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Abstract

Muytilus galloprovincialis is a significant indicator species due to its ability to bioaccumulate
environmental pollutants, such as lead (Pb), which can hinder essential reproductive molec-
ular processes. This study aimed to examine the effect of exposure to lead (0.5, 1.5 and
5 ug/L PbCly) on the state of protamine-like (PL) proteins—the primary components of
sperm nuclear basic proteins—and their interaction with DNA. PL proteins were analysed
using acetic acid—urea PAGE and SDS-PAGE, after which their ability to bind and protect
DNA from oxidative damage was also assessed. Exposure to lead resulted in SDS-PAGE-
detectable alterations of the PL, particularly at levels of 1.5 ng/L and 5 ug/L of PbCl, and
modified their capacity for DNA-binding at all doses of PbCl,. Experiments testing the
release of PLs from sperm nuclei further confirmed this, revealing a reduced release. In
addition, the ability of PL proteins to protect DNA from oxidative damage was reduced at
the highest exposure dose, suggesting improper condensation of sperm chromatin. Com-
putational analyses of human protamines in the presence of lead indicated the formation of
coordination complexes with Pb?* in PLI-II and PL-II, potentially impairing DNA binding.
Overall, our study demonstrates that exposure to lead alters the function of PL proteins and
potentially destabilises the sperm chromatin of M. galloprovincialis. This provides valuable
insights into the reproductive toxicity of this metal.

Keywords: lead toxicity; protamine-like; Mytilus galloprovincialis; reproductive health;
protamine-like-DNA interaction; Pb-protamine-like interactions; lead-DNA interactions;
structural modeling; environmental pollutants

1. Introduction

Environmental pollution in the Mediterranean Sea represents a pressing challenge,
stemming from both historical practices and ongoing anthropogenic activities. Lead (Pb)
contamination constitutes a significant concern: the historical use of leaded gasoline un-
til 2003 in countries such as Italy, Spain, and Greece has significantly elevated levels of
this metal in coastal and marine environments [1-4]. Although recent trends indicate a
reduction in surface water Pb concentrations, which have halved in the last decade [5,6],
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sediments that have accumulated lead over the past 150 years now act as reservoirs, re-
leasing the contaminant into the overlying water column and complicating remediation
efforts [7]. Studies reveal that anthropogenic Pb signals persist even at depths of approx-
imately 1000 m [8], highlighting the enduring impact of human activities dating back to
ancient civilizations [9]. Pb enters the marine environment through various anthropogenic
sources, including industrial processes, mining activities, agricultural runoff, and vehicular
emissions [10-15]. Background dissolved Pb in open Mediterranean waters falls in the
low nanogram-per-litre range following the phase-out of leaded gasoline, which reduced
dissolved Pb in Italian coastal seawater by ~50% between 2000 and 2004 [5]. However,
these values are not representative of urbanized coastal environments such as the Gulf
of Naples, a well-documented heavy-metal hotspot where significant Pb enrichment in
waters and sediments results from industrial discharges, maritime traffic, urban runoff,
and inputs from the Sarno River [16]. Elevated heavy metal concentrations at multiple
stations within the Gulf have been further confirmed by long-term regional monitoring
(ARPAC, 2013-2019) [17]. Once in the ecosystem, this contaminant poses significant risks
to marine biodiversity, as marine ecosystems serve as sinks for terrestrial contaminants,
leading to bioaccumulation in key organisms such as invertebrates [18,19]. Among these,
M. galloprovincialis is widely used as a bioindicator for marine pollution.

It is well documented [20,21] that exposure to heavy metals negatively influences the
reproductive performance of this species, causing significant cellular disorders, maturation
arrests, and loss of germ cells during spermatogenesis [22-24]. Lead is a “soft” Lewis
acid with a larger ionic radius (1.19 A, ~20% larger than Zn?* or Mg?*) and a stereochem-
ically active lone pair, which allows it to bind to electronegative atoms such as sulfur,
oxygen, and nitrogen in DNA bases and protein-DNA binding domains. Its high coor-
dination number and chemical softness make it highly thiophilic, favoring interactions
with cysteine-rich sites in zinc-finger proteins, while the lone pair often leads to hemidi-
rected, non-symmetrical coordination geometries. These properties allow Pb?* to bind
tightly but improperly, destabilizing the normal protein-DNA interaction. Specifically, Pb**
competes with Zn?* in DNA-binding proteins, such as zinc fingers, efficiently displacing
Zn from cysteine or histidine ligands. Unlike Zn?*, Pb?* does not stabilize the proper
protein fold, leading to loss of transcriptional activity [25-32]. Similarly, Pb?>" can com-
pete with Mg?" in stabilizing the DNA phosphate backbone, binding with high affinity
to phosphates and nucleobase carbonyls, but often distorting the DNA helix, inducing
local strand breaks or structural transitions, and forming so-called leadzyme complexes
capable of site-specific RNA hydrolysis. In addition, Pb?* can bind via the minor groove
of DNA, creating electrostatic perturbations that further destabilize chromatin and inhibit
the binding of transcription factors to gene promoters. Overall, the combination of high
thiophilicity, larger size, hemidirected coordination, and strong phosphate/nucleobase
affinity renders Pb?* uniquely effective at disrupting both protein-DNA and DNA struc-
tural interactions compared to other divalent cations [33-36]. In addition, Pb is capable of
mimicking essential metals such as calcium and zinc, interfering with cellular signaling
pathways and enzymatic activities crucial for cellular integrity [37] and inducing oxida-
tive stress [38—41], inflammation, and DNA damage [42]. Moreover, Pb is highly toxic to
mussel spermatozoa because it causes DNA damage and increases oxidative stress and se-
vere damage [43,44]. These effects reduce spermatozoa motility and produce damaged
membranes [43] through alterations of energy metabolism (cAMP and Ca2*). All these
effects compromise fertilisation success and negatively impact mussel populations [45-50].
Of particular relevance to reproduction is the effect of Pb on sperm chromatin. In M.
galloprovincialis, sperm chromatin is primarily structured by three “protamine-like” (PL)
proteins: PL-II, PL-III, and PL-IV [51]. These proteins play a crucial role in chromatin
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condensation and the protection of paternal DNA. Recent studies have highlighted that
Pb exposure alters the expression and functionality of PL proteins, leading to changes in
chromatin structure that can compromise sperm viability and fertilization success [14].
Despite the growing awareness of the environmental implications of Pb, gaps remain in
understanding the specific molecular mechanisms through which this metal affects the
interaction between PL proteins and DNA, influencing sperm chromatin organization in
M. galloprovincialis. To this end, this study examined the impact of Pb on the reproductive
health of this organism, with a particular focus on possible changes to protamine-like
proteins and their ability to bind to and defend DNA from oxidative damage. This was
performed to investigate the implications for the stability of sperm chromatin, which is
essential for reproduction and, consequently, the survival of this species in the context of
the environmental challenges facing the Mediterranean Sea. Further details on the effects of
lead on the interaction of PL proteins with DNA were provided by computational analyses
carried out in this study.

2. Materials and Methods
2.1. Ethics Statement

All experiments were conducted on M. galloprovincialis (Lamarck, 1819), which is not
considered a protected species under Italian environmental legislation. This work was
performed in accordance with the requirements of European legislation (Directive 2010/63)
and Italian legislation (Legislative Decree 116/1992) on the ethical use and welfare of
animals in research studies.

2.2. Lead Quantification in M. galloprovincialis Gonads

Nitric acid (70% v /v, analytical grade; VWR International S.r.l., Milano, Italy) and
deionised water (18.2 MQ-cm, produced in-house with a Sartorius arium® pro system,
Gottingen, Germany) were used throughout. Magnesium nitrate Mg(NOs); (1% Mg;
AreaChem S.rl., Napoli, Italy) and diammonium hydrogen phosphate (NH;)H,POy4
(PerkinElmer, Waltham, MA, USA) served as matrix modifiers. Working standard so-
lutions of lead were prepared by serial dilution of a 1000 mg L~! stock (Merck, Darmstadt,
Germany) in 0.5 M HNOj3. For sample preparation, approximately 0.050 g (£0.001 g) of
each sample was weighed into a 15 mL glass tube with 3.0 mL of 70% nitric acid and
1.0 mL of deionised water. Sealed tubes were digested in a Milestone UltraWave microwave
system (FKV S.r.1., Torre Boldone, Italy) running a two-step programme: ramp from 25 °C
to 240 °C over 20 min at 1500 W, then a 10 min hold at 240 °C. Once cooled, digests were
transferred to volumetric flasks and brought to 15 mL with deionised water. Total lead
content was then measured by graphite furnace atomic absorption spectrometry (GF-AAS) on
a PerkinElmer A Analyst 800, equipped with Zeeman-effect background correction and an AS
800 autosampler. Absorbance was recorded at A = 283.3 nm using a hollow cathode lamp, and
concentrations were derived from external calibration curves. Atomisation was carried out at
1600 °C, preceded by drying at 110-130 °C, with argon as purge gas at 250 mL/min.

2.3. Mussels Sampling and Pb Exposure

The study used adult M. galloprovincialis mussels of mixed sex. These were collected
in March 2025 and had an average shell length of 4.93 £ 0.17 cm. The specimens were
provided by Eurofish Napoli S.R.L. in Baia, Naples. Fifteen mussels of unknown sex were
exposed for 24 h at 18 £ 1 °C in laboratory tanks (36 x 22 x 22 cm) containing 7 L of 33%
artificial seawater (ASW) with the following composition per litre: NaCl 29.2 g, KC1 0.60 g,
MgCl, 1.2 g, NaHCO3 0.20 g, and CaCl, 1.08 g as described in Marinaro et al. 2023 [52].
Specifically, the mussels were exposed to increasing concentrations of Pb: 0.5 pg/L PbCl,,
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1.5 ug/L PbCly, and 5 nug/L PbCly. Meanwhile, 15 unexposed mussels were kept in a tank
containing only ASW under the same temperature and exposure conditions.

2.4. Spermatozoa Sampling and Processing

The conditions of spermatozoa sampling and processing were performed following
the protocols described in Marinaro et al. 2024 [53]. After 24 h of exposure, the mussels
were carefully opened with a knife, making sure that the soft tissues stayed undamaged.
The gonads were then placed in 500 pL of ASW at 16 °C for 5 min to stimulate gamete
release. The gametes were observed under a microscope at 40 x magnification to determine
their sex. After sex identification, a section of the male gonads was used for further analysis.
The ASW containing the spermatozoa was initially centrifuged at 2000 x g for 2 min to
discard debris. A second centrifugation at 9000x g for 10 min was then conducted, after
which the spermatozoa contained in the supernatant were then collected. Both the sperm
pellets and male gonadal tissues were stored at —80 °C.

2.5. Extraction of PL Proteins from M. galloprovincialis Spermatozoa

PLs extraction from both unexposed and Pb-exposed mussels was carried out using
perchloric acid (5% final concentration), following the protocol reported in Marinaro et al.
2025 [54]. For each condition, N = 2 pellets of spermatozoa (prepared as specified above)
were individually homogenised in 1 mL of distilled water with the use of a polypropylene
pestle in a test tube, after which perchloric acid was added. Acid extraction was carried
out with constant stirring overnight. The following day, the suspension was centrifuged at
13,000 g for 30 min at 4 °C, obtaining a supernatant containing only PLs and a pellet com-
posed of cell debris. To remove residual perchloric acid, the supernatant was thoroughly
dialyzed against distilled water. The proteins obtained were quantified using the Bradford
assay [55].

2.6. Electrophoretic Analysis of PLs

The PL patterns were analyzed using two electrophoretic techniques: AU-PAGE,
according to Marinaro et al. 2024 [22] and SDS-PAGE. For AU-PAGE, gels were prepared at
14% (w/v) with an acrylamide:bisacrylamide ratio of 25:0.67. Samples were denatured in
2.5 M urea for 30 min at room temperature before electrophoresis to ensure proper protein
unfolding. Following sample preparation, 1 uL of acetic acid and pyronin was added,
and electrophoresis was carried out for 1 h at 120 V using a 5% acetic acid running buffer.
SDS-PAGE was carried out using a gel electrophoresis on 12.8% polyacrylamide gel in
0.025 M Tris-0.192 M glycine-0.1% SDS buffer, pH 8.8 at 25 mA. Afterwards, the gels were
stained with Coomassie Brilliant Blue and images were obtained using a Gel-Doc system
with ImageLab 6.0.1 (build 34) software (Bio-Rad, Hercules, CA, USA).

2.7. Plasmid DNA Preparation

High amounts of supercoiled pDNA were obtained by extracting the pGEM3 plasmid
(2867 bp) from transformed E. coli HB101 cells with the ZymoPURE II Plasmid Midiprep
Kit, following the precautions outlined in Carbone et al. 2012 [56]. Plasmid DNA was
examined by gel electrophoresis using 1% agarose gels in TBE buffer solution (89 mM
Tris-HCI, 2 mM EDTA and 89 mM boric acid at pH 8.0). The circular form of the pGEM3
plasmid was used for electrophoretic mobility shift assay (EMSA) and to assess the capacity
of PLs to protect DNA.

2.8. Analysis of the Effect of M. galloprovincialis PL Proteins on DNA Electrophoretic Mobility (EMSA)

The impact of PL proteins from M. galloprovincialis on DNA mobility was evalu-
ated using Electrophoretic Mobility Shift Assays (EMSA). The procedure was followed as
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published in Ferrero et al. 2024 [57] with some modifications. Specifically, each sample
contained a constant amount of plasmid DNA (pGEMS3, 150 ng) and increasing amounts
of PL to achieve protein/DNA weight/weight ratios as described in detail in the Results
Section 3.2. The experiments aimed to determine the protein/DNA ratio required for DNA
saturation, defined as the appearance of a single DNA band close to the well. The samples
were prepared by sequentially adding ultrapure water (Milli-Q), DNA and proteins until
a final volume of 30 uL was obtained. They were then incubated at room temperature
for 5 min to allow DNA-protein interactions. Electrophoretic conditions and visualization
of DNA were carried out as described in Fioretti et al. 2012 [58] with few modifications.
In particular, before gel electrophoresis, 10x TBE was added to the samples to obtain a
final concentration of 1x, after which the samples were loaded on a 1% agarose gel in 1 x
TBE. Electrophoresis was then performed at 100 V for 30 min. Gels were stained with Safe
View™ classic. Images of the gels were acquired with a Bio-Rad Gel-Doc system using
Quantity One v.4.4.0 (Bio-Rad, Hercules, CA, USA).

2.9. DNA Protection Analysis

The capacity of PLs, isolated from the spermatozoa of mussels exposed to the three
doses of Pb, to protect DNA from oxidative damage was examined using pGEM3 plasmid
DNA exposed to 30 uM H,O; and 5 uM CuCl; (to induce the Fenton reaction and generate
DNA breakage). Specifically, for the protection assay, 150 ng of plasmid DNA (pGEM3) and
protein/DNA wt/wt ratios in a range from 0.1 to 0.3 were applied. After pre-incubating the
DNA with PLs at room temperature for 5 min, HyO, and CuCl, were added to the reaction
mixtures. The samples were then incubated in the dark for 30 min in a Thermoblock set to
37 °C. Electrophoretic analysis of the samples was performed on 1% agarose gel at 100 V for
30 min in 1x TBE. Following electrophoresis, agarose gels were stained with Safe View™
classic to view DNA migration, and the images of the gels were captured using the GelDoc
Biorad (Hercules, CA, USA).

2.10. Salt-Induced Release of M. galloprovincialis Sperm Nuclear Basic Protein

The salt-induced release of M. galloprovincialis sperm nuclear basic proteins (SNBPs)
was carried out following the procedure described in Carbone et al., 2023 [59]. For each
Pb exposure and control condition, sperm pellets of approximately 120 mg were collected.
Each pellet was resuspended in 1 mL of solution 1, containing 0.15 M NaCl, 25 mM EDTA
(pH 8), and 1 mM PMSE. After being mixed with Solution 1, the samples were centrifuged at
4 °C for 10 min at 1900 x g. The resulting pellets were then resuspended in 1 mL of a second
solution containing 0.25 M sucrose, 5 mM MgCl,, 10 mM Tris-HCI (pH 8), 1 mM PMSE,
and 0.38% Triton X-100. The suspensions were kept on ice for 10 min and subsequently
centrifuged again at 4 °C for 10 min at 1900x g. 1 mL of a solution containing 0.25 M
sucrose, 5 mM MgCl, and 1 mM PMSF was added to the resulting pellet. The resulting
mixture was centrifuged at 4 °C for 10 min at 1900x g. This process was repeated once.
The final pellet obtained corresponded to the isolated sperm nuclei. The salt-induced
extraction of sperm nuclear basic proteins (SNBPs) was performed according to the method
described by De Guglielmo et al. 2019 [60]. For this aim, 1 mL of NaCl solutions at
increasing concentrations was added to the isolated sperm nuclei, using the following salt
gradients: 0.65M, 0.8 M, 1M, 2 M, 3 M, and 4 M NaCl. The sperm nuclei were sequentially
resuspended with 1 mL of each of the NaCl solutions previously described and incubated
at 4 °C for 30 min with agitation, further followed by centrifugation at 13,000 g for 30 min.
A final concentration of 0.2 M HCI was consequently added to the collected supernatants
to obtain total extraction of the SNBPs. The samples were then incubated and kept under
stirring for 16 hat 4 °C, then centrifuged for 30 min at 13,000 x g. The supernatants resulting
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from this process were extensively dialyzed under distilled water. A 4 g aliquot of protein
from each sample was analyzed by AU-PAGE to evaluate the amount of protein released
from sperm nuclei in response to the increasing NaCl concentrations. The resulting protein
bands were quantified using Image] version 1.54d. The intensity of the gel bands was
quantified via densitometric analysis using Image] 1.50d (Wayne Rasband, NIH, Bethesda,
MD, USA).

2.11. Statistical Analyses

Data regarding the salt-induced release of proteins from sperm nuclei were analyzed
using two-way repeated measures ANOVA with Geisser-Greenhouse correction, followed
by Dunnett’s post hoc test for multiple comparisons versus the unexposed control group,
to evaluate differences between the means of the experimental groups at each NaCl concen-
tration. Each protamine-like protein (PL-II, PL-III, and PL-IV) was analyzed independently.
All statistical processing was performed using GraphPad Prism 10 (version 10.6.1). Re-
sults are presented as mean =+ standard deviation (SD), and statistical significance was
established at p < 0.05 within a 95% confidence interval. In the Supplementary Materials,
tables with multiple comparisons are reported. Lead bioaccumulation data in gonadal
tissue were analyzed using one-way ANOVA followed by Dunnett’s post hoc test for
multiple comparisons against the unexposed control group. All statistical processing was
performed using GraphPad Prism 10 (version 10.6.1). Results are presented as mean =+ stan-
dard deviation (SD), and statistical significance was established at p < 0.05 within a 95%
confidence interval.

2.12. Computational Modeling of Protamine-like Proteins, DNA and Lead

Due to the lack of experimentally determined three-dimensional structures and pri-
mary amino acid sequences for PL-III from Mytilus galloprovincialis, the homologous PL-III
protein from Mytilus californianus was used in this study. Although the primary sequence
of M. galloprovincialis is not currently available, species within the genus Mytilus (including
M. californianus, M. galloprovincialis, M. edulis, and M. trossulus) form a closely related clade
of blue mussels characterized by conserved genomic features and shared evolutionary
histories. Comparative analyses of available Mytilus protamine-like (PL) proteins indicate
strong conservation of the basic DNA-binding region, supporting the use of M. californi-
anus PL-III as a suitable structural surrogate [61,62]. Multiple sequence alignment was
performed using ClustalW 2.1 [63], confirming the presence of a conserved region among
M. californianus, M. trossulus, and the sperm-specific protein Phi-1 from M. edulis (Figure S1).
The corresponding gene sequence (GenBank accession DQ305039.1) was translated into
the amino acid sequence using the ExXPASy Translate tool [64], which served as the starting
point for subsequent computational analyses. Residues 100-201 of the translated PL-III
sequence (5’ —3', frame 3) exhibited the highest density of arginine and lysine residues.
This highly basic region, conserved among protamines and PL proteins, mediates strong
electrostatic interactions with the DNA phosphate backbone. Therefore, this segment was
selected for structural modeling to focus the simulations on the region most relevant for
protein-DNA interactions and potential metal coordination.

Residues potentially involved in metal coordination are present in proximity to this
conserved region. In particular, cysteine and histidine residues may form strong coordina-
tion interactions with Pb?* ions, while acidic residues such as glutamate and aspartate may
contribute to weaker electrostatic or coordination interactions [40]. Accordingly, the struc-
tural model of PL-III was generated using AlphaFold2 [65,66]. In the predicted structure,
a-helical regions showed high confidence scores (pLDDT 85-90), whereas disordered loop
regions displayed lower confidence values (pLDDT 50-70).
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For PL-II, the primary sequence from M. galloprovincialis was also unavailable;
therefore, the homologous sequence from M. californianus (UniProt accession P22974;
HI1L_MYTCA) was used [67]. No additional suitable homologous sequences were available
to perform a reliable multiple sequence alignment. A three-dimensional model was thus
generated using AlphaFold2 and refined following the same protocol adopted for PL-IIL. In
this model, x-helical regions exhibited very high confidence (pLDDT > 90), whereas loop
regions showed lower confidence values (pLDDT 50-70).

The resulting PL-II and PL-III models were subsequently refined and energy-
minimized using Avogadro (version 1.2.0; http:/ /avogadro.cc/, accessed on 14 February
2026) and UCSF Chimera [68] to remove steric clashes and optimize local geometry. Hy-
drogen atoms were added, and amino acid protonation states were assigned according to
physiological pH conditions.

A 12-base-pair double-stranded DNA fragment (CGCGAATTCGCG) was constructed
and geometrically optimized. This canonical B-form sequence is widely used in computa-
tional studies as a model system for generic protein-DNA interactions.

Protein-DNA complexes were subjected to energy minimization consisting of 250 steps
of steepest descent followed by 750 steps of conjugate gradient minimization, using the
AMBER force field for both protein and DNA components. Since classical biomolecular
force fields do not explicitly parameterize heavy metal ions such as Pb?*, lead—protein—
DNA interactions were treated qualitatively. Pb?" was represented using its formal +2
charge and an idealized coordination geometry. Accordingly, the resulting models provide
comparative and mechanistic insights into interaction patterns rather than quantitative
estimates of binding energies.

Pb?* ions were also treated as ligands in docking simulations, with the aim of exploring
potential coordination environments rather than predicting precise binding affinities.

2.13. Refinement of PL-1I and PL-1II by Molecular Dynamics

The PL-II and PL-IIl modeled structures were further refined through two independent
25 ns molecular dynamics (MD) simulations performed using GROMACS via the WebGro
online platform [69] to assess overall structural stability. These simulations were intended
solely to relax the initial models and ensure their stability; no quantitative dynamical anal-
yses were performed. The resulting MD-refined structures were then used as input models
for subsequent docking and interaction-prediction studies. MD simulations employed the
GROMOS96 43al force field, with systems solvated using the SPC water model. Periodic
boundary conditions were applied, and counterions were added to neutralize each system.

2.14. Docking Simulations

Molecular docking was performed using HADDOCKS3 according to Dominguez et al.,
2003 [70]. The protocol involved three sequential steps: (1) rigid-body docking with
random orientations and energy minimization, generating 1000 structures; (2) semi-flexible
refinement via simulated annealing in torsion-angle space, producing 200 structures; and
(3) final refinement in explicit solvent, also generating 200 structures. The lead ion (Pb?*)
was manually parametrized and treated as a ligand in both the protein-ligand and protein—
DNA docking setups. Active and passive residues were defined based on the basic DNA-
binding regions of PL-II and PL-III, respectively. Resulting structures were clustered
based on RMSD and common contacts, and each cluster was scored using the HADDOCK
score, which combines electrostatic, van der Waals, desolvation, and buried surface area
energy terms, together with ambiguous interaction restraint (AIR) contributions. The ten
most populated and highest-scoring clusters were visually inspected to identify the most
probable binding modes and interaction networks. For clarity and reproducibility, all key
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docking parameters, including force field, water model, ligand parametrization, docking
stages, and scoring terms—are summarized in Supplementary Table S1. This includes the
use of the AMBER99SB-ILDN force field for proteins and DNA, the TIP3P water model
for explicit solvent refinement, and manual parametrization of Pb?* ions. Clustering
criteria, active and passive residue definitions, and HADDOCK scoring components are
also detailed in Table S1 to allow replication of the docking simulations.

2.15. Structural Visualization and Image Editing

The top-ranked docking complexes obtained from HADDOCKS3 were analyzed us-
ing the Protein-Ligand Interaction Profiler (PLIP) [71] and visualized with PyMOL (The
PyMOL Molecular Graphics System, Version 3.0 Schrodinger, LLC, New York, NY, USA).
Figures were further refined and edited using Canva, a graphic design and image editing
software (https://www.canva.com/).

3. Results
3.1. Lead Bioaccumulation in the Gonads of M. galloprovincialis

To verify that the experimental exposure conditions resulted in effective uptake of
lead by the animals, the concentration of Pb in gonadal tissue was quantified in unexposed
mussels and in animals exposed to 0.5, 1.5, and 5 ug/L PbCl,. As shown in Figure 1,
the gonadal Pb content in unexposed mussels was approximately 0.10 pug/g dry weight.
Following exposure to 0.5 and 1.5 ug/L PbCl,, the gonadal Pb concentrations increased to
approximately 0.20 pg/g, representing a roughly two-fold elevation relative to the control.
At the highest exposure dose (5 nug/L PbCly), a further and more marked increase was
observed, reaching approximately 0.49 nug/g, corresponding to an approximately five-
fold increase compared to the unexposed group. Taken together, these data indicate a
dose-dependent trend in Pb accumulation in the gonads.
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Ke) 4
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2 0.4+
(=)}
3 -
0.2+
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Figure 1. Lead (Pb) bioaccumulation in the gonads of M. galloprovincialis. Pb concentration (ug/g dry
weight) measured in gonadal tissue of unexposed mussels (Unx) and mussels exposed to 0.5, 1.5, and
5 ug/L PbCl, for 24 h. Data are expressed as mean =+ SD. Statistical comparisons between the Unx
group and each exposure condition, with the corresponding p-values reported above (p = 0.7056 for
Unx vs. 0.5 ug/L; p = 0.7079 for Unx vs. 1.5 pg/L; p = 0.0722 for Unx vs. 5 pg/L). n =2.

3.2. Analyses of PLs by AU-PAGE and SDS-PAGE

PLs extracted from unexposed and exposed mussels to different concentrations of
PbCl, were analyzed using two electrophoretic approaches: AU-PAGE and SDS-PAGE
in order to assess potential alterations in the electrophoretic pattern induced by PbCl,
exposure. AU-PAGE analysis revealed three distinct protein bands corresponding to PL-II,
PL-IIT and PL-IV, which migrated from top to bottom in all samples. A comparison of
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the electrophoretic profiles revealed no significant differences between the PLs extracted
from control mussels and those isolated from mussels exposed to various concentrations of
PbCly. The same protein samples were also analyzed by SDS-PAGE. In control samples,
three bands were observed in the expected order: PL-II, PL-III, and PL-IV, corresponding
to their approximate molecular masses. As expected, PL-II and PL-III, which have very
similar molecular weights (13.8 and 11.8kDa, respectively), displayed similar migration
patterns. In contrast to the AU-PAGE results, SDS-PAGE revealed alterations in the elec-
trophoretic pattern of PLs from mussels exposed to 1.5 pg/L and 5 ug/L PbCl,. These
changes, particularly evident for PL-II and PL-III, suggest that Pb exposure may induce
conformational changes that affect how these proteins interact with SDS and migrate in
SDS-PAGE (Figures 2 and 3).

PL-l—

PL-lll—>

PL-IV—

Figure 2. AU-PAGE of PLs extracted from: Unx mussels; mussels exposed to: 0.5 ug/L 1.5 ug/L and
5 ug/L PbCly. n = 2.

H1 Ch.v.—
<«— PL-II
¥~ PL-II/PL-IV

, 4

Figure 3. SDS-PAGE of PLs extracted from: Unx mussels; mussels exposed to: 0.5 ug/L 1.5 ug/L and
5 ug/L PbCly. n = 2.
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3.3. Evaluation of the DNA-PLs Interaction by EMSA

EMSA was used to evaluate changes in the DNA-binding ability of PLs isolated from
unexposed and exposed mussels to increasing concentrations of PbCl,. The amount of
plasmid DNA was kept at 150 ng in all samples, while the protein concentration was
increased step by step to obtain protein/DNA ratios (w/w) with the numbers indicated on
the wells in the figures. DNA saturation was achieved in unexposed mussels at a ratio of
approximately 1.4. In contrast, PLs from mussels exposed to all concentrations of PbCl,
produced DNA saturation at a lower protein/DNA ratio. Specifically, after exposure to
0.5 ug/L and 1.5 ug/L of PbCly, DNA saturation was observed at protein/DNA ratios of
0.4 and 0.3, respectively. Following exposure to 5 ug/L of PbCl,, however, DNA saturation
was obtained at a protein/DNA ratio of 0.5. Overall, these data showed that exposure to
PbCl; enhances the DNA-binding ability of PL proteins, particularly at low-to-intermediate
exposure levels (Figure 4).

a b

Proteins/DNA (w/w) ratio- Unexposed Proteins/DNA (w/w) ratio- 0.5 pg/L PbCl,
only
tasmid

e, 01 02 04 06 08 10 12 14 16 18 20

Lane 3 4 5 6 7 8 9 10 11 12 Lane 2 3 4 5 6 7 8 9 10 11 12

01 02 03 04 05 06 07 08 09 10 1.1

PGEM3 DNA PGEM3 DNA

relaxed —>

supercoiled —»

relaxed —»

supercoiled —

Proteins/DNA (w/w) ratio- 1.5 pg/L PbCl, Proteins/DNA (w/w) ratio- 5 pg/L PbCl,
'y 01 02 03 04 05 06 07 08 09 10 11

‘:Z:j‘id 01 02 03 04 05 06 07 08 09 10 11

Lane 4 5 6 7 8 9 10 11 12 Lane 7 8 9 10 11 12
PGEM3 DNA [ PGEM3 DNA
relaxed — relaxed —>
oiled —» oiled —»

Figure 4. Analysis of the DNA-binding ability of PLs by EMSA (a) Unx mussels, mussels exposed to:
(b) 0.5 ug/L PbCly, (c) 1.5 ug/L PbCly, (d) 5 ug/L PbCly. 1 = 2.

3.4. DNA Protection Assays

The capacity of the PLs to protect DNA from oxidative damage was assessed through
DNA protection assays. For these assays, samples containing a fixed quantity of plasmid
DNA (150 ng) and increasing protein amounts corresponding to protein/DNA ratios
between 0.1, 0.2, and 0.3 were prepared. Oxidative stress was induced through the addition
of HyO, and CuCl; to trigger the Fenton reaction, generating reactive radicals that convert
a fraction of supercoiled DNA into its relaxed form. As expected, in plasmid DNA samples
treated only with HyO, and CuCly, the majority of the circular plasmid DNA was in
relaxed form, confirming the induction of oxidative damage. The presence of PLs altered
this pattern depending on their source. The DNA was fully protected at a protein/DNA
ratio of 0.3 by PLs from unexposed mussels, with the relaxed and supercoiled DNA bands
completely absent. Similarly, PLs from mussels exposed to 0.5 ug/L PbCl, also provided
complete protection at a ratio of 0.3. Remarkably, PLs from the mussels’ exposure to
1.5 pg/L PbCl, protected DNA even more efficiently, achieving near-complete protection
already at a ratio protein/DNA of 0.2. In contrast, PLs from mussels exposed to 5 ug/L
PbCl, exhibited reduced protective capacity, as evidenced by a persistent relaxed DNA
band and incomplete saturation even at the highest tested ratio (0.3). These results suggest
that moderate Pb exposure may alter both DNA binding ability and DNA-protective
function of PLs, whereas higher Pb concentrations may impair their ability to safeguard
DNA from oxidative damage (Figure 5).

https://doi.org/10.3390 /biom16040529


https://doi.org/10.3390/biom16040529

Biomolecules 2026, 16, 529 11 of 25

PbClI, proteins/DNA (w/w) ratio PbCI, proteins/DNA

05pug/l 1.5 pgiL (wiw) ratio
only Unx PbCl, PbCl, only 5 ug/L PbCI,
plasmid 01 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 plasmid 01 02 03
Lane 1 2 3 4 5 6 7 8 9 1011 12 Lane 1 2 3 4 5 6

pGEM3 DNA

Relaxed —
Supercoiled —» =

pPGEM3 DNA

Relaxed —> |

Supercoiled —» 9

HO, - + + + + + + + + + + + HO0, -+ + + + o+

CuCl, - - + + o+ o+ o+ o+ o+ o+ o+ o+ CuCl, - - + + + +

Figure 5. DNA protection assays of PLs extracted from Unx mussels (a) and mussels exposed to:
0.5 ug/L PbCl; (a), 1.5 pg/L PbCl, (a), 5 ug/L PbCl, (b). n =2.

3.5. Salt-Induced Extraction of PLs

To determine whether Pb exposure affects the association of PL proteins with sperm
DNA, sperm nuclei were isolated from mussels exposed or not to PbCl,, and SNBP was
extracted by increasing NaCl concentrations (0.5-4 M). In unexposed mussels, PL-II showed
increasing release with higher NaCl concentrations, reaching high levels (approximately
1500-1600 ng) at 3-4 M NaCl. By contrast, exposure to all concentrations of PbCl, sig-
nificantly reduced the amount of PL-II. The most marked reduction was observed at a
concentration of 5 ug/L of PbCly, where the release of PL-II reached the minimum level. A
similar trend was observed for PL-III, for which extractable levels also decreased in mussels
exposed to PbCl,. In this case, the reduction in release of this protein was smaller at 0.5
and 1.5 ug/L compared to PL-II, but the highest dose (5 ng/L) again showed the lowest
release (Figure 6).

PL-Il PL-lI
2000 2000

- o~ PL-I Unx - -~ PL-lll Unx
3 - o
2 1500 = PLIO5 ug/L Pb % 1500 - PLII0.5 pg/L Pb
o PLII1.5 pg/L Pb 2 PL Il 1.5 pg/L Pb
= 1000 - PL-Il 5 ug/L Pb = 1000 - PL-IIl 5 pug/L Pb
-' a
o I
=
S 500 S 500

T T T 1 T T T 1

1 2 3 1 2 3 4

NaCl [M] NaCl [M]
PL-IV
2000

- - PL-IV Unx
]
% 1500 - PLAV 0.5 pg/L Pb
3 PLIV 1.5 ug/L Pb
_>: 1000 - PLAV 5 ug/L Pb
-
o
E m{,/_,/_,_//:
=
=

T T T 1

1 2 3

NaCl [M]

Figure 6. Release of PLs from sperm nuclei at different NaCl molar concentrations. Micrograms of PL-
II (A), PL-III (B) and PL-IV (C) released from sperm nuclei with increasing molar NaCl concentration
in different exposure conditions. n = 2.

3.6. Computational Modeling of PL-1I and PL-II1

To investigate the potential molecular mechanisms of lead binding to mussel PL-II
and PL-III and its possible impact on DNA interaction, we performed computational analy-
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ses. For PL-III from M. galloprovincialis, no experimental structure or primary amino-acid
sequence is available in public databases. Therefore, the conserved region, rich in basic
residues potentially involved in DNA-binding, was modeled using the homologous se-
quence from Mytilus californianus (PL-III), and the region corresponding to residues 100-201
was selected based on its high content of arginine and lysine residues. This segment is
conserved among protamines and PL proteins and is known to mediate strong electrostatic
interactions with the DNA phosphate backbone. Sequence analysis identified cysteine
and histidine residues arranged in a spatially favorable configuration near the conserved
region, which may serve as high-affinity coordination sites for Pb?*. Acidic residues such as
glutamate and aspartate may also contribute to weaker coordination interactions, while the
abundant arginine and lysine residues likely facilitate electrostatic attraction of the metal
toward the DNA-binding region [55]. These features suggest a synergistic mechanism in
which high- and moderate-affinity residues cooperate to modulate Pb—PL-III interaction
and potentially affect DNA binding (Figure 7A). For PL-1II, the homologous DNA-binding
sequence from Mytilus californianus (UniProt P22974; HIL_MYTCA) was used. The PL-II
domain is rich in basic residues (Figure 7B), which favor DNA interaction, and contains
polar residues such as serine, threonine, and tyrosine. Although these residues can form
hydrogen bonds with DNA, they are expected to have limited metal-coordination capacity
compared to cysteine, histidine, aspartate, and glutamate [55]. From a structural perspec-
tive, PL-II resembles histone-like proteins, with a DNA-binding domain organization that
supports electrostatic stabilization of nucleoprotein architecture. Interaction analysis suggests
the formation of weak coordination interactions, mainly involving polar residues, indicating a
lower propensity of PL-II to establish stable Pb>* coordination sites compared to PL-III.

PL-Ill translated sequence (conserved region 100-201
residues) GenBank: DQ305039.1

LPINSRRIFMYLN I TNFBISLIIVS-SRVVFP-- BKIFIFPSSSKMLNNVVLIL-TLIQVVMET
WFKINQIVHVBRRIR-TSYSPAIKKMRRCQSVLYBMPTRRMPSPTRRSSKSRSKSRSRSRSA
SSPGKAAKRARSKTPRRGKKRARSPSKKARRRSRSTKKTAAKRRKRSSSPKKRRSAGKR
RVRAEKGGKRRRSRGKKAAAKK-LVETHIRTLMS[EM-FRFMTIYE-E-ELWL-LPN-FTAKM

EURB or-FEPRMERH

(B)

PL-Il conserved region residues (UniProt: P22974)

SPSRRSRSRSRSRSKSPKRSPAKKARKTPKKRRATGGAKKPSTSMIVAAIQAMKNRKSSVQ
AIRKYYILANNKGINTSRLGSAMKLAFAKGSLKSGVLVRPKTSAGASGATSFRVGKAPSSPK
KKAKKAKSPKKKSSKKSSNKSNN

Figure 7. (A) Modeled structure of the PL-III sequence from Mytilus californianus (shown as a green
cartoon), predicted by AlphaFold2 and further refined through molecular dynamics (MD) simulations.
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Residues in conserved regions are labeled in red. High-affinity coordination residues, cysteines and
histidines, are highlighted in magenta, medium-affinity acidic residues, glutamates and aspartates, in
orange, and positively charged residues, arginines and lysines, in yellow. (B) Modeled structure of
the PL-II sequence from Mytilus californianus (magenta cartoon), also predicted using AlphaFold2
and refined with MD simulations. Polar residues (serines and threonines) indicated as potential weak
Pb%* coordination sites are in cyano and positively charged residues, arginines and lysines are in
yellow for both proteins; the corresponding primary amino acid sequences are colored by atom type.

3.7. Computer-Aided Molecular Docking Studies

The binding modes of PL-II and PL-IIT with DNA and Pb?* ions were investigated
using molecular docking simulations performed by HADDOCKS3. The analysis aimed to
identify preferred binding modes and assess whether Pb?* can directly interact with PL-II,
PL-III, and DNA, potentially affecting their structural stability and biological function.

Docking of the modeled structure of PL-III with DNA (top-ranking cluster: HAD-
DOCK score = —55.2 + 2.5) revealed extensive electrostatic interactions, primarily involv-
ing lysine and arginine side chains and backbone atoms with the DNA phosphate groups.
These interactions consisted mainly of salt bridges and hydrogen bonds, indicating strong
electrostatic complementarity and contributing to the stability of the PL-III/DNA com-
plex (Figure 8A). Lead-binding simulations for PL-III (lowest-energy cluster: HADDOCK
score = —48.2 £ 6.2) indicated a favorable coordination geometry within the DNA-binding
domain (Figure 8B). Cysteine and histidine residues were predicted to act as primary
ligands, forming strong coordination interactions with Pb?*, while acidic residues such as
glutamates were predicted to contribute to coordination and electrostatic stabilization. The
predicted coordination distances (Pb-S ~ 2.6 A, Pb-N ~24 A, Pb-O ~ 2.8 A) are consistent
with previously reported Pb?* coordination geometries [72]. Several residues involved in
Pb?* coordination spatially overlapped with those implicated in DNA binding, suggesting
that lead binding may compete with and perturb the PL-III-DNA interface, potentially
altering the electrostatic network stabilizing the complex. Docking simulations of the mod-
eled structure of PL-II with DNA (best-scoring cluster: HADDOCK score = —58.6 + 3.4)
revealed a similar interaction network (Figure 9A). Stabilization of the complex was mainly
driven by salt bridges with the DNA phosphate backbone, along with hydrogen bonds
involving purine base nitrogen atoms and protein backbone/side-chain atoms. Additional
stabilization was provided by a cation—m interaction between a lysine side chain and the
aromatic ring of deoxyguanosine, suggesting that PL-II/DNA binding is governed by
electrostatic forces combined with non-covalent aromatic interactions.

For the PL-11/Pb?* complex (best-scoring cluster: HADDOCK score = —46.5 4- 4.3), the
lead ion was predicted to coordinate primarily through hydroxyl oxygen atoms of serine
residues within the DNA-binding domain, with Pb-O distances of approximately 2.6 A
(Figure 9B). Although coordination via serine hydroxyl groups is generally weaker than
that mediated by cysteine or histidine, the local enrichment of lysine and arginine residues
may generate a positively charged electrostatic environment that facilitates Pb>* retention
near the coordinating residues, possibly favoring transient interactions with other polar
residues. Docking of Pb%* with DNA (best-scoring cluster: HADDOCK score = —60.3 + 5.4)
indicated a stable coordination complex in which Pb?* interacts with the N position of
deoxyguanosine and an oxygen atom of the phosphate backbone, consistent with previously
reported DNA-Pb?* coordination modes [73] (Figure 9C). This dual coordination highlights
the ability of Pb?* to interact with multiple electron-donating sites within DNA, potentially
affecting its local structure and electronic properties.
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(A)

—

Figure 8. Docked models of the top-ranked complexes between PL-III and DNA (A) and the PL-
IT1/Pb%* complex (B). (A) Only PL-III residues directly involved in DNA binding are shown as blue
sticks for clarity. DNA strands are represented as orange sticks, with atoms colored by element.
Hydrogen bonds are depicted as solid blue lines and salt bridges as yellow dashed lines. (B) PL-III is
shown as a green cartoon. Key residues within the DNA-binding domain are highlighted: cysteines
and histidines in magenta, and glutamates in orange. Metal-ligand coordination is indicated by black
arrows pointing from electron-donor atoms to the Pb?* ion, while yellow dashed lines denote Pb?*-S,
Pb%*-N, and Pb%*-O bond distances. Residues involved in coordination are highlighted in yellow.

To further investigate whether lead could compete with DNA for binding to PL
proteins, we extended our docking analysis to include ternary PL-II/PL-III-DNA-Pb
models. This approach allows the simultaneous evaluation of protein-DNA, protein—
metal, and DNA-metal interactions, providing a more comprehensive view of potential
competitive and cooperative binding mechanisms. In the best clustered solution obtained
with HADDOCK (HADDOCK score = —56 + 2.4) for the PL-III/DNA /Pb complex, Pb>*
could display a strong propensity for multivalent coordination. The metal ion could form
coordination bonds with a high-affinity residue such as cysteine, while also interacting with
the phosphate oxygen atoms of the DNA backbone (Figure 9A). This configuration could
suggest that Pb?* might function as a bridge between the protein and DNA, potentially
contributing to the stabilization of the ternary complex. By contrast, in the PL-II/DNA /Pb
complex (HADDOCK score = —51 =+ 3.6), the coordination network could be less defined
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and overall weaker. In this case, Pb%* could interact with a threonine residue, considered
a medium-affinity coordinating site, and maintain contact with the phosphate backbone
oxygens of guanine and cytosine nucleotides (Figure 9B). The lower strength and specificity
of these interactions could be consistent with a reduced stabilizing effect compared to
the PL-III system. Taken together, these results could suggest that Pb?>* might not simply
compete with DNA for binding to PL. Rather, it could also facilitate the formation of
ternary complexes through bridging interactions, with coordination patterns that could
vary depending on the protein isoform. This could support a more nuanced model in
which lead could modulate PL-DNA recognition through both competitive and cooperative
structural effects (Figure 10).

Figure 9. Docked models of the top-ranked complexes between PL-Tl and DNA (A), the PL-TI/Pb**
complex (B), and the DNA/ Pb2+ complex (C). (A) Only PL-II residues directly involved in DNA
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binding are shown as blue sticks for clarity. DNA strands are represented as orange sticks, with
atoms colored by element. Hydrogen bonds are depicted as solid blue lines, salt bridges as yellow
dashed lines, and the cation— interaction as an orange dashed line. (B) PL-II is shown as a magenta
cartoon, with key residues of the DNA-binding domain highlighted as yellow sticks. Metal-ligand
coordination is indicated by black arrows pointing from donor oxygen atoms (serine hydroxyl groups)
to the Pb?* ion, while yellow dashed lines denote Pb%*~O bond distances. (C) Pb>* coordination to
DNA involves the Ny position of guanine bases and oxygen atoms of the phosphate backbone. DNA
is represented as orange sticks, and Pb%* as a dark gray sphere. Residues and nucleotides involved in
coordination are highlighted in yellow.

(B)

Figure 10. Docked models of the top-ranked ternary complexes PL-III/Pb** /DNA (A) and PL-
I1/Pb%* /DNA (B). PL-III and PL-II are depicted as green and magenta cartoons, respectively. Metal—
ligand coordination is illustrated by black arrows pointing from donor atoms to the Pb?* ion, while
yellow dashed lines indicate Pb?*-O and Pb?*-S bond distances. DNA is shown as orange sticks, and
the Pb?* ion as a dark gray sphere. Residues and nucleotides involved in coordination are highlighted
in yellow.

4. Discussion

Lead (Pb) is a ubiquitous environmental contaminant that remains a significant risk to
ecosystems and living organisms, regardless of regulatory efforts to limit its use [61,62,74-76].
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Due to its non-biodegradable nature and long environmental persistence, lead remains a
contaminant of major concern in both terrestrial and aquatic ecosystems. Several studies
have demonstrated that this contaminant easily accumulates in biological tissues such
as the liver and kidneys, where it interferes with essential physiological and biochemi-
cal processes [64—68,77]. Chronic exposure has been associated with neurotoxicity and
oxidative stress. Among the biological systems most sensitive to lead toxicity, the repro-
ductive system has emerged as a particular target. A growing number of epidemiological
and experimental studies suggest that lead exposure negatively affects male reproductive
health. In humans and animal models, elevated levels of lead in blood or tissues have
been linked to reduced sperm quality, including decreased concentration, motility, and
normal morphology of spermatozoa, thereby compromising fertility [78-80]. In this context,
growing interest has been focused on investigating biological responses to lead exposure
at multiple levels of biological organization, from whole-organism effects to molecular
and biochemical alterations. On the other hand, the effect of epigenetic changes on how
organisms react to various types of stress is well understood [81]. Lead effects on the male
reproductive system and associated molecular mechanisms are not yet fully elucidated.
The use of bioindicator organisms, such as marine bivalve molluscs, and in particular
M. galloprovincialis, has proven to be an effective strategy for assessing environmental
pollution. The present study aims to clarify the molecular effects of lead exposure on the
reproductive health of the bivalve mollusc M. galloprovincialis. The study focuses on the
impact of lead on protamine-like (PL) proteins. Using a combination of electrophoretic,
biochemical and computational approaches, the study assesses whether exposure to three
different concentrations of PbCl, (0.5 nug/L, 1.5 pg/L and 5 ug/L) results in changes to the
structure and function of PL proteins through direct metal-protein interactions. Although
the concentration of free Pb>* may be lower than that of other chemical species present
in the environment (e.g., PbCl*, PbCl,, PbCl;*), Pb2* is the ionic form primarily respon-
sible for the observed toxic effects [37]. To investigate how exposure to PbCl, affects the
interaction between protamine-like (PL) proteins and DNA in M. galloprovincialis, a series
of biochemical assays were performed, including Electrophoretic Mobility Shift Assay
(EMSA), DNA protection assays against oxidative damage, and salt-induced extraction
of nuclear basic proteins from sperm nuclei. By AU-PAGE, the absence of mobility shifts
suggested that Pb exposure does not markedly affect the net charge or charge/mass ratio
of these proteins under the AU-PAGE conditions. The same protein samples, analyzed
by SDS-PAGE to evaluate potential changes in protein size or conformation under dena-
turing conditions, showed alterations, particularly evident for PL-III. These deviations
suggest that PbCl, exposure may induce conformational changes, partial unfolding, or
post-translational modifications that affect how the protein interacts with SDS and migrates
in the denaturing gel. The apparent discrepancy between AU-PAGE and SDS-PAGE results
can be explained by the fundamentally different separation principles underlying these two
electrophoretic techniques. In SDS-PAGE, the protein is denatured. SDS binds along the
chain, imparting a uniform negative charge proportional to the mass. Therefore, migration
depends almost entirely on size (i.e., molecular weight). If a metal ion (e.g., Zn?*, Cu?* or
Ba2") is present, induces cross-linking (bridges between proteins), stabilizes structures that
are resistant to denaturation, and causes aggregation or covalent modification, then the
apparent mass or shape changes and broader bands (oligomers) could be visible, as well
as smeared or altered mobility. These effects become very visible because SDS eliminates
the charge variable and highlights any structural or mass changes. AU-PAGE, instead,
separates proteins based on their charge-to-mass ratio and is commonly used to evaluate
the protein pattern of extremely basic proteins such as protamine-like (PL) proteins and
protamines. In AU-PAGE the protein retains its actual charge. Migration depends on
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charge-to-mass ratio. Metals often alter local charges, induce small conformational changes,
and bind reversibly. However, these variations may cancel each other out, mass and charge
both increase, shape changes that do not drastically alter mobility. In addition, our findings
indicated that lead exposure induces dose-dependent alterations in protamine-like (PL)
protein function in M. galloprovincialis. At all concentrations of PbCly, PLs exhibited an “all
or nothing” binding mode to DNA [82]. However, early DNA saturation was observed,
which indicates altered DNA binding, suggesting abnormal chromatin compaction. This is
in line with the findings that lead interaction with HP2 caused a dose-dependent decrease
in HP2 binding to DNA, suggesting that lead may alter chromatin stability [83]. In addition,
in mice, it has been reported that lead accumulation into the nucleus and Pb binding to
nuclear sulfhydryl groups decreased chromatin decondensation in vitro [84]. Moreover,
at the highest concentrations tested (5 pg/L PbCl,), the protective capacity of PL proteins
against oxidative damage was impaired, leaving DNA more vulnerable to strand breaks.
These findings are consistent with the study by Li et al. [85], which demonstrated that
lead exposure promotes the generation of reactive oxygen species (ROS) in semen. Elevated
ROS levels in spermatozoa can damage DNA, leading to increased fragmentation [80]. In
this regard, the discrepancies observed between the EMSA and protection assay results can
be explained by distinguishing between DNA-binding affinity and the functional quality
of protein-DNA interactions. Exposure to lead (PbCl,) appears to increase the binding
affinity of PL proteins to DNA by coordinating with cysteine and histidine residues. This
could create rigid molecular bridges that stabilise the complex in a non-physiological
manner. This increases binding viscosity without necessarily improving function. At lower
concentrations, PL proteins retain sufficient protective capacity despite altered binding
dynamics. However, at the highest concentration (5 ng/L PbCl,), a toxic threshold appears
to be reached where the quantitative reduction in PL-II and PL-III proteins, combined with
conformational alterations, could generate defective chromatin structures. In line with
these observations, we detected altered electrophoretic mobility of PL proteins and reduced
extractability from sperm nuclei. Collectively, these results suggest that lead induces di-
rect metal-protein interactions that may cause conformational perturbations and impair
protein—-DNA interactions. Computational modeling further supports these experimental
observations, indicating that PL-III is particularly susceptible to Pb interference due to the
presence of cysteine and histidine residues capable of forming high-affinity coordination
sites. Importantly, these metal-binding residues overlap with key DNA-binding regions,
suggesting that lead may compete directly with DNA for binding to PL-III, thereby destabi-
lizing the PL-III/DNA complex and potentially disrupting sperm chromatin organization.
Although molecular docking represents a simplified model compared with the highly
compact and dynamic organization of sperm chromatin, the simulations performed in
this study were conducted under physiological conditions to approximate the biochemical
environment of PL-DNA interactions. To further investigate the potential role of lead
in modulating these interactions, we implemented a ternary docking model including
protamine-like proteins, Pb, and DNA. This approach enabled the identification of potential
sites where lead could interfere with PL-DNA binding, providing mechanistic insight into
how Pb may affect the stability and configuration of the nucleoprotein complex. Impor-
tantly, these computational observations are consistent with our in vitro EMSA results,
supporting the interpretation that lead can perturb PL-DNA interactions. The docking sim-
ulations suggest that Pb>* may bind within the DNA minor groove, potentially competing
with PL proteins. However, the EMSA experiments do not conclusively demonstrate that
protein displacement occurs through direct site competition. Alternatively, Pb may induce
changes in DNA curvature or flexibility, indirectly affecting PL-DNA binding. Therefore,
although the combined computational and experimental analyses support a Pb-induced
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perturbation of the nucleoprotein complex, further high-resolution structural studies will
be required to distinguish between direct competition and indirect DNA-mediated effects.

This observation aligns with evidence that lead is capable of interacting with HP2 [86].
This modification affects the binding of DNA—protamine, potentially leading to alterations
in chromatin structure, which may contribute to male fertility problems and possibly cause
DNA damage. Although in this study, the effect of lead chloride on individual protamine-
like proteins has not been determined, it would appear that the most vulnerable protein
to the effects of lead is PL-1II, as indicated by molecular docking. However, our previous
work on exposure to other heavy metals suggests that, generally, PL-1I is more vulnerable,
due to its more peripheral location in the sperm chromatin of this organism [53,54,87]. In
this case, PL-II lacks strong metal-binding ligands and is predicted to coordinate Pb?* only
weakly via serine residues, implying a lower propensity for stable lead binding; however,
transient interactions and electrostatic perturbations cannot be excluded. Moreover, Pb?*
may directly interact with DNA through coordination at guanine N7 and phosphate oxygen
atoms, indicating a dual mechanism by which lead can compromise nucleoprotein stability.
In this bioindicator species, the results suggest a potentially conserved mechanism of lead
toxicity that may also extend to mammals, as human protamines contain metal-binding
sites and could undergo similar structural and functional disruptions upon Pb?* exposure,
potentially compromising male fertility. Unlike Hg(II) and Cr(VI), which cause co-migration
of PL-II and PL-III through strong metal-thiolate and metal-nitrogen interactions, Pb(II)
affects both proteins as distinguishable bands, consistent with its HSAB classification as a
borderline-to-soft acid that forms defined coordination complexes with cysteine, histidine,
and serine residues rather than targeting sulfhydryl groups indiscriminately [88]. Pb(II)
also differs in environmental behavior: unlike Hg and Cd, it adsorbs strongly onto particles
and sediments, producing episodic bioavailability [89,90], yet our data show it can impair
reproductive protein integrity at environmentally relevant doses, potentially below thresh-
olds of somatic toxicity [22,52,91]. The broader significance of these findings is supported
by studies on human protamine HP2, where Pb?* competes with Zn?* and reduces HP2-
DNA binding dose-dependently, pointing to a conserved pathway linking heavy metal
exposure to reproductive dysfunction across phylogenetically distant species [22,52,92,93].
Although the present study focused on Pb(Il) to investigate its specific effects on PL pro-
teins and sperm chromatin of M. galloprovincialis, it is important to acknowledge that in
marine environments lead rarely occurs in isolation, as it frequently coexists with other
heavy metals such as cadmium (Cd), mercury (Hg), copper (Cu), and arsenic (As) as a
consequence of industrial, mining, and agricultural runoff. Co-occurring metals are well
documented to display synergistic toxicity, whereby the combined effect exceeds the sum
of individual impacts [94-97]. Lead (Pb) in particular acts as a toxic intensifier, exacerbating
oxidative stress, cellular damage, and physiological impairment induced by co-occurring
metals even at low environmental concentrations [98]. Among the most relevant binary
interactions, Pb combined with Hg enhances neurotoxicity through disruption of neuro-
transmission and synaptic homeostasis, producing stronger neurobehavioral effects than
either metal alone, while Pb combined with Cd increases oxidative stress and histological
damage to gills and liver, often reducing population density in aquatic invertebrates and
fish. Similarly, co-exposure to Pb and As results in more pronounced brain damage and
impaired swimming behavior in fish, attributable to interference with neurotransmitter
signaling and HPI axis function, whereas Pb and Cu mutually facilitate uptake by gills and
tissues, thereby increasing bioaccumulation and overall toxicity [99,100]. The underlying
mechanisms driving these synergistic effects include elevated reactive oxygen species (ROS)
production, inhibition of antioxidant defenses such as superoxide dismutase (SOD) and
glutathione S-transferase (GST), impaired neurotransmission, enhanced bioaccumulation,
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and the overwhelming of detoxification systems including metallothioneins [94,101]. From
an environmental risk perspective, these findings imply that safety thresholds based solely
on single-metal toxicity data are likely to underestimate actual hazards, since co-exposure
typically results in higher metal accumulation in gills, kidney, and liver; increased organ
degeneration; reduced reproductive success; and developmental abnormalities in offspring.
Notably, the combination of Pb, Cd, and Hg has been referred to as a “toxic trio” owing to
its particularly severe impact on marine organisms—including mussels, fish, and crabs—
with potential consequences for human health through trophic biomagnification. In this
study, we observed an accumulation of Pb in the gonads, with the highest accumulation
occurring at an exposure dose of 5 pg/L. At this exposure dose, we also observed signifi-
cant alterations in the protective function of PL proteins on DNA in prooxidant conditions,
indicative of a different binding to DNA, also confirmed by a notable reduction in the
release of these proteins from sperm nuclei.

5. Conclusions

In conclusion, the present study provides evidence that lead exposure may contribute
to reproductive toxicity in the bioindicator species M. galloprovincialis through alterations
at the molecular level. PbCl, exposure was associated with structural and functional
changes in PL proteins, with PL-III appearing particularly affected. Electrophoretic analy-
ses, supported by computational modeling, suggest that lead may interact with cysteine
and histidine residues located within DNA-binding domains, potentially inducing confor-
mational changes that could affect the stability of the nucleoprotein complex. The observed
shifts in DNA saturation profiles and the partial impairment of the DNA-protective ca-
pacity of PL proteins at the highest exposure dose are consistent with a scenario in which
exposure may predispose spermatozoa to altered chromatin condensation and increased
susceptibility to DNA damage. Overall, this study contributes to the growing body of
evidence linking environmental lead contamination to reproductive effects at the sperm
chromatin level and highlights the importance of M. galloprovincialis as a model for studying
the molecular basis of metal toxicity in marine ecosystems. Given the structural conser-
vation of basic nuclear proteins across metazoans, these findings raise the possibility of
shared mechanistic features with heavy-metal-induced reproductive impairment in other
organisms; however, direct extrapolation to vertebrates, including humans, requires further
experimental validation.
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Original Western Blot images.

Author Contributions: Conceptualization, M.P,, C.D.G. and G.L.; methodology, M.P,, G.L., D.S. and
C.D.G,; software, G.L., C.D.G., CM. and S.A.; validation, M.P,, C.D.G. and G.L.; formal analysis, G.L.,
C.D.G,, CM. and S.A; investigation C.M., S.A., R.G,, B.S,,S.C,, D.S. and G.S,; resources, M.P,; data
curation, M.P, C.D.G,, G.L.,,CM,, S.A,,S.C,R.G, BS. and G.S.; writing—original draft preparation,
MP,CDG,GL,CM,SA,GS,RG,S.C,D.S. and B.S,; writing—review and editing, M.P,, C.D.G.,
GL.,CM,SA,GS,RG,S.C. and B.S; visualization, G.L., C.D.G., CM. and S.A.; supervision, M.P,,
G.L. and C.D.G.; project administration, M.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

https://doi.org/10.3390 /biom16040529


https://www.mdpi.com/article/10.3390/biom16040529/s1
https://www.mdpi.com/article/10.3390/biom16040529/s1
https://doi.org/10.3390/biom16040529

Biomolecules 2026, 16, 529 21 of 25

Institutional Review Board Statement: Ethical review and approval were waived for this study be-
cause all experiments were conducted on M. galloprovincialis (Lamarck, 1819), which is not considered
a protected species under Italian environmental legislation. This work was performed in accordance
with the requirements of European legislation (Directive 2010/63) and Italian legislation (Legislative
Decree 116/1992) on the ethical use and welfare of an-imals in research studies.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: We would like to sincerely thank Antonio Lavecchia, Drug Discovery Lab, De-
partment of Pharmacy, University of Naples Federico II, Naples, Italy for the helpful and productive
discussion, which contributed to the improvement and refinement of this work.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

Musu, I. The Interdependence between Environment and Development: Marine Pollution in the Mediterranean Sea. In The
Economics of Transnational Commons; Dasgupta, P., Méler, K.-G., Vercelli, A., Eds.; Oxford University Press: Oxford, UK, 1997;
pp. 77-96, ISBN 978-0-19-829220-3.

Ricolleau, A ; Floquet, N.; Devidal, J.-L.; Bodnar, R.J.; Perrin, J.; Garrabou, J.; Harmelin, J.-G.; Costantini, F.; Boavida, J.R.; Vielzeuf,
D. Lead (Pb) Profiles in Red Coral Skeletons as High Resolution Records of Pollution in the Mediterranean Sea. Chem. Geol. 2019,
525,112-124. [CrossRef]

Tnoumi, A.; Angelone, M.; Armiento, G.; Caprioli, R.; Crovato, C.; De Cassan, M.; Montereali, M.R.; Nardi, E.; Parrella, L.;
Proposito, M.; et al. Heavy Metal Content and Potential Ecological Risk Assessment of Sediments from Khnifiss Lagoon National
Park (Morocco). Environ. Monit. Assess. 2022, 194, 356. [CrossRef] [PubMed]

Garofalo, L.; Sala, M.; Focardi, C.; Pasqualetti, P; Delfino, D.; D’Onofrio, F.; Droghei, B.; Pasquali, F; Nicolini, V.; Galli, ES.; et al.
Monitoring of Cadmium, Lead, and Mercury Levels in Seafood Products: A Ten-Year Analysis. Foods 2025, 14, 451. [CrossRef]
Annibaldi, A.; Truzzi, C.; Illuminati, S.; Scarponi, G. Recent Sudden Decrease of Lead in Adriatic Coastal Seawater during the
Years 2000-2004 in Parallel with the Phasing out of Leaded Gasoline in Italy. Mar. Chem. 2009, 113, 238-249. [CrossRef]

Nicolas, E.; Ruiz-Pino, D.; Buat-Ménard, P.; Bethoux, J.P. Abrupt Decrease of Lead Concentration in the Mediterranean Sea: A
Response to Antipollution Policy. Geophys. Res. Lett. 1994, 21, 2119-2122. [CrossRef]

Rusiecka, D.; Gledhill, M.; Milne, A.; Achterberg, E.P.; Annett, A.L.; Atkinson, S.; Birchill, A.; Karstensen, J.; Lohan, M.; Mariez,
C.; et al. Anthropogenic Signatures of Lead in the Northeast Atlantic. Geophys. Res. Lett. 2018, 45, 2734-2743. [CrossRef]

Lead from Fuels Still Present in European Shelf Seas. Available online: https://www.divessi.com/en/blog/lead-from-fuels-still-
present-in-european-shelf-seas-3574.html (accessed on 11 February 2026).

Cutts, E. Ancient Greeks and Romans Laced the Aegean with Lead. Eos, 4 March 2025.

Haydous, F; Nehmeh, B.; Rebehmed, J.; Al-Alam, J.; Saab, C.; Sabbagh, S.; Hamieh, A.; Yassin, A.; Wazne, M.; Akoury, E.
Unraveling the Levels of Emerging Contaminants along the Eastern Mediterranean Sea. Sci. Rep. 2025, 15, 4401. [CrossRef]
Muralidharan, S.; Thompson, E.; Raftos, D.; Birch, G.; Haynes, P.A. Quantitative Proteomics of Heavy Metal Stress Responses in
Sydney Rock Oysters. Proteomics 2012, 12, 906-921. [CrossRef]

Cuomo, D.; Foster, M.].; Threadgill, D. Systemic Review of Genetic and Epigenetic Factors Underlying Differential Toxicity to
Environmental Lead (Pb) Exposure. Environ. Sci. Pollut. Res. Int. 2022, 29, 35583-35598. [CrossRef]

Curpan, A.-S.; Impellitteri, F.; Plavan, G.; Ciobica, A.; Faggio, C. Review: Mytilus galloprovincialis: An Essential, Low-Cost Model
Organism for the Impact of Xenobiotics on Oxidative Stress and Public Health. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2022,
256,109302. [CrossRef]

Marinaro, C.; Notariale, R.; Cardillo, M.; Guarnieri, M.G.; Trifuoggi, M.; Mottola, F.; Rocco, L.; Lettieri, G.; Montano, L.; Piscopo,
M. Overview of the Effects of Heavy Metals on the Reproductive Health of Males in the Genus Mytilus spp. J. Trace Elem. Med.
Biol. 2025, 89, 127672. [CrossRef] [PubMed]

Piscopo, M.; Trifuoggi, M.; Scarano, C.; Gori, C.; Giarra, A.; Febbraio, F. Relevance of Arginine Residues in Cu(II)-Induced DNA
Breakage and Proteinase K Resistance of H1 Histones. Sci. Rep. 2018, 8, 7414. [CrossRef] [PubMed]

Tornero, V.; Ribera d”Alcala, M. Contamination by Hazardous Substances in the Gulf of Naples and Nearby Coastal Areas: A
Review of Sources, Environmental Levels and Potential Impacts in the MSFD Perspective. Sci. Total Environ. 2014, 466—467,
820-840. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16040529


https://doi.org/10.1016/j.chemgeo.2019.07.005
https://doi.org/10.1007/s10661-022-10002-1
https://www.ncbi.nlm.nih.gov/pubmed/35411468
https://doi.org/10.3390/foods14030451
https://doi.org/10.1016/j.marchem.2009.02.005
https://doi.org/10.1029/94GL01277
https://doi.org/10.1002/2017GL076825
https://www.divessi.com/en/blog/lead-from-fuels-still-present-in-european-shelf-seas-3574.html
https://www.divessi.com/en/blog/lead-from-fuels-still-present-in-european-shelf-seas-3574.html
https://doi.org/10.1038/s41598-025-89027-8
https://doi.org/10.1002/pmic.201100417
https://doi.org/10.1007/s11356-022-19333-5
https://doi.org/10.1016/j.cbpc.2022.109302
https://doi.org/10.1016/j.jtemb.2025.127672
https://www.ncbi.nlm.nih.gov/pubmed/40435544
https://doi.org/10.1038/s41598-018-25784-z
https://www.ncbi.nlm.nih.gov/pubmed/29743544
https://doi.org/10.1016/j.scitotenv.2013.06.106
https://www.ncbi.nlm.nih.gov/pubmed/23994731
https://doi.org/10.3390/biom16040529

Biomolecules 2026, 16, 529 22 of 25

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Manzo, S.; Parrella, L.; Schiavo, S.; Spaziani, F.; Chiavarini, S.; Tebano, C.; De Maio, L.; Capone, S.; Siciliano, A.V.; Armiento, G.
Gathering New Knowledge from Existing Monitoring Dataset of Campania Marine Coastal Area (Southern Italy). Environ. Sci.
Pollut. Res. 2022, 29, 83291-83303. [CrossRef]

Takano, T.; Okutomi, Y.; Mochizuki, M.; Ochiai, Y.; Yamada, F.; Mori, M.; Ueda, F. Biological Index of Environmental Lead
Pollution: Accumulation of Lead in Liver and Kidney in Mice. Environ. Monit. Assess. 2015, 187, 744. [CrossRef]

Botté, A.; Seguin, C.; Nahrgang, J.; Zaidi, M.; Guery, J.; Leignel, V. Lead in the Marine Environment: Concentrations and Effects
on Invertebrates. Ecotoxicology 2022, 31, 194-207. [CrossRef]

Boudammoussi, M.E.; Hammoudani, Y.E.; Haboubi, K.; Achoukhi, I.; Moudou, M.; Faiz, H.; Touzani, A.; Dimane, F. State of
the Art of Trace Metal Detection in the Mediterranean Coastal Marine Environment, Combinatorial Approach Using Mytilus
galloprovincialis and Surface Sediments. E3S Web. Conf. 2024, 527, 02009. [CrossRef]

Mourabit, Y.E.; Agnaou, M.; Alla, A.A.; Moukrim, A. Assessment of the Marine Ecotoxic State in the Moroccan Coastal Area Anza-
Taghazout Following the Installation of Two Wastewater Treatment Plants: A Multibiomarker Study Using Mytilus galloprovincialis.
Environ. Sci. Pollut. Res. 2021, 29, 11718-11729. [CrossRef]

Marinaro, C.; Lettieri, G.; Chianese, T.; Bianchi, A.R.; Zarrelli, A.; Palatucci, D.; Scudiero, R.; Rosati, L.; De Maio, A.; Piscopo, M.
Exploring the Molecular and Toxicological Mechanism Associated with Interactions between Heavy Metals and the Reproductive
System of Mytilus galloprovincialis. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2024, 275, 109778. [CrossRef]

Alonso, A.; Sudrez, P.; Ruiz, Y.; Dobal, V.; San Juan, F. Gonadal Histopathological Disorders in Mytilus galloprovincialis Male
Exposed to Tars Used in Mussel Farms. Front. Mar. Sci. 2019, 6, €00577. [CrossRef]

Yang, Q.; Liu, X.; Chen, J.; Wen, Y,; Liu, H.; Peng, Z.; Yeerken, R.; Wang, L.; Li, X. Lead-Mediated Inhibition of Lysine Acetylation
and Succinylation Causes Reproductive Injury of the Mouse Testis during Development. Toxicol. Lett. 2020, 318, 30—43. [CrossRef]
[PubMed]

Kanellis, V.G.; dos Remedios, C.G. A Review of Heavy Metal Cation Binding to Deoxyribonucleic Acids for the Creation of
Chemical Sensors. Biophys. Rev. 2018, 10, 1401-1414. [CrossRef] [PubMed]

Cangelosi, V.; Ruckthong, L.; Pecoraro, V.L. Lead(II) Binding in Natural and Artificial Proteins. In Lead: Its Effects on Environment
and Health; De Gruyter Brill: Berlin, Germany, 2017; Volume 17. [CrossRef]

Sigel, H. Interactions of Lead(Il) with Nucleotides and Their Constituents. Coord. Chem. Rev. 2001, 219-221, 435-461. [CrossRef]
Szymarnski, M. Molecular Mechanisms of Lead Toxicity. BioTechnologia 2015, 95, 137-149. [CrossRef]

Kirberger, M.; Wong, H.C,; Jiang, J.; Yang, ].]. Metal Toxicity and Opportunistic Binding of Pb2* in Proteins. J. Inorg. Biochem. 2013,
125, 40-49. [CrossRef]

Garcia-Leston, J.; Méndez, J.; Pésaro, E.; Laffon, B. Genotoxic Effects of Lead: An Updated Review. Environ. Int. 2010, 36, 623—-636.
[CrossRef]

Sanchez-Marin, P.; Fortin, C.; Campbell, PG.C. Lead (Pb) and Copper (Cu) Share a Common Uptake Transporter in the Unicellular
Alga Chlamydomonas Reinhardtii. Biometals 2014, 27, 173-181. [CrossRef]

Michelle Ordemann, J.; Narehood Austin, R. Lead Neurotoxicity: Exploring the Potential Impact of Lead Substitution in
Zinc-Finger Proteins on Mental Health. Metallomics 2016, 8, 579-588. [CrossRef]

Barciszewska, M.Z.; Szymanski, M.; Wyszko, E.; Pas, J.; Rychlewski, L.; Barciszewski, J. Lead Toxicity through the Leadzyme.
Mutat. Res. 2005, 589, 103-110. [CrossRef]

Virgolini, M.B.; Aschner, M. Molecular Mechanisms of Lead Neurotoxicity. Adv. Neurotoxicol. 2021, 5, 159-213. [CrossRef]
Hanas, ].S.; Rodgers, ].S.; Bantle, J.A.; Cheng, Y.G. Lead Inhibition of DNA-Binding Mechanism of Cys;His; Zinc Finger Proteins.
Mol. Pharmacol. 1999, 56, 982-988. [CrossRef]

Zhang, H.; Wei, K.; Zhang, M.; Liu, R.; Chen, Y. Assessing the Mechanism of DNA Damage Induced by Lead through Direct and
Indirect Interactions. J. Photochem. Photobiol. B 2014, 136, 46-53. [CrossRef] [PubMed]

Generalova, A.; Davidova, S.; Satchanska, G. The Mechanisms of Lead Toxicity in Living Organisms. ]. Xenobiotics 2025, 15, 146.
[CrossRef] [PubMed]

Kurhaluk, N.; Kaminski, P.; Tkaczenko, H. Oxidative Stress, Antioxidants, Gut Microbiota and Male Fertility. Cell. Physiol.
Biochem. 2025, 59, 82-123. [CrossRef] [PubMed]

Wang, W.-C.; Mao, H.; Ma, D.-D.; Yang, W.-X. Characteristics, Functions, and Applications of Metallothionein in Aquatic
Vertebrates. Front. Mar. Sci. 2014, 1, 34. [CrossRef]

Kushwaha, B.; Beniwal, R.; Mohanty, A.; Singh, A K,; Yadav, R K.; Garg, S.K.; Kushwaha, B.; Beniwal, R.; Mohanty, A.; Singh, A.K,;
et al. Effect of Heavy Metals on Tyrosine Kinases Signaling during Sperm Capacitation. In Infertility and Assisted Reproduction;
IntechOpen: London, UK, 2021; ISBN 978-1-83962-825-2.

Assi, M.A.; Hezmee, M.N.M.; Haron, A.W.; Sabri, M.Y.M.; Rajion, M.A. The Detrimental Effects of Lead on Human and Animal
Health. Vet. World 2016, 9, 660-671. [CrossRef]

Lettieri, G.; Marinaro, C.; Notariale, R.; Perrone, P.; Lombardi, M.; Trotta, A.; Troisi, J.; Piscopo, M. Impact of Heavy Metal
Exposure on Mytilus galloprovincialis Spermatozoa: A Metabolomic Investigation. Metabolites 2023, 13, 943. [CrossRef]

https://doi.org/10.3390 /biom16040529


https://doi.org/10.1007/s11356-022-21615-x
https://doi.org/10.1007/s10661-015-4958-8
https://doi.org/10.1007/s10646-021-02504-4
https://doi.org/10.1051/e3sconf/202452702009
https://doi.org/10.1007/s11356-021-16046-z
https://doi.org/10.1016/j.cbpc.2023.109778
https://doi.org/10.3389/fmars.2019.00577
https://doi.org/10.1016/j.toxlet.2019.10.012
https://www.ncbi.nlm.nih.gov/pubmed/31647946
https://doi.org/10.1007/s12551-018-0455-y
https://www.ncbi.nlm.nih.gov/pubmed/30229467
https://doi.org/10.1515/9783110434330-010
https://doi.org/10.1016/S0010-8545(01)00343-5
https://doi.org/10.5114/bta.2014.48856
https://doi.org/10.1016/j.jinorgbio.2013.04.002
https://doi.org/10.1016/j.envint.2010.04.011
https://doi.org/10.1007/s10534-013-9699-y
https://doi.org/10.1039/C5MT00300H
https://doi.org/10.1016/j.mrrev.2004.11.002
https://doi.org/10.1016/bs.ant.2020.11.002
https://doi.org/10.1016/S0026-895X(24)12777-0
https://doi.org/10.1016/j.jphotobiol.2014.04.020
https://www.ncbi.nlm.nih.gov/pubmed/24844619
https://doi.org/10.3390/jox15050146
https://www.ncbi.nlm.nih.gov/pubmed/40981357
https://doi.org/10.33594/000000802
https://www.ncbi.nlm.nih.gov/pubmed/40851482
https://doi.org/10.3389/fmars.2014.00034
https://doi.org/10.14202/vetworld.2016.660-671
https://doi.org/10.3390/metabo13080943
https://doi.org/10.3390/biom16040529

Biomolecules 2026, 16, 529 23 of 25

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Yadav, R.S.; Kushawaha, B.; Dhariya, R.; Swain, D.K,; Yadav, B.; Anand, M.; Kumari, P,; Rai, PK; Singh, D.; Yadav, S.; et al. Lead
and Calcium Crosstalk Tempted Acrosome Damage and Hyperpolarization of Spermatozoa: Signaling and Ultra-Structural
Evidences. Biol. Res. 2024, 57, 44. [CrossRef]

Azil, S.; Errafii, K.; Benkhalifa, M.; Louanjli, N.; Ghazi, B.; Hamdi, S. A Narrative Review of Heavy Metals and Sperm Quality:
The Interplay with Antioxidant Imbalance and Reactive Oxygen Species. Curr. Issues Mol. Biol. 2025, 47, 650. [CrossRef]

Xu, G.; Kong, H.; Chang, X.; Dupont, S.; Chen, H.; Deng, Y.; Hu, M.; Wang, Y. Gonadal Antioxidant Responses to Seawater
Acidification and Hypoxia in the Marine Mussel Mytilus coruscus. Environ. Sci. Pollut. Res. 2021, 28, 53847-53856. [CrossRef]

de Cerio, O.D.; Reina, L.; Squatrito, V.; Etxebarria, N.; Gonzalez-Gaya, B.; Cancio, I. Gametogenesis-Related Fluctuations in
Ovothiol Levels in the Mantle of Mussels from Different Estuaries: Fighting Oxidative Stress for Spawning in Polluted Waters.
Biomolecules 2020, 10, 373. [CrossRef]

Mijosek Pavin, T.; Kra¢un Kolarevi¢, M.; Kolarevi¢, S.; Sim¢i¢, T.; Martinovi¢, R.; Bajt, O.; Kal¢ikovd, G.; Ramsak, A. Multilevel
Toxicity Assessment of Polypropylene Microplastics and Pyrene on Mussels: DNA Damage, Oxidative Stress, and Physiological
Effects. Mar. Pollut. Bull. 2026, 222, 118880. [CrossRef] [PubMed]

Gallo, A.; Esposito, M.C.; Tosti, E.; Boni, R. Sperm Motility, Oxidative Status, and Mitochondrial Activity: Exploring Correlation
in Different Species. Antioxidants 2021, 10, 1131. [CrossRef] [PubMed]

Kjelland, M.E.; L6pez-Fernandez, C.; Perez-Garcia, C.; Gosalvez, ]. DNA Fragmentation in Blue Mussel (Mytilus edulis) Sperm:
Aquaculture and Fisheries Implications. Aquac. Res. 2017, 48, 2973-2980. [CrossRef]

Borges, F; Freitas, R.; Silva, A.L.P,; Rojas, D.L.S.; Gonzélez, G.P.; Solé, M. Could Mussel Populations Be Differentially Threatened
by the Presence of Microplastics and Related Chemicals? Toxics 2025, 13, 181. [CrossRef]

Vassalli, Q.A.; Caccavale, F.; Avagnano, S.; Murolo, A.; Guerriero, G.; Fucci, L.; Ausi6, ]J.; Piscopo, M. New Insights into
Protamine-like Component Organization in Mytilus galloprovincialis’ Sperm Chromatin. DNA Cell Biol. 2015, 34, 162-169.
[CrossRef]

Marinaro, C.; Lettieri, G.; Verrillo, M.; Morelli, M.; Carraturo, F.; Guida, M.; Piscopo, M. Possible Molecular Mechanisms
Underlying the Decrease in the Antibacterial Activity of Protamine-Like Proteins After Exposure of Mytilus galloprovincialis to
Chromium and Mercury. Int. ]. Mol. Sci. 2023, 24, 9345. [CrossRef]

Marinaro, C.; Marino, A.; Bianchi, A.R.; Berman, B.; Trifuoggi, M.; Marano, A.; Palumbo, G.; Chianese, T.; Scudiero, R.; Rosati, L.;
et al. Molecular and Toxicological Mechanisms behind the Effects of Chromium (VI) on the Male Reproductive System of Mytilus
galloprovincialis: First Evidence for Poly-ADP-Ribosylation of Protamine-like II. Chem. Biol. Interact. 2024, 401, 111186. [CrossRef]
Marinaro, C.; Scarciello, G.; Bianchi, A.R.; Berman, B.; Chianese, T.; Scudiero, R.; Rosati, L.; De Maio, A.; Lettieri, G.; Piscopo, M.
Toxicological Effects and Potential Reproductive Risk of Microplastic-Induced Molecular Changes in Protamine-like Proteins and
Their DNA Binding. Chem. Biol. Interact. 2025, 405, 111309. [CrossRef]

Bradford, M.M. A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of
Protein-Dye Binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Carbone, A.; Fioretti, EM.; Fucci, L.; Ausio, J.; Piscopo, M. High Efficiency Method to Obtain Supercoiled DNA with a Commercial
Plasmid Purification Kit. Acta Biochim. Pol. 2012, 59, 275-278. [CrossRef]

Ferrero, G.; Festa, R.; Follia, L.; Lettieri, G.; Tarallo, S.; Notari, T.; Giarra, A.; Marinaro, C.; Pardini, B.; Marano, A.; et al. Small
Noncoding RNAs and Sperm Nuclear Basic Proteins Reflect the Environmental Impact on Germ Cells. Mol. Med. 2024, 30, 12.
[CrossRef] [PubMed]

Fioretti, EM.; Febbraio, F.; Carbone, A.; Branno, M.; Carratore, V.; Fucci, L.; Ausié, J.; Piscopo, M. A Sperm Nuclear Basic
Protein from the Sperm of the Marine Worm Chaetopterus variopedatus with Sequence Similarity to the Arginine-Rich C-Termini of
Chordate Protamine-Likes. DNA Cell Biol. 2012, 31, 1392-1402. [CrossRef] [PubMed]

Carbone, G.; Lettieri, G.; Marinaro, C.; Costabile, M.; Notariale, R.; Bianchi, A.R.; Maio, A.D.; Piscopo, M. A Molecular Mechanism
to Explain the Nickel-Induced Changes in Protamine-like Proteins and Their DNA Binding Affecting Sperm Chromatin in Mytilus
galloprovincialis: An In Vitro Study. Biomolecules 2023, 13, 520. [CrossRef] [PubMed]

De Guglielmo, V.; Puoti, R.; Notariale, R.; Maresca, V.; Ausi6, ].; Troisi, J.; Verrillo, M.; Basile, A.; Febbraio, E.; Piscopo, M.
Alterations in the Properties of Sperm Protamine-like II Protein after Exposure of Mytilus galloprovincialis (Lamarck 1819) to
Sub-Toxic Doses of Cadmium. Ecofoxicol. Environ. Saf. 2019, 169, 600-606. [CrossRef]

Liu, H.; Gao, Y.; Mathivanan, J.; Shen, E; Chen, X,; Li, Y,; Shao, Z.; Zhang, Y.; Shao, Q.; Sheng, J.; et al. Structure-Guided
Development of Pb?*-Binding DNA Aptamers. Sci. Rep. 2022, 12, 460. [CrossRef]

Peng, R.-P; Xing, L.-B.; Wang, X.-J.; Wu, C.-].; Chen, B.; Ji, H.-F; Wu, L.-Z; Tung, C.-H. Detection of Pb2* in Aqueous Solution by
Using a DNA-Modified Microcantilever. Anal. Sci. 2016, 32, 1065-1069. [CrossRef]

Thompson, J.D.; Higgins, D.G.; Gibson, T.J. CLUSTAL W: Improving the Sensitivity of Progressive Multiple Sequence Alignment
through Sequence Weighting, Position-Specific Gap Penalties and Weight Matrix Choice. Nucleic Acids Res. 1994, 22, 4673-4680.
[CrossRef]

https://doi.org/10.3390 /biom16040529


https://doi.org/10.1186/s40659-024-00517-x
https://doi.org/10.3390/cimb47080650
https://doi.org/10.1007/s11356-021-14584-0
https://doi.org/10.3390/biom10030373
https://doi.org/10.1016/j.marpolbul.2025.118880
https://www.ncbi.nlm.nih.gov/pubmed/41175517
https://doi.org/10.3390/antiox10071131
https://www.ncbi.nlm.nih.gov/pubmed/34356364
https://doi.org/10.1111/are.13130
https://doi.org/10.3390/toxics13030181
https://doi.org/10.1089/dna.2014.2631
https://doi.org/10.3390/ijms24119345
https://doi.org/10.1016/j.cbi.2024.111186
https://doi.org/10.1016/j.cbi.2024.111309
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.18388/abp.2012_2151
https://doi.org/10.1186/s10020-023-00776-6
https://www.ncbi.nlm.nih.gov/pubmed/38243211
https://doi.org/10.1089/dna.2011.1547
https://www.ncbi.nlm.nih.gov/pubmed/22536787
https://doi.org/10.3390/biom13030520
https://www.ncbi.nlm.nih.gov/pubmed/36979455
https://doi.org/10.1016/j.ecoenv.2018.11.069
https://doi.org/10.1038/s41598-021-04243-2
https://doi.org/10.2116/analsci.32.1065
https://doi.org/10.1093/nar/22.22.4673
https://doi.org/10.3390/biom16040529

Biomolecules 2026, 16, 529 24 of 25

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Das, S.; Mandal, S.; Dhara, H.; Chatterjee, PN. Dietary Amelioration of Lead Toxicity in Fish- A Review. Indian ]. Anim. Health
2022, 61, 173-189. [CrossRef]

Khan, J.; Pradhan, V. Chronic Lead Toxicity-Induced Alterations in Oxygen Uptake and Energy Metabolites of Rohu (Labeo rohita)
Fingerlings. Int. |. Fish. Aquat. Stud. 2025, 13, 167-172. [CrossRef]

Sarkar, O.; Dey, KK.; Islam, S.; Chattopadhyay, A. Lead and Aquatic Ecosystems, Biomarkers, and Implications for Humankind.
In Biomarkers in Toxicology; Springer: Cham, Switzerland, 2022; pp. 1-28, ISBN 978-3-030-87225-0.

Luszczek-Trojnar, E.; Drag-Kozak, E.; Socha, M.; Szczerbik, P.; Popek, W. Influence of Long-Term Exposure to Lead on Its
Accumulation and Elimination from Tissues and on Selected Reproductive Parameters in the Prussian Carp (Carassius gibelio B.)
in Pond Environment. Czech J. Anim. Sci. 2015, 60, 459-472. [CrossRef]

Abdel-Warith, A.-W.A; Younis, E.-S.M.L; Al-Asgah, N.A; Rady, A.M.; Allam, H.Y. Bioaccumulation of Lead Nitrate in Tissues
and Its Effects on Hematological and Biochemical Parameters of Clarias gariepinus. Saudi J. Biol. Sci. 2020, 27, 840-845. [CrossRef]
[PubMed]

Abraham, M.].; Murtola, T.; Schulz, R; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1-2, 19-25. [CrossRef]
Dominguez, C.; Boelens, R.; Bonvin, A.M.].J. HADDOCK: A Protein—Protein Docking Approach Based on Biochemical or
Biophysical Information. J. Am. Chem. Soc. 2003, 125, 1731-1737. [CrossRef]

Schake, P.; Bolz, S.N.; Linnemann, K.; Schroeder, M. PLIP 2025: Introducing Protein-Protein Interactions to the Protein-Ligand
Interaction Profiler. Nucleic Acids Res. 2025, 53, W463-W465. [CrossRef]

Sisombath, N.S,; Jalilehvand, E; Schell, A.C.; Wu, Q. Lead(Il) Binding to the Chelating Agent d-Penicillamine in Aqueous Solution.
Inorg. Chem. 2014, 53, 12459-12468. [CrossRef]

Sigel, A.; Operschall, B.P; Sigel, H. Complex Formation of Lead(II) with Nucleotides and Their Constituents. In Lead: Its Effects on
Environment and Health; De Gruyter Brill: Berlin, Germany, 2017; Volume 17. [CrossRef]

Guillaumont, S.; Tortajada, J.; Salpin, ].-Y.; Lamsabhi, A.M. Experimental and Computational Study of the Gas-Phase Interactions
between Lead(II) Ions and Two Pyrimidic Nucleobases: Uracil and Thymine. Int. |. Mass Spectrom. 2005, 243, 279-293. [CrossRef]
Kim, R; Youn, Y.-S.; Kang, M.; Kim, E. Platform- and Label-Free Detection of Lead Ions in Environmental and Laboratory Samples
Using G-Quadraplex Probes by Circular Dichroism Spectroscopy. Sci. Rep. 2020, 10, 20461. [CrossRef]

Yadav, R.; Berlina, A.N.; Zherdev, A.V.; Gaur, M.S.; Dzantiev, B.B. Rapid and Selective Electrochemical Detection of Pb?* Ions
Using Aptamer-Conjugated Alloy Nanoparticles. SN Appl. Sci. 2020, 2, 2077. [CrossRef]

Bordon, I.C.; Emerenciano, A.K.; Melo, ].R.C.; da Silva, ].R.M.C.; Favaro, D.LT.; Gusso-Choueri, PK.; de Campos, B.G.; Abessa,
D.M.d.S. Implications on the Pb Bioaccumulation and Metallothionein Levels Due to Dietary and Waterborne Exposures: The
Callinectes danae Case. Ecotoxicol. Environ. Saf. 2018, 162, 415-422. [CrossRef]

Telisman, S.; Colak, B.; Pizent, A.; Jurasovi¢, J.; Cvitkovi¢, P. Reproductive Toxicity of Low-Level Lead Exposure in Men. Environ.
Res. 2007, 105, 256-266. [CrossRef] [PubMed]

Adisa, V.I; Ashonibare, P.J.; Adegbola, C.A.; Akhigbe, T.M.; Kolawole, O.R.; Omole, I.A.; Fidelis, F.B.; Adeogun, A.E.; Oluwole,
R.P; Akorede, B.A ; et al. Lead Exposure Is Associated with Increased Lead Bioaccumulation and a Decline in Semen Quality: A
Systematic Review and Meta-Analysis. JBRA Assist. Reprod. 2025, 29, 764-782. [CrossRef] [PubMed]

Wirth, ].J.; Mijal, R.S. Adverse Effects of Low Level Heavy Metal Exposure on Male Reproductive Function. Syst. Biol. Reprod.
Med. 2010, 56, 147-167. [CrossRef] [PubMed]

Passaro, D.; Rana, G.; Piscopo, M.; Viggiano, E.; De Luca, B.; Fucci, L. Epigenetic Chromatin Modifications in the Cortical
Spreading Depression. Brain Res. 2010, 1329, 1-9. [CrossRef]

Piscopo, M.; Conte, M.; Di Paola, E,; Conforti, S.; Rana, G.; De Petrocellis, L.; Fucci, L.; Geraci, G. Relevance of Arginines in the
Mode of Binding of H1 Histones to DNA. DNA Cell Biol. 2010, 29, 339-347. [CrossRef]

Alessio, L.; Cortesi, I.; Materzanini, P.; Barenghi, M. One Century of Studies on Lead Poisoning in Papers Published in La
Medicina Del Lavoro. Am. |. Ind. Med. 2000, 38, 361-367. [CrossRef]

Hernandez-Ochoa, I.; Sdnchez-Gutiérrez, M.; Solis-Heredia, M.J.; Quintanilla-Vega, B. Spermatozoa Nucleus Takes up Lead
during the Epididymal Maturation Altering Chromatin Condensation. Reprod. Toxicol. 2006, 21, 171-178. [CrossRef]

Li, C; Zhao, K,; Zhang, H.; Liu, L.; Xiong, F.; Wang, K.; Chen, B. Lead Exposure Reduces Sperm Quality and DNA Integrity in
Mice. Environ. Toxicol. 2018, 33, 594-602. [CrossRef]

Hernberg, S. Lead Poisoning in a Historical Perspective. Am. |. Ind. Med. 2000, 38, 244-254. [CrossRef]

Lettieri, G.; Notariale, R.; Ambrosino, A.; Bonito, A.D.; Giarra, A.; Trifuoggi, M.; Manna, C.; Piscopo, M. Spermatozoa Transcrip-
tional Response and Alterations in PL Proteins Properties after Exposure of Mytilus galloprovincialis to Mercury. Int. J. Mol. Sci.
2021, 22, 1618. [CrossRef]

Patra, R.C.; Rautray, A K.; Swarup, D. Oxidative Stress in Lead and Cadmium Toxicity and Its Amelioration. Vet. Med. Int. 2011,
2011, 457327. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16040529


https://doi.org/10.36062/ijah.2022.spl.03422
https://doi.org/10.22271/fish.2025.v13.i5b.3158
https://doi.org/10.17221/8526-CJAS
https://doi.org/10.1016/j.sjbs.2020.01.015
https://www.ncbi.nlm.nih.gov/pubmed/32127760
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1021/ja026939x
https://doi.org/10.1093/nar/gkaf361
https://doi.org/10.1021/ic5018714
https://doi.org/10.1515/9783110434330-011
https://doi.org/10.1016/j.ijms.2005.03.011
https://doi.org/10.1038/s41598-020-77449-5
https://doi.org/10.1007/s42452-020-03840-6
https://doi.org/10.1016/j.ecoenv.2018.07.014
https://doi.org/10.1016/j.envres.2007.05.011
https://www.ncbi.nlm.nih.gov/pubmed/17632096
https://doi.org/10.5935/1518-0557.20250163
https://www.ncbi.nlm.nih.gov/pubmed/41370422
https://doi.org/10.3109/19396360903582216
https://www.ncbi.nlm.nih.gov/pubmed/20377313
https://doi.org/10.1016/j.brainres.2010.03.001
https://doi.org/10.1089/dna.2009.0993
https://doi.org/10.1002/1097-0274(200009)38:3%3C361::AID-AJIM18%3E3.0.CO;2-E
https://doi.org/10.1016/j.reprotox.2005.07.015
https://doi.org/10.1002/tox.22545
https://doi.org/10.1002/1097-0274(200009)38:3%3C244::AID-AJIM3%3E3.0.CO;2-F
https://doi.org/10.3390/ijms22041618
https://doi.org/10.4061/2011/457327
https://www.ncbi.nlm.nih.gov/pubmed/21547215
https://doi.org/10.3390/biom16040529

Biomolecules 2026, 16, 529 25 of 25

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Oros, A.; Pantea, E.-D.; Ristea, E. Heavy Metal Concentrations in Wild Mussels Mytilus galloprovincialis (Lamarck, 1819) during
2001-2023 and Potential Risks for Consumers: A Study on the Romanian Black Sea Coast. Sci 2024, 6, 45. [CrossRef]
Mufioz-Farifia, O.; Roman-Benn, A.; Lopez-Joven, C.; de Medina, L.G.-P.; Ravanal, M.C. Seasonal Variations in Heavy Metal
Concentrations in Mussels (Mytilus chilensis) from Southern Chile: Health Risk Implications Associated with Their Consumption.
Foods 2025, 14, 916. [CrossRef] [PubMed]

Lettieri, G.; Notariale, R.; Carusone, N.; Giarra, A.; Trifuoggi, M.; Manna, C.; Piscopo, M. New Insights into Alterations in
PL Proteins Affecting Their Binding to DNA after Exposure of Mytilus galloprovincialis to Mercury—A Possible Risk to Sperm
Chromatin Structure? Int. . Mol. Sci. 2021, 22, 5893. [CrossRef]

Garcia-Navarro, J.A.; Franco, L.; Romero, D. Differences in the Accumulation and Tissue Distribution of Pb, Cd, and Cu in
Mediterranean Mussels (Mytilus galloprovincialis) Exposed to Single, Binary, and Ternary Metal Mixtures. Environ. Sci. Pollut. Res.
2017, 24, 6599-6610. [CrossRef]

Lettieri, G.; Di Giovanni, C.; Amore, S.; del Gaudio, R.; Palumbo, G.; Montano, L.; Febbraio, F.; Piscopo, M. Exploring Human
Sperm Nuclear Basic Protein-DNA Interactions: Could Hexavalent Chromium Play an Interfering Role? Chem.-Biol. Interact.
2025, 421, 111768. [CrossRef]

Yoo, J.-W.; Cho, H.; Lee, K.-W.; Won, E.-].; Lee, Y.-M. Combined Effects of Heavy Metals (Cd, As, and Pb): Comparative Study
Using Conceptual Models and the Antioxidant Responses in the Brackish Water Flea. Comp. Biochem. Physiol. C Toxicol. Pharmacol.
2021, 239, 108863. [CrossRef]

Arreguin-Rebolledo, U.; Castelhano Gebara, R.; Valencia-Castafieda, G.; Rico-Martinez, R.; Frias-Espericueta, M.G.; Longo,
E.; Pdez-Osuna, F. Toxicity of Binary-Metal Mixtures (As, Cd, Cu, Fe, Hg, Pb and Zn) in the Euryhaline Rotifer Proales similis:
Antagonistic and Synergistic Effects. Mar. Pollut. Bull. 2024, 198, 115819. [CrossRef]

Angel, BM.; Apte, S.C.; Batley, G.E.; Raven, M.D. Lead Solubility in Seawater: An Experimental Study. Environ. Chem. 2016, 13,
489-495. [CrossRef]

Huang, Z.-X,; Li, Y.-L.; Peng, ].-C.; Ho, T.-T.; Huang, H.; Aschner, M.; Jiang, Y.-M. The Effects of Lead, Cadmium and Arsenic
Exposure Alone or in Combination on Neurotoxicity Through Neural Signaling Pathways. In Biological Trace Element Research;
Springer: Berlin/Heidelberg, Germany, 2025. [CrossRef]

Zhou, F; Xie, J.; Zhang, S.; Yin, G.; Gao, Y.; Zhang, Y.; Bo, D.; Li, Z; Liu, S.; Feng, C.; et al. Lead, Cadmium, Arsenic, and Mercury
Combined Exposure Disrupted Synaptic Homeostasis through Activating the Snk-SPAR Pathway. Ecotoxicol. Environ. Saf. 2018,
163, 674-684. [CrossRef]

Fernandez-Leborans, G.; Herrero, Y.O. Toxicity and Bioaccumulation of Lead and Cadmium in Marine Protozoan Communities.
Ecotoxicol. Environ. Saf. 2000, 47, 266-276. [CrossRef]

Liu, M,; Deng, P; Li, G.; Liu, H.; Zuo, J.; Cui, W.; Zhang, H.; Chen, X,; Yao, ].; Peng, X.; et al. Neurotoxicity of Combined Exposure
to the Heavy Metals (Pb and As) in Zebrafish (Danio Rerio). Toxics 2024, 12, 282. [CrossRef]

Saravanan, P; Saravanan, V.; Rajeshkannan, R.; Arnica, G.; Rajasimman, M.; Baskar, G.; Pugazhendhi, A. Comprehensive Review
on Toxic Heavy Metals in the Aquatic System: Sources, Identification, Treatment Strategies, and Health Risk Assessment. Environ.
Res. 2024, 258, 119440. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /biom16040529


https://doi.org/10.3390/sci6030045
https://doi.org/10.3390/foods14060916
https://www.ncbi.nlm.nih.gov/pubmed/40231905
https://doi.org/10.3390/ijms22115893
https://doi.org/10.1007/s11356-016-8349-7
https://doi.org/10.1016/j.cbi.2025.111768
https://doi.org/10.1016/j.cbpc.2020.108863
https://doi.org/10.1016/j.marpolbul.2023.115819
https://doi.org/10.1071/EN15150
https://doi.org/10.1007/s12011-025-04943-0
https://doi.org/10.1016/j.ecoenv.2018.07.116
https://doi.org/10.1006/eesa.2000.1944
https://doi.org/10.3390/toxics12040282
https://doi.org/10.1016/j.envres.2024.119440
https://doi.org/10.3390/biom16040529

	Introduction 
	Materials and Methods 
	Ethics Statement 
	Lead Quantification in M. galloprovincialis Gonads 
	Mussels Sampling and Pb Exposure 
	Spermatozoa Sampling and Processing 
	Extraction of PL Proteins from M. galloprovincialis Spermatozoa 
	Electrophoretic Analysis of PLs 
	Plasmid DNA Preparation 
	Analysis of the Effect of M. galloprovincialis PL Proteins on DNA Electrophoretic Mobility (EMSA) 
	DNA Protection Analysis 
	Salt-Induced Release of M. galloprovincialis Sperm Nuclear Basic Protein 
	Statistical Analyses 
	Computational Modeling of Protamine-like Proteins, DNA and Lead 
	Refinement of PL-II and PL-III by Molecular Dynamics 
	Docking Simulations 
	Structural Visualization and Image Editing 

	Results 
	Lead Bioaccumulation in the Gonads of M. galloprovincialis 
	Analyses of PLs by AU-PAGE and SDS-PAGE 
	Evaluation of the DNA–PLs Interaction by EMSA 
	DNA Protection Assays 
	Salt-Induced Extraction of PLs 
	Computational Modeling of PL-II and PL-III 
	Computer-Aided Molecular Docking Studies 

	Discussion 
	Conclusions 
	References

