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ABSTRACT. Thermodynamic parameters are reported for hairpin formatidnM NaCl by RNA sequences

of the type GGXANAYCC, where XY is the set of four WatserCrick base pairs and the underlined

loop sequences are three to nine nucleotides. A nearest neighbor analysis of the data indicates the free
energy of loop formation at 37C is dependent upon loop size and closing base pair. The model previously
developed to predict the stability for RNA hairpin loogsX 3) includes contributions from the size of

the loop, the identity of the closing base pair, the free energy incremé&fiz{my) for the interaction of

the closing base pair with the first mismatch and an additional stabilization term for GA and UU first
mismatches [Serra, M. J., Axenson, T. J., & Turner, D. H. (19drhemistry 3314289]. The results
presented here allow improvements in the parameters used to predict RNA hairpin stability. For hairpin
loops ofnh = 4—9, AG°37.(n) is 4.9, 5.0, 5.0, 5.0, 4.9, and 5.5 kcal/mol, respectively, and the penalty for
hairpin closure by AU or UA ist0.6 kcal/mol. AG°s7i(n) is the free energy for initiating a loop of
nucleotides. The model for predicting hairpin loop stability for loops larger than three beddBies -

(n) = AG®°37(n) + AG°37mm+ 0.6(if closed by AU or UA)-0.7(if first mismatch is GA or UU). Hairpin

loops of three are modeled as independent of loop sequenceA®ithy (3) = 4.8 and the penalty for

AU closure of+0.6 kcal/mol. Thermodynamic parameters for hairpin formatiori iM NaCl for 11
naturally occurring RNA hairpin sequences are reported. The model provides good agreement with the
measured values for boffy, (within 10 °C of the measured value) ards°s7 (within 0.8 kcal/mol of the
measured value) for hairpin formation. In general, the nearest neighbor model allows prediction of RNA
hairpin stability to within 5-10% of the experimentally measured values.

Determination of the three-dimensional structure of a will make RNA structure determination more reliable.

biological molecule from its sequence is a major goal of  several methods for predicting RNA secondary structure
biochemistry. The rules governing the folding of biological hased upon free energy minimization techniques are in use
molecules into their three-dimensional structures are just (Martinez, 1990; Zuker, 1989). These methods can predict
beginning to be revealed. The first step toward predicting many of the structural features of RNAs, but none can yet
the three-dimensional structure is predicting secondary predict secondary structure with better than 70% reliability
structure. RNA, with a limited molecular Vocabulary of four (Jaeger et a|_, 1990) Further refinement of these methods

nUC|eOtideS, and Strong local intermolecular forceS, is an ideal requires improved thermodynamic parameters for Secondary
candidate to elucidate the rules governing secondary structurestryctural motifs.

formation.

Several methods for determining RNA structure are
currently used. Phylogenetic analysis uses sequence com
parison of RNAs with similar functions to determine com-
mon structural features (Woese & Pace, 1993; Gutell et al"folding of RNA. Additionally, hairpins are involved in a

1993). Chemical and enzymatic probes are used to Mabhumber of important tertiary interactions with either protein

RNA structure (Parker, 1989; Ehresmann et al., 1987). (Wu & Uhlenbeck, 1987; Lazinski et al., 1989) or RNA
Recently, NMR analysis provided the structure of several (Murphy et al 1995 Marino et al 19955

RNA molecules (Heus & Pardi, 1991; Borer et al., 1995; . )
Fountain et al., 1996; Huang et al., 1996). X-ray diffraction V& have previously presented a model to predict RNA
analysis has elucidated the structure of tRNAs (Woo et al., hairpin stability based upon a study of RNA hairpin loops

1980; Susman et al., 1978; Robertus et al., 1974) and a°f Six nucleotides (Serra et al., 1994). We report here
hammerhead ribozyme (Pley et al., 1994; Scott et al., 1995).ImProved thermodynamic parameters for hairpin formation
Thermodynamic analysis is used to predict the most stable'Vith 100ps of three to nine nucleotides. Combined with

secondary structure of RNA (Jaeger et al., 1990, 1995). EachPrévious studies, these results permit improved prediction
of these methods has its advantages in the determination of’T RNA hairpin stability.

RNA structure. Combining and improving these methods MATERIALS AND METHODS

Hairpins are an important structural motif in RNA. For
example, nearly 70% dEscherichia colil6S rRNA nucle-
otides are found in small hairpin structures. Hairpins likely
provide nucleation sites for the overall three-dimensional
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Ficure 1: Normalized melting curves. Loop sizes are (A) three, (B) four, (C) five, (D) seven, (E) eight, and (F) nine. Base closures are
AU (m), UA (O), GC ©), and CG ®). The loop of seven with the AU closure has the st%géﬁ the loop of nine with the UA closure

has the ste GCX and all other hairpins have three base pair stems. Buffdr M NaCl, 10 mM sodium cacodylate, and 0.5 mM

EDTA, pH 7.0.

preparative TLC if-propanol:ammonium hydroxide:water, from high-temperature absorbance at 280 nm. Absorbance
55:35:10) and Sep-Pak C18 (Waters) chromatography. Puri-versus temperature curves were measured at 280 nm with a
ties were checked by either analytical C8 HPLC chroma- heating or cooling rate of 1.8C min™%, on a Perkin Elmer
tography or analytical TLC and were greater than 95%.  Lambda 2S spectrophotometer as described previously (Serra
Melting Cures and Data Analysis The buffer for the et al., 1994). Oligomer concentrations were varied over at
melting studies was 1.0 M NaCl, 10 mM sodium cacodylate, least a 40-fold range between 1 mM and 4.
and 0.5 mM NgEDTA, pH 7, unless indicated otherwise. Absorbance versus temperature profiles were fit to a two-
Single-stranded extinction coefficients were calculated from state model with sloping base lines by using a nonlinear least-
the extinction coefficients for dinucleotide monophosphate squares program (Petersheim & Turner, 1983; Freier et al.,
and nucleosides, as described previously (Borer, 1975;1983), adapted for unimolecular hairpin transitions. Ther-
Richards, 1975). Strand concentrations were determinedmodynamic parameters for hairpin formation were obtained
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Table 1: Thermodynamic Parameters for Hairpin Formation in 1.0 M NaCl

Tm AH® AS® AG®; AHOL? AS°L¢  AG%y AG sy
RNA Hairpin °C kcal/mol eu keal/mol keal/mol eu kcal/mol kcal/mol
(pred) (pred) (pred) (pred) (pred)
e
& v 51.0 21,919 67.5:6.0  -0.94x0.15 +45 2.9 +5.4 +54
A (56.1) (-26.4) (-80.1) -1.5) (+4.8)
GGG™
e U 389  -27.6:17 88351  -0.26%0.22 33 .289 +5.6 +5.6
A (51.5) (24.3) (-74.9) -1.1) (+4.8)
GGa?
g U 305 -27.8:14 91.7+47  +0.6120.1 2.4 -26.5 +5.8 +5.8
A (34.7) (-24.8) (-80.7) (+02) (+5.4)
Ut
CCA U 24.5 -14.9+1.3 -49.9+4.8 +0.63£0.2 +7.5 +6.0 +5.7 +5.7
A (32.2) (-21.8) (71.4) (+0.4) (+5.4)
cecru
EEE U 633 32214 957:43  -2.51:0.09 58 311 +3.8 +53
A (65.0) (-35.5) (-104.9) (:2.9) (+3.4)
GGGA U
e U 533 -26.0+1.9 1797460  -1.30£0.11 17 203 +4.6 +5.7
A (60.8) (:29.5) (-88.4) 2.0) (+3.8)
GGAA U
&8 U 376 -20.5:1.1 659537  -0.05:0.15 +4.9 -0.7 +5.2 +6.0
A (48.6) (-29.3) (-91.2) (0.5 +4.7)
GGutu
2 U 412 21.7£2.6 64.2:81  -0.32:0.12 +0.7 .83 +47 +5.7
A (513) (-26.4) (-81.4) (-0.6) (+4.5)
Ggectu
S&E pU 647 31.6£2.6 933180  -2.55:0.18 52 .28.7 +338 +53
A (64.0) (-35.5) (-105.2) (-2.8) (+3.5)
cectru
e uA 663 -27.6£2.0 -81.3:65  -2.73x0.10 12 -16.7 +3.6 +5.1
A (64.0) (-35.5) (-105.2) (2.8) (+3.5)
Geehu
g U 554 -293:24 .89.0:7.7  -1.6720.08 5.0 -29.6 +42 +53
6t v
A (59.6) (-29.5) (-88.7) (2.0) +3.9)
GGeA U
S8 uA 543 266222 .81.3:62  -1.48:0.18 23 .21.9 +4.4 +5.5
A (59.6) (:29.5) (-88.7) (:2.0) (+3.9)
Geat v
E&s pU a4 230m23 7184185  -0.210.15 +15 132 +5.0 +5.8
A @1.5) (-29.3) (-91.5) (-0.4) (+4.8)
Geut U
E&3 pU 47 232e34 74.0:105  -0.300.29 +0.8 -18.1 +4.8 +5.8
A (50.0) (-26.4) (-81.7) (-0.5) +4.6)
cecA Ua
oo 592  -32.6:2.6 983126 2202 62 337 +4.1 +5.6
AyA (640 (-35.5) (-1052) (2.8 (+3.5)
ceGA Uy
cée 573 -34.0:16 -102.8250  -2.1x0.1 97 -43.4 +3.8 +4.9
AyA (96 (:29.5) (-88.7) -2.0) +3.9)
GCGA A%
ppte §7.5  -39.6:2.6 1199183  -2.5:02 4.1 -30.1 +52 +6.0
AyA  (663) (-39.4) (-116.1) (-2.9) (+4.8)
GgGu? Ya
3 424 219:12 -69.3:38  -0.38:02 +0.5 -134 +4.7 +5.7
AyA (500 (-26.4) (-81.7) -0.5) (+4.6)
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Table 1 (Continued)

T AH® AS° AG;, AHLC  AS°L  AGSmt  AGmn’
RNA Hairpin °C kcal/mol eu kcal/mol kcal/mol eu kcal/mol kcal/mol
(pred) (pred) (pred) (pred) (pred)
G CAUAA
P A 565 364:23 11042737 21201 100 -45.8 +4.2 +57
AgAt @0 (359 (-104.9) -2.9) (+34)
G GAUAA
2ee 8sB1 0 360:13 108539 23:02 L7 491 +36 +4.7
AgAt @08 (2959 (-88.4) 2.1) (+3.8)
U
GGad Aa
& 2608 320660  961:188  -22:04 6.6 -30.9 +3.0 +338
oAt @we 23 (-91.2) ¢0.5) +4.8)
U
Ggud 2a
& 8200 208513 .687xd2 40550 +1.6 128 +5.6 +6.6
oA Gy (269 (-81.4) 0.6) (+4.5)
U
Gech Aa
A 571 348:18  -1053:55  -2.1302 84 -40.7 +42 457
CCG, ,A (89 (355 (-106.8) 2.3) (+4.0)
U
U
Gcec2 Aa
A 568  349:18  -1058:59  -2.1:02 106 -46.4 +38 +49
ccC, LA (37 (299 (-90.3) 1.5 (+4.4)
U
Gear Aa
ces A 342 24023 782477 +02203 +14 130 +5.4 +62
ccu, A @19)  (293) (-93.1) +0.1) (+53)
U
U
Goga® A4
A 538  -423:29 1292492  -2.2402 6.8 -39.4 +5.5 +63
CGGU, A 6L.7)  (-394) “117.7) (-2.4) (+5.3)
A A
U
GeguA Aa
ceee A 516  23.5:41  -723:13 1003 +9.0 +82 +6.5 +1.5
CGCA, A (649 (365 (-107.9) 2.4) +5.1)
U

aCalculated from equations equivalent A5°37. = AG°37(hairpin formation)— AG°37(pred. stem)? Calculated fromAG°®s;. = AG37i —
AG°37mm WhereAG®szmm is derived from measurements of model duplexes with terminal mismatches (Serra & Turner, 1995) except for loop of
three WhereAG"gm_ = AG°37..

from the averages of the fits of the individual melting curves. in Table 1. The free energy for foldindyG°37, of the RNA
Melting temperatures and thermodynamic parameters werehairpins varies with loop size and closing base pair.

concentration independent as expected for hairpin formation. o ) )
The two hairpins closed by AU base pairs with loops of

RESULTS five (AUAUA) in the original series did not melt in a two-
state unimolecular manner but rather had concentration
To explore the role of loop size on hairpin stability, the dependent melting temperatures. Therefore, an additional
set of RNA hairpins of loop size three to nine (excluding set of hairpins, with all four base closures and loops of five
six) with all four Watsor-Crick base closures was prepared (AUUUA), are included in this study. The reliability of the
and the thermodynamics of hairpin formation were measuredthermodynamic values is seen in the similarity of &8°3;
by optical melting. The first mismatch, AA, was chosento for the two pairs of hairpins with loops of five and the same
facilitate comparison with previously studied hairpins (Serra closing base pair, GC and CG; each value is within 0.2 kcal/
etal., 1993, 1994). mol of the other. The hairpin with a loop of seven with AU
Typical melting curves are shown in Figure 1, and the closure from the original set also did not melt in a two-state
measured thermodynamic parameters M NacCl are listed unimolecular manner and was replaced by a hairpin with a
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Table 2: Thermodynamic Parameters for Hairpin Formation in 0.1 M NaCl

TM AH ° AS ° AG 031 AA Gos’['n.l.l.oa
RNA Hairpin °C kcal/mol eu keal/mol kcal/mol
Ggge A
GC v 48.7 226 70.1 0.84 +0.1
GG
A
GGeA
¢ v 352 17.8 578 +0.09 +0.4
¢t
Geah
G v 15.0 153 53.1 +111 +0.5
AU
A
Gout
¢V v 20.1 14.1 419 +0.76 +02
CCA
A
GGeA u
& v 623 315 93.9 238 +02
A
Gee™ U
& v 482 208 64.9 072 +0.6
GGaA U
&8 v 32.8 219 714 +0.28 +03
Fz Y
GeUvu 360 19.6 63.4 -0.1 +02
&8, U
A
gecl u
&6 vY 618 344 102.7 259 +0.1
GGeA U
&6e A U U 53.6 274 84.0 -1.37 +0.2
GGAA U
&, v A 343 315 102.3 +0.22 +0.4

a Difference in free energy change at 3¢ measured at 0.1 dnl M NaCl.

stem of four base pairs (Table 1). The extra base pair in (averageAG°s;. = 5.8 kcal/mol) are less stable than loops

the stem does not affect the stability of the hairpin loop.
This is seen for the two hairpin loops of nine closed by AU
but with different stem sizes in Table 1 (see below).

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 formatis(,,
AT, and AG°3;) can be calculated by subtracting the
double helical stem contribution from the hairpin value. For
example, the free energy for loop formation at’87 AG°s7.,
can be calculated frodG°s7. = AG°3(measured for hairpin
formation) — AG°s7(stem). The results of this analysis are
presented in Table 1.

closed by GC or CG base pairs (averadge°s; = 5.5 kcal/
mol).

Previous studies (Serra et al., 1994), on hairpins with loop
size of six, have shown that the stability of hairpin loops
depends on the stacking interactions of the first mismatch
with the closing base pair. AG°:;;.(n) = AG°si(n) +
AG°37mm WhereAG°s7(n) is the free energy for initiating a
hairpin loop ofn nucleotides ancAG°37mmis the free energy
increment for the interaction of the closing base pair with
the first mismatch. TheAG°s7mmis derived from measure-
ments of model duplexes with terminal mismatches. The
measured\G°s7;_ for hairpin loops larger than three in Table
1 can be determined by subtractings®z7mm from AG°s7,.

Hairpin loops of three are modeled as independent of loop The results of this analysis are presented in Table 1.
sequence with no interaction between the closing base pair The average\G°s;. for hairpin loops of size 4, 5, and 7

and first mismatch (Serra & Turner, 1995). Therefore,
AG°37. is equal toAG°37 for hairpin loops of three, where

AG°37. is the free energy for initiating a hairpin loop. As
observed previously for hairpin loops of six (Serra et al.,
1993), the hairpin loops of three closed by AU or UA

to 9 closed by CG or GC base pairs are 5.5, 5.3, 5.0, 5.2,
and 5.3 kcal/mol, respectively. It is interesting to note that
small hairpin loops closed by CG are more stable than loops
closed by GC, while for larger loops the GC closures are
more stable (Table 1). The averaly&°s7 for hairpin loops
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Table 3: Thermodynamic Parameters for Hairpin Formation of Natural Sequences in 1.0 M NaCl

Twm AH° AS° AG %y AG%p
RNA Hairpin °C kcal/mol eu kcal/mol kcal/mol
Measured Measured Measured Measured Measured
(Predicted) (Predicted) (Predicted) (Predicted) (Predicted)
b
Gey ©
&EA A 28.0 -18.7+1.4 -61.9+4.6 +0.5+0.2 5.6
A (32.1) (-21.21) (-69.6) (+0.3) (5.4)
GCC v E
éEo U 55.0 -22,5+2.1 -68.616.7 -1.2+0.2 51
U (56) (-26.4) (-80.1) (-1.5) (4.8)
d
GGA G A
&0 ¢ 52.3 -30.5+1.9 93.6+6.1 -1.5+0.2 3.7
A (51.2) (-28.6) (-88.3) (-1.2) 4.0)
cecCa
GCE A 69.9 -34.7+£2.5 -101.2+7.2 -3.2:0.2 31
G (65.9) (-35.6) (-105.0) (-3.0) (3.3)
A 7
GUCT U
C. A é C C 53.1 -24.1+2.0 73.9+4.7 -1.2+0.2 3.2
C (45.6) (-29.1) (-91.3) (-0.9) 3.5
GGC G U )
C’ é ('; A A 65.6 -39.8+2.5 -117.4+7.3 -3.3£0.3 3.0
A (71.2) (35.3) (-102.5) (-3.4) 2.9)
U G A h
Geg Y. 568 -29.6£2.0 -89.75.7 -1.820.2 3.6
CGC (56.3) (22.5) (-68.3) (-1.9) 4.0)
CoA .
cAu'
Cf(.;p A 44.6 -32.3+33 -101.4x10.6 -0.8+0.1 43
CCA U (53.3) (-26.3) (-80.6) (-1.3) 3.8)
G
G, J
U-u
e 4 s 323820 97763 2002 43
C U C (67.7) (31.7) (-9.3) (-2.8) 3.5)
GU k
GGU A 356 -21.8:1.9 -70.616.0 +0.220.1 53
CCA A (395) (-23.2) (-74.21) (<0.2) 4.9)
C U C
U, !
CcC-G
GACUT A a2 -31.822.5 -99.418.0 -1.0£0.2 5.1
CUGA N A (41.6) (324) (102.8) 7 (-0.5) (5.6)

A

a Calculated fromAG°s7. = AG°37(hati?pin formation)— AG°s;(pred. stem). Sequences modeled’&ncoli large subunit rRNA position 1752;
°H. morrhuaelarge subunit rRNA position 27C( coli equivalent position)¢E. coli large ribosomal subunit rRNA position 266%. coli small
ribosomal subunit rRNA position 72&. coli large ribosomal rRNA position 888Saccharomyces carisaelarge ribosomal subunit rRNA position
612 (E. coli equivalent position)?E. coli large ribosomal subunit rRNA 32&. coli large ribosomal subunit rRNA 8¥Aspergillus nidulansmall
ribosomal rRNA subunit 1350 coli equivalent position)*Methanospirillum hungatesmall ribosomal rRNA subunit 135@( coli equivalent
position); andS. cerevisae mitochondrial small ribosomal subunit rRNA 328.(coli equivalent position) (Gutell et al., 1993).

of 4, 5, and 79 closed by AU or UA base pairs are 5.8, mismatches. In both cases, no additional stability was
5.8, 5.8, 5.1, and 6.6 kcal/mol, respectively. observed. These results support the modeling of hairpin

Thermodynamic parameters for some hairpins were also!00PS Of three in a *loop” sequence independent manner (see
measured in 0.1 M NaCl. These results are presented inDiscussion).
Table 2. The trends are the same ma4iM NaCl, but the
hairpins are less stable by an average of 0.3 kcal/mol at 37DISCUSSION
°C.

To test the generality of the conclusions from this work, ~ Based on a study of hairpins with loops of six, a simple
thermodynamic parameters were measured for hairpin loopsmodel to predict the stability of RNA hairpin loops was
that naturally occur in small and large subunit rRNA. These developed (Serra et al., 1994; Serra & Turner, 1995). This
results are listed in Table 3. The two hairpin loops of three model suggests that the free energy increment of hairpin
were chosen with “unusually” stable GA and UU first loops ofn > 3 is given by the following equation:
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Table 4: AG°37. for Hairpin Loop Formationn 1 M NacCl

|00p AG°37i|_(AU) -
size AG°37i(GC)a AG°37i(AU) AG°37i|_(GC)
3 4.8 (5) 5.7 (3) +0.9
4 4.9 (5) 5.4 (4) +0.5
5 5.0 (9) 5.8 (2) +0.8
6 5.0 (17) 5.3 (7) +0.3
7 5.0 (7) 5.8 (4) +0.8
8 4.9 (3) 5.4 (3) +0.5
9 5.5 (4) 6.4 (4) +0.9
averaget0.6

a Average calculatedG°37. for measured hairpin loops (excluding
C, hairpins) (Gralla & Crothers, 1973; Riesner et al., 1973; Coutts et
al., 1974; Groebe & Uhlenbeck 1988; Serra et al., 1993, 1994).

Numbers in parentheses represent number of hairpins used in averag

b For hairpin loops of threeAG°s7i. is loop sequence independent.

AG5 (n) =
AG°37 (N) + AG°3; ., + 0.4(if closed by AU or UA)—
0.7(if first mismatch is GA or UU) (1)

Here,AG°37(n) is the free energy for initiating a loop of
nucleotides, AG°37smm is the free energy for the stacking
interactions of the first mismatch with the closing base pair,

Serra et al.

Grobe and Uhlenbeck (1988) have previously found that
hairpins with loops of nine were less stable than hairpins
with smaller loops. They attributed the differences in
stability to heterogeneity in their samples. However, we
observed a similar decreased stability for the hairpin loops
of nine. Itis unclear why loops of nine are less stable than
smaller loops.

The cyclic nature of the difference in the stability of
hairpins closed by AU (or UA) and GC (or CG) base pairs
is interesting (Table 4). Itis unclear why hairpin loops with
odd numbers of nucleotides should display a greater differ-
ence in stability than hairpins with even numbers of
nucleotides. At this time, the precision of the data prevents

s from making too fine a distinction and therefore, we have

chosen to average all of tReAG®37iau-—cc) to arrive at the
penalty for AU closure of 0.6 kcal/mol. Further measure-
ments will be needed to determine if the cyclic fluctuation
observed iMAG°37iL(AU7(3c) is real.

The improved parameters were used to predict the
thermodynamics for the model hairpins in Table 1 and the
naturally occurring hairpins in Table 3. In nearly all cases,
there was good agreement between the measured and
predictedAG°3;. values. The only two hairpins for which
the model predicted AG°37. value greater than 1 kcal/mol

+0.4 represents the penalty in free energy for closing a from the experimentally measureiiG°s,, value were the

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. ThAG®s;7.(n) values used in these

hairpin loops of eight closed by AU or UA (Table 1). ltis
unclear why these two hairpin loops have such different
stabilities. In general, the nearest neighbor model allows

calculations for loop sizes other than six often represented prediction of RNA hairpin stability to within 510% of the

single experimental determination or estimated value.
The limited data on the role of hairpin loop size on stability
has produced conflicting results. Early studies witHd®ps

experimentally measured values.
It is encouraging that the simple model is able to provide
a reasonable prediction of hairpin stability. This is particu-

found hairpins with loops of six to be most stable (Gralla & |41y 50, because of the number of interactions that have been

Crothers, 1973). More recently, Grobe and Uhlenbeck getermined to occur in loop structures (Heus & Pardi, 1991;
(1988) found small RNA hairpin loops to be more stable. ggrer et al., 1995). Small hairpin loops in Table 3 are

These differences have made modeling the stability of RNA ,5deled slightly better than larger loops. This may be a

hairpins on the basis of the loop size difficult.

result of the greater structural flexibility available to larger

The free energy measurements listed in Tables 1 and 3)54pg.

when combined with previous measurements (Gralla &
Crothers, 1973; Grobe & Uhlenbeck, 1988; Coultts et al.,
1974; Reisner et al., 1973), allow more reliable values for
predicting hairpin loop stability. Table 4 lists the average
AG°37. for hairpin loops from three to nine nucleotides

closed by either AU (or UA) or GC (or CG) base pairs. These
results suggest the following model for improvement in the
parameters for hairpin loop stability prediction:

AG®37(N) = AG°37 (N) + AG 575, T+
0.6(if closed by AU base pairy
0.7(if first mismatch is GA or UU) (2)

Here,AG°s7i(n) for n = 4-9is 4.9, 5.0, 5.0, 5.0, 4.9, and
5.5 kcal/mol, respectively.
It is surprising that hairpin loops from four to eight

The two naturally occurring hairpin loops of three used
to test this model contained “unusually stable” first mis-
matches, GA or UU (Serra et al., 1994). Neither of these
hairpins displayed any additional stabilization and could be
best modeled as sequence independent, with no interaction
between the closing base pair and first mismatch. In contrast
to previous models (Jaeger et al., 1989; Serra & Turner,
1995) for hairpin loops of three, we found that the closing
base pair does affect stability. The model to predict the
stability for hairpin loops of three is “loop” sequence
independent:

AG®3 (3)=
[4.8 + 0.6(if closed by AU base pair)] kcal/mol (3)

The results in Tables 1 and 3 along with the limited
experimental data previously available (Gralla & Crothers,

nucleotides have similar stabilities. It had been suggested1973; Riesner et al., 1973; Coutts et al., 1974; Groebe &
(Haasnoot et al., 1985) on the basis of the physical constraintsUhlenbeck, 1988; Serra et al., 1993, 1994) provide a firm

of the RNA helix that hairpins in this range have two favored

foundation for modeling the free energies of hairpin loops

loop sizes. Larger loops would be favored when the loop with eqs 2 and 3. The results should help improve

crossed the major groove and stacked on theide of the

stem. Small loops of three or four nucleotides were predicted
hACKNOWLEDGMENT

the energy differences are minimal, and therefore hairpin

to cross the minor groove. However, it appears as thoug

loops of four to eight have similar stabilities.

predictions of RNA secondary structure from sequence.
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