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ABSTRACT

Bulge loops are common features of RNA structures that are involved in the formation of RNA tertiary structures and are often sites
for interactions with proteins and ions. Minimal thermodynamic data currently exist on the bulge size and sequence effects. Using
thermal denaturation methods, thermodynamic properties of 1- to 5-nt adenine and guanine bulge loop constructs were examined
in 10 mMMgCl2 or 1 M KCl. The DGW

37 loop parameters for 1- to 5-nt purine bulge loops in RNA constructs were between 3.07 and
5.31 kcal/mol in 1 M KCl buffer. In 10 mM magnesium ions, the ΔDGW values relative to 1 M KCl were 0.47–2.06 kcal/mol more
favorable for the RNA bulge loops. The DGW

37 loop parameters for 1- to 5-nt purine bulge loops in DNA constructs were between
4.54 and 5.89 kcal/mol. Only 4- and 5-nt guanine constructs showed significant change in stability for the DNA constructs in
magnesium ions. A linear correlation is seen between the size of the bulge loop and its stability. New prediction models are
proposed for 1- to 5-nt purine bulge loops in RNA and DNA in 1 M KCl. We show that a significant stabilization is seen for
small bulge loops in RNA in the presence of magnesium ions. A prediction model is also proposed for 1- to 5-nt purine bulge
loop RNA constructs in 10 mM magnesium chloride.
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INTRODUCTION

Folding of RNA results in A-form helical regions that are in-
terspersed by bulges and loops of various sizes. These nonhel-
ical regions often have specific structural features that are
defined by the sequence and hence, become recognition sites
for biomolecules or ions (Peattie et al. 1981; Wu and Uhlen-
beck 1987; Gott et al. 1991; Correll et al. 1997; Heinicke et al.
2011). A bulge loop forms when one or more nucleotides are
present on one strand in a duplex region. Small bulge loops
are found in most large and small RNA (Woese and Guttell
1989; Cevec et al. 2010). For small bulge loops, the unpaired
nucleotides can be “flipped out” to allow a continual helical
structure to form or can stack within the helix to bend the
RNA (Turner 1992; Hermann and Patel 2000). Additional in-
teractions between the bulge nucleotides and helical stems
have been seen (Huthoff et al. 2004). Bending of the RNA
due to adenine or uracil bulge loops has been examined using
gel electrophoresis (Bhattacharyya et al. 1990), fluorescence
resonance energy transfer (Gohlke et al. 1994), and transient
electric birefringence (Zacharias and Hagerman 1995a,b),
among other techniques. NMR has been used to study the
dynamics of trinucleotide bulge loop structures (Zhang
et al. 2006, 2010). X-ray interferometry studies have provided

information on the ensemble of bent conformations present
in trinucleotide DNA bulge loop constructs (Shi et al. 2014).
Currently, only one study exists in which thermodynamic

properties of 1- to 3-nt adenine or uracil bulge loop RNA
were examined (Longfellow et al. 1990). Single-nucleotide
bulge loops have been studied in both RNA and DNA con-
structs (Zhu and Wartell 1999; Tanaka et al. 2004; Blose et
al. 2007; Minetti et al. 2010). A recent study examined the
thermodynamic stability of the trinucleotide bulge loops in
RNA (Murray et al. 2014).
We have previously examined the thermodynamic proper-

ties of pyrimidine trinucleotide bulge loop constructs derived
from the TAR RNA of HIV-1 and found that the stability of
RNA constructs rich in cytosine- or uracil-nucleotides bulge
loops were sequence dependent, with differences of up to
1.20 kcal/mol in 1 M KCl (Carter-O’Connell et al. 2008).
An additional ∼1.95 kcal/mol gain in stability was measured
for uracil-rich RNA bulge loops in 10mMmagnesium or cal-
cium ions over 1 M KCl. In the current study, we examined
the thermodynamic properties of RNA constructs containing
1- to 5-nt purine bulge loops. Both adenine- and guanine-
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nucleotide bulge loops were studied in a 5′U–(Bulge)–U3′ he-
lical context. We compared the thermodynamic parameters
for 1- to 5-nt adenine or guanine bulge loops and measured
the effect of the bulge loop size on RNA stability in 1 M KCl
or 10 mM magnesium ions. An additional helical context,
5′U–(Bulge)–G3′, was also examined to model the 4-nt mixed
purine and pyrimidine bulge loop constructs in RNA; these
modifications were inspired by the A-rich bulge of the
P5abc region of Group 1 intron from Tetrahymena thermo-
philia (Cate et al. 1997). The A-rich bulge of P5abc is involved
in intron folding and shows several magnesium ion binding
sites in the crystal structure (Cate et al. 1997; Doherty and
Doudna 2001). The size and the secondary structure of this
A-rich bulge is proposed to change as the RNA folds in the
presence of magnesium ions (Wu and Tinoco 1998).

Bulged structures are also known to form in DNA if prim-
er-template misalign during replication (Kunkel 1990) or
during recombination when imperfect homologous strands
interact. The bulged DNA is believed to play a role in
frame-shift mutagenesis and in single stranded DNA viruses
(Streisinger andOwen 1985). In this study, we have examined
the DNA constructs with 1- to 5-nt adenine or guanine bulge
loops in constructs similar to those used for RNA. This allows
us to compare the thermodynamic effects of bulge nucleo-
tides on both DNA and RNA constructs.

Here we show that the stability of purine-rich bulge con-
structs is influenced by the bulge size with a linear correlation
seen between bulge size and stability, with the exception of
the guanine trinucleotide bulge loops. Interactions with mag-
nesium ions impart stability to all bulge loop constructs in
RNA. Our data lead to new prediction models for 1- to
5-nt bulge loops in RNA and DNA.

RESULTS

RNA constructs, 1 M KCl

The stability of 1- to 4-nt guanine bulge loop constructs
ranged from −12.36 kcal/mol (1 nt) to −9.63 kcal/mol
(4 nt) in 1 M KCl (Fig. 1A; Table 1). The stability of 1- to
5-nt adenine bulge loop constructs ranged from −12.02
kcal/mol (1 nt) to −9.19 kcal/mol (5 nt) in 1 M KCl (Fig.
1A; Table 1). The purine bulge loops of similar sizes showed
similar stability in the helical context examined here, with the
exception of the trinucleotide guanine bulge loop, which was
0.79 kcal/mol more stable than the corresponding adenine
bulge loop construct (Fig. 1C).

A helix construct (with no bulge) was also examined. The
stability of the helix construct in 1 M KCl at pH 6 buffer was
−15.43 kcal/mol. The stability of the RNA helix construct in 1
M NaCl at pH 6 buffer was −15.98 kcal/mol (Table 1).
Sodium ions have a slightly higher charge density, implying
that the interactions of sodium ions with RNA should be
slightly more favorable than those of potassium ions in the
absence of any specific ion–RNA interactions.

DNA constructs, 1 M KCl

One- to 5-nt adenine or guanine bulge loop DNA constructs
were designed with an additional base pair in upper and low-
er stems to increase the stability of the DNA constructs while
maintaining the same nearest-neighbor context around the
bulge as in the RNA constructs (Fig. 1D). In 1 M KCl, the
stability of guanine constructs ranged from −11.03 kcal/
mol (1 nt) to −8.87 kcal/mol (5 nt). For adenine bulge loops,
the stability changed from −10.62 kcal/mol (1-nt bulge) to
−8.66 kcal/mol (5-nt bulge) (Table 2). The 3-nt guanine
bulge loop shows slightly higher stability, similar to the
RNA construct. The loop stabilities for DNA constructs
were calculated in a manner similar to that used for RNA.

ΔG
W

37loop parameters, 1 M KCl

Breaking a helical structure with a bulge loop destabilizes the
RNA. The changes to RNA stability upon incorporation of
bulge loops are represented as DGW

37 loop parameter. For a
single-nucleotide bulge loop, the assumption is that the heli-
cal base stacking is not disrupted (Jaeger et al. 1989; Blose
et al. 2007) and hence, the calculations are performed as
shown in Equation 1:

DGW

37 loop = DGW

37 RNAwith loop − DGW

37 helix. (1)
For 2- to 5-nt bulge loops, the calculations for the DGW

37

loop parameter were performed with the energetics of dis-
rupted base stacking taken into account, as shown in
Equation 2 (Jaeger et al. 1989; Xia et al. 1998):

DGW

37 loop = DGW

37 RNA with loop − (DGW

37 helix

− DGW

37 disrupted base stacking). (2)
The DGW

37 loop parameters for various size adenine and
guanine bulge loops are reported in Table 3. One- to 5-nt

A B C D

FIGURE 1. RNA and DNA constructs used in this study. (A) The pu-
rine bulged RNA constructs containing 1- to 5-nt (labeled RN, where R
= A or G and N represents the number of nucleotides in the bulge). (B)
Four-nucleotide constructs designed for examining mixed purine and
pyrimidine bulge constructs. (C) The RNA helical construct without a
bulge. (D) DNA constructs with RN bulge loop (where R = A or G,
and N = number of nucleotides in the bulge). The additional base pairs
added to the DNA constructs are shown in italics.
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TABLE 1. Thermodynamic data for the RNA constructs

ΔH
W

kcal/mol ΔS
W

eu DG
W

37 kcal/mol Tm
W

C, 1 × 10−4 M ΔH
W

kcal/mol ΔS
W

eu DG
W

37 kcal/mol Tm
W

C, 1 × 10−4 M

Name Sequence 1/Tm versus ln Ct/4 Average from curve fit

A1 5′-UAACGU(A)UGGCA-3′

3′-AAUUGCA- --ACCG-5′
−87.8 ± 3.2 −244.3 ± 9.8 −12.02 ± 0.13 57.7 87.6 ± 2.4 −243.7 ± 7.5 −12.03 ± 0.11 57.8
−97.8 ± 0.9 −272.4 ± 2.7 −13.33 ± 0.05 60.2 95.5 ± 2.2 −256.4 ± 6.6 −13.22 ± 0.10 60.8

A2 5′-UAACGU(A)2UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−74.5 ± 2.5 −206.9 ± 8.0 −10.34 ± 0.06 53.7 −75.7 ± 5.0 −210.7 ± 15.7 −10.37 ± 0.10 53.6
−98.6 ± 2.6 −278.8 ± 8.0 −12.13 ± 0.10 55.7 −93.7 ± 2.5 −263.5 ± 7.7 −11.93 ± 0.10 56.0

A3 5′-UAACGU(A)3UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−79.74 ± 2.1 −224.7 ± 6.6 −10.04 ± 0.05 51.3 −85.3 ± 3.2 −242.2 ± 10.3 −10.14 ± 0.03 50.7
−87.19 ± 2.5 −245.2 ± 7.8 −11.14 ± 0.09 54.3 −88.7 ± 2.1 −250.0 ± 6.6 −11.19 ± 0.05 54.2

A4 5′-UAACGU(A)4UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−66.6 ± 2.3 −184.5 ± 7.2 −9.41 ± 0.03 51.0 −68.3 ± 9.1 −189.6 ± 29.1 −9.45 ± 0.08 50.9
−78.8 ± 3.2 −220.9 ± 10.2 −10.25 ± 0.08 52.4 −79.2 ± 4.8 −222.3 ± 15.3 −10.25 ± 0.07 52.3

A5 5′-UAACGU(A)5UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−69.5 ± 2.3 −194.5 ± 9.5 −9.19 ± 0.04 49.3 −70.6 ± 7.2 −197.9 ± 23.1 −9.21 ± 0.06 49.2
−84.0 ± 1.9 −239.0 ± 6.0 −9.85 ± 0.03 49.8 −82.2 ± 4.6 −233.4 ± 14.6 −9.84 ± 0.05 50.0

G1 5′-UAACGU(G)UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−90.5 ± 5.1
(−82.6 ± 7.4)

−251.9 ± 14.7
(−227.2 ± 22.9)

−12.36 ± 0.4
(12.32 ± 0.34)

58.1
(59.1)

−82.3 ± 4.8
(−87.1 ± 6.3)

−232.5 ± 17.4
(−241.2 ± 19.1)

−12.11 ± 0.21
(12.10 ± 0.38)

59.0
(59.4)

−86.4 ± 5.4 −235.3 ± 17.8 −13.43 ± 0.35 63.6 −89.1 ± 5.7 −243.4 ± 15.4 −13.56 ± 0.14 63.6

G2 5′-UAACGU(G)2UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−68.7 ± 2.1 −188.5 ± 6.7 −10.24 ± 0.06 54.7 −69.0 ± 2.7 −189.3 ± 8.7 −10.25 ± 0.06 54.7
−92.7 ± 3.6 −258.9 ± 11.0 −12.49 ± 0.15 58.3 −92.4 ± 1.4 −257.6 ± 4.1 −12.48 ± 0.09 58.4

G3 5′-UAACGU(G)3UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−74.7 ± 1.3 −206.1 ± 4.2 −10.83 ± 0.04 55.9 −79.2 ± 3.0 −220.1 ± 9.3 −10.97 ± 0.11 55.4
−94.2 ± 2.6 −265.1 ± 8.8 −12.01 ± 0.10 56.2 −92.9 ± 2.0 −260.9 ± 6.2 −11.97 ± 0.08 56.3

G4 5′-UAACGU(G)4UGGCA-3′

3′-AAUUGCA- - - -ACCG-5′
−55.2 ± 3.4 −146.8 ± 10.8 −9.63 ± 0.10 55.5 −59.0 ± 4.7 −159.0 ± 14.8 −9.66 ± 0.15 54.4
−73.2 ± 3.9 −201.2 ± 12.1 −10.75 ± 0.13 56.0 −73.9 ± 1.4 −203.4 ± 4.5 −10.78 ± 0.09 55.9

RNA
helix

5′-UAACGUUGGCA-3′

3′-AAUUGCAACCG-5′
−88.0 ± 0.8
(−86.4 ± 5.4)

−234.1 ± 2.7
(−227 ±16.1)

−15.43 ± 0.08
(−15.98 ± 0.40)

71.9
(75.1)

−83.8 ± 2.5
(−85.8 ±4.7)

−221.3 ± 7.4
(−225.3 ± 13.9)

−15.10 ± 0.19
(−15.91±0.41)

72.3
(75.1)

−91.4 ± 0.6 −244.2 ± 1.7 −15.62 ± 0.04 71.3 −95.5 ± 1.3 −256.5 ± 3.1 −15.95 ± 0.08 70.9

AAUA 5′-UAACUU(AAUA)GCGCA-3′

3′-AAUUGAA-- - - - - -CGCG-5′
−51.8 ± 2.1 −139.5 ± 6.6 −8.53 ± 0.03 49.4 −52.9 ± 1.5 −143.2 ± 4.8 −8.54 ± 0.05 49.2
−58.3 ± 2.0 −157.4 ± 6.2 −9.5 1 ± 0.04 53.7 −57.6 ± 2.3 −155.1 ± 7.3 −9.51 ± 0.06 53.9

AAUC 5′-UAACUU(AAUC)GCGCA-3′

3′-AAUUGAA-- - - - - -CGCG-5′
−56.2 ± 2.5 −155.5 ± 8.1 −8.31 ± 0.05 47.1 −53.0 ± 4.2 −144.0 ± 13.6 −8.29 ± 0.10 47.7
−58.4 ± 2.7 −158.0 ± 8.2 −9.35 ± 0.05 52.8 −58.0 ± 4.3 −157.0 ± 13.8 −9.35 ± 0.07 52.9

CCUA 5′-UAACUU(CCUA)GCGCA-3′

3′-AAUUGAA-- - - - - -CGCG-5′
−52.7 ± 3.2 −142.2 ± 10.3 −8.58 ± 0.08 49.5 −48.1 ± 2.9 −127.3 ± 9.4 −8.59 ± 0.1 50.9
−62.8 ± 4.4 −171.7 ± 13.9 −9.50 ± 0.12 52.4 −59.2 ± 9.5 −160.4 ± 30.1 −9.48 ± 0.17 53.3

CAUA 5′-UAACUU(CAUA)GCGCA-3′

3′-AAUUGAA-- - - - - -CGCG-5′
−51.0 ± 3.1 −137.5 ± 10.0 −8.38 ± 0.07 48.7 −52.0 ± 5.1 −140.7 ± 16.5 −8.35 ± 0.08 48.3
−58.3 ± 2.6 −158.1 ± 8.4 −9.31 ± 0.05 52.5 −54.5 ± 5.9 −145.9 ± 18.8 −9.29 ± 0.08 53.6

The top line shows the data for the construct in 1 M KCl at pH 6 buffer. The shaded line shows the thermodynamic data for the same construct collected in 10 mM MgCl2 at pH 6 buffer.
The 4-nt bulge constructs with mixed purine and pyrimidine sequence show the pyrimidine sequence in red. The 1 M NaCl (pH 6) data are shown in parenthesis below the 1 M KCl data
in the case of the G1 and RNA helix construct.

B
ulge

loops
in

R
N
A
and

D
N
A

w
w
w
.rnajournal.org

1315



TABLE 2. Thermodynamic data for the DNA constructs

Name Sequence ΔHW kcal/mol ΔSW eu DGW
37 kcal/mol Tm WC, 1 × 10−4 M ΔHW kcal/mol ΔSW eu DGW

37 kcal/mol Tm WC, 1 × 10−4 M

1/Tm versus ln Ct/4 Average from curve fit

A1 5′-GTAACGT(A)TGGCGA-3′

3′-ACATTGCA- - -ACCGC-5′
−64.6 ± 2.8 −174 .1 ± 8.7 −10.62 ± 0.10 58.0 −72.9 ± 3.2 −199.8 ± 9.8 −10.92 ± 0.19 56.9
−63.5 ± 3.1 −170.7 ± 9.6 −10.56 ± 0.11 58.0 −71.2 ± 3.1 −194.5 ± 9.4 −10.85 ± 0.17 57

A2 5′-GTAACGT(A)2TGGCGA-3′

3′-ACATTGCA--- -ACCGC-5′
−64.7 ± 3.5 −177.3 ± 11.1 −9.75 ± 0.09 53.3 −68.9 ± 4.5 −190.2 ± 14.2 −9.86 ± 0.13 52.8
−79.7 ± 2.6 −225.0 ± 8.4 −9.92 ± 0.05 50.8 −80.4 ± 4.0 −227.1 ± 12.5 −9.96 ± 0.05 50.8

A3 5′-GTAACGT(A)3TGGCGA-3′

3′-ACATTGCA--- -ACCGC-5′
−63.9 ± 1.7 −179.4 ± 5.4 −9.29 ± 0.03 51.0 −69.9 ± 2.8 −195.0 ± 8.7 −9.38 ± 0.10 50.2
−81.4 ± 1.4 −232.2 ± 4.4 −9.42 ± 0.02 48.4 −86.3 ± 4.2 −247.7 ± 13.5 −9.51 ± 0.10 48.1

A4 5′-GTAACGT(A)4TGGCGA-3′

3′-ACATTGCA- ---ACCGC-5′
−66.7 ± 2.6 −186.2 ± 8.2 −8.93 ± 0.03 48.6 −70.8 ± 3.2 −199.2 ± 10.0 −8.98 ± 0.07 48.1
−79.4 ± 3.4 −227.0 ± 11.1 −9.00 ± 0.04 46.9 −77.5 ± 5.6 −220.7 ± 17.9 −9.02 ± 0.03 47.3

A5 5′-GTAACGT(A)5TGGCGA-3′

3′-ACATTGCA- ---ACCGC-5′
−64.6 ± 2.8 −180.5 ± 9.1 −8.66 ± 0.03 47.5 −70.4 ± 2.1 −198.9 ± 6.7 −8.68 ± 0.07 46.8
−89.7 ± 2.5 −260.1 ± 8.7 −9.01 ± 0.02 45.8 −80.5 ± 1.6 −230.6 ± 5.2 −9.00 ± 0.08 46.8

G1 5′-GTAACGT(G)TGGCGA-3′

3′-ACATTGCA- - -ACCGC-5′
−75.7 ± 1.8 −209.0 ± 5.5 −11.03 ± 0.07 56.6 −87.0 ± 2.2 −243.5 ± 6.7 −11.03 ± 0.06 55.6
−87.1 ± 2.0 −244.0 ± 6.4 −11.46 ± 0.08 55.6 −87.0 ± 2.2 −243.5 ± 6.7 −11.46 ± 0.09 55.6

G2 5′-GTAACGT(G)2ATGGCGA-3′

3′-ACATTGCA- - - -ACCGC-5′
−65.8 ± 0.7 −180.9 ± 2.3 −9.73 ± 0.02 52.9 −64.9 ± 2.5 −177.9 ± 8.0 −9.73 ± 0.05 53.1
−74.9 ± 2.6 −209.7 ± 8.1 −9.87 ± 0.07 51.5 −74.4 ± 2.9 −208.1 ± 9.0 −9.87 ± 0.06 51.6

G3 5′-GTAACGT(G)3TGGCGA-3′

3′-ACATTGCA- - - -ACCGC-5′
−76.0 ± 1.6 −211.3 ± 5.0 −10.43 ± 0.04 53.8 −77.9 ± 1.2 −217.4 ± 3.7 −10.48 ± 0.05 53.6
−88.1 ± 1.5 −250.5 ± 4.7 −10.39 ± 0.03 51.2 −85.9 ± 3.6 −243.7 ± 11.5 −10.36 ± 0.05 51.4

G4 5′-GTAACGT(G)4TGGCGA-3′

3′-ACATTGCA- - - -ACCGC-5′
−57.4 ± 1.9 −155.3 ± 6.2 −9.20 ± 0.03 51.1 −59.9 ± 5.0 −163.3 ± 16.1 −9.26 ± 0.05 51.8
−90.1 ± 3.3 −258.3 ± 1−.5 −10.00 ± 0.06 49.4 −81.4 ± 4.5 −230.6 ± 14.4 −9.87 ± 0.09 50.3

G5 5′-GTAACGT(G)5TGGCGA-3′

3′-ACATTGCA- - - -ACCGC-5′
−47.4 ± 1.0 −124.3 ± 3.3 −8.87 ± 0.01 53.1 −47.6 ± 4.1 −124.9 ± 13.1 −8.89 ± 0.04 53.2
−79.2 ± 2.5 −224.0 ± 8.0 −9.73 ± 0.04 50.0 −81.1 ± 2.5 −230.0 ± 8.1 −9.75 ± 0.05 49.8

DNA
helix

5′-GTAACGTTGGCGA-3′

3′-ACATTGCAACCGC-5′
−104.7 ± 5.3
(−106.1 ± 3.9)

−287.6 ± 15.9
(−290.3 ± 11.4)

−15.57 ± 0.17
(−16.02 ± 0.37)

66.3
(67.5)

−102.6 ± 5.3
(−104.9 ± 8.4)

−281.7 ± 15.9
(−287.3 ± 25.4)

−15.40 ± 0.42
(−15.83 ± 0.35)

66.4
(67.2)

−113.5 ± 3.5 −315.7 ± 10.6 −15.62 ± 0.2 64.0 −105.3 ± 3.1 −290.95 ± 10.2 −15.12 ± 0.18 64.5

The top line shows the data for the construct in 1 M KCl at pH 6 buffer. The shaded line shows the thermodynamic data collected in 10 mM MgCl2 at pH 6 buffer. The 1 M NaCl data are
shown in parenthesis below the 1 M KCl data in the case of the DNA helix.
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adenine bulge loops destabilize the helical RNA between 3.41
and 5.31 kcal/mol. One- to 4-nt guanine bulge loops destabi-
lize the helical RNA between 3.07 and 4.87 kcal/mol. The
nearest-neighbor parameters from Xia et al. (1998) were uti-
lized for disrupted base stacking in RNA.
The calculations for DNA bulge loops were performed in a

manner similar to those for RNA. The nearest-neighbor pa-
rameters for DNA were obtained from SantaLucia et al.
(1996). Table 4 shows the DGW

37 loop parameters for DNA
constructs. One- to 5-nt loops destabilize the helix between
4.54 and 5.89 kcal/mol.

RNA constructs, 10 mM MgCl2

RNA bulge loop constructs are more stable in 10 mM
magnesium chloride

All RNA bulge loop constructs examined were additionally
stabilized in the presence of 10 mM magnesium ions over 1
M KCl (Table 1; Fig. 2). The gain in stability in the presence
of magnesium ions decreases the overall penalty for breaking
the helical structure. Thus, 1- or 2-nt bulge loops with addi-
tional interactions with magnesium ions are energetically less
expensive than would be expected based on DGW

37 loop pa-
rameter obtained in 1 M salt. Table 3 shows the DGW

37 loop
parameter for 1- to 5-nt bulge loops in the presence of mag-
nesium ions. The DGW

37 loop parameters were calculated as
shown for 1 M KCl. The 1 M NaCl DGW

37 values were used

for the disrupted base stacking interactions (Xia et al.
1998). The DGW

37 loop parameter was the most significant
for the dinucleotide constructs: −1.60 kcal/mol for adenine
and −2.06 kcal/mol for guanine (Table 3).

Mixed purine–pyrimidine 4-nt bulge loop RNA constructs
are similar in stability to 4-nt all purine constructs

A slightly modified RNA construct was designed to study a
mixture of purine and pyrimidine in the bulge loops (Fig.
1B). Changing one or more bulge loop purine to pyrimidine
in the 4-nt bulge loop constructs had a minimal effect on
DGW

37 in 1 M KCl conditions, from −8.31 to −8.58 kcal/
mol. In 10 mM magnesium, all constructs gained nearly 1
kcal/mol (−9.31 to −9.58 kcal/mol) in stability, similar to
4-nt purine bulge loop constructs.

DNA constructs, 10 mM MgCl2

One- to 3-nt bulge loop DNA constructs showed similar
stability in 10 mM magnesium and 1 M KCl. Four- and
5-nt bulge loops in DNA showed significant differences be-
tween adenine and guanine bulge loops. Four- and 5-nt gua-
nine bulge loop constructs were additionally stabilized in 10
mM MgCl2 by −0.80 kcal/mol and −0.86 kcal/mol, respec-
tively, over 1 M KCl (Table 2).

TABLE 3. The loop stabilities, DGW

37 loop, for RNA in 1 M KCl and
10 mM MgCl2

RNA bulge
sequence

DGW

37 loop,
1 M KCl,
kcal/mol

DGW

37 loop,
10 mM MgCl2,

kcal/mol

ΔΔGW,
magnesium

effect, kcal/mol

5′UAU3′

3′A- -A5′
3.41 2.29 −1.12

5′UAAU3′

3′A- - - -A5′
4.16 2.56 −1.60

5′UAAAU3′

3′A- - - - -A5′
4.46 3.55 −0.91

5′UAAAAU3′

3′A- - - - - - -A5′
5.09 4.44 −0.65

5′UAAAAAU3′

3′A- - - - - - - -A5′
5.31 4.84 −0.47

5′UGU3′

3′A- -A5′
3.07 2.19 −0.88

5′UGGU3′

3′A- - - -A5′
4.26 2.20 −2.06

5′UGGGU3′

3′A- - - - - -A5′
3.67 2.68 −0.99

5′UGGGGU3′

3′A- - - - - - - -A5′
4.87 3.94 −0.93

Appropriate 1/Tm versus ln Ct/4 DGW

37 values were used for 1 M
KCl and 10 mM MgCl2 experiments. The parameters for disrupted
base stacking are only available in 1 M salt condition (Xia et al.
1998) and hence, these were utilized.

TABLE 4. The loop stabilities, DGW

37 loop, for DNA in 1 M KCl
and 10 mM MgCl2

DNA bulge
sequence

DGW

37 loop,
1 M KCl,
kcal/mol

DGW

37 loop,
10 mM MgCl2,

kcal/mol

ΔΔGW,
magnesium

effect, kcal/mol

5′TAT3
′

3′A- -A5′
4.95 5.06 0.11

5′TAAT3
′

3′A- - - -A5′
4.80 4.68 −0.12

5′TAAAT3
′

3′A- - - -A5′
5.26 5.18 −0.08

5′TAAAAT3
′

3′A- - - - - -A5′
5.62 5.60 −0.02

5′TAAAAAT3
′

3′A-- - - - - - -A5′
5.89 5.59 −0.30

5′TGT3
′

3′A- -A5′
4.54 4.16 −0.38

5′TGGT3
′

3′A- - - -A5′
4.82 4.73 −0.09

5′TGGGT3
′

3′A- - - - - -A5′
4.12 4.21 0.09

5′TGGGGT3
′

3′A- - - - - - -A5′
5.35 4.60 −0.75

5′TGGGGGT3
′

3′A-- - - - - - -A5′
5.68 4.87 −0.81

Appropriate 1/Tm versus ln Ct/4 DGW

37 values were used for 1 M
KCl and 10 mM MgCl2 experiments. The parameters for disrupted
base stacking are only available in 1 M salt condition (SantaLucia
et al. 1996) and hence, these were utilized.
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TheDGW

37 loop parameters for DNA bulge loop were calcu-
lated as described for the RNA constructs (Table 4). The
DGW

37 values utilized for the disrupted base pair stacking
were those reported in 1 M salt (SantaLucia et al. 1996).
The DGW

37 loop parameters in magnesium range from 4.16
kcal/mol for 1 nt to 5.59 kcal/mol for 5-nt bulge loops.

DISCUSSION

Bulge loops in RNA

The presence of a bulge loop decreases the stability of RNA
helix, with a larger energetic cost for a larger bulge loops in
1 M KCl, with the exception of trinucleotide guanine bulge
loop. A linear correlation was seen between the bulge size
and the DGW

37 loop (Fig. 3A) leading to the following predic-
tion model:

DGW

37 loop (1 M KCl) = (0.5× N) + 3.0 (3)
(N = number of nucleotides in the bulge, with N values mea-
sured between 1 and 5).

In the presence of 10 mMmagnesium ions, a linear corre-
lation was seen between the DGW

37 loop parameter and the
number of bulge nucleotides (Fig. 3B) leading to the follow-
ing prediction model in magnesium:

DGW

37loop (10 mM MgCl2) = (0.7× N) + 1.5 (4)
(N = the number of nucleotides in the
bulge, with N values measured between
1 and 5).

The only previous work on various size
bulge loops in RNA compared 1- to 3-nt
adenine or uracil bulge loops in the con-
text of 5′G–(Bulge)–G3′ or its comple-
mentary strand, 5

′
C–(Bulge)–C3′ in 1 M

NaCl (Longfellow et al. 1990). Data for
various size bulge loops are compared
with the literature values below.

Single-nucleotide bulge loops

Single-base bulge loops have been extensively studied in DNA
and RNA in 1 M NaCl (Tanaka et al. 2004; Blose et al. 2007;
Minetti et al. 2010). Temperature-gradient gel electrophore-
sis has been performed on DNA and RNA single bulge loop
constructs in one study where adenine and guanine 1-nt
bulge loops had similar mobility for RNA and DNA con-
structs, implying similar structural conformations form in
these constructs (Zhu andWartell 1999). Zhu andWartell as-
sign DGW

37 loop parameter of 3.6 kcal/mol for adenine and
guanine bulge loops inserted into 5′U–A3′/3

′
U–A5′ base pair

relative to the helix. Our proposedmodel for 1-nt bulge loops
gives a DGW

37 loop to be 3.5 kcal/mol. Three of the seven sin-
gle-nucleotide bulge loops examined in the Longfellow et al.
(1990) study show a similar value of 3.6 kcal/mol; averaging
all seven constructs reported gives a DGW

37 parameter of 4.0
kcal/mol. All these values are within error of the predicted
value using the model proposed here. The DGW

37 loop predic-
tion using the current nearest-neighbor prediction models
used by RNAstructure prediction program utilizes DGW

37
loop of 3.8 kcal/mol, similar to our proposed value. Single-
nucleotide bulge loops were examined in multiple helical
contexts by Blose et al. (2007) and showed nonnearest-neigh-
bor interactions. A DGW

37loop parameter of 3.9 kcal/mol was
proposed for all single-nucleotide RNA bulge loops. Thus,
within error, the prediction model proposed here for sin-
gle-nucleotide bulge loops fits the general trends seen in
the literature in one molar salt for RNA.

Dinucleotide bulge loops

The prediction model proposed here calculates DGW

37 of 4.0
kcal/mol for dinucleotide bulge loops in RNA. Longfellow
et al. measured the DGW

37 values for adenine and uracil bulge
loops. Longfellow et al.’s study had some hetro-duplexes
that also formed homo-duplexes. When the RNA constructs
that did not form homo-duplexes were utilized from the
Longfellow et al. study, the DGW

37 parameter is 4.4 kcal/mol
was obtained, which is within error of the proposed value.
When all the dinucleotide bulge DGW

37 parameters are aver-
aged, a value of 2.8 kcal/mol is obtained, which is the number
currently utilized in the RNAstructure prediction program.

FIGURE 2. The change in stability of RNA constructs in 10 mMMgCl2
at pH 6. The ΔΔGW values (in kcal/mol) are the difference between DGW

37
in 1 M KCl and 10 mM MgCl2.

FIGURE 3. A plot of DGW

37 loop versus the number of nucleotides, N, in the bulge. Linear depen-
dence is seen between the bulge loop size and the DGW

37 loop parameter. A plot of (A) RNA pa-
rameters in 1 M KCl; (B) RNA parameters in 10 mM MgCl2 RNA; (C) DNA parameters in 1 M
KCl.
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Trinucleotide bulge loops

Guanine and adenine trinucleotide bulge loops showed sig-
nificant differences in stability in our study. The DGW

37 loop
parameter was 4.46 kcal/mol for trinucleotide adenine bulge
loops and 3.67 kcal/mol for trinucleotide guanine bulge
loops. Trinucleotide bulge loops containing adenines were
more stable than the corresponding dinucleotide bulge loops
in the Longfellow et al. study. In a previous study, we had ex-
amined pyrimidine-rich trinucleotide bulge loop in HIV-1
TAR RNA, which gave a DGW

37 loop parameter of 5.94 kcal/
mol for CCC and 7.17 kcal/mol for UCU bulge loop in 1
M KCl in 5′A–(Bulge)–G3′ helical context (Carter-
O’Connell et al. 2008). We are further examining the helical
constructs for the trinucleotide bulge loops, as base triple for-
mation is implicated for HIV-1 TAR RNA (Puglisi et al. 1992;
Huthoff et al. 2004). It is possible that structures formed by
the trinucleotide bulge loops allow for additional interactions
between the bulge nucleotides and the stem leading to a more
complex thermodynamic profile. A recent study by Murray
et al. (2014) assigns 4.2 kcal/mol for purine or 5.1 kcal/
mole for pyrimidine trinucleotide bulge loops, with addition-
al penalty per A–U closing base pair. Murray et al. study
would predict DGW

37 loop parameter of 3.1 kcal/mol for our
constructs. The specific helical contexts we have examined
here were not examined in this study for a direct comparison
of thermodynamic data. Our proposed model assigns 4.5
kcal/mol for the trinucleotide purine bulge loops in 1 M
KCl. Murray et al.’s study also found that the pyrimidine
bulge loops were energetically more expensive. A further ex-
amination of trinucleotide bulge loop is necessary to fully un-
derstand the deviation from the trends seen for other size
bulge loops. Utilizing the measured values in Murray et al.
or in this study will, however, improve the predictions over
the existing prediction models.

Four- and 5-nt bulge loops

Our prediction model proposes a DGW

37 of 4.5 and 5.0 kcal/
mol for 1 M KCl for a 4- and 5-nt bulge loop. The current
RNAstructure prediction program utilizes a value of 3.6
and 4.0 kcal/mol for 4- and 5-nt bulge loops, both para-
meters are∼1 kcal/mol lower than the prediction model pro-
posed here.
Our results suggest that theDGW

37 parameters utilized in the
current prediction models using free energy parameters un-
derestimate the penalty for breaking the helical structure by
bulge loops in one molar salt. In the absence of incorporating
theDGW

37 loop parameters inmagnesium ions, the current pa-
rameters utilized for RNA predictions lead to a decrease in
the penalty for breaking the helix; hence, the current predic-
tions model inadvertently lead to predictions that are closer
to the values predicted here in the presence of magnesium
ions. With more data being collected in the presence of mag-
nesium ions, the effect of monovalent and divalent ions
can be further delineated. RNA thermodynamic parameters

obtained in the presence of magnesium ions will specifically
improve the predictions for those motifs where RNA-magne-
sium interactions are significant as discussed below.

Magnesium effect on RNA bulge loops

Bulge loop constructs are expected to bend the RNA and
hence, the negatively charged phosphates are expected to be
in closer proximity. Interactions with positively charged
ions are expected to neutralize the repulsion between nearby
phosphate molecules. To our knowledge, ours is the first
study to systematically measure the thermodynamic influ-
ence of magnesium ions on various size bulge loops in
RNA and DNA constructs. We show that the interactions
with 10 mM magnesium ions significantly alter the stability
of RNA containing bulge loops by up to ∼2.0 kcal/mol
(Table 3). It should be noted that experiments shown here
were conducted only in two different helical contexts. In ad-
dition, the thermodynamic effects of magnesium ions are an
aggregate of all favorable and unfavorable interactions and
cannot be extrapolated to site-specific interactions at the
bulge loop region. Our results show that for purine bulge
loops in a 5′U–(Bulge)–U3′ helical context, the “average”
change in stability (ΔΔGW) in 10 mM magnesium ions over
1 M KCl for 1 nt is −1.0 kcal/mol, for 2 nt is −1.8 kcal/
mol, for 3 nt is −1.0 kcal/mol, 4 nt is −0.8 kcal/mol, and 5
nt is −0.7 kcal/mol (Table 3). The average value for “all”
DGW

37 loop parameter for 1- to 5-nt purine bulge loops is
−1.1 kcal/mol. Three-nucleotide pyrimidine bulge loop con-
structs showed an average change of−1.2 kcal/mol in magne-
sium ions over 1 M KCl (Carter-O’Connell et al. 2008). As
the current models underestimate the penalty for breaking
the helical structures for 4- and 5-nt bulge loops by ∼1
kcal/mol, the net result in prediction for these bulge loops
will not be sufficiently different. However, for the single-
and dinucleotide bulge loops, an additional difference in
stability is seen in the presence of magnesium ions that is cur-
rently unaccounted for in the prediction models. Trinucleo-
tide bulge loops should perhaps be treated as a special case
and the measured DGW

37 parameters should be utilized where
available. Improvements in RNA structure predictions are
likely if significant magnesium effects are incorporated into
the models.

Stability of DNA bulge loop constructs in 1 M salt

The plot of DGW

37 parameters for DNA bulge loop constructs
shows a linear correlation with bulge loop size in 1 M salt
conditions (Fig. 3C), with the exception of 3-nt guanine
bulge loop. The following equation for predicting the DGW

37

loop parameter is proposed:

DGW

37loop = (0.3× N) + 4.4 (5)
whereN = number of nucleotides in the bulge, with N values
measured between 1 and 5.
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Single-nucleotide bulge loops have been studied in DNA
(LeBlanc and Morden 1991; Zhu and Wartell 1999; Minetti
et al. 2010) but the data on larger bulge loops have not
been systematically collected. In the LeBlanc and Morden
study, the adenine and guanine single-nucleotide bulge loops
DGW

37 loop parameters were 4.6 and 4.4 kcal/mol in the 5′T–
(Bulge)–T3′ helical context. The DGW

37 loop parameters for
purine bulge loops are within error similar to our predicted
values. Zhu and Wartell report DGW

37 loop parameter to be
3.3 kcal/mol for the same helical context. The current struc-
ture prediction model for DNA utilizes the values proposed
by SantaLucia and Hicks (2004) for bulge loops. For single
bulge nucleotide, the predicted value is 2 kcal/mol for 5′T–
(Bulge)–T3′ helical context (with two A–T closing base
pair). For dinucleotide bulge loops, DGW

37 loop parameter is
2.9 kcal/mol. A 0.1 kcal/mol increment is added for each 1
nt increase in bulge size. Our experimental data indicate
that DGW

37 loop parameters are underestimated in current
models for DNA structure prediction due to a lack of system-
atic experimental data on bulge loops.

Magnesium effect on DNA bulge loops

A comparison of thermodynamic data in 1 M KCl and
10 mM magnesium ions, 1- to 3-nt DNA bulge loop con-
structs did not show differences in stability for adenine and
guanine bulge loops (Table 4). Guanine bulge loops showed
increased magnesium effect for bulge loop of 4–5 nt; this
effect needs to be examined further and could be due to in-
teractions with specific stem nucleotides or specific ion
interactions.

Although no systematic examination of bulge loops have
been performed for DNA, effect of magnesium ions on small
DNA constructs have been studied (Record 1975; Williams
et al. 1989; Duguid et al. 1993; Owczarky et al. 2008). Under
the ionic conditions examined here, no additional stabiliza-
tion in 10 mM magnesium ions over 1 M KCl is expected
based on the literature data.

Bulge loops in RNA versus DNA

DNA and RNA bulge loops show differences in thermody-
namic parameters in both 1M salt and in the presence ofmag-
nesium ions. In RNA, bulge loops are functionally relevant
parts of the structures and are expected to formmultiple con-
formers in solution. The ion interactions with various RNA
conformations and their thermodynamic implications are
unclear. In DNA, bulge loops are expected to form only due
to defective processes and thus, should be efficiently repaired.

B-form DNA and A-form RNA helices exhibit different
hydration, ion interaction and phosphate–phosphate dis-
tances, which lead to differences in measured thermodynam-
ic parameters. The similarity and differences in nonhelical
regions of RNA and DNA have not been examined systemati-
cally. The factors contributing to interactions with ions are

unclear. We have previously shown differences in stability
and ion interactions between RNA and DNA constructs in
a 2 × 2 symmetrical internal loop constructs (Furniss and
Grover 2011). We are further exploring the factors that con-
tribute to the thermodynamic differences in various nonhel-
ical structures in RNA and DNA.

CONCLUSIONS

RNA and DNA constructs containing purine-rich bulge
loops decreased in stability as the size of the bulge loop in-
creased in 1 M KCl, with a slightly greater penalty for break-
ing the DNA helices. One- and 2-nt bulge loops in RNA
constructs gain additional stability in the presence of magne-
sium ions over 1 M KCl, thereby decreasing the energetic
cost of the bulge loop, with the largest effect seen on dinu-
cleotide bulge loops. We provide prediction models for 1-
to 5-nt purine bulge loops in RNA and DNA in 1 M KCl,
with additional predictions for RNA bulge loops in 10 mM
magnesium ions.

MATERIALS AND METHODS

RNA constructs

All RNA constructs were ordered from Dharmacon, Inc. Sample
purity was analyzed using mass spectrometry. Oligomers were puri-
fied using thin-layer chromatography using Baker Si500 silica plate
6:3:1 1-propanol, ammonium hydroxide, and water. Oligomers
were extracted in water and spin filtered to remove any excess silica.
Following drying on a SPD1010 SpeedVac System (Savant), the sam-
ples were deprotected with a buffer of 100 mM acetic acid adjusted
to pH 3.8 with TEMED, provided by Dharmacon, Inc. The samples
were loaded on a C18 Sep-Pak column (Waters: WAT020515) using
5 mM sodium bicarbonate buffer at a pH of 6. The samples were
eluted in 2 mL of 30% acetonitrile (twice), with the final elution
in 2 mL of 100% acetonitrile. The fractions containing the nucleic
acid were dried, suspended in water and diluted in appropriate buff-
er for thermal denaturation experiments.

RNA constructs used in this study are shown in Figure 1. All RNA
constructs were designed to yield one thermodynamically favored
structure in solution using the nearest-neighbor model as utilized
by the RNAstructure prediction program (Mathews et al. 2004).
The presence of 3′-A overhang additionally stabilizes the RNA
constructs and prevents the end base pairs from fraying (Freier
et al. 1985). The helical contexts of the 4-nt bulge loop RNA exam-
ined were modeled after the A-rich bulge of P5abc region of the
Group 1 intron from Tetrahymena thermophilia (Wu and Tinoco
1998). In order to obtain one thermodynamically favored structure
in solution, a wild type A-rich bulge construct could not be gener-
ated, as it does not form the lowest stability structure in our con-
struct design.

DNA constructs

All DNA constructs were obtained from Integrated DNA Technolo-
gies, Inc. DNA samples were purified in a manner similar to RNA
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constructs. DNA constructs were lengthened by one additional base
pair on each stem to increase the construct stability.

Thermal denaturation experiments

All thermodynamic data were collected on a Cary 100 Bio UV-
Visible Spectrophotometer, equipped with a 6 × 6 series II multicell
peltier. The constructs were melted at the rate of 1WC/min between
0WC and 100WC. The change in absorbance was measured at the
wavelength of 260 or 280 nm. All oligomers were melted as duplex
in 1:1 concentration ratio using an average extinction coefficient. A
concentration range of 10- to 50-fold was achieved by using a nine-
step dilution scheme and by varying cuvette path length.

Buffers

The melt buffer was 10 mM cacodylic acid and 0.5 mM EDTA at pH
6.0. To this buffer, 10mMmagnesium chloride or 1MKCl was add-
ed and the pH was adjusted to 6.0. The concentration of magnesium
ions was established using complexometric titration and atomic
absorption spectroscopy. RNA and DNA samples were melted in
various additional concentrations (1 and 3 mM) of magnesium
ions to ensure that the trend reported for 10 mM were valid (data
provided in Supplemental Material). Each RNA construct was melt-
ed in a buffer containing 1 M KCl (containing no divalent metal
ions) to measure the maximum stability of RNA under conditions
where the negative charges on RNA are neutralized (Manning
1969; Record and Lohman 1978). The choice of potassium ions
over sodium ions is based on the physiological relevance of potassi-
um ions in the cells (Auffinger et al. 2011; Grover 2015). Three
constructs were melted in 1 M NaCl buffer to determine any differ-
ence in stability between potassium and sodium buffers (Tables 1,
2). The results suggest that our data should be compatible with
traditional 1 M NaCl experiments used in RNA structure predic-
tions, as the constructs tested here did not show any additional sta-
bilization in potassium ions over sodium ions.

Data analysis

Melting curves were analyzed in two ways: (1) by fitting individ-
ual melting curves using the two-state model using MeltWin 3.0,
assuming linear sloping baselines and temperature independent
ΔHW and ΔSW values (McDowell and Turner 1996); and (2) by plot-
ting 1/Tm versus ln CT/4, as all the strands were nonself comple-
mentary. Thermodynamic parameters were obtained by van’t
Hoff analysis using the Equation 6 for noncomplementary duplexes:

1/Tm = (R/DHW)ln(CT/4) + DSW/DHW (6)
where R is the gas constant and CT is the total strand concentration.
The Gibbs free energy was calculated using Equation 7:

DGW

37 = DHW − (310.15)DSW (7)
All data presented here fit the two-state model, with the difference
between ΔHW, ΔSW values between the two models being <10%
and those between ΔGW values being <5%. Figures showing repre-
sentative melting curves and 1/Tm versus ln CT/4 plot are provided
in the Supplemental Fig. S1. All further analyses utilized the DGW

37

values obtained using 1/Tm versus ln CT/4 analyses.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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