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ABSTRACT: Optical melting experiments on oligoribonucleotides containing internal loops of three
nucleotides (two nucleotides opposing one nucleotide) flanked by CG pairs show that the free energy of
internal loop formation depends on the sequence of nucleotides within the loop. Internal loops with the
potential for A‚G and U‚U mismatch pairing generally have more favorable free energies of formation
than internal loops with potential AA, CC, AC, or UC pairings. In most cases, potential A‚G and U‚U
pairings leaving a single unpaired nucleotide 5′ to a flanking CG pair are most stable; those leaving a
single nucleotide 3′ to a flanking CG pair have intermediate stability. Internal loops of three nucleotides
without potential A‚G or U‚U pairs are the least stable. The results provide an improved model for
predicting the folding stabilities of internal loops of three nucleotides.

RNA plays a role in protein translation, catalysis, regula-
tion of gene expression, and as an anti-sense therapeutic
target (Watson et al., 1987). Knowledge of RNA secondary
and tertiary structure can improve our understanding of RNA
biological functions. Internal loops are an important second-
ary structural motif because they occur often and contain
unpaired nucleotides with functional groups available to serve
as binding sites for proteins or for tertiary interactions (Le
et al., 1994; Egebjerg et al., 1988; Weeks & Crothers, 1993;
Wyatt & Tinoco, 1993). Little is known, however, about
the sequence dependence of folding stabilities for internal
loops. Such thermodynamic information would improve
computer predictions of secondary and tertiary structure
based on free energy minimization (Walter et al., 1994a;
Jaeger et al., 1989; Turner et al., 1988; Lu¨ck et al., 1996).
Previous research has shown that G‚A and U‚U mismatches
form stabilizing hydrogen bonds in internal loops of tandem
mismatches (SantaLucia et al., 1991a,b; Walter et al., 1994b;
Wu et al., 1995) and that asymmetric internal loops contain-
ing only A’s (Peritz et al., 1991) or C’s (Weeks & Crothers,
1993) have less thermodynamic stability than similar sym-
metric loops. In this paper, thermodynamic parameters for
forming internal loops of three nucleotides (two nucleotides
opposing one nucleotide) are reported for 17 new sequences
containing a variety of mismatches. In most cases, A‚G and
U‚U mismatch pairs also stabilize internal loops of three
nucleotides.

MATERIALS AND METHODS

Oligoribonucleotides were synthesized on an ABI 392
DNA/RNA synthesizer using phosphoramidite chemistry
(Usman et al., 1987; Scaringe et al., 1990). Incubation in
3:1 (v/v) ammonia:ethanol at 55°C for 17 h cleaves the RNA
from the CPG support and removes the base protecting
group; incubation in triethylaminehydrogenfluoride (TEAHF)
at 55°C for 48 h removes the silyl protecting group on the
2′ hydroxyl. After desalting the RNA samples with a Sep-
Pak C-18 cartridge, the product was separated from failure

sequences on either a Baker 500Si TLC plate (60% 1-pro-
panol, 35% ammonia, 5% H2O solvent) or a denaturing 8
M urea, 20% polyacrylamide gel. After desalting the RNA,
purity was checked by HPLC on a Beckman Ultrasphere C-8
column with a gradient from 10 mM sodium phosphate, pH
7 (buffer A), to 10 mM sodium phosphate, pH 7/50%
methanol (buffer B) at a rate of 1 mL/min. Oligomers
usually eluted at 20-30% buffer B. Purity of all oligomers
was greater than 95%, except for 5′UGAGACGUCA3′
(>90%) and 5′UGAGAUGUCA3′ (>91%).
Concentrations of the single strand oligomers were deter-

mined from the absorbance at 280 nm at 80°C (Borer, 1975).
After mixing the oligomers in 1:1 concentration ratio, the
RNA was dissolved in 1 M NaCl, 10 mM cacodylate, 0.5
mM EDTA, pH 7 melting buffer. 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. The melting curves were fit to the two-
state model with sloping baselines (Petersheim & Turner,
1983). Thermodynamic parameters were also obtained by
fitting plots of inverse melting temperature,TM-1, vs log-
(total strand concentration/4) to the equation (Borer et al.,
1974)

whereR is the gas constant.

RESULTS

Table 1 lists thermodynamic parameters derived from
melting experiments in 1 M NaCl for duplexes containing
internal loops of three nucleotides. Duplexes are listed in
order of decreasing stability. Figure 1 shows a typicalTM-1

vs ln(CT/4) plot. Thermodynamic parameters derived from
TM-1 vs ln(CT/4) plots and from curve fitting agree within
10%, consistent with the two-state transition model (Freier
et al., 1986a; Turner et al., 1988). One sequence,

ACUGAAGAGU
5′UGAC ACUCA , has been studied previously (Peritz et al.,
1991), and theTM-1 vs ln(CT/4) results in Table 1 are similar
to those reported. The new results are preferred, however,
since the melts are more two-state than those reported
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TM
-1 ) (R/∆H°)ln(CT/4)+ ∆S°/∆H° (1)
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Table 1: Thermodynamic Parameters of Duplex Formationa

TM-1 vs ln (CT/4) parameters curve fit parameters

duplex -∆H° (kcal/mol) -∆S° (eu) -∆G°37(kcal/mol) TMb(°C) -∆H° (kcal/mol) -∆S° (eu) ∆G°37(kcal/mol) TMb(°C)

aMelting experiments were done in 1 M NaCl, 10 mM sodium cacodylate, 0.5 mM EDTA, pH 7.0, buffer solutions. Sequences are listed in order of
decreasing loop free energy (see Table 3). Listed errors are standard deviations from reported measurements assuming no correlation of errors in the slope
and intercept and are therefore overestimates of this source of error. Estimated errors from all sources are(10%,(10%, and(2% for∆H°, ∆S°, and∆G°,
respectively. Significant figures beyond error estimates are given to allow accurate calculation ofTM and other parameters. The 10-mers in duplexes

3′ACUGACGAGU
5′UGAC ACUCA and 3′ACUGACGAGU

5′UGAC ACUCA form self-complementary duplexes with higherTM’s than the duplexes containing an internal loop of three nucleotides.
bMelting temperatures are given for total strand concentrations of 1× 10-4 M. c Values are from Peritz et al. (1991).
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previously, suggesting a more pure sample. The duplex

ACUGAAGAGU
5′UGAC GCUCA was synthesized twice, and results of melting
experiments on both samples are within experimental error.
The duplexes ACUGAAGAGU

5′UGAC ACUCA and ACUGAAGAGU
5′UGAC GCUCA at roughly 6

× 10-4 M strand concentration were also melted in 10 mM
MgCl2, 0.15 M KCl, 10 mM sodium cacodylate, and 0.5
mM Na2EDTA buffer at pH 7. The thermodynamic param-
eters were within experimental error of those listed in Table
1.
Table 2 lists melting data for single strand oligomers that

gave cooperative melts. The sequences 5′UGAGCAGUCA
and 5′UGAGACGUCA form self-complementary duplexes
with melting temperatures higher than the duplexes contain-
ing internal loops3′CA5′

A or 3′AC5′
A . Thus these internal loops

could not be studied. Melting temperatures for other single
strands were low enough so that the self-complementary
association can be neglected (Peritz et al., 1991).
Table 3 lists thermodynamic parameters for internal loop

formation. The value for the free energy of internal loop
formation is calculated according to the following equation
(Gralla & Crothers, 1973):

For example,

The values for enthalpy and entropy changes are similarly
derived. The last term in eq 3 corrects for the nearest
neighbor stacking interaction present in the perfectly paired
helix but absent in the helix with an internal loop. Thus the
thermodynamic parameters calculated are appropriate for the
nearest neighbor model. For a simple pairing model, the
last term would be omitted. Available data, however,
indicate the nearest neighbor model is a better approximation
for helix stability (Turner et al., 1988).
The natural occurrence of internal loops of three was

studied by searching through known secondary structures of

89 small subunit rRNAs (Gutell, 1994), 78 large subunit
rRNAs (Gutell et al., 1993), and 71 group I introns
(Damberger & Gutell, 1994). The results are shown in Table
4.

DISCUSSION

Internal loops of 3 nucleotides are found in known
secondary structures of RNA (Table 4). Thus information
on the folding stabilities of these motifs will be helpful for
predicting the structure of an RNA from its sequence. In
this work, we report folding stabilities for internal loops of
3 nucleotides closed by CG pairs. There are 26 possibilities
for mismatch sequences in such loops when G‚U pairs are
excluded. G‚U pairs are excluded since most folding
algorithms treat them as canonical base pairs. This paper
reports results on 16 mismatch combinations, and the results
allow assignment of approximate stability increments for
9 of the remaining 10 combinations. The exception is the

3′GG5′
G motif. The 3′GG5′

G motif was not studied because the
necessary sequences would contain at least three consecutive
Gs. Such sequences tend to aggregate (SantaLucia et al.,
1991b). Table 5 summarizes all the stability increments
derived from this work. They are discussed below.
G‚A and U‚U Mismatches Can Stabilize Internal Loops

of 3 Nucleotides.As shown in Table 5, there is a consider-
able sequence dependence to the stabilities of internal loops
of 3. The free energy increments range from-0.1 to 2.8
kcal/mol, corresponding to a 100-fold range in association

FIGURE 1: Inverse temperature vs ln (CT/4) plot. ([) A-AA, (4)
A-GA, (b) G-AA, (O) U-UU, (2) A-AG, (0) U-CU.

∆G°loop ) ∆G°duplex with loop-
(∆G°duplex without loop- ∆G°interrupted base pair) (2)

∆G°(GAGG
CAC ) ) ∆G°( ACUGAGGAGU

5′UGAC ACUCA ) -

∆G°( ACUGGAGU
5′UGACCUCA) + ∆G°( GG

CC) (3)

Table 2: Melting Data for Single Strand Oligomersa

oligomer
concentration
(×10-4 M)

TM
(°C)

∆H°
(kcal/mol)

∆S°
(eu)

b

a Buffer is 1 M NaCl, 10 mM sodium cacodylate, 0.5 mM Na2

EDTA, pH 7.0. Error inTM is estimated as(1 °C. Errors in∆H°
and∆S° are estimated as(20%. b Peritz et al. (1991).
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constants. Except for3′CU5′
U , all the internal loops of 3

destabilize the duplex. The nine most stable sequences have
possible G‚A and U‚U pairings (Table 3). G‚A and U‚U
pairings are known to stabilize tandem mismatches due to
hydrogen bonding between the mismatched bases (Santa-
Lucia et al., 1991a,b; SantaLucia & Turner, 1993; Walter et
al., 1994b; Wu et al., 1995). The thermodynamic results in
Table 3 suggest internal loops of 3 can accommodate similar

pairing schemes. Two exceptions are observed, however,
in the 11 sequences studied with potential G‚A and U‚U
pairs. The motifs GAAG

C G C and CGAC
G A G are not significantly

more stable than internal loops without G‚A and U‚U
mismatches. Thus there are some unexplained subtleties to
the sequence dependence of stability.
Approximations for Unmeasured Sequences.The available

data allow approximations forCG
A and GC

A , the only unmea-
sured sequences with potential G‚A and U‚U pairs. Three
internal loops were studied in bothGZYG

C XC and CZYC
G XG motifs

(see Tables 3 and 5). The largest difference in stability
increment is 1.0 kcal/mol and the average difference is 0.6
kcal/mol. To a first approximation, therefore, these two
motifs are assumed to have the same stability. The motif

CG
A is most similar to the measured motif ofAG

A in that there
is only one potential G‚A pair and it contains an unpaired
nucleotide 3′ to the G‚A pair. Thus the average of the two
measurements of theAG

A motif is used to provide the
approximate increment forCG

A of 0.9 kcal/mol listed in
Table 5. In a similar manner, the motifGC

A is most similar
to the measured motif ofGA

A , except the unpaired nucle-
otide is now 5′ to the G‚A pair. Again, two measurements
are averaged to provide an approximation of 1.9 kcal/mol
for the GC

A motif in Table 5.
Eight internal loops without potential G‚A or U‚U pairs

were studied. Except for G‚U and GG, all the other potential
single mismatch pairs are represented. The average free
energy increment for the internal loops without G‚A or U‚U
pairs is 2.6 kcal/mol with a standard deviation of 0.1 kcal/
mol. Thus the stabilities of these loops without G‚A or U‚U

Table 3: Thermodynamic Parameters for Internal Loop Formationa

duplex
∆G°37

(kcal/mol)
∆H°

(kcal/mol)
∆S°
(eu)

aBuffer is 1 M NaCl, 10 mM sodium cacodylate, 0.5 mM Na2EDTA,
pH 7.0. Values listed are fromTM-1 vs ln (CT/4) plots. Errors assume
(10% errors for∆H° and∆S° of 3′CC5′

5′GG3′. b Values from Peritz et al.
(1991).

Table 4: Natural Occurrence of Internal Loops of 3
Nucleotides,3′ZY5′

X a

ZY X ) A ZY X ) C ZY X ) G

AA 110 (42)b AA 12(1)b AA 42(14)b

AC 13 AC 3 AG 7
GA 6(2)

AG 94 AU 65 GG 3
CA 12(1)b CA 2 X ) U
CC 9(1)b CC 4(2)b CC 4
CG 7 CU 1(1)b CU 3
GA 4 UA 5
GC 14 UC 2 UC 35
GG 49 UU 16 UU 14(3)b

aOccurrence in 89 small subunit rRNAs (Gutell, 1994), 78 large
subunit rRNAs (Gutell et al., 1993), and 71 group I introns (Damberger
& Gutell, 1994).b Values in parentheses are number of occurrences of

GYZG
CXC motif.

Table 5: Free Energy Increments (kcal/mol) at 37°C in 1 M NaCl,
pH 7, for 3′ZY5′

X Internal Loops Closed by CG Pairs

3′ZY5′ X ) A 3′ZY5′ X ) C 3′ZY5′ X ) G

AA 2.6 AA 2.6 AA 2.1
2.8

AC (2.6)a AC (2.6)a AG 1.5
AG 1.1 AU 2.8

0.7
GA 1.1

CA (2.6)a CA (2.6)a GG -
CC 2.0 CC 2.8 X) U
CG (0.9)a CU 2.3 CC 2.6
GA 1.4 UA (2.6)a CU -0.1

2.4
GC (1.9)a UC (2.6)a UC 1.9
GG 0.8 UU (2.6)a UU 1.5
a Estimated from measurements on other sequences.
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mismatches fall in a relatively narrow range. Similar results
have been observed with tandem mismatches (SantaLucia
et al., 1991b; Wu et al., 1995). Thus a free energy increment
of 2.6 kcal/mol is used in Table 5 for the seven unmeasured
loop sequences without potential G‚A or U‚U mismatches.

Comparisons with Approximations Used in RNA Folding
Algorithms. The measured values in Table 3 can be
compared with the most recent approximation for the free
energy increment for an internal loop of 3 nucleotides (Serra
& Turner, 1995):∆G°37 ) 5.4+ ∆G°37(mm)+ ∆G°37(de).
Here ∆G°37(mm) is the free energy increment for the
mismatch in the loop. This is approximated as-2.7,-2.5,
and-1.5 kcal/mol, respectively, for G‚A, U‚U, and other
mismatches. The∆G°37(de) term is the free energy incre-
ment for the unpaired nucleotide as measured for dangling
ends on short helixes (Turner et al., 1988). This approxima-
tion predicts that internal loops that allow G‚A or U‚U pairs
that leave an unpaired nucleotide 5′ of the mismatch pair
will be more stable than those that leave the unpaired
nucleotide 3′ of the mismatch. The results in Table 3 show
the opposite trend. On average, the predicted free energy
increments for loops with an unpaired nucleotide 3′ of a G‚A
or U‚U mismatch are 1.5 kcal/mol less favorable than those
measured. For loops without G‚A or U‚U pairs, the predicted
free energy increments are on average 0.6 kcal/mol less
favorable than those measured. Thus the previous model,
which was based on only two experimental measurements,
was not particularly good.

Stability Increments for Mismatches Depend on Context.
The ultimate goal of this work is to predict the folding
stability of an RNA from its sequence. A large fraction of
nucleotides in known RNA secondary structures are not in
Watson-Crick or G‚U base pairs, but little is known about
the sequence dependence of folding stability for motifs other
than Watson-Crick and G‚U pairs. The number of potential
combinations of different mismatches in various types of
loops precludes thermodynamic measurements on all pos-
sibilities. Thus models must be developed that allow
prediction of stability for various motifs. The results in Table
3 indicate that internal loops of 3 containing only potential
AA, AC, CC, and CU mismatches have similar stabilities.
Symmetric tandem mismatches have shown similar results
(Wu et al., 1995). Thus it should be reasonably straight-
forward to predict stabilities of loops containing only these
mismatches. G‚A and U‚U mismatches, however, have
different stabilities depending on context. For example, the
free energy increments at 37°C for CU

U and UC
U are-0.1

and 1.9 kcal/mol, respectively (see Table 3). While G‚A or
U‚U mismatches are almost always more stable than others,
the differences between the free energy increments for G‚A
or U‚U and other mismatches are also context dependent.
For example, in comparing G‚A and A‚A mismatches
adjacent to CG pairs in RNA, the average difference in free
energy increment per mismatch is 0.1, 0.5, 1.3, and 1.7 kcal/
mol for terminal mismatches (Turner et al., 1988), hairpins
(Serra et al., 1994), internal loops of 3 (Table 3), and tandem
mismatches (Wu et al., 1995), respectively. A similar
comparison between U‚U and U‚Cmismatches gives average
differences of-0.2, 0.2, 1.0, and 0.9 kcal/mol, respectively.
Thus there is an emerging trend that the advantage for G‚A
and U‚U mismatches in promoting folding is larger when
the mismatch is shielded from water and/or is more
constrained by its environment. In principle, theoretical

methods like free energy perturbation (McCammon &
Harvey, 1987) should be able to predict the various sequence
dependences by predicting the effect of changing individual
nucleotides. The results in Table 3 provide useful bench-
marks for testing such calculations.
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