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Abstract

Background: Reactive oxygen species (ROS) produce different lesions in DNA by ROS-induced DNA damage.
Detection and quantification of 8-oxo-7,8-dihydroguanine (8-oxoG) within cells are important for study. Human
ribosomal protein S3 (hRpS3) has a high binding affinity to 8-oxoG. In this study, we developed an imaging probe
to detect 8-oxoG using a specific peptide from hRpS3. Transactivator (TAT) proteins are known to have cell-
penetrating properties. Therefore, we developed a TAT-S3 probe by attaching a TAT peptide to our imaging probe.

Results: A DNA binding assay was conducted to confirm that our probe bound to 8-oxoG and apurinic/
apyrimidinic (AP) sites. We confirmed that the TAT-S3 probe localized in the mitochondria, without
permeabilization, and fluoresced in H2O2-treated HeLa cells and zebrafish embryos. Treatment with Mitoquinone
(MitoQ), a mitochondria-targeted antioxidant, reduced TAT-S3 probe fluorescence. Additionally, treatment with O8,
an inhibitor of OGG1, increased probe fluorescence. A competition assay was conducted with an aldehyde reaction
probe (ARP) and methoxyamine (MX) to confirm binding of TAT-S3 to the AP sites. The TAT-S3 probe showed
competitive binding to AP sites with ARP and MX.

Conclusions: These results revealed that the TAT-S3 probe successfully detected the presence of 8-oxoG and AP
sites in damaged cells. The TAT-S3 probe may have applications for the detection of diseases caused by reactive
oxygen species.

Keywords: 8-oxo-7,8-dihydroguanine (8-oxoG), Human ribosomal protein S3 (hRpS3), Transactivator (TAT) proteins,
Apurinic/apyrimidinic (AP) site

Background
Reactive oxygen species (ROS) are generated by the cel-
lular metabolism or by exogenous factors [1]. 8-Oxo-7,
8-dihydroguanine (8-oxoG) is one of the most abundant
base lesions generated when DNA is damaged by ROS
[1]. 8-OxoG can pair with adenine as well as cytosine,
thereby causing G-to-T transversion mutations [2, 3].
This mutation has been associated with the development
of cancers in humans [4–6] and must be efficiently re-
moved from DNA to avoid deleterious consequences [7].
Based on previous studies in bacterial cells, base excision

repair (BER) has been established as the major pathway
for the removal of this lesion [8].
Regardless of the type of damage, the first step in BER

is the excision of the damaged base by a glycosylase,
which leaves a free ribose sugar, known as the abasic or
apurinic/apyrimidinic (AP) site [9]. AP sites are formed
following oxidative damage of DNA by ROS [10, 11],
and this oxidative damage is associated with cancer,
heart disease, Parkinson’s disease, and aging [12, 13]. In
humans, human ribosomal protein S3 (hRpS3) exhibits
AP lyase activity specific for AP sites in DNA through a
beta-elimination reaction [14]. hRpS3 binds tightly to
both AP and 8-oxoG sites and physically interacts with
proteins known to be involved in repair [15, 16].
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8-OxoG and AP sites are the main products of oxi-
dative DNA damage in living organisms [17]. Intracel-
lular and extracellular 8-oxoG levels are regarded as
an index of oxidative damage to cells and have been
used as a biomarker for a number of diseases, includ-
ing cancer and aging [18, 19]. Several analytical
methods for 8-oxoG and AP sites have been estab-
lished, but more efficient detection methods are
needed. Therefore, methods that can be used to dir-
ectly, selectively, precisely, and rapidly detect 8-oxoG
in cells would be useful for evaluating intracellular
oxidative stress and DNA damage [20, 21].
The intersection of molecular imaging and site-specific

peptide chemistry has resulted in the generation of
highly efficient and stable peptide probes for different
imaging modalities, and the synthesis of peptide probes
has attracted much attention [22–24]. Therefore, we de-
cided to develop a probe based on hRpS3, which has
specific and high binding affinity for DNA lesions. Add-
itionally, in order for the probe to be visualized, it must
pass through the cellular membrane. Although small
molecules are able to cross the cellular membrane inde-
pendently, many larger molecules cannot owing to their
physicochemical characteristics [25]. A delivery system
must be efficient, safe, and nontoxic. The transactivator
(TAT) domain (11 amino acids, YGRKKRRQRRR) of the
human immunodeficiency virus-1 (HIV-1) TAT protein
can efficiently deliver proteins into cells and appears to
not be limited by the size of the fusion protein [26].
Therefore, we bound a TAT peptide to an S3 peptide
using a GG linker.
Mitochondria are the major consumers of cellular

oxygen and, therefore, play a central role in ROS
biology. Incomplete processing of oxygen and/or re-
lease of free electrons results in the production of
oxygen radicals. Under normal physiological condi-
tions, a small fraction of oxygen consumed by mito-
chondria is converted to superoxide anions, H2O2,
and other ROS [27]. Mitochondria have their own
ROS scavenging mechanisms that are required for cell
survival [28]. It has been shown, however, that mito-
chondria produce ROS at a rate higher than their
scavenging capacity, resulting in the incomplete me-
tabolism of approximately 1–3% of consumed oxygen
[29, 30]. The byproducts of incomplete oxygen metab-
olism are superoxide, H2O2, and hydroxyl radicals. In
the presence of reduced transition metals, H2O2 can
produce the highly reactive OH•, which can cause ex-
tensive damage to DNA, proteins, and lipids. ROS-
induced mitochondrial DNA damage can lead to
mitochondrial dysfunction, and it is, therefore, im-
portant to properly detect mitochondrial DNA dam-
age. The roles of mitochondria in energy production
and programmed cell death make this organelle a

prime target for the treatment of several disease
states [8, 31]. The TAT-S3 probe targeting mitochon-
dria may, thus, be suitable for therapeutic studies fo-
cused on mitochondria.
Zebrafish have been traditionally used in the fields

of molecular genetics and developmental biology as
a model organism for drug discovery and toxico-
logical studies because of their physiological similar-
ity to mammals [32–35]. Moreover, zebrafish have
been used as a model for human disease and devel-
opment [36].
In previous studies, we generated an hRpS3-peptide

probe that could be used to detect 8-oxoG via a fluores-
cence assay [37]. We generated a new probe for 8-oxoG
and AP sites consisting of TAT peptide and hRpS3,
termed TAT-S3. The TAT-S3 probe targets ROS-
induced mitochondrial damage and has the ability to
penetrate cells. In this study, we report the development
of this new and highly sensitive TAT-S3 probe for the
detection of 8-oxoG and AP sites.

Results
Synthesis of the TAT-S3 probe
We previously developed an imaging probe to detect 8-
oxoG using a specific peptide of hRpS3 [37]. A TAT
(47–57, YGRKKRRQRRR) peptide that can penetrate
cells was attached at the C-terminus of the S3 probe,
and a two-amino-acid GG linker was added between the
S3 probe and TAT to generate the new TAT-S3 probe.
The ability of the TAT-S3 probe to bind 8-oxoG was
similar to that of the S3 probe. The TAT-S3 probe was
labeled with a fluorescent dye (Flamma-675) at the
amine of the N-terminal glycine for visualization
(Fig. 1a). The basic spectroscopic properties of the TAT-
S3 probe were assessed in vitro (DMSO), revealing an
absorption band at 685 nm and an emission band at 709
nm (Fig. 1b).

Effects of the TAT-S3 probe on cell viability
The cytotoxicity of the TAT-S3 probe was evaluated in
HeLa cells via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2 tetrazolium bromide (MTT) assay. HeLa cells were
treated with the TAT-S3 probe and compared with un-
treated cells. Various concentrations of the TAT-S3
probe were chosen for analysis (0, 5, 500, and 5000 nM)
(Fig. 2), and cell viability was analyzed after 24 h of incu-
bation with the TAT-S3 probe. Treatment with H2O2

(10 mM) was chosen as a positive control and caused a
viability decrease of 99% compared with that of un-
treated cells. The pobe did not show any toxic effects at
most concentrations. However, at the highest concentra-
tion (5000 nM), cell viability was reduced to 71%.
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Binding of the TAT-S3 probe to substrate containing 8-
oxoG and AP sites
In a previous study, we confirmed that an S3 probe con-
taining a K132 (K134 of Drosophila melanogaster RpS3)
amino acid residue, which plays a crucial role in the

binding of hrpS3 and 8-oxoG, specifically binds to sub-
strates containing 8-oxoG [37]. In addition to 8-oxoG,
hRpS3 is known to have binding affinity to AP sites, and
K132 amino acid residues are known to play an import-
ant role in specific binding to AP sites [38, 39]. We

Fig. 1 Structure and spectrum of the TAT-S3 probe. a Chemical Structure of the TAT-S3 probe. b Normalized absorbance and fluorescence
emission spectra for the TAT-S3 probe

Fig. 2 Cell viability assay of the TAT-S3 probe on HeLa cells. HeLa cells were treated with the indicated concentrations of the TAT-S3 probe for
24 h. Cell viability was determined using an MTT assay. Significant differences are indicated as *p < 0.01. Data shown represent the means of 3
individual experiments. * p < 0.01 compared with untreated group
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performed a DNA-peptide binding assay to determine if
the S3 probe from hRpS3 containing a K132 amino acid
residue could specifically bind to AP sites and confirmed
that the TAT-S3 probe specifically binds to substrates
containing AP sites. To determine whether the TAT
peptide affects the ability of the TAT-S3 probe to bind
to specific substrates, we performed DNA binding assays
to confirm binding of the TAT-S3 probe to 8-oxoG and
AP sites (Fig. 3). We confirmed that the TAT-S3 probe,
similarly to the S3 peptide probe, specifically binds to
damaged DNA substrates including 8-oxoG or AP sites,
and the band intensities of the two peptides are the
same. These results showed that the TAT-S3 probe
binds to 8-oxoG and AP sites with an affinity similar to
that of the S3 peptide probe.

Cellular uptake and localization of TAT-S3 probe
To demonstrate that the TAT-S3 probe has the ability
to penetrate cells, HeLa cells were treated with the
TAT-S3 probe (100 nM), incubated for 24 h at 37 °C,
and imaged using confocal microscopy. To verify the
ability of the peptide to target the nucleus and mito-
chondria, Hoechst blue and MitoTracker green fluores-
cent dyes were used. The merged images showed
localization of Hoechst, MitoTracker, and the TAT-S3
probe labeled with Flamma 675 (Fig. 4a). The TAT-S3
probe was not localized in the nucleus. However, the
TAT-S3 probe was localized in the mitochondria. We
confirmed the localization of the probe in the nucleus,
mitochondria, and cytoplasm through cell fractionation.
HeLa cells were treated with 500 μM H2O2 to induce
DNA damage and then treated with 2 μM TAT-S3
probe. After sonication and centrifugation, the various

fractions were obtained. The fluorescence from each
fraction was measured at 685/709 nm on a fluorescence
plate reader. We found that more than 90% of the fluor-
escence of the TAT-S3 probe was present in the mito-
chondrial fractions in the H2O2-treated HeLa cells (Fig.
4b). The level of the TAT-S3 probe in mitochondria was
2.5 times higher than that in the nucleus, suggesting that
the TAT-S3 probe specifically binds to damaged DNA
in mitochondria. Levels of the TAT-S3 probe were 1.8
times higher in mitochondria treated with H2O2 than in
untreated mitochondria. In addition, flow cytometry re-
sults showed that the TAT-S3 probe and MitoTracker
were colocalized (Fig. 4c, d). We next determined
whether the TAT-S3 probe could be used to detect the
reduction in mitochondrial damage by ROS using Mito-
quinone (MitoQ). The fluorescence intensity was de-
creased dose-dependently by MitoQ by about 60%
(Fig. 5a, b). These results indicated that the TAT-S3
probe can be used to detect the reduction in ROS-
induced mitochondrial damage by MitoQ. In addition,
we evaluated whether the TAT-S3 probe can be used to
detect the increase in 8-oxoG in DNA damaged by ROS
using O8, an OGG1 inhibitor. The fluorescence intensity
was increased dose-dependently by O8 by about 2 times
(Fig. 6a, b). These results confirmed that the TAT-S3
probe can be used to detect increases in 8-oxoG induced
by O8.

Comparison of the binding of the TAT-S3 probe,
methoxyamine (MX), and aldehyde reaction probe (ARP)
to AP sites
We performed a competition assay of the TAT-S3 probe
and either ARP or MX. ARP and MX are commonly

Fig. 3 DNA binding assay of the TAT-S3 and S3 probe for the DNA containing 8-oxoG or apurine/apyrimidine. The DNA-protein complex was
incubated for 2 h at 37 °C with 20 pmol each of the TAT-S3 and S3 probes, and a 5 ‘end-radiolabeled 39 mer nucleotide duplex (7 pmol)
containing either 8-oxoG or AP sites
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Fig. 4 Cellular localization and uptake of the TAT-S3 probe. a HeLa cells were treated with the TAT-S3 probe for 24 h and then treated with 100,
500, and 1000 μM H2O2 for 1 h. HeLa cells were stained with Mitotracker (Green) at 37 °C for 15 min and then stained with Hoechst (Blue) at 37 °C
for 5 min. The staining intensity was observed by confocal laser scanning microscope. b HeLa cells were treated the TAT-S3 probe (2 μM) for 24 h
and then treated with 500 μM H2O2 for 1 h. HeLa cells were sonicated and centrifuged to obtain three fractions: Nuclear (N), Mitochondrial (M)
and Cytoplasmic (c). Fluorescence was measured on a fluorescence microplate reader at 685/709 nm. Data shown represent the means of 3
individual experiments. c HeLa cells were treated with the TAT-S3 probe for 24 h and then treated with 500 μM H2O2 for 1 h. HeLa cells were
stained with Mitotracker at 37 °C for 15 min. The intensities of the TAT-S3 probe (Red) and Mitotracker (Green) were detected using flow
cytometry. d HeLa cells were treated with the TAT-S3 probe for 24 h and then treated with 1000 μM H2O2 for 1 h. HeLa cells were stained with
Mitotracker at 37 °C for 15 min. The intensities of the TAT-S3 probe (Red) and Mitotracker (Green) were detected using flow cytometry

Fig. 5 Decrease of fluorescence intensity by MitoQ in ROS-induced mitochondria DNA damage. a HeLa cells were treated with the TAT-S3 probe
for 24 h. HeLa cells were treated with 0.2, 0.5 and 0.7 μM MitoQ for 30 min and then treated with 500 μM H2O2 for 1 h. HeLa cells were stained
with Mitotracker (Green) at 37 °C for 15 min. b Fluorescence intensity of the TAT-S3 probe in (a) was measured by ImageJ software. Data shown
represent means of 3 individual experiments
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used to evaluate AP sites. Using ARP and MX, the
binding affinity of the TAT-S3 probe for AP sites
was measured. Keeping the molar concentration of
the TAT-S3 probe constant, the molar concentra-
tions of ARP/MX were adjusted so that the MX:
TAT-S3 or ARP:TAT-S3 ratio ranged from 0.5 to
0.002. These solutions of MX or ARP and the TAT-
S3 probe were added to DNA for 24 h at 37 °C.
Fluorescence was measured following ethanol pre-
cipitation to remove unbound probes. The results
indicated that the TAT-S3 probe competitively

binds to AP sites in the presence of ARP/MX
(Fig. 7). The binding ability of the TAT-S3 probe
for AP sites was 1.2 times higher than that of ARP
when the TAT-S3 probe concentration was 2 times
higher than that of ARP (Fig. 7a) and 1.6 times
higher than that of MX when the TAT-S3 probe
concentration was 5 times higher than that of MX
(Fig. 7b). Although the AP site-binding ability of the
TAT-S3 probe was slightly lower at equivalent con-
centrations of ARP/MX, these results confirmed that
the TAT-S3 probe binds to AP sites, which is

Fig. 6 Increase of fluorescence intensity by O8 in HeLa cells. a HeLa cells were treated with the TAT-S3 probe at 37 °C for 24 h. HeLa cells were
treated with 0.5 and 2 μg O8 for 1 h and then treated with 500 μM H2O2 for 1 h. HeLa cells were stained with Mitotracker (Green) at 37 °C for 15
min. b Fluorescence intensity of the TAT-S3 peptide probe in (a) was measured by ImageJ software. Data shown represent means of 3
individual experiments

Fig. 7 Competition assay of the TAT-S3 probe and ARP or MX. a ARP or b MX for AP sites in genomic DNA treated with H2O2 (500 μM) for 24 h.
The ratios of ARP:TAT-S3 peptide probe used in this study were: 0, 0.5, 0.2, 0.1, 0.02, 0.01, 0.002. The ratios of MX:TAT-S3 peptide probe used in
this study were: 0, 0.5, 0.2, 0.1, 0.02, 0.01, 0.002. Data shown represent the means of 3 individual experiments
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consistent with our results from the DNA binding
assay.

Cellular ATP levels
To determine the effect of the TAT-S3 probe in mito-
chondria, an ATP assay was performed. Various concen-
trations of the TAT-S3 probe (10 nM, 100 nM, and
1000 nM) were added to cultured HeLa cells, and the lu-
minescence intensity of firefly luciferin-luciferase was
measured. ATP levels in cells treated with different con-
centrations of the TAT-S3 probe were approximately
the same as those in untreated cells (Fig. 8). These re-
sults confirmed that the TAT-S3 probe did not affect
mitochondrial function.

Effect of the TAT-S3 probe in the zebrafish model
To assess whether changes in fluorescence were influ-
enced by the TAT-S3 probe in an in vivo model, we
used an H2O2-induced oxidative stress zebrafish model.
The fluorescence intensity of larvae was analyzed after
treatment with the TAT-S3 probe. As shown in Fig. 9,
the fluorescence intensity was significantly increased by
H2O2 treatment compared with the control. However,
treatment of the zebrafish with MitoQ significantly de-
creased the fluorescence intensity. This result suggested
that the zebrafish model is suitable for in vivo evaluation
of changes in fluorescence of the TAT-S3 probe. Fur-
ther, MitoQ was shown to be suitable as a positive con-
trol that can decrease oxidative stress in the zebrafish
model.

Discussion
Our TAT-S3 probe was capable of targeting mitochon-
drial DNA damage. Mitochondrial ROS are generated as
normal byproducts of oxidative metabolism. Approxi-
mately 3% of the consumed mitochondrial oxygen is not
completely reduced [40], and leaky electrons can easily
interact with molecular oxygen to generate ROS, such as
superoxide anions [41]. Oxidative stress is a conserved
signal for cell death and is involved in a variety of cell
death paradigms. Hence, small molecules such as ROS
can affect the complex networks of proteins mediating
the induction and execution of cell death. Mitochondrial
impairment results in overproduction of ROS, promot-
ing the onset of diseases characterized by various clinical
symptoms.
hRpS3 is a remarkably versatile protein involved in

DNA repair, cell death, inflammation, tumorigenesis,
and transcriptional regulation [38, 42]. Besides its role in
the maturation of ribosomes, hRpS3 participates in DNA
repair [43]. hRpS3 cannot remove 8-oxoG from dam-
aged DNA but does have a high binding affinity for 8-
oxoG. According to Hegde et al., lysine K32 of hRpS3 is
required for binding to DNA containing 8-oxoG [44].
The development of peptide drugs and therapeutic

proteins is limited by the selectivity of the cell mem-
brane, which results in poor permeability of these com-
pounds [39]. Many pharmaceutical agents are delivered
intracellularly to exert their therapeutic effects inside the
cytoplasm or on individual organelles, such as the nuclei
(for gene and antisense therapy), lysosomes (for the de-
livery of deficient lysosomal enzymes), and mitochondria
(for pro-apoptotic anticancer drug delivery) [45]. The

Fig. 8 ATP assay of the TAT-S3 probe on HeLa cells. HeLa cells were treated with the indicated concentrations of the TAT-S3 probe for 24 h. Cells
were collected and lysed with 0.5% TCA. ATP levels were analyzed for luciferase activity using a luminometer. Data shown represent the means of
3 individual experiments
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TAT protein from HIV-1 is able to deliver biologically
active proteins in vivo and has generated considerable
interest for use in protein therapeutics [46–51]. There-
fore, we used a TAT peptide for the delivery of our S3
probe into cells.
We developed the TAT-S3 probe using a TAT peptide

and Flamma 675 attached to a specific peptide of hRpS3
(Fig. 1). The TAT-S3 probe was not toxic (Fig. 2) and
had a similar binding ability to 8-oxoG and AP sites as
compared to that of the S3 peptide alone (Fig. 3). When
cell damage was increased by H2O2, the fluorescence in-
tensity of the TAT-S3 probe increased and was localized
to the mitochondria (Fig. 4a). In cell fractionation stud-
ies, the TAT-S3 probe was highly localized in the mito-
chondria (Fig. 4b), while in flow cytometry, the
fluorescence of the TAT-S3 probe and MitoTracker was
colocalized (Fig. 4c, d). The fluorescence intensity of the
TAT-S3 probe was decreased by treatment with MitoQ
(Fig. 5). On the other hand, the fluorescence intensity of
the TAT-S3 probe was increased by treatment with O8
(Fig. 6). These results indicated that the TAT-S3 probe
is sensitive to mitochondrial DNA damage. Therefore,
the TAT-S3 probe could be used to determine thera-
peutic effects in studies of mitochondrial damage. The
binding of the TAT-S3 probe to AP sites was weaker
than that of ARP/MX (Fig. 7), but this effect could be
compensated for by increased concentrations of the
TAT-S3 probe. These results confirmed that the TAT-
S3 peptide probe competitively binds to AP sites. Cellu-
lar ATP levels were not altered by treatment with the
TAT-S3 probe (Fig. 8), suggesting that treatment with
the probe did not alter mitochondrial function. As an
animal model, zebrafish have been widely used in studies

on molecular genetics, developmental biology, drug dis-
covery, and toxicology because of their physiological
similarity to mammals [52–54]. Therefore, we evaluated
the effect of MitoQ on the fluorescence intensity of the
TAT-S3 probe by using an H2O2-induced oxidative
stress zebrafish model, in which the fluorescence inten-
sity of the TAT-S3 probe was decreased by treatment
with MitoQ (Fig. 9).

Conclusion
In conclusion, we have developed a novel imaging probe
for 8-oxoG and AP sites utilizing an hRpS3 peptide that
specifically detects 8-oxoG and AP sites in HeLa cells
without permeabilization. The TAT-S3 probe can distin-
guish 8-oxoG and AP sites from other nucleosides.
Fluorescence of the TAT-S3 probe was observed in cells
24 h after treatment. The TAT-S3 probe was not easily
degraded intracellularly and retained its ability to detect
8-oxoG and AP sites. Fluorescence of the TAT-S3 probe
was observed 36 h after treatment. Studies using micros-
copy and isolated mitochondria indicated that the pep-
tide was taken up by the mitochondria. In zebrafish, the
TAT-S3 probe was found to specifically bind to mito-
chondria. Thus, the TAT-S3 probe could be useful as a
probe for detecting mitochondrial DNA damage, which
could be advantageous in the development of therapeu-
tics targeting mitochondria.

Methods
Peptide synthesis
Peptides were synthesized according to the methods de-
scribed by Han et al. [37]. The peptides were labeled in
dye (FPR-675; BioActs, Incheon, South Korea) at the

Fig. 9 The inhibitory effect of MitoQ on H2O2-induced oxidative stress in zebrafish. a The zebrafish were pre-treated with 0.5 μM of MitoQ and
then stimulated with 10mM H2O2. b The intensity was analyzed after treatment with the TAT-S3 peptide probe using Image J. Experiments were
performed in a triplicate and data is presented as the mean ± SE. **p < 0.01 compared with H2O2 treated group. ##p < 0.01 compared with
untreated group
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amine of the N-terminal glycine. The peptides were
combined with the TAT peptide at the amine of the C-
terminus using a GG linker.

Cell culture
HeLa cells were obtained from the Department of
Biological Sciences of Konkuk University (Seoul, Korea).
HeLa cells were grown in Dulbecco’s Modified Eagle
medium (DMEM; Welgene, Gyeongsan, South Korea)
containing 10% fetal bovine serum (Biowest, Nuaillé,
France) and 1% penicillin-streptomycin solution (Sigma-
Aldrich) at 37 °C in a 5% CO2 incubator.

MTT assay
MTT was purchased from Sigma-Aldrich (98% purity).
HeLa cells were seeded in 24-well plates at a density of
1 × 105 cells per well and incubated for 24 h. The cells
were treated with the TAT-S3 probe at different concen-
trations and incubated for 24 h in complete medium.
Cells treated with 10 mM H2O2 for 1 h were used as a
positive control. MTT solution (0.5 mg/mL) was added
to each well and incubated for 1 h, and then DMSO was
added and incubated for 5 min. Absorbance was mea-
sured at 570 nm on a microplate reader.

DNA binding assay of the TAT-S3 probe and S3 probe
A DNA binding assay was conducted using a 5′-end-la-
beled DNA oligonucleotide duplex containing either a
single AP site (AP-39mer) or a single 8-oxoG residue (8-
oxoG-39mer). The DNA binding assay was performed in
reaction buffer (30 mM KCl, 30 mM HEPES, pH 7.4, and
0.01% Triton X-100) with 2 μM of the TAT-S3 and S3
probes. The radiolabeled 39-mer oligonucleotide duplex
(7 pmol) was immediately added to the TAT-S3 and S3
probes. After incubation at 37 °C for 3 h, reactions were
terminated using 6× DNA loading dye (Bio Basic Inc.,
Markham, ON, Canada). Samples were loaded on a 10%
nondenaturing polyacrylamide gel in 1× TBE buffer
(450 mM tris, 450 mM boric acid, 1 mM EDTA, pH 8.0).
After electrophoresis, gels were vacuum dried and
suctioned.

Confocal fluorescence microscopy
Digital images were obtained with a super-resolution
confocal laser scanning microscope (LSM 800, Carl
Zeiss, Oberkochen, Germany). HeLa cells were seeded in
a confocal dish at a density of 2 × 105 cells and treated
with 100 nM TAT-S3 probe in complete medium. After
24 h, the cells were treated with 500 μM H2O2. After 1 h,
the cells were triple washed with PBS and stained with
Hoechst (1:5000) for 10 min. After an additional three
washes with PBS, MitoTracker Green FM (Invitrogen,
Carlsbad, CA, USA) was added at a final concentration
of 20 nM and incubated for 15 min. The cells were again

washed three times with PBS. A blue pseudocolor was
applied to visualize the nuclear stain, a green pseudoco-
lor was applied to visualize the mitochondrial stain, and
a red pseudocolor was applied to visualize the
localization of the TAT-S3 probe within cells.

Cell fractionation
HeLa cells were seeded in 1 × 105 cells/60-mm2 cell cul-
ture dish. The cells were treated with 2 μM TAT-S3 probe
and incubated for 24 h. Hoechst was added at a final dilu-
tion of 1:5000. The cells were washed three times with
PBS and then collected and lysed with a sonicator. The
lysate was centrifuged at 300×g for 5min. The super-
natant was a cell-free extract, and the pellet was resus-
pended with 200 μL of PBS and centrifuged at 600×g for
10min. This supernatant contained nuclei, and the pellet
was resuspended with 200 μL of PBS and centrifuged at
16,000×g for 30min. The final pellet contained mitochon-
dria and was resuspended with 200 μL of PBS.

Genomic DNA competition assay with ARP/MX and the
TAT-S3 probe
Genomic DNA was extracted using a genomic DNA ex-
traction kit (Bioneer, Daejeon). Solutions of ARP/MX
and the TAT-S3 probe were prepared in H2O; the ARP/
MX concentration was adjusted to 0–10 μM while main-
taining the TAT-S3 probe concentration at 10 μM. The
ratios of ARP/MX:TAT-S3 probe used in this study were
as follows: 0.002, 0.01, 0.02, 0.1, 0.2, and 0.5. The sam-
ples were prepared in triplicate by adding 10 μL ARP or
MX/TAT-S3 solution to 5 μL genomic DNA (100 μg/
mL). Samples were incubated at 37 °C for 24 h in the
dark. Tris-EDTA buffer (85 μL, pH 7.0; Sigma-Aldrich)
and 1 μL of glycogen (Sigma-Aldrich) were added to the
samples, followed by 10 μL of 3M sodium acetate. Ice-
cold ethanol (300 μL) was added, and the DNA was puri-
fied by ethanol precipitation. The pellet was washed
three times with 70% ethanol and dissolved in 100 μL
H2O. Samples were added to a 96-well black plate
(Corning, Corning, NY, USA) and analyzed at 685 nm
excitation and 709 nm emission.

Flow cytometry
HeLa cells were seeded in 3 × 105 cells/60mm2 dish and
cultured. The cells were treated with the TAT-S3 probe
(100 nM) for 24 h, followed by the indicated concentra-
tion of H2O2 for 1 h. After washing three times with
PBS, the cells were treated with 20 nM MitoTracker
Green FM for 15 min and then washed three times with
PBS. The cells were collected with a scraper, and the cell
lysate (100 μL) was analyzed via flow cytometry (Cyto-
FLEX, Beckman Coulter, Brea, CA, USA).
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ATP assay
ATP assays were performed according to the manufac-
turer’s protocol (ATP assay kit, Promega, Madison, WI,
USA), and detection was performed with a luminometer
(Veritas™, Santa Clara, CA, USA). HeLa cells were
seeded in 3 × 105 cells/60-mm2 dish. The cells were
treated with the TAT-S3 probe, incubated for 24 h, and
then collected and lysed with 0.5% trichloroacetic acid
solution (TCA, Sigma-Aldrich). The lysate was mixed
with Tris-EDTA buffer, pH 8.0 (Sigma-Aldrich), and
then 100 μL of cell lysate was analyzed for luciferase ac-
tivity using a luminometer.

Measurement of antioxidant effects by confocal
microscopy
HeLa cells were seeded in confocal dish at a density of
2 × 105 cells and treated with 100 nM TAT-S3 probe.
After 24 h, the cells were treated with 0.5 μg/mL MitoQ
(BioVision, Milpitas, CA, USA), a mitochondria-targeted
antioxidant. After 1 h, the cells were washed three times
with PBS, treated with 20 nM MitoTracker Green FM
for 15 min, and washed again three times with PBS.
Green pseudocolor was applied to visualize mitochon-
drial staining, while red pseudocolor was applied to
visualize the localization of the TAT-S3 probe within
cells.

Measurement of effects of OGG1 inhibitor by confocal
microscopy
HeLa cells were in confocal dish at a density of 2 × 105

cells and treated with the TAT-S3 probe (100 nM) alone
or in combination with O8 (Sigma-Aldrich), an inhibitor
of OGG1. After 24 h, the cells were washed three times
with PBS, treated with 20 nM MitoTracker Green FM
for 15 min, and washed again three times with PBS.
Green pseudocolor was applied to visualize mitochon-
drial staining, while red pseudocolor was applied to
visualize the localization of the TAT-S3 probe within
cells.

Maintenance of zebrafish
Zebrafish were purchased from a commercial dealer
(Seoul aquarium, Seoul, Korea) and maintained and bred
according to the methods described by Kim et al. [55].
All animal experiments were approved by the Jeju
National University Animal Care and Use Committee
(2016–0052).

Measurement of antioxidant effect in zebrafish embryos
From approximately 7–9 h post-fertilization (hpf), 15
embryos were transferred to individual wells of a 12-well
plate containing 1.8 mL embryo medium. The embryos
were treated with 0.5 μM MitoQ. After 1 h, 10 mM
H2O2 was added to the embryos exposed to MitoQ for

up to 72 hpf. Then, zebrafish larvae at 72 hpf were indi-
vidually transferred to a 96-well plate, treated with 100
nM TAT-S3 probe, and incubated for 24 h in the dark at
28.5 ± 0.5 °C. The zebrafish larvae were rinsed three
times with fresh embryo medium. After anesthesia with
0.03% MS-222, stained larvae were observed and photo-
graphed under a microscope (Gen 5 version 3.03, Bio-
Tek, Winooski, VT, USA). The fluorescence intensity of
larvae was quantified using the ImageJ program.

Statistical analysis
The values in this study are representative of at least
three independent experiments. All results are shown as
the means ± S.D. Statistical analysis of the data between
experimental groups was performed using Student’s t-
test. P values less than 0.05 were considered statistically
significant.

Abbreviations
8-oxoG: 8-oxo-7,8-dihydroguanine; AP: Apurinic/apyrimidinic; ARP: Aldehyde
reaction probe; BER: Base excision repair; HIV-1: Human immunodeficiency
virus-1; hpf: Hours post-fertilization; hRpS3: Human ribosomal protein S3;
MitoQ: Mitoquinone; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2
tetrazolium bromide; MX: Methoxyamine; ROS: Reactive oxygen species;
TAT: Transactivator

Acknowledgments
We thank BioActs (Incheon, Korea) for synthesizing the TAT-S3 probe to
measure 8-oxoG and AP sites. We would like to thank Editage (www.editage.
co.kr) for English language editing.

Authors’ contributions
DMK, JIS, JBK, KHL, JHC, and YSH designed the study. DMK and HWY
performed the experiments and analyzed data together with KNK and YSH.
DMK and HWY wrote the manuscript, with contributions from KNK and YSH.
All authors read and approved the final manuscript.

Funding
This research was funded by Konkuk University in 2018. The subject of the
research funding was “Functional studies of fluorescence labeled peptides to
detect the damaged DNA.”

Availability of data and materials
All data generated or analyzed during this study are included in this article
and its supplementary information files.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Advanced Technology Fusion, Konkuk University, 120
Neungdong-ro, Gwangjin-gu, Seoul 05029, Republic of Korea. 2Department
of Biological Sciences, Konkuk University, Seoul 05029, South Korea.
3Department of Applied Bioscience, College of Life Science, CHA University,
Pocheon 11160, South Korea. 4Department of Marine Life Science, Jeju
National University, Jeju 63243, South Korea. 5Chuncheon Center, Korea Basic
Science Institute (KBSI), Chuncheon 24341, South Korea.

Kang et al. BMC Molecular and Cell Biology           (2019) 20:54 Page 10 of 12

http://www.editage.co.kr
http://www.editage.co.kr


Received: 13 June 2019 Accepted: 14 November 2019

References
1. Sidorenko VS, Nevinsky GA, Zharkov DO. Mechanism of interaction between

human 8-oxoguanine-DNA glycosylase and AP endonuclease. DNA Repair.
2007;6(3):317–28.

2. Leon J, Sakumi K, Castillo E, Sheng Z, Oka S, Nakabeppu Y. 8-Oxoguanine
accumulation in mitochondrial DNA causes mitochondrial dysfunction and
impairs neuritogenesis in cultured adult mouse cortical neurons under
oxidative conditions. Sci Rep. 2016;6:22086.

3. Moriya M. Single-stranded shuttle phagemid for mutagenesis studies in
mammalian cells: 8-oxoguanine in DNA induces targeted G.C-->T.A
transversions in simian kidney cells. PNAS. 1993;90(3):1122–6.

4. Simic MG. Urinary biomarkers and the rate of DNA damage in
carcinogenesis and anticarcinogenesis. Mutat Res. 1992;267(2):267–77.

5. Olinski R, Zastawny T, Budzbon J, Skokowski J, Zegarski W, Dizdaroglu M.
DNA base modifications in chromatin of human cancerous tissues. FEBS
Lett. 1992;309(2):193–8.

6. Dianov G, Bischoff C, Jason Piotrowski J, Bohr VA. Repair pathways for
processing of 8-Oxoguanine in DNA by mammalian cell extracts. J Biol
Chem. 1998;273:33811–6.

7. Lindahl T. Instability and decay of the primary structure of DNA. Nature.
1993;362(22):709–175.

8. Fantin VR, Leader P. Mitochondriotoxic compounds for cancer therapy.
Oncogene. 2006;25:4787–97.

9. Cappelli E, Degan P, Frosina G. Comparative repair of the endogenous
lesions 8-oxo-7,8-dihydroguanine (8-oxoG), uracil and abasic site by
mammalian cell extracts: 8-oxoG is poorly repaired by human cell extracts.
Carcinogenesis. 2000;21(6):1135–41.

10. Krokan HE, Bjørås M. Base excision repair. Cold Spring Harb Perspect Biol.
2013;5:a012583.

11. Brozmanová J, Dudás A, Henriques JA. Repair of oxidative DNA damage--an
important factor reducing cancer risk. Neoplasma. 2001;48(2):85–93.

12. Ide H, Kotera M. Human DNA glycosylases involved in the repair of
oxidatively damaged DNA. Biol Pharm Bull. 2004;27(4):480–5.

13. Feig DI, Reid TM, Loeb LA. Reactive oxygen species in tumorigenesis.
Cancer Res. 1994;54(7):1890–4.

14. Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants, and the
degenerative diseases of aging. PNAS. 1993;90(17):7915–22.

15. Kim J, Chubatsu LS, Admon A, Stahl J, Fellous R, Linn S. Implication of
mammalian ribosomal protein S3 in the processing of DNA damage. J Biol
Chem. 1995;270:13620–9.

16. Dizdaroglu M. Formation of 8-hydroxyguanine moiety in deoxyribonucleic
acid on. Gamma.-irradiation in aqueous solution. Biochemistry. 1985;24(16):
4476–81.

17. Lee YR, Park JH, Hahm SH, Kang LW, Chung JH, Nam KH, Hwang KY, Kwon
IC, Han YS. Development of bimolecular fluorescence complementation
using Dronpa for visualization of protein–protein interactions in cells. Mol
Imaging Biol. 2010;12(5):468–78.

18. Ono S, Li Z, Koga Y, Tsujimoto A, Nakagawa O, Sasaki S. Development
of a specific fluorescent probe for 8-Oxoguanosine. Nucleic acid. 2007;
51(1):315–6.

19. Sugden KD, Campo CK, Martin BD. Direct oxidation of guanine and 7,8-
Dihydro-8-oxoguanine in DNA by a high-Valent chromium complex: a
possible mechanism for chromate Genotoxicity. Chem Res Toxicol. 2001;
14(9):1315–22.

20. Li Z, Nakagawa O, Koga Y, Taniguchi Y, Sasaki S. Synthesis of new
derivatives of 8-oxoG-clamp for better understanding the recognition
mode and improvement of selective affinity. Bioorg Med Chem. 2010;
18(11):3992–8.

21. Zhang B, Guo LH, Greenberg MM. Quantification of 8-OxodGuo lesions in
double-stranded DNA using a photoelectrochemical DNA sensor. Anal
Chem. 2012;84(14):6048–53.

22. Reubi JC, Maecke HR. Peptide-based probes for cancer imaging. Nucl Med.
2008;49(11):1735–8.

23. Aloj L, Morelli G. Design, synthesis and preclinical evaluation of radiolabeled
peptides for diagnosis and therapy. Curr Pharm Des. 2004;10(24):3009–31.

24. Okarvi SM. Peptide-based radiopharmaceuticals: future tools for diagnostic
imaging of cancers and other diseases. Med Res Rev. 2004;24(3):357–97.

25. Nakagawa O, Ono S, Tsujimoto A, Li Z, Sas S. Fluorescence detection of 8-
oxoguanosine by G-clamp derivatives. Nucleic Acids Symp Ser. 2006;50(1):21–2.

26. Cerrato CP, Pirisinu M, Vlachos EN, Langel Ü. Novel cell-penetrating peptide
targeting mitochondria. FASEB J. 2015;29(11):4589–99.

27. Chance B, Sies H, Boveri A. Hydroperoxide metabolism in mammalian
organs. Physiol Rev. 1979;59(3):527–605.

28. Melov S, Schneider JA, Day BJ, Hinerfeld D, Coskun P, Mirra SS, Crapo JD,
Wallace DC. A novel neurological phenotype in mice lacking mitochondrial
manganese superoxide dismutase. Nat Genet. 1998;18:159–63.

29. Boveris A, Chance B. The mitochondrial generation of hydrogen peroxide.
General properties and effect of hyperbaric oxygen. Biochem J. 1973;134(3):
707–16.

30. Nohl H, Hegner D. Do mitochondria produce oxygen radicals in vivo? Eur J
Biochem. 1978;82(2):563–7.

31. Horton KL, Stewart KM, Fonseca SB, Guo Q, Kelley SO. Mitochondria-
penetrating peptides. Chem Biol. 2008;15(4):375–82.

32. Driever W, Solnica-Krezel L, Schier AF, Neuhauss SC, Malicki J, Stemple DL,
et al. A genetic screen for mutations affecting embryogenesis in zebrafish.
Development. 1996;123:37–46.

33. Hertog JD. Chemical genetics: drug screens in zebrafish. Biosci Rep.
2005;25:5–6.

34. Kimmel CB. Genetics and early development of zebrafish. Trends Genet.
1989;5(8):283–8.

35. Pichler FB, Laurenson S, Williams LC, Dodd A, Copp BR, Love DR. Chemical
discovery and global gene expression analysis in zebrafish. Nat Biotechnol.
2003;21:879–83.

36. Bradbury J. Small fish, big science. PLoS Biol. 2004;2(5):0568–72.
37. Han SE, Hahm SH, Tran AHV, Park JW, Chung JH, Park GT, Han YS. A

Fluorophore-labeled peptide of human ribosomal protein S3 for the
detection of the 8-Oxoguanine within the cells. Bull Korea Chem Soc. 2015;
36(10):2451–7.

38. Gao X, Hardwidge PR. Ribosomal protein s3: a multifunctional target of
attaching/effacing bacterial pathogens. Front Microbiol. 2011;2:137.

39. Morris MC, Depollier J, Mery J, Heitz F, Divita G. A peptide carrier for the
delivery of biologically active proteins into mammalian cells. Nat Biotechnol.
2001;19:1173–6.

40. Gauuan PJF, Trova MP, Gregor-Boros L, Bocckino SB, Crapo JD, Day BJ.
Superoxide dismutase mimetics: synthesis and structure-activity relationship
study of MnTBAP analogues. Bioorg Med Chem. 2002;10(9):3013–21.

41. Tieu K, Ischiropoulos H, Przedborski S. Nitric oxide and reactive oxygen
species in Parkinson’s disease. IUBMB Life. 2003;55(6):329–35.

42. Hegde V, Wang M, Deutsch WA. Characterization of human ribosomal
protein S3 binding to 7,8-dihydro-8-oxoguanine and abasic sites by surface
plasmon resonance. DNA Repair. 2004;3(2):121–6.

43. Hegde V, Yadavilli S, Deutsch WA. Knockdown of ribosomal protein S3
protects human cells from genotoxic stress. DNA Repair. 2007;6(1):94–9.

44. Hegde V, Wang M, Mian IS, Spyres L, Deutsch WA. The high binding affinity
of human ribosomal protein S3 to 7,8-dihydro-8-oxoguanine is abrogated
by a single amino acid change. DNA Repair. 2006;5(7):810–5.

45. Torchilin VP. Tat peptide-mediated intracellular delivery of pharmaceutical
nanocarrier. Adv Drug Deliv Rev. 2008;60(4–5):548–58.

46. Frankel AD, Pabo CO. Cellular uptake of the tat protein from human
immunodeficiency virus. Cell. 1998;55(6):1189–93.

47. Mann DA, Frankel AD. Endocytosis and targeting of exogenous HIV-1 tat
protein. EMBO J. 1991;10(7):1733–9.

48. Fawell S, Seery J, Daikh Y, Moore C, Chen LL, Pepinsky B, Barsoum J. Tat-
mediated delivery of heterologous proteins into cells. PNAS. 1994;91(2):664–8.

49. Vives E, Brodin P, Lebleu B. A truncated HIV-1 tat protein basic domain
rapidly translocates through the plasma membrane and accumulates in the
cell nucleus. J Biol Chem. 1997;272:16010–7.

50. Schwarze SR, Ho A, Vocero-Akbani A, Dowdy SF. In vivo protein
transduction: delivery of a biologically active protein into the mouse.
Science. 1999;285(5433):1569–72.

51. Becker-Hapak M, McAllister SS, Dowdy SF. TAT-mediated protein
transduction into mammalian cells. Methods. 2001;24(3):247–56.

52. Cheong SH, Yang HW, Ko EY, Ahn G, Lee W, Kim D, Jeon YJ, Kim KN. Anti-
inflammatory effects of trans-1,3-diphenyl-2,3-epoxypropane-1-one in
zebrafish embryos in vivo model. Fish Shellfish Immunol. 2016;50:16–20.

53. Eisen JS. Zebrafish make a big splash. Cell. 1996;87(6):969–77.
54. Ko EY, Cho SH, Kwon SH, Eom CY, Jeong MS, Lee W, Kim SY, Heo SJ, Ahn G,

Lee KP, Jeon YG, Kim KN. The roles of NF-kappaB and ROS in regulation of

Kang et al. BMC Molecular and Cell Biology           (2019) 20:54 Page 11 of 12



pro-inflammatory mediators of inflammation induction in LPS-stimulated
zebrafish embryos. Fish Shellfish Immunol. 2017;68:525–9.

55. Kim EA, et al. Protective effect of fucoidan against AAPH-induced oxidative
stress in zebrafish model. Carbohydr Polym. 2014;102(15):185–91.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kang et al. BMC Molecular and Cell Biology           (2019) 20:54 Page 12 of 12


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Synthesis of the TAT-S3 probe
	Effects of the TAT-S3 probe on cell viability
	Binding of the TAT-S3 probe to substrate containing 8-oxoG and AP sites
	Cellular uptake and localization of TAT-S3 probe
	Comparison of the binding of the TAT-S3 probe, methoxyamine (MX), and aldehyde reaction probe (ARP) to AP sites
	Cellular ATP levels
	Effect of the TAT-S3 probe in the zebrafish model

	Discussion
	Conclusion
	Methods
	Peptide synthesis
	Cell culture
	MTT assay
	DNA binding assay of the TAT-S3 probe and S3 probe
	Confocal fluorescence microscopy
	Cell fractionation
	Genomic DNA competition assay with ARP/MX and the TAT-S3 probe
	Flow cytometry
	ATP assay
	Measurement of antioxidant effects by confocal microscopy
	Measurement of effects of OGG1 inhibitor by confocal microscopy
	Maintenance of zebrafish
	Measurement of antioxidant effect in zebrafish embryos
	Statistical analysis
	Abbreviations

	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

