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1. UvOD

Oneligienje prirodnih voda metalima u por
zajednice, p r irudatsteoppuo | ij Mgpu s tvrieda, otpad iz d
predstavljgjurggove naj znal aj ni j e i zhvzoargea.l, métad beawez | i k u
moguk e mi | s Ki ni ti bi ol ogki razgradit.i pa tako
kemijski oblike post at i manj e iid ibivdgyeo kteonkisjis|knoig, Kkarlt
ukloniti (Sadig, 1992. Neki metaliuvo@&gni m or gani zmi ma i maju vag
sastavni su dio enzimadrugihs | ogeni h bi omol ekul a, sturzv. me
1997.), te su prozvani esencijalnim metalirfrgpr, C u , Fe i Zn) . Met al opr c
U niz procesa, poputansporhe | ekt r ona i @ kidika, lhidrolize kémiijskild i gt en
veza, redoks procad sinteabi ol ogki h spoj eva. CielGed drugih n i S

met ala nema poznatih wuloga u @givim organi z
metalima(npr, Cdi Pb) Usl i j ed unosa neesencijalnih mete
niskim koncentracgma, ili prekomjernog unosa esencijalnifetag k o j i takolLer mo
toksilni kada s uu up oovriggaemii znm uki optenesatganizncma) a ma ,
moge dol i do poremelaja homeostaze i) razvo
Nakon unosa, metali se raspodjeljuju po organimstanicamavodenih organizamde

naposl jetku i po razl i |kiatoi ng twn wstua rcsittaonsiolln i ny
stanilne membrane, a njihova toksilnost veli
nespecifilnog velzadkia wadmde ammlae Kulza i nji ho
(Mason i Jenkins, 1996St oga se u i stragivanjima izlogen
ulinaka u vodenim ekosustavi ma Melsu on &jolrd ¢sit
k o r ieipdikatmiskeorganiznez a pr@pd ®hhj edi c slatkovodnihekgsiisevaj a
metalima ubrajaju seribe jer se nalaze na vrhioranidbenogl a nc a, i maj u pot e
Okumul acj jpr imelkt ©@tbmaluggVv @ loit Ni nwi j ek )(Woromighun i S
europskim vodotocimh e st o s e kao bi oi ndklek @juaiussdphalusor g an i
L., 1758, dok se, naprimiey makedonski m rij ek a neadarskokigre nal i
(Squalius vardarensiKaraman 1928§. Obje vrste kaosvejed odr ajg azvéa ogenost
metalima iz raznihizvora kako i1z vode tako i iz hrane ¢
Naj | e gl ei orgamizd apalizemetalau jetra kaon a j v angjesto egabolizma,
pohranjivanja detoksikacije metalda e @kao ngesto unosa metala putemv@d&i gu r e i
sur., 2006.; Kraemer i sur.,, 205Dosadagnj a i stragi vinjhpviln i z | o ¢
ul i naklema kiodvar dar s kag !l klvenman wikdlrjelli wjanj e uk up



Uvod

akumuliranih metala wrganima klena (Dragun i sur., 2007; 2012; 2016; 2019)etedaju
informaciju o mogul em t ok s idétoksikaciji (de la Cille met ¢

Gunti (Bas . sSiraga 2j0@d2potrebno podr mjhovog) e 1 st

unosa u orgamam odnosnon j i hovu wunutarstanilnu raspodje
me hani z mi toksil nosti i det oksi k amsudpvelnanet al a
i strageni, dok su bi omoturidmatl eek kdojjeel ovreiglun op op re
opisane (JanZ012; McGeer i sur., 2012 . Prepoznavanje stanilnih
met al i stupaju u interakcij e proi razl i | iti
predvi lanju njihovih potencijalnih jetnoosi | nit

podrul je u i st r agnmetalamkp, kojeneeSzmuhaa(20Daefnizala &ao o
"sveobuhvatnu analizu svih oblika metala i metaloida u stanicama ili tkivima", a koje
obuhvala specijaciiju met al a u kompleksirangm s mi
elemenata, kao i utjecaja tog kompleksiranjana otl @ gp o s ina lpudskolzaravljeU

podrul ju met al omi ke danas s e k odedansig @d r az |l i
naj pri hval en primjera komhinaciet u@lau i i n s tografije k visoken a
djelotvornosti (HPLC; za razdvajanje citosolskih biomolekula spektrometrig masa s

induktivno spregnutom plazmom (IERS; za odrelivanje(Momesacentr s
Bay- n i sur., 2003. Brojne kromatografske tehnike razdvajanja megukoristiti za analizu
raspodjelenet al a melLu citosolskim biomol ekul ama,
vel il i fHPLC) (i SaAidhskei z mj enj i val k e (ABCHBLB)a tkkajegsea f i | e
odlikuju visokom osj et |-Baynieu. /2003 Bzpua, 2@k t i v n o ¢
Kombinirana primjena r azl i-NMSatpriedstavharvigedaalto gr af s
za razlulivanje citosolske raspodjele metala
mol ekul ski h vel i bprepaznavanjeni&kdrakterzacija Kiammolaklla koje

vegu met ailjekorakzuakbjgmu sevprimjenjuju raztehnikespektrometrije masa

MS)za identifikaciju struktura molekula na
kromatografije - tandemnespekrometrije mase (LEMS/MS) te spektrometrije masa
analizatorom masa s vremenom leta (TOF) uz matricom potporog@sorpdu i ionizaciju

| aser ski m zr a(Saekdeteimsur.(200R Dukayv i sjter u K i anal i till
povezuje detektore zaerzhente i molekularne detektore, sa svrhorh a k iglemtifilacije
metaloproteind a ku vrio niskim koncentracj a ma -ArfZa irswe.z2004. Promjene u
raspodj el metala melLu citosolskim biomol ek
biomolekulak 0 j e v e gnakonmztgeln@sgani zama povigenim Kk

metala u vodi, predstavpos novu za razvoj n o vi tho kbsii d ma rhk
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ulinaka metala, koji Ie se s vremenom moli u

1.1. Ciljevi i svrha rada

Bi ol ogka funkcija i me hani z mi, a pogdbiseiul no st |
ribama,za mnoge mesal doyoljj he wvagnatgoerdhime tiedteint i
citosolskihbi omol ekul a na kol sklads stimé, isnovnedijeaovoga v e g u
i st r a (pio\jeaprgduabljivanje razumijevanjau n u t a ressudbire imetala nakon

njihovog unosa y et r a i g k r g éioindikatoiskh orgamizamb, dvéjunsrobdnih

ribljih vrsta, klena & cephalu} i vardarskog klenaS vardarensi$, p r i razl il itim

i z | o ¢ i orgasiama metalima u umjerenciizr azi t o metali ma onel i
Hrvatskoj i SjevernojMakedoniji.] st ragi vanj e je bilo usmjeren

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

Ciii st r adsivaresiekjrao z sl jedeli e aktivnost.i

T odrelivanje cit os ol s keiemenataakuwlgamih u getrima &8 o d a |
g k r g a maS. éephalusiz rijgke Sutle te vardarskog klen&. {ardarensi$ iz triju
rij eka s jSevemneVakedonije $asvehom prepoznavajgdinki sp o v eoina n
bioakumulacpmu s | i j ed poveliane izl ogenost. met al i

T definiranje raspodjela odabranih el emenat a
mol ekul ski h masa u | 8 tcephaai vardardkdgrkprsm®a k| er
vardarensiy pr i ni skim izlogenostima te definire
uslijed povigene izlogenosti -HReEGaalCRMBa u r i
visoke rezolucije (HR);

1 definiranje raspodjeh odabranih elemenatme L u t op !l i ns ki stabil nin
jetimaiu g kr gama v a$.dandarenkigprgnjeRom SBECHPLC-a i HR ICR
MS;

1 primjenu AEC-HPLC-a kao drugog stupnjeazdvajam citosolskihbiomolekula na koje
s e vegu met al i a aaaboji e meslaj usvmdaaolm kdodatnog
met al oproteina I razdvajanja njihov$h i zof
vardarensi$;

1 karakterizacijui identifikaciju nekoli ko odabranih
cd, Cu, Zn i Mo u | et r iSneardarengiskrimgreomevijuv ar d ar
tehnika spektrometrije masa (MALBIOFMS i LC-MS/MS).
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T

12Hi poteze a@a stragivanj

Provol emjje mtestirgltmmo s| j edeli e hipoteze:
raspodjelaesencijalnih (Co, Cu, Fe, Mn, Mo, Se i Zn) i neesencijalnih elemenata (Cd i Pb)
melLu citosol ski metiioma| kek@kaemnausiaardarskog
klena §. vardarensismi j enj a se wuslijed pronnermetaky r azi n
vodi;
raspodjela esencijalnih elemenata (Co, Cu, Fe, Mn, Mo, Se i Zn) i neesencijalnog
elemente&Cdme Lu ci tosol skim biomol ekul detrenair azl i |
gkr gabipal) i st r a Klena avardarskoy klesat a ,
raspodjelai stragi vanmélLuel emeosabhskim biomol ekul
dvjema srodnm vrstama riba,klenu (S. cephalusi vardarskom klenyS. vardarensis

koje se stoga mogu usporedno koristithanitoringu.
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2. LITERATURNI PREGLED

2.1.Metali u slatkovodnim sustavima

U garolikom rasponu wvaghugiuil wglua j met aroig L
toksilne ulinke u vodenim organizmima (Mari' t
brojni met al i I maj u i bitnu ulogu u funkci on

u svim sastavni damairakol2i0ga .()CukkKroonvcentraci j .

regulirana je procesima poput kemijskog i m
vanjskih sila te njihovog ispiranja oborin.
prirodne koncentraciieent al a u vel i ko] mj eri ovise i 0O po

sastavu stijena i tla (Cukrov i sur., 2006.). Osim prirodnim putem, metali u vodu dospijevaju i

iz brojnih antropogenih izvora, koji iceyey u po
pri |l emu razvoj i ndustrije (proizvodnja pl as
napredna poljoprivreda (putem gnojiva) i gr é
one!igienju vodeni h ekosussuwmMaddmet al i ma ( S| i
Prirodni Antropogeni
izvori izvori
E g '“[ Vulkanska aktivnost ] "I Transport I—-" 5 i i;i
E :‘ Geotermalna S E EEE
TroSenje I Otpadne vode }-: i E
stijena _:E
o AtmOSfera I Ispiranje sa smetlista I
Biljke |
Vodeni ekosustav
Slikal.l zvor i onel i gl enja vodenipd aegkoolseunsot apvrae nma
Gaillardet i sur., 2004.).
Buduii da su prirodne koncentracije vel.i
nanograma do nekoli ko mi krograma po Ilitri,

7
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svaki dodat ni unos wutjele na njihove koncel
vodenim ekosustavima (Gaillardet [ sur ., 200 4
dolazi do poremeliaja prirodnog biogeokemij sk

povel anu akumulaciju metala u vodermnosiuor gan
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 vodiroe Luj e nji he

bi oraspol ogivost, gto predstavlja gl avni | i
organi z me. Nai me, vrste metala wu tragovi ma
fizil kih i kemijskih obl i krganskimgpajeva, lpbgénthn o st av
i nertnih kompl eksa, kao i oni h adsorbiranitlt
1999.).

Najjednostavnija kategorizacija metala u vodi zasniva se na podjeli na otopljenu i
partikularnu fazu nakon filtriranja uzorakad)@ kr oz f i Il ter promjera p
koja prolLe kroz filter definirana je kao o
definirana kao partikularna. Unat ol t ome, k
koloidni oblici metala kojjb uhval aju | estice |lija se velili

nm te mogu biti organski i anorganski (Gaillardet i sur., 2004.).
Nakon gto metald. dospiju u okolig, mogu |

ili manje bioraspal pgiva, gavitimeijetoksvodi

nal azi pojedini met al , odnosno na specijac
| i mbeni k a, poput saliniteta, pH, temperatur
(Mason, 2013.). Primjei c e, proi ni gim pH vrijednosti ma
prisutno u obliku hidratiziranog metalnog i
(Campbell i St ok ea primjer® l&alFarn)jske pdsavieQpdtodynchus

mykis3 dokazano je kako je toksilnost pojedini
vodi, jer Ca ima vel.i afinitet za vezanje na
vodi , gto smanjuje njihovu apsor pkivimg ribpa Kr oz
(Mason, 2002)Ut j ec aj okolignih | imbenika na met al
di nami | ni medi j (posebno u rijekama), ukazuj

dovoljno odrediti samo ukupnu koncentraciju nekog metaladi. iia koncentracija zapravo
odragava trenutnu vriijednost u trenut ku uz
raspol ogivoj koncentraciji toga metal a, kao
(Florence i Batley, 1977.).
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give organitzmepos!| vedil no i na | jude putem
posl jedice dugorolne izlogenost:i bi ote met a
ulinaka metala na vodene organi z me. Kao pri
onel i glalniitha meitt [ e prikazane rijeka Sutl a

SjeverneMakedonije, Bregalnica, Kriva Reka i Zletovska Reka.

2.1.1. Rijeka Sutla u Hrvatskoj

Rijeka Sutla izvire u Slovenij.i na jugni
rjekai zmelLu Hrvatske i Sl ovenije (Slika 3.), u
89 km. Prema Okvirnoj direktivi o vodama Eu
porj el j a?prighda%kaegorijksradnje velikifjeka (EPCEU, 2000.; Draguinsur.,

2011. ) . U rijeku Savu, jednu od triju najdu
kao | ijeva pritoka kod Savskog Marof a. Nadal
zagorja, koje je bogato termalnim izvorima i kupeljima (Tesked g i | i sur ., 2009
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oznalenim mjesti ma

Drenj e

e

Brdovel ko)

(

umj eievoronelniedl @i

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

poljoprivredne
2011.) . Zbog

aktivnosti

smanj ene

i i spugtanj e
mogut okst|nirmztyatenj

protoka vode (tijekom 2009. godine: 0;88,8 nis™; Dragun i sur., 2011.), mali vodotoci

ot pa

poput

rijeke

Sut |

e posebno

s u

osjet!l jiwvi

na

jesen 2009. godine (Dragun i sur

postajama u O0VO]

011.)

rijeci

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

j e kako S L

koncentracija (Fe: 3;8 0 , 5L Y &n: 0,442 6 1, 1 Gdg6308 ng LY. Nasuprot tome,

koncentracije

otopljenog

0173, 74 NHe.g Naj vi ge

rijeke Sutle, uglavnom na postajama Hum na Sutli (utjecaj industrije stakla) i Donje Brezno

s u

bile wuvolljivo povig
Zn i Cu biteusu ni:
koncentracije metala z:¢
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(moguli wutjecaj otpadnih voda termalnih kupa
metala izmjerene u rijeci Sut | i j Ingtrajw vi ] ek
opasnima za ¢givot u vodi Pl u konalnici z a
se zabiljegene koncentracije metala u vodi C
z a zagtitu mal i h [ srednjdbieg jphkgorsgaaij kj

preporukama Okvirne direktive o vodama (ODV; EPCEQQS.)

21.2. Ri j ek e s jogdjaaSevemneMakedonije

Ot padne vode rudnika wubrajaju se, uz dif
aktivnostima, u mMhjeompas kiojj & impgar edoveslt i do
ekosustava girom svijeta (Byrne i sur., 2012
2006.; Silva i sur. 2011. a, b, c¢). Uzrok to
izrazitoj kis e | os't i i visokim koncentracijama met al
prisutni u ionskom obl i ku, Koj i je biologki
drugim vodenim organi zmi ma, gto znalajno ug
bioraznolikosti (Jordanova i sur., 2016.; Stuhlbergeéd0.; Wojtkowska, 2013.).

Geol ogka i tektonska obiljegja makedonsKk:
raznovrsni h, br oj ni I¥a metalh, @esnetala i erergatskih nviraitleli ki h

resursa (Spasovski i sur., 201Ppsljednjih godin&gjevernaMa k edoni ja j e zauze
mjesto u regij.i u i skorigtavanju ruda ol ova
ruda posebno treba i st ak nmirteialnim sirpvinaang,raitojsa p o d |
podr ul j Borarfica, deaKratovo i Zletovo. Ondje se nalaze tri velika rudnika olova i

cinka: Zletovo, Sasa i Toranica. Ti rudnici predstavljaju sirovinsku bazu olova i cinka i
pratelih nuspr oi zv o dja sumporne lxisebne, supearfastata,titd.) k a
(Spasovski i sur., 2011.). Zbog brojnih aktivnih rudnika, otpadne vode rudnika u Makedoniji

jog uvijek predstavljaju vrlo ozbiljan ekol o
Pb i Zn u irmaaimado fieguiga puta vildeonisurodnos u
2005; Mi &Sgiliajidgi i, 2005.). Ramani i sur. (201
aktivnih rudnika Pb i Zn (Zl etovo i fdomr ani ca
dijelu SjeverneMa k edoni j e (Sli ka 4.), vezano uz one]l

kemijskih karakteristika rijelne vode.

11
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Slka4d.Karta podrulja istragivanja s oznalenim

SjeverneMakedoniji (BregalnicaZletovska Reka i Kriva Reka) (Ramani i sur., 2014.).

2.1.2.1.Rijeka Bregalnica

Rijeka Bregalnica druga je po velilini m
rij eke Var da rRepubliai SjgverhopMakedopijk e pona dugi na rij e
km, O povrgina njenog sliva iznosi 4307 kmj].
od ostalih ri$evdinaMalefoaije jerrmigeipa iz@Junim eitjecajem rudnika.

Oneligienje ove rijeke kar akt éwredns akiivhostipa j e z :
javlja se zbog ispiranja tla riginih polija
povigenih koncentracija nekoli ko metal a/ met

nitrata i fosfata, kao i pojavu izrazitog fekalnog brieg | enj a vode usl i
pol joprivrednih far mi grada Gtipa (Ramani i

koncentracije herbicida koji se koriste u uz

2.1.2.2.Zletovska Reka

Ukupna dugina Zletovske Reke je 56 km, O
gornjem dijelu toka ova rijeka protjele kroz
zbog toga na pojedinim mjestima ima pad od 42%, puno brzaca i dva vodopadeajeJed
najzagalenijih pritoka rijeke Bregalnice (Do

od rudnika Pb i Zn, Zletovo. Rudnik je aktivno radio od 19h0a njegova proizvodnja i

12



Literaturni preglec

dalje traje, iako je bilo nekoliko kratkotrajnih prekida. Ruderudnika Zletovo, koje

sadrgavaju vige od 9% Pb i 2% Zn te znal ajr
2005. ), obraluju se u malom gradiiu Probigti
dolinama. Pritoke Zletovske Reke, Kiselica i Koritra |, i spiru glavno podr
kod Probigtipa, (Alderton i sur., 2005.) te
otpadne vode iz rudnika Zletovo, onel i gl ence

postrojenja u rijeku Kiselicu, goku Zletovske Reke, bez prethodne obrade ili neutralizacije.

Zbog toga u Kiselici nema mnogo ¢givot a, od
organi zama koje su otpornije na oneliglenij
(Midgilil2p0%i)ajtdgizi etovskoj Reci, nizvodn

iznimno visoke koncetracije Cd, Co, Cs, Cu, Li, Mn, Ni, Rb, Sn, Sr, Tl i Zn te sulfata i
klorida. Osobito visokekoncentracije pojedinih metala bile su izmjerene u jesen 2012.
godine,uvrigme i zrazito niskog VYMN2&mngl&Zel5mopr ., C
H gto je jasan pokazatel] utjecaja rudnika
Pored oneliglienja r udrg?204% Ramamitsy.a20)ezietoyskar a g u n
Reka e i pod utjecajem otpadnih voda grada

akumulatora (Spasovski i Dambov, 2009.).

2.1.2.3.Kriva Reka

Kriva Reka je najvela pritoka rijeke P] |

naj znal aj nui jsa erviejreokbjeveérreVakedonieDu geha ove rij ek

k m, dok povrgina?(sRamanii zinosur .9,682 kimt . ) . Or
met ali ma potjele pretegno od otpada iz aktiv
Znizrudni ka Toranica traje od 1987. godi ne, s
godine (Al derton i sur ., 2005. ) . Rude 1z 11
dodatno povigenim koncentracijama Cé&remaCu, Mn
Ramani [ sur . (2014.) wu Krivoj Reci su zabil
OghHL i Pb 1us8progleie 2012. godine te je, s
ilzrazito fekalno onel i gl enj ngjevih kfastatni ionmovi ge
vierojatno uslijed utjecaja otpada okolnih v

13
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2.2.Metali u vodenim organizmima

Unos metala u vodene organizme iz okol iocg
vanj ske povrgine organi zma, putem respirator

vode i hrane ili kombinacijom tih puteva (Brown i Depledge, 1998.). Nakon ulaska u

izvahst ani lne tjelesne tekuline, unos metal a
procesima jednostavne difuzije, ol akgane di f
1998. ), proi |l emu je za unos u slikmetalacRRbe naj r a
izl ul uju gtetne tvari iz o r gkaongi ez m@ H epautthe, m 1¢
Akumulirana kolilina metala u stanicama odr a

(Rainbow, 2018.).

S obzirom na svoju fmanrketli geumogu podijeliti inan or g
esencijalne i neesencijalne. Met al i Koj i pr
procesima ¢givih organi zama, a dio su enzi ma

neophodne metale. To su, na primjer, malkementi poput Ca, K, Mg i Na te mikroelemeti

poput Zn, Cu, Co, Se i Fe, koj i su | judi ma
prekomjernim unosom i oni postaju toksilni
metaloide za koje do sada nijeotkk na ul oga u metabol il kim pro
nazivamo neesencijalnima, a to su, na pri mje
mal im kolilinama (Ver ma i Dwi wedi , 2013. ).
ustanovljeno je danaorganaem mogu dj el ovat. kako u toksi
smi sl u, ovisno o] unesenaoj koncentracijskoj
razgrani| avanje metal a/ metaloida na apsol ut
prihvatljivo s obziromn a raznol i kbokemijskih inehanidzarnad svajstvenih

organizmimar a z | daobiii vrstahReakcija organizma na metale koja ovisi o promjeni

njihovih koncentracija moge se opisati kKri vu
ul i nkas,e gzdg esvaki met al / metaloid moge defin
donjim i gornjim koncentracijama, koj e | i
i ntoksi kaci | e. To podrul je tol erancije Z a
regulacijk i h mehani zama u organi zmu, koji se zn
razlilitom stupnju razvoja (Engel [ Fowl er ,

U vodenim organizmi ma metal. mogu i zazva
poj aviti na razni m bi onhice,gokgana orgamizma,npapulacije, na |
zajednice il kombinacijama tih kategorija

14
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organi z ma obil no s e dijele na mor f ol ogke (
bi hevioral ne (motorihrkaenj pnom) enie, f ipzrioonjoegnkee
obuhvalaju promjene naarra@zinni tdiijveal oig oorrggaann
promjene (bi okemijske [ citokemijske). Sva
procesima na razini stanice koji potamogu dovesti do promjena na cijelom organizmu.

Ulinci metala na stanilnoj razini Su mnogobr
funkcij a proteina, oksidativni stres, i nhij
propusnosti membrana (Philip Rainbow, 1993.; Dragun i sur., 2017.). lako brojni metali u

organi zmi ma i majuloge v akganoe shai sot| aovgnki di o enzi ma
mol ekul a, takozvanih metal oproteina (Smith I

proteine mogu zrokovati njihovu inhibiciju ili im promijeniti funkciju (Viarengo, 1985.). To

s e mo g e dogodi ti Zzamjenom wesencijalnog me t
deaktivacijsko mjesto enzi ma. Gt et ni ul i nak
odnosno stvaranjem reaktivnih oblika kisika.

kisika (superoksidni, hidroksilni, peroksidni) i reaktivhe neradikalne derivate kisika (vodikov
peroksid, hipokloritna kiselina) te mogu izazvati inaktivaciju enzilpadnu peroksidaciju,
ogtelenja DNA, kao i povelati rizik od razvo
organele odgovorne za aerobnu sintezu /TP akumul i raju velike kol
ostalog Hg, Cd, Zn i Fe. Inhibicija mitohondrijskaktivnosti i oksidativne fosforilacije
ubrajaju s e u mogul e gtetne ul i nke met al a
membrana moge se olitovat.i kroz poremel aj a

primjerice mogu vezati na fosfatnu skupinudipog sloja membrane i tako poremetiti pasivni

transport i ona. Aktivni transport se moge n
ATP-a z e, il posredno, s ma rjgoumuegnaumi Gilless 3] o gi v
Viarengo, 1985.).

U organi Zmun, mpelsu oje razliliti homeost a
koncentracija metala u uskim rasponi ma, k ao
umanj uj u i1l poni gtavaju gtetne interakcije

Jenkirs, 1995), poput stvaranja netopljivih granula metala, odjeljivanja metala unutar

|l i zosoma te vezanja metala za specifilne bi

ukoli ko je narugena ravnotega (Viarengo i N o
Uz sve navedeno,talatn@ dcgamizam ovisiu ¢ $tamja arganizma,

odnosno o stupnju razvoj a, starosti, vel il

1993.), kao i O nizu vanjskih | imbenika, 0

15
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saliniteta, pH vrijednosti, ienhziteta svjetlosti, otopljendgsika, itd. Hamelink i sur., 1994.
Prisustvo drugih toksilnih tvari takolLer mo

i zazivajuli sinergistilki Pl antagonistil ki

2.3.Bioindikatori

U procjeni oneliglienja pojedinih ekosu:
bioindi kator ski organi zmi . Bioindikatori su
reakcijom na odrelLene | i mbenike u okokigu m
vrste, osim ekol ogkog stanj a nekog vodenoc

antropogenog utjecaja na taj ekosustav. Osnovne karakteristike indikatorskih organizama su

giroka rasprostranjenost [ zast uplljpoedup st vVr
givotni vijek, dovoljna velilina za provolen
dostupnost mjesta uzorkovanja (de Andrade i sur., 2004.). Kao bioindikatorski organizmi za

pralenje izlogenosti sl at He@v osden i kho re ksot seu srtiabve
raci (Dragun i sur., 2015). Prednast ba kao bi oindi katora u tom
prehrambenog | anca u sl atkovodnim ekosustavi
dug ¢givotni vijekrovofienm®l ®GuOVvekali h®kpOsp
ekonomskw agnost (Dragb)n iBdseuurpt,i paddiadj.ua kir al j e gn
Su za izulavanje i zbog fiziologke slilnost
prehrane pa razina tlHok u mul aci j e metala i znad pravilnik
predstavljati opasnost za ljudsko zdravlje (Baldwin i Kramer, 1994.). Zbog svih navedenih

karakteristika ribe se smatraju jednim od n

procienuonel i gl enj aragoviend éEvansriasur.ul993Rarak i Mason, 1990.;
Rashed, 2001.) . MeLut i m, znal ajan probl em kc
ponekad moge predstavljati nji hova medoi | nost
[ izvor oneliglienja, kao i vriijeme i trajanj
Riblja vrsta koja se | esto primjenjuje k

vodotocima je klen{qualius cephalug., 1758). Klen ima izvrsnu sposobnost prildbe

tako da nastanjuje i tekulice | jezera te s
sur ., 1993.). Dok se u r i [S.ecégphamgu makeddnskinat s k o |
rijekama obitava srodna vrsta istoga roda, odnosno vardarski tpmal{us vardarensis

Karaman, 1928).

16
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2.3.1. Klen (Squalius cephalud.., 1758)

Klen (Squalius cephaluk . , 1758) (Slika 5.), pripadni Kk
sl atkovodna je omnivorna riblja vrsta girokec
nakemijsko i fizikalno zagalenje (Gandol fi
Vostradovsky, 1973.).

Znanstvena klasifikacija:

Carstvo: Animalia

Koljeno: Chordata

Razred: Actinopterygii

Red: Cypriniformes

Porodica: Cyprinidae

Rod: Squalius

Vrsta: Squalius cephalusinnaeus, 1758

Slika 5. Prikaz klenaSqualius cephalusinnaeus, 1758.

Autor fotografije: dr. sc. Damir

Naseljava mnoge stajalice i tekulice niz
karaktera koje pripadaju slivu Sjevernog, B a
Azije (Habekovil, 1982.). Ima vrepepast@ai min
vodenim strujama (Habekovil i sur ., 1993.).
Spolno sazrijeva u dobi od 4 do 5 godina pr
travnja do | ipnja kada t e mp enamabogaten kiglome do st
| i stog dna (Habekovi l, 1982. ; Habekovi i i
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prilagolLavanj a, najlegle se zadrgava ispod |
na sve navedeno, kao i nNevmgad rdodg @gaspepronstn
predstavlja pogodan bioindikatorski organi zae

sur., 2007.; 2008.).

2.3.2. Vardarski klen (Squalius vardarensigaraman, 1928)

U makedonskim rijekama mo ¢ &quaus odmosnb i dru

vardarski klen $qualius vardarensi&araman, 1928) (Slika 6.). Vardarski klen nastanjuje

rijeke i pot oke umjServeenaMalk etdmkna e na Gpd dkreyl jat
do 60 cm ukupne dugine ters¢ekmapmpestipoddcsw
vodom (Kottel at [ Freyhof, 2007.) . Budul i

predstavlja izvrstan i zbor za pralenje utje

biotu (Jordanova i sur., 2016.).

Znanstvena klagkacija:

Carstvo: Animalia

Koljeno: Chordata

Razred: Actinopterygii

Red: Cypriniformes

Porodica: Cyprinidae

Rod: Squalius

Vrsta: Squalius vardarensiKaraman, 1928

Slika 6. Prikaz vardarskog klen&@ualius vardarensiKaraman, 1928).

Autoricafotografije: dr. sc. Zrinka Dragun.
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2.3.3. Ciljni organi za analizu metala

Metali se mogu akumulirat:. u razlilitim d

metalu radi. Primjerice, Pb ima veliki afinitet za kalcificiranikivima dok se u mekim

tkivimanaj vi ge tal ogi u jetrima i bubrezi ma, na l
i sur., 1976.Sedak i sur., 201p., Cd ima najveli afinitet za t
I bubrezima (Sedak i sur., 2015iddiqui, 2010, Zn u jetrima (Bawuw i sur., 2018.; Dragun

[ sur ., 2019.), d dirka, ask éoméjg jedarkod rijetkihimetala kaji serii ¢ i |

bi omagni ficira u hranidbenom | ancu te moge

(Frodello i sur., 2000.; Mason i sur., 2006ed8k i sur., 2015.). Za procjenu dugotrajne,

kronilne izlogenost.i riba metalima najbolje
1992.), budul i da se radi o glavnom det ok:
organizma Giguere i sur., 2004) a ganu koj i raspolage najul.i

akumul acije raznih zagalivala (Papagianni s

hepatociti, domi nantna vrsta stanica u jetr
razine unutairsaani pbephi gaokoj i vegu metal e
tako sprjelavajuli interakcije metala s pot
jetara omogulava proulavanje metal a | det ok
2008.; Heath 1995 . ; Sigel i sur ., 2009. )izravkogdr uge
unosa toksilnih tvar.i iz vode, prikladne z:
naglih promjena u razini i z|l ogenoisribégimauZzbog r
vrl o veliku respiratornu povrginu, propugt a
viemena te imaju tanke epitelne membrane, gt

njihov prijenos u krv (Chovanec i sur., 2003.; Heath, 19R8id i McDonald, 1991.).

2.4. Metalomika

Met al i se u ¢givim organizmima javljaju v
(Slika 7.). Vel i ki br o] proteina zahtijeva
metalima, poput Cu, Fe, Zn ili Mo (Mwicou i sur., 2009.; Tainer i sur., 1991.). Metalni ioni,
nadalje, mogu kontrolirati regulaciju ekspresije proteina u stanicama, npr. metalotioneina,
proteina bitnog u homeostazi i procesi ma det
usmjeravaju mlne ione kroz citoplazmu (Rosen, Z00Rosenzweig, 2002.), dok su
il zvanstanil ni proteini poput al bumi na i tr

(Mouni cou i sur ., 2009.) . Stoga je unutarsta
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raspodjgh melu razlilitim stanilnim odjeljcima t
kontrolirana (OQutten i OO6Halloran, 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)
ugljikohidrata i metala DNA i RNA
—_— enzimi

peptidi ¢
(fitokelatini) " oy
q transportni proteini

(npr., transferin, albumin)

fitosiderofori
<

(nikotinamin) — proteini osjetljivi na metale
—) Saperoni
Slika7.Razl il iti oblici me Mauricau i sur.,200@) o gk om o0 k
Zbog svega navedenog, sustavni pristup
specijaciij e, |l okal i zacije i upotrebe unutar
[ Gitlin, 2008. ) . U proglosti Ssu i mamagi var
fiziologke mehani zme unosa, toksil|lnost:i [ iz

na mjerenje ukupnih koncentracija pojedinaln

i nformaci ju o metabolizmu 1 iomdhanizmimamjhava t ok s
detoksi kacije (de | a Calle Gunti BGas I sur .,
tehni ke, koj e ukl jul uju strukturnu geno

toksikoproteomiku i metalomiku te koje su usmjerene na sveolulaat i zu| avanj a
mol ekul arnoj [ stani| noj razini, a koriste
novi h biomar ker a ul iomankrae (3hai Cmanch, 200&8)glkdatdusv al a

tim, metalomika je, prema Szpunar (2004.), definirana"kaeobuhvatna analiza svih oblika

met al a i met al oida u stanicama i | tkivima,"
ukl julujuli i zul avanje kompleksiranja el emen
i na ljudsko zdravlje. Metalomikas e |, nadal j e, bavi proul avar
fiziologkih uloga I funkcija biomolekul a kc
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( Moni cou i sur ., 2009.) . Predstavlja transd
razna druga znanstvena pddry a , poput geokemi|j e, kKl ini]|] ke &
givotinjske fiziologije (Monicou i sur ., 20
sustavno razumijevanje unosa, prijenosa, ul
(Monico u i sur ., 2009.) . |l stragivanja u podrul
tehnol ogki h i met odol ogki h pristupa, no ne |

za samostalnu primjenu. Analize se sastoje od niza koraka koji zahtijevajul razlt e

met odol ogke pristupe, a organizaciija i i nt
us pj e h a-ArigaGsumeQaos.)

Met al omi | ke anal i ze, dakl e, zahtijevaju
pristupe, ukl julujulj pdputtehazkiel itahnhdviae
kromatografiije i el ektroforeze, (2) detektor

molekularne detektore utemeljene na spektrometriji masa za karakterizaciju razdvojenih
bi omol ekul a kojae 8v.e g-é4rifanaurazd0d.; Modicauk sur., 2009.;

Szpunar i Gobi &GGki, 2002.).
‘ 1ZOELEKTRICNO
= GEL < FOKUSIRANJE
@1 | b eerRORASPREENJE L+ sosmce
ION TRAP MS SPRSENJ ELEKTROFOREZA
Q-q-TOF-MS :
; \—'\\ //l KAPILARNA
KARAKTERIZACIA RAZDVAJANJE _
- MOLEKULA MOLEKULA \\:) )
/’ S ISKLJUCENJEM
v : HPLC 4 * REVERZNE FAZE
IONSKO IZMJENJIVACKA

MALDI-TOF-MS
DETEKTIRANJE
METAEA
IcP-Q-Ms  IcP-TOF-ms 'CP-PPR-MS cp.sF-ms
Slika 8. Spregnute tehnikeanal i zama met al a i b pmbdbl agolank

prema radu Mounicou i sur., 2009.).
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241. Anal itil ke met odper odd gl machwng jea rbjieo mo | ek

vegu met alii

Za analial metaloproteina drugih biomolekulakojev e § u emaevijeadsu brojne
metode razdvajanja poput kromatografije i elektroforeze (kapilarna ili gel elektroforeze)
( G- mheizai sur., 2005 Monicou i sur.,2009Sz punar i Gobi EGski, 199¢
Kromatografija je jedna jloedgiaenapriitmjleknijhujnu
razvao,j pol eo gezdes eajdts, 290a84T enkau | pi rnosgkl ao gk rsotnoalt |

osnovna je VvikenamppdnsakantehRkRioja se primjen

znanosti ma [ u kompl ementarnim znanstvenim
preparativna kemija (Cindril [ sur ., 2009.)
otopljenih tvari. Tvariizotpi na u razl il it o] mj er i stupaju
(nepokr et nom) i tekulom mobilnom (pokretnon
i onskoj il zmj eni , razdi obi i zmelLu faza, razl.i
Kao posliedc a navedenih razli ka, razlilite se
kromatografskoj stacionarnoj fazi (Cindril i
Za razliku od mnogih drugih tehnikaaz dvaj anja koje imaju r

poput plinske kromatografijeoja nije pogodna zeazdvajang toplinski nestabilnih molekula,
tekulinska kromatografija moge uspjegno posl
kao gt o su mpaoekulefaemraceytika nianjinevin metalita, kao i peptida i
proteina(Ci ndr i | i sur ., 2009.) . Nadal je,je dodat
mogulnost izravnog poveziva(Cjiadsi r a@smranal
pol epndlaiviasif @ni | ni h bi omol ek kdrisma j& @jmiena v e g u
kromatografije si skl j ul enjem po velilinkH zMmpE®NI wa lkko
kromatografijom (IEC).Pr i mj enom ovi h d v i yisoka osjetljivosttia p o st
selektivnest (Montes-Bay- n i sur., 2003 Szpunar, 208) tez adov ok awaijl wil i van
prilikom razdvajanja bi omolizbjggavhd aeistbvieineno v e g u

eluirangvi g e o0 b | emé&nta (Mosnicau gsure 2009.).

2411Tekul inska k rvisoke djelogtrvaofrinoas t enjems poi s k1 j
v e | i(SEC-HRLC)

SEGHPLC | e ssk koristi kao osnovna metoda za razdvajanje metaloproteina i
drugi h bi omo Inmetab(S$lika 9k Temaji senaugl ui mdélekularnih sita koja
omoguaur azdvajanje molekula pr emaipremadblikv o | vV e
(de la Calle Guntinuas i sur., 20035zpunar, 2004.Najbolji je izbor zaanalize proteina i
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raznih drugih biomolekula

proteina

buduwiaikoda proliglavanj a

osat amaugeol Iy akeristiti

ja zvor n;

bi segostvardik i S p e

odgovar aj wakdvajanjespojediniproteirm(Rambo, 2017.).
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Slika 9. Kr omat ogr afij a
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mo | e k u lpanilalkkrog =
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Volumen kolone

Hikracijska kronmatografijp. éMetoda deiteljig e |

@l 0 nndehagizam | jkKion @

razdvanja se temelji na prodiranju molekulpare| e s t i ¢ aakoplanramjd naolekule,

koje mogu ulaziti u porezaostajudokv e | e ,

k

oj e toi mme lmo glue s tpircod

te prije izlaze iz koloneS obzirom na to da pore punilu stacionarne fazejisu jednake

vel idame,nmglveld el e bit

e sve agtirswgé oml i | i

mainj omarijleesltadlosgugel e

e rodiranjaupparepanda dok i z u z e

r

zaostajatu punilu stacionarndaze. Takol @ a j p r injag vietbkele pa onda srednje

nakraju najmanjanolekule.Slikajep r i | a g o L Hagedi Hanesk(2080).

Prednost ove metode

uvj eti ma, ostaju

osjetljive na promjenu pH tanalimzmamet al opr ot ei na

gotovo

j e ni, ako
nazelvtajanku rbiorholekula koje suo

( D, 2002.). Cal | e

gt o protei

j e
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Dodatnu prednost u odnosu na ostale kr oma

povezivanja sa spektrometrijom masaionizaciju induktivno spregnutom plazmom (IEP

MS) za odrelivanje koncentracija meuvjath a. od
koj i ne gtete anali zi spektrometrijom masa (
upotrebe polarnih organskih otapal a), t ekul i

sa spektrometrom masa (Cindrradgi vianguma, t2009
HPLC u kombinaciji s ICAMMS-om kor i gt ena kao polukvantitat
elemenata poput Cd (Ferrdeel sur., 2000.), Se (McSheehy i sur., 2001.), ili As (McSheehy i
Szpunar, 2000.).

24121 onsko i zmjenj i vrenategaafijat veskke idjelatverkoati  k
(IEC-HPLC)

Bi ol ogke mol ekul e testagamogulbii nabigems. Upravio gertan e
svojstvo mol ekul a i sizngenmjivdye keomatografijgiEQ),vkejadse i i on.

zasniva na razdvajanju otopljenih reklila na osnovu razlika u nabdfslika 10.)

Smjesa proteina

OO
P
8

PPOPOP
566668
PPPP8e

DOOOOD

0%

Negativno nabijeni \/
r.)r'oteini S KRR Pozitivno nabijeni
pozitivno nabijeno punilo  , oteini protjecu kroz
kolonu

Slika 10.Princip anionskoi z mj enj i v a | k.&Proteini saaza\ajejaateantljuj e

svoganetonabojal pr euzet o i pri l2@0g)oL eno i z Ber

Mo g e s e pri mi j e rgotdvo bilozkaje vrsta nabijerdah matekuta
ukl julujuli vel i ke agminokisaine ifoeschnemaur.,e2018.)Dkijé e ot i d e
vrste ionsk-iz mj e nj kromatbgkafie su anionski z mj enj i v a katianslo( AEC)
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izmjen i val ka ( CEC)Moklrecknual teo gkroa fei jsau t opl ji ve 1 n
ami nokiseline i pept i die, funkcienglne slkamneetopliives upr ot
stacionarne fazestvaranjem ionskilveza (Sattayas, 2012.). U kationskei z mj enj i val k
kromatografij primjenjuje se anionska stacionarna fdeamda su gel j ene mol €
razdvajaju kationi a anionskei z mj e n j kromadgrafga primjenuje kationsku
stacionarnu fazwa odjeljivanje anionaMolekule vezane na stacionarnu fazu ispiru se
povelavanjem ionske gluankodnbsno mobilne fapiationskos n om p |
anionsko i zmjenj i v askeHomstekirsotntag gpigwaaa imiejt al he sit d
uzorcima SanzMedel i sur., 2003; Szpunar, 200Q), na primjer pri razdvajanju
metalotioneina (Lehman i Klaassen, 1986.0 d r 2Qgai suz., 2003.; Van Campenhout i

sur., 2008.) serumskih proteina (Soldado Cabezuelo i S1997; Wrobeli sur, 1995).

242. Anal iti|l ke metode za odrelLivanje met al

Postoji niz razlilitih tehnika kojima se
kao i u kromatografski razdvojenim frakcijama tih uzorgRetmer i sur.,2009; Garcia i
sur ., 2 0-Brizg i sub.; 20@4z2005; Szpunar 2004). Kemijske analiz metala
provode se korigtenjem sof i st atanskeapsorpdijsk met o d e
spektrometrg (AAS - plamena i grafithatehnikg, atomske misijske spektrometrijes
induktivno spregnum plaznom (ICP-AES), spektrometrijanasas induktivno spregnutom
plazmom (ICPMS) te elektokemijskh metodh (Csuros i Cstos, 2002.; Lobinski i
Marczenko, 1997 Michalke and Nischwitz, 2010Skoog i sur.1999) U nekim slul a
koriste sei dodatne tehnikepoput analize neutronske aktivacije (NAM) dj el omi | no
inducirare rendgensk emisije (PIXE).

analizator masa
o . dvostrukog fokusiranja u

> <'o.‘; — elektrostratskomi
ﬁp \ ‘ magnetskom polju
A ' HR ICP-MS
Ir | ¢ e ( )
uzorak plin otpad
unos uzoraka izvor iona ekstraktor ionske

ICP lec¢e

Slika 11.Shematski prikaz spektrome&imaga uz ionizacijuinduktivno 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 koristi
kao i1 onizacijski izvor, amadseat, e knca | ae nseel jwr ga
omjera mase i habojan(z) analiziranih ionaMontaser, 1998.Thomas, 2013.)Od svge
prve pojavetijekomranih 1980-ih (Houk i sur., 1980.), ICRMS tehnikapostalaje jednm od
naj vagal piddwelavvge] od 70% el emenBetmmerpsur,i odno
2009.) te spadpulue ntagbmiglee raa v a j[(Grochiowskii met a |
sur., 2019.).lako se njomemogu odredit isti elemenit kao i ostalm spektroskopskn
tehnikama ICP-MS ima veliku prednostbogmultielementei brze analiz te niskih granica
detekcije Al-Hakkanj 2019; Garcia i sur., 2006He i sur., 2017.

2.4.3. Primjena spektrometrije masa (MS) u aalizi bi omol ekul a koj e

metale

U promdjedreset!| jelu razvoj spektrometrij e
proteina i peptidaSpektrometrijamasaradi na principu ioniziranja kemijskin komponenti
promatranog uzorka stvarajul.i nabijene mol e
njihoveomjere mase i nabojanf/z) (Banerjee i Mazumdar, 201%5;a | i | .; Grogs)2De4.).

Metode spektrometrije maseprekidno se@azvjaju, au d a nse\gijeneeupotrebljavaju
za odrelivanj e maska ililmelskul lvaitativnegai kvamtitaternogu z o r
odr e laisastava jsmjeste zaragz agnj avanj e kemijskih strukt

peptida( Gal i | i ClUrbad 2014.SpeROBometri j ao dmaesla vamg ¢
masa peptidai/ili proteing i dent i fi kaciju proteina, odreli
identifikaciju i toadstagjskih madifikaca pood raegliaipoga tepj o s t

provjeru struktura i | i stol e prCatl @i€agiaindobi v

sur., 2018.de Hoffman i Stroobant, 27.; Graves i Haystead, 20QRathore i sur., 2018.

Nadal | e, primjenjuje se | u istragivanju ra
mal i h organskih mol ekul a i razl i |,;iGibsohi bi ol o
Costellg 2000).

Slika 12.Shematski prikaz gktroméramasa
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Ur e L aj gmetar pnaskiSiika 12.) sastoji se od ionskog izvora, analizatora masa
te detektora i sustava za obrgglo d at aka (de Hof f mann i Stroob
2008.). Nakon unosa uzorka u spektrometar masa dolazi do ionizpogarorbemolekula
analitau pl i nsku fazu gto | e omimastalnuplinavaohfaziuev z a
analizatoru masa se razdvajaju natemeluommézal j el ovanj em magnet skog

polja (Galil, 2004u)el Petrknskagspoyjyabal aomb
( Mornar , 2013. ; Sertil, 2013. ; Wat son, 1996¢
spektara masa koj i pokazuju relativnu zastu
Ni govil, 2015.) .

Posb j i nekol i ko r azl azh analizupeptiché fratedean aij d reigd ac i
se koristeESI i MALDI tehnike. Anal i za proteina spektrometri|j

intaktnog proteina ili analizu peptida nastalih enzimskom ili kemijskom razgradnjuieina

te se moge provodit.i p rop-downui pdozd@nagomre (Skkg ©3.) na d o |
(engl. ttomup) (Bogdanov i Smith, 2005Chait, 2006; Kelleher, 2004.KhalsaMoyers i

McDonald, 2006.; Monicou i sur., 20Q0%witzar i sur., 2013.

U estaliji nal i ondozdnradole,zaek | g rud tugienacijjeepan]
odstranjivanje posttranslacijskih modifikacija enzimskim putemo(mo | u proteaze

gli kozidaza), kKemijskim put em (pomol u hid
(Amunwgama i sur., 2013Ga | i | 2008; Gilletri sur., 2016.; Manes i Nithazar i sr.,

2018). Zbog vVvisokospecifilne i ponovl jive reako:¢
proteolitil ki reagens je tri psstaupep@idpimepanj emn
od 530 aminokiselina, gto je optimalna dul ji

(Corthals i sur., 1999Gundryi sur., 2001). Dva osnovna pristupa u identifikaciji proteina su
identifikacija proteina putem pretrage baze podataka i identifikacija protknaovo
sekvenciranjem (Reinders i sur., 200 . l dentifi kacija proteina p
podataka i temelji se naisporedbi eksperimentalno dobivenih podataka s teoretski

i zr a| uvnjedhmostima dobijenim iz baza podataka proteinskih sekyedok se
identifikacija proteina sekvenciranjeme novot e me |l j i na eksperi ment e
slijeda aminokiselina na osmo MS/MS spet r a ( Gal i I i Cindril, 200

Taylor i Johnson, 200).
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2431Matricom potpomognuta 1ionizacija wuz d
(MALDI)

MALDI (engl. Matrix-Assisted Laser Bsorption/bnization) je tehnika ionizacije
molekulakoju su utemeljili znanstvenici Karas i Hillenkamp 1988. goding suprvi snimili
spektar biomolekula molekulgk masa iznad 10 kDa u smjesi uzorka s matricom, dok je
Koi chi Tanaka 2002. godine dobio Nobel ovu
biomol ekul a pomol u MAL DdhoiNamile 20820i j ske tehni ke

1.00
A MS detektor ]
omjer mase i naboja (m/z) : |
0.50 ‘

L ‘
I\ ;‘
| TOF 0.00 |\ J\ ohle A
.00 +rr T TR T
"e”:ﬁem ) 513 1013 123
polj MS profil
\ ‘
> e ‘\
elektrostatsko
polje /
i \\ /"
’ -
protein i matrica
B kristali analita | __
i matrice snof ioni
analita
|
ot / !
.+ .+ :
) + | ! spektrometar
..‘ o, ©®
L]
¢ b
| masa
\ |
ioni ||
analita |
/ kationi /
metalna
plo¢a ekstrakcijska fokusirajuca
reSetka leéa

Slika 13. Shematski dijagram koji prikazuje tijek rada MALDDFMS-a. Kratkim

pulsevima lasera {20 ns) bombardiraju se kristali matii u z o ddvedi dg hjibove
desorpcijd ionizacije (preuzetd pr i |liaGladkisarn 2013.).

MALDI-TOFMS (Slika 13. ) j e brza metoda, kojom se
analizirat:i vel i ki br o] uzoraka (Kuckova i

najpopularnijin tehnikaspektrometrije mas&oja se koristiza brzu i osjetljivu analizu

biomolekula(Dave i sur., 2011Hor vat i | i Siatlyd sui., 2017. \RebLed i. ;

Oxley, 2012. Ubr aja se u blage i1ionizacijske tehnik
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vrlo velikih molekulskih masa (do 200 kD& ovom &hnikom uglavnom nastaju jednostruko
nabijeniioni(Gal i | i C:i ndoi Vv at i2i0 Q:;i®ingbal insdrr, 201%, Anafit0 0 9

se ugr al ujseukturu nkolekula madriceni kristalizira s matriconkoa isparavanja

ot apal a ( Ka z.aChaitli Kent, 1898.;rChalmers PGasgkel, 200omastowski i

sur., 2019. Potom se kristalizirananatrica pod djelovanjemlasersle zrake trenutno

zagrijava (Senko i sur., 19948 dolazi do isparavanja i ionizacije molekula matrice i analita,

pr i hastgnioni protonirarh molekub, k o j i su najleglie jednostrt
isl abo afragmemtgca Gal i | i 8§ iloniaatim dlaze u2afabizator masa

gdje serazdwajaju prema omjeru mase i nabdjaCi ndr i [ i sur ., 20009. ;
Kazazil i Pomastowskiisar92B.Navedena sehnilaionizacijezbog svojeg

pulsnog karaktera a j | mimjénpije u kombinacijs analizatorom Komjeri vrijeme leta

(eng. Time Of Flight, TOF)pdnosnovrijeme potrebno déonist i gnu do anal i za
proporcionalnajihovoj masi Boesl, 2017.de Hoffmann i Stroobant, 200G a | i | i Cind:
2008.).

Ova j e anal ogodnd zk analime tbo dwanop ek ul a i protei |
(Szpunar , 2004 . ; S z pMALRI {TOFRMS €& @diikujEszkiinnom 2 0 0 2 .
osj eiuog fenmamgladopikomola | ak postoje rBdeoanja koge
nivou atomola (@vaert i sur.1997), velikom brzinom analiza (modje je analizirati okd 00
uzoraka u 10 minjDuncan i sur.,2008Ga | i | i C;iKuckbvaii $ur., 20070 0 8

2.4.3.2.lonizacijae |l ekt rorasprgenjem (ESI)

ESI (engl. Electrospray onization) t e h ni k a spada kuo skepmublagih
ionizacijskih tehnika, a postupak se odvija pri atmosferskom t(&ka 14.). loni koji
nastaju mogu biti pozitivnog ili negativhog nabagovisno o kemijskoj strukturi analita,

odnosndoroju kemijskih skupina koje se mogu ionizirati, mogupit d nost r uko i | i

ionizirani (Ci ndr i | I .; Mornar.i,sur.,220039 lako je pojava ionizacije
elektra aspr pgoerjnama jog s poletka 20. stoljela,
(Dol e i sur ., 196 8. )inom t980ihrnakenvradgva tsaitsdbjavdio g | o |

John Fen (Fenni sur., 1989.; Yamashita i Fenn, 1984.) grupa ruski h i
(Aleksandrov i sur., 1984.). Zavaj doprinos znanosti, Fenn je doiNobelow nagradi za

kemiju 2002. godine Yiastg&ESHa i njegov ogroman doprinos modernoj spektrometriji
masaproizlazi iz njegovh jedinstvenn karakteristika. To jesrlo blagi nd i ionizacijekoji
uglavnom rezultira nastankom vigestruko nahb

mogul e s amdkavalemtho vezane biomolekularne kompleksé j ek om prevol
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molekula analita u plinsku fazéwad i sur., 2015.Banerjee i Mazumar, 2012. Talkington
i sur., 2005.

"skimer”
Nabijene kapljice
Kapilara (sprej)

\

Analit /eluent I_ / / Spektrometar
P ey ywn Ty 0% —
I_ € \ \ masa
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Taylorov Visestruko nabijena
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+
*’ Otparavanje +4.*#"'% Coulombovo * + *
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otapala dijeljenje : 1

+

+
Postignuta Rayleighova s T \
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Molekula loni analita

analita
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Slika 14. Shematski dijagram koji prikazuje tijek rada u B%%-u (preuzetoi pril agolert
prema Gates, 2014.Procese | ekt r orasprgenja prikladno | e
kapljica, otparavanjekapljica i nastajanje iona u plinskoj fazBruins 1998.;Cechi sur.,

2001.:Gal i | ;Ga2iocd 4n.d2009)

Za razliku od MALDI ionizacije, primjenom E§la nast aj u i Vi gestr
( Gal i [; Dzek i0s0Or4 2019. Kod ovog oblika ionizad§ plinska faza i analit ulaze u
i oni zator Kkroz kapil ar u laogpazitiyrkejdzsdrasmapbnaa el €
(Cindril i sur., ROO9.Dog Ppdl jua jraadea el w
naboj i u otopini, pri | emu pozitivno nabije
povrgini tekuline koj adeBdfmamailSacbant, 2067.). Rri aj u
kritilnoj noakompdlij e, erkda ryvdgku kapilare se fo
se neprestano proizvode kapl ji c(Bruing1998;ai ene
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Gal i | ; Ho2iGW.42003); Ot apal o se zatim otparava pod
temperaturea el ektri | tec@ potaen ai jealvael i | i na kaplji
Kada se kapljice dovoljno smanj e, tako da s
njihovog otparavanja ili razbijanja na manje kapljice (Coulombovo dijeliemj@lk on | e g a
analit Tako formirani molekulski ioni prelaze u visoki vakuuwta analizatora masa (Slika
14. ) ( Ci ndr i Crottii surs, A011.Ho i s&r( 2003).

Dok je kod MALDI ionizacije neophodan kristalizirani uzorak, E&iizira analit u
ot opi ni gto | ini ovu tehni ku po(@liendi Vachet, za p o
2003). MALDI je pogodna tehnika za analizu relativho jednostavnih smjesa peptida (npr.
pojedinal ni h pr eBSIEMSmsuwstav koriste ka kanpleksh® lz@ke (Fenn |
sur., 1989.).0sj et | ji vost ESI t e h maniegem dmrideagromka | e |

analizirane otopine (npr. mpakja granie sigikcigee nj e m
spugtoeredavel i | i ne "™mompl 4 G&;Malaskovic2i 8ud.,41995.

Dodatna prednost u anal i z tandenmne spekimométrge nas®m o0 s t
(LC-MS/ MS) , s ciljem da se pobol j ¢l ddbiveaiy ment a

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

24.4. Met al omi k am ui sotkraaaj igvna n j

Odsvoga sw t k rionitaeijske metodspektrometrgmasae | ekt r or aspr gen |
MS) i matricom potpomognationizacijai desorpciagl as er s ki mMALDIaMSgta j e m
ICP-MS posta¢éi z ni mnedehnik@uj nanal i zi bi ol ogki-Arizana k r o mo
sur., 2004.; Mounicou i sur., 200%5anzMedel 2005.; Szpunar2004.). lako navedene

tehni ke u met al oorji crmo guiunjoas tui  vue | iBsagtinri gogr,i vanij i

2003) , gto | e prepoznato u mnogim znanstveni
okolignim istragivanjima nije jog dovoljno p
u strogo kontroliranim labart or i j skim wuvj eti ma, najlegle n
met al u, dok su i stragivanja u stvarnim oko
Primjer takvih | abor at o rmetpbslizmake nalabdratodjgkinyv anj a
gt akor i mm mliiekom mogatimg e | | €Ales Reixoto i sur.,, 2019Fer n8ndez
Men®ndez i sur . npai 20 A an o e d AvhsrvsclusBa G- 2 g
Sevillano i sur., 2014.).

Sustavni met al omi | ki pristup u 1izul|l avanjud

vodenim organizmima jog wuvijek nije opsegno

giroki h moglidtnomlss iz kaznas § k @ n a Dosadt je atkrivenoek j a .
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nekoliko metaloproteina u ribama koji se primjenjuju kao biomarkelok njihove
funkcionalne wuloge u fiziologiji -Davisbsur.,j og u\
2012.).Donedavnssemet al omi | ka tehnol ogija na vWadenim
u istragivanju poj edimetaldtioneirgMThe t @l iopjren emnEaa z
tehnika tekulinske kr omélobingkiisuf.,i1998)Razdvaganjk e dj e
bi omol ekula pomolu dvodi meAECHPL® primijeajendk je o mat o
tiekomi s t r @ M7 iznekoljko ribljih vrsta, poput jeguljeAnhguilla anguilaRodr 2 gu e z
Ceai sur., 2003 Van Campenhout i sur., 2008bisernog ciklida Geophagus brasiliensis

Ro d r 2QGgai suz., 2000, plosnatica l{imanda Imandai Microstomus kitt Duguesne i

Richard, 1999, limande L. limandg Lacorn i sur., 200}, kao i iz dagnji Mytilus edulis

Geret i Cosson, 2002 Nadalje Goenaga Infante i sur. (209@nalizirali su komplek®

metalas izoformama MTprimjenom AEC-HPLC-a u kombinaciji s ICPMS-omu b abu g ki
(Carassius auratus gibeljpdok suLavradas i sur(2016) primjenomelektroforeze (SDS

PAGE) i SEGHPLC-a u kombinaciji SICP-MS-ompr ov el i i stragivanje
proteinametalotioneinai g k o limakParga perna Dv odi menzi onal no razdv:
SEGAEC-HPLCa nadograleno MS anal i zamakormppteksani j e n |
Hg, Cd, Cu i Zn s metalotioneinimajetrimabjeloboke pliskavicelagenorhynchus acutus

Pedrero i sur., 201Rte uistrag i v anj u i veaahjadd,cQuji n naMT u jetrima,

bubregu i §Rypripus ceapioGaemagarirdantd i sur., 2003.)
Nadal j e, poj edini istragival. met al omi | ki
metala i biomolekula koje iw e g u . Naripmjepem, vipgestrukog an

koji povezug ionskai z mj enj i v al k u detektocenza telergenta fIQWS)ui,
molekularne detektore (E®$4S, LC-MS/MS i MALDI-TOFMS), sa svrhomo | ak gane
identifikacije metaloproteina u ol ni s ki m Kk onc e pAftizaa sur.,j2a0a ( G- n
omoga@aijeendenti fikacija i karakterizacija bio
pastrvi Oncorhynchus mykisg-ago i sur., 2002 dok je karakterizacig selenoproteina u
paci fi | kojno wrhi ahonpwsr aripntalis provedena dvodimenzionalim
kromatografskim razdvajanjen  (SEGAEC-HPLC) u kombinaciji s LEESFMS-om
(Yamashita i Yamashita, 2030

Kanadskagrupa znanstvenikiek en e dav no Zstowemenani at sagi vanj ¢
sudbinev e | e g métalacuyodenimor gani z mi ma, ukl julujuli nj
t ki va i u razl i | i ti mnpu citodolg igranuéama i drganelma odj e | |
primjenom diferencijalag centrifugirang (Vijever i sur. 2004 Campbell i su 2005.;

Gigu re i sur., 2006.) te nrjaizhloivlui tsiphe cainjaalciitji
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koje se primjenuju u metalomici (Caron i sur., 2018rien i sur., 201§. Primjena
di ferencijalnog centrifugiranja izamdélayg nat g rei
frakcija osjetljivih na metale i detoksiciranih frakcija metdfaema Wallace i sur. (2003.),
stanfirlankkci je osjetljive na prisutnost met al &
mikrosomi) i toplinski nestabilne proteirgpoput enzimg)dok detoksicranefrakcije metak
u k | j granulg¢ hogate metalima i toplinski stabilne proteine (poptalotioneina Takva
jeunutar st ani netalas p@acipfoidlj erd aza pojedini met al
di nami | nav joeitiismao iozluogenost. metal i ma i ni zu
Rainbow 2006). | st a j e skupina znanstvenika u novij
uvolenjem met al omi listoiremenmantlizeiblag nizametalay voridaend i
s dljem odrelivanja njihove raspodj el e me L
molekulskih masa. Citosolske raspodjeke Ag, Cd, Cu, Co, Ni i Tbdredili suu mladim
amer i | ki m ¢ uRelicarflavgsceps€dran msur., Q018 aza Cd, Cu, As i Se u
bij el i m Catéstwraus commersonlirien i sur., 2018, p o m okbrabinacijeSEG
HPLC-ai ICP-MS-a.

Met al omi | ke p rpotelnojd e Slstsnmprraitnejgeinjjei vat i u
i str ag,isa svrhgm otkavanja mehanizama koji se nalaze poz adi ni met ab
funkcija, mehanizama detoksikaciie t oksi | ni h ulinaka metal a te
novih biomarkerai z|1 ogenost i met al i(nGa rfEiza m pur.,h2004i h ul i

HausefDavis 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

@ Springer
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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
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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.
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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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