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Detection of single nucleotide polymorphisms (SNPs) is
important for the realization of personalized diagnostics and
medication, as these mutations often represent genetic var-
iants associated with susceptibility to various diseases and
responses to various drugs.[1] Currently, a number of SNP
detection methods are established,[2] based either on the fi-
delity of enzymatic reactions or on the use of fluorophore-
modified oligonucleotides, which provide fluorescence re-
sponse upon allele-specific hybridization.[3,4] Recently, the
use of oligonucleotide probes incorporating base-discrimi-
nating fluorescent nucleoside analogues has been described,
the fluorescence of which is modulated by the base that is
paired opposite in the duplex.[5,6] However, in all these
methods the covalently modified oligonucleotides have to
be synthesized for each particular SNP site, which is not
convenient for large-scale SNP screening.

An alternative approach, which does not require the cova-
lent modification of the probe oligonucleotides, relies on the
detection of the base-mismatch-containing DNA sequences,
which are formed upon annealing of the mutant, SNP-con-
taining DNA sample to a wild-type probe (heteroduplex
analysis).[7] Especially attractive is the use of small-molecule
ligands (mismatch binders) that selectively bind to the mis-
matched base pairs in heteroduplexes. This binding event
may be monitored by a number of techniques, such as site-
specific DNA photocleavage,[8] surface plasmon reso-
nance,[9,10] and electrochemical methods,[11] provided the mis-
match binder is endowed with relevant functional units.
Since fluorescence-based methods are particularly rapid,
highly sensitive, and may be easily automated, it is desirable

to develop mismatch-selective ligands, the fluorescence re-
sponse of which would be modulated upon binding to mis-
matched sites in the DNA. To date, only one ligand of this
type has been described, represented by a bulky rhodium-
based metalloinsertor tethered to a fluorophore; however,
its versatility towards all possible base mismatches has not
been investigated, so far.[12] A similar approach relies on the
changes of fluorescent properties of a naphthyridine ligand,
accommodated in a bulge region close to the matched or
mismatched base pair, which is being detected.[13]

We have previously found that the bisacridine macrocycle
1 selectively binds to thymine-containing mismatched sites
in DNA by a unique mode,[14] which involves ejection of a
thymine residue into an extrahelical position (base flip-
ping).[15] However, the fluorescence quantum yield of 1 is
rather low (4.2 � 10�3) and changes to a relatively small
extent upon interaction with nucleic acids.[16] We therefore
proposed that replacement of the acridine units in 1 with
highly emissive anthracene residues,[17] such as in macrocycle
2, would give a ligand the fluorescence properties of which
could be modulated upon binding to the mismatched base
pairs in DNA.

The macrocycle 2 was readily synthesized by a [2+2]-type
cyclocondensation of anthracene-9,10-dicarboxaldehyde
with 2,2’-oxybis(ethylamine), followed by the reduction of
the macrocyclic tetraimine and conversion of the amine to a
water-soluble hydrochloride salt (Supporting Informa-
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tion).[18] Its binding affinity to the fully matched and mis-
match-containing DNA was investigated by the thermal de-
naturation experiments with a set of 17-mer duplexes I-YX
(5’-CCAG TTC GYA GTA ACCC-3’/5’-GGGT TAC TXC
GAA CTGG-3’),[19] containing either a matched (I-TA) or a
mispaired (I-TG, I-TC, I-TT) thymine residue (Y= T) in the
center of the middle triplet 5’-GYA-3’/5’-TXC-3’ (Table 1).

In contrast to the bisacridine macrocycle 1, which had
almost no effect on the fully matched duplex I-TA,[14] the
macrocycle 2 induced a significant stabilization (DTm�5 8C
at a ligand-to-duplex ratio q= 1), which became even more
pronounced upon addition of the second equivalent of the
ligand. However, an even higher degree of stabilization was
observed in the case of mismatch-containing duplexes I-TG,
I-TC, and I-TT (DTm�13–15 8C at q=1), which was signifi-
cantly larger than the one induced by the acridine analogue
1 (DTm�3–7 8C under identical conditions) and was further
increased upon addition of the second equivalent of the
ligand (Table 1). These results demonstrate that, unlike the
macrocycle 1, the anthracene derivative 2 binds to the
matched duplex I-TA ; at the same time, it binds to the mis-
match-containing duplexes with higher affinity than macro-
cycle 1, as may be seen from significantly larger DTm values.

Further information on binding stoichiometry of macrocy-
cle 2 to the matched and mismatch-containing duplexes was
obtained from UV/Vis and circular-dichroism (CD) spectro-
photometric titrations. Addition of DNA resulted in signifi-
cant changes in absorption spectrum of the anthracene de-
rivative 2 (Figure 1), namely, hypochromism and red-shift of
the absorption bands of the anthracene chromophore. In the
case of fully matched duplex I-TA, the changes in the ab-
sorption spectrum were almost monotonous in the course of
titration (Figure 1a), and a plot of absorbance at the long-
wavelength absorption maximum (398 nm) versus concen-
tration of DNA (Figure 1c) allowed us to determine that the
binding was saturated at a ligand-to-duplex ratio of q= 4.[20]

This value, that is, four molecules of ligand per 17-mer
duplex DNA, is in an excellent agreement with a binding-
site size n=4 base pairs, determined from titration of highly
polymerized calf thymus DNA to 2 (Supporting Informa-
tion, Figure S1).

However, when the titration was performed with a mis-
match-containing duplex I-TC, two binding modes could be
identified (Figure 1b). Similarly to the previous case, the ab-
sorption of the ligand rapidly decreased upon addition of

I-TC up to a ligand-to-DNA ratio of q=4, which corre-
sponds to binding of four ligand molecules to the duplex.
However, as the concentration of DNA was increased from
a ligand-to-DNA ratio q=4 to q= 1, further changes in the
absorption spectra were observed, which were not detected
in the case of I-TA : the long-wavelength maximum of the
absorption spectrum was red-shifted without a large hypo-
chromic effect, and an isosbestic point was observed (inset
in Figure 1b). Upon further addition of DNA (q�1), no
more changes in the absorption spectra were detected. We
assume that this second binding mode, which takes place at
4>q�1, may be attributed to the redistribution of the
ligand from the sites of lower affinity (Watson–Crick base
pairs) to the single binding site of higher affinity (mis-
matched base pair).[21]

This conclusion was confirmed by the results of spectro-
polarimetric titrations, which were performed in an inverse
manner, that is, aliquots of the ligand 2 were added to the
solutions of duplexes I-TA and I-TC (Figure 2). In the
former case, a monotonous increase of the induced circular-
dichroism (ICD) signal of 2 was observed, characterized by
sharp positive bands. Although a precise qualitative analysis
of the ICD signals is not possible due to excitonic interac-
tions between two identical anthracene chromophores in the
molecule of 2, the large amplitude of the ICD signals may
be an evidence of the binding mode, in which at least one
anthracene residue is placed in the groove of DNA. Indeed,

Table 1. Binding affinities of 2 to the fully matched and mismatch-con-
taining oligonucleotides I-TX from thermal denaturation studies.[a]

T0
m Ligand-induced DTm [8C] at ligand-to-duplex ratio q

[8C][b] q=1 q=2

X =A 46.5 4.7 8.9
X =G 42.0 13.0 16.5
X =C 36.6 14.6 17.0
X =T 38.4 13.8 16.2

[a] Experimental conditions: c ACHTUNGTRENNUNG(DNA) =6 mm in sodium cacodylate buffer,
pH 6; experimental error �0.6 8C. [b] Melting temperature in the absence
of the ligand.

Figure 1. Spectrophotometric titrations of duplexes of a) I-TA and
b) I-TC to solutions of macrocycle 2 (20 mm in sodium cacodylate buffer,
pH 6). The solid dark curves represent the absorption spectrum of 2 in
the absence of DNA. c) Binding isotherms of I-TA (dashed lines and
empty points) and I-TC (solid lines and filled points) to 2, as determined
by absorbance at 398 nm.
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the chromophores that are bound in the grooves of double-
stranded DNA give rise to strong positive ICD signals,
whereas the ones intercalated between base pairs may give
weak negative or positive ICD signals, depending on the
mutual orientation of the transition dipole moments of the
chromophore and the neighboring base pairs.[22] Moreover,
the monotonous increase of the ICD signals in the case of
I-TA during whole course of titration (0<q�3) gives evi-
dence that one type of complex is formed with matched
DNA.

In the case of mismatch-containing duplex I-TC, however,
the CD spectroscopy revealed a significantly different be-
havior. Thus, as the concentration of the macrocycle 2 was
increased up to q=1, weak negative ICD signals were de-
tected (dashed curves in Figure 2b). However, as further
amounts of the ligand were added (1<q�3.5), the intensity
of the negative ICD signals decreased and new positive
bands were detected, with maxima at wavelength corre-
sponding to the signals, which were observed in the presence
of I-TA. This behavior may be explained by the binding of
additional amounts of 2 to the matched base pairs in I-TC
and superposition of the resulting ICD signals.

Even more drastic changes were observed in the fluores-
cence properties of the ligand 2 upon its binding to fully
matched and mismatch-containing duplexes. In aqueous sol-
utions in the absence of DNA the macrocycle 2 displays a

yellow-green emission with a broad band centered at l

�480 nm, which corresponds to the intramolecular excimer
emission of the anthracene chromophores held in a close
proximity by the macrocyclic framework (Figure 3, red

curves).[17] Upon addition of the matched duplex I-TA, the
emission of the excimer form was reduced and a new struc-
tured emission band with two maxima at l= 419 and 440 nm
was detected (Figure 3a). This blue-shifted emission band,
with an integral emission intensity of about 50 % of that of
the initial excimer band, may be attributed to the fluores-
cence of monomeric anthracene chromophore.[17, 23] This may
suggest that, in the case of duplex I-TA, one anthracene
moiety of the ligand intercalates into the base stack of
DNA, which reduces its interaction with the second moiety,
and is in agreement with ICD results, which show that one
anthracene moiety is placed in the groove. However, when
the mismatch-containing duplex I-TC was added to a solu-
tion of 2, the emission of the excimer form was quenched
without simultaneous increase of the monomer fluorescence
(Figure 3b). Thus, upon addition of one equivalent of I-TC,
the fluorescence of 2 was quenched about 80-fold, as deter-
mined by the integration of the fluorescence signals. Essen-
tially the same behavior, that is, efficient quenching of fluo-
rescence, was observed in the case of mismatch-containing
duplexes I-TT and I-TG (Supporting Information, Fig-
ure S2). Most remarkably, this drastic difference in fluores-
cence properties of macrocycle 2 upon interaction with fully

Figure 2. Induced CD spectra of 2 upon its titration to solutions of du-
plexes of a) I-TA and b) I-TC (50 mm in sodium cacodylate buffer). a)
c(2)=25–150 mm ; b) c(2)=25–50 mm (dashed curves); c(2)=75–175 mm

(solid gray curves). The solid dark curves represent CD spectra of du-
plexes in the absence of the ligand.

Figure 3. Spectrofluorimetric titrations of duplexes of a) I-TA and
b) I-TC (0–6 mm) to solutions of macrocycle 2 (5 mm in sodium cacodylate
buffer, excitation wavelength lex =385 nm). The red curves correspond to
the fluorescence spectrum of 2 in the absence of DNA; the arrows repre-
sent the changes in the spectra in the course of titrations. c) Image of sol-
utions of 2 in the presence of indicated duplexes (5 mm each) and without
DNA under UV illumination (l= 312 nm).
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matched (I-TA) and mismatch-containing (I-TC, I-TT,
I-TG) duplexes allows a “naked-eye” discrimination be-
tween them (Figure 3c).

In a further experiment, the changes of fluorescence prop-
erties of macrocycle 2 upon interaction with all 16 base-pair
combinations of the duplexes I-YX were determined. These
measurements were performed with equimolar concentra-
tions of the ligand and duplexes (q=1). In all cases, the
emission of the excimer form of the macrocycle was effi-
ciently quenched; however, the intensity of the monomer
band was dependent on the base-pair combination of the
duplex (Figure 4a and Supporting Information, Figure S3).
Thus, the fluorescence emission was almost completely
quenched (80–100-fold, that is, down to about 1 % of the in-
tegral emission of the excimer form in the absence of DNA)
upon interaction of 2 with thymine-containing mismatched
duplexes I-TT, I-TC and I-CT, as well as I-TG and I-GT. At
the same time, bright monomer emission (40–50 % of the in-
tensity of initial excimer emission) was detected in the case
of matched duplexes I-TA and I-AT, as well as in the case
of duplexes in which the central adenine was mispaired with
adenine or cytosine (I-AA and I-AC/CA). In the case of du-
plexes I-AG/GA, as well as the matched duplex I-CG, mod-
erate monomer emission was observed (~20 %). Notably, a
pronounced difference between fully matched duplexes
I-CG and I-GC was observed, because the latter quenched
the fluorescence of 2 down to 5 % of its initial emission in-
tensity; the effect of the other base-pair combinations was

much less sensitive to the polarity of the strands (e.g. AC�
CA, etc).

Altogether, these results demonstrate that the fluores-
cence of the macrocycle 2 is efficiently quenched by the
base pairs in which the thymine residue is mispaired, and
switched to the monomer emission by the adenine-contain-
ing Watson–Crick and mismatched base pairs (AT/TA>

AA�AC/CA>AG/GA), allowing an easy fluorimetric dis-
crimination between them. The effect of the other base-pair
combinations was ambiguous.

We expected that the effect of the mismatched base pairs
on the binding and fluorescence properties of the ligand
might depend on the neighboring base pairs, since the stabil-
ity of the matched and mismatched base pairs, which is usu-
ally reversibly proportional to their affinity to external li-
gands, depends on their sequence context.[24] Moreover, the
extent of the fluorescence quenching may be influenced by
the bases neighboring the binding site; for example, it may
be expected that guanine residues in the proximity of the
bound ligand would efficiently quench its fluorescence by an
electron-transfer process, since quenching of fluorescence of
anthracene derivatives by the guanine bases in the DNA is
well-documented.[23] To investigate the influence of the se-
quence context on the DNA-recognition properties of the
macrocycle 2, we used a set of 16 oligonucleotides II-YX, in
which the central base pair YX was placed in a triplet other
than the one used in the previous experiments (5’-AYA-3’/
5’-TXT-3’ in II-YX versus 5’-GYA-3’/5’-TXC-3’ in I-YX),
while the rest of the nucleotide sequence was conserved.
The changes of fluorescence properties of the probe 2 upon
interaction with these duplexes (Figure 4b) were similar to
the ones observed with the duplexes I-YX : in all cases the
emission of the excimer form disappeared in the presence of
DNA. A bright monomer emission was observed in the
presence of the fully matched duplexes II-AT and II-TA,
which, in this case, was more intense than in the case of I-
AT and I-TA (~150 % of the fluorescence intensity in the
absence of DNA). The duplexes with mismatched adenine
bases were better discriminated from II-AT/TA than within
the first duplex set (110 % of initial fluorescence intensity
for II-AA and ~40–60 % for II-CA/AC and II-GA/AG).
Most importantly, the duplexes with mismatched thymine
residues quenched the fluorescence of 2, albeit less efficient-
ly than in the case of I-TX (~5 % residual fluorescence for
II-TT and II-TG/GT and ~15 % for II-TC/CT). Generally,
brighter residual fluorescence was observed in the case of
oligonucleotides II-YX, which gives evidence that the
quenching of fluorescence of bound macrocycle 2 is in part
due to the neighboring guanine residue (absent in the du-
plexes II-YX). However, the distal guanines also quench the
fluorescence of the bound probe, though less efficiently, pre-
sumably by electron migration to a photoexcited anthracene
residue through the base stack.

In conclusion, we have demonstrated that the macrocyclic
anthracene derivative 2 binds to matched and mismatched
base pairs in DNA by distinct binding modes that may be
differentiated by UV/Vis and CD spectroscopy. Moreover,

Figure 4. Integral fluorescence intensity of macrocycle 2 (5 mm) in the
presence of one equivalent of duplexes of a) I-YX and (b) II-YX, nor-
malized to the integral fluorescence intensity of 2 in the absence of
DNA.
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when the mismatched base is thymine, binding of the probe
2 results in a quasi-complete quenching of its fluorescence,
which allows an easy differentiation from the sequences in
which the middle thymine is matched with adenine. Thus,
the probe 2 is able to signal the presence of a single mis-
matched thymine residue in the duplexes that contain 16
other AT and GC base pairs. The selective recognition of
thymine-containing mismatches is relevant in the context of
SNP detection, since thymine is involved in 49 % of point
mutations in human genome, with the C–T transition repre-
senting about 33 % of all substitutions.[25] Although the use
of the anthracene fluorophore in the design of base-discrimi-
nating oligonucleotide probes has been described,[6a,e] this is
one of the first examples of a non-covalently bound (exter-
nal) probe which allows a simple “mix-and-measure”
method for detection of mismatched base pairs in DNA.
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