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ABSTRACT: Molecular modeling studies [Islam, S. A., Neidle, S., Gandecha, B. M., Partridge, M., Patterson, 
L. H., & Brown, J. R. (1985) J .  Med. Chem. 28, 857-8641 have suggested that anthracene-9,lO-dione 
(anthraquinone) derivatives substituted at  the 1,4 and 1,8 positions with -NH(CH2)2NH(CH2CH&+ side 
chains intercalate with DNA with both substituents in the same groove (classical intercalation) while a 
similarly substituted 1,5 derivative intercalates in a threading mode with one side chain in each groove. 
Modeling studies also suggested that anthracene-9,lO-dione (anthraquinone) derivatives substituted at the 
2,6 positions with -NHCO(CH2)R (where R is a cationic group) should bind to DNA by the threading 
mode, and several such derivatives have been synthesized [Agbandjie, M., Jenkins, T. C., McKenna, R., 
Reszka, A., & Neidle, S. (1992) J. Med. Chem. 35,1418-14291. We have conducted stopped-flow kinetics 
association and dissociation experiments on the interaction of these anthraquinones with calf thymus DNA 
and with DNA polymers with alternating AT and G C  base pairs to experimentally determine the binding 
mode and how the threading mode affects intercalation rates relative to similarly substituted classical 
intercalators. The binding modes, determined by analysis of relative rates, energies of activation, and 
effects of salt concentration on association and dissociation rate constants, agree completely with the modes 
predicted by molecular modeling methods. Association and dissociation rate constants for the threading 
mode are approximately a factor of 10 lower than constants for the classical intercalation mode, and the 
two modes, thus, have similar binding constants. Variations in rate constants for changes in cationic 
substituents a t  the 2 and 6 positions of the anthraquinone ring were surprisingly small. This series of 
compounds demonstrates that it is possible to design intercalators with very similar binding constants but 
with significantly different binding kinetics. The success of molecular modeling in correctly predicting the 
binding mode for all of the compounds indicates that modeling will be very useful in the design of other 
such intercalators as potential drug candidates. 

It is now well established that the anthracycline class of 
antitumor antibiotics binds intercalatively to duplex DNA 
(Galeet al., 1981; Kerstenet al., 1966; Das et al., 1974; Sinha 
et al., 1977; Brown, 1983; Waring, 1970; Plumbridge & Brown, 
1979; Neidle & Sanderson, 1983; Arcamone, 1981; Quigley 
et al., 1980; Patel et al., 1981), and that intercalation is a 
necessary (though by itself insufficient) requirement for 
biological activity (Reszka et al., 1988). A number of totally 
synthetic anthracene-9,lO-dione (anthraquinone) compounds 
have been developed in recent years, with the 1,4-bis(amino)- 
functionalized compound mitoxantrone now being in clinical 
use, particularly for the treatment of breast cancer (Stuart- 
Harrisetal., 1984;Combleetetal., 1984;Albertset al., 1988). 
The therapeutic success of this family of drugs and the closely 
related anthracycline agents has created considerable interest 
in the synthesis and study of new derivatives of this class. 

We have been systematically studying the ramifications of 
both differing substituents on the anthracene-9,lO-dione ring 
systemand different substituent positions (Figure 1) on DNA 
interaction and the possible relationships to biological prop- 
erties (Islam et al., 1985; Collier & Neidle, 1988; Agbandje 
et al., 1992). Molecular modeling studies have suggested that 
the symmetric 1,5-disubstituted series could bind to DNA by 
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FIGURE 1: Structures of the anthracene-9,lO-dione compounds. 

a "threading"-type process, rather than via classic intercalation 
(Islam et al., 1985). This threading mode, for ligands with 
two bulky, distal-substituted side-chains, has been established 
on the basis of kinetic (Gabbay et al., 1973; Fox & Waring, 
1984; Fox et al., 1985; Tanious et al., 1991), molecular 
modeling (Collier et al., 1984), X-ray crystallographic (Arora, 
1983; Wang et al., 1990; Liaw et al., 1989; Williams et al., 
1990), and NMR data (Searle et al., 1988; Zhang & Patel, 
1990) for the anthracycline drug nogalamycin. Its essential 
feature is that the two side chains (or rings in the case of 
nogalamycin) lie one in each of the major and minor DNA 
grooves. This is in contrast to  classic intercalators with 
substituent(s) lying in one or the other of the grooves, 
depending on their steric requirements. 

There is necessarily some disturbance of the DNA structure 
in order to affect threading of a bulky polar side chain from 
one side of the DNA to the other. Two key features are 
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FIGURE 2: Stopped-flow kinetic traces for the SDS-driven dissociation of compounds 4 (A) and 5 (B) from calf thymus DNA. The experiments 
were conducted at 293 K in MES buffer with 0.1 M added salt at a ratio of 1 : l O  drug to DNA base pairs. The concentration of compound 
after mixing was 1 X M. The smooth lines are the two-exponential fits to the data. Residual plots for the fits are shown under each 
experimental plot. 

predicted for such a mechanism: (i) both the association and 
dissociation rate constants should be decreased relative to 
classical intercalative DNA binding and (ii) threading of 
cationic side chains (cf. the anthracene-9,lO-diones in Figure 
1) through the DNA duplex would require sequential for- 
mation and breakage of electrostatic interactions in the 
threading complex, and this can be detected through analysis 
of salt effects on rate constants (Wilson & Tanious, 1993). 
We have recently analyzed the association and dissociation 
kinetics of a series of naphthalene diimide intercalator 
compounds and have shown that their behavior is typical of 
DNA threading agents. Hence we have been able to define 
their general features of DNA complex formation, including 
a dependency upon ion concentration (Tanious et al., 1991). 

We now extend this methodology to two groups of basic 
anthracene-9,lO-dione derivatives: (i) a series of agents 
substituted at the 1,1,4, 1,5, and 1,8 positions that have been 
predicted from molecular modeling studies to show diverse 
DNA intercalation behavior (Islam et al., 1983, 1985) and 
(ii) a novel series of symmetric 2,6-disubstituted compounds 
predicted to require a threading-type mechanism for inter- 
calative binding to DNA (Neidle & Jenkins, 199 1 ; Agbandje 
et al., 1992). 

MATERIALS AND METHODS 

Materials. Two groups of basic anthracene-9,lO-diones 
compounds were studied: group I compounds 1-4 (Figure l), 
which differ in the positions of ring substitution by basic 
moieties, i.e., 1-mono- and 1,4-, 1,5-, and 1,8-bis[2-(diethyl- 
amino)ethylamino]anthracene-9,1O-diones, and group I1 com- 
pounds 5-8, with varying basic 2,6-substituted amidoan- 
thracene-9,lO-diones. The synthesis and purification of these 
compounds have been reported previously (Islam et al., 1983, 
1985; Agbandje et al., 1992). Calf thymus DNA (CT-DNA, 
Worthington), poly[dG-dC]z and poly[dA-dT]z (P-L Bio- 
chemicals) were prepared as previously described (Wilson et 
al., 1985b, 1986). Aqueous MES buffer contained 1 X 
M 2-(N-morpholino)ethanesulfonic acid (MES) and 1 X 
M EDTA. Sodium chloride was added to adjust the ionic 
strength to the desired value, as required, and the pH was 
adjusted to 6.2. Sodium dodecyl sulfate (SDS) was obtained 
from Boehringer Mannheim GmbH. 

Methods. Kinetics measurements were conducted with a 
Hi-Tech SF-5 1 stopped-flow spectrophotometer. The software 
provided with the instrument was used for both data acquisition 
and analysis. Data acquisition was carried out via a 12-bit 
high-speed analog-to-digital converter in a HP-330 computer 
interfaced to the spectrophotometer. Single-wavelength ki- 
netic records of absorbance versus time were collected. 
Typically, several individual kinetics experiments were col- 
lected and averaged by the computer to improve the signal- 
to-noise ratio. Dissociation reactions were monitored by 
mixing equal volumes (50 pL) of a solution of the DNA-drug 
complex with a 1% (w/w) solution of SDS at the same salt 
concentration. Association kinetic measurements were con- 
ducted under pseudo-first-order conditions by using excess 
DNA. Equal volumes (50 pL) of a DNA solution and a 
solution of compound were mixed. The temperature was 
controlled by circulating water with a Haake A8 1 refrigerated 
water bath and was monitored with an internal thermistor 
positioned in the SF-51 sample compartment. 

RESULTS 

Stopped-Flow Kinetics: Dissociation from CT-DNA. 
Stopped-flow SDS-driven dissociation kinetics were deter- 
mined at 293 K for complexes of compounds 1-8 with CT- 
DNA in MES-buffered aqueous solution. Typical kinetic 
traces for the dissociation of complexes of 4 (group I) and 5 
(group 11) with CT-DNA are shown in Figure 2, where two- 
exponential best-fit curves to the data are shown along with 
plots of the residuals. There was a significant improvement, 
based on rms (root mean square) deviation and the distribution 
of the residuals, in fitting the experimental data to summed 
dual- rather than single-exponential curves under the con- 
ditions of these experiments. No significant improvement in 
either rms deviation or residuals was observed for a three- 
exponential fit. The two rateconstants for thedual-exponential 
fits differ by a <4-fold factor (Table I), and hence, such similar 
processes can only be resolved under the high-resolution 
stopped-flow conditions illustrated in Figure 2. The amplitude 
for the fast phase of the interaction of these two compounds 
accounts for 2540% of the total amplitude under all conditions 
used (Table I). To facilitate kinetics comparisons among 
compounds and comparisons of kinetics and equilibrium results 
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Table I: Dissociation Kinetics Results for Complexes of Compounds 
1-8 with Calf Thvmus DNA" 

Tanious et al. 

~~ 

compound kl (s-l) A1 (%) kz (s-') A2 (%) ~ ( s )  

Group I 
1 150 87 68 13 0.007 
2 9.5 55 1.8 45 0.17 
3 2.5 15 0.74 85 1 .o 
4 25 37 6.2 63 0.08 

5 6.2 28 2.1 72 0.31 
6 8.4 38 2.1 62 0.22 
7 8.6 32 1.5 68 0.27 
8 12 22 2.5 78 0.22 

Group I1 

"Experiments were conducted at 293 K in aqueous MES buffer 
containing 0.1 M added NaCl with a 1:lO molar ratio of drug to DNA 
(in base pairs). 

FIGURE 3: Plots of log kd(app) vs -log [Na+] for dissociation of 
compounds 1 (0), 2 (+), 3 (U), 4 (X), 5 (0), 6 (A), 7 (A), and 8 
(0) from calf thymus DNA. Experiments were conducted at 293 
Kin MES buffer at different ionic strengths in the manner described 
in Figure 2. 

for the same compound, the dissociation lifietime ( 7 )  and 
apparent rate constant for dissociation (k,,, = 1/7) were 
calculated from the computer-derived best-fit values for the 
rate constants and amplitudes: 

7 = l /(Alk, + A2k2) 

where the A and k values refer to the fractional amplitudes 
and rate constants, respectively, for the two-exponential 
components fitted to the data (Table I). The averaging 
procedure also removes problems of parameter correlation 
that can occur when fitting very similar overlapping smooth 
curves such as those obtained with these compounds. 

The dissociation rate constants for the complexes of 
compounds 1-8 from CT-DNA were measured at several salt 
concentrations and plots of log kd(app) as a function of -log 
[Na+] are shown in Figure 3. Plots of log kl and log k2 as 
a function of -log [Na+] are more crowded but give the same 
slopes, within experimental error, as determined using the 
kd(app) values. The slopes for SDS-driven dissociation of 
complexes with 1, 3, and 5-8 are 0.35 f 0.05, while the 
corresponding values for compounds 2 and 4 are 0.65 and 
0.73, respectively (Figure 3). Group I compounds have 
significantly different rates and slopes in this plot, while 
compounds from group I1 have more similar results. 

Dissociation from CT-DNA: Effect of Temperature. Since 
Group I compounds exhibit such different behavior, disso- 
ciation experiments were conducted for the complexes of 
dications 2-4 with CT-DNA in MES buffer with 0.05 M 
added NaCl as a function of temperature. The apparent rate 
constant for these three compounds are shown in an Arrhenius 
plot in Figure 4s (supplementary material). Over the 
accessible temperature range, the dissociation of 3 from CT- 

~~ 

Table 11: Comparison of Dissociation Results for Complexes of 
Compounds 2-5 and 8 with Polydeoxynucleotides" 

2 26 13 66 10 14 2.0 34 90 0.05 0.32 
3 3.1 2.2 1 5  15 0.6 0.8 85 85 1.0 0.96 
4 62 49 35 14 29 5.2 65 86 0.02 0.09 
5 7.7 16 19 39 1.8 1.5 81 61 0.35 0.14 
8 14 7.1 29 22 2.7 1.6 71 78 0.17 0.36 
"Experiments were conducted at 293 K in aqueous MES buffer 

containing 0.1 M added NaCl with a 1:lO molar ratio of drug to polymer 
(in base pairs). A-T and G-C refer to poly(dA-dT)Z and poly(dG-dC)2, 
respectively. 

DNA is always slower than the dissociation of both 2 and 4. 
Activation enthalpies of 18 kcal mol-l (compounds 2 and 4) 
and 23 kcal mol-' (compound 3) for drug dissociation from 
the CT-DNA complexes were calculated from the plots (Figure 
4s). 

Dissociation from Polynucleotides. The SDS-driven dis- 
sociation of representative compounds 2-5 and 8 from 
complexes with poly[dA-dT] 2 and poly[dG-dC]2 were inves- 
tigated (Table 11) to determine how the dissociation varies 
with base-pair composition. As with CT-DNA, dissociation 
of all compounds from the polymers required dual-exponential 
fits to the experimental data. Group I compounds 2 and 4 
dissociate more slowly from poly [dG-dC]z than from poly- 
[dA-dT]z (Figure 5). Compound 3 has a similar lifetime 
with the A-T and G-C polymers but dissociates more slowly 
than either 2 or 4 from both polymers under the same 
conditions. In Group 11,5 has a longer lifetime by a ---fold 
factor for poly[dA-dT]z than from poly [dG-dC]z complexes, 
while 8 has a longer lifetime for complexes with poly[dG- 
dC]z than for the A-T polymer under the same conditions. 

The dissociation rate constants for compounds 2-5 and 8 
from the complexes formed with each polymer were also 
measured at several salt concentrations; plots of log kd(app) 
as a function of -log [Na+] are shown in Figure 6. For group 
I, the slopes for dissociation of compounds 2 and 4 are 0.70 
f 0.05 from poly[dA-dT]z and 0.74 f 0.08 from poly[dG- 
dC]2, while for compound 3 the corresponding values are 0.37 
f 0.05 and 0.43 f 0.05, respectively. Dissociation rate 
constants for a naphthalene diimide threading intercalator 
(Tanious et al., 1991) are also shown in Figure 6A, where the 
determined slopes with the A-T and G-C polymers are 0.30 
and 0.35, respectively. For group 11, the slopes for complexes 
with 5 and 8 are 0.35 f 0.05 (Figure 6B). For comparative 
purposes, dissociation rate constants for ethidium and pro- 
pidium are also plotted in Figure 6B. With the A-T and G-C 
polymers the slopes determined for propidium and ethidium 
are 0.7-0.8 and 0.3-0.4, respectively (Figure 6B). 

Stopped-Flow Kinetics: Association with CT-DNA. The 
association reaction of compound 1 with CT-DNA is fast and 
cannot be followed by stopped-flow techniques. The asso- 
ciation reactions of compounds 2-8 with CT-DNA were 
measured as a function of DNA concentration at a salt 
concentration of [Na+] = 0.2 M and with an approximately 
10-fold molar excess of DNA (in terms of base pairs) over the 
ligand compound. Increasing the mole ratio of 20: 1 to 30: 1, 
at constant DNA concentration, had no significant effect on 
the rate constants for association, as expected for a pseudo- 
first-order reaction. Experimental traces of absorbanceversus 
time are plotted under similar conditions in Figure 7 for the 
binding of 2 and 3 to CT-DNA. The association rate constant 
for the binding of 2 is significantly larger than that for binding 
of compound 3. As with dissociation experiments, satisfactory 



Kinetics of DNA Intercalation Biochemistry, Vol. 31, No. 46, 1992 11635 

Ves i dual  9 ' I  I 

Y 8 . m  

0.818 

8.888 

- . . . . I  * .  . . I .  . . .  I 
0.0 1.8 2.8 3.8 4.8 

Time (seconds) 
FIGURE 5:  Stopped-flow kinetic traces for the SDS-driven dissociation of compound 2 (A) from poly[d(A-T)]z, and (B) poly[d(G-C)]z. The 
experiments were conducted at 293 K in MES buffer with 0.10 M added NaCl at  a ratio of 1:lO compound to polymer base paus. The 
concentration of the compounds after mixing was 1.0 X M. The smooth lines are two-exponential fits to the experimental data. Residual 
plots are shown under each experimental plot. 

fits to the experimental data were obtained with dual- rather 
than single-exponential curves (Figure 7). The differences in 
the two rate constants for the dual-exponential fits involve a 
factor of 2-3 and ka(app) values were calculated by using eq 
1. 

Apparent association rate constants can be fitted to eq 2 
over DNA concentrations of (1-25) X M: 

ka(app) ka[DNAl + kd (2) 
where [DNA] is the molar concentration of DNA in base 
pairs, k,(app) is the apparent pseudo-first-order association 
rate constant at each DNA concentration, ka is the intrinsic 
second-order association rate constant, and kd is the first- 
order dissociation rate constant for the DNA-drug complex. 
Experiments such as those shown in Figure 7 were repeated 
at a range of DNA concentrations for compounds 2-8 to 
determine the second-order association rate constants (ka) 
according to eq 2 (Figure 8S, supplementary material). The 
plots are linear within experimental error (Figure 8S), and 
the slope of the line gives the second-order association rate 
constant, while the intercept gives the calculated dissociation 
rate constant for these conditions. For comparative purposes, 
association rate constants for propidium in 0.2 M NaCl are 
also plotted in Figure 8s. The experiments were also conducted 
at several salt concentrations for association of compounds 2 
and 3 (Figure 9S, supplementary material) and log k, versus 
log [Na+] plots are shown in Figure 10s (supplementary 
material). As can be seen, the ka value for association of 
compound 3 with CT-DNA has a very high salt dependence, 
while the ka value for association of 2 with CT-DNA has a 
lower salt dependence. The rate constants for association of 
compounds 3 and 5-8 to CT-DNA under the same conditions 
are typically - lo5 M-' s-', while the values determined for 
compounds 2,4, and propidium are - lo6 M-' s-l (Table 111) 
even though all compounds are dications. 

The measured dissociation rate constants for all compounds 
from CT-DNA, are in good agreement with the kd value from 
eq 2 (Table 111). We have previously found that the observed 
pseudo-first-order association rate constants for ethidium, 
propidiwn, and naphthalene diimide are also linear with respect 
to DNA concentration (Wilson et al., 1985a,b, 1986; Tanious 
et al., 1991). 

-1 
0.5 0.7 0.9 1.1 1.3 1 .5  1.7 

-log[Na+] 

0.6 0.8 1.0 1.2 1.4 1.6 

-log[Na+] 

FIGURE 6: (A) Plots of log kd(app) vs -log [Na+] for dissociation of 
compounds 2 from poly[dA-dT]z (0) and poly[dG-dC]z (e), 3 from 
poly[dA-dT]~ (A) and poly[dG-dC]~ (A), 4 from poly[dA-dT]~ (13) 
and poly[dG-dC]z (m), and naphthalene diimide from poly[dA-dT]z 
(X) and poly[dG-dC]z (+). Experiments were conducted at 293 K 
in MES buffer in different ionic strengths in the manner described 
in Figure 5. (B) Plots of log h(app) vs -log [Na+] for dissociation 
of compounds 5 from poly[dA-dT]z (0) and poly[dG-dC]~ (O), 8 
from poly[dA-dT]z (m) and poly[dG-dC]z (0). ethidium from poly- 
[dA-dT]z (A) and poly[dG-dC]z (A), and propidium from poly- 
[dA-dT]z (X) and poly[dG-dC]z (+). Experiments were conducted 
in MES buffer a t  293 K in different ionic strengths in the manner 
described in Figure 5.  
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FIGURE 7: Stopped-flow kinetics association reactions for compounds 2 (A) and 3 (B) with calf thymus DNA. The total concentrations after 
mixing were 4.0 X 1C5 M for DNA (base pairs) and 4.0 X lo4 M for the compounds in MES buffer with 0.20 M added NaCl at 293 K. 
The smooth lines are the two-exponential fits to the experimental data. Residuals plots are shown under each experimental plot. 

Table 111: Kinetic Constants and DNA Binding Constants for Compounds with Calf Thymus DNA 

compound 10-~k,a ( ~ - 1  s-1) kdb (S-’) kd SlO@ kd’ (S-I) kinetic equilibriumC 
1 d - 200 0.44 5.6 
2 
3 
4 
5 
6 
7 
8 

propidiume 
ethidiumC 

24 8.9 0.73 
2.1 1.2 0.34 
7.0 19 0.65 
1.5 3.8 0.32 
1.7 5.2 0.32 
1.1 4.6 0.39 
2.3 5.9 0.39 

10.6 9.0 0.85 
d 16.5 0.31 

10.7 5.4 5.4 
0.93 5.4 5.3 

18 4.6 5 .o 
3.2 4.7 
4.2 4.6 
2.1 4.7 
2.4 4.7 
6.7 5.2 5.5 

O k, and kd values are from the slopes and intercepts of Figure 8s. * kd from experimental data and slopes from Figure 3. e K values determined in 
0.05 M NaCl (Islam et al., 1985) were converted to 0.2 M Na+ using the equation a log Kob/a log[Na+] = -my (Record et al., 1976). Too fast. 

Data taken from Wilson et al. (1985). 

Association with Polymers. As with CT-DNA the asso- 
ciation reactions of compounds >5 and 8 with poly[dA-dT]z 
and poly[dG-dC]z were measured as a function of DNA 
concentration and at a salt concentration of [Na+] = 0.2 M. 
Experimental traces of absorbance versus time are plotted 
under similar conditions in Figure 1 1 for binding of compound 
3 topoly[dA-dT]2andpoly[dG-dC]z. As with thedissociation 
experiments, satisfactory fits were obtained with dual- rather 
than single-exponential fitted curves. The differences in the 
two rate constants for the two components of each fit were 
2-3 and k,(app) values were calculated with eq 1. Experiments 
such as those shown in Figure 11 were repeated at a range of 
DNA concentrations to determine the second-order association 
rate constant according to eq 2 (Figure 12S, supplementary 
material). The association rate constants for the binding of 
3-5 and 8 to poly[dA-dT]2 are significantly larger than those 
for poly[dG-dC]2 (Table IV). The rate constants (ka)  for 
association for these compounds to A-T and G-C polynucle- 
otides are collected in Table IV. The measured dissociation 
rate constants for these compounds from both ligand-polymer 
complexes are in good agreement with the kd values calculated 
from eq 2 (Table IV). 

DISCUSSION 

A number of solution experiments, supported by molecular 
modeling studies, have shown that the anthracene-9,lO-diones 

1-8 bind to DNA by intercalation (Islam et al., 1985; Neidle 
& Jenkins, 1991; Agbandje et al., 1992). Two quite different 
types of intercalation complexes of the disubstituted an- 
thracene-9,lO-dione compounds with DNA are possible: (i) 
complexes with one side chain in each groove (threading) and 
(ii) more classical intercalation complexes with the two side 
chains lying in the same groove. In the threading model, one 
polar side chain must pass between base pairs during 
intercalation, and this significantly slows the rates of both 
ligand association and dissociation. With both classical and 
threading intercalators the rate constants and their dependence 
on salt concentration vary with the binding mode, and kinetic 
studies thus offer a direct method for accurate determination 
ofbinding mode (Wilsonet al., 1985a, 1989,1990a4;Tanious 
et al., 1991). 

Compound 1 has very fast association and dissociation rates 
and a log kd vs -log [Na+] slope value of 0.4 for dissociation 
from calf thymus DNA, in accord with the behavior expected 
for a simple monocationic intercalator on the basis of 
comparisons with known intercalators such as ethidium 
(Wilson et al., 1985a). The disubstituted anthracene-9,lO- 
dione compounds 2-8 are dications and exhibit more com- 
plicated kinetic behavior and complex conformations. Results 
for these ligands will be compared to those for naphthalene 
diimide and propidium, an established threading intercalator 
and a “classical” DNA intercalator, respectively (Waring, 
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FIGURE 1 1: Stopped-flow kinetics association reactions for compound 3 (A) with poly[dA-dT]* and (B) poly[dG-dC]*. The total concentrations 
after mixing were 2.0 X M for DNA (base pairs) and 2.0 X 10-6 M for the compounds in MES buffer with 0.20 M added NaCl at 293 
K. The smooth lines are the two-exponential fits to the experimental data. Residuals plots are shown under each experimental plot. 
~~ 

Table IV: Polvmer Comdex Kinetic Constants and Calculated Kinetic DNA Binding Constants" 
10-5kab ( ~ - 1 i - q  kdc (6') 

compound A-T G-C A-T G-C 
2 e 18.9 30.4 6.0 
3 22 1.5 1.1 1.3 
4 11 3.9 5 1  15 
5 12.2 0.92 3.5 9.2 
8 15.1 3.2 7.1 3.0 

propidiud 12.8 11.2 8.5 
ethidiud 22 21 

naphthalene diimidef 3.4 1.4 8.3 0.2 

kd Slopec 
A-T G-C 
0.64 0.81 
0.31 0.44 
0.14 0.66 
0.30 0.41 
0.31 0.35 
0.26 0.35 
0.97 0.95 
0.45 0.41 

k'db (s-l) 
A-T G-C 

9.3 
3.3 1.3 

51.5 1.6 
3.5 4.1 

13.9 2.3 
1.4 0.21 
9.03 

log K'Jlog Kd 
A-T G-C 

5.315.5 
5.816.3 5.1 15.1 
5 1 / 5 1  4.114.4 
5 .5 /5 .5  4.3 14.0 
5.015.3 5.115.0 
4.714.6 5.815.9 
5.215.1 

A-T and G-C refer to poly(dA-dT) and poly(dG-dC) oligonucleotide duplexes, respectively. ka and k'd values are from the s l o p  and intercepts 
in Figure 12s. kd values are from dissociation experiments in 0.2 M NaCl and the slopes from Figure 6. K'and K values calculated from k.Jk$ 
and ka/kd, respectively, in 0.2 M NaCI. Too fast. /Data taken from Tanious et al. (1991) and Wilson et al. (1985b). 

1970; Yen et al., 1982; Wilson et al., 1985a; Tanious et al., 
1991). 

Group Z Dications. With CT-DNA compound 2 has a log 
kd(app) vs -log [Na+] slope that is very similar to the propidium 
slope and rate constants for association and dissociation that 
are N 2-fold greater than the propidiumvalues. Similar results 
for dissociation of 2 from CT-DNA at a fixed set of conditions 
have been obtained by Denny and Wakelin (1990). The 
association and dissociation rate constants for poly[dA-dT]z 
complexes of 2 are larger than for poly[dG-dC]z complexes, 
but the polymer complexes have similar log kd(app) vs -log 
[Na+] slopes that are in turn similar to the propidium value. 
The slopes are approximately twice the value observed with 
the naphthalene diimide threading intercalator. These results 
indicate that 2 binds to all DNA sequences with both side 
chains in the same groove, as has been suggested for 
mitoxantrone (Collier et al., 1984; Lown & Hanstock, 1985) 
and as predicted by modeling studies (Islam et al., 1983). 
With both side chains in the same groove, the anthracene- 
9,lO-dione chromophore must be oriented approximately 
perpendicular to the base-pair long axes as observed in 
crystallographic structures for DNA oligonucleotides com- 
plexes of daunomycin (for example, Wang et al., 1987; 
Frederick et al., 1990). All 1 ,+disubstituted anthracene-9,- 
10-dione derivatives that have been studied to this time exhibit 
this general type of binding mode. 

Compound 3 has association and dissociation rate constants 
for its CT-DNA complex that are >lO-fold slower than with 

2 (Table 111). The kd(app) versus -log [Na+] slope with 3 
is approximately half that for 2 and is more similar to the 
slope for the naphthalene diimide threading intercalator. With 
the polymers (Table IV) the rate constants for 3 in its 
complexes with poly[dA-dT] 2 are decreased more than for 
complexes with poly[dG-dC]2 when compared to complexes 
of 2. The dissociation rate constants are reduced more than 
the association constants and 3, thus, has a slight AT-binding 
selectivity (Table IV). Both the significantly reduced rate 
constants and the kd(app) vs -log [Na+] slopes indicate that 
3 binds to all DNA sequences by a threading intercalation 
mode as predicted for this compound by modeling studies 
(Islam et al., 1983, 1985). Unlike 2, the chromophore of 3 
must be approximately parallel to the long axes of the base 
pairs at the intercalation site in order to fit the cationic groups 
into opposite DNA grooves. 

The CT-DNA association and dissociation rate constants 
for 4 are significantly greater than those for 3. The association 
constant is not as large as for the 2 complex while the 
dissociation constant is larger, and 4 has a lower binding 
constant than either 2 or 3 (Table 111). The kd(app) vs -log 
[Na+] slopes for 4 with both CT-DNA and with polymers are 
close to the values for 2 and propidium. The increased rate 
constants and slopes for 4, relative to 3, thus indicate that 4 
binds to DNA with both cationic groups in the same groove, 
as with 2. It should be noted, however, that the conformation 
of the 4 complex must be quite different than that with 2. As 
noted above, the aromatic chromophore of 2 must be 
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approximately perpendicular to the long axes of the base pairs 
at the intercalation site, while for both side chains of 4 to fit 
in the same DNA groove requires the aromatic chromophore 
to be approximately parallel to this axis. Although the 
equilibrium constants of 4 with the A-T and G-C polymers 
are similar (Table IV), the rates for both association and 
dissociation are significantly faster with the A-T than with 
the G-C polymers. Optimum positioning of the two side chains 
of 4 within an intercalation site may require local motions 
that are faster at an A-T intercalation site than at an equivalent 
G-C binding site. 

Moving one side chain of the disubstituted anthracene- 
9,lO-diones 2-4 around the ring system thus yields three 
intercalators that bind to DNA in complexes with quite 
different conformations. It is interesting that 2 and 4, which 
bind to DNA with both side chains in the same groove, have 
association and dissociation rateconstants that are significantly 
larger with A-T than with G-C sequences. Compound 3 has 
a binding selectivity for A-T, and this clearly reduces its 
dissociation constant from A-T base pairs. As with 2 and 4, 
the association rate constant for 3 with the A-T polymer is 
> 10-fold higher than with poly[dG-dC]z. 

Group ZZ Dications. Four compounds, disubstituted at the 
anthracene-9,1 O-dione 2,6 ring positions with significantly 
different substituents, were studied (Figure 1). With CT- 
DNA the compounds have quite similar dissociation rate 
constants and kd(app) vs -log [Na+] slopes (Figure 3). 
Although the differences are generally small, 5 has the smallest 
and 8 has the largest kd value of the group I1 compounds, and 
for this reason, complexes of these two compounds were 
investigated with DNA polymers. 

It is interesting that 5 has a larger kd value with poly[dG- 
dC]z than with poly[dA-dT]z while 8 has a larger kd value 
with the A-T polymer than with the G-C polymer (Table 111). 
With both compounds the association rate constants are 
significantly larger with poly[dA-dT]z. This combination of 
rate constants results in essentially nonspecific binding of 8 
but AT-binding specificity for 5. 

The kd(app) vs -log [Na+] slopes for all group I1 compounds 
with CT-DNA and with the A-T and G-C polymers are in the 
0.3-0.4 range, as expected for a threading intercalation mode 
for dications. The association rates for group I1 compounds 
are also lower than for classical intercalators and more similar 
to values with threading intercalators. Group I1 compounds 
thus bind to all DNA sequences by a threading binding mode 
in agreement with molecular modeling results (Neidle & 
Jenkins, 1991; Agbandje et al., 1992). 

As has been observed with other intercalators, the com- 
pounds in both groups I and I1 require two-exponential curves 
to adequately fit the experimental results for dissociation and 
association reactions with natura1 and synthetic polymers 
DNAs. The two constants for any compound are not widely 
different, with the kl/kz ratios typically in the 2-6 range with 
CT-DNA (Table I) and 2-10 with DNA polymers (Table 11). 
Single-exponential fits to the results have a clear asymmetry 
in the residuals while three-exponential fits do not significantly 
improve either the residuals or the correlation coefficient for 
the fit. The two-exponential fits may represent two major 
families of closely related intercalation processes, but it is not 
clear, at present, what these two processes represent. An 
attractive possibility is that the two rates are for intercalation 
binding mechanisms from either the major or the minor groove 
directions. Since the 1,8-disubstituted compound 4 cannot 
easily intercalate from the minor-groove side for steric reasons 
but also requires two-exponential fit, the major-minor groove 
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mechanism does not appear able to explain effects for all 
compounds. A second possibility is that the two components 
represent binding at different classes of sites, such as 5’-purine- 
pyrimidine or 5’-pyrimidine-purine. Such a proposal can 
explain the two-exponential fits for the polymers but is not as 
attractive for CT-DNA. However, 5’-purine-purine (or, 
equivalently, 5’-pyrimidine-pyrimidine) sites, particularly 5’- 
ApA, are generally disfavored for intercalation. Hence, from 
a mechanistic basis, it is possible that intercalation of the 
anthracene-9,lO-diones into CT-DNA can be grouped into 
two families with similar rates, representing the purine- 
pyrimidine and pyrimidinepurine binding site classes. The 
smooth kinetic curves observed for dissociation and association 
would thus not allow additional resolution of the reaction 
families site individual components. With other intercalators 
the individual rates could be more different and, thus, could 
be resolved. 

CONCLUSIONS 

We have shown that the binding modes for the anthracene- 
9,lO-diones in this paper involve threading-type intercalation 
for the 1,5- or 2,ddisubstituted compounds 3 and 5-8 and 
classical DNA intercalation for the 1,4- and 1,s-difunction- 
alized derivatives, 2 and 4, where both side chains necessarily 
occupy the same groove. These findings thus provide an 
experimental basis for the binding modes suggested by 
molecular modeling studies. We note that compound 5 is 
markedly more active in a L1210 in vitro tumor cell line than 
8 (Agbandje et al., 1992); it is tempting to speculate that this 
is related to the DNA base selectivity shown by5. The kinetics 
results in Table I11 indicate that classical intercalators 
(including propidium) have association rate constants in the 
1106 M-* s-l range while threading intercalators have constants 
in the 12 X lo5 M-’ s-l range. The dissociation rateconstants 
are -10 s-l or greater for classical intercalators but only 
1 5 - 6  s-’ for threading intercalators. Compensating effects 
in changes for the association and dissociation rate constants 
lead to binding constants for classical and threading inter- 
calators being closer than the kinetic constants. 

The slow kinetics of association and dissociation of threading 
intercalators can be attributed to several features that depend 
on the intercalator structure and on the nucleic acid sequence. 
First, the polar/charged side chain must pass from solution 
through the more nonpolar region between base pairs in the 
duplex. Second, the steric size and rigidity of the side chains 
can be important. Third, the rate at which DNA can open 
to form intercalation sites or larger open conformations (a 
bubble-type structure) to accommodate large side chain 
dynamics can become essential for large threading interca- 
lators. Cationic alkylamine side chains, such as on the 
anthraquinone derivatives in Figure 1, can assume extended 
configurations that will allow them to slide through a normal 
intercalation site. The slow kinetics of threading could then 
be due to an orientational factor that requires the side chains 
to be in a limited range of its total conformational space for 
intercalation. The resistance of the charged side chain to 
enter the relatively nonpolar region between base pairs could 
also serve to reduce reaction rates for threading intercalators. 
For threading intercalators with very large and rigid side 
chains, the normal intercalation site size would not allow the 
side chain to pass through to the opposite groove. In this case 
intercalation could only occur when slow thermal motions of 
the duplex produce a large opening that could arise, for 
example, by concerted opening of an intercalation site and 
breakinglbreathing of one of the base pairs at the site. 
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A large difference is observed in association rate constants 
between the A-T and G-C polymers, but this difference is 
seen with both classical and threading intercalators (Denny 
& Wakelin, 1990; Wakelin, 1990) and is clearly not related 
in any simple manner to the binding mode. The energy of 
activation for dissociation of the threading intercalator 3 from 
CT-DNA is 23 kcal mol-' while the energy of activation for 
the classical intercalators 2 and 4 is approximately 18 kcal 
mol-'. The greater energy of activation for 3 contains terms 
for the additional distortion of DNA required for passing of 
a polar side chain between base pairs, as well as possible terms 
for side-chain distortion and desolvation. Even with these 
terms, association and dissociation rate constants for the 
threading intercalators of this work are significantly larger 
than for the threading antibiotic nogalamycin (Fox & Waring, 
1984; Fox et al., 1985). The groups of the nogalamycin that 
must thread between base pairs for intercalation are more 
rigid than the side chains of 1-8 and must require additional 
distortion of DNA in the binding mechanism. It is possible 
that synthetic threading intercalators with such slow DNA 
binding kinetics could inhibit DNA-associated enzymes and, 
thus, exhibit new types of pharmacological activities. We are 
continuing molecular modeling and design studies of threading 
intercalators with the goal of preparing new DNA-interactive 
compounds and potential drugs. 
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Five figures showing Arrhenius plot [In kd(app) versus 1 / r ]  
for SDS-driven dissociation of 2,3, and 4 from the complexes 
formed with calf thymus DNA (Figure 4S), plots of k,(app) 
as function of calf thymus DNA concentration (in base pairs) 
for the association reactions of 2-8 and propidium (Figure 
8S), observed pseudo-first-order association rate constants 
plotted as a function of calf thymus DNA concentration (in 
base pairs) for 2 and 3 in different Na+concentrations (Figure 
99, plots of log k,(app) versus -log [Na+] for association of 
2,3, and propidium with calf thymus DNA (Figure lOS), and 
plots of k,(app) as a function of polymer concentration in 
base pairs for association reactions of 3,5, and 8 with poly- 
[d(A-T)]2 and poly[d(G-C)]~ (Figure 12s) (5 pages). Or- 
dering information is given on any current masthead page. 
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