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Abstract: DNA guanine (G) quadruplexes are stabilized by an interesting variation of the hydrogen-bonding
schemes encountered in nucleic acid duplexes and triplexes. In an attempt to use this mode of molecular
recognition, we target a dimeric G-quadruplex formed by the Oxytricha nova telomeric sequence d(G4T4Ga)
with a peptide nucleic acid (PNA) probe having a homologous rather than complementary sequence. UV—
vis and CD spectroscopy reveal that a stable hybrid possessing G-quartets is formed between the PNA
and DNA. The four-stranded character of the hybrid and the relative orientation of the strands is determined
by fluorescence resonance energy transfer (FRET) experiments. FRET results indicate that (i) the two
PNA strands are parallel to each other, (ii) the two DNA strands are parallel to each other, and (iii) the
5'-termini of the DNA strands align with the N-termini of the PNA strands. The resulting PNA;—DNA;
qguadruplex shows a preference of Na* over Li* and displays thermodynamic behavior consistent with
alternating PNA and DNA strands in the hybrid. The formation of this novel supramolecular structure
demonstrates a new high-affinity DNA recognition mechanism and expands the scope of molecular
recognition by PNA.

Introduction protease and nuclease enzyriealthough the hybridization
. . . L of PNA probes to complementary DNA or RNA targets should
Watsor-Crick base-pairing of nucleic acids is one of the o pingered by the presence of structure in the target se-
most elegant events of molecular recognition in nature and quences? we recently reported the ability of short PNA probes

guarantees the storage, transfer and expression of genetig, disrupt stable DNA hairp#t and quadruplex structurés.
information in living systems. It forms the basis of therapeutic . . .
gsy b Unlike RNA, the structural repertoire of DNA consists for

and diagnostic applications, especially in the form of antisense the most part of the double helix with WatseGrick base-

oligonucleotided So far, strategies for oligonucleotide modi- . L
g g 9 pairing and to a lesser extent of other structures such as hairpins,

fications that have preserved the Wats@rick base-pairing . . . S
capability while changing the backbone (sugar and phosphate) triplexes, quadruplexes and cruciforms. There is growing interest
'in DNA quadruplexes as lead molecules in drug de'Sigi

have bgen more numerous and su.ccessful. Among such oligo and as a structural motif potentially adopted by telométés,
nucleotides, one of the most radical changes to the natural. . . .

0 . - ) . immunoglobin switch regions, centromere DNA and other
structure is in peptide nucleic acids (PNAs) where the entire . . 022 L .

. biological system3d%-22 DNA quadruplexes exist in various

sugar-phosphate backbone is replaced by a pseudopéeptide. . : . . .

. o . . isomeric forms, built upon the motif of the guanine (G) quartet
PNA hybridizes with high affinity and sequence specificity to S .

: (Scheme 132 This structure has four guanine bases held together

complementary DNA or RNA oligomers to form duplexes and

triplexes by WatsonCrick and Hoogsteen base-pairing,
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Figure 1. Quadruplex secondary structure®j-DNA. Solid and dashed
lines indicate covalent and hydrogen bonding connections, respectively.

Scheme 1. G-quartet with Coordinated Na™* lon
H

by means of Hoogsteen and Watsd®rick hydrogen-bonding*

The guanines may belong to one, two or four separate DNA
strands producing quadruplexes with a variety of topologies.
For example, the telomeric repeat region of the protozoan
Oxytricha n@a has the sequence d@,) and associates to form

a stable parallel four-stranded complex with four G-quad®ts.

In contrast, a longer section of the same telomere repeat

sequence d(634G4) forms a dimeric hairpin quadruplex struc-
ture with four G quartets (Figure 2328 The structure and

The novel supramolecular architecture of G-quartets has led
to the development of interesting and functional noncovalent
assemblies such as G-wir€spn-channel¥ and self-assembled
ionophores? Though these applications often involve syntheti-
cally modified guanine nucleobases, nucleic acid analogues with
different backbones have rarely been used for the same purpose.
In particular, whether the guanine tetrad binding scheme could
be used as a strategy for hybridization of probes to DNA has
not been addressed. Though analogues such as PNA have been
developed to mimic WatserCrick and Hoogsteen base-pairing,
they are expected to be in proper register for participating in
G-tetrad formation as well. In an attempt to use this mode of
molecular recognition we now report that homologous G-rich
PNA and DNA oligomers hybridize to form a PNADNA;
quadruplex. The hybrid quadruplex exhibits high thermodynamic
stability and expands the range of molecular recognition motifs
for PNA beyond duplex and triplex formation.

Experimental Section

Materials. Unmodified DNA oligonucleotides (purified by gel
filtration chromatography) and fluorescein/Cy3 labeled oligonucleotides
(purified by HPLC) were purchased from Integrated DNA Technologies,
Inc. (http://www.idtdna.com). Concentrations were determined spec-
trophotometrically using the absorbance at 260 nm and literature values
for extinction coefficient$® Absorbance measurements were made at
80°C on a Cary 3 Bio spectrophotometer. The nucleobases are assumed
to be completely unstacked at 8C, and the absorptivity is then
assumed to be the sum of the absorptivities of the DNA monomers.
PNA oligomers were synthesized using standard solid-phase synthesis
protocols®*“°Boc/Z- protected PNA monomers were purchased from
Perseptive Biosystems (Framingham, MA). Fluorescein-5-carboxylic
acid was purchased from Molecular Probes, Inc. (Eugene, OR) and
used without further purification. Cy3-carboxylic acid was a gift from
Dr. Brigitte Schmidt (Carnegie Mellon University) and was coupled
to theN-terminus of the PNA using HBTU. Boc protected Lys-MBHA
resin was used, and the synthesis was performed on a 100 mg scale.

stability of these G-quadruplexes is dependent on cations sucha|| pNA probes (Chart 1) were purified using reversed-phase HPLC

as sodium and potassiuih?>2930 Although the biological
significance of such polymorphism is not understood, factors

and characterized by MALDI-TOF spectrometrG4PNA: m/z
calculated 3542.2, observed 3542I9:FI m/z calculated 3904.2,

such as the length of G-clusters and intervening loops are critical observed 3906.8y-Cy3 m/z calculated 4139.2, observed 4138.7). Stock

to the formation of specific quadruplex conformatiGks?

Elements of G-quartet formation are also evident in RNA.
For example, physiologically relevant RNA G-quartets are found
in the filamentous bacteriophage ¥lRecently, the fragile X
mental retardation protein (FMRP) has been shown to bind
RNAs that form intramolecular G-quarte¥sThis process is
believed to underlie the fragile X syndrome, the most common
form of inherited human mental retardation. Thus, RNA
G-quartets are most likely to be functionally important in living
cells.
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(26) Lu, M.; Guo, Q.; Kallenbach, N. RBiochemistry1992 31, 2455-2459.

(27) Smith, F. W.; Feigon, Nature1992 356, 164-168.
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solutions of the PNA were prepared in 10 mM sodium phosphate buffer
(pH 7.0). Extinction coefficients for PNA monomers were obtained
from Perseptive Biosystem€ & 6600 M~tcm™%; T = 8600 M~tcm™?;

A= 13700 Mcmt; G = 11 700 Mcm™?).

Equipment. UV —vis measurements were performed on a Varian
Cary 3 Bio spectrophotometer equipped with a thermoelectrically
controlled multicell holder. Circular dichroism (CD) spectra were
recorded on a Jasco J-715 spectropolarimeter with a thermoelectrically
controlled single cell holder. Fluorescence experiments were performed
on a PTI spectrofluorimeter with temperature controlled cell holder.

Sample Preparation. G-DNA was suspended in a buffer containing
10 mM sodium phosphate (pH 7.0), 100 mM NaCl and 0.1 mM EDTA,
incubated at 90C for 10 min and slowly cooled to 25C to produce
the dimeric, hairpin quadruplex structure. PNA hybridization was

(35) Marsh, T. C.; Vesenka, J.; HendersonBiEchemistryl 994 33, 10 718
10 724.
(36) Forman, S. L.; Fettinger, J. C.; Pieraccini, S.; Gottarelli, G.; Davis, J. T.
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Chart 1 PNA and DNA Sequences. Fluorophore Structures and Table 1. Fluorescence Resonance Energy Transfer Efficiencies
Linkages Are Shown Below for Labeled PNA/DNA Hybrids
Name Sequence labeled strands donor acceptor FRET efficiency?
G4-DNA 5°-GGGGTTTTGGGG-3’ DNA/DNA 5'-FI 5'-Cy3 0.80+ 0.01
DNA/DNA 3'-FI 5'-Cy3 0.34+ 0.01
G4-PNA H-GGGGTTTTGGGG-Lys-NH, PNA/PNA N-F N-Cy3 1.00+ 0.01
PNA/DNA N-FI 5'-Cy3 0.91+ 0.02
5’-F1 (DNA) 5’-Fluorescein-GGGGTTTTGGGG-3’ PNA/DNA 5-F| N-Cy3 0.68+ 0.02
3-FI (DNA) 5-GGGGTTTTGGGG-Fluorescein-3’ PNA/DNA s-Fl N-Cy3 0.44+0.01
5°-Cy3 (DNA) 5’-Cy3-GGGGTTTTGGGG-3’ aValues are averages standard deviations of three independent trials
and are corrected for statistical formation of unlabeled duplexes as described
N-FI (PNA) Fluorescein-GGGGTTTTGGGG-Lys-NH, in the Experimental section.
N-Cy3 (PNA) Cy3-GGGGTTTTGGGG-Lys-NH,

strands, samples containing one equivalent eacH-6f &nd 3-Cy3
DNA along with two equivalents of unlabeled PNA were annealed. In
this case, the maximum FRET efficiency is 50% because only half of

Coss s0,7 the hybrids containing &4-1 DNA strand will also have a'8Cy3 DNA
O Q strand. The same reasoning applies to the other experiments performed
@I."/ 2R where only one type of strand is labeled-E3/5'-Cy3 DNA andN-FI/
CH,CHy <|CH2)5 N-Cy3 PNA). For experiments in which both the PNA and DNA strands

are labeled, samples contained one equivalent each of the labeled strands

HN and one equivalent each of the unlabeled strands. Therefore, in these
2 o experiments, there is a 75% chance that a hybrid having a fluorescein
N_<; label will also contain at least one Cy3 label, meaning that maximum
A G FRET efficiency in these cases is 75%. The data shown in Table 1 and
N-Cy3-PNA described in the text are corrected for these statistical factors.

The efficiency of energy transfe) was calculated by the quenching
of donor emission in the presence of the acceptor as

E=1—Iyu/lp

Thermal Analysis. Samples were prepared in a buffer containing
10 mM sodium phosphate (pH 7.0), 0.1 mM EDTA and variable

“”N\(C”z)e\o 1™ @0 amounts of NaCl or LiCl. Unless otherwise indicated, samples were
0=p-0° g\ heated to 90°C and equilibrated for 5 min. U¥vis absorbance at
ot OH 295 nm and CD intensity at 295 nm were recorded every°’G.=s
5'_F1-DNA ? samples were cooled and then heated at°COnin. (Experiments
performed at 0.5C/min yielded similar results.) Experiments were

done in triplicate; the values in data tables reflect the averages of those
measurements. Heating curves were corrected for sloping baselines prior

buffer containing 10 mM sodium phosphate (pH 7.0), 100 mM NaCl to determining the melting temperaturé,f as the midpoint of the

3'-FI-DNA

accomplished by adding PNA to the quadruplex (BM) each) in a

and 0.1 mM EDTA. Experiments were then performed immediately trapsition. Thermodynamic parameters were determiped from curve-

after mixing at room temperature or after subsequently heating to 90 fitting data from h_eat_lng ramp$.In one case, concentration depende_nt_

°C for five min, then cooling to 25C (annealing). method of anaIyS|s_y|eIded thermodyna_m_lc parameters that were within
Circular Dichroism Analysis. Proper folding of the DNA quadru- ~ 10% of those obtained by the shape-fitting method of analysis.

plex and hybridization by PNA were monitored using CD spectropo- Results

larimetry. All spectra represent an average of eight scans collected at

arate of 100 nm/min. All spectra were baseline subtracted and smoothed  1arget Selection.The 12-base DNA sequenceGs-T4Gs-

via a five point adjacent averaging algorithm. 3 (G4-DNA, Chart 1) contains a G-rich sequence from the
Continuous Variations Experiment. Samples containing variable ~ Oxytricha naa telomere. Under various conditions, this se-

amounts of PNA and DNA (total concentration, 10M) were annealed guence can assemble into a bimolecular hairpin quadruplex with

in a buffer containing 10 mM sodium phosphate (pH 7.0), 100 mM  diagonal loop conformations (Figure )26 Multiple stacked

NaCl and 0.1 mM EDTA. CD spectra were recorded at’25after  G.tetrads, each of which involves the formation of eight

equilibration for 15 min and the signal at 260 nm was plotted versus v qragen bonds, stabilize the structure. This secondary structure

the mole fraction of PNA. is stabilized by the presence of moderate sodium ion concentra-

Fluorescence StudiesSamples containing 1M each of labeled fi d has b ified i uti b ltidi . |
and unlabeled strands, as specified below, were annealed in a buffer lons and has been verified in solution by muitidimensiona

containing 10 mM sodium phosphate (pH 7.0), 100 mM NaCl and 0.1 NMR S_peCtrQSCQpW’ZS making i_t an attractive Stafti”g point
mM EDTA. Fluorescence spectra were measured with excitation at 450 fOr our investigations of how G-rich PNA would recognize such
nm, where excitation of Cy3 is minimal. All of the spectra were DNA sequences.

recorded at 25C with a 4 nmband-pass on both the excitation and Characterization of G,-DNA. Annealing of G-DNA was
emission monochromators. Ten scans were recorded and averaged. Thperformed as described in the Experimental section. Formation
emission intensity at the donor maximum (515 nm for FI-DNA and

521 nm for FI-PNA) was measured in donor-only)(and donot- (21%) \éViIIIiamson, J. ECUFVJ-_ OBpinH Struhct. _Bigl-la%la, ﬁ57*36%._ Bansal. M.
acceptor Ipa) hybrids. The cyanine acceptor has negligible emission (42) S:s?gglzﬁggﬁ,ﬁv)\ll'uclé'ic Azidrg%egg’gz 20, ';106?_2829_ - bansal, M.

at these wavelengths. To measure FRET efficiency between DNA (43) Marky, L. A.; Breslauer, K. JBiopolymers1987, 26, 1601-1620.
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Figure 4. CD spectra of 5.&M G4-DNA (open circles), 5.&M G4-PNA

200 ' 250 ' 2"‘0 ' 2(|30 ' 2;30 ' 360 ' 320 (open triangles), and a 1:1 mixture Gf-DNA andG4-PNA (5.0uM each)
before (filled triangles) and after (filled circles) annealing. All spectra were

Wavelength (nm) measured at 28C and represent the average of eight scans collected at

Figure 2. CD spectrum ofG4-DNA (5.0 uM) at 25 °C. Eight scans were 100 nm/min.

collected at a rate of 100 nm/min and averaged. Inset: CD melting profile . . .
of G4-DNA monitored atl = 295 nm. heating curve was identical to that calculated from CD. The

complex UV-melting behavior suggests different folding/
unfolding pathways for the oligonucleotides. We speculate the
hysteresis to be arising from a difference in kinetics of
association versus dissociation, as is often observed in the
assembly of multistranded nucleic acid structdfe’§ Although
hysteresis is generally absent from simple WatsBrick duplex
systems, the bimolecular quadruplex structure forme@hy
DNA requires that the two strands each fold into hairpins and
assemble the G-quartets in the diagonal conformation shown
in Figure 1, so it is perhaps not surprising that the association
kinetics might be considerably slower.
Hybridization of G s-PNA with G4,-DNA. To study the
T T T T hybridization of PNA withG4,-DNA using G-tetradsiz,-PNA
20 40 60 80 .
Temperature (°C) bfaarlng .the same sequgnce(ﬂsDNA (Chart 1) was synthe-
Figure 3. UV —vis melting profile recorded at = 295 nm ofG,-DNA Slze.d us!ng standard SO“d_.phase peptide syntheslls proﬁ?é‘éls.
(5.0 uM). Cooling ramp (dashed line) and heating ramp (solid line) were Purine-rich PNAs are believed to be problematlc in terms of
scanned at a rate of °C/min. solubility and aggregation properties. For example, typing the
G4-PNA sequence into the PNA Probe Designer software on
of the desired quadruplex was confirmed by a circular dichroism the Applied Biosystems website (http://www.appliedbiosystem-
(CD) spectrum, which matched the literature spectrum for this s.com/support/pnadesigner.cfm) leads to the recommendation
sequence. In particular, the CD spectrum showed a maximumthat the sequence be redesigned due to problems normally
at 295 nm and minimum at 265 nm (Figure 2); signature bands encountered with synthesizing PNAs havirgs0% purine
for antiparallel quadruplexé$:#2The CD maximum at 295 nm  content. We had no difficulties in the synthesis, purification,
was used to monitor the dissociation of the quadruplex upon or handling of this sequence, however.
heating. The quadruplex displayed a cooperative dissociation To characterize the interaction &4-PNA with G4-DNA,
with a “melting temperatureT,) of 61.5°C (inset, Figure 2). several experiments were performed. First, CD spectra were
Previously, Mergny et al. reported the use of 295 nm as a recorded foiG,-DNA alone,G4-PNA alone and a 1:1 mixture
signature wavelength for precisely monitoring intra- or inter- of the two (Figure 4). Although the spectrum of the mixture is
molecular G-quartet formation and dissociation by UV spec- not simply the sum of the individual components, it retains
troscopy?* We performed melting experiments @yu-DNA essential signatures of antiparallel quadruplexes, most notably
monitored at 295 nm and observed two distinct transitions in the positive band at 295 nm.
the dissociation (heating) curve, as well as a substantial Although no striking changes were observed in the CD
hysteresis (Figure 3). We do not have an explanation for the spectrum of the unannealed mixture@f-DNA andG.-PNA,
upward sloping baseline observed at high temperature, althoughannealing the sample produced a dramatically different CD
Mergny and co-workers also saw this phenomenon for a (Figure 4). The spectrum with a maximum at 260 nm and a
different G-quadruplex monitored at 295 rffiWe note that minimum at 240 nm is characteristic of parallel DNA quadru-
this effect is not observed in the CD melting curve recorded at plexes*” A continuous variations experiment using the CD
the same wavelength (Figure 2). There was little change in the maximum at 260 nm, demonstrates that the interaction between
hysteresis or nature of transitions when the thermal analysis — - : -
experiment was carried out at 275 nm (data not shown). The (49 ST M- Rsen. & M O, U 0 ek B S eos 117

Tm obtained from the higher temperature transition on the 831-832. i

(46) Hoff, A. J.; Roos, A. L. M.Biopolymers1972 11, 1289-1294.
(47) Giraldo, R.; Suzuki, M.; Chapman, L.; Rhodes,Roc. Natl. Acad. Sci.
(44) Mergny, J.-L.; Phan, A.-T.; Lacroix, LEEBS Lett.1998 435, 74—78. U.S.A.1994 91, 7658-7662.
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(Table 1). First, a hybrid was prepared containihg-Band 5-

Cy3 DNA along with unlabeled PNA. The resulting complex

- exhibited only 17% energy transfer (34% of the theoretical
. maximum), significantly lower than what was observed when

both DNA strands were labeled at theeénd (Table 1). This

indicates that the two DNA strands are oriented parallel to one

another in the hybrid.

Next, to understand the orientation of DNA relative to PNA,
the N-terminal Cy3-PNA was mixed with eithef-&l or 3-FI-

- DNA. In this experiment, one equivalent of each labeled strand
were mixed with one equivalent of each unlabeled strand. Thus,
each quadruplex will contain zero, one or two Cy3-labeled PNA
strands, in a 1:2:1 statistical ratio. This means that the maximum
FRET efficiency for these experiments is 75%. The observed
energy transfer efficiency was 51% (68% of maximum) when
the fluorescein was on the DNA-Berminus, but decreased to
33% (44% of maximum) for the'd| DNA, indicating that the
PNA N-terminus aligns with the DNA'Sterminus. This stands

in contrast to the well-known preference of PNA to align its
N-terminus with the DNA 3terminus when hybridizing by
G4-PNA andG4-DNA yields a complex with 1:1 stoichiometry ~ Watson-Crick base pairing. When the labels are switched so
(Figure 5). This binding stoichiometry is empirical since higher that the fluorescein is on the PNA strand and the Cy3 is on the
order structures are possible for G-rich oligonucleotides. DNA strand, the FRET efficiency remains high (68%, 91% of
Notably, four-stranded DNA quadruplexes have been reported maximum). The higher FRET efficiency in this case could arise
extensively’’—4° an analogous structure in the present case from the shorter linker connecting fluorescein to the PNA strand
would then consist of two PNA and two DNA strands. relative to that used for the DNA strand.

Hybrid Composition and Strand Orientation. We next used Finally, regarding the relative orientation of the t@a-PNA
fluorescence resonance energy transfer (FRET) experiments testrands, we note that a FRET efficiency of 50% was observed
determine whether the hybrids contained one or more DNA and betweenN-FI/N-Cy3 (Figure 6B and Table 1). This is the
PNA strands as well as their relative orientations within the maximum theoretical efficiency and indicates a parallel align-
complex. G4-PNA labeled at theN-terminus with either ment of the PNA strands, resulting in the donor and acceptor
fluorescein (FI) or Cy3 were synthesized (Chart 1) using labels being on the same end of the hybrid.
modified solid-phase synthesis protocols. DNA oligomers  Thermodynamic Analysis of the PNA—DNA, Hybrid.
bearing 5 or 3-Fl or 5-Cy3 labels were purchased. In these UV-melting curves were used to characterize the thermodynamic
experiments, the Fl and Cy3 fluorophores function as energy stability of the G4-PNA),—(Gs-DNA); hybrid. These experi-
donor and acceptor groups, respectively. The fluorophores didments were performed at 295 nm; this wavelength has been
not perturb either the CD spectrum or the UV melting curve ysed for exclusively monitoring DNA G-quartet association/
for the hybrid (data not shown). dissociation processé$Sequences unable to form G-quartets

In the first experiment, two hybrids were prepared. Both have been found to display negligible hyperchromicity at this
samples contained one equivalent dfFEDNA and two wavelength. We observe smooth transitions characterized by
equivalents of unlabeleG4-PNA. One sample also contained large hyperchromicity (30%) and minimal hysteresis (Figure
one equivalent of unlabeled DNA, while the other contained 7), suggesting that the assembly is in fact held together by
one equivalent of 5Cy3-DNA. As shown in Figure 6A, 40%  G-quartets. Curve fitting by the method of Marky and Bre-
energy transfer, was observed in the presence of Cy3-labeledslauef? yielded the free energy, enthalpy, and entropy of
DNA. Note that theoretically, the maximum efficiency is 50%, formation as shown in Table 2. We also analyzed the hybrid
given that a 1:1 ratio of FI- and Cy3-labeled DNA was used, denaturation by using the concentration dependence of the
meaning that the actual FRET efficiency is 80% after correcting melting temperature, and the thermodynamic parameters ob-
for statistical factors (Table 1). This result demonstrates that at tained by this method agreed with those by the curve-fitting
least two DNA strands are present in the hybrid. A similar procedure to within 10%, confirming the transition to be a two-
experiment in which the PNA strands were labeled with Fl and state process (Table 2 and Figure $1Pn the basis of the
Cy3 at theN-terminus, whereas the DNA strand remained FRET experiments described above, a molecularity of 4 was
unlabeled resulted in 50% energy transfer (Figure 6B), i.e., the ysed for calculating thermodynamic parameters for the hybrid.
theoretical maximum, verifying that at least two PNA strands |n addition, G,-DNA and G,-PNA were treated as non self-
are also present in the hybrid. Based on these results, thecomplementary and the corresponding expression for the
simplest stoichiometry for the hybrid is PNADNA,. equilibrium used? This selection is justified in the Discussion

Three sets of experiments were performed to ascertain thesection. These parameters revealed a very high free energy of
relative orientation of DNA and PNA strands in the hybrid formation for the hybrid AG,9g = —37.3 kcal/mol), comparable
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Figure 5. Continuous variations experiment 84-DNA/G 4-PNA hybrid-
ization. The total strand concentration was held constant at;dd.@nd

the CD intensity atl = 260 nm was recorded from spectra recorded as
described in Figure 4.

(48) Parkinson, G. N.; Lee, M. P. H.; Neidle, Sature 2002 417, 876-880.
(49) Laughlan, G.; Murchie, A. I. H.; Norman, D. G.; Moore, M. H.; Moody,
P. C. E,; Lilley, D. M. J.; Luisi, B.Sciencel994 265, 520-524.

to results from a study by Kallenbach and co-workers on a
parallel, 4-stranded DNA quadruplex formed by the sequence
5-(G4T)-3', AG = —35.5 kcal/moF?
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Figure 6. Fluorescence spectra of labeléd-PNA + G4-DNA hybrids. (A) 1.0uM 5'-FI + 1.0uM G4-DNA + 2.0uM G4-PNA (solid line); 1.0uM 5'-FI
+ 1.0uM 5'-Cy3+ 2.0uM G4-PNA (dashed line). (B) 1.2M N—FI + 1.0uM G4PNA + 2.0uM G,-DNA (solid line); 1.0uM N—F| + 1.0uM N—Cy3

+ 2.0uM G4-DNA (dashed line).
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Figure 7. UV —vis melting profile of the PNA—DNA hybrid quadruplex
(5.0uM of each strand). Cooling ramp (dashed line) and heating ramp (solid
line) were recorded at = 295 nm at the rate of 1C/min.

Table 2. Effect of lonic Strength on Thermodynamics of
PNA2-DNA; Quadruplex Formation?

Table 3. Effect of Lit on Thermodynamics of PNA/DNA
Quadruplex Formation

ion Tm (°C) AGyg8 AH (kcal/mol) TAS,gq (kcal/mol)
Na* 66.2+0.2 —-37.7£05 —112.3+26.6 —74.6+2.1
Lit 446+ 0.1 —29.84+0.1 —93.1+1.2 —63.3+1.1

Samples contained 10 mM NacCl plus 240 mM additional NaCl or LiCl.

5 °C in the presence of 250 mM NaCl versus 10 mM NacCl;
data not shown) but the correspondi@PNA),—(Gs-DNA),
qguadruplex is affected significantly lesATy, = 2 °C; Table

2). This result indicates that the anionic phosphate backbones
in the hybrid are further away from one another than in the
bimolecular quadruplex, reducing the electrostatic repulsions
and, therefore, the ionic strength dependence.

A unique feature of the G-tetrad is the central pocket lined
by electronegative carbonyl oxygens, which is the site of
interaction with a catioR? This interaction is cation-specific
due to the size of cavity between tetrads, leading to a preference
for sodium or potassium over lithium. In the PNANA
quadruplex, inclusion of 240 mM LiCl along with 20 mM NaCl
destabilizes the hybridAT, = —21 °C, Table 3 and Figure
S2). The substantial decrease in melting temperature of the
hybrid indicates a preference of Nas compared to Lithat

[NaCl]

(mM) Tn (°C) AGygg AH (kcal/mol) TAS,g5 (kcal/mol)
10 64.2+ 0.2 —36.1+£05 —102.8+2.4 —66.7+ 1.9

100 654+ 03 —37.3+05 —110.6+238 —73.3+£2.3

250 66.2+ 0.2 —37.7+05 —112.3+26 —746+2.1

may be attributed to cavity size between G-tetrads of the hybrid.
Thus, whereas th€4-DNA strands may not be in direct contact
in the hybrid thereby reducing the effect of ionic strength on

aValues are averages standard deviations of three independent trials.

lon Dependence of Hybrid Stability. DNA quadruplexes

hybrid stability, the presence of G-tetrads formed between the
G4-PNA and G-DNA retains the dependence on the size of
the monovalent cation.

are known to display marked dependence on the nature of addediScussion

metal ions and the ionic strength of the aqueous mediuis.

Structural Model for a PNA »-DNA; Hybrid Quadruplex.

would be expected from polyelectrolyte theory, these structures The hydrogen-bonding pattern used to form guanine tetrads is

exhibit higher stability with increasing ionic strength of the

solution®9-52 put this behavior is also observed for simple

Watson-Crick duplexes. The bimolecular quadruplex formed

by G4-DNA in the absence of the homologous PNA shows a
significant stabilization in higher ionic strength buffeXT, =

a combination of WatsonCrick and Hoogsteen pairing. Previ-
ous work has shown that PNA is capable of binding to DNA
targets using both of these recognition modes in the formation
of PNA—DNA duplexe$® and PNA—DNA triplexes®* Thus,

it is reasonable to expect that PNA should be able to participate

(50) Manning, G. SJ. Chem. Phys1969 51, 924-933.
(51) Manning, G. SBiopolymers1972 11, 937-949.
(52) Record, M. T., JrBiopolymers1975 14, 2137-2158.
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(53) Eriksson, M.; Nielsen, P. Bat. Struct. Biol.1996 3, 410-413.
(54) Betts, L.; Josey, J. A.; Veal, J. M.; Jordan, SSRiencel995 270, 1838
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s N higher energy transfer efficiencies than the analogous experi-
s I N ments in which only the DNA or only the PNA strands are
PR, labeled. This indicates that the donor and acceptor are, on
ﬁ;::‘ G- average, closer to one another when the PNA and DNA strands
ﬁ;(["q'ﬁ? are both labeled.

?¢? Thermodynamic Analysis of PNA-DNA Quadruplex For-
?(ﬁ.? mation. On the basis of the structure shown in Figure 8A, we
T4 ) T4 Ta calculated the thermodynamic parameters for assembly of the
ﬁ;:‘" G I hybrid quadruplex using the method of Marky and Breslauer

(f(';, ? (Table 2)*3 In the calculations, the molecularity of the hybrid
??.? was taken to be four and the system was treated as nonself-
ﬁ;??(ﬁ complementary because, while all strands of the hybrid qua-
oG druplex have the same sequence, neither the two PNA nor the

5' C ! two DNA strands are bonded directly to each other if the
R 5 alternating model shown in Figure 8 is correct.

roure 8. Possible struct 2 PNADNA, hvbrid quadrunlex. DNA An interesting observation from the melting studies concerns
(tgglllél)?d PNOAsssltraenZsru:rgr(eAs)(()ﬂ:goEally oprz)ogit:orq(u;) erllé?aec}:ht to each hysteresis I!’l Fhe ,thermal transitions. Speqﬂcally, ,the two-
other. stranded hairpin dimer formed l§y,-DNA by itself exhibits a
substantial hysteresis (Figure 3), whereas the four-stranded
hybrid PNA-DNA, quadruplex exhibits almost no hysteresis
(Figure 7). Structures having more than two strands such as
triplexes will often show hysteresis while standard Watson
Crick duplexes typically do not. This is attributed to the slower
kinetics of hybridization to form termolecular (or higher order)
structures, leading to a lower transition temperature derived from
cooling curves compared with heating curves. Although the
hairpin dimer structure adopted B4-DNA is double-stranded,
the kinetics of formation are likely retarded by the need for
two hairpins to effectively invade one another, because all of
the G-G hydrogen bonding is intermolecular. Nevertheless, the
minimal hysteresis evident in formation of the four-stranded
hybrid structure is surprising. It is possible that the hybridization
kinetics are accelerated by the lack of negative charges along
the backbone as well as the presence of terminal positive charges
on the PNA strand.

The PNA—DNA; quadruplex exhibits very high thermody-
namic stability: AG = —36.1 kcal/mol at 10 mM NacCl. This
is comparable to the stability of a four stranded DNA quadruplex

in G-quadruplex formation with DNA. Nevertheless, the present
study is the first example of a PNA probe binding a DNA target
by using the G-tetrad mode of molecular recognition and differs
from all previous studies in that the PNA probe is homologous
rather than complementary to the DNA target.

Formation of a PNA-DNA hybrid is revealed by a combina-
tion of CD, UV-thermal and fluorescence studies. The desta-
bilization of the hybrid observed when Néas replaced by Lt
provides strong evidence in support of G-quartet formation. UV
thermal denaturation of the hybrid monitored at 295 nm exhibits
significant hyperchromicity, indicating that multiple G-quartets
are stacked within the hybrid. The empirical 1:1 binding
stoichiometry between DNA and PNA is consistent with
formation of a hybrid quadruplex, whereas the CD spectrum of
the hybrid is most similar to that of four-stranded parallel DNA
quadruplexes. Hence, the most likely structure consists&¥ 2
PNA and 2G4-DNA strands. This composition of the hybrid is
consistent with FRET experiments described above (Table 1),
which indicated that at least two DNA and two PNA strands

are present, as well as by the close correspondence betwee?ormed by the sequencé-BGGGG-3 and reported by Kallen-

thg thermodynamic pgrameters obtained from independent CUNG ach and co-worke.The stability of pure DNA quadruplexes
fitting and concentration-dependence analyses. Moreover, thedepends strongly on the ionic strength due to electrostatic

relative orientations of th&,-DNA and G4-PNA strands are . ? . .
revealed by the differences in energy transfer efficiencies for repulsion of the juxtaposed neganv_ely charged strands in the
hybrids with 5-FI compared to 3F| (Table 1). Although it is quadruplex® In the case of the hybrid quadruplex, the lack of
. . N ’ . direct association between the two DNA strands in the proposed
possible that the different efficiencies arise from different . ST
. - ; ) structure is expected to attenuate the ionic strength dependence.
orientation factors for the donor/acceptor pairs, the long linkers . :
used to attach the fluorescein donor to theds 3-ends ofG4- In fact, an increase O.f NaCl concentratlon_from 10 mM to 250
DNA should provide sufficient flexibility that a random mM leads to only sllghtly_ _enh_anced stab|I|t_;(AL(xG_ =16
orientation can be assumed. Moreover. we see no effect of thekcal/mol?. The small stab|I|zat|on_observed in _thls case could_
) ' be due simply to enhanced screening of any residual electrostatic

fluorescein label on thep, of the h.yb”d quadruple_x, |nd|ce_1t|ng repulsions between the two DNA strands within the hybrid
that the fluorescein does not interact appreciably with the quadruplex

uadruplex. Therefore, we interpret the FRET results to indicate ) .
q P P Previous work demonstrated tHag-DNA does not fold into

that the two DNA strands are parallel to each other, the two . .
PNA strands are parallel to each other, and th&eBnini of astable quadruple>_< structure in t_he prgsencet?,fpnesumably_
the DNA strands align with th&l-termini of the PNA strands. due to the small diameter of this cation relative to the cation
Two possible structures can be envisioned for a four-strandedbInOIIng pocketin G_-quadruplt_ax .structur?és'l.'he hybrid PNA_
DNA gquadruplex displays a similar preference of'Naver Li*

PNAx-DNA; hybrid (Figure 8). Of these, we consider the . .
. ; : Table 3). In particular, whereas 250 mM NacCl stabilizes the
lternating structure (A likely for ¢ First, the ¢ ticular,
alternating structure (A) more likely for two reasons. First, the qguadruplex relative to 10 mM NaCAAG = —1.6 kcal/mol;

two anionic DNA strands are further apart than in structure (B),
minimizing electrostatic repulsions. Second, FRET experiments (55) Miyoshi, D.: Nakao, A Toda, T.. Sugimoto, FEBS Lett.2002 496,
in which the DNA and PNA are both labeled consistently give 128-133. o '
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ATn = 2.0°C), the quadruplex is significantly destabilized by workers provide compelling evidence for a G-quadruplex formed

the addition of 240 mM LiCl AAG = 6.3 kcal/mol; ATy, = within chromosomal DNA upstream of tleMyc gene linked
—21.5°C). The stabilization by Naand destabilization by Li to several cancef&. This report is particularly intriguing as it
are enthalpic in origin, as would be expected from stronger necessarily requires that the two DNA strands be locally
counterion association of Nacompared to Li. A thorough separated in order for the intramolecular G-quadruplex to form.
study of ion association with the hybrid quadruplex will be the In this case, a homologous PNA could either hybridize with
subject of a future report. the G-rich strand to form a quadruplex or to the C-rich strand
Implications. The initial excitement generated by PNA was to form a duplex.
due primarily to its ability to invade double helical DNA and In order for G-rich PNA to be useful in biological systems,

bind its complementary target sequeficince then, PNA more must be learned about the range of structures and
invasion of intramolecular hairpth!356and quadruplei targets stoichiometries for complexes that can be formed with homolo-
has been reported. The hybridization reaction described heregous DNA and RNA sequences. For example, in the absence
constitutes a new invasion pathway, in which a PNA disrupts a of folding, an isolated DNA strand would require three PNA
quadruplex tertiary structure to form a hybrid quadruplex with strands to form a stable quadruplex. The data shown in Figure
its homologous sequence. The high affinity with which G-rich 5 show no evidence for a 3:1 complex, but this does not rule
PNA hybridizes to homologous DNA suggests numerous Out the possibility that other sequences could do so. Alterna-
biological applications, particularly given the high chemical and tively, PNA sequences that can form 1:1 complexes analogous
enzymatic stability of the PNA structure. C-rich PNA comple- to the purely DNA hairpin dimer targeted in this study could
mentary to human telomeric DNA has been used to image be of great utility. We are currently expanding our efforts to
telomeres by fluorescence microscddy® In principle, ho- explore the scope of this novel recognition mode. Finally, we
mologous G-rich PNA could be used for similar experiments, note that theG;,-PNA oligomer should be capable of forming
although formation of parallel four-stranded structures as its own quadruplex structure in the absence of any homologous
described here may be precluded by the lack of accessibility to DNA. UV melting and FRET experiments will allow us to begin

a second nearby telomere or by a telomere-binding protein. In studying such assemblies. Of particular interest are recent reports
addition to telomeric DNA, there is growing interest in the from Davis and co-workers on the self-assembly of stacked
involvement of G-quadruplexes in diverse gene expression guanine tetrads within lipid bilayef$, structures that the
regulatory pathways. For example, several recent studies pointuncharged PNA oligomers might be capable of mimicking.
toward the binding of the fragile X mental retardation protein  Acknowledgment. We are grateful to the National Institutes
(FMRP) to intramolecular quadruplex structures formed in of Health (RO1 GM-58547-02) for financial support of this
mRNAs as critical for normal developmetit®: Mutations that ~ research and to Dr. Brigitte Schmidt for the generous gift of
block expression of FMRP remove repression of these mMRNAs Cy3-carboxylic acid. MALDI-TOF mass spectra were recorded
and cause abnormal development. Separately, Hurley and coin the Center for Molecular Analysis at Carnegie Mellon
University, supported by NSF Grant CHE-9808188.
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