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

2526 Locked nucleic acids (LNA),1 conformationally restricted
27 nucleotide analogues, constitute an important addition to the
28 tools available for nucleic acid diagnostics and nucleic acid
29 therapeutics. LNA monomers contain a modified ribose moiety
30 in which the 20O and 40C are linked by a methylene bridge (20-
31 O,40-C-methylene-β-D-ribofuranosyl), locking the sugar in the
32 C30-endo/N-type conformation (1-3). LNA resemble natural
33 nucleic acids with respect toWatson-Crick base pairing and the
34 potential of LNA containing oligonucleotides lies in their ability
35 to mediate high affinity pairing with complementary RNA or
36 DNA strands, with equal or often superior sequence specificity
37 than their natural equivalent (4-7). Various applications and
38 uses of LNA containing oligonucleotides have been reported and
39 discussed in the literature. It has for example been shown that
40 LNA containing oligonucleotides possess a gene silencing
41 potential (7-9), that they are potential antisense
42 drugs (10-12), and that they can be advantageously be used as
43 probes in hybridization-based assays such as expressionprofiling,

44DNA sequencing, and SNP genotyping (7, 13-19). It has
45furthermore been shown that the introduction of LNA mono-
46mers into DNA oligonucleotides ensures substantial serum
47stability, with low toxicity, which is a prerequisite for any
48potential therapeutic use (20).
49Numerous structural and thermodynamic studies have been
50undertaken on LNA containing duplexes in order to try to
51elucidate the factors at the origin of the observed increased
52pairing selectivity and thermal stability. When LNA are incor-
53porated intoDNAorRNA:DNAduplexes theymaintain a right-
54handed helix conformation with all the bases in the anti
55conformation. NMR studies however highlight that the incor-
56poration of LNA monomers into DNA duplexes induces the
57local acquisition of A-type helix characteristics (21-26), with an
58increased N-type contribution to the sugar conformation of the
59DNA base-pairs adjacent to the incorporated LNA(23). The
60incorporation of LNA nucleotides into the DNA strand of a
61DNA:RNA hybrid duplex also leads to an increase in the
62deoxyribose N-type conformation (22, 26). When a full LNA
63strand is opposed to its cDNA strand the deoxyribose pucker
64pattern is similar to the one observed in RNA:DNA (24). These
65experimentally observed changes have been reproduced by
66Molecular Dynamic simulations (27, 28).
67The stability of LNA-containing duplexes is generally evalu-
68ated via thermal denaturation experiments. The observed increase
69in the melting temperatures (Tm) of LNA containing duplexes
70relative to their native reference duplexes, range between þ1 and
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71 þ8 �C per LNAmonomer introduced into a DNA strand paired
72 to its cDNA strand (1, 20, 29-35) and between þ2 and þ9 �C
73 when paired to its complementary RNA strand (1, 29-31, 36).
74 The observed range of ΔTm for each LNA nucleotide is however
75 sequence dependent with both 50 and 30 unmodified neighbors
76 influencing stability. The increase in Tm saturates for an approx-
77 imate LNA content of 50% (4, 31). This has been interpreted as a
78 consequence of the ability of LNA monomers to induce A-type
79 characteristics, an effect which reaches a maximum when 50% of
80 the nucleotides are modified (21, 23). The enthalpic (ΔH�) and
81 entropic (ΔS�) contributions to the free energy (ΔG�) character-
82 izing the stability of LNA containing duplexes have in a few cases
83 been extracted from the thermal denaturation data (2, 29,
84 34-38). Amore efficient stacking of the bases in LNA containing
85 duplexes, resulting from the induced A-type helical conforma-
86 tion, is evoked for the origin of a more favorable enthalpic
87 term (2, 34-36, 39). A more favorable entropic term is explained
88 by the restriction of ribose flexibility and also by a favorable
89 preorganization of the LNA containing single strands (2, 34, 39).
90 The influence of LNAon the stability of 20-O-methyl RNA/RNA
91 duplexes has also been studied (39, 40), and there too enhanced
92 stacking interactions and helical preorganization of the single-
93 stranded oligonucleotides are reported as contributing to the
94 stabilization of the duplexes.
95 When thermodynamic parameters are derived from the ana-
96 lysis of denaturation curves, they are obtained atTm.AsΔH� and
97 ΔS� can be strongly temperature dependent a comparison
98 between duplexes is truly meaningful only if these quantities
99 are extrapolated to a common temperature. This requires the
100 knowledge of the ΔCp of the systems, the difference between the
101 molar heat capacity of the duplex and of the single strands
102 parameter which can in principle be derived from DSC and UV
103 data but rarely with good precision (41-43). A more precise and
104 complete thermodynamic characterization of duplex formation
105 can be obtained by isothermal titration calorimetry (ITC) which
106 is able to provide, at any given temperature, the complete
107 thermodynamic profile of a complexation process (ΔG�, ΔH�,
108 and ΔS�). By performing experiments at different temperatures,
109 it is also possible to obtain ΔCp with good precision. To our
110 knowledge, few studies reported in the literature take advantage
111 of this technique to characterize the complexation between
112 oligonucleotides (43-48), and only one reports data pertaining
113 to the pairing of LNA/DNA strands to their complementary
114 RNA strand (36).
115 With the aim to contribute to the understanding of the
116 physicochemical principles underlying the remarkable properties
117 of LNA, we used ITC to study the pairing thermodynamics of an
118 11 base-pair synthetic full-LNA:DNA duplex and of its isose-
119 quential DNA:DNA duplex. The thermal stability of the two
120 systems was also monitored, for comparison reasons, by UV
121 absorption spectroscopy and by DSC. The oligonucleotide was
122 chosen as it has alreadybeen the subject ofmany structural studies.
123 The natural duplex is known to form a full B-DNA type turn (49).
124 Its sequence and length are furthermore particularly well adapted
125 to physicochemical studies, including NMR studies (49, 50).

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

30-GCGTGTGTGCG-50 DNA 30-GCGTGTGTGCG-50 DNA

126 As LNA containing oligonucleotides have potential in various
127 applications where base-pair opening is of utmost importance,

128we also investigated the effect of LNA on base-pair opening

129dynamics by comparing, via NMR experiments, the exchange

130times of the imino protons of the hybrid duplex with those

131of the natural duplex. Proton exchange studies have been

132reported for different DNA duplex conformations (51-55),

133drug-DNA complexes (56), tRNA (57) and RNA dupl-

134exes (55, 58), but to our knowledge no data pertaining to the

135base-pair dynamics of LNA containing oligonucleotides have
136been reported in the literature.

137MATERIALS AND METHODS

138Preparation of Samples. The two cDNA strands and the
139LNA strand were purchased in the sodium salt form from
140Eurogentec (Belgium). The cytosines in the LNA strand are all
141methylated (5-Me-C-LNA). All batches were dialyzed pre-
142vious to any use against a large volume of milli-Q H2O with a
143MW cutoff of 1 kDa. Pairing of the strands was achieved by
144heating a solution containing an equal number of moles of
145each strand to 95 �C for 10min and then letting the system cool
146slowly. The obtained duplex was dialyzed against a large
147volume of milli-Q H2O with a MW cutoff of 3.5 kDa and
148lyophilized before dilution in the desired buffer. The oligonu-
149cleotide concentrations were determined spectrophotometri-
150cally by measuring the absorbance at room temperature at 260
151nm and using ε=99 600 M-1 cm-1 for the strand 50-CGCA-
152CACACGC-30 called strand A, ε=101 300 M-1 cm-1 for the
153strand 50-GCGTGTGTGCG-30 called strand T and ε =
154168 200 M-1 cm-1 for the duplexes. The ε value of the
155DNA:DNA duplex was previously determined in our labora-
156tory (details given in ref 59. The ε values for the single strands
157were obtained using the nearest neighbor model and its
158published parameters for DNA at room temperature (60).
159The coefficients used for the LNA single strand and the hybrid
160duplex were the same as those used for the homologous DNA
161systems. The change with temperature (between 5� and 60 �C)
162of the ε values of the single strands at 260 nmwas less than 2%.
163ApH=7, 10mMsodiumphosphate bufferwith 100mMNaCl
164and 0.1 mMEDTA, was used for the thermal denaturation (UV,
165DSC, NMR), CD and ITC experiments.
166UV Melting experiments were carried out with a Perkin-
167Elmer lambda-40 spectrophotometer equipped with a PTP-1
168DNA melting kit. Absorbance vs temperature curves were
169measured using a heating rate of 1 K/min. The temperature
170was measured directly in the sample using a thermocouple
171adapted to the cell cap. The absorbance was measured,
172depending on sample concentration, at either 260 or 290
173nm and using either a 10 mm or a 2 mm path length.
174Concentrations ranged between 1 μM and 100 μM for the
175duplexes and between 5 μM and 20 μM for the single strands.
176The Tm and ΔH�(Tm) were derived from the denaturation
177curves using the well described “two-state” model (50, 61)
178where the absorbance is expressed as a function of R, the
179fraction of strands in the single strand form, Ads, the
180absorbance of the solution containing only the duplex and
181Ass, the absorbance of the solution containing only single
182strand oligonucleotides (eq 1):

Aobs ¼ ð1-RÞAdsþRAss ð1Þ
183An expression for R can be extracted from eq 2 (where Co is
184the total concentration of each strand) and inserted into eq 1
185which can then be fitted to the experimental melting curve
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186 treating ΔH�, Tm, and the parameters describing the linear
187 variation of Ads and Ass with temperature as variable para-
188 meters.
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189 At least five runs were performed for each sample and
190 reported errors correspond to the 95% confidence interval.
191 DSC experimentswere carried out using a scan rate of 1K/min
192 with a Calorimetric Science Corporation nanoDSC-II differen-
193 tial adiabatic scanning microcalorimeter equipped with 0.3268
194 mL cells. Integration of the area between the Cp versus T curve
195 and the baseline, constructed using the two-state model, yields
196 the transition enthalpy (4H�(Tm)) and Tm is the temperature
197 which divides this area in two. All data were processed using the
198 standard CSC software. Concentrations ranged between 25 and
199 100 μM for the duplexes and experiments were run on the single
200 strands at a concentration of approximately 200 μM.At least five
201 runs were performed for each sample, and reported errors
202 correspond to the 95% confidence interval.
203 ITC experiments were performed on an ITC-4200 from
204 Calorimetric Science Corporation. Aliquots of 5 μL of a solution
205 of one of the strands of a known precise concentration (in the
206 250 μM range) were injected into the 1.3 mL titration cell
207 containing the solution of the complementary strand (in the
208 10 μM range). Twenty injections were typically performed for
209 each set of experimental conditions at intervals of 600 s to ensure
210 the return to equilibrium. Blank experiments were performed in
211 order to take ligand dilution heat into consideration (heat
212 removed before analyzing the titration data). Fitting of a 1:1
213 binding model to the experimental data was undertaken with
214 program developed in-house, using a simplex algorithm to
215 minimize a cost function which takes into account the errors
216 on (i) the heat exchanges after each injection (at least three
217 individual baselines were constructed in order to estimate an
218 error on the individual Qi) and on (ii) the concentrations in the
219 cell (linked to errors on ε and on the volume of injection). The
220 heat of the first injection was systematically removed for analysis.
221 CD spectra were recorded at room temperature for both
222 duplexes at a concentration of 140 and 75 μM for the LNA:
223 DNA andDNA:DNA duplexes, respectively, on a JASCO J-710
224 CD spectrometer with a 0.02 cm cell. Each CD spectrum was the
225 accumulation of eight scans recorded at 50 nm/min with a 1 nm
226 slit and a time constant of 0.5 s for a nominal resolution of
227 0.5 nm. Data were collected from 200 to 320 nm.
228 One dimensional 1H NMR experiments were acquired, at
229 different temperatures, on a Varian Unity - 600 MHz spectro-
230 meter using the jump-return pulse sequence with a delay which
231 maximizes the imino proton intensities (50 μs) (62). Spectra were
232 recorded with a minimum of 512 transients, an acquisition time
233 of 2 s, a recycle delay of 2 s, a spectral width of 12000 Hz, and a
234 digital resolution of at least 0.5 Hz/pt. The FIDs were weighted
235 by a 2 Hz exponential multiplication prior to Fourier transfor-
236 mation. Concentrations of the single strands and of the duplexes
237 were approximately 200 μM.
238 The assignment of the signals of the DNA:DNA duplex has
239 been previously reported (49) and the assignment of the DNA:
240 LNA imino protons was achieved by 2D NOESY spectra
241 collected with mixing times ranging from 100 to 300 ms.
242 Imino proton exchange experiments were performed at 20 and
243 15 �C using NH3 as proton acceptor. The formalism of catalyzed

244imino proton exchange is described in the literature (63). Imino
245protons exchange with water from the transiently open state via
246an acid-base reaction catalyzed by proton acceptors. The proton
247acceptor contribution to the exchange time is given by

τex;cat ¼ τclþ 1þ10pKðnuÞ-pKðaccÞ

RkcollKd½acc� ð3Þ

248where τcl is the base-pair lifetime, Kd is the base-pair dissociation
249constant (τop/τcl), kcoll is the collision rate (considered here to be
250equal 109 s-1) (63), pK(nu) is the pK of the monitored nucleotide
251imino proton (9.3 for G and 10.3 for T) (54), pK(acc) is the pK of
252the proton acceptor, (pK(NH3)=9.3), [acc] is the proton acceptor
253concentration and R is the accessibility factor of the proton
254acceptor for the imino protons in the open state (considered equal
255to 1 when NH3 is used as proton acceptor) (63). The exchange
256contribution of the catalyst, τex,cat, was determined from the
257exchange times measured in the presence (τex) and in the absence
258(τex,0) of ammonia:

τex;cat ¼ 1

τex
-

1

τex;0

 !-1

ð4Þ

259The plot of τex,cat versus the inverse of catalyst concentration
260yields τcl and the dissociation constant.

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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261 Samples of lyophilized duplex were dissolved at a concentra-
262 tion in the 500 μM range in a 90% H2O/10% D2O solution
263 containing 1 mM EDTA. The pH was adjusted to 8.9 using
264 concentrated solutions of NaOH and HCl. Aliquots of 6.5 M
265 NH4Cl were added to the initial solution to increase the catalyst
266 concentration and the pH readjusted to 8.9 after each addition.
267 Exchange times were determined by magnetization transfer
268 from water (63). Water magnetization was inverted using a
269 DANTE sequence of six 30� hard pulses separated by 100 μs
270 intervals. The residual transverse component was destroyed by a
271 Z gradient (23G/cm) applied after theDANTEsequence (500 μs)
272 and a Z-gradient (0.01 G/cm) was also applied during the
273 magnetization transfer delay (δ) to reduce radiation damping.
274 The signal was detected using an echo water suppression
275 subsequence with a 50 μs delay which maximizes the imino
276 proton intensities (64). A 300 μs gradient was applied before

277recording the FID (15 G/cm). A recovery delay of 15 s was used
278in order to allow full relaxation of the water magnetization. The
279imino proton exchange times at different catalyst concentrations
280were obtained using a minimum of 23 time increments and by
281fitting eq 3 to the experimental data. The delay never exceeded
282150 ms in order to avoid unwanted cross-relaxation effects. The
283longitudinal relaxation times of water (R1,w) and of the imino
284protons (R1,i) were determined with separate inversion-recovery
285experiments using a minimum of 11 time increments.

286RESULTS AND DISCUSSION

287Stability of the Duplexes. The thermal denaturation of
288the 11 base-pair DNA:DNA duplex was monitored by
289UV-spectroscopy and by DSC for duplex concentrations
290ranging between 1 μM and 100 μM. The Tm of the LNA:
291DNA duplex was too high, even at 1 μM, to be determined by

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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292 UV-spectroscopy. It could however be estimated by DSC as it
293 is possible to heat the sample to temperatures slightly above
294 100 �C in a DSC cell (pressurized at 3 atm). The Tm values
295 obtained for the natural and hybrid duplexes at similar
296 concentrations are reported in Table 1 and DSC thermograms
297 are shown in Figure 1. The Tm of the LNA:DNA duplex are
298 approximately 35 �C higher than those of the DNA:DNA
299 duplex. These results are comparable to results reported in the
300 literature for LNA:DNA duplexes studied under similar
301 experimental conditions (2, 10, 24, 32, 33, 65).
302 The thermodynamic parameters pertaining to the pairing of
303 the strands of the DNA:DNA and LNA:DNA duplexes were
304 obtained by isothermal titration calorimetry (ITC) at tempera-
305 tures between 15 and 37 �C. Figure 2 shows ITC data acquired at
306 37 �C for the titration of DNA strand A or LNA strand A into
307 the cell containing the cDNA strand T (for all ITC results see
308 Supporting Information). The heats of dilution of the single
309 strands were taken into consideration when analyzing the data.
310 Theywere found to be constant throughout the blank experiment
311 and furthermore identical to the heat generated by the last
312 injections in the pairing experiments. This indicates that there
313 is no change in the aggregation states of the single strands. The
314 parametric adjustment of the 1:1 binding model to the experi-
315 mental data converges toward a larger value for the affinity
316 constant for the LNA:DNAduplex, but as theseKa are very large
317 and cannot be determined with precision, the data should only be
318 considered qualitatively. Figure 3 shows the ITCdeterminedΔH�
319 for both systems as a function of temperature. The ΔH�(Tm) of
320 the DNA:DNA duplex extracted from the UV andDSC data are
321 also shown for comparison. At all temperatures, ΔH� is less
322 favorable for the formation of the LNA:DNA duplex than for
323 that of theDNA:DNAduplex.As the LNA:DNAduplex ismore
324 stable than the DNA:DNA duplex, the entropic contribution
325 (TΔS�) to duplex formation must consequently be less unfavor-
326 able for the LNA:DNA duplex.

327The 1HNMR spectra of the LNA single strand highlights that
328this strand adopts some structure at temperatures below 35 �C
329(see Supporting Information). Two imino proton signals are
330observed in the zone corresponding to the presence of H-bonds
331between correctlymatched base-pairs. They are observed for high
332(200 μM) and low concentration (20 μM) solutions suggesting the
333presence of a monomolecular structure. The thermal monitoring
334of the LNA by UV highlights a melting transition with a Tm of
33520 �C (concentrations between 5 and 20 μM) and characterized
336by a ΔH�(Tm) of -160 ( 40 kJ/mol (see Supporting
337Information). The denaturing of both DNA single strands did
338not exhibit a UV transition, and none of the strands exhibited a
339transition in the DSC scans.
340The contribution of single strand order to the thermodynamics
341of duplex formation has been discussed in the literature (44, 48,
34266, 67) where it has clearly been shown that the initial state of the
343single strands can make an important contribution to the
344thermodynamic profile of duplex formation. The presence of
345structure in the LNA single strand will lead to a lower entropic
346penalty upon the formation of the hybrid duplex at lower
347temperatures, such as those monitored by ITC. This entropic
348gain will not be present at higher temperatures, such as those
349monitored by thermal denaturing experiments, as the single
350strand is no longer structured. The fact that the sugar moieties
351in the LNA single strand are blocked in a particular conforma-
352tion will of course contribute, at all temperatures, to a difference
353in the ΔS� of interaction of the two duplexes.
354As the structuring of the LNA single strand is not a favorable
355helical preorganization, the disruption of the intrastrand hydro-
356gen bonds will contribute in an unfavorable way to enthalpy of
357formation of the hybrid duplex at lower temperatures. At
358temperatures close to the Tm of the LNA single strand (293 K),
359the ΔH� characterizing duplex formation is ∼70 kJ/mol
360less favorable for the hybrid duplex compared to the natural
361one. If the ΔH� of the LNA single strand is taken into account
362(∼160 kJ/mol), it is clear that at these temperatures, the enthalpy
363that characterizes the interaction between the two strands in the
364hybrid duplex is significantly more favorable than the one
365characterizing the interaction between the two DNA strands in
366the natural duplex. This clearly suggests that, as previously
367mentioned (35, 36), enhanced stacking interactions exist in
368LNA containing duplexes due to their more A-type helical
369structure. CD spectra of the DNA:DNA and LNA:DNA duplex
370clearly highlight that the former adopts a B-type helical structure
371(one positive (∼280 nm) and two negative, (∼250 and∼210 nm)
372peaks of approximately same intensity), while the latter adopts a
373RNA A-type helical structure (a maximum around 260 nm, a
374small negative peak around 240 nm, an intense negative peak
375around 210 nm and a slightly negative CD between 280 and 310
376nm) (68). It is also possible that the methyl groups present on the
377LNA cytosines lead to more favorable London interaction in the
378hybrid duplex (69).
379Analysis of the ITC data clearly shows that the ΔH� of both
380duplexes are temperature dependent. The slopes of the linear
381regressions performed on the ITC data (lines shown in Figure 3)
382yield ΔCp values of-3.7 ( 0.3 kJ mol-1 K-1 and -6.3 ( 0.6 kJ
383mol-1 K-1 for the DNA:DNA and LNA:DNA duplexes,
384respectively. These values are obtained with a much greater
385accuracy and precision than the ones that can be derived from
386thermal denaturation studies. It is indeed impossible to estimate a
387ΔCp with good precision from the concentration dependence of
388the ΔH�(Tm) determined by UV and DSC, not only because the

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.

Article Biochemistry, Vol. XXX, No. XX, XXXX E



389 temperature range is usually extremely narrow but also because

390 of the scatter and large experimental errors associated with ΔH�
391 values derived from denaturation curves. Regarding the possibi-

392 lity of determining ΔCp(Tm) by measuring the difference, at Tm,

393 between the pre- and post-transitional baselines of a DSC

394 thermogram, it is known that ΔCp determined in this way are

395 highly dependent on the choice of baselines- small perturbations

396 in the regions assigned to the baseline can produce large changes
397 in the ΔCp (41-43).
398 No data on ΔCp of LNA containing oligonucleotides have
399 to our knowledge been reported in the literature. ITC derived
400 values for various long DNA and RNA polynucleotides seem
401 to indicate that their ΔCp are essentially independent of
402 sequence and of the nature of the nucleotide (DNA or RNA).
403 An average value of 268 ( 33 J mol-1 K-1 per base-pair has
404 been reported (41). The ITC determined ΔCp reported for
405 shorter systems exhibit some variation with sequence and
406 length (45-48, 70) with values for DNA:DNA and RNA:
407 DNA duplexes, ranging between-1.42 kJ mol-1 K-1 (47) and
408 -5.43 kJ mol-1 K-1 (48). Differences are observed in the ΔCp

409 of homologous DNA:DNA andRNA:DNA duplexes but with
410 no systematic deviation (47, 70). The value determined in this
411 study for the DNA:DNA duplex falls in the range of the ones
412 reported in the literature for duplexes of similar length, while
413 the value determined for the LNA:DNA duplex is somewhat
414 higher.
415 An explanation for the molecular origin of the large negative

416 ΔCp of duplex formation is temperature-dependent changes in

417 the thermodynamic state of the single strands (42, 43, 46, 48). The

418 larger ΔCp observed for the LNA:DNA duplex is most certainly

419 the consequence of the fact that the LNA single strand adopts

420 some structure at temperatures below 35 �C. In the higher

421 temperature range sampled by thermal scanning methods, single

422 strands are always essentially random coil and theΔCpmeasured

423 via these methods will consequently not be influenced by an

424 eventual coupled temperature-dependent equilibrium related to

425 the single strands. The line drawn through the ITC determined

426 ΔH� values reported in Figure 3 and whose slope yields the ΔCp

427 value can consequently not be extrapolated to higher tempera-

428 tures. It can be expected that at higher temperatures the

429 difference in the ΔCp of the hybrid and natural duplex will
430 essentially disappear.

431Base-Pair OpeningDynamics. The imino proton region in
432the 1H NMR spectra of the DNA:DNA and LNA:DNA
433duplexes are shown in Figure 4 as a function of temperature
434with assignments indicated in the lowest temperature spectra.
435The signal intensities of the imino protons of both duplexes
436decrease with temperature as a consequence of their exchange
437with water protons. Exchange takes place when the hydrogen
438bond in which the imino proton is implicated is broken and
439when the lifetime of the open state is sufficient for proton
440transfer to occur (51). The exchange process, characterized by
441the rate constant kex, is consequently a function of the base-
442pair lifetime (τcl), the lifetime of the open state (τop), and the
443rate of transfer of the imino proton from the nucleoside to the
444proton acceptor (ktr). These lifetimes and rate constants are
445temperature dependent and are furthermore different for each
446imino proton which explains why the different signals in the 1H
447spectrum do not all disappear at the same temperature (51,
44871-73).

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.

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).
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449 In both duplexes the first signals to disappear are those
450 which correspond to the terminal guanines (G12 and G22) and
451 the signals of the guanines next to the terminal ones (G2 and
452 G10) are the next to disappear. These data clearly indicate that
453 fraying of the two last base-pairs occurs in both systems. The
454 signals of all other imino protons disappear between 60 and
455 70 �C in the homoduplex, but not all have disappeared at 85 �C
456 in the heteroduplex. As the LNA:DNA duplex exhibits the
457 higher Tm, this is not surprising. It is however difficult to try
458 and relate these disappearance temperatures to the Tm, which
459 characterizes the duplex as a whole and not at the individual
460 base-pair level.
461 The imino proton exchange process at the level of an individual
462 base-pair can be described using a two-state (open/closed) model
463 where the imino protons are protected within the closed pair but
464 can exchange from the transiently open pair, via an acid-base
465 reaction catalyzed by proton acceptors (63). The formalism of
466 catalyzed imino proton exchange from a base-pair has been
467 extensively described in the literature and the two state model
468 validated (54, 63). The base-pair lifetime (τcl) is equal to the imino
469 proton exchange time if exchange occurs at each opening event,
470 that is, in the presence of high proton acceptor concentrations.
471 When the proton acceptor concentration is limiting, the imino
472 proton transfer rate is function of the apparent base-pair
473 dissociation constant, Kd, which is the ratio of the lifetimes of
474 the open and closed states of the base-pair (τop/τcl). The plot of
475 the proton acceptor contribution to the imino proton exchange
476 time, τex,cat, versus the inverse of the acceptor concentration is,
477 according to the model, a straight line whose extrapolation to
478 infinite catalyst concentration yields the base-pair lifetime;Kd can
479 be derived from the slope (see the Materials and Methods
480 section) (51, 58, 63).
481 In order to extract information on the opening dynamics of a
482 base-pair, it is necessary to integrate the signal of the imino
483 proton which is involved in the hydrogen bond between the two
484 complementary bases. The imino signals which are well resolved
485 in both the DNA:DNA and in the LNA:DNA duplex are the
486 signals of T17, G14, andG20, and these three imino protons were
487 monitored in both systems at 15 and 25 �C. Figure 5 shows the
488 imino proton region at 25 �C of both duplexes in the absence and
489 in the presence of 10 mM of the proton acceptor, NH3.
490 The signals broaden considerably as the catalyst concentration
491 increases.

492The proton acceptor contribution, τex,cat, to the imino ex-
493change times are shown in Figure 6 as a function of the inverse of
494the proton acceptor concentration. The data were fitted with a
495least-squares parametric adjustment to a straight line (see eq 1).
496The τcl and Kd obtained for each base are given in Table 2. The
497T17 imino signal broadens in both systems very quickly upon
498catalyst addition and τcl could consequently not be obtained with
499acceptable precision. The τex,cat determined for the highest
500catalyst concentration is considered as an upper limit, but not
501as a good estimate, for τcl.
502Even if the τcl of the A-T pair could not be obtained with good
503precision, it is clear from the comparison of the τex,cat values
504(Figure 6) that in both systems the lifetime of the A-T pair is
505smaller than those of the G-C pairs, which is not surprising
506considering the more extensive hydrogen bonding of G-C base-
507pairs. It has been reported that in DNA:DNA duplexes, G-C
508base-pair lifetimes range between 5 and 50 ms and that those of
509A-T base-pairs range between 0.5 to 7 ms (74). The τcl of the two
510G-C pairs in the DNA:DNA duplex fall in the upper range of
511those reported in the literature and are smaller at 25 �C than at
51215 �C. The τcl of the two G-C pairs in the LNA:DNA hybrid
513duplex are larger than those of the corresponding pair in the
514DNA:DNAduplex and are only slightly affected by the change in
515temperature.
516Base-pair lifetimes, like all kinetic parameters, do not directly
517provide structural information but are sensitive to local struc-
518ture. The study of a series of homologous RNA and DNA
519duplexes (54) highlights that the lifetimes of r(G-C) pairs in the

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 1 to the experimental data points.

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:DNA25 �C 2.42( 0.15 7( 9 2.13( 0.0215( 12 91( 11 (<27)

15 �C 0.63( 0.0241( 120.61( 0.0271( 16 35( 3 (<14)

LNA:DNA 25 �C0.68 ( 0.03 35( 250.65( 0.0570( 34 185( 21 (<8)

15 �C 0.32( 0.1531( 270.79( 0.1583( 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.

Article Biochemistry, Vol. XXX, No. XX, XXXX G



520 A-type helices tend to be longer than those of the equivalent
521 d(G-C) pairs in the B-type helices. The values obtained in this
522 study highlight that similar structural considerations could be
523 valid as the G-C base-pairs have a longer lifetime at 25 �C in the
524 A-type hybrid duplex. At 15 �C, considering the large uncertain-
525 ties on these values, it is unfortunately difficult to conclude
526 anything.
527 Regarding the dissociation constants, the Kd of the A-T base-
528 pair is, in both systems and at both temperatures, more than an
529 order of magnitude larger than theKd of theG-C base-pairs. This
530 is consistent with data reported in the literature which highlights
531 that the G-C dissociation constants in DNA:DNA duplexes are
532 on the order of 10-6 andwhile those ofA-T base-pairs are at least
533 1 order of magnitude larger (58). The substitution of cytosine
534 DNA nucleotides by their corresponding LNA equivalent in-
535 creases the stability (in other words, decreasesKd) of both the C9-
536 G14 and C3-G20 base-pairs at 25 �C. The effect is less
537 pronounced at 15 �C which is a consequence of the weaker
538 temperature dependence of the Kd values of the more stable
539 LNA:DNA pairs than of the DNA:DNA pairs. Values obtained
540 for the Kd of the C7-G16 (0.28 ( 0.02 10-6 at 15 �C and 0.38 (
541 0.02 10-6 at 25 �C) and C5-G18 (0.29 ( 0.02 10-6 at 15 �C and
542 0.35( 0.02 10-6 at 25 �C) base-pairs in the hybrid duplex display
543 the same relatively weak influence of temperature. They present a
544 slightly higher stability compared to the C9-G14 and C3-G20
545 base-pairswhich could be due to theirmore central position in the
546 sequence. Unfortunately, no comparisons can be made with the
547 equivalent protons in the DNA:DNA duplex as their NMR
548 signals are not resolved . Concerning the Kd of the A6-T17 base-
549 pair, the substitution of the adenine DNA nucleotide by its LNA
550 equivalent has almost no effect on the dissociation constant at
551 15 �C and a destabilizing one at 25 �C. In this case, the
552 temperature has a strong influence on Kd in both systems.
553 The study of the base-pair opening dynamics of homologous
554 RNA and DNA duplexes (54) has shown that r(G-C) dissocia-
555 tion constants are smaller than d(G-C) dissociations constants
556 while r(A-U) and d(A-T) pairs exhibit comparable stabilities.
557 These results also highlight that structural features strongly
558 influence base-pair dynamics. The Kd values obtained at 15 �C
559 for the LNA:DNA duplex are similar to the values obtained for
560 RNA duplexes. Our results are furthermore coherent with the
561 results reported by McTigue et al.(34), who studied the effect of
562 the incorporation of a single LNA nucleotide on the stability of a
563 DNA duplex, and confirmed by those of You et al. (75). They
564 conclude that, even if there is an important nearest neighbor
565 dependence for each LNA base, LNA pyrimidines contribute
566 more to stability than purines. The largest stabilizing effect is
567 observed for the incorporation of a LNA cytosine and the
568 smallest for an adenine, which is also observed in this study at
569 the level of individual base-pairs. Base-pairs lifetimes have been
570 correlated to the difficulty of breaking Watson-Crick hydrogen
571 bonds and local stacking interactions (76). The increased lifetime
572 for G-C base-pairs in LNA:DNA heteroduplex correlates well
573 with the thermodynamic data reported for the LNA:DNA
574 duplex.
575 In Summary. We have monitored the stability and base-pair
576 dynamics of two isosequential duplexes, one composed of two
577 DNA strands the other of a full-LNAand aDNA strand. Aswell
578 documented in the literature, the substitution of DNA nucleo-
579 tides by LNA nucleotides increases the thermal stability of the
580 duplex and induces an A-type helical conformation. Using ITC
581 we were able to highlight that the entropic term of duplex

582formation is less unfavorable for the heteroduplex than for the
583homoduplex. The locking of the sugar in the LNA nucleotides of
584course contributes to this ΔΔS�, but the presence of a hairpin
585structure in the LNA single strand, highlighted byNMR andUV
586measurements, is also favorable from this point of view. The
587presence of this structure has however an unfavorable effect on
588the enthalpy of duplex formation as intrastrandH-bondsmust be
589broken upon duplex formation. Taking this contribution into
590consideration, it is possible to show that the enthalpy of forma-
591tion of the heteroduplex from unstructured single strands would
592be more favorable than the enthalpy of formation of the
593homoduplex. This suggests a more efficient stacking of the bases
594in the LNA containing duplex. The single strand structure will
595also partially explain the largeΔCp associated with the formation
596of the hybrid duplex.
597The determination by NMR magnetization transfer experi-
598ments of individual base-pair dissociation constants provides
599complementary information pertaining to the stability of the
600duplexes at the level of the individual base-pairs. The substitution
601of a cytosine by its LNA equivalent decreases the dissociation
602constant of the G-C base-pair and increases its lifetime, while an
603LNA substitution in an A-T base-pair does not seem to have a
604favorable effect on its stability. A decrease in temperature does
605not have an as important effect on the stability of a C-G base-pair
606in the LNA:DNA duplex than in the DNA:DNA duplex. This
607could be related to the fact that LNA nucleotides have less
608conformational freedom, making them less sensitive to a change
609in temperature. A more complete picture of base-pair dynamics
610of LNA containing oligonucleotides could be helpful in the
611design of displacement probes and primers used in hybridiza-
612tion-based assay, where it is likely that polymerase activity is
613dependent on the base-pair opening dynamics. The results of the
614base-pair dynamic experiments confirm the hypothesis, reflected
615by the more favorable ΔH� for the formation of the LNA:DNA
616duplex from unstructured strands, that noncovalent interactions
617in the LNA:DNA heteroduplex are more favorable than in the
618DNA:DNA homoduplex.
619Our conclusions are based on the comparison of the results
620obtained for two isosequential duplexes (DNA:DNA and a full-
621LNA:DNA) and comparison with other sequences and/or with
622nucleotides with selective LNA substitutions would be needed in
623order to obtain more general conclusions regarding the effect of
624the incorporation of LNA nucleotides on the dynamics, thermo-
625dynamics, and thermal stability of oligonucleotides. Even ifmuch
626work is still needed to elucidate all the factors at the origin of the
627increase in thermodynamic and thermal stability of a duplex
628induced by LNA substitutions, it is clear that the combined use of
629different experimental tools (ITC, NMR, thermal denaturation
630methods) helps to obtain a more complete picture at the
631molecular level.
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641 of formation (ΔH�) determined at different temperatures by ITC
642 for the DNA:DNA and LNA:DNA duplexes.This material is
643 available free of charge via the Internet at http://pubs.acs.org.
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