Accdepted manuscript - postprint version

1 Characterization and identification of selected metal-binding biomolecules from
2  hepatic and gill cytosols of Vardar chub (Squalius vardarensis Karaman, 1928) by
3 various techniques of liquid chromatography and mass spectrometry

4 Nesrete Krasni¢it, Zrinka Dragunl*, Snjezana Kazazic’z, Hasan Muharemovié?, Marijana Erk?,

Maja Jordanova®, Katerina Rebok®, Vasil Kostov®

6 "Ruder Boskovi¢ Institute; Division for Marine and Environmental Research; Laboratory for Biological

7 Effects of Metals; P.O. Box 180, 10002 Zagreb, Croatia

8  “Ruder Boskovié Institute; Division of Physical Chemistry; Laboratory for mass spectrometry and
9 functional proteomics; P.O. Box 180, 10002 Zagreb, Croatia

10 *Faculty of Natural Sciences and Mathematics, Ss. Cyril and Methodius University in Skopje,
11  Arhimedova 3, 1000 Skopje, Macedonia

12 *Institute of Animal Sciences, Ile llievski 92a, 1000 Skopje, Macedonia

13

14 = Corresponding author

15 Phone: +385-1-4680216;
16 Fax:  +385-1-4680242;
17 E-mail: zdragun@irb.hr
18

19

Krasnici, Nesrete; Dragun, Zrinka; Kazazi¢, SnjeZana; Muharemovi¢, Hasan; Erk, Marijana; Jordanova, Maja; Rebok, Katerina; Kostov, Vasil (2019)
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 . pp. 1060-1078. ISSN 1756-5901.



20

21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40

41

42
43
44
45
46
47
48
49
50

Abstract

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. Analyzed biomolecules reffered to: Fe-binding biomolecules, which were
identified as hemoglobin subunits 3 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-
| and MT-I1 (molecular mass of ~6.0 kDa in both liver and gills, and an additional 4.9
kDa isoform in the gills); 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 obvious presence of different isoforms of the same biomolecules in the liver
and gills. It was, among others, manifested through 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 know cellular metal-binding biomolecules and their functions.
Key words: fish, hemoglobin, liver, MALDI-TOF-MS, metallothioneins, SEC-AEC-HPLC

Significance to metallomics:

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 by
various techniques of mass spectrometry (HR ICP-MS, MALDI-TOF-MS, LC-MS/MS)
enabled recognition of important Fe, Cd, and Mo-binding biomolecules in Vardar chub liver
and gills. Differences in biomolecule characteristics observed between two organs have
confirmed the importance of the studies of organ-specific isoforms of various proteins within

the cells.
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Introduction

As a consequence of the 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 evaluation of the degree of metal
contamination and possible pollution of the 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 and effects of metals originating from water, food and sediment®®. Metals
bioaccumulated in fish organs bind to or interact with cytosolic molecules and can interfere
with the cell functions, leading to various deleterious effects®”. On the other hand, metals also
play an important physiological role in the living organisms, since many biological functions
critically depend on the interaction 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 functions,
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 was carried out in the frame of various metal speciation projects, but only a few
fish metalloproteins were so far 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 the valuable information on the identity and functions of metal-binding biomolecules
in the living systems it is necessary to apply adequate state of the art analytical equipment™.
The researchers in this field generally use combination of high-sensitivity atomic detectors,
such as inductively coupled plasma mass spectrometry (ICP-MS), different techniques of high
performance liquid chromatography (HPLC), and various types of mass spectrometry (MS), to
enable metal/nonmetal analyses within the cells, as well as characterization and possible
identification of specific metal-binding biomolecules'***. Association of multidimensional
separation approaches (e.g. size exclusion (SEC)-HPLC and anion exchange (AEC)-HPLC))
with various technigues of mass spectrometry (e.g. matrix assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) MS, or liquid chromatography (LC) MS) further improves the
reliable identification of so far unknown and undescribed metal binding biomolecules, that will

in return provide a possibility of precise assessment of hazardous environmental situations® 2.

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,
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European chub (Squalius cephalus)®”?, Vardar chub (Squalius vardarensis)®® and brown trout
(Salmo trutta)®. In our studies, the liver were 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 molecular 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 and sensitivity of SEC-HPLC method is such that it
offers a rough separation of studied metal-binding biomolecules, and 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®”
30

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 the 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 cytosols 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®, and
those were: (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 (MTSs); and (3) heat-stable very low molecular mass (~5-10 kDa) Mo-binding
biomolecules. By application of two-dimensional HPLC separation followed by HR ICP-MS
analyses of metals and MS analyses of 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
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As a bioindicator species in this study we have used Vardar chub (Squalius vardarensis
Karaman, 1928), a member of a 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 the Europe freshwaters. 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 electrofisher Samus 725G, according to
the guidelines described in the standard CEN EN 14011:2003. The captured fish were
transported to the laboratory, and during transportation they were kept alive in tank containing
aerated river water, which was collected at each sampling site. In the laboratory, fish were
anesthetized with Clove Oil (Sigma Aldrich, USA) and euthanized, and then liver, gills and
gonads were dissected. Fish total lengths (cm) and total masses (g) were measured, 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 nitrogen
immediately upon the dissection, and afterwards they were stored in the 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 in small pieces, and then cooled
homogenization buffer [100 mM Tris-HCI/Base (Sigma, pH 8.1 at 4°C) supplemented with
reducing agent (1 mM dithiotreitol (DTT), Sigma)], w/v 1:5, was poured in. Obtained mixture
was homogenized in a glass tube, which was put on ice, applying 10 strokes of PTFE-coated
pestle at 6,000 rpm (Potter-Elvehjem homogenizer, Glas-Col, USA). Hepatic and gill cytosols
were obtained by homogenate centrifugation at 50,000xg for 2 h at 4 °C, using Avanti J-E
centrifuge (Beckman Coulter), i.e. the supernatants (S50) obtained after centrifugation
corresponded to water-soluble cytosolic tissue fractions® containing lysosomes and

microsomes®. Supernatants were aliquoted and stored in the freezer at -80°C.

The heat-treatment of hepatic and gill cytosols was performed according to slightly modified
procedure described by Erk et al.*”. The cytosols were heated at 70 °C for 10 minutes using the
DB-2D Dri-Block (Techne, UK). After the heat-treatment, samples were kept on ice for 30 min
at 4°C, and then centrifuged at 10,000xg for 15 min at 4°C (Heraeus Biofuge Fresco, Kendro,
USA). The supernatants (S10), containing heat-stable biomolecules, were separated from

pellets and stored at -80°C.

Determination of total cytosolic protein concentrations
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Total protein concentrations were measured in the hepatic and gill cytosols of Vardar chub
according to Lowry, as previously described by Krasniéi et al.?®. For protein determination we
have used the Bio-Rad DC Protein Assay and the measurements were carried out on the
spectrophotometer/fluorometer (Tecan, Infinite M200) at 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 in Table 1.

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

and gills

Distribution of metals/nonmetal among biomolecules of different molecular masses in the
cytosols and heat-treated cytosols from Vardar chub livers and gills was studied using SEC-
HPLC (Perkin Elmer HPLC system, series 200, USA), as previously described in details by
Krasniéi et al.””*°. Two types of SEC columns for globular proteins (GE Healthcare
Biosciences, USA) were used: prepacked Tricorn™ Superdex 200 10/300 GL with a separation
range of 10-600 kDa and 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 volume
of 100 uL 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 the plastic tubes at one-minute
intervals using a fraction collector (FC 203B, Gilson, USA). For the column calibration, several
protein standards (thyroglobulin, apoferritin, p-amylase, alcohol 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. 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 = Kav; x = log MM). The void volume was determined by use of blue
dextran (defined MM: 2,000 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 SECy,,-HPLC and SECs-

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,00-HPLC or SEC,5-HPLC were pooled and preconcentrated to a volume of ~200 uL by
ultrafiltration using centrifugal filters Amicon Ultra (cut off at 3 kDa, Merck, Millipore,

Ireland) and centrifugation at 14,000xg at 4°C in centrifuge Heraeus Biofuge Fresco (Kendro,
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USA). Concentrated samples were then applied in volumes of 100 uL on anion-exchange
column mono Q 5/50 GL (5x50 mm; GE Healthcare Bio-Sciences, Sweden) to perform AEC-
HPLC separation. The separation and elution were achieved using a 4 mM Tris-HCI buffer (pH
7.4) as a mobile phase A, and 250 mM ammonium acetate buffer prepared in 10 mM Tris-HCI
(pH 7.4) as a 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)
(Perkin Elmer, series 200, USA). For each sample, two consecutive chromatographic runs were
performed, and the fractions containing metals and biomolecules of interest were collected at
0.5 min intervals in the 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 HNO3 (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 ug L™) in all samples®. The
measurements were performed by HR ICP-MS (Element 2, Thermo Finnigan, Germany),
equipped with an autosampler SC-2 DX FAST (Elemental Scientific, USA) and sample
introduction kit consisting of a SeaSpray nebulizer and cyclonic spray chamber Twister.
Measurements of ®Se, ®Mo, and "*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 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 (LOD) were calculated
as three standard deviations of ten consecutive measurements of trace elements in the blank
solution (Tris-HCI/Base, dithiotreitol, HNO3). The LODs for trace elements measured within
this study were as follows (in ug 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 by HR
ICP-MS was checked by analysis of 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 %).
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Determination of exact molecular masses of selected cytosolic biomolecules from Vardar
chub liver and gills and their identification by MALDI-TOF-MS and LC-MS/MS

The fractions, containing specific metal-binding biomolecules, were collected after one-
dimensional (SEC-HPLC) and two-dimensional chromatographic separations (SEC-AEC-
HPLC). They were further on pooled and preconcentrated by ultrafiltration using centrifugal
filters Amicon Ultra (cut off at 3 kDa, Merck, Millipore, Ireland) and centrifugation at
14,000xg at 4°C in centrifuge Heraeus Biofuge Fresco (Kendro, USA). Thus prepared samples
were then analysed by MALDI TOF-MS (Bruker Daltonik Microflex series, Germany) and LC-
MS/MS (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 uL of preconcentrated
samples were spotted in two replicates onto a 96-spot steel target plate (Bruker Daltonik,
Germany) and allowed to visibly dry at room temperature. Subsequently, 1 uL 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 matrix.

The analyses on LC-MS/MS were performed with an aim to identify, whenever possible,
isolated cytosolic biomolecules 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 (1pg per 100 ug of proteins) and the mixture was incubated overnight at room

temperature. The reaction was stopped by addition of formic acid.

Analyses of obtained samples of tryptic peptides were performed by low resolution ion trap
LC-MS/MS. Peptides were loaded onto a Dionex Ultimate 3000 RSLC trap colum (C18 resin,
Acclaim “pepmap”, 100 A, 5 um, 1 mmx5 mm) in 1 uL 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 cappilary column (C18 resin, Acclaim “pepmap”, 100 A, 2
pum, 0.3 mmx150 mm at the 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
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ESI capillary voltage of -4500 V, while high voltage end plate offset was -500 V. Nebulizer
was set on 10 psi. The temperature of dry gas was set at 200 °C with flow of 5 L/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 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 scan rate of 8100 (m/z)/sec. DataAnalysis software 4.0
(Bruker Daltonik GmbH, Germany) was used to extract MS and MS/MS data and to create
Mascot (Matrix Science, UK) file for database search. Search parameters were set to: database
NCBInr all entries, enzyme trypsin 1 miss cleavage, carbamidomethyl as global and methionine

oxidation as variabile modification, mass tolerance for MS/MS spectra was 0.5 Da.
Data processing and statistical analyses

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

Results and discussion

SEC,q-HPLC analyses of trace element distributions in hepatic and gill cytosols of
Vardar chub

SEC,-HPLC analyses of trace element distributions in hepatic and gill cytosols of Vardar
chub were previously done using specimens sampled in spring and autumn seasons of 2012
from three Macedonian rivers, Bregalnica, Zletovska and Kriva®. That study made it possible
to define the molecular masses of cytosolic biomolecules that bind essential elements Co, Cu,
Fe, Mn, Mo, Se and Zn, and nonessential and very toxic element Cd in the conditions of low
and high metal exposure®. Our further goal was to characterize more specifically several of
those biomolecules, which was the reason to repeat SEC,o-HPLC analyses on hepatic and gill
cytosols of the same fish species following the new sampling campaign in June 2015 at
Bregalnica and Zletovska rivers. We were, thus, able to confirm previously obtained results,
and then to isolate the metal-containing fractions of interest which we needed for further
analyses. The graphical presentation of SEC,-HPLC analyses for Co, Cu, Fe, Mn, Mo, Se, Zn,
and Cd in the hepatic cytosols and for Fe, Se, Zn, and Cd in the gill cytosols of Vardar chub are
presented within electronic supplementary information (Fig. SI-1 and SI-2), whereas the
information on elution times and corresponding molecular masses of metal-binding

biomolecules are presented in Table 2. Four elements (Co, Cu, Mn, and Mo) were not measured

9
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in the gill cytosols due to their very low cytosolic concentrations. Same as in our previous
studies®”®
region (HMM, >100 kDa), medium molecular mass region (MMM, 30-100 kDa), low

molecular mass region (LMM, 10-30 kDa), and very low molecular mass region (VLMM, <10

kDa).

, metal-binding biomolecules were defined as belonging to high molecular mass

Hepatic Co (Fig. Sl-1a, Table 2) was distributed between two peaks, with higher Co quantity
bound to HMM biomolecules (141-299 kDa) and lower Co quantity bound to MMM
biomolecules (40-109 kDa). Hepatic Mn (Fig. SI-1d, Table 2) was distributed between two
peaks, with higher Mn quantity bound to HMM biomolecules (85-233 kDa) and much lower
Mn quantity bound to MMM biomolecules (15-66 kDa). Hepatic Mo (Fig. Sl-1e, Table 2) was
distributed between four peaks covering wide region of molecular masses, but a majority of Mo
was bound to HMM biomolecules (66-385 kDa). Appreciable quantities of Mo were also bound
to MMM biomolecules (11-51 kDa) and VLMM biomolecules (3-9 kDa). Predominant binding
of Co, Mn, and Mo to HMM biomolecules in the liver of VVardar 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. SI-1f, Table
2) and gill Se (Fig. SI-2b, 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. SI-1b, Table 2) in this study was distributed within one peak, containing
LMM biomolecules (5-24 kDa). The same was observed for hepatic (Fig. SI-1h, Table 2) and
gill Cd (Fig. SI-2d, 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 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. SI-1g, Table 2) and gill Zn (Fig. SI-2c,
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. It was
consistent with 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-

10
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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 Zn essential role 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. SI-1c, Table 2) was distributed between two comparable peaks,
the first one referring to HMM biomolecules (181-637 kDa) and the second one to MMM
biomolecules (24-51 kDa). In the gills (Fig. SI-2a, 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 hepatic cytosol. This was in agreement with the previous finding on Fe
distribution in liver and gills of Vardar chub, with much more pronounced Fe presence in the
HMM protein region in the liver?, most likely referring to Fe binding to ferritin (~450 kDa)*°,
the primary iron storage protein®. The suggested explanation was 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 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.

Since it is usually expected to find transport protein transferrin 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,q,-column and recorded its elution
time at 22" to 27" minute, with a maximum at approximately 24™ minute, corresponding to
MM of 85 kDa (Fig. SI-3). However, the corresponding peak was not observed in either hepatic
or gill SECyq Fe profiles of Vardar chub (Figs. SI-1c and Sl-2a). We have, furthermore,
collected the MMM Fe-fractions from both liver and gills after SEC,q,-HPLC separation (t. 25-
30 min), and then recorded MALDI-TOF-MS spectra for collected samples (Fig. Sl-4a-b), as
well as for standard proteins transferrin (Sigma-Aldrich Co., USA) and Zn,Cu-SOD (Sigma-
Aldrich Co., USA) (Fig. Sl-4c-d). We have included SOD because MMM Fe-fractions have
partly overlapped with the tails of LMM Cu-fractions and MMM Zn-fractions (Table 2).
Comparison of MALDI-TOF-MS spectra obtained for the samples and standards clearly

indicated the absence of transferrin in our samples, but confirmed the probable presence of
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SOD, based on concurrent appearance of similar peaks in spectra of both hepatic and gill
samples and of SOD standard (peaks at 31 kDa, 15.5 kDa (2+), and 7.75 kDa (4+)). Since
hemoglobin subunits have molecular mass of approximately 15 kDa>"*?, peaks at 15.5 kDa
could have additionally indicated the presence of hemoglobin in our samples, especially taking
in 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

|53

pool®, which contains small and soluble complexes that serve as intracellular Fe transport from

one Fe-binding protein to the other>”.

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

Since likely presence of non-Fe-binding proteins was established in MMM Fe-fractions
obtained by SEC,4-HPLC separation, in the next step of our research we have collected those
fractions from liver and gills (t. 26-29 min, Figs. SlI-1c and Sl-2a), purified them using AEC-
HPLC (Fig. 1), and then analyzed Fe-binding proteins present in hepatic and gill samples using
MALDI-TOF-MS and LC-MS/MS (Fig. 2, Table 3 and 4). AEC-separation was often applied
after SEC-fractionation in the course of isolation and characterization of Fe-binding

>>>"and in fish (rainbow trout, Oncorhynchus mykiss)®.

biomolecules, e.g. in human serum
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 liver (Fig. 1 a-c) and from 9.5 to 13.5 min
for gills (Fig. 1 d-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 (t, 15.0-17.5 min), especially in the profiles of hepatic
samples (Fig. 1la-c), showing the advantage of AEC-HPLC as useful protein purification

procedure.

To further characterize purified Fe-binding biomolecules, we have collected Fe-fractions eluted
during AEC separation (liver: t, 11-14 min; gills: t, 10-13 min) and recorded their mass spectra
by 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 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
containing polypeptide chain (o or B) and a heme group®. In the rainbow trout (O. mykiss)
blood, five major o chains and four major 3 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

12



397
398
399
400
401
402
403
404
405

406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

424
425

426
427
428
429
430
431

al.>* have also observed the simultaneous occurrence of monomers and dimers after separation
of Hb on SDS-PAGE mini-gels. Accordingly, peak at ~15 kDa most theoretically corresponded
to either an a-chain, or $-chain, peak at ~30 kDa probably corresponded to covalent product of
a-a, B-B, or a-B crosslinking, whereas 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 charge on proteins (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 additionally analyzed AEC-collected
hepatic and gill Fe-fractions by LC-MS/MS with subsequent Mascot database search, which
confirmed Hb presence in soluble fractions of both liver and gills of Vardar chub (Table 4). In
both liver and gills, subunit  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 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 a-chain (15.1 kDa) compared to $-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 was not surprising considering that organ perfusion was not performed prior to liver and
gills dissection and isolation of soluble tissue fractions. In addition, major binding of Fe to
hemoglobin instead of transferrin is consistent with finding by Fernandez-Menéndez et al.”,
who showed that in rat red blood cells less than 13 % of the 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 sensitive and optimal tool for 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 SECyq0-
HPLC) using AEC-HPLC

Our further 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,q-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 insightful
information on regulation of essential elements such as Cu and Zn, and on detoxification of

metals such as Cd in various organisms®*. Thus, we have collected hepatic and gill Cd-
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containing LMM fractions produced by SEC,-HPLC separation (t, 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 Vardar chub liver (Fig. 3 a,b) and gills (Fig. 3 ¢,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 from several other fish species (Cyprinus carpio, A. anguilla, G. brasiliensis), which
reported MT elution at 30-45 mM ammonium acetate®*%?®, |n addition to AEC-separation of
hepatic and gill samples, we have also analyzed MT standards from rabbit liver (isoforms MT-I
and MT-II) using AEC-HPLC (Fig. 3 e,f). Examination of their absorbance profiles at 254 nm
revealed that MT-I standard eluted at 9.5-11.5 minutes, whereas MT-II standard eluted at 13.0-
16.0 minutes. Evidently, elution time of MT-I standard coincided with the first Cd-containing
peak, whereas elution time of MT-1I 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 isoforms, MT-I and MT-II, 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 further
demonstrated the importance of multidimensional chromatographic approach in MT analyses,
since sole application 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,b), whereas in the gills they referred solely to Cd (Fig. 3c,d), since Cu was not
measured due to its low cytosolic concentrations in the gills, and Zn was not detected in MT
region after AEC-separation. This was an indication of the absence of Zn binding to MTs in
Vardar chub gills, as was already anticipated based on the results of SEC,,-HPLC analysis of
gill cytosols (Fig. S1-2). Furthermore, it was in agreement with the absence of clear Zn peak at
the elution time of MTs in the gills of European chub (S. cephalus) from the Sulta River®.
Observed differences between Zn distribution in liver and in gills suggested a tissue-dependent

physiological role of MT isoforms. Although both organs evidently contained MT-1 and MT-II
14
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isoforms, it is possible that each isoform differed in amino acid sequence between organs,
presenting gill and hepatic subisoforms of MT-1 and MT-II. The hepatic Zn-containing MT
isoforms are therefore considered, not only as a means of detoxification, but also a storage for
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 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 a MT-I
isoform. Such predominant binding to MT-1 was observed in our study only in one liver sample
(fish No. 3, Fig. 3b), whereas in the same fish, Cd binding to MT-1l was more pronounced in
the gills (fish No. 3, Fig. 3d). Similarly, Li et al.*® reported Cd binding only to MT-1 in the liver
of bighead carp (Aristichthys nobilis) and white amur bream (Parabramis pekinensis), whereas
in the gills of the same fish species Cd was bound to both MT-I and MT-IIl. 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-I
and MT-II isoforms, which were also detected using AEC-HPLC. This phenomenon of
differential metal-binding by specific MT isoforms, which has been reported in a various types

8-70

of organisms (mammals, snails, mussels)® ", might be related to different role of each MT

isoform in the metal detoxification and regulation®.

Further characterization of MT fractions by application of MALDI-TOF-MS was done after
heat-treatment and SECs-HPLC fractionation of hepatic and gill cytosols, which are presented

in the next subsection.

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

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

. We have performed SECs-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,,-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 within supplemetary information (Fig. SI-5 and SI-6),
whereas their elution times and molecular masses of corresponding biomolecules 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 LMM peak (9-31 kDa, Table 5) was again observed for both hepatic Cd
(Fig. S1-5a,d) and Cu (Fig. SI-5c,f), as well as for the gill Cd (Fig. SI-5g,i). 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, likely MTs, in the
Vardar chub liver and gills. As the heat-treatment causes a partial removal (~50 % after 10
minutes at 70 °C) of MT20 fraction (MT dimers) from the samples due to the presence of
disulphide bonds within MT20 molecules®, observed 30 % decrease of 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 MMM peak (38-137 kDa, Fig. SI-5g,i, Table 5),
which visibly decreased (up to 65 %, Table 6) after the heat-treatment, indicating heat-sensitive
nature of Cd-binding MMM biomolecules 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 undetoxified portion of gill Cd®.

Elution within LMM peak (11-31 kDa, Table 5) was also observed for the hepatic Zn (Fig. SI-
5b,e), but, as expected, not for the gill Zn (Fig. SI-5h,j), again confirming the absence of Zn-
MT binding in the gills of VVardar chub. Hepatic Zn-LMM peak was proven to be relatively
heat-stable, taking in consideration rather low decrease of LMM peak after the heat-treatment
(up to 22 %, Table 6). This small decrease of Zn-LMM peak was probably related to the
reduction of MT20 fraction®, as already discussed above for the gill Cd-LMM fraction. The
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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 MMM peak (~20-137
kDa), which represented the minor part of cytosolic Zn in the liver (Fig. SI-5b,e), and the major
part in the gills (Fig. SI-5h,j). 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
Vardar chub liver and gills®.

In the untreated hepatic cytosols of Vardar chub, Mo was eluted within two peaks (Fig.Sl-6a,c),
with the majority of Mo eluted within the first MMM peak (31-137 kDa, Table 5), and only
small amount eluted within the second VLMM peak (5-11 kDa, Table 5). However, after the
cytosol heat-treatment, hepatic Mo-MMM peak was almost completely removed (decrease of
~80 %, Table 6), whereas Mo-VLMM peak has markedly increased (146-272 %, Table 6),
suggesting that a part of Mo has shifted from MMM region to VLMM biomolecule region. The
same finding was previously reported for VVardar 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.SI-6e,g) was
eluted almost completely within VLMM peak (5-11 kDa, Table 5) which coincided with the
second peak of hepatic cytosol, again confirming the results of our previous study® and proving
the heat-stability of gill Mo-VLMM biomolecules. Gill Mo-VLMM peak also slightly increased
after the heat-treatment, but only up to 30 % (Table 6). Since small part of Mo was eluted in the
MMM protein region, and was removed after the heat-treatment (Fig.SI-6e,q), it was possible
that portion of Mo also shifted from MMM to VLMM region, as observed for the liver, thus
explaining slight increase of VLMM peak.

In the untreated hepatic (SI-6b and d) and gill cytosols (SI-6f and h) 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 SECs-HPLC fractionation of heat-treated Vardar chub hepatic and gill cytosols, and
then analyzed them by AEC-HPLC and MALDI-TOF-MS.

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

We have collected LMM fractions containing Cd, Cu and Zn, which were produced by SECs-
HPLC separation of heat-treated hepatic cytosols (t. 21-25 min), and analysed them by AEC-
HPLC. The distribution profiles of Cu, Zn and Cd obtained by combination of AEC-HPLC
separation and subsequent measurement on 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. 3 a,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, first one
from 9.5 to 12.5 min (concentration of ammonium acetate as a mobile phase B from 32.5 to
43.8 mM) and second one from 12.5 to 15 min (concentration of ammonium acetate as a mobile
phase B from 43.8 to 62.5 mM) (Fig. 4 a,b). This was a confirmation of the above discussed
Cd, Cu and Zn association 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-I1 (13-16 min; Fig. 3f) coincided with the second Cd,
Cu, and Zn peak.

Further on, we have collected these two hepatic fractions obtained by AEC-HPLC separation,
marked as L-Cd1 fraction (t, 9.5-12 min) and L-Cd2 fraction (t; 12.5-15 min) and analyzed
them by MALDI-TOF-MS, to determine their exact molecular masses and define if there are
observable differences in masses of MT-1 and MT-II isoforms of Vardar chub liver. First, we
have recorded mass spectra for each one of MT standards (Fig. 5 a,b) and established that
molecular masses of MT-I (6.2 kDa) and MT-I11 (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.
5c¢,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, which both can result with the
mass differences of few hundred Da’?, our findings suggested that the mass of two MT
isoforms isolated from Vardar chub liver corresponded to the masses of analyzed MT-I and

MT-II standards. MT isoforms I and Il commonly differ from one another very little

18



607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

628
629
630
631
632
633
634
635

636
637

638
639
640

considering their molecular masses’®. Accordingly, rabbit liver standards MT-I and MT-I1
without Zn (Enzo, Switzerland), which we have used 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) using ion exchange
chromatography and amino acid sequencing. Two isoforms differed in only one aminoacid
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 molecular
masses of some MT isoforms are too close for successful separation by SEC-HPLC and mass
spectrometry . The application of AEC-HPLC as an intermediate step can be helpful in such
cases. MT isoforms differ in aminoacid composition other than cystein residues, which causes
them to have different isoelectric points and different hydophobicities’, and consequently their
distinct separation by AEC-HPLC following SEC-HPLC can be expected. Twodimensional
approach of MT separation using SEC-AEC-HPLC was 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 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 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

1.76

Ivankovi¢ et al.”™ in both control and Cd-exposed mussels (Mytilus galloprovincialis).

In addition to described MT peaks, in MALDI-TOF-MS spectra of L-Cd1 and L-Cd2
several other minor peaks were observed, as shown in Figs. 5¢ and 5d, which could
present new molecular signatures that bind to Cd in fish liver. Minor peaks observed
within L-Cd1 fraction had molecular masses equal to 4.3 kDa, 4.4 kDa, 8.6 kDa and 9.3
kDa, whereas within 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 determine 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 SECs-HPLC)
using MALDI-TOF-MS

To further characterize gill MT, we have collected Cd-containing LMM fractions, which
were produced by SEC75-HPLC separation of heat-treated gill cytosols (t, 21-25 min), and tried

to analyse them by AEC-HPLC, same as we have done for the liver. However, due to the low
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concentrations of analyzed metal and proteins in the samples, we were not able to obtain the
detectable results. Therefore, we have analyzed the LMM fractions collected after SEC;s-HPLC
separation (t, 21-25 min) directly on MALDI-TOF-MS. The obtained spectrum presented in
Fig. 5e showed three peaks, with a major peak at mass of 4.9 kDa (Table 7). This peak did not

seem as it referred to MTs. However, Maltez et al.”

also found major Cd-containing peak at
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 conclusion, based on sequencing analysis, that MLP isoform at mass 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,b), and another at 3.1
kDa which probably corresponded to double charged MT molecule. Using such approach of
MS analysis directly after SEC-HPLC separation obviously has its disadvantages, as it did not
provide the possibility to reliably discern two isoforms, which presence was observed after
AEC-HPLC separation of SEC,,0-HPLC fractions from untreated gill cytosols (Fig. 3c,d; Table
3) and discussed in the section Analysis of Vardar chub hepatic and gill LMM Cd-binding
biomolecules (isolated by SEC,q-HPLC) using AEC-HPLC. However, our analyses did indicate
that there were differences between MTs from 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 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 that
its synthesis in the gills is induced as a consequence of Cd exposure’’. VVan Campenhout et al.”
found similar type of difference between 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 small amount of
commonly found 6 kDa MT, contained 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;s-HPLC) using MALDI-TOF-MS

Since there is no information available about heat-stable biomolecules that bind Mo, or about
Mo-binding biomolecules in 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 Mo-containing VLMM fractions, which were

produced by SEC5s-HPLC separation of heat-treated hepatic and gill cytosols (t. 26-31 min),
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676  and tried to analyse them and purify by AEC-HPLC. The same as happened in the case of the
677  gill MT, also happened during analyses of Mo fractions, i.e. we were not able to obtain the
678  detectable results due to the low concentrations of analyzed metal and proteins in the samples
679  of both liver and gills. Therefore, we have also analyzed Mo-containing VLMM fractions

680  collected after SEC;5-HPLC separation (t. 26-31 min) directly on MALDI-TOF-MS. This

681 fraction, however, was partly overlapping with the minor Se peak (Fig. SI-6b,d,f,h; Table 5),
682  and our initial aim was to separate Mo-binding biomolecules from the traces of Se-binding
683  biomolecules using AEC-HPLC. Since this was not successfully done, we could expect to find
684  some minor peaks referring to small Se-binding biomolecules on MALDI spectra. And, indeed,
685  on the recorded spectra we have found few unresolved small peaks (in the liver: 6.9 kDa and
686 9.6 kDa; Fig. 6a) or even background noise (in the gills; Fig. 6b) which could possibly be

687  associated to either Mo or Se (Fig. 6). The obtained MALDI spectra presented in Figs. 6a and
688  6b showed the presence of two clear peaks in both organs. However, in the liver major peak
689  was observed at mass of 8.5 kDa, whereas another, much lower, peak was obtained at mass of
690  4.2-4.4 kDa, probably referring to double charged species (Table 7). In the gills, on the other
691 hand, the major peak was observed at mass of 3.3 kDa, whereas smaller peak was recorded at
692  mass of 8.5 kDa, which corresponded to the mass of major hepatic peak (Table 7). This could
693  be associated to the results of SEC;s-HPLC distribution (Fig. SI-6a,c,e,g; Table 5), where

694  evident differences were seen between two organs. Thus, it is possible that biomolecule with a
695  mass of ~8 kDa, which was predominant in the liver, and only minor in the gills, reffers to Mo-
696  binding species which appeared after the heat-treatment of the cytosols, by degradation of
697 MMM heat-sensitive biomolecules (~30-130 kDa). In contrast, smaller biomolecule at ~3 kDa
698  possibly reffers to heat-stable Mo-binding species which was initially present in the cytosol,
699  even before the heat-treatment, and which was predominat in the gills and negligible in the
700 liver. Since LC-MS/MS analysis with subsequent Mascot search did not resulted with definite
701  recognition of two Mo-binding biomolecules, due to the use of low resolution ion trap mass
702  spectrometer, we are currently performing sequencing with the aim of their final

703  characterization.
704  Conclusions

705  Application of two-dimensional fractionation of cytosolic biomolecules from Vardar chub
706  liver and gills by a combination of SEC-HPLC and AEC-HPLC, followed by analyses of

707  isolated fractions by two mass spectrometry techniques, MALDI-TOF-MS and LC-MS/MS,
708  with an aim to better characterize and identify several selected metal-binding

709  biomolecules, resulted with the following findings: 1) MMM Fe-binding biomolecules from

710  Vardar chub liver and gills, defined by SEC-HPLC to have molecular masses of ~20-50 kDa,
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were identified as hemoglobin subunits B in the liver, with the molecular masses of ~15 kDa
according to MS, and hemoglobin subunits o and 3 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-1 and MT-I1, 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 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 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 smaller biomolecule being
predominat in the gills and the larger one in the liver. Our study, thus, revealed the
differences between two studied organs regarding the characteristics of metal-binding
biomolecules (different molecular masses of hemoglobin and MTs in liver and gills)
and regarding their prevalence (in the case of Mo). In addition, it was found that gill
MT, unlike MT hepatic isoform, does not bind Zn, indicating 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 studied
biomolecules. SEC-HPLC, which can separate the biomolecules according to their
masses, is not able to separate the isoforms which differ in charge, whereas the masses
recorded by that technique are in general higher than the masses obtained by MS
analyses. Therefore, 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 of metal behaviour within the cells.
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Figure captions

Figure 1. AEC-HPLC analyses of hepatic and gill MMM Fe-peaks, which were obtained by
SEC,0-HPLC separations (t. 26-29 min). The obtained AEC distribution profiles of Fe, Zn, and
Cu in three samples of liver (a, b, ¢) and Fe and Zn in three samples of gills (d, e, 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.

Figure 2. Mass spectra obtained by MALDI-TOF-MS for MMM Fe-binding biomolecules,
which were separated by SEC,q-HPLC followed by AEC-HPLC from hepatic cytosols (a) and
gill cytosols (b) of Vardar chub (the spectra are presented for fish No. 2).

Figure 3. AEC-HPLC analyses of hepatic and gill LMM Cd-peaks (presumably containing
MTs), which were obtained by SEC,q,-HPLC separations (t. 30-34 min). The obtained AEC
distribution profiles of Cd, Cu, and Zn in two samples of liver (a, b) and Cd and Zn in two
samples of gills (c, 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-I (e) and MT-II (f).

Figure 4. AEC-HPLC analyses of hepatic LMM Cd-peaks, which were obtained by SECs-
HPLC separations of heat-treated hepatic cytosols (t. 21-25 min). The obtained AEC
distribution profiles of Cd, Zn, and Cu in two samples of heat-treated hepatic cytosols (a, b) are
presented in this figure as nanograms of metals eluted every half minute. The L-Cd1 peaks (t.
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.

Figure 5. Mass spectra obtained by MALDI-TOF-MS for the following samples:
metallothionein standards MT-1 (a) and MT-I1I (b); two heat stable LMM hepatic peaks, L-Cd1l
(c) and L-Cd2 (d), which were separated by SEC75-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;s-HPLC from heat-treated gill cytosol
of Vardar chub (the spectra are presented for fish No. 2).

Figure 6. Mass spectra obtained by MALDI-TOF-MS for heat-stable VLMM Mo-binding
biomolecules, which were separated by SECs-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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