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Locked nucleic acids (LNAs) can greatly enhance duplex DNA stability, and are therefore creating opportunities to
improve therapeutics, as well as PCR-based disease and pathogen diagnostics. Realizing the full potential of LNAs will
require better understanding of their contributions to duplex stability, and the ability to predict their hydridization ther-
modynamics. Melting thermodynamics data for a large set of diverse duplexes containing LNAs in one or both strands
are presented. Those data reveal that LNAs, when present on both strands, can stabilize a duplex not only through
direct interaction with their base-pair partner, but also through nonlocal hyperstablization effects created by LNA:LNA
base pairs and/or specific patterns of oppositely oriented LNA:DNA base pairs. The data are, therefore, used to extend
a thermodynamic model previously developed in our lab to permit accurate prediction of melting temperatures for
duplexes bearing LNA substitutions within both strands using a classic group-contribution approach. © 2015 American
Institute of Chemical Engineers AIChE J, 61: 2711-2731, 2015

Keywords: oligonucleotide, locked nucleic acid, deoxyribonucleic acid, DNA stability, nearest neighbor thermodynamics,
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Introduction temperature 7,,, of a duplex. For duplex DNA (dsDNA), an
LNA substitution in one strand generally increases T,, by
1-8°C, while somewhat larger increases in 7,, (2-10°C) are
observed when a DNA strand (ssDNA) containing a single
LNA substitution is paired with its complementary RNA
strand.”"'”

LNA-containing oligonucleotides are finding increasing use
as therapeutics, including as gene-silencing agents,'""'* and as

Significant advances in non-natural nucleotide chemistry
have been made over the past quarter century, motivated in
part by the desire to enhance diagnostic and therapeutic appli-
cations of structured oligonucleotides by improving their ther-
modynamic and chemical (e.g., nuclease-resistance) stability,
or by altering their cellular uptake.1 Among the most signifi-

cant and widely used nucleotide modifications*? is the locked 13,14 . .
DNA or RNA .7 Th f LNA -
nucleic acid (LNA),* in which a methylene bridge has been NA or aptamers ¢ introduction of LNA mono

introduced between the 4’-carbon and 2’-oxygen of the ribose mers into a standard sSDNA or sSRNA aptamer can greatly
sugar to “lock” it in a C3'-endo (RNA-like) conformation 68 improve both the thermodynamic and serum stability of the

. S ) structured single-strand, without introducing immunogenicity
Replacement of a DNA or RNA nucleotide with its corre-

. . .- . or toxicity effects that could otherwise deter therapeutic use."”
sponding LNA can increase the stability, and thus the melting LNA-substituted oligonucleotides have also found widespread

use in a range of diagnostic applications, including real-time

Correspondence concerning this article should be addressed to C. Hughesman at PCR digital PCR. and hybridization—array—based detection of
curtish@msl.ubc.ca or C. Haynes at israels@chbe.ubc.ca. . ’ . ’ . . .

either germline mutations (e.g., single nucleotide polymor-

© 2015 American Institute of Chemical Engineers phisms) or somatic mutations associated with disease,'®!” as
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well as detection of either viral or microbial pathogens within
foods and drinking water sources.'®

The growing importance of LNAs in oligonucleotide-based
medicine and diagnostics has motivated careful analysis of the
properties of LNA-containing ssDNA, ssRNA, dsDNA, and
hybrid DNA:RNA duplexes relative to their corresponding
isosequential LNA-free forms.'** A number of chemical and
structural factors have thereby been found to contribute to
LNA-mediated enhancement of thermal stability. NMR stud-
ies show that substitution of an LNA monomer into comple-
mentary dsDNA induces the modifed base pair and base pairs
proximal to it to shift toward an A-form helix; a shift in the
deoxyribose sugars toward a C3’-endo conformation is also
observed.”> An LNA substitution within the ssDNA of a
DNA:RNA hybrid duplex likewise shifts the sugar toward a
C3'-endo conformation.?*** This conformational change has
also been characterized using both resonance Raman spectros-
copy25 and transient absorption26’27 to intensify certain base-
stacking interactions that are important determinants of sec-
ondary structure of LNA-containing duplexes, leading, for
example, to a tendency toward the more thermally stable A-
form in AT-rich sequences. Motivated by these and other
structural insights,>**% thermodynamicists have conducted
extensive studies aimed at quantifying the enthalpic and
entropic contributions to the enhanced thermal stability of an
LNA:DNA or LNA:RNA base pair.>71921:2239 Thoge stud-
ies, which typically rely on interpretation of melting thermo-
dynamics collected by either UV spectroscopy®’*'?*12% or
differential scanning Calorimetry,lg’3 ! show that the change in
melting temperature (AT,,) accompanying an LNA substitu-
tion is sequence dependent, with the dominant determinant of
the degree of stabilization being the type of base
substituted.'*"

But for short B-form dsDNA, perhaps the greatest insights
into the effect of LNA substitutions on duplex stability come
from efforts to treat melting thermodynamic data with classic
group-contribution modeling approaches, which have previ-
ously been used to great effect by Prausnitz**>? and others®**
to model thermodynamic behavior in a variety of other impor-
tant liquid mixtures. The most widely used group-contribution
type models developed for predicting 7, and melting thermo-
dynamics of unsubstituted and LNA-substituted dsDNA are
collectively known as nearest-neighbor thermodynamic
(NNT) models.'?*!?23% Differences between available NNT
models exist when applied to unsubstituted dsDNA, but col-
lectively they predict that dsDNA melting thermodynamics
depend on duplex length, as well as on the sequence and the
overall g—c base-pair content. They assume, in accordance
with more advanced theories derived from statistical mechan-
ics (e.g., the Poland—Sheraga potential®®*’ and advances made
to it by Fisher® and others™), that the sequence dependence
arises, at least in part, from the combined contribution of base-
pairing and base-stacking interactions. Both interactions are
short-range in nature, permitting their contribution to the melt-
ing enthalpy AH to be captured through a set of nearest-
neighbor enthalpy parameters for all unique Ny 4, N3/ ¢+ 1)/
Ns' N5 4+ 1) base-pair doublets (tandem base pairs) in the
duplex, where N3, is the nucleotide at the 3’ + m base posi-
tion on the sense strand. The melting entropy (AS) is handled
in an analogous manner by computing the combined contribu-
tion to AS of base-pair formation and base-stacking interac-
tions, which are both orientationally (e.g., bases stack in
plane) and spatially specific; AS is thus also computed as the
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frequency-weighted sum of nearest-neighbor contributions.
NNT models provide very good predictions of 7, for dsDNA
melting between about 45 and 65°C.*" In addition, good pre-
diction of T,, values and melting thermodynamics (AH and
AS) for duplexes melting above 65°C may be achieved by
introducing heat capacity effects into an NNT model,*' which
is consistent with experiment and theory showing that dsDNA
melting involves a heat capacity change AC), of about 42 * 16
cal mol ' K™ per base pair.*?

NNT models that do or do not include AC, contributions
have been extended to predict changes in dsDNA stability aris-
ing from LNA substitution(s), generally for the case where
those substitutions occur within only one strand.'2122 Here,
we focus on models that explicitly include AC,, contributions.
To fix ideas, consider a short pure-DNA duplex that melts at a
temperature T,, pna With a melting enthalpy and entropy of
AHpna and ASpya, respectively. Substitution of an LNA into
the duplex results in an increase in melting temperature from
T,npona to T 1na- The melting enthalpy and entropy of the
LNA-modified duplex are then given by

AHina (Tna) = AHpxa (Trpna) +AC) (Trina —TmpNa)

+AAHLNA
ASiNA (Tmana) = ASpna (Tmpna) TAC,In (T ina/TmpNa)
+AASINA 9]

where AAH| na accounts for the incremental change in the
melting enthalpy due to intrinsic changes in base-pair and
proximal duplex structure/energetics (e.g., changes in base
stacking) that arise as a result of the LNA substitution and the
formation of an LNA:DNA base pair. Equation 1 predicts that
changes in AH (and likewise AS) may arise not only through a
nonzero AAHy na (or by analogy AAS| na) Value, but also sim-
ply due to the fact that AH and AS are temperature dependent.
Indeed, our recently described NNT model for LNA-
containing dsDNA,'® which accounts for the temperature
dependence of AH and AS through a nonzero AC,, predicts
that experimentally observed changes in AS accompanying
LNA substitutions in one strand arise from both the tempera-
ture dependence of AS and a negative AAS;na value that
reflects restrictions to ribose sugar flexibility imposed by the
methylene bridge, including the associated increase in struc-
tural preorganization of the LNA-containing single strand.
Corresponding changes in AH, however, are generally found
to arise only from the temperature dependence of AH, as
AAH na values for dsSDNA substituted with a single LNA are
statistically insignificant.'® This finding is not at odds with
observed changes in structure arising from an LNA substitu-
tion; it simply indicates that structural changes induced by
individual LNA substitutions (e.g., increased local A-form
helix characteristics) result in a set of subprocesses (perturba-
tion of hydrogen bond strengths, base stacking energies, etc.)
that are enthalpically compensatory in nature, such that the
total incremental enthalpy change, AAH|na, is either very
small or athermal.

As noted, current NNT models are designed to predict melt-
ing thermodynamics of complementary or mismatched
duplexes bearing LNA substitutions in one strand.'>*'** They
are not intended to be applied to duplexes containing LNA
substitutions within both strands, including those that form
LNA:LNA base pairs. Melting studies have shown that com-
plementary duplexes containing LNA:LNA base pairs can be
exceptionally stable—a completely LNA-substituted 9-mer
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duplex has been shown to melt at a 7, more than 60°C higher
than that of the corresponding isosequential pure-DNA
duplex.® In principle, NNT models can be extended to permit
their application to duplexes bearing LNA substitutions on
both strands. However, at present, the impact on melting ther-
modynamics of introducing additional LNA substitutions in
various positions of an opposing pure-DNA strand is not well
understood. Here, we address this issue, as the ability to under-
stand and predict the thermal stability of duplex DNA bearing
LNA substitutions within both strands may serve to expand
applications of LNA technology in important areas. For exam-
ple, Wang et al.** have used LNA:LNA base pairing to
improve the sensitivity and selectivity of molecular beacons,
while Morandi et al.** have described the paired use of an
LNA-substituted allele-specific primer and LNA-substituted
beacon probe to detect cancer-related somatic point mutations,
such as the BRAF V600E mutation associated with metastatic
melanoma and colorectal cancer, with increased sensitivity
and specificity. In addition, several groups have reported on
the use of LNA:LNA base pairs to greatly improve the thermal
and 155621?61 stability of DNA aptamers targeted for therapeutic
se. "

With the ultimate aim of establishing a NNT model that can
be applied to short dsDNA bearing any pattern of LNA substi-
tutions in either or both strands, we report here melting ther-
modynamic data for an extensive library of complementary
duplexes in which an LNA substitution is made in a pure
DNA strand at different positions relative to one or more
LNAs on the opposite strand. The data are used to define (1)
the duplex stabilization thermodynamics of an LNA:LNA
base pair relative to the LNA:DNA base pairs from which it is
formed, and (2) the impact on duplex stability of an LNA sub-
stitution made in one strand at a nucleotide position proximal
to an existing LNA in the opposing strand. Results are then
used to extend our current NNT model'® to permit accurate
prediction of T,, and AT, values for duplexes bearing LNA
substitutions on both complementary strands.

Method
Materials

All pure DNA and LNA containing oligonucleotides were
obtained from either Integrated DNA Technologies (Coral-
ville, TA) or Exiqon (Vedbzk, Denmark). Each strand was
resuspended in buffer containing 1 M NaCl, 10 mM Na,HPO,,
and 1 mM Na,EDTA at pH = 7.0, and then quantified by UV
spectrophotometry (Cary 1E; Santa Clara, CA) at 80°C using
extinction coefficients provided by the supplier.

Measurement of melting thermodynamics by UV
spectroscopy

Helix-to-coil melting transition data were collected on a
Cary 1E spectrophotometer equipped with a 12-cell Peltier
temperature controller. All UV-monitored melt (UVM) experi-
ments were conducted at 260 nm by scanning from 25 to 95°C
at a scan rate of 0.5°C min ! to obtain absorbance (Axg0) vs. T
profiles. Experimental melting transition profiles and regressed
thermodynamic values were scan-rate independent at scan
rates < 0.6°C min~'. A cuvette with a path length of 10 mm
was loaded with duplex sample to a total strand concentration
Crof 5or 7.5 uM and then sealed to prevent evaporation dur-
ing heating. Buffer reference and duplex melting curves were
collected in triplicate and collectively analyzed to obtain mean
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Figure 1. Melting transition measured by UV spectros-

copy at 260 nm for the complementary
duplex 5'-ctaacgGatgc—3'/5'-gcatccgttag—3’
at a total strand concentration C; of 7.5 uM
and in an aqueous buffer (pH 7.0) containing
1 M NaCl, 10 mM NaHPO,4, and 1 mM
Na,EDTA.
(A) Raw melting transition data; the slope (m) and
intercept (b) of the pretransition (fully duplexed) and
post-transition (fully dissociated) states are shown. (B)
Pretransition and post-transition baseline normalized
representation of the same melting transition data (dia-
monds), where 0 is the fraction of strands in the single-
stranded state; the two-state thermodynamic model fit
(solid curve) is also shown and superimposes the experi-
mental data.

values and standard deviations for T,,, AH(T,,), AS(T,,), and
AG (at the reference temperature of 53°C), hereafter referred
to as AG°. Melting curve analysis followed a method we have
previously described,*” which assumes two-state melting ther-
modynamics and includes contributions from a nonzero AC,,.
Briefly, from each buffer-scan-normalized melt curve, the
fraction of strands in the random-coil state (6) was determined
as a function of temperature to create a fractional curve by fit-
ting Eq. 2 to the pretransition and post-transition baselines
Aso(T) = (ST +HIM ) (1=0)+ (M T+50NM )0 @)
where mp. and by, and mpog and by are the slopes and
intercepts of the pretransition and post-transition baselines,
respectively. A representative UVM experiment is provided in
Figure 1A, within which are identified the slopes and inter-
cepts of the two transition baselines used to normalize the
melting transition data. Concordance between the normalized
melting transition and two-state melting thermodynamics
theory (Eq. 3 below) is also demonstrated (Figure 1B); for all
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sequences studied, the experimental and two-state melting
thermodynamics agree to within *15%.

AH(T,,), AS(T,,), and T, were determined by fitting Egs. 3
and 4 to the resulting fractional curve

o) = —Kq(T)+ Kz(TT)-i-ZKd(T)CT )
Kd(T) = exp [— (AS+ACI;77{T_Tm)) I AS+ACI'§(T/TM)
)

where K (T) is the temperature-dependent equilibrium con-
stant for the melting reaction. The AC,, required in Eqs. 3 and
4 was computed as AC,, = nAC Z” , where n is the total number
of base pairs in the duplex and ACIIZ” is the heat capacity
change per base pair (bp), previously reported by Hughesman
et al.*! to be 42 cal mol ' K~ bp Tmax Was used as an esti-
mate of 7, in Eq. 4 during the first solution iteration. After
regressing values for AH(T,,) and AS(T,,), a new estimate of
T,, for nonself-complementary duplexes was then obtained
from

AH(T,,)
AS(T,,))—RIn(Cr/4)

T, = (5)
where Cr is the total strand concentration (M), and is divided
by 4 when the two single strands are not self-complementary
(C1/4 is replaced by Cr when the two single strands are self-
complementary. The model is otherwise the same). That itera-
tion scheme was continued until a best fit was achieved.

Regression of model parameters

Levenberg—Marquardt (LM) type regression48 to melting
temperature (7,,) data was used to fit a set of parameters
needed to compute the total hyperstabilization energy AA
Ghyper Of @ duplex that arises from (1) formation of an
LNA:LNA base pair through replacement of a DNA nucleo-
tide that is paired with an LNA within the complementary
strand, and (2) substitution of an LNA into a pure-DNA strand
at a position proximal to an oppositely oriented LNA:DNA
base pair, or any combinations of those two substitution pat-
terns. The parameters are used to extend our existing NNT
model,'? hereafter referred to as the standard single-base ther-
modynamic (standard SBT) model, that can be applied to
duplexes containing LNA substitutions in one strand, but not
both.

Regression of the resulting “extended SBT model” to the
full dataset was conducted using MATLAB (R2007b) soft-
ware. Based on an average experimental error o; in AAT,,
of = 0.8°C, the regression scheme minimized the least squares
of the residual (3?)

(6

AAT, —AAT,,( 2
2 m (expt) m (pred)
gy (Frems)

i 1

by initiating the objective function (0= AAT,, cxp)—
AAT,, (preq)) With a randomly generated set of parameter esti-
mates. In Eq. 6, expt and pred indicate experimental and
model predicted values, respectively, and AAT,, is given by

AAT,, = AT, xa— (AT inapNa T AT pNaina)  (7)

where, for example
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T, pNA (8)

Here, subscript LNA specifies the duplex bearing an LNA
substitution in each strand, and subscript DNA specifies the
corresponding isosequential pure-DNA duplex. Subscript
LNA:DNA specifies the same duplex when no LNA substitu-
tion has been made in the antisense-strand, and

Tn.DNA 9)

In the extended SBT model, T, nA (prea) fOr @ duplex bear-
ing an LNA in each strand is given by
AHLNA (T iNA (pred)) TAAGH

hyper
(10)
ASina ( m,LNA (pred)) —Rin (%)

AT ixa = Tonna—

AT inaDNA = T NADNA —

Tm,LNA (pred) —
with AHyna and ASpna computed as

AHiNA (Tana) = AHY A +AC) (Trina —Trer) +AAH o
(11)

and

ASixa (Tyixa) = ASs +AC, m( ma /- )+AASLNA
(12)

In both the standard (AAGy, .. =0) and extended SBT
models, the melting enthalpy AHDN  and entropy ASP 4 fo
the isosequential pure-DNA duplex are computed at a specrﬁc
reference (°) temperature (7,.) of 53°C, from which their cor-
responding values at the 7,, of the LNA substituted duplex
can be computed using AC, calculated as descrrbed above. A
T, of 53°C is applied, as our previous work*' showed that
the NNT model (upon which the SBT model is based) pre-
dicts melting thermodynamics for pure-DNA duplexes with
greatest accuracy when that reference temperature is applied.
AAH?,, and AAS7,, represent the incremental change in the
melting enthalpy and entropy, respectively, resulting from
any pattern of LNA substitutions within one of the two
strands; they are computed at T, from available standard
SBT model parameters, and a comprehensive description of
the original SBT model upon which the extended model (Egs.
10-12) presented here is based can be found in our previous
papers.'”* In Eq. 10, R is the ideal gas constant, 1.987 cal
mol 'K~

The value of AAGy .., which represents the excess ener-
getic contribution to duplex stability created by an LNA:LNA
base pair and/or sets of proximal oppositely oriented
LNA:DNA base pairs, is computed from the set of extended
SBT model parameters AAGh yper—(j) &

AAGY e = > MAAGY i (13)
J

In Eq. 13, n; and AAGgyper 0 then give the frequency (total
representations) and energetic contribution to AAGh per?
respectively, of each LNA:LNA base pair (j=0) or set of
proximal oppositely oriented LNA:DNA base pairs of type j.
Here, j is an integer ranging from —4 to +3, and its value may
be understood by considering the position of an LNA within
the antisense strand of a duplex relative to a chosen LNA
within the sense strand. To fix ideas, we show here by example
how Eq. 13 is applied to a hypothetical duplex containing both
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ES Figure 2. General structure of the library of comple-
Q
§ =@ 9 o o 5: mentary duplexes created to study changes
S~ — — —_ o~ [ R} . - ..
SOlnSna5SnenS| €5 in thermal stability arising from an LNA sub-
SC|lsllclsllaZ] E2 itution withi
o 2R TdT|EE stitution within each strand.
%DE Standard DNA nucleotides and LNA-substituted nucleo-
Té 8 tides are indicated by circles and squares, respectively.
g The position of each LNA on the antisense strand is
=
g = g = ;: = g = ;: = .g = indexed relative to a selected LNA (arrow) on the sense
5 SR TS| & strand by the value of j, where —4 <;j <3 in this study.
SO[HBHAHIHGH G| EE
Ll grnocoin—n<n g: “ In this example, the duplex has an LNA:LNA base pair
& T F 8 2 Eé (j=0), and oppositely oriented DNA:LNA base pairs at
o g positions j =3, 2, —1, and —3 of the antisense strand.
=
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= . . .
e v s e < - 32- an LNA:LNA base pair and oppositely oriented LNA:DNA

& sls =2 & 2 2 | &% = base pairs

JE[4H 44 4 EEC / /
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= [ N — — — (9] —
= E5C

T E ; Antisense strand 3’ ¢ + A + G C T a ¢ 5
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N £a T where lower-case letters indicate standard DNA nucleotides, and
5 = csa2 Sg _ S e E Bz capital letters the corresponding LNAs. The LNA on the sense

2 g (ﬂ = :;' NEY 2% [ﬂ it s = z strand is selected, and the relative position of each LNA on the

282 =2=R0XB2| 45 . . .
8l -~ =Nl p zZ § 5 antisense strand is noted. For the C at the 5’ +35 position of the
- - 2.5 sense strand, they include the G with which it is paired (j = 0;
< . o .
§ g z ; n;=ny=1 as there is only one C:G LNA-LNA base pair in the
8 _ Is% E duplex), the adjacent C (j = —1; n_; = 1) on the 5'-side of the G
5 T e @ w o — |.28 < on the antisense strand, and the A and T that are in the j = +2 and
. Hle v & @ @ 3E*° Jj = —2 positions, respectively, of the antisense strand. When
AT [ JE4 . . ..
m |93le = o < 9~ JEQ required, the same analysis would be performed for any additional
g ; EE QQ § = ; 3 Ev LNA on the sense strand. Application of Eq. 13 for the example
ﬁ L 3 2 ; duplex shown (for which all n; = 1 in this case) above then gives
%g g AAG}Olyper = AAGgyper—Q + AAG}?yper +AAGhyper —-1)
- o —
=
P S50 +AAG} (14)
Tl e o o |LEF hyper—(=2)
== — =) — — § © )

5 E benonea @’D:;E The set of AAGﬁyper—(,) parameters required to compute
Sl 5 8 o 8 |es=w AAGy, ., were found by global iterative regression of the
= §§ E model to a large set (see below) of AAT), ) data using the

gg § LM method until a minimum in > was achieved. Each experi-
s< 5 mental T,, used to determine both AAT,, ) and model

E o e o o o E:j < z parameters represents the mean of triplicate independent runs,

3¢ s 3 *;c § S = and is reported along with its standard deviation, which was

3 S 0 ) . .

2R 2 5 & = 3 used to compute errors in each regressed parameter.
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< £E-% Results
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?ﬁ)g § Standard SBT model and its performance when applied
< §% % to duplexes containing any number and pattern of LNA
< < - ~ = =] = . . e 7 e

SAl% ¥ 8§ 5§ 3 |&% g substitutions within one strand

Sen| = S 3 3 [0 =

EDL §“ §" S 5 S | £&8% The standard SBT model uses an experimental ACbp value

ST R T § £ |eo® (42 calmol ' K™ ' bp™") and a set of four mcremental entropy

[ S ) co S0 S0 =T

EEg arameters (AAS?) to compute sequence-specific melting ther-
o T p i p q P g
§'§ y modynamics and 7, for any short DNA duplex bearing any
e v o w o« %’DE = number and pattern of LNA substitutions on one of the two
g7 £ 7 7 A 2m 2 strands. Thermodynamic changes (AH; na and ASyna) for the
Sly, v B B Y AR y g
Zld g g << 3= helix-to-coil transition at T,, are predicted using Eqgs. 11 and
S0 3 3 3 8 |8E2 ith AAHY ASPxa g
a2l=7 2 = 2 = S 5% 12 with AAH?, set equal to zero and AAS?y, given by
g2 2 2 2 % |35
R g AAS N A = Y miAASY (15)
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Table 3. Melting Thermodynamic Data Collected by UV Spectroscopy for a Set of Duplexes Having the Pure-DNA Sequence

5'-ggaacaagatgc-3' and Varying LNA Content

DNA Duplex T.(°C)
10 S'ggaacaagatgeld
Yecrttgttcectacg¥ 54.6

Parent DNA Duplexes with Single LNA Substitutions on a Single Strand
Ta(°C) AT, (°C)  44T,(°C)

To(°C) AT, (°C) 44T (°C)

Sggaacadgatged SgpaacAdagaiged
10-S-L7:AS Yecttgttetacg¥ 58.1 35 10-S-L6:AS Yectrgitetacgd 560 14
Seg r At 3 ' ' ;
10-5-19:A8  ¥EE7T T8 akes 572 26 10-5:A8.L6  3ERGCCANRAIECE 570 26
QL AG. S'ggrracuu),«rlch v A C e 1 ralged
10-s:a8-L5 R EETY LI TE et es 59.6 5.0 10-8:AS-1.7 yegaacgagalgcy 589 43
DNA Duplexes with Multiple LNA Substitutions on a Single Stmlli 3 . 7.0(6.9)
.S.179: SggaacadgAdrged Jggaacaagatged 616 7.0(6,
10-S-L79:AS Rl e 614 68 (6.1) 10-S:AS-L67 YecttgTTetacgs
5 A 1 ¥ DNA Duplexes with Single LNA Substitutions on Opposing Strands
2 acda. c - . . "3
I0-S-LTAS-LS 3¢efrerrCraces 645 10085 LS 10-SLeASLT  §EE0cqagalecd 623 7757 19
- SggaacaagAdtged . 5 S:Xguac/-lagu{gcé: -
10-8-1.9:AS-L5 YectrgriCracgs 61.9 7.3_ (7.6) --0.3 . ) _IU-S-I_6.AS—!.6 }eC1 gt TCracys 61.0 64¢4.0) 23
sl o o DNA Duplexes with Multiple LNA Substituions on Opposing .Stra%'n,ds y ) .
. 4 Atg zgaacAaga 1
10-S-L79AS-L3 3clrrgriCracgs 67.6 13.0(11.8) 1.2(1.2) 10-8-L6:AS-167 3887 F 0870885 667 121(84) 37(4.2)

where 7; is the number (frequency) of internal LNA substitu-
tions of type i (i.e., not including those at either terminus), and
the values of AAS? are specific to the reference temperature.
The value of T, for any duplex in which one strand contains
one or more LNA substitutions is then given by Eq. 5 with
AH = AH;na and AS = AS;na. Because of the temperature
dependencies of AHpna and ASpna, the solution of Eq. 5
requires iteration, but convergence is rapid if an initial esti-
mate for T, is found by setting AC,, = 0 in Eqs. 11 and 12.

To date, the standard SBT model has been tested on a rela-
tively small set of complementary duplexes bearing LNA sub-
stitutions on one strand. We, therefore, sought to further
validate model performance when applied to that class of
duplexes by collecting melting thermodynamics and 7, data
for a large set of duplexes containing different patterns of
LNA substitutions on one strand, and then comparing model
predictions to the resulting dataset. Those melting thermody-
namics data are reported in Table 1, and we note that none of
the sequences and associated data was used in the regression
of the previously reported standard SBT model parameters.

The corresponding standard SBT model predictions for
each of the pure-DNA and LNA-substituted duplexes are also
reported. The results confirm that the model accurately pre-
dicts both melting thermodynamics and 7T, irrespective of the
pattern and frequency of LNA substitutions within the one
strand. For the entire set of LNA-substituted duplexes, the
standard SBT model predicts AH, AS, and T,, values with a
mean error and standard deviation of 3.0 = 7.1 kcal mol !,
9.6+21.2 cal mol™ ' K™!, and —0.9 + 1.4°C, respectively.
Each of these errors is essentially equivalent to the corre-
sponding error of the underlying NNT model describing pure-
DNA melting thermodynamics.

The standard SBT model utilizes a set of AAS? parameters,
each of which is specific to the base pair in which the LNA of
type i is present. It, therefore, can be used to show that the
incremental contribution to duplex stability of an internal
LNA:DNA base pair (relative to the DNA:DNA base pair
from which it is derived) is the same irrespective of whether
the LNA:DNA base pair is flanked by DNA:DNA base pairs
or by one or more LNA:DNA base pairs. At present, this addi-
tive effect, which is foundational to group-contribution-type
models, has only been demonstrated for the case where all
LNA:DNA base pairs are oriented in the same direction.
Below, we investigate cases where LNAs are present on both
strands, so that LNA:LNA base pairs and/or oppositely ori-
ented LNA:DNA base pairs are formed.

2724 DOI 10.1002/aic
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Library design for analyzing the effect of LNA:LNA
base pairs and oppositely oriented LNA:DNA base pairs
on duplex stability

Short complementary duplexes were created to study
changes in thermal stability arising from an LNA substitution
within each strand. Sequence information and LNA content
for each duplex are provided in Table 2 along with T, and
complete melting thermodynamic data for the duplex obtained
from UV spectroscopy experiments. The general structure of
the library is provided in Figure 2 in accordance with the
—4 <j <3 nomenclature described above. Each duplex having
two LNA substitutions contains either a single LNA:LNA
base pair (j =0) or two oppositely oriented LNA:DNA base
pairs. The library was designed based on pure-DNA duplexes
covering a range of g/c content and base-pair sequences. From
these, the set of LNA-substituted duplexes was created so as
to provide complete coverage and excellent redundancy in the
types of LNA:LNA and oppositely oriented LNA:DNA base
pairs formed, as well as in the types of base pairs neighboring
and between each of those LNA-containing base pairs.

Most of the duplex sequences used were selected from liter-
ature as they had previously been shown to exhibit two-state
melting behavior. However, four duplexes, which likewise
exhibit two-state melting behavior based on repeated UV melt
experiments, were designed using Exiqon’s (Vedbaek, Den-
mark) LNA Oligo Optimizer tool software to preclude forma-
tion of secondary structures (hairpins, homodimers) or slipped
duplex structures. LNA substitutions within either terminal
nearest-neighbor base pair were excluded so as to avoid
unwanted edge-effect (e.g., duplex fraying) contributions to
regressed AAGy (j) Parameters.

The incremental stability of an LNA:LNA base pair
exceeds the summed incremental stabilities of the two
LNA:DNA base pairs from which it is derived

Our library of duplexes containing an LNA substitution
within each strand (Table 2) includes 15 duplexes where the
LNAs align to form a single LNA:LNA base pair (i.e., the
j =0 case). For each, the library also includes (see Table 1)
two single-LNA-substituted duplexes of the same sequence,
each of which bears one of the two parent LNA:DNA base
pairs from which the LNA:LNA base pair can form via a sec-
ond LNA substitution. The library likewise includes the
unsubstituted pure-DNA isosequence, which completes a set
of four duplexes of the same sequence but of varying LNA

September 2015 Vol. 61, No. 9 AIChE Journal
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Figure 3. Hyperstabilization of duplexes containing a
single LNA substitution on each strand
defined in terms of AAT,,1na (see Eq. 20); the
value of index j is as defined in Figure 2.

A AATnina positive in value indicates that the specific
spacing of oppositely oriented LNA:DNA base pairs
hyperstabilizes the duplex relative to the sum of the

incremental stability enhancements provided by each
LNA:DNA base pair alone.

content at the j=0 position. Melting thermodynamic data
were collected for the 15 such sets of sequence-related
duplexes so as to parse out the incremental contribution of an
LNA:LNA base pair to duplex stability, including its relation
to the stabilities of the two duplexes bearing one of the parent
LNA:DNA base pairs. Taking the Gibbs energy change for
melting of the isosequential pure-DNA duplex AGPy, at Tyer
(53°C) as a reference, the incremental enhancement to duplex
stability (AAG} N a.Lna—o) Provided by the replacement of an

internal  DNA:DNA base pair with its corresponding
LNA:LNA base pair is given at Ty by
AAGYNana-0 = AGTna — AGDn,s (16)

As the standard SBT model accounts for the energetics of
LNA:DNA base pairs, it can be most easily extended to permit
prediction of melting thermodynamics for duplexes bearing an
LNA:LNA base pair by expressing AAG}y4..ya—0 S

AAGYNp1na-0 = AAGTNapnA TAAGD A NA T+ AAGﬂyper—(())

A7)
where
AAG] Napna = AGTnapNA (Trer) = AGxa (Trer) (18)
and
AAGNaLNa = AGDnawNa (Trer) = AGDA (Trer) (19)

In Eq. 17, AGyapna and AGRya.na are defined at Tp
and are computed using the standard SBT model and the rela-
tion AG®= AH®° — T\fAS°; AAGY\apna aDd AAGRNALINA
represent the change in the Gibbs energy of melting (relative
to that of the isosequential pure-DNA duplex) due to a single
LNA substitution in the sense or anti-sense strand, respec-
tively. AAG}(:yper—(O) then quantifies excess contributions to the
stability enhancement provided by the LNA:LNA base pair
that are not captured by the sum of the incremental stabilities
of the parent LNA:DNA base pairs from which it is derived.

Analyzing the melting thermodynamics data for the learning
set, we find that AAGﬁy per—(0) = 0.20 + 0.35 kcal mol !, and
that its value, within experimental error, is not sensitive to
either the type of LNA:LNA base pair formed (A:T or C:G) or
the type of DNA:DNA base pairs neighboring it. Thus,
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although its error is somewhat larger than desired,
AAGﬁyper_ ) is small, positive, and constant in value, indicat-
ing that the incremental stability of an LNA:LNA base pair
exceeds that predicted by the summed incremental stabilities
of the parent LNA:DNA base pairs.

A representative example of this effect is provided in Table
3, which reports melting thermodynamic data for a set of
duplexes having the pure-DNA 12-mer sequence 5'-ggaacaa-
gatge-3' and varying LNA content. This pure-DNA duplex,
hereafter identified as duplex 10, melts at 54.6°C (at C; =5
pM). From it, we created three duplexes containing a single
LNA substitution in the sense strand; when melted at the same
Cr, each has an enhanced stability relative to the isosequential
pure-DNA duplex as reflected in the positive AT,, value
reported. Likewise, the three duplexes having a single LNA in
the antisense strand all exhibit a positive AT,,. Now, consider
the duplex 10-S-L6:AS-L7 containing a single LNA:LNA base
pair that is formed from strands S-L6 (where “S” indicates the
sense strand, and L6 indicates an LNA substitution at the 5'+6
position of that strand) and AS-L7 (where “AS” indicates the
antisense strand). The T, of this duplex is 62.3°C, giving a AT,
of 7.7°C relative to the pure-DNA duplex. Application of Eq. 7
then yields a AAT,, of ~ 2°C (due to the fact that the sum
AT, 1051645 T AT 10.5:a5.17 = 5.7°C), illustrating the hyper-
stabilizing effect of an LNA:LNA base pair.

5'-Offset oppositely oriented LNA:DNA base pairs also
hyperstabilize an LNA-substituted duplex

Inclusion in the library of duplexes in which an LNA substi-
tution on the sense strand is either 5’ or 3’ offset relative to an
LNA on the antisense strand permitted measurement of AT,
and AAT,, values for duplexes bearing oppositely oriented
LNA:DNA base pairs of type j. Figure 3 shows that hypersta-
bilization of duplexes containing a single LNA substitution on
each strand occurs for certain arrangements of oppositely ori-
ented LNA:DNA base pairs, such that AT, 1na
(= Twina—Tmpna) exceeds AT, xapna+AT, paiNa by
an amount AAT,,; na given by Eq. 7. In particular, statistically
significant hyperstabilization of duplexes is observed when the
LNA on the antisense strand lies in a position —3 <;j< —1.
The average magnitude of the observed hyperstabilization
depends on the separation distance between the two oppositely
oriented LNA:DNA base pairs, with a maximum stability
enhancement observed when the base pairs are 5’ offset and
either directly adjacent to one another (j = —1), as illustrated
by the AAT,, values for duplexes 10-S-L7:AS-L5 and 10-S-

Table 4. AAGﬁyper—(,') Parameters and Their Respective
Standard Deviations When Regressed to Either the
“Learning Set” (Table 2) Alone, or the Combined “Learning

Set” and “Testing Set” (Tables 2 and 5)

0 —1
LNA Substitution AAGhyper-(f) (kcal mol )

Pattern j Learning Set Whole Dataset
—4 0.01 =0.19 0.10+0.25
-3 0.32+0.25 0.35+0.22
-2 0.67 =0.25 0.64 =0.19
-1 0.54 +0.25 0.54 =0.20
0 0.20+0.35 0.22 +0.32
1 -0.11£0.23 —0.06 £0.24
2 —-0.22x0.21 —-0.23+0.19
3 —0.18 £0.36 —0.12+0.35
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Figure 4. AAT,, depends linerarly on AAGy . ;) (whole
dataset derived model parameters in Table 4)
as required by Eq. 10.

L6:AS-L6 (Table 3), or separated by a single DNA:DNA base
pair (j = —2).

Interestingly, we find conversely that 3’ off-setting of oppo-
sitely oriented LNA-DNA base pairs is slightly destabilizing
(relative to the summed incremental stabilities of the parent
LNA:DNA base pairs) for the specific case of j = 2.

Our proposed extension (i.e., Eq. 13) to the SBT model
assumes that the total hyperstabilization of a duplex bearing
multiple LNA substitutions in each strand may be computed
as a frequency weighted sum of AAGﬁyp er—(j)’ in turn, we will
later show that AAT,, ; for a duplex bearing a pair of LNAs on
each strand of type j orientation is linearly proportional to
AAGﬁypeF 0 As a result, the measured total AAT,, for a
duplex bearing multiple LNAs on each strand is equal to the
sum of the frquency weighted AAT,, ;

AAT, = > AAT,, (20)

This is illustrated for both the 10-S-L79:AS-L5 duplex,
which bears oppositely oriented LNA:DNA base pairs of type
j=1 and j= —1, and the 10-S-L6:AS-L67 duplex, which
bears a single j = 0 and a single j = —1 type LNA-substitution
pattern. For duplex 10-S-L79:AS-L5, AAT,, = 1.2°C, which
matches the sum of AAT,, ; (= 1.5°C + (—0.3°C)). Similar sup-
port for Eq. 20 is provided by the 10-S-L6:AS-L67 duplex.

Extending the SBT model to permit application to
duplexes containing LNA substitutions on both strands

The illustrative results reported above indicate that the
standard SBT model may be extended as defined in Eqgs. 10—
13 to model duplexes containing combinations of LNA:LNA
base pairs and offset LNA:DNA base pairs. Extension of the
model requires a set of AAGﬁypeh (j) parameters. Those param-
eters were determined by globally fitting Eqs. 10-13 to the
collective melting thermodynamic data for the “learning set”
(Table 2). The regressed AAGgy per—(j) are reported in Table 4
along with their respective standard deviations. In accordance
with Figure 3, statistically significant AAGﬁypeﬁm parameters
were obtained for LNA substitution patterns on opposite
strands corresponding to j= —3 to —1, as well as to j=2
(small destabilizing effect). As observed with the AAGﬁyper—(o)
parameter, we find that the value of each AAGﬁyper_ 0 is 1nsen-
sitive to both the types of LNAs substituted and the types of
neighboring base pairs, at least within the error of our experi-
mental data. In addition, and more importantly, we indeed find
that the total hyperstabilization of a duplex containing multi-
ple substitution patterns in each strand is given by the linear

2728 DOI 10.1002/aic
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addition of frequency-weighted AAGY ()’ allowing the
classic group-contribution method embodied in Eq. 13 to be
applied to duplexes having dual-strand patterns of LNA substi-
tutions. Two exceptions are noted. The first is that no hyper-
stablization effect is applied to any LNA substitutions at either
terminus, as both our lab'® and others®®>' have demonstrated
that LNA substitutions made to either the 5" or 3’ termini pro-
vide little to no additional stability to the duplex. The second
applies to internal tandem (directly adjacent) LNA:LNA base
pairs, which have not been investigated here and for which the
extended SBT model, therefore, cannot be applied. Prelimi-
nary melting data acquired in our laboratory suggest that the
tandem LNA:LNA motif strongly hyperstabilizes a duplex,
but the precise magnitude and nature of this effect remains an
open question that is currently under study.

Table 5 reports melting thermodynamics collected by UV
spectroscopy for a “testing set” of complementary duplexes
bearing various levels and patterns of LNA substitutions. In
general, users of models designed to predict melting thermo-
dynamics of either pure-DNA duplexes or LNA-substituted
duplexes are primarily interested in the prediction of T, as
well as AT,, and AAT,, to a lesser extent, because that infor-
mation is essential to the design of primers, probes, and gene-
silencing agents. Thus, for each duplex within the testing set,
T, AT,, and AAT,, values predicted by the extended SBT
model are also reported (in parentheses) in Table 5. Table 6
then summarizes the overall melting-temperature prediction
performance of the extended SBT model when sequentially
applied to the learning set, testing set, and full set of duplex
sequences reported in Tables 2 and 5. As one might expect,
excellent performance is observed when the model is applied
to the “learning set” sequences whose melting thermodynam-
ics were collectively used to regress extended model parame-
ters. The NNT model,*! on which both the standard and
extended SBT model are based, predicts T, values for pure-
DNA duplexes with a mean error % standard deviation of
—0.2 = 1.4°C. The fact that a comparable overall error is
found for the extended SBT model in predicting 7,, values for
duplexes containing various LNA substitution patterns sug-
gests that the proposed group-contribution approach to model-
ing the stabilizing and hyperstabilizing effects of LNAs is not
only sound, but highly accurate. This is particularly true of the
hyperstabilization effects, which were the central concern in
this work; indeed, the overall error in predicted AAT,, values
(see Eq. 7) is 0.0 = 1.0°C when applied to the learning set.

Extended SBT model performance remains very good when
applied to the prediction of T,,, AT,,, and AAT,, values for all
“testing set” duplexes containing LNAs in both strands, with
the model again showing a near zero mean error in AAT,,. Of
greatest importance here is the fact that through use of the
group-contribution approach embodied in Eq. 13, the extended
SBT model accurately captures all hyperstabilization effects,

Table 6. Summary of Overall Prediction Performance of the

Extended SBT Model (‘“Learning Set”” Regressed AAGEyper-(j)

Parameters) When Sequentially Applied to the Learning Set,
Testing Set, and Combined Set of Duplex Sequences

Reported in Tables 2 and §

Dataset T, (°C) AT,, (°C) AAT,, (°C)
Learning —07*13 -03*1.3 0.0x1.0
Testing -09%=1.9 —04*1.8 —02x0.7
Overall —0.8*=1.5 —-03=*1.5 -0.1£0.9
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Table 7. Performance of the Extended SBT Model When Applied to a Set of Duplexes Bearing Various LNA-Substitution
Patterns in Both Strands”

Sense Strand

Antisense Strand

Duplex Name (5'-3") (5'-3) T, (°C) AT,, (°C) AAT,, (°C)
8-S-L57:AS-L5 ggacCtCgac gtcgAggtee 725%£04 19.3£0.9 2.4
(67.8) (15.0) (2.0)
8-S-L5:AS-L67 ggacCtegac gtegaGGtee 689+0.3 157+0.8 0.8
(66.2) (13.4) 0.7)
8-S-L4:AS-L67 ggaCctegac gtcgaGGtee 724£03 19.2£0.8 2.1
(68.7) (15.9) (3.2)
8-S-L45:AS-L6 ggaCCtcgac gtcgaGgtee 725+ 1.0 193*12 34
(70.1) (17.3) (3.2)
8-S-L45:AS-L7 ggaCCtcgac gtegagGtee 675104 14.4£09 0.8
(67.6) (14.8) 0.7)
8-S-L57:AS-L67 ggacCtCgac gtcgaGGtee 74.8 0.5 21.6+09 0.7
(70.0) (17.2) (—=0.7)
10-S-L7:AS-L67 ggaacaAgatgc geatcTTgttce 66.5£0.1 11.9£0.5 1.4
(67.5) (12.5) (1.6)
10-S-L6:AS-L67 ggaacAagatgc geatcTTgttce 66.7 £0.0 12.1+0.5 3.7
(66.7) (11.6) 2.7
10-S-L67:AS-L6 ggaacAAgatgc geatcTtgttce 66.3 £0.1 11.7£0.5 4.2
(65.5) (10.5) 2.7
10-S-L67:AS-L7 ggaacAAgatgc geatctTgttce 65.3%0.1 10.8 = 0.5 1.5
(66.4) (11.3) (1.6)
10-S-L46:AS-L8 ggaAcAagatgc geatcttGttce 65.7£0.1 11.1£0.5 2.0
(64.3) 9.3) (1.7)
10-S-L79:AS-L5 ggaacaAgAtgc geatCttgttce 67.6 0.3 13.0*+0.5 1.2
(65.5) (10.5) (1.1)
10-S-L79:AS-L67 ggaacaAgAtgc geatcTTgttce 70.1 £0.2 155%0.5 1.7
(68.5) (12.5) 0.7)
10-S-L79:AS-L8 ggaacaAgAtgc geatcttGttce 64.5£0.0 99+0.5 -0.5
(64.8) (8.8) (—0.8)
10-S-L67:AS-L8 ggaacAAgatgc geatcttGttce 63.9+0.2 9.4+0.5 0.9
(61.6) (7.6) (—1.0)
10-S-L67:AS-L5 ggaacAAgatgc geatCttgttce 68.6 £0.1 14.0*+0.5 4.2
(69.0) (13.9) 4.1)
10-S-L46:AS-L67 ggaAcAagatgc geatcTTgttce 74.4£0.0 19.8£0.5 7.2
(74.3) (17.2) (7.1)

“Melting thermodynamic data reported above were collected by UV spectroscopy at a Cy =5 uM in buffer containing 1 M NaCl, 10 mM Na,HPO,, and 1 mM

Na,EDTA (pH = 7.0).

which can be significant. For the 10-S-L6:AS-L67 duplex
(Table 1), for example, hyperstabilization effects contribute
3.7°C (31%) of the 12.1°C increase in duplex T, arising from
the LNA substitutions.

The stability of the hyperstabilization parameters was then
evaluated through their re-regression to the entire dataset (i.e.,
“learning set” + “testing set”), and the resulting whole-dataset
derived parameters are also reported in Table 4. For those
parameters that are statistically significant (—3<;<—1,
j=72), the two sets of regressed values are essentially identi-
cal, indicating a lack of end-effect or other error sources in the
“learning set” that might serve to bias parameter estimates.
Moreover, for either dataset, AAT,, is found to depend linearly
on AAGy,,. as required by Eq. 10 and as shown in Figure 4
for the whole-dataset derived parameters.

As a final test, we applied the extended SBT model (w/
whole-dataset derived parameters) to a small set of duplexes
bearing more complex LNA-substitution patterns in both
strands, with a comparison of predicted and experimental
melting thermodynamics provided in Table 7. The results
show that the extended SBT model predicts well melting ther-
modynamics for duplexes bearing more complex combina-
tions of both LNA:LNA and oppositely oriented LNA:DNA
base pairs, exibiting errors of —1.3 +1.5°C, —0.8 = 1.4°C,
and —0.3 =0.7°C for T,, AT,, and AAT,, respectively. At
present, no other model is designed or able to make such pre-
dictions. As an extreme test of the model, we also used the
model to predict AAT,, for a highly substituted duplex, of
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sequence S-L257:AS-L358 using our nomenclature, which
Koshkin et al.® reported melts at a T, 34°C higher than that for
the corresponding isosequential pure-DNA duplex. The hyper-
stabilization effect, quantified as AAT,, accounts for about
23% of that dramatic increase in T,, and the extended SBT
model predicts a AAT,, of 7.6°C, which is in good agreement
with the measured values of 8.0°C.

Concluding Remarks

The unique stabilization properties of LNAs are creating
exciting opportunities to generate highly specific therapeutic
aptamers exhibiting improved stability and half-life, as well as
more potent cell-internalization characteristics, to improve
real-time and digital PCR-based detection of rare, clinically
important gene mutations, and to create next-generation
molecular beacons and related diagnostic probes that show
unequivocal specificity for their target. However, fully exploit-
ing LNA technology in these areas will require model-based
methods for predicting the hybridization thermodynamics of
duplexes bearing complex LNA substitution patterns. The
nearest-neighbor SBT model we previously reported accu-
rately predicts melting thermodynamics for both complemen-
tary'” and mismatched” DNA duplexes containing any
pattern of LNA substitutions in one strand.

Here, we have shown that a group-contribution modeling
approach can be used to extend the SBT model to achieve
accurate predictions of melting temperatures for short
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complementary duplex DNA containing various patterns of
LNA substitutions within both strands. It accounts for both the
instrinsic stability of an LNA-containing base pair, and hyper-
stabilization effects created by certain patterns of proximal
LNA-containing base pairs. As the hyperstabilization effects
are generally subtle, experiment does not permit their associ-
ated enthalpic and entropic contributions to be defined in a
statistically significant manner. However, for specific patterns
of LNA:LNA and oppositely oriented LNA:DNA base pairs,
the contribution of hyperstabilization effects can be and there-
fore is described at the Gibbs energy level. The resulting
extended SBT model thereby achieves good prediction of T,
and AT, for duplexes bearing LNAs in both strands; since
AAT,, depends linearly on AAGy .., AAGyy, values are pre-
dicted with equivalent accuracy. AH and AS are, of course, not
treated by the model, which is not of significant concern as
models of this type are almost exclusively used by biologists
and biotechnologists to predict 7,,. It is important to note that
all melting thermodynamics reported in this work were col-
lected in a buffer solution containing 1 M NaCl, 10 mM
Na,HPO,, and 1 mM Na,EDTA at pH = 7.0. All model pre-
dictions reported apply to that standard condition as well.
However, excellent, highly accurate methods for converting
melting thermodynamics to other solution conditions are avail-
able (see Ref. 47 for a review of these methods).

The development of the extended SBT model required the
collection of complete melting thermodynamics data for a
large set of pure-DNA and LNA-substituted duplexes redun-
dantly covering all possible LNA:LNA base pairs and oppo-
sitely oriented LNA:DNA base pairs. Such data, particularly
for the latter class of duplexes, have rarely appeared in the lit-
erature,”® making this a valuable contribution that may serve
to better understand the molecular nature of the stabilizing
properties of LNAs. Evidence for this is provided by our use
of the dataset to uncover the general ability of specific patterns
of LNA substitutions in opposite strands to hyperstabilize a
duplex. At present, the model does not apply to all possible
substitution patterns, as it does not address certain motifs such
as tandem LNA:LNA base pairs and their hyperstabilizing
effect. The study of those motifs is underway, but the results
and model presented here constitute a novel and reliable
approach to predicting T, and AT,, values for many duplexes
for which effective therapeutic or diagnostic use depends on
precise LNA substitution patterns and associated thermal
stabilities.
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