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ABSTRACT: Millimolar concentrations of divalent cations are shown to affect the size of toroids formed
when DNA is condensed by multivalent cations. The origins of this effect were explored by varying the
order in which MgCl2 was added to a series of DNA condensation reactions with hexammine cobalt
chloride. The interplay between Mg(II), temperature, and absolute cation concentration on DNA
condensation was also investigated. These studies reveal that DNA condensation is extremely sensitive to
whether Mg(II) is associated with DNA prior to condensation or Mg(II) is added concurrently with
hexammine cobalt(III) at the time of condensation. It was also found that, in the presence of Mg(II),
temperature and dilution can have opposite effects on the degree of DNA condensation. A systematic
comparison of DNA condensates observed in this study clearly illustrates that, under our low-salt conditions,
toroid size is determined by the kinetics of toroid nucleation and growth. However, when Mg(II) is present
during condensation, toroid size can also be limited by a thermodynamic parameter (e.g., undercharging).
The path dependence of DNA condensation presented here illustrates that regardless of which particular
factors limit toroid growth, toroids formed under the various conditions of this study are largely
nonequilibrium structures.

In vitro condensation of DNA into toroidal structures by
multivalent cations has been studied for over 25 years as a
model of DNA condensation in living cells and viruses (1-
7). Within the past decade, interest in understanding and
controlling DNA condensation intensified with the pursuit
of more efficient methods for artificial gene delivery (8-
11). Many laboratories focused on the design and synthesis
of new cationic molecules for the purpose of controlling
condensate size and morphology (12). In contrast, relatively
few experimental studies have addressed how DNA structure
and solution conditions at the onset of condensation con-
tribute to the size of the condensate particle (13-19).

Over the past several years, theoreticians have provided
an in depth view of the attractive potential that causes DNA
to condense in the presence of multivalent cations (5, 20,
21). However, uncovering the factors that govern DNA toroid
size (i.e., thickness and diameter) has proven to be particu-
larly challenging, especially because both thermodynamic
and kinetic factors can contribute to limits on toroid growth.
Under conditions of DNA condensation where there remains
a free exchange of DNA strands between individual particles,
the condensed DNA will eventually reach a thermodynamic
equilibrium. In this situation, the size of DNA condensates
should ultimately be determined by the buildup of a net
electrostatic charge on each particle that is due to imperfect
charge compensation between DNA and bound multivalent

cations (22-30). However, under conditions where con-
densed DNA strands are not free to exchange between
particles once condensation has initiated, particle size can
be governed by the kinetics of condensation, which can in
turn depend on salt conditions and DNA concentration (19,
31, 32).

We recently demonstrated that DNA toroid size increases
substantially if the NaCl concentration in a DNA solution is
increased from 1 to 10 mM prior to condensation with
hexammine cobalt(III) (19). At low ionic strengths, conden-
sates produced in the presence of MgCl2 showed an increase
in toroid size similar to the increase observed in samples
containing NaCl at approximately the same ionic strength.
We observed a further increase in mean toroid diameter for
samples containing higher concentrations of MgCl2 that could
not be attributed solely to ionic strength, because a solution
containing NaCl at the same ionic strength did not exhibit
the same increase (19). Thus, at very low ionic strength,
monovalent and divalent cations can have a similar influence
on the formation of toroidal condensates. However, as ionic
strength increases, cation valency also becomes an important
parameter in determining condensate size. To the best of our
knowledge, no other studies have systematically investigated
the effects of salt concentrations below 10 mM on the
formation of DNA toroids. It is somewhat surprising that
such a fundamental parameter of DNA condensation was
not previously investigated in detail, particularly since we
have found millimolar changes in ionic strength to have a
profound effect on the size of DNA condensates. Under-
standing the effects of ionic strength and cation valency on
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DNA condensation is important for the preparation of DNA
for gene delivery, because DNA particles are typically
exposed to various salt conditions as they are condensed,
encapsulated, and incorporated into cells. Additionally, such
studies are valuable for elucidating the factors that govern
toroid size under commonly used laboratory protocols for
DNA condensation.

To further investigate the effects of Mg(II) on DNA
condensation, we prepared a series of DNA condensation
reactions in which the order of MgCl2 addition was varied.
These condensation reactions were carried out at both 22
and 37°C. The effects of sample dilution after condensation
were also explored to determine how varying the absolute,
but not relative, concentration of different cations in the
solution affects the integrity of DNA condensates. Transmis-
sion electron microscopy studies reveal the extent to which
variations in the condensate structures are affected by the
presence of Mg(II), particularly whether Mg(II) is associated
with the DNA prior to condensation or it is added to the
DNA concurrently with hexammine cobalt(III). Analyses of
the observed effects of Mg(II) on particle size and morphol-
ogy have allowed the development of models for the process
of DNA toroid formation that illustrate how both kinetic and
thermodynamic factors can determine toroid size.

EXPERIMENTAL PROCEDURES

DNA Preparation. Bluescript II SK- plasmid DNA
(Stratagene, La Jolla, CA) was isolated from theEscherichia
coli cell line DH5R (Life Technologies, Carlsbad, CA) using
the Qiagen Maxi Prep kit (Valencia, CA). The DNA was
eluted in 1× TE (10 mM Trizma base, pH 7.8, 1 mM
EDTA). All DNA used was linearized by the restriction
endonucleaseHindIII (New England Biolabs, Beverly, MA),
which singly cuts Bluescript II SK-. The DNA was rinsed
using Microcon YM-30 spin columns (Millipore, Bedford,
MA) at least five times with 0.25× TE to remove the buffer
and salt from the restriction digest. The DNA was eluted
from the spin column membrane to a final concentration of
20 µg/mL in 0.25× TE. Concentrations of DNA were
verified spectrophotometrically. The DNA was prepared as
two stock solutions: a low-salt solution in 1× TE and a
solution containing 7.5 mM MgCl2 in 1× TE.

Preparation of Condensation Solutions.DNA in solution
was condensed by mixing with an equal volume of 200µM
hexammine cobalt chloride (Sigma, St. Louis, MO). Con-
densates were prepared such that MgCl2 was introduced at
three different stages of the condensation process: (1) DNA
in solution with 3.5 mM MgCl2 was condensed with
hexammine cobalt chloride (preassociation of Mg(II)); (2)
DNA was condensed with a hexammine cobalt chloride
solution that contained 3.5 mM MgCl2 (concurrent addition
of MgCl2); (3) MgCl2 was added after the DNA was
condensed with hexammine cobalt chloride in the absence
of MgCl2 (low-salt conditions). In all cases, DNA was
allowed to condense for 5 min after mixing with the
hexammine cobalt chloride solution. An aliquot was removed
from the condensation reaction for examination by transmis-
sion electron microscopy (TEM). The remaining solution was
diluted 2-fold with dH2O, for samples in which MgCl2 was
already present, or with 1.75 mM MgCl2 for the DNA
condensates prepared in the absence of MgCl2. These
samples were allowed to equilibrate for an additional 10 min

after dilution. The three diluted condensate solutions were
identical in composition at 5µg/mL DNA, 50 µM hexam-
mine cobalt chloride, and 0.87 mM MgCl2.

Transmission Electron Microscopy (TEM).Condensation
mixtures were deposited on carbon-coated EM grids (Ted
Pella, Redding, CA) and allowed to settle for 10 min. EM
grids were stained by the addition of 2% uranyl acetate (Ted
Pella) directly to the grid, then rinsed in 95% ethanol and
air-dried. Condensation reactions and grid preparations were
performed at 22 and 37°C. Images of the condensates were
collected on film using a JEOL-100C transmission electron
microscope. All images were collected at 100 000× mag-
nification.

RESULTS

Condensation Is Directly Affected by the Presence of
MgCl2. The morphology, size, and degree of aggregation of
DNA condensates were examined as a function of MgCl2

being added at different points during the condensation
process. Under the first experimental conditions, a linear 3
kb DNA was condensed by hexammine cobalt chloride in
the absence of MgCl2. Condensates were produced by mixing
a 20µg/mL DNA solution in a low-salt buffer (1× TE, pH
7.8) with an equal volume of 200µM hexammine cobalt
chloride. These conditions will be referred to as “low-salt”
condensation. The majority of the particles observed by TEM
were well-defined toroids, although rods were occasionally
observed (Figure 1A). The toroids in these preparations have
a mean outside diameter of 77 nm and a mean hole diameter
of 21 nm. These measurements are typical of toroids
produced by the condensation of DNA from a low-salt
solution (19, 33).

In the second protocol, a 20µg/mL DNA solution
containing MgCl2 (3.5 mM MgCl2, 1× TE, pH 7.8) was
mixed with an equal volume of 200µM hexammine cobalt
chloride. This condensation reaction produced toroidal
structures that were predominately associated within small
aggregates, typically containing three to ten toroids (Figure
1B). Additionally, toroids within these aggregates appear
larger than those observed in the low-salt preparation that
contained no divalent cations.

In the third condensation protocol, low-salt DNA was
condensed by mixing with an equal volume of a solution
containing both 200µM hexammine cobalt chloride and 3.5
mM MgCl2. The resulting condensates were toroid-like
structures, but were dissimilar from any DNA toroids we
had previously observed. These “super toroids”, as we will
refer to these particular condensates, were approximately
three times larger than toroids observed under low-salt
conditions and often had angular features that are not
generally observed in toroidal DNA structures; some even
exhibit five distinct edges and a pentagonal shape (Figure
1C). TEM images also revealed variations in the intensity
of the super toroids, suggesting that DNA packing was not
uniform throughout these particles. To the best of our
knowledge, such structures have not been previously re-
ported.

To determine which differences between the low-salt
condensates (Figure 1A) and the condensates prepared in
the presence of MgCl2 (Figure 1B,C) are due to equilibrium
versus nonequilibrium effects of MgCl2 on DNA condensa-
tion, the three condensation reactions described above were
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diluted with either an equal volume of 1.75 mM MgCl2 (for
the low-salt sample) or dH2O (for the samples containing
MgCl2) so that the final composition of all three samples
were identical (Experimental Procedures). The thickness and
outside diameter of the toroids prepared in the absence of
MgCl2 (i.e., low-salt toroidal condensates) increased slightly
upon the addition of MgCl2 (mean thickness of 28 nm and
mean diameter of 78 nm increased to 32 and 90 nm,
respectively; Figure 2A). An increase in toroid aggregation
was also observed (Figure 2A). Although many of the toroids
within these small aggregates remained as distinct toroids,
it was evident that there were some regions where the DNA
strands of the toroids were intertwined with each other
(Figure 2A), similar to those produced when MgCl2 was
preassociated with DNA (Figure 1B).

The samples containing MgCl2 at the time of DNA
condensation, either preassociated with DNA (Figure 1B)
or added concurrently with hexammine cobalt chloride
(Figure 1C), were diluted with dH2O to produce solutions
identical in chemical composition to the low-salt condensates
after dilution with a MgCl2 solution. A comparison between
the condensates of Figure 1B and those of Figure 2B, as
well as those of Figure 1C and those of Figure 2C, illustrates
the effect of diluting hexammine cobalt(III) and Mg(II) by

a factor of 2 after DNA has been condensed. The similarities
between the same samples before and after dilution indicate
that condensate size and morphology were essentially
unchanged by dilution.

The DNA condensates shown in Figure 2 are from three
solutions of identical chemical composition. Thus, any
differences observed among these DNA condensates are
purely the result of theorder in which Mg(II) was added to
each sample with respect to hexammine cobalt(III). It is clear
from these images that the overall morphology and particle
size of DNA condensates is largely determined by a
nonequilibrium process, which is substantially altered by the
presence of Mg(II).

It is important to note that the DNA used in the present
study was linearized byHindIII, an endonuclease that
produces a staggered cut with a four base overhang (i.e.,
sticky ends). Previous studies have shown that divalent
cations increase the association of sticky ends in solution
and thereby enhance the formation of DNA concatamers (34,
35). To investigate the possibility that concatenation by end
association causes toroid aggregation in samples preassoci-
ated with Mg(II), the same DNA used in this study was

FIGURE 1: Transmission electron microscopy (TEM) images of
DNA condensates formed at 22°C by the addition of hexammine
cobalt chloride. Panel A shows DNA condensed from a low-salt
solution (1× TE; 10 mM Tris, 1.0 mM EDTA) by mixing with an
equal volume solution of 200µM hexammine cobalt chloride. Panel
B shows DNA condensed from a solution of 3.5 mM MgCl2, 1×
TE by mixing with an equal volume solution of 200µM hexammine
cobalt chloride. Panel C shows DNA condensed from a low-salt
solution by mixing with an equal volume solution of 200µM
hexammine cobalt chloride, 3.5 mM MgCl2. DNA was a linearized
form of the bacterial plasmid Bluescript II SK- (Experimental
Procedures). DNA concentration in all samples was 10µg/mL
following mixing with the hexammine cobalt chloride solutions.
All images are shown at the same magnification. Scale bar is 200
nm.

FIGURE 2: TEM images of DNA condensed at 22°C by the addition
of hexammine cobalt chloride, followed by dilution with either
dH2O or a MgCl2 solution. Panel A shows DNA condensates
produced under low-salt conditions (1× TE) followed by dilution
with an equal volume of 1.75 mM MgCl2. The condensates of this
sample prior to dilution are shown in Figure 1A. Panel B shows
DNA condensed from a solution of 3.5 mM MgCl2 and 1× TE by
mixing with an equal volume solution of 200µM hexammine cobalt
chloride, followed by dilution with an equal volume of dH2O. The
condensates of this sample prior to dilution are shown in Figure
1B. Panel C shows DNA condensed from a low-salt solution by
mixing with an equal volume solution of 200µM hexammine cobalt
chloride and 3.5 mM MgCl2, followed by dilution with an equal
volume of dH2O. The condensates of this sample prior to dilution
are shown in Figure 1C. All condensate solutions contained a final
concentration of 5µg/mL DNA, 50µM hexammine cobalt chloride,
and 0.87 mM MgCl2. Scale bar is 200 nm.
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linearized with the blunt-end cutting endonucleaseScaI (New
England Biolabs) and then condensed using protocols identi-
cal to the preassociated Mg(II) sample. The toroids produced
by these experiments closely resembled those produced by
DNA cut with HindIII (data not shown). Thus, the aggrega-
tion of toroids produced by the condensation ofHindIII-
digested DNA cannot be attributed to the presence of sticky
ends.

A Small Temperature Increase Can Alter Condensate Size
and Morphology.To gain additional insight into the origin
of Mg(II) effects on DNA condensation, the condensation
reactions described above were also performed at 37°C.
Toroids formed under low-salt conditions at 37°C are similar
to the low-salt toroids formed at 22°C in that the vast
majority of toroids observed were single toroids (Figure 3A).
However, toroids formed under low-salt conditions at 37°C
are thicker than those formed at 22°C (mean thickness of
35 vs 28 nm) and have a larger outside diameter (mean
diameter of 87 vs 77 nm) (Figure 3A).

An equal volume of 1.75 mM MgCl2 was added to the
low-salt condensates formed at 37°C, with all solutions being
constantly maintained at 37°C, to bring the reaction mixture
to the same chemical composition as the diluted DNA
condensate solutions prepared at 22°C. This addition of
divalent cations, along with sample dilution, did not alter
the size of the condensates significantly, and no additional
aggregation was observed (Figure 4A). These results differ
from those at 22°C, where variations in particle size and

degree of aggregation were observed upon the addition of
MgCl2 (Figure 2A).

Small aggregates of toroids were almost exclusively
observed when DNA preassociated with Mg(II) was con-
densed at 37°C (Figure 3B), as was the case for DNA
condensation by the same protocol at 22°C (Figure 1B).
However, the DNA of toroids produced at 37°C were not
as well condensed as the DNA of toroids produced at 22
°C. All toroids formed at 37°C from DNA preassociated
with Mg(II) have DNA fibrils extending in a radial fashion
(Figure 3B). This less-condensed state of DNA is a combined
result of an increase in temperature and the presence of Mg-
(II) during condensation, because toroids formed at 37°C
in the absence of Mg(II) (Figure 3A) or toroids formed at
22 °C in the presence of Mg(II) (Figure 1B) did not exhibit
appreciable DNA fibrils.

A 2-fold dilution with dH2O produced a dramatic change
in the DNA condensates formed at 37°C from DNA
preassociated with Mg(II) (Figure 4B). The DNA fibrils
protruding from toroids in these samples completely disap-
pear upon dilution (Figure 4B). However, toroids remain
locked in small aggregates. These observations suggest that
the DNA fibrils extending from toroids prior to dilution
condense onto toroids upon sample dilution.

FIGURE 3: TEM images of DNA condensates formed at 37°C by
the addition of hexammine cobalt chloride. Panel A shows DNA
condensed from a low-salt solution (1× TE; 10 mM Tris, 1.0 mM
EDTA) by mixing with an equal volume solution of 200µM
hexammine cobalt chloride. Panel B shows DNA condensed from
a solution of 3.5 mM MgCl2 and 1× TE by mixing with an equal
volume solution of 200µM hexammine cobalt chloride. Panel C
shows DNA condensed from a low-salt solution by mixing with
an equal volume solution of 200µM hexammine cobalt chloride
and 3.5 mM MgCl2. DNA was from the same stock solutions as
that of Figure 1. Scale bar is 200 nm.

FIGURE 4: TEM images of DNA condensates produced at 37°C
by the addition of hexammine cobalt chloride to DNA, followed
by dilution with either MgCl2 or dH2O. Panel A shows toroids
observed from the low-salt condensate mixture when diluted with
an equal volume of 1.75 mM MgCl2. The condensates of this sample
prior to dilution are shown in Figure 3A. Panel B shows toroids
from condensation of the DNA-3.5 mM MgCl2 mix diluted with
an equal volume of dH2O. The condensates of this sample prior to
dilution are shown in Figure 3B. Panel C shows toroids condensed
from the low-salt DNA and the hexammine cobalt chloride-3.5
mM MgCl2 mixture. The condensates formed prior to dilution of
these samples are shown in Figure 3C. All solutions contained a
final concentration of 5µg/mL DNA, 50 µM hexammine cobalt
chloride, and 0.87 mM MgCl2. Scale bar is 200 nm.
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The effects of increased temperature were most obvious
for condensates produced when DNA in the low-salt buffer
was condensed by the concurrent addition of hexammine
cobalt chloride and MgCl2 at 37 °C (Figure 3C). The
condensates produced by this protocol at 37°C were more
typical than the super toroids produced by the same protocol
at 22 °C (Figure 1C). The TEM images also revealed a
marked increase in the quantity of DNA fibrils protruding
from these toroids (Figure 3C), which were essentially absent
from the super toroids produced at 22°C (Figure 1C). The
appearance of fibrils when DNA was condensed at 37°C
by the concurrent addition of hexammine cobalt chloride and
MgCl2 again indicates that both Mg(II) and increased
temperature contribute to the appearance of DNA fibrils.

The DNA of condensates formed at 37°C by the
concurrent addition of hexammine cobalt chloride and MgCl2

followed by dilution with an equal volume of dH2O were
more completely condensed as indicated by the disappearance
of fibrils that extended from toroids prior to dilution (Figures
3C and 4C). This observation also suggests that dilution
facilitates the incorporation of fibrils onto toroids. Conden-
sates produced by the concurrent addition of hexammine
cobalt chloride and MgCl2 remained as individual toroids
upon dilution with dH2O and were appreciably larger in outer
diameter and thickness (Figure 4C) than the aggregated
toroids produced by the condensation of DNA preassociated
with Mg(II) (Figure 4B). Additionally, toroids produced by
the concurrent addition of hexammine cobalt chloride and
MgCl2 are less circular than those produced by preassociation
with Mg(II) and appear to be pinched at two points
approximately 180° from each other (Figure 4C). Toroids
with these features occurred frequently in our preparations
when hexammine cobalt chloride and MgCl2 were added
simultaneously to the low-salt DNA at 37°C.

DISCUSSION

DNA toroid formation is known to be a nucleation-
growth phenomenon (19, 36, 37). This implies that toroid
size can be governed by both kinetic and thermodynamic
factors. If toroid nucleation is rapid (i.e., occurs simulta-
neously throughout the solution) and association of DNA
strands onto a growing toroid is always favorable (e.g.,
regardless of toroid size), then toroid size will be initially
determined by the kinetics of condensation (Figure 5A) (38).
That is, nucleated toroids will only stop growing when all
DNA in the solution is condensed. The more frequently
toroid nucleation occurs within a solution, the smaller the
resulting toroids will be. If DNA strands do not exchange
with solution once they have been condensed into toroids,
then toroid size will be solely determined by the kinetics of
nucleation and growth and the condensed DNA may not
represent a minimum energy state.

Under most solution conditions, a net electrostatic charge
is expected to accumulate on a DNA toroid as it increases
in size because the negative charges of DNA within the toroid
will not be perfectly compensated by associated cations (i.e.,
undercharging) (21-24, 29, 30, 39, 40). If toroid nucleation
is slow compared to toroid growth, then the net negative
charge of an individual toroid could eventually reach a point
at which it is energetically unfavorable for additional DNA
to add to the toroid, even though uncondensed DNA remains
in solution. In this case, undercharging would be the primary

physical parameter governing toroid size (41). Even under
conditions where the condensation of DNA onto a growing
toroid is energetically favorable, undercharging could sig-
nificantly slow the kinetics of DNA deposition onto the
growing toroids and thereby regulate toroid size (29). Under
such conditions, toroid size would be governed by both
thermodynamic factors and the kinetics of toroid nucleation
and growth. If DNA strands remain in equilibrium exchange
with solution after their initial condensation into toroids, then
the repartitioning of DNA between individual toroids would
eventually result in the existence of toroids with dimensions
that are under thermodynamic control (29). At very high
multivalent cation concentrations, it is also theoretically
possible that the charges of DNA can be over compensated
by multivalent cations such that a net positive charge
accumulates on DNA condensate particles (i.e., overcharg-
ing), which should likewise lead to a limit on condensate
dimensions (21-24, 29, 30, 39, 40). However, overcharging
has only been observed experimentally for double-stranded
DNA while associated within nucleosome core particles (26,
28).

Low-Salt Toroid Size Is Kinetically Determined.If toroid
size in our low-salt DNA solution was limited by under-
charging, then undercharging would limit growth at an even
earlier stage of toroid formation in the condensation reactions
that contain MgCl2 due to competition between Mg(II) and
hexammine cobalt(III) for association with DNA (42, 43).
However, it was observed that the toroids of preparations

FIGURE 5: Models for the condensation of DNA by hexammine
cobalt(III) under various conditions. Panel A depicts DNA con-
densation by a nucleation-growth pathway. DNA is well dispersed
in solution and spontaneously forms nucleation loops that are
stabilized by the addition of hexammine cobalt(III). The addition
of DNA strands to the growning toroid continues until free DNA
is depleted from solution. DNA condensation under low-salt
conditions is expected to follow this pathway. Panel B depicts DNA
condensation with preassociated Mg(II). Intra- and intermolecular
helix-helix contacts are stabilized by the presence of Mg(II). Upon
addition of hexammine cobalt chloride, both forms of helix-helix
contacts nucleate DNA condensation. The resulting condensates
are primarily intertwined aggregates of toroids. Panel C depicts
DNA condensation from a low-salt solution by the concurrent
addition of hexammine cobalt chloride and MgCl2. Without Mg-
(II) preassociation, DNA is well dispersed in the low-salt buffer.
The addition of hexammine cobalt chloride promotes DNA
condensation. However, competition between Mg(II) and hexam-
mine cobalt(III) for association with DNA reduces the stability of
nucleated toroids. The fewer successfully nucleated toroids grow
larger in comparison to condensation in the absence of Mg(II).
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containing MgCl2 are significantly larger than those of the
low-salt preparations (Figure 1). Thus, DNA undercharging
cannotbe the size-determining factor for the low-salt toroids.
DNA overcharging can also be ruled out as a limit to toroid
growth because the conditions of all condensation reactions
of the present study are far from the realm of conditions
necessary for overcharging to occur (26, 28). Thus, the size
of low-salt toroids must be kinetically determined; otherwise,
the low-salt toroids would grow to be at least as large as
toroids in the condensation reactions that contained MgCl2.

The formation of super toroids by the concurrent addition
of MgCl2 and hexammine cobalt chloride to low-salt DNA
can be attributed to an alteration in the kinetics of toroid
growth by Mg(II) (38). The presence of Mg(II) during the
initiation of DNA condensation will reduce the frequency
of toroid nucleation because the competition between Mg-
(II) and hexammine cobalt(III) for DNA will weaken the
helix-helix associations that are promoted by hexammine
cobalt(III) (42, 43). For certain concentrations of MgCl2 and
hexammine cobalt chloride (e.g., those selected for this
study), successful toroid nucleation may only occur when
several DNA molecules simultaneously condense to form a
prototoroid with the minimum number of helix-helix
contacts necessary for stability in the presence of Mg(II) (41).
With less frequent nucleation, free DNA would be available
in solution for a longer time after the initiation of condensa-
tion, which would allow the fewer toroids formed to grow
to the size of super toroids (Figure 5C). This same explana-
tion applies to the positive correlation that we have reported
between toroid size and NaCl concentration (19), although
the effect is not as dramatic in the case of monovalent
cations. It is possible that super toroid size is ultimately
limited by undercharging. This possibility is discussed further
below in regards to the 37°C data.

The fact that super toroids have holes of similar size to
the low-salt toroids suggests that super toroids may be
nucleated by prototoroids similar in size to the low-salt
toroids (Figure 1A,C). Unfortunately, it is currently not
possible to measure the size of DNA toroids as a function
of time during the onset of condensation because the initial
stages of condensation are too rapid to obtain toroid size
information at nanometer resolution by solution-based tech-
niques, such as light scattering (44, 45).

DNA Preorganization by Mg(II) Causes Toroid Aggrega-
tion by Altering Nucleation Structures.The addition of MgCl2
to DNA prior to condensation resulted in the production of
toroid aggregates (Figure 1B), in contrast to the predomi-
nance of single toroids observed when MgCl2 was not present
or was added concurrently with hexammine cobalt chloride
(Figure 1A,C). The presence of an alternative nucleation
structure for DNA samples with preassociated Mg(II)
explains this observation. It has been previously demonstrated
that divalent cations promote DNA helix-helix contacts in
solution (46-50) but not to the extent necessary for
condensation. Consequently, the addition of MgCl2 to DNA
samples prior to condensation would be expected to promote
an appreciable number of intramolecular helix-helix contacts
(e.g., DNA loops) and intermolecular helix-helix contacts
along 3 kb DNA (Figure 5B). Upon the addition of
hexammine cobalt chloride, these preformed structures would
act as nucleation sites for DNA condensation (18, 36). Mg-
(II)-stabilized DNA loops would nucleate toroid formation,
whereas Mg(II)-stabilized intermolecular helix-helix con-

tacts could result in the cocondensation of DNA strands onto
different toroids at different points along their lengths. Thus,
the existence of precondensation helix-helix contacts would
promote the rapid formation of intertwined toroids, ultimately
producing networks of toroids that are impossible to separate
without complete decondensation of the DNA (Figure 5B).
We propose that this is the origin of the toroid aggregates
observed upon the condensation of DNA with preassociated
Mg(II).

If the concurrent addition of MgCl2 with hexammine cobalt
chloride can produce super toroids (Figure 5C), then we must
question why DNA samples with preassociated Mg(II)
produce significantly smaller toroids. This can also be
explained as a result of the kinetic path taken during DNA
condensation. As we mentioned above, the preassociation
of Mg(II) with DNA will lead to the formation of intra- and
intermolecular helix-helix contacts (Figure 5B). These
contacts could cause the formation of toroidal aggregates to
be rapid compared to the rate of strand rearrangement that
would be necessary for the production of super toroids. In
other words, the preassociation of Mg(II) leads to the
formation of intertwined toroids that act as kinetic traps,
which makes the formation of super toroids extremely rare.
Two additional observations support this explanation. First,
we have observed a single super toroid amid an EM grid of
smaller aggregated toroids from a condensation reaction of
DNA preassociated with Mg(II) (data not shown). This is
consistent with a kinetic component contributing to the origin
of aggregate formation. Second, when higher concentrations
of MgCl2 are preincubated with DNA, the toroids produced
upon condensation are not aggregated (19). This observation
would support an increase in competition between Mg(II)
and hexamine cobalt(III) allowing DNA in the early stages
of condensation to pass over the kinetic barriers presented
by entangled structures and to rearrange into (presumably)
more efficiently packed single toroids.

Polymer Exchange between Toroids Is Limited.Adding
MgCl2 to the low-salt toroid preparation increased the
average outer diameter of toroids by 13 nm (i.e., from 77 to
90 nm) and caused a substantial increase in toroid aggrega-
tion (Figure 2A). Both of these changes can be explained
by DNA strand exchange occurring between toroids after
the addition of MgCl2. The release of DNA from some
toroids upon the introduction of MgCl2 could lead to
complete decondensation of some (particularly smaller)
toroids, thereby reintroducing free DNA into solution that
subsequently contributes to the growth and stabilization of
other toroids. Similarly, aggregation could come about by
the equilibrium exchange of DNA strands between toroids,
which causes some toroids to become associated by strand
sharing. In any case, the changes resulting from the addition
of MgCl2 to the low-salt condensates represent a shift in the
size and degree of aggregation closer to that observed when
Mg(II) is preassociated with DNA (Figure 2B). However, it
is clear that the DNA strands of toroids are not entirely free
to exchange with solution, because the addition of MgCl2 to
low-salt toroids (Figure 2A) does not result in toroid growth
to the same size or aggregation state as those formed in the
presence of MgCl2 (Figure 2B,C). These combined results
again illustrate that toroid size can be highly dependent on
the path taken by DNA during condensation.

Comparison of DNA Condensed at Different Temperatures
Illustrates Both Thermodynamic and Kinetic Limits to Toroid
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Growth. DNA condensation has been shown to be a result
of dynamic correlations between multivalent cations that are
associated with DNA strands in close proximity (5, 20, 21).
This attractive potential decreases with increasing temper-
ature (21, 31, 51-54). Thus, under conditions where toroid
size is primarily limited by thermodynamic factors, toroid
size would be expected to decrease with increasing temper-
ature. On the other hand, if toroid size is primarily limited
by the kinetics of growth, then toroid size should initially
increase with increasing temperature because toroid nucle-
ation will be less favored at higher temperatures. We have
observed that the concurrent addition of MgCl2 and hexam-
mine cobalt chloride to DNA at 37°C produces single toroids
that are considerably smaller and greater in number than the
super toroids produced by the same condensation protocol
at 22°C (Figure 3C). This observation indicates that at 37
°C toroid size is limited by a thermodynamic parameter (i.e.,
undercharging) rather than the kinetics of nucleation and
growth.

Our conclusion that the size of low-salt toroids is kineti-
cally determined is also consistent with our observation that
low-salt toroids produced at 37°C are larger (mean diameter
87 nm, mean thickness 35 nm) than those produced under
low-salt conditions at 22°C (mean diameter 77 nm, mean
thickness 28 nm) (Figures 1A and 3A). Thus, under the low-
salt conditions, the reduction in DNA helix-helix attraction
potential upon raising the temperature from 22 to 37°C must
reduce the probability of toroid nucleation enough to allow
successfully nucleated toroids at 37°C to grow measurably
larger than those produced at 22°C.

When the temperature of condensation was increased to
37 °C abundant DNA fibrils were observed protruding from
the toroids produced by the condensation of DNA in the
presence of MgCl2 (Figure 3B,C). We propose that these
fibrils result from uncondensed loops of DNA that protrude
from the surfaces of toroids in solution and that these loops
collapse into fibrils upon preparation of EM grids. This
proposal is based upon two previous reports. First, atomic
force microscopy (AFM) studies of DNA condensates in
solution have revealed DNA loops protruding from a more
condensed core particle under conditions where DNA
condensation was incomplete (55). Second, a previous study
by cryo-TEM has demonstrated that staining with uranyl
acetate facilitates DNA condensation (56). Thus, it is
reasonable that if a toroidal condensate has loops of DNA
protruding from its surface when deposited on an EM grid,
then the subsequent addition of uranyl acetate (and rinsing
by ethanol) would cause these loops to condense into fibrils.
These loops may appear because toroids prepared at 37°C
are at their maximum limit of growth due to undercharging
and DNA strands added to those toroids during the final stage
of growth remain only partially condensed. If this is truly
the case, then the DNA condensates produced in the presence
of MgCl2 at 37 °C are governed by both kinetic and
thermodynamic factors, because condensation under purely
thermodynamic control would be expected to allow the
partially condensed DNA to release into solution and form
slightly smaller toroids with completely condensed DNA.

Upon dilution with water, fibrils extending from conden-
sates prepared in the presence of MgCl2 at 37 °C (Figure
3B,C) are no longer observed, as all DNA particles appear
to be fully condensed with clearly defined edges (Figure
4B,C). This observation provides additional support for our

hypothesis that at 37°C the fibrils are indicative of some
DNA associated with each toroid remaining partially un-
condensed. Based upon the formalism derived by Rouzina
and Bloomfield to calculate the surface concentration of
cations around DNA as a function of cation valence and bulk
concentration (42, 43), dilution by a factor of 2 of the
condensation reactions in this study would appreciably
increase the DNA charge neutralized by trivalent hexammine
cobalt(III) over divalent Mg(II), even though the relative
concentration of these cations in solution remains constant.
Thus, sample dilution would be expected to enhance DNA
condensation, which causes the DNA loops to condense onto
the toroids in an ordered fashion prior to EM grid preparation.

CONCLUSIONS

The results presented here demonstrate that the size of
DNA toroids can be governed by both thermodynamic and
kinetic factors. Under our low-salt conditions we have
concluded that toroid size is primarily limited by the kinetics
of toroid nucleation and growth. Understanding the size and
morphology of DNA condensates prepared in the presence
of MgCl2, on the other hand, requires the consideration of
both kinetic and thermodynamic factors. When MgCl2 is
added to DNA prior to condensation, Mg(II)-stabilized
helix-helix contacts provide a means to kinetically trap DNA
into aggregate structures that are unable to rearrange into
what are presumably lower-energy structures. The influence
of these kinetic traps in limiting toroid size is illustrated by
the observation that the concurrent addition of MgCl2 and
hexammine cobalt chloride allows the formation of super
toroids. The dominance of thermodynamic limits on toroid
size when MgCl2 and hexammine cobalt chloride are added
concurrently to DNA is supported by the fact that toroids
decrease in size if the temperature is increased at the time
of condensation. We have also demonstrated that DNA strand
exchange between toroids can be very limited, because three
condensate samples that only differ in regards to the step at
which MgCl2 is added maintain very different condensate
structures. All together our results clearly illustrate that DNA
condensates are not likely, in many cases, to represent
equilibrium structures.
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