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Figure 4. Electrostatic potential at the ‘CoHex-accessible’ surface of (A)
A-form RNA and (B) B-form DNA structures, without bound CoHex
ions. Shown is the electrostatic potential computed 3 Å away (CoHex ra-
dius) from the molecular surface. B-DNA minor groove is sterically inac-
cessible to large CoHex ions.

trast, in the A-form geometry found in RNA and the hybrid
structure, the negative electrostatic potential in the internal
shell (major groove) is at least 10 kcal/mol/|e|stronger than
in the external shell, see Figure 4. The resulting increase in
the relative affinity of the internal shell to CoHex is suffi-
cient to overwhelm the additional ion–ion repulsion, which
explains why most of the CoHex ion bind internally in A-
form NA, see Figure 3.

The connection between the counterion distribution around
NA and condensation

As CoHex counterions bind to free NA, the resulting charge
neutralization patterns for A- and B-form duplexes are ex-
pected to be very different, consistent with the differences in
the ion binding patterns. Since it is ultimately attraction be-
tween opposite charges that, under right conditions, leads
to CoHex-induced NA condensation, we expect the differ-
ences in bound counterion distributions seen in Figure 3 to
be directly relevant to the observed differences in the con-
densation behavior. Table 1 summarizes the results of our
simulations and the experimental condensation propensi-
ties, Figure 1, and offers insight into the connection between
counterion distribution and condensation. For each of the
four duplexes, we list the number of CoHex ions in the ex-
ternal, internal and deeply buried binding shells; the degree
of duplex neutralization afforded by the bound ions; and
the relative condensation propensities determined from the
experimental data shown in Figure 1.

The number of ions in the external shell clearly emerges
as the key ‘order parameter’ that correlates well with the
propensity of the four duplexes to condense. In other words,
the greater the number of ions in the external shell of the
duplex, the more readily the duplex condenses.

To explain the unique role that the distribution of bound
CoHex ions relative to the helical axis plays in determining
the major differences in condensation propensity between
A- and B-form duplexes, we compare the charge neutral-
ization patterns of mixed sequence B-form DNA and A-
form RNA helices, Figure 5. To characterize these patterns
we calculate the electric field at the external surface of NA-
CoHex complexes (the connection between distribution of

Figure 5. Charge neutralization patterns of NA duplexes by bound Co-
Hex ions, assessed by the strength of the electric field near the NA-CoHex
complex surface. (A) A-form mixed sequence RNA with CoHex counte-
rions, which bind mostly in the major groove. (B) B-form mixed sequence
DNA with CoHex ions, which are bound mostly externally. The specific
snapshots are chosen to illustrate the internal (A) and external (B) binding
modes from Figure 3 and reflect the actual average binding preferences;
each snapshot has 15 bound (near neutralizing) CoHex ions, and is taken
from the corresponding 320 ns-long all-atom MD simulation described in
‘Materials and Methods’. See Supplementary Data for a detailed visual
characterization of CoHex ion distributions around these structures. The
field is computed 3 Å away from the NA-CoHex complex molecular sur-
face.

electric field strength in space and the system’s electrostatic
energy (∝ ε (∇�)2) (68) motivates this type of analysis). The
different preferable CoHex binding modes for B- and A-
form duplexes create distinctive patterns of the net electric
field at the duplex surface.

At ∼90% neutralization of the duplex charge, which is a
precursor for NA–NA association (11,69), there is a sub-
stantial difference in the field patterns around B-DNA and
A-RNA, Figure 5. The strong, localized field of the mo-
bile and correlated 3+ counterions bound mainly at the
surface of the phosphate backbone of the B-form duplex
is not compensated locally by the more uniform back-
ground field of the duplex, thus resulting in a strong al-
ternating pattern of electrostatic field along the surface of
the phosphate backbones of the B-DNA, Figure 5B. This
mobile alternating pattern makes it possible, by an appro-
priate mutual arrangement (21) of the duplexes in the NA–
NA complex, to decrease the electrostatic energy substan-
tially and thus create the NA–NA attraction necessary for
the condensation (14). In contrast, in the A-form geome-
try, found in RNA and the hybrid structure, CoHex ions
bind mostly internally, in the major groove, where the po-
tential is initially much stronger than at the outside sur-
face. The strong, highly correlated CoHex binding leads
to a more uniform suppression of the electric field and its
smaller spatial variation around the RNA-CoHex complex
(Figure 5A). The net result for the A-form structures are
nearly uniformly charged duplexes: bringing together uni-
formly charged cylinders cannot lower the electrostatic en-
ergy of the system, which would be necessary to generate an
effective attraction. Implicit in the above reasoning is the
assumption that no drastic re-distribution of CoHex ions
bound to individual duplexes occurs when the duplexes ap-
proach each other at distances relevant for condensation.
This approximation is borne out by single molecule DNA
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Table 1. Relative measured condensation propensities from Figure 1 and average numbers of bound CoHex ions in each binding shell shown in Figure 3.
100% neutralization would correspond to 16 bound CoHex counterions

DNA (dA:dT) DNA HYB RNA

Condensation propensity highest high low lowest
External shell ions 9.8 8.6 3.4 2.0
Internal shell ions 4.6 4.2 8.0 9.4
Deeply buried ions 0.1 1.6 2.7 3.3
Duplex neutralization 91% 90% 88% 92%

condensation experiments at mM CoHex concentrations
(70), and by our simulations, see Supplementary Data.

We can now rationalize the more subtle structure-
condensation relationships within B-family helices (mixed
sequence versus homopolymeric DNA) and A-like form
helices (RNA versus DNA:RNA hybrid), Table 1. Chang-
ing numbers of external shell ions can explain differences
in condensation of the homopolymeric B′-DNA and the
canonical B-form mixed sequence DNA. To trace the origin
of the change, we performed another MD simulation of the
homopolymer with the structure restrained in the canoni-
cal B-form conformation rather than the B′-form observed
via CD and used in the simulations. This additional simula-
tion shows the same 91% duplex neutralization by all bound
CoHex ions with approximately the same number of ions
bound in the external shell (9.4 as compared to 9.8 ions in
B′-form). Similarly, no CoHex ions are found closer than 7
Å to the helical axis, compared to 1.6 ions bound to GpC
steps in the mixed sequence DNA duplex.

Thus, it is not the minor structural difference between
B′ and canonical B-form that accounts for the observed
differences in condensation. Instead, specific sequence de-
tails; e.g. the presence of GpC steps, are responsible for the
smaller number of bound CoHex ions at the external DNA
surface. The GpC steps, which serve as additional binding
sites in mixed sequence DNA (65), bind about two CoHex
ions (see Table 1) reducing CoHex binding to the phosphate
groups in mostly the external shell which is key to conden-
sation.

To address the differences between the pure RNA and the
DNA:RNA hybrid A-like form structures, we analyzed the
duplex configurations from the MD trajectories and found
very similar distributions of the phosphorus–phosphorus
distances across the major groove, but a wider spread of the
phosphate group oxygen orientations in the DNA strand of
the DNA:RNA hybrid compared to the RNA strands (not
shown). The less restrictive sugar-phosphate backbone of
the DNA strand (56) allows orientations of the phosphate
groups where unbridging oxygens are more directed toward
the outside of the duplex. We suggest that such orienta-
tions are less favorable for CoHex binding inside the major
groove of the hybrid, and promote the binding in the exter-
nal shell, increasing the number of CoHex ions at the hybrid
duplex external surface.

Thus, two A-like structures, having practically the same
helical geometry but different distributions of the phos-
phate group orientations, can have different bound counte-
rion distributions with respect to the helical axis, resulting
in different condensation propensities.

Figure 6. Schematic of (A) the external–external and (B) external–internal
CoHex shell overlaps at different interaxial distances. The shell colors cor-
respond to Figure 3. The overlapping shell regions are indicated by a darker
color to guide the eye to the differences between (A) and (B).

DISCUSSION

Our analysis suggests that the spatial distribution of ions
around a NA double-helix has a dramatic effect on its abil-
ity to interact with neighboring helices. Specifically, the dis-
tribution of bound CoHex ions relative to the helical axis is
the key ‘order parameter’: at near neutralizing conditions
necessary for condensation it is the number of externally
bound ions, rather than net bound, that predicts the exper-
imentally observed condensation propensities of the short
NA duplexes. We have rationalized the connection between
location of the bound ions and condensation propensity by
general electrostatic arguments that explain why DNA con-
denses more readily than RNA.

The following argument further supports the connec-
tion between the counterion distribution around NA and
condensation induced by multivalent counterions. Consider
two parallel NA duplexes, with externally bound CoHex
ions, approaching each other. An ion bound to duplex 1
experiences attractive net force from the nearly neutralized
opposite duplex 2; this force becomes substantial when the
ion on duplex 1 finds itself in one of the binding shells of du-
plex 2, i.e. when the shells overlap. This increase of the ion
attraction in the shell overlapping region implies both non-
specific binding of the ions to the NA surface and a corre-
lation between the bound ions. The CoHex binding shells,
Figure 3, for adjacent parallel duplexes can overlap in two
different patterns, as depicted in Figure 6: external–external
and external–internal. In the former, the axial separation is
about 28 Å, while the overlap of external and internal shells
results in smaller interaxial distances, 24–26 Å; the specific
pattern is determined by the axial separation. Due to steric
restrictions, overlap of the internal–internal shells is insignif-
icant and can be ignored.

Remarkably, the experimentally reported interaxial dis-
tances between CoHex condensed DNA molecules are 27–
28 Å (12,71). At these distances, the only significantly over-
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lapping shells are the external ones, providing additional
support for our proposal linking externally bound ions to
condensation.

Finally, we comment on experimental observation that
RNA eventually begins to condense at higher CoHex con-
centrations (30). While the precise spatial arrangement of
RNA duplexes in CoHex-induced aggregates is unknown,
it is difficult to imagine the absence of close side-by-side he-
lix packing in such aggregates. If RNA packing is similar
to that in DNA aggregates, we predict that RNA conden-
sation should occur at interhelical distances smaller than
those found in DNA aggregates. This is because at 27–28
Å interaxial distance, only the nearly empty RNA exter-
nal shells overlap, while at shorter distances the attractive
contribution can originate from counterions in the popu-
lated external–internal shell overlap, Figure 6B. Such a de-
crease in the duplex–duplex separation is likely accompa-
nied by both the entropy loss and appreciable increase in
the residual electrostatic repulsion. Note that end-to-end
stacking of the RNA duplexes in the presence of CoHex
was observed in the X-ray scattering experiments (30). This
end-to-end RNA duplex interaction may result from fa-
vorable base-stacking interactions between charge compen-
sated molecules (31) and may potentially be promoted by
the solvent exposed bound CoHex ions at the ends of the
RNA duplexes seen in our simulations, see Supplementary
Data.

CONCLUSION

This work combines experiment and atomistic modeling to
propose a mechanistic picture of counterion-induced con-
densation of NA and resolves differences in their condensa-
tion propensities. The picture explains an unexpected exper-
imental finding that NA condensation induced by trivalent
counterion CoHex varies markedly between various short
25 bp double-helical structures, from RNA which largely re-
sists condensation, to a homopolymer DNA which is most
susceptible to it. A unique feature of our proposed mech-
anism is the relationship between NA duplex condensa-
tion and the location of preferential counterion binding
relative to the NA helical axis. Specifically, condensation
propensity is determined by the fraction of counterions
bound to the external (outermost) surface of the double-
helix. We found a significant difference, up to 5-fold, in the
fraction of CoHex ions bound to the external surfaces of
our different NA constructs. For example, in the simulated
poly(dA):poly(dT) DNA structure 68% of the bound Co-
Hex ions bind externally and can contribute to the NA–NA
attraction and hence condensation, while in the mixed se-
quence dsRNA of the same size, most CoHex ions (87%)
are bound internally (inside the major groove), which ex-
plains the observed resistance to condensation. In contrast
to many previous studies, we make a clear distinction be-
tween the total number of counterions bound to NA and
the fraction of counterions bound to the outermost sur-
face. The overall strength of counterion-NA binding does
not solely determine the condensation propensity; instead,
the specific structural feature of bound ion distributions is
of the most important influence. Multivalent ion binding to
RNA is stronger than to DNA, yet the former resists con-

densation. Importantly, it is not simply variation in NA heli-
cal structure parameters that ultimately affects the conden-
sation propensity: we find that duplexes with the same heli-
cal parameters can also have different condensation propen-
sities.

It is beyond the scope of the current study to model con-
densed DNA states using MD simulations and to suggest
specific modes of NA–NA association (e.g. ‘bridge’ versus
‘zipper’ etc.). Nevertheless, it is useful to examine our find-
ings in the light of previous theoretical studies that attempt
to explain the differences in DNA and RNA condensa-
tion (32) based on the differences in the helical structure.
The assumptions (32) made about the preferential place-
ment of bound CoHex ions and the purely geometric in-
terpretation are inconsistent with our experimental data
and the results of atomistic simulations of CoHex binding.
Our results show that in DNA the majority of bound Co-
Hex are outside of the major groove and that the peaks
of CoHex distributions overlap at the NA–NA distances
that correspond to the condensed phase. While NA con-
densation depends on a complex interplay between various
structural and sequence features, our coupled experimental
and theoretical results suggest a new model in which a sin-
gle parameter––the fraction of externally bound multiva-
lent counterions––connects the NA condensation propen-
sity with geometry and sequence dependence of CoHex
binding.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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