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ABSTRACT: Thirty-four RNA duplexes containing single nucleotide bulges were optically melted, and the
thermodynamic parametersH®, AS’, AG® 37, and Ty for each sequence were determined. Data from
this study were combined with data from previous thermodynamic data [Longfellow, C. E., Kierzek, R.,
and Turner, D. H. (1990Biochemistry 29278-85] to develop a model that will more accurately predict

the free energy of an RNA duplex containing a single nucleotide bulge. Differences between purine and
pyrimidine bulges as well as differences between Group | duplexes, those in which the bulge is not identical
to either neighboring nucleotide, and Group Il duplexes, those in which the bulge is identical to at least
one neighboring nucleotide, were considered. The length of the duplex, non-nearest-neighbor effects, and
bulge location were also examined. A model was developed which divides sequences into two groups:
those with pyrimidine bulges and those with purine bulges. The proposed model for pyrimidine bulges
predicts AG®s7puige = 3.9 kcal/mol+ 0.10AG°37,nn + B, While the model for purine bulges predicts
AG®37 puige= 3.3 kcal/mol— 0.30AG°37,m+ £, where has a value of 0.0 ane0.8 kcal/mol for Group

I and Group Il sequences, respectively, &f@°371nis the nearest-neighbor free energy of the base pairs
surrounding the bulge. The conformation of bulge loops present in rRNA was examined. Three distinct
families of structures were identified. The bulge loop was either extrahelical, intercalated, or in a “side-
step” conformation.

A nearest-neighbor model consisting of thermodynamic  This minimal thermodynamic data on single bulges plays
parameters for various structural motifs is used to predict an important, albeit assumption-filled, role in predicting RNA

RNA secondary structure from sequencesg). The result- secondary structure from sequende §—5, 29—-32). The
ing secondary structure can then provide insight into current algorithm, based on nearest-neighbor parameters,
structure-function relationship and tertiary structue ). assigns a free energy penalty of 3.8 kcal/mol for each single

In order to develop the nearest-neighbor model, the ther- nycleotide bulge in a duples(3, 29). This model, however,

modynamics of various RNA motifs (helices, bulges, internal has many limitations. For instance, it assumes that stacking

loops, hairpins, dangling ends, multibranch loops, etc.) were jnteractions between the adjacent base pairs are not disturbed

studied in short RNA oligonucleotides. Partially on the basis by the presence of the single bulge. Also, the current

of these thermodynamic parameters, an algorithm was 5j0qrithm does not account for any changes in stability due

developed to predict secondary structure from sequence, anqi) the identity of the bulge; a pyrimidine bulge is assigned

. . 0 - ’

It currrently gretgmts Zszji/()t?fr:h? kgowndbasne &a&m(l'he ; dthe same penalty as a purine bulge. In addition, the current

accuracy of ne prediction IS based on theé measured ., .| yyes not consider the nearest neighbors. Two studies,

thermodynamics of the various motifs. An improvement of however, have shown that bulges having at least one

the thermodynamic parameters for a particular motif would . ! . o .

result in an improvement in the accuracy of the predicted ne_lghborlng nucleotide that is _|dent|cal to the bulge_d nucle-
otide are more stable than single base bulges without an

secondary structure. ) , X

A bulgg occurs when a duplex is interrupted by one or identical nelghbo_rI{S, 34)_. Last, the current model does_ not
more unpaired nucleotides in one of the strands. Such motifs2ccount for any interactions that are non-nearest-neighbor.
have been determined to be important in many biological One study, however, has shown that alteration of two base
processes, including protein bindirg13), intron splicing palrs__that are not adjacent to the bulge can influence the
(14, 15), feedback regulationif), and tertiary folding 17). stability of the bulge by at least 1 kcal/ma29). These

Although their biological significance has been studied and limitations suggest that the thermodynamic parameters for
they are one of the most common motifs in RNA secondary Single nucleotide bulges may be improved, resulting in more
structure {7—22), relatively few studies have been done on accurately predicted secondary structures. This study more
the thermodynamics of single nucleotide bulges in DNA thoroughly investigates single nucleotide bulges and proposes
(23—-25) and RNA @6—29), leading to a lack of thermo-  an improved model for predicting their stabilities based on
dynamic characterization of single bulges. the identity of the bulge and its nearest neighbors.
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MATERIALS AND METHODS

RNA Synthesis and Purificatiofhe oligonucleotides were
synthesized on CPG support with an Applied Biosystems RESULTS
392 DNA/RNA synthesizer using the phosphoramidite
method 85, 36). The support and phosphoramidites with 2 Recently, X-ray crystallograph®, 40, 47—54) and NMR
tert-butyl dimethyl silyl ether protecting groups were ac- studies 23, 55—62) have been able to produce images which
quired from Glen Research (Baltimore, MD). The protecting allow for the determination of the position of a single
groups were removed by treatment with a 3:1 (v/v) ammonia/ nucleotide bulge. For example, the three-dimensional struc-
ethanol solution at 55C overnight. A disposable filter  ture of the 23S rRNA oHaloarcula marismortui(39) and
column was used to filter the oligonucleotides from the the 16S rRNA ofThermus thermophilug40) have been
support. Removal of the silyl protecting group was achieved determined by X-ray crystallography. The three-dimensional
with 1 M triethylamine hydrogen fluoride/pyridine (50  structure of single nucleotide bulges in rRNA were analyzed
equivalents) at 58C for 48 h. The addition and subsequent to look for trends in bulge location, bulge stacking, and local
extraction with diethyl ether were performed to remove effects. A total of 30 single bulge loop structures were
organic impurities. The sample was lyophilized and redis- identified. The observations of these analyses are shown in
solved in 5 mM ammonium bicarbonate pH 7.0. This solution Table 1.
was passed through a Waters Sep-Pak C18 water chroma- The pugle loops form three structural families (Table 1;
tography column to remove inorganic salts. Purification of Figure 1), indicated by the geometry of the bulged nucleotide.
the oligonucleotide was done by preparative thin-layer The extrahelical family has the bulged nucleotide directed
chromatography. A large preparative Whatman TLC plate away from the helix, the intercalated family has the bulged
(20 cm x 20 cm, 500um thick) was used with 55:35:10  pycleotide positioned between the adjacent base pairs, and
(v/vIv) 1-propanol/ammonia/water as the solvent. The main the side-by-side “side-step” family has the bulge loop
product band was identified with UV light and scraped from arranged coplanar to the base either to thers3 side of
the plate. Distilled water was used to extract the RNA from the pulge. Table 1 shows that over 2/3 of the bulge loops in
the silica. The Sep-Pak procedure was repeated to desalt thghe rRNA are extrahelical. The degree to which the bulge
sample. The purity of the oligonucleotides was checked by interacts with the nucleotides around it varies greatly.
analytical thin-layer chromatography similar to that described approximately half of the bulged nucleotides do interact with
abovg. _ . ) . other nucleotides. They interact with other bases thraugh

Optical Melting ExperimentsOnce the oligonucleotides  stacking, hydrogen bonding, or base pair formation (Table
were pure, the concentrations of the RNA solutions were 1), These interactions with other nucleotides are both local
determined by measuring the high-temperature absorbanceynd tertiary interactions (Figure 1). In the remaining cases,
of the sample on a Beckman DU 640 Spectrophotometer withthe bulged nucleotide appears to sit within a pocket devoid
a Beckman High Performance Temperature Controller. Equal of obvious interactions. It is interesting to note that all except
molar amounts of two different strands of RNA were gne of the extrahelical pyrimidine bulges either form stacking
combined to form a duplex with a single nucleotide bulge. interactions or base pairs with purines, helping to stabilize
Purified oligonucleotides were lyophilized and redissolved the extrahelical conformation. The lone exception is bulge
in 1 M NacCl, 0.01 M cacodylic acid, and 0.001 M EDTA at  |oop 1178 of the small ribosomal subunit where the nearest
pH 7.0. Using a heating rate of 1C/min, curves of jnteraction is with Goss which is arranged perpendicular to
absqrbance at 280 nm versus temperature were ob'gained. Thehe bulged W75 The addition of the bulged residue appears
melting curves were fit to a two-state model, assuming linear to disrupt the stacking or base pairing of neighboring residues

RASMOL. PDB files for all of the bulge loop structures are
available at http://webpub.alleg.edu/employee/m/mserra/.

sloping baselines and temperature-independéfitandAS’
(37). Additionally, theTy values at different concentrations

in almost every case.
There are only two examples where the bulge is interca-

were used to calculate thermodynamic parameters accordinqated in the helix, As> and Avass (Table 1). Interestingly, in

to Borer et al. 88):

(1)

For transitions that conform to the two-state modeH°
values from the two methods generally agree within 15%.
The Gibb’s free energy change at 3Z was calculated as

AG®,, = AH° — (310.15S° )

Structural Analysis of Bulge Loop$he recent determi-
nation of the crystal structures of the small and large
ribosomal subunits has provided a wealth of information
about the structure of RNA. Atomic coordinates for the bulge

Ty 1= (2.30FR/AH°) log(C,/4) + (AS’/AH®)

both cases, the bulged nucleotide is an adenosine followed
by a guanine. The A, and Ggs nucleotides are highly
conserved in bacterial RNA$3). The intercalated base
causes a bend in the helix axis (Figure 1). We observed a
similar geometry at position 1475 in the large subunit rRNA
with the sequence GAC/Ciss however, one of the nearest-
neighbor pairs is a CC and is therefore not included in Table
1.

There are seven examples of the “side-step” family of
bulge loops (Table 1). This family of bulge loops forms two
distinct groups, one where the bulge nucleotide is side-by-
side with the nucleotide to the Side of the bulge and the
other where the bulge is side-by-side with the nucleotide to

loops were extracted from pdb files using MolReader (Serra the 3 side of the bulge. Figure 1 shows an example of the

and Watson, unpublished data) available at http://webpub-

bulge forming a side step with the nucleotide to theide

.alleg.edu/employee/m/mserra/. The large ribosomal subunitof the bulge. The side-step geometry causes an increase in

file used was 1FFK3J9), and the small subunit file used
was 1FJF 40). The extracted files were visualized using

the twist of the helix and a break in the stacking interactions
on the side of the helix with the bulge.
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Table 1: Structural Analysis of Single Bulge Loops in Ribosomal RNAs

Large Ribosomal Subunit RNA

position sequence

bulge characteristics

base pair characteristics

307 GUC
C Gsz1
374 UGC
G Gors
448 GAC
C G
834 GUG
C Gess
856 GAU
C Azg7
942 UAG
G Cio22
1108 GUG
C Cizs2
1136 UGG
G Cra24
1259 AGA
U Uigos
1351 GAC
C Guzo1
2021 CAG
G Cugzs
2108 AUG
U Cars
2290 UAC
A Goo78
2636 CAG
G Cae2s
2895 CAC
G Gosso

182 GAG

C Cis2
2436 UAG

A Casss

1009 ucc

A Gor3
2492 UCG

G Uzsor
2615 UGG
G Cosaz

position sequence

Extrahelical Bulge
forms WQ pair with Agss

bulge stacks on Ao

bulge stacks on kdas

bulge stacks on &z and forms base
pair with U1330

bulge perpendicular to helix

bulge forms non-WC pair with A

bulge stacks on (g4

bulge H-bonds to &9

bulge forms pair with Aues

bulge stacks with Ayseand forms WC
pair with Uy7ss

Intercalated Bulge
7 stacking

7 stacking

Side-by-Side Bulge
UC side-step bulge stacks withyd

CG side-step U and C stack with43,
GG side-step bulge stacks withdds

Small Ribosomal Subunit RNA

bulge characteristics

bases U and C on either side of the bulge
are unstacked, UG forms wobble geometry
Slight twist of backbone

alters base pair geometry and forms
out-of-plane pairs
wobble base pair

GC pairs non WC and out-of-plane

AU pairs non WC and out-of-plane

GC pairs non WC and out-of-plane

slight twist of helix
disruption of base stacking

slight tilting of base pairs

base pair £ G1s3 non planar and helix
bent
planar base pairs and helix bent

Slight twist of helix backbone
GU wobble

GU wobble pairs

base pair characteristics

32 UGA
A Uszs
364 uucC
A Gosgs
904 GGG
U Uiarz
1032 GUG
C Cuioo
1178 CUG
G Cioaz
1377 UAC
A Ggoo

56 CAU
G Ass2

579 GGC
C Gezs

732 CCC
G Gear

1209 CAC
G Goaz

Extrahelical Bulge
bulge stacks with ¢

bulge pairs with As
bulge stacks with Ggs

bulge stacks with Asgs

Side-by-Side Bulge
different geometry than standard
side-by-side bulge, bulged A stacked
with Uszand A paired with Js4

G beside C, G stacked on G ang:blnd Ggounstacked

bulged C beside £

CA side step

AU pairs have non-WC geometry
Non WC

GU wobble pairs

base pair Gi7g—Cios30ut-of-plane

U and C unstacked

Increased twist of helix backbone
Increased twist of helix backbone

both CG base pairs out-of-plane

aBan et al. (39) and Wimberly et al. (409 Watson-Crick
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Extrahelical
Bulge 1351
GAC
C G

Side-by-side
Bulge 2615

UGG
G C

Intercalated
Bulge 2436
UAG

Ficure 1. Orthogonal views of representative bulge loop structures observed in the large subunit rRNA. The bulged nucleotide is shown
in CPK colors, and nearest-neighbor base pairs are shown in red (same strand as bulge) and blue (opposite strand). Surrounding atoms are
shown in CPK colors in thin wire frame.

Initial sequences chosen for this study arose from the marismortuiand the 16S rRNA ofT. thermophilus(39—
known tertiary structures (Figure 2) of the 23S rRNAHf 42). Additional sequences were chosen due to their highly
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Segment of Natural Melted Duplex Location and Structure from the melt (eqs 1 and 2) anﬁIG"gmup.ex is calculated
Sequence from the nearest-neighbor modé&)) (for the duplex as if it
-GUAC- CCAUUACUACC H2290 Extrahelical and did not contain the bulge. Bulge parameters for purine bulges
CA G- GGUAA GAUGG H 377 Extrahelical Group | sequences, purine bulges Group Il sequences,
-CCAGAGC- GCACAGAGG H 2021 Extrahelical and pyrimidine bulges Group I_Sequ_ences, and pyrimidine bulges
-GG CUCG- CGUG cucc H 2636 Extrahelical Group Il sequences are listed in Table 3. From these data,
-GACAUGC- GACCAUGUC T 56 Side step comparisons can be made concerning the stability of various
-UUG ACG- CUGG ACAG groups of bulges. In general, pyrimidine bulges are more
CCCACGAG. UGACACUCA 12895 Extrabelical and stable than purine bulges, and Group Il sequences are more
-GGG GCUC- ACUG GAGU T 1209 Side step stable than Group | sequences. Table 4 shows a summary
GGGAG. GCGAGCG H 182 Intercalated of average values calculated from these bulge parameters.
-CCC C- CGC CGC
DISCUSSION

-GGGUGAACG- CAUGUGACUAC T 32 Extrahelical
-CCCA UUGC- GUACA UGAUG Thermodynamic parameters derived from melting curves
_AGACCU- GACAGAGUC H 1259 Extrahelical of short oligoribonucleotides have been the primary source
-U UGGA- CUGU UCAG of energetic characterization of various RNA motifs. Wat-
-CGUCUGGU- GCACUGAGG T 1178 Extrahelical son—Crick pairs, GU pairs, dangling ends, terminal mis-
-GCUG CCG- CGUG CUCC matches, hairpin loops, tandem mismatches, single mis-
GGUGCUG- ACUGUGAGU H 834 Extrahelical, and matches, internal loops, multibranch loops, and bulge loops
-CC CGGU- UGAC CUCA H 1108 Extrahelical, and have all been thermodynamically studied by melting curves

T 1032 Extrahelical (3). The energetics of single nucleotide bulges, one of the
-UGGGGCG- AGCUGGCAG T579 Side step most prevalent motifs, are based on a rather limited and
-ACUC GC- UCGAC GUC assumption-filled study of only seven sequenced.(To
-CCACCCGU- UGACCCUCA T 732 Side step improve the _prediction of s_econdary §t_ructu_re, we optica}lly
-GGUG GCA- ACUG GAGU melted 34 oligoribonucleotides containing single nucleotide
.cucc- UCCUCCAAC H 1009Side step bulges and proposed a model to predict their energetics.
-GA G- AGGA GUUG

Sequence Dependence of Free Energy Increments for
FIGURE 2: Sequences for the oligomers studied here were chosenBulges.Similar to previous experiment26, 28, 29), in all
on the basis of the sequences of known bulge loops and on flankingcases here, the introduction of a bulged base into a duplex
he"'ct?cfnst,h:rte?gv?e;\évr?{eséattae ?e(:irfétr?r}gmrllir&ggﬂor% S”é’r'eﬁ“de results in a destabilization of the dupleXG°s7 puige Values
osl . . . .
?H. marismortuiESU rRNA) ¥ol|owed bypthe nucleotide number.  '3N9€ from 2.2 to 4.8 kcal/mol, depending on the identity of
the bulge and the duplex sequence (Table 3). Three aspects
conserved nature over multiple organisms or to provide a of sequence dependence were studied: the identity of the
balanced set of bulge loops and base pairs. bulge, the identity of the nucleotides adjacent to the bulge,
Thermodynamic ParameterBhermodynamic parameters and the sequence not adjacent to the bulge. In addition, the
for all oligonucleotides studied are listed in Table 2. The effect of helix length on the thermodynamics of single bulges
bulges are arranged in order of decreasing free energy forwas also examined. Each of these is further discussed below.
each respective duplex. The parameters are the average Purine versus Pyrimidine BulgesSequences containing
values derived from fits of melting curves and frof—* purine bulges were compared to sequences containing
versus log(&/4) plots. The parameters from the two methods pyrimidine bulges within the same group to examine the
agree within 15% for all duplexes, suggesting that the two- differences in stability between the two types of bases. The
state model is a reasonable approximation for these transi-free energies of the bulgeAG°s7 pugd Of the two classes of
tions @3). Thermodynamic data from Longfellow et a29) nucleotides in Group | sequences and Group Il sequences
was added to expand the data set. Residues in bold are thare shown in Table 3.
bulge residues. For Group Il sequences, all possible bulge Previous studies have reported that purine bulges desta-
residues are shown in bold. bilize the duplex more and, therefore, have a more positive
The sequences were first categorized as Group | or Groupfree energy than pyrimidine bulgeg4 28). The results of
Il sequences on the basis of the identity of the bulged this experiment concur with the previous reports. On average,
nucleotide and neighboring nucleotides. Group | sequencespyrimidine single bugles are more stable than purine single
were those sequences with a single nucleotide bulge that wasulges by 0.4 kcal/mol. More specifically, purine bulges are
not identical to either of the neighboring nucleotides. Group on average 0.20 and 0.80 kcal/mol more destabilizing than
Il sequences contained bulges that were identical to at leasfpyrimidine bulges for Group | and Group Il sequences,
one of the neighboring nucleotides. Sequences were furtherrespectively (Table 4).
divided into two groups: duplexes with purine bulges and  Tq further examine the differences in the thermodynamic

duplexes with pyrimidine bulges. The free energy of each effects of the two classes of bulged nucleotides, we plotted
bulged nucleotide was calculated from the experimental datathe free energy of nearest-neighbor base pak&°g; )

and the nearest-neighbor modg) &ccording to the follow-  yersus the free energy of the bulge in Figure 3. Linear
Ing equation: regression of the data points results in the following lines:

AGO37,bu|ge= AG037,measured_ AGO37,duplex (3)

where AG®37 measuredS the value determined experimentally

AG®37 puge= 0.10AG5; ,, + 3.9 keal/mol
for pyrimidine bulges (4)
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Table 2: Thermodynamic Parameters for Duplex Formation

Tutvs log G/4 plots average of curve fits
—AH° —AS —AG°y; Tt —AH° —AS —AG°y Tof
oligomer$ (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
Group | Purine

CCAUUACUACC 81.5 231.3 9.8 49.8 85.2 242.7 9.9 49.7
GGUAA GAUGG
GCACAGAGG 64.4 78.4 9.1 49.9 75.7 213.2 9.6 49.9
CGUG cucc
GACCAUGUC 62.1 173.9 8.1 45.1 66.8 188.9 8.2 45.1
CUGG ACAG
UGAGAGUCA 60.7 170.5 7.8 43.8 60.5 169.8 7.9 44.0
ACUC CAGU
UGACACUCA 57.1 161.0 7.2 40.4 56.6 159.4 7.2 40.6
ACUG GAGU
GCGAGCE 57.0 162 6.9 38.8 46.8 129 6.9 39.6
CGC CGC
cGcAacGH 66.4 192 6.9 38.7 45.8 126 6.8 38.9
GCG GCG
GACUAUGUC 53.3 152.3 6.0 34.2 48.7 136.5 6.4 36.1
CUGA ACAG
CAUGUGACUAC 82.8 238.3 8.9 46.0 82.6 237.8 8.9 46.0
GUACA UGAUG
UGACGCUCA 65.1 185.5 7.6 42.2 57.2 160.2 7.5 42.2
ACUG GAGU
GACUGUGUC 44.8 120.6 7.4 42.9 41.1 109.2 7.2 42.2
CUGA ACAG
GACAGAGUC 61.5 176.9 6.6 37.4 54.0 152.6 6.7 38.0
CUGU UCAG

Group | Pyrimidine
GCACUGAGG 68.9 191.1 9.6 51.4 81.9 231.4 9.6 51.3
CGUG CcucCC
ACUGUGAGU 59.3 165.2 8.0 45.1 74.0 212.2 8.2 44.1
UGAC CUCA
UGACUCUCA 54.1 149.3 7.8 44.5 60.6 169.7 7.9 44.4
ACUG GAGU
GCAUGCEH 55.2 157 6.7 38.0 40.5 108 6.9 40.2
CGC CGC
GACAUAGUC 64.7 187.7 6.5 37.0 71.6 209.8 6.5 36.8
CUGU UCAG
CAUGACGCUAC 80.7 226.1 10.6 53.3 82.5 231.6 10.7 53.5
GUACU CGAUG
CAUGUCACUAC 74.3 211.8 8.6 46.1 82.2 236.3 8.9 46.2
GUACA UGAUG
UGAGCGUCA 72.8 207.6 8.5 45.4 76.1 218.1 8.5 45.1
ACUC CAGU
GACUCUGUC 48.2 131.9 7.3 41.8 56.0 157.0 7.3 41.2
CUGA ACAG
UCCUCGAAC 58.7 167.7 6.7 37.8 64.0 184.9 6.7 37.6
AGGA CUUG
GACACAGUC 73.7 218.5 5.9 34.4 77.3 230.0 6.0 35.0
CUGU UCAG

Group Il Purine

GACCAAGUC 68.2 189.6 9.4 50.7 62.1 170.3 9.2 51.1
CUGGU CAG
GACGAAGUC 65.0 183.0 8.2 45.4 64.1 179.8 8.3 45.8
CUGCU CAG
GACAAAGUC 61.7 176.8 6.9 38.8 61.0 174.2 6.9 39.1
CUGUU CAG
AGCUGGCAG 57.2 153.6 9.6 54.6 56.0 149.5 9.6 55.1
UCGAC GUC
UGAGGGUCA 55.4 149.5 9.0 51.6 52.6 141.0 8.9 51.8
ACUCC AGU
AGCAGGCAG 52.2 140.6 8.6 49.6 57.0 155.8 8.7 49.2
UCGUC GUC
AGACGGCAG 63.8 179.7 8.1 44.8 64.0 180.5 8.1 44.6
UCUGC GUC

Group Il Pyrimidine
GACCUUGUC 715 200.6 9.3 49.4 66.9 186.3 9.1 49.5
CUGGA CAG
GACUUUGUC 62.3 177.5 7.2 40.5 63.5 181.0 7.3 40.9
CUGAA CAG
UGACCCUCA 67.3 186.9 9.3 50.5 68.2 189.7 9.4 50.6
ACUGG AGU
UCCUCCAAC 54.5 148.6 8.4 48.1 57.0 156.3 8.5 48.1
AGGAG UUG
UCCACCAAC 53.7 146.8 8.2 47.1 59.8 165.9 8.4 46.9
AGGUG UUG

Closed by G-U Pair
CGGUAGUCU 59.0 163.5 8.3 46.5 63.2 176.6 8.4 46.5
GCCG CAGA
UGAUACUCA 57.0 165.1 5.8 33.2 55.1 158.6 5.9 33.3
ACUG GAGU

aMeasurements were made in 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 raDNA, pH 7.0.P Nucleotides in bold are the bulge
residue. If the bulge residue could be more than one residue, all possibilities are ih®@aldulated at 10* M oligomer concentratiorf! Longfellow
et al. (29)
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Table 3: Bulge Parameters

sequence nearest AG®37 buige
number oligomer bulge neighbor3 lengtt? (kcal/mol)
Group | Purine
1 CCAUUACUACC A Pyr—Pyr 10 4.8
GGUAA GAUGG
2 GCACAGAGG A Pyr—Pur 8 4.4
CGUG cuccC
3 GACCAUGUC A Pyr—Pyr 8 4.4
CUGG ACAG
4 UGAGAGUCA A Pur—Pur 8 3.7
ACUC CAGU
5 UGACACUCA A Pyr—Pyr 8 43
ACUG GAGU
6 GCAAGCE A Pur—Pur 6 3.9
CGC CGC
7 CGCACGC A Pyr—Pyr 6 3.9
GCG GCG
8 GACUAUGUC A Pyr—Pyr 8 4.0
CUGA ACAG
9 CAUGUGACUAC G Pyr—Pur 10 3.8
GUACA UGAUG
10 UGAGGCUCA G Pyr—Pyr 8 4.0
ACUG GAGU
11 GACUGUGUC G Pyr—Pyr 8 2.7
CUGA ACAG
12 GACAGAGUC G Pur-Pur 8 3.6
CUGU UCAG
Group | Pyrimidine
13 GCAQUGAGG U Pyr—Pur 8 3.9
CGUG CcuccC
14 ACUGUGAGU U Pur—Pur 8 3.3
UGAC CUCA
15 UGACQUCUCA U Pyr—Pyr 8 3.6
ACUG GAGU
16 GCAIGCE U Pur—Pur 6 4.0
CGC CGC
17 GACAUAGUC U Pur—Pur 8 3.7
CUGU UCAG
18 CAUGACGCUAC C PurPur 10 4.1
GUACU CGAUG
19 CAUGUCACUAC C Pyr—Pur 10 3.9
GUACA UGAUG
20 UGAGCGUCA C Pur-Pur 8 3.0
ACUC CAGU
21 GACUCUGUC C Pyr—Pyr 8 2.9
CUGA ACAG
22 UCCUCGAAC C Pyr—Pur 8 4.1
AGGA CUUG
23 GACACAGUC C Pur-Pur 8 4.3
CUGU UCAG
Group Il Purine
24 GACCAAGUC A —d - 3.2
CUGGU CAG
25 GACGAAGUC A - - 3.6
CUGCU CAG
26 GACAAAGUC A - - 3.3
CUGUU CAG
27 AGCUGGCAG G - - 3.2
UCGAC GUC
28 UGAGGGUCA G - - 25
ACUCC AGU
29 AGCAGGCAG G - - 4.2
UCGUC GUC
30 AGACGGCAG G - - 4.0
UCUGC GUC
Group Il Pyrimidine
31 GACQUUGUC U - - 3.3
CUGGA CAG
32 GACQUUUGUC U - - 3.0
CUGAA CAG
33 UGACCCUCA C - - 2.2
ACUGG AGU
34 UCCUCCAAC C - - 24
AGGAG UUG
35 UCCACCAAC C - - 24
AGGUG UUG
Closed by G-U Paif
36 CGGWGUCU A Pyr—Pur 8 3.3
GCCG CAGA
37 UGAUACUCA A Pyr—Pyr 8 31
ACUG GAGU

2 |dentity of bases located &nd 3 of the bulged nucleotide. Pyr and Pur are the abbreviations for pyrimidine and purine, respettieeigth
(residues) of helix excluding the bulge. Since bulges are always located in the middle of the duplex, bulges @sdies from the helix end.
¢ Longfellow et al. (26) ¢ Omitted due to positional degeneraéghown for comparison. Not included in most calculations.
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NNNA4AsANNN NNNA,AsA¢NNN NNNA,AAgNNN

Table 4: Comparison of Bulge Parameters
NNN  UsU,NNN NNNUs ~ U4NNN NNNUsU;  NNN

oligomer avezﬁggﬁgé;,bmge FiGURE 4: Possible conformations of a Group Il sequence.

all duplexes 3.6t 0.7 7
all pyrimidine bulges 3.4 0.7
all purine bulges 3.&0.6 6
all Group | sequences 3805
all Group Il sequences 3+0.7
Group | sequences, pyrimidine bulges 0.5
Group Il sequences, pyrimidine bulges 28.5
Group | sequences, purine bulges 9.5
Group Il sequences, purine bulges 4.6
Group | sequences closed by pufine 3.7+ 04
Group | sequences closed by pyrimidine 3.8+ 0.7
Group | sequences closed by purine-pyrimidine 4.1+ 0.2
Group | 6-mer 3.9:0.1
Group | 8-mer 3.4 0.5
Group | 10-mer 4104 o

aThere is a purine on the &nd 3 sides of the bulge? There is a -6 -5 -4 -3 -2 -1 0 1 2
pyrimidine on the 5and 3 sides of the bulg€e’ There is one purine AG®37 0

and one pyrimidine on the' &nd 3 sides of the bulge.

Ficure 5: Plot of the free energy change for bulge loop formation,
AG°37puge VS the free energy incrememtG°s7 y for the nearest-
neighbor interaction at the site of the bulge. Energy differences
7 between Group 1®) and Group Il sequence®y. The solid line is

a linear regression of the data points.

types. Previous studies have suggested that single nucleotide
bulges located between two purines are more stable than
bulges located between two pyrimidines. After investigating
Purine tRNA and 5S rRNA structures, Papanicolaou et 8l1)(
suggested a stabilization factor of 1.6 kcal/mol for single
1 base bulges located between two purines than those between

Pyrimidine
o
AG 37,bulge

0 two pyrimidines. Similarly, LeBlanc and Morden24)
B , ' . ' ‘ ' ' observed a 0:20.5 kcal/mol stabilization of bulges between
% 5 4 3 2 4 0 1 2 two purines than between two pyrimidines. This study,
AG®; 1 however, in agreement with Longfellow et a9, did not

Ficure 3: Plot of the free energy change for bulge loop formation, observe this effect. Bulges between two purines, between

AG®37 puige VS the free energy incrememG°s; , for the nearest-  tWo pyrimidines, and between one purine and one pyrimidine
neighbor interaction at the site of the bulge. Energy differences hadAG®s7 pugevalues of 3.4 0.4, 3.8+ 0.7, and 4.1+ 0.2

between Group | purined) and Group | pyrimidine @) bulges. kcal/mol, respectively (Table 4), all within experimental
The solid line is a linear regression of the data points. error.

The first term is the free energy contribution of the nearest Group | sequences were those sequences with a single
nucleotide bulge that was not identical to either of the

AG°3; puge= —0.30AG® + 3.3 keal/mol neighboring nucleotides. Group Il sequences contained
pulge snm bulges that were identical to at least one of the neighbori

for purine bulges (5) ulges that were identical to at least one of the neighboring

nucleotides. In Group | sequences, the identity of the bulged

neighbors. It is important to note that we have assumed nonucleotide is known. In Group Il sequences, however, this
interruption in the stacking of the nearest neighbors adjacentiS not the case. If the bulged nucleotide is identical to at
to the single bulge when calculatin§G®s7 puge (@s shown least one of the neighboring nucleotides, the bulge could
in eq 3). The stacking terms included in egs 4 and 5 are in theoretically be any of those identical nucleotides. For
addition to the normal stacking already assumed. For €xample, Figure 4 shows the possible location of single
pyrimidine bulges, it appears as if the stacking of the nearestnucleotide bulges for a general Group Il sequence. As a
neighbors is not disrupted; in fact, there is an added stability result, the bulged base may not be one particular nucleotide,
of 10% of the value of the stacking interaction. On the other but the bulge may change positions with one of its identical
hand, for purine bulges, the bulge destabilizes nearest-neighbors. This may result in conformational freedom, which
neighbor stacking by 30% of the value of the stacking mMay increase the entropy, decrease the free energy, and
interaction. The second term in both equations, 3.9 and 3.3stabilize Group Il sequences relative to Group | sequences.
kcal/mol, is the positive free energy due to inserting a single Since these sequences are inherently different from the Group
nucleotide bulge into the duplex. | sequences, the two groups of sequences were compared to
Nearest NeighborsSequences containing purine closing identify any distinguishing trends.
bases adjacent to the bulge were compared to sequences Table 3 listsSAG®s7 puige Values for Group | and Group Il
containing pyrimidine closing bases adjacent to the bulge sequences categorized by the type of bulge. Previous studies
nucleotide (within Group I) to examine the differences in have reported an enhanced stabilization for Group |l
stability between bulges with different closing base pair sequences over Group | sequences by 0.3 kcal/88)B4).
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Table 5: Comparison of Penalty and Proposed Models
AGe37, AAGo37,bulge and AAG°37,bulge
sequence ) AG‘037,bul e enalty model enalty model A(-?»‘037,pr0 osed proposed model)
number oligomer (kcal/mo%) &caf/mol) fkcar/mol) modd(kcalfmol) (kcal/mol)
Group | Purine
1 CCAUUACUACC 4.75 3.8 —0.95 4.01 —-0.75
GGUAA GAUGG
2 GCACAGAGG 4.43 3.8 —0.63 4.01 —-0.42
CGUG CuccC
3 GACCAUGUC 4.36 3.8 —0.56 3.92 —0.44
CUGG ACAG
4 UGAGAGUCA 3.67 3.8 0.13 4.28 0.61
ACUC CAGU
5 UGACACUCA 4.34 3.8 —0.54 4.28 —0.06
ACUG GAGU
6 GCGAGC&E 3.86 3.8 —0.06 4.28 0.42
CGC CGC
7 CGCACGC 3.91 3.8 -0.11 4.28 0.37
GCG GCG
8 GACUAUGUC 4.01 3.8 —0.21 3.58 —0.43
CUGA ACAG
9 CAUGUGACUAC 3.84 3.8 —0.04 3.70 —0.14
GUACA UGAUG
10 UGACGCUCA 3.97 3.8 -0.17 4.28 0.31
ACUG GAGU
11 GACUGUGUC 2.66 3.8 1.14 3.58 0.92
CUGA ACAG
12 GACAGAGUC 3.56 3.8 0.24 4.28 0.72
CUGU UCAG
Group | Pyrimdine
13 GCAQUGAGG 3.88 3.8 —0.08 3.66 —0.22
CGUG CcuccC
14 ACUGUGAGU 3.27 3.8 0.53 3.57 0.30
UGAC CUCA
15 UGACQUCUCA 3.64 3.8 0.16 3.57 -0.07
ACUG GAGU
16 GCAJGCE 3.96 3.8 -0.16 3.57 —0.39
CGCCGC
17 GACAUAGUC 3.71 3.8 0.09 3.81 0.10
CUGU UCAG
18 CAUGACGCUAC 4.12 3.8 -0.32 3.69 —0.42
GUACU CGAUG
19 CAUGUCACUAC 3.94 3.8 -0.14 3.77 -0.17
GUACA UGAUG
20 UGAGCGUCA 3.01 3.8 0.79 3.57 0.56
ACUC CAGU
21 GACUCUGUC 291 3.8 0.89 3.81 0.90
CUGA ACAG
22 UCCUCGAAC 4.11 3.8 -0.31 3.69 —0.42
AGGA CUUG
23 CUGACACAG 4.26 3.8 —0.46 3.81 —0.45
GACU UGUC
Group Il Purine
24 GACCAAGUC 3.22 3.8 0.58 3.13 —0.09
CUGGU CAG
25 GACGAAGUC 3.61 3.8 0.19 3.17 —0.44
CUGCU CAG
26 GACAAAGUC 3.30 3.8 0.50 3.01 —0.29
CUGUU CAG
27 AGCUGGCAG 3.20 3.8 0.60 3.33 0.13
UCGAC GUC
28 UGAGGGUCA 2.53 3.8 1.27 3.26 0.73
ACUCC AGU
29 AGCAGGCAG 4.20 3.8 —0.40 3.33 —0.88
UCGUC GUC
30 AGACGGCAG 4.02 3.8 -0.22 3.37 —0.65
UCUGC GUC
Group Il Pyrimidine
31 GACQUUGUC 3.34 3.8 0.46 2.89 —0.45
CUGGA CAG
32 GACUUUGUC 2.95 3.8 0.85 2.93 —0.02
CUGAA CAG
33 UGACCCUCA 2.15 3.8 1.65 2.85 0.70
ACUGG AGU
34 UCCUCCAAC 2.37 3.8 1.43 2.88 0.51
AGGAG UUG
35 UCCACCAAC 2.40 3.8 1.40 2.88 0.48
AGGUG UUG
Closed by G-U Pair
36 CGGWGUCU 3.31 3.8 0.49 3.93 0.62
GCCG CAGA
37 UGAUACUCA 3.05 3.8 0.75 4.01 0.96
ACUG GAGU
average 3.56 3.80 0.24 3.62 0.06
deviation 0.64 0.00 0.64 0.45 0.52

aLongfellow et al. (26)
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This study also observed an enhanced stabilization of Groupln this experiment, three pairs of sequences had the same
Il bulge sequences; Group Il bulge sequences on averageulge and nearest-neighbors but different nonnearest neigh-
were 0.7 kcal/mol more stable than Group | bulge sequencesbors, duplexes 4 and 6, 5 and 7, and 14 and 16. The average

To further examine the differences in the thermodynamic deviation ofAG®s7pugefor these sets of duplexes is 0.3 kcal/
effects of the two Groups of sequences, we constructedmol. This value falls within the standard deviation of 0.7
Figure 5 similar to Figure 3 and plotted the free energy of kcal/mol for all of the duplexes studied. It is not evident,
nearest-neighbor base pairsd°s7 ) versus the free energy  therefore, that non-nearest neighbors affected the values
of the bulge. When considering Group Il sequences, it is calculated forAG®s7 puige
apparent thaG°s;7n is dependent on knowing which of Length of HelixAn analysis of rRNA secondary structures
the possible nucleotides is acting as the actual bulgedsuggests that some single mismatches are preferentially
nucleotide. Without doing structural studies on each of the located nearer to the helix end&l(42). A thermodynamic
sequences, it is impossible to know which nucleotide is the study of single mismatches demonstrated that moving the
bulge. We could identify the bulged nucleotide based on a mismatch closer to the helix end resulted in an enhanced
variety of simple assumptions. For example, we could assumestability of the mismatch4®5). It has been suggested that
the bulge will be situated between the pair of nearest the same may be true of single nucleotide bulgks, (@and
neighbors that is thermodynamically least stabilizing. Or we an analysis of rRNA secondary structures also suggests that
could assume that the bulge will be situated closest to thesome single bulges are preferentially located nearer to the
helix end. Both of these assumptions, however, could still helix ends (Znosko, unpublished data). Since all bulges in
result in multiple possibilities for the bulge location. So for Group | sequences are located in the center of the helix, a
simplicity and lack of structural data, we will assume that comparison between helices of different lengths is also a
the bulge has an equal probability of being located in each comparison between bulges which are located at different
of the possible locations and will use the average of all distances from the helix ends. In addition to the 6-mers
possibleAG°3; 1y Linear regression of the data points results (length of strand not including the bulge) studied by
in the following lines: Longfellow et al. R9), this experiment measured the

. . thermodynamics of 8- and 10-mers. So the bulge is located

AG®37 puge= —0.10AG"37 5+ 3.6 keal/mol 3, 4, or 5 nucleotides from the end of the helix. All Group
for Group | sequences (6) 16, 8, and 10-mers were compared to determine any trends
in AG®37,0uigeON the basis of duplex length and had average

To compare Group | sequences to Group Il sequences,AGoymlgeVallues of 3.0+ 0.1, 3.7+ 05, and 4.1+ 0.4

AG®57 puige= —0.40AG°5, ..+ 2.1 kcal/mol kcal/mol, respectively (Table 4). It is not apparent that a
P ’ for Group Il sequences (7) pattern exists between the distance from the helix end and
AGO37,bu|ge
we must look at the range of possifi&°s; ,nvalues,—0.93 Penalty ModelThe current modell; 3, 29) used to predict

to —3.42 kcal/mol ). Due to the different slopes of the the free energy of a bulge loop is the penalty model. This
two lines, the absolute difference between the two types of model assumes that the bulged nucleotide does not interfere
sequences can be minimized by setting the two equationswith the base pairing or stacking interactions between the
equal to each other at the middle of IN&°3; \nrange,—2.18 bases adjacent to the bulge. The bulged nucleotide is given
kcal/mol. This can only be done by adding a stabilization of a free energy value of 3.8 kcal/mol. This value is constant
—0.8 kcal/mol to Group Il sequences. This value is more for all single nucleotide bulge loops. The free energy of a
negative than the-0.3 kcal/mol stabilization of Group Il duplex containing a single nucleotide bulge can be deter-
sequences reported by Zhu and Warted¥)( for RNA mined using a nearest-neighbor calculation with the addition
determined by temperature gradient gel electrophoresis. Itof the penalty for a single nucleotide bulge lodp-@, 29):
appears as if pyrimidine bulges are more stabilized by being A ge
located in a Group Il sequence. Moving a pyrimidine from
a Group | to a Group Il sequence stabilizes the bulge by, on whereAG®s7 ref quplexiS the AG®37 of the duplex with the bulge
average, 1.1 kcal/mol. Doing the same for a purine bulge removed and\G°s7 penaiyis 3.8 kcal/mol for single bulges,
only stabilizes the bulge, on average, 0.5 kcal/mol. The regardless of the identity of the bulge or the identity of the
difference, 0.6 kcal/mol, is the difference between purine nearest neighbors. In this study, however, the average
and pyrimidine bulge | sequences. The incorporation of the AG°s7puge iS 3.6 kcal/mol and differences between the
additional stabilization term for Group Il sequences into identity of the bulge and the identity of the nearest neighbors
programs such as mfold)Y must be done with care since were observed. By incorporating these data, a less simplified
the output is a single structure while the thermodynamic and more accurate model can be devised to calculate the
stability represents an ensemble of structures as shown infree energy of duplexes containing single nucleotide bugles.
Figure 4. Development of Proposed Moderhis study thermody-
Non-Nearest-Neighbor Effectdongfellow et al. 29) namically characterized duplexes containing single nucleotide
suggested that predicting the free energy of RNA based onbulges. The data suggests that purine and pyrimidine bulges
the length of the bulge and the nearest neighbors was anand Group | and Group Il sequences differ significantly in
oversimplification. They reported a destabilization of ap- their thermodynamics. From these data, a model was
proximately 2 kcal/mol for changing two base pairs not developed that will predict the free energy of a duplex
adjacent to the bulge in one of their sequences. The effectscontaining a single bulge. The identity of the bulge was
of the presence of bulges on ethidium intercalation in RNA considered first and then the type of sequence was accounted
also suggests a non-nearest-neighbor effect of bulgs ( for.

J— o o
37,duplexwithbulge AG 37,refduplex+ AG 37,penalty (8)
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By combining egs 4 and 5 with the data derived from eqs 11
6 and 7, a new model was devised to account for differences
in the identity of the bulge and differences in the nearest ,
neighbors:

13.

AG®37 puge= 3-9kcal/mol+ 0.10AG°;; \ t+
for pyrimidine bulges (9)

where AG®37nnis the AG°s; for the neighboring base pairs

17.

AG®37 puige= 3.3kcal/mol— 0.30AG°;, .+ 8
for purine bulges (10)

for Group | sequences and the averadge’®s; of all possible
nearest-neighbor combinations for Group Il sequences, and
f is 0.0 and—0.8 kcal/mol for Group | and Group Il
sequences, respectively. In Table 5, the sequences in this
study were used to compare this proposed model to the
penalty model I, 3). Not only has the average value of
AAG°3; decreased from 0.24 to 0.06 kcal/mol, but the
standard deviation oAAG°3; has decreased from 0.64 to
0.52 kcal/mol by using the new model. In addition, two types
of sequences were greatly improved by the use of the
proposed model, pyrimidine bulges and Group Il sequences.
The AAG°3; for Group Il sequences was improved from
—0.69 t0—0.02 kcal/mol, and th&A AG°3; for pyrimidines

was improved from 0.42 to 0.06 kcal/mol.

Using Thermodynamics to Predict the Conformation of
the Bulge.Due to the variety of interactions in which a
bulged base may patrticipate, relationships between thermo-
dynamics, the identity of the bulge and the nearest neighbors,
and conformation of the bulge cannot, at present, be
determined. For example, the conformation of an adenosine
bulge in identical sequences determined by NMR, 64)
and X-ray crystallography4({, 65) has been determined to
have different geometries. The NMR data indicated that the
bulge was intercalated within the helix while crystallography
indicated that the bulge was extrahelical. Likewise, the bulge
sequence BC/G G may adopt either an extrahelical or side-
step geometry (Figure 1). Since regions with the same
bulging nucleotide and nearest neighbors can vary greatly
in their three-dimensional structure, it is clear that thermo-
dynamics, identity of the bulge, and identity of the nearest
neighbors cannot predict bulge loop geometry.

2
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