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A novel pyrene-guanidiniocarbonyl-pyrrole cation
efficiently differentiates between ds-DNA and ds-RNA
by two independent, sensitive spectroscopic methods
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Abstract—At micromolar concentrations and equimolar conditions in respect to basepairs, a novel pyrene-guanidiniocarbonyl-pyr-
role cation 1 exhibited a strong ICD signal at about k = 300 nm specifically upon the interaction with ds-DNA, while under the same
conditions a new fluorescence maximum at k = 480 nm appeared exclusively upon the addition of ds-RNA.
� 2008 Elsevier Ltd. All rights reserved.
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Up till now only few small molecules are known which
are able to specifically differentiate between simple dou-
ble stranded (ds-) DNA (B-helix) and ds-RNA (A-helix),
independently of their basepair sequence. Such a sensing
is often based on the specific binding of molecules exclu-
sively in the minor groove of ds-DNA.1 Consequently,
to the best of our knowledge, there is no small molecule
known so far which gives different spectroscopic signals
for ds-RNA and ds-DNA, respectively. We report here a
new type of a molecular probe by combining a pyrene
moiety with a guanidiniocarbonyl pyrrole cation. Pyrene
is a well-known polarity-sensitive fluorescence probe of-
ten employed for probing microheterogeneous sys-
tems,2a,b especially DNA.2c–f In compound 1 a pyrene
moiety was covalently linked via a flexible alkyl chain
to a guanidiniocarbonyl pyrrole cation, known to be a
highly efficient oxoanion binding site even in aqueous
solutions.3 The combination of an planar aromatic fluo-
rescent probe with an efficient oxoanion binding site
should allow for multiple non-covalent interactions with
DNA/RNA such as H-bonds, electrostatic interactions
and aromatic stacking. For example, guanidinium cat-
ions just recently have been used to increase the affinity
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of the antibiotic neomycin to RNA.4 The linker between
the pyrene and the guanidiniocarbonyl pyrrole cation
should be long enough to allow for both intercalation
of the pyrene into the nucleic acid double strand and
ion pairing of the guanidiniocarbonyl pyrrole cation
with the sugar phosphate backbone in the groves of
either DNA or RNA, respectively. In preliminary exper-
iments, smaller aromatics than pyrene (benzene or naph-
thalene) proved not to be efficient for intercalation. The
linker length of four carbons was based on the hope to
provide enough flexibility without loosing too much
binding energy due to an unfavourable entropy. The lin-
ker was not yet optimized based on modelling studies
for example and leaves way for further improvement
of the compound (Scheme 1).

Due to the significant differences between the grooves of
ds-DNA and ds-RNA, different combinations of non-
covalent interactions of 1 with either nucleic acid type
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Scheme 1. Structure of the studied compound 1.
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was expected. This could allow for the occurrence of dif-
ferent spectroscopic signals upon complex formation
with either ds-DNA or RNA. Furthermore, the binding
features of the guanidinocarbonyl pyrrole cation are
easily tunable by pH since oxoanion binding requires
the protonation of the guanidinium cation. The pKa-va-
lue of the acyl guanidium group in 1 is around 6 so in
aqueous solution 1 can either be protonated or deproto-
nated. The synthesis of 1 is described in the Supporting
Information.

The interactions of 1 with either ds-DNA or ds-RNA
were therefore studied at pH 7 and pH 5, respectively.
At pH 7 compound 1 is mainly present in the deproto-
nated form whereas at pH 5 it is mainly present as the
protonated cation. As only the protonated cation is an
oxoanion binding site, different interactions with the an-
ionic nucleic acids was expected at both pHs. And in-
deed, the addition of 1 at pH 7 did not influence the
thermal denaturation of either calf thymus (ct-) DNA
or polyA–polyU (ds-RNA) even close to equimolar con-
ditions (r[1]/[polynucleotide] = 0.3). In contrast, at pH 5 com-
pound 1 stabilized ct-DNA by DTm = +7.3 �C but
weakly destabilized poly A–poly U (DTm = �1.5 �C).
These results not only confirm that the protonation state
of 1 controls its interactions with nucleic acids but also
revealed different modes of interaction of 1 with either
ds-DNA or ds-RNA, respectively. Unfortunately, the
changes in the UV/Vis spectra of 1 upon the addition
of ct-DNA were rather small in the region of
k > 300 nm, thus hampering the use of UV/Vis titrations
for further studies. However, the changes of the fluores-
cence spectrum of 1 are strongly dependent on both the
type of polynucleotide added and the pH of the solution.
At pH 7, titration of 1 with DNA (ct-DNA, poly dA–
poly dT) or RNA (polyA–polyU, polyG–polyC)
resulted in an efficient quenching of its fluorescence
independent of the type of nucleic acid used. The excel-
lent fit of the titration data to Scatchard equation6

suggested that only one dominant complex is formed.
The calculated values for the binding constants show a
rather high affinity of 1 for all types of ds-DNA and
RNA (log Ks = 5.1 � 6.0). However, the high Scatchard
ratios n[bound 1]/[polynucleotide] = 0.6�3.6 do not support an
intercalative binding mode. This is in agreement also
with the lack of any thermal stabilization at this pH.12

These results suggest an unspecific hydrophobic-driven
agglomeration of 1 which is neutral at pH 7 with either
DNA or RNA, perhaps additionally stabilized by some
intermolecular p-stacking of aromatic moieties in the
nucleic acid and 1.

In contrast to the situation at pH 7, at pH 5 fluores-
cence titrations of 1 with all types of ds-DNA studied
yielded two opposite tendencies of fluorescence changes
(Fig. 1)�, most likely due to the coexistence of at least
two different types of complexes. For ct-DNA, the
observed ‘break point’ between these two opposite
� Electronic Supplementary Information (ESI) available: Synthesis

and characterization of compound 1, fluorimetric and CD titrations,

details about modeling studies.
spectroscopic changes around a ratio r[1]/[ct-DNA] = 0.14
is consistent with an intercalative binding as such a
behaviour is also seen for many other aromatic interca-
lators.7,12 Namely, at excess of intercalator over interca-
lation binding sites the non-intercalated molecules of 1
tend to unspecifically stack on the polynucleotide caus-
ing a strong quenching of the fluorescence of 1. How-
ever, during the titration the ratio changes to finally
an excess of binding sites over 1. The intercalative
binding mode then becomes dominant. With increasing
numbers of molecules of 1 being intercalated, one
observes an increase in the fluorescence emission of the
pyrene moiety of 1 at k = 398 nm, which differs
significantly from the fluorescence maximum of free 1
at k = 382 nm. The excellent fit of the experimental data
collected at an excess of ds-DNA (ct-DNA and poly
dA-poly dT) over 1 (r[1]/[ds-DNA] < 0.2) to the Scatchard
equation6 also supports the presence of only one
dominant binding mode under these conditions. The
resulting binding constants (log Ks = 5.9 � 6.8)� and
ratio n[bound 1]/[ds-DNA] = 0.01–0.09, as well as the results
of viscometry measurements (a(1) = 0.75)�, are in excel-
lent agreement with an intercalative binding mode.

In the fluorimetric titrations of 1 with ds-RNA (polyA–
polyU, polyG–polyC) again two opposite tendencies of
fluorescence changes are observed with a break point
at about r[1]/[ds-RNA] = 0.3 (Fig. 1)�. However, in sharp
contrast to the titration of 1 with ds-DNA, a new
fluorescence maximum at k = 480 nm appeared specifi-
cally in titrations of 1 with ds-RNA (Fig. 1 bottom). It
is important to stress that this new maximum at
480 nm is dominant at excess of 1 over ds-RNA
(r > 0.5), decreasing with increased concentrations of
ds-RNA. The presence of an isoemissive point (Fig. 1
bottom) in the range of r[1]/[poly A–poly U] = 0.32 � 0.09
points again towards the co-existence of only two dom-
inant species in this concentration range. It is known
that pyrene exhibits a fluorescence maximum around
k = 450–480 nm either as a consequence of (a) photoin-
duced intermolecular excimers formed by two or more
pyrenes;8 or (b) by exciplex emission resulting from the
strong association of the intercalated excited state of
the pyrene with adjacent nucleobases.5,9 Latter possibil-
ity can be excluded in this case because if the intercala-
tion is responsible for this new maximum, its intensity
should increase with the increasing concentration of
the polynucleotide due to the increasing number of
intercalated molecules of 1. However, this maximum
(k = 480 nm) is associated with the dominant binding
mode at high excess of 1 over ds-RNA intercalation
binding sites and its intensity decreases with an increas-
ing concentration of ds-RNA. This is exactly the oppo-
site behaviour which is expected if intercalation was
responsible for this emission maximum. Furthermore,
also the destabilization of the ds-RNA upon the addi-
tion of 1in the thermal denaturation experiments does
not agree with an intercalative binding mode.12Thus,
the fluorescence maximum at k = 480 nm can not result
from intercalation but must be due to a photoinduced
intermolecular pyrene-excimer8 formed by two or more
molecules of 1 aggregated somehow within a complex
formed with the ds-RNA.



Figure 1. Fluorimetric titration (kexc = 320 nm) of 1 (c = 3.3 · 10�6 M) with poly dA–poly dT (top), or with poly A–poly U (bottom) at pH = 5

(buffer citric acid/NaOH, I = 0.03 M).
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However, it is interesting to note that fluorimetric titra-
tion of 1 with some natural tRNA’s did not yield fluo-
rescence signal at 480 nm.� That would imply specific
interaction of 1 with double stranded RNA necessary
to yield 480 nm fluorescence, most likely due to the spe-
cific properties of a-helical structure of duplex, while
other RNA forms present in tRNA also bind 1 but
not in a form of pyrene-excimer responsible for the fluo-
rescence at 480 nm.

Thus, at pH 5 both fluorimetric and thermal denatur-
ation studies pointed towards different interaction
modes of 1 with either ds-DNA or ds-RNA, respec-
tively. To get more information about the structural
properties of these different complexes, we have used
CD experiments. At pH 5, the addition of 1 resulted
in a pronounced decrease of the CD bands of all
ds-DNA studied (Fig. 2)�. Additionally, a strong in-
duced CD (ICD) band appeared in the range
k = 290–330 nm. Since 1 does not have any intrinsic
CD spectrum, the ICD band strongly suggests the uni-
form orientation of 1 with respect to the chiral axis of
the ds-DNA.10 According to the UV/Vis spectrum of
1, the strong positive ICD band at about k = 300 nm
can only be attributed to the guanidiniocarbonyl pyr-
role moiety which has an absorption maximum in this
region. Furthermore, a weak negative ICD band at
k > 330 nm observed for poly dA–poly dT,� could cor-
respond to the intercalated pyrene moiety of 1.11 The
decrease of the CD bands of the ds-DNA as well as
the increase of the ICD of 1 have a strong non-linear
dependence on the ratio r (Fig. 2) reaching saturation
at about r = 0.2 � 0.3.12 This is in good agreement
with the ratio r at which the break point of the
fluorescence titration was observed.� In addition, clear
isoelliptic points observed in the 1/ct-DNA CD
titration experiment (Fig. 2), confirm the co-existence
of only two species—free ct-DNA and one complex
with 1.

According to these CD results, the complex between 1
and ds-DNA has the following structural features: the
guanidiniocarbonyl pyrrole tail of 1 is uniformly ori-
ented in the minor groove of ds-DNA, giving rise to
the strong positive ICD band,11 which is in accord to
a variety of other small molecules structurally related
to the guanidiniocarbonyl pyrrole moiety that are
known to selectively or even specifically bind into the
minor groove of ds-DNA.1 Furthermore, the pyrene
moiety of 1 is intercalated into the ds-DNA, additionally
stabilizing the complex (as seen in the thermal denatur-
ation study).12



Figure 2. CD titration of ct-DNA (c = 3.01 · 10�5 M) with 1 (top left: changes in complete spectra. top right: increase of the ICD band of 1 at

k = 298 nm). CD titration of poly A–poly U (c = 2.0 10�5 mol dm�3) with 1 (bottom left: changes in complete spectra. bottom right: decrease of the

CD band of ds-RNA at k = 264 nm). Done at pH 5 (buffer citric acid/NaOH, I = 0.03 M).
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The interaction of 1 with ds-RNA’s yielded changes in
the CD spectra (Fig. 2 bottom) completely different
from those observed for ds-DNA’s.� The addition of 1
caused only a steady decrease of the CD bands of the
ds-RNA but no induced CD signals of 1 in the region
k = 300–360 nm are observed. The changes in the CD
spectra of the ds-RNA are almost proportional to the
ratio r, showing no saturation even at excess of 1 over
ds-RNA (Fig. 2 bottom). Therefore, it is obvious that
1 interacts in a completely different way with ds-DNA
and ds-RNA, most likely due to the significantly differ-
ent secondary structures of these two polynucleotides.1

The A-helix formed by ds-RNA has a much wider and
shallow minor groove, which normally does not support
interactions with small molecules as does the minor
groove of B-helix of ds-DNA.1 Therefore, most likely
the guanidiniocarbonyl pyrrole tail of 1 is not as uni-
formly oriented within the complex with ds-RNA and
accordingly does not give an ICD signal.

To get an idea of the feasibility of possible binding
modes for the interaction of 1 with either ds-DNA or
ds-RNA we performed molecular modelling calcula-
tions. In these calculations, compound 1 was manually
docked to a double stranded polynucleotide, either ds-
DNA or ds-RNA, in various different starting orienta-
tions. Those structures with the lowest strain and the
largest number of interactions were subjected to further
analysis. The solvated and energy optimized complexes
were subjected to molecular dynamics (MD) simulations
and changes in conformation and fluctuation of hydro-
gen bonds were monitored. The calculations showed
that indeed 1 can form a p-stacked dimer that nicely fits
into the major groove of ds-RNA where it forms several
intermolecular hydrogen bonds with the nucleotide
phosphate groups (Fig. 3). The complex between ds-
DNA and intercalated 1 was built by removing a base
pair from the ds-DNA and then inserting the pyrene
moiety of 1 into the gap with the guanidiniocarbonyl
pyrrole tail positioned in the minor groove. In order
to allow the ligand to properly adjust to the DNA the
system was subjected to a MD simulation with the
DNA geometry kept fixed. The resulting low energy
conformations were selected, energy minimized and ana-
lyzed. In most cases 1 adjusted its flexible guanidiniocar-
bonyl pyrrole tail in a uniform orientation into the
minor groove of the ds-DNA, forming 5-6 H-bonds with
neighbouring nucleobases of the intercalated pyrene.
Hence, the calculations confirm that in principle the
two different binding modes deduced from the spectro-
scopic studies for the interaction of 1 with either
ds-DNA (intercalation of the pyrene and uniform orien-
tation of the guanidiniocarbonyl pyrrole moiety within
the minor groove) or ds-RNA (no intercalation, but a
p-stacked excimer of two molecules of 1 bound in the
major groove) are indeed feasible.



Figure 3. Example of one of the low energy complexes of a dimer of 1

(stick representation) bound into the ds-RNA major groove. H-bonds

are broken lines; RNA atoms (oxygens) participating in H-bonds are

shown in CPK representation (d).
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In conclusion, at pH 5 and close to equimolar conditions
with respect to polynucleotide basepairs, 1 binds to ds-
DNA by intercalation of its pyrene moiety into the double
helix and by selective H-bonds and ion pair interactions of
the guanidiniocarbonyl pyrrole cation within the DNA
minor groove. In contrast to this, with ds-RNA two or
more molecules of 1 form a p-stacked excimer, most likely
the within major groove of ds-RNA. Consequently, at
equimolar conditions with respect to basepairs, 1 exhibits
a strong ICD signal at about k = 300 nm specifically for
interaction with ds-DNA, while under the same condi-
tions an excimer fluorescence maximum at k = 480 nm ap-
peared exclusively upon the addition of ds-RNA to 1.
Ongoing studies are focused on shifting the pKa of 1 to en-
able a spectroscopic discrimination between ds-DNA and
ds-RNA also at pH 7. Interestingly, compound 1 also
shows promising antiproliferative activity in preliminary
tests with human tumor cell lines which might be due to
such interactions with polynucleotides.
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