Biochemistry1996,35, 10673-10679 10673
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ABSTRACT. A peptide nucleic acid (PNA) with improved strand-displacement capability and a site-specific
DNA cleavage function is a novel reagent for probing the structure of PDINA complexes in solution.

By linking two PNAs in tandem with an aliphatic linker, the bis-PNA forms a bis-PNDNA triple-
stranded complex having a higher stability to thermal denaturation than conventional monomeric PNAs.
When a Gly-Gly-His tripeptide is placed on either the Wats@Gmick or Hoogsteen bis-PNA strand, nickel-
mediated cleavage is detected at specific sites on the displaced and hybridized DNA strands. Because
the displaced strand is cleaved when GGH is placed on either PNA strand, the D-loop must be close to
the backbone of the bis-PNADNA triplex. Furthermore, the pattern of cleavage on the displaced strand
suggests the nickelripeptide complex lies in a groove formed by the displaced DNA strand and both
PNA strands. These observations suggest that the D-loop is a part of a four-stranded biBRNA
bundle.

A D-loop is formed when one strand of a double-stranded al., 1991), are capable of forming exceptionally stable
DNA molecule is displaced by an RNA primer or an complexes with double-stranded DNA. The stability results
oligonucleotide DNA probe. The displaced strand is referred from triplex formation between a pair of PNAs and a single
to as a D-loop because in electron micrographs the displacedDNA strand. The structure of a triplex reveals the PNAs
strand appears as a thin strand which has looped away fromform normal WatsonCrick and Hoogsteen base pair
a thicker double-stranded DNA hybrid (Brack, 1981). The interactions. However, this triple helix is unwound into a
open structure of a D-loop is confirmed by its sensitivity to new structure, the P-helix, which has features of both A-
single-strand-specific nucleases and its ability to mimic a and B-helices (Betts et al., 1995). This P-helix contains three
transcription bubble by supporting transcription (Demidov of the four strands we expect to find when a bis-PNA is
et al., 1993; Mgllegaard et al., 1994; Nielsen et al., 1991). bound to double-stranded DNA.

While these observations suggest that a D-loop is physically Because of several unique properties, PNAs can form
separate from the hybrid duplex, the displaced strand muststable complexes with double-stranded DNA under condi-
nevertheless remain in close proximity to its complementary tions that would dissociate DNA duplexes. First, the neutral
strand because their lengths are identical. This constraintcharge of the PNA backbone does not repel the phosphate
in DNA path length raises a question whether the D-loop is backbone of the complementary DNA strand. Thus a PNA
unstructured as suggested by electron microscopy or is partDNA duplex remains stable in low ionic strength conditions.
of a recognizable bundle with the hybrid DNA duplex. Second, the triplex is very resistant to denaturation, as much

Probing the structure of a D-loop requires a reagent which as 40°C higher melting temperatures compared with a DNA
can form a stable hybrid with double-stranded DNA. Long duplex of identical sequence (Egholm et al., 1992a,b; Kim
(>500 base) DNA probes like those used in fluoresceénce et al., 1993). This stability is explained not only by the
situ hybridization of chromosomal DNA have sufficient base presence of a PNA Hoogsteen strand but by additional
pair stabilizing interactions to remain bound to the double- interactions between amide groups on the PNA Hoogsteen
stranded DNA substrate. Alternatively, shorter DNA probes strand and the DNA phosphate backbone (Betts et al., 1995).
(15-mer) can form stable complexes with double-stranded Stability is further improved by covalently linking the
DNA molecules if the complexes are decorated with a DNA- Watson-Crick PNA strand to the Hoogsteen PNA strand to
binding protein such as RecA (Ferrin & Camerini-Otero, form a bis-PNA (Egholm et al., 1995; Griffith et al., 1995).
1991). DNA-binding proteins are not needed to stabilize Linkage in tandem reduces a trimolecular reaction to a
long probes. Short PNA probes<{@0-mer), DNA analogs  bimolecular reaction. Consequently, bis-PNAs form a triplex
in which the DNA bases are linked to a polyamide backbone which has a higher thermal stability than conventional PNAs.
consisting of oligomers oN-(2-aminoethyl)glycine (Due-  Lastly, to eliminate the pH-dependent binding of the Hoogs-
holm et al., 1994; Egholm et al., 1993, 1992a; Nielsen et teen strand, one group (Egholm et al., 1995) has substituted
a protonated cytosine analog, pseudoisocytosine. These
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short as only seven purines in a double-stranded target with bis-PNA 6229

efficient strand displacement. Despite the high stability of & TTTTCCTTTC

the complexes, single base pair mismatches greatly reduce 8 i

the melting temperature. Thus, PNAs are able to recognize STTTTIITTTI-00-his-gly-gly
double-stranded DNA in a very sequence-specific manner bis-PNA 5939

(Demidov et al., 1995). & TTTTCCTTTC

Since their relatively recent appearance PNAs have found 8 .
diverse use in molecallar biolog?f They have been used for STTTIIITITI -his-gly-gly
DNA mapping (Demidov et al., 1993, 1994; Nielsen et al., bis-PNA 6230 ‘
1991), as transcription promoters (Mgllegaard et al., 1994), 9ly-gly-his-0o-TTTTCCTTTC=,
as restriction enzyme inhibitors (Nielsen, 1993), to isolate _/8
active genes (Boffa et al., 1995), as antigene agents (Hanvey TITTITTITI

et al., 1992), and for mapping rare restriction sites in genomic PNA-C
DNA (Veselkov et al., 1996). Our interest in PNAs is their TTTTCCTTTC
use as a tool for high-resolution mapping of DNA. The ease PNA-H
with which a PNA can be made and maodified, its high JTTTJITTTT

stability when bound to DNA, and their sequence specificity FIGURE 1. Schematic diagram of PNA structures. The PNAs are
make them an ideal candidate as a mapping reagent. Aonented with their Crick strand at the top and Hoogsteen strand at

. - . the bottom. The Gly-Gly-His peptide is located at the N-terminus
simple approach to map a set of sites is to cleave the DNA ¢ "ihe his-PNA. J represents pseudoisocytosine while O is a

at the sites and resolve their sizes by electrophoresis. hydrophilic linker. PNA-C and PNA-H represent conventional
We have modified the bis-PNAs to create a synthetic DNA PNAs.
cleavage reagent by coupling a Gly-Gly-His peptide to the . . . :
end Ofg the lgis-PNx. B?’ a%ditiorzl ofyGIy-(glyF-)His the Strand with pseudoisocytosine. As controls, we synthesized
consensus sequence for the copper-binding domain of serunfV@ 10-mer PNAs, PNA-C and PNA-H, for determining the
albumin (Bryce et al., 1966; Kruck et al., 1976) to the DNA- re_:lat|ve thermal stability of_the bls-PI_\IAs. We also synthe-
binding domain of Hin recombinase one group (Mack, 1991 Sizéd two 12-mer PNAs (Figure 2) without Gly-Gly-His for
Mack & Dervan, 1992) was able to cleave DNA at Hin sites. COMParison. Since Gly-Gly-His does not participate in base
They also showed experimental evidence that the cleavingPaifing and is not expected to present a steric problem, we
group of GGH (Hin 139-190) lies in the minor groove as did not incorporate them into these control PNAs.

predicted by cocrystal structures of DNA-binding proteins _©ligonucleotides were obtained from Research Genetics
with dsSDNA. We show that the Gly-Gly-His peptide on (Huntsville, AL). Plasmid pDP1007 was the gift of David

either the WatsonCrick or Hoogsteen strand of a bis-PNA Page (Page et al., 1987). A 128 bp target DNA encoding

supports sequence-specific nickel-mediated cleavage of nof?art of the human ZFY gene was generated by PCR
only the DNA Watson strand but also the displaced DNA (Woodford et al., 1995) using pDP1007 as a template.

Crick strand. Furthermore, the pattern of the cleavage sites/"dividual strands of PCR product were labeled wittP]-
demonstrates that the D-loop is in close proximity to the dATP and polynucleotide kinase prior to PCR. The labeled

bis-PNA-DNA triplex. Our results demonstrate the use of products were purified by electrophoresis through 3% Nusive
a novel nonenzymatic DNA cleavage reagent which can 31 (FMC BioProducts, Rockland, ME) TAE agarose gels.

reveal important insights into the structure of elaborate DNA 1 nermal Stability of PNADNA Complexes To measure
complexes. the melting temperatures of the bis-PNRNA complexes,

we melted and reannealed the triplexes while monitoring the
MATERIALS AND METHODS change in absorbance at 260 nm. All of these studies were

performed on an Aviv Model 118DS spectrophotometer

PNA Probes Three specially modified PNAs, bis-PNA using the following conditions: 140 mM NacCl, 10 mM,P

6229, bis-PNA 5939, and bis-PNA 6230 (Figure 1), were pH 7.5, oligonucleotides at 2M, PNAs at 4uM, and bis-
synthesized as described (Egholm et al., 1995). The PNAsPNAs at 2uM. Prior to melting, all the mixtures were heated
consisted of two 10-mer PNA sequences (a Crick PNA strandto 65 °C for 1 h and slowly cooled to 4C. Absorbance
complementary to the Watson DNA strand and Hoogsteen measurements at 260 nm were recorded from 4 t86Q#h
PNA strand) linked in tandem by three 8-amino-3,6- 2 °C steps and a 2 min equilibration between each measure-
dioxaoctanoic acid units to form a bis-PNA. The flexibility ment. We monitored the progress of reannealing directly
attained with the linker allows the bis-PNA to fold back on after the melts by cooling the solution in°€ steps every 2
itself and “clamp” a single DNA strand forming a bimo- min TheT,, values were determined from the maximum of
lecular triple helix. A Gly-Gly-His peptide, designed to the first derivative of the plot of the absorbance at 260 nm
chelate nickel and induce cleavage of the DNA backbone, versus temperature.
is incorporated by standard peptide synthesis chemistry to Cleavage of DNA with Bis-PNAsPrevious reports (Mack,
one end of the PNA strand. To study the specificity of the 1991; Mack & Dervan, 1992) demonstrate that when the Gly-
cleavage reaction, we placed the Gly-Gly-His peptide on the Gly-His sequence is linked to a fragment of the Hin
Crick PNA strand (bis-PNA 6230) or on the Hoogsteen PNA recombinase, the Gly-Gly-HisHin conjugate protein can
strand (bis-PNA 5939 and bis-PNA 6229) and varied the cleave DNA in the presence of oxidized nickel. To
distance between the peptide and the PNA with a linker (bis- demonstrate that Gly-Gly-His bis-PNAs can cleave DNA,
PNA 6229 and bis-PNA 6230) or without a linker (bis-PNA  we studied the effects of nickel-mediated cleavage with bis-
5939). The pH sensitivity in the formation of the triple helix PNA 6229. Both strands of the 128 bp target DNA were
was eliminated by replacing cytosine in the Hoogsteen PNA labeled with33P using polynucleotide kinase. The labeled



Bis-PNA Cleavage of D-Loops

Species TmC

AAGAAAGGAAAA
TTCTTTCCTTTT
TTCTTTCCTTTT
AAGAAAGGAAAA
TTCTTTCCTTTT
TTCTTTCCTTTT
AAGAAAGGAAAG
TTCTTTCOTTTT
TTCTTTCCTTTT
AAGAAAAGAAARA
TTCTTTCCTITT
GAAAGGAAAA
TTCTTTCCTTTT
TTTTIITTTT
AAAAGGAAAG
TTTTCCTTTC
TTTTIITTTT
TAAAGGAAAG
TTTTCCTTTC
TTTTIITTTT
AAAATGAAAG
TTTTCCTTTE

Ficure 2: Denaturation of DNA-PNA complexes. DNA-DNA
complexes have the Watson strands on top b@se on left).
Conventional (group 1) and bis (group 2) PNAs (highlighted,
Hoogsteen top strand) complexed with Watson DNAkK&se on
left) target. Bases in boldface type indicate position of a base pair
mismatch (J= pseudoisocytosine). All the bis-PNAs in group 2
are PNA 6229.
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target DNA (1.5 pmol) was mixed with bis-PNA 6229 (150
pmol) in 60uL of buffer A (20 mM R, pH 8.0, 20 mM
NaCl). After heating to 94C and slowly cooling to 25C,

the bundle was purified by centrifugation through a spin
column (Clonetech Chroma Spin 30 column equilibrated with
buffer A). In a typical 10uL cleavage reaction we used 2
uL of purified complex and added nickel(ll) acetate to a final
concentration of 1M and then monoperoxyphthalic acid
to a final concentration of 1@M. After 15 min at room
temperature, the reaction was terminated by precipitating the
bundle with 7.54L of 10 M ammonium acetate and 74

of ethanol using 100 ng df DNA as a carrier. To increase
the cleavage efficiency, some samples were incubated at 9
°C for 30 min in 40uL of 0.1 M butylamine. All of the
samples were evaporated to dryness in a centrifuge concen
trator and resuspended in LQ of gel sample buffer prior

to electrophoresis through a 7.5% polyacrylamide gel. We
characterized the point of cleavage with the three different
bis-PNAs using 128 bp PCR product that was labeled on
either the forward or reverse strand with the nickel, peracid,
PNA, and base workup described above. After electrophore-
sis through a 6% uregpolyacrylamide gel, the cleavage
products were visualized with a Fuji BAS 2000 phospho-
imager.

RESULTS

Stability of Bis-PNA-DNA Triplexes To establish the
conditions for cleaving double-stranded DNA, we measured
the melting temperatures of various PNADNA (group 1)
and bis-PNA-DNA (group 2) complexes. These data are
summarized in Figure 2. Among the first group of PNAsS,
the Tp, of a 12-mer PNA—DNA triplex was 34°C higher
than the corresponding double-stranded DNA duplex. The
effects of single base mismatches were studied by introducing
a single change in the target DNA strand. As expected from

Biochemistry, Vol. 35, No. 33, 1996.0675

previous studies (Ajmera et al., 1986; Dedon & Goldberg,
1992; Dedon et al., 1992), mismatches in the target sequence
reduce theT,. For example, a single base mismatch at an
end of the target reduces thig of the PNA—DNA complex

by 5 °C while a mismatch in the center of the complex
reduces thd@p, by 25°C.

We next investigated the triple strand formation by two
PNA strands linked in tandem. Usifig, as a measure, we
found that, unlike conventional PNAs, bis-PNAs (group 2)
form a more stable complex with a complementary DNA
oligonucleotide. As shown in Figure 2 the melting temper-
ature of a 10-mer bis-PNADNA complex is 19°C higher
than a corresponding 12-mer PBHADNA complex. Single
base pair mismatches at the end or middle of the sequence
decrease the melting temperature by 6 and@Gbrespec-
tively. By linking the PNA strands in tandem, we confirmed
that a bis-PNA-DNA complex was more stable to dena-
turation than a conventional PNADNA complex.

We also compared the denaturation temperature with the
annealing temperature to determine whether the formation
of a triplex with a bis-PNA occurs at a higher temperature
than with a conventional PNA. In Figure 3A, the annealing
temperature (72C) of a bis-PNA-DNA complex is 16°C
lower than the denaturation temperature. Both curves are
monophasic. In contrast, a corresponding BNEBNA
complex, formed with PNA-C and PNA-H, displays a much
greater difference (42C) between the melting and annealing
temperatures. In addition, the melting transition is mul-
tiphasic with at least two intermediate transitions at 63 and
82 °C. This more complex denaturation curve is not seen
in the melting and annealing profiles of a short 10-base DNA
target (Figure 3B).

Nickel-Gly-Gly-His-Mediated Clegage of dsDNA Hav-
ing established the stability of bis-PNA-DNA complexes in
both denaturation and annealing conditions, we investigated
the structure of the bundle in a large dsDNA target (Figure
4A). To mark positions in the target that would confirm
the binding site, we employed an artificial cleavage approach
by coupling a Gly-Gly-His peptide to the end of the PNA

Figure 4B). In the presence of nickel and monoperoxyph-
halic acid, the 128 bp target was cleaved into fragments
whose sizes are consistent with a cleavage site at the PNA-
binding region. Addition of a competing oligonucleotide
complementary to the bis-PNA eliminates cleavage by the
bis-PNA (data not shown). The yield of cleaved DNA
improves with base workup of the DNA after peracid
treatment. Under these cleavage conditions, when 100% of
the target is complexed with a bis-PNA, approximately 20%
of the target is cleaved.

After optimizing the cleavage reaction, we mapped the
sites of cleavage to confirm the orientation of the bis-PNA
(Figure 5). When Gly-Gly-His is separated from the
Hoogsteen strand by two linker molecules (bis-PNA 6229),
the cleavage sites lie on both target DNA strands (Figure
5A). Cleavage is favored at one site on each strand with
less frequent cleavage at other sites. In addition, there is no
evidence of cleavage along the same face of the DNA helix
which would lead to a phasing type of cleavage pattern.
When the sites are mapped onto a diagram of the DNA target
sequence (Figure 5B), cleavage occurs two or three bases 5
to the position of the nickeltripeptide complex on the
displaced or Watson DNA strands, respectively. Although
the bis-PNA lacking a linker (bis-PNA 5939) also directs 5
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Our results (Figures 2 and 3) document the behavior of

. : the bis-PNAs under careful melting and annealing conditions.
FiIGURE 3: Melting Tiys of bis-PNA-DNA complexes. The absor- : o . . :
bances are normalized to the measurement taken @ 94) The Bis-PNAs _eXh'b't two |nte_rest|ng behawor_s when compar_ed
denaturation (up arrows) and annealing (down arrows) curves of to conventional PNAs. First, the hysteresis between melting
PNA,—DNA (circles) and bis-PNA-DNA (boxes) complexes  and annealing is greatly reduced, primarily due to a large
display hysteresis. A biphasic melting transition is detected for a increase in the annealing temperature. This change suggests
PNA,—DNA complex while a bis-PNADNA complex displays  nat formation of a bis-PNADNA complex occurs more
a monophasic transition whose melting temperature RZ20igher. dily th ith fi IPNAs. S d. the bis-PNA
As the temperature is lowered from 9€, the bis-PNA-DNA readily than with conventional FINAS. - Second, the DIS-FINAS
complex reanneals at a higher temperature than a conventionald0 not exhibit a multiphasic melting curve. The multiphasic
PNA,—DNA complex, but the difference ii,s between denatur-  melting behavior of a conventional PNADNA complex
ation and reanealing is much less (16 vs°8). (B) Denaturation  probably reflects separafBy,s for the dissociation of the
curves for a DNA oligo target and either a complementary DNA Hoogsteen strand and the denaturation of the Wat&vitk
probe, complementary bis-PNA, or a bis-PNA with an oligo target . . .
with either a mismatch at an end or a mismatch in the middle. ~ Strands. The reduced hysteresis and the monophasic melting

curve can be explained if the formation of a triplex is

cleavage on both DNA strands, the Watson DNA strand is Simplified from a trimolecular to a bimolecular mechanism.
cleaved less frequently while the major cleavage site on the Others have postulated (Demidov et al., 1995; Egholm et
displaced strand is shifted to three bases from the tripeptide@l-, 1995) that the conversion of a duplex into a triplex is
moiety. not kinetically limited when the Hoogsteen strand is linked
The pattern of cleavage is completely changed when thet0 the Crick strand because once a PNANA Watson-
nickeltripeptide complex is placed on the Crick bis-PNA Crick duplex has formed, the Hoogsteen PNA strand is
strand (bis-PNA 6230). Because PNAs and peptides areimmediately available to complete the triplex. When the
synthesized from the C-terminus, the tripeptide must be targetis a long double-stranded DNA, this improved ability
placed on the N-terminus of the bis-PNA. This results in to form a triple-stranded complex rapidly reduces competition
the Gly-Gly-His being relocated to the opposite end of the for the Watson DNA strand by the displaced Crick DNA
triplex when compared to the bis-PNAs with the Gly-Gly- Strand. A practical consequence of this enhanced property
His on the Hoogsteen strand. At this position, the niekel IS the ability to use bis-PNA at higher temperatures where
tripeptide complex cleaved both strands of the 128 base pairnormal DNA duplex interactions are eliminated.
DNA target, and the cleavage sites were clustered near the As a sequence-specific hybridization reagent, a bis-PNA
position of the cleavage reagent. However, a major differ- exhibits good sensitivity to a mismatch in the sequence
ence in the cleavage pattern is that cleavage occuem 3  especially when the mismatch occurs at an internal position.
the Watson DNA strand and the location of the sites relative However, the melting temperature is only slightly affected
to the cleavage reagent had shifted. On the displaced strandvhen the mismatch is at an end position, as is the case for
cleavage occurred most frequently four bases away while conventional DNA duplexes. To improve base discrimina-
on the Watson strand the site was separated from the cleavagéon by the bis-PNAs, we are currently testing an asymmetric

Temperature C
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Ficure 5: Identification of the cleavage sites caused by the niekady-Gly-His complex located at different positions on a bis-PNA. (A)

The cleavage sites are identified on high-resolution gels of target DNA labeled on either the reverse strand (lanes 6, 8, 10, 12) or forward
strand (lanes 5, 7, 9, 11). The presence of the Gly-Gly-His peptide on the Hoogsteen PNA strand, bis-PNAs 5939 and 6229 Qlanes 7
results in cleavage on similar sites on either DNA strand. Without a bis-PNA, no cleavage occurs (lanes 11, 12). The target DNA is
sequenced with the “forward” primer (lanes-4) or “reverse” primer (lanes 1316). (B) The location of the cleavage sites is depicted in

a schematic diagram. The arrows indicate the site of cleavage; the length of the arrow is approximately proportional to the cleavage frequency
at the site.

bis-PNA. The asymmetry lies in the lengths of the two PNA In examples where the cleavage reagent can diffuse, the
strands; the Crick PNA strand is 425 bases long while  cleavage sites are clustered with a Gaussian distribution, and
the pyrimidine-rich Hoogsteen strand is 7 bases in length. the clusters are “phased” or spaced with a periodicity (Mack
This design is intended to improve the sequence specificity, et al., 1990). Phasing reflects that cleavage occurs along
determined by the Crick PNA strand, without affecting the the same face of the DNA helix. We do not detect phasing
high thermal stability provided by the Hoogsteen PNA strand. of cleavage sites in our gels. Instead, our data are consistent
Directed DNA Cleaage by a Bis-PNAGGH Chimera with those reported by Mack and co-workers (Mack, 1991;
The mechanism for cleavage of the DNA backbone by Mack & Dervan, 1992) of a small number of cleavage sites,
nickel-Gly-Gly-His has not been determined, but it is clear which suggests that cleavage occurs at sites closest to the
that the mechanism involves an oxidized nickel intermediate GGH group.
and the increased amount of cleavage product upon base Triplex and D-Loop Structure Realed by Nickel-Medi-
workup suggests that more than one path to the final cleavageated Cleaage Because the Gly-Gly-His tripeptide is
product exists. Our observations are consistent with a modeltethered to the bis-PNA, we are able to probe the structure
utilizing a ligand radical produced by an oxidized metal ion of the DNA while in a complex with the bis-PNA. The first
intermediate (Hecht, 1986). Cleavage does not go to finding is that the D-loop is in close proximity to the
completion but seems limited to 20% of the DNA molecules. Hoogsteen and Crick PNA strands. Displaced from its
This limit may indicate a strict stereospecific orientation of former position as the DNA Crick strand, the D-loop must
the square-planar tripeptig@ickel complex with respectto  remain near the DNA Watson strand for no better reason
the DNA target. In addition, a limited half-life of the radical than that their path lengths are identical. This constraint of
due to self-destruction may also compete with DNA cleav- length limits the distance the displaced strand can “loop”
age. away from the Watson strand. To visualize this more clearly,
Bis-PNA—GGH chimeras display two properties that are we used the structure of the PNMANA triplex (Betts et
superior to other nonenzymatic DNA cleavage reagents. First,al., 1995) in a model of the strand-invaded bundle (Figure
cleavage can be targeted to any site because of the sequencé&). We assumed that the D-loop must follow the path of its
specific binding of the bis-PNA. Second, cleavage is more Watson strand complement and therefore must lie on the
efficient than with a diffusible free radical, such as that same side of the helix as the Crick PNA strand. Both Watson
generated by FEEDTA, because cleavage is restricted to and D-loop DNA strands were then fitted by hand to form
the three dimensional space around the nondiffusible GGH. B-form duplex DNA at opposite ends of the bis-PNANA
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16 bases per turn, our results provides biochemical evidence
in support of the P-helix structure.

N The 8 or 3 location of the cleavage sites relative to the
S| cleavage reagent provides additional information about the
TN environment around the cleavage reagent. Mack et al. (1991)
( show that GGH cleaves at site'st8 the cleaving group if it
% lies in the minor groove of B-form DNA. In contrast, we
f ( . — -l , show that cleavage occurs te the Gly-Gly-His tripeptide
N, % \ N b N N _*Jg.q R, (Figure 5B) when it is coupled to the end of either the Crick
] \ ¥ A\ %, A\ or Hoogsteen PNA strands. Superficially, this pattern would
" W\ Y \ Y be consistent with a model that the cleavage reagent lies in
y A A \ A "'ﬁ_\ A the major groove of B-form DNA and certainly with the
[ e model of P-form DNA. However, because one of the
A ' 1" - e cleaved strands is the D-loop, thecteavage pattern provides
oo Wy o f supporting evidence for our model that the D-loop follows
R A v a path like the Crick strand in the major groove of a DNA
_ .‘* iy duplex. As a consequence, the D-loop DNA strand must
\ form some type of “major groove” with the Watson DNA
S strand. With the Hoogsteen strand present, our data argue
™ . ¥ that the strand invading bis-PNA is at least a four-stranded
bundle with the duplex DNA target.
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