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Surface-assisted DNA lattice assembly is used in the synthesis of
functional surfaces and as a model of supramolecular network for-
mation. Here, competitive DNA binding of different cation species
is investigated by molecular dynamics simulations and correlated
with experiments of surface-assisted DNA origami lattice assembly.
The results demonstrate that cation—DNA binding has a strong
impact on lattice assembly and order.

The surface-assisted assembly of DNA lattices is an emerging
technology with important applications in materials science.
Such lattices are used as templates for the ordered arrange-
ment of nanoparticles and proteins’™ and as masks in mole-
cular lithography.® Furthermore, surface-assisted DNA lattice
assembly also serves as a model system for unravelling the fun-
damental mechanisms that govern the formation of supramo-
lecular networks and crystals.®” Therefore, numerous variants
of surface-assisted DNA lattice assembly have been reported
using small DNA tiles>*° and large DNA origami nanostruc-
tures>® 21 gt mica®*°*%2° and SiO, surfaces™!’"1%*!
with> 1141519 or without'''*157182021 attractive interactions
between individual nanostructures.

Despite this great variety, DNA lattice assembly in all its
implementations relies on the same molecular mechanism.
Since both mica and SiO, surfaces are negatively charged at
neutral and basic pH, adsorption of negatively charged DNA
nanostructures is facilitated by divalent cations such as Mg>",
which form salt bridges between negatively charged surface
sites and the negatively charged phosphate groups in the DNA
backbone. To facilitate the assembly of the adsorbed DNA
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nanostructures into ordered lattices, the strength of the inter-
action between DNA and surface must be fine-tuned to allow
lateral diffusion of the DNA nanostructures while keeping
them confined to the surface. Depending on the actual system,
this may require an adjustment of the divalent cation
concentration,®®?* elevated substrate temperature,'®'*!771923
externally applied potentials,> and/or the addition of mono-
valent cations® ®''?2 guch as Na'. In the latter case, the
monovalent cations replace some of the adsorbed divalent
cations, thereby reducing the number of salt bridges.
Additionally, a few studies reported that also the cation
species has an effect on DNA lattice assembly and especially
lattice order.®'>'” For non-interacting DNA origami triangles
at mica surfaces, notably lower lattice order was obtained for
both Li' and especially K' than for Na' when combined
with Mg®*.'> Furthermore, replacing Mg?" with Ca®>" in the
presences of Na® led to an increase in lattice order.'?
Interestingly, the same was observed also at SiO, surfaces,
which require much higher Na® concentrations in combi-
nation with elevated substrate temperatures for lattice assem-
bly."” Recently, improved lattice order in the presence of Ca**
compared to Mg>" was also reported for the assembly of small,
interacting DNA tiles at mica without any monovalent cations.®
The origin of this cation dependence is still a matter of
speculation.®'*'” In general, there are two mechanisms that
may contribute to this effect. First, different divalent cations
may interact differently with the surface. However, previous
studies observed similar cation dependencies on mica and
Si0, surfaces,'>'” which rather suggests a surface-indepen-
dent mechanism. This is further supported by other studies
showing that Mg>* and Ca®" are rather similar in their inter-
actions with mica surfaces.>*** In addition, at a pH around 8
as commonly used in surface-assisted DNA lattice assembly,
the ¢ potential of mica surfaces adopts almost identical values
in contact with both Mg®" and Ca®" at the same concen-
trations.?® The same is observed also for SiO, surfaces.?” The
second mechanism assumes differences in the interaction of
Mg>" and Ca** with DNA. While previous studies have specu-
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lated how such differences might affect surface-assisted DNA
lattice assembly,>'*'” the molecular details are not under-
stood yet. This is mostly because of the complexity of the
system, which is based on the competitive binding of different
concentrations of monovalent and divalent cations to compact
DNA nanostructures that may exhibit a variety of different DNA
conformations.

In this work, we aim to shed some light on the role of
cation-DNA interactions in surface-assisted DNA lattice assem-
bly by analyzing DNA-cation interactions in a simplified
model system using molecular dynamics (MD) simulations
and correlating the obtained results with atomic force
microscopy (AFM) investigations of DNA origami lattice assem-
bly at mica surfaces. Even though several substantial simplifi-
cations are introduced in the MD simulations, the compu-
tational results correlate very well with the experimental obser-
vations, providing clear evidence for cation-DNA binding
being a dominant mechanism in surface-assisted DNA lattice
assembly. Furthermore, our results suggest that straight-
forward and computationally rather inexpensive MD simu-
lations can be used to screen various cation combinations for
their potential to stimulate the assembly of highly ordered
DNA lattices at solid surfaces. This is demonstrated using Sr**
as a test case, as this cation has not been explored in surface-
assisted DNA lattice assembly yet.

A number of previous studies have used molecular-level
simulations to gain insight into the roles of different cations
in DNA assembly. These works focused on the interaction of
DNA with lipids*®*° and DNA-DNA interactions.*** In the
present study, the emphasis was placed on the examination of
the competitive binding of monovalent and divalent cations to
DNA. For this purpose, a simplified system was selected com-
prising a single DNA molecule in conjunction with a series of
monovalent and divalent cations. By making the following
assumptions and simplifications, these cation-DNA inter-
actions could be investigated at reasonable computational
cost.

First, the MD simulations were performed using a
Dickerson-Drew B-DNA dodecamer as a model for DNA. This
simple duplex DNA was selected because DNA origami adsorp-
tion at mica and SiO, surfaces involves only those ions bound
to phosphate groups located on the DNA origami surface but
not those between neighboring double helices. In addition,
the lattice system investigated in our experiments below does
not involve attractive interactions such as blunt-end stacking
or sticky-end hybridization between the DNA origami nano-
structures. Attractive electrostatic interactions due to DNA-
bound divalent cations can be ruled out as well, as those
would lead to notable DNA origami aggregation at the
surface'” or even in bulk solution.** Rather, lattice formation
results solely from electrostatic interactions between the DNA
origami nanostructures and the mica surface. Therefore, there
is no need to simulate larger assemblies of laterally interacting
duplexes.

Second, the dodecamer was exposed to a mixture of mono-
valent (Na*/K") and divalent (Mg”>*/Ca**/Sr**) cations at a 9:1
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ratio, corresponding to 18 and 2 M* and M*" ions, respectively.
While this ratio is similar to the ratios employed in DNA
origami lattice assembly at mica surfaces,">!' 71311620 the
ratio of cations to DNA base pairs is three to four orders of
magnitude lower than in typical experiments, which usually
use mM concentrations of divalent cations and pM concen-
trations of DNA base pairs. Although this will leave many
potential cation binding sites in the DNA unoccupied, differ-
ences in cation binding will become more visible.

Third, instead of monitoring the initial interactions of diva-
lent cations with DNA, we started the simulations with an M**-
bound state in which the divalent cations were placed in the
vicinity of their known binding sites (ie., the phosphate
groups) and studied their dynamics in the presence of an
excess of monovalent cations. This is equivalent to the DNA
nanostructures being stored for extended periods of time
(minutes to hours) in M**-containing buffer prior to lattice
assembly and thus in line with our experimental approach.

Fourth, the MD simulation was conducted for a duration of
200 ns for each system under investigation. The analysis was
confined to solely the latter half of the MD trajectory, which
corresponded to 100 ns. This methodological decision was
made with the objective of ensuring that the system had
attained sufficient equilibrium. For each system, three replicas
of simulations were generated, resulting in a total simulation
time of 300 ns. Two divalent cations were positioned at the
center of the DNA within the minor grove (named simulation
A). However, for the system including Mg>*, where the mobility
of divalent cations is low, a second set of simulations was also
performed (named simulation B), placing the two Mg>" at the
edge of the DNA in the major groove.

Of the three divalent ions under consideration, Mg>" is the
sole ion found to be stably bound to the phosphate group of
the DNA, remaining practically immobile during the 300 ns
simulation, regardless of the type of simulations (A and B).
The phosphate oxygen atoms within a 3 A radius of the Mg*"
ion exhibit an average coordination number of 4.000 and
2.000, respectively, for simulation A and B. The two Mg”* ions
exhibit distinct coordination patterns for simulation A: one
Mg>" ion is coordinated bidentately by a single phosphate
group, while another Mg>" ion exhibits coordination from two
different phosphate groups through interstrand crosslinking.
For simulation B, both Mg>" ions coordinate monodentately to
single phosphate groups. Clearly, Mg>" binding is not site-
specific, and their positions are determined by their initial
positions, although their positions may change over time. The
observation of Mg>* coordination to the phosphate groups in
DNA is consistent for both Na" and K'. In Fig. 1A and B, DNA
and Mg>" are depicted as white ribbon and blue balls, respect-
ively, in superimposed MD snapshots at every 1 ns of the 100
ns MD trajectory (only shown for the first 100 ns simulation).
The fluctuation of the DNA structures and the positions of the
Mg>" ions is evident; nevertheless, the divalent ions remain
essentially at the same position relative to the DNA. In con-
trast, a clear distinction emerges in the proximity of the base
pairs, where the association of monovalent ions to the base

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Superposition of 100 snapshots from the MD trajectory showing cation-specific differences in DNA binding. From left to right: Mg®*/K* (for
simulations A and B), Mg?*/Na* (for simulations A and B), Ca®*/Na*, and Sr*/Na*. DNA is depicted as a gray ribbon, whereas monovalent and diva-

lent cations are shown as red and blue balls, respectively.

pairs’ oxygen and nitrogen atoms is observed. K" ions exhibit a
stronger association with oxygen at a distance >2.5 A, whereas
such association is clearly weaker in the case of Na" (Fig. S1).
Also, the three simulation series show more distinct variations
in the Na' series compared to the K' series, due to their
weaker associations. In Fig. 1, monovalent ions are rep-
resented by red spheres, for which only those within 3 A of
base pair O are plotted. The number of red spheres for Mg>*/
Na' is significantly reduced compared to Mg>'/K", as there are
fewer monovalent cations in the vicinity of the base pairs for
Na' compared to K'. At the same time, K" has a lower average
coordination number to phosphate (1.403) than Na' (1.586,
see Table S1). These observations indicate that Na' has a
higher propensity to compete with Mg>" for binding to the
backbone phosphates, while K* ions demonstrate a higher ten-
dency to bind to the surface of DNA, thereby rendering it elec-
trically neutral; a trend that is less pronounced in the case of
Na'. Therefore, the observed differences in the association of
K" and Na" with DNA suggest that Na* is superior in increasing
the surface mobility of adsorbed DNA origami nanostructures,
whereas K' has a higher tendency to contribute to DNA aggre-
gation and thereby hinder DNA lattice assembly as observed in
previous experiments.'?

Cheng et al. studied the influence of K" and Na' binding to
DNA also by MD simulations and concluded that K" ions bind
to the electronegative sites of DNA bases in the major and
minor grooves, while Na" ions interact preferentially with the
phosphate groups.®® The findings by Cheng et al. are consist-
ent with the current MD results. The observed preference for
K" over Na" in DNA has previously been interpreted as being
due to the higher energy cost of dehydrating Na* compared to
K*.2® It is known that the hydration energy of monovalent
alkali metal cations increases with decreasing atomic number
due to their decreasing size, being highest for Li*. The Gibbs
free energy of hydration at 298.15 K is —365 and —295 kJ mol ™"
for Na* and K", respectively.>” Nucleobases do not correspond
to hard bases in a classical sense, and they exhibit a stronger
association with softer acids, such as K', as opposed to Na".

This journal is © The Royal Society of Chemistry 2026

The observed behaviors of Na" and K thus align with the pre-
vailing chemical understanding concerning these ions.

Next, we focused on the effect of the difference in divalent
cations, namely the difference amongst Mg”*, Ca**, and Sr*".
While Mg”* and Ca®" are frequently employed in DNA lattice
assembly, Sr* has not been explored in this context yet.
Therefore, we selected this cation as a novel test case for our
MD simulations. We substituted Mg>* with Ca®" and Sr*",
while maintaining a constant ratio of monovalent to divalent
cations of 9. To assess the impact of these alterations, we con-
ducted simulations on the monovalent cations, both Na* and
K'. This has led to the generation of six sets of simulations,
each focusing on a specific pairing of Na*/K" with Mg**/Ca®*/
Sr**. The phosphate oxygen atoms within a 3 A radius of the
Ca®" ion throughout the MD trajectory exhibit average coordi-
nation numbers of 1.812 and 1.801 for Na' and K', respect-
ively, which are significantly reduced compared to 4.000 for
Mg>*. This number decreases further for Sr**, reaching 0.818
and 0.934 for Na' and K', respectively. These decreases in the
M>* coordination numbers are accompanied by increases in
the M" coordination numbers (Table S1), indicating stronger
replacement of phosphate-bound M>" by M. The results
suggest that Ca®>" and Sr** exhibit significantly reduced
binding affinity for DNA, indicating that the divalent cation
substitution exerts dual effects on M>" coordination to phos-
phate and on M>" mobility. In Fig. 1, the distributions of Ca**
and Sr*" ions are plotted for each 1 ns of the 100 ns MD trajec-
tory. These demonstrate that these two cations exhibit greater
mobility compared to Mg>*. Consequently, an increased
number of M>" cations are observed in the proximity of the
base pairs of the DNA, though at a distance that prevents
direct interaction with the oxygens of the base pairs. Instead,
these divalent cations appear to “purge” and replace Na" and
K" that are weakly associated with N atoms of the base pairs.
However, it is evident from the distributions of Ca®>" and Sr**
in Fig. 1 that these cations are not consistently associated with
any specific sites. It is also important to note that such a trend
is difficult to detect from a single MD snapshot, and that stat-
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istical analysis is essential. This is illustrated in Fig. S2, where
the results from different simulations are presented, though
the distinctions between them are not apparent. Furthermore,
a clear trend indicates that DNA exhibits reduced association
with cations when transitioning from K* to Na* and from Mg**
to Ca®>* and to Sr**. Reduced association of Ca®" with the back-
bone phosphates has previously been postulated as a possible
origin of the observed increase in DNA lattice order when
replacing Mg?* with Ca**.>">"”

While the trends observed in the MD simulations qualitat-
ively agree with previous observations, we aimed for a
more direct verification and monitored the adsorption and
assembly of non-interacting triangular DNA origami nano-
structures®® at mica surfaces at the same ratio of monovalent
to divalent cations, ie., 10 mM M?*" and 90 mM M, which
has not been studied previously. Interestingly, for all divalent
cations, lattices are obtained in the presence of Na*, whereas
K" always leads to the formation of disordered multilayers
(see Fig. 2). This is in agreement with the behavior observed
in Fig. 1A, where the collective binding of Mg>* and K" con-
tributes more strongly to charge neutralization and possibly
even a partial charge inversion of the DNA and thereby pro-
motes DNA aggregation. In the case of Na* (Fig. 1B), binding
to the nucleobases is strongly reduced and this effect there-
fore less pronounced.

Mg?*
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The species of the divalent cation has a more subtle effect
on lattice assembly. While the overall time course of adsorp-
tion and lattice assembly is largely unaffected by the species of
the divalent cation (see Fig. S3-S8), the lattices formed in the
presence of Na® exhibit some visible differences. As can be
seen in Fig. 2, the assembled lattices become less packed from
Mg”>* to Ca®* to Sr**. While the individual DNA origami tri-
angles are rather closely spaced within the single-crystalline
domains in the presence of Mg>", their average distance
appears slightly increased in the presence of Ca®". This can be
attributed to the reduced association with the DNA phosphates
resulting in fewer salt bridges and thus a larger lateral mobi-
lity. The even weaker association of Sr** leads to an even larger
average spacing. Here, barely any single-crystalline domains
can be observed.

These cation-specific differences in lattice packing lead also
to differences in the obtained lattice order. As can be seen in
Fig. 2, the fast Fourier transforms (FFTs) of the AFM images of
the lattices assembled in the presence of Na" exhibit hexagon-
ally shaped correlation rings for both Mg®>" and Ca*". In the
case of Ca®", this correlation ring has a better-defined hexag-
onal shape and a lower background, both of which are indica-
tive of higher lattice order compared to Mg>". In the case of
Sr**, however, the FFT shows only a ring without discernible
hexagonal shape. This is further quantified in Fig. 3, which

Fig. 2 In situ AFM images (3 x 3 pm?) of DNA lattices assembled from DNA origami triangles at mica surfaces in the presence of different mono-
valent (90 mM) and divalent cations (10 mM) as indicated. The images were recorded after 60 min incubation. Insets show the fast Fourier transforms

(FFTs). For the complete time series, see Fig. S3—-S8.
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Mg?* Ca?* Sr2

Fig. 3 Relative correlation lengths &/4 of the DNA origami lattices
obtained in the presence of Na* as calculated from the corresponding
AFM images shown in Fig. 2.

shows the relative correlation length £/4 of each of the three
lattices that was calculated from the corresponding AFM
images in Fig. 2 and is a measure of the average size of the
single-crystalline  domains within the polycrystalline
lattice."'® In agreement with above qualitative observations,
&/A increases by about 10% upon exchanging Mg>" by Ca**. For
Sr**, however, &/1 drops by almost 50%.

At first glance, the trend observed in Fig. 3 may not seem in
line with the MD results in Fig. 1. However, just like in other
instances of thin-film deposition,* lattice order is not a linear
function of the lateral mobility of the deposited adatoms or
admolecules. In general, three regimes can be identified

(Fig. 4):

Sr2+:
high mobility

Ca?:
medium mobility

~ /'S

Mg?*:
low mobility

time

Fig. 4 Schematic representation of the three lattice assembly regimes
described in the text. At low DNA origami mobility (Mg®*), the resulting
lattice features many defects due to insufficient dynamic annealing. At
medium mobility (Ca®*), defects are annealed more efficiently, leading
to larger single-crystalline domains. At high mobility (Sr**), the obtained
steady state is dominated by frequent adsorption, diffusion, and desorp-
tion events that prevent the formation of a closed monolayer. For each
regime, three DNA origami triangles are highlighted in color to visualize
their motions.

This journal is © The Royal Society of Chemistry 2026
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1. At negligible admolecule mobility, “quenched growth”
occurs, which is characterized by large disorder in the de-
posited film. For crystalline films, this is equivalent to a small
average grain size. For DNA origami monolayers, this is usually
observed in the absence of monovalent cations.'® In our
experiments, DNA origami mobility is somewhat increased by
the presence of Na*, but the strong binding of the Mg>" ions to
the DNA phosphates observed in the MD simulations neverthe-
less results in comparatively low DNA origami mobility.

2. At medium admolecule mobility, surface diffusion
becomes a key factor in determining film structure. In this
regime, voids become filled with diffusing admolecules and
lattice defects are dynamically annealed by the rearrangement
of admolecules in the growing lattice. Increasing admolecule
mobility thus leads to a larger average grain size. In our experi-
ments, this is observed in the presence of Ca®>" ions, which
bind less strongly to the DNA phosphates, resulting in weaker
surface interactions and increased DNA origami mobility, so
that the obtained lattice exhibits a larger relative correlation
length.

3. Increasing the admolecule mobility also leads to an
increase in the admolecule desorption rate. At some point, the
admolecule desorption rate becomes comparable to the arrival
rate at the surface. This leads to a steady-state fractional
surface coverage dominated by frequent adsorption, diffusion,
and desorption events. In this regime, the film becomes more
and more disordered with increasing admolecule mobility. In
our experiments, this is observed in the presence of Sr** ions,
which are even more weakly bound than Ca**. Therefore, the
DNA origami surface coverage visible in the AFM images is
notably reduced and accompanied by a small relative corre-
lation length.

This nonlinear dependence on DNA origami mobility has
already been observed both on mica and SiO, surfaces. In the
former case, DNA origami mobility was varied by adjusting the
Na“ concentration'® while in the latter, this was achieved by
controlling the surface potential.>' In the present work, the
same behavior is observed upon increasing DNA origami
mobility by substituting Mg>* (low mobility) with Ca**
(medium mobility) and with Sr** (high mobility).

Future investigations may be able to provide more detailed
insights into this mechanism and even identify which para-
meters are ultimately responsible for the observed behavior.
High-speed AFM, for example, could be used to determine
the surface diffusion coefficients and residence times of
different DNA nanostructures at mica and SiO, surfaces in
the presence of different cation combinations. Here, we
settled on evaluating the impacts of charge screening and
cation diffusion. We determined the number of positive
charges around the DNA by averaging the number of cations
(M* and M**) within one Debye length of the experimentally
used buffer solution (7.8 A) from the DNA surface over the
MD trajectory (see Table S2). In the presence of Na', this
results in on average 13.67, 13.43, and 13.00 positive charges
for Mg>*, Ca**, and Sr**, respectively. Therefore, the differ-
ence between Ca®' and Sr**, ie., the extreme cases in the
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experiments, is less than half a charge. Considering the extre-
mely short Debye length of our buffer and the fact that these
simulations were done at a much lower excess of cations to
phosphates than the experiments, these minor differences in
charge screening can hardly account for the large differences
in DNA lattice assembly. Therefore, we next calculated the
diffusion coefficients of the different divalent cations (see
Table S3). Despite rather large uncertainties, the diffusion
coefficient of Sr** is about twice as large as that of Mg>",
while that of Ca®>" is only slightly larger than that of Mg>".
Therefore, these numbers quantitatively reproduce the quali-
tative observations of Fig. 1. Furthermore, by plotting the
experimentally obtained relative correlation lengths vs. the
diffusion coefficients of the divalent cations obtained from
the MD simulations, we define the range of diffusion con-
stants in which we expect to obtain DNA origami lattices with
correlation lengths comparable or larger than those obtained
in the presence of Mg®" (Fig. $9). This ranges spans from
0.1748 x 107> ecm” s™' to about 0.2227 x 107> ecm” s™' but
should be treated with care considering that the uncertainties
of the diffusion coefficients are more than *50% (see
Table S3).

In conclusion, we have used MD simulations to investigate
the interaction of different combinations of monovalent and
divalent cations with DNA. The results were correlated with
experimental investigations of the effects of these cation com-
binations on DNA origami lattice assembly at mica surfaces.
Our results reveal that the differential effects of different com-
binations of monovalent and divalent cations on DNA lattice
assembly are rooted in the binding of these cations to DNA. K"
has a higher affinity for the nucleobases than Na®, which leads
to stronger charge neutralization and in combination with
phosphate-bound divalent cations to a local charge inversion.
Consequently, DNA origami aggregation and the pile-up of dis-
ordered multilayers instead of the formation of ordered lattices
is observed in the experiments. For the divalent cations,
binding to the DNA phosphates decreases from Mg>" to Ca**
to Sr**, with weaker binding resulting in higher surface mobi-
lity of the adsorbed DNA origami nanostructures. In line with
previous experiments at different Na* concentrations,"® lattice
order is found to first increase with increasing DNA origami
surface mobility (from Mg>* to Ca®"). After reaching a
maximum, however, further increases in mobility lead to a
decrease in lattice order (from Ca** to Sr**). Even though
cation-surface interactions may also contribute to this behav-
ior, Mg”*, Ca®**, and Sr* show rather similar adsorption at
mica surfaces.?>*® Therefore, cation-DNA interactions can be
considered a dominant factor governing surface-assisted DNA
lattice assembly.

Our results not only provide an explanation for previous
experimental observations but also offer a straightforward
computational route for screening and selecting suitable
cations for surface-assisted DNA lattice assembly. In this
context, the determined diffusion coefficients should serve as
benchmarks, with divalent cations showing diffusion coeffi-
cients around the DNA duplex between 0.1748 x 10> cm® s™*
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and 0.2227 x 10~° cm” s~" having great potential for producing
highly ordered DNA lattices. Cations outside this range,
however, can be expected to yield only low-quality lattices. As
an example, Mn** has an even higher phosphate-binding
affinity than Mg”" and thus will probably lead to reduced
lattice order.*' The same may be expected for Ba**, which
shows much weaker phosphate binding than Ca**.** It should
be noted, however, that in certain experimental systems,
specific cation-surface or DNA-surface interactions may play
more dominant roles and possibly outweigh the contributions
of cation-DNA interactions.'®*3
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