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

of the types GCGXUAAUYCGC and GGUXUAAUYACC with WatserCrick loop closure, where XY

is the set of 10 possible mismatch base pairs. A nearest-neighbor analysis of the data indicates the free
energy of loop formation at 37C varies from 3.1 to 5.1 kcal/mol. These results agree with the model
previously developed [Vecenie, C. J., and Serra, M. J. (2@)ghemistry 4311813] to predict the
stability of RNA hairpin l0ops:AG®37. ) = AG®37in) + AG°37mm — 0.8 (if first mismatch is GA or UU)

— 0.8 (if first mismatch is GG and loop is closed on tHeslle by a purine). HereAG°s7i¢y is the free

energy for initiating a loop of nucleotides, andhG°37um is the free energy for the interaction of the first
mismatch with the closing base pair. Thermodynamic parameters are also reported for hairpin formation
in 1 M NaCl by RNA sequence of the types GACGXUAAUYUGUC and GGUXUAAUYGCC with GU

base pair closure, where XY is the set of 10 possible mismatch base pairs. A nearest-neighbor analysis
of the data indicates the free energy of loop formation at@#aries from 3.6 to 5.3 kcal/mol. These
results allow the development of a model for predicting the stability of hairpin loops closed by GU base
pairs.AG°s7n (kcal/mol)= AG°s7im — 0.8 (if the first mismatch is GAY- 0.8 (if the first mismatch is

GG and the loop is closed on thé gide by a purine). Note that for these hairpins, the stability of the
loops does not depend akG°37mm. For hairpin loops closed by GU base pairs, th&°s7iy values,

whenn = 4,5, 6, 7, and 8, are 4.9, 5.0, 4.6, 5.0, and 4.8 kcal/mol, respectively. The model gives good
agreement when tested against six naturally occurring hairpin sequences. Thermodynamic values for
terminal mismatches adjacent to GC, GU, and UG base pairs are also reported.

The ability of RNA to both store information and carry analysis uses sequence comparison of RNAs with similar
out catalysis has led to the idea that RNA was the first function to determine common structural motif4, ().
molecule involved in the evolution of lifelf. RNA still is Chemical and enzymatic probes are used to map single-
intimately involved in all of the major information transfer stranded and double-stranded regions of RN& 7).
events of the cell and is even the molecule responsible for Thermodynamic analysis is used to predict the most stable
peptide bond formation during protein biosynthe&js Qur secondary structure of the RNA-{10). Combining and
understanding of the roles of RNA in the cell has improved improving these methods have made RNA structure deter-
rapidly over the past decade. Central to its role in biological mination more reliable§, 11, 12).

processes Is RNA's ability to adopt a complex three- Hairpins are an important secondary structural motif in
dimensional shape. RNA. For example, nearly 70% dEscherichia colil6S

RNA can fold into a large number of secondary and rRNA bases are found in small hairpin structures. Addition-
tertiary structures that are responsible for its cellular roles. ally, hairpins are involved in a number of important tertiary
The principles involved in this folding have not yet been jnteractions with either proteind g, 14) or RNA (15, 16).
identified. However, it is clear that secondary and tertiary The ability of hairpins to form nucleation sites for further
structure formation are Imket_tBX. Ingghts into the _for.matlon folding of RNA depends on the stability of the hairpin motif,
of secondary structural motifs will, therefore, aid in under- ynqerstanding of the stability of RNA hairpins is, therefore,
standing the formation of the three-dimensional structure of ;.5 to elucidating the folding pathway and ultimate three-
functlgnal RNAs. . ) . ~dimensional structure of RNA.

An important step in modeling RNA structure is determin- Hairpin loop stability can be predicted using a relatively

ing its secondgry structure. Several approaches are commo_nl)éimpIe nearest-neighbor moddi7-19). For hairpin loops
used to predict RNA secondary structure. Phylogenetic with more than three nucleotides, stability has been shown
to depend on the loop size, the interaction of the first
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pairs_. We have_ _preViou_SIY shown that the model USEd_tO Table 1: Thermodynamic Parameters for UA Closure Hairpin
predict the stability of hairpin loops closed by GU base pairs gormation 41 M NaCF

is slightly modified @0) from the model described above.

For hairpin loops closed with GU base pairs, the UU first UA AU
mismatch is not considered to be unusually stable. X Y
In this report, we investigate the influence of closing base g:é
pairs on the stability of RNA hairpin loops by examining GeC
sets of hairpins closed by Watse@rick base pairs not e |
. . - - . 037 meas
previously studied (i.e., GC and UA) and sets of hairpins T AHE AGsb (oredy

closed by GU base pairs (UG and GU). The results of this ., °C)

study show that the model developed previoudl9, 21)
GA 514 —-365+17 —112.1+55 —1.62+0.1 3.5(3.5)

for predicti_ng the stab_ility of hairpins loops closed by ci 466 —354417 —1108L52 —1.04+ 0.2 4.0 (4.2)
Watson-Crick base pairs, CG and AU, works well for yud 44.8 —32.5+15 —102.1+ 4.9 —0.83+0.1 4.3 (4.1)
hairpins closed by all WatsetCrick pairs. However, a UC 453 —257+2.1 -80.2+6.5 —0.71+0.2 4.3(4.8)
different model, independent of the interaction of the first AC 435 —235+13 —74.3+4.3 —0.49+0.1 4.5(4.6)
mismatch with the closing base pair, was necessary forgge 405 —34.043.0 ~1082+9.6 —0.38+01 46(48)

o " " 40.7 —25.9+1.3 —824+39 —0.34+00 4.7(44
predicting the stability of hairpin loops closed by GU base ca 402 —295+1.9 -942+6.1 —0.30+0.1 4.7 §4.7g

(kcal/mol) AS (eu) (kcal/mol)  (kcal/mol)

pairs. AG 40.1 —28.9+2.7 —-9254+8.7 —0.29+0.1 4.7(4.3)
CU 349 —-17.24+26 —-56.0+8.2 0.13+0.1 5.1(4.9)
MATERIALS AND METHODS a Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and

. o . 0.5 mM EDTA (pH 7).P CalculatedAG®s7. = AG°37(measured for hairpin
RNA Synthesis and Purificatio@ligomers were synthe-  formation) — AG°37stemy © Predicted as described in the tekErom ref

sized on solid support using the phosphoramidite approach?20. ©From ref17.

with the 2-hydroxyl group protected as theert-butyl

dimethylsilyl ether. After ammonia and fluoride deprotection, RNAs reveals 1811 hairpin loops of six nucleotides. The
the crude oligomer was purified by preparative TLC (55: |oops were characterized by the closing base pair and first
35:10n-propanol/ammonium hydroxide/water mixture) and mismatch.

Sep-Pak C18 (Waters) chromatography. Purities were checked

by analytical TLC or HPLC (C-18) and were greater than RESULTS

95%. We have previously shown that for RNA hairpin loops
Melting Cures and Data AnalysisThe buffer for the  closed by a CG or AU base pair, the stability of the hairpin
melting studies wai1 M NaCl, 10 mM cacodylic acid, and  js dependent on the interaction of the closing base pair with

0.5 mM EDTA (pH 7). Strand concentrations were deter- the first mismatch 17, 19). This interaction can be ap-

mined from high-temperature absorbance at 280 nm. Ab- proximated by the free energy increment for the interaction

sorbance versus temperature curves were measured at 28@]" the mismatch at the end of a dUp|GﬁﬁG°37MM- Hairpins

or 260 nm with a heating or cooling rate of £G/min, on  wjth GA, UU, or GG first mismatches were unusually stable,

a Perkin-Elmer Lambda 2S spectrophotometer as describechnd to model the stability of these hairpin loops, an additional

previously @1). Oligomer concentrations were varied over  stabilization term 0.8 kcal/mol) was included. The current

an at least 40-fold range between 1 mM and:.20. model (19) for predicting hairpin loop stability (loops with
Absorbance versus temperature profiles were fit to a two- greater than three nucleotides) is given in eq 2.

state model with sloping baselines by using a nonlinear least-

squares progran®g). For hairpin melts, this program was =~ AG®3; (, (kcal/mol)= AG®37) + AG37y — 0.8

adapted for a unimolecular transition. Thermodynamic (if the first mismatch is GA or UU)- 0.8

parameters for hairpin formation were obtained from aver-

ages of the fits of the individual melting curves. The melting i i

temperatures for all of the hairpins were concentration- S side by a purine) (2)

independent, indicative of a unimolecular transition. Ther- ) ) )

modynamic parameters for duplex formation were obtained 10 more fully determine the role of the first mismatch

by two methods: (1) enthalpy and entropy changes from and the closing base pair in the stability of hairpin loops,
the fits of the individual melting curves were averaged, and the complete set of hairpins with loops of six and all possible
(2) plots of the reciprocal melting temperatufg,, versus first mismatches and the remaining closing base pairs (UA,

log C; gave enthalpy and entropy chang@8)( GC, GU and UQ) were prepared anq the the_rmodynamics
of hairpin formation measured by optical melting.

The measured thermodynamic parameters for the hairpins
with the 10 different first mismatches with the various closing
_ ) ) base pairs are given in Tables 8. The free energy change
whereC; is the total concentration of the ollgome_r. I_Daram— for hairpin formation AG°s;) varies depending upon the first
eters derived from the two methods agreed within 10%, mismatch and the closing base pair. For the initial set of
consistent with the two-state mod&4( 25). hairpins with GU closing base pairs (Table 3), only five of

Phylogenetic AnalysisA search of phylogenetically the 10 hairpins melted in a unimolecular fashion indicative
determined RNA secondary structure$) (of 305 SSU of hairpin formation. The remainder either melted as a duplex
rRNAs, 169 LSU rRNAs, 16 group | RNAs, and 7 group Il or displayed multiple transitions making it impossible to

(if the first mismatch is GG and the loop is closed on the

Ty - = (2.3R/AH°) log C, + AS’/AH° (1)
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Table 2: Thermodynamic Parameters for GC Closure Hairpin
Formation 41 M NaCP

A A

U U

X Y

GeC

CeG

GeC

AG°3; measd
TM AH® AG°37|_b (pred)‘f

XY (°C) (kcal/mol) AS (eu) (kcal/mol)  (kcal/mol)
GG 61.3 —37.6+15 —1124+50 -2.73+0.3 3.1(3.2)
UU 55.7 —40.6+1.9 —123.3+£5.7 —-2.31+0.1 3.5(3.6)
GA 58.3 —34.3+2.8 —103.6+89 -2.21+0.1 3.6(3.0)
UC 52.7 —35.7+0.9 —109.6+£2.7 —-1.72+0.1 4.1(4.2)
CU 50.8 —38.2+4.2 —117.8+15.4 —1.62+0.2 4.2(4.5)
AG 534 —29.6+56 —90.6+16.4 —1.49+0.3 4.3(4.1)
AC 509 —30.6+3.6 —943+9.2 -131+03 45(4.2
AA 56.1 —175+16 —-53.1+56 —-1.01+04 4.8 (4.3)
CA 504 —22.7+21 -70.1+6.6 -0.93+0.3 4.9(4.3)
CC 458 —27.0+£26 —-845+7.9 -0.74+0.5 5.1(4.4)

a Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and
0.5 mM EDTA (pH 7).> CalculatedAG®s7. = AG®37(measured for hairpin
formation) — AG°37(stem) ¢ Predicted as described in the text.

Table 3: Thermodynamic Parameters for GU Closure Hairpin
Formation 41 M NaCP

AA
U U
X X
GeU
CeG
GeC
AG°37 measd
AH° AG°37.P (predy
XY Tm (°C) (kcal/mol) AS (eu) (kcal/mol) (kcal/mol)
GGY 48.2 —245+6.9 —76.4+ 2.2 -0.80+0.1 3.6(3.8)
GA 40.2 —28.5+1.2 -90.84+3.7 —0.34+ 0.1 4.0(3.8)
uc 36.1 —275+1.7-88.9+49 0.08£0.2 4.5(4.6)
Uue 33.5 —29.8+26 —97.2+85 0.30+0.1 4.7(4.6)
AA 29.7 —17.0+£ 15 -56.2+ 4.4 0.41+0.2 4.8(4.6)
AG duplex
AC duplex
CA duplex
CU non-two-state

non-two-state

a Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and
0.5 mM EDTA (pH 7).P CalculatedAG®s7. = AG®37(measured for hairpin
formation) — AG°37stemy © Predicted as described in the tekErom ref
20. ®From ref18.

obtain the thermodynamic parameters for the melting transi-
tion. Therefore, an additional set of hairpins with a longer
stem sequence and GU first mismatéBACG/3CUGU was

measured (Table 4). All 10 of these oligomers melted in a
unimolecular fashion, although the thermodynamics derived
from the melting transitions were more variable (as deter-
mined by the large standard errors in the thermodynamic

parameters), probably indicating the presence of a small

fraction of duplex in addition to the predominant hairpin.
The stability of an RNA hairpin can be dissected into its

two structural motifs, the double-helical stem and the loop.

The free energy contribution of the loop can be determined

by

AG‘037L = AG‘037(measured for hairpin formation) AG‘°37(stem) (3)

Table 4: Thermodynamic Parameters for GU Closure Hairpin
Formation 41 M NaCF

A A

U U

X Y

GeU

CeG

AeU

GeC

AG°3; measd
TM AH° AGO37|_b (pred}

XY (°C) (kcal/mol) AS (eu) (kcal/mol)  (kcal/mol)
AC 47.9 —40.2+4.4 —125.3+14.0 —1.37+£0.3 4.2 (4.6)
GA 484 —35.3+5.3 —109.7+16.4 —1.25+0.2 4.3(3.8)
GG 50.5 —29.6+3.0 —-914+9.2 -123+0.2 4.3(3.8)
CA 483 —29.8+2.6 —92.8+8.0 -1.04+0.2 4.5(4.6)
AG 48.6 —27.6+3.6 —85.6+11.3 —0.99+0.2 4.6 (4.6)
UC 47.2 —29.0+3.3 —90.4+10.1 —0.92+0.2 4.6 (4.6)
AA 465 —-30.6+3.0 —95.8+94 —-091+0.1 4.6(4.6)
UU 46.3 —29.0+4.6 —90.8+14.4 —0.85+0.2 4.7 (4.6)
CU 46.4 —28.0+4.4 —-87.7+14.1 —0.82+0.1 4.7 (4.6)
CC 45.2 —29.5+3.3 —92.7+10.2 —0.76+£0.2 4.8 (4.6)

a Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and
0.5 mM EDTA (pH 7).P CalculatedAG°s7. = AG°37(measured for hairpin
formation) — AG°37stemy © Predicted as described in the text.

Table 5: Thermodynamic Parameters for GC Closure Hairpin
Formation 41 M NaCF

A A

U U

X Y

UeG

GeC

GeC

AG°37 measd

Twm AH® AG°37|_b pred}
XY (°C) (kcal/mol) AS (eu) (kcal/mol) (kcal/mol)
GG& 48.9 —35.1+1.8 —109.0+5.0 -1.3+0.1 4.0 (3.8)
UC 46.1 —-40.5+1.7 —-126.9+5.1 -1.16+0.2 4.2 (4.6)
GA 474 -3184+19 -99.0+6.2 -1.00+0.1 4.3(3.8)
CC 442 —-322425 -101.4+80 -0.73+0.1 4.6 (4.6)
AC 441 -27.04+21 -853+6.4 -0.61+0.1 4.7 (4.6)
CA 428 —-31.3+26 —99.0+8.0 -0.58+0.2 4.7 (4.6)
Uud 423 —-31.2+25 —98.9+8.4 —-0.5+0.1 4.8 (4.6)
AG 429 -259+38 —81.9+11.8 —-0.48+0.2 5.3 (4.6)
AA® 428 —-273+0.1 -86.5+05 —-0.47+0.1 4.8 (4.6)
CU 407 —-23.3+1.0 -74.4+34 -0.284+0.1 5.0 (4.6)

a Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and
0.5 mM EDTA (pH 7).® CalculatedAG®s7. = AG°s7(measured for hairpin
formation) — AG°z7(stemy © Predicted as described in the tekErom ref
18. ©From refl7.

Since each set of hairpins contains a different stem with a
different stability, to compare loop stability, the free energy
contribution of the loop was determined by eq 3. The results
of this analysis are presented in Tables51

In the model for hairpin loop stability AG°s7um is
approximated by the free energy of stacking the terminal
mismatches at the ends of helices. While the thermodynamic
parameters for all of the terminal mismatches on UA base
pairs have been previously measur2@)(only five terminal
mismatches (AA, CA, GA, AG, and GG) on helices ending
in GC, only two (AA and GA) on helices ending in GU,
and three (AA, GA, and GG) on helices ending in UG have
been determined3(and references therein). Therefore, the
remainder of the mismatches (XY) on the appropriate base
pair was measured using self-complementary oligomers
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Table 6: Thermodynamic Parameters of Duplex Formation

Tmtvs logC; plots average curve fits
—AH° —AS —AG® —AH?° —AS —AG®
sequence (kal/mol) (cal/mol) (kal/mol) TuP (kal/mol) (cal/mol) (kal/mol) TwP

UCCGGU 44.0+ 4.2 120.6+ 13.5 6.6+ 0.2 43.8 44.0t 3.8 120.5+ 12.2 6.6+ 0.2 43.6
CCCGGU 39. 74+ 3.1 105.5+ 9.9 6.9+ 0.1 47.2 36.9t 2.7 96.5+ 8.7 6.9+ 0.1 48.0
CCCGGA 43.8+ 3.8 119.0+ 12.2 6.9+ 0.1 45.9 45.8t 3.4 125.2+11.0 6.9+ 0.2 45.8
CCCGGC 33.8: 3.8 88.0+12.1 6.5+ 0.3 44.6 38.8£ 2.4 104.1+ 7.9 6.5+ 0.2 43.8
UCCGGC 36.6+ 4.0 97.3+13.0 6.4+ 0.3 43.6 40.6t 3.1 110.1+ 10.2 6.4+ 0.2 43.0
reference duplex

CCGE 34.2 95.6 4.6
CUGGCCGA 50.74+ 5.5 132.4+ 16.6 9.6+ 0.4 63.2 53. 7 4.4 141.5+ 13,5 9.9+ 0.4 63.2
GUGGCCGA 54.2£ 5.2 143.0+ 15.9 9.9+ 0.4 63.1 53. 4 2.9 141.3+ 8.8 9.9+ 0.2 63.2
AUGGCCGC 58.2£ 2.9 153.8+ 8.9 10.5+ 0.2 65.1 58.3t 2.6 153.9+ 17.4 10.6+ 0.7 65.7
CUGGCCGC 59.6t 4.3 158.1+ 12.6 10.6+ 0.3 64.7 59.2+ 3.7 156.9+ 11.4 10.6+ 0.3 64.9
UUGGCCGC 545+ 5.1 142.9+ 154 10.2+ 0.3 64.7 56.1 6.3 147.6+ 18.9 10.3+ 0.5 64.8
GUGGCCGG 48.6: 4.3 125.2+13.0 9.7+ 0.3 65.3 52.5:7.1 136.9+ 20.9 10.1+0.3 65.4
CUGGCCGU 51.3t 1.5 133.9+ 45 9.7+ 0.1 63.6 55.8+ 3.9 147,74+ 11.7 10.1+0.3 63.3
UUGGCCGU 54.6+ 4.3 143.9+13.3 9.9+ 0.3 63.3 56.H 3.6 148.5+ 11.0 10.1+0.2 63.1
reference duplex

UGGCcCd@ 51.4 138.5 8.46
GGGCGCUA 65.8+ 2.8 178.8+ 8.5 10.3+£ 0.2 60.6 58. 7 0.6 157.4+ 1.7 9.9+ 0.1 60.8
CGGCGCUA 66.2+ 3.8 180.5+11.6 10.2+0.2 59.6 58.1 1.4 156.0+ 4.2 9.7+ 0.2 60.2
CGGCGCUC 61.3:7.2 166.0+ 21.8 9.8+ 0.5 59.5 61.8- 3.0 167.5+ 8.6 9.9+ 0.3 59.6
CGGCGCuUU 62.0+ 2.2 168.1+ 6.6 9.8+ 0.1 59.3 59.H1-2.6 159.3+ 7.8 9.7+ 0.2 59.3
AGGCGCUC 62.8£ 4.7 171.6+14.3 9.6+ 0.3 57.6 55.4+ 1.2 149.0+ 35 9.2+ 0.2 58.1
UGGCGCUU 62.H+ 4.4 171.14+13.5 9.7+ 0.2 58.0 60.7 4.7 164.9+ 14.0 9.6+ 0.4 58.2
UGGCGCUC 57.6+ 1.0 156.2+ 2.2 9.1+ 0.1 56.8 55.2£ 2.0 148.8+ 6.1 9.1+ 0.1 56.9
reference duplex

GGCGcY 56.2 153.9 8.5

a Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA (pH g alculated at an oligomer concentration of 40/.
¢ From refXX. ¢ From ref24.

(Table 6). The nearest-neighbor thermodynamic parametersmismatch does not contribute significantly to the stability

for the terminal mismatches are derived from equations of the hairpin loops closed by GU base pairs. Since no

equivalent to 27) significant trend is observed, the best model for predicting

the stability of hairpin loops closed by GU base pairs would

AG°(&F) = 0.5[AG°(YCCGGX) — AG°(CCGG)] (4) be to use the average value (4.6 kcal/mol) for the hairpin
loops.

For hairpin loops closed by WatseCrick base pairs with
'a pyrimidine nucleotide on thé Side of the loop, loops with
first mismatches of GA and UU were shown to be more
stable 21). For hairpins closed by WatseiCrick base pairs
with a purine nucleotide on the Side of the loop, three
loops display unusual stability. In addition to first mismatches
of GA and UU, the GG first mismatch is also more stable
than other hairpin loops. These data points are plotted in
Figure 1C with the trend line from Figure 1A included for
reference. As seen for the CG and AU hairpin loop closures,
all five of these first mismatches, when closed by either a
GC or UA base pair, are unusually stable, by an average 0.7

Table 7 summarizes these parameters. The meadu®eg
values for the terminal mismatches are close (on average
within 0.2 kcal/mol) to the predicted value8) (for all of

the duplexes.

Analysis of the free energy for hairpin loop formation,
AG°37, versus the free energy increment of the first
mismatch, indicated that the trend was different for hairpins
closed by WatsonCrick pairs and for hairpins closed by
GU pairs. The trend observed for hairpins closed by €0 (
and AU (19) base pairs, where the loops with more stable
first mismatches are more stable, is also true for hairpins
closed by the WatsorCrick base pairs in this study (Figure
1A). When the unusually stable mismatches (see below) are o >
omitted, a plot of the free energy change for hairpin loop kcal[mol, similar to the value of 0.8 kcal/mol determined
formation versus the free energy increment for the first previously (9, 21).
mismatch in the loop has the trend shown in Figure 1A. The For hairpin loops closed by GU base pairs, we have
slope of the best fit line gives AG°37,) 0f 5.2+ AG°37um previously found that UU first mismatches do not display
(slope of—0.80+ 0.13), whereAG°s7uw is the free energy ~ unusual stability 20). Therefore, for hairpins closed by GU
increment for the first mismatch in the loop as measured at base pairs, only GA and GG (with apurine closing base)
duplex ends. The value of 5.2 féxG°s; ) is close to the  are considered unusually stable. These data points are plotted
AG°37i6) 0f 5.4 determined from the average of all measured in Figure 1D with the trend line from Figure 1B included
hairpin loops of six nucleotides8(and references therein). for reference. Again, all of these first mismatches are

A similar analysis for the hairpin loops closed by GU base unusually stable by an average of 0.5 kcal/mol [if all
pairs displays very different behavior (Figure 1B). Analysis previously measured GU closed hairpin loops with unusually
of the linear fit of the data indicates that the slope of the stable first mismatches are includekB(20), the average is
line is not significantly different from zere;0.054+ 0.292, 0.6 kcal/mol]. For simplicity, we will continue to use 0.8
indicating that the free energy increment for the first kcal/mol for all of the bonus values in our predictions.
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Table 7: Thermodynamic Parameters for Terminal Mismatches M NaCl (pH 7}

Base pair Xl Y—» A C G 8]
5°GX 3’ -AHP 5.2° 53 5.6°
3°CY 5’ A -AS° 13.2 13.2 13.9°
-AG°3; 1.1° 1.2 1.3°

-AHP 7.2° 1.0 22

C A8 19.6° 0.2 4.0

-AG°y; 1.1° 1.0 0.9
-AHP 7.1° 6.2°
G -AS° 17.8° 15.1°
-AG®; 1.6° 1.4°

-AH° 2.0 4.6

U  -AS° 2.7 125

-AG°y; 12 1.0
5°GX 3’ -AH° 3.4¢ 0.4 13
3°UY 5 A -AS° 10.0° 0.8 1.8
-AG°y; 0.3 0.6 0.7

-AH® 34 4.0 1.9

C A8 15.4 9.5 3.4

-AG°y; 1.1 1.1 0.9
-AH® 0.6° 0.9
G -AS° 0.0¢ 3.7
-AG°y; 0.6¢ 0.7

-AH® 1.1 2.0

U A8 12 3.8

-AG°y; 0.7 0.8
5°UX 3’ -AH? 3.7¢ 35 3.7
3’GY 5’ A -AS° 9.2°¢ 8.9 9.0
-AG°y; 0.8¢ 0.8 0.9

-AH® 1.7 2.7 0.1

C A8 3.9 6.4 -0.7

-AG°y 0.5 0.7 0.3
-AH® 3.1°¢ 1.5¢
G -AS° -11.2°¢ 2.1°¢
-AG°y; 0.5¢ 0.8¢

-AH° 2.1 2.8

U -AS° 49 7.1

-AG°y; 0.7 0.6

a AG°37 values calculated as illustrated in the téXErom ref24. ¢ From ref18.

To test the generality of the conclusions from this work, GG first mismatches, there is almost no preference for the
thermodynamic parameters were also measured for sixhairpins to be closed with the orientation of the closing base
hairpins with six nucleotide loops that occur naturally in the pair with the purine to the'Sside of the loop. In total, nearly
small or large rRNAs. These results are listed in Table 8. 75% of the phylogenetically determined hairpin loops have

Figure 2 displays three orthogonal views of filgermus  first mismatches that are unusually stable.
thermophilussmall ribosomal subunit. The positions of the
hairpin loops are colored red. The vast majority of hairpins DISCUSSION
loops are found localized on the exterior of the subunit. These  The trend, in terms of the stability of the RNA hairpins
hairpin loops are not in contact with either RNA or ribosomal closed by WatsorCrick base pairs (GC and UA) examined
proteins. A few examples of kissing hairpin loops are here (Tables 1 and 2), parallels the trend we have observed
observed, and these are circled. previously for hairpins closed by CG and AU base pal; (

A search of phylogenetically determined secondary struc- 21). The hairpins with unusually stable first mismatches are
tures of 305 SSU rRNAs, 169 LSU rRNAs, 16 group | more stable than the remaining hairpins by approximately
RNAs, and 7 Group Il RNAs4) revealed 1181 hairpin loops 0.5—-1 kcal/mol. The model for predicting hairpin loop
of six nucleotides. The hairpin loops were divided on the stability gives excellent agreement with the measured values
basis of the closing base pair and first mismatch. The resultsfor the hairpins closed by UA. The average difference is less
of the search are presented in Table 9. More than 50% ofthan 0.2 kcal/mol (Table 1). The model does not do as well
the hairpins are closed by the more stable GC or CG baseat predicting the stability of the hairpin loops closed by GC.
pairs. As noted previously, there is also a strong preferenceHere the average difference between the measured and
for the base on the' Side of the loop to be a purine (57%). predicted values is 0.35 kcal/mol. For the CC first mismatch,
Nearly 45% of the hairpins have a first GA mismatch, and the difference between the measured and predicted values
more than 66% of them are closed by a CG or GU base is 0.7 kcal/mol, larger than the difference observed for any
pair. The hairpins with UU first mismatches are almost of the other hairpins but still not unreasonable given the
always closed by WatserCrick pairs where the UU  simplicity of the model. These results suggest that the simple
mismatches display unusual stability. Interestingly, for the model (L9, 21) developed to predict the hairpin loop stability
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Ficure 1: Plot of the free energy for hairpin formatioAG°37. vs the free energy incremeniG°;7uy for the first mismatch of the loop.

Loops are closed by&%) UA, (W) GC, (o) GU, and &) UG base pairs. Panels A and C present data points excluding the unusually stable
first mismatches. The solid line is the least-squares fit to the data points [note that for panel A, hairpin loops close®@byan@ AU

(19) are included in the fit]. Panels B and D present the unusually stable first mismatch data points. The solid line is the least-squares fit
to the data points in panel A or B.

for hairpins closed by WatsefrCrick base pairs can be  While for hairpin loops closed by GU base pairs
applied to a wide range of loop sequences.

The trend, in terms of the stability of the RNA hairpins  AG®3 ¢ (kcal/mol)= AG°3, — 0.8
closed by GU base pairs, initially appears similar to the trend : : : :
observed for the WatserCrick closed hairpins. The unusu- . . (i Fhe first mlsmatch s GA)- 0'.8
ally stable hairpin loops are approximately 928 kcal/ (if the first mismatch is GG and thg loop is clo§ed on the
mol more stable than the rest (Tables®. Note that for S' side by a purine) (6)
hairpins closed by GU base pairs, the UU first mismatch is o )
not unusually stable2(). Closer examination (Figure 1C) AGs7i) has a value of 4.6 kcal/mol for hairpin loops of six
of the remaining hairpins shows that the stability of the Nucleotides. Using this model,. the new terminal mlgmatch
hairpin does not depend on the identity of the first mismatch. values from Table 7, and previously measured hairpin loop
The trend line in Figure 1C is significantly different from Stability 17, 18, 20, 28), AG®s7i) values for hairpin loop
the trend line in Figure 1A, and the slope in Figure 1C is Sizes other than six can be determined. N@s7,), when
not significantly different from zero. Therefore, the interac- " =4.5,6,7,and 8, are 4.9, 5.0, 4.6, 5.0, and 4.8 kcal/mol,
tion of the first mismatch and the closing base pair does not fespectively.
contribute the stability of hairpin loops closed by GU base ~ The model was used to predict th&G°sn for the
pairs. Thus, for these hairpins closed by GU base pairs, thesequences listed in Tables %, and the predicted values are
stability can be predicted by using a simple penalty for the listed in parentheses. For the 45 hairpins in Tabte§,lonly
loop contribution. four have predicted\G°s7.(y values that are more than 0.5

Taken together, the results can be combined to develop akcal/mol from the observed values. The majority (30 of the
model for predicting the hairpin loop stability. For hairpin 45 hairpin loops) are predicted within 0.2 kcal/mol of the
loops closed by WatserCrick base pairs, the model is the actual value. The model was also used to predict the

same as that previously determind®)¢ thermodynamic values for a set of naturally occurring
hairpins. Comparison between the measured and predicted
AG°z1 (kcal/mol)= AG®37y + AG°7py — 0.8 values is given in Table 8. While the predictions are not as

. . . . accurate as those seen in Tables5] there is still good
) (_'f the_flrst mlsmatch is GA or UU)_— 0.8 agreement for most of the hairpins, in terms of both the
(if the first mismatch is GG and the loop is closed onthe predicted melting temperature and the free energy. The

5' side by a purine) (5)  hairpin not predicted well by the model is the sequence
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Table 8: Thermodynamic Parameters for Hairpin Formation of Natural SequendelsliNaCP

AGoy”
Twm AH° AS° AG®y; measd
Hairpin (°C) (kcal/mol) (eu) (kcal/mol) (kcal/mol)
CG
GCG A 50.2 -18.0+1.2 -55.7+3.7 -0.74 + .13 5.0
CGC A (52.8) (-27.6) (-84.6) (-1.32) (4.5)
UA
CA
GGU G* 55.0 279+23 -85.0+7.5 -1.53+0.24 3.7
CCA G (39.0)  (-22.9) (-73.3) (-0.15) (4.9)
UG
GU
GGU A° 54.2 -32.8+3.1 -100.0 £ 9.6 -1.72 £ 0.20 33
CCA A (58.9)  (25.7) (-77.3) (-1.55) 3.5)
AC
GU
GGU A 51.7 -46.4+9.3 -1429+29.1  -2.10+0.42 3.0
CCA A (57.7)  (25.7) (-77.6) (-1.55) 3.5)
AA
GC
GGU U# 57.7 -20.4+2.1 -61.6+7.0 -1.28+0.23 4.0
CCG U (47.6)  (-23.8) (-74.2) (-0.72) (4.6)
GA
AU
GCG A" 473 -28.6+5.1 -89.2+122  -0.92+0.29 4.8
CGC U (54.0)  (-30.8) (-94.2) (-1.6) 4.2)
CA

2 Solutions containg 1 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA (pH 7T alculatedAG°37. = AG°37(measured for hairpin formatior]™
AG°37stemy Values in parentheses are predicted as described in the &tluence modeled dtea may<hloroplast large rRNA position 1524.
d Sequence modeled aa mayschloroplast large rRNA position 1524Sequence modeled ddaccharomyces cerisiae large subunit rRNA
position 1425f Sequence modeled dfiomo sapiensmall subunit rRNA position 343.Sequence modeled dkpristurus herklotslarge rRNA
position 278." Sequence modeled ddacillus fragilis small rRNA 843.

s  wd,
L&
Interface Backside Side

Ficure 2: Orthogonal views of th&. thermophilusmall ribosomal subunit (PDB entry 1FJF) highlighting the positions of hairpin loops
(29). The nucleotides of the hairpin loops are colored red, and the closing base pairs of the loops are colored green. Examples of kissing
hairpins are circled.

GGCCAGGGUACC that is more stable than predicted by improvement in our ability to predict the stability of RNA
1.2 kcal/mol. The presence of three consecutive G residuesfrom sequence.

in the loop may contribute to its unusual stability. The hairpin ~ Most of the hairpin loops found in the small ribosomal
GCGCGAAAUCGC has the same first mismatch and is subunit are localized on the exterior of the subunit where
predicted well. The results presented here should lead to arthey do not interact with either RNA or protein (Figure 2).
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Table 9: Percentage Occurrence of Naturally Occurring Hairpin
Loops

Closing Base Pair

First

mismatch | GC CG AU UA GU UG All
GA 1.9 17.6 2.1 1.4 15.1 6.2 44 .4
uu 15.9 1.9 4.3 0.8 0.0 0.4 233
GG 4.0 3.2 1.9 1.3 0.0 1.4 11.8
AA 3.0 0.4 0.7 1.4 0.1 0.1 5.8
AG 4.0 0.6 0.1 1.1 0.0 0.0 5.8
uc 0.3 0.7 1.3 1.2 0.0 0.4 3.9
CA 0.7 0.6 0.3 0.1 0.1 0.1 1.9
Ccu 0.4 0.6 0.3 0.0 0.0 0.4 1.7
CcC 0.1 0.7 0.0 0.0 0.0 0.0 0.8
AC 0.0 0.2 0.2 0.2 0.0 0.0 0.6
All 30.3 26.7 11.3 7.5 15.3 8.9 100.0

aPercent of phylogenetically determined hairpin loops of six

nucleotides4); the total number of loops with six nucleotides is 1811.
Values colored red represent unusually stable first mismatches.

The primary role of hairpin loops seems to be to fold the

RNA molecule so that other tertiary contact can be made. If

most RNA hairpins are responsible for folding the RNA stand
over on itself to form a double helix, then it would be

reasonable that the most stable hairpin loops would be
selected during evolution. This is exactly what is observed

as nearly 75% of the hairpin loops of six nucleotides do

indeed have an unusually stable first mismatch (Table 9).
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