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Recognition of Single Stranded and Double Stranded DNA/RNA
Sequences in Aqueous Medium by Small Bis-Aromatic Derivatives
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Abstract: The aim of this review is to summarize the most comprehensive results in the field of bis-aromatic compounds
targeting DNA and RNA, whereby both aromatic units of small molecule bind to the polynucleotide by the aromatic
stacking interactions. The most recent results about structure — DNA/RNA binding affinity, selectivity and biological im-
plications are discussed for bis-intercalators, sterically restricted macrocyclic and threading bis-aromatics and intercalator

- nucleobase conjugates.
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1. INTRODUCTION

Numerous drugs base their biological activity on interac-
tion of low weight organic molecules with DNA and/or
RNA. Small molecules of that kind are of special interest
because they can more easily cross biological membranes
than large molecules, and can even be delivered to cells
strongly resistant to exogenous matter [1]. E.g. brain cells
resist the entry of molecules with MW larger than approxi-
mately 600, thus hampering any disease treatment [1]. Actu-
ally, drugs that are currently used in cancer therapy are
thought to act through the unspecific recognition of highly
active DNA. This high affinity refers on replication of DNA
at high frequency and therefore its relative exposition to rec-
ognition by (foreign) molecules. This feature explains the
high toxicity of this class of compounds and, in addition, the
slightly higher efficacy on cancer cells over healthy tissue
[1]. In spite of the advances in understanding of DNA/RNA
recognition, de novo design of sequence-selective DNA
binding agents is not yet straightforward, and the design and
synthesis of therapeutic compounds (e.g., antitumor drugs)
remains an even more complex task. In a large measure, this
difficulty in de novo design may be attributed to the constel-
lation of properties that must be embodied in a single struc-
ture to provide a biologically active, therapeutically useful,
sequence-selective DNA binding agent, which still has to be
“small molecule” (within this review we tried to address
molecules with molecular weight not significantly larger
than 1000) due to aforementioned reasons [1]. Therefore
design, synthesis, and biological evaluation of novel com-
pounds that target DNA are of the utmost interest.

In contrast, few drugs are known that target RNA, and ra-
tional design of drugs that target RNA is in the beginning
stages [2-5]. RNA’s participate in a wide variety of
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biological processes: it carries information for biological
functions of nucleic acids, its folded conformations can par-
ticipate in complex recognition and catalytic processes simi-
lar to proteins; therefore RNA is significantly under-utilized
biological target for drug design.

In general, there are three main modes of non-covalent
binding of small molecules to DNA/RNA, (i) minor groove
binding, (ii) intercalation and (iii) electrostatic interaction of
highly positively charged molecules with nucleotide phos-
phate backbone [5, 6]. Although DNA intercalators have
been used extensively as antitumor, antineoplastic, antima-
larial, antibiotic, and antifungal agents, not all intercalators
are genotoxic (defined by the ability to alter a cell's genetic
material as a means of inducing a toxic effect). The presence
of basic, cationic, or electrophilic functional groups is often
necessary for genotoxicity [7]. Very recently, even thor-
oughly studied molecules as classical DNA/RNA intercalator
ethidium bromide had to be re-evaluated [8-10], since it be-
came obvious that mechanisms of non-covalent interactions
between small molecule and DNA/RNA are not completely
understood. A huge number of bis-aromatic derivatives were
prepared with the aim of not only enhanced affinity due to
the bis-intercalation into DNA/RNA, but also with the idea
of introducing selectivity [11]. Many authors combined more
modes of interaction in the same molecule targeting very
specific goals. An extensive range of natural products bind to
DNA by intercalation and they mostly form additional
groove contacts contributing to their sequence preference. In
fact, an important de novo design application of intercalators
is combining them with sequence-selective groove binding
molecules to enhance their affinity, selectivity, or temporal
stability.

The aim of this review is to summarize the most compre-
hensive results in the field of bis-aromatic compounds target-
ing DNA and RNA, whereby both aromatic units bind to
polynucleotide by aromatic stacking interactions. As this is a
large area and a review is restricted to limited number of
pages, we apologise in advance to any researcher whose
work was not represented.

© 2010 Bentham Science Publishers Ltd.
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Fig. (1). Examples of the bis-intercalators isolated from the natural sources: echinomycin (top) and Quinoxapeptin A (bottom).

2.1. Bis-Intercalators

As it happens quite often in the scientific research, novel
ideas originate from the naturally occurring species. There
are many natural products which base their biological activ-
ity on the bis-intercalation into DNA, for instance Echino-
mycin (Fig. 1 top), Triostins (having quinoxaline chromo-
phores), Thiocoraline, Sandramycin, Luzopeptins, Qui-
noxapeptins (Fig. 1 bottom), Quinaldopeptin and many oth-
ers [12, 13]. In general, two planar chromophores intercalate
with no or very poor sequence selectivity between the base-
pairs of duplex DNA, while the most of the recognition, se-
lectivity and some additional affinity increase are achieved
by interactions of a cyclic peptide linker (octadepsipeptide,
thiodepsipeptide, decadepsipeptide, decapeptide type) within
the minor groove. Many naturally occurring bis-intercalators
were also in many ways modified, with a goal of increasing
affinity, selectivity or biological activity. For instance, well
known molecule TANDEM recently has been modified -
valine residues of octadepsipeptide linker were replaced by
lysines, whereby selectivity TpA was maintained, but affin-
ity was strongly increased. Most surprisingly, novel deriva-
tive lacked antibacterial activity of starting TANDEM [14].

With a goal of improving the biological properties of al-
ready efficient naturally occurring mono-intercalators, espe-
cially their affinity and sterically controlled recognition,
many dimmers were designed and synthesized. For instance,

bis-derivatives in which two molecules of already well estab-
lished drug daunorubicin were connected by various xylyl-
linkers revealed picomolar affinity for DNA and antiprolif-
erative effect on various cell lines at nanomolar concentra-
tions [15]. Intriguingly, studied compounds showed mixed
DNA binding (bis-intercalation and minor groove binding),
which strongly depends on a pre-formed conformation of
derivative sterically controlled by type of xylyl-linker (meta-
versus para-xylyl-). Similar xylyl-bridged bis-daunomycin
derivative was also studied by molecular modelling studies
[16].

However, principally the research considering the
DNA/RNA active bis-aromatic compounds was based on the
fully synthetic compounds. Several extensive reviews [11,
12] and books [1, 5] on DNA/RNA bis-intercalating com-
pounds summarized important information about structural
and steric requirements for efficient bis-intercalation as well
as about biological and medicinal implications. Among huge
number of studied compounds several bis-intercalator fami-
lies exhibited promising antitumor activities [17], the most
pronounced were bis-imidazoacridone [18], bis-anthracycline
[19], bis-naphthalimide derivatives [20], as well as an
acridine-based derivative DACA [21].

The intercalative moiety consisting of three condensed
aromatic units is mostly used as a motif for the construction
of bis-intercalators. Some two decades ago large numbers of
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Fig. (2). Examples of aromatic moieties and DNA-active linkers exploited for a construction of recently studied heterodimeric and homodi-

meric bis-intercalators.
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homo-dimers consisting of well known phenanthridinium
and acridinium derivatives linked by various (more or less
inert) spacers were studied in detail, including their interac-
tions with DNA and screening of biological activity [11].
Obtained results led to the conclusion about the minimal
length of a linker allowing bis-intercalation (the length
analogous to 6-7 CH, groups) as well as important experi-
ence was gained about the impact of the linker rigidity and
orientation of aromatic units [11].

In the last two decades the focus of the research was
shifted on the heterodimers (consisting of two different in-
tercalative moieties) and/or bis-intercalators equipped with
linker, which actively contributed to the DNA/RNA binding
and recognition (examples of aromatic moieties and linkers
are given on Fig. 2). Recently prepared and studied ethidium
— acridine heterodimer characterized by DNA active bispyr-
role linker, revealed peculiar interactions with DNA,
whereby all three constituents exhibited specific type of in-
teraction with polynucleotide [22]. However, unexpectedly,
new compound didn't recognize any specific DNA sequence.
At the biological level ethidium — acridine derivative accu-
mulated in cell nuclei and stabilized topoisomerase-11-DNA
covalent complexes consequently demonstrating potent cyto-
toxic activities. Another interestingly modified phenanthridi-
nium analogue (dihydro-imidazophenanthridinium, DIP)
also bis-intercalated into short DNA oligomers Fig. (2), al-
though again without any applicable sequence selectivity
[23].

However, at variance to aforementioned sequence non-
selectivity, majority of other bis-intercalators showed more
or less pronounced preference toward various polynucleotide
sequences. For instance, some derivatives within series of
bis-intercalating  acridine-consisting  heterodimeric  bis-
aromatics Fig. (2) [24] revealed remarkable preference to
AT-rich duplexes. Bis-intercalators based on the bisimida-
zoacridone and indolo[2,3-b]quinoxaline linked by simple
aminoalky! linkers Fig. (2) [25, 26] also interacted more ef-
ficiently with the AT-rich DNA sequences. Furthermore, bis-
phenazine derivative connected by carboxamide amino
linker (Fig. (2) [27] showed basepair selective binding by
strong sequence preference of poly(G-C) over poly(A-T)
sequence. Moreover, compound preferred bis-intercalation at
the 5’-(TpG):(CpA) site, with the aminoalkyl linker forming
additional interactions within the major groove of the DNA.
Bis-intercalator consisting of two aminoacridine rings linked
through a rigid [3]-polynorbornane scaffold Fig. (2) showed
binding preference for AT-rich sequences; whereby flexibil-
ity and length of linker controlled mono- or bis-intercalation
of compound [28].

Series of bis-antracene, bis-acridine and bis-naphthalimide
derivatives linked by a variety of different aminoalkyl link-
ers Fig. (2) [29-31] exhibited quite complex pattern of inter-
actions with DNA and RNA. Based on this complex pattern,
only general conclusion could be derived that larger aromatic
moieties with long spacers between them allow bis-
intercalation. However the recognition features toward some
specific sequences are still unclear.

The naphthalimide moiety was quite often used as a
building block for bis-intercalators due to the versatile steric
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reasons in respect to linker attachment, easy availability and
applicable spectroscopic properties. For instance, a series of
bis-naphthalimide derivatives Fig. (3) revealed interesting
DNA binding mode by combining bis- or even poly-
intercalation with threading through the DNA double helix
[32-34]. Aside intercalation of naphthalimide moiety, linker
structure and length as well as DNA binding ability of vari-
ous linker-attached groups controlled the linker(s) orienta-
tion within major or minor DNA groove. Such combined
interactions resulted in selectivity toward different DNA
sequences. Even more, dimeric compound, as well as newly
synthesized cyclic bis-naphthalimide derivative, exhibit posi-
tioning of linkers in both, DNA major and minor groove.
Depending on a peptide sequence of the linker some com-
pounds show preference toward specific oligonucleotide
sequence, while introduction of a rigid tricyclic spiro-linker
[35] yielded much more selective series of compounds, de-
pending also on a cis- or trans- orientation of naphthalimide
moiety. Moreover, a possible relationship between the ring
flipping rate and the antitumor activity of a given intercalator
was proposed.

A bit uncommon bis-intercalative system is formed by
two porphyrins linked to peptidic nanostructures. Although
large size of a system does not conform to the idea of “small
molecule” it is interesting to note its high preference for G-C
over AT sequences [36]. Similarly large system consisting of
a bis-arginylporphyrin connected to two acridines by long
flexible chains demonstrated ability of bis- and tris-
intercalation accompanied by significant preference for ma-
jor groove binding over minor-groove approach to DNA
[37]. Also, cationic hybrid porphyrins linked to anthraqui-
none moiety by flexible alkyl chains of different length were
binding to DNA either by bis-intercalation or by partial in-
tercalation of anthraquinone and outside binding of porphy-
rin - depending on the linker length [38, 39].

As it can be seen from the structural features presented
on the Fig. (2 and 3), the size, shape and electronic proper-
ties of aromatic (intercalating) parts of bis-intercalators still
does not contribute much to the DNA-sequence selectivity.
Intriguingly, aminoalkyl-linkers of various structural features
are by far the most extensively used for connecting the aro-
matic moieties. Their applicability is generally based on the
positively charged amino-groups, which either interact
within minor / major groove of DNA or bind to negatively
charged DNA backbone. In that way, aminoalkyl linkers do
not only contribute to the overall affinity of compound, but
also yield more or less pronounced sequence selectivity. Ob-
viously, fine interplay between the structure and electronic
properties of both intercalating moieties and the structural
and DNA binding properties of a linker could result in sub-
stantially different polynucleotide sequence selectivity of
bis-intercalator.

However, from presently available data it is still not pos-
sible to derive some more detailed information about the
prediction of bis-intercalator selectivity toward some defined
DNA sequence; hence presently the most of the researches
are mainly focused on an elucidation of this fundamental
question.
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Fig. (3). The representative compounds of the series of recently studied bis-naphthalimide derivatives linked by different combinations of

peptide chains.

2.2. Sterically Restricted Bis-Aromatic Compounds

One of the approaches to control the selectivity of the
bis-aromatic compounds toward targeted DNA or RNA se-
quences was design and synthesis of rigid systems character-
ised by sterically more or less well defined binding cavities
or pre-defined orientation of intercalative moieties.

For instance, macrocyclic compounds reveal several in-
teresting features originating from sterical rigidity of binding
cavity between aromatic subunits, although additional inter-
actions of linkers also play an important role in some cases.
Mostly systems shown on Fig. (4) were designed as cyclo-
bis-intercalands (aimed for binding and recognition of nu-
cleotides and similar small molecules), however some of
them revealed intriguing selectivity toward very specific
single stranded regions in DNA and/or RNA.

A group of cyclobis-intercalators characterized by ali-
phatic amine bridges constraining distance of 7 A between
the two aromatic moieties Fig. (4) [40] revealed a number of
intriguing interactions with polynucleotides. Namely, some
of them bind to duplexes containing mismatched thymine
bases with high selectivity over the fully matched ones, even
revealing (naphthalene derivative) preference to pyrimidines
— pyrimidine mismatches compared to all other possible base
mismatches [41, 42]. Bis-acridine revealed also preference

for binding to single stranded (ss) DNA in comparison with
double stranded DNA [40]. Moreover, bis-acridine cleaved a
%2p_labeled duplex oligonucleotide containing one abasic site
[43, 44] and revealed selective photo-cleavage of single-
stranded nucleic acids or single-stranded regions in complex
nucleic acids like hairpins [45]. A structural explanation for
the observed discrimination was that insertion into fully
matched DNA is disfavoured because of steric hindrance due
to the macrocyclic scaffold. In addition, the short distance
between the two intercalator units does not allow bis-
intercalation between regular base pairs in line with the near-
est-neighbour exclusion principle. The incorporation of the
extended aromatic moiety like dibenzophenanthroline (qui-
nacridine), enlarged the size of the binding cavity enough to
show significant specificity for quadruplex over duplex in-
teractions [46]. Even larger aromatic moiety like porphyrin
Fig. (4) didn’t yield any significant change of the selectivity
in respect to aforementioned compounds, however due to the
photoactivity of porphyrin it showed selective photocleavage
of the single-stranded polynucleotides like e.g. cleavage of
tRNAasp preferentially at single stranded domains [45].

Recent results have pointed out that selectivity of bis-
phenanthridinium derivatives toward various DNA/RNA
sequences also could be controlled by the steric effects to
achieve the preference toward single stranded polynucleo-
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Fig. (4). Examples of macrocyclic derivatives constructed of aromatic moieties and DNA-active linkers.

tides in respect to double stranded ones [47, 48]. An intrigu-
ing macrocycle constructed of two phenazine subunits con-
nected by viologen linkers incorporated several functions
aside a well defined cavity suitable for steric recognition of
specific DNA sequences: photoactive intercalating phenazine
subunits, as well as viologen subunits as efficient electron
mediators [49]. Consequently compound generated upon
visible light irradiation DNA single strand breaks at very low
concentrations.

For an naphthalimide-based cyclobis-intercalator authors
proposed specific threading bis-intercalation mode to double
stranded DNA, whereby the DNA base pairing is temporar-

ily disrupted to allow insertion of a cyclic molecule and for-
mation of a unique structure resembling to a catenane [50].

2.3. Intercalators Equipped by Aromatic Substituents
which Contribute to DNA/RNA Binding and Recognition

Large number of compounds designed to be bis-
intercalators actually interacted with DNA and RNA by
mono-intercalation accompanied by additional interactions
of non-intercalated aromatic subunit. Sometimes such inter-
actions resulted in quite interesting DNA/RNA selectivity,
observed as spectroscopic change which is dependent on a
secondary structure of a polynucleotide. For example, by
taking advantage of protonation of phenanthridine at pH<6
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the affinity of bis-phenanthridine derivatives toward
DNA/RNA was easily controlled by electrostatic (pH modu-
lated) binding with backbone and/or nucleobases [51]. Fur-
thermore, linker length within the urea-substituted bis-
phenanthridine derivatives regulated their binding mode to-
ward double stranded polynucleotides, consequently switch-
ing the selectivity of compounds toward ds-RNA or toward
ds-DNA, as well as yielding the selective fluorescence re-
sponse toward addition of G-C basepair and A-U(T) basepair
containing polynucleotides [52]. However, these mono-
intercalating “bis-intercalators” only proved that design of
compounds targeting DNA/RNA is still highly challenging
task, and due to the really large number of the corresponding
examples, which have very few features in common, this
family will not be discussed here.

Nevertheless, there are groups of bis-aromatic derivatives
by purpose designed to intercalate with one aromatic unit,
while other aromatic moiety had to accomplish recognition
of targeted DNA/RNA sequence by both aromatic stacking
interactions and hydrogen bonding. One of the most exten-
sively studied groups are intercalator — nucleobase conju-
gates Fig. (5), whereby the intercalator should “anchor” the
compound to the ds-DNA or ds-RNA by the high affinity of
aromatic stacking interactions, while nucleobase should
yield the recognition of the nearby abasic site by insertion
and formation of hydrogen bonds with the complementary
nucleobase [53].
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The series of analogues presented on the Fig. (6) [53, 54]
achieved the aforementioned goal of highly selective binding
to abasic sites. Moreover, derivative with bis-guannidinium
linker revealed clear synergistic effect in combination with
well known anticancer drug bis-chloroethylnitrosourea
(BCNU) in both, the in vitro experiments on the murine leu-
kaemia L1210 and human adenocarcinoma A549 cell lines
and in vivo experiments on the murine leukemia P388.

A number of various phenanthridinium — nucleobase con-
jugates characterized by inert aliphatic linkers interacted
selectively with complementary polynucleotide sequences,
whereby the polynucleotide hydrophobic environment most
likely allowed formation of specific hydrogen bonds be-
tween nucleobase attached to intercalator and nucleobases of
polynucleotide [55, 56]. Obtained results suggest that high
stability and selectivity toward specific single stranded
DNA/RNA sequences (like abasic sites, bulges, hairpins)
could be achieved by covalently attaching the nucleobase to
the bis-intercalator skeleton by linkers, which would allow
insertion of nucleobase between two intercalative subunits.
In such hydrophobic cleft possible recognition spot for com-
plementary ss- sequence could be formed, whereby targeted
basepair would be additionally stabilized by aromatic stack-
ing interactions. The very recent first step toward study of
bis-intercalator — nucleobase conjugates already revealed a
capacity of such design for the recognition of complemen-
tary nucleotide combined with high affinity; [57] a promis-
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—

IS T
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Fig. (5). Schematic presentation of the recognition at the targeted abasic site by an intercalator — nucleobase conjugate.
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ing result for the recognition of single stranded DNA or
RNA sequences.

3. CONCLUSIONS AND BIOLOGICAL IMPLICA-
TIONS

There are many biological implications of DNA/RNA ac-
tive small molecules, whereby the antiviral, antitumor, anti-
bacterial, antiparasitic activity are to most prominent [1, 5, 7,
17]. The small molecules that bis-intercalate into DNA
commonly exhibit significantly increased affinity in com-
parison with the monomer, which again is often accompa-
nied by the enhancement of biological activity and eventu-
ally improved medical action of novel dimmeric molecule.
However, inspired by naturally occurring bis-intercalators,
within last two decades a number of novel bis-aromatic de-
rivatives were prepared characterized by incorporation of
“active” linker — the general idea of achieving DNA/RNA
sequence selectivity is often accompanied by intriguing bio-
logical activity and selectivity, whereby more often than not
the recognition and selectivity are observed but not pre-
dicted. The most prominent examples of improved activity
of bis-intercalators are given here for imidazoacridone, an-
thracycline, naphthalimide and acridine (DACA) dimmers
[18-21].

For several special cases the compounds designed for the
targeted goal really have shown expected results. For in-
stance, intercalator — nucleobase conjugates [53, 54] and
some of cyclobis-intercalators [42, 43] selectively bind to the
DNA abasic site lesion, which is mutagenic or lethal if not

repaired. In combination with antitumor drugs or therapies
(alkylating agents, y-rays irradiation) that are based on the
massive production of alkylated nucleic bases, such specific
abasic site binders would actually act as DNA repair inhibi-
tors and might potentiate the cytotoxic effect of antitumor
therapy. Interestingly, the intercalator — nucleobase conju-
gates which showed the strongest synergistic effect with an-
titumor drug, revealed the lowest in vitro toxicity on studied
cell lines [54].

There are, however, several peculiar biological effects of
cyclobis-intercalators, e.g. dibenzophenanthroline (qui-
nacridine) derivative is a potent inhibitor of telomerase with
activity in the submicromolar range (1Cso = 0.13 uM,), most
likely due to the selective binding of the macrocycle to the
telomeric regions of DNA - the driving force could be the
preference of a compound toward telomere G-strand in a
form of quadruplex [46].

In addition, intercalators as condensed aromatic systems
usually emit strong fluorescence and small molecules emit-
ting specific or at least highly selective signals upon binding
to certain DNA/RNA sequences are of high importance for
many technologies used in molecular biology and medicine.
For instance, fluorescent techniques have been significantly
developed during the last two decades and now represent
about 60% in the detection of targets and processes [58].
There is great interest in imaging of RNA in human diseases
such as various neurological and psychiatric disorders, heart
and cancer diseases [59]. However, finding a RNA-selective
probe for living cell imaging has proved to be difficult [60],
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and only a few RNA visualization agents are currently avail-
able. Therefore, most of here presented compounds could
also be useful as molecular tools and markers for research in
biochemistry and molecular biology.

To conclude, presently available results reveal significant
progress in the efficient design of bis-aromatics selectively
targeting specific DNA/RNA sequences, although this is still
not highly accurate process. Weak points are still prediction
of selectivity in the biological systems and efficient design
of novel molecule that has targeted spectroscopic properties
upon DNA/RNA binding. Nevertheless, all aforementioned
stressed the significance of the further research in the corre-
sponding scientific field.
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