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Apurinicyapyrimidinic (AP) sites are common DNA lesions that arise
from spontaneous depurination or by base excision repair (BER) of
modified bases. A biotin-containing aldehyde-reactive probe (ARP)
[Kubo, K., Ide, H., Wallace, S. S. & Kow, Y. W. (1992) Biochemistry
31, 3703–3708] is used to measure AP sites in living cells. ARP
penetrates the plasma membrane of cells and reacts with AP sites
in DNA to form a stable ARP–DNA adduct. The DNA is isolated and
treated with avidin-horseradish peroxidase (HRP), forming a DNA–
HRP complex at each biotin residue, which is rapidly separated
from free avidin–HRP by selective precipitation with a DNA pre-
cipitating dye (DAPER). The number of AP sites is estimated by HRP
activity toward chromogenic substrate in an ELISA assay. The assay
integrates the AP sites formed by the different glycosylases of BER
during a 1-h incubation and eliminates artifactual depurination or
loss of AP sites during DNA isolation. The assay was applied to
living cells and nuclei. The number of AP sites after a 1-h incubation
in old IMR90 cells was about two to three times higher than that
in young cells, and the number in human leukocytes from old
donors was about seven times that in young donors. The repair of
AP sites was slower in senescent compared with young IMR90 cells.
An age-dependent decline is shown in the activity of the glycosy-
lase that removes methylated bases in IMR90 cells and in human
leukocytes. The decline in excision of methylated bases from DNA
suggests an age-dependent decline in 3-methyladenine DNA gly-
cosylase, a BER enzyme responsible for removing alkylated bases.
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Apurinic and apyrimidinic (AP or abasic) sites are common
lesions in DNA and are formed either spontaneously or as

intermediates during the course of base excision repair (BER) of
oxidized, deaminated, or alkylated bases (1, 2). N-glycosylases of
BER recognize and excise the aberrant bases from DNA,
resulting in formation of an AP site. The AP site is then incised
by an AP endonuclease to generate a 59-terminal base-free
deoxyribose phosphate at a single-strand break. The repair of the
single-strand break (AP site) is accomplished by a DNA poly-
merase b (b-pol) and DNA ligase (ligase I or IIIyXRCC1) to
restore the normal and correct base (3, 4). The rate-limiting step
of BER is the lyase activity associated with the 8-kDa domain of
b-pol, which removes the AP site from DNA (4). AP sites can
be mutagenic (5–7) or can cause cell death (8–10).

The methods (11–14) that detect AP sites after DNA isolation,
including those with ARP (15, 16), may be inaccurate as a result
of several factors: (i) artifactual AP sites resulting from base loss
and formation of AP sites in DNA by high temperature at neutral
pH (12, 17, 18); (ii) AP sites in DNA are subject to loss by
b-elimination, followed by d-elimination catalyzed by high tem-
peratures (19), primary amines in histones, polyamines (19–21),
and thiols (22), causing underestimation of AP levels in DNA.
Nakamura et al. (23) studied the endogenous level of AP sites in
different tissues of the rat using aldehyde-reactive probe (ARP),
isolating the DNA before trapping AP sites. They estimate that
there are 50,000–200,000 AP sitesymammalian cell, that the
brain of rat contained the most AP sites, and that most of the AP
sites were cleaved 59 to the AP sites. The first two results are
different from the results reported here.

In this paper, we describe a method for biotinylating AP sites
in live cells and then quantifying the biotin in the isolated DNA.
This method is used to determine the age-dependent changes in
BER in human fibroblasts (IMR90), leukocytes isolated from
human blood, and nuclei isolated from rat tissues.

Materials and Methods
Materials. A QIAamp blood kit was purchased from Qiagen
(Chatsworth, CA). The DNA-precipitating agent, DAPER
[N,N9-bis(3,39-(dimethyl-amino)propylamine)-3,4,9,10-peryl-
enetetra-carboxylicdiimide] and ImmunoPure 3,5,39,59-tetra-
methylbenzidine horseradish peroxidase (HRP) substrate kits
were from Pierce. Vectastain ABC kit was from Vector Labo-
ratories. O-Methoxyamine, EGTA, and Histopaque 1077 were
from Sigma. HK-UNG thermolabile uracil N-glycosylase (UNG)
was from Epicentre Technologies (Madison, WI). Hydrogen
peroxide (30%) and Tween 20 were from Fisher. Fatty acid-free
BSA was from Calbiochem. Rnase A was from Roche Molecular
Biochemicals. Calf thymus DNA was from Worthington. ARP
N9-aminooxy-methylcarbonyl hydrazino-D-biotin, was from Du-
jindo Laboratories (Kumamoto, Japan). Methyl methanesulfo-
nate (MMS) and 1-octane sulfonic acid were from Fluka.

Preparation of Nuclear Fraction from Rat Liver and Brain. Young (2–4
mo) or old (24 mo) Sprague–Dawley male rats were sacrificed
after anesthesia under ether, and liver and brain were removed
and placed in ice-cold buffer consisting of 210 mM mannitol, 70
mM sucrose, 1 mM EDTA, 5 mM Hepes (pH 7.4) (MSH)
supplemented with 0.1% fatty acid-free BSA. The tissues were
weighed and diluted 1y5 by the buffer and homogenized with a
Potter–Elvehjem homogenizer (Wheaton). Briefly, the homog-
enate was centrifuged twice in the cold at 500 3 g for 10 min, and
the pellet was collected and suspended into 5 ml ice-cold 0.25 M
sucrosey50 mM TriszHCl (pH 7.5)y25 mM KCly5 mM MgCl2
(SKTM)y1 mM diethylenetriamine pentaacetic acid and filtered
through four layers of cheese cloth into ice-cold 50-ml tubes. The
nuclear fraction was washed twice in the cold and centrifuged at
500 3 g in the same buffer and suspended at a concentration of
50 mg proteinyml. For the assay of AP sites, 2 mg of protein was
used. Nuclear DNA was isolated by QIAgen or by phe-
nolychloroform extraction.

Isolation of Leukocytes from Human Blood. Human subjects who
participated in our study were not smokers and generally were in
good health. The range of the ages of each group was 21–33 yr
(n 5 9) for young and 58–75 yr (n 5 8) for old. Blood donations
were collected by venipuncture in the morning and during fasting
into 15-ml heparinized vacutainers (Becton Dickinson). Leuko-
cytes were isolated from whole blood by Histopaque 1077, as
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described by the manufacturer. Contaminating erythrocytes
were removed by suspending the pellet in 50 ml of ice-cold
ammonium chloride lysis buffer (150 mM NH4Cly1 mM
EDTAy10 mM NaHCO3) and gently inverting for 10 min at
room temperature. Afterward, the leukocytes were collected and
resuspended into serum-free DMEM supplemented with 25 mM
Hepes. The viability of the leukocytes was generally $90%.
IMR90 cells were cultured as described in ref. 24.

Preparing DNA with Uracil as a Standard for AP Site Assay. The
Escherichia coli mutant CJ236 (dut2yung2) deficient for the
activities of uracil glycosylase (ung2) and dUTPase (dut2) were
used for preparing DNA containing a high level of uracil (25).
The purity of the DNA was determined by the ratio A260yA280,
and the uracil content of the DNA was quantified by GC-MS as
described (26). The DNA was stored in aliquots at 220°C.

Assay for AP Sites in Cultivated Cells, Blood Leukocytes, and Nuclei.
IMR90 (2 3 106), leukocytes (5–10 3 106) in 1 ml PBSy5 mM
glucose, or nuclei (2–5 mg protein) in 1 ml isolation buffer were
incubated with 3 mM ARP for 60 min at 37°C. The cells were
then collected by centrifugation at high speed at room temper-
ature and washed twice with 1 ml PBS. The DNA was isolated
by the QIAamp blood kit as described by the manufacturer (or
by chloroformyphenol extraction). The DNA was quantitated,
and, in general, 1 mg was transferred into 200 ml of 10 mM Tris
(pH 9) and mixed with 15 ml of 5 M NaCl (mole saltymole DNA
'25,000) and incubated for 60 min at room temperature with 30
ml of avidin-HRP (ABC kit, prepared as described by the
manufacturer but scaled down to 1 ml and diluted 1:3). The
remaining DNA–ARP adduct can be frozen at 220°C for at least
a year and reanalyzed. The DNA-avidin-HRP complex (DNA–
HRP) was separated from unbound avidin-HRP by gently
mixing 65 ml of 1 mM DAPER (mole DAPERymole DNA '66)
and incubated at room temperature for 5 min (DAPER forms
aggregates that are easily removed by centrifugation). The
DNA–DAPER precipitate was then collected by centrifugation
for 5 min at 12,500 3 g at 4°C. The pellet was resuspended by
pipette into 1.4 ml of wash buffer [0.17 M NaCly20 mM
Trisy0.25% Tween 20y1% BSA (pH 8)] followed by centrifu-
gation for 5 min at 12,500 3 g at 4°C. The wash is repeated once
more and the residual washing buffer is removed carefully. The
DNA–HRP precipitate was suspended in 500 ml ice-cold 50 mM
Na-citrate (pH 5.3) and sonicated at output 1–2 watts for 2–3 s
(Sonifier Cell Disrupter, model w185D; Branson) and cooled
immediately. Sonication can be repeated as long as the sample
is kept cold. We measured HRP activity, as an indicator of AP
sites in DNA–HRP by using the chromogenic ImmunoPure
TMB or the fluorogenic QuantaBlu substrate kits (Pierce).

A standard curve for AP sites was prepared with 100 ng of
DNA containing a known amount of uracil. The DNA was
suspended into 50 ml of 10 mM Na2HPO4 (pH 7.5) and incubated
with 25 mM spermine for 5 min at room temperature. Then, the
DNA was incubated at 37°C for 60 min with 0.1–1 unit of
uracil-DNA N-glycosylase (UNG) to catalyze the removal of
uracil residues and form AP sites, together with 3 mM ARP that
will trap the AP sites. The resulting ‘‘DNA–ARP’’ adduct was
isolated from unbound ARP and UNG by QIAamp columns
(minus the protease step) and quantitated. The amount of AP
sites was corrected for losses of DNA during isolation (10–30%
loss). The biotinylated DNA was incubated with avidin–HRP
and processed as above. Sodium chloride was not added because
the amount of salt in PBS is enough to establish the ratio (mole
saltymole DNA '25,000), and the volume of DAPER used was
5–6 ml. The background for standard AP-DNA and unknown
samples was established by running in parallel 1 mg of calf
thymus DNA. Equivalent amounts of DNA were run for each

enzymatic assay of HRP; generally, 20–100 ng was run for an
unknown sample and 0.03–1.2 ng for standard AP DNA.

Measuring BER in Living Cells. The activity of glycosylases was
determined by the capability of hydrogen peroxide or MMS to
induce AP sites above their basal level. Leukocytes from human
blood were suspended at 10 3 106yml in serum-free DMEM
supplemented with 25 mM Hepes (pH 7.3) and pulse-treated for
5 min with 20 mM MMS at 37°C. The cells were washed once
with this supplemented media and incubated immediately with
ARP to assess the induction of AP sites. The viability of the cells
was determined by trypan blue exclusion. Cultivated primary
human lung fibroblasts (IMR90) were harvested and incubated
in PBSy5 mM glucose at concentration of 2 3 106yml. ARP was
added to the cells and split in aliquots of 1 ml. Hydrogen
peroxide or MMS were added to the cells at final concentration
of 10 mM or 20 mM, respectively, and the cells were incubated
for 1 h at 37°C. Then, the cells were washed twice with 1 ml PBS,
and the assay for AP sites was performed as described above.

Repair of AP sites was measured after inducing them by
treating 2 3 106yml IMR90 cells for 5 min with a pulse of 10 mM
H2O2 at 37°C in PBSy5 mM glucose. Then, cells were incubated
in fresh DMEM (supplemented only with 25 mM Hepes) for
recovery. Aliquots were collected just before (control) and
immediately after the end of the H2O2 pulse and at intervals of
15 min and 45 min during the recovery. Samples were treated
immediately with ARP after aliquots were withdrawn and AP
sites were determined. The viability of the cells was determined
by trypan blue exclusion.

Permeability of ARP into IMR90 Cells. IMR90 cells (3 3 106y1 ml)
were incubated in PBSy5 mM glucose with 3 mM ARP for
different intervals (1, 5, 10, 15, and 30 min). At each time point,
1 ml was sampled and the cells were collected by centrifugation
and washed in cold PBS. The cells were suspended into 150 ml
of lysis solution (0.2 M methanesulfonic acid) and incubated at
room temperature for 5 min. Denatured macromolecules were
removed by spinning at high speed and used for protein quan-
titation. The supernatant was filtered through a 30,000 cut-off,
ultra-free filter, and 50 ml were injected on an HPLC column
(3-mm, 0.46 3 15-cm LC18-DB). ARP was eluted after 12 min
with a mobile phase of 25 mM NaH2PO4, 5 mM 1-octane sulfonic
acid, and 2% acetonitrile adjusted to pH 2.7 by phosphoric acid
with a flow rate of 1 mlymin. An ESA coulochem detector
5100A using a model 5010 analytical cell and 5020 guard cell was
used for analysis. The guard cell was set at 1800 mV, electrode
1 at 1100 mV, and electrode 2 at 1880 mV. Full-scale output
was 10 mA, and peak area was analyzed and compared with peak
area of standard ARP.

Statistical Analysis. Statistical analysis, using the student’s two-
tailed t test or nonparametric Mann–Whitney test, was per-
formed with an Instat (San Diego, CA) statistical analysis
program.

Results
The Assay for AP Sites in Standard DNA. A standard DNA with AP
sites was made with uracil-enriched DNA treated with UNG to
generate AP sites. (i) DNA is incubated with UNG and 3 mM
ARP for 60 min to generate the biotinylated-DNA (ARP-DNA).
(ii) Free ARP and ARP-DNA are separated during isolation of
DNA. ARP-DNA is prepared in 10 mM Tris (pH 9), which is
compatible with the next step of the assay. The DNA is quan-
titated, and an aliquot is put into new buffer followed by 306 mM
NaCl (75 mmol NaCly1 mg DNA). The rest of the ARP-DNA is
saved at 220°C for further analysis. (iii) The DNA-ARP is
treated with avidin-HRP at room temperature for 60 min. The
DNA–HRP complex and unbound avidin-HRP are separated by
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selective precipitation of the DNA–HRP complex by the DNA
precipitating dye DAPER (27). This method of washing un-
bound avidin-HRP overcomes the necessity for immobilizing
DNA to wash unbound avidin-HRP. DNA precipitation by
DAPER is rapid and does not affect the activity of HRP, even
after a 1-h incubation at room temperature (1.12 6 0.05 vs.
1.164 6 0.05 absorbance units). The precipitate was dissolved by
gentle sonication in the cold. (iv) The HRP activity in the
DNA-HRP was measured. A typical standard curve using the
chromogenic substrate and the contribution of the DNA to the
background is shown in Fig. 1.

For optimal signalynoise ratio, the pH during the interaction
of avidin-HRP with the ARP-DNA should be 9, the mole
saltymole DNA ratio '25,000, and the mole DAPERymole
DNA ratio 66. These conditions, together with the suggested
washing buffer, create a low background and increase the
sensitivity of the assay (Fig. 1). The optimal concentration of
ARP needed to maximize the signal was 1 mM, similar to
previous reports (15). A similar concentration was essential for
treating the whole cells. We used 3 mM of ARP in all of our
experiments.

To establish the validity of this assay, the standard DNA was
used to compare the amount of uracil residues liberated to the
amount of AP sites generated by treatment with UNG. Uracil
was determined by GC-MS (26) and AP sites by the described
assay. The values were essentially the same (0.28% vs. 0.3%),
thereby validating the accuracy of the assay.

Permeability of ARP into Living Cells. Cells from early or late
passages were incubated with 3 mM ARP for different intervals,
and the level of ARP in the cells was determined by HPLC
electrochemical detection. The kinetics of ARP accumulation in
both types of cells was similar and is shown in Fig. 2. ARP
accumulates in the cells and reaches a plateau within 10–15 min
at an intracellular concentration of 5.46 nmoly3 3 106 cells.

Treating Intact Cells with ARP. AP sites in DNA are trapped while
the cells are still viable. We find that ARP adducts persist in the
DNA. The number of AP sites was not significantly different in
young IMR90 cells immediately after trapping by ARP and over
2 h of recovery after ARP, 8.4 6 3 vs. 9.1 6 1.8 AP sitey106

nucleotides, respectively. In addition, when cells were treated
with 3 mM ARP for 60 min, then ARP washed out and seeded
under normal culture conditions for a week, they grew as the
vehicle-treated control (2.86 6 0.11 3 106 vs. 2.68 6 0.035 3 106

cellsydish, respectively). These results suggest that ARP is

tolerated by the cells for at least the first 60 min of treatment,
that ARP-DNA adducts are removed at a very slow rate from the
DNA, and that a 60-min treatment with ARP does not affect
cellular viability. The specificity of ARP for AP sites was shown
by blocking AP sites in DNA with O-methoxyamine (13). When
IMR90 cells were treated with O-methoxyamine for 10 min
before adding ARP and then for 1 h in the presence of ARP, the
number of AP sites decreased by 70% compared with the control
(6.2 6 0.45 vs. 1.8 6 0.77 AP sitesy106 nucleotides).

Rate of Formation and Estimation of the Steady-State Level of AP Sites
in Living Cells. Young (or old) IMR90 cells were incubated with
or without 10 mM methoxyamine for 10 min before adding ARP.
Then, the cells were washed three times with PBS at 37°C, and
AP sites were assayed. In cells treated with methoxyamine,
compared with control cells, the number of AP sites decreased
from 4.28 6 0.55 to 3.61 6 0.39 AP sitesy106 nucleotidesy1 h
(n 5 3, P 5 0.16). The difference in the number of AP sites
between the two treatments gives an estimation of the steady-
state level of AP sites, which is ,0.67 AP sitesy106 nucleotides.

Formation of AP sites in the cellular DNA is linear over 90
min for young and senescent fibroblasts. However, the rate of AP

Fig. 1. Standard curve and background at 450 nm
from ARP-derivatized DNA. DNA with AP sites was
prepared by incubating uracil-DNA glycosylase with
100 ng of genomic DNA of E. coli that contains a
known amount of uracil. The DNA was then treated
with ARP to trap AP sites, as described. A DNA sample
not treated with ARP was run in parallel as back-
ground. Both samples of DNA were incubated with
HRP-avidin and prepared as described. (A) Typical
standard curve. (B) Shows signal and background.

Fig. 2. Kinetics of ARP accumulation into intact IMR90 cells. IMR90 cells (3 3
106yml) in PBSy5 mM glucose were incubated with 3 mM ARP at 37°C for
different intervals. At each time point, cells were sampled and processed as
described in Materials and Methods, and the intracellular ARP was measured
by HPLC-EC. The data is an average of three independent experiments
(mean 6 SD).
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sites formed in young cells is one-third the rate in senescent cells
(Fig. 3).

Changes in the Activity of BER During in Vitro Senescence of Cultivated
Human Lung Fibroblasts (IMR90). To measure the ability of AP
endonuclease and DNA pol b of BER to repair AP sites, we
challenged IMR90 cells with 10 mM hydrogen peroxide for 5 min
at 37°C. The level of AP sites was determined immediately after
the pulse and at 15-min intervals (Table 1). The repair of AP
sites was slower in senescent cells than young cells. In senescent
cells, after 15 min of recovery, the induced AP sites remain
significantly higher than the basal level (P , 0.04), whereas, in
young cells, they were completely repaired.

Simultaneously, IMR90 cells were challenged with hydrogen
peroxide or MMS to measure the activity of different glycosy-
lases that form AP sites. This approach revealed a 5-fold (P ,
0.008) and 2-fold (P , 0.002) increase in AP sites by H2O2 in
young and senescent cells, respectively (Table 1). A similar but
more marked difference in the extent of AP site induction was
seen in senescent vs. young cells when the alkylating agent MMS
was used. MMS induces a 234-fold (P , 0.0001) vs. 24-fold (P ,
0.0001) increase in AP sites in young vs. senescent cells, respec-
tively (Table 2). These results show a decline with age in the
activity of the 3-methyladenine-DNA glycosylase that excises
methylated bases. A similar but milder decline is also seen with
glycosylases that remove oxidized bases.

AP Sites in Leukocytes from Young vs. Old Humans. The number of
AP sites was determined in leukocytes from young and old

humans (young, n 5 9; and old, n 5 8; all males). The AP sites
observed in old donors (ages 58–75 yr) is 7-fold higher than the
AP sites observed in leukocytes from young donors (ages 22–33
yr; Table 3). We used MMS as a tool to measure 3-methyl-
adenine DNA-glycosylase in leukocytes from old (n 5 4) and
young (n 5 5) donors (Table 3). Interestingly, the level of AP
sites induced by MMS depends on the age of the donor, similar
to old and young IMR90 cells. MMS was very efficient in inducing
AP sites in leukocytes from young donors (50-fold), but essentially
no induction was observed in leukocytes from old donors.

Age-Dependent Changes in the Level of AP Sites in nuclear DNA
(nDNA) in Brain and Liver from Rats. The number of AP sites in
nDNA of liver increased above control when intact nuclei were
treated with MMS (data not shown). The level of AP sites in liver
nDNA of old rats is 69% higher than liver nDNA of young rats
(Table 4). On the other hand, no age-dependent difference was
seen in the level of AP sites in nDNA from brain (Table 4).

Discussion
In this study, we report an approach for measuring AP sites and
BER in live cells. The method is used to study the age-dependent
changes in the level of AP sites and activity of BER in cultivated
human lung fibroblasts, leukocytes, and nuclei from rat tissues.
The approach traps AP sites by ARP before isolating the DNA,
which reduces the possibility of misrepresenting the level of AP
sites in vivo (19–22). We measure the AP sites trapped during a
1-h incubation, during which AP sites are formed and removed.
This is different from the standard assay where DNA is isolated
and the AP sites measured (11–14). By comparison, higher levels
of AP sites were found when DNA was isolated from rat liver

Fig. 3. Endogenous rate of AP sites formation in intact IMR90 cells. Senescent
and young IMR90s (2 3 106yml) in PBSy5 mM glucose were treated for different
intervals with 5 mM ARP at 37°C. Then, free ARP was washed out followed by
isolation of DNA, and the level of AP sites was determined as described in
Materials and Methods. The values are mean 6 SE. *, P , 0.05; **, P , 0.01.

Table 1. Repair of AP sites in old and young IMR90 cells

Time after
H2O2, min

Incubation
with ARP,

min
Young cells

AP sites†

Senescent cells
AP sites†

Viability (%),
senescent cells

Control 60 6.15 6 3.9 13.7 6 3.3 8.9 6 8.4

5 60 33 6 10 28 6 5.4** ND
15 60 6.1 6 3.7 17.33 6 3.4* 75 6 8
45 60 4.8 6 2.8 5.5 6 4.2 50.3 6 6.7

Senescent [population-doubling levels (PDLs) 46-54] and young (PDLs 25–30) IMR90 cells (2 3 106yml in DMEM
supplemented only with 25 mM Hepes) were treated with a pulse of 10 mM hydrogen peroxide for 5 min at 37°C
and incubated for recovery. Immediately after, and at 15-min intervals, aliquots were removed and AP sites were
determined as described in Materials and Methods. The basal level of AP sites was determined in nontreated cells.

*, P , 0.05; **, P , 0.01.
†Number of trapped AP sitesy106 nucleotides. The values are mean 6 SE of at least five experiments.

**

**

Table 2. Assessment of the activity of 3-methyl adenine DNA
glycosylase in senescent and young IMR90 cells

Treatment for
60 min

Number of trapped AP sitesy106

nucleotides

Young cells
Senescent

cells

Control 1 3 mM ARP 4.5 6 0.45 13 6 2.9**

20 mM MMS 1 3 mM ARP 1062 6 312** 166 6 87.5
**

Young or senescent IMR90 cells (2 3 106yml) in PBSy5 mM glucose were
treated with 3 mM ARP (Control), 3 mM ARP 1 20 mM MMS for 1 h at 37°C. The
cells were then washed in PBS, the DNA was isolated, and 1 mg of DNA was
used for detection of AP sites as described. The values are mean 6 SD. **, P ,
0.01; ***, P , 0.001.

*** ***
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before treating with ARP (17.5 6 3.1 AP sitesy106 nucleotides),
similar to ref. 23. The number of AP sites from the current
method is 12.3 6 0.65 AP sitesy106 nucleotidesy1 h, and the
steady-state level is estimated as ,1 AP sitey106 nucleotides.
The elevated steady-state level of AP sites in the traditional
methods could be the result of the depurination of the DNA
during the proteolytic digestion at 50°C (17), possibly catalyzed
by different nucleophiles in the cellular homogenate. Thus, the
approach for detection of AP sites described here appears to
avoid the aforementioned limitations.

ARP penetrates living cells and equilibrates with extracellular
ARP within 10–15 min at 37°C. A fibroblast (IMR90) has an
approximate cell volume of '500 fL (r 5 50 mm), assuming a
spherical shape and a fraction of water of 1. We estimated the
concentration of ARP at the saturation (10–15 min) to be '3.5
mM. Thus, intracellular saturating concentrations of ARP to-
ward AP sites (1 mM) are achieved after 1 min (Fig. 2). Inside
the cells, ARP reacts with AP sites in the chromosome. The
increasing signal for AP sites from cells treated with hydrogen
peroxide or MMS attests to the ability of ARP to penetrate cells
and react with AP sites in the DNA. O-Methoxyamine, which
reacts with AP sites, competed for AP sites in DNA of living cells
and decreases the signal from ARP. Also, in broken nuclei
(prepared by cycles of freezingythawing), where glycosylases
were released and thus have less access to DNA and therefore
fewer AP sites will be formed, only 30% of the AP sites were
detected relative to control. To estimate the steady-state level of
AP sites, we used methoxyamine to bind AP sites for 10 min and
then washed it out. Methoxyamine binds to existing AP sites and
those that have been generated during the incubation. When the

AP assay was applied to these cells, the level of AP sites was
lower than their level in control cells by 0.67 AP sitey106

nucleotides (or '20%). This suggests that the level of AP sites
at steady state is lower than 1 AP sitey106 nucleotides. Since
ARP is readily permeable to cells and reacts quickly with AP
sites (12), we conclude that ARP measures the AP sites that
formed spontaneously and those formed by the activity of
glycosylases. Consequently, we suggest that ARP competes for
AP sites (or the 59-deoxyribose phosphate flap in DNA) with the
lyase activity of b-pol. Thus, the number of AP sites measured
by this approach is an integrated value over a defined interval.

To assess the status of AP sites with aging, we have used
human lung fibroblasts (IMR90 cells), an in vitro model for
studying aging, and human leukocytes isolated from old and
young donors. IMR90 cells are young at low population doubling
level (PDL) and old (or senescent) at high population doubling.
A 2- to 3-fold increase in the number of AP sites is observed in
senescent IMR90 cells compared with young cells (Table 2). In
addition, the rate of generation of AP sites in senescence IMR90
cells is found to be 3-fold higher than the rate in young cells (Fig.
3). Similarly, in human leukocytes from old donors, the number
of AP sites significantly increases (7-fold) compared with those
from young donors. The high number of AP sites in old cells may
reflect (i) an increase in endogenous oxidative insult with age
that increases the damage to DNA (28, 29), repair by BER, and
formation of AP sites, andyor (ii) an age-dependent decline in
repair of AP sites. To test these possibilities, we used IMR90 cells
to induce AP sites by pulse-treatment of old and young cells with
H2O2, and then followed their repair during recovery. The
induced AP sites were repaired in young IMR90 cells within '15
min posttreatment, which also indicates normal performance of
AP endonuclease and b-pol. A similar time of repair of oxidized
bases was also seen in human lymphoblasts (30), in Hela cells
(31), and in Hela cells for oxo8Gua (K. Beckman and B.N.A.,
unpublished data). Senescent IMR90 cells, on the other hand,
were slower in repairing AP sites with concomitant loss of 39%
of viability after only 45 min, presumably because of the elevated
levels of general oxidative damage. The limitation of repairing
AP sites, together with an elevated oxidative stress with age
(32–35) also (36) may explain the age-dependent increase in the
level of AP sites in the genome of senescent cells. A decline in
repair factors, such as AP endonuclease or b-pol, which function
downstream to glycosylases could also increase the duration of
AP sites in the genome. Unbalanced activity of the repair
enzymes has been suggested previously to induce a high level of
AP sites in DNA, and, as a result, increase the rate of mutation
(37) and cell death (38, 39). Furthermore, the fact that ARP
binds to AP sites in the genome of living cells suggests that the
AP site in vivo is available to react with exogenous factors (i.e.,
ARP) and probably intracellular components (polyamines and
basic proteins). In vitro polyamines (or basic proteins) react with
AP sites in chromatin and convert them to single-strand breaks
(40), a reaction that may occur in vivo as well. A high level of AP
sites in both strands of DNA presumably will increase the
formation of DNA double-strand breaks (39, 41, 42).

Using the same method, we assessed the activity of glycosy-
lases for oxidized and alkylated bases in both age groups. For this
purpose, we challenged IMR90 cells with: (i) hydrogen peroxide
to generate oxidized bases or (ii) MMS to generate alkylated
bases (43). Both agents induced AP sites considerably above the
basal level. In IMR90 cells, MMS induced AP sites by 24- and
324-fold in senescent vs. young cells, respectively (Table 2).
Hydrogen peroxide, on the other hand, induces a 2- and 5-fold
increase in AP sites in senescent and young cells, respectively
(Table 1). The difference between senescent and young cells in
the fold of induction of AP sites suggests that the glycosylases
that remove oxidized bases (8-oxoguanine DNA glycosylase and
others) and methylated bases (3-methyladenine DNA glycosy-

Table 3. The basal and the induced level of AP sites in human
leukocytes isolated from whole blood of old and young donors

Treatment for
60 min

Number of trapped AP sitesy106

nucleotides

Young
donors Old donors

Control 1 3 mM ARP 3.18 6 0.82 23.7 6 4.3
**

20 mM MMS 1 3 mM ARP 160.1 6 31.1 30.7 6 11.3

Human leukocytes were isolated from young (n 5 9) and old (n 5 8) donors
immediately after drawing blood, as described in Materials and Methods. The
isolated leukocytes were incubated for 20 min at 37°C for recovery at a density
of 5–10 3 106yml DMEM supplemented only with 25 mM Hepes. AP sites were
induced by treating the leukocytes from old and (n 5 4) and young (n 5 5)
donors with a pulse of 20 mM MMS for 5 min at 37°C. The basal level and
induced level of AP sites in DNA from leukocytes were measured as described
in Materials and Methods. The viability of the leukocytes as estimated by
trypan blue exclusion is over 95%. The values are mean 6 SE. **, P , 0.01;

***, P , 0.001.

***

Table 4. The level of AP sites in nuclear DNA from brain and
liver of old and young rats

Treatment for 60 min
with ARP

Number of trapped AP sitesy106

nucleotides

Young rats Old rats

Liver nuclear fraction 19.8 6 0.2 33.5 6 4.7*
Brain nuclear fraction 11.8 6 1.4 9.4 6 1.2

The number of AP sites in isolated nuclei was determined in liver and brain
from five young rats (4 mo) and six old rats (24 mo). Both tissues were collected
into iced buffer and homogenized; all the steps were performed at 4°C. The
number of AP sites was determined as described. The data is a mean 6 SE.

*, P , 0.05.

690 u www.pnas.org Atamna et al.



lase) decline in activity with age. The difference at the absolute
levels of induction of AP sites between H2O2 and MMS (Tables
1 and 2) may be because of the fact that H2O2 is destroyed by
catalase. This activity does not change with age (data not shown).
Thus, the effective intracellular concentration of H2O2 will be
very low; whereas one protective mechanism against the high
concentration of MMS (20 mM) relies on glutathione, which
does decline with age (28). Thus the decline with age in the
induction of AP sites by MMS cannot be explained by efficient
detoxification of MMS or H2O2 by senescent cells and suggests
equal interaction with the DNA in both types of cells. In IMR90
cells, the changes with age in the glycosylases that remove
oxidized bases from DNA were less dramatic (5-fold vs. 2-fold)
compared with those that remove alkylated bases (i.e., 3-methy-
ladenine-DNA glycosylase, 324-fold vs. 24-fold). In conclusion,
it seems likely that the age-dependent increase at the basal level
of AP sites originates, in large part, from endogenous oxidative
damage to DNA by the activity of glycosylases that excise
oxidized bases. Also, the decline in removal of AP sites from the
DNA (Table 1) could contribute to the elevated level of AP sites
in senescent cells. Similarly, on challenge with MMS, leukocytes
from old and young donors respond differentially. A high level
of AP sites was induced (50-fold) in leukocytes from young
donors, whereas only low level of AP sites was induced in
leukocytes from old donors. These findings suggest a decline
with age in 3-methyladenine-DNA glycosylase that excises meth-
ylated bases (and other alkylated bases) from DNA in senescent
IMR90 cells and leukocytes form old donors. This is consistent
with the previously reported age-dependent decline in DNA
repair in lymphocytes and primary skin fibroblasts of normal
donors (44–46).

The level of AP sites in nDNA from old rat livers increased
69% compared with nDNA from young rat livers. These data
agree with the increase in oxidative events that cause DNA
damage andyor differential BER activity (as in IMR90 and
leukocytes) and in previously described results for hepatocytes

isolated from old and young livers (47). In contrast, we find no
significant increase in AP sites in nDNA from brains of old rats.
This could be because of a low rate of their formation by
glycosylases, which agrees with the suggested age-dependent
decline in BER in brain (48). This issue still needs to be studied
further to assess the changes of BER with age in different tissues.

The discrepancy in the level of AP sites between brain and
liver from young rats between our study and that presented in ref.
23 could possibly be because of: (i) differences in the anesthesia
used, ether in the present study vs. metofane in ref. 23; (ii) nuclei
were isolated in ref. 23 under conditions that permit oxidative
stress, which can modify the level and the distribution of AP sites;
and (iii) nuclei were isolated in ref. 23 at 2,000 3 g instead of
500 3 g in our study. Precipitation of nuclei with contaminating
mitochondria may occur especially in brain and muscles. In
homogenization of brain, synaptosomes are formed that may
trap mitochondria, also mitochondria from heart muscle are
connected to muscular filaments. These structures tend to
precipitate at 2,000 3 g. In our hands, isolated mitochondria
possess a very high level of AP sites (data not shown).

We conclude that: (i) The assay for AP sites is fast, quanti-
tative and can be applied to a wide range of sample types
including living cells and isolated nuclei. (ii) Trapping AP sites
in living cells helps overcome the possible artifacts introduced to
the level of AP sites in DNA by isolation. (iii) The assay for AP
sites can be used to demonstrate BER in living cells. (iv) Old
IMR90 cells and human leukocytes isolated from old donors
possess a reduced activity of glycosylases that remove methylated
bases, suggesting a decline in the activity of BER.
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