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Abstract

Predator fish can accumulate high levels of mercury, which qualifies them as potential indicators of this toxic metal. The predatory
species Brachyplatystoma filamentosum, popularly known as filhote, is among the most consumed species in the Brazilian
Amazon. Continuing the metalloproteomic studies of mercury in Amazonian fishes that have been developed in the last 5 years,
the present paper provides the data of protein characterization associated with mercury in muscle and liver samples of filhote
(Brachyplatystoma filamentosum) collected in the Madeira River, Brazilian Amazon. The mercury concentration in the muscle and
liver samples was determined by graphite furnace atomic absorption spectrometry (GFAAS). The protein fraction was extracted in
an aqueous medium, and later, a fractional precipitation procedure was performed to obtain the protein pellets. Then, the proteome
of the tissue samples of this fish species was separated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), and a
mercury mapping of the protein spots was carried out by GFAAS after acid digestion. Protein spots that had mercury were
characterized by mass spectrometry with electrospray ionization in sequence (ESI-MS/MYS) after tryptic digestion. It was possible
to characterize 11 mercury-associated protein spots that presented biomarker characteristics and could be used to monitor mercury
in fish species of the Amazon region. Thus, the metalloproteomic strategies used in the present study allowed us to characterize 11
mercury-associated protein spots. It should be noted that the protein spots identified as GFRP, TMEM186, TMEMS57B, and
BHMT, which have coordination sites for elements with characteristics of soft acids, such as mercury, can be used as biomarkers
of mercury contamination in monitoring studies of this toxic metal in fish species from the Amazon region.
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Introduction

Chemical pollution in the rivers of the Brazilian Amazon rep-
resents one of the main environmental problems of the region.
Mercury contamination, which was reported in the Brazilian
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Amazon in the 1980s to mid-1990s due to environmental lia-
bilities left by gold mining, and the potential for contamina-
tion that these liabilities cause, must be discussed in light of
the construction of hydroelectric plants in the Amazon River.
The construction and implementation of plants in the Amazon
River basin could, because of environmental changes, modify
the chemical species of mercury, making them available to the
aquatic environment. Mercury species, such as methylmer-
cury, which are available to aquatic life, can be absorbed by
aquatic biota, accumulate in organisms, and magnify up
through the food chain [1-3].

Several studies developed over the past two decades point
to high concentrations of mercury in certain Amazonian fish.
In general, these surveys point to bioaccumulation along the
food chain as responsible for the high mercury content in
Amazonian fish. Natural and anthropogenic mercury, upon
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entering aquatic ecosystems, participate in biogeochemical
cycles mediated by microorganisms which will be chemically
transformed and bioaccumulated in the food chain. Thus,
predatory fish such as Brachyplatystoma filamentosum accu-
mulate high levels of mercury and may serve as vehicles in
this chemical form for its consumers, such as reptiles, birds,
and humans. The fish species Brachyplatystoma filamentosum
is also the most consumed by the riverside population of the
Madeira River. Thus, consumption of Brachyplatystoma
filamentosum may pose a risk to the health of these coastal
communities from the Brazilian Amazon [3—10].

In this context, developing biomarkers related to mapping
and expression of proteins associated with mercury can indi-
cate the risks related to fish contamination of Amazonian riv-
ers before reaching the riverine population that consumes
these fish [1, 2, 4]. Metalloproteomics, a recent research area,
has enabled the integration of analytical and biochemical stud-
ies which are highly complex, comprising the sequencing and
characterization of proteins associated with metals [5—7]. This
new area of scientific knowledge has contributed to elucidat-
ing the physiological and functional aspects of proteins re-
sponsible for transporting metal ions in living organisms [8].
The elucidation of mercurial species complexed by proteins
and enzymes using the metallomics allow detailed study of an
increase or decrease in the expression of these
metalloproteins, compared to changing limnological charac-
teristics and the availability of mercury species in the environ-
ment of the Amazon Rivers [2, 4, 9]. Thus, metalloproteins
and metal-binding proteins characterized under these study
conditions may be used as biomarkers of mercury exposure
in fish from the Amazon region.

Considering the above, this paper presents the quantitative
metalloproteomic results in the muscle tissue and liver of
Brachyplatystoma filamentosum as corroborating with the re-
sults of recent metallomics studies of mercury developed by
Braga et al. and Vieira et al. [2, 4], with the final aim of
contributing to the elucidation of possible biomarkers of mer-
cury exposure in Amazonian fish.

Materials and Methods
Collection and Sample Preparation

The metallomics study of Brachyplatystoma filamentosum
was carried out considering the trophic level of this fish spe-
cies of the Madeira River. The fish were captured using a fixed
fishing net with a rectangular structure measuring 2 to 3 m
long, 150 m in length, and mesh of 10 cm between the oppo-
site sides. Six individual fish, with an average length of 72.40
+3.70 cm and average weight of 20.40 +2.30 kg, were col-
lected in 2014 (in the flood period of the Madeira River—
November to March) in the Jirau Hydroelectric Power Plant,
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located in the Brazilian state of Rondonia (lat S—9° 15’
17.96" and long W—64° 38.40" 13"). The captured fish were
anesthetized with a benzocaine solution (100 mg Lfl) and
killed by sectioning the cervical spine to collect samples [4].
The tissue samples (white muscle and liver) were pooled and
homogenized using liquid nitrogen, placed in 25-mL polypro-
pylene flasks, and stored in a freezer at —20 °C until analysis
(stored for approximately 30 days) [2].

Sample Preparation for 2D-PAGE

By using a mortar and pestle, about 2 g of the pooled sample
of the muscle and liver tissue was macerated in an equivalent
volume of ultrapure water (1:1). Then, the extract containing
the proteins was separated from the solids by centrifugation
for 30 min at 16.000g and 4 °C in a refrigerated centrifuge.
The protein extracts obtained from these samples were trans-
ferred into 2-mL vials and centrifuged again at 16.000g and
4 °C for 30 min. The obtained supernatant (transparent ex-
tracts) was transferred into 2 mL vials that were later used to
quantify the total protein content, total mercury, and the pre-
cipitation of the proteins that would be utilized in the electro-
phoretic runs [3, 4].

Fractional Precipitation and Solubilization of Protein
Pellets

Obtaining protein pellets of the aqueous extracts was per-
formed using fractional precipitation according to the proce-
dure described by Braga et al. [2], with some modifications.
Initially, aliquots of ethanol-chloroform solution and protein
extract were transferred to 2-mL vials, in the proportion 1:1 (v/
v) and homogenized in a Vortex Stirrer. The homogeneous
mixture was kept in a refrigerator for 30 min to precipitate
protein formation (proteins with molecular weight >

90 kDa). Then, the heterogeneous mixture was centrifuged
for 30 min at 16.000g at 4 °C. The supernatant was separated
and again kept in the refrigerator for 30 min and centrifuged
again for 30 min at 16.000g at 4 °C. The obtained supernatant
(transparent extracts) was transferred to 2-mL vials to be sub-
sequently submitted to a second precipitation step. The pre-
cipitates obtained in this step (proteins with molecular weight
> 90 kDa) were transferred to 2-mL vials and stored in a freez-
er at — 20 °C for the subsequent determination of total mercu-
ry. The masses of the pellets were determined by the differ-
ence of the initial weights of empty vials and final masses of
vials with pellets.

In the second stage of precipitation, in 2-ml vials, 1 mL of
the supernatant removed from the first stage and 400 pL of
hydrochloric acid-ethanol solution in the ratio 2.5:1 (v/v) were
added. The homogeneous mixture was maintained overnight
in a freezer at —20 °C to ensure that precipitation occurred
quantitatively. Then, the heterogeneous mixture was
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centrifuged at 16.000g in a centrifuge refrigerated at 4 °C for
30 min, discarding the supernatant. The protein precipitate
(pellet lower molecular weight) was washed four times with
I-mL ice-cold ethanol (—20 °C) to remove traces of hydro-
chloric acid. This procedure was conducted with three repeti-
tions to ensure obtaining pellets that would be used for the
quantification of total protein and total mercury, as for two-
dimensional polyacrylamide gel electrophoresis (2D-PAGE)
runs. The mass of the pellets was determined as described in
the first precipitation step. For quantification of total protein,
the precipitate was resolubilized in 0.50 mol L' NaOH. For
the determination of total mercury, acidic mineralization of the
precipitate was carried out as described by Moraes et al. [1].
For electrophoretic separations, the pellet was resolubilized in
specific buffer [5-7].

Determination of Total Protein

Determination of total protein in the extracts of the pellets
obtained in the second step of the protein precipitation process
was performed using the Biuret method, using bovine serum
albumin as standard [7]. Determination of total protein in the
pellets of the extracts allows for calculating the volume of
protein extract, which must be diluted to contain 375 pg of
protein, to be applied to each IEF strip used in the first stage of
the two-dimensional electrophoresis [5—7].

Electrophoretic Runs

Pellets with a molar mass of less than 90 kDa were solubilized
in a solution containing urea 7 mol Lfl, thiourea 2 mol Lfl,
CHAPS 2% (w/v), ampholytes 0.5% (v/v) at pH ranging from
3 to 10, and bromophenol blue 0.002% (w/v). Solubilization
of the pellets was done in such a way that the resulting con-
centration of total protein was the same for all samples:
1.50 pg/pL. A volume of 250 pL of this solution was added
to the strips 13 cm containing polyacrylamide gels and with a
pH gradient from 3 to 10 so these were rehydrated with a
solution containing the sample itself. The strips were
rehydrated for 12 h in a hydration box at room temperature
and then taken to the isoelectric focusing system (IEF),
EttanTMIPGphorTM 3. The IEF runs were performed under
conditions described by Lima et al. [7].

After the IEF run, the strips were equilibrated in two steps.
First, we used 10 mL of solution containing urea 6 mol L™,
2% SDS (w/v), 30% glycerol (v/v), Tris-HCI 50 mmol L' (pH
8.8), bromophenol blue 0.002% (w/v) DTT, and 2% (m/v) to
keep the proteins in their reduced forms. Second, we used a
solution similar in composition. However, DTT was replaced
by iodoacetamide 2.5% (m/v) to obtain alkylation of the thiol
groups of the proteins and thereby prevent a possible re-oxi-
dation. After the reduction and alkylation steps, the tapes were
applied to a polyacrylamide gel 15% (m/v) previously

prepared plate 180 x 160 x 1.5 mm. The molecular weight
standards [3-phosphorylase (97.0 kDa), albumin (66.0 kDa),
ovalbumin (45.0 kDa), carbonic anhydrase (30.0 kDa), trypsin
inhibitor (20.1 kDa), and «-lactalbumin (14.4 kDa) were ap-
plied beside the tape, and both were sealed with 0.5% agarose
solution (w/v). The program used in the run, performed in the
vat SE 600 Ruby (GE Healthcare Bioscience AB), was the
same as described by Lima et al. and Santos et al. [6, 7].

After the 2D-PAGE runs, the proteins in the gels were
shown with colloidal Coomassie stain. After stain removal,
the gels were scanned with a scanner (GE Healthcare,
Uppsala, Sweden) and analyzed using ImageMaster 2D
Platinum 7.0 software (GE Healthcare 2007) as described by
Lima et al. and Santos et al. [6, 7].

Determination of Total Mercury

Determination of total mercury in samples of the muscle tissue
and liver of filhote in the protein pellets and protein spots was
done by graphite furnace atomic absorption spectrometry
(GFAAS). For this purpose, we transferred to digestion flasks
of 5 mL an average mass of 50 mg of samples (the muscle or
liver tissue and protein pellets) and 12 protein spots obtained
from three replicates of 2D-PAGE runs (in each three 2D-
PAGE run, four gels were obtained). Then, the acid mineral-
ization of the samples was carried out according to the opti-
mized procedure described by de Moraes et al. [1]. Briefly, the
steps in the procedure were as follows: 1 mL of concentrated
sulfuric acid and 0.25 ml of hydrogen peroxide 30% (w/w)
were added to the sample tubes. The mixtures were allowed to
stand for approximately 2 h and were then heated to 40 °C and
135 W in an ultrasonic bath until complete mineralization of
the samples (clear extract). Then, the acid extracts were trans-
ferred to 5-mL volumetric flasks, and the final volume was
adjusted with ultrapure water. A sample portion of the gel
without any protein spot was mineralized under the same con-
ditions and used for a negative background value (blank).

Total mercury determinations were made using atomic ab-
sorption spectrometer Shimadzu Model AA-6800, equipped
with background absorption broker with deuterium lamp and
self-reverse system (SR), pyrolytic graphite tube with integrat-
ed platform, and ASC-6100 automatic sampler, using the op-
timized procedures by Moraes et al. [1]. Validation of the
analytical method used was carried out using certified stan-
dard Fish Protein DORM 4-NRC containing 410 55 ug kg '
of total mercury.

Characterization of Protein Spots by ESI-MS/MS
For characterization by electrospray ionization tandem mass
spectrometry (ESI-MS/MS), protein spots were extracted

from the gel using a scalpel and cut into segments of approx-
imately 1 mm?®. The segments were transferred to 2-mL
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microtubes containing 1% (v/v) acetic acid and kept in the
refrigerator until the subsequent steps described in Technical
Bulletin of the Walters, which are summarized in four steps
[10]: (1) removal of dye; (2) reduction and alkylation; (3)
tryptic digest of the protein; and (4) eluting the peptides. The
extract aliquots containing the peptides obtained from the
tryptic digestion step were analyzed to obtain the mass
spectra using UPLC Platform mass spectrometer with
ESI source ionization and Xevo G2 Q-TOF analyzer hy-
brid masses (Waters, Milford, MA, USA) coupled with
nanoACQUITY Ultra Performance LC system (Waters,
Milford, MA, USA) [10]. The proteins were identified
by their homology to proteins in the UniProt database;
the species used was the “Otophysi” [2, 4].

Results and Discussion
Determination of Total Protein

The total protein concentration in the extracts of the lower
molecular mass of pellets was (g L"): muscle tissue—11.80
+0.34 and liver tissue—18.60 + 0.43. Based on the results of
total protein concentration present in the muscle tissue ex-
tracts, it was possible to calculate the volume of extract to be
applied on IEF strips to obtain a mass of 375 pg protein.
Based on the IEF system manual, this protein mass allows
better separation of proteins in the pH gradient 3—10 [7].

97kDa

14kDa

pli-10

Fractionation of Proteins by 2D-PAGE

Correlation analysis between repetitions of the gels and pro-
tein spots obtained in each gel was made using the parameters
to obtain the images, as described in previous papers [2, 4-7,
11, 12]. Figures 1 and 2 show a sample obtained in each
electrophoresis gel run of three replicates of the samples of
muscle and liver tissue of Brachyplatystoma filamentosum.
The circle with prominent protein spots shows those in which
GFAAS determined the presence of mercury and the concen-
trations of this element, which are also displayed in three
dimensions. The average results of correlation analysis be-
tween repeats of the gels (matching) are 80+5% and 93 +
3%, and the average number of protein spots in the gels were
338+ 13 and 308 + 7, respectively, for the muscle and hepatic
tissue. The optimized conditions of 2D-PAGE were more ef-
ficient compared to other run conditions presented in the lit-
erature [5-7, 11, 12], which presented values matching less
than 80%.

Quantitative Assessment of Mercury

Table 1 shows the mercury concentrations in the protein pel-
lets obtained. The concentration of mercury in the muscle
tissue samples of fish species and the concentration of mercu-
ry in fish muscle protein certified standard DORM 4-NRC can
be used to validate the method for the determination of opti-
mized mercury.

N

Fig. 1 Gel 15% (w/v) obtained by 2D-PAGE (pH range 3—10) to the muscle tissue of filhote (Brachyplatystoma filamentosum). The numbers and circles
in red indicate spots which identified the presence of mercury and were characterized by ESI-MS/MS
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Fig.2 Gel 15% (m/v) obtained by 2D-PAGE (pH range 3—10) to the liver tissue of filhote (Brachyplatystoma filamentosum). The numbers and circles in
blue indicate spots which identified the presence of mercury and were characterized by ESI-MS/MS

The data in Table 1 show that the muscle and liver pellets
present mercury concentrations of 402 + 7 and
248 +3 ug kg ', respectively. This data indicates that approx-
imately 65% of total Hg determined in the samples (378 + 9
and 617 = 11 ug kg ' to the muscle and liver tissue, respec-
tively) is bound in protein pellets with molecular mass less
than 90 kDa. As mercury was not detected in protein pellets
with a molecular mass higher than 90 kDa, it can also be
inferred that 65% of the mercury present in hepatic and muscle
tissue samples from the fish studied is connected to the protein
fraction, and 35% can be linked to other macromolecules,
such as lipids. The data presented in Table 1 were validated
based on results obtained in the determination of mercury in
the certified standard DORM 4-NRC fish muscle protein. As
shown in Table 1, the experimental value of the relative stan-
dard deviation in the samples is less than 1%, and the absolute

value of the certificate experimental pattern (408 ug kg™') is
about 0.50% lower than the absolute value of standard certif-
icated (410 ug kg "), thus proving the accuracy of the method.

The results presented in Table 2 show that mercury con-
centrations are in the range of 13.90 to 16.50 mg g ' and 12.50
to 83.40 mg g ' for the protein of muscle and liver spots,
respectively. The results corroborate those obtained recently
by Braga et al. and Vieira et al. [2, 4], who determined the
mercury content in the muscle tissue and liver samples of
Dourada and Tucunaré (other fish species from the Brazilian
Amazon) and reported values in this concentration range.
Based on the estimation of molecular weights of protein spots
and in the mercury concentration in this spots, we calculated
the number of mercury atoms per protein spot molecule as in
the procedure described by Braga et al. [2]. The results obtain-
ed in these calculations are also shown in Table 2.

Table1  Results obtained in the determination of mercury in the pellets of higher and lower molecular mass (Mm) in samples of the muscle tissue (TM)
and liver (TH)

Fish Pellets of TM Pellets of TH Pellets of TM Pellets of TH Muscle tissue Liver tissue
species (>Mm) (>Mm) (< Mm) (< Mm)

Filhote n.d. n.d. 248 £3 402 +7 378 +9 617 +11
DORM 4-NRC* - - - - 408 +3 -

Mm molecular mass > 90 kDA; concentration of Mercury in micrograms per kilogram

n.d. not detected
2 Standard certified of protein of muscle fish containing 410 + 55 ug kg '
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The results obtained by stoichiometric calculations allowed
the estimation of spots of the muscle tissue M1-M5 and L1-
L10, with approximately one mercury atom per protein mol-
ecule spot. These results, although suggesting that there may
be a stoichiometric relationship between the number of mercury
atoms and the number of molecules of protein spots, corrobo-
rate those obtained by Braga et al. and Vieira et al. [2, 4] in
similar studies with Dourada and Tucunaré fish species.

Proteins Identified by ESI-MS/MS

Protein spots with the presence of mercury were analyzed by
ESI-MS/MS (Table 3). In total, nine different proteins were
identified: four in muscle and six in the liver tissue of filhote.
In some cases, a protein spot can have one or more proteins,
and points such as score, coverage, molecular mass, and pl
experimental/theoretical are considered to decide what pro-
teins are in the spot. The UniProt database was used to obtain
molecular mass and theoretical pl and information about each
protein. FASTA sequences were used to analyze each protein
in the Blast2GO program (B2G) considering the separation in
three levels: molecular function, biological process, and cel-
lular component [13].

Analyses using Blast2GO (Fig. 3) related the sequences of
proteins at the molecular level divided by catalytic activity
(betaine—homocysteine S-methyltransferase 1 and N-
terminal Xaa-Pro-Lys N-methyltransferase 1), structural mol-
ecule activity (ubiquitin-40S ribosomal protein S27a), trans-
port activity (glycolipid transfer protein), and binding

(glycolipid transfer protein, parvalbumin beta, ubiquitin-40S
ribosomal protein S27a, betaine—homocysteine S-
methyltransferase 1).

At the cellular level, the sequences were divided as follows:

» organelles (ubiquitin-40S ribosomal protein S27a, GTP
cyclohydrolase 1 feedback regulatory protein, macoilin-
2, and N-terminal Xaa-Pro-Lys N-methyltransferase 1),

» cells (ubiquitin-40S ribosomal protein S27a, macoilin-2,
GTP cyclohydrolase 1 feedback regulatory protein, glyco-
lipid transfer protein, betaine—homocysteine S-
methyltransferase 1, and N-terminal Xaa-Pro-Lys N-
methyltransferase 1),

* membrane-enclosed lumen (ubiquitin-40S ribosomal pro-
tein S27a),

* membrane (ubiquitin-40S ribosomal protein S27a,
macoilin-2, GTP cyclohydrolase 1 feedback regulatory
protein, macoilin-2, and transmembrane protein 186), and

* macromolecular complex (ubiquitin-40S ribosomal pro-
tein S27a, GTP cyclohydrolase 1 feedback regulatory pro-
tein, macoilin-2, and N-terminal Xaa-Pro-Lys N-
methyltransferase 1).

A multi-organism process divided the biological process
sequences, localization, signaling, reproduction, immune sys-
tem process, and the following:

* response to stimulus (ubiquitin-40S ribosomal protein
S27a),

Table 2 Values obtained in the determination of mercury concentration by GFAAS in protein spots of muscle and liver tissue samples of filhote
Protein Molecular pl Protein Concentration Number of molecules in Number of Hg
spots mass (kDa) mass ([1Lg) of Hg (mg g ") the protein spot x 10" atoms x 10
Ml 13.00 3.50 4.40 15.20 0.204 0.201

M2 13.10 3.80 22.40 15.50 1.030 1.042

M3 13.00 4.00 9.30 14.90 0.430 0.416

M4 14.40 4.20 5.40 13.90 0.230 0.225

M5 14.00 4.70 5.00 13.60 0.215 0.204

M6 12.00 7.30 0.12 16.50 0.006 0.006

L1 12.20 3.50 2.30 14.50 0.110 0.100

L2 12.70 3.80 8.50 14.90 0.400 0.380

L3 14.10 4.90 5.90 13.00 0.250 0.230

L4 13.60 5.70 3.20 12.50 0.140 0.120

L5 11.50 6.20 430 33.90 0.230 0.440

L6 12.30 6.90 6.10 15.40 0.300 0.280

L7 12.20 8.00 4.70 14.20 0.230 0.200

L8 13.30 8.00 5.90 14.10 0.270 0.250

L9 10.50 8.90 0.60 83.40 0.040 0.150

L10 13.70 4.90 2.40 12.50 0.100 0.090

M1-MS5 spots of filhote muscle; L1-L10 spots of filhote liver
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Fig. 3 Analysis of proteins using
the Blast2GO program in the
muscular and hepatic tissue:
molecular function (a), cellular
component (b), and biological
process (¢)

Biological regulation (2) _\

Cellular component

organization or biogenesis

@

Immune system process (I)J

+ single organism process (ubiquitin-40S ribosomal protein
S27a, betaine—homocysteine S-methyltransferase, N-
terminal Xaa-Pro-Lys N-methyltransferase 1, and glyco-
lipid transfer protein),

* metabolic process (ubiquitin-40S ribosomal protein S27a,
betaine-homocysteine S-methyltransferase, N-terminal
Xaa-Pro-Lys N-methyltransferase 1, and GTP
cyclohydrolase 1 feedback regulatory protein),

* localization (ubiquitin-40S ribosomal protein S27a and
glycolipid transfer protein),

+ cellular process (ubiquitin-40S ribosomal protein S27a,
betaine—homocysteine S-methyltransferase, and N-
terminal Xaa-Pro-Lys N-methyltransferase 1),

* multicellular organismal process (ubiquitin-40S ribosomal
protein S27a and betaine—homocysteine S-
methyltransferase),

» cellular component organization or biogenesis (ubiquitin-
40S ribosomal protein S27a and N-terminal Xaa-Pro-Lys
N-methyltransferase 1), and

* Dbiological regulation (ubiquitin-40S ribosomal protein
S27a and GTP cyclohydrolase 1 feedback regulatory
protein).

Parvalbumin beta is an isoform of parvalbumin and bind-
ing proteins, as shown by other studies performed by our
group [2, 4]. This protein was shown to be a mercury-
binding protein, and it was related that this isoform of the
protein had a cysteine residue that can form specific linkages
with mercury (soft acid). Parvalbumins are typical proteins
present in the muscle tissue of fish [14], with studies showing
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higher expression in light than dark muscle tissue [15].
Parvalbumins are EF-hand proteins involved in binding diva-
lent metal ions, with two EF-hand motifs for calcium and
magnesium [16], related by regulation of the intracellular cal-
cium concentration during muscle relation [17]. Two protein
spots were identified as parvalbumin beta in the muscle tissue
(M1 and M2) and had a significant stoichiometric ratio, with
one mercury atom per molecule of protein. This evidence
added to other studies and shows that parvalbumin beta is a
mercury biomarker in different species of fish.

GTP cyclohydrolase I (GTPCHI) is involved in the biosyn-
thesis of tetrahydrobiopterin (BH,), a cofactor for aromatic
amino acid hydroxylases and NO synthases [18]. GTP
cyclohydrolase mediates the feedback inhibition I feedback
regulatory protein (GFRP); defects affecting GFRP activity
can cause hyperphenylalaninemia and neurological disorders
[19]. The study showed that the rat GFRP monomer contains
one zinc ion which binds conserved cysteines (132 and 203) at
the active site [20]. These sites coordinated with zinc have
characteristics similar to mercury (soft acid). Mercury can
move zinc ions of thiol groups and establish binding at these
sites. In muscle (M3) and hepatic tissue (L10) identified as
GFRP, the stoichiometric ratio showed one mercury atom per
molecule of protein. The literature does not contain any re-
ports regarding the interaction of GFRP and mercury, so our
results can infer that GFRP may be a biomarker of mercury.

Transmembrane protein 186 and macoilin-2 are macromol-
ecules implicated in biological processes, ion transport, and
diseases [21]. The peptide sequence is formed of glycine,
proline, histidine, and hydrophobic amino acids such as
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cysteine that has a thiol group in its structure [22]. Thiol
groups are known to bind with soft acids as mercury. The
presence of this group, along with the characteristic of ion
transport and the presence of one mercury atom per molecule
of transmembrane protein 186 in M5 and macoilin-2in L7
spots by GFAAS analyses, may indicate that these bind mer-
cury and may be a biomarker of this metal.

Ubiquitin-40S ribosomal protein S27a is a metal-binding
protein; recent studies by our group [2, 4] indicate the pres-
ence of mercury in this protein and associated the presence of
mercury with its zinc-finger metal-binding domains and the
characteristics that are similar between mercury and zinc. In
this study, the protein spots M6 and L5 had mercury in their
structure. Analyses by GFAAS showed one and two mercury
atoms per protein molecule, respectively, corroborating the
data in other studies that support the hypothesis that this pro-
tein acts as a biomarker for this element.

Glycolipid transfer protein (GLTP) is a small soluble pro-
tein reported in various species; it is 24 kDa, cytosolic, in-
volved in the catalysis, and transport of sphingoid and glycer-
ol [23]. Previous studies reported that this protein has three
cysteine residues in its structure, with two reside inside the
protein and the third on the surface. The authors suggest that
the two internal cysteines form an intramolecular disulfide
bond and the third cysteine bonds with another GLTP [24,
25]. This suggests that mercury can bind in its structure in
thiol groups; in our study, the protein spot M7 showed mer-
cury after analysis by GFAAS, indicating that GLTP can be a
mercury-binding protein.

Betaine—homocysteine S-methyltransferase 1 is a major
zinc metalloenzyme in the liver involved in the remethylation
pathway, forming dimethylglycine and methionine by transfer
of methyl groups from betaine to homocysteine [26]. In this
case, as in parvalbumin beta and ubiquitin-40S ribosomal pro-
tein S27a, betaine-homocysteine S-methyltransferase 1 has
specific domains linked to zinc and can bind to other divalent
ions such as mercury. The protein spot L6 had a stoichiometric
ratio of one mercury atom per betaine-homocysteine S-
methyltransferase 1 molecule, so it can be inferred that it
may act as a biomarker of this element. In the literature, there
is no discussion of the possibility that betaine—homocysteine
S-methyltransferase 1 can be bound to mercury, such as GLTP,
transmembrane protein 186, and macoilin-2.

N-terminal Xaa-Pro-Lys N-methyltransferase 1 (NTM1A)
is involved in the methylation of the N-terminus of target
proteins that contain the sequence (Ala/Pro/Ser)-Pro-Lys
[27]. Its structure is formed of alanine, lysine, proline, serine,
and S-adenosyl-L-methionine linker [27]. The presence of me-
thionine (soft base) is correlated with the binding of a soft acid
such as mercury. In our study, the protein spot L9 had a stoi-
chiometric ratio of four mercury atoms per NTM 1A molecule,
suggesting that it can be a mercury-binding protein and a
biomarker of mercury in fish.

Conclusion

The analysis using 2D-PAGE and the quantification of mer-
cury showed that mercury is bound in proteins with a molec-
ular weight of less than 15 kDa. The analysis by ESI-MS/MS
characterized 11 spots of proteins in which the presence of
mercury was confirmed by GFAAS. This suggests possible
new biomarkers of mercury such as GFRP, TMEM186,
TMEMS57B, and BHMT, which have specific domains linked
to zinc atoms and characteristics similar to mercury (soft acid).
Generally, the protein spots characterized presented biomarker
characteristics, which means they may be used in monitoring
the proteomic level of the toxic concentrations of mercury in
fish species in the Amazon region after validation using con-
trolled experiments of the mercury concentrations in relation
to the expression of these protein spots.
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