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(16). Although H33258’s affinity to an AT region was
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DNA condensation was only observed after the addition of Hoechst 33258 (H33258)
among various types of DNA binding molecules. The morphological structural change
of DNA was found to depend on the H33258 concentration. On comparison of fluores-
cence spectrum measurements with AFM observation, it was found that fluorescence
quenching of DNA-H33258 complexes occurred after DNA condensation. Additionally,
we showed that DNA condensation by H33258 was independent of sequence selectiv-
ity or binding style using two types of polynucleotides, i.e. poly(dA-dT)·poly(dA-dT)
and poly(dG-dC)·poly(dG-dC). Moreover, it was concluded that the condensation was
caused by a strong hydrophobic interaction, because the dissolution of condensed
DNA into its native form on dimethyl sulfoxide (DMSO) treatment was observed. This
study is the first report, which defines the DNA condensation mechanism of H33258,
showing the correlation between the single molecule scale morphology seen on AFM
observation and the bulky scale morphology observed on fluorescence spectroscopy.
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The bis-benzimidazole dye Hoechst 33258 (H33258): 2′-
(4-hydroxyphenyl)-5-[5-(4-methylpiperazine-1-yl) benzim-
idazo-2-yl]-benzimidazole], is a well-described and widely
used molecule in biochemical applications. H33258 has a
flexible, long molecule with a positively charged end, and
a number of proton donor and acceptor groups with possi-
ble hydrogen bonds between them. It was not only devel-
oped and used as an anticancer drug (1–4), but has also
been applied as a fluorescent dye for nuclei staining (5–
7). Furthermore, it is an electrochemically active com-
pound (8). The electrochemical behavior of Hoechst
33258, i.e. its interaction with DNA, has been studied by
means of several electrochemical techniques (8, 9). There
have been numerous reports on characterization of the
DNA-H33258 interaction. NMR (10, 11) and X-ray crys-
tallography (12) studies showed that H33258 could bind
in the minor grooves of AT-rich regions of DNA. The
sequence-specific affinity of H32358 has been measured
by massive parallel analysis with a generic microchip,
and it was reported that AATT was the most favored
binding site among various sequences (13). However, it
has been suggested that H33258 has two different types
of binding modes. Light scattering and fluorescence stud-
ies (14) showed that H33258 could bind to an AT-rich
minor groove region specifically at a low DNA binding
reagent/phosphate groups of DNA backbone (D/P) ratio,
and then that fluorescence quenching occurred at a high
D/P ratio. The non-specific binding of H33258 with DNA
suggested by fluorescence and absorption studies (15)
was supported by a titration rotational viscometric study

reported to be higher than that to a GC region (15, 17), it
also exhibits weak affinity to a GC region. Furthermore,
an electric linear dichroism study (18) demonstrated that
H33258 exhibited unspecific binding ability as to GC-rich
sequences as an intercalator.

DNA condensation plays an important role in DNA
packing in a living cell or in the head of a bacteriophage
(19). In addition, condensed DNA has been applied to
gene therapy as a non-viral vector (20, 21). DNA conden-
sation can be induced by the addition of various condens-
ing agents or combinations (22). In particular, character-
istic condensed forms, i.e. a toroidal or rod-like shape,
were observed when DNA was induced by multivalent
cationic agents, for example, spermidine (23), poly-lysine
(24), protamine (25), cobalt hexamine (26), and cationic
silane (27, 28). To investigate DNA condensation, various
techniques, including vibrational CD (29), electron micro-
scopy (30), light scattering (31), fluorescence microscopy
(32), and pulse gel electrophoresis (33), have been used.
Analysis involving simulation has also been performed
(34). In addition to these techniques, atomic force micros-
copy (AFM) is a powerful tool for observing DNA conden-
sation on the single molecule scale (23–26, 28, 35),
because AFM can visualize DNA condensates in three
dimensions with subnanometer height resolution and
reflect near-physiological conditions in sample prepara-
tions. Thus, DNA condensation can easily be analyzed by
AFM, and the results will deepen our understanding of
this phenomenon.

We attempted to visualize the morphology of DNA with
H33258 by AFM imaging. Many kinds of drugs, for exam-
ple, methylene blue and propidium iodide as intercala-
tors, and chromomycin A3, distamycin, 4′,6-diamidino-2-
phenylindole dichloride (DAPI), berenil and H33258 as
groove binders (36), were applied to DNA. As a result, we
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found that the DNA condensation was mostly highly
induced by H33258 among all the above. To obtain a fur-
ther understanding of the morphological change on DNA
condensation with H32358, we investigated the effect of
the H33258 concentration. Then, although H33258 is a
mono-cationic molecule at pH 7.0 (37–39), we found that
DNA took on characteristic forms induced by H33258 known

as a toroidal or rod-like shape. Additionally, by compar-
ing AFM images, fluorescence quenching was observed
under the same sample conditions at the start of DNA
condensation with H33258. In this study, a direct correla-
tion between the molecular scale morphology observed on
AFM imaging and the bulky scale information as fluores-
cence intensity signals is reported for the first time.
J. Biochem.
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Fig. 1. Chemical structures of intercalators and observation
of DNA-intercalator complexes by AFM in air. 1.5 nM 1000 bp
DNA (3 µM phosphate of DNA) was mixed with various intercalators
at 10 µM as follows: (a) no intercalator, (b) methylene blue, (c) pro-
pidium iodide (PI), (d) chromomycin A3, (e) distamycin, (f) 4′,6-dia-
midino-2-phenylindole dichloride (DAPI), (g) berenil, (h) Hoechst

33258 (H33258). All samples were prepared in a 10 mM phosphate
buffer solution (pH 7.0) containing 100 mM NaCl and 1 mM EDTA.
The scan size was 1,000 nm × 1,000 nm. The line profiles of all the
DNA-small molecule complexes are shown under the corresponding
AFM images.
Vol. 136, No. 6, 2004
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MATERIALS AND METHODS

Materials—H33258, methylene blue, propidium iodide
(PI), chromomycin A3, distamycin, 4′,6-diamidino-2-
phenylindole dichloride (DAPI), and berenil were pur-
chased from Sigma Co. (St. Louis, MO, USA). Poly(dG-
dC)·poly(dG-dC), with a molecular mass of 4.7 × 105, and
poly(dA-dT)·poly(dA-dT), with a molecular mass of 1.98 ×
106, were obtained from Amersham Biosciences Co.
(Piscataway, NJ, USA). A DNA fragment of 1,000 bp
length was obtained by PCR amplification from the seg-
ment of the Hepatitis C virus (HCV) DNA sequence
cloned in plasmid pBluescriptII (from 12200 to 761 in
12,439 bp, 49.2 GC %). PCR was performed in a final vol-
ume of 50 µl using KOD DNA polymerase (Toyobo Co.,
Ltd., Osaka, Japan) under the standard conditions for
KOD. The primers (Griner Japan, Japan) and amplified
1,000 bp DNA sequences are shown in Table 1. The HCV
DNA sequences cloned in plasmid pBluescriptII were
kindly provided by Prof. Syu-ichi Kaneko of the Univer-
sity of Kanazawa, Kanazawa City, Japan. After PCR
amplification, DNA was purified by phenol/chroloform
extraction and precipitation with ethanol, and then sus-
pended in 10 mM Tris buffer (pH 8.0) containing 1mM
EDTA. The DNA concentration was determined by
absorbance measurement at 260 nm. DNA-reagent com-
plexes were prepared by adding DNA to a reagent solu-
tion containing 10 mM phosphate buffer solution (pH 7.0,
PBS), 100 mM NaCl and 1 mM EDTA. All DNA samples
were diluted until a final concentration of 1.5 nM (i.e. 3
µM in terms of phosphate of nucleotides) was reached.
The DNA binding reagents were also diluted to a final
concentration between 0 and 10 µM. Thus, the D/P ratio
was equal to 0–3.33. This mixture was incubated in the
dark for 10 min at room temperature. All solutions were
prepared and diluted with ultra pure (Milli Q) water.

AFM Imaging—Mica was purchased from Furuuchi
Chemical Co. (Shinagawa, Tokyo, Japan). 3-aminopropyl-
triethoxysilane (APTES) was purchased from Chisso Co.
(Chuo, Tokyo, Japan). To immobilize samples, a mica sur-
face modified with APTES (AP-mica) was used as a sub-
strate (40). DNA adheres to the imaging surface through
electrostatic attraction. In the glove box with controlled
ambient humidity, AP-mica was prepared by placing
freshly cleaved mica into a 2 liter desiccator that con-
tained 10 µl APTES for 2 h. The AP-mica was removed
and baked at 120°C for 15 min. Then, the AP-mica was
stored under vacuum prior to making samples. DNA-rea-

gent solutions were deposited onto AP-mica. After 2 min,
each mica disk was rinsed two times with 100 µl of ultra
pure water, and then dried up under nitrogen gas weakly.
All AFM images were obtained in air with a commercial
AFM unit (SPA400-SPI3800. Seiko Instruments Inc.,
Chiba, Japan) equipped with a calibrated 20 µm xy-scan
and 10 µm z-scan range PZT-scanner. A silicon nitride tip
(SI-DF40, spring constant = 42 N/m. Seiko Instruments
Inc.) was used, and images were taken in the dynamic
force mode (DFM mode) at optimal force. All AFM opera-
tions were performed in the moisture control box at room
temperature and 30–40% humidity.

Fluorescence Measurement—The fluorescence inten-
sity of the DNA-H33258 complex was measured with a
Spectrofluorometer FP-777 (JASCO, Tokyo, Japan). Exci-
tation was performed at 360 nm of the Xe line, and
fluorescent profiles were recorded by scanning the emis-
sion from 400 to 600nm. The fluorescence intensity data
were collected from emission spectra obtained at 460 and
510 nm.

RESULTS AND DISCUSSION

Observation of DNA-DNA Binding Reagent Complexes
by AFM—The morphological changes of complexes caused
by the addition of various types of DNA binding reagents
to DNA were examined by AFM imaging. In the absence
of a DNA binding reagent, the typical native form of
1,000 bp DNA molecules is shown in Fig. 1A. Assuming
that DNA was in the B form, the theoretical length of
1,000 bp was taken as 340 nm, and almost all the DNA
lengths in Fig. 1A are in agreement with this assump-
tion. The AFM images in Fig. 1B show DNA bound with
methylene blue, which exhibits affinity to a GC-rich
region (41), and those in Fig. 1C show DNA bound with
propidium iodide, which is known as a site-nonspecific
intercalator (42). Figure 1D shows chromomycin A3 as a
minor groove binder of a GC-rich region (43). Figure 1E
shows distamycin, which exhibits affinity to the grooves
of both AT-rich and GC-rich regions (44). DAPI (45) and
berenil (46, 47), as AT-rich groove binders, are shown in
Fig. 1, F and G, respectively. A significant morphological
change in DNA was not observed when these reagents
were applied. However, when H33258, as an AT-rich
binder, was used, DNA clearly condensed (Fig. 1H).
Although H33258 and other reagents are known to inter-
act with DNA as DNA binders, this condensation of DNA
only occurred on the addition of H33258 to it. Addition-

Table 1. DNA base sequences of primers and the PCR amplified product (1,000 bp).

Forward primer: 5′-CAACTGATCTTCAGCATC-3′
Reverse primer: 5′-CACGACACTCATACTAAC-3′
1,000 bp DNA: 5′-CAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAAAAA
AGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGA
GCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGCGCCCTGT
AGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCT
TTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTGCTTT
ACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACG
TTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGG
ATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATTTTAACAAAATATTAACGCTTACAATT
TCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGAT
GTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGACGGGCCCCCCCTCGA
GTAATACGACTCACTATAGCCAGCCCCCGATTGGGGGCGACACTCCACCATAGATCACTCCCCTGTGAGGAACTACTGTCTTCACGCA
GAAAGCGTCTAGCCATGGCGTTAGTATGAGTGTCGTG-3′
J. Biochem.
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Fig. 2. DNA condensation dependence on the H33258 concentration.
The DNA concentration was 1.5 nM. The H33258 concentrations and D/P
ratios were as follows: (a) 0 µM, 0; (b) 2.5 µM, 0.83; (c) 5 µM, 1.67; (d) 7.5 µM,
2.50; (e) 10 µM, 3.33. AFM imaging was performed in air with a scan size of
1,000 nm × 1,000 nm.
Vol. 136, No. 6, 2004
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ally, the line profile of the DNA condensate with H33258
revealed that the height increased to 5.52 nm (inset in
Fig. 1h) relative to DNA, and with the other reagents to
0.61 and 0.88 nm (insets in Fig. 1, a–g). Thus, it was
thought that the DNA-H33258 complex contained sev-
eral DNA molecules in comparison with other DNA
forms.

The Morphological Changes of DNA Depend on the
H33258 Concentration and Characteristic Condensed
Structures—The morphological change on DNA conden-
sation, that accompanied the H33258 concentration-
dependence, was investigated by AFM imaging. The DNA
form after adding 2.5 µM H33258 (Fig. 2b, D/P ratio:
0.83) was similar to the native one (Fig. 2a). With 5.0 µM
H33258 (D/P ratio: 1.67), various DNA forms, for exam-
ple a condensate and also ones similar to the native form,
were observed (Fig. 2c). The DNA condensate obtained
with 7.5 µM H33258 (Fig. 2d, D/P ratio: 2.50) was larger
than that with 5.0 µM in Fig. 2c. Complete condensation
of DNA was observed on the addition of 10.0 µM H33258
(Fig. 2e, D/P ratio: 3.33). The morphological change of
condensed DNA was found to exhibit H33258 concentra-
tion-dependence.

Figure 3a shows to the extent of native or condensed
DNA adsorption onto the substrate shown in Fig. 2. A
histogram shows the averages for an adsorbed sample,
which was determined from 5 AFM images for each D/P
ratio. Figure 3b shows the height for native or condensed
DNA, 10–12 samples being scanned randomly. The
heights were determined from the maximum vertical

interval in clipped sample images. The number for
adsorbed DNA without H33258 at the D/P ratio of 0 was
13.60 ± 0.89 (mean ± SD) samples per 1,000 nm × 1,000
nm. The height was 1.36 ± 0.12 nm. The number for DNA
in the presence of 2.5 µM H33258 at the D/P ratio of 0.83
was found to be 11.60 ± 0.86 samples, and the height was
1.29 ± 0.20 nm. At the D/P ratio of 1.67, the total number
of adsorbed samples was 11.60 ± 1.67. In particular, 8.6 ±
2.07 (74.14%) samples, which gave small condensed
forms, appeared at this concentration. The height
slightly increased to 2.03 ± 1.17 nm along with the con-
densation of DNA. With the D/P ratio of 2.50, the number
of adsorbed samples decreased remarkably to 5.60 ± 1.14,
which gave larger condensed forms, which included 5.20
± 1.09 (92.86%) resulting from the increase of 3.04 ± 1.74
nm in height. With the D/P ratio of 3.33, DNA condensa-
tion became greater (4.57 ± 3.00 nm) and adsorption
decreased to 2.0 ± 1.41 samples (100% condensed forms).
Many samples could adsorb on the surface with low
H33258 concentrations, and the condensed shapes were
small on the exterior. However, as the H33258 concentra-
tion increased, the condensed shapes became larger, but
the number of adsorbed DNA samples decreased. In
other words, it was thought that H33258 could cause
inter-molecular condensation at 10 µM, whereas it could
only cause intra-molecular condensation of single DNA
at 5 µM.

Various types of characteristic condensates related to
DNA-H33258 complexes are shown in Fig. 2c, and thus
AFM imaging of the same sample was performed. We
found that DNA could change to its characteristic shapes,
i.e. toroid, rod, globule, and worm (Fig. 4). Generally,
these shapes have been well-described as DNA condensa-
tion by tri- or tetravalence cationic molecules (22–26). In
our study, it was found that DNA could form a toroidal or
rod-like shape after interaction with H33258, although it
was a monovalent cation in neutral solution (37–39).

Fluorescence Detection of DNA-H33258 Complexes under
the Same Conditions as for AFM Imaging—In order to
observe DNA condensation with H33258, the fluores-
cence of bound and free H33258 was measured under the
same conditions in bulk solutions that were used for
AFM imaging. The results were compared to the respec-
tive AFM images for each D/P ratio. At neutral pH, free
H33258 that was excited in 360 nm exhibited weak fluo-
rescence around 510 nm, but upon binding to DNA, the
fluorescence efficiency increased and the emission shifted
to 460 nm (5). Figure 5 shows the fluorescence intensity
plotted versus the increase in H33258 concentration as
the D/P ratio for free H33258 at 510 nm (open circles),
and DNA-H33258 complexes at 460 nm (black squares)
and also at 510 nm (black circles). The fluorescence
intensity of free H33258 at 510 nm increased linearly
with the increase in H33258 concentration. The fluores-
cence intensity of the DNA-H33258 complexes at 460 nm
reached a maximum at the D/P ratio of 0.83. In compari-
son with the respective AFM image in Fig. 2b, DNA
molecules were still close to their native form. However,
the fluorescence intensity of the DNA-H33258 complex
began to decrease and quenched as the D/P ratio
increased. Then, an interesting phenomenon, i.e. the flu-
orescence of free H33258 became higher than that of the
bound species at 510 nm, was observed at the D/P ratio of

Fig. 3. The number and height of condensed DNA complexes
dependent on the H33258 concentration. Histograms show the
number (a) and height (b) of the complexes adsorbed onto the sub-
strate. The number of samples per 1,000 nm × 1,000 nm was deter-
mined from five consequtive AFM images, as shown in Fig. 2, under
the same D/P ratio conditions. The height was determined from the
maximum vertical interval, which clipped 10–12 samples from AFM
images randomly.
J. Biochem.
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1.67. In this condition, we found that DNA formed con-
densed forms with H32358 on AFM imaging, as shown in
Fig. 2c. After the D/P ratio of 1.67, DNA condensation
occurred (Fig. 2, d and e), and thus the fluorescence
intensity was still lower than that of free H33258. As
expected, the fluorescence measurements involving 10
mM Tris buffer solution (pH 7.0) showed a similar
dependence (data not shown).

Figure 6 shows the fluorescence measurements for free
dyes: DAPI at 457 nm (squares), propidium iodide (PI) at
615 nm (triangles), and H33258 at 510 nm (circles), in
the range of 0 to 1,500 µM at neutral pH. The fluores-
cence intensity of DAPI and PI increased with increasing
concentrations, saturation being reached at 500 µM and
1000 µM, respectively. Although the fluorescence of

H33258 reached a maximum at around 100 µM, with
higher concentrations, its fluorescence decreased, becom-
ing below half the maximum. This result showed that
only H33258 had the property of concentration quench-
ing amongst the other dyes.

Condensation of Polynucleotides in the Presence of
H33258—In order to investigate the sequence specificity
of DNA condensation by H33258, synthetic polynucle-
otides with alternating structures: poly(dA-dT)·poly(dA-
dT) and poly(dG-dC)·poly(dG-dC), were used. Complexes
were prepared by adding polynucleotides to a H33258
solution in 10 mM PBS with 100 mM NaCl. The final con-
centrations of H33258 and polynucleotides were 10 µM
and 3 µM in terms of phosphate groups of nucleotides for
both the polynucleotides, respectively. It was found that

Fig. 4. Characteristic shapes of DNA-
H33258 complexes. Several condensed
structures, for example, toroidal (a), rod-
like (b), globule (c), and worm-like (d, e),
were observed under the condensation
conditions in Fig. 2c with the scan size of
200 nm × 200 nm.
Vol. 136, No. 6, 2004
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H33258 could condense both polynucleotides into higher
ordered structures (Fig. 7). Poly(dA-dT)·poly(dA-dT) in
the presence of H33258 produced globules (Fig. 7a), and
poly(dG-dC)·poly(dG-dC) in the presence of H33258 pro-
duced toroids, worms, and globules (Fig. 7c). Additionally,
in both cases, large condensates, considered to be caused
by intermolecular condensation, were also observed.

The Process of DNA Condensation with H33258—As
shown in Fig. 2, it was observed that DNA condensation
depended on the H33258 concentration, and the size of
the condensate also became grater in proportion to the
concentration. Additionally, on comparing these AFM
images with the results of fluorescence measurements in
Fig. 5, it was found that fluorescence quenching occurred
after DNA condensation. Here, it should be noted that
the fluorescence intensity with the H33258 concentration
that yielded a condensate at a D/P ratio of 1.67 or more
became lower than that of free H33258 at the same con-
centration at both 460 nm and 510 nm. On the other
hand, free H33258 had the nature that yielded the con-
centration quenching at higher concentrations of 100 µM
as shown in Fig. 6. This phenomenon also occurred when
a Tris buffer solution was used (data not shown). These
results show that the amount of H33258 used for the con-
densation, which showed a decrease in fluorescence
intensity, existed in the surroundings of DNA locally and
excessively. Thus, this phenomenon could be considered
as concentration quenching of the condensate.

In this study, various types of DNA binding molecules
were allowed to interact with DNA, and we observed
their morphological structures by AFM. DNA condensa-
tion was only observed after the addition of H33258. In
general, DNA condensation is known to occur with multi-
valent cationic molecules (22–28). Utsuno et al. (48) also
showed the possibility of aggregation of DNA via H33258
by AFM imaging, and discussed the trivalent cation of
H33258. However, it has been reported that H33258 has
the nature of a monovalent cation under neutral condi-
tions (37–39). Here, H33258 was also considered to be a

monovalent cation, and that this property was the factor
that caused DNA condensation.

As shown in Fig. 1, the condensation did not occur after
the intercalation of methylene blue or propidium iodide,
or groove binding with chromomycin A3, distamycin,
DAPI, or berenil. It was concluded that the binding mode
of reagents did not contribute to DNA condensation.
Additionally, the condensation also did not occur with the
bivalent cations propidium iodide, DAPI, and berenil,
which all exhibited more valency than the monovalent
H33258. It was concluded that there was no direct partic-
ipation of the valency of the binding molecule to the con-
densation.

On the other hand, it has been well described that
H33258 bound strongly to the minor groove of an AT
region, and weakly to a GC region as an intercalator (15,
17, 18). It was thought that the sequence recognition or
binding style of H33258 as to DNA would affect DNA con-
densation. Both types of polynucleotides, i.e. poly(dA-
dT)·poly(dA-dT) and poly(dG-dC)·poly(dG-dC), formed
condensates with H33258, as shown in Fig. 7. The
H33258 concentration at which the condensation started
for both polynucleotides was found to be 2.5 µM. We
employed 10 µM H33258 for condensation of a PCR-
amplified DNA sample in this study, so it was confirmed
that H33258 at such a high concentration did not show
any sequence-specificity. Our results showed that DNA
condensation by H33258 could be monitored independent
of sequence recognition, ligand concentration or binding
style.

How can a DNA condensate be produced by H33258?
An unknown property of H33258 might be the reason for
DNA condensation. H33258 consists of a phenol, a piper-
azine, and two benzimide rings, and therefore it is
strongly hydrophobic. Its hydrophobic nature might be
the cause of DNA condensation. In fact, a hydrophobic
environment is created by excessive H33258 localized
around DNA, thus condensation occurs through a strong
hydrophobic interaction. The mode of this condensation
may be close to the condensation mechanism of cationic
lipids, which was reported by Matulis et al. (49), and
Reimer et al. (50). In order to support our hypothesis of
condensation through hydrophobic interaction, we tried

Fig. 5. Fluorescence measurement of DNA-H33258 complex
dependence on the H33258 concentration. All samples con-
tained 1.5 nM 1000 bp DNA (in terms of 3 µM phosphate) in PBS
under the same conditions as for AFM measurement in Fig. 1. The
fluorescence of H33258 with DNA at 460 nm (black squares) and
510 nm (black circles), and only H33258 without DNA at 510 nm
(open circles) was plotted. Excitation was performed at 360 nm. The
photomultiplier gain was set at medium. D/P ratio is the ratio
between the mole of DNA binding reagent (H33258) and the mole of
DNA phosphate.

Fig. 6. Self-fluorescence intensity dependence upon the dye
concentration. The fluorescence intensity in peak wavelength was
plotted graphically as follows; 4′,6-diamidino-2-phenylindole dichlo-
ride (DAPI) at 457 nm (squares), propidium iodide (PI) at 615 nm
(triangles), and H33258 at 510 nm (circles). The photomultiplier
gain was set at low.
J. Biochem.
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the addition of 5% DMSO as an organic solvent to the
condensed DNA, and imaged by AFM. As a result, the
condensate was completely dissolved, and DNA returned
to its native form (data not shown). Stokke and Steen (14)
reported that the addition of 25% ethanol to DNA in the
presence of a high H33258 concentration, which caused
fluorescence quenching, restored the fluorescence and
reduced the amount of light scattering. Hence, it was
thought that condensation via H33258 involved many
factors for hydrophobic interactions.

The process of DNA condensation with H32358 can be
concluded to be as follows. H33258 approaches DNA due
to monovalency, and binds to the minor groove of AT-rich
region at low H33258 concentrations. After the AT
regions have been filled, more H33258 interacts with the
GC-rich regions as an intercalator. Then, excessive
H33258 remains confined randomly around DNA due to

its monovalency. Thus, concentration quenching is
observed. Finally, the hydrophobic environment created
by excessive H33258 might induce DNA condensation.

CONCLUSION

H33258 is an attractive molecule that has an anti-cancer
effect as well as unique fluorescence and electrochemical
activities. The interaction of H33258 with DNA, which
showed multi-binding modes and fluorescence quench-
ing, has been discussed in detail. In this paper, two
important findings are presented for DNA condensation
with H33258. First is the finding that a DNA condensate
could form without sequence specificity by using both poly-
nucleotides, i.e. poly(dA-dT)·poly(dA-dT) and poly(dG-
dC)·poly(dG-dC). The second finding is the correlation
between the observation of DNA condensation with

Fig. 7. AFM images for structural
comparison of the native and con-
densed forms of polynucleotides in
the presence and absence of H33258.
AFM images show poly(dA-dT)·poly(dA-
dT) with (a) and without (b) H33258, and
poly(dG-dC)·poly(dG-dC) with (c) and
without (d) H33258. 1 ng/µl DNA (3 µM
phosphate of DNA) was mixed with a 10
µM H33258 solution containing 10 mM
PBS (pH 7.0), 100 mM NaCl, and 1 mM
EDTA, with a scan size of 1000 nm ×
1,000 nm.
Vol. 136, No. 6, 2004
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H33258 using AFM on the single molecule scale and the
measurement of fluorescence characteristics quantita-
tively. Condensation caused by H33258 is further dis-
cussed, and a possible mechanism is proposed.
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