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Abstract—The acyclic bis-phenanthridinium ligands 1, 2 and the cyclic analogue 3 bind to ss-RNA by bis-intercalation. Due to it’s shorter
linker 1 exhibits mono-intercalative binding to ds-polynucleotides, while a mixed mode of binding with 2 is shown to strongly dependent on
the base composition and tertiary structure of ds-DNA and RNA. The cyclic analogue 3 binds to ds-polynucleotides by non-intercalative
mode. Comparing the ss-/ds-polynucleotide selectivity obtained for 3 and previously reported for 3,8-linked bis-phenanthridinium
analogues, it is clear that the more rigid structure and sterically more restricted cleft of the latter could better distinguish ss- from
ds-polynucleotide regions.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

It is known that a number of powerful antibiotics and
antitumor drugs base their biological activity on inter-
calation into DNA/RNA of a living cell.1,2 Bis-intercalation,
in which two aromatic units of a ligand stack between two
separate base pairs, has undergone intensive research in the
last few decades in view of increased affinity towards DNA/
RNA, slower dissociation rates and greater sequence
specificity. Thus, bisintercalators could hold much promise
relative to monointercalators.1,3 Nevertheless, studies were
mostly restricted to some naturally occurring bis-inter-
calative antibiotics and antitumor agents like echinomycin,
triostin A and luzopeptins.4–6 Bis-acridinium derivatives, in
which two large aromatic units are separated by flexible
linkers, are the best-studied group among synthetic bis-
intercalators; the influence of the linker properties and
position of their attachment on the aromatic moiety being
investigated in details by numerous methods.3 In the case of
bis-phenanthridinium derivatives, the analogues of well

known ethidium bromide, such detailed systematic study
was done to a much lesser extent.3 However, those studied
showed intriguing properties making them useful for
assaying nanogram quantities of DNA, some showed strong
(10-fold) RNA preference and other exceptionally high
(5000-fold) preference for binding to poly(dA)–poly(dT)
over polyA–polydT and 5-fold preference for poly(dG–
dC)2 over ct-DNA.

3 Also, it was reported that the rigidity of
the linking chain of bifunctional intercalators in the
ditercalinium series was critical for antitumor activity.7

Here we report on the interactions of the flexible acyclic and
rigid cyclic bis-phenanthridinium derivatives with ss- and
ds-RNA and DNA. The acyclic derivatives 1 and 2 differ in
linker length, allowing insertion of one (1) or two
nucleobases (2) between aromatic units. Bis-intercalation3

into doublestranded polynucleotides however is not
expected for 1 in view of the ‘neighbour exclusion
principle’, but could be possible for 2. The aromatic units
of 3, a cyclic analogue of 2, are due to more rigid structure
not intramoleculary self-stacked in aqueous solution.8 The
cleft between the aromatic units of 3 is well defined by
distance (allowing insertion of one or two adjacent
nucleobases of polynucleotide) and by the position of two
linkers at the arenes offering for larger substrates like
polynucleotides a site of access. Contrary to acyclic
analogues, the derivative 3 does not have primary NH2

groups, which can also interact with polynucleotides.9 As
reported previously,8 self-stacking does not hamper inser-
tion of aromatic substrates between aromatic units, the same
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holds for 1 and 2 as for the not self-stacked 3, which all
form very stable complexes with nucleotides (Ks<105

dm23 mol21) (Chart 1).

2. Materials and methods

Polynucleotides were purchased from Sigma and Aldrich
and used without further purification by dissolving in the
respective buffer. Their concentration was determined
spectroscopically10 as the concentration of phosphates.
The compounds 1–3 were prepared and their properties
determined previously.8,11 Electronic absorption spectra
were recorded on a Varian Cary 1 spectrometer using quartz
cuvettes (1 cm). Absorbance of 1–3 is linearly dependent
on concentration up to c¼5£1025 mol dm23, indicating that
there is no significant intermolecular stacking which should
give rise to hypochromicity effects. Fluorescence spectra
were recorded on a Perkin–Elmer LS 50 fluorimeter in
quartz cuvettes (1 cm). In fluorimetric titrations excitation
wavelengths of 320 and 420 nm (1, 2); 430 nm (3) were
used and changes of emission were monitored at 540 nm
(1, 2); 550 nm (3). The stability constants (Ks) and [bound
1–3]/[polynucleotide phosphate] ratio (n) were calculated
according to the Scatchard equation12,13 by non-linear least-
square fitting.10 Values for Ks and n given in Table 1 all
have satisfying correlation coefficients (.0.99). Due to
previously observed slow kinetics of macrocyclic bis-
acridinium analogues14, all titrations were done in a way
that solution of 1–3 was mixed with increasing concen-
trations of polynucleotide in separate vessels, left to
equilibrate for 2 h (in dark; room temperature) and then

emissions were recorded for each vessel starting from lower
to higher c (polynucleotide). The use of NMR techniques
was hampered by low solubility of the complexes of 1–3
with nucleotides and polynucleotides even upon addition of
up to 80% DMSO. Thermal melting curves for DNA, RNA
and their complexes were determined as previously
described10,11 by following the absorption change at
260 nm as a function of temperature. The absorbance of
the ligands was subtracted from every curve, and the
absorbance scale was normalised. Tm values are
the midpoints of the transition curves, determined from
the maximum of the first derivative or graphically by a
tangent method.15 DTm values were calculated subtracting
Tm of the free nucleic acid from Tm of complex. Every DTm
value here reported was the average of at least two
measurements, the error in DTm is ^0.5 8C. Viscometric
titrations were conducted in an Ubbelohde micro viscometer
(Schott) according to previously described procedure10 with
modification that aliquots of DMSO stock solutions of
studied ligands were added and obtained viscometry data
corrected for DMSO content (final content not exceeding
5% of the total volume). Under the chosen conditions for the
measurements (pH¼6.2/6.25), all compounds 1–3 carry
two positive charges since the amino functions on the
aromatic units (pKs¼3–4) are not protonated.

3. Interactions of 1–3 with polynucleotides

3.1. UV/Vis titrations

Addition of any ds- or ss-polynucleotide to buffered solution
of 1–3 (c¼1–3£1025 mol dm23) at ratio r [(1–3)/
(polynucleotide)].0.1 induced precipitation. However, at
ratio r#0.1 no precipitation of 1 and 2 was observed,
making possible monitoring of the changes in UV/Vis
spectra upon addition of polynucleotide. Addition of the
double stranded (ct-DNA, polyA–polyU) and single
stranded (polyA) polynucleotides induced very similar
changes in UV/Vis spectra of 1 and 2, namely a strong
hypochromic effect (21–26%) and bathochromic shifts
(21–30 nm). Further additions of the mentioned poly-
nucleotides (r¼0.05 and lower) did not produce any
additional spectral changes (Fig. 1) suggesting that at

Figure 1. UV/Vis spectra of 2 (c¼2£1025 mol dm23) and complex 2/
polyA at different ratios r¼[2]/[polyA], pH¼6.2, Na cacodylate buffer,
0.02 M, (I¼0.02 M).

Chart 1. Studied acyclic 1, 2 and cyclic 3 bis-phenanthridinium derivatives
and the previously studied ‘monomer’ 4.

Table 1. Fluorescence emission changes Inta of 1–3 induced by binding of
polynucleotides at excess of polynucleotide binding sites over ligand (low
ratios r)

1 2 3

PolyA 2.5 2.7 2.6
PolyG 10 9 2.6
PolyU 8b 4 2.2
PolyG–polyC 6 5 0.9
PolyA–polyU 17 16b 8
PolydA–polydT 34 17 16b

a Int¼I0/Icomplex(calculated for 100% complexation) at emission lmax¼540
nm (1, 2) or lmax¼550 nm (3) induced by complex formation.

b Icomplex estimated by extrapolation of titration curve.
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r<0.1, compounds 1 and 2 are completely bound to the
polynucleotide. According to that one can estimate
Scatchard12 ratio [(bound compound)/(polynucleotide)]
n<0.1^0.05.

In UV/Vis titrations of ‘monomer’ 4 with polynucleotides
similar changes in spectra (38% hypochromism, 21 nm
bathochromic shift) were observed as for 1 and 2. Binding
constants Ks and ratios n of 4 with polynucleotides
determined previously16 are in good accordance with results
found for ethidium bromide (EB) complexes with single
stranded17 and double stranded18,19 polynucleotides.

3.2. Fluorimetric titrations

Due to the much lower concentration of 1–3 in fluorimetric
titrations (c¼2–4£1026 mol dm23), no precipitation was
observed upon addition of polynucleotides20. Addition of
ss-polynucleotides at r.0.8 quenched fluorescence of 1–3
(Fig. 2) and induced bathochromic shift by 15 nm. Further
addition of polynucleotide (r¼0.8–0.001) yielded an
increase of fluorescence (Fig. 2) and a hypsochromic shift
of 10 nm. It is interesting to note that in the titration range
where fluorescence was increased, much longer incubation
time for equilibration was needed (1–2 h) than in the part
where fluorescence quenching was observed (1–5 min).
Similar changes of fluorescence were noticed upon addition
of ds-polynucleotides to 1–3 but with different ‘break point’
between quenching and increase. As shown in Figure 3, the
‘break point’ for ss-polynucleotides occurs at r¼0.7–0.9
and for ds-polynucleotides at r¼0.22–0.35.

The mentioned r values correspond to theoretically
expected values for saturation of intercalative binding
sites. The results of UV/Vis and especially fluorimetric
experiments suggest that 1–3 form at least two different
types of complexes with polynucleotides, one being
dominant at excess of compound over intercalation binding
sites (r.0.9 for ss- and r.0.3 for ds-polynucleotides) and
the other prevailing at reversed ratio. At large excess of
most of the polynucleotides, the fluorescence increase of
acyclic 1 and 2 was much more pronounced compared to

cyclic analogue 3 (Table 1). It was previously found that
intramolecular stacking of flexible 1 and 2 in water resulted
in strong quenching of their fluorescence compared to 3 due
to the rigid structure and therefore unstacked conformation
of the latter.8 Fluorescence increase of 3/polynucleotide
complex at high excess of polynucleotide can be explained
with similar mechanism as reported for EB, monomer 4 and
other rigid bis-phenanthridinium analogues.16 Formation of
an intercalative complex with polynucleotide should disrupt
intramolecular interactions in 1 and 2 and combined with
the aforementioned mechanism proposed for 316 should
result in stronger increase of their fluorescence compared to
3.

3.3. Stability of polynucleotide complexes with 1–3

A steep and almost linear decrease of fluorescence intensity
(Fig. 2) under conditions of ligand molecule excess over
intercalation binding sites points towards a high cumulative
binding constant (Ks). At such ratios (r.0.9 for ss- and
r.0.3 for ds-polynucleotides, respectively) it is well known
for most intercalating agents that additional, non-inter-
calative binding of intercalator self-associates is contribut-
ing to a cumulative binding constant.17,21–23 Some of the
previously described bis-acridinium and phenanthridinium
analogues at r.n also bind to polynucleotides by non-
intercalative mode, where the interactions of self-stacked
bis-intercalator associates on the outer surface of poly-
nucleotide (acting as polyelectrolyte) seem to play an
important role.3 Due to more binding modes of 1–3 with
obviously high cumulative affinity toward polynucleotides it
was not possible to calculate binding constants Ks for ratios
r.n. For macrocyclic porphyrin derivative (Pbiph)
exhibiting similar fluorescence quenching and increase as
observed for 1–3, binding constants Ks were calculated
only for titration data taken at the large excess of the
binding sites24 (rp0.1). Under such conditions it was
assumed that molecules of the studied compound bind
independently on isolated sites on the polynucleotide.
Therefore, stability constants (Ks) were calculated by non-
linear fitting according to Scatchard equation for the
equilibrium:

Figure 2. Fluorimetric titration of 1, 2 (lexc¼422 nm; lem¼550 nm) and 3
(lexc¼440 nm; lem¼531 nm), c¼3£1026 mol dm23 with polyA, pH¼6.2,
Na cacodylate buffer, 0.02 M, (I¼0.02 M).

Figure 3. Fluorimetric titration of 2 (lexc¼422 nm; lem¼550 nm),
c¼3£1026 mol dm23 with polyA (B) and polyG–polyC (W), pH¼6.2,
Na cacodylate buffer; 0.02 M, (I¼0.02 M).
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ðPbiph; polynucleotideÞaggregates O
polynucleotide

� ðPbiph; polynucleotideÞisolated

Following the same idea (large excess of binding sites,
r¼0.1–0.001, Fig. 2), we calculated Ks and n values for
(1–3)/polynucleotide complexes (Table 2).

Contrary to most of the intercalators (e.g., ‘monomer’ 416

and ethidium bromide17,25), 1–3 exhibit similar affinities
toward polyA and polyU. The same behaviour was observed
for 1–3/nucleotide complexes8 and was explained by only
partial insertion of purinic nucleobase into the sterically
restricted space between phenanthridinium units. he order of
magnitude higher Ks value found for polyG compared to
other ss-polynucleotides can be explained by the peculiar
properties of the polymer, which forms a number of self-
aggregated structures in water.26 Although 1–3 exhibit
similar affinity toward ss-polynucleotides, this does not
apply to their interactions with double stranded DNA and
RNA. Hexamethylene derivative 1 and octamethylene
derivative 2 bind similarly to polyG–polyC but significantly
different to polyA–polyU and polydA–polydT (Table 2),
the different linker length being obviously responsible for
that. Affinity of 1 towards all studied ds-polynucleotides
points to the intercalative binding mode being dominant at
excess of intercalation binding sites, with ratios n being in
good agreement with those estimated from UV/Vis
experiments. Interactions of 2 significantly depend on the
type of ds-polynucleotide. Systematic deviation of exper-
imental data from the best fitted Scatchard isotherm in the
case of 2 /polyA–polyU titration and the ratio n¼0.32 found
for 2 /polydA–polydT titrations too high for only
intercalation point to additional non-intercalative inter-
actions, even at this high excess of intercalation sites at
rp0.1, or to mixed binding mode of 2. At higher ionic
strength (I¼0.12 mol dm23) stronger affinity and lower n
values (0.22) of 2/polydA–polydT complex were found,
surprisingly opposite to the affinity dependence on the ionic
strength commonly found for classical intercalators.22

However, for some bis-phenanthridinium derivatives, it
was reported that mixed mono- and bis-intercalative modes
at low ionic strength change to the dominantly bis-
intercalative modes at high ionic strength.27 Results
obtained for cyclic derivative 3 binding to polyA–polyU

and polyG–polyC are similar to 1, and the constant for 3
and polyA–polyU is also similar to that of the monomer 4.
Systematic deviation of experimental data from best fitted
Scatchard isotherm in the case of 3/polydA–polydT
titration points toward different additionally stabilizing
types of interactions.

3.4. CD experiments

To clarify the results of fluorimetric titrations of 1–3 with
ss-polynucleotides, influence of 1–3 addition on CD spectra
of ss-polynucleotides was studied, polyG chosen as the
representative. Addition of 1–3 to polyG significantly
decreases CD spectra of polynucleotide (Supplementary
data) pointing to distortion of helicity upon binding and
therefore loss of chirality.28,29 More pronounced effect
induced by 1 than by 2 and 3 can be easily attributed to the
shorter linker between aromatic units of 1, consequently
inducing more pronounced distortion of helical structure of
polyG. This finding suggests involvement of both aromatic
units in complex formation, possibly due to the formation of
a bis-intercalative complex of 1–3 with polyG.

3.5. Melting transition experiments

Monomer 4 showed lower DTm values (Table 3) compared
to EB possibly due to the additional interactions of the
primary amino substituents30–32 of EB. Monomer 4 is
exhibiting RNA preference, as found for EB31 or pyrenium
monointercalators,10 independent of the ratio r. Melting
transitions were typically monophasic as found for most of
the intercalators.16 Melting curves of all polynucleotides in
the presence of 1 and 2 at ratios r¼0.05–0.2 at I¼0.01 M
are found to be strongly biphasic (Table 3). This observation
coincides with the breakpoint of emission change observed
at these values of ratio r in fluorimetric titrations (Fig. 2).
The high DTm values of 1 and 2 are close to those of known
bisintercalators.33,34 There is almost no difference between

Table 2. Binding constants (log Ks) and ratios n ([bound compound]/[po-
lynucleotide phosphate]) calculated according to fluorimetric titrationsa of
1–3 with polynucleotides, pH¼6.2, Na cacodylate buffer, 0.02 M
(I¼0.02 M)

1 2 3

n log Ks n log Ks n log Ks

PolyA 0.1 4.2 0.1 3.8 0.1b 4.1b

PolyG 0.15 5.3 0.1 5.8 0.09 5.4
PolyU 0.1 3.7 0.1 4.1 0.1 4.2
PolyG–polyC 0.01b 6.5b 0.01b 6.3b 0.05b 6.5b

PolyA–polyU 0.1 5.7 0.1c 8c 0.12 5.3
PolydA–polydT 0.15 5.2 0.32 5.7 c c

a Accuracy of n^30%, consequently varying values log Ks^0.5.
b Calculated for n values estimated in UV/Vis experiments.
c Systematic deviation of experimental data from best-fitted Scatchard
isotherm allowed only estimation of cumulative binding constant.

Table 3. DTm-Values (8C) and RD-ratiosa (DTm (RNA)/DTm (DNA)) of 1,
2, 3 and 4 with ct-DNA, polydA–polydT and polyA–polyU at pH¼6.25;
I¼0.01 M (MES buffer, 0.01 M)

r¼ 0.05 0.1 0.2 0.3

1 ct DNA 2.3/.35b,c 4.9/.36b,c .33b .33b

dAdT 3.3/34.2c 6.3/39.4c —/45.3c —/45.9c

AU 5.5/21.6c —/21.6c —/21.5c 16.6
RDa 0.6 0.5 0.5 0.4

2 ct DNA 3.2/.36b,c 8.3/.36b,c .32b .36b

DAdT 3.9/36.6c 8.6/41.3c —/42.5c —/43.5c

AU 4.1/20.3c 8.3/20.7c —/20.7c 17.8
RDa 0.6 0.5 0.5 0.4

3 ct DNA 2.9/—b,c 5.7/—b,c 14.3 14.3
DAdT 2.3/28.4c 4.8/29.3c 25.6 25.6
AU 2.9 3.5 3.9 4.3
RDa 0.1 0.12 0.15 0.17

4 ct DNA 4.3 6.0 9.2 11.9
DAdT 0.8 1.5 2.6 3.5
AU 1.9 3.6 6.1 8.4
RD 2.4 2.4 2.3 2.4

r¼mol ligand/nucleic acid phosphates.
a Only the second transition DTm values of biphasic curves was used for
calculation.

b Not possible to determine due to the lack of melting midpoint.
c Biphasic melting curve, values for both melting midpoints given when
possible.
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DTm values of 1 and 2 for all polynucleotides at r$0.05
(I¼0.01 M). It should be noted that the RNA/DNA
preference is reversed compared to monomer 4, with 1
and 2 showing the same small, 2-fold preference toward
polydA–polydT, which is too small to appear in the
binding constants of 1. There is virtually no difference
between the values found for ct-DNA and polydA–
polydT, pointing toward similar stabilisation of dA–dT
and dG–dC rich sequences of DNA, as found for some
diacridines.35,36

The cyclic derivative 3 stabilises studied polynucleotides
significantly differently from both, acyclic bis-phenanthri-
dinium analogues 1 and 2 and monomer 4. Compounds 1
and 2 show significantly higher DTm values for ct-DNA and
polydA–polydT than the dimer 3 with substituted amino
functions. DNA preference with 3 is strongly pronounced,
polyA–polyU being stabilised at higher ratios for only half
of the value found for monomer 4 and much less than found
for 1 and 2. Also, opposite to 1 and 2 there is a small but
negligible 2-fold difference in stabilisation of ct-DNA and
polydA–polydT, in favour of the latter (Table 3). Opposite
to a bisintercalating macrocyclic diacridine,14,37,38 the
cyclic dimer 3 shows a large increase of DTm value towards
its monomer 4 with polydA–polydT, but much less for the
mixed sequence ct-DNA.

At higher ionic strength (I¼0.12 mol dm23) (Table 4) the
hexamethylene derivative 1 stabilised polynucleotides less
than at lower ionic strength, due to the competitive
stabilisation of double helix by Naþ cations.22 Melting
curves were no longer biphasic, possibly due to the very
small total change at which it was not possible to distinguish
two transition midpoints. Contrary to 1, DTm values found
for octamethylene derivative 2 are strongly dependent on
the type of the polynucleotide. Opposite to the monophasic
profiles of polydA–poydT with 1, melting curves of
polydA–polydT/2 complex were at all ratios clearly
triphasic, pointing to a quite complex system of bound
species (and additionally stabilizing processes) which even
at high ionic strength gave dramatic cumulative stabilisation
of this polynucleotide compared to 1 and most of the other
bis-intercalator molecules.3 Surprisingly, 2 stabilised
ct-DNA much less; DTm values are comparable to those of
1, melting curves being monophasic for both compounds. A
very high cumulative affinity of 2 towards polydA–polydT
could explain the low influence of increased ionic strength
on stabilisation of a double strand.

3.6. Viscometric measurements

The a-value with monomer 4 is in good agreement with the
one reported for EB.3,10,31 a-Values found for 1 and 2 are
also in the range of monointercalation. Comparison of the
viscosity results found for 1 and 2 agree with the behaviour
of bifunctional 9-aminoacridine compounds linked via the
amino nitrogens by methylene chains of various lengths but
in general too short for bisintercalation.3,39 Four or even five
methylene groups together with the two nitrogens attached
to the acridine ring are not sufficient in length to allow bis-
intercalation, even if only one base pair is included in the
intercalation site,39 the same holds for high ionic strength
(I¼0.11 M).40 A similar behaviour can be assumed for the
hexamethylene derivative 1. Drugs which are known to act
as bis-intercalators usually possess longer spacer,14,37 with a
minimum distance of ca. 7 Å41 or in the case of flexible
chains the equivalent of octamethylene spacer of 2.39

Nevertheless, according to the low a value bis-intercalation
of 2 with ct-DNA seems to be hindered, possibly due to its
substituents.42 Since cyclic diacridines cannot bind as
mono-intercalators43–46 which can be also assumed for
analogue 3, the observed value a¼0.2 suggests non-
intercalative binding. However, bis-intercalative binding
of 3 at low r#0.025 combined with severe kinking of
double helix or mixed with non-intercalative binding
(a¼0.75) cannot be excluded for ct-DNA (Table 5).3

4. Discussion of results

The results of UV/Vis, fluorimetric and CD experiments
lead to the conclusion that 1–3 at high excess of
ss-polynucleotides form stable intercalative complexes
where a nucleobase is inserted between aromatic units.
Additional binding present at opposite dye/polynucleotide
ratios (r.0.9) is probably due to non-intercalative, electro-
static interaction of self-aggregated 1–3 at the negatively
charged polynucleotide backbone. Therefore, the 1–3/
polynucleotide complexes formed at high ratios r are of
lower solubility in water, possibly due to the partial
neutralisation of the charge and self-aggregation of 1–3.

Binding of 1–3 to ds-polynucleotides reveals a much more
complex situation. Fluorimetric titrations and viscosity
experiments support mono-intercalation as the dominant
binding mode for all 1/ds-polynucleotide complexes at low
ratios r. This conclusion is in accordance with results
reported for bis-acridinium derivatives possessing linker of
similar length.3,39 However, high DTm values found for
1/ds-polynucleotide complexes point toward additional
interactions of the non-intercalating phenanthridinium
unit, which additionally stabilizes the double helix.

Table 4. DTm-Values (8C) of 1 and 2 with ct-DNA, polydA–polydT and
polyA–polyU at pH¼6.25, I¼0.11 M (MES buffer, 0.01 Mþ0.1 M NaCl)

r¼ 0.1 0.2 0.3

1 ct DNA 6.1 9.6 .13a

dAdT 3.7 5.9 10.1
AU 1.9/(.32) a,b 1.7/(.33) a,b a

2 ct-DNA 6.9 10.6 12.5
dAdT 4.2/(13.8)/21.5c 5.3/(14.2)/24.4c 9.1/(17.9)/.26.7c

AU 1.2/(24.0)b 1.0/(28.7)b a

a Not possible to determine due to the lack of melting midpoint.
b Strong absorbance increase after first transition.
c Triphasic melting curve, after de- and renaturation biphasic.

Table 5. Viscometric a-values of compounds 1–4 with ct-DNA at
pH¼6.25, I¼0.01 M (MES buffer, 0.01 M)a

Ligand 1 2 3 4

a-Valueb 0.85 1.05 0.75/0.2c 0.9

a Aliquots of DMSO stock solutions of studied ligands were added and
obtained viscometry data corrected for DMSO content (final content not
exceeding 5% of the total volume).

b a¼1/r (L/L021).
c r#0.025: a¼0.75; r.0.025; a¼0.2.
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The octamethylene linker of 2 could allow bis-intercalative
binding to ds-polynucleotides, possibly obeying the
‘neighbour exclusion’ principle.47,48 Although the visco-
metric a-value with ct-DNA points toward mono-inter-
calation, bis-intercalation with severe kinking of double
helix cannot be excluded. However, fluorimetric and
melting experiments of 2/ds-polynucleotide complexes
revealed a strong dependence of binding on base pair
composition, type of ds-helix and ionic strength. It has been
reported previously that even at high ionic strength
(I¼0.7 M) the ethidium bromide dimer bis-intercalates by
covering 5.7 base pairs (corresponds to the value of n¼0.09)
when the ratio r was low, but that with a decreasing number
of available intercalation sites the binding mode changed
and the drug mono-intercalated (corresponds to the value of
n¼0.17).27 One can also presume that the aggregates of 2
formed close to the saturation of polynucleotide have an
important influence on binding even at large excess of
intercalation sites, contrary to the situation with 1. Due to
the obvious overlap of different binding modes at all
experimental conditions in some cases only an estimation of
cumulative binding constant was possible.

The cyclic derivative 3, due to the more rigid structure
compared to acyclic analogue 2, cannot bind to
ds-polynucleotides by monointercalation.43 Therefore, it
was not surprising that viscometric results, especially at
r.0.025, and the dramatic difference in melting transition
results found with dA–dT and A–U polynucleotides,
respectively, upon addition of 3 (Table 3) strongly support
a dominant non-intercalative binding mode. Since it has
been shown that polydA–polydT31,49 and to some extent
polyA–polyU possess a significantly more lipophilic minor
groove suitable for the binding of aggregates than polyG–
polyC, and since the amino-group of guanine in GC-rich
sequences hinders groove-binding, dominating minor
groove binding with 3 seems plausible. Comparison of
ss-/ds-polynucleotide preference previously reported for
3,8-linked bis-phenanthridinium analogues16 and found for
3 stressed the importance of steric factors in polynucleotide
binding.

Another significant point is that the RNA/DNA ds-helix
stabilisation ratio (RD at e.g., r¼0.2, Table 3) changed in
the sequence 4 (RD¼2.3).1, 2 (RD¼0.5).3 (RD¼0.15).
The monomer 4 shows RNA-preference like ethidium
bromide, and the ethidium bromide dimer was found to
bind ten times more tightly to tRNA than to DNA.50 The
examined dimers 1–3 changed to a DNA-preference
(RD,1) compared to these monointercalators because of
stronger stabilization increase in binding to polydA–polydT
than to polyA–polyU (Table 3). In the case of 3, there is no
increase or decrease in DTm towards the monomer 4 found
in the stabilization of polyA–polyU.

5. Conclusions

The results presented in this work have stressed the
importance of linker length and rigidity interplay in
interactions of bis-phenanthridinium derivatives and poly-
nucleotides. The cyclic derivative 3 distinguishes ss- and
ds-polynucleotides by binding mode, which makes it

interesting for interactions with specific single stranded
regions and abasic sites in some naturally occurring
RNA.51 – 53 Comparing the ss-polynucleotide/ds-poly-
nucleotide selectivity obtained with 3 and the previously
reported selectivity with 3,8-linked bis-phenanthridinium
analogues,16 it is clear that a more rigid structure and a steric
control of the cleft accessibility by the position of linkage
offers an advantage in ss-polynucleotide over ds-poly-
nucleotide selection.
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11. Žinić, M.; Čudić, P.; Škarić, V.; Vigneron, J.-P.; Lehn, J.-M.

Tetrahedron Lett. 1992, 33, 7417–7420.

12. Scatchard, G. Ann. N.Y. Acad. Sci. 1949, 51, 660–664.

13. McGhee, J. D.; von Hippel, P. H. J. Mol. Biol. 1974, 86,

469–489, 1976, 103, 679–684.

14. Veal, J. M.; Li, Y.; Zimmerman, S. C.; Lamberson, C. R.;

Cory, M.; Zon, G.; Wilson, W. D. Biochemistry 1990, 9,

10918–10927.

15. Wilson, W. D.; Tanious, F. A.; Fernandez-Saiz, M.; Rigl, C. T.

Evaluation of Drug/Nucleic Acid Interactions by Thermal

Melting Curves. InMethods in Molecular Biology. Drug-DNA

Interaction Protocols; Fox, K. R., Ed.; Humana: Totowa, NY,

1998; Vol. 90.

16. Piantanida, I.; Palm, B. S.; Čudić, P.; Žinić, M.; Schneider,
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