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ABSTRACT. Many naturally occurring RNA structures contain single mismatches. However, the algorithms
currently used to predict RNA structure from sequence rely on a minimal set of data for single
mismatches, most of which occur rather infrequently in nature. As a result, several approximations and
assumptions are used to predict the stability of RNA duplexes containing the most common single
mismatches. Therefore, the relative frequency of single mismatches was determined by compiling and
searching a database of 955 RNA secondary structures. Thermodynamic parameters for duplex
formation, derived from optical melting experiments, are reported for 28 oligoribonucleotides containing
frequently occurring single mismatches. These data were then combined with previous data to construct
a dataset of 64 single mismatches, including the 30 most common in the database. Because of this
increase in experimental thermodynamic parameters for single mismatches that occur frequently in
nature, more accurate free energy calculations have resulted. To improve the prediction of the
thermodynamic parameters for duplexes containing single mismatches that have not been experimentally
measured, single mismatch-specific nearest neighbor parameters were derived. The free energy of an
RNA duplex containing a single mismatch that has not been thermodynamically characterized can be
calculated by: AG®37 single mismatch™= AG®37,mismatch ntT AG°37,mismatchNN interaction T AG°37.auicu. Here,

AG®37 mismatchiS —0.4, —2.1, and—0.3 kcal/mol for AG, GG, and UU mismatches, respectively;
AG°371mismatch-NN interaction |S 07, _05, 04,_04, and_lo kca|/m0| fOI’ 5YRR3’/3’RRY5’, 5’RYY3'/
3YYRY, 5YYR3'/IRYYS', 5YRY3/IRYRS, and BRRY3/3'YYR5' mismatch-nearest neighbor
combinations, respectively, when A and G are categorized as purines (R) and C and U are categorized as
pyrimidines (Y); andAG°37aucu IS @ penalty of 1.2 kcal/mol for replacing a G-C base pair with either

an A-U or G-U base pair. Similar predictive models were also derived ABIPsingle mismatch @nd

AS’single mismatch These new predictive models, in conjunction with the reported thermodynamics for
frequently occurring single mismatches, should allow for more accurate calculations of the free energy of
RNA duplexes containing single mismatches and, furthermore, allow for improved prediction of secondary
structure from sequence.

Although Watson-Crick pairs are the most common RNA Single mismatches have been found to occur and to serve
secondary structure motif, many nucleotides in a given RNA integral structural and/or functional roles in several types of
are located in motifs other than canonical base pairs, suchRNA. For example, single mismatches provide signals for
as internal loops, hairpin loops, and bulges. Single mis- recognition and cleavage Wyscherichia coliribonuclease
matches (or Ix 1 internal loops) occur when two canonical 1l (1, 2) and are prevalent in and important for the function
pairs are separated by a single non-canonical pair. A singleof miRNA (3). A single mismatch is necessary for the
mismatch in RNA may occur when there is an error during recognition and interaction of the influenza A viral promoter
DNA replication, and this error is passed on to RNA during sequence with its RNA-dependent RNA polymerase proteins
transcription when RNA polymerase inserts the wrong (4). Single mismatches have been found to be conserved
nucleotide during transcription, or when one of the nucle- within several viral genomes, including HIV-5)( cricket
otides in an RNA canonical pair is mutated or edited. In paralysis €), and the turnip yellow mosai&) viruses and
addition, single mismatches may occur naturally in RNA and may provide methods to control the replication and transla-
may have evolved to serve a particular structural or functional tion processes of these viral genom8y (n addition, West
role. Nile, Dengue-3, and Yellow fever viruses were predicted to

contain single mismatches which are important for structure
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trinucleotide repeats results in a complex, higher order (—0.4 kcal/mol), where Ris Aor G, and Y is U or C in an
structure that leads to a toxic build-up of the repeat- A-U or G-C pair. Data for loops of various sizes, including
containing RNAs in the nucleug?). A better understanding  a minimal set of single mismatch data, were used to derive
of the stability and structure of RNA biomolecules containing these parameters. Therefore, an increase in the number and
single mismatches may aid in the development of useful andtype of single mismatches thermodynamically measured
effective therapies for several bacterial and viral infections would result in (1) a larger dataset of mismatch thermody-
as well as diseases in which single mismatches play annamics in which updated parameters can be derived or (2) a
important structural or functional rold8). The demand for  large and diverse enough dataset of single mismatch data to
a quick and accurate method to predict RNA secondary derive single mismatch-specific thermodynamic parameters.
structure from sequence is important to better (1) understandEither one of these results would likely increase the accuracy
structure-function relationships, (2) understand secondary of secondary structure prediction.
and tertiary interactions, and (3) design pharmaceutical agents Although previous thermodynamic studies have investi-
for both bacterial and viral agents that contain various gated single mismatcheg1—25), experimental values for
structural motifs. the majority of the most frequently occurring single mis-
Mathews et al. 14—16), Zuker (L7), and Hofacker 18) matches are not available. However, it is likely that the
have developed algorithms to predict RNA secondary scientists that usBNAstructureandmfold are interested in
structure from sequence. These algorithms have been dethe secondary structures of naturally occurring mismatch
veloped into the computer prograR®Astructurg14—16) sequences, such as those involved with the bacteria, viruses,
andmfold (17) and into the Vienna RNA software package. and diseases mentioned previously. Therefore, the thermo-
These algorithms use the method of free energy minimization dynamic contribution of single mismatches that occur most
to predict secondary structure from sequence. In this method,often in nature and the approximation of those single
a sequence of interest is folded into all possible secondarymismatches that occur less often may produce more accurate
structure conformations. For each conformation, the free predictions of secondary structure from sequence. A database
energy parameters of all secondary structure motifs (experi-of 955 RNA secondary structures was compiled and searched
mental or predicted) in that conformation are added to give to determine the relative frequencies of single mismatches.
a total free energy for that conformation. The total free The data reported here provide experimental values for the
energies for all of the possible secondary structure conforma-30 most frequently occurring single mismatches in the
tions are compared. The conformation with the lowest free database. By using this data and that of previous stugies (
energy is predicted to be the predominant species in solution.24), single mismatch-specific nearest neighbor parameters
These programs have been quite influential. The original have been derived.
article describingnfold (17) has been cited over 1190 times
(19), and the article describing the underlying algoritr2)( MATERIALS AND METHODS
has been cited 1227 time%9). In addition, RNAstructure Compiling and Searching a Database for Single Mis-
has been downloaded over 12,000 times (Mathews, D. H., matches A database of secondary structures that includes
personal communication, February 27, 2006), and the original 151,503 nucleotides and 43,519 base pairs consisting of 22
article describing this prograni®) has been cited over 1390 small subunit rRNAsZ6), 5 large subunit rRNAs27, 28),
times (L9). Also, the lowest free energy structure predicted 309 5S rRNAs 29), 484 tRNAs B0), 91 signal recognition
by RNAstructurecontains~73% of known base paird¥). particles 81), 16 RNase P RNAs3Q), 25 group | introns
However, the lack of experimental parameters for naturally (33, 34), and 3 group Il introns35) was assembled. The
occurring, non-WatsonCrick regions, such as single mis- database was searched for single mismatches, and the number
matches, is a major limitation of these current algorithms of occurrences for each type of mismatch was tabulated. In
(14-17). this work, G-U pairs were considered to be canonical base
RNAstructure(14—16) and mfold (17) both use two  pairs. For example,3E2 o] is considered to be a W
different methods to assign free energy parameters to non-single mismatch, not a 2 2 internal loop.
Watson-Crick regions. If a particular motif has been Design of Sequences for Optical Melting Studi€e-
thermodynamically characterized, the experimental free quences of mismatches and nearest neighbors were designed
energy parameter is assigned. If a motif has not beento represent those found most frequently in the database
thermodynamically characterized, these programs use adescribed above. Mismatches were placed in the center of
predictive model to assign a free energy parameter. Becausehe duplex. All duplexes contained the same stem except
only a few studies have investigated single mismatches ( for the nearest neighbors adjacent to the mismatch. Duplexes
25), the thermodynamic contribution of most single mis- were designed to have melting temperatures between 35 and

matches is calculated by the following4—16): 55 °C and to minimize the possible formation of either
hairpin structures or various undesired duplexes. Moreover,
AG® 37 single mismatci= AG37 joop initiation T terminal G-C pairs were selected to prevent end fraying
AGOB?,AU/GU cIosure+ AC"'037,type of loop/first pair(l) during optical melting experiments.

RNA Synthesis and Purificatio®@ligonucleotides were
Here, AG®37,100p initiation IS the free energy of initiation of a  ordered from the Keck Lab at Yale University (New Haven,
single mismatch (0.5 kcal/mol)AG®37 auicu closure IS the CT) or from Azco BioTech, Inc. (San Diego, CA). The
penalty for replacing a G-C nearest neighbor with either synthesis and purification of the oligonucleotides followed
an A-U or G-U nearest neighbor (0.7 kcal/mol), and standard procedures that were described previo@dy (
AG®37,ype of loopffirst pailS the bonus for a &5 mismatch 2.6 Concentration Calculations and Duplex Formatid@on-
kcal/mol) and for a RU/3YU stack in a single mismatch  centrations of the single-stranded oligoribonucleotides were
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calculated using Beer's Law. The concentration of each AG _AG? 5GACCUGCUG3|
individual strand was calculated from an absorbance mea- 37,single mismatch 33 CUGGUUGACS
sured at 280 nm and the single-strand extinction coefficient, . . [ea , [AC , [cc
which was calculated usinBNACalc(37). To ensure that AG®5;— AG®y cul ™ AG®y ucl ™ AG®s; GGl ™
the absorbance was between 0.2 and 2.0, the samples were
diluted. Furthermore, the absorbances of the oligoribonucle- A e GCl _ \go |CY| Ao |VUG
. . . AG 37| AG 37| AG 37|
otides were measured at 8C to disrupt any single-strand UG GA AC
folding. Individual single-strand concentrations were used o 15GACCUGCUGS .
to mix equal molar amounts of non-self-complementary 1€ AG’alzcuccuucacsl 'Sothe_ value determined by
strands to form a duplex containing a single mismatch. It OPtical melting experiment#G°y, is the free energy change
has been shown that small mixing errors of single-stranded, for duplex initiation, 4.09 kcal/molg); and AG®s7 single mismatcn
non-self-complementary strands do not appreciably affect thelS the free energy contribution of the mismatch. More
resulting thermodynamic parametes) explicitly,
Optical Melting Experiment®ptical melting experiments
were performedri 1 M NaCl, 20 mM sodium cacodylate, AG®37 single mismatei= —13.04— 4.09— (—2.35)—

(6)

and 0.5 mM NgEDTA (pH 7.0). Melting curves (absorbance (—2.24)— (—3.42)— (—2.11)— (—2.08)—

vs temperature) were obtained using a heating rate°@/1 (—2.11)
min from 10 to 90°C on a Beckman-Coulter DU800

spectrometer with a Beckman-Coulter high-performance = —2.82 kcal/mol (6)

temperature controller. The absorbance was measured at 280

nm. To allow for a concentration range50-fold, a melt Previous studie2@, 24) used reference duplexes to calculate

scheme that consisted of at least nine concentrations wasAG°s7 singe mismatctvalues; therefore, these values were used

used. when available. However, as a result of the various nearest
Determination of Thermodynamic Parameters for Du- neighbor combinations used in this work, a reference strand

plexes The obtained melting curves were fit to a two-state would have been required for each single mismatch studied.

model usingMeltwin (38). The two-state model assumes Thus, nearest neighbor parameters were used as an alternative

linear sloping baselines and temperat_ure-independéﬁt to the reference dup|exes_ The Value$ﬁf°single mismatcr@nd
andAS’ values 88, 39). Thermodynamic parameters were AS single mismarcnvere calculated in a similar manner.

calculated usingly values at different concentrations ac-

cording to Borer et al.40): Linear Regression and Single Mismatch Thermodynamic

ParametersData collected for 28 duplexes in this study were
T. 1= (2. 30RIAH) lo 14) + (ASIAH®) (2 cqmblned with previously published data for 49 single
M ( ) log(C/4) +( ) @) mismatchesZ1—24). Of the 77 total duplexes, seven melted
Here,Ris the gas constant, 1.987 cal/m6l For transitions in a non-two-state manner and were not included in trends,
that conform to the two-state modeélH® values from the  @verages, or linear regression. In addition, data from the
two methods generally agree within 10%, which indicates following sequences were significantly different from
that the two-state model is a good estimate of the transitionWhat was predicted: 3E02G00cAcs) [Secoucccs (24,
(41, 42). To calculate the Gibb's free energy change at 37 [JSon A (24), [FancnasdCd] [3S9SHSNE] (24),

°C, the followi ti d 3GUCUGGCAGSl"  L3GAGUGAGS
, the 10llowing equation was usead: 5GAGGAGAG 5 GAGGUGAG3 'UGACACUCA3
g€ [3'CUCUGCUC5] (21)’ [3’CUCAGCUC5] (21)! and E’ACUGAGAGUS’

(23). Further investigation of the first five duplexes listed
here revealed that self-complementary duplexes (resulting
in the formation of AA or BB duplexes) may compete with
the bimolecular association of the two different strands
(resulting in AB duplexes). Further investigation of the last
three duplexes listed here revealed that bimolecular associa-
tion of the two strands forms a suboptimal secondary
structure that is only 0.1 kcal/mol less favorable than the
predicted free energy for the duplex containing the single
5GACCUGCUG3 GA mismatch. The formation of the desired duplex with a single
3’CUGGUUGAC5] =AG’3,; + AG°37[CU] + mismatch could not be confirmed; therefore, the data for
AC ce thesg eight duple>_<es were not included in trends, averages,
AG°37’UG] + AG°37[GG + AG®37 single mismatcit and linear regression. Because two duplexes melted in a non-
two state manner and had competing structures, the ther-
AG<>37[GC] + AG°37’CU] + AG<>37[UG] (4) modynamic parameters for 64 (40 reported previously and
UG GA AC 24 reported here) single mismatches were included in the
Here,AG°3,is the free energy change for duplex initiation, linear regression used to derive single mismatch-specific
4.09 kcal/mol 43); AG®s7singie msmatcniS the free energy — nearest neighbor parameters. Three parameters consisting of
contribution from the single mismatch, and the remainder @ total of nine variables were used for linear regression: (1)
of the terms are individual nearest neighbor valué3).( @ mismatch parameter containing variables for aG AG
Therefore, rearranging eq 4 can solve for the contribution G, or U'-U mismatch; (2) a stacking parameter containing

of the single mismatch to duplex stability: variables for Frnvel, [sovne) [amvesls [amene], and

AG®,, = AH® — (310.15 K)AS® ©)

Determination of the Contribution of Single Mismatches
to Duplex Thermodynamic3.he total free energy change
for duplex formation can be approximated by a nearest
neighbor model43) that is the sum of energy increments
for helix initiation, nearest neighbor interactions between base
pairs, and the single mismatch contribution. For example,

AG’s;
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JRRYS] stacking combinations, when cytosine and uracil melted with different stem sequences. As described in

are classified as pyrimidines (Y), and adenine and guanineMaterials and Methods, several duplexes melted in a non-
are classified as purines (R); and (3) a parameter for an A-U/two-state manner, and several duplexes may have been
G-U closure. The calculated experimental contribution of the influenced by competing structures. These duplexes are
single mismatch to duplex stability was used as a constantmarked in Table 2.

when doing linear regression. To simultaneously solve for ~ Contribution of Single Mismatches to Duplex Thermody-
each variable, the LINEST function Microsoft Excelwas namics.The contributions of the 42 single mismatches to
used for linear regression. Many combinations of variables duplex stability are listed in Table 3. These contributions
were tried, but this combination of variables produced a are described in Materials and Methods and are further
model that agreed closely with the experimental data and defined by egs 5 and 6. An additional 35 single mismatches
had error values that were comparable to those of thewere added to the 42 from Table 2, and the total list of 77

RNAstructurealgorithm (4—16). single mismatches can be found in Supporting Information
(Table S1). These additional duplexes occur less frequently,
RESULTS and they have been thermodynamically characterized by

previous studies2(1—24).

X Updated Model for Predicting the Thermodynamics of
;f'eco.”d?ry SFrUCtl:";S anld 1;15(?31 ngjcleotgizess 4W"’.‘S Sie""rc.hegingle MismatchedAn updated model to predict secondary
or single mismatches. In this database, SINGIE MIS- g1y cture from sequence was derived by compiling data from

matches were found, averaging about three occurrences fo:%revious works 21—24) and the data obtained from this

fg;r:tieg&znncgd T?ﬁéef.lr;hs%vtvsof dS;{?ngyf?; thgn(iati?%s ork. Linear regression was then used to derive nearest
u Ined. : : quency neighbor parameters for predicting the contribution of a

Eercreni rc:cicuhrtr)err]ce rvvhen tir;ie dmlémtatchriznil;cleoigd:as rT":‘indsingle mismatch to duplex thermodynamics. The free energy
carest neignbors are specimied. Lalegonzing sing'e Mis-o¢ oy pNA duplex containing a single mismatch that has

_matt:h%s ;nbthls fa_?::lorgl(;esglts 'T ﬁ8t2 type|§ ?f dm'SThathhe‘:’not been thermodynamically characterized can be calculated
in the database. The mismatch types listed in the firs by the following equation:

data set (Table 1) account for 54% of the total number of

mismatches found. The 152 types of mismatches not shown, ~o  AGC 4+

account for the remaining 46%; however, each type repre- 87.single mismatch 87,mismatch nt .

sents<1% of the total number of mismatches found. When AG37 mismatch NN interaction T AG% 37, aucu (6)

categorized in this manner, previous studies account for only

28% of the total number of single mismatches found, but Here,AG®s7 mismatcnis —0.44 0.2, -2.1+ 0.2, and—0.3 +

after adding the data reported here, this percentage increase@.2 kcal/mol for AG, GG and UU mismatches, respec-

to 63%. Similarly, previous studies thermodynamically tively; AG®s7 mismatchNN interaction IS 0.7 £ 0.2, —0.5 £ 0.2,

characterized only nine types of mismatches in the top 30,0.4 + 0.3, —0.4 £ 0.3, and—1.0 £ 0.4 kcal/mol for

but after adding the data reported here, all of the mismatches[3panel, [3awvmals [aveel, [Inang], and Bhgra] mismatch

in the top 30 have been studied. and nearest neighbor combinations, respectively, when A and
The second set of data (Table 1) lists frequency and G are categorized as purines (R), and C and U are categorized

percent occurrence when only the mismatch sequence isas pyrimidines (Y); and\G®s7,auicu is @ penalty of 1.2&

specified. Categorizing single mismatches in this fashion 0.1 kcal/mol for replacing a G-C base pair with either an

results in seven types of mismatches in the databaseA-U ora G-U base pair. This newly proposed algorithm will

representing all possible types of single mismatches. Whenonly be used when experimental data are unavailable.

categorized in this manner, previous studies account for all  The free energy contributions of the 64 single mismatches

types of mismatches; however, the current work has alsowere predicted using this model and compared to the

characterized five of these seven types. experimental free energy values, resulting in a root-mean-
The third set of data (Table 1) lists the frequency and Sduare deviation of 0.47 kcal/mol. This deviation is Slight!y

percent occurrence of &nd 3 nearest neighbor combina- improved over the 0.67 kcal/mol root-mean-square deviation

tions. Categorizing single mismatches in this fashion results ¢alculated using the curreRNAstructurealgorithm (14—

in 21 types of nearest neighbor combinations in the database16) for the same set of mismatches. _

representing all possible types of nearest neighbor combina- Equations similar to eq 6 can also be written for

tions. When categorized in this manner, previous studies AHsingie mismatch 8N AS’singie mismarcn All of the nearest

account for 58% of all nearest neighbor combinations, but Neighbor parameters are listed in Table 4. A table showing

after adding the data reported here, this percentage increase¥1€ AGs7 single mismatcrvalues for all possible combinations

to 92%. of single mismatches and nearest neighbors can be found in
Thermodynamic Parameterable 2 shows the thermo-  SUPPOrting Information (Table S2).

dynanjig parameters c_)f duplex formation that were obtained DISCUSSION

from fitting each melting curve to the two-state model and

from the van't Hoff plot of Ty, ~* versus logC+/4). Data for RNA sequencing projects are generating an abundance of

the duplexes containing the 30 most frequently occurring sequence information. In order to learn more about strueture

single mismatches in the database are shown in order offunction relationships of RNA and RNARNA, RNA—

decreasing frequency. However, data for 42 duplexes areDNA, RNA—protein, and RNA-drug interactions and to

shown because one mismatch was melted more than oncémprove rational drug design to target bacteria, viruses, and

with the same stem sequence, and several duplexes werether diseases, many scientists are interested in secondary

Database Searchinglhe database containing 955 RNA
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Table 1: Summary of Database Search Results for Single Mismatches

dataset 1 dataset 2 dataset 3
mismatch with nearest neighbors mismatch "arkd 3 adjacent base pairs

mismatch frecf % ref mismatch frecf % ref closing bp freg %4 ref

os 183 5.6 e a 912 277 e fhi ¢ S 340 104 en

e 157 4.8 h o 792 240 e f,h S 4 s a7 h

e 104 32 fh a 651 198 e fh 5 S =3 02 eh

anS 97 2.9 h c 410 125  efh S § e es3 h

ng 94 2.9 e, h ﬁ 216 6.6 e—g ﬁ ﬁ 268 8.2 e h

Gég 89 2.7 h g 214 6.5 e, h g g 264 8.0 e, g hi

AAC C A G

uce 69 2.1 h c 99 3.0 e, f U c 253 7.7 h

AUA previously 3284 100.0 C G -

UuU 62 19 e newtotal 3284  100.0 G u 200 61 f=h

g(A:g 60 1.8 h (G: 8 148 4.5 e h

s 54 16 h S S 1w 45 fn

s 53 16 h 5 ¢ 128 30 h

Xé}’i 53 1.6 h G X 116 35 e h

nes 50 15 h AL us 34 eh

888 48 1.5 h ((3: (l_‘i 88 2.7 f

CAC U G

GCG 47 1.4 e, h A U 77 2.3

gég 45 1.4 h g ch; 71 2.2 f

GUG A G

CuU 43 1.3 f,h U U 61 1.9

GAG G A

cce 42 1.3 e U U 54 1.6

CuC G G

GUG 41 1.2 e h U U 27 0.8

UAC U G

GGG 40 1.2 h G U 24 0.7

ch;ég 38 12 f,h S g 11 0.3

ucu previously 1899 57.8

AUA 38 12 h new total 3030  92.3

GAC

cCe 36 11 h

AUG

UG 36 11 h

GAC

cao 35 11 h

UAA

AGU 35 11 h

UAA

AAU 34 1.0 h

AAA

UCU 34 1.0 h

AAC

UGG 34 1.0 h

ACU

previously 933 28.4
new total 2064 62.9

@ Not all combinations in dataset 1 are shown because of space limitations. For each set of sequences, the top strand' ieov@jteerdghe
bottom strand is written’30 5.  Duplexes are written in alphabetical order by the loop nucleotide (A over G, not G over A). If the loop nucleotides
are identical, then duplexes are written in alphabetical order by the nearest neighbors (CUG over GUU, not GUU ovér-&dGgncy of
occurrence in databas&Percent out of 3284 mismatches, the total number of mismatches found in the datdbeft. f Ref21 9 Ref23. " This
work. ' Ref 22.
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Table 2: Thermodynamic Parameters for Duplex Formation

analysis of melt curve fit/errors

analysisBf dependence/errors (In plot)

AH® AS AG°3; Tnd AH° AS’ AG°37 T d

frequency sequence (kcal/mol) (cal/K-mol) (kcal/mol) (°C) (kcal/mol) (cal/K-mol) (kcal/mol) (°C)

183 gg 8}8 8@3 —66.5+ 4.2 —187.2+12.8 —8.45+0.21 46.2 —62.6+£1.7 —175.3+5.1 —8.24+ 0.07 45.7

88 8}8 gg —68.6+ 4.0 —1955+ 125 —7.98+£0.16 478 —66.8£1.3 —189.9+ 4.0 —7.89+ 0.03 47.6

888 8%8‘3 —-57.6+4.0 —1559+12.0 -9.26+0.29 524 -56.9+0.8 —153.8+25 —9.25+0.05 526

8 888 8%% —615+31 —170.9+£9.7 —847+011 471 —61.8+15 —171.9+46 —847+£0.05 47.0

157 868 Xég %LA% —827+47 —2329+145 -10.46+0.26 525 —88.8+10.1 -—251.8+31.3 —10.67+0.46 52.2

104 EX 8&% gbig —68.6+54 —201.1+175 -6.27+0.1 358 —67.0£15 —1959+48 —6.21+0.02 355

gﬁ% %8 8}38" -9494+73 -263.74£22.0 -13.12+051 601 —945+7.2 —2625+21.7 —13.04+048 60.0

97 868 /Lié% 8%8 —76.4+45 —217.4+133 -895+047 47.1 —76.8+11.1 -218.9+346 —893+0.56 47.0
94 8% Gﬂg %g o (—31.3) (81.5) (-6.05) (32.3) ¢57.2) (-165.1) 6.03) (34.3)

8% GH% ﬁ%e’ " 4664117 13764387 -3914034 205 440428 —1296+93 3824010 190

868 688 ((:;Lp{% —87.4423 —2502+7.1 —9.84+0.10 492 —841+16 —239.9+50 —9.73+0.06 49.2

89 86% ﬁég %Xg —81.3+12.9 —232.3+40.6 —9.26+047 478 —81.3+16.4 -232.1+50.8 —9.27+0.87 47.8

69 gﬁ% ﬁég 8;{8 —84.6+12.8 —242.7+39.7 —929+049 474 —839+16 -2408+50 —9.23+0.05 47.3
62 88 GHG 8%e'g (—60.5) (-181.1) 4.37) (26.3) (48.1) (140.4) (-4.58) (24.9)

60 868 (&A;% 8%8 —67.3+£13.8 —182.0+428 -—10.82+0.56 58.1 —66.8+ 8.2 —180.3+24.9 —10.84+0.54 58.4

868 (&A;% gxg —745+£135 —203.9£40.9 -—-11.24+0.85 579 —76.4+33 —210.0£ 9.9 —11.26+£0.19 57.5

54 %ﬁg ﬁég 828 —7124+42 -201.2+13.1 -877+020 471 —69.5+2.8 —196.0+89 —8.71+0.08 47.0

53 SHSQCUNE (g0 (225.3) 11.00) (55.1)

53 868 f\éx 828 —-7954+7.8 —2327+246 -7.33+022 401 —67.6+3.9 —1949+127 -7.20+0.06 40.1

50 868 688 828 —84.0+50 —237.9+£153 -—10.22+0.32 512 —851+54 —241.4+16.6 —10.23+0.23 51.1

48 868 E’ﬁg 8%8 —85.4+26 —240.0+£7.7 —10.98+0.19 541 —86.7+25 —244.0+7.7 —11.04+0.12 54.0

47 EX 8’%% ﬂg —542+32 —156.6+104 -564+011 320 -556+21 -161.1+6.7 —559+0.03 31.9

868 %’ég %LA% —82.0+ 104 —227.74£317 -11.33+0.64 56.3 —825+41 —2295+124 —11.35+0.23 56.2

45 868 8@‘2 g,‘ig —87.54+14.3 —252.3+441 -9.23+060 469 —87.2+6.2 —251.6+419.4 —9.18+0.19 46.7

43 Sﬁ 888 808* —67.94+4.0 —198.6+131 -6.29+0.1 358 —70.9+1.7 —2084+56 —6.21+0.02 356

Sﬁg 8[}8 828 —83.4+53 —241.7+16.7 -848+0.12 444 —83.7+29 —242.7+92 —8.48+0.07 444

42 86 8@8 Gge —42.3+ 7.6 —120.0£25.0 —5.04+0.24 26.5 —40.9+2.1 —1159+ 7.1 —4.93+ 0.07 25.3

41 &{ &JJ% LAg’ " 633462 —187.34195 -522£020 307 549414 1601447 5214002 297

88 SJJ% %g —62.4+2.7 —175.8+ 8.4 —7.89+0.14 43.9 —61.1+1.7 —171.94+5.3 —7.82+ 0.05 43.7

8@8 %JJ?; %LA(CB —87.5435 —244.0+10.6 —11.84+021 57.0 —883+27 —246.3+82 —11.8740.15 57.0

40 gﬁ% l(J';\é,g %Xg —83.3+ 6.7 —242.0+£21.2 —8.28+0.19 43.7 —87.0+ 4.7 —253.7+15.0 —8.37+£0.10 43.7

38 868 8@8 Ggf —68.4+7.2 —200.8+23.1 —6.14+0.1 353 —63.8+1.8 —186.0+58 —6.09+0.02 34.9

gﬁ% Léég 8,&’8 —56.54+14.6 —154.3+454 —859+0.58 487 —62.6+2.6 —1742+81 —857+0.06 47.4

38 808 XSX SXS —78.4+8.4 —230.6+26.6 —6.90+0.23 385 —66.6+5.2 —1925+ 169 —-6.86+0.11 385
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Table 2 (Continued)

analysis of melt curve fit/errors analysis Bf dependence/errors (In plot)

AH® AS AG; T, AH° AS AG5; T,

frequency sequence (kcal/mol) (cal/K-mol) (kcal/mol) (°C) (kcal/mol) (cal/K-mol) (kcal/mol) (°C)
36 SRS TGRS (49.4) (-128.5) £9.57) (57.3) €76.2) (-210.0) 11.03) (56.5)

36 SO SRS -889+t115 —2566+36.2 -9.32+0.36 471 -90.9+59 —263.0+186 -0.33+017  46.9

35 SACGACCUS  —702+50 -1935+154 -1019+0.25 541 —729+09 —201.9+29 —10.27+004 538

35 SACOANGUS  —65.4:40 -180.4+130 —6.65-0.05 37.6 —64.6+14 —186.8+44 —6.65£001 37.6

34 S A CUS 604206 -2035:66.2 —6.25+0.17 358 —69.4+80 —2038+262 -6.19+025 355

34 SACHANCUS 718164 —2006+206 -6.83+0.06 383 -728+28 2129402 -6.83£003 383

34 SACHAACCUG 7724123 21044378 -9.16£071 479 -752+122 -2131+380 -90.10+£062 480

34 S CRChS -T766+134 —2247+424 -695:0.27 387 725454 —2116+175 -691+010 386

aMeasurements were made in 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 DA at pH 7.0.° Frequency of occurrence in the
database described in Materials and Meth6@&ngle mismatch is identified by bold letters. The nearest neighbors and the mismatch are set apart
for easy identification. The top strand of each duplex is writteto 3 and each bottom strand is writteht8 5. ¢ Calculated at 10* M oligomer
concentration® Ref 24. 'Ref 21. 9 Data derived from non-two-state meltsDuplexes that were not included in averages, trends, and the derivation
of the predictive model because a bimolecular association of one of the strands with itself may be a competing structure.

and tertiary structures of RNA. Computer algorithms use enough and diverse enough to contain all possible single mis-
thermodynamic parameters to predict secondary structurematches when considering the mismatch nucleotides, all pos-
from sequencel@d—17). Because these algorithms rely on sible nearest neighbor combinations, and 95% of all possible
thermodynamic parameters for every type of motif (Watson combinations of mismatch-nearest neighbor nucleotides.

Crick pairs, single mismatches, bulges, internal loops, |t js clear from the first set of data in Table 1 that the
hairpins, etc.), the accuracy of predicted second_ary structurespioneering experiments on single mismatch@d—(24)
depends on the accuracy of the thermodynamic parameterg) qvided results for only nine of the top 30 mismatch-nearest
for each motif. Although single mismatches are common in pejghbor nucleotide combinations found most commonly in
nature, relatively few studies have investigated their ther- e gatabase. The results reported here expand the database
modynamics 21-25), resulting in thermodynamic param- 4 include all combinations in the top 30. The first set of
eters that rely on several approximations and assumptionsata in Table 1 provides some important results. For example,
Additionally, the single mismatches studied previougly€ it is interesting to note that only seven of the top 30 single
24) rarely occur in known secondary structures (Table 1). mismatches contain mismatches that have been previously
As a result, the stabilities of many commonly occurring considered to be stabilizing (G and 5RU/3YU) in single
single mismatches are based on assumptions and approximanismatches 14—17). Clearly, the presence or absence of

tions. o stabilizing mismatches does not determine the frequency of
In this study, the 30 most frequently occurring single ,.currence for single mismatches.

mismatches have been thermodynamically characterized,
providing experimental parameters for these single mis-
matches. These new data were combined with previous dat
and were used to derive single mismatch-specific neares
neighbor parameters to improve the current model used to

predict the stability of RNA duplexes containing single dqes not always indicate fe'aF'Ve frequency sinceGG
mismatches and, therefore, improve secondary structureMSmatches are shown to contribute the greatest degree of
prediction from sequence. stability to a duplex while having the second smallest relative

Database Searching:he database compiled for this study r€duency of all single mismatches.

contains 955 secondary structures from eight different kinds ~ The third set of data in Table 1 shows the nearest neighbor
of RNAs. We have assumed that the number and variety of combinations of single mismatches and their relative fre-
structures in this database approximates the number andjuency. The most frequent nearest neighbor combination is
types of single mismatches found in nature. It is important [Sxq], representing 10% of the total number of mismatches.
to note, however, that the results found from searching this G-U pairs occur much less frequently than A-U and G-C
database may be slightly skewed. For example, the mostpairs; however, 27% of the mismatches in the database have
prevalent type of RNA found in this database was tRNA, at least one adjacent G-U pair. This percentage is similar to
accounting for roughly half of the structures in the database. what was found for 1x 2 internal loops; 30% of 1x 2
Therefore, single mismatches prevalent in tRNA structures loops in the database had at least one adjacent G-U pair
may be over-represented. However, the database is larg€unpublished data). Both of these results are consistent with

The second set of data listed in Table 1 indicates that
aaII possible single mismatches were found in the database.
A'G and UU mismatches are the most prevalent single
mismatches. As mentioned previously, it is clear that stability
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Table 3: Contributions of 42 Single Mismatches to Duplex Thermodyn&mics

AH?° (kcal/mol) AS’ (cal/K-mol) AG°37 (kcal/mol)
single single single
mismatch- mismatch- mismatch-
specific Mathews et al. specific specific Mathews et al.
frequency sequence  measured modef modef measured modef measured modef model®
f
183 888 -19.6 —18.1 (1.5) -13.9(5.7) —60.9 —55.8 (5.1) —0.75 —0.8(0.0) 0.1€0.9)
f
888 -135 —18.1 (4.6) -13.9(0.4) -41.8 —55.8 (14.0) —0.48 —-0.8(0.3) 0.1(0.6)
f
888 -12.1 —18.1 (6.0) -13.9(1.8) -33.3 —55.8 (22.5) -1.79 —-0.8(1.0) 0.1(1.9)
f
8‘88 -18.0 —18.1(0.1) -13.9 (4.1) -53.3 —55.8 (2.5) -1.30 —0.8(0.5) 0.1 (1.4)
157 Xé& -23.8 —-8.7 (15.1) -5.5(18.3) ~745 —30.8 (43.7) -0.64 0.8 (1.4) 1.2 (1.8)
CUG?
104 00 -12.2 -12.2(0.1) —5.5(6.7) —42.7 —43.0(0.3) 1.07 1.3(0.2) 1.2 (0.3)
f
888 —26.4 —12.2(14.2) —5.5(20.9) -75.9 —43.0 (32.9) —2.82 1.3(4.1) 1.2 (4.0)
97 Xé% -10.3 —-8.5(1.8) —5.5(4.8) -37.4 -32.2(5.2) 1.26 1.5(0.2) 1.2 (0.1)
AUCHN
94 uug -16.2 —19.9 (3.7) -8.9(3.7) ~54.0 —65.6 (11.6) —0.49 0.4 (0.9) 0.8 (1.3)
f,i
688 45 —~19.9 (24.4) -8.9 (13.4) -18.2 —65.6 (47.4) 1.12 0.4(0.7) 0.8 (0.3)
e ~191  -19.9(0.8) ~89(10.2) 628  —656(2.8) 0.33 0.4 (0.1) 0.8 (0.5)
i
89 ﬁég -22.1 —10.5 (11.6) —0.5 (21.6) —68.6 —40.6 (28.0) —-0.82 2.0(2.8) 1.9(2.7)
69 ﬁég -19.7 —21.3(1.7) —5.5 (14.1) —64.1 —69.5 (5.4) 0.17 0.2 (0.0) 1.2 (1.0)
AUA"N
62 uuU -43 -16.2 (11.2) -3.9(0.4) -18.9 —59.2 (40.3) —1.50 2.1(3.6) 1.5(3.0)
60 8’&% 2.6 0.0 (2.6) —-10.5(13.1) 6.8 0.0 (6.8) 0.53 0.0 (0.5) 0.5 (0.0)
&A;% -7.0 0.0 (7.0) —-10.5 (3.5) -22.9 0.0 (22.9) 0.11 0.0 (0.1) 0.5 (0.4)
54 ﬁé% -3.0 -1.8(1.2) ~5.5(2.5) -14.7 9.8 (4.9) 1.51 1.2 (0.3) 1.2 (0.3)
CACh
53 écs -13.0 —6.9 (6.1) —-10.5 (2.5) —42.4 —21.0 (21.5) 021  —0.4(0.2) 0.5(0.7)
53 Xé,‘i -35 —10.5 (7.0) -0.5(3.0) -17.8 —40.6 (22.8) 1.92 2.0(0.1) 1.9 (0.0)
50 688 -18.6 —20.0 (1.4) -13.4(5.2) —-60.1 —61.6 (1.5) -0.01 -0.9(0.9) —1.4(1.4)
48 888 —-215 —55(16.0)  —10.5(11.0) —-67.1 -16.2(50.9)  —0.73 —0.5(0.2) 0.5 (1.3)
f
47 8@% -13.4 —7.7(5.7) —-10.5(2.9) -41.6 —23.4(18.2) —-0.35 —0.4(0.1) 0.5(0.9)
8’8% -14.6 —7.7(6.9) —-10.5 (4.1) —46.6 —23.4(232) —0.14 —0.4(0.3) 0.5 (0.6)
45 Sé,k’ -23.0 —21.3(1.7) —5.5 (17.5) —-74.9 —69.5 (5.4) 0.22 0.2(0.0) 1.2 (1.0)
J
43 888 -16.6 —14.4 (2.2) -8.9(7.7) —55.5 —49.4 (6.10) 0.67 0.9(0.2) 0.8 (0.10)
8‘88‘ -19.3 —14.4 (4.9) -8.9 (10.4) -66.0 —49.4 (16.6) 1.08 0.9(0.2) 0.8 (0.3)
GAG!
42 éce 1.4 0.0 (1.4) —10.5 (11.9) 3.6 0.0 (3.6) 0.31 0.0 (0.3) 0.5(0.2)
Ccucth
41 306 -12.6 —12.6 (0.0) —-13.9(1.3) —40.6 —39.6 (1.0) 003  —0.3(0.3) 0.1(0.1)
f
88% -13.0 —12.6 (0.4) -13.9(0.9) -415 —39.6 (1.9) —-0.16 —0.3(0.1) 0.1(0.3)
88% —20.4 —12.6(7.8) —13.9(6.5) —63.4 -39.6(23.8) —0.66 —0.3(0.3) 0.1 (0.8)
40 gé% -22.6 —8.7 (13.9) —-5.5(17.1) -77.0 —30.8 (46.2) 1.19 0.8 (0.4) 1.2 (0.0)
UAGY
38 GGC -9.0 —8.5(0.5) ~5.5(3.5) -32.8 —32.2(0.6) 1.19 1.5(0.3) 1.2 (0.0)
8@% 45 —8.5(13.0) —5.5(10.0) 850  —32.2(40.7) 1.89 1.5 (0.4) 1.2 (0.7)
38 XSX -25 —3.6(1.1) -0.5(2.0) -15.4 —-19.6 (4.2) 2.26 2.4(0.1) 1.9 (0.4)
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Table 3 (Continued)

AH?° (kcal/mol) AS’ (cal/K-mol) AG°37 (kcal/mol)
single single single
mismatch- mismatch- mismatch-
specific Mathews et al. specific specific Mathews et al.
frequency  sequence  measured modef modef measured modef measured modef modele
h
36 gég —11.0 —19.5(8.5) —10.5 (-0.5) -33.1 —59.7 (26.6) -0.72 —1.0(0.3) 0.5(1.2)
AUG
36 UG —24.4 —14.4 (10.0) —8.9 (15.5) -81.7 —49.4 (32.3) 0.89 0.9 (0.0) 0.8(0.1)
GAC
35 CGG -7.7 —6.9 (0.8) —10.5(2.8) —25.0 —21.0(4.1) 0.04 —0.4 (0.5) 0.5(0.5)
UAA
35 AGU -1.6 -10.3(8.6) -0.5(1.1) -12.7 —42.0 (29.3) 2.36 2.7(0.3) 1.9 (0.5)
UAA
34 AAU —6.4 —3.4(3.0) —0.5 (5.9) —29.7 -21.0(8.7) 2.82 3.1(0.3) 1.9 (0.9)
AAA
34 ucu —9.8 —3.6(6.2) —0.5(9.3) —39.0 —19.6 (19.4) 221 2.4(0.2) 1.9(0.3)
AAC
34 UGG —10.2 —8.7 (1.5) —5.5(4.7) —36.0 —30.8(5.2) 0.96 0.8(0.2) 1.2(0.2)
ACU
34 UUA -85 —9.1(0.6) —0.5 (8.0) —34.7 —35.8 (1.1) 2.24 1.9 (0.3) 1.9 (0.3)

a Calculations were based on the data obtained ff@mt vs In (Gi/4) plots. Differences between the measured values and the predicted values
are shown in parenthesés-requency of occurrence in the database is described in Materials and MétBattge mismatch is identified by bold
letters. The top strand of each duplex is writtértds3, and each bottom strand is writtehtd 5. ¢ Values derived from the proposed model of
this work. ¢ Values predicted by models published by Mathews etld-(L6). f Ref24. 9 Ref21. " Data derived from non-two-state melt©uplexes
that were not included in averages, trends, and the derivation of the predictive model because a bimolecular association of one of the strands with
itself may be a competing structure.

Table 4: Nearest Neighbor Parameters for Single Mismatches at changes range from25.1 to 4.5 kcal/mok-81.7 to 8.5 cal/

37°C (K-mol), and—2.58 to 2.82 kcal/mol, respectively (Tables
AH® AS AG®s 3 and S1 (Supporting Information)).
(kal/mol) (calfk-mol)  (kcal/mol) Of the 77 single mismatches in Tables 3 and S1 (Sup-

mismatchAP?éameIEFS porting Information), 19 stabilize the duplex, 45 destabilize

“6924  —210x79 - 04402 the duplex, and 13 were omitted (as described in Materials
GG —-182+30  —51.8+96  -21+02 and Methods). There does seem to be a correlation between
U-u 126425  -3964+82  —03+02 the number of G-C pairs directly adjacent to the mismatch

and the free energy contribution to duplex stability. For

mismatch-NN interaction parameters . . . .
P example, the 29 single mismatches with two adjacent G-C

YRR

RRY 02+26 —14+85 0.7+£0.2 pairs contribute an average of0.5 kcal/mol to duplex
RYY sta_bility. The 28 mismatches with_one G-C adjacent base
YYR —554+3.2 —-16.2+102 —-05+0.2 pair and the seven mismatches with no adjacent G-C base
VYR pairs_ _contribute an average of 1.1 and 2.2 kcal/mol to duplex
RYY 22+38 5.7+ 12.4 0.4+0.3 stability, respectively.
YRY It is interesting to note that there are nine single mis-
RYR —r7+42  -234+135 0403 matches (mismatch nucleotides plus adjacent nearest neigh-
RRY bors) that were studied in at least two different stem
YYR —195+£52 5974169 -1.0+04 sequences (Tables 3 and S1(Supporting Information)). The
AU or G-U dlosure parametdis diffe_rgnces in contrib_utions of the mismatches to dup_lgex
—1.8+13 —0.8+41 12401 stabilities can vary with the stem sequence and/or position

@ The top strand is written'30 3, and the bottom strand is written of the mlsm?tCh_ W'thm,ct&g stem. For example, the free
3 to 5. Adenine and guanine are classified as purines (R), and cytosine €EN€rgy contribution of J5 ;551 only differed by 0.1 kcal/
and uracil are classified as pyrimidines (Y). The pairs on the left and mol when it was placed in the center of two different stems;
right are Fhe adjacent nearest neigbors, and the_ pair in the center is thenowever, f@ggg] differed by 0.8 kcal/mol when it was
single mismatch? These parameters are applied per A-U or G-U . . -
closure. placed in the center of two different stems. Similarly, the
free energy contribution of3fSess] differed by only 0.1
a previous study that showed G-U base pairs occur frequentlykcal/mol when it was moved from the center of a duplex to
at the loop-helix junctions of small and large subunit RNA ~an off-center position of a different stem; however,
(44). [sonss] differed by 2.1 kcal/mol when it was moved from

Thermodynamic Contributions of Single Mismatches to the center of a duplex to an off-center position of a different
Duplex Thermodynamic&n examination of the data listed stem. Thus, changing the identity of the base pairs not
in Tables 3 and S1 (Supporting Information) indicates a large directly adjacent to the mismatch and/or the location of the
variance in the obtained thermodynamic parameters. Singlemismatch within the duplex can make a substantial difference
mismatch contributions to enthalpy, entropy, and free energy in the free energy contribution of the mismatch. Similar non-
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nearest neighbor effects have been observed previously forparameters. Parameters were chosen to account for the
single mismatche24, 45), bulges 46), and inosine-uridine identity of the single mismatch nucleotides, the identity of
pairs 36). It has recently been reported that the accuracy of the nearest neighbors, and the interaction between the single
RNA secondary structure prediction by free energy mini- mismatch nucleotides and the nearest neighbors. The new
mization is limited by non-nearest neighbor effects)( model to predict the free energy contribution of single
Since non-nearest neighbor effects may be complicated tomismatches to duplex stability is described in eq 6 and
interpret and to include in algorithms suchRAstructure  Tables 4 and S2 (Supporting Information).
andmfold, non-nearest nelghpor effe'c_ts were ignored here, The AG®37 mismatcn mparameter accounts for the identity of
and data were treated as if stability relied only upon yhe gingle mismatch nucleotides. This parameter assigns a
immediate nearest neighbors. We are, however, currentlybOnus to AG (—0.4 kcal/mol), GG (—2.1 kcal/mol), and
investigating the role of non-nearest neighbor effects. U-U (0.3 kcal/mol) mismatches (all other mismat(’:hes are
Examination of the single mismatch free energy values assumed to contribute no favorable or unfavorable contribu-
(Tables 3 and S1 (Supporting Information)) gives the tions to duplex stability). From the results of previous studies
following order of mismatch stability (from most stabilizing (16, 48), these mismatches have been considered stabilizing
to least stabilizing): & (range of—2.6 to 0 kcal/mol,  mismatches. Th&kNAstructuremodel (L4—16), however,
average of-1.8 kcal/mol)> U-U (range of~1.8to 1.7 kcal/  does not assign a bonus to@ single mismatches, but it
mol, average of 0.3 kcal/moly A-C (range 0f-0.4102.2  goes assign a bonus ef2.6 kcal/mol for GG mismatches
kcal/mol, average of 0.6 kcal/mof) C-U (range of=0.7t0  and a bonus of-0.4 kcal/mol to YU mismatches only if
2.3 keal/mol, average of 0.9 kcal/mef) A-A (range 0f=1.3  the mismatch is adjacent to &5Y nearest neighbor (where
to 2.8 kcal/mol, average of 1.1 kcal/meh A-G (range of Ris Aor G, and Y is C or U in an A-U or G-C base pair).
—0.6 10 2.4 keal/mol, average of 1.1 kcal/me!)C-C (range  The bonus for WU mismatches proposed here is within
of 0.5 to 1.7 kcal/mol, average of 1.1 kcal/mol). From the gyperimental error oRNAstructurés U-U bonus; however,
ranges observed for every mismatch, it is evident that the i s important to note that the proposedW bonus is
identity of the single mismatch nucleotides alone does not independent of the nearest neighbors and is applied to all
determine the stability of single mismatches. The nearest| .. mismatches. These 6, GG, and UU mismatches
neighbors and the interactions between the single mismatch”ke|y involve more and/or stronger hydrogen bonds between
nucleotides and the nearest neighbors also contribute to single, o mismatch nucleotides than deA A-C, C-C, and GU
mismatch stability. For example, the stability of 35fs2]  mismatches. T

single mismatch may result from hydrogen bonding between
g y ydrog 9 The AG®s7 mismatch NN ineraction PArameter accounts for the

the GG mismatch, three hydrogen bonds between both G-C. . } )
adjacent base pairs, and the interactions between the mis nteraction between the mismatch nucleotides and the nearest

) ) : s
match nucleotides and the adjacent base pairs. Converselyn€ighbors. 'r’\r(lésy,3parameter assigns a bonu%%égﬁ,] (0.5
the lack of stability of a Y37 single mismatch may ~ kcal/mol), kgryrs] (=0.4 kCSlI/FEQ;)I), and J5ers] (—1.0
result from a lack of hydrogen bonding between theAA  kcal/mol) and a penalty tozkgrys] (0.7 kcal/mol) and

mismatch, only two hydrogen bonds between both A-U [3avee] (0.4 kcal/mol), when A and G are categorized as
adjacent base pairs, and the lack of interactions between thepurines (R) and when C and U are categorized as pyrimidines
mismatch nucleotides and the adjacent base pairs. (Y). All other combinations of single mismatch

Single Mismatch-Specific Model for Predicting Thermo- nucleotides and nearest neighbors are assumed to contribute
dynamics of Single Mismatches. RNAstructuses two no favorable or unfavorable contributions to duplex stability.
methods to calculate the free energy contribution of single RNASstructuredoes not include a parameter to account for
mismatches ¥4—16). If a single mismatch has been mea- the interaction between the mismatch nucleotides and the
sured thermodynamicalllRNAstructureuses the measured ~Nearest neighbors. ThRNAstructureSRU/3YU bonus
value or average of measured values. Previous to this study(~0-4 kcal/mol) (4—16) described above accounts for both
only nine of the 30 most frequent single mismatches found the identity of the single mismatch nucleotides and the
in the database had been measured thermodynamically (Tabléteraction between the mismatch nucleotides and the
1, first set of data). Now, the 30 most frequently occurring Nearest neighbors. These five particular combinations of
single mismatches in the database have experimental dataMismatch nucleotides and nearest neighbors must be arranged
Since most scientists are likely interested in single mis- in the duplex in such a way to optimize stacking and/or
matches that do occur in nature, these single mismatchegninimize helix distortion in the case of the combinations
now have experimental data, and scientists no longer haveWwith a bonus and in such a way to make stacking unfavorable
to rely on a model based on several approximations andand/or distort the helix in the case of the combinations with
assumptions for these single mismatches. a penalty.

For those single mismatches that do not have experimental The AG°37 aucu parameter accounts for the identity of the
numbers RNAstructureapproximates the free energy con- nearest neighbors. This parameter assigns a penalty (1.2 kcal/
tribution as described in the Introduction and shown by mol) for replacing a G-C nearest neighbor with an A-U or
eq 1. These parameters were derived from the smaller datase®-U nearest neighbor. ThRNAstructuremodel (L4—16)
of single mismatch data and from data for internal loops of assigns a penalty of 0.7 kcal/mol for this same parameter.
various sizes. Since the number of single mismatches with The value proposed here was derived from a dataset of solely
experimental values has significantly increased with this single mismatch thermodynamics. The value proposed by
work, the previous and new single mismatch data were the RNAstructuremodel was derived from a dataset of
combined to derive single mismatch-specific nearest neighborinternal loops of various sizes. This difference in the datasets
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used for the derivation may account for the difference in
the values.

A similar comparison can be made between the enthalpy

parameters published previousiy and those derived here.
The enthalpy values for a ‘G mismatch, for a U
mismatch, and for an A-U/G-U closure are easiest to compare
directly. All three of the values proposed here (Table 4) are
statistically different from those proposed previously)(
Entropy parameters were not published previously but are
derived here (Table 4).

By identifying the most common single mismatches found

in RNA secondary structure and measuring their thermody-
namics, many more frequently occurring single mismatches
now have experimental thermodynamic parameters. Since
the dataset of single mismatch data has grown significantly
with the data presented here, single mismatch-specific nearest’
neighbor parameters were derived. Both the experimental
data and the new predictive model can be used when
predicting the stability of an RNA duplex that contains a
single mismatch and can be incorporated iRtdAstructure

or mfold to improve secondary structure prediction from
sequence.
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SUPPORTING INFORMATION AVAILABLE

A table listing the contributions of 77 single mismatches

to duplex thermodynamics and a table listing the thermo-
dynamic contributions for all possible single mismatch and
nearest neighbor combinations at 3Z. This material is
available free of charge via the Internet at http://pubs.acs.org.
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