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A natural polyphenol chlorogenic acid (CGA) is regarded as
an antioxidant by preventing oxidative damage. Among the
oxidative damages, DNA double-strand breaks (DSBs) are con-
sidered the most severe. To study the protective effect of CGA
against DSBs, we measured the time-dependent increase of
DSBs caused by photo-irradiation through a single molecule
observation of DNA (166 kbp) using fluorescence microscopy.
The results have been analyzed in relation to the two-step
mechanism with single-strand breaks.
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Polyphenols found in many plants and foods have favorable
biological effects (e.g., antioxidant and anti-inflammatory activ-
ities) on human health.17 A major beneficial effect of polyphenols
is to prevent oxidative damage in living cells by suppressing the
production of reactive oxygen species (ROS). High ROS levels
lead to protein modifications, lipid peroxidation-mediated mem-
brane damage, and DNA damage.812 Among DNA damage,
double-strand breaks (DSBs) are the most toxic in the cell and can
result in genome instability, leading to cancer and cell death.1320

Recently, the use of polyphenols as chemopreventive agents to
protect against oxidative stress and DNA damage in photo-
exposed skin is gaining greater attention.2023 Chlorogenic acid,
((1S,3R,4R,5R)-3-{[(2E)-3-(3,4-dihydroxyphenyl)prop-2-enoyl]-
oxy}-1,4,5-trihydroxy-cyclohexane-1-carboxylic acid, CGA)
(Scheme 1), is one of the most available polyphenols found in
various foods such as fruits, vegetables, wine, olive oil, coffee,
and tea.4,5,2428 The amount of CGA contained in a cup of coffee
is 200400¯mol/100mL.4,5,29,30 Several studies have reported
the antioxidant effect of CGA in relation to the possible
beneficial effects of coffee, including anti-aging effects and
protective effects against neuronal diseases like Alzheimer’s and
Parkinson’s.3135

As for the measurements of DSBs in DNA molecules,
numerous studies have been performed through methodologies
such as immunological assays and the comet assay. Unfortu-
nately, it is difficult to reliably estimate the number of DSBs
with these methodologies, especially for genome-size long DNA
molecules. Recently, the direct visualization of a single giant
DNA molecule using fluorescence microscopy has provided
useful information on the structure and function of genome-size

DNA molecules,3645 including the application to analyze DSBs
in a measurable manner. In the present study, we quantified
the protective effect of CGA against ROS by calculating the
amount of DSBs generated in a genome-size DNA molecule
using a single molecular observation technique and compared
its protective effect with L-ascorbic acid, AsA, (Scheme 1).
We utilized the fluorescence dye YOYO-1, (quinolinium, 1,1¤-
[1,3-propanediylbis[(dimethyliminio)-3,1-propanediyl]]bis[4-[(3-
methyl-2(3H)-benzoxazolylidene)methyl]]-tetraiodide), to visu-
alize individual DNA molecules under fluorescence microsco-
py.31,32,34,3739,42

It is well known that YOYO-1 generates ROS, including
hydroxyl radicals, under photo-irradiation. We thus adapted
YOYO-1 to induce ROS and observe single DNA mole-
cules.36,37,3941,45 T4 GT7 DNA (166 kbp, contour length 57
¯m) was purchased from Nippon Gene (Tokyo, Japan). The fluo-
rescent cyanine dye, YOYO-1, was purchased from Molecular
Probes, Inc. (Oregon, USA). Antioxidants, 2-mercaptoethanol
(2-ME) and L-ascorbic acid (AsA), were purchased from Wako
Pure Chemical Industries (Osaka, Japan). CGA was purchased
from Cayman Chemical, Inc. (Michigan, USA) (Scheme 1).

T4 GT7 DNA (0.3¯M in nucleotide units) was dissolved in
10mM TrisHCl (pH 7.4) with YOYO-1 (0.05¯M). On the
measurements for individual DNA molecules fluctuating in
solution, YOYO-1 was used as a fluorescence dye to visualize
DNA molecules and also adapted as a photosensitizer to generate
ROS,36,37,3941,45 where focused UV-light irradiation (450490
nm) was used. Measurements were conducted using a low DNA
concentration to avoid intermolecular DNA aggregation. Fluo-
rescence images of DNA molecules were observed using the
Axio Observer A1 inverted fluorescence microscope (Zeiss,

Scheme 1. Chemical structures of chlorogenic acid (CGA) and
L-ascorbic acid (AsA).
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Oberkochen, Germany), equipped with a 100x objective lens. 2-
ME (4%; v/v) was added to all of the samples prior to fluo-
rescence imaging to slow the photo-breakage reaction to a level
suitable for real-time observations. Images were obtained with
a digital CMOS camera (Hamamatsu Photonics, Hamamatsu,
Japan). The recorded video images were analyzed with ImageJ
(National Institute of Mental Health, MD, USA). All observa-
tions were carried out at room temperature (24 °C).

DSBs of a single T4 GT7 DNA molecule were observed at
an individual DNA molecule level and in real time (Figure 1).
YOYO-1 was adapted as a photosensitizer to generate ROS and
used as a fluorescence dye to visualize individual DNA mole-
cules fluctuating in solution. The corresponding quasi-three-
dimensional images represent the fluorescence intensity distri-
bution for a DNA molecule (Figure 1, bottom panel). The
breaking time, t, was evaluated for the period from the start of the
focused photo-illumination until the occurrence of the first DSB.

Figure 2a shows the time-course for the increase of photo-
irradiation-induced DSBs in solutions with different concen-
trations of CGA, together with the data of AsA (1¯M and 10
¯M) for comparison. We performed the measurements for 50
DNA molecules at each condition. The vertical axis indicates the
percentage of damaged DNA molecules (DSBs) and the hori-
zontal axis, Breaking Time, shows the time from the moment
of focusing of photo-irradiation on individual DNA molecules
to the first DSB in solution. The amount of DNA molecules
surviving without DSB increased with the increase of CGA
concentration. The observed time-dependent profile is expected
to reflect the underlying mechanism of DSBs formation; either a
one-step reaction or a two-step reaction with single-strand breaks
(SSBs).36,37,3941,45

The probability of surviving DNA, P, is shown in Figure 2b,
graphed as a logarithm on the vertical axis versus the square of
real-time, t2 (horizontal axis). P = 1 ¹ [probability of damaged
DNA]. The linear correlation between the square of breaking
time and ln(P) in Figure 2b suggests that DSBs form as the
product of two independent events (i.e., DSBs are induced via a
two-step mechanism). This theoretical hypothesis of DSB forma-
tion kinetics has been proposed in our past studies.36,37,3941,45 We
briefly discuss this issue here. In the case of SSBs caused by

ROS, nicks are randomly generated along double-stranded DNA
molecules under irradiation, and fragmentation of a DNA
molecule (i.e., DSB) is produced by an additional SSB near an
existing SSB.

Under stationary photo-illumination with a power I, the
number of nicks along a single DNA molecule will increase as
shown in eq (1), where α is a positive constant:

dn

dt
¼ ¡I ð1Þ

By adapting the assumption that the decrease in P can be
represented as the product of n and P, time-dependence of P is
given as constant,

dP

dt
¼ �¢nP ¼ ¡¢ItP ð2Þ

where ¢ is the rate constant for the generation of a DSB from a
nick along a DNA chain. We adapted the initial condition that
n = 0 and P = 1 at t = 0. Thus, we obtain:

lnðPÞ ¼ �At2 ð3Þ
where A (= (1/2)¡¢I ) is the rescaled kinetic constant. The
linear relationship between the square of the time and ln(P) in
Figure 2b confirms the above-mentioned two-step reactions.

Figure 1. Representative images of the real-time formation
of double-strand breaks (DSBs) caused by photo-irradiation-
induced reactive oxygen species (ROS). Fluorescence micro-
scopic images of a single T4 GT7 DNA molecule under photo-
irradiation (upper panel), and the corresponding quasi-three-
dimensional profiles of the fluorescence intensity distribution
(bottom panel). YOYO-1 (0.05¯M) was used as the fluores-
cence dye and photosensitizer. The solution did not contain
CGA or AsA.

Figure 2. Photo-induced DSBs. (a) Time-dependence of the
percentage of damaged DNA molecules at different CGA
concentrations and AsA (1¯M and 10¯M). The breaking time,
t, was evaluated for the period from the start of the focused photo-
irradiation on individual DNA molecules until the occurrence
of the first DSB. (b) The relationship between the horizontal axis,
t2, and the vertical axis, ln(P), where P is the probability of
surviving DNA molecules, which was calculated as P =
1 ¹ [probability of damaged DNA]. As in eq (3), the kinetic
constants, A [s¹2], are obtained from the slopes in Figure 2b.
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The protective effects of CGA increased with an escalation
in the CGA concentration (Figure 2a). The relative kinetic con-
stants of DSBs formation, A/A0, were determined from the graph
slopes in Figure 2b, where A0 is the constant in the absence of
antioxidative chemicals.

These relative kinetic constants are summarized in Figure 3.
CGA reduced the rate of DNA DSBs to about 66% at 1¯M and
6% at 30¯M. Interestingly, CGA decreased A=A0 values by
0.34 and 0.64 at 1¯M and 10¯M, respectively, from the control.
On the other hand, the decrease by AsA was 0.21 and 0.42,
respectively. These results indicate that CGA has ca. 1.51.6
times greater antioxidative potency than AsA.

The protective activity against DSB formation was depend-
ent on the concentration of CGA used. In our experimental
system, we adapted continuous photo-irradiation to generate
ROS. The rate of nick-formation, or SSBs, corresponded to the
kinetics of eq (1), and should be proportional to the concen-
tration of ROS [ROS ]. We assumed the rate of the second step
for DSB formation, eq (2), would also be proportional to [ROS ].
Under such approximations, the kinetic constant for the
formation of DSBs is regarded to be proportional to the square
of [ROS ] as a simple estimate, by denoting the concentration of
ROS under the constant strength of photo-irradiation to be
[ROS ]0.

A

A0

� ½ROS�2
½ROS�02

ð4Þ

Antioxidants, such as CGA and AsA, are generally considered to
decrease the amount of ROS as a mean to prevent the formation
of DSBs. Under the simple assumption that the decrease of ROS
is expressed as the multiplication product of [ROS ]0 and [CGA],
the reduction of ROS caused by the antioxidant CGA would be
given as

�½ROS� ¼ ½ROS�0 � ½ROS� ¼ ¦ ½ROS�0½CGA� ð5Þ
where ¦ is a constant corresponding to the efficiency of the redox
reaction. This relationship is transformed as

1� ½ROS�
½ROS�0

¼ ¦ ½CGA� ð6Þ

By replacing the second term in the left-hand side of eq (4), we
obtain the following relationship,

1�
ffiffiffiffiffiffi
A

A0

r
� ¦ ½CGA� ð7Þ

ROS randomly cause SSBs, and DSBs results when SSBs occur
on opposite sides of double-strand DNA. We expect the rate
constant for the formation of DSBs to be proportional to the
product of the rate constant for the formation of SSBs. Therefore,
we graphed the protective effect for SSB, (1 ¹

ffiffiffiffiffiffiffiffiffiffiffiffi
A=A0

p
), on the

vertical axis and concentration of CGA on the horizontal axis
(Figure 4). The linear relationship in the figure supports the
working hypothesis that DSBs are induced through a two-step
occurrence of SSBs caused by ROS. The analyses of Figure 2b
and Figure 4 both justify the kinetics of successive SSBs being
the fundamental mechanism of DSBs formation.

The protective effects of CGA against DSBs formed in a
genome-size DNA molecule (166 kbp) were quantitated by the
application of single molecule observation with fluorescence
microscopy. The fluorescent dye, YOYO-1, was adapted to
visualize individual DNA molecules and to generate ROS under
constant photo-irradiation. CGA protected against the formation
of DSBs, observed over time and as low as 1¯M. CGA exhibited
a greater protective effect than AsA at the same concentration
(1¯M and 10¯M). The formation of DSBs was time-dependent
and observed as a linear relationship of ln(P) ³ ¹t2, where P is
the surviving probability of intact DNA against DSBs and t is the
time under irradiation. This relationship suggests that DSBs are
caused by a two-step SSB mechanism. Further analysis validated
our proposed underlying mechanism of DSB generation on
DNA, caused by photo-induced ROS, based on the kinetic con-
stants of DSB formation with different concentrations of CGA.
Numerous studies have reported that CGA exhibits antioxidant
activity at concentrations of several hundred ¯M or mM by using
UV-Vis spectroscopic observations of reactive chemical species
(e.g., DPPH (1,1-diphenyl-2-picryl-hydrazyl) and DMPD (N,N-
dimethyl-ρ-phenylenediamine)).4649 In the present study, we
have evaluated the protective effect of CGA against DSBs in
genome-size DNA. It is highly expected that further applica-
tion of single-DNA observation will be used to evaluate the
probability and kinetics of DSB formation in the presence of
various kinds of antioxidants and oxidants among biological and
synthetic chemicals.

Figure 3. Relative kinetic constant, A=A0, for the generation
of DSBs, where A0 corresponds to the control experiment. Left
panel: The values of A=A0 obtained from the slopes of Figure 2b
at different concentrations of CGA and AsA. The experimental
errors are estimated as 2030%. Right graph: Comparison of
A=A0 between CGA and AsA at 1 and 10¯M.

Figure 4. Relationship between CGA concentration and 1 ¹ffiffiffiffiffiffiffiffiffiffiffiffi
A=A0

p
(see eq (7)). (1 ¹

ffiffiffiffiffiffiffiffiffiffiffiffi
A=A0

p
) corresponding to the protec-

tion/decrease of the probability of single-strand break (SSB).
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