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ABSTRACT: Internal loops in RNA are important for folding and function. Thex3 nucleotide internal

loops are the smallest size symmetric loops with a potential noncanonical base pair (middle pair) flanked
on both sides by a noncanonical base pair (loop-terminal pair). Thermodynamic and structural insights
acquired for 3x 3 loops should improve approximations for stabilities of 3 and larger internal loops.

Most natural 3x 3 internal loops are purine rich, which is also true of other internal loops. A series of
oligoribonucleotides containing different 8 3 internal loops were studied by UV melting and imino
proton NMR. Both loop-terminal and middle pairs contribute to the thermodynamic stabilitiesxa® 3
loops. Extra stabilization of-1.2 kcal/mol was found for a GA middle pair when flanked by at least one
non-pyrimidine-pyrimidine loop-terminal pair. A penalty ofl kcal/mol was found for loops with a
single loop-terminal GA pair that kaa U 3 to the G of the GA pair. A revised model for predicting
stabilities of 3x 3 loops is derived by multiple linear regression.

RNA was perhaps the first type of molecule involved in oligonucleotides can provide insight into folding of large
the evolution of life and is still involved in many cellular RNAs 23). Therefore, free energy minimization combined
functions (—3). Sequencing projects are generating DNA with experimental restraints such as chemical modification
sequence information at a rate of greater than 1 billion (24) and sequence comparisa2b(26) could predict RNA
nucleotides per year. This is providing a foundation for secondary structure in a manner largely independent of
determining the secondary and tertiary structures of RNAs tertiary structure. Thermodynamics could also facilitate
transcribed from DNAs. This structural information should design of therapeutics targeting RN3, ), self-assembling

provide a deeper understanding of structdftenction rela- nanostructures based on nucleic acid foldi@g, £8), and
tionships and could also lead to rational design of therapeu-biosensors based on nucleic acid hybridizati@8—33).
tics targeting RNA 4—-9). Recently, a correlation was found between the thermody-

X-ray diffraction (L0) and NMR (L0—15) methods are  namics of siRNA and miRNA and their ability to induce
providing an increasing number of RNA structures, but itis RNA interference §4—36).
not likely that these methods will keep pace with the rate at  |nternal loops are important motifs for tertiary interactions,
which interesting sequences are being discovered. Thereforeprotein and small molecule binding, and potential therapeutic
it is necessary to develop reliable, rapid methods for targeting. UV melting and imino proton NMR have been
predicting secondary and three-dimensional structures ofcombined to study the thermodynamics and structures of
RNAs. Such methods will also be useful for designing RNA  small RNA motifs @1, 37, 38). UV melting is the easiest
constructs suitable for X-ray and NMR studies. and most economical way to measure the thermodynamics

On the basis of the principle that structures are more of a small RNA if it melts in a two-state manner. Imino
conserved than sequences for function, many RNA secondaryproton NMR provides basic structural information.
structures have been accurately deduced by comparative gi,dies on the thermodynamics of small internal loops

sequence analysid§—19). Often, however, there are not gy that size symmetric internal loops have more sequence
enough sequences aval_lable to apply this method: Itis ?‘Isodependence than size asymmetric lod¢8).(For example,
probable that structure will not be largely conserved in coding o, internal loops closed by GC or CG pairs, stabilities of 2
sequences. x 2 nucleotide loops range from 2.2 t62.9 kcal/mol

Interactions determining RNA secondary structure, pri- \yhereas those of ¥ 3 nucleotide loops range from 3.3 to
marily hydrogen bonding between base pairs and stackingq g kecal/mol at 37°C (39). Presumably, this is because

between adjacent base)X-22), apparently dominate those  oymmetric loops are less restricted in available stacking
of tertiary structure. Thus, studies of the properties of short patterns. This flexibility may also be reflected in the ob-

servation that unbound asymmetric loops are typically
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Stem-terminal base pair equiv) at 55°C for 48 h. Alternative deprotection of
i_ Loop-terminal pair i 2'-hydroxyl groups was carried out via incubation in a 9:1
v v (v/v) TEA-3HF (98%) (Aldrich)/DMF solution at 58C for
5’CGCGAAGGCTS’ 2 h, followed by 1-butanol precipitatiorb4). The sample
3’ GCGAGGCCGS? was extracted with diethyl ether to remove most of the
0 i T i 0 organic impurities and then lyophilized before being redis-
i Middle pair i solved in 5 mM ammonium bicarbonate or ammonium

Closing base pair |

acetate at pH 7.0. The solution was loaded onto a Waters
Stem-internal base pair Sep-Pak C18 chromatography column to remove excess salts.
Ficure 1: Schematic representation of the nomenclature for base The oligonucleotide was purified on a large preparative Baker

pairs in duplexes with X 3 internal loops. Throughout the paper, SiS00F TLC Silica Gel Plate (20 cm 20 cm, 50Qum thick)
each top strand is written front S0 3 from left to right. with a 55:35:10 (v/v/v) 1-propanol/ammonia/water running

solution. The product was identified by UV shadowing and

relatively unstructured in solutio1§, 39—41). Currentfree  scraped from the plate. RNA was extracted from the silica
energy parameters for 3 3 internal loops 23, 24) are  jith distilled water. The Sep-Pak procedure was repeated
largely based on the knowledge 0822 and 2x 3interal  {g desalt the sample. All oligonucleotides were identified by
loops. The 3x 3 internal loops, however, are the smallest Es|-MS with a Hewlett-Packard 1100 LC/MS Chemstation.
size symmetric loops with a potential noncanonical base pyrities were checked by reverse phase HPLC or an
pair (middle pair) flanked by a noncanonical base pair analytical Baker Si500F TLC Silica Gel Plate (2& thick),
|b|||ty of internal |OOpS will increase as the |00p size uv Meiting Experiments and Thermodynami@g_ncen-
increases. Presumably 33 internal loops differ from 2« trations of single-stranded oligonucleotides were calculated
2 loops more than from 4 4 and larger size symmetric  from the absorbance at 280 nm at 80 and extinction
loops. Thus, insights acquired from 38 3 loops should  coefficients predicted from those of dinucleoside monophos-
improve approximations for stabilities of 8 3 and larger  phates 5). Small mixing errors for non-self-complementary
internal loops. _ o _ _ duplexes do not appreciably affect thermodynamic measure-

The thermodynamic contribution of each noncanonical pair ments £6). Oligonucleotides were lyophilized and redis-
in sequence nonsymmetric>2 2 internal loops depends on  solyed in 1.0 M NaCl, 20 mM sodium cacodylate, and 0.5
the identity of the adjacent noncanonical p#i2,(43). Both  mm disodium EDTA at pH 7.0. Curves of absorbance at
SteriC and elec'[I’OSta'[iC Compatlblhtles probably determine 280 nm versus temperature were acquired using a heating
internal loop stability 88, 42—45). Itis possible to generalize  rate of 1°C/min with a Beckman Coulter DU640C spec-
steric effects with “isostericity matrices” as determined from rophotometer with a high-performance temperature control-
the geometry of all possible canonical and noncanonical baseer cooled with flowing water or with a Gilford 250
pairs by visual examination of high-resolution X-ray crystal spectrophotometer with a Gilford 2527 thermoprogrammer.
structures 46). For example, Leontis and Westhof success-  \elting curves were fit to a two-state model with
fully predicted that the loop E motifs in 5S rRNA that are  \eltwin, assuming linear sloping baselines and temperature-
thermodynamically stable in Mg are structurally well con-  jrdependenAH° and AS® (44, 57, 58). Additionally, the
served in different kingdoms even though the sequencesT,, values at different concentrations were used to calculate
differ ConSiderab|y47, 48) High'levelab initio calculations thermodynamic parameters according 5@)(
and molecular modeling of base stacking and hydrogen
bonding in nucleic acids are emergirtp(50). Experimental T,Vfl = (RIAH®) In(C,/a) + (AS/AH®) (1)
studies of the sequence dependence of the thermodynamics
and structures of internal loops provide benchmarks for \yherea = 1 for self-complementary duplexes aad= 4
testing these theoretical approaches. o for non-self-complementary duplexd is the temperature

Thermodynamic measurements are required in the deter-, kelvin at which half the strands are in duplex. Multiple
mination of the factors that are important for determining jinear regression and statistical analysis of free energies for
stabilities of 3x 3 and larger internal loops. The thermo- loops at 37°C were carried out with Microsoft Excel.
dynamic model developed here will help improve RNA o self.complementary duplexes, hairpin secondary struc-
secondary structure prediction. tures may compete with internal loop secondary structure.
MATERIALS AND METHODS For_ n_on-self-complementar_y ghiplexes_, the self-structure

(hairpin and/or duplex) of individual single strands may

Oligoribonucleotide Synthesis and Purificatio@ligori- compete with designed non-self-complementary duplexes.
bonucleotides were synthesized on an Applied BiosystemsThe melting data for single-stranded RNA are listed in Table
392 DNA/RNA synthesizer using the phosphoramidite S1 of the Supporting Information. Our rough standard of
method b1, 52). CPG support and phosphoramidites were sequence design is the fact that Tevalues of the designed
acquired from Glen Research or ChemGenes. Base protectingluplex are 5C higher than those of individual single strands
groups and CPG support were removed by incubation in aand the AG3;upiex with 100p) VAIUES are at least 1.4 kcal/mol
3:1 (v/v) ammonia/ethanol mixture at 3& overnight £3). more favorable than those of duplex formation by individual
A disposable filter column was used to separate the oligo- single strands. It is possible, however, to measure reasonable
nucleotides from the solid support. Removal of the silyl thermodynamic parameters even whenThef a competing
protecting groups on the-hydroxyls was achieved with a homoduplex is a few degrees higher than that of a hetero-
1 M triethylamine hydrogen fluoride/pyridine mixture (50 duplex 60).
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Imino Proton NMR Spectroscopyll spectra were ac- Models for Predicting Thermodynamic Stabilities of RNA
quired on a Varian Inova 500 MHz spectrometer. NMR 3 x 3 Internal LoopsResults reported here can be compared
spectra of the exchangeable protons of@.4nM total single to predictions from the model in the current RNAstructure
strands were recorded at-@5 °C in 80 mM NacCl, 3 mM 4.0 algorithm 24):

NaH,PO;, 7 mM NgHPO,, and 0.5 mM NgEDTA (pH 7)

in a 90:10 HO/D,O mixture. One-dimensional imino proton  AG ¢gicted™ AGipop initiation T AGAU penaity T

spectra were acquired with an S or binomial pulse sequence. ° + ° + °

Proton spectra were referenced tgCHor HDO at a known AGLU bonus ™t AGEA bonust A bonus (3)

temperature-dependent chemical shift relative to 3,3,3- At 37 °C. AG? — 1.9+ 0.1 kcal/mol AG®

: H : ’ loop initiation — " . ’ AU penalty
trimethylsilylpropionate (TSP). — 0.7+ 0.05 kcal/mol AGY, yon,c= —0.7 % 0.1 kcal/mol,
RESULTS AGZp porus= —1.0£ 0.1 kcal/mol, andAGZg opus= —0.8

+ 0.1 kcal/mol @4). When loops closed with at least one

Phylogenetic AnalysisMost natural internal loops are  GU pair are omitted, comparison with measured values in
purine rich (6—18, 46), perhaps due to the combination of Table 2 gives afR? of 0.29 and a standard deviation of 0.85
large stacking areas and many hydrogen bonding donors andckcal/mol. The poor fit (Figure 2) suggests that the parameters
acceptors. A search of known RNA secondary structures of and/or eq 3 can be improved.
79 group | introns §1), 16 RNase P RNAs1), 91 SRP Fitting the results reported for 3T in Table 2 by multi-
RNAs (18), 109 LSU rRNAs 62), and 101 SSU rRNALR) ple linear regression to eq 3 gives the following values:
reveals 1079 3« 3 internal loops (Table S2). The composi-  AGy,,, initiation = 1-67 = 0.16 kcal/mol,AGR; penary = 0.70
tion percentages of A, G, U, and C in these3 loops are  + 0.25 kcal/mol,AGY yonus = —0.41 &+ 0.18 kcal/mol,
~46, ~24, ~17, and~11%, respectively, not including  AGZ, ,onus = —0.78 £ 0.14 kcal/mol, andAG3 g ponus =
closing base pairs. GA or AG loop-terminal pairs are the —0.28+ 0.22 kcal/mol. Comparison with measured values
most prevalent{40%). Almost 70% of closing base pairs gives anR? of 0.32 and a standard deviation of 0.81
are CG or GC. Thus, most of our model loops are purine kcal/mol. Evidently, fitting the expanded data set to eq 3
rich and closed by CG or GC. yields little improvement, so eq 3 must be improved.

Thermodynamic ParameterBhermodynamic parameters Measured values at 37TC show that 3x 3 loops with
measured for formation of duplexes with internal loops are middle GA pairs are usually more stable than eq 3 would
listed in Table 1. In Table 1 and throughout the paper, each suggest. In loops with a single loop-terminal GA pair, motifs
top strand is written from'&0 3 from left to right. Most of with a U 3 to the loop-terminal G of a GA pair are always
the AH° values fromTy~* versus InCy/a) plots and from less stable than expected. Thus, additional terms were added
the fits of melting curves to two-state transitions agree within to eq 3: AG?,iyge bonus0F 100ps with a GA middle pair and
15%, suggesting that the two-state model is a reason-at least one non-pyrimidine-pyrimidine loop-terminal pair
able approximation for these transitions. The three exceptionsand AGZ g 34y for loops with a single loop-terminal GA
Are Gocmmroce oocaracos and Gocnesecs (Table 1). The  pair that ha a U 3 to the G of the GA pair. This gives
equationAG3; = AH° — (310.15AS’ was used to calculate  eq 4:
the free energy change at 3C (310.15 K). Because of a
high correlation betweem\H° and AS’, AG%, is more AGg egicted™ AGivop initiation T AGAU penaity T

accurate than eithekH® or AS’ (64). AGYy borusT AGEA bonus T AGAG bonus T
Thermodynamic parameters for the formation of the AGS. + AGS (4)
internal loops are listed in Table 2 as calculated according middle bonus SCUBAN

to the following equation@d): The fit of eq 4 to the data in Table 2 gives the following:

AG;7,Ioop= AGg7(dup|ex with loop) AG%?(duplex without Ioop)+ AGl(:)op initiation — 199+ 0.11 kcal/moI,AGZU penalty =0.84
+ 0.15 kcal/mol,AG{) ponus = —0.49 = 0.11 kcal/mol,
AGp porus= —0.894 0.09 kcal/mol, AGSg ponus= —0.37
For example, + 0.14 kcal/mol, AGY,ygie bonus= —1.22 + 0.14 kcal/mol,
and AGZgyzan = 0.95+ 0.22 kcal/mol (Table 3). Listed

o
AG37(interrupted base pair{za)

AGS (5'CGAAG3) — ¢ .
37\3GAAGCS in the AGggicreq COIUMN in Table 2 are the free energy
AG;@E‘@@&Q@‘@S&@) — AG3 gggggggé + AGE@E?? increments of internal loop formation at 3C predicted by
(2b) this model. The correlation with measured values gives an

, R? of 0.76 and a standard deviation of 0.49 kcal/mol (Figure
where, AGS/(3cearmocccs) 1S the measured value of the  2). A fit with no bonus for AG in the contexE4 gives a
duplex containing the internal I00AGS,(3acccccy is the similar R2 of 0.75 with a standard deviation of 0.50
measured value of the duplex without the lod8)( and kcal/mol. Evidently, a middle GA pairin a 2 3 loop can
AGE(35%3) is the free energy increment for the nearest enhance stability relative to that predicted by eq 3.
neighbor base pair interaction interrupted by the internal loop  Imino Proton NMR Spectrdmino protons in canonical
(58). Identical calculations can be carried out faHy AU and GC pairs typically resonate in the regions of
andAS;,,,. All the thermodynamic parameters used in this 13—15 and 12-13.5 ppm, respectively6g), which helps
calculation are derived fronhy ! versus InC+/a) plots. In confirm the formation of designed secondary structures.
both Tables 1 and 2, sequences are ordered from the leastmino protons in imino hydrogen-bonded GA pairs and
stable to most stable according to loop stability at°87 sheared GA pairs typically resonate near #113.5 and
AG37 00p 10—11 ppm, respectively66—70). Non-hydrogen-bonded
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Table 1: Thermodynamic Parameters for Duplex Formation
Tmtvs In(Cy/a) plots average of melt curve fits
—AH° —AS —AG3; Tn? —AH° —AS —AG3; Tm®
sequence (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
Sequences Used To Derive Parameters far3Loops
gg%ggg 36.0+ 14 102.3+£ 4.6 4.444 0.04 26.7 34.4-7.2 95.9+ 23.4 4.61+ 0.11 27.6
gg%‘égg 46.7+ 2.7 131.7£9.0 5.87+ 0.08 32.7 48.4+ 10.7 137.0+ 35.2 5.88+ 0.26 32.9
88%888 48.7+ 1.8 140.9£ 6.0 5.02+ 0.07 27.6 412+ 7.4 114.44+ 25.7 5.42+ 0.48 28.8
COCAUACCC 415+ 2.6 114.3+ 8.7 6.06-0.08 335  46.0:8.8 129.0628.8  6.00:0.26 335
UGACAMCUCAL  59.4 170.1 6.67 37.7 576 164.1 6.74 38.1
COCAUAGCC 52.242.8 148.5+ 9.1 6.1520.06 348  57.6:13.8  165.8:450  6.14:0.18  34.9
GACUCAAUGAC  87.0+£10.8  257.9£347  6.98:0.28 386  81.6:127  240.3:413  7.08:0.20  39.1
GACCAGACCAC  57.7+0.7 159.1+ 2.3 8.39£0.01 473  49.9:38 13426118 823:0.14 479
COeAGAGEE 411425 112.1+ 8.0 6.27£0.08 350  45.8:9.0 127.4£29.1 629+ 015  35.3
GACCSUACCAC 51,94 6.0 140.0+18.9  853:024 494 44932 117.6£101  841£0.13  50.6
83%’8%%38 52.0+ 2.8 146.5+ 9.2 6.54+ 0.06 37.1 52.6t 9.6 146.14+ 31.0 6.64+ 0.15 37.6
GACCAGACCAC 71 9455 2035£17.2  874:014 468  70.2:52 198.2£16.1  871£0.17  46.9
UGACCAACUCAL 7.5 194.6 7.14 39.8 551 154.4 7.22 40.9
USACAAACUCAY  62.9 179.7 7.17 402 61.6 175.2 7.24 40.6
GAGCAGACCAC 7344 3.8 2085:11.8  878:0.11 468  76.0:7.4 21674237 883019  46.7
COGAMACCE, 38.4 108.9 4.64 289 369 103.5 4.79 29.7
gg%’;gggg 32.3+0.8 89.0+ 2.7 4.66+ 0.04 27.5 32.6:5.8 89.6+ 19.9 4.78+ 0.36 28.7
GAGCSCACGAC 80,54 8.5 230.9£269  891:0.28 465  725:75 205.6£23.5  876:0.26  46.8
gg%ggg 49.7+ 25 138.4+ 8.1 6.77+ 0.05 38.5 46.6£ 7.1 127.94+ 23.3 6.89+ 0.10 39.4
ggﬁ%gg& 42.7+ 2.3 122.9+£ 7.8 4.624+ 0.09 29.5 39.9+13.9 110. 74 46.4 5.00+ 0.56 31.8
gg%%gggg 65.3+ 3.9 188.3+ 12.6 6.88+ 0.07 38.6 67.5- 8.0 195.44+ 25.8 6.94+ 0.13 38.9
GACCAAACGAC  78.14 2.0 2224+ 6.3 9.11£ 006 476  87.5:4.8 2518152 937017 474
COCAAGCC 61.1+ 4.3 1745+139  6.96+0.09  39.2  635:101  181.9:32.6  7.04:0.16 395
GACCCGACCAC 69 8+ 2.2 195.6+ 7.0 9.16£0.07 492 61131 168.3+ 9.7 8.87£0.19  49.3
GACCAMACGAC 790+ 1.8 2251+ 5.7 9.18£0.04 478  69.3:39 194.6£122  896+0.16  48.3
COACBCACCAG 76,1+ 3.2 2182£100  846+0.07 450  76.17.2 2183£22.6  842:020 449
gecacacce 314+ 1.1 84.9+ 3.7 504+ 005 308  34.3:09 94.2+£13.0  510+0.33 319
GACCUGCCCAC 81,0+ 1.9 231.3:538 9.24£0.05 477  77.9%55 221.8£174  9.14:0.14 478
GACCCGACCAC 797+ 4.9 227.2£153 925016 480  71.3:32 2009+ 104  9.02:0.07 482
GACCCAACCAC 81 44 4.4 232.4£138 9294011 479 80415 229.3: 438 9.274£0.06  47.9
ggg%@éﬁgg 39.8+25 111.8+ 8.4 5.21+ 0.09 334 38.4-1.2 106.44+ 39.8 5.41+ 0.32 34.9
GACCGAACCAC 8214 1.0 234.6£3.0 935002 480  78.8:18 2242+ 56 9.274£0.07  48.2
GAGCGAGCGAC 725425 203.3£7.7 9.40£0.07 498  66.9%:35 185.9£108  9.23:0.14  50.0
GACCCGACCAC 79,6+ 3.1 226.2£ 9.6 942+ 008 487 71512 200.7+£3.9 9.214£0.07  49.1
ggg%%ggg 53.3+3.1 146.9+ 9.7 7.72+0.11 49.3 53.4-11.8 146.9+ 37.0 7.86+ 0.39 50.2
gg%g%ggg 335+13 87.6+ 4.1 6.28+ 0.03 34.7 31.2- 6.6 79.8+ 21.9 6.47+ 0.24 36.4
GACOSASCGAC  77.0+4.1 217.3:13.0  9.60£0.12  49.9  70.129 195.8+ 8.8 9.39£0.15 502
GACOSASCOAC  78.9+ 1.6 223.3k5.2 9.61+0.05 496  70.:13 195.4+ 4.0 9.37£0.09  50.1
CeazANGEC 58.94 4.9 165.8+155  7.52£0.14 423  56.5:9.4 157.7£300  7.58:0.10  42.9
GACCUGUCCAC  83.1+ 1.7 236.6+ 5.4 9.69+0.06 493  84.8:4.2 2419+ 130  9.73:0.14  49.2
GACCAGACGAC  81.3+3.1 230.5+ 9.8 9.77£0.09 499  84.5:33 240.5:10.4  9.87£0.13  49.8
COATANGEC 68.8+ 6.3 197.1+202  7.63£0.17 420  57.2:47 160.1£152  7.57£0.20 427
coeamceee 71.2£3.0 208.3:9.8 6.62£0.04 374 62149 178.7£157  6.66+0.15  37.7
GACCUGACCAC 88 8+ 2.7 2545+ 8.3 9.89+0.09 492  87.225 2495+ 8.0 9.83£0.07  49.2
GCAUUUCGE 62.6+ 2.5 181.0+£ 7.9 6.41+ 0.03 40.7 63.5- 10.7 183.5+ 34.2 6.55+ 0.13 41.3

CGCAUUUGCG
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Table 1 (Continued)

Tmtvs In(Cq/a) plots average of melt curve fits
—AH° —AS —AGS§; T —AH?° —AS —AGS$; Tmd
sequence (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
Sequences Used To Derive Parameters far3Loops
gecicuese 70.8+ 3.8 203.2+12.3 7.74+ 0.07 42.4 67.9-6.5 193.9+20.9 7.77+£0.08 42.7
e 759+ 1.6 215.0+4.9 9.23+ 0.05 48.4 69.8- 4.6 196.0+14.3 9.02+0.18 48.5
S enacs 55.3+ 3.3 153.0+ 10.5 7.80+ 0.06 44.3 62.6-4.3 176.5+13.6 7.88+0.11 43.8
JRrrea i 39.8+ 0.9 108.9+ 3.1 6.05+ 0.01 39.9 37.411.6 101.7+37.5 6.15+0.19 40.9
gg%‘éggg 61.3+ 2.2 176.2+ 7.1 7.26+ 0.03 40.7 55.9-4.1 156.8+13.2 7.25+0.07 41.0
gg%ggg 579+5.38 161.4+18.4 7.83+ 0.15 441 64. 445 183.0+£14.1 7.90+0.13 43.7
S oRTaie 83.1+3.2 235.9+ 10.0 9.99+ 0.12 50.5 82. 7 4.0 234.5+£12.6 9.97+0.15 50.5
S aeoaie 86.8+ 4.8 247.6+ 14.7 10.05+ 0.19 50.1 88.4: 4.6 252.5+14.5 10.12+0.15 50.1
gecsasee 55.0+ 5.3 151.6+ 16.8 7.94+ 0.15 45.1 63.6t 2.7 179.3+8.4 8.04+0.15 44.5
SecsrAsee 66.5+ 2.4 188.7+ 7.6 7.95+ 0.04 43.8 60.8 6.3 170.6+20.0 7.91+0.13 44.2
GAGOBAGCGAC  76.8+ 4.2 215.0+ 13.0 10.14+£0.15 52.3 735:£3.7 204.8£115 10.01:0.16 52.4
goguacec 53.7+ 1.4 1474+ 4.4 8.01+ 0.02 45.8 59.1: 3.0 164.4£9.3 8.08+£0.11 454
Seeancee 60.1+ 3.9 172.0+ 12.5 6.71+ 0.08 42.4 62.5-3.9 179.7+£12.3 6.77£0.16 425
gg%@ggg 61.6+ 2.9 173.7+9.1 7.67+0.01 42.9 521 7.8 142.3+t24.1 7.44+0.40 42.6
gg%‘égg 82.2+6.1 238.4+19.3 8.26+ 0.14 43.7 74.0E 145 212.5+ 46.5 8.04+0.21 434
A 90.1+ 25 256.5+ 7.9 10.52+ 0.09 51.4 82.0:3.1 231.5£9.6 10.25+0.13 51.7
Secsaasae 62.1+4.2 173.1+13.1 8.37+0.13 46.5 68.1% 7.4 192.1+23.6 8.56+0.23 46.5
Sencceasane 85.2+ 1.9 242.9+ 5.9 9.91+ 0.07 49.8 88.9- 3.6 254.1+11.2 10.05+ 0.15 49.8
GRoOoAACaAC 86.8+ 4.0 2452+ 125 10.75+ 0.17 52.9 88.72.8 251.0+8.7 10.83+0.14 52.8
geceese 80.7+5.4 232.3+17.0 8.65+ 0.13 45.4 71.6:5.4 203.5+17.3 8.52+0.09 45.8
S e 82.0+ 8.9 229.0+ 27.6 10.92+0.43 54.5 88.9-4.2 250.4+12.5 11.21+ 0.30 54.2
S aaacehe 73.3+ 2.8 200.8+ 8.4 11.04+ 0.15 57.3 69.4- 2.3 188.7£6.6 10.82+0.20 57.4
SoeaseC 60.0+ 6.6 164.4+ 20.6 8.97+ 0.26 50.1 65.4£1.9 181.5£5.8 9.12+0.15 49.8
et 79.5+ 3.8 222.3+11.7 10.56+ 0.17 53.6 86.8t 6.0 244.6+18.6 10.88+0.30 53.4
gﬁgg%géggjg 87.4+25 245.3+ 7.6 11.33+£0.11 55.0 95.3t1.7 269.6£5.2 11.69+0.08 54.7
SeoARsSe 70.2+ 4.3 193.2+13.3 10.25+ 0.20 54.3 747 3.6 207.3t11.1 10.44+0.26 54.1
Sooacens 92.1+1.9 256.7+ 5.9 12.48+ 0.11 58.4 94.9- 4.0 265.1+12.1 12.64+0.25 58.4
Canonically Paired Stems

hecece 57.0+3.2(50.1y 162.2+10.5(134.9) 6.71+0.06 (8.25) 38.0(48.1y 54.3+4.0 153.4+12.7 6.69+ 0.13 37.9
GAGUUGAC 88.7+ 11.0(71.8) 251.8+ 33.8(198.5) 10.57+ 0.57 (10.219 51.8 (54.09 79.9+5.9 224.6+18.6 10.23+ 0.29 52.0

CUCAACUG

Sequences Not Used To Derive Parameters fer8Loops
Sequences with GU Closing Base Pairs

gﬁgg@g@ggﬁg 65.1+ 6.6 196.5+ 22.2 414+ 0.31 26.0 64.3t5.0 193.8+16.6 4.21+0.16 26.2
A 76.9+ 2.8 230.9+ 9.2 5.28+ 0.07 32.1 82.6t 3.4 249.6+11.0 5.17+0.06 32.0
S S ehS 76.3+ 5.6 228.4+18.5 5.46+ 0.15 32.7 78.9-8.6 237.0+28.0 5.43+0.13 32.7
JIIeAhAt o 32.1+23 90.5+ 7.9 4.00+ 0.15 21.6 38.8: 10.2 112.7+34.0 3.81+0.43 22.8
SoUSAREC 103.4+5.3 306.9+ 17.0 8.25+ 0.08 42.2 96.5+ 10.1 284.7+32.3 8.23+0.14 42.6
COMGIAAGLCCLd 945+ 1.9 272.1+ 5.9 10.1+0.1 49.2 98.9-1.2 285.8+-3.6 10.3+0.1 49.2
sty 74.8+5.8 213.1+18.3 8.72+ 0.18 46.4 83.8: 7.3 241.4+22.6 8.97+0.37 46.3
Non-Two-State Sequences
A ac 45.9 132.3 4.88 31.7 30.1 80.3 5.19 32.1
gg%ggg 64.1+ 4.7 179.3+14.9 8.51+ 0.11 46.9 41,2229 106.5£9.7 8.17+0.21 499
SeRseC 85.9+ 4.4 244,94+ 13.7 9.92+ 0.13 49.8 61.263.1 167.6£9.6 9.21+0.23 51.2

a2 At a Cr of 0.1 mM.? Data from ref56. ¢ Parameters listed in parentheses are calculated from nearest neighbor modéBirt fFebm ref72.

imino protons have broad peaks or no observable peaks due Figure 3 shows imino proton spectra for some of the
to exchange with water. duplexes studied here. For symmetric self-complementary
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Table 2: Thermodynamic Parameters for Internal Loop Form&tion
AGS7100p AHivop ASbop AGgredicted
sequence (kcal/mol) (kcal/mol) (eu) (kcal/mol; from Table 3)
Sequences Used To Derive Parameters far3Loops
GCeARACEC 2.76+0.43 15.14 8.2 39.3+ 25.0 1.99
cocAmCee 2.65+0.45 24+78 —-1.0+£23.6 1.99
gocmncac 2.47+1.31 -5.7+7.3 —26.5+21.8 1.99
gecauacee 2.46+0.45 76+£7.8 16.4+ 23.5 2.05
UGACAAACUCAY 2.41+0.54 3.3+11.0 2.8£328 1.99
CeeAUACCC 2.37+£0.45 —-32£79 —17.8+£237 1.99
GACUGAAUGAC 2.30+0.32 —22.0+11.3 ~78.4+36.1° 1.56
GACCAGACEAC 2.29+0.56 9.0+£9.7 22.2+29.2 1.99
COLAGAGGC 2.25+0.45 8.0+£7.8 18.6 23.2 2.05
GACCBUACCAC 2.15+0.61 14.8+11.4 41.3£347 2.05
CocAmCCC 1.98+0.45 -3.0£7.9 ~15.8+23.7 2.05
gﬁggﬁg}gglﬁg 1.94+ 0.58 —52+11.1 —22.24+ 33.8 1.99
ggﬁg%@’;gxgﬁb 1.94+ 0.54 —4.8+114 —21.7+34.1 1.99
UGACAMLCUCAD 1.914+0.54 -0.2+112 -6.8+33.3 1.99
GACCAGACCAC 1.90+ 0.57 ~6.7+10.4 —27.2+ 314 2.05
COGAACCS 1.84+0.43 0.8+7.7 —3.24227 1.99
ceacacece 1.82+0.41 6.9+ 6.7 16.7+20.1 1.99
GACCOGACCAC 1.77+0.63 -13.8+12.9 —49.6+39.7 1.10
gogmncac 1.75+0.45 -0.7+£78 ~7.7+£233 1.99
GCAGAAUGE 1.66+0.32 10.3+ 8.0 27.6+25.7 1.89
geascucee 1.64+0.45 -16.3+8.3 —57.6+25.2 1.01
GACCAAACGAC 1.57+0.57 —11.4+9.9 —-41.1+£2938 2.05
cocammcee 1.56+0.45 —12.1+85 —43.8+25.9 1.99
GACCCGACEAC 1.52+0.57 —-3.1£9.9 —14.3£30.0 1.99
GACCAAACGAC 1.50+ 0.56 —12.3+9.9 —43.8+£29.7 0.77
COACBCACCAG 1.50+0.51 ~16.2+£9.2 —57.5+£27.7 1.10
gecacacce 1.44+0.41 7.8+£6.8 20.8+ 20.2 1.99
GACCUGCCAC 1.44+0.56 ~14.3+9.9 ~50.0+29.7 1.50
gﬁgggéggég 1.43+ 0.58 —13.04+10.9 —45.94+ 329 1.99
gﬁgg@’;}g?ﬁg 1.39+ 0.57 —14.74+10.6 —51.14+432.2 1.10
gg%ﬁgg 1.38+0.34 11.6£ 7.8 32.8+ 24.6 1.89
GACCEAACCAC 1.33+0.56 ~15.4+9.7 —53.3+£29.3 1.10
GACCEAGCGAC 1.28+0.57 ~5.8410.0 —22.0+30.1 0.73
GAGOCGACCAC 1.26+ 0.57 —12.9+10.2 —44.9+30.7 0.77
GEgBANGCC 1.25+0.48 3.8£8.9 8.4% 26.9 0.21
gocaaccoc 1.21+131 9.5+ 7.2 26.8+21.4 1.25
GACCCAGCCAC 1.08+0.58 -10.3+105 —36.0+31.9 0.73
GACCEAGCCAC 1.07+0.56 -12.2+9.8 —42.0+£29.6 1.10
COTBANGEC 1.00+ 0.47 -9.9+88 —35.1+26.8 1.10
GACCUGUCCAC 0.99+ 0.57 —16.4+9.9 —55.3+£29.6 1.01
GACCAGACCAC 0.91+0.57 —14.6+10.2 —49.2+30.7 0.77
COTBANGEC 0.89+0.48 —19.8+£9.7 —66.4+29.7 1.10
CoeAGCae 0.87+1.31 —28.2+7.7 —93.9+ 232 1.25
GACCUGACCAC 0.79+0.57 —22.1+10.1 ~73.2+£303 0.28
geayuucee 0.79+0.43 ~115+85 —39.4+258 1.01
CEQUCUGGC 0.784 0.45 —21.848.3 =725+ 25.1 1.01

GCGEUIUUCCG
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Table 2 (Continued)

AG37,100p AHpop ASp AG agicted
sequence (kcal/mol) (kcal/mol) (eu) (kcal/mol; from Table 3)
Sequences Used To Derive Parameters far3Loops
GCUGRRGGUC 0.73+0.50 ~16.0+ 8.8 ~54.3+ 26.3 0.21
Geamcuees 0.72+0.45 -6.3+81 —22.3+24.2 1.01
GoammRcae 0.71+0.38 4.1+6.8 10.8+ 20.6 1.25
CoaroBace 0.70+ 0.46 ~5.0+£9.0 ~20.4427.4 0.21
GoaIBees 0.69- 0.47 ~8.9+ 9.4 ~30.7+ 28.6 1.01
sl 0.69+ 0.58 -16.4+10.2 —54.6+ 30.8 0.77
CUCCIRRGCUG 0.63 0.59 ~20.1+10.8 ~66.34 32.6 0.28
GeaRRRCCG 0.58+ 0.47 -6.0+£9.1 ~20.94 27.6 0.77
GeamuGacs 0.57+0.45 ~17.5+£7.7 ~58.0+23.1 0.21
CUCGRBRGCUG 0.54+0.58 ~10.1+10.6 ~33.7+31.9 ~0.49
GeamRBece 0.51+ 0.45 —47+75 ~16.7+ 223 110
Coameacs 0.49:+ 0.4 ~9.04+ 9.0 ~30.44 27.6 0.21
CeamuBece 0.29+0.46 ~5.3+09.2 ~17.9428.0 0.21
Geammsece 0.2640.47 ~33.2+9.6 ~107.7+£29.1 1.10
CUCGRBAGCUG 0.16+0.57 ~23.4+10.0 ~75.2430.2 —0.12
Geamcs 0.15+ 0.46 ~13.14 85 ~42.44 255 0.21
GCUGRRRCGUC 0.054 0.51 -25.3+88 ~82.24 265 0.77
CUCamEECG —0.0740.59 ~20.14 105 ~63.9+ 31.7 0.21
S amaeSs —0.13+ 0.46 -31.7+9.1 —101.6+ 27.7 1.10
CUCERRGGCUG ~0.24+0.71 ~15.3+ 13.2 —47.7+40.1 012
CucaRmGaCUG ~0.36+ 0.58 ~6.6+10.1 ~19.54 30.3 —0.12
GeoRRBecE —0.454 0.52 ~11.0+ 9.9 ~33.74 30.0 012
GeuGGCaUC ~0.60+ 0.53 ~19.6+ 9.4 —61.6428.3 _0.12
CUCGRARGEUG ~0.65:+ 0.57 ~20.7+10.0 ~64.0+ 30.1 0,05
Ceemanss —1.73+0.49 —-21.2+85 —62.5+ 25.6 ~1.01
CUCGRREGCUG ~1.80+ 057 ~25.4+9.9 ~75.4+29.7 ~1.01

Sequences Not Used To Derive Parameters fer3Loops
Sequences with GU Closing Base Pairs

S i 4.73+ 1.06 —3.8£13.9 —27.2+44.6 3.67
A 3.59+1.02 —15.6+12.6 —61.6+39.7 2.78
gﬁgggg?ggﬁg 3.41+1.03 —15.0+£13.5 —59.1+42.9 2.78
88%8@8 2.79+0.57 17.7£ 8.6 48.4+ 27.2 3.67
GroUSARUGAC 0.62+ 1.02 —42.1+13.4 —137.6+42.2 1.89
S AsLCe 0.1+0.3 —12.2+4.4 —39.6+34.4 1.94
ng%’é%%% —3.42+ 0.40 —23.4+9.2 —64.4+29.3 —-0.17
Non-Two-State Sequences
S A 1.88+ 0.4 —2.0£8.2 —12.6+24.3 1.99
gecschsac 0.01+0.46 —15.1+8.7 —48.6+26.4 0.21
gg%‘é@g —1.40+ 0.46 —36.9+ 8.6 —114.2+25.8 —0.12

aInternal loops are in bold with a line in the middle of the loop. Experimental erroAf8g, AH°, and AS’ for the canonical stems are
estimated to be 4, 12, and 13.5%, respectively, according t6&efData from ref56. ¢ Nearest neighbor value of Watse@rick stem used to
derive loop thermodynamic8 AGg;,edicea)iS Predicted assuming the penalty of GU is the same as that of Athm ref72.

duplexes, each resonance is attributed to two imino protons.disappear sooner than resonances from stem-internal GC
Some assignments are based on NMR melting and comparipairs when the temperature is increased (data not shown).
son with similar duplexes having 2 2 and 2x 3 internal Imino proton resonances from canonical AU pairs closing
loops. For example, resonances from closing or stem-terminalinternal loops can shift upfield beyond 13 ppm (Figure 3n),
GC base pairs are relatively broader (Figure 3g,n) and which was also observed in:2 2 loops {1, 72). The imino
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energies for 3x 3 loops in the current RNAstructure 4.0 program T e — 1/1\ o pom
(eq 3;R2 = 0.29, standard deviation 0.85 kcal/mol) and the model . . o
of eq 4 R = 0.76, standard deviatior 0.49 kcal/mol). Ficure 3: One-dimensional imino proton NMR spectra at°1D

unless noted otherwise of the duplexes (&foranccs

(b GCGGAACGC (C) CGGAAGCGC (d) GCGUUUCGC (e) CGCUCUGGC
CGCAAGGCG GCCGAAGCG CGCUUUGCQ GCGUCUCCQ

Table 3: Free Energy Parameters at°87for 3 x 3 Internal

f CGCUUUGGC GGCGAAGCC h CGCGAAGGC /;y CGCGAAGGC
Loops' (M éceomucce (9) cecaaaece () Gédasneca () Gécauacce
AG? (kcal/mol) 1.99+ 0.11 () Seammcecs (K) Goamsecs (B °C), () ascrsauss (15 °C),
|00P initiation : : GAGUAAAUGAC GAGUGAAUGAC o GAGCGAGCGAC
AU penalty (KCal/mol) 0.84+ 0.15 (M) cucemaaacus (M) cucararacus (15 °C), and (0)duceasaacus
AGY ponus(Keal/molp —0.49+ 0.11 (15°C) in 80 mM NaCl, 3 mM NabPO;, 7 mM NaHPO,, and
AGZ 5 ponus(kcal/mol —0.89+ 0.09 0.5 mM NaEDTA (pH 7). Numbers on spectra correspond to
AG2¢ ponus(kcal/moly —0.37+£0.14 assignments with the numbering starting at the left-moét (5
AGiadie bonustkcal/moly —-1.22+0.14 nucleotide of the top strand and ending at the left-mos} (3
G gurzan (keal/moly 0.95+0.22 nucleotide of the bottom strand. The spectrumJgiS Sactuncen
aThese parameters are used to predict the free energy>of33 is in the Supporting Information of ref2.

internal loops according to eq 42 Applied for loop-terminal pairs.

¢ Applied for the GA middle pair with at least one non-pyrimidine-  cesses and for the design of therapeutics that target RNA.

pyrimidine loop-terminal pair.? Applied for a single GA loop-terminal  Thg first stage is determination of RNA secondary structure.

pair with a U 3 to the G. . . .
Thermodynamic parameters of internal loops are important

proton NMR spectra of two particularly stable internal loops for the prediction of RNA secondary structurg3( 24,

with three consecutive GA pair§eanc. (—1.73 kcal/mol) ~ 73-77).
CGAAG

andgzgay (—3.42 keal/mol), have sharp peaks for the loops ~ As RNA chains increase in length, it is more likely that
(Figure 3h,l), suggesting structure. Fgficearoos a two-  they can form multiple secondary structures. Thus, it is

dimensional SNOESY spectrum (Figure S1 of the Supporting difficult to design a series of sequences that form designed
Information) suggests that four and two peaks are overlappedinternal loops 42, 43, 72, 78). For the sequences studied
at 13.2 and 12.7 ppm, respectively, indicating the expectedhere, the concentration-dependent melting temperatures
number of base pairs. confirm the formation of duplexes instead of unimolecular
For some designed sequences, extremely broad peaks ostructures, such as triloop hairpins, which would have
more than the expected number of peaks in the region of concentration-independent melting temperatures. For several
13—15 ppm were observed (data not shown), indicating non-self-complementary sequences, imino proton NMR
dynamics between multiple secondary structures. All these spectra also confirm that the designed structures are forming.
sequences were excluded from thermodynamic analysis. The results in Table 2 show that the stability of a«3
internal loop closed by GC or CG pairs can range from 2.8
DISCUSSION to —1.8 kcal/mol at 37C, corresponding to a roughly 2000-
Determination of RNA native structures is necessary for fold range for the equilibrium constant for folding. Adequate
understanding their mechanisms of action in cellular pro- modeling of the sequence dependence of loop stability is
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important for predicting RNA secondary structure on the  Bonus for UU Loop-Terminal PairsAs shown in Table
basis of thermodynamics. A reasonable goal is to predict 2, pyrimidine rich internal loops with UU loop-terminal pairs
the stability of most 3< 3 loops within 0.8 kcal/mol, which  are less sequence dependent than purine rich loops. The range
is 0.1 kcal/mol of difference per nucleotide since half of the of free energies for loops with two UU loop-terminal pairs
closing base pairs are included in the loop stability in the is 1.64-0.69 kcal/mol with different CC, UC, GA, and UU
nearest neighbor model (Figure 1). The thermodynamic datamiddle pairs. The bonus 6t0.49+ 0.11 kcal/mol for each

and imino proton NMR spectra provide some clues for the loop-terminal UU pair gives good predictions. There are four
thermodynamic modeling of & 3 internal loops. From the ~ peaks in the imino proton NMR spectrum for the self-
comparison of measured and predicted free energy incre-complementary duplexgeeynace (Figure 3d); presum-
ments for 3x 3 internal loops (Table 2 and Figure 2), the ably, two G and two U imino protons are overlapped at 13.2
relatively simple model of eq 4 is usually sufficient. The and 11.4 ppm, respectively, on the basis of the integration
terms in eq 4 are discussed below. It is evident that there of the peaks. Similar chemical shifts of two loop-terminal

are additional elements of stability remaining to be discov- U imino protons in the same 8 3 loop with a longer stem
have been observed previous8i). Shown in parts e and f

of Figure 3 are spectra of pyrimidine rich loops within non-
self-complementary duplexes. Observation of imino proton
resonances between 10.0 and 11.5 ppm is consistent with
hydrogen-bonded UU paird 4, 82).

Penalty for AU or UA Closing Base Pair§he three
duplexes studied here with loops closed by AU or UA,

ered, however.

Loop Initiation Free EnergyPrevious studies have shown
that internal loop formation generally becomes less favorable
as loop size increase8§ 56, 65, 79). The initiation free
energy of 1.9% 0.11 kcal/mol for 3x 3 internal loops is
approximately 1 kcal/mol less favorable than that fox 2
internal loops 24) and agrees well with that used in the
current RNAstructure 4.0 algorithm (12 0.1 kcal/mol)
(24). As shown in Table 2, sequences without stabilizing
loop-terminal pairs, i.e., without GA, AG, and UU pairs,
are predicted well by this loop initiation value. Note that
a potential AU middle pair irffecammccs (2.37 kcal/mol),

a GU middle pair ing)ccaoncans (1.94 kcal/mol) and

SAGCCBACSAS (1.43 kcal/mol), and a GG middle pair in
GAGCAGAGGAC GAGCCGACGAC
cuccacaccue (2.29 keal/mol) and Cyccacaccus (1.52

kcal/mol) have no clear stabilizing effect in the corresponding
loops.

Bonus for GA and AG Loop-Terminal Pairfo explore
the effect of the loop-terminal noncanonical pair on stability,
sequences were studied with GA, AG, and AA pairs flanking
a middle AA pair. The order of thermodynamic stability is
as follows: GA> AG > AA. From all the data fitted from
Table 2, free energy increments-60.89+ 0.09 and-0.37
+ 0.14 kcal/mol were derived for GA and AG, respectively

GCAGAAUGC GCUGAAAGC GAGUGAAUGAC o
CGUAAGACS coaracuce aNd cucaacaacuc: have AG3; oqp

values of 1.66, 1.38, and 2.30 kcal/mol, respectively.
Equation 4 gives predictions of 1.89, 1.89, and 1.56
kcal/mol, respectively. The AU penalty currently employed
by mfold (23) and the most recent RNAstructure 4.0 program
(24) is 0.7 kcal/mol, which is within experimental error of
the fitted AU penalty of 0.84t 0.15 kcal/mol (Table 3).
Effect of the Middle PairMost of the internal loops
studied with a middle GA pair flanked by at least one non-
pyrimidine-pyrimidine loop-terminal pair are more stable
than would be expected from the model in the currafuld
and RNAstructure 4.0 programs (eq 3). The two exceptions
are ZHSISAMICAC (2.30 keal/mol) andS)SSSASCEAC (0.54
kcal/mol). No extra stabilization is found for other middle
pairs, however. This includes the potential Wats@mick
AU pair in $542, which does not form on the basis of the
imino proton spectrum (Figure 3i). Thus, a bonus parameter
for a GA middle pair flanked by at least one non-pyrimidine-

(Table 3). There is no clear dependence on the orientationPyrimidine loop-terminal pair is included in eq 4. The bonus

of GC closing base pairs, e.Gsomescs (0.49 kcal/mol)

COCEAAGCEC (0.15 keal/mol) and)SCSasssac (—0.07

VerSUSGCG cce CGGAAGCGC
kcal/mol) as well asgiisarcce (0.87 kcal/mol) versus

COCARGECE (0 71 kcal/mol).

The imino proton spectra provide clues about the structural
basis of the free energy bonuses for loop-terminal GA and
AG pairs. As shown in Figure 3¢,n,0, duplexes with the
<3, 5% or ¢ motif always have a resonance between 10 and
11 ppm, which is expected for a sheared GA pair
(N7—amino, amine-N3; trans Hoogsteen/Sugar edgéy,(

value of —1.22 kcal/mol for a middle GA pair is similar to
that for loop-terminal GA pairs€0.89 kcal/mol), presumably
reflecting similar stacking and hydrogen bonding. A GA
middle pair flanked by two pyrimidine-pyrimidine loop-
terminal pairs has no extra stabilization besides the contribu-
tion of UU loop-terminal pairs, e.9.9hccoeuecos (1.44
kcal/mol) andS,SSsoecns (0.99 kcal/mol).
Thermodynamic stabilization due to a GA pair flanked
by two noncanonical pairs may not be restricted tac 3
internal loops. For example, a GA middle pair is well-
conserved in the “noncanonical stem” of the kirtkirn motif

68). Such a resonance is not observed, however, for the(83, 84). Biochemical and biophysical studies of this motif

SCoSAacSE (Figure 3b) angSSarscse (Figure 3c) duplexes,

which haveZs and e motifs, respectively. Due to overlap
of imino proton regions between imino GA and Watson

GGAAGCGC

suggest that the noncanonical stem is structured even in the
absence of Mg and protein 85).
Loops with a single GA loop-terminal pair not adjacent

Crick GC pairs, no specific assignment was made for theseto a middle GA pair are more complicated. A penalty term

sequences. Presumably, both motifs result in imino GA pairs
(N1—-N1, carbonyt-amino; cis Watson Crick/Watson-

Crick), as observed for these motifs in22 internal loops
(69, 70). The & motif does not allow formation of a

sheared GA pair because there is a Watd0rick pair 3 to
the A 80).

AGZguzan (0.95 kcal/mol) was added for loops with a
single GA loop-terminal pair wita U 3 to the G of the GA

; CGCAUAGGC CGCAGAGGC
pair, e.g., SeeRTEeCe C(2.46 kcal/mol), GCGATECCG (2.25
kcal/mol), CYCCRUAGCUG (2.15 kcal/mOI)'GCGmAG%gg A(ClG./?g
keal/mol), duceauaecue (1-90 keal/mol), andEceatascus

(1.57 kcal/mol). All these sequences contain'&B3A3'
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sequence that may have more favorable stacking in the singlekcal/mol). The comparisons indicate that the nearest neighbor
strand than in the duplex. It is also possible, however, that model is usually a reasonable approximation.
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