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’ INTRODUCTION

Guanosine-rich nucleic acid sequences have a propensity to
form DNA secondary structures, known as G-quadruplexes.
These structures are made up of stacked G-tetrad subunits,
wherein four coplanar guanines are linked together by Hoogs-
teen hydrogen bonds.1 Recent studies have been reported about
the high density of putative G-quadruplex-forming sequences in
telomeres and in genomic regions adjacent to transcriptional
start sites,2�4 thus supporting the biological importance of these
structures in vivo.5�7 Evidence exists that GC-rich regions of
gene promoters can transiently unwind and form single-stranded
tracts, eventually folding into G-quadruplexes.8 Hurley and co-
workers have provided the direct evidence for a G-quadruplex
structure formation in a promoter region of c-MYC and its
stabilization with several small molecules, resulting in the repres-
sion of c-MYC transcription.9,10 Two quadruplex-forming se-
quences have been identified in the promoter region of the c-kit
gene. One sequence (c-Kit21) is located within �140 to �160
base pairs (bp) upstream of the transcription initiation site, and
the other one (c-Kit87up) between �87 and �109 bp.11,12 The

alteration of c-kit expression has been implicated in a variety of
human tumors.13�16

These findings suggest that G-quadruplex formation may be
related to a general mechanism for gene regulation, and that the
modulation of gene expression could be achieved by targeting
these structures.17 Therefore, molecules that selectively bind and
stabilize G-quadruplex structures are emerging as attractive gene-
related therapeutic agents.18 A number of ligands able to bind
telomeric G-quadruplexes have been investigated for their ability
to disable the telomere maintenance in tumor cells,19 but to date
only a few molecules have been investigated for targeting G-quad-
ruplex in gene promoter regions.20,21

Very interestingly, NMR analysis of the G-quadruplex struc-
ture formed by the 22-mer c-Kit87up sequence has revealed a
highly unusual G-quadruplex folding topology.22 It comprises
three G-tetrads with all the guanines in an anti-glycosidic conforma-
tion and four characteristic loops, one of which comprises five
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ABSTRACT: The cKit87up sequence d(5
0
AGGGAGGGCGC-

TGGGAGGAGGG30) can form a unique G-quadruplex structure
in the promoter region of the human c-kit protooncogene. It
provides a peculiar platform for the design of selective quadru-
plex-binding agents, which could potentially repress the protoon-
cogene transcription. In this study, we examined the binding of a
small library of PNA probes (P1�P5) targeting cKit87up quad-
ruplex in either Kþ- or NH4

þ-containing solutions by using a
combination of UV, CD, PAGE, ITC, and ESI-MS methodologies.
Our results showed that (1) P1�P4 interact with the cKit87up
quadruplex, and (2) the binding mode depends on the quadruplex
stability. In Kþ buffer, P1�P4 bind the ckit87up quadruplex structure as “quadruplex-binding agents”. The same holds for P1 in
NH4

þ solution. On the contrary, in NH4
þ solution, P2�P4 overcome the quadruplex structure by forming PNA/DNA hybrid

complexes, thus acting as “quadruplex openers”.
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residues (Figure 1).Moreover, a bioinformatic study has shown that
the c-Kit87up sequence is unique within the human genome.23

Among molecules designed to target G-quadruplexes, peptide
nucleic acids (PNAs) represent a promising class of synthetic DNA
analogues in which the entire sugar�phosphate backbone is
replaced by a pseudopeptide.24 The lower electrostatic repulsion,
resulting from the absence of phosphate groups, allows PNAs to
form very stable duplexes and triplexes by displacing the cDNA
strand in DNA duplexes.25,26 Strategies usually used for targeting
G-rich sequences with PNAs are the formation of PNA/DNA
hybrid quadruplexes27,28 or the induction of G-quadruplex forma-
tion by displacing theG-rich/C-rich double-strandedDNAby using
short G-rich PNAs that bind to the C-rich strand of DNA.29

Herein, we report for the first time the c-Kit87up sequence
targeting with PNA probes. Our strategy is based on the identifica-
tion of PNAs that recognize and stabilize the quadruplex formed by
the c-Kit87up sequence. The design and synthesis of short PNAs
potentially able to bind to suitable complementary sequences of
loops and/or stem regions of the G-quadruplex structure formed by
the c-Kit87up sequence are reported. To investigate the physico-
chemical properties underlying the molecular recognition between
the c-Kit87up quadruplex-forming sequence and PNA molecules,
circular dichroism (CD) and UV spectroscopies,30�32 polyacryla-
mide gel electrophoresis (PAGE), electrospray mass spectrometry
(ESI-MS),33 and calorimetric techniques (ITC)34 were employed.

’EXPERIMENTAL PROCEDURES

Preparation of c-Kit87up Quadruplex and Its Complexes with
PNAs. DNA and PNA sequences (Table 1) have been assembled
using standard procedures (see Supporting Information).35�38 The
c-Kit87upquadruplex structure (Q) was formedbydissolving ckit87up

(40μM) in potassiumbuffer (10mMKH2PO4, 40mMKCl, 0.2mM
EDTA, pH = 7.0) or in 150mMNH4OAc solution, pH = 7.0 (Sigma
Aldrich), and annealed by heating to 90 �C for 5min followed by slow
cooling to room temperature. The quadruplex solutions were then
equilibrated at 4 �C for 24 h before addition of the suitable PNA. Each
DNA-PNA complex was prepared bymixing equimolar amounts ofQ
and PNA at 25 �C and incubating the resulting mixture for 24 h at the
same temperature before data acquisition.
Circular Dichroism (CD).CD spectra of DNA, PNA, or mixed

solutions (20 μM) were recorded by using a Jasco J-715 spectro-
polarimeter equipped with a Jasco JPT-423-S temperature con-
troller in the 220�360 nm range, using 1 mm path-length cuvettes.
Spectra were averaged over 5 scans, which were recorded at a
scan rate of 100 nm/min with a response time of 1 s and a
bandwidth of 1 nm. Buffer baseline was subtracted from each
spectrum and the spectra were normalized to have zero ellipticity
at 360 nm.
Thermal Difference Spectra (TDS) and UV-Melting Experi-

ments. 20 μM solutions of DNA, PNA, and PNA/DNAmixture
(0.5 mL) were placed in quartz cuvettes of 0.1 cm path length.
Thermal difference spectra and UV-melting experiments were
carried out using a Jasco V-530 UV�visible spectrophotometer
equipped with a Jasco ETC-505-T temperature controller. TDS
were obtained by recording the UV absorbance spectra in the
range 220�320 nm at 5 and 90 �C and subsequently taking the
difference between the two spectra.32 UV-melting experiments
were performed in the temperature range 5�90 �C by monitor-
ing the absorbance at 295 nm,31 at a 0.5 �C/min heating rate. The
T1/2 temperatures were calculated as previously reported by
Mergny and Lacroix.39

Nondenaturing Polyacrylamide Gel Electrophoresis (PAGE).
Nondenaturing gel electrophoreses were performed using 12%
polyacrylamide gels, whichwere run in 1�TBE (Tris-Borate-EDTA)
buffer supplementedwith 50mMKCl or 150mMNH4OAc, pH7.0.
Bands in the gels were visualized by SYBR Green staining (Sigma-
Aldrich). A concentration of 10 μM was used for each sample.
ESI-Mass Spectrometry. ESI-MS studies were conducted

using ammonium acetate at pH = 7.0.33 The experiments were
performed on a Q-TOF Ultima Global (Waters, Manchester,
UK). The samples (DNA strand concentration = 10 μM) were
infused at 4 μL/min in the electrospray source that operated in
negative ion mode (capillary voltage = �2.2 kV). The source
temperature was 80 �C and the nitrogen desolvation gas tem-
perature was 100 �C. The pressure indicated on the source Pirani
gauge was 3.0 mbar. For each sample, spectra were recorded
using the following acceleration voltages: a cone voltage of 100 V,
a RF Lens 1 voltage of 100 V, and a collision energy voltage
(acceleration voltage before the collision hexapole) of 10 V.
These voltage values represent a good compromise both to

Figure 1. Schematic representation of ckit87up quadruplex structure
annealed in Kþ-containing solution. Guanine bases are in green,
adenines are in red, cytosines are in yellow, and thymine is in blue.
The residues belonging to loop-4 are in bold.

Table 1. Mass Spectrometry Results of DNA and PNA Sequences Used in This Studya

mass spectrometry results

molecule sequence calculated (MW) found (MW)

ckit87up d(5
0
AGGGAGGGCGCTGGGAGGAGGG30) 7010.4 (MþH)þ = 7011b

P1 H2N -Lys- tcctc-H 1431.4 (Mþ2H)2þ = 716.7c

P2 H2N -Lys- tcctccc-H 1932.9 (Mþ3H)3þ = 646.1c

P3 H2N -Lys- tccctccc-H 2185.1 (Mþ3H)3þ = 729.3c

P4 H2N -Lys- tccctcccgcgac-H 3544.4 (Mþ4H)4þ = 887.1c

P5 H2N -Lys- tttttttt-H 2276.2 (Mþ3H)3þ = 759.6c

aAll PNA sequences are written from C to N terminus. bMALDI-TOF. c ESI-MS.
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preserve the ammonium cations inside the G-quadruplexes and
to observe the PNA/DNA complexes.40 Complexes of higherm/
z are not transmitted efficiently at low voltages through the mass
spectrometer and, therefore, are not efficiently detected. The
spectra were smoothed (2� mean, 10 channels), background-
subtracted (polynomial order = 50, 1% below curve), and
converted to centroid. The compounds were manually searched
with the assistance of the MassLynx 4.0 software. The average
mass was calculated with its standard deviation.
Isothermal Titration Calorimetry (ITC). ITC experiments

were performed using a CSC 5300 Nano-ITC microcalorimeter
from Calorimetry Science Corporation (Lindon, Utah) with a
cell volume of 1 mL. The buffer conditions used for ITC measure-
ments were the same reported for the other experiments. Before
each ITC experiment, the reference cell was filled with deionized
water, and the DNA solutions were degassed for 5 min to eliminate
air bubbles. The experiments were carried out at 25 �C. Care was
taken to start the titration after achieving baseline stability. In
each titration, volumes of 5�10 μL of a PNA containing solution
(80�300 μM) were injected into a solution of quadruplex DNA
(10�20 μM) in the same buffer, using a computer-controlled
250 μL microsyringe. The interval between PNA injections was
400 or 500 s. The heat produced by PNAs dilution was evaluated
in control experiments by injecting each PNA solution into the
buffer alone. The interaction heat for each injection was calcu-
lated after correction for the heat of PNA dilution. Measurement
from the first injection was discarded from the analysis of the
integrated data, in order to avoid artifacts due to the diffusion
through the injection port occurring during the equilibration of
the baseline. The corrected heat values were plotted as a function
of the molar ratio. The integrated heat data were fitted using a
nonlinear least-squares minimization algorithm to a theoretical
binding isotherm, by means of the Bindwork program supplied
with the instrument, to give the binding enthalpy (ΔbH�), equilib-
rium binding constant (Kb), and binding stoichiometry (n). The
Gibbs energy and the entropic contribution were derived using
the relationshipsΔbG� =�RT lnKb (R = 8.314 J mol�1 K�1,T =
298 K) and �TΔbS� = ΔbG� � ΔbH�.
Molecular Modeling. To obtain a molecular model of the

complex between P3 and ckit87up quadruplex, the NMR solu-
tion structure of the quadruplex was used (Protein Data Bank
entry number 2O3M), while the molecular model of P3was built
using the Builder module of Insight II package (www.accelrys.
com). P3 was manually placed at a position so that the “c2c3t4”
bases of PNA form Watson�Crick base pairing with comple-
mentary “A16G17G18

” bases of the loop-4 ofQ. P3 backbone was
then adapted to the structure of Q. The coordinates of the
resulting Q-P3 complex were energy minimized under vacuum
with the HyperChem 7.5 software,41 using the steepest descent
method, keeping the DNA residues fixed in position and allowing
only the PNA to relax, until convergence to a rms gradient of 0.1
kcal/mol Å was reached.

’RESULTS

Evaluation of G-Quadruplex Formation and Stability. The
formation of the G-quadruplex structure by the 22-mer ckit87up
sequence in potassium or ammonium solution was investigated
by using CD, TDS, UV-melting, and PAGE techniques. ESI-MS
experiments were also performed according to previous studies.33,40

The structure formed by ckit87up sequence in the two different
cation solutions was evaluated in comparison with that of the

unstructured d(5
0
CCCTCCTCCCAGCGCCCTCCCT30) 22-mer

oligonucleotide by examining the mobility in nondenaturing
polyacrylamide gels. Figure 2A shows that Q possesses the same
mobility in Kþ and NH4

þ solutions and run faster than the
unstructured 22-mer oligonucleotide, thus suggesting that the
ckit-87up sequence adopts analogous folding in both the ana-
lyzed conditions.
To obtain a further structural insight into the above G-quad-

ruplex structures,42 CD spectra of Q were recorded either in
potassium or in ammonium solution. Both spectra (Figure 2B)
show two well-defined maxima around 210 and 263 nm and a
minimum at 240 nm, suggesting that the oligonucleotide folds in
a parallel-type quadruplex structure in both cases.30 In addition,
thermal difference spectra (TDS) were collected both in Kþ and
NH4

þ solutions. In agreement with CD experiments, the nor-
malized differential absorbance signatures of Q show typical
patterns of a G-quadruplex structure in both solution conditions
(Figure 3, black traces), with two positive maxima at 243 and
273 nm and a negative minimum around 295 nm.32 The
temperature-dependent absorption of quadruplex-forming DNA
was monitored at 295 nm (Supporting Information Figure S1). A
hypochromic profile, characterized by a single transition, typical
of the melting of a quadruplex structure,31 is observed in both Kþ

and NH4
þ solutions. The thermal stability ofQ was found to be

higher in potassium (T1/2 = 47.3 �C) than in ammonium solution
(T1/2 = 34.3 �C).
To gain information on the number of strands and cations

involved in the quadruplex structure, electrospray mass spectro-
metry experiments were performed. The ckit87up ESI-MS
spectrum (Supporting Information Figure S2) shows that the
detected main species embeds two ammonium cations in the
structure. In agreement with previous studies,43 ammoniums are
better preserved in ions of low charge states.
Evaluation of DNA-PNA Complex Formation. To probe the

recognition phenomena between the ckit87up quadruplex-form-
ing sequence and PNAmolecules, the interaction of five different
PNA sequences (Chart 1) was studied using CD, UV, ESI-MS,
PAGE, and ITC techniques.
All the experiments were performed in Kþ and NH4

þ solu-
tions, except for the ESI-MS analyses that could only be performed
inNH4

þ.P1�P4 sequences can potentially target different tracts
of the quadruplex structure (Q) formed by ckit87up. The 5-mer

Figure 2. (A) PAGE ofQ in Kþ and NH4
þ containing solutions. Lane 1:

[d(TGGGGT)]4 in Kþ as quadruplex marker. Lane 2: Q annealed in
Kþ. Lane 3:Q annealed in NH4

þ. Lane 4: d(5
0
CCCTCCTCCCAGCG-

CCCTCCCT30) as unstructured 22-mer lengthmarker. (B)Normalized
CD spectra of ckit87up sequence annealed in Kþ (solid line) and NH4

þ

(dashed line) solutions.

http://pubs.acs.org/action/showImage?doi=10.1021/bc100444v&iName=master.img-002.jpg&w=239&h=126
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P1 is fully complementary to the five bases A16�G20 (Figure 1),
while P2 and P3 are complementary to the last seven and the first
eight nucleosides of ckit87up sequence, respectively. The bind-
ing properties of these three shorter PNAs were compared to
those of a 13-mer PNA strand, P4, which is fully complementary
to the first thirteen nucleosides of ckit87up. P2�P4 are also
complementary to some residues belonging to loop-4 of Q.
Finally, P5, an 8-mer poly-T PNA, noncomplementary to any
portion of ckit87up, was used as a control sequence to show that
the binding of PNA molecules is sequence specific.
The global structures of complexes formed by adding PNAs

(P1�P5) to the prefolded quadruplex structure Q, either in
NH4

þ or in Kþ solutions, were compared by following their
mobility on polyacrylamide gels. QþP1 and QþP5 mixtures
(Figure 4, lanes 3 and 7) show almost the same mobility as Q
(Figure 4, lane 2), in both potassium and ammonium solutions,
while the remainingQþ(P2�P4) mixtures migrate with a lower
mobility thanQ (Figure 4, lanes 4, 5, and 6), thus suggesting the
formation of different species.
Figure 5 shows circular dichroism spectra of 1:1 mixtures ofQ

with P1�P4 (QþP1, QþP2, QþP3, and QþP4) recorded in

potassium (panels A�D) and ammonium (panels E�H) solu-
tions. The spectrum of each mixture is reported in comparison
with the arithmetic sum of the individual components. The CD
spectrum of QþP1 mixture recorded in potassium (Figure 5A)
was almost identical to the sum of the spectra of the single
components, displaying the CD signature characteristic of a
parallel-stranded G-quadruplex. The CD spectra of mixtures
obtained by adding P2, P3, or P4 to Q in potassium buffer are
all characterized by the maximum at 210 nm—ubiquitous for
G-quadruplexes—and show the typical profile observed for
parallel-type G-quadruplexes, although a small red-shift (2�5 nm)
was observed for the minimum at 240 nm and the maximum at
263 nm (Figure 5, panels B, C, and D). The CD analysis of
samples recorded in NH4OAc solution revealed that the CD
profile of the QþP1 mixture (Figure 5E) is almost super-
imposable to the sum of the single components, as observed in
potassium buffer. Conversely, large changes in the CD spectra
were observed upon addition of P2�P4 PNAs toQ. Particularly,
these mixtures showed significant shifts for the negative mini-
mum (from 240 to 248 nm) and both positive maxima (from 210
to 223 nm and from 263 nm to 270�280 nm; Figure 5, panels F,
G, and H). These values, namely, maxima at 223 and 280 nm and
minimum at 248 nm, have been previously reported to be char-
acteristic of hybrid PNA-DNA duplex tracts.44,45 Finally, CD
spectra of the QþP5 mixture recorded in both potassium and
ammonium solutions are almost superimposable to the sum of
the spectra of the single components, confirming, as expected,
that no hybridization occurs in this case (Supporting Information
Figure S3).
Figure 3 shows TDS signatures for the complexes formed by

mixing equimolar quantities of Q and PNAs P1�P4 in potas-
sium buffer (A) and ammonium solution (B). The typical pattern
of a G-quadruplex was observed for all the complexes in potassium

Chart 1. Sequences of DNA and PNA Used in This Studya

aGuanines in ckit87up sequences that participate in quadruplex formation are underlined. Residues in loop-4 ofQ are in bold. DNA sequence is written
50 to 30, while the PNA sequences are written C to N terminus.

Figure 4. PAGE of 1:1 mixtures of Q and Qþ(P1�P5), annealed in
Kþ- (A) and NH4

þ-containing solution (B). Lane 1: [d(TGGGGT)]4
as quadruplex marker. Lane 2: Q. Lane 3: QþP1. Lane 4: QþP2. Lane
5: QþP3. Lane 6: QþP4. Lane 7: QþP5.

Figure 3. Normalized thermal difference spectra of 1:1 mixtures of Q
and Qþ(P1�P4) in Kþ- (A) and in NH4

þ-containing solution (B).

http://pubs.acs.org/action/showImage?doi=10.1021/bc100444v&iName=master.img-003.png&w=308&h=69
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buffer. In particular, two positive maxima at 243 and 273 nm, a
shoulder at 255 nm, and a negative minimum around 295 nm
were observed in all the spectra. Conversely, TDS shapes of
PNA-DNA complexes formed in ammonium solution showed
the loss of the negative band at 295 nm, except for QþP1.
Moreover, the positive band at 273 nm was red-shifted to
277 nm, once again except for QþP1. The loss of the negative
band at 295 nm suggested the absence of Hoogsteen-bonded
G-tetrads, while the presence of the peak at 277 nm is compatible
with aWatson�Crick duplex-like structure32 in allQþ(P2�P4)
mixtures.
As previously described, a G-quadruplex structure melts with a

characteristic hypochromic shift at 295 nm; thus, UV-melting
experiments were performed for all the complexes, by recording
the absorbance at 295 nm.31 In potassium buffer, all the UV-
melting profiles were consistent with the G-quadruplex foldings
(Supporting Information Figure S1). The relative stabilities of
PNA-complexed quadruplexes are reported in Table 2. In
potassium, all complexes (Supporting Information Figure S1A)
displayed T1/2 values higher than that of Q (ΔT = 2�10 �C),
with the exception of QþP4 for which a destabilizing effect is
observed (ΔT = 5.5 �C). On the other hand, in ammonium
solution, a hypochromic transition at 295 nm (Supporting
Information Figure S1B) is observed only forQþP1, once again
suggesting the presence of the quadruplex structure. For all other
samples, hyperchromic profiles are observed at this wavelength,
suggesting the absence of the G-quadruplex scaffold in these
complexes.
To better investigate the binding properties shown by the

investigated PNA sequences (P1�P4), a calorimetric analysis of
the interaction withQ was carried out both in Kþ- and in NH4

þ-
containing solutions (Figure 6). ITC experiments were also
performed by using the poly-T PNA (P5, Table 1), as control
sequence.
The results collected for titration of Q with the five PNAs in

Kþ solution reveal that (a) P1, P2, and P3 bind to the
investigated quadruplex by forming a 1:1 complex; (b) P4
interacts in a nonspecific manner with Q; (c) P5 does not
interact at all. The ITC data for the titrations of Q with P1, P2,

and P3 indicate that the interactions of the PNAs with the
quadruplex are favored at 25 �C. However, the characterization
of the binding reactions reveals that the interactions of the three
PNAs are slightly different from a thermodynamic point of view
(Table 4). In all three cases, the binding isotherms indicate
exothermic interactions (Figure 6). Indeed, after each injection
of PNA, less and less heat release was observed until constant
values were obtained, hence reflecting a saturable process. The
values of the binding constants clearly show that P2 and P3 bind
to the investigated quadruplex with higher affinity (Kb = 1 and
3� 106 M�1, respectively) than P1 (Kb = 3� 105 M�1). In the
cases of P2 and P3, the values ofΔbH� and TΔbS� show that the
enthalpic contribution provides the driving force for the
PNA�quadruplex interaction. However, the interaction of P3
with Q is associated with a larger favorable enthalpy (ΔbH� =
�110 kJ mol�1) as compared to P2 (ΔbH� =�90 kJ mol-1). On
the other hand, the interaction ofP1 is associated with a favorable
enthalpic contribution (ΔbH� =�12 kJ mol-1) that acts together
with the entropic one (TΔbS� = 19 kJ mol-1). The favorable heat
observed for the binding reaction is due to the net compensation
of the exothermic heat from the formation of base pairs and the
endothermic heats of possible H-bonds breaking. In the ITC
titrations of Q with P4, a resolvable binding isotherm was never
obtained using several combinations of reactant concentrations,

Figure 5. CD spectra of 20 μM Q þ 20 μM PNAs mixtures (green line) and sum of the spectra of the single components (blue line) in potassium
(A�D) and ammonium solution (E�H). QþP1 (A, E); QþP2 (B, F); QþP3 (C, G); QþP4 (D, H).

Table 2. Melting Temperatures for c-Kit87up Quadruplex-
Forming Sequence and PNA-DNA Complexes Calculated
from UV-Melting Curves Recorded at 295 nm

T1/2 (�C)

sample Kþ solution NH4
þ solution

Q 47.1( 0.1 34.3( 0.1

QþP1 49.2( 0.2 37.6( 0.2

QþP2 54.0( 0.2 n.d.

QþP3 56.8( 0.2 n.d.

QþP4 41.6( 0.2 n.d.

http://pubs.acs.org/action/showImage?doi=10.1021/bc100444v&iName=master.img-006.jpg&w=429&h=199
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not allowing the determination of the thermodynamic parameters
or the recognition of a defined stoichiometry. The raw ITC data
for the titration of Q with P5 (Supporting Information Figure
S4) show constant heat release after each injection of PNA, only
due to PNA dilution. A resolvable binding isotherm for the
interaction withQ is not observed in this case as well, suggesting
no affinity of P5 for the investigated quadruplex.
When the same titrations were performed in the NH4

þ-
containing solution, the binding behaviors turned out to be
different, except for P1. As observed in Kþ solution, P1 forms a
1:1 complex with Q. The thermodynamic parameters (Table 4)
indicate that the interaction of P1 is exothermic (ΔbH� = �13
kJ mol-1) and it is associated with a favorable entropic contribu-
tion (TΔbS� = 18 kJ mol-1). On the other hand, the binding
curves relative to P2 and P3 show less simple profiles compared
to the analogous curves in Kþ solution (Figure 6). Indeed, at a
molar ratio of 2:1 (PNA/DNA), fluctuating values of heat release
were observed after injection of PNA, reflecting a nonsaturated
process at that ratio. In NH4

þ solution, P4 shows behavior
comparable to those of P2 and P3, producing a similar binding
profile. In particular, the P2�P4 binding isotherms display a
biphasic profile, revealing two consecutive binding events: (1)

one PNA molecule interacts with the DNA; (2) a second PNA
molecule binds to DNA, leading to the formation of a 2:1 PNA/
DNA complex. The interpolation procedure of the experimental
data has been carried out with a multiple-sites model. The
thermodynamic results obtained from ITC data for P2, P3,
and P4 binding to DNA are given in Table 4. The thermo-
dynamic characterization of the binding events revealed that the
first binding event (Kb = 2� 107 and 3� 107M�1 for P2 andP3,
respectively; Kb = 8 � 107 M�1 for P4) is stronger than the
second one (Kb = 8� 105M�1 for both P2 and P3;Kb = 1� 106

M�1 for P4). Moreover, the analysis indicated that the two
binding events are driven by a large enthalpic contribution, while
there is an unfavorable entropic contribution.
To establish the molecularity of the complexes in ammonium

solution, MS spectra have been acquired by an ESI-Q-TOF
instrument under conditions that preserve noncovalent interac-
tions. ESI-MS was previously used to characterize intermolecular
PNA/DNA complexes.46 Here, ESI-MS was used to investigate
the stoichiometry of the complexes formed when stoichiometric
amounts of P1�P5 are added to Q at room temperature
(Supporting Information Figure S5). Table 3 summarizes the
main species identified from the mass spectra of PNA/DNA
complexes. The short P1 probe interacts with Q without
disrupting its scaffold, indeed the ESI-MS spectrum shows the
presence of the [Q-(P1)1] adduct with the inner ammoniums
preserved (Figure 7). As expected for long PNA sequences, when
P2�P4 PNAs are mixed with Q, the main peaks observed
correspond to 1:1 and 2:1 PNA/DNA hybrid complexes with
[ckit87up-(P2�P4)1] > [ckit87up-(P2�P4)2], in agreement
with the ITC data. Q is less abundant, but always detected.
Finally, the QþP5 spectrum shows no PNA/DNA complex
formation, even by increasing PNA concentration (data not
shown), thus suggesting that the PNA binding to DNA is
sequence specific.

’DISCUSSION

The present study reports the first example of PNA probes
able to bind to a biologically relevant DNA quadruplex without
disrupting its scaffold. While strand invasion of PNA into duplex
and quadruplex DNA have been investigated in detail,47,48 less
attention has been paid to the ability of PNA to bind and stabilize
the targeted quadruplex. We focused on some different PNA
sequences and analyzed their interaction with the quadruplex
formed by the ckit87up DNA sequence.

Table 3. Summary of the Peaks Observed in the Electrospray Mass Spectra of ckit87up Quadruplex (Q) þ PNAs in 150 mM
NH4OAc at 1:1 DNA/PNA Ratioa

DNA/PNA 1:1

sample Qz- = [ckit87up 3 (NH4
+)2]

z- [Q-(PNA)n]
z- complex [ckit87up-(PNA)n]

z- hybrid

Q [Q]4-f5- � �
QþP1 [Q]4-f5- m.p. [Q-(P1)1]

5- �
QþP2 [Q]4-f5- m.p. � [ckit87up-(P2)1]

5-f6-

[ckit87up-(P2)2]
6-f7-

QþP3 [Q]4-f5- l.p. � [ckit87up-(P3)1]
4-f6-

[ckit87up-(P3)2]
5-f7-

QþP4 [Q]4-f5- l.p. � [ckit87up-(P4)1]
5-f6-

[ckit87up-(P4)2]
5-f6-

QþP5 [Q]4-f5- � �
am.p. = “main product”; l.p. = “low product”.

Figure 6. ITC profiles for the interaction between PNA sequences and
ckit87up quadruplex in Kþ (open circles) and NH4

þ (black circles)
containing solution. The circles represent the experimental data ob-
tained by integrating the raw data and subtracting the heat of PNA
dilution. The lines represent the best-fit curve for the binding.
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In general, the G-quadruplex structures are stabilized by mono-
valent cations, in particular, Kþ and to a lesser extent Naþ and
NH4

þ.49 The ckit87up quadruplex predominantly exists in a
parallel conformation in vitro in Kþ buffer, while in Naþ solution,
it forms aggregated species.22 NH4

þ stabilizes G-quadruplexes to
an extent comparable with that observed for Naþ, but it displays a
coordination geometry similar to that observed for Kþ.50 There-
fore, to detect the differences in the molecular recognition process,
the analysis was carried out in two different solutions, containing
either potassium or ammonium ions.

The PAGE shows very similar behavior forQ annealed in Kþ-
or NH4

þ-containing solution, thus suggesting analogous folding
in both ion conditions. Furthermore, ESI-MS data acquired in
NH4

þ solution (the ammonium is the only ion which can be used
in the ESI-MS experiments) confirm the quadruplex structure
adopted in ammonium showing that two NH4

þ ions are retained
in the quadruplex scaffold (see Supporting Information). In
addition, CD and UV data also show the formation of a parallel
quadruplex structure in both solutions and, as expected, UV-
melting studies revealed that the thermal stability of Q in
ammonium is lower than that observed in potassium solution.

Binding studies indicate that P1�P4 PNAs are able to bind to
ckit87up quadruplex-forming sequence. Interestingly, we observed

that the different stability of the quadruplex arrangements affects
the binding mode of three (P2, P3, and P4) out of four PNAs.

Our results show that the short P1 probe binds to Q in both
NH4

þ and Kþ solutions without disrupting the target structure.
The thermodynamic profiles determined by ITC for the Q�P1
interaction, in the two different solutions, are qualitatively
similar. In both cases, the 5-mer PNA binds to the quadruplex,
even though with little affinity, and the stoichiometry observed is
1:1. Interestingly, the UV295-melting experiments show that the
Q-P1 complex melts as a quadruplex structure at a temperature
quite higher than Q alone in both NH4

þ and Kþ solutions. CD,
TDS, and PAGE studies suggested that the structure of the
quadruplex is maintained upon P1 addition in both investigated
conditions. ESI-MS analysis confirms this result in ammonium
solution. In fact, as for the quadruplex alone, the resulting Q-P1
complex retains the two ammonium cations embedded in the
structure (Figure 7). Since the 5-mer P1 is complementary to the
five bases A16�G20 of the long loop-4 ofQ, it is probably able to
bind some of those bases, thus preserving the quadruplex
scaffold. Since Q and QþP1 complexes run similarly on the
gel, we suppose that theQþP1 complex retains the overall shape
of free Q. On the other hand, the binding behavior of P2�P4
PNAs was found to be completely different depending on the
cation. Our data indicate that in ammonium solution P2�P4 act
as “openers” invading the quadruplex by forming PNA/DNA
hybrid complexes. In that solution, the characteristic CD and
TDS profiles of the quadruplex are lost upon addition of those
PNAs and the typical UV295-melting hypochromic transition of
the quadruplex is not more observed. Nondenaturing gel elec-
trophoresis show the formation of different species possessing
lower mobility than Q, and the results of ESI-MS analysis are
compatible with the formation of 1:1 and 2:1 PNA/DNA
complexes without ammonium ions embedded, thus confirming
that the G-quadruplex scaffold is not retained in these hybrid
complexes. The thermodynamic characterization reveals some
interesting features about the binding process in ammonium. In
particular, ITC data clearly suggest that two consecutive binding
events occur when a PNA solution is added in an incremental
stepwise fashion to theDNA solution. The first, stronger, binding
event has a binding stoichiometry of 1:1, then a weaker second
process requiring a much higher PNA concentration for satura-
tion occurs, suggesting that the resulting final complex is
composed by two PNA and one DNA strands. The DNA/PNA

Table 4. Thermodynamic Parameters for the Interaction Between the c-Kit87up Quadruplex-Forming Sequence and PNAs
Determined by ITCa at 298 K

first event second event

PNA n Kb (M
�1) ΔbH� (kJ mol�1) TΔbS� (kJ mol�1) ΔbG�298K (kJ mol�1) n Kb (M

�1) ΔbH� (kJ mol�1) TΔbS� (kJ mol�1) ΔbG�298K (kJ mol�1)

Kþ solution

P1 1.0 3� 105 �12 19 �31

P2 1.0 1� 106 �90 �56 �34

P3 1.0 3� 106 �110 �73 �37

NH4
þ solution

P1 1.2 3� 105 �13 18 �31

P2 0.9 2� 107 �130 �88 �42 1.8 8� 105 �50 �16 �34

P3 0.8 3� 107 �150 �107 �43 1.8 8� 105 �60 �26 �34

P4 0.8 8� 107 �215 �170 �45 1.7 1� 106 �160 �126 �34
aThe experimental error for each thermodynamic property is <8%.

Figure 7. ESI-MS spectra ofQþP1 in 150mMNH4OAc. The reported
spectrum was acquired in the following soft source conditions: RF
Lens1 = 100 V; cone = 100 V; collision energy = 10 V. The inset shows
the distribution of the number of ammonium ions remaining in the
G-quadruplex (from 0 to 2). [Q] = ckit87up quadruplex, namely,
[Mþ2NH4

þ], where M is the single-stranded ckit87up ODN strand;
[Q-P1] = QþP1 complex, namely [MþP1 þ 2NH4

þ], in which the
quadruplex is retained and coordinates two ammonium ions.

http://pubs.acs.org/action/showImage?doi=10.1021/bc100444v&iName=master.img-008.jpg&w=238&h=109
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interaction yielded favorable, enthalpy-driven, free energy con-
tributions, indicating that P2�P4 are able to invade and disrupt
the quadruplex structure by forming a stable product. The favorable
heat for the first binding reaction is due to the net compensation
of exothermic heat attributable to the formation of base-pair
stacks and endothermic heat required for breaking the G-tetrad
stacks of Q. The magnitude of the enthalpy values for the
formation of 1:1 and 2:1 PNA/DNA hybrid complexes directly
measured in ITC titrations increases by increasing the PNA
length and clearly indicates the highest number of base-pair stacks
formed in the case of P4. Therefore, all the above experiments
demonstrate that in ammonium the P2, P3, and P4 PNA probes
can unfold the quadruplex structure, forming 1:1 and 2:1 PNA/
DNA hybrid complexes with the target DNA. Since it is well-
known that pyrimidine-rich PNA sequences are able to invade
DNA strands by forming PNA-DNA-PNA triplexes, we believe
that the 2:1 PNA:DNA complexes, observed in ammonium in
the presence of an excess of P2, P3, and P4, can be PNA-DNA-
PNA triplex-type complexes.51

Conversely, the results of the experiments performed in potas-
sium-containing solution indicate that P2�P4 PNAs are able to
bind toQ, but none of them overcome the quadruplex structure.
Indeed, CD, UV, and PAGE experiments reveal that the structure
of the quadruplex is retained upon addition of P2, P3, or P4.
Moreover, UV thermal denaturation data indicate that the binding
of P2 and P3 to Q increases the T1/2 values of the resulting
quadruplex complexes. The energetic profiles, determined by
ITC for the binding of P2 and P3 to Q, are qualitatively
comparable, showing, in both cases, a single binding event with
a stoichiometry of 1:1. The dissection of the Gibbs energy change
into the enthalpy- and entropy-change contributions for the
binding shows that the favorable Gibbs energy change is due to a
favorable enthalpy change and an unfavorable entropy contribu-
tion. The entropy change values observed are the net compensa-
tion of (a) the unfavorable entropic contribution, due to the
formation of a less relaxed complex with respect to unbounded
components, and (b) the favorable entropic contribution, due to
the release of coordinated water molecules to the bulk solvent.
Moreover, the thermodynamic data revealed that P3 has a higher
affinity forQ (Kb forP3 is three times larger than that forP2) and
that its interaction is associated with a larger favorable enthalpy
change. On the other hand, the ITC titration ofQwith P4 shows
that the interaction between these molecules does not lead to the
determination of thermodynamic parameters associated with a
specific interaction.

The overall picture emerging from this study is that the investi-
gated PNAs are able to interact with Q in both Kþ and NH4

þ

solutions, but with a different binding mode. As known, the nature
of the cations in solution significantly influences the stability of
G-quadruplexes. The different behavior of PNA molecules arises
just from the relative stability of Q in the two ionic solutions. In
NH4

þ solution, the PNAs are able to overcome the less stable
quadruplex structure of Q hybridizing the DNA sequence.
Conversely, in Kþ solution, where the quadruplex structure stability
is highest, the PNAs are still able to bind to the quadruplex
without overcoming it. The melting experiments of the quad-
ruplex structure in Kþ solution show that the binding of PNAs
leads to a stabilization of Q, resulting in the following stability
order: Q-P3 > Q-P2 > Q-P1. The ranking orders of binding
constants and enthalpies found by ITC are in agreement with the
order of thermal stability, and indicate that P3 is the best
quadruplex-binding agent among the investigated PNAs.

The NMR structure of Q22 shows that the only residues
potentially able to form Watson�Crick-type base pairs are the
bases A16, G17, and G18 of the long loop-4; therefore, we
speculate that the interaction with PNA involves one of its “c-
c-t” stretch. Since P2 and P3 bind to Q with higher affinity than
P1, we hypothesize that the best possible interaction occurs with
the “c-c-t” motif at the N-terminus. Figure 8 shows a molecular
model of Q-P3 complex, built on the basis of these considera-
tions. The model of the complex shows that the PNAmolecule is
able to form three Watson�Crick base pairing involving the
“c2c3t4” bases of P3 and the complementary “A16G17G18

” bases.
The model also shows that the PNA molecule can adapt its
backbone to the structure of Q. The flexibility of PNA could
allow the positively charged lysine residue to gain additional
interactions with the backbone of the quadruplex. The origin of
the nonspecific binding of P4, that match the C-terminus
sequence of P3, could be due to the remaining bases at the
N-terminus. These latter could also be responsible for the
quadruplex destabilization observed in Q-P4 complex in Kþ.

In conclusion, in this paper we proposed a potential way to
regulate the c-kit gene transcription by using short PNA
sequences. The ckit87up sequence is unique within the human
genome, and it folds into an unusual quadruplex structure
embodying a peculiar long loop that may represent, as we have
shown, the target of new quadruplex-binding agents. Our find-
ings demonstrate that (i) PNAs can act as quadruplex-binding
agents, that (ii) their affinity toward the quadruplex depends on
PNA sequence and length, and that (iii) the binding mode could
be related to the quadruplex stability. These studies open up new
routes for the development of improved probes for the regulation
of c-kit protooncogene transcription.
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