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ABSTRACT

DNA intercalators represent an important class of compounds
with a high potential as DNA-targeting drugs. In this review it
is demonstrated that annelated quinolizinium derivatives such
as coralyne and derivatives thereof intercalate into DNA and
that this structural motif allows several variations of the
substitution pattern without loss of intercalating properties.
The commonly applied methods for the evaluation of the DNA
association, mainly spectroscopic studies, are pointed out. In
addition, studies on the biological activities of annelated
quinolizinium derivatives, such as topoisomerase poisoning or
cell toxicity, are highlighted.

INTRODUCTION

Polycyclic aromatic molecules are known to intercalate into

double-stranded DNA (1,2). Apart from the theoretical treatment

of such host–guest interactions, the consequences of DNA in-

tercalation by exogeneous molecules have attracted considerable

interest in medicinal chemistry, because such a complex formation

leads to a significant modification of the DNA structure and may

result in a hindered or suppressed function of the nucleic acid in

physiological processes (3–10). Because such an influence on the

biological system is a main requirement for DNA-targeting drugs,

the intercalation of small molecules into DNA may be applied in

therapeutic approaches in which the suppression of DNA rep-

lication and gene transcription is used to destroy tumor cells or

infected tissue. As a result, many studies have been performed to

gain more insight in different aspects of the association process of

large and small molecules with DNA in order to obtain highly

selective and efficient intercalators (11).

Cationic organic dyes are usually regarded as classical

intercalators. Representative examples are acridine derivatives

such as proflavine (1) or acridine orange (12), azine dyes such as

methylene blue (13), phenanthridinium salts such as ethidium

bromide (14) or cyanine dyes such as thiazole orange (aggregates of

which may also bind to the minor groove) (15–17). The association

of these compounds with DNA usually influences their absorption

and emission properties, so that their interaction with DNA may be

evaluated qualitatively and quantitatively by spectrophotometric

and spectrofluorometric titrations (18). These simple and straight-

forward spectroscopic methods are especially advantageous be-

cause organic dyes absorb and emit at wavelengths that do not

interfere with the absorption of the DNA bases (kmax » 260 nm).

Thus, spectrophotometric and spectrofluorometric titrations usually

indicate the association of a dye with DNA. Moreover, the resulting

binding isotherms can be used to estimate the binding constants and

the binding site size, i.e. the number of occupied binding sites.

Moreover, the absorption of circularly or linearly polarized light can

be used in circular dichroism (CD) and linear dichroism (LD)

spectroscopy to gain further knowledge of the orientation of the dye

molecule relative to the DNA and to deduce the binding mode (19).

Steady-state fluorescence polarization measurements as well as

fluorescence energy transfer from the DNA bases to the bound dye

have been used as additional reliable criteria to elucidate the binding

mode (20). In addition to the spectroscopic methods, hydrodynamic

and thermodynamic criteria such as the viscosity, the sedimentation

coefficient, or the DNA melting temperature may be used to

evaluate the binding mode (20).

It is commonly established that a positive charge enhances the

propensity of a molecule to bind to DNA due to attractive ionic

interactions between the cation and the phosphate backbone (21).

In most cationic dyes, this positive charge is established by an

exocyclic ammonium functionality or by an endocyclic pyridinium

moiety. These functionalities are usually quaternized by alkylation

or protonation. In the latter case, however, this leads to a significant

influence of the pH on the DNA-binding properties. In contrast,

cationic dyes with an endocyclic quaternary bridgehead nitrogen

atom are rather rare and few systematic studies exist for this class
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of compounds. In this article we will summarize the studies of

the DNA-binding properties of quinolizinium (Scheme 1) deriv-

atives (22) as representative examples for dyes with a quaternary

bridgehead nitrogen atom, and we will demonstrate that annelated

quinolizinium derivatives may serve as a useful platform for the

design of intercalating dyes.

CORALYNE

The main interest in DNA intercalators with a quinolizinium core

stems from early studies of berberine derivatives such as coralyne

(1a) and related alkaloids, which exhibit antileukemic activity

(23). Although its antitumor activity is not very high, coralyne

represents a promising lead structure along these lines because of

its very low toxicity (24,25). Early work from Zee-Cheng and

Cheng has already established the association of coralyne with

DNA (26), which led to the assumption that the DNA interaction

may be correlated with the biological activity.

A more detailed analysis by Wilson et al. showed that coralyne

intercalates into DNA at low dye–DNA ratios (27,28). With an

increasing dye–DNA ratio, however, coralyne molecules bind also

by p-stacking along the DNA backbone. In a subsequent study, the

binding selectivity of coralyne was studied by spectrophotometric

and spectrofluorometric titrations, viscosimetric studies and CD

spectroscopy with DNA duplexes with different GC-to-AT ratios

(29). These experiments revealed that coralyne binds with a small

but significant preference to GC-rich DNA regions.

In addition, coralyne was shown to bind to parallel triplex DNA;

however, attempts to intercalate coralyne in antiparallel triplex

DNA failed (30). Although it was concluded from early experi-

ments (using thermal denaturation analysis and spectrophotometric

titration) with TA�T- and CG�Cþ-containing DNA triplexes that

coralyne does not exhibit a significant sequence selectivity during

triplex association (31), a later study (with DNase footprinting,

thermal denaturation analysis, spectrometric titrations and CD and

NMR spectroscopy) showed a preferential intercalation of coralyne

into TA�T triplexes (32). According to the latter study, coralyne is

fully intercalated into TA�T triplex DNA whereas in CG�Cþ

triplexes the coralyne molecule is only partially intercalated due to

the electrostatic repulsion between the cationic dye and the

protonated cytosine. Most notably, the high propensity of coralyne

to stabilize triplex DNA is nicely demonstrated by the observation

that duplex poly(dT)-poly(dA) is transformed to a mixture of

poly(dT)-poly(dA)-poly(dT) triplex DNA and single-stranded

poly(dA) in the presence of coralyne at slightly elevated temper-

atures (T . 358C). This disproportionation reaction of double-

stranded DNA has been rationalized in terms of the formation of

a highly stable intercalation complex between coralyne and triplex

DNA (33,34). Recently, it was demonstrated that coralyne may act

as a template for the formation of an antiparallel DNA duplex from

homo-adenine sequences (35).

Although a wealth of data is presently available regarding the

interactions of coralyne with DNA, the interpretation of these data

needs to be performed with care. Unfortunately, coralyne exhibits

a high tendency for aggregation in water, even at low concen-

trations. Therefore, aggregates of coralyne molecules are used in

most experiments rather than separate independent molecules,

which may have a significant influence especially on the optical

properties of the system. Maiti et al. addressed this problem and

showed that aqueous solutions, which contain 30% (v/v) ethanol,

suppress the aggregation of coralyne and may allow spectrometric

titrations with nonaggregated coralyne monomers (29). It was

proposed that these concentrations of ethanol do not disturb the

original DNA structure under these conditions (36).

Presumably, the most important biological feature of coralyne,

which is directly connected to the DNA-intercalating properties,

is its ability to act as a human topoisomerase I poison.

Topoisomerases are essential DNA-targeting enzymes that initially

induce a DNA-strand cleavage, followed by a DNA-strand reor-

ganization and reconnection (37,38). The result of this process is the

relaxation of the DNA structure, which is required e.g. during

transcription or replication processes. In the presence of so-called

topoisomerase poisons, a ternary complex between DNA, an inter-

calator and topoisomerase is formed. This ternary complex is more

stable than the DNA–topoisomerase associate, which may lead to

an enhanced lifetime of the initially cleaved DNA. As a con-

sequence, the religation of the strands cannot take place, i.e. the

strand breaks remain permanent, so that the topoisomerase acts as

an endogenous poison under these circumstances. Therefore, com-

pounds that form such stable ternary complexes with DNA and

topoisomerase exhibit a high potential as DNA-targeting anticancer

drugs. By a different mechanism, topoisomerase inhibitors sup-

press the association of topoisomerase with DNA, and thus the

topoisomerase activity, by the occupation of the corresponding

binding site.

Hecht et al. demonstrated that a number of protoberberine-type

alkaloids, including the antitumor agent coralyne (1a), also inhibit

topoisomerase I function (39). Thus, coralyne and the partially

saturated derivative 5,6-dihydrocoralyne (1b) both stabilize the

complex between topoisomerase I and DNA. At high concentra-

Scheme 1.
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tion, 5,6-dihydrocoralyne is almost as effective at stabilizing the

binary complex as the known topoisomerase-poison camptothecin

(40), an alkaloid that is frequently used as a standard reference to

evaluate the relative topoismerase-poisoning activity. In contrast,

coralyne was more effective than 5,6-dihydrocoralyne at lower

concentrations. In addition, several coralyne derivatives, e.g. 1c–j,
were tested with respect to their ability to induce single-strand

cleavage by the formation of ternary complexes with plasmid DNA

and topoisomerase I. Although the derivatives 1c–j also induce

cleavage in pSP64 plasmid DNA, as monitored by the formation

of the relaxed circular form II, these derivatives are not as efficient

as coralyne or 5,6-dihydrocoralyne. Most notably, the coralyne-

topoisomerase I–induced DNA cleavage is site-selective. Thus,

preferential single-strand scission was observed between particular

nucleotides in definite sequences. The site selectivity resembles

that of camptothecin, however, additional cleavage was observed

between the T and A residues in the sequence 59-TCTCGTAA-39.

In a following study, Pilch et al. confirmed that 8-desmethylcor-

alyne (1c), 5,6-dihydro-8-desmethylcoralyne (1k), and palmatine

(1l) may also act as topoisomerase I poisons, whereas no

topoisomerase II poisoning properties were observed (41).

A comparison of the topoisomerase I-poison efficiency showed that

1k is the most potent compound. The activity of 1c is significantly

lower, whereas palmatine (1l) exhibits only very weak activity as

a topoisomerase I poison. Studies on the binding geometry of the

DNA–protoberberine complex by absorption and LD spectroscopy,

DSC analysis and microcalorimetry revealed a ‘‘mixed-mode’’

DNA binding model for these derivatives, in which one part of the

aromatic system intercalates into the DNA double helix, while the

nonintercalated moiety protrudes into the minor groove of the host

duplex. Thus, the latter is available for associative interactions with

other external molecules, such as the topoisomerase, that bind in

the grooves. These experimental results were confirmed by

theoretical modeling studies. Notably, the proposal of intercalative

binding of palmatine was contradicted by hydrodynamic studies,

which have shown that the viscosity of aqueous DNA solutions

does not significantly change upon palmatine addition (42). More-

over, the fluorescence of DNA-bound palmatine is efficiently

quenched by external additives such as potassium ferrocyanide.

Because both observations indicate minor-groove binding, a corre-

sponding binding mode was proposed for palmatine.

To gain more insight into the correlation between the structure

and activity of coralyne-based topoisomerase I poisons, the in-

fluence of the substitution pattern of coralyne derivatives on their

activity as topoisomerase poisons was studied with derivatives

1m–q and 1a (43). It was observed that those derivatives with

a methylenedioxy functionality, i.e. 1n and 1q, exhibit the same

activity as the known topoisomerase I poison coralyne (1a)

(determined as the relative effective concentration required to

induce the same plasmid–DNA cleavage as camptothecin), whereas

1m and 1p did not exhibit significant activity as topoisomerase I

poisons. It was deduced that the methylenedioxy substitution may

be a common factor associated with this property. Moreover, the

significant influence of the saturation at positions 5 and 6 and the

substituent in position 8 was demonstrated with derivative 1r, which

is, compared to the other derivatives studied, the most efficient

topoisomerase I poison with a similar activity as camptothecin. Most

notably, the derivatives 1n, 1o and 1q also induce topoisomerase II-

mediated DNA cleavage, with 1o being the only derivative with 2,3-

dimethoxy substitution that exhibits no significant activity as

topoisomerase I poison. In addition, the cell toxicity of 1m–q was

investigated. Interestingly, no correlation was observed between

cytotoxicity of the coralyne derivatives and their activity as topo-

isomerase poisons. It was assumed that the cationic charge as well

as the structural rigidity of these derivatives may limit their cellu-

lar absorption and thus reduce their cytotoxic activity.

ANNELATED QUINOLIZINIUM DERIVATIVES

Although it has been shown by the results with coralyne that

annelated quinolizinium derivatives may be a promising lead

structure for DNA-intercalating drugs, the first example of a

quinolizinium derivative without coralyne-like structure was re-

ported in 1984 (44). As was coralyne, sempervirine (2), a naturally

occurring alkaloid, was investigated with respect to its DNA-

binding properties. Spectrophotometric titrations revealed that this

alkaloid binds to DNA; however, these experiments showed also

that sempervirine tends to form p-stacked aggregates on the DNA

backbone, whose absorption distorts the titration spectra. Equilib-

rium-dialysis experiments showed that free sempervirine molecules

are present in solution at polynucleotide-to-dye ratios of up to 4.

Electric dichroism measurements and viscosimetric studies gave

evidence for an intercalative binding model, which takes place

along with the backbone association. Although the extent of DNA

unwinding upon sempervirine addition is rather small as compared

to ‘‘classical’’ intercalators, the authors point out that the backbone

aggregation also needs to be considered. Thus, a correction of the

actual free-dye concentration led to a relative unwinding that is fully

consistent with the formation of an intercalation complex.

The first study of DNA-binding properties of a series of non-

natural quinolizinium derivatives with varying annelation pattern

was reported in 1988 (45). Thus, the interaction of quinolizinium

salts 3–8 with DNA was studied by absorption and emission

spectroscopy. The absorption bands of all derivatives exhibit
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a significant redshift upon DNA addition along with a hypsochro-

mic effect, e.g. the long-wavelength absorption of 5 changes from

415 nm to 425 nm. The fluorescence bands of some derivatives are

also quenched in the presence of DNA but the quenching effici-

ency varies depending on the substitution pattern. The fluorescence

of 5, 7a and 8 is significantly quenched in the presence of DNA,

whereas the emission intensity of 3a, 3b and 4 remained essentially

unchanged upon DNA addition. Unfortunately, quenching rates

were not given and the different emission quenching in the

presence of DNA was not discussed in detail. Additional evidence

for strong DNA association of ions 3a, 4 and 5 was obtained from

viscosimetric studies, because the viscosity of DNA solutions

increases upon addition of these quinolizinium derivatives. The

binding mode of the quinolizinium derivatives 3–8 with DNA was

not determined in this study.

Recently, the interactions of DNA with the benzo-, naphtho-,

and indolo-annelated quinolizinium derivatives 9–12 were investi-

gated in detail (46–53). As already shown for 5, the absorption

bands of quinolizinium derivatives 9–12 are significantly redshift-

ed upon addition of calf thymus DNA (ct DNA) or salmon testes

DNA (st DNA) (Table 1). The same effect was observed upon

addition of synthetic double-stranded polynucleotides (poly[dC–

dG]–poly[dC–dG]) and (poly[dA–dT]–poly[dA–dT]). Figure 1

shows exemplarily the photometric titrations of DNA to quinoli-

zinium derivatives 9b and 9c.

Almost all quinolizinium derivatives 9–12 are fluorescent, and

except for 9b, the fluorescence intensity of the quinolizinium ions

is efficiently quenched upon complex formation with DNA due to

a photoinduced electron-transfer reaction between the excited

quinolizinium derivative and the nucleic bases (54). Figure 2A

shows exemplarily the spectrofluorometric titration of 12 (47). In

contrast, the amino-substituted benzoquinolizinium 9b is only

weakly fluorescent due to a radiationless deactivation of the excited

state by a rotation around the C–NH2 bond. Nevertheless, the

fluorescence intensity increases significantly upon DNA addition

(Fig. 2B) (51). Notably, the fluorescence enhancement is much

more pronounced upon addition of (poly[dA–dT]–poly[dA–dT])

than with (poly[dC–dG]–poly[dC–dG]) or ct DNA. It was

proposed that in (poly[dG-dC]-poly[dG-dC]), two effects with

opposite results take place: a) the emission intensity increases due

to conformational restriction and b) the emission intensity

decreases due to a PET reaction with the guanine bases. Since

the latter effect is not possible in AT-rich regions, a much higher

fluorescence is observed therein.

The data from the spectrophotometric and spectrofluorometric

titrations were used to estimate the corresponding binding

constants according to the model of McGhee and von Hippel

(Table 1).

Figure 1. Spectrophotometric titration of benzoquinolizinium 9b (A) and
9c (B) with ct DNA in phosphate buffer (0.01 M, pH 5 7.0, T 5 258C);
[9b] 5 [9c] 5 10�4 M; titration interval: 0.5 molar equivalents of DNA;
arrows indicate the development of the absorption band upon addition of
DNA. Figure 1A adapted from (51) with kind permission of Royal Society
of Chemistry. Figure 1B adapted from (53).
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Although the binding constants do not show a structure-property

correlation, a trend may be deduced. Thus, simple benzo-annelated

quinolizinium derivatives (9) have binding constants of ca. 104

M�1, whereas the binding constants of naphtho- and indolo-

annelated systems 10 and 12 and the one of the pentacyclic dication

11 are approximately one order of magnitude higher. The latter

observation may be explained by an enhanced interaction between

DNA base pairs and the p system, since it was shown for artificial p-

stacked systems that the extension of the p surface by one benzene

moiety increases the binding energy about 0.4 kcal/mol (55). In

some cases (9a,d), the binding site size, n, is significantly larger

than the one expected for an exclusive intercalative binding. In the

latter case it is expected that n is approximately 4, as one binding

pocket consists of 4 bases. This result already hints that in the case

of 9a and 9d binding modes other than intercalation may contribute

to the overall binding situation. It was shown exemplarily that the

quinolizinium derivatives 9a, 9b, 9e, 10a, 10b and 12 exhibit

a slight binding selectivy for GC-rich DNA as shown by the

comparison of binding constants with (poly[dC–dG]–poly[dC–

dG]) and (poly[dA–dT]–poly[dA–dT]).

The interactions of quinolizinium derivatives 9–12 with DNA

were further evaluated by CD spectroscopy. For example, buffered

aqueous solutions of the benzo-annelated quinolizinium salts 9a,

9e and 12 have no CD activity, but an induced circular dichroism

(ICD) was observed on addition of DNA to these salts (Fig. 3).

Such ICD signals result from a nondegenerate coupling of the dye

chromophore with the DNA-base transitions (56). The CD spectra

of 9a, 9e and 12 in the presence of DNA differ in phase and

intensity; but in each case the ICD bands in the UV–visible

absorption bands of the chromophores in the absence of DNA. As

the DNA bases do not absorb in this region, the ICD bands

originate from the complexed dye. Most quinolizinium salts exhibit

a positive ICD signal between 300 and 450 nm when bound to the

nucleic acid; however, the amino-substituted acridizinium salt

9e gives a weak negative ICD signal in the presence of DNA at

dye-to-DNA ratios smaller than 0.05. Moreover, at a higher dye-to-

DNA ratio (. 0.1) a bisignate signal pattern appears for the long-

wavelength absorption band of 9e. Presumably, under these

conditions the dye forms aggregates along the DNA backbone

(‘‘outside stacking’’) which leads to exciton coupling within these

aggregates. In general, the resulting exciton CD signals have higher

intensities than do the ICD signals of the intercalated molecules

and may overlap with the latter.

The appearance of an ICD signal confirms the dye–DNA

interaction and may provide further information about the position

of a dye in its complex with DNA, because the intensity and the

phase of the ICD signal is dependent on the position and the

orientation of the chromophore relative to the DNA bases. In

general, an intercalator has a weak and negative ICD signal when

its transition moment is polarized along the long axis of the binding

pocket (that is parallel to the bisector of the base pairs). On the

other hand, relatively strong positive ICD bands appear when the

transition moment is polarized perpendicular to the long axis of the

binding pocket. Groove binders give even more intense ICD

signals and usually exhibit a positive band. Although no

experimental or theoretical data exist for the distinct orientation

Table 1. Shift of absorption maximum, Dk, binding constants, K, and
binding-site size, n, from spectrometric titration of quinolizinium
derivatives with DNA in phosphate buffer (10 mM, pH 5 7.0) or in
ETN-buffer (10 mM; pH 5 7.0)

Native DNAa
(poly[dC-dG]�
poly[dC-dG])

(poly[dA-dT]�
poly[dA-dT])

Dkb/
nm

K/
[M�1 3

104]
n/

basese

K/
[M�1 3

104]
n/

basese

K/
[M�1 3

104]
n/

basese

9ac,f 4 1.2 10 5.7 4.0 0.8 9.4
9bc,g 8 2.8 4.5 12 1.8 2.8 3.8
9cc,h 10 11 2.6
9dc,f 20 5.2 6.2
9ec,f 12 6.2 4.0 9.2 4.0 3.4 8.4
9hc,h 13 1.9 3.8
10ad,i 11 19 5.2 56 2.8 13 6.4
10bd,i 12 21 5.2 54 2.6 9.0 6.4
11d,j 12 57 5.6 300 3 0.6 9
12d,k 4 15 3.4 42 3.2 12 7.8

a ct DNA: 9b, 9c, 9h; st DNA: 9a, 9d, 9e, 10a, 10b, 11, 12; bshift rela-
tive to absorption in the absence of DNA; cestimated from spectropho-
tometric titrations; destimated from spectrofluorometric titrations;
ebinding site size given as average number of nucleic bases which are
occupied by one bound molecule; fref. 48; gref. 51; href. 53; iref. 50;
jref. 52, kref. 49.

Figure 2. Spectrofluorometric titration of benzoquinolizinium 12 (A) and
indoloquinolizinium 9b (B) with ct DNA in phosphate buffer (0.01 M,
pH 5 7.0, T 5 258C); [12] 5 [9b] 5 10�5M; titration interval: 0.5 molar
equivalents of DNA; arrows indicate the development of emission band
upon DNA titration. Figure 2A adapted from (47) with kind permission of
Wiley-VCH Publishers. Figure 2B adapted from (51) with kind permission
of Royal Society of Chemistry.
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of the transition dipole moment of quinolizinium derivatives, for

compounds 9e and 12 it may be assumed that due to the donor–

acceptor interplay within the chromophore the transition dipole

moment of the long-wavelength absorption is aligned almost

parallel to the long molecule axis. Considering this assumption the

weak negative ICD band of 9e reveals an alignment of the dye

with the long-molecule axis parallel to the binding pocket, whereas

12 is oriented with the long-molecule axis perpendicular to the

binding pocket. In the latter case this structure of the complex was

confirmed by molecular-modeling data (49).

The binding mode of quinolizinium salts 9–12 was also evalu-

ated by flow LD spectroscopy. Representative results are shown in

Fig. 4. In general, the LD spectra of all ligand–DNA complexes

exhibit negative signals for the DNA-base absorption, i.e. between

230–300 nm. Notably, a large increase of the LD signal intensity

was obtained in the presence of most derivatives, which reflects a

better orientation of the DNA in the flow field because of a pro-

nounced stiffening of the DNA helix upon binding of the quinoli-

zinium ion. The LD signals of all investigated quinolizinium–DNA

complexes are negative in the long-wavelength absorption region

of the annelated quinolizinium chromophore (300–550 nm)

depending on the substitution pattern (57). Such a negative LD

signal is a reliable indicator for the intercalation of the

quinolizinium ions into the DNA; however, with these data

additional minor-groove binding cannot be excluded. The latter is

usually indicated by a weak positive LD signal which is commonly

overlapped by the much stronger signals of intercalated compounds

in a heterogeneous binding situation. In these cases the reduced LD

(LDr 5 LD/A) spectra provides additional information about the

average orientation of the ligand transitions relative to the DNA

bases’ transitions. In general, LDr signals of one absorption band

exhibit a steady signal intensity, except in the regions of overlap

between different polarizations. The latter case is observed once

intercalation and groove binding take place at the same time. Along

these lines the quinolizinium derivatives may be divided into

a group of ‘‘pure’’ intercalators and a group of DNA binders that

intercalate along with a particular degree of minor-groove

association. For example, compound 9e exhibits a constant LDr

band between 350 and 500 nm and may thus be classified as a pure

intercalator. In contrast, the LDr spectrum of 9a shows a significant

variation over the absorption-band intensity, which most likely

results from a heterogeneous binding distribution.

ANNELATED AZAQUINOLIZINIUM
DERIVATIVES

The replacement of a methylene group next to the quaternary

nitrogen atom of quinolizinium derivatives with another nitro-

gen atom gives azaquinolizinium derivatives, which were also

shown to bind to DNA (58–61). Thus, in detailed studies, the

indolo-annelated azaquinolizinium cations 13a–f were shown to

intercalate into DNA with binding constants of K » 105 M�1.

Similarly to quinolizinium derivatives the binding event is

indicated by a significant redshift of the absorption maximum

(Dk 5 10–16 nm) upon DNA addition with a binding site size of n

» 4 (in bases). The comparison of several alkylated derivatives did

not lead to a distinct correlation between substitution pattern and

DNA-binding properties. Additional evidence for an intercalative

binding mode was provided by viscosimetric studies, which reveal

a significant increase of the DNA contour length, and unwinding

studies with plasmid DNA, which show a significant propensity of

13a and 13f to unwind supercoiled circular DNA. Most notably,

significant associative interactions of derivatives with an extended

p system such as 14 and 15 could not be detected. In a following

study naphtho- and benzo-naphtho-annelated azaquinolizinium

salts 16 and 17 were studied with an emphasis on their

topoisomerase I-inhibiting and antiproliferative activity (61). The

interaction of these compounds with DNA was evaluated by

titration to plasmid DNA and monitoring of the resulting dynamic

topological changes by gel electrophoresis. Along with spectro-

photometric titrations these experiments reveal a strong intercala-

Figure 3. CD spectra of quinolizinium derivatives 9a (A), 9e (B), and 12
(C) in the presence of DNA, [DNA] 5 5.7 3 10�3 M in each case;
quinolizinium-to-DNA ratio, A: a 5 0, b 5 0.1; B: a 5 0, b 5 0.05, c 5 0.1;
C: arrow indicates change of ratio, 0, 0.05, 0.1, 0.15, 0.2. Figure 3A and 3B
adapted from (48). Figure 3C adapted from (47) with kind permission of
Wiley-VCH Publishers.
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tion of 16a and 17a–d, whereas the other derivatives exhibit only

a weak, negligible interaction with DNA. It was shown that

azaquinolizinium derivatives 17a, 17b and 17d inhibit to-

poisomerase I activity. The authors state that the mechanism of

topoisomerase inhibition does not involve trapping of the cleavage

complex, i.e. in contrast to coralyne derivatives (vide supra), 17a,

17b and 17d do not act as topoisomerase poisons. In addition, it

was shown that all derivatives exhibit to a varying extent an

antiproliferative activity against selected tumor cell lines. A

remarkable result of these studies is the observation that

azaquinolizinium derivatives such as 16c, which do not intercalate

into DNA, have the same activity as intercalating derivatives, e.g.
16a. Thus, the intuitive proposal that strong intercalators should

have the highest biological activity seems to be too simplified.

In another recent study, the interaction of acenaphtho- and

phenanthreno-annelated azaquinoliziniumderivatives 18 and 19
with DNA was investigated by spectrometric titrations, viscosim-

etry and equilibrium dialysis studies (60). In representative experi-

ments, the association with DNA was detected by a hypsochromic

effect and a redshift of the UV band (Dk » 10 nm) upon addition of

the nucleic acid. Nevertheless, isosbestic points were not observed,

which indicates the formation of at least two different dye–DNA

complex structures, presumably with different binding modes. The

fluorescence of the azaquinolizinium derivatives 18 and 19 is

quenched in the presence of DNA; however, a shift of emission

wavelength was not observed. As in the case of benzo- and

naphtho-annelated quinolizinium derivatives, the quenching is

most likely due to an electron transfer reaction between the nucleic

Figure 4. LD(A), and LDr (B) spectra of mixtures of st DNA and quinolizinium derivatives 9a (A), 9e (B), 10a (C), and 11 (D); 9e, 10a, 11:
[quinolizinium]/[DNA] 5 0 (a), 0.04 (b), and 0.08 (c); 9a: [quinolizinium]/[DNA] 5 0.02 (a), 0.04 (b); all experiments in ETN buffer, 10 mM, pH 5 7.0.
Figure 4A and 4B adapted from (48). Figure 4C adapted from (50) with kind permission of Royal Society of Chemistry. Figure 4D adapted from (52) with
kind permission of ARKAT USA Inc.
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bases and the excited quinolizinium. Additional viscosimetric

titrations reveal that the viscosity of aqueous DNA solutions

increases upon addition of 18 or 19, which indicates an inter-

calative binding mode.

SUMMARY AND OUTLOOK

Considering the increasing contribution of cancer to the overall

mortality rate, the design and application of novel drugs with

efficient and selective antitumor activity is an urgent task in

medicinal chemistry. It may be argued that any monodirectional

approach in cancer therapy is unlikely to provide efficient

treatment, i.e. synergistic effects between several different

approaches may be required. Nevertheless, the DNA-binding

properties of a drug may play a key role in its application in

antitumor chemotherapy, so the understanding of DNA association

and the design of DNA-binding drugs are significant contributions

to cancer therapy. We hope that we were able to show that in this

context annelated quinolizinium ions represent a useful and

versatile platform for the design of DNA intercalators and are

a promising lead structure of DNA-targeting drugs. Studies of the

biological properties of coralyne and its derivatives have already

shown that these compounds exhibit a high potential to interfere

efficiently with tumor-cell proliferation and presumably further

research along these lines may lead to the successful application of

such compounds in chemotherapy. Nevertheless, for this purpose

major drawbacks need to be solved first. Thus the tendency of

coralyne and its derivatives to form aggregates needs to be

suppressed, because such aggregation may hinder the delivery of

the drug to the target. In addition, a method for the penetration of

these rather hydrophilic compounds through the lipophilic cell

membrane needs to be provided, because even the best intercalat-

ing drug does not exhibit increased cell toxicity without

appropriate absorption into the cell. These two examples already

demonstrate the need for structural variation of quinolizinium

derivatives in order to obtain desired functionality. Nevertheless, it

should be emphasized that annelated quinolizinium derivatives are

readily available and their substitution patterns may be easily

varied by routine operations of organic chemistry. Thus, it should

be worthwhile to explore further the potential of these intercalating

molecules and integrate them into new concepts and designs for

tumor-targeting drugs, e.g. as functional part in bis-intercalators in

compounds that bind to abasic sites.
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