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Abstract

:

Highly toxic microcystins (MCs) perform complex interactions with many proteins that induce cellular dysregulation, leading to the development of several diseases including cancer. There is significant diversity and chemical complexity among MC congeners, which makes it difficult to identify structure-dependent toxicity outcomes and their long-term effects. The aim of this study was to exploratory identify likely molecular targets of the main MC variants (MC-LA, MC-LR, MC-RR, and MC-LY) by conducting a computational binding affinity analysis using AutoDock Vina to evaluate the interaction of the toxins with 1000 proteins related to different biological functions. All four variants showed strong in silico interactions with proteins that regulate metabolism/immune system, CD38 (top scoring hit, −11.5 kcal/mol); inflammation, TLR4 (−11.4 kcal/mol) and TLR8 (−11.5 kcal/mol); neuronal conduction, BChE; renin–angiotensin signaling, (ACE); thyroid hormone homeostasis (TTR); and cancer-promoting processes, among other biochemical activities. The results show MCs have the potential to bind onto distinct molecular targets which could generate biochemical alterations through a number of signal transduction pathways. In short, this study broadens our knowledge about the mechanisms of action of different variants of microcystins and provides information for future direct experimentation.
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1. Introduction


An increase in the frequency and toxicity of cyanobacterial blooms in aquatic environments, mainly in freshwater reservoirs, has been recognized as an emerging health problem [1,2]. Cyanobacterial blooms are often accompanied by a variety of cyanotoxins that have different structures and compositions that define their effects. According to the target organ, they are classified as hepatotoxins, neurotoxins, or dermatoxins, and they are produced by a variety of species from different genera [3,4].



Microcystins (MCs), one of the most common cyanotoxins, are produced by different genera of cyanobacteria and are considered to be a potent hepatotoxin with a wide range of effects [5,6]. They are cyclic heptapeptides, and most of them are hydrophilic due to carboxylic acids at positions 3 and 6, and to arginine, which is frequently found at positions 2 and 4 [5]. However, structural modifications due to amino acid combinations can change the polarity of a peptide. MCs are a diverse group of toxins since variations in functional groups by methylation/demethylation, hydroxylation, and epimerization generate a wide variety of congeners; to date, more than 270 variants have been described [5,6,7].



The marked differences in the toxicity of MC congeners are related to their chemical characteristics and their ability to distribute in different cellular compartments, according to their affinity to specific molecules. Therefore, toxicity among congeners can vary by several orders of magnitude [8]. The diversity of MCs is also related to different effects documented for this group of toxins, which include inducing apoptosis or cell proliferation [9], cancer development [10], inflammatory processes [11], metabolic disorders [12], and reproductive and neuronal alterations [13].



MCs induce DNA damage, mitochondrial dysfunction, cytoskeleton disruption, endoplasmic reticulum disruption, and cell cycle dysregulation, among other processes [4,14,15]. The different toxic effects of MCs appear to be dose- and time-dependent. However, the molecular factors that induce the different biochemical and cellular effects have not been fully elucidated [12,15].



The molecular mechanisms involved in the toxicodynamics of MC congeners need to be determined to understand the processes that regulate signaling pathways, leading to cellular responses. The affinity of MC congeners to specific molecules is one of the principal elements in an evaluation that defines their mechanisms of action and toxicity. Most of these processes are difficult to evaluate through chemical and physiological experimental approaches. In contrast, computational chemistry is an important, rapid, and safe tool to decipher the interaction of toxins with target molecules and to infer their mechanisms of action. This approach evaluates docking interactions between congeners and molecular targets, and affinity scores are generated for different protein sites and configurations. In silico methods can be used to investigate multiple subprocesses and to evaluate accurate predictions of ligand binding energy as well as represent an efficient tool for screening ligand processes [16]. Therefore, potential candidate molecules can be identified for experimental validation.



Currently, one of the most extensively used docking tools is AutoDock Vina (Molecular Graphics Lab, The Scripps Research Institute, La Jolla, CA, USA. https://vina.scripps.edu/). This new generation software has significantly improved the average accuracy of binding mode predictions. Vina software offers a fast search method by using a simple scoring function and provides reproducible results for large systems with more than 20 flexible links [16]. Molecular docking is a direct approach to evaluate each MC congener’s affinity to the active site of enzymes. Although the number of MCs is large, in this work, we focused on MC-LR, MC-RR, MC-LA, and MC-LY (Figure 1) with 1000 human proteins to infer the toxic potential of these MCs. These variants are commonly present in many cyanobacterial blooms worldwide [4], and they bioaccumulate to varying degrees in exposed organisms [5].



MC-LR and MC-RR are the best characterized congeners due to their ubiquitous presence in many water bodies during blooms of microcystin-producing cyanobacteria. However, MC-LA and MC-LY can become dominant, depending on environmental factors and the level of eutrophication [5,17,18]. Environmental conditions influence the expression of mcyB genes encoding for non-ribosomal peptide synthase involved in variant synthesis [18].



Here, we characterized the interactions of four microcystin congeners with proteins, classified them into different biological functions, and based on theoretical affinities, we evaluated the mechanisms of actions of the biochemical and molecular pathways that could be involved in the induction of pathological processes associated with exposure to these toxins.




2. Materials and Methods


In silico screening for molecular targets of microcystins was based on a search for targets and the evaluation of affinity for protein–ligand coupling protocols using AutoDock Vina. This program improves the accuracy of conformational predictions and calculates grid maps using the value of the scoring function, as well as those derived from the positions and orientations of ligands and twists of flexible residues [16].



The methodological approach implemented in this work was divided into several stages: (1) obtaining the 3D structures of microcystins; (2) optimization of the electronic structures of the compounds; (3) virtual evaluation of the protein–ligand coupling with AutoDock Vina; and (4) characterization of the binding sites, including the identification of the main protein-ligand interactions with Ligand Scout.



Protein–Ligand Coupling Calculations with AutoDock Vina


A high-performance virtual screening was performed docking the microcystin variants MC-LR, MC-LA, MC-LY, and MC-RR with 1000 human proteins, using a blind coupling strategy. Protein structures determined by X-ray crystallography were obtained from Protein Data Bank (PDB) and prepared for docking purposes using AutoDock tools. Selected proteins are related to oxidative stress, cell proliferation, breast cancer, angiogenesis, epigenetics, thyroid function, inflammatory processes, apoptosis, cytochrome P450, insulin, neuroprotection, nuclear receptors, and skin fibrosis, among other biochemically related groups.



The 3D structures of the microcystins were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) for optimization through Gaussian 3.0 (Gaussian Inc., Wallingford, CT, USA). The coupling site was defined by establishing a cube at the geometric center of the native ligand present in each of the evaluated PDB structures, with dimensions of 24 × 24 × 24 Å, covering the coupling site of the ligand, with a grid point spacing of 0.375 Å. Coupling between each protein–ligand pair was evaluated in triplicate, and the average of the best affinity scores (kcal/mol) was used to classify the complexes.





3. Results and Discussion


In molecular modeling, binding energy is the key element to evaluate ligand–receptor interactions. The most negative binding energy represents the best docking position and the most probable binding mode (pose). The affinity predictions of the complexes between MC congeners and the target proteins generate a great diversity of data. A cut-off point of −10.0 kcal/mol was used to identify the most probable MC–protein complexes. Therefore, these complexes presented a binding energy between −10 and −11.9 kcal/mol, which was the minimum coupling energy detected among all interactions. The top 15 poses of MCs with target proteins that are common to all variants and with affinities below −10.0 kcal/mol are presented in Table 1.



3.1. Main Complexes Formed with Microcystins with High Affinity Scores


3.1.1. Metabolic Effects and Insulin Regulation


The computational analysis revealed that all of the analyzed MC variants had high affinities to the CD38 protein, especially MC-LY, which showed the best docking value (−11.5 kcal/mol). CD38 participates in the regulation of cell adhesion, differentiation, and cell proliferation, and has been found to alter the antiapoptotic role of insulin, induce insulin release, and the development of diabetes, and is highly expressed in the immune system [19,20]. CD38 is a transmembrane glycoprotein that, in addition to having functions as an ectoenzyme, serves as a receptor associated with the extracellular domain. It is responsible for mobilizing the Ca2+ at the intracellular level and the production of ADPR, which can covalently bind to many proteins and modify their functions [20,21,22,23,24]. CD38 is made up of 300 amino acids, and their multiple enzymatic functions are executed in a single active site that presents the critical residues Glu 226, Trp 125, Trp 189, and Glu 116 [25].



Most interactions of MC-LY with CD38 are hydrophobic, and binding to the active site of CD38 occurs through Trp 125 and Trp 189 (Figure 2), while connections with highly conserved residues such as Lys 129 and Thr 221 may affect essential ectoenzyme processes such as cADPR hydrolysis, and the necessary folding for cyclization and NAD glycohydrolase (NADasa) enzyme activity [22,26].



It should be noted that CD38 has not been reported to be a target protein for MCs. However, MC-LR has been shown to impair the insulin receptor signaling pathway, and induce hyperinsulinemia and insulin resistance in mice by altering the expression of genes related to type 2 diabetes mellitus [24,25,26], in addition to the upregulation of several proteins such as Nduf, Ppp3ca, Ide, Marcks, Pgk1, and Suclg1 involved in insulin secretion [19]. It has been found that MC-LR can induce partial islet dysfunction and cause T2 diabetes mellitus; this could be due to the possible binding of MCs to key CD38 residues involved in the loss of important functions such as increasing cADPR production and intracellular Ca2+ release and insulin secretion, and inducing impairment of islet functions as well as activating inflammatory processes [22].



In the case of MC-LA and MC-LR, they showed a strong interrelationship with receptors such as prolactin (PRL-R), MAPK14, and ATP-citrate synthase. These receptors positively regulate cellular proliferation, are activators of mitogenic protein phosphorylation, and participate in lipid synthesis, and their alteration is related to cancer induction [27,28]. The affinities found in MCs indicate that exposure to minority variants such as MC-LA and MC-LY could be high risk as they have a higher affinity for proliferation-inducing factors that alter important processes. It has been shown that these congeners may be dominant during cyanobacteria blooms, and therefore, the risks associated with water consumption by humans and other organisms are increased [17,29].



We found that, among the 189 interactions with insulin receptors, five of the interactions were specific to MC-LA and MC-LY with high affinity, presenting a higher binding energy with two important proteins (i.e., MLL1 and AKT3). MLL1 activates the methylation of histone H3K4 and therefore is involved in the proper development of embryogenesis, differentiation in hematopoiesis, and neurogenesis [30]. In addition, MC-LA and MC-LY bind to the protein kinase serine/threonine AKT3 (a higher affinity of −10.7 kcal/mol to MC-LY than to MC-LA), which regulates metabolism, energy demand, growth, angiogenesis, acts on cell proliferation, and is involved in the up- and downregulation of MMP-13, which is a metastasis activator [30,31]. Clearly, high affinity microcystin variants can alter these processes of important metabolic regulator enzymes, which could explain the proliferation and tumor induction and the indication of apoptosis by these toxins.



One of the most studied effects of MCs has been the inhibition of serine/threonine protein phosphatases, especially PP1 and PP2A in their catalytic units PP-1c/PP-2Ac [32,33].



MCs interact with PPs, resulting in the inhibition effect on adduct formation due to their connection with the catalytic site, the hydrophobic groove, and the C-terminal groove [32,34,35,36]. The inhibition effect is mainly through noncovalent interactions largely by the hydrophobic side chain of the β-amino acid Adda, located at position 5 and the Glu6 residue of the enzyme. This is one of the most important unions of the toxin [5,37].



We found interesting associations with several dual specificity protein phosphatases such as vaccinia H1, dual specificity protein phosphatase 26 (DUSP26), and protein phosphatase 13 (DUSP13). However, all had affinities of approximately −9.00 kcal/mol and insulin-related functions. The effects of MCs on cytoskeleton disruption, cell cycle arrest, metabolic disorders, cell proliferation, and cell death have been linked to PP1/PP2A activity and increased phosphorylation of certain proteins [38].




3.1.2. Interactions Related to Inflammatory Proteins and Neuroprotective Alteration


The clear virtual links among MC-LA, MC-LR, and MC-LY with butyrilcholinesterase (BChE) and β-secrestase 1 (BACE1) could explain another route by which MCs generate neurotoxic effects. The altered behavior of the BChE is related to neurodegenerative diseases and similar to BACE1, and has been related to the generation of beta amyloid-1 protein plaques in the brain [39,40]. The function and regulation of BACE1 at the brain level have not been fully elucidated [41], and there are no reports of the association of MCs with this protein. However, based on the virtual results, we suggest that the interaction between MCs and BACE1 should be investigated experimentally. The β-secretase 1 showed the highest affinities with MC-LY and MC-LA with scores of −10.9 kcal/mol and −10.5 kcal/mol, respectively.



The neurotoxic effects of the MCs are manifested as neuronal loss and morphological changes by hyperphosphorylation of the axon cytoskeleton [42]. Many of these effects have been associated with the obstruction generated by MCs in PP1 and PP2, which leads to oxidative stress, damage to the hippocampus, and hyperphosphorylation of tau protein, the main protein in the neuronal microtubules, thus favoring the development of some neurogenerative diseases [32,33,34]. However, these neurotoxic responses could also be explained as a positive regulation by MCs of the abundant proteins BACE1 and BChE, and not exclusively to the widely referred inhibition of PP1 and PP2.



Alterations in the activity of BChE lead to the release of proinflammatory cytokines [43,44]. In addition, BChE participates in the development of hepatic adiposity that is elevated in type I and II diabetes and hepatocellular carcinoma [45]. The interaction of MCs with this enzyme could also explain the negative effect that MCs generate in the liver as they induce increased hepatic steatosis and binucleation of the hepatocyte, generating strong inflammation and irreversible damage [35,37].



Toll-like receptors (TLRs) were the main representatives of the interaction of MCs with inflammatory proteins (Table 1). TLR receptors are involved in adaptive immune responses and pathogen recognition [46]. The interaction of MCs with these proteins has been reported previously, specifically with TLR4, which generates persistent inflammation through the TLR/MyD88 pathway and the TLR4/NF-kβ pathway [47,48], and therefore can induce hypertension through vascular inflammation, renal and CNS damage, and insulin resistance [49]. We found that in addition to TLR4, the TLR8 receptor generates strong binding with MC-LY and MC-LA (Table 1 and Figure 3). TLR8 contributes to the production of IL-6, IL-12p70, NF-kβ, and TNF-α, which are predominantly expressed on macrophages, dendritic cells, neutrophils, and monocytes [50]. The inflammatory shock produced by MCs may have been caused by the synergistic effect of TLR4 and TLR8, in addition to the disruption of inducible nitric oxide synthase (iNOS), which showed virtual couplings of −11.5 kcal/mol with MC-LA and MC-LY and whose interaction with MC-LR induced genotoxicity [51].



Angiotensin-I converting enzyme (ACE) is another enzyme that showed strong interactions with the four MC variants analyzed (Figure 4). ACE is a Zn2+ and Cl− dependent metalloprotein responsible for the metabolism of angiotensin I, whose imbalance alters blood pressure and induces congestive heart failure [52]. Microcystins showed superior affinities to this metallopeptide (Table 1), which has also been demonstrated experimentally, generating a variety of mechanisms that affect renal and cardiac function. The mechanisms include oxidative stress, generated by the release of cytochrome c, which triggers apoptosis to other mechanisms not yet elucidated [53,54,55].



Major residue interactions between the different microcystins and ACE are displayed in Table 2.




3.1.3. Nuclear Receptors and Genotoxicity Potential


The alpha receptor of the thyroid hormone (TRα) was the only nuclear receptor that interacted with the four MC variants, but with affinities of less than −10.0 kcal/mol. This receptor acts as a repressor or activator of transcription, and is involved in heart rate regulation [56]. In contrast, MC-LR and MC-LY presented interactions with 131 receptors, especially with retinoic acid (RA), RXR-alpha receptor, and nuclear receptor coactivator, which stimulated transcriptional activity and recruitment of general hormone-mediated transcription factors [57]. A recent study has demonstrated a linear relationship between the content of RAs and genotoxicity developed by exposure to cyanobacterial extracts [14].



Human transthyretin (TTR), a thyroxine receptor responsible for the major transport of thyroxine in various tissues and associated with the accumulation of abnormal amyloid protein deposits in the brain, has been reported to be altered by MCs [57]. The presence of MC-LR has been associated with a lower expression of TTR, and thus, a reduction in thyroxine levels after acute exposure [58]. The affinity between TTR and MC-LA is similar to that of MC-LR (−10.8 and −10.1 kcal/mol, respectively, Table 1). Therefore, we suggest that the effects are similar between both theoretical complexes.



Regarding the genotoxic potential of MCs, the high affinity found between the four variants with DNA topoisomerases type IIA, (TOP2A) could explain the reduction in the DNA repair system linked to the presence of these toxins [10]. The similar degree of interaction between the different congeners with TOP2A and LIMK1, together with the damage generated by the presence of ROS, suggests that the different variants affect the integrity of the genetic material and cellular homeostasis in the same way. Probably, they induce loss of the control of cellular functions, causing both tumorigenic and carcinogenic activity. The formation of the MC-LY complex with CYP3A4, which presented the lowest binding energy among the complexes found (−11.9 kcal/mol), could also be involved in DNA damage (Figure 5). This can be related to the fact that MCs generate a decrease in the levels of several members of the CYP family, leading to the formation of toxic metabolites, which may be involved in different processes of DNA damage and in the occurrence of ROS [10,59].




3.1.4. Cellular Proliferation and Cancer


The induction of apoptosis or uncontrolled cell proliferation depends on the exposure to different MC concentrations (dose dependent). The expression of the antiapoptotic gene Bcl-2 increases more than 4000-fold at low concentrations of MC-LR. This generates the survival of tumors in response to chemotherapy [60]. In contrast, high concentrations of MC-LR induce a reduction in the expression of the gene Bcl-22, which leads to apoptosis [61].



We found strong interactions between the four variants and MCL-1, a protein that belongs to the Bcl-2 family as well as with kinases MST4, CLK1, and LIMK1. The mechanisms of action of MCs that lead to cell proliferation and carcinogenesis are not well understood. However, MCs seem to share a similar biochemical effect by inducing the activation of antiapoptotic signaling pathways, alteration of the cell cycle, and inhibition of PP1 and PP2A, which causes an altered protein phosphorylation/dephosphorylation balance [33,62].



CLK1 is implicated in the pathophysiology of Alzheimer’s disease through phosphorylation of serine residues in SR proteins [63]. Therefore, these proteins can be considered to be potential targets of the neurological disorders originated by direct interaction with MCs. Downregulation of LIMK1 is associated with fibrosis, psoriatic epidermal proliferation, and different types of carcinogenesis [64,65]. The interaction of MCs with LIMK1 could explain the molecular mechanisms associated with different types of fibrosis, from psoriatic epidermal proliferation [63] to vascular heart disease [53,65].



A strong interaction was found between MC-RR with the selenoprotein thioredoxin reductase TRXR1, which regulates the p53 activity and has a high metastatic potential [66,67]. Alteration of TRXR1 levels or activity is accompanied by pro-oxidative changes in the cell, inducing increased oxidative stress, and thus, damage to different biomolecules [66,68].



The theoretical results obtained in this study are consistent with experimental observations reported by different authors [11,12,26,42,62]. The interactions reported here provide an important perspective of the possible alterations generated by the presence of MC variants or the synergistic effect of them. Furthermore, we were able to quantify binding affinities, describe the types of bonds of MC–enzyme/protein complexes, and thus explore in detail the interactions of the ligand with the active site of the enzyme or protein in general. In short, the affinity of MCs to different receptors that generate similar effects represents a greater potential risk to these toxins.






4. Conclusions


The biochemical and molecular alterations associated with MCs can be elucidated by the virtual interactions found in this study. It is precisely the affinities associated with new molecular targets that could explain the pathways that do not extinguish the anti-apoptotic signals, or that accelerate the irreversible cell damage generated by the presence of this group of toxins, and the redundant events, which lead to the same alterations, provoking complex responses, and accelerating cellular self-deterioration mediated by both intracellular and extracellular factors.



Computational data used in this work suggest that there is an equal or even greater risk of adverse effects after exposure to MC-LA and MC-LY compared with MC-LR. Given the large number of possible molecular targets and the strong theoretical affinity to diverse metabolic important enzymes, the different interactions of these lipophilic variants, especially MC-LA, need to be evaluated experimentally. The limited information on the molecular targets of the 279 MC congeners described so far makes it difficult to identify the impact of chronic exposure and their toxic effects. The in silico approach permits the investigation of possible interactions with proteins and the elucidation of some mechanisms that have not been fully understood, and this information can be used to direct experimental approaches to characterize the toxic effect of MCs.
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Figure 1. Chemical structures of microcystin variants MC-LR, MC-RR, MC-LY, and MC-LA. Source: PubChem. 
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Figure 2. Three-dimensional view of CD38 in complex with MC-LY (magenta) (A), Atomic level view showing interactions between contact residues on the binding site and the ligand, as predicted by Ligand Scout (B). Atoms are colored with the CPK scheme. 
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Figure 3. Interaction of MC-LA with TLR8 (A and B chains) (A), and TLR4 (A and D chains) (B). Figures on the right display atomic level views showing interactions between contact residues on the binding site and the ligand, as predicted by Ligand Scout. Atoms are colored with the CPK scheme. 
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Figure 4. Three-dimensional representations of angiotensin-I-converting enzyme (ACE)–microcystin complexes. Microcystin-LR (A), MC-LY (B), MC-LA (C) and MC-RR (D) appear in blue, red, yellow, and orange, respectively. 
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Figure 5. Three-dimensional representation of the CYP3A4 and MC–LY complex. Contact residues at the binding site and interactions predicted by Ligand Scout are shown on the right. Atoms are colored with the CPK scheme. 
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Table 1. Main protein complexes formed with the four microcystin variants (MC-LA, MC-LR, MC-RR, and MC-LY) with binding energies lower than −10 kcal/mol.
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	Short Name
	PDB-ID
	MC-LA
	MC-LR
	MC-RR
	MC-LY





	ADP-ribosyl cyclase/cyclic ADP-ribose hydrolase 1
	CD38
	3ofs
	−10.1
	−10.1
	−10.1
	−11.5



	Butyrylcholine

esterase
	BChE
	4xii
	−10.5
	−10.4
	−10.4
	−11.0



	Toll-like receptor 4
	TLR4
	3ula
	−10.3
	−10.0
	−10.1
	−11.4



	Toll-like receptor 8
	TLR8
	3w3j
	−11.5
	−10.4
	−10.3
	−11.3



	Angiotensin-I-converting enzyme
	ACE
	3nxq
	−11.1
	−11.3
	−11.5
	−11.3



	DNA topoisomerase 2-alpha
	TOP2A
	1zxm
	−10.7
	−10.6
	−10.6
	−11.1



	Induced myeloid leukemia cell differentiation protein Mcl-1
	MCL-1
	5lof
	−10.7
	−10.9
	−10.2
	−10.6



	Hemoglobin subunit alpha
	HBA
	3b75
	−11.2
	−10.2
	−11.4
	−11.0



	Apoptosis regulator Bcl-2
	BCL2
	2w3l
	−10.6
	−10.6
	−10.2
	−10.9



	Heat shock protein HSP 90-alpha
	HSP90
	2qg0
	−10.2
	−10.1
	−10.9
	−10.9



	Serine/threonine-protein kinase 26
	MST-4
	3ggf
	−11.0
	−10.5
	−10.2
	−10.9



	Catalase
	CAT
	1dgb
	−10.7
	−10.4
	−10.4
	−10.7



	Transthyretin
	TTR
	1ict
	−10.8
	−10.2
	−10.2
	−10.6



	Calcium/calmodulin-dependent serine/threonine kinase
	DAPK
	1jkl
	−10.0
	−10.5
	−10.2
	−10.6



	Aminopeptidase N
	AMPN
	4fyr
	−10.5
	−10.3
	−10.3
	−10.3
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Table 2. Key bonding residues on ACE-microcystin complexes.
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	MC-LA, MC-LR

MC-RR, MC-LY
	MC-LA, MC-LR, MC-RR
	MC-LR, MC-RR,

MC-LY
	MC-LR, MC-RR
	MC-LA, MC-RR
	MC-LR, MC-LY





	Gln 62
	Ala 58
	Ser 61
	Gln 54
	* Gln 362
	Tyr 197



	* Tyr 111
	Ser 333
	Ser 100
	Ala 332
	* Thr 496
	



	Leu 115
	Asn 494
	Trp 201
	Ala 334
	
	



	Tyr 186
	Val 495
	* Arg 381
	Tyr 501
	
	



	Pro 497
	
	
	
	
	



	Arg 500
	
	
	
	
	







* Hydrogen bond interactions.
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