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ABSTRACT: The influence of DNA topology on peptide nucleic acid (PNA) binding was studied. Formation
of sequence-specific PNA2/dsDNA (double-stranded DNA) complexes was monitored by a potassium
permanganate probing/primer extension assay. At low ionic strengths, the binding of PNA was 2-3
times more efficient with supercoiled than with linear DNA. In the presence of 140 mM KCl, the PNA
binding rate was reduced but, notably, highly dependent on template topology. Negative supercoiling
(mean superhelix density,σ ≈ -0.051) increased the rate of binding by 2 orders of magnitude compared
to that of relaxed DNA. The pseudo-first-order rate constant [kψ(σ)] obeys an exponential function,kψ(σ)
) kψline-σδ, whereδ is a constant of 105 andkψlin is the rate of PNA binding to linear DNA (σ ) 0). The
activation energy [Ea(σ)] was determined as≈93 and≈48 kJ mol-1 for PNA binding to linear and
supercoiled DNA, respectively. The results are discussed in relation to the possible future use of PNA
as an antigene agent and in the framework of DNA “breathing” dynamics.

Synthetic molecules which bind sequence-specifically and
with high affinity to double-stranded DNA (dsDNA)1 may
provide a way for modulating gene expression [reviewed by
Maher (1992) and He´lène (1991)]. One such agent, peptide
nucleic acid (PNA), was previously shown to arrest tran-
scription in Vitro through blockage of RNA polymerase
elongation (Hanvey et al., 1992; Nielsen et al., 1994a; Peffer
et al., 1993), by PNA2/dsDNA strand invasion complexes
bound to the template strand (Nielsen et al., 1994a).
PNA2/dsDNA strand invasion complexes are formed

sequence-specifically with homopurine stretches and are
remarkably stable. One PNA strand bindsVia Watson-
Crick hydrogen bonds, while the other forms Hoogsten bonds
(Nielsen et al., 1994b). Consequently, the noncomplemen-
tary DNA strand is displaced, virtually in a single-stranded
conformation (Nielsen et al., 1991, 1994b). Binding and
discrimination is kinetically controlled (Demidov et al.,
1995).
An apparent sensitivity of PNA strand invasion in double-

stranded DNA toward moderate concentrations of salt (40-
100 mM NaCl) seemed to compromise the use of PNA for
antigene strategiesin ViVo (Hanvey et al., 1992; Nielsen et
al., 1993, 1994b; Peffer et al., 1993). However, once formed,
the PNA2/dsDNA complex remains stable, at least up to 500
mM NaCl (Cherny et al., 1993), and thus, molecular biology
applications have been developed (Demidov et al., 1993,
1994; Nielsen et al., 1993; Ørum et al., 1993).
Since PNA binding to double-stranded DNA results in

DNA unwinding (Cherny et al., 1993), we speculated that
binding of PNA is influenced by the substrate DNA topology.
Here we show that binding of PNA to double-stranded DNA

at physiologically relevant salt concentrations (140 mM KCl)
is much more salt tolerant if the substrate DNA is negatively
supercoiled rather than relaxed. Furthermore, the correlation
between superhelical density and the rate of PNA strand
invasion is established, and the activation energy for PNA
strand invasion is determined.

MATERIALS AND METHODS

Topological Parameters.The linking difference (∆Lk)
was used as a descriptor of supercoiling:

where Lk is the linking number of the topoisomer in question
and Lk0 is the linking number of a planar relaxed circle (Wr
) 0). Lk0 ) N/h0, whereN is the number of base pairs in
the circle (2698) andh0 is the helical periodicity (10.5)
(Wang, 1979) in a relaxed molecule. Conventionally, the
chain length independent quantity superhelix density (σ) is
used [reviewed by Vologodskii and Cozzarelli (1994)]:

PNA. The bis-PNAs, PNA 575 [H-(Lys)4-TTJTTJTTTT-
(eg)3-TTTTCTTCTT-Lys-NH2] and PNA 655 [H-(Lys)3-
TTJTTJTTTT-(eg)3-TTTTCTTCTT-Lys-NH2] [J ) pseudo-
isocytosine (Egholm et al., 1995); eg) 8-amino-3,6-
dioxaoctanoic acid] were synthesized as described (Christensen
et al., 1995; Egholm et al., 1995). PNA 575 and PNA 655
were chosen since it was found that inclusion of lysine
residues (which are positively charged at pH 7.6) in bis-
PNAs greatly enhances the affinity of PNA for double-
stranded DNA at elevated ionic strengths (100 mM NaCl)
(Griffith et al., 1995; P. E. Nielsen, unpublished experi-
ments). PNA concentrations were determined spectropho-
tometrically using molar extinction coefficients for the
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∆Lk ) Lk - Lk0 (1)

σ ) ∆Lk
Lk0

(2)
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corresponding deoxyribonucleotides:ε260) 8800 M-1 cm-1

(T) and 7300 M-1 cm-1 (C).
Plasmid DNA. All DNA manipulations were done using

standard methods (Sambrook et al., 1989). The pA8G2
plasmid was made by cloning of the oligonucleotides (5′-
GTTTTCTTCTTCTGCA/5′- GAAGAAGAAAACTGCA)
into thePstI site of pUC19 (Nielsen et al., 1993). Propaga-
tion of pA8G2 was accomplished inEscherichia colistrain
XL1-Blue (Stratagene). The DNA was purified using CsCl
gradients followed by 1-butanol extraction. After ethanol
precipitation, the DNA was dialyzed twice against 10 mM
Tris-HCl and 1 mM EDTA at pH 7.6 and 4°C for 24 h and
stored in aliquots at-80 °C . Using a combination of two-
[reviewed by Bowater et al. (1992)] and one-dimensional
gel electrophoresis followed by quantification using scanning
densitometry, we determined the mean superhelix densityσ
≈ -0.051 for native supercoiled pA8G2, prepared under
these conditions.
PNA Binding. The plasmid DNA, pA8G2 (50 ng), was

incubated in a total volume of 10-20 µL with the desired
concentration of PNA at 37°C for the indicated period of
time in a buffer containing 10 mM Tris-HCl and 1 mM
EDTA at pH 7.6 and other cations as denoted.
Permanganate Probing.The samples were made 1 mM

in KMnO4 and allowed to react for 15 s. The reactions were
stopped by adding sodium acetate (pH 9.0) and 2-mercapto-
ethanol to final concentrations of 0.5 and 0.3 M, respectively.
Following ethanol precipitation, the samples were treated
with 100µL of 10% piperidine (90°C, 20 min), lyophilized,
and prepared for primer extension by resuspension in 10 mM
Tris-HCl and 1 mM EDTA at pH 7.6.
Primer Extension.The primer extension reactions were

carried out in a solution containing 0.25 mM each of dGTP,
dATP, dTTP, and dCTP, 20 mM Tris-HCl (pH 8.4), 5 mM
MgCl2, and 50 mM KCl in a final volume of 100µL. The
5′-labeled primer (5′-AACAGCTATGACCATG) was pre-
pared by incubating 40 pmol of oligonucleotide with 1.5
MBq [γ-32P]ATP and 20 units of phage T4 polynucleotide
kinase as described (Sambrook et al., 1989). To each primer
extension sample was added 0.5-1 pmol of primer. The
reactions were initiated by the addition of 1 unit ofTaq
polymerase. The primer extension program consisted of
denaturation (94°C, 4 min in cycle 1, 15 s in cycles 2-31),
annealing (37°C, 30 s), and elongation steps (60°C, 30 s).
Following primer extension, the samples were ethanol
precipitated and resuspended in formamide loading buffer
containing a 5-fold molar excess of an oligonucleotide
complementary to the PNA used (Nielsen et al., 1991).
Samples were resolved using 10% denaturing polyacrylamide
gel electrophoresis and visualized by autoradiography.
Quantification was done using a Molecular Dynamics
densitometer and ImageQuant software version 3.3.
Restriction Enzyme CleaVage Inhibition Assay.Since the

PNA target site is flanked by twoPstI restriction sites in
the pA8G2 plasmid, PNA binding results in inhibition of
PstI restriction enzyme cleavage (Nielsen et al., 1993). This
approach was used as an alternative way of measuring the
amount of PNA bound to its complementary DNA target.
Native supercoiled orSspI-linearized pA8G2 (100 ng) was
incubated with varying amounts of PNA 655 and the desired
KCl concentration in 10 mM Tris-HCl and 1 mM EDTA at
pH 7.6 for 1 h at 37°C in a final volume of 10µL. The
binding reaction was quenched using a 10-fold surplus of
an oligonucleotide complementary to the PNA used, followed

by PstI digestion to completion in a total volume of 40µL.
ScaI-linearized pBluescript KS+ (100 ng) was included as
an internal control for enzyme activity. Samples were
analyzed using 1% agarose/TAE gels and visualized using
ethidium bromide staining and UV light. Quantification was
performed by densitometric scanning of photographic nega-
tives.
Topoisomer Preparation.Monomer native supercoiled

DNA was incubated in the presence of 0-10 µM ethidium
bromide with 5 units of wheat topoisomerase I (Promega)
per microgram of DNA and incubated in 50 mM Tris-HCl
(pH 7.5), 1 mM EDTA, 1 mM DTT, 20% glycerol, and 50
mM NaCl in a total volume of 50µL for 16 h at 15°C (or
1 h at 37°C). The reactions were terminated by the addition
of NaCl to 1 M, and the residue was extracted with 1-butanol
and ethanol precipitated. The amount of nicked DNA
produced was less than 5% under these conditions as
estimated by scanning densitometry.

RESULTS

The experimental strategy for analyzing PNA binding to
supercoiled DNA is depicted in Figure 1. PNA 575 was
incubated with the pA8G2 plasmid (which contains a single
complementary target), and the resulting PNA2/dsDNA
complexes (Figure 1b) were probed with permanganate. The
5,6-double bonds of thymine residues in the displaced DNA
strand (resulting from PNA strand invasion) are oxidized by
this treatment and are thus susceptible to alkali-catalyzed
backbone cleavage (Nielsen et al., 1991, 1994b) (Figure 1c).
Cleavage sites were detected as runoff products from primer
extension reactions usingTaqDNA polymerase and a32P-
labeled primer (Figure 1d). Finally, the DNA fragments were
resolved using polyacrylamide sequencing gels and visualized
by autoradiography.
Binding of PNA to Linear and NatiVe Supercoiled DNA.

To compare the PNA binding efficiencies to linear (i.e.,
relaxed) versus native supercoiled (σ ≈ -0.051) pA8G2
DNA, an experiment was performed in which pA8G2 was
incubated with various concentrations of PNA 575 at low
salt concentrations (10 mM Tris-HCl and 1 mM EDTA at
pH 7.6) for 1 h at 37°C. Virtually no signal was seen in
the absence of PNA (Figure 2, lanes 1 and 7). As the PNA
concentration was increased, the intensity of the series of
bands which represent PNA binding increased. Comparing
the intensities of the signals for PNA strand invasion
suggested that binding to native supercoiled pA8G2 was

FIGURE1: Strategy for the measurement of PNA binding to double-
stranded DNA. (a) pA8G2 and PNA 575 were incubated in the
desired buffer, and the resulting strand invasion complexes (b) were
treated with KMnO4 and cleaved with piperidine (c). Primer
extension was done with a primer (arrow) 5′-labeled with 32P
(asterisk). The samples were resolved using polyacrylamide gel
electrophoresis (PAGE) followed by autoradiography.
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2-3-fold more efficient than binding to linear pA8G2.
Using a restriction enzyme inhibition-based assay (see
Materials and Methods) and PNA 655, this result was
confirmed (data not shown).

Since the stability of the PNA2/dsDNA complex is so high
that there is no significant off rate during the experiment
(Griffith et al., 1995), binding is fully kinetically controlled
(Demidov et al., 1995) and thus traditional equilibrium
constants are not meaningful. Consequently, all binding data
are given as efficiencies which relate directly to the PNA
binding rate.

In order to compare the effect of increasing ionic strength
on the binding of PNA to linear and native supercoiled
pA8G2 plasmid, various KCl concentrations were employed.
The data were quantified using scanning densitometry using
the signal for complete binding of PNA 575 to linear and
native supercoiled pA8G2 in a low-ionic strength buffer (10
mM Tris-HCl and 1 mM EDTA at pH 7.6) as a reference
(Figure 3). As the salt concentration was increased, PNA
binding decreased. Notably, at 140 mM KCl (5µM PNA
575, 37°C, 1 h of incubation),∼45% binding was observed
to native supercoiled pA8G2, whereas less than 5% binding
occurred to linear pA8G2. Increasing the salt concentration
further resulted in a gradual decline of PNA binding to native
supercoiled DNA, and no signal was obtained at concentra-
tions above 280 mM KCl.
One critical feature relevant to the possible future use of

PNAs as antigene agents in a cellular context is the
concentration necessary to obtain binding under physiological
ionic strength conditions. To address this question, different
PNA 575 concentrations were used for binding to linear and
native supercoiled pA8G2 DNA in 140 mM KCl. Figure 4
shows the quantified data of the relative amount of PNA2/
dsDNA complex formed as a function of the PNA concen-
tration. Saturation of PNA 575 binding to native supercoiled
pA8G2 was observed around 0.6µM PNA 575, whereas the
signal for binding to linear DNA increased, at least up to 50
µM PNA 575. An analogous experiment was performed
using PNA2/dsDNA complex-mediated restriction enzyme
inhibition for monitoring PNA binding to its complementary
target. Linear and native supercoiled pA8G2 were incubated
in the presence of varying concentrations of PNA 655 in
140 mM KCl, followed byPstI restriction enzyme digestion.
The quantified results are included in Figure 4. The binding
efficiency of PNA 655 is slightly lower than that of PNA
575, and this we ascribe to the presence of one more positive
charge in PNA 575. In both cases, however, binding to
native supercoiled pA8G2 is similarly superior to the binding
to linear DNA.
To investigate the PNA association rate on linear and

native supercoiled templates, the time course of binding was
followed in 140 mM KCl. The PNA concentrations were 1

FIGURE 2: Autoradiograph showing the binding of PNA 575 to
linear and native supercoiled pA8G2 DNA at low ionic strengths.
Linear or native supercoiled pA8G2 was incubated with varying
concentrations of PNA 575 for 1 h at 37°C in 10 mM Tris-HCl
and 1 mM EDTA at pH 7.6. PNA binding was detected by
permanganate probing and primer extension. The PNA con-
centrations were as indicated above each lane. G, A, T, and C
indicate sequence markers prepared using pA8G2 as a template
and the oligonucleotide which was also used as a primer in the
primer extension reactions. Note the PNA binding site (5′-
A2GA2GA4).

FIGURE 3: Influence of the KCl concentration on PNA strand
invasion. Percentage of PNA2/dsDNA complexes formed as a
function of the KCl concentration. Linear or native supercoiled
pA8G2 were incubated at 37°C for 1 h in the presence of 5µM
PNA 575 and varying concentrations of KCl. PNA binding was
determined by permanganate probing and primer extension. Quan-
tification was done using scanning densitometric analysis of an
autoradiograph similar to the one shown in Figure 2. Triangles (2)
and squares (9) denote linear and native supercoiled pA8G2,
respectively.
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and 40 µM with native supercoiled and linear pA8G2,
respectively. Presenting the quantified data in a plot of-ln
(1-R) (whereR is the fraction of PNA2/dsDNA complex)
as a function of time yielded the pseudo-first-order associa-
tion rate constants (Demidov et al., 1995)kψlin ) 0.04 min-1

and kψsc ) 0.1 min-1 for binding to linear and native
supercoiled pA8G2, respectively (Figure 5). Assuming that
the rate constants exhibit equal dependence on the PNA
concentration, a rate ratio of 210 can be deduced.2 In
analogous experiments performed using identical PNA
concentrations (10µM), mean rate constants ofkψlin ) 0.01
( 0.003 min-1 andkψsc ) 1.9 ( 0.6 min-1 were obtained
(plotted in Figure 7b), yielding a mean rate ratio of 190.
The influence of a polyvalent cation on PNA binding to

linear and native supercoiled pA8G2 was examined using
various concentrations of spermidine in the binding reaction.
The quantified data were plotted as the percentage of PNA2/
dsDNA complex formed as a function of the spermidine
concentration (Figure 6), this indicated that PNA binding to
linear pA8G2 is reduced to less than 5% in the presence of
2-3 mM spermidine, whereas∼30% PNA2/dsDNA complex
was formed with native supercoiled pA8G2 even at 9 mM
spermidine.
Similarly, we find that MgCl2 has no measureble effect

on the binding of PNA 575 to native supercoilied pA8G2
up to 27 mM, whereas the binding to linear pA8G2 is
completely inhibited at this concentration (data not shown).
Thus, the inhibitory effect of salts on PNA binding ranks

spermidine3+ > Mg2+ > K+ which mirrors the effect of these
cations on DNA thermal stability.
Topoisomer Analysis.The relationship between the rate

of PNA binding and DNA superhelical density in 140 mM
KCl was established by using pA8G2 topoisomer populations

harboring different levels of mean superhelical density (σ)
(Figure 7a). The pseudo-first-order association rate constants
were obtained from the tangent to the initial rate of PNA2/
dsDNA complex formation. The PNA binding exhibits a
dramatic dependence on superhelical density, and from the
plot of kψ(σ) versus-σ, it is seen that the results fit an
exponential relationship (Figure 7b),kψ(σ) ) kψline-σδ, where
δ is a constant of 105.

ActiVation Energy for PNA Binding.The activation energy
[Ea(σ)] for PNA strand invasion binding to linear and native
supercoiled pA8G2 was estimated by measuring the tem-
perature dependence for the association in 140 mM KCl.
The Arrhenius plots [lnkψ(σ) versus 1/T] yield activation
energies of Ealin ≈ 93 kJ mol-1 and Easc ≈ 48 kJ mol-1 for
binding to linear and native supercoiled pA8G2, respectively
(Figure 8). Not surprisingly, the activation energy is
considerably lower (45 kJ mol-1) for PNA binding to
supercoiled pA8G2.

2 The ratio for PNA binding to native supercoiled and linear pA8G2
was obtained according to the expression (kψsc/kψlin)(40γ/1γ), whereγ
) 1.2 [experiments not shown; cf. Demidov et al. (1995)].

FIGURE 4: PNA concentration necessary to obtain strand invasion
in 140 mM KCl. The relative amount of PNA2/dsDNA complex
formed as a function of the PNA concentration. PNA 575 at varying
concentrations was incubated with linear or native supercoiled
pA8G2 for 1 h at 37°C in the presence of 140 mM KCl and
analyzed using permanganate probing and primer extension.
Quantification was done as in Figure 3. PNA 655 was incubated
with 100 ng of linear or supercoiled pA8G2 in the presence of 140
mM KCl for 1 h at 37°C, followed by completePstI digestion,
1% agarose/TAE gel electrophoresis (1.2 V cm-1, 16 h), and
visualization using ethidium bromide staining. Photographic nega-
tives were used for quantification by scanning densitometry. Closed
symbols represent PNA 575, and open symbols represent PNA 655.
Triangles (2/4) and squares (9/0) denote linear and native
supercoiled pA8G2, respectively.

FIGURE 5: Kinetics of PNA strand invasion in 140 mM KCl. Plot
of -ln(1-R) as a function of the time of incubation (R indicates
the fraction of PNA2/dsDNA complexes formed). Linear or native
supercoiled pA8G2 was incubated with 1 or 40µM PNA 575,
respectively, for various periods of time at 37°C in the presence
of 140 mM KCl. Quantification was done as in Figure 3. Triangles
(2) and squares (9) denote linear and native supercoiled pA8G2,
respectively.

FIGURE 6: Influence of spermidine on PNA strand invasion.
Percentage of PNA2/dsDNA complexes formed as a function of
the spermidine concentration. Linear or native supercoiled pA8G2
was incubated with spermidine (pH 7) and 5µM PNA 575 for 1 h
at 37 °C. Quantification was done as in Figure 3. Triangles (2)
and squares (9) denote linear and native supercoiled pA8G2,
respectively. The apparent transient increase in PNA binding at
low spermidine concentrations is ascribed to experimental in-
accuracy.
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DISCUSSION

The present results clearly show that PNA binds more
efficiently to supercoiled DNA than to linear (relaxed) DNA
and that this difference is especially pronounced (2 orders
of magnitude) at elevated ionic strengths and notably also
at physiological ionic strengths (140 mM KCl). The results
also reveal an exponential dependence of the binding rate
on the DNA (negative) superhelical density (σ). In addition,

spermidine (and MgCl2) has a detrimental effect on PNA
binding which is qualitatively similar to the effect of KCl
such that PNA binding tolerates higher polycation concentra-
tions with native supercoiled DNA than with linear DNA.

These results have implications for the prospects of using
PNA as an antigene reagentin ViVo as well as for the
dynamics of supercoiled DNA and may therefore also be
relevant for the discussion of the effect of supercoiling on
enzyme recognition. In addition, the results suggest novel
applications of PNA as a molecular biology tool.

The pronounced inhibitory effect of moderate salt con-
centrations on the binding of PNA to double-stranded DNA
has raised concerns about the prospect of using PNA as an
antigene reagent (Nielsen et al., 1994a,b; Peffer et al., 1993).
However, development of bis-PNAs (Egholm et al., 1995)
(especially positively charged bis-PNAs) was a significant
improvement since these were recently shown to bind double-
stranded DNA at close to physiological ionic strengths,
although with slow association kinetics (Griffith et al., 1995;
P. E. Nielsen, unpublished experiments).

Our results suggest that PNA strand invasion inside a cell
may be much more efficient than previously anticipated since
DNA in ViVo is predominantly negatively supercoiled. For
instance, the superhelical density of theE. colinucleoid DNA
was measured asσ ≈ -0.05 (Sinden et al., 1980), although
part of this is probably restrainedin ViVo. Furthermore, in
the supercoil twin domain model by Liu and Wang (1987),
elongating polymerases are proposed to induce negative
supercoils upstream (and positive supercoils downstream)
of the transcription elongation complex. Several studies
using plasmid DNAin Vitro (Tsao et al., 1989) or various
cellular systems (Wu et al., 1988; Giaever & Wang, 1989;
Dunaway & Ostrander, 1993; Bowater et al., 1994a) support
this basic model [reviewed by Wang and Lynch (1993)].

FIGURE 7: Influence of the superhelical density on PNA strand
invasion. The rate constants,kψ(σ) (min-1), for PNA 575 binding
to pA8G2 topoisomer populations with different mean superhelical
densities were determined in 140 mM KCl using the permanganate
probing and primer extension assay. (a) Agarose (1%/TAE) gel
electrophoretic analysis of pA8G2 topoisomers generated by
incubating native supercoiled pA8G2 with topoisomerase I in the
presence of 2µM (lane 1) or 3µM (lane 2) ethidium bromide. The
mean superhelical densities of the populations were determined
using scanning densitometric analysis of photographic negatives.
This yieldedσ ) -0.013 (lane 1),σ ) -0.026 (lane 2), andσ ≈
-0.051 (lane 3 and experiments not shown). Lane 4 is linear
pA8G2. (b) Semilogarithmic plot ofkψ(σ) (min-1) versus-σ. PNA
575 (10µM) was incubated with the pA8G2 topoisomers shown
in panel a for various periods of time at 37°C in the presence of
140 mM KCl. Quantification was done using scanning densitometric
analysis of autoradiographs similar to the one shown in Figure 2.
The pseudo-first-order rate constants were obtained from the tangent
to the initial rates of PNA strand invasion in plots of-ln(1-R)
versus time (see Figure 5). Error bars indicate standard error of
the mean (of three to four experiments).

FIGURE8: Arrhenius plot for determination of the activation energy
for PNA strand invasion. The influence of the temperature on the
rate of PNA strand invasion was determined using permanganate
probing and primer extension. Linear or native supercoiled pA8G2
was incubated at 4, 12, 22, or 37°C, with 10 µM PNA 575 for
various periods of time in the presence of 140 mM KCl. Perman-
ganate probing was done by diluting each sample 10-fold at 0°C
in a solution containing 0.3 M KCl and 1 mM KMnO4. The
reactions were stopped after 1 min. The pseudo-first-order rate
constants were obtained from the tangent to the initial rates of PNA
strand invasion in plots of-ln(1-R) versus time (see Figure 5).
The (negative) slope in the plot of lnkψ(σ) versus 1/T (Kelvin)
multiplied by the gas constant,R, yielded the activation energies
of Ealin ≈ 93 kJ mol-1 and Easc ≈ 48 kJ mol-1 for PNA binding
to linear and native supercoiled pA8G2, respectively. Triangles (2)
and squares (9) denote linear and native supercoiled pA8G2,
respectively.
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Although the global level of unrestrained supercoiling in
eukaryotes is near zero [see, e.g., Sinden et al. (1980)],
localized negative tension has been demonstrated in associa-
tion with transcriptionally active genomic DNA (Ljungman
& Hanawalt, 1995; Jupe et al., 1993). Thus, it is reasonable
to expect that negative supercoiling will greatly facilitate
PNA binding to double-stranded DNA of transcriptionally
active genesin ViVo. This view is strengthened by the
observation that transcriptionper seof linear DNA, probably
through PNA capture of the transcription bubble, facilitates
PNA binding to double-stranded DNA (Larsen & Nielsen,
1996).
The present model for strand displacement binding of PNA

involves DNA base pair “breathing” [defined as the transient
(lateral) opening of a base pair] as a crucial and, at least
partially, rate-limiting step in the process. Thus, an increase
in the PNA binding rate could be due to increased base pair
breathing. Alternatively, formation of persistent open struc-
tures (e.g., cruciforms and H-DNA) could account for faster
PNA strand invasion kinetics with negatively supercoiled
DNA than with relaxed DNA. However, we see no evidence
for such persistent open structures in the pA8G2 plasmid in
general and proximal to the PNA target in particular. First,
two-dimensional gel electrophoresis did not reveal structural
transitions in the range of superhelicities examined (experi-
ments not shown). Second, permanganate sensitivity was
equally low with linear and native supercoiled DNA in the
absence of PNA. Third, the sequence does not indicate any
propensity for structural transitions, and fourth, large-scale
openings are suppressed by low concentrations of salt at even
high levels of superhelical density (Bowater et al., 1994b).
In a very simplified model, the Watson-Crick PNA/

dsDNA duplex strand invasion complex has been considered
a key (albeit unstable) intermediate in the binding process
(Demidov et al., 1995). It is clear that the thermodynamic
equilibrium constant for the formation of such a complex
can be influenced by supercoiling in two ways. An increase
in DNA breathing would increase the on rate, while the off
rate will be reduced since binding relieves superhelical turns
in the DNA. The differential salt effect on PNA binding to
relaxed versus supercoiled DNA (e.g., Figure 3) may relate
to these two rate constants. Since the helical repeat (and as
a consequenceσ) has been found to be virtually unaffected
(Taylor & Hagerman, 1990) or only slightly influenced by
these ionic conditions (Anderson & Bauer, 1978), the PNA
off rate should not change significantly either.3 Therefore,
the differential salt effect is most likely caused by a change
in the on rate and thus in DNA breathing. This leads us to
propose that breathing in supercoiled DNA as opposed to
relaxed DNA [as exemplified by oligonucleotide duplexes
(Braunlin & Bloomfield, 1988)] is very ionic strength
dependent, being more pronounced at higher ionic strengths.
The results suggest that supercoiled DNA (σ ≈ -0.051) is
2 orders of magnitude more dynamic at physiological ionic
strengths than DNA free of topological constraints. We also
note that theoretical considerations have brought Vologodskii
et al. (1979) to conclude that supercoiling enhances DNA
breathing. This is, of course, biologically relevant since
several enzymatic actions on double-stranded DNA, such as

nucleobase methylation (Klimasauskas et al., 1994) and
transcription initiation (Vide infra), are likely to be influenced
by if not to rely on DNA breathing.
Since the breathing dynamics could be closely related to

the activation energy for the structural change necessary for
PNA strand invasion, it was relevant to compare the
activation energies [Ea(σ)] for PNA binding to linear versus
supercoiled DNA. As could be expected from the difference
in PNA binding rates, the activation energy for PNA binding
to linear DNA is significantly higher (∼45 kJ mol-1) than
for PNA binding to native supercoiled DNA, and reassur-
ingly, the measured difference in binding rate of ap-
proximately 200 translates to a theoretical difference in
activation energy of∼47 kJ mol-1.
We ascribe the major part of the activation energy of PNA

binding to the transient opening (breathing) of the DNA helix
at the PNA target which is required for initial strand invasion.
It is not known at present how many base pairs are involved
in the nucleation, but the activation energy for opening of
one base pair as measured by NMR is approximately 80 kJ
mol-1 (Kochoyan et al., 1990); the activation energy for
complete melting of an octanucleotide (Braunlin & Bloom-
field, 1991) or a heptanucleotide duplex (Pardi & Tinoco,
1982) was measured as∼200 kJ mol-1. Therefore, the
results would be consistent with opening of only a few base
pairs as a rate-limiting step in PNA binding.
It is important to emphasize that the present model for

PNA binding most certainly is an oversimplified one since
the overall PNA binding reaction involves association and
dissociation rate constants for at least 40 nucleobase interac-
tions. In addition, binding of each nucleobase is presumably
dependent on the interactions made by the neighboring
nucleobases thereby providing added complexity.
Computations have shown that bending of the DNA helix

reduces the opening energy (and thus probably also the
opening activation energy) by a factor of 4 at a bending
corresponding to a 15 Å radius of curvature (Ramstein &
Lavery, 1988). A similar effect could be responsible for the
decreased activation energy observed here upon PNA binding
to supercoiled DNA, since DNA is bent by supercoiling.
However, the average bend angle for native supercoiled
pA8G2 corresponds to a 115 Å radius of curvature [assuming
the number of supercoils) 0.9∆Lk (Boles et al., 1990), and
a 3.4 Å helical rise per base pair], and thus, bending alone
most likely does not account for the observed increase in
PNA binding to negatively supercoiled DNA.
It is now well-established that transcription from a variety

of prokaryotic and eukaryotic promoters is strongly affected
by DNA supercoiling (Borowiec & Gralla, 1987; Bowater
et al., 1994a; Dunaway & Ostrander, 1993; Harland et al.,
1983; Mizutani et al., 1991; Parvin & Sharp, 1993; Schultz
et al., 1992; Weintraub et al., 1986), and the level of DNA
supercoiling is therefore one of the parameters that cells may
exploit in transcriptional gene regulation. The present results
may be relevant for this discussion. In the model of Buc
and McClure (1985), transcriptional activation byE. coli
RNA polymerase is divided into three kinetically defined
steps:

(R ) RNA polymerase, P) promoter, RPc ) closed
complex, and RPi ) intermediate complex, RPo ) open

3 From the results of Anderson and Bauer (1978), a change in-σ
from 0.051 to 0.054 when going from 0 to 140 mM KCl can be
expected. This corresponds to an increase inkψ(σ) from 2.0 to 2.8
according to the relationshipkψ(σ) ) kψline-σδ.

R+ P {\}
k1
RPc {\}

k2
RPi {\}

k3
RPo
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complex). k1 is the rate constant for initial binding of the
RNA polymerase to the promotor DNA, andk2 andk3 are
the rate constants attributed to a conformational change in
the RNA polymerase (k2) prior to DNA unstacking and
melting (k3). Viewing PNA strand invasion binding as a
primitive model for the RPi-RPo transition suggests two
implications for transcription initiation. First, DNA melting
in the initiation complex may be a consequence of DNA
dynamics rather than being induced by RNA polymerase
itself (i.e., the enzyme function as a trap for DNA strand
dissociation). Second, since the PNA analogy suggests that
k3 has an exponential dependence on the superhelical density,
the decline in transcription initiation rate seen with some
promotors above an optimum level of negative superhelicity
(Borowiec & Gralla, 1987) may be attributed exclusively to
a decrease ink1 (i.e., the DNA structure is less favored for
initial recognition by RNA polymerase at a high superhelical
density).
In conclusion, we have shown that PNA binding to double-

stranded DNA at physiologically relevant ionic strength
conditions is dramatically influenced by the superhelical
density of DNA. This result significantly reduces the
reservations previously raised concerning the predicted
inefficient binding of PNA to double-stranded DNAin ViVo.
Furthermore, the results suggest that the base pair breathing
dynamics at physiological ionic strengths is highly increased
with negative superhelix density, and this may in part explain
the rate enhancement observed for some promoters with
supercoiled DNA templates. Finally, the results invite the
use of PNA binding as a quantitative,in situ probe for
(localized) DNA supercoiling, and thus for the identification
and characterization of active genes. This could complement
the use of psoralen for monitoring DNA superhelicity (Sinden
et al., 1980; Jupe et al., 1993; Ljungman & Hanawalt, 1995).
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