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Influence of two bulge loops on the stability of RNA duplexes
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ABSTRACT

Fifty-three RNA duplexes containing two single nucleotide bulge loops were optically melted in 1 M NaCl in order to determine the
thermodynamic parameters AH®°, AS°, AG°37, and Ty, for each duplex. Because of the large number of possible combinations and lack
of sequence effects observed previously, we limited our initial investigation to adenosine bulges, the most common naturally
occurring bulge. For example, the following duplexes were investigated: 5’ GGCAXYAGGC/3'CCG YX CCG, 5'GGCAXY GCC/
3'CCG YXACGG, and 5GGC XYAGCC/3'CCGAYX CGG. The identity of XY (where XY are Watson—Crick base pairs) and the
total number of base pairs in the terminal and central stems were varied. As observed for duplexes with a single bulge loop, the
effect of the two bulge loops on duplex stability is primarily influenced by non-nearest neighbor interactions. In particular, the
stability of the stems influences the destabilization of the duplex by the inserted bulge loops. The model proposed to predict the
influence of multiple bulge loops on duplex stability suggests that the destabilization of each bulge is related to the stability of
the adjacent stems. A database of RNA secondary structures was examined to determine the naturally occurring abundance of
duplexes containing multiple bulge loops. Of the 2000 examples found in the database, over 65% of the two bulge loops occur
within 3 base pairs of each other. A database of RNA three-dimensional structures was examined to determine the structure of
duplexes containing two single nucleotide bulge loops. The structures of the bulge loops are described.
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INTRODUCTION AIDS virus, are RNA—protein complexes. Antisense therapy
relies on the binding of synthetic oligonucleotides to RNA
targets (Uhlman and Peyman 1990; Chan et al. 2006).
Understanding the structure of RNAs will allow rational de-
sign for drug therapy.

The structure and stability of fully base-paired duplex re-
gions of RNA have been extensively investigated (Turner
et al. 1988; Xia et al. 2001; Chen et al. 2012). In order to
develop the nearest-neighbor model, the thermodynamics
of various single-stranded RNA motifs (helices, bulges, inter-
nal loops, hairpins, dangling ends, multibranch loops, etc.)
are studied in short RNA oligonucleotides. Based partially
on these thermodynamic parameters, an algorithm was de-
veloped to predict secondary structure from sequence, and
it currently predicts 73% of known base pairs (Mathews
et al. 1999). The accuracy of the prediction is based on the
measured thermodynamics of the various motifs. However,
to fully utilize the rapid accumulation of nucleic acid se-
quence information, further refinements in structure predic-
tion are necessary (Mathews et al. 1999; Andronescu et al.
2007; Lu et al. 2009).

RNAs are involved in a wide variety of biological activities.
RNAs can function as catalysts, either alone or in conjunction
with protein (Altman 1990; Cech 1990; Pace and Brown
1995; Scott 2007). Ribosomal RNA has a direct involvement
in protein biosynthesis (Noller et al. 1992; Nissen et al. 2000).
MicroRNAs are intermediates in the silencing of RNAs, used
to target and destroy viral and other RNAs (Plasterk 2002);
and siRNAs (small interfering RNA) are involved in the de-
struction of their RNA targets (Ahlquist 2002). More than
a dozen classes of riboswitches, RNA sequences that respond
to specific small molecule ligands ranging from amino acids
to coenzymes, are known currently (Winkler et al. 2004; Roth
and Breaker 2009). A new class of RNA has emerged recently:
IncRNA (long noncoding RNA) has been shown to be in-
volved in chromatin remodeling and subsequent epigenetic
effects (Guttman et al. 2009; Rinn and Chang 2012). The re-
alization that RNA molecules play an active role in processes
of gene expression and are not merely passive structural com-
ponents has sparked interest in determining the structure of
these RNA molecules. In addition, many diseases are mediat-

ed through RNA intermediates. Retroviruses, such as the S ]
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A bulge occurs when a duplex is interrupted by one
or more unpaired nucleotides in one of the strands. Such mo-
tifs have been determined to be important in many biological
processes including protein binding (Peattie et al. 1981; Wu
and Uhlenbeck 1987; Harper and Logsdon 1991; Lilley 1995),
intron splicing (Schmelzer and Schweyen 1986; Parker et al.
1987), feedback regulation (Climie and Friesen 1987), and
tertiary folding (Woese and Gutell 1989).

Although their biological significance has been studied and
they are one of the most common motifs in RNA secondary
structure (Michel and Dujon 1983; Woese and Gutell 1989),
relatively few studies have been done on the thermodynamics
of single nucleotide bulges in RNA (Fink and Crothers 1972;
Groebe and Uhlenbeck 1988; Longfellow et al. 1990; Znosko
et al. 2002; Blose et al. 2007; McCann et al. 2011; Lim et al.
2012). This has resulted in a lack of thermodynamic charac-
terization of single bulges, and no studies have looked at the
influence of two bulge loops in an RNA duplex. This study
examines the influence of two bulge loops on the stability
of RNA duplex formation and develops a model to predict
the free energy contribution for the insertion of two single
nucleotide bulge loops into an RNA duplex. These results
can be incorporated in secondary structure prediction pro-
grams to improve the prediction of RNA secondary structure.

RESULTS

In the database of RNA secondary structures, 20,292 single
nucleotide bulge loops were found. Of these, >10% (2250)
are located within a duplex containing a second bulge loop.
The definition of a duplex used here is two bulges separated
by a stretch of canonical base pairs (including wobble pairs)
and terminated by a least 1 base pair (bp) on each end of the
helix beyond the bulges. These bulge loops were character-
ized by both the relative orientation (BB, two bulge loops
on the same side of the duplex; Bb, bulge loops on opposite
strands with the second bulge 3" of the first bulge; bB, bulge
loops on opposite strands with the second bulge 5 of the first
bulge) (see Table 2 for example secondary structures) and
position of the two bulge loops relative to each other. The
results of this search are summarized in Table 1. Several
represent highly conserved motifs, including position 926
(Escherichia coli numbering; helix 28) of the small ribosomal
subunit RNA: bB separated by 3 bp. Many of the bulges were
separated by only a few base pairs. In fact, there are very few
single nucleotide bulges separated by more than 9 bp. This is
partially a result of the fact that the average duplex in rRNA is
only 7 nucleotides (nt) long.

To determine the influence of two bulge loops on duplex
formation, we measured the thermodynamic parameters
for duplex formation for the oligonucleotides listed in
Table 2. We examined only Group I adenosine bulges
because adenosine is the most prevalent bulged nucleotide
(Gutell et al. 2000) and Group I bulges eliminate any posi-
tional ambiguity (Blose et al. 2007). Fifty-three oligonucleo-
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TABLE 1. Number of base pairs separating two single-nucleotide
bulge loops in RNA secondary structures

Number of base pairs between

the two bulge loops BB Bb bB
1 28 19 167
2 113 22 39
3 111 51 779
4 56 36 32
5 278 12 28
6 97 11 50
7 145 5 81
8 53 12 11
9 0 2 3
10 0 0 1
11 1 0 1
12 0 3 3
13 0 0 0

The RNA Strand database of RNA secondary structures
(Andronescu et al. 2008) containing 4666 structures of which
2898 contained bulge loops was analyzed. The database was
searched for single nucleotide bulge loops. A total of 20,292
bulge loops was identified of which 2250 were located in duplex-
es with two single nucleotide bulge loops.

tides were examined (18, BB; 15, Bb; and 20, bB). The
oligonucleotides are listed based upon the orientation of
the bulge loops relative to each other and then based upon
the number of base pairs in the stem regions. Residues in
bold are the proposed bulged nucleotides. Structural studies
of the RNAs are beyond the scope of this study; however, in
choosing sequences to be investigated, we did screen for alter-
nate structural possibilities. For the non-self-complementary
sequences, the individual strands were melted and showed no
discernable transition.

The parameters are the average values derived from fits of
the melt curves and from Ty versus log (C/4) (non-self-
complementary) or (C,) (self-complementary) plots. The pa-
rameters from the two methods agree within 15% for most
duplexes in Table 2, suggesting that the two-state model is
a reasonable approximation for these transitions (Freier
et al. 1986; Allawi and SantaLucia 1997).

The two exceptions are (CGGCACG), and (CGAGCCG),,
which are relatively low melting duplexes with difficult to fit
lower baselines. Although the enthalpy values derived from
the melt data for these two oligomers differ by >15%, the
free energy values are similar (—6.1 and —5.8; —6.2 and
—6.0) for (CGGCACG), and (CGAGCCQG),, respectively.
These free energy values give reasonable values for the two
oligomers so we have chosen to include them in our analysis.
The average deviations in thermodynamic parameter values
are 6.5%, 7.4%, and 1.8% for AH', AS’, and AGs,,
respectively.

The free energy contribution of each bulged nucleotide
was calculated from the experimental data according to
Equation 3 and presented in Table 3. As observed with a sin-
gle bulge loop, insertion of multiple bulge loops into a duplex
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TABLE 2. Thermodynamic parameters for duplex formation of multiple single nucleotide bulges®
Ty vs log Cr plots Average of curve fits

—AH® —AS° =AC Tl —AH°® —AS° —ACPs TP
Oligomers© (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) °C)
BB
GAGUUCAG 59.1 174.5 49 29.1 58.7 173.3 4.9 29.0
C CAAG C
GAGCCGAG 68.8 191.1 9.5 51.0 66.7 184.4 9.5 51.4
C CGGC C
CACCGGCAC 54.5 139.6 11.2 66.0 57.8 149.0 11.6 67.0
G GGCCG G
GCAUGAUG 41.6 117.7 5.1 26.8 36.7 101.3 5.2 26.4
CG AC AC
GUAGGAGC 36.3 98.7 5.7 30.1 31.2 81.2 6.0 33.8
CA CC CG
GCAGUUCACG 479 134.2 6.3 35.5 51.7 146.6 6.3 35.4
CG CAAG GC
GCAGCCACG 41.3 110.7 7.0 40.6 40.8 108.9 7.0 40.9
CG CGG GC
GCAGCCGACG 61.2 167.0 9.4 52.2 66.9 184.7 9.6 51.9
CG CGGC GC
GCAUGCGUACG 32.4 78.1 8.0 50.8 29.6 69.3 8.1 54.6
CG ACGCA GC
GGCAGAGCG 41.2 108.0 7.7 459 35.1 88.4 7.7 47.7
CCG C CGC
GGCACAGCC 45.3 120.0 8.1 47.9 48.5 130.4 8.1 47.1
CCG G CGG
GGCAUUAGGC 53.6 151.6 6.6 37.1 61.1 177.0 6.3 36.0
CCG AA CCG
GGCAGCAGGC 50.6 136.5 8.3 48.0 45.9 121.5 8.3 49.2
CCG CG CCG
GGCAUAUAGGC 54.2 152.4 7.0 39.4 53.7 150.6 7.0 39.7
CCG AUA CCG
GGCAUUUAGGC 41.6 111.1 7.1 41.4 41.1 109.0 7.3 42.7
CCG AAA CCG
GGCAGGCAGGC 66.7 179.0 11.2 60.1 61.0 161.6 10.9 60.9
CCG CCG CCG
GGCAUUUUAGGC 35.5 92.8 6.7 38.5 37.4 98.3 6.9 40.1
CCG AAAA CCG
GGCAUAAUAGGC 61.5 174.5 7.4 41.4 62.6 178.1 7.3 40.9
CCG AUUA CCG
Bb
GAGUAC C 35.6 96.6 5.6 36.4 39.9 111.6 5.4 34.6
C CAUGAG
GAGGAACC G 60.4 161.5 10.3 57.7 60.6 162.1 10.3 57.8
C CCUUGGAC
CAGUCCAC G 70.7 189.1 12.0 63.2 65.1 172.2 11.7 63.8
G CAGGUGAC
CAGUGCAC G¢ 64.8 174.0 10.8 63.6 65.6 176.2 10.9 64.0
G CACGUGAC

Continued
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TABLE 2. Continued

Tw ' vs log Cy plots

Average of curve fits

—AH° —AS® -AG®;; W —AH® —AS° -AG®s; T
Oligomers® (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
CAGGUACC G¢ 67.0 179.8 11.3 65.2 67.8 181.8 11.4 65.4
G CCAUGGAC
CGAGC CG 17.8 37.8 6.1 44 .4 28.1 71.9 5.8 38.9
GC CGAGC
CGAUGA GC 53.3 152.7 5.9 33.5 47.3 132.8 6.0 33.8
GC ACUACG
CGAGUAC CG 23.5 61.0 6.1 43.6 26.7 61.7 6.0 41.0
GC CAUGAGC
GCAGGCC GC 59.3 158.3 10.2 62.5 50.4 131.0 9.8 64.6
CG CCGGACG
GCAUGCGCA GC 51.9 135.9 9.8 63.4 53.6 141.1 9.8 63.1
CG ACGCGUACG
GUGAGC C AC 42.3 116.8 6.1 40.2 48.4 136.6 6.1 39.5
CAC CGAGUG
GGCACG GCC 40.4 108.6 6.7 453 37.2 98.5 6.7 45.8
CCG GCACGG
GUCAUCA CUG 49.3 136.9 6.8 38.7 56.2 159.6 6.7 37.7
CAG AGUAGAC
GGCAGCGC GCccC 76.8 203.6 13.7 73.2 70.6 185.3 13.2 73.8
CCG CGCGACGG
CGCCAGCAC AGCC 88.9 236.1 14.7 68.7 82.3 219.4 14.2 68.9
GCGG CGUGAUCGG
bB
G CAUGAC 36.9 106.5 3.9 22.4 35.5 101.5 4.1 239
CAGUAC G
G GUACAC 38.1 106.0 5.2 33.3 38.1 105.8 5.2 33.4
CACAUG G
C GUCGACAG 72.5 199.7 10.6 59.6 63.0 170.3 10.1 60.6
GACAGCUG C
C GGUACCAG 62.7 169.7 10.1 60.4 58.1 155.8 9.8 60.9
GACCAUGG C
C GGUACCAG 52.2 137.6 9.5 61.4 51.8 135.8 9.7 63.2
GACCAUGG C
C GUGCACAG 63.7 169.7 11.1 65.7 69.7 187.4 11.6 65.7
GACACGUG C
CG GCACG 23.0 54.3 6.2 43.9 36.5 98.5 6.0 39.3
GCACG GC
GC ACUACG 52.3 152.3 5.0 28.4 50.4 145.6 5.2 29.1
CGAUGA GC
CG GUACACG 26.3 66.3 5.8 38.2 27.9 70.9 5.9 39.3
GCACAUG GC
GC GGCCAGC 54.7 142.2 10.6 67.4 53.3 139.3 10.2 65.3
CGACCGG CG
GC AGGUGAGC 56.2 152.1 9.0 51.3 51.9 138.6 8.9 52.0
CGAUCCAC CG
GC GUGCACAGC 64.9 174.7 10.7 63.1 65.7 176.7 10.9 63.8
CGACACGUG CG

Continued
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TABLE 2. Continued

Ty ' vs log Cy plots

Average of curve fits

—AH° —AS° —AGS;; Tl —AH° —AS° —AGPs Tl
Oligomers© (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
CAG GACUG 26.1 61.8 7.0 42.1 22.0 48.2 7.0 44.3
GUCAC GAC
GGC CGAGCC 60.7 165.4 9.4 57.2 54.5 146.4 9.1 57.8
CCGAGC CGG
GUG GCACAC 52.8 140.0 9.4 60.3 52.1 137.7 9.4 60.9
CACACG GUG
GUC ACUACUG 39.0 104.2 6.6 37.8 41.0 111.1 6.6 37.5
CAGAUGA GAC
GGC GCGCAGCC 79.3 208.2 14.7 76.8 771 202.1 14.5 76.8
CCGACGCG caa
CGC CAGCACAGCC 86.2 229.9 15.0 70.6 85.1 226.4 14.8 70.6
GCGAGUCGUG CGG
GCC GUGCUGAGCG 85.6 227.6 15.1 71.3 85.0 225.5 15.1 71.6
CGGACACGAC CGC
CGC CACCACAGCC 74.0 191.4 14.6 75.2 74.1 191.6 14.7 75.2

GCGAGUGGUG CGG

“Solutions are 1.0 M NaCl, 10-20 mM sodium cacodylate, 0.5 mM EDTA pH 7.

PCalculated at 10 M oligomer concentration.

“Nucleotides in bold are bulge residues. Top sequence is written 5" — 3’ and bottom strand is written 3" — 5'.

dLim et al. (2012).

leads to a destabilization of the duplex. The extent of the
destabilization varies widely from 0.8 to 11.4 kcal/mol. In
general we observe a smaller influence for the bulges in
smaller duplexes. This is somewhat expected as we have pre-
viously shown that the influence of single nucleotide bulge
loops is dependent upon non-nearest neighbor interactions
(Kent et al. 2014). The relationship to predict the influence
of single bulge loops on duplex formation is given in the
equation below:

(6]

where AG 5, (stem) 18 the less stable stem for group I bulge
loops and the second least stable stem for group II and group
I1I bulge loops (Kent et al. 2014). Therefore, smaller, less sta-
ble stems minimize the influence of bulge insertion on the
thermodynamics of duplex formation.

The current model used by RNAstructure and Mfold to
predict the free energy contribution of two single nucleotide
bulge loops in a duplex is just the sum of the contributions of
the individual bulge contributions. To determine how the
presence of a second bulge influences the stability of a duplex,
several potential models were examined. The model that gave
the best fit of the data is described below.

Since the current model to predict the influence of a
single nucleotide bulge (Kent et al. 2014) is dependent
upon the stability of the adjacent stems (Equation 1), we
determined the stability of each of the three stems gener-

o o
AG37(b _0'51AG37(stem) + 0.85,

ulge) =

ated by the insertion of the two bulge loops into the
RNA duplexes listed in Table 2. We then used Equation
1 to predict the influence of two independent bulge inser-
tions. In testing the model, we determined that using the
stability of the stem with the second least stability gener-
ates a model that predicts the stability of the insertion of
two bulges into a duplex with reasonable accuracy (see
Discussion).

DISCUSSION

Phylogenetic analysis of two single nucleotide
bulge loops

A search of the database of naturally occurring RNA struc-
tures found that in cases where duplexes contained two bulge
loops, the bulges were often in close proximity to each other.
In fact, over half of the structures identified in Table 1 are
three or fewer base pairs apart. Since bulge loops were found
to be located near one another, we were interested in deter-
mining how one bulge loop would influence the thermody-
namics for insertion of a second bulge loop near the first.

Possible alternate secondary structures

The oligomers listed in Table 2 are shown as having two sin-
gle nucleotide bulge loops. However, alternate secondary
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structures for some of these duplexes are
possible. The two most problematic types
of sequences are as follows: (i) structures

TABLE 3. Thermodynamic parameters for insertion of two single nucleotide group I bulge

loops in RNA duplexes

. . . Base | Base pairs
with a single base pair at the end of the pairs | between
duplex; (ii) two structures with a single eneid | i e 8 b8
b X’. W . W 8 g AG®s7 (keal/mol) AG®; (keal/mol) AG®; (keal/mol)
base pair separating the two bulge loops. ! : 22,20 22 2637
The first structures could potentially 1 6 ' 33,15,12,08 1.1,24,30,12
. . . 2 2 28,45 4.0 39
form a duplex with terminal mismatches 3 3 70,65 iz 52
and a single nucleotide overhang. The in- 2 4 2 64,68 54,87
fluence of terminal mismatches and sin- 2 6 10.1 85
gle nucleotide overhangs has been 3 2 78.9.1 80,110 83,47
. 3 3 9.5,8.2,8.9 6.7 6.9
measured and can be used to predict 3 3 96,04 0.1 8.1
.1 3 5
the stability of these duplexes as though g 2 T
they have formed these secondary struc- g g 2

tures (Serra and Turner 1995). The aver-
age difference between these predicted
free energy values and the measured val-
ues for the 13 oligomers with this type of
sequence is 0.3 kcal/mol (average deviation 0.7 kcal/mol).
The average difference, 0.2 kcal/mol (average deviation 0.9)
between the measured and the predicted values for these du-
plexes where the influence of two bulge loops on duplex
stability is predicted by Equation 2 is smaller but not statisti-
cally different. In addition, the inclusion of these oligomers
does not alter the overall model for the influence of two bulge
loops on duplex stability (see below). Therefore, we have cho-
sen to include these duplexes in our analysis. The second set
of problematic structures has the two bulges separated by a
single base pair. If the base pair did not form, the structure
would represent a 3 X 1 internal loop. Three duplexes in
Table 2 have this potential secondary structure. Assuming
that these duplexes form a 3 x 1 internal loop, the stability
of the duplexes can be predicted (Schroeder and Turner
2000). The difference between the measured and these pred-
ications are on average 1.6 kcal/mol; however, these duplexes
are also not predicted well as duplexes with two bulge loops,
the average difference being almost 2.5 kcal/mol. Therefore,
we excluded them from further analysis (Equations 1, 2
and Tables 3, 4).

Thermodynamic contribution of two single nucleotide
bulge loops to duplex formation

As previously observed for the insertion of a single nucleotide
bulge loop into a duplex, the insertion of two bulge loops de-
stabilized all of the duplexes in this study. The extent of the
destabilization is generally larger than observed for the inser-
tion of a single bulge loop; and, perhaps not surprisingly, the
range of destabilization is also much wider (Blose et al. 2007).
Since the identity of the bulges was constant (two adenosine
residues), the magnitude and range of destabilization caused
by the bulges must be due to non-nearest neighbor influenc-
es, as was observed for the insertion of a single bulge loop
into a duplex (Blose et al. 2007). The best predictor of the in-
fluence of the two bulge loops on duplex stability was deter-

222 RNA, Vol. 23, No. 2

Measurements were made in 1.0 M NaCl, 10-20 mM sodium cacodylate, and 0.5 mM
Na,EDTA, pH 7. Values calculated as described in text.

mined to be related to the stability of the adjacent stem. Since
the two bulges separate the duplex into three stem regions, we
examined a number of possible models to provide a predic-
tive model for the stability of duplexes containing two single
nucleotide bulge loops. The model that worked the best uses
Equation 1 with the AG°37(Stem) being the second least stable
stem of the three stems in the duplex.

For example, for the sequence 5 GCAGGUCACG/3’ CG
CCAG GG, the three stems are GC/CG, GGUC/CCAG, and
CG/GC with predicted stabilities of —3.42, —5.52, and
—2.36 kcal/mol, respectively. Using the second least stable
stem (—3.42 kcal/mol) and Equation 1, the predicted influ-
ence of a single bulge loop would be 2.6 kcal/mol. Since there
are two bulge loops in the duplex, the influence of both
would be predicted to be 5.2 kcal/mol. The measured value
for the insertion of the two bulge loops is 6.53 kcal/mol.

Using this model, the influence of two bulge loops on du-
plex formation is ~1 kcal/mol (0.7 kcal/mol) more destabiliz-
ing than the predicted influence of the two individual bulge
loops (Table 4). Figure 1 displays a graph of the measured in-
fluence of the two bulge loops versus the predicted value, as-
suming there is no interaction between the two bulge loops.
The slope of the line is ~1 (1.04) (R* =0.81), suggesting that
there is a strong correlation between the measured values and
the predicted values for the insertion of two single nucleotide
bulge loops within the same duplex. The fact that the mea-
sured values for the duplexes with two bulge loops are on av-
erage 0.72 kcal/mol less stable than predicted (value of Y
intercept) suggests that there is an interaction between the
two bulge loops, which leads to a further destabilization of
the duplex relative to the predicted values for the insertion
of two bulge loops. Interestingly, we examined the influence
of the distance between the bulges (as measured by the pre-
dicted influence of the two bulges) versus the difference be-
tween the measured and predicted value for the insertion
of the bulges and found no correlation between these values
(data not shown). This indicates that the observed interaction
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TABLE 4. Comparison of models to predict the influence of bulge loops on a duplex®
AG®37 (bulge) (kcal/mol)
Oligomer Measured Predicted” Eq. 1 Difference Predicted® Eq. 2 Difference
BB
GAGUUCAG 2.15 1.7 0.45 2.4 —0.25
C CAAG C
GAGCCGAG 1.97 1.7 0.27 2.4 —0.43
C CGGC C
CACCGGCAC 3.53 1.7 1.83 2.4 1.13
G GGCCG G
GCAUGAUG 2.77 3.4 -0.63 4.1 —1.33
CG AC AC
GUAGGAGC 4.50 5.0 —0.50 5.7 -1.20
CA CC CG
GCAGCCACG 6.99 5.2 1.79 5.9 1.09
CG CGG GC
GCAGUUCACG 6.53 5.2 1.33 59 0.63
CG CAAG GC
GCAGCCGACG 7.11 5.2 1.91 5.9 1.21
CG CGGC GC
GCAUGCGUACG 8.25 5.2 3.05 5.9 2.35
CG ACGCA GC
GGCAUUAGGC 7.79 8.5 -0.71 9.2 —1.41
CCG AA CCG
GGCAGCAGGC 9.11 8.5 0.61 9.2 —0.09
CCG CG CCG
GGCAUAUA GGC 8.89 8.5 0.39 9.2 —0.31
CCG AUA CCG
GGCAUUUAGGC 8.22 8.5 —-0.28 9.2 -0.98
CCG AAA CCG
GGCAGGCAGGC 9.47 8.5 0.97 9.2 0.27
CCG CCG cca
GGCAUUUUAGGC 9.55 8.5 1.05 9.2 0.35
CCG AAAA CCG
GGCAUAAUAGGC 9.42 8.5 0.92 9.2 0.22
CCG AUUA CCG
Bb
GAGUAC C 2.21 1.7 0.51 2.4 -0.19
C CAUGAG
GAGGAACC G 3.27 1.7 1.57 2.4 0.87
C CCUUCCAC
CAGUCCAC G 0.83 1.7 -0.87 2.4 —1.57
G CAGGUGAC
CAGUGCAC G 1.52 1.7 -0.18 2.4 —0.88
G CACGUGAC
CAGGUACC G 1.23 1.7 -0.47 2.4 -1.17
G CCAUGGAC
CGAGC CG 4.04 4.1 —0.06 4.8 -0.76
GC CGAGC
Continued
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TABLE 4. Continued

AG®37 (bulge) (kcal/mol)
Oligomer Measured Predicted” Eq. 1 Difference Predicted® Eq. 2 Difference
CGAUGA GC 5.47 5.2 0.27 59 —0.43
GC ACUACG
CGAGUAC CG 6.43 4.1 2.33 4.8 1.63
GC CAUGAGC
GCAGGCC GC 6.78 5.2 1.58 5.9 0.88
CG CCGGACG
GUGAGC CAC 8.02 6.1 1.92 6.8 1.22
CAC CGAGUG
GGCACG GCC 11.02 8.5 2.52 9.2 1.82
CCG GCACGG
GUCAUCA CUG 6.67 6.0 0.67 6.7 —-0.03
CAG AGUAGAC
GGCAGCGC GCC 9.06 8.5 0.56 9.2 -0.14
CCG CGCGACGG
CGCCAGCAC AGCC 11.25 10.2 1.05 10.9 0.35
GCGG CGUGAUCGG
bB
G GUACAC 2.61 1.7 0.91 2.4 0.21
CACAUG G
G CAUGAC 3.74 1.7 2.04 2.4 1.34
CAGUAC G
C GUCGACAG 1.14 1.7 —0.56 2.4 1.26
GACAGCUG C
C GGUACCAG 2.43 1.7 0.73 2.4 0.03
GACCAUGG C
C GGUACCAG 3.03 1.7 1.33 2.4 0.63
GACCAUGG C
C GUGCACAG 1.22 1.7 —0.48 2.4 -1.18
GACACGUG C
CG GCACG 3.94 4.1 -0.16 4.8 —0.86
GCACG GC
GC ACUACG 5.47 5.2 0.27 5.9 -0.43
CGAUGA GC
GC GGCCAGC 6.78 5.2 1.58 5.9 0.88
CGACCGG CG
CG GUACACG 6.73 5.2 1.53 5.9 0.83
GCACAUG GC
GC GGCCAGC 6.38 5.2 1.18 5.9 0.48
CGACCGG CG
GC AGGUGAGC 8.81 5.2 3.61 5.9 291
CGAUCCAC CG
GC GUGCACAGC 8.46 5.2 3.26 59 2.56
CGACACGUG CG
GGC CGAGCC 8.32 8.5 —0.18 9.2 —0.88
CCGAGC CGG
GUG GCACAC 4.72 6.1 —1.38 6.8 —2.08
CACACG GUG

Continued
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TABLE 4. Continued

AG°37 (bulge) (kCal/mOI)
Oligomer Measured Predicted” Eq. 1 Difference Predicted® Eq. 2 Difference
GUC ACUACUG 6.87 6.0 0.87 6.7 0.17
CAGAUGA GAC
GGC GCGCAGCC 8.06 8.5 —0.44 9.2 -1.14
CCGACGCG CGG
CGC CAGCACAGCC 10.95 8.5 2.45 9.2 1.75
GCGAGUCGUG CGG
GCC GUGCUGAGCG 7.85 8.5 —0.66 9.2 —1.36
CGGACACGAC CGC
CGC CACCACA GccC 11.35 8.5 2.85 9.2 2.15
GCGAGUGGUG CGG
Average difference 0.65 0.15
Average deviation 1.3 1.0

“Measured values using Equation 3.

PPredicted values using Equation 1 (no interaction between the two bulge loops).
“Predicted values using Equation 2 (interaction between the two bulge loops).

of the two bulges is no greater when the bulges are inserted
near each other (1 bp away) or further (up to 6 bp away),
nor is the orientation of the bulge relative to each other
(BB, Bb, or bB) important. Thus we can use the current mod-
el for the prediction of the influence of a single bulge loop to
predict the influence of two bulge loops into a single duplex.
The model is given below:

(]

AG

37 (for insertion of two bulge loops)

= 2 X (—0.51AG e + 0.85) + 072, (2)

where AG®3; (qem) 15 the second least stable stem of the
three stems. This model should improve the prediction

E @ 10.0-
239
g @ £ 7.5+
=
= 27® 504
~ > O
™= X
© 5T 25
L
0.0 T T T T
0.0 25 5.0 7.5 10.0 12.5
AG°37 Predicted
For Two Bulges
(kcal/mol)

FIGURE 1. Plot of measured free energy change for the insertion of two
single Group I nucleotide bulge loops into a duplex, AG®s7p,1ges> Versus
predicted free energy value for the insertion of noninteracting two single
nucleotide bulge loops (Equation 1) into a duplex as described in text.
Line is the least-squares fit of the data points.

of RNA secondary structure and RNA stability from
sequence.

Table 4 lists the measured free energy values for the inser-
tion of two bulge loops into a duplex and the predicted val-
ues using Equation 1 (no interaction between the two bulge
loops) and Equation 2 (includes the additional 0.7 kcal/mol
interaction between the two bulge loops). The addition of
the 0.7 kcal/mol interaction improves the prediction for al-
most two-thirds (32 of 50 duplexes) of the duplexes in
Table 4. The average difference between the measured and
predicted free energy value using Equation 2 is 0.15 kcal/
mol. The average deviation between the measured and pre-
dicted free energy value for the insertion of two bulge loops
into an RNA duplex using Equation 2 is 1.0 kcal/mol which
is twice the value we measured for the insertion of a single
bulge into an RNA duplex (Znosko et al. 2002). Twenty-
eight of the 50 duplexes (56%) are predicted within 1 kcal/
mol or 0.5 kcal/mol per inserted bulge and another 17 are
predicted within 2 kcal/mol of the measured value. The re-
maining five oligomers (10%) have a predicted value that
is more than 2 kcal/mol greater than the measured value.
While this seems a large difference, five of the 37 oligomers
(14%) with a single nucleotide bulge loop had a measured
and predicted value that differed by more than 0.75 kcal/
mol (Znosko et al. 2002). An examination of the oligomers
in Table 4, which were poorly predicted, does not reveal
any obvious structural feature that would explain the differ-
ences between the measured and predicted free energy val-
ues. Non-nearest neighbor interactions cannot be easily
incorporated into current free energy prediction models
(Mathews and Turner 2002) and may require an iterative
process to arrive at a free energy value of an RNA containing
a bulge loop.
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Structural analysis of naturally occurring double
nucleotide bulge loops

RNA FRABASE was used to search for three-dimensional
structures of duplexes containing two bulge loops separated
by up to 10 bp (Popenda et al. 2010). A total of 27 unique
examples were identified (Ye et al. 1995; Carter et al. 2000;
Ben-Shem et al. 2001, 2011; Berglund et al. 2001;
Merianos et al. 2004; Berk et al. 2006; Walden et al. 2006;
Weixlbaumer et al. 2008; Blaha et al. 2009; Agirrezabala
et al. 2010; Armache et al. 2010; Bulkley et al. 2010; Jenner
et al. 2010; Jin et al. 2010; Hainzl et al. 2011; Ng et al.
2011; Rabl et al. 2011; Demeshkina et al. 2012; Anger et
al. 2013; Hashem et al. 2013; Amunts et al. 2014; Gogala
et al. 2014). The secondary and tertiary structures of the du-
plexes are presented in the Supplemental Material. All of the
bulge loop structures display a structure previously identified
(Znosko et al. 2002). Of the 54 bulged nucleotides, 24 are in-
tercalated, 27 are extrahelical, and three form base triples. In
most of the examples, the bulged nucleotides have no dis-
cernible tertiary structural interactions. In four of the 27
structures, the bulge loop nucleotides are involved in tertiary
interactions; these are displayed in Figure 2. The first exam-
ple (panel A) is the only structure where the two bulged nu-
cleotides appear to interact. In this case, the two bulged
adenosines (1260 and 1275) on opposite strands are stacked.
This leads to continuous stacking of C1262, A1261, A1275,
and G1276. There are three examples where the bulged nu-
cleotide is interacting with other residues. In panel B, the
bulged U10 is stacked on adenosine residue 28 and forms a
base triple with A13 and U24. In panel C, the bulged A5
is paired with G15 of a second molecule in the unit cell. In
panel D, the bulged G (926) is stacked on a G residue at po-
sition 1505.

These examples emphasize the structural flexibility
imparted into the RNA when bulges are introduced.
Further investigation will be needed to understand the forces
responsible for the selection of the correct bulged nucleotide
and its orientation in a complex structural motif.

MATERIALS AND METHODS

RNA synthesis and purification

Oligomers were synthesized on CPG solid supports (Applied
Biosystems 392 DNA/RNA Synthesizer) utilizing phosphoramidites
with the 2’ hydroxyl protected as the fert-butyl dimethylsilyl ether
from Glen Research. Oligomers underwent ammonia and fluoride
deprotection, and a crude sample was purified using preparative
tle (n-propanol:ammonium hydroxide:water, 55:35:10) and Sep-
Pak C18 (Waters) chromatography as previously described (Serra
et al. 1994). Sample purity was determined through analytical tlc
or HPLC (C-8) and was >95%.

Melting curve and data analysis

Optical melting experiments were performed as previously de-
scribed in 1 M NaCl melt buffer (1 M NaCl, 0.02 M cacodylic
acid, 0.001 M EDTA, pH 7.0) (Serra et al. 1994). Absorbance versus
temperature profiles were fit to a two-state model with sloping base
lines using a nonlinear least squares program, Meltwin (McDowell
and Turner 1996). Thermodynamic parameters for duplex forma-
tion were obtained as previously described (McCann et al. 2011).

Determination of the contribution of bulge loops
to duplex thermodynamics

The free energy of duplex formation can be approximated by the
nearest-neighbor model (Xia et al. 2001). The free energy contribu-
tion of the bulged nucleotides was calculated
from the experimental data and the nearest

neighbor model according to Equation 3,
where AG°37(measured) is the experimentally
determined value from the melts and AG 5,
(duplex) 18 calculated from the nearest-neigh-
AL bor model for the duplex as if it did not con-
tain the bulges.

A B
1259 9

C CAC GUGUA
GAG G ccu
1276 2

c D

4 922
UAACGU A G ACGGG
A UGCAAU CAUGU U
10 1395

O

o
AG37(bulges) =AG

37(measured)

o
- AG37(duplex)A (3)

Phylogenetic analysis

A database of phylogenetically determined
RNA secondary structures of 305 small sub-

FIGURE 2. Secondary structure diagrams (left panel) and three-dimensional presentations (right
panel) are shown. The bulged nucleotide is shown in CPK color and the intervening nearest
neighbor pairs in red (top strand) and blue (bottorn strand). (A) Position 1259 of the T. thermo-
philus small subunit rRNA. (B) Position 9 Bovine TAT-TAR complex. (C) Position 4 model U2-
snRNA branchpoint duplex. (D) Position 922 of the T. thermophilus small subunit rRNA.

Extracted from pdb files: 3UZ7, 1BIV, 119X, and 31Z9.

226 RNA, Vol. 23, No. 2

unit rRNAs, 169 large subunnit rRNAs, 16
Group I RNAs, and seven Group I RNAs,
was searched for duplexes containing two sin-
gle nucleotide bulge loops (Andronescu et al.
2008). The loops were characterized by rela-
tive position within the duplex.
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