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ABSTRACT

The influence of locked nucleic acid (LNA) residues
on the thermodynamic properties of 2'-O-methyl
RNA/RNA heteroduplexes is reported. Optical melting
studies indicate that LNA incorporated into an other-
wise 2'-O-methyl RNA oligonucleotide usually, but
not always, enhances the stabilities of complemen-
tary duplexes formed with RNA. Several trends are
apparent, including: (i) a 3’ terminal U LNA and 5’
terminal LNAs are less stabilizing than interior
and other 3’ terminal LNAs; (ii) most of the stability
enhancement is achieved when LNA nucleotides
are separated by at least one 2'-O-methyl nucleotide;
and (iii) the effects of LNA substitutions are approxi-
mately additive when the LNA nucleotides are sepa-
rated by at least one 2'-O-methyl nucleotide. An
equation is proposed to approximate the stabilities
of complementary duplexes formed with RNA when
at least one 2'-O-methyl nucleotide separates LNA
nucleotides. The sequence dependence of 2'-O-
methyl RNA/RNA duplexes appears to be similar to
that of RNA/RNA duplexes, and preliminary nearest-
neighbor free energy increments at 37°C are pre-
sented for 2’-O-methyl RNA/RNA duplexes. Internal
mismatches with LNA nucleotides significantly
destabilize duplexes with RNA.

INTRODUCTION

Understanding the thermodynamics of nucleic acid duplexes
is important for many reasons. For example, such knowledge

facilitates design of ribozymes (1), antisense and RNAi
oligonucleotides (2-9), diagnostic probes including those
employed on microarrays (10-23) and structures useful for
nanotechnology (24-27). Many modified residues have been
developed for such applications. Examples include propyny-
lated bases (28-30), peptide nucleic acids (5,31-33), N3'-P5’
phosphoramidates (34-38) and 2’-O-alkyl RNA (39-43).
A modification that is particularly stabilizing in DNA and
RNA duplexes (44-51) is a methyl bridge between the 2’
oxygen and 4’ carbon of ribose to form a ‘locked nucleic
acid’ or LNA as shown in Figure 1. McTigue et al. (48)
have shown that the enhanced stability due to a single LNA
residue in a DNA duplex can be predicted from a nearest-
neighbor model.

Hybridization of oligonucleotides to RNA is important for
applications, such as antisense therapeutics (4,8,21,46,52-54),
diagnostics (32,33,42,55), profiling gene expression with
microarrays (18-20,56), identifying bands by Northern blots
of gels (57,58) and probing RNA structure (1,3,15,59-61).
Oligonucleotides with 2’-O-alkyl modifications can be particu-
larly useful for these applications because they are easily
synthesized (39,43), chemically stable and bind relatively
tightly to RNA (39-42). However, for many applications,
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Figure 1. Covalent structures of sugars used.
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it is desirable to modulate the binding affinity. For example,
sequence independent duplex stabilities would benefit appli-
cations that involve multiplex detection, such as microarrays.
Here, we show that introduction of LNA into 2’-O-methyl
RNA oligonucleotides can increase stabilities of 2'-O-methyl
RNA/RNA hybrid duplexes and that the enhancements in
stability can usually be predicted with a simple model.

MATERIALS AND METHODS
General methods

High-performance liquid chromatography (HPLC) was per-
formed on a Hewlett Packard series 1100 HPLC with a
reverse-phase Supelco RP-18 column (4.6 X 250 mm).
Mass spectra were obtained on an LC MS Hewlett Packard
series 1100 MSD with API-ES detector or on an AMD
604/402. Thin-layer chromatography (TLC) was carried out
on Merck 60 Fys4 TLC plates with the mixture 1-propanol/
aqueous ammonia/water = 55:35:10 (v/v/v).

Synthesis and purification of oligonucleotides

Oligoribonucleotides were synthesized on an Applied Bio-
systems DNA/RNA synthesizer, using B-cyanoethyl phos-
phoramidite chemistry (62). For synthesis of standard
RNA oligonucleotides, the commercially available phospho-
ramidites with 2'-O-tertbutyldimethylsilyl groups were
used (Glen Research). For synthesis of 2'-O-methyl
RNA oligonucleotides, the 3’-O-phosphoramidites of 2'-O-
methylnucleotides were used (Glen Research and Proligo).
The 3’-O-phosphoramidites of LNA nucleotides were syn-
thesized according to the published procedures with some
minor modifications (44,47,63). The details of deprotection
and purification of oligoribonucleotides were described
previously (64).

UV melting

Oligonucleotides were melted in buffer containing 100 mM
NaCl, 20 mM sodium cacodylate, 0.5 mM Na,EDTA, pH 7.0.
The relatively low NaCl concentration kept melting temperat-
ures in the reasonable range even when there were multiple
LNA substitutions. Oligonucleotide single-strand concen-
trations were calculated from absorbencies above 80°C and
single-strand extinction coefficients were approximated by
a nearest-neighbor model (65,66). It was assumed that 2'-O-
methyl RNA and RNA strands with identical sequences have
identical extinction coefficients. Absorbancy versus temperat-
ure melting curves were measured at 260 nm with a heating
rate of 1°C/min from 0 to 90°C on a Beckman DU 640 spec-
trophotometer with a water cooled thermoprogrammer. Melt-
ing curves were analyzed and thermodynamic parameters were
calculated from a two-state model with the program MeltWin
3.5 (67). For almost all sequences, the AH° derived from T,;l
versus In (Cp/4) plots is within 15% of that derived from
averaging the fits to individual melting curves, as expected
if the two-state model is reasonable.

Parameter fitting

Free energy parameters for predicting stabilities of
2'-O-methyl RNA/RNA and 2'-O-methyl RNA-LNA/RNA
duplexes with the Individual Nearest-Neighbor Hydrogen
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Bonding (INN-HB) model (64) were obtained by multiple
linear regression with the program Analyse-it v.1.71
(Analyse-It Software, Ltd, Leeds, England; www.analyse-it.
com) which expands Microsoft Excel. Analyse-It was also
used to obtain parameters for enhancement of stabilities of
2'-O-methyl RNA/RNA duplexes by substitution of LNA
nucleotides internally and/or at the 3’ end when the LNAs
are separated by at least one 2’-O-methyl nucleotide. Results
from T,,' versus In (C1/4) plots were used as the data for the
calculations.

RESULTS

Figures 2 and 3 show typical data from optical melting curves,
and Table 1 lists the thermodynamic parameters for the helix
to coil transition with either no or one LNA nucleotide in the
primarily 2’-O-methyl strand of a hybrid with a Watson—Crick
complementary RNA strand.

Single LNA substitutions at the 5’ end of heptamer
duplexes have little effect on stability

The effects of single LNA substitutions at the 5" end of the
2'-O-methyl strand were studied in duplexes of the form,
SNCMUMAMCMCMAM/3'1(QGAUGGU), where superscript
M denotes a 2'-O-methyl sugar, N is A, C, G, or U with a
2'-O-methyl or LNA sugar, r denotes ribose sugars, and Q is
the Watson—Crick complement to N. As summarized in
Table 1, 5’ terminal LNA substitutions make duplex stability
more favorable by 0.3-0.6 kcal/mol at 37°C with an average
enhancement of 0.45 kcal/mol. Thus, 5’ terminal LNA sub-
stitutions increase the binding constant for duplex formation
by ~2-fold at 37°C.

The effects of single LNA substitutions at the 3’ ends
of heptamer duplexes is idiosyncratic

The effects of single LNA substitutions at the 3’ end of the
2'-0- meth&l strand was studied in duplexes of the form,

5 AMCMUMAMCMCMN/3'r(UGAUGGQ) and in 5'AMCM-
UMAMCMGMQM’LB’r(UGAUGCA) (Table 1). If N is A, C

Abs
0.96 f‘?"a:w-
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10 20 30 40 50 60 70 Temp (C)
Figure 2. Representative UV melting curves 5 AMCMUMARCMCMAM/
5UGGCAGU (1, 52 uM), 5AMCMUMAMCMCMAM/S'UGGUAGU
2, 46 uM), SAMCMUMAMCMCMAM/5’UGGUAGU (3, 51 pM) and
5'AMCMUMACMCEAM/5'UGGUAGU (4, 51 uM). Note that sequence 1
has an A“C mismatch in the middle.
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Figure 3. Reciprocal melting temperature versus In (Ci/4) for 5AMCM-
UMAMCMCMAM/5'UGGCAGU  (solid  squares), 5'AMCMUMAMCMCMAM/
5'UGGUAGU (solid circles), 5’ AMCMUMATCMCMAM/S'UGGUAGU (solid
stars) and 5’ AMC*UMACMC AM/5'UGGUAGU (solid triangles) in 100 mM
NaCl, 20 mM sodium cacodylate, 0.5 mM Na,EDTA, pH 7.0. The thermo-
dynamics of duplex formation were obtained by fitting the data points to
the equation, Tj,,' = (R/AH®) In (Cy/4) + AS°/AH®. Here, T, is the inverse
melting temperature in kelvin, R is the gas constant, 1.987 cal K! mol", Cris
the total oligonucleotide strand concentration, and both strands have the same
concentration.

or G, then LNA substitutions have similar effects. On average,
an LNA substitution makes duplex stability more favorable by
1.2 kcal/mol at 37°C. In the two sequences with a 3’ terminal
LNA U on the 2’-O-methyl strand, duplex stability is, how-
ever, affected little, averaging a destabilization of 0.08 kcal/
mol at 37°C. In both cases, the terminal U is preceded by
a GC pair, but both orientations of the GC pair give similar
destabilization upon LNA substitution at the 3’ terminal U.

Single LNA substitutions in the interior of
AMCMUMAMCMCMAM enhance the stability of
the duplex formed with its complementary RNA
by ~1.4 kcal/mol

The effect of interior position on the free energy increment for
a single LNA substitution for a 2’-O-methyl RNA was studied
for the duplex 5’ AMCMUMAMCMCMAM/3'1(UGAUGGU). As
summarized in Table 1, a single interior LNA substitution
makes duplex stability more favorable by 1.2—-1.7 kcal/mol
at 37°C, with an average of 1.4 kcal/mol. This corresponds to
roughly a 10-fold increase in binding constant. Thus, interior
and 3’ terminal LNA substitutions usually improve binding
more than 5’ terminal LNA substitutions.

The effects of single LNA substitutions as a function of
sequence context in the middle of heptamer duplexes

The effects from single LNA substitutions in the middle of
heptamer duplexes were studied as a function of the LNA base
and the 3’ adjacent 2’-O-methyl nucleotide in duplexes of the
form, 5’ AMCMUMNVMCMAM/3'1(UGAQWGU), where VM is
2'-O-methyl A, C, G or U, and W is the ribose Watson—Crick
complement to V. The effects on the AGS5, for duplex forma-
tion of substituting LNA for 2’-O-methyl at position N are
summarized in Table 1. For 13 of 16 sequences, the LNA

substitution makes duplex stability more favorable by 1.0—
1.5 kcal/mol at 37°C, with an average enhancement of
1.3 kcal/mol. The enhancement for the other three sequences
averages 2.1 kcal/mol at 37°C.

The dependence on the 5’ nearest-neighbor nucleotide
of effects from substituting U™ for UM was studied in duplexes
of the form, 5AMCMVMUMMCMCMAM/3'H(UGWAGGU)
(Table 1). For three of the four sequences, the range for
enhancement of duplex stability is 0.8—1.3 kcal/mol and the
average is 1.0 kcal/mol. The exception is for the nearest neigh-
bor 5GMUY3'r(CA), where LNA substitution destabilizes
the duplex by 0.2 kcal/mol.

The results for single LNA substitutions in other contexts
provide additional insight into the dependence of free energy
increments on the 5" nearest neighbor 2’-O-methyl nucleotide.
In particular, the Watson—Crick com]ﬂementar duplexes
with 5'AMCMUMAMCMCMAM and 5'AMcMUMctuMcMAM
strands have a 5'C"UM/3/r(GA) nearest neighbor that is pre-
ceded by AM and UM, respectively. The LNA substitution for
2'-O-methyl in these cases results in duplex formation being
more stable by 1.29 and 1.48 kcal/mol, respectively, at 37°C.
Similarly, the duplexes with S'AMGIUMAMCMCYAM and
5’ AMCMUMGMUMCMAM each have a 5'G~UM/3/r(CA) nearest
neighbor that is preceded by AM and UM, respectively. In both
cases, the LNA substitution enhances duplex stability by
1.14 kcal/mol at 37°C. Thus, for seven duplexes, the enhanced
stability from an LNA substitution is relatively independent of
the nearest-neighbor nucleotide 5’ to the LNA. The one excep-
tion is for the nearest neighbor 5'GMU/3/r(CA). Interestingly,
this nearest-neighbor combination is also destabilized by
LNA substitution at a 3’ terminal U (Table 1). Evidently,
an LNA substitution in the middle of a 2’-O-methyl strand
usually affects heteroduplex stability with an RNA strand by
about the same amount as an LNA substitution at a 3’ terminus.

The effects of LNA substitutions are approximately
additive when LNA nucleotides are spaced by
at least one 2'-O-methyl nucleotide

Table 2 contains thermodynamic parameters measured for
duplexes having more than one LNA substitution and
Table 3 compares the stabilities at 37°C with those predicted
from four simple models. The first model, labeled ‘additivity’,
predicts the AG3; for duplex formation in the 5’ACUACCA/
3'UGAUGGU series by adding the free energy increments
measured for single LNA substitutions in the same context
to the AG3; for duplex formation in the absence of LNA
nucleotides. The second model predicts the AG3; (kcal/mol)
for duplex formation with the following equation as deduced
from fitting the data in Tables 1 and 2 excluding sequences
with adjacent LNAs.

AG$;(chimera/RNA) =AG%,(2'-O-MeRNA /RNA)
—0.45115/[L —1.1 OniAL/UL -1 -60niGL/CL
—1.20n31aL /cL /6L +0.08 3L 1
Here, AG5, (2-O-MeRNA/RNA) is the free energy change
at 37°C for duplex formation in the absence of any LNA
nucleotides, ns is the number of 5’ terminal LNAS, nja1ur,

and ;g1 /cr are the number of internal LNAs in AU and GC
pairs, respectively, n3w and nyarcrcL are the number of



Nucleic Acids Research, 2005, Vol. 33, No. 16 5085

9'8 LIT— €9 CCOFQIIT  I'¥I FH9LI Lt F 199 0'€9 810 F 8811 €8 F 618l LTFT69 NOVOOON 1 VOO On OV
(T09) (Ieon (8'191) ($°09)

(S8 4S LOOFIS6 LS FSorl 81 F 6°6S [ 48 WO F8L6 90T F 8991 89 FST19 NOVOOON 1 VOO Y

L8 - 1’6t 00 F S9'8 ¥'LF §ESI €T F €9 0’6t 800 FOL'8 L¥I F06SI Or F0'8S NOVONON VIV rOnNOnY
(8'8%) #1°8) (6'Ts1) (9°69)

70r LIIOFTTL 00T+ LI8I 1'9F9°¢9 60t 0TOFEEL  9LEF 0S8 LITF L9 NOVONON (VO VD IO Y

9L 0T 1— 7'0r €00 F20L TSFOYCI 91 FSSH 1’0oy PIOFEOL  LOI F€6€1 FEFE0S NOVAVON VI Vi OV
(LLe) (TT9) (Levn) (8°09)

8¢ 010 ¥ 28'S L'6FTorl 6TFITS 9T LOOFOLS €11 F ISl CEFOES NOVAVON Vi Vi IOV

¥'8 96°0— [SdS SO0 F 816 0v F #0681 €1 F 8¢S TS EI0F 06 €6 F €8I 0€F#'8S NOVNION VIOV IOV
(6°6%) (LT'8) (53340 (€¥S)

I'vh SI'0F2C8  10TF09I¢ €9 FTSL 45% SCOFLYS IS8T I'LIT ['STFQSL NOVNION VOO Vi OV

68 - 6'LE €00 ¥ S99 LY F LvIT VIFTW LLE SI'OF$99 €91 F96¢l TSFLYY NOVNNON  w VOV 1V oY
(6°5¢) #6°9) (0¢en) (TLy)

06T LIOFETS  STIF60pI L'EF 68 T6T 810 F€TS  6SIF Lbl 8 F1'0S NOVANON 1 ViOnViVin OV

89 wi— 6'6b CI0FT88  LIIFECLSI LEFOLS 0°0S PTOF 688  6°€l F €091 ST F 98 NOVNOON [V O du Vi IndnV

L'L L9T— 061 CI'0F088 0TI F889l 8ECFI'19 T6r 61'0FSL'8  68FSI9I 6'CTF88S NOVNOON VDI Vi O Y

YL wi- L8y S0'0 ¥ €8 96 F 8Pl 81 ¥ T0S 6Ly 61'0F €S8 CTIILF¥791 CEF68S NOVNOON [ VIV O Y

9L €S- 68t 80°0 ¥ 99°'8 9'8 F I'LST LTF VLS ¥'6b 10 F298 LEIF Lyl CYFHPS NOVNOON VO VAOnY

I'L 6T 1— 781 600 F TF'8 €6 F 6¢rl 6TFIES T8y TTOF LSS 691 F €091 FSF €8S NOVNOON RV dnIdn Vi IV

10— 00+ 1ot 600 F€0L  8TIFOTHI 6EFIIS 9'6¢ LI'OFO00L OTIF9LSI SEF6SS NOVNDIY ANV O Y
(9°S1) 0s'L) (Fevl) 0T8)

404 00 F SO'L 69 F €Il I'CF60S 1oy 9I'0 F80°L L9 F L'LST €SF 095 NOVNOIY N Vi O Y

T0— cI'o+ 0'1¥ Y00 F ¥TL S8 F 8'6SI 9T F 966 S0P LIOFO6I'L TLLFLLII TSFT6S NOVNOOV M OndnVin OV
(8'6%) #T'8) (6'9%v1) (8°¢S)

TIv 9TOFLEL  9ETFQILI CLFTT TIv 8TOF I¥'L 681 F #7891 LSF96S NOVNOOV OO Vi iV

€9 STI— ¥'TS Y00 F 676 6'¢F08SI €1 F €8¢ TS 610 F #6811 F9L91 6€EFFI9 NOVNDOD 1D, OO Vi IO Y
(T€9) (L6'8) (0°LSD) (LLs)

1'9% SO0 F +0'8 6LFCShI STFOES 6'St ITOFII'8 68 F I'LSI 8T F89S NOVNDOD OOV OV

9T SO T— 88 LTOF$E6 61T F 891C 0L¥F99L 68t CTOFLI'6 TSI F1+00T 67 F 1L NOVNDOD IO Vi O
(9°LS) (L8°6) 0°¢9D) (+'09)

oY €00 F 678 TLFYOLI €TFTI9 09t 600 F 08  9TI ¥ I9LI 0r 679 NOVNOOD IO Vi OV

L9 0g'1— 08t 900 F €¥'8 ['8 F 6°0S1 9T FTSS 9'LY SI'0OF$S'8  €LI 1891 SSFL09 NOVNOON VDO Vi Y

0¢ 90— Sy 80°0 F ¥9°L 96 F S'LTI 0EFTLY iaa4 610 F¥8'L 001 F ¥¥SI CEF LSS VOVNOON Vi dudn Vi lnd4N
(+'08) (8¢'8) 96¥1) (8+S)

S'Iv €00 F8I'L €6 FgTel 9T FTSH S1v 61'0FSTL ¥ 81 F00pI 6'SFLOS VOVNOON K VirOndnVindr

9T €€0— 0°¢S 900 F 116 €S F Y OrI LT FLTS LTS PEOF SH6  LEI F9Y91 Or FS09 D0OVNOON KV OudnVinwdD
(9°LS) 066 (9'%91) 019

#'0S LOO F8L'8 69 F L9yl TTFECHS ¥'0S 9¢0FOI'6 TITFSILI 69F €79 IOVNOON K VrOnOn Vi D

I'c or'0— LTS 8TOF LY6  TLIF6°S91 96 F 609 LTS LTOFPL'6 801 F 1'¢81 9¢F 699 DOVNOON VOOV Ind 1D
(TLS) (¥L°6) (€091) ($°69)

9'0S SI'0FL06  OT1F6S91 S'€F 609 S0S 9¢0F LT6 8ITFTISI I'LF669 DOVNOON VDO Vi

6T 650~ 424 €00FCLL 9 F Terl 0TF1TS Lauy 0I'0 F08°L 8SIF¢6vl 67 FI'PS NOVNOON 1 Vi OO Vi w4V
0°09) (LT'8) 99v1) (8¢S)

R84 100 F €I'L 0v ¥ 70Tl 1 F iy 0'lv ITOF8I'L  €¥TF0erl LLFSTIS NOVAOON 1 Vidndn Vi IOV
(0°0S) (LT'8) (99%1) (8°¢S)

T8¢ CTOFPL9  ¥ITF0091 99 F 96 $'8¢ SI'0F089 LSt F 8991 vvl ¥ 6'8¢ NOHVNDON VOOVNOV

(00) "LV S(lowyEay) ovy  (,) "L (lowyeay) “£oy— (M) .SV—  (ow/ey) HV— (Do) "L (ow/eay) £oy—  (09) SV—  ([ow/[edy) HV— (€ 01,8 (£ 0 ,8)

sjold (4/LD) So[ snsioA H VA S$J1J QAIND JO OFBIOAY VNI SOP1OI[ONUOSI[O

Luonmnsqns YN 9[3Uls € JNOYIIM pue [iIM SIpHod[INUOqLIOSI[O [AYIoW-O-,7 Pue YN Uoamlaq uoneurio} xafdnp jo siojowered orureuApowtioy ], *| a[qe],



5086 Nucleic Acids Research, 2005, Vol. 33, No. 16

“uonmINsqns VNI Yl 03 AP LSOV UL UAIIP A ST “EOVY AL,
‘uonmnsqns YN 2Y) 03 anp ™7 ur 9UIPIP Y} ST U7y Y[, "UONBIHUDUOD JSWOSTI[O [\ 401 10J pare[oED,

‘($9) IDBN AL 1 ut saxa[dnp YN¥M/VNY 101 pajorpaid sorwreulpourtayy are sasayjuared ur sonfeA L Hd ‘v IAICEN JNW '() pue 9)e[Apooed WnIpos AW (7 ‘1IN JNUW Q0 218 suonnjos,,

€Tl YLT— LSS SPOF 086  0TTF8EST TLFSLS LSS 6£0F 0001 6SIFTH9I €SEF 609  VHOION PR/ 9 Wi Wiio W |
((&49) (15°8) (T9eD) (L09)

iaa4 91'0 F90'8 T8I F 'S8l L'SF669 0'St 9’0 F8I'S 695 F T'S8I 08I F969  VDDIDOOHN /e Jto B3 Wi W0 |

¥'9 ANES 16t SO0 F LY'8 L'S F €6l 81 F LIS ¥'6b STOFSS8  TOTF6IPI §9F9TS NOVNOON VOVl OnVY
(0°08) (LT'8) 9911) (8¢S)

LTy 100 F €€°L CTFO66I1 LOF St 9T 0TOFHPL  SSTFOIVI I'SFHIS NOVNDON VOO Vi IO Y

70 81°0+ (S 1S 00 F 8L'8 9T F THEI 80 F +'0S 8IS 6T0FS06  9SIFS6hl I'SFFSS NOOVOON 1V OnOnV
($99) (LS°6) (¢8S1) (L89)

I'1s 80°0 ¥ 96'8 TLFIISI €T F 8¢S IS €TOFT06 891 F 61 FSF 695 NOOVOON VOO InOnOnY

19 80— 709 8I'0 F 200l 66 F L6CI TEFTOS 1'6S 80°0 F SF'OI €91 F §961 I'SF6'8S NOOVOON 1 VOO OnOnY
(T°09) (Ieon (8'191) ($°09)

I'¥S 600 F 076 0LF9vEl €T F 608 Tes STOF6v6  ¥'61 F07T91 T9FL6S NOOVOON 1 VOO dnIdnV

L9 66'0— 1'9% SO0 FS8'L L9 F Tl I'CF$9% 09t TI0OF96°L 91 F 6'9¢1 I'SFH0S NOAVODN VO ViV
(8°8%) (81°8) (9°6s1) (+99)

¥'6€ 10°0 ¥ 98°9 LTFTS8II 80 F S¢h S6¢ LOOFT69 L6l FITEl I9F6LF NONVOON VOO ViV

¥'8 60'1— S6¢ 700 ¥ $89 ¥’ F 6901 I'l F66¢ ¥'6€ 9T'0 ¥ 889 69T * S$9CI ECF L9 NOVVVON 1 VO i OV
(I'v¢) (§9°9) (Sven) (¥'Ly)

I'1e Y00 F9L'S TEF TO01 01 F96¢ 80¢ TI0F6S'S 81 FS0¢€l SYF 9% NOVVVON VOOV

89 LET— 70S SO0 968 0'S F1¢91 9T F 68 1°0S TI0OF006  v'LFLLIT €TFOI9 NOVVIDN Vi1V
(8°Ly) 06°L) (Lovn) (&39)

5% 100 F 65°L €T F CSPI LOF LTS 9% SI'OFILL 001 F+TLI CEFTIO NOVVION [ VOO Y

€8 - 80 €00 ¥ 898 9°¢ F LYEl I'T 608 €0S PI'0F €88  TOI FTTSI TEF09S NOVVOON 1 VOO IOV
(Tsh) (86'L) (1'8¥1) 6°€S)

[Sya4 100 F 9¢°L TY F96¢C1 CIFOLY 9TH TIOFTHL  TTIF 08¢l 6'€FT0S NOVVOON VOO IOV

08 €TI— €6¢ 700 ¥ 889 Lt ¥ 8'8C1 ST F89% S6¢ CI0OF¥6'9 961 F 86¢1 TYOFE0S NOVVNON Vi OV
(6°5¢) ¥6°S) 0een) (TLy)

€Ie 80°0 ¥ S9°S I'LF Tl I'CF L9 €1e 0I'0 F8S'S  S9I F9p¥l I'SFH0S NOVVNAON VO Vi Y

9L I T— §Ts 010 F L6'8 6'LF¥9¢el STFECIS 9CS PEOFIT6 S8 F 6051 ['9F 095 NOVOVON VO DY
(8'8%) #1°8) (6'Ts1) (9°69)

6t 900 ¥ €8°L T8 F Il 9T FSTS 0'St STOF86'L 961 FS6SI €9F C'LS NDVOVON VOO Y

€0l 90C— 1'$9 610 F T8I L'LF¥L91 9TFLE9 TS9 STOFOLIL  L9FSH91 €TF L9 NOVIION R VuIWD OOy
(6°6S) (€zon (#'091) (0°09)

8+S 900 F9L'6 SvF L091 ST F96S 0°sS LTOF 986 Ol F€e9l 9Y FS09 NOVIION 1 VDO OV

€L 101— 66 [0 FSE0l  6SF96hI 61 F ¢SS 9'6S 0T0F990T L9FTT91 TTF909 NOVOOON VO DnwnOnY
(6°6S) (€zon (#'091) (0°09)

9CS 600 F v€6 I'L ¥ T6SI €TF LSS 67TS 9TOF I¥'6 TSI F¢091 0SF 165 NOVIOON VORI OnNdnV

06 0S1— s S0°0 988 8V F 0171 S1F9CS ¢1s LTOF80°6  TI9T FOLST €SF QLS NOVONDN VOV
(8°8%) F1°8) (6T (9°69)

Ty 000 F 9¢°L €T FQICI LOF T8y Ty LIOFOF'L S8 FL0SI 6'SFTPS NOVONON 1 VO VOOV

8L 81— 91§ Y00 F 4176 €6 F0°8SI LT F1°8S €IS 100 F€T6 ¥0I F+'L91 CEFIPO NOVOVON Vi Y
(0'6%) (TT8) (1'981) (9°96)

8¢ 00 F99°L 9°S F 1'9p1 LT F0¢S St CI0OFCLL  T'¥TF68¢l SLFZ0S NOVOVON 1 VOO Y

I'6 60T~ 909 LEOFEI'IT  6°LI F8€ELI 6'SF059 09 0TOF €SI ¥'LF €61 STFHIL NOVOION Vi1 Y
(€99) (LS'6) (T'091) (T6S)

[S1S L0 F 06 6'LFSTSI ST F 09 €Is 9SG0 F9¢'6  THYI F LILI FOTFTH9 NOVOION VOO Y

(00) UV S(lowyEay) Sovy () "L (lowy/[eay) “Eov— (9) ,§V— (ow/1edy) HV— (Do) "L (ow/eay) “£ov—  (19) SV—  ([ow/[edy) HV—
(,£01,9) (£ 0,8
sjord (4/LD) So[ snsioA H A SJ1J QAIND JO OFBIOAY VNY S9P1OI[ONUOSI[O

panutuo) Y dqe],



Nucleic Acids Research, 2005, Vol. 33, No. 16 5087

“UOHEIIUSIU0D JSWOSTIO ][ , O 103 PABAO[ED,
“(#9) 10BN N [ Ut saxa[dnp yN¥/VNY 10] paoipaid sorwreudpowray) a1 sasaypuared ur sanfep */ Hd ‘Y IAHRN JNW ' Pue 9)e[Apoded wnipos AW (07 ‘[DBN JNW (] 218 suonn[os,

8°LS 9¢'0 F ¥9°6 TSI F 68Tl I'SFS6p 1'8S LY'0 F 266 96T F +'6¢1 CCFIES VDODD WD
(Tey) (689) (6'611) O¥)
1'9¢ SE'0 ¥ 8¢9 09T F t'S¥1 6LFSIS 1'9¢ 10 F 6€£°9 671 F Sevl 9% F 608 vDOOD WONOIROON
886 W0 F L6 091 ¥ 8801 CCFI'ey 0'6S 90 F 196 091 * 8811 €CF S D20ON WY 1900
(8°0%) (19'9) @y1n ((OX42]
Lve 600 F 61°9 86 F v'8CI 0EF 09 I's¢ 61°0 F ST9 06T F9I€T 88 F I'LY D20ON AV ORI
¥'L9 61°0 F 00°CT L'9F 7091 CTFLIY S'L9 0S°0 ¥ 8¢CI 08T ¥ 9'0LT 1'9F €69 JVVDOD IS W9 Mg WNg Wy WN o)
6Ty (S0L) (X428 (I'1s)
¥'6€ 010 F S6'9 STl F 8°¢ST 8¢ FOpS ¥'6€ LT°0 ¥ 969 €91 F G661 6V FTSS JVVDID WORONIN WD
T6S L0°0 ¥ 9T°0T 6v F Sovl 9T F LSS $'6S 650 F 1S°0T TSTF 961 '8 ¥ 8'8¢S VVDIID IO V3 ¥t 3 wig g g |
(9°Ly) (8L°L) (88¢1) (8°09)
a4 €COFOLL CSTF CLYI 0'8 F S¢S 6'ch €TOFE8'L 9°0T F 1991 99 F €665 VVDIID Jitio s T3 Mo W g W0 |
$'19 SE'0 FCT0I 891 ¥ T0E1 $'S F90$ 1'29 1#°0 ¥ 01°01 ¢8I F 01Tl I'9F9LY DD0DNV WAV 1IWD OO
O'Ly) (V3 (8°0r1) F'18)
oy 700 ¥ 86'9 09 ¥ §¢Tl 61 F¢Sh 00% 80°0 ¥ L69 €8 F Tl 9TFOSH DO0DNV WY AONOrOnO
6'SS 070 F 6701 Tl F §°L8I 0y ¥ 889 1'9¢ €€°0 F 6£°01 9¥1 ¥ 6081 6t F 99 20DNVD WY OO
(S'Ly) (16°L) 9181 (61S)
Tor LOOF6IL '€l F 1°L81 I'y F2T°69 6'0% 810 F 6TL SIE F €TLI L'6FL09 20DNVD WONIAY OWOND
¥'LS 1€°0 ¥ 0£°01 S9I F L'€91 FSFI19 8'LS 81°0 F €101 L'8 F ¥ ISI 8T FI'LS 2DNVID WONOTANY OO
(S'LYy) (16°L) 9'181) 6%S)
0'1¥ PIOF6IL 991 F I't¥1 I'SF6'IS 1ot 910 F€I'L ¥'EF HTL I'T ¥909 2DNVID WONON Y OO
€IL TTOF LETI CLFTOVI STF98S 'L 860 F 0I°¢€l SOl F L'ILI L'SF €99 JOVNOVD DN,V ,0,0,D
0'LS 8T'0 F v¥01 691 F LYLI SSF 99 698 w0 F 6501 8'€C ¥ L'T81 8LFECLY DOVNOVD WOTNOR Y IO
L19 Y€0 F €0Tl LYT F910C 6Y FOVL 919 LTOFTSTI TTl F 81T 0r ¥ €18 DOVNOVD WOV IO
(T€9) (L1°6) (9'691) (8'19)
99h 900 ¥ IS8 T8 F 0981 9T FT99 89 600 ¥ 67'8 T8 F98LI 9TF6€9 JDVNOVD WONIOINY OO
869 91°0 F OF'11 'S F LLTI 8T F0IS $'69 SE0F 8611 €6 F 81 TEFSLS novnoon V10104V V
9'LS €10 F 186 LLF 1191 STF9ES 0'8S S0 F 201 81T F 0°0S1 TLF LIS novnoonn 1V O Vi i v
§6S LO0 FCTI0T 6'¢F L8l €1 FI°¢S €68 600 F +T01 0'S FSSpl 91 F 466 novnoon WV 1O VAN O Y
$Ts 900 ¥ 906 6Y F LIvI 9T F0€S $Ts ¥S0 F TP'6 L'€T F TS91 8L F L09 novnoon A oo I ) Mo m o
0'€S 01°0 F 9¢°01 98 FS9IT LTFSLL 8¢S SE'0 F 686 TETF E6LI 9LFGS9 novnoon WY1 Vi IV
79 910 F SH'11 YLFLTL STF 059 ¥'79 1€°0 F SS'T1 LTI FS9LT 6'€ F €99 novnoon IR %0 Mto S /Ng g ¥ 4
#'99 0r'0 F 8911 Lv1 F0¥ST 67 F 568 899 €50 F G811 01T F S'LST 0LFL09 novnoon [ %0 Yo I "/ Hiig 10 o
(Do) "L (fowyeay) LEov— (n9) SV— (Tow/edY) HV— (Do) L (rowy/reay) Lov— (n9) SV— (Jow/edY) HV—
(£ 01,9 (£ 01,9
sjo1d (4/1D) 30[ snsioa __w I S$J1J 9AIND JO OFBIOAY VNI S9pP1OI[ONUOSI[O

Lsuonmnsqns yNT S[dnnu jnoyim pue yiim SSpnod[onuoqLosIjo [AYIdW-O-,z PUB YN U9am1dq uoneuioy xa[dnp jo sigjowered osrweulpouriay |, 'z d[qe],



5088 Nucleic Acids Research, 2005, Vol. 33, No. 16

Table 3. Comparison of measured and predicted stabilities

Sequence —AG3; (kcal/mol) AG3; (measured) — AG3; (predicted) (kcal/mol)
Measured Additivity Equation 1 Equations 1 +2 + 3 Equations 1 + 4

5’ ALCMUFAMC CMA Y3 UGAUGGU 11.68 0.54 —0.20 0.22 —0.05
5' AMCMUMALCMCEAM/3'UGAUGGU 11.45 —0.39 —0.03 0.40 0.13
5’ AMCLUMAMCICMAM/3'UGAUGGU 10.36 —0.27 —0.04 0.39 0.12
5' ALCMUMAMCLCMAM/3'UGAUGGU 9.06 0.33 0.12 —0.54 0.27
5' AMCMUAMCMCEAM3'UGAUGGU 10.12 —0.04 —0.30 0.13 —0.14
5 AMCMUMACMCMAL /3 UGAUGGU 9.87 0.37 0.01 0.43 0.16
5'GMCUMALCMUYGM/3'CGAUGAC 12.03 - 0.27 0.22 0.48
5'GMCFUMAMCMUMGM/3'CGAUGAC 10.44 - 0.76 0.71 0.97
5'GMCEAMUMGMGM/3'CGUACC 10.30 - —0.42 —0.29 —0.56
5'GMGMCAMUNGM/3'CCGUAC 10.49 - —0.61 —0.48 —0.75
5'CMGGMCAMUM/3'GCCGUA 10.22 - —0.48 0.09 0.26
5'Ut UM GMGMCM/3' AAGCCG 10.26 - —0.45 —~1.03 —0.66
s'GMUtuMCGMGl/3'cAAGCC 12.00 - —1.15 —1.65 —1.68
5'cMGrGMCAM/3'GCCGU 9.36 - 0.02 —0.03 0.39
5'UMCGMGCM3' AGCCG 9.64 - —0.07 —0.07 0.13

3’ terminal LNAs that are U or not U, respectively. Both
methods that use experimental data for AG3, (2'-O-
MeRNA/RNA) provide reasonable predictions that are within
1 kcal/mol of the measured value (Table 3). Two other meth-
ods that use nearest-neighbor models to approximate AG5, (2'-
O-MeRNA/RNA) provide somewhat less accurate, but still
reasonable predictions as described below. The duplex with
the worst prediction, 5’GMUUMC*GMG"/3’CAAGCC has a
5'GMUY/3'CA nearest neighbor, consistent with this motif
being unusually unstable by ~1.2 kcal/mol. Thus, it is likely
that the AG3; of Equation 1 should be made less favorable by
1.2 kcal/mol for every internal 5’GMU"/3'CA nearest neighbor
in a duplex. Evidently, the effects of multiple LNA substitu-
tions are approximately additive when the LNAs are spaced by
at least 1 nt.

The data may also be fit to a nearest-neighbor model con-
taining 30 of the LNA enhancement parameters associated
with duplexes of RNA strands bound to 2'-O-methyl RNA/
LNA chimeras. These parameters are listed in Supplementary
Material. The number of occurrences for each nearest neighbor
is limited, however, so the values are only roughly determined.

Predictions for RNA/RNA duplexes at 1 M NaCl
can be used to approximate stabilities of 2’-O-methyl
RNA/RNA duplexes at 0.1 M NaCl

The stabilities of RNA/RNA duplexes at 37°C and 1 M NaCl
are predicted well by an Independent Nearest-Neighbor
Hydrogen Bonding (INN-HB) model (64). In this model,
the stability of an RNA/RNA duplex is approximated by:

AG3;(RNA/RNA) = AG,; + Y mAG;(NN)
+ mterm—AUAGferm_AU + AGsym 2

Here, AG;,, is the free energy change for initiating a helix;
each AG;’ (NN) is the free energy increment of the jth type
nearest neighbor (see Table 4) with n; occurrences in the
sequence; Mem-au 1S the number of terminal AU pairs;
AGy,,.._au 1s the free energy increment per terminal AU pair;

AGgym is 0.43 kcal/mol at 37°C for self-complementary
duplexes and 0 for non-self-complementary duplexes.

Table 4. Preliminary nearest-neighbor free energy parameters (kcal/mol at
37°C) for 2/-O-methyl RNA/RNA duplexes in 0.1 M NaCl compared with
parameters for RNA/RNA duplexes in 1 M NaCl

2/-0-MeRNA/RNA AG%, RNA/RNA  AGS,

parameters (kcal/mol) parameters®  (kcal/mol)*

5' AMAM3/ (—0.79 + 0.44)° 5 AA3 —0.93 £ 0.03

3UU S 3'UuUs’

s'uMuMy —0.99 + 0.20

3FAAS

5’ AMUM3/ —0.73 £ 026  5'AU3 —1.10 = 0.08

3JUAS 3'UAS

5'UMAM3 —1.28 029 S'UA%Y —1.33 = 0.09

3YAUS 3'AUS

5 cMuM3 —2.18 026 5'CU3 —2.08 + 0.06

3GAS 3'GAS'

5'AMGM3/ (—1.53 £ 0.41)°

3uCs

5'CMAM3 —1.96 + 026  5'CA3 —2.11 + 0.07

3IGUS 3'GUS

5'UMGM3/ —1.58 + 0.36

3ACS

5'GMUM3/ —2.65+035 5GU¥ —2.24 + 0.06

3CAS 3'CA5

5’ AMcM3 —1.60 = 0.23

UGS

5'GMAM3 (—2.62 £ 0.52)° 5'GA3 —2.35 + 0.06

33CUs 3'Cus’

5'uMcM3 —1.97 £ 0.24

3YAGS

5'CMGM3/ —211+039 5CG3 —2.36 + 0.09

3G C5 3'GC5’

5'GMGM3/ —2.88+027 5GG3 —3.26 + 0.07

3ccs 3'CCs’

5'cMcMy —2.85+0.19

3G G5

5'GMcM3 —349+036 5GC3 —3.42 +0.08

33C G5 3'CG5’

Initiation 3.59 £ 0.95 4.09 £ 0.22

Per terminal AU 0.29 + 0.15 0.45 = 0.04

Symmetry correction 0 0.43
(‘self-complementary’)

Symmetry correction 0 0

(non-self-complementary)

“Xia et al. (64).
There are only one or two occurrences of these nearest-neighbor sequences in
the database.



Similar sequence dependent parameters may also be appli-
cable to 2'-O-methyl RNA/RNA heteroduplexes because they
are expected to have A-form conformations similar to those of
RNA/RNA homoduplexes (68). This was tested by comparing
the predicted stabilities of RNA/RNA duplexes in 1 M NaCl
at 37°C with those measured for 2'-O-methyl RNA/RNA
duplexes in 0.1 M NaCl at 37°C. The predicted thermodyn-
amics are listed in parentheses in Tables 1 and 2. On average
at 37°C, the RNA/RNA duplexes in 1 M NaCl are 0.12 +
0.01 kcal/mol of phosphate pairs more stable than the 2'-O-
methyl RNA/RNA duplexes in 0.1 M NaCl. Presumably, much
of this difference is due to a sequence independent effect of
salt concentration, which would primarily affect the AS® for
duplex formation (22,69). Thus, a reasonable approximation
for the first term on the right hand side of Equation 1 is:

AGS,(2'-O-MeRNA/RNA, 0.1 M NaCl)
~ AGZ,(RNA/RNA, 1 M NaCl)
+ 0.12(#phosphate pairs) — AGeym(RNA/RNA) 3

Note that AGy,y, from the RNA/RNA calculation is subtracted
because a 2'-O-methyl RNA/RNA duplex cannot be self-
complementary because the backbones differ. For the duplexes
studied here, the number of phosphate pairs is one less than the
number of base pairs.

The effects of LNA substitutions are likely not very depen-
dent on salt concentration. Thus, it is probable that in 1 M
NaCl or in the presence of Mg2+ (70) that AG3, (2/-O-MeRNA/
RNA) can be approximated by AG5;, (RNA/RNA, 1 M NaCl).

Table 3 compares measured values for duplexes with more
than one LNA to predictions from combining Equation 1-3.
The measured AG35, values average —10.5 kcal/mol and the
root-mean-square difference between measured and predicted
AG35, values is 0.6 kcal/mol with the largest difference being
1.7 kcal/mol. A%[ain, the sequence with the largest difference
contains a 5'GV'U“/3’CA nearest neighbor so the predic-
tion would be improved if Equation 1 was corrected for the
apparent instability of this motif.

The results for 2’-0-methyl RNA/RNA duplexes provide
preliminary nearest-neighbor free energy increments
for predicting stabilities of such duplexes

The comparison of predicted RNA/RNA stabilities with those
measured for 2’-O-methyl RNA/RNA duplexes suggests that
the INN-HB model will also be applicable to 2’-O-methyl
RNA/RNA duplexes (71). The results in Tables 1 and 2 were
combined with those for several other duplexes (E. Kierzek,
R. Kierzek, and D.H. Turner, unpublished data) to give pre-
liminary INN-HB parameters for 2'-O-methyl RNA/RNA
duplexes in 0.1 M NacCl (see Table 4). Three nearest neighbors
are only represented once or twice in the database, and these
parameters are in parentheses. The parameters for 2'-O-methyl
RNA/RNA and RNA/RNA duplexes are similar, especially if
the RNA/RNA Watson—Crick nearest-neighbor parameters are
each made less favorable by 0.12 kcal/mol, which largely
accounts for the difference in salt concentration as suggested
above. Evidently, the first term on the right hand side of
Equation 1 can also be approximated by:

AG5;(2'-0-MeRNA/RNA) = AG,; + Y mAG;(NN)

o
+ mterm‘AUAGterm—AU 4
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Table 3 compares predictions from combining Equations 1 and
4 with measured values for duplexes with more than one LNA.
The root-mean-square difference between measured and pre-
dicted AG3, values is 0.6 kcal/mol with the largest difference
beir}\% the 1.7 kcal/mol associated with the duplex containing a
5'GMU"/3'CA nearest neighbor. Undoubtedly, this model can
be expanded and refined by more measurements, but it appears
sufficient to aid sequence design for many applications.

Complete LNA substitution is no more stabilizing
than substitution at every other nucleotide starting at
the second nucleotide from the 5’ end

The effect of complete LNA substitution for a 2’-O-methyl
RNA backbone was studied for the sequences 5'A“C:
UtAMCtCt A3 (UGAUGGU) and 5'G-CutActutGly
3'1(CGAUGAC). As summarized in Table 2, the stabilities
of these duplexes at 37°C are within ex%:rimental error of
those measured for 5’ AMCFUMAMCMCAM/3/r(UGAUGGU)
and 5'GMCFUMACMUGM/3'1(CGAUGAC), respectively.
Evidently, the most effective use of LNA nucleotides is to
space them every other nucleotide with the first LNA placed at
the second nucleotide from the 5’ end.

Internal mismatches make duplex formation
less favorable

Table 5 contains thermodynamic parameters measured for the
formation of duplexes containing single mismatches and the
difference in stabilities relative to completely Watson—Crick
complementary duplexes (Tables 1 and 2). All internal mis-
matches make duplex formation less favorable by at least
2 kcal/mol at 37°C corresponding to at least a 25-fold less
favorable equilibrium constant for duplex formation. In
general, terminal mismatches destabilize much less than
internal mismatches. In fact, when the 3’ terminal U" of
5 AMCMUMAMCMCMUY makes a GU pair, the duplex is sta-
bilized by 0.14 kcal/mol at 37°C relative to a terminal AU pair.

For four cases, the effect of a mismatch with an LNA nuc-
leotide was compared with that for the equivalent 2’-O-methyl
nucleotide. In each case, the mismatch penalty for the LNA
was less than that for 2/-O-methyl RNA. However, for an
AM-G mismatch flanked by LNAs in the context
5'ACMUMAMC CMAM/3'(UGAGGGU),  the  LNAs
enhanced the mismatch penalty by ~1 kcal/mol relative to
a completely 2’-O-methyl RNA strand. Thus, oligonucleotides
containing LNA may discriminate best against mismatches
flanked by LNAs.

DISCUSSION

Oligonucleotide hybridization to RNA has many applications,
ranging from quantifying gene expression (18-20,56) to
designing therapeutics (4,8,21,46,52-54). LNA nucleotides
have characteristics useful for these purposes. For example,
LNA usually stabilizes duplexes (4,44,48,51) and is more
resistant than RNA and DNA to nuclease digestion (4,6,51).
The results presented here provide insights that are useful for
designing 2'-O-methyl RNA/LNA chimeric oligonucleotides
for various purposes. Some trends may be general for RNA
A-form helixes and thus may also be relevant to other
chimeras with nucleotides that favor A-form conformations.
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The results suggest several principles for the design
of 2'-O-methyl RNA/LNA chimeras for
hybridization to RNA

The database in Tables 1 and 2 is too small to generate a
complete model for the design of 2'-O-methyl RNA/LNA
chimeras. Nevertheless, several trends are apparent: (i) LNA
substitution at the 5’ end has little effect on duplex stability.
(ii) Except for a 3’ terminal U™, interior and 3’ terminal LNA
substitutions have similar effects. (iii) Most of the stability
enhancement is achieved when LNA nucleotides are separated
by one 2'-O-methyl nucleotide. (iv) The effects of LNA
substitutions are approximately additive when the LNA
nucleotides are separated by at least one 2'-O-methyl nucle-
otide. Thus, in most cases, LNA nucleotides are used most
effectively for duplex stabilization when separated by at least
one 2'-O-methyl nucleotide and not placed on the 5" end of the
chimera. The additivity observed suggests that a nearest-
neighbor model (64,72-75) will be able to predict well the
stabilities of duplexes formed between RNA and 2'-O-methyl
RNA/LNA chimeras. While the database is not sufficient to
determine all the parameters for such a model, the simpler
model of Equation 1 provides reasonable approximations
for stabilities at 37°C, though a correction should probably
be applied for duplexes containing a 5’GMU“/3'CA nearest
neighbor. It also appears that approximations for the stabilities
of 2/-O-methyl RNA/RNA duplexes can be provided by
nearest-neighbor models for 2'-O-methyl RNA/RNA duplexes
(Equation 4) or even for RNA/RNA duplexes (Equations 2
and 3).

The magnitude and sequence dependence of the stabiliza-
tion due to LNAs are surprising. Ribose and therefore probably
2'-O-methyl ribose sugars in single strands are typically found
in roughly equal fractions in C2’-endo and C3’-endo confor-
mations. If the methylene bridge of an LNA only locks
the sugar into the C3’-endo conformation, then the expected
stabilization due to preorganization would be: AAG® = —RT
In 2, which is —0.4 kcal/mol at 37°C (310.15 K). The stabil-
ization observed for a 5’ terminal LNA is roughly —0.4 kcal/
mol, but the average stabilizations for internal LNAs and
3’ terminal AL, C and G" are more favorable at —1.3 and
—1.2 kcal/mol, respectively. Moreover, if stabilization was
only due to preorganization of an LNA sugar, then the effect
would not saturate when alternate sugars are LNA. Evidently,
the LNA substitution also affects the 5’ neighboring base pair
in a way that enhances the stabilization beyond that expected
from preorganization of a single sugar. Interestingly, NMR
structures of DNA/LNA chimeras bound to RNA show that
only the DNA sugar 3’ of the LNA is driven to a C3'-
endo conformation for the sequence d(5' CTGATLATGC)/
3’GACUAUACG, but all non-terminal DNA sugars are
C3’-endo when all three Ts are LNAs (76).

Comparison with single LNA substitutions
in DNA/DNA duplexes

McTigue et al. (48) measured the thermodynamic effects of
single internal LNA substitutions in 100 DNA/DNA duplexes.
The free energy increments at 37°C for LNA substitutions
ranged from +0.83 to —1.90 kcal/mol with an average of
—0.55 kcal/mol. This compares with a range from +0.18 to
—2.17 kcal/mol and an average of —1.32 kcal/mol for the
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single internal LNA substitutions in Table 1. The comparision
suggests that single LNA substitutions are on average more
stabilizing to 2'-O-methyl RNA/RNA duplexes than to
DNA/DNA duplexes. This may reflect the expectation that
LNA substitutions do not have a large effect on the confor-
mations of 2/-O-methyl RNA/RNA duplexes, but alter the
conformations of DNA/DNA duplexes.

LNA substitutions should be useful for probing RNA
with short 2'-O-methyl RNA oligonucleotides

RNA structure can be probed with short oligonucleotides on
microarrays (3). To optimize such methods, it is necessary
to have tight binding that is sequence independent and that
discriminates against mismatches. It appears that LNA
nucleotides can be used to achieve this. For example, free
energy increments for 2’-O-methyl RNA/RNA nearest neigh-
bors range from —0.7 to —3.5 kcal/mol, corresponding to
5'AMUM/3'UA and 5'GMCM/3'CG, respectively (Table 4).
The average increment of —1.3 kcal/mol of internal and 3’
terminal LNA can help compensate for such less favorable
stability of AU relative to GC pairs. The stability enhancement
from LNA can also allow the use of shorter oligonucleotides.

The potential disadvantage to LNA substitutions in 2'-O-
methyl RNA oligonucleotides is that discrimination against
mismatches containing an LNA may be less than with a
complete 2/-O-methyl RNA backbone. This was clearly true
for three of the four cases where such direct comparisons
were made. Nevertheless, internal mismatches with LNA
nucleotides are considerably destabilizing, averaging a penalty
of 4.1 kcal/mol at 37°C (Table 5), which translates to almost a
1000-fold weaker binding due to a single mismatch. When
LNAs flanked an AM-G mismatch, the mismatch penalty at
37°C was 4.4 kcal/mol compared with 3.3 kcal/mol in the
absence of LNAs. Such an effect may reflect enhanced rigidity
due to LNA, which thereby prevents a mismatch from adopt-
ing a favorable conformation. Thus, it may be advantageous to
use LNAs to flank nucleotides likely to give small mismatch
penalties.
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