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16 Abstract: The impact of metals bioaccumulation on marine organisms is under investigation. This
17 study was designed to determine the association of oxidative stress in mussels Mytilus
18 galloprovincialis induced by seawater enriched with trace metals with protein synthesis. Mussels
19 were exposed to 40 pug/L Cu, 30 ug/L Hg, or 100 pg/L Cd for 5 and 15 days, and the pollution effect
20 was evaluated by measuring established oxidative biomarkers. The results showed damage on the
21 protein synthesis machine integrity and specifically, on translation factors and ribosomal proteins
22 expression and modifications. Exposure of mussels to all metals caused oxidative damage that was
23 milder in the cases of Cu and Hg, and more pronounced for Cd. However, after prolonged exposure
24 of mussels to Cd (15 days), the effects receded. These changes that perturb protein biosynthesis can
25 serve as a great tool for elucidating the mechanisms of toxicity and could be integrated in
26 biomonitoring programs.

27
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30

31  1.Introduction

32 Bivalves have been widely used as bioindicators in monitoring aquatic pollution, with mussels
33  attracted most of the interest. Mussels accumulate trace metals and other organic and inorganic
34  pollutants from the seawater, via filtration, thereby provide an integrative measure of the
35  concentration and bioavailability of seawater pollutants [1, 2]. The survival of mussels in the aquatic
36  environment depends on their ability to sense and respond to biotic and/or abiotic changes, like
37  exposure to metal insults. Such changes perturb cellular homeostasis and cause cellular damages.
38  Copper, for instance, is a ubiquitous trace metal of vital importance, serving as a cofactor in many
39  metalloenzymes. However, large concentrations of Cu become harmful [3, 4], because of its
40  propensity to mediate the formation of reactive oxygen species (ROS) [4, 5]. In addition, Cu reacts
41  with thiol groups, and thus is able to bind cysteine and inactivates proteins [6], induces the expression
42 of metallothionein (MT) genes [7, 8], cause lysosomal membrane destabilization [9, 10, 11, 12] and
43  perturbs the nucleus integrity [10, 11, 12, 13, 14, 15]. Similarly, Cd inactivates many functional
44 proteins by inducing widespread misfolding and aggregation through binding to S, N and O protein
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45 atoms [16], destabilizes lysosomal membranes [10], and induces the expression of MT genes [8]. Cd
46  is additionally capable of reacting directly with free-SH groups, inhibiting so the activity of catalase
47  and glutathione (GSH) reductase, and either directly or indirectly depleting the cellular pools of GSH
48  [3]. It can also inactivate essential proteins by displacing Zn or Ca from the active sites [4], induce
49  apoptosis and necrosis [17] and facilitate DNA mutagenesis through mismatch repair [18]. Finally,
50  Hg is particularly prone to reacting with free-SH groups, inhibiting thereby the function of various
51  proteins rich in thiols and depleting GSH levels [19]. Among trace metals, Hg is the most genotoxic
52 agent, following the genotoxic potential order: Hg>Cu>Cd [13].

53 Apart from the above toxic effects, Cu, Hg and Cd are also characterized by their ability to
54 disturb the cellular balance in redox systems. Cu and Hg can do this directly via Fenton or Haber-
95 Weiss reaction [20], while Cd does it indirectly through glutathione depletion [21]. Last years,
56  toxicological studies have started to investigate the functional and structural aberrations in the
57  translation machinery upon the exposure to trace metals [22, 23, 24]. It has been realized that a general
58  translation response to metal toxicity is the repression of global protein synthesis, inducing in parallel
59  specific proteins overexpression, including mostly antioxidant defense and heat shock proteins [11,
60 14, 15, 25, 26, 27]. The toxicity is also correlated with gene expression and regulation. Alterations in
61  gene expression under oxidative stress have been extensively analyzed in mollusks through RNA
62  profiling techniques, microarrays and RNA-sequencing [28, 29, 30, 31, 32]. Moreover, translational
63  regulation generally contributes to quick responses related to maintenance of proteome homeostasis,
64  in contrast to transcriptional regulation that is mostly associated with long-term changes in cell
65  physiology [33, 34, 35]. It has been also recognized that the molecular mechanisms underlying the
66  metal toxicity on translation are associated with the vulnerability of the ribosomal components to
67 oxidative damage [10, 36, 37, 38, 39]. Proteins can scavenge up to 75% of oxidative insults, with
68  ribosomal proteins being the most likely class of proteins to be oxidized [39, 40]. Except of sulfoxide
69  formation that can be reversible under circumstances, most protein damage is non-repairable and can
70 lead to numerous deleterious consequences in the cellular metabolism [41].

71 Here, we study the trace metal oxidative damage in mussels, after their exposure in seawater
72 enriched with each of the metal ions Cu, Hg and Cd. We tried to reproduce the natural seawater
73 environment polluted with high concentrations of trace metals. Mussels grew for defined periods
74 and the stress was evaluated by measuring established biomarkers, namely: micronucleus frequency,
75  superoxide radical production, labilization period of lysosomal membrane, lipid peroxidation,
76 superoxide dismutase activity, metallothioneins, reduced and oxidized glutathione, and
77  carbonylated proteins. In parallel, crucial protein synthesis’ factors were determined as well as
78  ribosomal proteins’ abundance and integrity and their correlation with the oxidative stress
79  biomarkers were examined. All biomarkers were measured in a fraction containing total cytosolic
80  proteins from homogenized digestive glands and additionally in a subcellular ribosome wash
81 fractionrich in translation factors and lastly in crude ribosomal proteins extracted from 80S ribosomes.
82  According to our data, trace metals are serious oxidative stressors in aquatic ecosystems, and all
83  established oxidative biomarker can directly be correlated with protein synthesis machine integrity.

84

85 2. Materials and Methods

86 2.1. Exposure of mussels to trace metals
87
88 Mussels M. galloprovincialis of narrow size (6.0 + 0.5 cm), not at reproductive state, were provided

89 by a marine farm (Poseidon Co., Mandros; Galaxidi, Southern Greece), transported to the laboratory,
90 and acclimated for 1 week, at constant temperature (18°C), in tanks containing natural and non-
91  polluted seawater, previously filtered and sterilized with UV light. After acclimation, mussels were
92  exposed to 40 pg/L Cu, 30 pug/L Hg, or 100 pg/L Cd for 5 or 15 days, added as divalent chloride salts
93  after every change of seawater and put in tanks under continuous aeration and natural photoperiod
94 [14]. Mussels were fed daily in two doses (38 mg of food per dose; PROCORAL, PHYTON Tropic
95  Marin, Wartenberg, Germany). The seawater in tanks was exchanged every 48h, while the desired
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96  metal concentration was maintained. After the exposure period, mussels were dissected, and several
97  pools of gills and digestive glands were immediately frozen and stored at -80 °C until use. Repetitions
98  of the assays were performed using different pools to quantify biological replicates.

99
100 2.2. Metal concentration in mussels
101
102 Metals were determined in a composite sample of digestive glands excised from 20 mussel

103  specimens. The digestive glands of mussels were freeze-dried and pulverized. Approximately 0.5 g
104  sample, accurately weighted, were digested with 7 mL supra-pure 65% HNOs and 2 mL 30% H20-
105 by using a microwave-assisted closed wet digestion (Ethos Touch). The obtained solutions were
106  diluted to a final volume of 10 mL with MilliQ water. Atomic absorption spectrometry (AAS) was
107  employed in graphite mode (GF-AAS) for the determination of Cd and Cu, while Hg was
108  determined via cold vapor AAS (Shimadzu AA-6300 system, equipped with graphite furnace GFA-
109  EX7i and Hydride Vapor Generator HVG-1). Calibration was performed via standard solutions
110  subjected to the same digestion procedure. Detection limits were calculated to be 0.004 pg/g for Cd,
111 0.04 pg/g for Cu and 0.006 pg/g for Hg. Precision was estimated at 5-7% by replicate measurements.
112 Recovery of known trace element amounts added to the samples before wet digestion varied from
113 90% to 103%. The quality assurance of metal analyses was further checked by using one certified
114 reference material, the IAEA-436 biota sample, provided by the IAEA’s Marine Environment Studies
115  Laboratories (MESL). The determined values did not differ more than 5% from the certified ones.

116 For the determination of Cd and Cu in seawater, a pre-treatment step was employed. The
117  samples were subjected to extraction with ammonium pyrrolidine dithiocarbamate (APDC) / Methyl
118  isobutyl ketone (MIBK), and then back-extracted in 0.3 M nitric acid. For Hg, no pre-treatment step
119  wasrequired. Measurements by Atomic Absorption Spectrometry, as described above were followed.

120

121 2.3. Biochemical preparations

122

123 A. Total cytosolic proteins

124 Digestive glands (3g), were homogenized with a teflon/glass potter homogenizer at 4°C, in three

125  volumes of homogenization buffer containing 20mM Tris-HCI pH 7.6,150mM ammonium chloride,
126  10mM magnesium acetate, 0.5mM EDTA, 58 pg/ml phenylmethylsulfonyl fluoride (PMSF), 250mM
127  sucrose, and 6mM B-mercaptoethanol. Cell-free lysates were obtained by two sequential
128  centrifugations at 13,000xg for 20 min. Total proteins were isolated from the cell free lysate after
129  trichloroacetic acid/acetone precipitation[42], centrifugation at 13,000xg for 20 min (4 °C) and washing
130  with cold acetone. The pellet was solubilized in lysis buffer containing 7 M urea. The Bradford assay
131  was used to determine the concentration of total proteins [43].

132
133 B. FWR Protein Fraction
134 Cell-free lysates were centrifuged at 100,000xg for 7.5 h at 4 °C. The pellet including ribosomes

135  and polysomes was treated with puromycin (0.5 mM) in the presence of 0.5 M ammonium chloride
136  [15]. After a centrifugation at 100,000xg for 7.5 h at 4 °C, the pellet was used for ribosomal preparation
137  [10], while the supernatant was concentrated with ammonium sulphate treatment and used as
138  fraction enriched in translation factors, named Washed Ribosomal Factors (FWR) fraction.

139
140 C. Ribosomal Proteins
141 The previous pellet after centrifugation in 100,000 xg, mentioned in paragraph 2.3 B, was treated

142 toisolate 80S ribosomal proteins. Briefly the pellet was dissolved in buffer (50 mM Tris-HCI, pH 7.6,
143 2 mM Mg(CHsCOO)2, 50mM KCl, 6 mM B-ETSH) and extraction with acetic acid followed according
144 to Barritault [44]. RNA was removed through ethanol precipitation and ribosomal proteins were
145  pelleted with acetone.

146

147 2.4. Biomarkers’ analyses
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148
149 Lysosomal membrane stability was estimated by calculating the time (min) required to
150  destabilize the lysosomal membranes, under acid conditions [45].
151 Micronucleus (MN) frequency was determined in gill cells, according to Bolognesi and Fenech
152 [46].
153 Metallothionein (MT) content in digestive gland lysates was measured, following the protocol
154  and assumptions made by Viarengo et al. [47]. Data were expressed in pg/g tissue (wet weight).
155 Lipid peroxidation in digestive gland lysates was estimated by determining the thiobarbituric

156  reactive substances [48]. Results were expressed in nanomoles of malondialdeyde (MDA) equivalents
157  produced per mg tissue protein.Proteins in the digestive gland lysates and/or fractions were
158  measured by the Bradford’s method, as modified by Grintzalis et al. [49].

159 Superoxide radical (-Oz) production in vivo was calculated according to Georgiou et al. [50] and
160  expressed in pmoles produced in 30 min per mg tissue protein.
161 Superoxide dismutase (SOD) activity in digestive gland was estimated as previously described

162  [14]. One unit of SOD is defined as the amount of SOD causing 50% inhibition in the reaction between
163  oxidized dianisidine and -O>-.

164 Reduced glutathione (GSH) concentration was measured in digestive gland deproteinized
165  lysates, using 5'dithio-bis-(2-nitrobenzoic acid), as described by Pan et al. [51]. Total GSH (tGSH) was
166  determined by adding to the reaction mixture NADPH and glutathione reductase. After incubation
167  of the reaction for 20 min, the oxidized glutathione (GSSG) content was estimated by subtracting the
168  amount of GSH from the amount of tGSH. GSH and tGSH were quantified using a standard curve of
169  known concentrations of GSH [51]. Data were expressed in nmol per mg of protein.

170

171 2.5. DNPH dot blot assay for quantification of carbonylated proteins

172

173 Dot blot analysis was used for carbonylated proteins measurement. Protein samples (5 ug

174 protein per slot) untreated or treated with NaBH4 [20 mM NaBHs at 37 °C for 30 min, neutralization
175  with 2N HCJ, and overnight dialysis against Phosphate-Buffered Saline (PBS) at 37 °C] were spotted
176  onto polyvinylidene difluoride (PVDF) membrane, using the slot blotter Bio-Dot SF, provided by Bio-
177 Rad Laboratories. PVDF membranes were then washed with PBS buffer, following the
178  manufacturer’s protocol, reacted with 0.5 mM 2,4-dinitrophenylhydrazine (DNPH; Sigma-Aldrich).
179  Non-specific binding sites were blocked by two incubations in PBS-T (50 mM phosphate buffer pH
180 74, 0.1% (v/v) Tween 20) containing 5% (w/v) milk powder. After blocking, membranes were
181  incubated overnight at 4 °C with primary antibody, rabbit anti-DNP (1:1000 in PBS-T, Sigma). After
182  washing with PBS-T three times, membranes were incubated with the appropriate secondary
183  antibody (goat anti-rabbit IgG conjugated with horseradish peroxidase, diluted 1:4000; Upstate, Lake
184  Placed, NY). Carbonylated proteins were visualized by incubation with ECL™ chemiluminescence
185  reagent (Amersham) and detection by autoradiography. The intensity of bands was quantified by
186  Image Analysis, using the Image-Pro Plus 7 software (Media Cybernetics). The intensities of
187  immunostained bands, corrected by subtraction of the intensity of the corresponding reduced
188  samples, were converted to nmoles of carbonyl groups using a standard curve of BSA samples
189  differentially oxidized [52]. Results were expressed as carbonyl nmol/mg of protein. It should be
190  noted here that the intensity of a spot depends on the amount of carbonyl groups, but also on the
191  time of membranes exposure to the Fuji Medical X-Ray film. Therefore, each assay of a protein sample
192  was accompanied by the assay of BSA standards, analyzed in parallel.

193

194 2.6. Western-blot detection of specific proteins

195

196 This method was used to determine the expression levels of translation factors. 20 ug of FWR

197  fraction or ribosomal proteins were combined with equal volumes of 2xloading buffer (120 mM Tris-
198  HCI pH 6.8, 4% sodium dodecyl sulfate (SDS), 20% glycerol, 100 mM p-mercaptoethanol (B-ETSH),
199  0.1% bromophenol blue) and incubated at 90 “C for 5 min. Samples were then fractionated on 12%
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200  SDS-PAGE gels under reducing conditions (70V for 2h, 4 ‘C) and transferred to PVDF blots
201  (Amersham Biosciences) using an iBlot transfer apparatus (Invitrogen). Membranes were stained
202  with 0.2% Ponceau S in 5% acetic acid to check for equal protein loading, transfer, and blotting
203  efficiency. After destaining, membranes were pre-treated for post-electrophoretic detection of
204  carbonylated proteins, by washing in 20% methanol/80% PBS-T (50mM phosphate buffer pH 7.4, 0.1%
205  (v/v) Tween20) and equilibrating them in 2N HCl. Membranes were then incubated with 0.5 mM 2,4-
206  dinitrophenylhydrazine (DNPH; Sigma-Aldrich) for 10 min in the dark. The derivatized membranes
207  were then washed with 2N HCI (twice, 10 min per wash). For the detection of translation factors,
208  membranes were blocked and incubated with rabbit polyclonal anti-e[F2A, or anti-eEF1A1 (1:1000 in
209  PBS-T, Aviva Systems Biology Corp.), or the following antibodies from Cell Signaling Technology,
210  diluted 1/1000: rabbit monoclonal anti-phospho-4E-BP1 (Thr37/46), polyclonal anti-phospho-4E-BP1
211  (Thr70), polyclonal anti-eIF4E, polyclonal anti-phospho-elF4E (Ser209), polyclonal anti-phospho-
212 elF2a(Ser51), polyclonal anti-eEF2, and polyclonal anti-phospho-eEF2 (Thr56). Incubation of
213  membranes with the secondary antibody and detection of the immunoreactive proteins was
214  performed as described previously.

215

216 2.7. Statistical analysis

217

218 Apart from electrophoresis runs (three replicates), all other assays were repeated five times and

219  the data were expressed as the mean * SD. Significant differences between mean values were
220  determined by the F-Scheffé test. The level of significance was set at a=0.05.
221

222  3.Results
223 3.1. Metal ions accumulation

224 The accumulation of the three metals in the digestive glands of mussel is shown in Figure 1. All
225  three metals were bioaccumulated extensively, although with different rate and extent. Cd showed
226  the highest concentration following a saturation curve and reached almost a plateau after 10 days of
227  exposure, while both Cu and Hg showed a slower rate of accumulation and needed more than 15
228  days’ time to be saturated. Neither mortality nor milder clinical signs were observed during the first
229 10 days of exposure. Mortality of less than 5% was recorded only on the 14th day of exposure to 100
230  pg/L Cd>.

231
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232 Figure 1. Metal concentrations in digestive glands after mussels exposed for up to 15 days to seawater
233 enriched with different concentrations of (A) CuClz, (B) HgClz, and (C) CdClz. After acclimation at
234 18 °C for 1 week in tanks containing natural seawater from a non-polluted area, mussels were exposed
235 to natural seawater or to seawater containing: 40 pg/L Cu, 30 ug/L Hg, or 100 ug/L Cd. Depicted
236 concentration values represent the means from five independently performed experiments while
237 standard deviations were lower than 5%.

238  3.2. Evaluation of oxidative stress biomarkers

239  To assess the oxidative status of mussels after exposure to trace metals, we measured the following
240  oxidative stress biomarkers: micronucleus frequency; superoxide radical production; stability of
241  lysosomal membrane; lipid peroxidase; superoxide dismoutase activity, metalothioneins level and
242 glutathione. The results are summarized in Table 1. All biomarkers have been importantly modified
243  almost from the fifth day of exposure, establishing a state of oxidative damage. Micronucleus
244 frequency was increased confirming the genotoxicity caused by Cu and Hg [53]. Cd failed to increase
245 the micronuclei frequency. Superoxide radical production was gently modified by Cu and Hg, but in
246  the case of Cd increased by ten times. Labilization periods were reduced in a similar way, while
247  malondialdehyde increased slightly by Cu and Hg and almost three times by Cd. Superoxide
248  dismutase activity had a similar fluctuation for all metals, but metallothioneins had a completely
249  different pattern. In the case of Cu the levels of metallothioneins remained constant. In the presence
250  of Hg they were modified only after the 15 day of exposure and in the case of Cd they increased
251  from the 5% day to 15% day by almost seven times. Cu and Hg depleted the intracellular pools of tGSH
252  and reduced GSH, causing significant decrease in GSH/GSSG ratio, which serves as a reliable index
253  of oxidative stress [54]. Cd induced a sharp depletion (50%) of GSH during the first five days;
254  however, prolonged exposure (15 days) led to an elevation of GSH levels in digestive gland that
255  exceeded the control values. Elevation of both MTs and GSH content in turn diminished the early
256  oxidative stress, thus stabilizing a new quasi-stationary phase of mild oxidative intensity.

257 Table 1. Biomarker measurements in digestive gland of mussels non-exposed or exposed to 40 pg/L
258 Cu, 30 pg/L Hg, or 100 ug/L Cd for 5 or 15 days?
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Time of exposure (days)

Parameter Metal 0 5 15

MN frequency (ppt’) Cu 26+05 5.6 £0.5> 10.0+1.00
Hg 2.8+0.8 6.0 0.7 12.0 £1.6°
Cd 26+05 3.4+£09 40+1.2>

SR (pmol/mg protein) Cu 26+0.2 1.5+0.2° 0.4+0.1°
Hg 25+0.1 2.7+0.1° 2.6+0.2
Cd 26+0.2 8.0 £1.0° 224 +2.1b

LP (min) Cu 28.0+2.0 16.0 = 1.6b 9.0+1.6"
Hg 30.0+3.2 18.0 £ 1.6° 11.0 £ 1.0°
Cd 27.0+19 9.0+1.4b 6.5 +0.5>

MDA (nmol/mg protein) Cu 20+0.3 2202 2.8+0.3p
Hg 21+03 24+0.1 2.6+0.2b
Cd 20+0.2 26+0.2° 6.2 +0.4°

SOD (units/mg protein) Cu 0.8+0.1 09+0.1 0.2+0.1°
Hg 0.7+0.1 1.8+0.2b 0.6+0.1
Cd 0.8+0.1 1.6 +0.2b 0.6 £0.1°

MTs (ug/g tissue w.w) Cu 52.0+5.0 56.0+5.3 53.0+3.9
Hg 50.0 4.5 50.0 £4.5 85.0 £7.4>
Cd 50.0 4.5 210.0 £ 21.6° 354.0 £ 30.5°

GSH (nmol/g tissue w.w.) Cu 740.0 £ 67.3 511.0 + 44.6° 421.0 £ 45.3v
Hg 780.0 + 60.3 565.0 + 60.0° 275.0 £ 38.1b
Cd 720.0+69.9 369.0 £ 40.10 852.0 £ 98.2b

GSSG (nmol/g tissue w.w.) Cu 117.0+16.9 104.5£10.2 102.0 +£10.0
Hg 122.0+13.7 110.5+10.3 95.5 + 8.0°
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Cd 112.0+14.4 76.0 + 6.9 23.0+£2.9°
GSH/GSSG ratio Cu 6.32+1.1 4.89 £ 0.6P 4.13+£0.6°

Hg 6.39 0.9 511+0.7 2.88 +£0.5°

Cd 6.42+1.0 4.85+0.7° 37.04 +6.3°

259 MN, micronucleus; SR, superoxide radical; LP, labilizationperiod; MDA, malondialdehyde; SOD, superoxide
260 dismutase; MTs, metallothioneins; GSH, reduced glutathione; GSSG, oxidized glutathione.

261 2 Each value is expressed as mean + S.D. (n =5)

262 b Significantly different value from that measured in non-exposed mussels
263 * Micronucleated cells per 1000 cells

264 3.3. Dot blot analysis of carbonylated proteins

265  The method of choice for measurement of carbonyl groups in our samples was a dot blot
266  immunoassay, as it provides high sensitivity compared to the spectrophotometric assay, without loss
267  of proteins during the preparation of samples and without interferences with nucleic acids [55]. To
268  eliminate non-specific binding of the anti-DNP antibody on our samples, reduced blanks were
269  prepared by treatment with 20 mM NaBHa4 and their staining intensities were subtracted from those
270  of NaBHsuntreated samples [52]. Two representative autoradiograms are shown in Figure 2, while
271  the results of carbonyl group analysis obtained in several cellular fractions are summarized in Table
272 2. According to our findings, the level of carbonyl groups in the total protein samples is the highest
273  among the various fractions in control mussels. FWR fraction exhibited an intermediate
274  carbonylation profile, while proteins isolated from ribosomes constituted the slightest carbonylated
275  population. This was more evident for mussels treated with metals. Exposure of mussels to metals
276  for 5 days increased the carbonyl group content of proteins, with the effect caused by Hg and Cd
277  being more pronounced. However, while the level of carbonyl groups increased at prolonged
278  exposure of mussels to Cu or Hg, the effect of Cd during the late period of exposure (15 days) became
279  milder (Table 2).
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280 Figure 2. (A) A representative standard curve of DNPH dot blot analysis used for quantification of
281 carbonylated proteins. The curve was constructed using a series of BSA samples differentially
282 oxidized. The intensities of immunostained bands were corrected by subtraction of the intensity of
283 the corresponding reduced samples. The content of BSA standards in carbonyl groups was estimated
284 by a calorimetric assay [52]. (B) Representative autoradiograms of carbonyl group analysis using a

285 dot blot immunoassay for ribosomal proteins of 80S.
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286 Table 2. Levels of carbonyl groups (nmol/mg protein), in proteins of digestive gland in non-exposed and
287 exposed mussels to 40 ug/L Cu, 30 pug/L Hg, or 100 pg/L Cd for 5 or 15 days.
Time of exposure (days)
Cellular component Metal 0 5 15
Total cytosolic proteins Cu 78+1.2 22.0+242 48.5+4.22
Hg 7.5+0.8 44.7 + 4.32 53.6 £ 6.22
Cd 72+0.8 52.6 + 6.6 28.4+4.1°
Proteins FWR fraction Cu 75+0.6 10.5 £ 1.52 17.3+2.22
Hg 6.8+0.6 139+14 18.6 2.4
Cd 6.9+0.7 18.4+1.72 122 +2.32
Proteins in 80S ribosome Cu 2.8+0.2 3.4+0.3° 7.4+0.72
Hg 31+0.3 5.8+0.42 8.1+ 0.82
Cd 2.8+0.3 6.2+0.62 4.0+0.42

288 < Significantly different values from those recorded in non-exposed mussels (p<0.05).
289  3.4. Western-Blots analysis of:
290 A. Carbonylated FWR

291  Although the analysis of carbonyl groups by the dot-blot immunoassay is a quantitative
292  approximation to estimate the oxidative damage in the protein fractions, it does not provide any
293  information on the extend of oxidation of a particular protein in these complex mixtures, nor it can
294  reveal any alteration on the amount of each protein. For this reason, the protein fractions were further
295  analyzed by electrophoresis combined with Western blot immunoassays. Only FWR and ribosomal
296  proteins were further analyzed because their content is more defined and concentrated, in contrast
297  to cell-free lysate which contains huge variety of proteins. Both fractions were first separated with
298  electrophoresis and then evaluated either with color staining (Coomassie or Ponceau) (Fig. 3A, 4A)
299  or Western blotting for DNP (Fig. 3B, 4B). Gels stained with Coomassie blue reveal that there are
300 alterations in the expression of some specific bands which correspond to individual proteins,
301  although loaded proteins are equal (Fig. 3A). These are signed by an asterisk and denote underlining
302  differences in the expression of specific translation factors when mussels are exposed to metals. FWR
303  carbonylation according to Dot-blot (Table 2), was increased approximately twice in Cu-15 days
304  samples (Fig. 3B), three times in Hg-15 days samples, and two times in Cd-15 days samples compared
305  to the control. The same tend of alterations were also seen (Fig. 3), although the method is not a
306  quantitative one. It is important to emphasize again the carbonylation level fluctuation caused by Cd,
307  according to which there was a sharp early increase in the 5*"day but a severe decrease was achieved
308 by the 15t day.

309
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310 Figure 3. Profile of carbonylated proteins in the fraction of translation factors (FWR) investigated by
311 Coomassie staining (Fig. 3A) and Western blotting for DNP (Fig. 3B) in 12% SDS-PAGE gels isolated
312 from non-exposed (no metal-0 days) or exposed mussels to 40 pg/L Cu, 30 pg/L Hg, or 100 ug/L Cd,
313 for 5 or 15 days.

314 ‘lanes differed in the intensity of specific bands.

315
316  B. Carbonylated Ribosomal Proteins

317  Figure 4 depicts an analogous analysis for ribosomal proteins either with Ponceau staining (Fig. 4A)
318  or Western blotting (Fig. 4B). The results are consistent with the findings of the dot-blot analysis.
319  More specifically, exposure to metals increased carbonylation, which is more pronounced in mussels
320  exposed to Hg and Cd for 5 days (Fig. 4B). At 15 days of exposure, carbonylation increased in the
321  mussels exposed to Cu and Hg. However, the same tend was not observed in the case of Cd, where
322  carbonylation values showed a decline. Equally interesting observation is that density of bands has
323  changed (Fig. 4A), supporting the suggestion that ribosomal proteins stoichiometry is not one by one
324 in all ribosome population, but in contrast there is an heterogeneity among ribosome population
325  which is very important for gene regulation and organismal life [56].
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326 Figure 4. Electrophoretic run of ribosomal proteins and immunoblotting using anti-DNPH as primary
327 antibody A) Ponceau S staining B) profile of carbonylated proteins in the fraction of ribosomal proteins
328 isolated from non-exposed (no metal-0 days) or exposed mussels to 40 pg/L Cu, 30 ug/L Hg, or 100 ug/L
329 Cd, for 5 or 15 days.

330  3.5. Translation factors expression

331  Considering that translation factors under stress not only undergo changes in their expression or
332  oxidation status, but are also regulated by several modifications, such as phosphorylation,
333  hydroxylation and acetylation among others, reviewed by [57], our study was expanded using
334  antibodies against a series of translation factors which follow an orchestrating quick adaptation to
335  metal environmental challenges that mussels may face. Representative Western blots are given in Fig

336 .
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337 Figure 5. Western blots demonstrating translation factors” abundance. A) elF2a and p-elF2a (Ser51), B) eIlF4E
338  and p-elF4E (Ser209), C) p-4E-BP1(Thr37/46) and p-4E-BP1(Ser65), D) eEF1A1, E) eEF2, F) p-eEF2(Thr56) of
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339 exposed mussels to 40 pg/L Cu, 30 pg/L Hg, or 100 ug/L Cd, for 5 or 15 days. (p- stands for the phosphorylated
340 translation factor, and aminoacid mentioned in parenthesis indicates the site of phosphorylation).

341 As shown in panel A of Figure 5, the expression of translation factor elF2a remained constant
342  and similar to that of the control. However, phosphorylation of elF2a after 15 days of exposure was
343  increased, a modification that leads to the general inhibition of the initiation step [58].

344 Another translation factor implicated in the initiation phase of protein synthesis and
345  investigated here is elF4E. elFAE binds to the 5 cap structure of mRNAs, thus allowing elF4G
346  complex to anchor on the starting tail of mRNA chain. As shown in Figure 5B, the expression of
347  eIFAE was upregulated by metals, particularly by Cd after 15 days of exposure. On the other hand,
348  p-elF4E is upregulated after exposed to Cd for 15 days (Fig. 5B; bottom panel). Given that eIF4E-
349  binding proteins (4E-BPs) interfere in the regulation of eIF4E, they were our next target. We found
350  that in control mussels and those exposed to Cu for 5 days, phosphorylation of 4E-BP1 was plenty
351  (Fig. 5C, upper panel). However, exposure to Hg or Cd led to attenuation of phosphorylation, with
352  subsequent harmful impact on eIF4E complex assembly and protein synthesis. Phosphorylation after
353 15 days exposure to Cd was restored to approximately normal levels. Similar alterations were
354  observed with another antibody for the same protein, appropriate for phosphorylation on Ser65
355  position (Fig. 5, bottom panel).

356 As for eEF1A1, we found that exposure of mussels to Cu and Hg caused decrease in eEF1A1
357  levels at 5 days, which became more pronounced after 15 days (Fig. 5D). Cd impact at the 5th day of
358  exposure was similar to those of Cu and Hg, but after 15-days exposure to this metal, eEF1A1 levels
359  reverted to control ones supporting its damage fluctuation.

360 Concerning Elongation Factor 2, we did not observe significant changes in its expression at
361  protein level, under all conditions studied (Fig. 5E). However, we recorded higher levels of
362  phosphorylation of eEF2, particularly after exposure of mussels to Hg for 15 days and to Cd for 5
363  days. Prolonged exposure of mussels to Cd (15 days) induced weaker phosphorylation level again
364  ineEF2 (Fig. 5F).

365
366 4. Discussion

367 According to our data all three metals bioaccumulate in the mussels’ digestive glands and cause
368  oxidative stress, the severity of which depends on the time of exposure and the nature of each metal.
369  Metal concentrations used were sublethal (lower than IC50) but high enough to cause apparent
370  metal bioaccumulation in the indicated times, without extensive mortality [59, 60], while similar
371  concentrations have been recorded in highly polluted areas [61, 62]. In addition, the same exposure
372  conditions have been reported by several field and laboratory studies [13, 26, 63, 64], but this is the
373 first time correlating metal ions oxidative damage through the glasses of both traditional biomarkers,
374 and protein synthesis machine. Exposure of mussels to cadmium has led to oxidative stress in
375  mussels, characterized by early increasein superoxide radical production, lipid peroxidation,
376  decreased lysosomal membrane stability, and DNA damage. As a result, antioxidant defense
377  mechanisms including SOD and metallothioneins were activated. On the other hand, copper and
378  mercury caused milder oxidative stress according to all biomarkers, except for MN increase
379  confirming so their serious genotoxic effect (Table 1).

380 Proteins are involved in key functions of the cell and provide important structural and functional
381  advantages in several cellular organelles, like ribosomes. Accumulation of oxidatively damaged
382  proteins is a hallmark of deleterious processes. Thus, quantifying and identifying oxidized proteins
383  provide fundamental insights into the underlying mechanism of toxicity. Translation factors and
384  ribosomal proteins catalytically contribute to ribosomal function and are among the most potent
385  compounds for inflicting oxidative damage on cells [33].

386 Compared to other oxidative protein products, formation of carbonyl groups is the most
387  recognized biomarker of oxidative damage in proteins, mainly due to the product chemical stability
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388  [55]. The level of carbonylation depends on the source of proteins (Table 2). Total proteins lysate
389  showed higher amounts of carbonylationcompared to the FWR. Ribosomal proteins were the least
390  carbonylated fraction. This suggests that ribosomal proteins in the statementof the assembled
391  ribosomes are protected from the toxic action of ROS, while translation factors bound on the
392 ribosomes surface but not assembled, exhibited medium carbonylation exposure. In the case of
393  exposed mussels, Cu and Hg showed their maximum carbonylation level at 15 days of exposure,
394  while Cd showed its most toxic effect in 5 days, which was reversed at the end of the exposure period
395  (Table 2). In general, mussels can reverse the initial oxidative damage by Cd inducing antioxidant
396  defense mechanisms, like production of MTs and elevation of GSH levels.

397 The next part of the study focused on the expression and integrity of translation factors and
398  ribosomal proteins which are actively involved in the formation and function of the ribosome. It
399  becomes clear that the accumulation of lesions can directly affect protein synthetic capacity. The
400  electrophoretic run of FWR and ribosomal protein fractions revealed that apart from protein
401  carbonylation, protein expression is also modified under metal exposure (Fig 3A) and additionally,
402  the heterogeneity of ribosomes is a real new important finding under these conditions. Moreover, the
403  carbonylation profile of the various protein fractions is depending also on the idiosyncratic features
404  of each metal.

405 Protein synthesis is regulated in eukaryotic organisms by many translation factors, which are
406  subject to strict regulation by signal transduction pathways, responding to environmental stress.
407  Regarding the factors involved in the initiation step, elF2a and elF4E were studied in parallel with
408  their phosphorylation levels. elF2 is a component of the ternary complex Met-tRNAi-GTP-elF2 that
409 s associated with the 40S ribosomal subunit to form the 43S preinitiation complex (PIC). elF2 is
410  regulated by phosphorylation on the elF2a subunit. All elF2« kinases become activated in response
411  to oxidative stress [65], and this explains why p-elF2a is upregulated at the late stages of the mussel
412  response (Fig. 5). eIF4E is the most abundant and important protein of all the initiation factors and
413  its overexpression under oxidative stress has been associated with the selective synthesis of
414  antioxidant proteins, that prevent abnormal accumulation of ROS [66]. elF4E is regulated via
415  phosphorylation and through elF4E-binding proteins (4E-BPs), which interfere with eIF4F assembly
416 by impairing elF4E-eIFAG interaction [67]. There are three 4E-BP isoforms (4E-BP1, 2 and 3), with 4E-
417  BP1 being more abundant than 4E-BP2 and 4E-BP3 [68]. In response to environmental stress, 4E-BPs
418  are phosphorylated in multiple residues and in hierarchical fashion [69]. Additionally, two
419  translation factors participating in elongation of protein synthesis were studied. eEF1Al, as a
420  complex with GTP, delivers aminoacyl-tRNAs into an empty A-site of an elongating ribosome. The
421  complementarity of codon-anticodon interaction stimulates GTP hydrolysis and releases eEF1A-GDP
422  from the ribosome. We found that long exposure of mussels to metals caused decrease in eEF1A1
423 levels, except for the exposure to Cd, where eEF1A1 levels reverted to the control ones. This is in
424  agreement with previous studies that found downregulation of eEF1A1 gene in yeast [51], fish
425  Pinephales promelas [70] and M. galloprovincialis [30], challenged by metals. Peptide bond
426  formation leaves a deacylated tRNA in the P-site and a newly formed peptidyl-tRNA in the A-site.
427  This triggers eEF2-GTP binding and translocation of ribosomal substrates from the A- and P- sites to
428  the P- and E-sites, respectively. Upregulation and downregulation of eEF2 at the transcription level
429  have been frequently found in plants and animals, including mussels [31, 71]. However, gene
430  expression alone is not informative enough to define the effects of metals on proteins, due to post-
431  transcriptional, translational, and post-translational regulation. Phosphorylation of eEF2 at Thr56
432  reduces its affinity for GTP and decreases its capability of engaging ribosome to push translocation
433  on[72]. The high phosphorylation level found in our study (Fig. 5F) is indicative of protein synthesis
434  perturbation and is compatible with other oxidative stress markers.

435 5. Conclusions

436 Trace metals are serious stressors in aquatic ecosystems that can interfere with various
437  physiological processes in the marine organism mussel Mytilus galloprovincialis. In a previous study
438  we evaluated the impact of these metals on the RNA modifications of the protein synthesis machinery
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439  [10]. In this project we explored the damage in the same machinery under the same exposure
440  conditions from the viewpoint of protein expression and modification. Examining different
441  subcellular fractions, we found that proteins are dangerously modified and equally important; they
442  are also regulated at the translation level. Our data offer innovative perspectives in the field of redox
443  balance under metal exposure, through proteomics approach and can be used as a potential
444 biomarker indicative of the toxicity level. Additionally, the changes in protein expression pattern
445  together with protein modification can serve as a great tool for elucidating the mechanisms of toxicity
446  and could be integrated in biomonitoring programs.
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