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Large Discrete Transition in a Single DNA Molecule Appears Continuous in the Ensemble
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We observed giant double-stranded DNA chains by fluorescence microscopy in an aqueous
environment. We found that the coil-globule transition of T4DNA, 166kbp, induced by spermidine is
markedly discrete for individual chains, and continuous for their ensemble average. Simple theoretical
consideration is given taking account of the hierarchy of the system. It is suggested that the unique
characteristics of the transition for long DNA has a general significance for the coil-globule transition
in other biological and synthetic “stiff polymers.”

PACS numbers: 87.15.By, 64.70.–p, 36.20.Ey
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It is well known that polymer chains exhibit trans
tion between the states of elongated coil and compa
globule depending on the characteristic of the solve
i.e., temperature, salt concentration, dielectric const
etc. According to theoretical considerations in previo
reports, this transition can be discrete for stiff polyme
and also for polyelectrolytes, i.e., first-order phase tran
tion [1–3]. However, previous experimental studies ha
indicated that the transition is always continuous [4–
To shed light on this discrepancy, we have performed
observation on the structural transition of single dup
DNA chains by use of fluorescence microscopy. In t
present study, we have chosen spermidine, a trivalen
ganic cation, as the condensation agent [9]. Figure 1
shows the fluorescence images to T4DNA molecules
the coil (left) and globule (right) states. Coiled DNA wa
observed in10mM tris buffer solution, and globular DNA
was seen in180mM spermidine solution. Figure 1(b
shows the spatial distribution of the fluorescence light
tensity for the coil and globule DNA’s. Figure 1(c) show
a schematic representation of the relationship between
fluorescence image and the microscopic structure of
DNA chain. As depicted, a blurring effect occurs on t
order of0.3 mm, based on the resolution limit due to th
wavelength of the observation light and to the techni
characteristics of the SIT camera [3,10–12]. Based
measurements of the diffusion constant for the individ
fluorescent obstacles, the gyration radii of coil and glo
ule were estimated to be 1.6 and0.2 mm, respectively, us-
ing the corrections proposed by Oono and Kohmoto [1
This implies that the effective volume changes ca. 5
fold with the coil-globule transition.

To characterize the structural transition of DNA i
duced by spermidine in a quantitative manner, a se
of measurements was carried out by changing the spe
dine concentration. As a measure of the effective s
the long-axis lengthL of DNA chains [Fig. 1(c)] was
evaluated directly from the video images. The resu
are summarized in Fig. 2(a), which shows two maxim
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with spermidine concentrations of140mM and 160mM.
In the actual observation, we can clearly distinguish b
tween coil and globule states [3], because the glob

FIG. 1. (a) Fluorescence microscopic images of T4DNA wi
coil and globule states. The observation was performed
the conditions similar to the previous studies [3,10–12,1
Briefly, we usedtris buffer solution (10mM tris, lmM NaCl, at
pH 5.2), with 0.1mM, 40, 6-diamidino-2-phenylindole (DAPI),
and 4% (v/v) 2-mercaptoethanol. Under this condition, t
binding number of DAPI per one base pair is estimated to
0.05, and the persistence length is expected to remain ne
the same as in the absence of DAPI [15]. We used a Nik
microscope, TMD-EF2, equipped with a1003 oil immersed
objective lens. (b) Spatial distribution of the fluorescence lig
intensity (a). Because of the high density of DNA segmen
in the globule state, the fluorescence intensity is rather str
for the globular obstacle. (c) Schematic representation
the relationship between the conformation of the actual DN
chain and the corresponding fluorescence image. Becaus
the blurring effectsa ø 0.3 mmd [4,10–12], the fluorescence
image is larger than the actual size of the DNA chain.
© 1996 The American Physical Society 3029
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does not exhibit any visible conformational fluctuatio
whereas the coil exhibits intramolecular Brownian m
tion. In Fig. 2(b), the solid circles show the maximu
values of the long-axis lengthL. The shaded region in th
figure corresponds to the bimodality in the distributio
The open squares indicate the mean value ofL in the dis-
tribution, and the broken line corresponds to the transit
profile of the ensemble average among the DNA cha
These results clearly show thatthe transition between the
coil and globule states is discrete for individual DN
chains, in the sense that each macromolecule assume
ther the coil or globule state. On the other hand, t
transition behavior of the ensemble average of the D
chains is sigmoidal, which is typical for a cooperative a
continuous transition.To the best of our knowledge, a
of the previous experimental studies have indicated
the coil-globule transition is steep but continuous for bo

FIG. 2. (a) Histogram on the distribution of the long-ax
lengths of T4DNA molecules at various concentrations
spermidine, [spd]. The number of the analyzed T4DNA
was ca. 100 fDNAg ­ 0.10mM in the unit of base pair
concentration. Each area of the histogram is normalized
be equal. (b) Long-axis lengths of T4DNA molecules vs t
concentration of spermidine. The solid circles indicate
maxima for the coil and globule, respectively, in the DN
lengths’ distribution. The statistical error in the distributio
is given as the standard deviation. The broken line repres
the transition curve for the ensemble average of the long-
lengths. The actual length in the globule is evaluated to
ca. 0.4mM from the measurement of the diffusion constant.
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natural and synthetic polymers [4–8]. On the contrar
theoretical studies [1–3] have predicted a discrete tran
tion for chains that are sufficiently stiff. The result in th
present study indicates that single polymer chains, such
DNA and other stiff polymers, may exhibit a first-orde
phase transition, even when the transition appears con
uous in the ensemble. This experimental result can be
plained on the basis of the modern theory of coil-globu
transitions [1–3]. Let us consider a polymer chain whic
containsN monomer links with persistence lengthl and
width d. The free energyF can be written as

F
T

­
3
2

µ
1

a2
1 a2

∂
1

BN1y2

a3l3
1

C
a6l6

, (1)

where the first two terms describe the elastic free ener
and the third and fourth terms are the free energy
interaction. B and C are the second and third viria
coefficients for the interaction of the monomer links
The dependence of the equilibrium swelling coefficie
a of the polymer chain on the solvent can be found b
minimizing free energyF over a. As a result, we obtain
the following equation:

a5 2 a 2
2y
a3 ­ x

d
l

. (2)

FIG. 3. (a) Size distribution for the ensemble of a sti
polymer, y ­ 1023, depending on the solvent quality. (b
Unique transition characteristics for the stiff polymer. For
single chain, bistable property is represented by the Z-sha
solid line. For the ensemble of the chains, the transition loo
like a continuous transition as is given by the broken line.
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The parameterx characterizes the solvent quality,x ­
BN1y2yl2d. The parametery ­ Cyl6 depends on the
chain flexibility: the stiffer the macromolecule, the lowe
the value of parametery. In Fig. 3(b) we plot typical
theoretical dependencies of the swelling coefficienta of
macromolecules undergoing the coil-globule transition
a function of parameterx, which represents the quality
of the solvent. For chains that are sufficiently sti
slyd ¿ 1d, the coil and globule states coexist in
region with finite parameter widthsx1 . x . x2d. For an
infinitely long chain, the transition width should be ver
narrow. However, actual polymer chains, both natural a
synthetic, always have a finite length. As a result, the s
distribution functionpsad of macromolecules become
bimodal [Fig. 3(a)]:

psad ­ a2 expf2DFsadyT g yZ
a2 expf2DFsadyT g da. (3)

On the other hand, if DNA collapse is observed b
the usual experimental methods, such as light scatter
and sedimentation, only the characteristics regarding
ensemble average are observed (see, e.g., Refs. [4
and [3,10–12]). The mean swelling coefficientkal is
determined as follows:

kal ­
Z `

0
apsad da. (4)

In such cases, the broken curve in Fig. 3(b) is observ
which is consistent with the experimental results wi
DNA [Fig. 2(b)]. Thus, although stiff chains should
show a discrete first-order conformation transition (
manifested by the bimodal size distribution), the resu
which are actually observed by standard experimen
methods appear as continuous sigmoidal curves w
a characteristic width,1yN (cf. Refs. [4–8]). In the
present Letter, we have provided definite evidence of t
first-order transition for a long DNA molecule. Sinc
the above theoretical consideration is rather general, t
s

d
e

g
e
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unique characteristic of polymer chains should also ap
for other natural and synthetic “stiff polymers.”
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