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ABSTRACT: Due to their prevalence and roles in biological systems, single mismatches adjacent to G-U
pairs are important RNA structural elements. Since there are only limited experimental values for the
stability of single mismatches adjacent to G-U pairs, current algorithms using free energy minimization
to predict RNA secondary structure from sequence assign predicted thermodynamic values to these types
of single mismatches. Here, thermodynamic data are reported for frequently occurring single mismatches
adjacent to at least one G-U pair. This experimental data can be used in place of predicted thermodynamic
values in algorithms that predict secondary structure from sequence using free energy minimization. When
predicting the thermodynamic contributions of previously unmeasured single mismatches, most algorithms
apply the same thermodynamic penalty for an A-U pair adjacent to a single mismatch and a G-U pair
adjacent to a single mismatch. A recent study, however, suggests that the penalty for a G-U pair adjacent
to a tandem mismatch should be 1.2 & 0.1 kcal/mol, and the penalty for an A-U pair adjacent to a tandem
mismatch should be 0.5 £ 0.2 kcal/mol [Christiansen, M. E. and Znosko, B. M. (2008) Biochemistry 47,
4329—4336]. Therefore, the data reported here are combined with the existing thermodynamic dataset of
single mismatches, and nearest neighbor parameters are derived for an A-U pair adjacent to a single
mismatch (1.1 £ 0.1 kcal/mol) and a G-U pair adjacent to a single mismatch (1.4 £ 0.1 kcal/mol).

The occurrence of the G-U non-Watson—Crick base pair
was first proposed by Francis Crick in his wobble hypothesis
for codon—anticodon interactions (/). Crick realized that this
base pair was able to form two hydrogen bonds between the
Watson—Crick faces of guanosine and uridine. Since this
initial hypothesis, G-U pairs have been found in virtually
every class of functional RNA (2—17). Due to its unique
chemical and structural properties (7, 12), the G-U pair has
been shown to be an essential component in RNA secondary
and tertiary structures and important in various aspects of
recognition by a range of different biomolecules (7).

Due to the prevalence and biological importance of G-U
pairs, there have been several thermodynamic studies on G-U
pairs within a Watson—Crick duplex (/3—17) and at the helix
termini (13, 18, 19). From this data, nearest neighbor
parameters for G-U pairs have been derived (16, 20, 21).
However, G-U pairs located adjacent to internal loops are
also important. In small and large subunit rRNA, 42% of
G-U pairs occur at the loop—helix junction (9), and many
are important for structure and function (22-26). Therefore,
many studies have also thermodynamically characterized
G-U pairs adjacent to internal loops (27-36).
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Single mismatches adjacent to G-U pairs have been
found in a wide variety of organisms (37-42). Only two
studies, however, have thermodynamically characterized
single mismatches adjacent to G-U pairs (34, 36). One of
these studies was from the Turner laboratory (34), and
the other study was recently published by Davis and
Znosko (36). In the former, G-U pairs are considered
noncanonical base pairs; therefore, the loop 5’CUUG3’]
. ) ’ o 3’GGUCS’
is considered to be a tandem mismatch. Here and in the
latter, G-U pairs are considered canonical pairs, so
S'CUUGS’]h

YGGUCS’ is considered a single mismatch with a G-U

nearest neighbor.

Since there are only limited experimental values for the
stability of single mismatches adjacent to G-U pairs,
current models using free energy minimization to predict
RNA secondarystructurefromsequence,suchasRNAstructure(21,43,44),
mfold (45, 46), and the Vienna software package (47),
assign predicted thermodynamic values to G-U pairs
adjacent to most single mismatches. When calculating
these predicted thermodynamic values, a 0.7 kcal/mol
penalty is applied for each A-U or G-U closure (44).
Recently, a new model to predict the thermodynamic
contribution of single mismatches to duplex stability was
proposed, and the penalty applied for each A-U or G-U
closure was found to be 1.2 kcal/mol (36). Another study,
however, suggests that the penalty for a G-U pair adjacent
to a tandem mismatch should be 1.2 £ 0.1 kcal/mol, and
the penalty for an A-U pair adjacent to a tandem mismatch
should be 0.5 £ 0.2 kcal/mol (35). To determine if there
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should be unique thermodynamic penalties for A-U and
G-U pairs adjacent to single mismatches or if one penalty
is sufficient for both types of adjacent base pairs,
additional single mismatches with at least one G-U nearest
neighbor were investigated. In this work, thermodynamic
data are reported for single mismatches adjacent to G-U
pairs that are common in nature. This experimental data
can be used in place of predicted thermodynamic values
in programs such as RNAstructure, mfold, and the Vienna
software package. Also, based on new and existing
thermodynamic data (34, 36, 48-51), A-U and G-U pairs
adjacent to single mismatches are treated separately, and
thermodynamic penalties are derived for A-U pairs
adjacent to single mismatches and G-U pairs adjacent to
single mismatches. Thus, the results presented here provide
thermodynamic data that may be beneficial when designing
therapeutics to bind RNA and should improve both the
prediction of RNA secondary structure from sequence
using free energy minimization and the prediction of RNA
secondary structure by algorithms which combine struc-
tural and thermodynamic data (52).

MATERIALS AND METHODS

Compiling and Searching a Database for Single Mis-
matches with G-U Nearest Neighbors. A database of RNA
secondary structures was compiled previously (21, 36, 43).
This database was searched for single mismatches with G-U
nearest neighbors, and the number of occurrences for each
type of mismatch was tabulated.

RNA Synthesis and Purification. Sequences of mismatches
and nearest neighbors were designed to represent those found
most frequently in the database. Further details for the design
of sequences were described previously (36, 53). Oligo-
nucleotides were ordered from the Keck Laboratory at Yale
University (New Haven, CT), Azco BioTech, Inc. (San
Diego, CA), or Integrated DNA Technologies (Coralville,
IA). The synthesis and purification of the oligonucleotides
followed standard procedures that were described previously
(36, 54).

Optical Melting Experiments and Thermodynamics. The
methods used to determine the concentration of the single
strands and to form duplexes from the single strands are
standard and were described previously (36, 53). Optical
melting experiments were performed in 1 M NaCl, 20 mM
sodium cacodylate, and 0.5 mM Na,EDTA (pH 7.0). Melting
curves (absorbance versus temperature) were obtained and
duplex thermodynamics were determined as described previ-
ously (36). The thermodynamic contributions of single
mismatches to duplex thermodynamics (AG®37 single mismatchs
AI_Iosingle mismatchs and ASosingle mismatch) were calculated by
subtracting the nearest neighbor contributions for the canoni-
cal pairs (21, 55) from the measured duplex thermodynamics.
This type of calculation was described previously (36).

Linear Regression and Single Mismatch Thermodynamic
Parameters. Data collected for 16 duplexes in this study were
combined with previously published data for 77 single
mismatches (34, 36, 48-50). Of the 93 total duplexes, eight
melted in a non-two-state manner and were not included in
trends, averages, or linear regression. In addition, data from
ten sequences were significantly different from what was
predicted. Eight of these sequences were discussed previously
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5’GAC GAU CUG¥
3’CUG CCG GACY

. For these two duplexes, near-

(36). The other two sequences are [

d [S’CAG CCG GuCy

3’GUC GUU CAG5’ .
est neighbor calculations suggest that the bimolecular

association of one of the oligoribonucleotide strands with
itself may be competing with the bimolecular association

of the two different strands. For example,
5’GAC GAU CUG3’] . . o
[3’CUG CCG GACS’ is predicted to have a AG°3; of

—7.4 kcal/mol, and the bimolecular association of the bottom
strand with itself (which forms four G-C pairs in a row) is
predicted to have a AG°3; of —9.3 kcal/mol. Because the

5'GAC GAU CUG3’

formation of 3’CUG CCG GACY

data for these duplexes were not included in trends, averages,
and linear regression. Because three duplexes melted in a non-
two-state manner and had possible competing structures, the
thermodynamic parameters for 78 (64 reported previously and
14 reported here) single mismatches were included in the linear
regression used to derive single mismatch-specific nearest
neighbor parameters. Similar to what was done previously (36),
three parameters consisting of a total of nine variables were
used for linear regression: (1) a mismatch parameter containing
variables for an A+G, G*G, or U+U mismatch; (2) a stacking

5 YRR3’ 5 RYY3
parameter containing variables for 3'RRY5' ’YYRS' ’

[ 5'YYR3' ] [ ’YRY3’] [ 5'RRY3’ ] ki o
3RYYS | |3’RYRS | 3’y yRs’ | SAckne combma-

tions, when cytosine and uracil are classified as pyrimidines
(Y) and adenine and guanine are classified as purines (R); and
(3) a parameter for an A-U/G-U closure. The calculated
experimental contribution of the single mismatch to duplex
stability was used as a constant when doing linear regression.
To simultaneously solve for each variable, the LINEST function
of Microsoft Excel used linear regression. To determine if a
G-U pair adjacent to a single mismatch should be assigned a
different penalty than an A-U pair adjacent to a single mismatch,
the linear regression described above was repeated with the third
parameter split into two different parameters, one for an A-U
pair adjacent to a single mismatch and one for a G-U pair
adjacent to a single mismatch. The model derived previously
which used the previous dataset and treated G-U pairs adjacent
to single mismatches the same as A-U pairs adjacent to single
mismatches (36), the same model incorporating the additional
data reported here, and a model that treats A-U and G-U pairs
adjacent to single mismatches separately are compared.

] was not confirmed, the

RESULTS

Database Searching. The database containing 955 RNA
secondary structures and 151,503 nucleotides was searched
for single mismatches adjacent to at least one G-U pair. In
this database, 888 single mismatches with at least one G-U
nearest neighbor were found, accounting for 3.5% of the
nucleotides in the database. Table 1 shows a summary of
the database results obtained. The first set of data lists
frequency and percent occurrence when the mismatch
nucleotides and nearest neighbors are specified. When
categorized in this fashion, 95 types of mismatches were
found in the database. The 30 mismatch types listed in dataset
1 (Table 1) account for 75% of the 888 mismatches found
in the database. The 65 types of mismatches not shown
account for the remaining 25%; however, each type repre-



10180 Biochemistry, Vol. 47, No. 38, 2008 Davis and Znosko

Table 1: Summary of Database Search Results for Single Mismatches Adjacent to at Least One G-U Pair“

Dataset 1, Single Mismatch with Nearest Neighbors Dataset 2, Single Mismatch Dataset 3, 5" and 3" Adjacent Base Pairs
mismatch” freq” % ref mismatch”  freq® % ref closing bp freq” % ref
CUG 104 11.7 ef A 300 33.8  e-g CG 201 22.6 e—g
GUU G GU
AAU 89 10.0 f U 254 28.6  e-g GG 146 16.4 e—g
UGG 0] CcU
GUG 43 4.8 ef A 131 148  e-g AU 128 14.4 fg
CUU C UG
UAC 40 45 f C 83 9.4 e.g CU 88 9.9 e.g
GGG 8] GG
UAG 38 43 ef C 41 46  eg uG 77 8.7 g
GGC C AU
UAA 28 3.1 g A 41 4.6 e GU 71 8.0 e.g
GCU A CcG
AUG 27 3.0 g G 38 43 AG 61 6.9 g
uuu G uu
CAU 26 2.9 g previously 850  95.7 GA 54 6.1 g
GGG uu
uuG 26 2.9 g new total 850 95.7 GG 27 3.0 g
AUU uu
GAG 20 22 e UG 24 2.7 g
CGU 8 8
GUU 18 20 e UG 1 1.2
CUG
CCu 15 1.7 g previously 634 71.4
GCG
CAG 14 1.6 e new total 877 98.8
GCU
GAU 14 1.6 g
CCG
GAA 13 1.5 g
uGU
UAU 12 1.3 g
AGG
UAG 12 1.3 g
GGU
GAC 11 1.2 e
UGG
GCG 11 1.2 e
uuc
AUU 11 1.2 g
uuG
CUU 11 1.2 e
GUG
GAG 10 1.1 g
CCU
UAG 10 1.1 g
ACU
GCU 10 1.1 g
CUG
GCU 10 1.1 g
UUA
GAG 9 1.0 e
CAU
CCG 9 1.0 g
GUU
CAG 8 0.9 e
GAU
GAG 8 0.9 g
UuCu
CAG 8 0.9 e
GGU
previously 439 49.4
new total 680 76.6

“Not all combinations in dataset 1 are shown due to space limitations. For each set of sequences, the top strand is written 5" to 3" and the bottom
strand is written 3’ to 5”. ” Single mismatch is identified by bold letters. Duplexes are written in alphabetical order by the loop nucleotide (A over G, not
G over A). If the loop nucleotides are identical, duplexes are written in alphabetical order by the nearest neighbors (CUG over GUU, not GUU over
CUG). “ Frequency of occurrence in the database. ¢ Percent out of 888 mismatches, the total number of mismatches adjacent to G-U pairs found in the
database. ¢ Reference 34./ Reference 36. ¢ This work.
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Table 2: Thermodynamic Parameters for Duplex Formation®
analysis of melt curve fit/errors analysis of T}, dependence/errors (In plot)
AH® AS° AG°3; T AH° AS° AG°3 T
frequency” sequence” (kcal/mol) (cal/K+mol) (kcal/mol) (°C) (kcal/mol) (cal/K+mol) (kcal/mol) (°C)
104 CU CUG cuce —68.6+54 —201.1£175 —627=+0.1 358  —67.0£15 —1959+48 —621+£0.02 355
GA GUU GAG
CAG CUG GUC™®  —949+73 —263.7+£220 —13.12+£0.51 60.1 —945+72 —2625+£21.7 —13.04+048 60.0
GUC GUU CAG
89 CAG AAU GUC™® —81.34+129 —2323+40.6 —9264+047 478 —813+164 —232.1+£50.8 —9.27+0.87 47.8
GUC UGG CAG
43 GA GUG GAG* —679+40 —198.6+13.1 —629+0.1 358  —709+1.7 —2084+56 —621+£0.02 356
CU CUU CcucC
GAC GUG CUG/ —834+53 —241.74+167 —848+0.12 444 —837+29 —24274+92 —848+0.07 444
CUG CUU GAC
40 CAG UAC GUC'  —833+67 —2420+212 —8284+0.19 437 —87.0+47 —253.7+150 —83740.10 437
GUC GGG CAG
38 GAG UAG AG* —684+72 —200.8+£23.1 —6.14+0.1 353 —638+18 —1860+58 —6.09+0.02 349
CUC GGC UC
CAG UAG GUCY  —565+146 —1543+454 —859+058 487 —62.6+26 —1742+81 —857+£0.06 474
GUC GGC CAG
8 CAG UAG GUC —740+7.1 —2169+228 —6.754+0.08 379 —728+3.6 —213.0+115 —6.77+£0.04 38.0
GUC GGC CAG
27 GAC AUG CUG —9244+12.0 —2728+389 —779+£026 413 —951+£10.8 —281.6+345 —7.78+0.27 4l1.1
CUG UUU GAC
26 GAC CAU CUG"  (—32.8) (—=79.4) (—8.13) (52.9) (—322) (—77.8) (—8.11) (53.0)
CUG GGG GAC
2 GAC UUG CUG —829+58 —246.1£186 —659+020 372 —999+79 -—3009+254 —6.60+£0.09 372
CUG AUU GAC
20 GA GAG GAG* —524+1.1 —149.6+£32 —597+0.1 337 —=579+£13 —1679+43 —587+£0.03 335
CU CGU cucC
18 GA GUU GAG* —584+44 —1727+£147 —486+0.2 284  —625+1.1 —1864+3.6 —4.68+£0.04 28.1
CU CUG CcucC
15 GAC CCU CUG —89.4+81 —260.1+258 —-877+£0.17 450 —91.8+£38 —267.5+12.1 —8.81+0.09 449
CUG GCG GAC
14 CU CAG cuce —60.7+20 —1765+£6.6 —597+0.1 342 —608+14 —176.7+£46 —597+£003 342
GA GCU GAG
14 GAC GAU CUG*" (—=76.7) (—207.1) (—12.52) (63.2) (—=78.7) (—213.1) (—12.59) (62.9)
CUG CCG GAC
13 GAC GAA CUG —693+39 —207.8+£129 —-480+0.11 294 —69.0+£19 —-2068+63 —480+£0.06 294
CUG UGU GAC
12 GAC UAU CUG —65.6+10.9 —190.1 £354 —6.65+048 37.6 —658+13.1 —190.6+420 —6.68+0.61 377
CUG AGG GAC
12 GAC UAG CUG —555+105 —157.1£339 —-676+0.15 383 —56.8+6.7 —161.24+213 —679+024 384
CUG GGU GAC
11 CUC GAC UC*# —5214+28 —1513+£9.0 —523+0.1 29.5 —603+12 —1784+41 —499+004 293
GAG UGG AG
1 GAG GCG AG* —613+19 —1802+63 —542+£0.1 315 —633+17 —186.7+£56 —537+0.05 314
CUC UUC ucC
11 GAC AUU CUG —909+80 —2742+256 —588+£020 348 —823+£87 —2463+28.1 —593+0.18 347
CUG UUG GAC
1 CU CUU cuce —=58.1+51 —1697+£173 —541+03 31.1 —63.7+15 —188.6+£50 —519+0.04 30.6
GA GUG GAG
10 GAC GAG CUG —=774+39 —2233+£123 -—-8.18+0.08 438 —773+42 22284132 —8.16+£0.07 437
CUG CCU GAC
10 GAC UAG CUG —893+11.0 —2642+£352 —7424+0.10 40.1 —853+29 —251.0+94 —7414+0.03 402
CUG ACU GAC
10 GAC GCU CUG —43.0+82 —1189+274 —6.10+£044 340 —429+67 —1189+219 —6.01+0.36 333
CUG CUG GAC
10 GAC GCU CUG —702+3.1 —2087+£103 —5494+0.15 325 —=70.7+45 —2103+£146 —548+£0.10 325

CUG UUA GAC
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Table 2: Continued

analysis of melt curve fit/errors

analysis of Ty, dependence/errors (In plot)

AH° AS° AG°®3 Tw? AH° AS° AG°3; T
frequency” sequence” (kcal/mol) (cal/K+mol) (kcal/mol) (°C) (kcal/mol) (cal/K+-mol) (kcal/mol) (°C)
9 GA GAG GAG* —5574+8.1 —162.6 £259 —5324+03 304 —5224+6.0 —151.3+£200 —530+£027 299
CU CAU CUC
9 CAG CCG CUG* —46.8+11.1 —1200£33.7 —957+0.72 586 —49.6+£50 —1290+154 —9.58+0.35 573
GUC GUU GAC
8 CU CAG cuce —59.7+ 8.9 —1759+30.1 —5.13+04 299 —60.7+25 —179.1£83 —5.124+£0.08 30.0
GA GAU GAG
3 GAC GAG CUG —66.4 + 8.1 —1949+260 —594+0.12 343 —73.1+43 -2165£140 —593+£0.08 345
CUG UCU GAC
3 CU CAG cuUce —55.8+6.0 —1599+20.0 —6.234+0.2 353 —599+18 —173.5+57 —6.07 £0.03 347
GA GGU GAG

“ Measurements were made in 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM Na,EDTA, pH 7.0. ® Frequency of occurrence in the database
described in Materials and Methods. © Single 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 written 5’ to 3’, and each bottom strand is written 3’ to 5’. ¢ Calculated at 1074 M oligomer
concentration. ¢ Reference 34./ Reference 36. ¢ Duplexes 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. ” Data derived from non-two-state melts.

sents =0.9% of the total number of mismatches that were
found. When categorized in this manner, previous studies
account for only 49% of the total number of single
mismatches found, but after adding the data reported here,
this percentage increases to 77%. Similarly, previous studies
thermodynamically characterized only 14 types of mis-
matches in the top 30, but after adding the data reported
here, all of the mismatches in the top 30 have been studied.

Dataset 2 (Table 1) lists frequency and percent occurrence
when only the mismatch sequence is specified. When
categorized in this fashion, seven types of mismatches were
found in the database, representing all possible types of single
mismatches. Also, when categorized in this manner, previous
studies account for six types of mismatches; however, the
current work has also characterized five of these seven types.
It is important to note that a G+G single mismatch adjacent
to at least one G-U pair has never been thermodynamically
measured. Because this single mismatch was not found to
be one of the 30 most common single mismatches adjacent
to a G-U pair (any G+G mismatch with its nearest neighbors
represents less than 1% of all of the single mismatches
adjacent to at least one G-U pair that were found in the
database), this single mismatch was also not studied here.
The thermodynamics of a G*G single mismatch adjacent to
at least one G-U pair should eventually be measured, and
we will consider this in future studies.

Dataset 3 (Table 1) lists frequency and percent occurrence
of 5" and 3’ nearest neighbor combinations. When categorized
in this fashion, 11 types of nearest neighbor combinations were
found in the database, representing all possible types of nearest
neighbor combinations containing at least one G-U base pair.
Also, when categorized in this manner, previous studies account
for 71% of all nearest neighbor combinations, but after adding
the data reported here, this percentage increases to 99%.

Thermodynamic Parameters. Table 2shows the thermo-
dynamic parameters of duplex formation that were ob-
tained from fitting each melting curve to the two-state
model and from the van’t Hoff plot of T,,~! versus log(Ct/
4). Data for the duplexes containing the 30 most frequently
occurring single mismatches with at least one G-U nearest
neighbor are shown in order of decreasing frequency.
However, data for 33 duplexes are shown because three

mismatches were melted with different stem sequences.
Duplexes that melted in a non-two-state manner and
duplexes that may have been influenced by competing
structures are denoted in Table 2.

Contribution of Single Mismatches to Duplex Thermody-
namics. The contributions of the 30 most common single
mismatches with at least one G-U pair to duplex stability
are listed in Table 3. An additional six single mismatches
were added to the 30 from Table 3, and the total list of 36
single mismatches can be found in Supporting Information
(Table S1). These six additional single mismatches occur
less frequently and were thermodynamically characterized
in a previous study (34).

Updated Model for Predicting Thermodynamic Contribu-
tions of Single Mismatches. Recently, a model to predict the
stability of an RNA duplex containing a single mismatch was
proposed by Davis and Znosko (36). Using linear regression
with the expanded dataset (data from the 64 mismatches that
were used previously plus the data from the 14 mismatches
reported here) and the same set of variables (treating G-U pairs
adjacent to single mismatches the same as A-U pairs adjacent
to single mismatches) used previously (36), nearest neighbor
parameters for predicting the contribution of a single mismatch
to duplex thermodynamics were derived.

Comparison of the previous result (36) to the results
obtained here with the additional 14 mismatches reveals that
eight of the nine parameters are within experimental error
(data not shown). The one parameter that was not within
experimental error, the mismatch-nearest neighbor interaction

5S’RYY3 o
parameter for |, , |, was quite similar in the two
models. This parameter was —0.5 4+ 0.2 kcal/mol in the
model proposed by Davis and Znosko (36) and 0.0 & 0.2
kcal/mol in the model derived here.

In order to determine if a G-U pair adjacent to a single
mismatch should be assigned a unique thermodynamic
penalty (as opposed to the same penalty as an A-U pair
adjacent to a single mismatch), the third parameter (parameter
for an A-U/G-U closure) used for linear regression in the
Davis and Znosko model (36) and used above with the
expanded single mismatch dataset was separated into two
variables, one for an A-U pair adjacent to a single mismatch
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Table 3: Contributions of 30 Single Mismatches to Duplex Thermodynamics®

AI'Iosinglc mismatch (Kcal/mol)

ASosinglc mismatch (cal/K+-mol)

AG037,singlc mismatch (kcal/mol)

frequency” sequence® measd” predicted® measd? predicted® measd? predicted*

104 cuG’ —12.2 —16.3 (4.1) —42.7 —58.5(15.8) 1.07 1.4 (0.3)
GUU

cuGs” —26.4 —16.3 (10.1) =759 —58.5(17.4) —2.82 1.4 4.2)
GUU

89 AAUS" —22.1 —8.8(13.3) —68.6 —44.7 (23.9) —0.82 2.2(3.0)
UGG

43 GUG" —16.6 —18.9 (2.3) —55.5 —65.0 (9.5) 0.67 0.8 (0.1)
CUU

GUG* —19.3 —18.9 (0.4) —66.0 —65.0 (1.0) 1.08 0.8 (0.3)
CUU

40 UAC? —22.6 —4.8 (17.8) —=77.0 —29.7 (47.3) 1.19 1.1 (0.1)
GGG

38 UAG' -9.0 —4.0 (5.0) —32.8 —23.5(9.3) 1.19 1.7 (0.5)
GGC

UAG?® 4.5 —4.0 (8.5) 8.5 —23.5(32.0) 1.89 1.7 (0.2)
GGC

28 UAA —8.1 —8.0(0.1) —33.8 —34.3 (0.5) 2.27 2.5(0.2)
GCU

27 AUG —30.9 —22.9(8.0) 104.7 —80.0 (24.7) 1.53 1.9 (0.4)
uuu

26 CAU’ 30.7 —4.8 (35.5) 94.3 —29.7 (124.0) 1.37 1.1 (0.3)
GGG

26 UUA —35.7 —20.3 (15.4) —123.8 —73.5(50.3) 2.68 2.5(0.2)
GUU

20 GAG/ —-3.6 —4.8(1.2) —15.0 —29.7 (14.7) 1.01 1.1 (0.1)
CGU

18 Guc —14.7 —19.2 4.5) —52.2 —66.2 (14.0) 1.50 0.8 (0.7)
uuG

15 CCU —28.9 —4.0 (24.9) —954 —19.3 (76.1) 0.67 1.4 (0.7)
GCG

14 CAG/ —6.0 —4.0 (2.0) —23.5 —19.3 4.2) 1.31 1.4 (0.1)
GCU

14 GAU™ —18.6 —21.3(2.7) —47.0 —73.8 (26.8) —4.01 0.5 (4.5)
CCG

13 GAA ~10.8 ~8.8(2.0) —463 —44.7 (1.6) 3.54 22(13)
UuGU

12 UAU —5.8 —8.8 (3.0) —24.1 —44.7 (20.6) 1.62 2.2 (0.6)
AGG

12 UAG 9.1 —8.0(17.1) 21.0 —42.8 (63.8) 2.52 3.1(0.6)
GGU

11 GAC" —12.5 —4.8 (7.7) —44.2 —29.7 (14.5) 1.19 1.1 (0.1)
UGG

11 GCG —12.7 —4.0 (8.7) —44.1 —19.3 (24.8) 0.93 1.4 (0.5)
uucC

11 AUU —22.4 —23.2(0.8) —80.0 —81.2(1.2) 2.40 1.9 (0.5)
uuG

11 cuv —13.1 —18.9 (5.8) —46.0 —65.0 (19.0) 1.11 0.8 (0.3)
GUG

10 GAG —12.9 —4.0 (8.9) —46.1 —19.3 (26.8) 1.40 1.4 (0.0)
CCU

10 UAG —21.1 —8.0 (13.1) —=739 —34.3 (39.6) 1.87 2.5 (0.6)
ACU

10 GCU 17.2 —4.3(21.5) 47.2 —20.5 (67.7) 2.57 1.4 (1.2)
CUG

10 GCU —11.5 —8.3(3.2) —46.8 —35.5(11.3) 2.97 2.5(0.5)

UUA
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Table 3: Continued

AI'Iosinglc mismatch (kcal/mol)

ASosinglc mismatch (Cal/K ¢ mOl) AGO37.singlc mismatch (kcal/mol)

frequency” sequence® measd? predicted® measd? predicted* measd? predicted*

9 GAG/ 2.1 —4.0 (6.1) 1.6 —19.3 (20.9) 1.58 1.4 (0.2)
CAU

9 CCG" 18.5 —1.4(19.9) 57.6 —12.8 (70.4) 0.64 2.0(1.4)
GUU

8 CAG/ =59 —3.2(2.7) —259 —13.1 (12.8) 2.16 2.0(0.2)
GAU

8 GAG —13.8 —8.0(5.8) —=53.0 —38.6 (14.4) 2.68 2.8 (0.1)
UCU

8 CAG' -5.1 4.0 (1.1) -203 ~235(32) 121 1.7(0.5)
GGU

“ Calculations were based on the data obtained from T,,~! vs In(C1/4) plots. ® Frequency of occurrence in the database described in Materials and Methods.
¢ Single mismatch is identified by bold letters. The top strand of each duplex is written 5’ to 3’, and each bottom strand is written 3’ to 5. ¢ Measured values
were calculated by subtracting the nearest neighbor contributions for the canonical pairs (2/, 55) from the raw optical melting data for the duplex.
Watson—Crick nearest neighbor parameters have average uncertainties of 0.07 kcal/mol, 1.4 kcal/mol, and 4.3 eu for free energy, enthalpy, and entropy,
respectively (55). G-U nearest neighbor parameters have average uncertainties of 0.27 kcal/mol, 2.4 kcal/mol, and 7.2 eu for free energy, enthalpy, and entropy,
respectively (27). ¢ Values derived from the proposed model found in Table 4. Differences between the measured values and the predicted values are shown
in parentheses. It is important to note that predictions may not be accurate for duplexes in which a bimolecular association of one of the strands with
itself may be a competing structure or for data derived from non-two-state melts. / Reference 34. ¢ Reference 36. " Duplexes 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.

" Data derived from non-two-state melts.

and one for a G-U pair adjacent to a single mismatch. Linear
regression results in a 1.1 £ 0.1 kcal/mol penalty for A-U
pairs adjacent to a single mismatch and a 1.4 4+ 0.1 kcal/
mol penalty for a G-U pair adjacent to a single mismatch
(Table 4). All other AG °37 single mismaich Parameters are within
experimental error of those derived with the combined A-U/
G-U penalty and the expanded single mismatch dataset. The
parameters in Table 4 were used to predict the contributions
of the 30 most common single mismatches adjacent to at
least one G-U pair to duplex thermodynamics. Contributions
are calculated using the following equation:

o j— (e}
AG 37,single mismatch — AG 37,mismatch nt +
o o o
AG 37,mismatch—NN interaction + AG 37,AU + AG 37,GU (1)

An example of this calculation is shown below:
AG°, [CUG] =AG°y [U] +AG°; [YYR] +AGy; Ay T
‘Leuu Lu [RYY ’
AG%; 6y (2)

AG°37’[CUG] =—0.6+0.6+0.0+ 1.4=1.4 kcal/mol
GUU
3)
A second example is as follows:
AG? [MU] = MG [4] +AG [ ] + A2 0+
"Luce ‘Ll LYRR '

AGO37,GU (4)
AG°37,[AAU] =—0.3+0.0+ 1.1 + 1.4 =2.2 keal/mol

UGG
)

These predictions and the differences between the predictions
and the measured contributions are shown in Tables 3 and
S1. Parameters for AH gngie mismach a0d ASCgingle mismatch are
also included in Tables 3 and S1.

DISCUSSION

Database Searching. The database used for this study
contains 955 secondary structures from eight different

kinds of RNAs. Although this database does not contain
all RNA secondary structures available, we have assumed
that the number and variety of structures in this database
approximates the number and types of single mismatches
with at least one G-U nearest neighbor that are found in
nature.

It is clear from the first set of data in Table 1 that
previous experiments with single mismatches (34, 36) have
provided results for only 14 of the top 30 mismatch—nearest
neighbor nucleotide combinations with at least one G-U
pair found most commonly in the database. The results
reported here expand the available measured dataset to
include all combinations in the top 30. Dataset 1 in Table
1 provides some interesting results. For example, it is
interesting to note that nine of the top ten single
mismatches with G-U nearest neighbors contain mis-
matches that have been previously considered to be
stabilizing (A *Gand U+ U) insingle mismatches (27, 43, 44, 46);
however, none of the top 30 single mismatches with
adjacent G-U base pairs include G+G mismatches, which
have been shown to be the most stable mismatch (36).
These results indicate that there is no correlation between
the stability of a single mismatch closed by a G-U pair
and its frequency of occurrence in nature.

Dataset 2 in Table 1 indicates that all possible single
mismatches were found in the database. A*G and U-U
mismatches are the most prevalent single mismatches
adjacent to at least one G-U pair, which is in agreement with
what was found previously for single mismatches with any
type of nearest neighbor (36). The percent occurrence of each
mismatch when adjacent to at least one G-U pair was
compared to the percent occurrence of each mismatch with
any type of nearest neighbors. For example, it was shown
previously that A<G mismatches account for 28% of all
single mismatches (36). When examining single mismatches
adjacent to at least one G-U pair, A +G mismatches account
for 34% of the single mismatches (Table 1, dataset 2). When
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Table 4: Nearest Neighbor Parameters for Single Mismatches at 37 °C
AH® (kcal/mol) AS° (cal/K-mol) AG°37 (kcal/mol)

mismatch parameters®

A-G —0.8+3.0 —104 £8.5 —03+02
G-G —179+ 4.1 =522+ 11.6 —2.1+£0.2
U-u —149+3.1 —45.7+£8.9 —0.6+0.2
mismatch—NN interaction parameters”

YRR 0.8+£34 62+£9.7 0.6£02
RRY

RYY —03+3.6 —12+103 0.0+0.2
YYR

YYR 26445 6.5+ 13.8 0.6+03
RYY

YRY —7.0+£5.7 —20.3+16.3 —05+0.3
RYR

RRY —173+72 —545+204 —09+04
YYR

A-U or G-U closure parameters®

A-U —40+1.7 —15.0+4.38 1.1 +0.1
G-U —40+19 —193+54 14+£0.1

“ Mismatches not included in the table do not contribute to duplex
thermodynamics. ” The pairs on the left and right are the adjacent
nearest neighbors and the pair in the center is the single mismatch.
Mismatch—NN interactions not included in the table do not contribute to
duplex thermodynamics. The top strand is written 5" to 3’, and the
bottom strand is written 3’ to 5’. It is important to note that these
orientations of the mismatch and nearest neighbors are important for
assigning the value of the mismatch—NN parameter. For example,
5'YRR3’/3’'RRY5’ is assigned a value of 0.6 kcal/mol while 5'RRY3’/
3’YRRS5’ is not listed in the table, so this orientation of the mismatch
and nearest neighbors does not contribute to duplex thermodynamics.
Adenine and guanine are classified as purines (R), and cytosine and
uracil arc classified as pyrimidines (Y). “ These parameters are applied
per A-U or G-U closure.

making a similar comparison between all of the other
mismatches, there were no differences greater than 5%.

Dataset 3 in Table 1 shows the nearest neighbor combinations
of single mismatches and their relative frequency. The most
G?(U]’ represent-
ing 23% of the total number of loops. Furthermore, it is
interesting to note that nearest neighbor combinations containing
two G-U base pairs only represent 7% of the single mismatches
with at least one G-U nearest neighbor.

Thermodynamic Contributions of Single Mismatches to
Duplex Thermodynamics. The examination of the data listed
in Tables 3 and S1 indicates a large variance in the obtained
thermodynamic parameters. Single mismatch contributions
to enthalpy, entropy, and free energy changes range from
—35.7 to 17.2 kcal/mol, —123.8 to 47.2 cal/(K+mol), and
—0.20 to 3.54 kcal/mol, respectively. There does not appear
to be a correlation between the thermodynamic contribution
of a loop and its frequency of occurrence in the database.
For example, the most stabilizing loop that was measured,
[S'GACS’
3'UGCS’

There does seem to be a correlation between the identity
of the base pairs directly adjacent to the mismatch and the

frequent nearest neighbor combination is [

(34), does not occur in the top 30.

Table 5: Order of Stability of Single Mismatches Adjacent to G-U Base
Pairs?

range average
Single AGo37.singlc mismatch AG037,singlc mismatch
mismatch® (kcal/mol) (kcal/mol)
C- 0.7—1.7 12£07
U-u 0.7-2.7 1.5£07
A-G —0.2-3.5 15+1.0
A-A 0.6—2.2 1.5+£0.7
A-C 0.5-2.7 1.7£0.8
C- 0.9-3.0 22+£1.1

“ Values are based on the data obtained from Ty~ ' vs In(Cr/4) plots
which are shown in Tables 3 and S1. G+G mismatches directly adjacent
to G-U base pairs have not been measured. ” Single mismatches are
listed from least destabilizing (top) to most destabilizing (bottom) based
on the average contribution.

free energy contribution to duplex stability. For example,
the 22 single mismatches with one adjacent G-U pair and
one adjacent G-C pair contribute an average of 1.3 kcal/mol
to duplex stability. The eight single mismatches with one
adjacent G-U pair and one adjacent A-U pair contribute an
average of 2.4 kcal/mol to duplex stability. The two single
mismatches with two adjacent G-U pairs contribute an
average of 2.6 kcal/mol to duplex stability. This trend appears
consistent with the ability of G-C nearest neighbors to form
three hydrogen bonds while A-U and G-U nearest neighbors
can only form two hydrogen bonds.

Examination of the single mismatch free energy values
(Tables 3 and S1) gives the following order of single
mismatch stability (from least destabilizing to most desta-
bilizing) (Table 5): C+C (range of 0.7 to 1.7 kcal/mol,
average of 1.2 £ 0.7 kcal/mol) > U-U (range of 0.7 to 2.7
kcal/mol, average of 1.5 4 0.7 kcal/mol) ~ A+G (range of
—0.2 to 3.5 kcal/mol, average of 1.5 & 1.0 kcal/mol) ~ A+ A
(range of 0.6 to 2.2 kcal/mol, average of 1.5 £ 0.7 kcal/
mol) > A+C (range of 0.5 to 2.7 kcal/mol, average of 1.7 +
0.8 kcal/mol) > C-U (range of 0.9 to 3.0 kcal/mol, average
of 2.2 £+ 1.1 kcal/mol). It is important to note that G-G
mismatches directly adjacent to G-U base pairs have not been
measured. From the ranges observed for every mismatch, it
is evident that the identity of the single mismatch nucleotides
alone does not determine the stability of single mismatches,
which is similar to the results observed previously (36).

Updated Model for Predicting Thermodynamic Contribu-
tions of Single Mismatches. Due to their prevalence and roles
in several biological systems, single mismatches adjacent to
G-U pairs are important motifs to characterize. Prior to this
study, only 14 of the 30 most frequently occurring single
mismatches adjacent to G-U pairs had been thermody-
namically characterized (Table 1). With the data reported
here, experimental values for the thermodynamic contribution
of single mismatches with G-U nearest neighbors can be used
when predicting the stability of RNAs which contain these
motifs; a predictive model is no longer needed for these
mismatches.

With these new data, the predictive model for previously
unmeasured single mismatches is updated. As described
above, adding this new dataset to the dataset of previously
measured single mismatches and recalculating the nearest
neighbor parameters using the same parameters does not
change the nearest neighbor parameters as proposed previ-
ously (36). However, when separating the A-U/G-U closure
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parameter into two separate parameters, one for A-U closures
and one for G-U closures, a slight difference (Table 4) was
obtained for each type of closure (1.1 £ 0.1 kcal/mol for
A-U closures and 1.4 £ 0.1 kcal/mol for G-U closures). Even
though the nearest neighbor parameters have been updated,
nearest neighbor parameters alone are not sufficient to include
all factors known to affect single mismatch stability. For
example, non-nearest neighbors and distance of the single
mismatch from the helix end also seem to play a role in
single mismatch stability (50).

SUPPORTING INFORMATION AVAILABLE

A table listing the contributions of 36 single mismatches

to duplex thermodynamics and a table providing a model
grid for calculating single mismatch contributions to duplex
thermodynamics (Table 4 in a different format). This material
is available free of charge via the Internet at http://
pubs.acs.org.
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