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Abstract—The DNA binding characteristics of a series of homologous 2,6-disubstituted anthraquinone threading intercalators
bearing one to four ethylene glycol units in their side chains have been studied. Binding constants were measured via surface plas-
mon resonance (SPR). These compounds bind to an AT-rich hairpin with slightly higher affinity than to a GC-rich hairpin. The
binding constants decrease as the length of the side chain increases.
# 2003 Elsevier Ltd. All rights reserved.
The factors that control small molecule intercalation in
DNA continue to be the focus of study.1�9 Overall, the
hydrophobicity of the molecule and net charge are
usually the most significant. Additional factors specific
to the side chains include their steric bulk, isohelicity of
the side chains with the minor groove, and phasing of
the ligand subunits with the edges of the base pairs.10�12

Loss of rotational and translational degrees of freedom
upon binding have also been considered, though con-
tributions from these have generally been difficult to
assess.2 One approach to analyzing the contributions of
the factors controlling binding is to compare binding
of a series of homologous compounds.

In the present study, we report the synthesis and DNA
binding characteristics of a homologous series of 2,6-
disubstituted anthraquinones with increasing side chain
size (Fig. 1). These symmetrical molecules are threading
intercalators, that is with one chain each in the major
and minor groove.1,3 The side chains were designed such
that the cationic charge (protonated secondary amine)
would have a constant position in the series. The side
chains were based on the polyethylene glycol repeating
unit. This allows a significant increase in the length of
the side chain with a relatively small change in the
hydrophobicity of the molecule.

The anthraquinones were synthesized by condensing an
excess of the appropriate amine with 2,6-bis(3-bromo-
propionamido)anthracene-9,10-dione, synthesized in
turn from 2,6-diaminoanthracenedione and bromopro-
pionyl chloride.13�15 The amines were either available
from commercial sources (I and II) or synthesized from
the glycol methyl ether and acrylonitrile, followed by
reduction with hydrogen and a catalyst (III and IV).16

Surface plasmon resonance (SPR) based Biacore tech-
nology17 was used to measure the binding of com-
pounds I–IV to AT- and GC-rich DNA hairpins (Fig.
2).18 The instrument response (RU) was plotted as a
function of time to generate sensograms. Data from the
sensograms were cast into binding plots of response as a
function of the concentration of free drug (Cfree) (Fig.
2). In each case, the observed response (RUobs) was
greater than the maximum predicted response
(RUmax,pred)

18 indicating that there were multiple bind-
ing sites. Scatchard and Hill analyses revealed that each
compound bound non-cooperatively to each DNA
sequence. Therefore, the data were fit by non-linear
least squares fitting analysis to a multiple equivalent site
equilibrium model (eq 1):19
RUobs=RUmax;pred ¼ nKCfree=ð1þ KCfreeÞ ð1Þ
where n is the number of binding sites and K is the
binding constant. Fits of the data to other binding
models gave much larger errors.

Table 1 shows that the binding affinity for the AT-rich
sequence was 2–3 times greater than for the GC-rich
sequence for all four compounds in the series. Tanious
et al. had previously studied the binding of several
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anthraquinone threading intercalators to poly(dA-dT)
and poly(dG-dC) oligonucleotide sequences.20 They
found binding constants for the poly(dA-dT) sequence
that were on average about 5 times greater than that for
the poly(dG-dC) sequence, consistent with the current
study.

The observed instrument response at high concentra-
tions of added anthraquinone showed that each hairpin
bound more than one molecule. Data fits indicated that
the AT-rich sequence had approximately one more
binding site (n=3.1�0.4) than the GC-rich sequence
(n=2.1�0.5) for all four compounds. Neidle and co-
workers, using optical titration methods and an exten-
ded McGhee–von Hippel model, found that related
anthraquinones occluded 3–4 base pairs when binding
to calf thymus DNA.13 These two methods of measur-
ing binding are consistent with one another, in that the
stem portion of the hairpin (presumably the major
binding site) has 8–9 base pairs.

The binding constant decreases with increasing length
of the side chain for anthraquinones I–IV for both the
AT- and GC-rich sequences. This result was consistent
with DNA thermal melting studies,21 which showed a
decrease in �Tm from compound I–IV (Table 1). Figure
3 shows the binding constants in this study plotted as a
function of the molecular volume of the molecule.22 The
data set can be expanded if we also look at the previous
work of Neidle and co-workers on compounds with the
same central core but different side chains.13 The entire
data set shows a consistent pattern: the binding con-
stant decreases as the molecular volume increases.

It should also be noted that the hydrophobicity of the
molecule decreases as the chain length increases for the
intercalators studied herein. Specifically, the calculated
octanol/water partition coefficient, ClogP, changes by
�0.14 with the addition of each –CH2CH2O– group.23

Figure 3 plots the binding constants as a function of
ClogP for both compounds I–IV of this study and the
five related compounds from the study of Neidle and
co-workers.13 Overall, there is no dependence of the
binding constant on hydrophobicity. Thus, molecular
size is a better predictor of DNA binding than hydro-
phobicity for these anthraquinones, with molecules
bearing larger side chains binding more poorly.

Our data may be compared with two other studies in
which the DNA binding constant was measured as a
function of the length of the side chain within a homo-
logous series. Wakelin et al. studied five homologous 9-
aminoacridinecarboxamides.24 The series was synthe-
sized by incorporating methylene units in the side chain,
thus increasing the hydrophobicity of the molecule with
increasing length of the side chain (ClogP increases by
+0.53 with the addition of each methylene group). For
this series, binding to poly(dA-dT) was independent of
chain length; binding to poly(dG-dC) decreased slightly
(by a factor of 2) over the series as the chain became
longer. Maleev et al. studied the binding of four homo-
logous disubstituted actinocin derivatives to calf thymus
DNA.25 They observed about an order of magnitude
decrease in the binding constant for intercalation as the
number of methylene groups in the side chains were
Figure 1. Homologous series of 2,6-disubstituted anthraquinones with
polyethylene glycol side chains.
Figure 2. AT- and GC-rich DNA hairpins used for study (top). Bind-
ing plot for the binding of compound II to the AT-rich sequence
(bottom).
Table 1. Binding constants for compound I–IV binding to the AT-

and GC-rich DNA sequence
Compd
 Molecular
volume (Å3)
�Tm
a

(�C)

K (AT)

(105 M�1)

K (GC)

(105 M�1)
I
 652
 29.1
 7.6�0.3
 3.1�0.2

II
 774
 26.7
 5.5�0.2
 2.2�0.3

III
 889
 24.0
 2.5�0.3
 1.1�0.4

IV
 1009
 22.2
 1.9�0.1
 0.9�0.1
a�Tm (Tmcomplex�TmDNA) were determined using calf thymus DNA.
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increased from two to five. The observation that the
binding constants decrease as a function of the chain
length for series where the hydrophobicity either
decreases (anthraquinone series herein) or increases (9-
aminoacridinecarboxamide and actinocin series) indi-
cates the importance of chain length in determining the
binding constant. Further analysis of structure-binding
correlations among these series is complicated by dif-
ferences in the distance between the intercalating moiety
and the cationic charge in the side chains; the distance is
constant in the anthraquinone series but increases as the
side-chain length increases in the 9-aminoacridine-
carboxamide and actinocin series.

The effect of side-chain size on DNA binding pre-
sumably results from loss of rotational degrees of free-
dom of the side chains on binding of the ligand to the
DNA. The energetic cost resulting from this should
increase from compound I–IV, resulting in the observed
decrease in the binding constant. The observation that
side-chain length is a better predictor of DNA binding
than hydrophobicity for the anthraquinones, and the
observation of decreased DNA binding with increasing
side-chain length for series that both increase and
decrease in hydrophobicity, indicate the importance of
side-chain length as a determinant of the equilibrium
constant for DNA binding.
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