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ABSTRACT: A locked nucleic acid (LNA) monomer is a conformationally restricted nucleotide analogue
exhibiting enhanced hybridization efficiency toward complementary strand. The potential of LNA-based
oligonucleotides has been sought to improve the selectivity and specificity of probe sets employed in
detection and specific targeting of nucleic acids. We have evaluated the influence of “locked nucleic
acid” residues on hybridization thermodynamics, counterions and hydration of DNA‚RNA heteroduplex
using spectroscopic and calorimetric techniques. One to three LNA substitutions have been introduced
either at the adenine (5′-AGCACCAG) or thymine (5′-TGCTCCTG) residues of the DNA strand. A
complete thermodynamic profile for heteroduplex formation suggested that LNA-induced stabilization
results from a favorable increase in the enthalpy of hybridization that compensates for the unfavorable
entropy change. Analysis of differential scanning calorimetry data indicated a nonzero heat capacity change,
∆Cp, accompanying the heteroduplex formation. Isothermal titration calorimetry measurements indicated
an increase in binding affinity of the two strands as the LNA content of the heteroduplex is increased.
Overall our result demonstrated that the effect of LNA-substitution at the thymine residue is more
pronounced compared to the adenine residue. Furthermore, optical melting studies showed that, compared
to an unmodified duplex, the formation of LNA-modified duplex is accompanied by a higher uptake of
counterions and a lower uptake of water molecules. Our result, thus, presents a preliminary attempt toward
the characterization of hybridization thermodynamics of the LNA-based probe-target sets, which will in
turn aid in the selection of optimal conditions for hybridization experiments, and evaluation of the minimum
probe-length required for hybridization and cloning experiments.

Specific targeting and inactivation of gene expression by
oligonucleotide-based therapeutics is a promising alternative
to the conventional therapeutic strategies. The last two
decades have seen an upsurge in the synthesis of modified
nucleotide analogues with desirable therapeutic properties
and commercial viability (1). A locked nucleic acid (LNA)
is one such engineered nucleic acid analogue, containing one
or more LNA nucleotide monomers with a bicyclic furanose
unit locked in an RNA-mimicking sugar conformation
(Scheme 1) (2). This conformational restriction results in a
locked 3′-endo conformation that is translated into unprec-
edented hybridization affinity toward complementary DNA/
RNA without loss of specificity, which makes fully modified
LNAs, LNA/DNA mixmers, or LNA/RNA mixmers uniquely
suited for mimicking and targeting nucleic acid secondary
structuresin Vitro or in ViVo (3-5). With regard to antisense
therapy, the superior specificity of LNA probes allows
selective targeting of even short-length, minority miRNAs
and siRNAs against a large background of cellular RNAs.
Its exceptionally high specificity can be exploited to target

the highly structured RNAs that are usually inaccessible to
the conventionally used unmodified DNA oligonucleotides
(6-13). Furthermore, presence of an LNA-substitution
enhances the metabolic stability, and improves the pharma-
cokinetic and the toxicity profile of the modified oligonucle-
otide (9, 14).

The antisense efficacy of LNA-modified DNA oligonucle-
otides has been successfully employed in cancer therapy (8,
11, 15-17); for inhibiting replication of hepatitis and HIV
mRNA (18-21); for understanding molecular mechanisms
of various biological processes (22, 23); for inhibiting the
intron splicing of group 1 introns inCandida albicans(11),
and as RNA capture probes forin situ detection of mRNA
(24). A major breakthrough in the field of LNA-technology
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Scheme 1a

a (a) The C2′-endo-C3′-endo sugar ring equilibrium present in
nucleic acids. (b) The molecular structure of locked nucleic acid (LNA),
which shows the locked C3′-endo sugar conformation.
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has been its use inin situ detection and expression profiling
miRNAs, along with their functional characterization (25-
31). The aforementioned assays largely rely on specific
hybridization of LNA/DNA probes to the target RNA, against
a large cellular background. Consequently, accurate designing
of LNA/DNA probe sets allowing for precise detection target
RNAs becomes a prerequisite. In practice, the biophysical
properties of LNA can be exploited to design a probe set to
ensure uniform, high-affinity hybridization yielding highly
accurate signals that could discriminate even single nucle-
otide differences and closely related RNA family members.
Our study represents a preliminary step in realization of
creating a probe dataset based on thermodynamics charac-
terization of LNA/DNA‚RNA heteroduplex hybridization.
Starting with short oligonucleotide sequences containing
varying amounts of LNA-substitution, we have evaluated the
influence of LNA-modification on hybridization thermody-
namics, counterion changes and hydration of DNA‚RNA
heteroduplex.

The hybridization properties of LNA containing oligo-
nucleotides have been evaluated in different sequence context
ranging from six to twenty nucleotide long oligomers with
varying LNA content and architecture (such as fully modified
LNA, LNA/DNA mixmers, LNA/RNA mixmers, LNA/PS-
DNA mixmers) (3, 32, 33). Substitution by an LNA
monomer leads to a rise in the∆Tm values up to+1 to
+8 °C against DNA and an increase of+2 to+10°C against
RNA (10, 12, 32-34). This is possibly the largest increase
in thermostability observed for a nucleic acid analogue,
which nevertheless saturates when the relative substitution
by LNA monomer reaches to about 50% of the total residues
in the LNA/DNA chimera (34-36). Further, the impact on
the thermostability depends on the oligomer length and
composition. A few reports based on thermodynamic evalu-
ation of LNA-mediated nucleic acid hybridization showed
that the introduction of an LNA modification induces
entropically favored duplex formation, compared to the
unmodified duplexes, while duplex formation for the all-
modified LNA appeared to be entropically disfavored and
strongly enthalpically favored (5). Another study revealed a
large positive∆∆Sand a negligible∆∆H for a gapmer with
seven LNAs (36). A hybridization kinetics study using
stopped-flow kinetics has also been performed. Evaluation
of thermodynamics for the same oligonucleotides showed
small negative∆∆H and ∆∆S values for LNA-modified
duplex formation (37). Another study examined the sequence-
dependent effects of LNA on hybridization thermodynamics
and observed it to be largely influenced by the neighboring
bases flanking the substitution (38). The effects of LNA
substitutions as a function of sequence context in the middle
of the 2′-O-methyl substituted RNA heptamer have also been
investigated and found to be approximately additive when
LNA nucleotides are separated by at least one 2′-O-methyl
nucleotide (39). The studies mentioned above represent a
preliminary evaluation of LNA-based hybridization thermo-
dynamics, based on simple UV melting experiments.

In an attempt to study the origin of enhanced-stability for
LNA residues, we analyzed hybridization thermodynamics
of LNA-based oligonucleotides in different model systems.
In our earlier work (40) we employed both spectroscopic
and calorimetric measurements to investigate the effect of
LNA on hybridization thermodynamics of DNA duplex

formation. Using the same sequence sets we now evaluate
the energetics, counterion and hydration effects accompany-
ing the formation of 8-mer LNA-modified RNA‚DNA
(RNA‚LNA/DNA) hetroduplex. For all the modified oligo-
nucleotides (8-mer), substitutions were introduced at adenine
or thymine nucleotides of the DNA strand of the heterodu-
plex. Our ITC and DSC data for the heteroduplex formation
indicates that increase in LNA substitution leads to an
increase in enthalpy change which compensates for the
unfavorable entropy change, thereby making the overall
process of duplex formation energetically more favorable
than unmodified duplex. The heat capacity change,∆Cp,
accompanying each heteroduplex formation, obtained through
DSC, has also been reported and has been used to furnish
thermodynamic parmeters at 37°C. Our ITC data shows an
increase in the binding constant (Ka) of the two strands
concomitant with the increase in extent of LNA substitution.
Further, the formation of the LNA-modified hetroduplex is
associated with the higher uptake of sodium ions and lower
uptake of water molecules with respect to the unmodified
DNA‚RNA hetroduplex.

MATERIALS AND METHODS

Two sets of 8-mer oligonucleotides were considered to
study the effect of LNA on hybridization thermodynamics
of DNA‚RNA heteroduplex. The DNA counterpart of the
heteroduplex was modified to various extents and at various
positions with either adenine- or thymine-locked nucleic acid
nucleotides. For each of the A- and T-modified sets, four
oligonucleotide sequences, containing LNA substitutions
ranging from zero to three modified nucleotides, were studied
(Table 1).

All the LNA-containing octamers were synthesized and
purified as described in the literature (35). The other
unmodified oligonucleotides (HPLC-purified) were pur-
chased from Sigma Genosys. The solution concentrations
of each of the unmodified oligonucleotide were determined
optically at 260 nm and 25°C using the following molar
extinction coefficients (per mM-1 cm-1 of strands): 81.3
for d(AGCACCAG), 64.9 for r(CUGGTUGUT), 65.7 for
d(TGCTCCTG), and 83.7 for r(CAGGAGCA). These values
were calculated by extrapolation of the tabulated values of
the dimer and monomer nucleotides at 25°C to high
temperatures using protocols reported previously (41). For
the modified oligonucleotides, the molar absorptivities were
assumed to be identical to the DNA oligonucleotides.

All measurements were performed in 10 mM sodium
cacodylate buffer (pH 7). The heteroduplex solutions were
prepared by mixing the given template strand, bearing

Table 1: Heteroduplexes Containing LNA Modifications in
Boldface with L Superscript

nomen
clature sequence (8-mer)

nomen
clature sequence (8-mer)

T-LNA0 5′-TGCTCCTG-3′ A-LNA0 5′-AGCACCAG-3′
3′-ACGAGGAC-5′ 3′-UCGUGGUC-5′

T-LNA1 5′-TLGCTCCTG-3′ A-LNA1 5′-ALGCACCAG-3′
3′-ACGAGGAC-5′ 3′-UCGUGGUC-5′

T-LNA2 5′-TLGCTLCCTG-3′ A-LNA2 5′-ALGCALCCAG-3′
3′-ACGAGGAC-5′ 3′-UCGUGGUC-5′

T-LNA3 5′-TLGCTLCCTLG-3′ A-LNA3 5′-ALGCALCCALG-3′
3′-ACGAGGAC-5′ 3′-UCGUGGUC-5′
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varying amounts of LNA modifications, with the corre-
sponding unmodified complementary strand in a 1:1 ratio.
Prior to the experiments, the samples were heated to 95°C
for 20 min and then slowly annealed to the starting
temperature of the experimental conditions. All experiments
except DSC were performed in replicas of three with the
experimental error stated as footnotes to tables.

Temperature-Dependent UV Spectroscopy (UV Melts).
Thermal denaturation scans for each 8 bp heteroduplex were
obtained with a thermoelectrically controlled Cary 100
(Varian) spectrophotometer, as a function of salt (10-110
mM Na+) and osmolyte [5-25% (w/v) ethylene glycol]
concentration. All melting curves for duplex denaturation
were collected at a 260 nm wavelength as a function of
temperature in the temperature range from 10 to 90°C at a
heating rate of 1°C/min. The melting curves for each
heteroduplex were recorded in reversible conditions. Heat-
ing-cooling cycles were performed to check if there is any
hysteresis (Supporting Information Figure SI1). The mole
fraction of the folded heteroduplex (R) at different temper-
atures was evaluated from the absorbance, and∆A/∆Amax,
where ∆A is the change in absorbance at 260 nm at any
temperature and∆Amax is the maximum change recorded at
the highest temperature, was also calculated. The plot of mole
fraction (R) versus temperature allowed us to measure the
melting temperature,Tm. Some of the original plots (abs vs
temperature) are provided in Supporting Information (Sup-
porting Information Figure SI2 and Figure SI3).

The van’t Hoff enthalpy change (∆HvH) for duplex
formation was calculated by fitting the shape of each curve
to the following equation using the MeltWin 3.5 program
(42) that is available at www.meltwin.com,

Here,ε(T) represents for the temperature dependence of the
extinction coefficient,ε; the first term of the right expression
indicates the mole-fraction weighted, linear component of
the melt curve due to single strands, while the second term
represents the mole-fraction weighted, linear component due
to double strands.

The entropy and enthalpy values are calculated using the
method of Gralla and Crothers (1973) according to which

whereC is the constant 4.4, 7.0, or 3.2 cal/(mol‚K) andX is
ln(CT), ln(CT/4), or 0 for self-complementary, non-self-
complementary, or unimolecular equilibria, respectively;T1/2

andT3/4 are the absolute temperatures at the maximum and
upper half-maximum of the melt curve derivative, respec-
tively. In addition to the MeltWin program, all the melting
curves were also treated manually to extract∆HvH. The linear
lower and upper baselines were manually chosen in the
absorbance vs temperature curves and∆HvH values calculated
as previously described (43). As the determinations of
baselines are mainly biased, both of the methods have certain
uncertainty. To achieve the values of best accuracy, all
experiments were performed at least thrice, and several
different upper and lower baselines were chosen to calculate
∆HvH and the reported values are averaged values obtained

from different replicas. Values found to be in agreement by
both of the methods were considered to be the final ones.

Furthermore, the thermodynamic uptake of counterions,
∆nNa+, associated with the process of duplex formation can
be obtained according to the equation

where 1.11 is a proportionality constant for converting ionic
activity into concentrations andδTm/δ(ln [Na+]) represents
the slope of a plot ofTm versus the logarithm of sodium
ions (ln [Na+]) at different concentrations (10-110 mM Na+)
(44). The term in parentheses is a constant obtained from
the UV experiment, andR represents the universal gas
constant (1.986 cal mol-1 K-1). Similarly, the changes in
the number of water molecules associated with the melting
process,∆nW, were obtained from the dependence ofTm on
water activity (aW) according to the equation

where ∆H is the enthalpy change determined from UV
experiments andR is the universal gas constant (45). The
slope of the plot of reciprocal temperature (K-1) of melting
versus the logarithm of water activity (lnaW) at different
concentrations (0, 5, 10, 15, 20, and 25%) of ethylene glycol
gave the value ofδ(Tm

-1)/δ(ln aW).
Differential Scanning Calorimetry (DSC Melts). Dif-

ferential scanning calorimetry was used to monitor the heat
capacities of each heteroduplex (30µM) as a function of
temperature (melting curves) using a VP-DSC differential
scanning calorimeter (Microcal, Inc., Northampton, MA). A
typical experiment consists of heating of a sample cell
containing 0.52 mL of heteroduplex solution and a reference
cell filled with the same volume of buffer, in the temperature
range 10 to 90°C at a rate of 1°C/min. Repeated buffer
versus buffer scans were carried out with 10 mM sodium
cacodylate to obtain an appropriate, reproducible baseline
which was then subtracted from the sample versus buffer
scan. The average sample scans were normalized for
concentration, and the progressive baseline mode available
in the analysis package (Origin 7. 5) was used to integrate
the resulting curve,∫∆Cp dT, to yield the molar unfolding
enthalpy, ∆Hm, near the melting temperature.Tm was
determined by the midpoint of the transition, while the heat
capacity change,∆Cp, accompanying duplex melting was
determined by the difference in between pre- and postde-
naturation baseline extrapolated to the midpoint of the
transition (46). The obtained∆Cp values were then used to
furnish a complete thermodynamic profile at 37°C, using
the following equation (47):

whereT ) 37 °C and∆Hm represents the enthalpy change
around melting temperature. Furthermore, the effects of LNA
incorporation on the thermodynamic parameters can be
represented as the difference in the∆H and ∆S for

∆nNa+ ) 1.11(∆H/RTm
2) δTm/δ(ln [Na+]) (4)

∆nW ) (-∆H/R)[δ(Tm
-1)/δ(ln aW)] (5)

∆H(T) ) ∆Hm + ∆Cp(T - Tm) (6)

T∆S(T) ) ∆Hm(T/ Tm) + ∆CpT ln(T/Tm) (7)

∆G(T) )
∆Hm[(1 - T/Tm) + ∆Cp(T - Tm) - ln(T/ Tm)] (8)

ε(T) ) (MssT + Bss)R + (MdsT + Bds)(1 - R) (1)

∆H° ) C/(1/T1/2 - 1/T3/4) (2)

∆S° ) (∆H°/Tm) + X (3)
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hybridization between the LNA-containing heteroduplex and
the unmodified heteroduplex (∆∆H ) ∆HLNA+DNA:RNA -
∆HDNA:RNA and∆∆S ) ∆SLNA+DNA:RNA - ∆SDNA:RNA).

Isothermal Titration Calorimetry (ITC).The measurement
of the heat for mixing a single RNA strand with its
complementary DNA strand was carried out with the
Microcal VP-titration calorimeter at 10°C; at this temper-
ature each duplex forms completely. For accurate estimation
of ∆H values, the DNA strand with concentration 30µM
for T-LNA and 15 µM for A-LNA was loaded into a 1.4
mL sample cell, and the complementary RNA strand (titrant)
at concentration 300µM for T-LNA and 150µM for A-LNA
was loaded into the 250µL injection syringe at the stirring
rate of 400 rpm. A typical titration consisted of 10µL
injections, with 300 s interval between subsequent injections.

The resultant titration plot was fitted to a sigmoidal curve
by a nonlinear least-squares method using Origin 7.0
(Microcal Software). The binding constantKa, the stoichi-
ometryN, and the enthalpy change∆H were obtained from
the curve fitting. The Gibbs free energy change∆G and the
entropy∆S were calculated from the equation

RESULTS

UV Melting Study. Accurate thermodynamic parameters
can be obtained from melting curves only when they exhibit
the nature of true equilibrium curves, i.e., superimposable
heating and annealing profiles. Under the buffer conditions
and heating/cooling rate 1°C min-1 all eight oligonucleotides
displayed superimposable and reproducible (Supporting
Information Figure SI1) heating and annealing profiles. Thus,
all melting curves were true equilibrium curves and were
treated to extract complete thermodynamic parameters.

LNA modified-oligonucleotide substitutions are known to
display enhanced thermal stability when hybridized to
complementary DNA or RNA (2-5). Our optical melting
data supported this finding, as for both the A- and T-modified
sets, we observed significantly higherTm values relative to
the unmodified heteroduplexes (Figure 1). The increment in
Tm per modification for A-LNA was found to be 1.0 (A-
LNA1), 4 (A-LNA2), and 5°C (A-LNA3) whereas increase
of 6.0 (T-LNA1), 8.03 (T-LNA2) and 6.8°C (T-LNA3) were
recorded for T-LNA duplexes at 10 mM Na+. A much
prominent enhancement inTm was obtained at a higher salt
concentration of 110 mM Na+, where a higherTm increment
per modification was detected for both the A-LNA and
T-LNA duplexes (Table 2). In each case, the enhancement
in the Tm was much higher for T-LNA modification than
for A-LNA modification. The data in Table 2 also gives the
van’t Hoff enthalpy change (∆HvH) for each heteroduplex
formation around the melting temperature, which tends to
increase with increase in LNA content of the heteroduplex.

DSC Melting Study. Differential scanning calorimetery was
used to investigate the effects of LNA incorporation on the
energetics of heteroduplex-unfolding (50), as represented in
Figure 2. An essentially flat baseline was observed for the
pre- and postdenaturation region of the DSC curve. Our UV
melting data also shows a similar feature, suggesting that
these heteroduplexes unfold in a two state process. Further-
more, duplex melting was observed to be accompanied by a

nonzero heat capacity change,∆Cp, determined by the
difference in between pre- and postdenaturation baseline
extrapolated to the midpoint of the transition (Figure 2)
(50,51). The values obtained for∆Cp change accompanying
duplex formation have been tabulated in Table 3. The average
∆Cp change observed per duplex was found to be 175 cal
mol-1 K-1, yielding an averaged base pair change of 22 cal
(mol of base pairs)-1 K-1. Determination of∆Cp allowed
extrapolation of thermodynamic parameters at any given
temperature,T, using the eqs 6, 7 and 8. A complete
thermodynamic profile for heteroduplex formation at 37°C
has been depicted in Table 3. As evident from the tabulated
values heteroduplex formation is associated with a favorable
enthalpy change (negative∆H) and unfavorable entropy
change (a negative∆S). The slope of the plot between∆H
and∆S, depicted in Supporting Information, Figure SI4, gave
the compensation temperature,Tc, of 400 K (127°C), which
lay far beyond our experimental temperature. This significant
difference betweenTc and our experimental temperature
indicated a statistically relevant “compensation” between the

∆G ) -RT ln Ka ) ∆H - T∆S (48, 49) (9)

FIGURE 1: UV melting curves of unmodified (0), single (O), double
(]) and triple (4) modified heteroduplexes in 10 mM sodium
cacodylate buffer with 100 mM NaCl: (a) T-LNA and (b) A-LNA.

Table 2: Melting Temperatures (Tm Values) at Two Different Salt
Concentrations and van’t Hoff Enthalpy (∆HvH) Changes atTm for
Helix-Coil Transitiona

Tm °C

duplex
10 mM

Na+

Tm enhance-
ment per

modification
110 mM

Na+

Tm enhance-
ment per

modification
∆HvH

(kcal/mol)a

T-LNA0 29.7 38.6 -61.6
T-LNA1 35.7 6.0 45.3 6.7 -64.7
T-LNA2 45.7 8.0 55.0 8.2 -70.2
T-LNA3 50.1 6.8 61.5 7.6 -73.3
A-LNA0 30.0 39.0 -64.1
A-LNA1 31.0 1.0 41.2 2.2 -66.0
A-LNA2 38.0 4.0 48.7 4.8 -68.6
A-LNA3 45.0 5.0 55.9 5.6 -72.3

a All the parameters were obtained from UV experiments. Hetero-
duplex concentrations were 2µM. Experiments were conducted in 10
mM sodium cacodylate buffer (pH 7.0) or 10 mM sodium cacodylate
containing 100 mM NaCl. TheTm values are within(0.5 °C error
while the∆HvH values are within 10% error.
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enthalpy and the entropy parameter (52, 53). The influence
of LNA-substitution on thermodynamic parameters, with
respect to the unmodified duplex, is also depicted (∆∆H,
∆∆S and ∆∆G). It appears that introduction of an extra
LNA-modification in DNA strand of the heteroduplex leads
to an increase in the favorable enthalpy term. Similar to our
UV-melting data, in DSC also, we observed a higherTm

increment by T-LNA substitution relative to an A-LNA. A
similar trend could also be observed in the overall free energy
parameter (∆G°), suggesting a higher stabilization by thym-
ine substituted-LNA than an adenine substitution.

ITC Studies for Duplex Formation.A complete thermo-
dynamic profile for the association of LNA-modified DNA
strand with RNA, as summarized in Table 4, was determined
by ITC at 10 °C. In the case of ITC, ideal experimental
conditions for determining∆H accurately are high concen-
trations so as to have saturation binding, while ideal
experimental conditions for determining∆G accurately are
low concentrations to have a smooth equilibrium binding
curve. As presented in Figure 3, in all cases the stoichiometry
n was approximately equivalent to unity. The respective
binding affinity between the two complementary strands,
depicted byKa and the exothermic enthalpy change (∆HITC)
for formation of duplex was observed to increase with
increase in the number of LNA substitutions, indicating an
increase in the stability of the LNA modified duplex. This
trend in enthalpy change correlated well with our DSC data.
The binding affinity and the corresponding enthalpy change
for each duplex was then used to furnish other thermody-
namic parameters (Table 4) at 10°C, using eq 9. It can be
noted that the binding affinity can be determined accurately
only when titrant is added to a fixed concentration [C0] of
complementary strand, such that it lies in the range of 1/KA;
otherwise the obtainedKA would be underestimated. How-
ever, the ITC experiment here was performed at [C0] 30 (T-

LNA) and 15µM, (A-LNA) which is much higher than 1/KA

values obtained from the analysis. An ITC experiment at
low DNA concentration (∼1/KA) would give a heat of
reaction below the sensitivity of the instrument.

Counterion Uptake upon Duplex Formation. To estimate
the effect of LNA modification on the counterion uptake
associated with the process of duplex formation, UV melting
curves of duplexes (2µM) at several salt concentrations (10-
110 mM Na+) were studied. A representative curve for
A-LNA3 and T-LNA3 has been provided in Supporting
Information, Figure SI5. The dependence ofTm on salt
concentration for each heteroduplex is also shown (Figure
4). The slopes of these curves are listed in Table 5. Sodium
ions contribute to the stability of helical structures by
reducing the repulsive forces between phosphate groups
along the chain (54), and therefore, increasing the sodium
ion concentration from 10 mM to 110 mM results in the
shift of melting curves to higherTm values. Furthermore,
the charge density of double-helix is known to be higher
than single stranded oligonucleotides; as a result the transition
from a single stranded to a helical state (duplex formation)
is always accompanied by a net uptake of Na+ ions (55). In
the case of LNA-modified heteroduplexes, we observed that
introduction of the modification into one of the strands of
the duplex leads to a higher uptake of counterions (sodium
ions) upon duplex formation. The counterion uptake for each
heteroduplex (Table 5) over this range of salt concentration
was calculated using eq 4 and is listed in Table 5.

Uptake of Water Molecules upon Duplex Formation. To
detect the differences in the hydration of the heteroduplexes
induced by the incorporation of LNA nucleotide modifica-
tions, we employed an osmotic stressing method (56, 57).
The technique involves use of low molecular weight cosolute
(osmolyte) that itself does not interact with the biopolymer
but produces changes in the water activity (aW). Monitoring
the change inTm of the double-helix as a function of change
in water activity gives the number of water molecules that
are uniquely bound to helix and are released upon melting
or unfolding of the duplex (45). We used a different
concentration range (0-25%) of ethylene glycol (osmolyte)
at 100 mM NaCl to monitor theTm dependence of hetero-
duplexes on water activity. A representative curve for
A-LNA3 and T- LNA3 is shown in Supporting Information,
Figure SI6. In each case, the increase in the osmolyte
concentration shifts theTm of melting curves to lower
temperatures. The 1/Tm dependence on lnaW is shown in
Figure 5 for each heteroduplex. The extent of water uptake
upon formation of the duplex was calculated using eq 5. The
slope of these plots, along with the corresponding change in
the number of water molecules taken up by the duplexes, is
given in Table 5. It was observed that increasing the number
of LNA nucleotides led to a lower uptake of water molecules
by the modified duplexes as compared to the unmodified
duplex, suggesting that the modified duplexes are less
hydrated than their corresponding unmodified counterparts.

DISCUSSION

We have used UV, DSC and ITC measurements to
extensively study the hybridization thermodynamics of LNA-

FIGURE 2: Typical DSC curves of the heteroduplex melting in 10
mM sodium cacodylate buffer (pH 7.0), for (a) T-LNA0 (0),
T-LNA1 (O), T-LNA2 (]), T-LNA3 (4) and (b) A-LNA0 (0),
A-LNA1 (O), A-LNA2 (]), A-LNA3 (4). The right panel describes
estimation of∆Cp by extrapolation of pre- and postdenaturation
baselines to midpoint of transition. Each experiment consists of
heating of a sample cell containing 0.52 mL of 30µM heteroduplex
solution and a reference cell filled with the same volume of buffer,
in the temperature range 10 to 90°C at a rate of 1°C/min.
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modified heteroduplexes. In our UV-studies we observed that
few of our heteroduplexes had melting temperature close to
25-30 °C; thus we chose to perform our ITC experiments
at 10°C where all the duplexes existed in the helical state.
The DSC analysis provided enthalpy change associated with
duplex unfolding near melting temperature. However, bio-
logical application of these modified oligonucleotides would
involve extrapolation of these thermodynamic parameters to
the relevant experimental temperature. This is particularly
important in the case of LNA-modified oligonucleotides that
have wide applications, ranging from antisense-therapeutics
that commonly work at 37°C to diagonostic probes in PCR
reactions with working range of about 55-90 °C. A prior
knowledge of heat capacity change (∆Cp) associated with
helix-to-coil transition is thus required to account for the
temperature dependence of∆H and∆S. This consideration
becomes important in view of a large body of experimental
and theoretical evidence suggesting that helix-to-coil transi-
tions of nucleic acids are accompanied by changes in heat
capacity and that failure to account for this change leads to
errors in estimation of true∆H and∆S values, at tempera-
tures distant from the melting temperature (46, 47, 58-60).
Analysis of our DSC melting curves allowed estimation of
∆Cp accompanying the helix to coil transitions of these
heteroduplexes (50, 51). The average value of∆Cp was found
to be 175.5 cal‚mol-1 K-1, which is equivalent to 22 cal‚
(mol of base pairs)-1 K-1. Our ∆Cp values are, thus, in
qualitative agreement with the literature values of 64 cal‚
(mol of base pairs)-1 K-1 for long polymeric nucleic acids
and an average value of 36 cal‚(mol of base pairs)-1 K-1

(46, 47) observed for small duplexes. The lower∆Cp values
in our case might be because of smaller size of our duplexes.
This ∆Cp value could be used to accurately determine∆H
and∆S values at any given experimental temperature. We
have used this value to deduce complete thermodynamic
parameters at 37°C (Table 3). A close analysis of the
obtained∆H and∆Svalues indicated that favorable folding
of duplex in our case results from compensation of the
favorable enthalpy term and the unfavorable entropy term.
While the unfavorable entropy contribution stems mainly
from the conformational rearrangement of the bimolecular
association of two strands, and the uptake of counterions
and water molecules, the favorable enthalpy term corresponds
to exothermic contributions of base pairing and base pair
stacking interactions. A modification such as an LNA
substitution in an oligonucleotide may contribute to either
enthalpy or entropy change, or both, in free energy (∆G)
relative to the unmodified duplex. Complete thermodynamic
profile obtained from ITC and DSC measurements suggest
that the increased stability of RNA‚LNA/DNA heterodu-
plexes compared to RNA‚DNA heteroduplexes originates
from the increase in the favorable enthalpy term that
overrides the effect of the unfavorable entropy change. The
overall effect indicates that modified duplexes have a larger
exothermic contribution than the unmodified duplexes,
indicating that base stacking interactions in the modified
duplexes are more pronounced. Our ITC data also demon-
strated an increase in binding affinity (Ka) of two strands,
associated with increase in the LNA-content of the hetero-
duplex. Compared to an adenine-substituted-modification (A-
LNA), a more significant influence of LNA-substitution, in
terms of thermostability and binding affinity was observed
when the substitution was incorporated at the ‘thymine’
residue (T-LNA) of the DNA strand. In other words, a
thymine substitution is more sensitive to the effect of LNA
as compared to an adenine substitution.

The presence of counterions associated with nucleic acids
is a significant factor influencing their stability. During the
process of duplex formation there is a net uptake of
counterions, which in turn affects the overall stability of the
helix. Investigating the change in the number of counterions
(∆∆nNa+) associated with an LNA-modified heteroduplex,
with respect to the unmodified heteroduplex, will aid in
elucidating the origin of stability for LNA-based oligonucle-
otides. Our study demonstrates an increased uptake of
counterions consistent with an increase in the LNA-content
of the DNA strand. This finding can be ascribed to the LNA-

Table 3: Thermodynamic Parameters Obtained by DSC for the Formation of Duplexesa

duplex
Tm

°C
∆Hm

kcal/mol
∆Cp

cal/mol·K
∆H(37°C)

kcal/mol
∆S(37°C)

eu
∆G(37°C)

kcal/mol
∆∆H(37°C)

kcal/mol
∆∆S(37°C)

eu
∆∆G(37°C)

kcal/mol

T-LNA0 51.7 -55.0 -173 -57.5 -177 -2.5
T-LNA1 54.3 -64.0 -165 -66.8 -204 -3.4 -9.3 -27 -6.2
T-LNA2 63.4 -69.4 -168 -73.8 -220 -5.6 -16.2 -42 -8.3
T-LNA3 70.1 -71.7 -155 -76.8 -224 -7.1 -19.2 -47 -10.0
A-LNA0 46.5 -63.0 -193 -64.8 -203 -1.9
A-LNA1 47.5 -66.0 -175 -67.8 -211 -2.2 -3.0 -8 -4.2
A-LNA2 56.8 -67.8 -195 -71.6 -217 -4.1 -6.8 -14 -6.2
A-LNA3 63.8 -71.4 -180 -76.2 -226 -5.8 -11.4 -23 -8.0
a All the parameters were obtained from DSC experiments conducted in 10 mM sodium cacodylate buffer (pH 7.0). Heteroduplex concentrations

were 30µM. Tm values are within(0.5°C, ∆Hm values are within 3%, and∆G and∆Svalues are within 5% error obtained from three experimental
replicas.

Table 4: Thermodynamic Parameters Obtained by ITC for the
Formation of Duplexes at 10°Ca

duplex
∆HITC

kcal/mol
∆S
eu

∆Gï (10 °C)
kcal/mol Ka

T-LNA0 -49.7 -144 -8.9 8.58× 106

T-LNA1 -60.0 -180 -9.0 9.73× 106

T-LNA2 -66.3 -201 -9.3 1.54× 107

T-LNA3 -72.4 -221 -9.8 3.80× 107

A-LNA0 -60.0 -180 -8.8 7.24× 106

A-LNA1 -62.1 -187 -9.0 9.52× 106

A-LNA2 -65.0 -195 -9.9 3.67× 107

A-LNA3 -67.0 -201 -10.1 6.59× 107

a All the parameters were obtained from ITC experiments, conducted
in 10 mM sodium cacodylate buffer (pH 7.0). DNA strand concentration
in cell was 30µM for T-LNA and 15µM for A-LNA set, while RNA
concentration in syringe was 300µM and 150µM for T-LNA and
A-LNA set, respectively.∆H, ∆Sand∆G values are within 5% error,
while Ka values are within 10% error, obtained from three experimental
replicas.
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induced conformation change of the helix to an A-type
geometry. Literature findings on structural characterization
of LNA/DNA ‚RNA hybrids have revealed an increasing
A-like conformation in the hybrid as the LNA content of
the modified strand is increased (61, 62). This is attributed
to the LNA-induced structural perturbation of the DNA
nucleotides in the LNA strand to attain an N-type sugar
pucker, which contrasts with the equilibrium between the
N- and S-type sugar conformations in the native DNA‚RNA

duplex. The increase in the population of N-type sugar
puckers in the hybrid forces an A-like geometry that
progressively increases with an increase in LNA content (61,
62). Furthermore, both the linear and three-dimensional
charge density of an A-form helix are known to be higher
than that of the B-form (44). Compared to the unmodified
heteroduplexes, the higher charge density of LNA-modified
heteroduplexes (A-form helix) leads to a higher uptake of
counterions upon duplex formation. Further, this increase in
the uptake of counterions by the duplex possibly accounts
for the unfavorable entropy change associated with the
introduction of LNA modification.

Water is an integral part of nucleic acid structure (63-
67), and therefore, understanding the effects of hydration
on the chemical and physical properties of DNA depends
on evaluation of the quantity of water bound and how the
water content changes when DNA undergoes physical or
chemical change (66, 68). The knowledge of the hydration
changes due to the LNA modification will additionally allow
us to identify the origin of enhanced thermal stability of the
LNA-modified duplexes. Extensive hydration of the negative
phosphate oxygens is seen for both A- and B-DNA.
However, the two forms of duplex differ considerably with
respect to the extent of hydration and arrangement of water
molecules in the major and minor grooves. The hydration
of phosphates in B-DNA is isolated, whereas it overlaps in
A-DNA (68-71). The more economical hydration of phos-
phates, along with loss of spine of hydration in A-form is
responsible for the transition of B-DNA to A-DNA when
water activity is lowered (72). Because of the 2′-OH group,
the hydration of A-RNA is changed considerably and

FIGURE 3: ITC curves of the heteroduplex formation in 10 mM sodium cacodylate buffer (pH 7.0), for (a) T-LNA0 (0), T-LNA1 (O),
T-LNA2 (]), T-LNA3 (4) and (b) A-LNA0 (0), A-LNA1 (O), A-LNA2 (]), A-LNA3 (4). For each titration, the DNA strand with
concentration 30µM for T-LNA and 15 µM for A-LNA was loaded into a 1.4 mL sample cell, and the complementary RNA strand at
concentration 300µM for T-LNA and 150µM for A-LNA was loaded into the 250µL injection syringe and 10µL was injected in each
time at the stirring rate of 400 rpm.

FIGURE 4: Tm dependence on salt concentration is shown for (a)
T-LNA0 (0), T-LNA1 (O), T-LNA2 (4), T-LNA3 (]) and for (b)
A-LNA0 (0), A-LNA1 (O), A-LNA2 (4), A-LNA3 (]).
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displays conserved regular arrangement of water in both the
grooves (73). The 2′-OH group is suggested to stabilize the
RNA duplex by reinforcing the A-type geometry and by
linking backbone and base hydration across the strands (72).
Thus, the greater thermal stability of RNA or RNA/DNA
hetroduplex (due to greater stabilization enthalpy) compared
to DNA duplexes emanates from the 2′-OH of the RNA
acting both as a scaffold for the water network in the minor
groove and as a site of extensive individual hydration. This
fact accounts for the higherTm and enthalpy change observed
for LNA/DNA ‚RNA heteroduplexes, compared to LNA/
DNA‚DNA duplexes used in our previous study (40). A
corollary to the above is that the melting of an A-type DNA‚
RNA heteroduplex will release a higher number of water
molecules than the melting of DNA‚DNA duplex. Our data
supports this fact as we observed a higher uptake of water
molecules associated with LNA/DNA‚RNA heteroduplex
formation compared to LNA/DNA‚DNA duplex, used in
previous study. Furthermore, within the LNA-modified
heteroduplexes, the uptake of water molecules decreased as
the LNA content of the hetroduplex was increased (Table

5). This can again be attributed to the LNA-induced structural
perturbation of the heteroduplex that drives the hybrid to an
A-type geometry, which is much more dehydrated than the
respective unmodified hybrid. The number of water mol-
ecules taken up, thus, decreases with an increase in LNA
content.

CONCLUSION

Considering the increasing success of LNA-technology in
hybridization-based assays involving RNA as the target, we
have attempted to study the influence of LNA substitution
on the hybridization thermodynamics, counterions, and
hydration DNA‚RNA heteroduplex. Thermal denaturation
experiments with differentially modified heteroduplexes
suggested a higher thermal stability for the modified
duplexes. We conclude that this increased stability of LNA-
modified duplexes mainly emanates from the increase in
hybridization efficiency of the complementary strands, as
indicated by our ITC data. Analysis of the DSC data allowed
estimation of∆Cp change accompanying each duplex forma-
tion, which could further be extrapolated to obtain thermo-
dynamic parameters at any given experimental temperature
condition. Thermodynamically, the presence of extra LNA-
substitution produces a larger increase in the favorable
enthalpy term that overrides the effect of unfavorable entropy,
thereby making the overall process of LNA-heteroduplex
formation energetically more favorable than unmodified
heteroduplex. Among the adenine (A-LNA) and thymine (T-
LNA) substitutions, a slightly higher increment in thermal
stability and binding affinity was observed for the thymine
modified heteroduplexes. Furthermore, the optical melting
data showed that the formation of modified heteroduplexes
is associated with higher counterion uptake and a relatively
lower uptake of water molecules as compared to the
unmodified heteroduplex. This observation can be ascribed
to the LNA induced structural perturbation of the helical
geometry that drives the helix to assume A-type conformation
that possesses a higher charge density but is less hydrated
than the B-type conformation of the unmodified duplexes.
Our study is a preliminary attempt for the realization of
creating a probe dataset that would allow highly sensitive
and robust detection or targeting of target RNA. Efficient
designing of these probe sets, however, calls for extensive
evaluation and characterization of biophysical properties of
LNA-based oligonucleotides in different sequence contexts.
In the near future, we hope to investigate the effect of LNA
modification on hybridization thermodynamics as a function
of LNA content, sequence composition, the neighboring
bases flanking the modification, the target length and
structure. Tracking the effects of LNA modifications in the
aforementioned contexts will allow us to formulate guidelines
for the optimum design of LNA-based oligonucleotides such
that maximum functional efficiency could be drawn out of
minimum modification.
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FIGURE 5: Dependence of 1/Tm on ln aW for (a) T-LNA0 (0),
T-LNA1 (O), T-LNA2 (4), T-LNA3 (]) and for (b) A-LNA0 (0),
A-LNA1 (O), A-LNA2 (4), A-LNA3 (]).

Table 5: Thermodynamic Uptake of Counterions and Water
Molecules upon Formation of Duplexa

duplex
δTm/
δNa+

∆nNa+ (per
duplex)

δ(1/Tm)/
δ(ln aW)

∆nW (per
duplex) ∆∆nNa+ ∆∆nW

T-LNA0 3.7 -2.6 -7.65× 10-4 23.6
T-LNA1 4.0 -2.8 -6.86× 10-4 23.2 -0.2 -0.4
T-LNA2 4.2 -3.0 -5.89× 10-4 21.4 -0.4 -2.2
T-LNA3 4.8 -3.5 -5.16× 10-4 19.2 -0.9 -4.4
A-LNA0 3.7 -2.7 -7.81× 10-4 25.3
A-LNA1 4.3 -3.1 -6.60× 10-4 21.6 -0.4 -3.7
A-LNA2 4.5 -3.3 -6.08× 10-4 18.0 -0.6 -7.3
A-LNA3 5.10 -3.7 4.82× 10-4 15 -1.0 -10.3

a Experiments were conducted with 2µM heteroduplex concentration
in 10 mM sodium cacodylate buffer, at pH 7.0, and adjusted to different
concentrations of sodium chloride or ethylene glycol. Experiments with
ethylene glycol were conducted in 10 mM sodium cacodylate buffer
containing 100 mM Na+. δTm/δNa+ andδ(1/Tm)/δ(ln aW) values are
within 5%, and∆nNa+ and∆nW values are within 10% error.
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SUPPORTING INFORMATION AVAILABLE

Figures SI1-7 depicting hysteresis curves, melting curves,
and an enthalpy/entropy compensation plot. This material is
available free of charge via the Internet at http://pubs.acs.org.
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