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ABSTRACT To elucidate the mechanism of recognition of
double-stranded DNA (dsDNA) by homopyrimidine poly-
amide (“peptide”) nucleic acid (PNA) leading to the strand-
displacement, the kinetics of the sequence-specific PNA /DNA
binding have been studied. The binding was monitored with
time by the gel retardation and nuclease S1 cleavage assays.
The experimental kinetic curves obey pseudo-first-order ki-
netics and the dependence of the pseudo-first-order rate con-
stant, k,;, on PNA concentration, P, obeys a power law kp,
«~ PY with 2 < y < 3. The ky, values for binding of decamer
PNA to dsDNA target sites with one mismatch are hundreds
of times slower than for the correct site. A detailed kinetic
scheme for PNA /DNA binding is proposed that includes two
major steps of the reaction of strand invasion: (i) a transient
partial opening of the PNA binding site on dsDNA and incor-
poration of one PNA molecule with the formation of an
intermediate PNA/DNA duplex and (ii) formation of a very
stable PNA,/DNA triplex. A simple theoretical treatment of
the proposed kinetic scheme is performed. The interpretation
of our experimental data in the framework of the proposed
kinetic scheme leads to the following conclusions. The se-
quence specificity of the recognition is essentially provided at
the “search” step of the process, which consists in the highly
reversible transient formation of duplex between one PNA
molecule and the complementary strand of duplex DNA while
the other DNA strand is displaced. This search step is followed
by virtually irreversible “locking” step via PNA,/DNA triplex
formation. The proposed mechanism explains how the binding
of homopyrimidine PNA to dsDNA meets two apparently
mutually contradictory features: high sequence specificity of
binding and remarkable stability of both correct and mis-
matched PNA/DNA complexes.

A new type of DNA analogue, polyamide (“peptide”) nucleic
acid (PNA), was described in 1991 (1). This sequence-specific
DNA binding reagent is believed to be a very promising drug
(2, 3) with numerous potential applications (4). For homopy-
rimidine PNAs a unique type of duplex DNA/drug interaction
is observed. It consists of PNA binding to one of the DNA
strands through formation of stable PNA,/DNA triplex while
the noncomplementary DNA strand is left in single-stranded
state (1, 5, 6) thus forming a structure that we call the P loop.
P-loop formation leads to selective inhibition of protein bind-
ing to DNA (7, 8), results in transcription elongation arrest (2,
7, 9, 10), creates an artificial transcription promoter (11),
makes it possible to convert single-strand-specific nucleases
into sequence-selective cutters (12), and, if PNA is biotiny-
lated, to place electron-microscopy markers on double-
stranded DNA (dsDNA) (13).
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For biomedical and molecular biological applications of
PNA it is essential to understand the factors controlling PNA/
DNA binding and its sequence specificity. The data indicate
that under conditions in which the PNA/DNA complexes are
normally studied, the binding is virtually irreversible (5), thus
implying a crucial role of kinetic factors in the strand-
displacement reaction. Here we present a kinetic study of
homopyrimidine PNAs binding to dsDNA and propose a
kinetic model for PNA/DNA sequence-specific recognition.

MATERIALS AND METHODS

PNAs H-Tw-Lys-NHz, H-T5CF4-L}’S-NH2, and H-TzCT 2CT4-
Lys-NH, were synthesized as described (1, 14). The bis-PNA
H-Ts-NH,-R-NH,-Ts-H consisted of two octathymidyl PNAs
coupled in parallel orientation with a flexible N-acetamido-
N,N'-bis(5-aminopentamethylenecarbonyl)ethylenediamine
linker (R).

Target plasmids were constructed by cloning the appropri-
ate oligonucleotides into the polylinker of plasmid pUC19 and
were described in detail elsewhere (8, 12). Plasmid pT10 con-
tains the A;o'Tyo insert cloned into the BamHI site, pT9C has
AsGA4T4CTs cloned into the Sal I site, and pA8G2 has
T4CT,CT2A2GA;GA4 cloned into the Pst 1 site. 32P-labeled
DNA fragments were prepared by cutting the plasmids with
restriction enzymes EcoR1and HindIII (or Pvu IT) and labeling
with [a-*?P]dNTP by the Klenow fragment of Escherichia coli
DNA polymerase. PNA binding to dsDNA fragments was
performed at 37°C in TE buffer (10 mM TrissHCl/1 mM
EDTA, pH 8.0) containing 10 mM NaCl. Some experiments
were performed at higher salt concentrations in a physiological
buffer (150 mM KCl/10 mM NaCl/15 mM MgCl,/1 mM
CaCl,/1 mM spermidine/10 mM Tris'HCl, pH 6.5). The pH
values in concentrated PNA solutions were carefully con-
trolled at 37°C by a micro pH meter. In low-salt kinetic
experiments the binding was stopped after the desired times by
addition of NaCl up to 100 mM (5) and cooling. Then the
samples were analyzed by electrophoresis in 6-10% polyacryl-
amide gels run in TAE (Tris acetate/EDTA) or TBE (Tris
borate/EDTA) buffers. Quantitative analysis (we estimate the
accuracy of our experiments to be about 15%) was done by
scanning of autoradiographs on a Molecular Dynamics com-
puting densitometer or by direct counting of radioactive bands
cut out from dried gels.

Abbreviations: PNA, polyamide (“peptide”) nucleic acid; dsDNA,
double-stranded DNA.
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The time course of PNA binding to dsDNA was quantita-
tively analyzed in plots of In(D/Dy) versus time ¢, where D is
the yield of free DNA fragment (not bound to PNA) and Dy
is the total DNA quantity determined by the sum of the
quantities of DNA fragments bound and not bound to PNA.

Pseudo-first-order kinetics was assumed (which proved to
be the case; see Results):

~In(D/Dg) = kpet, [

where kps is the pseudo-first-order rate constant. The depen-
dence of kys on the PNA concentration (P) was approximated
as

kps -~ P, 2]

Thus, the exponent y was determined as the slope of linear
curves in coordinates In In(Do/D) versus In P for the same
period of time in the range of PNA concentrations we worked
at. The limitations of the method we used for PNA/DNA
complex detection did not allow us to investigate much higher
or much lower PNA concentration than we did.

Another method to determine y was also used. We deter-
mined the yield of the fragments, Dy, obtained as a result of
digestion of PNA/DNA complexes with nuclease S1 (12). For
the initial stage of the kinetics, when the fraction of complexes
is small (Dg/Dg << 1),

Dfr/DO ad kpst P, [3]1

Therefore, by plotting In D, versus In P for the same initial DNA
quantities and the same periods of time, one can estimate .

RESULTS

To study the kinetics of the binding of homopyrimidine PNAs
to dsDNA, we at first used a gel retardation assay. The radio-
labeled DNA fragments were complexed with PNA and the
PNA/DNA complex was separated from free DNA by elec-
trophoresis in a polyacrylamide gel with subsequent autora-
diographic quantification of the intensities of both bands. Fig.
1A shows a typical pattern. The intensity of the faster migrat-
ing band gives the quantity of free DNA, whereas the slower
migrating band corresponds to the complex, which is retarded
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due to P-loop formation (7-9). By measuring the intensities of
these two bands, normalized with their integral intensity, one
can follow the kinetics of the PNA binding to DNA.

Fig. 1B shows the kinetic data on the binding of 10 uM PNA
H-Tyo-Lys-NH, with the perfectly matched (AioT10) and
mismatched (AsGA4+T4CTs) sites on the corresponding linear
DNA fragments. Fig. 1C demonstrates that the binding of
homopyrimidine PNAs to DNA sites follows the pseudo-first-
order kinetics described by Eq. 1. One observes a dramatic
difference in the values of the pseudo-first-order rate constant,
kps, for the perfect and the mismatched sites. With PNA
H-Tio-Lys-NHy, kps = 4.2 X 107* min~? for the mismatched
site, 1100 times lower than for the perfect one (kps = 3.6 X 1072
min~1).

With PNA H-TsCT,4-Lys-NH; this difference is even greater:
we could not detect any binding of this PNA at 10 uM for 3
days of incubation with plasmid pT10, carrying a single-mis-
match insert, A;oT19, while binding to pT9C, carrying the
perfect target, AsGA4T4CTs, was completed within an hour.
This corresponds to a >1000-fold decrease of the rate of
binding to the mismatched target as compared with the rate of
binding to the perfect target. Only upon increasing the
H-TsCT4-Lys-NH, concentration by a factor of 10 did we
observe binding of this PNA to pT10, with kys = 5 X 1073
min~! (Fig. 1C). Proceeding from the value kps = 0.11 min~!
for the binding of this PNA at 10 uM to the true target (Fig.
1C) and taking the nonlinear, approximately quadratic, de-
pendence of ks on PNA concentration (see below) into ac-
count, we can estimate that for the binding of 100 uM
H-T5CT,-Lys-NH, to the true site, kps = 10 min~?, a value 2000
times higher than for the mismatched site. This estimation of
the sequence selectivity of PNA binding is very close to the one
arrived at above. Note that in spite of a very low rate of PNA
binding to mismatched DNA sites, complete PNA/DNA bind-
ing can be obtained by incubating for a long time at a high PNA
concentration. Thus these mismatched complexes are suffi-
ciently thermodynamically stable.

By employing gel retardation analysis as in Fig. 14 and
varying the PNA concentration at a fixed incubation time, one
can determine the exponent vy in Eq. 2 by plotting the results
in In In(Do/D) versus In P coordinates. The experimental
points lie on a straight line (Fig. 2), indicating that the power
approximation of Eq. 2 is valid, at least within the range of
PNA concentrations studied, yielding the exponent values y =
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Fic. 1. PNA/DNA binding kinetics. (4) Autoradiograph of the 10% polyacrylamide gel after electrophoretic separation of the pure DNA
fragment and the fragment complexed with PNA after incubation for the indicated times. The 32P-labeled EcoRI-Pvu I fragment of plasmid pA8G2
was incubated with 25 uM PNA H-T,CT,CT4-Lys-NH; in 0.5X TE buffer (pH 8.0) with 10 mM NaCl at 37°C. (B) Fraction of DNA fragments
carrying inserts Ajo'Tio (W) or AsGA4+T4CTs (®) complexed with PNA H-Tio-Lys-NH; as a function of the incubation time. Radiolabeled
EcoRI-HindIII fragments of pT10 and pT9C were incubated for various times with 10 uM H-T10-Lys-NH; in TE buffer containing 10 mM NaCl
at 37°C. (C) Semilogarithmic plot of the kinetic data on PNA binding with the true and mismatched DNA targets, where D/Dy is the fraction of
DNA fragments not bound to PNA. The plasmid pT10 fragment was incubated with 10 uM H-T1o-Lys-NH; (®) in TE buffer or with 100 uM PNA
H-TsCTs-Lys-NH; (@) in 0.5X TE buffer, the plasmid pT9C fragment was incubated with 10 uM PNA H-T5CTs-LysNH; (a) in 0.5X TE buffer,
and the plasmid pA8G2 fragment was incubated with 25 uM PNA H-T.CT.CTs-Lys-NH; (@) in 0.5X TE buffer, all at 37°C and pH 8.0 in 10 mM
NaCl. The values of the rate constant are 11, 3.6 and 1.5 X 1072 min~! for correct binding of PNAs H-TsCTs-Lys-NH», H-Tio-Lys-NH;, and
H-T,CT>CTs-Lys-NH,, respectively.
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FiG. 2. Double logarithmic plot of the fraction D/Dq of plasmid
DNAs, carrying the appropriate inserts, not bound to the PNAs as a
function of PNA concentration (uM) at 37°C in TE buffer at pH 8.0
in 10 mM NaCl. The plasmid pT10 fragment was incubated for 30 min
with “monomeric” PNA H-T1o-Lys-NH; (O) or with “dimeric” PNA
(H-Ts-NH2-R-NH>-Ts-H) (®) and the plasmid pA8G2 fragment was
incubated for 15 min with PNA H-T>CT,CTs-Lys-NH; (m).

2.5 and 2.2 for H-Ty-Lys-NH; and H-T,CT,CTs-Lys-NH,,
respectively. In a similar experiment for a bis PNA consisting
of two PNA Tg moieties connected by a flexible linker, y = 1.5,
lower by 1 unit than in the case of the “monomeric” PNA
H-Tio-Lys-NH; (Fig. 2).

We also used nuclease S1 probing of the strand-displaced
PNA/DNA complex (12) to follow the binding kinetics by
analyzing the yield of corresponding fragments in agarose gels.
We used this assay to study the concentration dependence of
binding of PNA H-Tyo-Lys-NH; to its perfect binding site
A10'Tyo at two Na* concentrations. From the initial part of the
binding kinetics the exponent y in Eq. 2 can be determined as
the slope of plots of In D¢, versus In P. These data yield the
value y = 2.7 (Fig. 3), which agrees well with the y value
determined by the gel retardation assay. Thus, the PNA con-
centration dependences of ks for all PNAs studied are non-
linear, and for H-T;¢-Lys-NH, the dependence is close to cubic,
at least within the concentration range we studied. The rate of
PNA binding to dsDNA decreases with the increase in salt
concentration, in agreement with earlier observations (5, 9).

We conclude that at low salt and the PNA concentrations
used in our experiments the equilibrium is strongly shifted
toward complex formation but that strand invasion can require
long incubation because of slow kinetics. At high salt the
situation appears qualitatively similar, although much higher
PNA concentrations are required to observe formation of the
PNA/DNA complex: 50% binding of PNA H-T,CT,CT,4-Lys-
NH; to a complementary target of plasmid pA8G?2 in physi-
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FIG. 3. Nuclease S1 digestion of linearized pT10 at various con-
centrations of PNA H-Tjo-Lys-NH,. The PNA concentration was
varied from 10 to 25 uM for 20 min incubation of plasmid DNA with
PNA at 10 mM (m) or 20 mM (@) NaCl. Dy, for binding of 25 uM PNA
was taken as 10 relative units.
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ological buffer, containing all major cellular mono- and poly-
cations, occurs within 1 hr at a PNA concentration of 350 uM,
and increasing the PNA up to 500 pM leads to complete
binding during this period of time. Under the same conditions
this PNA does not bind detectably to plasmid pT9C plasmid,
containing a target with one mismatch.

KINETIC MODEL

All data available (4) are fully consistent with the PNA/DNA
binding mode in which two PNAs are required for the forma-
tion of a stable strand-displacement complex involving both
Watson-Crick and Hoogsteen base pairing (15). Several plau-
sible, closely related models for PNA binding to dsDNA, all
involving the inherent “breathing” of the base pairs in the
DNA double helix, were considered (2, 4, 6, 8, 16). Fig. 44
shows the model and kinetic scheme we use here to analyze our
data. First, a PNA molecule binds to a fluctuationally open
part of the binding site via Watson—Crick complementary

A D DP DR
+PNA . +PNA .
PNA

g kP
B D DP, DR
g N, A
PNA
deDNA

DF;

FiG. 4. Schematics showing possible pathways of PNA/DNA
strand-displacement reaction. (4) The pathways (Upper) and the
corresponding scheme (Lower) used for kinetic analysis. (B) Alterna-
tive scheme for PNA/DNA binding involving a PNA/dsDNA triplex
intermediate.
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pairing. For simplicity, we consider only two types of these
intermediate complexes: one, designated DP, with a correctly
positioned full-length PNA/DNA duplex and one, DP*, with
a partial duplex, in which the PNA molecule is incorrectly
positioned with respect to its binding site. We can illustrate two
possible examples of such “shifted” complexes for DNA
targets in plasmids pT10 and pA8G2.

5'-ccAAAAAAAAAAGG-3’ 5'-agAAGAAGAAAAcc-3’
The sequences of PNA-T;o and PNA-T,CT,CT}4 are shown in
bold type and DNA target sequences are capitalized. In
practice, these partial duplexes are numerous. All of the above
intermediates, however, are very unstable. We assume that
only after the DP duplex is trapped by the second PNA
molecule, forming a triplex, is the very stable, virtually irre-
versible, complex DP, formed. The “shifted” intermediate
DP* can also form the more stable transient complex (DP3) as
a result of addition of the second PNA strand. We assume that
once such a shifted triplex is formed it intensifies “breathings”
of the adjacent DNA regions, thus greatly enhancing accessi-
bility of the parts of the DNA site which remain in the duplex
state to the next PNA molecule. This third PNA molecule
forms the correct duplex with the same site, pushing out the
shifted duplex, thus making intermediate DP3*. The effect of
enhanced accessibility of the regions adjacent to the DNA
open site is well known from kinetic studies of the reaction of
DNA with formaldehyde (17). Finally, the transient DP3*
complex is also converted into the stable DP; triplex when yet
another PNA molecule pushes out the shifted second PNA
strand in the triplex.

Note that we consider the final stage of the formation of the
“correct” triplex as irreversible, whereas we consider the
formation of “incorrect” triplexes (like DP3 species) as re-
versible. Of course, the final stage is also reversible but the
reverse kinetic constant is very small when the conditions favor
PNA,/DNA triplex formation. Under such conditions the
kinetic constant of dissociation of the complex is known to
depend exponentially on the length of the complex (18, 19).
This explains why the “incorrect” triplexes are predominantly
short-lived whereas the “correct” triplex is very long-lived. We
also do not consider for the first approximation all possible
transitions between shifted and correct intermediates, because
this greatly simplifies the calculations and evidently misses
nothing of principal importance.

Thus, let us designate by D the concentration of free DNA;
by P the concentration of free PNA; by DP and DP* the
concentrations of complete and incomplete DNA complexes
with one PNA molecule, respectively; by DP3 and DP3* the
concentrations of transitional complexes with two PNA mol-
ecules; and by DP, the concentration of the resulting PNA,/
DNA triple complex. The following kinetic equations can be
derived from the kinetic scheme presented in Fig. 44:

dD/dt = —(k; + k})(D)(P) + k_,DP + k* ,DP* [4]

dDP/dt = ki(D)(P) — k_1DP — ky(DP)(P) [5]

dDP* /dt = k1(D)(P) + k*,DP3 — k* \DP* — k3(DP*)(P) (6]
dDP3/dt = k3(DP*)(P) + k*3(DP5*)(P)

= k%,DP3 — k3(DP3)(P) (71
dDP;*/dt = k3(DP3)(P) — (k%3 + k2)(DP3*)(P) (8]
dDP»/dt = ky(DP)(P) + k3(DP3*)(P). 9]

In practice, one needs PNA at ~10 uM to observe the
strand-displacement reaction within ~1 hr. At the same time,

Proc. Natl. Acad. Sci. USA 92 (1995)

the usual DNA concentration—i.e., the concentration of the
PNA binding sites—is ~0.05 uM. This means that the number
of PNA molecules in our kinetic experiments exceeds the
number of DNA molecules by a factor of 200. Therefore, the
free PNA concentration does not decrease during the reac-
tion—i.e., Pis a constant. As indicated above, all intermediates
are so unstable that we can assume that their concentration is
low and does not change significantly during the reaction—i.e.,
dDP/dt = 0, dDP*/dt = 0, dDP3/dt = 0, and dDP%*/dt = 0.
From Eqgs. 4-9, under the above quasistationary assumptions
and for the initial conditions D(0) = Dy, DP,(0) = 0, we obtain

D = Doexp(—kpst) [10]
DP; = Dq[1 — exp(—kp)] [11]
kps = K1koP? + KIK3K3K4P?, [12]
where
K; =ky/(k-1 + koP) [13]
K1 = k1/[k%1 + (k3 — kX K3)P] [14]
K3 = k3/[k%; + k3k% P/(k*3 + k3)] [15]
K3 = k3/(k*3 + k3). [16]

Thus, we arrive at the conclusion that under the above
assumption our complicated many-step kinetic scheme obeys
the pseudo-first-order kinetics (Eqgs. 10 and 11) with complex
nonlinear dependence of the pseudo-first-order rate constant
on the PNA concentration, P (Eqs. 12-16). If we assume that
the transient complexes are very unstable so that the kinetic
constants and the PNA concentration correspond to the case
of k_y >> koP, k*3 >> ki, and k*, >>k% kiP/k* 3, then all K;
values become independent of P (K; = ki/k—1, KT = k1/k*4,
K3 = k3/k*,, K3 = k3/k*s3), and Eq. 12 is simplified to yield
a simple polynomial dependence of kps on P as a sum of
quadratic and cubic terms. This results in a curve of In ks
versus In P with the slope varying from 2 to 3. The latter means
that for this case the dependence of the pseudo-first-order rate
constant on P can be approximated, at least in a limited range
of variation of P, as the polynomial function 1 (Eq. 2) with 2
< v < 3. The vy values we observe in our experiments lie within
these limits. The fact that -y > 2 indicates that the second term in
Eq. 12 is significant, which indicates that the unstable “shifted”
intermediates play an important role in the overall kinetics. It is
tempting to interpret the fact that vy is larger for the regular
PNA H-T;o-Lys-NH, than for the less regular PNA H-T,CT,CT4-
Lys-NH; in terms of a larger role of the “shifted” intermediates
in the former case. More accurate measurements of the y values
for PNAs with different sequences are necessary to establish such
a correlation between the vy value and regularity of the sequence.
In the case of bis PNAs, the final triplex is formed by
clamping of bis PNA and its formation does not depend on the
PNA concentration. As a result, we have to substitute the
products k2P and k%P in Eqgs. 12, 13, and 15 for k; and k7%,
respectively, to obtain the modified equation for kg;s.

ke = KikoP + KAK3K5K 5P, 7

where K; and K% are described by the modified Eq. 13 and Eq.
15, respectively. Therefore, for bis PNA the exponent vy in Eq.
2 should be 1 less than in the case of monomeric PNA, which
agrees perfectly with our experimental findings. Again, the
fact that in this case exponent y > 1 indicates that for bis PNA
the shifted DP* intermediates also play an important role at
the initial step of binding.

Our kinetic scheme is the simplest one that explains the
major features of our experimental data. Other intermediates



Biochemistry: Demidov et al.

are possible that have not been included in our model at the
present stage. One of the alternative intermediates is the
“self-clamped” PNA complex with the part of the DNA target
site.

TTTT
\ T
5’ -~CCARARAARARAGY 37|

////

TTTT

This intermediate looks very attractive because it can form in
the correct register (if it has the opposite orientation in the
above example). This complex could be readily broken up by
the second PNA molecule with the formation of the correct
PNA,/DNA triplex. However, such self-clamped intermedi-
ates can be formed only by fully or partially symmetric PNAs.
Another possible intermediate is the earlier proposed PNA/
dsDNA triplex (2, 4, 16). The formal plausible scheme of
interconversion with the participation of this intermediate
(Fig. 4B) shows that the value of v in this case may also be >2.
The PNA strand in the PNA/dsDNA triplex intermediate may
“swap” hydrogen-bonding positions, going from Hoogsteen to
Watson—Crick, thereby displacing the pyrimidine DNA strand.
Thus, this alternative scheme may have some common features
with the scheme discussed above, and more thorough kinetic
analysis is required to distinguish between these or take both into
account for some special cases of PNA/dsDNA interaction.

DISCUSSION

Under our experimental conditions the sequence specificity of
PNA/DNA recognition is essentially determined by the equi-
librium constant of formation of the Watson—Crick duplex
between PNA and the complementary strand of the DNA
target site. Indeed, the above analysis indicates that our
experimental situation corresponds to the limiting case of k—_;
>> koP, k* 3 >> k%, k* 5 >> k3k%P/k* 3. Eqs. 12-16 show that
in this case the kinetic constant of the overall process, kps, is
proportional to the equilibrium constants for the reactions of
DNA/PNA duplex formation.

One should therefore expect the site specificity of recogni-
tion (i.e., the selectivity of ks with respect to different se-
quences) will depend on the free-energy difference for the
mismatched duplex and the regular duplex. The shift in melting
temperatures due to different mismatches is in the same range
for DNA/DNA, DNA/PNA, and PNA/PNA duplexes (20,
21), and for the DNA/DNA case the free-energy loss due to
mismatches was estimated to be 3—4 kcal/mol (22). Therefore,
kps should be 2-3 orders of magnitude smaller for a site with
one mismatch than for the correct site. This estimation nicely
agrees with our experimental observations (see Fig. 1 B and
C). The two situations of mismatched PNA/DNA binding we
studied correspond to two extreme values of a mismatch’s
energy cost. The mismatched pair PNA-T-DNA-G corre-
sponds to the minimal energy cost, whereas the mismatched
pair PNA-C-DNA-A corresponds to the maximal energy cost
(20, 23). Thus, the total sequence selectivity of ks we observe
can be entirely attributed to the selectivity of the formation of
the transient DNA/PNA duplexes. This indicates that the
final, irreversible step of our kinetic scheme in Fig. 4, PNA,/
DNA triplex formation, is much less sequence selective, at
least under our experimental conditions.

CONCLUSION

The data and their theoretical analysis show that sequence-
specific recognition of duplex DNA by homopyrimidine PNA
is determined, at least under our experimental conditions, by
equilibrium formation of the duplex between one PNA mol-
ecule and the complementary strand of DNA via a transient
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strand-displacement reaction. This intermediate complex,
however, is highly unstable and requires either a high concen-
tration of PNA at physiological salt concentration or very low
salt. Only after this intermediate is eventually converted into
a PNA,/DNA triplex is a very stable, virtually irreversible
PNA/dsDNA complex formed. The proposed mechanism
explains how PNA binding to DNA matches two apparently
mutually contradictory features: high sequence specificity of
binding with remarkable stability of both correct and singly
mismatched PNA/DNA complexes.
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Buchardt. We thank Professors D. M. Crothers and Yu. S. Lazurkin
for very useful discussions. We appreciate the technical help of Dr. N.
Bukanov in the preparation of the manuscript. This work was sup-
ported by ISIS Pharmaceuticals (Carlsbad, CA) and by Grant M4J000
from the International Science Foundation and Grant 11424-a from
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