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ABSTRACT: Locked nucleic acids (LNA) considerably enhance the thermodynamic stability of DNA and RNA
duplexes. We report the thermodynamic stabilities of LNA-2'-O-methyl RNA/RNA duplexes designed to
provide insight into the contributions of stacking and hydrogen bonding interactions to the enhanced
stability. The results show that hydrogen bonding of LNA nucleotides is similar to that of 2/-O-methyl RNA
nucleotides, whereas the 3’-stacking interactions are on average ~0.7 kcal/mol more favorable at 37 °C than
for 2’-0-methyl or RNA nucleotides. Moreover, NMR spectra suggest helical preorganization of the single-
stranded tetramer, C"AMAYUM, probably due to restriction of some torsion angles. Thus, enhanced stacking
interactions and helical preorganization of single-stranded oligonucleotides contribute to the extraordinary

stabilization of duplexes by LNA nucleotides.

Locked nucleic acids (LNA)' are analogues of nucleic acids
that provide large enhancements of thermodynamic stability
for DNA and RNA duplexes (/—6). The methylene bridge
between C4' and 2'-hydroxyl (Figure 1) results in restriction
of ribose pseudorotation and exclusively C3'-endo conformers
(2, 7). As a consequence, the duplex adopts A-RNA structure.
The unique thermodynamic properties of LNA led to
applications in antisense, ribozyme, and microRNA regulation
of the biological function and structure of RNA (8—13).
Oligonucleotides containing LNA are also used as probes in
isoenergetic 2'-0-methyl RNA (2-O-Me RNA) microarrays
to study the structure and interactions of RNA (74, 15). Many
thermodynamic properties of LNA/DNA and LNA/RNA
duplexes have been reported (I, 5, 6, 16—19). The nearest
neighbor thermodynamic parameters of chimeric LNA-DNA/
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DNA and LNA-2-O-methyl RNA/RNA duplexes allow
prediction of the thermodynamic stability of LNA-modified
duplexes (4, 6) (www.ibch.poznan.pl/kierzek).

Several NMR structures of LNA/DNA and LNA/RNA
duplexes have been published (20—22). They show that LNA
nucleotides also cause the 3'-adjacent nucleotide to adopt a
C3-endo conformation. As a consequence, duplexes with RNA
or DNA adopt A-RNA or A/B-type structures. A crystal
structure reveals an extra water-bridged hydrogen bond between
the LNA-type ribose and the 3'-adjacent nucleotide (23).
Differential ~scanning calorimetry (DSC) revealed that
LNA/DNA duplexes have a lower rate of uptake of water in
comparison to unmodified duplexes, which indirectly suggests
that LNA-modified duplexes are less hydrated (/7).

The LNA properties described above could result in preorga-
nization of single-stranded oligonucleotides containing LNA.
Such preorganization would result in a more favorable initiation
free energy for duplex formation (6, 24). Such preorganization
has been detected in NMR studies of single-stranded oligo-
deoxynucleotides modified with LNA or with 5-propynyldeoxy-
uridine and S-propynyldeoxycytidine and is thought to
enhance the thermodynamic stability of 5-propynylated DNA
duplexes (25, 26).

Results presented here demonstrate that hydrogen bonding
in LNA/RNA and RNA/RNA base pairs is similar, but some
stacking interactions are enhanced by LNA. Moreover,
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FiGure 1: Hydrogen bonding within A-U, G-C, D-U, and I-C base pairs. The signs of partial charges are indicated to illustrate the presence of
cross-strand secondary electrostatic interactions (72—77). The magnitudes of the partial charges on all atoms of the bases are given in the

Supporting Information.

the presence of the O2,C4’-methylene bridge limits the flexi-
bility of LNA nucleotides and reduces the degrees of freedom of
some torsion angles relative to ribose. That restriction of ribose
flexibility should affect the entropy of duplex forma-
tion and as a consequence could explain a significant part of
the enhancement of the stability of duplexes by LNA (27).
Additionally, preliminary NMR studies of CAAU as single-
stranded RNA, 2-0-Me RNA, and chimera LNA-2-O-Me
RNA tetramers demonstrated that the structure of the single-
stranded oligonucleotide, C"AMA™UM, containing two LNA
nucleotides is most rigid and likely adopting a pre-A-RNA
structure.

EXPERIMENTAL PROCEDURES

General Methods. The 3'-O-phosphoramidites of LNA
nucleotides were synthesized according to published procedures
with some minor modifications (2, 6, 28). Mass spectra of
nucleosides and oligonucleotides were obtained on an LC—MS
Hewlett-Packard series 1100 MSD instrument with an API-ES
detector or a MALDI TOF MS, model Autoflex (Bruker).

Synthesis and Purification of Oligonucleotides. Oligonu-
cleotides were synthesized on an Applied Biosystems DNA/RNA
synthesizer, using p-cyanoethyl phosphoramidite chemistry
(29, 30). Commercially available A, C, G, U, and I phosphor-
amidites with 2'-O-tert-butyldimethylsilyl or 2'-O-methyl groups
were used for synthesis of RNA and 2'-O-methyl RNA, respec-
tively (Glen Research, Azco, Proligo). LNA phosphoramidites
were prepared according to described procedures (28). Thin-layer
chromatography (TLC) purification of the oligonucleotides
was carried out on Merck 60 F,s4 TLC plates with a
I-propanol/aqueous ammonia/water mixture (55:35:10, v/v/v).

The details of deprotection and purification of oligoribonucleo-
tides were described previously (24).

UV Melting. Oligonucleotide duplexes, in the concentration
range of 107°—10"° M, were melted in a buffer containing
100 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM
Na,EDTA (pH 7.0). The relatively low NaCl concentration kept
melting temperatures in the reasonable range and allowed
comparison to previous experiments (/, 4—6). Oligonucleotide
single-strand concentrations were calculated from absorbance
above 80 °C with single-strand extinction coefficients approxi-
mated by a nearest neighbor model (37, 32). Absorbance versus
melting temperature curves were measured at 260 nm with a
heating rate of 1 °C/min from 0 to 90 °C on a Beckman DU 640
spectrophotometer with a thermoprogrammer. Melting curves
were analyzed, and thermodynamic parameters were calculated
from a two-state model with MeltWin 3.5 (24, 33, 34). For most
duplexes, the AH° derived from Ty versus In(Cy/4) plots is
within 15% of that derived from averaging the fits to individual
melting curves (see the Supporting Information), as expected if
the two-state model is reasonable.

NMR Spectroscopy. C-AMAYUM, CMAMAMUM, and
CAAU at a concentration of ca. | mM were dissolved in buffer
containing 100 mM NaCl, 10 mM sodium phosphate (pH 6.8),
and 0.1 mM Na,EDTA and the mixtures placed in Shigemi
tubes. NMR spectra were recorded on a Bruker Avance II 400
MHz spectrometer. The residual signal from HOD was sup-
pressed using low-power presaturation. NOESY spectra in D,O
were recorded with mixing times of 400 ms; 2048 complex points
in t, and 512 FIDs in #; were collected with a spectral width of
3800 Hz and a recycle delay of 3 s. The chemical shifts are
referenced to 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS).
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Methods of Computation. (i) Partial Charge Calcula-
tions for Inosine (1) and 2,6-Diaminopurine Riboside (D).
To calculate the partial charges for inosine and 2,6-diaminopur-
ine riboside, the C2'-endo and C3'-endo conformations for each
residue were created. The RESP protocol (35—38) with multi-
conformational fitting was applied to these residues. During the
RESP protocol, the charges of the sugar atoms, except C1’ and
H1’, were fixed to the amber 99 charges because only C1’ and HI’
charges may be significantly affected by the substitutions in the
base (39). For the sake of completeness, a residue library for
inosine and 2,6-diaminopurine riboside was created, which
includes the nucleoside (XN), 3'-end side (X3), and 5'-end side
(X5) (where X represents I or D) versions of the residues, as
well as the inter-residue version (X), which was the only form
used for the calculations reported here. The missing force field
parameters for inosine were taken from Sponer data (40). The
missing force field parameters for 2,6-diaminopurine were taken
from the amber 99 parameter set by analogy (see the Supporting
Information).

(ii) Explicit Solvent Simulations. The structures of RNA/
RNA duplexes (i) YACUDACA/3UGAUUGU, (i) SYACUA-
ACA/3UGAUUGU, (iii)) YACUCACA/3UGAGUGU, and
(iv) Y ACUCACA/3'UGATUGU were modeled with the nucgen
module of AMBER version 9 (41). They were solvated with
TIP3PBOX water molecules (42) in a truncated octahedral box.
Systems with (i) and (ii) have 3332 water molecules, while systems
with (iii) and (iv) have 3331 water molecules. Twelve sodium
cations were used to neutralize each system. The parameter/
topology files for each system were created with the x-leap
module (41). Two types of molecular dynamics (MD) simula-
tions, unrestrained and restrained, were conducted using the
amber 99 force field.

(iii) Minimization. The structures were minimized in two
steps. For each system, the same protocol was used. (1) With the
RNA held fixed with a restraint force of 500 keal mol™" A7,
steepest descent minimization of 2500 steps was followed by a
conjugate gradient minimization of 2500 steps. Constant volume
dynamics with a cutoff of 8 A was chosen. (2) With all restraints
removed, steepest descent minimization of 2500 steps was
followed by a conjugate gradient minimization of 2500 steps.
Constant volume dynamics with a cutoff of 8 A was chosen again.

(iv) Pressure Regulation. After the minimization, two steps
of pressure equilibration were conducted on each system.
(I) RNA structures were held fixed with a restraint force of
10 kcal mol A2 Constant volume dynamics with a cutoff of
8 A was used. SHAKE (43) was turned on for bonds involving
hydrogen atoms. The temperature was increased from 0 to 300 K
in 20 ps. Langevin dynamics with a collision frequency of 1 ps™"
was used. A total of 20 ps of MD was run with a 2 fs time step.
(2) The same conditions as above were chosen, except that
constant-pressure dynamics with isotropic position scaling was
turned on. The reference pressure was set to 1 atm with a pressure
relaxation time of 2 ps. A total of 100 ps of MD was run with a
2 fs time step. The Particle Mesh Ewald (PME) method was
always on with the default values.

(v) Molecular Dynamics Simulations. Initially, no re-
straints were used in the simulations, but this resulted in large
conformational changes for the terminal base pairs within 10 ns.
Because the region of interest is the middle of the duplexes,
distance restraints were used on the terminal AU base pairs to
keep them hydrogen bonded. In particular, the Al H61---Ul4
O4and A7 N1---U8 H3 distances were restrained to be between
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1.34and 2.34 A and between 1.45and 2.45 A, respectively (see the
Supporting Information). For each simulation, the last structure
of pressure regulation was taken as the initial structure. Constant
pressure dynamics was chosen with a cutoff of 8 A. A total of
30 ns of MD was run with a 1 fs time step. Energy information,

restart, and trajectory files were written every 250, 5000, and 5000
steps, respectively. Another 15 ns of MD with a 1 fs time step was
run for the structure of YACUAACA/3UGAUUGU to reach
convergence, yielding a total of 45 ns of MD. The translational
center of mass was removed after every 5000 steps. NRESPA was
set to 1. The pressure relaxation time (TAUP) was set to 2 ps. The
reference pressure (PRES0) was set to 1 atm.

Analysis of Computations. (i) MMPBSA/GBSA
Analysis (44—50 ). Only the results from restrained simulations
were analyzed. The first 1120 ps of each simulation was omitted
from the calculations to allow equilibration. The mm_pbsa.pl
script (41) was used to create the structures and calculate the
binding free energies. A total of 2900 structures were extracted
from the trajectory files, except for the SACUAACA/
3UGAUUGU simulation for which 4400 structures were
extracted. Molecular mechanics energies (MM = 1), desolvation
energies using GB and PB models (GB=1 and PB=1, respec-
tively), and nonpolar contributions to desolvation using molsurf
(MS=1) were used in the calculations. The average binding
energy with respect to time and the values at times ¢ and /2
indicate convergence (see the Supporting Information). No
normal-mode analysis was done for the systems.

(ii) RMSD Analysis. RMSD calculations were conducted
with the ptraj module of AMBER 9 (41). First, water and sodium
cations were stripped out of the trajectory files. All atoms of the
RNA were included in the RMSD calculations. The trajectory
file was RMSD fitted to the final structure from equilibration (see
the Supporting Information).

RESULTS

Stability Increments from Stacking of Terminal Un-
paired Nucleotides on LNA-2'-O-Me RNA/RNA Helixes.
One way to evaluate stacking is to measure stability increments of
terminal unpaired nucleotides, so-called “dangling ends”
(51—53). Table 1 provides the thermodynamics of formation
for duplexes with and without various dangling ends, and Table 2
summarizes the free energy increments for 3'-dangling ends at
37 °C. Stability increments for 3-LNA dangling ends are listed
with a superscript b in Table 2 and are similar for D*, A", and G*
when they are stacked on the same type of base pair. For 3/-G*
dangling ends in duplexes, SCMCMGMUMCMYMGY
3¥GGCAGZ, where Y™ is AM, UM, CM, or GM and Z is the
Watson—Crick complement of Y, the thermodynamic stability at
37 °C is enhanced by 1.2, 1.8, 2.0, and 3.0 kcal/mol for terminal
AM-U, UM-A, GM-C, and CM-G base pairs, respectively. For the
same duplexes but with a 3'-dangling A", stabilities are enhanced
by 1.1, 2.2, 2.0, and 2.5 kcal/mol, respectively, when next to
terminal AM-U, UM-A, GM-C, and CM-G base pairs. Similar
enhancements of 1.4, 2.5, 2.4, and 2.2 kcal/mol were observed for
3'-dangling D' next to terminal AM-U, UM-A, GM-C, and CM-G
base pairs, respectively. The 3'-dangling pyrimidines have a
smaller effect on stability than purines. (Compare values with a
superscript b in Table 2.) U" enhances stabilities by 0.7, 0.9, 1.0,
and 1.4 kcal/mol and C" by 0.7, 1.0, 0.9, and 1.2 kcal/mol
when next to AM-U, UM-A, GM-C, and CM-G base pairs,
respectively.
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Table 1: Thermodynamic Parameters of Helix Formation with RNA and 2'-O-Me Oligoribonucleotides Showing the Effect of LNA 3'- and 5'-Dangling Ends”

LNA-2'-0-Me RNA/RNA duplexes Ty vs log Cr plots

LNA-2'-0-Me RNA (5'-3") RNA (3'-5) —AH° (kcal/mol) —AS° (eu) —AG°37 (kcal/mol) Tn' (°C)  AAG®s7 (keal/mol)

(A) Thermodynamic Parameters of Helix Formation with Various 3’-Dangling Ends at 2’-O-Me RNA/RNA and 2’-O-Me RNA/2'-O-Me RNA Helical Cores

cMcMgMuMcMGM GGCAGC 51.6+£1.7 138.9+5.4 8.4940.05 49.2 0
cMcMgMuMcMGMpM GGCAGC 60.8+1.9 165.1£6.1 9.64+0.08 53.7 -1.15
cMcMGgMuMcMGMpt GGCAGC 65.5+1.9 176.1£5.9 10.88+0.11 59.1 -2.39
cMcMGMuMeMGMaAM GGCAGC 559+ 1.4 149.6 £4.2 9.54+0.05 54.6 -0.96
cMcMGMUMeMGMAT GGCAGC 60.4+2.4 161.2+7.4 10.43+0.12 58.4 —-1.94
cMcMGMuMeMGMGM GGCAGC 558420 149.8 £6.1 9.32+0.07 53.3 -0.83
cMcMGMuMcMGMGt GGCAGC 60.7+1.2 161.9+3.5 10.49 + 0.05 59.1 —2.00
cMcMgMuMcMGMuM GGCAGC 547+ 1.8 146.7£5.5 9.15+0.07 52.6 —0.66
cMcMgMuMeMGMUt GGCAGC 57.740.7 155.4+2.1 9.4940.03 53.8 -1.00
cMcMgMuMeMGMeM GGCAGC 542+4.1 145.7£12.8 9.01+0.15 51.9 -0.52
cMcMGMuMeMGMct GGCAGC 60.7+4.3 165.2+13.4 9.414+0.17 52.5 -0.92

cMcMgMuMcMGM GMgMcMaAMGMcM 47.6+1.2 125.9+3.9 8.57+0.04 50.9 0
cMcMGMuMeMGMGM GMGMcMAMGMeM 533424 141.6+ 73 9.34+0.11 54.3 —0.77
cMcMgMuMcMGMGt GMGMcMAMGMcM 55.6+1.6 145.5 +£4.7 10.46 + 0.09 60.6 —1.89

cMcMGMuMcMuM GGCAGA 432+£1.2 114.7£3.9 7.63+0.02 45.1 0
cMcMgMuMcMuMpM GGCAGA 54942.1 148.8+6.5 8.72+0.06 49.9 -1.09
cMcMgMuMcMuMpt GGCAGA 62.5+1.8 169.0£5.7 10.09 £ 0.09 55.7 —2.46
cMcMGMuMcMUMAM GGCAGA 56.5+1.2 1543438 8.6740.03 49.2 -1.04
cMcMGMuMcMUuMA® GGCAGA 62.5+1.3 169.7£3.9 9.87£0.05 54.5 —2.24
cMcMGMuMcMuMGM GGCAGA 524409 141.6+2.8 8.484+0.02 49.0 —0.85
cMcMgMuMcMuMGt GGCAGA 583+1.0 157.6+£3.2 9.44+0.04 53.3 -1.81
cMcMGMuMcMuMUM GGCAGA 62.3+5.7 172.6+5.7 8.8140.10 48.8 -1.18
cMcMgMuMcMuMUut GGCAGA 540422 146.6 6.9 8.53+0.07 48.9 -0.90
cMcMgMuMcMuMeM GGCAGA 50.5+2.7 136.4+8.4 8.17+£0.05 47.4 —0.54
cMcMGMuMcMuMct GGCAGA 51.5+1.8 138.2£5.6 8.64£0.06 50.3 -1.01

cMcMgMuMcMuM GMGMCMAMGMAM 480+ 1.7 1293455 7.9440.03 46.4 0
cMcMGMuMcMuMGM GMGMCMAMGMAM 51.840.8 139.5+£2.7 8.55+0.02 49.6 —0.61
cMcMgMuMcMuMGt GMGMCMAMGMAM 57.6+0.9 154.54+2.7 9.72+0.04 55.2 -1.78

cMcMgMuMeMeM GGCAGG 579433 157.0£9.9 9.21+0.15 52.1 0
cMcMgMuMcMcMpM GGCAGG 61.4+3.3 163.5£10.0 10.70£0.19 59.5 —1.49
cMcMgMuMcMcMpt GGCAGG 62.7+£0.9 165.4£28 11.39 £0.06 63.1 -2.18
cMcMGMuMcMeMaAM GGCAGG 63.3+£29 169.3£9.0 10.76+£0.17 59.2 -1.55
cMcMgMuMeMeMaAt GGCAGG 66.2+1.8 1758 £5.4 11.69 £0.12 63.2 —2.48
cMcMgMuMcMeMGM GGCAGG 624+1.7 167.1£5.1 10.60 £ 0.09 58.6 -1.39
cMcMgMuMceMeMGt GGCAGG 70.6+1.3 188.1£3.8 12.24 £0.10 64.3 -3.03
cMcMgMuMeMeMuM GGCAGG 60.9+2.1 163.1+6.4 10.35+0.11 577 -1.14
cMcMgMuMeMeMut GGCAGG 598+ 1.5 158.3£4.7 10.64 £0.09 59.9 -1.43
cMcMGMuMcMcMeM GGCAGG 60.2+3.7 162.5+11.6 9.78+0.15 54.7 —0.57
cMcMgMuMcMceMct GGCAGG 61.0£1.6 162.9£4.9 10.45 £0.09 58.3 -1.24

cMcMgMuMcMeM GMGMcMAMGMGM 546 £1.0 1458 £3.0 9.40£0.05 54.2 0
cMeMGMuMcMeMGM GMGMcMAMGMGM 60.4£1.0 160.0£3.1 10.78 £ 0.06 60.5 -1.38
cMcMgMuMcMeMGt GMGMcMAMGMGM 66.5+ 1.1 174.8 £33 12.324£0.09 66.6 -2.92

cMeMGMUuMcMAM GGCAGU 475+ 1.6 127.8+5.1 7.83+£0.04 45.7 0
cMcMGMuMcMAMDM GGCAGU 51.14£0.6 137.9£1.8 8.34+0.01 48.4 —0.61
cMcMGMUuMcMAMDE GGCAGU S8.1+1.2 157.7+£3.8 9.24+0.04 522 —-1.41
cMcMGMUMCMAMAM GGCAGU 51.840.8 140.2£2.4 8.35+0.02 483 -0.52
CMcMGMUMCMAMAT GGCAGU 545412 146.9+£3.7 8.95+0.05 514 -1.12
cMcMGMuMcMAMGM GGCAGU 513431 138.1£9.8 8.50 £ 0.09 49.4 —0.67
cMcMGMUMcMAMGr GGCAGU S6.1+1.1 1517435 9.00+0.04 51.3 -1.17
cMcMGMuMcMAMUM GGCAGU 472£12 1253£3.9 8.31+0.03 49.2 —0.48
cMcMGMUuMcMAMUt GGCAGU 50.5+1.9 135.4£6.0 8.50+0.08 49.6 —0.67
cMcMGMuMcMAMCM GGCAGU 49.8£1.0 133.5+£3.3 8.444+0.03 49.4 —0.61
cMcMGMuMceMAM GGCAGU 50.442.1 135.1+£6.6 8.5440.05 49.9 -0.71

cMcMGMuMeMAM GMGMcMAMGMUM 451£1.0 119.9+3.1 7.944+0.02 47.0 0
cMcMaMuMcMAMGM GMGMcMAMGMUM S1.1£0.5 1373+ 1.6 8.51£0.01 49.5 —0.57
cMcMGMUMCMAMGT GMGMcMAMGMUM 572415 154.1£4.5 9.42+0.06 53.5 —1.48

(B) Thermodynamic Parameters of Helix Formation with Various 5'-Dangling Ends at 2’-O-Me RNA/RNA and 2’-0-Me RNA/2’-O-Me RNA Helical Cores

cMcMGMuMeMGM GGCAGC 51.6+1.7 138.9+54 8.49+0.05 49.2 0

GMcMcMGMuMeMGM GGCAGC SLI£1.3 137.1£4.0 8.57+0.04 49.9 —0.08

GcMcMgMuMcMGM GGCAGC 50.0+1.3 133.4+£39 8.61+0.04 50.4 -0.12
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Table 1. Continued.

LNA-2'-0-Me RNA/RNA duplexes

T vs log Cr plots

LNA-2-0-Me RNA (5'—3) RNA (35 —AH° (kcal/mol)  —AS°(eu)  —AG°y (kcal/mol) Ty’ (°C)  AAG°s; (kcal/mol)
cMeMGMuMeMGM GMGMcMAMGM M 47.6+1.2 1259+3.9 8.57+0.04 50.9 0
GMcMcMGMuMeMGM GMGMcMAMGMeM 49.0+£0.8 130.1+£24 8.6940.03 51.3 —0.12
G'cMcMgMuMcMGM cMaMcMaMGMcM 473+1.8 124.6 £5.6 8.67+ 0.06 51.7 -0.10
(C) Thermodynamic Parameters of Helix Formation with G* 3’-Dangling Ends at RNA/RNA Helical Cores
CCGUCA GGCAGU 512425 142.348.1 7.09+0.05 40.4 0
CCGUCAG- GGCAGU 587+1.1 163.0£3.6 8.174£0.02 45.9 -1.08
CCGUCU GGCAGA 46.0+1.0 126.34 3.3 6.88+0.01 39.4 0
CCGUCUGH GGCAGA 61.8+£0.8 1722426 8.39+ 0.02 46.6 -1.51

“Solutions contained 100 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na,EDTA (pH 7). Listed errors are standard deviations from reported
measurements assuming no correlation of errors in slope and intercept and are therefore underestimates. Estimated errors from all sources are £10%, £10%,
+2%, and 1 °C for AH°, AS°, AG®, and Th, respectively. ” Calculated for an oligomer concentration of 1074 M.

Table 2: Free Energy Increments (AAG®37 in kcal/mol) for Unpaired LNA
and 2'-O-Methyl Dangling Nucleotides in 0.1 M NaCl

X =DML X =AML X =GgM' X=UML X =CML

AMX 067 -0.5  —0.7[-0.6]Y  —0.5 —0.6"
—0.8°  —0.8° —0.6° —0.5¢
-U —1.4° -1 —120(-15¢ -0 —0.7
UMK 119 -1.0°  —0.9[-0.6] —12¢ —0.5¢
-0.7° —0.8° —0.3¢ —0.1¢
-A 2.5 -2k -1 —0.3¢ —0.1¢
-GMX T —12° -1.0°  —08[-0.8]  —0.7 —0.5
-1 -13¢ —0.6° —0.4¢
-C —2.4% -2.0° —20°(-1.9° -1.0° 0.9
GMX -1 -1.6° —14-14) -11¢ —0.6"
-1.7¢  -1.7¢ -1.1¢ —0.8¢
-G —2.2 -2.5%  =3.0°(=2.9° -14° —1.2°

“Thermodynamic parameters of 3'-dangling ends for 2’-O-Me RNA/
RNA duplexes (top line). ® Thermodynamic parameters of 3'-dangling ends
for chimera LNA-2'-O-Me RNA/RNA duplexes with X as LNA (bottom
line). “Thermodynamic  parameters of  3-dangling ends for
RNA/RNA duplexes in 1 M NaCl (71, 72, 79). 4Thermodynamic para-
meters of 3'-dangling ends for 2’-O-Me RNA/2-O-Me RNA duplexes
(brackets). ¢ Thermodynamic parameters of 3'-dangling ends for chimera
LNA-2'-O-Me RNA/2'-0O-Me RNA duplexes with X as LNA (parentheses).

The results described above can be compared with values
measured for the same duplexes but with 2'-O-methyl 3'-dangling
ends (Table 1 and values with a superscript a in Table 2). For GM
3'-dangling ends, thermodynamic stability at 37 °C is enhanced
by 0.7, 0.9, 0.8, or 1.4 kcal/mol when the YM-Z base pair is
an AM-U, UM-A, GM-C, or CM-G base pair, respectively. A
3'-dangling AM enhances stability by 0.5, 1.0, 1.0, and 1.5 kcal/
mol, respectively, for the same series. Similar enhancements of
0.6, 1.1, 1.1, and 1.5 kcal/mol, respectively, were observed for
3-dangling DM. For the same duplexes, but with a UM
3'-dangling end, stabilities at 37 °C are enhanced by 0.5, 1.2,
0.7, and 1.1 kcal/mol for duplexes with terminal AM.U, UM-A,
GM-C, and CM-G base pairs, respectively, while a 3'-dangling CM
increases duplex stability by 0.6, 0.5, 0.5, and 0.6 kcal/mol,
respectively. Evidently, the sequence dependence of 2'-O-methyl
3'-dangling ends is considerably smaller than for 3'-dangling end
LNA. While 3'-dangling C", C™, U, and UM have stability
increments that differ on average by only 0.3 kcal/mol, G, A",
and D" add on average 1.0 kcal/mol more to stability than G™,
AM, and DM, respectively.

The effect of changes in the backbone on stability increments
for dangling ends was determined for several cases (Table 1)
(1,4, 16,24, 54, 55). When the RNA backbone was changed to 2'-
O-methyl RNA to give duplexes, SCMCMGMUMCMYMGHM)
YGMGMCMAMGMZM with YM-ZM being either AM-UM or
UM-AM the free energy increment for the 3'-dangling G* or GM
was essentially the same as when bound to the RNA hexamers.
Essentially unchanged free energy increments are also obser-
ved for a ¥-dangling G" when both strands are RNA in the
duplexes, YCCGUCAG"/¥GGCAGU and 5CCGUCUGY/
3GGCAGA. All these duplexes are expected to form A-like
helixes, so it is not surprising that these backbone variations have
little effect on 3'-dangling end stability.

A 5-dangling end negligibly enhances stability of RNA
duplexes (56, 57) but can stabilize DNA duplexes (58). The
influence of G* and G™ as 5'-dangling ends was measured in
FGMMCMAMGMUMCMGM /3 GGCAGC and 5GMCMCMGM-
UMCMGM /3 GMGMCMAMGMCM duplexes (Table 1). There was
negligible enhancement of ~0.1 kcal/mol in all cases, consistent
with results for RNA/RNA duplexes.

Stability Increments for Hydrogen Bonds within LN A-
2'-O-Me RNAJ/RNA Duplexes. The stability increments for
dangling end stacking can be compared with stability increments
for adding a terminal or internal hydrogen bond to a duplex
(59—62). A previous study has reported the stability enhance-
ment when 2,6-diaminopurine riboside (D) is substituted for A in
an A-U base pair at a terminal or internal position (6), and those
results are summarized in Table 3 and in the Supporting
Information. A D-U pair has three hydrogen bonds, whereas
an A-U pair has two (Figure 1).

In the duplex SXCMUMAMCMCMAM/3UGAUGGU where
Xis AM, DM AL, or DY, substitution of AM or A" with DM or D*
in the terminal A-U pair enhances duplex stability at 37 °C by 0.5
and 0.4 kcal/mol, respectively (Table 3). The same substitutions
in the duplex YAMCMUMAMCMCMX /3 UGAUGGU enhance
stability by 0.4 and 0.1 kcal/mol, respectively. Evidently, the
stability increment for the extra hydrogen bond in a terminal
D"-U base pair is essentially the same as for a terminal DM-U
base pair. The average is 0.4 kcal/mol.

Table 3 also lists stability increments for the additional
hydrogen bond in internal D-U pairs as a function of flanking
base pair. These values are obtained from measurements of
duplex formation for YAMCMZMXYMCMAM/3'UGYUZGU,
where X is AM, DM, AL, or Dt paired with an internal U and ™
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Table 3: Differences in Hydrogen Bonding Revealed by Substitution of 2,6-
Diaminopurine Riboside (D) for A or Inosine (I) for G

AAGOBIHB(
context for R = DM.AM context AAG®37 yp for
(R = AorD) or D:-AL (R=Gorl) R = G-I
SR C 0.5 s'cleM 1.4
3U G 0.4 3R G
5CR 0.4 s'cMct 1.7
3G U 0.1° 3GR
SUMCEAM 2.4
JYARU
suMctuM 2.4
3YARA
AAG®37 g for AAGOSZHBF
context R = DM.AM context for R = DM-AM
R=AorD or D™- R=AorD or D™-

A L AL A LAL
SARC 0.8¢ SARA 1.2
JUUG 1.0° 3YUUU 1.3
SGRC 0.9¢ SYGRA 0.7
33CUG 0.9 3CUU 1.0
5CRC 0.7 SCRA 0.8¢
¥GUG 1.5° 3GUU 0.8
SURC 1.0¢ SURA 1.0
JYAUG 1.1° YAUU 1.1°
SURG 1.0° SURU 1.1¢
JAUC 1.0° JYAUA 1.2°

“The difference in free energy of hydrogen bonding increments
(AAG®3713p) when R is a 2/-O-methyl nucleotide. b The difference in free
energy of hydrogen bonding increments (AAG®37 1yp) when R is an LNA
nucleotide. “From ref 6.

and YM are 2-O-methyl nucleotides that form A-U or G-C base
pairs with the RNA strand (6). Substitution of AM with DM
enhances thermodynamic stability between (.7 and 1.2 kcal/mol
at 37 °C, with an average of 0.9 kcal/mol. Substitution of A" with
D" enhances stability between 0.9 and 1.5 kcal/mol with an
average of 1.1 kcal/mol. Evidently, the neighboring base pair has
a modest effect on the stability increment for the additional
hydrogen bond in a D-U pair, but the difference between DM and
D" is small.

The stability increment from the G amino to C carbonyl
hydrogen bond (60, 62) in a G-C" pair was measured by substituting
inosine (I) for G at either a terminal or internal position in the RNA
strand (Table 4). The inosine substitutions in 5UGGUAGI
and YIGGUAGU destabilized the duplex with the complementary
2'-O-methyl/LNA strand by 1.4 and 1.7 kcal/mol, respectively, at
37 °C (Tables 3 and 4). Thus, in terminal pairs, the G amino to
C carbonyl hydrogen bond enhances stability ~1 kcal/mol more
than the D 2-amino to U 2-carbonyl hydrogen bond. The inosine
substitutions in SUGUIAGU and SUGAIAGU destabilized
each duplex by 2.4 kcal/mol, which is equivalent to a 50-fold
decrease in the equilibrium constant. This change in stability is 1.0
and 1.6 kcal/mol larger than that measured with substitution of
D"-U with A*U in the middle of otherwise identical LNA-2'-O-
Me RNA/RNA duplexes. Evidently, in both terminal and internal
positions, the G amino to C carbonyl hydrogen bond enhances
stability ~1 kcal/mol more than the D 2-amino to U 2-carbonyl
hydrogen bond.

Comparison to Predictions from MMPBSA and
MMGBSA Calculations. The experimental data indicate that
stability increments from an extra amino to carbonyl hydrogen
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bond depend on whether the extra hydrogen bond isin a D-U or
G-C pair (Table 3). To test if this difference is expected on the
basis of computational predictions, MMPBSA and MMGBSA
calculations were done to predict the thermodynamics of
duplex formation for RNA/RNA duplexes 5YACUCACA/
3'UGAGUGU, YACUCACA/3YUGAIUGU, SYACUDACA/
3'UGAUUGU, and YACUAACA/3UGAUUGU (Table 5).
The calculations do not mimic exactly the experiments because
they assume that the separated single strands retain the same
A-form structure as assumed for the duplex. Moreover, the
calculations employ the force field that has been developed for
RNA, whereas the experiments are on LNA-2'-O-methyl RNA/
RNA duplexes. Because the strength of a hydrogen bond is
presumably manifested as enthalpy and MMPBSA and
MMGBSA are best at predicting AH®, only AH® was computed.
The AAH° measured experimentally assumes that AH® is
independent of temperature, which is not true (59, 63). Despite
the approximations, predictions of AH® follow the same trends
observed experimentally. Adding a hydrogen bond stabilizes the
duplex, and the effect is predicted to be larger for G-C than for
D-U base pairs (Table 5).

NMR Spectra of CAAU, CMAMAM UM, and C*AM
A*U™M . Helical preorganization of single-stranded oligonucleo-
tides containing LNA could enhance duplex stability by reducing
the unfavorable entropy of duplex formation (17, 25, 26). To gain
insight into the structural changes induced by introduction of
2'-0-methyl groups and LNA residues into short single strands,
one-dimensional NMR spectra of CAAU, CMAMAMUM,
and C*"AMAMUM tetramers were measured from 2 to 50 °C.
The sequence was designed to minimize the possibility of self-
association. Aromatic and anomeric resonances were assigned on
the basis on two-dimensional spectra (see the Supporting In-
formation).

Figure 2 shows the profile and magnitude of chemical shift
changes of the base protons as a function of temperature, and
Table 6 summarizes the results. Most base protons exhibit a
decreased level of shielding with increased temperature, as
expected (64). Such shielding changes are usually attributed to
less stacking at higher temperatures. The temperature profiles
and chemical shifts are similar for CAAU and CMAMAMUM, but
somewhat different for C~XAMA“UM (Figure 2 and Table 6). For
CLAMALUM, only A2 H2, A3 HS, and U4 H5 have meaningful
changes of chemical shift with an increase in temperature. C1 HS,
Cl1 H6, A2 H2, U4 H5, and U4 H6 change less than their
counterparts in CAAU and CMAMAMUM. Moreover, the che-
mical shifts for A3 H8 in C"AMA™UM at 5 and 50 °C are ~0.5
ppm upfield of those in CAAU and CMAMAMUM, suggesting a
different stacking pattern for the A3 LNA base.

The anomeric region of the one-dimensional spectra (Figure 3)
provides information about sugar puckers. At 5 °C, all HI'
resonances except the terminal U4 H1” of CAAU are singlets,
indicating predominantly C3'-endo sugar puckers (65, 66). At
50 °C, the anomeric resonances of CAAU and CMAMAMUM
split into doublets with average 3Jqr—ny values of ~4 Hz,
indicating dynamical C3-endo/C2’-endo character of sugars.
For CEAMANUM at 50 °C, however, all the HI' resonances
are only slightly broadened by splitting with H2' protons.
This indicates greater preorganization of C-AMAMUM at
50 °C. It is consistent with previous NMR studies on DNA-
LNA chimeras showing a preference for sugar rings to adopt
C3-endo conformation when they flank an LNA nucleotide
(26, 67, 68).
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Table 4: Thermodynamic Parameters of Helix Formation with RNA and 2’-0-Me Oligoribonucleotides Showing the Effect of Inosine-LNA-Cytidine Base

Pair Formation®

LNA-2'-0-Me RNA/RNA duplexes

T vs log Cr plots

LNA-2'-O-Me RNA (5'-3') RNA (3'-5) —AH® (kcal/mol) —AS° (eu) —AG°3; (keal/mol) Tu” (°C) AAG°3; (kcal/mol)
c cMuMAMcMCMAMe GGAUGGU 60.9+5.6 165.9+17.2 9.47+0.28 52.7 0
ctcMuMAMcMeMAM IGAUGGU 50.1£0.7 135.6£2.1 8.03£0.01 46.6 1.44
AMCMUMAM MM UGAUGGG 76.6+7.0 216.8+21.9 9.34+0.27 48.8 0
AMcMuMAMcMcM et UGAUGGI 50.5£2.0 138.4£6.4 7.60£0.03 43.7 1.74
AMcMUMcAMCMAME UGAGUGU 563£23 153.8+7.4 8.65£0.04 49.1 0
AMCMUMCAMCMAM UGAIUGU 452£1.9 125.5+£6.4 6.25+0.05 35.1 2.40
AMCMuMctluMcMAMe UGAGAGU S8.1+1.7 158.0+5.3 9.14+0.04 51.6 0
AMcMuMcuMcMAM UGAIAGU 46.2+13 126.9+4.1 6.79£0.02 38.8 2.35

“Solutions are 100 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na,EDTA, pH 7. ’ Calculated for 107* M oligomer concentration.

“From ref 4.

Table 5: Predicted Increments for Hydrogen Bonds in RNA/RNA Duplexes Calculated by MMPBSA and MMGBSA (in parentheses) Methods

duplex measured’ AH® (kcal/mol) predicted” AH® (kcal/mol) measured’ AAH® (kcal/mol) predicted” AAH® (kcal/mol)
SACUCACA —56.3+2.3 —56.7(—48.8) 0 0(0)
3UGAGUGU
SACUCACA —452+£19 —51.8(—44.0) —11.1£3.0 —4.9(—4.8)
3UGAIUGU
5ACUDACA —51.0£0.5 —57.0(—47.8) 0 0(0)
3UGAUUGU
SACUAACA —49.5+1.8 —52.9(—44.5) —1.5£19 —4.1(-3.3)
3UGAUUGU

“Measurements are for 2'-O-methyl RNA/RNA duplexes (Table 4 and Supporting Information). ° Predictions are for RNA/RNA duplexes. The standard

error of the mean is 0.07 kcal/mol.

NOE spectra with a mixing time of 400 ms were recorded
at 5 °C to probe further the differences between the tetramers
(Supporting Information). More NOEs are detected for
CMAMAMUM and C*"AMA™UM than for CAAU. Moreover,
CAMATUM exhibits the most cross-peaks with intensity typical
for an A-form helix. This pattern suggests that C~FAMAMUM is
the most preorganized and CAAU is the least ordered.

DISCUSSION

LNA-modified DNA and RNA duplexes are thermodynami-
cally particularly stable (/—6). Exceptional thermodynamic
stability of LNA duplexes, coupled with simplicity of chemical
synthesis and purification of LNA oligonucleotides, along with
chemical and nuclease stability, results in the use of LNA
oligonucleotides for many applications (69). Thermodynamic
stabilities of nucleic acid helixes depend on hydrogen bonding,
intra- and interstrand stacking, and electrostatic interactions of
phosphodiesters (27). Insight into the origins of enhanced
thermodynamic stability of oligonucleotides containing LNA
will be useful for guiding design of thermodynamically stable
nucleic acids for many applications.

Effect of LNA on Dangling End Stacking Is Sequence-
and Context-Dependent. When a dangling nucleotide is added
to the 5'-end of a duplex, there is almost no enhancement of
duplex stability, independent of whether the 5'-nucleotide is LNA,
2'-0-Me, or RNA (Table 2). This is expected for an A-form helix
because there is essentially no overlap of a 5'-dangling end with
the opposite strand (56, 57), and femtosecond spectroscopy
experiments support this interpretation (70). Larger and more
sequence-dependent enhancements are seen for 5'-dangling ends
in DNA duplexes, which have B-form conformations (358).

In contrast to 5-dangling ends, the stability increments of
3'-dangling ends depend on sequence as expected from cross-
strand overlap in A-form (56, 57) and from femtosecond spec-
troscopy experiments (7(0) but also depend on the type of sugar
(Tables 1 and 2). Stacking propensities of unpaired nucleotides
in three-dimensional structures of RNA correlate with dang-
ling end stacking increments (7/). In particular, 83% of sequen-
ces with dangling end stacking increments more favorable
than —0.7 kcal/mol are stacked in three-dimensional structures
compared with only 34% when the increment is less favorable
than —0.4 kcal/mol. As shown in Table 2, 2'-O-methyl modifica-
tion enhances the free energy increment for the 3'-dangling end
U of YUU/3 A by 0.9 kcal/mol relative to that in RNA (51, 72),
which suggests that this modification can have a drastic effect on
the three-dimensional structures of natural and designed RNAs
(73). This may be one reason that certain nucleotides are modified
to be 2'-O-methyl in natural RNAs.

Table 7 lists the differences between LNA and 2'-O-methyl
3-dangling end stability increments. On average, an LNA
3'-dangling end U or C is only 0.3 kcal/mol more stable than a
2'-0-methyl U or C, which is smaller than the average stability
enhancement of 1.0 kcal/mol for 3'-dangling end LNA purines.
The 0.3 kcal/mol LNA increment for a 3'-dangling pyrimidine is
similar to the expected value of —RT'In 2 (—0.4 kcal/mol) at 37 °C
if LNA preorganizes the sugar to a C3'-endo conformation
instead of allowing equal populations of C3'-endo and C2'-endo
conformations in the single strands.

The largest dependence of stability increments on sequence
and sugar type is observed for 3'-dangling end purines, D, A, and
G (Tables 1, 2, and 7). For a given sugar and adjacent base pair,
stability increments for D, A, and G 3'-dangling ends are similar,
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FIGURE 2: Temperature dependence of the chemical shift changes
of base protons of (a) CAAU, (b) CMAMAMUM, and (c)
ctAMAMUM,

but a 3'-dangling end LNA purine adds an additional 1 kcal/mol
on average at 37 °C for both 2’-0-Me RNA/RNA and 2'-O-Me
RNA/2-O-Me RNA duplexes. The average LNA enhance-
ment of 1 kcal/mol is larger than the value of 0.4 kcal/
mol expected if the sugar conformation is restricted to C3'-endo,
but close to that expected if an LNA also preorganizes an
adjacent sugar. It is also close to the average LNA enhance-
ments of —1.2 kcal/mol for 3'-terminal A*-U, C*-G, G*-C, and
DU base pairs and —1.4 kcal/mol measured for internal
Watson—Crick-like base pairs (4, 6). Evidently, LNA facilitation
of stacking is largely responsible for the LNA-enhanced stability
of Watson—Crick-like base pairs. The large favorable free energy
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for 3’-dangling end LNA purines suggests they may be useful for
ensuring stacking in designed structures. These results can be
compared to preliminary measurements by Wengel et al. (74) on
the change in melting temperature due to adding dT or LNA T as
the dangling end at the 5'- or 3'-end of 5'-d(GTGATATGC)
hybridized to either 3'-d(CACTATACG) or 3'-r(CA-
CUAUACG). The 5'-dangling ends gave little or no change in
T. The 3'-dangling ends increased T}, by 2—4 °C with LNA T
having a larger effect than dT with the DNA target, but not with
the RNA target. This suggests that the relative effects of LNA
dangling ends depend on the backbone context.

NMR Spectra Reveal Preorganization of Single-
Stranded C*AMA*UM. An LNA nucleotide is locked into
a C3¥-endo conformation and in LNA-DNA chimera/DNA
duplexes and single-stranded chimeric LNA-DNA oligonu-
cleotides also favors adoption of the C3'-endo conformation
for the 3'-adjacent nucleotide (26, 68). The NMR results
for CFAMAMUM extend this expectation to single-stranded
LNA-2'-0-Me oligonucleotides (Figure 3). At 50 °C, which is
close to the melting temperature of most of the duplexes studied,
all the sugars are almost entirely in a C3’-endo conformation.
Thus, the single strand is preorganized to form an A-form duplex.
Each preorganized sugar is expected to enhance duplex
formation by roughly 0.4 kcal/mol relative to CAAU and
CMAMAMUM  which have roughly equal populations of
C3-endo and C2'-endo sugars at 50 °C (Figure 3).

Hydrogen Bonding between the 2-Amino and 2-Carbo-
nyl of a D-U Pair Is Relatively Unaffected by Substitution
of LNA for a 2’-O-Methyl Ribose. As shown in Table 3,
the stability increment associated with replacement of an A*-U
pair with a D"-U pair is essentially the same as for replacing
an AM-U pair with a DM-U pair (6). This is not surprising
because both are expected to be in an A-form helix. This
comparison is consistent with the suggestion that the stability
enhancement of base pairs due to LNA is largely due to stacking,
which contains a contribution from preorganization of the sugar
residue.

The Hydrogen Bond Increment for the G Amino to C
Carbonyl Group in a G-C* Pair Is Larger Than That for the
2-Amino to 2-Carbonyl in a D*-U Pair. Differences in duplex
stabilities measured when a hydrogen bonding group is added as
in D-U versus A-U, or deleted, as in G-C versus I-C, provide free
energy increments for hydrogen bonds (27, 60, 62). As shown in
Tables 3 and 4, replacing G with I in context S UMC*AM/YARU
or SUMCMUM/3’ARA, where R is a purine, makes duplex
formation less favorable by 2.4 kcal/mol at 37 °C. In contrast,
replacing D with A in context SUMR"AM/YAUU or
S'UMRMUM/3’AUA makes duplex formation less favorable by
1.1 or 1.2 kcal/mol, respectively (6) (Table 3 and Supporting
Information). Similarly, replacing a terminal G with I in terminal
context YC*CM/3RG or 5'CMC"/3GR makes duplex forma-
tion less favorable by 1.4 or 1.7 kcal/mol, respectively, while
replacing D with A in context SR"CM/3UG or 5CMRY/
3’GU makes duplex formation less favorable by only 0.4 or 0.1
kcal/mol, respectively (Tables 3 and 4). Thus, it appears that the
G amino to C carbonyl hydrogen bond in a G-C pair is stronger
than the 2-amino to 2-carbonyl hydrogen bond in a D-U pair.
This can be at least partially attributed to secondary electrostatic
interactions as suggested by Jorgensen and Pranata (75), quantified
for base pairs by Sponer and colleagues (76, 77), captured by
MMPBSA and MM GBSA calculations (Table 5), and illustrated
in Figure 1.
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Table 6: Chemical Shifts (parts per million) at 5 and 50 °C and in Chemical Shift Changes between 5 and 50 °C

5°C 50 °C
crAMAMUM CMAMAMUM CAAU CrAMATUM CMAMAMUM CAAU
C1 H5 5.52(0.05) 5.52(0.17) 5.60(0.17) 5.57 5.69 5.77
C1 H6 7.57(=0.02) 7.80(—0.12) 7.87(—0.18) 7.55 7.68 7.69
A2 H2 7.73(0.10) 7.81(0.18) 7.81(0.18) 7.83 7.99 7.99
A2 H8 8.31(—0.02) 8.28(0.01) 8.21(0.04) 8.29 8.29 8.25
A3 H2 8.12(0.01) 8.09 (0.04) 8.11(0.02) 8.13 8.13 8.13
A3 H8 7.50(0.21) 8.06(0.19) 7.96(0.23) 7.71 8.24 8.19
U4 H5 5.18(0.14) 5.46(0.22) 5.31(0.29) 5.32 5.68 5.60
U4 H6 7.53(0.02) 7.55(0.16) 7.53(0.13) 7.55 7.71 7.66
“Data in parentheses reflect changes in chemical shifts between 5 and 50 °C.
a oY Cl-HT Yetths
AFHT ponr CIH s
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FIGURE 3: Comparison of anomeric regions of "H NMR spectra of (a) CAAU, (b) CYAMAMUM, and (c) C"TAMA"UM at 5 (left) and 50 °C

(right).

Table 7: Free Energy Enhancements (AAG®;; in kcal/mol) When LNA Is
Substituted for a 2’-O-Methyl 3'-Dangling End

X =DMt X =AMt X=GM" X=UMt X=CM*

-AMX 0.8 0.6 0.5 0.2 0.1
-U
-UMX 1.4 1.2 1.0 0.3 0.5
-A
-GMX 12 0.9 12 0.3 0.4
-C
-CMX 0.7 0.9 1.6 0.3 0.7
-G

Increments for adding hydrogen bonds in nucleic acids are
expected to be dependent on sequence and context and fall
roughly within the range of 0—2 kcal/mol at 37 °C (60, 78). The
Individual Nearest Neighbor-Hydrogen Bond (INN-HB) model
for predicting RNA/RNA duplex stabilities assumes that hydro-
gen bonding is similar in internal and terminal base pairs and
assigns a value of 0.9 kcal/mol to the difference in hydrogen
bonding between G-C and A-U pairs (24). The results presented
here suggest that internal hydrogen bonds are more favorable
than terminal hydrogen bonds. Results here and elsewhere (56,
60), however, suggest that the value of 0.9 kcal/mol is a reason-
able approximation for the difference between hydrogen bonding
in G-C and A-U pairs.

SUPPORTING INFORMATION AVAILABLE

Tables and figures with complete data. This material is
available free of charge via the Internet at http://pubs.acs.org.
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