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DNA Toroids: Stages in Condensation
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ABSTRACT. The effects of polylysine (PLL) and Pl-tasialoorosomucoid (AsOR) on DNA condensation

have been analyzed by AFM. Different types of condensed DNA structures were observed, which show
a sequence of conformational changes as circular plasmid DNA molecules condense progressively. The
structures range from circular molecules with the length of the plasmid DNA to small toroids and short
rods with~1/6 to 1/8 the contour length of the uncondensed circular DNA. Single plasmid molecules of
6800 base pairs (bp) condense into single toroids D10 nm diameter, measured center-to-center. The
results are consistent with a model for DNA condensation in which circular DNA molecules fold several
times into progressively shorter rods. Structures intermediate between toroids and rods suggest that at
least some toroids may form by the opening up of rods as proposed by Dunlap et al. [Ki89&ic

Acids Res. 253095]. Toroids and rods formed at lysine:nucleotide ratios of 5:1 and 6:1. This high lysine:
nucleotide ratio is discussed in relation to entropic considerations and the overcharging of macroions.
PLL—AsSOR is much more effective than PLL alone for condensing DNA, because several PLL molecules
are attached to a single AsOR molecule, resulting in an increased cation density.

DNA condensation has been studied for over 25 yehrs ( When toroids and rods are formed under the same
2). In the early years the main question regarding DNA conditions, they usually have similar contour lengths and
condensation was the following: How does DNA condense similar widths (toroid widths= Ryt — Rin). For example,
into the heads of bacteriophages? Now there is a new interesboth the toroids and the rods formed afte2 hincubation
in DNA condensation, because DNA condensation is an in cobalt hexaammine have contour lengths-@00 nm and
important step in gene delivery for gene therapy ( widths of ~30 nm @0).

Conventional techniques for investigating DNA condensa-  Toroids and rods form in different sizes when different
tion include circular dichroism and absorption spectroscopy conditions are used for preparing them. For most conditions,
(4), transmission electron microscopy (TEM), and light the sizes of toroids and rods vary over a 2-fold range:-100
scattering $—7). Atomic force microscopy (AFM)is a 200 nm contour lengths and 2@0 nm widths 2, 14, 15,
valuable addition to these techniques, because the AFM20). These contour lengths for toroids correspond to center-
visualizes DNA condensates in three dimensions with to-center diameters of 36070 nm. There are exceptions to
subnanometer height resolutiod).(The AFM also images  this, however: toroids with contour lengths of 36600 nm
samples either dried or under near-physiological conditions (15) and huge toroids or ellipsoids with contour lengths on
(9—11). DNA condensation is easily analyzed by AFM, as the order of «m (16). In these two investigations, the toroid
many groups have showiZ—19). size depended on the concentratid®)(or the length 15)

DNA molecules condense into toroids and short rods under of the DNA.
many different conditions. Most of the conditions for forming The DNA content of toroids and rods is often estimated
toroids involve some sort of polycation: trivalent cations by assuming that the toroid or rod has a crystalline B-DNA
(20), spermidine 16), protamine {4), polylysine ¢, 19, and packing throughout20, 29. Such calculations give a DNA
even positively charged surfaceks). content for a typical toroid or rod ef25 000-50 000 base

Traditionally it has been believed that toroids are of a pairs (bp).
constant size with an outer diameter of 50 nm and an inner  The relationship between toroids and rods is another
diameter of 15 nm. Toroids of approximately this size have ynknown in DNA condensation. Some investigators assume
been observed with DNA lengths from 400 to 56 000 base that DNA is coiled in toroids 2) which raises questions
pairs (bp) @1). More recent results are showing that the apout how rods are formed. Other possibilities are that a

variability of toroid sizes is actually considerably larger, as pNA rod bends around2@) or opens up 13) to form a
described below. toroid.

These questions are addressed here for DNA condensed
e
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poly-L-lysine; AsOR, asialoorosomucoid; bp, base pair(s); kD, kilo- ASOR—DNA condensates are designed for delivering genes
dalton(s); Da, dalton(s); fwhm, full width at half-maximum height. on the DNA into liver cells 26).
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MATERIALS AND METHODS

SubstratesDisks of mica (Ruby Muscovite Mica; New
York Mica Co., New York, NY) were glued to steel disks
with 2 ton epoxy resin (Devcon Corp.; Wood Dale, IL) and
cleaved with adhesive tape immediately before use.

SamplesComplexes of DNA+ PLL—ASOR were pre-
pared in neutral saline (0.15 M NacCl) and in alkaline saline
(0.15 M NaCl, 2 mM NaOH) as specified below. The DNA
concentration was 10 ngl for all complexes. The DNA
plasmid was pCMV luciferase (6832 bp) except as noted.

Poly+-lysine (PLL) of two different sizes was used: 4
kDa (4kD PLL) and 10 kDa (10kD PLL). PLEASOR
conjugates were prepared by carbodiimide coupliigy 28
at a 1:1:0.5 (w/w) ratio of ASOR to PLL to carbodiimide
(EDC, 1-ethyl-3-[3-(dimethylamino)propyl]carbodiimide).
EDC forms covalent amide bonds between AsOR carboxyl
groups and PLLe-amino groups.

The PLL—AsOR conjugates were purified on a Fast Flow
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with a stream of compressed air, and further dried in a
desiccator over J®s.

AFM Imaging Tapping-mode AFM was performed in dry
nitrogen using a Nanoscope Il AFM (Digital Instruments,
Santa Barbara, CA). Bungee cords were used for vibration
isolation @9). The D scanner was used for all samples. The
scanner was accurate to 8% in tkendy directions, and
was calibrated using a known grating. Standard silicon
cantilevers 12mm in length were used. Cantilever oscillation
frequency was tuned to the resonance frequency of the
cantilever, 286-350 kHz. The 256x 256 pixel images were
captured with a scan size between 0.24 andrdat a scan
rate of 2-6 scan lines per second.

Image Analysisimages were processed by flattening using
Nanoscope software in order to remove background slope.
Height and full-width at half-maximum height (fwhm) were
measured using the Nanoscope software. In the analysis of
widths, the fwhm measurements were used as a first-order
compensation for the systematic distortions introduced by

Q Sepharose anion exchange chromatography column (Pharthe conical tip geometry30). The contour lengths of DNA

macia) eluted with 50 mM Tris, pH 7.5. Conjugates were
further purified by exhaustive dialysis against ultrapure water
to remove PLL that did not react with ASORY).

The ratio of AsOR to PLL in these conjugates was 1:1
(w/w), as determined by the following method: An aliquot
was lyophilized, weighed, and dissolved in ultrapure water
at a specific concentration (w/v). Since PLL has minimal
absorbance at 280 nnifgo = 0.0015 mL mg?* cm™Y), the

molecules and condensed DNA complexes were measured
using NIH-Image software v.1.59 (National Institutes of
Health, Bethesda, MD). The apparent volumes of the
complexes were measured using the bearing analysis function
of the Nanoscope software.

Statistics Data are given as meah standard error of the
mean (SEM). Significant differences in the results were
evaluated by applying both Studenttest and the Wilcoxon

AsOR component was calculated from the absorbance at 280est when applicableP( < 0.05 or less). We analyzed 65

nm, using an extinction coefficient of 0.92 mL migcm™.

The composition of the conjugate was determined by
comparison of the concentration of the conjugate (w/v) with
the concentration of AsOR (w/v) as measured by the

toroids and 29 rods.

RESULTS

absorbance at 280 nm. The difference between the two DNA and PLL-AsOR condensed into a variety of

measurements was attributed to the PLL component of the

conjugate 27).
Since the ratio of ASOR to PLL was 1:1 both before and
after reaction with EDC, it would appear that the reaction

complexes, depending on the ratio of lysine to nucleotides
(lys:nt) (Figure 1). Clean backgrounds observed in AFM
images lead to the conclusion that the solution ratios of lys:
nt are close to the ratios of lys:nt in the DNA complexes.

proceeded to completion. This is a reasonable result, givenuncomplexed DNA and PLEASOR were not observed in

the high concentration of EDC in the reaction mixture.

these images.

Furthermore, there is a considerable excess of sites on AsSOR Typical circular plasmid DNA molecules are shown in

to which PLL can attach. ASOR molecules have 31 acidic
amino acid residues capable of reacting with PLL. Ata 1:1
(w/w) ratio of AsSOR to PLL, there is an average of only 4
PLL molecules of 10 kDa per AsOR molecule or 10 PLL
molecules of 4 kDa per AsOR molecule.

The ratio of conjugate to DNA (w/w) necessary for specific
ratios of lysine to nucleotide (lys:nt) was then calculated

Figure 1a. Complexes of the following morphologies were
observed upon the addition of 4kD PHASOR or 10kD
PLL—ASOR: The flattened morphology of Figure 1b oc-
curred with the addition of 4kD PLEASOR to DNA at a
lys:nt ratio of 3:1 or 5:1. Note the thickening and shortening
of the DNA strands. A further increase of the lys:nt ratio to
6:1 resulted in a further condensation of the DNA4kD

using the conjugate composition as determined by the abovePLL—AsOR complex, forming compact, oval-shaped mol-

method 7). The molecular mass of AsOR is 38 kDa. The
molecular mass of each lysine residue in PLL is 209 Da.
PLL is sold as the HBr salt, with all lysine residues in the
HBr form (Sigma, personal communication). Therefore, 209
Da = 146 Da (lysine)+ 81 Da (HBr) — 18 Da (HO
removed during polymerization).

ecules (Figure 1c). Replacing the 4kD PLL with 10kD PLL
at a lys:nt ratio of 5:1 or 6:1 resulted in further condensation
of the molecules into short rods and toroids (Figure 1d).
Line plots of eight DNA toroids show that these toroids
are often regular in size and shape (Figure-@nbut are
also seen in a variety of irregular sizes and shapes (Figure

These solutions and DNA complexes were prepared at the2e—h). In addition, many structures are intermediate between

Immune Response Corp. (Carlsbad, CAJ)(and provided
for AFM imaging at UCSB.

Sample PreparationThe AFM samples were prepared by
placing -5 uL of solution on a freshly cleaved mica surface.
After 60 s, they were rinsed with-12 mL of water, dried

rods and toroids (Figure 3H).

Measurements of Complexd$ie measured height of the
toroids was 3.4 0.1 nm (meant SEM,N = 65) compared
to the 0.3+ 0.1 nm height of the plasmid shown in Figure
la. The outer diameter was 14213.1 nm; the full width
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Ficure 1: Stages in DNA condensation. AFM images of (a) circular
plasmid DNA, 6800 bp. (b) Thick flattened complexes were
observed in samples containing DNA4kD PLL—ASOR at a lys:

nt ratio of 5:1. (c) Compact complexes were observed in samples
containing DNA + 4kD PLL—ASOR at a lys:nt ratio of 6:1.
Compact complexes also formed with DN 10kD PLL—AsSOR

with a lys:nt ratio of 1.6:1 (not shown). (d) Toroids and rods were
observed in samples containing DNA 10kD PLL—AsSOR at a
lys:nt ratio of 6:1. Rods and toroids were also seen with lys:nt
5:1 (not shown). Images are 1 1.1 um.

FIGURE 2: Variability in toroid size and shape.-{a) Toroids of
uniform shape and contour length—(e) Toroids of irregular shape
and variable contour length. Line plots at°6Qiewing angle
emphasize topography. Composition of samples is the same as in
Figure 1d. Maximum heights of features on toroids afe-6 nm.
Images are 25 250 nm.

at half-maximum height (fwhm) of the toroid cross section
was 44.1+ 0.5 nm. Similarly, for the rods, the height was
3.9+ 0.2 nm, and the width (fwhm) was 50 1.7 nm.
The measured widths of DNA, toroids, and other complexes
are broadened by an amount comparable to the width and
shape of the micro-tip used to image theBd,(31).
The average contour length for toroids and rods was
significantly different: 339 12 nm for toroids and 26%#
8 nm for rods. The measured contour length of the plasmid pigure 3: Intermediate structures between rods and toroids. A
DNA was 2280+ 27 nm. This corresponded to a helical typical rod (a) and several condensed structures that are neither
rise of 0.33+ 0.01 nm/bp, which is in good agreement with  rods nor toroids (bf) are seen under the condensation conditions
the expected value of 0.34 nm/bp for B-DNA2). The of Figure 1d. These structures provide clues to the way in which
contour length for toroids gives an average center-to-center™VA might condense in toroids and rods.
diameter of 108 nm for the toroids. complex or a toroid or a rod. For thick flattened complexes,
Volumes of ComplexesVe have measured the volumes the mean volume of the majority of the complexes is
of thick flattened complexes, rods, and toroids (Figure 4). ~50 000 nm. The two very large complexes in Figure 4a
The results support the hypothesis that a single plasmidlook like double complexes and have volumes that are about
molecule condenses into a single complex: a thick flat twice as large.
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8 : | | | | I volumes that were 2 or 3 times as large60 000 nm for
a ' Thick Flattened rods; ~70 000 nm and ~100 000 nr# for toroids. Again,
: : ; : : : these results are consistent with the hypothesis that most

' condensed DNA complexes contain single DNA molecules,
while a few complexes contain two or three DNA molecules.

Note (i) the similar volumes obtained for the rods and
toroids, indicating a similar degree of condensation in both
structures despite the different morphologies, and (ii) the
smaller volumes in the rods and toroids compared to the thick
flattened complexes, suggesting that the higher degree of
condensation in rods and toroids results in the contribution
; of less tip volume than in thick flattened complexes, which
ﬁ have a longer contour length in contact with the AFM tip.

Number of Complexes

i 1 The apparent width of structures in AFM images is broad-
0 20 40 60 80 100 120 140 ened by an amount comparable to the width of the tip that
interacts with the structures.
25 | I ! The contribution of the AFM tip to volume measurements
b E : Torbids can be minimized for structures of uniform height by

measuring the volume of the top half of the structure. The

total volume of the structure is defined to be twice the volume

. , ! : measured for the top half of the structuBS). For toroids

15 -ee- ! 5 Seeenennas R and rods, the apparent volumes were also calculated (data
: : ' not shown) from the height and the fwhm by a variation of

20 |- ‘ ________ .......... _________

- B : , the method of ref33. The calculated and the measured
10 o 8 : apparent volumes were in good agreement. This is further

' : evidence for the reliability of the volumes shown in Figure
4,

Number of Complexes

Quantifying CondensationVe have measured the con-
densation of DNA complexes that, from their volumes,
appeared to have single DNA molecules. A gallery of these
DNA complexes at different condensations is shown in
Figure 5, which correlates the morphology of the complexes
with the degree of condensation during the process of folding.
The images in Figure 5 show DNA complexes at all stages
of condensation, from samples prepared in the various ways
described in Figure 1.

Figure 5 illustrates the definition of DNA condensation:
the extent of DNA condensation is defined as the ratio
between the contour length of the plasmid and the contour
length of the condensed complex.

For thick flattened complexes, the average condensation
is 2.6 (Figure 6a). For compact complexes, the average
condensation is 3.9, with a range of8—5.5 (Figure 6b).

For toroids and rods, the average condensation ratios are 6.7
and 8.5, respectively (Figure 6c¢,d). Note that the variability
in condensation is clearly smaller in rods than toroids.

0 25 50 75 100 125

Number of Complexes

Volumes of complexes, 10° nm° DISCUSSION

Ficure 4: Volumes of condensed DNA complexes. Histograms :
show the volume distributions for (a) thick flattened complexes, In this work, we have used the AFM to analyze the extent

(b) toroids, and (c) rods. Volumes of toroids and rods are not ©f DNA condensation in complexes of DNA with PLL
significantly different. The initial peak of each histogram corre- covalently attached to the glycoprotein asialoorosomucoid
sponds to complexes containing a single plasmid DNA molecule. (AsOR), as described in Figure 1. The degree of DNA
e o sy cOTensaton increased progressivelyas the amount ofPLL
Figure 1b,d and Figure 5. The ’compositions of rods, toroids, and ASOR Incr.eased in _the Complex.es. The degree of DI\,IA
thick flattened complexes are the same as in Figure 1b,d. condensation also increased with a longer PLL chain,
resulting in compact toroids and short rods. In contrast, DNA
Similarly, for the toroids and rods in Figure 4b,c, the condensation was weak with PLL alone as observed by AFM
majority of the complexes cluster in a peak with mean (Figure 7) (9).
volumes of 32 500 nffor toroids and 34 700 n#rfor rods. PLL—AsORus PLL AloneThis posed a puzzle: why the
There were no complexes with volumes bels®0 000 nr, negatively charged glycoprotein, ASOR, covalently attached
and the complexes with larger volumes were clustered atto PLL, could enhance the condensation of DNA so much
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Ficure 5: An illustrated graph of DNA condensation. DNA condensation is defined as: (contour length of the plasmid)/(contour length
of the condensed complex). AFM images are placed on the graph aicthardinate of their DNA condensation; the corrgatoordinate

for each AFM image is indicated by the graph line. AFM images are from samples of all the compositions described in Figure 1. Scale bar
= 500 nm for all images.

over the condensation caused by the polycation, PLL, alone.condensation with PLEASOR (Figures 1, 5, 6). The results
We suggest that ASOR condenses DNA by bringing togetherwith 10kD PLL—ASOR vs 4kD PLL-AsOR are also
several molecules of PLL onto a single ASOR molecule, thus consistent with a folding/coiling model for the structure of
increasing the cation density and facilitating the condensationthese toroids, as opposed to a chromatin-like model. The
of DNA into compact toroids and rods (Figure 8). PLL isa PLL—ASOR complex that condenses DNA much more
much weaker condensing agent than PIASOR, as evalu-  effectively is 10kD PLI=-AsOR, with~4 long PLL chains,
ated by this AFM assay. not 4kD PLL—AsOR, which is more compact like the histone
10kD PLL-AsORuws 4kD PLL-AsOR.10kD PLL—AsSOR core of the nucleosome. X-ray scattering results with other
condenses DNA into toroids and rods, as illustrated in Figure DNA toroids also indicate that the DNA in these toroids is
8, while 4kD PLL—AsSOR does not. This result was not arranged in parallel rows3b, 36, which is again consistent
expected a priori, since 10kD PHASOR and 4kD PLLE with condensation by folding or coiling and not with a
AsOR have the same number of positively charged lysine chromatin-like condensation for other DNA toroids and rods.
residues per PLEASOR conjugate. Although we cannot rule out some nucleosome-like
The scale model in Figure 8 gives an insight into why condensation, we do see clear evidence for folding in many
larger PLL molecules condense DNA better than smaller PLL of the condensed DNA complexes. For example, the thick
molecules when attached to AsOR. It shows that 10kD PLL flattened complexes and compact complexes of Figure 1b,c
molecules project further from AsOR than 4kD PLL show visual evidence of DNA folding as a mechanism for
molecules. Therefore, AsOR with 10kD PLL has a larger DNA condensation. Folding is the most likely means of
number of accessible positive charges on the PLL molecules,condensing a circular plasmid into a linear complex with a

as compared with 4kD PLtASOR. 2-fold condensation. But this linear complex could further
Folding and Coiling.There are at least three possible ways condense by folding and/or coiling.
in which DNA might condense in the presence of PLL Both folding and coiling may occur. If the ends of the

AsOR. First, DNA might coil into chromatin-like structures, linear complex overlap in an antiparallel direction, the
in which DNA wraps around PLEASOR to form nucleo- complex will form a hairpin-like fold. If the ends of the linear
some-like structures that then coil into a fiber. Second, DNA complex overlap in a parallel direction, they will form the
might coil around the circumference of a toroid, like thread beginning of a coil, which will grow as the ends of the
on a spool. Third, DNA might fold into successively shorter complex continue to wrap around the circumference of the
structures. incipient coil.

The rods and toroids are similar in thickness to 30 nm  Successive folding in half would predict peaks in DNA
chromatin fibers. They also have lumps that are consistentcondensation at 2, 4, 8. Rods fit the folding model because
with a modular structure, as in chromatin fibers. The lumps they have a mean condensation of 8 (Figure 6d). Toroids
are visible in, e.g., Figures 2e,g and 3a,b. Chromatin fibers have a much broader condensation distribution (Figure 6c)
are formed from nucleosomes in whiet200 bp 70 nm) and may condense by both coiling and folding. Some toroids
DNA wraps around a histone octamer of 110 kDa to form may form from rods that open into toroids, as in the rod-
an 11 nm structure3d). This results in DNA condensation  to-toroid intermediates of Figure 3ff. Such a mechanism
of 6 or more, which is considerably higher than the has been proposed by Dunlap et dl3)( based on their
condensation observed here for early stages of DNA beautiful AFM images of condensed DNA in fluid.
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Ficure 7: Comparison of PLL and PLEASOR for condensing
DNA. AsOR enhances the condensation of individual DNA
molecules. (a) DNA+ 10kD PLL—ASOR, lys:nt= 5:1. (b) DNA

+ 26kD PLL, lys:nt= 3:1. DNA condensed with higher lys:nt did
not show further condensation.

Number of Complexes

measured from AFM images are typically comparable to the
volumes calculated from molecular weights, using a density
of 1-1.3 g/mL @3, 39.

The plasmid volume is 7000 rinbased on the dimensions
of B-DNA from X-ray crystallography. The molecular
volume of 10kD PLI-AsOR is~100 nn#, calculated from
its molecular mass o680 kDa and a density of-11.3 g/mL.
Each molecule of 10kD PLEAsSOR has~320 lysine
residues (Figure 8 caption). Therefore, for@lys:nt and
14 000 nt per plasmid DNA molecule, there ar800—300
10kD PLL—AsSOR molecules per plasmid DNA molecule,
or ~25000 nm PLL—AsOR. The sum of the calculated
volumes for DNA and PEAsOR is~32 000 nm, which
is within the range of volumes measured for toroids from
AFM images.

High lys:nt Ratio.lt has been suggested that the high lys:
nt ratio in these toroids and rods may be related to

‘ ‘ ‘overcharging’, or excess negative charge seen in theoretical
0 2 4 6 8 10 12 14 condensates of large flexible polyanions with large rigid
DNA Condensation polycations. The overcharging in these theoretical conden-
FIGURE6: Extent of DNA condensation. Histograms show the DNA ~ sates has been attributed to an entropic release of counterions
condensation distribution for (a) thick flattened complexes, (b) from the flexible polyanion40) and may be related to the
compact complexes, (c) toroids, and (d) rods. The composition of gyercharging of nucleosomed1j. Since DNA and PLE
each type of DNA complex is described in Figure 1. DNA  AqoR are both flexible polyelectrolytes, the theories of
condensation is defined in Figure 5. . . -
overcharging are not directly related to these toroids and rods.

Number of Complexes

Number of Complexes

DNA condensation with PLEASOR is probably domi- However, entropy does favor the high lys:nt ratio in these
nated by electrostatic interactions. Such interactions are thetoroids and rods, because protons are released when DNA
most common cause of DNA condensatiod7)( For phosphates are anionic and P&lamino groups are neutral.

example, DNA condensation becomes spontaneous in theThe presence of neutral lysine residues in PLL would raise
presence of tri- or tetravalent cations in aqueous solutionsthe lys:nt ratio for toroids and rods above the 1:1 lys:nt ratio
as a result of the large decrease in the electrostatic repulsiorthat would be predicted for a direct neutralization of DNA
between charged DNA segmentl( 38. Supercoiling of by PLL.
the plasmid DNA may also contribute to the form of these ~ With 5—6 lysines per nucleotide, the average spacing
DNA condensates with PLEAsSOR, but supercoiling is not  between PLE-ASOR molecules along the DNA is 10 nm.
required for DNA toroid formationZ20). Only ~20% of the lysine residues are needed to neutralize

Toroid Calculations.The measured volumes for these charges on the DNA; the outer 20% of the lysine residues
toroids and rods are close to the calculated volume for aon each PLL chain are the most accessible and therefore
toroid or rod containing 1 plasmid DNA molecule and® perhaps the most likely to interact directly with the negatively
lys:nt. The calculations are as follows: charged phosphate groups on the DNA backbone.

The mean volumes of single toroids ar80 000-35 000 The ends of these 30 nm long PLL arms can reach out to
nm?, as measured from AFM images (Figure 4). Volumes near strands of DNA, providing an electrostatic attraction
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10kD PL-AsOR

Ficure 8: Scale model of DNA condensation. Scale diagrams of
a plasmid DNA molecule, several molecules each of 10kDPLL
AsOR and 4kD PLE-AsSOR, and a typical toroid. 10kD PLL has
~80 lysine residues per molecule, giving a mean length of 27 nm;
4kD PLL has~30 lysine residues per molecule, giving a mean
length of 11 nm. Magnified views of 10kD PLLASOR and 4kD
PLL—ASOR show the charge and arrangement of polylysine chains
on AsOR. AsOR is a 38 kDa glycoprotein with 30 acidic amino
acid residues per molecule and a net charge of 5 carboxylic acid
groups per molecule4@). The diameter of a globular protein of
this size is ca. 5 nm. At a 1:1 (w/w) ratio of PLL to AsOR, there
is an average of 4 molecules of 10kD PLL per AsOR molecule or
10 molecules of 4kD PLL per AsOR molecule. This corresponds
to ~300 lysine residues per ASOR molecule. Some PLL molecules
probably attach to AsOR at multiple sites or at lysine residues closer
to the center of the PLL molecule than in the diagram. Some PLL

molecules probably attach to 2 ASOR molecules. These attachments 17.

are entropically and sterically less probable than the single end
attachments shown in the diagram. Since toroids form with 10kD
PLL—ASOR at a lys:nt ratio of 5:1 or 6:1, a single circular plasmid
DNA molecule condenses with 36@00 10kD PLL-AsOR
molecules into a toroid. 4kD PLEASOR is much less effective at
condensing DNA and produces thick flat complexes and compact
complexes with condensation2—4 (see Figures 1, 6).

that pulls the DNA into compact structures. With a&
fold DNA condensation in toroids and rods, the average
AsOR spacing along the length of the toroid or rod is less
than 2 nm. Each AsORPLL can reach with its 30 nm long
PLL arms across the entire width of a toroid or rod. We

hypothesize that the increase in entropy due to the release 23.

of bound water molecules in DNA and PHASOR s larger
than the decrease in entropy due to confinement of the DNA
and the PLI=-AsOR in the condensed structures.

In summary, we have observed stages in DNA condensa-

tion with PLL—ASOR that are consistent with a model for
DNA condensation in which the DNA molecules coil into
toroids or fold several times into progressively shorter rods,
which can open up into toroids. Our results indicate that one

Biochemistry, Vol. 38, No. 42, 19994075

plasmid molecule condenses into one condensed complex:
thick flattened or compact or toroid or rod.
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