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ABSTRACT: Guanine-rich DNA and RNA sequences are known to fold into secondary structures known
as G-quadruplexes. Recent biochemical evidence along with the discovery of an increasing number of
sequences in functionally important regions of the genome capable of forming G-quadruplexes strongly
indicates important biological roles for these structures. Thus, molecular probes that can selectively target
quadruplex-forming sequences (QFSs) are envisioned as tools to delineate biological functions of
quadruplexes as well as potential therapeutic agents. Guanine-rich peptide nucleic acids have been previously
shown to hybridize to homologous DNA or RNA sequences forming PNA-DNA (or RNA) quadruplexes.
For this paper we studied the hybridization of an eight-mer G-rich PNA to a quadruplex-forming sequence
derived from the promoter region of theMYCproto-oncogene. UV melting analysis, fluorescence assays,
and surface plasmon resonance experiments reveal that this PNA binds to theMYC QFS in a 2:1
stoichiometry and with an average binding constantKa ) (2.0 ( 0.2) × 108 M-1 or Kd ) 5.0 nM. In
addition, experiments carried out with short DNA targets revealed a dependence of the affinity on the
sequence of bases in the loop region of the DNA. A structural model for the hybrid quadruplex is proposed,
and implications for gene targeting by G-rich PNAs are discussed.

Guanine-rich DNA or RNA molecules with at least four
tracts of Gn bases (n ) 2-4) fold into secondary structures
known as quadruplexes (1, 2). These structures are based
on the formation of G-tetrads, a square planar arrangement
of four guanines, hydrogen bonded in a cyclic fashion.
π-Stacking of these tetrads and coordination to a central
monovalent metal ion lead to further stabilization of the
structure. Whereas the first reports of quadruplex structures
were published nearly two decades ago (3, 4), these structures
have been recently implicated in a variety of biological
contexts including promoter regions of genes (5-8), telo-
meric ends of chromosomes (9-11), and alternative splice
sites of mRNA (12, 13). Bioinformatics reports (14, 15)
indicate the presence of>105 sequences in the human
genome capable of folding into quadruplexes. Additionally,
as Huppert et al. have demonstrated (16), such sequences
are particularly prevalent in promoter sequences of human
genes. The most direct evidence of the biological role of
quadruplexes has been reported by Paeschke et al. (17), who
demonstrated thein ViVo formation of quadruplexes in
telomeres ofStylochnia lemnaeunder the control of telomere-
binding proteins.

Due to the growing awareness of the biological importance
of quadruplexes, there is an urgent need to develop ligands
that are able to bind specifically either to these structures
or, more generally, to quadruplex-forming sequences
(QFSs).1 Such compounds are desired both as potential
therapeutics and as tools for delineating the biological roles
of quadruplexes. Prior strategies for targeting quadruplexes
include (1) small molecules with large aromatic surfaces that
can bind throughπ-stacking to the guanine tetrads (18-23),
(2) molecules that bind selectively to the grooves of the
quadruplex structure (23, 24), and (3) C-rich complementary
oligonucleotides (25, 26). Recent work from our laboratory
relies on an alternative strategy using G-rich, homologous
peptide nucleic acid (PNA) oligomers that are able to form
hybrid PNA-DNA or PNA-RNA quadruplexes (27-29).
In this approach, guanines from both the PNA probe and
the DNA or RNA target participate in G-tetrad formation,
leading to the assembly of extremely stable hybrid quadru-
plexes. This methodology was first demonstrated by forma-
tion of a four-stranded PNA2-DNA2 quadruplex by ho-
mologous G4T4G4 sequences (27). Subsequently, a 7-mer
PNA sequence with two G2 tracts was found to bind in a
2:1 stoichiometry to a quadruplex-forming RNA aptamer
containing four G2 tracts (28, 29).
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In this paper we describe studies using homologous PNA
probes to target a QFS derived from the promoter region of
the humanMYCgene known as the nuclease hypersensitivity
element III1 (NHE III 1) (30, 31). This is a sequence of 27
bases that is found upstream of the P1 promoter and known
to control 80% ofMYC expression. The myc protein is a
transcription factor that controls the expression of a large
number of genes (32, 33). Genetic abnormalities leading to
overexpression of myc are key precursors to cellular
proliferation in many types of cancer (34-36), making it a
very attractive target for development of therapeutic strate-
gies. Siddiqui-Jain et al. (37) have provided evidence
suggesting that the formation of a quadruplex by the NHE
III 1 in ViVo causes repression ofMYC transcription. There-
fore, probes that are able to selectively recognize this QFS
have potential as therapeutics as well as for investigating
the role of the NHE III1.

This paper describes results from UV melting, fluores-
cence, and surface plasmon resonance biosensor studies that
demonstrate the formation of extremely stable PNA-DNA
hybrid quadruplexes between an 8-mer G-rich PNA and a
QFS derived from the NHE III1. Furthermore, studies with
short G-rich DNA targets demonstrated that small changes
in the non-G portion of the target sequence can lead to
significantly different binding affinities of a homologous
PNA probe. On the basis of this sequence selectivity and
CD spectroscopic results, we present a possible structure for
the PNA2-DNA hybrid quadruplex and discuss implications
of this high-affinity binding mode for biological applications
in regulating gene expression.

EXPERIMENTAL PROCEDURES

Materials. DNA oligonucleotides were purchased from
Integrated DNA Technologies (www.idtdna.com) and used
without further purification except for biotinylated and
fluorescein-labeled DNA, which was purified by HPLC.
t-Boc-protected peptide nucleic acid monomers were pur-
chased from Applied Biosystems and used for standard solid-
phase synthesis (38, 39) of the PNA oligomers. (PNA
monomers are no longer sold by this company.) For PNA
attached to thiazole orange, a carboxylic acid derivative of
thiazole orange was coupled to the PNA prior to cleavage
using the same procedure as for all of the other monomers.
The thiazole orange derivative was synthesized accord-
ing to previously reported procedures (40-42). The PNA
oligomers were purified on reverse phase HPLC and veri-
fied by MALDI-TOF mass spectrometry (Applied Biosys-
tems, Voyager DE sSTR) using sinapinic acid as the matrix.
(Pmyc, expectedm/z for [M + H]+, 2460.2; found, 2462.52.
Pmyc-TO, expected, 2847.2; found, 2850.73.)

All DNA and PNA concentrations were determined by
measuring the absorbance at 260 nm at 85°C on a Cary 3
Bio spectrophotometer. At high temperatures the bases are
assumed to be unstacked, and the extinction coefficient of
the oligomer is estimated as the sum of the individual bases.
For the DNA oligomers the extinction coefficients were used
as reported in the literature (43). The PNA extinction
coefficients were obtained from Applied Biosystems.

UV Melting Experiments.UV-vis measurements were
performed on a Varian Cary 3 spectrophotometer equipped
with a thermoelectrically controlled multicell holder. Samples

containing DNA and PNA were prepared in a buffer
containing 10 mM Tris-HCl (pH 7) and 0.1 mM Na2EDTA.
For LiCl thermals, a stock solution of 10 mM Li2EDTA was
used. Various concentrations of KCl or LiCl were used. The
solutions were heated to 95°C for 5 min followed by cooling
to 15°C at a rate of 1°C min-1, equilibrated for 5 min, and
then heated back to 95°C at the same rate. The absorbance
at 295 nm was recorded throughout at intervals of 0.5°C.
All figures show the heating curve, which was also used to
derive the thermodynamic parameters as described by Marky
and Breslauer (44). Briefly, the absorbance versus temper-
ature curves were converted intoR versus temperature
profiles, whereR is the fraction of strands that are in a
quadruplex form at any given temperature. (In cases where
melting curves exhibited pre- and/or post-transitional hy-
perchromicity, appropriate baselines were subtracted from
the data prior to conversion intoR-versus-T profiles.) The
temperature atR ) 0.5 was then defined as the melting
temperature,Tm, which was used to determine the van’t Hoff
enthalpy and the equilibrium constant atTm. Subsequently,
this value was extrapolated toT ) 310 K, using the value
of Tm, the van’t Hoff enthalpy, and the integrated form of
the van’t Hoff equation. This enabled determination of the
Gibbs free energy using the standard thermodynamic rela-
tionship∆G310 ) -RT ln K310 and the enthalpy from∆G310

) ∆H - T∆S310. The heat capacity change was assumed to
be zero and hence∆H was independent of temperature.

Circular Dichroism (CD) Spectropolarimetry.CD mea-
surements were performed on a Jasco J-715 CD spectropo-
larimeter equipped with a water-circulating temperature
controller. Samples were prepared by mixing all components
together in 10 mM Tris-HCl (pH 7), 0.1 mM Na2EDTA,
and various amounts of KCl. Samples were annealed by
heating to 95°C for 5 min and then slowly cooling to room
temperature. All spectra were collected at 37°C by equili-
brating the solutions at this temperature for 10 min prior to
recording. Each spectrum represents an average of 10 scans,
collected at a rate of 10 nm min-1. The spectra were baseline
corrected.

Fluorescence Spectroscopy.Fluorescence emission spectra
were collected on a Photon Technology International (PTI)
fluorescence system. For the continuous variations experi-
ment, various amounts ofMyc19 andPmyc-TO were mixed,
keeping the total concentration of DNA+ PNA fixed at 100
nM. The emission spectra were measured upon excitation
of TO at 495 nm. For experiments involving fluorescein-
labeled DNA, solutions were prepared by mixing a fixed
concentration of the DNA (50 nM) and variable concentra-
tions of Pmyc. The samples were excited at 475 nm, and
emission intensity at 513 nm was used to calculate fraction
bound by comparison with the intensity recorded in the
presence of a large excess of the PNA. All samples were
prepared in buffer containing 10 mM Tris-HCl (pH 7.0), 0.1
mM Na2EDTA, and various KCl concentrations and annealed
prior to recording of the spectra. All fluorescence spectra
were collected at room temperature.

Surface Plasmon Resonance (SPR) Experiments.SPR
measurements were performed by using a Biacore 2000
system with four-channel, streptavidin-coated sensor chips
(SA) for all experiments. This chip consists of a gold surface
and streptavidin covalently immobilized on a carboxym-
ethylated dextran layer at the surface. 5′-Biotinylated DNA
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was immobilized on the surface by non-covalent capture to
streptavidin. To prepare sensor chips for use, they were
conditioned with three consecutive 1 min injections of 1 M
NaCl in 50 mM NaOH followed by extensive washing with
HEPES buffer (pH 7.4) (0.01 M Hepes, 0.15 M LiCl, 3 mM
EDTA, and 50µL/L surfactant P20). Biotinylated oligo-
nucleotide (25 nM) in coupling buffer (10 mM HEPES, pH
7.4, 3 mM EDTA, and 150 mM LiCl) was heated at 95°C
for 5 min, cooled slowly to room temperature, and then
injected at a flow rate of 2µL/min to achieve long contact
times with the surface and to control the amount of the DNA
that was immobilized. A high level ofMyc19 DNA, >1000
RU, was used to maximize mass transfer in the competition
experiments described below. ThePmyc sample was dissolved
in water at approximately 1 mM and was then diluted to a
working stock solution at 10µM in the Tris buffer: 10 mM
Tris (pH 7.4), 1 mM EDTA, and 100 mM KCl, which was
used in all binding determinations. Samples of various PNA
concentrations were then prepared in filtered and degassed
Tris buffer by serial dilutions from the stock solution.

Solution Competition Analysis. (A) Construction of a
Standard CurVe.All BIAcore studies were carried out at 25
°C using thePmyc PNA sequence. A range of concentrations
of this PNA (0-30 nM) were serially diluted into Tris buffer,
and each sample was injected over theMyc19 DNA
biosensor surface at flow rates of 10-30µL/min in different
experiments. The biosensor surface was regenerated after
each PNA sample with a 50 mM NaOH wash for 0.5 min to
dissociate the PNA-DNA complex. The slope for eachPmyc

concentration in the linear association region was obtained
by averaging the results over a 20 s window beginning 50 s
postinjection. Data from the first 50 s of each sensorgram
were omitted due to effects at the start of injections, such as
sample dispersion and depletion. A plot of the average slopes
versus concentrations ofPmyc yields a standard curve that
can be used to determine the concentration of freePmyc PNA
in equilibrium with nonbiotinylatedMyc19 DNA (45-49).
A calibration function was obtained by a linear least-squares
fit of the standard curve data. The results are linear over the
desired concentration range of 0-30 nM, and the linear
function can be used to determine free PNA concentration
in the competition experiments described below.

(B) Solution Competition for Determination of Binding
Constants. A range of concentrations of nonbiotinylated
Myc19 DNA, determined from preliminary studies to define
the competition curve, were serially diluted into Tris buffer
and mixed with a constant total concentration of 10-15 nM
PNA. Samples were allowed to equilibrate for approximately
2 h at 25°C and then injected over the calibratedMyc19-
biosensor surface with flow rates of 10-30 µL/min. Control
experiments demonstrated that no significant binding of
Myc19 to the surface is observed in the experimental time
range, and the experiment thus provides a measure of the
free concentration ofPmyc. The biosensor surface was regen-
erated after each sample as described above. Sensorgrams
for each solution were obtained, and the slopes of freePmyc

binding to the biosensor surface were determined as de-
scribed above. FreePmyc concentrations, determined from
the calibration curve described above, were subtracted from
the total PNA concentration in solution for calculation of
the boundPmyc concentration andr, moles ofPmyc bound/
total moles ofMyc19 DNA in solution. Equilibrium associa-

tion constants (KA) were obtained from the nonlinear least-
squares best fit ofr versus free compound concentration (Cfree)

wheren ) 1 for binding to the short DNA targets andn )
2 for binding to two equivalent sites onMyc19. (For binding
to Myc19, a fit to the results with a nonequivalent site model
did not provide a significant improvement relative to
experimental error.)

RESULTS

Formation of an Extremely Stable Hybrid Quadruplex.The
target quadruplex-forming sequence described here (Myc19)
was derived from the NHE III1 control region of the human
oncogeneMYC. A PNA sequence (Pmyc) was designed to
be perfectly homologous to the central G6-G13 of the DNA
sequenceMyc19 (Chart 1). However, it is also possible that
Pmyc could bind to one or both G3TG4 sites inMyc19 because
these sites would still permit formation of hybrid PNA-
DNA quadruplexes having three stacked G-tetrads. [We refer
to these sites as “G-homologous” because the intervening
nucleobases separating the G-tracts on the PNA and DNA
strands are not homologous (28, 29).] The PNA was
synthesized by standard methods and gave satisfactory HPLC
and mass spectral data. In addition, a PNA bearing an
N-terminal fluorogenic dye, thiazole orange (TO) (41), was
synthesized.

Pmyc hybridization toMyc19 was first studied using the
TO conjugate of the PNA (Pmyc-TO). TO has been
previously used as a fluorescent indicator of PNA binding
to its complementary target (40). Earlier reports from our
laboratory have used this method to probe PNA-DNA and
PNA-RNA hybrid quadruplex formation as well (28, 29).
Hybridization is readily detected with a TO-labeled PNA
based on the enhanced fluorescence of the dye upon binding
of the PNA to its target. A continuous variation experiment
of Pmyc-TO/Myc19 binding is shown in Figure 1. The
apparent formation of a 2:1 complex indicates that the PNA
does indeed bind to both of the peripheral G-homologous
sites, rather than forming a 1:1 complex by binding to the
perfectly homologous central site. This is consistent with
prior work from our laboratory, which showed 2:1 hybrid
quadruplex formation between a G-rich PNA and an RNA
quadruplex target (28, 29). Furthermore, the sharpness of
the transition observed in the Job plot indicates a high affinity
for the PNA2-DNA interaction.

UV melting experiments are routinely used to characterize
nucleic acid interactions. Quadruplexes in particular give rise
to a hypochromic transition when absorbance is measured
at 295 nm as a function of temperature (50). To determine
the relative stabilities of the species involved, we first

Chart 1: Sequences of DNA and PNA Useda

a Guanines inMyc19 that participate in quadruplex formation are
colored blue and underlined. All DNA sequences are written 5′ to 3′
while the PNA sequences are written C to N terminus.

r ) n(KACfree)/(1 + KACfree) (1)
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characterized the UV melting behavior of theMyc19
sequence by itself. This sequence demonstrated typical
hypochromic transitions (Figure 2A), which were dependent
on the KCl concentration, as expected of quadruplexes.
However, upon addition ofPmyc in a 2-fold excess, the
melting temperatures (Tm values) were found to be much
higher at each KCl concentration (Figures 2B and 3). In fact,
complete transitions for the PNA2-DNA hybrids could be
observed only at KCl concentrations of 2.5 mM or less. (Note
that the samples also contained 0.2 mM Na+ due to the
presence of 0.1 mM disodium EDTA in the buffer.) At higher
potassium concentrations the melting temperature was be-
yond the range accessible in these experiments, indicative
of the extremely high stability observed previously for
PNA2-RNA (28, 29) and PNA2-DNA2 (27) hybrid qua-
druplexes. The melting transitions also exhibited the expected
increase with increasing PNA and DNA concentrations,
although precipitation occurred at concentrations above 2.5
µM DNA/5.0 µM PNA (see supplementary figure S1 in the
Supporting Information).

Figure 3 compares the increase in stability of the DNA
and PNA2-DNA quadruplex as a function of potassium
concentration. The slopes of the two lines were found to be
quite different as expected. The larger slope forMyc19 is
explained by the fact that K+ stabilizes DNA quadruplexes
not only through coordinating to the carbonyl oxygen on the
guanines at the center of the G-tetrad but also by associating
with the phosphate backbone and screening the negative
charges on the oxygen atoms. In contrast, due to the neutral
PNA backbone, the latter effect should be significantly
reduced for the PNA2-DNA quadruplex.

The melting curves were also fitted as described by Marky
and Breslauer (44) to determine thermodynamic parameters
for formation of theMyc19 quadruplex as well as the PNA2-
DNA hybrid quadruplex (Table 1). The free energy of
formation of the PNA2-DNA quadruplex is greater than that
of the DNA quadruplex by ca. 30 kcal mol-1 at 0.1 and 1.0
mM KCl. This further emphasizes the fact that a very high
affinity complex is formed betweenMyc19 and Pmyc. In
contrast, melting curves recorded in solutions containing LiCl

showed much lower melting transitions, although signifi-
cantly lower hypochromicities were also evident (see supple-
mentary figure S2).

CD spectropolarimetry is usually an excellent method for
studying nucleic acid secondary structures.Myc19 yielded
spectra that were characteristic of parallel quadruplexes with
a maximum at 260 nm and a minimum at 240 nm (Figure
4), consistent with a prior study (51). Interestingly, addition
of Pmyc (2 equiv) did not lead to significant changes in the
positions of the peaks or the shape of the spectrum at both
10 and 100 mM KCl concentrations. Because the TO
fluorescence experiments clearly demonstrate binding of the
PNA under these conditions, the CD results indicate that the
hybrid PNA-DNA quadruplexes and theMyc19 DNA
quadruplex have similar helical structures. Moreover, the CD
spectrum for the 2:1 hybrid quadruplex is similar to those
previously reported for PNA2-RNA and PNA2-DNA2

hybrid quadruplexes (26-28).
Binding to Short DNA Targets.The fact that two PNAs

bind to Myc19 raises the question of whether there is a
difference in affinity for the two distinct G-homologous
subsequences inMyc19, 5′-GGGTGGGG-3′ and 5′-GGG-
GAGGG-3′ (G3TG4 andG4AG3, respectively, in Chart 1).
We performed UV melting and fluorescence experiments to
characterize PNA binding to these truncated targets.

The short DNAs exhibited no hypochromic transitions
when monitored at 295 nm in the presence of 1 mM KCl at
2.5 µM DNA strand concentrations, indicating no self-
quadruplex formation under these conditions (see supple-
mentary figure S3). However, addition of 1 equiv ofPmyc

resulted in a distinct hypochromic transition forG3TG4,
implying formation of a PNA-DNA quadruplex (Figure 5).
The corresponding curve forG4AG3 is broader and exhibits
a lower hypochromicity, suggesting thatPmyc forms a more
stable quadruplex withG3TG4 in comparison toG4AG3.
Considerable hysteresis was also observed in these transitions
(data not shown), indicative of slow association kinetics. In
contrast, no such hysteresis was observed in the 2:1Pmyc-
Myc19 melting experiments described above. This suggests
that higher molecularity complexes (e.g., 2:2 four-stranded
quadruplexes, as in ref 16) and/or different structures having
complex folds are formed with the short DNA targets.

We also characterized the binding ofPmyc to fluorescein-
labeledG3TG4 andG4AG3, taking advantage of the fact that
when the PNA was added to a solution containing a DNA
target, the fluorescence was found to be significantly
quenched (Figure 6A). Guanines are known to be efficient
quenchers of fluorescein emission through a suspected
electron-transfer mechanism (52, 53). Because both the
fluorescein and the DNA backbone are negatively charged,
electrostatic repulsions might prevent the G-rich DNA
oligonucleotides from quenching the fluorescence. However,
formation of the hybrid PNA-DNA quadruplex reduces the
charge density of each G-tetrad by half. (In addition, both
termini of the PNA bear positive charges.) This should
decrease the electrostatic repulsion with the dye, allowing
fluorescein to more closely approach the guanines and
enhancing the quenching. Regardless of the origin of the
quenching, this phenomenon allows detection of hybridiza-
tion at low nanomolar concentrations.

Continuous variation experiments with both short strands
of DNA labeled with a fluorescein on the 3′ end versusPmyc

FIGURE 1: Fluorescence Job plot determined for binding of TO-
labeledPmyc to Myc19. Total strand concentration) 100 nM.
Fluorescence at 537 nm was recorded with excitation at 495 nm.
Dotted lines correspond to 1:1, 2:1, and 3:1 stoichiometries.
The buffer in this experiment contained 100 mM KCl, 10 mM
Tris-HCl (pH 7), and 0.1 mM EDTA.
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revealed an inflection in the slope at aPmyc mole fraction of
approximately 0.5 (see supplementary figure S4) denoting
either a 1:1 or a 2:2 binding stoichiometry. Figure 6B
compares results from titration ofG3TG4 andG4AG3 against
Pmyc. The EC50 value for G3TG4 ) 25 nM, that is, the
minimum possible value given that the DNA concentration
for the experiment was 50 nM. Meanwhile, EC50 ) 113 nM
for the binding ofPmyc to G4AG3, indicating significantly
lower affinity of the PNA for the perfectly homologous

central eight nucleotides of theMyc19 DNA target than for
the G-homologous flanking target sites.

SPR.SPR experiments are useful for measuring kinetic
and equilibrium parameters for binding of small molecules
to DNA, but have not been widely used to study PNA-
DNA interactions due to difficulties in determining the very
high binding constants with significant mass transfer limita-
tions on the reaction kinetics. Figure 7 illustrates the results
of a typical SPR experiment in which 25 nMPmyc was flowed
over the surface of a chip functionalized with comparable
amounts ofMyc19, G3TG4, andG4AG3 in different flow
cells. Although some valuable information can be obtained
from such experiments, such as the observation of greater
PNA binding to G3TG4 than G4AG3, consistent with the
fluorescence experiments shown in Figure 6B, the impact
of mass transfer on the measurements, the failure to saturate
the binding, the incomplete release of the PNA during the
dissociation phase, and the 2:1 stoichiometry withMyc19
limit the quantitative interpretation of the results.

The mass transfer limitation can, however, be used to
advantage in a solution competition analysis where the
biosensor surface is used simply to measure the free
concentration of one reactant (45-49). To maximize mass
transport, a high-densityMyc19-functionalized SPR chip
surface was prepared by immobilizing biotinylatedMyc19
DNA onto a streptavidin-coated carboxymethyldextran sur-
face as described under Experimental Procedures. Typical
sensorgrams obtained for different concentrations ofPmyc

binding to theMyc19 biosensor surface under mass transport
limiting conditions are shown in Figure 8. The slopes and
the total response units obtained during the binding phase
of the sensorgrams increase proportionately with increase
in Pmyc concentration, within the range examined (0-30 nM),
and a calibration curve of slope versus the solution PNA
concentration is shown in the Supporting Information (see
supplementary figure S5). On the basis of the maximum
response units (RU) observed at the highest PNA concentra-
tions, there are two PNAs bound perMyc19 DNA, consistent
with the fluorescence experiment shown in Figure 1.

Concentrations of nonbiotinylatedMyc19 DNA ranging
from 1 to 30 nM were mixed with a fixed concentration of
Pmyc in Tris buffer for solution competition analysis. PNA

FIGURE 2: UV melting curves monitored at 295 nm demonstrating the potassium-dependent increase in stability of quadruplexes formed
by 1.0 µM Myc19 by itself (A) or in the presence of a 2-fold excess ofPmyc (B). The buffer in these experiments contained 10 mM
Tris-HCl (pH 7) and 0.1 mM EDTA in addition to the indicated KCl concentration.

FIGURE 3: Plot of melting temperatures as a function of K+

concentration forMyc19 as well asPmyc-Myc19 (2:1) solutions.
The Tm values were estimated from the differentials of heating
curves shown in Figure 2.

Table 1: Thermodynamic Parameters Derived from Fitting Melting
Curves of (A) 1µM Myc19 and (B) 1µM Myc19 + 2 µM Pmyc

a

[KCl] (mM) ∆G (kcal/mol) ∆H (kcal/mol) ∆S(cal/mol)

A. Myc19 DNA Quadruplex
0.1 -0.5( 0.1 -41.3( 6.1 -131.5( 19.9
1 -2.7( 0.1 -42.9( 1.5 -129.9( 4.3
5 -5.6( 0.3 -56.0( 2.9 -162.4( 8.3

10 -6.2( 0.2 -56.4( 1.5 -161.8( 4.5

B. Pmyc-Myc19 (2:1) Hybrid PNA-DNA Quadruplex
0.1 -30.6( 0.8 -128.9( 5.9 -317.5( 16.8
0.5 -35.0( 1.1 -153.6( 0.5 -382.3( 3.3
1 -31.2( 1.4 -112.3( 6.1 -261.8( 16.4

a All values reported are for 37°C.
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concentrations of 10 or 15 nM were used in separate
experiments and gave equivalent equilibrium constants within
experimental error. The solutions were equilibrated for 2 h
at 25°C, and then samples were individually injected over
the calibrated high-densityMyc19-biosensor surface to
generate a series of binding sensorgrams (Figure 9). Control
experiments verified that the nonbiotinylatedMyc19 DNA
does not bind to the immobilizedMyc19 DNA in the time
span of the experiments (data not shown). As the concentra-
tion of Myc19 DNA in solution increases, the amount of
free Pmyc in solution available for binding to the biosensor
surface decreases. The slopes of the sensorgrams in the linear
association region are proportional to the concentration of
free Pmyc when the experiment is conducted under mass
transport limited conditions.

The calculated freePmyc concentration, from the linear fit
to the standard curve (Experimental Procedures), is plotted
versusr in Figure 10, and the best-fit curve to the data was
determined by using a two equivalent site binding model
(eq 1). Nonlinear least-squares fitting of the results in Figure
10 givesKa ) (2.0 ( 0.2)× 108 M-1 or Kd ) 5.0 nM. It is
important to emphasize that this value corresponds to binding
of the Pmyc to theMyc19 DNA in solution; the SPR signal
is used only to determine the free PNA concentration. Using

differentPmyc concentrations and flow rates in the competi-
tion experiment (10 or 15 nMPmyc and 10 or 30µL/min)
gaveKa values of (2.0( 0.2) × 108 M-1 in all cases.Pmyc

concentrations below 10 nM did not give sufficient signal
to obtain a full binding curve, and the best results were
obtained at 15nMPmyc. The Gibbs energy for binding of
the two Pmyc strands to theMyc19 model DNA is ∆G )
-2RT ln Ka ) -22.9 kcal/mol, which is in the range of
strong protein-DNA complexes. The lower value determined
by SPR compared with the melting curve analysis (∆G )
-30 to 35 kcal/mol) likely reflects the difference in ionic
strength for the two experiments because the higher KCl
concentration used in SPR will stabilize theMyc19 quadru-
plex more than the PNA2-DNA hybrid, as suggested by the
ionic strength dependence of theTm for the two quadruplexes
(Figure 3).

The experiment was next repeated using the short DNA
strands as competitors. Preliminary experiments demonstrated
no binding of the competitor DNAs with the immobilized
Myc19 (data not shown). Thus, the immobilized and
competitor strands need not be the same in order to perform
the SPR competition assay. As shown in Figure 10,Pmyc

exhibits 2.4-fold higher affinity forG3TG4 versusG4AG3:
Ka ) 1.4× 108 M-1 and 0.59× 108 M-1, respectively. These
results are consistent with the UV melting and fluorescence
experiments shown in Figures 6 and 7.

DISCUSSION

DNA sequences that are able to form quadruplexes (QFSs)
are prominent in many biological contexts such as promoter
regions of genes and telomeres of the chromosomes. In this
paper we report the high-affinity binding of a guanine-rich
PNA to a DNA QFS derived from the promoter region of
the human proto-oncogeneMYC.

Binding Affinity.As observed for other PNA-DNA and
PNA-RNA hybrid quadruplexes, very high thermodynamic
stabilities were measured from UV melting curves for the
(Pmyc)2-Myc19 quadruplex.Tm values were found to be
dependent on the concentration of KCl as well as the type
of ion present, characteristic of quadruplex formation.
However, the hybrid complexes were found to be so stable
that complete melting transitions could be obtained only at
low potassium concentrations. The high stability of these
complexes is further reflected in the free energy values
determined from the melting curves (∆G ) -30 to 35 kcal

FIGURE 4: CD spectra of 2.5µM Myc19 in the absence and presence of 5.0µM Pmyc in (A) 100 mM KCl or (B) 10 mM KCl. All spectra
were recorded in 10 mM Tris-HCl (pH 7.0) and 0.1 mM EDTA.

FIGURE 5: UV melting curves recorded at 295 nm forPmyc versus
G4AG3 and G3TG4 DNA sequences. The concentrations of the
DNA or PNA strands were 2.5µM, and the buffer contained 1
mM KCl.
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mol-1; Table 1) at lower potassium concentrations as well
as the SPR experiments at higher potassium (∆G ) -22.9
kcal/mol). The formation of a ternary complex leads to a
greater loss in entropy than for the DNA quadruplex itself.
The new structure comprising two PNA-DNA quadruplexes,
though, should be favored enthalpically as the numbers of
hydrogen bonds and stacking interactions are twice those of
the DNA quadruplex. (It is also possible that the two hybrid
quadruplexes stack on one another coaxially.) In addition,
the electrostatic repulsions inherent in a pure DNA quadru-
plex are relaxed when two of the four backbones are
neutral PNA. This effect is reflected in the weaker depen-
dence of theTm on the potassium concentration shown in
Figure 3.

SPR experiments allowed determination of the equilibrium
binding constant for quadruplex formation. Attempts at direct
kinetics and thermodynamics characterization of theMyc19-
Pmyc interaction were not successful due to the multiple
stoichiometry of the reaction, its kinetic complexity, with
some required unfolding ofMyc19 for binding, and signifi-
cant mass transfer. The mass transfer limitation of reaction
kinetics was, however, turned to advantage in a solution
competition experiment. On a high-densityMyc19 surface,

Pmyc initially binds in a completely mass transfer limited
process at low concentrations, and the signal produced on
interaction ofPmyc with theMyc19 surface is directly related
to the concentration of freePmyc in solution. From the known
total concentration ofPmyc in solution, the bound concentra-
tion can be determined at any added concentration ofMyc19
to provide a complete binding curve as shown in Figure 10.
The RU values at high ratios ofPmyc to Myc19 are only
consistent with a 2:1 stoichiometry for the complex. With
the binding curve and stoichiometry, a fit to the curve was
obtained with a 2:1 equivalent binding site model (Figure
10), and the value ofKa, the microscopic binding constant
for each site, obtained from the fit is 2.0× 108 M-1. Similar
experiments with DNA models for the two possible PNA
binding sites inMyc19 gave values that are lower by a factor
of 2-4. It should be emphasized that these are binding
constants in solution, and the biosensor surface is used only
to determine free PNA concentration in equilibrium with

FIGURE 6: (A) Representative fluorescence spectra showing quenching of fluorescence from 50 nMG3TG4 conjugated to a fluorescein
upon successive additions ofPmyc. Arrow indicates increasing PNA concentration. (B) Plot of fraction bound versus added PNA for the two
short DNA strands. Dotted line shows 50% bound DNA. The experiments in the figure were carried out in buffer containing 150 mM KCl.

FIGURE 7: SPR experiment in which 25 nMPmyc PNA was flowed
over chip containing comparable amounts of biotinylatedMyc19,
G3TG4, and G4AG3, immobilized on a streptavidin-coated chip.
Buffer contained 10 mM HEPES (pH 7.4), 150 mM KCl, and 3
mM EDTA.

FIGURE 8: Sensorgrams for the direct interaction ofPmyc with
immobilizedMyc19. The initial region of the association reaction
is mass transport limited, and this is where the slopes are determined
to prepare the calibration curve. At 600 s, the flow ofPmyc is
stopped, and buffer flow is restarted to monitor the dissociation
reaction. Very slow dissociation, mass transfer, and complex
association kinetics limit the quantitative analysis of these direct
binding curves. The concentrations ofPmyc increase from 2.5 nM
in the lowest sensorgram to 30 nM in the top sensorgram, and the
concentration intervals between plots are 2.5 nM. The calibration
curve prepared from this experiment is given in the Supporting
Information.
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Myc19 in solution. This method obviously is quite useful
for providing equilibrium information for complex reactions
such as that forMyc19-Pmyc, and the results illustrate the
very large affinity that can be obtained in a homologous
interaction of a short PNA with a DNA quadruplex-forming
G-strand.

Sequence-Dependence of Hybrid Quadruplex Formation.
Our prior work with RNA quadruplexes and the present
results withMyc19 demonstrate that G-rich PNA can bind
to G-rich RNA or DNA and form hybrid quadruplexes, even
without being perfectly homologous. This is evidenced by
the 2:1 binding stoichiometries as well as the experiments
with the short oligonucleotides,G4AG3 and G3TG4. The
competition SPR results shown in Figure 10 indicate that

the PNA bindsG3TG4 with 2.4-fold higher affinity than
G4AG3, whereas the fluorescence quenching experiments
suggest somewhat higher selectivity (ca. 4-5-fold) for
G3TG4.

Binding Model. Continuous variation experiments of
Myc19 versusPmyc as well as SPR experiments revealed 2:1
binding of the PNA to the DNA target, similar to what we
observed previously for a G-rich PNA and an RNA that
folded into an intramolecular quadruplex (28, 29). It is likely
thatPmyc invades theMyc19 quadruplex to form two three-
tetrad PNA-DNA hybrid quadruplexes such as shown in
the schematic in Figure 11.

There are numerous possible configurations for the ternary
complex, distinguished by (a) which G-tracts in the DNA
are bound by each PNA, (b) the PNA orientation, and (c)
the conformation of the DNA and PNA loops. The model
shown in Figure 11 addresses each of these questions and is
based on the following considerations.

G-Tract Selection.In theory, twoPmyc molecules could
bind to Myc19 in two different ways with respect to the
specific G-tracts in the target that are recognized by each
PNA. First, one PNA could bind to tracts 1 and 2 (i.e., G2-
G4 and G7-G9), whereas the second PNA binds to tracts 3
and 4 (i.e., G11-G13 and G16-G18). Alternatively, one PNA
could bind to tracts 2 and 3 and the second PNA to tracts 1
and 4. The experiments involving the short DNA targets
indicate a modest preference for theG3TG4 subsequence over
G4AG3 (Figures 6B and 10), favoring the model shown in
Figure 11.

PNA Orientation.The CD spectra shown in Figure 4 are
similar to that recorded for the hybrid quadruplex formed
between the homologous DNA and PNA strands having the
sequenceG4T4G4 (27). In that case, FRET experiments
demonstrated that the 3′ terminus of the DNA aligns with
the C terminus of the PNA. Thus, Figure 11 orients the two
PNA strands such that their C-terminal lysine residues are
aligned with the 3′ terminus of the DNA. (Note that other
isomers are possible, e.g., where the C-terminal G of the
PNA hybridized to tracts 1 and 2 is directly H-bonded to G4

of Myc19 instead of G9.)

Loop Conformations.The proposed model requires mini-
mal structural perturbation and should allow all of the DNA
guanines to remain in ananti conformation (54, 55), which
is consistent with the similarity between the CD spectra for
the hybrid PNA-DNA and pure DNA quadruplexes (Figure
4). Moreover, the imposition of double-chain reversal loops

FIGURE 9: Sensorgrams for the solution competition experiment
betweenPmyc andMyc19. As in Figure 8, the slopes in the initial,
mass transport limited region were determined to calculate the free
concentration ofPmyc in equilibrium with Myc19. The totalPmyc
concentration is constant at 15 nM, whereas theMyc19 concentra-
tion increases from 0 nM in the top curve to 30 nM in the bottom
curve. As theMyc19 concentration is increased, the concentration
of freePmyc decreases significantly as a result of solution complex
formation.

FIGURE 10: Plots ofr versus the freePmyc concentration, determined
as in Figure 9. TheMyc19 results represent an overlay from two
separate experiments and were fit with a two-equivalent site binding
model as described under Methods. Results for a 1:1 binding model
for the shorter DNA binding sequences, determined as forMyc19,
are also shown.K values determined in this manner areMyc19,
Ka ) 2.0 × 108 M-1; G3TG4, Ka ) 1.4 × 108 M-1; andG4AG3,
Ka ) 0.59× 108 M-1.

FIGURE 11: Structural model of a 2:1Pmyc-Myc19 complex.
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on both the PNA and DNA is required to give the proper
strand orientation.

Implications for Biological Applications.There is great
interest in developing G-quadruplex-binding compounds due
to the likely role played by quadruplexes in regulating gene
expression, not only at the transcriptional level (5-8, 37,
56) but also in splicing of pre-mRNA (12, 13) and translation
(57). Most efforts to date have focused on small molecules
that are designed to bind selectively to quadruplex DNA over
duplex DNA (20-23, 58-61), a necessary feature for
targeting genomic quadruplexes. Small molecules can func-
tion in several ways, including (i) binding to pre-existing
quadruplex, (ii) inducing quadruplex formation in a non-
quadruplex region, and (iii) inducing refolding of a quadru-
plex into an alternative conformation. The resulting complex
would then serve to regulate gene expression, perhaps
through inhibiting binding of a transcription factor to a
promoter, although other mechanisms are possible.

There are two ways in which PNA (or other DNA-like
compounds) can bind to quadruplex-forming sequences:
complementary strands bind to yield hybrid duplexes (25,
26), whereas homologous strands bind to form hybrid
quadruplexes (27-29). In either case, the resulting hybrid
has a very different structure that should not be recognized
by proteins that normally bind to the endogenous quadruplex.
Moreover, given the high affinity of both complementary
and homologous PNA for DNA, it should be difficult for
transcription factor proteins to compete with a bound PNA.

Although both complementary and homologous PNAs
could be used to target quadruplex-forming sequences in
genomic DNA, homologous PNAs offer a potential advan-
tage. As shown in Figure 12, the G-rich PNA can bind to
the homologous DNA strand to form a hybrid quadruplex.
In addition, the G-rich PNA is automatically complementary
to the other DNA strand. Whereas unmodified PNAs have
difficulty invading GC-rich sequences of DNA to form
hybrid duplexes, hybrid quadruplex formation on the other
strand should help to make the C-rich strand accessible for
binding by the PNA (and vice versa). Thus, a single PNA
has the potential to bind to both strands of DNA at the same
site. If realized, this binding mode would complement the
double-duplex invasion strategy that relies on pseudocomple-
mentary PNA strands and is most effective at AT-rich
sequences (62).

A key aspect of designing compounds that regulate gene
expression at the transcriptional level is optimizing the
selectivity of the compound so that the resulting phenotype
can be attributed to activation or inhibition of a specific gene.

Both oligomeric compounds such as PNAs and small
molecules should therefore bind preferentially to one qua-
druplex (or quadruplex-forming sequence) over all others.
This will be quite challenging to achieve, but the preference
for binding of Pmyc to 5′-G3TG4-3′ versus 5′-G4AG3-3′ is
encouraging.

An additional level of selectivity is required for both small
molecules and PNAs. Small molecules must avoid binding
nonselectively to genomic duplex DNA, which will always
be present in large excess relative to a genomic quadruplex
target. Meanwhile, G-rich PNAs must also avoid cytosine-
rich RNAs inside the cell that could intercept the PNA by
forming a hybrid duplex. Such RNAs could not only decrease
the potency of the PNA but also lead to side effects if the
bound PNA prevents the RNA from performing its cellular
function. Backbone modifications of the PNA could assist
in reducing binding to complementary competitors without
compromising hybrid quadruplex formation (63, 64). Experi-
ments are in progress to test this hypothesis.

In conclusion, the results presented here demonstrate high-
affinity binding of a guanine-rich PNA to a DNA G-qua-
druplex modeled on aMYC transcriptional regulatory
element. The PNA invades the DNA quadruplex to form a
very stable PNA2-DNA hybrid quadruplex structure. Ongo-
ing work is directed toward understanding the sequence
selectivity of quadruplex formation as well as probing the
biochemical effects of homologous hybridization.
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