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Abstract—Macrocyclic ligands 1 and 2 containing two positively charged phenanthridinium units and aminobisacetylenic bridges,
exhibit significantly higher affinity toward single-stranded rather than double-stranded polynucleotides. The ligands bis-intercalate
into the former and show non-intercalative interactions with the latter type of nucleic acids. Both ligands differentiate AMP from
the GMP or UMP by significant fluorescence emission increase upon complexation of the first nucleotide in water (log Ks of 1:1
and 1:2 complexes 5.8 and 1.4, respectively), while only a slight emission change is observed in titrations with GMP and UMP.
© 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Among the number of small synthetic compounds that
can bind to nucleic acids, those with selective binding to
single-stranded regions (hair pins, bulges)1,2 or to abasic
sites of DNA3 or those that can selectively interact with
single-stranded (ss-) RNA sequences4–6 are rather rare.
Such compounds are of current interest for recognition
and marking of single-stranded regions of DNA or
RNA, or as selective RNA ligands and hence potential
antiviral agents.7

Cyclobisintercaland receptors constructed by bridging
of two acridinium8,9 or phenanthridinium10 intercalator
units (Fig. 1, I) with relatively short (6–9 atom
sequence) aminomethylene or bisacetylene bridges were
shown to bind nucleotides strongly in water by �-�
stacking interactions between receptor units and the
inserted nucleobase. The acridinium cyclobisinterca-
lands with short bridges also exhibited recognition of
single stranded domains of nucleic acids.1,3 However,
the bis-acridinium macrocycles with longer (14 atom)
bridges were found to bis-intercalate by threading into
ds-polynucleotides11 or to bind in more complex
modes.12 The latter observations reveal that the length
and flexibility of connecting bridges may have a deci-

sive influence on the single strand/double strand bind-
ing selectivity. With this in mind, we prepared the
phenanthridinium cyclobisintercalands 1 and 2 (Fig. 1)
possessing two short and rigid aminobisacetylenic
bridges located at the long axes ends of the intercalat-
ing units.13 The macrocycles are diastereoisomeric due

Figure 1.
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to the different orientation of phenanthridinium units.
Structural characteristics of 1 and 2, such as the rela-
tively short distance between phenanthridinium units
(ca. 4.5 A� ) that only allows insertion of a single nucleic
base as well as the location of bridges, are unfavorable
for intercalation into ds-nucleic acids. Consequently,
preferred binding to single-stranded polynucleotides or
single-stranded regions of nucleic acids may be
expected. To prove this assumption, the affinities of 1
and 2 for ss- and ds-polynucleotides of RNA and DNA
type were studied by fluorescence, thermal denaturation
experiments and viscometry. The results of affinity
studies are compared to those determined for
monomeric phenanthridinium derivative 3 (Fig. 1)
which, as well as ethidium bromide,14 behaves as a
typical ds-nucleic acid mono-intercalator. In addition,
binding of nucleotides in water by 1 and 2 was studied
to evaluate the strength of interaction with a single
nucleobase and to possibly observe the effect of the
different mutual orientation of phenanthridinium units
in diastereomeric ligands on binding properties and
selectivity.

2. Materials and methods

Nucleotides and polynucleotides were purchased from
Sigma and Aldrich, and used without further purifica-
tion. Polynucleotides were dissolved in the respective
buffer and their concentration determined
spectroscopically15 as the concentration of phosphates.
Electronic absorption spectra were recorded on a
Varian Cary 1 spectrometer using quartz cuvettes (1
cm). Fluorescence spectra were recorded on a Perkin–
Elmer LS 50 fluorimeter. In fluorimetric titrations exci-
tation wavelengths of 320 and 500 nm were used and
changes of emission were monitored at 580 nm. The
stability constants (Ks) were calculated by processing
titration data using the SPECFIT program.16 The
rather large errors of log Ks (±0.5) are due to the small
total change of fluorescence, allowing collection of only
10 data points for cAMP=10−6 to 10−2 mol dm−3. The
stability constants (Ks) and [bound 1, 2]/[polynucleotide
phosphate] ratio (n) were calculated according to the
Scatchard equation17 by the non-linear least-square

fitting method.15 Values for Ks and n are given in Table
1 and all have satisfactory correlation coefficients
(>0.999). Due to the previously observed slow kinetics
of macrocyclic bis-acridinium analogues,11 all titrations
were performed in a way that the solution of 1 or 2 was
mixed with increasing concentrations of polynucleotide
in separate vessels, left to equilibrate for 4 hours (in the
dark; room temperature) and then emissions recorded
for each vessel starting from lower to higher c (polynu-
cleotide). The use of NMR techniques was hampered
by the low solubility of 1 and 2 and their complexes.

3. Spectroscopic properties

In contrast to previously studied phenanthridinium
cyclobisintercalands of type I,18 1 and 2 exhibit very
low fluorescence in aqueous solution. Addition of 20%
D2O to the solution of the ligands induced a significant
increase in emission intensity. The same effect was
described for ethidium bromide and can be explained
by a decrease in quenching rate due to partial NH–ND
exchange; quenching of ethidium emission was found to
occur by NH proton transfer to water molecules in the
excited state.19 Hence, very low emissions for 1 and 2
may be explained by the same quenching mechanism
due to the presence of four secondary amino groups.
The observed large difference in emission intensity
between 1 and 2 and the type I ligands10 indicates a
much lower quenching rate by NH proton transfer for
the latter due to the presence of only two secondary
NH groups. The fluorescence intensity of 1 and 2,
although low, is linearly concentration dependent up to
5×10−6 mol dm−3.

4. Interactions with nucleotides

In the fluorimetric titrations, the addition of AMP
induced a ca. 90% emission increase of 1 and 2; in
contrast with GMP and UMP where only a very slight
emission change could be observed. Processing of the
titration data gave the best fit for formation of two
different 1:AMP complexes, that of 1:1 stoichiometry
(cAMP=10−6 to 10−4 mol dm−3, emission increase ca.

Table 1. Binding affinities (log Ks)
a and ratios n (cbound 1–3/cphosphate) for 1, 2 and 3 toward single-stranded and double-

stranded polynucleotidesb

21 3

n log Ks n log Ks n log Ks

0.05 6.3Poly A 0.03 6.8 0.2 4.2
0.03 7.1 0.05Poly G 6.2 0.09 5.5

cPoly U �5c ccc0.1–1c

0.02Poly G-C 0.055.7 5.4 0.2 5.1
Poly A-U d d d d 0.2 5.5
Poly dA-dT 0.1 6.0 0.1 5.7 0.2 4.7

a The correlation coefficients >0.999 correspond to given ranges of n and log Ks.
b Fluorimetric titrations were performed at pH 6.2 (0.01 mol dm−3 Na cacodilate or MES buffer).
c Estimated value due to small spectroscopic changes.
d Systematic discrepancy between experimental and calculated values was observed.
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15%) and that of 1:2 stoichiometry (cAMP=10−3 to 10−2

mol dm−3, emission increase ca. 70%), with log Ks val-
ues of 5.8 and 1.4, respectively. The Ks for the 1:1
complex is practically the same as those determined
previously for type I ligands and nucleotides; the latter
complexes were found to form exclusively by �-� stack-
ing interactions between phenanthridinium units and
the inserted nucleotide base.10 Formation of the much
less stable 1:AMP 1:2 complex at large excess of AMP
indicates stacking of the second nucleotide base on the
‘outside’ aromatic surface of the receptor. This conclu-
sion is supported by a similar constant determined for
the EB:AMP 1:1 stacked complex (log Ks 1.92).20 This
striking difference presents the opposite fluorescence
response observed for nucleotide complexes of the two
types of phenanthridinium cyclobisintercalands: the
emission increase for 1,2 and AMP and strong quench-
ing for all four major nucleotide complexes with I. The
insertion of the electron rich purine base of AMP
between positively charged units of 1 and 2 may
decrease the acidity of amino protons and hence the
quenching rate which results by emission increase upon
complexation. The observation that stacking of the
second base in the 1:AMP 1:2 complex contributes 70%
to the total emission increase supports this explanation.
However, with the ligands of type I it seems that
stacking interactions between phenanthridinium units
and the inserted nucleic base in the complex leads to
decreased emission. Interestingly, different mutual ori-
entations of the phenanthridinium units of 1 and 2
gives no significant difference in the binding of AMP.
The observed selective fluorescence response of 1 and 2
for AMP and not for GMP and UMP is not fully
understood at present; however, it can be of interest for
development of fluorescent AMP sensing devices.

5. Interactions with polynucleotides

Under the conditions necessary for UV–vis titrations
(c1,2=10−5 mol dm−3) the addition of ds-polynucleotides
induced instant precipitation. However, the addition of
poly A caused a bathochromic (5 nm) shift in the
absorption maxima at 474 nm and 10% of
hypochromicity.

A pronounced increase in fluorescence emission at
c1,2=2×10−6 mol dm−3 upon addition of polynucle-
otides allowed titrations to be carried out. No precipita-
tion effects on fluorescence spectra were observed.21

The Ks values for 1 and 2 with single-stranded poly A,
poly G (Table 1) are two orders of magnitude higher
than those of monomeric 3. This result strongly sug-
gests participation of both phenanthridinium units in
complexation with a single nucleobase inserted between
them. A similar difference in affinity was found
between bis-intercalative and mono-intercalative
agents.22

Fluorimetric changes of 1 and 2 upon addition of
double-stranded polynucleotides were found to depend
significantly on a base pair composition (Fig. 2). Poly
A-poly U induces a much larger emission change than

the G-C analogue; also there is an obvious difference in
fluorescence response between RNA (A-U) and DNA
(dA-dT) ds-polynucleotides. The stability constants (Ks,
Table 1) derived from fluorimetric titration data for 1,
2 and poly G-poly C are almost identical to the Ks of
mono-intercalating compound 3. However, structural
characteristics of 1 and 2 exclude the possibility of
intercalation of only one phenanthridinium unit into
ds-polynucleotide. A somewhat lower affinity of 3
toward poly dA-poly dT, common for the mono-inter-
calators,23 is not observed for 1 and 2. It should be
noted, however, that the similar affinities of 1, 2 and 3
do not necessarily exclude bis-intercalative binding of
the former.24

Processing of the titration data for poly A-poly U
according to the Scatchard equation shows a systematic
discrepancy between experimental and calculated values
indicating the presence of at least two different binding
modes.

In thermal denaturation experiments (Table 2) �Tm

values obtained for mono-intercalator 3 point to
stronger stabilization of RNA than DNA as also found
for EB.7 Macrocycle 2 stabilizes RNA polymers almost
identically to monomer 3. In contrast, 2–7 times
stronger stabilization is observed for all known bis-
intercalators22 compared to mono-intercalators. This
comparison speaks against bis-intercalative binding of

Figure 2. Fluorimetric titration of 1 (�exc=500 nm; �em=580
nm; c=2×10−6 mol dm−3; pH 6.2, 0.01 mol dm−3 Na cacody-
late buffer) with double-stranded polynucleotides.

Table 2. Melting temperatures (�Tm/°C)a of DNA and
RNA polymers determined in the presence of 2 and 3

0.20.1 0.30.05rb

6.50.9 4.91.8poly dA dT2
poly A U 8.76.32.81.7
poly dA dT3 0.8 2.61.5 3.5

8.46.13.6poly A U 1.9

a Values have been corrected for absorbance of the tested compound
at various r ratios; pH 6.25 (buffer MES, 0.01 M, 0.001 M EDTA).

b r=ccompound/cpolynucleotide phosphates.
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2. The RNA/DNA preference of 2 is much less pro-
nounced than that of 3.

Viscometric measurements were performed according
to a previously described procedure15 with the modifica-
tion that aliquots of DMSO stock solutions of the
ligands to be studied were added and the viscometry
data obtained corrected for DMSO content (final con-
tent not exceeding 5% of the total volume). Results
have shown that 2 induces much less elongation (�=
0.3) of ds-polymer than 3 (�=0.9); this observation also
contrasts the effect characteristic for a bis-
intercalator.22

The results of comparative fluorimetric, thermal denat-
uration and viscometry studies taken together strongly
suggest non-intercalative binding of 1 and 2 with ds-
polynucleotides22,25 and indicate groove binding driven
by hydrophobic and electrostatic (double positive
charge of 1, 2) interactions.

6. Conclusions

Macrocycles 1 and 2 strongly bind AMP in water
(log Ks 5.8) with significant emission increase upon
complexation. In contrast with GMP and UMP, only a
slight change in fluorescence was observed with 1 and 2.
The observed selective fluorescence response for AMP
can be of interest for the development of fluorescent
sensing devices for this nucleotide. It should be empha-
sized that so far no other synthetic receptor molecule is
known that gives specific fluorescence responses on
complexation to AMP in aqueous media. Low fluores-
cence emissions for free 1 and 2 and significant emis-
sion increases upon binding to polynucleotides makes
these derivatives of interest as potential fluorescent
markers for nucleic acids. Both 1 and 2 exhibit 25 times
higher affinity toward ss-polymer (poly G) compared to
ds-polymer (poly G-poly C); the selectivity toward poly
A compared to poly dA-poly dT although significant is
somewhat lower (2–13 times). This makes 1 and 2 with
short lateral bridges connecting two intercalative units
strikingly different from classical mono-intercalators
and also macrocyclic bis-intercalators possessing long
connecting bridges;11,12 both of the latter ligands were
found to bind more strongly to ds-polynucleotides. The
observed ss-polynucleotide selectivity with these types
of macrocycles may allow the design of new ligands for
recognition and blocking of nucleic acid single-stranded
domains. On the other hand, strong binding to ss-RNA
polynucleotides makes 1 and 2 candidates for testing on
antiviral activity.
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