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ABSTRACT: Thermodynamic parameters are reported for hairpin formation in 1 M NaCl by RNA sequences 
of the type GGCXUAAUYGCC, where XY is the set of 10 possible mismatch base pairs. A nearest 
neighbor analysis of the data indicates the free energy for loop formation at 37 "C varies from 2.9 to 4.5 
kcal/mol. Thermodynamic parameters are also reported for hairpin formation by RNA sequences of the 
type GGXGUAAUAYCC (where XY are CG, GC, AU, UA, GU, and UG), with the common naturally 
occurring GA first mismatch (45% of small and large subunit rRNA loops of six). These results allow 
the development of a model to predict the stability of RNA hairpin loops. The model includes the size 
of the loop, the identity of the closing base pair, the free energy increment (AG"37m) for interaction of 
the closing base pair with the first mismatch, and an additional stabilization term for GA and UU first 
mismatches. AG037~(n) = AG037i(n) + A G " ~ ~ M M  4- 0.4 (if closed by AU or UA) -0.7 (if first mismatch 
is GA or UU). Here AG037,(n) is the free energy for initiating a loop of n nucleotides. AG037,(n) for M 
= 4-9 is 4.9,4.4, 5.0,5.0, 5.1, and 5.2 kcdmol ,  respectively. The AG"37m is derived from measurements 
of model duplexes with terminal mismatches. The model gives good agreement when tested against four 
naturally occurring hairpin sequences. 

RNAs are intimately associated with a wide variety of 
biological functions (Watson et al., 1987). An understanding 
of the molecular basis of these functions requires knowledge 
of the three-dimensional structure of RNA. The three- 
dimensional structures of RNAs have been difficult to 
determine. The only naturally occurring RNAs or fragments 
thereof whose three-dimensional structures are known are 
tRNAs (Kim et al., 1974; Robertus et al., 1974; Westhof et 
al., 198.5), GNRA and UUCG hairpins (Cheong et al., 1990; 
Heus & Pardi, 1991), and the E loop from 5s rRNA 
(Wimberly et al., 1993). Thus, methods are being developed 
to model the structures of RNAs (Michel & Westhof, 1990; 
Woese & Pace, 1993; Major et al., 1991; Malhotra et al., 
1990; Brimacombe et al., 1988; Stem et al., 1988). 

An important step in modeling RNA structure is determin- 
ing the secondary structure. Several approaches are com- 
monly used to predict RNA secondary structure. Phylo- 
genetic studies can reveal areas of similar secondary structure 
by comparing RNAs with varying sequence but similar 
function (Noller, 1984; Woese & Pace, 1993; Gutell et al., 
1994). Structure mapping has also been used to probe RNA 
secondary structure (Parker, 1989). Thermodynamic stability 
can be used to predict the most stable secondary structure 
(Tinoco et al., 1971; DeLisi & Crothers, 1971; Turner et 
al., 1988). All three methods can be used cooperatively. The 
main drawback to thermodynamic structural prediction has 
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been the lack of experimental data for structural motifs other 
than the double helix (Turner et al., 1987). 

Hairpins are an important RNA structural motif and have 
received increased investigation recently (Groebe & Uhlen- 
beck, 1988; Antao et al., 1991; Antao & Tinoco, 1992; 
SantaLucia et al., 1992; Serra et al., 1993). We have 
previously shown that the closing base pair of an RNA 
hairpin affects its stability (Serra et al., 1993). Here we show 
that the first mismatch in the loop is also an important 
determinant of stability. Combined with previous studies, 
the results permit the development of a model to predict the 
stabilities of RNA hairpins. 

MATERIALS AND METHODS 

RNA Synthesis and Purification. Oligomers were synthe- 
sized on solid support using the phosphoramidite approach 
(Wu et al., 1989; Usman et al., 1987). After ammonia and 
fluoride deprotection, the crude oligomer was purified by 
SEP-PAK C18 (Waters) chromatography. The oligomer was 
further purified by preparative TLC (n-propano1:ammonium 
hydroxide:water, 55:35: 10) (Chou et al., 1989) and desalted 
by SEP-PAK C18 chromatography. Purities were checked 
by analytical C-8 HPLC (Beckman) or TLC and were greater 
than 95%. 

Melting Curves and Data Analysis. The buffer for the 
melting studies was 1 .O M NaCl, 10 mM sodium cacodylate, 
and 0.5 mM Na2EDTA, pH 7, unless indicated otherwise. 
These conditions provide thermodynamic parameters that are 
reasonable approximations for solutions containing 
lo-' M Mg2+ in the presence of 0.15 M Naf (Williams et 
al., 1989). Single-strand extinction coefficients were cal- 
culated from the extinction coefficients for dinucleoside 
monophosphates and nucleosides, as described previously 
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FIGURE 1: Normalized melting curves. Sequences are (A) AAAAAAAAAAAAA, GGCAUAAUCGCC: 00000000000, GGC- 
CUAAUAGCC: +++++++++++, GGCCUAAUCGCC: 0000000000, GGCUUAAUGCC: and (B) AAAAAAAAAA, GGC- 
CUAAUUGCC: 0000000000, GGCGUAAUGGCC: +++++++++, G G C A U m G C C :  000000000, GCUUAAUCGCC. 
Buffer is 1 M NaC1, 10 mM sodium cacodylate, and 0.5 mM EDTA, pH 7.0. 

(Borer, 1975; Richards, 1975). Strand concentrations were ured at 280 nm with a heating rate of 1.0 "C min-', on a 
determined from high-temperature absorbance at 280 nm. Gilford 250 or Perkin Elmer Lambda 2s spectrophotometer 
Absorbance versus temperature melting curves were meas- as described previously (Freier et al., 1983; Petersheim & 



RNA Hairpin Stability Biochemistry, Vol. 33, No. 47, 1994 14291 

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

A A  
u u  
X Y  

CeG 
GeC 
GeC 

AG037~0 measd percent 
XY T, ("C) AHo (kcaVmo1) ASo (eu) AGO37 (kcaVmo1) AH'L~ (kcal/mol) AS'L' (eu) (pred) (kcaVmo1) occurrenceb 

GA' 68.7 -36.9 f 2.4 -107.8 i 7.2 -3.42 f 0.24 - 10.5 43.1 2.9 45 

UU 64.9 -37.4 f 2.3 -100.5 i 6.6 -3.19 i 0.08 -11.0 35.8 3.1 8 

GG 66.2 -36.2 f 2.1 -104.3 f 6.0 -3.12 f 0.19 -9.8 39.6 3.2 17 

AG 65.9 -35.3 i 2.8 -103.8 f 8.8 -3.07 f 0.19 -8.9 39.1 3.3 6 

UC 64.9 -34.9 i 0.1 -103.2 f 2.9 -2.99 f 0.03 -8.5 38.5 3.3 4 

(2.9) 

(3.1) 

(3.4) 

(3.6) 

(3.6) 

(3.5) 
AA' 64.0 -34.3 f 1.3 -101.7 f 3.2 -2.74 f 0.13 -7.9 37.0 3.6 6 

. ,  
AC 65.3 -30.5 i 1.3 -90.1 f 3.7 -2.56 f 0.12 -4.1 25.4 3.8 1 

CC 64.4 -31.1 f 1.1 -92.6 f 5.2 -2.30 f 0.07 -4.7 27.9 4.1 4 

CA 62.9 -28.2 i 1.4 -84.0 f 4.0 -2.17 f 0.20 -1.8 19.3 4.2 5 

CU 58.0 -29.8 i 1.7 -90.2 f 4.6 -1.87 f 0.06 -3.4 25.5 4.5 4 

(3.5) 

(3.9) 

(4.0) 

(4.2) 
a Calculated from equations equivalent to AG0~37 = AGos7(hairpin formation) - AGo37(pred stem). Percent of phylogenetically determined 

hairpins of six in small and large subunit rRNAs that have the same first mismatch (Gutell et al., 1985, 1993); total number of loops of six is 478. 
Serra et al. (1993). 

Tumer, 1983). Oligomer concentrations were vaned over 
at least a 20-fold range. 

Absorbance versus temperature profiles were fit to a two- 
state model with sloping base lines by using a nonlinear least- 
squares program (Petersheim & Tumer, 1983; Freier et al., 
1983). For hairpin melts, this program was adapted for a 
unimolecular transition. Thermodynamic parameters for 
hairpin formation were obtained from averages of the fits 
of the individual melting curves. Melting temperatures and 
thermodynamic parameters were concentration independent 
as expected for unimolecular hairpin formation. Thermo- 
dynamic 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 (2) 
plots of reciprocal melting temperatures, Tm-', versus log 
C, gave enthalpy and entropy changes (Borer et al., 1974): 

(1) Tm-' = (2.3RIAH")log C, + ASOIAH" 

Here C, is the total concentration of oligomers. Parameters 
derived from the two methods agreed within lo%, consistent 
with the two-state model. 

RESULTS 
Phylogenetic studies of rRNA molecules have revealed a 

marked preference for certain loop sequences. In particular, 
the first mismatch in loops of four (Woese et al., 1990) and 
six is frequently GA (approximately 45% for loops of six) 
(Gutell et al., 1985, 1993). Hairpin loops with a GA as the 
first mismatch are also about 0.7 kcal/mol more stable than 
identical loops with an AA mismatch (SantaLucia et al., 
1992; Serra et al., 1993). To determine the role of the first 

Table 2: Thermodynamic Parameters for Hairpin Formation at 0.1 
M NaCl 

-m AGO37 
XY TM ("C) (kcaVmo1) -AS" (eu) (kcaVmo1) AAG037.0.1-1.0u 
GA 64.9 31.2 f 1.8 92.4 f 5.3 -2.70f0.15 0.7 
UU 61.0 37.9 f 1.5 113.5 f 4 . 3  -2.72% 0.15 0.5 
AG 61.4 3 1 . 0 f 0 . 6  92.3 f 1.9 -2.24 f 0.04 0.9 
UC 59.5 34.9 f 0 . 2  104.9 f 0 . 8  -2.34 f 0.04 0.8 
CC 56.7 31.7 f 2.6 96.0% 7.7 -1.90 f 0.23 0.5 
CU 55.1 28.5 f 1.8 86.7 f 5.3 -1.57 f 0.17 0.3 

Difference in free energy change at 37 "C measured at 0.1 and 1 
M NaCl. 

mismatch on the stability of hairpin loops, a complete set of 
hairpins closed with CG pairs but with differing first 
mismatches was prepared and the thermodynamics of hairpin 
formation were measured by optical melting. 

Typical melting curves are shown in Figure 1, and the 
measured thermodynamic parameters in 1 M NaCl are listed 
in Table 1. The free energy change for folding, AGO, of the 
RNA hairpins varies from -3.4 to -1.9 kcal/mol at 37 "C. 
The stability of an RNA hairpin can be dissected into its 
two structural motifs, the double-helical stem and the loop. 
The free energy for loop formation at 37 "C, AG037~, can be 
calculated from AG"37L = AG"37(measured for folding of 
hairpin) - A~S"~~(stem).  Since all the hairpins contained a 
common stem, 8% [AGO37 = -6.3 kcal/mol calculated 
according to Freier et al. (1986a)], the free energy for loop 
formation varied by an amount equivalent to the difference 
in hairpin stability. The results of this analysis are presented 
in Table 1. Also listed in Table 1 are the number of 
occurrences of the various first mismatches in hairpin loops 
of six in phylogenetically determined secondary structures 
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FIGURE 2: Reciprocal melting temperature versus log(concentration) plots. (A) 0, UGGCCC; A, GGCGCA: 0, CGGCCU: and (B) 0, 
AGCGCA: A, GGCGCG: 0, CGGCCA in 1 M NaCl, 10 mh4 sodium cacodylate, and 0.5 mM EDTA, pH 7.0. 

Table 3: Thermodvnamic Parameters of Duplex Formation" 
~ ~~~~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ ~ ~ ~ 

71.1-1 vs log Cr plots average of curve fits 

-AH" -AGO37 -AH" -AGO37 
oligomers (kcaUmo1) -AS" (eu) (kcaUmo1) Trvrb ("C) (kcaUmo1) -AS" (eu) (kcaUmo1) T M ~  ("C) 

GGCGCG 
GGCGCA 
CGGCCU 
AGCGCA 
UGGCCC 
CGGCCA 
reference duplexes 

GCGC',d 
GGCC' 

48.8 
41.7 
46.3 
48.7 
41.2 
47.1 

30.5 
35.8 

132.5 
110.2 
123.2 
132.4 
110.6 
125.1 

83.4 
98.1 

7.76 50.8 48.2 130.3 7.74 50.9 
7.48 51.0 46.8 126.1 7.68 50.9 
8.13 54.4 49.1 131.7 8.28 54.4 
7.64 50.1 45.2 121.5 7.53 50.2 
6.87 46.3 38.0 100.3 6.86 47.0 
8.30 55.3 47.7 127.0 8.33 55.3 

4.61 26.5 
5.37 27.1 

a Solutions are 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA, pH 7. Calculated at M oligomer concentration. Solutions are 
1 M NaCl, 10 mM sodium phosphate, and 0.5 mM EDTA, pH 7. Freier et al. (1985). e Freier et al. (1983). 

of small and large subunit rRNAs (Gutell et al., 1985, 1993). Jaeger et al. (1989) suggested that the stability of hairpin 
Interestingly, the relative occurrence of the first mismatch loops depends on the stacking interactions of the first 
trends with the stability of the loop. mismatch with the closing base pair. To test this hypothesis, 

Thermodynamic parameters for some hairpins were also thermodynamic parameters for several mismatches, XY, on 
measured in 0.1 M NaC1. These are listed in Table 2. The a CG base pair were measured using self-complementary 
trends are essentially the same as at 1 M NaC1, but the oligomers of the type YGCGCX or YGGCCX. Plots of T,-' 
hairpins are less stable by an average of 0.6 kcal/mol at 37 vs log C, are shown in Figure 2,  and thermodynamic 
"C. parameters are presented in Table 3. The nearest neighbor 
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base pair was investigated for the hairpin loop GUAAUA. 
These results are listed in Table 5. When compared with 
previous results for the hairpin loop AUAAUA (Serra et al., 
1993), the GA mismatch stabilizes the hairpin by 1.0, 1.1, 
0.7, and 0.7 kcal/mol, respectively, for AU, UA, GC, and 
CG closure. 

To test the generality of conclusions from this work, 
thermodynamic parameters were also measured for four 
hairpins of six nucleotides that occur in small and large 
subunit rRNAs. These results are listed in Table 6 .  

Table 4: Thermodynamic Parameters for Terminal Mismatches on a 
CG Pair ( 1  M NaC1) 

-+ 
cx 
GY 
t 

X A C G U 

A 
C 
G 
U 

A 
C 
G 
U 

A 
C 
G 
U 

9.1 
(5.7) 
8.2b 

24.5 
(15.2) 
21.gb 

-1.5 
(-1.0) 
- 1.4' 

-AH" (kcaVmo1) 
5.6 5.6 

(3.4) 2.7 
9.2 

5.3 8.6' 
-AS" (eu) 

13.5 13.4 
(7.6) 6.3 

24.6 
12.6 23.9' 

-AGoJ70 (kcaVmo1) 
-1.5 -1.4 

(-1.1) -0.8 
-1.6 

-1.4 -1.2' 
AG037's calculated as illustrated in text. Values in parentheses are 

estimated. * SantaLucia et al. (1991b). Freier et al. (1986b). 

thermodynamic parameters for a terminal mismatch on a CG 
base pair are derived from equations equivalent to (Hickey 
& Turner, 1985): AGO(:;) = 0.5[AGo(YGGCCX) - 
AG"(GGCC)]. Table 4 summarizes these parameters. 

Since a large fraction of natural hairpin loops starts with 
a GA mismatch, the dependence of stability on the closing 

DISCUSSION 

Due to lack of experimental data, previous models for 
predicting the stability for RNA hairpins have assumed that 
stability depends only on the number of nucleotides in the 
loop and the closing base pairs (Tinoco et al., 1973) or on 
the size of the loop plus interactions of the first mismatch 
with the closing base pair (Jaeger et al., 1989). The free 
energy differences for the hairpins listed in Table 1 allow 
the development of a more accurate model for predicting 
hairpin stability. 

For hairpins closed by CG or GC, Figure 3 shows a plot 
of the free energy change for hairpin loop formation, AGo37~, 
versus the free energy increment for the first mismatch in 
the loop. There is a trend in which loops with more favorable 
mismatches are more stable. Loops with first mismatches 
of GA and UU appear to be somewhat extra stable, as has 
also been observed for internal loops with tandem mis- 
matches (SantaLucia et al., 1991a). When these GA and 

Table 5 :  Thermodynamic Parameters for Hairpin Formation with GA First Mismatch" 

AH0 ASo AGO37 AGO,; 
TM Meas Meas Meas Meas (pred.) 

RNA Hairpin ( ' C) kcal/mol ( e 4  (kcal/mol) (kcal/mol) 

GUG~'A" 19.0 
EAf iA l f  

E E A A l f  
50.2 GGU~'A 

382 51.8 

53.3 GGU~'A 

C E E A l f  

E A C * l f  

EEE*IJA 

GUG~'A 48.5 

68.7 G G C " ~  

- 21.325.8 

-36.9k2.3 

-37.2k2.2 

- 37.720.6 

-29.4k1.7 

- 36.9k2.4 

-71.7519.2 

-114.057.4 

-114.4k7.1 

-115.622.2 

-91.326.6 

-107.857.2 

+1.0820.30 4.0 

-1.5050.05 3.6 
(3.2) 

-1.7320.12 3.5 
(3.5) 

-1.87k0.05 3.1 

-1.05kO.18 2.9 
(2.7) 

-3.4220.24 2.9 
( 2 . 9 )  

a Measurements were made in 1.0 M NaC1, 10 mM sodium cacodylate, and 0.5 mM Na2EDTA, pH 7.  Errors in AH", and AGO are standard 
deviations. AGO37 was calculated from AH' and ASo before rounding off. AG0~.17 = AG037(hairpin formation) - AG037(pred stem). AGOL~~ 
predicted as described in text. Low-melting hairpin prevented accurate determination of lower base lines and leads to unusually large standard 
deviations. e Serra et al. (1993). 
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Table 6: Thermodynamic Parameters for Hairpin Formation of Natural Sequences in 1 M NaCl 

Hairpin 

A A  
u u  
G G a  
U*A 
G*C 
G*C 

A A  
u u  
U U b  
G*C 
G*C 
COG 

A C  
c c  
A A c  
U*A 
COG 
U*A 
COG 

C A  
A C  
G A d  
C*G 
C*G 
A*U 

TtA 
meas 
('C) 

46.6 

54.7 

53.1 

52.9 

AH O AS' 
meas meas 

(kcal/mol) (eu) 

-35.451.7 -110.8f5.2 

-36.lf2.8 -110.1f8.9 

36.753.9 -112.6f12.2 

34.2f4.0 -105.1510.2 

AG ' AGO,, 
meas meas (pred) 

(kcal/mol) (kcal/mol) 

- 1 * 050.2 4.0 
(4.2) 

- 1.9L0.2 3.0 
(3.6) 

-1.8f0.2 3.9 
( 4 . 4 )  

- 1.620.2 3.4 
(2.9) 

Sequence modeled on Zea mays SRP-RNA U(GUAGCG)A position 10 (Zwieb, 1989). Homo sapien small subunit rRNA position 1090 
(Gutell et al., 1993). Bovine mitochondrial small subunit rRNA position 1265 (Gutell et al., 1993). Escherichia coli large subunit rRNA position 
1612 (Gutell et al., 1993). 

UU mismatches are omitted, a linear fit to the data in Figure 
3 gives AG037~(6) = 5.4 + 1 . 3 A G 0 3 7 ~ ~  ( v  = 0.89; average 
deviation = 0.17 kcal/mol), where AG037m is the free energy 
increment for the first mismatch in the loop as measured at 
duplex ends (Table 4). The coefficient of 1.3 suggests 
interactions of mismatches at the base of hairpin loops may 
be somewhat more favorable than at duplex ends. A similar 
context dependence has been observed for hydrogen bonding 
between GA mismatches in internal loops, hairpin loops, and 
duplex ends (SantaLucia et al., 1992). The data in Figure 
3, however, are fit almost as well by AG037~(6) = 5.0 + 
A G 0 3 7 ~ ~  (average deviation = 0.20 kcaymol). Given 
experimental error and the likelihood that any context 
dependence of mismatch interactions gets smaller as the loop 
gets larger, this simple equation is probably a more reason- 
able form for hairpin loops in general. 

A previous study of AUAAUA hairpin loops indicated 
loops closed by AU or UA are less stable than loops closed 
by CG or GC (Serra et al., 1993). The less favorable stacking 
of mismatches on AU and UA pairs compared with CG and 
GC pairs (Turner et al., 1988) probably accounts for part of 
the difference. Comparison of the data of Serra et al. (1993) 
and the U(GUAAUG)A hairpin loop in Table 6 with the 
plot in Figure 3, however, suggests hairpin loops closed by 
AU or UA are an additional 0.4 kcaymol less stable on 
average, when the first mismatch is not GA or UU. 

Hairpin loops with the UAAU motif, GA or UU as the 
first mismatch, and Watson-Crick closing base pairs are 
more stable by 0.7 kcaUmo1 on average when compared with 
the simple model presented above (Tables 1 and 5, calcula- 
tion done before rounding off). The additional stability of 
loops with first mismatches of GA and UU is likely due to 
hydrogen bonding. GA and UU mismatches form stable 
hydrogen bonds when present in tandem mismatches in RNA 
internal loops (SantaLucia et al., 1991a,b; SantaLucia & 
Turner, 1993). NMR-derived structures of GCAA and 
GAAA tetraloops include hydrogen bonding between the G 
and A in the first mismatches (Heus & Pardi, 1991), and 
optical melting studies indicate this makes a small contribu- 
tion to stability (SantaLucia et al., 1992). 

Collectively, the results presented here and in Serra et al. 
(1993) suggest the following simple model for the free energy 
increment of a hairpin loop of n z 4 nucleotides: 

AG",,,(n) = AG03,i(n) + + 0.4 
(if closed by AU or UA) 
-0.7 (if first mismatch is GA or VU) (2) 

Here AGo3&2) is the free energy for initiating a loop of n 
nucleotides. Based on the data in Table 1 and the literature 
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should help improve predictions of RNA secondary structure 
from sequence. 

SUPPLEMENTARY MATERIAL AVAILABLE 

One table listing measured and predicted AGOL,~~  for 
hairpins studied by Groebe and Uhlenbeck (1988), Antao 
and Tinoco (1992), and Puglisi et al. (1988) (1 page). 
Ordering information is given on any current masthead page. 
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