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ABSTRACT: Thermodynamic parameters are reported for hairpin formation in 1 M NaCl by RNA sequences
of the type GGXANmAYCC, where XY is the wobble base pair, GU or UG, and the underlined loop
sequences are three to eight nucleotides. A nearest-neighbor analysis indicates the free energy of loop
formation is dependent upon loop size and closing base pair. Hairpin loops closed by UG base pairs are
on average 1.3 kcal/mol less stable than hairpins closed by GU base pairs. The hairpin loops closed by
UG have approximately the same stability as hairpin loops closed by AU/UA base pairs, while the loops
closed by GU are approximately 0.7 kcal/mol more stable than hairpins loops closed by GC/CG base
pairs. These results, combined with the model previously developed [Serra et al. (1997)Biochemistry
36, 4844] to predict the stability for hairpin loops closed by Watson-Crick base pairs, allow for the
following model to predict the stability of hairpin loops:∆G°37L(n) ) ∆G°37iL(n) + ∆G°37mm + 0.6 (if
closed by AU, UA, or UB)- 0.7 (if closed by GU)- 0.7 (if first mismatch is GA or UU except for
loops closed by GU). Here,∆G°37iL(n) is the free energy increment for initiating a loop ofn nucleotides
with a CG or GC pair, and∆G°37mm is the free energy for the interaction of the first mismatch with the
closing base pair. For hairpin loops ofn ) 4-9, ∆G0

37iL(n) is 4.9, 5.0, 5.0, 5.0, 4.9, and 5.5 kcal/mol,
respectively. For hairpin loops ofn ) 3, ∆G°37L(3) ) +4.8+ 0.6 (if closed by AU, UA, or UG) kcal/
mol. Thermodynamic parameters for hairpin formation in 1 M NaCl for 13 naturally occurring RNA
hairpin sequences closed by wobble base pairs are reported. The model provides good agreement for
bothTM and∆G°37 for most hairpins studied. Thermodynamic values for five terminal mismatches adjacent
to wobble base pairs are also reported.

The rules governing the folding of biological molecules
into their active three-dimensional structure based upon
primary sequence are beginning to be explored. Secondary
structure prediction is the first step in determining the three-
dimensional structure of a biological molecule. RNA is an
excellent candidate to study and gain an understanding of
the molecular forces responsible for this folding. RNA has
a limited molecular vocabulary, the four nucleotides, and a
small number of secondary structural motifs. Several
methods for RNA structure determination are currently used.
Phylogenetic analysis (1, 2) and chemical and enzymatic
probes (3, 4) are used to map RNA secondary structural
features. X-ray diffraction and NMR spectroscopy have been
used to determine the structures of tRNA, ribozymes, and a
number of motifs found in larger RNAs (5-8).
To complement these structural studies, a number of

methods are being developed to model RNA structure (9,
10). Several methods for predicting RNA secondary struc-
ture based upon free energy minimization techniques are in
use (11-13). These methods can predict many of the
structural features of RNAs, but none can yet predict
secondary structure with better than about 70% reliability
(13, 14). Further refinements in these techniques require

better understanding of the role of sequence on the stability
of different RNA structural motifs.
Hairpins are an important RNA structural motif. Nearly

70% of Escherichia coliribosomal RNA nucleotides are
found in hairpin structures. We have previously presented
a model to predict RNA hairpin stability for hairpins closed
by Watson-Crick base pairs (15). However, RNA hairpins
are often closed by wobble GU or UG base pairs. For
example, nearly 20% (14 of 80) ofEscherichia colirRNA
hairpins are closed with wobble base pairs. We report here
the thermodynamic parameters for hairpin formation with
loops closed by GU or UG base pairs and a model to predict
their stability.

MATERIALS AND METHODS

RNA Synthesis and Purification.Oligomers were synthe-
sized on solid support using the phosphoramidite approach
(16, 17). After ammonia and fluoride deprotection, the crude
oligomer was purified by preparative TLC (n-propanol/
ammonium hydroxide/water 55:35:10) and Sep-Pak C18
(Waters) chromatography. Purities were checked by either
analytical C8 HPLC chromatography or analytical TLC and
were greater than 95%.
Melting CurVes and Data Analysis.The buffer for the

melting studies was 1.0 M NaCl, 10 mM sodium cacodylate,
and 0.5 mM Na2EDTA, pH 7. Single-stranded extinction
coefficients were calculated from the extinction coefficients
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for dinucleotide monophosphate and nucleosides (18, 19).
Strand concentrations were determined from high-tempera-
ture absorbance at 280 nm. Absorbance versus temperature
curves were measured at 280 nm with a heating or cooling
rate of 1.0°C min-1, on a Perkin-Elmer Lambda 2S or
Beckman DU 640 spectrophotometer as described previously
(20). 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 base lines by using a nonlinear least-
squares program (21), adapted for unimolecular hairpin
transitions. Thermodynamic parameters for hairpin forma-
tion were obtained from the averages of the fits of the
individual melting curves. Melting temperatures and ther-
modynamic parameters were concentration-independent as
expected for hairpin formation.

RESULTS

The set of RNA hairpins of loop size three to eight
(excluding six) with wobble base pair closures was prepared,
and the thermodynamics of hairpin formation was measured
by optical melting. The first mismatch, AA, was chosen to
facilitate comparison with previously studied hairpins (15,
20, 22). Typical melting curves are shown in the supporting
information (see paragraph at end of paper regarding
supporting information), and the measured thermodynamics
for hairpin formation in 1 M NaCl are listed in Table 1. The
free energy for folding,∆G°37, of the RNA hairpins varies
with loop size and closing base pair, GU or UG.
Four hairpins in the original series (loop size 3, 4, and 5

closed by GU and loop size 5 closed by UG) did not melt in
a two-state unimolecular manner but rather had concentra-
tion-dependent melting temperatures. Therefore, four ad-
ditional hairpins were included in this study. The GU hairpin
with loop of three has an AAA loop, the GU loop of four
has the stem

and the loops of five have the sequence AUUUA.
The stability of an RNA hairpin can be dissected into its

two structural motifs, the double-helical stem and the loop.
The thermodynamic parameters for loop formation (∆H°L,
∆S°L, and ∆G°37L) can be calculated by subtracting the
double-helical stem contribution from the hairpin value. For
example, the free energy for loop formation at 37°C,∆G°37L,
can be calculated from∆G°37L ) ∆G°37 (measured for
hairpin formation)-∆G°37 (stem). The results of this
analysis are presented in Table 1.
Hairpin loops of three are modeled as independent of loop

sequence with no interaction between the closing base pair
and first mismatch (15, 23). Therefore,∆G°37iL is equal to
∆G°37L for hairpin loops of three, where∆G°37iL is the free
energy for initiating a hairpin loop. As observed previously
for hairpin loops of six (22), the hairpin loop of three closed
by UG (∆G°37L ) 5.9 kcal/mol) is less stable than the loop
closed by GU (∆G°37L ) 4.6 kcal/mol).
Previous studies (15, 20) have shown that the stability of

hairpin loops larger than three depends on the stacking
interactions,∆G°37mm, of the first mismatch with the closing
base pair. The∆G°37mm is derived from measurements of

model duplexes with terminal mismatches. Terminal mis-
matches of GU base pairs have not previously been
measured. To determine the∆G°37mmfor GU base pairs with
several terminal mismatches, a set of duplexes, listed in Table
2, was prepared and the thermodynamics of duplex formation
was measured by optical melting. The plots of reciprocal
melting temperature (TM-1) vs log Ct are shown in the
supporting information. Enthalpy and entropy changes
obtained from these plots are presented in Table 2. The
parameters derived from the averages of the individual
melting curves are also presented in Table 2. There is good
agreement between the two sets of values consistent with
two-state melting behavior. The thermodynamic parameters
for the terminal mismatch on a GU/UG base pair can be
calculated from the thermodynamics of helix formation of
the duplex containing the terminal mismatch and the
thermodynamics of helix formation of the core. For example,
∆∆G° for the terminal AA mismatch on a GU base pair is
(1/2)[∆G°(AUCCGGGA)- ∆G°(UCCGGG)]. The results
of this analysis are listed in Table 3.

The free energy for initiating a hairpin loop ofn nucle-
otides (n > 3) can be calculated from the free energy of
loop formation,∆G°3iL(n) and the free energy for the stacking
interactions of the first mismatch on the closing base pair,
∆G°37mm: ∆G°37L(n) ) ∆G°37iL(n) + ∆G°37mm. The mea-
sured∆G°37iL for hairpin loops larger than three can be
determined by subtracting∆G°37mmfrom∆G°37L. The results
of this analysis are presented in Table 1.

The∆G°37iL for hairpin loops of size 4-8 closed by GU
base pairs are 4.6, 3.7, 3.2, 4.3, and 2.9 kcal/mol, respec-
tively. For hairpin loops of size 4-8 closed by UG base
pairs, the∆G°37iL values are 6.0, 5.2, 5.3, 6.0, and 5.7 kcal/
mol, respectively. The hairpin loops closed by GU are on
average 1.6 kcal/mol more stable that the hairpin loops closed
by UG base pairs. To test the generality of the conclusions
from this work, thermodynamic parameters were measured
for hairpin loops that either occur naturally in small and large
subunit rRNA or represent random sequences. Some of the
hairpin loops were chosen with “unusually stable” GA and
UU first mismatches (15, 20). These results are listed in
Table 4.

DISCUSSION

We have previously developed a simple model to predict
the stability of RNA hairpin loops (15). The free energy
increment of hairpin loops ofn > 3 closed by Watson-
Crick base pairs was given by

∆G°37iL(n), the free energy for initiating a loop ofn (4-9)
nucleotides is 4.9, 5.0, 5.0, 5.0, 4.9, and 5.5 kcal/mol,
respectively. ∆G°37mm is the free energy for the stacking
interactions of the first mismatch with the closing base pair,
+0.6 represents the penalty in free energy for closing a
hairpin with an AU (or UA) instead of a GC (or CG) pair,
and-0.7 is an additional stabilization for hairpins with GA
or UU first mismatches.

°
GCG

CGU

∆G°37L(n) ) ∆G°37iL(n) + ∆G°37mm+ 0.6

(if closed by AU or UA)
-0.7 (if first mismatch is GA or UU) (1)
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Only five RNA hairpins closed by wobble base pairs have
been previously studied, all with loop size of six (20, 22).
These studies found that hairpin loops closed by GU were
more stable when the first mismatch was AA, while loops
with UG base pair closure were more stable with GA
(unusually stable) first mismatches. It was not clear whether
the differences in stability of these hairpin loops was due to
differences in the stability of the hairpin base closures, the
interactions of the closing base pairs with the first mis-

matches, or both. To determine the interaction of the closing
wobble base pair with the first mismatches, duplexes with
wobble base pairs adjacent to AA and GA terminal mis-
matches, were studied. The stability of the AA and GA
terminal mismatches on the GU/UG base pair are ap-
proximately 0.5 kcal/mol less stable than previously predicted
(24). Their stability closely approximates that of the
3′-terminal dangling nucleotide as observed for terminal
mismatches on Watson-Crick base pairs (25).

Table 1: Thermodynamic Parameters for Hairpin Formation in 1.0 M NaCl

aCalculated from equations equivalent to∆G°37L ) ∆G°37 (hairpin formation)- ∆G°37 (pred. stem).bCalculated from∆G°37L ) ∆G°37iL +
∆G°37mm, where∆G°37mm is derived from measurements of model duplexes with terminal mismatches (23) except for loop of three where∆G°37iL
) ∆G°37L. cReference 22.
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The free energy measurements listed in Tables 1 and 4,
when combined with previous measurements (20, 22), allow
more reliable values for predicting loop stability for hairpins
closed by wobble base pairs. Table 5 lists the average
∆G°37iL(n) for hairpin loops closed by GU or UG base pairs.
These results allow the development of a simple model for
predicting the thermodynamic values for hairpin loops (n>
3) in kilocalories per mole:

This model assumes that∆H°iL) 0 and therefore∆S°iL )
-∆G°37iL/310.15.

Hairpin loops of three closed by GU have the same
stability as hairpin loops closed by GC/CG base pairs while
loops closed with UG have similar stability to loops closed
with AU/UA base pairs (Table 5). The model to predict
the stability for hairpin loops of three (in kilocalories per
mole) is “loop” sequence-independent:

The model was used to predict the thermodynamics for
the hairpins in Tables 1 and 4. In most cases, there is good
agreement between the measured and predictedTM and
∆G°37. The stability of hairpin loops closed by wobble base
pairs is less predictable than hairpins closed with Watson-
Crick base pairs. This is most evident with the loops of
four closed by GU where∆G°37iL varies between+2.4
(ACCA) and+5.4 (AUUA). These results are surprising
since the AUUA loop would be able to fold, forming a “U-
turn” (26). Two other hairpins closed by GU are also not
predicted well, AUAAUA∆G°37L (measured+2.9 kcal/mol;
predicted+4.0 kcal/mol) and AUAAAAUA∆G°37L (mea-
sured+2.6 kcal/mol; predicted+3.9 kcal/mol) (Table 1).
Hairpin loops of eight closed by AU base pairs were found
to be the most variable in our study of hairpins closed by
Watson-Crick base pairs (15). This variability may be due
to the structural flexibility of large loops.
All of the hairpin loops closed by UG base pairs in this

study are predicted very well. Only one hairpin, studied
previously (20), is greater than 1 kcal/mol more stable than
predicted. The hairpin loop GUAAUA∆G°37L (measured
+3.1 kcal/mol; predicted+4.4 kcal/mol) represents an
“unusually stable” first mismatch.
Four hairpins closed by GU and having an “unusually

stable” (GA or UU) first mismatch have been studied, three
in Table 4 and one previously (20). In all cases, inclusion
of the additional stabilization term for the GA or UU first
mismatch produces poorer predictions of the actual hairpin
stability. Therefore, for hairpins closed by GU, the additional
(GA, UU) stabilization is not included in the predictions.
Four hairpins closed by UG and having GA or UU as the
first mismatch have also been studied, three in Table 4 and
one previously (20). In all cases, the inclusion of the
additional stabilization term predicts the actual stability
better.

Table 2: Thermodynamic Parameters of Duplex Formationa

TM-1 vs logCt plots average of curve fits

oligomers -∆H° (kcal/mol) -∆S° (eu) -∆G°37 (kcal/mol) TMb (°C) -∆H° (kcal/mol) -∆S° (eu) -∆G°37 (kcal/mol) TMb (°C)
AGCGUA 34.3 97.8 4.0 22.7 32.2 90.2 4.2 21.8
AUCCGGGA 54.4 149.8 7.9 50.8 51.7 141.4 7.8 49.4
AGGCGCUG 52.8 140.0 9.4 60.9 57.6 154.3 9.8 56.3
AUGGCCGG 54.2 143.4 9.7 62.2 54.5 144.1 9.8 59.6
GGCCGGUG 61.1 162.2 10.8 65.6 60.1 159.1 10.8 61.7

reference duplexes
GCGUc 27.0 79.4 2.4
UCCGGGd 47.7 129.8 7.4
GGCGCUd 56.4 154.7 8.4
UGGCCGd 53.0 143.3 8.5
GCCGGUd 58.2 158.1 9.2

a Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA, pH 7.bCalculated at 10-4 M oligomer concentration.c Predicted
(23). dReference28.

Table 3: Thermodynamic Parameters for Terminal Mismatches (1
M NaCl)a

-∆H° (kcal/mol) -∆S° (eu) -∆G°37 (kcal/mol)
3.7 9.2 0.8

-3.1 -11.2 0.5

1.5 2.1 0.8

3.4 10 0.3

0.6 0 0.6

a Thermodynamic parameters are calculated as illustrated in text.

∆G°37L(n) ) ∆G°37iL(n) + ∆G°37mm+
0.6 (if closed by AU, UA, or UG)+

[-0.7 (if closed by GU)]+
[-0.7 (if first mismatch is GA or UU

except for hairpins closed by GU)] (2)

∆H°L(n) ) ∆H°mm +
0.6 (if closed by AU, UA, or UG)+

[-0.7 (if closed by GU)]+
[-0.7 (if first mismatch is GA or UU

except for hairpins closed by GU)] (3)

∆S°L(n) ) ∆S°iL(n) + ∆S°mm (4)

∆G°37L(3))
+4.8+ 0.6 (if closed by AU, UA, or UG) (5)
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The large difference in average stability (1.3 kcal/mol)
between hairpin loops closed by GU and UG is surprising,

since hairpin loops closed by GC and AU pairs have similar
stability when the base pair is reversed. Several lines of

Table 4: Thermodynamic Parameters for Hairpin Formation of Natural Sequences in 1.0 M NaCl

aCalculated from∆G°37iL ) ∆G°37(hairpin formation)- ∆G°37(pred. stem). Sequences were modeled on the following (numbers refer toE. coli
equivalent positions):bThermoplasma acidophilumlarge subunit rRNA 780;cPseudomonas aeroginosalarge subunit rRNA 410;dHalobacterium
marismortui(HC10) small subuint rRNA 895;eRandom sequence, with loop similar to model sequences;fChlorella ellipsoidealarge subunit rRNA
2028;grandom sequence with unusually stable first mismatch;hBorrelia burgdorferismall subunit rRNA 1130;iE. coli small subunit rRNA position
690; jOryza satiVa large subunit rRNA 2306;kMethanobacterium formicicumsmall subunit rRNA 450;lChlamydomonas eugametolarge subunit
rRNA 158; mChlamydomonas reinhardtiilarge subunit rRNA 158; andnrandom sequence with unusually stable GA first mismatch (30, 31).
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nonthermodynamic evidence suggested that hairpin loops
closed by UG might in fact be more stable than loops closed
by GU.
In tRNAs, the ends of helices closed by UG are found in

a “stacked” configuration while GU pairs are unstacked (27).
Helices ending inYG

XU are thermodynamically more stable
than the corresponding helix ending inYU

XG (28). In small
subunit rRNA, there is only a slight preference for the more
stable stacked wobble pair at the end of helical regions (29).
The presence of conserved wobble pairs in both rRNA and
tRNAs suggest that they may play structural/functional roles.
In Escherichia colirRNA, 10 of the 14 hairpin loops

closed by wobble base pairs are closed with UG. Nearly
twice as many hairpin loops in phylogenetic rRNA structures
are closed with UG (10%) as with GU (5%) (2, 30, 31). It
is interesting that small loop sizes have a preponderance of
UG base closures while larger loops tend to be closed more
frequently by GU. This trend is not related to the thermo-
dynamic stability of the loop and may be related to either
the structural flexibility of the unstacked UG base pair or
tertiary interactions of the RNA.
Nearly 40% of hairpins, with loop sizes between three and

nine in small and large rRNA, have unusually stable first
mismatches (2, 30, 31). Almost half (198 of 428) of the
hairpins closed by UG have unusually stable first mis-
matches. GA and UU first mismatches almost never occur
(less than 5%) in hairpins closed by GU. There are two
notable exceptions where highly conserved hairpin loops
occur. These are at position 690 (GGUGAAAU) of the small
ribosomal RNA and at position 1950 (GUAAGUU) of the
large ribosomal RNA. A hairpin modeled on the sequence
GGUGAAAU was included in this study (Table 4). The
conserved nature of these two hairpin loop sequences in the
absence of additional stabilization by the first mismatches
suggests that these loops have a functional role in the
ribosome.
While GA mismatches can hydrogen-bond in a variety of

geometries, only two conformations have been observed in
RNA. The guanine can hydrogen-bond using its imino
proton as observed in tRNA (26, 32) or can hydrogen-bond

in a “sheared” base pair conformation as seen at loop-helix
junctions (7, 33, 34). Structural investigations of hairpin
loops of four and six closed by CG base pairs with GA first
mismatches, where the GA provides additional stabilization,
have shown the GA mismatch to adopt the “sheared”
conformation (7, 35, 36). The additional stabilization of
these hairpin loops is achieved by the stacking interactions
of the first mismatch (GA) on the closing base pair and a
network of hydrogen bonds involving the first mismatch and
the rest of the loop (7, 35-37). The absence of additional
stabilization by GA or UU first mismatches on hairpins
closed by GU base pairs suggest that these hairpin loops
may adopt a different structure. For example, the different
stacking interactions with a GU pair may distort a sheared
GA conformation. The structural plasticity of GA mis-
matches in RNA has been observed in internal loops where
these bases have been shown to adopt different conformations
depending upon the closing base pair (38). The structural
variability leads to marked differences in the stability of the
internal loops. The lack of additional stabilization of the
two conserved hairpin loops described above suggests that
they may have been selected for their unique structure and
ability to form tertiary interactions. Structural investigations
of these two hairpin loops and elucidation of their tertiary
interactions will be necessary to fully comprehend the role
of these hairpins in ribosome structure and function.
The results presented here provide a simple model for

predicting the stability of hairpins closed by wobble base
pairs. These results should improve the prediction of RNA
secondary structure from sequence.
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