
Stability of RNA Hairpin Loops Closed by AU Base Pairs†

Christopher J. Vecenie and Martin J. Serra*

Department of Chemistry, Allegheny College, 520 North Main Street, MeadVille, PennsylVania 16335

ReceiVed January 6, 2004; ReVised Manuscript ReceiVed July 1, 2004

ABSTRACT: Thermodynamic parameters are reported for hairpin formation in 1 M NaCl by RNA sequence
of the type GCAXUAAUYUGC, where XY is the set of 10 possible mismatch base pairs. A nearest-
neighbor analysis of the data indicates that the free energy of loop formation at 37°C varies from 3.2 to
5.0 kcal/mol. These results combined with the model previously developed [Dale et al. (2000)RNA 6,
608] allow improvements in the model to predict the stability of RNA hairpin loops:∆G°37L(n) ) ∆G°37i(n)

+ ∆G°37MM - 0.8 (if first mismatch is GA or UU)- 0.8 (if first mismatch is GG and loop is closed on
5′ side by a purine). Here,∆G°37i(n) is the free energy for initiating a loop ofn nucleotides, and∆G°37MM

is the free energy for the interaction of the first mismatch with the closing base pair. Hairpins with GG
first mismatches were found to vary in stability depending upon the orientation of the closing base pair
(5′ or 3′ purine relative to the loop). The model gives good agreement when tested against four naturally
occurring hairpin sequences.

RNA, like proteins, form specific secondary and tertiary
structures in order to form biologically active molecules.
RNAs are believed to rapidly form stable secondary structural
elements that more slowly attain tertiary structural inter-
actions for the active three-dimensional molecule. The
folding of the single-stranded RNA molecule to form hairpins
is believed to be one of the early events in RNA folding (1,
2). Indeed, hairpins represent a large portion of the secondary
structure observed in large RNAs. For example, the rRNAs
are composed of approximately 70% small hairpin structures
(3, 4). Additionally, hairpins are involved in a number of
important tertiary interactions with either proteins (5, 6) or
RNA (7, 8). The ability of hairpins to form nucleation sites
for further folding of RNA depends on the stability of the
hairpin motif. Understanding the stability of RNA hairpins
is therefore crucial to elucidating the folding pathway and
ultimate three-dimensional structure of RNA.

Hairpin loop stability can be predicted using a relatively
simple nearest-neighbor model (9-12). For hairpin loops
larger than three, stability was shown to depend on the loop
size, the interaction of the first mismatch with the closing
base pair, and an additional stabilization term for loops with
GA and UU first mismatches. The model was developed
from a set of hairpins that were predominantly closed by
CG with the cytosine residue to the 5′ side of the loop (nearly
50%; 34 or 71 hairpins with Watson-Crick base closures).

In this report, we investigate the influence of the closing
base pair on the stability of RNA hairpin loops by examining
the complete set of first mismatch with hairpins closed by
AU (adenosine to the 5′ side of the loop). This set of hairpins
not only switches from the more stable CG pair to the less

stable AU pair but also switches the orientation of the purine
and pyrimidine bases of the closing pair. The results of this
study show that, for RNA hairpin loops, the orientation of
the purine and pyrimidine bases of the closing base pair has
a marked influence on the stability of the loops, in particular,
for hairpins with GG first mismatches.

MATERIALS AND METHODS

RNA Synthesis and Purification.Oligomers were synthe-
sized on solid support using the phosphoramidite approach
with the 2′-hydroxyl protected as thetert-butyl dimethylsilyl
ether. After ammonia and fluoride deprotection, the crude
oligomer was purified by preparative TLC (1-propanol:
ammonium hydroxide:water, 55:35:10) and Sep-Pak C18
(Waters) chromatography. Purities were checked by analyti-
cal TLC and were greater than 95%.

Melting CurVes and Data Analysis.The buffer for the
melting studies was 1 M NaCl, 10 mM cacodylic acid, and
0.5 mM EDTA, pH 7. Strand concentrations were determined
from high-temperature absorbance at 280 nm. Absorbance
versus temperature curves were measured at 280 or 260 nm,
with a heating or cooling rate of 1.0°C min-1, on a Perkin-
Elmer Lambda 2S spectrophotometer as described previously
(12). Oligomer concentrations were varied over at least a
40-fold range between 1 mM and 10µM.

Absorbance versus temperature profiles were fit to a two-
state model with sloping baselines by using a nonlinear least-
squares program (13). For hairpin melts, this program was
adapted for a unimolecular transition. Thermodynamic
parameters for hairpin formation were obtained from aver-
ages of the fits of the individual melting curves. The melting
temperatures for all of the hairpins were concentration
independent, indicative of a unimolecular transition. Ther-
modynamic parameters for duplex formation were obtained
by two methods: (1) enthalpy and entropy changes from
the fits of the individual melting curves were averaged, and
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(2) plots of the reciprocal melting temperature,TM
-1, versus

log Ct gave enthalpy and entropy changes (14):

Here,Ct is the total concentration of oligomer. Parameters
derived from the two methods agreed within 10%, consistent
with the two-state model.

RESULTS

We have previously shown that, for RNA hairpin loops
closed by a CG base pair, the stability of the hairpin is
dependent upon the interaction of the closing base pair with
the first mismatch (12). This interaction can be approximated
by the free energy increment for the interaction of mismatch
at the end of a duplex,∆G°37MM. Hairpins with GA or UU
first mismatches were unusually stable, and to model the
stability of these hairpin loops, an additional stabilization
term (0.8 kcal/mol) was included. To more fully determine
the role of the first mismatch on the stability of hairpin loops,
a complete set of hairpins with AU pairs, but differing in
the first mismatch, were prepared and the thermodynamics
of hairpin formation measured by optical melting. In this
study, we chose not only to switch from a more stable CG
to less stable AU closure but also to switch the positions of
the purine and pyrimidine bases (CG, purine is located 3′;
AU, purine is located 5′ of the hairpin loop).

The measured thermodynamic parameters for the hairpins
with the 10 different first mismatches are listed in Table 1.
The free energy change for hairpin formation∆G°37 varies
from -1.8 to-0.1 kcal/mol. The stability of an RNA hairpin
can be dissected into its two structural motifs, the double
helical stem and loop. The free energy contribution of the
loop can be determined by

Since all of the hairpins contain a common stem 5′GCA/
CGU (∆G°37 ) -5.08 kcal/mol) calculated according to ref

15, the free energy for loop formation varies by an amount
equivalent to the difference in hairpin stability. The results
of this analysis are presented in Table 1.

We have previously shown (11, 12) that the stability of
hairpin loops closed by Watson-Crick base pairs larger than
three could be modeled using the simple equation:

Here,∆G°37i(n) is the free energy for initiating a loop ofn
nucleotides and∆G°37MM is the free energy for stacking of
the first mismatch on the closing base pair. The∆G°37MM is
approximated by the free energy of stacking the mismatches
at the ends of helices. The model was derived primarily from
a set of hairpins with CG closing base pairs (12). To
determine if a similar equation can be used for predicting
the stability of hairpin loops closed by AU base pairs, the
∆G°37MM for helices ending in an AU base pair must be
known. The thermodynamic parameters for only three
terminal mismatches (AA, CA, and GA) on helices ending
in AU have been determined (ref16 and references cited
therein). Therefore, several mismatches (XY) on an AU base
pair were measured using self-complementary oligomers of
the type YUCGAX. Plots ofTM

-1 vs log Ct are shown in
Figure 1, and the thermodynamic parameters are presented
in Table 2. TheTM

-1 vs logCt plots are more scattered than
usual because of the low melting temperatures of the
oligomers and the difficulty in fitting the lower baselines.
However, there is excellent agreement between the thermo-
dynamic parameters determined from the fit of the melt
curves and the plots of 1/TM

-1 vs logCt. The nearest-neighbor
thermodynamic parameters for the terminal mismatches on

Table 1: Thermodynamic Parameters for Hairpin Formation at 1 M
NaCla

XY
TM

(°C)
∆H°

(kcal/mol)
∆S°
(eu)

∆G°37
(kcal/mol)

∆G°37L
b

measd (pred)
(kcal/mol)

GA 51.6 -39.4( 3.8 -120.9( 11.5 -1.87( 0.26 3.2 (3.8)
UU 49.5 -40.3( 3.8 -125.0( 11.9 -1.57( 0.33 3.5 (3.9)
GG 57.8 -25.0( 1.8 -75.6( 5.7 -1.57( 0.28 3.5 (3.7)
AG 47.3 -22.7( 2.0 -70.9( 6.7 -0.73( 0.18 4.4 (4.8)
UC 42.9 -29.2( 1.7 -92.4( 5.3 -0.55( 0.06 4.5 (4.9)
CC 43.1 -26.6( 2.5 -84.2( 7.4 -0.51( 0.21 4.6 (4.7)
AC 44.9 -19.8( 1.8 -62.3( 5.3 -0.49( 0.17 4.6 (4.7)
AA 42.6 -23.6( 1.8 -74.8( 6.0 -0.42( 0.03 4.7 (4.6)
CA 40.6 -23.5( 1.8 -74.8( 5.7 -0.27( 0.17 4.8 (4.8)
CU 38.9 -18.9( 1.6 -60.5( 5.3 -0.12( 0.15 5.0 (5.2)

a Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM
EDTA, pH 7. b Calculated∆G°37L ) ∆G°37(measured for hairpin formation)-
∆G°37(stem).

TM
-1 ) (2.3R/∆H°) log Ct + ∆S°/∆H° (1)

∆G°37L ) ∆G°37(measured for hairpin formation)- ∆G°37(stem) (2)

FIGURE 1: Reciprocal melting temperature versus log concentration
plots:. (A) (9) UUCGAC, (2) GUCGAA, and (1) UUCGAU and
(B) (9) CUCGAA, (1) CUCGAU, and (2) GUCGAG in 1 M
NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA, pH 7.

∆G°37L(n) ) ∆G°37i (n) + ∆G°37MM - 0.8

(if first mismatch is GA or UU) (3)
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an AU base pair are derived from equations equivalent to
(17)

Table 3 summarizes these parameters. The measured
∆G°37 values for the terminal mismatches are close (within
0.5 kcal/mol) to the predicted values (16) for all of the
duplexes.

Figure 2 shows a plot of the free energy for hairpin loop
formation,∆G°37L, versus the free energy increment of the
first mismatch in the loop for the 10 hairpins closed by AU
and the 10 hairpins closed by CG (12) base pairs. The trend
observed for hairpins closed by CG, where the loops with
more stable first mismatches are more stable, is also true
for hairpins closed by AU base pairs. For hairpin loops closed
by CG base pairs, loops with first mismatches of GA and
UU were shown to be more stable (12). For hairpins closed
by AU base pairs, there are three loops which display unusual
stability. In addition to first mismatches of GA and UU, the
GG first mismatch is also more stable than other hairpin
loops. When the unusually stable mismatches (labeled in
Figure 2) are omitted, a linear fit to the data in Figure 2
gives∆G°37L(6) ) 5.2+ ∆G°37MM (r ) 0.78; slope-0.92(

0.14), where∆G°37MM is the free energy increment for the
first mismatch in the loop as measured at duplex ends. The
5.2 for ∆G°37L(6) is close to the∆G°37i (6) of 5.4 determined
from the average of all measured hairpin loops of six (ref
16 and references cited therein).

To test the generality of the conclusions from this work,
thermodynamic parameters were also measured for four
hairpins of six nucleotides that occur naturally in the small
or large rRNAs. These results are listed in Table 4.

DISCUSSION

The trend in terms of stability of the hairpins examined
here, closed by AU base pairs, parallels the trend in stability
for hairpins closed by CG base pairs. The order of stability
for the hairpins closed by an AU base pair and the previously
measured hairpin closed by CG (12) is nearly identical. The
only hairpins that occur in a different order of stability for
the two sets of hairpins are those with first mismatches of
AA, UC, AC, and CC. They are the fifth to eighth most
stable in both sets, but the order differs for the two sets.
The difference in order of stability may reflect the very small
differences in stability among the hairpins in this study (<0.1
kcal/mol), clearly within experimental error.

The most striking difference in the two sets of data was
the stability of the hairpins with GG first mismatches, while,
in both sets, the GG hairpin was the third most stable hairpin,
following GA and UU. For hairpins closed by CG the
stability of the GG first mismatch could be modeled as
having normal stability, while for the AU closed hairpin,

Table 2: Thermodynamic Parameters of Duplex Formationa

TM
-1 vs logCt plots average curve fits

sequence
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G37°
(kcal/mol)

TM
b

(°C)
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G37°
(kcal/mol)

TM
b

(°C)

CUCGAA 27.96( 2.4 79.01( 8.5 3.45( 0.2 14.1 27.86( 2.5 78.59( 8.3 3.48( 0.2 14.3
GUCGAA 32.63( 2.9 95.24( 10.2 3.09( 0.3 14.2 28.38( 2.1 80.35( 6.9 3.46( 0.2 14.6
UUCGAC 30.16( 2.8 88.60( 10.1 2.68( 0.3 9.0 34.44( 2.6 103.73( 8.6 2.26( 0.2 9.0
GUCGAG 33.78( 2.9 96.93( 10.2 3.72( 0.3 20.0 31.24( 2.8 87.95( 9.4 3.96( 0.2 20.9
CUCGAU 36.64( 4.6 108.49( 16.3 2.99( 0.5 15.9 36.38( 3.0 107.56( 11.2 3.02( 0.5 15.9
UUCGAU 34.86( 3.4 101.29( 11.7 3.44( 0.3 18.3 32.19( 2.2 92.05( 7.9 3.64( 0.3 18.6
reference duplex UCGAc 24.47 72.2 2.07

a Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA, pH 7.b Calculated at 10-4 M oligomer concentration.c Predicted
(15).

Table 3: Thermodynamic Parameters for Terminal Mismatches on
an AU Pair (1 M NaCl)a

Y

X A C G U

-∆H° (kcal/mol)
A 3.9 1.8 4.08
C 2.3 (6.0) 2.9
G 3.1 4.7
U 6.09 5.2

-∆S° (eu)
A 10.2 3.4 1.2
C 5.3 (21.6) 8.2
G 7.3 12.4
U 18.1 14.6

-∆G°37 (kcal/mol)
A 0.8 0.7 0.6
C 0.6 (0.7) 0.2
G 0.8 0.9
U 0.5 0.7

a ∆G°37’s calculated as illustrated in the text. Values in parentheses
are estimated.

∆G°( UY
AX) ) 0.5[∆G°(YUCGAX) - ∆G°(UCGA)] (4)

FIGURE 2: Plot of free energy change for hairpin loop formation.
∆G°37L versus the free energy increment∆G°37MM for the first
mismatch of the loop. Loops are closed by (2, 1) CG or (9, b)
AU. Unusually stable first mismatches are labeled in the figure.
The solid line is the least-squares fit to the data points, excluding
the unusually stable first mismatches.

RNA Hairpin Stability Biochemistry, Vol. 43, No. 37, 200411815



the GG first mismatch is unusually stable, being 0.9 kcal/
mol more stable than expected. The unusual stability of
hairpin loops with GG first mismatches with hairpins closed
by AU base pairs is not totally unexpected. In some contexts
[1 × 1 and 2× 2 internal loops (18, 19)] GG is more stable
by more than 2 kcal/mol relative to other mismatches, while
in other contexts [terminal mismatches (15)], GG has nearly
the same stability as other mismatches.

The hairpins with GG first mismatches from this study
were combined with GG first mismatch hairpins that had
been previously studied (10-12) and are presented in Table
5. The stability of the hairpin loops (∆G°37i) could be grouped
into two classes, the first were the less stable (+4.8-5.2)
and the second were the more stable (+4.4-4.8). The less
stable group had the pyrimidine from the closing base pair
to the 5′ side of the loop. The more stable group had the
purine of the closing base pair to the 5′ side of the loop.
The average∆G°37i for the hairpins with the pyrimidine to
the 5′ side of the loop had an average value of+5.1 kcal/
mol, not significantly different than the+5.4 kcal/mol value
currently used to predict the stability of RNA hairpin loops
of six nucleotides (16). For the hairpin loops with the purine
base to the 5′ side of the loop, one hairpin is less stable than
the others (GGAGAAUAGUGC). It is possible that the
stability of this hairpin is different than the rest since it is
the only hairpin that does not have a uracil residue as the
second nucleotide of the loop. The structure of RNA hairpin
loops of six has shown this base to be involved in a U-turn
motif (20). The lack of uracil at this position may cause the
loop to adapt an alternate, less favorable geometry. Even
including this hairpin, the results do not change significantly;
the hairpin loops with the purine of the closing base pair
are more stable. The average stability of the hairpin loops
without including the GGAGAAUAGUGC hairpin is+4.6
(+4.7 with its inclusion). Excluding this hairpin, the two
sets of stabilities are significantly different from each other.
Therefore, hairpins with GG first mismatches and the purine
nucleotide of the closing base pair to the 5′ side of the loop

are modeled as more stable than previously predicted by 0.8
kcal/mol. Combining this result with the previous model for
the prediction of RNA hairpin stability leads to the model:

The above model was used to predict the∆G°37iL for the
sequences listed in Tables 1 and 4, and the predicted values
are listed in parentheses. Most sequences are predicted within
0.3 kcal/mol. The hairpin loop closed by AU with a GA first
mismatch is 0.6 kcal/mol more stable than predicted (Table
1). Although this agreement is not as good as for other
hairpin loops, it is still not bad, considering the simplicity
of the model. The other sequence not predicted well by the
model is the sequence GCAGAAUAGUGC, which is less
stable than predicted by 0.9 kcal/mol (Table 5). As discussed
above, the lower stability of this hairpin may be due to the
lack of a uracil residue on the 5′ side of the loop that would
allow a U-turn motif in the loop (21, 22). Most of the hairpins
used to develop the current model (12, 23) had a uracil
residue at the second position of the loop so more hairpins
without the potential to form a U-turn motif will need to be
investigated to determine the influence of this position on
hairpin loop stability. The differences determined here for
the stability of hairpin loops closed by different base pairs
suggest that it would be useful to examine the complete set
of closing base pairs and first mismatch combinations and
the influence of the second position of the loop.

An examination of 692 hairpin loops of six found in the
large and small ribosomal subunit RNAs (3,4) reveals that
little more that half (51%) of the loops are closed with the
purine base to the 5′ side of the loop. These loops have a

Table 4: Thermodynamic Parameters for Hairpin Formation of
Natural Sequences in 1 M NaCla

a Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM
EDTA, pH 7. b Calculated as described in the text.c Sequence modeled
on Bacillus anthracissmall subunit rRNA position 1135.d Bordetella
bronchisepticalarge subunit rRNA position 567.e Staphylococcus
aureuslarge subunit rRNA position 138.f B. anthracislarge subunit
rRNA position 955 [E. coli equivalent positions (3)]. Values in
parentheses are predicted.

Table 5: Summary of Hairpin Loops with GG First Mismatch
Stabilitya

a Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM
EDTA, pH 7. b Calculated as described in the text.c Reference12.
d Reference10. e Reference11. f This study.

∆G°37L(n) (kcal/mol)) ∆G°37i(n) + ∆G°37MM - 0.8

(if first mismatch is GA or UU)- 0.8
(if first mismatch is GG and the loop is closed on

the 5′ side by a purine) (5)
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smaller percentage of GG first mismatches than those loops
with a pyrimidine base to the 5′ side of the loop. This
suggests that these loops were not selected for their stability.
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