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% Check for updates Monovalent salts are generally believed to stabilize DNA duplex by weakening

inter-strand electrostatic repulsion. Unexpectedly, our force-induced hairpin
unzipping experiments and thermal melting experiments show that LiCl, NaCl,
KCI, RbCl, and CsClI at concentrations beyond -1 M destabilize DNA, RNA, and
RNA-DNA duplexes. The two types of experiments yield different changes in
free energy during melting, while the results that high concentration mono-
valent salts destabilize duplexes are common. The effects of these monovalent
ions are similar but also have noticeable differences. From 1M to 4 M, DNA
duplex is destabilized by about 0.3 kg7/bp and the melting temperature
decreases by about 10 °C. Our all-atom simulations reveal this effect is caused
by overcharging, where excessive ion absorption inverts the effective DNA
charge from negative to positive. Furthermore, our coarse-grained simulations
obtain a phase diagram that indicates whether DNA overcharging occurs at a
given cation valence and concentration. These findings challenge the tradi-
tional belief that DNA overcharging occurs only with multivalent ions and have
significant implications for polyelectrolyte theory, DNA nanomaterials, DNA
nanotechnology, and DNA biophysics.

lon-nucleic acid interactions play essential roles in biological pro- such DNA destabilization occurs for LiCl, NaCl, KCI, RbCl, and CsCl.

cesses, because nucleic acids, including DNA and RNA, carry high-
density negative charges (see a review in ref. 1). One important role of
ions, such as Na" and K, is screening the repulsions among negative
charges in nucleic acids® . Without such screening, DNA duplex would
be unstable, and RNA folding would not occur due to the strong
repulsions in nucleic acids’.

In this work, our experiments surprisingly find that monovalent
cations destabilize DNA duplexes when salt concentration (cy), is
beyond a critical concentration (c_,,). Such destabilization by ions is
opposite to the stabilization caused by electrostatic screening’’. And

Furthermore, the destabilization by monovalent ions also occurs for
other nucleic acids (NA) including RNA and RNA-DNA hybrid (RDH)
duplexes, which suggests the phenomenon is general, independent of
the structural details of NA duplexes.

Previous studies have observed many salt effects on DNA that go
beyond electrostatic screening. For example, multivalent ions can
induce DNA-DNA attraction'®", which is manifested by DNA con-
densation, and reversal of DNA electrophoretic direction?. However,
these experimental phenomena occur only with multivalent ions, such
as cobalt hexamine (CoHex?*), but not with monovalent ions. Theories
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have been developed to explain multivalent ion-induced DNA-DNA
attraction and DNA charge inversion observed in experiments™",
According to the theory based on the Wigner crystal, the interactions
between multivalent ions are so strong that they form a strongly cor-
related liquid or Wigner crystal, which causes DNA-DNA attraction and
DNA charge inversion", According to this theory, the interactions
between monovalent ions are not strong enough to induce a Wigner
crystal. Simulations have observed DNA charge inversion”, and DNA-
DNA attraction induced by multivalent ions'. In terms of monovalent
effects beyond electrostatic screening, simulations have observed
DNA-DNA attraction induced by high concentrations of NaCl"”. This
phenomenon is different from the DNA destabilization with mono-
valent ions, because the former is about inter-DNA interaction, while
the latter is about intra-DNA interaction’. In addition, DNA over-
charging induced by monovalent ions has been observed in coarse-
grained (CG) simulations and theoretical calculations”. In these
simulations and calculations, DNA was modeled as a cylinder and water
molecules were not considered. It is not sure that the phenomenon in
such a simple model can be applied to realistic DNA molecules. After
two decades of this work, no experimental results have confirmed that
DNA overcharging can occur with monovalent ions. Whether DNA
overcharging by monovalent ions can occur remains unclear.

DNA thermal melting experiments by Tomac et al. *° and Khimiji
et al. > observed that DNA duplex is destabilized at high concentrations
of Na*. Khimiji et al. ? did not discuss the mechanism of DNA destabili-
zation because their focus was on the effect of polyanions on DNA
stability. Their experiments used only one monovalent ion, Na*. It is
unclear whether any ion-specific effects cause DNA destabilization
under high salt concentrations. Later, a theoretical work by Maity, Singh,
and Singh’ reproduced the DNA destabilization at high salt concentra-
tions by assuming the effective base-pairing hydrogen bonds weaken at
high salt concentrations. This assumption has not yet been validated.

In this work, we perform precise and systematic measurements
for DNA, RNA, and RDH duplex stabilities across wide ranges of c,; for
LiCl, NaCl, KCI, RbCI, and CsCl. The experiments constantly show
duplex destabilization by high concentrations of monovalent ions.
Furthermore, we reveal that such duplex destabilization is caused by
overcharging using extensive all-atom molecular dynamics (MD) and
CG Langevin dynamics simulations, as well as Wigner crystal theory. In
addition, we discovered that overcharging can also occur for ssDNA
through experiments and simulations.

Results

Monovalent cations at high concentrations destabilize DNA
duplexes in single-molecule experiments

We first measured the stabilities of NA duplexes by unzipping short NA
hairpins using magnetic tweezers (MT) experiments (Fig. 1a, b), similar
to previous works??*, while we focused on the variation of the NA
duplexes stability with monovalent salt concentrations. For each salt
condition, we first measured the extension of the NA construct
through a force-cycle containing a stretching process followed by a
relaxing process. The NA hairpin unfolded during stretching and
refolded during relaxing, which provided the unfolding and refolding
forces (arrows, Fig. 1d), respectively. Within the range from the
refolding force to the unfolding force, we searched for a transition
force, f*, where the folded and stretched states of the NA hairpin had
the same probability (Fig. 1e). The free energy cost of hairpin unfolding
equals the change in the external potential, f AL (Fig. 1f), where AL is
the change in the DNA extension during the hairpin unfolding (Sup-
plementary Fig. 1a). The transition is between the duplex state and the
stretched state, and we denote the free energy cost as AGgp. Note that
varying salt concentration affects the refractive index of the buffer (up
to 4%). We have considered this factor in the measurement of AL using
a previous method®. Ultimately, we found that AL very weakly
depends on the salt condition (Supplementary Fig. 1b).

Figure 1g shows f reaches a peak at a critical salt concentration,
whichis denoted as c_,,. The values of c_,,, are always between 1M and
2 M. Figure 2a shows NA duplex stabilities as functions of cg,,, which is
calculated as AGsp=f AL. Because we focus on the dependence of
AGg, on cg,,, we shift the curves to offset the peak values of AGgp, in
Fig. 2b for NaCl (a similar plot for KCI is shown in Supplementary
Fig. 2). From c_;, to 4 M, DNA duplex is destabilized by about
0.3 kg T /bp. Such magnitude of duplex destabilization roughly equals
the case from c_, to 0.3M. Similar results were observed for RNA for
five salt types (Fig. 2c, d). The values of c,, for RNA are typically
slightly lower than those for DNA. Under a given high c;, the mag-
nitude of destabilization for RNA is smaller than the case of DNA. The
differences between RNA and DNA are possibly caused by different
charge densities and ion distribution patterns* (Supplementary Fig. 3).
Previous ion counting experiments have also observed that ion dis-

tributions around RNA and DNA are different"”.

Measurement of duplex stability by thermal melting

We measured the melting temperature (7,,,) of NA duplexes at var-
ious cg,; using a fluorescence quenching test, as detailed in the
“Methods” section (Fig. 3 and Supplementary Fig. 4). In the duplex
state, the BHQ1 quencher on one strand effectively suppressed the
proximate FAM fluorescence on the complementary strand. We
raised the temperature incrementally at a rate of 0.1°C/s. As the NA
duplex gradually melted and the FAM strand separated from the
BHAQI strand, we observed a corresponding increase in fluorescence
intensity. The peak of the derivative of the fluorescence intensity
determined the T, under each salt condition®.

As shown in Fig. 3b, T, exhibits a non-monotonic change with ¢,
in agreement with the MT results in Fig. 1g. DNA destabilization at high
Cqaie consistently occurs for different DNA lengths from 12 to 400 bp
and different GC percentages in thermal melting experiments (Sup-
plementary Figs. 5 and 6). From these curves, we determined the cri-
tical salt concentrations, ¢, corresponding to the maximum melting
temperature. The values of c_;, are also between 1and 2 M for all three
NA duplexes and four types of monovalent salts, except for CsCl whose
C.a; is below 1 M. The smaller ¢, for CsCl may be caused by stronger
binding of Cs* to DNA than other cations.

The curves in MT experiments (Fig. 1g) are smoother and the error
bars are smaller than those in thermal melting experiments (Fig. 3b). It
is worth noting that the conformational transitions in MT and thermal
melting experiments are slightly different (Fig. 3¢). In MT experiments,
NA hairpins transition between the folded duplex state and unfolded
stretched state under tension, and the free energy difference is
denoted as AGgp,. In thermal melting experiments, NA duplexes transit
between the duplex state and a single-stranded random-coiled state,
and the free energy difference is denoted as AGp. As shown in Fig. 3c,
we have AGgp = AG(p, + AGg, Where AGg is the free energy difference
between the stretched state and coil state.

The value of AG can be estimated through the integration of the
force-extension curve AGS" = [ ‘Z 'fdz from the coil state to the stret-
ched state. Here, z; and z, are the extensions of the stretched and coil
states, respectively, and f is the stretching force at a given extension, z.
After approximating ssDNA as a worm-like chain”’, the dependence of
the force on the extension is described by the Marko-Siggia equation

== {M—%+ %}. Here, L, is the ssDNA persistence length,

L=Naisthe ssDNA contour length, N = 64 is the number of nucleotides
for DNA hairpin in MT experiments, and a ~ 0.564 nm is the contour
length per nucleotide®®*. Previous experiments have obtained
L, ~0.94nm, 1.08nm, and 1.6nm at 1M, 0.5M, and 0.IM NadCl,

respectively. Based on the Marko-Siggia equation and f =12.5, 14.4,
and 15pN at 0.1, 0.5, and 1M NaCl, we can obtain the values

of z.. Eventually, we obtained AGg.=AG™"/28 ~ 0.72, 0.89, and
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Fig. 1| Measurement of NA duplex stability by MT experiments. Source are
provided as a Source Data file. a Manipulation of NA hairpin using magnetic
tweezers. b The NA hairpin is unfolded by the external force. c Illustration of the
construct of three types of NA hairpins. Black for DNA bases and blue for RNA
bases. d The unfolding and folding of an NA hairpin are indicated by abrupt
changes in DNA extension during stretching and relaxing, respectively. e At the

transition force f*, the NA hairpin hops between the folded and stretched states
with equal probability. f The free energy difference between the folded and
unfolded hairpin. g Transition force as a function of salt concentration. The
averages and standard errors from several molecules (four for CsCl and three for
other ions) are plotted as data points and error bars.

0.95 kgT/bp at 0.1, 0.5, and 1 M NaCl, correspondingly. Here, 28 is the
number of base pairs of the DNA stem region in MT experiments. As
illustrated in Fig. 3c, we expect AGgp ~ AGgc + AGcp. To examine this
relationship, we calculated AGp, using the nearest-neighbor model*
and obtained AGcp ~2.77kgT/bp at 1M NaCl (Supplementary
Method 1). With AGgp, ~ 3.53kgT/bp at 1M NaCl from Fig. 2a and
AGgp ~ 0.95 kg T /bp from the Marko-Siggia equation, we find that at
1M NaCl, AGgc +AGcp =0.95+2.77=3.72 kz T /bp, which is close to
AGgp ~ 3.53 kT /bp and confirms AGgp ~ AGgc + AGcp.

The increase of AGgc with ¢, likely explains why the peak loca-
tions in Fig. 3b, i.e. ¢, are generally smaller than the peak locations in
Fig. 1g, considering that MT and thermal melting experiments corre-
spond to AGgp,, and AG¢p, respectively, which differ by AGg.

The value of AGsc depends not only on ¢, but may also depend
on the ion species. lons may mediate intra-strand interaction in the
random-coiled state and thus affect the effective ssSDNA persistence
length or make the force-extension curve deviate from the worm-like
chain behavior®. For example, the smaller AG, for Na* and Cs* at high

concentrations in Fig. 3b may be caused by greater intra-strand
attraction mediated by Na" and Cs’, which enhances the dependence
of AGgc on Cgy,.

Mechanism of DNA duplex destabilization by monovalent ions
We propose that DNA duplex destabilization at high concentrations of
monovalent salts is caused by DNA overcharging. In the following
paragraphs, we will elaborate on this mechanism and provide evidence
of this mechanism.

As ¢, increases, more and more counterions are absorbed on
DNA and the effective DNA charge, g, undergoes the transition from
Geir <0 to g =0 and eventually to g.¢ > 0. Here, gor =0 means that
the absorbed counterions carry the same amount but opposite char-
ges as DNA, and DNA is effectively neutral. Under the condition of
des =0, inter-strand electrostatic repulsion vanishes, and duplex sta-
bility is maximized. The condition of g >0 is referred to as DNA
overcharging which reintroduces inter-strand electrostatic repulsion
and reduces duplex stability. It is worth noting that g corresponds to
the total charges of DNA and ions within a certain short distance
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Fig. 2 | Comparison of experimental and simulation results. In MT experiments,
the averages and standard errors from three molecules are plotted as data points
and error bars. In MD simulations, the averages and standard errors from five equal
intervals after equilibrium are plotted as data points and error bars. Source data are
provided as a Source Data file. a The free energy difference between duplex and
stretched single-stranded DNA states (AGgp) as a function of salt concentration
(Cga1)) from MT experiments. b Variation of AGg,, AAGgp,. The red curve is obtained
from oxDNA simulation. ¢, d Similar results for RNA duplex stability and the red
curve are obtained from oxRNA simulation. In (b) and (d), all experimental curves
are shifted to make AAGgp, =0 at ¢y, for the salt type of NaCl, and the black curves
are calculated from Egs. 1, 4-5, and the blue curves from Egs. 2, 4-5.

around DNA, because the total charges of DNA and all ions, i.e., the
entire system, are always zero.

Simulations of DNA with monovalent ions

While DNA overcharging with high-valent ions has been observed in
experiments” and explained by theory™, DNA overcharging by
monovalent ions is much less explored”® and whether it can occur
remains unclear. To quantitatively understand it, we performed three
types of simulations with different resolutions, (i) all-atom MD simu-
lations, (ii) oxDNA simulations, and (iii) CG Langevin dynamics simu-
lations, as each simulation method has its own advantages and
disadvantages. All-atom MD simulations can capture DNA over-
charging but cannot capture the equilibrium transition of DNA strand
separation. The oxDNA simulation is based on a CG DNA model whose
resolution is lower than all-atom but higher than typical CG
simulations®. The oxDNA simulations can capture the equilibrium
transition of DNA strand separation but cannot capture DNA over-
charging because there are no explicit ion particles in oxDNA simula-
tions, and the effect of ion particles is considered through Debye
screening. Our CG Langevin dynamics simulations, which are descri-
bed in the “Methods” section, can dramatically improve computational
efficiency and allow freedom to vary ion parameters but cannot cap-
ture many effects caused by water molecules, such as ion hydration.
CG simulations are suitable for building a phase diagram of DNA
overcharging.

We first present oxDNA simulation results. The red curve in Fig. 2b
shows that oxDNA simulation can quantitatively capture the effect of
Csaie ON DNA duplex stability in the range of cgy, <c,, within the fra-
mework of the classic Debye screening, which supports that the var-
iation of electrostatic interactions, rather than hydrogen bonds and
base stacking, is the primary factor for the variation of DNA duplex
stability within the c,, range we consider here. Similar oxRNA simu-
lations were performed and the results agree with experiments for

Caalt < Coy, (red curve in Fig. 2d). Note that the entire oxDNA (as well as

0xRNA) parameterization is based on implicit ions with the Debye
screening to reproduce a double-helical DNA structure with properties
close to experimental results. Due to the absence of explicit ions, the
oxDNA model cannot capture DNA overcharging by ions.

Next, we present all-atom MD simulations of a DNA duplex with
NaCl, KCI, or CsCI. Our simulations reveal DNA overcharging in three
aspects. First, we calculated gy, the total charge of DNA atoms, Na",
and CI” within a cylinder around DNA (Fig. 4a). For ¢y S1IM, q,y; is
always negative, as expected from mean-field theory. However, for
CaaiZ1M, gy becomes positive at 1nm $r,; $2nm, which indicates
DNA overcharging (Fig. 4b). For each c,;;, we recorded the maximum
of .y, which is denoted as g3*. The radial distances corresponding to
qg‘,‘l’x usually located at the first or second layer of ions absorbed on
DNA. Figure 4c shows that when cg,>C_,,, oy« increases roughly lin-
early with ¢, Here, g3 is normalized for one base pair. According to
the theory by Shklovskii et al. *'*, the dependence of oy 0N Cgyye CaN
be approximated by

qg)l/el‘x ~ kqln(csalt/CZalt) (1)

Here, k, is a fitting parameter. See more about Eq. 1in Supplementary
Method 2. As shown by the blue line in Fig. 4c, the fit of Eq. 1 to our
simulation results yield k,=0.163 and C.ye =1.02M. Because the
simulation data in Fig. 4c appears to follow a linear relationship, we
also fit the data by

g ~ 0.074(Cgy — 1M) 2)

Note that the above linear equation is just for convenient usage,
not based on rigorous mathematical simplification of Eq. 1.

Second, from the same simulation results of monovalent ion
distribution, we calculated the electric field around DNA using Gauss’s
law, i.e., the strength of the electric field at r, determined by q.y;.
Integration of the electric field over the radial distance, we obtained
the electric potential around DNA, ®; (Fig. 4d). For ¢y S1M, O is
always negative as expected from mean-field theory. For ¢y, 2 1M, ®¢
becomes positive at 1nm<Sr.,; $2nm, which indicates DNA over-
charging. For each cg,, we recorded the maximum of ®; which is
denoted as ®f'™*. Figure 4e shows that ®"™ also increases with ¢y
linearly after the critical concentration

O™ ~ 1.509(Ceye — 1M) 3)

Alternatively, we can approximate ®F'™ from goi* in Eq. 2. By
approximating the thickness of the overcharging layer as 0.71nm, we
can obtain O™ ~ 2.13(cy,; — 1M) from Eq. 2, which is close to the
result in Eq. 3. Note that due to Gauss’s law, the linear behavior of the
accumulated charge in Eq. 2 can lead to a linear behavior of the elec-
trical potential.

Third, the radial distributions of Na* and CI” in Fig. 4f reveal DNA
overcharging. The concentration of Na" at r.; ~ 1.5nm is less than the
Na* concentration far from DNA, indicating a positive electric potential
at ro ~ 1.5nm. Similarly, the concentration of CI" at r.; ~ 1.5nm is
larger than the CI” concentration far from DNA.

To quantify the effect of overcharging on DNA strand-strand
electrostatic interaction, we make several crude approximations. First,
we use g7 to approximate the effective DNA charge per nucleotide.
Second, we calculate the electrostatic interaction between two charges
separated by a distance of 2 nm (the inter-strand P-P distance or DNA
diameter)

G @
Eg~ dmegepyal (qcyl ) x3.5kgT
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transitions in MT and thermal melting experiments.

Here, eis the elementary charge, & is the vacuum permittivity, epy, =8
is the dielectric constant inside DNA*, and r=2nm is the distance
between two charges or the DNA diameter. We use the unit of kT for
an easy comparison with experimental results in Fig. 2b.
The above calculation makes many approximations. Accordingly,
we add a coefficient kg,
Eelec ~ kﬁtEO (5)
Here, E.. is the effect of DNA overcharging on inter-strand
electrostatic interaction. The fit of Eq. 5 to the experimental results
yields kg, =1.4, as shown by the black curve in Fig. 2b. One reason that
causes kg, >1 is that the calculation of E, only considers the charge-

charge interaction within a base pair, and actually the charge on a DNA
strand can interact with all charges on the other DNA strand.

We did similar all-atom MD simulations for DNA in other mono-
valent salts. We obtained g7:* = 0.102In(c,,/0.97 M) and kg, =1.7 with
KCI (Supplementary Figs. 2 and 7) and qg;*l”‘ =0.122In(cg;;/0.96 M) and
kg =1.6 with CsCl (Supplementary Figs. 8 and 9). We also carried out
similar all-atom MD simulations and analysis for RNA with NaCl (Sup-
plementary Fig. 10) and obtained the black curve in Fig. 2d, which
explains RNA duplex destabilization by monovalent ions. For RNA with
NaCl, we obtained ggi*=0.077In(Cy/1.49M) and kg =5.9. These
results suggest that NA duplexes overcharging with monovalent ions is
a common phenomenon. Please see Supplementary Table 1 for the
determined Egs. 1-3 and 5 for different monovalent ions on DNA.
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Fig. 4 | Ion distribution around the DNA from MD simulations. Source data are
provided as a Source Data file. a Total charge, q.;, within a cylinder around DNA.
The smallest cylinder has a radius of 1 nm, corresponding to DNA radius. The
middle cylinder has a radius of 1.5 nm, corresponding to the position of the max-
imum overcharging. The largest cylinder has a radius of 2 nm, where the ion con-
centrations approach the bulk values. b g, as a function of the cylindrical radius.
¢ Maximum of gy, q'c“y?", as a function of NaCl concentration. d Electric potential,
Oy, as a function of radial distance. e Maximum of ®g, ®'™, as a function of NaCl
concentration. f Radial distribution of Na* and CI™ at 4.5M NacCl.

Phase diagram of DNA overcharging with n-valent ions

The DNA overcharging with monovalent and high-valent ions inspires
us to think about the criterion of DNA overcharging. What is the
minimum ion valence that can induce DNA overcharging? To find the
answer, we used CG simulations, which greatly accelerate simulations
and allow for freedom to vary ion parameters (Fig. 5a). In these CG
Langevin dynamics simulations, DNA is modeled as a charged rod with
diameter, D,,4 =1.8 nm. The linear charge density of the rod is —1e per
0.17 nm. lons are modeled as hard spheres with different diameters,
D;=0.3, 0.35, or 0.4nm. We examined whether DNA overcharging
occurs by analyzing the charge distribution and the electric potential
around the DNA rod. When the monovalent ion concentration is
greater than 1.6 M, DNA overcharging occurs (Supplementary Fig. 11
and Supplementary Method 3). Although the CG simulations ignore
explicit water molecules and DNA structural details, we found that the
CG simulations with suitable parameterization can quantitatively
capture DNA overcharging observed in all-atom MD simula-
tions (Fig. 5d).

From systematic CG simulation results, we obtained a phase dia-
gram for the conditions of DNA overcharging (Fig. 5e). The critical
concentrations of Mg?* and Ca*" where T, reverses were obtained by
thermal melting experiments (Supplementary Fig. 12). For a lower
cation valence, c... is higher. Our theoretical phase boundary for

salt
D; =0.4 nm (red line in Fig. Se) agrees with our experimental results for

monovalent ions, Li*, Na*, K*, Rb*, and Cs*. Our theoretical phase
boundaries are above the experimental results for divalent ions, Mg
and Ca”, possibly because the hydrated ion diameters of Mg?* and Ca**
are larger than 0.4 nm. Our theoretical phase boundaries are close to a
previous experimental result”? for CoHex>". For a realistic salt solution,
there is an upper limit of ¢y, which is the saturated salt concentration.
When we set the maximum c,;, as 3 M, the minimum ion valence for
DNA overcharging is about 0.8 for short DNA segments with straight
rod conformations.

The reason for DNA overcharging has been investigated in pre-
vious studies™**?°, It has been proposed that the excluded volume
interaction between cations causes the positional correlations of
cations around DNA. This correlation leads to an arrangement of
cations where the cations of the second layer interlace with the cations
of the first layer around DNA, resembling a crystal. Such arrangement
significantly weakens the repulsions between cations in the first and
second layers and allows excessive cations on the second or following
layers, which results in DNA overcharging. In this mechanism, the
excluded volume interaction between cations plays a crucial role in
DNA overcharging, supported by the fact that the modified Poisson-
Boltzmann equation considering the excluded volume interaction
between cations can reproduce overcharging®. Our CG simulations
also find that increasing ion diameter can reduce the minimum salt
concentration for DNA overcharging, as seen by comparing the blue,
black, and red curves in Fig. Se. As shown in Fig. 5f, with the decrease of
ion diameter, the overcharging electric potential decreases toward
zero. Additionally, our CG simulations demonstrate the ®f'** of DNA
overcharging appears to have a universal dependence on csaltDi2
(Fig. 5g), which indicates the critical role of the excluded volume
interaction of ions in DNA overcharging.

Discussion

Due to the high charge density of DNA, salt concentration strongly
affects DNA stability. It is generally believed that monovalent ions
weaken DNA-DNA electrostatic interactions by Debye screening and
hence enhance DNA duplex stability. In contrast to the common belief,
our experiments reveal that high concentrations of monovalent salts
destabilize DNA duplexes. This counterintuitive behavior, consistent
across DNA, RNA, and RDH duplexes and various monovalent salts
(LiCl, NaCl, KCI, RbCl, and CsCl), points to a universal physical phe-
nomenon rather than duplex-structure-specific or ion-specific effects.
Our all-atom and CG simulations showed this destabilization is caused
by DNA overcharging. The magnitude of DNA destabilization by
overcharging is significant, which can be 0.3 k3T per base pair. Such
magnitude decreases the melting temperature by about 10 °C.

The physical mechanism for DNA overcharging has been investi-
gated previously using the Wigner crystal model. In the classical
mean-field treatment, when DNA charges are fully compensated by
absorbed counterions, DNA cannot attract additional counterions
because the absorbed counterions repel the additional counterions.
The mean-field treatment assumes absorbed counterions distribute
continuously on the DNA surface, while in real cases, counterions are
discrete and may form a crystal-like structure on the DNA surface when
the repulsions between counterions are strong. The crystal-like
structure weakens the repulsions between absorbed counterions and
other counterions, which allows neutralized DNA to absorb additional
counterions. Please see Supplementary Method 2 and Supplementary
Fig. 13 for the theoretical calculation of DNA overcharging using this
theory and a simplified explanation for DNA overcharging, respec-
tively. It is worth pointing out that Wigner crystal theory was devel-
oped for multivalent ions because the strong repulsions among
multivalent ions favor the formations of crystal-like structures. Here,
we applied the theory to monovalent ions and found the functional
form, the logarithmic function in Eq. 1, seems to work, but the quan-

titative values, such as c_,, deviate greatly from the prediction of the
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Fig. 5 | Criterion of DNA overcharging. Source data are provided as a Source Data
file. a Coarse-grained simulation setup. b Diagram of charge distribution around
DNA at 1M NaCl from CG simulations. ¢ Diagram of DNA overcharging from CG
simulations with a DNA diameter of 2 nm and an ion diameter of 0.3 nm. d Electric
potential, ®¢, as a function of radial distance obtained from all-atom and CG MD
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simulations. e Phase diagram of DNA overcharging. The symbols represent
experimental data from our work and a previous study®. lons are modeled as hard
spheres with different diameters, D;. f The overcharging electric potential for dif-
ferent ion diameters. g Maximum of ®g, @I versus c,,, x D? for different ion
diameters.

theory. Such deviation is not surprising, because monovalent ions do
not form a Wigner crystal, as shown by the liquid-like structure in
Fig. 4f. In addition to the Wigner crystal theory, a previous study has
added two salt-dependent energetic terms for inter-strand interaction

to capture DNA destabilization under high salt concentrations® (Sup-
plementary Fig. 14 and Supplementary Method 4).

DNA overcharging is supported by several DNA phenomena
observed in the literature. First, DNA overcharging is evidenced by the
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reversal of the electrophoretic direction of DNA with high-valent
(n>3) ions Under normal salt conditions, DNA carries negative
charges and migrates toward the anode. When CoHex>" exceeds a
critical concentration (c,, ~ 1ImM), DNA absorbs excessive CoHex™"
ions and migrates toward the cathode™.

Second, DNA overcharging can weaken the attraction
between two double-stranded DNA molecules. Previous experi-
ments have observed that with the increasing concentration of
high-valent ions such as CoHex**, DNA first condensed, indicating
DNA-DNA attraction, and then dissolved at even higher con-
centrations, indicating DNA-DNA repulsion'®"*’, Previous theo-
retical studies have explained it by following mechanisms™***,
There are two contributions of electrostatic interactions between
two DNA molecules. The first contribution is the classical elec-
trostatic repulsion between two DNA molecules, which can be
understood in the mean-field treatment or Debye screening. The
second contribution is the like-charge attraction caused by ion
correlation. With the increase of high-valent ion concentration,
the first contribution switches from repulsion to zero and even-
tually to repulsion again due to DNA overcharging. After assum-
ing the second contribution does not vary much with cg,,, DNA
overcharging can explain the experimental phenomena of DNA
dissolution, condensation, and re-dissolution with the increase of
Cqaic- Similarly, DNA condensation resists the maximum stretching
force around the critical salt concentration of charge inversion
because inter-DNA electrostatic repulsion vanishes?%. A differ-
ence between those experiments and our experiment is that these
experiments deal with the interaction between two double-
stranded DNA fragments, while our work focuses on the inter-
strand interaction within a duplex. Nevertheless, DNA over-
charging should strengthen the repulsion within a duplex or
between DNA duplexes. Our experiments and all-atom simula-
tions also observed single-stranded DNA overcharging at large
Coie (Supplementary Figs. 15 and 16 and Supplementary
Method 5).

DNA destabilization induced by monovalent ions has significant
implications in polyelectrolyte theory, DNA nanomaterials, DNA
nanotechnology, and DNA biophysics. First, DNA destabilization
induced by monovalent ions inspires us to clarify the criterion of DNA
overcharging. It is generally believed that DNA overcharging occurs for
multivalent ions but not monovalent ions. Our experimental and
simulation results refresh the understanding. Broadly speaking, the
precise experimental results of DNA help advance polyelectrolyte
theory. In the past decades, DNA, as a model polymer and a model
polyelectrolyte, has greatly facilitated the advance of polymer physics
theory in terms of providing quantitative results, such as the scaling
behavior of single polymers in confinement®*, and polyelectrolyte
theory, such as like-charge attraction and overcharging''*. There are
several advantages for DNA as a model polymer and a model poly-
electrolyte, including mature biotechnology to prepare high-quality
DNA samples**®® and well-established single-DNA experiments
by MT*,

Second, DNA has been widely applied in nanomaterial design,
which takes advantage of the base-pairing attraction to achieve well-
defined nanostructures* . Such nanomaterial design requires DNA
duplex formation, and the material stability depends on DNA duplex
stability. Our quantitative results of DNA duplex stability as a function
of salt concentration can be applied to rationally control the stability of
such nanomaterials.

Third, high concentrations of monovalent salts, such as LiCl and
KCI, are commonly used in DNA-nanopore experiments in order to
enhance the precision of electrical signals**~. In addition, strand
separation is often involved in nanopore experiments In such
cases, DNA destabilization induced by monovalent salt at high con-
centrations should be considered.

Lastly, DNA destabilization under high salt concentration may be
biologically relevant. For example, some halophilic archaea cells prefer
a high salt environment and can even grow on NaCl crystals®.

In conclusion, we summarize the overall results of this work,
(i) precisely measuring DNA, RNA, and RDH destabilization by Li*,
Na*, K*, Rb*, Cs*; (ii) demonstrating DNA destabilization by high
concentrations of monovalent ions is a common phenomenon,
not ion-specific; (iii) revealing that such DNA destabilization is
caused by DNA overcharging using extensive all-atom and CG
simulations, as well as Wigner crystal theory. Our results have
both fundamental and practical values, (i) Fundamentally, we
advance the polyelectrolyte theory of overcharging using DNA as
a model polyelectrolyte. We highlight that the single-DNA tech-
nique can achieve a high precision (-0.01pN & 1nm) that is
unachievable in traditional experiments for other polyelec-
trolytes. (ii) Practically, our systematical experimental data of
DNA, RNA, and RHD duplexes stabilization under various salt
concentrations act as the table of physical-chemical data for
nucleic acids, which can be used in many bio-nanotechnological
applications, such as DNA origami, and DNA-nanopore
sequencing.

Method

Buffer solutions

We prepared the near-saturation concentration of monovalent salt
mother liquor which undergoes filtration, DEPC treatment, and auto-
claving. The concentration of the mother liquor was 10 M for LiCl, 5M
for NaCl, 4 M for KCI, 5M for RbCI, and 5M for CsCl. Before each
experiment, we used DEPC-treated deionized water to dilute the
mother liquor to different salt concentrations. We used a buffer system
comprising a final concentration of 10 mM Tris-HCI to ensure a con-
sistent pH of 7.5.

MT experiments

Each NA (DNA, RNA, or RDH) hairpin construct was labeled with
digoxigenin at one end and labeled with biotin at the other end
(Fig. 1a). The loop regions have 8 nucleotides for DNA and RDH
hairpins but 4 nucleotides for RNA hairpin. Because RNA transi-
tions between folded and unfolded states more slowly than DNA
under equilibrium, we designed shorter loop regions for RNA to
accelerate the transition rate”*'. A previous study” has found
that reducing the loop-region length has no obvious effect on
AGgp, shown in Fig. 1f. See the illustrations of hairpins in Fig. 1c.
We made the DNA and RNA constructs by one-sided PCR* and
made the RDH construct by ligation (Supplementary Fig. 17 and
Supplementary Method 6).

We sequentially coated the piranha-cleaned glass slides with 1%
APTES, 2% glutaraldehyde, 1 mg/mL anti-digoxigenin and passivated
the slides with 2% bovine serum albumin. After coating glutaraldehyde
on the glass slides, we attached the polystyrene microbeads as refer-
ences. In a flow cell, we attached the digoxigenin-labeled end of the NA
hairpin construct to the anti-digoxigenin-coated glass slide and
attached its biotin-labeled end to a streptavidin-coated paramagnetic
microbead (Dynabeads M-270). We used a pair of neodymium magnets
to exert force to stretch the NA hairpin construct and controlled the
stretching force using a linear motor (L-509, Physik Instrument). We
viewed the microbeads by a 100x oil immersion objective (Olympus),
captured the images with a CCD camera (MER2-230-168U3M, Daheng
Imaging), and calculated the positions of the microbeads based on
their diffraction pattern®. We conducted the experiments in an ultra-
clean room with a stable temperature of 22 °C.

Thermal melting measurement through fluorescence quenching
We measured T, of NA duplexes using the fluorescence quenching
test (FQT), similar to a previous study”. We designed two
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complementary paired single-strand NA. One strand was labeled with
the FAM group at the 5’ end and its complementary strand was labeled
with the BHQI1 group at the 3’ end. When the two single-stranded oligos
were annealed into double-stranded NA, BHQ1 quenched the FAM
fluorescence. When the NA duplexes melted during heating up, the
fluorescence intensity increased due to the release of the BHQ1 strand.
The peak of the derivative of the fluorescence intensity gave the Ty,
The two DNA strands were FAM-GACGATCGTTCGTGAAGTCAAC and
BHQI-GTTGACTTCACGAACGATCGTG. The RNA strands have the
same sequence as DNA except T bases are replaced by rU bases.

All-atom MD simulations

We performed all-atom MD simulations to probe the ion atmosphere
of monovalent salts (NaCl, KCI, and CsCl) at gradient bulk concentra-
tions (0.05 to 4 M) around DNA and RNA duplexes. We conducted the
simulations using the GROMACS 2021 simulation package*®, where the
OL15 force field was used to describe DNA*” and the OL3 force field was
used to represent RNA®. The monovalent ions were described by the
parameters from the Joung and Cheatham model*’. We ran the simu-
lations for 600 ns after energy minimization and equilibration at 295K
and 1 bar. We used the last 500 ns of the simulation trajectory for data
analysis.

oxDNA simulations

To explain how DNA duplex stability changes with salt con-
centration in the range of cg<c,,,, we conducted the CG
Brownian dynamics simulations using the oxDNA simulation
package®. The oxDNA model describes DNA electrostatic inter-
action using the Debye screening and has successfully repro-
duced many DNA properties such as DNA melting temperature
(Twm). In our oxDNA simulations, the sequence of DNA hairpin is
TTTTCTGGTATTTTTTTACCAGTTTT. The temperature was set to
T=295K. In each simulation, we specified a salt concentration
and ran 1.5x10' steps. At each salt concentration, we tuned the
stretching force and observed the equilibrium DNA hairpin
opening/closing (Supplementary Fig. 18). We determined the
critical force corresponding to the equal probability between
hairpin and stretched state (Supplementary Fig. 19), same as the
experimental results in Fig. le. We also use oxRNA model® to
observe the zipping/unzipping of RNA hairpin. In oxRNA simula-
tions, the sequence of the RNA is similar to that of oxDNA
simulation except T is replaced by U.

CG simulations

To obtain ion distributions around DNA efficiently, we also performed
CG Langevin dynamics simulations using the LAMMPS 2020 simula-
tion package®’. The DNA molecule was modeled as a cylinder with a
uniform linear charge density of -le per 0.17nm, and ions were
modeled as hard-sphere particles. We used a 12 x12 x 3.4 nm? simula-
tion box. lons were then added to mimic salt conditions employed in
MT experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and the Supplementary Information. Source data for figures
are provided with this paper. Source data are provided with this paper.

Code availability

The source code for MD simulations can be found via GitHub [https://
github.com/cityuBiophysics/Double-stranded-Nucleic-acid-charge-
inversion].
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