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ABSTRACT. The thermodynamic properties and structures of single mismatches in short RNA duplexes
were studied in optical melting and imino proton NMR experiments. The free energy increment&at 37
measured for non-GU single mismatches range fro26 to 1.7 kcal/mol. These increments depend on
the identity of the mismatch, adjacent base pairs, and the position in the helix. UU and AA mismatches
are more stable close to a helix end, but GG mismatch stability is essentially unaffected by the position
in the helix. Approximations are suggested for predicting stabilities of single mismatches in short RNA
duplexes.

Ribonucleic acids form complicated three-dimensional mismatches have a wide range of loop free energies, from
structures that control activity. The structures are dominated —3 to 5 kcal/mol at 37°C. Several factors in addition to
by helixes of WatsonCrick pairs with intervening non-  mismatch identity may contribute to this range because the
Watson-Crick paired regions. One non-Watse@rick motif mismatches have a variety of adjacent base pairs and mis-
is the internal loop, which contains unpaired nucleotides on match positions in the helix, and because some duplexes have
both strands of a region flanked on each side by a Watson two single mismatches per duplex whereas others have one.
Crick helix. The most common internal loop in ribosomal On the basis of the optical melting of hairpins, Bevilacqua
RNA is the smallest, a single mismatch).( and Bevilacqua®) found that a GG mismatch is 1.7 kcal/

A great deal of thermodynamic and structural information mol more stable than GA at 3. On the basis of similar
has been obtained for Watseg@rick paired RNA helixes, experiments with hairpins containing CA, GA, and UU
but less is known about regions without Wats@rick pairs. mismatches in the stem, Meroueh and Ch&8yféund that
Studies of tandem mismatches have shown that the energeticenismatch stabilities differed by as much as 1.4 kcal/mol. A
and structures of these internal loops are strongly dependensomewhat smaller range of free energies is observed in
on the sequence in the loop and on the adjacent base paitemperature gradient gel electrophoresis studies of single
(2—4). The sheer number of possible tandem mismatchesmismatches placed at various positions in an RNA with 345
makes it difficult to survey all possible combinations with base pairs9).
the current state of technology. In contrast, there are only There are few structural studies of single mismatches in
eight single mismatches so a relatively comprehensive studyRNA. In an NMR study of a single UU mismatch within a
is possible. conserved ribosomal RNA sequence, Wang et a&0) (

Thermodynamics for certain single mismatches in certain observed one N3H3---O4 hydrogen bond and suggested
contexts have been reported. For single AA mismatches,that water bridges a second hydrogen bond between O2 and
Peritz et al. {) reported that the free energy increment, N3—H3 from the other uracil residue. They conclude that
AGP37_100p, is unfavorable by about 1 kcal/mol fotass UU single mismatches “adopt a range of conformations,
and 35553 A UU mismatch in 35553 was reported to  varying in the extents of propeller twist, imino proton
destabilize the duplex by 0.8 kcal/mol at 3Z (2). Gralla hydrogen bonding and backbone distortion.”
and Crothers§) reported the effect on duplex stability of ~ The work reported here provides a survey of the sequence
different sizes of internal loops containing cytosines. They dependence of single mismatch thermodynamics in RNA
found that a single CC mismatch destabilizes the duplex andduplexes. Seven mismatches are compared in the same con-
that the free energy increment depends on the adjacent bastext. Then, some effects of adjacent base pairs are determined
pairs; with GC adjacent base pairs, the loop destabilizes thefor UU and AA mismatches. The effect of the UU, AA, and
duplex by 0.1 kcal/mol, whereas with AU adjacent base pairs, GG mismatch position in the duplex is also explored. Finally,
it destabilizes the duplex by 1.8 kcal/mol. Morse and Draper Some structural information is derived from one-dimensional
(6) measured free energies for purine-purine single mis- NMR spectra of selected duplexes.
matches. On the basis of their data, purine-purine single MATERIALS AND METHODS
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eluted with water. Then the samples were desalted with awere apodized with a sine-bell squared function, transformed,
Sep-pak C-18 cartridge. The purity of each oligomer was and analyzed with the Felix 95.0 software package (Molec-
checked by HPLEon a C-8 analytical reverse phase column ular Simulations, Inc.).
(Hamilton), and was greater than 95%.

UV Melting and Thermodynamic Parameteffiermody- RESULTS

namic parameters were measured in 1.0 M NaCl, 20 MM Thermal Stability of Seen Single Mismatches in the
sodium cacodylate, and 0.5 mM MEDTA (pH 7.0).  coptext SSASMCASS The effect of single mismatches on

Oligoribonucleotid_e single-strand concentratio@s, were RNA duplex stability was quantified with the sequences
calculated from high-temperature absorbances and single-scacmcacs where M represents A, C, or U and N repre-

strand extinction coefficients12, 13). For non-self- ;g#é“%’cs‘c G, or U. The sequenceSRGGGAG3 was
Complementary dl_JpIe>_<e_s, ollg_omers were mixed at a 1:1 difficult to purify, and melting curves with this sequence
ratio. Small errors in mixing ratios are not expected to affect appeared to be non-two-state so this sequence was not used.
thermodynamic measurements.(Melting curves of absor—. Problems with three consecutive guanines have been ob-
banqe versus temperature were recoorded at 280 hm with %erved beforel), and may be due to tetraplex formation or
heating rate of TC/min from O t_o 90°C on a Gilford 250 aggregation. Therefore, GG mismatches were studied in
spectrometer controlled by a Gilford 2527 thermoprogram- different contexts (see below). The duplex sequences and
mer. Thermodynamic parameters for duplex formation were measured thermodynamic parameters are listed in Table 1.
derived by fitting the shape of each curve to the two-state The effect of single mismatches was evaluated as the free
model with sloping baselines using a nonlinear least-square

S i 0
program (4, 15), and by plotting the reciprocal of the energy of loop formationAGSs7-ioop, calculated from g

melting temperatureTy 1, versus InC:/4) for non-self-

0 _ 0 _
complementary sequencelsy: AG 37 100p = AG 37-quplex

AGO377duple><gw/ofmm + AGOSFNN (2)

_ R AS
Ty ' = In(C/4) + == 1
M AH® (/4 AH® @ where AG%7-qupiex iS the free energy of formation of the
. duplex containing the mismatchG®s7—quplex-wio—mm iS the
whereR is the gas constant, 1.987 cafKmol™. free energy of the duplex;a eanes, without the mismatch

NMR SpectraFor NMR spectroscopy, non-self-comple-  (4), andAGP;-y is the free energy for the nearest neighbor
mentary samples were mixed at a 1:1 ratio. Samples were 6¢3 ' _3 76 kcal/mol (1), which was interrupted by the
dried down and redissolved in a 9:1 v/ib®D;0 solution  mismatch. Similar calculations provided values for #tid°
with 80 mM NaCl, 0.5 mM EDTA, and 10 mM phosphate and AS® of loop formation. The loop thermodynamic
buffered at pH 7. A small amount of TSP was added to some parameters are listed in Table 2. The free energy of loop
samples as a reference; for others, the third peak of the freeormation by single mismatches other than GU in the context
EDTA quartet was used as a reference at 3.11 ppm. One- ggﬁgﬂg@gg ranges between-0.4 and 0.6 kcal/mol. The
dimensional spectra were recorded on 9?"3“3” INOVA 500 " mismatch motif, youss, is considerably more stable,
MHz spectrometer with a binomial 1:3:3:1 pulse sequence

: with a AG%z7-1p0p Of —2.5 kcal/mol.
to suppress the water signdl4. The frequency offset was Effect ofsié\do;eplcent Base Pairs of Single Mismatches on
selected to maximize the signal neall3 ppm with first

nodes near 5 and 21 ppm. The free induction decay wa Duplex Stability Adjacent base pairs affect the free energies

S .

- ' . ) i of internal loops 8, 5). Moreover, a search of RNA
{nuln?hed Zy aj_‘.l Hzl_llng—b_rt(r)]atﬂen\llng_ furlflﬂ?\)/lnF’a Fofl:\;'ler secondary structures derived from comparative sequence
rg(r:llfaor(ren (Ie\I’OaEns \gi:jrzIvzveerewcl)btair?edatzlagelectivessc;turirt(ieonanalySis 18-20) reveals that the UU-containing motif
package. P y youcs is about 15-fold more abundant thaf&y<s (Table

of imino proton resonances for-3 s, followed by the 3CUGS )
. . P ! 3). In contrast, AA mismatches appear to have less preference
binomial 1:3:3:1 pulse sequence. Difference spectra for

NOEs were calculated by subtracting the spectrum from afor any particular adjacent Watsetrick base pairs and GG

reference spectrum, obtained by decoupling at least 250 thaS small preferences (Table 3). For this reason, the
. pectrum, y decoupling -~ thermodynamics of UU, AA, and GG mismatches were

downfield of the imino resonance with the largest chemical died with ; f adi b )

Shift studied with a variety of adjacent base pairs.

Two-dimensional Watergate NOESY spectra were ac- The effects of adjacent base pairs on UU mismatch
quired on a 500 or 600 MHz Varian INOVA spectrometer. stability were measured in several duplexes (Tables 1 and

Spectra were collected with mixing times of 2, 10, 100, and 2). The results show that UU mismatch stability exhibits a
150 ms. For each spectrum, 266ntervals were used with strong dependence on adjacent base pairs (Table 2). When

64 free induction decays (fids) per interval. For each fid, a UU mismatch with adjacent GC pairs is located three base

X . o
4K complex points were collected with a spectral width of pairs from a helix endaG 3;{5"’5;3239% between0.8 and
14 000 Hz on the 600 MHz instrument. The recycle delay

0.5 kcal/mol, with 305s and 3o e being the most and
was 2 s. The Watergate pulse sequence interposed a delal}faSt stable, respectively. This correlates with the phyloge-
of ~2 ms between the readout pulse and the beginning of

etic prevalence ofcoss in rRNA (Table 3). On average,
5'GUG3 H .
acquisition, but did not affect the NOE mixing time. Spectra the 100p zcucs stabilizes duplex fog(r;;aﬂon g’é’ugsl?o“{o-l
kcal/mol, close to the average G cs and 350 es loops.
1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; HPLC, Two of the Sequences with UU mismatches ad]acem to

high-pressure liquid chromatography; NOE, nuclear Overhauser effect; ONly AU pairs did not melt in a two-state manner. Extrapola-
Tu, melting temperature. tions from the melting temperatures to 32 are relatively
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Table 1: Thermodynamic Parameters of Duplex Formatioh M NaCP

1/Tw plots curve fit parameters
—AG°37 —AH?° —AS TuP® —AG°37 —AH?° —AS TwP
(kcal/mol)  (kcal/mol) (eu) (°C)  (kcal/mol)  (kcal/mol) (eu) (°C)
5 GAGMGAG3/3'CUCNCUCS series
GAGUGAG3/CUCGCUC5 7.78+£0.05 64.2+19 181.8+6.1 43.1 8.00:0.28 70.3:4.9 200.8+14.9 43.6
GAGCGAG3/CUCACUCS 5,59+ 0.03 55.6+2.1 161.1+6.7 319 5.64-0.11 54.2+3.2 156.6+10.4 32.0
GAGAGAG3/CUCGCUCS5 5.34+0.03 53.7£2.2 156.0+7.1 30.3 5.40:0.12 47.5+1.0 1358+:3.2 298
GAGCGAG3/CUCUCUCS 5.27+0.10 52.7+£3.9 153.1+12.8 29.8 5.30:0.10 50.7+-4.5 146.4+14.8 29.7
GAGUGAG3/CUCUCUCB 521+0.02 549+14 160.1+4.7 29.7 522-0.20 63.3:6.2 187.3:19.5 30.7
GAGAGAG3/CUCCCUC5 493+ 0.07 40.9+2.1 1159+7.1 253 5.04:0.24 423+7.6 120.0+25.0 26.5
GAGAGAG3/CUCACUCS (4.83) (54.6) (160.4) 27.6 (4.97) (45.0) (129.1) 26.6
GAGCGAG3/CUCCCUC5 472+0.09 39.3t2.9 111.4+9.4 233 4.84:-0.14 38.1+7.1 107.4-23.0 23.9
GAGUGAG3/CuCCCuUCs 4.69+0.12 50.0+£3.1 1459+105 26.0 4.44:0.15 57.0+3.1 169.4+10.2 26.0
UU mismatches with different surrounding
base pairs
GCGUCCGICGCUGGC5 8.24+0.07 62.6+1.7 175.3+51 457 845:0.21 66.5-4.2 187.2+-12.8 46.2
(GCGUCGCYI), 7.89+0.03 66.8+1.3 189.9+40 476 7.98:0.16 68.6-4.0 1955+125 4738
GCGUGCGJICGCUCGC5 7.82+0.05 61.1+1.7 171.9+53 43.7 7.89:0.14 62.4+27 175.8-84 439
GCCUGCGICGGUCGC5 8.13+0.06 61.4+15 171.7+46 453 8.32:0.18 65.3+3.3 183.7-10.3 45.7
(CGCUGCG3); 6.3 56.8 162.8
GCGUUCG3/CGCUAGCS (6.03) (57.2) (165.1) 34.3 (6.05) (31.3) (81.5) 32.3
GUGUUCG3/CACUAGCS5 3.82+0.10 44.0+2.8 129.6+9.3 19.0 3.9H0.34 46.6+11.7 137.6-38.7 20.5
GCAUUCG3/CGUUAGCS (4.94) (49.3) (142.9) 27.3 (4.86) (60.4) (179.2) 28.7
GCAUACG3/CGUUUGCS (4.58) (48.1) (140.4) 249 (4.37) (60.5) (181.1) 26.3
GCUUACG3/CGAUUGCS 450+ 0.12 52.2+£3.1 153.9+10.2 254 4.320.19 60.7+6.7 181.7+21.5 26.1
UU mismatches one or two base pairs from
helix end
GUCCGCGICUGGCGC5 9.25+0.05 56.9+0.8 153.8+25 52.6 9.26:0.29 57.6-4.0 155.9+-12.0 524
CGUCCGGIGCUGGCC5 8.47+0.05 61.8+15 171.9+46 470 847011 615-3.1 170.9-9.7 47.1
CGUCGUCGJGCUGCUGC5 493+ 0.05 56.5+1.5 166.3+50 330 49h10.11 57.8+3.1 170.6+10.3 32.9
GCUGCUGC3CGUCGUCG5 5.10+0.09 41.42.3 118.%7.8 32.8 51%#0.22 43.%46.4 125.6:21.2 33.0
AA mismatches with different surrounding
base pairs
(CGCAGCG3), 6.09 50.0! 141.58 39.6 6.16 47.F 133.4 40.1¢
GCGACCGJ3CGCAGGC5 6.71+0.04 57.5+2.8 163.9+9.0 38.0 6.74-0.08 57.5+4.1 163.5+13.0 38.1
(GGCAGCC3), 7.84+0.07 622+21 1753-6.6 482 7.84-0.17 61.0+3.3 171.3-10.0 484
UGAGAGUCA3/ACUCACAGUS (7.94} (67.2) (190.9Y 43.# (7.74% (53.8) (148.4Y (44.1)
AA mismatches one or two base pairs from
helix end
GACCGCGJ3/CAGGCGC5 8.76+0.04 48.6+18 128.4+56 519 8794 0.11 48.2+35 127.0+109 52.2
CGACCGC3/GCAGGCG5 7.13+0.01 55.9+14 157.2+4.7 404 7.14-0.07 51.8:-2.0 144.1+6.3 40.7
GG mismatches
GGCUGAG3/CGGACUCS 6.88+0.02 49.7+15 138.1+49 39.2 6.92-0.13 53.9+-3.2 151.4+10.1 39.3
CGGCAUG3/GCGGUACS 6.07+0.02 58.8+1.9 170.0+59 34.6 6.16:0.09 58.7+2.6 169.5-8.2 347
GUGGCAG3/CACuUl;1GGUC5 6.66+0.01 61.4+1.2 176.5+3.9 37.7 6.72:0.04 62.1+4.2 1785+135 37.9
(GCGGCGC3;, 9.30+0.06 69.2+1.4 193.2+44 541 9.36:0.17 69.9+-3.3 1951+ 10.0 54.3
(CGCGGCGY;, 8.16+0.07 65.8+2.8 185.9+9.0 49.2 7.9A40.10 57.8:-1.3 160.7+-4.0 49.8
reference duplexes
GCGGCGJICGCCGCH 10.92+0.02 61.5+0.3 163.1+0.9 60.8 11.01+0.19 63.3+3.2 168.5+9.6 60.6
10.4 58.5 153 58.7 10.7% 60.82 161.24 60.2
(GCGCGC) 10.83+0.22 68.2+3.1 185.0+9.2 624 10.36:0.18 61.2£29 163.8-89 62.7
GAGGAG3/CUCCUCS 8.50f 55.7f 152.2f 50.9" 8.66f 58.8f 161.8 48.6f

a@Measured in 1.0 M NaCl, 20 mM sodium cacodylate, and 0.5 mMERTA (pH 7.0). Values in parentheses indicate that At¢° values
determined fromTy ~* vs In(C+/4) plots and from curve fitting differ by more than 15%, thus indicating non-two-state melting. The errors are based
on the standard deviations of the thermodynamic parameters and were calculated as described p&viuslizgn all sources of error fary
vs In(C/4) parameters are considered, the typical error estimatA®3g; is 4%, for AH® is 12%, and forAS’ is 13.5%. Significant figures are
given beyond error estimates to allow accurate calculatiofyoéind other parameters. The duplel6EGGCGI3' CGCCGC5was synthesized,
and thermodynamic parameters were measured and compared with those reportd@.iffnefvalues agree within the expected error lirhits
for a total oligonucleotide strand concentration of 4®1. ¢ From ref2. ¢ From ref1. ¢ From ref48. f From ref4.

short, however, so thé\G%-; values are expected to be precludes optimization of electrostatics by a change in
reasonably reliable2(l). The range of loop free energies is conformation. On average, a UU mismatch adjacent to two
only 0.5 kcal/mol when UU has two adjacent AU base pairs, AU base pairs is 1.6 kcal/mol less stable than a UU mismatch
roughly a third of the range with adjacent GC base pairs. gdjacent to two GC pairs when each mismatch is three base
Evidently, for a single UU mismatch, the orientation of nairs from a helix end. The reduced stability observed with

closing GC base pairs has more effect on the stability of the 4 adjacent AU pairs is similar to that observed with tandem
duplex than the orientation of adjacent AU base pairs. This mismatches3) and with single CC mismatcheS)(
may result from the higher dipole moment and rigidity of

GC pairs. The higher dipole moment implies a stronger ~With GG mismatches three base pairs from a helix end,

electrostatic interaction with the mismatch, and the rigidity the motif 3cecs is on average 0.8 kcal/mol more stable
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Table 2: Thermodynamic Parameters of Loop Formatiod M NaCFP

AG°3; AH° AS
(kcal/mol) (kcal/mol) (eu)
5GAGMGAG3/3'CUCNCUCS series
GAGUGAG3/CUCGCUC5 —2.54+0.10 —21.9+238 —62.3+8.9
GAGCGAG3/CUCACUCS —0.35+0.09 —13.4+3.0 —41.6+9.3
GAGAGAG3/CUCGCUC5 —0.10+0.10 —11.4+3.0 —36.5+9.6
GAGCGAG3/CUCUCUCS —0.03+0.13 —-10.4+ 4.4 —33.6+ 14.3
GAGUGAG3/CUCUCUCB 0.03+ 0.09 —12.6+25 —40.6+ 8.0
GAGAGAG3/CUCCCUC5 0.31+0.11 1.4+ 3.0 3.6+ 9.6
GAGAGAG3/CUCACUCS (0.41) +12.3) (+40.9)
GAGCGAG3/CUCCCUC5 0.52+0.12 3.0+ 3.6 8.1+ 11.4
GAGUGAG3/CUCCCUC5 0.55+ 0.15 —7.7+37 —26.4+12.3
UU mismatches with different surrounding base pairs
GCGUCCGICGCUGGC5 —0.75+ 0.24 —19.6+ 3.7 —60.9+10.4
(GCGUCGCY3), —0.48+0.24 —13.5+ 3.7 —418+11.2
GCGUGCGICGCUCGC5 —0.16+0.09 —13.0+2.1 —415+6.6
GCCUGCGICGGUCGC5 0.39+0.24 —12.3+3.7 —41.0+ 104
(CGCUGCGY), 0.45 -12.9 —43.1
GCGUUCG3/CGCUAGCS (0.49) +16.2) (+54.0)
GUGUUCG3/CACUAGCS 1.124+0.12 —45+35 —18.2+ 115
GCAUUCG3/CGUUAGCS (1.22) (+6.8) (—25.7)
GCAUACG3/CGUUUGCS (1.50) +4.3) (—18.9)
GCUUACG3/CGAUUGCS 1.73+0.16 —-19+45 —-11.7+14.3
UU mismatches one or two base pairs from helix end
GUCCGCGICUGGCGC5 —1.79+0.24 —12.1+35 —33.3+9.6
CGUCCGGIGCUGGCC5 —1.30+0.12 —18.0+ 2.8 —53.3+85
CGUCGUCGJGCUGCUGC5 —1.33+0.11 —15.9+1.9 —46.9+5.6
GCUGCUGC3CGUCGUCG5 0.51+0.13 2.7+ 2.3 6.8+ 7.0
AA mismatches with different surrounding base pairs
(CGCAGCG3), 0.67 —6.1 -21.8
GCGACCGJ3/CGCAGGCS5 0.78+0.11 —145+25 —495+8.1
(GGCAGCC3), 1.13+0.25 —-5.0+43 —20.0+12.3
UGAGAGUCA3/ACUCACAGUS (1.14) 4.5) (-18.0)
AA mismatches one or two base pairs from helix end
GACCGCGJ3/CAGGCGCS5 —1.30+ 0.24 —-3.8+3.8 —-7.9+104
CGACCGC3/GCAGGCG5 0.37+0.08 —-93+21 —-31.0+6.8
GG mismatches
GGCUGAG3/CGGACUCS —2.58+0.08 —-87+23 —-19.8+7.4
CGGCAUG3/GCGGUACS —2.49+ 0.09 —25.1+3.0 —729+9.4
GUGGCAG3/CACGGUCS —2.41+0.08 —20.4+2.1 —-57.8+6.8
(GCGGCGC3, —1.89+ 0.24 —15.9+ 3.8 —4514+11.1
(CGCGGCGY; —1.40+0.22 —21.94+4.2 —66.2+12.6

2 Calculations are values frofiy~* vs In(C+/4) plots. Values in parentheses are derived from non-two-state transitions.

Table 3: Frequencies of Base Pairs Adjacent to AA, GG, and UU
Mismatches in Large and Small Subunit rRNA and Group | Intron
Secondary Structurgs

AA mismatch GG mismatch UU mismatch

w C G U A UG C G U A UG C G U A UG
z G C A UGU G C A U G U G €C A UG U
X G 14 9 10 253 9 2 19 7 18 2 8 175 31 57 21 17 36
C
M C 4 213 67 4 48 20 1 6 1 33 25 10 28
G
A 17 13 3 4 6 18 3 1 28 59 7 24
U
U 33 2 1 5 6 3 7 4 20
A
G 1 6 Lo 1 1
u
U 1 2 3
G

aThe table gives the number of occurrences 3five , where |

represents the mismatch.

5'CGG3

mismatch is separated by only one base pair from a helix
end in 357 of the 598 times that it appears (60%), whereas
if helix lengths are chosen randomly according to their

distribution in this same database, chance would place only
130 of the single UU mismatches one pair from the end

(22%).

Thermodynamic parameters of heptamers containing a
single UU mismatch between one and three Watgorick
pairs from the end of the helix are listed in Table 1. Analysis
of the parameters shows that moving a UU mismatch toward
the end of a helix makes the duplex more stable. The loop
free energies for the moti§ g cs are—0.6,—1.3, and—1.8
kcal/mol for the single UU mismatch three, two, and one
base pair(s) from the helix end, respectively (Table 2). Each
base pair closer to the helix end stabilizes the duplex0yb
kcal/mol.

than 3g2Zs, similar to the sequence dependence with UU
mismatches. With AA mismatches, however, tB&rss Shifting the AA mismatch in ajeagy motif toward the

and 32,55 motifs appear to have equal stability within

experimental error.
Effect of Position of the Single Mismatch within the
Duplex. An analysis of a database of rRNA secondary

structures 19, 20) suggests that some single mismatches are

helix end also has an effect (Table 2). The loop free energies
for an AA mismatch placed three, two, and one base pair(s)
from the helix end are 0.8, 0.4, and1.3 kcal/mol,

respectively. In contrast, the free energy increments for the

yeecs motif are about-2.3 kcal/mol, essentially indepen-

preferentially located close to helix ends. For example, a UU dent of the position in the helix (Table 2).
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Ficure 1: Imino proton region of the one-dimensional NMR 15 14 13 12 11 10 9 8 7
spectra for single mismatch duplexes at’@ From top to bottom, ppm

the mismatches are UG, AG, GG, and GG. Samples were dissolvedrigyre 2: One-dimensional NOE difference spectra for the duplex.
in 9:1 viv H,O/D;0 with 80 mM NaCl, 0.5 mM EDTA, and 10  5GAGUGAG3/3CUCGCUCS. Arrows point to the resonance that
mM phosphate buffer at pH 7. was saturated, and asterisks represent observable NOEs. The spec-

) . . tra were acquired under the conditions described in the legend of
Effect of Two Single UU Mismatches in a Duplé&he Figure 1.

nearest-neighbor model for approximating duplex stability ) _ )

assumes there is no coupling between single mismatcheg’rotons involved in AU pairs. The peaks at 10.9 and 11.7
separated by at least two Watse@rick pairs. This was PP are assigned to the GU pair on the basis of the NOE
tested for UU pairs by measuring the thermodynamics of between them, an NOE to the same GC imino proton, and
duplex formation for (CGUCGUCG)nd (GCUGCUGG) the absence of NOEs to adenosmg H2 or C amino resonances
(Tables 1 and 2). For these cases, the free energy incremenetween 7 and 9 ppm. This is typical of a GU wobble pair.

for each mismatch was calculated in a manner analogous toMolecular modeling suggests that in A-form RNA, the G
and U imino protons are significantly closer to the G3 imino

AG®57 100p = 1/2[AG°37(CGLJCGLJCG} — proton than the G5 imino proton, so one resonance of the
. o ,5GC3 peak at 13.6 ppm probably represents G3, based on its NOE
AG®3(CGCGCG) + 2AG°5/ 3¢gs)] (3) to the mismatched pair.
. 5GUC3 . For the GA mismatch duplex (Figure 1B), there are four
For the motif 3¢5, AG’s; = —1.3 keal/mol, the same  imino proton resonances below 14 ppm. The spectrum is

as the value for a singlejdygs motif with the UU similar to that of the WatsonCrick paired duplex 4),

mismatch placed two base pairs from a helix end (Table 2). JSAGGAGS  suggesting the imino proton in the GA mis-

For the motif 3Giics, AG®s = 0.5 kcal/mol, similar to the  match is exchanging with water. It is possible, however, that
average value of 0.4 kcal/mol measured for a sin¥igcs one terminal base pair produces a broad peak so that one of
motif with the UU mismatch placed three base pairs from a the resonances may correspond to a hydrogen-bonded G
helix end, but somewhat less stable than might be expectedmino proton in the mismatch.
for 3cpee with the UU mismatch placed two base pairs  For the self-complementary GG mismatch duplexes (spec-
from a helix end. The results suggest the nearest-neighbortra C and D of Figure 1), the NMR spectra show the presence
approximation is reasonable for these sequences. of GC pairs above 12 ppm and mismatched G protons
NMR SpectraFigure 1 shows imino proton spectra for between 10 and 11 ppm. Although the Figure 1C duplex is
four duplexes with single mismatches. The top two spectra self-complementary, the two distinct resonances below 12
are for mismatches in the conteXttAGMGAG3/3'CUC- ppm show that it is asymmetric. This asymmetry is not
NCUCS. Two imino peaks are observed between 14 and surprising since a hydrogen-bonded GG mismatch cannot
15 ppm, as expected for the two AU pairs in each duplex be inserted in the center of a helix in a symmetrical manner
(4, 22—25). Several imino peaks are also observed between (see the Discussion).
12 and 14 ppm, as expected for the GC pairs in each duplex. Watergate-NOESY spectra further elucidate the nature
For the duplex with a UG mismatch (Figure 1A), integration of the GCGGCGC duplex (Figure 3). Whereas cross-peaks
suggests there are two protons producing the peak at 13.6etween imino protons in adjacent pairs are often small or
ppm; thus, a total of eight imino protons are observed. An not apparent in spectra with mixing times of less than 100
NOE experiment (Figure 2) verifies that the imino protons ms 26), the cross-peaks between 10.6 and 11 ppm and
between 14 and 15 ppm are each very close to an adenosindetween 13.2 and 13.4 ppm are apparent after a mixing time
H2 (strong NOE around 7.5 ppm), and therefore representof only 2 ms (Figure 3A). The buildup of cross-peaks is
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Ficure 3: Imino proton region of the NOESY spectrum for A x #
(5GCGGCGCY, at 10°C. A Watergate pulse sequence was used Ly
to suppress the water resonanb&)( The one-dimensional cross G3/G10]
section of the diagonal is shown above: (A) 2 ms mixing time and I *
(B) 100 ms mixing time. l
| |
A | gy i M
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CGUUAGC Ly | 15 14 13 12 11 10 9 8 7
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! Lo ‘
i foo I Ficure 5: One-dimensional NOE difference spectra for the duplex
AV I 5GCGUCCG33'CGCUGGCH. Arrows point to the resonance that
el Sl S was saturated, and asterisks represent observeable NOEs. The
A spectra were acquired under the conditions described in the legend
SGEGUCEG | lonl oo of Figure 1.
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[ l vl Table 4: Frequencies of Single Mismatches in Phylogenetic RNA
[ i \\ I fuios Secondary Structures
A o -
AW A AV A mismatch v gue ome Gus ome
15 14 13 12 11 10 ¢ 6353 1026 462 724 404
P A 878 33 23 14 47
Ficure 4: Imino proton region of the one-dimensional NMR 8 598 175 11 31
spectra for UU mismatches with different closing base pairs. Spectra p 564 26 51 29 35
were acquired at 10C. The solution conditions were those A
described in the legend of Figure 1. N 367 46 13 6 9
) o ] 2 207 14 4
nonlinear for the 2, 10, 100, and 150 ms NOE mixing times; 6 196 12 4 19
the cross-peaks arise at very short mixing times, and their g % 5 5 1
magnitudes increase more slowly as mixing times lengthen. c

This is consistent with the buildup expected from confor-
mational exchange, which can occur not only during the two peaks each have NOEs to the same two resonances at

mixing time but also during the several milliseconds just prior 13-2 @nd 13.6 ppm, which represent the adjacent GC pairs.

to acquisition during the Watergate suppression pulses andVOES between 8 and 9 ppm represent amino protons of
during acquisition. cytosine near imino protons of guanines in the respective

Spectra of nonexchangeable protons for (GCGGG@E) Watson-Crick pairs. The mismatched U’s also have an NOE

30 °C exhibit sharp base and Hgeaks for G1, C2, G6, and to a nearby C amino proton.
C7, but broad peaks for C5 (data not shown). Peaks for G3DISCUSSION

do not appear, as is possible if the protons on G3 are inan A database of RNA secondary structuré8<20) contain-
intermediate exchange regime at this temperature. ing 101 small subunit rRNAs, 218 large subunit rRNAs, and
Figure 4 shows imino proton spectra for two duplexes with 75 group | introns contains 9253 single mismatches. As
a UU mismatch between adjacent Wats@rick pairs. In shown in Table 4, some mismatches are present much more
the spectrum for ®SCAUUCG3/3 CGUUAGCS (Figure often than others. The most prevalent single mismatches are
4A), the peaks between 14 and 15 ppm represent U iminoGU, AG, UU, and CA with 6353, 878, 598, and 564
protons in AU pairs. Around 13 ppm, there is a broad occurrences, respectively. In some cases, the mismatches are
resonance for the terminal GC pairs and there are sharpeiconserved across species at particular locations. For example,
resonances for the internal GC pairs. Imino protons of both a CA mismatch is common in group | introns, but not in
U’s in the mismatch resonate just below 11 ppm. For the rRNAs. This suggests that this pair is structurally significant
most stable contextjo Gy, there are two strong peaks in at least one situation.
between 10 and 11 ppm (Figure 4B). A one-dimensional The results collected in Table 2 show that single mis-
NOE experiment (Figure 5) provides evidence that these canmatches can stabilize or destabilize a duplex depending on
be attributed to imino protons of the mismatched U’s. These the identity of the mismatch, its adjacent base pairs, and its
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position in the helix. Measured free energy increments rangefor possible non-nearest-neighbor interactions. The oligo-
from —2.6 to 1.7 kcal/mol. Thus, rules for stabilities of single mer, (GCUGCUGG)is a portion of the sequence of triplet
mismatches are likely to be important for predicting RNA CUG repeats; such repeats in DNA are implicated in the

secondary structure and associations. etiology of myotonic muscular dystrophy, and they might
Effect of Adjacent Base Pair&ralla and Crothers5j be transcribed to RNA2B—30). The loop free energy for

reported that for (ACUs),, the loop free energy at 2% is each mismatch in this oligomer is 0.5 kcal/mol, similar to

1.8 kcal/mol, whereas for (&CCUy),, it is 0.1 kcal/mol. that observed for a single UU mismatch adjacent to the

The results listed in Table 2 show that the average differencesame base pairs and placed three base pairs from the helix
in free energy between single UU mismatches adjacent toterminus. For comparison, théS,cs motifs in (CGUC-

two GC and two AU base pairs is 1.6 kcal/mol. This free GUCG), have loop free energies ef1.3 kcal/mol, similar
energy difference can be largely explained by the free energyto that measured for the same motif in a duplex with one
in the Watson-Crick base pairs; an AU pair is less favorable UU mismatch two base pairs from the end. Evidently, helix
than a GC pair, presumably due primarily to the difference distortions induced by one UU mismatch do not strongly
in the number of hydrogen bondglj. Our results show that  affect the thermodynamics of another UU mismatch two GC
the orientation of adjacent base pairs can also affect loopbase pairs away.

free energy. For example, the free energy increment of the  Structures of Single Mismatchd@he NMR data show that
¥ouss motif is on average 1 kcal/mol more favorable than imino protons from UG, GG, and UU mismatches often
that of 502 when both are three base pairs from a helix produce strong, sharp resonances; thus, they can be protected
end. The prevalence of these pairs adjacent to UU in afrom rapid exchange with water. This observation usually
database of RNA secondary structures correlates with thisindicates the presence of hydrogen bonds. Hydrogen bonding
result; ggggg occurs 175 times, whilejg‘d‘ég appears only within UU mismatches is likely to distort the helix from the

11 times (Tables 3 and 4). The stability increment for A form (31). The ability of RNA helixes to incorporate
28383 is approximately the average of those @;@ggg and hydrogen-bonded non-WatsegRrick pairs provides evi-
5CUG3 dence of the flexibility of the phosphodiestesugar back-
bone. This idea is reinforced by the presence of sharp imino
proton resonances that suggest that adjacent pairs have
normal Watsor-Crick hydrogen bonding. It is also consistent

3GUCs"
Distance from the Helix EndAnalysis of rRNA and group
| intron secondary structures indicates some single mis-
matches occur preferentially near the ends of helixes. ; A :
Therefore, the effect of the mismatch position on duplex }N'th the approximate r?dd'.t'v'ty Qf t?erdmo?ynamm effects
stability was studied. UU, AA, and GG mismatches one, two, rom two UU mismatches in a simple dup ex,.
or three base pairs from the helix end and flanked with two ~ Although the tandem GA mismatch motifSa4cs ap-
adjacent GC pairs were studied. The results demonstrate thaPears to be more stable than the tandem GG mismatch motif
moving the position of the mismatch toward the end of the 2553 (2), as a single mismatch GG is more stable than
helix enhances the stability for UU and AA mismatches by GA. Tandem mismatches provide more flexibility for
~0.5 kcal/mol per each position closer to the helix end, incorporation of noncanonical pairs. In a tandem context,
except for AA only one base pair from an end (see below). GA’s are in either the sheared or imino conformati@a-{
This is a non-nearest-neighbor effect. In contrast, the 34), but a single mismatch structure shows a G(syh)-A
stabilities of GG mismatches are relatively insensitive to the (anti) pairing 85). Perhaps the more constricted single
position within the helix. mismatch environment is not able to accommodate a more
It is not clear why loop free energy can become more Stable GA pair.ing. In contrast, t_he stable single GG appar-
favorable when the mismatch position is moved toward the €ntly fits well into the single mismatch motif, but is less
helix end. For AA in 5GACCGCG3%3 CAGGCGCS, it stable in tandem contexts, perhaps due to unfavorable
is possible that the terminal GC base pair does not form sinceStacking interactions of adjacent GG mismatches.
the predicted stability of BCCGCG3/3'AGGCGCS is Imino proton NMR spectra for GG mismatches indicate
—8.41 kcal/mol at 37C (11, 44), close to the value 0f8.76 that the mismatch is asymmetric. In fact, a single mismatch
kcal/mol measured for the sequence with a potential terminal cannot occupy the center position of a symmetric duplex if
GC pair. The predicted stability for'BCCGCG3/3UG- the mismatched bases hydrogen bond together. Even the
GCGCS35 is 1.2 kcal/mol less favorable than the value “symmetric’ GG pairs require one G to be flipped by
measured for BUCCGCGI3ICUGGCGCH, however, so glycosidic bond rotation or by backbone revers#l)( this
the terminal GC may form in 'BUCCGCG33'CUG- destroys symmetry. Since there is no preference for one G
GCGCSB. Papanicolaou et al2f) observed that prediction  over the other in a particular position of the mismatch, the
of secondary structures of tRNA and 5S rRNA was improved two G’s will occupy either position with equal probability.
when a mismatch near a helix end was favored. The authorslf the rate of the G’s interchanging positions is slow, then
posit that moving a mismatch toward the helix terminus two resonances are observed in the NMR spectrum. Simi-
imposes fewer constraints on the mismatch shape. Presumtarly, conformational heterogeneity of the single GG in the
ably, it is also less costly to relieve helix distortions caused crystal structure of Shah and Brunger may have contributed
by mismatches near helix ends. If GG fits well into a to the observed disorder in the crystaby.
Watson-Crick helix, as suggested by its thermodynamic  Conformational exchange of single GG’s has also been
stability, then the mismatch is not expected to be more stableppserved in DNA. Lane and PecR7) propose a syn-anti
near the helix end. GG pair where the G’s swap positions at a rate-d#4000
Interaction of Two Single MismatcheBhe effect of two Hz at 303 K. Santalucia and co-workers observed a similar
single UU mismatches within a duplex was measured to testasymmetry of GG mismatches at the center of self-
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complementary DNA duplexes at 283 K, with strong 37°Cin 1 M NacCl (Table 2). It is also possible that single
exchange resonances in one-dimensional NOE experimentsnismatches distort the helix backbone so that stabilities are
(38). very context-dependent in a non-nearest-neighbor way.

Comparisons with Préious Work.Zhu and Wartell 9) Xiang et al. 89) studied the effect on binding to a group
used temperature gradient gel electrophoresis (TGGE) t0|] ribozyme in 100 mM M@" when AU and GC base pairs
study single mismatches in an RNA duplex with 345 base in the recognition sequence were replaced with mismatches.
pairs. Direct comparisons with this work are difficult be-  For mismatches flanked by canonical pairs, they report an
cause (1) free energy differences were derived from differ- average loss of binding free energy of 2.7 kcal/mol. The
ences in melting temperatures under the assumptiod®at ~ model described below for mismatch thermodynamics pre-
is identical for each base pair, (2) the gel solution con- dicts an average loss of 4.2 kcal/mol. This comparison also
tained 0.5 TBE (0.045 M Tris, 0.045 M boric acid, and 2 syggests that mismatch effects on duplex formation by short
mM EDTA) at pH 8.3, 4.06 M urea, and 23.3% (v/V) oligonucleotides may be more unfavorable than those
formamide, (3) all mismatches but one were place¢t33  ghserved in more restricted environments.

base pairs away from a helix end, and (4) only one mismatch Morse and Drapei§ used optical melting to study single
with two adjacent GC pairs was studied. Nevertheless, SOMepn GA and GG mismatches in duplexes with nine or ten

trends are similar to those seen in Table 2. First, GG o0 pairs in both 0.1 dril M NaCl (pH 7). Two of their
mismatches were the most stable noncanonical pair, althougi‘gequences (CGCGACGC@nd (CGCGGCGCQ) contain
the difference between free energy increments for GG and , jito representeTj in Table 2 and can be analyzed using eq

other npncanonical pairs appears to *?e sm.aller than those, rpg free energy increments calculated for the two loop
shown in Table 2. Second, when GG is omitted, the range it are—0.1 and—3.0 kcal/mol, respectively, compared

in free energy increments is0.3 to 1.2 kcal/mol when  ith values of 0.8 ane-2.3 kcal/mol from the results shown
converted to a scale equivalent to eq 2 and Table 2. Third, in Table 2. Thus, the cacs motif is 3 kcal/mol more stable

the mismatch and adjacent base pairs are identical to thos%h 5GAC (1 bt stud S isinalv. h M

in Table 2 for four sequences, and the free energy increments. &' 3cacs !N DO StU _r!%fég urprising, oweve’réeesorse
in Table 2 are 0.31.2 kcalimol less favorable with an and Draper@) find that 5c,cs is more stable thargcccs,
average difference of 0.7 kcal/mol. Thus, for mismatches Which is the opposite of the trend in Table 2. It has been
other than GU and GG, both studies show a similar range Peinted out that the sequences used by Morse and Draper

of sequence dependence, although the absolute magnitude&Ve Possibilities for forming hairping@). Such competing
differ. structures may affect the measured thermodynamics.
Bevilacqua and Bevilacqua7) used both TGGE and Santal.ucia and co-workers have comprehensively studied
optical melting to study the relative stabilities of hairpins Single mismatches in duplex DNAg, 40—42). They also
containing GU, GG, and GA mismatches with adjacent UA found that GG is the most stable noncanonical pair and that
base pairs in 0.1 M NaCl (pH 7). The results in Table 2 are GG pairing involves hydrogen bonding as based on imino
consistent with their results in that the order of stabilities is Proton NMR spectra. When GG and GT are omitted, the
as follows: GU> GG > GA. At 37 °C, the GG and GA range of free energy increments for single mismatches with
pairs are less stable than the GC pair in their context by 2.4two adjacent GC pairs is about0.7 to 1.6 kcal/mol 8).
and 4.1 kcal/mol, respectively. On the basis of the results This is similar to the range 6f0.8 to 1.1 kcal/mol observed
listed in Table 2, the nearest-neighbor parameters of Xia etfor RNA mismatches located three base pairs from a helix
al. (11), and the model presented below for single mis- end (Table 2).
matches, differences of about 4.2 and 5.6 kcal/mol would Predicting RNA Secondary Structu@ne major applica-
be expected. Thus, GG and GA in certain contexts may betion of thermodynamic parameters for RNA motifs is
more stable than predicted from the model systems studiedprediction of secondary structure from sequerd® @4).
here. Due to the lack of experimental data, the most popular
Meroueh and Chowg) used optical melting to measure algorithm for predicting secondary structure has used a value
the relative stabilities of hairpins containing GU, CA, GA, of 0.8 kcal/mol for all single mismatches other than Gl8)(
and UU mismatches with adjacent GC pairs in about 40 mM The results discussed above indicate there is considerably
Na" (pH 5 and 7). At 37°C and pH 7, the CA, AC, GA, more sequence dependence. Moreover, the sequence depen-
and UU pairs in one context are less stable than the AU pair dence is not restricted to nearest-neighbor effects since the
by 3.0, 3.5, 3.9, and 4.4 kcal/mol, respectively. On the basis free energy increments for AA and UU mismatches become
of the results listed in Table 2, the nearest-neighbor more favorable as the mismatch approaches the end of a helix
parameters of Xia et al1(), and the model presented below, (Table 2). Given the large number of possible motifs, it
differences of about 4.9, 4.9, 4.9, and 3.5 kcal/mol would would be very time-consuming to measure all the various
be expected. Thus, three of the four mismatches are moreaspects of the sequence dependence, until it can be done with
stable than those predicted from the model systems studiedoligonucleotide array or other new technology. The results
here, whereas UU is less stable. The studies by Merouehin Table 2, however, suggest some simple approximations
and Chow 8) and by Bevilacqua and Bevilacqud) (used that may suffice for current structure prediction algorithms.
hairpins with melting temperatures that are higher than thoseThe approximations are based only on the results in Table 2
of the duplexes reported here, with unpaired nucleotides atsince direct comparisons with literature results for RNA
the base of the stem, and in Neoncentrations 0£0.1 M. are difficult, as discussed above. The approximations also
The results suggest these conditions may often give smallemeglect potential sequence-dependent structure in the un-
differences between WatseiCrick base pair and mismatch paired single strands. Such structure is difficult to quantify
stability than those observed with short duplexes melting nearand likely contributes minimally to the observed sequence
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dependence for these short oligonucleotides. For example, 9.
stacking in dinucleoside monophosphates is not strongly

sequence-dependerdd at 37 °C, the average melting

temperature of the duplexes listed in Table 1. Moreover, the 11. Xia, T., SantaLucia, J., Jr. Burkard, M. E.. Kierzek, R.,

melting temperature for Ais about 35°C (50), so less than
half of the nucleotides are structured above®’85 even for
a sequence with relatively high stacking propensity.

GU and GG mismatches are clearly more stable than
others. Due to the prevalence of GU mismatches, nearest- ;5

neighbor parameters have been determined for tdéna{).

The average free energy increment for GG mismatches with

two adjacent GC pairs is2.2 kcal/mol, and this appears to

be a reasonable approximation irrespective of the position
in the helix. The motif33Gs

EUCS also appears to be unusually

stable with an average free energy increment-0f6 kcal/

mol when located three base pairs from a helix end. This
motif becomes more stable by about 0.5 kcal/mol for each

base pair it moves closer to the helix end.

Aside from the above exceptions, the range in average
free energy increments for the mismatches with two adjacent
GC pairs and located three base pairs from a helix end is
—0.4 to 1.1 kcal/mol (Table 2). Wheg&oos

is omitted,

and with AA, AC, AG, CC, CU, and UU weighted equally,

the average free energy increment for these mismatches with 2
two adjacent GC pairs is 0.3 kcal/mol. This appears to be a
reasonable approximation for this motif, but mismatches 23.
closer to a helix end may be more stable, as seen for UU

and AA in Table 2.

For UU mismatches three base pairs from helix ends, the
average difference in free energy between having two
adjacent GC pairs and two adjacent AU pairs is 1.6 kcal/
mol (Table 2). This probably results from the fact that GC 26.
pairs have three hydrogen bonds whereas AU pairs have only
two. Thus, a reasonable approximation for mismatches with

adjacent AU or GU pairs is to make the stability incre-

ment adopted for the mismatch with two adjacent GC pairs
less favorable by 0.8 kcal/mol for each adjacent AU or GU 29,
pair. Presumably, these approximations will be superseded
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