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Abstract

:

Metal cations are associated with many biological processes. The effects of these cations on nucleic acids and chromatin were extensively studied in the early stages of nucleic acid and chromatin research. The results revealed that some monovalent and divalent metal cations, including Mg2+, profoundly affect the conformations and stabilities of nucleic acids, the folding of chromatin fibers, and the extent of chromosome condensation. Apart from these effects, there have only been a few reports on the functions of these cations. In 2007 and 2013, however, Mg2+-implicated novel phenomena were found: Mg2+ facilitates or enables both self-assembly of identical double-stranded (ds) DNA molecules and self-assembly of identical nucleosomes in vitro. These phenomena may be deeply implicated in the heterochromatin domain formation and chromatin-based phase separation. Furthermore, a recent study showed that elevation of the intranuclear Mg2+ concentration causes unusual differentiation of mouse ES (embryonic stem) cells. All of these phenomena seem to be closely related to one another. Mg2+ seems to be a key regulator of chromatin dynamics and chromatin-based biological processes.
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1. Introduction


Magnesium is an essential metal element, and its ion is the second most abundant cation in human cells [1,2,3,4]. The average human stores ~25 g of the element, with ~65% in bones and ~32% in complexes with nucleic acids and proteins [5]. Magnesium plays various important roles in the structures and functions of nucleic acids, chromatin, and enzymes (Mg2+ is the most frequently used metal ion cofactor), as well as in the cell cycle, apoptosis, early embryonic development, and cell differentiation [1,2,3,4,5,6,7,8]. Thus, the uptake and efflux of Mg2+ are highly regulated to maintain appropriate levels for functions within a given cell or compartment [2].



The effects of metal cations and polyamines on nucleic acids or chromatin were extensively studied in the 1970s ([9] and references therein) and were mostly understood in terms of charge neutralization and ionic strengths. During the same period of time, tRNA was found to have tightly bound Mg2+ hydrate ions in its L-shaped structure [10,11], and Mg2+ was indispensable for the formation of the L-shaped structure. X-ray crystallographic studies and in vitro studies suggested that tertiary structure of tRNA cannot be stably maintained in the absence of Mg2+ [12,13,14] or Mg2+-interacting nucleotides [15,16]. Ribozyme was also found to require Mg2+ binding for the stabilization of its tertiary structure and catalytic activity [17,18]. Regarding DNA, some non-B structures also require Mg2+ for their conformational transitions and stability [19,20]. These three examples show that Mg2+ is an important component for molecular integrity. However, in these cases, the effect of Mg2+ is generated by its binding or coordination to specific sites. Thus, the effect is different from simple charge neutralization.



In 2007, a Mg2+-implicated novel phenomenon was reported. Physiological concentrations of Mg2+ allow dsDNA molecules to sense homology and induce those with identical sequences to selectively assemble with one another, even in the presence of different dsDNA molecules (hereafter, except for cases in which confusion may arise, this review refers to dsDNA simply as DNA, as per convention). This phenomenon was named “DNA self-assembly” [21], and it is independent of the conformation and mechanical properties. Interestingly, in 2013, nucleosomes were also found to have homology sensing ability, and those with identical DNA sequences preferentially associate in the presence of mM levels of Mg2+ ions [22]. This phenomenon was named “nucleosome self-assembly”.



The current review mainly describes the effects of Mg2+ on the higher-order structures of chromatin and chromosomes and the mechanisms underlying phase transitions, including the two self-assembling phenomena described above (Figure 1). All of these issues seem to be closely related to one another and involved in the dynamic regulation of chromatin infrastructure and function. The mechanisms underlying the formation of heterochromatin domains and overall chromatin folding seem to be particularly relevant. As another novel effect generated by Mg2+, this review touches on an unusual phenomenon occurring in the traits of mouse ES cells upon a subtle increase in the nuclear Mg2+ concentration [23].




2. Mg2+ Induces DNA Self-Assembly and Nucleosome Self-Assembly


The pairing of homologous chromosomes during the prophase of the first meiotic division is a well-known phenomenon. However, the mechanism by which each chromosome senses, recognizes, approaches, and interacts with its matching mate or homologue is a long-standing question. Recombination-dependent [24,25,26,27] and recombination-independent [28,29,30,31] mechanisms are known to participate in the homolog pairing. The difference between the two is whether the pairing requires programmed DNA double strand breaks (DSBs). In a similar phenomenon to the meiotic pairing, the pairing of homologous chromosomes also occurs in the non-meiotic cells of Drosophila and budding yeast [32,33,34]. The mechanisms of the recombination-independent homolog pairing and the “somatic pairing”, however, remain enigmatic.



If DNA molecules have the property of homology sensing and selective association among identical or nearly identical molecules, then this mechanism may explain the homolog pairing phenomena in meiosis and somatic cells. In relation to this issue, Kornyshev and Leikin proposed the following hypothesis: Two DNA fragments with homologous sequences can adopt an electrostatically favorable alignment by facing sugar-phosphate backbones (negatively charged) toward the major grooves (positively charged) over a large juxtaposition length. In contrast, the alignment of nonhomologous sequences will require higher energy for juxtaposition, and thus they cannot align [35]. Here, this hypothesis is referred to as the “strand-groove register hypothesis”, for convenience.



Several years after Kornyshev and Leikin proposed their hypothesis, experimental evidence was provided for the first time in 2007, showing that identical DNA molecules preferentially interact with one another and assemble. This phenomenon occurred when the DNA solution contained physiological concentrations of Mg2+ ions (Figure 2) [21]. This finding was obtained from electrophoretic analyses of the behaviors of DNA molecules, kinetic studies of DNA ligation reactions, and AFM (atomic force microscope) analyses. In the study, we used the term “DNA self-assembly” to describe the phenomenon, and thus in the current review, this term is also used. Importantly, it only refers to the assembly of identical dsDNA molecules. In 2008, DNA self-assembly was confirmed by another methodology. Baldwin et al. prepared two fluorescently tagged DNA molecules with identical nucleotide compositions and lengths, but different sequences, mixed them, and finally (after equilibration for two weeks) performed an image analysis by confocal microscopy. They observed the spontaneous segregation of the two kinds of DNA within each mixture (at the stage, the mixture had turned into a discrete liquid-crystalline aggregate (“spherulite”) [36]. In 2009, further confirmation of the phenomenon was obtained by using a parallel single molecule magnetic tweezers assay. Danilowicz et al. demonstrated that even in the absence of Mg2+ ions, homologous pairing of two DNA molecules occurs [37]. In 2014, an in vivo study using Neurospora crassa suggested the presence of the direct sequence recognition mechanism between identical DNA regions, in which 3 bp homology sequences with a matching periodicity of 11 or 12 bp seem to be involved in the direct recognition [38]. Thus, the intrinsic homology-based pairing interactions of DNA might be the “default option” in vivo [37]. Clarification of the underlying molecular mechanism will require further studies.



The important point that should first be taken into consideration is that eukaryotic genomes are packaged into chromatin. Accordingly, the homologous chromosome pairing occurs between supra-molecular architectures consisting of DNA, histones, non-histone proteins, and other associated molecules (i.e., not between “naked” DNAs). Although the linker DNA regions may be naked if DNA-binding proteins do not bind to these regions, the problem of steric hindrance must be overcome to allow even a single pair of two homologous linker DNA regions to associate. However, even though this hurdle could be cleared, it seems impossible that only a single pair of two homologous linker DNAs can connect two chromosomes. Instead, this process may be completed by employing many homologous pairs of linker DNAs. However, multiple juxtapositions or associations of DNA pairs located in different chromosomes seem to be topologically impossible. Thus, the explanation of the homologous pairing of chromosomes or chromatin fibers in terms of DNA self-assembly is apparently unreasonable.



To understand the mechanism underlying the pairing phenomena described above, the next question to be answered is whether nucleosomes, the building unit of chromatin, retain the DNA sequence-sensing property and can assemble between identical nucleosomes. In 2013, these questions were positively answered, in a phenomenon referred to as “nucleosome self-assembly”. This phenomenon, in which the identity of the nucleosomal DNA is sensed, is induced by Mg2+ ions [22]. Similar to the terminology used for the DNA self-assembly, nucleosome self-assembly only refers to the assembly occurring among nucleosomes with identical DNAs. In the current review, this terminology is also used. The details of nucleosome self-assembly will be described in another section. Although DNA occupies a considerable part of the nucleosome surface, the strand-groove register hypothesis obviously cannot be applied to nucleosomal DNAs with the coiled trajectory of the helical axis. Presumably, the nucleosome self-assembly occurs by some mechanism other than strand-groove registry.




3. Mg2+ Induces Chromatin Folding and Inter-Fiber Association


The extent of chromatin condensation is strongly influenced by the cationic conditions. According to Schwarz and Hansen, virtually all studies on the folding behavior of histone H1-depleted chromatin used solutions containing monovalent cations, before their study in 1994 [39]. Although monovalent cations can condense such chromatin at high concentrations, the condensation is limited, and the resulting fibers are not folded in an orderly manner (e.g., [40,41,42,43,44,45]). On the other hand, they showed that the divalent cation Mg2+ has a large effect on the condensation of H1-depleted chromatin fibers. Using histone octamers purified from chicken erythrocytes, they reconstituted nucleosomal arrays in vitro on the 12 tandem repeats of a 208 bp DNA fragment obtained from the Lytechinus 5S rDNA. The conformations of this array existed in an equilibrium between unfolded and highly folded states in the solutions containing Mg2+ ions at concentrations less than 2 mM. However, when the Mg2+ concentrations were greater than 2 mM, they observed a progressive shift of the equilibrium towards the formation of inter-fiber assemblies (irrespective of the folded or unfolded state of each fiber) [39,46]. In the interphase nucleus, Mg2+ and K+ seem to be required to form the porous (native) structure of the heterochromatin, which is apparently preserved in a condensed state in the presence of ≥ ~2 mM Mg2+ ions [47].



The effect of Mg2+ on chromosomes has also been extensively studied. The Mg2+ concentration has a strong effect on the condensed state of chromosomes [48,49,50,51]. Strick et al. performed an analysis with a three-dimensional high-resolution scanning ion microprobe and SIMS (secondary ion mass spectrometry) and reported that the condensed metaphase chromosomes require bound Mg2+ ions for their integrity [52]. Their analysis suggested that one Mg2+ was bound to every 20–30 nucleotides on diploid chromosomes. Then, what nanoscale-level changes are elicited with increasing or decreasing concentrations of Mg2+ in the chromatin fiber in a chromosome? Recently, this issue was examined by image analyses, using SEM (scanning electron microscopy) and STEM (scanning transmission electron microscope) tomography [51]. In the study, a reversible structural change between 11 nm and 30 nm chromatin structures in a chromosome was observed, according to the concentration of Mg2+ ions. When chromosomes were treated with buffer containing 5 mM Mg2+, they became more condensed, as compared to the treatment with buffer without Mg2+. The authors of this study suggested that Mg2+ ions may be a key determinant of the transformation between the 11 nm and 30 nm chromatin structures [51], although the presence of the 30 nm chromatin fiber itself is a matter of controversy [53].



The phenomena described above can be understood, in part, in terms of the charge neutralization: cations can neutralize the negative charge of DNA, which alleviates the electrostatic repulsion between DNA molecules, and this phenomenon seems to be valid even in chromatin and chromosomes. Thus, according to the increase in the Mg2+ concentration that can neutralize the DNA charge, the folding of chromatin fibers or inter-fiber associations should be facilitated. However, the reason why Mg2+ has such a great effect on chromatin condensation, as compared with monovalent and other divalent cations, is poorly understood. Obviously, the Mg2+ effect is not simply attributable to the difference in the ionic strength. The effect may be directly on chromatin [47]. Schwarz et al. explored the requirements for the inter-fiber association of oligonucleosomal arrays reconstituted in vitro and reported the following points: (i) H2A/H2B dimers are not implicated in the phenomenon, and (ii) when the nucleosomal arrays are trypsinized and their N- and C-terminal core histone tail domains are removed, Mg2+ cannot induce the association [46]. Based on these findings, they concluded that the inter-fiber association is directly mediated by the H3/H4 tail domains, through a non-Coulombic-based mechanism. However, considering that inter-fiber association was facilitated by the increase of Mg2+ concentrations (>2 mM) in their experiments, this cation is definitely indispensable for the phenomenon. The H3/H4 tail domains may be required only for “stabilization” of inter-fiber association.



The studies described above suggested that a Mg2+ concentration of ~2 mM may be the borderline. At concentrations less than ~2 mM, intra-fiber nucleosomal interactions are dominant. On the other hand, Mg2+ concentrations greater than ~2 mM induce inter-fiber association and fiber condensation. Then, how does a given single chromatin fiber become folded at Mg2+ concentrations less than ~2 mM? An in vitro study, performed to examine the assembling properties of nucleosomes in nucleosomal arrays, provided a partial answer to this question.




4. Self-Assembly among Identical Nucleosomes Occurs at Mg2+ Concentrations Less Than 2 mM


As described above, in the current review, the term nucleosome self-assembly means the assembly of the nucleosomes with identical DNA sequences. In 2013, a study using AFM-based analyses and a quantitative interaction assay revealed for the first time that nucleosomes with identical DNAs preferentially associate with one another in the presence of 0.2 to 1.5 mM Mg2+ ions [22]. Briefly, using a Xenopus borealis 5S rDNA nucleosome-positioning sequence [54], 601 and 603 sequences [55], and histone octamers purified from chicken erythrocytes, various homomeric or heteromeric octa- or tetranucleosomal arrays, or mononucleosomes were reconstituted in vitro. When heteromeric octa- or tetranucleosomal arrays were weakly induced to condense by 0.25 to 1.0 mM (for octanucleosomal arrays) or 0.2 to 0.5 mM (for tetranucleosomal arrays) MgCl2, the association between the same nucleosome species occurred predominantly, as compared to that between different species. Mononucleosomes also had the DNA-sensing and selective association properties at the 0.5 to 1.5 mM MgCl2 concentrations. In the experiments using octa- or tetranucleosomal arrays, inter-fiber association did not occur, in good agreement with the previous reports [39,46]. Many homologous pairing phenomena occur in cells, as described in the preceding section. The attractive force working between the identical DNA sequences and between identical nucleosomes may be used in the homologous pairing [21,22]. Furthermore, this homology sensing and assembling properties inherent in DNA and nucleosomes are presumably used in heterochromatin formation and may even trigger whole chromatin folding. This issue will be described in a later section.




5. Effects of Mg2+ on Linker DNA Conformation


The physical properties of DNA play a very important role in determining the nucleosome positions [56,57] and the paths of nucleosomal arrays [58]. In the latter, the flexibility of the linker DNA, which is a function of the nucleotide sequence [59], is deeply implicated. Importantly, DNA charge neutralization by cations increases its flexibility [60,61], resulting in the reduction of the spatial extensions of linker DNAs in chromatin because of the reduction of the persistence length [62,63]. Eventually, this change induces changes in the higher-order structure of chromatin, from an extended to folded state. This transition presumably generates various secondary effects on both the structure and function of chromatin.



Apart from the general effect of cations on DNA, Mg2+ also strongly influences the conformation and/or stability of some DNA structures [19,20,64,65,66]. Therefore, Mg2+ can give these effects on linker DNA conformation. Recently, an interesting phenomenon was reported: when A-tracts that form inward (AT-IN) bending were placed in a linker DNA, nucleosomal arrays containing such linkers consecutively formed highly compact structures [67,68]. This study clearly showed the importance of the linker DNA conformation in chromatin folding. This group also reported that extent of compaction of AT-IN arrays was further increased by the addition of 150 mM NaCl and 1 mM MgCl2. Some curved DNA structures are known to undergo conformational changes upon Mg2+ addition [64,65]. Therefore, the same effect may have been generated. Incidentally, the local chromatin conformation is also closely related to the gene activation mechanism [69,70].



The effect of Mg2+ on the linker DNA conformation is reminiscent of DNA methylation, which can also change the DNA conformation [71,72,73]. Mg2+ ions and DNA methylation may collaborate to form a specific local chromatin structure and prepare the infrastructure required for epigenetic gene regulation. However, at present, the effect of Mg2+ ions on the conformation or physical properties of methylated DNA is poorly understood.




6. Mg2+ and Phase Separation


There are many membrane-less compartments in cells. How these structures are autonomously constructed in a positionally and/or temporally regulated manner has been a long-standing enigma in biology. Recent studies suggested that phase separation, a well-known concept in polymer physics, is the driving principle underlying the formation of such structures [74,75,76]. The relationship between Mg2+ and phase separation is discussed in this section.



Cells have a class of membrane-less compartments that contain high concentrations of protein and RNA, known as ribonucleoprotein (RNP) granules/bodies [77,78,79,80]. Before moving on to the section theme, at first, the properties and functions of the RNP bodies will be briefly summarized. In 2009, Brangwynne et al. showed for the first time that the P granules of Caenorhabditis elegans have liquid-like properties, including fusion, dripping, and wetting [81]. The C. elegans P granules were originally found as cytoplasmic granules that are unique to the germ-line cells throughout the life cycle of the organism and were named in 1982 [82]. They seem to function in RNA metabolism or posttranscriptional regulation, to preserve the identity and special properties of germ cells [83,84]. In 2011, the nucleolus was also shown to have liquid-like properties [85]. The main function of the organelle is ribosome biosynthesis, and it is the largest RNA body.



Many other RNP granules/bodies are thought to have liquid-like properties as well. Examples include processing bodies (P bodies) (putative function: translational repression and/or RNA decay), stress granules (contribute to the regulation of gene expression), neuronal granules (contribute to the regulation of transport and local translation of dendritic mRNAs), Cajal bodies (function: modification of snRNA and small nucleolar RNA, etc.), and paraspeckles (function: sequestration of RNA or protein molecules) [86,87,88,89,90,91,92,93,94,95,96,97,98]. Although these granules/bodies have liquid-like properties, they form distinct environments in cells and facilitate chemical or biological reactions [74].



The RNP granules/bodies described above appear to be formed through liquid–liquid phase separation (LLPS) [74,75,76]. The important variables in LLPS are the concentrations of proteins and RNAs. Especially, the high local concentrations of modular interaction domains and/or intrinsically disordered, low complexity sequence (LCS) domains on RNPs are suggested to play a crucial role in the LLPS [99,100,101,102,103,104,105]. Furthermore, the salt concentration and temperature are also strong parameters in the LLPS, because they affect the free energy of the given system [101,106,107,108,109].



Heterochromatin domains, in which the major components are DNA, histones, and heterochromatin protein 1 (HP1), may be regarded as membrane-less compartments in the nucleus. Recently, Strom et al. proposed a model in which the LLPS drives the formation of the heterochromatin domain [110]. The background data were obtained from several in vitro and in vivo experiments; e.g., in the presence of low levels of Na+, highly concentrated aqueous solutions of the Drosophila HP1a protein showed spontaneous demixing and droplet formation at 22 °C in vitro, and these droplets reversibly dissolved at 37 °C and HP1a nucleated into liquid-like foci in vivo in the first stages of heterochromatin domain formation [110]. Using human HP1α protein, another group also reported the LLPS-based heterochromatin formation [111]. A low salt concentration appears to be an important parameter in LLPS and the stability of membrane-less compartments [102,107]. Accordingly, low Mg2+ levels are supposed to function similarly in vivo, in the formation of the heterochromatin domain. In conjunction with this, an attractive hypothesis was recently proposed by Wright et al. in which the phase separation dynamics occurring in the nucleus may be regulated by the ATP and free Mg2+ concentration balance or their levels [112].



ATP, which functions as “the major energy currency” in living cells, also functions as a chelator of Mg2+. In cells, most of the Mg2+ ions are chelated by ATP and other physiological chelators [113]. Thus, the hydrolysis of Mg2+-chelating ATP may increase the free Mg2+ concentration in cells. Indeed, the level of free Mg2+ in cells is reportedly increased via the hydrolysis of Mg2+-chelating ATP, at least at the metaphase stage, which correlates well with the timing of mitotic chromosome condensation, suggesting that the increase of free Mg2+ induces the condensation [114]. Now, let us return to the issue of heterochromatin domains in the nucleus. In the case of LLPS, increase of the free Mg2+ concentration is thought to be unfavorable [102,107,112]. On the other hand, chromatin condensation requires an increased Mg2+ concentration, as described in the preceding section. How are these mutually opposed requirements fulfilled in the heterochromatin compartments? The phenomenon of heterochromatin domain formation may not be understood by considering only LLPS and the “classic” knowledge on the relationship between chromatin condensation and Mg2+ or cation concentrations. The nucleosome self-assembly [22] may also be an important parameter in the heterochromatin domain formation.




7. Mg2+ and Repetitive DNA Folding and Phase Separation


Considerable portions of higher eukaryotic genomes are occupied by repetitive DNA sequences. For example, these sequences account for 45% and 52.5% of the mouse and human genomes, respectively [115]. Furthermore, highly repetitive DNA sequences (they comprise up to 10% in the case of the human genome) form constitutive heterochromatin that remains in the condensed form in most stages of the cell cycle, and its distribution is recognized as a definitive pattern in a given karyotype [116,117,118,119].



Repetitive DNA sequences may play an important role in the folding of genomes rich in these sequences. When we found the phenomenon of DNA self-assembly, we raised the possibility that this property of DNA may be used in the folding of repetitive DNA regions in genomes [21]. However, one problem was how DNA self-assembly overcomes the nucleosome structures. This problem was eventually solved by the discovery of nucleosome self-assembly six years later [22] (i.e., nucleosomes themselves can sense the identity of their DNA sequences and those with identical DNA associate with one another). Importantly, Mg2+ facilitates or enables DNA self-assembly and nucleosome self-assembly.



Recently, Tang integrated these self-assembling phenomena and more recent studies including LLPS phenomena into a hypothesis: the interactions occurring among repetitive DNAs may drive the phase separation of these regions from the other chromatin regions [120]. The important point in this hypothesis is that the DNA is the main actor in the phase separation, which is in contrast to the LLPS mechanisms driven by protein interactions and/or protein-RNA interactions. In other words, repetitive DNA sequences may function as key chromosomal packaging modules [121,122]. Furthermore, a recent study using Hi-C (high-throughput chromosome conformation capture) data suggested the inter-chromosomal co-localization of several repetitive DNA sequences, especially those of the SINE (short interspersed element) family, in Drosophila, mouse, and human nuclei [123]. Repetitive DNA is divided into two types: tandem repeats and interspersed repeats. Here, the following hypothesis is raised. Tandem repeats may function in heterochromatin formation via Mg2+-induced nucleosome self-assembly and LLPS, while interspersed repeats may be used to connect distant regions harboring nucleosomes with identical DNA sequences or pair homologous interphase chromosomes via Mg2+-induced nucleosome self-assembly only (Figure 3).




8. Elevation of the Intranuclear Mg2+ Concentration Causes Unexpected and Unusual Differentiation of Mouse ES Cells


To determine the roles of Mg2+ in cell functions, the influence of changes in the Mg2+ levels has been widely studied, using various types of cells [2,4,7,124,125,126,127,128,129,130,131]. In these studies, the intracellular Mg2+ concentrations were changed by regulating its concentration in the growth media. However, to assess the direct causal relationship between the change in the “intranuclear” Mg2+ concentration and the resulting cellular traits, the regulation of the Mg2+ concentration in the media is indirect. Therefore, the microinjection of Mg2+ solutions into nuclei would be a powerful and direct method, if the control experiments are carefully performed to exclude the possible effects of the stimuli caused by the injection itself and the transient increase of the nuclear volume.



Recently, using various concentrations of mono-, di-, and polyvalent cation solutions and a microinjection technique, the effect of the elevated concentration of each cation in mouse ES cell nuclei was examined [23]. In the study, over 40 different solutions were prepared, and the microinjection was repeated more than 250 times for each solution. This experiment showed that only 2.7 mM, 18 μM, and 4.5 μM increases of the Mg2+, spermine, and spermidine concentrations, respectively, could differentiate a certain population of the cells into trophectoderm (the first cell type to appear during mammalian embryogenesis) or endoderm, even in media for the ES cell culture [23]. Incidentally, it is known that the trophectoderm is a lineage that mouse ES cells do not normally generate. These concentrations were those calculated by assuming that the injected solution had completely diffused within the nucleus, without leaking into the cytoplasm. Using the same assumption, the nuclear volume increase by the microinjection was only 2%. These values are just rough estimations. Although the underlying mechanism was not clarified, considering the finding that Mg2+ and polyamines acted similarly, some changes of the chromatin and DNA were speculated to cause the phenomenon. Regardless of the hypothesis, the analytical system using microinjection and ES cells may be advantageous for exploring the functions of low molecular weight substances, including Mg2+, in the processes occurring within the nucleus.




9. Conclusions


Mg2+ influences the higher-order structures of chromatin and chromosomes, and the mechanisms underlying phase separation, including the heterochromatin domain formation. Furthermore, DNA self-assembly and nucleosome self-assembly are facilitated or enabled by a certain range of Mg2+ concentrations. All of these phenomena seem to be closely related to one another and are presumably used in the dynamic regulation of chromatin infrastructure and genetic events in vivo. Thus, Mg2+ seems to be a key regulator of chromatin dynamics and chromatin-based biological processes. Substantiating this possibility is the next frontier in the research on chromatin dynamics and functions. Another issue is to elucidate how the local free Mg2+ concentration levels are regulated in the nucleus. These studies will clarify the cell traits that are considered to originate in chromatin or chromosomes, such as the underlying mechanism of the Mg2+-induced compulsory differentiation of mouse ES cells into trophectoderm. We have just entered an exciting new phase in Mg2+-chromatin research.







Funding


This study was supported in part by the Waseda University Grant for Special Research Projects and Grant-in-Aid for Scientific Research (20114003) from the Ministry of Education, Culture, Sports, Science, and Technology of Japan (to T.O.).




Acknowledgments


I thank G. Chen, J. Ohyama and O. Miura for their help with the illustration and references.




Conflicts of Interest


The author declares no conflicts of interest.




References


	



Romani, A.; Scarpa, A. Regulation of cell magnesium. Arch. Biochem. Biophys. 1992, 298, 1–12. [Google Scholar] [CrossRef]

	



Hartwig, A. Role of magnesium in genomic stability. Mutat. Res. 2001, 475, 113–121. [Google Scholar] [CrossRef]

	



Romani, A. Regulation of magnesium homeostasis and transport in mammalian cells. Arch. Biochem. Biophys. 2007, 458, 90–102. [Google Scholar] [CrossRef] [PubMed]

	



Komiya, Y.; Runnels, L.W. TRPM channels and magnesium in early embryonic development. Int. J. Dev. Biol. 2015, 59, 281–288. [Google Scholar] [CrossRef] [PubMed]

	



Cowan, J.A. The biological chemistry of magnesium; VCH Publishers, Inc.: New York, NY, USA, 1995. [Google Scholar]

	



Grubbs, R.D.; Maguire, M.E. Magnesium as a regulatory cation: Criteria and evaluation. Magnesium 1987, 6, 113–127. [Google Scholar] [PubMed]

	



Wolf, F.I.; Cittadini, A. Magnesium in cell proliferation and differentiation. Front. Biosci. 1999, 4, 607–617. [Google Scholar] [CrossRef]

	



Sissi, C.; Palumbo, M. Effects of magnesium and related divalent metal ions in topoisomerase structure and function. Nucl. Acids Res. 2009, 37, 702–711. [Google Scholar] [CrossRef] [PubMed]

	



Saenger, W. Principles of Nucleic Acid Structure; Springer-Verlag: Berlin, Germany, 1984. [Google Scholar]

	



Jack, A.; Ladner, J.E.; Klug, A. Crystallographic refinement of yeast phenylalanine transfer RNA at 2.5 Å resolution. J. Mol. Biol. 1976, 108, 619–649. [Google Scholar] [CrossRef]

	



Sussman, J.L.; Holbrook, S.R.; Warrant, R.W.; Church, G.M.; Kim, S.-H. Crystal structure of yeast phenylalanine transfer RNA: I. Crystallographic refinement. J. Mol. Biol. 1978, 123, 607–630. [Google Scholar] [CrossRef]

	



Lindahl, T.; Adams, A.; Fresco, J.R. Renaturation of transfer ribonucleic acids through site binding of magnesium. Proc. Natl. Acad. Sci. USA 1966, 55, 941–948. [Google Scholar] [CrossRef]

	



Holbrook, S.R.; Sussman, J.L.; Warrant, R.W.; Church, G.M.; Kim, S.-H. RNA-ligand interactions: (I) magnesium binding sites in yeast tRNAPhe. Nucl. Acids Res. 1977, 4, 2811–2820. [Google Scholar] [CrossRef]

	



Latham, J.A.; Cech, T.R. Defining the inside and outside of a catalytic RNA molecule. Science 1989, 245, 276–282. [Google Scholar] [CrossRef]

	



Ohyama, T.; Nishikawa, K.; Takemura, S. Studies on T. utilis tRNATyr variants with enzymatically altered D-Loop sequences. I. Deletion of the conserved sequence Gm-G and its effects on aminoacylation and conformation. J. Biochem. 1985, 97, 29–36. [Google Scholar] [CrossRef]

	



Ohyama, T.; Nishikawa, K.; Takemura, S. Studies on T. utilis tRNATyr variants with enzymatically altered D-Loop sequences. II. Relationship between the tertiary structure and tyrosine acceptance. J. Biochem. 1986, 99, 859–866. [Google Scholar] [CrossRef]

	



Pyle, A.M. Ribozymes: A distinct class of metalloenzymes. Science 1993, 261, 709–714. [Google Scholar] [CrossRef]

	



Pan, J.; Thirumalai, D.; Woodson, S.A. Magnesium-dependent folding of self-splicing RNA: Exploring the link between cooperativity, thermodynamics, and kinetics. Proc. Natl. Acad. Sci. USA 1999, 96, 6149–6154. [Google Scholar] [CrossRef]

	



Sinden, R.R. DNA structure and function; Academic Press: San Diego, CA, USA, 1994. [Google Scholar]

	



Soyfer, V.N.; Potaman, V.N. Triple-helical nucleic acids; Springer-Verlag: New York, NY, USA, 1996. [Google Scholar]

	



Inoue, S.; Sugiyama, S.; Travers, A.A.; Ohyama, T. Self-assembly of double-stranded DNA molecules at nanomolar concentrations. Biochemistry 2007, 46, 164–171. [Google Scholar] [CrossRef]

	



Nishikawa, J.; Ohyama, T. Selective association between nucleosomes with identical DNA sequences. Nucl. Acids Res. 2013, 41, 1544–1554. [Google Scholar] [CrossRef]

	



Tanase, J.; Yokoo, T.; Matsumura, Y.; Kinoshita, M.; Kikuchi, Y.; Suemori, H.; Ohyama, T. Magnesium chloride and polyamine can differentiate mouse embryonic stem cells into trophectoderm or endoderm. Biochem. Biophys. Res. Commun. 2017, 482, 764–770. [Google Scholar] [CrossRef]

	



Keeney, S.; Giroux, C.N.; Kleckner, N. Meiosis-specific DNA double-strand breaks are catalyzed by Spo11, a member of a widely conserved protein family. Cell 1997, 88, 375–384. [Google Scholar] [CrossRef]

	



Gray, S.; Cohen, P.E. Control of meiotic crossovers: From double-strand break formation to designation. Annu. Rev. Genet. 2016, 50, 175–210. [Google Scholar] [CrossRef] [PubMed]

	



Cahoon, C.K.; Hawley, R.S. Regulating the construction and demolition of the synaptonemal complex. Nat. Struct. Mol. Biol. 2016, 23, 369–377. [Google Scholar] [CrossRef] [PubMed]

	



Zelkowski, M.; Olson, M.A.; Wang, M.; Pawlowski, W. Diversity and determinants of meiotic recombination landscapes. Trends Genet. 2019, 35, 359–370. [Google Scholar] [CrossRef]

	



Dernburg, A.F.; McDonald, K.; Moulder, G.; Barstead, R.; Dresser, M.; Villeneuve, A.M. Meiotic recombination in C. elegans initiates by a conserved mechanism and is dispensable for homologous chromosome synapsis. Cell 1998, 94, 387–398. [Google Scholar] [CrossRef]

	



Wells, J.L.; Pryce, D.W.; McFarlane, R.J. Homologous chromosome pairing in Schizosaccharomyces pombe. Yeast 2006, 23, 977–989. [Google Scholar] [CrossRef] [PubMed]

	



Boateng, K.A.; Bellani, M.A.; Gregoretti, I.V.; Pratto, F.; Camerini-Otero, R.D. Homologous pairing preceding SPO11-mediated double-strand breaks in mice. Dev. Cell 2013, 24, 196–205. [Google Scholar] [CrossRef] [PubMed]

	



Da Ines, O.; Gallego, M.E.; White, C.I. Recombination-independent mechanisms and pairing of homologous chromosomes during meiosis in plants. Mol. Plant. 2014, 7, 492–501. [Google Scholar] [CrossRef] [PubMed]

	



Metz, C.W. Chromosome studies on the Diptera II. The paired association of chromosomes in the Diptera, and its significance. J. Exp. Zool. 1916, 21, 213–279. [Google Scholar] [CrossRef]

	



Duncan, I.W. Transvection effects in Drosophila. Annu. Rev. Genet. 2002, 36, 521–556. [Google Scholar] [CrossRef]

	



Burgess, S.M.; Kleckner, N.; Weiner, B.M. Somatic pairing of homologs in budding yeast: Existence and modulation. Genes Dev. 1999, 13, 1627–1641. [Google Scholar] [CrossRef]

	



Kornyshev, A.A.; Leikin, S. Sequence recognition in the pairing of DNA duplexes. Phys. Rev. Lett. 2001, 86, 3666–3669. [Google Scholar] [CrossRef] [PubMed]

	



Baldwin, G.S.; Brooks, N.J.; Robson, R.E.; Wynveen, A.; Goldar, A.; Leikin, S.; Seddon, J.M.; Kornyshev, A.A. DNA double helices recognize mutual sequence homology in a protein free environment. J. Phys. Chem. B 2008, 112, 1060–1064. [Google Scholar] [CrossRef] [PubMed]

	



Danilowicz, C.; Lee, C.H.; Kim, K.; Hatch, K.; Coljee, V.W.; Kleckner, N.; Prentiss, M. Single molecule detection of direct, homologous, DNA/DNA pairing. Proc. Natl. Acad. Sci. USA 2009, 106, 19824–19829. [Google Scholar] [CrossRef]

	



Gladyshev, E.; Kleckner, N. Direct recognition of homology between double helices of DNA in Neurospora crassa. Nat. Commun. 2014, 5, 3509. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, P.M.; Hansen, J.C. Formation and stability of higher order chromatin structures: Contributions of the histone octamer. J. Biol. Chem. 1994, 269, 16284–16289. [Google Scholar]

	



Renz, M.; Nehls, P.; Hozier, J. Involvement of histone H1 in the organization of the chromosome fiber. Proc. Natl. Acad. Sci. USA 1977, 74, 1879–1883. [Google Scholar] [CrossRef]

	



Thoma, F.; Koller, T. Influence of histone H1 on chromatin structure. Cell 1977, 12, 101–107. [Google Scholar] [CrossRef]

	



Thoma, F.; Koller, T.; Klug, A. Involvement of histone H1 in the organization of the nucleosome and of the salt-dependent superstructures of chromatin. J. Cell Biol. 1979, 83, 403–427. [Google Scholar] [CrossRef]

	



Butler, P.J.G. Changes in chromatin folding in solution. J. Mol. Biol. 1980, 140, 505–529. [Google Scholar] [CrossRef]

	



Garcia-Ramirez, M.; Dong, F.; Ausio, J. Role of the histone “tails” in the folding of oligonucleosomes depleted of histone H. J. Biol. Chem. 1992, 267, 19587–19595. [Google Scholar]

	



Hansen, J.C.; Lohr, D. Assembly and structural properties of subsaturated chromatin arrays. J. Biol. Chem. 1993, 268, 5840–5848. [Google Scholar]

	



Schwarz, P.M.; Felthauser, A.; Fletcher, T.M.; Hansen, J.C. Reversible oligonucleosome self-association: Dependence on divalent cations and core histone tail domains. Biochemistry 1996, 35, 4009–4015. [Google Scholar] [CrossRef]

	



Engelhardt, M. Condensation of chromatin in situ by cation-dependent charge shielding and aggregation. Biochem. Biophys. Res. Commun. 2004, 324, 1210–1214. [Google Scholar] [CrossRef]

	



Cole, A. Chromosome structure. In Theoretical and Experimental Biophysics: A Series of Advances; Cole, A., Ed.; Marcel Dekker: New York, NY, USA, 1967; Volume 1, pp. 305–375. [Google Scholar]

	



Adolph, K.W.; Kreisman, L.R.; Kuehn, R.L. Assembly of chromatin fibers into metaphase chromosomes analyzed by transmission electron microscopy and scanning electron microscopy. Biophys. J. 1986, 49, 221–231. [Google Scholar] [CrossRef]

	



Caravaca, J.M.; Caño, S.; Gállego, I.; Daban, J.-R. Structural elements of bulk chromatin within metaphase chromosomes. Chromosome Res. 2005, 13, 725–743. [Google Scholar] [CrossRef]

	



Dwiranti, A.; Takata, H.; Uchiyama, S.; Fukui, K. The effect of magnesium ions on chromosome structure as observed by scanning electron microscopy (SEM) and scanning transmission electron microscope (STEM) tomography. Chromosome Sci. 2016, 19, 19–23. [Google Scholar]

	



Strick, R.; Strissel, P.L.; Gavrilov, K.; Levi-Setti, R. Cation-chromatin binding as shown by ion microscopy is essential for the structural integrity of chromosomes. J. Cell Biol. 2001, 155, 899–910. [Google Scholar] [CrossRef]

	



Eltsov, M.; MacLellan, K.M.; Maeshima, K.; Frangakis, A.S.; Dubochet, J. Analysis of cryo-electron microscopy images does not support the existence of 30-nm chromatin fibers in mitotic chromosomes in situ. Proc. Natl. Acad. Sci. USA 2008, 105, 19732–19737. [Google Scholar] [CrossRef]

	



Hayes, J.J.; Wolffe, A.P. Preferential and asymmetric interaction of linker histones with 5S DNA in the nucleosome. Proc. Natl. Acad. Sci. USA 1993, 90, 6415–6419. [Google Scholar] [CrossRef]

	



Lowary, P.T.; Widom, J. New DNA sequence rules for high affinity binding to histone octamer and sequence-directed nucleosome positioning. J. Mol. Biol. 1998, 276, 19–42. [Google Scholar] [CrossRef]

	



Satchwell, S.C.; Drew, H.R.; Travers, A.A. Sequence periodicities in chicken nucleosome core DNA. J. Mol. Biol. 1986, 191, 659–675. [Google Scholar] [CrossRef]

	



Struhl, K.; Segal, E. Determinants of nucleosome positioning. Nat. Struct. Mol. Boil. 2013, 20, 267–273. [Google Scholar] [CrossRef]

	



Kimura, H.; Shimooka, Y.; Nishikawa, J.; Miura, O.; Sugiyama, S.; Yamada, S.; Ohyama, T. The genome folding mechanism in yeast. J. Biochem. 2013, 154, 137–147. [Google Scholar] [CrossRef]

	



Packer, M.J.; Dauncey, M.P.; Hunter, C.A. Sequence-dependent DNA structure: Tetranucleotide conformational maps. J. Mol. Biol. 2000, 295, 85–103. [Google Scholar] [CrossRef]

	



Todd, B.A.; Rau, D.C. Interplay of ion binding and attraction in DNA condensed by multivalent cations. Nucl. Acids Res. 2008, 36, 501–510. [Google Scholar] [CrossRef]

	



Lipfert, J.; Doniach, S.; Das, R.; Herschlag, D. Understanding nucleic acid-ion interactions. Annu. Rev. Biochem. 2014, 83, 813–841. [Google Scholar] [CrossRef]

	



Savelyev, A. Do monovalent mobile ions affect DNA’s flexibility at high salt content? Phys. Chem. Chem. Phys. 2012, 14, 2250–2254. [Google Scholar] [CrossRef]

	



Brunet, A.; Tardin, C.; Salomé, L.; Rousseau, P.; Destainville, N.; Manghi, M. Dependence of DNA persistence length on ionic strength of solutions with monovalent and divalent salts: A joint theory–experiment study. Macromolecules 2015, 48, 3641–3652. [Google Scholar] [CrossRef]

	



Diekmann, S. Temperature and salt dependence of the gel migration anomaly of curved DNA fragments. Nucl. Acids Res. 1987, 15, 247–265. [Google Scholar] [CrossRef]

	



Brukner, I.; Susic, S.; Dlakic, M.; Savic, A.; Pongor, S. Physiological concentration of magnesium ions induces a strong macroscopic curvature in GGGCCC-containing DNA. J. Mol. Biol. 1994, 236, 26–32. [Google Scholar] [CrossRef]

	



Ohyama, T.; Tsujibayashi, H.; Tagashira, H.; Inano, K.; Ueda, T.; Hirota, Y.; Hashimoto, K. Suppression of electrophoretic anomaly of bent DNA segments by the structural property that causes rapid migration. Nucl. Acids Res. 1998, 26, 4811–4817. [Google Scholar] [CrossRef]

	



Buckwalter, J.M.; Norouzi, D.; Harutyunyan, A.; Zhurkin, V.B.; Grigoryev, S.A. Regulation of chromatin folding by conformational variations of nucleosome linker DNA. Nucl. Acids Res. 2017, 45, 9372–9387. [Google Scholar] [CrossRef]

	



Grigoryev, S.A. Chromatin higher-order folding: A perspective with linker DNA angles. Biophys. J. 2018, 114, 2290–2297. [Google Scholar] [CrossRef]

	



Sumida, N.; Nishikawa, J.; Kishi, H.; Amano, M.; Furuya, T.; Sonobe, H.; Ohyama, T. A designed curved DNA segment that is a remarkable activator of eukaryotic transcription. FEBS J. 2006, 273, 5691–5702. [Google Scholar] [CrossRef]

	



Kamiya, H.; Fukunaga, S.; Ohyama, T.; Harashima, H. The location of the left-handedly curved DNA sequence affects exogenous DNA expression in vivo. Arch. Biochem. Biophys. 2007, 461, 7–12. [Google Scholar] [CrossRef]

	



Diekmann, S. DNA methylation can enhance or induce DNA curvature. EMBO J. 1987, 6, 4213–4217. [Google Scholar] [CrossRef]

	



Hodges-Garcia, Y.; Hagerman, P.J. Cytosine methylation can induce local distortions in the structure of duplex DNA. Biochemistry 1992, 31, 7595–7599. [Google Scholar] [CrossRef]

	



Shimooka, Y.; Nishikawa, J.; Ohyama, T. Most methylation-susceptible DNA sequences in human embryonic stem cells undergo a change in conformation or flexibility upon methylation. Biochemistry 2013, 52, 1344–1353. [Google Scholar] [CrossRef]

	



Hyman, A.A.; Weber, C.A.; Jülicher, F. Liquid-liquid phase separation in biology. Annu. Rev. Cell Dev. Biol. 2014, 30, 39–58. [Google Scholar] [CrossRef]

	



Mohammadi, P.; Aranko, A.S.; Lemetti, L.; Cenev, Z.; Zhou, Q.; Virtanen, S.; Landowski, C.P.; Penttilä, M.; Fischer, W.J.; Wagermaier, W.; et al. Phase transitions as intermediate steps in the formation of molecularly engineered protein fibers. Commun. Biol. 2018, 1, 86. [Google Scholar] [CrossRef]

	



Boeynaems, S.; Alberti, S.; Fawzi, N.L.; Mittag, T.; Polymenidou, M.; Rousseau, F.; Schymkowitz, J.; Shorter, J.; Wolozin, B.; Van Den Bosch, L.; et al. Protein phase separation: A new phase in cell biology, Trends Cell Biol. 2018, 28, 420–435. Trends Cell Biol. 2018, 28, 420–435. [Google Scholar] [CrossRef] [PubMed]

	



Spector, D.L. SnapShot: Cellular bodies. Cell 2006, 127, 1071. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, P.; Kedersha, N. RNA granules. J. Cell Biol. 2006, 172, 803–808. [Google Scholar] [CrossRef] [PubMed]

	



Brangwynne, C.P. Phase transitions and size scaling of membrane-less organelles. J. Cell Biol. 2013, 203, 875–881. [Google Scholar] [CrossRef] [PubMed]

	



Buchan, J.R. mRNP granules: Assembly, function, and connections with disease. RNA Biol. 2014, 11, 1019–1030. [Google Scholar] [CrossRef] [PubMed]

	



Brangwynne, C.P.; Eckmann, C.R.; Courson, D.S.; Rybarska, A.; Hoege, C.; Gharakhani, J.; Jülicher, F.; Hyman, A.A. Germline P granules are liquid droplets that localize by controlled dissolution/condensation. Science 2009, 324, 1729–1732. [Google Scholar] [CrossRef] [PubMed]

	



Strome, S.; Wood, W.B. Immunofluorescence visualization of germ-line-specific cytoplasmic granules in embryos, larvae, and adults of Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 1982, 79, 1558–1562. [Google Scholar] [CrossRef] [PubMed]

	



Seydoux, G.; Fire, A. Soma-germline asymmetry in the distributions of embryonic RNAs in Caenorhabditis elegans. Development 1994, 120, 2823–2834. [Google Scholar] [PubMed]

	



Updike, D.; Strome, S. P granule assembly and function in Caenorhabditis elegans germ cells. J. Androl. 2010, 31, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Brangwynne, C.P.; Mitchison, T.J.; Hyman, A.A. Active liquid-like behavior of nucleoli determines their size and shape in Xenopus laevis oocytes. Proc. Natl. Acad. Sci. USA 2011, 108, 4334–4339. [Google Scholar] [CrossRef]

	



Gall, J.G. Cajal bodies: The first 100 years. Annu. Rev. Cell Dev. Biol. 2000, 16, 273–300. [Google Scholar] [CrossRef] [PubMed]

	



Fox, A.H.; Lam, Y.W.; Leung, A.K.L.; Lyon, C.E.; Andersen, J.; Mann, M.; Lamond, A.I. Paraspeckles: A novel nuclear domain. Curr. Biol. 2002, 12, 13–25. [Google Scholar] [CrossRef]

	



Anderson, P.; Kedersha, N. Stress granules: The Tao of RNA triage. Trends Biochem. Sci. 2008, 33, 141–150. [Google Scholar] [CrossRef] [PubMed]

	



Kiebler, M.A.; Bassell, G.J. Neuronal RNA granules: Movers and makers. Neuron 2006, 51, 685–690. [Google Scholar] [CrossRef] [PubMed]

	



Decker, C.J.; Teixeira, D.; Parker, R. Edc3p and a glutamine/asparagine-rich domain of Lsm4p function in processing body assembly in Saccharomyces cerevisiae. J. Cell Biol. 2007, 179, 437–449. [Google Scholar] [CrossRef] [PubMed]

	



Strzelecka, M.; Trowitzsch, S.; Weber, G.; Lührmann, R.; Oates, A.C.; Neugebauer, K.M. Coilin-dependent snRNP assembly is essential for zebrafish embryogenesis. Nat. Struct. Mol. Biol. 2010, 17, 403–409. [Google Scholar] [CrossRef] [PubMed]

	



Wippich, F.; Bodenmiller, B.; Trajkovska, M.G.; Wanka, S.; Aebersold, R.; Pelkmans, L. Dual specificity kinase DYRK3 couples stress granule condensation/dissolution to mTORC1 signaling. Cell 2013, 152, 791–805. [Google Scholar] [CrossRef]

	



Protter, D.S.W.; Parker, R. Principles and properties of stress granules. Trends Cell Biol. 2016, 26, 668–679. [Google Scholar] [CrossRef]

	



Hirano, M.; Muto, M.; Sakai, M.; Kondo, H.; Kobayashi, S.; Kariwa, H.; Yoshii, K. Dendritic transport of tick-borne flavivirus RNA by neuronal granules affects development of neurological disease. Proc. Natl. Acad. Sci. USA 2017, 114, 9960–9965. [Google Scholar] [CrossRef]

	



Fox, A.H.; Nakagawa, S.; Hirose, T.; Bond, C.S. Paraspeckles: Where long noncoding RNA meets phase separation. Trends Biochem. Sci. 2018, 43, 124–135. [Google Scholar] [CrossRef]

	



Luo, Y.; Na, Z.; Slavoff, S.A. P-Bodies: Composition, properties, and functions. Biochemistry 2018, 57, 2424–2431. [Google Scholar] [CrossRef]

	



Khong, A.; Matheny, T.; Jain, S.; Mitchell, S.F.; Wheeler, J.R.; Parker, R. The stress granule transcriptome reveals principles of mRNA accumulation in stress granules. Mol. Cell 2017, 68, 808–820. [Google Scholar] [CrossRef] [PubMed]

	



Treeck, B.V.; Prottera, D.S.W.; Matheny, T.; Khong, A.; Link, C.D.; Parker, R. RNA self-assembly contributes to stress granule formation and defining the stress granule transcriptome. Proc. Natl. Acad. Sci. USA 2018, 115, 2734–2739. [Google Scholar] [CrossRef] [PubMed]

	



Gilks, N.; Kedersha, N.; Ayodele, M.; Shen, L.; Stoecklin, G.; Dember, L.M.; Anderson, P. Stress granule assembly is mediated by prion-like aggregation of TIA-1. Mol. Biol. Cell 2004, 15, 5383–5398. [Google Scholar] [CrossRef] [PubMed]

	



Reijns, M.A.M.; Alexander, R.D.; Spiller, M.P.; Beggs, J.D. A role for Q/N-rich aggregation-prone regions in P-body localization. J. Cell Sci. 2008, 121, 2463–2472. [Google Scholar] [CrossRef] [PubMed]

	



Molliex, A.; Temirov, J.; Lee, J.; Coughlin, M.; Kanagaraj, A.P.; Kim, H.J.; Mittag, T.; Taylor, J.P. Phase separation by low complexity domains promotes stress granule assembly and drives pathological fibrillization. Cell 2015, 163, 123–133. [Google Scholar] [CrossRef]

	



Lin, Y.; Protter, D.S.W.; Rosen, M.K.; Parker, R. Formation and maturation of phase-separated liquid droplets by RNA-binding proteins. Mol. Cell 2015, 60, 208–219. [Google Scholar] [CrossRef]

	



Patel, A.; Lee, H.O.; Jawerth, L.; Maharana, S.; Jahnel, M.; Hein, M.Y.; Stoynov, S.; Mahamid, J.; Saha, S.; Franzmann, T.M.; et al. A liquid-to-solid phase transition of the ALS protein FUS accelerated by disease mutation. Cell 2015, 162, 1066–1077. [Google Scholar] [CrossRef] [PubMed]

	



Smith, J.; Calidas, D.; Schmidt, H.; Lu, T.; Rasoloson, D.; Seydoux, G. Spatial patterning of P granules by RNA-induced phase separation of the intrinsically-disordered protein MEG-3. Elife 2016, 5, e21337. [Google Scholar] [CrossRef]

	



Banani, S.F.; Lee, H.O.; Hyman, A.A.; Rosen, M.K. Biomolecular condensates: Organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 2017, 18, 285–298. [Google Scholar] [CrossRef]

	



Zhu, L.; Brangwynne, C.P. Nuclear bodies: The emerging biophysics of nucleoplasmic phases. Curr. Opin. Cell Biol. 2015, 34, 23–30. [Google Scholar] [CrossRef] [PubMed]

	



Nott, T.J.; Petsalaki, E.; Farber, P.; Jervis, D.; Fussner, E.; Plochowietz, A.; Craggs, T.D.; Bazett-Jones, D.P.; Pawson, T.; Forman-Kay, J.D.; et al. Phase transition of a disordered nuage protein generates environmentally responsive membraneless organelles. Mol. Cell 2015, 57, 936–947. [Google Scholar] [CrossRef] [PubMed]

	



Simon, J.R.; Carroll, N.J.; Rubinstein, M.; Chilkoti, A.; López, G.P. Programming molecular self-assembly of intrinsically disordered proteins containing sequences of low complexity. Nature Chem. 2017, 9, 509–515. [Google Scholar] [CrossRef] [PubMed]

	



Tang, L. Liquid phase separation. Nat. Methods 2019, 16, 18. [Google Scholar] [CrossRef] [PubMed]

	



Strom, A.R.; Emelyanov, A.V.; Mir, M.; Fyodorov, D.V.; Darzacq, X.; Karpen, G.H. Phase separation drives heterochromatin domain formation. Nature 2017, 547, 241–245. [Google Scholar] [CrossRef] [PubMed]

	



Larson, A.G.; Elnatan, D.; Keenen, M.M.; Trnka, M.J.; Johnston, J.B.; Burlingame, A.L.; Agard, D.A.; Redding, S.; Narlikar, G.J. Liquid droplet formation by HP1α suggests a role for phase separation in heterochromatin. Nature 2017, 547, 236–240. [Google Scholar] [CrossRef] [PubMed]

	



Wright, R.H.G.; Dily, F.L.; Beato, M. ATP, Mg2+, Nuclear phase separation, and genome accessibility. Trends Biochem. Sci. 2019, 44, 565–574. [Google Scholar] [CrossRef] [PubMed]

	



Grubbs, R.D. Intracellular magnesium and magnesium buffering. BioMetals 2002, 15, 251–259. [Google Scholar] [CrossRef]

	



Maeshima, K.; Matsuda, T.; Shindo, Y.; Imamura, H.; Tamura, S.; Imai, R.; Kawakami, S.; Nagashima, R.; Soga, T.; Noji, H.; et al. A transient rise in free Mg2+ ions released from ATP-Mg hydrolysis contributes to mitotic chromosome condensation. Curr. Biol. 2018, 28, 444–451. [Google Scholar] [CrossRef]

	



Smit, A.F.A.; Hubley, R.; Green, P. RepeatMasker Open-4.0. 2013—2015. Available online: http://www.repeatmasker.org (accessed on 6 December 2018).

	



Yunis, J.J.; Yasmineh, W.G. Heterochromatin, satellite DNA, and cell function: Structural DNA of eucaryotes may support and protect genes and aid in speciation. Science 1971, 174, 1200–1209. [Google Scholar] [CrossRef]

	



Haaf, T.; Schmid, M. Chromosome topology in mammalian interphase nuclei. Exp. Cell Res. 1991, 192, 325–332. [Google Scholar] [CrossRef]

	



Sullivan, L.L.; Chew, K.; Sullivan, B.A. α satellite DNA variation and function of the human centromere. Nucleus 2017, 8, 331–339. [Google Scholar] [CrossRef] [PubMed]

	



Hartley, G.; O’Neill, R.J. Centromere repeats: Hidden gems of the genome. Genes 2019, 10, 223. [Google Scholar] [CrossRef] [PubMed]

	



Tang, S.-J. Potential role of phase separation of repetitive DNA in chromosomal organization. Genes 2017, 8, 279. [Google Scholar] [CrossRef] [PubMed]

	



Tang, S.-J. A repetitive DNA-directed program of chromosome packaging during mitosis. J. Genet. Genom. 2016, 43, 471–476. [Google Scholar] [CrossRef] [PubMed]

	



Tang, S.-J. New evidence for the theory of chromosome organization by repetitive elements (CORE). Genes 2017, 8, 81. [Google Scholar] [CrossRef] [PubMed]

	



Cournac, A.; Koszul, R.; Mozziconacci, J. The 3D folding of metazoan genomes correlates with the association of similar repetitive elements. Nucl. Acids Res. 2016, 44, 245–255. [Google Scholar] [CrossRef] [PubMed]

	



Wolf, F.I.; Fasanella, S.; Tedesco, B.; Torsello, A.; Sgambato, A.; Faraglia, B.; Palozza, P.; Boninsegna, A.; Cittadini, A. Regulation of magnesium content during proliferation of mammary epithelial cells (HC-11). Front. Biosci. 2004, 9, 2056–2062. [Google Scholar] [CrossRef]

	



Wolf, F.I.; Cittadini, A.R.M.; Maier, J.A.M. Magnesium and tumors: Ally or foe? Cancer Treat. Rev. 2009, 35, 378–382. [Google Scholar] [CrossRef]

	



Castiglioni, S.; Leidi, M.; Carpanese, E.; Maier, J.A.M. Extracellular magnesium and in vitro cell differentiation: Different behaviour of different cells. Magnes. Res. 2013, 26, 24–31. [Google Scholar] [CrossRef]

	



Liao, W.; Jiang, M.; Li, M.; Jin, C.; Xiao, S.; Fan, S.; Fang, W.; Zheng, Y.; Liu, J. Magnesium elevation promotes neuronal differentiation while suppressing glial differentiation of primary cultured adult mouse neural progenitor cells through ERK/CREB activation. Front. Neurosci. 2017, 11, 87. [Google Scholar] [CrossRef]

	



Hu, T.; Xu, H.; Wang, C.; Qin, H.; An, Z. Magnesium enhances the chondrogenic differentiation of mesenchymal stem cells by inhibiting activated macrophageinduced inflammation. Sci. Rep. 2018, 8, 3406. [Google Scholar] [CrossRef] [PubMed]

	



Sargenti, A.; Castiglioni, S.; Olivi, E.; Bianchi, F.; Cazzaniga, A.; Farruggia, G.; Cappadone, C.; Merolle, L.; Malucelli, E.; Ventura, C.; et al. Magnesium deprivation potentiates human mesenchymal stem cell transcriptional remodeling. Int. J. Mol. Sci. 2018, 19, 1410. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.; Xue, L.D.; Su, L.W.; Xie, J.L.; Jiang, H.; Yu, X.J.; Liu, H.M. Magnesium promotes the viability and induces differentiation of neural stem cells both in vitro and in vivo. Neurol. Res. 2019, 41, 208–215. [Google Scholar] [CrossRef] [PubMed]

	



Mammoli, F.; Castiglioni, S.; Parenti, S.; Cappadone, C.; Farruggia, G.; Iotti, S.; Davalli, P.; Maier, J.A.M.; Grande, A.; Frassineti, C. Magnesium is a key regulator of the balance between osteoclast and osteoblast differentiation in the presence of vitamin D. Int. J. Mol. Sci. 2019, 20, 385. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 20 04232 g001 550]





Figure 1. The current review sheds light on the implication of Mg2+ in the subjects or phenomena shown in the diagram. 
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Figure 2. Schematic representation of DNA self-assembly. In 2007, it was found that dsDNA molecules with identical sequences preferentially interact with one another and assemble in the presence of physiological concentrations of Mg2+ [21]. Using different colors, the schema depicts an aqueous solution of four different DNAs on the left-hand side and their assemblages formed upon Mg2+ addition on the right-hand side. For the latter, the number of constituent molecules in an assemblage is unclear and thus a hypothetical image is drawn. 
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Figure 3. Hypothetical steps in Mg2+-induced and nucleosome self-assembly-implicated chromatin folding, condensation, or pairing in interphase and prophase. In the illustration, lines and thick disks indicate DNA and the histone core, respectively. Tandem repeats and interspersed repeats are indicated in red and dark blue (the former) and pink (the latter) lines, respectively. 
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