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Abstract

Human apurinic/apyrimidinic endonuclease 1 (APE1) plays crucial roles in repairing DNA damage and regulating RNA in the nucleus. However,
direct visualization of nuclear APE1 in live cells remains challenging. Here, we report a chaperone@DNA probe for live-cell imaging of APE1 in the
nucleus and nucleolus in real time. The probe is based on an assembly of phenylboronic acid modified avidin and biotin-labeled DNA containing
an abasic site (named PB-ACP), which cleverly protects DNA from being nonspecifically destroyed while enabling targeted delivery of the probe
to the nucleus. The PB-ACP construct specifically detects APE1 due to the high binding affinity of APE1 for both avidin and the abasic site in
DNA. It is easy to prepare, biocompatible and allowing for long-term observation of APE1 activity. This molecular tool offers a powerful means
to investigate the behavior of APE1 in the nuclei of various types of live cells, particularly for the development of improved cancer therapies

targeting this protein.

Graphical abstract

Introduction

Human apurinic/apyrimidinic endonuclease 1 (APE1) is a
multifunctional protein which plays critical roles in repairing
DNA damage and controlling other important intracellular
processes (1,2). Its subcellular localization and diverse func-
tions, including regulating apoptosis, proliferation, and differ-
entiation, make it a target of intense research (3). In the nu-
cleus, APE1 acts as the major AP endonuclease, essential for
maintaining genome stability (4). As a redox signaling pro-
tein, APE1 regulates the transcriptional activity of a number
of transcription factors which are key contributors to many
diseases (5). Its role in RNA metabolism has also been identi-
fied (6). Alterations in the expression, subcellular localization,
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and activities of APE1 have been reported to be associated
with neurodegeneration, cardiovascular disease and the abil-
ity of tumor cells to grow and metastasize (7,8). In addition to
being used as a predictive and prognostic biomarker for vari-
ous cancers, APE1 also has been utilized as a therapeutic target
due to its critical role as a cellular signaling node in tumor cells
(3). Although methods for visualizing APE1 in the cytoplasm
of living cells have been well-established (9-11), direct obser-
vation of APE1 in the nucleus remains a significant challenge
due to limited available molecular tools. Traditional meth-
ods like immunofluorescence can only visualize fixed cells
(12). Genetically encoded fluorescent probes, such as GFP-
tagged proteins, are valuable tools for real-time monitoring of
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protein dynamics in living cells over longer time scales (13-
15). However, tagging the protein may alter its spatial local-
ization from the native distribution of the untagged protein
within the cell. Additionally, the introduction of GFP-tagged
APE1 represents an overexpression in cells, which may result
in a distribution distinct from the endogenous APE1 alone.

Histones and protamines are nuclear basic proteins that
tend to bind to the phosphate backbone of DNA and fold it
into a toroid-shaped structure (16). Similar condensation ef-
fect of DNA has also been observed for avidin (AVD) with
a binding length of 18+4 bp DNA per AVD (17). Inter-
estingly, our previous work disclosed that AVD-assembled
biotin-labeled AP site-containing DNA (AP-DNA) on the sur-
face of silica coated magnetic nanoparticles was resistant to
many nucleases, whereas can be efficiently cleaved by APE1
(9). These results implied special interactions between AVD
and APE1. Our further study revealed that the biotin label not
only anchored the AP-DNA probe on avidin, but also substan-
tially increased the binding affinity of AVD for APE1. Based on
these inherent molecular properties, we envision that chemi-
cally modified AVD may serve as a chaperone of DNA for
regulation the reactions between DNA and other molecules.

In this work, we demonstrate a novel type of chaper-
one@DNA probe which enabled visualization of APE1 in the
nucleus of living cells. As illustrated in Scheme 1A, the basic
structure of AVD/AP-DNA complex probe (ACP) consists of
a biotin-labeled DNA duplex (37 nt/21nt) probe containing
an abasic site that is conjugated to avidin at a 1:1 ratio. This
probe showed very high sensitivity and specificity to APE1 and
allowed quantification of APE1 activity in subcellular com-
partments and exosomes of different cell types without the
need of additional purification steps. By pre-modification of
AVD with phenylboronic acid (PB-AVD), the resultant probe
is named PB-ACP (Scheme 1B), in which the PB-AVD func-
tions as a chaperone, protecting the DNA strand from non-
specific degradation while enabling effective nuclear targeting
delivery of the probe via the importin o/B pathway (Scheme
1C). PB-ACP specifically detects APE1 due to the high binding
affinity between avidin and APE1 and the high binding affin-
ity of APE1 for the abasic site in DNA. Using PB-ACP, we
visualized APE1 in the nucleus of live cells, including its dis-
tribution within the nucleolus, and observed variations in its
activity under different conditions. This innovative approach
provides a valuable tool for studying the role of APE1 in main-
taining genome stability and other cellular processes, as well
as for improving cancer treatments.

Materials and methods

Materials

The DNA oligonucleotides were synthesized and purified by
HPLC (Sangon Biotech Co., China). The sequences of all the
DNA strands that have been studied in this work are summa-
rized in Supplementary Table S1. Apurinic/apyrimidinic en-
donuclease 1 (APE1), Deoxyribonuclease I (DNase I), Exonu-
clease III (Exo III), Exonuclease I (Exo I), TS Exonuclease (TS
Exo), Endonuclease IV (Endo IV)and their reaction buffers
(Supplementary Table S2) were all purchased from New Eng-
land Biolabs (NEB, USA). Recombinant Three Prime Repair
Exonuclease 1 (TREX1) and its reaction buffer were produced
as described by Silva et al. (18). Avidin (AVD) was purchased
from Sigma chemical Co. (St. Louis. MO). 4-nitrophenyl chlo-
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roform and (hydroxymethyl) phenylboronic acid pinacol es-
ter ((4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) phenyl)
methanol) (PBN) were purchased from Konoscience (Beijing,
China).

Mammary gland epithelial adenocarcinoma cells (MCF-
7) cell line, Rat adrenal pheochromocytoma cells (PC-
12) cell line and PC-12 (highly differentiated) cell special
medium (CM-0481) were purchased from Procell Life Sci-
ence&Technology Co. Ltd (Wuhan, China). Mammary gland
epithelial cells (MCF 10A) cell line was purchased from iCell
Bioscience Inc (Shanghai, China). Human cervical carcinoma
cell line (HeLa), Human Embryonic Kidney 293 cell (HEK-
293T) and Adenocarcinomic human alveolar basal epithelial
cell line (A549) were purchased from ATCC (Manassas, VA,
USA). The human esophageal squamous cell carcinoma cell
lines TE-1 wild-type (TE-1 WT) and TE-1 APE1-knockout
(TE-1 APE1-KO), along with the TE-1-specific medium,
were acquired from Hycyte, Suzhou Haixing Bioscience Co.
(Suzhou, China). Mammary Epithelial Cell Growth Medium
(MEGM, CC-3150) was purchased from Lonza Bioscience
(Basel, Switzerland). Dulbecco’s modified Eagle’s medium
(DMEM), Dulbecco’s phosphate buffer solution without cal-
cium & magnesium (DPBS), and F-12 Nutrient Mix were pur-
chased from Corning (Manassas, VA, USA). Human recombi-
nant insulin was purchased from Coolaber (Beijing, China).

Construction of the AVD/AP-DNA complex (ACP)
and measurement of APE1 in protein extracts from
different cell types using ACP

The fluorescently labeled AP site-containing dsDNA probe
(P1) was designed based on our previous work with some
modifications (Supplementary Table S1) (9,18,19). P2-biotin
has the same sequence as P1, but with a 3’-biotin tag. To gen-
erate the corresponding AVD/AP-DNA complex P1 or P2-
biotin were mixed with AVD at a molar ratio of 1:1 and incu-
bated at 37°C for 30 min.

The response of the resultant AVD/AP-DNA complex to
APE1 was measured in NEB Buffer 4 with a total volume fixed
at 50 ul. APE1 standard solutions or cellular extracts were first
diluted to the proper concentrations using NEB Buffer 4 con-
taining 0.04% Triton X-100. In a 200 ul PCR tube, 10 ul of
1 uM ACP and 5 pl of 10x NEB Buffer 4 were added and
brought up to a volume of 48 ul with deionized water. Then 2
ul of APE1 standard or cellular extract solution was added to
the mixture solution, and immediately measured on a Rotor-
Gene Q Splex HRM Instrument (QIAGEN, Germany). Fluo-
rescence intensity was measured once a cycle (5 s per cycle)
with a gain level of 8. The excitation/emission wavelengths
were 470 nm/510 nm for FAM, and 585 nm/610 nm for
ROX, respectively.

To measure the response of the obtained ACP to other en-
zymes, the optimal buffer for the tested enzyme shown in
Supplementary Table S2 was used instead of Buffer 4. The
final concentration of ACP was fixed at 200 nM, and 2 ul of
the enzyme solution to be tested was added for the detection.

Synthesis of PBN and modification of AVD with
PBN

The (Hydroxymethyl) phenylboronic acid pinacol ester (0.50
g, 2.1 mmol) was dissolved in 20 ml anhydrous tetrahy-
drofuran (THF). Next, 0.6 ml (4.3 mmol) of triethylamine
was added, followed by 4-nitrophenyl chloroformate (0.47 g,
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P2-biotin: 5'- #-ATCCCTGXAGATGTGATGTTGATCCTTTGGAAAAAAA-Biotin

3-CCTTTAGGGACCGTTACACTA
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Scheme 1. (A) Schematic illustration of the AVD/AP-DNA complex probe (ACP) at a conjugation ratio of 1:1. (B) Construction of PB-ACP by modification
of AVD with phenylboronic acid. (C) Visualization APE1 in the nucleus and nucleolus using the PB-ACP-based chaperone@DNA probe.

2.3 mmol), and stirred for 1 h at room temperature. The THF
was removed by rotary evaporation, and the dispersion was
redissolved in ethyl acetate (EA). After being washed with
1.0 M HCI (50 ml x 3 times) and subsequently with satu-
rated NaHCO3 (50 ml x 3 times), the organic layer was sep-
arated by extraction, dried over MgSQy, filtered, and concen-
trated. The column was eluted with a developing reagent ratio
of petroleum ether (PE):EA = 4:1. The obtained product was
a white solid, named 4-nitrophenyl 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzyl carbonate (PBN), with a yield

of 0.214 g (25.5%). "H NMR (400 MHz, CDCl3) 5 8.27 (d,
J=9.2Hz,2H),7.85 (d, ] = 8.0 Hz, 2H), 7.44 (d, ] = 8.1 Hz,
2H), 7.38 (d, ] = 9.2 Hz, 2H), 1.35 (s, 12H).

To prepare PB modified ACP (PB-ACP), 50 ul NaHCOj so-
lution (0.5 M, pH 8.5) was added to 200 ul of AVD solution
(2.5 mg/ml) as the buffer, followed by addition of 0.4 mg PBN
in DMSO. The reaction proceeded for 2 h at room tempera-
ture. The resulting solution containing PB-ACP products was
ultra-filtrated using a 10 K filter and washed more than three
times with DNase/RNase-free deionized water.
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MALDI-TOF mass spectrometric characterization
Matrix-assisted laser desorption/ionization with time-of-
flight mass spectrometry (MALDI-TOF MS) analysis was
conducted using an ABI SCIEX 5800 MALDI-TOF/TOF
(AB SCIEX, USA) equipped with a 349-nm solid-state laser.
Sinapic acid in a 60% acetonitrile/40% H,O (v/v) matrix
was used for sample preparation. Samples were dissolved in
an equal volume of matrix solution and spotted on a MALDI
plate, then air-dried as per the manufacturer’s instructions.
Protonation dissociation of the samples was induced using a
349 nm laser. All mass spectra were acquired in linear positive-
ion mode with a delay time of 2500 ns.

Cell transfection of PB-ACP for fluorescence
imaging

The cells in a 24-well plate were washed with PBS buffer,
followed by addition of 400 pul of Opti-MEM™ medium to
each well. To 25 ul of Opti-MEM™ medium, 1.5 ul of Lipo-
fectamine™ 3000 reagent (or 1 ul RNATransMate (Sangon,
Shanghai, China) for TE-1 WT and TE-1 APE1-KO cells)
was added and mixed well by pipetting. To 25 ul of Opti-
MEM™ medium containing 500 ng of DNA in PB-ACP, 1
ul of P3000™ reagent was added and mixed well by pipet-
ting (Note: For TE-1 WT and TE-1 APE1-KO cells transfected
with RNATransMate, the addition of P3000™ reagent is not
required). The above two solutions were mixed well and al-
lowed to stand at room temperature for 15 min. Then the ob-
tained mixture was added to the cells in the 24-well plate and
incubated in a 37°C, 5% CO;,/95% air incubator for trans-
fection. After 4 h, the cells were washed with PBS for three
times. The nuclei were stained by incubating the cells with
Hoechst 33342 Staining Solution for Live Cells (Beyotime,
Shanghai, China) for 10 min. Finally, 400 ul of FluoroBrite™
DMEM imaging medium with low fluorescence background
was added for imaging.

The A1R Si laser scanning confocal microscope (CLSM),
equipped with a 60x oil objective lens, was used to capture the
images of the cells using multiple laser channels in synchro-
nized fashion (using open anti-string color mode). When con-
ducting time-lapse fluorescence imaging, the cells to be imaged
were transferred to an in-line live cell culture device (37°C, 5%
C02/95% air).

To investigate the alterations of APE1 within the nuclei
of living cells under various treatments, stimulation reagents
were added to the normal medium at final concentrations
of 200 uM for tert-butyl-hydroperoxide (tBHP), 100 uM
for cis-diamminedichloroplatinum (CDDP), 5 mM for S-
nitrosoglutathion (GSNO), 75 ng/ml for lipopolysaccharide
(LPS) and 100 uM for methyl methanesulfonate (MMS), re-
spectively. The treatment duration was 1 h for tBHP and 2 h
for the other reagents. Following treatment, the medium was
replaced with Opti-MEM™ for subsequent imaging experi-
ments. The concentration of PB-ACP used in the fluorescence
imaging experiments was 66 nM.

Results and discussion

Specific interactions between AVD/AP-DNA
complex probe (ACP) and APE1

Avidin (AVD) is a positively charged homotetrameric biotin-
binding glycoprotein (68 kDa, pI 10.5). In contrast to its struc-
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tural and functional analogue streptavidin, both AVD and its
complex with biotin bind to DNA with high affinity (17). In-
terestingly, our previous research revealed that biotin-labeled
AP-DNA assembled by AVD pre-immobilized on the surface
of SIMNPs was well protected from degradation by various
nucleases except APE1(9).

To clarify the mechanism of this discrimination effect,
we compared the digestion rates of an AP-DNA probe (P1,
37nt/21nt, Supplementary Table S1) by APE1 and DNase I (a
nonspecific endonuclease) in the presence of different amounts
of AVD. From Figure 14, it can be observed that the cleavage
rate of P1 by APE1 was almost unaffected by the addition of
AVD, while the digestion of P1 by DNase I was notably inhib-
ited when AVD/DNA ratio increased to higher than 1.0. As
DNase I mainly interacts with DNA via the ionic interactions
between the positively charged amino acids and the backbone
phosphates of DNA, these results indicated that the access of
DNase I to the DNA strand was significantly prohibited by
the tight binding of P1 by AVD.

To explain the capability of APE1 in cleavage of AP-DNA
bound by avidin, we performed single-molecule fluorescence
resonance energy transfer (smFRET) analysis to investigate
the effect of APE1 on the binding of AP-DNA by AVD (Figure
1B). Upon the addition of APE1, the dwell time of AP-DNA
on immobilized AVD notably decreased from 22 s to 15 s, in-
dicating that APE1 efficiently bound to the AP sites in DNA.
These results are consistent with the reported DNA sculpting
mechanism used by APE1 in processing the solvent-exposed
AP site in nucleosomal DNA (20).

Previous studies have revealed that biotin binding induces
conformational changes in the long loop (residues 36-44) of
AVD, leading to its ordered structure and locking the biotin-
binding pocket of AVD (21). Furthermore, biotin binding has
been observed to enhance the affinity of avidin for DNA (17).
The AVD-biotin complex also exhibits high resistance to var-
ious proteolytic enzymes (22). In this study, we explored the
impact of biotin binding on the interactions between avidin
and APE1. The results from isothermal titration calorimetry
(ITC) analysis, as presented in Figure 1C, indicated that the
presence of biotin at a molar ratio of 4:1 significantly en-
hanced the binding affinity of AVD for APE1 by approxi-
mately 6-fold. It is speculated that the specific binding inter-
face between AVD and APE1 is closely associated with the
biotin-binding region of AVD. The conformation and surface
amino acid distribution of AVD after binding of biotin are
more conducive to the interaction between these two proteins.
A more comprehensive investigation of the AVD-APE1 inter-
action based on multi-faceted approaches will be detailed in a
separate report.

Based on above results, anchoring the DNA probe on avidin
via a biotin label is beneficial for both the formation of sta-
ble assembly of AVD/AP-DNA and the recruitment of APE1
by AVD. We prepared P2-biotin by labeling P1 with biotin at
the 3’ end. Interestingly, the addition of avidin at a ratio lower
than 0.5 (avidin/P2-biotin) slightly accelerated the digestion
rate by APE1, while a further increase of the ratio to higher
than 1.0 slightly decreased the reaction rate (Figure 1D). By
contrast, the digestion of P2-biotin by DNase I was consis-
tently inhibited in the presence of AVD. When the AVD/P2-
biotin ratio increased to higher than 1.0, the digestion of P2-
biotin by DNase I was almost completely inhibited, and the
discrimination factor between APE1 and DNase I reached the
maximum.
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Figure 1. (A) Comparison of the digestion rates of AP-site containing DNA duplex (P1, Supplementary Table S1) by APE1 (0.5 U/ml) and DNase | (0.5
U/ml) in the presence of different concentrations of AVD. The data were normalized with the digestion rate of the tested probe by APE1 in the absence
of AVD set to 1.0. (B) Dwell time of AP-DNA on immobilized AVD in the absence and presence of APE1. Data obtained by single-molecule fluorescence
resonance energy transfer (smFRET) analysis. (C) ITC analysis of the interactions between avidin and APE1 in the absence and presence of biotin. (D)
Comparison of the digestion rates of P2-biotin (Supplementary Table S1) by APET (0.5 U/ml) and DNase | (0.5 U/ml) in the presence of different
concentrations of AVD. The data were normalized with the digestion rate of the tested probe by APE1 in the absence of AVD set to 1.0. (E) Selectivity of
ACP (200 nM) for APE1 over other nucleases tested in their respective optimal buffers. Concentration: APE1 (1.0 U/ml, 33 pM), DNase | (1.0 U/ml, 685
pM), TREX 1 (556 nM), Exo | (2.5 U/ml, 340 pM), Exo Il (20 U/ml, 3.96 nM), T5 Exo (1.0 U/ml, 114 pM), Endo IV (1.0 U/ml, 3.23 pM). (F) Fluorescence
responses of ACP (200 nM) to APE1 at different concentrations in Buffer 4 + 0.002% Triton X-100. (G) Linear calibration curve for detection of the activity
of APE1. The linear working range is from 0.002 to 1.0 U/ml and the detection limit is 0.0005 U/ml. All experiments were repeated at least three times.
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Then we altered the distance between AP site and the bi-
otin labeled 3’ end from 29 nt (P2-biotin) to 22 nt (P3-biotin)
and 9 nt (P4-biotin), respectively. As shown in Supplementary
Figure S1 and S2, the cleavage rates of P3-biotin and P4-biotin
by APE1 both started to decrease at an AVD/AP-DNA ratio
larger than 0.5, indicating that the position of AP site from
the biotin-binding pocket of avidin was critical for the inter-
actions between APE1 and the AP-DNA. Accordingly, using
P2-biotin as the AP-DNA, we prepared AVD/AP-DNA com-
plex probe (denoted as ACP) at a conjugation ratio of 1:1
(Scheme 1A).

We further investigated the discrimination capability of
ACP against other typical nucleases with P2-biotin as a con-
trol (Figure 1E). Three Prime Repair Exonuclease 1 (TREX1)
is the most abundant 3’ exonuclease in mammalian cells,
which hydrolyzes both ssDNA and dsDNA (23). Under the
tested concentrations, it digested P2-biotin very rapidly, and
the signals were even higher than those of APE1. By contrast,
ACP showed strong resistance to the degradation by TREX1,
indicating excellent protective effect of avidin on the assem-
bled DNA. A similar effect could be seen for DNase I. For
other exonucleases such as Exo I and T5 exo, both P2-biotin
and ACP showed negligible signals in comparison to those for
APE1. Exo III and Endo IV are two prokaryotic analogues of
APE1 (24,25). We tested the effects of AVD on their cleavage
of AP sites at relatively high enzymatic concentrations. Unlike
Endo IV, which showed a lower hydrolytic rate on ACP than
P2-biotin, Exo III showed enhanced signals in the presence of
AVD, most likely because Exo III belongs to the same family
(Class II) as APE1, and the two enzymes have similar fold-
ing topology and utilize the same catalytic residues and active
center in hydrolyzing the phosphodiester bonds in both the
endo- and exonucleolytic cleavage (26-28). Above results in-
dicated that AVD exhibits a chaperone-like property in ACP,
making it a promising molecular tool for the specific detection
of APE1 in mammalian cells.

To assess the sensitivity of ACP, we measured its response
signals to different concentrations of APE1 (Figure 1F). The
probe showed a linear working range from 0.002 to 1.0 U/ml
of APE1 and a detection limit of 0.0005 U/ml (0.6 pg/ml
based on the latest data from NEB) (Figure 1G). This sensi-
tivity was much higher than existing fluorescent probes for
the direct detection of APE1 without any additional ampli-
fication steps (18,29). More importantly, excellent linear re-
gression results were observed between 0.002 and 0.1 U/ml
of APE1 (Figure 1G, inset), which offers a powerful molecu-
lar tool to quantify ultra-low levels of APE1 in various cellular
samples and exosomes as well.

In-vitro quantification of APE1 activity in
subcellular compartments and exosomes of
different cell types by using ACP

We used ACP to measure the activity of APE1 in the cytoplas-
mic and nuclear extracts of several types of cells, including
human embryonic kidney cells (HEK-293T), non-cancerous
human breast epithelial cells (MCF-10A), human breast ade-
nocarcinoma cells (MCF-7), adenocarcinomic human alveolar
basal epithelial cells (A549), human cervical carcinoma cells
(HeLa), and pheochromocytoma (PC-12) cells with neuroen-
docrine cell characteristics. H2B was used as the endogenous
references for the nuclear fraction (Supplementary Figure

S3A). The recoveries of all the tested protein extracts were
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in the range of 75-125% (at a spiking level of 0.20 U/ml
APE1), which proves the reliability of the measurement results
(Figure 2A).

Significant differences in APE1 levels were observed among
different cell types (Figure 2A). The cytoplasmic APE1 level
in MCF-7 cells was 0.68 + 0.01 ng/ug protein, only slightly
higher than that in the cytoplasm of MCF-10A cells, which
was 0.52 + 0.01 ng/ug protein. In contrast, the nuclear APE1
level in MCF-7 cells was 8.22 + 0.21 ng/ug protein, which
was one order of magnitude higher than that of 0.66 + 0.08
ng/pg protein in the nucleus of MCF-10A cells. These results
are consistent with previously reported data obtained using a
DNA/RNA hybrid probe and LC-MS/MS (30,31).

To eliminate the possible interference of other nucleases on
the ACP assay, we prepared a control probe (ACP-T) by re-
placing the AP site with a normal T base. Figure 2B compared
the fluorescence responses of ACP and ACP-T to standard
APE1 (0.5 U/ml) or diluted nuclear and cytoplasmic extracts
(from HeLa cells) containing approximately 0.5 U/ml APE1,
respectively. No fluorescent signals were observed when ACP-
T was added to the APE1 standard solution. The signals
generated by ACP-T in the cytoplasm and nucleus of HelLa
cells were less than 4% and 1% of those generated by ACP,
respectively.

APE1 is responsible for repairing AP sites in both nucleus
and mitochondria. The presence of APE1 inside mitochondria
of some tissue or cell types has been demonstrated by Western
blot analysis in several studies (32). Here, we extracted mi-
tochondrial proteins and cytosolic proteins from MCF-10A
and MCF-7 cells (Supplementary Figure S3B), respectively,
and compared the APE1 content in these samples (Figure 2C).
For MCF-10A cells, the APE1 level in the mitochondria was
0.084 + 0.002 ng/ug protein, which was only about 1/8 of
that in the cytosol (0.64 + 0.01 ng/ug protein). Similar re-
sults were observed for MCF-7 cells, where the APE1 content
in the mitochondria was only about 1/6 of that in the cytosol.
It is worth noting that the total amount of APE1 in the mito-
chondrial and cytosolic fractions was 0.54 ng/ug protein and
0.78 ng/ug protein for MCF-10A and MCEF-7, respectively.
These values were quite close to the results obtained from cy-
toplasmic extracts (0.52 + 0.01 ng/ug protein and 0.68 +
0.01 ng/ug protein, respectively), demonstrating the good re-
producibility of the ACP method.

To further validate the reliability of the ACP assay results,
we performed Western blot analysis of cytosolic and mito-
chondrial protein extracts from MCF-7 and MCF-10A cells,
with Actin and COX IV as the normalization markers for the
cytosolic and mitochondrial extracts, respectively. As shown
in Figure 2D, the results were in good agreement with those
obtained by the ACP assay (Figure 2A and C). The mitochon-
drial APE1 levels were lower than those in the cytosol for both
cell types. The cytosolic APE1 level in MCF-7 cells was close
to that in MCF-10A cells.

The D210 residue of APE1 plays a critical role in the cat-
alytic reaction, and the D210A mutant showed a 25 000-
fold reduction in cleavage activity (33). Figure 2E compared
the responses of ACP to wild-type APE1 and APE1 D210A
mutant. Mixing ACP with the APE1 D210A mutant did not
result in any increase in fluorescence signal, confirming that
the sensitive response of ACP to wild-type APE1 is due to
the enzyme’s specific cleavage at AP sites. To verify that
ACP is indeed recognized by APE1 within cells, we sequen-
tially conducted immunoprecipitation and enzyme activity
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Figure 2. (A) Quantification of the APE1 level in the cytoplasmic and nuclear extracts of different types of cells by using ACP (** P<0.01; *** P<0.001).
Data showed the mass of APE1 (in ng) per microgram (ug) of total cytoplasmic or nuclear protein. The detailed recovery results for all the tested
samples were presented. (B) Verification of the measurement results obtained by ACP. Data showed the fluorescent signals of ACP and ACP-T (a control
probe in which the AP site was replaced with a normal base T) in response to APET standard (0.5 U/ml) and the cytoplasmic extracts and nuclear
extracts of Hela cells, respectively. (C) Quantification of the APE1 level in the cytosolic and mitochondrial extracts of MCF-10A and MCF7 by using ACP
(* P<0.05). Data showed the mass of APE1 (in ng) per microgram (ug) of total cytosolic or mitochondrial protein. The detailed recovery results for all the
tested samples were presented. (D) Western blot analysis of APE1 levels in the cytosolic and mitochondrial extracts of MCF10A and MCF-7. C,,,CE:
cytosolic cell extracts; MCE: mitochondrial cell extracts; Actin and COX IV were used as the normalization markers for the cytosolic and mitochondrial
extracts, respectively. (E) Comparison of the fluorescence signals of ACP to wild-type APE1 and APE1 D210A mutant. (F) Comparison of the responses
of ACP before and after immunoprecipitation with APE1 in the cytoplasmic cell extraction of MCF-7 cells. (G) Verification of the specificity of ACP using
an inhibition test with NCA in the whole cell extracts (WCE) of TE-1 cells. (H) Validation of the TE-1 APE1-KO cell lines through Western blotting. (I)
Comparison of the fluorescence signals of ACP in the WCE of TE-1 WT and TE-1 APE1-KO. (J) Verification of the quality of the exosome fraction. The
markers for exosomes include Alix and CD63. COX IV and calnexin are the markers of mitochondrial and endoplasmic reticulum, respectively. All

experiments were repeated at least three times.

inhibition tests. The IP efficiency of the cytoplasmic cell ex-
tracts (CCE) of MCF-7 cells was examined by Western blot-
ting (Supplementary Figure S4). From the results shown in
Figure 2F, the fluorescence signal of ACP decreased to less
than 30% of its original intensity after immunoprecipitation.
7-nitroindole-2-carboxylic acid (NCA) serves as an APE1-
specific inhibitor. We performed inhibition tests with NCA in
the whole cell extracts (WCE) of the human esophageal squa-
mous cell carcinoma (TE-1) cell lines. As shown in Figure 2G,
upon the addition of NCA, the fluorescence rise rate of ACP
in the TE-1 WCE significantly decreased. Although the inhi-
bition efficiencies of NCA on APE1 activity in the TE-1 WCE
were not as high as those in the APE1 standard solution due to
the interference of cellular proteins, the results confirmed that
the fluorescence signals of ACP originated from the cleavage
of the AP sites by APE1 in the cell extract samples.

To corroborate the above findings, we further conducted
additional comparative experiments utilizing TE-1 wild-type
(WT) and TE-1 APE1-knockout (KO) cells. We validated the
TE-1 APE1-KO cell lines through Western blotting, confirm-

ing the absence of the APE1 protein (Figure 2H). Subsequently,
we measured the APE1 content in the WCE of TE-1 WT and
TE-1 APE1-KO using ACP. As illustrated in Figure 21, the flu-
orescence signal of ACP increased rapidly in the TE-1 WT
WCE, whereas in the TE-1 APE1-KO WCE, ACP showed al-
most no response. These results substantiated that the fluores-
cence signals observed with ACP in cell lysates resulted from
the cleavage of AP sites in ACP by APE1.

As a non-classical secretory protein, APE1 has been found
to be secreted through extracellular vesicles, especially exo-
somes (34,35). We quantified the level of APE1 in the exo-
somes from A549 cells using ACP, which was determined to
be 0.05 & 0.01 ng/ng protein, approximately 1/8 and 1/136
of the APE1 content in the cytoplasm and nucleus, respec-
tively. We also measured the level of APE1 in the exosomes
from PC-12 cells using ACP. The quality of the exosome frac-
tion was verified by the mitochondrial marker COX IV and
the endoplasmic reticulum marker calnexin (Figure 2]). The
markers for exosomes included Alix and CD63. The relative
abundance of APE1 in exosome and different organelles of
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PC-12 cells was observed to be in following order (ng/ug
protein): exosome (0.004 £ 0.001) ~ mitochondria (0.004
+ 0.001) < cytosol (0.07 £ 0.01) < nucleus (0.16 £ 0.01).
The secretion of APE1 through exosomes from cancer cells
may play important roles in tumor progression (36), as ex-
osomes are known to have various functions in intercellular
communication. The ACP assay may facilitate the quantitative
investigations on the correlation between the tumor stages and
the APE1 level in exosomes and putative subcellular compart-
ments.

Compared to existing approaches, the LC-MS/MS method
required approximately 3 x 107 cells per sample, and the
sample pre-treatment process was time-consuming and labor-
intensive, with no spike-recovery data reported (30). In con-
trast, the ACP only needed a few hundred cells, and no addi-
tional sample purification or enrichment steps were required.
In comparison with previously reported APE1 nanoprobes (9),
ACP demonstrates several advantageous features as a single-
molecular complex. These include a smaller size, enhanced dis-
persibility, improved biocompatibility and increased potential
for various intracellular applications.

Modification of ACP with phenylboronic acid for
nucleus targeted delivery

Phenylboronic acid modification has been reported as an ef-
fective non-peptide approach to assist in the translocation
of several proteins from the cytoplasm into the nucleus via
the importin «/p pathway (37). Different from previously re-
ported proteins that have been modified with phenylboronic
acid for nucleus-targeted translocation, AVD bears glycosyl
residues that may also react with boronic acid and form
cyclic borate ester linkages. We synthesized 4-nitrophenyl 4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzyl carbon-
ate (PBN) (Supplementary Figure S5) and conjugated the
phenylboronate ester to the lysine residues on AVD through a
covalent carbamate linker (Scheme 1B). In aqueous solutions,
the phenylboronate ester was quickly hydrolyzed into aryl
boronic acid. The phenylboronic acid-modified AVD (denoted
as PB-AVD) was characterized using matrix-assisted laser
desorption/ionization with time-of-flight mass spectrometry
(MALDI-TOF MS). The MALDI spectra of AVD and PB-
AVD (Figure 3A) both showed the four peaks correspond-
ing to monomer, dimer, trimer, and tetramer, respectively. In
comparison with unreacted AVD, PB-AVD showed a 389.71
Da increase per monomer, a 997.41 Da increase per dimer, a
1157.58 Da increase per trimer, and a 2372.10 Da increase per
tetramer, respectively. The average increase per subunit was
calculated to be 389.71, 498.70, 578.79, and 593.02, respec-
tively, suggesting that the labeling ratio of PB on each sub-
unit was about 2-3. From the increase in the relative inten-
sity of dimer, trimer, and tetramer compared to the monomer
intensity in PB-AVD (Figure 3A), only a few AVD molecules
were crosslinked via borate ester linkages. The monomers and
dimers were the predominant species, indicating that most of
the labeled phenylboronic acid groups were exposed to the
solution. Supplementary Figure S6 compared the rates of flu-
orescence signal rise generated by digestion of PB-ACP by
APE1 (1.0 U/ml, 32.9 pM), DNase I (1.0 U/ml, 685 pM) and
TREX1 (55 nM), which confirmed the high selectivity of PB-
ACP toward APE1.

Next, we attempted to deliver the obtained PB-ACP into the
nucleus of living cells as shown in Scheme 1C. PC-12 cell has
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been widely used as a model of neuron cells (38,39). Figure
3B showed the representative images of PC-12 cells acquired
at0,1,2,3,4 and S h after transfection of PB-ACP with Lipo-
fectamine 3000 Reagent. Continuous enhancement of fluores-
cence intensity within the nucleus of PC-12 cells were clearly
observed (Supplementary Figure S7), indicating that PB-ACP
could be efficiently internalized by PC-12 cells in the presence
of liposomes and then rapidly enter the nucleus. Due to the
highly efficient transportation of PB-ACP into the nucleus, and
much higher level of APE1 in the nucleus than in cytoplasm,
the fluorescence signals within the nucleus were significantly
brighter than those in the cytoplasmic region. As the increase
of the fluorescence intensity gradually slowed down after 4
h, the fluorescence images in subsequent experiments were all
acquired at 4 h after PB-ACP were transfected. To confirm
the results of the intracellular signals of APE1 obtained by
PB-ACP, we further performed comparison experiments us-
ing a control probe (PB-ACP-T) in which a normal T base
was substituted for the AP site. As shown in Figure 3C and
Supplementary Figure S8, the fluorescent signals generated by
PB-ACP-T were negligible compared to those obtained by PB-
ACP under the same experimental conditions, which proved
that the fluorescence signals of PB-ACP in the nucleus of PC-
12 living cells originated from the cleavage of the AP sites in
PB-ACP by APEI1.

Following the results in Figure 21, we conducted further flu-
orescence imaging on live TE-1 WT and TE-1 APE1-KO cells
using PB-ACP (Figure 3E-G). It was evident that PB-ACP effi-
ciently entered the cell nucleus and emitted bright fluorescence
in TE-1 WT cells. In contrast, minimal fluorescence resulting
from enzymatic hydrolysis was observed within the cells of
TE-1 APE1-KO. These findings provided additional support
for the reliability of PB-ACP.

To verify the contribution of PB modification to the
nucleus-targeted delivery of ACP in PC-12 cells, we performed
a comparative study with ACP and PB-ACP under the same
experimental conditions. As shown in Supplementary Figure
S9, for ACP without PB modification, after transfection with
liposomes, the fluorescent signals were mainly distributed near
the cell membrane. Whereas for PB-ACP, the quick diffusion
of the fluorescent signals in the cytoplasmic region and sub-
sequent accumulation inside the nucleus could be clearly ob-
served. We also tested incubation of PB-ACP with PC-12 cells
in the absence of liposomes; no fluorescence signals were ob-
served either in the cytoplasm or in the nucleus. These results
proved that liposomes played an important role in transfecting
PB-ACP into the cytoplasm of living cells, while PB modifica-
tion enabled subsequent translocation of the probes into the
nucleus.

Visualization of the distribution of APE1 within the
nucleus and nucleolus

The nucleolus is the largest subnuclear organelle in eukary-
otic cells. It is membrane-free and mainly composed of rRNA,
rDNA, and various proteins. Through immunofluorescence or
fluorescent fusion proteins, several studies have suggested that
APE1 accumulates in the nucleolus (40-42). However, the ac-
tual distribution of endogenous APE1 in the nucleus and nu-
cleolus of living cells remains unexplored.

We incubated live PC-12 cells with both PB-ACP and
Hoechst 33342 and obtained magnified cellular fluorescence
images (Figure 4A-D). Figures 4E and F respectively depicted
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Figure 3. (A) MALDI-TOF mass spectra of AVD and PB-AVD. (B) Time-lapse fluorescence imaging of the activity of APE1 (green) in the nucleus of PC-12
living cells by using PB-ACP. (C, D) Comparison of the fluorescent images of APE1 activity (green) in PC-12 living cells obtained by using PB-ACP (C) and
PB-ACP-T (D), respectively. PB-ACP-T is a control probe in which the AP site is replaced with a normal base T. Hoechst 33342 was used to stain the

nucleus (blue). (E, F) Fluorescence imaging of live TE-1 WT (E) and TE-1 APE1-KO (F) cells using PB-ACPR (G) Fluorescence profiles along the white solid

arrow drawn across the representative cell in (E).

the results of Hoechst 33342 staining and the distribution
of PB-ACP fluorescence signals within the same cell (marked
with a red box). Significant differences could be observed be-
tween the two images. In regions where Hoechst 33342 flu-
orescence was relatively weak, brighter PB-ACP fluorescence
signals were observed. Figures 4H and 1 displayed the mag-
nified images of another cell within the same field of view
(marked with a white box). Similarly, in the more loosely
organized, transcriptionally active euchromatin and the nu-
cleolus, which were lightly stained with Hoechst 33342, PB-
ACP exhibited stronger fluorescence signals. Figure 4G repre-
sented the plot of intensity values along the red arrow drawn
across the cell in Figures 4E and F, where the positions with
the strongest PB-ACP signals corresponded to lower DNA
content. In Figure 4], the plot of intensity values along the
white arrow drawn across the cell in Figures 4H and I also
revealed multiple positions with higher PB-ACP fluorescence
signals, accompanied by a decrease in Hoechst 33342 signals.

In the more densely packed heterochromatin region that was
strongly stained with Hoechst 33342, the signals of PB-ACP
were of moderate intensity. These results suggested that APE1
was more abundantly distributed in the nucleolus or euchro-
matin regions.

In addition to PC-12 cells, we also performed imaging
on live HEK-293T cells using PB-ACP (Figure 4K-M and
Supplementary Figure S10). The subcellular localization of
APE1 in the nucleus of HEK-293T cells was similar to that
in PC-12 cells, showing multiple regions where PB-ACP sig-
nals reached peak values, while the Hoechst 33342 signal was
relatively low. In Figure 3G, we have included the fluorescence
profiles along the white solid arrow drawn across a TE-1 WT
cell from Figure 3E, which revealed a general negative cor-
relation between the fluorescence signals of PB-ACP and the
Hoechst 33342 signals.

To further inspect the distribution of APE1 within the nu-
cleus, we attempted to stain the nucleolus with acridine orange
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Figure 4. (A-D) Visualization of APE1 activity (green) in the nucleus of PC-12 living cells using PB-ACP. Hoechst 33342 was used to stain the nucleus
(blue). (E) The magnified image of the cell marked with a red box in (B). (F) The magnified image of the cell marked with a red box in (C). (G)

Fluorescence profiles along the red arrow drawn across the cell marked with a red box in (B).

(H) The magnified image of the cell marked with a white

box in (B). (I) The magnified image of the cell marked with a white box in (C). (J) Fluorescence profiles along the white arrow drawn across the cell
marked with a white box in (B). (K, L) Visualization of APE1 activity (green) in the nucleus of HEK-293T cells using PB-ACP. Hoechst 33342 was used to
stain the nucleus (blue). (M) Fluorescence profiles along the red arrow drawn across the representative cell in (K and L). (N-R) Visualization of APE1
activity in the nucleus and nucleolus of PC-12 living cells using PB-ACP-Cy5 (red) and AO (green). Hoechst 33342 was used to stain the nucleus (blue).
(8-U) The magnified images of the cell marked with a white arrow in (O), (P) and (Q), respectively. (V) Fluorescence profiles along the white arrow

drawn across the representative cell in (O-Q).

(AO), which binds to RNA with enhanced fluorescence inten-
sity. However, AO also embeds itself between base pairs in the
DNA duplex, which may affect the cleavage of PB-ACP by
APE1 (43). From the fluorescence images of cells stained with
different concentrations of AO (Supplementary Figure S11),
when the concentration of AO was greater than or equal to 0.5
pg/ml, we could clearly distinguish the location of the nucle-
olus from the fluorescence image. Supplementary Figure S12
showed that as the concentration of AO increased, the cleav-
age rate of ACP by APE1 notably decreased. At an AO con-

centration of 1.0 pug/ml, the response rate of ACP to APE1
decreased by about 50%. Based on these results, we used AO
dye at a final concentration of 0.5 ug/ml. To avoid the spectral
overlap of the probe signal caused by the wider fluorescence
emission interval of the AO dye, we prepared PB-ACP-CyS5 by
replacing FAM and BHQ1 in PB-ACP with Cy5 and BHQ?2,
respectively.

PC-12 cells were sequentially incubated with PB-ACP-Cy35,
Hoechst 33342 nucleus dye, and AO nucleolus dye. The re-
sults were presented in Figure 4N-R. The magnified images
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Figure 5. Visualization of the activity and distribution of APE1 (green) within the nucleus of PC-12 or HEK-293T living cells under various treatment by
using PB-ACP. Hoechst 33342 was used to stain the nucleus (blue). (A) APE1 in the nucleus of untreated PC-12 living cells (Control for (B)). (B)
Fluorescence profiles along the white arrow drawn across the representative cells in (A). (C) APE1 in the nucleus of PC-12 living cells treated with tBHP
(200 uM). (D) Fluorescence profiles along the representative cells in (C). (E) APE1 in the nucleus of untreated PC-12 living cells (Control for (G, I, K)). (F)
Fluorescence profiles along the marked cell in (E). (G) APET in the nucleus of PC-12 living cells treated with CDDP (100 uM). (H) Fluorescence profiles
along the marked cell in (G). (I) APET in the nucleus of PC-12 living cells treated with GSNO (56 mM). (J) Fluorescence profiles along the marked cell in (I).
() APE1 in the nucleus of PC-12 living cells treated with GSNO (56 mM). (J) Fluorescence profiles along the marked cell in (l). (K) APET in the nucleus of
PC-12 living cells treated with LPS (75 ng/ml). (L) Fluorescence profiles along the marked cell in (K). (M) APE1 in the nucleus of untreated PC-12 living
cells (Control for (O)). (N) Fluorescence profiles along the marked cell in (M). (O) APE1T in the nucleus of PC-12 living cells treated with MMS (100 puM).
(P) Fluorescence profiles along the marked cell in (O). (Q) APE1 in the nucleus of untreated HEK-293T living cells. (R) Fluorescence profiles along the
marked cell in (Q). (S) APE1 in the nucleus of HEK-293T living cells treated with GSNO (5 mM). (T) Fluorescence profiles along the marked cell in (S).

of a representative cell were displayed in Figure 40-Q. The
distribution of the fluorescence signals of PB-ACP-Cy5 and
Hoechst 33342 was generally consistent with the results in
Figure 4A-I obtained without AO. From the intensity value
plots of a line drawn across the cell shown in Figure 4V, most
regions with strong AO signals within the cell nucleus also
exhibited intense signals of PB-ACP-Cy35, providing evidence
for APE1’s distribution within the nucleolus. This represents
the first observation of native APE1 in the nucleolus of living
cells.

APE1 plays distinct roles in different cellular regions. Its
main functions include RNA regulation in the nucleolus and
endonuclease activity in euchromatin and heterochromatin.
In regions of euchromatin with active gene expression and
a higher degree of DNA damage, a greater amount of APE1
is required to participate in repair processes and maintain
genome stability. The elevated level of APE1 in the euchro-
matin region may indicate its involvement in the BER path-
way. APE1’s extensive distribution throughout the cell nu-
cleus also suggests its dynamic translocation to perform di-
verse functions.

Monitoring of the dynamics of nuclear APE1 under
various stimulation treatments
APE1 plays an important role in repairing DNA damage
caused by oxidative agents. tBHP is a strong oxidative stress-
inducing agent commonly used to induce the production of re-
active oxygen species (ROS) in cells (44). To visualize changes
in APE1 within the nucleus of living cells under oxidative
stress, we first tested the effect of different concentrations of
tBHP (25-400 uM) on ROS production in PC-12 cells. From
Supplementary Figure S13, we observed weak fluorescent sig-
nals, indicating the presence of ROS in some cells when the
tBHP concentration increased from 25 to 100 uM. When the
tBHP concentration reached 200 pM and above, green fluo-
rescence signals could be observed in almost all cells, indicat-
ing significantly enhanced ROS levels. Accordingly, we used
200 uM tBHP to monitor the response of PC-12 cells in its
APE1 level to the oxidative stimulation.

Under the treatment of 200 uM tBHP, the fluorescence in-
tensity of PB-ACP significantly enhanced (Figure 5C) in con-
trast to the control group (Figure SA), indicating substan-
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tially elevated intracellular level of APE1, especially inside
the nucleus. Figure 5C showed an overall increase in fluo-
rescence intensity inside the nucleus, with very strong sig-
nals in the nucleolus and euchromatin regions. Compared
to the untreated cells, the average fluorescence intensity in-
creased to 1.9-fold in the nucleus of the tBHP-stimulated cells
(Supplementary Figure S14). These results indicated that PB-
ACP could be used to trace the variation of APE1 in nucleus.

To further confirm the reliability of above fluorescence
imaging results, we stimulated PC-12 cells using the same con-
dition of tBHP, and then lysed the cells and collected pro-
tein extracts from the nucleus. The APE1 level in the cell ex-
tracts was quantitatively measured using ACP. Supplementary
Figure S15 showed that the APE1 level in the nucleus of tBHP-
treated cells increased by about 1.8-fold as high as those un-
treated cells, which was generally consistent with that ob-
served in the living cells by fluorescence imaging.

Next, we further explored the changes of APE1 within
the nuclei of PC-12 living cells under additional stimula-
tion treatments, with results summarized in Figures SE-L and
Supplementary Figure S16. cis-Diamminedichloroplatinum
(CDDP) is a chemotherapy drug employed in treating various
cancers (45). It acts, in part, by binding to DNA and impeding
its replication. Upon treatment with 100 uM CDDP (Figures
5G and H), APE1 within the PC-12 cell nucleus tended to ag-
gregate in regions of higher DNA density, where the fluores-
cence intensity of PB-ACP was notably higher than in neigh-
boring regions with weak Hoechst 33342 signals. This change
may be associated with the relocation of APE1 from the nucle-
olus to the chromatin. S-nitrosoglutathion (GSNO) is a widely
used S-nitrosating agent (46). After treating PC-12 cells with
5 mM GSNO (Figures 51 and J), APE1 distribution within the
nucleus remained uneven, with fluorescence signals observed
in regions of both high and low DNA content. However, in
some areas with weak Hoechst 33342 signals, APE1 signals
appeared more concentrated and brighter.

Lipopolysaccharides (LPS), also known as endotoxin, are
potent activators of the immune system (47,48). Following
LPS treatment (75 ng/ml) (Figure 5K and L), there was a sig-
nificant decrease in fluorescence intensity of PB-ACP through-
out the entire cell nucleus, suggesting a potential export of
APE1 from the nucleus to the cytoplasm.

Methyl methanesulfonate (MMS) is an alkylating agent and
a carcinogenic toxicant (49). We also subjected PC-12 living
cells to MMS treatment. As shown in Figures SM to P and
Supplementary Figure S17, after 2 h treatment with 100 uM
MMS, there was not a substantial change in the distribution
of APE1 within the cell nucleus. In some regions with weak
Hoechst 33342 signals, strong APE1 signals were still evident.
We attempted the use of a higher concentration of MMS, but
observed morphological abnormalities in PC-12 cells, includ-
ing the appearance of numerous dead cells.

We also extended our observations to HEK-293T living
cells using PB-ACP after treating the cells with 5 mM GSNO
for 2 h (Figures 5Q to T and Supplementary Figure S18). In
comparison to the control group, APE1 signals appeared more
concentrated and brighter in some regions with weak Hoechst
33342 signals. Further exploration of the detailed changes and
response mechanisms is ongoing and will be reported in sub-
sequent studies.

By utilizing PB-AVD as a chaperone, the developed PB-ACP
ensures specificity without requiring any chemical modifica-
tion of the DNA backbone. This innovative approach enables
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the in-situ tracking of APE1 activity variation in the nucleus
of living cells with good biocompatibility and stability. The
method opens up opportunities to monitor the distinct re-
sponses between normal and cancerous living cells regard-
ing nuclear APE1 activity under external treatment conditions
(50). Comparing the differences in repair processes between
normal and cancer cells may facilitate the identification of ap-
propriate time windows or doses for more precise and effec-
tive treatments.

Conclusions

In this work, we have demonstrated a novel chaperone@DNA
molecular tool, the phenylboronic acid modified avidin conju-
gated abasic site-containing DNA probe (PB-ACP), for direct
observation of APE1 in the nucleus in living cells. The phenyl-
boronic acid modified avidin not only serves as a chaperone
to protect the AP-DNA from being nonspecifically degraded,
but also facilitates nucleus targeted delivery of the probe. The
PB-ACP shows high specificity and sensitivity to APE1 due to
the strong binding affinity of APE1 to both avidin and the AP
site in DNA. The probe can efficiently migrate from cytoplasm
to the nucleus and specifically display the distribution and in-
vivo activity of endogenous nuclear APE1. It offers a powerful
tool to investigate the cellular behavior of APE1 in living cells
and to improve cancer therapies targeting APE1.
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