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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 RINA heteroduplex

using spectroscopic and calorimetric techniques. One to three LNA substitutions have been introduced
either at the adenine '@AGCACCAG) or thymine (5TGCTCCTG) 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,
AC,, 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 Scheme &

oligonucleotide-based therapeutics is a promising alternativeg b

to the conventional therapeutic strategies. The last two s ~0 o)

decades have seen an upsurge in the synthesis of modified , pase A e Base
nucleotide analogues with desirable therapeutic properties ° T 0 © ©

and commercial viability ). A locked nucleic acid (LNA) o 0=P-0 0 \o

is one such engineered nucleic acid analogue, containing one 0-P-0° 0=R-0

or more LNA nucleotide monomers with a bicyclic furanose C2-endo C3"endo LNA (N-type)
unit locked in an RNA-mimicking sugar conformation (S-type) (N-type)

(Scheme 1)2). This conformational restriction results in a a (a) The C2-endo-C3-endo sugar ring equilibrium present in
locked 3-endo conformation that is translated into unprec- nucleic acids. (b) The molecular structure of locked nucleic acid (LNA),
edented hybridization affinity toward complementary DNA/ Wwhich shows the locked G&ndo sugar conformation.

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
structuresn vitro or in vivo (3—5). With regard to antisense enhances the metabolic stability, and improves the pharma-

therapy, the sgperior specificity of LNA .prot.)es allows cokinetic and the toxicity profile of the modified oligonucle-
selective targeting of even short-length, minority miRNAs otide ©, 14)

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

The antisense efficacy of LNA-modified DNA oligonucle-
otides has been successfully employed in cancer theBapy (
11, 15-17); for inhibiting replication of hepatitis and HIV
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has been its use i_n situ qeteCti(_)n and eXpreSS?on profiling Table 1: Heteroduplexes Containing LNA Modifications in
miRNAs, along with their functional characterizatiab(- Boldface with L Superscript

31). The aforementioned assays largely rely on specific = -~ nomen

hybr|d|zat|0n Of LNA/DNA pl’ObeS to the tal’get RNA, agaInSt clature sequence (8_mer) clature sequence (8_mer)

a large cellular background. Consequently, accurate des:igningT_I_N A0 5-TGCTCCTG3 A-LNAO 5-AGCACCAG-3

of LNA/DNA probe sets allowing for precise detection target 3_ACGAGGAC-5 3_.UCGUGGUC-5
RNAs becomes a prerequisite. In practice, the biophysical T-LNA1 5-T'GCTCCTG-3  A-LNA1 5'-ALGCACCAG-3
properties of LNA can be exploited to design a probe set to 3-ACGAGGAC-3 3-UCGUGGUC-5

. . - .y . . . . - _TL L - - AL L -
ensure uniform, high-affinity hybridization yielding highly T-LNAZ g’-XC%C;G((:;gI(—:(-BSB A-LNA2 2,_GC%C§GES§_353

accurate signals that could discriminate even single nucle- 1| NA3 5-TLGCTLCCTLG-3 A-LNA3 5'-ALGCALCCALG-3
otide differences and closely related RNA family members. 3-ACGAGGAC-5 3-UCGUGGUC-5
Our study represents a preliminary step in realization of

creating a probe dataset based on thermodynamics CharacFormation. Using the same sequence sets we now evaluate

teriza}tion c.)f LNA/ DN'A."RNA hetgroduplex hybridizatio_n.. the energetics, counterion and hydration effects accompany-
Starting with short oligonucleotide sequences containing ing the formation of 8-mer LNA-modified RN/ADNA

varying amounts of LNA-substitution, we have evaluated the (RNA-LNA/DNA) hetroduplex. For all the modified oligo-

mflugnce of LNA—modlﬂcatlon on hybr|d|z_at|on thermody- nucleotides (8-mer), substitutions were introduced at adenine
hamics, counterion changes and hydration of DRRA or thymine nucleotides of the DNA strand of the heterodu-
heteroduplgx: , . . , plex. Our ITC and DSC data for the heteroduplex formation
The hybridization properties of LNA containing 0ligo-  igicates that increase in LNA substitution leads to an
nucleotides have been evaluated in different sequence context, -raase in enthalpy change which compensates for the

ranging from six to twenty nucleotide long oligomers with h¢ayqrable entropy change, thereby making the overall
varying LNA content and architecture (such as fully modified .qcess of duplex formation energetically more favorable
LNA, LNA/DNA mixmers, LNA/RNA mixmers, LNAIPS- a0 ynmodified duplex. The heat capacity change,,

DNA mixmers) @, 32, 33). Substitution by an LNA  5000mpanying each heteroduplex formation, obtained through

monomer leads o a rise in th&Tr, values up to+1 10 e has also been reported and has been used to furnish
+8°C against DNA and an increase-b2 to+10°C against  yhermodynamic parmeters at 3. Our ITC data shows an

RNA (10, 12 32—-34). This is possibly the largest increase ;rease in the binding constark] of the two strands

inh_thﬁrmostaﬁililty observed forha nuhcleicl acid analogue, .,ncomitant with the increase in extent of LNA substitution.
which nevertheless saturates when the relative substitutiong ey the formation of the LNA-modified hetroduplex is

by LNA monomer reaches to about 50% of the total residues 55gqciated with the higher uptake of sodium ions and lower

in the LNA/DNA phimera £4-36). Furthgr, the impact on uptake of water molecules with respect to the unmodified
the thermostability depends on the oligomer length and pya.RNA hetroduplex.

composition. A few reports based on thermodynamic evalu-
ation of LNA-mediated nucleic acid hybridization showed MATERIALS AND METHODS
that the introduction of an LNA modification induces
entropically favored duplex formation, compared to the  Two sets of 8-mer oligonucleotides were considered to
unmodified duplexes, while duplex formation for the all- study the effect of LNA on hybridization thermodynamics
modified LNA appeared to be entropically disfavored and Of DNA-RNA heteroduplex. The DNA counterpart of the
strongly enthalpically favoreds}. Another study revealed a heteroduplex was modified to various extents and at various
large positiveAASand a negligibleAAH for a gapmer with positions with either adenine- or thymine-locked nucleic acid
seven LNAs 86). A hybridization kinetics study using hucleotides. For each of the A- and T-modified sets, four
stopped-flow kinetics has also been performed. Evaluation 0ligonucleotide sequences, containing LNA substitutions
of thermodynamics for the same oligonucleotides showed ranging from zero to three modified nucleotides, were studied
small negativeAAH and AAS values for LNA-modified ~ (Table 1).
duplex formation 87). Another study examined the sequence-  All the LNA-containing octamers were synthesized and
dependent effects of LNA on hybridization thermodynamics purified as described in the literatured5). The other
and observed it to be largely influenced by the neighboring unmodified oligonucleotides (HPLC-purified) were pur-
bases flanking the substitutior38). The effects of LNA chased from Sigma Genosys. The solution concentrations
substitutions as a function of sequence context in the middle of each of the unmodified oligonucleotide were determined
of the 2-O-methyl substituted RNA heptamer have also been optically at 260 nm and 28C using the following molar
investigated and found to be approximately additive when extinction coefficients (per mM cm™ of strands): 81.3
LNA nucleotides are separated by at least oR@-2nethyl for d(AGCACCAG), 64.9 for r(CUGGTUGUT), 65.7 for
nucleotide 89). The studies mentioned above represent a d(TGCTCCTG), and 83.7 for (CAGGAGCA). These values
preliminary evaluation of LNA-based hybridization thermo- were calculated by extrapolation of the tabulated values of
dynamics, based on simple UV melting experiments. the dimer and monomer nucleotides at 26 to high

In an attempt to study the origin of enhanced-stability for temperatures using protocols reported previously.(For
LNA residues, we analyzed hybridization thermodynamics the modified oligonucleotides, the molar absorptivities were
of LNA-based oligonucleotides in different model systems. assumed to be identical to the DNA oligonucleotides.
In our earlier work 40) we employed both spectroscopic All measurements were performed in 10 mM sodium
and calorimetric measurements to investigate the effect of cacodylate buffer (pH 7). The heteroduplex solutions were
LNA on hybridization thermodynamics of DNA duplex prepared by mixing the given template strand, bearing
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varying amounts of LNA modifications, with the corre- from different replicas. Values found to be in agreement by
sponding unmodified complementary strand in a 1:1 ratio. both of the methods were considered to be the final ones.
Prior to the experiments, the samples were heated 95 Furthermore, the thermodynamic uptake of counterions,
for 20 min and then slowly annealed to the starting Anyst, associated with the process of duplex formation can
temperature of the experimental conditions. All experiments be obtained according to the equation

except DSC were performed in replicas of three with the

experimental error stated as footnotes to tables. Ang, = 1.11(AH/RTm2) oT,/o(In [Na*]) 4)

Temperature-Dependent UV Spectroscopy (UV Melts
Thermal denaturation scans for each 8 bp heteroduplex werewhere 1.11 is a proportionality constant for converting ionic
obtained with a thermoelectrically controlled Cary 100 activity into concentrations andiT,/o(In [Na*]) represents
(Varian) spectrophotometer, as a function of salt-¢100 the slope of a plot ofl, versus the logarithm of sodium
mM Na') and osmolyte [525% (w/v) ethylene glycol] ions (In [Na’]) at different concentrations (110 mM Na)
concentration. All melting curves for duplex denaturation (44). The term in parentheses is a constant obtained from
were collected at a 260 nm wavelength as a function of the UV experiment, andR represents the universal gas
temperature in the temperature range from 10 t6@@ta  constant (1.986 cal mol K~?). Similarly, the changes in
heating rate of 1°C/min. The melting curves for each the number of water molecules associated with the melting
heteroduplex were recorded in reversible conditions. Heat- processAny, were obtained from the dependencelgfon
ing—cooling cycles were performed to check if there is any water activity @w) according to the equation
hysteresis (Supporting Information Figure SI1). The mole
fraction of the folded heteroduplext) at different temper- Any, = (=AH/R)[6(T,, )/o(In ay)] (5)
atures was evaluated from the absorbance, &AM Ay, ] .
where AA is the change in absorbance at 260 nm at any Where AH is the enthalpy change determined from UV
temperature andAnais the maximum change recorded at €Xxperiments and is the universal gas constarts]. The
the highest temperature, was also calculated. The plot of moleslope of the plot of reciprocal temperatut€ () of melting
fraction () versus temperature allowed us to measure the versus the logarithm of water activity (law) at different
melting temperaturel,,. Some of the original plots (abs vs ~concentrations (0, 5, 10, 15, 20, and 25%) of ethylene glycol
temperature) are provided in Supporting Information (Sup- 9ave the value ob(Trn™)/d(In aw). .
porting Information Figure SI2 and Figure SI3). Differential Scanning Calorimetry (DSC Me)tsDif-

The van't Hoff enthalpy changeAH.) for duplex ferentl_a_l scanning calorimetry was used to monlto_r the heat
formation was calculated by fitting the shape of each curve capacities of each heteroduplex (8M) as a function of -
to the following equation using the Meltwin 3.5 program temperature (melting curves) using a VP-DSC differential
(42) that is available at www.meltwin.com, scanning calorimeter (Microcal, Inc., Northampton, MA). A

typical experiment consists of heating of a sample cell
€(T) = (M T + Byoe + (Mg T + By)(1—a) (1) containing 0.52 mL of heteroduplex solution and a reference
cell filled with the same volume of buffer, in the temperature
Here,e(T) represents for the temperature dependence of therange 10 to 9C°C at a rate of 1°C/min. Repeated buffer
extinction coefficientg; the first term of the right expression  versus buffer scans were carried out with 10 mM sodium
indicates the mole-fraction weighted, linear component of cacodylate to obtain an appropriate, reproducible baseline
the melt curve due to single strands, while the second termwhich was then subtracted from the sample versus buffer
represents the mole-fraction weighted, linear component duescan. The average sample scans were normalized for
to double strands. concentration, and the progressive baseline mode available

The entropy and enthalpy values are calculated using thein the analysis package (Origin 7. 5) was used to integrate
method of Gralla and Crothers (1973) according to which the resulting curve/AC, dT, to yield the molar unfolding

enthalpy, AHn,, near the melting temperatur&,, was

AH® = CI(1/Ty, — 1Tyy,) () determined by the midpoint of the transition, while the heat
AS = (AHY/T.) + X 3 capacity change)AC,, accompanying duplex melting was
( m) 3) determined by the difference in between pre- and postde-
whereC is the constant 4.4, 7.0, or 3.2 cal/(m¢) and X is naturation baseline extrapolated to the midpoint of the
In(Cy), In(C+/4), or O for self-complementary, non-self- {ransition ¢6). The obtaine\C, values were then used to
complementary, or unimolecular equilibria, respectivaly; furnish a complete thermodynamic profile at 32, using

and Ty are the absolute temperatures at the maximum andthe following equation 47):
upper half-maximum of the melt curve derivative, respec- _ _

tively. In addition to the MeltWin program, all the melting AH(T) = Ay, + ACP(T i) ©6)
curves were also treated manually to exteakky. The linear  TAT) = AH(T/ T,) + AC,T In(T/T,) (7)
lower and upper baselines were manually chosen in the

absorbance vs temperature curves Aht), values calculated ~ AG(T) =

as previously described4®). As the determinations of AHL[(1 = T/T,) + ACLT — T,)) — In(T/ Tl (8)
baselines are mainly biased, both of the methods have certain

uncertainty. To achieve the values of best accuracy, all whereT = 37 °C andAH,, represents the enthalpy change
experiments were performed at least thrice, and severalaround melting temperature. Furthermore, the effects of LNA
different upper and lower baselines were chosen to calculateincorporation on the thermodynamic parameters can be
AH,y and the reported values are averaged values obtainedepresented as the difference in tieH and AS for
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hybridization between the LNA-containing heteroduplex and
the unmodified heterodupleXAAH = AH_na+pnaRNA —
AHpnarna aNdAAS = AS na+onarna — ASHONARNA)-
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 1€C; at this temper-
ature each duplex forms completely. For accurate estimation
of AH values, the DNA strand with concentration 3™
for T-LNA and 15uM for A-LNA was loaded into a 1.4
mL sample cell, and the complementary RNA strand (titrant)
at concentration 300M for T-LNA and 150uM for A-LNA
was loaded into the 250L injection syringe at the stirring
rate of 400 rpm. A typical titration consisted of 1
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 constaldt, the stoichi-
ometryN, and the enthalpy changeH were obtained from
the curve fitting. The Gibbs free energy chamgy® and the
entropyAS were calculated from the equation

AG=—RTInK,=AH—TAS (4849 (9)
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Ficure 1: UV melting curves of unmodifiedX), single ), double
(©) and triple () modified heteroduplexes in 10 mM sodium
cacodylate buffer with 100 mM NaCl: (a) T-LNA and (b) A-LNA.

Table 2: Melting Temperatured 4 Values) at Two Different Salt
Concentrations and van't Hoff Enthalpyifl,s) Changes af, for

RESULTS Helix—Coil Transitior?

UV Melting Study Accurate thermodynamic parameters Tm°C
can be obtained from melting curves only when they exhibit Tm enhance- Tm enhance-
the nature of true equilibrium curves, i.e., superimposable 10 rTlM mentper 110 TM ment per AHyy
heating and annealing profiles. Under the buffer conditions _duplex  Na” modification Na” modification (kcal/moly
and heating/cooling rate°’C min~! all eight oligonucleotides ~ T-LNAO  29.7 38.6 —61.6
disol ; ; . T-LNA1 357 6.0 45.3 6.7 —-64.7

played superimposable and reproducible (Supporting

fi tion Figure SI1) heating and annealing profiles. Thus TLNAZ - 45.7 8.0 2.0 8.2 —70.2
Information Fig g and an gp - ' T-LNA3 501 6.8 615 7.6 ~73.3
all melting curves were true equilibrium curves and were A-LNAO 30.0 39.0 —64.1
treated to extract complete thermodynamic parameters.  A-LNA1 31.0 1.0 41.2 22 —66.0

LNA modified-oligonucleotide substitutions are known to A-LNA2  38.0 4.0 il 4.8 —68.6

A-LNA3 45,0 5.0 55.9 5.6 —-72.3

display enhanced thermal stability when hybridized to

complementary DNA or RNAZ—5). Our optical melting
data supported this finding, as for both the A- and T-modified
sets, we observed significantly highgg values relative to
the unmodified heteroduplexes (Figure 1). The increment in

a All the parameters were obtained from UV experiments. Hetero-
duplex concentrations werei@. Experiments were conducted in 10
mM sodium cacodylate buffer (pH 7.0) or 10 mM sodium cacodylate
containing 100 mM NaCl. Thd, values are withint0.5 °C error
while the AH4 values are within 10% error.

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-LNAL), 8.03 (T-LNA2) and 6.8C (T-LNA3) were
recorded for T-LNA duplexes at 10 mM NaA much
prominent enhancement i, was obtained at a higher salt

nonzero heat capacity changAC,, determined by the
difference in between pre- and postdenaturation baseline
extrapolated to the midpoint of the transition (Figure 2)
(50,57). The values obtained faxC, change accompanying

concentration of 110 mM Na where a highel,, increment duplex formation have been tabulated in Table 3. The average
per modification was detected for both the A-LNA and AC, change observed per duplex was found to be 175 cal
T-LNA duplexes (Table 2). In each case, the enhancementmol! K1, yielding an averaged base pair change of 22 cal
in the T, was much higher for T-LNA modification than  (mol of base pairs) K% Determination ofAC, allowed
for A-LNA modification. The data in Table 2 also gives the extrapolation of thermodynamic parameters at any given
van't Hoff enthalpy changeAH.+) for each heteroduplex temperature,T, using the eqs 6, 7 and 8. A complete
formation around the melting temperature, which tends to thermodynamic profile for heteroduplex formation at°&7
increase with increase in LNA content of the heteroduplex. has been depicted in Table 3. As evident from the tabulated
DSC Melting StudyDifferential scanning calorimetery was  values heteroduplex formation is associated with a favorable
used to investigate the effects of LNA incorporation on the enthalpy change (negativAH) and unfavorable entropy
energetics of heteroduplex-unfoldingQj, as represented in  change (a negativAS). The slope of the plot betweekH
Figure 2. An essentially flat baseline was observed for the andAS, depicted in Supporting Information, Figure Sl4, gave
pre- and postdenaturation region of the DSC curve. Our UV the compensation temperatufig, of 400 K (127°C), which
melting data also shows a similar feature, suggesting thatlay far beyond our experimental temperature. This significant
these heteroduplexes unfold in a two state process. Furtherdifference betweerT, and our experimental temperature
more, duplex melting was observed to be accompanied by aindicated a statistically relevant “compensation” between the
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20 LNA) and 15u4M, (A-LNA) which is much higher than K

values obtained from the analysis. An ITC experiment at
c ¥ low DNA concentration £1/K,) would give a heat of
?ES reaction below the sensitivity of the instrument.
3 o Counterion Uptake upon Duplex Formatioho estimate
:‘;; sl the effect of LNA modification on the counterion uptake
associated with the process of duplex formation, UV melting
20 curves of duplexes (2M) at several salt concentrations (10
110 mM Na) were studied. A representative curve for
_ 15l 9&? A-LNA3 and T-LNAS3 has been provided in Supporting
§ g?&‘;%A Information, Figure SI5. The dependence Bf on salt
% 10} §%% : concentration for each heteroduplex is also shown (Figure
g £ §f§ 4). The slopes of these curves are listed in Table 5. Sodium
o 5f £ 5% % ions contribute to the stability of helical structures by
R ] reducing the repulsive forces between phosphate groups
0 along the chaing4), and therefore, increasing the sodium

20 40 60 80 10020 40 60 80 100

Temperature (OC) Temperature (OC) ion concentration from 10 mM to 110 mM results in the

Ficure 2: Typical DSC curves of the heteroduplex melting in 10 shift of melting curves to higheTr, values. Furthermore,
mM sodium cacodylate buffer (pH 7.0), for (a) T-LNAJ, the charge density of double-helix is known to be higher

T-LNA1 (O), T-LNA2 (©), T-LNA3 (a) and (b) A-LNAO @), than single stranded oligonucleotides; as a result the transition
A-LNAL (0), A-LNA2 (<), A-LNA3 (4). The right panel describes  from a single stranded to a helical state (duplex formation)
baseinss to midpont of Lanaiton. Each experiment congists of |5 21WaYS accompanied by a net uptake of Nans (5. In
heating of a sampFI)e cell containing 0.52 mL ofzml heteroduplex Fhe case _Of LNA'mOd'f'e,d, he'_cerolduplexes, we observed that
solution and a reference cell filled with the same volume of buffer, introduction of the modification into one of the strands of
in the temperature range 10 to 9C at a rate of 1°C/min. the duplex leads to a higher uptake of counterions (sodium
ions) upon duplex formation. The counterion uptake for each
enthalpy and the entropy paramet82,(53). The influence  heteroduplex (Table 5) over this range of salt concentration
of LNA-substitution on thermodynamic parameters, with was calculated using eq 4 and is listed in Table 5.
respect to the unmodified duplex, is also depiCta, Uptake of Water Molecules upon Duplex Formatidio

AAS and AAG). It appears that introduction of an extra . . .
LNA-modification in DNA strand of the heteroduplex leads Qetect the dn‘fer(_ances n the hydration of the heterodu_plexes
induced by the incorporation of LNA nucleotide modifica-

to an increase in the favorable enthalpy term. Similar to our . .
by tions, we employed an osmotic stressing methsg] §7).

UV-melting data, in DSC also, we observed a higfigr The technique involves use of low molecular weight cosolute

increment by T-LNA substitution relative to an A-LNA. A | hat itself d : ith the bioool
similar trend could also be observed in the overall free energy (osmolyte) that itse 0€s not mteract'V\_/lt the lopolymer
but produces changes in the water activay). Monitoring

arameter AG®), suggesting a higher stabilization by thym- ; ) .
P AG"), sugg g 9 yiy the change i, of the double-helix as a function of change

ine substituted-LNA than an adenine substitution. : __ )
in water activity gives the number of water molecules that

ITC Studies for Duplex FormatiorA complete thermo- ; . .
dynamic profile for the association of LNA-modified DNA are uniquely bound to helix and are released upon melting

strand with RNA, as summarized in Table 4, was determined ©" unfolding of the duplex 45). We used a different

by ITC at 10°C. In the case of ITC, ideal experimental Concentration range {€25%) of ethylene glycol (ocsmolyte)
conditions for determining\H accurately are high concen- at 100 mM NaCl to monitor th&, dependence of hetero-
trations so as to have saturation binding, while ideal duplexes on water activity. A representative curve for
experimental conditions for determininxG accurately are ~ A-LNA3 and T— LNA3 is shown in Supporting Information,
low concentrations to have a smooth equilibrium binding Figure SI6. In each case, the increase in the osmolyte
curve. As presented in Figure 3, in all cases the stoichiometryconcentration shifts thél, of melting curves to lower

n was approximately equivalent to unity. The respective temperatures. The T4 dependence on lay is shown in
binding affinity between the two complementary strands, Figure 5 for each heteroduplex. The extent of water uptake
depicted byK, and the exothermic enthalpy changeHrc) upon formation of the duplex was calculated using eq 5. The
for formation of duplex was observed to increase with slope of these plots, along with the corresponding change in
increase in the number of LNA substitutions, indicating an the number of water molecules taken up by the duplexes, is
increase in the stability of the LNA modified duplex. This given in Table 5. It was observed that increasing the number
trend in enthalpy change correlated well with our DSC data. of LNA nucleotides led to a lower uptake of water molecules
The binding affinity and the corresponding enthalpy change by the modified duplexes as compared to the unmodified
for each duplex was then used to furnish other thermody- duplex, suggesting that the modified duplexes are less
namic parameters (Table 4) at 10, using eq 9. It can be  hydrated than their corresponding unmodified counterparts.
noted that the binding affinity can be determined accurately

only when titrant is added to a fixed concentrati@y][of DISCUSSION

complementary strand, such that it lies in the range 641/

otherwise the obtaine, would be underestimated. How- We have used UV, DSC and ITC measurements to
ever, the ITC experiment here was performedCat BO (T- extensively study the hybridization thermodynamics of LNA-
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Table 3: Thermodynamic Parameters Obtained by DSC for the Formation of Duplexes

Tm AHm AC, AHs7c) ASsrc) AGgrc) AAHsre) AASsro AAGrc)
duplex °C kcal/mol cal/motK kcal/mol eu kcal/mol kcal/mol eu kcal/mol
T-LNAO 51.7 —55.0 —173 —57.5 =177 —-25
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-LNAO 46.5 —63.0 —193 —64.8 —203 -1.9
A-LNA1 475 —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 —714 —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 30uM. Ty, values are withint0.5°C, AHy, values are within 3%, andG andASvalues are within 5% error obtained from three experimental
replicas.

Table 4: Thermodynamic Parameters Obtained by ITC for the (46, 47) observed for small duplexes. The lowe€, values

Formation of Duplexes at 10C2 in our case might be because of smaller size of our duplexes.
AHrre AS  AG’(10°C) This AC, value could be used to accurately determixte

duplex  kcal/mol eu kcal/mol Ka and AS values at any given experimental temperature. We
T-LNAO 497 144 89 8.58x 10° have used this value to deduce complete thermodynamic
T-LNA1 —60.0 —180 -9.0 9.73x 10° parameters at 37C (Table 3). A close analysis of the
T-LNA2 —66.3 —201 —9.3 1.54x 107 obtainedAH andASvalues indicated that favorable folding
T-LNAS =724 —221 —9.8 3.80x 107 of duplex in our case results from compensation of the
A-LNAO —60.0 -180 -8.8 7.24% 10°
A-LNA1 —621 —187 —90 9.52% 10F favorable enthalpy term and the unfavorable entropy term.
A-LNA2 —65.0 —195 -9.9 3.67x 107 While the unfavorable entropy contribution stems mainly
A-LNA3 —67.0 —201 —-10.1 6.59x 10° from the conformational rearrangement of the bimolecular

a All the parameters were obtained from ITC experiments, conducted association of two strands, and the uptake of counterions
in 10 mM sodium cacodylate buffer (pH 7.0). DNA strand concentration and water molecules, the favorable enthalpy term corresponds
in cell was 30uM for T-LNA and 15uM for A-LNA set, while RNA 5 exothermic contributions of base pairing and base pair

concentration in syringe was 3QMM and 150uM for T-LNA and . . . e
A-LNA set, respectivelyAH, ASandAG values are within 5% error, stacking interactions. A modification such as an LNA

while K, values are within 10% error, obtained from three experimental Substitution in an oligonucleotide may contribute to either
replicas. enthalpy or entropy change, or both, in free enerdy%)

- . relative to the unmodified duplex. Complete thermodynamic
modified heteroduplexes. In our UV-studies we observed that yqfile obtained from ITC and DSC measurements suggest
few of our heteroduplexes had melting temperature close 105t the increased stability of RNANA/DNA heterodu-
25-30°C; thus we chose to perform our ITC experiments yjayes compared to RNANA heteroduplexes originates
at 10°C where all the duplexes existed in the helical state. .o the increase in the favorable enthalpy term that
The DSC analysis provided enthalpy change associated withy, e rides the effect of the unfavorable entropy change. The
duplex ””f‘?'d”.‘g near melting temperature. However, bio- oyerall effect indicates that modified duplexes have a larger
!oglcal appl|cat|on'of these modified ollgonuc;leotldes would oy thermic contribution than the unmodified duplexes,
involve extrapolathn of these thermodynam_lc parameters toindicating that base stacking interactions in the modified
the relevant experimental temperature. This is particularly duplexes are more pronounced. Our ITC data also demon-
important in the case of LNA-modified oligonucleotides that strated an increase in binding &iffinitb(eo of two strands
have wide applications, ranglng_from ant_|sense-thgrapeuucsassociated with increase in the LNA-content of the het’ero—
that commonly work at 37C to diagonostic probes in PCR duplex. Compared to an adenine-substituted-modification (A-

reactions with working range of about 550 °C. A prior S . A
) ; . LNA), a more significant influence of LNA-substitution, in
knowledge of heat capacity changQ) associated with terms of thermostability and binding affinity was observed

helix-to-coil transition is thus required to account for the when the substitution was incorporated at the ‘thymine’
temperature dependencedl andAS. This consideration residue (T-LNA) of the DNA strand. In other words, a

becomes important in view of a large body of experimental . R -

and theoretical evidence suggesting that helix-to-coil transi- thymine substitution Is more sens@vg o the effect of LNA
tions of nucleic acids are accompanied by changes in heat®s compared to an adenine substitution.
capacity and that failure to account for this change leads to  The presence of counterions associated with nucleic acids
errors in estimation of truAH and ASvalues, at tempera-  is a significant factor influencing their stability. During the
tures distant from the melting temperatusé,(47, 58—60). process of duplex formation there is a net uptake of
Analysis of our DSC melting curves allowed estimation of counterions, which in turn affects the overall stability of the
AC, accompanying the helix to coil transitions of these helix. Investigating the change in the number of counterions
heteroduplexesQ, 51). The average value &C, was found ~ (AAnya') associated with an LNA-modified heteroduplex,
to be 175.5 camol™* K~1, which is equivalent to 22 cal = with respect to the unmodified heteroduplex, will aid in
(mol of base pairs) K. Our AC, values are, thus, in  elucidating the origin of stability for LNA-based oligonucle-
gualitative agreement with the literature values of 64 cal otides. Our study demonstrates an increased uptake of
(mol of base pairs} K~ for long polymeric nucleic acids  counterions consistent with an increase in the LNA-content
and an average value of 36 dahol of base pairs) K1 of the DNA strand. This finding can be ascribed to the LNA-
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Ficure 3: ITC curves of the heteroduplex formation in 10 mM sodium cacodylate buffer (pH 7.0), for (a) T-LNAGT{LNA1 (O),
T-LNA2 (<), T-LNA3 (2) and (b) A-LNAO @), A-LNA1 (O), A-LNA2 (<), A-LNA3 (a). For each titration, the DNA strand with
concentration 3&M for T-LNA and 15uM for A-LNA was loaded into a 1.4 mL sample cell, and the complementary RNA strand at
concentration 30@M for T-LNA and 150uM for A-LNA was loaded into the 25@L injection syringe and 1@L was injected in each

time at the stirring rate of 400 rpm.
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Ficure 4: T, dependence on salt concentration is shown for (a)
T-LNAO (O), T-LNA1 (O), T-LNA2 (), T-LNA3 (<) and for (b)
A-LNAO (O), A-LNA1 (O), A-LNA2 (a), A-LNA3 (<).

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 increase@l( 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 DRANA

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 contéht (
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-form44). 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 structuéS-
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 change6g, 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 loweredq2). Because of the'Z0H group,
the hydration of A-RNA is changed considerably and
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s250x10°h 5). This can again be attributed to the LNA-induced structural
- ﬂ\g\s\ﬂ\s\&a perturbation of the heteroduplex that drives the hybrid to an
3.200x10°} A-type geometry, which is much more dehydrated than the
= 3450010°) \S\S\@\S\S\S\ respective unmodified hybrid. The number of water mol-
E . ecules taken up, thus, decreases with an increase in LNA
3.100x10°} \A\A\A\AN content.
3.050x10°p
. M CONCLUSION
3.000x10°F i
2.250x10° b b an_side_ring the increasing success of LNA-technology in
hybridization-based assays involving RNA as the target, we
3.200x10° 2:2:&3’13% have attempted to study the influence of LNA substitution
. on the hybridization thermodynamics, counterions, and
o 3150107 N\A\AN hydration DNARNA heteroduplex. Thermal denaturation
- 3.100x10° experiments with differentially modified heteroduplexes
M suggested a higher thermal stability for the modified
3.050x10° duplexes. We conclude that this increased stability of LNA-

.08 .00 0.00 modified duplexes mainly emanates from the increase in
hybridization efficiency of the complementary strands, as

Ina,, indicated by our ITC data. Analysis of the DSC data allowed
Ficure 5: Dependence of Tf, on In aw for (a) T-LNAO (O), estimation ofAC, change accompanying each duplex forma-
T-LNAL (O), T-LNA2 (2), T-LNA3 () and for (b) A-LNAC (), tion, which could further be extrapolated to obtain thermo-

ALNAL (0), A-LNAZ (&), A-LNAS (). dynamic parameters at any given experimental temperature

condition. Thermodynamically, the presence of extra LNA-
substitution produces a larger increase in the favorable

Table 5: Thermodynamic Uptake of Counterions and Water

Molecules upon Formation of Dupléx enthalpy term that overrides the effect of unfavorable entropy,
5Tw/ Amne (per  O(UTw)  Amw (per thereby making th.e overall process of LNA-heterodu.p_Iex
duplex oNa*  duplex) o(In aw) duplex) AAnnar AAnw formation energetically more favorable than unmodified
T-LNAO 3.7 26 -765x104 236 heteroduplex. Among the adenine (A-LNA) and thymine (T-
T-LNA1 4.0 -2.8 —-6.86x10% 232 —-02 —04 LNA) substitutions, a slightly higher increment in thermal
T-LNAZ 4.2 ~30  -589x10% 214 -04 22 stability and binding affinity was observed for the thymine
;:'[Nﬁg g_g :g:? :?:;ii igll ;g:g —09  —44 modified heteroduplexes. Furthermore, the optical melting
A-LNA1 4.3 —31  —6.60x 104 216 —04 -3.7 data showed that the formation of modified heteroduplexes
A-LNA2 45 —-33 —-6.08x10* 180 —-06 73 is associated with higher counterion uptake and a relatively
ALNA3 510 -37  482x10*% 15 —1.0 -103 lower uptake of water molecules as compared to the

~ 2Experiments were conducted with«®1 heteroduplex concentration  unmodified heteroduplex. This observation can be ascribed
in 10 mM sodium cacodylate buffer, at pH 7.0, and adjusted to different {5 the LNA induced structural perturbation of the helical

concentrations of sodium chloride or ethylene glycol. Experiments with . . ) :
ethylene glycol were conducted in 10 mM sodium cacodylate buffer geometry that drives the helix to assume A-type conformation

containing 100 mM N& dT./0Na" and 8(L/T,)/o(In aw) values are that possesses a higher charge density but. i.s less hydrated
within 5%, andAnys+ and Any values are within 10% error. 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

RNA duplex by reinforcing the A-type geometry and by des:gn![ng of tgeie protbg se}ts, h‘;“g?"er:’ C.a”‘T' for exttgnswfe
linking backbone and base hydration across the strat®)s ( EKI?AUS lon danl' c arallc (iréza lon dc')ff 'Opt ysical proper |tes to
Thus, the greater thermal stability of RNA or RNA/DNA -based oligonucieotides in difierent Sequence Contexts.

hetroduplex (due to greater stabilization enthalpy) compared In th_e_ near future, we _hop_e to Investigate the effect of LNA

to DNA duplexes emanates from the@H of the RNA modification on hybridization thermod_y_nam|cs asa funct|_on

acting both as a scaffold for the water network in the minor g;SLeNSAﬂ;?]EFﬁm’ tﬁ:q;Jn%r:;?cg?g]potsr']téoqérth:t Tg:]gr:ﬁoggg

groove and as a site of extensive individual hydration. This Ing ication, get lengt

fact accounts for the high@k, and enthalpy change observed structure. T racking the effects Of LNA mOd'f'Cat'OnS. n f{he

for LNA/DNA -RNA heteroduplexes. compared to LNA/ aforementioned contexts will allow us to formulate guidelines

DNA-DNA dublexes used in pour r'evioug Studgoy, A for the optimum design of LNA-based oligonucleotides such
P X pr X that maximum functional efficiency could be drawn out of

corollary to the above is that the melting of an A-type DNA minimum modification

RNA heteroduplex will release a higher number of water '

molecules t_han the melting of DNBNA.dupIex. Our data ACKNOWLEDGMENT

supports this fact as we observed a higher uptake of water

molecules associated with LNA/DNRNA heteroduplex H.K. thanks ICMR for providing the fellowship grant. J.W.

formation compared to LNA/DNADNA duplex, used in thanks The Danish National Research Foundation for funding

previous study. Furthermore, within the LNA-modified The Nucleic Acid Center. The authors are thankful to the

heteroduplexes, the uptake of water molecules decreased assteemed referee for providing valuable suggestions to

the LNA content of the hetroduplex was increased (Table improve the manuscript.

displays conserved regular arrangement of water in both the
grooves (3). The 2-OH group is suggested to stabilize the
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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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