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ABSTRACT

Thirty-five RNA duplexes containing single nucleotide bulge loops were optically melted and the thermodynamic parameters for
each duplex determined. The bulge loops were of the group Il variety, where the bulged nucleotide is either a AG/U or CU/G,
leading to ambiguity to the exact position and identity of the bulge. All possible group 111 bulge loops with Watson-Crick nearest-
neighbors were examined. The data were used to develop a model to predict the free energy of an RNA duplex containing a group
111 single nucleotide bulge loop. The destabilization of the duplex by the group Il bulge could be modeled so that the bulge
nucleotide leads to the formation of the Watson-Crick base pair rather than the wobble base pair. The destabilization of an
RNA duplex caused by the insertion of a group Il bulge is primarily dependent upon non-nearest-neighbor interactions and
was shown to be dependent upon the stability of second least stable stem of the duplex. In-line structure probing of group 11
bulge loops embedded in a hairpin indicated that the bulged nucleotide is the one positioned further from the hairpin loop
irrespective of whether the resulting stem formed a Watson-Crick or wobble base pair. Fourteen RNA hairpins containing
group III bulge loops, either 3’ or 5’ of the hairpin loop, were optically melted and the thermodynamic parameters determined.
The model developed to predict the influence of group Il bulge loops on the stability of duplex formation was extended to

predict the influence of bulge loops on hairpin stability.
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INTRODUCTION

RNAs are intimately involved in a wide variety of biological
activities. During the process of gene expression, they serve
as informational molecules and part of the decoding machin-
ery. RNAs can function as catalysts, either alone or in con-
junction with protein (Altman 1990; Cech 1990; Pace and
Brown 1995; Scott 2007). Ribosomal RNA has a direct in-
volvement in protein biosynthesis (Noller et al. 1992; Nissen
et al. 2000), and new classes of noncoding RNAs continue to
be discovered. The functional diversity of RNA is often pred-
icated on the folding of complex tertiary structures, giving
rise to the native, functional fold (Brion and Westhof 1997;
Tinoco and Bustamante 1999). Secondary structure, defined
as the formation of complementary base pairs, generally
forms on a faster timescale (Zarrinkar and Williamson
1994; Woodson 2000) and tends to be more stable than tertia-
ry contacts (Crothers et al. 1974; Banerjee et al. 1993; Onoa
etal. 2003). Since tertiary structure arises from preformed sec-
ondary structure, accurately determining the secondary struc-
ture of an RNA molecule would provide clues to its function
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as well as facilitate prediction of the RNA tertiary fold. In ad-
dition, links between secondary structure and three-dimen-
sional folding are beginning to be explored (Bailor et al. 2010).

For these reasons, methods are being developed to model
RNA secondary structure (Zuker 1989; Michel and Westhof
1990; Gautheret et al. 1993; Mathews and Turner 2002;
Tahi et al. 2002), and there is increased interest in predicting
both the secondary and tertiary structure of RNA from se-
quence. The most commonly used programs for secondary
structure prediction, Mfold and RNAstructure (Mathews
et al. 1999), use thermodynamic parameters to predict the
most stable (and suboptimal) secondary structural folds.
The ability of these programs to predict secondary structure
depends upon the availability of accurate models to provide
the thermodynamic parameters for the various RNA second-
ary structural motifs. Current structure prediction algo-
rithms using updated thermodynamic parameters correctly
predict ~73% of known base pairs (Mathews et al. 1999,
2004). Therefore, it follows that refinement of the input
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thermodynamic parameters for multiple secondary structure
motifs could improve predictions of secondary structures.
One secondary structure motif is the single nucleotide
bulge. A single nucleotide bulge occurs when an unpaired nu-
cleotide disrupts regions of contiguous base-pairing. These
unpaired nucleotides can participate in a variety of biological
events, including protein binding and tertiary structure for-
mation (Harper and Logsdon 1991; Rounseville and Kumar
1992, Rounseville etal. 1996; Klasens et al. 1999). More recent-
ly, single nucleotide bulges have been implicated in reverse
transcriptase—mediated RNA displacement synthesis as single
nucleotide bulges enhance synthesis through stable secondary
structures (Lanciault and Champoux 2005). Only a few studies
have examined the influence of bulge loops on the thermody-
namics of secondary structure formation (Longfellow et al.
1990; Blose et al. 2007; McCann et al. 2011; Lim et al. 2012).
Previously, single nucleotide bulges were subdivided into
groups according to the identity of the bulge and adjacent
base pairs (Blose et al. 2007). Group I single nucleotide bulge
loops were defined as bulge loops where the position of the
bulge was unambiguous with a bulged nucleotide that is
not identical to either of the neighboring nucleotides.
Group II single nucleotide bulge loops were defined as bulge
loops where the position of the bulge is ambiguous since the
bulge nucleotide is identical to at least one of its neighboring
nucleotides. A model was developed to predict the influence
of group I and group II single nucleotide bulge loops on the
thermodynamics of duplex formation (Blose et al. 2007;
McCann et al. 2011). Group III bulge loops have additional
sequence and structural complexities. For example, with
the oligomer 5-CGCUGCC/3'GCGCGG, the underlined G
on the bottom strand can form a base pair with either the un-
derlined C or U. Depending upon which pair forms, either
the C or the U would be the bulged nucleotide and the parent
duplex would contain either a Watson—Crick or wobble base
pair having different thermodynamic stabilities (Table 1).
In the following study, the complete set of group I1II single
nucleotide bulge loops with Watson—Crick nearest-neighbors
has been thermodynamically characterized to improve our
ability to predict the stability of RNA duplexes with bulge
loops. As observed for group I and II bulges, the free energy
increment for the insertion of a group I1I bulge loop into a du-
plex was found to be primarily influenced by non-nearest-
neighbor interactions (Blose et al. 2007; McCann et al.

TABLE 1. Example of group IIl loop ambiguity

Sequence Potential bulge positions
GUCGAUCAC GUCGAUCAC GUCGAUCAC
CAGU AGUG CAGU AGUG CAG UAGUG

Parent duplex GUCGUCAC GUCAUCAC
(-AG®37 keal/mol) CAGUAGUG CAGUAGUG
9.4) (10.4)
Stem to left of bulge GUCG GUC
(-AG®s7 keal/mol) CAGU CAG
(5.8) (4.6)
Stem to right of bulge UCAC AUCAC
(-AG"s37 keal/mol) AGUG UAGUG
(6.2) (7.4)
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2011). The stability of the stem adjacent to the bulge has a
direct effect on duplex destabilization caused by the insertion
of the bulge. This simple non-nearest-neighbor model was ex-
tended to predict the insertion of a group III bulge loop into a
hairpin stem.

MATERIALS AND METHODS
RNA synthesis and purification

Most oligomers were synthesized on CPG solid supports (Applied
Biosystems 392 DNA/RNA Synthesizer) utilizing phosphoramidites
with the 2’ hydroxyl protected as the tert-butyl dimethylsilyl ether
from Glen Research (Usman et al. 1987; Wincott et al. 1995). Olig-
omers underwent ammonia and fluoride deprotection, and the
crude sample was purified using preparative tlc (n-propanol:ammo-
nium hydroxide:water, 55:35:10) and Sep-Pak C18 (Waters) chro-
matography. Some oligomers were ordered from Dharmacon or
Integrated DNA Technologies, and deprotection of the oligomers
was carried out using the manufacturers’ instructions. The oligo-
mers were then purified as described above. Sample purity was de-
termined through analytical ¢lc or HPLC (C-8) and was >95%.

Melting curve and data analysis

For non-self-complimentary sequences, individual strand concen-
trations were calculated from high-temperature single-strand absor-
bance at 260 and 280 nm using nearest-neighbor extinction
coefficients (Borer 1975; Richards 1975). Single strands were then
annealed in a 1:1 molar ratio. Optical melting experiments were per-
formed using a Beckman DU 640 spectrophotometer and high-per-
formance temperature controller at 260 or 280 nm. Absorbance
changes for oligomers in 1 M NaCl melt buffer (1 M NaCl, 0.01-
0.02 M cacodylic acid, 0.5 mM EDTA at pH 7.0) were recorded as
a function of temperature from 10-90°C at a rate of 1°C/min as de-
scribed previously (Serra et al. 1994). The experiment was repeated
at 10 varying sample concentrations to give at least a 50-fold concen-
tration range (10 uM—-1 mM) for each sample. Absorbance versus
temperature profiles were fit to a two-state model with sloping
base lines using a nonlinear least squares program (McDowell and
Turner 1996). Thermodynamic parameters for duplex formation
were obtained by two methods: (1) enthalpy and entropy changes
from the fits of the individual melting curves were averaged, and
(2) plots of the reciprocal melting temperature, Ty, "', versus log
(C/4) gave enthalpy and entropy changes (Borer et al. 1974):

T~ ' = (2.3R/AH")]og (C, /4) + (AS°/AHP). 1)

Here, C, is the total concentration of oligomer. Parameters derived
from the two methods generally agreed within 15%, consistent with
the two-state model (Freier et al. 1986; Allawi and SantaLucia 1997).
The Gibbs free energy change at 37°C was calculated as

AG’;; = AH® — (310.15K) AS°. )

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. 1998). The free energy contribu-
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tion of each bulged nucleotide 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

AG037,bulge = AG037(measured) - AG037(ch.lplex)- (3)

AGO37(duplex) is calculated from the nearest-neighbor model for the
duplex forming the Watson—Crick base pair and not containing
the bulge (Table 1). AHC values are calculated in a similar fashion.

Phylogenetic analysis

A database of phylogenetically determined RNA secondary struc-
tures (Cannone et al. 2002) of 305 SSU rRNAs, 169 LSU rRNAs,
16 group I introns RNAs, and seven group II intron RNAs, was
searched for group III single nucleotide bulge loops. The loops
were characterized by nearest-neighbor base pairs and bulge identity.

In-line probing

Samples for in-line probing were labeled at the 5" (Metkinen) or
3'(Glen Research) end during synthesis with fluorescein or pur-
chased from IDT. The RNAs were purified as described above except
that nonfluorescent tlc plates were used and the RNA detected by the
fluorescent label. The RNA was incubated in 50 mM Tris (pH 8.3),
20 mM MgCl,, and 100 mM KCI for 2—4 d at room temperature in
the dark (Soukup and Breaker 1999; Regulski and Breaker 2008).
Control RNAs were incubated in probing buffer but incubated at
0°C. The cleavage products were analyzed by chromatography on
nonfluorescent tlc plates (n-propanol:ammonium hydroxide:water,
65:25:10). The migration of the cleavage products were compared to
the migration of mixtures of chemically synthesized oligomers of
appropriate lengths. The fluorescent products were analyzed with
a Kodak image station 400MM Pro.

Statistical analysis

Statistical analysis of the data was done using the statistical software
available with GraphPad Prism and GraphPad Instat.

RESULTS

The thermodynamics of only two duplexes with group III
bulge loops have previously been measured (Znosko et al.
2002). Therefore, to determine the role of the bulge identity
and the nearest-neighbors on the stability of group III
bulge loops, 33 additional (eight GA, eight AG, 10 CU, and
seven UC bulges) duplexes containing a group III single nu-
cleotide bulge loop were prepared and the thermodynamics
of duplex formation measured by optical melting. These
oligomers, when combined with the previously measured
oligomers, give measurements for the complete set of group
III single nucleotide bulge loops with Watson—Crick near-
est-neighbors.

Thermodynamic parameters for duplex formation by these
oligonucleotides are listed in Table 2. The oligonucleotides are

listed by bulge sequence and then in order of decreasing free
energy for the respective duplex. Residues in bold are the po-
tential bulge nucleotide. The average deviations in thermody-
namic parameter values are 11.2%, 12.5%, and 2.0% for AHC,
AS%, and AG;, respectively. These average deviations are larg-
er than observed for the group I and group II sequences and
may indicate additional structural variability and, therefore,
slight non-two-state behavior for some of these oligomers.

The ambiguity in the position of the group III bulge loops
means that there are two potential parental duplexes (Table
1) with different thermodynamic stability. To determine
the free energy contribution of the bulged nucleotide, one
of the two potential parental duplexes must be selected. We
first predicted the stability of all of the potential parental du-
plexes for each of the sequences in Table 2. The predicted
stability of the duplexes, which included the Watson—Crick
base pair, was always more stable than the predicted value
for the duplexes with the wobble base pair. The ambiguity
of the group III bulge loops can lead to a variety of analysis
after trying many combinations; the best agreement between
experiment and model (see Discussion) was achieved using
the Watson—Crick duplexes as the parental duplex and calcu-
lating the free energy contribution of each bulged nucleotide
according to Equation 3. This analysis is presented in Table 3.
As previously observed (Znosko et al. 2002; Blose et al. 2007;
McCann etal. 2011), all bulges destabilize the duplex. The ex-
tent of destabilization ranges between 0.5 and 4.9 kcal/mol.
The group III pyrimidine single bulges are slightly less desta-
bilizing than the group III purine bulges by, on average, 0.1
kcal/mol. The destabilization caused by the introduction of
a single group I pyrimidine bulge into a duplex is 3.7 = 1.0
kcal/mol and for a purine residue is 3.6 + 1.0 kcal/mol.
Since these values are not statistically different, they can be
combined to provide a simple model to predict the stability
of a duplex containing a single group III bulge nucleotide
(purine or pyrimidine), which is just the average of all of
the measured values: 3.6 kcal/mol.

In-line probing takes advantage of the natural instability of
RNA to detect single-stranded regions in RNA. Structural
flexibility of single-stranded regions allows the RNA to exam-
ine additional structural conformations, some of which pro-
duce an in-line arrangement of the 2’ alkoxide and the 5'-O
of the phosphodiester, leading to a favorable transition state
and cleavage of the RNA strand at the site of flexibility. In-
line probing was used to resolve the ambiguity of the group
I1I bulge nucleotide. Because of the small size of our RNA
oligomers, analytical tlc was used to resolve the products of
in-line cleavage. Figure 1 displays the results of one such ex-
periment. The two hairpins in this example have the group III
bulge loop on the 3’ side of the hairpin loop, and they differ
by the orientation of the bulge loop, either 5'-GA or 5'-AG. In
both cases, the control reactions show no cleavage products.
We previously have shown that cleavage occurs to the 3’
side of the bulged nucleotide (McCann et al. 2011); therefore,
we would expect formation of either a dimer or trimer
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depending upon which nucleotide (A or
G) was bulged. In both cases, the pre-
dominant cleavage produces the dimer
product, indicative of the fact that the
nucleotide further from the hairpin
loop is the bulged nucleotide irrespective
of whether a Watson—Crick or wobble
base pair forms. Table 4 summarizes
the result of in-line cleavage analysis for
seven pairs of hairpins with embedded
group III bulge loops; in all cases, the
major cleavage site occurs after the nu-
cleotide further from the hairpin loop.
These results are consistent whether the
bulge loop is on the 5 or 3’ side of the
hairpin loop.

The thermodynamics for hairpin for-
mation for the hairpins that were ana-
lyzed by in-line probing are presented in
Table 5, along with the thermodynamics
for the corresponding parental hairpins.
As with group III bulge loops inserted
into duplexes, the insertion of the bulge
loop into a hairpin stem destabilizes hair-
pin formation. The influence of the stabil-
ity of the hairpin was determined by
subtraction of the stability of the hairpin
with or without the bulge loop:

0 0
AG 37(bulge) = AG 37(bulge hairpin)

- AG037(parenthairpin)- (4)

With group III bulge loops, there are two
potential parental stems, one with the
Watson—Crick base pair and the other
with the wobble base pair. The bulge
loop values are presented in Table 6.
The influence of the group III bulges
ranges from 1.3-3.0 kcal/mol at 37°C for
the Watson—Crick parental hairpins and
0.3-2.7 kcal/mol at 37°C for the wobble
parental hairpins. The free energy incre-
ment for inserting a group III bulge loop
does not appear to depend upon whether
the bulge is on the 5" or 3’ side of the hair-
pin loop. Nor does it appear to depend
upon whether the bulge sequence is 5'-
AG or 5'-GA.

The enthalpy nearest-neighbor param-
eters for single nucleotide bulge loops are
also presented in Table 3 for duplex and
Table 5 for hairpin formation. In nearly
all cases, the introduction of a bulge de-
creases the enthalpy of hairpin formation.

828 RNA, Vol. 20, No. 6

TABLE 2. Thermodynamic parameters for duplex formation®

Ty vs log Cy plots

average of curve fits

-AH® -AS® -AGy; Ty -AH° -AS® -AGy; T
oligomers® (kcal/mol) (eu) (kcal/mol)  (°C) (kcal/mol) (eu) (kcal/mol) (°0)
GA
GCUCGACCUG 90. 257. 11. 53.5 86.5 243.7 11. 53.7
CGAG UGGAC
CAGUCGAGUC 58. 160. 8. 48.2 60.7 167.9 8 48.0
GUCAG UCAG
CAUGUGACUACY 82. 238. 8. 46.0 82.6 237.8 8 46.0
GUACA UGAUG
CAGUCGAGC 67. 192. 7o 42.1 62.3 176.3 7 42.7
GUCAG UCG
GCUGACGAC 550 155, 7o 41.8 61.4 174.2 7 41.1
CGA UGCUG
CAUGAGAGC 47. 128. 7o 41.2 49.3 136.0 7 41.1
GUA UCUCG
GAUGAGAGC 64. 185. 7o 40.9 64.9 185.5 7 41.0
CUA UCUCG
GUCGAUCAC 57. 163. ©o 36.3 43.0 117.2 6 38.0
CAG UAGUG
GUGAUGAC 40. 111. 5o 29.3 40.9 113.7 5 30.4
CA UACUG
AG
GACAGCCAG 64. 182. 8. 44 .4 68.2 193.6 8 44.6
CUGU GGUC
CAGAGCAGC 50. 137. 7o 44.2 52.4 143.7 7 44.6
GUCU GUCG
GUCGUAGC 44, 120. 7o 42.0 47.6 129.9 7 42.0
CAGCAU G
UGAGUGUCA 56. 160. 6. 3703 61.2 176.4 6. 36.9
ACU ACAGU
GACAUAGUC 39, 106. ®o 34.0 32.8 84.8 ®o 36.8
CUGUAU AG
CAUGAGUGC 63. 184. 6. 36.0 63.8 185.3 6 36.1
GUACU ACG
CAUCAGUGC 67. 198. 6. 34.5 65.2 190.9 6 34.5
GUAGU ACG
CAAUAGUGC 61. 184. 4. 25.0 61.0 183.7 4 25.0
GUUAU ACG
Ccu
CGUGCGCUA 67. 176. 13 70.1 62.8 161.5 12 71.0
GCACGCG U
GAGCUGGUC 60. 164. 9. 53.2 68.3 188.32 9. 52.9
CUCG CCAG
GCACUGAGG 68. 191. 95 51.4 81.9 231.4 9 51.3
CGUG CcuccC
GCACUGCAG? 57, 156. 9 il 7 64.1 176.4 e 5.3
CGUG CGUC
GACGCUAGC ©5, 269. 10. 50.4 88.2 251.6 10 50.3
CUGCG UCG
CGACUGCAG 61. 171. 8. 46.5 62.6 174.4 G 47.2
GCUG CGUC
CUGCUGUCG 68. 191. 8. 47.6 80.3 229.5 9 47.2
GACG CAGC
GGUACUAAGC 78. 223. 8. 46.3 70.1 198.1 8. 46.6
CCAUG UUCG
CAGACUAGC 62. 1755 8. 44.5 66.0 186.9 8 44.2
GUCUG UCG
GCUCUGUG 74. 215, 7 39.3 68.0 196.7 7 39.3
CGAG CAC
GCUCUAUG 53, 151, 6. 35.7 64.1 185.3 6 36.2
CGAG UAC



http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cshlp.org on March 5, 2022 - Published by Cold Spring Harbor Laboratory Press

Bulge loop stability

TABLE 2. Continued

uc

tion between the influence of the bulge
and the adjacent stem. The best correla-
tion was observed when we graphed the
free energy of the bulge determined using

GAGUCUCAC 58.5 158.1 9.5 53.5 66.7 183.0 ©.9 53.5
cue cacue the Watson—Crick parental strand and
CAGUCGAGC 82.1 231.4 10.3 52.1 95.3 272.4 10.8 31,5 the Second least Stable Stem Of the four
GUC GCUCG

potential stem (Table 1). Note that some-
ACUGCAUCG 56.4 152.9 8.9 50.8 61.12 167.7 ERS 50.5 . .
UGACGU GC times the second least stable stem includ-
CAGAUCAGC 67.6 192.3 8.0 43.6 70.0 199.8 8.0 43.7 ed a wobble base pair. The results of this
GUCU GUCG . . .

analysis are presented in Figure 2. The
GUAUCGUCG 53.8 148.9 7.6 43.5 59.2 166.5 7.6 42.7 . . . .
- line for the group III data is not signifi-
GCAUCUGUG 74.2 213.9 7.9 42.7 86.7 253.9 7.9 42.1 Cantly dlfferent than the group I and
€U GAcAC group II data. The data from the group
gecueac o3 1218 G628 1160 6.6 37.3 L, 11, and III bulge loops can therefore be

“Solutions are 1.0 M NaCl, 10-20 mM sodium cacodylate, 0.5 mM EDTA (pH 7).
PNucleotide in bold are potential bulge residues. Top sequence is written 5'—»3' and
bottom stand is written 3'—=5’.

“Calculated at 10~* M oligomer concentration.

9Znosko et al. (2002). The averaége deviations in thermodynamic parameters are
8.5%, 9.2%, and 2.2% for AH®, ASY, and AG%, respectively.

The average enthalpy contribution for group III single nucle-
otide bulge loops is 15.2 kcal/mol for insertion of a bulge into

combined to generate a relationship to
predict the thermodynamic influence of
all bulge loops. That relationship is given
in the equation below:

0
AG 37 bulgeloop =

- 0~51AG037lessstablestem +0.85, (5)

aduplex and 13.6 kcal/mol for insertion of a bulge into a hair-

pin stem.

DISCUSSION

Non-nearest-neighbor influences on
the thermodynamics for group Il
bulge loop on duplex formation

buige | WG | WG’ | o - bulze | At | O | g -
. . sequence T | (kca]/mbol) occurrence” sequence (kca]/m;]) iz (kcal/n:ol) Occurrence”
The main determinant of the thermody- e LT e e
namic influence of group I and II bulge Gug |* 06 37 |UGU |43 |39 147° |44
. 4.0 4.4 4.4 15.8
loops on duplex formation was shown CGAG |49 36 27.6 ACUG | ¢ Ag i
. R G UC |47 : 9.8 e UG C e e e aa
to be due to non-nearest-neighbor influ- - : : ; <
CGAU 40 3.8 172 GCUA 35 39 -12.3
ences (Blose et al. 2007; McCann et al. Gua |* : 1.6 cGU |05 1.0 8.3 10.8
. e UGAC |45 45 19.7 GCUG | 3.9 44 9.0
2011). Specifically, the stability of the AUG |38 |45 3.9 12 cGC |47 48 216 16
1 1 1 UGAG |32 2.7 25.1 UCUA 2.8 10.7
stem affects the extent tg Whlch insertion e 133 o o 00 AU |23 00
of the bulge loop destabilized the duplex. UGAU | ¢ 22 100 UCUG |5, 34 s
. Aua | : 2.8 AGC > : 3.6
To determine if group III bulge loops are
; i CAGC 40 AUCA 40
also 1nﬂ}1enced by the stability of. the CAGS |43 1.9 6 A K 9.4 s
stems adjacent to the bulge, we examined CAGU |, 4l an AUCG |34 31 182
s . . gua |* : 04 uGe |31 21 15.9 238
how the stability of the adjacent stem in- GAGG 20 AUGT )
; oGS [ 46 : 26.8 08 Sy |43 : 1.7 6
fluences the t.hermf)dyr.lamlcs of group II1 o3 = o GueA = .
bulge loops insertion into a duplex. The CUA [39 4.1 10.3 0.0 cGu |~ : 8.4
. . . UAGC 15 2.0 16.9 GUCG 34 4.1 15
conformational ambiguity of the group AUG |V : 038 € Ge : o 32
3 UAGU |39 4.4 7.4 GUCU 3.1
III bulge loops allows for two possible oo 153 B o 6 coa |30 205 -

sets of duplexes (Table 1) and, therefore,
four possible stems. In addition, the in-
fluence of the bulge depends upon which
of the potential parental strands is select-
ed (Table 1). Many combinations were
tested, most of which gave a poor correla-

where AG%; |ess stable stem 1S the less stable stem for group I
bulge loops and the second least stable stem for group II
and group III bulge loops. While this represents a simple
model to predict the influence of bulge loops on the stability
of duplex formation, because of the non-nearest-neighbor

TABLE 3. Thermodynamic parameters and natural occurrence for group I bulges

“Values calculated as described in text.

PPercentage of group Il bulge loops with listed sequence.

“Multiple values represent multiple measurements of the same bulge loop sequence
in different duplex stems.

9Znosko et al. (2002). Total number of single nucleotide group Il bulge sequences
is 249.
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Fluorescemn
Monomer
Dimer

Trimer

sceuc’,

sceuc®,

A
FGCAGG ,

¥a

FIGURE 1. tlc analysis of in-line probing of group III bulge loops.
(Lanes 1,4) Size markers: monomer, dimer, and trimer, each are labeled
on the 3" end with fluorescein. (Lane 2) Cleavage of group III hairpin
sequence given in lower left of figure. (Lane 3) Control lane, hairpin in-
cubated at 0°C in probing buffer. (Lane 5) Cleavage of group IIT hairpin,
sequence given in lower right of figure. (Lane 6) Control lane, hairpin
incubated at 0°C in probing buffer. Hairpin figures indicate position
of bulge and cleavage site.

FGCGAG ,

influences, it cannot be incorporated directly into the current
RNA secondary structure prediction programs.

Example calculations

Using the example duplex given in Table 1, the measured free
energy for the duplex is 6.4 kcal/mol at 37°C (Table 2). The
stability of the parent duplex forming the Watson—Crick
base pair has a predicted stability using the nearest- neighbor
model of 10.4 kcal/mol at 37°C. The free energy increment for
the insertion of the bulge is then taken as the difference be-
tween the measured and predicted values or 4.0 kcal/mol.
This represents the measured value presented in Table 3.
The predicted value for the free energy increment for inser-
tion of the group III bulge loops on duplex formation is given
by Equation 5. For this example, the second least stable stem
of the four potential stems is 5'-GUCG/3’-CAGU which has a
predicted stability of —5.8 kcal/mol at 37°C. Using the —5.8
kcal/mol value in Equation 5 predicts that the free energy in-
crement for insertion of the group III bulge should be 3.8
kcal/mol at 37°C, a difference of 0.2 kcal/mol from the mea-
sured value. Similar calculations were done for all of the group
III bulge loops in Table 3. The average difference between the
measured and predicted values for the group III bulge loops
was 0.41 kcal/mol. Twenty-two of the 36 measured group
III bulge loops had predicted values within 0.5 kcal/mol of
the measured values, and only two had predicted values
that were >1 kcal/mol. The two were 5-CAGUCGAGC/3'-
GUCAGUCG and 5-ACUGCAUCG/3’-UGACGUGC; in
both instances, the bulge loop is near the duplex terminus.
In both cases, the predicted value is less than the measured
free energy increment. It is possible that with these instances,
the duplexes are forming structure other than the bulge loop;
the entire end of the duplex may be frayed or the ends may
form alternate non-Watson—Crick base pairs. There are
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four other examples where the bulge is located near the termi-
nus of the duplex and the free energy increments are predicted
well; therefore, it is not obvious why the two examples above
are predicted less well. Previous models to predict the free en-
ergy increment have used a constant value or 3.8 kcal/mol for
the free energy increment for the insertion of a bulge loop into
a duplex (Mathews et al. 1999). Using this model, the average
difference between the measured and predicted values is 0.78
kcal/mol. Thus the model presented in Equation 5 improves
the prediction of the free energy increment for insertion of a
group III bulge loops into a duplex by, on average, 0.3 kcal/-
mol over the previous model.

Structural determination of the group Il bulged
nucleotide using in-line probing

The results of the in-line cleavage of the hairpins listed in
Table 4 show that the major fluorescent product was the frag-
ment expected if the bulged nucleotide was the one further
from the hairpin loop, irrespective of whether the resulting
hairpin forms a Watson—Crick or wobble base pair. These re-
sults are in agreement with those obtained for group II bulge
loops, where it was observed that the bulge nucleotide was
also the one further from the hairpin loop (McCann et al.
2011). Thus it appears that structural constraints are more

TABLE 4. Summary of in-line cleavage results

Percentage cut at Percentage cut at
3’ side guanosine 3’ side adenosine

5> CGUCN\ >95
FGCAGG
5> CGU C >95
FGCGAG
5" GAUAA >95
FCUAGUU
5" GAUAA 75 25
FCUGAUU:
5> CAU G >95
FGUAGC
5° CAU G >95
FGUGAC

5’ FCUAGUA! >95
GA U AU
5’ FCUGAUA >95
GA U AU
5 FGCAGG >95
CGU C
5’ FGCGAG >95
CGU C
5’ FGCAGGA 20 80
CGU CU
5 FGCGAGA >95
CGU CU
5 FGUAGC >95
CAU G
5’ FGUGAC 80 20
CAU G

“Represents GAAA tetraloop.
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TABLE 5. Thermodynamic parameters for hairpin formation in
1 M NaCl?

-AH® -AS° -AG®3; Tm
RNA Hairpinb kcal/mol (eu) (kcal/mol) (§9)
parent
CGUCGAAAGAGCGF 24.6+3.1 75.6+9.3 0.8+0.2 48.0
CGUCGAAAGGACGF 34.3+3.1 105.7+9.6 1.5+0.4 51.0
CGUCGAAAGACG 422432 125.949.7 3.240.2 61.8
CGUCGAAAGGCG 40.7+3.6 121.5+11.8 3.0£0.4 62.1
GAUAAGAAAUUAGUCF 30.3+3.4 97.2+10.8 0.1£0.1 384
GAUAAGAAAUUGAUCF no observable transition
GAUAAGAAAUUAUCF 43.6+5.5 135.7+17.0 1.540.2 47.8
GAUAAGAAAUUGUCF 46.3£7.7 148.0+24.2 0.4+0.3 39.7
CAUGGAAACAGUGF 28.1+3.5 90.5+10.6 0.1+0.3 37.6
CAUGGAAACGAUGF 18.5+4.3 59.0+13.5 0.1+0.3 39.8
CAUGGAAACAUG 42.4+4.4 130.0+13.3 2.1+0.3 53.1
CAUGGAAACGUG 31.8+2.2 101.4+7.5 0.4+0.1 41.0
FCUAGUAGAAAUAUAG 28.1£3.5 90.5+10.6 0.1+0.3 37.6
FCUGAUAGAAAUAUAG 34.8+12.9 113.4+42.0 -0.4+0.2 335
FCUAUAGAAAUAUAG 45.2+19.5 140.6+63.2 2.0£0.4 52.6
FCUGUAGAAAUAUAG non-two state
FGCAGGGAAACUGC 19.7£3.5 64.9+10.6 -0.5+0.3 299
FGCGAGGAAACUGC 20.4+3.2 64.1+9.8 0.6+0.4 459
GCAGGAAACUGC 30.7+4.6 91.0+14.1 2.5+0.4 64.2
GCGGGAAACUGC 34.2+3.7 103.0+11.9 2.240.2 58.5
FGCAGGAGAAAUCUGC 25.842.9 75.74£9.0 2.3+04 67.1
FGCGAGAGAAAUCUGC 31.3#9.1 97.1+28.5 1.240.4 49.1
FGCAGAGAAAUCUGC 39.6+8.4 115.8+25.4 3.7+0.6 68.6
FGCGGAGAAAUCUGC 37.1£5.7 109.4+20.0 3.2+0.7 66.2
FGUAGCGAAAGUAC 24.6+5.5 78.6x17.4 0.2+0.3 394
FGUGACGAAAGUAC 22.7+3.7 71.5+11.8 0.5+0.2 44.1
GUACGAAAGUAC® 38.3+2.0 115.446.2 2.540.1 58.7
GUGCGAAAGUAC 30.8+2.2 93.9+8.0 1.6£0.3 54.5

“Measurements were made in 1.0 M NaCl, 20 mM sodium cacody-
late, and 0.5 mM Na,EDTA (pH 7). Errors in AH®, AS°, and AG® are
standard deviations.

PHairpin loop sequences are underlined, and potential bulges are
shown in bold.

“Lim et al. (2012).

critical to determining the bulged nucleotide than the stabil-
ity of the corresponding stem. No cleavage was detected due
to fraying of the ends of the hairpin stem. This may be due to
the fact that while a bulge confers conformational flexibility
on a duplex, the preferred conformation is favorable for in-
line cleavage (Portmann et al. 1996).

Thermodynamics of group Il bulge loops
embedded within a hairpin stem

Table 5 lists the thermodynamics for hairpin formation of
the 14 hairpins examined by in-line probing. Also included
in Table 5 are the thermodynamics of hairpin formation of
the parent hairpins, including both the Watson—Crick and
wobble base paired stems. Some of the hairpins in Table 5
have a fluorescein tag at either the 5" or 3’ end. We have pre-
viously shown that the fluorescein tag does not affect the
thermodynamics of hairpin formation (Lim et al. 2012), so
we will not consider it further in our analysis. Again, there
is a multitude of ways to analyze the influence of a group
I1I bulge on the thermodynamics of hairpin formation due
to the ambiguity of the bulged nucleotide. The influence of
the bulge loop on the thermodynamics of hairpin formation

was determined using Equation 4 for both the Watson—Crick
and wobble parental hairpins.

Table 6 displays the results of this analysis. The in-line
probing results show that the bulged nucleotide was the one
further from the hairpin loop, so we selected this nucleotide
as the bulge, irrespective of whether or not this led to the for-
mation of a wobble base pair. For group II bulge loops imbed-
ded in a hairpin stem, the stability of the hairpin stem distal
from the hairpin loop gave the best prediction of the influence
of the bulge on the thermodynamics of hairpin formation
(Lim et al. 2012). Therefore, we chose a similar model, using
the stability of the distal stem and Equation 5, to predict the
influence of the group III bulge loops on hairpin stability.
The predicted values for the insertion of a group III bulge
loop into a hairpin stem also are listed in Table 6. The best
agreement between the measured and predicted values is ob-
tained using the measured values for the parental hairpin with
the Watson—Crick base pair rather than the wobble parental
strand and selecting the parental hairpin based upon the in-
line probing results (nucleotide further from the hairpin
loop was selected as the bulged base).

For example, using the two hairpins shown in Figure 1,
CGUCGAAAGCAGCG and CGUCGAAAGCGACG (where
underlined letters represent the hairpin loop, and bold letters
are the potential bulge nucleotides), the parental hairpin in
both cases would be modeled as CGUCgaaaGCACG (irre-
spective of the in-line probing results). The stability of this
hairpin is —3.2 kcal/mol at 37°C (Table 5). The measured val-
ues for the stability of the two hairpins containing the group
III bulge are —0.8 and —1.5 kcal/mol at 37°C, respectively
(Table 5). The measured values for the insertion of the bulge
loops would be 2.4 and 1.7 kcal/mol at 37°C for the first and
second hairpin, respectively (Table 6). The distal stem for
both hairpins would be 5’ -CG/3’-GC; therefore, the predicted
value for the insertion of the bulge loop into the hairpin stem
would be 2.1 kcal/mol, using Equation 5 and the stability of 5'-
CG/3'-GC nearest-neighbors (—2.36 kcal/mol) (Table 6).

Using this model, there is good agreement between the
measured and predicted values with an average difference
of 0.4 kcal/mol. Therefore, the model developed for the influ-
ence of bulge loop insertion into a duplex motif can be ex-
tended to predict the influence of the insertion of group III
single nucleotide bulge loops into the stem of a hairpin, if
the stability of the parental hairpin is chosen with the stem
forming the Watson—Crick base pair and the AG® (stem) is
calculated for the distal stem.

Enthalpic contributions of group Ill single nucleotide
bulge loops on duplex and hairpin formation

Since the free energy increment for the insertion of a group II1
bulge loops was dependent upon the stability of the stem
adjacent to the bulge, we investigated the influence of stem
stability on the enthalpy of bulge insertion. As previously ob-
served for the group I and II bulge loops, the least-squares fit
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TABLE 6. Free energy increment for bulge loops®

nucleotide bulge loops are listed in
Table 3. Over one-third of the group III

Measured® Measured* Predicted’ bulge loops have the sequence (CG
Parent with A-U Parent with G-U : : :
e ey AC/GUG). This bul.gf: includes the hl.ghl.y
o conserved A at position 397 (Escherichia
R (ﬁg;;:;‘f; (lfcfl/mffe (Akfaf]n‘;(',‘i) coli numbering) of the small ribosomal
- RNA. Since the stability of group III sin-
en . . .
gle nucleotide bulge loops is independent
CGUCGAAAGAGCGF ZE 22 2 of the identity of the bulge, there is no
CGUCGAAAGGACGF 1.7 15 2.1 correlation between the thermodynamic
TGN TUTACTITT na a3 . contribution of the bulge and its frequ?n—
cy of occurrence. Therefore, the section
GAUAAGAAAUUGAUCF 18 . .
of naturally occurring bulge nucleotides
CAUCEAMCAGUCE 20 03 17 must be related to factors other than
CAUGGAAACGAUGF 2.0 0.3 17 stability.
S end The distribution of bulge loops embed-
ded within a hairpin stem was then exam-
ARG SR 1 7 ined. We selected for bulge loops
FCUGAUAGAAAUAUAG 24 17 embedded in the stems of hairpin loops
FGCAGGGAAACUGC 3.0 27 2.6 from 3-8 nt in length and 1-6 bp from
the hairpin loop. A total of 212 (or 88%)
FGCGAGGAAACUGC 1.9 16 2.6 oo
group III bulge loops match these criteria.
FGCAGGAGAAAUCUGC 13 08 26 Since >70% of the ribosomal RNAs are
FGCGAGAGAAAUCUGC 25 20 2.6 found in hairpin structures, it is not sur-
FGUAGCGAAAGUAC 23 1.4 1.8 prising that a high proportion of the
group III bulge loops are present in hair-
FGUGACGAAAGUAC 2.0 L1 18

pin stems. Of the 212 group III bulge

“Measurements were made in 1.0 M NaCl, 20 mM sodium cacodylate, and 0.5 mM

Na,EDTA (pH 7).

PHairpin loop sequences are underlined, and potential bulge nucleotides are shown

in bold.
“‘Measured using Equation 4.
dpredicted as described in text.

of data did not have a slope significantly different from zero
(data not shown), suggesting that the average enthalpy value
(15.2 kcal/mol for duplex insertion and 13.8 kcal/mol for
hairpin) is a reasonable approximation for the enthalpic en-
ergy contribution for insertion of a group III bulge loop. The
enthalpic contributions due to a group III bulge loops are not
statistically different than the value obtained for group I or
group II bulge loops (16.5 kcal/mol), so all of the enthalpic
values for group I, II, and III bulge loops can be combined
for an average value of 16.0 kcal/mol. The enthalpic values
can be used in conjunction with the free energy parameters
to determine the stability of RNA structures at temperatures
other than 37°C (Lu et al. 2006).

Phylogenetic analysis of group Il single nucleotide
bulge loop

The database examined in this study contained 249 group III
single nucleotide bulge loops. Group III bulge loops are less
numerous than the group I (3520) or group II (768) bulge
loops. The frequencies of occurrence of the group III single
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loops, 163 of them are either AG or GA
(data not shown). The bulge loops were
then characterized as having the bulged
base either nearer or further from the
hairpin loop. The majority, 120 of the
212, had the nucleotide further from the
hairpin loop as the bulged nucleotide.
Almost 90% of the phylogenetically determined group III
bulge loops formed Watson—Crick base pairs; only 24 of the
bulge loops formed wobble base pairs. These results are inter-
esting given that the in-line probing results suggest a marked

(kcal/mol)
P T

N
i

AG®3; of Bulge

-AG®3; of second
least stable stem
(kcal/mol)

FIGURE 2. Plot of free energy change for group III bulge loop forma-
tion, AGS7puige> Versus free energy of second least stable duplex stem, as
described in text. Group III bulge indicated by black circle. Lines are the
least-squares fit of the data points (group I and II, gray solid line [Blose
et al. 2007]; black group III, black dotted line; all, black solid line).
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preference for the group III bulged nucleotide to be the nucle-
otide further from the hairpin loop irrespective of whether the
resulting hairpin formed the Watson—Crick or Wobble base
pair. Factors beyond thermodynamics are clearly important
in bulge loop selection and structure in native structures.

Naturally occurring group 111 bulge loops

An interesting bulge loop in the context of a hairpin stem is
position 2402 of the large ribosomal subunit. The secondary
and tertiary structures of the bulge loop are shown in Figure 3
(Schuwirth et al. 2005; Selmer et al. 2006). In Thermus ther-
mophilus, the bulged nucleotide, a cytosine residue, is 2 bp
from the hairpin loop. The analogous position in E. coli is
a uracil residue, which is also located 2 bp from the hairpin
loop. In both cases, the bulge loops are of the group IV
type, having sequence characteristics of both group II and
I1I bulges. That is, there is ambiguity as the bulged nucleotide
could be represented by any of the 4 nt on the 5’ side of the
hairpin loop. Both bulge loops are positioned in an extrahel-
ical orientation and are pointing into an “open” pocket where
there is no discernible interaction with other components of
the ribosome. However, they point in opposite directions
with the bulged nucleotide in T. thermophilus pointing
away from the hairpin loop, while the E. coli bulge is located
alongside the hairpin loop. It is possible that, in fact, the
bulge loops are interacting with some unresolved structural
component of the ribosome that leads to the specificity of
the bulged nucleotide identity and position. Alternately, the
bulged nucleotide may by directed by the wobble base pair
next to the bulged position in T. thermophilus rRNA.

A second example of a naturally occurring group III bulge
loop is position 70 in the RNase P RNA of E. coli. In the native
RNase P, the bulge is localized in a duplex. Schmitz and
Tinoco (2000) has examined the structure of the bulged
loop in the context of a hairpin stem as shown in Figure 3.

o Sy

uc
u S
GU G & UG U--A
] A A G G--C
G_A s A &6
% U--G =
Y- U--G o
G o U

FIGURE 3. Secondary and tertiary structure of naturally occurring
bulge loops. Position 2402 in the large ribosomal subunit RNA, (left)
T. thermophilus, (center) E. coli, and (right) position 70 in E. coli
RNase P RNA. Boxed nucleotides in the secondary structure diagrams
are shown in the three-dimensional presentations. The bulged nucleo-
tide is shown in CPK color and the nearest-neighbor pairs in red
(same strand as the bulge) and blue (opposite strand). Extracted from
PDB files 2AW4, 2J03, and 1F7F.

The bulged nucleotide is a uracil residue and represents the
base located further from the hairpin loop. In this context,
the bulge is positioned away from the hairpin loop. Interest-
ingly, if the cytosine residue of the bulge is mutated to uracil,
producing a group II bulge, the bulge undergoes a rearrange-
ment, and now the base closer to the hairpin loop becomes
the bulged nucleotide.

These examples emphasize the structural flexibility im-
parted into the RNA when a bulge is introduced. Further
investigation will be needed to understand the forces respon-
sible for the selection of the correct bulged nucleotide and its
orientation in a complex structural motif.
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