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ABSTRACT: Relatively few thermodynamic parameters are available for RNA triloops. Therefore, 24 stem—
loop sequences containing naturally occurring triloops were optically melted, and the thermodynamic
parameters AH®, AS®, AG°37, and Ty for each stem—loop were determined. These new experimental values,
on average, are 0.5 kcal/mol different from the values predicted for these triloops using the model proposed by
Mathews et al. [Mathews, D. H., Disney, M. D., Childs, J. L., Schroeder, S. J., Zuker, M., and Turner, D. H.
(2004) Proc. Natl. Acad. Sci. U.S.A. 101, 7287—7292]. The data for the 24 triloops reported here were then
combined with the data for five triloops that were published previously. A new model was derived to predict
the free energy contribution of previously unmeasured triloops. The average absolute difference between the
measured values and the values predicted using this proposed model is 0.3 kcal/mol. These new experimental
data and updated predictive model allow for more accurate calculations of the free energy of RNA stem—
loops containing triloops and, furthermore, should allow for improved prediction of secondary structure from

sequence.

RNA stem—loops containing three nucleotides in the loop,
triloops, are common secondary structure motifs found in naturally
occurring RNA. For example, bacterial 16S rRNAs strongly favor
tetraloops; however, the UUU triloop is the most common replace-
ment (/). In the 16S-like rRNA variable regions, triloops account
for 7% of the loops in bacteria and 16% of the loops in eukaryotes
(2). Triloops are also found in large subunit rRNAs (3, 4), 5S
rRNAs (5), signal recognition particles (6), RNase P RNAs (7), and
group [ introns (8, 9). More specifically, triloops are found in
Brome mosaic virus (4) strand RNA (/0), human rhinovirus
isotype 14 (11), iron responsive element RNA (/2), and an RNA
aptamer for bacteriophage MS2 coat protein (/3), to name a few.
Although relatively unstable due to the strain in the loop, triloops
may be an important structural feature due to the accessibility of
the loop nucleotides for recognition by proteins, other nucleic
acids, or small molecules. It has been shown that triloops play a role
in various biological processes, including virus replication (11, 14),
viral synthesis (/5), and iron response (/2), to name a few.
Nevertheless, only a few studies have thermodynamically charac-
terized RNA triloops (16—20), and only three of these (16—18)
were done using 1 M NaCl (the salt concentration in which most
nearest neighbor parameters are derived).

The current model used by secondary structure prediction
algorithms to predict the thermodynamic contribution of RNA
triloops to stem—loop stability is sequence independent; all
triloops contribute 5.4 kcal/mol to stem—loop stability, with
the exception of 5’CCC3’ which contributes 6.9 kcal/mol (27). In
addition, there are two unstable triloop sequences (YCAACG3
and YGUUAC3') for which this predictive model is not used;
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instead, the AG°3700p values (6.8 and 6.9 kcal/mol, respectively)
for these two triloops are provided in a lookup table (27). An
interesting study by the Bevilacqua laboratory (/9) used a
combinatorial approach and temperature gradient gel electro-
phoresis to identify stable and unstable RNA triloops. It was
discovered that sequence preferences for exceptionally stable
triloops included a U-rich loop and C-G as the closing base pair.
Although they used 10 mM NaCl during their melting experi-
ments, they suggested that the rules for predicting triloop stability
at 1 M NaCl should be modified; however, this has yet to be done.
Here, we report the thermodynamic parameters for 24 previously
unmeasured RNA triloops in 1 M NaCl and propose a new algo-
rithm for predicting the contribution of triloops to stem—loop
stability, which includes two bonuses for stabilizing sequence
features.

MATERIALS AND METHODS

Compiling and Searching a Database for RNA Triloops.
The initial aim of this project was to identify the most frequently
occurring RNA triloops in nature and to thermodynamically
characterize these hairpin triloop sequences. Therefore, a data-
base of 1349 RNA secondary structures containing 123 small
subunit rRNAs (22), 223 large subunit rRNAs (3, 4), 309 5S
rRNAs (5),484 tRNAs (23), 91 signal recognition particles (6), 16
RNase P RNAs (7), 100 group I introns (8, 9), and 3 group II
introns (24) was compiled. This database was searched for
triloops, and the number of occurrences for each type of triloop
was tabulated. In this work, G-U pairs are considered to be
canonical base pairs.

Design of Sequences for Optical Melting Studies. Since
most thermodynamic parameters for RNA secondary structure
motifs are reported for RNA solutions containing 1 M NaCl, the
melting buffer used in this work also contained 1 M NaCl. A
major limitation of a thermodynamic analysis of RNA hairpins
using this high salt concentration is the possible bimolecular
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Table 1: Summary of Database Search Results for RNA Triloops®

data set 1: triloop with

data set 3: adjacent

data set 4: triloop nucleotides classified as

adjacent base pair data set 2: triloop base pairs purine (R) or pyrimidine (Y)

triloop® freq” %" triloop® freq” %" closing bp freq” %¢ triloop® freq” %¢
GGGGC 106 12.9 GGG 108 13.1 C-G 345 42.0 RRR 207 25.2
CGCAG 53 6.4 UAA 96 11.7 G-C 219 26.6 RYR 181 22.0
CUAAG 45 5.5 GCA 66 8.0 U-A 163 19.8 YRR 123 15.0
UUAAA 41 5.0 Uuu 53 6.4 A-U 56 6.8 YYY 120 14.6
CAUAG 34 4.1 AUA 48 5.8 U-G 26 3.2 YYR 53 6.4
UGAAA 24 2.9 AAA 32 39 G-U 13 1.6 YRY 47 5.7
CUUUG 24 2.9 GAA 32 39 RYY 45 5.5
CUCUG 17 2.1 GUA 32 39 RRY 41 5.0
CAGAG 15 1.8 UCU 24 2.9

GGUAC 15 1.8 AGA 22 2.7

“Not all combinations in data sets 1 and 2 are shown due to space limitations. For each set of sequences, the strand is writen 5 to 3'. “Frequency of
occurrence in the secondary structure database described in Materials and Methods. “Percent out of 822 triloops, the total number of triloops found in the

secondary structure database.

association of RNA strands (19, 25). To ensure that unimolecular
triloop formation out-competed bimolecular associationina 1 M
NaCl solution, the following equations, derived from the equi-

librium equations and AG® = —RT In K, were utilized:
14+ /1+((8Kp[A]})/(KuKn))
= k) k) W
D] = ([Al; —[H])/2 (2)
% H = [H]/([H] + [D]) x 100 (3)

Here, [H] is the concentration of hairpin, Kp is the equilibrium
constant for duplex formation, [A]y is the total strand concen-
tration, Ky is the equilibrium constant for hairpin formation,
[D]is the concentration of duplex, and % H is the percent hairpin
in solution.! Ky; and Kp values were calculated at 37 °C using
AG®3; values from RNAstructure (21, 26, 27) for hairpin and
duplex formation, respectively. Calculations were done for
[Alr = 1 uM and 0.1 mM, which are the typical concentration
range for the melting experiments. Due to potential competition
from duplex formation, many of the most frequently occurring
triloops were not studied here; only those that were likely to form
triloops were used. All of the sequences studied here had % [H] >
84% at [Alr = 0.1 mM and % [H] > 99% at [A]r = 1 uM.

Sequences of triloops and closing base pairs were designed to
represent those found in the database described above. Each stem
contained three Watson—Crick pairs in addition to the closing
base pair. The terminal base pair was always a G-C pair in order
to prevent end fraying of the sequence during melting. Care was
taken to design the stem—loop sequences so that the triloop of
interest would form, with little competition from other secondary
structure motifs.

RNA Synthesis and Purification. Oligonucleotides were
ordered from Integrated DNA Technologies (Coralville, IA). The
purification of the oligonucleotides followed standard procedures
that were described previously (28).

Optical Melting Experiments and Thermodynamics.
Optical melting experiments were performed in 1 M NaCl,

' Abbreviations: [A]r, the total strand concentration; [D], concentra-
tion of duplex; [H], concentration of hairpin; Kp, equilibrium constant
for duplex formation; Ky, equilibrium constant for hairpin formation;
R, purines; Y, pyrimidines; % H, percent hairpin in solution.

20 mM sodium cacodylate, and 0.5 mM Na,EDTA (pH 7.0).
All stem—loops were melted about nine times with approximately
a 50-fold concentration range. Each stem—loop melting curve
resulted in a single transition, and all melts of a given stem—loop
were concentration independent, suggesting stem—loop forma-
tion. Stem—loop thermodynamics were determined by averaging
the thermodynamics derived from each individual curve fit. The
thermodynamic contributions of triloops to stem—loop thermo-
dynamics (AG°37 itoops A itoops aNd AS°yii00p) Were deter-
mined by subtracting the Watson—Crick contribution (29) from the
measured thermodynamics. Stem sequences in which the terminal
pair of the stem (or the triloop closing base pair) is A-U, U-A, G-U,
or U-G utilize the 0.45 kcal/mol terminal A-U penalty (29) when
calculating the contribution of the Watson—Crick stem,; thus, this
0.45 keal/mol contribution is not included in the parameters for
predicting the loop contribution to stem—loop stability.

Linear Regression and Triloop Thermodynamic Para-
meters. Data collected for the 24 triloops in this study were
combined with previously published data for five triloops
(16—18) that were also melted in 1 M NaCl. Data for seven
triloops measured in these previous studies (16— 18) were omitted
from the analysis and discussion here because, using eqs 1—3,
they resulted in % H <75%. Additional thermodynamic data are
available for triloops in 10 mM sodium phosphate (17, 19, 20)
and 0.1 M NaCl (/6) but, due to different salt concentrations,
were not included in the analysis described here.

A predictive model was derived by linear regression as described
previously (28). The calculated experimental contribution of the
triloop to stem—loop stability was used as a constant when doing
linear regression. Many combinations of variables were tested. To
simultaneously solve for each variable, the LINEST function of
Microsoft Excel was used for linear regression.

RESULTS

Database Searching. A database of RNA secondary struc-
tures was searched for triloops. In this database, 822 triloops were
found, averaging about one triloop for every two secondary
structures. Table 1 shows a summary of the database results
obtained. Supporting Information Table S1 shows the complete
results. The first set of data in Table 1 lists frequency and percent
occurrence when the triloop nucleotides and the closing base pair
are specified. Because the stability of hairpin loops depends on
both the identity of the nucleotides in the loop and the closing
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Table 2: Thermodynamic Parameters for Stem—Loop Formation and Contributions of Triloops to Stem—Loop Stability®

predicted
AH° AS° A(;037 7-‘M‘[ AHotriloupH AG°37,lriloopb AGO}I\riloopf
frequency” sequence® (kcal/mol) (eu) (kcal/mol) (°C)  (kcal/mol) (kcal/mol) (kcal/mol)
34 GGCAUAGCC*® -219+19 —67.5+£6.0 —0.94+0.15 51.0 6.4 5.74 5.2
15 GGCCAGAGGCC —39.8+2.1 —113.94+6.2 —4.4640.22 76.2 1.9 5.48 5.2
14 GCCUUUUAGGC —36.2+1.8 —105.6+ 5.4 —3.45+0.15 69.7 2.6 4.86 4.7
12 GGCUAAAAGCC —29.94+2.5 —88.5+7.8 —2.4740.18 64.9 8.9 5.84 5.9
10 GGGAUACAAiAGUAUCCA” —56.2 —160.9 —6.3 76.4 3.7 5.38 5.2
10 GGCCUUCGGLC —36.1+2.8 —102.1+7.9 —438+036 799 5.6 5.56 5.2
9 GCCGUUUCGGC —43.443.5 —1257+£10.7 —440£0.17 72,0 —4.5 4.64 4.7
8 GGCGACACGCC —29.1+3.1 —85.4+9.7 —2.6640.22 68.2 9.8 6.38 5.9
8 GGCUCAAAGCC —279+2.7 —82.2+8.5 —2.40+0.12 06.1 10.9 591 5.9
7 GGCAUAUUGCC —33.6+ 14 —99.1+45 —2.85+£0.06 657 5.1 5.49 5.9
7 GGCUUAUAGCC -31.7+1.6 —929+4.7 —2.85+0.14 67.7 7.1 5.46 5.9
7 GGCCUCCGGCC —39.4425 —110.6+ 7.3 —4.774+0.19 80.1 23 5.17 5.2
6 GGCGAGACGCC —37.0+2.5 —109.3£8.0 —3.11+0.25 65.4 1.9 5.93 5.9
6 GGGAUACCC® =27.6+1.7 —88.3+5.1 —0.264+0.22 38.9 -0.8 6.26 5.9
6 GGCGCUuUCGCC —26.7+£2.8 —78.7+8.8 —2.28+£0.12  66.0 12.2 6.76 5.9
5 GGCUACAAGCC =30.7+1.9 —90.7+6.0 —2.61+0.15 65.7 8.1 5.70 5.9
5 GCCCGAAGGGC —434+19 —122.7£58 —5.35+0.07 80.6 -1.7 4.59 5.2
5 GCCCUAUGGGC —42.6+1.9 —1204+ 6.8 —5.244+0.17 80.6 -0.9 4.70 5.2
4 GGCAAAAUGCC —30.0+2.2 —89.2+6.6 —2.36+0.17 63.5 8.7 5.98 5.9
4 GGCGAAACGCC -380+23 —1109+73 —3.63+£0.13  69.8 0.9 5.41 5.9
4 GGCCACAGGCC —-382+1.7 —109.8+5.0 —4.16+0.17 749 3.5 5.78 5.2
4 GGCGCAACGCC -33.0+1.9 —95.4+5.7 —3.424+0.15 729 5.9 5.62 5.9
4 GGCACAUUGCC —31.6+24 —93.8+74 —2.4740.16 63.3 7.1 5.87 5.9
4 GGCCCuUGGLC —51.8+ 1.6  —149.3+48 —547+022 736 —10.1 4.47 5.2
2 GGCUAACGGCC —345+14 —101.8+4.4 —291+0.08 656 5.9 5.40 5.9
2 GGCGACCcGeC —353+1.2 —103.4+3.6 —3.23+0.19 683 3.6 5.81 5.9
1 GGCUACCAGCC —30.9+2.3 —91.1+£7.3 —2.63+0.10 65.9 7.9 5.68 5.9
0 GGGMUCC" —184+29 —60.4+9.2 03+£0.2 31.8 33 6.37 5.9
0 GGAGAAAUUCC! —31.24+3.6 —-97.6+119 —-09+04 46.1 -2.2 6.34 5.9

“Measurements were made in 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM Na,EDTA at pH 7.0. “Frequency of occurrence in the database
described in Materials and Methods. “The sequences are written 5 to 3. The nucleotides in the triloop are underlined for easy identification. “The average Ty
difference between the most and least concentrated sample for each stem—loop was 2.7 °C. If the sequences were forming a duplex, nearest neighbor
thermodynamic values (29) predict that the Ty should change by about 16 °C for the typical concentration range used here, suggesting the formation of
stem—loop structures. “The enthalpy and free energy contribution of the triloop were calculated by subtracting the Watson—Crick contribution of the
stem (29) from the experimental enthal}py and free energy of the stem—loop, respectively. Predicted triloop free energy contributions using the new predictive

model shown in eq 4. *Reference /6. "Reference /7. ‘Reference /8.

base pair (16— 18, 30—38), this categorization is most important.
Categorizing triloops in this fashion results in 177 types of
triloops in the database. The 10 triloop types listed in the first
data set (Table 1) account for 45% of the total number of triloops
found. The 167 types of triloops not shown account for the
remaining 55%; however, each type represents <1.8% of the
total number of triloops found.

The second set of data (Table 1) lists frequency and percent
occurrence when only the triloop sequence is specified (the closing
base pair is not considered). Categorizing triloops in this fashion
results in 62 types of triloops in the database; however, there are
64 sequence possibilities. Therefore, two sequence possibilities,
5’AGG3’ and YCUG3Y, are not found in the database. The 10
triloops listed in the second data set (Table 1) account for 62% of
the total number of triloops found. The 52 types of triloops not
shown account for the remaining 38%, with each triloop repre-
senting <2.5% of the total number of triloops found. If the
occurrence of triloops were completely random, we would expect
each triloop sequence to occur ~13 times in the database.

The third set of data (Table 1) lists frequency and percent
occurrence of the closing base pair. Categorizing triloops in this
fashion results in six types of closing base pairs in the database,
representing all possible types. If the occurrence of triloops were
completely random, we would expect each closing base pair to
occur 137 times in the database.

The fourth set of data (Table 1) lists frequency and percent
occurrence of the triloop nucleotides when A and G are categor-
ized as purines (R) and C and U are categorized as pyrimidines
(Y). Categorizing triloops in this fashion results in eight types of
triloops, representing all possible combinations. If the occurrence
of triloops were completely random, we would expect each type to
occur ~100 times in the database.

Thermodynamic Parameters. As discussed earlier, due to
possible bimolecular association of strands, many of the most
frequently occurring triloops were not studied. All of the triloops
studied here were found in the secondary structure database
described above and were most likely in the hairpin conformation
during the optical melting studies (as determined by using
eqs 1—3). Table 2 shows the thermodynamic parameters of
hairpin formation that were obtained from the average of fitting
each melting curve to the two-state model. Data for 29 stem—
loops containing unique triloops are shown in order of decreasing
frequency as determined by the database search described above.
Interestingly, all five of the triloops studied previously are of the
sequence YANA3J'.

Contribution of Triloops to Stem—Loop Free Energy.
The contributions of the 29 triloops to stem—loop stability are
also listed in Table 2. The examination of the free energy
contributions of triloops to stem—loop free energy indicates a
large variance, with AG®37 yilo0p ranging from 4.5 to 6.8 kcal/mol.
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Interestingly, the 5CUU3’ triloop is both the least and most
stable triloop reported here, depending on its adjacent pair. It
is the least stable triloop (AG°37giloop = 6.8 kcal/mol) when
adjacent to a G-C pair and the most stable triloop (AG°37 yiloop =
4.5 kcal/mol) when adjacent to a C-G pair.

Updated Model for Predicting the Free Energy of Pre-
viously Unmeasured Triloops. Currently, in order to predict
the free energy contribution of triloops, all triloops are assigned
a free energy penalty of 5.4 kcal/mol. The only modification
to this penalty is for a triloop containing all C residues, which
includes an additional 1.5 kcal/mol penalty (2/) and a lookup
table for two unstable triloops, YCAACG3' (6.8 kcal/mol) and
SGUUACY (6.9 kcal/mol) (21). When predicting the free energy
contributions of the 29 triloops reported here, experimental
values can now be used. For triloops that still do not have
experimental values, a predictive model can be utilized.

The current predictive model was applied to all of the triloops
reported here. On average, the predicted value was 0.5 & 0.4 kcal/
mol different than the experimental value. The average thermo-
dynamic contribution of the triloops reported here was 5.6 kcal/
mol. Using this average value in place of the 5.4 kcal/mol
penalty (2/) results in an average difference between the predicted
value and the experimental value of 0.4 & 0.4 kcal/mol.

In an attempt to further improve prediction, various other
models were tried. The best model (lowest difference between
experimental and predicted values with small deviations for the
derived parameters) was based on the findings of Shu and
Bevilacqua (19). They discovered that sequence preferences for
stable triloops included a U-rich loop and C-G as the closing base
pair. Based on these observations and the data reported here, the
following model was derived:

AG®37, tiloop = AG°37,i + AG°37, uuu + AG®37, .G closure (4)

Here, AG®;; is the triloop initiation term, 5.9 £ 0.1 kcal/mol,
AG°37 yyu is @ —1.2 £ 0.3 kcal/mol bonus for a UUU triloop,
and AG°37.c.G closure 1 @ —0.7 & 0.2 kecal/mol bonus for triloops
adjacent to a C-G pair. Triloops adjacent to a G-C pair are not
given the C-G bonus. Additional parameters and/or additional
bonuses may be discovered with additional experiments. This
model was used to predict the free energy contribution of the
triloops measured here and the triloops measured previously
(16—18) (Table 2). On average, the predicted value was 0.3 + 0.2
kcal/mol different than the experimental value.

DISCUSSION

Database Searching. Due to the size and diversity of the RNA
secondary structure database that was searched, we have assumed
that the number and type of triloops found in this database are
representative of triloops found in naturally occurring RNA.

From the onset of this study, we anticipated that it would be
difficult to find triloop sequences that would outcompete bimo-
lecular association of the RNA strand to form a duplex witha 3 x
3 nucleotide internal loop (or smaller depending on the sequence
of the nucleotides) in 1 M NaCl. In fact, triloop formation
outcompeted bimolecular association with only two of the ten
most frequently occurring triloop sequences, and one of those
had already been studied thermodynamically (/6). Therefore, the
triloops studied here are not the most frequently occurring
triloops (Table 1, data set 1); however, all of the triloops studied
here do occur in the database and do appear to outcompete
bimolecular association of the RNA strand.

Biochemistry, Vol. 49, No. 42, 2010 9061

Itisinteresting to note that the most frequent triloop in this
database was 5GGG3’ (representing 13% of all triloops in
the database). In a similar database containing tetraloops,
5’GGGG3’' was not found (39). In both the triloop and
tetraloop database, a C-G base pair sat atop the list of closing
base pairs, representing 49% and 42% of all closing base pairs
in tetraloops and triloops, respectively. When categorizing the
loop nucleotides as purines and pyrimidines (Table 1, data set 4),
it is interesting to note that loop sequences containing all purines
were the most common type for triloops (25%) as well as tetra-
loops (35%).

Thermodynamic Contributions of Triloops to Duplex
Thermodynamics. From the data in Table 2, it is evident that
the stability of a triloop alone does not determine its frequency of
occurrence. For example, the most stable triloop reported here
(5CCUUGY', AG®37 tritoop = 4.5 keal/mol) is only the 45th most
common in the database. Interestingly, due to its abnormally low
destabilizing free energy contribution, it is also the worst
predicted (using eq 4) of those reported here.

The sequence preferences observed here for stable triloops
are consistent with the general trends reported by Shu and
Bevilacqua (79). For example, triloops containing all uracils in
the loop were, on average, 0.9 kcal/mol more stable than other
triloop sequences. Triloops containing two uracils were, on
average, 0.2 kcal/mol more stable than other triloop sequences;
therefore, only triloops with three uracils are given a bonus in the
proposed model (eq 4). Similarly, triloops adjacent to a C-G pair
were, on average, 0.6 kcal/mol more stable than triloops with
other adjacent pairs. More specifically, when adjacent to a C-G
pair, both an YAUAJ' triloop and an 5AGA3 triloop are
0.5 kcal/mol more stable than when adjacent to a G-C adjacent
pair. Surprisingly, when adjacent to a C-G pair, a YCUU%
triloop is 2.3 kcal/mol more stable than when adjacent to a G-C
pair. Although this difference in stability is almost four times the
average stabilization by a C-G closing pair, this magnitude of
stabilization is not anomalous. When adjacent to a C-G pair, the
tetraloop 'UUCG3' was found to be 2.3 kcal/mol more stable
than when adjacent to a G-C pair in 10 mM NaCl (32). Similarly,
when adjacent to a C-G pair, the YUUA3Y triloop found to be
2.1 kcal/mol more stable than when adjacent to a G-C pair in
10 mM Nacl (19).

Updated Model for Predicting Thermodynamics of Tri-
loops. Because we have collected thermodynamic data for 24
triloops that previously did not have experimental values,
when predicting the free energy contributions of these triloops
in an RNA stem—loop, the experimental values can be used.
For triloops that still do not have experimental values, the
predictive model (eq 4) can be utilized. It is unclear why
5'UUU3 is more stable than any other triloop sequence.
Similarly, it is unclear why triloops with adjacent C-G pairs
are more stable than triloops with adjacent G-C pairs. Struc-
tural studies are currently underway to help to understand
these thermodynamic patterns. Additional studies with more
triloop sequences and adjacent base pairs may result in addi-
tional free energy bonuses.

SUPPORTING INFORMATION AVAILABLE

A table listing all of the triloops found in the secondary
structure database and the type of RNA in which each was
found. This material is available free of charge via the Internet at
http://pubs.acs.org.
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