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Cleavage and cytotoxicity assays have been used to show that 39-(9-acridinylamino)-
59-hydroxymethylaniline (AHMA) is a potent antileukemic agent that inhibits topoisomerase
II-mediated relaxation of supercoiled DNA and promotes the topoisomerase II-mediated
cleavage of DNA at a subset of the cleavage sites of 49-(9-acridinylamino)-methanesulfon-
m-anisidide (m-AMSA). Equilibrium binding data show a larger binding constant for the
more cytotoxic derivatives for binding to poly(dA-dT)2 as compared to poly(dG-dC)2 , but
greater cooperativity for binding to poly(dG-dC)2 and a steric barrier to binding caused by
the size of the 59-hydroxymethyl substituent. Circular dichroism shows a more intercalated
binding geometry on poly(dG-dC)2 for 19-substituted derivatives when compared to AHMA
and derivatives with a free 19-amino group, which is absent with poly(dA-dT)2 and calf thymus
DNA and is indicative of specific interactions with GC-rich areas in natural DNA for AHMA
and derivatives with free 19-amino groups which may stabilize the drug–DNA complex.  1996

Academic Press, Inc.

INTRODUCTION

It has long been known that 9-aminoacridines bind to DNA as intercala-
tors. Among these compounds, 49-(9-acridinylamino)-methansulfon-anisidide
(m-AMSA, a 9-anilinoacridine derivative) and its analogues have been extensively
studied as potential antitumor agents for the treatment of a variety of tumors and
leukemia (1). It is thought that this agent stabilizes the topoisomerase II–DNA
cleavage complex resulting in the cleavage of DNA (2, 3), and leading to cytotoxicity.
The drug intercalates into DNA (4), but because of its rapid dissociation (5) foot-
printing studies have been unable to provide any sequence specificity of binding;
this has been estimated only by equilibrium binding studies which have revealed
no significant preference for poly(dA-dT)2 or poly(dG-dC)2 (6). Footprinting analy-
sis has been achieved only by modifying the acridine ring to obtain amsacrine-4-
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FIG. 1. Structure of 39-(9-acridinylamino)-59-hydroxymethyl-aniline (AHMA), and its derivatives.

carboxamides (7). In addition, it has not been possible so far to study the drug–DNA
complexes by X-ray crystallography. Nevertheless, X-ray crystallography of
m-AMSA alone shows that the anilino ring forms an angle of 708 with the planar
acridine ring (8); the study of 9-aminoacridine–RNA complexes (9) as well as
theoretical studies (10) suggest that the anilino ring of m-AMSA lies in the minor
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groove when the acridine ring is intercalated. Thermodynamic studies have revealed
that there are distinct differences in the binding process for the relatively cytotoxic
m-AMSA as compared to the inactive isomer o-AMSA and other 9-anilinoacridines.
m-AMSA binds to DNA through an enthalpy driven process while less effective
compounds bind by an entropy driven process (11). Therefore the cytotoxicity of
acridine-based topoisomerase II poisons may indeed be linked to steric or electronic
factors controlled by anilino ring substituents projecting into the minor groove
which interact with DNA or the enzyme, or both, and which promote the formation
of the ternary complex.

Another factor which influences the cytotoxicity of drugs may be the plasma
half-life. m-AMSA possesses a methanesulfonyl and a methoxy function at C-19
and C-39 of the 9-anilino ring (Fig. 1) and readily undergoes reversible oxidation
giving a quinonediimine intermediate, which forms an adduct with glutathione
through nucleophilic attack at a cysteine residue. More than 50% of the dose was
excreted as the glutathione conjugate in the bile when mice were treated with
m-AMSA. The half-life of m-AMSA in the presence of fresh mouse blood at 378C
is approximately 30 min (12). Recently, we have synthesized and evaluated the
cytotoxicity of a series of 3-(9-acridinylamino)-5-hydroxymethyl aniline (AHMA)
derivatives (12) (Fig. 1). Unlike m-AMSA, the substituents on the anilino ring of
AHMA are in the meta position to each other, and therefore cannot form an
iminoquinone intermediate via biooxidation, thus AHMA possesses a longer plasma
half-life (1.5 h) than m-AMSA (12). We also found that AHMA has greater efficacy
against murine leukemia and solid tumors (Lewis lung carcinoma, E0771 mammary
adenocarcinoma and B-16 melanoma) than m-AMSA (12). In our preliminary
report, we showed that AHMA inhibited Topo II-mediated DNA decatenation
and relaxation (13).

The intriguing antitumor activity and chemical structure of this agent provides
several features for structure–activity relationship studies using the amino and
hydroxymethyl substituents on the anilino ring. We have synthesized a series of
AHMA derivatives by introducing various substituents at the NH2 and/or CH2OH
functions (12) and found that these substituents, with only a few exceptions, do
not greatly affect the cytotoxicity of the parent compound. Therefore, formation
of a stable ternary structure between the drug (AHMA derivatives), DNA, and
the degree of cleavage of DNA by Topo II was not adversely affected; this indicates
that the position of the substituent is more important than the kind. In this report
we compare cleavage patterns of AHMA and m-AMSA and determine how varying
the nature of substituent(s) at NH2 and/or CH2OH of the anilino ring of AHMA
derivatives influences affinity for, and binding geometry on, DNA and determine
if there is a correlation between these factors and cytotoxicity.

MATERIALS AND METHODS

Drug Preparations

m-AMSA was obtained from the Drug Synthesis and Chemistry Branch, NCI.
AHMA derivatives, compounds 1–6 (Fig. 1), were synthesized in this laboratory
(12). Drugs were dissolved in DMSO for use.
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DNA Preparations

Poly(dG-dC)2 and poly(dA-dT)2 , sodium salts, were purchased lyophilized
(Sigma Chemical Co.) and dissolved in buffer. Extinction coefficients were 1.32 3
104 M21 cm21 at 262 nm for poly(dA-dT)2 (14) and 1.68 3 104 M21 cm21 at 254 nm
for poly(dG-dC)2 (15).

Equilibrium constant determination. Only m-AMSA gave a clear isosbestic point
with calf thymus DNA. To circumvent this problem, the homopolynucleotides
poly(dG-dC)2 and poly(dA-dT)2 were used. These gave clear isosbestic points with
the derivatives; unfortunately, AHMA (hydrochloride salt) did not with poly(dG-
dC)2 , only with poly(dA-dT)2 .

Beer’s law titrations were carried out in 9 mM NaCl, 5 mM sodium phosphate,
0.1 mM EDTA with 5% DMSO (which was necessary to improve solubility), pH
7.3 (PBSE), at the wavelengths of maximum absorbance to determine molar absorp-
tivities for the unbound compounds. Aggregates were removed by adding 1 mM

solutions (stored at 2108C) of the compounds to a large volume of buffer (2–4 ml),
sonicating the solution (Branson B-12 sonifier) for 10 mins, followed by centri-
fugation at 14,000 g, the top 80% of the solution was used and was at a concentration
that was close to the maximum within the linear range of the Beer’s law plot
(generally 5–6 eM). To further increase accuracy an average of several optical
density measurements were obtained from the IBM 9341 spectrophotometer. Molar
absorptivities for bound drugs were obtained from solutions containing DNA and
drug at a DNA/drug ratio of 100/1 (R 5 100). Scatchard plots (16) were constructed
(17) and processed using the cooperative binding equation of McGhee and Von
Hippel (18).

Induced circular dichromism spectra. Solutions (1–5 mM) of the anilinoacridines
were diluted in PBSE to yield solutions approximately 3 eM in concentration.
Approximately 1 eM solutions were attained by dilution with PBSE in 10-mm
cuvettes. Final concentrations were well below the point of aggregation as deter-
mined by Beer’s Law plots. DNA was dissolved in PBSE without DMSO; the
integrity of the DNA in 5% DMSO/PBSE was checked by comparison with the
CD spectrum of the DNA with and without DMSO, there was no difference.
Measurements were made on a Jasco J710 spectropolarimeter that was continually
flushed with nitrogen. Each spectrum was the average of 8–12 scans.

DNA unwinding assay. The method of Fisher and coworkers (19) was modified.
Supercoiled PBR322 (0.8 eg) was incubated with 2.5 units of calf thymus topoisom-
erase I in 80 el of relaxation buffer (10 mM Tris, 50 mM KCl, 100 mM NaCl, 10 mM

MgCl2 , 0.5 mM DTT, 0.5 mM EDTA, and 30 eg/ml bovine serum albumin, pH 7.9)
at 378C for 2 h. Four microliters of the anilinoacridines at 1, 10, and 50 eM in
DMSO was added to the relaxed plasmid; tubes were incubated for 0.5 h at 378C.
Five microliters of 20% SDS was added and the anilinoacridines were extracted
twice with 40 el of equilibrated (pH 8.0) phenol (20) and once with 80 el of
chloroform. Thirty microliters of aqueous phase was mixed with 6 el of gel loading
buffer (80% glycerol, 0.25% bromophenol blue, and 0.25% xylene cyanol in water;
DNA was fractionated by electrophoresis through 1% agarose in TAE buffer at
1.5 V/cm for 16 h at room temperature. Gels were strained using 1 eg/el ethidium
bromide in TAE for 30 min and photographed under UV light.
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Inhibition of relaxation of supercoiled DNA. Inhibition of topoisomerase II-
induced relaxation of pBR322 was demonstrated as previously described (21).

Cleavage Assays

Teniposide (VM-26) was obtained from Bristol-Meyers Co. (Wallingford, CT).
5-iminodaunorubicin, mitoxantrone, and m-AMSA were obtained from the Drug
Synthesis and Chemistry Branch, NCI (Bethesda, MD). Drug stock solutions were
made in DMSO at 10 mM and diluted in water immediately before use. The final
concentration of DMSO in enzymatic reactions did not exceed 1% (v/v), a concentra-
tion without detectable effect on in vitro Topo II reactions. Simian virus 40 (SV40)
and human c-myc DNA were purchased from the American Type Culture Collection
(Rockville, MD); restriction enzymes, T4 polynucleotide kinase, and Taq DNA
polymerase were obtained from Life Technologies Inc. (Gaithersburg, MD) or New
England Biolabs (Beverly, MA) and polyacrylamide/bis-acrylamide were purchased
from Perkin–Elmer (Norwalk, CT). [c-32P]ATP and [c-32P]dATP were purchased
from DuPont NEN (Boston, MA). DNA Topo II was purified from mouse leukemia
L1210 cell nuclei as described previously (22) and was stored at 2708C in 40% (v/
v) glycerol, 0.35 M NaCl, 5 mM MgCl2 , 1 mM EGTA, 1 mM KH2PO4 , 0.2 mM

dithiothreitol, and 0.1 mM phenylmethanesulfonyl fluoride, pH 6.4. The purified
enzyme yielded a single 170-kDa band after silver staining of SDS–polyacrylamide
gels (22).

Preparation of end-labeled DNA fragments. SV40 DNA was labeled at both
termini of the BcII restriction site using 1 unit of Taq DNA polymerase and
[c-32P]-dATP (21). Human c-myc DNA fragments were prepared by PCR us-
ing a 392 DNA synthesizer from Applied Biosystems (ABi, Foster City, CA) and
purified using oligonucleotide purification cartridges (ABi). The 403-base pair
DNA fragment from the junction between the first intron and first exon was ampli-
fied between positions 2671 and 3073 (numbers refer to GenBank genomic
positions) using oligonucleotides: 59-TGCCGCATCCACGAAACTTTGC-39 as
sense primer and 59-GAACTGTTCAGTGTTTACCCCG-39 as antisense primer.
Single end-labeling of the DNA fragment was obtained by 59 end-labeling of the
sense strand primer oligonucleotide (23, 24). Approximately 0.1 eg of the c-myc
DNA that had been restricted by XhoI and XbaI was used as a template for
the PCR (23, 24).

Topo II-induced DNA cleavage reactions. DNA fragments were equilibrated with
or without drug in 10 mM Tris–HCl, pH 7.5, 50 mM KCl, 5 mM MgCl2 , 0.1 mM

EDTA, 1 mM ATP, and 15 mg/ml bovine serum albumin for 5 min before addition
of purified topo II (40–70 ng) or HL-60 nuclear extracts (2 el corresponding to
approximately the extract from 106 nuclei) in 20 el final reaction volume (25).
Reactions were performed at 378C for 30 mins and then stopped by adding sodium
dodecyl sulfate (SDS) to a final concentration of 1% and proteinase K to 0.4 mg/
ml, followed by incubation for 1 h at 428C.

DNA sequence analysis. DNA was precipitated with ethanol and resuspended in
2.5 el loading buffer (80% formamide, 10 mM NaOH, 1 mM EDTA, 0.1% xylene
cyanol, and 0.1% bromophenol blue). After heating to 908C for 3 mins, samples
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FIG. 2. Inhibition of topoisomerase II-mediated relaxation of supercoiled pBR322 DNA by m-AMSA
and by AHMA.

were loaded onto DNA sequencing gels (7% polyacrylamide; 19:1, acrylamide:
bisacrylamide) containing 7 M urea in TBE buffer. Electrophoresis was at 2500 V
(60 W) for 4 h. Gels were dried on 3MM paper and exposed to Kodak XAR-2 film
for autoradiography.

Agarose gel analysis for cleavage quantification. Three microliters of loading
buffer (0.3% bromophenol blue, 16% ficoll, 10 mM NaH2PO4 , pH 7.5) was added
to each sample which was then heated at 658C for 1–2 min before loading into a
1% agarose gel made in 0.1% SDS, 89 mM Tris, 89 mM boric acid, 2 mM EDTA,
pH 8. Electrophoresis was at 2 V/cm overnight. Quantification of drug-induced
DNA double-stranded breaks was done by scanning radioactive gels using a Phos-
phorImager (Molecular Dynamic, Sunnyvale, CA); for each lane, radioactivity was
measured in DNA cleavage products (C) and in the total DNA present in the lane
(T). Drug-induced cleavage was expressed as:

% DNA cleaved 5 100 3
C/T 2 C0 /T0

1 2 C0 /T0
, [1]

where C0 and T0 are the counts for cleaved and total DNA, respectively, in the
presence of nuclear extracts without drug.

RESULTS AND DISCUSSION

Cleavage assays. Figures 2–5 all demonstrate that AHMA is a Topo II poison.
Figure 2 shows that AHMA inhibits topoisomerase II-mediated relaxation of su-
percoiled pBR322 DNA in a dose-dependent manner, which is typical of the classical
Topo II inhibitor m-AMSA. AHMA appeared to be somewhat more potent in this
regard than m-AMSA. In Figure 3, where the cleavage pattern of the sense strand
of a c-myc DNA fragment was examined, AHMA clearly showed a cleavage pattern
different from that of other topo II inhibitors; however, similarities between the
topo II cleavage sites induced by AHMA and m-AMSA are striking (lanes D and
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FIG. 3. Sequencing of topo II cleavage sites in the sense strand of a c-myc DNA fragment encompassing
the junction between the first intron and the first exon. Lane A, DNA control; lane B, 1 topo II; lane
C, 110 eM VM-26; lane D, 110 eM m-AMSA; lane E, 110 eM AHMA; lane G, 12 eM 5-iminodaunoru-
bicin; lane H, 10.5 eM mitoxantrone; lane F, purine ladder. Numbers on the right correspond to the
genomic position of the nucleotide covalently linked to topo II.

E) and implies a similar DNA cleavage mechanism and that anilino ring substiuents
have a profound effect on these mechanisms. Cleavage intensity varies at some
sites (sites 2877–2879) and could be due to a potency difference between the two
inhibitors and/or to a greater selectivity for AHMA.



SCARBOROUGH ET AL.236

FIG. 4. Topo II cleavage sites induced by increasing concentrations of AHMA and m-AMSA. Reactions
were run as in Fig. 3. Lane L, DNA control; lane K, 1 topo II; lanes A–E, 1AHMA; lanes F–J, 1 m-
AMSA; lane P, purine lane. Drug concentrations were lanes A and F, 30 eM; lanes B and G, 10 eM;
lanes C and H, 3 eM; lanes D and I, 1 eM; lanes E and J, 0.3 eM. Numbers on the left correspond to
the genomic position of the nucleotide covalently linked to topo II.

To clarify this point, topo II cleavage sites induced by increasing amounts of
both drugs were examined (Fig. 4) and a dose–response curve for both drugs
constructed (Fig. 5). Figure 4 shows that AHMA-induced sites are a subset of those
of m-AMSA and that differences are due to a higher selectivity of sites induced
by AHMA (sites 2724, 2768, 2785 . . .). The dose–response curve (Fig. 5) demon-
strated that AHMA induces fewer cleavages than m-AMSA especially at higher
concentrations.
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FIG. 5. Quantification of cleavages (mean of two independent experiments). Drug concentrations used
were 0.5, 1.5, 5, 15, 50, and 150 eM for m-AMSA (j) and AHMA (m). See Materials and Methods
for procedures.

DNA binding. AHMA and its derivatives did not give an isosbestic point with
calf thymus DNA in a variety of low ionic strength buffers. We therefore chose
poly(dG-dC)2 and poly(dA-dT)2 as targets for measuring drug-DNA equilibrium
constants as described by McGhee and von Hipple (18) (Table 1), since these
polynucleotides gave isosbestic points with all derivatives except for AHMA and
poly(dG-dC)2 .

The data reveals that binding constant is highly dependent upon the type and
position of the anilino substituent, indicating that these groups play a central role
in formation of drug–DNA complexes. Generally, a preference for binding to

TABLE 1
Association Constants for AHMA and Derivatives Binding to Poly(dA-dT)2 and Poly(dG-dC)2

K(3104 M21)b nc (b.p.) W d

Compounda (GC/AT) (GC/AT) (GC/AT) IC50 (eM)e

1 2/0.61 2/2 2/1.02 0.025
2 0.80/1.50 3/3 16/0.70 0.018
3 1.7/2.7 2/2 3.9/9.6 0.023
4 0.99/20 3/3 18/0.43 0.045
5 6.2/1.0 3/3 0.44/0.72 0.063
6 0.52/0.40 2/2 286/101 2.97
7 2.5/1.5 2/3 1.6/0.60 0.021

a The numbers refer to compounds in Fig. 1.
b Intrinsic equilibrium constant according to McGhee and Von Hippel (18).
c Site exclusion parameter in base pairs as defined by McGhee and Von Hippel (18).
d Cooperativity factor according to McGhee and Von Hipple (18).
e Cytotoxicity against human promyelocytic leukemia (HL-60) cells was determined by the XTT

microculture tetrazolium assay (27). The IC50 values were determined by computer software (28).
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FIG. 6. DNA unwinding assay results for compounds 1–7 (see Materials and Methods for procedures).
Lanes O and Z, supercoiled pBR322 alone; lanes N and Y, pBR322 1 Topo I, then kept at 48C; lane
M, Topo I 1 pBR322 treated the same as samples containing drug, but with no added drug. Drug
concentrations were at 50, 5, and 1 eM, respectively. Lanes J, K, and L, m-AMSA; lanes G, H, and I,
compound 1; lanes D, E, and F, compound 2; lanes A, B, and C, compound 3; lanes V, W, and X,
compound 4; lanes S, T, and U, compound 5; lanes P, Q, and R, compound 6. (I) Form I DNA
(supercoiled); (II) Form II DNA (fully relaxed).

poly(dA-dT)2 is observed and substitution of AHMA increases binding constant
magnitude for poly(dA-dT)2 . Placing the acetate group on the hydroxyl substituent
rather than on the amino substituent resulted in an increase in magnitude for binding
constant for both types of DNA. With the 19-methanesulfonamide derivative, there
was a substantial increase in strength of binding to poly(dA-dT)2 as compared to
the binding of other derivatives to this polynucleotide. The large cooperativity
factors for the binding of the pyridinium chloride derivative to both kinds of
DNA may be caused by an external interaction as a drug-DNA unwinding assay
(Fig. 6) indicates that this derivative is the only one that does not intercalate. This
nonintercalating mode of binding resulted in a dramatic loss of cytotoxicity and
indicates there is a limit to strong binding caused by the size of the substituent at
the 59 anilino position and that intercalation is necessary for cytotoxicity. There is
no distinct correlation between binding constant and cytotoxicity; however, there
is greater cooperativity in the binding of the derivatives to poly(dG-dC)2 than to
poly(dA-dT)2 and this may indicate contacts in poly(dG-dC)2 that favor binding.
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FIG. 7. Orientation of X, Y, and Z axes with respect to a DNA base pair pocket (rectangles represent
base pairs). The Z axis is the axis of the DNA double helix; it is perpendicular to plane of the page.
Definition of c, the angle between the ligand transition moment (heavy black arrow) and the X axis.

Induced CD spectra with poly(dG-dC)2 . The induced CD spectrum of an acridine
ligand in the visible region provides information about the ligand binding site and
orientation on the poly-nucleotide. For poly(dG-dC)2 , Lyng et al. (26) have de-
scribed the CD of both an intercalated or a groove bound chromophore in terms
of the coupling of the chromophore’s electric dipole-allowed transition moment
(edtm) to edtms in the surrounding base pairs to form coupled oscillators. For
intercalated ligands, induced rotatory strength (IRS) has been calculated as a func-
tion of lateral displacement in a plane (X-Y plane) perpendicular to the helical
axis (Z axis) (Fig. 7) for intercalation between both 59G-C39 and 59C-G39 base
pairs. In this model, in general, for edtms close to the minor groove, the sign of
the IRS depends on c; where c 5 00, the edtm is more perpendicular to the long
dimension of the base pair pocket and the CD spectra would be positive; where
c 5 908, the edtm is more parallel to the long dimension of the base pair pocket
and the IRS is very small and negative. This corresponds, respectively, to the long
axis of the acridine being more parallel to the longest dimension of the base pair
pocket (positive CD) and the long axis of the acridine being more perpendicular
to the longest dimension of the base pair pocket (negative CD).

The striking result of a comparison of the induced CD spectra of AHMA.HCl
and derivatives, in the 300–500 nm region, at a low base pair/drug ratio of 20/1
(to minimize ligand–ligand interactions) is that all derivatives with a substituted
19-amino group have a positive CD with poly(dG-dC)2 ; those that are unsubstituted
have a negative CD (Fig. 8). This implies that compounds with free amino groups
are not as well intercalated as those with substituted amino groups. In contrast,
compounds 1–7, with poly(dA-dT)2 , showed no such relationship, neither did calf
thymus DNA (not shown). These data show that there is a specific interaction at
the 19 position of anilinoacridines and functional groups in poly(dG-dC)2 which is
missing in poly(dA-dT)2 and calf thymus DNA.

Although the cytotoxicity data for HL-60 cells does not correlate to binding
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FIG. 8. Induced circular dichroism of AHMA and derivatives and m-AMSA with poly(dG-dC)2 . (A)
300- to 500-nm CD spectra of compounds at R 5 0.05. (B) 250 to 500-nm spectra at R 5 0.05. Numbers
in the figure refer to Fig. 1.

constant magnitude, a comparison of structure and cytotoxicity reveals that substitu-
ent type rather than position (19 or 59) plays a crucial role in cytotoxicity, i.e., in
terms of cytotoxicity, unsubstituted AHMA/acetate . sulfonamide . pyridinium
chloride. This points to a mechanism in which AHMA and the 19 and 59 acetate
derivatives have similar cytotoxic pathways, but which are different from those
involving the sulfonamide and pyridiniumyl derivatives. The similar potency of the
acetate derivatives (IC50 5 0.018 2 0.023) may be due to a mechanism in which
all three are degraded into a common metabolite, e.g., hydrolysis of the 19 and 59
groups of acetate derivatives to give AHMA. This would not occur with the sulfon-
amide and pyridinium chloride derivatives.

In conclusion, the data shows that AHMA is a potent Topoisomerase II poison
whose DNA cleavage sites are a subset of those of m-AMSA; both these drugs
cleave DNA at sites that are different from those of the other Topo II inhibitors
tested; this data indicates a similar mechanism of action for both drugs, but there
is greater selectivity of sites by AHMA. The anilino substituents alter the strength
of the DNA interaction of the drug, with a steric limit on the size of the substituent
at the 59 position to get intercalative binding; there is stronger binding to poly
(dA-dT)2 than to poly(dG-dC)2. Cytotoxicity data reveals that the type of functional
group on the derivative is of greater importance for cytotoxicity than the position
(19 or 59), with acetate groups producing a cytotoxicity equal to that of unsubstituted
AHMA. DNA unwinding assays show that these drugs intercalate (except 6), but
CD data shows that on binding to poly(dG-dC)2 , the functional group at the 19
position plays a crucial role in the orientation of the acridine planar ring in the
base pair pocket: a free amino group results in a negative CD in the 300- to 500-
nm region, indicating an orientation more perpendicular to the long dimension of
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the base pair pocket, while 19 substituted drugs have a positive CD which is derived
from a more intercalated orientation. This points to an interaction between AHMA
and regions of DNA that are rich in GC gase pairs, which may promote formation
of the AHMA–DNA complex and lead to a stable ternary complex.

ACKNOWLEDGMENTS

Supported in part by Grants PO1-CA-18856 and RO1-AI-32350 and the Elsa E. Pardee Foundation.

REFERENCES

1. ARLIN, Z. (1983) Cancer Treat. Rep. 67, 967–970.
2. NELSON, E. M., TEWEY, K. M., AND LIU, L. F. (1984) Proc. Natl. Acad. Sci. USA 81, 1361–1364.
3. LIU, L. F. (1989) Annu. Rev. Biochem. 58, 351–375.
4. WARING, M. J. (1976) Eur. J. Cancer 12, 995–1001.
5. DENNY, AND WAKELIN, L. P. G. (1986) Cancer Res. 46, 1717–1721.
6. WADKINS, R. M., AND GRAVES, D. E. (1989) Nucleic Acids. Res. 16, 9933–9946.
7. BAILLY, C., DENNY, W. A., MELLOR, M. E., WAKELIN, L. P. G., AND WARING, M. J. (1992) Biochemis-

try 31, 3514–3524.
8. KARLE, J. M., CYSYK, R. L., AND KARLE, I. L. (1980) Acta Crystallogr. B. 36, 3012–3016.
9. SAKORE, T. D., REDDY, B. S., AND SOBELL, D. M. (1979) J. Mol. Biol. 135, 763–785.

10. CHEN, K.-X., GRESH, N., AND PULLMAN, B. (1988) FEBS Lett. 224, 361–364.
11. WADKINS, R. M., AND GRAVES, D. E. (1991) Biochemistry 30, 4277–4283.
12. SU, T.-L., CHOU, T.-C., KIM, J. Y., HUANG, J.-T., CISZEWSKA, G., REN, W.-Y., OTTER, G. M.,

SIROTNAK, F. M., AND WATANABE, K. A. (1995) J. Med. Chem., 38, 3226–3235.
13. CHOU, T. C., LETEURE F., SU, T. L., WATANABE, K. A., KONG, K. B., BECK, W. T., AND POMMIER,

Y. (1994) Proc. Am. Assoc. Cancer Res. 35, 368.
14. SCHMECHEL, D. E. V., AND CROTHERS, D. M. (1971) Biopolymers 10, 465–480.
15. MULLER, W., AND CROTHERS, D. M. (1971) Biopolymers 10, 465–480.
16. SCATCHARD, G. (1949) Ann. N. Y. Acad. Sci. 51, 660–672.
17. BLAKE, A., AND PEACOCKE, A. R. (1955) Biopolymers 79, 1240–1253.
18. MCGHEE, J. D., AND VON HIPPLE, P. H. (1974) J. Mol. Biol. 86, 469–489.
19. FISHER, L. M., KURODA, R., AND SAKAI, T. T. (1985) Biochemistry 3199–3207.
20. SAMBROOK, J., FRITSCH, E. F., AND MANIATIS, T. (1989) Molecular Cloning: A Laboratory Manual,

2nd ed, Appendix B4, Cold Spring Harbor Press, Plainview, NY.
21. KONG, X. B., RUBIN, L., CHEN, L. I., CISZEWSKA, G., WATANABE, K. Y., TONG, W. P., SIROTNAK,

F. M., AND CHOU, T. C. (1992) Mol. Pharm. 41, 237–244.
22. MINFORD, J., POMMIER, Y., FILIPSKI, J., KOHN, K. W., KERRIGAN, D., MATTERN, M., MICHAELS, S.,

SCHWARTZ, R., AND ZWELLING, L. A. (1986) Biochemistry 25, 9–16.
23. LETEUTRE, F., FESEN, M., KOHLHAGEN, G., KOHN, K. W., AND POMMIER, Y. (1993) Biochemistry

32, 8955–8962.
24. LETEUTRE, F., KOHLHAGEN, G., FESSEN, M., TANIZAWA, A., KOHN, K. AND POMMIER, Y., (1994)

J. Biol. Chem., 269, 7893–7900.
25. LETEUTRE, F., MADALENGOITIA, J., ORR, A., GUZI, T. J., LEHNERT, E., MACDONALD, T., AND

POMMIER, Y. (1992) Cancer Res. 52, 4478–4483.
26. LYNG, R., RODGER, A., AND NORDEN, B. (1991) Biopolymers 31, 1709–1720.
27. SCUDIERO, D. A., (1988) Cancer Res. 48, 4827–4833.
28. CHOU, J., AND CHOU, T. C. (1989) Dose-Effect Analysis with Microcomputers, Biosoft, Cam-

bridge, England.


