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Sm(III)[12-MCGa(III)shi-4] as a luminescent probe for
G-quadruplex structures†

Ewa Rajczak,a Vincent L. Pecoraro b and Bernard Juskowiak *a

G-quadruplexes (GQs), spatial assemblies of guanine-rich DNA

strands, play an important role in the regulation of gene expression

and chromosome stabilization. These structures are recognized

to be useful in cancer therapies as the presence of multiple

G-quadruplexes in a telomeric strand stops cancer cell proliferation.

Metallacrowns of the type 12-MC-4 form planar structures that have

remarkable similarity to G-tetrads in terms of dimension, shape and

the ability to bind alkali metal and lanthanide cations in a central

cavity. The interaction between the Sm(III)[12-MCGa(III)shi-4] (SmMC)

metallacrown (MC) and human telomeric G-quadruplex structures

was examined using several methods including CD titrations, CD

melting temperatures, fluorescence titration of SmMC with GQ/Na+,

fluorescence intercalator displacement (FID) assays and methods

measuring the MC quenching effect on the Tb3+/GQ luminescence.

It was proven that the studied metallacrown acted as a sensing probe

and interacted with quadruplex DNA. The Stern–Volmer quenching

constant (Kas) of Tb3+/GQ luminescence was calculated to be

3.9 � 105 M�1. The binding constant using the indirect FID method

gave the result of 1.3 � 105 M�1. CD melting temperature experi-

ments reveal the following pattern – the higher the concentration of

the complex the lower the registered Tm for quadruplex DNA, which

indicates a destabilizing effect of SmMC at higher GQ : MC ratios.

These data implicate a shape and size selective interaction between

MCs and GQs that may be exploited for telomere detection.

Introduction

Among various DNA structures, tetraplexes are recognized as
scaffolds that play a substantial role in every living organism.
G-quadruplexes (GQs) are nucleic acid secondary structures,
formed by guanine-rich sequences, for example, telomeric
repeats. The first report about GQs with provided X-ray analysis

was published in 1962.1 The human telomeric DNA bears runs of
–TTAGGG– repeats that can be easily folded into G-quadruplexes.
Four guanines form a planar tetrad with Hoogsteen-type base
pairing. Association of these layers creates a spatial assembly
stabilized by several cations, in particular sodium and potassium
ions.2,3 These structures have been visualized in vivo with the use
of fluorescent binding ligands.4 Some fluorescent compounds
were even suggested for a visual detection of cell carcinogenic
transformation.5,6 It was postulated that the existence of
G-quadruplex structures on the telomeric strand may inhibit
the activity of telomerase, the enzyme responsible for cancer
cell proliferation.7 Moreover, clearly identified guanine-rich
sequences able to adopt GQ folding are localized in some
oncogenic promoters.3,8 Thus, the development of tools that
enable recognition and manipulation of the quadruplex struc-
tures remains of great interest. A wide range of organic com-
pounds have been reported as binding ligands for tetraplex DNA9

and metal complexes have also been considered as potential
anticancer drugs.10 Lanthanide complexes were successfully
examined as highly efficient luminescent probes11 and sensors
for targeting specific DNA structures.12 Among these lanthanide
containing species one can distinguish supramolecular sensors,
which are based on lanthanide complexes/chelates.13,14 Apart
from that, lanthanide compounds were successfully used in
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Significance to metallomics
This manuscript is focused on interactions between a Sm(III)/Ga(III)-based
metallacrown (SmMC) and human telomeric G-quadruplex (GQ) structures.
This higher-order DNA conformation is recognized as a target in cancer
therapies. With several assays, we revealed that Sm(III)[12-MCGa(III)shi-4],
which has a similar size and shape to a G-tetrad, interacted with quadru-
plex DNA and could be used as a fluorescent probe for biomedical
applications. The GQ binding affinity and sensitivity of SmMC emission
to higher temperatures and light are potentially promising for biosensing
applications. This research reports the first example of a luminescent
metallacrown compound that interacts with a planar guanine tetrad of a
G-quadruplex.
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structural biology15 and as MRI contrast agents.16 A new very
promising class of lanthanide supramolecular complexes are
metallacrowns.

Briefly, metallacrowns (MCs) are inorganic analogues of crown
ethers, with the first literature report published in 1989.17 Metalla-
crowns can vary in size, number and type of incorporated ions
and organic ligands.18 A couple of broad reviews examine the
evolution of metallacrowns and their properties.19–22 The scaffold
of the metallacrown is created with repeated motifs of [M–N–O]
units. Each type can be written in the general formula of M(n)
X-MCMi(n)L-Y, where M(n) is the central ion, X is the number of
atoms that create the metallacrown scaffold (ring) and Y is the
number of oxygen atoms oriented toward the central ion. Mi(n)
and L stand for ring metal atoms and the ligand incorporated into
the MC scaffold, respectively. In our previous report we described
the interaction of the Ln(III)15-MCCu(II)pheHA-5 type metallacrowns
with human telomeric G-quadruplex structures.23 These com-
pounds were shown to destabilize the higher-order DNA structure.
They possessed an Eu3+ or Tb3+ ion incorporated in the central
cavity and Cu2+ ions as ring metal cations. Although these
lanthanide ions are often endowed with luminescence properties
in the visible range, we could not observe emission in aqueous
solution due to the quenching effect of unoccupied d orbitals of
the copper(II). Thus, the metallacrown–DNA interactions were
studied using indirect methods.

Herein, we are focusing on a different system – a 12-MC-4 type
complex, in which four Ga3+ ions constitute the ring metals and
their incorporation enhanced the fluorescence properties of the
metallacrown.24 In the investigated metallacrown, a samarium
ion is located inside the centre of the scaffold and salicylhydrox-
amic acid (H3shi) is applied as an organic antenna. The composi-
tion of the metallacrown is represented by the abbreviated
formula of Sm(III)[12-MCGa(III)shi-4] (SmMC) and its molecular
structure is presented in Fig. 1. This compound was recently
reported;24 however, bioanalytical studies (or applications)
were not undertaken. Previously described 12-MC-4 complexes
were identified as fungicides or as agents with antibacterial
activity.25,26 Another communication reported that metalla-
crowns [9-MCCuN(PhPyCNO)-3]2

27 or Ln(III) 15-MCCu(II)glyHa-528 are
able to interact with dsDNA via an intercalative binding mode.
Nevertheless, all lanthanide metallacrowns investigated so far as
DNA interacting ligands were non-fluorescent as their scaffold
was created with the participation of paramagnetic transition
metal ions (Cu(II), Ni(II), and Mn(II)) that quench emission.
Replacement of these d-block metals with Ga(III) allows for the
development of strongly luminescent chromophores with the
highest quantum yields for near IR emitting molecular species.24

The crystal structure of SmMC revealed that the planarity
of the 12-MC-4 ring is similar to that for Mn(III)/Ln(III)
[12-MCMn(III)Nshi-4] and reminiscent of GQs.29 This is an impor-
tant consideration as this MC may be considered as a planar
structure. Actually, in the SmMC complex the four Ga(III) ions
bridged by four shi ligands possess a nearly planar geometry. In
particular, the central Sm(III) ion is bridged to the ring metal
ions by four benzoate ligands, which are perpendicular to the
ring plane (Fig. 1C). The opposite side of the SmMC is exposed

for the interaction with the terminal G-tetrad in a GQ. When
one considers the relative edge length of the square generated
by the MC (B11 Å) and compares this to the edge length of a
G-tetrad (B10 Å), one sees striking size and shape complemen-
tarity (Fig. 1A and B). Furthermore, both MCs and GQs are
capable of binding trivalent lanthanides or monovalent alkali
cations in the central core. Thus, the 12-MC-4 structure type
provides a unique opportunity to exploit size, shape and cation
binding similarities for precise molecular recognition of GQs
(Fig. 1).

Herein, we present binding studies of the luminescent
Sm(III)[12-MCGa(III)shi-4] metallacrown with a human telomeric
G-quadruplex. CD spectra and fluorescence measurements were
exploited to prove the binding affinity of SmMC to tetraplex DNA.

Materials and methods

All experimental details are described in the ESI.†

Results and discussion
UV-Vis absorption and fluorescence spectra

UV-Vis absorption spectra of SmMC are shown in Fig. 2A. The
broad absorption band at 309 nm is connected with p - p*
transition in the shi ligand. In methanol solution, the metallacrown

Fig. 1 (A) A ball and stick model of a G-tetrad with Hoogsteen-type base
pairing and Na+ cations coordinated in a central cavity. Tetrads assemble
into a G-quadruplex structure as a result of stacking interactions. (B) A
simplified molecular structure of Sm(III)[12-MCGa(III)shi-4]. The solvent mole-
cules and benzoate bridging ligands have been omitted for clarity. Notice the
similarity in shape, size, and cation binding of the two structures. (C) A side
view of the Sm(III)/(benzoate)4[12-MCGa(III)shi-4]. The metallacrown encapsu-
lates a central samarium ion with four gallium ions (ring metal), four salicyl-
hydroxamates (shi3�), and four benzoate bridges.
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exhibits a higher molar absorption coefficient (eMeOH =
1.94 � 104 M�1 cm�1) than that in buffer solution (eH2O =
1.51 � 104 M�1 cm�1). The presented results in methanol are in
reasonable agreement with literature data (eMeOH = 2.16 �
104 M�1 cm�1 at 311 nm).24 Emission spectra of 8.8 mM SmMC
are presented in Fig. 2B. Spectra in MeOH and aqueous
cacodylate buffer solutions are similar in shape but different
in intensities. The broad emission band centered at around
400 nm reflects the fluorescence of the aromatic salicylhydrox-
amate ligand and two narrow bands at 558 and 594 nm are
assigned to the luminescence of samarium incorporated into
the metallacrown structure. A significant effect of the solvent
on the nature of the emission properties of SmMC is seen. The
positions of the emission bands remained unaffected; however,
the intensity of the ligand band at ca. 400 nm for aqueous and
methanol solutions differed markedly. The fluorescence inten-
sity for SmMC in methanol was roughly half of that for aqueous
solution. This rather odd solvent effect appeared to arise from a
light-sensitive fluorescence of the metallacrown in aqueous
solution (vide infra). Interestingly, samarium luminescence bands
were not so much affected by medium replacement, which
indicated that the samarium ion is protected from the quenching
interaction with OH oscillators and consequently, that the SmMC
complex remained intact in aqueous solution without a notice-
able disassembly due to a dissociation process.

Circular dichroism (CD) study

The 22Htel oligonucleotide in the presence of Na+ forms an
anti-parallel GQ structure with two lateral loops and one
diagonal loop, as depicted in Fig. 1A. This conformation is
evidenced by a strong positive band at 295 nm and a negative
ellipticity at 260 nm.30 This particular structure was confirmed
by crystallographic data31 (143D code in Protein Data Bank). CD
spectra of a 2 mM solution of G-quadruplex with varied con-
centrations of SmMC are presented in Fig. S1 (ESI†). All CD
spectra in Fig. S1 (ESI†) exhibit two major bands as expected, a
positive one at 295 nm and a negative one at 260 nm. Increasing
the concentration of the metallacrown causes modest distor-
tions in the G-quadruplex spectra. There is a lack of noticeable
changes for the 260 and 295 nm bands when the GQ : MC ratios

are 1 : 2.3 and 1 : 6.9, which indicates that the G-quadruplex
structure is negligibly affected by the interaction with MC.
Nevertheless, at ratios 1 : 6.9 and higher, a small band at
240 nm that is also characteristic for anti-parallel quadruplexes,
underwent significant reduction. It is not clear whether changes
at this wavelength are related to conformational changes of the
GQ or reflect artifacts connected with the presence of MC and
scattering of polarized light on the cell walls.

To shed more light on this issue we recorded CD spectra of
SmMC at different concentrations in the absence of GQ and
the results are shown in Fig. S2 (ESI†). Basically, the SmMC
complex is suspected to exist in two optical isomeric forms
related to the ring connectivity (the M–N–O–M–N–O– linkage
(A isomer) vs. the linkage M–O–N–M–O–N– (C isomer)). Never-
theless, because of the achiral synthetic protocol, the obtained
product mixture should remain racemic and should not exhibit
CD activity. However, it could be that to interact with GQ, one
enantiomer is preferred over the other. This would generate an
MC based CD signal. Unexpectedly, SmMC spectra in Fig. S2
(ESI†) showed weak negative bands at around 230 nm and
310 nm that corresponded to the absorption bands in the UV
range. Although the shi ligand is not an optically active mole-
cule, CD spectra of it revealed the same signals as observed for
the metallacrown (data not shown). We are unable at present to
find a reliable explanation of this observed effect.

To be able to see actual changes in the CD bands of the
G-quadruplex structure, we applied a subtraction procedure.
Appropriate CD spectra of the metallacrown itself (Fig. S2, ESI†)
were mathematically subtracted from the CD spectra of the
GQ/MC complex (Fig. S1, ESI†) and the results are shown in
Fig. 3. One can conclude that the GQ structure is modestly
affected at lower GQ : MC ratios but when the ratio approached
a value of 1 : 12.4, the anti-parallel structure undergoes a
noticeable conversion consistent with destruction of the anti-
parallel assembly since the CD band intensities were reduced
by about 40 and 30% at 295 and 260 nm, respectively (yellow
line in Fig. 3).

It should be pointed out that the GQ showed remarkably
higher stability in the presence of Sm12-MC-4 when compare
with Ln15-MC-5 complexes,23 which is likely a consequence of a

Fig. 2 (A) The absorption spectra of 8.8 mM SmMC in buffer (10 mM sodium cacodylate, pH 7.2 and 100 mM NaCl, black line) and in the methanol
solution (red line). (B) The emission spectra of 8.8 mM SmMC in buffer (black line) and in methanol solution (red line). Parameters: lex = 309 nm, excitation
and emission slit widths both at 10 nm, sensitivity: medium.
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better fit between the GQ tetrad and 12-MC-4 plane, especially if
one considers the high positive charge (+3) of Ln15-MC-5 that
favors electrostatic interaction with the negatively charged DNA
molecule. All these factors may suggest substantial differences
between GQ binding modes for Ln12-MC-4 and Ln15-MC-5
complexes.

Effect of SmMC on the GQ melting behavior

Tracking the CD melting curve of the quadruplex during
heating and cooling runs in the presence of an interacting
compound should answer the question about the stabilization/
destabilization effect of the metallacrown on the DNA structure.
In a series of melting experiments with different GQ : MC ratios
(1 : 0, 1 : 1, 1 : 2.3, 1 : 6.9 and 1 : 12.4), the thermal stability of
each system was examined (Fig. 4). The thermal behavior of the
G-quadruplex in the presence of the metallacrown was tracked

at 295 nm. Melting profiles at every ratio were registered in the
cooling and heating approach. Melting temperatures (Tm)
determined from heating cycles are presented in Table 1. The
Tm value for the G-quadruplex in the absence of SmMC was
determined to be 60 1C, in reasonable agreement with literature
data.32 At ratios of 1 : 1 and 1 : 2.3, slightly lower values were
obtained of 59 and 58 1C, respectively. In the case of both
higher concentrations of SmMC (GQ : MC = 1 : 6.9 and 1 : 12.4),
the melting temperature decreased by 11 1C and 22 1C, respec-
tively, as compared to the GQ melting temperature without
SmMC. In the cooling approach (85 - 15 1C) we did not
obtain overlapping melting profiles for the SmMC-containing
samples, which suggested the presence of irreversible or very
slow processes connected with the folding of the GQ/SmMC
system. One possible reason for the observed hysteresis in
melting plots can be associated with the temperature effect
on the integrity of SmMC, which may undergo dissociation into
components at higher temperature. Indeed, emission spectra
recorded upon heating/cooling experiments with SmMC alone
revealed that a temperature increase above ca. 75 1C caused
thermal dissociation of the MC complex (Fig. S3, ESI†), which
was manifested by enhancement of the emission band of the
shi ligand by over 2 times (B200%), whereas the luminescence
bands of samarium gradually disappeared. Moreover, the ten-
dency of these spectral changes was further continued during
the cooling cycle. Disruption of the SmMC complex at higher
temperature appeared to be irreversible and metal cations or
cationic complexes released from the metallacrown bound to
DNA and prevented the oligonucleotide from folding into the
proper GQ conformation. The interactions of nucleobases and
DNA phosphate groups with cationic products of MC thermal
dissociation were probably responsible for disturbing the
GQ folding.

Comparing the results from the melting experiments with
the CD spectra (Fig. 3), one can notice apparent discrepancies,
especially at a ratio of 1 : 6.9. A higher impact on the
G-quadruplex structure at this MC : GQ ratio is observed in
the melting temperature experiment (a decrease in Tm of 11 1C),
whereas the CD spectrum did not exhibit such a dramatic
change. Thus, it is highly likely that the increased temperature
triggers further loss of benzoates from the MC complex
(generation of positively charged species after benzoate disso-
ciation), which, when the SmMC is in excess, causes the
released positively charged complexes to inhibit the G-quadruplex
folding.

Fig. 3 CD spectra of the GQ/MC system obtained after subtraction of CD
bands of SmMC in 10 mM sodium cacodylate buffer, pH 7.2 and 100 mM
NaCl. Ratio GQ/MC equals 1 : 0 (black line), 1 : 2.3 (red dash), 1 : 6.9 (green line),
and 1 : 12.4 (yellow line).

Fig. 4 Normalized melting profiles of 2 mM G-quadruplex in the absence
(solid line) and in the presence of the metallacrown at molar ratios: 1 : 1
(long dash line), 1 : 2.3 (dash-dot line), 1 : 6.9 (dotted line), and 1 : 12.4 (short
dash line). Profiles were plotted using normalized CD signals at 295 nm
vs. temperature. Conditions: 10 mM sodium cacodylate buffer, pH 7.2,
100 mM NaCl.

Table 1 Values of melting temperature for the 22Htel quadruplex
obtained in the presence of varying GQ/MC ratios (mean values � SD of
three determinations). Conditions: 2 mM GQ, 10 mM sodium cacodylate
buffer, pH 7.2, 100 mM NaCl

Applied ratio GQ : MC Tm [1C] DTm [1C]

1 : 0 60 � 2 0
1 : 1 59 � 2 �1
1 : 2.3 58 � 2 �2
1 : 6.9 49 � 1 �11
1 : 12.4 38 � 2 �22
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Taking into account all CD-based results one can conclude
that at higher MC concentration, when the p–p stacking inter-
actions of guanine quartets with the MCs have been saturated
(end-stacking mode), the interactions between the DNA phos-
phate groups and metallacrown complexes may lead to a new
external binding mode that can destabilize the GQ antiparallel
structure.

Fluorescence titration of SmMC with GQ/Na+ quadruplex

Contrary to copper(II) that quenches lanthanide luminescence
in MC systems,23 Ga3+ ions with fully occupied 3d orbitals do
not disturb the luminescence transitions in lanthanide ions.24

Moreover, the spatial architecture of SmMC protects the
samarium ion from CH and OH oscillator quenching, giving
a strong luminescence enhancement effect. Since we observed
an odd solvent effect and low reproducibility of the recorded
emission spectra for the aqueous solution of SmMC, more
systematic experiments were carried out to clarify this point.
Fig. 5 shows emission spectra of 1 mM SmMC in buffer solution
collected repeatedly after each 4 min (total incubation time of
56 min). Each subsequent scan (xenon lamp irradiation at
lex = 309 nm, cycles of 4 min) revealed a gradual increase in
the 405 nm emission band (totally 5 times) and simultaneous
decrease in the luminescence bands of samarium (inset in
Fig. 5). The similarity of the observed spectral changes to the
temperature effect seen in the melting studies (Fig. S3, ESI†)
suggests operation of a light-induced dissociation of compo-
nents (such as the benzoates) of the metallacrown. The observed
coupling of ligand fluorescence (enhancement) with Sm(III)
emission (quenching) indicates that energy transfer from the
shi ligand to the central samarium ion is responsible for Sm(III)
luminescence. One can suspect that shi excitation and energy
transfer may activate oscillation of bonds within the coordina-
tion sphere of Sm(III), which facilitates the release of benzoate
ligands and an attack of water molecules causing quenching
of the SmMC luminescence. Such a process may lead to the

irreversible disassembly of SmMC. To assess the validity of
such a pathway, we examined the reversibility of the SmMC
photo-behavior by recording 4 min time profiles for emission
of SmMC in buffer (at 405 nm and 596 nm) interrupted with
2 min dark intervals. The results are shown in Fig. S4 (ESI†).
Continuous irradiation of SmMC in buffer caused a rapid
increase in fluorescence (405 nm) and a slow reduction of
Sm(III) luminescence. However, after a 2 min relaxation period
without irradiation, subsequent scans started from an intensity
that was close to the initial level of the first trace. Repeated
scans for samarium luminescence also showed reversibility,
but less pronounced than for the fluorescence traces. The
results shown in Fig. S4 (ESI†) indicate at least partial reversi-
bility of the photo-induced dissociation processes in SmMC
and exclude total dissociation of the metallacrown. This obser-
vation is consistent with previous studies that demonstrated
that while 12-MC-4 complexes may dissociate coordinated
anions, the metallacrown ring and centrally captured metal
are robust to dissociation or decomposition.33–38 The above
explanation of the light-dependent increase of SmMC fluores-
cence agrees with reports concerning photochemical reactivity
of some hydroxamic derivatives. Reversible oscillating photo-
reactions that caused fluorescence enhancement were reported
for aromatic hydroxamate derivatives.39 In our case, the shi
ligand-centered photoreaction probably affects coordination
bonds around Sm(III) and enables quenching by water mole-
cules. There is a close correlation of the observed light effect on
MC emission changes with the temperature discussed above
(Fig. S3, ESI†). However, in melting experiments the extent of
SmMC decomposition seems to be much higher since thermal
dissociation is enhanced by photoreaction induced by light. At
room temperature, SmMC dissociation appeared to be limited
to the loss of benzoate ligands without the loss of metallacrown
ring integrity. In contrast to fluorescence changes, results from
a similar UV-Vis absorption experiment showed absorbance
changes of only ca. 2% (Fig. S5, ESI†).

Considering the above effect, the direct study of binding
interactions of samarium MC with nucleic acids using a fluo-
rescence technique seemed to be rather problematic. Nevertheless,
to estimate the GQ effect on the SmMC photo-behavior, one can
compare the fluorescence plot of SmMC titrated with GQ in
buffer with the reference titration performed with buffer
only. Titration plots showing emission changes at ligand and
samarium bands are compared in Fig. 6. Significant differences
can be observed between GQ and reference titration plots
monitored at the ligand fluorescence band (Fig. 6A), whereas
for samarium emission traces the difference is not so evident
(Fig. 6B). We conclude that the interaction (binding) of SmMC
with GQ resulted in partial protection of SmMC from the light
effect as can be inferred from the smaller increase in ligand
fluorescence for GQ titration. We have carried out another
titration experiment with a narrowed excitation slit to minimize
light effects on the SmMC and to obtain more reliable
GQ-binding results. Titration spectra of this experiment are
shown in Fig. 7A and emission changes at the samarium band
are plotted in Fig. 7B together with the corresponding reference

Fig. 5 Spectra of 1 mM SmMC in buffer (lex = 309 nm) recorded in 4 min
time intervals. Arrows indicate intensity changes in emission bands with
time. The inset shows detailed changes in the spectral region of samarium
luminescence.
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titration plot. In contrast to the previous results (Fig. 6), initial
additions of GQ (0.67 � 10�7 to 0.54 � 10�6 M) caused modest
spectral effects (small fluorescence band shifts to longer wave-
lengths and fluorescence decrease), but at GQ concentrations of
0.9 mM and higher, the fluorescence intensity of the ligand band
noticeably increased. Reference titrations with buffer additions
imposed negligible changes in the fluorescence intensity at
405 nm. Fig. 7B shows the GQ titration plot monitored with
samarium luminescence (open circles). Compared to the result of
the reference titration (with buffer only) one can notice that the
binding of SmMC to GQ protects the metallacrown from light-
induced luminescence quenching. These results indicate that the
conclusions concerning the photoinduced decrease of samarium
emission and complex integrity may be valid only under specific
experimental conditions. This issue requires further study to
resolve the mechanism of the photo-process that takes place in
the SmMC chromophore. Due to the above discussed peculiar
results, the fluorescent titration approach provided qualitative

but not quantitative evidence for the interaction between
SmMC and GQ.

Tb/GQ quenching experiment

To confirm the interaction of SmMC with quadruplex DNA, we
applied an indirect method based on the quenching effect of
the ligand on the luminescence of the GQ/Tb3+ system. The
design of this experiment was guided by the literature data
concerning the relatively high apparent stability constant
between Tb3+ ions and G-quadruplex (Kb = 5 � 106 M�1).40 It
was proven that this lanthanide ion was able to bind to DNA
and an efficient energy transfer occurred from the nucleobase
donor to the terbium ion acceptor. This effect was manifested
by increased Tb luminescence bands and was already exploited
in bioanalytical applications.12–14

Luminescence spectra of the GQ/Tb3+ system titrated with
increasing concentration of SmMC are presented in Fig. 8A. At
the beginning of the experiment, the strong Tb3+ luminescence

Fig. 6 Titration plots of 1 mM SmMC monitored by ligand fluorescence at 405 nm (A) and by samarium luminescence at 596 nm (B) for GQ titration
(white circle) and reference titration with buffer (black dots). Conditions: 10 mM sodium cacodylate buffer, pH 7.2, 100 mM NaCl. Parameters: lex = 309 nm,
ex. slit 5 nm, em. slit 5 nm, sensitivity: high.

Fig. 7 (A) The emission spectra of 1 mM SmMC (red line) titrated with increasing concentration of G-quadruplex (lex = 309 nm). The arrows indicate the
direction of intensity changes with increasing concentration of GQ [0–1.5 mM]. The inset shows detailed changes in the spectral region of samarium
luminescence. (B) Titration plot of SmMC monitored by samarium luminescence at 596 nm for GQ titration (open circles) and reference titration with
buffer (black circles). Conditions: 10 mM sodium cacodylate buffer, pH 7.2, 100 mM NaCl. Parameters: lex = 309 nm, ex. slit 2.5 nm, em. slit 5 nm,
sensitivity: high.
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band at 540 nm is visible (green line). Consecutive additions of
metallacrown (up to 14 mM) diminished this band gradually.
The observed effect provides evidence for the interaction of the
metallacrown with the GQ/Tb3+ complex. A Stern–Volmer plot is
presented in Fig. 8B. The plot of I0/I versus metallacrown
concentration showed an upward curvature. Interestingly, the
positive deviation of the quenching plot is observed at GQ : MC
ratios of 1 : 6 or higher, which is consistent with gradual
unfolding of the GQ assembly. The GQ destabilizing effect of
SmMC at high concentration ratios (1 : 6.9 and 1 : 12.2) has been
evidenced by the CD titration (Fig. 3). To calculate a Stern–
Volmer constant (association constant for static quenching),
we took into consideration only the linear part of the S–V plot
(0–3.6 mM). The initial linear part of the quenching plot reflects
association of the MC to GQ but further upward curvature of
the plot may be associated with GQ unfolding and, because of
higher SmMC concentration, contains contribution from the
inner filter effect. The determined Stern–Volmer quenching
constant of 3.9 � 0.3 � 105 M�1 was similar to those obtained
for 15-MC-5 species � 3.9 � 105 M�1 and 4.6 � 105 M�1 for
Eu(III) and Tb(III) [15-MCCu(II)pheHA-5], respectively. The apparent
similarity of the GQ binding constants for both 12-MC-4 and
15-MC-5 complexes might suggest that the interaction modes
are the same, which we doubt to be true. The 15-MC-5 copper
Ln complexes have a charge of +3, which facilitates interaction
with the negatively charged DNA. In contrast, the SmMC is a
monoanion, and thus it should be repelled from the DNA. The
fact that a monoanionic complex associates with the GQ with a
similar affinity as a trivalent cation indicates that there is a
different mechanism for the interaction than just charge-based.
It is likely that this difference is that the Sm12-MC-4 matches
the size and shape of the G-tetrad and binds GQ by an end
stacking mode, whereas the polycationic Ln15-MC-5 probably
interacts with the negatively charged phosphates by Coulombic
forces. One cannot exclude however for SmMC a mixed-mode
binding, by the end stacking at low GQ/MC ratios followed by
external interactions with phosphates (benzoate dissociation
products).

Fluorescence intercalator displacement (FID) assay

The interaction between MC and GQ was examined using
another indirect method – the G-quadruplex fluorescence inter-
calator displacement assay.41,42 In this method the fluores-
cence signal of thiazole orange (TO) bound to G-quadruplex is
measured upon titration with a competing ligand. Thiazole
orange is a fluorescent dye, which free in aqueous solution
possesses almost negligible quantum yield. However, when the
molecule is bound to DNA, a highly enhanced emission is
observed. After excitation at 480 nm the TO/GQ complex emits
a signal at 530 nm (Fig. 9A). Every addition of SmMC (0–14 mM)
decreases the fluorescence of the TO–GQ system (the direction of
changes is indicated by an arrow). The principle of the method
assumes the replacement of TO by the competing compound
(here, SmMC). The competition binding plot was drawn as the
dependence of the TO displacement (in percentage) against
metallacrown concentration (Fig. 9B). The metallacrown concen-
tration required to reduce the TO/GQ fluorescence signal by 50%
(MC50%) was estimated to be 5.3 � 0.3 mM.

The displacement result was substituted into eqn (3) in the
ESI† to determine the binding constant of the metallacrown
with quadruplex DNA. The calculated value of 1.3 � 0.2 � 105 M
suggested a moderate binding affinity of SmMC to GQ.

The values of MC50% and KMC for Ln(III)[15-MCCu(II)pheHA-5]23

metallacrowns amounted to 2.7–3.4 � 10�6 M�1 and 1.9–2.5 �
105 M�1, respectively, indicating a higher binding affinity to the
quadruplex structure. The binding constant of 1.3 � 105 M�1

determined from the FID assay is also lower than that obtained
by Tb/GQ luminescence quenching (3.9 � 105 M�1). But this
apparent discrepancy can be explained by different experi-
mental conditions in both assays. In contrast to the Tb/GQ
quenching method that required low ionic strength, the FID
experiment was carried out in the presence of 100 mM NaCl.
It is well known that a high salt content lowers the binding
affinities of ligands with DNA, especially if it reduces electrostatic
interactions. Another factor that could increase the apparent
binding constant is the excitation wavelength (290 nm) required

Fig. 8 (A) Quenching of the Tb(III) emission band of the GQ–Tb3+ system by consecutive additions of SmMC. Experimental conditions: [GQ] = 1 mM,
[Tb3+] = 4 mM, [MC] = 0–14 mM; 10 mM Tris–HCl buffer, pH 7.0; lex = 290 nm. Arrows indicate increasing concentration of metallacrown. (B) Plot of
I0/I versus increasing concentration of metallacrown.
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in the Tb/GQ quenching assay. Beside Tb/GQ excitation, this
wavelength excited also the SmMC complex and, as discussed
above, it induced photoreaction of SmMC causing alteration of
the SmMC composition. Assuming the partial, or complete,
dissociation of benzoate ligands from the SmMC and formation
of positively charged complexes, one cannot exclude operation of
a mixed mechanism of Tb/GQ quenching: by a monoanionic
SmMC bound to the G-tetrad due to the end-stacking mode and
by positively charged SmMC photo-products interacting non-
specifically with anionic phosphates. The above described
binding modes can be regarded as a general model of interaction
between 12MC4 complexes and GQ. Therefore, the interaction of
SmMC with GQ should be characterized by a range of binding
constant with an upper/lower limit on the SmMC:GQ affinity of
3.9–1.3 � 105 M�1.

Conclusions

The present study on the interaction of SmMC with the oligo-
nucleotide bearing human telomeric sequence AG3(TTAGGG)3

indicated that this anionic metallacrown is able to form com-
plexes with G-quadruplex DNA. This statement was confirmed
with several methods based on direct and indirect measure-
ments. Incorporation of gallium instead of copper ions endowed
the metallacrown with luminescent properties; however, the
fluorescence properties of the SmMC could not be directly
exploited for calculation of the binding constant from titration
experiments since the emission of SmMC appeared to be
unstable and sensitive to the excitation. Observed spectral
changes suggested light-induced dissociation of benzoate anions
from the metallacrown in aqueous solution that led to quench-
ing of the Sm emission. Nonetheless, fluorometric titration plots
demonstrated the stabilizing effect of GQ on the decomposition
of SmMC. The binding affinity of SmMC to GQ DNA was,
therefore, further studied with indirect approaches. The MC
quenching effect on the Tb3+/GQ luminescence and GQ FID
assay indicated a moderate binding constant of SmMC with GQ
in the range of 3.9 � 105 M�1 to 1.3 � 105 M�1, depending on
the experimental conditions used. The impact of the MC on the

quadruplex structure was observed in melting experiments.
Higher GQ/MC ratios of 1 : 6.9 and 1 : 12.4 caused a decrease
in the Tm value by 11 and 22 1C, respectively, compared to
the initial G-quadruplex melting temperature of 60 1C. This
GQ-destabilizing effect was less pronounced than the results
obtained for Ln(III)[15-MCCu(II)pheHA-5].23 For 15-MC-5 type
systems, the GQ : MC ratio of 1 : 10 yielded complete loss of
quadruplex CD characteristic bands, whereas the CD spectrum
of SmMC at the ratio of 1 : 12.4 still exhibited clearly visible
G-quadruplex bands. This difference may reflect the proposed
different binding interaction of the metallacrowns with GQ
DNA. The 12-MC-4 interacted primarily through shape selec-
tive recognition whereas the tripositively charged species
interacted primarily with the polyphosphate backbone of the
nucleic acids.

The results presented in this paper indicated that
[12-MCGa(III)shi-4] metallacrown could be exploited as a fluores-
cent probe for G-quadruplex DNA and for other biomedical
applications. The temperature and light effect of SmMC decom-
position (release of metal cations) mediated by GQ is of parti-
cular interest. Complete characterization of the SmMC/DNA
systems requires further systematic studies. Future studies using
dimerized SmMCs that have been shown to be solution and
photochemically stable may represent another attractive option
for probing MC/GQ interactions.43
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Fig. 9 (A) Spectra of 0.25 mM GQ containing 0.5 mM TO in the presence of increasing concentrations of MC in 10 mM sodium cacodylate buffer, pH 7.2
and 100 mM NaCl. (B) Plot of the TO displacement percentage against concentration of the metallacrown.
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