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Mechanisms of influence of divalent Mg cation on DNA-Dps complex
revealed by molecular modeling methods
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The destructive effect of divalent cations Mg?* on the crystal
structure of the DNA-Dps complex was explored. It was
shown using the classical molecular dynamics methods that
this effect resulted from a decrease of interaction between
the N-termini of the Dps protein and DNA when the
concentration of Mg?* in the system increases, and important
Mg?* binding sites in the protein and DNA molecules were
determined. It is concluded that the preferential interaction
of DNA and protein oxygen atoms with the Mg?* cation leads
to the weakening of their mutual bonds and destruction of
the DNA-Dps complex.
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Protection of DNA from various types of stress is one of the
main tasks of any living organisms. Prokaryotes synthesize large
numbers of copies of the DNA-binding protein Dps to preserve
DNA during prolonged periods of starvation.!? This protein, due
to its unique properties, interacts with DNA to form a protective
complex.>* To date, more than a thousand Dps-like proteins have
been identified in bacteria (~97%) and archaea (~3%).> All of
them are characterized by a common three-dimensional
architecture in the form of spherical dodecamers with a central
cavity.® The dodecameric structure of the Escherichia coli Dps
protein is very compact, but each of the 12 monomers has a
flexible disordered protruding N-terminus consisting of 25
amino acid residues.” Studies of E. coli Dps have shown that
three lysine residues at positions 5, 8, and 10 and an arginine
residue at position 18 in these disordered N-termini of the protein
are responsible for the formation of the complex with DNA.’
The removal of the first 8 or 18 amino acids drastically reduces
the ability of Dps to bind to DNA and aggregate with other Dps
molecules.® Thus, the interaction of Dps with DNA is currently
viewed as a strong electrostatic interaction between the positively
charged N-terminal ends of the protein and the negatively
charged DNA backbone.

The process of the DNA-Dps complex formation and its
subsequent stability is influenced by a number of physical® and
chemical factors,'® including the concentration of divalent
ions.!!"12 Previously we have shown that the addition of Mg?*
cations (in the form of an aqueous MgCl, solution) to pre-
formed in vitro DNA—Dps co-crystals leads to the deformation
of the crystal lattice, crushing of the crystal, and its gradual
disintegration within 10 min.'" It was suggested that this occurs
as a result of the weakening of electrostatic interactions
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between DNA and the N-termini of Dps due to the effect of
Mg?* cations on DNA.

Since magnesium is an obligatory component of the bacterial
cytoplasm, it appears that varying its intracellular content is a
mechanism to control the strength of the DNA-Dps complex.
A decrease in the concentration of divalent ions around the
nucleoid leads to the formation of a stable DNA-Dps co-crystal
and the transition of bacterial cells to a quiescent state'3. An
increase in the ion concentration, on the contrary, promotes the
breakdown of the complex, the release of DNA, and the return of
bacteria to active life. Elucidating the exact details of this
biochemical and biological mechanism is not only of important
scientific interest. The ability to manipulate the metabolic
activity of bacterial cells holds great promise in biotechnology,
medicine, and collection activities.

In this work, we continued to investigate the mechanism of the
effect of the divalent cation Mg?* on the stability of the DNA-Dps
complex using modern molecular dynamics methods, which have
proven themselves in the study of Dps protein properties.” !4

The in silico studies were preceded by in vitro experiments
that further confirmed the detrimental effect of Mgt on the
DNA-Dps co-crystal (see Online Supplementary Materials for
details). At the first stage the large single crystals 1.54 + 0.38 um
in size were obtained [Figure 1(a)]. The crystals had a high
degree of ordering as indicated by clear multiple peaks in the
Fourier image [Figure 1(b)]. Addition of Mg>* cations to the
solution with crystals (at a ratio of 1200 cations per 1 protein
molecule) after 2 min of incubation reduced the size of the
complexes to 0.42 + 0.09 um, maintaining their periodicity only
along one direction (with a pitch of 7.5 nm) [Figures 1(c),(d)].
After 10 min, the complete dissolution of the crystals was
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Figure 1 Transmission electron microscopy (TEM) images of (a),(c)
DNA-Dps crystals and (b),(d) corresponding Fourier transforms; (a),(b)
DNA-Dps crystals obtained on a carbon-coated copper TEM grid by mixing
3 ul of Dps (3.4 mg cm™), 1.5 ul of DNA (0.25 ng cm™), and 1.5 pl of
EDTA (0.14 mmol dm™3); (c),(d) semi-degraded DNA-Dps crystals 2 min
after addition of 0.5 pl of 10 mM MgCl, solution.

observed. Decreasing the concentration of MgZ* cations added to
DNA-Dps crystals increased the time of their destruction.

The molecular mechanisms of the processes occurring with
the Dps protein'®> and DNA-Dps complex formation in the
presence of Mg?* cations were explored using molecular
dynamics (MD) methods'®!” (see Online Supplementary
Materials for details).

The interaction of DNA and the Dps protein mediated by the
N-terminal regions of the protein was monitored by the distance
between the atoms of each of the N-termini and DNA. Atoms
(not linked by a covalent bond) were considered to interact
tightly if the distance between them was d < 0.5 nm."
Simulations showed that at a concentration of Mg+ equal to 1
ion per periodic box (corresponding to the cytoplasmic
concentration in E. coli cells), the DNA molecule contacts one or
two N-termini throughout the entire observation period of 100 ns
[Figures 2(a),(c)]. When the Mg?* concentration is increased to
251 ions per periodic box (which corresponds to a concentration
of ~130 mmol dm™3 at the surface of the macromolecules), these
interactions practically cease, since the atoms of the N-termini
and DNA diverge by a distance exceeding d and do not come
closer until the end of the simulation [Figures 2(b),(d)].

The MD trajectory analysis showed that the distribution of
Mg?* cations in water in the systems containing Dps and
DNA corresponds to the experimental data for aqueous
solutions of MgCl,.29-22 Magnesium ions acquire a hydration
shell, which first layer consists of six water molecules. The
main binding sites of Mg?* cations in the protein molecule?’
predictably are the negatively charged oxygen atoms of the
side groups of Asp and Glu and the nitrogen atoms of His. To
a lesser extent, they interact with oxygen atoms of the side
groups of Asn and Gln. Figures S1(a)—(c) show examples of
the replacement of two-to-five oxygen atoms in the hydration
shell with oxygen or nitrogen atoms of the Dps protein. It is worth
noting that in systems with a high concentration of Mg?*, the
cations interact not only with atoms of the side groups of the
amino acid residues, but also with oxygen atoms of the protein
backbone [Figure S1(b): Leul04, Figure S1(c): Pro108, Leul09,
and Ile111]. At a high concentration of Mg**, the directly
contacting Mg?*, and CI~ ions also appear, which is not typical for
dilute aqueous solutions of MgCl, (where the ions are usually
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Figure 2 Minimum distances between the closest-to-DNA N-termini of
the Dps protein (1-25 amino acid residues of every Dps subunit) at the
concentration of Mg?*: (a) 1 cation per periodic box and () 251 cations per
periodic box. The structure of the DNA-Dps complex (at 100 ns) at the
concentration of Mg?*: (¢) 1 cation per periodic box and (d) 251 cations per
periodic box. Dps is red, DNA is blue, non-bonding N-termini are gold, and
closest N-termini and corresponding curves are pink and green. The data are
given for systems containing one DNA molecule (25 base pairs) and one
Dps molecule. The temperature of simulation is 28 °C.

separated by hydration shells).?>23 The latter two interact with
nitrogen atoms of the side groups of Lys residues. Nitrogen atoms
carry a positive charge and determine the DNA-binding ability of
the lysine residues in the Dps protein, as mentioned above. Their
shielding can affect the ability of the protein to bind to DNA. It is
also shown that Mg?* directly attack the root amino acids of the
N-termini, the negatively charged region of the protein, and the
amino acid residues adjacent to them. Figure S1(d) shows that the
major magnesium binding sites in the protein are the amino acid
residues Asp20, Glu25, Glu64, Asp75, Asp78, Glu82, Aspl10,
and Asp142 (and adjacent residues). But it is noteworthy that the
average number of Mg”* per amino acid residue along the
trajectory is less than one. As for DNA [Figure S1(e)], on the
contrary, any pair of bases at any moment of the trajectory contacts
to one or more Mg?* ions. No significant preference was observed
for the binding of ions to one of the four DNA bases (adenine,
guanine, thymine, or cytosine). However, it has been noted that the
DNA bases closest to the protein are subject to a more intensive
attack from magnesium ions. Probably, Mg?* cations, entering the
space between the protein and DNA, are retained in the DNA
grooves, competing with side groups of N-terminal lysine residues.

The pairwise interactions of Mg2* ions with the protein were
also investigated based on the MD trajectories. All types of
protein atoms with a negative partial charge not close to zero
according to the force field were considered. The results were
analyzed based on the radial distribution functions (RDFs),
which allow one to make a detailed consideration of correlations
in pairwise interactions. Correlations were analyzed in groups of
atoms of the protein main chain, protein side chains, all types of
amino acid residues, atoms in different positions within these
residues, and Mg?*. This made it possible to identify the main
groups of atoms contacting with magnesium. It was found that
oxygen atoms make the greatest contribution to the Mg**—protein
interactions, nitrogen atoms to a lesser extent, and the contribution
of other atoms is insignificant. This is consistent with the data
obtained above (Figure S1). Figure 3 shows the most significant
interactions of Mg?* with a protein [Figures 3(a)—(c)] and DNA
[Figure 3(d)]. In the radial distribution curves, the peaks at r = 2 A
indicate direct interactions of atoms, peaks at r = 4 A indicate
interactions through one hydration shell, etc. The overall interaction
of Mg> with all oxygen atoms of the protein [Figure 3(a)] is
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largely contributed by the atoms of the protein side chain, and to
a lesser extent by the protein main chain. Nevertheless, the
contribution of the latter is quite large. That is, Mg+ binds to the
main chain of the protein, which may affect its spatial
characteristics. The main sites of magnesium binding to the
oxygen atoms of the protein side groups are the amino acid
residues Asp, Gln, Glu, and Asn (in the order of decreasing first
and second peaks). As for the binding to nitrogen atoms [Figure
3(c)], the main role belongs to the His residues and some
contribution from other side chain nitrogen atoms is observed,
but their peak is shifted from 2 to 2.5 A.

As for the interaction of Mg?* ions with DNA [Figure 3(d)], the
interactions with all three structural elements of DNA nucleotides
were considered: nitrogenous bases, deoxyribose?* residues, and
phosphoric acid residues. The contribution to the interaction of
Mg?* with oxygen atoms?* is made to a greater extent by the
oxygen atoms of phosphoric acid residues. The interaction of
magnesium ions apparently occurs also directly with the oxygen
atoms of nitrogenous bases and deoxyribose. There is virtually no
binding of magnesium to DNA via nitrogen atoms.

Thus, this work, carried out using classical molecular dynamics
methods, has supplemented the available data on the mechanisms
of DNA-Dps complex degradation in the presence of a large
amount of Mg?* cations. Once in the co-crystal region, the Mg?*
cations begin to interact with oxygen and nitrogen atoms of DNA
and the protein, which leads to the breakage of bonds between
DNA and N-terminal sites of Dps. The effect of Mg?* on the
protein is not limited to the N-termini of the protein, but occurs
throughout the entire protein volume. At high concentrations of
magnesium, DNA is the first to be attacked by Mg?*, in the grooves
of which the cations probably begin to compete with the lysine
side groups, preventing the latter from binding to DNA.

The computations were performed using MVS-10P at the
Joint Supercomputer Center of the Russian Academy of Sciences.
Experimental data were obtained using the analytical
transmission electron microscope JEM-2100 (JEOL, Japan) at
the Unique equipment setup ‘3D-EMC’ of Moscow State
University. The research was financially supported by the
Russian Science Foundation (grant no. 23-24-00250).
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Figure 3 Radial distribution functions (RDFs) of Mg with oxygen and
nitrogen atoms of DNA and Dps: (¢) RDF of Mg?* ions and oxygen atoms
of Dps. The following atoms of Dps were taken into account: (/) all oxygen
atoms, (2) oxygen atoms only of the protein main chain, and (3) oxygen
atoms only of the protein side chain. (b) RDF of Mg?* ions and oxygen
atoms of the side chains of (1) Asp, (2) Glu, (3) Asn, and (4) Gln. (c) RDF
of Mg?* ions and nitrogen atoms of Dps. The following atoms of Dps were
taken into account: (/) all nitrogen atoms, (2) nitrogen atoms only of the
protein side chain, and (3) nitrogen atoms of the His side chain. (d) RDF of
Mg?* ions and oxygen and nitrogen atoms of DNA: (/) all oxygen atoms,
(2) oxygen atoms of phosphoric acid residues, (3) oxygen atoms of
deoxyribose and nitrogenous bases, and (4) all nitrogen atoms.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7623.
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