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Abstract

:

MiR-155 is a multifunctional microRNA involved in many biological processes. Since miR-155 is overexpressed in several pathologies, its detection deserves high interest in clinical diagnostics. Biosensing approaches often exploit the hybridization of miR-155 with its complementary strand. Molecular Dynamics (MD) simulations were applied to investigate the complex formed by miR-155 and its complementary strand in aqueous solution with Na+ and Cl− ions at ionic strengths in the 100–400 mM range, conditions commonly used in biosensing experiments. We found that the main structural properties of the duplex are preserved at all the investigated ionic strengths. The radial distribution functions of both Na+ and Cl− ions around the duplex show deviation from those of bulk with peaks whose relative intensity depends on the ionic strength. The number of ions monitored as a function of the distance from the duplex reveals a behavior reminiscent of the counterion condensation near the duplex surface. The occurrence of such a phenomenon could affect the Debye length with possible effects on the sensitivity in biosensing experiments.
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1. Introduction


MicroRNAs (miRNAs) are a large family of noncoding RNAs, typically consisting of single strands of about 19–25 nucleotides. MiRNAs are present in different organisms, where they generally target protein-coding mRNAs at the post-transcriptional level, regulating complex patterns of gene expression [1,2,3]. Dysregulation of miRNAs, often manifesting as overexpression, is associated with several diseases, making them crucial biomarkers in diagnostics and clinical practice [4,5]. Consequently, detecting miRNAs, especially at low concentrations, is a significant objective in medical diagnostics. Among various detection methods, Electrochemical Impedance Spectroscopy (EIS) and Field Effect Transistor (FET) biosensors warrant particular attention [6]. These methods offer an excellent balance of sensitivity, speed, low cost, and ease of use [7,8]. These biosensors generally exploit a capture molecule (probe), commonly provided by the miRNA complementary single strand, which interacts with the target miRNA itself giving rise to the formation of a double strand through hybridization [9]. Ions are required to overcome the repulsion between their negatively charged phosphate backbones, then favoring the pairing of complementary RNA strands [10]. On the other hand, a high ionic strength limits the detection capability of these electrochemical biosensors since it shortens the so-called Debye length, which defines the active region through which electrons from the target can be transferred to the electrode surface, giving rise to the detection signal [11]. In this context, understanding the ion distribution around the miRNA duplex at different ionic strengths is crucial for interpreting experimental data from biosensors. We aim to investigate the ion distribution around the duplex formed by an miRNA and its complementary strand (Apt-155) in solution at different ionic strengths. Here, we applied a computational approach combining modeling and all-atom Molecular Dynamics (MD) simulations, allowing us to follow the dynamics of the whole system at the atomic level. The duplex, whose structure was initially derived through suitable modeling procedures, was placed in a box filled with water and varying amounts of Na+ and Cl− ions to achieve ionic strengths ranging from 100 mM to 400 mM. This range was chosen to match the conditions commonly used in biosensing experiments, ensuring the stability of the duplex in connection with ion distribution [12]. We specifically focused on miR-155, a multifunctional miRNA that regulates cell differentiation, developmental stages, and the mammalian immune system [13]. MiR-155 is overexpressed or mutated in various malignant tumor cells, such as hepatocellular carcinoma, breast cancer, and colon cancer [14]. As a suitable biomarker for many types of cancers and other diseases, its detection is of high interest in diagnostics and screening [15,16]. Recently, we investigated the binding kinetics between miR-155 and its complementary strand by Surface Plasmon Resonance (SPR) and Atomic Force Spectroscopy (AFS) under conditions reminiscent of those commonly used in biosensing experiments and close to physiological conditions [17]. We found that miR-155 and Apt-155 form a duplex with a rather high affinity at the ionic strength of 300 mM, which represents a good compromise among the requirements to assure a stable duplex formation and a satisfactory detection level. Based on this, an understanding of the effective ion distribution around the duplex in relation to the ionic strength could help in interpreting results from biosensing experiments and could also provide valuable insights for the development of more effective biosensors.




2. Results


2.1. Structure of the Duplex


Figure 1a shows the initial configurations of the miR-155/Apt-155 duplex, as derived by a docking procedure between the single-stranded modelled structure for miR-155 and Apt-155 (see Materials and Methods Section). Such a structure has been put at the center of a box filled with water molecules and a different number of ions (Na+ and Cl−) to reach an ionic strength within the 100–400 mM range; the system with only Na+ counterions for neutrality has been also investigated (named as the 0 mM ionic strength). The analyzed systems have been summarized in Table 1.



During equilibration, the modeled structure of the duplex undergoes a re-arrangement, as is emerging in Figure 1b. Successively, the dynamics of the miR-155/Apt-155 duplex systems, at different ionic strengths, have been followed for 500 ns in triplicate. By visual inspection, the duplex maintains its structure at all the ionic strength throughout the run; an example of the structure at the end of a run is shown in Figure 1c. Such a result is also witnessed by the temporal evolution of the RMSD, calculated using the structure of the duplex derived from the modelling as the reference. RMSDs exhibit fluctuations of about 0.08 nm around the initial value of 0.5 nm for all the ionic strengths (see Figure 2a). A similar behavior is also detected for SASA at the various ionic strengths (see Figure 2b). For both RMSD and SASA, no significant differences among the ionic strengths can be observed. This is confirmed by the averages and the corresponding standard deviations, evaluated over all the runs, reported in Table 1. Similarly, the RMSFs, the number of the intermolecular H-bonds, and the length of the duplex do not reveal any significant differences (see also Table 1). Globally, these results indicate that the duplex preserves its main structural properties during the dynamics in the analyzed range of ionic strengths.




2.2. Water and Ion Distribution around the Duplex


The environment around the duplex has been first investigated by analyzing the radial density function (RDF) of water and of the ions.



Figure 3 shows the normalized RDF curves of water as a function from the distance, r, of water molecules from the duplex nearest the atom at the different ionic strengths; a zoom of the region closer to the duplex being shown is in the inset. Each curve has been derived by averaging curves over the three independent runs. Notably, all the curves are found practically superimposed at all of the distances, with no differences among the three replicas. This means that the global behavior of water around the duplex does not change in the analyzed range of ionic strength. On the other hand, for distances below 2.5 nm from the duplex, the RDF values strongly deviate from one, which is the expected value for the bulk. More specifically, the RDFs are zero for distances up to 0.15 nm, then they undergo an increasing trend on which some peaks are superimposed. A first peak is found at 0.18 nm, followed by another at 0.22 nm. Smaller peaks are detected at 0.30 nm and 0.41 nm, with the corresponding minima at 0.33 nm and 0.44 nm, respectively. A very small bump is also detected at about 0.51 nm, after which the curves slowly increase to the bulk value, which is established and maintained for distances higher than 2.5 nm. These results are in a good agreement with those from other MD simulations of RNA in water, even if details of the RDF of water around macromolecules vary with the used Force Fields [18].



Figure 4a shows the normalized RDFs for the Na+ ion as a function of the distance r from the duplex at the different ionic strengths; a zoom of the region with r below 0.6 nm is shown in Figure 4b. Again, no variation among the replicas has been detected. All the curves are characterized by almost the same trend; however, lower values are detected as far as higher ionic strengths are considered. In more detail, the RDF curves are zero below 0.21 nm, indicating that no Na+ ions can be found in this region. We remark that water molecules have been found at a distance between 0.15 nm and 0.21 nm from the duplex. At distances higher than 0.21 nm, three main peaks appear in the RDF: the first is located at a distance 0.24 nm from the duplex, followed by a minimum at 0.28 nm; the second one is centered at 0.35 nm, with a minimum at 0.38; and the third is at 0.48 nm, with a minimum at 0.51 nm. It is interesting to note that the distance of the first minimum in the RDF of Na+ approximately corresponds to that at which the first maximum of the RDF is observed in water. Moreover, the RDF exhibits the absolute maximum, at 0.85 nm, after which a decreasing trend down to one can be detected.



Figure 5a shows the normalized RDF of Cl− ions as a function of the distance r of water molecules from the duplex at different ionic strengths, with a zoom of the region below 0.6 nm shown in Figure 5b. Very small values are registered in all cases; this is consistent with the fact that the negative charge of the duplex does not favor the presence of negative ions in its proximity. However, progressively higher values are detected with increasing ionic strengths. Below distances of 0.21 nm from the duplex, the RDF is zero, similar to that found for Na+ ions. At greater distances, the RDFs of Cl− ions show a small peak located at 0.24 nm, followed by a minimum at 0.28 nm; this peak is found at the same position as the first one for Na+ ions; with a small bump appearing at 0.34 nm. At greater distances, there is an increasing trend that is more rapid for higher ionic strengths, indicating a progressive increase in the presence of Cl− ions, as expected. The RDFs reach the value of one (bulk value) at distances of about 3.0 nm. According to a commonly used criterion [19], the first shell of ions around a charged polymer is defined from the first common minimum in both the Na+ and Cl− RDF curves. In our case, it is located at about 0.28 nm, corresponding somewhat with the NMR data for such a shell falling within 0.4 nm from the DNA surface [20]. In this respect, it should however be mentioned that the distribution and the behavior of ions around DNA and around RNA could be slightly different [21]. Our results for the RDF of both Na+ and Cl− ions around the duplex formed by miR-155 and its complementary strand are consistent with those found in the literature for MD simulations of duplexes formed by short oligonucleotides, which, however, are characterized by wide variability, depending on the Force Field used as well as the length of the molecule [21].



Figure 6 shows representative trends in the number of Na+ (black line) and Cl− (red lines) ions, as a function of time, found within 0.28 nm from the duplex for ionic strengths from 100 mM to 400 mM. In all of the cases, the number of Na+ ions exhibit rather wide fluctuations with values ranging from zero to progressively higher values as far as higher ionic strengths are concerned. At variance, Cl− ions occasionally appear in the region, however, with a higher probability by increasing the ionic strength. These results are consistent with a relaxation time in the order of nanoseconds for ions in the first shell, as obtained from MD simulations for Na+ and Cl− ions around oligonucleotides [18].



We conducted detailed monitoring of the average number of ions at different distances from the duplex across various ionic strengths. Figure 7a,b show the number of Na+ (NNa+) and of Cl− (NCl−), respectively, as a function of the ionic strength near the duplex, with the variability among the replicas having been represented by the error bars. Concerning the Na+ ions, within distances of 0.28 nm and 0.38 nm from the duplex, NNa+ remains almost constant across the entire range of ionic strengths investigated. For wider distances, NNa+ stays constant below 200 mM but increases at higher ionic strengths, indicating a higher accumulation of sodium ions at elevated ionic strengths. For Cl− ions, within 0.38 nm, NCl− is lower than one, consistent with the occasional passage of Cl− ions in this region, as observed in Figure 6. At a distance of 0.50 nm, values around one are detected at higher ionic strengths. A marked increase in NCl− with the ionic strength is observed at the 0.85 nm region, though the values remain lower than those observed for Na+ ions. These results indicate that, close to the duplex surface, Na+ ions dominate over Cl− ions, according to the negative charge of the duplex. Additionally, for ionic strengths below 200 mM, in the various regions around the duplex, the number of Na+ ions is almost constant, suggesting a sort of condensation. At the same time, Cl− ions exhibit a more sporadic presence combined with a significant increase only at higher ionic strengths and larger distances from the duplex.



Figure 8a,b further analyze the behavior of Na+ and Cl− ions as a function of the distance from the duplex, respectively, at different ionic strengths. Both NNa+ and NCl− increase with the distance from the duplex, but with a different behavior. Up to 0.5 nm, NNa+ follows a linear increasing trend that is almost the same for all ionic strengths. Beyond this distance, a progressive reduction from the initial linear trend is observed, more evident at lower ionic strengths. Conversely, a nonlinear increasing trend, with progressively higher slopes with the ionic strengths, is observed for NCl− consistently, with a larger number of Cl− ions distancing themselves from the duplex surface. On the other hand, Cl− ions display a more complex pattern, with their numbers significantly increasing at greater distances and higher ionic strengths.



Figure 9 shows Nnet = NNa+ – NCl− as a function of the distance from the duplex, providing information about the number of net positive charges around the duplex, allowing the global visualization of the effective charges around the duplex.



For distances below 0.5 nm, Nnet follows a linear trend which is practically the same in all the cases and is reminiscent of that observed for NNa+ (see Figure 8a). At greater distances, a deviation from linearity occurs, more markedly for low ionic strengths. Subsequently, Nnet reaches a new linear regime that is quite independent of the ionic strength. Notably, this linear regime is established at a distance ranging from 2.0 to 2.5 nm, with progressively higher values as far as higher ionic strengths are concerned. These results suggest that three regions can be approximately identified around the duplex: (i) A region close to the duplex surface with practically only Na+ ions. The number of these ions follows a linear trend, whose slope is substantially independent on the ionic strength. (ii) A second region characterized by a transition toward a new linear regime, varying with the ionic strength. (iii) Finally, an external region is characterized by a linear trend, again almost independent of the ionic strength. The last behavior suggests a screening effect of the duplex charge and it can be discussed in connection with the Manning condensation theory for a charged polymer [22]. Briefly, the Manning theory predicts that if the so-called Manning parameter ξ exceeds a critical value, counterions (ions whose charge is opposite to that of the polymer) condensate in a confined region described by a condensation radius. For a charged cylinder polymer, the Manning parameter is given by ξ = λB/b, where λB is the Bjerrum length and b the linear charge density of the polymer. In the presence of only monovalent counterions and at a high dilution, the critical value for the Manning parameter is one; with a corresponding fraction of ions of 1− 1/ξ, contained within the condensation radius, whose value depends on some parameters (such as concentration and pH) [22]. When a salt is present, a more complex behavior is registered; however, a condensation process with a related radius varying with the ionic strength has been predicted based on the Poisson–Boltzmann equation [23]. In our cases, the duplex can be satisfactorily modelled as a charged cylinder with a linear density of about 6e/nm (as also found for the double helix of oligonucleotides [24]). Since in water and at room temperature, the Bjerrum length λB is about 0.71 nm, a Manning parameter of ξ = 4.2 has been evaluated. Accordingly, in our system, ξ exceeds the critical value, and then a counterion condensation process is expected; the corresponding fraction of ions within the condensation radius is given by FC = 1−1/ξ = 0.76. For a tentative estimation of the condensation radius, and by taking into consideration that FC = 0.76, corresponding to a net charge of +31e, we have evaluated the distance at which such a charge is contained. The horizontal black dashed line plotted in Figure 9, related to Nnet = 31, intercepts the Nnet data at different distances ranging from 1.5 nm to 2.2 nm, varying with the ionic strength. We note that for ionic strengths below 200 mM, the charge fraction of 0.76 is contained within the same distance of about 2.2 nm. Such behavior is in good agreement with the presence of ion condensation, as predicted from the Manning theory.



Now, we wonder if the ion condensation around the duplex could have some implications in biosensing experiments. As a consequence of the condensation of Na+ ions around the duplex, the effective ionic strength around the duplex could be lower than expected. Consequently, a smaller number of ions could contribute to the effective ionic strength, leading to a longer Debye length. By taking into consideration the estimated condensation of 31 positive ions for the 300 mM ionic strength, the effective Debye length is 0.68 nm instead of 0.55 nm, with an increase of more than 20%. Such an effect could positively impact the biosensing capability since it allows charge detection at a greater distance from the electrode surface, and then a higher sensitivity even at a higher ionic strength. On the other hand, it could not be excluded that ion condensation around the duplex might simultaneously lead to a reduction in the polymer charge effectively detected. All these aspects provide some insights and warrant further experimental investigation.





3. Materials and Methods


3.1. Modelling


The three-dimensional (3D) structure of the duplex was derived by the RNACOMPOSER software starting from the RNA oligonucleotide sequences for miR-155 (5′- uaa ugc uaa ucg uga uag ggg -3′) and the complementary strand Apt-155 (5′-ccc uau cac gau uag cau uaa-3′) [25]. All the figures for the biomolecules were created by Pymol and VMD [26,27].




3.2. Molecular Dynamics (MD) Simulations


MD simulations of the modelled miR-155/Apt-155 duplex in water were carried out by the GROMACS 2021.4 package [28], using the AMBER99SB-ILSD Force Field for RNA [29], and TIP3P for water [30]. The duplex molecule was centered in a rectangular box of edges 6.9 nm x 7.3 nm x 6.9 nm, filled with 10785 water molecules. A total of 41 water molecules were replaced with Na+ to assure neutrality, with these ions being mentioned as counterions, and the corresponding ionic strength being named as 0 mM. The box dimensions were fixed to have a distance between two adjacent duplexes similar to that expected in the experimental setups. Systems at different ionic strengths were analyzed, with the ionic strength defined as   1 / 2   ∑  i = 1   n      c   i     z   i   2      , where     c   i     is the molar concentration of ions and    z   i     is the charge number of ions. Systems at ionic strengths of 100 mM (72 Na+ and 31 Cl− ions), 200 mM (103 Na+ and 62 Cl−ions), 300 mM (134 Na+ and 93 Cl−ions), and 400 mM (165 Na+ and 124 Cl− ions), were obtained by replacing a defined number of water molecules with Na+ and Cl− ions to reach the required conditions. H-bonds were constrained with the LINCS algorithm and a cut-off of 0.35 nm [31]. The Particle Mesh Ewald (PME) method [32,33] was applied to calculate the electrostatic interactions with a lattice constant of 0.12 nm. Simulation conditions were almost the same as those used by the authors in ref. [34,35]. The Periodic Boundary Conditions in the NPT ensemble were applied. The temperature was controlled by the Nosé–Hoover thermostat with a coupling time constant of 0.1 ps, while the Parrinello–Rahman extended ensemble, with a time constant of 1.0 ps, was used to control pressure [36,37]. Each system was minimized and then heated to 298 K with steps at 50 K, 100 K 150 K, and 250 K, and preliminarily submitted to 150 ns for relaxation. Successively, it was submitted to a 500 ns long MD trajectory, in triplicate for data analysis. Each replica was obtained by randomly changing the initial atom velocities using a Maxwell–Boltzmann distribution at the corresponding absolute temperature. The trajectories were monitored by analyzing the Root Mean Square Deviations (RMSDs), the Root Mean Square Fluctuation (RMSF), and the solvent accessible surface area (SASA), through the GROMACS package tools [38]. The length of the duplex was evaluated by measuring the distance between C3 G21 of miR-155 and C3 A42 of Apt-155. Furthermore, intermolecular H-bonds between miR-155 and its Apt-155 were also monitored in time by applying the geometrical criterion, assuming a donor–acceptor distance of 0.35 nm and the hydrogen donor–acceptor angle of 30°. The radial distribution function (RDF) of both water and ions around the duplex was calculated by the subroutines in GROMACS by taking into consideration the nearest N atom from the duplex.





4. Conclusions


MD simulations conducted on a negatively charged duplex formed by miR-155 and its complementary single strand, in aqueous solution with varying ionic strengths, employing Na+ and Cl− ions, allowed us to investigate both the structure and the dynamics of the duplex and the behavior of these surrounding ions. The results indicated that the structure of the duplex, after equilibration, remained stable across different ionic strengths. Key parameters such as the RMSF, SASA, and number of intermolecular H-bonds showed negligible changes with varying ionic strengths. The RDFs of Na+ and Cl− ions showed peaks at well-defined distances from the duplex, with the same features across different ionic strengths. The analysis revealed a notable condensation of Na+ ions around the duplex, consistent with the Manning condensation model observed in charged polymers. The occurrence of such a phenomenon suggests a reduction in the number of free ions contributing to the ionic strength, with a consequential decrease in the Debye length. This could lead to an enhancement of the biosensing capabilities for devices in which miRNAs are immobilized on electrodes. These findings highlight the importance of considering ionic strength in relation to the ion distribution, with this helping in the design and optimization of miRNA-based biosensors.
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Figure 1. Graphical representation of (a) initial structure of the miR-155/Apt-155 duplex derived by the docking procedure, (b) the structure after equilibration used as initial configuration, and (c) final structure of the miR-155/Apt-155 duplex after a 500 ns run at a ionic strength of 100 mM. 
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Figure 2. Representative temporal evolution of (a) RMSD and (b) SASA for the miR-155/Apt-155 duplex at different ionic strengths. 
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Figure 3. Normalized radial distribution function (RDF) of water at different ionic strengths as a function of the distance from the duplex. Inset: zoom of the region closer to the duplex. Each curve was obtained by averaging data over the three independent 500 ns long runs. 
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Figure 4. (a) Normalized radial distribution functions (RDFs) of Na+ ions, as a function of the distance from the duplex, at different ionic strengths; (b) zoom of the Figure in (a). Each curve was averaged over the three 500 ns long runs. 
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Figure 5. (a) Normalized radial distribution functions (RDFs) of Cl− ions, as a function of the distance from the duplex, at different ionic strengths; (b) zoom of the Figure in a). Each curve was averaged over the three 500 ns long runs. 






Figure 5. (a) Normalized radial distribution functions (RDFs) of Cl− ions, as a function of the distance from the duplex, at different ionic strengths; (b) zoom of the Figure in a). Each curve was averaged over the three 500 ns long runs.



[image: Molecules 29 04246 g005]







[image: Molecules 29 04246 g006] 





Figure 6. Representative temporal evolution of the number of Na+ (black lines) and Cl− (red lines) ions within a region of 0.28 nm from the duplex at four ionic strengths. 
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Figure 7. Average number of (a) Na+ ions (NNa+) and (b) Cl− ions (NCl−), as a function of the ionic strength at different distances from the duplex. Error bars indicate the variability over replicas. 
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Figure 8. Average number of (a) Na+ ions (NNa+) and (b) Cl− ions (NCl−), as a function of distance from the duplex, at different ionic strengths. Error bars indicate the variability over replicas. 
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Figure 9. Total average number of positive charges, Nnet, (obtained from NNa+ – NCl−) as a function of the distance from the duplex at different ionic strengths. The dashed horizontal black line indicates Nnet equal to 31, corresponding to a fraction of 0.76 of the total charge. 
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Table 1. Selected properties of the duplex in water and with Na+ and Cl− ions at different ionic strengths. The averages and standard deviations (in parentheses) have been obtained from three 500 ns long replicas.
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	Ionic strength
	RMSD (nm)
	SASA (nm2)
	RMSF (nm)
	H-bonds
	Length (nm)





	0 mM
	0.52 (0.08)
	80 (1)
	0.24 (0.08)
	60 (4)
	6.6 (0.3)



	100 mM
	0.55 (0.09)
	80 (1)
	0.28 (0.10)
	61 (4)
	6.9 (0.4)



	200 mM
	0.54 (0.09)
	81 (1)
	0.26 (0.10)
	61 (4)
	6.9 (0.3)



	300 mM
	0.49 (0.09)
	80 (1)
	0.23 (0.06)
	61 (4)
	6.7 (0.3)



	400 mM
	0.51 (0.09)
	82 (1)
	0.26 (0.10)
	61 (4)
	6.5 (0.3)
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