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ABSTRACT: Because of the availability of an abundance of RNA sequence information, the ability to rapidly
and accurately predict the secondary structure of RNA from sequence is becoming increasingly important.
A common method for predicting RNA secondary structure from sequence is free energy minimization.
Therefore, accurate free energy contributions for every RNA secondary structure motif are necessary for
accurate secondary structure predictions. Tandem mismatches are prevalent in naturally occurring sequences
and are biologically important. A common method for predicting the stability of a sequence asymmetric
tandem mismatch relies on the stabilities of the two corresponding sequence symmetric tandem mismatches
[Mathews, D. H., Sabina, J., Zuker, M., and Turner, D. H. (1999) J. Mol. Biol. 288, 911-940]. To improve
the prediction of sequence asymmetric tandem mismatches, the experimental thermodynamic parameters
for the 22 previously unmeasured sequence symmetric tandem mismatches are reported. These new data,
however, do not improve prediction of the free energy contributions of sequence asymmetric tandem
mismatches. Therefore, a new model, independent of sequence symmetric tandem mismatch free energies,
is proposed. This model consists of two penalties to account for destabilizing tandem mismatches, two
bonuses to account for stabilizing tandem mismatches, and two penalties to account for A-U and G-U
adjacent base pairs. This model improves the prediction of asymmetric tandem mismatch free energy

contributions and is likely to improve the prediction of RNA secondary structure from sequence.

The three most common base pairs in RNA are the
Watson—Crick pairs, G-C and A-U, and the wobble G-U pair.
These canonical base pairs are the components of the helical
portions of RNA, and they have a regular structure and
hydrogen bonding pattern. However, canonical base pairs
account for only approximately half of the nucleotides found
in RNA (7). The other half are involved in other secondary
structure motifs, such as hairpins, bulges, and internal loops.
One common RNA secondary structure motif is a tandem
mismatch, or 2 x 2 internal loop. Tandem mismatches occur
when two adjacent, noncanonical pairs are situated within a
helical portion of canonical base pairs. The presence of
tandem mismatches has been confirmed in a variety of RNA
secondary structures (2—/0) ranging from bacteria to tri-
nucleotide repeats in human neurological diseases.

Fortunately, due to the pioneering efforts of projects such
as the Human Genome Project (1, 12), entire genomes can
now be sequenced accurately and efficiently. In recent years,
thousands of RNA nucleotide sequences have been made
publicly available (/3). After a RNA sequence has been
determined, the next logical step in better understanding
structure and function is to determine an accurate method
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for predicting the secondary structure of RNA from its
primary sequence.

The ability to predict secondary structure of RNA from
sequence is important for several reasons. The determination
of secondary structure can aid in the determination of
tertiary structure. Also, because of the direct relationship
between structure and function, the ability to predict
secondary structure of RNA gives insight into the different
functions and roles that RNA may have. In addition, being
able to predict the secondary structure of RNA can help with
the design of pharmaceuticals by providing an accurate target
site for recognition by drugs.

The overwhelming importance of being able to predict
RNA secondary structure from sequence has led to the
development of several computer algorithms (I, 14-18).
These algorithms use the method of free energy minimization
to predict secondary structure from sequence. In this method,
for a given sequence, all possible (non-pseudoknotted)
conformations are tested by recursion. For each possible
conformation, the free energy parameters of all secondary
structure motifs (experimental or predicted) in that confor-
mation are added to give a total free energy for that
conformation. The total free energies for all possible second-
ary structure conformations are compared. The conformation
with the lowest free energy is predicted to be the predominant
species in solution. Computer programs used to predict
RNA secondary structure from sequence, such as RNAstruc-
ture (1, 14, 15), mfold (16, 17), and the Vienna RNA
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FIGURE 1: Examples of SSTM (left) and SATM (right).

Package (/8), have become quite influential and popular
within the scientific community. For example, the original
article describing mfold (17) has been cited more than 1300
times (/9), and the article describing the underlying algorithm
has been cited 1244 times (/9). In addition, RNAstructure
has been downloaded more than 12000 times (D. H.
Mathews, personal communication, February 27, 2006), and
the original article describing this program (/) has been cited
more than 1440 times (19).

Although influential and popular, these algorithms have
room for improvement. If a tandem mismatch has been
studied thermodynamically, the assigned value for the free
energy contribution of that tandem mismatch is an experi-
mental value. However, if a tandem mismatch has not been
studied thermodynamically, a predicted value is assigned for
the free energy contribution. When G-U pairs are classified
as canonical pairs and when the identities of the mismatch
nucleotides and the adjacent nearest neighbors are considered,
there are 1830 possible tandem mismatches. Currently, only
112 (~6%) have been studied thermodynamically (20-29).
Thus, the remaining 1718 combinations of tandem mis-
matches have free energy contributions that are predicted.

Tandem mismatches can be classified as sequence sym-
metric or sequence asymmetric. In sequence symmetric
tandem mismatches (SSTM),' the 5" to 3’ sequence of the
top strand of the loop is identical to the 5" to 3" sequence of
the bottom strand of the loop (Figure 1). All other sequence
combinations of tandem mismatches are classified as se-
quence asymmetric tandem mismatches (SATM) (Figure 1).
Of the 1830 possible tandem mismatches, 60 can be classified
as SSTM and 1770 can be classified SATM.

An algorithm for predicting the free energy contribution
of any unmeasured SATM is (/4)

s ) - o )
o (SZYXW
AG 37(3,WXYZ)]/2 + A+ Agg (1)

where J-K and W-Z represent the canonical nearest neigh-
bors, M*N and XY represent noncanonical pairs, Ap is a
penalty of 0.6 kcal/mol assigned to tandem mismatches with
an A*G or G-A pair adjacent to a U-C, C+U, or C-C pair
and tandem mismatches with an A+ A pair adjacenttoa U-U
pair, and Agg is a bonus of —1.3 kcal/mol assigned to tandem
mismatches with a G+G pair adjacent to either an A+ A pair
or any noncanonical pair with a pyrimidine. Therefore, the
free energy contribution of a SATM is approximated by
averaging the free energy contribution of the two corre-
sponding SSTM and adding a penalty or a bonus for specific
mismatch combinations. This model is based on the assump-

! Abbreviations: R, purine nucleotides; SATM, sequence asymmetric
tandem mismatches; SSTM, sequence symmetric tandem mismatches;
Y, pyrimidine nucleotides.
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tion that the energetics of a closing base pair and a mismatch
in a SSTM is similar to that of the same closing base pair
and mismatch in a SATM.

The periodic table of tandem mismatches (I, 20, 29)
contains the free energy contributions of the SSTM. Of the
60 possible SSTM, only 38 have experimental free energy
contributions. The 22 remaining SSTM have predicted free
energy contributions. Therefore, predicted values for SSTM
are often used to predict the free energy contributions of
SATM. To improve prediction of SATM, the free energies
for the 22 unmeasured SSTM are reported here, and a
complete periodic table of tandem mismatches is constructed.
However, the new experimental values for the SSTM do not
improve the prediction of the free energy contributions of
SATM. On the basis of these results, a new model for
predicting the stability of SATM, independent of SSTM, is
proposed.

MATERIALS AND METHODS

Design of Sequences for Optical Melting Studies. Se-
quences of tandem mismatches and closing base pairs were
designed to represent those SSTM in the periodic table of
tandem mismatches (1, 20, 29) that had predicted values for
their free energy contribution. Most stems were chosen to
be the same reference duplexes (30-36) as those used in
previous tandem mismatch studies (20-29). The combina-
tions of stems and tandem mismatches were chosen so that
the duplexes had melting temperatures between 30 and 70
°C and so that minimal formation of hairpin structures or
misaligned duplexes resulted. When placed into available
stem sequences, two tandem mismatches studied here, GX¢0)
and (YRASH), resulted in RNA strands that could form
competing structures. Therefore, these two tandem mis-
matches were studied within new stem sequences.

RNA Synthesis and Purification. Oligonucleotides were
ordered from Integrated DNA Technologies, Inc. (Coralville,
IA). The synthesis and purification of the oligonucleotides
followed standard procedures that were described previ-
ously (37-39).

Concentration Calculations and Duplex Formation. Con-
centrations of the single-stranded oligoribonucleotides were
calculated using Beer’s law. The concentration of each
individual strand was calculated from an absorbance mea-
sured at 280 nm and the single-strand extinction coefficient,
which was calculated using RNACalc (40). To ensure that
the absorbance was between 0.2 and 2.0, the samples were
diluted. Furthermore, the absorbances of the oligoribonucle-
otides were measured at 80 °C to disrupt any single-strand
folding. The tandem mismatch of interest was formed when
a single-stranded oligoribonucleotide formed a bimolecular
duplex with itself.

Optical Melting Experiments. 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
vs temperature) were obtained using a heating rate of 1 °C/
min from 10 to 90 °C on a Beckman-Coulter DU800
spectrometer with a Beckman-Coulter high-performance
temperature controller. The absorbance was measured at 280
nm. At least nine different concentrations were melted,
representing a >50-fold concentration range.
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Determination of Thermodynamic Parameters for Du-
plexes. Meltwin (41) was used to fit melting curves to a two-
state model, assuming linear sloping baselines and temperature-
independent AH® and AS® values (35, 42). Additionally, Ty
values at different concentrations were used to calculate
thermodynamic parameters of self-complementary duplexes
according to the method of Borer et al. (43):

TM’l =(2.303R/AH®) log C+ (AS°/AH®) 2)

where R is the gas constant, 1.987 cal mol™!' K™!. For
transitions that conform to the two-state model, AH® values
from the two methods generally agree within 10%, which
indicates that the two-state model is a good estimate of the
transition (22, 44). To calculate the Gibbs free energy change
at 37 °C, the following equation was used:

AG®,, = AH° — (310.15 K)AS® 3)

Determination of the Contribution of Tandem Mismatches
to Duplex Thermodynamics. The free energy contribution
of most tandem mismatches was calculated using an experi-
mentally determined free energy value for a reference duplex,
or the same duplex without the tandem mismatch. For
example

. o [SGAUGGGCAUC)
AG 37,tandem mismatch ~ AG 37(3'CUACGGGUAG)
. (5GAUGCAUC . (5'GC
AG 37(3’CUACGUAG) TAG 37(3’CG) @

where AG°3,(38GRESGS0KS) is the free energy measured for
the duplex containing the tandem mismatch of interest,
AG°37(VEORESEHKS) is the free energy measured previously
(31) for the reference duplex without the tandem mismatch,
and AG°3;;(385) is the nearest-neighbor interaction (31)
disrupted by the insertion of the tandem mismatch into the
stem duplex. For duplexes without available stem thermo-
dynamics, the free energy contribution of the tandem
mismatch was approximated by a nearest-neighbor model
31):

AG®

—A G°37(5 GAUGGGCAUC) _

3’CUACGGGUAG

37,tandem mismatch

o o . (5GA . (5’AU
AG 37i AG 37,symm AG 37( ) —AG 37( ) -

3'CU 3UA
. (5'UG . (SCA . (SAU
AG3{?AC)_AG3{?GU)_AG3{XUA)_

. (5'0C

AG 37(3’AG) )
where AG°37; is the free energy change for duplex initiation
[4.09 kcal/mol (31)], AG®37,symm 1S @ symmetry correction for
self-complementary duplexes [0.43 kcal/mol (31)], and the
remainder of the terms are individual nearest-neighbor values
(3 1 ) The values of AH Olandem mismatch and ASot,:mdem mismatch WETE
calculated in a similar manner, using reference duplexes if
available and the nearest-neighbor model if reference du-
plexes were not available.

Predicting Stability of SATM by Using Experimental SSTM
Values. The free energies of 18 SATM, all of which contain a
closing pair and adjacent mismatch of the same sequence as a
SSTM studied here, were found in the literature (24, 26, 28, 29).
The AG®37500p values for these SATM were predicted using
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two different methods. The first method utilized eq 1 with
the predicted SSTM contributions from previously published
periodic tables of tandem mismatches (/, 20, 29). The second
method utilized eq 1 with the experimental SSTM contribu-
tions reported here. To determine if the experimental values
for the SSTM reported here improve prediction of SATM
free energy contributions, the results of these two methods
were compared. Surprisingly, a better prediction of AG®3;
values resulted from the predicted rather than the experi-
mental SSTM free energy contributions.

Improved Model for the Prediction of SATM Free Energy
Contributions. Since the experimental SSTM data did not
improve prediction of SATM free energy contributions, a
new model was derived using linear regression. A database
of 74 SATM studied previously (21, 24, 26, 28, 29) was
compiled. Seven variables, based on the predicted model for
internal loops with sequence 5’GXYG3'/3’CWZC5’ (where
W, X, Y, and Z are nucleotides in a tandem mismatch) (45),
were used for linear regression: (1) tandem mismatches with
adjacent U-U and R*R pairs, tandem mismatches with one
G- A or A+G pair and one Y*Y pair, or tandem mismatches
with adjacent A-C, U-C, C-U, C-C, C+A, or A+A pairs;
(2) tandem mismatches with any combination of adjacent
G*A and A-G pairs or adjacent U-U pairs; (3) tandem
mismatches with a U+U pair adjacent toa Y*Y (not U-U),
C-+A, or A+C pair; (4) tandem mismatches with a single G*G
pair not adjacent to a U+ U pair; (5) tandem mismatches with
an A-U nearest neighbor; and (6) tandem mismatches with
a G-U nearest neighbor. The calculated experimental con-
tribution of the tandem 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 was used for linear regression. Many combinations of
variables were tried, but this combination of variables
produced a model that agreed closely with the experimental
data and had error values that were comparable to those of
the RNAstructure algorithm (1, 14, 15).

RESULTS

Thermodynamic Parameters of Duplexes Containing SSTM.
Table 1 shows the thermodynamic parameters of duplex
formation that were obtained from fitting each melting curve
to the two-state model and from the van’t Hoff plot of Ty ™!
versus log Cr. As evidenced by the agreement of AH® values
determined by the two different methods, all duplexes melted
in a two-state manner.

Contribution of Tandem Mismatches to Duplex Thermo-
dynamics. The contributions of the 22 SSTM to duplex
stability are listed in Table 2. These contributions are
described in Materials and Methods and are further defined
by eqs 4 and 5. The SSTM studied here contribute —0.64 to
6.00 kcal/mol, —23.5 to 36.1 kcal/mol, and —73.7 to 97.4
eu to duplex free energy, enthalpy, and entropy, respectively.
Table 2 also shows the free energy contributions predicted
in previous periodic tables of tandem mismatches (1, 20, 29).
On average, the predicted values differ from the experimental
values by 1.4 kcal/mol, and differences range from 0.1 to
3.7 kcal/mol.

These measured free energy contributions were combined
with data from previously measured SSTM, resulting in an
updated, complete periodic table of tandem mismatches



4332 Biochemistry, Vol. 47, No. 14, 2008

Christiansen and Znosko

Table 1: Thermodynamic Parameters for Duplex Formation®

curve fit parameters

1/Twm vs log Ct parameters

sequence’  —AG°3; (kcal/mol) —AH® (kcal/mol) —AS° (eu) Tn (°C)  —AG°37 (kcal/mol) —AH® (kcal/mol) —AS° (eu) T (°C)
gggg::gggg 9.66 & 0.28 452427 1145+ 8.0 67.0 9.67 +0.16 45.1+1.8 1142 +55 67.2
ggggfigggg 9.41 £0.56 438 +£7.8 111.0+23.4 65.9 9.44 £ 0.31 431 +£3.7 108.5+10.9 66.7
ggﬁg::ﬁggg 5.37+£0.29 455 £ 137 129.5 +44.8 34.9 520+0.18 473 £5.1 1357+ 16.5 33.9
gg{?g::gggg 6.44 £0.18 584+ 89 167.4 £ 28.6 41.1 6.49 £ 0.04 55.7£28 158.5+9.0 41.6
ggggi:gggg 6.46 £0.14 355+438 93.7+£15.7 44.0 6.49 £ 0.04 39.5+£20 106.3 £ 6.5 435
gﬁgg::gggg 6.16 £ 0.10 64.6 £5.6 188.4 £+ 18.1 39.3 6.16 £ 0.01 74.1 £2.1 219.1+6.9 39.0
(C}(G:SZH(C}(G: 2.65 +0.31 347+ 4.1 103.2 + 14.2 12.1 2.66 +0.14 345+ 14 1025 £5.1 12.1
gggiggg 5.34£0.40 41.2+£9.7 115.6 £31.6 34.5 5.31+£0.05 337+£15 91.6 £5.0 337
ggggiﬁg%g 5.34 £ 045 482 +15.8 1383 +52.2 34.8 5.34 £0.04 49.6 £1.9 1428 +6.2 34.9
ggggzcgﬁg 3.40 £+ 0.49 524 +6.7 158.0 +23.0 24.1 3.42+0.20 51.0+£29 153.5+99 23.9
8383::8528 7.06 £0.72 53.7+£252 150.5 £79.1 452 7.05+£0.14 53.6+42 150.2 +13.3 452
SGSSf:XSES 6.09 + 0.09 70.0 £ 8.7 205.9 +£28.0 38.8 6.03 + 0.04 65.2+3.3 190.8 +10.5 38.7
ggggz:gggg 6.58 £0.21 31.0+5.0 78.7+£15.7 46.3 6.55 £ 0.03 307+£12 77.8 £3.8 46.1
ggﬁléi%‘igg 453 £0.28 33.0+9.1 91.9 £30.2 26.6 453 £0.25 294+32 80.3 +10.8 254
gﬁgg::gégg 7.29 +£0.37 752 +£9.7 219.0 +£30.2 43.8 7.34+£0.12 814 +£59 238.7 £ 18.6 435
gggg;:gggg 9.62 £ 0.37 592+7.7 159.8 +£23.8 59.1 9.61 £0.16 592+27 1599 £8.1 59.1
gggg::gggg 7.39 £0.17 439 +£8.6 117.8 £27.5 49.6 7.41£0.23 475+£53 129.1 £ 16.7 48.8
SSS:ES(C; 3.37 £ 0.40 36.0 £ 5.6 1053 £ 19.0 18.4 3.38 +£0.20 352426 102.5 £ 8.9 18.0
ggg:ggg 5.81+£0.15 573 +6.1 166.0 £ 20.1 37.7 5.72 £0.08 583 +3.1 169.6 £+ 10.1 372
gg‘i%i‘éﬁgg 7.72 £0.15 37.9+45 97.4 £14.0 54.7 7.72 £ 0.04 38.1+£1.0 979 £3.1 54.6
(C}gﬁlét;%[i(é(c} 7.80 £ 0.49 60.6 £ 154 170.2 £ 48.3 48.3 7.87+0.14 66.5 £ 4.3 189.1 £ 134 47.6
ggggtt]gggg 9.68 £ 0.33 54.0+43 142.8 £ 13.0 61.9 9.67 £ 0.09 53.6+13 141.5+£3.7 62.0

“ Measurements were taken in 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM Na,EDTA (pH 7.0). * The top strand of each duplex is written
from 5" to 3, and each bottom strand is written from 3’ to 5”. ¢ Calculated at an oligomer concentration of 10™* M.

(Table 3). On average, the ranking of the tandem mismatches
in SSTM from most stable to least stable is as follows:
(5’GA), at —0.1 kcal/mol > (5'UU), at 0.8 kcal/mol >
(5’AG); at 1.1 kcal/mol > (5'GG), at 1.2 kcal/mol > (5'UC),
at 1.5 kcal/mol > (5’AA), at 2.0 kcal/mol > (5’AC), at 2.2
kcal/mol > (5'CA), at 2.6 kcal/mol > (5'CC), at 2.8 kcal/
mol > (5’CU), at 2.9 kcal/mol. On average, the ranking of
closing base pairs adjacent to SSTM from most to least stable
is as follows: G-C at 0.2 kcal/mol > C-G at 0.8 kcal/mol >
A-U at 2.2 kcal/mol ~ U-G at 2.2 kcal/mol > U-A at 2.4
kcal/mol ~ G-U at 2.4 kcal/mol.

Updated Model for Predicting Free Energy Contributions
of SATM. The free energies of 18 SATM, all of which
contain a closing pair and adjacent mismatch of the same
sequence as a SSTM studied here, were found in the
literature (24, 26, 28, 29). The AG°37100p values for these
SATM were predicted using two different methods. The first
method utilized eq 1 with the predicted SSTM contributions
from previously published periodic tables of tandem
mismatches (/, 20, 29). The average absolute deviation
between the measured and predicted free energy values using
this method was 0.5 kcal/mol (Table S1 of the Supporting
Information). The second method utilized eq 1 with the
experimental SSTM contributions reported here. The average
absolute deviation between the measured and predicted
free energy values using this method was 0.8 kcal/mol (Table
S1). Surprisingly, the measured SSTM data did not improve

the prediction of SATM free energy contributions. Shankar
et al. (45) recently suggested that the assumption that
energetics of a closing base pair and mismatch in a SSTM
would be similar to the energetics of the same closing base
pair and mismatch in a SATM is not a reasonable assump-
tion. Therefore, a new model for predicting the stability of
SATM without utilizing the comprising SSTM was derived.

Although several models were generated, a model based
on a table of predicted 2 x 2 free energy increments proposed
by Shankar et al. (45) resulted in free energy contributions
that agreed closely with the experimental data and error
values that were comparable to those of the RNAstructure
algorithm (/, 74, 15). This model is shown in Table 4. For
the 74 SATM studied previously (21, 24, 26, 28, 29), the
average absolute difference between the measured values and
the values predicted with this new model is 0.48 + 0.32 kcal/
mol (data not shown). This is an improvement over the
average absolute difference between the measured values and
the values predicted with eq 1 and the experimentally
determined SSTM, 0.65 + 0.55 kcal/mol (data not shown).
This newly proposed model should be used only when
experimental data of SATM are unavailable. Since all SSTM
have now been measured, experimental values, rather than
this model, should always be used for SSTM. A similar
model for calculating enthalpy contributions of SATM is
available in Table S2 of the Supporting Information.
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Table 2: Contributions of Tandem Mismatches to Duplex
Thermodynamics

Table 4: Model for Predicting the Free Energy Contribution of
Sequence Asymmetric Tandem Mismatches

0 b o o
AG 37,tandem mismatch AH' tandem mismatch AS tandem mismatch

sequence”

(kcal/mol) (kcal/mol) (eu)

GGCGAAUGCC 1.34 (4.1) 13.7 41.5
CCGU,,GCGG

GGCGACUGCC 1.57 (2.5) 15.7 47.2
CCGUEAGCGG

GCAUACAUGC 3.97 (2.8) 18.5 46.8
CGUA(AUACG

GGAUACGUCC 2.21(2.8) 8.1 19.1
CCUGEAUAGG

CGGGCAUCCG 6.00 (2.3) 274 68.9
GCCU,GGGC

GAGUCAGCUC 3.54(1.9) —-04 —12.5
CUCG,cUGAG

GCACCUGC 3.62 (2.2) 18.5 48.0
CGU(cACG

CCGCCCGG 1.11 (1.0) 12.2 35.8
GGCeGCC

GUCGCCUGAC 2.00 (2.2) 4.9 9.3
CAGUGCUG

CUGUCCACAG 5.35(2.8) 10.0 15.0
GACAUGUC

GAGUCCGCUC 2.65 (2.8) 20.1 56.4
CUCGcUGAG

GAGACUUCUC 298 (2.2) 0.4 —8.3
CUCUAGAG

CGGGEUUCCG 5.94 (2.2) 36.1 97.4
GCCUycGGGC

CCAUCUGUGG 3.57(2.2) 31.8 91.0
GGUGUACC

GAUGSSCAUC —0.64 (0.8) —235 —73.7
CUACGGUAG

GGCGISUGCC 1.40 (2.1) —-04 —4.2
CCGUGGGCGG

GGAUSSGUCC 1.28 (2.1) 16.3 48.5
CCUGGGUAGG

GCAUCUGC 2.90 (2.2) 17.8 48.0
CGUyACG

GCGUCCGC 1.48 (1.0) -7.2 —28.0
CGCeyGCG

CCUGUCUAGG 0.38 (2.2) 18.4 58.2
GGAUq,GUCC

CCAUYCGUGG 0.23 (2.8) —5.3 —17.8
GGUG,UACC

GGCGUUUGCC 1.34 (0.6) 53 14.2
CCGUy GCGG

“The top strand of every duplex is written from 5" to 3’, and each
bottom strand is written from 3’ to 5’. ” Numbers in parentheses are the
predicted values found in the periodic table of tandem mis-
matches (/, 20, 29).

Table 3: Complete Periodic Table of Tandem Mismatches”

tandem mismatch®

closing
base

.o 5GA  5UU SAG 5GG  SUC SAA SAC SCA 5CC  5CU
pair YAG  3UU 3GA 3GG  3CU 3¥AA 3CA ¥AC 3CC  3UC

76 267 —05° —137 —06 1.5 15909 1.0° 1.1 LI
=07 —045 —077 08¢ 145 1.3 2.0¢ 115 175 148
o030 06 L7 1Y 29 28 25 23 36 3.0
o014 25 340 13 02 21°22 35 27 36
W07 L1e 09 23 28 28 40 1.9° 54 22°

56 1.8 1.3 2.6' 14 04 13 16 60 20 59

3'U

“The values are free energy values in kilocalories per mole. Values
in bold are averages. ” Tandem mismatches are arranged from most
stable (left) to least stable (right). © Closing base pairs are arranged from
most stable (top) to least stable (bottom). ¢ From ref (27). ¢ From ref
(20). From ref (22). ¢ From ref (25). " From ref (24). ' From ref (29).
7 From ref (26).

DISCUSSION

The foundation for the algorithm currently used to
predict the free energy contribution of SATM is the
periodic table of tandem mismatches (/, 20, 29). From
this table, the free energy contribution of any SATM can

free energy

tandem mismatches with the following® increments (kcal/mol)

a U-U pair adjacent to an R+R pair, a G*A 1.1 £0.1
or A+G pair adjacent to a Y*Y pair, or
any combination of A+C, U-C, C-U,
C-C, C+A, or A-A pairs
any combination of adjacent G*A and A-G —124+03
pairs or two U-+U pairs
a U-U pair adjacent to a Y*Y (not U-U), 0.8 +0.2
C-A, or A-C pair
a G+G pair not adjacent to a U+U pair —03+£02
per A-U nearest neighbor 0.5+0.2
per G-U nearest neighbor 1.24+0.1

“ Any other base pair combinations in a tandem mismatch do not
contribute to duplex stability.

be calculated by averaging the free energy contribution
of the two SSTM that comprise the SATM. Despite the
importance of this table, 22 SSTM had not been deter-
mined experimentally. Thus, since these predicted free
energy contributions are used to predict free energy
contributions for SATM, there was a need to thermody-
namically characterize the complete set of SSTM.

Contribution of Tandem Mismatches to Duplex Thermo-
dynamics. The contributions of 22 SSTM to duplex stability
are listed in Table 2. Also in Table 2, a comparison between
the measured contributions and the contributions predicted in
previous periodic tables of tandem mismatches is made (/, 20, 29).
This comparison shows that half of the predicted values are
=1 kcal/mol different from the measured values, suggesting
that previous assumptions were not accurate.

Updated, Complete Periodic Table of Tandem Mismatches.
Now that all of the SSTM have experimental free energy
contributions, the periodic table of tandem mismatches has
been updated (Table 3). Similar to previous representations
of the periodic table of tandem mismatches (/, 20, 29), this
table was arranged so that the tandem mismatches were
ordered from most stable to least stable. It is important to
note, however, that the ranking of tandem mismatches is
different from the previous ranking (/). In agreement with
earlier studies (/, 20, 29), tandem mismatches with A-G,
U-U, and G-A tandem mismatches are the most stable
mismatches. Similarly, the table was arranged so that the
closing base pairs are ordered from most stable to least stable.
As expected, G-C and C-G closing base pairs are the most
stable closing pairs adjacent to symmetric tandem mis-
matches. However, these trends do not hold true for the entire
table. For example, when considering all possible tandem
mismatches with a particular nearest neighbor (any row of
Table 3), the free energy contributions do not always increase
for every column when moving from left to right. Similarly,
when considering all possible closing base pairs for a
particular tandem mismatch (any column of Table 3), the
free energy contributions increase for each row when moving
from top to bottom for only one tandem mismatch, (5’GA),.
Therefore, it is obvious that idiosyncrasies are prevalent
throughout the table. For example, (5'UC),, although it does
not contain an A*G, G+A, or U-U mismatch, is the most
stable tandem mismatch adjacent to a G-U closing pair. From
the thermodynamic trends alone, however, it is difficult to
explain the oddities observed throughout the table. These
irregularities may be due to hydrogen bonding, stacking,
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solvation, backbone distortion, and/or the inter-relationship
between these properties. More data, such as structural data
from NMR or X-ray crystallography and data from electro-
static calculations, may be helpful in further understanding
the results seen here.

Using SSTM To Predict the Free Energy Contribution of
SATM. To determine if the experimental data for SSTM
would improve the prediction of the free energy contribution
of SATM, a database of 74 previously studied SATM (20-29)
was compiled. Of these 74 duplexes, 18 (24, 26, 28, 29)
contained tandem mismatches with a closing pair and an
adjacent mismatch of the same sequence as a SSTM studied
here. The free energy contributions of the 18 SATM were
calculated using eq 1. First, the free energy contributions
were calculated using the predicted values available in
previous periodic tables of tandem mismatches (1, 20, 29).
Then, the free energy contributions were calculated using the
measured values in Table 3. Finally, the free energy contribu-
tions calculated by both methods were compared to the
experimental values determined previously. Surprisingly, when
the predicted symmetric tandem mismatch values (/, 20, 29)
were used, the predicted free energy contributions were 0.3
kcal/mol closer to the experimental values than when the
experimental symmetric free energy contributions (Table 3)
were used. These results, the idiosyncrasies associated with
Table 3, and the hypothesis (45) that assumptions associated
with using SSTM to predict the stability of SATM were not
reasonable suggested that a new model, independent of
SSTM, may better predict the stability of SATM.

Updated Model for Predicting Free Energy Contributions
of SATM. Using NMR evidence, Shankar et al. (45) proposed
a model for predicting the free energy contribution of
5’'GXYG3'/3’CWZC5" (where W, X, Y, and Z are nucle-
otides in a tandem mismatch) that is independent of SSTM.
Although several models were tested here (data not shown),
a new model based on the model of Shankar et al. (45)
resulted in free energy contributions that agreed closely with
the experimental data and error values that were comparable
to those of the RNAstructure algorithm (I, 14, 15). This
model is shown in Table 4 and consists of six parameters.

Most of these parameters correspond to the categories used
by Shankar et al. (45), and the reason for categorizing tandem
mismatches into those categories has been described previ-
ously (45). The first parameter is for tandem mismatches
with a U-U pair adjacent to an R*R pair, a G*A or A*G
pair adjacent to a Y*Y pair, or any combination of A*C,
U-C, C-U, C:C, C*A, or A*A pairs. The free energy
increment derived here, 1.1 & 0.1 kcal/mol, corresponds with
the increment proposed previously, 1.2 &£ 0.4 kcal/mol (45).
The second parameter is for tandem mismatches with any
combination of adjacent G+A and A-G pairs or for tandem
mismatches with two U+U pairs. Although Shankar et al.
(45) suggested that these loops could be calculated from the
corresponding SSTM, a free energy parameter independent
of the SSTM, —1.2 kcal/mol, was derived here. The third
parameter contains tandem mismatches with a U-U pair
adjacent to a Y*Y (not U-U), C+A, or A+C pair. Shankar
et al. (45) included these tandem mismatches and those that
have a G*A or A+G pair adjacent to an A*C, C-A, or A*A
pair in the same category. However, in the linear regression
done here, the latter did not contribute to the free energy
and is not included in Table 4. The former contributes 0.8
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=+ 0.2 kcal/mol to duplex stability. The fourth parameter is
for tandem mismatches that contain a G+G pair not adjacent
to a U+ U pair. The free energy increment derived here, —0.3
+ 0.2 kcal/mol, corresponds with the increment proposed
previously, —0.2 £ 0.3 kcal/mol (45). Fifth and sixth
parameters were added in addition to the categories proposed
by Shankar et al. (45) to account for tandem mismatches
adjacent to A-U and G-U pairs. Since the model proposed
by Shankar et al. (45) was for tandem mismatches closed
by G-C pairs, these parameters were not included in their
model.

One interesting feature of the model proposed in Table 4
is the difference in the penalty per A-U nearest neighbor
(0.5 kcal/mol) and the penalty per G-U nearest neighbor (1.2
kcal/mol). Previous models used to predict the free energy
contribution of RNA secondary structure motifs have treated
G-U pairs adjacent to secondary structure motifs as A-U
pairs (I, 14, 15). Recent studies on the thermodynamics of
single mismatches (38) and 1 x 2 internal loops (39) have
found no significant difference between A-U and G-U pairs
adjacent to these motifs. The results shown here, however,
suggest that tandem mismatches may behave in a manner
different from that of other RNA secondary structure motifs.
A tandem mismatch may be flexible enough to allow adjacent
G-U pairs to adopt a nonwobble conformation or a combina-
tion of conformations. More studies with A-U and G-U pairs
adjacent to secondary structure motifs will determine if only
tandem mismatches exhibit this property or if other secondary
structure motifs also display this thermodynamic difference
between motifs adjacent to A-U pairs and those adjacent to
G-U pairs.

The new parameters in Table 4 were tested on the database
of 74 previously measured SATM (21, 24, 26, 28, 29). The
average absolute difference between predicted and measured
values is 0.48 kcal/mol. This is slightly better than the value
with the model using eq 1 and the previous periodic tables
of tandem mismatches (/, 20, 29), which resulted in an
average absolute difference of 0.65 kcal/mol between
predicted and measured values. Although this new model
results in reasonable predictions for most loops, there are
four tandem mismatches that have absolute differences
between predicted and measured values of >1 kcal/mol,
5'UAGU3/3’GAAGS’, 5’'UGAU3'/3’GAGG5’, 5’GACG3’/
3’CACCY’, and 5"GCGG3’/3’CCAC5’. Evidently, there are
still idiosyncrasies, such as non-nearest-neighbor effects, that
have yet to be discovered.
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