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ABSTRACT: Locked nucleic acids (LNA), conformationally restricted nucleotide analogues, are known to
enhance pairing stability and selectivity toward complementary strands.With the aim to contribute to a better
understanding of the origin of these effects, the structure, thermal stability, hybridization thermodynamics,
and base-pair dynamics of a full-LNA:DNA heteroduplex and of its isosequential DNA:DNA homoduplex
were monitored and compared. CD measurements highlight differences in the duplex structures: the
homoduplex and heteroduplex present B-type and A-type helical conformations, respectively. The pairing
of the hybrid duplex is characterized, at all temperatures monitored (between 15 and 37 �C), by a larger
stability constant but a less favorable enthalpic term. A major contribution to this thermodynamic profile
emanates from the presence of a hairpin structure in the LNA single strand which contributes favorably to the
entropy of interaction but leads to an enthalpy penalty upon duplex formation. The base-pair opening
dynamics of both systems was monitored by NMR spectroscopy via imino protons exchange measurements.
The measurements highlight that hybrid G-C base-pairs present a longer base-pair lifetime and higher
stability than natural G-C base-pairs, but that an LNA substitution in an A-T base-pair does not have a
favorable effect on the stability. The thermodynamic and dynamic data confirm a more favorable stacking of
the bases in the hybrid duplex. This study emphasizes the complementarities between dynamic and
thermodynamical studies for the elucidation of the relevant factors in binding events.

Locked nucleic acids (LNA),1 conformationally restricted
nucleotide analogues, constitute an important addition to the
tools available for nucleic acid diagnostics and nucleic acid
therapeutics. LNA monomers contain a modified ribose moiety
in which the 20O and 40C are linked by a methylene bridge (20-
O,40-C-methylene-β-D-ribofuranosyl), locking the sugar in the
C30-endo/N-type conformation (1-3). LNA resemble natural
nucleic acids with respect toWatson-Crick base pairing and the
potential of LNA containing oligonucleotides lies in their ability
to mediate high affinity pairing with complementary RNA or
DNA strands, with equal or often superior sequence specificity
than their natural equivalent (4-7). Various applications and
uses of LNA containing oligonucleotides have been reported and
discussed in the literature. It has for example been shown that
LNA containing oligonucleotides possess a gene silencing
potential (7-9), that they are potential antisense
drugs (10-12), and that they can be advantageously be used as
probes in hybridization-based assays such as expressionprofiling,

DNA sequencing, and SNP genotyping (7, 13-19). It has
furthermore been shown that the introduction of LNA mono-
mers into DNA oligonucleotides ensures substantial serum
stability, with low toxicity, which is a prerequisite for any
potential therapeutic use (20).

Numerous structural and thermodynamic studies have been
undertaken on LNA containing duplexes in order to try to
elucidate the factors at the origin of the observed increased
pairing selectivity and thermal stability. When LNA are incor-
porated intoDNAorRNA:DNAduplexes theymaintain a right-
handed helix conformation with all the bases in the anti
conformation. NMR studies however highlight that the incor-
poration of LNA monomers into DNA duplexes induces the
local acquisition of A-type helix characteristics (21-26), with an
increased N-type contribution to the sugar conformation of the
DNA base-pairs adjacent to the incorporated LNA(23). The
incorporation of LNA nucleotides into the DNA strand of a
DNA:RNA hybrid duplex also leads to an increase in the
deoxyribose N-type conformation (22, 26). When a full LNA
strand is opposed to its cDNA strand the deoxyribose pucker
pattern is similar to the one observed in RNA:DNA (24). These
experimentally observed changes have been reproduced by
Molecular Dynamic simulations (27, 28).

The stability of LNA-containing duplexes is generally evalu-
ated via thermal denaturation experiments. The observed increase
in the melting temperatures (Tm) of LNA containing duplexes
relative to their native reference duplexes, range between þ1 and
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þ8 �C per LNAmonomer introduced into a DNA strand paired
to its complementaryDNA strand (1, 20, 29-35) and betweenþ2
and þ9 �C when paired to its complementary RNA strand
(1, 29-31, 36). The observed range of ΔTm for each LNA
nucleotide is however sequence dependent with both 50 and 30

unmodified neighbors influencing stability. The increase in Tm

saturates for an approximate LNA content of 50% (4, 31). This
has been interpreted as a consequence of the ability of LNA
monomers to induce A-type characteristics, an effect which
reaches a maximum when 50% of the nucleotides are modi-
fied (21, 23). The enthalpic (ΔH�) and entropic (ΔS�) contribu-
tions to the free energy (ΔG�) characterizing the stability of LNA
containing duplexes have in a few cases been extracted from the
thermal denaturation data (2, 29, 34-38). A more efficient
stacking of the bases in LNA containing duplexes, resulting from
the induced A-type helical conformation, is evoked for the origin
of a more favorable enthalpic term (2, 34-36, 39). A more
favorable entropic term is explained by the restriction of ribose
flexibility and also by a favorable preorganization of the LNA
containing single strands (2, 34, 39). The influence of LNA on the
stability of 20-O-methyl RNA/RNA duplexes has also been
studied (39, 40), and there too enhanced stacking interactions
and helical preorganization of the single-stranded oligonucleo-
tides are reported as contributing to the stabilization of the
duplexes.

When thermodynamic parameters are derived from the ana-
lysis of denaturation curves, they are obtained atTm.AsΔH� and
ΔS� can be strongly temperature dependent a comparison
between duplexes is truly meaningful only if these quantities
are extrapolated to a common temperature. This requires the
knowledge of the ΔCp of the systems, the difference between the
molar heat capacity of the duplex and of the single strands
parameter which can in principle be derived from DSC and UV
data but rarely with good precision (41-43). A more precise and
complete thermodynamic characterization of duplex formation
can be obtained by isothermal titration calorimetry (ITC) which
is able to provide, at any given temperature, the complete
thermodynamic profile of a complexation process (ΔG�, ΔH�,
and ΔS�). By performing experiments at different temperatures,
it is also possible to obtain ΔCp with good precision. To our
knowledge, few studies reported in the literature take advantage
of this technique to characterize the complexation between
oligonucleotides (43-48), and only one reports data pertaining
to the pairing of LNA/DNA strands to their complementary
RNA strand (36).

With the aim to contribute to the understanding of the
physicochemical principles underlying the remarkable properties
of LNA, we used ITC to study the pairing thermodynamics
of an 11 base-pair synthetic full-LNA:DNA duplex and of its

50-CGCACACACGC-30 DNA 50-CGCACACACGC-30 LNA
30-GCGTGTGTGCG-50 DNA 30-GCGTGTGTGCG-50 DNA

isosequential DNA:DNA duplex. The thermal stability of the
twosystems was also monitored, for comparison reasons, by UV
absorption spectroscopy and by DSC. The oligonucleotide was
chosen as it has already been the subject of many structural
studies. The natural duplex is known to form a full B-DNA type
turn (49). Its sequence and length are furthermore particularly
well adapted to physicochemical studies, including NMR stu-
dies (49, 50).As LNA containing oligonucleotides have potential
in various applications where base-pair opening is of utmost
importance, we also investigated the effect of LNA on base-pair

opening dynamics by comparing, via NMR experiments, the
exchange times of the imino protons of the hybrid duplex with
those of the natural duplex. Proton exchange studies have been
reported for different DNA duplex conformations (51-55),
drug-DNA complexes (56), tRNA (57) and RNA duplexes (55,
58), but to our knowledge no data pertaining to the base-pair
dynamics of LNA containing oligonucleotides have been re-
ported in the literature.

MATERIALS AND METHODS

Preparation of Samples. The two DNA strands and the
LNA strand were purchased in the sodium salt form from
Eurogentec (Belgium). The cytosines in the LNA strand are all
methylated (5-Me-C-LNA). All batches were dialyzed pre-
vious to any use against a large volume of milli-Q H2O with a
MW cutoff of 1 kDa. Pairing of the strands was achieved by
heating a solution containing an equal number of moles of
each strand to 95 �C for 10min and then letting the system cool
slowly. The obtained duplex was dialyzed against a large
volume of milli-Q H2O with a MW cutoff of 3.5 kDa and
lyophilized before dilution in the desired buffer. The oligonu-
cleotide concentrations were determined spectrophotometri-
cally by measuring the absorbance at room temperature at 260
nm and using ε=99 600 M-1 cm-1 for the strand 50-CGCA-
CACACGC-30 called strand A, ε=101 300 M-1 cm-1 for the
strand 50-GCGTGTGTGCG-30 called strand T and ε =
168 200 M-1 cm-1 for the duplexes. The ε value of the
DNA:DNA duplex was previously determined in our labora-
tory (details given in ref 59). The ε values for the single
strands were obtained using the nearest neighbor model and
its published parameters for DNA at room temperature (60).
The coefficients used for the LNA single strand and the
hybrid duplex were the same as those used for the homologous
DNA systems. The change with temperature (between 5� and
60 �C) of the ε values of the single strands at 260 nm was
less than 2%.

ApH=7, 10mMsodiumphosphate bufferwith 100mMNaCl
and 0.1 mMEDTA, was used for the thermal denaturation (UV,
DSC, NMR), CD and ITC experiments.

UV Melting experiments were carried out with a Perkin-
Elmer lambda-40 spectrophotometer equipped with a PTP-1
DNA melting kit. Absorbance vs temperature curves were
measured using a heating rate of 1 K/min. The temperature
was measured directly in the sample using a thermocouple
adapted to the cell cap. The absorbance was measured,
depending on sample concentration, at either 260 or 290
nm and using either a 10 mm or a 2 mm path length.
Concentrations ranged between 1 μM and 100 μM for the
duplexes and between 5 μM and 20 μM for the single strands.
The Tm and ΔH�(Tm) were derived from the denaturation
curves using the well described “two-state” model (50, 61)
where the absorbance is expressed as a function of R, the
fraction of strands in the single strand form, Ads, the
absorbance of the solution containing only the duplex and
Ass, the absorbance of the solution containing only single
strand oligonucleotides (eq 1):

Aobs ¼ ð1-RÞAdsþRAss ð1Þ
An expression for R can be extracted from eq 2 (where Co is
the total concentration of each strand) and inserted into eq 1
which can then be fitted to the experimental melting curve
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treating ΔH�, Tm, and the parameters describing the linear
variation of Ads and Ass with temperature as variable para-
meters.
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At least five runs were performed for each sample and
reported errors correspond to the 95% confidence interval.

DSC experimentswere carried out using a scan rate of 1K/min
with a Calorimetric Science Corporation nanoDSC-II differen-
tial adiabatic scanning microcalorimeter equipped with 0.3268
mL cells. Integration of the area between the Cp versus T curve
and the baseline, constructed using the two-state model, yields
the transition enthalpy (4H�(Tm)) and Tm is the temperature
which divides this area in two. All data were processed using the
standard CSC software. Concentrations ranged between 25 and
100 μM for the duplexes and experiments were run on the single
strands at a concentration of approximately 200 μM.At least five
runs were performed for each sample, and reported errors
correspond to the 95% confidence interval.

ITC experiments were performed on an ITC-4200 from
Calorimetric Science Corporation. Aliquots of 5 μL of a solution
of one of the strands of a known precise concentration (in the
250 μM range) were injected into the 1.3 mL titration cell
containing the solution of the complementary strand (in the
10 μM range). Twenty injections were typically performed for
each set of experimental conditions at intervals of 600 s to ensure
the return to equilibrium. Blank experiments were performed in
order to take ligand dilution heat into consideration (heat
removed before analyzing the titration data). Fitting of a 1:1
binding model to the experimental data was undertaken with
program developed in-house, using a simplex algorithm to
minimize a cost function which takes into account the errors
on (i) the heat exchanges after each injection (at least three
individual baselines were constructed in order to estimate an
error on the individual Qi) and on (ii) the concentrations
in the cell (linked to errors on ε and on the volume of injection).
The heat of the first injection was systematically removed for
analysis.

CD spectra were recorded at room temperature for both
duplexes at a concentration of 140 and 75 μM for the LNA:
DNA andDNA:DNA duplexes, respectively, on a JASCO J-710
CD spectrometer with a 0.02 cm cell. Each CD spectrum was the
accumulation of eight scans recorded at 50 nm/min with a 1 nm
slit and a time constant of 0.5 s for a nominal resolution of
0.5 nm. Data were collected from 200 to 320 nm.

One dimensional 1H NMR experiments were acquired, at
different temperatures, on a Varian Unity - 600 MHz spectro-
meter using the jump-return pulse sequence with a delay which
maximizes the imino proton intensities (50 μs) (62). Spectra were
recorded with a minimum of 512 transients, an acquisition time
of 2 s, a recycle delay of 2 s, a spectral width of 12000 Hz, and a
digital resolution of at least 0.5 Hz/pt. The FIDs were weighted
by a 2 Hz exponential multiplication prior to Fourier transfor-
mation. Concentrations of the single strands and of the duplexes
were approximately 200 μM.

The assignment of the signals of the DNA:DNA duplex has
been previously reported (49) and the assignment of the DNA:
LNA imino protons was achieved by 2D NOESY spectra
collected with mixing times ranging from 100 to 300 ms.

Imino proton exchange experiments were performed at 20 and
15 �C using NH3 as proton acceptor. The formalism of catalyzed
imino proton exchange is described in the literature (63). Imino
protons exchange with water from the transiently open state via
an acid-base reaction catalyzed by proton acceptors. The proton
acceptor contribution to the exchange time is given by

τex;cat ¼ τclþ 1þ10pKðnuÞ-pKðaccÞ

RkcollKd½acc� ð3Þ

where τcl is the base-pair lifetime, Kd is the base-pair dissociation
constant (τop/τcl), kcoll is the collision rate (considered here to be
equal 109 s-1) (63), pK(nu) is the pK of the monitored nucleotide
imino proton (9.3 for G and 10.3 for T) (54), pK(acc) is the pK of
the proton acceptor, (pK(NH3)=9.3), [acc] is the proton acceptor
concentration and R is the accessibility factor of the proton
acceptor for the imino protons in the open state (considered equal
to 1 when NH3 is used as proton acceptor) (63). The exchange
contribution of the catalyst, τex,cat, was determined from the
exchange times measured in the presence (τex) and in the absence
(τex,0) of ammonia:

τex;cat ¼ 1

τex
-

1

τex;0

 !-1

ð4Þ

The plot of τex,cat versus the inverse of catalyst concentration
yields τcl and the dissociation constant.

Samples of lyophilized duplex were dissolved at a concentra-
tion in the 500 μM range in a 90% H2O/10% D2O solution
containing 1 mM EDTA. The pH was adjusted to 8.9 using
concentrated solutions of NaOH and HCl. Aliquots of 6.5 M
NH4Cl were added to the initial solution to increase the catalyst
concentration and the pH readjusted to 8.9 after each addition.

Exchange times were determined by magnetization transfer
from water (63). Water magnetization was inverted using a
DANTE sequence of six 30� hard pulses separated by 100 μs
intervals. The residual transverse component was destroyed by a Z
gradient (23 G/cm) applied after the DANTE sequence (500 μs)
and a Z-gradient (0.01 G/cm) was also applied during the
magnetization transfer delay (δ) to reduce radiation damping.
The signal was detected using an echo water suppression subse-
quence with a 50 μs delay which maximizes the imino proton
intensities (64). A 300 μs gradient was applied before recording the
FID (15G/cm).A recovery delay of 15 swas used in order to allow
full relaxation of the water magnetization. The imino proton
exchange times at different catalyst concentrations were obtained
using a minimum of 23 time increments. The delay never exceeded
150 ms in order to avoid unwanted cross-relaxation effects. The
longitudinal relaxation times of water (R1,w) and of the imino
protons (R1,i) were determined with separate inversion-recovery
experiments using a minimum of 11 time increments.

RESULTS AND DISCUSSION

Stability of the Duplexes. The thermal denaturation of
the 11 base-pair DNA:DNA duplex was monitored by
UV-spectroscopy and by DSC for duplex concentrations
ranging between 1 μM and 100 μM. The Tm of the LNA:
DNA duplex was too high, even at 1 μM, to be determined by
UV-spectroscopy. It could however be estimated by DSC as it
is possible to heat the sample to temperatures slightly above
100 �C in a DSC cell (pressurized at 3 atm). The Tm values
obtained for the natural and hybrid duplexes at similar
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concentrations are reported in Table 1 and DSC thermograms
are shown in Figure 1. The Tm of the LNA:DNA duplex are
approximately 35 �C higher than those of the DNA:DNA
duplex. These results are comparable to results reported in the
literature for LNA:DNA duplexes studied under similar
experimental conditions (2, 10, 24, 32, 33, 65).

The thermodynamic parameters pertaining to the pairing of
the strands of the DNA:DNA and LNA:DNA duplexes were
obtained by isothermal titration calorimetry (ITC) at tempera-
tures between 15 and 37 �C. Figure 2 shows ITC data acquired at
37 �C for the titration of DNA strand A or LNA strand A into
the cell containing the DNA strand T (for all ITC results see
Supporting Information). The heats of dilution of the single
strands were taken into consideration when analyzing the data.
Theywere found to be constant throughout the blank experiment
and furthermore identical to the heat generated by the last
injections in the pairing experiments. This indicates that there
is no change in the aggregation states of the single strands. The
parametric adjustment of the 1:1 binding model to the experi-
mental data converges toward a larger value for the affinity
constant for the LNA:DNAduplex, but as theseKa are very large
and cannot be determined with precision, the data should only be
considered qualitatively. Figure 3 shows the ITCdeterminedΔH�
for both systems as a function of temperature. The ΔH�(Tm) of

the DNA:DNA duplex extracted from the UV andDSC data are
also shown for comparison. At all temperatures, ΔH� is less
favorable for the formation of the LNA:DNA duplex than for
that of theDNA:DNAduplex. As theLNA:DNAduplex ismore
stable than the DNA:DNA duplex, the entropic contribution
(TΔS�) to duplex formation must consequently be less unfavor-
able for the LNA:DNA duplex.

The 1HNMR spectra of the LNA single strand highlights that
this strand adopts some structure at temperatures below 35 �C
(see Supporting Information). Two imino proton signals are
observed in the zone corresponding to the presence of H-bonds
between correctlymatched base-pairs. They are observed for high
(200 μM) and low concentration (20 μM) solutions suggesting the
presence of a monomolecular structure. The thermal monitoring
of the LNA by UV highlights a melting transition with a Tm of
20 �C (concentrations between 5 and 20 μM) and characterized
by a ΔH�(Tm) of -160 ( 40 kJ/mol (see Supporting
Information). The denaturing of both DNA single strands did
not exhibit a UV transition, and none of the strands exhibited a
transition in the DSC scans.

The contribution of single strand order to the thermodynamics
of duplex formation has been discussed in the literature (44, 48,
66, 67) where it has clearly been shown that the initial state of the
single strands can make an important contribution to the
thermodynamic profile of duplex formation. The presence of
structure in the LNA single strand will lead to a lower entropic
penalty upon the formation of the hybrid duplex at lower
temperatures, such as those monitored by ITC. This entropic
gain will not be present at higher temperatures, such as those
monitored by thermal denaturing experiments, as the single
strand is no longer structured. The fact that the sugar moieties
in the LNA single strand are blocked in a particular conforma-
tion will of course contribute, at all temperatures, to a difference
in the ΔS� of interaction of the two duplexes.

As the structuring of the LNA single strand is not a favorable
helical preorganization, the disruption of the intrastrand hydro-
gen bonds will contribute in an unfavorable way to enthalpy of
formation of the hybrid duplex at lower temperatures. At
temperatures close to the Tm of the LNA single strand (293 K),
the ΔH� characterizing duplex formation is ∼70 kJ/mol
less favorable for the hybrid duplex compared to the natural
one. If the ΔH� of the LNA single strand is taken into account
(∼160 kJ/mol), it is clear that at these temperatures, the enthalpy
that characterizes the interaction between the two strands in the
hybrid duplex is significantly more favorable than the one
characterizing the interaction between the two DNA strands in
the natural duplex. This clearly suggests that, as previously
mentioned (35, 36), enhanced stacking interactions exist in
LNA containing duplexes due to their more A-type helical
structure. CD spectra of the DNA:DNA and LNA:DNA duplex
clearly highlight that the former adopts a B-type helical structure
(one positive (∼280 nm) and two negative, (∼250 and∼210 nm)
peaks of approximately same intensity), while the latter adopts a
RNA A-type helical structure (a maximum around 260 nm, a
small negative peak around 240 nm, an intense negative peak
around 210 nm and a slightly negative CD between 280 and 310
nm) (68). It is also possible that the methyl groups present on the
LNA cytosines lead to more favorable London interaction in the
hybrid duplex (69).

Analysis of the ITC data clearly shows that the ΔH� of both
duplexes are temperature dependent. The slopes of the linear
regressions performed on the ITC data (lines shown in Figure 3)

Table 1: Tm Derived from UV and DSC Thermal Denaturation Experi-

ments for Different Concentrations of the DNA:DNA and LNA:DNA

Duplexesa

Tm (�C)

[db] (μM) DNA:DNA LNA:DNA

100 68 ( 1 102 ( 2

50 64 ( 2 99 ( 2

25 62 ( 1 97 ( 2

1 54 ( 1

aFor the DNA:DNA duplex the value correspond to the mean of the
UV and DSC experiments while for LNA only DSC gave appropriate
results.

FIGURE 1: DSC thermograms (molar heat capacity) of the DNA:
DNA and LNA:DNA duplexes at two different concentrations.
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yield ΔCp values of -3.7 ( 0.3 kJ mol-1 K-1 and -6.3 ( 0.6 kJ
mol-1 K-1 for the DNA:DNA and LNA:DNA duplexes,
respectively. These values are obtained with a much greater
accuracy and precision than the ones that can be derived from
thermal denaturation studies. It is indeed impossible to estimate a
ΔCp with good precision from the concentration dependence of
the ΔH�(Tm) determined by UV and DSC, not only because the
temperature range is usually extremely narrow but also because
of the scatter and large experimental errors associated with ΔH�
values derived from denaturation curves. Regarding the possibi-
lity of determining ΔCp(Tm) by measuring the difference, at Tm,
between the pre- and post-transitional baselines of a DSC
thermogram, it is known that ΔCp determined in this way are
highly dependent on the choice of baselines- small perturbations
in the regions assigned to the baseline can produce large changes
in the ΔCp (41-43).

No data on ΔCp of LNA containing oligonucleotides have to
our knowledge been reported in the literature. ITC derived
values for various long DNA and RNA polynucleotides seem to
indicate that their ΔCp are essentially independent of sequence
and of the nature of the nucleotide (DNA or RNA). An average
value of 268 ( 33 J mol-1 K-1 per base-pair has been
reported (41). The ITC determined ΔCp reported for shorter
systems exhibit some variation with sequence and length
(45-48, 70) with values for DNA:DNA and RNA:DNA
duplexes, ranging between -1.42 kJ mol-1 K-1 (47) and
-5.43 kJ mol-1 K-1 (48). Differences are observed in the ΔCp

of homologous DNA:DNA and RNA:DNA duplexes but with
no systematic deviation (47, 70). The value determined in this
study for the DNA:DNA duplex falls in the range of the ones
reported in the literature for duplexes of similar length, while the
value determined for the LNA:DNA duplex is somewhat higher.

FIGURE 2: ITC titration profiles (upper panels) at 37 �C and enthalpies (lower panels) for the formation of the (A) DNA:DNA duplex and
(B) LNA:DNAduplex. Blank experiments were run for all experiments to remove heats of dilution. The solid lines in the lower panels correspond
to a 1:1 binding fit. The first data point was omitted from the fitting procedure. Concentration of DNA strand T in the cell was 10 μM for both
titrations and the concentrations of ligand in the syringe were 200 and 230 μM for the DNA and LNA experiments, respectively.
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An explanation for the molecular origin of the large negative
ΔCp of duplex formation is temperature-dependent changes in
the thermodynamic state of the single strands (42, 43, 46, 48). The
larger ΔCp observed for the LNA:DNA duplex is most certainly
the consequence of the fact that the LNA single strand adopts
some structure at temperatures below 35 �C. In the higher
temperature range sampled by thermal scanning methods, single
strands are always essentially random coil and theΔCpmeasured
via these methods will consequently not be influenced by an
eventual coupled temperature-dependent equilibrium related to
the single strands. The line drawn through the ITC determined
ΔH� values reported in Figure 3 and whose slope yields the ΔCp

value can consequently not be extrapolated to higher tempera-
tures. It can be expected that at higher temperatures the

difference in the ΔCp of the hybrid and natural duplex will
essentially disappear.
Base-Pair OpeningDynamics. The imino proton region in

the 1H NMR spectra of the DNA:DNA and LNA:DNA
duplexes are shown in Figure 4 as a function of temperature
with assignments indicated in the lowest temperature spectra.
The signal intensities of the imino protons of both duplexes
decrease with temperature as a consequence of their exchange
with water protons. Exchange takes place when the hydrogen
bond in which the imino proton is implicated is broken and
when the lifetime of the open state is sufficient for proton
transfer to occur (51). The exchange process, characterized by
the rate constant kex, is consequently a function of the base-
pair lifetime (τcl), the lifetime of the open state (τop), and the
rate of transfer of the imino proton from the nucleoside to the
proton acceptor (ktr). These lifetimes and rate constants are
temperature dependent and are furthermore different for each
imino proton which explains why the different signals in the 1H
spectrum do not all disappear at the same temperature (51,
71-73).

In both duplexes the first signals to disappear are those
which correspond to the terminal guanines (G12 and G22) and
the signals of the guanines next to the terminal ones (G2 and
G10) are the next to disappear. These data clearly indicate that
fraying of the two last base-pairs occurs in both systems. The
signals of all other imino protons disappear between 60 and
70 �C in the homoduplex, but not all have disappeared at 85 �C
in the heteroduplex. As the LNA:DNA duplex exhibits the
higher Tm, this is not surprising. It is however difficult to try
and relate these disappearance temperatures to the Tm, which
characterizes the duplex as a whole and not at the individual
base-pair level.

The imino proton exchange process at the level of an individual
base-pair can be described using a two-state (open/closed) model
where the imino protons are protected within the closed pair but
can exchange from the transiently open pair, via an acid-base
reaction catalyzed by proton acceptors (63). The formalism of
catalyzed imino proton exchange from a base-pair has been
extensively described in the literature and the two state model
validated (54, 63). The base-pair lifetime (τcl) is equal to the imino
proton exchange time if exchange occurs at each opening event,
that is, in the presence of high proton acceptor concentrations.

FIGURE 3: Enthalpies of formation (ΔH�) for the DNA:DNA (open
circles) and the LNA:DNA (filled circles) duplexes as a function of
temperature.The dataobtainedbyUVandDSCare highlighted.The
lines represent the linear weighted least-squares fits to the DNA:
DNA(dashed line) andLNA:DNA(solid line) ITCdata.Thederived
ΔCp are 3.7 ( 0.3 kJ mol-1 K-1 and 6.3 ( 0.6 kJ mol-1 K-1 for the
DNA:DNA and LNA:DNA duplexes, respectively.

FIGURE 4: Imino signals of the (a)DNA:DNAand (b) LNA:DNAduplexes as a function of temperature. Peaks assignments are indicated on the
spectra recorded at 5 �C.
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When the proton acceptor concentration is limiting, the imino
proton transfer rate is function of the apparent base-pair
dissociation constant, Kd, which is the ratio of the lifetimes of
the open and closed states of the base-pair (τop/τcl). The plot of
the proton acceptor contribution to the imino proton exchange
time, τex,cat, versus the inverse of the acceptor concentration is,
according to the model, a straight line whose extrapolation to
infinite catalyst concentration yields the base-pair lifetime;Kd can
be derived from the slope (see the Materials and Methods
section) (51, 58, 63).

In order to extract information on the opening dynamics of a
base-pair, it is necessary to integrate the signal of the imino proton
which is involved in the hydrogen bond between the two com-
plementary bases. The imino signals which are well resolved in
both the DNA:DNA and in the LNA:DNAduplex are the signals
of T17, G14, and G20, and these three imino protons were
monitored in both systems at 15 and 25 �C. Figure 5 shows the
imino proton region at 25 �C of both duplexes in the absence and

in the presence of 10mMof the proton acceptor, NH3. The signals
broaden considerably as the catalyst concentration increases.

The proton acceptor contribution, τex,cat, to the imino ex-
change times are shown in Figure 6 as a function of the inverse of
the proton acceptor concentration. The data were fitted with a
least-squares parametric adjustment to a straight line (see eq 1).
The τcl and Kd obtained for each base are given in Table 2. The
T17 imino signal broadens in both systems very quickly upon
catalyst addition and τcl could consequently not be obtained with
acceptable precision. The τex,cat determined for the highest
catalyst concentration is considered as an upper limit, but not
as a good estimate, for τcl.

Even if the τcl of the A-T pair could not be obtained with good
precision, it is clear from the comparison of the τex,cat values
(Figure 6) that in both systems the lifetime of the A-T pair is
smaller than those of the G-C pairs, which is not surprising
considering the more extensive hydrogen bonding of G-C base-
pairs. It has been reported that in DNA:DNA duplexes, G-C
base-pair lifetimes range between 5 and 50 ms and that those of
A-T base-pairs range between 0.5 to 7 ms (74). The τcl of the two
G-C pairs in the DNA:DNA duplex fall in the upper range of
those reported in the literature and are smaller at 25 �C than at
15 �C. The τcl of the two G-C pairs in the LNA:DNA hybrid
duplex are larger than those of the corresponding pair in the
DNA:DNAduplex and are only slightly affected by the change in
temperature.

FIGURE 5: Imino signals of the (a) DNA:DNA and (b) LNA:DNA
duplexes at 25 �C in the absence (lower spectra) and in the presence of
approximately 10 mMNH3 (upper spectra).

Table 2: Base-Pair Dissociation Constant, Kd, and Base-Pair Lifetime, τcl,
of theG20,G14, andT17 Imino Protons in theDNA:DNAandLNA:DNA

Duplexes at 25 �C and 15 �C

G20 G14 T17

Kd (10
-6) τcl (ms) Kd (10

-6) τcl (ms) Kd (10
-6) τcl (ms)a

DNA:DNA

25 �C 2.42( 0.15 7( 9 2.13( 0.02 15( 12 91( 11 (<27)

15 �C 0.63( 0.02 41( 12 0.61( 0.02 71( 16 35( 3 (<14)

LNA:DNA

25 �C 0.68 ( 0.03 35( 25 0.65( 0.05 70( 34 185( 21 (<8)

15 �C 0.32( 0.15 31( 27 0.79( 0.15 83( 24 31( 3 (<4)

aFor the T17 base-pair, τcl could not be obtained from the adjustment of
eq 1 to the experimental data points and the upper limit of τcl which is
indicated corresponds to the τex,cat at the highest concentration in catalyst
for which the signal could still be integrated.

FIGURE 6: Proton acceptor contribution at 25 �C (circles) and 15 �C (triangles) for the (a) G20, (b) G14, and (c) T17 imino exchange times as a
function of the inverse of the proton acceptor concentration. Filled symbols and full lines relate to the LNA:DNAduplex and open symbols and
dashed lines relate to the DNA:DNA duplex. Lines correspond to a least-squares linear adjustment of eq 3 to the experimental data points.
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Base-pair lifetimes, like all kinetic parameters, do not directly
provide structural information but are sensitive to local structure.
The studyof a series of homologousRNAandDNAduplexes (54)
highlights that the lifetimes of r(G-C) pairs in the A-type helices
tend to be longer than those of the equivalent d(G-C) pairs in the
B-type helices. The values obtained in this study highlight that
similar structural considerations could be valid as the G-C base-
pairs have a longer lifetime at 25 �C in the A-type hybrid duplex.
At 15 �C, considering the large uncertainties on these values, it is
unfortunately difficult to conclude anything.

Regarding the dissociation constants, the Kd of the A-T base-
pair is, in both systems and at both temperatures, more than an
order of magnitude larger than theKd of theG-C base-pairs. This
is consistent with data reported in the literature which highlights
that the G-C dissociation constants in DNA:DNA duplexes are
on the order of 10-6 andwhile those ofA-T base-pairs are at least
1 order of magnitude larger (58). The substitution of cytosine
DNA nucleotides by their corresponding LNA equivalent in-
creases the stability (in other words, decreasesKd) of both the C9-
G14 and C3-G20 base-pairs at 25 �C. The effect is less
pronounced at 15 �C which is a consequence of the weaker
temperature dependence of the Kd values of the more stable
LNA:DNA pairs than of the DNA:DNA pairs. Values obtained
for the Kd of the C7-G16 (0.28 ( 0.02 10-6 at 15 �C and 0.38 (
0.02 10-6 at 25 �C) and C5-G18 (0.29 ( 0.02 10-6 at 15 �C and
0.35( 0.02 10-6 at 25 �C) base-pairs in the hybrid duplex display
the same relatively weak influence of temperature. They present a
slightly higher stability compared to the C9-G14 and C3-G20
base-pairswhich could be due to theirmore central position in the
sequence. Unfortunately, no comparisons can be made with the
equivalent protons in the DNA:DNA duplex as their NMR
signals are not resolved . Concerning the Kd of the A6-T17 base-
pair, the substitution of the adenine DNA nucleotide by its LNA
equivalent has almost no effect on the dissociation constant at
15 �C and a destabilizing one at 25 �C. In this case, the
temperature has a strong influence on Kd in both systems.

The study of the base-pair opening dynamics of homologous
RNA andDNA duplexes (54) has shown that r(G-C) dissociation
constants are smaller than d(G-C) dissociations constants while
r(A-U) and d(A-T) pairs exhibit comparable stabilities. These
results also highlight that structural features strongly influence
base-pair dynamics. TheKd values obtained at 15 �C for the LNA:
DNAduplex are similar to the values obtained for RNAduplexes.
Our results are furthermore coherent with the results reported by
McTigue et al.(34), who studied the effect of the incorporation of a
single LNA nucleotide on the stability of a DNA duplex, and
confirmed by those of You et al. (75). They conclude that, even if
there is an important nearest neighbor dependence for each LNA
base, LNA pyrimidines contribute more to stability than purines.
The largest stabilizing effect is observed for the incorporation of a
LNA cytosine and the smallest for an adenine, which is also
observed in this study at the level of individual base-pairs. Base-
pairs lifetimes have been correlated to the difficulty of breaking
Watson-Crick hydrogen bonds and local stacking interac-
tions (76). The increased lifetime for G-C base-pairs in LNA:
DNA heteroduplex correlates well with the thermodynamic data
reported for the LNA:DNA duplex.
In Summary. We have monitored the stability and base-pair

dynamics of two isosequential duplexes, one composed of two
DNA strands the other of a full-LNAand aDNA strand. Aswell
documented in the literature, the substitution of DNA nucleo-
tides by LNA nucleotides increases the thermal stability of the

duplex and induces an A-type helical conformation. Using ITC
we were able to highlight that the entropic term of duplex
formation is less unfavorable for the heteroduplex than for the
homoduplex. The locking of the sugar in the LNA nucleotides of
course contributes to this ΔΔS�, but the presence of a hairpin
structure in the LNA single strand, highlighted byNMR andUV
measurements, is also favorable from this point of view. The
presence of this structure has however an unfavorable effect on
the enthalpy of duplex formation as intrastrandH-bondsmust be
broken upon duplex formation. Taking this contribution into
consideration, it is possible to show that the enthalpy of forma-
tion of the heteroduplex from unstructured single strands would
be more favorable than the enthalpy of formation of the
homoduplex. This suggests a more efficient stacking of the bases
in the LNA containing duplex. The single strand structure will
also partially explain the largeΔCp associated with the formation
of the hybrid duplex.

The determination by NMR magnetization transfer experi-
ments of individual base-pair dissociation constants provides
complementary information pertaining to the stability of the
duplexes at the level of the individual base-pairs. The substitution
of a cytosine by its LNA equivalent decreases the dissociation
constant of the G-C base-pair and increases its lifetime, while an
LNA substitution in an A-T base-pair does not seem to have a
favorable effect on its stability. A decrease in temperature does
not have an as important effect on the stability of a C-G base-pair
in the LNA:DNA duplex than in the DNA:DNA duplex. This
could be related to the fact that LNA nucleotides have less
conformational freedom, making them less sensitive to a change
in temperature. A more complete picture of base-pair dynamics
of LNA containing oligonucleotides could be helpful in the
design of displacement probes and primers used in hybridiza-
tion-based assay, where it is likely that polymerase activity is
dependent on the base-pair opening dynamics. The results of the
base-pair dynamic experiments confirm the hypothesis, reflected
by the more favorable ΔH� for the formation of the LNA:DNA
duplex from unstructured strands, that noncovalent interactions
in the LNA:DNA heteroduplex are more favorable than in the
DNA:DNA homoduplex.

Our conclusions are based on the comparison of the results
obtained for two isosequential duplexes (DNA:DNA and a full-
LNA:DNA) and comparison with other sequences and/or with
nucleotides with selective LNA substitutions would be needed in
order to obtain more general conclusions regarding the effect of
the incorporation of LNA nucleotides on the dynamics, thermo-
dynamics, and thermal stability of oligonucleotides. Even ifmuch
work is still needed to elucidate all the factors at the origin of the
increase in thermodynamic and thermal stability of a duplex
induced by LNA substitutions, it is clear that the combined use of
different experimental tools (ITC, NMR, thermal denaturation
methods) helps to obtain a more complete picture at the
molecular level.
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turation curve of the LNA single strand monitored by UV
absorption spectroscopy. A table summarizing the enthalpies
of formation (ΔH�) determined at different temperatures by ITC
for the DNA:DNA and LNA:DNA duplexes.This material is
available free of charge via the Internet at http://pubs.acs.org.
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