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ABSTRACT: “Tail-clamp” PNAs composed of a short (hexamer) homopyrimidine triplex forming domain
and a (decamer) mixed sequence duplex forming extension have been designed. Tail-clamp PNAs display
significantly increased binding to single-stranded DNA compared with PNAs lacking a duplex-forming
extension as determined byTm measurements. Binding to double-stranded (ds) DNA occurred by combined
triplex and duplex invasion as analyzed by permanganate probing. Furthermore,C50 measurements revealed
that tail-clamp PNAs consistently bound the dsDNA target more efficiently, and kinetics experiments
revealed that this was due to a dramatically reduced dissociation rate of such complexes. Increasing the
PNA net charge also increased binding efficiency, but unexpectedly, this increase was much more
pronounced for tailless-clamp PNAs than for tail-clamp PNAs. Finally, shortening the tail-clamp PNA
triplex invasion moiety to five residues was feasible, but four bases were not sufficient to yield detectable
dsDNA binding. The results validate the tail-clamp PNA concept and expand the applications of the
P-loop technology.

Versatile, efficient, and sequence-specific targeting of
double-stranded (ds) DNA by designed synthetic molecules
is a major contemporary objective in DNA molecular biology
research. Sequence-specific targeting of dsDNA by the DNA
mimic peptide nucleic acid (PNA) can occur via several
distinct mechanisms depending on the DNA target and the
PNA sequence. The most stable complexes are formed with
homopyrimidine PNAs targeting homopurine DNA via
triplex invasion and P-loop formation (Figures 1a and 2a)
(1-5). Complexes of approaching stability can be obtained
using a pair of pseudocomplementary PNA oligomers that
bind by double-duplex invasion (Figures 1b and 2b) (6-8).
Under certain conditions simple duplex invasion complexes
can form (Figure 1c). These are much less stable than
comparably sized triplex or double-duplex invasion com-
plexes and have so far only been observed with very purine
rich PNA oligomers (9) or with cationic peptide-PNA
conjugates (10) binding to DNA targets under negative
superhelical stress.

As the formation of P-loop complexes is of great interest
for both gene targeting (11-14) and a variety of diagnostic
and molecular biology applications (15-19), we decided to
explore the binding properties of “tail-clamp” PNA oligomers
comprising a triplex as well as a duplex-forming domain.
Ideally, such PNAs would bind their complementary target
in double-stranded DNA by a combined triplex/duplex
invasion mechanism (Figure 1d). Provided that the duplex

domain would contribute sufficiently to the binding energy,
this binding mode would only require a relatively short
homopurine stretch in the target, and therefore the target
sequence constraints for P-loop formation would be greatly
relaxed.

We have now synthesized a series of such tail-clamp PNA
oligomers containing a decamer duplex domain and varying
size (4-6 bases) triplex domains and measured their binding
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FIGURE 1: Structure of helix invasion complexes. (a) Triplex
invasion complex: structure of homopyrimidine bis-PNA bound
to a dsDNA target. The two PNA strands clamp onto the com-
plementary DNA strand leaving the noncomplementary DNA strand
displacedasa loop. (b)Doubleduplex invasioncomplex: pseudocom-
plementary- (pc-) PNAs bound to a cognate sequence target in
dsDNA. Each pc-PNA strand binds by Watson-Crick base pairing,
thus occupying both target DNA strands. (c) Duplex invasion
complex: one PNA strand invades the DNA helix forming
Watson-Crick hydrogen bonds, thus leaving the noncomplementary
DNA strand displaced. (d) Principle of tail-clamp PNA invasion
complex. The homopyrimidine clamp domain binds by combined
Watson-Crick and Hoogsteen hydrogen bonds while the duplex
extension employs Watson-Crick interactions only.
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efficiency to a target in a double-stranded DNA fragment
by permanganate probing of P-loop formation. We have also
varied the charge (1+ to 5+) of such tail-clamp PNAs.

EXPERIMENTAL PROCEDURES

PNA Molecules.The PNA sequences used in this study
are listed in Table 1. The PNAs were synthesized and
characterized as described previously (20). PNA stocks were
dissolved at 50 OD260/mL in doubly distilled H2O and stored
at -20 °C. Low-stick tubes from Soerensen Biosciences
(catalog no. 11720) were used throughout. “J” denotes the
synthetic nucleobase pseudoisocytosine (21). PNA concen-
trations were determined using the following extinction

coefficients: ε260 ) 8800 M-1 cm-1 (T), 15 500 M-1 cm-1

(A), 11 700 M-1 cm-1 (G), 7300 M-1 cm-1 (C), and 3000
M-1 cm-1 (J).

DNA Construct.Two complementary oligonucleotides (5′-
dTCGACTTTTTG-3′ and 5′-dTCGACAAAAAG-3′) were
annealed and inserted into theSalI site of pUC19 by standard
cloning methods (22). The resulting construct was verified
by sequencing, digested withPVuII and HindIII, and 10µg
of DNA was end-labeled using [R-32P]dATP and the Klenow
fragment ofEscherichia coliDNA polymerase I as recom-
mended by the manufacturer (Gibco BRL). The relevant
DNA fragment (155 bp) was isolated using nondenaturing
5% polyacrylamide gel electrophoresis.

FIGURE 2: Hydrogen bonds in strand invasion complexes. (a) Base triads in the triplex invasion complex involving Hoogsteen and Watson-
Crick hydrogen bonds as indicated. J) pseudoisocytosine. (b) Principle of base interactions in double-duplex invasion complexes. pc-
PNAs have diaminopurine (D) and thiouracil (Us) substituted for adenine and thymidine, respectively. The atomic radii of the D exocyclic
amino group and the 2-thio group of Us inhibit D-Us hydrogen bonding, thereby reducing self-annealing of pc-PNAs. In contrast, D-T
and A-Us hybridization is not subject to such constraints, which facilitates hybridization to complementary DNA targets.
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Tm Determinations.The melting temperature (Tm) at which
50% of the molecules are hybridized was determined by
recording the absorbance at 260 nm as a function of
temperature using 4µM complementary strands in 100 mM
NaCl, 10 mM sodium phosphate, and 0.1 mM EDTA, pH
7, as described elsewhere (23).

Triplex/Duplex InVasion and KMnO4 Probing.End-labeled
DNA at a final estimated concentration of 1-2 nM was

incubated with the desired amount of PNA in a total volume
of 100 µL of sodium phosphate, pH 6.5, for 2 h at room
temperature followed by oxidation with 5µL of 20 mM
KMnO4 for 15 s. The reactions were stopped by adding 50
µL of 1 M â-mercaptoethanol and 1.5 M sodium acetate,
pH 9. The oxidized DNA was precipitated with ethanol,
treated with 100µL of 10% (v/v) piperidine (20 min at 90
°C), and lyophilized. The samples were dissolved in forma-

Table 1: Tm andC50 Values for Tail-Clamp PNA Hybridization to ssDNA and dsDNAa

a The table shows the structure, net charge, thermal melting temperature (Tm), andC50 values (µM) of the PNAs employed.Tm is given in degrees
Celcius.Tm*: Tm measured for hybridization to the full-length single-stranded target 5′-dGCAGGTCGACAAAAAG-3′ (oligo Me551). TheTm

values for hybridization to the singly mismatched target 5′-dGCAGGTCCACAAAAAG-3′ (oligo Me551-1mis; the mismatched position is underlined)
are given in parentheses.Tm**: Tm for binding to the hexamer single-stranded target 5′-dAAAAAG-3 ′ (oligo Me81). (a)Tm based on broad transition.
C50 values are expressed( standard error of the mean using two to five experiment repetitions. The (#) label indicatesC50 values that are shown
(PNA601) or expected (PNA472, PNA2305, PNA2306, and PNA2307) to represent true equilibrium constants. TheC50 for PNA472, which bound
very poorly, was estimated by extrapolation. Nd: not determined. The bis-PNA linkers aminohexanoic acid (PNA350, PNA2305, PNA602, PNA2306,
PNA2307, PNA603, PNA601, PNA648, PNA649, and PNA231) and 8-amino-2,6-dioxaoctanoic acid (PNA355, PNA472, and PNA357) were used
as described (21, 25). PNA497 does not contain a linker moiety.
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mide loading buffer, resolved on 10% polyacrylamide
denaturing TBE-buffered gels, and visualized by auto-
radiography and phosphorimaging. For kinetic measurements,
a mastermix containing material sufficient for the entire
experiment was set up. At the desired length of incubation
aliquots were removed and probed with permanganate. Off-
rates were measured by adding a molar surplus of oligo-
nucleotide complementary to the PNA. Control experiments
showed that this efficiently quenched free PNA oligomers
as no PNA-dsDNA association was detected if the quench
oligonucleotide was added prior to PNA.

All quantitative analyses were done by phosphorimaging
of sequencing gels using a Molecular Dynamics phospho-
rimager and ImageQuant software.C50 values were deter-
mined by plotting the permanganate-probing signal, which
reflects the amount of PNA/dsDNA invasion complex (PD
complex) formed, as a function of PNA concentration
followed by nonlinear regression analysis using Prism
software. To determine the permanganate-probing signal
corresponding to 100% PNA binding, the signal plateau was
estimated, whenever possible, by including two consecutive
“high” PNA concentrations that gave roughly the same signal
intensity. When binding was incomplete (PNA472 and
PNA2305), the signal was taken relative to the correspond-
ingly charged tail-clamp PNAs. Figure error bars indicate
the standard error of the mean using two to five experiment
repetitions.

RESULTS

Design of PNA Oligomers.It has been found that bis-PNA
clamps as short as seven to eight nucleobases bind stably to
their target (5). We therefore based our tail-clamp PNA
design on a hexameric clamp domain, which is not expected
to exhibit efficient binding to a dsDNA target. Thus any
additional binding energy provided by a duplex domain
should be readily detectable. For the duplex domain we chose
a decamer as this would result in a PNA recognizing 16
bases, which is statistically unique in the sequence of the
human genome.

Tail-Clamp PNA Binding to Single-Stranded DNA.To
characterize the binding properties of tail-clamp PNAs, we
first determined the thermal stability (Tm) of the PNA
complexes with two different oligodeoxyribonucleotides
(Table 1). One of the oligonucleotides constitutes a hexa-
decamer full-length target to which the tail-clamp PNAs may
bind in a combined duplex/triplex mode. The other oligo-
nucleotide is a target for the PNA triplex forming region
only.

Not surprisingly, tail-clamp PNA hybridization to the full-
length target exhibits dramatically increased thermal stability
(Tm 76-85 °C) as compared with the bis-PNAs lacking a
duplex-forming extension (Tm 43-49 °C) (Table 1). This is
expected because the duplex-forming tail in isolation
(PNA497) hybridizes to its cognate target with a substantial
Tm (66 °C).

The effects of introducing a single Gf C mismatch in
the DNA target duplex region proximal to the homopurine
PNA clamp target revealed a marked decrease of resulting
thermal melting temperatures ranging from 10 to 14°C
(Table 1). When mismatches were introduced distally in the
duplex PNA tail (compare PNA231 and PNA602 in Table

1), the decrease inTm was only 5 °C even with three
consecutive mismatches. This indicates that the PNA duplex
forming tail does indeed confer specificity to the recognition
and, as could be expected, in a position-dependent manner.

Interestingly, tail-clamp PNA binding to the truncated
hexamer DNA target was superior by 9-12 °C as compared
with the homopyrimidine bis-PNAs. This effect is ascribed
to the additional stacking interactions within the duplex
extension.

PNAs having only four or five bases instead of six bases
in the triplex-forming region were used to investigate the
importance of the triplex-forming part of the tail-clamp PNAs
(compare PNA603, PNA649, and PNA648). TheTm was
reduced by only 8°C from the full-length PNA 6-mer triplex
to the 4-mer clamp. Furthermore, the thermal stability of tail-
clamp PNAs hybridized to the full-length target was not
strongly affected by the PNA net charge (compare PNA355(1+),
PNA350(2+), PNA602(3+), and PNA603(5+)). Finally, substitu-
tion of pseudoisocytosine for cytosine (Figure 2a) in the PNA
strand engaging in Hoogsteen interactions (compare PNA355
and PNA357) increasedTm by 6 and 8°C for hybridization
to the truncated and full-length target, respectively, as
expected from previous results at pH 6.5 where cytosine is
only partly protonated (21).

Tail-Clamp PNA Binding to Double-Stranded DNA: Effect
of a Mixed Sequence Duplex-Forming Extension.To examine
the binding to dsDNA by tail-clamp PNAs, PNA was
incubated with a32P-end-labeled DNA restriction fragment
containing the complementary target. Helix invasion was
monitored by permanganate probing. Permanganate prefer-
entially oxidizes thymines in the displaced DNA strand,
which renders the DNA susceptible to alkali cleavage at such
reacted positions (1, 2). Alternatively, electrophoretic mobil-
ity shift analysis could have been employed for determina-

FIGURE 3: Effect of the duplex-forming tail in cis versus in trans.
The autoradiograph shows strand invasion by tail-clamp PNA
(PNA355, 1+) and homopyrimidine bis-PNA (PNA472, 1+) to
which a duplex-forming tail (PNA497, 1+) is added in trans as
determined by permanganate probing. Note that the PNA472/
PNA497 combination does not bind even though the tail provides
an extra charge, making the final charge 2+ for this combination.
The following PNA concentrations were used: 0.3µM (lanes 1
and 5), 0.8µM (lanes 2 and 6), and 2.5µM (lanes 3 and 7). A/G
) sequence marker.
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tions of PNA binding to DNA (24). However, this technique
was inappropriate because complexes formed with hexameric
bis-PNA clamps were not stable during electrophoresis (data
not shown).

Because the stability of triplex invasion complexes formed
with decameric bis-PNA oligomers is extraordinarily high
(25, 26), i.e., the dissociation rate is low (t1/2 of several days)
and often not measurable, such complexes are usually not
at equilibrium in a typical experiment. Thus true thermody-
namic equilibrium constants are not practically useful and
instead a pseudo-Kd, termedC50 and defined as the concen-
tration of PNA that gives 50% strand invasion under a given
set of application-relevant experimental conditions, is re-
ported (Table 1). However, for the short-clamp PNAs
equilibrium is indeed reached because of fast off-rates (vide
infra).

We first asked whether the duplex-forming tail of a simple
tail-clamp PNA (PNA355) would invade the DNA duplex
target. The results clearly demonstrate that both the triplex
domain and the duplex domain do indeed bind to the double-
stranded DNA target forming a large P-loop (Figure 3). Most
interestingly, the corresponding PNA without the tail duplex
domain (PNA472) was not able to form an invasion complex
under these conditions, showing a significant thermodynamic
stabilization by the tail. As expected, adding the tail in trans
did not promote binding. However, the binding efficiency
of PNA355 is relatively low (C50 2.5 µM; Table 1) as
compared with the best decameric bis-PNAs that bind with
C50 values in the low nanomolar range (27). It has previously
been found for homopyrimidine PNAs that equipping PNA
oligomers with positive charges can dramatically increase
binding efficacy by enhancing the rate of binding (25, 28,

FIGURE 4: Comparison of tail-clamp PNA and homopyrimidine bis-PNA strand invasion as a function of PNA net charge. (a) Autoradiograph
showing strand invasion of identically charged tail-clamp PNA (PNA603) and hexamer homopyrimidine bis-PNA (PNA601) as analyzed
by permanganate probing as described in Experimental Procedures. The following PNA concentrations were used: without (lane 1), 0.001
µM (lane 2), 0.003µM (lane 3), 0.01µM (lane 4), 0.03µM (lane 5), 0.08µM (lane 6), 0.3µM (lane 7), 0.8µM (lane 8), 2.5µM (lane
9), 0.2µM (lane 10), 0.6µM (lane 11), 1.8µM (lane 12), 5.4µM (lane 13), 16µM (lane 14), and 49µM (lane 15). The PNA target site
is indicated. A/G) sequence marker. (b-e) Results from experiments similar to the one in (a) for the indicated sets of PNAs were quantified
by phosphorimaging and displayed as PD complex versus PNA concentration. The signal is taken relative to the plateau for each tail-clamp
PNA that is set to 1. The PNA net charge is indicated as are the symbols used.

Tail-Clamp PNA Targeting of Duplex DNA Biochemistry, Vol. 42, No. 47, 200313991



29). We therefore decided to study tail-clamp PNAs having
varying charges in the form of lysine residues and/or a
charged amine function in the linker (Figure 4, Table 1).
Doubling the charge to 2+ (PNA350) resulted in an∼10-
fold decrease inC50 (pseudo-Kd); the most direct comparison
is with PNA357, which does not contain the J base. Further
charge increase to 3+ (PNA602) and 5+ (PNA603) each
contributed an additional 2-fold binding increase.

We also prepared the corresponding “tailless” PNA clamps
for comparison (PNA2305, PNA2306, PNA2307, and
PNA601). The tail-clamp PNAs consistently bound more
efficiently to the dsDNA target (lowerC50) as compared with
the bis-PNA clamps (Figure 4b-e). However, the effect of
added charges to the latter was significantly more pro-
nounced. For example, a several hundredfold decrease inC50

(Kd) was observed when going from 1+ to 4+ charges
(PNA472, PNA2305, PNA2306, and PNA2307; Table 1,
Figure 5); increasing the net charge to 5+ (PNA601) did

FIGURE 5: DNA affinity of hexameric bis-PNAs as a function of
PNA net charge. The dissociation constants for triplex invasion by
the relevant hexamer homopyrimidine bis-PNAs were measured
by permanganate probing as described in Experimental Procedures
and displayed as a function of PNA net charge: PNA472 (1+),
PNA2305 (2+), PNA2306 (3+), PNA2307 (4+), and PNA601
(5+).

FIGURE 6: Strand invasion kinetics of PNA603 and PNA601. (a) Autoradiograph showing the association and dissociation of tail-clamp
PNA603 to its sequence target as determined by permanganate probing. A mastermix containing PNA603 (0.8µM final concentration) was
incubated with the32P-labeled DNA fragment containing the cognate target at 37°C. At the desired length of incubation an aliquot was
removed and probed with permanganate. At 2 h incubation a molar surplus of quench oligonucleotide (1.7µM final concentration)
complementary to the entire tail-clamp PNA (oligo Me551) or to the hexameric clamp domain only (oligo Me81) was added, and dissociation
was followed over time. Association: 1 min (lane 1), 2 min (lane 2), 4 min (lane 3), 8 min (lane 4), 16 min (lane 5), 30 min (lane 6), 1
h (lane 7), and 2 h (lane 8). Dissociation measured in the presence of quench oligo Me551: 2 min (lane 9), 6 min (lane 10), 20 min (lane
11), 1 h (lane 12), 3 h (lane 13), and 16 h (lane 14). Dissociation measured in the presence of quench oligo Me81: 2 min (lane 15), 6 min
(lane 16), 20 min (lane 17), 1 h (lane 18), 3 h (lane 19), and 16 h (lane 20). Control without PNA (lane 21, K). Control reactions with
oligonucleotides Me551 and Me81 added before PNA (lanes 22 and 23, labeled A and B). A/G sequence reaction (lane 24). (b) Quantification
of the data from the experiment shown in (a) depicted as PD complex versus time. The derived first-order association rate constant is 6×
102 M-1 s-1 (corresponding to half-binding at 23 min). (c) Data from an experiment similar to the one shown in (a) using bis-PNA601. A
mastermix containing PNA601 (1.6µM) was incubated with the32P-labeled DNA fragment containing the cognate target at 37°C. Association
(closed squares) was monitored by probing aliquots of the reaction at the desired length of incubation. Then a 2-fold molar surplus of
quench oligonucleotide was added, and dissociation was monitored over time (open squares). The derived association and dissociation rate
constants are 2× 103 M-1 s-1 (corresponding to half-binding in 3 min) and 4× 10-3 s-1 (corresponding to half-dissociation in 3 min),
respectively. This yields an equilibrium constant of 2× 10-6 M, in close agreement with the data presented in Table 1. Arrows indicate
diagnostic thymidine residues in the duplex tail target.
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not further enhance dsDNA binding efficiency. As these
homopyrimidine bis-PNA clamps exhibit comparable thermal
stability when binding to a single-stranded target (Table 1),
we ascribe this enhancement primarily to an increase in
binding on-rate as found for decameric bis-PNAs (30).
Consequently, the benefit of the tail in terms of relative
binding efficiency is significantly decreased with increasing
PNA charge.

To better understand this behavior as well as the mecha-
nism of binding, we investigated the kinetics of dsDNA
recognition by the best performing PNA pair (PNA603 and
PNA601). Tail-clamp PNA603 and bis-PNA601 bound the
target with derived on-rates of 6× 102 and 2× 103 M-1

s-1, respectively (Figure 6). Thus, if anything, association
of PNA601 with the target is more rapid as compared with
PNA603.

To measure dissociation, an oligonucleotide complemen-
tary to the PNA was included to quench free PNA. Virtually
no dissociation was detected after overnight incubation using
PNA603 as compared with 50% dissociation in∼3 min when
using PNA601 (dissociation rate constant of 4× 10-3 s-1).
Thus tail-clamp PNAs bind more efficiently to the sequence
target, due to a dramatic reduction of the off-rate, although
they unexpectedly bind somewhat more slowly. The control
reactions (Figure 6, lanes 22 and 23), in which quencher
oligonucleotide was added before PNA, established that no
PNA association took place after addition of oligonucleotide.

Most interestingly, the tail-clamp PNA603 could be
dissociated (t1/2 ∼ 3 h) from its dsDNA target if the
incubation was conducted in the presence of an oligonucle-
otide that also included the tail (Figure 6a,b). Furthermore,
the permanganate probing indicated that the tail dissociated
prior to the clamp. These results therefore (not surprisingly)
indicate that the tail binding is much more dynamic (shorter
t1/2) than clamp binding and that the longer oligonucleotide
is able to catch the “breathing” tail and thereby actively
catalyze the dissociation via a two-step process.

The ability of the tail-clamp PNAs to discriminate against
mismatches was examined by using a PNA carrying three
mismatches in the distal part of the tail domain (PNA231).
Compared to PNA602, this PNA is expected to recognize
only six of the ten bases of the tail. As demonstrated by
permanganate probing, triplex invasion occurred efficiently,
but strand invasion was entirely absent in the distal part of
the tail domain target (Figure 7). Also, the binding affinity
of the mismatched PNA231 is slightly (4-fold) decreased
compared to the fully matched PNA602 (Table 1).

The target specificity of tail-clamp PNA binding was also
investigated by introducing a single Gf C substitution in
the DNA region that binds the PNA tail domain close to the
homopyrimidne junction. The single base alteration abolished
binding of the PNA603 tail to the target as evidenced by
the lack of oxidation by permanganate of the distal thymidine
residue in the duplex target. However, as expected from the
experiment with bis-PNA601 (Figure 4e), triplex invasion
by the tail-clamp PNA homopyrimidine domain was still
observed(data not shown).

Finally, we examined the size requirement of the triplex
domain for efficient helix invasion binding using PNA603
as a starting point. These results (Figure 8, Table 1) clearly
demonstrate that four bases are too short, while five appear
to be sufficient.

DISCUSSION

The present results show that it is possible to construct
tail-clamp PNAs having a very short homopyrimidine triplex
clamp domain (five to six nucleobases) and a duplex-forming
mixed sequence tail domain in which both domains invade
the target helix and in which the tail domain contributes
significant binding energy by decreasing dramatically the
dissociation rate of the complex. The tail-clamp PNA concept
may be exploited for extending the sequence target repertoire
of helix-invading PNAs by using short clamps as demon-
strated here. Moreover, the duplex-forming tail domains can

FIGURE 7: Specificity of the tail-clamp PNA duplex-forming
extension. Autoradiograph showing strand invasion by identically
charged PNAs containing a fully matched (PNA602) or mismatched
duplex forming extension (PNA231). The following PNA concen-
trations were used: without (lane 1), 0.01µM (lane 2), 0.03µM
(lanes 3 and 9), 0.09µM (lanes 4 and 10), 0.3µM (lanes 5 and
11), 0.8µM (lanes 6 and 12), and 2.5µM (lanes 7 and 13). A/G)
sequence marker. Arrows indicate diagnostic thymidine residues
in the duplex tail target.

FIGURE 8: Minimal bis-PNA clamp length required for strand
invasion. Triplex invasion by identically charged deletion tail-clamp
PNAs displayed as PD complex as a function of PNA concentration.
Length of clamp domain: PNA603 (6-mer), PNA649 (5-mer), and
PNA648 (4-mer). At this point we do not know why some PNAs
such as pentadecameric PNA649 saturate the target with only half
the permanganate probing signal as compared with hexadecameric
PNA603. Whether this for example represents alternate structures
will require additional investigation. The signal plateau for PNA603
was set to 1, and the other PNAs were taken relative to this value.
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specifically extend the P-loop formed. The present results
clearly validate the tail-clamp concept but also show that an
optimized design is necessary to exploit the effect of the
tail. However, the results also indicate that the sequence
discrimination power of the tail is limited although more
studies are warranted to elucidate the details on binding
discrimination and kinetics.

The results also emphasize the advantage of using cationic
PNAs to obtain increased on-rate of the dsDNA binding (25,
28, 29). However, it is striking that the effect of charge is
less pronounced for the tail-clamp PNAs (355, 350, 602, and
603) than for the pure PNA clamps (472, 2305, 2306, 2307,
and 601). The reason for this is not clear at present, but we
note that the tail-clamp PNA603 binds significantly more
slowly than the corresponding pure clamp PNA601. Thus
the tail appears to interfere to a certain extent with helix
invasion, and the mechanism of binding is more complex
for tail clamps than for pure clamp PNAs.

On the basis of the strand invasion binding mode reported
here many of the applications already described for conven-
tional P-loop-forming homopyrimidine PNAs are likely to
have expanded applicability with tail-clamp PNAs. For
example, strand invasion complexes formed with tail-clamp
PNAs may direct sequence-selective activity of other mol-
ecules including S1 nuclease (31) and RNA polymerase (14)
or be used for blockage of transcription elongation as
explored in the accompanying paper by Kaihatsu et al. (35).
Moreover, oligonucleotides complementary to the displaced
DNA strand (5, 15) may further stabilize tail-clamp PNA
invasion complexes. Tail-clamp PNAs could also be used
for placing probes and effector ligands (e.g., fluorophores,
EDTA, or psoralen) of interest at a distance from a triplex
invasion target. Finally, the tail-clamp PNA binding mode
may prove to be useful for exploiting the cooperative binding
of a second “effector” PNA in its proximal vicinity (32) and
for exploration of the PD-loop concept (5) used in earring
complexes (33) and rolling circle amplification (34).
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