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ABSTRACT A simple theoretical analysis shows that specificity of double-stranded DNA (dsDNA) targeting by homopyri-
midine peptide nucleic acids (hpyPNAs) is a kinetically controlled phenomenon. Our computations give the optimum
conditions for sequence-specific targeting of dsDNA by hpyPNAs. The analysis shows that, in agreement with the available
experimental data, kinetic factors play a crucial role in the selective targeting of dsDNA by hpyPNAs. The selectivity may be
completely lost if PNA concentration is too high and/or during prolonged incubation of dsDNA with PNA. However,
quantitative estimations show that the experimentally observed differences in the kinetic constants for hpyPNA binding with
the correct and mismatched DNA sites are sufficient for sequence-specific targeting of long genomic DNA by hpyPNAs with
a high yield under appropriate experimental conditions. Differential dissociation of hpyPNA/dsDNA complexes is shown to
enhance the selectivity of DNA targeting by PNA.

INTRODUCTION

Homopyrimidine peptide nucleic acids (hpyPNAs) are syn-
thetic oligomers consisting of a polyamide backbone linked
to pyrimidine nucleobases (Nielsen et al., 1991, 1994a;
Hanvey et al., 1992; De Mesmaeker et al., 1995; Frank-
Kamenetskii and Mirkin, 1995; Nielsen and 0rum, 1995;
Noble et al., 1995; Demidov et al., 1996). They are very
promising DNA-binding ligands: hpyPNAs are not digested
by cellular enzymes (Demidov et al., 1994b), and they form
highly selective and extraordinary stable complexes with
double-stranded DNA (dsDNA) (Nielsen et al., 1991,
1993a; Hanvey et al., 1992; Peffer et al., 1993; Cherny et
al., 1993). In this unusual structure, called the P-loop, two
PNA oligomers invade the DNA duplex with the formation
of triplex with the homopurine strand of the DNA target
site, leaving the homopyrimidine strand displaced (Nielsen
et al., 1993a,b, 1994b; Peffer et al., 1993; Cherny et al.,
1993; Egholm et al., 1995; Griffith et al., 1995; Demidov et
al., 1995, 1996; Wittung et al., 1996). In so doing, hpyPNA
oligomers behave quite differently from triplex-forming oli-
gonucleotides and their analogs, which occupy the major
groove of the DNA double helix (reviewed by Frank-Ka-
menetskii and Mirkin, 1995). The exceptional stability and
specificity of hpyPNA/dsDNA complexes make it possible
to create artificial transcription promoters (M0llegaard et
al., 1994), to map short targets on duplex DNA by electron
microscopy (Demidov et al., 1994a), to convert single-
strand-specific nucleases into sequence-selective cutters
(Demidov et al., 1993), and to use PNAs as rare genome-
cutters (Veselkov et al., 1996a,b). PNA oligomers compete
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very efficiently with proteins for binding sites on dsDNA
(Hanvey et al., 1992; Nielsen et al., 1993a, 1994c; Larsen
and Nielsen, 1996; Veselkov et al., 1996a,b).

Although the problem of specificity of interaction be-
tween a ligand and its binding site on DNA has been
considered earlier (von Hippel and Berg, 1986; Perelroyzen
and Vologodskii, 1988; Herschlag, 1991; Eaton et al.,
1995), the case of hpyPNA/dsDNA interaction requires
special treatment. Previously, this problem was treated un-
der the assumption about equilibrium binding of a ligand to
correct and incorrect binding sites. The assumption is not
valid for the case of complex formation between hpyPNA
and dsDNA. Our experimental studies of hpyPNA interac-
tion with duplex DNA have led us to the conclusion that
under real experimental conditions the PNA binding process
is essentially irreversible (Chemy et al., 1993; Demidov et
al., 1995, 1996, and manuscript in preparation). This is the
consequence of the exceptional stability of the (PNA)2/
DNA triplex, which is additionally stabilized, as compared
with canonical (DNA)3 triplexes, because of the lack of the
electrostatic repulsion between the participating DNA and
PNA strands and by the additional H-bonds, water bridges,
and van der Waals interactions between the DNA backbone
and the PNA backbones (Betts et al., 1995).
We have recently demonstrated that prolonged incubation

leads to virtually full and irreversible occupation, not only
of the correct but also of mismatched binding sites on
dsDNA by hpyPNAs (Demidov et al., manuscript in prep-
aration). At least it is true for some DNA sites with one and
two mismatches, which form incorrect but quite stable
hpyPNA/dsDNA complexes. The number of such mis-
matched sites is much greater than the number of fully
matched PNA targets in sufficiently large DNA molecules.
These findings emphasize that selective targeting of correct
sites can be reached in the case of hpyPNA/dsDNA inter-
action only on the basis of an optimum choice of the
reaction time. In other words, specificity of targeting is an
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essentially kinetically controlled process. In the present
paper we treat theoretically the problem of kinetic discrim-
ination between binding sites in the case of irreversible
targeting. We also consider the kinetic discrimination be-
tween PNA/DNA complexes under conditions favoring
their dissociation.

THEORETICAL ANALYSIS

Kinetic consideration of hpyPNAs
binding to dsDNA

We consider the hpyPNAs binding as an irreversible pro-
cess and assume that the formation of the PNA/DNA com-
plex with the correct site occurs with the kinetic constant kc,
whereas the formation of the corresponding complex with
an incorrect (mismatched) site occurs with the kinetic con-
stant ki. Usually the number of PNA molecules in kinetic
experiments is much larger than the number of DNA target
sites, and the process of the binding of hpyPNA to dsDNA
sites obeys pseudo-first-order kinetics (Demidov et al.,
1995, 1996). Therefore, the fraction a of DNA molecules
that form the correct complex with PNA by the time mo-
ment t is equal to

a = 1 - exp(-kct)

or, as a function of t:

Y= exp(-Fkrt)[I - exp(-krt)] (6)
At the initial stage of PNA binding, the probability of
forming incorrect hpyPNA/dsDNA complexes is small and
the correct complex is preferentially formed. However, the
number of mismatched complexes increases with time, thus

y
1.0f

(1)

The fraction ac of DNA molecules that form an incorrect
(mismatched) complex with PNA by the same time is equal
to

ai = 1 - exp(-kit) = 1 - (1 - a)kicc = 1 - (1 - )i

a

A
(2)

where the fi = ki/k, value determines the site selectivity of
the dsDNA recognition by hpSyPNA. This means that the
probability P3i that a particular mismatched site will not bind
to PNA by this moment is

i = (1 - a)fi (3)

For a DNA molecule with multiple mismatched sites, the
probability 3 of not binding PNA at any mismatched site
will be

p i= a)f= 1 a)"i=( a)F (4)

where the product and the summation are taken over all
nonspecific binding sites and F = I fi = z ki/kc character-
izes the integral selectivity of dsDNA recognition by a
certain hpyPNA oligomer. The ,3 quantity monotonously
decreases with time and determines the specificity of DNA
targeting during PNA binding.

Let us define now the yield Y ofDNA molecules uniquely
targeted by PNA at the correct site without any mismatched
binding. Because different sites on DNA are occupied in-
dependently, the Y value can be presented as

Y ag = a(1 - a)f

B

FIGURE 1 Functions Y(a) and Y(t), which illustrate time dependence of
the yield of DNA molecules uniquely targeted by hpyPNA at the correct
site, without any mismatched binding for different values of the integral
selectivity, F.
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compromising the specificity of PNA targeting. Therefore,
it is reasonable to assume that the Y value reaches maximum
at some degree of PNA binding. Fig. 1 demonstrates that
this is really the case. The highest yield, Ymax, and the
corresponding amax value can be found from the condition

(dY/da)I =amax = ° (7)

Equations 5 and 7 lead to the following equations:

amax = 1/(1 + F) (8)

Ymax = (1IF)[F/(1 + F)](l+F) (9)

From Eqs. 1 and 8 one can obtain the optimum time, tmax,
of DNA incubation with PNA, at which the maximum yield
of DNA molecules that are uniquely targeted by hpyPNA at
the correct site is achieved:

tmax = -X ln[F/(1 + F)] --Tln F (10)

where T = l/lc is the characteristic time of the correct
complex formation. Note that at the times t > tmax the Y
value will be proportional to exp(-Fkct). Therefore, the
decrease in this value with time will be steeper at larger F.
Fig. 1 B illustrates this peculiarity of the time course of the
Y value and shows that it decreases exponentially with the
characteristic time t -TIF.
The degree of nonspecific binding may likewise be char-

acterized by the yield of nonspecific complexes formed by
mismatched binding. From Eqs. 1 and 4 one can obtain the
time course of the fraction, Yns(t), of nonspecifically tar-
geted dsDNA molecules:

Y.s(t) = 1- 1 = 1 - exp(-Fk,t) (11)

Therefore, at time t -TIF the selectivity of PNA binding
will be completely compromised by nonspecific complexes.
The nonspecific binding, Yns, at the optimum time, tmax, will
be (see Eqs. 4 and 8)

Yns(tmax) 1 - 3(tmax)
= 1 - (1 - amamx) = 1 - [F/(1 + F)]F

Fig. 2 shows that even as small a value of the integral
selectivity as F = 10- 1 makes it possible to achieve decent
specificity of hpyPNA targeting. In this case the ymax value
will be more than 70% and the Yns(tmax) value will be about
20%. Quantitative targeting, together with good specificity,
can be achieved for values of F 10-2: less than several
percent of DNA molecules will be targeted at nonspecific
sites, whereas more than 95% of the DNA molecules will be
uniquely targeted at the correct site without any mismatched
binding. The ymax value of the specific targeting will exceed
the Yns(tmax) value of nonspecific binding by more than 10
times for F < 10-2 and by more than 100 times for F .
10-3.

percent yield
of complexes
100 I

A -

ol IgF
-5 -4 -3 -2 -1 0 1

FIGURE 2 Dependence of the maximum yield, Ymax, of selective tar-
geting (O) and the yield, Yns(tmax), of nonspecific binding (C) of hpyPNA
to DNA on the integral selectivity, F.

Kinetic consideration of dissociation of hpyPNA/
dsDNA complexes

So far we have considered the specificity of dsDNA recog-
nition, which can be achieved during the irreversible pro-
cess of hpyPNA binding. Now we are going to analyze the
process of dissociation of the preformed hpyPNA/dsDNA
complexes. Such dissociation can be reached by a drastic
change in the conditions, usually achieved by increasing
incubation temperature or by alkali treatment (Chemy et al.,
1993; Demidov et al., manuscript in preparation). We may
neglect the PNA binding to DNA under conditions unfa-
vorable for their complex formation, especially if the free
PNA is supposed to be removed from the solution after
formation of PNA/dsDNA complexes. The dissociation of
the PNA/dsDNA complexes is apparently described by
pseudo-first-order kinetics with kinetic constants kc- and ki-
for correct and incorrect (mismatched) binding sites, respec-
tively. Then the fraction a_ of DNA molecules keeping the
correct site bound with PNA at the time t is equal to

a_ = a-(O)exp(-k -t), (13)
where a1 (0) is the fraction of the DNA molecules initially
targeted by PNA at the correct site. At the same time, the
fraction a1 of DNA molecules with a certain mismatched
site keeping a PNA oligomer is

a- = a -(O)exp(-ki-t)

= ai-(O)(a-/a (o))ki- 'k = Aia4fi_
(14)
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where a, (0) is the fraction of DNA molecules initially
targeted by hpyPNA at the incorrect site; f]- = ki-lkc- is the
ratio of kinetic constants that determines the differential
discrimination of a correct PNA binding site versus the
mismatched one due to dissociation of PNA/dsDNA com-
plexes; Ai = aC (0)/a-(O)f-. Thus the probability 3i- that
the particular mismatched site will be free from PNA at this
stage of the process of dissociation of the PNA/dsDNA
complex is

137 = 1 -Aiaf (15)

Therefore, for DNA molecule with N mismatched sites, the
probability, ,B_, of being free from PNA at any mismatched
site will be

(16)

where the product corresponds to all nonspecific binding
sites. The ,B quantity monotonously increases with time
and determines the specificity of DNA targeting in the
process of PNA dissociation.
The following equation describes the fraction, Y_, of

DNA molecules without any mismatched binding that re-
main uniquely targeted by PNA at the correct site during
PNA dissociation:

Y_ = a13- = a-rI(-Aia-4-) (17)

Functions Y-(a4) and Y_(t) behave qualitatively similarly
to Y(a) and Y(t) (see Fig. 3). The maximum yield, Ymax-,
which can be achieved during the PNA dissociation, is
observed at such amax- that

(dY-/da-)ia-=amax- = 0 (18)

From Eqs. 17 and 18 we obtain the result that ama- obeys
the relation

Aji-amax_f1-/(l - Aiamax-f-) = 1 (19)

where the summation corresponds to all nonspecific binding
sites.

Equation 19 is readily solved under the simplified as-

sumption that for the DNA molecule with one correct and N
mismatched sites initially targeted by specific PNA in a

completely nonspecific manner (a_(0) = a7(0) = Ai = 1),
the f,- parameters are equal (f = f_):

max -= 1/(1 + Nf_)I/f_ (20)

In this case Eq. 17 yields

Ymax- = (Nf_)N/(1 + Nf_)(N+l/f_) (21)

From Eqs. 13 and 20 one can obtain the optimum time,
tmax , of PNA dissociation, at which the maximum yield
Ymax- is achieved,

FIGURE 3 Functions Y_(a_) and Y_(t) for the case of N = 30; a-(0) =
a_(0) = 1, which illustrate time dependence of the selectivity of megabase
dsDNA targeting by a hpyPNA oligomer during its dissociation for differ-
ent values off.

where T_ = l/kc is the characteristic time of correct com-

plex dissociation.
After fast dissociation of mismatched PNAIDNA com-

plexes, the rate of decrease of the fraction of DNA mole-
cules, which remain uniquely targeted by hpyPNA at the
correct site, depends only on the dissociation of correct
complexes. Thus, after tmax-, the rate of decrease of the Y_
value is independent of parameter f_ (see Fig. 3 B). By
contrast, in the process of hpyPNA binding to dsDNA, the
selectivity of sequence-specific targeting of DNA duplex
after fast formation of correct complexes with PNA is
compromised by a slower accumulation of mismatched
complexes and therefore depends on thef value (see Fig. 1

tmax- = (T-/f4)ln(1 + Nf(),

A

B

t/T
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DISCUSSION

For the sake of clarity, we limit our discussion by consid-
eration of only two types of hpyPNA/dsDNA complexes:
one corresponding to the correct site and the other one
corresponding to single-mismatched sites. The analysis of
specificity allowing for the possible multiple mismatched
sites can be done in a similar way by taking into account
greater kinetic disadvantage of such cases. Let us start with
the problem of PNA/DNA association. We consider a sim-
plified situation assuming the same values of parameters for
PNA binding with N mismatched sites: ]j = f, F = Nf. For
hpyPNAs binding to dsDNA, significant discrimination of
single-mismatched sites may be reached, so that f . 10-2
(Demidov et al., 1995, 1996). For sufficiently short DNA
fragments there will be only one site (or very few sites) for
mismatched PNA binding. In the case off = 10-2 and N =
1, one can obtain, from Eqs. 9 and 10, Ymax = 0.945 for the
optimum incubation time and tm,a = 4.6T. This means that
at this time as many as 94.5% of DNA molecules are
uniquely targeted at the correct site without any mismatched
binding, and only 4.5% of DNA molecules have a mis-
matched site occupied by PNA (Eq. 12). However, an
increase in the time of incubation by 5-10 times (t = 25
50T) leads to a proportion of DNA molecules with incorrect
PNA binding of 20-40%, thus drastically deteriorating the
specificity of the hpyPNA/dsDNA recognition (see Eq. 11).
The change in PNA concentration produces an even

stronger effect on the specificity of hpyPNA/dsDNA recog-
nition due to nonlinear (from quadratic to cubic) depen-
dence of the rate of PNA binding to dsDNA on PNA
concentration (Demidov et al., 1995, 1996; Wittung et al.,
1996). Therefore, only a two- to threefold increase in PNA
concentration may lead to acceleration of PNA binding by
about an order of magnitude and to at least a 10-fold
decrease in the T value. As a result, in contrast to entirely
specific binding of hpyPNA during the optimum time t =
4.6T for a certain PNA concentration, the PNA binding at
the same time but with increased concentration will occur at
a nonoptimum relation, t . 46T', where T' = 1/10 T. This
means that now from 30% to 50% of DNA molecules will
carry mismatched complexes. Note that for PNA "clamps"
(bis-PNAs), consisting of two hpyPNA oligomers linked
together, the situation with the concentration differences is
less dramatic because the dependence of the rate of bis-PNA
binding to dsDNA on bis-PNA concentration is close to
linear (Demidov et al., 1995, 1996; Bentin and Nielsen,
1996).

Generally, in the case of virtually complete binding of
PNA to its correct site (a ' 0.9), the specificity of PNA
targeting is mainly determined by the probability, ,B =

exp(-ft/T), of nonformation of the incorrect complexes.
Thus changes in the time or in the rate of PNA binding have
to lead to a very rapid (exponential) decrease of the yield of
the specific PNA targeting. Fig. 4 A illustrates these esti-
mations and clearly demonstrates that under an appropriate
choice of the kinetic parameters (mainly, time of the PNA
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FIGURE 4 Diagrams illustrating the kinetically controlled specificity of
dsDNA targeting by hpyPNAs. (A) Results of calculations of the time
course of degree of PNA binding with complementary DNA site (no. 1)
and with two incorrect sites having the selectivity parametersf = 10-2 (no.
2) andf = 10-3 (no. 3). Stippled columns show the percentage yield, Y, of
DNA molecules uniquely targeted by a hpyPNA oligomer at the correct
site without any mismatched binding (tmax = 4.6T is the optimum time of
DNA incubation with PNA at which the maximum yield, Ymaxv is achieved
for the case off = 10-2; see the text for details). (B) Experimental data by
Demidov et al. (manuscript in preparation) on the kinetics of complex
formation of PNA H-T1O-Lys(biotin)NH2 with the different sites on lin-
earized pT1O plasmid (pUCl9 derivative with decaadenine insert into
polylinker). The PNA/DNA complexes were obtained in the Tris-EDTA
buffer (pH 7.5), with the desired PNA concentrations for the specific time
as indicated, and were visualized by electron microscopy by A. V. Kurakin
and D. I. Chemy using streptavidin as a marker (see Demidov et al., 1994a,
for details). Column no. 1 corresponds to the formation of correct PNA/
DNA complex with fully complementary target site AlJ/Tlo on pT1O
plasmid. Column no. 2 represents the total of the PNA/DNA complexes
formed with two mismatched sites on plasmid DNA that are inherent to the
parental pUC 19 vector: the single-mismatched site, T7GT3/A3CA7, and the
double-mismatched site, AGA7G/CT7CT. These sites are located at 1407-
1417 and 1438-1447 bp, respectively (GenBank data), and are too close to
each other to be indistinguishable in the micrographs. Column no. 3
corresponds to the inherent pUC19 site, AGA5TA3CA3/T3GT3AT5CT,
with two mismatches, which is located at 2564-2578 bp.
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incubation with dsDNA for given PNA concentration), even
the f value of 10-2 is sufficient to provide reasonable
discrimination of the individual mismatched DNA site with
virtually complete PNA/dsDNA binding to the correct site.
However, specificity of dsDNA recognition by hpyPNA is
kinetically controlled and may be completely lost during a
prolonged incubation of DNA with PNA at a given PNA
concentration (and/or because of the choice of too high a
PNA concentration for the given incubation time). Fig. 4 A
shows a gradual loss of specificity of PNA binding to the
correct DNA site and the accumulation of nonspecific com-
plexes due to binding of PNA with two incorrect sites
having the selectivity parameters f = 10-2 and f = 10-3.
These theoretical predictions qualitatively agree with obser-
vations by Demidov et al. (manuscript in preparation), who
used electron-microscopic visualization of hpyPNA binding
to plasmid DNA (see Fig. 4 B). With increasing time of
binding or PNA concentration, the progressive occupation
by hpyPNA of single- and double-mismatched DNA sites
was observed, completely compromising the specificity of
PNA binding.
Our analysis makes it possible to choose optimal condi-

tions for targeting long genomic DNA molecules with PNA.
Let us consider as an example the case of million-base-pair-
long DNA targeted by a hpyPNA decamer. For such length
of DNA fragment with a quasirandom sequence of nucleo-
tides, the decapurine target site will be statistically unique,
and there will be N = 30 sites with single mismatches. In
this case the valuef = 10-2 is not sufficient for selectivity:
at best, for F = 0.3, only half of the DNA molecules could
be uniquely targeted at the correct site without any mis-
matched binding, whereas nearly one-third of them will
carry incorrect PNA/DNA complexes (see Fig. 2). We
therefore need a higher degree of discrimination between
correct and mismatched sites in long genomic DNA mole-
cules. The f value may depend not only on the type of
mismatches (Demidov et al., 1995), but also on the kind of
PNA molecules (e.g., on their length, sequence composi-
tion, type of construction, etc.) and on the conditions of
PNA binding. This important question requires further
study.

However, thef value of 10-3, which we also observed in
our experiments (Demidov et al., 1995, 1996), already pro-
vides reasonable discrimination between correct and single-
mismatched sites in the genomic-size, megabase DNA mol-
ecule. In this case F = 3 x 10-2, and using the optimum
time of binding, we conclude that as many as 87% of
megabase DNA molecules can be selectively targeted by
PNA at the unique site, whereas 10% of DNA molecules
will be targeted at nonspecific sites. Such high selectivity of
recognition of short homopurine sites on genomic DNA
allowed us to use bis-PNAs as rare genome-cutters (Ve-
selkov et al., 1996a,b). Additional discrimination between
correct and mismatched complexes in this case could be
achieved because of spontaneous or methylase-induced dis-
sociation of incorrect and therefore less stable complexes.

Although we treated association and dissociation kinetics
within the framework of very similar assumptions, the ob-
tained results are quite different. One reason for this is the
different initial conditions for these two cases. The other
stems from the fact that in the case of association the
specificity of DNA targeting, determined by the 0 quantity
(Eq. 4), is at maximum at the initial stage of the process and
then monotonously decreases with time. By contrast, in the
case of dissociation, the specificity of DNA targeting is
determined by the ,B quantity (Eq. 16) and increases with
time. As a result, it is possible to significantly improve
discrimination between correct and mismatched PNA/
dsDNA complexes by stimulating the dissociation of al-
ready formed complexes (e.g., at elevated temperatures).
From Eqs. 21 and 22 one can conclude that for megabase
DNA molecules, which were initially targeted by PNA in a
completely nonspecific manner (a_(0) = a7j(0) = 1; N =
30), even a 100-fold difference between the dissociation
rates of correct and mismatched PNA/DNA complexes (f_
= 102) can lead to excellent selectivity. In this case a very
fast and selective dissociation of incorrect PNA/dsDNA
complexes (tmax = 0.08T4 yields 91.4% of DNA targeted
by PNA only at the unique site. Note that to reach the same
level of selectivity during the PNA association with mega-
base DNA, it is necessary to have more than a 1000-fold
difference between the rates of PNA association with cor-
rect and mismatched sites. In the less discriminative case of
f- = 10, the dissociation of PNA/dsDNA complexes during
the optimum time tmax_ = 0.57T_ still yields a reasonable
selectivity of targeting: -50% of megabase DNA molecules
will have only the correct site targeted by PNA, and less
than 10% of the DNA molecules will carry mismatched
complexes. Thus, the differential dissociation of PNA/
dsDNA complexes, when possible, can further enhance the
selectivity of dsDNA targeting by hpyPNA. Our data on
differential melting of PNA H-T2CT2CT4-LysNH2/A DNA
complexes (Demidov et al., manuscript in preparation) pro-
vide experimental support for this possibility.

This work was supported by NIH grant GM 52201.
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