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ATP/ADP switches the higher-order structure of DNA in the presence of
spermidine
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Abstract In the living cellular environment, DNAs exist in a
compact state in the presence of a polyamine, such as spermidine.
We found that the hydrolysis of ATP into ADP induces the
folding of elongated DNAs, by the single-chain observation of
individual T4 DNA molecules. This result is discussed in relation
to the possible role of ATP as a regulatory factor in genetic
activity, in addition to its well-established role as an energy
source.
© 1999 Federation of European Biochemical Societies.
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1. Introduction

Modern biology has established that DNA is the key com-
pound in genetics while ATP is the key compound in ener-
getics. There is considerable evidence that genetic activity, i.e.
replication, recombination and gene expression, is closely as-
sociated with the energy state of the cell. ATP supplies energy
for most biological processes, including duplication and tran-
scription. In DNA viruses, it has been shown that ATP is
necessary for the packing of DNA chains into the head of
bacteriophages [1]. In cell division during the process from
interphase to mitosis, ATP is found to induce marked mor-
phological change in chromosome DNAs from a diffuse state
into a compact form [2,3]. It has also been reported that the
rate of protein synthesis strongly depends on the ATP (and
GTP) concentration and that the concentration of ATP reg-
ulates DNA transcription [4,5]. These studies have indicated
that ATP participates in the regulatory mechanism through its
function as an energy source. On the other hand, ATP is also
a multivalent anion in the cytoplasmic environment. Thus, it
is possible that ATP may not only act as an energy source,
but may also change the chemical environment in the intra-
cellular or intranuclear space.

In living cells, DNA is often found in a very compact state.
As models for the compaction of DNAs, there have been
many studies on DNA condensation induced by polyamines
such as spermidine and spermine [6-8], neutral polymers [9],
and metal cations such as Co** [10]. However, the term con-
densation seems to have been mainly applied to the aggrega-
tion or precipitation of multiple DNA molecules [11]. Re-
cently, using the method of single-chain observation by
fluorescence microscopy, it has become clear that the folding
transition from the elongated to the compact state is a switch-
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ing event, or first-order phase transition, at the level of indi-
vidual DNA molecules [12-14]. On the other hand, for the
ensemble of DNA molecules, the transition seems sharp but
not discrete; i.e. there is no switching of the physico-chemical
properties in the DNA ensemble. In the present study, we
observed the change in the conformation of individual DNA
molecules at different concentrations of ATP and ADP in the
presence of a fixed concentration of spermidine, indicating
that ATP/ADP causes a marked change in the higher-order
structure of DNA.

2. Materials and methods

2.1. Materials

Bacteriophage T4 dC DNA (166 kbp) was purchased from Takara
Shuzo Co., Ltd. (Kyoto, Japan). The fluorescent dye 4’,6-diamidino-
2-phenylindole (DAPI), sodium dihydrogenphosphate, magnesium
chloride, and glucose were obtained from Wako Pure Chemical In-
dustries, Ltd. (Osaka, Japan). Spermidine trihydrochloride (SPD) and
2-mercaptoethanol (2-ME) were obtained from Nacalai Tesque, Inc.
(Kyoto, Japan). Disodium salt of adenosine-5'-triphosphate (ATP),
disodium salt of adenosine-5’-diphosphate (ADP), and hexokinase
were purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan).

2.2. Preparation of DNA solution

T4 DNA was dissolved in TE buffer solution (10 mM Tris, 1 mM
EDTA, pH 7.3). To avoid the intermolecular aggregation of DNA
molecules induced by the addition of spermidine, we prepared a dilute
solution: the final DNA concentration was taken to be 0.1 uM in
nucleotide units. To visualize individual DNA molecules by fluores-
cence microscopy, DNA was stained with 0.1 uM DAPI. For the
sample solution, 4% (v/v) 2-ME was added to prevent fading of the
fluorescent dye during the observation. It has been previously con-
firmed that the persistence and contour lengths of DNA remain es-
sentially constant at the concentration of DAPI used in the present
study [15].

2.3. Fluorescence microscopic measurement

Fluorescence images of DNA molecules were observed at room
temperature, using a Carl Zeiss Axiovert 135 TV microscope equipped
with a 100X oil-immersed objective lens. They were recorded on
videotape through a high-sensitivity Hamamatsu SIT TV camera.
The video images were analyzed with an image processor (Argus,
Hamamatsu Photonics). To characterize the size of DNA, we meas-
ured the long-axis length, L, which was defined as the longest distance
in the outline of the DNA image. Due to the blurring effect of fluo-
rescent light, the apparent size L in a DNA image is about 0.3 um
larger than the actual DNA coil [12].

3. Results

Fig. 1 (left) shows fluorescence images of T4 DNA mole-
cules in (A) the fully unfolded state, (B) the partially folded
state, and (C) the fully folded state; where (A) is in pH 7.3
buffer solution with 10 mM Tris, | mM EDTA, 0.1 uM DAPI
and 4% (v/v) 2-ME, (B) is in buffer solution after the hydrol-
ysis of ATP by hexokinase, and (C) is in buffer solution with

0014-5793/99/%20.00 © 1999 Federation of European Biochemical Societies. All rights reserved.

PII: S0014-5793(99)01368-X



334

ot

N. Makita, K. Yoshikawal FEBS Letters 460 (1999) 333-337

Jouble-etrand
DA choin

Lz -axia
lenzth

blierring
Tl

lanyg axis lerelh

o

hilvirringe &ilect

Fig. 1. Images of single T4 DNAs in (A) the elongated coil state in TE buffer, (B) the partially folded state after the hydrolysis of ATP in the
medium with hexokinase (see Fig. 5), and (C) the fully folded compact state in TE buffer containing 0.55 mM spermidine (see Fig. 2). Left:
Fluorescence microscopic image of T4 DNA. The fully stretched length, or contour length, of T4 DNA is 57 um. Middle: Fluorescence light
intensity distributions for the images on the left. The integrated fluorescence intensity was essentially the same for DNAs with different mor-
phologies. Right: Schematic representation of fluorescence images and the corresponding conformations in single double-stranded T4 DNA
molecules. The apparent size in the fluorescence image is larger than the actual size by about 0.3 pm due to the blurring effect.

0.55 mM spermidine. As shown in the middle column of Fig.
1, the spatial intensity distribution of fluorescence is markedly
different between the elongated state (A) and the folded com-
pact state (C). In the actual measurement, we observed large
thermal fluctuations in the conformation in the unfolded state.
In contrast, for fully folded DNA molecules, significant trans-
lational motion, as in Brownian motion, was observed with no
apparent intrachain fluctuation. Based on quantitative meas-
urements of Brownian motion by fluorescence microscopy, it
has been previously shown that the hydrodynamic radius in
the fully folded state is 0.063£0.014 um, while that in the
unfolded state is 0.62£0.17 um [16]. Thus, the effective vol-
ume in the folded state is 1/1000-1/10000 of that in the un-
folded state. With the current studies on the folded state of
DNAs, we have already confirmed that toroidal structures
with a diameter of 88+ 16 nm (0.6 mM spermidine) are gen-
erated as the typical morphology under essentially the same
conditions as in the fluorescence microscopy measurement
[16]. With careful observation, partially folded DNA can be

identified, as shown in Fig. 1B. Based on successive observa-
tion of partially folded chains, it has become clear that the
partially folded state, where folded and unfolded regions co-
exist in a single DNA molecule, persists throughout the period
for the practical observation of individual molecules, i.e. the
partially folded conformation appears to be a thermal equi-
librium state or at least a metastable state. When we analyze
the conformation of the individual DNA chains by measuring
the long-axis length L, the partially folded conformation is
classified as an elongated chain, as shown in the histograms
in Figs. 2 and 3.

In the present study, we examined the effect of ATP on
compact DNA chains in a model intracellular or intraviral
environment, using spermidine. Spermidine is a polyamine
that is found throughout the cytoplasm in both prokaryotic
and eukaryotic cells [17]. It has been previously reported that
spermidine causes a discrete change in the conformation of
individual giant DNAs from an elongated state into a com-
pact state [13]. Since the effect of spermidine on the higher-
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Fig. 2. Histogram of the long-axis length, L, of T4 DNA molecules
at various concentrations of spermidine. The area of each histogram
is normalized to be equal, where at least 50 molecules were counted
at each concentration of spermidine. The open and closed columns
correspond to the elongated state with the fully unfolded and parti-
ally folded conformation (see Fig. 1A,B), and the tightly folded
state (see Fig. 1C).

order structure of DNAs is markedly dependent on the ionic
environment of the solution, we re-examined the effect of
spermidine on the conformation of T4 DNA in the buffer
solution used in the present study (Fig. 2). Based on this
result, we used a spermidine concentration of 0.55 mM in
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Fig. 3. Change in the size of T4 DNAs depending on the concentra-
tion of (A) ATP and (B) ADP and inorganic phosphate, Pi, in the
presence of 0.55 mM spermidine. At least 50 DNAs were counted
for each distribution. In B, the concentrations of ADP and Pi are
the same. The open and closed columns correspond to the elongated
state with the full unfolded and partially folded conformations, and
the tightly folded state, respectively.
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Fig. 4. Long-axis length, L, of T4 DNA molecules vs. the concen-
tration of (A) ATP and (B) ADP and Pi, where in the latter the
concentrations of ADP and Pi are the same. The open and closed
circles indicate the mean value of L in the elongated (fully unfolded
and partially unfolded) and folded state, respectively. The vertical
bars show the standard deviation. The shaded area shows the region
where the elongated and folded states coexist. The transition is al-
most all-or-none at the level of individual DNA molecules.

the following experiments to examine the effect of ATP/
ADP on the DNA conformation.

Fig. 3 shows the change in the length distribution of T4
DNAs at different concentrations of either (A) ATP or (B)
ADP and Pi, where [ADP]=[Pi], in the presence of a fixed
concentration of spermidine (0.55 mM). A bimodal distribu-
tion is noted at intermediate concentrations of ATP and ADP,
where the intermediate region is found at lower concentra-
tions of ATP. Fig. 4 shows the average values of the long-
axis length distribution together with the standard deviation
of the individual peaks. Fig. 4 indicates that the region of the
coexistence of the elongated and folded states appears at an
ATP concentration much lower than that of ADP. Thus, Fig.
4 suggests that when [ATP] is between 0.25 and 0.40 mM,
DNAs exhibit an elongated conformation, and that when
ATP is completely hydrolyzed into ADP and Pi by an enzy-
matic reaction, DNAs fold to a compact state. To better ex-
amine this possible effect of ATP hydrolysis, we measured the
change in the conformation of T4 DNA in a medium of 0.40
mM ATP with 1.0 U/ml hexokinase and 22 mM glucose. The
results (Fig. 5) indicate that ATP hydrolysis strongly affects
the conformation of DNA molecules. We confirmed that 85%
of ATP is hydrolyzed under the conditions in Fig. 5Ab, based
on measurement of the absorbance at 340 nm as NADPH,
using a two-step coupled reaction [18]. In this experiment, we
did not try to identify the conditions that would yield the
most significant change in the DNA conformation. Instead,
we tentatively selected the experimental conditions based on
the data in Fig. 4. Although the percentage of perfectly folded
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Fig. 5. Change in the distribution of the long-axis length, L, with
the conversion of ATP into ADP by hexokinase. A: a: Distribution
of L for 0.1 um T4 DNA solution with 0.35 mM spermidine,
0.4 mM ATP, 22 mM glucose, and 0.2 mM MgCl,. b: Distribution
of L after incubation for 30 min at 37°C after the addition of hexo-
kinase (final concentration is 1.0 U/ml) for the solution in a).
B: Ratio of unfolded (see Fig. 1A), partially unfolded (Fig. 1B) and
folded (Fig. 1C) DNA molecules, before and after the hydrolysis of
ATP.

DNAs did not significantly increase in this experiment, that of
completely unfolded DNAs markedly decreased, and there-
fore the percentage of partially folded DNAs increased.
Thus, it is clear that the ATP/ADP ratio can affect the switch-
ing of the higher-order structure of DNAs.

4. Discussion

It has recently been established that individual giant DNA
chains exhibit a large discrete transition, or switching, be-
tween an elongated unfolded state and a compact folded state,
depending on the concentration of various kinds of conden-
sation agents, such as polyamines, polyvalent metal cations,
hydrophilic neutral polymers, alcohols, and surfactants [12—
14,19]. In the present study, we found that the ATP/ADP
ratio affects the switching of the higher-order structure of
DNA. We noted a marked increase in the fraction of partially
folded DNA with the progression of hydrolysis. Based on a
theoretical consideration of the correlation length in the dis-
crete transition of string molecules, the coexistence of the
partially folded conformation together with the remaining
folded part along a single macromolecule is expected in the
case of a double minimum free energy profile with a relatively
low energy barrier for relatively long DNA chains [20]. Thus,
from a thermodynamic point of view, both the all-or-none
change in the conformation of individual molecules and the
coexistence of compact and elongated parts in a chain mole-
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cule can be explained by considering a system with a double
minimum free energy. When we denote the relative statistical
weight of the unfolded and folded states as u and f (u+f=1),
respectively, the difference in free energy between the two
states is given as

AG = kT In (f /u) (1)

It has been previously shown [13] that the folding transition
of giant DNA induced by a polyvalent cation is mostly driven
through the process of ion exchange between monovalent and
polyvalent cations, as the counter-ions for the negatively
charged phosphate groups along double-stranded DNA.
Thus, the relative stability of the unfolded and folded states
is mostly dependent on the chemical potential of the free
polyvalent cation, which is spermidine in the present study.
Thus, as a first approximation [21-23], the relative fraction of
the DNA conformations can be expressed as

In (f/u) = o In [Sper]s + B (2)

where [Sper]; is the concentration of free spermidine in the
solution, and o and P are parameters. o reflects the physico-
chemical significance of the degree of ion exchange in counter-
ion-condensed DNA. Since ATP and ADP are multivalent
anions and spermidine is a multivalent cation, one can expect
binding equilibria in a bulk aqueous solution,

(Sper); + (ATP); & (Sper—ATP), 3)
(Sper); + (ADP); & (Sper—ADP); @)

where the suffixes f and b denote the free and bound states. K
and K, are the apparent binding equilibrium constants. It is
reasonable to suppose that K is much larger than K,, and we
can speculate on the plausible effect of ATP/ADP on the
switching of the higher-order structure of DNA molecules.
Before the hydrolysis of ATP, as in Fig. 5Aa, since a signifi-
cant amount of spermidine is bound to ATP, the concentra-
tion of free spermidine is not enough to fold DNA chains.
Thus, ATP behaves as an antagonist to spermidine with re-
gard to its effect on the folding of DNA molecules. As the
hydrolysis of ATP progresses, the concentration of free sper-
midine in the bulk solution gradually increases. This increase
in free spermidine causes the folding of DNA chains.

In conclusion, we have found that ATP/ADP can contrib-
ute to the folding transition of DNA chains, through ‘cross-
talk’ with spermidine. Since spermidine and related poly-
amines are generally found in the cytoplasmic environment,
the present results suggest that gene expression may be regu-
lated by the energy state in the cytoplasmic fluid. Further
experiments are needed to verify this working hypothesis.
Although the present experiment examined the folding/unfold-
ing transition of ‘naked DNAs’, we can expect that ATP/ADP
may have a similar effect on nucleosomal DNAs. In this re-
gard, it is interesting to note that Tsukiyama et al. recently
reported that nucleosome disruption is suppressed by the de-
pletion of ATP using hexokinase and glucose [24]. Further-
more, ATP disrupts chromatin and facilitates the binding of
transcription factor to nucleosome core particles [25-31]. In
these studies, ATP has been generally regarded as playing a
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role solely as an energy source. As a future subject to be
solved, it may be of value to examine the other possible effect
of ATP as a mediator to change the cytoplasmic environment.
Related to this, Nilsson et al. found that the interaction be-
tween DNA and histone H1 is modulated by nucleotides [32].
Unfortunately, they did not notice the switching behavior on
the higher-order structure of DNAs, most probably due to the
limitation of the experimental methodology.

References

[1] Serwer, P. (1990) in: Chromosomes: Eukaryotic, Prokaryotic
and Viral (Adolph, K.W., Ed.), Vol. 3, pp. 203-223, CRC Press,
Boca Raton, FL.
[2] Murray, A.W. (1998) Science 282, 425-427.
[3] Kimura, K., Hirano, M., Kobayashi, R. and Hirano, T. (1998)
Science 282, 487-490.
[4] Roberts, J. (1997) Science 278, 2073-2074.
[5] Gaal, T., Bartlett, M.S., Ross, W., Turnbough Jr., C.L. and
Gourse, R.L. (1997) Science 278, 2092-2097.
[6] Gosule, L.C. and Schellman, J.A. (1976) Nature 259, 333-335.
[7] Gosule, L.C. and Schellman, J.A. (1978) J. Mol. Biol. 121, 311-
326.
[8] Wilson, R.W. and Bloomfield, V.A. (1979) Biochemistry 18,
2192-2196.
[9] Lerman, L.S. (1971) Proc. Natl. Acad. Sci. USA 68, 1886-1890.
[10] Widom, J. and Baldwin, R.L. (1980) J. Mol. Biol. 144, 431-453.
[11] Bloomfield, V.A. (1996) Curr. Opin. Struct. Biol. 6, 334-341.
[12] Yoshikawa, K. and Matsuzawa, Y. (1995) Physica D 84, 220-
227.

[13] Takahashi, M., Yoshikawa, K., Vasilevskaya, V.V. and Khokh-
lov, A.R. (1997) J. Phys. Chem. B 101, 9396-9401.

[14] Yamasaki, Y. and Yoshikawa, K. (1997) J. Am. Chem. Soc. 119,
10573-10578.

337

[15] Matsuzawa, Y. and Yoshikawa, K. (1994) Nucleosides Nucleo-
tides 13, 1415-1423.

[16] Yoshikawa, Y., Yoshikawa, K. and Kanbe, T. (1996) Biophys.
Chem. 61, 93-100.

[17] Tabor, C.W. and Tabor, H. (1976) Annu. Rev. Biochem. 45,
285-306.

[18] Barnard, E.A., Chou, A.C. and Wilson, J.E. (1975) Methods
Enzymol. 42, 6-25.

[19] Sergeyev, V.G., Mikhailenko, S.V., Pyshkina, O.A., Yaminsky,
I.V. and Yoshikawa, K. (1999) J. Am. Chem. Soc. 121, 1780-
1785.

[20] Yoshikawa, K. (1997) in: Complexity and Diversity (Nakamura,
E.R., Kudo, K., Yamakawa, O. and Tamagawa, Y., Eds.), pp.
81-90, Springer-Verlag, Tokyo.

[21] Record Jr., M.T., deHaseth, P.L. and Lohman, T.M. (1977) Bio-
chemistry 16, 4791-4796.

[22] Record Jr., M.T., Andersen, C.F., Mills, P., Mossing, M. and
Reo, J.-H. (1985) Adv. Biophys. 20, 109-135.

[23] Senear, D.F. and Batey, R. (1991) Biochemistry 30, 6677-6688.

[24] Tsukiyama, T., Becker, P.B. and Wu, C. (1994) Nature 367, 525-
532.

[25] Felsenfeld, G. (1996) Cell 86, 13-19.

[26] Cairns, B.R., Kim, Y.-J., Sayre, M.H., Laurent, B.C. and Korm-
berg, R.D. (1994) Proc. Natl. Acad. Sci. USA 91, 1950-1954.

[27] Coteé, J., Quinn, J., Workman, J.L. and Peterson, C.L. (1994)
Science 265, 53-60.

[28] Kwon, H., Imbalzano, A.N., Khavari, P.A., Kingston, R.E. and
Green, M.R. (1994) Nature 370, 477-481.

[29] Varga-Weisz, P.D., Blank, T.A. and Becker, P.B. (1995) EMBO
J. 14, 2209-2216.

[30] Kadonaga, J.T. (1998) Cell 92, 307-313.

[31] Imbalzano, A.N. and Schnitzler, G.R. (1996) J. Biol. Chem. 271,
20726-20733.

[32] Nilsson, P., Mannermaa, R.-M., Oikarinen, J. and Grundstrom,
T. (1992) FEBS Lett. 313, 67-70.



