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ABSTRACT: Internal loops in RNA are important for folding and function. Consecutive noncanonical pairs
can form in internal loops having at least two nucleotides on each side. Thermodynamic and structural
insights into such internal loops should improve approximations for their stabilities and predictions of
secondary and three-dimensional structures. Most natural internal loops are purine rich. A series of
oligoribonucleotides that form purine-rich internal loops ef® nucleotides, including kink-turn loops,

were studied by UV melting, exchangeable proton and phosphorus NMR. Three consecutive GA pairs
with the motif3 X $2 or $22823 (i.e., 3523 closed on at least one side with a CG, UA, or UG pair with

Y representing C or U and R representing A or G) stabilize internal loops haviti@ Gucleotides.
Certain motifs with two consecutive GA pairs are also stabilizing. In internal loops with three or more
nucleotides on each side, the maiif$ has stability similar ta; $$. A revised model for predicting
stabilities of internal loops with-610 nucleotides is derived by multiple linear regression. Loops with 2

x 3 nucleotides are predicted well by a previous thermodynamic model.

Sequence-dependent secondary structure interactions irthermodynamic effect of the first noncanonical pair on each
RNA usually dominate energetically over tertiary interactions side of an internal loop is considered in structure prediction
(1-5). Thus, free energy parameters derived from studies algorithms.
of short oligonucleotides5(-9) allow prediction of RNA Stabilities of size symmetric (i.e., & n2) internal loops
secondary structures with about 73% accuracy on averageare more sequence dependent than size asymmetric (i.e., n1
without consideration of tertiary structure when the RNA is = n2) loops 27). Presumably, this is because asymmetric
shorter than about 500 nucleotid8s9). This accuracy could loops are more flexible. This flexibility is also reflected in
be improved with more knowledge of the sequence depen-the observation that asymmetric loops are typically relatively
dence of stabilities for loops in RNA. This work provides unstructured in solutior2(l, 24, 26, 30, 41—44). Structured
insight into the sequence dependence of stability for internal consecutive noncanonical pairs have been observed, however,
loops. Internal loops are important elements of tertiary in large internal loops and hairpin8%—33, 45—49).
structure 10—17) and are binding sites for proteins and The motif of three consecutive sheared GA pdif§a3
therapeutics 7—25). is the most stable among>3 3 internal loops 33, 34). Two

Thermodynamics and structures of internal loops in consecutive GA pair§ S22 are also the most stable among
oligoribonucleotides have been studied by UV melting and 2 2 internal loops. (Throughout the paper, each top strand
NMR, respectively §, 6, 26-40). Current free energy s written from 5 to 3 going from left to right.) Formation
parameters derived for internal loop3 @re largely based  of consecutive sheared GA pairs is well conserved in some
on knowledge of 2< 2' and 2x 3 internal loops, where  sjze asymmetric loops, including certain types of kink-turn
‘nl x n2" represents an internal loop with n1 and n2 motifs (17—23, 50). This suggests that thermodynamic stabil-
nucleotides on each side, respectively. Currently, only the jzation due to consecutive GA pairs may not be restricted to
2 x 2 and 3x 3 internal loops. Biophysical and biochemical
" This work was supported by NIH Grant GM22939. studies of a kink-turn suggest the formation of three consecu-
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1 Abbreviations: Cr, total concentration of all strands of oligonucle- Slgt:\al rECi,OgnltlfO\r}Spa_.tr)tICIe (SRPZ .RNA31|3,.b52), Ihnl the
otides in solution; eu, entropy units cal K= mol™%; n1 x n2 or Xu substrate loop o ribozymé&g, 54); in multibranch loops

x Wz, an internal loop with n1 nucleotides on one side and n2 such as the P5abc domain of thietrahymena thermophila
nucleotides on the opposite side (£1n2); Tw, melting temperature  group | intron (4, 55, 56); in the putative catalytic site of

in Kelvin; T, melting temperature in degrees Celsius; YR, canonical : . ; ;
pair of UA, UG, or CG, with Y on the Bside and R on the'Zide of hammerhead ribozymes{); and in a variety of structural

the internal loop; YR/RY, canonical pair of YR or RYAG, elements in ribosomal RNA3G, 37, 58—60).
measured free energy at 3T for duplex formation;AGg; q, Here, the thermodynamics of internal loops with B)

measured free energy at ST for the internal loop formation; — pcleotides are presented. Multiple linear regression is
AG egicteq free energy increment of internal loop formation at°&7

predicted from the model in the RNAstructure algorithm, MFOLD ~USed to develop a revised thermodynamic model for loops
algorithm, or revised thermodynamic model derived here; P, purine. larger than 2x 3. Three consecutive GA pairs with the motif
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of 1S58 or S22 (i.e., S closed on at least one side with a 15% (Table 1), suggesting that the two-state model is a good
CG, UA, or UG pair with Y representing C or U and R approximation for these transitions. The equativ@;, =
representing A or G) can stabilizesX W;_s and X x AH° — (310.15AS was used to calculate the free energy
W, internal loops. The motifs df S22 and$2£ X (i.e., S22 change at 37C (310.15 K).
motif not closed with at least one YR canonical pair) are  Self-structure (hairpin and/or duplex) of individual single
also stabilizing but less than those with the closing canon- strands may compete with designed non-self-complementary
ical pair reversed. Two consecutive GA pairs with the duplexes. Melting data for individual single strands are listed
motif 134, R84 1SS or RSS stabilize 3x 3, 3x 4, 4 x 4, in Table S1, Supporting Information. The rough standard
and 4 x 5 nucleotide internal loops (i.e., loops with the of sequence design was that thgs of duplexes are 5C
closing base pair '3to the A of a GA pair and with higher than those of individual single strands and the
asymmetry n2- nl < 2). In 3 x 3 and larger loops, the  AG%; gypiexwithioop)VAIUES are at least 1.4 kcal/mol more fa-
motif Y¢ has a stability similar t&< even though UG pairs  vorable than those of duplex formation by individual single
are usually less stable than CG pairs. strands. It is possible, however, to measure reasonable
The thermodynamic model developed here will help thermodynamic parameters even whenTh®f a competing
improve RNA secondary structure prediction, particularly homoduplex is a few degrees higher than that of the
prediction of medium-size internal loops, including those that heteroduplex72).
form kink-turns. Internal loops are also often involved in ~ NMR Spectroscopyll exchangeable proton spectra were
the formation of tertiary structurd ¢—17), and tertiary struc- ~ acquired on a Varian Inova 500 MH2H) spectrometer.
ture can perturb secondary structus,(61, 62). Thus, the ~ One-dimensional (1D) imino proton spectra were acquired
results presented here should also facilitate three-dimensionaWwith an S pulse sequence and temperatures ranging from 0
(3D) structure modeling of RNAs and consideration of to 55°C. SNOESY {2) spectra were recorded with a 150
tertiary interactions in predicting secondary structure. ms mixing time at 5 or 10C. The Felix (2000) software
package (Molecular Simulations Inc.) was used to process
two-dimensional (2D) spectra. Proton spectra were referenced
to H,O or HDO at a known temperature-dependent chemical

Oligoribonucleotide Synthesis and Purificatio@ligori- shift relative to 3-(trimethylsilyl) tetradeutero sodium pro-

bonucleotides were synthesized using the phosphoramiditepionate (TSP). The 1E1—I-dscoupled‘1P spectra (referenced
method 63, 64) and purified as described befora3( 34). to external standard of 85%sP0, at 0 ppm) were acquired

o ; Bruker Avance 500 MHZI{) spectrometer at 3€C.
CPG supports and phosphoramidites were acquired from9" @ - .
Proligo, Glen Research, or ChemGenes. Purities WereSampIe buffer conditions were 80 mM NaCl, 10 mM sodium

checked by reverse phase HPLC or analytical TLC on a phosphate, 0.5 mM NEDTA. Total volumes were 300L

Baker Si500F silica gel plate (25@m thick) and all were with 90:10 (v:v) HO/D-O or 100% BO.

greater than 95% pure.
UV Melting Experiments and Thermodynami€sncen- RESULTS

trations of single-stranded oligonucleotides were calculated ] )

from the absorbance at 280 nm at 80 and extinction ThermodynammsMeasured. therr_nodynamlc parameters

coefficients predicted from those of dinucleotide monophos- for duplexes &1 M NaCl are listed in Table 1. Thermody-

phates and nucleoside8S( 66) with the RNAcalc program ~ namic parameters for formation of the internal loops (Table

(67). Purine riboside (P) was assumed to be the same as?) were calculated fror_n measur_ed parameters of duplexes

adenosine for the approximation of extinction coefficients. &ccording to the following equatior7g):

Small mixing errors for non-self-complementary duplexes AGS — AGS _AGE n

do not affect thermodynamic measurements apprecié)y ( 37,loop 37 (duplex with loop) 37(duplex without loop)
Oligonucleotides were lyophilized and redissolved in 1.0 AGS7(interrupted base stack§28)

M NaCl, 20 mM sodium cacodylate, and 0.5 mM disodium

EDTA at pH 7. Curves of absorbance at 280 nm versus For example,

temperature were acquired using a heating rate ‘@/inin

with a Beckman Coulter DU640C spectrophotometer having AGg QSTAAC = AGY, pace SSAACECY

a Peltier temperature controller cooled with flowing water. AGS, GGUGGCU | Ao UG (2b)
Melting curves were fit to a two-state model with the 37 pececeee sree

MeltWin program (http://www.meltwin.com), assuming lin- o GGUGGAA GGCU ;

ear sloping baselines and temperature-indepentlidftand 515 ”laéxA;Srztzci;?rfAGth%CGintfmt2|6|Org;;gg reGoéU\G/g‘I:llJJeisci[Léhe

AS (7, 67, 69). Additionally, the temperature at which half P g 37 PCCGeCce

the strands are in dupleXy, at total strand concentration,

measured value of the duplex without the lo@&8)( and
. AGS, % is the free energy increment for the nearest-
Cr, was used to calculate thermodynamic parameters for non- . 3/ ¢ 9y
self-complementary duplexes according T@)(

MATERIALS AND METHODS

neighbor interaction interrupted by the internal lo@p &).
Nearest-neighbor parametei’ 8) are used to estimate the
. difference of one or two base pairs compared wifizecs”
Tu ~= (RAH®) In(C;/4) + (ASTAH?) (1) (33). Identical calculations can be done for measured values
for AH®ep and ASigep. All the measured thermodynamic
HereRis the gas constant, 1.987 cal/ntGl The AH® values parameters used in this calculation are derived fityn®
from Ty ! versus InC1/4) plots and from the average of the versus InC7/4) plots (eq 1). In Tables 1 and 2, sequences

fits of melting curves to two-state transitions agree within are ordered from smallest to largest according to internal
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Table 1: Measured Thermodynamic Parameters for Duplex Formati@ariM NaCl, pH 7

Ty' vs 1ln(Cr/4) plots (eq 1) Average of melt curve fits
Sequences -AH° -AS® -AG® 5, To? -AH® -As° -AG® 5, T2
(kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)

2 X 3 internal loops

GGCGA_GGCU 84.7+4.3 234.6%12.9 11.92+0.26 58.1 80.1+5.7 220.8%17.1 11.65%0.40 58.2
PCCGAAGCCG

GGCGAAGGCU 82.7+1.7 228.7%#5.3 11.7240.10 57.8 74.0%2.3 202.2%#7.1 11.23+0.12 58.1
PCCGAG CCG

GGCGGAGGCU 82.6+4.7 228.6%14.5 11.71+0.27 57.7 76.6%4.3 210.3%#13.4 11.40+0.17 58.1
PCCGAG CCG

GGUGAAGGCU 83.9+1.7 236.1%#5.3  10.70+0.07 53.2 86.4+1.8 243.8%45.4 10.80+0.11 53.1
PCCGAG CCG

GGUGGAGGCU 87.2+1.9 247.3%5.8 10.53*%0.08 51.9 77.8%3.9 218.2+12.0 10.11+0.21 52.0
PCCGAG CCG

GGUGA_GGCU 82.942.0 233.5%6.3 10.43%0.08 52.3  78.5+3.3 220.2410.1 10.25+0.14 52.4
PCCGAAGCCG

GGUGA_GGCU 79.7+1.9 224.9%5.8 9.96+0.07 51.0 76.2%2.0 214.0+6.2 9.83+0.07 51.0
PCCAAAGCCG

GGUGAAGGCU 74.942.6 213.8%8.0 8.5740.06 45.7 71.245.4 202.4+17.1 8.45+0.13 45.6
PCCGAG UCG

GGUGA_GGCU 67.8+2.8 192.5+8.8 8.1340.04 44.5 62.5%2.2 175.3%7.0 8.08+0.07 44.9
PCCGAAGUCG

GGUAGAGGCU 75.5+2.0 213.4+6.1 9.2740.06 48.7  72.2+3.3 203.4+10.4  9.15+0.13 48.7
PCCGAG CCG

3 X 3 internal loops

GGUGUAGGCU 85.243.1 237.849.5 11.41+0.17 55.8 88.5%4.6 247.8+13.8 11.61+0.28 55.9
PCCGAAGCCG
GGUGAAGGCU 88.4+2.2 249.5%6.8 11.07+0.10 53.8 82.9%43.4 232.3+10.5 10.81+0.14 53.9
PCCGAUGCCG
GGUAGAGGCU 86.242.9 242.948.9  10.90+0.13 53.5 89.942.5 254.1+7.9 11.06+0.13 53.5
PCCGAAGCCG
GGCGAAGGCU 78.242.0 214.6%6.2 11.66%0.12 58.8 75.1+5.0 205.1%15.3 11.52+0.30 59.1
PCCGAUGCCG

2 X 4 internal loops

GGUGA__ GGCU 75.7+4.7 213.9%14.6 9.36%0.14 49.0 70.5%6.9 197.6%21.3 9.16+0.32 49.0
PCCGAAGGCCG
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Table 1 (Continued)

Ty' vs 1ln(C:/4) plots (eq 1) Average of melt curve fits
Sequences -AH° -AS® -AG° T, -AH° -AS° -AG° 5, T,
(kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
GGUGGAAGGCU 75.6+1.8 213.645.8 9.32+0.06 48.9 72.3%4.8 203.5%15.0 9.19+0.18 48.8
PCCGAG CCG
GGCGAAAGGCU 68.2+3.1 188.3%9.5 9.8240.14 52.7 62.0+6.6 168.9+20.7 9.62+0.22 53.3

PCCGAG CCG

3 X 4 internal loops

GGUGGAAGGCU® 91 .9+1.4 258.1+4.3 11.82+0.07 56.0 89.4+43.7 250.5+11.3 11.7140.19 56.1
PCCGAAG CCG

GGCGGA GGCU 89.0+1.2 246.5+3.5 12.5540.07 59.5 83.243.2 228.9+9.8 12.22+40.15 59.8
PCCGAAGGCCG

GGUGGA GGCU® 91 .4+43.0 257.4%9.1 11.56%0.15 55.0 85.4%3.9 238.9+11.9 11.26+0.22 55.2
PCCGAAGGCCG

GGC_GAAGGCU 86.242.6 238.5%7.8 12.22+0.16 58.9  79.5%+3.5 218.2410.8 11.84+0.18 59.2
PCCGAAGGCCG

GGU_GAAGGCU 89.9+1.6 253.8+4.8 11.16+0.07 53.9 82.0+2.5 229.4%7.7 10.81+0.16 54.1
PCCGAAGGCCG

GAGCGGA CGAC 93.3+3.7 266.5+11.5 10.61+0.15 51.2 92.8+3.6 265.1+11.3 10.60*+0.16 51.2
CUCGAAGAGCUG

GGC_AAAGGCU 77.2%2.1 213.5%6.4 10.96+0.11 55.9 74.8%3.8 206.1f11.6 10.85%0.21 56.0
PCCGAAGGCCG

GAGC_AGACGAC 88.7+6.4 254.3%20.1 9.80+0.24 48.9 88.7%£8.7 254.4%27.0 9.82+0.37 48.9
CUCGAAAGGCUG

GGCGAAAGGCU 70.4+3.5 193.1+10.9 10.45+0.18 55.3 69.9%7.0 191.4#%21.5 10.50%0.34 55.7
PCCGAAG CCG

GAGCAAGACGAC 78.3+4.0 222.0%+12.5 9.44+0.13 49.0 82.7+3.6 235.9%11.0 9.59+0.20 48.9
CUCG AAGGCUG

GAGCAGGACGAC 81.6%3.3 232.7%10.5 9.42%0.10 48.4 78.9%5.7 224.2%17.9 9.34%0.20 48.5
CUCG AAGGCUG

GGUAGA GGCU 72.7+2.8 205.4%8.7 9.01+0.09 48.0 64.4%18.7 179.6%26.9 8.68+0.36 47.7
PCCGAAGGCCG
GAGCAGGACGAC 78.2%2.0 223.3%6.3 8.96+0.05 46.9 88.5%4.5 255.7%14.5 9.18+0.11 46.6

CUCGAUG GCUG
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Table 1 (Continued)

Ty ' vs 1n(C;/4) plots (eq 1) Average of melt curve fits
Sequences -AH® -AS® -AG® 3, T -AH® -AS°® -AG® 3, T
(kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)

GAGCAGAGCGAC 52.842.9 144.749.1 7.94%0.07 45.5 47.0+10.0 126.2+31.5 7.83+0.33 45.8
CUCG AGAGCUG

2 X 5 internal loops

GGUGA __ GGCU 79 .3+6.1 229.4+19.4 8.14+0.15 43.4 68.7+5.9 196.0+18.2  7.95+0.26 43.5
PCCGAAGGACCG

GGCGA___ GGCU® 54 .442.5 147.7+7.8 8.5540.09 49.0 53.1+5.2 143.6+16.3 8.52+0.14 49.1
PCCGAGUAACCG

4 X 4 internal loops

GGUGGAAGGCU® 108.1+4.1 300.6%12.4 14.9140.30 63.0 108.5+3.1 301.8%9.4 14.93+0.25 63.0
PCCGAAGGCCG

GGCGGAUGGCU®  105.441.7 289.3#5.1 15.7140.14 66.6 108.6%2.6 298.6%7.5 15.97+0.23 66.5
PCCGAAGUCCG

GGCGAAAGGCU 89.6+2.4 248.8%+7.3 12.45+0.15 58.9 86.0%6.4 237.8%19.4 12.29+0.36 59.3
PCCGAAGGCCG

GAGCAGGACGAC 94.9+2.7 271.648.5 10.65+0.10 51.1 92.1#2.8 262.948.6 10.56+0.11 51.2
CUCGAAAGGCUG

GAGCAAGACGAC 91.0+4.0 261.7+#12.5 9.83+0.13 48.7 87.9%5.9 251.9+#18.3  9.72+40.27 48.7
CUCGAAAGGCUG

CGCGAAAGGC 54.7+2.5 152.0%+7.9 7.56+0.05 42.9 47.148.9 127.2429.2  7.62+0.12 44.3
GCGAAAGCCG

GAGCAGAGCGAC 81.7+2.8 235.5%8.8 8.6140.05 45.1 79.8+4.3 229.8+13.6 8.57+0.08 45.1
CUCGAAGAGCUG

CGCAAAAGGC 38.3%+1.8 103.3%7.0 6.2940.05 35.0 37.3%7.3 99.5%20.1 6.4740.01 36.5
GCGAAAACCG

GAGCAARAGCGAC 73.9%2.6 212.9%8.3 7.80%40.04 42.4 69.8%5.2 199.9%16.5 7.75%0.09 42.5
CUCGAAGAGCUG

CGGAAAACGC 31.6+1.8 87.446.2 4.48+0.15 18.1 30.8%9.9 83.8+34.7 4.78+0.81 20.3
GCCAAAAGCG

3 X 5 internal loops
GGCGGA _GGCU g3 .2+43.0 233.6+9.1 10.75%0.14 53.6 72.5%5.0 200.6+15.7 10.2840.16 53.9
PCCGAAGGACCG

GGUGGA __GGCU g1 .2+1.7 230.8+5.2 9.57+0.05 49.1  77.245.7 218.5+17.6 9.42+0.27 49.1
PCCGAAGGACCG
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Table 1 (Continued)

Ty ' vs 1ln(C;/4) plots (eq 1) Average of melt curve fits

Sequences -AH® -AS® -AG® 3, T -AH® -AS® -AG® 3, T2

(kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
GGCGAA GGCU 71 .042.2 197.4%6.8 9.79%+0.09 51.9 65.5%5.4 180.2+17.1 9.63%0.17 52.4
PCCGAAGGACCG
GGUGAA _GGCU  78.642.8 224.7+8.7 8.86+0.06 46.5 74.2%4.6 211.2+14.5 8.74+0.11 46.5
PCCGAAGGACCG
GGCARA GGCU  66.8+2.4 185.9+7.6 9.1040.08 49.4 65.8+3.4 183.1+10.8 9.06+0.14 49.4
PCCGAAGGACCG

GGUAGA _GGCU  76.045.7 219.4+18.3  7.96+0.11 43.0 68.046.9 193.9%#21.7 7.8740.21 43.2
PCCGAAGGACCG

2 X 6 internal loops

GGCGA___ GGCU gg.4+45.9 191.2+18.5 9.12+0.24 49.2 64.0+6.1 177.4+19.2 8.95%0.24 49.2
PCCGAAAAAACCG

4 X 5 internal loops

GGUGGAA GGCUY 91 .5+43.5 259.7+10.8 10.93%0.15 52.7 88.142.9 249.249.1 10.78%0.16 52.7
PCCGAAGGACCG

GGCGAAA GGCU  g9.0+2.7 190.6+8.4 9.89+0.12 52.9 68.7+4.6 189.5+14.2 9.93+0.19 53.1
PCCGAAGGACCG

3 X 6 internal loops

GGUGGA GGCU™®85.316.7 239.7420.5 10.9740.32 54.0 89.6+3.2 253.0+10.0 11.16*+0.21 53.9
PCCGAAGUUUCCG

GGCGGA _ GGCU® gg.9+3.5 242.1+10.6 11.77#0.18 56.9 81.3%8.2 225.1+25.2 11.54%0.43 57.4
PCCGAAGUUUCCG

GGUGGA _ GGCU® 90.8+1.9 259.146.0 10.4740.07 51.1 84.5+4.2 239.4+13.0 10.25+0.19 51.3
PCCGAAGAAACCG

GGCGGA  GGCU® 72 . 944.0 202.5+12.3 10.09%0.16 52.9 66.0+5.8 181.1+18.2  9.84+0.20 53.4
PCCGAAGAAACCG

GGCGAAR _ GGCU 46.642.3 185.5+7.2 9.06+0.07 49.3 58.5+7.2 159.9422.9 8.88+0.16 50.0
PCCGAAGAAACCG

GGCGGA___ GGCU 56.0+3.7 152.4%11.6 8.76+0.14 49.9 53.6%6.9 144.5%21.7 8.78+0.17 50.6
PCCGAAAAAACCG

GGCGAA _ GGCU 59,943.0 165.249.3 8.71+0.10 48.7 53.8%5.4 145.9+17.0 8.58+0.18 49.3
PCCGAAAAAACCG

GGCGGA __ GGCU 57.8+45.6 158.9+417.4 8.56+0.24 48.3 50.1+6.3 134.4+19.7 8.4140.26 49.1
PCCGAGAAAACCG
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Table 1 (Continued)

Ty ' vs 1n(Cy/4) plots (eq 1)

Average of melt curve fits

Sequences —AH® —AS° —AG°37 Tma _AH® _AS® —AG°37 Tma

(kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
GGCAAA  GGCU ©5g.242.5 160.4%7.9 8.4740.07 47.7 60.5%7.0 167.6422.3  8.5140.20 47.5
PCCGAAAAAACCG
GGUGUA _ GGCU g1 .245.8 173.6+18.5 7.3940.17 41.4 56.0+3.5 156.9411.5 7.3740.16 41.7
PCCGAAAAAACCG

4 X 6 internal loops

GGUGGAA _GGCU® 90.3+2.2 259.3%6.9 9.88+0.07 48.9 82.4%3.9 234.6+12.1 9.64+0.15 49.2
PCCGAAGAAACCG
GGUGGAA GGCU 77,.942.4 223.9%7.6 8.4610.04 44.9 72.0%6.2 205.3+19.3  8.32+0.22 44.9
PCCGAAAAAACCG
GGCGAAA GGCU ©59,5+3.8 163.7412.0 8.72+0.14 48.8 54.9+7.4 149.0+23.1 8.64+0.25 49.4
PCCGAAAAAACCG
GGCGAAA GGCU 53 ,545.5 145.1417.3  8.4940.24 48.8 48.8%7.8 130.4424.5 8.41%0.22 49.4

PCCGAGAAAACCG

a At Cr = 0.1 mM.® Imino proton spectra (Figure 2) are consistent with secondary structure shigimk-turn in U4 snRNA (7, 22). 9 Kt-58

(17). ¢ Predicted to be kink-turn in helix 78 d. coli 23S rRNA (7, 50).

loop size, and from the most stable to least stable accordingml to m5 are 1 or 2, n1 and n2 are the number of nucleotides

to measured loop stability at 3C, AG The AG3; o0p

o
37,loop

value is also often put in parentheses following each duplex AGYy ponus

or internal loop in Results and Discussion.

Models for Predicting Thermodynamic Stabilities of
Medium-Size RNA Internal Loopdeasured thermodynamic
results reported here and previous data on2, 2 x 4, and
3 x 3 internal loops Z8—30, 33, 34, 68) can be compared
to predictions from the model in the current RNAstructure
4.0 algorithm 9), which is also similar to that used in
MFOLD (8):

AGr‘;redicted= AGlfi)opinitiation(n) + rT]]-AG;\U/GU penalty+
IN2 = NYAGZm+ M2AGy ponys T
m3AGg’YA/3’RG bonus+ m4AG€BG bonus+

M5AGZy/3rA bonus T MSAGZRe/3vA bonus (38)

or

AGSredicted: AG‘I%opinitiation(n) + m:I-AC:*‘,ZU/GU penalty+
In2— nllAG;sym+ mZAGfJU bonus T msAGZG bonus T
m4AG(°3G bonus+ m5AG€3A bonus (3b)

Here eqs 3a and 3b are for23 loops £8) and larger loops,
respectively 9). AG o, initiaion() IS the free energy for initi-
ating an internal loop witn nucleotides that is closed by
two GC/CG pairs AGR gy penary IS the penalty for replac-
ing a closing GC/CG pair with an AU/UA or GU/UG pair,

on each side of the loom(= nl + n2, nl < n2), and
terms are increments applied for particular first
noncanonical pairs with X on the 8ide and W on the'5
side of the adjacent canonical heliAGZyysrwbonus IS
applied for an XW first noncanonical pair adjacent to a YR
canonical pair (defined as UG, UA, or CG with the
pyrimidine on the 5side of the XW noncanonical pair).
The data in Table 2 and previously published-30, 33,
34, 68) (Table S2, Supporting Information) were fit to eqs
3a and 3b. Comparison with measured values in Table 2 and
those previously published givé® = 0.92 and a standard
deviation of 0.36 kcal/mol for 2« 3 loops andR? = 0.47
and a standard deviation of 1.11 kcal/mol for larger loops.
The good fit for 2x 3 loops suggests that eq 3a is a good
model, so the new data were only used to slightly revise the
previous parameters (Table 3). In contrast, the poor fit for
loops larger than Z 3 (Figure 1) suggests that eq 3b can
be improved for such loops.

A previous study of 3x 3 internal loops concluded that
additional terms should be added to eq 3NG},yqiebonus
for 3 x 3 loops with a middle pair of GA and at least
one non-pyrimidine-pyrimidine first noncanonical pair, and
AGZGyzanpenaty fOr 3 x 3 loops with a single first
noncanonical GA pair that saa U 3 to the G of the GA
pair (34). With the exception of the loop ig3SS $3AU SSCV
that was omitted, the data for loops larger tharx 23 in
Table 2 and in previously published sequen@S; 83, 34,
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Table 2: Measured and Predicted Thermodynamic Parameters for Internal Loop Formétidh NaCl, pH?

Sequence AG®37, 100p AH®160p AS°®100p
(kcal/mol) (kcal/mol) (eu)

2 X 3 internal loops

GGCGA GGCU -0.37+0.66 -12.4+10.6 -38.7+32.3
PCCGAAGCCG (-0.23)

GGCGAAGGCU -0.17+0.62 -10.4+9.8 -32.8430.1
PCCGAG CCG (-0.23)

GGCGGAGGCU -0.16+0.67 -10.3+10.8 -32.7+33.0
PCCGAG CCG (-0.23)

GGUGAAGGCU -0.06+0.53 -13.9+9.4 -44.6428.9
PCCGAG CCG (0.50)

GGUGGAGGCU 0.11+0.54 -17.2+9.5 -55.8429.0
PCCGAG CCG (0.50)

GGUGA GGCU 0.21+0.54 -12.9+9.5 -42.0429.1
PCCGAAGCCG (0.50)

GGUGA GGCU 0.41+0.52 -10.9+7.9 -36.4424.2
PCCAAAGCCG (0.50)

GGUGAAGGCU 0.92+0.60 -6.2+10.0 -22.8430.5
PCCGAG UCG (1.23)

GGUGA GGCU 1.36+0.60 0.9+10.1 -1.5+30.7
PCCGAAGUCG (1.23)

GGUAGAGGCU 1.37+0.53 -5.5+9.4 -21.9429.0
PCCGAG CCG (1.91)

3 X 3 internal loops

GGUGGAGGCU? £ -2.62+0.78 -24.3+12.4 -69.7+37.5
PCCGAAGCCG (-2.39)

GGUGGAGGCU? -2.27+0.59 -23.949.7 -69.5+29.5
PCCAAAGCCG (-1.44)

GGCGGAGGCU™ * -2.00+0.77 -18.9+11.8 -54.5+35.9
PCCGAAGUCG (-2.39)

GGUGUAGGCU -0.77+0.56 -15.2+9.7 -46.3429.9
PCCGAAGCCG (-0.03)

GGUGAAGGCU £ -0.48+0.57 -14.2+11.1 -44.2434.0
PCCGAAGCCG (-0.03)

GGUGAAGGCU -0.43+0.54 -18.4+9.5 -58.0429.2
PCCGAUGCCG (-0.03)

GGCGAAGGCUY * -0.37+0.76 -8.9+411.9 -27.5+36.4
PCCGAAGCCG (0.18)

GGUAGAGGCU -0.26+0.54 -16.2+9.6 -51.4429.7

PCCGAAGCCG (0.65)
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Table 2 (Continued)

Sequence AG037, loop AHoloop ASoloop
(kcal/mol) (kcal/mol) (eu)
GGCGAAGGCU -0.11+0.62 -5.949.9 -18.7+30.3
PCCGAUGCCG (0.18)

2 X 4 internal loops

GGUGA _ GGCU 1.28+0.55 -5.7+10.4 -22.4+31.9
PCCGAAGGCCG (0.87)
GGUGGAAGGCU 1.32+0.53 -5.6+9.4 -22.1+28.9
PCCGAG CCG (0.87)
GGCGAAAGGCU 1.73+0.62 4.1+10.1 7.6+31.1
PCCGAG CCG (1.08)

3 X 4 internal loops

GGUGGAAGGCU® -1.18+0.53 -21.9+9.4 -66.6+28.7
PCCGAAG CCG (-0.78)

GGCGGA GGCU -1.00+0.61 -16.7+9.8 -50.6+29.9
PCCGAAGGCCG (-0.57)

GGUGGA _GGCU*® -0.92+0.55 -21.4+9.7 -65.9+29.8
PCCGAAGGCCG (-0.78)

GGC_GAAGGCU -0.67+£0.63 -13.9+10.0 -42.6+30.7
PCCGAAGGCCG (-0.57)

GGU_GAAGGCU -0.52+0.53 -19.9+9.4 -62.3+28.8
PCCGAAGGCCG (0.17)

GAGCGGA CGAC 0.07+0.59 -26.6+10.4 -85.2+31.3
CUCGAAGAGCUG (-0.57)

GGC_AAAGGCU 0.59+0.61 -4.9+9.9 -17.6+30.3
PCCGAAGGCCG (0.61)

GAGC_AGACGAC 0.88+0.61 -22.0+11.5 -73.0+35.4
CUCGAAAGGCUG (0.61)

GGCGAAAGGCU 1.10+0.63 1.9410.3 2.8+31.6
PCCGAAG CCG (0.88)

GAGCAAGACGAC 1.24+0.58 -11.6+10.4 -40.7+31.7
CUCG AAGGCUG (0.61)

GAGCAGGACGAC 1.26+0.58 -14.9+10.2 -51.4+31.0
CUCG AAGGCUG (0.61)

GGUAGA GGCU 1.63+0.54 -2.7+9.7 -13.9+29.7
PCCGAAGGCCG (2.53)
GAGCAGGACGAC 1.72+0.57 -11.5+9.9 -42.0+29.8
CUCGAUG GCUG (1.79)
GAGCAGAGCGAC 2.74+0.57 13.9+10.1 36.6+30.5

CUCG AGAGCUG (2.70)
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Table 2 (Continued)

Sequence AG°37, loop AHoloo'p Asoloop
(kcal/mol) (kcal/mol) (eu)

2 X 5 internal loops

GGUGA GGCU 2.50+0.55 -9.3+11.1 -37.9+34.4
PCCGAAGGACCG (2.48)
GGCGA GGCU* 3.00+0.62 17.9+4¢10.0 48.2+30.7
PCCGAGUAACCG (2.69)

4 X 4 internal loops

GGUGGAAGGCU? -4.27+40.61 -38.1+10.1 -109.14+31.0
PCCGAAGGCCG (-3.31)
GGCGGAUGGCU -4.16+40.62 -33.1+9.8 -93.4+30.1
PCCGAAGUCCG (-1.52)
GGCGAAAGGCU -0.90+£0.63 -17.3+10.0 -52.9430.5
PCCGAAGGCCG (-0.74)
GAGCAGGACGAC 0.03+0.57 -28.2+10.0 -90.3+30.3
CUCGAAAGGCUG (0.17)
GAGCAAGACGAC 0.85+0.58 -24.3+10.4 -80.4+31.7
CUCGAAAGGCUG (0.17)
CGCGAAAGGC 0.96+0.07 -5.6+1.9 -21.3%7.3
GCGAAAGCCG (0.44)
GAGCAGAGCGAC 2.07+40.33 -15.0+10.1 -54.2+30.4
CUCGAAGAGCUG (2.26)
CGCAAAAGGC 2.23+0.07 10.8+1.9 27.4+7.3
GCGAAAACCG (2.26)
GAGCAAAGCGAC 2.88+0.57 -7.2410.0 -31.6+30.3
CUCGAAGAGCUG (2.26)
CGGAAAACGC 3.01+0.17 11.4+2.2 27.1+7.2
GCCAAAAGCG (2.26)

3 X 5 internal loops

GGCGGA _ GGCU 0.80+0.62 -10.9+10.1 -37.7+31.0
PCCGAAGGACCG (-0.11)

GGUGGA _ GGCU 1.07+0.53 -11.2+9.4 -39.3+28.8
PCCGAAGGACCG (-0.32)

GGCGAA GGCU 1.76+0.61 1.3+9.9 -1.5+30.4

PCCGAAGGACCG (2.25)

GGUGAA GGCU 1.78+0.53 -8.6+9.7 -33.2+29.7
PCCGAAGGACCG (2.04)

GGCAAA GGCU 2.45+0.61 5.5+10.0 10.0+30.6

PCCGAAGGACCG (3.16)
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Table 2 (Continued)

Sequence AG®37, 100p AH 1600 AS°100p

(kcal/mol) (kcal/mol) (euw)
GGUAGA GGCU 2.68+0.54 -6.0+10.8 -27.9433.7
PCCGAAGGACCG (3.90)

2 X 6 internal loops
GGCGA GGCU 2.43+0.65 3.9+411.3 4.7+35.0
PCCGAAAAAACCG (3.15)

4 X 5 internal loops

GGUGGAA GGCUY -0.29+0.55 -21.5+9.9 -68.2+30.4
PCCGAAGGACCG (-0.70)

GGCGAAA GGCU 1.66+0.62 3.3+10.1 5.3+30.8
PCCGAAGGACCG (1.87)

3 X 6 internal loops

GGUGGA [clelelontid -0.33+0.62 -15.3+11.4 -48.2+35.0
PCCGAAGUUUCCG (0.20)

GGCGGA [eleloiogd -0.22+0.63 -14.6+10.3 -46.2+31.5
PCCGAAGUUUCCG (0.41)

GGUGGA clecleiedd 0.17+0.54 -20.8+9.4 -67.6+29.0
PCCGAAGAAACCG (0.20)

GGCGGA elelelond 1.46+0.62 -0.6+10.4 -6.6+32.1
PCCGAAGAAACCG (0.41)

GGCGAA GGCU 2.49+0.60 5.749.9 10.4+30.5
PCCGAAGAAACCG (2.77)

GGCGGA GGCU 2.79+0.62 16.3+10.4 43.5+31.8
PCCGAAAAAACCG (2.77)

GGCGAA GGCU 2.84+0.62 12.4+10.1 30.7431.1
PCCGAAAAAACCG (2.77)

GGCGGA GGCU 2.99+0.64 14.5+11.1 37.0+34.4
PCCGAGAAAACCG (2.77)

GGCAAA GGCU 3.08+0.61 14.1410.0 35.5+30.7
PCCGAAAAAACCG (3.68)

GGUGUA GGCU 3.25+0.56 8.8+10.8 17.9433.9
PCCGAAAAAACCG (2.56)

4 X 6 internal loops

GGUGGAA _ GGCU’ 0.76+0.54 -20.3+9.5 -67.8+29.2
PCCGAAGAAACCG (0.32)

GGUGGAA GGCU 2.18+0.53 -7.9+9.6 -32.4+29.4
PCCGAAAAAACCG (2.68)

GGCGAAA GGCU 2.83+0.62 12.8+10.4 32.2+32.0
PCCGAAAAAACCG (2.89)

GGCGAAA GGCU 3.06+0.64 18.8+11.0 50.8+34.4
PCCGAGAAAACCG (2.89)

aCalculated from eq 2a and data in Table 1 unless otherwise noted. Experimental eth@2forAH®, and AS® for the canonical stems are
estimated as 4, 12, and 13.5%, respectively, according 0. Malues in parentheses af&;, g Predicted according to eq 3a for2 3 loops
and eq 4 for other loop$.Data from ref33. ¢ Kink-turn in U4 snRNA (7, 22). ¢ Kt-58 (17). € Predicted to be kink-turn in helix 78 &. coli 23S
rRNA (17, 50). fImino proton spectra (Figure 2) are consistent with secondary structure shown.
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Table 3: Free Energy Parameters at°€7(kcal/mol) for Medium-Size

Internal Loops il M NaCP

free energy parameters 23 loops nl+ n2 > 5loops

AG o initiation(D) 2.154+0.14

Ac':'ﬁ)opinitiation(s) 2.00+0.11
AGlc:mpinitiation(7) 2.25+ 0.20
AGgpinitiatio(8) 2.26+0.18
AGRopinitiation(9) 2.33+0.28
AGopinitiation(10) 2.90+0.34
AGRu/6u penaty 0.73+0.07 0.74+0.11
AGym 0.45+ 0.0& 0.45+ 0.08
AGyy ponus —0.3440.15 —~0.51+0.12
AGSy 3R bonus —0.39+ 0.22 —0.65+ 0.29
AGEg ponu? —0.74+0.28

AGve/zrabonus” —1.41+0.08

AGSra/ayabonus —1.06+0.17

AGZaponus —0.91+ 0.08
AGFiddle 6Abonus (3<3|oop)d —1.07+0.23
AGgcuzan penalty (3«3 Ioop)e 0.96+ 0.25
Ang(5’GA/3’CG)b0nus(3<3Ioop) ' —0.964+ 0.42
AG3eabonud —1.18+0.16
AGSsaponud ~2.36+0.15
AGgygizea bonusb" —0.95+0.16

aThese parameters are used to predict the free energyxo8 Zleft) a

nd larger (right) internal loops having more than one nucleotide on each

side n 1 M NaCl according to egs 3a and 4, respectivelpplied for first noncanonical paif. Applied for an AG first noncanonical pair adjacent
to a YR canonical pair (defined as UG, UA, or CG with the pyrimidine on thside of AG pair).? Applied for 3 x 3 loops with a middle pair
of GA and at least one non-pyrimidine-pyrimidine first noncanonical pair unleS&x, yonus O AGScaponush@s been used.Applied for 3 x 3

loops with a single first noncanonical GA pair thasshe U 3 to the G o
3 loops. Note that this parameter is only applied once to a Ibépplied
or 5RGG/3YAAIn 3 x 3,3 x 4,4 x 4, and 4x 5 loops (i.e., loops wit

f the GA pair Applied for loops with two motifs of $5A/3'CG in 3 x
to loops with the motif % GA/3'RAG, SRGA/3YAG, 5'YGG/3RAA,

h the closing base pdit@the A of a GA pair) unless the motif has been
GGA

represented by a 3GA bonus. Note that this parameter is applietRGGEA/3YAAG or 5'GGAY/3'AAGR (i.e., aag Not closed with at least one

YR canonical pair), which are not represented by a 3GA bonus. Thi

text). " Applied for loops with the motif of 5¥ GGA/3'RAAG or 5GGAR/3AAGY (i.e.
" Applied for 3 x 3 and larger loops with the motif of BG/3GA. | Calculated from the fitted value (2.59 0.11 kcal/mol) ofAGI‘;D&inmaﬂon(S) +

AGZgymin 2 x 3 loops minus the fitted value (0.45 0.08) of AGS,,in

s parameter is also applied for an unusuallyxsthhbemg%g (see

EGA closed on at least one side with a YR canonical pair).

' AAG

loops larger than 2 3. kValue fit in loops larger than X 3.

68) (Table S2, Supporting Information) are fit well if four
additional bonus parameters are added to give eq 4:

AG;redictedZ AGlcz)opinitiation(n) + m]AG/?\U/GU penalty+
N2 — N1AG,,, + M2AG, bonus T

asym
o o
m3AG5’YA/3’RG bonus+ mSAGGA bonus+

o o
AGmiddle GAbonus (X3loop) + AG5’GU/3‘AN penalty (3x3loop) +

AGZX(S'GA/3'CG) bonus(3<3|oop)+ AG;GA bonus+
AG;GAbonus-i_ m6AG§'UG/3’GAbonus (4)

Only the first six parameters are currently included in
structure prediction programs such as MFOLB) @nd
RNAstructure 9). Here, AG3, 56a/3c6)bonus (33100p) 1S 2P~
plied for loops with two motifsé3 in 3 x 3 loops,
€.0., 553480 5OC (1.21 keal/mol) andSS 258 S5¢ (0.87 kceall

mol) (Table S2, Supporting Informatior34). Note that this

The AG2g/zeabonus IS applied for eaches motif at a loop
terminus in loops larger than R 3, so m6 is 1 or 2. Table

3 lists the values of these fitted parameters. Attempts were
made to fit the data with fewer parameters, but that always
resulted in certain classes of sequences being predicted
poorly. For example, at least three consecutive GA pairs are
required to provide extra stability to loops wifh2 — n1| >

1, so the stabilizing effect of only two consecutive GA pairs
is restricted to internal loops witm2 — nl] < 2. This is
apparently a non-nearest-neighbor effect. The detailed mul-
tiple linear regression analysis is given in Table S3, Sup-
porting Information.

A AGZgponusiS NOt used in eq 4 because only the loop
in SASS SRS oG4 has a GG first noncanonical pair, and its
stability is predicted well without including a GG bonus. A
GG bonus has been found fors22 loops {4). The result
for the 3x 3 loop studied here suggests that any GG bonus

parameter is only applied once to a loop. Unless the motifs is context dependent.

have been represented by a 3GA bonus,AB ponusiS
applied for X x W34 and X, x Wy—s loops with the mo-

tifs YS& RGA ¥CG o REE (j o |oops with the closing base

RAG' YAG' RAA? Y AA

pair 3 to the A of a GA pair) and additionally for Xx
Ws_s and X% x Ws loops with the motifs? S22 and S22+
(i.e., 5 motif not closed with at least one YR canonical

pair). The AG5;,p0nus IS @pplied for loops with the mo-
tifs K52 or SS27 (i.e., S22 closed on at least one side with
a YR canonical pair). If 8AG3caponus OF AG3gaponus NaS
been used, then thAG, e cabonusa3ioop) IS NOt applied.

Listed in parentheses in Table 2 are the free energy
increments at 37C for internal loops larger than R 3 as
predicted by eq 4 with the parameters from Table 3. The
correlation with measured values give$ = 0.86 and a
standard deviation of 0.57 kcal/mol (Figure 1). The average
absolute difference per nucleotide between measured and
predicted values is 0.05 kcal/mol. Evidently, the new
parameters in eq 4 are justified. The revised values for
parameters that appear in both eqs 3 and 4 are within
experimental error of those determined previou8ly (
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Ficure 1: Comparisons between predicted and measured free exception of,

energies for 3x 3 and larger loops for model of eq 3b as used in
current RNAstructure 4.0 progran®)( (RZ = 0.47, standard
deviation= 1.11 kcal/mol) and model of eq &{ = 0.86, standard
deviation= 0.57 kcal/mol).

Exchangeable Proton and Phosphorus-31 NMR Spectra.
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for all loops with this motif, however, suggesting that the
backbone structure and dynamics depend on context.

DISCUSSION

Thermodynamic models and parameters for internal loops
are important for the prediction of RNA secondary structure
(8,9, 77—82). In turn, RNA secondary structure is the first
step for modeling 3D structurel@—12, 21, 83, 84) and
facilitates interpretation of experimental studies, such as
folding (13, 15, 23, 51, 55, 56, 61) and ribozyme kinetics
(85—87). It may also allow prediction of sites suitable for
rational design of therapeutics.

Loops of 2x 3 NucleotidesLoops with 2x 3 nucleotides
are predicted well by the previous thermodynamic model of
eq 3a 0, 28, 29). Linear regression of measured free energy
increments on Z 3 nucleotide loops reported here (Table
2) and previouslyZ8—30) gives parameters within experi-
mental error of those previously publishedj 28).

An NMR structure of the 2x 3 internal loop§ $4s &
revealed a unique structure with a “shared sheared GA” motif
having Hoogsteen edges of two A’s forming base pairs
with one G 88). In contrast, flexibility was observed for
the loopg $45 & by NMR, possibly due to the destabilizing
effect of anfe motif as discussed belowd@). Interest-
ingly, the stabilities ofg $4= & (averaging—0.10 kcal/mol)
and g $4s @ (1.90 kcal/mol) (Table 2, Supporting Informa-
tion Table S2) 29, 30) are predicted well by eq 3a with
parameters from Table 3, which give values-6.23 and
1.58 kcal/mol, respectively. Thus, even though the 3D
structures are more complex, a simple thermodynamic model
works well.

Loops Larger than 2« 3 NucleotidesThe maotif of three
consecutive sheared GA paff&; is the most stable among
3 x 3 internal loops &3, 34). To explore the effect of
consecutive GA pairs on stability of larger internal loops
including kink-turns, sequences were studied with two and
three potentially consecutive GA pairs. From the comparison
of measured and predicted free energy increments for internal
loops larger than Z 3 (Table 2 and Figure 1), the model
of eq 4 is sufficient for purine-rich internal loops, with the
oo G SOAY OOV (—4.16 kcal/mol). The terms in
eq 4 are discussed below. A sample calculation is shown in
Figure 3 for predicting the free energy for formation of a 3
x 3 internal loop. More sample calculations are shown in
Figure S2, Supporting Information. In parentheses in Table
2 are predicted free energies for all the loops studied.

Bonus for Three Consecudi GA Pairs in X4 x Ws_¢

For several loops with interesting stabilities and/or sequencesinternal Loops.All of the internal loops studied here with

expected to give interesting structures, 1D imino proton NMR

Y GGA
R AAG

GGAR

a AAG Y

or motif are more stable than expected from

spectra confirm that the expected canonical base pairs arghe model in the current MFOLD and RNAstructure 4.0
present (Figure 2, left panel). Some preliminary assignmentsprograms (eq 3b). Thus, a bonus parameter for $&e

are based on NMR melting and comparison with similar
duplexes having X 3 internal loops33). The 2D SNOESY
spectra (Figure S1, Supporting Information) were also used
to confirm assignments and secondary structure. Th&HD
decoupled'P NMR spectra (Figure 2, right panel) were used

motif is included in eq 4. The bonus value .36 kcal/
mol is approximately twice that for first noncanonical GA
pairs, AGZ ponus (—0-91 kcal/mol) and for two consecutive
GA pairs, AG3gaponus (—1.18 kcal/mol), presumably re-
flecting interactions of two nearest neighborsSft. Note

to probe backbone structural features of the duplexes. Severathat 3 x 3 loops with potentially three consecutive GA

unusual downfield®'P resonances are likely due to the
phosphorus residues dt@ZpA3 nearest neighbors inGA/
3AG motifs. Tandem GA pairs often have a trads
phosphate configuration that gives a downfield phosphorus
resonanceq3, 75, 76). These resonances are not observed

pairs are given aAG3gonus aNd tWo AGE 4 ponus DUL NO
AGiddle GAbonus '_I'hg AGS;p ponus @CCOUNts for 'ghe stacking
between GA pairs ifes and the twoAGR,..siNCrements
account for stacking between each first noncanonical GA
pair and adjacent closing base pair.
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21108 3,17
/ ! ‘ N GGUGGAGGCU  —2.62 D 6.6, 4.0 mM
—2. pD 6.6, 4.0 m
_ (_a) . j\\_____ A JL M PCCGAAGCCG
2 1 byt o
(b) 7, 10 GGUGGAGGCU  —2.27 pD 6.8, 4.2 mM
AL J\\ PCCAAAGCCG
— 78! T30 R
©fh 2 1 ! GGCGGAGGCU  —2.00 pH 6.7, 1.0 mM
) _(_9_2_ ) L J\ B A_v_‘__%k PCCGAAGUCG - .
11,2} 8 1 317 10
7 A GGUGAAGGCU  —0.48 pD 7.3, 4.0 mM
(4d) _JA A N J\ o ~~___ . __ _ PCCGAAGCCG A A
11782 7 1 - GGCGAAGGCU  —0.37
AAGGCU 0. pD 7.5, 4.0 mM
(e) 212,9J\___ A e e e POCGRAGCCE l
T8 1 ' GGUGGAAGGCU -1.18
SEAA . pH 6.4, 1.0 mM
(£) . A Jk K,/U-J\/\\,____h_, PCCGAAG CCG AN
(g) 2,118 . 1 318 GGUGGA GGCU -0.92 pH 6.8, 0.7 mM
. N M,r/m,/\f\__ _ PCCGAAGGCCG

!A
(=g
| —
|
o |

%m

_______Jﬂ_.___fjfi_Ju\.j(l__ J

SR " GGUGGAAGGCU -4.27
. jL ]UL _ M\ pcceaaGGece

GGCGGAUGGCU —4.16

pH 6.4, 0.7 mM
A

” A a PHE4,13mM
'

T 912 492 8
(i) A PCCGAAGUCCG -
1182
L 13 GGUGGA  GGCU —0.33
(3 ),\ _ ! R A PCCGAAGUUUCCG ’ pH 6.8, 0.8 mM
TTTTENN LN 7T - T e e —~
(k) A A GGCGGA  GGCU —0.22
A YA A A~ N A PCCGAAGUUUCCG pH 6.2, 1.3 mM
' 8 ‘| —
hp3 GGUGGA  GGCU 0.17
_(.,:I_'_)_. N __.._AJ\J\}\ _/V'J\ .. ___ PCCGAAGAAACCG pH 6.8, 0.7 mM
11,208} ; :
7 GGCGGA  GGCU  1.46
(m) PCCGAAGAAACCG pH 6.9, 0.7 mM
(n) 9 |212 GGUGGAA _GGCU  0.76
o~ /\,\ PCCGAAGAAACCG pH 6.6, 0.6 mM
14 12
H ppm '» pom
FiGURe 2: NMR spectra of (a)siiéme cea” (0 °C (33), (D) pdihmre accr (C) pocame ucar (d) pedmma coc s (€) peccams cog

GGU GGA GGCU

(f) GGU GGAA GGCU GGU GGA GGCU (h) GGU GGAA GGCU (|) GGC GGAU GGCU(lO C) (J) GGU GGA GGCU (k) GGC GGA GGCU (l)
PC CC((B;Gl’J GGAIZCCGAAGG CCG PCCGAAGU CCG ’ PCCG AAGUUU CCG PCCGAAGUUU CCG PCCG AAGAAA CCG

CGAAG CCG l(g) PCCG AAAG
(M) poSSSeh —SCCU and (n) pecgSer SV in 80 mM NaCl, 10 mM sodium phosphate, 0.5 mM ,BBTA. Left panel: One-
dimensional imino proton spectra in 90:10 (v:v3®ID,0 at 5°C unless noted otherwise. The sample pHs are given in the right panel,
except for spectra (a) pH 5.9 (b) pH 5.4, (d) pH 5.1, and (e) pH 6.7. Numbers on spectra correspond to assignments with numbering starting
at left most (5 nucleotide of top strand and ending at left mog) (&icleotide of bottom strand. Right panel: The iiDdecoupled'P
spectra at 30C in 90:10 (v:v) HO/D,O or 100% BO. The spectra were referenced to external standard &€ 80 85% HPO, at 0 ppm.
Note that the chemical shift of the phosphate resonance (the highest peak except for (d)) depends on pH or pD. The downfield resonances
are labeled with arrows. Values adjacent to sequencea@gg,,, (kcal/mol) from Table 2.

Loop AGO37100p AGopredicted moI) P((S:(G:((:BASéé gggu ( 0.67 kcanOl) andP%((;:léAEéé gggu
keal/mol kcal/mol (—0.52 kcal/mol) because the 3GA bonus is more favorable
S'UGGAG3'  -2.62 -2 39 than a second first nonganonlcal GA bonus cqupled W|th a
3'GAAGCS' 2GA bonus, and formation of three consecutive GA pairs
would preclude formation of a second first noncanonical GA
AG® egiciea= pair. Similarly, AGZg/zcabonusWas not applied for the loop
in o8d 88 Sl (—0.52 kcal/mol) because tigs motif
AG joop niition (6) + AG° v penatty T 2AG G pomus + AG364 + AG5ugrsga was assumed to be adjacent to the closing CG pair. The imino
roton resonances of G8 jSZ 83244 S5V (—1.18 kcal/mol
= 2.00 + 074+ 2(-091) +(=2.36) + (-0.95) b focse, cee” (= )

(Figure 2f) and G7 in2geests cos” (—0.92 kcal/mol)
(Figure 2g) are relatively broader than G7 2o SScV
(—2.62 kcal/mol) (Figure 2a)3@) and poca aes cog” (—2.27
kcal/mol) (Figure 2b) and G8 igfSg $S42 66U (—4,27 kcall
mol) (Figure 2h). This is consistent with the stacking
assumed in the thermodynamic model.

The 4 x 4 loop in o2eSe88 85U (—4.27 kcal/mol) is

exceptionally stable but is predicted reasonably weB.G1
kcaI/mOI) by applyingAGSGAbonus AG;GAbonus 2AGE’BAbonus

—2.39 kcal/mol

Ficure 3: A sample calculation for predicting the free energy at
37 °C for formation of an internal loop. Additional sample
calculations are shown in Supporting Information.

Note that besides thAG3;a,0nus ONlY ONe bonus pa-
rameter of a first noncanonical GA paiNGZaponus 1S
applied for 3x 4 Ioops,p%‘é‘é,ffé’* gggU( 1.18 kcal/mol),

GGCGGA  GGCU GBA  GGCU
peco ares cea (—1.00 keal/mol) o22e aages cca (—0.92 keall
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and AGZ gzeanonus APPlYiNg all these bonuses is consis- on at least one side with a canonical pair that'isohe G
tent with the total of five nearest neighbor interactions of a GA pair) only stabilize certain types of internal loops,
observed in the crystal structure of a similar lopEEs & including 3x 3, 3 x 4, 4 x 4, and 4x 5 loops. For 3x 3
(89). The free energy difference between measurement andloops such agSy sea acos (2.30 kcal/mol), &S res cons
prediction may be due to highly coupled base stacking and (0.54 kcal/mol) S0Ss rea cene (0.16 keal/mol) S0SS Ass Geo
hydrogen-bonding interactions in this loop as indicated by (—0.24 kcal/mol), ¢icc3a6 coue  (<0.36  kcal/mol),
sharp imino proton resonances (Figure 2h). ABSc,ponus  coc aes aes (—0.45 kcal/mol), 5205 Sas cshe (—0.60 kcal/

is added toAGSca ponusOr the 4 x 5 loop in 220 Seths cog” mol), and &5 S22 $54C (—0.65 kcal/mol), theAGSgaponus

(—0.29 kcal/mol, kt-58 17)), however, presumably due to  andAGg,,,..sare applied without adding AG;,iqgie cabonus

Its asymmetry. No extra stabilization was observed for two consecutive
The exceptionally stable 4< 4 100p poosmeay aos’ GA pairs within 2x 4,2 x 5,2x 6,3x 5,3 x 6, and 4

(—4.16 kcal/mol) was not included in the linear regres- x 6 loops. Evidently, this term is restricted to internal loops
sion analysis. Thé'P spectrum for this duplex (Figure 2i) with asymmetry less than two nucleotides. This is in
shows large dispersion, similar to that observed for the du- agreement with previous experimental and theoretical model-
plex S8 6824 6GCU (Figure 2h), which also has an excep- ing studies showing that two consecutive sheared GA pairs
tionally stable 4x 4 loop (—4.27 kcal/mol). This suggests in a 2 x 5 internal loop bound to a protein are not present
that the terminal UU pair also supports a favorable, rigid in the free RNA without protein1g, 21). The different
structure. The 1D imino (Figure 2i) and 2D SNOESY (Figure contexts exhibiting stabilization for three and two consecu-
S1, Supporting Information) spectra indicate formation of a tive GA pairs might explain the intolerance of mutation in
UU pair (with two U imino protons hydrogen bonded to the e motif in the kink-turn (kt-7)& Seasac & (17, 51).
carbonyl groups) (cis WatserCrick/Watson-Crick UU) Structurally, there is a possibility that 2 4 internal
besides three GA pairs. This is also observed in con- |gops could form consecutive GA pairs or two independent
served loops; Ri6u 4 in helix 42 of small subunit rRNA  first noncanonical GA pairs. At this stage, two bonus
(90), 5 keacu A in helix 2 of large subunit rRNAQ1), and @ parameters of first noncanonical GA PairsG, onue are

kink-turn 100p ¢ gaguse ¢ (20). In the UU pairs of these  applied for SSSS24 SSCU pecause the asymmetry is two.
structures, the U’s"&nd 3 of the adjacent closing base pair - This might not reflect the structure, however.

are shifted to the major and minor groove, respectively,
which is favorable for base stacking with the adjacent sheared

GA par. Note that a% nearest neighbor is not thermody- ¢ qtiong| groups for tertiary interactions such as the A-minor
namically favorable in 2< 2 loops B9), probably because 4if (1517 90) and binding of ligands such as protein
there .is .geometric.incpmpatibility when a UU pair is adjacent (17-23) and’MgH (aq) ©8, 92, 93). Similar stabilizing

to animino AG pair (cis WatsonCnck/\Natson—Cnck AG)' effects are likely in large hairpin loops as well as multibranch
An imino AG pair forms when the A of an AG palir is 8f loops. Binding of M@* (aq) is not expected to significantly
the closing WatsonCrick pair, as is the case in &f} 2 x stabilize this motif, however, because the thermodynamics
2 loop. of SS2SCA GG \was essentially identicahil M NaCl and

On the basis of NMR spectra, three consecutive shearedin 150 mM KCI with 10 mM MgC} (33). Binding of protein

Thermodynamically stable consecutive GA pairs are an
important secondary structure motif, providing preorganized

GA pairs form in two 3x 6 internal loopsS8% SCA - SeCU might stabilize two consecutive GA pairs within size
(predicted to be a kink-turn in helix 78 @&scherichia coli asymmetric internal loops, howevet§ 21, 23).

23 rRNA (17, 50)) and 2% actiuy cos» instead of two GU ilizi -
( )) ceh O CREA 6™ | | aec__ecagacy Sequence-Dependent Stabilizing Effect of Conses @A

and one AU pairpcceansuuu cce PCCGAAGUUU CCG Pairs. Closing canonical base pairs are important for
There are no imino proton resonances that indicate thestabilizing sheared GA pairs. ThAGSgapoue iS applied

formation of {5 in the 1D proton (Figure 2jk) and 2D oy for loops closed by at least one YR canonical pair (i.e.,
SNOSY spectra (Figure S1jk, Supporting Information). yg, UA, or CG with the U or C on the'Side of the G of
This is further confirmed by the relatively small changes 3 first GA pair), which is favorable for the formation of

in 1D imino proton spectra when the UUU triplets are gheared GA pairs as observed irx 2 loops 86). For loops

GGC GGA GGCU . . . .
replaced by AAA (CorggcaéeACCGAégéﬁA cce (1.46 keall  \jith three potentially consecutive GA pairs but not closed

mol, Figure 2m) andsccoancuuu cee (—0.22 keal/mol,  \ith at least one YR canonical pair, e.GASSAGGA CGAC

FigdurgGU%lg\: recopsoans cco (0-17 keal/mol, Figure 21) (1 26 kcalimol) andZiSSASSA S48 (0.03 keal/mol), the
an

peceascuuy cee (—0-33 keal/mol, Figure 2j)). Several - Agg - is applied. Presumably this is due to the desta-
weak downfield peaks are probably due to minor conforma- pjjizing effect in changing a CG to a GC closing pair adjacent
tions (Figures 2j,k and S1jk, Supporting Information). This g 3 sheared GA pair. Destabilization of 1.27 kcal/mol was

model: ¢ fcuuo ¢ (041 keal/mol predicted) angizicous ¢ CGAAAG to GGAAAC (94) even though both sequences

(0.20 kcal/mol predicted) Vs ass sooc (1.02 keallmol  have sheared GA paird4, 44, 93, 95, 96). Formation of

predicted) and; axs oue (.72 keal/mol predicted). Thus,  the kink-turn (kt-7)S %2 S instead ofS 122 ¢ might

including a stabilization effect for consecutive GA pairs can pe due to binding of protein and/or tertiary interactions

help predict multiple GA motifs, including kink-turnd.7, (17), even though a sheared GA pair is thermodynamically

50). more favorable with a CG closing base pair. Alternatively,
Bonus for Two Consecut GA Pairs in 3x 3, 3x 4, the S8 motif is thermodynamically more favorable closed

4 x 4, and 4x 5 Internal LoopsTwo consecutive GA pairs  on the 5 GG 3 side (i.e.,; 5o or § $28) than on the 5GA

with the motifsy S5, 5S4, £ $S, or RS2 (i.e., 5 or 5e closed 3 side (i.e.,. 58 % or S27).
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Sequence-Dependent Stabilizing Effect of AG Pairs. cally significant bonus stabilizing effect has been found yet
bonus parameter for an AG first noncanonical pair is applied for consecutive UU and UC pair8%, 34).
for loops with a singlef & motif (RY is canonical pair When eq 2a is applied to previous da@B)(on the size

AU, GU, or GC) such asgiesaia ccue (1.28 keal/mol)  asymmetric loop E motifg 2isa 6, the AGS; 4, is calcu-
and SHSC S CGAC (1,08 kcal/mol). In addition, no bonus lated to be 0.37 kcal/mohil M NaCl, which is 1.42 kcal/
parameter is applied for loops even with potentially consecu- mol more stable than predicted by eq 4. This size asymmetric
tive AG pairs: 5o 2585 S20c (2.74 keal/mol) ESS Aeas Sene loop E motif (G bulge motif) forms in the absence of ¥g
(2.07 kcal/mol), an@)SS 2258 £SA¢ (2.88 keal/mol). Thisis  (aq) or C&" (aq) as shown by NMR studieS1, 45, 46).
consistent with the fact that no stabilization effect is found  There are unstable 3 3 loops with a single first GA pair
for the %4 motif in 2 x 3 loops (Tables 3 and S2, thatha a U 3 to the G of the GA pair, e.95)cc A8 Gove
Supporting Information), 28, 29). The AG3gaponusiS NOt (1.57 kcal/mol) andSs ans SSS (1.98 keal/mol), which give
applied for a 3x 3 loop SSS S4S SSAC (0.54 keal/mol) with rise to theAGZ gz anpenaty (TADIE S2, Supporting Informa-
one AG first noncanonical pair, because backbone narrowingtion) (34). These loops are found in crystal structures. In
prohibits formation of a WatsenCrick pair B of the A in the conserved X 3 loop g age ¢ in helix 24 of 16S rRNA,
a sheared GA pair3g, 60, 92). Thus, only bonus parame- three noncanonical pairs form (trans Hoogsteen/sugar edge
ters of AG5aponus @Nd AGE 4 ponus 21 applied for the loop  AA, AG first noncanonical pairs, and trans Watsa@rick/
in SASCSAS CGAC  Nevertheless, bonus parameters are ap- Hoogsteen UA middle pair) but with very little base overlap
plied for 3 x 3 loops with twoSA motifs: SSSAAC CCC (1 21 (90). In the other case, the noncanonical GSifs S (in
kcal/mol) andSES258 €S (0.87 kcal/mol), presumably due  helix 38 of 23S rRNA) forms a pair with U to make a base
to geometric compatibility of consecutive face-to-face pairs triple (16). The results show that the thermodynamic penalty
as observed in % 2 loops B8, 92). of AGgguzanpenay WOrks well even when the crystal
structures are different.

The size symmetric % 7 loop E motif,§ $59SS22 ¢ with
calculated loop free energy of 0.57 kcal/mol at 37 in
1 M NacCl on the basis of published datag] is pre-

dicted well (0.99 kcal/mol) by eq 4 with the loop initiation
also found in 3x 3 loops @3, 34). The motif of US is penalty of 2.81 kcal/mol extrapolated with the equation
thermodynamically relatively stable in 2 2 loops when Glopinitationl") = AGigpinitiation (9) + 1.75 x RT x

compared with the motif o’ ¢ but not when compared In(14/9) from a loop initiation penalty of 2.33 kcal/mol for
with S¢ (29), suggesting tﬁgt 2 2 loops have less internal loops with nine nucleotides. The value was extrapo-
GA ’

flexibility than 3 x 3 l0ops. The parameteYGE e seasone lated from AGy o, initiation (9) because that was the largest

loop size represented by at least 10 sequences.
of —0.95 kcal/mol compensates for the penalty term of 0.7 : - )
kcal/mol for UG closure in current folding algorithms. This Melting Transition Cooperatity and Enthalpy Changes.

) : : As shown in Table 2, asymmetric internal loops typically
u[g CcG )
correlates with more extensive staclklng thang s and have less favorable enthalpy changes than symmetric internal
a hydrogen bond between the G amino group from a wobble

: . : loops. This is consistent with previous UV melting studies
UG pair and GO4of the sheared GA pair as shown in an .
NMR structure with the loog $2 & which contains both of bulges and asymmetric internal loop&L(99, 100 and

: . . indicates less cooperativity in duplex melting when the loo
a g$ motif and ag $¢ motif (33). Formation of UG wobble P y P g P

A : . . is asymmetric.
pairs is consistent with the relatively sharp resonances of
the imino protons of G and U from UG pairs (Figures 2 and NCLUSION
S1). Note that the U3 imino proton from a UA pair adjacent CONC US_(_J _ ) )
to a GA pair is relatively broad and shifted upfield (Figure ~ The stabilizing effect of consecutive sheared GA pairs

Bonus forg $ Motif. The thermodynamic parameters in
folding algorithms typically assume that UG/GU pairs closing
internal loops are equivalent to UA/AU pair8§, (9). As
shown in Table 2, loops witfg$ and £$ motifs have
similar stabilities. A stabilization effect of tHeS motif was

2b) relative to the usual range of 435 ppm for a Watson within internal loops larger than five nucleotides is sequence
Crick UA pair. A similar upfield shift was observed and size dependent. Consecutive sheared GA pairs can form
previously in the 2x 2 loop YS24 (75). Several 3x 3 in motifs other than internal loops. Including this thermo-

loops with ¢S and &4 motifs are typically less stable than dynamic effect quantitatively or semiquantitatively should
predicted by eq 4, which is consistent with previous help model RNA secondary and tertiary structures.
thermodynamic and NMR studies inX22 and 2x 3 loops

(29, 30, 40) and joint X-ray and NMR studies of a kink- ACKNOWLEDGMENT

turn loop, &5 eaasa o with protein binding 18). Thus, We thank Dr. Susan J. Schroeder for suggesting some
depending on the orientation, GU/UG closing base pairs canexperiments, Zhi Lu and Prof. David H. Mathews for
either destabilize or stabilize internal loops as compared with providing a linear regression file of previous thermodynamic
AU/UA closing pairs. data, Dr. Sandip K. Sur, Prof. Scott D. Kennedy, and Prof.

Comparisons with Other Loopk.is likely that additional ~ Thomas R. Krugh for help wit?'P spectra, and Prof. Martin
elements of stability remain to be discovered. For example, J- Serra for discussions on Kfg(aq) dependence.

the loop in22gSEy 53¢V (—4.16 kcal/mol), which was not

included in the regression analysis, is 2.64 kcal/mol more SUPPORTING INFORMATION AVAILABLE

stable than predicted by eq 4. Further studies are needed for Tables of single strand melting results, comparison of
the stableg; nearest neighbor. Moreover, NMR studies measured and predicted internal loop free energies for the
have revealed structured internal loops with consecutive UU entire database, multiple linear regression of loops larger than
and UC pairs 2, 34, 49, 97), although no thermodynami- 2 x 3, SNOESY 2D spectra, and sample calculations for
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predicting the free energies for formation of internal loops.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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