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Binding mode and affinity studies of DNA-binding agents using
topoisomerase I DNA unwinding assay
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Abstract—A topoisomerase I DNA unwinding assay has been used to determine the relative DNA-binding affinities of a model pair
of homologous naphthalene diimides. Binding affinity data were corroborated using calorimetric (ITC) and spectrophotometric
(titration and Tm) studies, with substituent size playing a significant role in binding. The assay was also used to investigate the mode
of binding adopted by several known DNA-binding agents, including SYBR Green and PicoGreen. Some of the compounds exhib-
ited unexpected binding modes.
� 2006 Elsevier Ltd. All rights reserved.
Figure 1. Homologous pair of naphthalene diimides studied. A

quaternary amino group is incorporated into each side chain to

provide electrostatic interaction with the negatively charged DNA

backbone.
The interaction of small molecules with DNA continues
to be a prolific area of study, in part because a number
of therapeutically important compounds bind reversibly
to nucleic acids.1–6 Determination of the binding ther-
modynamics, relative binding affinity, as well as the ex-
act mode of binding has often been instructive in
deciphering the molecular interactions involved.4,7

Assessment of the relative contributions to binding from
substituent groups has also been important. Contribu-
tions from substituent groups can be reliably assessed
by comparing binding of homologous compounds. It
has been suggested that some DNA-binding drugs, espe-
cially in the minor groove class, exhibit multiple binding
modes while binding in a sequence specific manner.8–11

In fact, some researchers have proposed that the anti-
cancer efficacy of these drugs may be linked to their abil-
ity to exhibit mixed binding modes.12,13 The existence of
additional binding modes for minor groove binders has
however been difficult to grasp given the widely accepted
view that the crescent-shaped structure typical of these
compounds is isohelical with the DNA minor groove.

In the present work, we have used a topoisomerase I
DNA unwinding assay (Topo I assay)14 to investigate
the relative DNA-binding affinities of a model homolo-
gous pair of naphthalene diimides (NDI) (Fig. 1), as well
as the binding mode adopted by several DNA-binding
agents with known therapeutic activities [netropsin,
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distamycin A, berenil, Hoechst 33258, and 4 0,6-diamidi-
no-2-phenylindole (DAPI)] and which are generally
regarded as typical minor groove binders. Additionally,
we report a preliminary investigation of the binding
mode adopted by SYBR Green I and PicoGreen, two
fluorescent cyanine dyes widely used in double-stranded
DNA detection and quantification. We have employed a
combination of isothermal titration calorimetry (ITC),15

spectrophotometric titrations,16 and UV-thermal melt-
ing17 studies in order to corroborate our binding affinity
data.

The Topo I assay exploits the ability of Topo I to relax
supercoiled DNA. Briefly, intercalators will cause re-su-
percoiling of plasmid DNA after initial relaxation by
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Figure 3. Calorimetric data (raw) for the titration of NDI-1 (75 lM)

into calf thymus DNA (9.5 lM) at 25 �C (top). Binding isotherm (heat

change vs drug/DNA molar ratio) was obtained from the integration

of raw data and fitted to a ‘one-site’ binding model (bottom).
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Topo I and subsequent removal of the compound and
enzyme.18,19 Re-supercoiling is due to the change in
DNA linking number that accompanies relaxation by
the enzyme.18 Conversely, minor groove binders should
not induce re-supercoiling due to negligible DNA
unwinding on binding. To assess the usefulness of the
Topo I assay in determining relative DNA-binding affin-
ity, we have studied a pair of homologous NDI interca-
lators. The NDI compounds were synthesized as
previously described.20 These symmetrical molecules
have two substituents (trimethyl- or dibutylmethyl-pro-
pylamino) on either side of the intercalating moiety
and differ in substituent size and hydrophobicity. The
threading molecular geometry also requires that the side
chains are involved in binding.11 As expected, we have
observed re-supercoiling of our plasmid DNA by the
NDI compounds consistent with an intercalative bind-
ing mode (Fig. 2). It should be noted that complete re-
supercoiling (compared to the control lane with only
DNA) by NDI-1 occurred at lower drug concentrations
(3 lM) than NDI-2 (5 lM) suggesting a higher binding
affinity for NDI-1. Initial DNA unwinding will be
dependent only on the extent to which binding occurs,
and not on intercalator structure because the intercalat-
ing moiety in both molecules is the same. Therefore, the
minimum concentration (or drug/DNAbp ratio) of each
compound required to cause complete re-supercoiling of
the DNA will be indicative of how much compound was
initially bound and thus indicated the relative binding
affinity.

The higher binding affinity of NDI-1 was also consistent
with results we obtained using ITC (Fig. 3), spectropho-
tometric titration, and thermal melting (Table 1). These
approaches all yielded binding affinity data (K or DTm)
that showed NDI-1 having a greater DNA-binding affin-
ity than NDI-2, thus supporting the utility of the Topo I
assay in determining the relative binding of homologous
intercalators. The stronger binding exhibited by NDI-1
can only be due to contributions from either molecular
size and/or hydrophobicity given that the two com-
pounds differ only in these features. We have measured
experimental octanol/water partition coefficients
(log P)21 for the two compounds and have found that
NDI-2 (log P = �0.9) is over 40 times more hydrophobic
than NDI-1 (log P = �2.5). Hydrophobicity has been
known to be a major determinant of DNA binding, with
binding affinity generally increasing with the addition of
hydrophobic groups.2,4 However, given that NDI-2 is
significantly more hydrophobic, but still shows less
Figure 2. Topo I assay of NDI-1 (left) and NDI-2 (right) using 5 U of

Topo I. Lanes 1 and 9 contain only DNA (neither compound nor

Topo I) and serve as controls. Lanes 2 and 10 contain DNA and Topo

I, but no compound. Lanes 3–8 and 11–16 contain DNA, Topo I and

increasing concentrations of compound (1, 2, 3, 5, 6, and 7 lM).
binding to DNA than NDI-1, argues for molecular size
playing a greater role during binding in our system. We
have previously reported a similar DNA binding trend
as a function of molecular size using a homologous ser-
ies of anthraquinones.22

Of the other compounds studied using the Topo I assay,
only berenil, distamycin A, and DAPI exhibited the
expected result for minor groove binders (Fig. 4), that
is, no re-supercoiling even at drug/DNAbp ratios (r-val-
ues) as high as 2. However, netropsin, regarded as a clas-
sical minor groove binder, and Hoechst 33258 (H33258),
another compound viewed as a typical minor groove
binder, caused varying extents of re-supercoiling. In
the case of netropsin, re-supercoiling was not as pro-
nounced as that observed for the known intercalator,
ethidium bromide (EtBr), which was included for com-
parison. In fact, only a few partially re-supercoiled
topoisomers were observed even at high r-values, and
complete re-supercoiling was never attained. The extent
of re-supercoiling was unchanged after r = 0.27 and is
consistent with viscometric results obtained by Breslauer
and coworkers who observed a slight increase in DNA
solution viscosity with no further increase after
r = 0.34.13 Although this result seems to imply an inter-
calator-like binding mode, according to these research-
ers, it may be due to non-specific exterior binding by
netropsin resulting in increased stiffness and thus chang-
es in the hydrodynamic mobility of the DNA. Other
groups have also reported that netropsin is capable of
introducing supercoils into plasmid DNA via non-inter-



Table 1. Binding affinity data for NDI-1 and NDI-2

Compound log Pa DTm
b (�C) K (ITC)c (105 M�1) K (Spec. tit.)d (105 M�1) Topo I assaye (lM)

NDI-1 �2.5 7.6 12.2 ± 1.6 5.0 ± 0.6 3

NDI-2 �0.9 4.6 5.7 ±1.7 1.0 ± 0.1 5

a Experimental n-octanol/water partition coefficient.
b Na2HPO4 buffer (20 mM), pH 7.0.
c MES00 buffer, pH 6.25.
d Spectrophotometric titration, BPES buffer, pH 7.0.
e Minimum concentration of compound required for complete re-supercoiling.

Figure 4. Topo I assay of EtBr, berenil (Bn), H33258, distamycin A (Dst), SYBR Green 1 (SG), DAPI, PicoGreen (PG), and netropsin (Nt) using

5 U of Topo I. In each case, the first lane (from left) contains only DNA and serves as a control, while the second lane contains DNA and Topo I, but

no compound. Remaining lanes contain DNA, Topo I, and increasing concentrations of compound (0–20 lM).
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calative binding.23 H33258, on the other hand, exhibited
features that were not unlike those of the classical inter-
calator, EtBr. Much like EtBr, H33258 caused complete
re-supercoiling of the DNA albeit at higher r-value
(r = 0.38, as opposed to r = 0.11 for EtBr). The higher
r-value for H33258 required for re-supercoiling may
indicate an initial groove binding mode at low drug/
DNA ratios, followed by intercalation as drug concen-
tration increases. This bimodal characteristic was also
implied by our spectrophotometric titration results
which revealed two non-equivalent binding constants
(K); an initial high affinity K (1.8 ± 0.4 · 107 M�1), fol-
lowed by a lower affinity K (6.7 ± 0.7 · 104 M�1). Since
groove binding is often associated with greater binding
affinity than intercalation,4,11 the order of binding con-
stant is consistent with groove binding followed by
intercalation. This result for H33258 is in accordance
with published work,24 however, it is interesting to note
that, like H33258, DAPI and berenil have also been
reported to exhibit both minor groove and intercalative
binding at AT- and GC-rich sequences, respectively.9,13

These studies have found evidence for intercalation of
DAPI and berenil at drug/DNAbp ratios between �0.2
and 0.4, well within the range of r-values (60.8) studied
in our experiments. However, we have not observed
intercalation of either compound. We believe this is
due to two main factors. First, many of the studies in
which evidence for intercalation of DAPI or berenil
was observed involved using short specific DNA
sequences such as poly[d(GC)2]. However, in our stud-
ies, we used a 2686 base pair long heterogeneous plas-
mid, pUC19. Heterogeneity in potential binding sites
will presumably present the drug molecules with addi-
tional binding site options. It is therefore expected that
it would be more difficult for the drug molecule to ‘find’
the requisite GC-rich sequence in our system given the
higher level of sequence diversity. Wilson and coworkers
have reported a viscometric study using a natural plas-
mid DNA, and showed that DAPI caused only a slight
increase in solution viscosity (�16%) as compared to
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ethidium, a classical DNA intercalator, which caused a
�100% increase in viscosity.9 This suggests that DAPI
does not cause significant DNA unwinding in plasmid
DNA, probably due to only partial intercalation of the
amidinophenyl moiety,11 and is consistent with the lack
of re-supercoiling observed in our Topo I assays. Inter-
estingly, berenil is also expected to only partially interca-
late since it also contains amidinophenyl groups.
Second, the ability of berenil to cause viscosity increases
in DNA was reported to be extraordinarily sensitive to
salt concentration.13 In fact, the viscosity studies re-
vealed that berenil exhibit noticeable intercalation only
at very low salt concentration (2 mM Na+), which is sig-
nificantly lower than the salt concentration (150 mM
Na+) used in our Topo I assays. The high salt dependen-
cy of the binding mode adopted by berenil was also ob-
served by Barcelo and coworkers in their ITC and
circular dichroism studies.8 We therefore propose that
under the conditions of our Topo I assay, only ‘mixed-
mode’ drug molecules with sufficiently strong intercala-
tive binding abilities, such as H33258, will lead to DNA
re-supercoiling. It is also worth noting that some of the
compounds studied herein (particularly distamycin A
and H33258) have been linked to Topo I inhibition,25–

27 however, given that our plasmid was first relaxed by
excess Topo I before any compound was added, the
presence of re-supercoiling can only be due to binding
of the compound and not as a result of enzyme
inhibition.28

SYBR Green I (SG) and PicoGreen (PG) are two highly
sensitive fluorescent dyes routinely used in a variety of
double-stranded DNA assays and real-time PCR proto-
cols.29–31 To date, information on the exact binding
mode adopted by SG and PG have been scarce. Such
information could have implications with regard to drug
design and molecular biological applications given the
highly sensitive diagnostic and bioanalytical applicabili-
ty of these compounds. Vitzthum and coworkers have
recently proposed structures and approximate extinction
coefficients for both PG and SG.32 These researchers
have proposed a biphasic DNA-binding mode for SG,
with an initial intercalative mode followed by groove
binding at high drug/DNA ratios. This biphasic feature
is presumably also implied for PG given the distinct
structural similarities reported. Our Topo I assay clearly
shows that PG binds via intercalation since the com-
pound (a 500 times diluted stock solution) caused re-su-
percoiling of the plasmid DNA that was similar to the
standard intercalator (EtBr) (Fig. 4). Although the Topo
I assay for SG also suggests intercalation, re-supercoil-
ing was not as pronounced as that shown by PG and oc-
curred at higher (�5 times) drug concentrations. This
may imply a difference in the intercalative abilities of
the two compounds. Since the exact stock concentra-
tions of PG and SG have not been disclosed by the man-
ufacturer, we will not attempt to report the drug/DNA
ratio that elicited re-supercoiling. Of note, we observed
that SG induced a gel mobility shift at high drug
amounts (a 60 times diluted stock solution) and may
indicate a change in the nature of the interactions. If
the structures of SG and PG proposed by Vitzthum
and coworkers are correct, it could be envisaged that
the fused bicyclic rings could potentially slide between
adjacent DNA base pairs to form an intercalation com-
plex, although not completely filling the intercalation
site.11 This may be the case for H33258, which also con-
tains bicyclic ring systems and has been shown to inter-
calate even though it possesses several features typical of
minor groove binders.

In summary, we have shown the usefulness of the Topo I
assay in determining the relative DNA-binding affinities
of homologous intercalators. Our data support the
importance of substituent size during DNA binding
and it may be of interest to determine whether this is a
common trend amongst other similar series. The Topo
I assay was also used to provide evidence for the
involvement of an intercalative binding mode for PG
and possibly SG. To our knowledge, this is the first re-
port that has utilized a Topo I assay approach to inves-
tigate the mode of binding adopted by SG and PG.
H33258 and the NDI derivatives were also shown to
bind via intercalation with the remaining compounds
binding primarily via the DNA minor groove.
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