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Abstract: It becomes clear that large DNA molecules exhibit discrete conformational change between the coil and 
globule states with the addition of a very small amount (with the order of 10-5 M) of cationic surfactant, 
cetyltrimethylammonium bromide (CTAB). We use fluorescence microscopy as a tool of single molecular observation 
of double-stranded T4DNA in an aqueous environment. When the concentration of CTAB is less than 9.4 x 1O-6 

M, all DNA molecules exhibit the extended coil state. Whereas, when the CTAB concentration is higher than 2.0 
x 10~5 M, only compacted DNA molecules in the globular state are observed. In the region between these two 
critical concentrations, the coil and globule states coexist in the solution. A small but apparent increase of the size 
of the DNA globule is noticed at the CTAB concentration higher than 10-3 M, due to the penetration of CTAB 
molecules into the DNA globule. To study the dynamical aspect of coil—globule transition, the process of the 
structural change from the coil into the globule state is observed under the spatial gradient of the CTAB concentration. 
The formation of aggregates from two or more globules is noticed at high concentrations of surfactant above 1.6 x 
10-4 M. Below this concentration, the globules do not coalesce into an aggregate even if they collide with each 
other. The translational diffusion constant D of DNA molecules is measured from the time series of video frames 
of the fluorescence image. The hydrodynamic gyration radius |H is evaluated from the D and the viscosity of the 
bulk aqueous solutions. The increase of the globule size at the higher CTAB concentrations above 10-3 M is confirmed 
by the increase of £H values. 

Introduction 

It is well-established1-3 that in a living cell, the information 
stored as the base sequence along the DNA chain is expressed 
as the production of a rich variety of proteins in a self-regulatory 
manner. Thus, it is expected that the interaction of DNA with 
various kinds of chemical components in a cell, such as proteins, 
lipids, and inorganic ions, is essentially important in the 
regulation of a living state. Interactions between ionic surfac
tants and polyions with the opposite charge lead to the formation 
of polymer—colloid complexes,4-8 in which the polyelectrolyte 
chain binds with surfactant molecules through Coulomb attrac
tive interaction, and the hydrophobic moieties of the surfactant 
molecules may stabilize the complexes due to the hydrophobic 
interactions in aqueous solution. The formation of polymer-
colloid complexes induces a conformational change in the 
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polymer molecules. In relation to this, the DNA in bacterial 
nucleotides and chromosomes was found to be in a highly 
condensed state in comparison with the free DNA in the 
solution.9-12 Cationic lipids are known as efficient nonviral 
reagents to transfect outer DNA into animal cells in vitro.13 

Although cationic surfactants are widely used as effective 
germicidal chemicals,14 physicochemical studies on the interac
tion of cationic surfactants with DNA seem to have been rather 
few. 

In this paper, we use fluorescence microscopy for the study 
of the conformational change of the double-stranded DNA 
molecules induced by surfactant ions. During the past decade, 
fluorescence microscopy has been applied both for the study 
of the conformational change of DNA molecules in the presence 
of synthetic hydrophilic polymers1516 and various types of 
fluorescent dyes17,18 and for the analysis of relaxation19 and tube
like motion20 of single DNA molecules. In these studies, it is 
shown that long DNA macromolecules with the sizes 
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Figure 1. (A. left) Fluorescence images of T4DNA molecules moving freely in the buffer solution under the different concentrations of CTAB. 
Existence of coil conformation of T4DNA molecules ([CTABl = 1.0 x 1O-6 M, photo (a)), globule conformation ([CTAB] = 1.6 x IO ' M. photo 
(C)). and coexistence of coil state and globule state ([CTABI = 9.4 x I0~6 M. photo (b» is shown. (B. right) Light intensity distribution on the 
photographs of (A) are shown. (Abbreviations are the same as in (A)) 

reaching several tens of micrometers (or several hundreds of 
kilobase pairs) can be visualized21-22 with fluorescence micros
copy in a quite dilute solution of DNA. Using fluorescence 
microscopy, we find in the present study that single DNA 
molecules exhibit discrete phase transition in their higher order 
structure between the elongated coil state and the compacted 
globule state by the addition of cationic surfactant, cetyltri-
methylammonium bromide (CTAB). From the video frames 
of the fluorescence images, we carry out the quantitative analysis 
on various physical values, such as the long axis length, the 
translational diffusion constant, and the hydrodynamic radius 
of gyration of DNA macromolecules. 

(21) Yanagida. M.: Hiraoka. Y.; Katsura. I. Cold Sprint- Harbor Symp. 
Qiumt. Biol. 1983.47. 177-187. 

(22) Bustamante. C. Anmi. Rev. Biophys. Biophys. Chem. 1991. 20.415— 
446. 

Results and Discussion 

Direct Observation of the Conformational Changes of 
Single DNA. Figure lA(a) shows the fluorescence images of 
T4DNA molecules, exhibiting translational and intramolecular 
Brownian motion in TBE buffer solution without surfactant. 
Here, the double-stranded DNA molecules exist in a rather 
extended conformation, i.e., coil state, as is depicted in a 
schematic manner in Figure 2. With the addition of CTAB until 
the concentration reaches 9.4 x K)"'' M, DNA molecules remain 
in the coil state and display random intramolecular fluctuation 
movement. A further increase of the CTAB concentration 
induces the collapse of individual T4DNA molecules to small 
compact particles, i.e., globules ((c) in Figure 1 A). In the region 
of intermediate CTAB concentration, the coil and globule states 
coexist as is shown in Figure 1 A(b). Figure IB shows the quasi-
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Dashed line: apparent contour length Blurring effect (a=0.3 um) 

Solid line: double-stranded helical T4DNA 
(diameter 0.002 u,m, intrinsic contour length 55 um) 

Figure 2. Schematic illustration of the fluorescent image of a double-
stranded T4DNA molecule. 

three-dimensional representation with the fluorescent light 
intensity in the vertical axis, for the same video pictures as in 
Figure IA. It is clear that individual DNA molecules show 
marked conformational transformation between the coil and 
globule states through the interaction with the surfactant 
molecules. 

In order to characterize the conformational transition of DNA 
induced by CTAB molecules in a quantitative manner, a series 
of measurements have been carried out by changing the 
surfactant concentration from 1.0 x 1O-6 to 2.5 x 10-3 M. As 
a parameter on the effective size, the long axis length L of DNA 
macromolecules (see Figure 2) has been measured directly from 
the video images. The result is summarized in Figure 3, 
showing the distribution of long axis length L values at different 
CTAB concentrations (at least 100 DNA molecules were 
measured at each concentration). This figure indicates that, 
when the concentration of CTAB is lower than 9.4 x 1O-6 M, 
the maximum of the L distribution is around 3 ,urn and the 
distribution is rather wide; i.e., DNA is in the coil state. On 
the other hand, when the CTAB concentration is more than 2.0 
x 10~5 M, the maximum becomes less than 1 /im and the 
distribution becomes narrower; i.e., DNA is in the globule state. 
Between these limits lies the intermediate case where the 
bimodality is noticed in the long axis length distribution, 
indicating the coexistence of the coil and globule states. 

Figure 4 shows the dependence of the long axis length L on 
the CTAB concentration. The shaded region corresponds to 
the bimodal distribution, and the maximums of each peak are 
given by opened circles. At the CTAB concentrations less than 
9.4 x 1O-6 M, all DNA molecules are found to be in the coil 
state, accompanied by the gradual decrease of the apparent size 
with the increase of CTAB concentration. Whereas, at the 
concentrations of surfactant higher than 2.0 x 1O-5 M, only 
globular DNA molecules are observed. In this region, the 
globular molecules tend to be excluded from the bulk aqueous 
phase and forced onto the glass surface, suggesting that the 
solvent is poor23 for DNA molecules. At CTAB concentrations 
higher than 10~3 M, a small increase in the L values is noticed. 
In this condition, DNA molecules fluctuate with Brownian 
motion in the aqueous phase, almost without adsorption on the 
glass surface. This phenomenon may be caused by the 
penetration of CTAB molecules inside the DNA globules, due 
to the attractive interaction of surfactant molecules with the 
negative charges of the DNA chain. The aggregation between 

(23) Flory, P. Principles of Polymer Chemistry; Cornell University 
Press: Ithaca, NY, 1971. 
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CTAB molecules is enhanced in the presence of DNA, which 
results in the increase of the size of a globule. 

In the coexistence region, it was found that the coil state is 
metastable and transformed spontaneously into the globule state 
within the period of several tens of minutes. The rate of the 
transformation from the coil into the globule tends to be slower, 
accompanied with the decrease of CTAB concentration within 
the coexistence region. For example, we noticed that some of 
the DNA molecules remain in the coil state for the order of a 
day at the [CTAB] = 1.0 x 10~5 M. Such an experimental 
trend indicates that the real phase transition point situates at, or 
near, the lower limit of the shaded region in Figure 4. Further 
study on the kinetics of the transformation may be important 
to obtain the full understanding of the mechanism of the phase 
transition of a single DNA chain. Nevertheless, it is clear that 
the coil molecules in the coexistence region are, thus, considered 
to be similar to the "supersaturated" or "supercooled" state. The 
fact that the coil—globule transition is observed far below the 
surfactant's critical micelle concentration (CMC) indicates that 
DNA molecules have the effect of inducing aggregation with 
the oppositely charged surfactant molecules. In relation to this, 
it has been reported5 that the reaction resulting in the formation 
of DNA-colloid complexes proceeds in a cooperative manner 
in aqueous solution of DNA and surfactant, the surfactant 
concentrations being lower than the CMC. Such a kind of 
cooperative character seems to be rather general for other 
complexes between polyelectrolyte and oppositely charged 
surfactant.24'25 

In order to confirm definitely that the individual globules are 
formed from single DNA molecules, we have tried to observe 
the dynamic process of globular formation from a coil molecule. 
To trace the conformational transition of the DNA chains upon 
interaction with the surfactant molecules, the observation was 
performed under the spatial gradient of CTAB concentration. 
The sample without surfactant was placed in the middle of a 
glass slide, and a drop of CTAB solution with a concentration 
equal to 1.0 x 10-4 M was placed on the border of the cover 
slip. The formation of a globular molecule under the diffusional 
flow of the surfactant is shown on the photographs in Figure 
5A(a—e) and Figure 5B(a—e). It is clear that a single DNA 
coil shrinks with the increase of CTAB concentration. The 
molecular mechanism on the process of the conformational 
change from coil to globule may be described as follows. In 
the first step, the positively charged head groups of surfactant 
molecules interact with negative charges of the phosphate groups 
through the attractive Coulomb interaction. Accompanied by 
the increase of CTAB concentration, surfactant molecules tend 
to be accumulated onto the anionic DNA chain. Hydrophobic 
interactions between the alkyl moieties in amphiphilic surfactant 
ions cause a cooperative effect on the accumulation of the 
surfactant molecules. The driving force for the conformational 
transition from coil to globule should be incompatibility with 
solvent;2627 that is, the interaction between the hydrophobic 
segments of DNA molecules and solvent becomes disadvanta
geous with respect to the free energy. 

It should be noted that one can observe the formation of 
multimolecular aggregates from the globules only at relatively 
high concentrations of CTAB (above 1.6 x 10~4 M), where 
the DNA macromolecules exist only in the globular state. The 

(24)Goddard, E. D. Colloids Surf. 1986, 19, 301-329. 
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Figure 3. Distribution of the long axis lengths of T4DNA molecules at various concentrations of CTAB. The number of the analyzed T4DNA 
molecules was KX) for the regions of existence of only coil and only globule states. In the coexistence region, the number of the molecules analyzed 
was 2(X). Each area of the histograms is normalized to be equal. 
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Actually, under the conditions in the present study, the prob
ability of aggregate formation is quite small because of the low 
concentration of DNA. 

Actual Size of the DNA Molecules in the Presence of 
CTAB. There remains uncertainty about the actual size of a 
globule, due to the resolution limit originated from the 
wavelength of the fluorescent light and also from the blooming 
effect on the side of the high-sensitive TV camera. Thus, we 
have tried to estimate the actual size of the DNA molecules 
from the measurement of the diffusional constant for the 
individual fluorescent obstacles. The translational diffusion 
constant D was obtained from the time t dependence of the mean 
square displacement (MSD) of the center of mass in DNA 
macromolecules. During the observation, spontaneous convec-
tive flow in the sample solution was recognized, probably due 
to the illumination effect. As the bulk flow rate was almost 
constant (at least, for the observation area), we can eliminate 
the effect of the convection from the diffusional movement, on 
the basis of following equation:28 

Figure 4. Long axis lengths of T4DNA molecules vs logarithm of 
CTAB concentration (the opened circles indicate the maximums of the 
DNA lengths' distribution). The statistical error in the distribution is 
given as the standard deviation. 

process of the aggregate formation is exemplified in Figure 6A-
(a—0 and Figure 6B(a—f). For the measurement of the long 
axis lengths and the translational diffusion constant of globules, 
we only accounted for the globules formed from a single DNA. 

((RG(t) - Rc(0))2) = 4Dt + At2 (0 

where ^c; *= (Rx.R\) and A is a numerical constant as a scale of 
the magnitude in the convective flow. From the least-square 
fitting to the second-order polynomial of / for the various time 
intervals observed, we have evaluated the actual diffusion 

(28) Matsumoto. M.; Sakaguchi. T.; Kimura. H.; Doi. M.; Minagavva. 
K.; Matsuzawa. Y.; Yoshikawa. K. J. Polym. ScL. Pari B: Polxm. Phys. 
1992. 30, 779-783. 
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Figure 5. (A, left) Process of globule formation from the coil state of T4DNA in buffer solution under the concentration gradient of the surfactant. The concentration of CTAB placed on the border of the cover 
slip was 1.0 x 1O-4 M. The time interval between the states shown at photos (a) and (e) is 3 s. (B, right) Light intensity distributions on the photographs of the globule formation from the coil state of T4DNA 
in buffer solution under the concentration gradient of CTAB are shown (abbreviations are the same as in (A)). 
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Figure 6. (A. left) Process of the formation of an aggregate between T4DNA globules observed at the CTAB concentration equal to 6.3 x K) ' M. The time interval between the states shown at photos (a) and 
(I") is 6 s. (B. right) Light intensity distributions on the photographs of (A) are shown. 
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Table 1. The Viscosity ?7s of the DNA Solutions, the Translational 
Diffusion Constant D, the Hydrodynamic Gyration Ratius | H , and 
the Long Axis Length L of T4DNA Macromolecules at Various 
Concentrations of CTAB 

G{n) 3R2 

c(CTAB), [M. 
rjs, mPa s° 
D, fim2/sb 

£H, ^m* 
L, /xmc 

2.0 
1.098 
0.19 
1.03 
3.50 

3.2 
1.099 
0.22 
0.89 
3.10 

160 
1.103 
1.11 
0.18 
0.73 

630 
1.112 
0.87 
0.21 
0.70 

1400 
1.120 
0.64 
0.30 
0.94 

2500 
1.124 
0.54 
0.36 
1.07 

" The experimental error is less than ±2%. b The experimental error 
of the mean D values is estimated to be in the order of ±10%. 
Accordingly, the estimated error of £H is in the order of ± 1 0 % . c The 
blurring effect of the order 0.3—0.4 ^m is not eliminated in these values. 

constant D. The hydrodynamic gyration radius |H was calcu
lated from D on the basis of the Stokes—Einstein relation 
according to the Zimm model as follows:29'30 

£H = 6mjsD (2) 

where &B is the Boltzmann constant and rjs is the viscosity of 
the solvent. 

The experimental data are summarized in Table 1. The 
hydrodynamic radius £H for the coil state is found to be in good 
correspondence with the previously reported data.28,31,32 Thus, 
we have confirmed that §H changes abruptly by about 5 times 
in magnitude through the coil—globule phase transition; see £H 
= 0.89 ^m at c = 3.2 ^M and § = 0.18 /um at c = 160 /xM 
(Table 1). The change in magnitude of the long axis length L 
before and after transition is also 4 or 5 times. However, such 
an excellent correspondence of the change obtained by the 
different experimental measures seems to be somewhat ac
cidental. The apparent value of L is larger than the actual value 
by the order of 0.3—0.4 [im due to the blurring effect of the 
fluorescent image. On the other hand, as the spatial density in 
the coil state is quite low, §H should be somewhat smaller than 
the actual extent of the coil. This is because eq 2 holds only 
for nearly spherical particles with relatively high density. In 
addition to this, it is noted that L should be larger than |H in 
general. Nonetheless, it is obvious that large DNA exhibits 
discrete phase transition, although further study is necessary in 
order to evaluate precisely the real change in the size. The 
increase of the size of the globule at high (more than 10~3 M) 
concentrations of CTAB is also recognized again from the 
measurement of the diffusion constant. Thus, the general trend 
on the change of the conformation dependent on CTAB 
concentration observed from the shape in the fluorescent 
microscopy has been reproduced from the measurement of the 
diffusion constant for the individual molecules. 

Peculiarity of Coil-Globule Transition in Large DNA. 
Let us make a brief theoretical explanation on the single 
molecular phase transition between the coil and globule states. 
According to the standard treatment in the statistical physics of 
linear polymers,3334 the free energy is given in virial expansion: 

(29) Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics; 
Clarendon: Oxford, 1986. 

(30) Oono, Y.; Kohmoto, M. J. Chem. Phys. 1983, 78, 520-528. 
(31)Minagawa, K.; Matsuzawa, Y.; Yoshikawa, K.; Matsumoto, M.; 

Doi, M. FEBS Lett. 1991, 295, 65-67. 
(32) Allison, S. A.; Herr, J. C ; Schurr, J. M. Biopolymers 1981, 20. 

469-488. 
(33) de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cornell 

University Press: Ithaca, NY, 1979. 
(34) Grosberg, A. Yu.; Khokhlov, A. R. Statistical Physics of Macro-

molecules; American Institute of Physics Press: New York, 1994. 

W MX' 
+ NBn + Ncn2 + o(n3) (3) 

where G(n) is the free energy of a polymer molecule, N is the 
number of links, R is the maximum length between links in the 
same molecule, A is the persistent length of the polymer, and n 
is the density of links per unit volume. B and C are the second 
and third virial coefficients, respectively. 

When B > 0, the linear polymer exists in a random coil state, 
due to the repulsive interaction between the links with respect 
to the free energy. In this case, neglecting the third term, from 
the condition of dG/dR = 0, we expect the following scaling 
law, with the approximation that n Rs N/R3: 

scoil •N 
.3/5 (4) 

When B < 0, the third term becomes important in eq 3, due 
to the attractive interaction between the links. Then, by 
neglecting the first term in eq 3, we expect the following scaling 
law: 

'glob • N' 
1/3 (5) 

According to the above scaling law, the difference in size 
between the coil and globule becomes larger with the increase 
of N. When N becomes large enough, discrete phase transition 
may be expected. Thus, not only large DNA but also usual 
synthetic or natural polymers with enough chain lengths may 
exhibit discrete phase transition between the coil and globule. 
For example, it is quite possible that the steep but continuos 
change in the size of polyacrylamide,35 observed with the 
technique of light scattering, may reflect the intrinsic nature of 
the discrete coil—globule transition. Studies with the single 
molecular observation on various linear polymers are awaited 
to make clear the possibility of the discrete phase transition. 

Our research is performed with the large T4DNA macro-
molecules with relatively large N value. The contour length Lc 

of the single T4DNA macromolecule is known to be about 55 
^m.17 The persistent length A of a T4DNA molecule, which 
was measured at the mole ratio of fluorescent dye, 4',6-
diamidino-2-phenylindole (DAPI), and T4DNA equal to 1:1 (see 
Experimental Section), is found to be 0.079 ,Mm36 with the 
assumption of Gaussian chain. Thus, the number of Kuhn seg
ments Afc of the T4DNA macromolecule34 in our conditions is 

^ = ^ « 3 5 0 (6) 

For such a giant DNA molecule, we can expect a significant 
difference between the size of the coil and globule states. In 
fact, as is seen in the Table 1, the ratio between the hydrody
namic gyration radii of DNA molecules in the coil (2.0 x 1O-6 

and 3.2 x IO"6 M of CTAB) and globule (1.6 x 10~4 and 6.3 
x 10"4 M of CTAB) states lies between 4.2 and 5.7. It is 
necessary to mention that our above theoretical consideration 
is rather prenminary, because it doesn't touch upon, for example, 
the conclusions of renormalization theory33 or polyelectrolyte 
effect.37 Further study on the details of the coil—globule 
transition of a single DNA molecule is awaited, together with 

(35) Nishio, I.; Sun, S.-T.; Swislow, G.; Tanaka, T. Nature 1979, 281, 
208-209. 

(36) Matsuzawa, Y.; Minagawa, K.; Yoshikawa, K.; Matsumoto, M.; 
Doi, M. Nucleic Acids Symp. Ser. 1991, 25, 131-132. 

(37) Vasilevskaya, V. V.; Khokhlov, A. R.; Matsuzawa, Y.; Yoshikawa, 
K. /. Chem. Phys., in press. 
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Figure 7. Schematic diagram of the experimental apparatus. 
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the measurement of the binding number of the surfactant 
molecules onto a single DNA. 

It is known that several chemicals, including cationic 
surfactant,38-40 can be used to purify DNA molecules through 
the process of collapse, or precipitation. It is also noted that 
reagents such as PEG, 4 1 - 4 3 CTAB,4 4 and hexamine cobalt15 

modulate the reaction kinetics of renaturation and ligation of 
DNA. However, the past knowledge on the higher order 
structure of collapsed DNA has been insufficient, espesially for 
the problem whether single molecular compaction or multimo-
lecular aggregation occurs. In this paper, we have shown that 
a single large DNA in aqueous solution can form a globular 
structure without the aggregation between DNA molecules. This 
conclusion may be useful for biochemists and molecular 
biologists to shed light on the mechanism of DNA collapse. 

Conclusion 

In summary, we have found that individual DNA molecules 
exhibit a discrete transition between the coil and globule states 
by binding with cationic surfactant. It becomes clear that 
fluorescence microscopy is quite useful for studying the 
conformational change in the higher order structure of a single 
DNA in an aqueous environment. 

Experimental Section 

Materials and Methods. T4DNA. 166 kilobase pairs (contour 
length 55 mn),17 was purchased from Nippon Gene. Monodispersity 
of T4DNA was checked by gel electrophoresis in 0.5 x TBE buffer. 
The absence of fragmented DNA was also confirmed from the 
observation with fluorescence microscopy. Concentration of T4DNA 
was determined spectrophotometrically: the molar extinction coefficient 
for DNA bases was 66(X) M"1 cm"1 at 260 nm. The ratio of the 
absorbancy of T4DNA stock solution at 260 nm to that at 280 nm was 
1.8. Cationic surfactant, cetyltrimethylammonium bromide (CTAB), 
was purchased from Wako Pure Chemical Industries Ltd. and 
recrystalli/.ed twice from acetone. Fluorescent dye, 4'.6-diamidino-2-
phenylindole (DAPI). and antioxidant, 2-mercaptoethanol (ME), were 
purchased from Wako Pure Chemical Industries Ltd. and were used 
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without further purification. ME, a free radical scavenger, was used 
to reduce fluorescence fading and light-induced damage of DNA 
molecules. 

The observation of DNA with fluorescence microscopy has been 
carried out with experimental conditions similar to those previously 
reported.21 " l | The experimental system is schematically shown in 
Figure 7. The samples were illuminated with 365 nm UV light. 
Fluorescence images of DNA molecules were observed by use of a 
Zeiss Axiovert 135 TV microscope equipped with a KX)* oil-immersed 
objective lens and were recorded on videotapes with the sampling rate 
of 30 frames/s through the high-sensitive Hamamatsu SIT TV camera. 
The observations were carried out at room temperature, ca. 20 °C. The 
apparent length of the long axis L. which was defined as the longest 
distance in the outline of the DNA image, was evaluated with an image 
processor, Argus 10 (Hamamatsu Photonics), for the individual video 
frames. 

The viscosity was measured by TOKIMEC Visconic ELD viscometer 
at 20.0 ± 0.1 0C. The viscometer was calibrated with JS 2.5 calibration 
liquid (Showa Shell Co.. Ltd.. Tokyo). The temperature was kept 
constant using a water jacket connected to the thermostating system 
NESLAB Exacal EX200/NESLAB Endocal 350. No apparent non-
Newtonian behavior was recognized within the conditions of our 
measurement. 

Fluorescence spectra were measured on a SHIMADZU UV-2200 
recording Spectrophotometer. 

Sample Preparation. The sample solutions were prepared according 
to the following procedure. DNA molecules were diluted with 0.5 x 
TBE buffer solution (45 mM Tris, 45 mM borate. ImM EDTA) 
containing 4% (v/v) ME and fluorescent dye. The DNA solution, 
containing DAPI and ME. was mixed with the surfactant solution in a 
gentle manner and then was kept for 15 min before the observation. 
The final concentrations were as follows: DNA in nucleotide. 0.6//M 
and DAPI, 0.6 //M. The concentrations were kept constant throughout 
the experiment. In this condition, the binding number of DAPI per 
one base pair is estimated to be equal to 0.05.1X and the persistent length 
is expected to remain nearly the same as in the absence of DAPI."' 

Microscope Glasses. Special care was taken to clean the glass 
microscope slides and cover slips thoroughly before the observations. 
They were soaked in hydrogen peroxide for more than 1 h, washed 
repeatedly with distilled water, and then immersed in ethanol for 1 h. 
Finally, they were dried at 35 0C for 30 min. 
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