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ABSTRACT. Optical melting experiments were used to determine the thermodynamic parameters for
oligoribonucleotides containing small asymmetric internal loops. The results show a broad range of
thermodynamic stabilities, which depend on loop size, asymmetry, sequence, closing base pairs, and length
of helix stems. Imino proton NMR experiments provide evidence for possible hydrogen bonding in GA
and UU mismatches in some asymmetric loops. The stabilizing effects of GA, GG, and UU mismatches
on the thermodynamic stability of internal loops vary depending on the size and asymmetry of the loop.
The dependence of loop stability on Watsd®rick closing base pairs may be explained by an account

of hydrogen bonds. Models are presented for approximating the free energy increments3&ad 1

x 3 internal loops.

RNA secondary structure predictions based on free energyP1 helix €) and may also help to stabilize the transition state
minimization use experimental and extrapolated thermody- of the splicing reaction?). Asymmetric internal loops in
namic parameters for RNA motifs to generate a set of other RNAs bind proteins 8-11). A good secondary
possible secondary structures for a given RNA sequet)ce ( structure prediction of internal loops can also help to identify
Approximately half of the nucleotides in known RNA potential target sites for therapeutics. For example, the
structures form double helices with canonical Wats@nick aminoacyl-tRNA site in 16S rRNA contains an asymmetric
or GU base pairs; the other half of the nucleotides form internal loop that binds aminoglycoside antibiotics, which
noncanonical regionsl( 2). Asymmetric internal loops are  inhibit translocation 12—16). Thus, the thermodynamic
a type of noncanonical region defined by an unequal number parameters for asymmetric internal loops can help to improve
of nucleotides on opposing strands between two helices.RNA secondary structure prediction, tertiary structure predic-
Asymmetric internal loops are common in known RNA tion, and rational drug design.

secondary structures and often have a role in RNA function. pjtig| studies of symmetric internal loops focused on loops
The notatiorm x n loop* refers to the number of nucleotides  ¢,ntaining all C nucleotides and showed that the thermo-
on each side of the loop; for example, 23 loop contains  gynamic stability depends on the number of nucleotides in
two nucleotides opposite three nucleotides. , the loop (L7). Later Papanicolau et all®) proposed a penalty
Asymmetric internal loops play an important role in the ¢4 the degree of asymmetry in internal loops, and Peritz et
structure and function of RNA; thus, understanding the | (19) determined an asymmetry penalty based on optical
thermodynamic stability of these motifs is important for - yejiing experiments with internal loops containing all A
understanding the structure and function of RNA. For ncieotides. Further experiments on internal loops containing
example, in theTetranymena thermophilgroup | intron, o ¢ pycleotides showed a correlation between loop asym-

the asymmetric J5/5a loop acts as a hinge that forms a bendy ¢y and a less favorable stacking enthalpy and increased
in the helix 8, 4), and the asymmetric J6a/6b loop acts as a ycessibility of the major groove to chemical modification
tetraloop receptor4( 5). Identifying these types of tertiary ;) Thermodynamic studies of 2 2 internal loops have

contacts that determine global folding requires a good ¢hown a broad range of stabilities that depend on the
secondary structure prediction of internal loops. Understand—sequence and closing base pairs of the lo8f—@5).

ing how RNA functions also requires identification of Thermodynamic studies of & 2 internal loops also show
asymmetric internal loops. For example, the asymmetric J4/5, ¢ loop stability depends on the sequence and potential

loop in the group | intron is part of the docking site for the i \otches in the loop26). NMR and X-ray crystal
* This work was supported by NIH Grant GM22939. structures containing asymmetric internal loops reveal a

* To whom correspondence should be addressed: Tel (716) 275- Variety of stacking and hydrogen-bonding interactions that
3207, fax (716) 473-6889; e-mail: Turner@chem.rochester.edu. stabilize novel structures of the loop% 6, 9-11, 2743).

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; eu, entropic . .
units, calories per kelvin per mole; HPLC, high-pressure liquid This paper presents thermodynamic parameters and struc-

chromatography; MES, 2\:morpholino)ethanesulfonic acit x n tural insights for 1x 3 and 2x 3 internal loops as deduced
loop, an internal loop containing nucleotides opposite nucleotides from optical melting experiments and imino proton NMR

wherem andn are integers; NCR, noncoding region; NMR, nuclear ; ; ;
magnetic resonance; NOE, nuclear Overhauser effect; TLC, thin-layer spectra. Several internal loops with diverse sequences and

chromatography:Tw, melting temperature in kelvinsT,, melting biological functions were selected as a starting point for
temperature in degrees Celsius; UTR, untranslated region. studying small asymmetric internal loops (Figure 1); other
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Segment of Natural
Sequence
5"UUU “© Geu
AAA 1aa CGG

5’GAC “* GCA
CUG gaa CGU

5'GCCU °¢ uuu
CGGAAAAAA

5’AGG “U uu
UCC v AG

5°CCCCU “¢ ACGA
GGGGG aga UGCU

5'GGCUG ®* cucC
CCGAC 4aa GAG

5'CUGG ¢ G
GUCC aauC

5$GGGU € UGGG
CCCA yuy ACCC

5°CGC ¢ cuC
GUGaanGAG

5°CUU * UGC
GAA acACG

5°UGG © CGGA
ACC sau GCCU
5UC A G
AG geaC

5°CGCG * CGG
GCGU aacGCC

Melted Duplex

5$’CCUCU % GGUGA
GGAGAsCCGCU

5’CGAC ®* GCAG
GCUGgaaCGUC

5’ACCU S UUGC
UGGAAcAAACG

5UGAC 'Y cUCA
ACUGuyy GAGU

5°CUGU ¢ ACGA
GACGaga UGCU

S’GAGC * CGAC
CUCG aaa GCUG

SUCAG “° GUGA
AGUC aay CACU

5’AAGGU € UGGAA
UUCCA voy ACCUU

5’CCAC € cucc
GGUGAaGAGG

5UCCU * UGCA
AGGA aac ACGU

5'UCAG © GUGA
AGUC 4y CACU

5°UCCG * CGCA
AGGC gea GCGU

5'UCAG * GUGA
AGUC 4ac CACU

Biological Interest

Potato spindle tuber virus conserved core (71)

p57 binding site in loop E of
5" NCR of encephalomyocarditis virus (72}

Conserved 5° region of influenza virus,
polymerase binding site (73)

Conserved loop in R2 retrotransposable element (74)
Protected by $6 and S18 protein binding to

168 rRNA (63)

rtev protein binding aptamer (30)

most commonly occurring 2X3 loop,

conserved in small subunit rRNA (62)

Turnip crinkle virus, recombination mechanism (75)
3’UTR Coronavirus mouse hepatitis (76)

Potato spindle tuber virus pathogenicity domain (77)
Domain V 5'NCR poliovirus (78)

Ni* binding aptamer (79)

most commonly occurring 1X3 loop,
conserved in smail subunit rRNA (62),
binds protein S16 (63)

Schroeder and Turner

Melting curves were fit to the two-state model with sloping
baselines 47). Thermodynamic parameters were also ob-
tained by fitting plots of inverse melting temperatufg, 2,
versus In C/4) to the following equation4g):

Ty - = (RAH®) In (C/4) + ASIAH® 1)

whereR is the gas constant artg} is total strand concentra-
tion. Data from the melting experiments were analyzed with
the program Meltwin 3.049). When one or both single-
strand oligomers could form a stable self-complementary
duplex, the competition between the self-complementary and
the non-self-complementary duplexes was analyzed graphi-
cally and/or investigated by imino proton NMR. Graphical
analysis included plotting the distribution of single-strand
oligomer, self-complementary duplex, and non-self-comple-
mentary duplex versus temperature. The computer program
usesAH®, AS’, and concentration from the single-strand melt
data and the mixed duplex data and solves the necessary
guartic equation using an iterative approach (D. H. Mathews,
personal communication).

The free energies of formation of 2 3 internal loops
with CG closing base pairs were used to derive thermody-

FiGurRe 1: Sequences for the duplexes studied were chosen on thenamic parameters for the additional stability conferred by
basis of sequences of known internal loops and on flanking helicesGA, GG, and UU mismatches in 3 loops. The linear

that gave two-state helix-to-coil transitions without indications of regression analysis was computed with JMP software, a
aggregation or formation of other structures.

program developed by SAS Institute Inc.
NMR.Imino proton spectra were recorded with a Varian

loops were designed to test specific hypotheses. The ther'lNOVA spectrometer at 500 MHz and Varian VNMR

modynamic stability of asymmetric internal loops depends
on the loop size, degree of asymmetry, loop sequence, closin
base pairs, and length of stem helix. The stabilizing effect
of potential GA, GG, and UU mismatches varies depending
on the type of loop. Models are presented for approximating
the thermodynamic stabilities of & 2, 1 x 3, and 2x 3
loops.

MATERIALS AND METHODS

Oligoribonucleotide Synthesi®ligoribonucleotides were
synthesized on an ABI 392 DNA/RNA synthesizer using
phosphoramidite chemistryi4, 453. Incubation in 3:1 (v/v)
ammonia/ethanol at 58C overnight removed the base
protecting groups and the CPG support; incubation in
triethylaminehydrogen fluoride at 5% for 48 h removed
the silyl protecting group on the'-Aydroxyls. Oligomers

software on a Sun 4/260 computer. Standard NMR buffer

Yvas 80 mM NaCl, 10 mM sodium phosphates, and 0.5 mM

N&EDTA, pH 6.7, in 90% HO and 10% DO. Oligonucle-
otide strand concentrations ranged from 0.2 to 1 mM. A
binomial 1:3:3:1 pulse sequence was used to suppress the
water signal $0). Spectra were collected with a sweep width
of 12 kHz and a frequency offset set to maximize the signal-
to-noise ratio at about 13 ppm with the first nodes at 21 and
5 ppm. The data were multiplied by a-8 Hz exponential
line-broadening function. All variable temperature experi-
ments began at 051 °C and continued in increments of 5
or 10 °C until all resonances disappeared. For self-
complementary oligomers with a melting temperature greater
than 20°C, variable temperature spectra were recorded before
addition of the non-self-complementary oligomer. One-
dimensional NOE spectra were collected with an irradiation

were desalted on a Sep-Pak C-18 cartridge and purified onof 2—3 s at low decoupler power; experiments with irradia-

a Baker 500Si TLC plate with either 60:35:5 or 55:35:10

tion on- and off-resonance were collected in blocks of 16

1-propanol/ammonia/water solvents. Purity was analyzed by and interleaved to correct for instrumental drift.

HPLC; all oligomers were greater than 90% pure.
Optical Melting Experiments and Thermodynami€en-

RESULTS

centrations of single-strand oligomers were determined from Thermodynamic Parameter§able 1 lists the thermody-

the absorbance at 280 nm at 80 (46). All oligomers were

namic parameters determined for the formation of duplexes

melted as single strands and as duplexes in a 1:1 concentrawith and without internal loops; duplexes are grouped by

tion ratio. Standard melt buffer wal M NaCl, 10 or 20
mM sodium cacodylate, and 0.5 mM NMEDTA, pH 7. To

measure the effects of pH and magnesium ions, melting ex-

periments were also done L M NaCl, 50 mM MES, and
0.5 mM NaEDTA buffer, pH 5.5, or 10 mM MgGl 0.15
M KCI, 10 mM sodium cacodylate, and 0.5 mM MDTA

type of loop and listed in order of decreasing duplex stability.
The thermodynamic parameters frdiw * vs In (C1/4) plots
and from curve fits of the data agree within 15%, which is
consistent with the two-state model assumptida—53).
Supporting Information contains graphs of typical melting
curves and sampl@y ! vs In (Ci/4) plots. Supporting

buffer, pH 7. Melting curves were measured at 280 nm on Information also contains a table of the thermodynamic
a Gilford 250 spectrophotometer with a heating rate of 1 parameters for single-strand oligomers that show cooperative
°C/min controlled by a Gilford 2527 thermoprogrammer.  transitions in the absorbance versus temperature curves and
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Table 1: Thermodynamic Parameters of Duplex Formation

Tu' vs Ln (C1/4) PARAMETERS CURVE FIT PARAMETERS
duplex -AG®y -AH° -AS° Tm(°C) -AG®; -AH* -AS* Tn(C)
(kcal/mol) (kcal/mol) (eu) (kcal/mol) (kcal/mol) (eu)
2X3 Loops
5'CCUCU GC GGUGA"* 11.5840.16 88.50+3.07 248.03+9.39 55.7 11.86+0.58  93.50+10.29  263.22+31.28 55.8
3'GGAGAAAACCGCU
5'GAGC GA CGAC* 10.51+0.10 86.70+2.42 245.67+7.50 51.9 10.1740.07 78.24+1.90 219.47+6.10 52.1
ICUCGAAGGCUG
5'CCAC GG CucCC 9.84+0.06 81.92+1.78 232.4145.545 50.1 9.75+0.11 78.49+3.09 221.63+9.67 50.3
IGGUGAGAGAGG
5'GAGC AA CGAC 9.23+0.09 74.63+2.68 210.86+8.38 48.7 9.35+0.14 77.62+3.03 220.1249.35 48.7
3'CUCGAAGGCUG
SCCAC GG cucc 9.22+0.06 78.2142.12 222.4346.65 48.1 9.16+0.09 75.80+1.19 214.86+3.61 48.1
IGGUGAAAGAGG
S'GAGC AG CGAC/ 8.80+0.08 79.23+3.24 227.07+10.18 46.1 8.68--0.08 72.54+3.84 205.93+12.31 46.5
ICUCGGAAGCUG
S'GAGC GA CGAC 8.77+0.07 75.07+2.59 213.7748.12 46.5 8.68+0.11 72.06+2.29 204.35+7.19 46.5
FCUCGAAAGCUG
S'GAGC AA CGAC 8.61+0.06 78.04+2.63 223.86+8.30 45.5 8.59+0.09 75.96+2.95 217.23+9.32 45.6
3ICUCGGAAGCUG
5'GAGC AG CGAC 8.50+0.10 77.40+4.06  222.16+12.83 45.1 8.40+0.13 71.44+3.79  203.23+12.10 45.4
3'CUCGAAGGCUG
5'CGAC GA GCAG *¢ 8.43+0.05 74.66+2.13 213.52+6.73 45.1 8.41+0.09 72.04+3.53 205.14+11.18 453
FGCUGGAACGUC
SGAGC AG CGAC 8.14+0.07 77.4443.65 223.45+11.59 43.6 8.03+0.21 68.80+7.05 195.94+22.29 43.9
ICUCGAAAGCUG
5'GAGC AA CGAC 7.99+0.05 70.79+2.61 202.48+8.28 43.5 8.03+0.09 71.47+2.86 204.56+9.09 43.6
ICUCGAAAGCUG
5'UGAC UU CUCA® 7.36+0.02 74.2942.06 215.79+6.64 40.5 7.43+0.13 79.43+5.11 232.14+16.14 40.6
3'ACUGUUUGAGU
5’ACCU GC LUGC? 7.3340.02 74.13+2.03 215.3846.48 40.4 7.42+0.09 77.88+6.40  227.17+20.36 40.6
JUGGAACAAACG
5'UGAC UU CUCA 6.99+0.01 73.34+1.22 213.9343.92 39.0 7.02+0.06 69.06+4.73 200.03+15.38 39.2
3I'ACUGCUUGAGU
5'UGAG AA GUCA 6.58+0.03 60.79+2.15 174.7846.98 373 6.69+0.13 56.93+7.28 161.96+23.89 37.9
FACUCCGACAGU
5'UGAC UU CUCA®¢ 6.32+40.02 73.70+1.97 217.2746.40 36.1 6.41+0.17 63.7346.21 184.80+20.30 36.4
3'ACUGCCUGAGU
5'CUGU GG ACGA 5.454+0.05 59.48+1.83 174.22+6.06 314 5.4740.12 60.89+4.78 178.67+15.73 31.7
3'GACGAGAUGCU
SUCAC UU CUGA 5.3540.06 69.36+2.45 206.41+8.1 31.8 5.54+0.18 62.0243.58 182.10+12.06 32.1
3'AGUG CUC GACU
5'UCAG CC GUGAS 5.11+40.07 55.57+2.05 162.69+6.82 293 5.10+0.15 58.38+5.91 171.78+19.51 29.6
FAGUC AAUCACU (5.74+0.07)  (61.25+3.10) (178.97+102)  (33.1) (5.85+0.14)  (58.43+3.70) (169.53+12.3)  (33.4)
1X3 loops
5AAGGC U CGGAA' 11.60+0.09 88.65+1.63 248.424+4.97 55.8 11.90+0.30 94,17+5.77 265.25+17.66 55.8
3'UUCCGUUUGCCUU
5'CCUCU € GGUGA 9.86+0.11 90.89+3.33 261.25+10.4 48.8 9.45+0.09 76.90+2.98 217.4849.72 49.2
3'GGAGAAAACCGCU
SCCAC G cucc? 9.64+0.04 77.24+1.23 217.94+3.82 50.0 9.88+0.38 82.97+9.51 235.66+29.46 50.1
3'GGUGAAAGAGG
5'’AGGC U CGGA® 9.25+0.05 77.43+1.83 219.8345.72 48.3 9.19+0.11 74.28+4.45 209.86+14.02 48.5
3'UCCGUUUGCCU
5'CCAC A CUCC 9.18+0.04 76.63+1.50 217.48+4.7 48.1 9.26+0.14 78.30+3.39 222.60+10.50 48.2

3'GGUGAAAGAGG
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Table 1 (Continued)

T vs Ln (Cy/4) PARAMETERS CURVE FIT PARAMETERS
duplex -AG; -AH° -AS° Ta (°C) -AG®; -ARH° -AS° T (°C)
(kcal/mol) (kcal/mol) (eu) (kcal/mol) (kcal/mol) (eu)

SUCCG A CGCA 9.02+0.04 70.03+1.38  196.70+4.32 484 8.98+0.06 68.30+1.75  191.25+5.58 48.6
3AGGCAAGGCGU
5CGAC G GCAG* 8.34+0.02 70.84+1.02  201.52+3.23 45.1 8.34+0.07 69.174323  196.14+10.25 453
3'GCUGGAACGUC
SUCCG A CGCA' 8.13+0.02 62.13+1.20  174.10+3.80 452 8.1140.08 59.25+3.47  164.88+11.10 45.5
IAGGCGGAGCGU
SCGAC A GCAG 8.02+0.03 71.34+1.79  204.18+5.70 436 7.97+0.11 68.07+6.40  193.77420.35 43.7
3'GCUGGAACGUC
SAAGGU C UGGAA®  7.87+0.01 71.74+0.82  205.93+2.61 429 7.91+0.06 73.79+1.65  212.41+5.14 2.9
3'UUCCA UUU ACCUU
5UCCU G UGCA 6.99+0.01 58.47+1.11 165.9943.57 39.4 7.0240.04 57.48+2.78  162.69+9.03 39.7
3'AGGAGAGACGA
SUGAC U CUCA 6.86+0.01 59.23+0.86  169.13+2.79 38.7 6.90+0.11 53.81+4.01  15125+13.23 39.2
FACUGCUUGAGU
SUCCU A UGCA® 6.62+0.03 58.134220  166.06+7.13 375 6.66+0.06 57.61+2.71 164.30+8.78 37.7
IAGGAGAGACGA
SUGAC A CUCAY 6.60+0.02 57.57+1.67  164.36+5.42 37.3 6.68+0.07 56.08+6.05  159.28+19.70 378
3ACUGAACGAGU
S5UCCU A UGCAM 6.56+0.02 58.5341.97  167.5846.36 37.1 6.60+0.07 59.3216.26  169.97+20.19 37.4
IAGGAAAGACGU
SUGAG A GUCA 6.55+0.03 60.98+1.90  175.48+6.18 37.1 6.68+0.17 52.54+5.67  147.87+18.59 379
IACUCCGACAGU
5SUGAC C CUCA 6.34+0.02 57.56+1.49  165.15+4.86 36.0 6.45+0.14 55.13+6.78  156.96+22.23 36.5
3ACUGCUUGAGU
SUCCU G UGCA® 6.18+0.02 52.83+1.41 150.44+4.58 34.9 6.21+0.05 54244365  154.86+11.81 35.2
IAGGAAAAACGU
5UCCU A UGCA 6.17+0.02 50.69+1.37  143.52+4.48 34.8 6.20+0.04 52.93+4.07  150.64+13.20 35.1
3'AGGAGAAACGU
5UCCU A UGCA® 6.09+0.04 57.40+2.06  165.43+6.74 34.7 6.18+0.10 55.86+4.56  160.19+14.97 35.0
3AGGAAGAACGU
5UCCU A UGCA 6.09+0.03 48.88+1.46  137.95+4.76 343 6.10+0.03 52.99+4.18  151.17+13.51 34.5
3AGGAAAAACGU
5GGC U CGG 6.03+0.03 56.93+1.40  164.11+4.59 34.3 6.07+0.06 59.18+7.02  171.23+22.69 34.6
3ICCGUUUGCC
SUCAG C GUGAY 5.73+0.04 58.07+1.69  168.75+5.56 32.8 5.90+0.15 50.09+2.13 142.48+7.01 33.1
3AGUC AAU CACU
SUCAC U CUGA 5.30+0.07 55.88+2.21 163.08+7.35 30.3 5.4740.19 51.6243.97  148.79+13.40 30.8
3'AGUG CUC GACU
5ACCU C UUGC* 5.01+0.04 55.83+1.15  163.83+3.81 28.8 5.34+0.24 47.1144.95  134.68+16.67 29.4
YUGGAACAAACG
1X2 Loops
5AGGC U CGGA' 10.43+0.08  77.96+1.85  217.73+5.72 533 10.87+0.31  87.40+425  246.73+12.72 53.2
3UCCGUUGCCU
SUGAG C GUCA™! 6.62+0.01 54.93+0.84  155.75+2.72 37.5 6.67+0.06 54.96+3.72  155.68+12.1 37.8
FACUCCCCAGU (7.66+0.04)  (66.6912.53)  (190.33+8.05)  (42.4) (7.65+0.12)  (62.3743.96)  (176.42+12.8)  (42.7)
SUCAG A GUGA® 6.43+0.03 63.1042.24  182.70+7.25 36.5 6.50+0.08 61424528  177.05+17.24 36.9
IAGUCAGCACU
SUCAG U GUGA 5.9240.03 65.03+1.74  190.61+5.68 34 5.99+0.10 62.82+3.85  183.26+12.68 343
3AGUCCUCACU
Stem Duplexes
SAAGGCCGGAA 18.16+0.37  98.34+331  258.54+9.50 78.6 17.004032  87.95+223  228.76+6.16 78.9
3UUCCGGCCUU [16.86+0.30)"  [91.245.7]"  [239.8+18]" [76.5]"
5'CCUCUGGUGA 15324028 93464320  251.96+9.47 69.2 15.42140.16  94.49+1.63  254.94+4.79 69.2

3'GGAGACCGCU
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Table 1 (Continued)

T vs Ln (C1/4) PARAMETERS CURVE FIT PARAMETERS
duplex -AG 37 -AH® -AS° Tw (°C) -AG®y -AH° -AS° T (°C)
(kcal/mol) (kcal/mol) (eu) (keal/mol) (kcal/mol) (eu)

5'AGGCCGGA 15.26+0.56  84.09+5.54  221.91+16.08 72.9 14954130 81.13+12.02  213.39+34.64 72.9
3'UCCGGCCU [15.29+0.29]" [77.56+5.6}"  [201.8+17]" [74.91"
5"'UCCGCGCA 14594023 81.15+2.47  214.61+7.22 712 14.6240.17  81.35+1.67  125.17+4.85 712
YAGGCGCGU [14.29+0.29]" [76.26+5.6]"  [199.8+17]" [72.17"
SGAGCCGAC 13.94+0.14  80.13+1.52  213.99+4.47 68.5 14344025  84.66+2.42  226.75+7.01 68.5
ICUCGGCUG [13.97+0.28]" [82.06+5.5)"  [219.4+17] [68.11"
5’GUCGCAGC 13.93+021  86.18+2.44  232.95+7.20 66.1 13.80+0.14  84.49+1.86  227.92+5.59 66.2
3CAGCGUCG [13.89+0.28]" [81.55+5.5]"  [218.0+17)" [68.0]"
5"UUCCAACCUU* 12.69+0.17  75.84+2.18  203.62+6.48 64.4 13.06+0.17  80.74+1.52  218.12+4.46 64.3
IAAGGUUGGAA
5 CGACGCAGH 12.3240.12  70.45+1.55  187.43+4.60 64.8 1292+37  77.68+3.07  208.80+8.78 64.8
3I'GCUGCGUC
5'CUCGCACA* 12114013 72.6141.75  195.09+5.24 62.8 12754022 81.07+1.87  220.30+5.36 62.8
IGAGCGUGU
S'UGCAAGGA® 11.0940.11  7027+1.77  190.82+537 58.5 11514028  76.59+3.46  209.85+10.28 58.6
IACGUUCCU
SUCACCUGA 10.84+0.12  71.51+2.19  195.62+6.66 56.9 11.1240.06  75.37+8.52  207.17+25.53 57.1
IAGUGGACU [11.51+0.29]" [69.98+5.6]"  [188.60+17]" [60.61"
5 ACCULUGL® 10.64+0.17 77421339 2153+10.39 54.4 10750033 78.08+6.46  217.08+19.79 54.7
IUGGAAACG

aMelting experiments were dona iL M NaCl, 10 or 20 mM sodium cacodylate, and 0.5 mMBRTA buffer solution, pH 7. Sequences are
listed in order of type of loop and then decreasing duplex stability. Estimated errors from all sourgd9&set+10%,+2%, and+1 °C for AH®,
AS’, AG°37, and T, respectively. Significant figures beyond error estimates are given to allow accurate calculdtiparaf other parameters,
listed is for total strand concentration of 010~ M. ® These duplexes were also melted in 10 mM Mg®QI15 M KCI, 10 mM cacodylate, and
0.5 mM NaEDTA buffer, pH 7.0, at one or more concentrations. No significant change in duplex stability reatlvévit NaCl buffer was
observed®¢ These duplexes were also meltedli M NaCl, 50 mM MES, and 0.5 mM NEBDTA buffer, pH 5.5, at one or more concentrations.
Where the change in pH caused a change in duplex stability, the thermodynamic parameters from pH 5.5 melts are listed in padRetbesee
26. ¢ These duplexes were studied by variable temperature imino proton NMR (500 MHz) and one-dimensional NOE NMR in 80 mM NaCl, 10
mM phosphates, and 0.5 mM pEDTA buffer, pH 6.7, and 10% ID. f These duplexes were studied by variable temperature imino proton NMR
(500 MHz) in 80 mM NaCl, 10 mM phosphates, and 0.5 mMBERTA buffer, pH 6.7, and 10% fD. ¢ The thermodynamic parameters for these
stem duplexes were included in an analysis of nearest-neighbor paranigefsThese duplexes were not included in the analysis of nearest-
neighbor parameters by Xia et ab4). Listed in brackets below the experimental values are the predicted thermodynamic parameters for duplex
formation, calculated from the nearest-neighbor paramebds (

a sample graph showing the distribution of non-self- formation of an internal loop are calculated according to the
complementary duplexes, self-complementary duplexes, andfollowing equation 17):
single strands versus temperature.
As noted in Table 1, 14 duplexes were measured in pH AG 000 = AG® ypiex with 1o0p ~ (AG® duplex without loop™
5.5 or magnesium buffers. No significant changes in the AG® i termupted base pé;r (2a)
thermodynamic parameters were noted with magnesium
buffers. Only two duplexes showed a modest increase of For example
stability in pH 5.5 buffer. The duplexX BCAGCCGUGA/

3IAGUCAAUCACU showed an increase of°€ in T, and AGe 5 GAc

a 0.6 kcal/mol more favorablAG°;; at pH 5.5, which is 3CuacC

similar to a previous report of increased stability for - GA , ,

symmetric 2x 2 loops containing AC mismatche®d)j. The AG %‘C;GSSAAG%EG% -( AG°§.€ngggﬁg - AGOg'ccsg (2b)
duplex BUGACCCUCA/3ACUGCCGAGU containing a 1

x 2 loop of all C nucleotides showed an increase 6€5n The values forAH®,0p aNd AS’jo0p are similarly derived.

Tn and 1 kcal/mol more favorabldG°s; at pH 5.5 as The values forAG®gupiex with 1oop@nd the correspondingH®
compared to values previously reported for this loop at pH and AS’® are derived from the If, versus In Ci/4) plots
7 (26). This increase in stability is slightly less than half the (Table 1). The last term in the equation accounts for the
stability increase for a 2x 2 loop containing all C nearest neighbor stacking interaction present in the uninter-
nucleotides, in which case an increase of°@2in T,, and rupted helix but absent in the helix containing an internal
2.5 kcal/mol more favorablAG°;; were observed at pH 5.5  loop. These WatsoenCrick nearest neighbor parameters were
(22). taken from Xia et al. §4). The values forAG®yupiex without
Table 2 lists the thermodynamic parameters for formation o0, Were either experimentally measured or predicted from
of the internal loops. The thermodynamic parameters for the nearest-neighbor approximatids¥). For duplexes not
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Table 2: Thermodynamic Parameters for Internal Loop Form&tion

2X3 loops AGloop 37 AH0p AS00p AGCo0p.37 AH%00p AS°ieop
(kcal/mol) (kcal/mol) (eu) (kcal/mol) (kcal/mol) (eu)
5'GAGC GA CGAC 0.17+0.18 -19.78+3.12 -64.38+9.52
3'CUCGAAGGCUG (0.38) 1X3 loops cont.
5'CCAC GG CUCC 1.37+0.30 -13.9848.42 -49.51+22.58 5UGAC U CUCA 2.22+0.07 347+7.75 3.67+21.03
3GGUGAGAGAGG (1.69) 3'ACUGCUUGAGU (2.36)
5'GAGC AA CGAC 1.45+0.17 -7.71+3.32 -29.57+10.23 5UCAC U CUGA 2.28+0.16 2.24+3.35 -0.16+10.62
3'CUCGAAGGCUG (1.24) 3'AGUGCUCGACU (2.36)
5'CGAC GA GCAG 1.53+0.16 -14.85+3.11 -52.79+9.56 5'UGAC A CUCA 2.48+0.07 5.13+7.88 8.44+21.54
3'GCUGGAACGUC (1.86) 3'ACUGAACGAGU (2.36)
5'CCUCU GC GGUGA 1.63£0.33 -5.48+4.63 -22.97+13.90 5'UGAG A GUCA 2.53+0.08 1.7247.93 -2.68+21.75
3'GGAGAAAACCGCU (2.3) 3ACUCCGACAGU (2.36)
5'UGAC UU CUCA 1.72+0.07 -11.5947.97 -42.99+21.88 5'UGAC A CUCA? 2.53+0.20 5.93+9.57 10.88+26.40
3ACUGUUUGAGU (1.91) FACUGAAAGAGU (2.36)
5'GAGC AG CGAC 1.88+0.17 -12.31+3.78 -45.78+11.75 5UGAC C CUCA 2.74+0.07 5.14+7.84 7.65+21.41
3'CUCGGAAGCUG (1.98) FACUGCUUGAGU (2.36)
5'GAGC GA CGAC 1.91£0.17 -8.15+3.25 -32.48+10.02 5'AGGC U CGGA 2.75+0.56 -6.73+5.96 -30.62+17.49
3'CUCGAAAGCUG (1.69) 3'UCCGUUUGCCU (2.36)
5'CCAC GG CUCC 1.99+0.30 -10.27+8.50 -39.53+22.88 5UGAG A GUCA®? 2.92+0.20 12.93+0.17 32.2425.15
3'GGUGAAAGAGG (1.69) 3ACUCAAACAGU (2.36)
5'GAGC AA CGAC 2.07+0.16 -11.12+3.28 -42.57+10.16 5'UCCG A CGCA 3.04+0.25 4144317 3.61+9.51
3'CUCGGAAGCUG (1.98) 3AGGCGGAGCGU (2.36)
5'UGAC UU CUCA 2.09+0.07 -10.64+7.80 -41.13+21.21 5AAGGC U CGGAA 3.30+0.38 -3.7+3.89 -22.58+11.37
3'ACUGCUUGAGU (2.23) 3'UUCCGUUUGCCUU (2.36)
5'GAGC AG CGAC 2.18+0.18 -10.48+4.51 -40.87+14.11 5C X C 2.36+0.49
3'CUCGAAGGCUG (1.86) IGXXXG
(average for 17 loops)
5'UCAC UU CUGA 2.23+0.15 -11.24+3.51 -43.49+11.14
3AGUGCUCGACU (2.55) 5'UCCU G UGCA 3.17+0.11 4.98+2.24 5.83+6.92
IAGGAGAGACGA (3.89)
5'ACCU GC UUGC 2.38+0.18 -3.53+4.0 -19.08+12.49
JUGGAACAAACG (2.95) 5UCCU A UGCA 3.54+0.12 5.32+2.94 5.76+9.27
5'UCAG CC GUGA 2.47+0.16 2.55+3.24 0.23+10.26 FAGGAGAGACGA (3.89)
'AGUCAAUCACU 2.55
FAGUC (2.85) 5'UCCU A UGCA 3.6+0.11 4.92+42.76 4.24+8.70
5'UGAG AA GUCA? 2.49+0.21 2.25+9.79 -0.85+27.14 FAGGAAAGACGU (3.89)
JACUCAAACAGU (2.55)
5AAGGU C UGGAA 3.89+0.17 2.72+2.46 21.3147.42
5'UGAG AA GUCA 2.50+0.08 1.91+8.00 -1.98+21.99 3'UUCCAUUUACCUU (3.89)
3'ACUCCGACAGU (2.55)
5'UCCU G UGCA 3.98+0.11 10.62+2.40 21.38+7.49
5'GAGC AG CGAC 2.54+0.17 -10.52+4.15 -42.16+12.99 3AGGAAAAACGU (3.89)
3'CUCGAAAGCUG (2.55)
5'UCCU A UGCA 3.99+0.11 12.76+2.39 28.3+7.43
5'CUGU GG ACGA 2.68+0.58 -3.08+7.02 -18.62+22.47 3AGGAGAAACGU (3.89)
3'GACGAGAUGCU (2.05)
5'UCCU A UGCA 4.07+0.12 6.05+2.83 6.39+8.98
5'GAGC AA CGAC 2.69+0.16 -3.87+3.26 21.19+10.15 3FAGGAAGAACGU (3.89)
3'CUCGAAAGCUG (2.55)
5'UCCU A UGCA 4.0740.12 14.57+2.43 33.87+7.60
5'UGAC UU CUCA 2.76+0.07 -11.0+7.95 -44.47+21.81 IAGGAAAAACGU (3.89)
3'ACUGCCUGAGU (2.23) :
5ACCU € UUGC 4.7+0.18 14.77+3.66 32.47+11.34
1x3 loops 3UGGAACAAACG (3.89)
5'CCAC G CUCC 1.57+0.30 -9.348.32 35.04+22.22
3GGUGAAAGAGG (2.36) 5'U X U 3.89+0.39
JAXXXA
5CGAC G GCAG 1.62+0.15 -11.03+2.48 -40.79+7.52 (average for 9 loops)
3'GCUGGAACGUC (2.36)
5'CCUCU C GGUGA 3.35+0.31 -7.87+4.81 -36.19+14.60
5UCAG C GUGA 1.85+0.15 0.05+3.03 -5.83+9.47 3'GGAGAAAACCGCU (3.12)
3AGUCAAUCACU (2.36)
5CGAC A GCAG 1.94+0.15 -11.53+2.89 -43.45+8.87 1X2 loops
SGCUGBAACGUC (2.36) 5'UCAG A GUGA 1.15+0.14 -4.98+3.36 -19.78+10.55
5'CCAC A CUCC 2.03+0.30 -8.69+8.36 -34.58+22.39 FAGUCAGCACU
I'GGUGAAAGAGG (2.36)
5'AGGC U CGGA 1.57+0.57 -7.2645.97 -28.52+17.48
5UCCG A CGCA 2.15+0.25 -3.76+3.24 -18.99+9.74 3'UCCGUUGCCU
3'AGGCAAGGCGU (2.36)
5'UCAC U CUGA 1.66+0.14 6.91+3.06 -27.69+9.54
5GGC U CGG 2.18+0.29 -8.24+5.50 -33.61+17.00 3'AGUGCUGACU
3'CCGUUUGCC (2.36)

2 Melting experiments were dona L M NaCl, 10 or 20 mM sodium cacodylate, and 0.5 mM EDTA buffer solutions, pH 7. Sequences are listed in order of
internal loop free energy for each type of loop. The experimental loop free energy is calculated according to the following équatiGidop = AG® duplex with loop
— (AG® duplex without loop— AGCinterrupted base pgr Thermodynamic values used in this equation are figim* vs In(C+/4) plots. Estimated errors for the thermodynamic
parameters of the interrupted base pair-a®%, +10%, andt2% for AH®, AS’, andAG®s;, respectively. The predicted loop free energies, calculated according
to the rules presented in this paper and summarized in Table 3, are listed in parentheses below the experimental loop freeRexfergie=l9.
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Table 3: Free Energy Parametefsr Predicting Stabilities of 2« free energy for formation of X 3 loops with C_:G plosmg
3 and 1x 3 Internal Loops at 37C base pairs (Table 3). Théfor the linear regression is 0.842.
narameter 2 3loop 1x 3 loop The intercept of the Ilngar equation represents the sum of

AC e e - AGF | 251 01F 2364049 the parameters for loop |n|t|§1t|0n and asymmetry; the valge

AGQ:SZB'E":;:;WC Fymmeny PRl es 077 of 2.55: 0.11 kcal/mol resulting from the regression analysis

AG®GAIGEILU bonus is 0.3 kcal/mol less stable than previously estimatgdThe
5GG -1.31+023 O data set for the regression analysis includes only 18 points
3CA and each bonus parameter depends on only a few data points.
5CG -0.87+£0.18 0 For example, only two loops contain possible GG mis-
3GA matches and three loops contain possible UU mismatches.
SWG —0.70+ 024 0 Thus, the bonus parameters for UU and GG mismatches
3SG make no distinction between CG and GC closing base pairs
S'CA —058+0.24 0 (Table 3); parameters that depend on whether the closing
3GG base pair is CG or GC were not statistically significalt (
g\é\ﬁj —-0.32+014 0 > 0.05) for UU and GG mismatches. In contrast, 11 loops

contain possible GA mismatches; a statistical analysis reveals
aThe parameters in this table are used with the following equation that the additional stability of a GA mismatch depends on

(1): AGo0p greaitea= AG oo iaion  AGasymmeny penait AG"aucu penaiy  the stacking interaction between the mismatch and the closing
+ AG°cacaiuu bonus Values are given in kilocalories per mofeThe

values for AG°caceiuu vonus Were derived from a linear regression base ,pa'rs _Of the IOOp (Table 3)' AIthOUMS’CG occurs
analysis. The? was 0.842. The analysis has 18 data points, 12 degrees four times in the data set, the parameter f@/4A/3' CG was
of freedom, and a confidence level of 0.05 for the six parameters. The approximately 0 and not statistically significaft ¢ 0.05).
parameter for BA/3'CG was not statistically significanP(> 0.05) Thus, this motif is not given any bonus. Possible AC and

and was approximately zero. Thus, this motif is not given any bonus. \yc mismatches did not increase the stability of the loop
The intercept of the linear equation represents the sum of the parameters

for loop initiation and asymmetry. WS represents GC base palitse compared to a loop with all A nucleotides.

AU/GU penalty includes the 0.4% 0.04 kcal/mol penalty applied to The experimental free energy of internal loop formation

each AU or GU pair that terminates a helbd. When a GA mismatch for 1 x 3 loops depends mainly on the closing base pairs of

oeurs adjizc:”t rté’xi%r;tg‘éjagoglécgs;%lpﬂ; ;L%Sriggetgfth'g(t’ﬁ;eg‘e the loop rather than the sequence within the loop (Table 2).

para?ﬁebgurss fo?EG%;A bonus When the closi’ng base gairs are CG. For example, the loop'6AC/3GAAGC 'S_l'_5 kcal/mpl

d Referenced and54. more stable than'BAU/3' AAAG A but has similar stability

to 5 CAG/3GGAAC, 5GAG/3CCGAC, and B3CAC/

included in a recent analysis of nearest-neighbor parameters3 GAAAG. The stabilities of loops 'BAU/IAGAAA,

(54), the predicted thermodynamic parameters for duplex SUAU/ZAAGAA, and SUAU/3AAAAA are similar to that

formation were calculated from the new nearest-neighbor of SUAU/ZAAAGA. The average free energies for the

parameters and are listed in brackets below the experimentaformation of 1x 3 internal loops are 2.4- 0.5 kcal/mol

values. Although the 10-mer duplex is more stable than and 3.9+ 0.4 kcal/mol when both closing base pairs are

predicted, the predictions for the 8-mer duplexes are all CG or AU, respectively. These averages are consistent with

within experimental error. eq 3 if the GA and UU mismatch bonuses are 0 fox B
Models for Predicting Loop Stabilityisted in parentheses  l00ps. The previous value f&*Gjop initation + AG asymmety penatty

in Table 2 are the free energies of loop formation predicted for 1 x 3 loops closed by GC pairs was 2i70.5 kcal/mol

by the models described below. The thermodynamic stability (1)- According to eq 3, the previously predictA@iuop (predicted)

of an internal loop is predicted with the following equation for a 1 x 3 loop closed by two AU closing base pairs was

(Q): 4.0 £+ 0.5 kcal/mol.
. . Effects of Stem Lengtfable 4 shows the thermodynamic
AG loop (predicted) AG loop initiation T AGoasymmetry penaltyt parameters for loop formation in duplexes that have the same

loop sequence and closing base pairs but stem helices of
different lengths. For a ¥ 3 loop with U nucleotides, adding
The loop initiation term accounts for the entropy penalty of a base pair to each end of the helix destablizes the internal
forming a loop closed by two GC pairs and depends on loop loop by an average of 0.6 kcal/mol. This is consistent with
size. The asymmetry penalty increases with an increasingexperiments on a % 2 loop containing GA mismatches
difference in the number of nucleotides on each side of the (56). The sequence of the stem helix may also affect the
loop (19). The AU/GU penalty accounts for the different thermodynamic parameters for loop formation. The values
number of hydrogen bonds in AU or GU base pairs closing for three internal loops,' 8AC/3GAAA G, 5CUC/5GUUG,
loops compared with GC base pai&4). On the basis of and BCAG/3GAC, have been measured in duplexes that
studies on symmetric 2 2 internal loops 1, 23, the AU/ have the same helix length but different sequence (Table 2;
GU penalty is 0.2 kcal/mol in addition to a 0.450.04 kcal/ 19, 26, 59¢; the average difference iNG°q0p is 0.4 kcal/
mol penalty for terminating a helix with an AU base pair. mol. Thus, comparisons between free energy increments for
The GA/GG/UU bonus accounts for the potential stabilizing loops with different stem helices are valid within about 0.5
effects of GA, GG, and UU mismatches when these kcal/mol, which is close to the expected experimental error.
mismatches begin an internal loop. The value of this bonus Imino Proton NMR Figures 2 and 3 show imino proton
depends on sequence, as described below and in Table 3spectra of several 2 3 internal loops containing possible
The parameters for GA, GG, and UU bonuses ix 3 GA or UU mismatches, respectively. Imino protons in AU
loops are derived from a linear regression analysis of the base pairs typically resonate in the region between 13.5 and

AGOAU/GU penalty+ AGOGA/GG/UU bonus (3)
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In one-dimensional NOE difference experiments, most of
the small peaks assigned to imino protons within the loop
did not show any NOEs to imino protons in the adjacent

Table 4: Free Energy of Loop Formation at 3Z for Helices with
Different Length3

dupl ® 00n. 37 . e L

e o NS > base pairs or to other imino protons within the loop. In the
' B (kcal/mol) duplex BUGACUUCUCA/3ACUGUUUGAGU, however,
ggg’gl,gl}%‘é@ 22 the imino protons between 10 and 11.5 ppm do produce
) NOEs, as shown in Figure 4 spectra viii and ix. The asterisks
SAGGC U CGGA 28 0.6 indicate NOEs upon saturation of the resonance that is
yuceeuuuGeey marked by an arrow. The question marks in spectra vii and
SAAGGC U CGGAA 313 viii may be NOEs between a UU mismatch or spillover
Fyyucceuuueecuy effects from saturation of the nearby frequency. Spillover

effects are also seen in spectra-Ni. The pattern of NOEs

5'GCGAGC? -13 in spectra Vi is consistent with formation of the expected
FCGAGCG helices surrounding the loop. The imino protons in the
S GCGAGCG? 09 0.5 terminal AU base pairs are not observed. Irradiating the
FGCGAGCG imino proton of each internal AU base pair gives an NOE
SGGCGAGCC 04 to an AH2 proton in the ?_9 ppm region. Thus, the NOE
3'CCGAGCGG results confirm the formation of the expected duplex and
B suggest that this 2 3 loop with all U nucleotides has some
5 GCAAGCG! . degree of structure. .
FGCGAACG 0.2 Several duplexes containingx 2 and 1x 3 loops were
- b also analyzed by NMR, and imino proton spectra confirm
5'CGCAAGCG 1.3 . .
FGCGAACGC the formation of the expected duplex and internal loop. Most

spectra of 1x 2 and 1x 3 loops, however, showed no
resonances assignable to the internal loop. Imino proton
spectra for Ix 2 and 1x 3 loops are available in Supporting
Information.

Imino proton spectra for three duplexes previously thought
to contain 1x 2 internal loops and for which the thermo-
dynamic parameters were previously report26) did not
show resonances consistent with the formation of the
expected duplex and internal loop. Each of these duplexes
shares a similar sequence motif that forms an unexpectedly

observed 19). GC base pairs at the end of a helix also may Stable alternative structure with consecutive terminal mis-
not be observed due to exchange with wa&),(which may ~ matches. Two of these loops@GAG/3CAGC and 3CUC/

be the case in Figure 2 spectra ii and viii. Resonances for> GCUG, were studied with different stem helices and imino

imino protons at the end of a helix also broaden at a lower Proton spectra confirmed the formation of the expected
temperature than for protons at internal positions. The duplex. The thermodynamic parameters for the formation
number of peaks and the chemical shifts of the peaks in the®f these internal loops (Table 2) differ from those previously

spectra are consistent with the formation of the expected fePorted but are consistent with the conclusion that GA and
duplexes. Where noted in Table 1, the assignments of theUU mismatches can stabilize 2 2 internal loops. Several

imino protons were confirmed by one-dimensional NOE model duplexes designed to contain the looGAG/
differer?ce spectra. y 3'CGGC did not form the expected duplex without competi-

. ) . o tion from other structures. Therefore, the loop free energy

Imino protons in UU mismatches in internal loops resonate ¢, 55GAG/2CGGC is estimated as 1.62 kcal/mol. which is
near 11.3 and 10.4 pprdZ, 60. The imino protons inimino 4 ayerage of 'BAG/3CAGC and 3GAG/3CGAC. The
hydrogen-bonded GA mismatches in internal loops resonateeyised parameters for the formation of these internal loops
near 11.5 ppm, and imino protons in sheared GA mismatchesare included in the curremnfold program (). Imino proton
in internal loops resonate near 10 pp2d) GG mismatches  gpectra of four other duplexes containing the following 1
would be difficult to distinguish from GA mismatches inan » loops, 3GAG/3CGAC, BCGC/3GGAG, 5CGC/3GAAG,
imino proton spectrum because the resonances for protongnd 5CCC/3GCCG (26), confirmed the formation of the
in GG mismatches may occur in the same frequency range.expected duplexes.
The small peaks upfield in the spectra shown in Figure 2 Figure 5 shows imino proton spectra ok12, 1 x 3, and
spectra i, ii, iv, and v and Figure 3 spectrdiii are assigned 2 x 3 internal loops containing all U nucleotides. The
to nucleotides within the internal loop. The imino protons  resonances between 10 and 11.2 ppm can be assigned to the
may form a hydrogen bond with a base in the loop or the U nucleotides in the internal loop. Each type of loop shows
phosphate backbone, or the imino protons may be positioneda different number of peaks for U nucleotides in the loop,
into the loop in such a way that they are protected from although these peaks are broader than peaks for UU
exchange with water. The observation of these peaks supportsnismatches in 2« 2 loops @2). These peaks suggest each

2 The free energy of loop formation is calculated according to the
fOIIOWing equation 1-7) AC':‘oloop = AG‘oduplex with loop ™ (AGoduplex without loop
— AG®interrupted base pav The thermodynamic parameters required for this
equation were derived fromy ! vs In (Cr/4) or In Cr plots based on
optical melting experimentsnil M NaCl, 10 or 20 mM sodium
cacodylate, and 0.5 mM EDTA, buffer, pH 7Reference?1.

15 ppm; imino protons in CG base pairs typically resonate
in the region between 11 and 13.5 ppB8); Imino protons
in AU base pairs at the end of a helix are usually not

the hypothesis that 2 3 loops allow formation of ordered
mismatches at the helidoop junction; this provides a
structural rationale for the GA/GG/UU bonus in eq 3.

loop has some structure, whether from UU mismatches or
U nucleotides stacked into the loop and protected from
exchange with water. On the basis of line widths, however,
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FiGUrRe 2: Imino proton NMR spectra (915 ppm) in 80 mM NaCl, 10 mM phosphate, and 0.5 mMBRTA buffer, pH 6.7. Spectra are

shown in order of increasing loop free energy. The single spectrum shown from a variable-temperature study was selected for the best
dispersion. (i) 55AGCGACGAC/3CUCGAAGGCUG, 0.4 mM, 5°C, AG®g0p 37¢ = 0.2 kcal/mol. (i) SCGACGAGCAG/3GCUG-
GAACGUC, 0.7 mM, 0.5°C, AG®sop 37¢ = 1.5 kcal/mol. (iii) B GAGCAGCGAC/3CUCGGAAGCUG, 0.5 mM, 10°C, AG°op 37¢c =

1.9 kcal/mol. (iv) 53GAGCGACGAC/3CUCGAAAGCUG, 0.5 mM, 20°C, AG°qp37rc = 1.9 kcal/mol. (v) 5CCACGGCUCC/
3I'GGUGAAA GAGG, 0.2 mM, 1°C, AG°jp0p 37¢= 2.0 kcal/mol. (vi) SGAGCAA CGAC/3CUCGGAAGCUG, 0.5 mM, 10C, AG®jg0p 37¢

= 2.1 kcal/mol. (vii) 35 GAGCCGAC/3CUCGGCUG, 0.4 mM, 10C. (viii) 5’CGACGCAG/3GCUGCGUC, 0.4 mM, IC.

these three asymmetric loops are less rigidly structured than Figure 6 shows imino proton spectra for three duplexes
a 2 x 2 loop with four U nucleotides. Evidently, the degree with the same 1x 3 loop of all U nucleotides but different

of asymmetry affects the amount of flexibility in the loop helix lengths adjacent to the loop. The imino protons in the
and the ability of the loop to form stabilizing mismatches. terminal AU base pairs are not detected in spectra ii and iv;
Different degrees of structure and flexibility of the loop may the imino protons from the AU penultimate base pairs
explain the differences in thAG® .o, Observed in Table 5  detected in spectrum iii are seen as one broad peak just below
for internal loops containing only A or U nucleotides. 14 ppm. The peaks between 10 and 11.5 ppm can be assigned
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Ficure 3: Imino proton NMR spectra (915 ppm) in 80 mM NaCl, 10 mM phosphate, 0.5 mM_BEBTA buffer, pH 6.7. Spectra are

shown in order of increasing loop free energy. The single spectrum shown from a variable-temperature study was selected for the best
dispersion. (i) 9JGACUUCUCA/3ACUGUUUGAGU, 0.5 mM, 5°C, AG®jq0p 37¢= 1.7 kcal/mol. (ii) BUCACUUCUGA/3AGUGCUC-

GACU, 0.5 mM, 1°C, AG°p0p 37c = 2.2 kcal/mol. (iii) BUGACUUCUCA/3ACUGCCUGAGU, 0.7 mM, 5°C, AG®|q0p 37¢c = 2.8 kcall

mol. (iv) SUGACCUCA/3ACUGGAGU, 0.7 mM, 5°C. (v) SUCAGGUGA/3AGUCCACU, 0.6 mM, 5°C.

to the U residues within the loops. The three peaks betweenformation do not distinguish these loops from loops with an
10 and 11.5 ppm in spectrum ii may be the result of the arbitrary sequence and no known occurrence or biological
interaction of bulged U nucleotides with the phosphate role. Table 6 lists the most commonx13 and 2x 3 internal
backbone or helix ends in a way that is different from the loops occurring in a database of 101 small subunit rRNA,
other two helices. Alternatively, increased loop flexibility 218 large subunit rRNA, and 79 group | intror&1( 62
may cause two of these peaks to broaden and not be observegd?). A total of 743 2x 3 loops and 689 X 3 loops were
in spectra i and iii. The dispersion of the peaks assigned to counted. Loops that comprise less than 1% of a possible class
the stem helices also changes with helix length. These spectraire not listed. Only 17% and 50% of the possible loop
suggest that structural changes may underlie the non-nearestsequences for 2 3 and 1x 3 loops, respectively, occur in
neighbor effects IMG°io0p shown in Table 4. this database. A high occurrence of a particular loop reflects
Natural OccurrenceFigure 1 lists the internal loops of conservation of that loop during evolution but does not
biological interest and the small duplex models studied by correlate with the thermodynamics of loop formation. For
optical melting. The thermodynamic parameters for loop example, the most common % 3 loop, CC(1403)/
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Ficure 4. One-dimensional NOE difference NMR spectra-(& ppm) of 0.5 mM BJGACUUCUCA/3ACUGUUUGAGU at 0.5°C in

80 mM NacCl, 10 mM phosphate, and 0.5 mMMAE®TA buffer, pH 6.7. Asterisks mark observed NOE peaks when the resonance marked
with an arrow is saturated; question marks indicate small peaks that are possible spillover effects or NOEs. Spectra were acquired with 3
s saturation at the following frequencies: 14.07 ppm (i), 13.86 ppm (ii), 13.07 ppm (iii), 12.98 ppm (iv), 11.69 ppm (v), 11.55 ppm (vi),
11.04 ppm (vii), 10.90 ppm (viii), 10.57 ppm (ix), and off-resonance (x).

<=

AAU (1502, where the numbering refers téscherichia the A site in rRNA 62). The most common Xk 3 loop,
coli, occurs adjacent to the steftoop structure that forms  A(389YAAC(372), occurs in a sterloop region that is
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FiGure 5: Imino proton NMR spectra (915 ppm) in 80 mM NaCl, 10 mM phosphate and 0.5 mM,BIATA buffer, pH 6.7. (i)
5'AGGCUCGGA/3UCCGUUGCCU, 0.5 mM, 5°C, AG®oop 37¢c = 1.6 kcal/mol. (ii) BAGGCUCGGA/3UCCGUUUGCCU, 0.3 mM, 5
°C, AG®jo0p 37¢ = 2.8 kcal/mol. (i) BUGACUUCUCA/3ACUGUUUGAGU, 0.5 mM, 5°C, AG®o0p 37¢ = 1.7 kcal/mol.

protected when S16 protein binds in footprinting experiments identifying tetraloop-receptor interactions. The thermody-
(63). Both these loops are highly conserved but show no namic stability of internal loops may also be useful for
unusual thermodynamic stability. The proposed methods for identifying drug target sites. For example, a rational approach
predicting the thermodynamic stability of 3 and 2x 3 to drug design may prefer a preorganized site, such as
internal loops work well for loops that have a known 5 GGAC/3CAGG, a very stable 2x 2 loop with unique
biological function or are conserved in phylogenetic data- tandem imino GA mismatche$%). In contrast, aptamers
bases and for loops that have no known biological role or selected for tight binding of small molecules and high

occurrence. specificity often contain highly asymmetric, flexible internal
loops @8). Thus, the experimental identification of aptamer
DISCUSSION motifs could be coupled with secondary structure prediction

Thermodynamic parameters for asymmetric internal loops [0 identify possible RNA targets for small molecules.
are important for predicting RNA secondary structure, hermodynamic parameters for small loops and accurate
understanding RNA structure and function, and developing Sécondary structure prediction of internal loops can thereby
therapeutics that target RNA. The approximations developedfacilitate many investigations of RNA. The results presented
here for predicting stabilities of 2 3 and 1x nloops can ~ Nere provide a basis for simple models that provide reason-
be incorporated into programs for RNA secondary structure able predictions of the stabilities for23 and 1x 3 internal
prediction (., 64, 63. Secondary structure prediction methods 100Ps (Table 3).
such aanfold (1) can contribute to the interpretation of the The GA Bonus for X% 3 Loops Depends on the Possible
rapidly increasing database of sequence information. Ac- Stacking Arrangement of the Mismatch and Closing Base
curate prediction of secondary structure and accurate ther-Pair. In 2 x 3 loops, the additional stability of a single GA
modynamic parameters for internal loops are also a stepmismatch depends on the orientation of the GA mismatch
toward tertiary structure prediction and identification of loops and its adjacent GC pair. The additional stability of a single
that may form tertiary contacts. For example, the tetraloop GA mismatch in 2x 3 loops relative to a loop with no
receptor inT. thermophilagroup | introns is an asymmetric  stabilizing mismatches is-0.58, —0.87, and—1.31 kcal/
internal loop 4, 5); identifying the asymmetric internal loops  mol for 5CA/3'GG, BCG/3GA, and 3GG/3CA, respec-
correctly in the secondary structure can contribute to tively. The possible mismatcH®GA/3'CG does not provide
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Table 5: Free Energy Increments of Loop Formation atG7 ges_t that K:UL_JC/B"GU_UUG has stable UU StaCki_ng ona
, helix end and interactions between the U nucleotides in the
2x3 2x2 1x3 1x2 1x1 terminal 100
loops loops loops  loops loops mismatches p. . .
v v A A A A AU/GU Penalty Derived from 2x 2 Loops Applies to 2
AAA AA AAA AA A A x 3 Loops On the basis of stabilities 'of symmetri'c>2'2
27 1.3 2P 2.5 (0.8)* 1.5 loops, the penalty for AU or GU closing base pairs is 0.2
uu uu U U U U kcal/_mol_ in addi_tion_ to the 0.45 kcal/mol pe_nalty_ for
Uuu uu Uuu uu u U terminating a helix with an AU base pait,(54). With this
1.8  —0.5*P 2.8 18 0.0*¢ -1.2 penalty, stabilities for the loops'BGCG/3AAAAC,
GA GA G G G G 5'UGCU/3'AACAA, and BUGGA/3'GAGAU are all pre-
AAA AA*h AAA AA A . A dicted within experimental error by eq 3 (Table 2). When a
19 —0.2 16 170 01 -14 possible GA mismatch could form adjacent to the AU closing
AA AA A A A A base pairs, the prediction uses an average value of the three
AAG AG b AAG AG G G stabilizing GA bonuses for 2 3 loops,—0.9 kcal/mol. The
15  —-0.3* (215 08  (—0.1)*c —1.4 o ; )
success of predictions for three loops with AU closing base
AGAGA AGAG pairs suggests that the AU/GU penalty derived from studies
20  —2.0%b of 2 x 2 loops is applicable to % 3 loops.
GA GA Structures of 2x 3 Loops May Be Partly Flexible and
AAG AG May Involve the Nucleotide Not Adjacent to the Closing Base
0.2 —1.7*b Pairs. In the imino proton spectra of 3 internal loops in
aThe free energy of loop formation is calculated by the following Figure 2, the peaks assigned to nucleotides within the loop
equation 17): AG%op = AGCquplex with loop — (AGCduplex without loop — are small and broad, which suggests some flexibility. In many
AGinterrupted base Je)r_Thgfthermodynfmi? parameters feguii/fleﬂ fgllr this NMR studies of asymmetric internal loops, the loop was
equation were derived from optical melting experiment aCl, H H H
10 or 20 mM sodium cacodylate, and 0.5 mM EDTA buffer, pH 7. All i?ﬁble ;‘T‘t." boun_cé)lto ;;(S SU]EI)SU.E;IKSI'( 10, 11, %3’ 34, 36.
the loops have two CG closing base pairs with orientations li€AE/ though itis possible that a flexible loop may form transient

3'GAAG, except for values in parentheses, where the orientations areMismatches not adjacent to the helix ends, this does not seem
different. An asterisk indicates that the loop was bounded by helices to add significant thermodynamic stability to the loop. For
of three base pairs; all other loops were bounded by helices of four example, the loops '6AAG/3CCGAC and 3CUUC/

bage pairs. When m_uItlpIQ measurements of the same loop WereS’GCUCG, which could possibly form GA or UU mis-
available, the value listed is the average of the measurements. For - . . .

example, the value 1.3 kcal/mol for the l00jCBAC/3GAAG is the matches involving the middle nucleotide of CGA and CUC,
average of 0.5 and 2.04 kcal/mdl (L9, 25). ® Referencel. ¢ Reference  respectively, have similakG°qqp values as the loop GAAG/

57. 4 Referencer0. 3'CAAAC. This may be explained by the disruption of

stacking between the possible GA or UU mismatch and the

any apparent additional stability. Interestingly, in symmetric ) - )
2 x 2 loops with GA mismatches, the most stable motif also helix. The imino proton spectrum ofGUUC/3GCUCG in

; . ; ; Figure 3 (ii), however, does suggest that the loop has
t 55G/3CA,; th d t stabl tif cont )
E%I/SQ?:G however le chon most stable motit contains structure. Also, the loop’@GGC/GAGAG is 0.6 kcal/mol

§ more stable than'6GGC/GAAA G. More detailed structural

The peaks for GA mismatches in imino proton spectra o ; . .
2 x 3 loops correlate with the thermodynamic parameters ;tudles may reveal the subtle role of the middle nucleotide

for GA mismatches in Z 3 loops. Some spectra in Figure in the loop structure and §tab|I|ty.

2 show small peaks between 9.8 and 10.5 ppm, which is a 1 N€ structures of 2« 3 internal loops solved by NMR
typical resonance frequency for sheared GA mismatc®s ( and X-ray_cws_tallography are consistent W|th the obse_r\_/a_tlon
these loops also contain the two most stable GA stackingthat certain mismatches are thermodynamically stablhznjg.
arrangements, 6G/3GA and 5GG/3CA. Spectra i and In the NMR structures of the bound and free Rev-responsive
vi in Figure 2 do not show extra peaks for imino protons €lément 2x 3 internal loop in HIV-1 RNA, GA and GG
within the loop. The absence of a peak in the imino proton _mlsmat(_:hes forr_n adjacent to the helix en#i8, (11, which
spectrum does not necessarily imply thatahydrogen-bondeofS consistent with the model u_sed for eq 3. The_ NMR
mismatch does not form; the imino protons in the mismatch structure of an aptamer thaF plnds the Rev peptide also
can exchange with water if the structure is partly flexible. contains a 23 loop ‘.N'th an imino hydrogen-bonded GA
The loops for which no imino proton resonances are detected,Mismatch 80). Also, in the NMR structure of the J6/6a
however, have the least stabilizing GA stacking arrange- t€traloop receptor of th@. thermophilagroup | intron, a
ments, 5CA/3GG and 5GA/3 CG. UU mismatch forms adjacent to the helix ends in & B

UU and GG Mismatches Also Stabilize3 Loops.The loop with a GU closing base pair, which is also consistent
average additional stabilities of UU and GG mismatches With the model of eq 334). When the J6/6a loop is bound

relative to a loop with no stabilizing mismatches in three 2 toa ha‘Tpi” in the X-ray crystal structure, however, the loop
x 3 loops are—0.32 + 0.14 and—0.70 + 0.24 kcal/mal, has a different strl_chture with an AA platform and a reverse
respectively. Given the few molecules studied and the Hoogsteen AU pair in a base tripld,(5). The J4/5 loop in
small range of stabilities, an average is the best approxima-theT' thgrmophlla;jroup | intron, a 2« 3I00p that is bOUUd
tion for the UU and GG mismatch bonuses at this time. For (© @ helix in the minor groove, contains all A nucleotides
UU mismatches, the spectra in Figure 5 show small peaks@nd forms two stacked purirgpurine mismatches4( 9).

between 10 and 11.5 ppm, suggesting some structure in a"Further investigation on the structure and stability of ZB
the loops. The NOESs in Figure 4 spectra viii and ix sug- internal loops is needed to understand the perturbations of
' loops forming tertiary contacts.
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FiGUurRe 6: Imino proton NMR spectra (915 ppm) in 80 mM NaCl, 10 mM phosphate, and 0.5 mMBIATA buffer, pH 6.7. Spectra are

listed in order of increasing loop free energy. The single spectrum shown from a variable-temperature study was selected for the best
dispersion. (i) 55GQUCGG/3CCAUUUGCC, 0.2 mM, 5°C, AG®|q0p 37¢= 2.2 kcal/mol. (i) BAGGCUCGGA/3UCCGUUUGCCU, 0.3

mM, 5 °C, AG°op 37c= 2.8 kcal/mol. (jiii) BAAGGCUCGGAA/3UUCCGUUUGCCUU, 0.3 mM, 5°C, AG®jo0p 37c= 3.3 kcal/mol. (iv)
5'AGGCCGGA/3UCCGGCCU, 0.5 mM, 10C.

Average Values That Depend on the Closing Base Pairs survey. Thus, a reasonable approximation for alk 13
Predict the Thermodynamic Stabilities of X1 3 Internal internal loops is to USAG®j4qp Of 2.36, 3.12, and 3.89 kcal/
Loops.The averageAG°op for 18 1 x 3 loops with two mol for loops closed with two, one, or zero GC pairs,
CG closing base pairs is 2.36 0.49 kcal/mol; the aver-  respectively.
ageAG°op for nine 1x 3 loops with two AU closing base The imino proton spectra of Xk 3 loops containing
pairs is 3.8+ 0.39 kcal/mol. The most stablex 3 loop possible GA mismatches are consistent with a thermody-
with CG closing base pairs is 0.79 kcal/mol, or 0.2 kcal/ namic model that neglects possible mismatches in the loop
mol per nucleotide, more stable than the average. Similarly, because the spectra show no resonances that can be assigned
the least stable % 3 loop with two AU closing base pairs  to a GA mismatch. The imino proton spectrum for & 13
is 0.9 kcal/mol, or 0.2 kcal/mol per nucleotide, less stable loop containing all U nucleotides, however, shows resonances
than the average. Although the averages do not take intowith chemical shifts typical of UU mismatches (Figure 5
account subtleties in the sequence dependence, the numbespectrum ii). Nevertheless, no NOEs were observed between
of possible 1x 3 internal loops prohibits a comprehensive these resonances in the one-dimensional NOE difference
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Table 6: Natural Occurrence of 2 3 and 1x 3 Internal Loops in GA mismatch adjacent to the helix. Both crystal structures
23S rRNA, 16S rRNA, and Group | Introhs of the 23S rRNA with bound L11 protein contain ax13
loop that forms either a UU or non-Watse@rick UA

zxié’g"ps % 1X3*];°°PS 5 mismatch adjacent to a helix end. In each of these cases,
AAU AAC _howeve_:r, the loop is part of a c_omplex tertiary structure. It
AA 35 U 31 is possﬂole that Ix 3 loops are inherently flexible but can
CAC UGA form a fixed structure when bound to a substrate or tertiary
CA 27 *A 38 contact.
AUA AAG An Account of Hydrogen Bonds May Explain the Differ-
UA 25 A 26 ence in Stabilities between st 3 Loops with CG or AU
UAG AUG Closing Base PairsThe difference between the average
AU 23 A 21 values for 1x 3 loops with CG and AU closing base pairs,
AAU CAC 1.5 kcal/mol, is consistent with previous studies of the effects
AU 21 U 18 of different closing base pairs in 2 2 loops @3) and
CAU AAA terminal AU base pairs in helice§4). The penalty for AU
AU 2] C 17 closing base pairs in 2 2 internal loops is 0.2 kcal/mol in
cGu AAC addition to the 0.45 kcal/mol penalty for terminal AU base
AC 17 G 17 pairs (). The total penalty for changing two CG closing base
GAU AAC pairs to two AU base pairs is then 1.3 kcal/mol, which is
GAGUU 15 CICJC 17 within experimental error of the 1.5 kcal/mol average
cC 5 A T difference observed with ¥ 3 loops.
UAA CGA The penalty for terminating a helix with an AU base pair
*GC T A 15 accounts for the different number of hydrogen bonds in CG
AAA GUG and AU base pairs$d). In the nearest-neighbor model, half
GA 10 G 14 of the free energy contribution from hydrogen bonds in a
AUA AAG closing base pair is included in the nearest-neighbor term
CcC 9 A 12 for the closing base pair stacking on its preceding base pair.
GAU UUA The other half of the hydrogen-bonding free energy contribu-
AG 9 A 12 tion is included in theAG® oo term. Each AU base pair has
CGU CuC one less hydrogen bond than a GC base pair. Thus, when
GA 7 C 9 the free energy contribution from hydrogen bonds in the
ACG UGU closing base pairs is tallied, theG° o0, term for a loop with
AA 7 A 8 two AU closing base pairs includes one (or two halves) less
GAA UG hydrogen bond than thAG®, term for a loop with two
fAUU 7 C(C:C 8 GC closing base _pairs. The difference in thg average vglues
CA 7 C 2 forlx 3 Ioops with two CG or two AU cIogmg bas.e pairs,
AAG CGC 1.5 kcal/mol, is reasonably close to previous estimates of
G 7 the value of a hydrogen bond in a GC pa2( 68.
CcuC Length of the Surrounding Helices Affects Loop Stability.
U 7 Three measurements of the thermodynamics of forming a 1
CUG x 3 loop containing only U nucleotides show that the loop

. . i becomes less stable by about 0.6 kcal/mol at@7ivhen a
aQccurrence in 218 large subunit rRNA, 101 small subunit rRNA, base pair is added to each end of the helix (Table 4). This is

and 79 group | introns6l, 62 87). A total of 743 2x 3 loops and istent with i - ¢ 2 taini
689 1 x 3 loops were counted. Loops that occur less than 1% are not consistent with earlier expernments orx 100ps containing

listed. Only 17% and 50% of the possible loop sequences far® GA and AA mismatches2l, 2. The stability of 1x 1
and 1x 3 loops, respectively, occur in this database. The sequencesloops, or single mismatches, can also depend strongly on

of 2 x 3 and 1x 3 loops are listed as'&X3'/3XXX5" and 3X3'/ the mismatch position in the helix; the closer to the end of
_3'XXX5’, respectlvely. Sequences markc_ed with an asterisk are |ncludedthe helix, the more stable is an AA or UU mismatdvy
in the thermodynamic results reported in Table 2. . ’ . .
Similar non-nearest-neighbor effects have been noted in
previous thermodynamic studies of bulgé8)( For example,
spectra; such NOEs are expected for a hydrogen-bonded Ulkhermodynamic studies of bulge loops in RNA showed non-
mismatch 22). The degree of asymmetry in % 3 loops  npearest-neighbor effects greater than 1 kcal/mol that depend
and the resulting backbone distortion may perturb the on nonadjacent base pairs in the helix ahd@ngling ends
stacking interactions at the helix ends and add an unfavorable(eg)_ Because various types of |00ps are Consistenﬂy less
free energy component, thus diminishing the net stabilizing stable when the flanking helices are lengthened, there are
effects of forming a mismatch. The flexibility of ¥ 3 evidently non-nearest-neighbor effects on loop stability. In
internal loops also suggests that an average is a goodrigure 6, the imino proton spectra of the three duplexes
approximation for predicting the thermodynamic stability. containing 1x 3 loops of U nucleotides show differences
Four structures of x 3 internal loops solved by NMR  in the number of peaks assigned to U nucleotides in the loop
and X-ray crystallography, however, do show a mismatch and the chemical shifts of peaks assigned to the stem helices.
adjacent to the helix end29, 39, 40. The citrulline and These spectra suggest that structural changes may contribute
arginine aptamers each contain ax13 loop that forms a  to the changes iAG® oop.
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The calculation ofAG°p USes a nearest neighbor ap- 1 x 2 and 2x 3 loops have a range of stabilities of 1.7 and
proximation for the helices surrounding a loop and assumes?2.6 kcal/mol, respectively. Comparison of the stability of
that the internal loop interrupts only the stacking interaction terminal mismatches5@) versus internal mismatche§7)
of one base pair (eq 2). Internal loops can affect the structureshows that the effect of constraining a mismatch on both
of the surrounding helices beyond the closing base pair of sides by a helix has a destabilizing effect greater than 1 kcal/
the loop, however. For example, asymmetric internal loops mol (Table 5). The differences in the ranges of stabilities
show an increase in the accessibility to chemical modification for different loops may result from the effect of backbone
of the major groove in the surrounding heli20j; the distortion, different degrees of constraint on the structure of
increased major groove accessibility extends four and two the loop, and the ability of the loops to accommodate a
nucleotides in the'3and 5 directions, respectively. Bulged stabilizing mismatch. Thus, different approximations are
nucleotides may also interact with the phosphate backbonenecessary for predicting the stabilities of different types of
or nearby helix. For example, in an RNA aptamer that binds internal loops.

HIV-1 Rev protein a U nucleotide in a bulge forms a base  The rules for approximating stabilities of symmetricc2
triple with an AU base pair in the helix30). The AG°0p 2 loops are summarized in a periodic table of symmetric
term for loops with the same length helix but different helix tandem mismatche®38). The penalty for AU closing base
sequences varies by an average of 0.4 kcal/mol. These nongpairs, 0.2 kcal/mol in addition to the 0.45 kcal/mol penalty
nearest-neighbor interactions depend on the type of loop andfor AU base pairs terminating a helix, was derived from
the sequence of the surrounding helix. The effects of thesestudies of symmetric % 2 loops and also applies to other
non-nearest-neighbor interactions, however, are difficult to loops. The following equation has provided reasonable
predict and to quantitate and are probably small comparedapproximations for nonsymmetric tandem mismatches:

to the interruption of the base pair stacking. Nevertheless,

comparisons of theG°ioqp for loops with different helices  AG®,,,(5'PXY SISQWZT) =

are valid within approximately 0.5 kcal/mol. 1 o \

Stabilizing Effects of GA and UU Mismatches Vary with LIAG '009(5 PXWQ/3QWXP)+
the Type of LoopTable 5 compares th&G° . at 37°C of AG®o((5TZY SIBSYZT)] + Ap (4)
internal loops containing possible AA, UU, and GA mis-
matches in different loops. The last two rows include where PQ and ST are Watse@rick base pairs and where
examples of loops with two possible GA mismatches; the Ap is a penalty for mismatches of different sizéds 25.
columns for 1x nloops are left empty in these rows because  Equation 3 and the parameters in Table 3 predict well the
only one GA mismatch can be formed in axIn loop. The thermodynamic stabilities of 3 loops. The RNA folding
stabilizing effect of UU and GA mismatches relative to AA  algorithm mfold also uses eq 3 to predict larger x n
mismatches varies depending on the size and asymmetry ointernal loops when botlm and n are greater than 11J.
the loop. For example, an internal loop of four U nucleotides Both theAG®|gep initiation 28Nd theAG® asymmetterms are derived

as a symmetric Z 2 loop has aAG® e 0f —0.5 kcal/mol, from data for a series of loops of different sizes and
which is 1.8 kcal/mol more stable than ax22 loop of all asymmetry. The penalty for AU and GU closing base pairs
A nucleotides. In contrast, a loop of four U nucleotides as was derived from studies of symmetric>2 2 loops @3)

an asymmetric Ix 3 loop has aAG°qp Of 2.8 kcal/mol, and is similar to that measured forx 3 loops (Tables 2

which is approximately the same as the value of 2.3 kcal/ and 3). On the basis of results in Table 2, the bonus for GA
mol for an 1x 3 internal loop containing all A residues. and UU mismatches, however, should depend on the loop
The difference between £ 3 and 2x 2 loops with four U size and asymmetry. The loop asymmetry may cause
nucleotides is 3.3 kcal/mol, while for loops with four A distortions in the phosphate backbone that restrain the
nucleotides, the difference is only 1.0 kcal/miol Figures structure of the loop and prevent certain stacking interactions.
5 and 6, the imino proton spectra of loops containing U Loops with more nucleotides may have more possible ways
nucleotides show small peaks that can be assigned to the o accommodate both backbone distortion and stabilizing
imino protons in the loop, suggesting that the loops have mismatches. Thus, the stabilizing effects of GA and UU
some structure. Although the loops also may be partly mismatches depends on the loop size and asymmetry.
flexible, changes in asymmetry of the loop may affect the Comparisons of the free energies for small loops in Table 5
degree of backbone distortion and the ability of the duplex demonstrates this dependence. Although the current bonus
to accommodate the mismatched nucleotides in a stableof —1.1 and—0.7 kcal/mol for GA and UU mismatches,
structure. Thus, the thermodynamic stability of internal loops respectively, may be an overestimate of loop stability, further
depends on a balance of many factors, including loop size,investigation of larger loops is necessary to approximate
asymmetry, loop sequence, possible stabilizing mismatchespetter the stabilizing effects of GA and UU mismatches in
and the surrounding helices. larger loops. The results in Tables 2 and 3 also suggest that
Method for Predicting the Thermodynamic Stabilities of bonuses should be applied to some loops that begin with a
Internal Loops Depends on the Type of Lodpe rules for GG mismatch.
internal loop stability are clearly idiosyncratic. Thex22 NMR structures of larger internal loops show that at least
loops show the largest range of thermodynamic stability, 4.8 one mismatch forms adjacent to the helix end in most loops,
kcal/mol or greater than 1000-fold in a binding constant, for although the mismatch may not always be predicted by eq
loops with CG closing base pair§, (25, 23. In contrast, 1 3. For example, two GA mismatches form adjacent to the
x 3 loops with CG closing base pairs and helices of the helix ends in the FMN aptameR9), and the structure is
same length have an overall range of only 1.5 kcal/mol, consistent with the model of eq 3. In the leadzyme NMR
approximately 10-fold in a binding constant (Table 2). The structure of the loop "®&GAG/3CGAGCC, however, a
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protonated CA mismatch forms adjacent to the helix end but 4) plots. This material is available free of charge via the
not a possible GG mismatcBS). Because it remains difficult  Internet at http://pubs.acs.org.
to predict which mismatches will occur within a loop,
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