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ABSTRACT: Optical melting experiments were used to determine the thermodynamic parameters for
oligoribonucleotides containing small asymmetric internal loops. The results show a broad range of
thermodynamic stabilities, which depend on loop size, asymmetry, sequence, closing base pairs, and length
of helix stems. Imino proton NMR experiments provide evidence for possible hydrogen bonding in GA
and UU mismatches in some asymmetric loops. The stabilizing effects of GA, GG, and UU mismatches
on the thermodynamic stability of internal loops vary depending on the size and asymmetry of the loop.
The dependence of loop stability on Watson-Crick closing base pairs may be explained by an account
of hydrogen bonds. Models are presented for approximating the free energy increments of 2× 3 and 1
× 3 internal loops.

RNA secondary structure predictions based on free energy
minimization use experimental and extrapolated thermody-
namic parameters for RNA motifs to generate a set of
possible secondary structures for a given RNA sequence (1).
Approximately half of the nucleotides in known RNA
structures form double helices with canonical Watson-Crick
or GU base pairs; the other half of the nucleotides form
noncanonical regions (1, 2). Asymmetric internal loops are
a type of noncanonical region defined by an unequal number
of nucleotides on opposing strands between two helices.
Asymmetric internal loops are common in known RNA
secondary structures and often have a role in RNA function.
The notationm× n loop1 refers to the number of nucleotides
on each side of the loop; for example, a 2× 3 loop contains
two nucleotides opposite three nucleotides.

Asymmetric internal loops play an important role in the
structure and function of RNA; thus, understanding the
thermodynamic stability of these motifs is important for
understanding the structure and function of RNA. For
example, in theTetrahymena thermophilagroup I intron,
the asymmetric J5/5a loop acts as a hinge that forms a bend
in the helix (3, 4), and the asymmetric J6a/6b loop acts as a
tetraloop receptor (4, 5). Identifying these types of tertiary
contacts that determine global folding requires a good
secondary structure prediction of internal loops. Understand-
ing how RNA functions also requires identification of
asymmetric internal loops. For example, the asymmetric J4/5
loop in the group I intron is part of the docking site for the

P1 helix (6) and may also help to stabilize the transition state
of the splicing reaction (7). Asymmetric internal loops in
other RNAs bind proteins (8-11). A good secondary
structure prediction of internal loops can also help to identify
potential target sites for therapeutics. For example, the
aminoacyl-tRNA site in 16S rRNA contains an asymmetric
internal loop that binds aminoglycoside antibiotics, which
inhibit translocation (12-16). Thus, the thermodynamic
parameters for asymmetric internal loops can help to improve
RNA secondary structure prediction, tertiary structure predic-
tion, and rational drug design.

Initial studies of symmetric internal loops focused on loops
containing all C nucleotides and showed that the thermo-
dynamic stability depends on the number of nucleotides in
the loop (17). Later Papanicolau et al. (18) proposed a penalty
for the degree of asymmetry in internal loops, and Peritz et
al. (19) determined an asymmetry penalty based on optical
melting experiments with internal loops containing all A
nucleotides. Further experiments on internal loops containing
all C nucleotides showed a correlation between loop asym-
metry and a less favorable stacking enthalpy and increased
accessibility of the major groove to chemical modification
(20). Thermodynamic studies of 2× 2 internal loops have
shown a broad range of stabilities that depend on the
sequence and closing base pairs of the loop (21-25).
Thermodynamic studies of 1× 2 internal loops also show
that loop stability depends on the sequence and potential
mismatches in the loop (26). NMR and X-ray crystal
structures containing asymmetric internal loops reveal a
variety of stacking and hydrogen-bonding interactions that
stabilize novel structures of the loops (4, 5, 9-11, 27-43).

This paper presents thermodynamic parameters and struc-
tural insights for 1× 3 and 2× 3 internal loops as deduced
from optical melting experiments and imino proton NMR
spectra. Several internal loops with diverse sequences and
biological functions were selected as a starting point for
studying small asymmetric internal loops (Figure 1); other
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loops were designed to test specific hypotheses. The ther-
modynamic stability of asymmetric internal loops depends
on the loop size, degree of asymmetry, loop sequence, closing
base pairs, and length of stem helix. The stabilizing effect
of potential GA, GG, and UU mismatches varies depending
on the type of loop. Models are presented for approximating
the thermodynamic stabilities of 1× 2, 1 × 3, and 2× 3
loops.

MATERIALS AND METHODS

Oligoribonucleotide Synthesis.Oligoribonucleotides were
synthesized on an ABI 392 DNA/RNA synthesizer using
phosphoramidite chemistry (44, 45). Incubation in 3:1 (v/v)
ammonia/ethanol at 55°C overnight removed the base
protecting groups and the CPG support; incubation in
triethylaminehydrogen fluoride at 55°C for 48 h removed
the silyl protecting group on the 2′-hydroxyls. Oligomers
were desalted on a Sep-Pak C-18 cartridge and purified on
a Baker 500Si TLC plate with either 60:35:5 or 55:35:10
1-propanol/ammonia/water solvents. Purity was analyzed by
HPLC; all oligomers were greater than 90% pure.

Optical Melting Experiments and Thermodynamics.Con-
centrations of single-strand oligomers were determined from
the absorbance at 280 nm at 80°C (46). All oligomers were
melted as single strands and as duplexes in a 1:1 concentra-
tion ratio. Standard melt buffer was 1 M NaCl, 10 or 20
mM sodium cacodylate, and 0.5 mM Na2EDTA, pH 7. To
measure the effects of pH and magnesium ions, melting ex-
periments were also done in 1 M NaCl, 50 mM MES, and
0.5 mM Na2EDTA buffer, pH 5.5, or 10 mM MgCl2, 0.15
M KCl, 10 mM sodium cacodylate, and 0.5 mM Na2EDTA
buffer, pH 7. Melting curves were measured at 280 nm on
a Gilford 250 spectrophotometer with a heating rate of 1
°C/min controlled by a Gilford 2527 thermoprogrammer.

Melting curves were fit to the two-state model with sloping
baselines (47). Thermodynamic parameters were also ob-
tained by fitting plots of inverse melting temperature,TM

-1,
versus ln (CT/4) to the following equation (48):

whereR is the gas constant andCT is total strand concentra-
tion. Data from the melting experiments were analyzed with
the program Meltwin 3.0 (49). When one or both single-
strand oligomers could form a stable self-complementary
duplex, the competition between the self-complementary and
the non-self-complementary duplexes was analyzed graphi-
cally and/or investigated by imino proton NMR. Graphical
analysis included plotting the distribution of single-strand
oligomer, self-complementary duplex, and non-self-comple-
mentary duplex versus temperature. The computer program
uses∆H°, ∆S°, and concentration from the single-strand melt
data and the mixed duplex data and solves the necessary
quartic equation using an iterative approach (D. H. Mathews,
personal communication).

The free energies of formation of 2× 3 internal loops
with CG closing base pairs were used to derive thermody-
namic parameters for the additional stability conferred by
GA, GG, and UU mismatches in 2× 3 loops. The linear
regression analysis was computed with JMP software, a
program developed by SAS Institute Inc.

NMR. Imino proton spectra were recorded with a Varian
INOVA spectrometer at 500 MHz and Varian VNMR
software on a Sun 4/260 computer. Standard NMR buffer
was 80 mM NaCl, 10 mM sodium phosphates, and 0.5 mM
Na2EDTA, pH 6.7, in 90% H2O and 10% D2O. Oligonucle-
otide strand concentrations ranged from 0.2 to 1 mM. A
binomial 1:3:3:1 pulse sequence was used to suppress the
water signal (50). Spectra were collected with a sweep width
of 12 kHz and a frequency offset set to maximize the signal-
to-noise ratio at about 13 ppm with the first nodes at 21 and
5 ppm. The data were multiplied by a 2-5 Hz exponential
line-broadening function. All variable temperature experi-
ments began at 0.5-1 °C and continued in increments of 5
or 10 °C until all resonances disappeared. For self-
complementary oligomers with a melting temperature greater
than 20°C, variable temperature spectra were recorded before
addition of the non-self-complementary oligomer. One-
dimensional NOE spectra were collected with an irradiation
of 2-3 s at low decoupler power; experiments with irradia-
tion on- and off-resonance were collected in blocks of 16
and interleaved to correct for instrumental drift.

RESULTS

Thermodynamic Parameters.Table 1 lists the thermody-
namic parameters determined for the formation of duplexes
with and without internal loops; duplexes are grouped by
type of loop and listed in order of decreasing duplex stability.
The thermodynamic parameters fromTM

-1 vs ln (CT/4) plots
and from curve fits of the data agree within 15%, which is
consistent with the two-state model assumption (51-53).
Supporting Information contains graphs of typical melting
curves and sampleTM

-1 vs ln (CT/4) plots. Supporting
Information also contains a table of the thermodynamic
parameters for single-strand oligomers that show cooperative
transitions in the absorbance versus temperature curves and

FIGURE 1: Sequences for the duplexes studied were chosen on the
basis of sequences of known internal loops and on flanking helices
that gave two-state helix-to-coil transitions without indications of
aggregation or formation of other structures.

TM
-1 ) (R/∆H°) ln (CT/4) + ∆S°/∆H° (1)

9258 Biochemistry, Vol. 39, No. 31, 2000 Schroeder and Turner



Table 1: Thermodynamic Parameters of Duplex Formationa
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Table 1 (Continued)a
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a sample graph showing the distribution of non-self-
complementary duplexes, self-complementary duplexes, and
single strands versus temperature.

As noted in Table 1, 14 duplexes were measured in pH
5.5 or magnesium buffers. No significant changes in the
thermodynamic parameters were noted with magnesium
buffers. Only two duplexes showed a modest increase of
stability in pH 5.5 buffer. The duplex 5′UCAGCCGUGA/
3′AGUCAAUCACU showed an increase of 4°C in Tm and
a 0.6 kcal/mol more favorable∆G°37 at pH 5.5, which is
similar to a previous report of increased stability for
symmetric 2× 2 loops containing AC mismatches (22). The
duplex 5′UGACCCUCA/3′ACUGCCGAGU containing a 1
× 2 loop of all C nucleotides showed an increase of 5°C in
Tm and 1 kcal/mol more favorable∆G°37 at pH 5.5 as
compared to values previously reported for this loop at pH
7 (26). This increase in stability is slightly less than half the
stability increase for a 2× 2 loop containing all C
nucleotides, in which case an increase of 12°C in Tm and
2.5 kcal/mol more favorable∆G°37 were observed at pH 5.5
(22).

Table 2 lists the thermodynamic parameters for formation
of the internal loops. The thermodynamic parameters for

formation of an internal loop are calculated according to the
following equation (17):

For example

The values for∆H°loop and∆S°loop are similarly derived.
The values for∆G°duplex with loopand the corresponding∆H°
and ∆S° are derived from the 1/TM versus ln (CT/4) plots
(Table 1). The last term in the equation accounts for the
nearest neighbor stacking interaction present in the uninter-
rupted helix but absent in the helix containing an internal
loop. These Watson-Crick nearest neighbor parameters were
taken from Xia et al. (54). The values for∆G°duplex without

loop were either experimentally measured or predicted from
the nearest-neighbor approximation (54). For duplexes not

Table 1 (Continued)

a Melting experiments were done in 1 M NaCl, 10 or 20 mM sodium cacodylate, and 0.5 mM Na2EDTA buffer solution, pH 7. Sequences are
listed in order of type of loop and then decreasing duplex stability. Estimated errors from all sources are(10%,(10%,(2%, and(1 °C for ∆H°,
∆S°, ∆G°37, andTm, respectively. Significant figures beyond error estimates are given to allow accurate calculation ofTM and other parameters.Tm

listed is for total strand concentration of 1.0× 10-4 M. b These duplexes were also melted in 10 mM MgCl2, 0.15 M KCl, 10 mM cacodylate, and
0.5 mM Na2EDTA buffer, pH 7.0, at one or more concentrations. No significant change in duplex stability relative to 1 M NaCl buffer was
observed.c These duplexes were also melted in 1 M NaCl, 50 mM MES, and 0.5 mM Na2EDTA buffer, pH 5.5, at one or more concentrations.
Where the change in pH caused a change in duplex stability, the thermodynamic parameters from pH 5.5 melts are listed in parentheses.d Reference
26. e These duplexes were studied by variable temperature imino proton NMR (500 MHz) and one-dimensional NOE NMR in 80 mM NaCl, 10
mM phosphates, and 0.5 mM Na2EDTA buffer, pH 6.7, and 10% D2O. f These duplexes were studied by variable temperature imino proton NMR
(500 MHz) in 80 mM NaCl, 10 mM phosphates, and 0.5 mM Na2EDTA buffer, pH 6.7, and 10% D2O. g The thermodynamic parameters for these
stem duplexes were included in an analysis of nearest-neighbor parameters (54). h These duplexes were not included in the analysis of nearest-
neighbor parameters by Xia et al. (54). Listed in brackets below the experimental values are the predicted thermodynamic parameters for duplex
formation, calculated from the nearest-neighbor parameters (54).

∆G°loop ) ∆G°duplex with loop- (∆G°duplex without loop-
∆G°interrupted base pair) (2a)
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Table 2: Thermodynamic Parameters for Internal Loop Formationa

a Melting experiments were done in 1 M NaCl, 10 or 20 mM sodium cacodylate, and 0.5 mM EDTA buffer solutions, pH 7. Sequences are listed in order of
internal loop free energy for each type of loop. The experimental loop free energy is calculated according to the following equation (17): ∆G°loop ) ∆G°duplex with loop
- (∆G°duplex without loop- ∆G°interrupted base pair). Thermodynamic values used in this equation are fromTM

-1 vs ln(CT/4) plots. Estimated errors for the thermodynamic
parameters of the interrupted base pair are(10%,(10%, and(2% for ∆H°, ∆S°, and∆G°37, respectively. The predicted loop free energies, calculated according
to the rules presented in this paper and summarized in Table 3, are listed in parentheses below the experimental loop free energies.b Reference19.
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included in a recent analysis of nearest-neighbor parameters
(54), the predicted thermodynamic parameters for duplex
formation were calculated from the new nearest-neighbor
parameters and are listed in brackets below the experimental
values. Although the 10-mer duplex is more stable than
predicted, the predictions for the 8-mer duplexes are all
within experimental error.

Models for Predicting Loop Stability.Listed in parentheses
in Table 2 are the free energies of loop formation predicted
by the models described below. The thermodynamic stability
of an internal loop is predicted with the following equation
(1):

The loop initiation term accounts for the entropy penalty of
forming a loop closed by two GC pairs and depends on loop
size. The asymmetry penalty increases with an increasing
difference in the number of nucleotides on each side of the
loop (19). The AU/GU penalty accounts for the different
number of hydrogen bonds in AU or GU base pairs closing
loops compared with GC base pairs (54). On the basis of
studies on symmetric 2× 2 internal loops (1, 23), the AU/
GU penalty is 0.2 kcal/mol in addition to a 0.45( 0.04 kcal/
mol penalty for terminating a helix with an AU base pair.
The GA/GG/UU bonus accounts for the potential stabilizing
effects of GA, GG, and UU mismatches when these
mismatches begin an internal loop. The value of this bonus
depends on sequence, as described below and in Table 3.

The parameters for GA, GG, and UU bonuses in 2× 3
loops are derived from a linear regression analysis of the

free energy for formation of 2× 3 loops with CG closing
base pairs (Table 3). The r2 for the linear regression is 0.842.
The intercept of the linear equation represents the sum of
the parameters for loop initiation and asymmetry; the value
of 2.55( 0.11 kcal/mol resulting from the regression analysis
is 0.3 kcal/mol less stable than previously estimated (1). The
data set for the regression analysis includes only 18 points
and each bonus parameter depends on only a few data points.
For example, only two loops contain possible GG mis-
matches and three loops contain possible UU mismatches.
Thus, the bonus parameters for UU and GG mismatches
make no distinction between CG and GC closing base pairs
(Table 3); parameters that depend on whether the closing
base pair is CG or GC were not statistically significant (P
> 0.05) for UU and GG mismatches. In contrast, 11 loops
contain possible GA mismatches; a statistical analysis reveals
that the additional stability of a GA mismatch depends on
the stacking interaction between the mismatch and the closing
base pairs of the loop (Table 3). Although 5′GA/3′CG occurs
four times in the data set, the parameter for 5′GA/3′CG was
approximately 0 and not statistically significant (P > 0.05).
Thus, this motif is not given any bonus. Possible AC and
UC mismatches did not increase the stability of the loop
compared to a loop with all A nucleotides.

The experimental free energy of internal loop formation
for 1 × 3 loops depends mainly on the closing base pairs of
the loop rather than the sequence within the loop (Table 2).
For example, the loop 5′GAC/3′GAAGC is 1.5 kcal/mol
more stable than 5′UAU/3′AAAGA but has similar stability
to 5′ CAG/3′GGAAC, 5′GAG/3′CCGAC, and 5′CAC/
3′GAAA G. The stabilities of loops 5′UAU/3′AGAAA,
5′UAU/3′AAGAA, and 5′UAU/3′AAAA A are similar to that
of 5′UAU/3′AAAGA. The average free energies for the
formation of 1× 3 internal loops are 2.4( 0.5 kcal/mol
and 3.9( 0.4 kcal/mol when both closing base pairs are
CG or AU, respectively. These averages are consistent with
eq 3 if the GA and UU mismatch bonuses are 0 for 1× 3
loops. The previous value for∆G°loop initiation + ∆G°asymmetry penalty

for 1 × 3 loops closed by GC pairs was 2.7( 0.5 kcal/mol
(1). According to eq 3, the previously predicted∆G°loop (predicted)

for a 1× 3 loop closed by two AU closing base pairs was
4.0 ( 0.5 kcal/mol.

Effects of Stem Length.Table 4 shows the thermodynamic
parameters for loop formation in duplexes that have the same
loop sequence and closing base pairs but stem helices of
different lengths. For a 1× 3 loop with U nucleotides, adding
a base pair to each end of the helix destablizes the internal
loop by an average of 0.6 kcal/mol. This is consistent with
experiments on a 2× 2 loop containing GA mismatches
(56). The sequence of the stem helix may also affect the
thermodynamic parameters for loop formation. The values
for three internal loops, 5′CAC/3′GAAA G, 5′CUC/5′GUUG,
and 5′CAG/3′GAC, have been measured in duplexes that
have the same helix length but different sequence (Table 2;
19, 26, 56); the average difference in∆G°loop is 0.4 kcal/
mol. Thus, comparisons between free energy increments for
loops with different stem helices are valid within about 0.5
kcal/mol, which is close to the expected experimental error.

Imino Proton NMR.Figures 2 and 3 show imino proton
spectra of several 2× 3 internal loops containing possible
GA or UU mismatches, respectively. Imino protons in AU
base pairs typically resonate in the region between 13.5 and

Table 3: Free Energy Parametersa for Predicting Stabilities of 2×
3 and 1× 3 Internal Loops at 37°C

parameter 2× 3 loop 1× 3 loop

∆G°loop initiation + ∆G°asymmetry penalty 2.55( 0.11b 2.36( 0.49
∆G°AU/GU penalty

c 0.65d 0.77
∆G°GA/GG/UU bonus

5′GG -1.31( 0.23b 0
3′CA

5′CG -0.87( 0.18b 0
3′GA

5′WG -0.70( 0.24b 0
3′SG

5′CA -0.58( 0.24b 0
3′GG

5′WU -0.32( 0.14b 0
3′SU

a The parameters in this table are used with the following equation
(1): ∆G°loop (predicted)) ∆G°loop initiation + ∆G°asymmetry penalty+ ∆G°AU/GU penalty

+ ∆G°GA/GG/UU bonus. Values are given in kilocalories per mole.b The
values for ∆G°GA/GG/UU bonus were derived from a linear regression
analysis. Ther2 was 0.842. The analysis has 18 data points, 12 degrees
of freedom, and a confidence level of 0.05 for the six parameters. The
parameter for 5′GA/3′CG was not statistically significant (P > 0.05)
and was approximately zero. Thus, this motif is not given any bonus.
The intercept of the linear equation represents the sum of the parameters
for loop initiation and asymmetry. WS represents GC base pairs.c The
AU/GU penalty includes the 0.45( 0.04 kcal/mol penalty applied to
each AU or GU pair that terminates a helix (54). When a GA mismatch
occurs adjacent to an AU or GU base pair closing the loop, the
∆G°GA bonusis approximated as-0.9 kcal/mol, the average of the three
parameters for∆G°GA bonus when the closing base pairs are CG.
d References1 and54.

∆G°loop (predicted)) ∆G°loop initiation + ∆G°asymmetry penalty+
∆G°AU/GU penalty+ ∆G°GA/GG/UU bonus (3)

Small Asymmetric Loops in RNA Biochemistry, Vol. 39, No. 31, 20009263



15 ppm; imino protons in CG base pairs typically resonate
in the region between 11 and 13.5 ppm (58). Imino protons
in AU base pairs at the end of a helix are usually not
observed (19). GC base pairs at the end of a helix also may
not be observed due to exchange with water (59), which may
be the case in Figure 2 spectra ii and viii. Resonances for
imino protons at the end of a helix also broaden at a lower
temperature than for protons at internal positions. The
number of peaks and the chemical shifts of the peaks in the
spectra are consistent with the formation of the expected
duplexes. Where noted in Table 1, the assignments of the
imino protons were confirmed by one-dimensional NOE
difference spectra.

Imino protons in UU mismatches in internal loops resonate
near 11.3 and 10.4 ppm (22, 60). The imino protons in imino
hydrogen-bonded GA mismatches in internal loops resonate
near 11.5 ppm, and imino protons in sheared GA mismatches
in internal loops resonate near 10 ppm (24). GG mismatches
would be difficult to distinguish from GA mismatches in an
imino proton spectrum because the resonances for protons
in GG mismatches may occur in the same frequency range.
The small peaks upfield in the spectra shown in Figure 2
spectra i, ii, iv, and v and Figure 3 spectra i-iii are assigned
to nucleotides within the internal loop. The imino protons
may form a hydrogen bond with a base in the loop or the
phosphate backbone, or the imino protons may be positioned
into the loop in such a way that they are protected from
exchange with water. The observation of these peaks supports
the hypothesis that 2× 3 loops allow formation of ordered
mismatches at the helix-loop junction; this provides a
structural rationale for the GA/GG/UU bonus in eq 3.

In one-dimensional NOE difference experiments, most of
the small peaks assigned to imino protons within the loop
did not show any NOEs to imino protons in the adjacent
base pairs or to other imino protons within the loop. In the
duplex 5′UGACUUCUCA/3′ACUGUUUGAGU, however,
the imino protons between 10 and 11.5 ppm do produce
NOEs, as shown in Figure 4 spectra viii and ix. The asterisks
indicate NOEs upon saturation of the resonance that is
marked by an arrow. The question marks in spectra vii and
viii may be NOEs between a UU mismatch or spillover
effects from saturation of the nearby frequency. Spillover
effects are also seen in spectra iii-vi. The pattern of NOEs
in spectra i-vi is consistent with formation of the expected
helices surrounding the loop. The imino protons in the
terminal AU base pairs are not observed. Irradiating the
imino proton of each internal AU base pair gives an NOE
to an AH2 proton in the 7-9 ppm region. Thus, the NOE
results confirm the formation of the expected duplex and
suggest that this 2× 3 loop with all U nucleotides has some
degree of structure.

Several duplexes containing 1× 2 and 1× 3 loops were
also analyzed by NMR, and imino proton spectra confirm
the formation of the expected duplex and internal loop. Most
spectra of 1× 2 and 1× 3 loops, however, showed no
resonances assignable to the internal loop. Imino proton
spectra for 1× 2 and 1× 3 loops are available in Supporting
Information.

Imino proton spectra for three duplexes previously thought
to contain 1× 2 internal loops and for which the thermo-
dynamic parameters were previously reported (26) did not
show resonances consistent with the formation of the
expected duplex and internal loop. Each of these duplexes
shares a similar sequence motif that forms an unexpectedly
stable alternative structure with consecutive terminal mis-
matches. Two of these loops, 5′GAG/3′CAGC and 5′CUC/
5′GCUG, were studied with different stem helices and imino
proton spectra confirmed the formation of the expected
duplex. The thermodynamic parameters for the formation
of these internal loops (Table 2) differ from those previously
reported but are consistent with the conclusion that GA and
UU mismatches can stabilize 1× 2 internal loops. Several
model duplexes designed to contain the loop 5′GAG/
3′CGGC did not form the expected duplex without competi-
tion from other structures. Therefore, the loop free energy
for 5′GAG/3′CGGC is estimated as 1.62 kcal/mol, which is
an average of 5′GAG/3′CAGC and 5′GAG/3′CGAC. The
revised parameters for the formation of these internal loops
are included in the currentmfoldprogram (1). Imino proton
spectra of four other duplexes containing the following 1×
2 loops, 5′GAG/3′CGAC, 5′CGC/3′GGAG, 5′CGC/3′GAAG,
and 5′CCC/3′GCCG (26), confirmed the formation of the
expected duplexes.

Figure 5 shows imino proton spectra of 1× 2, 1× 3, and
2 × 3 internal loops containing all U nucleotides. The
resonances between 10 and 11.2 ppm can be assigned to the
U nucleotides in the internal loop. Each type of loop shows
a different number of peaks for U nucleotides in the loop,
although these peaks are broader than peaks for UU
mismatches in 2× 2 loops (22). These peaks suggest each
loop has some structure, whether from UU mismatches or
U nucleotides stacked into the loop and protected from
exchange with water. On the basis of line widths, however,

Table 4: Free Energy of Loop Formation at 37°C for Helices with
Different Lengthsa

a The free energy of loop formation is calculated according to the
following equation (17): ∆G°loop ) ∆G°duplex with loop- (∆G°duplex without loop

- ∆G°interrupted base pair). The thermodynamic parameters required for this
equation were derived fromTM

-1 vs ln (CT/4) or ln CT plots based on
optical melting experiments in 1 M NaCl, 10 or 20 mM sodium
cacodylate, and 0.5 mM EDTA, buffer, pH 7.b Reference21.
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these three asymmetric loops are less rigidly structured than
a 2× 2 loop with four U nucleotides. Evidently, the degree
of asymmetry affects the amount of flexibility in the loop
and the ability of the loop to form stabilizing mismatches.
Different degrees of structure and flexibility of the loop may
explain the differences in the∆G°loop observed in Table 5
for internal loops containing only A or U nucleotides.

Figure 6 shows imino proton spectra for three duplexes
with the same 1× 3 loop of all U nucleotides but different
helix lengths adjacent to the loop. The imino protons in the
terminal AU base pairs are not detected in spectra ii and iv;
the imino protons from the AU penultimate base pairs
detected in spectrum iii are seen as one broad peak just below
14 ppm. The peaks between 10 and 11.5 ppm can be assigned

FIGURE 2: Imino proton NMR spectra (9-15 ppm) in 80 mM NaCl, 10 mM phosphate, and 0.5 mM Na2EDTA buffer, pH 6.7. Spectra are
shown in order of increasing loop free energy. The single spectrum shown from a variable-temperature study was selected for the best
dispersion. (i) 5′GAGCGACGAC/3′CUCGAAGGCUG, 0.4 mM, 5°C, ∆G°loop 37C ) 0.2 kcal/mol. (ii) 5′CGACGAGCAG/3′GCUG-
GAACGUC, 0.7 mM, 0.5°C, ∆G°loop 37C ) 1.5 kcal/mol. (iii) 5′ GAGCAGCGAC/3′CUCGGAAGCUG, 0.5 mM, 10°C, ∆G°loop 37C )
1.9 kcal/mol. (iv) 5′GAGCGACGAC/3′CUCGAAA GCUG, 0.5 mM, 20 °C, ∆G°loop 37C ) 1.9 kcal/mol. (v) 5′CCACGGCUCC/
3′GGUGAAA GAGG, 0.2 mM, 1°C, ∆G°loop 37C) 2.0 kcal/mol. (vi) 5′GAGCAACGAC/3′CUCGGAAGCUG, 0.5 mM, 10°C, ∆G°loop 37C
) 2.1 kcal/mol. (vii) 5′5′GAGCCGAC/3′CUCGGCUG, 0.4 mM, 10°C. (viii) 5′CGACGCAG/3′GCUGCGUC, 0.4 mM, 1°C.
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to the U residues within the loops. The three peaks between
10 and 11.5 ppm in spectrum ii may be the result of the
interaction of bulged U nucleotides with the phosphate
backbone or helix ends in a way that is different from the
other two helices. Alternatively, increased loop flexibility
may cause two of these peaks to broaden and not be observed
in spectra i and iii. The dispersion of the peaks assigned to
the stem helices also changes with helix length. These spectra
suggest that structural changes may underlie the non-nearest-
neighbor effects in∆G°loop shown in Table 4.

Natural Occurrence.Figure 1 lists the internal loops of
biological interest and the small duplex models studied by
optical melting. The thermodynamic parameters for loop

formation do not distinguish these loops from loops with an
arbitrary sequence and no known occurrence or biological
role. Table 6 lists the most common 1× 3 and 2× 3 internal
loops occurring in a database of 101 small subunit rRNA,
218 large subunit rRNA, and 79 group I introns (61, 62,
87). A total of 743 2× 3 loops and 689 1× 3 loops were
counted. Loops that comprise less than 1% of a possible class
are not listed. Only 17% and 50% of the possible loop
sequences for 2× 3 and 1× 3 loops, respectively, occur in
this database. A high occurrence of a particular loop reflects
conservation of that loop during evolution but does not
correlate with the thermodynamics of loop formation. For
example, the most common 2× 3 loop, CC(1403)/

FIGURE 3: Imino proton NMR spectra (9-15 ppm) in 80 mM NaCl, 10 mM phosphate, 0.5 mM Na2EDTA buffer, pH 6.7. Spectra are
shown in order of increasing loop free energy. The single spectrum shown from a variable-temperature study was selected for the best
dispersion. (i) 5′UGACUUCUCA/3′ACUGUUUGAGU, 0.5 mM, 5°C, ∆G°loop 37C) 1.7 kcal/mol. (ii) 5′UCACUUCUGA/3′AGUGCUC-
GACU, 0.5 mM, 1°C, ∆G°loop 37C ) 2.2 kcal/mol. (iii) 5′UGACUUCUCA/3′ACUGCCUGAGU, 0.7 mM, 5°C, ∆G°loop 37C ) 2.8 kcal/
mol. (iv) 5′UGACCUCA/3′ACUGGAGU, 0.7 mM, 5°C. (v) 5′UCAGGUGA/3′AGUCCACU, 0.6 mM, 5°C.
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AAU (1502), where the numbering refers toEscherichia
coli, occurs adjacent to the stem-loop structure that forms

the A site in rRNA (62). The most common 1× 3 loop,
A(389)/AAC (372), occurs in a stem-loop region that is

FIGURE 4: One-dimensional NOE difference NMR spectra (7-15 ppm) of 0.5 mM 5′UGACUUCUCA/3′ACUGUUUGAGU at 0.5°C in
80 mM NaCl, 10 mM phosphate, and 0.5 mM Na2EDTA buffer, pH 6.7. Asterisks mark observed NOE peaks when the resonance marked
with an arrow is saturated; question marks indicate small peaks that are possible spillover effects or NOEs. Spectra were acquired with 3
s saturation at the following frequencies: 14.07 ppm (i), 13.86 ppm (ii), 13.07 ppm (iii), 12.98 ppm (iv), 11.69 ppm (v), 11.55 ppm (vi),
11.04 ppm (vii), 10.90 ppm (viii), 10.57 ppm (ix), and off-resonance (x).
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protected when S16 protein binds in footprinting experiments
(63). Both these loops are highly conserved but show no
unusual thermodynamic stability. The proposed methods for
predicting the thermodynamic stability of 1× 3 and 2× 3
internal loops work well for loops that have a known
biological function or are conserved in phylogenetic data-
bases and for loops that have no known biological role or
occurrence.

DISCUSSION

Thermodynamic parameters for asymmetric internal loops
are important for predicting RNA secondary structure,
understanding RNA structure and function, and developing
therapeutics that target RNA. The approximations developed
here for predicting stabilities of 2× 3 and 1× n loops can
be incorporated into programs for RNA secondary structure
prediction (1, 64, 65). Secondary structure prediction methods
such asmfold (1) can contribute to the interpretation of the
rapidly increasing database of sequence information. Ac-
curate prediction of secondary structure and accurate ther-
modynamic parameters for internal loops are also a step
toward tertiary structure prediction and identification of loops
that may form tertiary contacts. For example, the tetraloop
receptor inT. thermophilagroup I introns is an asymmetric
internal loop (4, 5); identifying the asymmetric internal loops
correctly in the secondary structure can contribute to

identifying tetraloop-receptor interactions. The thermody-
namic stability of internal loops may also be useful for
identifying drug target sites. For example, a rational approach
to drug design may prefer a preorganized site, such as
5′GGAC/3′CAGG, a very stable 2× 2 loop with unique
tandem imino GA mismatches (55). In contrast, aptamers
selected for tight binding of small molecules and high
specificity often contain highly asymmetric, flexible internal
loops (28). Thus, the experimental identification of aptamer
motifs could be coupled with secondary structure prediction
to identify possible RNA targets for small molecules.
Thermodynamic parameters for small loops and accurate
secondary structure prediction of internal loops can thereby
facilitate many investigations of RNA. The results presented
here provide a basis for simple models that provide reason-
able predictions of the stabilities for 2× 3 and 1× 3 internal
loops (Table 3).

The GA Bonus for 2× 3 Loops Depends on the Possible
Stacking Arrangement of the Mismatch and Closing Base
Pair. In 2 × 3 loops, the additional stability of a single GA
mismatch depends on the orientation of the GA mismatch
and its adjacent GC pair. The additional stability of a single
GA mismatch in 2× 3 loops relative to a loop with no
stabilizing mismatches is-0.58, -0.87, and-1.31 kcal/
mol for 5′CA/3′GG, 5′CG/3′GA, and 5′GG/3′CA, respec-
tively. The possible mismatch 5′GA/3′CG does not provide

FIGURE 5: Imino proton NMR spectra (9-15 ppm) in 80 mM NaCl, 10 mM phosphate and 0.5 mM Na2EDTA buffer, pH 6.7. (i)
5′AGGCUCGGA/3′UCCGUUGCCU, 0.5 mM, 5°C, ∆G°loop 37C ) 1.6 kcal/mol. (ii) 5′AGGCUCGGA/3′UCCGUUUGCCU, 0.3 mM, 5
°C, ∆G°loop 37C ) 2.8 kcal/mol. (iii) 5′UGACUUCUCA/3′ACUGUUUGAGU, 0.5 mM, 5°C, ∆G°loop 37C ) 1.7 kcal/mol.
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any apparent additional stability. Interestingly, in symmetric
2 × 2 loops with GA mismatches, the most stable motif also
contains 5′GG/3′CA; the second most stable motif contains
5′GA/3′CG, however (1, 24).

The peaks for GA mismatches in imino proton spectra of
2 × 3 loops correlate with the thermodynamic parameters
for GA mismatches in 2× 3 loops. Some spectra in Figure
2 show small peaks between 9.8 and 10.5 ppm, which is a
typical resonance frequency for sheared GA mismatches (24);
these loops also contain the two most stable GA stacking
arrangements, 5′CG/3′GA and 5′GG/3′CA. Spectra iii and
vi in Figure 2 do not show extra peaks for imino protons
within the loop. The absence of a peak in the imino proton
spectrum does not necessarily imply that a hydrogen-bonded
mismatch does not form; the imino protons in the mismatch
can exchange with water if the structure is partly flexible.
The loops for which no imino proton resonances are detected,
however, have the least stabilizing GA stacking arrange-
ments, 5′CA/3′GG and 5′GA/3′CG.

UU and GG Mismatches Also Stabilize 2× 3 Loops.The
average additional stabilities of UU and GG mismatches
relative to a loop with no stabilizing mismatches in three 2
× 3 loops are-0.32 ( 0.14 and-0.70 ( 0.24 kcal/mol,
respectively. Given the few molecules studied and the
small range of stabilities, an average is the best approxima-
tion for the UU and GG mismatch bonuses at this time. For
UU mismatches, the spectra in Figure 5 show small peaks
between 10 and 11.5 ppm, suggesting some structure in all
the loops. The NOEs in Figure 4 spectra viii and ix sug-

gest that 5′CUUC/3′GUUUG has stable UU stacking on a
helix end and interactions between the U nucleotides in the
loop.

AU/GU Penalty DeriVed from 2× 2 Loops Applies to 2
× 3 Loops. On the basis of stabilities of symmetric 2× 2
loops, the penalty for AU or GU closing base pairs is 0.2
kcal/mol in addition to the 0.45 kcal/mol penalty for
terminating a helix with an AU base pair (1, 54). With this
penalty, stabilities for the loops 5′UGCG/3′AAAA C,
5′UGCU/3′AACAA, and 5′UGGA/3′GAGAU are all pre-
dicted within experimental error by eq 3 (Table 2). When a
possible GA mismatch could form adjacent to the AU closing
base pairs, the prediction uses an average value of the three
stabilizing GA bonuses for 2× 3 loops,-0.9 kcal/mol. The
success of predictions for three loops with AU closing base
pairs suggests that the AU/GU penalty derived from studies
of 2 × 2 loops is applicable to 2× 3 loops.

Structures of 2× 3 Loops May Be Partly Flexible and
May InVolVe the Nucleotide Not Adjacent to the Closing Base
Pairs. In the imino proton spectra of 2× 3 internal loops in
Figure 2, the peaks assigned to nucleotides within the loop
are small and broad, which suggests some flexibility. In many
NMR studies of asymmetric internal loops, the loop was
flexible until bound to its substrate (8, 10, 11, 13, 34, 36).
Although it is possible that a flexible loop may form transient
mismatches not adjacent to the helix ends, this does not seem
to add significant thermodynamic stability to the loop. For
example, the loops 5′GAAG/3′CCGAC and 5′CUUC/
3′GCUCG, which could possibly form GA or UU mis-
matches involving the middle nucleotide of CGA and CUC,
respectively, have similar∆G°loop values as the loop 5′GAAG/
3′CAAA C. This may be explained by the disruption of
stacking between the possible GA or UU mismatch and the
helix. The imino proton spectrum of 5′CUUC/3′GCUCG in
Figure 3 (ii), however, does suggest that the loop has
structure. Also, the loop 5′CGGC/GAGAG is 0.6 kcal/mol
more stable than 5′CGGC/GAAA G. More detailed structural
studies may reveal the subtle role of the middle nucleotide
in the loop structure and stability.

The structures of 2× 3 internal loops solved by NMR
and X-ray crystallography are consistent with the observation
that certain mismatches are thermodynamically stabilizing.
In the NMR structures of the bound and free Rev-responsive
element 2× 3 internal loop in HIV-1 RNA, GA and GG
mismatches form adjacent to the helix ends (10, 11), which
is consistent with the model used for eq 3. The NMR
structure of an aptamer that binds the Rev peptide also
contains a 2× 3 loop with an imino hydrogen-bonded GA
mismatch (30). Also, in the NMR structure of the J6/6a
tetraloop receptor of theT. thermophilagroup I intron, a
UU mismatch forms adjacent to the helix ends in a 2× 3
loop with a GU closing base pair, which is also consistent
with the model of eq 3 (34). When the J6/6a loop is bound
to a hairpin in the X-ray crystal structure, however, the loop
has a different structure with an AA platform and a reverse
Hoogsteen AU pair in a base triple (4, 5). The J4/5 loop in
theT. thermophilagroup I intron, a 2× 3 loop that is bound
to a helix in the minor groove, contains all A nucleotides
and forms two stacked purine-purine mismatches (4, 5).
Further investigation on the structure and stability of 2× 3
internal loops is needed to understand the perturbations of
loops forming tertiary contacts.

Table 5: Free Energy Increments of Loop Formation at 37°C

2 × 3
loops

2 × 2
loops

1 × 3
loops

1 × 2
loops

1 × 1
loops

terminal
mismatches

AA AA A A A A
AAA AA AAA AA A A
2.7 1.3b 2.3b 2.5b (0.8)* c -1.5d

UU UU U U U U
UUU UU UUU UU U U
1.8 -0.5* b 2.8 1.5b 0.0* c -1.2d

GA GA G G G G
AAA AA AAA AA A A
1.9 -0.2* b 1.6 1.7b -0.1* c -1.4d

AA AA A A A A
AAG AG AAG AG G G
1.5 -0.3* b (2.15) 0.8b (-0.1)* c -1.4d

GG GG
AAA AA
2.0 -2.0* b

GA GA
AAG AG
0.2 -1.7* b

a The free energy of loop formation is calculated by the following
equation (17): ∆G°loop ) ∆G°duplex with loop - (∆G°duplex without loop -
∆G°interrupted base pair). The thermodynamic parameters required for this
equation were derived from optical melting experiments in 1 M NaCl,
10 or 20 mM sodium cacodylate, and 0.5 mM EDTA buffer, pH 7. All
the loops have two CG closing base pairs with orientations like 5′CAC/
3′GAAG, except for values in parentheses, where the orientations are
different. An asterisk indicates that the loop was bounded by helices
of three base pairs; all other loops were bounded by helices of four
base pairs. When multiple measurements of the same loop were
available, the value listed is the average of the measurements. For
example, the value 1.3 kcal/mol for the loop 5′CAAC/3′GAAG is the
average of 0.5 and 2.04 kcal/mol (1, 19, 25). b Reference1. c Reference
57. d Reference70.
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AVerage Values That Depend on the Closing Base Pairs
Predict the Thermodynamic Stabilities of 1× 3 Internal
Loops.The average∆G°loop for 18 1 × 3 loops with two
CG closing base pairs is 2.36( 0.49 kcal/mol; the aver-
age∆G°loop for nine 1× 3 loops with two AU closing base
pairs is 3.89( 0.39 kcal/mol. The most stable 1× 3 loop
with CG closing base pairs is 0.79 kcal/mol, or 0.2 kcal/
mol per nucleotide, more stable than the average. Similarly,
the least stable 1× 3 loop with two AU closing base pairs
is 0.9 kcal/mol, or 0.2 kcal/mol per nucleotide, less stable
than the average. Although the averages do not take into
account subtleties in the sequence dependence, the number
of possible 1× 3 internal loops prohibits a comprehensive

survey. Thus, a reasonable approximation for all 1× 3
internal loops is to use∆G°loop of 2.36, 3.12, and 3.89 kcal/
mol for loops closed with two, one, or zero GC pairs,
respectively.

The imino proton spectra of 1× 3 loops containing
possible GA mismatches are consistent with a thermody-
namic model that neglects possible mismatches in the loop
because the spectra show no resonances that can be assigned
to a GA mismatch. The imino proton spectrum for a 1× 3
loop containing all U nucleotides, however, shows resonances
with chemical shifts typical of UU mismatches (Figure 5
spectrum ii). Nevertheless, no NOEs were observed between
these resonances in the one-dimensional NOE difference

FIGURE 6: Imino proton NMR spectra (9-15 ppm) in 80 mM NaCl, 10 mM phosphate, and 0.5 mM Na2EDTA buffer, pH 6.7. Spectra are
listed in order of increasing loop free energy. The single spectrum shown from a variable-temperature study was selected for the best
dispersion. (i) 5′GGCUCGG/3′CCGUUUGCC, 0.2 mM, 5°C, ∆G°loop 37C) 2.2 kcal/mol. (ii) 5′AGGCUCGGA/3′UCCGUUUGCCU, 0.3
mM, 5 °C, ∆G°loop 37C) 2.8 kcal/mol. (iii) 5′AAGGCUCGGAA/3′UUCCGUUUGCCUU, 0.3 mM, 5°C, ∆G°loop 37C) 3.3 kcal/mol. (iv)
5′AGGCCGGA/3′UCCGGCCU, 0.5 mM, 10°C.
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spectra; such NOEs are expected for a hydrogen-bonded UU
mismatch (22). The degree of asymmetry in 1× 3 loops
and the resulting backbone distortion may perturb the
stacking interactions at the helix ends and add an unfavorable
free energy component, thus diminishing the net stabilizing
effects of forming a mismatch. The flexibility of 1× 3
internal loops also suggests that an average is a good
approximation for predicting the thermodynamic stability.

Four structures of 1× 3 internal loops solved by NMR
and X-ray crystallography, however, do show a mismatch
adjacent to the helix ends (29, 39, 40). The citrulline and
arginine aptamers each contain a 1× 3 loop that forms a

GA mismatch adjacent to the helix. Both crystal structures
of the 23S rRNA with bound L11 protein contain a 1× 3
loop that forms either a UU or non-Watson-Crick UA
mismatch adjacent to a helix end. In each of these cases,
however, the loop is part of a complex tertiary structure. It
is possible that 1× 3 loops are inherently flexible but can
form a fixed structure when bound to a substrate or tertiary
contact.

An Account of Hydrogen Bonds May Explain the Differ-
ence in Stabilities between 1× 3 Loops with CG or AU-
Closing Base Pairs.The difference between the average
values for 1× 3 loops with CG and AU closing base pairs,
1.5 kcal/mol, is consistent with previous studies of the effects
of different closing base pairs in 2× 2 loops (23) and
terminal AU base pairs in helices (54). The penalty for AU
closing base pairs in 2× 2 internal loops is 0.2 kcal/mol in
addition to the 0.45 kcal/mol penalty for terminal AU base
pairs (1). The total penalty for changing two CG closing base
pairs to two AU base pairs is then 1.3 kcal/mol, which is
within experimental error of the 1.5 kcal/mol average
difference observed with 1× 3 loops.

The penalty for terminating a helix with an AU base pair
accounts for the different number of hydrogen bonds in CG
and AU base pairs (54). In the nearest-neighbor model, half
of the free energy contribution from hydrogen bonds in a
closing base pair is included in the nearest-neighbor term
for the closing base pair stacking on its preceding base pair.
The other half of the hydrogen-bonding free energy contribu-
tion is included in the∆G°loop term. Each AU base pair has
one less hydrogen bond than a GC base pair. Thus, when
the free energy contribution from hydrogen bonds in the
closing base pairs is tallied, the∆G°loop term for a loop with
two AU closing base pairs includes one (or two halves) less
hydrogen bond than the∆G°loop term for a loop with two
GC closing base pairs. The difference in the average values
for 1 × 3 loops with two CG or two AU closing base pairs,
1.5 kcal/mol, is reasonably close to previous estimates of
the value of a hydrogen bond in a GC pair (52, 68).

Length of the Surrounding Helices Affects Loop Stability.
Three measurements of the thermodynamics of forming a 1
× 3 loop containing only U nucleotides show that the loop
becomes less stable by about 0.6 kcal/mol at 37°C when a
base pair is added to each end of the helix (Table 4). This is
consistent with earlier experiments on 2× 2 loops containing
GA and AA mismatches (21, 22). The stability of 1× 1
loops, or single mismatches, can also depend strongly on
the mismatch position in the helix; the closer to the end of
the helix, the more stable is an AA or UU mismatch (57).
Similar non-nearest-neighbor effects have been noted in
previous thermodynamic studies of bulges (69). For example,
thermodynamic studies of bulge loops in RNA showed non-
nearest-neighbor effects greater than 1 kcal/mol that depend
on nonadjacent base pairs in the helix and 3′ dangling ends
(69). Because various types of loops are consistently less
stable when the flanking helices are lengthened, there are
evidently non-nearest-neighbor effects on loop stability. In
Figure 6, the imino proton spectra of the three duplexes
containing 1× 3 loops of U nucleotides show differences
in the number of peaks assigned to U nucleotides in the loop
and the chemical shifts of peaks assigned to the stem helices.
These spectra suggest that structural changes may contribute
to the changes in∆G°loop.

Table 6: Natural Occurrence of 2× 3 and 1× 3 Internal Loops in
23S rRNA, 16S rRNA, and Group I Intronsa

a Occurrence in 218 large subunit rRNA, 101 small subunit rRNA,
and 79 group I introns (61, 62, 87). A total of 743 2× 3 loops and
689 1× 3 loops were counted. Loops that occur less than 1% are not
listed. Only 17% and 50% of the possible loop sequences for 2× 3
and 1× 3 loops, respectively, occur in this database. The sequences
of 2 × 3 and 1× 3 loops are listed as 5′XX3′/3′XXX5 ′ and 5′X3′/
3′XXX5 ′, respectively. Sequences marked with an asterisk are included
in the thermodynamic results reported in Table 2.
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The calculation of∆G°loop uses a nearest neighbor ap-
proximation for the helices surrounding a loop and assumes
that the internal loop interrupts only the stacking interaction
of one base pair (eq 2). Internal loops can affect the structure
of the surrounding helices beyond the closing base pair of
the loop, however. For example, asymmetric internal loops
show an increase in the accessibility to chemical modification
of the major groove in the surrounding helix (20); the
increased major groove accessibility extends four and two
nucleotides in the 3′ and 5′ directions, respectively. Bulged
nucleotides may also interact with the phosphate backbone
or nearby helix. For example, in an RNA aptamer that binds
HIV-1 Rev protein, a U nucleotide in a bulge forms a base
triple with an AU base pair in the helix (30). The ∆G°loop

term for loops with the same length helix but different helix
sequences varies by an average of 0.4 kcal/mol. These non-
nearest-neighbor interactions depend on the type of loop and
the sequence of the surrounding helix. The effects of these
non-nearest-neighbor interactions, however, are difficult to
predict and to quantitate and are probably small compared
to the interruption of the base pair stacking. Nevertheless,
comparisons of the∆G°loop for loops with different helices
are valid within approximately 0.5 kcal/mol.

Stabilizing Effects of GA and UU Mismatches Vary with
the Type of Loop.Table 5 compares the∆G°loop at 37°C of
internal loops containing possible AA, UU, and GA mis-
matches in different loops. The last two rows include
examples of loops with two possible GA mismatches; the
columns for 1× n loops are left empty in these rows because
only one GA mismatch can be formed in a 1× n loop. The
stabilizing effect of UU and GA mismatches relative to AA
mismatches varies depending on the size and asymmetry of
the loop. For example, an internal loop of four U nucleotides
as a symmetric 2× 2 loop has a∆G°loop of -0.5 kcal/mol,
which is 1.8 kcal/mol more stable than a 2× 2 loop of all
A nucleotides. In contrast, a loop of four U nucleotides as
an asymmetric 1× 3 loop has a∆G°loop of 2.8 kcal/mol,
which is approximately the same as the value of 2.3 kcal/
mol for an 1× 3 internal loop containing all A residues.
The difference between 1× 3 and 2× 2 loops with four U
nucleotides is 3.3 kcal/mol, while for loops with four A
nucleotides, the difference is only 1.0 kcal/mol. In Figures
5 and 6, the imino proton spectra of loops containing U
nucleotides show small peaks that can be assigned to the U
imino protons in the loop, suggesting that the loops have
some structure. Although the loops also may be partly
flexible, changes in asymmetry of the loop may affect the
degree of backbone distortion and the ability of the duplex
to accommodate the mismatched nucleotides in a stable
structure. Thus, the thermodynamic stability of internal loops
depends on a balance of many factors, including loop size,
asymmetry, loop sequence, possible stabilizing mismatches,
and the surrounding helices.

Method for Predicting the Thermodynamic Stabilities of
Internal Loops Depends on the Type of Loop.The rules for
internal loop stability are clearly idiosyncratic. The 2× 2
loops show the largest range of thermodynamic stability, 4.8
kcal/mol or greater than 1000-fold in a binding constant, for
loops with CG closing base pairs (1, 25, 23). In contrast, 1
× 3 loops with CG closing base pairs and helices of the
same length have an overall range of only 1.5 kcal/mol,
approximately 10-fold in a binding constant (Table 2). The

1 × 2 and 2× 3 loops have a range of stabilities of 1.7 and
2.6 kcal/mol, respectively. Comparison of the stability of
terminal mismatches (53) versus internal mismatches (57)
shows that the effect of constraining a mismatch on both
sides by a helix has a destabilizing effect greater than 1 kcal/
mol (Table 5). The differences in the ranges of stabilities
for different loops may result from the effect of backbone
distortion, different degrees of constraint on the structure of
the loop, and the ability of the loops to accommodate a
stabilizing mismatch. Thus, different approximations are
necessary for predicting the stabilities of different types of
internal loops.

The rules for approximating stabilities of symmetric 2×
2 loops are summarized in a periodic table of symmetric
tandem mismatches (23). The penalty for AU closing base
pairs, 0.2 kcal/mol in addition to the 0.45 kcal/mol penalty
for AU base pairs terminating a helix, was derived from
studies of symmetric 2× 2 loops and also applies to other
loops. The following equation has provided reasonable
approximations for nonsymmetric tandem mismatches:

where PQ and ST are Watson-Crick base pairs and where
∆P is a penalty for mismatches of different sizes (1, 25).

Equation 3 and the parameters in Table 3 predict well the
thermodynamic stabilities of 2× 3 loops. The RNA folding
algorithm mfold also uses eq 3 to predict largerm × n
internal loops when bothm and n are greater than 1 (1).
Both the∆G°loop initiation and the∆G°asymmetryterms are derived
from data for a series of loops of different sizes and
asymmetry. The penalty for AU and GU closing base pairs
was derived from studies of symmetric 2× 2 loops (23)
and is similar to that measured for 1× 3 loops (Tables 2
and 3). On the basis of results in Table 2, the bonus for GA
and UU mismatches, however, should depend on the loop
size and asymmetry. The loop asymmetry may cause
distortions in the phosphate backbone that restrain the
structure of the loop and prevent certain stacking interactions.
Loops with more nucleotides may have more possible ways
to accommodate both backbone distortion and stabilizing
mismatches. Thus, the stabilizing effects of GA and UU
mismatches depends on the loop size and asymmetry.
Comparisons of the free energies for small loops in Table 5
demonstrates this dependence. Although the current bonus
of -1.1 and-0.7 kcal/mol for GA and UU mismatches,
respectively, may be an overestimate of loop stability, further
investigation of larger loops is necessary to approximate
better the stabilizing effects of GA and UU mismatches in
larger loops. The results in Tables 2 and 3 also suggest that
bonuses should be applied to some loops that begin with a
GG mismatch.

NMR structures of larger internal loops show that at least
one mismatch forms adjacent to the helix end in most loops,
although the mismatch may not always be predicted by eq
3. For example, two GA mismatches form adjacent to the
helix ends in the FMN aptamer (29), and the structure is
consistent with the model of eq 3. In the leadzyme NMR
structure of the loop 5′GGAG/3′CGAGCC, however, a

∆G°loop(5′PXYS/3′QWZT) )
1/2[∆G°loop(5′PXWQ/3′QWXP) +

∆G°loop(5′TZYS/3′SYZT)] + ∆P (4)
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protonated CA mismatch forms adjacent to the helix end but
not a possible GG mismatch (35). Because it remains difficult
to predict which mismatches will occur within a loop,
counting the possible stabilizing mismatches adjacent to the
helix ends remains a reasonable first approximation of
thermodynamic stability, although this may not always reflect
the structure of the loops.

The method of predicting thermodynamic stability for 1
× n loops depends onn. A recent study of 1× 1 loops, or
single mismatches, has shown that an average value of 0.3
kcal/mol for all mismatches other than the unusually stable
GG (-2.2 kcal/mol) and 5′GUC/3′CUG (-0.6 kcal/mol)
motifs predicts well the stability of 1× 1 loops closed by
CG base pairs (57). A penalty of 0.8 kcal/mol is added per
AU closing base pair for 1× 1 loops. A table listing the
experimental and estimated values for all 1× 2 loops with
CG closing base pairs, including the corrections reported in
this paper, is used to predict the stability of 1× 2 loops (1,
26). The most stable 1× 2 loops have potential GA and
UU mismatches. In contrast, 1× 3 loops do not consistently
show an increase in stability when the loop contains a
potential GA or UU mismatch. The stability of 1× 3 loops
depends most strongly on the closing base pairs.

The average approximation approach for 1× 3 loops has
been extended to all 1× n loops wheren is greater than 2
because no data are available for these 1× n loops with
possible GA, GG, or UU mismatches. The values from the
study of asymmetric internal loops containing all A nucle-
otides are used to approximate the stability of larger 1× n
loops (1, 19). This approach is equivalent to using eq 3 with
no GA, GG, or UU bonuses for 1× n loops. This
approximation assumes that loops with large asymmetry are
probably flexible and that loop stabilities therefore do not
depend strongly on the sequence in the loop, as observed
for 1 × 3 loops. The NMR structures of 1× n loops in
several aptamers and in the U1A protein binding site of a 3′
untranslated region are all flexible until bound to a substrate,
which supports this hypothesis (8, 27, 28). Further investiga-
tion of the stability of asymmetric internal loops may clarify
the thermodynamics of internal loops and how the stability
changes when the loop binds a substrate or forms a tertiary
contact.
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a sample graph of the analysis of competition between self-
complementary and non-self-complementary duplexes, sample
imino proton spectra for the analysis of competition between
non-self-complementary and self-complementary duplexes,
imino proton spectra for duplexes containing 1× 2 and 1×
3 loops, sample melting curves, and sample 1/TM vs ln (CT/

4) plots. This material is available free of charge via the
Internet at http://pubs.acs.org.
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