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ABSTRACT: Internal loops in RNA are important for folding and function. The 3× 3 nucleotide internal
loops are the smallest size symmetric loops with a potential noncanonical base pair (middle pair) flanked
on both sides by a noncanonical base pair (loop-terminal pair). Thermodynamic and structural insights
acquired for 3× 3 loops should improve approximations for stabilities of 3× 3 and larger internal loops.
Most natural 3× 3 internal loops are purine rich, which is also true of other internal loops. A series of
oligoribonucleotides containing different 3× 3 internal loops were studied by UV melting and imino
proton NMR. Both loop-terminal and middle pairs contribute to the thermodynamic stabilities of 3× 3
loops. Extra stabilization of-1.2 kcal/mol was found for a GA middle pair when flanked by at least one
non-pyrimidine-pyrimidine loop-terminal pair. A penalty of∼1 kcal/mol was found for loops with a
single loop-terminal GA pair that has a U 3′ to the G of the GA pair. A revised model for predicting
stabilities of 3× 3 loops is derived by multiple linear regression.

RNA was perhaps the first type of molecule involved in
the evolution of life and is still involved in many cellular
functions (1-3). Sequencing projects are generating DNA
sequence information at a rate of greater than 1 billion
nucleotides per year. This is providing a foundation for
determining the secondary and tertiary structures of RNAs
transcribed from DNAs. This structural information should
provide a deeper understanding of structure-function rela-
tionships and could also lead to rational design of therapeu-
tics targeting RNA (4-9).

X-ray diffraction (10) and NMR (10-15) methods are
providing an increasing number of RNA structures, but it is
not likely that these methods will keep pace with the rate at
which interesting sequences are being discovered. Therefore,
it is necessary to develop reliable, rapid methods for
predicting secondary and three-dimensional structures of
RNAs. Such methods will also be useful for designing RNA
constructs suitable for X-ray and NMR studies.

On the basis of the principle that structures are more
conserved than sequences for function, many RNA secondary
structures have been accurately deduced by comparative
sequence analysis (16-19). Often, however, there are not
enough sequences available to apply this method. It is also
probable that structure will not be largely conserved in coding
sequences.

Interactions determining RNA secondary structure, pri-
marily hydrogen bonding between base pairs and stacking
between adjacent bases (20-22), apparently dominate those
of tertiary structure. Thus, studies of the properties of short

oligonucleotides can provide insight into folding of large
RNAs (23). Therefore, free energy minimization combined
with experimental restraints such as chemical modification
(24) and sequence comparison (25, 26) could predict RNA
secondary structure in a manner largely independent of
tertiary structure. Thermodynamics could also facilitate
design of therapeutics targeting RNA (5, 6), self-assembling
nanostructures based on nucleic acid folding (27, 28), and
biosensors based on nucleic acid hybridization (29-33).
Recently, a correlation was found between the thermody-
namics of siRNA1 and miRNA and their ability to induce
RNA interference (34-36).

Internal loops are important motifs for tertiary interactions,
protein and small molecule binding, and potential therapeutic
targeting. UV melting and imino proton NMR have been
combined to study the thermodynamics and structures of
small RNA motifs (21, 37, 38). UV melting is the easiest
and most economical way to measure the thermodynamics
of a small RNA if it melts in a two-state manner. Imino
proton NMR provides basic structural information.

Studies on the thermodynamics of small internal loops
show that size symmetric internal loops have more sequence
dependence than size asymmetric loops (38). For example,
for internal loops closed by GC or CG pairs, stabilities of 2
× 2 nucleotide loops range from 2.2 to-2.9 kcal/mol
whereas those of 1× 3 nucleotide loops range from 3.3 to
1.6 kcal/mol at 37°C (38). Presumably, this is because
asymmetric loops are less restricted in available stacking
patterns. This flexibility may also be reflected in the ob-
servation that unbound asymmetric loops are typically
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relatively unstructured in solution (15, 39-41). Current free
energy parameters for 3× 3 internal loops (23, 24) are
largely based on the knowledge of 2× 2 and 2× 3 internal
loops. The 3× 3 internal loops, however, are the smallest
size symmetric loops with a potential noncanonical base
pair (middle pair) flanked by a noncanonical base pair
(loop-terminal pair) on both sides (Figure 1). The flex-
ibility of internal loops will increase as the loop size
increases. Presumably, 3× 3 internal loops differ from 2×
2 loops more than from 4× 4 and larger size symmetric
loops. Thus, insights acquired from 3× 3 loops should
improve approximations for stabilities of 3× 3 and larger
internal loops.

The thermodynamic contribution of each noncanonical pair
in sequence nonsymmetric 2× 2 internal loops depends on
the identity of the adjacent noncanonical pair (42, 43). Both
steric and electrostatic compatibilities probably determine
internal loop stability (38, 42-45). It is possible to generalize
steric effects with “isostericity matrices” as determined from
the geometry of all possible canonical and noncanonical base
pairs by visual examination of high-resolution X-ray crystal
structures (46). For example, Leontis and Westhof success-
fully predicted that the loop E motifs in 5S rRNA that are
thermodynamically stable in Mg2+ are structurally well con-
served in different kingdoms even though the sequences
differ considerably (47, 48). High-levelab initio calculations
and molecular modeling of base stacking and hydrogen
bonding in nucleic acids are emerging (49, 50). Experimental
studies of the sequence dependence of the thermodynamics
and structures of internal loops provide benchmarks for
testing these theoretical approaches.

Thermodynamic measurements are required in the deter-
mination of the factors that are important for determining
stabilities of 3× 3 and larger internal loops. The thermo-
dynamic model developed here will help improve RNA
secondary structure prediction.

MATERIALS AND METHODS

Oligoribonucleotide Synthesis and Purification.Oligori-
bonucleotides were synthesized on an Applied Biosystems
392 DNA/RNA synthesizer using the phosphoramidite
method (51, 52). CPG support and phosphoramidites were
acquired from Glen Research or ChemGenes. Base protecting
groups and CPG support were removed by incubation in a
3:1 (v/v) ammonia/ethanol mixture at 55°C overnight (53).
A disposable filter column was used to separate the oligo-
nucleotides from the solid support. Removal of the silyl
protecting groups on the 2′-hydroxyls was achieved with a
1 M triethylamine hydrogen fluoride/pyridine mixture (50

equiv) at 55 °C for 48 h. Alternative deprotection of
2′-hydroxyl groups was carried out via incubation in a 9:1
(v/v) TEA‚3HF (98%) (Aldrich)/DMF solution at 55°C for
2 h, followed by 1-butanol precipitation (54). The sample
was extracted with diethyl ether to remove most of the
organic impurities and then lyophilized before being redis-
solved in 5 mM ammonium bicarbonate or ammonium
acetate at pH 7.0. The solution was loaded onto a Waters
Sep-Pak C18 chromatography column to remove excess salts.
The oligonucleotide was purified on a large preparative Baker
Si500F TLC Silica Gel Plate (20 cm× 20 cm, 500µm thick)
with a 55:35:10 (v/v/v) 1-propanol/ammonia/water running
solution. The product was identified by UV shadowing and
scraped from the plate. RNA was extracted from the silica
with distilled water. The Sep-Pak procedure was repeated
to desalt the sample. All oligonucleotides were identified by
ESI-MS with a Hewlett-Packard 1100 LC/MS Chemstation.
Purities were checked by reverse phase HPLC or an
analytical Baker Si500F TLC Silica Gel Plate (250µm thick),
and all were greater than 90% pure.

UV Melting Experiments and Thermodynamics.Concen-
trations of single-stranded oligonucleotides were calculated
from the absorbance at 280 nm at 80°C and extinction
coefficients predicted from those of dinucleoside monophos-
phates (55). Small mixing errors for non-self-complementary
duplexes do not appreciably affect thermodynamic measure-
ments (56). Oligonucleotides were lyophilized and redis-
solved in 1.0 M NaCl, 20 mM sodium cacodylate, and 0.5
mM disodium EDTA at pH 7.0. Curves of absorbance at
280 nm versus temperature were acquired using a heating
rate of 1°C/min with a Beckman Coulter DU640C spec-
trophotometer with a high-performance temperature control-
ler cooled with flowing water or with a Gilford 250
spectrophotometer with a Gilford 2527 thermoprogrammer.

Melting curves were fit to a two-state model with
MeltWin, assuming linear sloping baselines and temperature-
independent∆H° and ∆S° (44, 57, 58). Additionally, the
TM values at different concentrations were used to calculate
thermodynamic parameters according to (59)

wherea ) 1 for self-complementary duplexes anda ) 4
for non-self-complementary duplexes.TM is the temperature
in kelvin at which half the strands are in duplex. Multiple
linear regression and statistical analysis of free energies for
loops at 37°C were carried out with Microsoft Excel.

For self-complementary duplexes, hairpin secondary struc-
tures may compete with internal loop secondary structure.
For non-self-complementary duplexes, the self-structure
(hairpin and/or duplex) of individual single strands may
compete with designed non-self-complementary duplexes.
The melting data for single-stranded RNA are listed in Table
S1 of the Supporting Information. Our rough standard of
sequence design is the fact that theTm values of the designed
duplex are 5°C higher than those of individual single strands
and the∆G°37(duplex with loop)values are at least 1.4 kcal/mol
more favorable than those of duplex formation by individual
single strands. It is possible, however, to measure reasonable
thermodynamic parameters even when theTm of a competing
homoduplex is a few degrees higher than that of a hetero-
duplex (60).

FIGURE 1: Schematic representation of the nomenclature for base
pairs in duplexes with 3× 3 internal loops. Throughout the paper,
each top strand is written from 5′ to 3′ from left to right.

TM
-1 ) (R/∆H°) ln(CT/a) + (∆S°/∆H°) (1)
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Imino Proton NMR Spectroscopy. All spectra were ac-
quired on a Varian Inova 500 MHz spectrometer. NMR
spectra of the exchangeable protons of 0.4-1 mM total single
strands were recorded at 0-45 °C in 80 mM NaCl, 3 mM
NaH2PO4, 7 mM Na2HPO4, and 0.5 mM Na2EDTA (pH 7)
in a 90:10 H2O/D2O mixture. One-dimensional imino proton
spectra were acquired with an S or binomial pulse sequence.
Proton spectra were referenced to H2O or HDO at a known
temperature-dependent chemical shift relative to 3,3,3-
trimethylsilylpropionate (TSP).

RESULTS

Phylogenetic Analysis.Most natural internal loops are
purine rich (16-18, 46), perhaps due to the combination of
large stacking areas and many hydrogen bonding donors and
acceptors. A search of known RNA secondary structures of
79 group I introns (61), 16 RNase P RNAs (16), 91 SRP
RNAs (18), 109 LSU rRNAs (62), and 101 SSU rRNAs (63)
reveals 1079 3× 3 internal loops (Table S2). The composi-
tion percentages of A, G, U, and C in these 3× 3 loops are
∼46, ∼24, ∼17, and∼11%, respectively, not including
closing base pairs. GA or AG loop-terminal pairs are the
most prevalent (∼40%). Almost 70% of closing base pairs
are CG or GC. Thus, most of our model loops are purine
rich and closed by CG or GC.

Thermodynamic Parameters.Thermodynamic parameters
measured for formation of duplexes with internal loops are
listed in Table 1. In Table 1 and throughout the paper, each
top strand is written from 5′ to 3′ from left to right. Most of
the ∆H° values fromTM

-1 versus ln(CT/a) plots and from
the fits of melting curves to two-state transitions agree within
15%, suggesting that the two-state model is a reason-
able approximation for these transitions. The three exceptions
are GCGAAACGC

CGCAAAGCG, GCGAAGCCG
CGCGCAGGC, and GCGAGGCCG

CGCAAAGGC (Table 1). The
equation∆G°37 ) ∆H° - (310.15)∆S° was used to calculate
the free energy change at 37°C (310.15 K). Because of a
high correlation between∆H° and ∆S°, ∆G°37 is more
accurate than either∆H° or ∆S° (64).

Thermodynamic parameters for the formation of the
internal loops are listed in Table 2 as calculated according
to the following equation (65):

For example,

where, ∆G°37(3′GCGAAGCCG5′
5′CGCGAAGGC3′) is the measured value of the

duplex containing the internal loop,∆G°37(3′GCGCCG5′
5′CGCGGC3′) is the

measured value of the duplex without the loop (58), and
∆G°37(3′GC5′

5′CG3′) is the free energy increment for the nearest
neighbor base pair interaction interrupted by the internal loop
(58). Identical calculations can be carried out for∆H°loop
and∆S°loop. All the thermodynamic parameters used in this
calculation are derived fromTM

-1 versus ln(CT/a) plots. In
both Tables 1 and 2, sequences are ordered from the least
stable to most stable according to loop stability at 37°C,
∆G°37,loop.

Models for Predicting Thermodynamic Stabilities of RNA
3 × 3 Internal Loops.Results reported here can be compared
to predictions from the model in the current RNAstructure
4.0 algorithm (24):

At 37 °C, ∆G°loop initiation ) 1.9 ( 0.1 kcal/mol,∆G°AU penalty
) 0.7 ( 0.05 kcal/mol,∆G°UU bonus) -0.7 ( 0.1 kcal/mol,
∆G°GA bonus) -1.0 ( 0.1 kcal/mol, and∆G°AG bonus) -0.8
( 0.1 kcal/mol (24). When loops closed with at least one
GU pair are omitted, comparison with measured values in
Table 2 gives anR2 of 0.29 and a standard deviation of 0.85
kcal/mol. The poor fit (Figure 2) suggests that the parameters
and/or eq 3 can be improved.

Fitting the results reported for 37°C in Table 2 by multi-
ple linear regression to eq 3 gives the following values:
∆G°loop initiation ) 1.67 ( 0.16 kcal/mol,∆G°AU penalty ) 0.70
( 0.25 kcal/mol,∆G°UU bonus ) -0.41 ( 0.18 kcal/mol,
∆G°GA bonus ) -0.78 ( 0.14 kcal/mol, and∆G°AG bonus )
-0.28( 0.22 kcal/mol. Comparison with measured values
gives an R2 of 0.32 and a standard deviation of 0.81
kcal/mol. Evidently, fitting the expanded data set to eq 3
yields little improvement, so eq 3 must be improved.

Measured values at 37°C show that 3× 3 loops with
middle GA pairs are usually more stable than eq 3 would
suggest. In loops with a single loop-terminal GA pair, motifs
with a U 3′ to the loop-terminal G of a GA pair are always
less stable than expected. Thus, additional terms were added
to eq 3: ∆G°middle bonusfor loops with a GA middle pair and
at least one non-pyrimidine-pyrimidine loop-terminal pair
and ∆G°5′GU/3′AN for loops with a single loop-terminal GA
pair that has a U 3′ to the G of the GA pair. This gives
eq 4:

The fit of eq 4 to the data in Table 2 gives the following:
∆G°loop initiation ) 1.99 ( 0.11 kcal/mol,∆G°AU penalty ) 0.84
( 0.15 kcal/mol,∆G°UU bonus ) -0.49 ( 0.11 kcal/mol,
∆G°GA bonus) -0.89( 0.09 kcal/mol,∆G°AG bonus) -0.37
( 0.14 kcal/mol,∆G°middle bonus) -1.22 ( 0.14 kcal/mol,
and ∆G°5′GU/3′AN ) 0.95 ( 0.22 kcal/mol (Table 3). Listed
in the ∆G°predicted column in Table 2 are the free energy
increments of internal loop formation at 37°C predicted by
this model. The correlation with measured values gives an
R2 of 0.76 and a standard deviation of 0.49 kcal/mol (Figure
2). A fit with no bonus for AG in the contextCG

GA gives a
similar R2 of 0.75 with a standard deviation of 0.50
kcal/mol. Evidently, a middle GA pair in a 3× 3 loop can
enhance stability relative to that predicted by eq 3.

Imino Proton NMR Spectra.Imino protons in canonical
AU and GC pairs typically resonate in the regions of
13-15 and 12-13.5 ppm, respectively (66), which helps
confirm the formation of designed secondary structures.
Imino protons in imino hydrogen-bonded GA pairs and
sheared GA pairs typically resonate near 11.5-12.5 and
10-11 ppm, respectively (66-70). Non-hydrogen-bonded

∆G°predicted) ∆G°loop initiation + ∆G°AU penalty+
∆G°UU bonus+ ∆G°GA bonus+ ∆G°AG bonus (3)

∆G°predicted) ∆G°loop initiation + ∆G°AU penalty+
∆G°UU bonus+ ∆G°GA bonus+ ∆G°AG bonus+

∆G°middle bonus+ ∆G°5′GU/3′AN (4)

∆G°37,loop) ∆G°37(duplex with loop)- ∆G°37(duplex without loop)+
∆G°37(interrupted base pair)(2a)

∆G°37(3′GAAGC5′
5′CGAAG3′) )

∆G°37(3′GCGAAGCCG5′
5′CGCGAAGGC3′) - ∆G°37(3′GCGCCG5′

5′CGCGGC3′) + ∆G°37(3′GC5′
5′CG3′)

(2b)
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Table 1: Thermodynamic Parameters for Duplex Formation

TM
-1 vs ln(CT/a) plots average of melt curve fits

sequence
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G37°
(kcal/mol)

Tm
a

(°C)
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G37°
(kcal/mol)

Tm
a

(°C)

Sequences Used To Derive Parameters for 3× 3 Loops

CGCAAA GCG
GCGAAA CGC 36.0( 1.4 102.3( 4.6 4.44( 0.04 26.7 34.4( 7.2 95.9( 23.4 4.61( 0.11 27.6

GCGACCCCG
CGCAAA GGC 46.7( 2.7 131.7( 9.0 5.87( 0.08 32.7 48.4( 10.7 137.0( 35.2 5.88( 0.26 32.9

GCCAAA GCG
CGGAAA CGC 48.7( 1.8 140.9( 6.0 5.02( 0.07 27.6 41.2( 7.4 114.4( 25.7 5.42( 0.48 28.8

GCGAUGCCG
CGCAUAGGC 41.5( 2.6 114.3( 8.7 6.06( 0.08 33.5 46.0( 8.8 129.0( 28.8 6.00( 0.26 33.5

ACUGAAA GAGU
UGACAAA CUCAb 59.4 170.1 6.67 37.7 57.6 164.1 6.74 38.1

GCGAAA CCG
CGCAUAGGC 52.2( 2.8 148.5( 9.1 6.15( 0.06 34.8 57.6( 13.8 165.8( 45.0 6.14( 0.18 34.9

CUCAAGAACUG
GAGUGAAUGAC 87.0( 10.8 257.9( 34.7 6.98( 0.28 38.6 81.6( 12.7 240.3( 41.3 7.08( 0.20 39.1

CUCGAGAGCUG
GAGCAGACGAC 57.7( 0.7 159.1( 2.3 8.39( 0.01 47.3 49.9( 3.8 134.2( 11.8 8.23( 0.14 47.9

GCGAUGCCG
CGCAGAGGC 41.1( 2.5 112.1( 8.0 6.27( 0.08 35.0 45.8( 9.0 127.4( 29.1 6.29( 0.15 35.3

CUCGAUAGCUG
GAGCGUACGAC 51.9( 6.0 140.0( 18.9 8.53( 0.24 49.4 44.9( 3.2 117.6( 10.1 8.41( 0.13 50.6

GCGAUGCCG
CGCAAA GGC 52.0( 2.8 146.5( 9.2 6.54( 0.06 37.1 52.0( 9.6 146.1( 31.0 6.64( 0.15 37.6

CUCGAUAGCUG
GAGCAGACGAC 71.9( 5.5 203.5( 17.2 8.74( 0.14 46.8 70.2( 5.2 198.2( 16.1 8.71( 0.17 46.9

ACUGAAA GAGU
UGACCAACUCAb 67.5 194.6 7.14 39.8 55.1 154.4 7.22 40.9

ACUGAACGAGU
UGACAAA CUCAb 62.9 179.7 7.17 40.2 61.6 175.2 7.24 40.6

CUCGAUGGCUG
GAGCAGACGAC 73.4( 3.8 208.5( 11.8 8.78( 0.11 46.8 76.0( 7.4 216.7( 23.7 8.83( 0.19 46.7

GCCAAA GGC
CGGAAA CCGb 38.4 108.9 4.64 28.9 36.9 103.5 4.79 29.7

GCCCACGGC
CGGCACCCG 32.3( 0.8 89.0( 2.7 4.66( 0.04 27.5 32.6( 5.8 89.6( 19.9 4.78( 0.36 28.7

CUCGAUAGCUG
GAGCGGACGAC 80.5( 8.5 230.9( 26.9 8.91( 0.28 46.5 72.5( 7.5 205.6( 23.5 8.76( 0.26 46.8

GCGAAA CCG
CGCAAA GGC 49.7( 2.5 138.4( 8.1 6.77( 0.05 38.5 46.6( 7.1 127.9( 23.3 6.89( 0.10 39.4

CGUAAGACG
GCAGAAUGC 42.7( 2.3 122.9( 7.8 4.62( 0.09 29.5 39.9( 13.9 110.7( 46.4 5.00( 0.56 31.8

GCGUCUCCG
CGCUCUGGC 65.3( 3.9 188.3( 12.6 6.88( 0.07 38.6 67.5( 8.0 195.4( 25.8 6.94( 0.13 38.9

CUCGAUGGCUG
GAGCAAA CGAC 78.1( 2.0 222.4( 6.3 9.11( 0.06 47.6 87.5( 4.8 251.8( 15.2 9.37( 0.17 47.4

GCGAACCCG
CGCAAA GGC 61.1( 4.3 174.5( 13.9 6.96( 0.09 39.2 63.5( 10.1 181.9( 32.6 7.04( 0.16 39.5

CUCGAGAGCUG
GAGCCGACGAC 69.8( 2.2 195.6( 7.0 9.16( 0.07 49.2 61.1( 3.1 168.3( 9.7 8.87( 0.19 49.3

CUCGAGAGCUG
GAGCAAA CGAC 79.0( 1.8 225.1( 5.7 9.18( 0.04 47.8 69.3( 3.9 194.6( 12.2 8.96( 0.16 48.3

GCUGAAA CGUC
CGACGCAGCAG 76.1( 3.2 218.2( 10.0 8.46( 0.07 45.0 76.1( 7.2 218.3( 22.6 8.42( 0.20 44.9

GCCACAGGC
CGGACACCG 31.4( 1.1 84.9( 3.7 5.04( 0.05 30.8 34.3( 0.9 94.2( 13.0 5.10( 0.33 31.9

CUCGUAUGCUG
GAGCUGCCGAC 81.0( 1.9 231.3( 5.8 9.24( 0.05 47.7 77.9( 5.5 221.8( 17.4 9.14( 0.14 47.8

CUCGAUAGCUG
GAGCCGACGAC 79.7( 4.9 227.2( 15.3 9.25( 0.16 48.0 71.3( 3.2 200.9( 10.4 9.02( 0.07 48.2

CUCGAAA GCUG
GAGCGAACGAC 81.4( 4.4 232.4( 13.8 9.29( 0.11 47.9 80.4( 1.5 229.3( 4.8 9.27( 0.06 47.9

CGAAAGUCG
GCUGAAAGC 39.8( 2.5 111.8( 8.4 5.21( 0.09 33.4 38.4( 1.2 106.4( 39.8 5.41( 0.32 34.9

CUCGAUAGCUG
GAGCGAACGAC 82.1( 1.0 234.6( 3.0 9.35( 0.02 48.0 78.8( 1.8 224.2( 5.6 9.27( 0.07 48.2

CUCGAUAGCUG
GAGCGAGCGAC 72.5( 2.5 203.3( 7.7 9.40( 0.07 49.8 66.9( 3.5 185.9( 10.8 9.23( 0.14 50.0

CUCGUAAGCUG
GAGCCGACGAC 79.6( 3.1 226.2( 9.6 9.42( 0.08 48.7 71.5( 1.2 200.7( 3.9 9.21( 0.07 49.1

CCGAAGCGG
GGCGAAGCC 53.3( 3.1 146.9( 9.7 7.72( 0.11 49.3 53.4( 11.8 146.9( 37.0 7.86( 0.39 50.2

GCCGUAGCG
CGGAAGCGC 33.5( 1.3 87.6( 4.1 6.28( 0.03 34.7 31.2( 6.6 79.8( 21.9 6.47( 0.24 36.4

CUCGAAA GCUG
GAGCGAGCGAC 77.0( 4.1 217.3( 13.0 9.60( 0.12 49.9 70.1( 2.9 195.8( 8.8 9.39( 0.15 50.2

CUCGAAGGCUG
GAGCGAGCGAC 78.9( 1.6 223.3( 5.2 9.61( 0.05 49.6 70.0( 1.3 195.4( 4.0 9.37( 0.09 50.1

GCGACCCCG
CGCGAAGGC 58.9( 4.9 165.8( 15.5 7.52( 0.14 42.3 56.5( 9.4 157.7( 30.0 7.58( 0.10 42.9

CUCGUAUGCUG
GAGCUGUCGAC 83.1( 1.7 236.6( 5.4 9.69( 0.06 49.3 84.8( 4.2 241.9( 13.0 9.73( 0.14 49.2

CUCGAAA GCUG
GAGCAGACGAC 81.3( 3.1 230.5( 9.8 9.77( 0.09 49.9 84.5( 3.3 240.5( 10.4 9.87( 0.13 49.8

GCGAAA CCG
CGCGAAGGC 68.8( 6.3 197.1( 20.2 7.63( 0.17 42.0 57.2( 4.7 160.1( 15.2 7.57( 0.20 42.7

GCCGAAGCG
CGGAAGCGC 71.2( 3.0 208.3( 9.8 6.62( 0.04 37.4 62.1( 4.9 178.7( 15.7 6.66( 0.15 37.7

CUCGUAAGCUG
GAGCUGACGAC 88.8( 2.7 254.5( 8.3 9.89( 0.09 49.2 87.2( 2.5 249.5( 8.0 9.83( 0.07 49.2

CGCUUUGCG
GCGUUUCGC 62.6( 2.5 181.0( 7.9 6.41( 0.03 40.7 63.5( 10.7 183.5( 34.2 6.55( 0.13 41.3
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imino protons have broad peaks or no observable peaks due
to exchange with water.

Figure 3 shows imino proton spectra for some of the
duplexes studied here. For symmetric self-complementary

Table 1 (Continued)

TM
-1 vs ln(CT/a) plots average of melt curve fits

sequence
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G37°
(kcal/mol)

Tm
a

(°C)
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G37°
(kcal/mol)

Tm
a

(°C)

Sequences Used To Derive Parameters for 3× 3 Loops

GCGUUUCCG
CGCUCUGGC 70.8( 3.8 203.2( 12.3 7.74( 0.07 42.4 67.9( 6.5 193.9( 20.9 7.77( 0.08 42.7

GCUGAAGCGUC
CGACGCAGCAG 75.9( 1.6 215.0( 4.9 9.23( 0.05 48.4 69.8( 4.6 196.0( 14.3 9.02( 0.18 48.5

GCGUCUCCG
CGCUUUGGC 55.3( 3.3 153.0( 10.5 7.80( 0.06 44.3 62.6( 4.3 176.5( 13.6 7.88( 0.11 43.8

GCGGAACGC
CGCAAGGCG 39.8( 0.9 108.9( 3.1 6.05( 0.01 39.9 37.7( 11.6 101.7( 37.5 6.15( 0.19 40.9

CGCAUGGCC
GCGGAACGG 61.3( 2.2 176.2( 7.1 7.26( 0.03 40.7 55.9( 4.1 156.8( 13.2 7.25( 0.07 41.0

GCGUUUCCG
CGCUUUGGC 57.9( 5.8 161.4( 18.4 7.83( 0.15 44.1 64.7( 4.5 183.0( 14.1 7.90( 0.13 43.7

CUCGAAA GCUG
GAGCCGACGAC 83.1( 3.2 235.9( 10.0 9.99( 0.12 50.5 82.7( 4.0 234.5( 12.6 9.97( 0.15 50.5

CUCGUAAGCUG
GAGCUGCCGAC 86.8( 4.8 247.6( 14.7 10.05( 0.19 50.1 88.4( 4.6 252.5( 14.5 10.12( 0.15 50.1

GCGAAA CCG
CGCAGAGGC 55.0( 5.3 151.6( 16.8 7.94( 0.15 45.1 63.6( 2.7 179.3( 8.4 8.04( 0.15 44.5

GCGAUGCCG
CGCGAAGGC 66.5( 2.4 188.7( 7.6 7.95( 0.04 43.8 60.8( 6.3 170.6( 20.0 7.91( 0.13 44.2

CUCGAGAGCUG
GAGCGAGCGAC 76.8( 4.2 215.0( 13.0 10.14( 0.15 52.3 73.5( 3.7 204.8( 11.5 10.01( 0.16 52.4

GCGAAGCCG
CGCAUAGGC 53.7( 1.4 147.4( 4.4 8.01( 0.02 45.8 59.1( 3.0 164.4( 9.3 8.08( 0.11 45.4

CGCAAGGCG
GCGGAACGC 60.1( 3.9 172.0( 12.5 6.71( 0.08 42.4 62.5( 3.9 179.7( 12.3 6.77( 0.16 42.5

CGCAUGGCC
GCGGUACGG 61.6( 2.9 173.7( 9.1 7.67( 0.01 42.9 52.1( 7.8 142.3( 24.1 7.44( 0.40 42.6

GCGAAGCCG
CGCAAA GGC 82.2( 6.1 238.4( 19.3 8.26( 0.14 43.7 74.0( 14.5 212.5( 46.5 8.04( 0.21 43.4

CUCGAGAGCUG
GAGCGAACGAC 90.1( 2.5 256.5( 7.9 10.52( 0.09 51.4 82.0( 3.1 231.5( 9.6 10.25( 0.13 51.7

GCGAAGCCG
CGCGAAGGC 62.1( 4.2 173.1( 13.1 8.37( 0.13 46.5 68.1( 7.4 192.1( 23.6 8.56( 0.23 46.5

GCUGAAA CGUC
CGACCGAGCAG 85.2( 1.9 242.9( 5.9 9.91( 0.07 49.8 88.9( 3.6 254.1( 11.2 10.05( 0.15 49.8

CUCGAAGGCUG
GAGCGAACGAC 86.8( 4.0 245.2( 12.5 10.75( 0.17 52.9 88.7( 2.8 251.0( 8.7 10.83( 0.14 52.8

GCGAACCCG
CGCGAAGGC 80.7( 5.4 232.3( 17.0 8.65( 0.13 45.4 71.6( 5.4 203.5( 17.3 8.52( 0.09 45.8

CUCGAAGGCUG
GAGCAGACGAC 82.0( 8.9 229.0( 27.6 10.92( 0.43 54.5 88.9( 4.2 250.4( 12.5 11.21( 0.30 54.2

CUCGAAGGCUG
GAGCCGACGAC 73.3( 2.8 200.8( 8.4 11.04( 0.15 57.3 69.4( 2.3 188.7( 6.6 10.82( 0.20 57.4

GCGAAGCCG
CGCAGAGGC 60.0( 6.6 164.4( 20.6 8.97( 0.26 50.1 65.4( 1.9 181.5( 5.8 9.12( 0.15 49.8

GCUGAAGCGUC
CGACCGAGCAG 79.5( 3.8 222.3( 11.7 10.56( 0.17 53.6 86.8( 6.0 244.6( 18.6 10.88( 0.30 53.4

CUCGAAA GCUG
GAGCGGACGAC 87.4( 2.5 245.3( 7.6 11.33( 0.11 55.0 95.3( 1.7 269.6( 5.2 11.69( 0.08 54.7

GCGAGGCCG
CGCGAAGGC 70.2( 4.3 193.2( 13.3 10.25( 0.20 54.3 74.7( 3.6 207.3( 11.1 10.44( 0.26 54.1

CUCGAAGGCUG
GAGCGGACGAC 92.1( 1.9 256.7( 5.9 12.48( 0.11 58.4 94.9( 4.0 265.1( 12.1 12.64( 0.25 58.4

Canonically Paired Stems

AGGUGG
UCCGCC 57.0( 3.2 (50.1)c 162.2( 10.5 (134.9)c 6.71( 0.06 (8.25)c 38.0 (48.1)c 54.3( 4.0 153.4( 12.7 6.69( 0.13 37.9

CUCAACUG
GAGUUGAC 88.7( 11.0 (71.8)c 251.8( 33.8 (198.5)c 10.57( 0.57 (10.21)c 51.8 (54.0)c 79.9( 5.9 224.6( 18.6 10.23( 0.29 52.0

Sequences Not Used To Derive Parameters for 3× 3 Loops
Sequences with GU Closing Base Pairs

CUCGAAA GCUG
GAGUAAA UGAC 65.1( 6.6 196.5( 22.2 4.14( 0.31 26.0 64.3( 5.0 193.8( 16.6 4.21( 0.16 26.2

CUCGAAGGCUG
GAGUAAA UGAC 76.9( 2.8 230.9( 9.2 5.28( 0.07 32.1 82.6( 3.4 249.6( 11.0 5.17( 0.06 32.0

CUCGAAA GCUG
GAGUGAAUGAC 76.3( 5.6 228.4( 18.5 5.46( 0.15 32.7 78.9( 8.6 237.0( 28.0 5.43( 0.13 32.7

CGGAAA UCG
GCUAAA GGC 32.1( 2.3 90.5( 7.9 4.00( 0.15 21.6 38.8( 10.2 112.7( 34.0 3.81( 0.43 22.8

CUCGAAGGCUG
GAGUGAAUGAC 103.4( 5.3 306.9( 17.0 8.25( 0.08 42.2 96.5( 10.1 284.7( 32.3 8.23( 0.14 42.6

GGUUGACGUAGGA
CCAGCCAAGUCCU d 94.5( 1.9 272.1( 5.9 10.1( 0.1 49.2 98.9( 1.2 285.8( 3.6 10.3( 0.1 49.2

AGGAGGUGG
UCCGAAGCC 74.8( 5.8 213.1( 18.3 8.72( 0.18 46.4 83.8( 7.3 241.4( 22.6 8.97( 0.37 46.3

Non-Two-State Sequences

GCGAAA CGC
CGCAAA GCGb 45.9 132.3 4.88 31.7 30.1 80.3 5.19 32.1

GCGAAGCCG
CGCGCAGGC 64.1( 4.7 179.3( 14.9 8.51( 0.11 46.9 41.2( 2.9 106.5( 9.7 8.17( 0.21 49.9

GCGAGGCCG
CGCAAA GGC 85.9( 4.4 244.9( 13.7 9.92( 0.13 49.8 61.2( 3.1 167.6( 9.6 9.21( 0.23 51.2

a At a CT of 0.1 mM. b Data from ref56. c Parameters listed in parentheses are calculated from nearest neighbor model in ref58. d From ref72.
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Table 2: Thermodynamic Parameters for Internal Loop Formationa

sequence
∆G37,loop°

(kcal/mol)
∆Hloop°

(kcal/mol)
∆Sloop°
(eu)

∆Gpredicted°
(kcal/mol; from Table 3)

Sequences Used To Derive Parameters for 3× 3 Loops

CGCAAA GCG
GCGAAA CGC 2.76( 0.43 15.1( 8.2 39.3( 25.0 1.99

GCGACCCCG
CGCAAA GGC 2.65( 0.45 2.4( 7.8 -1.0( 23.6 1.99

GCCAAA GCG
CGGAAA CGC 2.47( 1.31 -5.7( 7.3 -26.5( 21.8 1.99

GCGAUGCCG
CGCAUAGGC 2.46( 0.45 7.6( 7.8 16.4( 23.5 2.05

ACUGAAA GAGU
UGACAAA CUCAb 2.41( 0.54 3.3( 11.0 2.8( 32.8 1.99

GCGAAA CCG
CGCAUAGGC 2.37( 0.45 -3.2( 7.9 -17.8( 23.7 1.99

CUCAAGAACUG
GAGUGAAUGAC 2.30( 0.32c -22.0( 11.3c -78.4( 36.1c 1.56

CUCGAGAGCUG
GAGCAGACGAC 2.29( 0.56 9.0( 9.7 22.2( 29.2 1.99

GCGAUGCCG
CGCAGAGGC 2.25( 0.45 8.0( 7.8 18.6( 23.2 2.05

CUCGAUAGCUG
GAGCGUACGAC 2.15( 0.61 14.8( 11.4 41.3( 34.7 2.05

GCGAUGCCG
CGCAAA GGC 1.98( 0.45 -3.0( 7.9 -15.8( 23.7 2.05

CUCGAUAGCUG
GAGCAGACGAC 1.94( 0.58 -5.2( 11.1 -22.2( 33.8 1.99

ACUGAAA GAGU
UGACCAACUCAb 1.94( 0.54 -4.8( 11.4 -21.7( 34.1 1.99

ACUGAACGAGU
UGACAAA CUCAb 1.91( 0.54 -0.2( 11.2 -6.8( 33.3 1.99

CUCGAUGGCUG
GAGCAGACGAC 1.90( 0.57 -6.7( 10.4 -27.2( 31.4 2.05

GCCAAA GGC
CGGAAA CCGb 1.84( 0.43 0.8( 7.7 -3.2( 22.7 1.99

GCCCACGGC
CGGCACCCG 1.82( 0.41 6.9( 6.7 16.7( 20.1 1.99

CUCGAUAGCUG
GAGCGGACGAC 1.77( 0.63 -13.8( 12.9 -49.6( 39.7 1.10

GCGAAA CCG
CGCAAA GGC 1.75( 0.45 -0.7( 7.8 -7.7( 23.3 1.99

CGUAAGACG
GCAGAAUGC 1.66( 0.32 10.3( 8.0 27.6( 25.7 1.89

GCGUCUCCG
CGCUCUGGC 1.64( 0.45 -16.3( 8.3 -57.6( 25.2 1.01

CUCGAUGGCUG
GAGCAAA CGAC 1.57( 0.57 -11.4( 9.9 -41.1( 29.8 2.05

GCGAACCCG
CGCAAA GGC 1.56( 0.45 -12.1( 8.5 -43.8( 25.9 1.99

CUCGAGAGCUG
GAGCCGACGAC 1.52( 0.57 -3.1( 9.9 -14.3( 30.0 1.99

CUCGAGAGCUG
GAGCAAA CGAC 1.50( 0.56 -12.3( 9.9 -43.8( 29.7 0.77

GCUGAAA CGUC
CGACGCAGCAG 1.50( 0.51 -16.2( 9.2 -57.5( 27.7 1.10

GCCACAGGC
CGGACACCG 1.44( 0.41 7.8( 6.8 20.8( 20.2 1.99

CUCGUAUGCUG
GAGCUGCCGAC 1.44( 0.56 -14.3( 9.9 -50.0( 29.7 1.50

CUCGAUAGCUG
GAGCCGACGAC 1.43( 0.58 -13.0( 10.9 -45.9( 32.9 1.99

CUCGAAA GCUG
GAGCGAACGAC 1.39( 0.57 -14.7( 10.6 -51.1( 32.2 1.10

CGAAAGUCG
GCUGAAAGC 1.38( 0.34 11.6( 7.8 32.8( 24.6 1.89

CUCGAUAGCUG
GAGCGAACGAC 1.33( 0.56 -15.4( 9.7 -53.3( 29.3 1.10

CUCGAUAGCUG
GAGCGAGCGAC 1.28( 0.57 -5.8( 10.0 -22.0( 30.1 0.73

CUCGUAAGCUG
GAGCCGACGAC 1.26( 0.57 -12.9( 10.2 -44.9( 30.7 0.77

CCGAAGCGG
GGCGAAGCC 1.25( 0.48 3.8( 8.9 8.4( 26.9 0.21

GCCGUAGCG
CGGAAGCGC 1.21( 1.31 9.5( 7.2 26.8( 21.4 1.25

CUCGAAA GCUG
GAGCGAGCGAC 1.08( 0.58 -10.3( 10.5 -36.0( 31.9 0.73

CUCGAAGGCUG
GAGCGAGCGAC 1.07( 0.56 -12.2( 9.8 -42.0( 29.6 1.10

GCGACCCCG
CGCGAAGGC 1.00( 0.47 -9.9( 8.8 -35.1( 26.8 1.10

CUCGUAUGCUG
GAGCUGUCGAC 0.99( 0.57 -16.4( 9.9 -55.3( 29.6 1.01

CUCGAAA GCUG
GAGCAGACGAC 0.91( 0.57 -14.6( 10.2 -49.2( 30.7 0.77

GCGAAA CCG
CGCGAAGGC 0.89( 0.48 -19.8( 9.7 -66.4( 29.7 1.10

GCCGAAGCG
CGGAAGCGC 0.87( 1.31 -28.2( 7.7 -93.9( 23.2 1.25

CUCGUAAGCUG
GAGCUGACGAC 0.79( 0.57 -22.1( 10.1 -73.2( 30.3 0.28

CGCUUUGCG
GCGUUUCGC 0.79( 0.43 -11.5( 8.5 -39.4( 25.8 1.01

GCGUUUCCG
CGCUCUGGC 0.78( 0.45 -21.8( 8.3 -72.5( 25.1 1.01
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duplexes, each resonance is attributed to two imino protons.
Some assignments are based on NMR melting and compari-
son with similar duplexes having 2× 2 and 2× 3 internal
loops. For example, resonances from closing or stem-terminal
GC base pairs are relatively broader (Figure 3g,n) and

disappear sooner than resonances from stem-internal GC
pairs when the temperature is increased (data not shown).
Imino proton resonances from canonical AU pairs closing
internal loops can shift upfield beyond 13 ppm (Figure 3n),
which was also observed in 2× 2 loops (71, 72). The imino

Table 2 (Continued)

sequence
∆G37,loop°

(kcal/mol)
∆H°loop

(kcal/mol)
∆S°loop
(eu)

∆G°predicted
(kcal/mol; from Table 3)

Sequences Used To Derive Parameters for 3× 3 Loops

GCUGAAGCGUC
CGACGCAGCAG 0.73( 0.50 -16.0( 8.8 -54.3( 26.3 0.21

GCGUCUCCG
CGCUUUGGC 0.72( 0.45 -6.3( 8.1 -22.3( 24.2 1.01

GCGGAACGC
CGCAAGGCG 0.71( 0.38 4.1( 6.8 10.8( 20.6 1.25

CGCAUGGCC
GCGGAACGG 0.70( 0.46 -5.0( 9.0 -20.4( 27.4 0.21

GCGUUUCCG
CGCUUUGGC 0.69( 0.47 -8.9( 9.4 -30.7( 28.6 1.01

CUCGAAA GCUG
GAGCCGACGAC 0.69( 0.58 -16.4( 10.2 -54.6( 30.8 0.77

CUCGUAAGCUG
GAGCUGCCGAC 0.63( 0.59 -20.1( 10.8 -66.3( 32.6 0.28

GCGAAA CCG
CGCAGAGGC 0.58( 0.47 -6.0( 9.1 -20.9( 27.6 0.77

GCGAUGCCG
CGCGAAGGC 0.57( 0.45 -17.5( 7.7 -58.0( 23.1 0.21

CUCGAGAGCUG
GAGCGAGCGAC 0.54( 0.58 -10.1( 10.6 -33.7( 31.9 -0.49

GCGAAGCCG
CGCAUAGGC 0.51( 0.45 -4.7( 7.5 -16.7( 22.3 1.10

CGCAAGGCG
GCGGAACGC 0.49( 0.44 -9.0( 9.0 -30.4( 27.6 0.21

CGCAUGGCC
GCGGUACGG 0.29( 0.46 -5.3( 9.2 -17.9( 28.0 0.21

GCGAAGCCG
CGCAAA GGC 0.26( 0.47 -33.2( 9.6 -107.7( 29.1 1.10

CUCGAGAGCUG
GAGCGAACGAC 0.16( 0.57 -23.4( 10.0 -75.2( 30.2 -0.12

GCGAAGCCG
CGCGAAGGC 0.15( 0.46 -13.1( 8.5 -42.4( 25.5 0.21

GCUGAAA CGUC
CGACCGAGCAG 0.05( 0.51 -25.3( 8.8 -82.2( 26.5 0.77

CUCGAAGGCUG
GAGCGAACGAC -0.07( 0.59 -20.1( 10.5 -63.9( 31.7 0.21

GCGAACCCG
CGCGAAGGC -0.13( 0.46 -31.7( 9.1 -101.6( 27.7 1.10

CUCGAAGGCUG
GAGCAGACGAC -0.24( 0.71 -15.3( 13.2 -47.7( 40.1 -0.12

CUCGAAGGCUG
GAGCCGACGAC -0.36( 0.58 -6.6( 10.1 -19.5( 30.3 -0.12

GCGAAGCCG
CGCAGAGGC -0.45( 0.52 -11.0( 9.9 -33.7( 30.0 -0.12

GCUGAAGCGUC
CGACCGAGCAG -0.60( 0.53 -19.6( 9.4 -61.6( 28.3 -0.12

CUCGAAA GCUG
GAGCGGACGAC -0.65( 0.57 -20.7( 10.0 -64.0( 30.1 -0.05

GCGAGGCCG
CGCGAAGGC -1.73( 0.49 -21.2( 8.5 -62.5( 25.6 -1.01

CUCGAAGGCUG
GAGCGGACGAC -1.80( 0.57 -25.4( 9.9 -75.4( 29.7 -1.01

Sequences Not Used To Derive Parameters for 3× 3 Loops
Sequences with GU Closing Base Pairsd

CUCGAAA GCUG
GAGUAAA UGAC 4.73( 1.06 -3.8( 13.9 -27.2( 44.6 3.67

CUCGAAGGCUG
GAGUAAA UGAC 3.59( 1.02 -15.6( 12.6 -61.6( 39.7 2.78

CUCGAAA GCUG
GAGUGAAUGAC 3.41( 1.03 -15.0( 13.5 -59.1( 42.9 2.78

CGGAAA UCG
GCUAAA GGC 2.79( 0.57 17.7( 8.6 48.4( 27.2 3.67

CUCGAAGGCUG
GAGUGAAUGAC 0.62( 1.02 -42.1( 13.4 -137.6( 42.2 1.89

GGUUGACGUAGGA
CCAGCCAAGUCCU e 0.1( 0.3 -12.2( 4.4 -39.6( 34.4 1.94

AGGAGGUGG
UCCGAAGCC -3.42( 0.40 -23.4( 9.2 -64.4( 29.3 -0.17

Non-Two-State Sequences

GCGAAA CGC
CGCAAA GCGb 1.88( 0.4 -2.0( 8.2 -12.6( 24.3 1.99

GCGAAGCCG
CGCGCAGGC 0.01( 0.46 -15.1( 8.7 -48.6( 26.4 0.21

GCGAGGCCG
CGCAAA GGC -1.40( 0.46 -36.9( 8.6 -114.2( 25.8 -0.12

a Internal loops are in bold with a line in the middle of the loop. Experimental error for∆G°37, ∆H°, and ∆S° for the canonical stems are
estimated to be 4, 12, and 13.5%, respectively, according to ref58. b Data from ref56. c Nearest neighbor value of Watson-Crick stem used to
derive loop thermodynamics.d ∆G°37(predicted)is predicted assuming the penalty of GU is the same as that of AU.e From ref72.
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proton NMR spectra of two particularly stable internal loops
with three consecutive GA pairs,GAGGC

CGAAG (-1.73 kcal/mol)
andGAGGU

CGAAG (-3.42 kcal/mol), have sharp peaks for the loops
(Figure 3h,l), suggesting structure. ForGCGAGGCCG

CGCGAAGGC, a two-
dimensional SNOESY spectrum (Figure S1 of the Supporting
Information) suggests that four and two peaks are overlapped
at 13.2 and 12.7 ppm, respectively, indicating the expected
number of base pairs.

For some designed sequences, extremely broad peaks or
more than the expected number of peaks in the region of
13-15 ppm were observed (data not shown), indicating
dynamics between multiple secondary structures. All these
sequences were excluded from thermodynamic analysis.

DISCUSSION

Determination of RNA native structures is necessary for
understanding their mechanisms of action in cellular pro-

cesses and for the design of therapeutics that target RNA.
The first stage is determination of RNA secondary structure.
Thermodynamic parameters of internal loops are important
for the prediction of RNA secondary structure (23, 24,
73-77).

As RNA chains increase in length, it is more likely that
they can form multiple secondary structures. Thus, it is
difficult to design a series of sequences that form designed
internal loops (42, 43, 72, 78). For the sequences studied
here, the concentration-dependent melting temperatures
confirm the formation of duplexes instead of unimolecular
structures, such as triloop hairpins, which would have
concentration-independent melting temperatures. For several
non-self-complementary sequences, imino proton NMR
spectra also confirm that the designed structures are forming.

The results in Table 2 show that the stability of a 3× 3
internal loop closed by GC or CG pairs can range from 2.8
to -1.8 kcal/mol at 37°C, corresponding to a roughly 2000-
fold range for the equilibrium constant for folding. Adequate
modeling of the sequence dependence of loop stability is

FIGURE 2: Comparisons between predicted and measured free
energies for 3× 3 loops in the current RNAstructure 4.0 program
(eq 3;R2 ) 0.29, standard deviation) 0.85 kcal/mol) and the model
of eq 4 (R2 ) 0.76, standard deviation) 0.49 kcal/mol).

Table 3: Free Energy Parameters at 37°C for 3 × 3 Internal
Loopsa

∆G°loop initiation (kcal/mol) 1.99( 0.11
∆G°AU penalty (kcal/mol) 0.84( 0.15
∆G°UU bonus(kcal/mol)b -0.49( 0.11
∆G°GA bonus(kcal/mol)b -0.89( 0.09
∆G°AG bonus(kcal/mol)b -0.37( 0.14
∆G°middle bonus(kcal/mol)c -1.22( 0.14
∆G°5′GU/3′AN (kcal/mol)d 0.95( 0.22

a These parameters are used to predict the free energy of 3× 3
internal loops according to eq 4.b Applied for loop-terminal pairs.
c Applied for the GA middle pair with at least one non-pyrimidine-
pyrimidine loop-terminal pair.d Applied for a single GA loop-terminal
pair with a U 3′ to the G.

FIGURE 3: One-dimensional imino proton NMR spectra at 10°C
unless noted otherwise of the duplexes (a)CGCAAAGCG

GCGAAACGC,
(b) CGCAAGGCG

GCGGAACGC, (c) GCCGAAGCG
CGGAAGCGC, (d) CGCUUUGCG

GCGUUUCGC, (e) GCGUCUCCG
CGCUCUGGC,

(f) GCGUUUCCG
CGCUUUGGC, (g) CCGAAGCGG

GGCGAAGCC, (h) GCGAGGCCG
CGCGAAGGC, (i) GCGAUGCCG

CGCGAAGGC,
(j) GCGAAGCCG

CGCGAAGGC, (k) GCGAAGCCG
CGCAAAGGC (5 °C), (l) AGGAGGUGG

UCCGAAGCC (15 °C),
(m) CUCGAAGGCUG

GAGUAAAUGAC, (n) CUCAAGAACUG
GAGUGAAUGAC (15 °C), and (o)CUCGAGAGCUG

GAGCGAGCGAC

(15 °C) in 80 mM NaCl, 3 mM NaH2PO4, 7 mM Na2HPO4, and
0.5 mM Na2EDTA (pH 7). Numbers on spectra correspond to
assignments with the numbering starting at the left-most (5′)
nucleotide of the top strand and ending at the left-most (3′)
nucleotide of the bottom strand. The spectrum forGGUUGACGUAGGA

CCAGCCAAGUCCU

is in the Supporting Information of ref72.
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important for predicting RNA secondary structure on the
basis of thermodynamics. A reasonable goal is to predict
the stability of most 3× 3 loops within 0.8 kcal/mol, which
is 0.1 kcal/mol of difference per nucleotide since half of the
closing base pairs are included in the loop stability in the
nearest neighbor model (Figure 1). The thermodynamic data
and imino proton NMR spectra provide some clues for the
thermodynamic modeling of 3× 3 internal loops. From the
comparison of measured and predicted free energy incre-
ments for 3× 3 internal loops (Table 2 and Figure 2), the
relatively simple model of eq 4 is usually sufficient. The
terms in eq 4 are discussed below. It is evident that there
are additional elements of stability remaining to be discov-
ered, however.

Loop Initiation Free Energy.Previous studies have shown
that internal loop formation generally becomes less favorable
as loop size increases (38, 56, 65, 79). The initiation free
energy of 1.99( 0.11 kcal/mol for 3× 3 internal loops is
approximately 1 kcal/mol less favorable than that for 2× 2
internal loops (24) and agrees well with that used in the
current RNAstructure 4.0 algorithm (1.9( 0.1 kcal/mol)
(24). As shown in Table 2, sequences without stabilizing
loop-terminal pairs, i.e., without GA, AG, and UU pairs,
are predicted well by this loop initiation value. Note that
a potential AU middle pair inGCGAAACCG

CGCAUAGGC (2.37 kcal/mol),
a GU middle pair inCUCGAUAGCUG

GAGCAGACGAC (1.94 kcal/mol) and

CUCGAUAGCUG
GAGCCGACGAC (1.43 kcal/mol), and a GG middle pair in

CUCGAGAGCUG
GAGCAGACGAC (2.29 kcal/mol) and CUCGAGAGCUG

GAGCCGACGAC (1.52
kcal/mol) have no clear stabilizing effect in the corresponding
loops.

Bonus for GA and AG Loop-Terminal Pairs.To explore
the effect of the loop-terminal noncanonical pair on stability,
sequences were studied with GA, AG, and AA pairs flanking
a middle AA pair. The order of thermodynamic stability is
as follows: GA> AG > AA. From all the data fitted from
Table 2, free energy increments of-0.89( 0.09 and-0.37
( 0.14 kcal/mol were derived for GA and AG, respectively
(Table 3). There is no clear dependence on the orientation
of GC closing base pairs, e.g.,CGCAAGGCG

GCGGAACGC (0.49 kcal/mol)
versusGCGAAGCCG

CGCGAAGGC(0.15 kcal/mol) andCUCGAAGGCUG
GAGCGAACGAC (-0.07

kcal/mol) as well asGCCGAAGCG
CGGAAGCGC (0.87 kcal/mol) versus

GCGGAACGC
CGCAAGGCG (0.71 kcal/mol).

The imino proton spectra provide clues about the structural
basis of the free energy bonuses for loop-terminal GA and
AG pairs. As shown in Figure 3g-l,n,o, duplexes with the

GA
CG, AA

UG or GA
UG motif always have a resonance between 10 and

11 ppm, which is expected for a sheared GA pair
(N7-amino, amino-N3; trans Hoogsteen/Sugar edge) (67,
68). Such a resonance is not observed, however, for the

CGCAAGGCG
GCGGAACGC(Figure 3b) andGCCGAAGCG

CGGAAGCGC(Figure 3c) duplexes,
which haveCA

GG andCG
GA motifs, respectively. Due to overlap

of imino proton regions between imino GA and Watson-
Crick GC pairs, no specific assignment was made for these
sequences. Presumably, both motifs result in imino GA pairs
(N1-N1, carbonyl-amino; cis Watson-Crick/Watson-
Crick), as observed for these motifs in 2× 2 internal loops
(69, 70). The CG

GA motif does not allow formation of a
sheared GA pair because there is a Watson-Crick pair 5′ to
the A (80).

Bonus for UU Loop-Terminal Pairs. As shown in Table
2, pyrimidine rich internal loops with UU loop-terminal pairs
are less sequence dependent than purine rich loops. The range
of free energies for loops with two UU loop-terminal pairs
is 1.64-0.69 kcal/mol with different CC, UC, GA, and UU
middle pairs. The bonus of-0.49( 0.11 kcal/mol for each
loop-terminal UU pair gives good predictions. There are four
peaks in the imino proton NMR spectrum for the self-
complementary duplex,CGCUUUGCG

GCGUUUCGC (Figure 3d); presum-
ably, two G and two U imino protons are overlapped at 13.2
and 11.4 ppm, respectively, on the basis of the integration
of the peaks. Similar chemical shifts of two loop-terminal
U imino protons in the same 3× 3 loop with a longer stem
have been observed previously (81). Shown in parts e and f
of Figure 3 are spectra of pyrimidine rich loops within non-
self-complementary duplexes. Observation of imino proton
resonances between 10.0 and 11.5 ppm is consistent with
hydrogen-bonded UU pairs (14, 82).

Penalty for AU or UA Closing Base Pairs.The three
duplexes studied here with loops closed by AU or UA,

CGUAAGACG
GCAGAAUGC, CGAAAGUCG

GCUGAAAGC, and CUCAAGAACUG
GAGUGAAUGAC, have ∆G°37,loop

values of 1.66, 1.38, and 2.30 kcal/mol, respectively.
Equation 4 gives predictions of 1.89, 1.89, and 1.56
kcal/mol, respectively. The AU penalty currently employed
by mfold(23) and the most recent RNAstructure 4.0 program
(24) is 0.7 kcal/mol, which is within experimental error of
the fitted AU penalty of 0.84( 0.15 kcal/mol (Table 3).

Effect of the Middle Pair.Most of the internal loops
studied with a middle GA pair flanked by at least one non-
pyrimidine-pyrimidine loop-terminal pair are more stable
than would be expected from the model in the currentmfold
and RNAstructure 4.0 programs (eq 3). The two exceptions
are CUCAAGAACUG

GAGUGAAUGAC (2.30 kcal/mol) andCUCGAGAGCUG
GAGCGAGCGAC (0.54

kcal/mol). No extra stabilization is found for other middle
pairs, however. This includes the potential Watson-Crick
AU pair in GAUGC

CGAAG, which does not form on the basis of the
imino proton spectrum (Figure 3i). Thus, a bonus parameter
for a GA middle pair flanked by at least one non-pyrimidine-
pyrimidine loop-terminal pair is included in eq 4. The bonus
value of-1.22 kcal/mol for a middle GA pair is similar to
that for loop-terminal GA pairs (-0.89 kcal/mol), presumably
reflecting similar stacking and hydrogen bonding. A GA
middle pair flanked by two pyrimidine-pyrimidine loop-
terminal pairs has no extra stabilization besides the contribu-
tion of UU loop-terminal pairs, e.g.,CUCGUAUGCUG

GAGCUGCCGAC (1.44
kcal/mol) andCUCGUAUGCUG

GAGCUGUCGAC (0.99 kcal/mol).
Thermodynamic stabilization due to a GA pair flanked

by two noncanonical pairs may not be restricted to 3× 3
internal loops. For example, a GA middle pair is well-
conserved in the “noncanonical stem” of the kink-turn motif
(83, 84). Biochemical and biophysical studies of this motif
suggest that the noncanonical stem is structured even in the
absence of Mg2+ and protein (85).

Loops with a single GA loop-terminal pair not adjacent
to a middle GA pair are more complicated. A penalty term
∆G°5′GU/3′AN (0.95 kcal/mol) was added for loops with a
single GA loop-terminal pair with a U 3′ to the G of the GA
pair, e.g., GCGAUGCCG

CGCAUAGGC (2.46 kcal/mol), GCGAUGCCG
CGCAGAGGC (2.25

kcal/mol), CUCGAUAGCUG
GAGCGUACGAC (2.15 kcal/mol),GCGAUGCCG

CGCAAAGGC (1.98
kcal/mol), CUCGAUGGCUG

GAGCAGACGAC (1.90 kcal/mol), andCUCGAUGGCUG
GAGCAAACGAC

(1.57 kcal/mol). All these sequences contain a 5′GUA3′
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sequence that may have more favorable stacking in the single
strand than in the duplex. It is also possible, however, that
stacking of a U 3′ to a G of a GApair is unfavorable unless
there is severe distortion of the backbone. Interestingly,
relatively less well-defined local structure was observed in
G36‚A26 and U37‚C25 base pairs in an NMR structure of
the loop B domain from a hairpin ribozyme (86). Dynamics
were also found for U21, which is 3′ to the G of a GA pair
in loop A from a hairpin ribozyme (87). In asymmetric loop
E, the G 5′ to U was found to bulge out forming an S turn
rather than forming one of two possible sheared GA pairs
(88, 89). A similar choice is found in asymmetric internal
loops in domains IIb and IIId of the HCV virus (13, 90). A
3 × 3 loop,GAAAC

CGUAG, in helix 38 of 23S rRNA interacts with
5S rRNA, and the loop-terminal G (shown in bold) is found
to form a pair with the U to make a base triple rather than
making a GA pair (91). Note that a∆G°5′GU/3′AN penalty is
not applied for loops with two GA loop-terminal pairs, e.g.,

CGCAUGGCC
GCGGAACGG(0.70 kcal/mol),GCGAUGCCG

CGCGAAGGC(0.57 kcal/mol), and

CGCAUGGCC
GCGGUACGG (0.29 kcal/mol). The stabilizing effect of two
loop-terminal GA pairs agrees with the formation of
two sheared GA pairs in the internal loop,GAUGG

UGUAC, in helix
96 of 23S rRNA fromHaloarcula marismortui(83). The
other loops in Table 2 with a single GA loop-terminal
pair are predicted reasonably well to be 1.10 kcal/mol:

CUCGAUAGCUG
GAGCGGACGAC(1.77 kcal/mol),GCUGAAACGUC

CGACGCAGCAG(1.50 kcal/mol),

CUCGAAAGCUG
GAGCGAACGAC (1.39 kcal/mol),CUCGAUAGCUG

GAGCGAACGAC (1.33 kcal/mol),

GCGACCCCG
CGCGAAGGC (1.00 kcal/mol), GCGAAACCG

CGCGAAGGC (0.89 kcal/mol),

GCGAAGCCG
CGCAUAGGC (0.51 kcal/mol),GCGAAGCCG

CGCAAAGGC (0.26 kcal/mol), and

GCGAACCCG
CGCGAAGGC (-0.13 kcal/mol).

GU Pairs Closing Loops Are Idiosyncratic.The thermo-
dynamic parameters in folding algorithms typically assume
that GU pairs closing internal loops are equivalent to AU
pairs. A comparison of measured and predicted values in
Table 2 suggests that this is not a good approximation. The
most surprising loop isGAGGU

CGAAG (-3.42 kcal/mol) which is
more stable than theGAGGC

CGAAG loop (-1.73 kcal/mol) even
though it has a GU closing pair. The imino proton spectrum
(Figure 3l) shows three relatively sharp imino proton peaks
from the loop, suggesting a structured loop that protects the
imino protons from exchange with water. TheGA

UG motif is
thermodynamically relatively stable in 2× 2 loops when
compared with theAA

UG motif but not when compared with
the GA

CG motif (72). Thus, theGAGGU
CGAAG loop is unusually stable.

This loop is found in several SSU rRNA and SRP RNA
secondary structures (17, 18). Data for 2× 2 loops closed
with at least one GU pair are also not predicted well
assuming GU is thermodynamically equal to AU (72).
Evidently, stacking interactions with GU pairs differ from
those with AU pairs.

Nearest Neighbor Approximation.One important assump-
tion of the nearest neighbor free energy minimization method
for predicting RNA secondary structure is pairwise additivity.
One test of the model is the free energy comparison be-
tween identical loops with different stems and/or orienta-
tions: CGCAAAGCG

GCGAAACGC (2.76 kcal/mol) versusGCCAAAGCG
CGGAAACGC (2.47

kcal/mol) andGCCAAAGGC
CGGAAACCG (1.84 kcal/mol);CCGAAGCGG

GGCGAAGCC (1.25
kcal/mol) versusGCGAAGCCG

CGCGAAGGC (0.15 kcal/mol); GCGAAACCG
CGCGAAGGC

(0.89 kcal/mol) versusGCGAAGCCG
CGCAAAGGC (0.26 kcal/mol); and

GCGUUUCCG
CGCUCUGGC (0.78 kcal/mol) versus GCGUCUCCG

CGCUUUGGC (0.72

kcal/mol). The comparisons indicate that the nearest neighbor
model is usually a reasonable approximation.
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