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ABSTRACT: The binding of a mixed-sequence pentadecamer PNA (peptide nucleic acid) containing all
four nucleobases to the fully complementary as well as various singly mismatched RNA and DNA
oligonucleotides has been systematically investigated using thermal denaturation and BIAcore surface-
interaction techniques. The rate constants for association (ka) and dissociation (kd) of the duplex formation
as well as the thermal stability (melting temperature,Tm) of the duplexes have been determined. Upon
binding to PNA tethered via a biotin-linker to streptavidin at the dextran/gold surface, DNA and RNA
sequences containing single mismatches at various positions in the center resulted in increased dissociation
and decreased association rate constants.Tm values for PNA•RNA duplexes are on average 4°C higher
than for PNA•DNA duplexes and follow quantitatively the same variation with mismatches as do the
PNA•DNA duplexes. Also a fasterka and a slowerkd are found for PNA•RNA duplexes compared to the
PNA•DNA duplexes. An overall fair correlation betweenTm, ka, andkd is found for a series of PNA•DNA
and PNA•RNA duplexes although the determination ofka seemed to be prone to artifacts of the method
and was not considered capable of providing absolute values representing the association rate constant in
bulk solution.

Peptide nucleic acids (PNA) have attracted wide attention
in the context of development of antisense and antigene
therapeutic agents (Nielsenet al., 1991, 1994a,b; Hanveyet
al., 1992; Egholmet al., 1993; Demidovet al., 1994;
Bonhamet al., 1995; Knudsenet al., 1996). Also a variety
of applications within molecular biology and diagnostics have
emerged from PNA chemistry (Demidovet al., 1993, 1995;
Ørumet al., 1993, 1995; Nielsen & Ørum, 1995; Veselkov
et al., 1996). PNA can be regarded a DNA mimic in which
the normal DNA bases are attached to an achiral, nonionic
pseudopeptide backbone composed ofN-(2-aminoethyl)-
glycine units (Figure 1; Nielsenet al., 1991; Dueholmet
al., 1994; Christensenet al., 1995). This structure appears
to give very favorable DNA and RNA hybridization proper-
ties: thermal stability (Tm) measurements suggest that
PNA•DNA duplexes at physiological salt conditions are
considerably more stable than the corresponding DNA•DNA
duplexes without sacrificing sequence discrimination (Eg-
holm et al., 1993). The finding that PNA also binds very
strongly and sequence specifically to RNA is of interest for
potential antisense applications.
So far no systematic kinetic or thermodynamic studies of

the sequence discrimination of PNA•RNA or PNA•DNA
hybridization reactions have been reported although such data
would be very important for the evaluation and improvement
of antisense reagents and of diagnostic probes based on PNA.
We here present the first systematic study of PNA•RNA

sequence discrimination (thermal stabilities,Tm) using a
pentadecamer mixed-sequence PNA containing all four
nucleobases interacting with the fully complementary as well
as various singly mismatched oligonucleotides. Furthermore,
the kinetics of the association and dissociation reactions of
PNA•DNA, PNA•RNA, DNA•DNA, and PNA•PNA hy-
bridization was determined using a BIAcore surface-plasmon
resonance detection equipment.

MATERIALS AND METHODS

Chemicals. The synthesis of PNA was carried out as
described using Boc-PNA-monomers obtained from Persep-
tive Biosystems (Christensenet al., 1995). Biotin was
coupled to the amino terminal using biotin-NHS ester. DNA
oligonucleotides were synthesized using the standard solid
support phosphoramidite technique. RNA oligonucleotides
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FIGURE 1: Chemical structure of a PNA monomer as compared to
a DNA nucleotide.
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were purchased from DNA Technology Aps (A° rhus, Den-
mark). All other chemicals were of p.a. grade and used as
obtained without further purification.
Kinetic Measurements.Kinetic parameters were assessed

using a BIAcore (Biomolecular Interaction Analysis) equip-
ment with a SensorChip SA5 from Pharmacia. The central
part of this equipment is the sensor-chip consisting of a gold
surface covered with a layer of dextran which in our case
contained streptavidin chemically coupled to the dextran.
When not otherwise stated, a biotin-PNA strand [biotin-
(eg1)3-TGT ACG TCA CAA CTA-NH2 (N- to C-terminal);
eg1) 8-amino-3,6-dioxyoctanoic acid] (Egholmet al., 1995)
was immobilized to the streptavidin chip.
The response signal of the BIAcore apparatus is propor-

tional to the change in the refractive index at the surface
and is generally assumed to be proportional to the mass of
substance bound to the chip (Jo¨nsson, 1991; Fa¨gerstam &
Karlsson, 1993; Malmqvist, 1993; Malmqvist & Granzow,
1994). By measuring the amount of bound substance as a
function of time when a solution containing the comple-
mentary strands passes over the chip surface, the kinetics of
association to the immobilized PNA were studied. The
dissociation kinetics were correspondingly monitored by
detecting the time dependence of the mass decrease as the
surface was subsequently washed with buffer. The PNA
surface could thereafter be regenerated by washing with
strong acid, HCl (removing of all the remaining hybridized
products) (Fa¨gerstam & Karlsson, 1993; Malmqvist, 1993),
thereby enabling consecutive studies with the same im-
mobilized PNA (Figure 2).
The association as well as dissociation kinetics of four

types of fully complementary pentadecamer duplexes,
PNA•DNA, PNA•RNA, PNA•PNA, and DNA•DNA, were
studied. For the PNA•DNA, PNA•RNA, and DNA•DNA
complexes, the 12 possible DNA (RNA) combinations
having 1 mismatch in 1 of the 4 central base positions were
studied as well. All investigated duplexes had “antiparallel”
orientations of the strands, i.e., 5′-3′•3′-5′ for DNA•DNA,
N-C•3′-5′ for PNA•DNA and PNA•RNA, and N-C•C-N for
PNA•PNA.
For the analysis of the hybridization kinetics, a two-state

model, A + B h AB, was assumed. The dissociation
kinetics (Figure 3), obtained from the dissociation part of
the sensorgram, were found to be essentially independent
of concentration for all duplexes and were analyzed accord-
ing to

where [AB]0 is the duplex concentration at timet0 and kd
the dissociation rate constant. The association kinetics
(Figure 3) were analyzed with respect to the concentration
dependence of the association rate by varying the concentra-
tion of the agent, A, in the mobile phase:

By settingka[A] + kd ) ks and measuringks at different
concentrations of A, the association rate constant was
obtained as the slope of aks Versus[A] plot (Fägerstam &
Karlsson, 1993; Malmqvist, 1993; O’Shannessyet al., 1993).
All kinetic experiments were performed in a PBS buffer

(150 mM NaCl aqueous solution containing 0.1 mM EDTA
and 20 mM sodium phosphate adjusted to pH 7.0) which
for RNA hybridizations was treated with diethyl pyrocar-
bonate. The experiments were performed at 35°C for all
systems except for the DNA•DNA hybridizations, which
were carried out at 20°C. To immobilize the biotinylated
PNA (DNA) strand to the streptavidin on the chip surface,
biotin-labeled PNA (N-terminal) or DNA (5′-end) was dis-
solved in degassed PBS buffer at a concentration of 2µM.
The solution (40µL) was injected with a flow rate of 5µL/
min, and the immobilization was followed in the correspond-
ing sensorgram as a function of time. Typically 80 pmol of
PNA (or DNA) was bound to the streptavidin in the flow cell.
Complementary or mismatch strands were dissolved in

PBS buffer at appropriate concentrations (0.05-60 µM). A
volume of 40µL (5 µL/min) was injected to measure the
association kinetics, and immediately thereafter the dissocia-
tion was followed by purging PBS buffer through the system.
After approximately 500 s of buffer wash, the immobilized
single-strand PNA (DNA) surface was regenerated with 40
µL of 10 mM HCl (5µL/min) for the PNA•DNA, PNA•PNA,
and DNA•DNA duplexes and 40µL of 100 mM HCl (5µL/
min) for the PNA•RNA duplexes.
Melting Temperatures.Melting temperatures,Tm, were

determined in 100 mM NaCl, 0.1 mM EDTA, and 10 mM
sodium phosphate, adjusted to pH 7.0, by measuring the
hypochromicity at 260 nm as a function of temperature on
a Gilford Response UV-Vis spectrophotometer, recording
the absorbance at 260 nm and increasing the temperature in
steps of 0.5°C/min from 15 to 90°C. The two strands were
mixed in equimolar amounts to give a total absorbance at
high temperature aroundA260 ) 0.5. Annealing was
performed by heating the sample to 90°C, a temperature it
was kept at for 5 min, followed by cooling to room
temperature during 30 min, keeping the samples at 5°C for
at least 45 min.
The melting curves represent at all temperatures the

equilibrium between the duplex and the two single strands.
Combining the relation

with the expression forKD

gives atT ) Tm (R ) 1/2):

FIGURE 2: Typical response features (“sensorgrams”) as measured
by the BIAcore technique. The figure refers to a DNA•DNA
hybridization (1.5µM of the fully complementary associating
strand), dissociation by purging buffer (PBS) and regeneration by
purging 10 mM HCl over the dextran/streptavidin surface.
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whereR is the gas constant,cT is the total strand concentra-
tion, andR is the fraction of the duplex (Marky & Breslauer,
1987). Thus, analyzing the melting curves with different
strand concentration yields the enthalpy and entropy for the
reaction. TherebyKD can be calculated using eq 3 at any
temperature. From these relationships, a correlation ofKD

with Tm is expected.

RESULTS AND DISCUSSION

Our results are interesting from several perspectives. Very
few reports have yet been published on nucleic acid
interactions using the BIAcore technique (Wood, 1993;
Nilssonet al., 1995; Gotohet al., 1996). Our results also
represent the first systematic study of effects of mismatches
of a nucleic acid mimic on the association and dissociation
kinetics using the very simple approach of having one strand
immobilized to a surface and monitoring the extra association
to the surface. Clearly, this technique is sensitive and
reproducible enough not only to discriminate the gross
differences previously observed in terms of variations in
thermal stability between the different hybrid combinations
PNA•DNA, PNA•RNA, DNA•DNA, and PNA•PNA, but
also to pick up more subtle differences which may be
important for understanding of the mechanism of hybridiza-
tion and of recognition of a fully complementary sequence
in gene diagnostic and therapeutic contexts.

The kinetics of association of the immobilized penta-
decamer PNA, biotin-(eg1)3-TGT ACG TCA CAA CTA-
NH2, to a complementary strand of DNA, RNA, or PNA
could be successfully monitored with high fidelity as
trajectories over minutes using the BIAcore technology. In
contrast, the DNA•DNA hybridization was found to be more
difficult to numerically reproduce, although the gross trend
along the mismatch series was reproducible (see below).

Figure 3 shows typical BIAcore trajectories of PNA•DNA
hybridization run at different concentrations of the comple-
mentary DNA strand free in solution. For all investigated
duplexes, the hybridization experiments were made with at
least four different concentrations of the associating strand.
As expected, the dissociation kinetics showed no significant
dependence of concentration, while the association rate
increased with the concentration of the incoming strand. The
dissociation rate constants reported here are the averages of
kd values determined at the different concentrations of the
incoming strand. In the association part of the sensorgram,
both association and dissociation contribute to the shape of
the trajectory. An approximately linear correlation of the
observed rate constant with concentration of associating
strand was found. Assuming a two-state model, A+ B h
AB, the observed rate constant,ks, will be given asks )
ka[A] + kd, with A denoting the strand in the mobile phase.
Thus,ka is obtained as the slope of aks Versus[A] plot. It
should be noted that the values obtained for the association
rate constants, and thereby the equilibrium constantKD ()
kd/ka), refer to the specific conditions of the dextran surface
and, therefore, cannot be directly applied to bulk solution.
In addition to the fully complementary strand, all possible
combinations of single mismatches introduced among the
central four base pairs were investigated for all systems

except PNA•PNA. The collected results with mismatches
for PNA•DNA, PNA•RNA, and DNA•DNA are presented
in Figure 4a-c and Tables 1 and 2.
The melting temperatures for PNA•RNA duplexes are on

average 4°C higher than those of the corresponding
PNA•DNA duplexes. For this series, the PNA•RNA data

FIGURE 3: PNA•DNA sensorgrams (fully complementary duplex)
with varying concentrations of the associating DNA strand: 8µM,
4 µM, 2 µM, and 1µM, respectively, from top to bottom.

FIGURE 4: Correlation ofTm (2) with ka (shaded bars) andkd
(unfilled bars) for PNA•DNA (a), PNA•RNA (b), and DNA•DNA
(c) duplexes at 0.1 M ionic strength. PNA•DNA and PNA•RNA
refer to 35°C and DNA•DNA to 20 °C. Note thatka andkd are
plotted on the same axis.

1
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follow quantitatively the same variation with mismatches as
the PNA•DNA duplexes.
An overall fair correlation between the rate constants and

the melting temperatures,Tm, was found for both the
PNA•DNA and the PNA•RNA systems (Figure 4a,b). Table
1 lists the mismatches tested, theTm values, the kinetic results
obtained, and, finally, the calculated thermodynamic dis-
sociation constants,KD, as the ratio of the dissociation and
association rate constants. The results indicate that the
PNA•DNA and PNA•RNA systems behave very similarly
with respect to all studied parameters upon the introduction
of mismatches.
The thermally most stable duplexes (highestTm) exhibited

the slowest dissociation rates and the fastest association rates
(Table 1, Figure 4a,b). The evaluatedka and kd values
correlate well with theTm values, and, consequently, a rather
good correlation between the calculatedKD and the measured

Tm of the duplexes is also obtained (Figure 5a,b). The
presentation in Figure 5a,b illustrates the correlation ofKD

with Tm for the investigated PNA•DNA and PNA•RNA
mismatch duplexes. An approximate linearity is observed
in a logKD vs 1/Tm plot, indicating an empirical correlation
that may be used for these systems (correlation coefficients
of 0.94 for the PNA•DNA duplexes and 0.85 for the
PNA•RNA duplexes). This also suggests a justification to
infer the relative order ofKD values just from the measured
Tm values of related systems. In full accordance withTm
measurements, the PNA•RNA duplexes (both fully matched
and mismatched) showed higher association (∼20-fold) and
lower dissociation (∼10-fold) rates and thus lowerKD (∼200-
fold) than the PNA•DNA duplexes.
The investigation is yet too limited in terms of variations

of base sequence to allow any general conclusions about the
influence of specific mismatches and sequence context.

Table 1: Effects of Mismatches (Indicated by Boldface Letters) on Melting Temperature (Tm), Dissociation (kd) and Association (ka) Rate
Constants, and (Calculated) Dissociation Equilibrium Constants (KD) for PNA•DNA and PNA•RNA Duplexes at 35°C

sequence (5′-3′) of
associating stranda

mismatch
base paira

Tm DNA
(°C)

kd DNA
(×10-3 s-1)b

ka DNA
(mM-1 s-1)b

KD DNA
(×10-5 M)

Tm RNA
(°C)

kd RNA
(×10-3 s-1)b

ka RNA
(mM-1 s-1)b

KD RNA
(×10-8 M)

TAG TTG TGA CGT ACA none 68.5 0.41 1.17 0.035 72.8 0.15 22 0.68
TAG TTGCGA CGT ACA A-C 55.0 1.6 0.29 0.55 62.8 0.36 2.1 17
TAG TTGGGA CGT ACA A-G 56.0 1.6 0.35 0.46 62.4 0.25 8.0 3.1
TAG TTGAGA CGT ACA A-A 53.5 3.3 0.095 3.5 60.6 0.30 7.5 4.0
TAG TTG TCA CGT ACA C-C 49.0 11.2 0.05 22 52.2 1.2 1.7 71
TAG TTG TTA CGT ACA C-T 51.0 9.9 0.11 9.0 53.6 1.0 2.4 42
TAG TTG TAA CGT ACA C-A 50.0 6.1 0.11 5.5 53.0 0.95 3.0 32
TAG TTG TGT CGT ACA T-T 58.5 1.3 0.86 0.15 60.0 0.40 10 4.0
TAG TTG TGC CGT ACA T-C 56.0 2.3 0.96 0.24 58.6 0.50 6.5 7.7
TAG TTG TGG CGT ACA T-G 58.5 1.3 1.1 0.12 63.0 0.25 9.6 2.6
TAG TTG TGAGGT ACA G-G 54.0 3.5 0.56 0.63 56.0 0.65 1.4 46
TAG TTG TGA TGT ACA G-T 60.5 0.76 1.0 0.76 61.0 0.40 13 3.1
TAG TTG TGAAGT ACA G-A 51.5 3.7 0.41 0.90 54.8 1.1 5.4 20

a In the RNA strands, thymine is substituted with uracil.b Typical error levels for thekd andka values are(15%.

Table 2: Effects of Mismatches (Indicated by Boldface Letters) on Melting Temperature (Tm), Dissociation (kd) and Association (ka) Rate
Constants, and (Calculated) Dissociation Equilibrium Constants (KD) for DNA•DNA Duplexes at 20°C

sequence (5′-3′) of
associating strand

mismatch
base pair

Tm
(°C)

kd
(×10-3 s-1)a

ka
(mM-1 s-1)a,b

KD

(×10-8 M)b

TAG TTG TGA CGT ACA none 53.5 0.29 12 2.5
TAG TTGCGA CGT ACA A-C 45.0 0.41 26 1.6
TAG TTGGGA CGT ACA A-G 49.5 0.28 22 1.3
TAG TTGAGA CGT ACA A-A 43.5 0.34 24 1.4
TAG TTG TCA CGT ACA C-C 37.0 0.91 23 3.9
TAG TTG TTA CGT ACA C-T 38.5 0.53 27 2.0
TAG TTG TAA CGT ACA C-A 38.5 0.60 13 4.7
TAG TTG TGT CGT ACA T-T 43.0 0.35 52 0.68
TAG TTG TGC CGT ACA T-C 42.5 0.48 42 1.2
TAG TTG TGG CGT ACA T-G 48.5 0.36 30 1.2
TAG TTG TGAGGT ACA G-G 43.0 0.45 56 0.80
TAG TTG TGA TGT ACA G-T 44.5 0.37 64 0.58
TAG TTG TGAAGT ACA G-A 40.5 0.58 84 0.70

a Typical error levels for thekd values are(15% and for theka values(25%. b Ambiguities, see text.

Table 3: Comparison of Melting Temperatures (Tm), Dissociation (kd) and Association (ka) Rate Constants, and Dissociation Equilibrium
Constants (KD) for the Fully Complementary Hybridsa

immobilized
strand type

associating
strand type

temp of
kinetic exp (°C)

Tm
(°C)

kd
(×10-3 s-1)

ka
(mM-1 s-1)

KD

(M)
KD*
(M)

PNA PNA-Lys 35 84.0 0.2 35 5.7× 10-9

PNA PNA 35 83.0 0.2 45 4.4× 10-9

PNA RNA 35 72.3 0.15 22 6.8× 10-9 2.6× 10-16

PNA DNA 35 68.5 0.41 1.2 3.5× 10-7 6.5× 10-14

DNA PNA 35 68.5 0.45 19 2.4× 10-7 6.5× 10-14

DNA DNA 20 53.5 0.29 12 2.5× 10-8 1.5× 10-14

a KD values are calculated from the kinetic parameters andKD* from Tm curves at 35 (PNA•PNA, PNA•RNA, and PNA•DNA) or 20 °C
(DNA•DNA).

PNA Hybridization Kinetics Biochemistry, Vol. 36, No. 16, 19975075



However, we note that the PNA system appears to follow
the trend of the corresponding DNA•DNA system. In
particular, in our system C•X mismatches seem to be more
destabilizing.
The DNA•DNA mismatch series was investigated at 20

°C instead of 35°C due to the lower thermal stability of
these duplexes (Table 2). Therefore, these results are not
directly comparable with those of the PNA systems. An
inverse correlation ofkd with Tm is found, while the
association rate constants did not show any significant
correlation with melting temperature (Figure 4c). This could
be due to the very fast association (>4 × 104 M-1 s-1) for
some of the mismatched DNA•DNA duplexes, which makes
the sensorgrams difficult to analyze because the time region
for association analysis then becomes very short and thus
results in large statistical variations in these experiments. It
is also possible that the DNA•DNA hybridization could be
more sensitive to the environment (dextran) of the surface
than the hybridization of DNA and RNA to the corresponding
immobilized PNA (see below). This variation in association
rate constant of course also affects the calculated equilibrium
constant, and for some mismatch duplexes, the apparentKD

values were even lower than for the fully complementary
duplex, which could hardly reflect reality and is at any rate
contrasting the measuredTm. No correlation (correlation
coefficient 0.51) in the logKD vs 1/Tm plot was apparent
(Figure 5c). In conclusion, the DNA•DNA kinetic results
(Table 2) should be treated with great caution and are at
any rate not essential for the main conclusions which concern
the PNA complexes.
With the fully complementary PNA•PNA duplexes, a

higher association rate and a lower dissociation rate were
found compared to the PNA•DNA and PNA•RNA duplexes
with the same sequences (Table 3). This finding agrees well
with the higherTm of the PNA•PNA complex.
Two experiments were made with the fully complementary

PNA•PNA duplex either with or without a lysine residue at
the C-terminal of the incoming strand. The association rate
constant was found to depend somewhat on the presence of
a lysine residue. It was determined to 35 mM-1 s-1 (lysine
in incoming strand) and 45 mM-1 s-1 (without lysine),
whereas the dissociation rate (2× 10-4 s-1) was found to
be independent of the lysine (Table 3). The PNA was
immobilized via biotinylation in the N-terminal, so the
associating strand should hybridize with the C-terminal near
the dextran. The slower association of the lysine-PNA
could indicate that the lysine moiety is interfering with the
dextran/streptavidin surface. This could be explained by the
positively charged side chain of lysine (at pH 7) first being
attracted to the negatively charged carboxylate groups of the
dextran, and thereafter finding an available PNA, in contrast
to the lysine-free PNA which could find an available PNA
directly.
An experiment was made to investigate the effect of which

strand is immobilized. For the fully complementary penta-
decamer PNA•DNA duplex, both of the two possible
hybridization experiments were made, i.e., with either PNA
or DNA as the immobilized strand. In both cases, the
dissociation rate constant was approximately 4.5× 10-4 s-1,
whereas the association rate constant decreased by 1 order
of magnitude in the case of PNA immobilization (from 1.9
× 104 M-1 s-1 to 1.2× 103 M-1 s-1) (Table 3). Since DNA
is negatively charged, it should be repelled by the carboxylate
groups of the dextran surface, thereby making DNA more

accessible for the incoming strand than PNA. PNA with its
less hydrophilic backbone could have some affinity for the
dextran, thereby complicating hybridization by making the
PNA less accessible for hybridization. However, the absence
of any detectable association at all to the streptavidin/dextran
layer, as observed for dummy PNAs without biotin, argues
against a significant PNA affinity for dextran. The variation
in association rate, dependent on which strand of the duplex
that is immobilized, makes it less meaningful to compare
the PNA•DNA and the DNA•DNA series. However, it is
appropriate to compare PNA•DNA and PNA•RNA for which
the same strand (PNA) is immobilized and for which the
incoming associating strands are of similar nature, thus
justifying the quantitive conclusions from Table 1.
Although the association rates are not as straightforward

to interpret as those of the dissociation rates, because the
association mechanism at the solution/surface interface could
be more complex than that of a simple association in solution,
the fact that the apparent association rate constant in all cases
decreases upon insertion of a mismatch indicates that it
reflects not only a bulk diffusion process but also some
rearrangement particular for the hybridization. This observa-
tion could indicate that the hybridization is not a simple two-
state process but involves at least one precursory or outer-
sphere complex, a hypothesis we intend to test by kinetic
and thermodynamic techniques under free solution condi-
tions.
The dependence on the specific environment of the strands

in the present surface measurement approach makes it
difficult to compare theKD results with bulk solution data,
as is apparent by comparingKD values from the BIAcore

FIGURE 5: Plot of log KD versus 1/Tm for the PNA•DNA (a),
PNA•RNA (b), and DNA•DNA (c) mismatch duplexes. Conditions
as in Figure 4. Correlation coefficients: 0.94, 0.85, and 0.51,
respectively.

5076 Biochemistry, Vol. 36, No. 16, 1997 Jensen et al.



with KD data obtained from melting curve analysis (Table
3). We earlier used eq 5 to estimate∆H° and∆S° for the
same fully complementary PNA•DNA, PNA•RNA, and
DNA•DNA duplexes (Egholmet al., 1993). Numerical
fitting of the thermodynamic parameters to the melting curves
gives similar magnitudes of the thermodynamic parameters.
In Table 3, correspondingKD values are calculated from these
parameters at 35 and 20°C. Obviously, theKD values from
the melting curves are 6-7 orders of magnitude lower than
those estimated here from the surface kinetic experiments.
A discrepancy betweenKD obtained from the melting curves
and isothermal titration calorimetric measurements is also
noted. For example, for a decamer PNA•DNA duplex,Tm
analysis gaveKD ) 4.7 × 10-11 M (Tomac et al., 1996)
while a calorimetrically determinedKD (at higher concentra-
tion) was 2.1× 10-8 M (Lagriffoule et al., 1997).
The three different methods (BIAcore,Tm analysis, calo-

rimetry) are subject to different types of errors that might
explain these variations. While the present kinetic analysis,
as concluded, refers to the specific conditions of having one
species attached to a surface, theTm and calorimetric methods
both apply to bulk solution conditions. However, the
obviously very high thermodynamic stability of the PNA-
nucleic acid complexes requires the use of correspondingly
very low concentrations in order to achieve significant
degrees of dissociation, at the same time as measuring
sensitivity puts a lower limit to concentration. In conclusion,
all KD values determined so far for PNA-nucleic acid
complexes must be considered most preliminary. We are
currently considering alternative, more sensitive detection
techniques for their determination in the limit of extremely
dilute bulk solution.

CONCLUSIONS

The introduction of a single mismatch at the center of
pentadecamer PNA•DNA and PNA•RNA duplexes gives rise
to changes in the association (hybridization) and dissociation
kinetics that can be conveniently assessed using the BIAcore
technique with a surface-immobilized (static) PNA oligomer.
The following conclusions can be made for the PNA•DNA
and PNA•RNA hybridizations:
(1) Overall decreased association and increased dissocia-

tion rate constants (KD
-1) correlate generally with decreased

melting temperatures (Tm).
(2) A higher thermal stability was generally found for

PNA•RNA duplexes compared to PNA•DNA duplexes.
(3) The observation that also the effective association

constants are affected by the choice of nucleobase sequence
indicates that the rate-limiting step involves more than a bulk
diffusion process.
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