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It has been established that in a dilute solution individual giant DNA molecules undergo a large
discrete transition between an elongated coil state and a folded compact state. On the other hand, in
concentrated solutions, DNA molecules assemble into various characteristic states, including
multichain aggregate, liquid crystalline, ionic crystal, etc. In this study, we compared single-chain
and multiple-chain events by observing individual chains using fluorescence microscopy. We used
spermidine, SPD(3), as a condensing agent for giant DNA. When the concentration of DNA is
below 1 uM in base-pair units, individual DNA molecules exhibit a transition from an elongated
state to a compact state. When the concentration of DNA is increaseda®11@ thick fiberlike
assembly of multiple chains appears. AFM measurements of this thick fiber revealed that more than
tens of DNA molecules form a bundle structure with parallel ordering of the chains. The transition
between single-chain compaction and bundle formation with multiple-chain assemblies was
reproduced by a theoretical calculation. ZD04 American Institute of Physics.
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I. INTRODUCTION Reoit~ k- N3, 0

In the living cellular environment, long DNA molecules Where the length of a Kuhn segmept=2\ () is the persis-
on the order of mega base pairs, or with lengths in the mil{énce lengthand N is the number of segments. Thus the
limeter to centimeter range, are folded into a compact stat¥0lume of a single giant DNA is given as
on the order of micrometers. On the other hand, it is well . p3  __13\95

. . V(:0|I Rcml IKN ' (2)

known that such long DNAs dissolve in usual aqueous solu-
tion with an elongated coil conformation, i.e., water is aWe take the area of cross reaction in double-stranded DNA
good solvent for DNA:? In the usual agqueous environment ass; s=(1/4)wd” whered is the diametefaround 2 nm
as a good solvent, the persistence length of DNA is around  The volume of a single chain in the compact state is
50 nm (corresponding to 130 base pajfssuggesting that given as
short oligomeric DNA molecules behave as rigid straight
rods. Thus condensing agents induce aggregation and/or pre-
cipitation in such short DNAs, without single-chain compac-If we tentatively consider a giant DNA of 8base pairs, the
tion. On the other hand, it has become clear that giant DNAolume ratio of the coiled and compact states becomes
molecules undergo a large discrete transition from an elon- , , 10 4)
gated coil state into a folded compact stité.Compact coil*¥eomp
DNA's behave as a soluble colloidal particle smaller than 0.1This means that the density of the segments changes by five
um, where the negative charge almost disappears within therders of magnitude with the folding transition in a single
volume of the particlé. chain. In fact, such a large change in density has been con-

DNA is a stiff polymer, and the persistence lengép-  firmed through the observation of individual giant DNA mol-
proximately 50 nm is much larger than the thicknegsap-  ecules using fluorescence microscdpy. the present study,
proximately 2 nm of the double-stranded structure. Accord- we focused on the next important question; i.e., what will
ing to textbooks of macromolecular science, the end-to-entiappen with multiple chains of such giant DNAs?

distanceR of an elongated polymer chain can be written as ~ Several studies have been performed to clarify the struc-
ture and mechanism of “DNA condensation.” As indicated
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single DNA is the result of effective attraction between seg- (A)
ments within a molecular chain. Thus it would be interesting [SPD(3+)]=0uM  [SPD(3+)] = 150 M
to study the “condensation” of both single and multiple R
chains with an increase in the polymer concentration, while :
maintaining the attraction between the polymer segments.
We used spermidine as a condensing agent for giant
DNA. Multivalent polyamines such as spermidine or sper-
mine are generally present in living cells, and the interaction
of polyamines with DNA has been extensively studied both
by experiment$1?14-17and simulationg®-2!

10 pM
bulk solution

[DNA] =

glass surface

Il. EXPERIMENTAL SECTION
Materials

T4 bacteriophage DNA (16&6base pairswas purchased
from Sigma Chemical$St. Louis, MO. To visualize DNA
molecules, we used a fluorescent dyé, #-diamidino-2-
phenylindole(DAPI, Wako Pure Chemical, Osaka, Japan
since it has minimal effects on the conformational dynamics
of giant DNA molecule€? 2-Mercaptoethano{2-ME) and
spermidine trihydrochloridg SPD(3+)] were purchased
from Nacalai TesquéKyoto, Japah 2-ME was used as a
free-radical scavenger to reduce fluorescent fading and light-
induced damage of DNA.

[DNA]=1uM
bulk solution

glass surface

0.1 uM
bulk solution

Fluorescence microscopic measurements

<

P4
As a host polymer solution, the desired amount of sper- = g
midine was added to Tris-HCI bufféd0 mM Tris, pH 8.0) 2
containing DAPI and 2-ME. After vortexing, T4 DNA solu- g

tion was mixed to give the final concentrations of Q.
DAPI and 4%(v/v) 2-ME. It has been confirmédhat the
persistence length and contour length of DNA remain con-
stant under such a low DAPI concentration. Fluorescence
microscopic observations were performed after 1 h of equili-
bration. Sample solution was situated between two thin glass
plates separated by approximately 1mxn using spacer
glass. Fluorescent images were observed with a Carl Zeiss
Axiovert 135 TV microscope and recorded through a
Hamamatsu SIT TV camera and an image proce&smus

10, Hamamatsu Photonics

Time Interval : 1/15 sec.

FIG. 1. (a) Fluorescence images of stained T4 DNA at various DNA con-
centrations, withoutleft) and with (right) 150 uM spermidine, SPD(3).

To measure the thickness of DNA fibers, we used arPNAs are scarcely adsorbed on the glass surface in the absence of

; ; ; ; PD . Brownian motion of a thick bundle in bulk solution

atomic force MCIOSCOPEAF) equipped wih a fuores-  370(), (0 unen T eia wichunle nbokeoon ity |
cence microscopéNBV100, Olympus Optical Co., Ltd., TOo-  fayible nature.
kyo, Japan; AFM controller and software: Nanoscope llla,
Digital Instrument, CA; FM: IX70, Olympus Thirty micro-
liters of the sample solutiofiT4 DNA: 10 uM (in base (OMCL-AC120TS-1, Olympus The free vibrating ampli-
pairsg, spermidine: 30QuM, DAPI: 0.1 uM, 2-ME: 4% (v/  tude was set at about 1.5 V and the setpoint was taken as 0.9
V), in Tris-HCI buffer [pH 8.0]) were dropped on a glass V.
cover slide and allowed to sit for 10 min to adsorb the fibers.
Excess solution on the glass plate was gently blown off withIII RESULTS
a jet of nitrogen gas, and dried under air. The glass cover ’
slide was then subjected to 10 min of sonication in ethanol, Figure Xa) shows fluorescence microscopic images of
rinsed with distilled water, and dried under air. AdsorbedT4 DNA molecules stained by the fluorescent dye DAPI. The
fibers on the glass plate were searched for by fluorescenceture of the transition under a low DNA concentration
microscope and any fibers found were observed by tappingDNA]=0.1 M in base pair units is essentially the same as
mode AFM under air using a silicon single-crystal cantileverin previous studie3-® At low DNA concentrations, indi-

AFM observation
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Concentrated DNA solution (> 10 uM)

[SPD(3+)] = 0 uM 100 pM 150 UM 200 uM

bulk solution

objective lens

| Absence | | e S [condensing agent] —> High

[SPD(3+)] = 0 M 100 pM

Diluted DNA solution (<1uM)

FIG. 2. Schematic representation of the conformational change in DNA molecules with an increase in the- RDf8entration. In dilute solution,
individual DNAs show an all-or-none folding transition with the addition of SPB{3In contrast, in concentrated solution, both single-chain compaction and
multiple-chain bundling are seen.

vidual DNA molecules undergo a large discrete transitionincreased to 20@M, all of the DNA molecules assume the
from an elongated coil state to a folded compact state with afolded compact state. Through the visual observation of in-
increase in the concentration of condensing agent. Atividual DNA molecules, we confirmed that the conforma-
[DNA]=1 uM, the nature of the structural transition is tion on the surface is essentially the same as that in the bulk
again essentially the same: the elongated and compact statsution, as is schematically represented in the lower part of
appear to coexist giSPD(3+)]=150uM. When the DNA  Fig. 2. On the other hand, at a higher DNA concentration,
concentration is increased to 1M, a thick bundle com- thick bundles are formed together with folded compact glob-
posed of multiple DNA molecules is found, under a spermi-ules. The thick bundles remain in the bulk solution, as long
dine concentration similar to that used to induce the foldingas they are shorter than a few tens gh, whereas long
transition from coiled to compact states in dilute DNA solu- bundles tend to accumulate on the glass surface. The soluble
tions. At [DNA]=10uM and [SPD(3+)]=0uxM, the nature of the short bundles, as well as the globules from
blurred faint image on the left corresponds to an elongatedingle DNA molecules, indicate a colloidal character; i.e., the
DNA, which can be recognized by visual observation of thesurfaces of the bundle and globule are highly charged.
changing image. The figure also shows images on the glass Figure 3 shows a diagram of the state as a function of the
surface, and indicates that no DNA molecules are absorbelNA concentration and SPD(3+)]. Regardless of the

on the surface in the absence of SPB(3 Figure 1b) DNA concentration, the structural transitions exhibit similar
shows Brownian motion of a thick bundle formed at a DNA
concentration of 1QuM in the presence of 15@M spermi-
dine. Under this condition, the length of the bundle is dis- G measured poit
tributed between severalm and several hundredm. The L

coil compact bundle

structure of the bundle exhibits thermal fluctuation, suggest- 0772 Z B

ing that the bundle is not so stiff but rather semiflexible. = N (] J{—~]

Thus the packing of DNA is expected to be slightly swollen. Zz 1}-£0o [ [:}
Figure 2 shows a schematic representation of the nature§

of the structural transition in T4 DNA molecules induced by = ] B

an increase in the spermidine concentration. At low DNA *'/"™*7 ]

i

concentrations, the bulk solution mostly contains elongated ¢ 700 200 300
DNA molecules when the spermidine concentration is below [SPD@E+)]/ uM

100 uM. Wh,en [SPD(3+)] is increased to 159‘M' the IG. 3. Diagram of the dissolution state as a function[64 DNA] vs
elongated coil and folded compact states coexist in the bul PD(3+)]. The concentration of spermidine needed to condense DNAs
solution and also on the glass surface. Wh8RD(3+)] is remains nearly constant regardless of the concentration of DNA.
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FIG. 5. Network structure formed from a lot of DNA molecules. A small
droplet(40 uL) of 10 uM T4 DNA solution labeled by 0..uM DAPI was
placed on a glass plate, and then equal volume of 1 mM SRD(®lution

was transferred on the plate so as to contact with the T4 DNA solution.
Fluorescence microscopic image on the glass plate, near the contact line
between the solution of DNA and SPD(3, is shown.

(b)

FIG. 4. AFM images of a DNA bundle adsorbed on a glass surf@ge.
Coexistence of a thick bundle and compacted single chains. The width and )
height of the bundle are 250 and 10 nm, respectiv@lyStructure near the ~ chains corresponds well to the observations by fluorescence

end of a thick bundle. microscopy([:ig_ 1)_
Figure 5 shows the network structure generated by mix-
ing DNA solution with a large excess of the condensing
characteristics, i.e., the elongated state is observed at a lo@@ent spermidine. When the effective attractive interaction
SPD(3+) concentrationbelow 110-130uM), a region of between DNA segments is very strong, as in this case, it is
coexistence is found up to 170-180/, and a “condensed” difficult for DNA molecules to find the optimal arrangement
state, consisting of either single-chain compaction orduring thermal agitation. Thus the DNA molecules are ki-
multiple-chain assembly, is formed at higher concentrationshetically “frozen” into a network structure, as in Fig. 5. A
A significant feature at high DNA concentrations is the for- molecular-dynamics study has shown the spontaneous for-
mation of thick bundles composed of multiple DNA mol- mation of oriented bundles in a model stiff polyelectrolyte
ecules. system through a certain kinetic procé3s.
Figure 4 shows typical AFM images measured under a
high DNA concentration, corresponding to the top bar in Fig.\y NUMERICAL SIMULATION
3. It is apparent that a thick bundle is formed from the par-
allel assembly of DNA molecules. The thick bundle is appar-  An off-lattice Monte Carlo simulation was performed to
ently 250 nm wide and 10 nm high. Since it is semiflexible compare the collapse transitions in very dilute and semidilute
or soft, as shown in Fig. (b), the thick bundle can be de- solutions of semiflexible polymer chains. We describe our
formed, so that its contact with the glass surface increases. Rplymer chain as a sequence Mf, spherical monomers of
addition, the apparent width is somewhat larger than the acdiameterd connected by elastic bonds in three-dimensional
tual size because of an artifact due to the thickness of théPace. The number of polymer chains Ng, which are
AFM tip. Based on the cross-sectional area, we calculate@laced in a cubic periodic box with a box length of #00
that each thick bundle could contain as many as 600 DNA  The bonding interaction between two successive mono-
segments, if the bundle is tightly packed with double-mers is treated as being harmonic with cutoffs,
stranded DNAs with a diameter of 2 nm. However, the rather Kpond(| —d)2, for 1 min<! <l max
large fluctuational motion of the bundle, as seen in Fig),1  Ugyndl)= (5
suggests that the packing is not so tight. Thus the actual s for 1<lmin OF 1=1a
number of DNA segments across the cross section should hehere | is the bond length. We sét,onq=20KgT, |min
somewhat less than 600. In addition, the end of the bundle-0.85, andl,,,,=1.15, respectively. Chain stiffness is in-
shows a quasispherical structure, as seen in Fig. 4. Singeoduced by the bending potential depending on the afigle
individual T4 DNA molecules have a full length of approxi- between successive bond vectors,
mately 57um?, long DNA chains are expected to bend back
on their ends, at least for bundles with lengths of sevena) Ubend ) =Koend 1~ €080)%, )
as in Fig. 1. In addition to the bundle, individual DNA mol- where we sek,.,~=60kgT, for which the persistence length
ecules in folded compact states are also observed in the upf the chain is calculated to be about 1d. The interaction
per panel in Fig. 4. This coexistence of bundle structuredetween DNA segments is modulated by the presence of
with multiple chains and a compact state with singlemultivalent cations, but it is very difficult to simulate such a
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(A) (B) lution (N,=14), we also observed a marked discontinuous
transition from a state characterized by overlapping chains
with a coiled conformatiofiFig. 6(c)] to an ordered densely
packed stat¢Fig. 6(d)] with an increase irF. In contrast to

QJ\J + 0 the very dilute solution, multiple chains form a bundle in the
semidilute solution. This is a consequence of the simple fact
that making contact with monomers in other chains does not
require bending energy. At an intermediate chain concentra-
tion (N,=4), the transition is observed arounflkgT
~0.48, indicating the generation of two different ordered
structures as collapsed products from multiple chains: bundle
and toroid. We confirmed that the latter is energetically more
stable, which corresponds to the theoretical consideration.

Thus the appearance of the bundle k=4 is attributable

to a kinetic effect, in other words, the bundle is considered as

a metastable state in this condition.

We should note the significant effect of kinetics in the
multiple-chain system, i.e., it is rather difficult to attain true
FIG. 6. Snapshots of the change in the conformation of polymer hain thermal equilibrium. In our simulation without the reptation
using a Monte Carlo simulation. Toga) A swollen coil até/kgT=0.6; (b) algorithm, we sometimes observed a condition in which

a collapsed toroidal structure &tkgT=0.63 in dilute solution Kl,=1). - . _
Bottom: (c) Swollen coils at¢/kgT=0.38; (d) a bundle structure composed bundles with some chains and other small aggregates or col

of multiple-chain assemblies &tksT=0.42 in semidilute solutomumber  1@Psed single chains coexist at some stage during the col-
of polymer chainsN,=14). lapse. If actual DNAs form such small aggregates or col-

lapsed single chains during the collapsing process
experimentally, they may behave like charged colloidal par-
realistic system composed of a semidilute long-DNA solu-ticles, which would enable such small objects and the bundle
tion with many multivalent and simple salt ions. Therefore,to coexist.
in this study, we adopted the Lennard-Jones potential to

model the effective interaction between nonbonded mono-
mers: V. DISCUSSION

d 12 d 6
BECIEIS
U _4(r)= r r

0, for r=R,

Switching of events between single
for r<R, and multiple chains

()

DNA molecules in viral capsids, bacterial nucleotides,
and nuclei of eukaryotes occupy a volume $810° times
wherer is the distance between two monomefs;ontrols as small as that when they exist free in aqueous solution.
the strength of the interaction amd= (d/R.)*>— (d/R.)® so  While living matter has an elaborate apparatus for packing
that the potential value becomes zero at the cu®ff DNA, a similar dramatic decrease in volume to a folded
=2.5d. Considering that multivalent ion-mediated attractioncompact state can be observiedvitro simply by adding
has a rather short range, while long-range Coulomb repulsiowarious kinds of chemical agents, such as polyamtfie¥,
is well screened under the usual experimental conditionsnultivalent metal cation& 28 neutral polyme?’~3! cationic
such a simplified model with a Lennard-Jones potential maypolymer3223 cationic surfactant? 26 or alcohol>’~3° Exten-
be a good tool for examining some aspects of DNA collapsesive studies on such drastic changes in DNA have been car-
as has been demonstrated previod$#?.To sample the con- ried out. Most of these past studies have dealt with “DNA
figurational space effectively, in addition to the local jumpscondensation” without any clear distinction between the
of monomers, we adapted reptation algorithm, in which oneevents involving single DNA molecules and multiple DNA
monomer is removed from a randomly selected one chaimolecules, i.e., between the folding transition of single
end and attached to the other end. chains and aggregatidpr precipitation. Under these condi-

Figure 6 shows snapshots of the conformation of poly-ions, it has been stated that “use of the term condensation is
mer(s) with the chain lengtiN,,= 150 from the simulation in  generally confined to situations in which the aggregate is of
very dilute and semidilute solutions, respectively. In veryfinite size and orderly morphology® In the literature,
dilute solution (N,=1), a chain takes a swollen coil confor- “DNA condensation” has frequently been considered a
mation [Fig. 6(@)] at small & An increase iné leads to a highly cooperative phenomenon, where the transition was
marked discontinuous transition or first-order phase transiregarded to be steep but continuous.
tion to the ordered collapsed structure. To minimize the en-  In contrast, using the experimental technique of single-
ergetic penalty associated with bending, a semiflexible chairghain observation, it has recently been established that the
such as giant DNA, wraps itself circumferentially to take atransition is all-or-none at the level of individual single giant
toroidal morphology[Fig. 6b)] in very dilute solution. DNAs*~®Figure 1 shows such a discrete transition for indi-
Larger ¢ corresponds to an experimental condition with avidual T4 DNA molecules. Thus, one of the main purposes
higher multivalent cation concentration. In the semidilute so-of this study was to clarify the distinction between the com-
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paction of single DNA and the condensation of multiple amount of condensing agent is added to the systets at

DNAs. each subsystem may be driven to equilibrium. Depending on
It is known that condensation induced by multivalentN; att=0, the equilibrium state corresponds to the dispersed

cations generally gives particles with characteristic mor-toroidal particles with a single- or multichain assembly. Let

phologies, such as a toroid and a rod. It has been reportags consider the energetic term for a toroid made from a semi-

that toroidal particles, with circumferentially wrapped DNA flexible chain with segment diametér persistence lengtk,

and rather uniform in siz€outer diameter of 60—100 nm and total contour lengti.. The geometry of the toroid is

regardless of the DNA source, were most commonly genereharacterized by its average radRsand the cross-sectional

ated with spermidiné?—*spermine!® or Co(NH;)3* (Refs.  radiusr. The volume energy is written as

26, 28 as a condensing agent, while permethylated spermi- U i~ — sd?L )

dine produced a high proportion of rotfslt has also been vol '

reported that rods, as well as fibers, were found at high ethwheree is the cohesion energy density. By denoting the sur-

anol concentration®. Since the width of these rods and fi- face tensioro=¢d and the bending modulus=kgT\, the

bers was 10—30 nm, the cross-sectional area is much smallgdrface energy and bending energy are

than that of the bundle reported in the present study. The

Usu~orR,
formation of thin rods and fibers has been attributed to the sur= @
structural transition of DNA from B to A form at a high L
alcohol concentration. Thus it may be reasonable to conclude Ubend™ KR2- ©

that the rods and fibers are quite different from the thick L o
bundle. With regard to bundle formation, a recent theoreticairhe2 optimization ofUsy,+Upeng under the constrainkr
study®® on columnar DNA assemblies suggested a variety of 9L leads to the optimum size
order phases and a bundling transition. Li2\25

It has become clear that a single semiflexible polymer R~ W)
undergoes a folding transition from an elongated coil state to
a compact state with a morphology such as a toroid or rodI hus, taking the translational freedomMgftoroidal particles
based on a systematic study of the folding transition of singldnto account, the free energy of the dispersed toroidal par-
giant DNA molecules together with theoretical analyses. Thdicles in asymptotically dilute solution is

ratio of the toroid and rod forms is determined as a function ( i)
Q

(10

of both the stiffness of the molecular chain and the effectiveF oroiq~ — £ d°LN; + (od) >k 5L3N; + N; In
attraction between DNA segmerits.

The present results indicate the spontaneous formation When the number of chains in the subsystéimin-
of a thick bundle, besides a toroid and a rod, with an increasereases, they may form a toroidal assembly or bundle. The
in the DNA concentration. It has been reported that othefree energy of the toroidal assembly and bundle with
semiflexible polymers, such as aéfirand filamentous bac- chains are

11)

teriophages fd and M1%, form bundles spontaneously. The e — e d2L N+ (od) B SN
mechanism of bundle formation in these charged semiflex- ~ °"" © i (ed) LN
ible polymers is expected to be essentially the same as that Fy,,q1& —stLNi+crdLNi1’2, (12

described here. In addition, the critical concentration Ofwhere we nealect the end effect of the bundle
SPD(3+) needed to induce a thick bundle at a high DNA 9 '

L : Analysis of the above three free-energy expressions
concentration is essentially the same as that needed to gen- ) . . :
. . . ¥“shows that single-chain collapse occurs in the very dilute
erate single DNA compaction at a low DNA concentration.

. . . ."region, whereas a bundle is formed in the rather concentrated
This may be important because the polyamine concentration

. ; ) . . . region. The toroidal assembly with multiple chains may be
is considered an intensive variable, or an environment . . . A
parametefs"” ormed at an intermediate concentration, which is in excel-

lent agreement with the simulation. There are two important
time scales in the system under consideration: the lifetime of
the metastable cotl, and the characteristic amount of time
needed for the chain to diffuse through a subsystem of size
Let us consider a polymer solution with a concentrationt,. Since it is possible to set the size of the subsystem to
below or around the overlap threshold. We divide the wholesatisfy the relationshig,<ty, the above analysis makes
system into many subsystems of voluile which is small  sense. Once single-chains collapse into the toroid, or small
but still much larger than the volume occupied by a singleassemblies are formed, it is practically impossible to achieve
chain. If we take a snapshot at some moment, the number efue equilibrium due to the large activation barrier. The
chains in theith subsystemN;, should show considerable chains do not aggregate further, but rather coexist as a result
deviation from the average due to strong spatial inhomogesf their similarity to charged colloidal particles.
neity. In addition, the diffusion coefficient of the chain is
low, especially for a long chain. Thus by neglecting the flux - .
of the chain through the boundary, we tentatively regard théNhy does the DNA bundle have a finite thickness?
subsystem as the canonical ensenttiiss corresponds to the For simplicity, we consider a bundle of radiascom-
model we adopted in the simulatipnWhen an adequate posed ofn polymer chains(e.g., Fig. 7. WhenL>a, the

Theoretical consideration of relative stability
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a single-chain and multiple-chain events by use of the experi-
mental methodology of single-chain observation. The results
are summarized as follows:

(i) Long DNA molecules undergo single-chain compac-
tion at a low DNA concentration, whereas they form a
thick bundle at high concentrations. This transition

L can be interpreted in terms of the first-order phase

transition according to the criterion of Land#u.

(i)  The critical concentrations of SPD{3 needed to in-
duce the folding transition of single DNAs are essen-
tially the same as those needed to generate a thick
bundle with multiple DNAs, indicating that this may

be an intensive variable, or an environmental param-

S~ eter of the polyamine.

FIG. 7. Schematic representation of a thick bundleand a indicate the ~ (iii) The thickness of the bundle is rather uniform. As

length and radius of a thick bundle, respectively. many as 19 segments of DNA may be situated in the
cross section of the thick bundle.

(iv) DNA molecules form network structures instead of a

electrostatic energy of a bundle, with surface charge density bundle when there is rather strong attractive interac-
ps and no charge in the volume part, is calculated per unit tion between the segments.
length as
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