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ABSTRACT

Thermodynamics provides insights into the influ-
ence of modified nucleotide residues on stability of
nucleic acids and is crucial for designing duplexes
with given properties. In this article, we introduce
detailed thermodynamic analysis of RNA duplexes
modified with unlocked nucleic acid (UNA) nucleo-
tide residues. We investigate UNA single substitu-
tions as well as model mismatch and dangling
end effects. UNA residues placed in a central
position makes RNA duplex structure less favour-
able by 4.0-6.6 kcal/mol. Slight destabilization, by
~0.5-1.5kcal/mol, is observed for 5- or 3'-terminal
UNA residues. Furthermore, thermodynamic effects
caused by UNA residues are extremely additive with
AG°37 conformity up to 98%. Direct mismatches
involving UNA residues decrease the thermodynam-
ic stability less than unmodified mismatches in RNA
duplexes. Additionally, the presence of UNA
residues adjacent to unpaired RNA residues
reduces mismatch discrimination. Thermodynamic
analysis of UNA 5'- and 3'-dangling ends revealed
that stacking interactions of UNA residues are
always less favourable than that of RNA residues.
Finally, circular dichroism spectra imply no
changes in overall A-form structure of UNA-RNA/
RNA duplexes relative to the unmodified RNA
duplexes.

INTRODUCTION

Thermodynamic characterization of chemically modified
nucleic acids is essential for understanding the influence
of nucleotide mimics on structure and stability. The basic
factors that affect the thermodynamic stability of RNA
and DNA are hydrogen bonds, stacking interactions, elec-
trostatic effects and duplex solvation (1-5). Combination
of the knowledge about the influence of particular

modifications on structure and stability gives an oppor-
tunity to design modified oligonucleotides with defined
physical properties in a rational and predictable way.
Therefore, modified nucleotides are useful tools to
modulate the physicochemical properties of nucleic
acids, which may lead to the development of biologically
relevant functions of nucleic acids. Modified oligonucleo-
tides have found applications in many important scientific
areas such as diagnostics, therapeutics and nanotechnol-
ogy (6—-13).

Acyclic nucleotide residues generally decrease the stabil-
ity when incorporated into DNA or RNA duplexes
(14-18). Unlocked nucleic acid (UNA; 2/,3-seco-RNA)
monomer is an acyclic RNA mimic (Figure 1) in which
the lack of a bond between the C2'- and C3’-atoms of the
ribose ring causes enhanced flexibility relative to an RNA
monomer. In 1995, our group reported synthesis of a
phosphoramidite derivative of the thymine UNA
monomer and its incorporation into DNA duplexes (17).
Recently, we presented the chemical synthesis of UNA
phosphoramidite building blocks of all canonical RNA
nucleobases, efficient incorporation of UNA monomers
into RNA or DNA strands and thermal denaturation
studies of modified RNA/RNA and RNA/DNA
duplexes (19,20). We showed that UNA has potential as
a molecular tool to either decrease discrimination of
mismatches or enhance base-pairing specificity.
Additionally, biological studies of UNA-modified anti-
sense oligonucleotides have demonstrated compatibility
with RNase H activity (21,22), and introduction of
UNA monomers in siRNA duplexes have revealed that
UNA is a very attractive modification to improve the spe-
cificity of gene silencing (23-25).

Here, we report the first detailed thermodynamic studies
of UNA-RNA/RNA duplexes. We have conducted com-
prehensive analysis of the influence of the acyclic UNA
residues of all four canonical RNA nucleobases depending
on matched or mismatched interactions within the duplex,
position and sequence context. Furthermore, we describe
the thermodynamic effects of UNA 5'- and 3’-dangling
ends.
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Figure 1. Structure of a UNA nucleotide residue.

MATERIALS AND METHODS
General

The RNA oligonucleotides were purchased from
Integrated DNA Technologies. UNA-modified oligo-
nucleotides (commercially available from www.ribotask
.dk) were synthesized on an automated RNA/DNA syn-
thesizer using standard phosphoramidite chemistry as
described earlier (19). The O3’-phosphoramidites of
UNA nucleosides were synthesized according to the pre-
viously described procedures (19). The purity of all oligo-
nucleotides was verified by ion-exchange HPLC to
be >80% and their composition was verified by
MALDI-TOF mass spectrometry (Supplementary Data).

Ultraviolet (UV) melting

Oligonucleotides were melted in a 10 mM sodium phos-
phate buffer containing 100mM sodium chloride and
0.1mM EDTA, pH 7.0. Oligonucleotide single-strand
concentrations were calculated from the absorbance
above 80°C (26). Single-strand extinction coefficients
were approximated by a nearest neighbour model (26,27)
with the HyTher program. It was assumed that UNA-
modified RNA and RNA strands of identical sequences
have identical extinction coefficients. Complementary
oligonucleotides were mixed at a 1:1 molar ratio. The
measurements were performed for nine different concen-
trations of each duplex in the range 107°-10"°M using
10 mm (300 pl) quartz microcuvettes. Absorbance versus
temperature melting curves were measured by UV melting
method at 260 nm with a heating rate of 1°C/min from 5
to 95°C on a Beckman DU 800 spectrophotometer
equipped with  6-position microcell holder and
thermoprogrammer. Melting curves were analysed and
thermodynamic parameters were calculated assuming a
two-state model with the program MeltWin 3.5 (28).
The AH° derived from TK,II versus In (Cp/4) plots was
within 15% of that derived from averaging the fits to in-
dividual melting curves for all analysed duplexes
(Supplementary Data). This indicates that the two-state
model is valid for all duplexes studied. The UV melting
method used herein assumes negligible difference in heat
capacities of the folded and unfolded state (29). Despite
the fact the Tm values for most of the studied duplexes are
relatively high, the parameters were evaluated at 37°C to
simplify the comparison with other thermodynamic data
which are mostly reported for the above temperature.

Circular dichroism spectra

Circular dichroism (CD) spectra were collected on a Jasco
J-600A spectropolarimeter using 1 ml quartz cuvettes with
a 5-mm pathlength. Oligonucleotide single-strand concen-
trations were calculated based on the absorbance values
measured above 80°C (26). The oligonucleotides were
dissolved in a 10 mM sodium phosphate buffer containing
100 mM sodium chloride and 0.1 mM EDTA, pH 7.0 to
obtain 5uM solutions of single-stranded oligoucleotides
or duplexes. Complementary oligonucleotides were
mixed at a 1:1 molar ratio. All samples were annealed
for 2min at 100°C and slowly cooled to room temperature
before data collection. The measurements were taken at
20°C in the 200-300nm wavelength range. The buffer
spectrum was subtracted from the sample spectra. The
spectra were smoothed in Microcal Origin 6.0 using
Savitzky—Golay filter.

RESULTS

In sections below, the thermodynamic data of UNA nu-
cleotide incorporation into RNA/RNA duplexes are dis-
cussed relative to the data obtained for corresponding
unmodified RNA/RNA reference duplexes, unless other-
wise specified. UNA residues are marked by bold and
underlined letters.

The influence of single UNA substitution at
the 5'- or 3'-end

The thermodynamic effect of UNA single substitution at
the 5'- or 3’-end of modified 11nt oligonucleotides was
studied with model sequences SACGCUACGUGA, 5C
UGGUCGCAUC, YGAUGCGACCAG and YUCACG
UAGCGU for UNA-A, -C, -G and -U (A, C, G, and U),
respectively, where the 5'- or 3’-terminal RNA residue was
substituted with the given UNA residue (Table 1). When
one of the four UNA residues was placed at the 5-end
moderate destabilization of the duplex, by 0.99 (A), 0.54
(€), 1.46 (G) and 0.80 (U) kcal/mol was observed, whereas
for 3’-terminal UNA residues the values of AAG®3; were
slightly higher for UNA-A and -C but lower for UNA-G
and -U amounting to 1.21 (A), 1.37 (C), 1.19 (G) and 0.45
(U) kcal/mol, respectively.

Effect of single UNA substitution in the central position

The studies of single UNA-C and -G substitution effects
were performed using the same model sequences as for 5'-
and 3’-end substitutions, however with modification of the
central nucleotide residue (Table 1). Significant decreases
in thermodynamic stability were observed for both
modified duplexes, showing increase in AG°3; value by
6.25 and 4.00 kcal/mol for UNA-C and -G, respectively.

The effect of single substitution by UNA-A and -U was
measured for duplexes of the sequences SACGCXAY
GUGA and YUCACXUYGCGU, where X and Y are
A, C, G, or U nucleotide residues. UNA-A situated
in the central position of the oligonucleotide makes
the duplex less favourable by 4.52-5.36kcal/
mol, whereas UNA-U destabilizes the RNA duplex by



Nucleic Acids Research, 2010, Vol. 38, No. 19 6699

Table 1. Thermodynamic parameters of helix formation with UNA (X) and oligoribonucleotides; the effect of single substitutions

Duplexes (5'-3')

TK,II versus log Cr plots

—AH° —AS° —AG°3; Tm" AAG°3; ATy Reference
(kcal/mol) (eu) (kcal/mol) °C) (kcal/mol) °C) number

(1) ACGCUACGUGA UCACGUAGCGU 99.1 + 1.7 2742 £ 5.0 14.07 = 0.10 62.5

(2) CUGGUCGCAUC GAUGCGACCAG 100.9 + 4.8 275.8 £14.2 15.39 £ 0.35 66.8

(3) ACGCUAAGUGA UCACUUAGCGU 99.9 +3.9 282.2 £ 12.0 12.41 £ 0.16 56.4

(4) ACGCUAGGUGA UCACCUAGCGU 101.9 + 6.1 280.9 + 18.4 14.82 + 0.40 64.5

(5) ACGCUAUGUGA UCACAUAGCGU 102.5 £ 3.3 289.5 £ 10.2 12.65 £ 0.15 56.7

(6) ACGCAACGUGA UCACGUUGCGU 104.9 £ 1.6 292.8 £ 5.0 14.13 £ 0.09 61.2

(7) ACGCCACGUGA UCACGUGGCGU 103.5 £ 2.5 281.6 +7.4 16.20 + 0.19 69.0

(8) ACGCGACGUGA UCACGUCGCGU 98.2 + 3.1 267.1 £9.3 1535 £0.23 67.6

ACGCUACGUGA UCACGUAGCGU 927+ 1.4 256.8 £4.2 13.08 £ 0.08 60.6 0.99 -1.9 (1)
CUGGUCGCAUC GAUGCGACCAG 101.1 £ 4.5 278.2 £ 13.6 14.85 + 0.31 64.8 0.54 -2.0 ?2)
GAUGCGACCAG CUGGUCGCAUC 89.7+£2.3 244.1 £ 6.9 13.93 £ 0.14 64.9 1.46 -1.9 ?2)
UCACGUAGCGU ACGCUACGUGA 90.8 £ 1.7 250.1 +£5.2 13.27 £ 0.09 61.8 0.80 —0.7 [€))]
ACGCUACGUGA UCACGUAGCGU 93.0+1.9 258.5 £ 5.7 12.86 + 0.09 59.7 1.21 -2.8 [€))
CUGGUCGCAUC GAUGCGACCAG 924 +52 252.7 £ 15.7 14.02 + 0.35 64.4 1.37 —-24 ?2)
GAUGCGACCAG CUGGUCGCAUC 96.5 + 3.8 265.5 + 11.3 14.20 + 0.24 63.8 1.19 -3.0 2)
UCACGUAGCGU ACGCUACGUGA 100.7 £ 2.4 280.7 £ 7.3 13.62 £ 0.13 60.5 0.45 -2.0 [€))]
CUGGUCGCAUC GAUGCGACCAG 90.3 £ 5.6 261.8 + 18.0 9.14 £ 0.11 46.2 6.25 —20.6 2)
GAUGCGACCAG CUGGUCGCAUC 102.6 + 5.6 2942 +£17.3 11.39 + 0.19 52.4 4.00 —14.4 ?2)
ACGCUACGUGA UCACGUAGCGU 80.7 £ 2.6 230.6 + 8.3 9.22 +0.04 47.7 4.85 —14.8 1)
ACGCUAAGUGA UCACUUAGCGU 62.3 £ 3.5 1754 £ 11.4 7.89 + 0.05 43.9 4.52 —12.5 3)
ACGCUAGGUGA UCACCUAGCGU 85.1 £2.5 2419 £ 179 10.05 £ 0.06 50.4 4.77 —14.1 )
ACGCUAUGUGA UCACAUAGCGU 75.8 £0.9 218.7 £ 3.1 7.97 £ 0.00 43.0 4.68 —13.7 5)
ACGCAACGUGA UCACGUUGCGU 85.6 £2.2 246.7 + 6.9 9.09 + 0.03 46.6 5.04 —14.6 (6)
ACGCCACGUGA UCACGUGGCGU 84.4 +3.2 237.2+99 10.84 + 0.1 53.7 5.36 —15.3 (@)
ACGCGACGUGA UCACGUCGCGU 974 + 3.1 279.8 £9.9 10.63 £ 0.08 50.6 4.72 —17.0 ®)
UCACGUAGCGU ACGCUACGUGA 67.7+ 1.0 192.2 + 3.1 8.12 £ 0.01 44.4 5.95 —18.1 (1)
UCACGUUGCGU ACGCAACGUGA 72.6 £ 1.8 208.9 £ 5.8 7.81 +£0.02 42.6 6.32 —18.6 6)
UCACGUGGCGU ACGCCACGUGA 853 +29 241.2 £9.0 10.46 + 0.08 52.0 5.74 —17.0 7
UCACGUCGCGU ACGCGACGUGA 90.9 + 2.8 261.9 + 8.9 9.63 + 0.05 47.9 5.72 —19.7 ®)
UCACAUAGCGU ACGCUAUGUGA 68.4 +23 197.7 £ 7.4 7.05 £ 0.05 39.4 5.60 —17.3 %)
UCACCUAGCGU ACGCUAGGUGA 59.1+1.9 164.0 + 6.0 8.21 +0.02 46.1 6.61 —184 (@)
UCACUUAGCGU ACGCUAAGUGA 71.0 £2.7 205.1 £9.0 7.36 + 0.04 40.7 5.05 —15.7 3)

ACalculated for 107*M oligomer concentration; changes in UNA-A and -U neighbourhood are marked by grey background.

5.05-6.61 kcal/mol, all dependent on the nature of the
neighbouring residue.

Additivity of UNA thermodynamic effects

Thermodynamic effects caused by multiple UNA modifi-
cations were evaluated using model sequences similar to
those used in 5- and 3’-end replacement studies with
combined UNA substitutions at the 5- and 3’-ends as
well as in the internal position (Table 2). Theoretical
AG®3; value was calculated by summing up AG°3; of
the unmodified duplex and the thermodynamic effects
(AAG®37) caused by single modifications in a given
position. Conformity of the thermodynamic effects, here
expressed in per cent, was evaluated by comparison of the
calculated AG°3; value with the experimental one and
signifies the extend to which the values are comparable.
The additivity for all studied duplexes was remarkably
high, mounting to 94, 90, 94 and 98% for UNA-A, -C,
-G and -U, respectively, with an average value of 94%.

The influence of UNA-A and -U mismatches

Studies of thermodynamic effects caused by UNA-A and
-U mismatches were performed with the modified residue
positioned centrally or at either of the ends of the

oligonucleotide (Table 3). As expected, central UNA-A
mismatches destabilized duplex structure the most
increasing the AG°;; value by 0.68 (A-A), 1.25 (A-C)
and 0.74 (A-G) kcal/mol relative to the matched
UNA-modified duplex. Interestingly, UNA-A terminal
mismatches were not only less destabilizing than central
mismatches, but also in most cases even slightly stabilizing
duplex structure by 0.66 (5'A-A), 0.99 (5'A-C), 0.28 (5'A-
G), 0.19 (3’A-A) and 0.41 (3’A-C) kcal/mol. Only for a
3'-terminal A-G mismatch was a minor destabilization
by 0.23 kcal/mol observed.

Examination of the influence of UNA-U internal
mismatches revealed decreases of duplex thermodynamic
stabilities relative to the matched UNA-modified duplex
by 1.67 and 1.65kcal/mol for U-C and U-U mismatches,
respectively, while a U-G mismatch did not change duplex
stability. Furthermore, UNA-U terminal mismatches were
in general less destabilizing than internal ones
(AAG®;37 = 0.09 (3'U-C), 0.13 (3'U-G), 0.10 (3'U-U) and
0.51 (5U-C) kcal/mol). A similar stabilization effect like
for UNA-A terminal mismatches was observed only for a
5'-terminal U-G mismatch (AAG°3;; = —0.53 kcal/mol),
whereas 5'U-U interactions showed no significant influ-
ence on RNA duplex thermodynamic stability.
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Table 2. Comparison between experimental and calculated thermodynamic stabilities

Duplexes (5/-3/) —AGO37 AGO37 AGO37
(kcal/mol)* (kcal/mol)® conformity%
ACGCUACGUGA UCACGUAGCGU 7.51 + 0.04 7.02 94
CUGGUCGCAUC GAUGCGACCAG 6.48 + 0.06 7.23 90
GAUGCGACCAG CUGGUCGCAUC 8.22 £ 0.01 8.74 94
UCACGUAGCGU ACGCUACGUGA 7.03 + 0.09 7.20 98
“Experimental value.
®Calculated value.
Table 3. Thermodynamic parameters of helix formation with UNA (X) and oligoribonucleotides; the effect of mismatches
Duplexes (5-3") TK,II versus log Cr plots
—AH® —AS° —AG°35 Tv®  AAG®3; AT AAAG®3®  AATy
(kcal/mol) (eu) (kcal/mol) (°C)  (kcal/mol) (°C) (kcal/mol) °C)

ACGCUAGGUGA UCACCUAGCGU 1019 £ 6.1 2809 + 184 14.82 £040 64.5 0 0

A-A UCACCAAGCGU 87.4 + 2.8 248.5 + 8.7 10.29 £ 0.07  50.9 4.53 —13.6

A-C UCACCCAGCGU 93.6 +£3.5 266.2 +£10.8  11.00 £ 0.11  52.6 3.82 —11.9

A-G UCACCGAGCGU 88.5 £ 2.6 251.2 +8.3 10.61 £0.08  52.0 4.21 —12.5
ACGCUAGGUGA UCACCUAGCGU 85.1 +2.5 2419 + 7.9 10.05 £ 0.06  50.4 0 0

A-A UCACCAAGCGU 77.4 £ 1.8 219.5 £ 5.7 9.37£0.03 4838 0.68 —-1.6 =385 12.0

A-C UCACCCAGCGU 799 £ 3.5 229.4 £ 11.3 8.80 £ 0.05  46.1 1.25 —43 =257 7.6

A-G UCACCGAGCGU 789 +4.7 224.3 £ 14.9 9.31 £0.10 483 0.74 2.1 =347 10.4
ACGCUACGUGA UCACGUAGCGU 99.1 +£ 1.7 274.2 £ 5.0 14.07 £0.10 62.5 0 0

A-A UCACGUAGCGA  102.0 £ 34 283.6 £ 10.2 14.02£0.19 61.6 0.05 —0.9

A-C UCACGUAGCGC 92.8 +£3.8 2558 £ 11.6  13.51 £0.22 62.2 0.56 —0.3

A-G UCACGUAGCGG  101.1 £4.0 2809 £ 122 13.92+£0.23 61.5 0.15 -1.0
ACGCUACGUGA UCACGUAGCGU 927+ 14 256.8 + 4.2 13.08 £ 0.08  60.6 0 0

A-A UCACGUAGCGA 982 +£4.6 2722 £13.8 13.74 £ 027 61.6 —0.66 1.0 —0.71 1.9

A-C UCACGUAGCGC  103.6 £2.7 288.6 + 8.3 14.07 £0.15  61.3 =099 0.7 —1.55 1.0

A-G UCACGUAGCGG 943 £ 6.5 260.9 £19.8 13.36 £0.37 61.2 —0.28 0.6 —0.43 1.6
ACGCUACGUGA UCACGUAGCGU 99.1 +£ 1.7 274.2 £ 5.0 14.07 £0.10 62.5 0 0

A-A ACACGUAGCGU 93.4 + 4.04 257.6 £ 123 1348 £0.23 619 0.59 —0.6

A-C CCACGUAGCGU 1013 +6.5 281.4 +£19.7 14.05+£040 619 0.02 —0.6

A-G GCACGUAGCGU 92.0 £ 3.8 2539+ 11.5 1323 +£021 614 0.84 —1.1
ACGCUACGUGA UCACGUAGCGU 93.0 £ 1.9 258.5+ 5.7 12.86 £ 0.09  59.7 0 0

A-A ACACGUAGCGU 89.1 + 3.6 24511 £ 11.1  13.05+0.20 61.5 —0.19 1.8  —0.78 2.4

A-C CCACGUAGCGU 942 £ 53 260.9 £16.2 1327 +0.30 609 —0.41 1.2 -0.39 1.8

A-G GCACGUAGCGU 87.2 + 3.0 240.4 + 9.0 12.63 £0.15 60.3 0.23 0.6 —0.61 1.7
UCACGUGCGU ACGCCACGUGA  103.5+2.5 281.6 + 7.4 16.20 £0.19  69.0 0 0

U-C ACGCCCCGUGA 88.0 £ 7.3 2459 +£22.6 11.67 £0.33 563 4.53 —12.7

U-G ACGCCGCGUGA 1028 £3.3 2833+ 10.1 1491 £0.22 645 1.29 —4.5

U-uU ACGCCUCGUGA 96.8 £ 6.3 271.8 £ 193 1247 +£0.29 573 3.73 —11.7
UCACGUGGCGU ACGCCACGUGA 853+ 2.9 241.2 +£9.0 10.46 £ 0.08  52.0 0 0

U-C ACGCCCCGUGA 76.5 + 3.4 218.4 £ 10.8 8.79 £0.05 464 1.67 —-56 286 7.1

U-G ACGCCGCGUGA 90.8 £ 3.0 259.1 £9.5 10.50 £ 0.08 51.2 —0.04 —-0.8 —1.33 3.8

U-u ACGCCUCGUGA 759 £ 4.6 216.3 £ 14.7 8.81 £0.07 46.6 1.65 —-54  =2.08 6.3
UCACGUAGCGU ACGCUACGUGA 99.1 £ 1.7 2742 + 5.0 14.07 £ 0.10  62.5 0 0

U-C ACGCUACGUGC 89.1 £ 1.7 2451 £ 5.3 13.03 £0.09 o614 1.04 —1.1

U-G ACGCUACGUGG 945 £ 1.8 261.6 + 5.3 13.35+0.10  61.1 0.75 —-14

U-U ACGCUACGUGU 97.1 £ 4.1 269.5 £ 125 1346 £0.22 609 0.61 —1.6
UCACGUAGCGU  ACGCUACGUGA 90.8 £ 1.7 250.1 £ 5.2 1327 £0.09 61.8 0 0

U-C ACGCUACGUGC 88.7 + 3.0 2449 + 9.3 12.76 £ 0.16  60.4 0.51 —-14 -0.53 0.3

U-G ACGCUACGUGG 1022 +23 285.0 £ 7.0 13.80 £0.13  60.7 —0.53 —-1.1  —1.28 —0.3

U-u ACGCUACGUGU 97.5£32 2713 £9.9 1330 £0.17  60.1  —0.03 —-1.7  —-0.64 —0.1
UCACGUAGCGU ACGCUACGUGA 99.1 £ 1.7 2742 £ 5.0 14.07 £ 0.10  62.5 0 0

U-C CCGCUACGUGA 99.7 £ 1.0 276.6 + 3.1 13.87 £ 0.06 61.6 0.20 -0.9

U-G GCGCUACGUGA 934 £33 257.4 +£9.9 13.58 £ 0.20 62.3 0.49 -0.2

U-u UCGCUACGUGA  100.5+ 1.4 279.1 + 4.4 13.93 £ 0.08 61.6 0.14 -0.9
UCACGUAGCGU ACGCUACGUGA 100.7 £24 280.7 + 7.3 13.62 £0.13  60.5 0 0

U-C CCGCUACGUGA 999 £ 1.3 278.4 £ 4.1 13.53 £0.07 60.4 0.09 —-0.1  —0.11 0.8

U-G GCGCUACGUGA  102.6 = 2.1 287.2 + 6.4 13.49 £0.11  59.6 0.13 —-09 -0.36 -0.7

U-U UCGCUACGUGA  104.6 £ 1.9 2938 £ 5.9 13.52 £0.10 59.2 0.10 —-1.3  —0.04 —0.4
ACGCCACGUGA  UCACGUGGCGU  103.5+2.5 281.6 + 7.4 16.20 £ 0.19  69.0 0 0

C-A UCACGUAGCGU 89.7 + 4.0 2559+ 125 1037 £0.10  50.9 5.83 —18.1

C-C UCACGUCGCGU 89.6 + 2.6 258.3 £ 8.1 9.52 £ 0.04 47.7 6.68 -21.3

C-U UCACGUUGCGU 88.9 + 2.6 256.2 + 8.2 9.47 +£0.04 47.6 6.46 —21.4

(continued)
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Duplexes (5'-3")

T,Qll versus log Ct plots

—AH® —AS° —AG®s5 Tv®  AAG 3y ATv®  AAAG;®  AATY®
(kcal/mol) (eu) (kcal/mol) (°C)  (kcal/mol) (°C) (kcal/mol) °C)
ACGCCACGUGA  UCACGUGGCGU 84.4 + 3.2 2372 +£9.9 10.84 + 0.1 53.7 0 0
C-A UCACGUAGCGU 62.0 + 5.1 176.8 £ 16.6 7.13£0.14 400 3.71 —-13.7 =212 4.4
c-C UCACGUCGCGU 64.6 £ 1.8 187.4 £5.9 6.47 £0.05 36.7 4.37 —-17.0 =231 4.3
C-U UCACGUUGCGU 525422 1489 £ 7.5 6.28 £0.08 35.5 4.56 —182 —1.90 3.2
ACGCUAGGUGA UCACCUAGCGU 1019 6.1 2809 £ 184 1482+ 0.40 64.5 0 0
G-A UCACAUAGCGU 80.3 £ 1.7 2313+ 5.4 8.57 £0.01 45.1 6.25 —19.4
G-G UCACGUAGCGU 94.8 + 3.6 275.8 £11.3 9.28 £0.05 46.3 5.54 —18.2
G-U UCACUUAGCGU  100.7 £ 1.8 287.9 £ 5.7 11.39 £ 0.06  52.7 3.43 —11.8
ACGCUAGGUGA UCACCUAGCGU 85.1+£2.5 2419 £ 7.9 10.05 £ 0.06  50.4 0 0
G-A UCACAUAGCGU 759 £ 2.7 224.6 + 8.8 6.22£0.07 35.7 3.83 —147 242 4.7
G-G UCACGUAGCGU 523 +3.6 149.5 + 12.2 596 £0.17 336 4.09 —16.8 —1.45 1.4
G-U UCACUUAGCGU 80.5 + 4.6 236.1 £ 15.0 7.28 £0.08 399 2.77 —10.5 —0.66 1.3
ACGCUACGUGA UCACGUAGCGU 99.1 £ 1.7 2742 £ 5.0 14.07 £0.10  62.5 0 0
G-A UAACGUAGCGU 88.8 £2.7 2479 £ 8.2 11.88 £0.11  56.9 2.19 —5.6
G-G UGACGUAGCGU 81.0 + 2.1 225.0 + 6.4 11.24 £ 0.08  56.1 2.83 —6.4
G-U UUACGUAGCGU 86.0 + 5.4 2399 + 16.7 11.61 £0.22  56.5 2.46 —6.0
ACGCUACGUGA UCACGUAGCGU 93.0+ 1.9 258.5+ 5.7 12.86 £ 0.09  59.7 0 0
G-A UAACGUAGCGU 76.4 + 4.9 210.5 £ 151 11.14 £0.21 569 1.72 2.8 —0.47 2.8
G-G UGACGUAGCGU 84.9 £ 3.0 237.2+9.3 11.34 £0.11 556 1.52 —4.1 —1.31 2.3
G-U UUACGUAGCGU 85.5+25 2392+ 7.7 11.35+0.09 555 1.51 —42 —0.95 1.8
ACGCUACGUGA  UCACGUAGCGU 99.1 + 1.7 2742 £ 5.0 14.07 £0.10  62.5 0 0
C-A UCACGUAGCAU 86.9 £ 1.1 240.1 + 3.4 12.44 £0.05 59.6 1.63 -2.9
C-C UCACGUAGCCU 91.4 +33 2555+ 10.1 12.13+0.14 572 1.94 -53
C-U UCACGUAGCUU 95.1 £3.2 266.1 £9.9 12.53 £0.15 579 1.54 —4.6
ACGCUACGUGA  UCACGUAGCGU 927+ 1.4 256.8 £4.2 13.08 £0.08  60.6 0 0
C-A UCACGUAGCAU  102.7 £ 4.1 289.0 £12.5 13.10 £0.19 582 —0.02 24 —1.65 0.5
C-C UCACGUAGCCU 952 £ 5.0 2674+ 154 1226 £022 569 0.82 =37 -—1.12 1.6
C-U UCACGUAGCUU 1019 + 3.5 287.0 £10.6 12.83£0.16 574 0.25 —-32 -1.25 1.4

Calculated for 107*M oligomer concentration.

"The difference in AAG®;; or ATy value between UNA-RNA/RNA and the corresponding RNA/RNA mismatched duplexes. RNA and UNA
residues directly involved in mismatch interactions are marked by grey background.

The influence of RNA mismatches adjacent to UNA

The thermodynamic effects of RNA mismatches adjacent
to UNA residues were studied with model sequences of the
form, SACGCCACGUGA, YSACGCUAGGUGA, 5YAC
GCUACGUGA and 5YACGCUACGUGA, where mis-
matched RNA residues are marked by grey background.
The internal C-X mismatches, where X is A, C or U,
neighbouring with UNA-A at the 5-side, destabilize the
duplex by 3.71 (C-A), 4.37 (C-C) and 4.56 (C-U) kcal/mol
relative to the matched UNA-modified duplex. This cor-
responds to less unfavourable thermodynamic effect of
those mismatches with reference to unmodified mis-
matched RNA duplexes (Table 3). Similarly, also
internal G-X mismatches adjacent to UNA-A at the
3’-side, where X is A, G or U, reduce mismatch discrim-
ination relative to the unmodified controls, and increase
Gibbs free energy by 3.83 (G-A), 4.09 (G-G) and 2.77
(G-U) kcal/mol. Moreover, comparable or slightly less
reduced discrimination was observed for C-X and G-X
mismatches neighbouring UNA-modified ends of RNA
duplexes with AG°3; value changed by 1.72 (G-A), 1.52
(G-G), and 1.51 (G-U), and —0.02 (C-A), 0.82 (C-C), and
0.25 (C-U) kcal/mol.

UNA dangling ends

The thermodynamic effect of UNA 5'- and 3'-dangling
ends was measured to evaluate the contribution of

stacking interactions to the UNA-induced changes in
duplex stability. Our studies revealed that UNA nucleo-
tide stacking interactions are always less favourable than
for RNA nucleotides. The majority of UNA 5-dangling
ends cause slight destabilization by 0.50, 0.24 and
0.55 kcal/mol for UNA-C, -G and -U dangling ends, re-
spectively. Minor stabilization is observed only in case of
5-UNA-A dangling end (Table 4). Unpaired UNA nu-
cleotides at the 3’-end induce favourable or unfavourable
changes in duplexes stability depending on nucleobase
type. For 3’UNA-A and 3UNA-G, minor stabilization
by 0.43 and 0.11 kcal/mol, respectively, was observed,
whereas for 3YUNA-C and 3’'UNA-U, decreased thermo-
dynamic stability by 0.17 and 0.31 kcal/mol, respectively.

Circular dichroism

CD spectra were measured for four representative
UNA-modified RNA duplexes differing in positioning of
a UNA-U modified nucleotide residue or in the number of
modifications (Figure 2a). The spectra of all studied
duplexes showed an intense, wide positive band
~260nm, a distinct negative band at 210 nm and a mod-
erately flat region in the 250-230 nm range, which corres-
ponds to the overall A-form duplex structure
characteristic for RNA (30).

Moreover, the CD spectra of UNA-U modified single
strands were recorded (Figure 2b). Also, in these cases no
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Table 4. Thermodynamic parameters of helix formation with UNA (X) and oligoribonucleotides; the effect of UNA dangling ends

RNA duplexes (5'-3')

T;,ll versus log Ct plots

—AH° (kcal/mol) —AS° (eu) —AG®3; (kcal/mol) Ty" (°C)  AAG®3; (kcal/mol) ATy (°C)
CGCUACGUGA UCACGUAGCG  98.0 +2.2 273.2 £ 6.6 13.26 + 0.12 59.9 0 0
ACGCUACGUGA UCACGUAGCG 101.3 + 1.1 2829 +34  13.58 £ 0.06 60.2 -0.32 0.3
UGGUCGCAUC GAUGCGACCA 93.1 £4.5 2552+ 13.7 1391 £0.29 63.7 0 0
CUGGUCGCAUC GAUGCGACCA 86.1 £3.3 2344499 13.41 £ 0.21 63.9 0.50 0.2
AUGCGACCAG CUGGUCGCAU  89.5+22 243.8 + 6.7 13.90 + 0.15 64.8 0 0
GAUGCGACCAG CUGGUCGCAU 87.1 £ 1.2 236.8 £ 3.8 13.66 £+ 0.08 64.7 0.24 —0.1
CACGUAGCGU ACGCUACGUG 928 +2.7 2572+ 8.3 13.02 £ 0.14 60.3 0 0
UCACGUAGCGU ACGCUACGUG 86.0 £ 1.5 237.0 £4.5 12.47 £ 0.08 60.0 0.55 —-0.3
ACGCUACGUG CACGUAGCGU 92.8 £2.7 257.2 £ 8.3 13.02 £ 0.14 60.3 0 0
ACGCUACGUGA CACGUAGCGU 99.4 +2.0 277.2 £ 6.0 13.45 £ 0.10 60.2 —0.43 —0.1
CUGGUCGCAU AUGCGACCAG 89.5+£2.2 243.8 £ 6.7 13.90 £ 0.15 64.8 0 0
CUGGUCGCAUC AUGCGACCAG 86.6 +£ 0.5 2350 £ 1.5 13.73 £ 0.03 65.1 0.17 0.3
GAUGCGACCA UGGUCGCAUC  93.1 +4.5 25524+ 13.7 1391 +0.29 63.7 0 0
GAUGCGACCAG UGGUCGCAUC 932 +£43 2554+ 13.1 14.02 £0.28 64.1 —0.11 0.4
UCACGUAGCG CGCUACGUGA  98.0+22 273.2 £ 6.6 13.26 + 0.12 59.9 0 0
UCACGUAGCGU CGCUACGUGA 912 +34 2524 4+ 103  12.95+0.18 60.5 0.31 0.6

Calculated for 107*M oligomer concentration.
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Figure 2. CD spectra of model UNA-modified RNA duplexes (a) and
UNA-modified oligoribonucleotides (b). Solid line—RNA, dash—
SUCACGUAGCGU,  dot-line—5UCACGUAGCGU, dash-dot—
line—5UCACGUAGCGU, dash-dot-dot-line—5UCACGUAGCGU;
underlined bold letters: UNA nucleotides.

significant alteration relative to the spectrum of the refer-
ence RNA oligonucleotide was observed. All spectra for
single strands showed an intense positive band with
maximum ~270nm, and two fairly intense negative
bands ~210 and 240 nm.

DISCUSSION

Series of UV melting experiments are useful for
providing data on RNA or DNA duplex thermodynamic
stabilities, whereas thermodynamic parameters supply
more detailed information about the changes in the
stability of nucleic acids imposed by a given modification.
Based on the latter kind of studies, several nearest-
neighbour models were created (31-43), which are useful
tools that provide insights to the predictions of thermo-
dynamic stability of RNA or DNA constructs for potential
applications in biochemistry, medicine or nanotechnology.

Recent papers describing UNA-containing oligonucleo-
tides revealed interesting and promising thermal and bio-
logical properties of these (17,19-25,44). Herein,
thermodynamic analysis of UNA internal single substitu-
tions revealed significant decrease of RNA duplex
stabilities (Table 1). The most destabilizing modification
was UNA-C and -U which made duplex structure less fa-
vourable by on average 6.25 and 5.86 kcal/mol, respect-
ively. Lower but still significant decreases in
thermodynamic stability of RNA duplexes, amounting
to an average 4.00 and 4.85kcal/mol were observed for
UNA-G and -A modifications, respectively. Stacking
interactions are one of the major factors contributing to
duplex formation, and it has been reported that in natural
nucleic acid duplexes the stacking ability of pyrimidines is
less than that of purines (4,45,46). It can be therefore
assumed that the degree of destabilization of UNA nu-
cleotides placed centrally in RNA duplexes mainly
depend on the surface area and polarizability of
nucleobase aromatic rings. UNA-C and -U are pyrimidine



nucleotide derivatives which possess smaller aromatic ring
surface arca and lower polarizability compared to
UNA-G and -A. Probably, therefore the unfavourable
thermodynamic effect caused by UNA purine ribosides
is weaker than that of UNA pyrimidine nucleotides.

Thermodynamic analysis of RNA duplexes containing
UNA-A and -U revealed that the composition of the exact
neighbourhood has a minor but perceptible influence on
the destabilizing properties of UNA. UNA-A decreases
thermodynamic stability of duplexes by 4.52-4.85kcal/
mol for the four types of 3’-adjacent nucleotide residue.
However, varying the 5'-neighbourhood of UNA-A
induces a slightly wider range of AG®°;; changes
(4.85-5.36 kcal/mol). Furthermore, also decrease of
RNA duplex thermodynamic stability caused by
UNA-U is mostly only faintly neighbourhood-dependent,
with AG°3;; increases in ranges of 5.72-6.32 and
5.05-6.61 kcal/mol  for  the  various 3- and
S'-neighbourhoods, respectively.

In general, the highest destabilization (AAG®3; = 5.36
(A), and 6.61 (U) kcal/mol) is observed, when UNA-A
neighbours are C (5-CAC-3') or when UNA-U is
adjacent to C and A (5-CUA-3). Conversely, the most
energetically favourable arrangement for internal
UNA-A and -U is 5-UAA-3 (AAG®3; = 4.52 kcal/mol)
and 5-UUA-3  (AAG°3;; = 5.05kcal/mol). UNA
nucleobases probably adopt a less-defined orientation
within a duplex than RNA nucleobases. The differences
in destabilization effects caused by UNA-A and -U
flanked by various nucleotides are presumably due to dif-
ferent interactions between the nucleobases of UNA and
the adjacent ribonucleotides (28,47). Thus, destabilizing
effect of UNA-A and -U might be compensated for by
favourable electrostatic interactions between partially
charged eclectron donating and electron withdrawing
groups. Similarly, duplex destabilization induced by
UNA might be additionally increased by unfavourable
donor—donor or acceptor—acceptor interactions.

UNA modifications situated at one of the terminal pos-
itions cause minor decrease in duplex thermodynamic
stabilities (Table 1). In general, UNA-A and -C nucleotide
residues destabilize RNA duplexes more by 0.22 and
0.83 kcal/mol, respectively, when placed at the 3'-end,
whereas UNA-G and -U show greater effect, by 0.27
and 0.35 kcal/mol, at the 5’-end. Moreover, the unfavour-
able effect of a terminal UNA modification is significantly
less pronounced than of an internal UNA modification.
Similar effects were observed previously for other types of
modifications including 5- and 6-substituted uridines and
N°-alkyladenosines which when shifted towards the end of
the duplex caused decreased destabilization (48,49). The
differences in destabilization caused by UNA situated in
terminal and internal positions might be due to the
enhanced flexibility of terminal relative to the internal
UNA nucleotides and thus better possibility to adopt an
energetically less unfavourable orientation at the end of
the duplex.

The majority of UNA-modified duplexes show favour-
able entropic effects accompanied by unfavourable
enthalpy changes, comparable to the data reported previ-
ously (19). Thus, increase of enthalpy values seems to
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overcome positive entropy changes resulting in overall
thermodynamic destabilization of the UNA-modified
duplexes.

The studies of duplexes containing three UNA modifi-
cations placed at terminal and internal positions within
RNA duplexes revealed that contribution to Gibbs free
energies per UNA monomer to a large extend (90-98%)
is additive (Table 2). It can thus be assumed that the
effects observed in singly UNA-modified RNA duplexes
can be applied to approximate thermodynamic stability of
duplexes containing more than one UNA nucleotide
residue. However, it seems that specific positioning of a
UNA nucleotide together with sequence dependency
should be taken into account for thermodynamic predic-
tions. Therefore, our studies of additivity are only prelim-
inary but suggest the opportunity to make an accurate
predictive tool. Interestingly, also the remaining thermo-
dynamic parameters of multi-modified duplexes show no-
ticeable conformity by 78-97% and 84-93% for AH® and
AS°, respectively (Supplementary Data).

The internal, direct mismatches of UNA-A and -U
are definitely less destabilizing in reference to the same
type of natural mismatches (Table 3). The difference of
unfavourable effects caused by given modified and un-
modified mismatches reaches 2.57-3.85kcal/mol and
1.33-2.86 kcal/mol for UNA-A or RNA-A, and UNA-U
or RNA-U mismatches, respectively. The most
destabilizing UNA-A mismatch is A-C, whereas A-A
and A-G influence duplex stability less significantly.
Surprisingly, the destabilizing effect of RNA mismatches
in unmodified duplexes increases in a different order: A-C
< A-G < A-A. The order of RNA mismatch stability is
comparable also to the previously reported results (50).
Notably, the influence of U-C, U-G and U-U mismatches
is completely consistent with the effects caused by un-
modified mismatches with the order of destabilizing
power of UNA-U mismatches being U-G < U-U < U-
C. Moreover, the obtained results are in accordance
with previous experiments showing that U-G, in the
same context 5SGUG/3'CGC, is the most stable
mismatch in RNA duplexes (51).

Remarkably, thermodynamic studies of UNA-A direct
terminal mismatches revealed unexpected enhancement of
duplexes stability in the range of 0.19-0.99 kcal/mol.
Minor destabilization was observed only for 3’-terminal
A-G interactions. UNA-A mismatches placed at the
5’-end stabilize duplexes by 0.66 (A-A), 0.99 (A-C) and
0.28 (A-G) kcal/mol, whereas at the 3’-end by 0.19 (A-
A) and 0.41 (A-C) kcal/mol. Interestingly, the order of
favourable effects induced by 3'-terminal UNA-A (A-C
> A-A > A-QG) is consistent with the order of destabiliza-
tion observed for natural mismatches (A-C < A-A < A-G).
The examples of nucleotides which involved in mismatch
interactions destabilize or stabilize duplexes when placed
at internal or terminal positions, respectively are very few.
However, similar behaviour was reported previously for
e.g. LNA-U mismatch formed in 2’-O-methyl-RNA/RNA
duplexes (52) and for anti-parallel dC-dT interactions
(53). In contrast, the majority of UNA-U terminal
mismatches slightly destabilizes duplexes. Minor stabiliza-
tion was observed only for 5'-terminal U-G interactions.
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Notably, a U-G mismatch is considered as one of the most
stable RNA mismatches. Finally, a 5-terminal U-U
mismatch seems to have no significant influence on
overall thermodynamic stability of an RNA duplex.
Irrespective of the differences in thermodynamic effects
observed for UNA-A and -U terminal mismatches, they
are more favourable for the structure when situated at the
5-end than the 3’-end. Moreover, terminal UNA
mismatches destabilize RNA duplexes less than internal
ones. In general, shifting internal mismatches towards
duplex ends progressively increases the stability
(48,51,54). 1t is presumably due to the enhanced flexibility
of a terminal base pair with an ability to adopt an ener-
getically more favourable orientation. Our studies are thus
in accordance with previously published reports.

UNA reduces discrimination also when situated
adjacent to RNA mismatches (Table 3). Our studies
revealed that the unfavourable effect of internal RNA
mismatches adjacent to UNA-A at the 5-side is lowered
by 2.12 (C-A), 2.31 (C-C) and 1.90 (C-U) kcal/mol relative
to the values of mismatch discrimination within unmodi-
fied RNA duplexes. Similarly, also internal RNA
mismatches positioned at the 3’-side of UNA-A show re-
duction of mismatch discrimination mounting to 2.42
(G-A), 145 (G-G) and 0.66 (G-U) kcal/mol, again
relative to the corresponding mismatches of the reference
RNA duplex. In addition, when shifting RNA mismatches
close to a duplex end while retaining their 5'- or 3’-UNA-
A neighbourhood, lower destabilization effects are
observed.

Analysis of entropy and enthalpy values of all
UNA-modified RNA mismatched duplexes implies
compensation between unfavourable enthalpy and favour-
able entropy changes resulting in decrease of duplex
thermodynamic stabilities. However, some UNA-RNA/
RNA duplexes, mainly containing terminal mismatches,
were found to show unfavourable entropy changes
dominating over favourable decreases in enthalpy value.

The thermodynamic analysis of UNA dangling ends
revealed less favourable stacking interaction in reference
to RNA nucleotide residues (Table 4, (46); and
Supplementary Data). UNA-C, -G and -U 5-unpaired
nucleotides cause minor destabilization of RNA
duplexes, wherecas UNA-A 5-dangling end in-
creases thermodynamic stability (Table 4). The destabil-
ization effect is weaker (or given stabilization effect is
stronger) for UNA 3'-dangling ends. Furthermore,
more favourable effects caused by unpaired nucleotides
both at the 5'- and the 3’-end are observed for UNA-A
and -G, presumably caused by the more favourable
stacking due to the larger planar nucleobase surface
area in comparison with UNA-C and -U as discussed
previously. Our results are thus consistent with earlier
thermodynamic analysis of RNA dangling ends reporting
enhanced stabilization effects of 3’-unpaired nucleotides
compared to 5-unpaired nucleotides and of purines
compared to pyrimidines (46,55-57). The analysis of
entropy and enthalpy changes for UNA dangling ends
revealed compensation of a favourable entropy contribu-
tion by an unfavourable enthalpy change for all UNA-C,
-G and -U dangling ends leading to decreases of

thermodynamic stability. Conversely, a decrease of
enthalpy overcomes unfavourable entropy terms resulting
in stabilization of duplexes containing unpaired UNA-A
nucleotides.

CD spectra of model UNA-RNA/RNA duplexes
showed bands characteristic for A-form duplex
structure (Figure 2a). For all UNA-modified duplexes, a
negative band at 210nm and a positive band ~260 nm
were observed. A similar band pattern was observed
for the corresponding unmodified RNA duplex, and no
significant changes were observed between the bands
of all the UNA-RNA/RNA single strands (Figure 2b).
Therefore, incorporation of one or few UNA nucleo-
tides into an RNA duplex do not alter the overall
RNA geometry, and UNA nucleotides thus can be con-
sidered as RNA nucleotide mimics as reported previously
(19).

The comprehensive thermodynamic analysis presented
herein is the first made for UNA-modified RNA duplexes.
The thermodynamic parameters reported in this article
provide general rules which are useful for an approximate
prediction of the thermodynamic stability of UNA-
modified RNA duplexes. In summary, (i) UNA nucleotide
residues cause destabilization of RNA duplexes by
4.0-6.6 kcal/mol (internal positions) or 0.5-1.5kcal/mol
(terminal positions), (i) UNA pyrimidine nucleotides
show greater stability decreasing effects than UNA
purine nucleotides, (iii) thermodynamic effects of single
UNA substitutions are additive, (iv) the destabilizing
properties of UNA nucleotides are slightly dependent on
the nature of the flanking bases, (v) UNA nucleotides sig-
nificantly reduce mismatch discrimination (direct UNA
mismatches and those adjacent to the UNA modification),
(vi) UNA nucleotides interact according to the Watson—
Crick base-pairing rules, (vii) stacking interactions of
UNA nucleotides are less favourable than of RNA nucleo-
tides, and (viii) single or few UNA nucleotides do not
perturb the overall A-form structure of RNA duplexes.
This study underlines the importance of ribose ring integ-
rity to overall stability of RNA duplexes. It can be
anticipated that destabilization by UNA residues as
verified herein plays a key role for the recently reported
unique effects of UNA residues when positioned in the
antisense strand of siRNA constructs, namely high-
efficient gene silencing combined with significant reduc-
tion of miRNA-type off target effects (25). UNA is thus
an attractive tool for gene silencing applications and the
knowledge about thermodynamic effects presented herein
can be applied to siRNA design.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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