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ABSTRACT. The design of modified nucleic acid probes, primers, and therapeutics is improved by considering
their thermodynamics. Locked nucleic acid (LNA) is one of the most useful modified backbones, with
incorporation of a single LNA providing a substantial increase in duplex stability. In this work, the
hybridizationAH®, AS’, and melting temperaturdy;) were measured from absorbance melting curves
for 100 duplex oligonucleotides with single internal LNA nucleotides on one strand, and the results provided
AAH®, AAS’, AAG3,, andATy relative to reference DNA oligonucleotides. LNA pyrimidines contribute
more stability than purines, especialy-, but there is substantial context dependence for each LNA
base. Both the'sand 3 neighbors must be considered in predicting the effect of an LNA incorporation,
with purine neighbors providing more stability. Enthatggntropy compensation iNAH® and AAS’ is
observed across the set of sequences, suggesting that LNA can stabilize the duplex by either preorganization
or improved stacking, but not both simultaneously. Singular value decomposition analysis provides
predictive sequence-dependent rules for hybridization of singly LNA-substituted DNA oligonucleotides
to their all-DNA complements. The results are provided as setsAdi°, AAS’, andAAG3, parameters

for all 32 of the possible nearest neighbors for LINBNA:DNA hybridization (3 MX" and 3 X"N,

where M, N, and X= A, C, G, or T andX" represents LNA). The parameters are applicable within the
standard thermodynamic prediction algorithms. They provigesstimates accurate to within°Z for
LNA-containing oligonucleotides, which is significantly better accuracy than previously available.

DNA and RNA analogues and modified nucleic acids with nucleic acid (PNA) maintains stability and specificity in low
covalently attached ligands can provide more sensitive, ionic strength solutions, and can displace DNBNA
specific, and robust nucleic acid tests than can be obtainedhybrids Q).

from unmodified DNA, and they are becoming more  accurate predictions of nucleic acid hybridization ther-
commonly used for probes and primers and for antisense Ofmodynamics are fundamental to primer and probe design
catalytic therapeutics. Modifications such as the minor groove 5nq to the prediction of RNA and DNA secondary structure
binder (MGBJ (1), propynl dU and dC 2), and locked  (10) For natural RNA {1), DNA (12, 13), and RNA:DNA
nucleic acid (LNA, reviewed in ref8 and4) increase the  (14) hybrids, there is an extensive literature of predictive
stability of duplex nucleic acids, which allows shorter primers | jas for hybridization enthalpy and entropy. In contrast to
and probes that avoid secondary structure, that increase allel'%imple formulas based on GC content, these nearest-neighbor
discrimination, and that are of manageable length in AT- iy a4els explicitly account for the sequence dependence of
rich genes. Universal bases such as deoxyinossh@rtd  nycleic acid hybridization 15). The models additively

5-nitroindole @) allow placing a primer or probe over a partition the total entropyXH°), enthalpy AS’), and free
known single nucleotide polymorphism (SNP) or in a energy AGS, = AH° — 310.15 K AS’) of a sequence
consensus sequence of closely related strains. Phosphorothioyeross one or more intercept variables and as many additional
ates increase nuclease resistamjeq-Aza-7-deazaguanine  5iaples as are needed to represent each unique dinucleotide
(*Super G”) reduces guanine self-associati@) Peptide 5t js possible given the chemical alphabets of the sequence

: ~and its complement. The intercepts account for duplex
(M:F)Sl;p';:)orteg t‘?y grants from the Maryland Industrial Partnerships jnitiation and symmetry, and the dinucleotide terms account
s) Foundation. . A . .
* To whom correspondence should be addressed. E-mail: peterson@for the marginal contribution to helix propagation due to
celadonlabs.com or jdkahn@umd.edu. hydrogen bonding and stacking upon additional base pair
zgg:\ég?:{géé\fgg’:g‘sd- formation. For example, a recent parameter set for RNA
§ Present address: Aécenture, One Financial Plaza, Suite 16,RNA dUpleX hyb“d'zatlon:(]_') includes helix m't'atlor! terms
Hartford, CT 06103. for AH® and AS’, a correction term for each terminal AU

! Abbreviations: RSS, residual sum of squares; SVD, singular value base pair that correctly accounts for hydrogen bonds, a
decomposition; LNA, locked nucleic acid; PNA, peptide nucleic acid,; symmetry correction foAS’, andAH® andAS® values for
Tu, melting temperature; RMSD, root-mean-square deviatiors= Y h of the 10 . ’ t iahb Th t
pyrimidine, C or T; R= purine, A or G; SNP, single-nucleotide =~ €ach OI tne unique nearest neighbors. Ihe parameter

polymorphism. estimates are statistically robust because the number of test
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15 with a single LNA in each strand adopts the A form in the
o] crystal @5), but NMR suggests that sugar pucker changes
0=J_oe are more localized to the vicinity of the LNA residu2g.

The LNA modification confers a the largest increase in base
pairing stability of any commercially available DNA or RNA
analogue: a positivATy of up to 10°C has been obtained
upon substitution of one LNA nucleotide in DNA, and
multiple incorporations give larger effectd, 23, 27—29).

ase

/ LNA phosphoramidites are available with all four bases, A,

°=F|’—°e C, G, and T. LNA can be readily incorporated into LNA/
e} DNA “mixmers,” it is soluble and stable, it is resistant to
?71 nuclease digestion, and it can form triple helical DN3R,

Ficure 1: The structure of a locked nucleic acid (LNA) nucleotide. It has been mcprporated Into ant|sen§e agents (rewgyved n
The figure illustrates that LNA is readily incorporated into a ref31) and in microarrays4, 32). LNA'’s increased stability
standard DNA backbone. makes it an ideal candidate to allow for shorter, therefore
more specific, primers and probes.

sequences is well in excess of the number of model The jiterature on the effects of LNA has been couched
parameters, and the inclusion of each parameter has bee"r‘nainly in terms of theATy per LNA substitution. This is
shown to improve the accuracy of predictions significantly. straightforward to measure, but it does not allow for
The database _of available t_hermc_)dynamic values has beerhuantitative predictions of the effect of an LNA in a new
expanded to include consideration of salt effect2)( sequence context, since tély obtained depends on the
mismatched basesl), dangling ends 17), and special ~ AH° andAS of the reference DNA. Longer oligonucleotides
tertiary structure elements such as tetralods. ( or multiple LNAs will give much smalleATy values per

A primary function of nucleic acid test design software is | NA than a typical short reference sequence because the
to predict the stability of candidate primers and probes using fractional changes im\H° and AS’ per LNA are much
a nearest-neighbor model and the other available parameterssmajler. The thermodynamic origin of LNA’s enhanced base
Stability predictions are essential to the computation of likely pairing stability has not been clearly delineated, although it
secondary structures. For example, in PCR primer design ithas been suggested that decreased entropy of duplex forma-
is advantageous to design primer pairs with minimal self- tion and improved stacking in the duplex both play a part.
sFrupture, m|p|mal potential for pr'|me|d|mer forma"‘?”' and Hybridization rules analogous to the nearest-neighbor rules
similar melting temperaturesT{(’s). The applications of for DNA would aid in the design of all LNA-containing
modifie_d chemistries Wou_ld _be enha_nced by the availability agents by providing more accurate sequence-depefgent
of (:!etalled thermodynamic |.nf0rmat|on _fpr them. It. would estimates. There are design tools available for LNA, but the
be ideal to be able to predict the stability of a primer or underlying principles used are not clear or transportable to
probe O.f. any Iengf[h, any sequence, _and any chemical other algorithms 32). In this work, we have measured the
composition. Stability prediction is_difficult because of AAH® andAAS’ increments attributable to LNA substitution,
nearest neighbor or longer-range effects from any nearbyfor the hybridization of DNA oligonucleotides that contain

m?\ldlﬂcatlons: hb dels h b d with mod single LNA mismatch to their all-DNA complements. The
earest-neighbor models have been presented with modet g |iing parameter set is presented as a s&/f° and

parameters for deoxyinosines)( isoG and isoC 19), AAS values for the 32 .

N possible LNADNA nearest-
5-nitroindole €), and PNA 20_.22)‘. However, we are not neighbors. The results show that LNA pyrimidines contribute
aware of any systematic investigation of a full set of nearest- |\t "1 ore stability than purines (in terms AAGS, the
neighbor dinucleotide parameters for a DNA or RNA o is INA-C> T > G > A), but there is substantial
analogue incorporated into a DNA backbone. We have usedcontext dependence for each 'LNA base. which must be
the LNA modification as a test case for a general framework ¢, qjgered in making accurate predictions. There is substan-

for sequence design and data reduction th"?‘t. can be used t(l)lal enthalpy-entropy compensation among sequences, S0
establish such a parameter set for any modification. We useyq thermodynamic origin of stabilization is found to be either

standard absorbance melting curve methods and build Onenthalpic or entropic, but not both at the same time. The

existing DNfA pﬁrametirsh Robust estlmgtloln of model o5 rest-neighbor parameters provigeestimates for LNA-
parameters for chemically heterogeneous duplexes presents, v ted oligonucleotides that should be accurate to within

addlthnﬁl challehngles: the r?um?er of r}ear_((ajst neighbors 'Sabout 2°C, and can be readily incorporated into standard
potentially much larger, the oligonucleotides are more prediction algorithms.

expensive and difficult to handle, and there may be long-
range effects for some modifications. Our approaches to these- y pERIMENTAL PROCEDURES

challenges may be of utility in all applications of nucleic

acid analogues. Oligonucleotide Synthesis and PurificatidiNA-contain-

LNA (Figure 1) is a particularly attractive backbone ing oligonucleotides were synthesized, deprotected, and
modification @, 4) introduced by the Wengel28) and desalted by PrOligo, LLC. DNA oligonucleotides were from
Imanishi @4) groups. The LNA sugar is a bicyclic ribose Invitrogen. Oligonucleotides were ethanol precipitated and
derivative with a bridging methylene group betweer &4 their concentrations were determined by absorbance, using
02, which confers rigidity and a preference for the' @ado the nearest-neighbor rules for single-strand DNA absorbance.
sugar pucker characteristic of A-form RNA. A DNA duplex Three micrograms of each was analyzed on 15% (40:1 bis:
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acrylamide) denaturing polyacrylamide gels and visualized

with Stains-All (Aldrich). If there were visible impurity

bands, the oligonucleotide was then purified on a preparative
15% gel or resynthesized; otherwise, it was used directly.

For gel purification, gel slices visualized by UV shadowing
were eluted into 50 mM NaOAc (pH 7), 1 mM EDTA, and

the eluant was ethanol precipitated. Oligonucleotides were

stored in 10 mM TrisHCI (pH 7.5), 1 mM EDTA. After

McTigue et al.
1+ CiKeq = 1+ 2CKq @)
a =

CTKeq
The van't Hoff expression foKeq is
Keq= EXP(—AG®/RT) = exp(~AH°/RT+ AS'/R) (3)

where the enthalpyAH®) and entropy AS®) changes refer

prolonged storage (months), it was necessary to remeasurgq nypridization, so both are negative. Substitution of (eq 3)

the oligonucleotide concentration before use.
Absorbance Melting Cue ProceduresAbsorbance versus

into (eq 2) givexn(Cr, AH®, AS’, T), not shown.
The absorbancéye at temperaturd is given by

temperature curves were measured by standard methods,

using a Varian Cary 100 UVvisible spectrophotometer

equipped with a 12-position cell holder and Peltier heating/

cooling unit. A reference DNADNA duplex and several

A260(T) = a[AZGO(Tmin) + mds(T - Tmin)] +
(1- a)[Azﬁo(Tmax) - mss(Tmax -] 4)

corresponding LNA-substituted duplexes were melted in the whereAaso Trmin) andAzso Tma) are the measured absorbances
same run. Absorbance was monitored at 260 nm, usingat temperature3imin and Tmax, andmss and mys contain the
single-beam mode and subtracting the absorbance from aemperature dependence of the extinction coefficients of the

matched cuvette containing buffer. The buffeisvtaM NaCl,
10 mM Na cacodylate, and 0.5 mM pEDTA, pH 7.0 (total

ssDNA and dsDNA, respectivelYosoTmin) and Asso Tmax)
are taken as the average absorbances for the first five and

[Na‘] = 1011 mM). Buffer was degassed thoroughly before |ast five temperatures, respectively, ang andmssare the
each use. Self-masking quartz cuvettes with 1-cm path ayerage slopes for the first 20 and last 20 temperatures,
lengths were used, except a 2-mm path length was used folrespectively, unless the melting transition overlaps these
50 uM samples. Temperature was monitored by a thermo- ranges. Substitution af(Cr, AH°, AS, T) into (eq 4) gives
couple probe in a reference cuvette containing the samplea,,(T) as a function 0fAxeTmin), Azeo{ Tma), Mss Mas, Cr,

buffer.
Complementary oligonucleotides for forming duplexes

were mixed at a 1:1 concentration ratio. The total single-

strand concentratiorCf) was 5uM, exceptCr = 1 uM was

AH®, and AS’. Cr is measured, anéoso Tmin), Azed Tmax),
Mss andmys are obtained directly from the data. This leaves
AH°® and AS’ to be fit to the experimental.sT) as
described below. Finally, the melting temperatulg)(is

used for the LT4 and LT5 series. To check the accuracy of given by
Ct, the high-temperature absorbance was extrapolated back

to 21 °C using the slope of the ssDNA absorbance, and the
result was compared to the expected value for the sum of

AH°

™= As +RINC/2)

(5)

the single-strand components. Several duplexes were melted

atCr =1, 5, and 5Q«M to spot-validate thaAH® andAS’

Typical melting curves and analysis results are shown in

are independent of concentration. Melting curves for several Figure 2. In practice, the derivative of the absorbance with
oligonucleotides were obtained at 1011, 115, and 21 mM respect to temperatureAgh/dT) from 0 to 95°C was fit by

total [Na'].

Mss My, AH®, andAS’. Fitting to the derivative makes any

Oligonuclotides were annealed in the cuvette: samplesdeviations from apparent two-state behavior much more

were heated to 83C at 3°C/min, maintained at 83C for
5 min, and cooled to @C at a rate of 3C/min. The analyzed
data was then acquired while heating to ¥5 at 0.8°C/
min. Measurements were recorded at intervals ofCl

obvious. For the longer oligonucleotides, the LT4 and LT5
sets, some “premelting” was observed before strand separa-
tion. This non-two-state behavior is more pronounced for
LNA-substituted DNA (if more than 5% of the change in

Control experiments at slower heating rates showed thatabsorbance was observed to be non-two-state for the DNA

equilibrium was attained at each temperature. In addition, alone, the sequence was discarded and redesigned). In
data were acquired for several duplexes with temperatureprinciple, non-two-state melting requires a statistical me-

decreasing from 98C at 0.8°C/min to check reversibility.

chanical treatment; in practice, data for oligonucleotides

The sample chamber was purged with nitrogen whenever it exhibiting non-two-state melting are generally just discarded.

was below 30°C to prevent condensation.

Melting Curve Data AnalysisThe entire melting curve
for each oligonucleotide was fit by the van't Hoff expression
for two-state melting. Briefly, the equilibrium constant
describing the hybridization of non-self-complementary
oligonucleotides L and D is given by

_[Ltop . eG2 2
“ [UID] [1-oc/2? (1-0)’C,

1)

wherea is the fraction of the total DNA strands found in
double-stranded form. Solving the equation fer and
choosing the physically realizable root, we have

However, we observed that in every case the high-temper-
ature side of the derivative melting curve was well-behaved.
Since our main interest is in applications, in which complete
dissociation is the key event, we retained the data. Fitting
the shallower 8,5/dT dependence of non-two-state data to
the two-state equation gives artifactually low absolute values
for AH® and AS. In these cases, the premelting derivative
data, generally the 2TC below the temperature at one-third
of the maximum in éwe/dT, were eliminated from the fit.
Comparison of the experimentlbgo vs T curves to those
predicted from the derivedH°® and AS’ showed that the
premelting accounted for no more than 15% of the total
absorbance change in going from duplex to single strand.
The worst case of non-two-state behavior is shown in Figure
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Ficure 2: Absorbance melting curves. Absorbance (circles) versus temperature is shown in the top panel and its derivative (triangles) in
the bottom panel. Solid lines are the van't Hoff fit to the derivative data. Panel A illustrates two-state melting (for oligonucleotide L5d).
Panel B, for LT4d, exhibits multistate character. The filled symbols show the data omitted in calculating the van't Hoff fit. The dashed line

shows the rescaled absorbance, which would have been observed if the melting were pure two-state.

2B: itis clear that most of the data are adequately described tainties derived in this way to be estimates for the standard
especially near th&),. deviationso(AH®) and o(AS’), which would otherwise be
To obtainAH° andAS° and their uncertainties, we varied obtained from a v versus InCr) analysis or from
AH° systematically, determined the corresponding best-fit averaging theAH® and AS® values obtained at different
AS using Microsoft Excel's Solver, and calculated the Values ofCr. The van't Hoff fitting and the dependence of
residual sum of squares (RSS) between the observed and/Tm on Cr have previously been shown to give equivalent
predicted d\s0/dT for each combination oAH® and AS°. results (3).
The AH° andAS values in Table 1 minimize the RSS, and Errors inAH® andAS’ are highly correlated, so calculated
their estimated uncertainties correspond to the values thatvalues for the change in free energ;, = AH® — 310 K
increase the RSS by 10%, which gives a visibly though subtly x AS® and theTv are much more precise (typically within
poorer fit (not shown). The estimated uncertaintieg\k° <2% and <1 °C, respectively). We estimate the standard
and AS’ are about: 2—5% of the best-fit values. This is  deviation inAG3, as
larger than the measured deviation between repeated experi- . . .
ments (typically< 2%), and comparable to the differences 0(AG37) = AG37 in — AGS?,Opt (6)
amongAH?® values determined at different concentrations. )
It is, however, smaller than the standard deviations typically WhereAGz; i, = AHg;, — 310 K x A, is calculated at
observed forAH® and AS® in absorbance melting experi- ~ the lower limits of the best-fitH® andAS’, andAGz;, 4, is
ments (1, 13). In general, the RMSD in predictingH® or calcglated at the optimal values. The results are clqse to those
AS from nearest-neighbor parameters is about 8%, so theobtained using*(AGy) = (o(AH°) — To(AS’))? as in Xia
precision of AH® and AS® for an individual sample is not et al. (L1). Finally, following (11) we estimate the variance

particularly relevant to predictive accuracy3y. in Ty as follows:
Near the optimalAH® and AS® values, the RSS is a 2(AG2

quadratic function of the deviation itH° from its optimum, (T)) = o' TM) 2 7)

which means that setting a larger error threshold (for M (AH°)2 M

example, 120% of the optimal RSS) would increase all of

the calculated uncertainties proportionately (by a factor of  The accuracy of the experimental thermodynamics can be

\/é), which propagates into the analysis below as a constantassessed by comparing measurements for the reference DNA:

multiplier (1/2) of y? values. Thus, while the uncertainties DNA duplexes to predictions from the unified thermody-

estimated from the van't Hoff analysis may be too low, the namic parameters for DNALQ). For the 24 DNA duplexes

relative weighting of the experiments should be independentused, the RMSDs for predicted vs observed®, AS’, and

of the actual absolute errors. We take the estimated uncer-Ty are 9.5 kcal/mol (11%), 29 cal/mol K (12.5%), and 1.6



5392 Biochemistry, Vol. 43, No. 18, 2004

McTigue et al.

Table 1: Experimental Thermodynamic Values for LNA-Containing DNA Oligonuclectides

“training data set” results from absorbance

changes due to

oligonucleotides melting curves LNA substitution
length, AH° AS AG%, v ATwm AAH° AAS AAGE,

name sequence'( 3) trinuc  (kcal/ mol) (e.u.) (kcal/mol) (°C) (°C)  (kcal/mol) (e.u.) (kcal/mol)
D1 GTCGAACAGC 10 —80.6+1.6 —221+5 —12.1+0.1 5138

Lla GTGGLAACAGC CGtA —742+28 —-202+9 -11.6+0.1 512 -0.6 65+32 194+9.9 0.43+0.16
L1lb GTCGALACAGC GA'A -76.2+15 —206+5 —-12.3+0.1 538 2.0 4422 149+6.8 —0.24+0.12
Llc GTCGAALCAGC AALC  —77.2+1.3 —-209+4 -12.44+0.1 539 21 3421 120+64 —-0.32+0.11
Lid GTCGAACLAGC AC'A —755+1.1 —202+3 —-128+0.1 56.1 4.3 5% 20 18.746.0 —0.71+0.11
D2 ATCTATCCGGC 11 —80.3+1.0 —219+3 —12.3+£0.1 527

L2a ATCT-ATCCGGC Cl*tA  —79.3+26 —213+8 —133+0.2 573 46 1.&27 6.5+8.3 —1.01+0.18
L2b ATCTALTCCGGC TALT  —76.8+2.0 —207+6 —125+0.1 545 18 3522 122+6.7 —0.23+0.13
L2c ATCTAT-CCGGC AT'C —-73.94+24 -198+7 —12.5+0.2 554 2.7 6.4 2.6 21579 —-0.27+0.16
L2d ATCTATC-CGGC TC-C  —74.04+1.3 —198+4 —-12.7+0.1 56.1 3.5 6.3 1.6 21.9+49 —-0.44+0.10
L2e ATCTATCC-GGC CtG —-76.6+ 1.0 —206+3 —12.8+0.1 55.9 3.2 3&14 13.6+£ 4.3 —0.53+0.08
D3 CGCTGTTACGC 11 —79.3+1.2 —214+4 —-13.0+ 0.1 56.1

L3a CGCI-GTTACGC CT'G —-829+14 -221+4 —14.2+ 0.1 60.5 43 -36+18 —7.6+55 —1.22+0.13
L3b CGCTG-TTACGC TG:T —81.0+1.8 —217+5 —13.6+0.1 58.4 23 -1.7+21 —-344+63 —-0.63+0.15
L3c CGCTGILTACGC GItT —81.1+19 -217+6 —-13.8+0.1 59.2 3.1 —-1.8+22 -3.2+6.7 —0.81+0.16
L3d CGCTGTT-ACGC TT-A  —78.2+24 -208+7 —-13.6+0.2 59.2 31 1.627 5.3£8.0 —0.62+0.19
L3e CGCTGTRICGC TALC —787+14 —211+4 —-133+0.1 576 15 0.6:1.8 28+56 —0.30+0.12
D4 GGACCTCGAC 10 —77.2+1.2 —209+4 —12.3+0.1 53.6

L4a GGAC-CTCGAC AC'C —745+14 -198+4 —-13.3+0.1 587 51 2&#18 11.6+56 —0.94+0.12
L4b GGACC-TCGAC CC'T  —741+16 —-197+5 —13.0+0.1 579 42 3120 124+6.0 —0.74+0.13
L4c GGACCT-CGAC CTtC —747+1.1 -200+3 —12.6+0.1 555 19 2417 8.8+£5.0 —0.29+0.10
L4d GGACCTC-GAC TC'G —75.0+14 —-200+4 —-13.1+0.1 578 42 2219 9.6+£56 —0.78+0.12
D5 CCATTGCTACC 11 —82.4+1.1 —227+3 —-11.9+0.1 50.9

L5al CQAL'TTGCTACC CA'T —75.8+1.6 —207+5 -11.6+0.1 506 -0.3 6.6+19 20.1+59 0.35+0.09
L5a CCAT'TGCTACC AT'T —772+19 -209+6 —-123+0.1 537 28 5221 18.0+65 —-0.42+0.12
L5b CCATT-GCTACC TG —78.6+15 —-213+5 —-12.6+0.1 544 35 3818 142+56 -—0.64+0.10
L5c CCATTG-CTACC TG'C —77.3+1.1 -210+3 -12.1+01 525 16 5K15 16.9+4.7 —0.15+0.07
L5d CCATTGC-TACC GC'T —-79.4+11 -214+4 —13.0+ 0.1 56.0 51 3.6t16 13.0+4.8 —1.04+0.08
D6 GGTGCCAA 8 —51.6+0.9 —138+3 —8.65+ 0.02 38.7

L6a GGT-GCCAA GT'G —-523+1.6 —137+5 —-9.7+0.1 448 6.2 -0.7+18 1.0+£56 —1.01+0.06
L6b GGTG-CCAA TGLC —50.1+1.4 -132+4 —9.31+0.04 429 42 1516 6.8+ 5.2 —0.66+ 0.04
L6b2 GGTQCLCAA GC'C —-52.5+2.0 —138+6 -9.8+0.1 459 73 -09+22 0.9+6.8 —1.19+0.07
L6¢c GGTGCCLAA CCtA —49.6+15 —-130+5 —9.44+0.04 43.8 51 2.&17 8.9+ 54 —-0.78+0.05
D7 GGAACAAGATGC 12 —90.8+£1.0 —250+3 —13.3+£0.1 54.9

L7a GGAACA'AGATGC CAA —88.5+1.3 —242+4 —13.4+0.1 5538 0.9 2316 7.7+£49 -0.11+0.10
L7b GGAACAALGATGC AA'G —89.3+2.2 —243+7 —139+02 576 26 1524 6.6+7.2 —0.59+ 0.16
L7c GGAACAAG-ATGC AG-A —-89.4+1.7 —242+5 —142+0.1 58.6 3.7 1419 7.3+5.8 —0.87+0.13
L7d GGAACAAGA-TGC GALT —89.8+1.1 —244+3 —14.0+ 0.1 57.6 2.7 1614 5.2+ 4.4 —-0.64+0.09
D8 CACGGCTC 8 —585+1.3 —158+4 —9.7+0.1 440

L8al CAC'GGCTC AC'G -66.5+3.6 —179+11 -11.0+£0.2 498 57 —8.0+38 —-21+12 -1.33+0.18
L8a CAGCG-GCTC GGG —-59.5+1.6 —159+5 —-10.3+0.1 474 34 -1.0+20 -12+6.3 —-0.63+0.10
L8b CACGGLCTC GG'C —589+22 —-155+7 —10.7+£0.1 499 59 -04+26 23+79 —1.06+0.13
L8c CACGQCLTC GC'T —-64.4+34 —-1724+11 —11.240.2 512 72 -59+37 —-144+11 -153+0.18
D9 GCAGGTCTGC 10 —70.5+1.3 —188+4 —12.1+0.1 54.6

L9a GCALGGTCTGC ALG —71.9+1.8 —190+5 —-129+0.1 577 32 —14+23 -22+7.0 —-0.81+0.15
L9b GCAGLGTCTGC AGLG -76.5+14 —-202+4 —-14.0+01 615 69 —6.1+19 -13.7+59 -1.90+0.14
L9c GCAGGLTCTGC G&GL'T —70.7+2.2 —186+7 —13.0+0.2 584 38 —0.2+26 1.8+£79 -0.86+0.18
D10  GTAGCGATGTA 11 —753+1.2 —205+4 —-11.8+0.1 519

L10a GTAG'CGATGTA AG'C —77.4+14 -210+4 —-1244+01 539 20 —21+18 -49+56 -0.54+0.10
L10b GTAGC'GATGTA  GC'G —72.84+24 —-194+7 —-12.7+0.2 56.6 47 26:t27 11.2+82 -0.87+0.17
L10c GTAGGG-ATGTA  CG'A —723+18 —-194+6 —-12.0+0.1 536 1.7 3622 104+6.6 —0.21+0.12
L10d GTAGCGAT'GTA  AT'G —73.7+28 —-196+8 —-13.0+0.2 577 58 1.6:3.0 9.0+£9.1 —-1.16+0.20
D11  ACGTCTTCG 9 —57.2+1.6 —154+5 —9.35+:0.04 424

L1lal AGG-TCTTCG QG'T —-57.4+1.6 —154+5 —9.46+0.04 430 06 —01+23 -0.1+7.1 -0.11+0.06
Llla ACGI'CTTCG GItC -58.1+2.0 —155+6 —-10.2+0.1 470 47 -09+25 -0.2+7.9 —-0.85+0.08
L1lb ACGTCLTTCG TC'T —63.0+14 —-168+4 —10.8+0.1 496 72 =57+22 —-13.7+6.7 —1.49+0.08
L1lc ACGTCI'TCG CTtT —59.1+2.1 -158+7 —10.0+ 0.1 457 33 -19+27 —-4.0+83 -0.64+0.08
Llle ACGTCTI:CG TT*C —58.9+1.8 —158+6 —10.0+ 0.1 455 31 -17+24 —-34+7.6 -0.60+0.07
D13 TTGGGAGTAGC 11 —726+13 —-197+4 —-11.5+0.1 511

L13a TTG'GGAGTAGC TG'G —72.3+25 —-194+8 —-12.1+0.1 538 26 0428 3.0£85 —-0.54+0.16
L13b TTGG-GAGTAGC GG'G —74.0+2.7 -—198+8 —-12.6+0.2 559 48 —1.4+30 -09+9.0 —1.09+0.18
L13c TTGGG-AGTAGC GG'A —-752+1.4 -—-202+4 —12.7+0.1 55.9 48 —26+19 —-46+£59 —-1.16+0.11
L13d TTGGALGTAGC GA'G —769+14 -—-206+4 —13.0+£0.1 569 57 —43+20 -9.1+£59 -1.47+0.12
L13e TTGGGAG'TAGC  AG'T —-69.4+19 -184+6 —12.1+0.1 548 37 3324 125+£7.2 -0.60+0.14
L13f TTGGGAGT-AGC GT'A —-724+21 -193+6 —12.6+0.1 56.3 51 0.2£25 42+76 —-1.07+0.15
L13g TTGGGAGTRALGC TALG —71.8+16 —192+5 —12.3+ 0.1 54.9 3.8 0921 53+ 6.3 —0.76+0.12
L13rv GCTACTCC-CAA CC'C -709+22 -189+7 —12.2+ 0.1 54.8 3.7 1.4 26 7.8+£7.8 —0.68+0.15
D14 CTAAATAGCG 10 —67.3+1.7 —187+6 —9.144+0.03 40.6

L14a CTAAATAGCG TALA  —61.8+2.1 —-170+7 —9.17+0.04 411 0.5 5%27 17.8£ 8.6 —0.03+ 0.05
L14b CTAALATAGCG AALA  —67.24+2.0 —185+6 —9.73+0.05 434 2.8 0.%x27 2.2+ 8.4 —0.59+ 0.06
L14c CTAAALTAGCG AALT  —65.4+2.0 —180+6 —9.56+ 0.05 42.7 2.1 1.926 7.3£8.3 —0.42+0.05
L14d CTAAAT-AGCG AT'A  —66.4+14 —-182+4 —10.03+0.04 449 43 08&22 55+ 7.0 —0.89+0.05
D15 TGCACGCTA 9 —49.0+1.4 —-125+4 —10.1+0.1 48.2

L15a TGCLACGCTA GC'A —48.1+15 —-121+5 —-10.5+0.1 510 28 0.9£20 4.1+ 6.2 —0.36+0.08
L15b TGCALCGCTA CA'C —53.7+18 —139+6 —10.5+0.1 498 1.6 —47+23 -13.847.0 —0.42+0.10
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Table 1: Continued
training data set

results from melting curves changes due to LNA

length, AH?° AS AG, Tv  ATwm AAH® AAS AAGE,
name  sequence'(® 3) trinuc  (kcal/ mol) (e.u.) (kcal/mol) (°C) (°C)  (kcal/mol) (e.u.) (kcal/mol)
L15c  TGCAGG-CTA CG:C —-535+16 —138+5 -109+0.1 521 38 —-45+21 -121+65 -0.77+0.10
D16 ATTTGACTCAG 11 —-76.9+1.7 -214+5 -10.7+0.1 46.5
L16a ATT'-TGACTCAG TI‘T  —69.0+24 -188+8 —10.8+0.1 483 1.7 7.9 3.0 259+9.2 -0.12+0.12
L16b ATTTG-ACTCAG TG-A —66.84+1.8 —-181+6 —10.6+0.1 47.6 1.0 10.% 24 323+ 75 0.09+ 0.09
Ll6c ATTTGALCTCAG GA'C —67.1+1.7 -181+5 -—11.0+£0.1 495 29 9.824 32.7+7.4 -0.30+0.10
L16d ATTTGAC'TCAG AC'T —66.0+2.6 —-176+8 —11.3+0.1 511 4.6 11.& 3.1 37.2+9.5 -0.58+0.14
L16e ATTTGACTC:AG TC'A —723+14 -197+4 —11.1+01 493 238 4.6:-2.2 16.4+ 6.8 —0.46+0.09
test data set results from melting curves changes due to LNA
length, AH° AS AG, v ATwu AAH?® AAS AAGE,
name  sequence'(t 3) trinuc  (kcal/ mol) (e.u.) (kcal/mol) (°C) (°C) (kcal/mol) (e.u.) (kcal/mol)
DT1 GTGGATCTTTA 11 —66.84+1.7 —182+5 —10.3+0.1 458
LTla GTG-GATCTTTA TG G —69.2+14 -188+4 —11.14+0.1 49.1 33 —24+22 -544+68 —0.76+0.08
LTlb GTGGAT-CTTTA ATLC —-63.7+1.7 —-171+5 -—-10.8+£0.1 48.7 2.8 3.:2.4 11.3+ 7.4 —0.46+0.09
LTlc GTGGATCTT-TA TT'T —63.6+24 —-171+7 -—106+0.1 478 20 3.k29 11.0£9.0 -0.29+0.12
DT2 ACTGGCATCTG 11 —70.0+£24 —-187+7 —12.1+0.1 54.0
LT2a ACT'-GGCATCTG G —-77.0+£11 -207+3 —-13.0+0.1 565 26 —-7.0+27 —-19.6+82 —0.93+0.16
LT2b ACTGGC-ATCTG GC-A —78.1+16 —-207+5 -—-139+0.1 598 59 —-81+29 -204+89 —-1.72+0.18
LT2c ACTGGCATC-TG TC-T —73.4+12 -195+4 —-129+0.1 570 30 —-34+27 —-82+83 -0.82+0.16
DT3 CGGTTGTGGCG 11 —88.3+15 —238+4 —14.6+0.1 60.1
LT3a CGG'TTGTGGCG GE'T —87.6+27 —233+8 —155+0.2 634 3.3 0.2 3.0 48+9.0 —0.74+£0.25
LT3b CGGTTG-TGGCG TG-T —87.9+33 —235+10 -15.2+03 620 1.9 0.4-3.6 2.5+10.8 —0.43+0.29
LT3c CGGTTGTG5-CG GG-C —87.1+1.7 -232+5 —-152+0.1 627 25 1.2£2.2 57+ 6.6 —0.53+0.17
DT4 TATTAAGCGACCA 20 —128.3+3.8 —346+11 -21.3+04 67.7
CACATAA
LT4a TAT'-TAAGCGACC AT'T —124.6+53 —-335+15 -21.3+0.5 683 0.6 3. & 6.5 11.4+ 19.0 0.13+ 0.62
ACACATAA
LT4b TATTAA'GCGACC AA'G -—1295+4.4 -348+13 —-219+04 69.0 13 —-12+58 —21+16.8 —0.57+0.56
ACACATAA
LT4c TATTAAGCG-ACC CG'A —117.6+4.1 —-3144+12 -20.5+04 68.1 0.4 10.& 5.6 31.7+ 16.4 0.83+ 0.53
ACACATAA
LT4d TATTAAGCGACC:- CCA -—116.6+4.6 —310+13 —-21.0+05 699 23 11660 36.3-174 0.35:£0.59
ACACATAA
LT4e TATTAAGCGACCA CALC —1153+4.6 -307+13 -20.7+05 69.1 1.5 12959 39.44+ 17.3 0.72+ 0.58
CALCATAA
LT4f TATTAAGCGACCA AT-A —118.8+4.3 —-3174+13 —-20.8+04 686 0.9 9.5:57 28.7+16.8 0.57+0.55
CACATLAA
DT5 ATTATGCTCCAAT 20 —136.8+£ 3.8 —372+11 -21.9+04 67.4
CATGTCG
LT5a ATT-ATGCTCCAA TTA —137.9+53 -373+16 —227+05 688 14 —-11+6.6 —15+19.1 —0.63+0.63
TCATGTCG
LT5b ATTATG-CTCCAA TG-C —137.8+54 —373+16 —-22.7+05 688 15 —-09+6.6 —1.0+19.3 —0.62+0.63
TCATGTCG
LT5c ATTATGCTC'CAA TC'C —125.3+7.8 —335+23 -—-22.2+0.8 69.7 24 11587 36.4+253 0.22+0.87
TCATGTCG
LT5d ATTATGCTCCAA- AALT —124.84+6.0 —335+18 —-21.4+06 684 1.0 1228 7.1 36.5+ 20.8 0.75+ 0.68
TCATGTCG
LT5e ATTATGCTCCAAT CA'T —126.5+5.7 —340+17 -216+06 68.6 1.2 10.36.9 31.6+20.0 0.52+0.66
CALTGTCG
LT5f ATTATGCTCCAAT GT-C —126.64+4.5 —3394+13 -22.1+05 70.2 28 10.25.9 33.1+17.2 —0.044+0.59
CATGT'CG
DT6 CGAACGTCTAT 11 —67.0+16 —-181+5 —11.0+£0.1 494
LT6a CCGALACGTCTAT CALA —69.5+14 -187+4 —-11.6+0.1 518 24 —-25+22 —-6.3+6.7 —0.58+0.11
LT6b CGAACG-TCTAT GALA —69.2+16 —-186+5 -—11.6+0.1 515 20 —-22+23 -554+71 -0.50+0.11
LT6c CGAACGTCT-AT CT*A  —749+43 -203+13 —12.44+0.2 532 3.8 —80+4.6 —22.0+141 -1.14+0.25
DT7 GTAGCAGGAGT 11 —83.4+27 —-230+8 —123+0.1 51.6
LT7a GTA-GCAGGAGT TALG —759+21 -206+6 —123+0.1 533 1.7 7.5:3.4 24.24+10.4 —0.05+0.18
LT7b GTAGCA'GGAGT CALG —73.4+17 —-197+5 —123+0.1 542 26 10.&: 3.1 327496 —0.11+0.16
LT7c GTAGCAGGA'GT GA'G  —739+18 -198+6 —12.8+0.1 56.1 45 9532 323+99 -0.54+0.18
DT8 TTGCTCGATGT 11 —711+16 —-191+5 —11.94+0.1 52.9
LT8a TTG-CTCGATGT TGC  —734+15 —-197+5 —-124+01 546 16 —-23+22 -59+6.6 —0.46+0.13
LT8b TTGCTC-GATGT TC-G —70.8+20 —-188+6 —12.7£0.1 56.6 3.7 0.22.5 3.1+7.7 —-0.744+0.16
LT8c TTGCTCGAT-GT ATLG —749+15 -200+5 —-13.0+£0.1 569 40 —-38+22 -90+6.6 —1.04+0.13
DT9 ACAAGCGACTC 11 —742+14 -199+4 —125+0.1 54.9
LT9a ACA-AGCGACTC CALA —729+16 —-195+5 —12.6+0.1 557 0.8 1321 44+ 6.4 —0.094+0.13
LT9b ACAAGCLGACTC GCLG —749+26 —-198+8 —135+0.2 59.0 41 —-0.7+3.0 0.7£8.9 —-0.91+0.21
LT9c ACAAGCGACLTC AC-T —67.4+25 —-175+7 —13.1+£0.2 59.6 4.7 6.8 2.8 23.7£8.5 —0.544+0.21

aEach LNA and DNA top strand shown was hybridized to the complementary DNA bottom strand. Total strand conce@{fasdnyM for

all oligonucleotides except the LT4 and LT5 sets, for which it gM. The estimated uncertainties were calculated as in Materials and Methods.
For the training data set, the uncertaintieSinandATy are <1.0 °C. For the test and combined data sets, the uncertainty is <1.6 °C, and

the uncertainty il\Ty is <2.4°C. All changes due to LNA were calculated using nonrounded values of the thermodynamic parameters for individual
oligonucleotides.
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°C (3.3%), respectively. The observed absolute values of all 64 possible trinucleotides with a single LNA in the center,
AH° and AS’ averaged 7% less than predicted, perhaps hybridized to an all-DNA complement. The results provided
because the sequences used here are longer than many afearest-neighboAAH® and AAS® parameters for LNA-
the sequences used in deriving the nearest-neighbor parambNA dinucleotides, and different parameter sets were then
eters (deviations were 14% and—10% for DT4 and DT5, evaluated for their accuracy in predicting the thermodynamics
the longest sequences). However, the observed av@iage of 33 test oligonucleotides. We find that the sequence context
was only 0.76°C less than the prediction. Thus, overall the on both the 5and 3 sides of the LNA must be considered
agreement between prediction and experiment is quite good.for accurate prediction of hybridization thermodynamics.
Systematic underestimation 6fH° and AS® by 7% would Quantitative analysis of the enthalpy and entropy changes
lead to 7% errors iINnAAH®° and AAS’. The standard  due to LNA substitution suggests that decreased entropy loss
deviations inAAH® andAAS’ are much larger, so any such upon hybridization is the usually the dominant contributor
systematic bias should make a small difference to the quality to its enhanced stability, but that the most stabilizing LNA
of the results. The uncertainties AH® andAS’ derived as substitutions are characterized by favorable enthalpy changes
above correlated with the deviations from predicted values, and unfavorable entropy changes.
suggesting that the relative uncertainties are sensible. There Accurate predictions of the change in melting temperature
were no obvious experimental causes for the largest devia-can be obtained using thAAH° and AAS’ parameters
tions from predicted values, except that DT4 and DT5 derived here. The individual predictions fAnH® andAAS
showed slight non-two-state behavior. are less accurate, but the errors are highly correlated. These
The AAH®, AAS’, AAGS,, and ATy attributable to an  parameters offer a substantial improvement over the available
LNA nucleotide are estimated fromH®, AS’, and AG3,. thermodynamics on LNA.
The change iMAH® is given by the equation below, with Sequence DesigiWe assume that most of the sequence
AAS’, AAGS,, andATy given by analogous expressions. dependence for the effect of an LNA substitution on
hybridization thermodynamics can be captured by consider-
AAH® = AH{\a +onaona — AHBnaona (8) ing the nearest neighbors of the LNA. There are 64 possible

] } trinucleotides 5MX-N-3', where Mand N= A, C, G, or T
where LNA+DNA:DNA refers to the duplex with a single  gngxL = LNA-A, LNA-C, LNA-G, or LNA-T. There are

LNA incorporated in one strand and DNA:DNA refers to to 32 possible nearest-neighbor paitsMsXt-3' and 3-X-N-
the reference DNA duplex. The variance in the estimated 31 |5 this work, we restrict our attention to these 64

AAH? is given below, again with analogous expressions for yinycleotides, hybridized to their perfect-match comple-

AAS’, AAGS;, andATy. ments, and to singly substituted DNA hybridizing to all-
) B ) 3 ) . natural DNA (e.g., 5AC'G-3-5-CGT-3). Furthermore,
0 (AAH®) = 0 (AHNA +onADNA) T 0 (AHDNADNA)  (9) LNA is always at least two nucleotides away from theb

3’ end of the molecule. The case of a modified strand

As for AG3; and Tw, AAG3; and ATy are more precisely  hypridizing to native DNA is the most relevant to the use of
determined thaAH® or AAS’ because of the correlated | NA as a probe or therapeutic.

errors iNAAH® and AAS’. To the extent that the errors in LNA in other sequence contexts could be treated analo-

AH[ya:onapna Nd AHpyapy, are correlated with each — goysly. An LNA at or near the'Sor 3 end can be treated
other, the true variance INAH® and the other difference  gimjlarly to internal substitutions. A complete description

parameters will be smaller. _of the 12 mismatched LNADNA base pairs in context
Singular Value Decompositioingular value decomposi-  yequires 192 trinucleotides (e.g.!-AC-G-3-5'-CAT-3,
tion (SVD) was applied separately to the setsAokH?, -5-CCT, and-5'-CTT). LNA-LNA hybridization, multiple

AAS’, andAAG; values, essentially as described by Xia et | NA substitutions, mismatches adjacent to an LNA, and
al. (11), using Matlab (The Mathworks, Inc.). The variances gangling ends can all be addressed systematically as well.
estimated as above were used as weighting factors. The Tne g4 LNA-containing trinucleotides were embedded in
construction of design matrices and solution vectors is 1g sequence contexts, so that several different singly
described in Results. Initial parameter sets were derived g pstituted oligonucleotides could be hybridized to a common
exclusively from the “training data set” and then validated pna complement and compared to a common reference
against the “test data set.” The final parameter sets given inpnA . |nitial reference DNA sequences were chosen from
Table 4 are derived from repeati_ng the SVD analysis using those used in determining DNA nearest-neighbor rua (

the combined data set of 100 oligonucleotides. as they were known to exhibit two-state melting. Subse-
RESULTS quenftly, new sequences were d_esigned to include the
remaining LNA-containing trinucleotides and for the test data

This paper presents a general approach to derivingset. In each case, the sequence was evaluated for possible

predictive thermodynamic rules for modified nucleic acids. secondary structure using MFOLB3), the all-DNA duplex

It is possible to predict thely of unmodified DNA was synthesized, and its melting was characterized before
oligonucleotides accurately using nearest-neighbor param-the more expensive LNA oligonucleotides were synthesized.
eters forAH® andAS’, suggesting that the additional results DNA sequences with substantial non-two-state character in
needed here are the incremental effects of a modificationtheir melting curves were redesigned. This set of 67
onAH°® andAS’. Sequence-dependent enthalpy and entropy oligonucleotides will be referred to as the “training data set.”
increments for LNA were obtained as follows: the changes To test the predictions (derived as described below) from
in hybridization enthalpy and entropy upon LNA substitution analysis of the training data set, we designed a “test data
were measured for a set of 67 oligonucleotides that includedset” of 33 oligonucleotides, in nine sequence contexts. The
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Table 2: Average Thermodynamic Parameters for Each LNA Nucl€otide

AAH? (kcal/mol) AAS’ (cal/mol K) AAGS; (kcal/mol) ATw (°C)
LNA-A avg =+ std dev 3.64+ 5.04 12.60+ 15.09 —0.27+0.49 2.11+1.30
range observed —4.71t012.93 —13.84 t0 39.36 —1.47t00.75 —0.281t05.74
LNA-C avg =+ std dev 1.93:5.52 8.74+ 16.44 —0.78+0.48 4.444 1.46
range observed —8.05t0 11.62 —21.451t0 37.18 —1.72t00.35 2.251t07.26
LNA-G avg =+ std dev 0.74+ 3.99 4.17+11.51 —0.56+ 0.54 2.83+1.75
range observed —6.07 to 10.68 —13.70 t0 32.28 —1.90t00.83 —0.6210 6.88
LNA-T avg + std dev 1.04+ 4.53 5.33+ 13.53 —0.62+ 0.44 3.21+1.41
range observed —7.97 to 10.22 —22.01t0 33.11 —1.22t00.57 0.62106.17

aData are averaged over the entire combined data set of 100 oligonucleotides.

test data set included two examples of each of the 32 possibledown according to LNA base in Table 2. Superimposed on

nearest-neighbor pairs-MXt-3' and 3-X-N-3'. Half of the

the LNA base dependence there is substantial dependence

test data set oligonucleotides included the corresponding 5 on the neighboring sequence for all of the LNA bases. For
MXHN-3' trinucleotide from the training data set in the same example, the observeNAGS; due to LNA-A is —0.27 +
pentanucleotide context as in the training data set (for 0.49 kcal/mol (average- standard deviation), vs-0.78+

example, 5TG-C appears in the training data set in
5-CCATTG-CTACC, L5c, and in the test set if-5TG"-
CTCGATGT, LT8a), whereas half of them had the trinucle-
otide in a new context (for example;-8G-A appears in
5'-GTCG-AACAGC, L1a, in the training data set and in
5-TATTAAGCGLACCACACATAA, LT4c, in the test data

0.48 for LNA-C, but the observed range of values-is.47

to +0.75 for LNA-A and—1.72 to+0.35 for LNA-C. The

observedATy ranges from—0.6 °C (GTCG-AACAGC) to
7.8°C (GGTGCLCAA). Thus, the identity of the LNA base
alone is clearly not sufficient for making accurate stability
predictions. The context effects are described more fully

set). To check for length effects, two of the oligonucleotide below, based upon the derived nearest-neighbor parameters.

contexts in the test set were 20-mers rather than thE28

Despite the large errors associated WithH® andAAS’,

mers of the training data set. After evaluation of the accuracy some trends in these parameters are clear, as illustrated in
of predictions made for the test set, the final parameter setsFigure 3. The majority of the LNA-containing oligonucle-
were derived from the “combined data set” of all 100 otides have positiv\AH® values, so that enthalpy effects
oligonucleotides, as described below. All of the oligonucle- actually tend to destabilize most of the LNANA duplexes.
otide sequences and their thermodynamic properties are listedf there is any enhanced base stacking in these duplexes, it
in Table 1. This training/test/combined data set approach,is apparently counterbalanced by destabilizing enthalpic
with the same oligonucleotide sequences, should be generallyeffects, which could include an enthalpic cost for junctions
applicable to any modified chemistry where the nearest between A-like DNA around the LNA and B-like DNA
neighbors are likely to dominate the thermodynamics. elsewhere, or unfavorable steric interactions induced by the
Extensions to cases such as terminal LNA substitutions, methylene bridge. These LNDNA:DNA duplexes are
mismatches, and dangling ends can employ many of the samestabilized by positiveAAS’ values, confirming that an
sequences. important stabilizing feature of the LNA substitution is the
Thermodynamic Effects of LNA Substitutidme effect reduced entropic cost of forming the duplex, presumably due
of LNA is represented as the difference in thel° andAS’ to preorganization of the single-stranded LINBNA reac-
for hybridization between LNA-containing and natural DNA, tant 26).
AAH® = AHyasonaona — AHRuapna @nd AAS = Figure 3B shows, however, that the most stabilizing LNA
AS N asonapna — ASSnaona- A positive AAH® represents  substitutions (those with the most negati¥eAG3,, for
a less favorable enthalpy decrease and a poshiXs’ example, L8al and L11b) are characterized by negative
represents a less unfavorable entropy loss upon hybridization AAH® and AAS® values. In these cases, there may be a
The central challenge of this work is thANH® and AAS’ dominant effect of improved stacking, which also decreases
values are small differences between large numbers. Therethe entropy of the duplex. These results suggest that different
fore, they are subject to large uncertainties, generafly-3 LNA-containing oligonucleotides may have significantly
kcal/mol for AAH® and+6—9 cal/mol K for AAS’, of the different structural and dynamic properties. Note that the
same order as th®AH° andAAS’ values themselves (Table intercept of theAAS’ vs AAH® plot in Figure 3A is near
1). TheAAG3; andATy values are much more precise, but zero, indicating that stabilization is primarily entropic or
they do not allow straightforward predictions for the effect enthalpic, but not both at the same time for the same
of an LNA substitution orily in a new context. However,  oligonucleotide.
the overall trends iIMAH®, AAS’, AAGS,, and ATy are Figure 3 also shows that some sequences, mainly in the
quite informative as to the qualitative origin of LNA-induced LT4 and LT5 families of longer oligonucleotides, have
duplex stabilization and the degree of sequence dependenceunusually largeAAH® and AAGZ, values. AAAH® of 10
In general, the absorbance melting curve analysis on all kcal/mol seems greater than what is physically likely, since
100 oligonucleotides of the combined set demonstrates thatthe AH®° for formation of a base pair is only-7 to —10
LNA purines contribute significantly less enhanced stability kcal/mol. It is more likely thatAH® and AS’ were under-
than do pyrimidines. LNA-A in particular has the smallest estimated for these sequences than for the shorter ones, since
effect of the four; in terms oAAGZ, the average stability — experimental noise and the increased likelihood of multiple
increments are orderet < G- < Tt < CL. The averages  premelted states will tend to blur the sharpness of the melting
and ranges foAAH®, AAS’, AAG3,, andATy are broken  transition. We have also observed more multistate behavior
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T T T ! like that of Figure 2 in LNA-containing DNA, especially if
the LNA is near one end. In this situation, the measured
AAH? is likely to be greater than the true value, and the

H
o
L
L]
L

"3 compensating errors AH® andAAS’ then lead to a larger
| s, measured\AS’ than the true value. Since tfg is ~70°C
3 for the longer oligonucleotidesAAG3, is obtained by
o 2T 1 extrapolation over a large temperature difference from the
3 AAG°(Ty), so an artifactually largAAS’ will lead to an
% oL artifactually largeAAG3,. We debated omitting the LT4
E T 55 =TT 7] and LT5 families from further analysis, but retained them
g E because they represent the best models for oligonucleotide
Yool ; J lengths that would be used in applications. The results for
, AAS® = 2.26 + (1000/338 K)AAH® these oligonucleotides do not affect the quantitative evalu-
: R%= 0.995 ation of the quality of fit toTy very much, because the
L . m E e predictedATy values for these long sequences are relatively
10 gipe,img,,,a, Aiﬂn (kJa‘f,mo,e;*" 20 small and therefore insensitive to errors.
B1Sp— T T T T T T Entropy-Enthalpy Compensatiofihe results forAAH®
10: T and AAS’ (Figure 3) illustrate remarkable apparent en-

thalpy—entropy compensation, meaning thArAH° and
AAS’ are proportional, and therefore thaAG® for the set
1 of sequences is relatively small and constant whefe®id®
andAAS’ vary substantially. Part of the compensation may
be artifactual, since covariation of errorsAM\H® andAAS
gives apparent compensation. This area has been authorita-
1 tively reviewed 84); based on the suggested tests that
compensation should be apparent whgd® and AS® are
1 plotted with appropriate error bars and that they should
correlate with AG3,, we believe that the compensation
. found here does reflect an underlying physical reality. If
compensation were solely due to experimental error, then
e e e the plot of AAGS; vs AAH® in Figure 3B would show
randomly scattereddAH° values instead of the observed
positive correlation. The observed compensation has an
apparent isoequilibrium temperature (the temperature at
which all the sequences have the sateG; and hence the
same stabilizing effect) of 68C, but an isoequilibrium
[ ] relationship has not been demonstrated experimentally. True
54 i . enthalpy-entropy compensation is often qualitatively ex-
[ T plained as resulting from the tendency of enthalpically more
1”;:1 stable interactions to decrease entropic freedom of motion
: - more than weaker interactions. Even though the root cause
"'l_ ’ of quantitative compensation is not well understood, it has
been used to evaluate theoretical models for base pairing

i (35).

Deriving Predictive Parameter Sets fakAH® andAAS’.
One goal of this work is to extract predictive parameters
from measured thermodynamics, and to provide the results
in a form that can be readily incorporated into standard
prediction algorithms. Therefore, the approach to the reduc-
FiGURe 3: LNA thermodynamics and enthalpgntropy compensa-  tion of the data depends on the commonly used nearest-

tion. ExperimentaAAS’, AAH®, and AGg, values (circles) and  haighihor models. We extracted nearest-neighbor HRAIA
estimated uncertainties for the oligonucleotides of the combined :

data set are from Table 1. The hatched symbols correspond to thd®@rameters from the training data set using the principle of
LT4 and LT5 families of longer oligonucleotides, for which the maximum likelihood, evaluated their predictions against the
measured\AH® and AAG, are probably overestimated. Panel A  test data set, and then used the combined data sets to generate
illustrates strong apparent enthatpgntropy compensation in the  the final parameters.

combined data set, and shows that the majority of the LNA-modified - o .

oligonucleotides exhibit positivAAH® andAAS’ values. Panel B The “unified view” DNA:DNA nearest-neighbor model
illustrates correlation betweeAAGS, and AAH®, showing that of SantalLucia 12) gives AH®, AS’, and AG3; by expres-

the most stabilizing substitutions are characterized by negative sjons of the following form:

AAH° (and therefore negati®AS°). Panel C illustrates enthalpy

entropy compensation in the 32NN parameter set from Table 4,

with the linear regression line obtained from the data in panel A AH°® = z MAH?+ N g cAH g + M arAH AT (10)
superimposed. i
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wheren; is the count of théth nearest-neighbor dinucleotide parameter appears six times in the set (seven times for eight
of the 10 unique DNA-DNA neighborsdH; is AH® of the of the parameters).
ith nearest-neighbon; g¢ is the number of G:C termini with There are many possible parameter sets (Table 3), ranging
the corresponding\Hf s, andn,ar is the number of AT from the 64 MX"N trinucleotides to simply the four LNA
initiation pairs with correspondingHg .. Replacement of  bases. Even the 32NN set has an uncomfortably large ratio
AH® by AS’ or AG3, gives corresponding equations. Since of parameters to data points (1:2). The simplest way to reduce
none of the LNAFDNA:DNA duplexes in question here can  the number of parameters while retaining a connection to
be self-complementary, no symmetry correction terms for structure is to consider purine vs pyrimidine neighbors as a
AS’ and AGZ, are needed. All of our analysis assumes that group, yielding the 16(RY)XL(RY) set of (R or K- +
AH°® andAS’ do not change with temperature. The concen- X-(R or Y) nearest neighbors. The two nearest-neighbor sets
tration range explored here may not be large enough to showwere also split into their component halves (for example,
the effects of heat capacity changes that have been observe@2NN was split into the 16MXL and 16XLN sets) to evaluate
by others 86). whether the 50r 3 neighbors of an LNA have a greater
The simplest way to extend the above equations to accountinfluence on the thermodynamics. In fitting to the training
for the incremental effect of a single LNA incorporation is data set, half-sets must necessarily fit less well than the parent

to add a trinucleotide term as follows: set, but they can give better agreement to the test data set if
the parent set parameters are strongly affected by fitting to
o o ° the noise in the data. Reduced sets that considered the LNA
AH° =Y nAH’+ Hooc t+ . L
.z AR M ecAH e purines vs pyrimidines (e.g., 16 R¢-Y)- + (R+Y)-M)
NaTAHE AT + AAHZ A vxen (12) \r/]vc()atr(: rril(ljsvfl)nevaluated, with comparable but not superior results,

For each parameter set, we compute the values oNthe
parameters that minimize the error-weighted difference
between prediction and experiment for themembers of
ghe training data set. The training data set “stacking matrix”
is the MxN matrix in which rowj (of 67) contais a 1 in
each column corresponding to an LNA dinucleotide that
appears in thgth oligonucleotide, and 0’s elsewhere. The
error-weighted “design matrixes” foAAH®, AAS’, and
AAG; (denotedH,, S,, G,) are then obtained by dividing
each rowj of the stacking matrix byo?(AAH?,,), the
experimental variance idAAH® (or AAS’, or AAG3,) for
oligonucleotidej. The M-element vectoby (or bs, or bg)
of experimentalAAH® (or AAS’, or AAGS,) is similarly

in which AAH? ya—uxuy 1S the AAH® value determined for
the training data set oligonucleotide that contains theé-M
sequence. Since there are 64 LNAXMN parameters and
67 sequences in the training data, each of the sequence
would contribute to the estimate for one, and only one,
trinucleotide parameter, and each parameter would be
determined by one, and only one, sequence. There would
be no internal indication of the likely accuracy or precision
of any prediction for a new sequence, and the large errors
in the experimentahAH® and AAS’ values make it likely
that some of the predictions would be incorrect by a wide
margin, especially if the unknown sequence hadha

significantly different from that of the training data set ) :

oligonucleotide. Deriving a reduced set of nearest-neighborWe'ghted' The desired parameters are thenNFatement
parameters uses more of the experimental data to computé’ectorshNN’zsNN’ andguy of nearest-neighbor parameters that
each parameter, and the data enter in various combinationsMMIZE " EITOT Expressions of the following form:
random errors have a decreased effect and the parameters,

are determined more precisely. However, too great an extent? rain(AAH®) =

of reduction, such as using just on\AH® and oneAAS (AAH? . — AAHS, )
for each LNA base, fails to model the true variation among z Ipre Lot _ IH,+hyy — bul? (13)
sequences. 7 OZ(AAHﬁexpt)

The most straightforward nearest-neighbor approach,
referred to as 32NN here, partitiong\H® into contributions where] indexes the 67 members of the training data set,
due to the corresponding Xt and X"N dinucleotides of AAH 41 the sum of the computeNAH® values for the

the MXEN triplet. This assumes that the contribution of a | NA-Containing dinucleotides in thigh oligonucleotide, and
nearest-neighbor pair is independent of the adjacent nearesf2 . is calculated with respect to the training data set

neighbors. The resulting expression is given below: experimental values.
SVD was used to compute values for the nearest-neighbor
AH® = Z MAH? + N, g AAH Ge T N atAH AT T+ parameters that minimize théan errors above37). SVD
I

was done independently fohAH°, AAS’, and AAG3,,
AAHE A -mxe T AAH A iy (12) essentially as described by Xia et all), with the results

shown in Table 3. Although the input free energies are
where AAH? s —ux. @aNd AAHP a_xy @re the incremental  derived from the enthalpy and entropy, the weighting of
effects of a single LNA substitution, for dinucleotides with errors in the SVD means that the final parameter estimates
3' or 5 LNA substitutions, respectively. This model has 32 for AAGS, obey AAG;; = AAH® —310.15 K x AAS
AAH® (AAS’, AAGS,) parameters, each of the 67 training approximately but not exactly. Note that the nearest-neighbor
data set sequences contributes to two dinucleotide parametersets 32NN and 16(RY)XL(RY) can only be determined to
and each dinucleotide parameter is determined from at leastwithin four arbitrary constants (for example, adding a
four different sequences. The final 32NN parameters in Table constant to the 'SRG" and 3-Y G- parameters and subtract-
4 were computed based on the combined data set, and eaclng the same constant froni-6'R and 3-G-Y gives the
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Table 3: Evaluation of the Accuracy of Prediction of LNNA Hybridization Thermodynamics

Parameter Sets Computed from the Training Data Set,
Evaluated against the Training Data Set

thrain thrain errain thrain Q(X2/4 ,f)b Q(X2/4 ;f)b,c
set name form sample no.f64 (AAH®) (AAS) (AAGE) (ATw) (ATwm) (ATw; 120% e.t.)

64Trinuc MXN CG-A 1 0) 0) (0) (0) 1) )

32NN MX-+ XN CG- + GHA 4 118 113 391 257 7.14 1071 9.05x 10°°
16MXL M Xt CGH 4 148 141 660 482 4.6% 1020 1.98x 108
16XLN XN GLA 4 145 135 715 449 2.08 10718 1.12x 1074
16(RY)XL(RY)  (RIY)X: + YG! + GLR 8 160 152 635 407  2.3910°6 9.56x 1077

XH(RIY)

8(RY)XL (RIY)X YGt 8 165 155 751 467 278 10718 2.28x 1077
8XL(RY) X-(RIY) G'R 8 170 159 862 566 298 10°% 1.30x 107°
4XL Xt Gt 16 174 162 1014 669 8.7610°%8 151x10%

Parameters Sets Computed from the Training Data Set,
Evaluated against the Test Data Set

thest thest thest thest Q(XZ/ 4,f)d Q(XZ/ 4 ;f)c,d
set name (AAH®) (AAS) (AAGS)) (ATw) (ATw) (ATw: 120% e t.)

64Trinuc 110.0 110.2 202.0 131 6.%1107° 0.0370
32NN 99.8 101.4 142.4 71.7 0.0218 0.345
16MXL 91.8 91.6 160.0 88.5 0.00469 0.198
16XLN 92.4 94.8 98.2 62.9 0.0466 0.447
16(RY)XL(RY) 87.3 88.7 101.3 60.0 0.0592 0.484
8(RY)XL 81.3 83.1 97.3 70.6 0.0240 0.357
8XL(RY) 90.1 91.3 115.1 61.7 0.0516 0.463
4XL 83.8 85.6 112.4 68.2 0.0295 0.384

Parameter Sets Recomputed from the Combined Data Set,
Evaluated against the Combined Data Set

chomb chomb chomb chomb Qcoml{XzM';f)e Qcoml{X2/4;f)C'e
set name (AAH®) (AAS) (AAGGS,) (ATw) (ATwm) (ATw; 120% e.t.)

32NN 195 191 509 319 4.3% 10710 0.00136
16MXL 227 220 799 542 1.0& 10718 8.19x 1077
16XLN 226 218 806 487 3.36 10716 9.36x 10°6
16(RY)XL(RY) 240 233 727 431 1.14 1083 0.000101
8(RY)XL 247 238 956 609 4.66 102 1.31x 1077
8XL(RY) 250 241 862 512 1.5% 10716 9.96x 107
4XL 256 245 1125 724 4.88 10726 1.20x 10°°

2“no./64” is the number of times each parameter in the set appears in the set of'a¥ tdnucleotides® The number of degrees of freedom
f used in computing Q/4:f) is (64+)/4, wherev, the number of parameters, is given at the beginning of the parameter setrigme&(y;%/4;f)
value is calculated assuming an error threshold of 120% of the minimum RSSHband AS’ vs the 110% used elsewhere, as described in
Materials and Methods. The degrees of freedoifnis 33/4, since no parameters were adjustabline degrees of freedoiis (100-v)/4.

same predictions for any actual sequence). The SVD identi-consider both the'5and 3 neighbors give the best predic-
fies such combinations of linearly dependent parameters astions, suggesting that both neighbors affect the environment
weight matrix columns with vanishing small corresponding of the LNA.
weights, and zeroing the contribution of these columns then The quality of the parameter sets can also be judged by
sets the arbitrary increments to zet@,(37). All of the other the “Q value” for each parameter set, which is the probability
weights were comparable to each other, as expected giverthat a value ofy? at least as large (poor) as the observed
the uniform distribution of training data set sequences. value would be obtained by chance, given that theref are
Evaluation of Parameter Set Quality and Predii degrees of freedont & no. of oligonucleotides- no. of
Accuracy.A small y%in value for a parameter set does not nearest-neighbor parameters) in the fit. The valu®d a
necessarily mean that it is the best set, since a larger numbesensitive indicator of whether the model is appropriate to
of parameters may simply allow more precise fitting to noise the data, and of whether additional parameters in a fit are
in the data. To evaluate the predictive value of the different justified (11, 37). Q(x? f) is given by the upper incomplete

derived parameter sets, we used each set to pradiet®, gamma function as follows:
AAS’, AAGZ, and ATy for all of the test data set
oligonucleotides, and then calculatgtks: for each of the 2.5 — 1 o _—t(f—2)/2
. : === et dt 14
four experimental observables. The results in Table 3 show QD I'(f/2) fxz’z (14)

that, as expected, the set of 64 trinucleotide parameters used

directly from the training data set gives poor agreement with where the gamma functiofi(x) = /', e 't 'dt. The LNA-

the test data set results. The agreement for the 32NN set iscontaining oligonucleotides used here each have only a single
significantly better, but not as good as the more reduced LNA, so the nearest-neighbor parameters referring to an LNA
representations, including its own 16XLN subset. This base (for example, &, YA, ALY, and AR in the 16-
suggests that the training set data are not sufficient to define(RY)XL(RY) set) never appear in the same stacking matrix
all 32 nearest neighbors precisely. Parameter sets thatow as the parameters for any other LNA base. Thus, the
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stacking and design matrices are block-diagonal, so eachcontext dependence &fAG°, but it does not use the more
SVD analysis is essentially four separate problems. There-uncertainAAH® and AAS’ values.
fore, x? andf are each divided by 4 in calculating. (3) Calculation of ATy for LNA-containing oligonucle-
We evaluate the quality of the parameter sets primarily otides using the 16(RY)XL(RYAAH® and AAS’ values
based ony? andQ values forATy, becausé\Ty is the most for LNA and the measuredH® andAS’ from the test data
important and most precisely measured experimental numberset DNA reference oligonucleotides DTn.
and because it depends on baiAH® and AAS’. The (4) Calculation ofTy, andATy using the 16(RY)XL(RY)
Y2rain(ATy) values are larger thary?min(AAH®) and AAH® andAAS’ for LNA and the unified seAH® andAS’
72rainf(AAS), because the errors in the experimemtd), are parameters for DNAL2).
smaller. High values of? (low values ofQ) suggest that The results of all of these methods are compared in Figure
the estimated variances faiTy are too small. As discussed 5 for predictions ofTy and ATy. Figure 5A shows that the
in Materials and Methods, increasing the error threshold in Exiqon algorithm, method 1, overestimafgsby an average
the AH® and AS’ fits to 120% rather than 110% of the of 1 °C, and that errors occur for all lengths, not only the
minimum RSS would decreagé(ATy) by a factor of 2, LT4 and LT5 families of longer sequences. The RMSDs for
and the recalculate@ is in the last column of Table 3. These experiment vs prediction (for LNA oligonucleotides only)
Q values are much larger; 0.001 is considered acceptable iffor Ty andATy are 2.41 and 2.1%C, respectively, showing
the experimental errors may not be normally distributeld ( that the errors for LNATy are not due to errors in the
37). The maximumQ value is observed for the 32NN set. reference DNATy. Exigon quotes a standard deviation of 5
The key test for predictive value, however, is the quality °C for Ty predictions 82), but presumably this estimate
of predictions for the test data set, which did not enter into includes multiply substituted oligonucleotides. Figure 5B
the computation of the parameters. As shown in Table 3, shows that method 2, as expected, gives poor predictions
the y?%est values confirm that the 32NN parameter set is not for ATy, which illustrates the quality of prediction available
well-defined by the training data set alone, since the 16- before this work and that of Exiqon. Direct transfer/ofAH°
(RY)XL(RY) set gives a smalleg?.stand largerQ. The Q andAAS’ values was shown above (Table 3) to give much
values are much larger for the test data set than for thepoorer predictions than method 3.
training data set because the number of degrees of freedom Method 3 gives much bettéxTy estimates, with RMSD-
is larger for the test data set, but . values forAAH® (ATm) = 1.06°C and a maximum error of 2.3LC. Method
and AAS’ are similar to they?ain values on a per oligo- 4 provides the best predictions, givifig, within 2.6 °C of
nucleotide basis. The?.s: values forAAGS, and ATy are experiment for all 33 test sequences except LT3c (predicted
surprisingly small relative tg?.in, mainly because experi-  66.0 °C, observed 62.7C), ATy within 1.6 °C of the
mental uncertainties are larger for the test data set (the LT4experiment for all except LT2b (predicted 3.93@, observed
and LT5 families in particular). Figure 4(A) compares the 5.88°C), and RMSD{y) = 1.47°C and RMSDQATy) =
experimental test data SAAH®, AAGZ,, andATy with the 0.85°C. Calculated referenckH® andAS’ values presum-
predictions of the 32NN and 16(RY)XL(RY) parameter sets. ably give better predictions because of errors in the measured
Agreement is seen to be quite good, except forAleH® AH° andAS.

and AAG;3, of the LT4 and LT5 families, for which the In summary, we have demonstrated that the nearest-
experimentaNAH® andAAG3; are probably overestimated neighbor thermodynamic approach provides accurate predic-
(see above). tions for the hybridization of LNA-containing oligonucle-

Comparison Among Different Methods fay Prediction. otides, using theAAH® and AAS® values obtained in this
The goal for these methods is the accurate predictionyof ~ work in concert with the unified thermodynamic parameters
values for the test set data oligonucleotides. At this point in for natural DNA. In addition, we have spot-checked the salt
the analysis, since the 16(RY)XL(RY) parameter set derived concentration dependence of the LNBNA thermodynam-
from the training data set gave the minimyfes values ics (data not shown). We find that theH° and AS’ both
(and smaller parameter uncertainties than the 32NN set), wechange with salt, but that the standard approach of absorbing
used the 16(RY)XL(RY) set to compare the nearest-neighbor the salt dependence i (12) gives accurate predictions
predictions with other available methods. For an unbiased for the change iy due to salt.
comparison, the four prediction methods are derived from Refinement and Application of Predigti Parameter Sets.
input data that did not include the test data set. (Similar Having established the predictive value of the LNA param-
results in terms of the overall fit errors were obtained using eter sets, we repeated the SVD analysis on the combined
the 32NN parameter set or the parameters subsequentlydata set of 100 oligonucleotides, to derive nearest-neighbor
derived for the combined data set.) The four prediction values from all of experimental the data. ThRem» andQ
methods evaluated are as follows: values of the fits obtained are given in Table 3, Table 4 lists

(1) Calculation ofTy andATy using a prediction algorithm  the AAH®, AAS’, and AAG3, values for the different
from Exigon @2), which is based on a large database of dinucleotides, and Figure 4B illustrates the agreement
LNA oligonucleotide melting curves and on nearest-neighbor between experiment and prediction.
parameters for DNA, but uses an algorithm that is not The 32NN parameter set, with the addition of the test data
described in detail. Thély values were obtained from  set to the training data set, now gives the smajfésialues
www.Ina-tm.com, with the [N& = 999 mM. vs the four experimental observables, as well as the highest

(2) Calculation ofATy by simply assuming that it transfers  Q values (Table 3). Figure 4B shows that it provides excellent
directly from the corresponding training set oligonucleotide agreement with the experimentgl;, with RMSD(ATy) =
with the same M:N trinucleotide. As discussed in the 0.88°C. The predictions foAAH® andAAGS, are accurate
introduction, this approach ignores the temperature andexcept for the LT4 and LT5 families, as discussed above.
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Predicted AAH° (kcal/mole)

Predicted AAH® (kcal/mole)

Predicted AAH° (kcal/mole)

Predicted AAH® (kcal/mole)

FiGUuRE 4: Predicted vs observeNAH®, AAGS,, andATy for 32 NN and 16RYLRY parameter sets. Solid lines in each graph indicate
perfect agreement, and the diagonal dashed lines im\e panels delineate prediction within°Z of experiment. Panel A shows the

results for the 33 test data set oligonucleotides, with predictions from the 32NN and 16(RY)XL(RY) parameter sets derived only from the
training data set. Panel B shows the results for the 100 combined data set oligonucleotides, with predictions from the 32NN and 16(RY)-
XL(RY) parameter sets recomputed from the combined data. The gray bars at the right indicate the range of predictions using the average
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A 5T T T T T T T AAG3, cannot be represented by 16 nearest neighbors. (The
i 16(RY)XL(RY) set gives only 16 different MM trinucle-
otide values, vs 64 different although not independent
trinucleotides for the 32 NN set.) Figure 4B shows that even
the 32NN set shows some compression of predidtad®,
AAG3,, and ATy vs experiment, suggesting that a 64-
parameter trinucleotide or even longer-range model may be
necessary to capture the full sequence variation; this could
be evaluated with more experimental data. The predictions
cannot simply be rescaled to improve accuracy: since, a
priori, we do not know which of the predictions are
--Or- Exigon T, Prediction “ overestimates or underestimates, scaling introduces unpre-

Predicted T, (°C)

504
! —O— MeltCalc + 16(RY)XL(RY) dictable errors across the whole set. Finally, using the
d averagedAAH®, AAS’, AAG3, or ATy values for the four
Pred. = 3.40 + 0.965 * Expt. “2= 0.913 LNA bases underestimates the true extent of variability much
Pred. =1.85+0.970 " Expt. R'= 0.964 more (bars beside the bottom three plots in Figure 4B), and

' v v gives RMSDATy) = 1.37°C.
0w mExp;;,entafnTM {°C)6 s n Proposed LNA Incorporation AngrithnThe 32NN pa-
rameter set derived from the combined data set gives the
I best predictions for th&y of a new singly LNA-substituted
74 L] sequence. To use it, calculaddH® and AS’ of the corre-
- sponding all-DNA duplex (at the relevant strand and salt
6T ao g %Eph . concentrations) using the unified DNA parametet®)(

conveniently done within MeltCal@g). Then add thé\AH®
CB and AAS’ values from Table 4 for the two LNA nearest-
i

neighbor pairs, and calculate the ndy using eq 5. To
choose which base of a probe to substitute, step through a
candidate sequence, predict fhig for LNA substitution at
each position, and choose the position that bringsTihe

y closest to a predetermined ideal value. To predict the
comparative stabilities of LNA-containing DNA duplexes
© at 37°C, use theAAGZ, values in Table 4.

A

DO ©
8 Exigon ATy Prediction
A
L]
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dX)
oo ok

MeltCalc + 16(RY)XL(RY)
DNA AH®, AS® + 16(RY)XL(RY) DISCUSSION
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14 © 1 2 3 &4 5 8 7 » Nucleic acid analogues can improve on the stability and
Experimental AT, (°C) specificity of natural DNA and RNA. A variety of analogues,

Ficure 5: Comparison of methods for predicting thg and AT with accompanying design software, may be necessary to
of test data set LNA oligonucleotides. The gray areas on each panelmdusmahze nucleic a(.:'d tes_tlng, with the goals of reducmg
represent agreement to withiA between prediction and experi-  the frequency of design failures, the need for expensive
ment. Panel A show®y predictions vs experiment for the Exiqon  laboratory optimization, and the need for extensive training

(32) algorithm (method 1 in Results, circles) and for the 16(RY)- in probe design. LNA is one of the most promising nucleic
XL(RY) parameter set (method 4, diamonds). TheH® andAAS® acid analogues.

parameters were derived solely from the training data setAifd ) . i ) .
andAS were derived from the unified DNA parametet) using This work is the first systematic exploration of sequence-
MeltCalc 38). Panel B shows the\Ty values obtained using  dependent LNA thermodynamics presented in terms of
methods 1 and 4 as in Panel A, as wellgEy values from using  enthalpy and entropy increments ascribable to LNA. The

the 16RYXLRY AAH® andAAS’ parameters with measured® _
and AS® values for reference DNA oligonucleotides (method 3, results show that the effects of LNA are strongly context

triangles), and\ Ty, values simply transferred from the correspond-  d€Pendent. LNA pyrimidines provide much more enhance-
ing training data set oligonucleotide (method 2, squares). See ment of stability than purines, but neighboring purines tend
Results for details. to enhance stability. The origin of increased stability is
usually entropic stabilization of the duplex, but the most
Since the LT4 and LT5 families comprise only 12% of the stabilizing substitutions are often enthalpically stabilized,
data, and the SVD procedure underweights their relatively especially by guanine neighbors. Strong apparent enthalpy
imprecise values foAAH® and AAS’, the inclusion of the  entropy compensation is observed. The 32NN set of nearest-
LT4 and LTS data does not skew the values of the final neighborAAH® and AAS® parameters in Table 4 provides
combined data set parameters substantially. accurate predictions for the stability of singly LNA-contain-
The 16(RY)XL(RY) predictions foAAH°, AAGS,, and ing DNA. The values can be used within the framework of
ATw underestimate the observed extent of variation (note standard primer design algorithms.
compression of predicted values on thaxes of Figure 4). Perfect-match nearest-neighbor parameters do not complete
The RMSDATy) of 1.02°C is low, butATy is systemati- the description of LNA thermodynamics. The most useful
cally overestimated for smalATy and underestimated for  extensions would be to LNA:DNA mismatches, the coopera-
largeATy. Apparently, the sequence variationA\H® and tive effects of multiple substitutions, and LNA at the termini.
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Table 4: Nearest-Neighbor Thermodynamic Parameter Sets for LNA Incorporation
32NN Parameter Set Derived from Combined Dat& Set

Average Values Derived from 32NN Parameter Set

nearest AAH? AAS AAGE, AAH? AAS AAGE,
neighbors  (kcal/mol) (cal/mol K) (kcal/mol) class (kcal/mol) (cal/mol K) (kcal/mol)
5 ALA 3 0.707+ 0.694 2.47H 2.135 —0.092+ 0.028 Average Effects of Different LNA Bases
ALC 1131+ 0.840  4.064t 2.550 —0.122+ 0.042 MALN (LNA-A)P 2.192 8.305 —0.391
ALG 0.264+ 0.858  2.613t 2.635 —0.561+ 0.030 MCLN (LNA-C)P 2.319 10.100 —0.863
ALT 2.282+0.972  7.45A# 2.972 —0.007+ 0.050 MGUN (LNA-G)° -0.127 1.843 —0.689
C-A 1.049+ 0.957  4.320+ 2.915 —0.270+ 0.049 MTEN (LNA-T)®P 0.917 5.251 —0.725
CC 2.096+ 0.941  7.996+ 2.807 —0.457+ 0.050 all LNA bases 1.325 6.375 —0.667
CtG 0.785+ 0.930 3.709+ 2.837 —0.332+ 0.034 Average Effects of Different Bleighbors
C'T 0.708+ 0.715 4175+ 2.251 —0.666+ 0.043 AX'N 1.125 4.920 —0.424
G'A 3.162+ 0.686 10.544+2.101 —0.072+ 0.041 XN 0.368 1.786 —0.192
G'C —0.360+ 0.831 —0.251+ 2.551 —0.414+ 0.039 XN —0.515 0.128 —0.540
G'G —2.844+ 0.964 —6.680+ 2.627 —0.700+ 0.046 XN 1.673 5.916 —0.178
G-T —0.212+ 0.865 0.073t 2.952 —0.194+ 0.040 Average Effects of Different 8leighbors
TEA —0.046+ 0.960  1.562+ 3.061 —0.563+ 0.049 MXEA 1.218 4.726 —0.249
TC 1.893+1.010  6.685+ 2.957 —0.208+ 0.043 MXLC 1.190 4.624 —0.300
TG —1.540+ 0.701 —3.044+2.112 —0.548+ 0.040 MX-G —0.834 —0.851 —0.535
TT 1.5284+0.986  5.298+2.990 —0.130+ 0.036 MXLT 1.077 4.251 —0.249
16(RY)XL(RY) Parameter Set Derived from Combined Data Set
5 AA-3 0.992+ 0.691  4.065+ 3.128 —0.396+ 0.034 nearest AAH® AAS AAGE,
ACt 2.890+ 1.018 10.576t 2.142 —0.390+ 0.035 neighbors (kcal/mol) (cal/mol K) (kcal/mol)
AGH —1.2004+ 0.758 —1.826+ 2.327 —0.603+ 0.045 5 ALY 3 1.742+0.434  5.886+1.329 —0.077+0.018
AT: 1.816+0.844  6.863+2.673 —0.309+ 0.038 ALR 0.435+ 0.611  2.38H 1.863 —0.249-+ 0.030
CAL 1.358+0.875  4.36A42.664  0.046+ 0.032 CtY 1.215+0.579  5.590t 1.766 —0.584+ 0.028
Cct 2.063+0.977  7.565+ 2.958 —0.404+ 0.027 C'R 0.847+0.475  3.752-1.449 —0.290+ 0.020
CG- —0.276+ 0.988 —0.718+ 2.914 —0.003+ 0.047 Gty —0.084+0.598  0.572+ 1.829 —0.322+ 0.021
CT: —1.671+0.619 —4.070+ 1.919 —0.409+ 0.040 G'R 0.137+0.445  1.875-1.307 —0.410+ 0.029
GA- 0.444+0.897  2.898+ 2.757 —0.437+ 0.053 TYY 1.810+0.594  6.255+ 1.808 —0.167+ 0.030
GC*t —0.925+ 0.944 —-1.111+ 2.880 —0.535+ 0.046 TR —1.041+ 0.443 —1.477+1.400 —0.553+ 0.026
GG+ —0.943+ 0.918 —0.933+ 2.842 —0.666+ 0.054 BYA-3 1.473+0.565  4.756+-1.726  0.048t 0.027
GT- —0.635+ 0.901 —0.342+ 2.734 —0.520+ 0.046 Rt 0.703+0.619  3.512+ 1.894 —0.374+ 0.031
TAt 1591+ 0.872  5.28HH2.877  0.004+ 0.038 YCt 1.3954+0.418  5.558+ 1.332 —0.401+ 0.009
TCH 0.609+0.916  3.169+ 2.663 —0.396+ 0.046 RCt 0.666+ 0.514  3.784+ 1.519 —0.473+ 0.020
TG 2.165+0.922  7.163t 2.715 —0.106+ 0.040 YG- 1.0144+0.472  3.492+ 1.461 —0.108+ 0.022
TT 2.326+0.790  8.051 2.438 —0.212+ 0.044 RG- —0.962+ 0.505 —1.045+ 1.432 —0.623+ 0.028
YTL 0.021+ 0.556 1.03k 1.747 —0.3054+ 0.029
RT: 0.749+ 0.580  3.747 1.795 —0.415+0.019

a2 The uncertainties given are the estimated errors in the value of the parameter from SVD analysis, not a standard deviation in the population.
b These averages are multiplied by 2, as each LNA ha8 3 neighbors.

LNA increases the specificity of allele-specific primers when “gapmers” with clustered substitution28), which Wengel
singly incorporated at the 8nd of an allele-specific primer  (3) has termed “structural saturation.” There is little published
(39). All-LNA capture probes have been used for the information on sequence dependence, although data reviewed
genotyping of SNPs in apolipoprotein BQ) and for the (4) and obtained43) by Corey’s group hint at decreased
detection of the Factor V Leiden mutatioflj. stabilization by LNA purines. Exiqon provides a web-based
The Origin of Stabilization Induced by LN&ome of the tool for Ty prediction based on 1400 LNA-containing
quantitative results reported here have been anticipated bysequences, but gives little detail on how the prediction is
qualitative work in the literature. Preorganization, improved made 82). We show above that the thermodynamics derived
stacking, or both have generally been advanced as likelyhere give superior results for singly substituted oligonucle-
sources for stabilization by LNA. It is recognized that LNA otides, but the tools at www.Ina-tm.com allow for a wider
substitution gives a smallékTy, in longer oligonucleotides.  variety of substitution patterns.
Thermodynamics other thaiT, measurements, however, Structural studies have not reached clear conclusions on
have been reported only infrequently. Obika et al. measuredthe origin of increased stability, and use exclusivety The
a large positiveAAS’ and negligibleAAH® for a gapmer NMR studies of Petersen et a26) showed that the structural
with seven LNA @4). Koshkin et al. measured AH® and perturbations caused by LNA are quite local, and interpreted
AAS values for two LNAFDNA oligonucleotides with three  chemical shift data as indicating both preorganization and
or six LNA nucleotides 29). The former showed a small improved stacking as stabilizing forces: our results show
positive AAH® and the latter an extremely large negative that either enthalpy or entropy, but not both for the same
AAH°, but both had a positiv\AS’. Christensen et al.  sequence, may contribute to stability. Nielsen et &#) (
measured small positivRAH® and AAS’ values for oligo- suggested that a decreased helical rise observed in an
nucleotides containing one to three LNA-T residudg)( (LNA+DNA):DNA duplex reflects improved stacking, but
LNA residues at the termini of an oligonucleotide have a Jensen et al46) subsequently reported no obvious improved
smaller effect oy than those in the cente2g, 43). LNA stacking or other structural causes for stabilization in a similar
in “mixmers” with substitutions scattered throughout a (LNA-DNA):DNA duplex, and concluded that stabilization
sequence has a greater effect per substitution than inis largely entropic. Multiple LNA substitutions can convert
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an entire LNA-DNA mixmer to A form geometry when parameter. This model madg predictions that differed by
hybridized to RNA 46). An X-ray structure shows complete as much as 13%9from the observedy in an independent
conversion of DNA to A form due to just one LNA per strand test set of duplexes, possibly because the PNA parameters
(25). All of the NMR results are complicated by mixed were derived from one 9-bp PNA:DNA that included only
populations of C3endo and C2endo sugar puckers in the 7 of the 16 possible nearest neighba2$)(
DNA nucleotides next to an LNA, which makes it impossible  Sugimoto et al. Z1) investigated the applicability of the
to obtain a unique structure. This suggests the novel nearest-neighbor model to PNA by testing whether duplexes
possibility that stabilization can arise because the entropy with different sequences but the same nearest-neighbor
of an LNA+DNA:DNA duplex is larger than that of DNA:  composition have the same values for the thermodynamic
DNA. The diversity of structural results suggests substantial parameters. DNA:RNA duplexes and short PNA:DNA
plasticity in LNA-containing oligonucleotides, allowing duplexes with equal numbers of nearest-neighbor dinucle-
different modes of stabilization and enthatpgntropy com-  otides gaveAH®, AS®, and AGS, values that differed on
pensation. average by less than 6%. However, PNA:DNA duplexes of
Thermodynamic Parameters for Other Modified Nucleic |ength 10 or more did not conform well to the nearest-
Acids. Martin et al. ) investigated the nearest-neighbor neighbor model. In this data set of 20 sequences,Tihe
energies for the G analogue deoxyinosine (dl) by incorporat- prediction methods of Griffin and Smitt22) and Giesen
ing a single dl into a DNA strand. They extracted thermo- (20) had RMSDs of 19.7 and 6.1C, respectively.
dynamic parameters for 8 of the 64 possible (DNJADNA Prospects for Complete Thermodynamics of Nucleic Acid
triplets, from which it is possible to estimate 16 of the 32 aAnaloguesThis work is the first to provide complete nearest-
possible nearest-neighbor parameters. In this study, each tesgejghbor thermodynamics for a modified nucleotide in DNA.
sequence contributed to two nearest-neighbor parameters, angthe T,, predictions for singly modified LNA-DNA hybrid-
each nearest-neighbor parameter estimate was derived frongeq to DNA are nearly as accurate as those for unmodified
a single sequence. ) _ _ DNA. Limiting the work to singly modified oligonucleotides
Vallone and Benight®) have studied the universality of  made it possible to treat sequence context in detail, and in
5-nitroindole by incorporating a single 5-nitroindole into a many cases even a single LNA may enable a probe to
DNA strand that formed a hairpin structure with a 7-bp stem hyhyridize at a desired temperature.
and a 4-bp loop. They extracted thermodynamic parameters " ormadynamic studies of nucleic acid analogues face
for two of the 64 possible (DNAN):DNA triplets, finding  gimijar challenges to those faced in early studies of DNA

ghat 5-n_itroi:]1dolg has a subst?ntial gestalbilizitr:g effzct, and RNA, and some new ones. The synthesis of homoge-
ecreasing théy by an average of 18:0They also observe neous and chimeric oligonucleotides can be technically

enthalpy-entropy compensation. challenging and expensive. Homogeneous single strands such
PNA has been investigated more thoroughly than any other ;o pnA may have aggregation or solubility problems. The
nucleic acid analogue, b_ecause_its high stability _and Un- choice of model is not always clear: duplexes may not
charged backbone make it attractive as a therapeutic. Jensep, it two-state transitions, or nearest-neighbor models may
et al. @7) investigated a single PNA:PNA, PNA:RNA, and o apply, or they may apply only to very short duplexes.
PNA:DNA perfect match duplex, as well as 12 single-base 1o new challenge for nucleic acid analogues is that the
mismaiches. They found that perfect match PNA:PNA was \\,yher of parameters needed to describe them may be very

most stable, followed by PNA:RNA, PNA:DNA, and DNA: 1546 a5 there are many ways to incorporate even one type
DNA, and that PNA:RNA and PNA:DNA mismatches were ¢ 1 qification, and there are hundreds of commercially

more destabilizing than identical DNA:DNA mismatches. .\ qilable nucleic acid analogues (Glen Research).

Igloi (48) characterized the thermodynamics of single PNA: S
: . The large number of combinations means that a thermo-
DNA mismatches using one 11-mer PNA strand and 33 DNA . .
: . ; dynamic study must include a large number of duplexes, even
complements, each with a single-base mismatch. The 33 IO : :
to cover only a subset of possible incorporation strategies.

PNA:DNA duplexes thus represented all three possible e . ) . =
. X o .~ Modifications give different results at internal positions and
single-base mismatches at each of the 11 positions. Mis- : X ;
ends. Parameters for internal incorporations should apply to

matches nearer the center had greater destabilizing effectsmuIti le incorporations if thev are spaced far enouah apart
than mismatches toward the ends. P b y P gh apar,

Giesen et al.20) developed a linear regression model for but closely spaced incorporations are unlikely to have simple

- ) independent and additive effects. This complexity results in
term and c'\él).efficients rf lied to the equivalent DNA nearers)t- widely adopted because of a lack of design rules, and a lack
. Pp € €eq of design rules because the chemistry has not been widely
neighborTy, a the fractional pyrimidine content, and the

engih.Inan ndepencent seof 44 PNA'DNA duplexes, s P11 1S work M e Povcin & Rameuor e
model was able to predidiy within ~5° for ~90% of the P

sequences investment of time and money. It can be applied to new
Griffin and Smith @2) modeled PNA:DNA stability by chemistries and incorporation strategies during their initial

augmenting the DNA:DNA nearest-neighbor parameters with development.

terms for dangling ends, for the number of PNAIDNA AckNOWLEDGMENT

nearest-neighbors in the duplex, and for ionic strength. As

noted by Sugimoto et al2@), the term for the number of We are grateful to Lawrence Kessner (Celadon) and
PNA:DNA nearest-neighbors captures the overall effect of members of the Kahn laboratory for support, and to Alex
PNA as compared to DNA and is not a nearest-neighbor Amiet of PrOligo for responsive LNA oligonucleotide
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synthesis. Patent protection for the thermodynamic values
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