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Abstract: The aquatic infectious pancreatic necrosis virus (IPNV) causes a severe disease in farmed
salmonid fish that generates great economic losses in the aquaculture industry. In the search for
new tools to control the disease, in this paper we show the results obtained from the evaluation of
the antiviral effect of [Cu(NNj);](ClO4) Cu(I) complex, synthesized in our laboratory, where the
NN; ligand is a synthetic derivate of the natural compound coumarin. This complex demonstrated
antiviral activity against IPNV at 5.0 and 15.0 ug/mL causing a decrease viral load 99.0% and 99.5%,
respectively. The Molecular Docking studies carried out showed that the copper complex would
interact with the VP2 protein, specifically in the S domain, altering the process of entry of the virus
into the host cell.
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1. Introduction

Aquaculture is an important source of food, nutrition, income, and livelihoods for
hundreds of millions of people around the world. However, with intensification of the pro-
duction, viral diseases have emerged representing a challenge to sustainable development.
The aquatic infectious pancreatic necrosis virus (IPNV) causes infectious pancreatic necrosis
(IPN), a severe disease in farmed salmonid fish that causes great economic losses in the
aquaculture industry. At present, IPNV is among the most persistent salmonid pathogens
in Chile [1]. This virus belongs to the genus Aquabirnaviru family Birnaviridae [2]. Dur-
ing an IPN outbreak, mortality rates can vary greatly from insignificant to almost 100%,
and these differences have been ascribed to several environmental, viral and host-related
factors [3]. The survivors of an infection become asymptomatic carriers of the virus, even
for years, acting as reservoirs of the virus and spreading it through the water via feces,
and mainly during stress episodes, but essentially as breeders through their reproductive
products [4]. In addition to the mortality caused directly by viral infection, the virus also
causes immunosuppression in fish, making them more vulnerable to other pathogens [5].

The genome consists of two double-stranded RNA segments, packed in a non-enveloped
single-shelled icosahedrical capsid [6]. Segment A codes for three viral proteins: two of
the structural type, VP2 and VP3, and one non-structural VP4 [7]. VP2 is processed during
virus maturation [8]; it is the main component of the outer capsid of the virus and is directly
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associated with the production of specific neutralizing antibodies against the virus [9],
this being one of the main virulence determinants in IPN. The VP3 protein is part of the
internal capsid of the virus, which binds to RNA, forming a ribonucleoprotein in the central
structure of the virus [10]. Segment A also encodes a non-structural arginine-rich protein
called VP5. This protein has been detected in infected cells. However, it has recently been
shown that this protein is dispensable for in vivo viral replication and is not involved in
persistent infection or virulence of the virus, but it could have antiapoptotic activity [11,12].
Segment B codes for a protein called VP1, which is associated with the replication of the
viral genome [13,14].

Due to the significant economic impact of the disease in the aquaculture industry, a
great effort has been made to control IPN by different methods, mainly through vaccine
design. At present, several vaccines are available against IPNV. They are either subunit
vaccines or inactivated products. The subunit vaccines contain as a major viral antigen
VP2 expressed in Escherichia coli, which seeks to stimulate immune response by producing
neutralizing antibodies. However, it is known that these vaccines have not been sufficiently
protective against IPNV infection [15]. Similarly, neither the viral-like particle (VLP) vaccine,
which resembles a viral capsid, nor DNA vaccines, which provoke viral protein expression
within the cell, elicit protective immunity against IPNV [5]. In addition, IPNV is a very
tough virus, is extremely resistant to most disinfectants [16], survives in both fresh water
and seawater for considerable periods [17], and is resistant to high temperature [18].
Therefore, there is a need to seek new tools for its control.

On the other hand, the crucial role of copper and its derivatives as important bio-
active compounds have led to much interest in them as potential drugs for treatment
of several diseases. There is extensive information on its bioinorganic properties and its
mode of action in various biological systems as antimicrobial, antiviral, an-ti-inflammatory,
antitumor, and enzyme inhibitors compounds [19]. With that in mind, we have synthesized
a complex [Cu(NN1),]ClO4, where the NN ligand is a synthetic derivate of the natural
compound coumarin (NNj = 6-((quinolin-2-ylmethylene)amino)-2H-chromen-2-one) which
showed remarkable antibacterial activity against F. psychrophilum, a pathogen that attacks
salmon [20] and in marine bacterium V. harveyi [21]. In the previous paper [20] was indicated
that we used the coumarin (1-benzopyran-2-one) as one of the ligand fragments since its
known biological properties [22], while the quinoline fragment was used of its ability to
stability of the Cu(I) ion.

Based on this background, in this work, we evaluate the antiviral activity of this
copper complex against IPNV and propose that activity would be explained by interactions
between protein target of the virus and the metal complex based on molecular docking
simulations.

2. Results and Discussion
2.1. Chemical Compunds

Copper (I) complex, [Cu(NNj),]ClO4 (Figure 1), previously synthesized and charac-
terized by NMR techniques, UV-Vis, and cyclic voltammetry [20], was used to test the
antiviral effect on IPNV. Coumarin and copper (I) salt [Cu(CH3CN)4]ClO4, precursors of
the synthesis of the copper (I) complex, were used as compound effect controls.
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Figure 1. Chemistry Structure of Copper (I) Complex [Cu(NN),]CIO4. Where NN is 6-((quinolin-2-
ylmethylene)amine)-2H-chromen-2-one.
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2.2. Cytotoxicity Test

In order to determine the working concentrations of test compounds, first the cy-
totoxicity of the copper (I) complex [Cu(NN)2]ClO4 and its precursors, coumarin and
[Cu(CH3CN)4]CIO4 was evaluated. Viability of CHSE-214 cells (Chinook salmon embryo
CHSE-214, ATCC CRL 1681) was determined after treatment with the different compounds
in a range of concentrations between 0.5 and 250 pg/mL, incubated at 16 °C for 24 h by flow
cytometry and the results are shown in Figure 2. In the coumarin and [Cu(CH3CN)4]ClOy,
both precursors of the Cu(I) complex, a concentration-dependent toxicity was observed,
while the copper(I) complex maintains a relatively constant cell viability between 0.5 and
50 ug/mL, although it is still the one with the highest toxicity. On the other hand, in all
compounds, concentrations higher than 15 ug/mL, decreased cell viability by up to 60% in
CHSE-214 cells. The results show a similar cell viability for both copper compounds above
50%, however, the focus of this work is to obtain a drug, ensuring the stability of copper
complex (I) and with a lower amount of copper per mass of compound administered.
According to these cell viability assays, a concentration less than 15 pug/mL was used for
subsequent tests.
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Figure 2. Determination of cytotoxicity of test compounds on CHSE-214 cells. CHSE-214 cells were
treated with 0.5, 15.0, 50.0 and 250.0 pg/mL of (a) coumarin, (b) ([Cu(CH3CN)4]ClO4) and (c) copper(I)
complex [Cu(NNj),]ClOy4 and viability was determined by flow cytometry.

2.3. Antiviral Activity

Viral replication was tested in order to evaluate the antiviral activity of coumarin,
the [Cu(CH3CN)4]ClO4 precursors and [Cu(NNj)2](ClO4) complex, on CHSE-214 infected
cells. The cells were inoculated with the compounds pre-treated with virus and the viral
load at 24 h post infection was measured. The total abundance of viral transcripts was
quantified by RT-qPCR. The results showed that cultures infected with viruses previously
treated with 5.0 and 15.0 ug/mL of coumarin present a high viral load (Figure 3a). In
contrast, the treatment with [Cu(CH3CN)4]ClO4 non decrease significantly viral load at 0.5
and 5.0 pg/mL in the cells (Figure 3b), but at 15.0 ug/mL we observed that this compound
almost entirely reduces viral load in CHSE 214 cells (99.5%) relative to cells infected without
treatment. While, the cells infected treated with [Cu(INNj),;](ClO4) complex at 5.0 and
15.0 ng/mL showed a decrease viral load 99% and 99.5% respectively (Figure 3c). Although
the precursor [Cu(CH3CN)4]CIO4) complex showed high activity at 15 ug/mL, similar to
that of the complex [Cu(NN1),](ClOy), it is important to consider that the complex has
2.5 times less copper than an equimolar amount of precursor complex. This is relevant at
the time of to consider the toxicity of this metal at high concentrations. For example, it is
known that copper in high quantities can alters swimming fish; causes oxidative damage;
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disrupts osmoregulation structure and pathology of kidneys, liver, gills, and other stem
cells; impacts mechanoreceptors of lateral line canals; and impairs functions of the olfactory
organs and brain, corticosteroid metabolism, and gene transcription and expression, among
other factors [23].
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Figure 3. Antiviral activity against IPNV of test compounds in CHSE-214 cells. IPNV was incubated
for 24 h with 0.5, 5.0, and 15.0 pg/mL of (a) coumarin, (b) [Cu(CH3CN)4]ClOy, (c) [Cu(NN7),]CIO4
complex, after that CHSE-214 cells were treated for 24 h with IPNV. RNA total extraction was
performed from the cell cultures and viral load was determined by quantitative real-time PCR with
three technical replicates. Statistical differences were determined by one-way ANOVA test (* p < 0.05;
ns = non-significant).

Although it is not possible to mean synergism since coumarin alone has no activity, it
is clear that the presence of this natural compound is necessary to improve the antiviral
capacity of the copper complex in relation to the precursor complex. Previous studies
performed with [Cu(NN1),]ClO4 complex shown that this complexes also exhibited a
improved antibacterial activities relative to coumarin and [Cu(CH3CN)4]ClO4 precursors.
Those results were explained by an increase of the lipophilicity of the complexes, which
occurs after the complexation of the organic residue to copper ion, which favors their trans-
fer across the lipid membrane of the bacterial cell wall [24] in accordance with Tweedy’s
chelation theory. So, the formed complex has a more lipophilic character compared to
precursors alone and therefore can more easily penetrate the lipid layers of the bacterial
cell membrane [25].

In view of the observed activity of copper (I) complex [Cu(NNj);]JC1O4 against IPNV,
coumarin moiety would be exerting an effect in the complex-virus interaction. The lipids
of the viral envelope form a continuous bilayer that functions as a permeability barrier
protecting the viral capsid from the external medium. Embedded in this bilayer are nu-
merous copies of a limited number of virally encoded transmembrane proteins that are
required for virus entry into a potential host cell. These proteins mediate two essential
functions: attachment of the virus to the cell surface, and fusion of the viral envelope with
a cell membrane (resulting in accession of the viral capsid containing the genome to the
cellular cytoplasm) [26].

An antiviral compound can inhibit viral infection through three approaches: (a) direct
contact and destroying virus; (b) preventing adsorption and penetration viral into the cells;
and (c) impeding replication, assembly, and maturation of viral particle [27]. Since VP2 is
the main viral capsid protein, which is targeted by type-specific neutralizing antibodies,
and also acts as the cell-binding protein [4]. So, we hypothesize that the antiviral activity of
complex can be associated with an interaction of complexes with the membrane proteins
virus, inhibiting their capacity for absorption in the cellular membrane.
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2.4. Computational Studies

In order to obtain information about the mechanism of the antiviral action, we evalu-
ated the affinity between [Cu(NNj);]ClO4 complex and VP2 protein through molecular
modeling (MD).

To corroborate the adequate structure of Cu(I) complex before be used in molecu-
lar docking simulations, the structural geometry of free [Cu(NN),]ClO4 and its UV-Vis
spectrum were simulated.

The simulated spectrum (Figure S1) shows a broad band with three contributions
corresponding to the expected MLCT for a characteristic copper (I) homoleptic complex
that is very close to the profile of the experimental spectrum showing good agreement
between both the optimized and the experimental structure [20]. Considering the high
dependence of the properties of copper (I) complexes on the geometry conditioned by the
ligands around the center of the metal, the observed spectral similarity is a good starting
point for the following molecular docking calculations.

The MD showed the stabilization of the VP2-complex assemble during a short simula-
tion of 16 ns. We observed that the Cu(I) complex was located into the interphase of VP2
(Figure 4A) generating short H ... O noncovalent interaction and H-bonds between the
coumarin fragments of NN ligand and the residues of the protein as Arg (387 and 406) and
Asn 147, with distances in the range 2.4 to 4.2 A (Figure 4B). Additionally, we obtained the
root-mean-square fluctuation (RMSF) of protein binding with the ligand along to all MD.
The graphical showed that the most fragment perturbed was the S domain (Figure 4A,C)
by effect of the ligand-binding and VP2 (Eb —78.49 Kcal/mol). VP2 is constituted of three
domains: a central (called S) which in subviral particles constitutes the shell, playing a
key role during virus entry into the cell and being responsible for receptor recognition;
the base (called B), which is in the inner side of the particle; and the spike or projection
(called p) to the outside of the capside [4]. Thus, the copper complex would interact with
the VP2 protein, specifically disturbing the S domain, altering the process of entry of the
virus into the host cell, what is reflected in the antiviral activity that we determine in the
previous experiment.

Additionally, several studies using nucleotide sequence analyses have confirmed that
the VP2 residues 217 and 221 are the major determinant of virulence of IPNV serotype Sp
strains [28]. It has described that highly virulent isolates possess residues Thr217 and Ala221;
moderate to low-virulence strains have Pro217 and Ala221, while the strains containing
Thr221 are almost avirulent. On the other hand, in CHSE-214 cells, it has been calculated
about 6000 receptors available for VP2-IPNV fixation [29], however, only a part of them is
being used by the virus [4]. Our results showed that the main interactions observed were
with the residues Arg 387 and 406 and Asn 147. Therefore, the copper complex would not
be binding to the VP2 residues described as the most important in determining virulence,
but indicated that Cu(I) complex interact with a region of dominium S.

Consequently, we suggest that the copper (I) complex would be inhibiting the entry
of the virus blocking sites involved with the fixation and internalization of virus to the
cell. However, it is important to know the invasion mechanism of IPNV completely to
understand the antiviral effect of complex.
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Figure 4. (A) 3D representation of the chains (colored) and S domain (red) affected by ligand binding
(colored); (B) binding interaction between complex and protein; (C) RMSF profile between initial
state (fuchsia) and final state (blue light) and their corresponding residues.
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3. Materials and Methods
3.1. Cytotoxicity Test

Monolayers of CHSE-214 cells were cultured at 16 °C in Minimum Essential Medium
(MEM) (Corning) supplemented with 10% fetal bovine serum (FBS) (Hyclone, Thermo
Scientific Logan Utah, EE. UU), 4 mM L-glutamine (Gibco), 40 uM 2-mercapthoetano, non-
essential amino acids (Gibco), Hepes (Gibco) and 50 pg/mL gentamicin. To discard toxicity
of test compounds, 1 x 10° CHSE-214 cells were treated with different doses of coumarin,
Cu(I) precursor complex and [Cu(NN1),]ClO4 complex in a range of concentrations between
0.5 pg/mL to 250 pg/mL solubilized in dimethylsulfoxide (DMSO, Merck, Darmstadt,
Germany) and incubated in supplemented MEM (Corning) for 24 h at 16 °C. Later, the cells
were collected, pelleted and resuspended in 300 uL of IF (Phosphate Buffered Saline and
2% fetal bovine serum) and 2 pL of propidium iodide (PI, 1 mg/mL) was added. Viable
cells (PI negative cells) were quantified by flow cytometer using FACSCanto II Cytometer
(BD Biosciences, University of Santiago of Chile, Santiago, RM, Chile). As positive control,
cells were incubated without compounds; for death control, cells were incubated with 30%
ethanol; medium control cells were treated with medium containing 1% of DMSO.

3.2. Antiviral Activity Evaluation
3.2.1. IPNV Propagation

IPNV sp strain was propagated in monolayers of the Chinook salmon embryo CHSE-
214 in minimal Eagle’s medium (MEM) supplemented with 2% bovine fetal serum (BFS),
6 mM L-glutamine, 40 uM 2-mercaptoethanol and 50 pg/mL gentamicin at 16 °C. The
cells were incubated until cytopathic effect greater than 90% was observed. Virus titer was
determined by plaque assay lysis [30].

3.2.2. Antiviral Activity and Viral Load Assay

CHSE-214 cells were grown at 90% confluence in 24-well plates. The cells were infected
with IPNV at a multiplicity of infection (MOI) 0.1 pre-treated with 0.5, 5 and 15 nug/mL
of each test compound for 24 h and cells without compounds. The cultures infection was
performed to 24 h at 16 °C. A group of cells was incubated with vehicle control (0.02%
DMSO). After incubation, the cells were collected and dissolved in 1 mL of TRIsure (Bioline,
London, UK) and stored at —20 °C until further extraction of total RNA.

3.2.3. RNA Extraction and cDNA Synthesis

Total RNA was extracted according the manufacturer’s protocol and then dissolved in
pyrogen-free DEPC-treated water (Invitrogen) and stored at —80 °C. In all cases, RNA was
quantified by UV spectrophotometry (Nanoquant Infinite M200 pro (TECAN, Austria) and
analyzed by electrophoresis on agarose gels to verify integrity. RNA (2 ug) was treated with
RQ1 RNase free DNase (Promega Corporation, Madison, WI, USA) and cDNA synthesis
was carried out using reverse transcriptase M-MLV (Promega) and Oligo dT (Promega)
and the manufacturer’s protocol.

3.2.4. Real Time Quantitative PCR

The viral load was determined by real time quantitative reverse transcription-PCR
(real-time qRT-PCR). Real Time quantitative PCR reactions were carried out in 96-well
reaction plates (PCR Microplate, Axygen, Sigma Aldrich, St. Louis, MO, USA) using
SensiMixTM SYBR HI-ROX mastermix (Bioline) in Stratagene Mx3000p equipment (Agilent
Technologies, Waldbronn, Germany). Reaction mixtures were performed in triplicate, qRT-
PCR was performed with a SensiMix SYBR HI-ROX with 2X SYBR Green PCR Master Mix
(Bioline) following the manufacturer’s protocol and cDNA. The PCR primer sequences
are listed in Table 1. The cycling conditions were: 95 °C for 5 min, followed by 40 cycles
consisting of 95 °C for 155, 60 °C for 15 s, 72 °C for 30 s. PCR product quality was monitored
using post-PCR melt curve analysis. Data were analyzed using MxPro QPCR software
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(Agilent Technologies, USA). The expression was normalized against elongation factor 1o
(efla) and presented as 2—ACT.

Table 1. PCR primers sequences used in gene expression studies (forward and reverse primer).

Target Primer Sequence (5'-3') Accession Number
ACCAAGTTCGACTTCCAGC
VP2 ATCGGCTTGGTGATGTICTC GenBank: FN257531.1

3.3. Computational Studies

The structure was built with the GaussianView5 software [31]. The ChelpG charges
were obtained at the B3LYP/Lanl.2dz theory level employing the Gaussian 09 package [32].
Docking studies of the inhibitor and the crystal structures of polymerase from infectious
pancreatic necrosis virus (IPNV) (PDB code: 3IDE, 3.35 A resolution) [33] were performed
with the AutoDock4 package [34] using a Lamarckian algorithm and assuming total flexibil-
ity of the inhibitors. The multiple grid maps were made up of 126 x 126 x 126 for protein,
with a grid-point spacing of 0.375 A. The AutoTors option was used to define the ligand
torsions, and the docking results were then analyzed by a ranked cluster analysis, resulting
in conformations and best position with the highest overall binding energy (most negative
—AG binding value).

Molecular docking (MD) simulations were performed using the NAMD 2.13 soft-
ware [35] using the Charmm?27 force field. The complex between the molecule and IPNV
was placed in a 100 x 200 x 200 A water box (116,440 waters) and neutralized with NaCl,
with a cutoff of 10 A of nonbonding interactions [36]. Periodic boundary conditions were
applied with constant volume and pressure. A general protocol was followed, employing
a cutoff value of 10 A, and comprising an initial phase of 50,000 steps of minimization,
followed by 50 ps of heating from 0 K up 288 K by the Langevin method and finally 16 ns
of simulation were performed.

The B3LYP/LANL2DZ in Gaussian 09 package was performed to simulate the UV
spectrum used to validate the ligands conformation around metal center and correlated
with the experimental spectrum of complex.

3.4. Statistical Analysis

Statistical analyses of gene expression were performed using the GraphPad Prism
8.0 software. Statistical differences were determined by one-way ANOVA test (* p < 0.05;
** p <0.01; *** p < 0.001). Data are representative of three independent experiments.

4. Conclusions

An in vitro study carried out against IPNV showed that [Cu(NN),]ClO4 complex
increased its antiviral capacity compared to precursor ([Cu(CH3;CN)4]ClO4) complex to
tested concentrations, while coumarin showed no activity. However, it is clear that the
inclusion of this natural moiety into NN ligand is necessary to improve the antiviral ability
of the copper complex in relation to the precursors.

The results obtained with MD showed that the copper (I) complex was located between
the interphases of VP2 protein forming short H ... O noncovalent interaction with the
coumarin fragments of NN; ligands. These interphases corresponding to the shell of the
capsid, being able to affect the entry/attachment of the virus into the cell, which would
explain the antiviral activity observed in vitro. Thus, this compound emerges as a promising
candidate for further evaluation in an in vivo model.

Supplementary Materials: The following supporting information can be downloaded. Figure S1:
UV-Vis spectrum simulation of [Cu(NN1);]ClO; complex.



Molecules 2022, 27, 32 90of 10

Author Contributions: Conceptualization, B.M., D.G.; methodology, D.G., AB., B.V,, M.A. and A.O,;
software, C.M.; formal analysis, B.M., ].G., D.G., CM., M.A,, B.V. and A.O.; writing—original draft
preparation, D.G., B.V,, CM., M.A,, ].G. and B.M.; writing—review and editing, M.A,, ].G., BM,;
supervision, B.M.; project administration, B.M., ].G.; funding acquisition, B.M., ].G. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by DICYT grant 022041MC_POSTDOC; FONDECYT) grant 1180265.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by 022041MC_POSTDOC; FONDECYT 1180265 and
1191902, Internal Doctoral Grant USACH and FONDEQUIP EQM150106.

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

Sample Availability: Samples of the [Cu(NNj),]ClO4 complex are available from the authors.

References

1.  Tapia, D,; Eissler, Y.; Reyes-Lopez, F; Kuznar, J.; Yafiez, ]. Infectious pancreatic necrosis virus in salmonids: Molecular epidemiol-
ogy and host response to infection. Rev. Aquac. 2021, 1-19. [CrossRef]

2. Mutoloki, S.; Jessund, T.; Ritchie, G.; Munang’andu, H.; Evensen, O. Infectious Pancreatic Necrosis Virus Causing Clinical and
Subclinical Infections in Atlantic Salmon Have Different Genetic Fingerprints. Front. Microbiol. 2016, 7, 1393-1402. [CrossRef]

3.  Tapia, D.; Barria, A.; Kuznar, J.; Yafiez, ]. M. Comparison of mortality and viral load in rainbow trout (Oncorhynchus mykiss)
infected with infectious pancreatic necrosis virus (IPNV) genogroups 1 and 5. J. Fish Dis. 2020, 43, 139-146. [CrossRef]

4. Dopazo, C.P. The Infectious Pancreatic Necrosis Virus (IPNV) and its Virulence Determinants: What is Known and What Should
be Known. Pathogens 2020, 9, 94. [CrossRef]

5. Rivas-Aravena, A.; Martin, M.C.-S.; Galaz, J.; Imarai, M.; Miranda, D.; Spencer, E.; Sandino, A. Evaluation of the immune response
against immature viral particles of infectious pan-creatic necrosis virus (IPNV): A new model to develop an attenuated vaccine.
Vaccine 2012, 30, 5110-5117. [CrossRef]

6.  Dobos, P. Size and structure of the genome of infectious pancreatic necrosis virus. Nucleic Acids Res. 1976, 3, 1903-1924. [CrossRef]

7. Duncan, R.; Nagy, E.; Krell, P; Dobos, P. Synthesis of the infectious pancreatic necrosis vi-rus polyprotein, detection of a
virus-encoded protease, and fine structure mapping of genome segment A coding regions. J. Virol. 1987, 61, 3655-3664. [CrossRef]

8. Galloux, M.; Chevalier, C.; Henry, C.; Huet, ].-C.; Da Costa, B.; Delmas, B. Peptides resulting from the pVP2 C-terminal processing
are present in infectious pancreatic necrosis virus particles. J. Gen. Virol. 2004, 85, 2231-2236. [CrossRef] [PubMed]

9.  Nicholson, B.L. Use of monoclonal antibodies in identification and of fish viruses. Annu. Rev. Fish Dis. 1993, 3, 241-257. [CrossRef]

10. Hjalmarsson, A.; Carlemalm, E.; Everitt, E. Infectious pancreatic necrosis virus: Identification of a VP3-containing ribonucleopro-
tein core structure and evidence for Olinked glycosylation of the capsid protein. J. Virol. 1999, 73, 3484-3490. [CrossRef]

11.  Ortega, C.; Enriquez, R. Factores asociados a la infeccion celular por el virus de la necrosis pancreatica infecciosa (IPNV). Arch.
Med. Veter. 2007, 39, 7-18. [CrossRef]

12.  Santi, N.; Song, H.; Vakharia, V.N.; Evensen, J. Infectious Pancreatic Necrosis Virus VP5 Is Dispensable for Virulence and
Persistence Infectious Pancreatic Necrosis Virus VP5 Is Dispensable for Virulence and Persistence. J. Virol. 2005, 79, 9206-9216.
[CrossRef] [PubMed]

13.  Dobos, P. The molecular biology of infectious pancreatic necrosis virus (IPNV). Annu. Rev. Fish Dis. 1995, 5, 25-54. [CrossRef]

14. Duncan, R.; Mason, C.L.; Nagy, E.; Leong, ].; Dobos, P. Sequence analysis of infectious pancreatic necrosis virus genome segment
B and its encoded VP1 protein: A putative RNA-dependent RNA polymerase lacking the Gly-Asp-Asp motif. Virology 1991, 181,
541-552. [CrossRef]

15.  Fridholm, H.; Eliasson, L.; Everitt, E. Inmunogenicity properties of authentic and heterologously synthesized structural protein
VP2 of infectious pancreatic necrosis virus. Viral Immunol. 2007, 20, 635-648. [CrossRef]

16. Mileva, E. Infectious pancreatic necrosis of salmonid fish—Distribution and laboratory methods for diagnosis. Trakia J. Sci. 2019,
17,401-412. [CrossRef]

17.  Julin, K; Johansen, L.; Sommer, A.; Jorgensen, ]J. Persistent infections with infectious pancreatic necrosis virus (IPNV) of different
virulence in Atlantic salmon, Salmo salar L. ]. Fish Dis. 2014, 38, 1005-1019. [CrossRef]

18. Nygaard, H.; Modahl, I.; Myrmel, M. Thermal Inactivation of Infectious Pancreatic Necrosis Virus in a Peptone-Salt Medium
Mimicking the Water-Soluble Phase of Hydrolyzed Fish By-Products. Appl. Environ. Microbiol. 2012, 78, 2446-2448. [CrossRef]

19. Iakovidis, I; Delimaris, I.; Piperakis, S. Copper and Its Complexes in Medicine: A Biochemical Approach. Mol. Biol. Int. 2011,
2011, 1-13. [CrossRef]

20. Aldabaldetrecu, M.; Parra, M.; Soto, S.; Arce, P,; Tello, M.; Guerrero, J.; Modak, B. New Copper (I) Complex with a Coumarin as

Ligand with Antibacterial Activity against Flavobacterium psychrophilum. Molecules 2020, 25, 3183. [CrossRef] [PubMed]


http://doi.org/10.1111/raq.12623
http://doi.org/10.3389/fmicb.2016.01393
http://doi.org/10.1111/jfd.13113
http://doi.org/10.3390/pathogens9020094
http://doi.org/10.1016/j.vaccine.2012.05.062
http://doi.org/10.1093/nar/3.8.1903
http://doi.org/10.1128/jvi.61.12.3655-3664.1987
http://doi.org/10.1099/vir.0.80012-0
http://www.ncbi.nlm.nih.gov/pubmed/15269363
http://doi.org/10.1016/0959-8030(93)90037-C
http://doi.org/10.1128/JVI.73.4.3484-3490.1999
http://doi.org/10.4067/S0301-732X2007000100002
http://doi.org/10.1128/JVI.79.14.9206-9216.2005
http://www.ncbi.nlm.nih.gov/pubmed/15994815
http://doi.org/10.1016/0959-8030(95)00003-8
http://doi.org/10.1016/0042-6822(91)90887-H
http://doi.org/10.1089/vim.2007.0043
http://doi.org/10.15547/tjs.2019.04.018
http://doi.org/10.1111/jfd.12317
http://doi.org/10.1128/AEM.07358-11
http://doi.org/10.4061/2011/594529
http://doi.org/10.3390/molecules25143183
http://www.ncbi.nlm.nih.gov/pubmed/32668579

Molecules 2022, 27, 32 10 of 10

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

Soto-Aguilera, S.; Modak, B.; Aldabaldetrecu, M.; Lozano, C.P,; Guerrero, J.; Lefimil, C.; Parra, M. In Vitro Effect of Copper (I)
Complex [Cu(NN1)2](ClO4) on Vibrio harveyi BB170 Bio-film Formation. Microorganisms 2021, 9, 2273. [CrossRef]

Singh, H.; Singh, ].V.; Bhagat, K.; Gulati, H.K.; Sanduja, M.; Kumar, N.; Kinarivala, N.; Sharma, S. Rational approaches, design
strategies, structure activity relationship and mechanistic insights for therapeutic coumarin hybrids. Bioorg. Med. Chem. 2019, 27,
3477-3510. [CrossRef] [PubMed]

Grosell, M. Homeostasis and Toxicology of Essential Metals. In Fish Physiology, 1st ed.; Chris, M., Wood, C., Farrell, A., Brauner,
C., Eds.; Academic Press: Cambridge, MA, USA, 2012; Volume 31, Part A; pp. 53-133.

Claudel, M.; Schwarte, J.; Fromm, K. New Antimicrobial Strategies Based on Metal Complexes. Chemistry 2020, 2, 849-899.
[CrossRef]

Kalinowska, M.; Piekut, J.; Bruss, A.; Follet, C.; Sienkiewicz-Gromiuk, J.; Swistocka, R.; Rzaczynska, Z.; Lewandowski, W.
Spectroscopic (FT-IR, FT-Raman, 1H, 13C NMR, UV /VIS), thermogravimetric and antimicrobial studies of Ca(II), Mn(II), Cu(II),
Zn(II) and Cd(IT) complexes of ferulic acid. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2014, 122, 631-638. [CrossRef]
Lenard, J. Viral Membranes. Encyclopedia of Virology, 3rd ed.; Mahy, B.W.J., Van Regenmortel, M.H.V., Eds.; Academic Press:
Cambridge, MA, USA, 2008; pp. 308-314. [CrossRef]

Pereiro, P.; Figueras, A.; Novoa, B. Compilation of antiviral treatments and strategies to fight fish viruses. Rev. Aquac. 2021, 13,
1223-1254. [CrossRef]

Song, H.; Santi, N.; Evensen, J.; Vakharia, V.N. Molecular determinants of Infectious Pancreatic Necrosis Virus virulence and cell
culture adaptation. J. Virol. 2005, 79, 10289-10299. [CrossRef]

Kuznar, J.; Soler, M.; Farias, G.; Espinoza, J.C. Attachment and entry of infectious pancreatic necrosis virus (IPNV) into CHSE-214
cells. Arch. Virol. 1995, 140, 1833-1840. [CrossRef]

Modak, B.; Sandino, A.M.; Arata, L.; Cardenas-Jirén, G.; Torres, R. Inhibitory effect of aromatic geranyl derivatives isolated from
Heliotropium filifolium on infectious pancreatic necrosis virus replication. Veter. Microbiol. 2010, 141, 53-58. [CrossRef] [PubMed]
Dennington, R.; Keith, T.; May, ] M. GaussView; Version 5; Semichem Inc.: Shawnee, KS, USA, 2009.

Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.; Petersson, G.A;
Nakatsuji, H.; et al. Gaussian 09; Gaussian, Inc.: Wallingford, CT, USA, 2009.

Coulibaly, F.; Chevalier, C.; Delmas, B.; Rey, F.A. Crystal Structure of an Aquabirnavirus Particle: Insights into Antigenic Diversity
and Virulence Determinism. J. Virol. 2010, 84, 1792-1799. [CrossRef] [PubMed]

Morris, G.M.; Goodsell, D.S.; Halliday, R.S.; Huey, R.; Hart, W.E.; Belew, R K.; Olson, A.]. Automated Docking Using a Lamarckian
Genetic Algorithm and an Empirical Binding Free Energy Function. J. Comput. Chem. 1998, 19, 1639-1662. [CrossRef]

Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kalé, L.; Schulten, K. Scalable
molecular dynamics with NAMD. ]. Comput. Chem. 2005, 26, 1781-1802. [CrossRef]

Berendsen, H.J.C.; Postma, ] PM.; Van Gunsteren, W.E; DiNola, A.; Haak, ].R. Molecular dynamics with coupling to an external
bath. J. Chem. Phys. 1984, 81, 3684-3690. [CrossRef]


http://doi.org/10.3390/microorganisms9112273
http://doi.org/10.1016/j.bmc.2019.06.033
http://www.ncbi.nlm.nih.gov/pubmed/31255497
http://doi.org/10.3390/chemistry2040056
http://doi.org/10.1016/j.saa.2013.11.089
http://doi.org/10.1016/B978-012374410-4.00530-6
http://doi.org/10.1111/raq.12521
http://doi.org/10.1128/JVI.79.16.10289-10299.2005
http://doi.org/10.1007/BF01384345
http://doi.org/10.1016/j.vetmic.2009.09.005
http://www.ncbi.nlm.nih.gov/pubmed/19818567
http://doi.org/10.1128/JVI.01536-09
http://www.ncbi.nlm.nih.gov/pubmed/20007275
http://doi.org/10.1002/(SICI)1096-987X(19981115)19:14&lt;1639::AID-JCC10&gt;3.0.CO;2-B
http://doi.org/10.1002/jcc.20289
http://doi.org/10.1063/1.448118

	Introduction 
	Results and Discussion 
	Chemical Compunds 
	Cytotoxicity Test 
	Antiviral Activity 
	Computational Studies 

	Materials and Methods 
	Cytotoxicity Test 
	Antiviral Activity Evaluation 
	IPNV Propagation 
	Antiviral Activity and Viral Load Assay 
	RNA Extraction and cDNA Synthesis 
	Real Time Quantitative PCR 

	Computational Studies 
	Statistical Analysis 

	Conclusions 
	References

