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ABSTRACT
Tfhe incision of DNA at apurinic/apyrimidinic sites (AP-sites) by chloro-

6-methoxy-2 ((adenyl -9) -11) -4,8 di azadecyl )ami no-9 acri di ne (Ade-Z-Acr),
a 9-aminoacridine linked to an adenine, at nanomolar concentrations is
described. Moreover, this drug, Ade-Z-Acr, is one of the most efficient drugs
which cleaves DNA at AP-sites. The high activity is the result of the compo-
sition of the drug, since the individual components have no incising activity
in the concentration range studied. The termini left by the Ade-Z-Acr mole-
cule are a 3'deoxyribose and a 5'nucleotide. The termini and the inability of
the Ade-Z-Acr to incise DNA with reduced AP-sites suggest that the mechanism
of cleavage is p-elimination.

INTRODUCTION
Apurinic/apyrimidinic sites (AP-sites) are created by different mecha-

ni sms such as spontaneous depuri nati on or treatment wi th X-ray or ul travi ol et
radiation (1). In addition, in vivo, physiological repair of altered DNA

bases by DNA glycosylases also creates AP-sites (2,3). Therefore, since AP-
sites are believed to alter processes associated with DNA replication (4,5),
the repair of AP-sites in DNA is a critical cellular activity.

Previously we have studied the properties of AP endonucleases (6) and

agents which mimic DNA endonuclease activity (7). One series of drugs which
incise DNA at AP-sites, the ellipticines, has demonstrated effectiveness
clinically in combination chemotherapy (8-12). The acti vi ty of the

ellipticines used in combination chemotherapy may result from binding to DNA

at AP-sites which may subsequently inhibit mechanisms of repair at these

sites (10). Thus, to further evaluate the role of AP-sites in vitro and in

vivo, we synthesized a series of molecules with subtle changes in structure

to act as inhibitors of AP-endonuclease activity (13). In this study, we

coupled a 9-aminoacridine with an adenine using different linking chai ns to

create molecules with intercalating properties which specifically recognize
AP-sites. However, in evaluating the binding of these molecules to DNA at AP-
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sites, we discovered that chloro-6 methoxy-2 ((adenyl-9)-11)-4,8 diazadecyl )
amino-9 acridine (Ade-Z-Acr) incises DNA specifically at AP-sites, and that
moreover, this cleavage of DNA occurs at nanomolar concentrations of this
compound. Additionally, we found that the coupling of the two functional
groups by a specific linker enhances the ability of the components to incise
DNA at low concentrations. We also determined the termini following cleavage
by Ade-Z-Acr and suggest a mechanism for the catalysis.

MATERIALS AND METHODS
En es

Exonuclease III of E. coli was obtained from Gibco-BRL. T4 poly-
nucleotide kinase (3'-phosphatase free), DNA polymerase I, bacterial alkaline
phosphatase and calf intestine phosphatase were obtained from Boehringer-
Mannheim. AP-endonucleases A and B of Micrococcus luteus were prepared as
previously described (14).
DNA

Covalently, closed-circular, double-stranded pBR322 DNA was prepared by
a standard boiling method (15). PM2 DNA was purchased from Boehringer-
Mannheim.

Preparation of DNA containing AP-sites (AP-pBR322 DNA)
pBR322 DNA or PM2 DNA was dissolved in 25 0H sterilized sodium acetate

buffer at a concentration of 1 mg/ml and heated at 70°C for 17 mmn (7). This
treatment introduced about 1.8 AP-sites per DNA molecule.
Preparation of organic molecules

The following compounds have been prepared as previously described
Ade-C3-Acr (16), Acr-Z (17), Ade-C5-Acr and Ade-C6-Acr (18). The synthesis of
Ade-Z and Ade-Z-Acr will be descri bed elsewhere. All compounds were tested
for purity by microanalysis, 1H mnr spectroscopy, high performance liquid
chromatography, and thin-layer chromatography in different solvent systems.
Ade-Z-Acr, Ade-Z, and Z-Acr were dissolved in sodium acetate buffer 0.1 M

containing 5 X (v/v) of ethanol to a concentration of about 125 PIM. Exact
concentration was measured using molar absorptivities of 8700 1-cm mole at

-1 -1 -1 -1

422 nm, 13150 1-cm mole at 260 nm, and 9500 1-cm mole at 422 run for
Ade-Z-Acr, Ade-Z, and Z-Acr, respectively. The final dilutions of the

compounds were in the standard reaction buffer of 25 nM Hepes-KOH, 2 nM EDTA,

25 mM NaCl, pH 7.5.
Incision of AP-pBR322 DNA

0.2 p9g of AP-pBR322 DNA was incubated at 37-C for 20 min in the presence
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of the various compounds in standard reaction buffer. The reaction was stop-

ped by extracting the compounds using butanol saturated with water. The rela-
tive amounts of nicked and supercoiled DNA molecules were measured after

separation by agarose gel electrophoresis (0.8 X) as previously described
(7). The absolute number of nicks in the DNA population was calculated assu-

ming a Poisson distribution (19). For incision of DNA containing AP-sites by
the AP-endonuclease activity of Exonuclease III (Exo III), the following
reaction mixture was used: 0.2 pg of DNA containing AP-sites in 50 mM Tris-

HCl, 5 mM MgCl2, pH 8.0, and a saturating amount of enzyme (25 units). The

enzyme was inactivated by heating for three minutes at 70°C followed by
assays for nicking and/or DNA polymerase I elongation. Experiments on the

effect of ionic strength were performed at 2, 10, 25, 70 and 100 mM NaCl.

Preparation of incised AP-pBR322 DNA for the determination of the cleavage
site

10 pg of AP-pBR322 DNA was reacted with Ade-Z-Acr, Exo III, or Lys-Trp-
Lys using conditions described above for Ade-Z-Acr and conditions described

previously for the other two agents which recognize and cleave at AP-sites
(7,20). The reactions were stopped and the DNAs were purified.
End labeling of DNA with TA polynucleotide kinase

2.0 pg of incised DNA was reacted with 5 units of T4 polynucleotide
kinase and 5 p1 of [y - 32P]ATP (specific activity 1200 Ci/mmole 2.5 mCi/ml)
in a total volume of 11 p1. At t = 20 min, acid insoluble radioactivity was
assayed.

Nick translation of incised AP-pBR322 DNA with E. coli DNA polymerase I

The method was similar to that used by Linn et al. (21,22). Reaction
mixtures (250 P1) contained 50 mM Tris-HCl buffer (pH 8.0), 10 mM MgSO4,
0.1 nM dithiothreitol, 0.5 mg/ml of Bovine Serum Albumin and 20 t each of

3
dGTP, dCTP, and dTTP, 5 pCi of [ H]-dATP (1 Ci/mmole), 2.0 pg of AP-pBR322
DNA, and 10 units of E. coli DNA polymerase I. After incubation at 16°C for

various periods of time, 50 p1 aliquots were withdrawn and assayed for acid

insoluble radioactivity.
Reduction of AP-pBR322 DNA

Reduced AP-pBR322 DNA was prepared according to the method described by
Pierre and Laval (7). Briefly, 20 pg of AP-pBR322 at a concentration of

1 mg/ml in 10 rM Tris-HCl, 1 nfl EDTA, pH 8.0 was placed in a 1.5 ml Eppendorf
centrifuge tube. 6.6 pl of a 2 M solution of potassium phosphate, pH 6.5 was

added. A solution of fresh NaBH4, 5 M, was prepared by adding 190 mg of

NaBH4to 800 pl of H20 and centrifuging the solution 20 seconds to pellet
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excess NaBH4. 2 pl of the 5 M NaBH4 was added to the AP-DNA solution and
reacted for 15 min. At 15 and 30 min., 2 p1 of the 5 M NaBH4solution was

added. After the addition at 30 min., the reaction was incubated for another
lh. The reduced DNA was purified by microdialysis followed by precipitation
with ethanol.

RESULTS
Ade-Z-Acr cleaves specifically at AP-sites

The molecules shown in Fig. 1, were originally designed as potential
inhibitors of AP-endonucleases. The competition assays designed to test that
hypothesis, however, showed that these molecules did not inhibit the AP-endo-
nucleases A and B from Micrococcus luteus or the AP-endonuclease activity of
exonuclease III from E. coli (data not shown). However, the control reaction
containing only Ade-Z-Acr revealed that the AP-pBR322 DNA was incised. Since
none of the other molecules originally designed as inhibitors showed this
activity, we investigated the ability of the Ade-Z-Acr to incise the DNA at
AP sites. We prepared pBR322 molecules with different amounts of AP-sites by
heating the pBR322 DNA at 70°C as a function of time. The DNAs with different
amounts of AP-sites were then incubated in the presence of Ade-Z-Acr. The
number of AP-sites was calibrated using the endonuclease activity of Exo III
which cleaves DNA at AP-sites. Following the incubation, the reactions were

stopped, and the DNA was electrophoresed to quantify the supercoiled and
nicked species. Fig. 2 shows that as the time of incubation at 70°C of the
pBR322 DNA increases, the number of AP-sites in the DNA increases as indi-
cated by Exo III cleavage. As the number of AP-sites increases, cleavage by
Ade-Z-Acr generates the same number of nicked species as incision by Exo III.
Therefore, the Ade-Z-Acr reaction is consistent with recognition and cleavage
at AP-sites.
Dependence of Ade-Z-Acr incision of AP-pBR322 DNA on concentration, ionic
strength, and supercoiling

To determine the efficiency of the incising agent, we titrated the Ade-
Z-Acr against a constant amount of AP-pBR322 DNA. The curve in Fig. 3 shows
cleavage of AP-pBR322 DNA by Ade-Z-Acr. This curve demonstrates that there is
significant incision of the DNA at AP-sites even at 20 nM concentrations.

In addition to the influence of the concentration of the incising
agents, the incision of AP-DNA using Ade-Z-Acr was studied as a function of
ionic strength and supercoiling. When the cleavage of AP-pBR322 DNA was
performed at concentrations of NaCl from 2 nM to 100 nM there was no change
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Figure 1: Structures of the Ade-Z-Acr, Ade-Z, Acr-Z and Ade-Cn-Acr.

in the amount of cleavage of AP-pBR322 DNA (data not shown). The effect of
supercoiling was also studied by comparing the cleavage of Ade-Z-Acr on AP-

pBR322 and AP-PM2 DNA. The supercoil density of PM2 DNA (approximately -

0.09) is much higher than the supercoil density of pBR322 DNA (approximately
- 0.04). The concentration of Ade-Z-Acr for cleavage of both AP-DNAs
containing the same number of AP-sites per DNA molecule, however, was iden-
tical (data not shown). Therefore, ionic strength and supercoil density do
not significantly effect cleavage by Ade-Z-Acr.
Activity of the Ade-Z-Acr is enhanced compared to the activities of the
components

The other two experiments displayed in Fig. 3 compare the cleavage of
the AP-pBR322 DNA by the Ade-Z-Acr to cleavage by Ade-Z and Z-Acr (Fig. 1).
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Figure 2
Comparison of Ade-Z-Acr and Exonuclease III incision of AP-pBR322 DNA

containing different amounts of AP-sites. The number of AP-sites in pBR322
DNA was varied by incubating the pBR322 DNA in 0.1 M sodium acetate buffer,
pH 4.8 at 70°C as a function of time. The AP-pBR322 (0.2 pg) was then sub-
jected to cleavage by Ade-Z-Acr (6.4 pM) or Exonuclease III (25 units).
Agarose gel electrophoresis was used to separate the nicked and supercoiled
molecules. The number of incisions was determined as described in Materials
and Methods. O Ade-Z-Acr cleavage, * Exonuclease III cleavage.

These two other molecules, which are the components of the Ade-Z-Acr, show no

incising activity in the nanomolar range. Ade-Z-Acr, however, has an activity
at least 100 times higher than its components. Additionally, the other mole-
cules investigated which couple the adenine and acridine through aliphatic
chains (Ade-Cn-Acr) do not display any enhanced activity to cleave DNA at AP-

sites (data not shown). Therefore, the data in the three first sections have
shown that Ade-Z-Acr 1) cleaves DNA specifically at AP-sites, 2) is one of
the most efficient compounds known for incising DNA at AP-sites, and 3) has a
unique composition of an adenine, a 9-aminoacridine and a linker which
confers the ability to cleave the DNA at AP-sites.

Determination of the termini following incision by Ade-Z-Acr
In order to determine the nature of the termini formed by the Ade-Z-Acr

cleavage at an AP-site, we used the specificity of enzymes for different
types of termini. Fig. 4 displays a flow chart which presents the various
possibilities of cleavage at AP-sites and methods to discern the type of
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Figure 3
Concentration dependence of the incision of AP-pBR322 DNA with Ade-Z-

Acr, Ade-Z, and Z-Acr. 0.2 jig of AP-pBR322 DNA (1.8 nicks/molecule) was
incised with increasing amounts of Ade-Z-Acr, Ade-Z, and Z-Acr. The reaction
mixture consisted of a total volume of 20 p1, and was incubated at 37PC for
20 mmn. Agarose gel electrophoresis was used to separate the nicked and
supercoiled molecules. The number of incisions was determined as described
in Materials and Methods. O Ade-Z-Acr, * Ade-Z, and A Z-Acr.

incision observed for drugs or enzymes which cleave at such sites. As control
molecules for these experiments we prepared a series of AP-DNAs containing
the same number of AP-sites which were cleaved by Exo III and LysTrpLys which
also incise DNA at AP-sites. The termini generated by cleaving with these two
agents have been well characterized.

If an incision at an AP-site produced a molecule with a 5'OH associated
with a base, that site would be a substrate for kinasing using the poly-
nucleotide kinase from bacteriophage T4. However, we were not able to
directly kinase the DNA following cleavage by Ade-Z-Acr as shown in Table I.
Thus the termini left by the Ade-Z-Acr does not correspond to that of a Class
III agent.

The termini generated by Class I agents are characterized by removal of
a 5'-phosphate by calf intestine phosphatase, followed by kinasing with the
T4 polynucleotide kinase. The results of this experiment given in Table I
indicate that the termini generated by Ade-Z-Acr have the same properties as

the termini created by the LysTrpLys which is a Class I agent. AP-pBR322 DNA
incised by Ade-Z-Acr or LysTrpLys and treated with phosphatase prior to
kinase incorporate 32P at the same level. The AP-pBR322 DNA cleaved by Exo

III, however, incorporates the label at the same level as the control.
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Figure 4
Chart indicating the potential cleavage sites by endonucleolytic agents

incising DNA at AP-sites and methods for the determination of the class of
cleavage (23). Examples of the agents producing the given incision are also
indicated for Drosophilia AP-endonuclease I (24), T4 endo V T4 UV endo-
nuclease V (25), LysTrpLys (7), and the endonuclease activity of E. coli
Exonuclease III (20). T4 kinase: 5' polynucleotide kinase from bacterlophage
T4, CIP: calf intestine phosphatase.

Priming activity for E. coli DNA polymerase I nick translation at termini of
incised DNA

To support the previous data, we followed the incorporation of [H]-dATP
into incised AP-DNA by E. coli DNA polymerase I. Following incision by the
Ade-Z-Acr, the DNA was directly assayed for Class II activity by treatment
with DNA polymerase I. The experiment shown in the bottom line of Fig. 5
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Table I: Analysis of the termini generated in AP-pBR322 DNA by Ade-Z-Acr

Incising Agent pmol 32p Incorporated/pg DNA

of AP-pBR322 DNA DNA Treated DNA not treated
with Calf Intestine with Calf Intestine

Phosphatase Phosphatase

Exo III 0.1 0.0
LysTrpLys 1.5 0.1

Ade-Z-Acr 1.9 0.2

These numbers have been corrected for the control DNA which was the AP-

pBR322 DNA which was not treated with an incising agent. The number of AP-

site per pBR322 molecule was 1.8. Each of the agents induced the same number
of nicks.

indicates that AP-DNAs treated or not treated with Ade-Z-Acr are poor subs-

trates for the DNA polymerase I. Subsequent treatment with bacterial alkaline
phosphatase increases only slightly the amount of label incorporated. How-
ever, if the Ade-Z-Acr incised AP-DNA is treated with Exonuclease III, the

level of incorporation increases to a level comparable to that of cleavage by

Exonuclease III alone as seen in Fig. 5. This set of experiments, therefore,
confirms the results in the previous section which indicated that the Ade-Z-
Acr is a Class I cleavage agent which yields termini consisting of a 3'deoxy-
ribose and a 5'phosphate nucleoside.
Ade-Z-Acr does not cleave reduced AP-pBR322 DNA

Since there are Class I agents which are also p-elimination catalysts,
we reduced the AP-pBR322 DNA with NaBH4 and treated the DNA with the Ade-Z-
Acr to determine if the aldehyde function was necessary to observe cleavage.
The Ade-Z-Acr, however, was not able to cleave the reduced AP-pBR322 DNA
(data not shown). In a separate control reaction, the endonuclease activity
of Exo III was able to cleave the reduced AP-pBR322 DNA. Thus, both the

termini and the inability of the Ade-Z-Acr to cleave the reduced DNA are

consistent with the Ade-Z-Acr acting as a p-elimination catalyst.

DISCUSSION
This report has shown that Ade-Z-Acr is an effective agent for incision

of DNA containing AP-sites at nanomolar concentrations, and therefore, Ade-Z-
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Figure 5
Kinetics of priming activity of various nicked AP-pBR322 DNA substrates

for E. coli DNA polymerase I after incision of AP-pBR322 DNA using Ade-Z-Acr,
Exonuclease III, or Ade-Z-Acr incision followed by Exonuclease III treatment.
The DNA polymerase I reactions were performed as described in the Materials
and Methods. U control - AP-pBR322 DNA, 0 Ade-Z-Acr incised AP-pBR322 DNA,
* Ade-Z-Acr incised AP-pBR322 DNA treated with bacterial alkaline phospha-
tase, * Ade-Z-Acr incised AP-pBR322 DNA treated with Exonuclease III, and
*Exonuclease III incised AP-pBR322 DNA.

Acr represents one of the most active synthetic agents for the cleavage of
DNA at AP-sites. The activity of this drug is dependent on the precise
design, since the component molecules do not cleave the AP-DNA in the concen-
trations studied. This cleavage leaves termini which may be kinased at the
5'OH after treatment with a 5'phosphatase. The termini generated following
cleavage and the inability of Ade-Z-Acr to cleave reduced AP-DNA suggest that
Ade-Z-Acr is a p-elimination catalyst.

Table II compares different agents which cleave DNA at AP-sites. The
activities of the 9-aminoellipticine, and the LysTrpLys tripeptide are of
approximately the same order of magnitude. The concentration dependence of
cleavage by Ade-Z-Acr, however, indicates that this agent is more effective
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Table II : Concentration of agents introducing a single nick per DNA molecule

at AP-sites

Agent Concentration ref.

nM

Ade-Z-Acr 25 this study

LysTrpLys (supercoiled DNA) 1 x 103 7

LysTrpLys (relaxed DNA) 1 x 105 7

9-aminoellipticine 400 10

9-hydroxyel i pti ci ne 5 x 104 10

Spermine 1 x 105 7

Spermidine 1 x 107 7

In each study the quantity of DNA, ionic strength, time, and temperature of

incubation vary. The values given therefore are accurate for the best condi-

tions in each study.

at cleaving AP-sites than the 9-aminoellipticine and at least a factor of
1000 greater than the 9-hydroxyellipticine.

The spermine and spermidine values in Table II indicate that although
charge is important (the more positively charged spermine is more efficient
in cleaving the DNA than spermi dine), the charged amine function alone is not

responsible for efficient cleavage of DNA at AP-sites.
In addition to the high activity manifested by the Ade-Z-Acr, the condi-

tions for incision by Ade-Z-Acr are similar to that of the 9-amino-

ellipticine. There is not a strong ionic strength dependence of the Ade-Z-Acr

cleavage. In contrast, the LysTrpLys cleavage must be performed at low ionic

strength (7,27,28) to facilitate the ionic interaction of the tripeptide with

the DNA. Without this interaction, the tripeptide does not cleave 2at APl-
sites. In fact, at peptide concentrations greater than 1 x 10 M, the

LysTrpLys itself inhibits the incision of DNA as a result of the high ionic

strength. This reduced dependence on ionic strength may play a role in the

high efficiency of cleavage at AP-sites, since the interaction of the tri-

peptide LysTrpLys and the intercalator Ade-Z-Acr with the DNA would be expec-
ted to be different. The cleavage by LysTrpLys is also supercoil dependent.
In addition to the reduced dependence on ionic strength, the cleavage by Ade-

Z-Acr is not as sensitive to supercoiling as that of the LysTrpLys. At native

2701



Nucleic Acids Research

supercoil densities (the supercoil density as isolated from the cell), high
- 3

concentrations of LysTrpLys (10 M) must be used to incise AP-pBR322 DNA

which has a much lower native supercoil density than AP-PM2 DNA (7). In

contrast, there is virtually no difference in the concentration of Ade-Z-Acr
needed to incise AP-pBR322 or AP-PM2 DNA.

Two pieces of evidence strongly support p-elimination as the mechanism
of Ade-Z-Acr cleavage of DNA at AP-sites. The first evidence is that the

termini left by the cleavage are consistent with the cleavage by p-elimi-
nation catalysts such as LysTrpLys (7,26). The second piece of evidence sup-
porting this mechanism is that the reduced AP-pBR322 DNA is not a substrate

for the Ade-Z-Acr. This agrees with previous reports that the free aldehyde
of the deoxyribose interacts with primary amines in the process of p-elimi-
nation (29).

This report has introduced a new reagent for probing a specific type of

defect in DNA structure. Previously, Dervan coupled a propidium moiety and an

Fe-EDTA moiety to create a molecule which cleaves native DNA (30). The mole-

cule presented in this report, Ade-Z-Acr, however has a different target and

cleaves DNA at a specific type of lesion: an AP-site. Additionally, the

affinity of the Ade-Z-Acr for native DNA is of the same order of magnitude as

ethidium bromide (31) which suggests that there is a specificity of cleavage
which is not the result of a high binding constant to native DNA. Although
the Ade-Z-Acr effects a cleavage specifically at AP-sites using p elimi-
nation, the exact mode of action is still speculative. We hope that this
molecule will prove useful in the study of AP-sites and AP-endonucleases.
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