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SUMMARY

WILSoN, W. R., B. C. BAGULEY, L. P. G. WAKELIN, AND M. J. WARING. Interaction
of the antitumor drug 4’-(9-acridinylamino)methanesulfon-m-anisidide and related
acridines with nucleic acids. Mol. Pharmacol. 20:404-414 (1981).

The acridine antitumor drug 4’-(9-acridinylamino)methanesulfon-m-anisidide (m-
AMSA), which is currently in Phase II clinical trial, is known to be an inhibitor of nucleic
acid synthesis. The intercalative binding of this drug to native calf thymus DNA has
been studied using equilibrium dialysis, spectrophotometry, and competition with ethid-

ium. All three techniques indicate an intrinsic association constant of approximately 1.5
x i05 M� at an ionic strength of 0.01. The binding isotherm is adequately described by a

neighboring-site exclusion model, and indicates a site size of approximately two base

pairs. At elevated ionic strength the association constant is depressed by a factor which
corresponds closely to that predicted for a monocationic ligand. Studies with a variety of
synthetic polynucleotides indicate that association constants for binding sites of different

sequence vary over a 10-fold range. m-AMSA binds to heat-denatured calf thymus DNA
or ribosomal RNA with association constants, respectively, 5- and 25-fold lower than that

for native DNA. Comparable measurements have been made with related acridinylami-
nomethanesulfonanilide (AMSA) drugs and simple aminoacridines; they reveal that the
presence of an unsubstituted methanesulfonaniide ring does not noticeably interfere with
binding to native DNA. However, addition of a methoxy substituent at the 3’ position of

this ring, as in m-AMSA, may sterically hinder intercalation of the acridine nucleus of the

drug. The antitumor activity of the series of ligands studied could not be correlated in
any straightforward fashion with nucleic acid binding parameters, although the conspic-

uous ability of AMSA drugs to discriminate sensitively between native DNA and RNA
may result in efficient binding to DNA in vivo.

INTRODUCTION

m-AMSA2 is an acridine drug that shows broad spec-

trum activity against experimental tumors in animals (1,
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2 The abbreviations used are: m-AMSA, 4’-(9-acridinyl-amino)-

methanesulfon-m-anisiclide; AMSA, 4’-(9-acridinyl-amino)methane-

sulfonaniide; o-AMSA, 4’-(9-acridinyl-amino)methanesulfon-o-anisi-

dide; 2-Me-AMSA, 4’-(2-methyl-9-acridinylamino)methanesulfonani-

lide; 9-AA, 9-aminoacridine; 9-Me-AA, 9-methylaminoacridine;

TYMV, turnip yellow mosaic virus; MAF buffer, buffer containing 9.25

mM NH4F, 2 mM 2-[N-morpholino]ethanesulfonic acid, and 10 �zM

EDTA and adjusted to pH 6.0 with ammonia solution (final ionic

strength 0.01). DMSO, dimethyl sulfoxide; SHE buffer, buffer contain-

ing 9.4 mM NaCl, 2 mM 4-(2-hydroxyethyl)1-piperazine-ethanesulfonic
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2) and is being evaluated at present for antitumor activity
in Phase II clinical trials. It appears to possess clinical
activity of an order similar to that of adriamycin in the
treatment of acute leukemia3 and advanced breast cancer

(3).
m-AMSA was first synthesized and tested for antitu-

mor activity by Cain et al. (4) as part of a systematic
drug development program which has now generated
several hundred analogues of this drug (ref. 5 and refer-
ences therein). The development of this AMSA series

was predicated on the assumption that the acridine moi-
ety of these drugs allows intercalative DNA binding and
that this binding is required for antitumor activity. Con-

acid, and 20 jzM EDTA and adjusted to pH 7.0 with NaOH (final ionic

strength 0.01).
.C Information presented at the Sixteenth Meeting of the American

Society for Clinical Oncology, San Diego, Calif. (1980).
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Table 1)

sistent with this hypothesis (while by no means estab-
lishing it), m-AMSA produces several effects in tumor
cells which appear likely to result from interference with
DNA structure or metabolism: selective inhibition of
DNA synthesis (6), inhibition of chromosome condensa-
tion in late G2-phase (6, 7), formation of single-strand
breaks (or alkali-labile sites) in DNA (6, 8), and genera-
tion of a variety of chrornosomal aberrations (9). Physical
binding of m-AMSA to DNA in vitro has been demon-

strated by spectrophotometric titration (6, 10), equilib-
rium dialysis (10), competition between ethidium and m-

AMSA for DNA sites (11), and by hydrodynamic studies

with closed circular duplex DNA (12), the latter estab-
lishing an intercalative mode of binding.

In this study we have used a variety of physical tech-

niques to examine the binding of m-AMSA and related
compounds to nucleic acids. In order to establish whether
the methanesulfonaniide ring of m-AMSA, which prob-
ably lies almost orthogonal to the plane of the acridine
nucleus (13), influences the interaction we have corn-
pared the binding of AMSA drugs and simpler acridines
(9-aminoacridine, 9-methylaminoacridine, proflavine).

The drugs studied (Fig. 1; Table 1) include m-AMSA; the
parent compound (AMSA), which is also active against
experimental tumors but is less potent (14); o-AMSA, an
inactive positional isomer of m-AMSA (5); and 2-Me-
AMSA, which is also inactive against tumors (14) and
may bind to DNA with different geometry, since it pro-
duces a lower unwinding angle than do the other three

AMSA drugs (12).
Having regard to the selectivity of these drugs in vivo

we have sought to examine any possible correlation be-
tween their binding to different nucleic acids and their
biological activity, and to relate the observations to mo-
lecular structure where feasible.

MATERIALS AND METHODS

Ligands. AMSA drugs were synthesized by Professor
B. F. Cain, the Cancer Chemotherapy Laboratory, Uni-
versity of Auckland, (Auckland, New Zealand), and were

supplied by him in the form of anhydrous methanesulfo-
nate salts. Dr. R. G. McR. Wright, Oxford University
(Oxford, England) purified and provided proflavine and
9-AA as the hydrated hydrochloride salts. The anhydrous
hydrochloride salt of 9-Me-AA was a gift from Dr. E. S.
Canellakis, Yale University (New Haven, Conn.). All
ligands obeyed Beer’s law over the concentration range
of interest. Extinction coefficients are given in Table 1.

,..A���NkS07CH3

� R2

K

FIG. 1 . Structural formulae of acridine derivatives studied (see

These values were used to determine the concentration

of drug in fresh aqueous stock solutions which were
prepared by dissolving in buffer at room temperature and

filtering to remove undissolved material.

Nucleic acids. Calf thymus DNA (Type V, sodium
salt) was purchased from Sigma Chemical Company (St.

Louis, Mo.) and wheat germ ribosomal RNA (sodium
salt) from Calbiochem (San Diego, Calif.). TYMV RNA
was a gift from Professor R. K. Ralph, Department of

Cell Biology, University of Auckland. Poly(dA-dG).
poly(dC-dT) was kindly provided by Professor A. R.
Morgan, Department of Biochemistry, University of Al-

berta (Edmonton, Alberta, Canada). All other synthetic
polynucleotides were obtained from Boehringer Mann-
heim, (Mannheim, Federal Republic Germany), with the
exception ofpoly(dA-dT), which was obtained from Miles
Research Products (Elkhart, Ind.). Nucleic acid solutions
were dialyzed exhaustively against the appropriate buffer

and stored at -20#{176}.Immediately before use these solu-
tions were thawed, centrifuged to remove particulate
matter (10,000 x g for 30 mm at 40#{176}), and the nucleic

acid concentration was determined by spectrophotome-
try. Extinction coefficients were taken from ref. 15 (syn-

thetic DNAs), ref. 16 (calf thymus DNA), ref. 17 (TYMV
RNA), or the suppliers’ data (rRNA). Denatured DNA
was prepared immediately prior to use by heating native

DNA at 95-98#{176}for 2 mm and cooling rapidly on ice. The
extinction coefficient of heat-denatured calf thymus

DNA in MAF buffer was 8270 M’ cm� at 260 nm. All
nucleic acid concentrations are expressed in terms of
molarity with respect to nucleotide residues.

Equilibrium dialysis. Binding curves were measured

by equilibrium dialysis using an MSE Dianorm appara-

tus. Dialysis cells having two 5-nil compartments sepa-

rated by a Spectrapor 2 regenerated cellulose membrane
(nominal mol wt cutoff 12,000-14,000) were loaded with
approximately 4 ml of 152 or 455 �.tM nucleic acid in MAF
buffer in one chamber and the same volume of the
appropriate drug solution in the other. The cells were
rotated at 12 rpm in a water bath at 25#{176}for 20-24 hr,
although equilibrium was routinely attained within 3-4

hr. At equilibrium the drug concentration in each cham-
ber was determined spectrophotometrically using either
40 mm or 10 mm light-path quartz semimicrocuvettes
depending on the magnitude of the optical density. For
the free drug side, the extinction coefficients determined
in MAF buffer listed in Table 1 were used; for the other
side the complex was dissociated by addition of an equal
volume of DMSO with or without acetic acid to yield a
final concentration of 0.5% (v/v) (18), and the total drug
concentration was estimated using the molar extinction-
coefficients of 50% DMSO-buffer mixtures also given in
Table 1. Appropriate controls were performed to verify

complete dissociation of the nucleic acid complexes by
DMSO over the entire range of binding levels studied.

Spectrophotometric titrations. The visible absorption

spectrum (350-580 nm) was determined at 23-26#{176} for
each ligand in the presence of varying concentrations of

nucleic acid, using a Cary 15 recording spectrophotome-
ter. The sample cuvette (path length 10 mm) contained
the test drug in SHE buffer. To this was added a small
volume of a concentrated nucleic acid solution in the
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TABLE 1

Nomenclature and spectral characte ristics of ligands

Structure
(Fig. 1)

Abbreviation MAF buffer 50% DMSO i n MAF SHE buffer

Aa b-C x �b j� io� x #{128}“ A� io-� x

nm M’cm’ nm M’cm’ nm M’cm’

I;

I;

I;

II;

II;

II;

II;

R, = NH2

R2 R:j H
R, = NHCH:3

R2 = R3 = H

R, = H

R2 R3 = NH2

R, = R2 = H

R, = H

R2 = 2’-OCH:3

R3 = H

R2 3’-OCH3
R, = CH3

R2 H

9-AA

9-Me-AA

Proflavine

AMSA

o-AMSA

m-AMSA

2-Me-AMSA

398 10.0

404 11.0

445 40.7

435� 13.1�

435� 13.5c

435C 14.2c

435( 12.&

403

408

455

433

438”

433

438d

433
43W’
436

�0d

10.9

10.9

53.0

11.6
131d

11.2
129d

11.8
145d

11.8
126d

400

433

433

434

9.82

12.4

12.1

12.0

(C Wavelength of maximal visible absorbance.

I) Extinction coefficient at wavelength A.
C In the presence of0.5% (v/v) DMSO.

d In the presence of 0.5% (v/v) acetic acid.

same buffer and containing the same concentration of
ligand. The volume introduced was checked by weighing.

The cuvette was stoppered and its contents were mixed

with a glass-covered magnetic stirrer bar which remained
in the cuvette. The spectrum was recorded using as
reference either buffer alone or buffer containing the test
ligand at the same concentration as the sample (16 �.LM
unless otherwise indicated). Additions were repeated un-
til further increases in nucleic acid concentration failed
to alter the spectrum detectably. Losses of solvent due
to evaporation were less than 0.5% during each titration.
The concentration of drug bound to nucleic acid, ci,, and
free in solution, Cf, was calculated from the absorbance
change at each nucleic acid concentration ( 19, 20). Ab-
sorbances at or near the maximum in the difference
spectrum were used after correction for the slight contn-
bution of the nucleic acid solution in the visible region
(apparent molar extinction coefficient at 410 nm typically
about 10).

Calculation of binding parameters: equilibrium di-
alysis and spectrophotometric titrations. Binding pa-
rameters were determined using the model of McGhee
and Von Hippel (21), which takes into account the effects
of neighboring site exclusion in binding of ligands to a 1-

dimensional homogeneous lattice. In this model the bind-
ing curve is described by the equation

I- 1-nr in_I
r/cf = K(1 - nr) I

Li - (n - 1)r

where r is the binding ratio (ligand bound per lattice
unit) , Cf 15 the free drug concentration, K is the intrinsic
association constant, and n is the site size (lattice units
occluded by one bound ligand). This model therefore
predicts curvature of Scatchard plots (plots of r/cf versus
r) even in the absence of site heterogeneity or ligand-
ligand cooperativity. Values of K and n giving best fit to

the data were determined by computer using an iterative
FORTRAN program written by Dr. J. D. McGhee, Lab-

oratory of Molecular Biology, National Institutes of
Health, Bethesda, Md.

It should be noted that the McGhee-Von Hippel model
differs in an important respect from the Scatchard model

(22): K is defined with respect to the lattice unit, not the
total binding site which embrances adjacent excluded
lattice units. The values of K (and, to a lesser extent, n)

determined from binding data depend critically on the
choice of lattice unit, which must be defined such that
the concentration of lattice units corresponds to the
concentration of potential sites when r = 0. For this
reason we have chosen a lattice unit of one base pair for
binding of these intercalating drugs to native DNA,
whereas on the basis of data presented below a lattice

unit of one nucleotide has been assumed to be more
appropriate for heat-denatured DNA or RNA. Therefore,
Eq. 1 was fitted to experimental data with r expressed in

base pairs for native DNA and in nucleotides for the
single-stranded polymers.

Ethidium displacement method and calculation of
binding constants. Values of C�o, defined as the concen-
tration of drug required to halve the observed fluores-
cence due to DNA-bound ethidium, were determined as
previously described (23) in SHE buffer with 1 �zM DNA
and 1.26 �tM ethidium. Fluorescence may be reduced by
either displacement or quenching of fluorescence of
DNA-bound ethidium (11). Quenching was determined

in a separate assay and used to calculate the true extent
of ethidium displacement at the critical (C�,o) drug con-

centration (24). The degree of quenching varied with the
drug and DNA used, and in general was greatest for m-
AMSA and least for 9-AA, 9-Me-AA, and proflavine. The

ethidium displacement data were used to estimate asso-
ciation constants employing a competition model based
on the generalized form of equation 10 described by
McGhee and Von Hippel (21). It was assumed that drug
and ethidium compete for the same DNA binding sites
and that the binding of each is subject to neighboring-
site exclusion (i.e., n = 2 in Eq. 1). The magnitude of
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TABLE 2

Spectralparameters ofthe nucleic acid complexes oIAMSA drugs and 9-AA in SHE buffer

Ligand Native DNA Denatured DNA TYMV RNA

A,�

nm

A�

nm

10-’ x �c

M’cm’

A,’

nm

Amb

nm

iO� X &�

M’cm’

A,”

nm

Amb

nm

10 � �

M’cm’

m-AMSA - 412

432

5.24
4.76

463 412

432

5.10

4.53

457 412

432

3.84

3.26

o-AMSA - 412

432

4.40

4.90

- 412

432

4.10

4.53

- 412

432

3.50

4.20

AMSA - 412

432

4.61

4.96

- 412

432

4.85

5.10

- 412

432

3.56

3.60

9-AA 428 379

398

420

433

3.65

5.76

4.42

-1.79

428 379

398

420

433

3.96

5.90

4.68

-2.01

428 379

398

420

433

3.47

4.97

4.04

-1.72

tion).
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a Wavelength of isosbestic point.

b Wavelength of maxima in the free drug-bound difference spectrum.

C Differential molar extinction coefficient at Am , i.e., #{128}� 1i�and Chound ligand.

fluorescence quenching was greatest with the combina-
tion of m-AMSA and poly(dA-dT); in this instance
quenching and displacement contributed almost equally
to the observed reduction of ethidiurn fluorescence. As a
result the correction for quenching reduced the estimate

of Kapproximately 4-fold. A full account of the methods
and assumptions involved is published elsewhere (24).

The estimated standard deviation involved in these de-
terminations of K was approximately ± 20%.

Measurement of thermal denaturation of DNA. A
solution containing calf thymus DNA (84 �tM) in SHE
buffer was placed in a cuvette (10-mm path length) with
a tightly fitting Teflon stopper. The cuvette was heated
in a Cary Model 15 recording spectrophotometer by
circulating water from a Haake unit set at a low heating
rate. The water jacket of the spectrophotometer was
modified by the introduction of copper sheeting to im-

prove thermal contact with the cuvette, and by the
insulation of all exposed surfaces of the jacket with
plastic foam. The temperature inside the cuvette was
monitored by using a thermocouple in contact with the

solution. The absorbance at 260 nm was measured over
the range 25-90#{176}, with a heating rate of 0.3-0.5#{176}/mm.
Chromatography on silica gel thin layers (25) after heat-

ing indicated no detectable decomposition of drugs in the
course of these experiments.

RESULTS

Spectral changes induced by nucleic acids. Addition
of native calf thymus DNA to solutions of m-AMSA
caused a bathochromic shift of 8 nm and a decrease in
the extinction coefficient at all wavelengths above 350
nm. The difference spectrum displayed two maxima, at
412 and 432 nm. Addition of denatured DNA or TYMV
RNA caused similar spectral changes (Table 2). The

spectral perturbation induced by nucleic acids was dif-
ferent from that observed on titration of the acridine ring
nitrogen atom by elevation of the pH above 7.0, which
generated isosbestic points at 398 and 458 nm with lower

4 Spectrophotometric determination of pK, proved impractical be-

cause of the extreme insolubility of the free base which precipitated

rapidly at pH 7.5 or above. However, an aqueous pK� of approximately

7.8 for m-AMSA has been estimated on the basis of spectrophotometric

titrations in water-DMSO mixtures (G. Atwell, personal communica-

absorption for the free base than the cation between

these wavelengths.4 Thus the spectral change associated
with binding to nucleic acids is not a simple consequence
of displacement of the acid-base equilibrium by selective

binding of the cation (or neutral species).
The series of spectra generated by addition of varying

quantities of calf thymus DNA (or other nucleic acids)
to 9-AA generated a well-defined isosbestic point at 428
nm (Table 2). Isosbestic points were also observed for
the titration of denatured DNA or TYMV RNA with m-

AMSA (Table 2), but in other instances lack of spectral
crossover between bound and free ligand precluded the
use of this criterion for the existence of a single, spectrally
distinct bound form. However, in all cases normalization

of the difference spectrum for bound versus free drug
revealed no systematic variation during the titration.
Thus the assumption that the spectral characteristics of
bound ligand are independent of binding ratio, a precon-

dition for extraction of bound ligand concentrations from
such data, appears to be warranted.

Binding curves. Binding isotherms for the interaction

between m-AMSA and nucleic acids at 0.01 ionic strength
are presented in Fig. 2 in the form of Scatchard plots.
Although the data for binding to native DNA were ana-
lyzed in terms of base pairs as the lattice units (see
Materials and Methods), in this and all subsequent fig-
ures r is expressed in terms of nucleotides in order to

facilitate comparison with data for denatured DNA and
RNA. Results obtained by both equilibrium dialysis and
spectrophotometric titration are shown, but the curves
have been fitted to the equilibrium dialysis data alone,
since these are the more complete and extensive. The fit
provided by the neighbouring site exclusion model ap-

pears to be acceptable in all cases.
It is immediately apparent that m-AMSA is highly

selective for binding to native DNA. Its affinity for heat-
denatured DNA and for RNA is calculated to be lower
by factors of 5 and 25, respectively (Table 3).

Comparable results for the other three AMSA drugs
are shown in Figs. 3 and 4, together with data for three
simpler aminoacridines in Figs. 4 and 5. The capacity to
discriminate between DNA and RNA (in favor of the

former) seems to be shared by all the compounds, al-
though it is most marked with the tumor-active drugs m-
AMSA and AMSA (Table 3). Likewise, all of the drugs

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


r

408 WILSON ET AL.

r,�

x i#{252}-�

5

L.

3

2

FIG. 2. Scatchardplots for the interaction ofm-AMSA uith nucleic acids, tonic strength 0.01 M

Data were obtained by equilibrium dialysis (#{149},native DNA; 0, denatured DNA; x, rRNA) or spectrophotometry (U, V, A, native DNA, total

ligand concentration 16, 20, and 80 j.tM, respectively). r, bound ligand per nucleotide. The curves are theoretical, representing a best fit of the

equilibrium dialysis data to the model described by Eq. 1 using the values of K and n listed in Table 3.

bind better to native DNA than to denatured DNA
(except 2-Me-AMSA). Another feature common to all of
the 9-substituted acridines is a strong preference for
denatured DNA as opposed to RNA, although both types

of single-stranded polynucleotides presumably adopt
much the same sort of conformation. This is not the case

for proflavine, which binds slightly better to RNA than
to heat-denatured DNA under these conditions (Fig. 4).

Binding to native DNA. Binding parameters defined
by the curves fitted to the data for native DNA in Figs.
2-5 indicate site sizes close to two base-pairs (n = 4

nucleotides) , as expected for the neighboring-site exclu-
sion model. They also show that proflavine binds with a

higher association constant than do the 9-aminoacri-

dines, whereas m-AMSA and 2-Me-AMSA bind with the
lowest affinity (Table 3). There is clearly no simple

correlation between antitumor potency or selectivity and

the strength of DNA binding among the seven com-

pounds examined.

Although less extensive, data obtained by spectropho-
tometric titration agree reasonably well with the equiib-

rium dialysis results for m-AMSA (Fig. 2), o-AMSA, and
AMSA (Fig. 3), and provide similar estimates of K and n
when analyzed using Eq. 1 (Table 3). In the case of 9-

AA, agreement is less satisfactory (Fig. 5), although since
different buffers were used in the two types of assay, and
since both methods are subject to potential systematic
errors, the discrepancy is not alarming.

Association constants for calf thymus DNA were also

determined by an ethidium competition technique (24)

using the association constant for binding of ethidium to
DNA at ionic strength 0.01 determined by Gaugain et al.
(26). The results (Table 3) are in satisfactory agreement
with those obtained by the other two methods. This
technique is well-suited to the investigation of drug bind-

ing to synthetic polynucleotides since, subject to certain
assumptions as described by Baguley et al. (24), associ-
ation constants can be estimated using only microgram
quantities of nucleic acid. This approach was therefore
employed to derive association constants for the inter-
action between the various acridine derivatives and six
synthetic DNAs (Table 4) for which ethidium binding
constants in SHE buffer have previously been deter-
mined (11). The results reveal marked variations in the
apparent strength of binding to polymers of different
sequence. The three alternating pyrimidine . purine pol-
ymers yielded higher association constants than seen

with any of the polypyrimidine . polypurine DNAs. It
should be noted that each of the alternating copolymers
contains two types of intercalation sites, but the individ-

ual binding constants for these sites cannot be deduced
from the present results. Binding to poly(dA-dT), within

experimental error, appears to be the same as binding to
poly(dG-dC) for all drugs except possibly 2-Me-AMSA.
Other data (not shown) suggest that a number of other
2-substituted AMSA derivatives also bind more tightly
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FIG. 3. Scatchard plots for the interaction ofAMSA (left panel) and o-AMSA (right panel) with nucleic acids, ionic strength 0.01 M

Symbols as for Fig. 2, and A, spectrophotometric titration, denatured DNA. Spectrophotometric data were not included in the curve-fitting

procedure.
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TABLE 3

Association constant and site size (in nucleotides) for binding to nucleic acids

Binding parameters were evaluated using data of Figs. 2-5 with the lattice unit expressed in base pairs (native DN

DNA and RNA), using Eq. 1.

A) or nucleotides (denatured

Ligand Method Native DNA heat-denatured I)NA rRNA

K n K n K n

M’ M’ M1

m-AMSA Equilibrium dialysis 1.3 x 10� 4.5 2.7 x 10� 2.3

Spectrophotometry 1.8 x iO� 4.3

Ethidium displacement 1.4 X iO� -

o-AMSA Equilibrium dialysis 4.0 x 10� 4.1 4.8 x 1ff’ 2.8

Spectrophotometry 3.2 x 10� 3.7 3.9 X 1ff’ 1.8

Ethidium displacement 3.5 x iO� -

AMSA Equilibrium dialysis 5.5 x iO� 4.3 8.7 x 1ff’ 2.6

Spectrophotometry 3.2 x 10� 3.5 9.3 X 10’ 2.5

Ethidium displacement 4.2 x 10� -

2-Me-AMSA Equilibrium dialysis 1.4 X iO� 3.4 8.5 X 10� 2.5

Ethidium displacement 1.9 x 10� -

9-AA Equilibrium dialysis 3.0 x 10� 4.1 9.2 x iO� 2.4

Spectrophotometry 5.3 x 10� 3.7 8.2 x 1ff’ 2.0

Ethidium displacement 3.9 x 10� -

9-Me-AA Equilibrium dialysis 3.5 x 10� 4.9 8.1 x 10� 2.4

Ethidium displacement 4.2 x 10� -

Proflavine Equilibrium dialysis 1.0 x lOli 4.1 2.0 X 10� 2.3

Ethidium displacement 7.9 x 10� -

5.2 X lOC

1.8 X 1(11’

1.4 x 1ff’

2.7 X i0�

3.1 X iO�

2.5 x 10�

2.6 X 10�

2.0

4.3

3.0

2.3

2.6

2.4

3.6

to poly(dG-dC) than to poly(dA-dT). The results calcu-
lated for the complementary homopolymer pairs indicate

tighter drug binding to poly(dG) . poly(dC) than to
poly(dA) . poly(dT). It is of interest to note that the

x iO�4

logarithmic mean of the association constants listed in

Table 4 for a given drug lies close to the value obtained
for calf thymus DNA (Table 3), as if the value measured
for the natural DNA might represent a mean averaged

r/�

x
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caused a marked decrease in the association constant for
binding of m-AMSA to DNA (Fig. 6). A linear relation-

ship (slope 1.1) was found to exist between log K and the
log of the ionic strength (inset). Although the site size shown).
was not well-defined by these data, the fitted curves A, Binding to heat-denatured DNA and RNA. The in-

B, and C of Fig. 6 correspond to site sizes of 2.0, 1.8, and teraction of AMSA drugs and other acridines with heat-

12

0#{149}1 02 Q.3 0-1 0-2 0-3

FIG. 5. Scatchard plots for the interaction of 9-AA (left panel) and 9-Me-A.A fright panel) with nucleic acids, ionic strength 0.01 M

Symbols as for Fig. 3. Spectrophotometric data were not included in the curve-fitting procedure.
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FIG. 4. Scatchard plots for the interaction of2-Me-AMSA (left panel) andproflavine fright panel) with nucleic acids, ionic strength 0.01 M

Symbols as for Fig. 3.

over the microscopic constants for all the sequences
contained within it.

Raising the ionic strength by addition of ammonium

fluoride to MAF buffer or sodium chloride to SHE buffer

1.5 base pairs, respectively, compared with 2.2 at ionic
strength 0.01 (Table 3), suggesting that site size is not
significantly dependent upon ionic strength. Similarly,

the association constant for o-AMSA in SHE buffer as
determined by spectrophotometry was decreased from
3.2 x i05 to 2.9 x i04 M1 by elevation of ionic strength

from 0.01 to 0.1, without a change in site size (data not

8’

1.

0-/.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


t(#{176}C)

BINDING OF m-AMSA TO NUCLEIC ACIDS 411

TABLE

Calculate d drug-nucleic ac id association c onstants base d on ethidium disp lacement in SHE buffer

Nucleic acid 10� x K

m-AMSA o-AMSA AMSA 2-Me-AMSA 9-AA 9-Me-AA Proflavine

M’

poly(dA-dT)

poly(dA).poly(dT)

poly(dG-dC)

poly(dG).poly(dC)

poly(dA-dC).poly(dG-dT)

poly(dA-dG).poly(dC-dT)

2.9

0.36

2.6

2.3

3.5

0.61

13

0.87

12

5.6

10

1.2

15

1.0

13

7.5

9.1

1.4

4.6

1.1

7.4

3.8

5.0

0.63

12

1.6

14

3.1

13

0.92

13

2.0

15

5.2

14

1.3

25

7.1

22

8.1

27

3.4

denatured calf thymus DNA in MAF buffer was investi-
gated using equilibrium dialysis (Figs. 2-5). Spectropho-

tometric titrations in 0.01 SHE buffer provided data in

good agreement for three ligands studied using this tech-
nique (Figs. 3 and 5). In the case of m-AMSA, binding
was weaker, so that it proved impossible to evaluate K
reliably by the spectrophotometric method.

It is evident from the data in Figs. 2-5 that denatura-

tion increased the number of binding sites available to
each drug. It was therefore clear that binding could not
be restricted to residual double-stranded regions in the

denatured polymer. For this reason the binding data for
denatured DNA were analyzed using a lattice unit of one
nucleotide (i.e., it was assumed that each nucleotide,

rather than each nucleotide pair, provides one potential

FIG. 6. Effect of ionic strength (1.5 � on the binding ofm-AMSA to

native calfthymus DNA

The Scatchard plots were determifled by equilibrium dialysis using

ionic strengths of 0.125 (#{149},curve A ) or 0.4 M at pH 6.0 (0, curve C), or

0.4 M at pH 6.5 (A, curve B).

Inset. Plot of log30K versus log,0I.S. for the equilibrium dialysis

results (0) and for data obtained by spectrophotometric titration

(#{149}).

binding site in the naked lattice). This approach mdi-
cated that the number of binding sites increased by a
factor of approximately 2 upon denaturation, and that K

decreased markedly (3 to 10-fold) for all ligands with the

exception of 2-Me-AMSA (Table 3).
Binding to rRNA, again analyzed assuming a lattice

unit of one nucleotide, was weaker than to denatured
DNA for each drug with the exception of proflavine, for

which a small increase in K was observed (Table 3).
Spectrophotometric titrations of m-AMSA, o-AMSA,

AMSA, and 9-AA with a single-stranded viral RNA,
TYMV RNA (data not shown), also revealed weaker
interaction than with denatured calf thymus DNA, but
with the exception of 9-AA (K = 2.30 x iO� M’) binding
was too weak to allow meaningful determination of as-

sociation constants. Although K and n could not be
determined, over-all binding was greatest for 9-AA, low-
est for m-AMSA, and intermediate for o-AMSA and
AMSA, in qualitative agreement with the equilibrium
dialysis results for rRNA (Table 3).

0

4

�0

FIG. 7. Effect ofAMSA on the thermal denaturation of DNA

Continuous curves represent the absorbance change at 260 nm (left
ordinate) of 84 )LM calf thymus DNA in SHE buffer without drug

(control) or in the presence of 20 �tM AMSA. Symbols (0) represent

the absorbance change at 432 nm (right ordinate) for the solution

containing AMSA. Vertical bars are estimated uncertainties.
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Effects on thermal denaturation of DNA. In order to
examine the effects of AMSA drugs on the stability of
the DNA double helix, the helix-coil transition was ob-
served by measuring the UV absorbance in the temper-
ature range 25-90#{176}. The midpoint of the transition was
shifted to higher temperatures by the drugs (Fig. 7),

attributable to stabilization of the helix. However, the
total absorbance change was greater in the presence of

the drugs than in the control (Fig. 7). Since the DNA-
drug complexes had lower UV absorption at room tern-
perature than the sum of the absorbance of free drugs

plus DNA, a component of the hyperchromicity at 260
nm could be contributed by the displacement of drug
from the DNA at elevated temperatures. That such

displacement occurs with AMSA was confirmed by mon-
itoring the transition at the maximum of the free drug-
complex difference spectrum in the visible range (432
nm). The expected slight hyperchromicity was observed
(Fig. 7). Under conditions in which a large proportion of

the observed hyperchromicity at 260 nm is due to drug
displacement, the temperature at the midpoint in the
absorbance profile (T112) need not correspond to that at
the true midpoint of the helix-coil transition (Tm). How-
ever, the displacement of AMSA drugs as detected by
the hyperchromicity at 432 nm appeared to occur con-
comitantly with the hyperchromic transition in the ultra-
violet (Fig. 7). The measured TI/2 must therefore corre-
spond to Tm within the limits of experimental error.

C�O5 01 C 15 02

FIG. 8. Effects of AMSA drugs and 9-AA on the T,,, of native calf

thymus DNA

The T,, was related to the total ligand concentration, C,, in panel A,

and to the binding ratio at 25#{176}(r, bound ligand per nucleotide) in panel

B using the spectrophotometric data of Table 3. 0, m-AMSA; #{149},o

AMSA; D, AMSA; U, 9-AA.

Values of Tm were measured for DNA in the presence
of varying concentrations of drugs (Fig. 8A). All of the

agents caused significant elevation of Tm, the effect in-
creasing with drug concentration in the range studied.
AMSA and 9-AA had the greatest effect on Tm, with o-
and m-AMSA showing progressively less effect. The Tm

of the drug-DNA complexes was related to the binding
ratio at 25#{176}by solving Eq. 1 for r using the values of K

and n listed in Table 3. The data for the four compounds
did not reduce to a single curve (Fig. 8B), indicating that
the extent of binding at room temperature was not the
only factor influencing Tm.

DISCUSSION

For ligands such as intercalating drugs, which are
subject to neighboring-site exclusion effects, binding pa-
rameters cannot be determined by the traditional method

of Scatchard (22), since the total number of binding sites
(free and occupied) is not independent of the binding
ratio.

The procedure adopted here, which follows the method
of McGhee and Von Hippel (21), is one of several (27-29)
which allow for the effect of neighboring-site exclusion.

This model appears to account satisfactorily for the
curvature of the plots shown in Figs. 2-6. However, in
contrast to the Scatchard treatment, binding parameters
in the McGhee-Von Hippel model are critically depen-
dent upon the choice of lattice unit. For intercalating
agents such as AMSA drugs and simple aminoacridines,
it is reasonable to assume that the concentration of
potential binding sites in the naked lattice (S0) corre-
sponds to the concentration of interbase-pair regions in
double-stranded DNA. Consequently we have approxi-
mated S� as the concentration of base pairs and have
expressed binding ratios accordingly. Although in the
Scatchard model the choice of lattice unit is arbitrary,
the analysis of binding data using Eq. 1 with r expressed

in nucleotides rather than base pairs would reduce the
estimate of K by a factor of approximately 2 and lower
the value of n by approximately 10%.

The observed correspondence between association

constants determined by equilibrium dialysis, spectro-
photometry, and ethidium displacement strengthens con-
fidence in the estimated binding parameters and tends
to validate the applicability of the ethidium displacement
method in these experiments. The latter approach pro-
vides a convenient method for the rapid investigation of

binding to double-stranded polynucleotides, including

those whose cost precludes their use in other assays for
drug binding. By this means we have been able to detect
marked variations in apparent association constants for
different potential intercalation sites for each drug stud-
ied (Table 4). Since these results imply that calf thymus
DNA cannot be considered a homogeneous lattice, we
cannot exclude the possibility that significant ligand-
ligand cooperativity is being masked by site heterogene-
ity over the range of r which appears to be acceptably
fitted by the simple neighboring-site exclusion model.

The ionic strength dependence of the binding of m-

AMSA to native DNA (Fig. 6) is in good agreement with
the prediction of Record et al. (30) for a monocationic

compound. These workers predicted the logarithm of the
association constant to be linearly related to the loga-
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5 B. C. Baguley, unpublished data.

rithm of the ionic strength with a proportionality con-

stant close to 1.
Examination of the association constants listed in

Table 3 suggests that the methanesulfonaniide ring of
AMSA drugs does not interfere with binding to double-

stranded DNA, since AMSA and o-AMSA bind with
affinity similar to that of 9-AA or 9-Me-AA. This conclu-
sion is consistent with earlier studies demonstrating that
sterically demanding substituents at position 9 of the

acridine nucleus do not prevent DNA binding (20). Stud-

ies with space-filling molecular models suggest that the
methanesulfonanilide moiety of AMSA can be located in

the minor groove of B-DNA [i.e., with an orientation
analogous to that accepted for ethidium (31)] without

interfering with intercalation by the acridine nucleus
when the conformation of the drug is as established by

X-ray crystallography (13). The 2’-OCH3 group present
in o-AMSA is not likely to impede this interaction either,
but in the case of m-AMSA the 3’-OCH3 group limits the
extent to which the acridine nucleus can be made to

overlap the base pairs. This steric hindrance to interca-
lation may account for the lower association constant for
m-AMSA (Table 3) as well as the relative inability of this

ligand to stabilize double-stranded DNA against thermal
denaturation (Fig. 7). Other AMSA derivatives with ster-

ically demanding 3’-substituents (Me, NHSO2CH:�, NO2,
Cl, OH) also display reduced affinity for double-stranded
DNA.5 Steric factors may also be responsible for the
weak binding of 2-Me-AMSA, since in our model accom-
modation of the 2-methyl group would require a change
in the orientation of the acridine nucleus within the

intercalation site, thus bringing the 3’-position of the
rnethanesulfonanilide ring into close contact with base
pairs in the minor groove. Such interactions could again

impede optimal ring overlap. Support for this hypothesis
can be drawn from the observation that the unwinding

angle of intercalated 2-Me-AMSA is significantly lower
than that for AMSA, m-AMSA, or o-AMSA (12), con-
sistent with an altered acridine ring orientation.

Denaturation of DNA caused a decrease in K, together
with an approximately 2-fold increase in the number of
sites available, as noted in previous studies with acridines
(32). This result contrasts with that for certain other
intercalating drugs such as echinomycin, where binding
to denatured DNA appears to be restricted to residual
double-stranded regions (33). The estimated site sizes
(Table 3) close to two nucleotides would be consistent
with intercalation of the acridine moiety between adja-

cent bases in single-stranded polymers, possibly in a

fashion similar to that of the asymmetric 9-AA:iodocyti-
dylyl-(3’, 5’)-guanosine complex (34), with neighboring-
site exclusion. Lack of information on the conformation
of single-stranded polynucleotides precludes speculation
as to the likely stereochemical basis of any such exclu-

sion.
The present study has not revealed any straightfor-

ward correlation between nucleic acid binding parame-

ters and antitumor activity for four members of the
AMSA series. Thus m-AMSA binds to nucleic acids with
lower affinity than does the tumor-inactive positional

isomer o-AMSA or the parent compound AMSA, which
is an active antitumor agent with lower molar potency.
On the other hand, our continuing studies on a more

extensive series of 9-aniinoacridine drugs (35, 36) do
reveal a positive correlation between affinity for DNA
and antitumor activity, but suggest that the effects of the
1’-methanesulfonamide and 3’-methoxy ring substituents
on antitumor activity are mediated by mechanisms other
than gross DNA binding. Our present hypothesis based
on these findings is that the biological action of AMSA
drugs is exerted through the formation of ternary corn-
plexes in which the acridine moiety serves as the DNA-

binding anchor whereas the methanesulfonaniide ring
interacts with a second macromolecular species. Quanti-
tative structure-activity relationships have demonstrated
a requirement for a high electron density at the 6’-posi-
tion of the aniino ring (4), a condition which is fulfilled
in m-AMSA but not in o-AMSA. Interaction of this
electron-rich center with critical chromosomal proteins
could be responsible for the cytotoxic effects of AMSA

compounds at the very low binding ratios likely to be
encountered in the cell.
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