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Abstract: Four highly charged, water soluble platinum-acridine
bisintercalating agents have been synthesized. Depending on the cis/
trans isomerism of the metal and the nature of the acridine side chains,
bisintercalation induces/stabilizes the classical Watson-Crick B-form
or a non-B-form. Circular dichroism spectra and chemical footprinting
experiments suggest that 4, the most active derivative in HL-60 cells,
produces a structurally severely perturbed DNA with features of a
Hoogsteen base-paired biopolymer.

The design of genome-directed agents that target specific
DNA structures and DNA-enzyme complexes has become a
dominating strategy in anticancer drug development.1 Since the
discovery of echinomycin, a cytotoxic cyclic peptide quinoxaline
natural product,2 DNA bisintercalators have attracted consider-
able attention in the biomedical community. The unique DNA
binding properties of these agents (high affinity, slow dissocia-
tion, efficient duplex unwinding, enhanced sequence specificity
compared to analogous monointercalators) and their ability to
interfere with DNA-processing enzymes, such as polymerases
and topoisomerases, have inspired the development of several
classes of synthetic bisintercalators.3 Some promising recent
developments include bifunctional acridines4,5 and anthracy-
clines,6 as well as mixed-chromophore agents.7 In pursuing our
interest in metal-containing pharmacophores that produce cancer
cell kill via mechanisms other than DNA cross-linking, we have
developed platinum–intercalator hybrid agents.8 Recently, we
reported on a new class of cytotoxic platinum–bis(acridin-9-
ylthiourea) complexes that bind to DNA reversibly through
bisintercalation with the metal residing in the minor groove.9

Unlike classical platinum-containing drugs, which form coor-
dinative bonds with nucleobase nitrogen, these compounds bind
to DNA in a noncovalent fashion. This is a consequence of the
lack of a suitable leaving group on the divalent metal center
linking the two acridine chromophores.

To improve the biological activity of the prototypical agent,9

PT-BIS(ACRAMTUa) (1, Chart 1), we have begun to make
systematic changes to both the metal and intercalating moieties.
Specifically, we studied the consequences of changes in the
metal linker geometry and the effects caused by DNA threading
acridines10 containing charged substituents on C4 of the planar
chromophores (Chart 1). In 2, the acridines were modified with
N-(2-(dimethylamino)ethyl)carboxamide groups,10 while the cis-
Pt(en) (en ) ethane-1,2-diamine) linking group of the prototype,
1, was retained. Conversely, complex 3 contains a trans-
Pt(NH3)2 linker and unmodified ACRAMTU, and derivative 4
incorporates both the trans-bridging unit and carboxamide-
modified acridine.

All of the compounds were generated in their fully protonated
4+ and 6+ states, respectively. In physiological buffers, where
the 9-aminoacridine and dimethylamino moieties can be ex-
pected to exist in their (at least partially) protonated forms, 1-4
prove to be highly soluble. In a colorimetric cell proliferation
assay, an increase in activity of approximately 50-fold was noted
for the doubly modified complex 4 compared to the prototype
(Table 1). On the other hand, each modification alone resulted
in a less pronounced cytotoxic enhancement, based on the
inhibitory concentrations (IC50) determined for complexes 2 and
3 (Table 1). It is also noteworthy that in each pair of geometric
isomers (1/2 and 3/4) the highly charged derivative containing
the 4-substituents showed significantly better activity. These
structure-activity relationships prompted us to revisit the DNA
interactions of 1-4.

While all complexes show similar overall DNA affinity and
no, or only marginal, preference for specific sequences or base
content (Supporting Information), distinct differences exist in
the structural perturbations induced by them in double-stranded
DNA. We used circular dichroism (CD) spectropolarimetry to
monitor the conformational changes in poly(dG-dC)2 upon
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Chart 1. Structures of Bisintercalators 1-4

Table 1. Cytotoxicity of 1-4 in Human Leukemiaa

compd geometry/formal charge IC50 ( SD,b µM

1 cis/4+ 28.18 ( 4.93
2 cis/6+ 3.21 ( 0.46
3 trans/4+ 4.06 ( 0.86
4 trans/6+ 0.65 ( 0.12

a Determined in HL-60 cells using cell proliferation assays. b IC50 values
((standard deviations) are concentrations of drug required to kill 50% of
the cells. Experiments were performed in triplicate.
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titration of aliquots of each of the conjugates 1-4 into a buffered
solution of the alternating sequence (Figure 1A). Complex 1
produces a CD spectrum typical of B-form DNA with positive
and negative Cotton effects at 271 and 249 nm, respectively,
in accordance with previous biophysical studies of this com-
pound.9 In contrast, complex 4 turns the DNA into a non-B-
type form. The CD is characterized by a pronounced hypochro-
mic effect and bathochromic shifts of the positive and negative
CD bands to 291 and 256 nm, respectively. A similar trend is
observed in random-sequence DNA titrated with 4 (Supporting
Information). Characteristically, 2 and 3 produce CD spectra
that fall between these two extremes, indicating that only the
cooperative action of the trans-platinum moiety and acridine
side chains (R) in 4 is able to effect the conformational switch.

Variable-pH CD spectra recorded of drug-modified poly(dG-
dC)2 show that the structure induced by 4 is virtually unchanged
between pH 7.5 and pH 3 (Supporting Information). Above
physiological pH, however, a transition is observed from the
non-B-form back to a B-form helix. The presence of isodichroic
points at 246 and 277 nm is consistent with a proton-dependent
transition between two distinct DNA conformations (Figure 1B).

One of the driving forces in the polymorphism of guanine-
rich DNA is the high propensity of the purine base to undergo
an anti f syn conformational switch at the glycosidic linkage.
While the conformation found in Watson-Crick B-DNA is
predominantly anti, other secondary structures are known to
accommodate syn-G bases, including left-handed Z-form DNA
and G-quadruplex structures.11 A syn conformation is also found
in the right-handed non-B-form structure adopted by alternating
GC sequences under acidic conditions.12,13 The anti f syn
transition in this case is favored by protonation of cytosine-
N3, which results in syn-GC+ Hoogsteen base pairing.13

Characteristically, the CD spectra13 of this form of DNA show
the same features as those observed for DNA modified with 4.
It is also noteworthy to mention that red-shifted UV and CD
bands in the 290-300 nm region are one of the spectroscopic
signatures of DNA structures containing G bases in the syn
conformation.14 On the basis of these observations, we hypoth-
esize that 4 causes disruption of the classical internucleobase
H-bonding pattern to induce a form of DNA containing
Hoogsteen base pairs.

To test if in fact Hoogsteen H-bonding might be involved in
the conformational switch produced by 4, we introduced into a
short model oligodeoxyribonucleotide the chemically modified
nucleobase 7-deazaguanine (G′), which disrupts this type of base
pairing.15 The conformational changes produced by 4 were
studied in the 13-mer duplexes d(CG′)6C and d(CG)6C. The

CD spectra recorded of the drug-modified deaza sequence indeed
confirm that 4 is unable to induce the non-B-form conformation
but instead drives the equilibrium toward the classical
Watson-Crick B-form (Figure 2A). In contrast, the complex
efficiently generates the non-B-form structure in the analogous
chemically unaltered sequence (Figure 2B). These results
suggest that H-bonding involving the Hoogsteen face of guanine
is a prerequisite for the observed conformational switch.

We also used chemical footprinting to shed light on the DNA
binding of 4. The alkylating agent dimethyl sulfate (DMS) is
used routinely to detect Hoogsteen H-bonded guanine in DNA
triplex and quadruplex secondary structures.16,17 (Involvement
of guanine-N7, the major target site of DMS alkylation, in
Hoogsteen H-bonding protects the DNA from Maxam-Gilbert
cleavage chemistry.) We have designed a 24-mer double-
stranded DNA fragment, which contains several alternating
purine/pyrimidine steps, the proposed target sequence of 4. In
this experiment, the sequence, whose top strand was 5′ end-
labeled with 32P, was titrated with varying concentrations of
agent 4, treated with DMS, and subjected to piperidine cleavage.
The resulting fragments were analyzed on a denaturing poly-
acrylamide gel (Figure 3). Alkylation of guanine-N7 appears
to be inhibited most efficiently at several TG steps, followed
by CG, based on relative integrated band intensities. On the
other hand, one guanine base, G8, becomes hyperreactive with
DMS in the presence of 4, while some G bases are virtually
unaffected by drug binding.

Previous attempts to determine the binding sites of reversible
DNA threading intercalators using Maxam-Gilbert DMS
chemistry have proven unsuccessful because of the inability of
the small footprinting agent to sense the presence of the DNA
binder. Contrary to the expectation of steric protection of
guanine-N7 from DMS in these cases, the conformational
changes induced by the agents, most prominently unwinding,
led to an increase in DMS cleavage activity.18–20 These
observations and the fact that 4 efficiently protects several G
bases and causes opposite effects at the G7G8 step (Vv; see Figure
3) support the notion that DMS, in our experiment, indeed senses
altered DNA structure rather than steric hindrance caused by
the bisintercalators. Contributions to the cleavage inhibition from
the latter mechanism, however, cannot be completely ruled out.
The DMS cleavage pattern produced by 4 in the sequence
TGTGG (residues 4-8), for instance, would be in agreement
with a drug-induced change in DNA structure that protects
guanine-N7 at TG steps but renders flanking G8 more suscep-
tible to electrophilic attack. On the basis of the preliminary
footprinting results, a plausible binding mode would involve
nearest-neighbor excluded bisintercalation in which the acridine

Figure 1. (A) CD spectra at 25 °C and pH 7.5 of poly(dG-dC)2

modified with 1-4 at a drug-to-nucleotide ratio of 0.3. (B) Variable-
pH CD spectra for poly(dG-dC)2 modified with 4 recorded at 25 °C.

Figure 2. CD spectra at 25 °C and pH 7.5 recorded for d(CG′)6C (A)
and d(CG)6C (B) modified with 4 at a drug-to-nucleotide ratio of 0.3.
The insets illustrate the disruption (A) and formation (B) of Hoogsteen
H-bonding. Arrows indicate CD band shifts resulting after titrating the
unmodified sequences (black traces) with complex 4 (red traces).
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chromophores bracket 5′-TG or 5′-CG steps. Molecular model-
ing results based on previous NMR solution structural studies
of 1 in complex with a model oligodeoxyribonucleotide9 suggest
that this binding mode is geometrically feasible for 4 (Supporting
Information). Unfortunately, attempts to extract structural
information for complex 4 from 2D NMR experiments have
been unsuccessful thus far because of severe line broadening
caused by dynamic exchange phenomena on the NMR time
scale in these model systems.

The present study suggests that it is possible to tune an
intercalating agent to trigger the transition from Watson-Crick
base pairs to thermodynamically less favorable Hoogsteen base
pairs. Drug-induced Hoogsteen base pairs, syn-AT and syn-GC+,
have been reported previously for echinomycin and triostin A,
which also bind to DNA through bisintercalation.21,22 The
stability and persistence in solution of this structural perturbation
under physiological conditions and its biological relevance have
been debated for many years.2,23–25 Our data suggest that
dramatic DNA conformational changes, such as those observed
for 4, may in fact contribute to the cytotoxic enhancement in
this type of bisintercalator. Generation of a nonprossessible form
of base pairing in genomic DNA can be expected to affect
cellular viability. On the other hand, the targeting of transient
DNA structures containing Hoogsteen base pairs and trapping

of processes at the genome level associated with it may provide
a novel mechanism of gene regulation and DNA-directed
chemotherapeutic intervention. Several cases have been reported
of Hoogsteen base pairing in (transient) DNA structures at the
genome level. These include DNA in complex with TATA-
binding protein26 and DNA polymerase ι,27 as well as DNA
repeats in actively transcribed underwound regions of the
genome,28 suggesting a potential role of syn-GC+ base pairs in
gene expression and transcriptional control. While acidic
conditions favor the formation of syn-GC+ base pairs (the pKa

of free cytosine is <512), evidence from crystal structural and
solution studies exists for the persistence of this form of
hydrogen bonding at and aboVe neutral pH.29–31 This shift in
pKa has been attributed to long-range electrostatic and hydro-
phobic effects in DNA secondary structures and DNA-ligand
complexes.27,29 The pH dependence of the conformational
switch produced by 4 (Figure 2B) is in agreement with these
observations.

In conclusion, the preliminary biophysical and footprinting
data presented in this Letter support a mechanism of bisinter-
calation that turns Watson-Crick base pairs into Hoogsteen base
pairs. A relationship may exist between the cytotoxicity of the
drugs and the severity of the DNA structural impact produced
by them. To fully exploit the therapeutic potential of this type
of bisintercalator, high-resolution structural studies (NMR, X-ray
crystallography) are needed to establish the structural basis of
the conformational switch produced by complex 4. These studies
are underway. Finally, the current study suggests that factors
other than thermodynamic and kinetic DNA binding parameters
may contribute to, or dominate, the biological activity of
bisintercalators. In particular, the physiological and therapeutic
implications of drug-induced non-Watson-Crick DNA should
be revisited.
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