLC separation of heat-treated hepatic and gill cytosols
(te 26-31 min), and tried to analyse and purify them by AEC-
HPLC. The same as happened in the case of the gill MT, also
happened during analyses of Mo fractions, ie. we were not able to
obtain detectable results due to the low concentrations of the
analyzed metal and proteins in the samples of both liver and gills.
Therefore, we have also analyzed the effect of Mo-containing VLMM
fractions collected after SEC;5-HPLC separation (f. 26-31 min)
directly on MALDI-TOF-MS. This fraction, however, was partly
overlapping with the minor Se peak (Fig. S6b, d, f and h, ESL;¥
Table 5), and our initial aim was to separate Mo-binding
biomolecules from the traces of Se-binding biomolecules
using AEC-HPLC. Since this was not successfully done, we
could expect to find some minor peaks referring to small
Se-binding biomolecules in the MALDI spectra. And, indeed,
in the recorded spectra we have found a few unresolved small
peaks (in the liver: 6.9 kDa and 9.6 kDa; Fig. 6a) or even
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Table 7 MALDI-TOF determination of molecular masses of the following biomolecules: (1) heat-stable LMM Cd, Zn, Cu-binding biomolecules (L-Cd1
and L-Cd2, Fig. 5¢c and d) obtained from heat-treated hepatic cytosols of Vardar chub separated by SEC;s-HPLC (t. 21-25 min) and AEC-HPLC (t. 9.5-12
min and 12.5-15 min, respectively); (2) heat-stable LMM Cd-binding biomolecules (G-Cd, Fig. 5e) obtained from heat-treated gill cytosols of Vardar chub
separated by SEC;5-HPLC (t. 21-25 min); (3) heat-stable VLMM Mo-binding biomolecules (Fig. 6a and b) obtained from heat-treated hepatic and gill

cytosols of Vardar chub separated by SEC;5-HPLC (t. 26-31 min)

L-Cd1 (AEC) L-Cd2 (AEC) G-Cd (SEC5s) Mo (SEC,5)
MM (kDa) m/z (kDa) MM (kDa) m/z (kDa) MM (kDa) m/z (kDa) MM (kDa) m/z (kDa)
according according to according according to according to according to according according to
Sample to SECy5 MALDI-TOF to SECy5 MALDI-TOF SECy5 MALDI-TOF to SECys5 MALDI-TOF
Liver no. 2 11-31 Peak 1:6.0 11-31 Peak 1:6.0 — — 5-11 Peak 1:4.2
Peak 2:12.0 Peak 2:12.0 Peak 2:8.5
Liver no. 5 11-31 Peak 1:6.0 11-31 Peak 1:6.0 = = 5-11 Peak 1:4.4
Peak 2:12.0 Peak 2:12.0 Peak 2:8.5
Gills no. 2 — — — — 11-31 Peak 1:3.1 4.5-11 Peak 1:3.3
Peak 2:4.9 Peak 2:8.4
Peak 3:6.2
Gills no. 5 — — — — 11-31 Peak 1:3.0 4.5-11 Peak 1:3.3
Peak 2:4.9 Peak 2:8.5
Peak 3:6.2

background noise (in the gills; Fig. 6b) which could possibly be
associated to either Mo or Se (Fig. 6). The obtained MALDI
spectra presented in Fig. 6a and b showed the presence of two
clear peaks in both the organs. However, the liver major peak
was observed at mass of 8.5 kDa, whereas another, much lower
peak was obtained at a mass of 4.2-4.4 kDa, probably referring to
double charged species (Table 7). In the gills, on the other hand,
the major peak was observed at a mass of 3.3 kDa, whereas a
smaller peak was recorded at a mass of 8.5 kDa, which corre-
sponded to the mass of the major hepatic peak (Table 7). This
could be associated with the results of SEC,5-HPLC distribution
(Fig. S6a, c, e and g, ESL; Table 5), where evident differences
were seen between two organs. Thus, it is possible that the
biomolecule with a mass of ~ 8 kDa, which was predominant in
the liver, and only minor in the gills, refers to Mo-binding
species which appeared after the heat-treatment of the cytosols,
by the degradation of MMM heat-sensitive biomolecules (~30-
130 kDa). In contrast, a smaller biomolecule at ~ 3 kDa possibly
refers to heat-stable Mo-binding species which was initially
present in the cytosol, even before the heat-treatment, and which
was predominat in the gills and negligible in the liver. Since LC-
MS/MS analysis with a subsequent Mascot search did not result
in definite recognition of two Mo-binding biomolecules, due to
the use of a low resolution ion trap mass spectrometer, we are

currently performing sequencing with the aim of their final
characterization.

Conclusions

Application of two-dimensional fractionation of cytosolic bio-
molecules from Vardar chub liver and gills by a combination of
SEC-HPLC and AEC-HPLC, followed by analyses of isolated
fractions by two mass spectrometry techniques, MALDI-TOF-
MS and LC-MS/MS, with an aim to better characterize and
identify several selected metal-binding biomolecules, resulted
in the following findings: (1) MMM Fe-binding biomolecules
from Vardar chub liver and gills, defined by SEC-HPLC to have
molecular masses of ~20-50 kDa, were identified as hemoglobin
subunit f in the liver, with the molecular masses of ~15 kDa
according to MS, and hemoglobin subunits o and B in the
gills, with the molecular masses of ~11 kDa, ~13 kDa and
~15 kDa according to MS; (2) AEC-HPLC separation of LMM
Cd-binding biomolecules from both hepatic and gill cytosols of
Vardar chub indicated Cd binding to two MT isoforms, MT-I
and MT-I, in both studied organs; (3) heat-stable hepatic
LMM Cd-binding biomolecules, defined by SEC-HPLC to have
molecular masses of ~10-30 kDa, were identified as MTs of
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Fig. 6 Mass spectra obtained via MALDI-TOF-MS for heat-stable VLMM Mo-binding biomolecules, which were separated by SEC;5-HPLC from heat-
treated hepatic (a) and gill (b) cytosols of Vardar chub (the spectra are presented for fish no. 2).
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molecular masses equal to 6.0 kDa, according to MS, whereas
gill LMM Cd-binding biomolecules were identified as MTs of
molecular masses equal to 4.9 kDa, according to MS; (4) heat-
stable VLMM Mo-binding biomolecules from the Vardar chub
liver and gills, defined by SEC-HPLC to have molecular masses
of 5-11 kDa, were identified as biomolecules of molecular
masses equal to 3.3 kDa and 8.5 kDa, according to MS, with a
smaller biomolecule being predominat in the gills and the
larger one in the liver. Our study, thus, revealed the differences
between the two studied organs regarding the characteristics of
metal-binding biomolecules (different molecular masses of
hemoglobin and MTs in the liver and gills) and regarding their
prevalence (in the case of Mo). In addition, it was found that gill
MT, unlike the MT hepatic isoform, does not bind Zn, indicat-
ing the possibility of different MT functions in these two
organs. The need for simultaneous application of several
analytical techniques in the research of cellular metal-binding
biomolecules should be emphasized, to enable adequate
separation and characterization of the studied biomolecules.
SEC-HPLC, which can separate the biomolecules according to
their masses, is not able to separate isoforms which differ in
charge, whereas the masses recorded using this technique are
in general higher than the masses obtained by MS analyses.
Therefore, the use of multidimensional separations, as well as
subsequent application of MS, as a method of higher sensitivity
and accuracy in mass determination, is crucial for more reliable
characterization of metal-binding proteins with the purpose of
better understanding the metal behaviour within the cells.
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4. RASPRAVA

Metali predstavljaju vaznu sastavnicu svakog vodenog okolisa te o njihovoj prisutnosti
Cesto ovisi 1 bioraznolikost vodenih ekosustava. Onecis¢enje voda metalima je u porastu zbog
tehnoloskog napretka ljudske zajednice, pri ¢emu najznacajniju ulogu imaju industrija,
rudarstvo, napredna poljoprivreda, otpad iz domacinstava i promet. Zbog toksi¢nosti metala,
njihovog trajnog zadrzavanja u okoliSu i moguénosti akumulacije u tkivima vodenih
organizama, oneciS¢enje vodenih ekosustava metalima moze predstavljati ozbiljan problem
(Harte i sur., 1991.). Za razliku od organskih zagadivala, metali se ne mogu kemijski niti
bioloski razgraditi. Stoga jednom uneseni u vodotoke mogu promijeniti kemijski oblik te
postati manje ili viSe toksi¢ni, ali se ne mogu ukloniti iz biogeokemijskog kruzenja (Sadiq,
1992.). Kao posljedica moze do¢i do razvoja kroni¢nih oboljenja vodenih organizama te se
poremecaji mogu pojaviti ¢ak i na razini populacije (Holcombe i sur., 1976.). Neki metali u
Zivim organizmima imaju vaznu biolosku ulogu (npr., Cu, Fe, Zn) te su nazvani esencijalnim
metalima, a sastavni su dio enzima i drugih proteina, takozvanih metaloproteina (Smith i sur.,
1997.). Metaloproteini su ukljueni u transport elektrona 1 metala, skladiStenje kisika,
hidrolize kemijskih veza, redoks procese 1 sinteze bioloskih spojeva (Gellein 1 sur., 2007.). Za
niz drugih metala (npr., Cd, Pb) funkcije u zivim organizmima nisu poznate te su stoga
nazvani neesencijalnim metalima. Stetni utjecaj metala nastupa pri unosu neesencijalnih
metala ve¢ u vrlo niskim koli¢inama ili esencijalnih metala u prekomjernim koli¢inama koje
mogu naruSiti homeostazu organizma. Na taj naCin moZe nastati Stetno djelovanje na
razliitim organizacijskim razinama, pocevsi od stanice, preko pojedinacnih organizama pa
sve do populacije, Sto napokon moZze Stetno utjecati i na zdravlje ljudi koji vodene organizme

koriste u prehrani (Livingstone, 1993.).

Za ovo istrazivanje kao bioindikatorski organizmi izabrane su dvije vrste riba (klen, S.
cephalus Linnaeus, 1758., i vardarski klen, S. vardarensis Karaman, 1928.). Dosadasnja
istrazivanja na ovim bioindikatorskim organizmima provedena u svrhu procjene izlozenosti
metalima bila su utemeljena na odredivanju ukupnih ili citosolskih koncentracija metala
bioakumuliranih u njihovim organima (npr., Casiot i sur., 2009.; Dragun i sur., 2007.; 2009.;
2012.; 2013.a; 2013.b; 2016.; 2019.; Duman i Kar, 2012.; Podrug i sur., 2009.; Raskovi¢ i
sur., 2018.). Metali akumulirani u organima riba raspodijeljeni su u razli¢ite unutarstani¢ne
odjeljke (npr., citosol, granule, organele, stanicne membrane). Pretpostavlja se da toksi¢nost

metala za vodene organizme potjece od reakcija u citosolu, putem njihovog nespecificnog
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vezanja na fizioloski vazne molekule te posljedi¢ne inaktivacije tih biomolekula (Mason i
Jenkins, 1995.). Stoga, ukupne i citosolske koncentracije metala ne daju potpunu informaciju
o metabolizmu, bioraspolozivosti te moguc¢im toksi¢nim u¢incima metala, kao ni o njihovoj
detoksikaciji (de la Calle Guntinas i sur., 2002.). Svi navedeni procesi na stani¢noj i
molekularnoj razini ovise o vezanju metala na razliCite stani¢éne biomolekule, a te
biomolekule, kao ni bioloSka funkcija i mehanizmi toksi¢nosti mnogih metala u vodenim
organizmima, jo§ uvijek nisu dovoljno istrazeni. Tek je nekoliko biomolekula na koje se
metali veZzu u stanicama vodenih organizama dosad prepoznato i iscrpno opisano npr.,
metalotioneini (MT) (Cd, Cu, Zn, Rodriguez-Cea i sur., 2003.; Goenaga Infante i sur., 2003.;
Van Campenhout i sur., 2008.; Li i sur., 2018.), transferin (Fe, Neves i sur, 2009.; Mn,
Schifer, 2004.), hemoglobin (Fe, Fago i sur., 2002), peptidi koji vezu Se (Yamashita i
Yamashita, 2010.). Stoga je cilj ovoga rada bio primijeniti moderne analiticke pristupe u
opisivanju i prepoznavanju odabranih biomolekula koje vezu metale u jetrima 1 Skrgama dviju

vrsta klena, $to ¢e dalje u raspravi biti iSCrpno izneseno.

4.1. Raspodjela odabranih esencijalnih (Co, Cu, Fe, Mn, Mo, Se, Zn) i
neesencijalnih (Cd, Pb) elemenata medu citosolskim biomolekulama razli¢itih

molekulskih masa u jetrima i §krgama klena (S. cephalus) iz rijeke Sutle

U ovome smo dijelu istrazivanja opisali temeljne raspodjele devet odabranih
metala/nemetala medu citosolskim biomolekulama razli¢itih molekulskih masa u jetrima 1
Skrgama klenova (S. cephalus), odnosno utvrdili smo raspone molekulskih masa citosolskih
biomolekula koje vezu esencijalne elemente Co, Cu, Fe, Mn, Mo, Se i Zn te neesencijalne
elemente Cd 1 Pb u uvjetima niske izloZenosti u okoliSu. Nadalje, opisali smo i promjene
raspodjela koje se javljaju pri poviSenoj bioakumulaciji navedenih elemenata. Rezultati ovog
dijela istrazivanja objavljeni su u radovima pod rednim brojem 1 i 2 u popisu znanstvenih
radova (str. 35-56).

Kao ciljne organe za ove analize odabrali smo jetra klena, jer odrazavaju dugoro¢no
pohranjivanje metala, te Skrge, jer odrazavaju koncentracije metala u vodi u kojoj ribe
prebivaju (Romeo i sur., 1999.). Kako su ribe migratorni organizmi koji ne obitavaju samo na
jednom podrucju rijeke, prednost je Skrga kao ciljnog organa Sto odrazavaju trenutnu
izloZzenost metalima u vodi u kojoj se ribe nalaze, dok se u jetrima kao glavnom
detoksikacijskom organu moze uociti utjecaj dugotrajne izlozenosti, koja moze biti vezana i

uz neki drugi dio rije¢nog toka, a ne isklju¢ivo uz onaj u kojemu je riba ulovljena (Giguere i
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sur., 2004.; Romeo i sur., 1999.). Prema nekim se istrazivanjima u Skrgama uslijed izravnog
dodira s vodom moze ocekivati brzi odgovor na promjene u razini izlozenosti metalima, poput
Cd (Barisi¢ i sur., 2015.; Kraemer i sur., 2005.). U skrgama se ocekuje niza razina
bioakumulacije za ve¢inu elemenata u odnosu na jetra, budu¢i da se akumulirani metali iz

Skrga krvlju prenose u jetra i druge organe (Souza i sur., 2013.).

Klenovi koriSteni u ovome istrazivanju uzorkovani su u rijeci Sutli u Hrvatskoj u rujnu
2009. godine. Koncentracije otopljenih metala u vodi rijeke Sutle u jesen 2009. godine bile su
vecinom usporedive s nezagadenim vodotocima ili umjereno povisene (Co, 0,06-0,42 pg Lt
Cu, 0,17-3,74 ug L™; Fe, 3,1- 80,5 ug L™ Mn, 0,4-261,1 pug L™*; Mo, 0,5-20,1 pg L; Zn,
<5,0 ug L™ Cd, 0,01-0,31 pg L™ Pb, <1,18 pg LY Dragun i sur., 2011.). lzuzetak su
predstavljale uocljivo povisene koncentracije otopljenog Fe, Mn, Cd i Pb na pojedinim
ograni¢enim podrucjima ove rijeke, koje su omogucile pracenje promjena citosolskih

raspodjela tih metala u jetrima i $krgama klena pri povisenoj izlozenosti u rije¢noj vodi.

Prema naSim saznanjima, rezultati dobiveni u ovome istrazivanju prvi su podaci o
citosolskim raspodjelama devet odabranih elemenata u jetrima i Skrgama klena, kao
bionidikatorskog organizma. Uobic¢ajeni prvi korak u prepoznavanju biomolekula koje vezu
metale predstavlja frakcioniranje citosola primjenom tekucinske kromatografije visoke
djelotvornosti s isklju¢enjem po veli¢ini (SEC-HPLC) te odredivanje koncentracija metala i
nemetala u frakcijama koje sadrze biomolekule odredenih molekulskih masa primjenom
masenog spektrometra s induktivno spregnutom plazmom (ICP-MS) (Michalke i Schramel,
2004.; Montes-Bayon 1 sur., 2003.). Na taj se nacin moZe do¢i do informacija o profilima
raspodjele pojedinih elemenata medu citosolskim biomolekulama razli¢itih molekulskih
masa, Sto predstavlja pocetnu tocku u identifikaciji tih biomolekula. Radi jednostavnijeg
opisivanja profila raspodjele dobivenih primjenom SEC,q-HPLC-a (kolona Superdex 200,
raspon razdvajanja 10-600 kDa) i ICP-MS-a visoke rezolucije (HR), definirali smo cetiri

glavne skupine biomolekula koje vezu metale, uzimaju¢i u obzir njithovu molekulsku masu:

1. VMM ili biomolekule visoke molekulske mase (>100 kDa);

2. SMM ili biomolekule srednje molekulske mase (30-100 kDa);
3. NMM ili biomolekule niske molekulske mase (10-30 kDa);

4. INMM ili biomolekule jako niske molekulske mase (<10 kDa).

Medu analiziranim elementima, esencijalni metali Co, Mo, Mn 1 Zn imali su najuZi
raspon citosolskih koncentracija u jetrima i Skrgama klena. U usporedbi s prethodnim

istrazivanjima i uzimaju¢i u obzir nisku izlozenost klenova ovim metalima u rijeci Sutli,
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citosolske koncentracije Co (jetra: 2,1-5,1 ng mL™?; skrge: 1,02-1,60 ng mL™), Mo (jetra: 8,7-
38,5 ng mL™; skrge: 0,56-8,41 ng mL™), Mn (jetra: 73,5-252,8 ng mL™; skrge: 33,7-69,1 ng
mL™) i Zn (jetra: 3,0-11,1 pg mL™; skrge: 9,6-21,0 pug mL™) u jetrima i $krgama klenova bilo
je mogucée definirati kao bazalne razine (Dragun i sur., 2013.a; 2013.b; 2016.; Podrug i sur.,
2009.). Stoga je za navedena cCetiri metala bilo moguce utvrditi samo temeljnu raspodjelu
medu biomolekulama razli¢itih molekulskih masa, karakteristi¢nu za uvjete niske izlozenosti

metalima u rije¢noj vodi.

Kobalt je esencijalni element za ribe i druge organizme, a ima vaznu ulogu u izgradnji
kobalamina (vitamina B12), u kojemu ¢ini 4,5% molekulske mase (Blust, 2012.). Kobalt u
suvisku moze djelovati toksi¢no na ribe, jer kationi kobalta (Co*) ometanjem transporta Ca
mogu ometati normalnu funkciju Skrga, ukljucujuéi ionsku regulaciju, odrzavanje acidobazne
ravnoteze, prijenos plinova te izlucivanje suviSnog dusika (Hille, 1992.; Richards i Playle,
1998.). Kobalt nadalje moze sudjelovati u procesima stvaranja slobodnih radikala, Sto
rezultira proizvodnjom reaktivnih vrsta kisika (Battaglia i sur., 2009.; Olivieri i sur., 2001.;
Wang i sur., 1993.). No, Co je ipak manje toksi¢an za ribe u usporedbi s toksi¢nim uéincima
drugih metalnih iona (Kubrak i sur., 2011.; Marr i sur., 1998.). Niska citosolska koncentracija
Co u jetrima mogla bi se objasniti njegovim vecim afinitetom za akumulaciju u crijevima i
bubrezima nego u jetrima pri umjerenoj izloZenosti, $to je uofeno u istrazivanjima na
razliitim vrstama riba (Baudin 1 Fritsch, 1989.), dok uloga jetre postaje vaznija tek nakon
povecane izloZenosti kobaltu (Mukherjee 1 Kaviraj, 2009.). Profili raspodjele Co medu
citosolskim biomolekulama u jetrima i Skrgama klena ukazali su na znacajnu prisutnost ovoga
metala u podru¢ju VMM biomolekula (jetra: 61-407 kDa; skrge: 20-310 kDa), dok je dio Co
bio raspodijeljen 1 izmedu dva JNMM podrucja citosolskih biomolekula (maksimumi na ~4
kDa i 1-2 kDa), pri ¢emu drugo podrucje odgovara molekulskoj masi kobalamina (1.3 kDa;
Kirschbaum, 1981.). Raspodjela Co izmedu triju navedenih molekulskih podrucja u jetrima
klena bila je jasnija, a pikovi su bili visi, uzi i o$triji u odnosu na skrge, kao posljedica ~2-3
puta visih citosolskih koncentracija Co u jetrima nego u Skrgama. Nadalje, prisutnost Co u
jetrima bila je dominantno vezana uz VMM biomolekule, dok je u Skrgama bila usporediva u
svim trima skupinama biomolekula. lako je najpoznatija uloga Co vezana uz izgradnju
strukture kobalamina, profili raspodjele Co u jetrima klena ukazuju na znacajnu ulogu te

potrebu daljnjeg istrazivanja VMM biomolekula koje vezu Co.

Molibden je vazan esencijalni mikronutrijent koji Cini kataliticki centar vise od

pedeset enzima (Ricketts, 2009.) te sluzi kao kofaktor za najmanje sedam enzima (Beers i
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Berkow, 1998.). Reid (2002.) je uocio da se Mo, za razliku od Co, akumulira u jetrima riba
neovisno o dozi te da ne postoji poznati homeostatski kontrolni sustav za Mo u ribama unato¢
¢injenici da je rije¢ o bitnom mikronutrijentu. Niske citosolske koncentracije Mo u jetrima i
Skrgama klena stoga mogu biti objaSenjene otkricem Anana i sur. (2002.), koji su u
istrazivanjima na kornja¢ama takoder izmjerili niske koncentracije Mo u citosolu uslijed
specificne akumulacije Mo u jezgri i mitohondrijima. Zbog narocito niskih citosolskih
koncentracija Mo u $krgama (0,56-8,41 ng mL™; Dragun i sur., 2016), profile raspodijele bilo
je moguce odrediti samo za jetra klena. Najveci dio Mo u jetrima bio je eluiran u podrucju
VMM biomolekula (62-407 kDa), koje obuhvacaju poznate enzime kojima je Mo kofaktor,
poput aldehid oksidaze, ~130 kDa (Uchida i sur., 2003.), sulfit oksidaze, ~120 kDa (Johnson i
Rajagopalan, 1976.) te Fe-Mo flavoprotein ksantin oksidaze, 275 kDa (Truglio i sur., 2002.).
Manji dio Mo bio je eluiran u podruc¢ju JNMM (maksimum na 7,1 kDa). Usporedbom sa
standardom MT (MM eluiranja nakon SEC-HPLC razdvajanja: 12,5 kDa) utvrdili smo da se
Mo u jetrima klena ne veZe na MT pri izloZenosti molibdenu u rije¢noj vodi do 20 pg L™
Nasi su rezultati bili u skladu s tvrdnjama Rickettsa (2009.) i Reida (2011.) da MT nije
ukljucéen u detoksikaciju molibdena kod poto¢ne pastrve (Salmo trutta) i kalifornijske pastrve

(Oncorhynchus mykiss), &ak ni pri izloZenosti do 1000 mg L™.

Mangan u Zivim organizmima ima esencijalnu ulogu u aktivnosti raznih enzima, poput
Mn-superoksid dismutaze, piruvat karboksilaze, jetrene arginaze, glutamin sintetaze i
oksalacetat dekarboksilaze te ga mozemo naci i u proteinima poput -globulina i albumina
(Fridovich i Freeman, 1986.; Garcia i sur., 2006.; Libor i sur., 1979.; Mogobe i sur., 2015.;
Singh 1 Singh 1990.). Niske koncentracije Mn u citosolima jetara i1 Skrga klena unato¢
povremeno visokoj izloZenosti u rije¢noj vodi moguce je objasniti postojanjem homeostatske
kontrole, ali 1, slicno Mo, ve¢om zastupljeno$¢u ovoga metala u mitohondrijima nego u
citosolu. Dva najvaznija manganova metaloenzima kod sisavaca, Mn-superoksid dismutaza,
jedan od najvaznijih unutarstani¢nih antioksidacijskih enzima, te piruvat karboksilaza,
lokalizirana su u mitohondrijima. Profili raspodjele Mn u jetrima ukazuju na njegovu
prisutnost u tri biomolekulska podrucja, koja pokrivaju Siroko podruc¢je molekulskih masa (7-
400 kDa): VMM biomolekule (62-407 kDa), SMM biomolekule (36-62 kDa) te NMM
biomolekule (7-36 kDa). Budu¢i da su koncentracije Mn u citosolu $krga bile ¢ak do 8 puta
nize u usporedbi s koncentracijama Mn u citosolu jetara, pikovi Mn u Skrgama bili su slabije
razluceni te je Mn bio raspodijeljen unutar istog podru¢ju molekulskih masa kao i u jetrima,

ali u samo dva biomolekulska podrucja. Prvo podrucje pokriva VMM i SMM biomolekule
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(35-310 kDa), a drugo odgovara NMM piku jetara (2-35 kDa). Molekulske mase biomolekula
s kojima je eluiran najve¢i dio mangana (VMM i SMM) obuhvacdaju i molekulske mase
enzima arginaze (100 kDa; Wolf i sur., 2007.) i Mn-superoksid dismutaze (~88-95 kDa;
Fridovich i Freeman, 1986.), kao i molekulske mase poznatih transportnih proteina, albumina
(66 kDa) i transferina (80 kDa; Martin-Antonio i sur., 2009.). Albumin sudjeluje u transportu
Mn iz probavnog sustava u jetra, dok transferin veze Mn u jetrima te u tom obliku predstavlja

izvor Mn za prijenos u druga tkiva (Schéfer, 2004.).

Cink je esencijalni element za sve stanice svih poznatih organizama te je nakon Fe
drugi najzastupljeniji element u tragovima u vecini kraljeznjaka (Vallee, 1986.). Neophodan
je za razliCite osnovne bioloSke procese, ukljucuju¢i metabolizam proteina, nukleinskih
kiselina, ugljikohidrata i lipida, a takoder je ukljuen i u rad imunoloSkog sustava,
neurotransmisiju 1 stani¢nu signalizaciju (Beyersmann, 2002.; Coleman, 1992.; Murakami i
Hirano, 2008.). Sastavni je dio enzima koji kataliziraju vise od 50 razli¢itih biokemijskih
reakcija te je sastavni dio i proteina ukljucenih u ekspresiju gena (Hogstrand i sur, 1991.; de la
Calle Guntifias 1 sur., 2002.). Visoke koncentracije cinka u stanicama mogu izazvati
toksi¢nost za vodene organizme, zbog ¢ega je Agencija za zastitu okolisa SAD-a ukljucila Zn
u popis prioritetnih zagadivala (USEPA, 2002.). Medutim, ribe su sposobne regulirati
akumulaciju Zn i odrZavati ga u uskim koncentracijskim rasponima ¢ak i pri vrlo viskoj
izloZzenosti u okolisu (Watanabe i sur., 1997). Istrazivanje na jetrima grgeca (Perca fluviatilis)
(Hogstrand 1 sur. 1991.) pokazalo je da stostruko povecanje ukupne koncentracije Zn u vodi
dovodi do samo 20% poviSene akumulacije Zn u jetrima grgeca (Hogstrand i sur., 1991.).
Kako su koncentracije otopljenog Zn u vodi rijeke Sutle bile vrlo niske (<5 pug L™; Dragun i
sur., 2011.), bilo je oCekivano da ¢e koncentracije citosolskog Zn u jetrima i Skrgama klena
biti odrZzane unutar bazalnog raspona. Raspodjela Zn u jetrima 1 Skrgama klenova
karakterizirana je slabom razluc¢ivosc¢u pikova koji pokrivaju Sirok raspon molekulskih masa
(~10 do >600 kDa), sto ukazuje na vezanje Zn na veliki broj stani¢nih biomolekula. Takav
rezultat je u skladu sa strukturnim i katalitiCkim ulogama Zn u brojnim proteinima i
enzimima. Potvrdeno je kako kod ljudi vise od 3.000 proteina veze Zn, Sto predstavlja 10%
cjelokupnog ljudskog genoma, dok je kod riba utvrdeno da 10% svih gena u sekvenciranom
genomu nosi oznaku vezanja Zn (Andreini i sur., 2006.; Passerini i sur., 2007.). Profili
raspodjele Zn u jetrima klena obuhvacali su, dakle, tri glavna pika: VMM (~400 do >600
kDa), SMM (~35-400 kDa) i NMM (~9-27). Profili raspodjele Zn u Skrgama klena
obuhvacali su Cetiri glavna pika: VMMI1 (~400 do >600 kDa), VMM2 (10-310 kDa), INMM1
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(1-5) i INMM2 (<1). Molekulske mase VMM i SMM biomolekula koje vezu Zn u jetrima i
Skrgama klena obuhvacaju, na primjer, molekulske mase enzima alkohol dehidrogenaze (150
kDa), transportnog proteina albumina (66 kDa), Cu-Zn superoksid dismutaze (32,5 kDa) i
uglji¢ne anhidraze (29 kDa) (Sanz-Medel i sur., 2003.; Szpunar i Lobinski, 1999.). U jetrima
je zabiljezeno i1 eluiranje Zn koje se podudara s vremenom eluiranja MT, Sto je u skladu sa
znacajnom ulogom MT, proteina niskih molekulskih masa bogatih cisteinom, u detoksikaciji
toksi¢nih metala, poput Cd, i odrzavanju homeostaze esencijalnih metala, poput Zn i Cu
(Coyle i sur., 2002.; Huang i sur., 2004.). U skrgama jasno razluéeni pik cinka u podruc¢ju
eluiranja MT nije bio zabiljeZen, ali je uoceno eluiranje Zn u JNMM podrucju biomolekula

(<5 kDa), i to samo u uzorcima Skrga s vi§im citosolskom koncentracijama cinka.

Za razliku od esencijalnih metala Co, Mo, Mn i Zn, preostala tri analizirana
esencijalna elementa, metali Fe i Cu te nemetal Se, imali su $iri raspon citosolskih
koncentracija u jetrima klena, dok su u Skrgama bili prisutni u relativno uskom
koncentracijskom podru&ju: Fe (jetra: 2,3-16,8 ug mL™; skrge: 3,27-5,50 pg mL™), Cu (jetra:
0,45-3,87 pg mL™; skrge: 40,7-76,0 ng mL™) i Se (jetra: 25,6-229,2 ng mL™?; skrge: 59.6-
147,2 ng mL™). Ovakvi rezultati ukazuju na pojatanu akumulaciju navedenih elemenata u
jetrima klena, dijelom zbog povecane izloZenosti (na primjer, Fe), a dijelom zbog manje
izrazene regulacije unosa i pohranjivanja. Zbog Sirokog koncentracijskog raspona navedena
tri elementa u jetrima klena, bilo je moguce osim opisivanja temeljnih profila raspodjele
metala/nemetala medu biomolekulama razli¢itih molekulskih masa zabiljeziti i promjene u
njihovim raspodjelama nastale uslijed poviSene akumulacije u jetrima pri umjereno povisenoj
1zloZenosti u rije¢noj vodi. Usporedno ¢e biti opisane i temeljne raspodjele Fe, Cu 1 Se u

Skrgama klena.

Zeljezo je metal esencijalan za Zivot, jer ima mnogobrojne uloge u fizioloskim
funkcijama zivih organizama. Sastavni je dio metaloproteina hemoglobina koji sudjeluje u
prijenosu kisika krvlju te citokrom oksidaze koja sudjeluje u mitohondrijskom prijenosu
elektrona (Bury i sur., 2012.). Takoder ima vaznu ulogu u sintezi DNA (Bury 1 sur., 2012.) te
u obrani od bakterijskih infekcija (Vidal i sur., 1993.). Temeljni profili raspodjele Fe medu
citosolskim biomolekulama, kako u jetrima, tako i u Skrgama klena, ukazali su na prisutnost
zeljeza u dva podrudja citosolskih biomolekula: VMM (~150-700 kDa) i SMM (~10-80 kDa).
Opravdano je pretpostaviti kako VMM biomolekule koje vezu Fe (maksimum na ~400 kDa)
odgovaraju proteinu feritinu (450 kDa), koji je predominantno prisutan u jetrenom tkivu, a

sluzi za pohranu te odrzavanje Fe u citoplazmi u topljivom, bioraspolozivom i netoksi¢nom
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obliku (Martin-Antonio i sur., 2009.; Szpunar i Lobinski, 1999.). Prisutnost Fe u podruc¢ju
SMM biomolekula vjerojatno je rezultat vezanja Fe na poznate proteine raznih funkcija,
poput krvnog proteina hemoglobina (65 kDa), enzima katalaze (60 kDa) (Martin-Antonio i
sur., 2009.) ili transportnog proteina mioglobina (17 kDa) (Wolf i sur., 2007.). Razlika
izmedu jetara i Skrga prvenstveno se ocCitovala u povisenoj prisutnosti Fe u feritinskom piku u
jetrima, dok je u Skrgama Fe dominantno prisutno u podru¢ju SMM biomolekula. Nadalje, u
jetrima je povisenje citosolskih koncentracija Fe bilo pra¢eno porastom feritinskog pika, §to
ukazuje na znacajnu ulogu jetre, ali ne i Skrga, u skladistenju Fe. Neves i sur. (2009.) su
takoder potvrdili jacu ekspresiju feritina u jetrima, kao glavnom organu za pohranu Fe, u

usporedbi s mozgom brancina (Dicentrarchus labrax).

Bakar je neophodan za normalno funkcioniranje svih stanica, a vazan je sastavni dio
proteina i enzima (Mumtaz, 2002.). Esencijalni je element za sve aerobne organizme buduci
da se njegov redoks potencijal koristi pomocu mitohondrijske citokrom c¢ oksidaze u
stani¢nom disanju (Solomon i Lowery, 1993.). Neophodan je i za niz drugih metabolickih
procesa (npr., stvaranje vezivnog tkiva, stvaranje i odrzavanje mijelina, uklanjanje slobodnih
radikala superoksida) (Gaetke 1 sur., 2014.), jer ima vaznu ulogu kao kofaktor brojnih enzima
i metaloproteina (Hauser-Davis i sur., 2012.). Glavni organ za pohranjivanje i odrZavanje
homeostaze Cu su jetra, gdje se sintetizira protein koji sadrzi Cu, ceruloplazmin, koji se
izluCuje u krv te predstavlja izvor Cu za sve ostale organe (Harris, 2000.). Profili raspodjele
Cu medu citosolskim biomolekulama u jetrima klena ukazali su na njegovu najizrazeniju
prisutnost u podru¢ju NMM biomolekula (maksimum na 16 kDa), §to odgovara standardu
MT, pa se moze pretpostaviti da se u citosolu jetara Cu dominantno veZe na taj protein. Nasi
su rezultati pokazali da u citosolu jetara klena MT ima dominantnu ulogu u vezanju, a tako i
detoksikaciji Cu. To je potvrdeno i porastom prisutnosti Cu u najvecoj mjeri u podruc¢ju MT
pri poviSenju citosolskih koncentracija Cu u jetrima. Manja koli¢ina Cu u jetrima bila je
raspodijeljena 1 unutar SMM biomolekulskog podrucja (27-62 kDa), Sto moze ukazivati na
vezanje Cu na poznate biomolekule raznih funkcija, poput superoksid dismutaze (32 kDa,
Richardson i sur., 1975.) ili uglji¢ne anhidraze (29 kDa). Sanchez i sur. (2005.) smatrali su
kako vezanje Cu na biomolekule superoksid dismutaze ukazuje na bitnu ulogu Cu u zastiti od
oksidacijskog stresa, dok su Vutukuru i sur. (2006.) ukazali na vezanje Cu na superoksid
dismutazu kao na potencijalni rizik od inhibicijskog uéinka na taj antioksidacijski enzim, $to
znaci da je potrebno razmotriti znac¢aj prisutnosti Cu u podru¢ju molekulskih masa visih od

molekulske mase MT. Raspodjela Cu u Skrgama klena otkrila je da se znacajan dio ovoga
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metala pojavljuje u podru¢ju VMM biomolekula (~60 do >600 kDa), §to nije uoc¢eno kod
jetara klena. No, sli¢no jetrima, dominantna koli¢ina Cu eluirana je u podruc¢ju SMM
biomolekula (5-60 kDa), koje obuhvacaju i molekulsku masu MT. Vezanje na MT ipak je bilo
izrazenije 1 jasnije u jetrima, vjerojatno zbog znacajnije uloge jetara u pohranjivanju Cu.
Zanimljivo je da je, za razliku od jetara, u uzorcima s povisenom koncentracijom citosolskog
Cu u Skrgama bilo uo¢eno pojacano vezanje Cu na VMM biomolekule, koje mogu obuhvacati
albumin (66 kDa), ceruloplazmin (151 kDa; Boivin i sur., 2001.), f-amilazu (200 kDa) ili
transkuprein (270 kDa; Liu i sur., 2007.), a koje moze ukazivati na povecani rizik od

toksi¢nog ucinka bakra.

Selen je nemetal, esencijalni element za zive organizme, ali s vrlo uskim rasponom
esencijalnosti 1 toksi¢nosti (Jukola i sur., 1996.). Bioloska uloga Se primarno se odnosi na
njegovu ugradnju u proteine te ga, na primjer, nalazimo kao sastavni dio glutation
peroksidaze i vitamina E (Watanabe i sur., 1997.). Medutim, za vecinu selenoproteina riba
funkcije jo$ nisu poznate te se vrlo malo zna o njegovom metaboliziranju u ribama (Hauser-
Davis i sur., 2012.). Profili raspodjele Se u jetrima klena pokazali su da je mali dio Se u
jetrima eluiran u VMM podruéju (~60-400 kDa), a najveci dio u NMM podruéju (~7-60 kDa),
Sto je ukazivalo na vjerojatno vezanje ovoga nemetala na poznate selenoproteine koji su
kataliti¢ki aktivni u redoks procesima (Hauser-Davis i sur., 2012.), poput glutation
peroksidaze (85 kDa, Shulgin i sur., 2008.), jodotironin dejodinaze (~10-30 kDa) ili
tioredoksin reduktaze (66 kDa, Larsson, 1973.). Paliwal i sur. (1986.) su u svojim
istrazivanjima utvrdili kako i odredena izoforma MT pokazuje afinitet za jedinstveno vezanje
Se, dok su Ferrarello i sur. (2002.) istaknuli da vezanje Se na MT ima sinergisticku zaStitnu
uloga protiv toksi¢nosti drugih teskih metala. S druge strane, Iwai 1 sur. (1988.) utvrdili su da
se radioaktivno obiljeZeni Se uglavnom eluira u podru¢ju molekulskih masa ve¢ih od MT, §to
je u skladu s naSim rezultatima. I u nasem je istraZivanju na jetrima klena uoceno da je samo
veoma mala koli¢ina Se prisutna u rubnom podru¢ju NMM biomolekula, $to moze ukazivati
na vezanje na MT. Nadalje, manja je koli¢ina Se u jetrima klena bila raspodijeljena i u
podruc¢ju JNMM biomolekula (<2 kDa). Profili raspodjele Se medu citosolskim
biomolekulama u Skrgama bili su usporedivi s profilima u jetrima te su obuhvacali tri pika
(VMM, NMM i JNMM), uz tu razliku $to se u skrgama vecina Se veze uz JNMM
biomolekule. Moguce je pretpostaviti kako se radi o selenospojevima jako niskih molekulskih
masa koji su ucinkoviti u obrani organizama od oksidacijskog stresa, poput nedavno

identificiranog organskog selenovog spoja u tuni (Thunnus orientalis), selenoneina (~0.5 kDa;
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Yamashita i Yamashita, 2010.; Yamashita i sur., 2012.), ili selenometionina (~0.2 kDa; Klotz
i sur., 2003.). Povecanje citosolskih koncentracija Se u jetrima rezultiralo je izraZenijom
prisutnos¢éu u NMM podrucju, dok se povecanje citosolskih koncentracija Se u Skrgama
uglavnom odrazavalo u povecanoj prisutnosti u JNMM podrucju, Sto je bilo u skladu s

temeljnim profilima raspodjele obaju organa.

Dobro je poznato da su neesencijalni elementi Cd i Pb toksi¢ni i pri vrlo niskoj
izlozenosti, uslijed Cinjenice da u organizmima riba nije razvijena ucinkovita regulacija
bioakumulacije neesencijalnih elemenata (Heath, 1995.). U jetrima klena uoc¢eno je da su od
svih ispitivanih metala najsiri koncentracijski raspon imali upravo Cd (3,4-59,4 ng mL™) i Pb
(<granice detekcije (0.10 ng mL™) do 44,2 ng mL™). Bioakumulacija u $krgama za oba
metala bila je nesto slabije izrazena pa su analize raspodjele provedene samo za Cd (0,48-1,03
ng mL™), dok profile za Pb nije bilo moguée jasno definirati. Prepoznavanje staniénih
komponenata, odnosno biomolekula na koje se veZzu Cd i Pb u jetrima te Cd u Skrgama pri
nizim 1 viSim razinama izlozenosti znacajan je korak u razumijevanju njihovih potencijalnih
toksi¢nih ucinaka na klena.

Kadmij je neesencijalni metal ¢iji je toksi¢ni ucinak otkriven pocetkom 20. stoljeca
kada je porasla njegova uporaba u industriji (Schéfer i sur., 1999.). VezZe se na metaloproteine
kompeticijom sa Fe, Mn, Zn, Cu i1 drugim esencijalnim elementima, pri ¢emu dolazi do
pogresnog smatanja proteina, proizvodnje reaktivnih kisikovih radikala ili reaktivnih spojeva
dusika, $to sve moze dovesti do oksidacijskih oSte¢enja te smrti stanice (Sarkar i sur., 2013.;
Sedak i sur., 2015.). Temeljna raspodjela Cd u jetrima i Skrgama klena ukazuje na
dominantnu prisutnost Cd u podru¢je NMM biomolekula (~5-30 kDa), §to po vremenu
eluiranja i molekulskoj masi odgovara standardu proteina MT. Pri porastu citosolskih
koncentracija Cd u jetri 10-15 puta, veéina dodatne bioakumulirane koli¢ine Cd veze se i
dalje na MT, S§to potvrduje dobro poznati visoki afinitet Cd za vezanje na MT, kao
mehanizam zastite od toksicnosti (Roesijadi, 1992.; Park i sur., 2001.). No, pri povisenju
citosolskih koncentracija Cd u jetri, uoceno je i dodatno vezanje Cd na SMM biomolekule
(~35-100 kDa), sto je pokazatelj da pri povecanoj bioakumulaciji Cd u jetrima mozda ne
dolazi do njegove potpune detoksikacije putem vezanja na MT, ve¢ se dio Cd veZe i na druge
biomolekule viSih molekulskih masa, $to ostavlja mogucnost razvoja toksi¢nih uc¢inaka. U
Skrgama ve¢ pri relativno niskim citosolskim koncentracijama postoji naznaka raspodjele Cd
unutar podru¢ja VMM 1 SMM biomolekula. Poznata je Cinjenica da se detoksikacija Cd

odvija primarno putem glutationa (GSH) i MT pa nepotpuna detoksikacija Cd moze dovesti
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do kompeticije toga metala s esencijalnim metalima za vezna mjesta na drugim vaznim
biomolekulama te potencijalno dovesti do stani¢nih oste¢enja (McGeer i sur., 2012.). Stoga je
potrebno provesti daljnja istrazivanja, po mogucnosti pri izloZenosti vi§im koncentracijama
Cd, kako bi bilo to¢nije utvrdeno na koje se biomolekule osim MT Cd veze kada je u
stanicama prisutan u povisenim koncentracijama te odrazava li njegovo vezanje na SMM
biomolekule dodatni oblik detoksikacije ili moguénost za razvoj toksi¢nih ucinaka. Matz i
Krone (2007.) te Kwong i sur. (2011.) u svojim su istrazivanjima predlozili da osim GSH i
MT u fizioloskim promjenama vezanima uz zastitu stanica kod riba izloZzenih Cd znacajnu
ulogu igra i indukcija proteina toplinskog stresa, HSP70 i HSP90, ¢ije su molekulske mase
takoder obuhvacene kadmijevim SMM-pikom, kao i molekulska masa transferina (80 kDa),
koji je nedavno prepoznat kao glavni protein koji veZze Cd u krvnoj plazmi Sarana (Cyprinus

carpio) (De Smet i sur., 2001.).

Olovo se ubraja u metale koji su izrazito Stetni za zdravlje (Permyakov, 2009.) te je
kao 1 Cd europskom Okvirnom direktivom o vodama ukljuc¢eno u popis prioritetnih toksi¢nih
zagadivala (EU ODV; EPCEU, 2008.). Toksi¢ni ucinci olova povezani su s njegovim
interakcijama s enzimima, ¢ija je aktivnost ovisna o prisutnosti slobodnih sulfhidrilnih (SH)
skupina s kojima olovo stvara merkaptide (Durakovi¢ i Labar, 2000.; Goering, 1993.).
Organizam tada te skupine viSe ne moze koristiti za stvaranje hemoglobina i citokroma. Ve¢
vrlo niske koncentracije olova inhibiraju i Na’,K'-ATP-azu, §to rezultira poveéanom
krhkoS¢u eritrocita 1 skra¢ivanjem njihova vijeka trajanja (Durakovi¢ 1 Labar, 2000.). Olovo
se u organizmu najviSe apsorbira u kostima, a od mekih tkiva u jetrima i bubrezima (Sedak i
sur., 2015.). Profili raspodjele Pb u jetrima klena ukazali su na dominantnu prisutnost Pb u
podru¢ju SMM biomolekula (~35-240 kDa), $to moZe ukazivati na njegov potencijal za
toksicno djelovanje. Preostala koli¢ina Pb bila je raspodijeljena izmedu nekoliko manjih
pikova medu kojima se istice NMM pik (~9-20 kDa), koji odgovara podrucju eluiranja MT. O
eluiranju Pb u podrucju MT izvijestili su i Pavici¢ i sur. (1993.) kod dagnji (Mytilus sp.)
izlozenih smjesi metala (Cd, Cu i Pb). No, nekoliko je drugih autora izvijestilo o izostanku
indukcije MT olovom u tkivima riba (Reichert i sur., 1979; Roesijadi i Robinson, 1994).
Budu¢i da je Pb slabiji inducer MT u usporedbi s drugim metalima kao §to su Cd i Zn
(Waalkes i Klaassen, 1985.), moguce je da je uoCeno vezanje Pb na MT povezano sa
stvaranjem inkluzijskog tijela prilikom detoksikacije Pb uklapanjem u granule (Mager,
2012.).
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4.2. Raspodjela esencijalnih (Co, Fe, Mn, Mo, Se, Cu i Zn) i neesencijalnog (Cd)
elementa medu citosolskim biomolekulama razli¢itih molekulskih masa u jetrima

i Skrgama vardarskog klena (S. vardarensis) iz triju makedonskih rijeka

Istrazivanje provedeno na klenu (S. cephalus) nadalje je proSireno na srodnu vrstu,
pripadnika istoga roda Squalius, vardarskog klena (S. vardarensis) iz triju razliito
oneciS¢enih makedonskih rijeka. Cilj je bio utvrditi temeljne profile raspodjele medu
citosolskim biomolekulama razli¢itih molekulskih masa, kao i njihove promjene za iste
elemente kao i kod klena (S. cephalus), odnosno za esencijalne elemente Co, Fe, Mn, Mo, Se,
Cu 1 Zn te neesencijalne elemente Cd i Pb, u jetrima i1 Skrgama kao ciljnim organima, pod
razli¢itim uvjetima izloZenosti metalima. Rezultati ovog dijela istrazivanja objavljeni su u
radovima pod rednim brojem 3 u popisu znanstvenih radova (str. 57-70). Instrumentalna
mogucnost detektiranja pojedinih elemenata, medutim, ograniCila je naSe istrazivanje na
odredivanje raspodjela Co, Fe, Mn, Mo, Se, Cu, Zn i Cd u jetrima te Fe, Mo, Se, Zn i Cd u
Skrgama vardarskog klena. Ovakav istrazivacki pristup omoguéio nam je usporedbu
raspodjela, odnosno sudbine navedenih elemenata u jetrima i Skrgama dvaju srodnih ribljih
vrsta te procjenu mogu li se navedene vrste Kkoristiti usporedno u monitoringu udaljenih

slatkovodnih sustava.

Vardarski klenovi koriSteni u ovome istraZivanju uzorkovani su u rijekama Bregalnici,
Krivoj Reci 1 Zletovskoj Reci u sjeveroistocnoj Makedoniji u svibnju 1 lipnju 2012. godine.
Rijeka Bregalnica karakterizirana je blazim oneci$¢enjem metalima u usporedbi s drugim
dvjema rijekama, a izvor oneciS¢enja predstavljalo je ispiranje poljoprivrednog tla, u najvecoj
mjeri rizinith polja (Ramani 1 sur., 2014.; Stipanicev 1 sur., 2017.). Rijeke Kriva 1 Zletovska
izlozene su utjecaju otpadnih voda iz aktivnih rudnika Pb i Zn, Toranica i Zletovo (Ramani i
sur., 2014.). Od analiziranih osam elemenata, u rijeci Bregalnici nadene su najvise
koncentracije otopljenog Fe i Mo (Fe, 61,3+3.4 pg L™; Mo, 0,950+0,010 pug L™), u Zletovskoj
Reci otopljenog Cd, Co, Cu, Mn i Zn (Cd, 0,272+0,002 pg L™; Co, 1,51+0,01 ug L™; Cu,
3,38+0,07 pg L™ Mn, 351,946,5 ug L™; Zn, 197,0+2,9 pg L) te u Krivoj Reci otopljenog Cd
(Cd, 0,270+0,009 pg L'l) (Ramani 1 sur., 2014.). U makedonskim rijekama poviSene
koncentracije u rijecnoj vodi u usporedbi s rijekom Sutlom, uslijed utjecaja aktivnih rudnika,
nadene su za metale Mn i Zn, $to nam je omogucilo da promjene koje se dogadaju u
citosolskim raspodjelama pri izrazito visokoj izloZenosti u rije¢noj vodi utvrdimo za veci broj
elemenata. Zanimljivo je spomenuti da su u vardarskim klenovima iz navedenih rijeka

provedene i histoloske analize na viSe organa (Barisi¢ i sur., 2015.; Jordanova i sur., 2016.,
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2017.) te su zapazena izrazenija oSteCenja na Skrgama, jetrima i1 slezeni riba iz rijeka
onecis¢enih rudnickim otpadom, a napose iz Zletovske Reke, u kojoj je zabiljezena i
najizrazenija bioakumulacija brojnih metala u jetrima i Skrgama vardarskih klenova (Dragun i
sur., 2019.). Kao i u istrazivanju na klenu iz rijeke Sutle, za analize smo primijenili
kombinaciju frakcioniranja citosola jetara i Skrga pomocu SECyp-HPLC-a te mjerenja
metala/nemetala pomo¢u HR ICP-MS-a, kao i svrstavanje biomolekula na temelju njihovih
molekulskih masa u cetiri skupine (VMM, SMM, NMM 1 JNMM). Budu¢i da su neke od
biomolekula koje vezu metale i sluze u njihovoj detoksikaciji, poput MT, toplinski stabilne na
vrlo visokim temperaturama (Dragun i sur., 2009.; Lavradas i sur., 2016.), istrazivanje na
vardarskom klenu je osim na ukupnim citosolima provedeno i na citosolima toplinski
obradenima na 70°C (Erk i sur., 2002.). Metali vezani na toplinski stabilne proteine i peptide
smatraju se detoksiciranim frakcijama metala u stanici, dok su biomolekule osjetljive na
visoke temperature definirane kao stani¢na frakcija osjetljiva na metale 1 podlozna njihovom
toksi¢énom djelovanju (Giguére i sur., 2006.; Goto i Wallace, 2010., Rosabal i sur., 2015.). Uz
iznimku iscrpnih studija toplinski stabilnih proteina MT (npr., Goenaga Infante i sur., 2006.;
Hauser-Davis 1 sur., 2012., Mason 1 sur., 2004.; Rodriguez-Cea i sur., 2003.), prema nasim
saznanjima u znanstvenoj literaturi nema informacija o drugim toplinski stabilnim
biomolekulama koje vezu metale/nemetale u jetrima 1 Skrgama riba. Za analize raspodjela
metala/nemetala u toplinski obradenim citosolima primijenjena je SEC;5-HPLC metoda
(kolona Superdex 75, raspon razdvajanja 3-70 kDa) te je u citosolima jetara i Skrga
vardarskog klena utvrdena prisutnost toplinski stabilnih molekula koje vezu Mo, Se, Cu, Zn i
Cd.

Citosolske koncentracije Co u analiziranim jetrima vardarskog Kklena iz triju
makedonskih rijeka nalazile su se u rasponu od 2,56-5,54 ng mL™. Kobalt je bio raspodijeljen
medu Cetiri pika, jedan u VMM podrucju, jedan u SMM i dva u JNMM podrucju. Najveci dio
citosolskog Co u jetrima bio je vezan uz VMM biomolekule (~110-380 kDa), $to je u skladu s
prethodnim istrazivanjima koja su pokazala da ioni Co imaju visoki afinitet za vezanje na
enzimske proteine visokih molekulskih masa (Paustenbach i sur., 2013.; Wojcieszek i Ruzik,
2016.). Dominantno vezanje Co za VMM biomolekule uoceno je i u jetrima pastrve (Salmo
trutta; Dragun i sur., 2018.), kao i u jetrima grgeca (P. flavescens; Caron i sur., 2018.). Znatno
manje koli¢ine Co bile su vezane uz SMM biomolekule (~30-85 kDa), kao i uz JNMM
biomolekule (<5 kDa), unato¢ veé prije spomenutoj znacajnoj ulozi Co u izgradnji

kobalamina (vitamin B12; Blust, 2012.), kao i zna¢ajnoj ulozi jetara u njegovom metabolizmu
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(Wang i sur., 2001.). Zbog relativno uskog raspona citosolskih koncentracija Co u
analiziranim uzorcima, razlike u njegovoj citosolskoj raspodjeli pri razli¢itim razinama
bioakumulacije bile su jedva uocljive. PoviSenjem citosolskih koncentracija Co u jetrima
vardarskog klena dolazi tek do slabog porasta u VMM podru¢ju, dok u drugim
biomolekulskim podru¢jima nije bilo razlike, zbog ¢ega bi se dodatna pozornost trebala
posvetiti upravo proucavanju VMM biomolekula na koje se veze Co. Zbog niskih citosolskih
koncentracija Co u Skrgama, njegovu raspodjelu nije bilo moguce odrediti za taj organ

vardarskog klena.

Citosolske koncentracije Fe u analiziranim vardarskim Kklenovima iz triju
makedonskih rijeka nalazile su se u rasponu od 6,4 do 14,7 pg mL™ te u jetrima od 5,5 do
28,5 ug mL™ u $krgama. Profili raspodjele Fe medu citosolskim biomolekulama, kako u
jetrima tako 1 u Skrgama vardarskog klena, ukazali su na njegovu prisutnost u dva podrucja
citosolskih biomolekula, u VMM podrucju (~230-630 kDa) te u SMM podrucju (24-51 kDa),
§to je uoceno i u jetrima potocne pastrve (S. trutta; Dragun i sur., 2018.). Razlika raspodjele
Fe izmedu dvaju organa bila je u tome S$to je u jetrima koli¢ina Fe eluirana unutar VMM
podrucja bila usporediva ili visa nego u SMM podrucju, dok je u Skrgama vecina Fe bila
eluirana unutar SMM podrudja te je prisutnost Fe u VMM podrudju bila zabiljeZena samo u
uzorku s najvisom citosolskom koncentracijom Fe (28,5 pg mL™). Kao §to je veé navedeno u
istrazivanju na klenu (S. cephalus), VMM podruéje obuhvaéa molekulsku masu skladisnog
proteina feritina (450 kDa) (Szpunar i Lobinski, 1999.; Martin-Antonio i sur., 2009.), dok bi
raspodjela Fe unutar SMM podru¢ja mogla biti rezultat vezanja Fe na razne poznate
funkcionalne proteine Zeljeza. Povisenje citosolskih koncentracija Fe u jetrima rezultiralo je
povecanim eluiranjem Fe u VMM feritinskom podrucju §to je u skladu s pojacanom sintezom
feritina pri povecanoj dostupnosti Fe (Torti 1 Torti, 2002.). Nasuprot tome, u Skrgama je
povecanje citosolskog Fe wuglavnom rezultiralo povecanim eluiranjem unutar SMM
biomolekulskog podrucja, izuzev u uzorku s najviSom citosolskom koncentracijom Fe.
Dobiveni rezultati potvrdili su znacajniju ulogu jetre nego Skrga vardarskog klena u

skladiStenju Fe.

Citosolske koncentracije Mn u analiziranim jetrima vardarskog klena iz triju
makedonskih rijeka nalazile su se u rasponu 214,5 do 408,6 ng mL™. Profili raspodjele za
esencijalni element Mn odredeni su samo za jetra zbog niske citosolske koncentracije u
Skrgama vardarskog klena. Mangan je u jetrima bio raspodijeljen unutar dvaju slabo
razlu¢enih pikova u VMM (~85-380 kDa) i SMM (24-85 kDa) podru¢ju biomolekula, pri
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¢emu SMM podru¢je obuhva¢a molekulske mase proteina ukljuCenih u transport Mn,
albumina (66 kDa) i transferina (80 kDa; Martin-Antonio i sur., 2009.), kao §to je ve¢ uoc¢eno
I kod klena (S. cephalus). Slican profil raspodjele Mn zabiljeZen je i u jetrima potocne pastrve
(S. trutta; Dragun i sur., 2018.). Profili raspodjele Mn bili su usporedivi u svim uzorcima
jetara vardarskog klena iz svih triju rijeka, a pri porastu citosolskih koncentracija ponekad je

doslo do porasta eluiranja Mn u VMM podrucju, a ponekad u SMM podrucju biomolekula.

Citosolske koncentracije Mo u analiziranim vardarskim klenovima iz triju
makedonskih rijeka nalazile su se u rasponu od 12,6 do 26,6 ng mL™ u jetrima te od 2,55 do
3,05 ng mL™ u 8krgama. Profili citosolskih raspodjela za esencijalni element Mo odredeni su
samo za jetra zbog znatno nizih citosolskih koncentracija u Skrgama vardarskog klena.
Molibden je u jetrima bio raspodijeljen unutar Sirokog podrucja molekulskih masa u VMM
podruc¢ju biomolekula (~100 do >600 kDa), $to ukazuje na njegovo vezanje za veliki broj
citosolskih biomolekula, ukljucujudi i razli¢ite enzime kojima Mo sluzi kao kofaktor (Beers i
Berkow, 1998.), poput aldehid oksidaze (~130 kDa; Uchida i sur., 2003.), sulfid oksidaze (~
120 kDa; Johnson i Rajagopalan, 1976.) ili Fe-Mo flavoprotein ksantin oksidaze (275 kDa,
Truglio i sur., 2002.). Sli¢ni profili raspodjele, s eluiranjem Mo u podru¢ju biomolekula
molekulskih masa od 100 do 500 kDa, opisani su za jetra poto¢ne pastrve (S. trutta; Dragun i
sur., 2018.) te jetra grgeca (P. flavescens; Caron i sur., 2018.). Nadalje, manji dio Mo bio je
eluiran i u podru¢ju INMM biomolekula (3-7 kDa). Povisenje citosolskih koncentracija u
jetrima vardarskog klena odrazilo se na njegovom pojacanom eluiranju dominantno unutar
VMM podrucja, potvrdujuc¢i prevladajuée vezanje Mo na VMM biomolekule. Nakon
toplinske obrade citosola jetara, povecava se prisutnost Mo u podru¢ju INMM biomolekula
(5-9 kDa), $to ukazuje na preraspodjelu Mo medu citosolskim biomolekulama ili na
razgradnju vecih proteina/peptida osjetljivih na visoke temperature na manje toplinski stabilne
molekule koje vezu Mo. Primjenom SEC75-HPLC-a uspjeli smo provesti analizu citosolske
raspodjele Mo i za Skrge. U Skrgama takoder nalazimo Mo vezan na toplinski stabilne
biomolekule unutar INMM podrucja (5-11 kDa), ali je njegova prisutnost usporediva prije i

nakon toplinske obrade.

Citosolske koncentracije Se u analiziranim vardarskim Kklenovima iz triju
makedonskih rijeka nalazile su se u rasponu od 85,8 do 631,1 ng mL™ u jetrima te od 57,9 do
469,0 ng mL™ u $krgama. Profili raspodjele Se u jetrima vardarskog klena pokazuju njegovu
prisutnost u sirokom biomolekulskom podrucju, i to vezanog na VMM (~110-300 kDa),
NMM (~20-50 kDa) i JNMM biomolekule (2-5 kDa i <2 kDa). Raspodjela Se u $krgama
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razlikovala se samo po izostanku vezanja Se na VMM biomolekule, a bila je karakterizirana
eluiranjem Se u ostrom, jasno odvojenom piku u JNMM podru¢ju (<2 kDa), $to moze
ukazivati na prisutnost nisko molekulskih selenospojeva koji djeluju kao jaki cistaci
slobodnih radikala te su uc¢inkoviti u obrani od oksidacijskog stresa (npr., selenometionin,
~0,2 kDa, Klotz i sur., 2003.; selenonein, ~0,5 kDa, Yamashita i Yamashita, 2010.;
Yamashita i sur., 2012.). Pri poviSenim koncentracijama Se u Skrgama javlja se povecanje Se-
pika iskljuc¢ivo u JNMM podrucju, dok se u jetrima javlja i poviSenje NMM pika, $to moze
ukazivati na vezanje Se na selenoproteine kataliticki aktivne u redoks procesima, poput
glutation peroksidaze, jodotironin dejodinaze i tioredoksin reduktaze (Hauser-Davis i sur.,
2012.). Nadalje, u citosolima jetara vardarskog klena utvrdena je prisutnost toplinski stabilnih
biomolekula koje vezu Se unutar dvaju JNMM podrucja (3-6 kDa; 0,5-1,6 kDa), a u $krgama
samo unutar drugog JNMM podrucja (0,5-1,3 kDa), Sto je moguce povezati s nekim
peptidima ili aminokiselinama koji sadrze Se, poput selenocisteina (Se-Cys) i

selenometioneina (Se-Met) (Rahmanto i Davies, 2012.).

Citosolske koncentracije Cu u analiziranim jetrima vardarskog Kklena iz triju
makedonskih rijeka nalazile su se u rasponu od 1,67 do 6,54 pg mL™. Profili citosolskih
raspodjela za esencijalni element Cu odredeni su samo za jetra zbog znatno nizih citosolskih
koncentracija u Skrgama vardarskog klena. Profili raspodjele Cu medu citosolskim
biomolekulama u jetrima vardarskog klena ukazali su na dominantnu prisutnost ovoga metala
samo u podru¢ju NMM biomolekula (7-40 kDa), §to odgovara molekulskoj masi i vremenu
eluiranja standarda MT te ukazuje na vezanje Cu na MT. Dominantno vezanje Cu za MT-
frakciju opisano je i za jetra grgeca (P. flavescens; Caron i sur., 2018.), jegulje (Anguilla
anguilla; Van Campenhout i sur., 2008.; Rodriguez-Cea i sur., 2003.) i babuske (Carassius
gibelio; Van Campenhout i sur., 2010.). Povisenjem citosolskih koncentracija Cu dolazi do
vidljivog porasta u MT-podrucju, $to je u skladu s najve¢im kapacitetom za indukciju MT u
tkivima koja su aktivna u uzimanju, skladiStenju i izlu¢ivanju elemenata u tragovima, poput
Skrga, crijeva, jetara i bubrega (Roesijadi 1 Robinson, 1994.). Nadalje, pri poviSenju citosolske
koncentracije Cu opazeno je i Sirenje NMM pika prema visim molekulskim masama, §to bi
moglo ukazivati na vezanje Cu 1 na druge citosolske biomolekule pri njegovoj povisenoj
bioakumulaciji, na primjer superoksid dismutazu (32 kDa), kao znak bitne uloge Cu u zastiti

stanica od oksidacijskog stresa (Sanchez i sur., 2005.).

Citosolske koncentracije Zn wu analiziranim vardarskim klenovima iz triju

makedonskih rijeka nalazile su se u rasponu od 3,51-8,37 ug mL™ u jetrima te od 4,28-14,4
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ug mL™t u Skrgama. U jetrima vardarskog klena Zn je bio raspodijeljen u tri biomolekulska
podru¢ja: VMM (>500 kDa), SMM (~30-400 kDa) i NMM (7-24 kDa), pri ¢emu je
najizrazenija prisutnost Zn bila u uskom, os$trom piku u NMM podru¢ju Sto odgovara
vremenu eluiranja i molekulskoj masi MT, koji sudjeluje u transportu i homeostazi Zn
(Sakulsak, 2012.). Usporedivi profili Zn dobiveni su za jetra poto¢ne pastrve (S. trutta) iz
rijeke Krke (Dragun i sur., 2018.). U skrgama, manji dio Zn eluiran je u VMM podrucju
(>400 kDa), a najve¢i dio unutar jednog Sirokog podruc¢ja molekulskih masa s maksimumom
u SMM podru¢ju (~10-300 kDa, s maksimumom na 85 kDa), koje obuhvaca i neke dobro
poznate proteine koji sadrze Zn, poput alkohol dehidrogenaze (150 kDa, Szpunar i Lobinski,
1999.). Za razliku od jetara, u Skrgama jasno vezanje Zn na MT podrucje nije bilo uoceno.
Raspodjela Zn medu biomolekulama u jetrima i Skrgama bila je usporediva u svim uzorcima
iz svih triju rijeka i nije bilo moguée jasno utvrditi promjene u raspodjeli Zn kao rezultat

njegove povecane bioakumulacije.

Citosolske koncentracije Cd u analiziranim vardarskim klenovima iz triju
makedonskih rijeka nalazile su se u rasponu od 2,38 do 68,2 ng mL™ u jetrima te od 0,34 do
30,0 ng mL™ u $krgama. Sli¢no bakru, i Cd je bio raspodijeljen unutar jednog jasnog i uskog
NMM podruc¢ja biomolekula (7-24 kDa) u oba organa vardarskog klena, §to po vremenu
eluiranja 1 molekulskoj masi odgovara standardu MT. Kadmij je snaZan inducer MT, koji
sluzi kao mehanizam zastite od njegove toksi¢nosti (Park 1 sur., 2001.; Roesijadi, 1992.).
PoviSenje citosolskih koncentracija Cd u uzorcima jetara i Skrga vardarskog klena iz
Zletovske Reke 1 Krive Reke, koje su izloZene utjecaju oneciS¢enja iz rudnika, rezultiralo je
proporcionalnim povecanjem eluiranja Cd unutar MT podrucja, dok vezanje Cd na druge
biomolekule nije bilo uo¢eno. Dominantno eluiranje Cd u MT frakciji, kao i porast prisutnosti
Cd vezanog za MT pri poviSenju njegove bioakumulacije u jetrima zabiljeZen je 1 kod potocne
pastrve (S. trutta; Dragun i sur. 2018.). Ovakav rezultat upucuje na gotovo potpunu
detoksikaciju Cd u oba organa vardarskog klena u ispitivanim uvjetima, §to su vec prije
Lavradas i1 sur. (2016.) pokazali za smede dagnje (Perna perna). Analizom toplinski
obradenih citosola jetara i Skrga vardarskog klena potvrdena je prisutnost toplinskih stabilnih
proteina koji vezu Cd, najvjerojatnije MT, u podru¢ju NMM biomolekula (~10-30 kDa).
Potvrdeno je i istovremeno vezanje Cu i Zn na te iste toplinske stabilne biomolekule u jetrima
vardarskog klena. No, zanimljiv je nalaz izostanak vezanja Zn na toplinski stabilnu MT
frakciju u Skrgama vardarskog klena, $to je u skladu s rezultatima prethodno dobivenim za

klena (S. cephalus).
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Rezultati ostvareni za dvije vrste klena (klen, S. cephalus, i vardarski Kklen, S.
vardarensis) pokazali su da su raspodjele metala/nemetala medu citosolskim biomolekulama
razli¢itih molekulskih masa u jetrima i Skrgama kao ciljnim organima ve¢inom jednake u
objema vrstama, §to omogucuje usporedbu rezultata dobivenih primjenom ovih dviju srodnih
vrsta u monitoringu udaljenih slatkovodnih sustava. Izmedu dviju vrsta klena nije bilo razlika
u citosolskim raspodjelama Fe, Se i Cd u Skrgama, kao ni u citosolskim raspodjelama Co, Cu,
Fe, Mn, Mo i Se u jetrima. Manje razlike zabiljezene su za citosolske raspodjele Zn u jetrima i
Skrgama te Cd u jetrima. Iako je u jetrima obiju vrsta klena uoceno vezanje Zn na NMM
biomolekule (MT), to je vezanje bilo puno jasnije vidljivo u jetrima vardarskog klena.
Nadalje, vezanje Zn na JNMM biomolekule (<5 kDa) u skrgama uoceno je samo kod klena
(S. cephalus). U jetrima klena pri viSim je koncentracijama uz vezanje Cd na NMM
biomolekule (MT) uoceno i vezanje Cd na SMM biomolekule (~35-100 kDa), $to nije uoceno
kod vardarskog klena gdje je sav Cd bio vezan na MT. Postoji moguénost da izrazenije
vezanje Zn 1 Cd na MT u jetrima vardarskog klena ukazuje na snaZniju sposobnost
detoksikacije te vrste ili na prilagodbu uvjetima povecane izlozenosti metalima u rijekama

onecis¢enim rudnickim otpadom.

4.3. Karakterizacija i identifikacija odabranih citosolskih biomolekula u jetrima i
Skrgama vardarskog Kklena (S. vardarensis) primjenom dvodimenzionalne
tekucinske kromatografije visoke djelotvornosti (SEC-AEC-HPLC) i dviju
tehnika spektrometrije masa (MALDI-TOF-MS i LC-MS/MS)

Nakon opisanih temeljnih raspodjela devet odabranih metala/nemetala u jetrima i
Skrgama klena (S. cephalus) i vardarskog klena (S. vardarensis), sljede¢i je korak u
istrazivanju bio pobliza karakterizacija i identifikacija nekoliko odabranih biomolekula koje
vezu Fe, Cd, Cu, Zn 1 Mo u jetrima i Skrgama vardarskog klena. Radi nastavka istraZivanja,
provedeno je dodatno uzorkovanje u makedonskim rijekama Bregalnici i Zletovskoj Reci, u
lipnju 2015. godine. Na jetrima i $krgama vardarskih klenova uzorkovanih 2015. godine
ponovljena su razdvajanja pomoéu SEC;0-HPLC-a i SEC75-HPLC-a te odredivanje profila
raspodjele pomo¢u HR ICP-MS-a, radi preciznog definiranja vremena eluiranja odabranih
biomolekula te prikupljanja frakcija odgovaraju¢ih molekulskih masa za njihove daljnje
analize. Dobiveni profili raspodjele bili su podudarni s profilima raspodjele definiranima za
organe vardarskih klenova uzorkovanih u prolje¢e 2012. godine. Rezultati ovog dijela
istrazivanja objavljeni su u radovima pod rednim brojem 4 u popisu znanstvenih radova (str.
71-89).
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Tekucinska kromatografija visoke djelotvornosti s iskljuc¢ivanjem po veli¢ini (SEC-
HPLC) cesto se koristi kao osnovna metoda za razdvajanje metaloproteina i drugih
biomolekula koje veZzu metale/nemetale, a zasniva se na nacelu molekularnih sita koja
omogucuju razdvajanje molekula prema njihovoj veli¢ini te u manjoj mjeri prema njihovom
obliku (Szpunar, 2005.). Medutim, iskljuéivom primjenom SEC-HPLC-a kao metode
razdvajanja ne bismo bili u moguénosti precizno odrediti molekulske mase biomolekula na
koje se vezu metali/nemetali u organima riba, jer ona omoguéava samo grubo razdvajanje
biomolekula i priblizno odredivanje njihovih molekulskih masa na temelju usporedbe sa
proteinskim standardima poznatih molekulskih masa. Za zahtijevan korak preciznije
karakterizacije te kona¢nog prepoznavanja citosolskih biomolekula, potrebno je primijeniti
dodatne analiticke postupke, poput raznih tehnika spektrometrije masa (npr., MALDI-TOF-
MS i LC-MS/MS), za ¢iju je primjenu potrebno prethodno izolirati biomolekule od interesa.
No, sama SEC-HPLC metoda nije uvijek dovoljna za razdvajanje i izoliranje tih biomolekula
sa svthom njihovog daljnjeg analiziranja pomocéu spektrometra masa, jer viSe molekula
priblizno jednakih molekulskih masa moze biti eluirano u isto vrijeme, odnosno moze do¢i do
preklapanja pikova razlicitih citosolskih biomolekula. Buduéi da je ocekivano da ¢e vecina
frakcija izdvojenih pomoéu SEC-HPLC-a sadrZavati smjesu viSe citosolskih biomolekula,
preporucljiva je primjena dodatnih tehnika razdvajanja, kako bismo $to uspjesnije procistili 1
1zdvojili biomolekule od interesa. Stoga smo za daljnju karakterizaciju biomolekula koje vezu
metale u jetrima i Skrgama vardarskog klena, nakon prvog stupnja razdvajanja pomocu SEC-
HPLC-a, primijenili anionsko-izmjenjivacku kromatografiju (AEC-HPLC), koja uz osnovno
razdvajanje biomolekula na temelju njihovih molekulskih masa doprinosi izdvajanju
biomolekula od interesa njihovim razdvajanjem na temelju razlike u naboju. Analiza tako
izdvojenih biomolekula provedena je metodama MALDI-TOF-MS i LC-MS/MS. lako
navedene tehnike pruzaju veliki broj moguénosti u istrazivanjima (Montes-Bayon i sur.,
2003.), sto je prepoznato u mnogim znanstvenim podrucjima, primjena istrazivanja specijacije
metala u stanicama, poznatog i kao metalomika (Szpunar, 2004.), u okoli$nim istrazivanjima
nije jo§ dovoljno zastupljena. Takva se istrazivanja uglavnom provode u strogo kontroliranim
laboratorijskim uvjetima, najceS¢e nakon izlaganja samo jednome metalu (Ju i sur., 2011.),
dok su multielementna istrazivanja u stvarnim okoli§nim uvjetima iznimno rijetka (npr.,
Caron i sur., 2018., Rosabal i sur., 2016.; Urien i sur., 2018.). Stoga je primjena opisane
analiticke metodologije u istrazivanju citosolskih biomolekula koje vezu metale u Skrgama 1

jetrima vardarskog klena iz rijeka izrazito onecis¢enih metalima omogucéila bolji uvid u
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sudbinu 1 ponaSanje metala u stanicama ciljnih organa tog znacajnog bioindikatorskog

organizma.
U ovome dijelu istrazivanja, pozornost je bila usmjerena na analize sljede¢ih biomolekula:

(1) biomolekula koje u jetrima i Skrgama vardarskog klena vezu Fe, a razdvajanjem
pomocu SECyp-HPLC-a bile su eluirane u podru¢ju molekulskih masa ~25-50 kDa;

(2) toplinski stabilnih biomolekula koje u jetrima i $krgama vardarskog klena vezu Cd,
Cu 1 Zn, a razdvajanjem pomocu SECyp-HPLC-a bile su eluirane u podrucju
molekulskih masa ~5-25 kDa te razdvajanjem pomoc¢u SEC7s-HPLC-a u podrucju
molekulskih masa ~10-30 kDa (vjerojatna metalotioneinska frakcija);

(3) toplinski stabilnih biomolekula koje u jetrima i $krgama vardarskog klena vezu Mo, a
razdvajanjem pomocu SEC75-HPLC-a bile su eluirane u podrucju molekulskih masa

~5-10 kDa.

4.3.1. Biomolekule koje vezu Fe

Primjenom SEC,p-HPLC-a u razdvajanju citosolskih frakcija organa vardarskih
klenova uzorkovanih 2015. godine, Fe je u jetrima bilo podjednako raspodijeljeno izmedu
dvaju biomolekulskih podru¢ja, VMM (~180-640 kDa) i SMM (~25-50 kDa), dok je u veéini
uzoraka Skrga Fe bilo raspodijeljeno unutar samo jednog biomolekulskog podru¢ja, SMM
(~20-50 kDa). Ovi rezultati u skladu su s prethodnim rezultatima o raspodjeli Fe u jetrima i
Skrgama vardarskih klenova uzorkovanih 2012. godine, kao i klenova uzorkovanih u rijeci
Sutli. Za analize spektrometrijom masa prikupljene su SMM frakcije (~20-50 kDa) iz jetara i
Skrga vardarskih klenova, koje su se djelomic¢no, u rubnim podruc¢jima, preklapale sa SECxq0-
HPLC pikovima Cu i Zn. MALDI-TOF-MS analizom potvrdena je moguca prisutnost Cu,Zn-
superoksid dismutaze u izdvojenim SMM frakcijama, budu¢i da su u njihovim spektrima
masa zabiljezeni m/z pikovi koji su odgovarali masenom profilu standarda superoksid
dismutaze (m/z: 31 kDa, 15,5 kDa (2+) i 7,75 kDa (4+)).

Sa svrhom procis¢avanja SMM frakcija zeljeza 1 uklanjanja primjesa Cu 1 Zn,
proveden je dodatni korak razdvajanja primjenom AEC-HPLC-a. AEC-HPLC cesto se
primjenjuje tijekom izolacije i karakterizacije biomolekula koje vezu Fe nakon pocetnog
razdvajanja pomo¢u SEC-HPLC-a, na primjer u ljudskom serumu (Mestek i sur., 2007.;
Montes-Bayon i sur., 1999.; Muniz i sur., 2001.) ili ribama (npr., kalifornijska pastrva, O.

mykiss; Fago i sur., 2002.). U ovome istrazivanju, primjenom AEC-HPLC-a ostvareno je
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uspjesno razdvajanje biomolekula koje vezu Fe od biomolekula koje vezu Cu i1 Zn, §to

upucuje na prednost primjene ove tehnike u postupcima finog razdvajanja biomolekula.

Za konacnu karakterizaciju izdvojenih SMM biomolekula koje vezu Fe, razdvojenih i
pro¢is¢enih  dvodimenzionalnom kromatografijom, primijenjene su dvije tehnike
spektrometrije masa, MALDI-TOF-MS i LC-MS/MS. MALDI-TOF-MS spektri u jetrima su
uvijek pokazivali glavni m/z pik na 15,4 kDa, dok su u nekim uzorcima jetara bila prisutna i
dva dodatna niza m/z pika na 31,5 kDa i 46,9 kDa, §to je najvjerojatnije ukazivalo na spektre
hemoglobina, s karakteristicnim hemoglobinskim monomerima (~15 kDa), dimerima (~30
kDa) i trimerima (~45 kDa). lako je hemoglobin protein molekulske mase priblizno 64,5 kDa,
on sadrzi Cetiri polipeptidne podjedinice, pri cemu se svaka podjedinica sastoji od a ili
polipeptidnog lanca i prosteticke skupine hema (Perutz i sur., 1960.). Nasi rezultati za jetra
podudaraju se s istrazivanjima provedenima na kalifornijskoj pastrvi (O. mykiss), kod koje je
bilo identificirano pet glavnih o lanaca i Cetiri glavna P lanca, s rasponom molekulskih masa
od 15,1 do 16,0 kDa (Fago i sur., 2002.). Yu i sur. (1997.) u analizama ljudske krvi takoder su
uocili istovremenu pojavu monomera i dimera nakon razdvajanja hemoglobina pomocu SDS-
poliakrilamidne gel elektroforeze. Sukladno tome, m/z pik na ~15 kDa najvjerojatnije
odgovara a-lancu ili B-lancu, m/z pik na ~30 kDa vjerojatno odgovara kovalentnom produktu
a-o, B-p ili a-p povezivanja, dok m/z pik na ~45 kDa vjerojatno odgovara kovalentno
vezanom trimeru (Yu i sur., 1997.). MALDI-TOF-MS spektri dobiveni za SMM frakcije Fe u
Skrgama takoder su pokazali jasne m/z pikove na ~15 kDa, koje je moguce pripisati
hemoglobinskim monomerima. No, opazeni su i dodatni m/z pikovi na nizim molekulskim
masama, Sto ukazuje na vjerojatnu prisutnost viSestruko nabijenih biomolekula (na primjer,
dvostruko nabijenih (m/z: 7,7 kDa; 2+) ili trostruko nabijenih (m/z: 5,1 kDa; 3+)), dok

istovremeno u $krgama pojava multimera nije zabiljezena.

Uporabom LC-MS/MS-a i pretrazivanjem baza Mascot sustavom, u prikupljenim je i
pro¢is¢enim SMM frakcijama jetara 1 Skrga vardarskog klena potvrdena prisutnost
hemoglobina. I u jetrima i u Skrgama identificirana je § podjedinica hemoglobina, dok je a-
podjedinica identificirana samo u jednom uzorku Skrga. U MALDI-TOF masenom spektru
skrga u kojemu je pronadena o podjedinica, pored m/z pika na 15,3 kDa, uocena su i dva
dodatna m/z pika nizih molekulskih masa, 11,3 kDa i 13,5 kDa, za koje se moze pretpostaviti
da odgovaraju upravo hemoglobinskoj a podjedinici. Niza molekulska masa a-podjedinice

(15,1 kDa) u usporedbi s B-podjedinicom (15,9 kDa) ve¢ je i1 prije zabiljezena u ljudskom
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hemoglobinu (Yu i sur., 1997.), kao i hemoglobinu $takora (a: 15,3 kDa, B: 16.0 kDa)

(Fernandez-Menéndez i sur., 2018.).

Nasi su rezultati nedvojbeno potvrdili prisutnost krvi u jetrima i Skrgama vardarskog
klena, $to nije bilo iznenaduju¢e budu¢i da izdvajanju organa i citosolskih frakcija nije
prethodila perfuzija organa. U uzorcima jetara obicno je ocekivano da dio Fe bude vezan na
transportni protein transferin (80 kDa; Neves i sur., 2009.). No, kao $to je vidljivo iz gore
prikazanih rezultata, u nasem je istrazivanju Fe i u jetrima i u $§krgama bilo raspodijeljeno u
podrucju biomolekula ¢ije su molekulske mase bile ili znatno viSe ili neSto nize od
molekulske mase transferina. Predominantno vezanje Fe na hemoglobin, a ne transferin, u
skladu je s nalazima Fernandez-Menéndez i sur. (2018.) koji su pokazali da je u crvenim
krvnim stanicama Stakora tek 13% ukupnog Fe vezano na transferin. Povezivanje
dvodimenzionalne tekucinske kromatografije visoke djelotvornosti (SEC-AEC-HPLC) i
raznih tehnika spektrometrije masa (HR ICP-MS; MALDI-TOF-MS; LC-MS/MS) pokazalo
se osjetljivim i optimalnim nacinom detekcije, karakterizacije i identifikacije biomolekula
koje vezu Fe, kao §to je ve¢ i ranije zabiljezeno tijekom istrazivanja hemoglobina (Kleinert i

sur., 2008.).

4.3.2. Toplinski stabilne biomolekule koje vezu Cd, Cu i Zn

Razdvajanjem citosolskih frakcija jetara i Skrga vardarskih klenova uzorkovanih 2015.
godine primjenom SECyp-HPLC-a zabiljeZeno je vezanje Cd, Cu i Zn u podru¢ju NMM
biomolekula (~5-25 kDa), vjerojatno MT, kao i dodatno vezanje Zn u podru¢ju VMM (~500
do >600 kDa) i SMM biomolekula (~25-300 kDa). Rezultati za Cu odnose se samo na jetrima
vardarskog klena jer zbog niskih citosolskih koncentracija nije bilo mogucée postojeCom
analitickom opremom provesti analize Cu u $krgama. Ostvareni rezultati podudaraju se s
rezultatima o raspodjeli Cd, Cu i Zn u jetrima i Skrgama vardarskih klenova uzorkovanih
2012. godine. Uzimaju¢i u obzir znaajnu funkciju MT u odrZzavanju homeostaze i
detoksikaciji Zn, Cu i Cd, u daljnjem je tijeku istraZivanja radi prepoznavanja MT izoformi u
organima vardarskog klena primijenjen dodatni korak razdvajanja NMM citosolskih
biomolekula (~5-20 kDa, dobivenih pomoc¢u SEC,0-HPLC-a) na temelju njihovog naboja,
primjenom AEC-HPLC-a.

Znanstvenici su u dosadaS$njim istrazivanjima utvrdili postojanje razli¢itog broja
izoformi MT u raznim vodenim organizmima. Tako su kod kalifornijske pasrtve (O. mykiss)

(Kay i sur., 1986.), morskog jezinca (Echinoidea) (Wilkinson i Nemer, 1987.) i oStrige
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(Ostrea edulis) (Roesijadi i sur., 1989.) opisane dvije izoforme, dok su kod hlapa (Homarus
gammarus) utvrdene tri izoforme MT. Istrazivanje MT izoformi moze znacajno doprinijeti
razumijevanju regulacije esencijalnih elemenata poput Cu i Zn te detoksikacije neesencijalnih
metala poput Cd u razli¢itim organizmima (Szpunar i Lobinski, 1999). Izoforme MT razlikuju
se u aminokiselinskom sastavu, ne ukljucujuéi cistein, zbog ¢ega imaju razliite izoelektricne
tocke 1 razli¢itu hidrofobnost, §to omogucéuje njihovo razdvajanje pomocu AEC-HPLC-a.
AEC-HPLC razdvajanjem NMM biomolekula (~5-20 kDa) iz jetara i Skrga vardarskog klena
dobivena su dva dobro razdvojena AEC-pika koja su u oba organa imala identi¢na vremena
eluiranja. Jetreni AEC-pikovi sadrzavali su sva tri analizirana metala (Cd, Cu i Zn), dok je
AEC-pik u Skrgama sadrzavao samo Cd, a vezanje Zn u MT-frakciji Skrga nije bilo
potvrdeno. Prvi AEC-pik podudarao se s vremenom eluiranja standardne otopine izoforme
MT-I, dok se drugi pik podudarao s vremenom eluiranja standardne otopine izoforme MT-II,
potvrduju¢i vezanje Cd, Cu 1 Zn u jetrima te Cd u Skrgama na dvije MT izoforme.
Znanstvenici Duquesne i Richard (1994.) takoder su u svojim istraZivanjima u jetrima dviju
vrsta riba (obi¢ni iverak, Limanda limanda, i maloglavi iverak, Microstomus kitt) potvrdili
postojanje dviju izoformi MT, s dominatnom prisutno$¢u izoforme MT-II. Nekoliko drugih
autora takoder je izvijestilo o0 vezivanju Cd za dvije MT izoforme, MT-1 i MT-II, u organima
raznih vrsta riba: u jetrima jegulje (A. anguilla) i iverka (L. limanda) te u jetrima i Skrgama
zlatne ribice (Carassius auratus), zutog soma (Pelteobagrus fulvidraco), bezribice
(Pseudorashora parva) i grdobine (Squaliobarbus curriculus) (Giugere i sur., 2006.; Lacorn i
sur., 2001.; Li i sur., 2018.). Izostanak vezanja Zn na MT u Skrgama vardarskog klena bio je u
skladu s nasim prethodnim rezultatima. Uocene razlike izmedu jetara i $krga u vezanju Zn na
MT ukazale su na moguce razlike u fizioloskim ulogama izoformi MT u razli¢itim tkivima 1
organima. lako su u oba organa nadene obje izoforme, MT-1 i MT-II, moguce je da se
aminokiselinski slijedovi pojedinih izoformi razlikuju izmedu organa te tako predstavljaju
subizoforme MT-I i MT-II svojstvene Skrgama i jetrima. Stoga je moguce da jetrene
subizoforme metalotioneina koje sadrze 1 Zn 1 Cu imaju istovremeno ulogu 1 u detoksikaciji
nesencijalnih i u pohrani esencijalnih metala te po potrebi mogu posluziti kao izvor tih metala
za druge proteine. S druge strane, moguce je da subizoforme MT svojstvene Skrgama, koje
sadrze Cd, a ne sadrze Zn, imaju prvenstveno ulogu u detoksikaciji. Nadalje, moguce je da te
MT izoforme uz Cd sadrze i Cu, ali to nije bilo moguce utvrditi zbog jako niskih citosolskih

koncentracija Cu u Skrgama.
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Za razliku od biomolekula koje vezu Fe, a kod kojih je nakon dvodimenzionalnog
kromatografskog razdvajanja provedena analiza spektrometrijom masa, NMM biomolekule
koje vezu Cd, Cu i Zn dodatno smo toplinski obradili prije daljnjih analiza, kao dodatni
stupanj proc¢iS¢avanja toplinskih stabilnih proteina metalotioneina. Toplinski obradeni citosoli
jetara vardarskog klena razdvojeni su SEC;s-HPLC-om te je izdvojena NMM frakcija (~10-
30 kDa), koja je nadalje frakcionirana pomoc¢u AEC-HPLC-a, ¢ime je potvrdeno vezanje Cd,
Cu i Zn na dvije MT izoforme, MT-1 i MT-II. Dvije dobivene AEC-frakcije analizirali smo
pomo¢u MALDI-TOF-MS-a, kako bismo odredili njihovu to¢nu molekulsku masu i utvrdili
postoje li uocljive razlike u masama MT-I i MT-II izoformi iz jetara vardarskog klena. Na
temelju dobivenih masenih spektara utvrdeno je kako obje MT izoforme u jetrima vardarskog
klena imaju jednaku molekulsku masu od 6,0 kDa, §to je samo 100-200 Da nize od
molekulskih masa standarda MT-I (6,2 kDa) i MT-II (6,1 kDa), koji se medusobno razlikuju
za samo 100 Da. Uzimaju¢éi u obzir tocnost MALDI-TOF-MS instrumenta, kao i moguénost
razlika u zasi¢enju MT ili u sadrzaju specifi¢nih metala vezanih na MT, koji mogu rezultirati
razlikama od nekoliko stotina Da u masi (Chassaigne 1 Lobinski, 1998), naa su istraZivanja
pokazala da je masa dviju MT izoformi izoliranih iz jetara vardarskog klena podudarna s
masama analiziranin MT-1 i MT-II standarda. Budu¢i da se MT izoforme medusobno vrlo
malo razlikuju u masi (Carpené i Vasak, 1989), ocigledno ih nije moguce razdvojiti samo
primjenom SEC-HPLC-a te je vidljiva vaznost dodatne primjene AEC-HPLC-a, odnosno
dvodimenzionalnog razdvajanja. Carpené i Vasak (1989.) identificirali su dvije izoforme MT
(MT-1 i MT-II) u jetrima zlatne ribice (C. auratus) koristeci takoder anionsko izmjenjivacku
kromatografiju i sekvencioniranje aminokiselina, dok se uporaba dvodimenzionalnog pristupa
razdvajanju MT (SEC-AEC-HPLC) cesto primjenjuje u istrazivanjima razli¢itih vodenih
organizmima, poput riba iverka (L. limanda; Lacorn i sur., 2001.), babuske (C. auratus
gibelio; Goenaga Infante i sur., 2006.), jegulje (A. anguilla; Rodriguez-Cea i sur., 2003.),
morskog soma (Netuma barba) i bisernog ciklida (Geophagus brasiliensis) (Rodriguez-Cea i
sur., 2003.) te mekusaca (Maltez i sur., 2009.).

Daljnja sli€nost izmedu dviju izoformi MT iz jetara vardarskog klena 1 dvaju
standarda (MT-I i MT-II) odnosi se na ¢injenicu da su i kod jednih i kod drugih u masenim
spektrima detektirani i nizi pikovi na 12,0 kDa za jetra te 12,3-12,4 kDa za MT standarde, a
koji vjerojatno odgovaraju MT dimerima. Da osim MT izoformi postoje i MT varijante
razli¢itih molekulskih masa, odnosno monomeri (10 kDa, MT-10) i dimeri (20 kDa, MT-20),

potvrdeno je u prijaSnjim istrazivanjima na raznim organizmima, i to na ribama

114



Rasprava

(mozambickoj tilapiji (Oreochromis mossambicus), Chan, 1994.; Wu i sur., 1999.; vrsti iz
reda Somovki (Heteropneustes fossilis), Chatterjee i Maiti, 1987.; morskoj macki bljedici
(Scyliorhinus canicula), Hidalgo i sur., 1988.), na Stakorima (Hidalgo i sur., 1988.), na
Skoljkasima (oStrigama (O. edulis), Fowler i sur.,, 1986.; dagnjama (Mytilus
galloprovincialis), Frazier i sur., 1985.; Ivankovi¢ i sur., 2002.) i na puzevima (Gastropoda)
(Langston i Zhou, 1978.).

Toplinski obradeni citosoli $krga vardarskog klena takoder su bili razdvojeni SEC7s-
HPLC-om te je izdvojena NMM frakcija (~10-30 kDa). No, ona nije dalje frakcionirana
pomocu AEC-HPLC-a zbog nemogucénosti detekcije uslijed prevelikog razrijedenja, vec¢ je
provedena izravna analiza pomo¢u MALDI-TOF-MS-a. U dobivenim masenim spektrima
NMM frakcije Skrga zabiljezena su tri m/z pika, od kojih je najuocljiviji bio m/z pik na 4,9
kDa, koji zbog svoje relativno niske molekulske mase nije djelovao kao da predstavlja pik
metalotioneina. No, i Maltez 1 sur. (2009.) su pronasli izraziti pik kadmija na 5,1 kDa
provodeci istrazivanje na puzu (Marisa cornuarietis). Iako su u pocetku zakljucili kako je ova
molekulska masa preniska u usporedbi s ve¢ Kklasificiranim metalotioneinima ili
metalotioneinu sliénim proteinima (MLP), analiziraju¢i aminokiselinski slijed ipak su
zakljucili kako je moguce da MLP izoforma na 5,1 kDa odgovara metalotioneinu. U masenim
spektrima $krga vardarskog klena zabiljezena su i dva manja m/z pika, jedan na 6,2 kDa koji
odgovara molekulskoj masi standarda MT (6,1-6,2 kDa) te drugi na 3,1 kDa koji se vjerojatno
odnosi na dvostruko nabijeni molekulski ion MT. Upotreba ovakvog pristupa analizi
biomolekula primjenom masene spektrometrije nakon samo jednog stupnja razdvajanja
citosola (SEC-HPLC) ocito ima svoje nedostatke, budu¢i da ne osigurava mogucénost
pouzdanog razlucivanja dviju MT izoformi. No, s druge strane, rezultati dobiveni naSim
istrazivanjima ukazali su na postojanje razlika MT prisutnih u jetrima 1 u Skrgama. Kao prvo,
nase otkri¢e da vezanje Zn na MT u Skrgama, za razliku od MT u jetrima, nije bilo moguce
detektirati, u skladu je s otkricem Noél-Lambota i sur. (1978.) da MT u skrgama jegulja (A.
anguilla), za razliku od MT u jetrima, vezu vrlo male koli¢ine Zn i Cu. Ovi su znanstvenici
takoder tvrdili kako MT nije prirodno prisutan u Skrgama, ve¢ njegovu sintezu u Skrgama
inducira izloZenost kadmiju (Noél-Lambota i sur., 1978.). Van Campenhout i sur. (2004.)
primjetili su sli¢nu razliku izmedu MT u jetrima i bubrezima Sarana (C. carpio), gdje je samo
2% citosolskog Zn bilo vezano za MT u bubrezima, a vise od 30% u jetrima. Razlika izmedu
MT u skrgama i MT u jetrima vardarskog klena dodatno je potvrdena Cinjenicom da je u
Skrgama dominantno prisutna MT izoforma niZe molekulske mase (~5 kDa), uz prisutnost
vrlo male koli¢ine uobi¢ajene izoforme MT, molekulske mase 6 kDa.

115



Rasprava

4.3.3. Toplinski stabilne biomolekule koje vezu Mo

U znanstvenoj je literaturi navedeno kako zasad nije provedena molekularna
karakterizacija transportera molibdena, niti proteina za pohranjivanje Mo u ribama, kao ni
genomicka 1 proteomicka istrazivanja riba izlozenih molibdenu (Reid, 2011.). Tijekom
istrazivanja na vardarskim klenovima uzorkovanima 2012. godine, analizom toplinski
obradenih citosola jetara i Skrga utvrdili smo postojanje toplinski stabilnih citosolskih
biomolekula koje vezu Mo, molekulskih masa u rasponu ~5-10 kDa. Kako su te biomolekule
zasad neistrazene, cilj nam je bio provesti njihovu dodatnu karakterizaciju u jetrima i Skrgama
vardarskih klenova uzorkovanih 2015. godine te je u tu svrhu ponovljeno razdvajanje citosola
pomoc¢u SEC75-HPLC-a, prije i poslije toplinske obrade. U jetrenim citosolima prije toplinske
obrade najveci je dio Mo bio raspodijeljen u podru¢ju SMM biomolekula (~30-140 kDa), dok
je samo manji dio bio prisutan u podru¢ju JNMM biomolekula (~5-10 kDa). No, nakon
toplinske obrade citosola, Mo-SMM pik bio je gotovo potpuno uklonjen, dok je uoceno
izrazito povecanje Mo-JNMM pika, ukazujuéi na moguénost da je dio Mo presao iz SMM
podrucja u JNMM podrucje. Pretpostavka je da se to dogada uslijed raspadanja toplinski
osjetljivih Mo-SMM proteina u manje, toplinski stabilne molekule jako niskih molekulskih
masa. Nasuprot tome, Mo je u Skrgama 1 prije 1 poslije toplinske obrade bio vezan na JNMM
biomolekule (~5-10 kDa). Profili raspodjele Mo dobiveni za vardarske klenove iz 2015.
godine podudarali su se s rezultatima dobivenim za vardarske klenove uzorkovane 2012.

godine.

Kako dodatno razdvajanje pomocu AEC-HPLC-a nije bilo moguce provesti zbog
niskih citosolskih koncentracija Mo, molibdenske JNMM frakcije iz obaju organa (~5-10
kDa) dobivene pomoc¢u SEC7s-HPLC-a izravno su analizirane primjenom MALDI-TOF-MS-
a. U masenim spektrima obaju organa bila su prisutna dva jasno razlu¢ena m/z pika. U jetrima
je m/z pik najveceg intenziteta bio zabiljezen na 8,5 kDa, dok je drugi nizi m/z pik bio
zabiljezen na 4,2-4,4 kDa te se vjerojatno radilo o dvostruko nabijenom molekuskom ionu. Za
razliku od jetre, u skrgama je m/z pik veceg intenziteta bio zabiljezen na 3,3 kDa, dok je nizi
m/z pik bio zabiljezen na 8,5 kDa te je odgovarao masi glavnog jetrenog m/z pika. Moguce je
pretpostaviti kako se biomolekule molekulske mase 8,5 kDa, dominantno prisutne u jetrima, a
puno manje u Skrgama, odnose na JNMM biomolekule koje vezu Mo, a koje se u citosolu

pojavljuju tek nakon toplinske obrade, vjerojatno raspadanjem SMM biomolekula. Nasuprot
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tome, manje biomolekule na ~3 kDa, dominantno prisutne u Skrgama, vjerojatno se odnose na
toplinski stabilne biomolekule koje su prisutne u citosolu skrga ¢ak i prije toplinske obrade.
Budu¢i da zbog upotrebe spektrometra masa niskog razlucivanja, LC-MS/MS analiza s
naknadnim Mascot pretrazivanjem nije rezultirala definitivnim prepoznavanjem tih dviju
toplinskih stabilnih biomolekula koje vezu Mo, analize smo prosirili na njihovo sekvenciranje
koje je trenutno u tijeku. U masenim spektrima u jetrima zabiljezeno je i nekoliko manjih
pikova na 6,9 kDa i 9,6 kDa, koji zasad nisu identificirani, takoder zbog niskog razlu¢ivanja

primijenjenog spektrometra masa.
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5. ZAKLJUCCI

1. Analiziranje raspodjela odabranih elemenata medu citosolskim biomolekulama u
jetrima i Skrgama dvaju srodnih bioindikatorskih organizama, klena (Squalius
cephalus) i vardarskog klena (Squalius vardarensis), kombiniranom primjenom
kromatografskih tehnika i nekoliko tehnika spektrometrije masa provedeno u sklopu
izrade ove doktorske disertacije predstavlja pocCetni korak u istrazivanju unutarstani¢ne
sudbine | ponasanja metala u organima riba. Dobiveni rezultati predstavljaju osnovu

za razvoj novih biomarkera izloZenosti, odnosno toksi¢nih u¢inaka metala.

2. Primjenom SEC-HPLC-a i HR ICP-MS-a odredene su raspodjele esencijalnih
elemenata Co, Cu, Fe, Mn, Mo, Se i Zn te neesencijalnih elemenata Cd i Pb medu
citosolskim biomolekulama razli¢itih molekulskih masa u jetrima i Skrgama klena (S.
cephalus) iz umjereno onecisc¢ene rijeke Sutle i vardarskog klena (S. vardarensis) iz
makedonskih rijeka pod utjecajem aktivnih rudnika, pri uvjetima niskih i povisenih
izloZenosti metalima u rije¢noj vodi. Od dobivenih se rezultata posebno moze

istaknuti sljedece:

e raspodjela kobalta predominantno u podruc¢ju biomolekula visokih molekulskih
masa (~20-410 kDa) te u dva podruc¢ja biomolekula jako niskih molekulskih
masa (~2-9 kDa i <2 kDa) u jetrima obiju vrsta klena te u $krgama klena S.
cephalus; biomolekule molekulskih masa ispod 2 kDa odgovaraju molekulskoj
masi kobalamina;

e raspodjela bakra predominantno u podru¢ju biomolekula niskih molekulskih
masa (~5-40 kDa), ¢ija molekulska masa i vrijeme eluiranja odgovaraju MT u
jetrima obiju vrsta klena te u Skrgama klena S. cephalus;

e raspodjela Zeljeza u podrucju biomolekula visokih molekulskih masa (~140-
700 kDa) koje obuhvaca molekulsku masu feritina, proteina koji sluzi za
pohranu Zeljeza, te u podrucju biomolekula srednjih molekulskih masa (~10-80
kDa) u jetrima i Skrgama obiju vrsta klena;

e raspodjela mangana u Sirokom podruc¢ju molekulskih masa od 2 do 400 kDa, s
najve¢om prisutno$¢u u podrucju biomolekula visokih molekulskih masa (~60-
400 kDa) te znatno manjom u podru¢ju biomolekula srednjih molekulskih

masa (~25-85kDa) koje obuhvacdaju i molekulske mase transportnih proteina
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albumina i transferina, u jetrima obiju vrsta klena i u Skrgama klena S.
cephalus;

raspodjela molibdena predominantno u podru¢ju biomolekula visokih
molekulskih masa (~60 do >600 kDa), koje obuhvacaju molekulske mase
enzima poput aldehid oksidaze, sulfit oksidaze i Fe-Mo flavoprotein ksantin
oksidaze, te raspodjela manjeg dijela Mo medu biomolekulama niskih
molekulskih masa (~3-12 kDa) u jetrima obiju vrsta klena;

raspodjela selena u Sirokom podru¢ju molekulskih masa (~1-400 kDa), i to
predominantno vezanog na biomolekule niskih molekulskih masa (~20-60
kDa) i jako niskih molekulskih masa (<5 kDa) u jetrima obiju vrsta klena; u
Skrgama obiju vrsta klena veéina Se je bila raspodijeljena medu
biomolekulama jako niskih molekulskih masa, ispod 5 kDa, koje obuhvacaju
molekulske mase poznatih selenospojeva, selenoneina i selenometionina, koji
sudjeluju u obrani organizma od oksidativnog stresa;

raspodjela cinka u podru¢ju biomolekula visokih molekulskih masa (>400
kDa) i srednjih molekulskih masa (~10-380 kDa) u jetrima i $krgama obiju
vrsta klena te izraZena prisutnost u podrucju biomolekula niskih molekulskih
masa (~7-27 kDa), koje odgovaraju molekulskoj masi proteina MT, samo u
jetrima obiju vrsta klena; samo u $krgama klena S. cephalus Zn se pojavljuje i
u podrucju biomolekula jako niskih molekulskih masa (<5 kDa);

raspodjela kadmija predominantno u podru¢ju biomolekula niskih molekulskih
masa (~5-30 kDa), §to odgovara molekulskoj masi i vremenu eluiranja
proteina MT u jetrima i Skrgama obiju vrsta klena;

raspodjela olova predominantno u podruc¢ju biomolekula srednjih molekulskih
masa (~35-240 kDa) u jetrima klena, §to moze ukazivati na njegov potencijal
za toksi¢no djelovanje; manji dio olova bio je raspodijeljen u podrucju
biomolekula niskih molekulskih masa (~9-20 kDa), $to odgovara podrucju

eluiranja MT.
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3. Analiza utjecaja razli¢itih razina izloZzenosti metalima u rije¢noj vodi na njihovu
citosolsku raspodjelu u jetrima i Skrgama klena i vardarskog klena pokazala je da
povecanje izlozenosti ne dovodi do kvalitativnih promjena u raspodjeli tih metala
medu citosolskim biomolekulama. Pri povisenoj izlozenosti dolazi samo do
kvantitativnih promjena, odnosno do povecanog vezanja pojedinih metala na iste

biomolekule na koje se vezu i pri niskoj izlozenosti, poput vezanja Cd na MT.

4. Raspodjela pojedinih metala medu citosolskim biomolekulama razli¢ita je u jetrima i
Skrgama obiju vrsta klenova (S. cephalus i S. vardarensis) ovisno o razlicitim
funkcijama organa. Na primjer, Zeljezo je u jetrima ve¢inom vezano na biomolekule
visokih molekulskih masa, vjerojatno skladisni protein feritin, dok je u Skrgama to
vezanje zanemarivo, a vecina je Fe vezana na biomolekule srednjih molekulskih masa.
Nadalje, za cink je u jetrima uo¢eno izrazito vezanje na protein MT koji sudjeluje u

odrzavanju homeostaze cinka, dok u Skrgama takvo vezanje nije zabiljezeno.

5. Raspodjele metala (Co, Cu, Fe, Mn, Mo, Se, Zn i Cd) medu citosolskim
biomolekulama pri niskoj i povisenoj izloZenosti usporedive su u dvjema srodnim
vrstama klena (S. cephalus i S. vardarensis), §to omogucuje usporedbu rezultata
dobivenih njihovom primjenom u monitoringu udaljenih slatkovodnih sustava. Manje
razlike zabiljezene su za citosolske raspodjele Zn i Cd u jetrima dviju vrsta. lako je u
jetrima obiju vrsta klena uo¢eno vezanje Zn i Cd na niskomolekulske biomolekule,
vjerojatno MT, to je vezanje bilo puno jasnije izrazeno u jetrima vardarskog klena, §to
mozda ukazuje na snazniju sposobnost detoksikacije te vrste ili na prilagodbu uvjetima

povecane izlozenosti metalima u rijekama oneciS¢enim rudni¢kim otpadom.

6. Analizom toplinski obradenih citosola dvaju organa vardarskog klena primjenom
SEC-HPLC-a i HR ICP-MS-a potvrdena je prisutnost toplinskih stabilnih biomolekula
(~10-30 kDa) koje vezu Cd, Cu i Zn u jetrima te Cd u Skrgama. Utvrdeno je i
postojanje toplinski stabilnih biomolekula vrlo niskih molekulskih masa (<10 kDa)

koje vezu Mo i Se.
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7. Primjenom dviju tehnika spektrometrije masa (MALDI-TOF-MS i LC-MS/MS) nakon

dvodimenzionalnog kromatografskog razdvajanja provedeno je precizno odredivanje

molekulskih masa i identifikacija nekoliko odabranih biomolekula koje vezu Fe, Cd,

Cu, Zn i Mo u jetrima 1 Skrgama vardarskog klena:

analizom biomolekula srednjih molekulskih masa (~20-50 kDa) koje vezu Fe,
primjenom MALDI-TOF-MS-a utvrdena je prisutnost molekulskih iona na
~15.5 kDa, ~31kDa i ~47 kDa u jetrima, §to odgovara monomerima, dimerima
I trimerima hemoglobinskih podjedinica; u skrgama je utvrdena prisutnost
molekulskih iona i na nizim masama (na ~11 kDa, ~13 kDa i ~15 kDa);
uporabom LC-MS/MS-a u oba je organa identificirana B podjedinica
hemoglobina, dok je a-podjedinica identificirana samo u Skrgama;

AEC-HPLC razdvajanjem citosolskih biomolekula niskih molekulskih masa
(~5-25 kDa) utvrdeno je vezanje Cd, Cu i Zn u jetrima te Cd u Skrgama na
dvije MT izoforme, MT-1i MT-II,

toplinski stabilnim biomolekulama niskih molekulskih masa koje vezu Cd
(~10-30 kDa), primjenom MALDI-TOF-MS-a odredena je molekulska masa
od 6,0 kDa u jetrima te 4,9 kDa u $krgama, §to odgovara literaturnim podacima
za MT;

toplinski stabilnim biomolekulama jako niskih molekulskih masa (~5-10 kDa)
koje vezu Mo, primjenom MALDI-TOF-MS-a odredene su molekulske mase
od 3,3 kDa i 8,5 kDa, pri ¢emu su biomolekule mase 8,5 kDa dominantno

prisutne u jetrima, a biomolekule mase 3,3 kDa u skrgama.
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7. PRILOZI
7.1. Dodatne informacije uz rad:
Krasni¢i N, Dragun Z, Erk M, Raspor B: Distribution of selected essential (Co, Cu,
Fe, Mn, Mo, Se, Zn) and nonessential (Cd, Pb) trace elements among protein fractions
from hepatic cytosol of European chub (Squalius cephalus L.). Environmental Science
and Pollution Research 20 (2013), 4: 2340-2351. doi:10.1007/s11356-012-1105-8
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Slika 1. Raspodjele Co medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300

GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u tri skupine, prema

citosolskim koncentracijama Co (ng mL™) u jetrima klenova. Oznaka slike u radu ESI I.
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Slika 2. Raspodjele Mo medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300

GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u tri skupine, prema

citosolskim koncentracijama Mo (ng mL™) u jetrima klenova. Oznaka slike u radu ESI I1.
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Slika 3. Raspodjele Mn medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u Cetiri skupine, prema
citosolskim koncentracijama Mn (ng mL™) u jetrima klenova. Oznaka slike u radu ESI I11.
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Slika 4. Raspodjele Zn medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u cetiri skupine, prema

citosolskim koncentracijama Zn (ng mL™) u jetrima klenova. Oznaka slike u radu ESI IV.
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Slika 5. Raspodjele Cu medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300

GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u cetiri skupine, prema

citosolskim koncentracijama Cu (ug mL™) u jetrima klenova. Oznaka slike u radu ESI V.
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Slika 6. Raspodjele Fe medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u cetiri skupine, prema

citosolskim koncentracijama Fe (ng mL™) u jetrima klenova. Oznaka slike u radu ESI VI.
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Slika 7. Raspodjele Se medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u cetiri skupine, prema

citosolskim koncentracijama Se (ng mL™) u jetrima klenova. Oznaka slike u radu ESI V1.
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Slika 8. Raspodjele Cd medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u Cetiri skupine, prema
citosolskim koncentracijama Cd (ng mL™) u jetrima klenova. Oznaka slike u radu ESI VIII.
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Slika 9. Raspodjele Pb medu biomolekulama razli¢itih molekulskih masa u citosolima jetara
klenova (S. cephalus) dobivene SEC-HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Oznaka slike u radu ESI IX.
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7.2. Dodatne informacije uz rad:

Krasni¢i N, Dragun Z, Erk M, Raspor B: Distribution of Co, Cu, Fe, Mn, Se, Zn and
Cd among cytosolic proteins of different molecular masses in gills of European chub
(Squalius cephalus L.). Environmental Science and Pollution Research 21 (2014), 23:
13512-13521. doi:10.1007/s11356-014-3274-0
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Slika 10. Profili raspodjele Co medu biomolekulama razli¢itih molekulskih masa u citosolima
skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u dvije skupine, prema

citosolskim koncentracijama Co (ng mL™) u skrgama klenova. Oznaka slike u radu SI-1.
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Slika 11. Profili raspodjele Cu medu biomolekulama razli¢itih molekulskih masa u citosolima
skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u dvije skupine, prema

citosolskim koncentracijama Cu (ng mL™) u $krgama klenova. Oznaka slike u radu SI-2.
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Slika 12. Profili raspodjele Fe medu biomolekulama razli¢itih molekulskih masa u citosolima
skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u tri skupine, prema

citosolskim koncentracijama Fe (ug mL™) u $krgama klenova. Oznaka slike u radu SI-3.
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Slika 13. Profili raspodjele Mn medu biomolekulama razli¢itih molekulskih masa u
™

citosolima skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex

200 10/300 GL i mjerenjem na HR ICP-MS-u. Oznaka slike u radu SI-4.
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Slika 14. Profili raspodjele Se medu biomolekulama razli¢itih molekulskih masa u citosolima
skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u tri skupine, prema

citosolskim koncentracijama Se (ng mL™) u §krgama klenova. Oznaka slike u radu SI-5.
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Slika 15. Profili raspodjele Zn medu biomolekulama razli¢itih molekulskih masa u citosolima
skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u dvije skupine, prema

citosolskim koncentracijama Zn (ng mL™) u $krgama klenova. Oznaka slike u radu S1-6.
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Slika 16. Profili raspodjele Cd medu biomolekulama razli¢itih molekulskih masa u citosolima
skrga klenova (S. cephalus) dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300
GL i mjerenjem na HR ICP-MS-u. Analizirani uzorci su podijeljeni u dvije skupine, prema

citosolskim koncentracijama Cd (ng mL™) u $krgama klenova. Oznaka slike u radu SI-7.
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7.3. Dodatne informacije uz rad:
Krasni¢i N, Dragun Z, Kazazi¢ S, Muharemovi¢ H, Erk M, Jordanova M, Rebok K,

Kostov V: Characterization and identification of selected metal-binding biomolecules

from hepatic and gill cytosols of Vardar chub (Squalius vardarensis Karaman, 1928)

by various techniques of liquid chromatography and mass spectrometry. Metallomics
(2019), 11: 1060-1078. d0i:10.1039/COMTO00036D.
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Slika 17. Raspodjele osam odabranih metala (a - Co, b - Cu, c-Fe,d - Mn, e - Mo, f-Se, g -
Zn i h - Cd) medu biomolekulama razli¢itih molekulskih masa u citosolima jetara Cetiriju
vardarskih klenova (S. vardarensis) uzorkovanih u dvjema makedonskim rijekama
(Bregalnica i Zletovska) (uzorci br. 1, 2, 3 i 4). Profili su dobiveni HPLC razdvajanjem na
koloni Superdex™ 200 10/300 GL i mjerenjem na HR ICP-MS-u. SMM pikovi koji sadrze
pretezno Fe (te 26-29 min) i NMM-pikovi koji sadrze pretezno Cd, Cu i Zn (te 30-34 min), a
koji su oznaceni tockastim linijama, prikupljeni su za daljnje AEC-HPLC analize. Oznaka
slike u radu SI-1.
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Slika 18. Raspodjele cetiri odabrana elementa (a - Fe, b - Se, ¢ - Zn, d - Cd) medu
biomolekulama razli¢itih molekulskih masa u citosolima Skrga Cetiriju vardarskih klenova (S.
vardarensis) uzorkovanih u dvjema makedonskim rijekama (Bregalnica i Zletovska) (uzorci
br. 1, 2, 3 i 4). Profili su dobiveni HPLC razdvajanjem na koloni Superdex™ 200 10/300 GL i
mjerenjem na HR ICP-MS-u. SMM pikovi koji sadrze pretezno Fe (te 26-29 min) i NMM-
pikove koji sadrze pretezno Cd i Zn (te 30-34 min), a koji su oznaceni tockastim linijama,

prikupljeni su za daljnje AEC-HPLC analize. Oznaka slike u radu SI-2.
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Slika 19. SECy-HPLC kromatografski profil standarda transferina (humani, koncentracija 2

mg mL™) dobiven snimanjem UV detektorom na 280 nm. Oznaka slike u radu SI-3.
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Slika 20. Spektri masa dobiveni pomo¢u MALDI-TOF-MS-a za SMM biomolekule (~20-50
kDa) koje vezu Fe u citosolima jetara (a) i skrga (b) vardarskih klenova razdvojene pomocu
SECy00-HPLC-a, te spektri masa standarda proteina transferina (c) i standarda enzima

superoksid dismutaze (d). Oznaka slike u radu Sl-4.
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Slika 21. Raspodijele Cd (a, d), Zn (b, €) i Cu (c, f) u jetrima te raspodjele Cd (g, i) i Zn (h, j)
u Skrgama medu biomolekulama razli¢itih molekulskih masa iz citosola i toplinski obradenih
citosola dvaju vardarskih klenova (S. vardarensis) uzorkovanih u dvjema makedonskim
rijekama (Bregalnica i Zletovska) (uzorci br. 2 i 5). Profili su dobiveni HPLC razdvajanjem
na koloni Superdex™ 75 10/300 GL i mjerenjem na HR ICP-MS-u. NMM pikovi toplinski
obradenih jetrenih citosola (L-Cd-pikovi), koji su sadrzavali Cd, Cu i Zn (t, 21-25 min), a koji
su oznaceni tockastim linijama, prikupljeni su za daljnje AEC-HPLC analize. NMM pikovi
toplinski obradenih citosola skrga (G-Cd-pikovi), koji su sadrzavali Cd (t. 21-25 min), a Koji
Su oznaceni tockastim linijama, prikupljeni su za izravne MS analize. Oznaka slike u radu Sl-
5.
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Slika 22. Raspodjele Mo (a, ¢) i Se (b, d) u jetrima te Mo (e, g) i Se (f, h) u skrgama medu
biomolekulama razli¢itih molekulskih masa iz citosola i toplinski obradenih citosola dvaju
vardarskih klenova (S. vardarensis) uzorkovanih u dvjema makedonskim rijekama
(Bregalnica i Zletovska) (uzorci br. 2 i 5). Profili su dobiveni HPLC razdvajanjem na koloni
Superdex™ 75 10/300 GL i mjerenjem na HR ICP-MS-u. JNMM pikovi toplinski obradenih
citosola jetara i Skrga (te 26-30 min), koji su sadrzavali pretezno Mo (~5-10 kDa) te tragove
Se, a koji su oznaceni toCkastim linijama, prikupljeni su za izravne MS analize. Oznaka slike
u radu SI-6.
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Slika 23. Rezultati pretrazivanja Mascot baze: LC-MS/MS identifikacija SMM biomolekula

koje vezu Fe u citosolu $krga vardarskog klena razdvojenih pomoc¢u SEC,p-HPLC-a (~20-50

kDa) i proc¢is¢enih pomoc¢u AEC-HPLC-a.
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Slika 24. Rezultati pretrazivanja Mascot baze: LC-MS/MS identifikacija SMM biomolekula

koje vezu Fe u citosolu $krga vardarskog klena razdvojenih pomoc¢u SEC,-HPLC-a (~20-50

kDa) i proc¢is¢enih pomocu AEC-HPLC-a.
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Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
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I Mascot: hitp:/www.matrixscience.com

Slika 24 - nastavak. Rezultati pretraZivanja Mascot baze: LC-MS/MS identifikacija SMM

biomolekula koje vezu Fe u citosolu skrga vardarskog klena razdvojenih pomocéu SEC00-

HPLC-a (~20-50 kDa) i proc¢is¢enih pomo¢u AEC-HPLC-a.
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User : Hasan
Email : hmuharem@irb.hr
Search title : L-161 08122017
MS data file : DATA.TXT
D : Swi 1 (551705 sequences; 197114987 residues)
Timestamp : 8 Dec 2017 at 08:52:34 GMT
Protein hits : HBB1 DANRE Hemcglobin bunit beta 3
HBB CARAU He lobin subunit beta hbb PE=1 1

a-2 OS=Arctogadus glacialis GN=hbb2 PE=1 SV=2
sv=1

HBB2 ARCGL Hemoglobin subunit bet
Alc e

morhua & callarias PE=1

PRIM BPT7 DNA prim
SPIKE CVHSA Spike glycoprot

S PE=1 SV=1

mine receptor 2A 0S=Dr
fiber pr 0s=sal a phag
ianamine
SIR2 DROME NAD-depend
EMZD DICNO FProbable minor fimbrial protei
PUR ARATH Transcription factor Pur-alpha 1 08
SELA ACTP7 L-seryl-tRNA(Sec) selenium transferase OS
CPRT PMIVS 91 kDa readthrough protein C
FLGI PELCD Flagellar P-ring protein OS
INT3 PONAB Integrator comp subuni

rain AP76) GN=selA PE=

op virus (isolate Potato/Sweden/s
arbinoli n DSM 2380 /
ii GN=INTS3 PE sv=1

us (str

t 3 0s=Pongo a

Mascot Score Histogram

Tons score is -10*Log(P), where Pis the probability that the observed match is a random event.
Individual ions scores > 45 indicate identity or extensive homology (p<0.05).
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.

3
25

Marber of Hits
5w

5
o "/ - - oy
0 200 200
Pratein Score
Peptide Summary Report

FoimatAsll| Fepidesommary 33 Help
Significance threshold p< [F Max. number of hils'W
Standard scoring © MudPIT scoring ® Ions score or expect cut-off fU— Show sub-sets [0_
Show pop-ups ® Suppress pop-ups ©  Sort unassigned [Decreasing Score +1_| Require bold red g

Select All Select None Search Selected I I Error tolerant Archive Report
1. Score: 241 Matches: 11(2) Sequences: 4 (1) emPAI: 2.04
Hemoglobin subunit beta-1 OS=Danio r GN=bal PE=1
[T Check to include this hit in error tolerant search or archive re
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
Fp 142 479.6400 957.2654 957.5647 -0.2993 0 61 0.0018 1 u R.TAILGLWGK.L
[Fp 143 479.6500 957.2854 957.5647 -0.2793 0  (29) Ve T U R.TAILGLWGK.L
Fp 250 668.2100 1334.4054 1334.6805 -0.2751 0O 53 0.0088 1 R.CLIVYPWTQR.Y
51 668.2200 1334.4254 1334.6805 -0.2551 0  (34) 0.73 4 R.CLIVYPWTQR.Y
1424.4254 1424.7623 -0.3369 0  (38) 0.24 1 u K.LNIDEIGPQALSR.C
1424.4454 1424.7623 -0.3169 0 84 6.4e-006 1 U K.LNIDEIGPQALSR.C
1424.4654 1424.7623 -0.2969 O  (83) 8.1e-006 1 U K.LNIDEIGPQALSR.C
1424.4654 1424.7623 -0.2969 0  (77) 3.6e-005 1 u K.LNIDEIGPQALSR.C
1424.4682 1424.7623 -0.2941 0 (57)  0.0033 1 u K.LNIDEIGPQALSR.C
1464.4254 1464.7139 -0.2884 0O 89 2e-006 1 R.LLADCITVCAAMK. F
1480.3854 1480.7088 -0.3233 0  (46) 0.025 1 R.LLADCITVCAAMK.F + Oxidation (M)
Proteins matching the same set of peptides:
HEBZ DANRE Mass: 16606 Score: 244
Hemoglobin subunit beta-2 OS=Danio rerio
2 HEB u Mass: 16427 Score: 121 Matches: &(5) Sequences: 55

Slika 25. Rezultati pretrazivanja Mascot baze: LC-MS/MS identifikacija SMM biomolekula
koje vezu Fe u citosolu jetara vardarskog klena razdvojenih pomocu SEC,0-HPLC-a (~20-50

kDa) i proc¢is¢enih pomo¢u AEC-HPLC-a.
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auratus

Query Observed Mr(expt) Mz (calc) Delta Miss
250 6 1334.4054 34.680 278
51 668.2200 1334.4254 1334.6805 -0.255
1464.4254 6d. .2884
741.2000 1480.3854 1480.7 .32
g 485 890.7200 1779.4254 1779.8217 -0.3962 0
¥ 486 594.1500 1779.4282 1779.8217 -0.3935 0

hit in error tc

Query Observed Mr(expt) Mr(calc)  Delta Miss
574.2100 1146.4054 1146.6761 -0.2707 0
574.2200 1146.4254 1146.6761 -0.2507 0

Yo 1 1147.3454 1146.6761 0.6693 0

574.6800

51

1334.
200 1334

Proteins matching the same set of peptides:

HBBZ BORSA  Mass: 16787  Score: 147 Matches: 5(4) Sequences: 2
Hemoglobin subunit saida GN=hbbz PE=1 SV=3
A Mass: 16 Matches: 5(4) Sequences:
subunit beta-2 morhua GN=hbb2 PE=

GN=hbb PE=1 SV

ch or

1

Score
(34) 0.73
109 2.8e-009
(40) 0.028

Score  Expect
(77) 3.7e-005
97 4.4e-007
(59)  0.0053

1) 73

ve report

Expect Rank Unique

Rank Unique
1 u
1 u
1 U
1

Peptide

xidation

F T .F +
K.FGPSGFNADVQEAWQK . F

K. FGPSGFNADVQEAWQK . F

Peptide
K.FLSVVVSALGR.Q
K.FLSVVVSALGR.Q

K.FLSVVVSALGR.Q

Slika 25 - nastavak. Rezultati pretrazivanja Mascot baze: LC-MS/MS identifikacija SMM

biomolekula koje vezu Fe u citosolu jetara vardarskog klena razdvojenih pomocu SEC -

HPLC-a (~20-50 kDa) i pro¢is¢enih pomoéu AEC-HPLC-a.
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SMATRIX )
{SCIENCES

Search title
MS data file
Database
Timestamp
Protein hits

Mascot Search Results

: Hasan
: hmuharem@irb.hr

: L-162_08122017

: DATA.TXT
SwissProt 56.0 (547357 sequences; 194874700 residues)
8 Dec 2017 at 10:16:35 GMT

HBB CARAU  Hemogl
HBB2_ARCGL Hemoglo
Ribon
HXA2 BOVIN Homeobo
PGK HELPJ  Fhospho
5HT2A DROME 5
SECA CLOTE FProtein
DNAG METBF DNA prim
Y1127 ANASK
GCSPA_FLAPR
B3G2P_DROME G

in subunit beta C

in subunit beta-2
ase H O

ATCC 700824) GN=pgk PE=3 SV=1
=5-HT1A PE=2 S5V=2

train

ia pringlei

3-beta-glu

SYR DESVH Arginin ibric vulgar
TBX39 CAEEL Putative T-box prote aenorhabditis
RS11 METST 305 rib mal protein OS=Methanosphs 43021 / DsM 3091 / JCM 11832 /
SDHD BURTA FProbable D iehydratase OS=Burkholderia thailander strain E264 / ATCC 700388 DSM 13276 CIP 10630
Mascot Score Histogram
Ions score is -10*Log(P), where Pis the probability that the observed match is a random event.
Individual ions scores > 45 indicate identity or extensive homology (p<0.05).
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.
8
=%
s 2
i z
1=
1
5
° T - — ™
0 w & 150 200 2600
Pratein Score
Peptide Summary Report
Format As | "Peptide Summary - Help

Significance threshold p< |0.05

Standard scoring © MudPIT scoring @ Ions score or expect cut-off |0

Max. number of hitsJAUTO

Show sub-sets |0

Show pop-ups ® Suppress pop-ups Crc Sort unassigned! Decreasing Score vo__| Require bold red o

]
SelectAll | _ SelectNone | _ SearchSelected | I Error tolerant Archive Report
r 7% Mass: 16606 Score: 5 Matches: @ Sequences: 4(3) emPAI: 0
subunit beta-1 OS=Dan: o GN=bal PE=1
include this hit in er ant search or
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
479.6700 957.3254 957.5647 -0.2393 0 65 0.00064 1 U R.TAILGLWGK.L
668.2100 1334.4054 1334.6805 -0.2751 ) (34) 0.73 4 R.CLIVYPWTQR.Y
668.2300 1334.4454 1334.6805 -0.2351 o 44 0.065 1 R.CLIVYPWTQR.Y
713.2300 1424.4454 1424.7623 -0.3169 0 (69) 0.00022 1 u K.LNIDEIGPQALSR.C
713.2300 1424.4454 1424.7623 -0.3169 0 95 4.9e-007 1 u K.LNIDEIGPQALSR.C
713.2300 1424.4454 1424.7623 -0.3169 0 (79) 3.2e-005 1 u K.LNIDEIGPQALSR.C
713.2800 1424.5454 1424.7623 -0.2169 0 (48) 0.055 1 U K.LNIDEIGPQALSR.C
733.2100 1464.4054 1464.7139 -0.3084 0 90 1.4e-006 1 R.LLADCITVCAAMK.F
Proteins matching the same set of peptides:
{BB2 DANRE Mass: 16606 Score: 225 Matches: 4(3)
n subunit ta-2 OS=Danic reric GN=baz PE=1
2 Mass: 16427 Score: 15€ Matches: 4(2) Sequences: 2(2) emPAI: 0.4%
n subunit beta OS=Cara s auratus GN=hbb PE=1 SV=1
[T Check to include this hit in error tolerant search or arch report
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
31 1334.4054 1334.6805 -0 0 (38) 0 4 R.CLIVYPWTQR.Y

.21 1464

i1

Slika 26. Rezultati pretrazivanja Mascot baze: LC-MS/MS identifikacija SMM biomolekula

koje vezu Fe u citosolu jetara vardarskog klena razdvojenih pomo¢u SEC;9-HPLC-a (~20-50

kDa) i pro¢is¢enih pomocu AEC-HPLC-a.
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Fg 55 890.7200 1779.4254 1779.8217 -0.3962 0 106 5.4e-009 1 u K. FGPSGFNADVQEAWQK . F

: 14 Mass: 16652 Score: 127 Matches: 4(Z) Sequences: Z (1) emPAI: 0.20
in subunit b OS=Arctogadus gla bb2 PE=1 SV=2
I ct to include this hit in error tolerant rch or archive report
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
[Fp 226 574.2200 1146.4254 1146.6761 -0.2507 0 (81) 1.8e-005 1 U K.FLSVVVSALGR. Q
|7: .2400 1146.4654 1145 ] 87 de-006 1 u
668.2100 1334.4054 1334.6 0 (34) 0.73 4
292 € ) 1 4.4454 4
Proteins matching the same set of peptides:
BORSA Mass: Score: 122 2) Sequences: 2(1)
subunit k E=1 sV=3
Mass: Sequences: 2 (1)
i subunit k
I Mascot: http://www.matrixscience.com |

Slika 26 - nastavak. Rezultati pretraZivanja Mascot baze: LC-MS/MS identifikacija SMM
biomolekula koje vezu Fe u citosolu jetara vardarskog klena razdvojenih pomocéu SECp0-

HPLC-a (~20-50 kDa) i proc¢is¢enih pomo¢u AEC-HPLC-a.
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744 Mascot Search Results

: Hasan

: hmuharem@irb.hr
: L-165_08122017
: DATA.TXT
SwissProt 56.0 (547357 sequences; 194874700 residues)
8 Dec 2017 at 11:08:08 GMT
: HBBl DANRE Hemoglobin subu
Hemoglobin subun

Search title
MS data file
Database
Timestamp
Protein hits

a-2 OS=Arctogadus glacialis

NM111 ASPCL Frc
TADA3 MOUSE
CH60_COXBL 60
PYRD RHOET hydrogen
SYA VIBPA nine--tRNA ligase OS=Vibric
UBP36_DROVI Ubiquitin carb terminal hy:
CSLF4_ORYSJ Mixed-linked gl

apop

Da chaperoni

\ydroorotate d

parahaemo
36

synthase 4

Mascot Score Histogram

Tons score is -10*Log(P), where P is the probability that the observed match is a random event.
Individual ions scores = 45 indicate identity or extensive homology (p<0.05).
Protein scores are derived from ions scores as a non-probabilistic basis for ranking protein hits.

g
s =
1
25
o ¥ e
Pratein Score
Peptide Summary Report

FormatAs | Peptide Summary 'ﬁ
Significance threshold p< [0.05 Max. number of hits|AUTO

Standard scoring € MudPIT scoring ® Tons score or expect cut-off [0

subtilis (strain 168) GN=fhuD PE=1 SV=1
> 15703 / DSM 200 / NCT! 14 / El%4a)
(strain 81116 / NCTC 11828) GN=ackA PE=3 §
ain ATCC 1007 / CBS 513.65 / DSM 816 3
rain 2 DSM 15236 / T118) GN

(strain RIMD 221 alaS PE=3 SV=1

Help

Show sub-sets [0

Show pop-ups ® Suppress pop-ups €0 Sort unassigned| Decreasing Score v I Require bold red g

0
Select All Select None Search Selected ™ Error tolerant Archive Report
1. HBE1 DANRE 16606 Score: 160 Sequences: 4(3) emPAI: 0.74
beta-1 io reric
lude this hit in error tolerant search or archive report
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
Fo )% 479.6700 957.3254 957.5647 -0.2393 0 45 0.069 1 U R.TAILGLWGK.L
479.7000  957.3854  957.5647 -0.1793 0  (29) 2.8 6 U R.TAILGLWGK.L
668.2100 1334.4054 1334.6805 -0.2751 0 53 0.0082 1 R.CLIVYPWTQR.Y
713.2300 1424.4454 1424.7623 -0.3169 0 100 1.5e-007 1 u K. LNIDEIGPQALSR.C
733.2000 1464.3854 1464.7139 -0.3284 0 95 4.3e-007 1 R.LLADCITVCAAMK.F
Proteins matching the same set of peptides:
HEB2 DANRE  Mass: 16606 Score: 160  Matche Sequences: 4 (3)
2 Os=Danio rerio GN=ba2 PE
2: Score: 1 1 0.45
Cs=Arctogadus gla
in error tolerant search or archive report
Query Observed Mr(expt) Mr(calc) Delta Miss Score Expect Rank Unique Peptide
574.2300 1146.4454 1146.6761 -0.2307 0 98 3.5e-007 1 U K.FLSVVVSALGR.Q
668.2100 1334.4054 1334.6805 L2751 0 0.0082 F VYEWTQR.Y
Proteins matching the same set of peptides:
Mass: 1 Score: 10¢ Matches: 2(2) Sequences:
Hemoglobin subunit b 2 OS=Boreogadus saida GN=hbb2 FE=1 §
HBBZ GADMO Mass: 6 Score: 106 Matches: 2| Sequences: 2(2)
Hemog k k s morhua GN=hbb2z PE=1 SV=2
I Mascot: http://www.matrixscience.com/ |

Slika 27. Rezultati pretrazivanja Mascot baze: LC-MS/MS identifikacija SMM biomolekula

koje vezu Fe u citosolu jetara vardarskog klena razdvojenih pomo¢u SEC,0-HPLC-a (~20-50

kDa) i pro¢is¢enih pomocu AEC-HPLC-a.
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POPIS KORISTENIH KRATICA

AEC-HPLC

HR ICP-MS

JNMM
LC-MS/MS
MALDI-TOF-MS

MS

MT

NMM
SEC-HPLC

SMM
SOD
VMM

anionsko izmjenjivacka tekucinska kromatografija visoke
djelotvornosti

spektrometrija masa visoke rezolucije s induktivno spregnutom
plazmom

biomolekule jako niskih molekulskih masa (<10 kDa)

tekuc¢inska kromatografija - tandemna spektrometrija masa
spektrometrija masa s matricom potpomognutom ionizacijom
desorpcijom laserskog zracenja s analizatorom masa s vremenom leta
spektrometrija masa

metalotionein

biomolekule niskih molekulskih masa (10-30 kDa)

tekucinska kromatografija visoke djelotvornosti s isklju¢enjem po
veli¢ini

biomolekule srednjih molekulskih masa (30-100 kDa)

superoksid dismutaza

biomolekule visokih molekulskih masa (>100 kDa)
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8. ZIVOTOPIS

Nesrete Krasni¢i rodena je 11. studenog 1982. godine u mjestu Damjane na Kosovu,
gdje je zavrsila osnovnu Skolu. Nakon zavrSene srednje Skole u Zagrebu, 2008. godine je
diplomirala na Prehrambeno-biotehnoloskom fakultetu SveuciliSta u Zagrebu, smjer
prehrambeno inZenjerstvo. Od 2009. godine do danas zaposlena je prvo kao stru¢na suradnica
te zatim kao viSa stru¢na suradnica u Laboratoriju za bioloSke u¢inke metala Zavoda za
istrazivanje mora i okoliSa Instituta Ruder Boskovi¢. Njezin stru¢ni i znanstveni rad
obuhvacdaju analize raspodjele metala medu citosolskim biomolekulama u organima
bioindikatorskih organizama pomoc¢u raznih tehnika tekucéinske kromatografije visoke
djelotvornosti i masene spektrometrije visoke rezolucije s induktivno spregnutom plazmom,
zatim odredivanje ukupnih proteina spektrofotometrijskom metodom kao i odredivanje
metalotioneina elektrokemijskom metodom (diferencijalna pulsna polarografija). U
akademskoj godini 2013./2014. upisala je poslijediplomski sveucilisSni doktorski studij
biologije na Prirodoslovno-matematickom fakultetu Sveucilis§ta u Zagrebu. Za znanstvene
aktivnosti 1 dostignuca, dodijeljene su joj godi$nje nagrade Instituta Ruder Boskovi¢ za mlade
znanstvenike bez doktorata za dva znanstvena rada objavljena u Casopisima visokog
¢imbenika odjeka (2013. 1 2014.). Dobitnica je stipendije Instituta Ruder Boskovi¢ za
kratkoro¢ni boravak u Francuskoj (Bordeaux Imaging Center (BIC) u Bordeauxu 1 Université
de Pau et des Pays de I’Adour/CNRS/Cameca u Pauu i Parizu) te stipendije ERASMUSH+, radi
tromjesecnog znanstveno-stru¢nog usavrSavanja na Kemijskom fakultetu SveuciliSta u
Oviedu u Spanjolskoj. Dobitnica je i brojnih stipendija za sudjelovanje na znanstvenim
skupovima u inozemstvu (u Sloveniji, Velikoj Britaniji i Estoniji). Sudjelovala je na brojnim
domacim 1 medunarodnim tecajevima 1 znanstvenim skupovima.

Do sada je autorica/suautorica 23 znanstvena rada, od ¢ega je prva autorica na Cetiri
znanstvena rada u casopisima citiranim u Web of Science (WoS) bazi podataka, te 46

sazetaka u zbornicima znanstvenih skupova.
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Popis objavljenih znanstvenih radova

1. Krasniéi N., Dragun Z., Kazazi¢ S., Muharemovi¢ H., Erk M., Jordanova M., Rebok
K., Kostov, V: Characterization and identification of selected metal-binding
biomolecules from hepatic and gill cytosols of Vardar chub (Squalius vardarensis
Karaman, 1928) by various techniques of liquid chromatography and mass
spectrometry. Metallomics 11 (2019), 1060-1078.

2. Dragun Z, Tepi¢ N, Ramani S, Krasni¢i N, Filipovi¢ Mariji¢ V,Vali¢ D, Kapetanovic¢
D, Erk M, Rebok K, Kostov V, Jordanova, M: Mining waste as a cause of increased
bioaccumulation of highly toxic metals in liver and gills of Vardar chub (Squalius
vardarensis Karaman, 1928). Environmental Pollution 247 (2019), 564-576.

3. Mijosek T, Filipovi¢c Mariji¢ V, Dragun Z, Krasni¢i N, Ivankovi¢ D, Erk M:
Evaluation of multi-biomarker response in fish intestine as an initial indication of
anthropogenic impact in the aquatic karst environment. Science of the Total
Environment 660 (2019), 1079-1090.

4. Serti¢ Peri¢ M, Matonickin Kepcija R, MiliSa M, Gottstein S, Lajtner J, Dragun Z,
Filipovi¢ Mariji¢ V, Krasni¢i, N, Ivankovi¢ D, Erk, M: Benthos-drift relationships as
proxies for the detection of the most suitable bioindicator taxa in flowing waters — a
pilot-study within a Mediterranean Kkarst river. Ecotoxicology and Environmental
Safety 163 (2018), 125-135.

5. Barisi¢ J, Filipovi¢ Mariji¢ V, Mijosek T, Coz-Rakovac R, Dragun Z, Krasni¢i N,
Ivankovi¢, D, Kruzlicova D, Erk M: Evaluation of architectural and histopathological
biomarkers in the intestine of brown trout (Salmo trutta Linnaeus, 1758) challenged

with environmental pollution. Science of the Total Environment 642 (2018), 656-664.

6. Dragun Z, Krasniéi N, Kolar N, Filipovi¢ Mariji¢ V, Ivankovi¢ D, Erk M: Cytosolic
distributions of highly toxic metals Cd and Tl and several essential elements in the
liver of brown trout (Salmo trutta L.) analyzed by size exclusion chromatography and

inductively coupled plasma mass spectrometry. Chemosphere 207 (2018), 162-173.
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10.

11.

12.

13.

Filipovi¢ Mariji¢ V, Kapetanovi¢ D, Dragun Z, Vali¢ D, Krasni¢i N, Redzovi¢ Z,
Grgi¢ I, Zunié¢ J, Kruzlicova D, Nemeéek P: Influence of technological and municipal
wastewaters on vulnerable karst riverine system, Krka River in Croatia.
Environmental Science and Pollution Research 25 (2018), 5; 4715-4727.

Krasnié¢i N, Dragun Z, Erk M, Ramani S, Jordanova M, Rebok K, Kostov V: Size-
exclusion HPLC analysis of trace element distributions in hepatic and gill cytosol of
Vardar chub (Squalius vardarensis Karaman) from mining impacted rivers in north-
eastern Macedonia. Science of the Total Environment 613/614 (2018), 1055-1068.

Dragun Z, Filipovi¢ Mariji¢ V, Krasni¢i N, Ivankovi¢ D, Vali¢ D, Zunié J,
Kapetanovi¢, D, Vardi¢ Smrzli¢ I, Redzovi¢ Z, Grgi¢, I, Erk M: Total and cytosolic
concentrations of twenty metals/metalloids in the liver of brown trout Salmo trutta
(Linnaeus, 1758) from the Kkarstic Croatian river Krka. Ecotoxicology and
Environmental Safety 147 (2018), 537-549.

Dragun Z, Filipovi¢ Mariji¢ V, Krasni¢i N, Ramani S, Vali¢ D, Rebok K, Kostov V,
Jordanova M, Erk M: Malondialdehyde concentrations in the intestine and gills of
Vardar chub (Squalius vardarensis Karaman) as indicator of lipid peroxidation .
Environmental Science and Pollution Research 24 (2017), 20; 16917-16926.

Jordanova M, Rebok K, Dragun Z, Ramani S, Ivanova L, Kostov V, Vali¢ D,
Krasni¢i N,_Filipovi¢ Mariji¢ V, Kapetanovi¢ D: Effects of heavy metal pollution on
pigmented macrophages in kidney of Vardar chub (Squalius vardarensis Karaman).
Microscopy Research and Technique 80 (2017), 8; 930-935.

Dragun Z, Filipovi¢ Mariji¢ V, Krasni¢i N, Ramani S, Vali¢ D, Rebok K, Kostov V,
Jordanova M, Erk M: Malondialdehyde concentrations in the intestine and gills of
Vardar chub (Squalius vardarensis Karaman) as indicator of lipid peroxidation.
Environmental Science and Pollution Research 24 (2017); 16917-16926.

Babi¢, S, Barisi¢ J, Malev O, Klobucar G, Topi¢ Popovi¢ N, Strunjak-Perovi¢ I,
Krasni¢i N, Coz-Rakovac R, Sauerborn Klobudar R: Sewage sludge toxicity
assessment using earthworm Eisenia fetida: Can biochemical and histopathological
analysis provide fast and accurate insight? Environmental Science and Pollution
Research 23 (2016), 12; 12150-12163.
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21.

Dragun Z, Tepi¢ N, Krasni¢i N, Teskeredzi¢ E:Accumulation of metals relevant for
agricultural contamination in gills of European chub (Squalius cephalus).
Environmental Science and Pollution Research 23 (2016), 16; 16802-16815.

Jordanova M, Rebok K, Dragun Z, Ramani S, Ivanova L, Kostov V, Vali¢ D,
Krasnici N, Filipovi¢ Mariji¢ V, Kapetanovi¢, D: Histopathology investigation on the
Vardar chub (Squalius vardarensis) populations captured from the rivers impacted by
mining activities. Ecotoxicology and Environmental Safety 129 (2016); 35-42.

Babi¢ S, Dragun Z, Sauerborn Klobucar R, Ivankovi¢ D, Baci¢ N, Fiket 7, Barigié J,
Krasnié¢i N, Strunjak-Perovi¢ I, Topi¢ Popovié N, Coz-Rakovac, R: Indication of
metal homeostasis disturbance in earthworm Eisenia fetida after exposure to semi-
solid depot sludge. Science of the Total Environment 526 (2015); 127-135.

Barisi¢ J, Dragun Z, Ramani S, Filipovi¢ Mariji¢ V, Krasniéi N, Coz-Rakovac R,
Kostov V, Rebok K, Jordanova M: Evaluation of histopathological alterations in the
gills of VVardar chub (Squalius vardarensis Karaman) as an indicator of river pollution.
Ecotoxicology and Environmental Safety 118 (2015); 158-166.

Tariba B, Zivkovi¢ T, Krasniéi N, Filipovi¢ Mariji¢ V, Erk M, Gamulin M, Grgi¢ M,
Pizent A: Serum metallothionein in patients with testicular cancer. Cancer
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