
3′ Terminal Nucleotides Determine Thermodynamic Stabilities of Mismatches at the
Ends of RNA Helices†

Koree Clanton-Arrowood,‡ John McGurk,‡ and Susan J. Schroeder*

Department of Chemistry and Biochemistry, UniVersity of Oklahoma, 620 Parrington OVal, Norman, Oklahoma 73019

ReceiVed August 25, 2008; ReVised Manuscript ReceiVed October 25, 2008

ABSTRACT: The thermodynamic stabilities of consecutive mismatches at the ends of RNA helices are
determined by the 3′ terminal nucleotides. More than 40 RNA duplexes containing terminal motifs of 3
or more nucleotides were studied by optical melting experiments. Up to three noncanonical pairs of
nucleotides at the end of RNA helices provide additional thermodynamic stability. 3′ nucleotides contribute
more stability than 5′ nucleotides, and purines contribute more stability than pyrimidines. The additional
stability of a second or third 3′ nucleotide stacking on a purine is the same for both dangling ends and
consecutive terminal mismatches. Current predictions underestimate RNA duplex stabilities with terminal
motifs by 1.4 kcal/mol on average, which is an order of magnitude in a binding constant at 37 °C. Accurate
thermodynamic parameters for these terminal motifs will contribute to improvements in RNA secondary
structure predictions, identification of microRNA targets, and design of siRNA therapeutics with fewer
off-target effects.

The binding of a small RNA to an mRNA target is intrinsic
to RNA interference (RNAi) (1-4). Currently off-target
effects limit the implementation of RNAi1 therapeutics (5-7).
Fully realizing the potential of RNAi to cure human disease
will require an understanding of the stability and specificity
of RNA interactions and RNA secondary structure (8-11).
This paper presents measurements of the thermodynamic
stabilities of the terminal mismatch motifs common in siRNA
and miRNA interactions and an improved method to estimate
the stabilities of these RNA motifs. These results can be
incorporated into the database of thermodynamic parameters
that form the core of RNA prediction programs such as
mfold, RNAStructure, Vienna RNA Web Suite, RNAStar,
and SFOLD (12-16).

The thermodynamic parameters presented here will contribute
to improvements in the estimates of siRNA:mRNA interactions
and target accessibility. The thermodynamic stability of the
RNA duplexes is a critical factor in several steps of the RNA
interference phenomenon, including target recognition, 5′ seed
region formation, determining mRNA cleavage or translation
inhibition pathways, and product release (17-21). Although
protein-RNA interactions are an important factor in siRNA
phenomena, the stabilities of different RNA duplexes are
necessary to explain the changes in RNA regulation efficiency
due to synonymous substitutions in the miRNA target sequence,
for example (22). The new data and prediction methods
presented in this paper improve the estimates for a set RNA

duplex stabilities that correlate with siRNA efficacy in controlled
in Vitro assays (18).

Thermodynamic stability and secondary structure of the
mRNA target are important factors for effective RNA
therapeutics (9, 10, 17, 23-25). Possible conformational
changes in the mRNA secondary structure, such as the
possibilities considered by programs such as Oligowalk and
siRNAfold (8, 11, 25, 26), can affect RNAi efficacy and
specificity. For example, changes in RNA secondary structure
are one strategy of HIV viral resistance to RNAi therapeutics
(10). Thus, accurate thermodynamic parameters and RNA
secondary structure prediction are essential for design of
siRNA therapeutics and target selection.

Despite much research, the thermodynamic parameters for
the formation of noncanonical motifs and the sequence
dependence of irregular structures remain incomplete (15, 27).
Previous research on the sequence dependence of thermo-
dynamic parameters for a variety of loops in RNA shows a
wide range of stabilities for noncanonical regions of
RNA (27-42). Incorporating more accurate thermodynamic
parameters for loop motifs has improved the overall predic-
tion of RNA secondary structure (15, 27). Dangling ends
are the nucleotides that occur at one end of an RNA helix.
The thermodynamic stability of a single dangling end
nucleotide on the 3′ end of the helix is more stable than on
the 5′ end (43-47). This additional stability extends to 4
single nucleotides (45). The sequence dependence of these
single dangling ends continues to two nucleotides (48, 49).
Terminal mismatches are a pair of noncanonical nucleotides
at the end of one RNA helix. Current thermodynamic models
do not include any additional stability beyond a single
terminal mismatch. This research shows that more than one
consecutive terminal mismatch and dangling ends extending
from terminal mismatches provide additional thermodynamic
stability.
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EXPERIMENTAL PROCEDURES

Oligoribonucleotides were purchased from Dharmacon and
prepared according to the manufacturer’s instructions. Greater
than 90% purity was confirmed by radioactive 32P 5′ labeling
and gel electrophoresis. If necessary, oligomers were purified
by thin layer chromatography as previously described (28).

Oligomer concentration was determined from the UV
absorbance at 280 nm at high temperature (50). The RNA
was dissolved in 1 M NaCl, 10 mM sodium cacodylate, 0.5
mM Na2EDTA, pH 7 melting buffer. Some oligomer
duplexes formed aggregates in high salt and were melted in
10 mM NaCl. Motifs that contain the potential to form
protonated A+C or C+C base pairs were also melted in pH
5 melting buffer. Melting curves were measured at 280 nm
on a Beckman DU800 spectrometer with a modified microTm

cell holder and a heating rate of 1 °C/min. The melting curves
were fit to a two-state model with sloping baselines (51) and
analyzed with the Meltwin program (52). Thermodynamic
parameters were obtained by fitting plots of inverse melting
temperature (TM

-1) versus the natural log of the total strand
concentration (CT) to the equation

TM
-1 ) (R ⁄ ∆Ho)ln(CT)+∆So ⁄ ∆Ho (1)

where R is the gas constant (53).
Imino proton NMR were acquired with a 500 MHz Varian

VNMR spectrometer and console in order to verify the
expected duplex formation and test for possible hydrogen-
bonded base pairs in terminal nucleotides. RNA samples for
NMR were dissolved in 10 mM NaCl, 10 mM sodium
phosphate, 0.5 mM Na2EDTA, pH 6 to at least 0.15 mM
concentration.

Linear regression analysis was done using the linest
function in Excel software and includes data for all previous
terminal motifs (36, 43, 45, 48, 49, 54-57) as well as the
new data presented in this paper. Statistical significance was
calculated using a Student’s t test in Excel.

RESULTS

Table 1 lists thermodynamic parameters derived from
melting experiments for over 40 duplexes containing dan-
gling ends and terminal mismatches. The duplexes are
grouped by number of terminal nucleotides and then in order
of decreasing stability of the terminal motif. The number of
5′ nucleotides is listed first followed by an x and then the
number of 3′ nucleotides. For example, a 2x3 motif has two
5′ nucleotides opposite three 3′ nucleotides extending from
the helix. The free energy of the terminal motif is calculated
according to the following equation:

∆Gterminal motif
o )

[∆Gduplex with terminal motif
o -∆Gduplex without terminal motif

o ] ⁄ 2 (2)

For example, in this 2x3 motif,

∆G°5 ′ CAAA)
3 ′ GAA

[∆G°5 ′ AAGCGCAAA3 ′-
3 ′ AAACGCGAA5′

∆G°5 ′ GCGC3 ′ ] ⁄ 2
3 ′ CGCG5′

(3)

The ∆G°terminal motif value is the free energy increment
attributed to the terminal mismatches and dangling ends. The
values for the enthalpy and entropy changes are similarly

derived and included in Supporting Information Table 1. The
values for ∆G°duplex without terminal motif are experimentally
measured values when possible or calculated using the
internal nearest neighbor-hydrogen bonding (INN-HB) model
(58). The INN-HB model implicitly includes any “end
effects” for the helix without terminal mismatches in the helix
initiation term. For helices in which the last base pair is an
AU or GU base pair, the terminal AU penalty, which
accounts for the different number of hydrogen bonds in a
helix ending with GC pairs versus a helix with the same
nearest-neighbors but ending with AU pairs, is included in
the calculation of ∆G°duplex without terminal motif.

Thermodynamic parameters for the duplexes with terminal
motifs derived from TM

-1 vs ln(CT) plots and from curve
fitting agree within 15%, consistent with the two-state
transition model unless otherwise noted (59). Sequences and
data in italics have differences between enthalpies from van’t
Hoff plots and curve fitting slightly above but near 15%.
Fourteen sequences based on naturally occurring siRNA or
miRNAduplexes thathavebeenstudied inVitro (18,19,21,60)
are noted in Table 1. As previously observed with other RNA
motifs, there is no apparent direct correlation between
thermodynamic stability and natural occurrence (29, 33, 41).
Duplexes melted in different buffers are noted in the table,
but were not included in the linear regression analysis. No
additional stability was observed for terminal motifs contain-
ing potential A+C or C+C base pairs at a lower pH that favors
protonated base pair formation (29, 35).

Comparison of the stabilities of the same motif 5′UCA/
3′AAG measured with different duplex stems in different
sodium chloride concentrations, 1.9 and 1.0 kcal/mol at 1
M and 10 mM NaCl respectively, demonstrates that salt
concentrations can have a significant effect on terminal motif
stability. The salt-dependent difference in stability per nearest
neighbor in the terminal mismatches, 0.45 kcal/mol, is similar
in magnitude to the difference in stability per nearest
neighbor for a Watson-Crick duplex melted at 1 M and 10
mM NaCl, 0.46 kcal/mol for the sequence 5′AGCGCU.
These results are within error of recent estimates for salt
dependence of an average AU base pair, although salt effects
can vary for different types of secondary structure motifs
(61).

Duplexes analyzed by imino proton NMR are noted by
superscripts in Table 1. All the NMR spectra showed the
correct number of peaks and chemical shifts expected for
the designed duplex formation but showed no evidence for
hydrogen bond formation in the terminal motifs. Imino
protons in stable hydrogen-bonded base pairs may be
protected from exchange with water and resonate between
9-15 ppm. The absence of an imino proton signal does not
preclude hydrogen bond formation, but implies that the
hydrogen bonding may be too transient or unstable to
significantly affect exchange rates with water. The exceptions
are a single additional low, broad resonance around 11.5 ppm
for the sequences 5′UUUGCGCUUU and 5′UGCGAUC-
CUG.

Table 2 shows the trends in free energy when adding either
adenine or uracil nucleotides to the 3′ or 5′ end of a helix.
Consistent with previous studies of single dangling ends,
addition of nucleotides to the 3′ end contributes far more
additional stability than 5′ dangling ends (43-45). Motifs
with the same number of 3′ nucleotides have the same
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Table 1: Thermodynamic Parameters of Duplex Formationa

Tm
-1 vs ln(ct/a) melt curve fits

5′x3′ sequence NaCl
-∆∆G°37

b

(kcal/mol)
-∆G°37

c

(kcal/mol)
-∆H°

(kcal/mol) -∆S° (eu)
Tm

d

(°C)
-∆G°37

(kcal/mol)
-∆H°

(kcal/mol) -∆S° (eu)
Tm

d

(°C)

4x4 5′AAAAGCGCAAAA 1 M 2.3 ( 0.3 9.3 ( 0.2 60.6 ( 3.5 165.6 ( 10.8 56.5 8.7 ( 0.1 50.5 ( 1.6 134.6 ( 5.2 57.2
(7.2)

4x4 5′GACGAGCUAUCAe 1 M 1.6 ( 0.3 5.4 ( 0.2 48.2 ( 5.6 137.9 ( 18.2 35.5 5.6 ( 0.4 43.4 ( 8.3 121.8 ( 26.8 36.6
(4.4)

4x4 5′GACGAGGCCUAUCAe,i 10 mM 5.6 ( 0.1 69.3 ( 1.6 205.3 ( 5.3 36.6 5.7 ( 0.1 61.7 ( 3.3 180.7 ( 11.0 36.9
4x3 5′AAAAGCGCAAA 1 M 2.2 ( 0.2 9.1 ( 0.1 55.4 ( 1.7 149.3 ( 5.2 57.2 8.7 ( 0.1 48.8 ( 1.5 129.2 ( 4.8 57.6

(7.2)
3x4 5′AAAGCGCAAAA 1 M 2.1 ( 0.2 8.9 ( 0.1 57.0 ( 2.1 155.0 ( 6.4 55.6 8.7 ( 0.2 51.6 ( 2.3 138.4 ( 7.1 56.1

(7.2)
3x3 5′GGAGUACGAA 1 M 2.7 ( 0.2 6.6 ( 0.1 58.2 ( 2.8 166.3 ( 9.0 41.9 6.6 ( 0.2 49.6 ( 4.9 138.7 ( 16.2 42.7

(4.1)
3x3 5′AGACUAGGAG 1 M 2.4(0.2 5.8 ( 0.1 44.8 ( 3.0 125.7 ( 9.7 38.2 6.1 ( 0.3 51.8 ( 14.5 147.5 ( 46.4 39.4

(4.2)
3x3 5′AAAGCGCAAA 1 M 2.2(0.4 8.9 ( 0.3 58.3 ( 5.0 159.2 ( 15.4 55.4 8.9 ( 0.5 62.4 ( 27.5 172.7 ( 87.4 53.7

(7.2)
3x3 5′UUUGCGCUUUh 1 M 1.7 ( 0.2 7.9 ( 0.1 55.5 ( 2.7 153.3 ( 8.7 49.9 7.8 ( 0.1 52.1 ( 3.1 142.8 ( 10.1 50.3

(6.6)
3x3 5′CUAUCGAGCA 1 M 1.6 ( 0.2 4.7 ( 0.1 41.1 ( 1.4 117.4 ( 4.6 29.8 4.9 ( 0.3 38.7 ( 6.5 109.1 ( 21.8 30.7

(3.2)
3x3 5′ACUACCGGUCAG 1 M 0.8 ( 0.3 9.8 ( 0.2 61.0 ( 4.2 165.1 ( 12.8 59.5 9.75 ( 0.5 57.2 ( 10.9 153.0 ( 33.8 60.8

(9.6)
3x2 5′AAAGCGCAA 1 M 2.4 ( 0.4 9.5 ( 0.3 62.3 ( 4.2 170.4 ( 13.0 57.2 9.0 ( 0.3 53.4 ( 2.7 143.2 ( 8.0 57.7

(7.2)
2x3 5′AAGCGCAAA 1 M 2.4 ( 0.2 9.1 ( 0.1 60.8 ( 2.0 166.6 ( 6.1 55.7 8.7 ( 0.2 51.7 ( 2.6 138.7 ( 8.4 56.2

(7.2)
2x5 5′GAAGCGCUCACUU(pH7)e 10 mM 1.1 ( 0.1 7.6 ( 0.1 74.8 ( 1.5 216.7 ( 4.6 46.2 7.6 ( 0.1 72.6 ( 3.9 209.6 ( 12.5 45.4
2x5 5′GAAGCGCUCACUU(pH5)e,i 10 mM 0.9 ( 0.1 7.3 ( 0.1 58.0 ( 2.7 163.4 ( 8.5 45.2 7.6 ( 0.3 60.1 ( 11.5 169.5 ( 36.4 47.0
2x2 5′AAGCGCAA 1 M 2.2 ( 0.3 8.9 ( 0.2 58.2 ( 3.8 158.9 ( 11.7 55.2 8.5 ( 0.2 50.6 ( 1.4 135.9 ( 4.6 55.3

(7.2)
2x2 5′GAUCGAGA 1 M 2.2 ( 0.2 5.9 ( 0.1 56.9 ( 2.7 164.4 ( 8.6 38.3 6.0 ( 0.2 47.8 ( 3.8 135.1 ( 12.6 38.8

(3.7)
2x2 5′GACUAGGAc 1 M 2.2 ( 0.2 5.3 ( 0.1 48.2 ( 1.7 138.2 ( 5.5 35.1 5.5 ( 0.2 47.6 ( 7.9 135.5 ( 25.6 36.0

(4.2)
2x2 5′AGGUACAG 1 M 2.2 ( 0.2 5.6 ( 0.1 46.8 ( 1.9 132.9 ( 6.1 36.2 5.7 ( 0.1 46.2 ( 8.7 130.7 ( 28.2 37.1

(4.1)
2x2 5′CGAGCUAUe 1 M 2.0 ( 1.4 6.1 ( 1.4 21.8 ( 7.0 50.3 ( 21.0 43.8 6.2 ( 1.2 25.7 ( 6.7 63.0 ( 23.1 43.3

(4.1)
2x2 5′GAAGCUGAe 1 M 1.9 ( 0.2 6.0 ( 0.1 48.5 ( 1.5 137.1 ( 4.7 39.0 6.1 ( 0.2 49.4 ( 8.7 139.6 ( 27.7 39.9

(4.4)
2x2 5′GAAGCUCAe,j 1 M 1.9 ( 0.2 6.0 ( 0.2 43.9 ( 3.3 122.3 ( 11.0 38.7 6.0 ( 0.1 51.1 ( 2.0 145.4 ( 6.3 34.3

(3.6)
2x2 5′UGUGCAGUd 1 M 2.0 ( 0.2 6.2 ( 0.1 63.1 ( 4.8 183.5 ( 14.1 39.7 6.2 ( 0.2 59.2 ( 2.4 170.7 ( 8.1 39.9

(3.8)
2x2 5′GAUGCAGA 1 M 1.7 ( 0.2 5.5 ( 0.1 53.2 ( 2.3 153.6 ( 7.6 36.1 5.6 ( 0.2 43.9 ( 2.9 123.6 ( 9.4 36.5

(3.8)
2x2 5′UUGCGCUUi 1 M 1.6 ( 0.2 7.8 ( 0.1 58.0 ( 2.3 161.8 ( 7.3 48.9 7.6 ( 0.1 50.5 ( 2.5 138.3 ( 8.1 49.0

(6.6)
2x2 5′UAUCGAGC 1 M 1.6 ( 0.2 4.8 ( 0.1 45.0 ( 2.0 129.4 ( 6.1 31.3 5.0 ( 0.2 44.3 ( 7.0 126.8 ( 23.3 32.0

(3.7)
2x2 5′AAAGCUAA 1 M 1.6 ( 0.2 5.1 ( 0.1 37.3 ( 2.0 103.8 ( 6.5 38.3 5.5 ( 0.3 38.3 ( 6.1 105.9 ( 20.3 35.3

(4.2)
2x2 5′GGAGCUGG 1 M 1.5 ( 0.2 5.1 ( 0.1 37.3 ( 2.0 103.8 ( 6.5 32.1 5.2 ( 0.2 42.4 ( 8.8 119.9 ( 28.4 33.4

(4.6)
2x2 5′AGUGCAAG 1 M 1.3 ( 0.2 4.7 ( 0.1 42.3 ( 2.2 121.2 ( 7.2 30.3 4.9 ( 0.2 40.0 ( 4.0 113.3 ( 13.3 30.7

(3.8)
2x2 5′UUCGCGUC 1M 1.2 ( 0.2 5.9 ( 0.1 52.4 ( 2.2 149.9 ( 7.1 38.3 5.9 ( 0.2 45.0 ( 3.0 125.9 ( 9.6 38.7

(5.1)
2x2 5′UUAGCUUUh 1 M 1.0 ( 0.3 4.2 ( 0.2 48.2 ( 3.5 142.0 ( 11.6 27.6 4.4 ( 0.4 43.3 ( 7.6 125.3 ( 25.5 28.5

(3.2)
2x2 5′UUAGCUUC 1 M 1.0 ( 0.2 4.2 ( 0.1 48.2 ( 1.6 141.9 ( 5.2 27.5 4.4 ( 0.2 42.7 ( 3.7 123.6 ( 12.2 27.9

(3.2)
2x2 5′GAAGCGCUCA 10 mM 1.0 ( 0.1 6.3 ( 0.1 57.6 ( 1.6 165.2 ( 5.2 35.9 7.5 ( 0.1 67.6 ( 1.8 193.7 ( 5.6 45.6

2x2 5′GAAGCCUCA 10 mM 6.3 ( 0.1 57.6 ( 1.6 165.2 ( 5.2 35.9 6.4 ( 0.1 62.2 ( 4.2 179.9 ( 13.5 36.2
3′ACUCGGAAG

2x1 5′AAGCGCA 1 M 1.7 ( 0.2 8.0 ( 0.1 52.9 ( 2.1 144.6 ( 6.4 51.7 7.7 ( 0.1 45.5 ( 1.1 121.6 ( 3.8 51.7
(7.2)

2x1 5′UUGCGCU 1 M 1.2 ( 0.2 7.0 ( 0.1 49.6 ( 1.8 137.3 ( 5.8 45.3 6.9 ( 0.1 44.7 ( 2.0 121.9 ( 7.3 45.6
(6.6)

1x2 5′GGUACAG 1 M 2.1 ( 0.2 5.4 ( 0.1 41.3 ( 2.7 115.8 ( 8.7 34.8 5.5 ( 0.2 45.3 ( 9.2 128.3 ( 30.0 35.5
(4.1)

1x2 5′AGCGCAA 1 M 2.0 ( 0.2 8.6 ( 0.1 57.8 ( 2.7 158.6 ( 8.4 53.8 8.3 ( 0.1 50.2 ( 2.0 135.0 ( 6.6 53.9
(7.2)
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stability regardless of the number of 5′ nucleotides. For
example 0x1, 1x1, and 2x1 motifs with adenine nucleotides
have stabilities of -1.5, -1.5, and -1.7 kcal/mol, respec-
tively. 0x2, 1x2, and 2x2 motifs with adenine nucleotides
have stabilities of -1.9, -2.0, and -2.1 kcal/mol, respec-
tively. Extra 5′ nucleotides provide additional stability only
as dangling ends without any opposing 3′ nucleotides. For
example, the free energies of 1x0, 2x0, 3x0, and 4x0 motifs
with adenines are -0.3, -0.5, -0.8, and -0.9 kcal/mol
respectively (45). The additional stability of adenines tapers

off after three nucleotides; for example, the stabilities of 3x3
and 4x4 motifs with adenines are -2.2 and -2.3 kcal/mol,
respectively. The additional stability of uridines tapers off
sooner after the addition of two nucleotides; for example,
the stabilities of 2x2 and 3x3 motifs with uridines are -1.6
and -1.7 kcal/mol, respectively. The amount of additional
stability of a 3′ nucleotide stacking on a purine is the same
for both dangling ends and consecutive mismatches.

Parameters for predicting terminal motifs (Table 3, Figure
1) were derived from a multiple linear regression analysis

Table 1: (Continued)

Tm
-1 vs ln(ct/a) melt curve fits

5′x3′ sequence NaCl
-∆∆G°37

b

(kcal/mol)
-∆G°37

c

(kcal/mol)
-∆H°

(kcal/mol) -∆S° (eu)
Tm

d

(°C)
-∆G°37

(kcal/mol)
-∆H°

(kcal/mol) -∆S° (eu)
Tm

d

(°C)

1x2 5′ACUAGGA 1 M 1.9 ( 0.2 4.8 ( 0.1 43.9 ( 2.2 126.3 ( 7.4 30.6 4.8 ( 0.2 46.6 ( 7.8 134.7 ( 25.8 31.5
(3.8)

1x2 5′UGCGCUU 1 M 1.7 ( 0.2 7.8 ( 0.1 58.4 ( 2.0 163.1 ( 6.2 48.8 7.6 ( 0.1 52.1 ( 2.3 143.5 ( 7.5 48.9
(6.6)

1x2 5′AUGCAGGf 1 M 1.3 ( 0.2 4.8 ( 0.1 39.2 ( 1.8 110.7 ( 6.1 30.2 5.0 ( 0.2 37.5 ( 6.1 104.9 ( 20.2 31.3
(3.8)

1x1 5′AGCUAGUG 1 M 1.2 ( 0.3 7.4 ( 0.1 73.9 ( 2.0 214.2 ( 6.3 44.5 7.2 ( 0.1 62.3 ( 1.7 177.6 ( 5.8 44.7
(7.3)

1x1 5′AGGCUGd 1 M 1.2 ( 0.4 4.5 ( 0.2 49.2 ( 4.9 144.0 ( 16.1 30.2 4.8 ( 0.3 42.0 ( 5.4 119.9 ( 17.8 30.6
(4.4)

0x1 5′UUGCAGUf 1 M 0.8 ( 0.3 4.9 ( 0.1 42.2 ( 2.0 120.5 ( 6.4 31.2 5.0 ( 0.2 40.0 ( 3.0 112.8 ( 10.0 31.6
(4.5)

0x0 5′GUUGCAGUd,i 1 M 1.6 ( 0.2 5.4 ( 0.1 45.2 ( 3.7 128.3 ( 12.1 35.2 5.5 ( 0.2 46.2 ( 5.2 131.3 ( 16.7 35.6
(3.3)

0x0 5′UGCGAUCCUGg,i 1 M 2.9 ( 0.3 7.0 ( 0.2 69.5 ( 6.9 201.6 ( 21.9 57.2 6.9 ( 0.6 60.3 ( 17.7 172.3 ( 55.2 43.4
(3.5)

0x0 5′AGCGCU 1 M 7.8 ( 0.1 49.5 ( 2.5 134.5 ( 7.9 50.6 7.9 ( 0.2 50.8 ( 4.2 138.5 ( 13.1 51.0
(7.9)

0x0 5′AGCGCU 10 mM 5.5 ( 0.1 42.3 ( 0.9 118.6 ( 2.9 35.7 5.6 ( 0.2 46.3 ( 3.9 131.3 ( 12.2 36.3
a Melting experiments were done in 1 M NaCl, 10 mM sodium cacodylate, 0.5 mM Na2EDTA, pH 7.0 buffer solutions unless otherwise noted.

Sequences are listed by size of terminal motif and then decreasing order of terminal motif stability. Sequences and data in italics have differences in
enthalpies from van’t Hoff plots and curve fitting near, but slightly above, 15%. Listed errors are standard deviations from reported measurements
assuming no correlation of errors in the slope and intercept and are therefore overestimates of this source of error. Estimated errors from all sources are
( 10%, ( 10%, and ( 2% for ∆H°, ∆S °, and ∆G°, respectively. b Values are calculated from Tm

-1 vs ln(ct/a) plots using the following equation:
∆G°terminal motif ) [∆G°duplex with terminal motif - ∆G°duplex without terminal motif]/2. c Values in parentheses are predicted stabilities of the
entire duplex using the rules currently implemented in prediction programs such as mfold (85), RNAstructure (15) and Vienna websuite (16). The
duplex stabilities are predicted using nearest-neighbor parameters (58) and rules for single terminal mismatches and dangling ends (15, 43, 54, 56, 57).
d Melting temperatures are given for total strand concentration of 1 × 10-4 M. e Terminal motif sequence based on naturally occurring miRNA or
siRNA sequences from ref 19, f Terminal motif sequence based on naturally occurring miRNA or siRNA sequences from ref 21, g Terminal motif
sequence based on naturally occurring miRNA or siRNA sequences from ref 60, h Terminal motif sequence based on naturally occurring miRNA or
siRNA sequences from ref 18. i Sequences were analyzed by one-dimensional imino proton NMR. j Duplex was melted in pH 5 buffer with no
significant change in thermodynamic parameters.

Table 2: Incremental Stabilities for Additional Purine or Pyrimidine Sequencesa

a Melting experiments were done in 1 M NaCl, 10 mM sodium cacodylate, 0.5 mM Na2EDTA, pH 7.0 buffer solutions. b Values are from ref 45.
c Values are from ref 48. d Values are from ref 62.
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of 187 terminal motifs from this work and previous
literature (36, 43, 45, 48, 49, 54-57, 62). The first 3′
nucleotide stacking on the last Watson-Crick base pair is
the most significant determinant of sequence dependence for
all terminal motifs. Dangling ends and terminal mismatches
show a different sequence dependence pattern for the first
3′ nucleotide. Additional stability for subsequent 3′ nucle-
otides is the same for both dangling ends and terminal
mismatches. Terminal motifs containing only 3′ dangling
ends, i.e. 0x1 or 0x2 terminal motifs, show a dependence
on the orientation of a CG closing base pair and a wide range
of stabilities from -0.4 to -2.5 kcal/mol (Supporting
Information Table 2). Thus four terms describe the stacking
effects of a purine or a pyrimidine on each possible CG
closing base pair orientation. A much narrower range of free
energies is observed when a single 3′ nucleotide stacks on
an AU closing pair. Thus only one term is necessary to
describe this interaction. Terminal mismatches, or 1x1 motifs,
show less dependence on the orientation of CG or AU closing
base pairs and a narrow range of stabilities, -0.8 to -1.5
and -0.5 to -1.2 kcal.mol, respectively (Supporting Infor-

mation Table 2). Terminal mismatch (1x1) stability mainly
depends on whether the 3′ stacking nucleotide is a pyrimidine
or purine. Thus, 4 terms describe the stacking effects of a 3′
purine or pyrimidine nucleotide on either CG or AU closing
base pairs. As the 3′ nucleotides extend farther, additional
sequence dependence is seen only when the nucleotides stack
on a purine. This is consistent with previous studies of 0x2
motifs (48). A single sequence-independent term adds a
bonus for each 5′ dangling end beyond the number of 3′
nucleotides. Two bonus terms are included to describe the
two of the exceptions to the overall trends in terminal motif
stability. The bonus for 5′CUU/3′GU and 5′ CGA/3′GAG
motifs are statistically significant in the linear regression
analysis, although there are only 3 or 2 occurrences,
respectively. While some parameters have similar values,
combining these values into a single parameter predicts the
experimental data more poorly and is less consistent with a
physical model of stacking interactions. These 14 parameters
accurately predict the values of all 187 measured terminal
motifs within experimental error. The R2 value for the linear
regression is 0.96.

Table 4 compares the free energies of formation of terminal
motifs, internal loops, and hairpin loops of adenine nucleotides.
Terminal motifs have favorable energies of formation unlike
hairpin loops or most internal loops. The change in free energy
of loop formation when adding a nucleotide to a loop is
approximately 0.5 kcal/mol or less for all types of loops with
3 or more nucleotides except when adding a fourth nucleotide
to a hairpin loop, which reduces significant backbone strain.
The unfavorable stability of internal and hairpin loops results
mainly from the entropic cost of closing a loop.

Table 5 shows a comparison of predicted thermodynamic
stabilities for the siRNA-mRNA pairing in the chemokine
receptor 4 (CXCR4) gene (18). Free energies are calculated
for the siRNA 5′ seed region using thermodynamic param-
eters in mfold as reported by Doench and Sharp and new
parameters presented here and by Mathews et al. (15). When
more than one base pairing pattern could occur as a result
of the mutation, the lowest free energy conformation was
chosen. Accurate thermodynamic parameters for noncanoni-
cal motifs have a significant impact on estimates of siRNA-
mRNA duplex stabilities. The average change in free energies
for the mutants is 1.5 kcal/mol. This subset of mutants
analyzed by Doench and Sharp shows the overall correlation
between thermodynamic stability of the siRNA 5′ seed region
and translational repression in a firefly luciferase reporter
assay. This is one example of how accurate thermodynamic
parameters can contribute to understanding the physical basis
of RNAi specificity.

DISCUSSION

3′ Terminal Purine Nucleotides ProVide the Most Ad-
ditional Thermodynamic Stability at the Ends of Helices. 3′
nucleotides provide more additional stability than 5′ nucle-
otides as dangling ends (44, 45, 57), terminal mismatches
(54), and consecutive terminal mismatches. This effect is
most likely a consequence of the geometry of stacking
interaction at the 3′ and 5′ ends of the helix (62, 63). A 3′
dangling purine explores more stacked conformations more
often than a 5′ dangling purine (44). Purine nucleotides bury
more surface area when stacked on a helix (64). Thus, the

Table 3: Parameters for Terminal Motif Predictiona

a Values are derived from a multiple linear regression analysis of 187
experimentally measured free energies for terminal motifs measured in 1
M NaCl, 10 mM cacodylate, 0.5 mM Na2EDTA, pH 7.0. R is an
abbreviation for purine nucleotides A or G. Y is an abbreviation for
pyrimidine nucleotides C or U. N represents any nucleotide that does
not form a Watson-Crick pair. The terms for the 2nd and 3rd 3′
nucleotide, which may be either a purine or a pyrimidine, are added
only if the additional nucleotide stacks on a purine. The term for 5′
nucleotides is added for each 5′ dangling nucleotide beyond the number
of 3′ dangling nucleotides.

FIGURE 1: Additional stabilities of terminal nucleotides. Each box
represents one nucleotide added onto the helix. The first 3′
nucleotide shows a wide range of stabilities determined by the
closing pair, nucleotide identity, and whether the nucleotide is a
dangling end or part of a noncanonical pair. The stabilities of the
second and third 3′ nucleotides are independent of these factors
and are added only when stacking on a purine nucleotide. The
stability of 5′ nucleotides are added only as a dangling end but not
in the context of terminal mismatches.
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free energies of stacking are larger for purines than pyrim-
idines and may show more sequence dependence. Enhanced
stability from additional terminal nucleotides requires stack-
ing on a purine nucleotide. The lack of sequence dependence
in larger terminal motifs suggests that stacking interactions
dominate and hydrogen bonds contribute very little additional
stability. Although little direct evidence for hydrogen bonding
was observed in terminal motifs, terminal nucleotides may
be sampling many conformations and forming transient
hydrogen bond interactions.

The new prediction rules in Table 3 provide a method for
estimating the thermodynamic stabilities of terminal motifs with
fewer numbers than the many tables previously compiled.
Several terms previously listed separately are now described
by one term, for example a single 3′ dangling nucleotide on an
AU or UA closing base pair. Helices with CG terminal base
pairs show more sequence dependence because the CG base
pairs have a larger dipole moment than AU pairs and stronger
stacking interactions. The dipole moments for C and G bases
and A and U bases are 6 and 3 D, respectively (65). The
prediction rules are consistent with the results from previous
measurements of terminal motifs (45, 48, 49, 54, 57, 63, 66).
Previous studies on a subset of loop sequences have generated
accurate estimates and prediction rules for later thermodynamic
studies (28, 29, 32, 34). Thus, these new measurements and
prediction rules should similarly improve future predictions of
RNA thermodynamic stability.

The three exceptions to the trends in terminal motif
stability are 5′CUU/3′GU, and 5′CGA/GAG and 5′UCA/
3′AAG. These three motifs show sequence dependence that
varies with the nucleotides in the 5′ position of the mismatch
unlike other terminal motifs studied. 5′CUU/3′GU, 5′CUU/
3′GUU and 5′CUUU/3′GUUU, -1.6, -1.6, and -1.7 kcal/
mol respectively, are more stable than 5′CUU/3′G or 5′CU/
3′GU, -1.2 and -1.3 kcal/mol, respectively. Other 2x2
terminal motifs containing U nucleotides, 5′GUC/3′CUU,
5′UUC/3′AUU, or 5′UUU/3′AUU, have stabilities of -1.0
kcal/mol (Table 1). The imino proton NMR of 5′CUUU/
3′GUUU shows one weak upfield peak that could possibly
result from hydrogen bonding in a UU pair. Perhaps the

particular orientation of the CG terminal Watson-Crick pair
favors stacking and hydrogen bonding in UU pairs such that
this motif has a greater population of conformations with
hydrogen bonds. Thus, the particular closing base pair, UU
pairs, and potential hydrogen bonding in motifs with 5′CUU/
3′GU rationalize the bonus term. UU pairs in other contexts
such as internal loops and hairpin loops also show additional
thermodynamic stability (28, 29, 35, 67). Similarly, the motif
5′CGA/3′GAG and 5′CGAA/3′GAGG, -2.4 and -2.7 kcal/
mol, are more stable than 5′CGA/3′G or 5′CG/3′GA, -2.1
and -1.4 kcal/mol respectively (Supporting Information
Table 2). These sequences are also found in the most stable
2x2 and 3x3 internal loops (31, 36), and are thus given a
bonus also in terminal motifs. 5′UCA/3′AAG is much more
stable, -1.9 kcal/mol, than 5′UCA/3′A or 5′UC/3′AA, -0.7
kcal/mol each. This motif, 5′UCA/3′AAG, also has the
possibility of forming a Watson Crick base pair with a single
nucleotide bulge and a single 3′ dangling adenine. This
alternate conformation may explain its anomalous stability;
thus this motif was not included in the linear regression
analysis. This motif shows a large salt dependence but no
change in stability between pH 7 and pH 5, which favors
the formation of protonated A+C mismatches. The 5′UCA/
3′AAG motif did not show exceptional stability in other
contexts such as 5′UAUCA/3′AGCAG or 5′UCACUU/
3′AAG, and thus was not given a separate bonus term. These
exceptions occur in a total of 6 measured terminal motifs;
the other 182 terminal motif measurements are predicted
within experimental error by the parameters in Table 3.

The Extent of Additional Stability in Terminal Motifs
Correlates with Measurements of RNA Persistence Length.
The additional stability of terminal nucleotides tapers off after
three 3′ purines or two 3′ pyrimidines, which is consistent with
experimental measurements and theoretical estimates of per-
sistence length in RNA (68-70). The persistence length is a
measurement of the stiffness and flexibility of a polymer. In
single molecule pulling experiments on polyA for example, the
persistence length was measured to be 1.8 nm with a 0.6 nm
phosphate-phosphate distance, or approximately 3 nucleotides
(69). In optical melting experiments, the thermodynamic stabil-

Table 4: Comparison of the Free Energies of Formation for Terminal, Internal, and Hairpin Loopsa

a Melting experiments were done in 1 M NaCl, 10 mM sodium cacodylate, 0.5 mM Na2EDTA, pH 7.0 buffer solutions. N is the number of
nucleotides in the loop. Parameters in parentheses are predicted numbers using rules and parameters described in ref 15. ∆G° is the free energy for
formation of the loop motif. ∆∆G° is the free energy difference between a closed loop, either an internal loop or a hairpin loop, and the terminal loop
motif. b Values are from ref 73 and adjusted for new nearest neighbor parameters (58). c Values are from ref 32. d Values are from ref 38 and adjusted
for new nearest neighbor parameters (58).
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ity is calculated from UV absorbance measurements that
monitor the transition from an initial duplex conformation at
low temperature to the final single-strand conformations at high
temperature. At high temperatures, entropy dominates and any
stacking interactions are likely to be only transiently sampled.
At low temperatures, single strand adenines adopt a stacked
conformation (71). More than three nucleotides extended from
a helix may stack but provide no measureable stability difference
between stacked and single strand conformations. In polyA,
stacking is cooperative. The Zimm-Bragg cooperativity factor
for polyA is 0.58 ( 0.15 measured by single molecule pulling
experiments (69), which is consistent with previous measure-
ments of cooperativity in polyA by calorimetric and spectro-
scopic methods (72). Propagating a helix stack is more favorable
than starting a helix stack (72). In the case of terminal motifs

containing adenines, the core Watson-Crick duplex has started
the helix stack, which makes adenine stacking more favorable.
The next 3′ adenine is also more likely to stack on an extended
helix, and this effect apparently continues for approximately
the persistence length of polyA.

The Stabilities of Terminal Motifs ProVide a Benchmark
for Estimates of the Entropic Cost of Closing Loops. Unlike
hairpin loops or most internal loops, the free energies of
terminal motifs are energetically favorable. At the ends of
helices, nucleotides are flexible and can adopt many possible
conformations with stacking interactions and possibly hy-
drogen bonding interactions. When the nucleotides are
entropically restrained in internal loops or hairpin loops, large
unfavorable penalties result from straining the phosphodiester
backbone and limiting the possible conformations of the

Table 5: Correlation of 5′siRNA Thermodynamic Stability and Translational Repressiona

a The duplexes represent the interaction between the CXCR4 siRNA and the 3′UTR in the reporter firefly luciferase gene. Mutations are shown in
italics. The fold repression of the gene and the first column of free energies calculated using mfold (13) were reported by Doench and Sharp (18). Free
energy is calculated for the 5′siRNA seed region represented by nucleotides in bold. New thermodynamic parameters are calculated using the new data
presented in this work and parameters in Mathews et al. (15). Errors in free energies are estimated to be (0.2 kcal/mol. The r2 value for the correlation
between thermodynamic stability of 5′siRNA seed region and fold repression is 0.699 and 0.739 with the previous and new thermodynamic parameters,
respectively.
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bases and backbone angles. When comparing loops of
adenine nucleotides in terminal motifs (Table 4, Supporting
Information Table 3) versus hairpin loops (38) or internal
loops (32, 73), the average free energy difference is 6.5 (
0.5 kcal/mol and 4.7 ( 0.3 kcal/mol, respectively. Comparing
sequences with all adenines minimizes sequence-dependent
variations in stacking interactions. Although adenines can
form hydrogen-bonded purine-purine pairs, the additional
stability of adenine pairs is typically less than GA or UU
pairs, which contribute additional, context-dependent ther-
modynamic stability to loops (for example refs 28, 35, 37).
The additional energy for increasing the number of nucle-
otides in a loop is small in all types of loops, but each type
of loop has a different energy for initiating the loop. The
free energy of forming a hairpin loop includes the helix
initiation entropic penalty for a unimolecular unfolding
reaction. The penalty for helix initiation for a bimolecular
duplex is 4.09 kcal/mol in the INN-HB model (58), a smaller
penalty than initiation of a unimolecular hairpin loop. The
additional penalty for forming a hairpin loop beyond helix
initiation partially reflects the entropic cost of restraining the
nucleotides and backbone angles in a loop and the break in
stacking interactions necessary to make a 180° turn. The free
energy for initiating an internal loop includes contributions
from the stacking and hydrogen bonding interactions in the
closing base pairs. This may partly explain the larger
sequence dependence in internal loops (3.6 to -2.6 kcal/
mol, Supporting Information Table 3) than terminal motifs
(0.0 to -2.7 kcal/mol, Supporting Information Table 3) and
the wide range of differences in stabilities when comparing
terminal and internal loops of different sequences (6.1 to
-0.6 kcal/mol, Supporting Information Table 3). The
dependence of the loop stability on the orientation of the
closing base pairs suggests some enthalpic stacking contribu-
tions to loop formation. For example 5′CAAC/3′GAAG and
5′CAAG/3′GAAC have stabilities of 2.4 and 1.8 kcal/mol
respectively, which cannot be explained by a model that
considers loop formation to be entirely an entropic penalty.
In the absence of energy parameters for terminal motifs,
many theoretical models consider loop formation to be
entirely entropic (74-76). The data presented here provide
parameters to further improve theoretical models.

Surprisingly, two exceptional terminal motif sequences are
less stable when compared to internal loops with similar
sequences (Supporting Information Table 3). A terminal GG
mismatch, 5′CG/3′GG (-1.6 kcal/mol) is less stable than
an internal GG mismatch 5′CGG/3′GGC (-2.1 kcal/mol)
(77). GG mismatches are idiosyncratically stable and dy-
namic even within an internal mismatch (78). A 2x2 terminal
GA pair 5′GGA/3′CAG (-2.2 kcal/mol) is also less stable
than an internal 2x2 loop 5′ GGAC/3′CAGG (-2.6 kcal/
mol) (39). The NMR structure of this loop shows imino GA
pairs and stacking that optimizes electrostatic overlap (79).
In these two cases, perhaps the preferred conformation of
the terminal motif nucleotides fits well with A-form helical
structure and little entropic penalty is paid to close the loop
with a base pair, resulting in only additional favorable
stacking enthalpy. Alternatively, perhaps the stacking inter-
actions with these sequences are so favorable that the entropic
penalty of closing the loop with a Watson-Crick base pair
is overcome by a large favorable enthalpy.

GU Pairs Are Idiosyncratically Stable. Thermodynamic
stabilities of GU pairs are notoriously idiosyncratic and
context dependent (39, 40, 80-82). Although imino proton
NMR did not provide positive evidence for the formation
of terminal GU pairs, the thermodynamic stabilities of
terminal GU pairs with dangling ends and terminal mis-
matches have thermodynamic stabilities similar to the
stabilities of AU terminal base pairs, which also often do
not show imino proton resonances (29). This is consistent
with rules for predicting the free energies of internal loops
closed by GU pairs (40). The sequence 5′UGCGAUCCUG
has an anomalously stable terminal motif free energy, -2.9
kcal/mol, and thus was not included in the linear regression
analysis. Perhaps this sequence would be better described
as a single mismatch and two terminal GU base pairs. The
internal nearest neighbor parameter for 5′ UG/3′GU however
is +0.3 kcal/mol (83), thus suggesting that once again the
stability of GU pairs is highly idiosyncratic. Two small, very
broad resonances between 10.5-11 ppm in the imino proton
spectrum of 5′UGCGAUCCUG may be the results of
hydrogen bonding in GU pairs. The 5′GU/3′UG motif at the
end of the helix 5′GUUGCAGU has a stability of -1.6 kcal/
mol in contrast to the internal nearest neighbor value of 1.3
kcal/mol and value of -1.1 kcal/mol in the context of
5′GGUC3′/3′CUGG5′. GU pairs were also noted as excep-
tional cases in the careful in Vitro experiments designed to
test the correlation of miRNA efficiency and specificity with
miRNA:mRNA duplex thermodynamic stability (18).

ImproVed Thermodynamic Parameters for Terminal Motifs
Can ProVide Insight into RNAi Phenomena. Improved
thermodynamic parameters will aid the biochemical and
thermodynamic analysis of RNAi mechanisms (17-19).
Adenines often occur adjacent to the seed regions for miRNA
targets in human and vertebrate genomic analyses (84). The
new prediction rules for terminal mismatches would predict
more favorable thermodynamic stabilities than previous
estimates for these adenines stacking on the core duplex in
the miRNA:mRNA. The importance of the thermodynamic
stability of the duplex formed by the 5′ end of the small
RNA to mRNA target and the thermodynamic stability of
the mRNA structure has recently been demonstrated in an
in Vitro system using human RISC enzyme (17). Table 5
provides a specific example of the importance of accurate
thermodynamic parameters for understanding RNA interfer-
ence specificity. The general correlation between 5′ siRNA
seed region thermodynamic stability and translation repres-
sion in a carefully controlled in Vitro assay is reconfirmed,
but the exact value of the duplexes changes significantly with
new thermodynamic parameters. Including the stability of
the 3′ dangling nucleotides on the mRNA sequence makes
more favorable all the predicted duplex free energies,
although the changes in stability depend on the sequence of
the mutation. The improved thermodynamic parameters for
internal loops, bulge loops, and terminal motifs make the
predicted free energies more favorable by 0.6 to 2.8 kcal/
mol, depending on the sequence. The average improvement
in stability for these sixteen duplexes is 1.5 kcal/mol, which
is 1 order of magnitude in a binding constant at 37 °C. This
particular example does not take into account the cost of
interrupting any secondary structure in the mRNA target,
which may vary with the different mutations. Protein-RNA
interactions and the shape of the RNA helix will also
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contribute to the stability and specificity of the siRNA:
mRNA:RISC complex, but thermodynamic stability of the
siRNA:mRNA helix plays an important role. While a
complete explanation of the specificity and efficiency of
RNAi is still being explored, accurate thermodynamic
parameters are a necessary tool for unraveling the mysteries
of off-target effects, discovering the fundamental basis for
RNAi phenomena, and exploiting the power of RNA to
regulate gene expression for the benefit of human health.
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