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Abstract: Peptide nucleic acid (PNA) probes have been synthesized and targeted to quadruplex DNA. UV
vis and CD spectroscopy reveal that the quadruplex structure of the thrombin binding aptamer (TBA) is disrupted
at 37°C by a short PNA probe. The corresponding DNA probe fails to bind to the stable secondary structure
at this temperature. Thermal denaturation experiments indicate surprisingly high thermal and thermodynamic
stabilities for the PNA-TBA hybrid. Our results point to the nonbonded nucleobase overhangs on the DNA
as being responsible for this stability. This “overhang effect” is found for two different-PDINA sequences

and a variety of different overhang lengths and sequences. The stabilization offered by the overhangs assists
the PNA in overcoming the stable secondary structure of the DNA target, an effect which may be significant
in the targeting of biological nucleic acids, which will always be much longer than the PNA probe. The ability
of PNA to invade a structured DNA target expands its potential utility as an antigene agent or hybridization
probe.

Introduction peptide chimera has also been repoied. Such invasion
complexes can impose a structural impediment to RNA poly-
merasé® and thus have potential as antigene agéhts.

The PNA antisense effect is based on the steric blocking of
ther RNA processing or translation. Both duplex- (mixed
sequence) and triplex-forming (pyrimidine-rich) PNAs have
been found to inhibit translation at targets overlapping the AUG
start codort® Another study demonstrated the effect of two bis-
PNAs, targeted against the homopurine stretches in rRNA,
inhibiting the ribosome function in a cell-free system and also
showing bactericidal activit}—18 PNA probes have also been
used for telomerase inhibition. Telomerase is a ribonucleoprotein
that adds repeating units of d(TTAGGG) to the ends of human
chromosome&’ and its activity is associated, though not always,
with tumorigenesig® Targets for telomerase inhibition include
an RNA template and specialized structures that may be formed
by newly synthesized telomeric DN&.There are numerous
reports of PNA being targeted to the RNA component of

The use of WatsonCrick base pairing to target specific
sequences of DNA and RNA forms the basis for a variety of
therapeutic and diagnostic methods. For example, antisenseei
oligonucleotides can bind to complementary messenger RNA
sequences and prevent translation of the mRNA into protein.
Peptide nucleic acid (PNA) represents a promising class of
synthetic antisense DNA analogues in which the entire sugar
phosphate backbone is replaced by a pseudopeptideNAs
combine high affinity and sequence specificity for complemen-
tary DNA and RNA with high chemical stability to protease
and nuclease enzymésfavorable properties for antisense/
antigene agents and hybridization probes. Homopyrimidine
PNAs can bind to complementary homopurine target sites in
double-stranded (ds) DNA by the mechanism of strand inva-
sion? Mixed sequence PNAs can also bind to ds DNA using a
double strand invasion mechanism where both DNA strands are
targeted? Strand invasion by mixed base PNAs and PNA
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telomerase and inhibiting the enzy®#%e28 PNA has also been  Experimental Section
. . . o
used for detection and sizing of telomeric DRAZ" These Materials. PNA oligomers were synthesized using standard solid-

studies are significant especially due to _the close assouatlonphase synthesis protocdfs® Boc/Z-protected PNA monomers were
between telomere length and expected life span for some cellpyrchased from Perseptive Biosystems (Framingham, MA). Boc-
lines, an association which forms the basis for the telomere protected Lys-MBHA resin was used, and the synthesis was performed
hypothesis of aging? on a 100 mg scale. Oligomers were purified using reversed-phase HPLC
The antisense strategy appears straightforward based orfind characterized by MALDI-TOF spectrometry (P1, calculated mass
simply reading the sequence of the RNA target and synthesizing 1954.01, observed mass 1951.45; P2, calculated mass 1824.83, observed

a complementary brobe. However. a recent study by Core andmass 1824.83). PNA P3 was a gift from Stuart Kushon. Stock solutions
P yp ) ’ y by y of the PNA were prepared in 10 mM sodium phosphate buffer (pH

co-workers revealed that the only PNAs that successfully 7 o) The absorbance values used for calculating concentrations were
blocked translation of a particular mRNA were those targeted measured after incubating at SC to disrupt the PNA secondary
to the B-untranslated regiof?. Likewise, PNAs that were  structure® DNA oligomers were purchased from Integrated DNA
targeted to the active site of telomerase effectively inhibited Technologies, Inc. (Coralville, IA). In one case, the DNA was purified
the enzyme, but shifting the target sequence away from the by HPLC, but the experimental results were indistinguishable from those
active site by even one nucleotide led to virtually complete loss for material purified by simple gel filtration (GF). Thus, the less
of activity?® These results raise the question of how the €Xpensive _GF grade DNA was used for all othe_r experl_ments.
secondary and tertiary structures in the target affect hybridization Concentrations were determined spectrophotometrically using the
by the PNA. To begin defining the scope of applicability for ab_sorbance at 260 nm, anq the extinction coefficients were calculated
y . _g 9 p . PP _y using the Schepartz Lab Biopolymer Calculator (http://paris.chem.ya-
PNA ar_1t|_sense/ant|_g_ene reagents, we _|n|t|ated work aimed atle.edu/extinct.html). The cyanine dye DigiE) was purchased from
determining the ability of short PNA oligomers to overcome lecular Probes, Inc. (Eugene, OR) and used without further
secondary structure in folded DNA and RNA targets. As an purification. (This dye is no longer available from Molecular Probes
initial test system, we selected as a target the DNA quadruplexbut can be purchased from Aldrich Chemical Co., Milwaukee, WI.)
motif, which arises from the stacking of hydrogen-bonded Stock solutions were prepared in methanol, and concentrations were
G-tetrads* Relatively short DNA sequences are known to fold determined using the manufacturer’s extinction coefficient, (=
into stable, intramolecular quadruplex structutett. may be 260000 M*em ). _
noted that telomeres have long been postulated to form _ Eduipment. UV—vis measurements were performed on a Varian
G-quadruplexes similar to triplet repeat DNZSWhile there Cary_33pectrophot_ometer (_aqu_ped with a thermoelectrically controlled
. d P - . P P . . multicell holder. Circular dichroism (CD) spectra were recorded on a
is no conclusive evidence of telomeric quadruplexes being jasco 3.715 spectropolarimeter equipped with a thermoelectrically
present in vivo, a number of in vitro studies clearly support the conrolied single cell holder.
possibility, although a recent report indicates that such structures  Hybridization. PNA or DNA hybridization with the quadruplex was
may not be formed in mammalian ce¥fsWe now report that monitored by CD. PNA or DNA probes were added to the quadruplex
a short 7-mer PNA probe complementary to the central seven (5 uM each) in a buffer containing 10 mM potassium phosphate (pH
bases of a G-quadruplex spontaneously disrupts the target7-2) and 10 or 250 mM KCI at 37C and then allowed to stand for 5
secondary structure and forms a surprisingly stable PRNA min at the same temperaturg before recording of spectra. Spegtra shown
hybrid duplex. The source of this stability is attributed to represent the average of eight scans recorded at 100 nm/min.

: - Cyanine Dye Titration. A PNA—DNA hybrid was prepared as
overhanging bases from the DNA strand, an effect that is not described above, with 10% methanol and 10 mM KCl included in the

observed for an analogous DNA probe. buffer. DiISG(5) was then added in 2,6M increments. CD spectra
- were acquired from 750 to 450 nm after each addition.
Biégﬁgnsqu?r;fgbgﬂéjSngﬂgfon’ B. D Kerwin, S. N.; Hurley, L. H. Continuous Variations Experiment. Samples containing variable
(22) Norton, J. C.; 'Piatyszek, M. A.: Wright, W. E.; Shay, J. W.; Corey, amounts of PNA and DNA (total concentration, A81) were prepared

D. R. Nature Biotechnol1996 14, 615-619. in 10 mM potassium phosphate and 10 mM KCI. CD spectra were
(23) Hamilton, S. E.; Pitts, A. E.; Katipally, R. R.; Jia, X.; Rutter, J. P.; recorded at 37C after equilibration for 5 min, and the CD signal at
SDgIViﬁSé%_ﬁ%%ayy J. W.; Wright, W. E.; Corey, D. Biochemistryl997, 294 nm was plotted versus the mole fraction of PNA.
g : - . Thermal Analysis. Unless otherwise indicated, samples were heated
115?_?5?5’? E.; Corey, D. RProc. Natl. Acad. Sci. U.S.A998 95, to 90 °C (UV—vis and CD experiments) and equilibrated for 5 min.
(25) Harrison, J. G.; Frier, C.; Laurant, R.; Dennis, R.; Raney, K. D.; UV—Vis absorbance at 272 nm and CD intensity at 294 nm were
Balasubramanian, Rioorg. Med. Chem. Lettl999 9, 1273-1278. recorded every 0.8C as samples were cooled and then heated at a
(26) Hamilton, S. E.; Simmons, C. G.; Kathiriya, I. S.; Corey, D. R. rate of 1.0°C/min. (Experiments performed at 0%&/min yielded
Chem. Biol.1999 6, 343-351. _ ) . identical results.) No hysteresis was observed in the transitions detected
2 BT B Pl £ S0er, 1L MG, LW, fo any of e e o cupleves. Expermnts were dore i
14276-14281. triplicate; the values given in the data tables reflect the averages of
(28) Villa, R.; Folini, M.; Lualdi, S.; Veronese, S.; Daidone, M. G.;  those measurements. Thermodynamic parameters were determined from
Zaffaroni, N.FEBS Lett.200Q 473 241-248. curve-fitting data from heating ramps.
(29) Rufer, N.; Dragowska, W.; Thornbury, G.; Roosnek, E.; Lansdorp,
P. M. Nature Biotechnol1998 16, 743-747. Results
(30) Hultdin, M.; Granlund, E.; Norrback, K.-F.; Erikkson-Lindstmg
E.; Just, T.; Roos, GNucleic Acids Res1998 26, 3651—3656. Target Selection.The 15-base DNA sequence TBA shown

8%; ggﬁg?ck Né; _Kgﬁgie,trt.\leatque_ Er'gltfighr,:/?l.lagﬁ 157 ' g‘?‘gﬁiﬂl-c P in Chart 1 was isolated from an in vitro selection experiment

Morin, G. B.: Harley, C. B.; Shay, J. W.; Lichtsteiner, S.; Wright, w. E. 0N the basis of its affinity for the protein thrombih.This

Sciencel998 279 349. sequence, given the name “thrombin binding aptamer” or TBA,
(33) Doyle, D. F.; Braasch, D. A.; Simmons, C. G.; Janowski, B. A,;
Corey, D. R.Biochemistry2001, 40, 53—64. (37) Christensen, L.; Fitzpatrick, R.; Gildea, B.; Petersen, K. H.; Hansen,
(34) Williamson, J. RAnnu. Re. Biophys. Biomol. Structl994 23, H. F.; Koch, T.; Egholm, M.; Buchardt, O.; Nielsen, P. E.; Coull, J.; Berg,
703-730. R. H. J. Peptide Sci1995 3, 175-183.
(35) Williamson, J. R.; Raghuraman, M. K.; Cech, T.@ll 1989 59, (38) Koch, T.; Hansen, H. F.; Andersen, P.; Larsen, T.; Batz, H. G.;
871-880. Otteson, K.; @rum, HJ. Peptide Resl997 49, 80—88.
(36) Griffith, J. D.; Comeau, L.; Rosenfield, S.; Stansel, R. M.; Bianchi, (39) Ratilainen, T.; Holrme, A.; Tuite, E.; Haaima, G.; Christensen, L.;

A.; Moss, H.; de Lange, TCell 1999 97, 503-514. Nielsen, P. E.; Nordg B. Biochemistryl998 37, 12331-12342.
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Figure 1. Primary structure and quadruplex secondary structure of ?’.. 4
thrombin binding aptamer (TBA) DNA. Solid and dashed lines indicate é 2]
covalent and hydrogen bonding connections, respectively. ') 1
0
Chart 1. PNA and DNA Sequences Used 2]
Name Sequence 4] T T . T . ; Y
220 240 260 280 300 320
TBA 5’-GGTTGGTGTGGTTGG-3’
Wavelength (nm)
P1 H-CCACACC-Lys-NH, Figure 2. CD spectrum of M TBA at 37 °C in 10 mM KCI, 10
mM KPi buffer, pH 7.2. Inset shows the CD melting profile of TBA.
P2 H-CCACACC-NH, CD was monitored at 294 nm.
P3 H-CGTTTCCG-Lys-NH» Table 1. Melting Temperatures and Thermodynamic Parameters
for DNA Target and PNA-DNA Hybrids (Thermodynamic
Q 5-GGTTGGTTTGGTTGG-3’ Parameters Given in kcal/mol)
structure Tm (°C AG AH TAS
DI 5'-CCACACC-3’ n(©) =

TBA quadrupler 46.7+0.2 —-2.840.2 —40.0+05 —37.2+0.4

TBA/P1 hybrid  55.2+0.2 —11.7+0.1 —43.9+13 —-322+1.2

5-GGTGTGG-3 36.1+0.1 —-94+0.1 —47.7+£0.6 —38.4+0.3
P1 hybrid

Tmer DNA 5’-GGTGTGG-3’

. . . a Thermodynamic parameters calculated from CD spectra.
folds into a stable, intramolecular quadruplex structure featuring

two stacked guanine tetrads and three loops (Figufé \lje tion of the thermodynamic parameters to 25 requires that
selected this as a potential target for PNA hybridization for two the transition occur with no change in heat capad@y). First
reasons. First, TBA represents a simple secondary structure toderivative curves for either UV or CD melting curves recorded
test the impact of target folding on probe hybridization. While for TBA show no evidence for multiple transitions, suggesting
target structure can be reasonably expected to block access ofhat the two-state model should hold for TBA. The latter
a probe to its complementary sequence, there has been venassumption regarding th&C, has been shown recently to be
little quantitative analysis of the impact on the thermodynamics invalid for the melting of duplexes to single strarfdsiowever,
of hybridization. Second, there are numerous reports of PNA another study revealed that the intramolecular melting of an
hybridization to telomeric DNA®-3! In particular, fluorescent ~ RNA hairpin occurred with a very smalkC,, and correcting
PNAs have been used to determine the length of telon#rés.  for this change had a negligible effect on the derived thermo-
Telomeric DNA is guanine rich and may form intramolecular dynamic parameter$. To determine whether melting of the
quadruplexes in viv® However, no experiments have been TBA quadruplex occurred with a significaniC,, we measured
reported in which the ability of PNA to hybridize to quadruplex T, curves at various KCI concentrations between 25 and 250
DNA has been directly demonstrated. mM. The thermodynamic stability of the quadruplex is depend-
Characterization of TBA. The 15mer DNA target TBAwas  ent on the ionic strength, resulting in a shift of thgto higher
suspended in aqueous potassium phosphate buffer (10 mM, KPiyalues as the KCI concentration increases. Nk at the Ty,
pH = 7.2, 10 mM KCI), incubated at 96C for 10 min, and did not change within experimental error over a range €8
then slowly cooled to 37°C to promote folding into a  variation inTy, (Figure S1). This indicates that there is little or
quadruplex structure. This was necessary to maximize the CDno change il\C, for melting of the TBA quadruplex, justifying
signal. The circular dichroism (CD) spectrum of TBA (Figure the use of curve fitting to extract thermodynamic parameters.
2) matches that reported in the literature, demonstrating that Hybridization of P1 with TBA. To study PNA hybridization
the quadruplex is formed. In particular, the signature bands for with TBA, a seven-base region of the latter was chosen as the
antiparallel quadruplexes were observed: a maximum betweentarget. This region was selected so as to include both the stem
285 and 295 nm and a minimum between 265 and 27@21m. (i.e., tetrads) and TGT loop, regions that are critical to the
Heating causes the quadruplex to undergo a cooperativestability of the quadruplex (Scheme 1). The complementary PNA
transition with a “melting temperatureTg) of 46.7°C (inset, P1 (Chart 1) was synthesized using standard solid-phase peptide
Figure 2). Curve fitting according to the method of Marky and Synthesis protocof¥. Three experiments were performed to
Breslauef® yielded the free energy, enthalpy, and entropy of characterize the interaction of P1 with TBA. First, circular
formation shown in Table 1. We note that this method assumesdichroism spectra were recorded for TBA alone, P1 alone, and

that the melting of TBA is a two-state transition, and extrapola- @ 1:1 mixture of the two (Figure 3). The spectrum of the mixture
is not simply the sum of the individual components, demonstrat-

(40) Bock, L. C.; Griffin, L. C.; Latham, J. A.; Vermaas, E. H.; Toole, ing interaction between the two strands. Moreover, the extrema
J. J.Nature 1992 355 564—566.

(41) Wang, K. Y.; McCurdy, S.; Shea, R. G.; Swaminathan, S.; Bolton, (44) Chalikian, T. V.; Vdker, J.; Plum, G. E.; Breslauer, K. Proc.
P. H.Biochemistry1993 32, 1899-1904. Natl. Acad. Sci. U.S.AL999 96, 7853-7858.

(42) Williamson, J. RCurr. Opin. Struct. Biol.1993 3, 357. (45) Diamond, J. M.; Turner, D. H.; Mathews, D. Biochemistry2001,

(43) Marky, L. A.; Breslauer, K. JBiopolymersl987 26, 1601-1620. 40, 6971-6981.
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Scheme 1.Invasion of DNA Quadruplex TBA by P1
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Figure 3. Comparative CD spectra of TBA alone (thick solid line),
1:1 mixture of P1+ TBA (5 uM each, dashed line), and P1 alone
(thin solid line) in 10 mM KCI, 10 mM KPi buffer, pH 7.2. Inset shows
Job plot for CD intensity of P3# TBA at a total concentration of 10
uM at 1 = 272 nm.

CD intensity (mdeg)

T T T
260 280 300 320

Wavelength (nm)
Figure 4. Comparative CD spectra of quadruplex Q alone (thick solid

line), 1:1 mixture of Q+ P1 (5uM each, dashed line), and P1 alone
(thin solid line) in 10 mM KCI, 10 mM KPi buffer, pH 7.2.

T
220 240

exhibited by the mixture, namely the maximum at 262 nm and
the minimum at 238 nm, are typical of PN/DNA duplexes

in which the PNA N-terminus is aligned with the DNA
3'-terminus’ A continuous variations experiment demonstrates
that the interaction between P1 and TBA yields a complex with
1:1 stoichiometry (Figure 3, inset). Moreover, a 1:1 mixture of

J. Am. Chem. Soc., Vol. 123, No. 39, 260%
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Figure 5. CD titration of DiSG(5) (inset) into P+TBA hybrid.

Spectra were recorded at 3Z in 10 mM KCI, 10 mM KPi buffer, pH

7.2, with 10% MeOH. TBA and P1 were /&M in strands and were

not annealed prior to titration of dye. Dye was added in increments of

2 uM.

for hybridization of P1. Smirnov and Shafer previously showed
that this sequence folds into the same quadruplex structure as
TBA and has comparable thermodynamic stabffft¥he failure

of P1 to hybridize to Q indicates that P1 and TBA bind sequence
specifically to form a double-helical PNADNA hybrid stabi-

lized by Watson-Crick base pairing.

In a second experiment, the cyanine dye DiSE (Figure
5) was added to the PITBA hybrid. We previously demon-
strated high-affinity binding of this dye to PNADNA hybrids#”

The dye binds as a helical aggregate and is readily detected as
a blue-purple color change as well as distinct visible absorption
and CD bands. Figure 5 illustrates the induced CD spectrum
for DISCy(5) in the presence of the PTBA hybrid. The
exciton splitting of the CD band is consistent with a right-handed
helical arrangement of the dye molecules within the aggregate
as expected for a right-handed helical template, provided by
the PNA-DNA duplex.

Finally, UV melting curves characterized the PIBA
hybrid. These experiments were performed at 272 nm, which
yields a substantially larger hyperchromicity upon denaturation
than does the absorbance at 260 nm. Figure 6 illustrates a
melting curve recorded for the PITBA hybrid. Curve fitting
revealed a melting temperature @i, = 55.2 °C, with
thermodynamic values for the process given in Table 1.

Effect of DNA Overhangs on PNA-DNA Stability. The

P1 and the quadruplex Q (Chart 1) yielded a CD spectrum that P1-DNA hybrid exhibited unexpectedly high thermal and

was simply the sum of the individual components, indicating

no interaction between the two strands (Figure 4). The sequence

of Q features a TTT central loop in place of TGT for the TBA

thermodynamic stabilities for a seven-base-pair duplex. Other

(46) Smirnov, |.; Shafer, R. Biochemistry200Q 39, 1462-1468.
(47) Smith, J. O.; Olson, D. A.; Armitage, B. 8. Am. Chem. S02999

quadruplex, which introduces a mismatch at the central position 121, 2686-2695.
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Table 2. Effect of DNA Overhangs on Stability of PADNA Hybrid (Thermodynamic Parameters Given in kcal/mol)

DNA target T (°C) AGass AH TAS
5-GGTGTGG-3 36.1+0.1 —9.4+0.1 —47.7+£0.6 —38.4+0.3
5-TGGTGTGGI-3 34.8+0.2 —9.5+0.1 ~49.9+ 1.8 —40.4+ 1.9
5-TTGGTGTGGIT-3 46.5+0.7 ~11.1+ 0.1 —51.6+ 1.7 —40.5+ 1.6
5-GTTGGTGTGGITG-3' 50.3+ 0.3 ~11.9+0.1 —54.7+05 —42.7+0.4
5-GGTTGGTGTGGITGG-3 55.2+ 0.2 -11.7+0.1 —43.9+ 1.3 —322+1.2
5-TGGTT GGTGTGGI TGGT -3 56.3+ 0.2 ~12.9+ 0.4 —55.9+ 4.2 —43.0+ 4.3

Table 3. Effect of DNA Overhang Sequence on Stability of FONA Hybrid (Thermodynamic Parameters Given in kcal/mol)

DNA target T (°C) AG AH TAS
5-ATTAGGTGTGGATTA-3 54.04 0.1 -12.74+0.1 ~56.5+ 0.5 —43.84+0.3
5-ATT GGGTGTGGSTTA-3 54.3+0.6 ~12.74+0.2 ~57.8+ 1.6 4514+ 1.4
5-ATT CGGTGTGGCTTA-3 56.4+ 0.2 -135+0.3 —63.5+2.2 ~50.04 1.9
5-ATTTGGTGTGGITTA-3 51.94 0.6 ~125+0.2 ~57.942.4 454422

0.30 1
0.28 1
0.26
0.24—-
0.22;
0.20-

0.18 +

Absorbance (@ 272nm)

0.16 1

0.14

T
40

20 60 80

Temperature (°C)

Figure 6. UV —vis melting profile of PETBA hybrid at 10 mM KCI,
10 mM KPi buffer, pH 7.2, at %M of strands. Cooling ramp (solid
line) and heating ramp (dotted line) were recorded at 272 nm at
the rate of 1°C/min.

PNA—DNA hybrids exhibit anomalously high stabilifyj,but
those sequences typically possess three consecutie liase
pairs whereas in PATBA, only two consecutive GC pairs
are present (at each end of the hybrid). To examine whether
the stability was simply due to the sequence, we compared
hybridization of P1 with TBA and the 7mer DNA complement,
5-GGTGTGG-3. The two hybrids exhibit similar CD spectra
(Figure S2); however, the blunt-ended duplex formed with the
7mer DNA denatured af, = 36.1°C, i.e., 19°C lower than
that for the PETBA. The two hybrids should contain the same
number of WatsorCrick base pairs ordered in the same
sequence, but the thermal stability is much higher when there
are overhanging bases on the DNA strand flanking the duplex.
This enhanced thermal stability also carries over into thermo-
dynamic stability, as the PATBA hybrid is more stable by 2.3
kcal/mol than the P27mer complement hybrid (Table 1).

The origin of this effect was initially probed by varying the
length of the overhangs. Table 2 providgs and thermody-

quadruplex melts 15C lower than TBA and, therefore, presents
a much lower thermodynamic barrier to hybridization.

Another issue to consider is whether the enhanced stability
is dependent on the sequences of the overhangs. Table 3
provides thermal and thermodynamic data for hybrids in which
the overhangs were'BATTX-3/5-XTTA-3' rather than 5
GGTT-3/5-TTGG-3, as with TBA. For ATTA overhangs, the
Tm value was essentially identical to that for TBA, and k@
was 1.0 kcal/mol more favorable. In addition, significant
stabilizations arise regardless of the identity of the first base in
the overhang (Table 3). Interestingly, the hybridtwé C in
the first overhanging position was found to be more stable than
either G or T. These results clearly show that the overhang effect
is not specific to the sequence of overhanging bases on the P1
TBA hybrid.

We next considered the possibility that overhang stabilization
is unique to the P1 sequence. PNA P3 (Chart 1), having an
eight-base sequence that is completely different from P1, was
hybridized with the targets shown in Table 4. The thermal and
thermodynamic stabilizations are evident. Even eight-base
overhangs on the two ends of the hybrid yield substantial
stabilization relative to a blunt-ended duplex, indicating that
the influence of unpaired nucleotides extends for considerable
distances beyond the end of the hybrid. Moreover, this result
shows that the overhang effect is not specific to the P1 sequence.

Finally, we analyzed sequences that contained only one
overhang, on either end of the hybrid (Table 5). The data clearly
show that 3overhangs contribute more to the stabilization than
do 5-overhangs, although the latter are stabilizing in their own
right. In the antiparallel orientation favored by PNA, the
N-terminus is aligned with the'&nd of the DNA. This places
the C-terminal lysine residue at thé-énd of the DNA. To
ascertain whether the lysine residue was interacting unfavorably
with the B-overhang and, therefore, reducing the amount of
stabilization relative to the'®verhang, we synthesized PNA
P2, which has the same sequence as P1 but lacks the C-terminal
lysine. The data in Table 6 illustrate the electrostatic importance
of the lysine residue, since th&G and Ty, values are less
favorable than they were for P1. However, the decreases in

namic data for six sequences representing four truncations andstability are slightly greater with the-®verhang than with the

one extension of TBA, plus TBA itself. The results illustrate
that single thymine overhangs on each end have a minimal
effect, but overhangs of two, three, and five nucleotides stabilize
the hybrid by 1.7, 2.5, and 3.5 kcal/mol, respectively. The lower
stabilization for the four-base overhangs is due to the folded
qguadruplex structure formed by this sequence (vide infra). Based

on CD analysis (Figure S3), the sequence having five overhang-

ing nucleotides also folds into a quadruplex structure, but this

3'-overhang, indicating that the lysine residue in P1 actually
stabilizes the former.

Comparison of PNA and DNA Hybridization Probes. PNA
typically exhibits substantially higher affinity for complementary
DNA or RNA targets than does a corresponding DNA prébe.
This effect is also observed when targeting the TBA quadruplex.
Thus, the CD spectrum for a 1:1 mixture of TBA and D1-(5
CCACACC-3) was simply the sum of the spectra for the two
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Table 4. Effect of DNA Overhangs on P3-DNA Hybrids (Thermodynamic Parameters Given in kcal/mol)

overhangs Tm (°C) AGggs AH TAS
none 35.74+ 0.6 -9.6+0.1 —54.6+0.9 —45.0+ 0.9
5-ATTA-3'/ 49.0+ 0.1 —-11.7+0.1 —58.0+1.3 —46.3+1.2
5'-ATTA-3'
5-TATTATTA-3'/ 58.0+ 0.8 —13.8+0.7 —61.6+4.5 —478+45

5-ATTATTAT'3

Table 5. Effect of Overhang Position on PRDNA Hybrid Stability (Thermodynamic Parameters Given in kcal/mol)

DNA target T (°C) AGass AH TAS
5-GGTGTGG-3 36.1+£0.1 —9.4+0.1 —47.7+£0.6 —38.4+0.3
5-ATTA GGTGTGG-3 44.0+ 0.1 -10.9+0.1 —55.2+2.1 —44.3+ 2.0
5-GGTGTGGATTA -3 48.4+0.3 ~11.740.1 —57.1+2.1 —45.4+2.1
5-ATTA GGTGTGGATTA -3 54.0+ 0.1 -12.7+0.1 ~56.5+ 0.5 —43.8+0.3

Table 6. Effect of Overhang Position on PDNA Hybrid Stability (Thermodynamic Parameters Given in kcal/mol)

DNA target Tm (°C) AGgos AH TAS
5-GGTGTGG-3 32.7+£0.2 —8.9+0.2 —47.3+ 0.6 —38.3+ 0.6
5-ATTAGGTGTGG-3 38.3+ 0.6 —9.7+0.1 —49.84 0.5 —40.2+ 0.4
5-GGTGTGGATTA -3 44,0+ 0.1 —10.7+ 0.1 —5244+1.4 —41.7+ 1.4
5-ATTAGGTGTGGATTA -3 49.4+ 0.6 —11.3+ 0.4 —52.24+4.2 —40.9+ 3.9

Table 7. Effect of Overhang Position on BAIDNA Hybrid Stability (Thermodynamic Parameters Given in kcal/mol)

DNA target T (°C) AGass AH TAS
5-GGTGTGG-3 32.7+£05 —8.7+0.2 —48.3+0.1 —39.5+0.2
5-ATTAGGTGTGG-3 35.0+0.7 -9.3+0.1 —51.4+0.6 421405
5-GGTGTGGATTA -3 29.1+ 0.4 -8.1+0.1 —50.2+ 3.5 —42.1+35
5-ATTA GGTGTGGATTA -3 32.6+0.6 -8.8+0.1 —51.2+2.8 424428
5-GGTTGGTGTGG-3 34.4+0.5 —9.1+0.1 —52.6+ 4.0 —43.5+3.9

5-GGTGTGGTGG-3 29.0+ 0.6 —8.2+£0.1 —47.1+1.4 —38.9+1.4
5-GGTTGGTGTGGITGG-3' 2 - - - -

aNo hybridization detected at 250 mM KCI.

individual components, reflecting no interaction between the higher than the denaturation temperature for the TBA quadru-
two strands at 37C (Figure S4, inset). However, a melting plex. Thus, when the PATBA hybrid melts, the DNA strand
curve for the mixture did show two transitions: one at°® cannot refold into the quadruplex structure. If the KCI concen-
which we assign to the TBAD1 hybrid, and the other at 47  tration is increased from 10 to 250 mM, the TBA quadruplex
°C, due to TBA unfolding (Figure S5). Thus, tfig, for the Tm rises to 55.5°C, while the P+TBA T, decreases to 33.7
hybrid formed by quadruplex invasion by the DNA probe was °C. Under these conditions, the PIBA hybrid melts at a
43 °C lower than that for the corresponding PNA probe. temperature that allows the DNA strand to refold into the

We next attempted to analyze the overhang effect in the quadruplex secondary structure (Scheme 2). This has a signifi-
context of DNA-DNA duplexes. Formation of stable duplexes cant impact on the thermodynamics of denaturation. Table 8
required increasing the KCI concentration to 100 mM. Table 7 illustrates this by comparing P1 hybridization to TBA and to
contains data for the effect of two different overhangs on the analogous unstructured sequence that has only three-base
hybridization of D1 with the 5GGTGTGG-3 target. In both overhangs. (The DNA with three-base overhangs did not give
cases, the 'soverhang stabilizes the hybrid, while thé-3  the characteristic antiparallel quadruplex CD spectrum, Figure
overhang destabilizes 48. The net effect, in the case of the S6.) The results reveal that the hybrid formed with the
ATTA overhangs, is no stabilization relative to the blunt-ended unstructured target is destabilized at the higher salt concentra-
duplex. For the GGTT/TTGG overhangs, no hybridization by tion: AT, = —9.4°C andAAG = 1.9 kcal/mol, but this is far
the DNA probe is observed, although this is likely due to the less than the structured TBA targeiT, = —21.5°C andAAG
increase in stability of the TBA secondary structure at 100 mM = 3.4 kcal/mol.
KCI rather than to the impact of the overhangs on the-D1
TBA hybrid. Discussion

Effect of DNA Structure on PNA Hybridization. The TBA ) ) )
target is quite different from other DNA sequences used to study Quadruplex Invasion. The present study is the first example
PNA hybridization because it possesses a folded secondary?f @ PNA probe hybridizing to a folded DNA quadruplex. While
structure. However, the PATBA hybrid denatures at 55.2C strand invasion of PNA into duplex DNA has been studied in

in the low salt buffer used for most experiments. This is€7  detail, less attention has been paid to the ability of PNA to
disrupt secondary structures of DNA such as hairpins, quadru-
(48) Preferential stabilization of DNADNA duplexes by 5overhangs plexes, and cruciforms. In parallel work, we are studying the

has been reported for other systems: (a) Bommarito, S.; Peyret, N.; qhili i
Santalucia, J., JNucleic Acids Re200Q 28, 1929-1934. (b) Doktycz, ability of PNA to disrupt the extremely stable class of GNRA

M. J.; Paner, T. M.. Amaratunga, M.: Benight, A. Biopolymers199Q DNA hairpins?® The present studies focused on an alternative
30, 829-845. (c) Marotta, S. P.; Sheardy, R. Biophys. J1996 71, 3361~
3369. (d) Senior, M.; Jones, R. A.; Breslauer, KBibchemistry1988 27, (49) Kushon, S. A,; Jordan, J. P.; Seifert, J. L.; Nielsen, P. E.; Nielsen,

3879. H.; Armitage, B. A., manuscript submitted 8o Am. Chem. Sodn press.
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Scheme 2.Effect of lonic Strength on Thermal Denaturation Pathway of TBA-P1 Hybrid
5-G-G-T-T-G-G-T-G-T-G-G-T-T-G-G-3
HoN-Lys-C-C- A-C-A-C-C-H

10 mM 250 mM
KCl1 KCl1

5-G-G-T-T-G-G-T-G-T-G-G-T-T-G-G- ¥
+ - +
HoN-Lys-C-C-A-C-A-C-C-H HoN-Lys-C-C-A-C-A-C-C-H

Table 8. Effect of lonic Strength on PADNA Hybrid Stability (Thermodynamic Parameters Given in kcal/mol)

overhangs [KCI] (mM) Tm (°C) AGagg AH TAS
5-GTT-3/5-TTG-3 10 50.3£ 0.2 —-12.2+0.2 —545+ 0.8 —42.3+0.7
5-GTT-3/5-TTG-3 250 40.9+ 0.2 —-10.3+0.1 —50.5+1.8 —40.2+1.8
5-GGTT-3/5-TTGG-3 10 55.2+0.2 —-11.7+0.1 —43.9+1.3 —322+1.2
5-GGTT-3/5-TTGG-3 250 33.7£ 1.5 —-8.3+0.1 —24.0+£0.9 —15.7+ 0.7

secondary structure, the guanine quadruplex. CD spectra (Figuresecondary/tertiary structure could significantly affect hybridiza-
3) and an organic dye indicator (Figure 5) revealed successfultion. In fact, the well-documented requirement for low ionic
hybridization of a PNA probe to the TBA quadruplex, while strength to permit strand invasion of PNA into duplex DNA
the sequence specificity of P1 in hybridizing to TBA was targets is consistent with th¥$1 Comparison of the Gibbs free
confirmed by the lack of interaction between P1 and the single energies of the hybrid at the two salt concentrations illuminates
mismatch quadruplex Q (Figure 4). Thus, a PNA seven-base this phenomenon: at 10 mM KCI theG for P1I-TBA is —11.7
probe successfully disrupts a stable DNA quadruplex to form a kcal/mol, while at 250 mM KCI it is—8.3 kcal/mol. The 3.4
PNA—DNA hybrid at 37°C. Under identical conditions, the kcal/mol decrease in driving force is due not to a decrease in
corresponding DNA probe failed to hybridize, consistent with the stability of the hybrid but rather to an increase in the stability
the higher affinity typically exhibited by PNA relative to DNA.  of the TBA.

The secondary structure in the DNA target manifests in  Qverall, these experiments establish PNA as a quadruplex-
widely disparate thermodynamic parameters for hybridization disrupting agent. The ability of PNA to overcome a stable
of P1in 10 and 250 mM KCI (Table 8). The differences in  nonduplex DNA secondary structure and hybridize to its target

AG, AH, and AS at the two KCI concentrations arise from  sequence furthers the prospect of using PNA as an antigene
inversion of the relative stabilities of the TBA quadruplex and reagent and probe.

P1-TBA hybrid. Specifically, at the lower ionic strength, the

The Overhang Effect. The significantly higher thermal and
P1-TBA hybrid denatures at a higher temperature (5822 g 9 y

) ; thermodynamic stabilities of the PITBA hybrid as compared
than the TBA quadruplex (46.7C). Thus, once dissociated, 5 those of the analogous blunt-ended duplex call for closer
the DNA strand cannot refold into the quadruplex structure j,snection of the role of nonbonded overhanging nucleobases
(Scheme 2). However, at the higher ionic strength, the quadru-j, p\A—DNA hybrids. If generalizable, this feature could
plex denatures at a significantly higher temperature (366 significantly enhance the utility of PNA-based hybridization

In this case, denaturation of the PIBA hybrid occurs ata  ropes; since virtually all biological target sequences will result
temperature where refolding of the DNA strand can occur i, qyerhangs on either end of the hybridized PNA. While the
(Scheme 2). This is reflected in the thermodynamics for the 5.¢ors contributing to the thermodynamic stability of DNA
two cases:AH for the PT-TBA hybrid decreases frorr43.9 double helices have been examined in déaf* similar studies

keal/mol at 10 mM KCI to—24.0 kcal/mol at 250 mM KCL. 5, pnA-DNA duplexes have been limited to the contributions
The variation of the salt concentration is not expected to lower ¢ hydrogen-bonding interactions and ionic strength efféts.

the Van't Hoff enthglpy to th's, exte_ﬁ?.However,TAS also Overhanging naturd®” and synthetit® nucleobases afford
becomes less negative at the higher ionic strenglts(7 versus  gapijization of DNA-DNA duplexes in some but not all cases.
—32.2 keal/mol). We propose that the significantly less negative |, 5qdition, none of these experiments study systems where both
enthalpy and entropy changes for PNA hybridization at the 5_,nq 3.verhangs are present on the target strand, which is
higher ionic strength reflect refolding of the dissociated DNA .o realistic representation of any hybridization process
strand upon melting of the hybrid. Since the TBA structure is

stabilized by intramolecular hydrogen bonding and stacking — (s51) peffer, N. J.; Hanvey, J. C.; Bisi, J. E.; Thomson, S. A.; Hassman,
interactions, the enthalpy change is less than in the case ofC. F.; Noble, S. A; Babiss, L. EProc. Natl. Acad. Sci. U.S.A993 90,
dissociation to unstructured single strands. Likewise, the folded 106;‘5‘(1306?5-' R Kol BRI, Am. Cherm. Sod904 116 2493
TBA has far fewer conformational degrees of freedom than the §53g Sgﬁta,’_u'cia',‘ J.’o JmaAn[m\,\',i’ H. TT'Sen(;%at,?e’ P.éAocr?emistry
unstructured DNA, decreasing the difference in entropy between 1996 35, 3555.

the hybrid and the dissociated components atTihe 208%4)28301”$?§ji1t8,3§-; Peyret, N.; Santalucia, J. Nucleic Acids Res.

. Previous Work, demonStrated PN"DNA S,tablh_ty to be (55) R”atilainen, T Holrhe, A.; Tuite, E.; Nielsen, P. E.; Nofde B.
independent of ionic strength within physiological rafge. Biochemistry200Q 39, 7781-7791.

However, the influence of ionic strength on the stability of target _ (56) Guckian, K. M.; Schweitzer, B. A.; Ren, R. X. F.; Sheils, C. J;
Tahmassebi, D. C.; Kool, E. T. Am. Chem. So200Q 122, 2213-2222.

(50) Tomac, S.; Sarkar, M.; Ratilainen, T.; Wittung, P.; Nielsen, P. E.; (57) Senior, M.; Jones, R. A.; Breslauer, K.Blochemistry1988 27,
Norden, B.; Graslund, A.J. Am. Chem. Sod.996 118 5544-5552. 3879.
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where the probe is significantly shorter than the target. Our stabilities of the P3DNA hybrids are indicative of the overhang
experiments with D1 indicate that four-base overhangs offer effect not being unique to the PITBA hybrid sequence.

no substantial stabilization within the sequence context of these The lack of an overhang effect for the corresponding BNA
hybrids. The generality of this phenomenon for PNA-containing DNA duplexes studied could arise from differences in the helical
hybrids is being explored in ongoing experiments in our structure and/or electrostatics. Interestingly, the overhangs
laboratory, since it is possible that the effect will be attenuated actually destabilize the DATBA hybrid relative to the blunt

for longer duplexes or other sequences. The point should still ended duplexA T, = —21.0°C), in contrast to the stabilization
be made that because of the completely different chemical offered to P1 AT, = 19.0°C). In the former case, the stability
structures of the PNA and DNA backbones, significant differ- of the TBA secondary structure suppressesThéor the D1—
ences in the factors that contribute to hybridization kinetics and TBA hybrid, while in the case of the PNA probe, the overhang
thermodynamics will likely be uncovered by further experi- effect compensates for the target secondary structure, leading
ments. to facile quadruplex invasion.

Lacking structural data regarding the overhanging bases, we  Conclusion/Future Work. It is unknown at this time whether
can only speculate on the origin of this stabilization effect. the overhang effect is unique to PNA or can be extended to
PNA—DNA duplexes adopt different structures from (DNA)  other synthetic oligomers such as locked nucleic acid (ENG).
duplexe?® Structurally, the eight-base-pair PNANA duplex Furthermore, contribution of overhangs to stabilization of PNA
characterized by NMR is more loosely wound than B-form RNA hybrids could have an impact on antisense applications
(DNA)2 duplexes (13 bp/turn vs 10 bp/turn). This leads to a of PNA. Since nearest-neighbor interactions contribute signifi-
different stacking arrangement of the PNRNA nucleobases.  cantly to nucleic acid hybridization thermodynamics, we are
Thus, even though PNADNA duplexes have a B-like con-  exploring the dependence of the overhang effect on the closing
formation similar to (DNA) duplexes, the existing structural  pase pair of the duplex. Whether overhangs stabilize PNA
differences could affect the ability of overhanging nucleobases DNA/RNA hybrids when the target strand is hundreds or
to interact with the duplex terminus. In particular, better stacking thousands of bases long also needs to be determined. Regardless
of these bases with the less tightly wound PNBNA duplex of the answers to these questions, the experiments described
may contribute to a more negativeH. A greater degree of  apove demonstrate that relatively short PNA probes can disrupt
stacking of the overhangs should also add to the entropic costa folded quadruplex structure in target DNA sequences and form
of hybridization, as reflected in the results in the data tables. hybrids that are stabilized by overhanging nucleotides on the
Partially compensating enthalpy and entropy changes are knowntarget strand.
for DNA melting thermodynamic® Hence, though we do not
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