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ABSTRACT: The thermodynamic stabilities and structures of a series of RNA duplexes containing

nonsymmetric tandem mismatches in the contexd Bfonycocs, Wherejwys are tandem mismatches,

were studied by UV melting and imino proton NMR. The contribution of one mismatch to the free
energy increment for tandem mismatch formation depends on the identity of the other mismatch. Imino
proton NMR indicates that this is partly because the structure of a mismatch is dependent on the adjacent
mismatch. The results suggest that differences in size, shape, and hydrogen bonding of the adjacent
mismatches play important roles in determining loop stability. A model for predicting stabilities of all
possible tandem mismatches is proposed based on these and previous results.

RNA molecules have important biological functions (Wat- NMR. A widely used RNA folding algorithm (Walter et
son et al., 1987), including catalysis, regulation, splicing, al., 1994) assumes that the contributions to loop stability of
and coding for proteins. The revolutions in molecular the first mismatch on each side of an internal loop are
biology have accelerated the discovery of RNAs with independent of each other. Here it is found that, in
particular functions. Understanding structdafanction re- nonsymmetric tandem mismatches, the contribution of each
lationships for these molecules depends on knowing threemismatch depends on the identity of the other mismatch.
dimensional structures, so RNA structure determination is The results suggest a structural basis for this dependence,
increasingly interesting. The major structure determination thus providing new insight into the interactions determining
approaches, X-ray diffraction and NMR, however, can't keep stability and structure of internal loops. From these results
pace with the rate of discovery and sequencing of interestingand previous data, a preliminary model is proposed for
new RNA molecules. Therefore, it is necessary to develop predicting the free energy increments for all tandem mis-

methods to reasonably predict RNA secondary and threematches so that they can be included more realistically in
dimensional structures from primary sequences. Studies ofa|gorithms for predicting RNA folding.

RNA unfolding indicate secondary structure interactions
dominate over tertiary interactions (Crothers et al., 1974; MATERIALS AND METHODS
Hilbers et al., 1976; Banerjee et al., 1993; Jaeger et al., 1993,
Gluick & Draper, 1994). Thus, thermodynamic parameters  Oligonucleotide Synthesis and PurificatioRNA oligo-
measured for secondary structure motifs in small model mers were synthesized on an Applied Biosystems 392 DNA/
systems are used to predict secondary structures by freeRNA synthesizer from monomers with-Bydroxyls pro-
energy minimization (Tinoco et al., 1971; Zuker & Stiegler, tected as théert-butyl-dimethylsilyl ether and'shydroxyls
1981; Turner et al., 1988; Zuker, 1989; Jaeger et al., 1989; protected as the dimethoxytrityl group (Usman et al., 1987).
Walter et al., 1994; Lck et al., 1996; McCaskill, 1990). This  Upon completion of coupling on the synthesizer, the oligomer
method requires a large database of thermodynamic paramwas removed from solid support and deprotected by treatment
eters (Tinoco et al., 1973; Freier et al., 1986; Turner et al., with concentrated ammonia in ethanol (3:1 by volume) at
1988; Serra & Turner, 1995). 55 °C overnight. The 2silyl protection was removed by
Internal loops are one motif with a wide variety of possible treatment with freshly made 1.0 M triethylammonium
sequences for which relatively little experimental data are hydrogen fluoride (50 equiv) in pyridine at & for 48 h.
available. Our group has previously studied symmetric The crude samples were then dried and partitioned between

tandem mismatches (Wu et al., 1995), e.gecacs, water and diethyl ether. Then, the samples were desalted

Jouucs, etc. The results show that stabilities of tandem through a Sep-pak C-18 cartridge (Waters) and purified on
mismatches are quite sequence dependent, indicating that th& Si500F thin-layer chromatography plate (Baker) developed
rules for internal loops are complex. Thus, more data are With 1-propanot-ammonia-water (55:35:10 by volume).

necessary to define and understand the factors determiningThe least mobile product band was visualized with ultraviolet

internal loop stability. light, cut out, and eluted with water. Then the samples were
This work is aimed at providing a thermodynamic database desalted again with a Sep-pak C-18 cartridge. The purity
for nonsymmetric tandem mismatches, e.§SCASs of each oligomer was checked by HPLC on a C-8 analytical

5'GGUG3

506UGS ore and relating loop stability to structure by reverse phase column (Hamilton) and was greater than 95%.

UV Melting and Thermodynamic Parameter§hermo-
" This work is supported by NIH Grant GM 22939, dynamic parameters were measured in 1.0 M NaCl, 10 mM

* Author to whom correspondence should be addressed. sodium cacodylate, and 0.5 mM MEDTA, pH 7.0. Two
€ Abstract published irAdvance ACS Abstract€ctober 1, 1997. molecules were also measured in 1.0 M NaCl, 10 mM
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sodium phosphate, and 0.5 mM &DTA, pH 7.0. Oli- wherem, b, %, of, and Covnb) are the slope, intercept,
goribonucleotide single strand concentratio®;, were variance of slope, variance of intercept, and covariance of
calculated from high-temperature absorbances and single-slope and intercept, respectively, for eq 1.

strand extinction coefficients calculated as described previ- NMR SpectroscopyAfter purification, RNA oligomers
ously (Borer, 1975; Richards, 1975). Oligomers were mixed \yere dialyzed against 0.1 mM BEDTA and double-distilled

in 1:1 concentration ratios for non-self-complementary ater for 24 h each, dried down and dissolved in 80 mM
duplexes. Small errors in mixing ratios are not expected to NaCl, 0.5 mM NaEDTA, and 10 mM sodium phosphates
affect the results since the effect of mixing ratio not being jn 90% H,0 and 10% BO, pH 7.0. One dimensional imino
1:1 is small up to 50% of excess of one strand (Peritz et al., proton NMR spectra were recorded by a Varian VXR 500S
1991). Absorbance vs temperature melting curves wereor varian INOVA 500 spectrometer at 500 MHz. A
measured at 280 nm with a heating rate 6CImin from 0 pinomial 1:33:1 pulse sequence was used to suppress the
to 90 °C on a Gilford 250 spectrometer controlled by a splvent peak (Hore, 1983). The frequency offset was set to
Gilford 2527 thermoprogrammer. Thermodynamic param- maximize the signal-to-noise ratio at about 13 ppm with the
eters for duplex formation were derived by fitting the shape fjrst nodes at 21 and 5 ppm. Spectra were collected with
of _each curve to the two-state model with sloping base _Iines 12 000 points over a sweep width of 12 kHz, multiplied by
using a nonlinear least-squares program (Petersheim &g 2—4 Hz line-broadening exponential function, and Fourier-
Turner, 1983; McDowell & Turner, 1996), and by plotting  transformed on a Sun 4/260 computer running Varian VNMR

the reciprocal of the melting temperatufg—* vs In(Cr/4) software.
for non-self-complementary sequences (Borer, 1974):
R AS RESULTS
_l_
Tw = AH°In(CT/4) + AH® @ Phylogenetic AnalysisA survey of phylogenetic struc-

tures of 79 group | introns, 101 small subunit rRNAs, and
Here, R is the gas constant, 1.987 catKmol™*. Except 218 large subunit rRNAs (Damberger & Gutell, 1994; Gutell
for 3eoeancuee, the AH°s derived from the two methods et al., 1993; Gutell, 1994) revealed 1890 tandem mismatches
agree within 15%, consistent with the two-state transition (Table 1). Most of these are tandem3 (1124 occur-
model (Turner et al., 1988; Freier et al., 1986; Petersheim rences). About 41% of the 766 other tandem mismatches
& Turner, 1983; Albergo et al., 1981). are symmetri¢a, 2 andy- mismatches (see diagonal of
Error limits reported forAG®s;, AH®, and AS’ derived Table 1) if closing base pairs are not taken into account.
from fitted parameters are standard deviations. The Samp|eThermodynamic parameters were measured for tandem

covariance ofAH° andAS’, Cov(AH°,AS’), can be calcu-  mismatches that occur most often, as well as for some that

lated from the standard deviationsAt°s;, AH®, andAS’ occur rarely.

by the following equations (Snedecor & Cochran, 1982): Thermodynamic ParametersFor all the tandem mis-
- y o 2 . matches gy, Stability was determined in the same con-

(Oacran)” = (Oane)” T T(0as)” — 2TCOVAH® AS) (2) text, yononrayes. The GG mismatch was not studied

because of aggregation problems encountered with symmetric
tandem GG mismatches (SantalLucia et al., 1991b). Typical
1 . - plots of Ty™! vs In(Cy/4) are shown in Figure 1 and
Cov(AH°,AS) = —Z[(AHi — AH)(AS — A9)] (3) Supporting Information (see paragraph at the end of paper
N-—15 regarding Supporting Information). Thermodynamic param-
eters of duplex formation derived from these plots and from

or

whereT is the temperature in Kelvin, and Cai®,AS’) - averaging parameters obtained by fitting the shape of each
roawoas, Wherer is the correlation coefficient betweerH individual melting curve to the two-state model are listed in
andAS’. The covariance derived by eqgs 2 and 3 indicates Tapje 2. Two mismatches with high natural occurrence,
that the correlation coefficient betweeXH® and AS’ is SGAGAAGAG o1 SGAGAAGAGS \are measured in both ca-

greater than 0.99; thereforé\G°;; is a more accurate
parameter than eitheéxH® or AS’ individually (Petersheim
& Turner, 1983; SantaLucia et al., 1991a).

Error limits reported foAH® andAS’ derived fromTy ™1

codylate and phosphate buffer systems; the thermodynamic
parameters are essentially the same.

In Table 2, duplexes with mismatches are listed in order
of decreasing stability at 37C. At the top of Table 2 are

vs In(C/4) data reflect the standard deviation in the slopes h d . for th ¢ qugigac
and intercepts (Meyer, 1975) with all data points weighted [Néfmodynamic parameters for the reference uplgse

equally. Error in AH® is proportional to the standard cucs- AS shown in Table 2, parameters for the reference
deviation in the slope. Error inS is slightly larger than  duplex and for5&iccocuey are predicted reasonably well
the error inAH° because\S’ depends on the slope, intercept, by the nearest-neighbor parameters of Freier et al. (1986)
and the covariance of the slope and intercept. The error inand He et al. (1991). The stability §£)c0ecucy (AG® =
AG°3; can be calculated as follows (Bevington, 1969; —7.63 kcal/mol), however, could not be unambiguously
Santalucia et al., 1991a): predicted because there are two sets of nearest-neighbor
parameters fo oy depending on the flanking base pairs
OZ(Tb— 1)2+ OzTZ (He et al., 1991). Set I, derived by omitting results for
mi

- . . GUC H o
m? b2 oligomers containing the motSes, predicts aAG®s; of

(Oreean)? = (2.30R)?

—5.7 kcal/mol. Set I, derived by omitting results for

(4) oligomers containing the motif§oac, 2%, and Yoo,

predicts aAG°3; of —8.2 kcal/mol. Evidently, the average

2 —
2Cov(m,b)w
m
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Table 1: Frequency of Occurrence of Tandem Mismatthe®hylogenetic Structures of 79 Group | Introns, 101 Small Subunit rRNAs, and

218 Large Subunit rRNAs

5XY3’ U G C U G A U C A G c A
3WZ5 U U U G G G C C C A A A

A 9 2 2 0 5 160 0 0 0 6 4 26

A

A 12 1 3 1 2 21 0 0 3 7 1

C

A 14 1 30 0 2 52 0 1 3 3

G

C 4 1 1 1 7 3 4 0 1

A

C 18 0 0 0 6 2 0 0

C

C 7 1 10 0 3 2 1

u

G 7 0 1 5 1 188

A

G 5 0 1 0 0

G

G 1 200 0 150

U

u 13 0 0

C

u 2 774

G

U 99

u

2 The left column represents tlié, mismatch, and the top row represents i@enismatch, respectively, regardless of loop closing base pairs.
The table is symmetric along the diagonal, so the lower-right part is omitted. The total number of occurrences of tandem mismatches is 1890.

35

34

1/Tm x 10000

31

30 Fr—rrrrr

36
35

: e

-In(C/4)

Ficure 1. Reciprocal of melting temperature verstis(C+/4) plots
for () coecuc (®): chcgacuc (. chcoucye (4), ehevucys (¥)
cucuceuc (#): ducascue (O©) and for (B) &uceucuc (@), cucuce
uc_ (), gucuucuc (a), Cocencue (W), Shcaacue (®). Socuacuc

1/Tm x 10000

(O). Buffer is 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5

mM NaEDTA, pH 7. Slopes{R/AH®) and interceptsAS’/AH®)

for each plot give the Tjy vs In(Ct/4) parameters in Table 2 (see

eq 1).

of the two sets of parameters-6.95 kcal/mol) makes a
reasonable prediction.

follows (Gralla & Crothers, 1973). For any tandem mis-
match motif 3ansee, the nearest-neighbor free energy

parameter at 37C is

'GXYG 3

'GAGX YGAGZ o
AG3 37,loop3CWZC 5 ) AG

7 3ICUCWZCUCY
5'GAGGAG3 5'GG3
3'CUCCUCS')+ AG;7<3’CC5’) (5)

In this equation, AGH(Genawroues

and AGS~
GanecnSs) are the free energy changes for duplex forma-
tion with and without mismatches, respectively, derived from
Tw~t vs In(Cr/4) plots (Table 2). AG$(3ece) is the free
energy increment of-2.9 kcal/mol for the nearest-neighbor
3o53) interaction (Freier et al., 1986) that is interrupted by
the tandem mismatches. The free energy increments for loop
formation cover a wide range, from about.1 to 2.6 kcal/
mol. Enthalpy and entropy increments are calculated

similarly and also cover a wide range (Table 3).

Imino Proton NMR One-dimensional imino proton NMR
spectra of 12 different duplexes in® are shown in Figure
2. Since these duplexes are non-self-complementary, six
resonances are expected for the six Watgorick base pairs
in each duplex. This is observed for the reference duplex
Cencs (Figure 2a). Resonances were assigned based on
chemical shift and NMR melting. In Figure 2a, the two
resonances above 14 ppm are typical ofJAbase pairs
(Hilbers, 1979; Pardi et al., 1981; Ulrich et al., 1983; Chou
et al., 1983). The resonances at 12.39 and 13.53 ppm are
assigned to the two terminal-G base pairs because they
broaden first when temperature is raised, due to terminal base
pair fraying. The other two resonances at 12.30 and 12.78
ppm are assigned to the internalbase pairs. The spectra

Thermodynamic parameters for internal loop formation are for duplexes with tandem mismatches have features similar
listed in Table 3. These parameters were calculated asto those in the spectrum for the reference dupfXoc,

CCU
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Table 2: Thermodynamic Parameters of Duplex Formation

1/Tw vs In(Cy/4) parameters

curve fit parameters

RNA duplexed —AG$;(kcal/mol) —AH (kcal/mol) —AS (eu) TmP(°C) —AGS7(kcal/mol) —AH (kcal/mol) —AS (eu) Tm?(°C)
GAGGAG 8.50(0.05) 55.7(1.7) 152.2(5.2)  48.4 8.66(0.2) 58.8(4.9) 161.8(15.2)  48.6
Cuccuc 7.50 54.0¢ 149.9 42.F

GAGUGGAG 9.66(0.06) 82.3(1.8) 234.1(56)  49.3 9.59(0.2) 80.4(4.0) 228.2(12.3)  49.3
CucGgucuc 8.80 73.¢ 208.9 46.9

GAGUUGAG 8.24(0.04) 70.0(1.8) 199.2(5.6) 447 8.55(0.3) 80.1(8.0) 230.8(25.0)  45.0
CUCGGCUC 8.22(0.15) 73.9(1.9% 211.85.9)  44.Z 8.30(0.1% 76.8(3.6% 2209(11.8 443
GAGGUGAG 7.63(0.02) 78.4(1.5) 228.2(4.7) 414 7.63(0.1) 76.1(2.7) 220.8(8.7) 416
CUCUGCUC

GAGGAGAG 6.95(0.01) 73.0(1.9) 213.1(6.2)  38.8 7.00(0.2) 62.0(5.0) 177.4(16.6)  39.4
CUCAGCUC

GAGGAGAG 6.50(0.04) 55.9(2.3) 159.1(7.7)  36.8 6.43(0.1) 59.6(4.1) 171.3(13.2) 365
CUCUGCUC

GAGUUGAG 6.21(0.02) 67.0(1.5) 195.9(4.8) 355 6.27(0.1) 68.6(5.4) 201.1(17.5)  35.8
CucGucuc

GAGUGGAG 6.21(0.02) 70.9(1.7) 208.4(5.6) 35.6 6.29(0.1) 67.9(4.0) 198.6(13.1) 35.8
Ccucuucuc

GAGAGGAG 6.21(0.02) 42.2(1.2) 116.1(3.9)  34.7 6.14(0.2) 43.2(4.6) 119.4(15.1)  34.2
CUCCACUC

GAGUAGAG 6.09(0.02) 63.8(1.8) 186.0(5.8)  34.9 6.14(0.1) 68.4(7.2) 200.8(23.1)  35.3
CUCGGCUC

GAGUGGAG 6.07(0.03) 59.9(1.8) 1735(5.7) 347 6.23(0.2) 55.8(6.0) 159.9(20.0)  35.3
CUCGACUC

GAGUCGAG 5.97(0.03) 60.8(1.4) 176.7(4.6)  34.2 5.97(0.1) 60.7(2.0) 176.5(6.6) 34.2
CUCGACUC

GAGAGGAG 5.95(0.02) 66.8(1.8) 196.3(6.0)  34.4 6.11(0.3) 55.3(3.4) 158.6(11.6) 347
CUCGACUC

GAGCGGAG 5.93(0.04) 43.3(1.6) 120.3(5.2) 327 5.79(0.2) 49.6(2.3) 141.2(7.5) 32.5
CUCAACUC

GAGUUGAG 5.88(0.02) 65.8(1.2) 193.2(3.8) 34.0 5.98(0.1) 67.6(8.3) 198.6(26.8) 345
cucuucuc

GAGCGGAG 5.88(0.06) 36.9(1.7) 99.9(55)  31.6 6.00(0.2) 39.7(7.3) 108.9(23.7)  32.9
CUCCACUC

GAGAGGAG 5.87(0.03) 57.9(1.3) 167.9(4.3) 335 5.97(0.1) 52.4(1.1) 149.6(3.2) 33.7
CUCGUCUC

GAGGCGAG 5.82(0.05) 64.6(2.7) 189.5(8.8)  33.6 5.86(0.1) 60.3(2.7) 175.6(8.5) 33.6
CUCUACUC

GAGAAGAG 5.78(0.02) 61.1(1.2) 178.5(4.1)  33.3 5.89(0.1) 58.6(5.2) 170.0(17.3) 337
CUCGGCUC 5.49(0.05) 66.0(2.1) 195.1(7.1)  32.2 5.66(0.2) 58.5(1.9) 170.3(6.5) 325
GAGGAGAG 5.74(0.06) 48.6(2.3) 138.2(7.5)  32.1 5.69(0.2) 55.7(6.5) 161.4(205)  32.4
CUCUACUC

GAGCAGAG 5.60(0.03) 45.8(1.0) 129.6(3.3) 30.8 5.48(0.1) 50.9(1.6) 146.3(5.1) 30.7
CUCAGCUC

GAGUCGAG 5.57(0.04) 62.5(1.8) 183.6(6.0) 323 5.65(0.1) 58.3(1.7) 169.6(5.7) 32.4
CUCGCcCuUC

GAGGAGAG 5.56(0.06) 62.4(3.4) 183.3(11) 322 5.68(0.2) 53.5(1.2) 154.1(3.8) 321
CUCAACUC

GAGAAGAG 5.42(0.03) 58.3(1.4) 170.6(4.7)  31.2 5.56(0.2) 54.0(4.0) 156.2(13.3)  31.5
CUCAGCUC 5.33(0.04) 69.1(1.7) 2055(5.5) 317 5.56(0.2) 59.5(3.2) 173.9(10.8)  32.0
GAGUAGAG 5.42(0.16) 50.6(4.2) 145.7(14) 30.3 5.38(0.2) 51.7(5.0) 149.3(15.9)  30.3
CuCucCcucC

GAGGCGAG 5.37(0.05) 63.3(1.7) 186.7(5.6)  31.4 5.42(0.1) 61.3(1.9) 180.2(6.3) 315
Cucuucuc

GAGAGGAG 5.30(0.27) 52.2(6.0) 151.3(20) 29.9 5.32(0.3) 55.7(8.1) 162.6(25.9)  30.4
CUCAUCUC

GAGUCGAG 5.30(0.06) 59.4(2.2) 174.4(7.4) 307 5.34(0.1) 56.1(2.5) 163.7(8.2) 30.6
CucCuccucC

GAGUCGAG 5.22(0.08) 43.2(2.1) 122.4(6.9)  27.9 5.06(0.2) 46.6(6.1) 133.8(19.7) 275
CUCUACUC

GAGAGGAG 5.20(0.1) 52.0(2.8) 150.8(9.2)  29.3 5.29(0.1) 49.1(3.1) 141.3(9.8) 29.3
CUCAACUC

GAGGUGAG 5.19(0.04) 63.7(1.5) 188.6(5.0)  30.6 5.41(0.3) 58.1(5.1) 169.7(17.3)  31.1
Cucuucuc

GAGUUGAG 5.17(0.03) 60.5(1.0) 178.5(3.2)  30.2 5.18(0.1) 61.1(1.4) 180.2(4.7) 30.3
CuCcCucucC

GAGGCGAG 5.14(0.04) 58.8(1.4) 173.0(4.6)  29.8 5.40(0.1) 47.3(5.1) 135.0(16.0)  29.7
CUCAACUC

GAGUAGAG 5.12(0.08) 60.7(2.5) 179.1(8.3) 30.0 5.13(0.4) 59.7(8.9) 175.9(30.1) 29.9
CUCGACUC

GAGUUGAG 5.06(0.04) 56.9(1.4) 167.0(45) 292 5.04(0.1) 56.7(2.8) 166.4(9.1) 29.1
CucuccucC

GAGGUGAG 4.99(0.04) 60.3(1.2) 178.4(4.1)  29.3 5.23(0.1) 52.1(2.8) 151.3(9.0) 29.5
CUCAGCUC

GAGAUGAG 4.93(0.08) 46.3(2.2) 133.3(7.3) 266 4.97(0.2) 47.6(4.7) 137.5(15.4)  27.2
CucCcCucucC

GAGAAGAG 4.89(0.06) 55.7(1.7) 163.8(5.6)  28.1 5.03(0.1) 50.7(2.3) 147.3(7.3) 28.1

CUCGACUC
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Table 2 (continued)

1/Twm vs In(C/4) parameters curve fit parameters

RNA duplexed —AGS;(kcal/mol) —AH (kcal/mol) —AS (eu) T.?(°C) —AG% (kcal/mol) —AH (kcal/mol) —AS (eu) Tn?(°C)
GAGACGAG 4.79(0.08) 57.1(2.1) 168.6(7.1)  27.8 5.03(0.2) 50.6(1.6) 146.9(5.1) 28.1
CUCGACUC

GAGGUGAG 4.75(0.06) 57.5(1.3) 170.0(4.3) 27.7 4.79(0.1) 56.3(1.4) 166.0(4.8) 27.7
CUCAUCUC

GAGAAGAG 4.75(0.05) 47.6(1.0) 138.3(3.4) 25.8 4.76(0.1) 46.9(2.7) 135.8(9.2) 25.7
CUCAACUC

GAGACGAG 4.71(0.08) 59.8(2.2) 177.7(75)  27.9 4.74(0.2) 61.8(6.1) 183.9(20.3)  28.3
CuUCGUCUC

GAGUUGAG 4.68(0.04) 62.5(1.1) 186.4(3.6)  28.1 4.86(0.2) 58.4(4.4) 172.7(14.7)  28.4
CUCUGCUC

GAGAUGAG 4.67(0.09) 55.6(1.9) 164.2(6.2) 26.9 4.94(0.2) 49.0(3.8) 142.2(12.7) 27.3
CUCGGCUC

GAGACGAG 4.62(0.16) 44.5(2.6) 128.7(8.9) 24.2 4.66(0.2) 43.7(4.3) 125.7(14.3) 24.2
CUCAACUC

GAGAAGAG 4.58(0.10) 53.4(2.5) 157.3(8.3) 26.1 4.82(0.2) 46.2(4.1) 133.4(13.8) 26.0
CuUCCGCuUC

GAGAAGAG 4.55(0.12) 53.0(2.8) 156.4(9.5) 25.8 4.59(0.1) 52.1(2.6) 153.2(8.6) 25.9
CucGCccucC

GAGGCGAG 4.52(0.08) 48.6(1.5) 142.3(5.0) 24.7 4.82(0.4) 41.1(7.7) 116.9(25.7) 24.6
CUCACCUC

GAGUCGAG 4.52(0.09) 52.9(2.0) 155.9(6.7) 25.6 4.84(0.2) 44.9(3.1) 129.0(10.1) 25.8
Cuccucuc

GAGACGAG 4.50(0.05) 47.3(1.0) 137.9(3.5) 24.2 4.61(0.1) 45.4(3.4) 131.5(11.2) 24.4
CUCGCCUC

GAGUGGAG 4.34(0.08) 50.4(1.4) 148.4(4.9) 24.1 4.39(0.2) 48.3(3.8) 141.5(12.8) 23.9
CUCUACUC

GAGAUGAG 4.32(0.11) 54.6(2.3) 162.0(7.6) 24.9 4.59(0.1) 48.2(2.0) 140.5(6.2) 25.0
CUCAGCUC

GAGUAGAG 4.31(0.05) 55.9(1.2) 166.5(3.9) 25.1 4.53(0.3) 52.9(6.6) 155.8(22.2) 25.7
CUCUGCUC

GAGACGAG 4.16(0.07) 53.8(1.3) 160.1(4.3) 23.9 4.44(0.3) 47.4(5.2) 138.6(17.7) 23.9
CUCCACUC

GAGAUGAG 3.84(0.10) 55.3(1.4) 165.8(5.0) 22.6 3.75(0.4) 56.4(4.6) 169.7(16.1) 22.4
CUCGUCUC

GAGAUGAG 3.82(0.01) 57.2(1.4) 172.0(4.9) 23.0 4.05(0.2) 53.1(2.5) 158.0(8.7) 23.1
CUCAUCUC

GAGUAGAG 3.74(0.10) 54.7(1.7) 164.2(5.7) 22.0 3.82(0.2) 52.8(3.6) 157.8(12.1) 21.8
CUCUACUC

GAGUUGAG 3.56(0.07) 47.8(1.1) 142.7(3.6) 18.9 3.2(0.1) 54.2(3.3) 164.3(10.8) 19.0
Cuccccuc

GAGACGAG 3.33(0.10) 49.8(1.6) 149.8(5.4) 18.2 3.53(0.1) 46.2(2.6) 137.5(8.7) 18.1
Cuccccuc

GAGACGAG 3.03(0.09) 53.0(1.2) 161.1(4.3) 17.8 3.37(0.8) 48.1(11) 144.3(39.6) 17.9
CUCACCUC

alisted in order of decreasing loop stability. Top strand is irl 53 direction, bottom stand is in’ 30 5 direction.” Calculated for 16* M
oligomer concentratiorf. Predicted from nearest-neighbor parameters (Freier et al., 1986&dicted from nearest-neighbor parameters (Freier et
al., 1986; He et al., 1991y.Measured by He et al., 1991Measured in sodium phosphate buffer system.

2. In these spectra, extra resonances are presumably fronNMR features reflect tight imino proton hydrogen bonding
the mismatches. in both U mismatches.

The spectrum forSiSAASSY (Figure 2b) has eight _ There are nine resonances in the spectrun&Eiccl
resonances. The two extra imino proton resonances down-cz (Figure 2e). The three resonances between 1_0.1 and
field of 11.5 ppm suggest that both guanines inGA  11.4 ppm are presumably from the-W and GA mis-

mismatches are in the imino hydrogen-bonde&Aonfor- matches. Note that these resonances are much broader than
mation shown in Figure 3 (Cheng et al., 1992; Walter et al., those inyenaooenes. This suggests that the-U mismatch
1994; Wu & Turner, 1996). The spectrum ffcaccrae in 3o S Acnes is not as tightly hydrogen bonded. A broad

(Figure 2c) has seven resonances, but integration of the peakesonance observed upfield of 11.5 ppm for an imino proton
at 11.95 ppm suggests that it arises from two protons. Thisin a G A mismatch is considered to indicate the sheared

spectrum is very similar to that fGi, coaacee. Evidently,  conformation shown in Figure 3 (Santalucia & Turner, 1993;
both AG mismatches o SASSASS are also imino hy- ~ Walter etal., 1994; Cheng etal., 1992; Li etal., 1991; Green
drogen bonded. etal., 1994). This is consistent with the fact that there is no
Four extra resonances between 10.3 and 11.2 ppm ardVOE from these resonances to an AH2 (data not shown).
observed in the spectrum fofnSooonSs (Figure 2d). Th%éfgucﬁg‘,igfo Coenucues (Figure 2f) is similar to that

They are characteristic of ‘U mismatches (SantaLucia et for 33uduacucs: thus, the GA mismatch in this motif also
al., 1991b; Wu et al., 1995; Nikonowicz & Pardi, 1992). appears to have a sheared conformation. The resonances at
These sharp resonances indicate that all four U imino protons10.10 and 10.98 ppm in the spectrum g5 S0os

are protected from exchange with water and presumably thesgFigure 2g) are from either the two mismatched Us or one
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Table 3: Thermodynamic Parameters for Loop Formation by Nonsymmetric Tandem Mismatches

GXYG G U A G U A U C C C A
CcwzcC u G G A u C C u C A A
(a) Free Energy IncrementAG3; 100p for Loop Formation in Kilocalories per Mbl
U —4.06 —2.64 —0.49 —0.47 —0.61 0.03 —0.37 0.48
G (0.08) (0.06) (0.05) (0.06) (0.05) (0.06) (0.06) (0.09)
G —2.03 —0.90 0.41 0.23 —0.22 -0.14
u (0.05) (0.06) (0.06) (0.07) (0.07) (0.08)
G 0.61 —-1.35 0.85 1.08 0.46 0.04
A (0.06) (0.05) (0.08) (0.09) (0.06) (0.08)
A -0.27 0.93 —0.18 —0.35 1.76 1.05 0.89 1.10 0.81 0.71
G (0.06) (0.10) (0.05) (0.05) (0.11) (0.13) (0.09) (0.07) (0.09) (0.08)
U —0.61 0.92 1.29 126 —0.28 0.18 0.54 0.30 0.38 1.86
u (0.05) (0.06) (0.07) (0.09) (0.05) (0.17) (0.06) (0.08) (0.09) (0.11)
C 0.0 —0.33
A (0.06) (0.06)
U 0.43 2.04
C (0.06) (0.09)
C —0.28
[ (0.08)
A 1.02 —0.61 0.67 2.27 1.44
[ (0.11) (0.05) (0.09) (0.11) (0.09)
A 0.30 1.28 0.18 0.40 1.78 2.57 0.98 0.85
A (0.27) (0.12) (0.06) (0.11) (0.05) (0.10) (0.17) (0.07)
(b) Enthalpy Change Increment&Ki$r,100p for Loop Formation in Kilocalories per Mol
U —38.8 —26.5 —20.3 -16.4 —23.5 —19.0 —-17.3 —-17.2
G (2.5) (2.5) (2.5) (2.5) (2.3) (2.5) (2.2) (3.0
G —34.9 —-12.4 —20.2 —19.8 —-21.1 —-5.1
u (2.3) (2.9) (2.3) (2.4) 3.2) (2.9)
G —16.8 —29.5 —14.0 -5.1 —15.3 —18.0
A (2.1) (2.5) (2.2) (2.3) 2.2) (3.8)
A —14.4 —-12.1 —-17.6 —23.3 —11.8 —-95 —16.3 -3.8 —13.6 —12.2
G (2.2) (2.5) (2.2) (2.5) (2.2) (3.3) (2.8) (2.0) 2.7) (2.4)
U —27.4 —19.0 —-12.4 —-6.9 —22.3 7.1 —13.4 —15.9 0.3 —-11.2
u (2.4) (2.0) (2.1) (2.2) (2.1) (4.5) (2.2) (2.8) 2.7) (2.9)
C —-2.3 0.2
A (2.0 (2.3)
U -17.0 —-4.3
c (2.0) (2.0)
C 6.6
@ (2.4)
A -9.9 1.3 —-2.8 —-6.3 —10.3
[} (3.0 (2.2) (2.8) (2.3) (2.1)
A —-8.7 -11.1 —14.8 -85 —13.7 —-9.5 -1.0 —4.1
A (6.2) (2.9) (2.2) (3.3) (2.2) (2.1) 3.1) (2.0)
(c) Entropy Change IncrementA %7009 for Loop Formation in Entropy Units
U —111.6 —-76.7 —63.5 —51.0 —73.4 —61.1 —54.2 —56.6
G (7.6) (7.8) (7.7) (7.2) (7.9) (6.9) (9.8)
G —105.7 —36.6 —66.1 —64.2 —67.0 —-15.7
u (7.0) (9.3) (7.2) (7.6) (10.2) (9.2)
G —55.9 —90.6 —47.5 —19.8 —50.5 —60.8
A (6.6) (8.1) (6.7) (7.2) (6.9) (12.2)
A —45.4 —41.7 —56.0 —73.8 —43.3 —33.9 —55.2 —15.4 —46.1 —41.3
G (6.7) (8.1) (6.6) (7.9) (7.2) (10.8) 9.1) (6.3) (8.8) (7.6)
U —85.9 —63.9 —44.0 —25.9 —70.7 —-23.2 —44.5 —51.9 0.10 —417
u (7.6) (6.3) (6.5) (7.2) (6.4) (14.9) (6.9) (9.0) (8.6) 7.7
C 7.1 2.2
A (6.2) (7.4)
U —56.0 —20.2
C (6.1) (6.3)
C 22.6
C (7.6)
A —34.8 6.4 —10.8 —27.3 —37.6
C (9.8) (6.5) (9.0) (7.5) (6.7)
A —28.8 —-39.5 —48.1 —28.3 —49.5 —38.6 —6.2 —15.8
A (20.7) 9.2) (7.0) (10.6) (7.1) (6.7) (10.3) (6.2)

aThe left column represents t§&, mismatches, while the top row represents fhienismatches in the context §€,ycs. Values in parentheses

are estimated error8 Calculated

by eq 5.
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(1) scaGUAGAGS
3'CUCGGCUCS'
(k) 5GAGUUGAG3'
3CUCGUCUCS
(j) 5GAGUGGAG3
3CUCUUCUCS M
(i) 5GAGUUGAG3
3'CUCUGCUCS' M
(h) 5GAGGUGAG3
3CUCUUCUCS'

() 5GAGAUGAG3
3CUCGUCUCS'

(f) scacoucacy
3CUCAUCUCS'
(€) SGAGUAGAGY
3CUCUGCUCS
(d) sG6AGUUGAG3
3cucuucucs U

(C) 5GAGAGGAGY .
3ICUCGACUCS

(b) 5S'GAGAAGAG3Y'
31 CUCGGCUCs'

(a) SGAGGAGY
3cuccucs'

15.0 14.0 13.0 12.0 11.0 10.0 PPM

FiIGURE 2: Imino proton NMR spectra (500 MHz) in 80 mM NacCl,

0.5 mM NgaEDTA, and 10 mM sodium phosphates in 90%
and 10% DO at pH 7 for (bottom to top) (a) 0.5 mESe)S at 10
°C, (b) 1.4 mMZASAASAS at 10°C, (c) 0.75 MMSHSASSAC at 15
°C, (d) 2.6 mMSO e Ucns at 14°C, (e) 0.8 mMS c ecne at 1°C,
(f) 2.2 mM EIERIE0E at 10°C, (g) 1.3 mMELEa el at 8°C, (h)
0.9 mM 55208 at 0°C, (i) 0.9 mM SHSHEste at 3°C, () 1.2

mM SASIESAC at 6°C, (k) 1.7 mMShSeoa S at 6°C, and (1) 0.9
AGAG

mM Zhaaacue at 10°C. Concentrations are total strand concen-

tration.

Xia et al.

(II) Sheared Conformation

Ficure 3: Two known hydrogen-bonding patterns of AGmis-
matches in a &\ tandem. (I) Imino hydrogen bonded conformation,
(I1) Sheared conformation.

all have four extra resonances between 11.8 and 9.6 ppm
(with two resonances overlapping at about 10.4 ppm in
spectrum i). Since both & and UU mismatches have two
imino protons, these four resonances are presumably from
the mismatches. Imino protons of G inr@ wobble pairs
typically give sharp resonances around 11 ppm (McDowell
& Turner, 1996; McDowell et al., 1997; White et al., 1992;
Allain & Varani, 1995; Geerdes & Hilbers, 1979). Although

it is difficult to assign the four resonances individually, the
broadness suggests that neither of the two mismatches forms
strong hydrogen bonds such as those observed in symmetric
tandem UG and UU mismatches (SantalLucia et al., 1991b;
He et al., 1991; McDowell & Turner, 1996; McDowell et
al., 1997; Nikonowicz & Pardi, 1992).

The spectrum fofoncenc e (Figure 2I) has only two
extra resonances, at 11.71 and 10.43 ppm. Neither of them
gives an NOE to an AH2 (data not shown); thus, th&A
mismatch is not in an imino hydrogen-bonded conformation.
Also for geometric reason, it cannot form a sheared
conformation, either. Thus, these two resonances are as-
signed to the WG mismatch. As in the motif S,SAbSA 3
(Figure 29), the lack of an imino proton resonance from G
in the A-G mismatch indicates that the G imino proton is
exchanging rapidly with water.

DISCUSSION

Studies on symmetric tandem mismatches showed that

from G in the AG mismatch and the other from one of the  some mismatches are stabilizing, e.gGUGU, G-A, A-G,

two Us. From geometric considerations (see Discussion), gnd UU, partly due to hydrogen bonding (Wu et al., 1995).
the A-G mismatch cannot form a sheared conformation if Other mismatches are destabilizing, e.g:AAA-C, C-A,

there is a WatsonCrick base pair 5to the adenine, so the

C-C, C-U, and UC. A periodicity of stability as a function

two resonances are probably from the two Us. Evidently, of mismatches and closing base pairs has been summarized

the imino proton of the AG mismatch is rapidly exchanging

with water. Thus, it does not give rise to a resonance.

Four spectra for combinations of-@ and UU mis-
matches have similar features (Figure 2, spectr)h They

in a “periodic table” of symmetric tandem mismatches (Wu
etal., 1995). For predicting RNA secondary structure from
sequence, it is important to know if mismatches that are
stabilizing in symmetric contexts are still stabilizing in
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Table 4: Table ofA Values for Nonsymmetric Tandem Mismatches

GXYG G U A G U A U c c c A
cwze u G G A u C C U C A A
J 0.3 0.1 25 2.3 18 (0.0) o)  (L0) 14 0.9 2.0
E 00 03 1.4 20) 25 (0.0) Lo) 14 (L.0) 0.7 11
S 20 23 0.2 00 23 (0.0) o)  (L0) 1.4 0.7 05
é 2.3 1.9 0.6 0.6 2.4 09 (10) 06 0.7 0.3 05
3 16 15 1.7 1.8 00 -03 —0.1 00)  —05 —05 1.2
N 00)  (00) -03  -05  (0.0) (0.0) ©0)  (0.0) 0.0) (0.0) (0.0)
S (1L0)  (L0) (1.0) L0)  (0.0) (0.0) 00  (0.0) (0.0) ©0.0) (0.0)
g (1L0)  (L0) (1.0) (1L0) 00 (0.0) 05  (0.0) ©0.0) (0.0) (0.0)
E (1L0)  (L0) (L) -05  (0.0) (0.0) ©00)  (0.0) 0.0) (0.0) (0.0)
é 00  (0.0) 0.7 08 0.2 (0.0) ©00)  (0.0) 08 02 0.0)
§ 15 08 -04  -01 1.0 (0.0) ©00)  (0.0) 08  -09  —08

aThe left column represents tB§, mismatches, while the top row represents fBienismatches in the context 8Eyes. Values in italics and
parentheses are predicted. For tandem mismatches of similar size or of two destabilizing mismatches or at le@&mnosmach, penalty is
predicted to be zero (see Discussion); penalty is 2.0 kcal/mol for two different stabilizing mismatches, and 1.0 kcal/mol for one stabilizing and one
non-A-C destabilizing mismatch of different size.

nonsymmetric contexts and if the rules revealed by the corner, from UG to U-U, contains stabilizing mismatches.
periodic table of symmetric tandem mismatches can be usedHere,A values range from 0.0 to 2.5 kcal/mol. ThAevalues
to predict stabilities of nonsymmetric tandem mismatches. less than 0.6 kcal/mol are associated with two identical
The simplest approximation for predicting stabilities of mismatches, e.g., two G mismatchesSSuuS? (A is 0.1
nonsymmetric tandem mismatches is to average the ap-kcal/mol). ThusA is close to zero if both mismatches are
propriate values for symmetric tandem mismatches. This is stabilizing and have the same nucleotide composition. The
shown below: A values greater than 1.4 kcal/mol are associated with
combinations of stabilizing mismatches of different size, e.g.,
youess (A is 1.7 kcal/mol). GA, U-U, and GU mis-
matches in symmetric contexts are known to have hydrogen
bonds between the mismatched bases (SantalLucia et al.,
o ) ) ) 1991b; Santalucia & Turner, 1993; Nikonowicz & Pardi,
This is a nearest-neighbor approximation. It assumes that1993; Walter et al., 1994: Wu et al., 1995: McDowell &
for each motif of tandem mismatches, there are three tmer, 1996; McDowell et al., 1997). Presumably, hydrogen-
components corresponding to three nearest-neighbor interacynged mismatches are relatively rigid with certain sizes and
tions (Turner et al., 1988), and that the nearest-neighborghanes. This suggests that backbone distortions required to
interactions between two mismatches are the average of the,.commodate different sizes of hydrogen-bonded mismatches
symmetric counterparts. The differenca)(between ex-  ay he an important factor in determining stability.

perimental values and approximations is defined as: The lower right corner of Table 4 contains combinations

o 56X YG3y _ 1 o(5GX WC3'
AGappro>(3'cwzc5' - E[AG (3’CWX GS') +

AG°(3crrea)] (6)

A=AG° — AG? 7) of two destabilizing mismatches. Since these mismatches
P approx are not hydrogen bonded in symmetric contexts, they are
For example, to calculata for the motif SSSUSE we take likely flexible. Therefore, it is reasonable to see small
the average oAG%/(3oancy) (—2.7 kcal/mol) andAGS- \slg/klé‘é? for these motifs, e. ecacs (A is —0.2 kcal/mol),
GSUoes) (—0.1 kealimol) by eq 6, giving-1.4 kcal/mol;  zccces (A is 0.8 kcal/mol). TheA values in Table 4 are

5GGUG3' also near zero for combinations of one stabilizing mismatch

the experimental value oAGS/(32x,cs) is 0.85 kcal/mol . ) ) ,
(Table 3). Thus, the\ value by eq 7 is 2.3 kcal/mol for ~and one destabilizing mismatch of the same size, £,

this motif. Values ofA for each motif are listed in Table 4. acs (A is 0.5 kcal/mol), and for combinations of-8& with
PositiveA values indicate that the experimentally measured G-A or U-U. The averagé for such sequences is less than
stability increments are less favorable than predicted by eq0.1 kcal/mol. For combinations of one stabilizing mismatch
6. NegativeA values indicate that the measured stability and one non-AC destabilizing mismatch of different size,
increments are more favorable than predicted. Numbers inhowever, the average of the values is 1.0 kcal/mol, e.g.,
italics and parentheses in Table 4 are predicted by the rulesyoscas (A is 1.4 kcal/mol). Itis clear from Table 4 that the
specified at the end of this paper. difference in size of the two neighboring mismatches and
The mismatches in Table 4 are ordered such that they arethe type of mismatch both play a role in determining stability.
less favorable in a symmetric context (Wu et al., 1995) as  Following the nearest-neighbor model, the free energy
you go from left to right or top to bottom. The upper left increment of tandem mismatches can be broken down into
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three components. These three terms for any motif of electrostatic interactions between an imino hydrogen-bonded

5GX YG3' 5GX3 5XVY3 5'YG3 . i
Towzce Are 3cwen awrer andssce. Thus, theA values of G-A mismatch and &5 closure (Wu & Turner, 1996).

Table 4 represent the error in approximating these nearest The mismatches in th@gfﬂgg motif also differ in

neighbors. There are many potential sources of this error. structures from their symmetric counterparts. In this motif,

First of all, the interactions between closing base pair and the GA mismatch switches from the imino hydrogen-bonded
5GX 3

mismatch, e.g.gdys, in @ nonsymmetric motif are not conformation that is favorable in the symmetric context to
necessarily the same as that in a symmey co motif. the sheared conformation. This is because the backbone of
Secondly, interactions between two mismatches, e.g.,animino hydrogen-bonded-& mismatch (P-P distance 20.4
26\,52 will not in general be the average B \)/(Vg and g\z(\zf A) is wider than the standard Watse@rick backbone (Wu

2. In addition, there can be non-nearest-neighbor effects& Tumer, 1996). This makes the adjacent smalletU

which will be discussed later. All these are reflectedAin

mismatch unable to hydrogen bond. When the\ Gnis-
values match is sheared, the-U mismatch is on the narrower side
’ . . of the GA mismatch, i.e., 5to the adenine. Even though
One factor that affecta is mismatch structure. Thatis, he GA mismatch switches to a narrower sheared conforma-
the structure of the mismatch may be the same or dlfferenttion, the WU mismatch is still not able to tightly hydrogen

in the symmetric and nonsymmetric contexts. NMR spec- phonq, as evidenced by broad resonances for the U imino

tros(csggggprowdes information on structures. The stability protons (Figure 2f). This is also seengigﬂégg, where the

of Scuucs 1S Predicted well by eq 64 = 0.0 kcal/mol).  G.A mismatch keeps the sheared conformation which is
The NMR spectrum for this motif (Figure 2d) shows that fayoraple in a @G closing context. In the related motif,

both U-U mismatches are imino hydrogen bonded. Chemical 9GAUSY the 1-D imino proton NMR spectrum shows that

shifts of the four U iminq protpns are very close to those in ihe A‘G mismatch is not imino hydrogen bonded. But since
the symmetric motifs3cjucs (Wu et al, 1995) and  there is a WatsonCrick G-C base pair 5to the adenine,
euues (Santalucia et al., 1991b). This suggests that eachthis A-G mismatch cannot have a sheared conformation,
U-U mismatch has the same structure as in the symmetriceither. The NMR spectrum also shows no evidence of a
context. Equation 6 also predicts the stability 3o sheared conformation. Thus the@mismatch in this motif

well (A = 0.6 kcal/mol). The imino-proton spectrum for has a conformation other than the two structures shown in

FonSS3 shows that both the #& mismatches are imino ~ Figure 3. Due to severe spectral overlap, it is difficult to

hydrogen bonded (Figure 2c). The symmetric tandet®@ A  determine the structures of mismatches in another interesting
mismatches i§SASS% andSSASSE are also imino hydrogen ~ @nd related motifgcyace (data not shown). In all of the
bonded (SantaLucia et al., 1991b; Walter et al., 1994; Wu above three moitifs, resonances of U imino protons are broad
et al., 1997). Thus, there is little structural change for the compared to those ey, indicating that they exchange
two A-G mismatches going into the nonsymmetric context. faster with water. ThIS iS aISO Observed fOI’ Combinations
For the above two motifs, the interaction between mismatch of UG and UU mismatches where neither-G nor UU
and closing base pair is the same as in the symmetric motifs.form strong hydrogen bonds. These are typical examples
Since both WU and AG mismatches have the same structure Of Sizé and shape complementarity of the two adjacent
as they do in the symmetric motifs and the sizes of the two Mismatches being important. Large unfavorahlealues,
mismatches in both motifs are the same, the interactions™om 1.5 to 2.5 kcal/mol, result when-G, G-A, and UU
between the mismatches in both motifs should be predictedMiSmatches of different size are combined.
well by the average of those in the symmetric cases. Thus, The phenomenon of mismatches affecting each other’s
A is close to 0 kcal/mol. structure produces a non-nearest-neighbor sequence effect.
n 28@@8?, both mismatches are also imino hydrogen Studies on symmetric tanQem-AS mism_atches in RNA
bonded. Although the &G mismatches in the symmetric shpwed that the ponformanon'of the mlsr_natches is dgter-
B GAGCT _ o mined by the closing WatserCrick base pairs (SantaLucia
zceacs Motif are imino hydrogen bonded ,(\(/S\izélg:[’er etal, g Tumer, 1993; Walter et al., 1994; Wu & Turner, 1996).
1994), the GA mismatches in the symmetrigace motif The results presented here indicate that in nonsymmetric
have the sheared conformation shown in Figure 3 (Santa-contexts, the structure of a mismatch is determined by both
Lucia & Turner, 1993). So the right A mismatch gives  jts closing base pair, and by the structure of its neighbor
up the sheared conformation that is favorable for the mismatch. Since the latter is partially determined by the
corresponding symmetric context. This is because a shearegther closing base pair, a Watse@rick base pair can affect
conformation and an imino hydrogen-bonded conformation the structure of a mismatch which is not adjacent. Thus,
cannot be incorporated next to each other in a helix due tothe global minimum in energy depends on both mismatches
their remarkably different backbone distortions (Gautheret and their closing base pairs.

et al., 1994; Santalucia & Turner, 1993; Wu & Turner,  cyrrent RNA folding algorithms (Walter et al., 1994)
1996). Furthermore, due to the short PP distance of a  assuyme that only the first mismatch on each side of an
sheared AG mismatch (12.7 A), a WatserCrick base pair  internal loop contributes to the stability, and this free energy
(P—P distance is 17.5 A in a regular A-RNA) cannot be increment is independent of the rest of the loop. This
connected to the'Sside of the adenine in a shearedG\  assumption is not reasonable for small loops such as tandem
mismatch (Gautheret et al., 1994). As a result, th6& A mismatches. As the size of an internal loop gets larger,
mismatches of théiz motif cannot both adopt sheared however, the approximation of Walter et al. (1994) may
conformations. Interestingly, th& value for this motif is become more reasonable since larger loops are likely to be
still only 0.6 kcal/mol, possibly because better stacking more flexible and the first mismatch on each side would
between mismatches partially compensates the unfavorableaffect each other less.
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The structural changes in base pair pattern are results of; e s
molecules seeking the global minimum in free energy. These
changes in structure suggest that the nearest-neighbor
interactions between hydrogen-bonded mismatches are sig

Influence of Flexibility of Mismatches oh Values

loop with AP loop with AP differencé
rigid m.m2 (kcal/mol) flexible m.m2 (kcal/mol) (kcal/mol)

nificant so that eq 6 is not always a reasonable approxima- géldg 2.4 gﬁgg L0 1.4
tion. Presumably, hydrogen-bonded mismatches are rigid. ggug 23 GAUG 1.0 1.3
If two adjacent rigid mismatches are different in size and CAUC CAUC
shape, they can cause local backbone distortion or less GAUG 19 GAUG 0.8 11
favorable hydrogen bonding. Either distortion would make ggﬁg 23 g’;ﬁg 08 15
duplex formation less favorable. Thus,values for these CAGC ' CAGC ' '
motifs are large positive numbers. GAGG 2.3 GAGG 1.3 1.0
On the basis of the above ideas, it is reasonable to think gﬁxg L7 gﬁg\g 1 05
that if one of the two mismatches is somehow flexible, it~ jgc ' CUAC ' '
will give freedom to the other one. Presumably, mismatches GuGc 1.8 GUAG 1.2 0.6
that are destabilizing in a symmetric context are flexible. = CUAC CUAC
They are destabilizing because there is no particular interac- glcjég 14 Sﬁ,fg 11 0.3
tion wnhln the r.nlsmatch,. sgch as hydrogen bonding. Th_|s CUAG 25 GUAG 20 05
is consistent with NMR imino proton spectra (SantaLucia cccc CGAC
et al., 1991b; Peritz et al., 1991; Wu et al., 1995). Table5 GUGG 2.3 GUAG 2.0 0.3
shows how flexibility influences the values. This table ggﬁg L8 %(éﬁ% 04 14
shows the effect of changing @ to CA, a GAto A-A, CGUC : CAUC : :
ora Uu to C-C.or U-C_ .in. a tandem mismatch wher(_a the GGUG 25 GAUG 0.2 23
other mismatch is stabilizing (&, G-A, or U-U). That is, cuuc Cccuc
one of the two differently sized hydrogen-bonded mismatches GUAG 2.1 GCAG -0.3 2.4
is changed to a non-hydrogen-bonded mismatch of about the ggﬁg 14 gﬁig 07 07
same size. The comparisons in Table 5 show that replacing cucc ' CcCGe ' '
a stabilizing mismatch by a destabilizing mismatch while  GUGG 2.3 GCGG -0.5 2.8
keeping the other stabilizing mismatch unchanged reduces CGAC CAAC
the penalty term by an average of 1.3 kcal/mol. The specific g'dgg 15 ggfg -0.5 2.0
reduction depends on the particular mismatch replaced and gygg 1.6 GUAG 0.3 1.9
the neighboring mismatch. For example, changing thé A cuuc cucc
or U-U mismatch injon ce (A = 2.4 kcal/mol) to AA gélé(é 19 géig 0.2 17
5'GAUG3 'GACG3'
scaucs) o C-C @CGCCS,).reducesA to S%SGgsr)d 0.7 kcal/ CAGG 23 CAAG 0.9 14
mol, respectively; changing the:G in 33 5c (A = 1.6 CGUC CGCC
A (SCUAGE — GGUG 23 GGCG 0.7 1.6
kcaII/moI) to a CA (38 ccs) reduces theA to —0.3 kcal/ CAGG CAAC
mor. _ GUGG 18 GCGG 05 2.3
Presumably, nature selects particular sequences for func- CUAC CCAC
tional reasons. Thermodynamic stability and structure are GAUG 2.4 GACG 0.7 17
two correlated factors that influence function. Since RNA gfﬁg 24 gﬁgg 06 18
internal loops may play important roles in tertiary interactions  cguc ' cGee ' '
(Michel & Westhof, 1990) and in protein recognition (Zwieb, GGUG 2.3 GGCG 1.4 0.9
1992), this work represents a start on decoding the rules of CAUC CACC
molecular recognition for tandem mismatches in RNA. A Gggg 18 gggg 14 04
survey of tandem mismatches in known RNA secondary ggug 25 GGCG 1.4 1.1
structures suggests that tandem mismatches were not selected cuuc cuuc

randomly during evolution. For all possible tandem mis- & "\ — ismatch® Data from Table 4¢ Differences between the

match patterns including adjacent@G A-U, or G-U base second and the fourth column.
Pairs, 3ane: 3vve, andsnve have sixteen possible combina-
. . FRCNE 149RR3 5RR3 P

tions (R= purine, Y= pyrimidine), while3gyz, 3vrs, and such as AC or A-A. Although it is clear that natural
yove have eight, andiioe, 39ke, and 3ave have four  occurrences are not randomly distributed among different

possible combinations, respectively. Table 1 lists the categories nor within each category, they do not necessarily
frequency of occurrences of tandem mismatches in 398 RNA follow the same trends as the thermodynamics.

secondary structures determined phylogenetically (Dam- Certain motifs occur more often than expected from
berger & Gutell, 1994; Gutell et al., 1993; Gutell, 1994). thermodynamic stability. For example, t Y% motif

us'

Except for tandem & mismatches, all purine3frs occurs 14 times. This motif involves two extremely differ-
tandem mismatches dominate, occurring 443 times, or aboutently sized stabilizing mismatches and has an average
28 times per motif on average. All pyrimiding {s) unfavorableA of 2.1 kcal/mol and an average unfavorable

tandem mismatches are the second most prevalent with 148oop free energy increment of 1.5 kcal/mol. The imino
occurrences (99 of them are tandentunismatches), nine  proton NMR spectrum (Figure 2g) indicates that, in the
times per possible motif on average. Other tandem mis- jeayes motif, the WU mismatch is loosely hydrogen
matches occur less frequently, a total of 175 occurrences,bonded and the & mismatch is neither imino hydrogen

and most of them have at least one destabilizing mismatchbonded nor sheared. Thus, in the conformation of this motif,
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several hydrogen-bonding groups of theGAmismatch may  This is similar to theAGpep,37 0f —0.6 kcal/mol previously
be available for interactions. TheU mismatch presumably  reported for (CGCAGGCG)(SantaLucia et al., 1991b),
has free carbonyl groups also available for hydrogen bonding.supporting the assumptions in the model reported here.
Thus, this thermodynamically unfavorable motif may have
been selected during evolution because of a unique arrangeACKNOWLEDGMENT
ment of hydrogen-bonding groups required for tertiary
folding or molecular recognition. A phylogenetic search
shows that this motif often occurs at the same position in
large subunit ribosomal RNAs indicating a possible func-
tional role. . ) SUPPORTING INFORMATION AVAILABLE

From these and previous results, we propose an improved
but still simple and preliminary model to predict stabilities ~ Eight figures showing plots of inverse melting temperature
of all 2628 possible tandem mismatches (includinglas Vs In(Ci/4) for 47 sequences (8 pages). Ordering information
closing base pair). In this model, we add p&a penalty IS given on any current masthead page.
term, whose value depends on the type of both mismatches
and closing base pairs. The general equation for predictingREFERENCES
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