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ABSTRACT: Fifty-nine RNA duplexes containing single-nucleotide bulge loops were optically melted in 1

M NacCl, and the thermodynamic parametats®, AS’, AG°37, andTy for each sequence were determined.
Sequences from this study were combined with sequences from previous studies [Longfellow, C. E., et
al. (1990)Biochemistry 29278-285; Znosko, B. M., et al. (200Biochemistry 4110406-10417], thus
examining all possible group | single-nucleotide bulge loop and nearest-neighbor sequence combinations.
The free energy increments at 3C for the introduction of a group | single-nucleotide bulge loop range
between 1.3 and 5.2 kcal/mol. The combined data were used to develop a model for predicting the free
energy of a RNA duplex containing a single-nucleotide bulge. For bulge loops with adjacent Watson
Crick base pairs, neither the identity of the bulge nor the nearest-neighbor base pairs had an effect on the
influence of the bulge loop on duplex stability. The proposed model for prediction of the stability of a
duplex containing a bulged nucleotide was primarily affected by non-nearest-neighbor interactions. The
destabilization of the duplex by the bulge was related to the stability of the stems adjacent to the bulge.
Specifically, there was a direct correlation between the destabilization of the duplex and the stability of
the less stable duplex stem. The stability of a duplex containing a bulged nucleotide adjacent to a wobble
base pair also was primarily affected by non-nearest-neighbor interactions. Again, there was a direct
correlation between the destabilization of the duplex and the stability of the less stable duplex stem.
However, when one or both of the bulge nearest neighbors was a wobble base pair, the free energy increment
for insertion of a bulge loop is dependent upon the position and orientation of the wobble base pair
relative the bulged nucleotide. Bulge sequences of the @@Bé) (g 888) and(g,ng) are less

destabilizing by 0.6 kcal/mol, and bulge sequences of the @9885) and (gléBg) are more

destabilizing by 0.4 kcal/mol than bulge loops adjacent to Wat€nick base pairs.

RNA fulfills essential cellular roles, including storage of nucleotide disrupts regions of contiguous base pairing. These
information, protein and small molecule binding, and chemi- unpaired nucleotides can participate in a variety of biological
cal catalysis1—10). The functional diversity of RNA is often  events, including protein binding and tertiary structure
predicated by hierarchical folding of complex tertiary formation (L7—20). More recently, single-nucleotide bulges
structures with secondary structure formation preceding thathave been implicated in reverse transcriptase-mediated RNA
of the native, functional fold 11, 12). Since the tertiary  displacement synthesis as single-nucleotide bulges enhance
structure arises from the preformed secondary structure,synthesis through stable secondary structu2es (

accurately determining the secondary structure of a RNA  preyiously, single-nucleotide bulges were subdivided into

molecule would provide clues to its function as well as 4youps according to the identity of the bulge and adjacent
facilitate prec.hc.tlon of _the RN_A tertiary fold. Current _ base pairsX6). Group | single-nucleotide bulge loops were
structure prediction algorlthms using updated thermpdynamlc defined as bulge loops where the position of the bulge was
parameters correctly predie{73% of known base paird §, unambiguous with a bulged nucleotide that is not identical
14). Thereforv_a, it follows that reﬁ_nement of the input 5 either of the neighboring nucleotides, and group I
ther_modynam_lc parameters_ f(_)r multiple secondary structureSequences were defined as bulge loops where the position
motifs would improve predlctl_ons of s_econdary struc_tures. of the bulge is ambiguous since the bulge nucleotide is
One secondary structure motif for which there remain few jyentical to at least one of the neighboring nucleotides (Table
thermodynamic analyses is the single-nucleotide bul§e (1) with a limited amount of data, a model was presented
16). A single-nucleotide bulge occurs when an unpaired {hat provided the parameters for predicting the thermody-
namics of single-nucleotide bulges for group | and group I
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Table 1: Examples of Different Classes of Single-Nucleotide Bulge of fi bulge loop. The fr_ee energy inc_rement f_or group | bulges
Loops adjacent to WatsonCrick nearest neighbors is not dependent

on nearest-neighbor interactions. For bulges adjacent to
wobble base pair nearest neighbors, nearest-neighbor interac-

sequence potential bulge positions duplex sequencA§(s7)

Group | tions influence the free energy increment for insertion of the
CGCAGCC CGQAAGCC CGCGCC (10.7) _ gy : _
GCG CGG GCG CGG GCGCGG bulge. The enthalpic contribution for insertion of a group |
Group Il single-nucleotide bulge loop is independent of both nearest-

CGCCGCC CGAGCC CACGCC CGCGCC (10.7) CGCGCC (10.7)  neighbor and non-nearest-neighbor interactions.
GCG CGG GCGCGG GC GCGG GCGCGG GCGCGG

Group Il MATERIALS AND METHODS
CGCUGCC CG@GCC CAUGCC CGCGCC (10.7) CGUGCC (8.9) ) L ,
GCG CGG GCGCGG GC GCGG GCGCGG GCGCGG RNA Synthesis and PurificatioMost oligomers were
Group IV synthesized on CPG solid supports (Applied Biosystems 392
CGCCUGG CGQCUGG CECCUGG CGCUGG (8.5) CGCUGG (8.5) DNA/RNA synthesizer) utilizing phosphoramidites with the
GCGGCC GCGGCC  GCGGCL GCGGLC GCGGCC 2'-hydroxyl protected as théert-butyldimethylsilyl ether
CGCQUGG CGCCGG (10.6)

from Glen Reseach (Sterling, VA)28, 24). Oligomers
underwent ammonia and fluoride deprotection, and crude
o ) ) sample was purified using preparative TLC (55:35r+0
types of bulge ambiguity can arise. For example, with the propanol/ammonium hydroxide/water) and Sep-Pak C18
oligomer 3CGCUGCC/3GCG CGG, the bold G on the  (waters) chromatography. Some oligomers were ordered
bottom strand can form a base pair with either the bold C or from Dharmacon, and deprotection of the oligomers was
the bold U. Depending upon which pair forms, either the C carried out using the manufacturer’s instructions. The oli-
or the U would be the bulged nucleotide and the parent gomers were then purified as described above. Sample purity
duplex would contain either a WatseQrick or wobble base  \ya5 determined through analytical TLC or HPLC (C-8) and
pair having different thermodynamic stabilities (Table 1). \as greater than 95%.
Sequences with this type of ambiguity are now defined as \elting Cure and Data AnalysisFor non-self-comple-
group Il bulge loops. Group IV single-nucleotide bulge loops mentary sequences, individual strand concentrations were
are defined as those sequences which have characteristicsg|culated from the high-temperature single-strand absor-
of both group Il and group Il sequences (Table 1). Some of hance at 260 and 280 nm using nearest-neighbor extinction
the sequences originallL§) considered group | or Il have  coefficients 5, 26). Single strands were then annealed in a
now been reassigned as group Ill or IV. 1:1 molar ratio. Optical melting experiments were performed
Group | single-nucleotide bulge loops are now defined as using a Beckman DU 640 spectrophotometer and a high-
bulges with either WatsonCrick or wobble base pair nearest performance temperature controller at 260 or 280 nm.
neighbors, and no bulge ambiguity is possible. There are 26 Apsorbance changes for oligomensli M NaCl melt buffer
possible group | bulges with only Watse@rick nearest-  [1 M NaCl, 0.01 M cacodylic acid, and 0.5 mM EDTA (pH
neighbor base pairs (Table 3) and 24 possible group | bulges7 )] were recorded as a function of temperature from 95 to
when one or more of the nearest neighbors is a wobble base; g °c at a rate of 1°C/min as described previousl2?).
pair (Table 5). Group II single-nucleotide bulge loops are The experiment was repeated at 10 varying sample concen-
defined as bulges with either Watsoe@rick or wobble  trations to give an at least 50-fold concentration range (from
nearest neighbors where the bulge is identical to one or moreqg uM to 1 mM) for each sample. Absorbance versus
of the adjacent bases. While there are a large number oftemperature profiles were fit to a two-state model with
group Il bugles, if more than two identical bases occur; for sjoping baselines using a nonlinear least-squares program
the case where there are only two identical bases, as in the(zg)_ Thermodynamic parameters for duplex formation were
example in Table 1, there are 68 possible sequence combinapptained by two methods: (1) enthalpy and entropy changes
tions. The possible sequence combinations are given in Tablefrom the fits of the individual melting curves were averaged,
S1 of the Supporting Information. Group Ill single-nucleotide gpg (2) plots of the reciprocal melting temperatufg; ™,

AG (GA) or CU (UC) and the possibility of forming either

a Watson-Crick or wobble base pair. There are 48 possible T, - = (2.3R/AH°) log C/4 + AS’/AH® (1)
group lll sequence combinations; they are listed in the

Supporting Information (Table S2). There are a large number whereC; is the total concentration of oligomer. Parameters
of group IV single-nucleotide bulge loops that have char- derived from the two methods generally agreed within 15%,
acteristics of both group Il and group IlI single-nucleotide consistent with the two-state mod&l( 31). The Gibbs free

GCGG CC GCGGCC

bulge loops. energy change at 37C was calculated as
In this study, the complete set of group | single-nucleotide
bulge loops with either WatserCrick or wobble base pair AG°;;= AH® — (310.15 KNS’ 2
nearest neighbors has been thermodynamically characterized
to improve our ability to predict the stability of RNA Determination of the Contribution of Bulge Loops to

duplexes with bulge loops. The free energy increment for Duplex Thermodynamic3he free energy of duplex forma-
the insertion of a bulge loop into a duplex was found to be tion can be approximated by the nearest-neighbor maag! (
primarily influenced by non-nearest-neighbor interactions. The free energy contribution of each bulged nucleotide was
The stability of the stem adjacent to the bulge has a direct calculated from the experimental data and the nearest-
effect on the duplex destabilization caused by the insertion neighbor model according to eq 3
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AG®37buige)= AG 37(measured)™ AC a7(duplexy  (3) a duplex is 3.9+ 0.8 kcal/mol and for a purine bulge is 4.2
+ 0.8 kcal/mol. Since these values are not statistically

WhereAG®s7(measuredjs the experimentally determined value  different, they can be combined to provide a simple model
from the melts anAAG7upiex)is calculated from the nearest-  for predicting the stability of a duplex containing a single
neighbor model for the duplex as if it did not contain the 9roup | bulge nucleotide (purine or pyrimidine) which is just
bulge.AH° values are calculated in a similar fashion. the average of all of the measured values (.0.8 keal/
Phylogenetic AnalysisA database of phylogenetically mol). The bold values in Tab]g 3 represent bulge loops which
determined RNA secondary structured3)( of 305 SSU appear to pe less de.stab|l|zmg. These values Ied.to an
rRNAs, 169 LSU rRNAs, 16 group | intron RNAs, and 7 gnderstgndlng of _the importance of non-nearest-neighbor
group Il intron RNAs was searched for group | single- |n.teract|'ons and will be discussed more fully below (see the
nucleotide bulge loops. The loops were characterized by Piscussion). _ _
nearest-neighbor base pairs and bulge identity. The enthalpic mcrgments for single-nucleotide bulge loops
Statistical AnalysisStatistical analysis of the data was are also presented in Tables 3. In all cases except thrqe » the
carried out using the statistical software available with introduction of a bulge lowers the enthalpy of formation

GraphPad Prism and GraphPad Instat of the duplex. As with the free energy, the enthalpy
' contribution to duplex formation is nearly identical for

RESULTS pyrimidine and purine bulge nucleotides. Therefore, the
enthalpy contribution for group | single-nucleotide bulge
From the study of a set of 23 oligomers containing a |oops is just the average of the measured values (24
single-nucleotide bulge loop with adjacent Wats@rick kcal/mol). As noted previously, the standard error for
base pairs, we have previously determined a model for enthalpy measurements is much larger than for free energy
predicting the parameters for the thermodynamic stability measurements3).
of group | bulge loops16). To more fully determine the Previously, only two group | single-nucleotide bulge loops
role of the bulge identity and the nearest neighbors on the gdjacent to a wobble base pair had been measi@dTo
stability of bulge loops, 23 additional (12 purine and 11 determine the influence of single-nucleotide bulge loops
pyrimidine bulges) duplexes containing a group | single- adjacent to a GU base pair, 36 additional oligonucleotide
nucleotide bulge loop with WatserCrick nearest-neighbor  duplexes (21 purine and 15 pyrimidine bulges) were prepared
base pairs were prepared and the thermodynamics of duplexand the thermodynamics of duplex formation measured by
formation measured by optical melting. These oligomers gptical melting. These oligomers when combined with the
when combined with the previously measured oligomers give previously measured oligomers give measurements for the
measurements for the complete set of group | single- complete set of group | single-nucleotide bulge loops with
nucleotide bulge loops with WatseiCrick nearest neigh-  wobble nearest-neighbor base pairs.
bors. Thermodynamic parameters for duplex formation for
Thermodynamic parameters for duplex formation by these oligonucleotide duplexes containing a group | single-nucle-
oligonucleotides are listed in Table 2. The oligonucleotides otide bulge loop adjacent to a wobble base pair are listed in
are listed in order of decreasing free energy for the respectiveTable 4. The oligonucleotides are listed in order of decreasing
duplex. Sequences were divided into two groups: duplexesfree energy for the respective duplex. Sequences were divided
with purine bulges and duplexes with pyrimidine bulges. into groups based upon the position and orientation of the
Residues in bold are the bulge nucleotides. The parametersyobble base pair relative to the position of the bulged
are the average values derived from fits of the melt nucleotide. Bulged nucleotides are shown in bold. The
curves and fromTy~* versus logC/4) plots. The para-  parameters are the average values derived from fits of the
meters from the two methods agree within 15% for all melt curves and fronTy ! versus logC/4) plots. Again,
duplexes in Table 2, suggesting that the two-state model isthe parameters from the two methods agree within 15% for

a reasonable approximation for these transitic 81). all duplexes in Table 4, suggesting that the two-state model
The average deviations in thermodynamic parameteris a reasonable approximation for these transitions. The
values are 7.3, 7.9, and 1.5% faH°, AS’, and AG®s7, average deviations in thermodynamic parameter values
respectively. are 8.8, 10.3, and 2.3% faxH°, AS’, and AG°s7, respec-

The free energy and enthalpy contributions of each bulged tively.
nucleotide were calculated from the experimental data The free energy contribution of each bulged nucleotide
according to eq 3 and presented in Table 3. The completewas calculated from the experimental data according to eq
set of all single-nucleotide bulge loop duplexes used to 3 and presented in Table 6. As observed for the bulges with
provide the results presented in Table 3 is listed in the Watson-Crick base pairs, all of bulges with wobble nearest-
Supporting Information (Table S3) along with the thermo- neighbor base pairs also destabilize the duplex. The extent
dynamic values used to determine the values presentedof destabilization ranges between 0.5 and 5.8 kcal/mol. Given
As previously observedlg), all of bulges destabilize the the lack of influence of the WatserCrick nearest-neighbor
duplex. base pairs to influence the thermodynamic contribution of

In our initial analysis, we focused on nearest-neighbor the bulge loop to duplex formation, it seems reasonable to
effects. The extent of destabilization ranges between 1.3 andreat a bulge adjacent to a wobble base pair in a similar
5.2 kcal/mol. Also, as noted previously@), on average, fashion.
the pyrimidine single bulges are slightly more stable than In our initial analysis, we again focused on nearest-
the purine bulges by 0.3 kcal/mol. The destabilization caused neighbor effects. The influence of a group | single-nucleotide
by the introduction of a single group | pyrimidine bulge into bulge loop adjacent to a wobble base pair depends upon both
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Table 2: Thermodynamic Parameters for Duplex Formation for Oligonucleotides Containing a Group | Single-Nucleotide Bulge Adjacent to
Watson-Crick Base Paifs

Ty vs log Cr plots average of curve fits
-AH® -AS° -AG®3; Tm® -AH® -AS° -AG®3; ™
oligomers® (kcal/mol) (eu) (kcal/mol) (°C) (kcal/mol) (eu) (kcal/mol) (°C)
Group I Purine
Tw vs log Cr plots average of curve fits
GGCGACUCG 60.2 162.3 9.9 55.4 60.5 163.0 10.0 55.8
CCGC GAGC
GAGCAGGUC 65.2 180.3 9.3 50.8 69.5 193.2 9.6 51.2
CUCG CCAG
GGCGAUUCC 66.6 185.0 9.2 49.9 70.9 198.6 9.3 49.6
CCGC AAGG
GGCGAUUCG 67.6 191.3 8.3 45 .4 66.0 186.0 8.3 45.6
CCGC AAGC
GACCGUAGC 54.5 149.9 8.0 45.4 56.1 155.2 8.0 45.4
CUGG AUCG
GUGCAUGAG 64.8 183.5 7.9 43.7 65.3 184.8 8.0 43.9
CACG ACUC
CAGUGCAGC 48.5 133.1 7.3 41.8 52.3 144.7 7.4 42.5
GUCA GUCG
CAGUAGAGC 59.1 167.8 7.1 39.9 63.5 181.7 7.1 39.8
GUCA CUCG
CAGUACAGC 52.8 148.0 6.9 39.4 49.2 136.4 6.9 39.6
GUCA GUCG
GUGUGUGUG 54.6 155.2 6.4 36.4 58.4 167.1 6.5 37.0
CACA ACAC
GAGACAC 45.0 127.9 5.3 28.6 50.7 146.8 5.2 29.1
CUC GUG
GAUAGAC 37.4 108.5 3.8 15.7 34.8 99.1 4.1 16.6
CUA CUG
Group I Pyrimidine
GGCAUGACG 53.7 145.3 8.7 49.9 60.4 166.5 8.8 49.0
CCGU CUGC
GACAUGUGC 67.7 181.3 8.5 46.7 57.9 159.7 8.4 47.1
CUGU CACG
CAGGUAAGC 72.6 207.0 8.4 45.1 78.5 225.7 8.5 45.0
GUCC UUCG
CACAUGCAC 61.3 171.2 8.2 45.6 64.8 182.4 8.3 45.6
GUGU CGUG
CACACGCAC 47.8 127.9 8.1 47.6 58.8 162.9 8.3 46.8
GUGU CGUG
CAGGCAAGC 62.3 175.9 7.8 43.3 69.5 198.4 7.9 43.3
GUCC UUCG
GACGCUAGC 37.8 97.6 7.6 45.8 35.9 91.1 7.6 46.5
CUGC AUCG
CAGUCGAGC 56.7 158.8 7.5 42.4 57.0 159.4 7.6 43.0
GUCA CUCG
GCAUCUGUG 65.7 192.6 6.0 34.4 66.2 194.1 6.0 34.7
CGUA ACAC
CAGACUAGC 43.6 122.6 5.6 30.4 35.9 97.6 5.7 29.6
GUCU AUCG
GUGCUUC 44.5 129.1 4.4 23.0 44.9 130.0 4.6 24.0
CAC AAG

a Solutions contained 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA (pMTHe nucleotide in bold is the bulge residue. The top
sequence is written’ 5~ 3'. ¢ Calculated at an oligomer concentration of 41M1.
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Table 3: Thermodynamic Parameters and Natural Occurrence for Single-Nucleotide Group | Bulges Closed by @ais@ase Pairs

percentage of percentage of
bulge AG°37puigd AHpygd naturally occurring bulge AG°37buigd AHugd naturally occurring
sequence (kcal/mol) (kcal/mol) group | sequencés sequence (kcal/mol) (kcal/mol) group | sequencés
A Bulges C Bulges

CAC 3.9 4.0 UCA

G G 4.3 13.r 12.8 AU 3.9 8.5 1.8
GAG 3.8 8.3 GCG

cCC 3.F 9.4 11.4 cCC 3.0 —-45 15
CAG 4.5 14.7 uUcu 3.9 4.2

G C 4.4 10.C¢ 10.6 A A 2.9 19.7 1.0
CAU 4.4 11.9 ACA

G A 4.4 13.9 10.4 U u 4.3 —3.7F 0.9
UAC 5.4 26.0 ACG 4.0 22.6

A G 4.7 8.5 9.9 U cC 4.% 12.# 0.7
GAC 2.9 8.2 UCG 4.8 20.1

C G 5.2 23.4 8.2 A C 49 8. 0.7
GAU 45 9.8 ACU

C A 45 10.6 2.8 U A 4.8 324 0.4
UAU GCA

A A 4.0° 20.& 15 cu 43 9.4 0.4
UAG 2.2 16.4 GCU 1.3 4.2

A C 5.2 15.6 1.2 C A 43 38.5 0.3

G Bulges U Bulges

CGC GUG 3.9 13.00

G G 4.0 8.& 1.9 CcCC 3.3 2.F 12.3
UGC AUG 4.0,4.0 15.1,12.8

A G 5.0 26.6 11 ucC 5.0 23.0 3.2
CGU AUA

G A 4.7 21.8 0.3 Uuu 39 3.F 3.0
UGU 34 12.2 GUA

A A 2.9¢ 28.8 0.2 cCu 3.7 -0.3 1.6

aThe top strand is written'5— 3'. ® Values calculated as described in the t&&rom ref 16. ¢ From ref15. ¢ The total number of single-
nucleotide group | bulge sequences closed by Wat&nck base pairs is 3520.

the position of the wobble pair relative to the bulge ¢b adjacent to a wobble base pair is just the average of the
3') and the orientation of the wobble (G or U in the strand measured values (18 13.6 kcal/mol).

with the bulged nucleotide). For bulges of the type
(g S‘Bé) and(g,éBg), where XY is a WatsonCrick base
pair, the average destabilization caused by the bulge is not There has been a recent explosion in nucleic acid sequence
significantly different from that due to bulges adjacent to information derived from the various genome and other

Watson-Crick base pairs, 3.2= 1.4 and 3.8+ 1.7 kcal/ sequencing projects. This information provided a wealth
UBX of information about both coding and noncoding RNAs.

mol, respectively. For bulges of the tyF(é’G Y) and 1o make full use of this information, particularly for
bulges with two wobble nearest neighbors, the bulge is noncoding RNAs, it is necessary to understand how the
significantly less destabilizing than a bulge adjacent to RNA sequence is related to the functionally relevant
Watson-Crick base pairs. The average free energy incre- three-dimensional structure of the molecule. For this rea-
5 UBX . son, there has been an increased level of interest in pre-
ments for(3,G Y) and bulges with two wobble nearest dicing both the secondary and tertiary structure of RNA
neighbors are 3.2 0.7 and 2.8t 0.6 kcal/mol, respectively.  from sequence. The most commonly used programs for
For bulges of the typ 5¢BS) the bulge is significantly ~ Secondary structure prediction, mfold and RNAstructure
(37), use thermodynamic parameters to predict the most
stable (and suboptimal) secondary structural folds. The ability
of these programs to predict the secondary structure depends
upon the availability of accurate models to provide the
thermodynamic parameters for the various RNA secondary

DISCUSSION

more destabilizing than a bulge adjacent to WatsGrick
base pairs. The average free energy increment ist4053
kcal/mol. The six bold values in Table 5 represent bulge
loops which are less destabilizing. These values will be

discussed more fully below in the context of non-nearest- structural motifs. Bugle loops are a common motif, yet

neighbor interactions (see the Discussion). relatively few studies have investigated the influence of
The enthalpic increments for single-nucleotide bulge loops sequence on the thermodynamics of secondary structure
adjacent to wobble base pairs are also presented in Tablegsormation (15, 16).
5. In all cases except one, the introduction of a bulge lowers  |n an earlier investigation, using a limited number of bulge
the enthalpy of formation of the duplex. The enthalpy loop nucleotides, we arrived at a model for predicting the
increments for insertion of a bulge loop into a duplex do parameters for the influence of bulge loops on the stability
not vary depending upon the position or orientation of the of RNA duplexes based upon the type of loop sequence
wobble base pair relative to the bulge. Therefore, the enthalpy(group I or 1) and the identity of the bulge nucleotide when
contribution for group | single-nucleotide bulge loops the nearest neighbors were Wats@erick base pairs. As we



15128 Biochemistry, Vol. 46, No. 51, 2007 Blose et al.

Table 4: Thermodynamic Parameters for Duplex Formation for Oligonucleotides Containing a Group | Single-Nucleotide Bulge Adjacent to
GU Wobble Base Paits

Ty vs log Cr plots average of curve fits

-AH® -AS° -AG®y; Ta -AH® -AS°® -AG®y; Ty
oligomersb (kcal/mol) (eu) (kcal/mol)  (°C) (kcal/mol) (eu) (kcal/mol) °O)
purine bulges with 5’ adjacent G-U pairs
CGGUGCACG 52.7 139.1 9.6 55.8 51.2 134.1 9.6 57.0
GCCG GUGC
CGGUACACG 55.3 148.3 9.3 53.2 53.8 143.7 9.3 53.6
GCCG GUGC
CAGUAGACG 56.4 158.0 7.4 41.7 68.5 197.2 7.4 40.8
GUCG CUGC
GCUUACGAC 79.2 231.6 7.4 40.3 75.2 218.8 7.3 40.3
CGAG GCUG
GCUUAUUGG 43.2 119.2 6.3 35.0 52.3 149.0 6.1 34.7
CGAG AACC
GUCUGUCAC 58.6 169.1 6.1 34.9 64.2 187.2 6.1 35.0
CAGG AGUG
GCUUGUACC 53.5 153.6 5.8 33.0 59.5 173.0 5.9 33.5
CGAG AUGG
GCUAGAC 49.9 142.1 5.8 32.7 55.6 160.5 5.8 32.9
CGG CUG

purine bulges with 3’ adjacent G-U pairs

GACAUAGUC 73.6 207.6 9.2 48.8 63.1 174 .4 9.0 49 .4
CUG GUCAG

CGGCAUACG 40.2 103.2 8.2 50.5 36.3 90.0 8.4 53.6
GCCG GUGC

GUCGAUCAC 61.4 175.5 6.9 39.1 59.6 169.7 6.9 39.1
CAGC GGUG

CAAGAUAGUC 76.9 226.4 6.7 37.7 66.1 191.3 6.8 38.1
GUUC GUCAG

GGCGUAC 34.0 89.6 6.2 34.0 37.0 99.5 6.2 34.0
CCG GUG

CAGUGUAGUC 28.0 72.0 5.7 27.8 25.1 62.0 5.9 29.5
GUCA GUCAG

GCUUGUACC 57.2 167.1 5.4 31.0 56.1 162.9 5.6 31.9
CGAA GUGG

CAGUAUAGUC 49.3 141.8 5.3 29.6 42.7 119.7 5.6 30.4
GUCA GUCAG

GCGAUAG 34.5 95.3 5.0 23.4 26.9 69.0 5.5 25.5
CGC GUC

purine bulges with both 5’and 3’ adjacent G-U pairs

GCUUGUACC 49.4 140.9 5.6 31.7 49.8 142.6 5.6 31.5
CGAG GUGG
GUGUAUGUG 50.8 146.2 5.5 30.8 55.8 162.7 5.4 30.7
CACG GCAC
GAUGUUAGC 54.0 160.3 4.3 24.9 45.7 131.6 4.8 26.0
CUG GAUCG

pyrimidine bulges with 5’ adjacent G-U pairs

ACUGUGCG 54.4 148.9 8.2 46.9 55.7 153.2 8.2 46.6
UGAU CGC
CAGGCGAGC 68.5 196.6 7.6 41.7 59.9 168.8 7.6 42.5
GUCU CUCG
CAGGUGAGC 74.3 214.9 7.6 41.5 73.6 212.8 7.6 41.8
GUCU CUCG
CAGGCUAGC 42.8 119.1 5.8 31.9 41.7 115.3 6.0 32.7
GUCU AUCG
CAGGCAAGC 44 .4 125.6 5.5 30.0 45.4 128.6 5.6 30.4
GUCU UUCG
CAGGUAAGC 61.1 180.0 5.3 30.9 60.2 176.6 5.4 31.4

GUCU UUCG
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Table 4: (Continued)

Ty vs log Cr plots average of curve fits

-AH° -AS° -AG®;; Ty -AH® -AS°® -AG®3; Ty
oligomersb (kcal/mol) (eu) (kcal/mol)  (°C) (kcal/mol) (eu) (kcal/mol) (°C)
pyrimidine bulges with 3’ adjacent G-U pairs
CAGGUGAGUC 86.5 250.9 8.7 45.0 103.5 305.0 8.9 44.3
GUCC UUCAG
CAGGCGAGUC 74.8 214.1 8.4 44.8 70.1 199.1 8.3 45.1
GUCC UUCAG
CAGGUGAGC 61.9 176.8 7.0 39.6 61.3 174.8 7.0 39.6
GUCC UUCG
CAGUCGAGUC 46.4 127.6 6.8 38.8 50.2 140.4 6.7 37.7
GUCA UUCAG
CAGGCGAGC 58.9 168.0 6.7 38.1 63.4 183.0 6.7 37.8
GUCC UUCG
CAGACGAGUC 40.5 109.2 6.6 27.7 40.4 108.4 6.8 38.7
GUCU UUCAG
CAGAUGAGUC 37.5 101.4 6.0 32.9 38.8 105.0 6.2 34.5
GUCU UUCAG

Pyrimidine bulges with both 5’and 3’ adjacent G-U pairs

CAGGCGAGC 52.5 153.3 4.9 27.8 54.6 160.8 4.7 27.0
GUCU UUCG
CAGGUGAGC 50.6 148.4 4.6 25.9 54.7 161.8 4.5 26.0
GUCU UUCG

a Solutions contained 1.0 M NaCl, 10 mM sodium cacodylate, and 0.5 mM EDTA (pHTHe nucleotide in bold is the bulge residue. Top
sequence is written'5-3". ¢ Calculated at 10 M oligomer concentration.

Table 5: Thermodynamic Parameters and Natural Occurrence for Single-Nucleotide Group | Bulges Closed by GU Base Pairs

percentage of percentage of
bulge AG°376uig8 AHpygd naturally occurring bulge AG°37puig8 AH®ugd naturally occurring
sequence (kcal/mol) (kcal/mol) group | sequencés sequence (kcal/mol) (kcal/mol) group | sequencés
Bulges with 5G/U Bulges with 3G/U
GUG 0.5 4.2 GUG 4.7 15.6
ucC 4.0 16 21 cCu 4.0 -8.8 2.2
GUA AUG
uu 4.0 10.0 0.6 Uuu 4.8 42.0 11
GCA GCG 5.0 16.1
uu 3.8 25.8 0 CcC U 4.5 13.7 1.0
GCU UCG
uaA 3.9 25.2 0.0 AU 45 34.6 0.6
GCG ACG
UucC 4.0 11.4 0.0 uu 4.2 39.7 0.1
Bulges with 5U/G Bulges with 3U/G
UAC 3.093.0 6.2919.3 GAU 2.04.4 21.313.1
G G 3.8 0.2 37.9 C G 45 6.5 101
UAG 1636 0.1,75 CAU 4.4 38.2
G C 3.3 8.1 23.0 G G 1.2 5.3 2.6
UGC UAU
G G 2.7 21.8 8.5 A G 5.8 36.8 0.7
UAU CGU
G A 3.3 20.7 4.8 G G 1.7 19.7 0.6
uUGU 4.2 13.8 uUGuU 5.5 56.3
G A 3.8 8.4 2.0 A G 4.6 16.5 0.6
Bulges with both 5 and 3G/U Bulges with both 5 and 3U/G
GCG UAU
uu 31 23.8 1.0 G G 2.6 18.4 0.4
GUG UGU 1.9 17.5
uu 34 24.6 0.0 G G 3.1 30.2 0.0

aThe top strand is written'5~ 3'. ® Values calculated as described in the téxthe total number of single-nucleotide group | bulge sequences
with adjacent GU base pairs is 810rom ref16.

began to investigate the influence of bulge loops adjacentgroup | are now classified as either group Il or IV. In this
to wobble base pairs, we came to recognize additional typesstudy, the complete set of group | single-nucleotide bulge
of bulge loop sequences (group Il and V). In our initial loops with either WatsonCrick or wobble base pair nearest
investigation, some of the sequences originally identified as neighbors has been thermodynamically characterized to
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Table 6: Group | Single-Nucleotide Bulge Loop Thermodynamic 6
Parameters o 5
free energy increment for the insertion of a group | single-nucleotide %’ = A A
bulge loop into a RNA duplex o g 4+ n 4
AGO37bu|ge loop— _0-62AG°37Iess stable ster#' 0.25 (kcal/mOI) ‘06 = 3 ;
nearest-neighbor bonus and penalty values N 8 7
5'UBX) (5 GBG 5'UBU o’ X o
(387%) (35°0) and(3 &) — 06 keal/mol o = 2 i
(g SBé) and(g,éBg) +0.4 kcal/mol Ly
enthalpic increment for the insertion of a group | single-nucleotide 0 . . ; ; ;
bulge loop into a RNA duplex 5 6 7 8 9 10 1
H®buige 1o0p= 16.5 kcal/mol (independent of stem or nearest-neighbor length of stem in BP
effects)
6 61
) 4
o 5 . 3 . * >_°
o . o; 3 0 4
8 o p———— < E
o5 . . ° ‘_3 3
34 v )
0 v L] o X i
- N . o =2
24 < 1] O
1 ' v v 0 T T T T
0.5 15 25 35 5.0 75 100 125 150 175
- AG®37 NN -AG®;; of
Ficure 1: Plot of the free energy change for bulge loop formation, parental duplex
AG°37puige VS the free energy incrememG°s7q, for the Watson- (kcal/mol)

Crick nearest-neighbor interaction at the site of the bulge. Energy

differences between purin®) and pyrimidine ¥) bulge loops.
Thin solid lines are the linear regression lines for the purine and 6
pyrimidine data. The dark solid line is the linear regression for all o 5
data points. D ~
22
improve our ability to predict the stability of RNA duplexes "Q = 31
with bulge loops. L,
Nearest-Neighbor Influences on the Thermodynamics of 2 = o
Bulge Loops Adjacent to Watserick Base PairsSince 1
the range of thermodynamic contributions of bulge loops 0 ‘ . . . . .
adjacent to WatsonCrick base pairs to duplex formation 2 3 4 5 6 7 8 9
(Table 3) is relatively large, 1:35.4 kcal/mol, we reinves- -AG°;; of less
tigated the influence of the bulge nearest neighbors on the stable stem
thermodynamic contribution of bulge loops on duplex (kcal/mol)

formation. F'gL.”e 1 displays t.he plot of the free energy of FiIGUrRe 2: (A) Plot of the free energy change for bulge loop
the nearest-neighbor base pairs versus the free energy of thgyrmation, AG®37puge Vs the length of the duplex. (B) Plot of the
bulge. Initially, the purine and pyrimidine bulge data were free energy change for bulge loop formatidtG°s7puge Vs the free
plotted separately and the linear regression for each setenergy of the parental duplex. (C) Plot of the free energy change
determined. The two linear regression lines were found not for bulge loop formationAG®s7nuge vs the free energy of the less
to be statistically different for each other. Therefore, the two stable duplex stem (stem free energy was calculated without the
) . N inclusion of the free energy of duplex initiation.). Bulge loops
data sets were combined and the linear regression of theadjacent to WatsonCrick nearest neighboraj and “bold” bulge
entire set of group | single nucleotide bulge loop data loops from Table 3[). Lines are the least-squares fits of the data
determined. The slope of the regression line (Gt05.16) points.
was not significantly different from zero, further indicating .
that neither the identity of the bulge nor its nearest neighbors 1.3 or 4.3 kcal/mol. In an attempt to understand the origin
influence the thermodynamics for bulge loop insertion on of the difference in the thermodynamic contribution of these
duplex formation. bulges to duplex formation, we examined a number of non-
Non-Nearest-Neighbor Influences on the Thermodynamicsnearest-neighbor factors which might contribute to the
for Bu'ge Loops Adjacent to Watsﬁ@rick Base Pairs]’he dlfferenf:e. The first Filfference we noted VV.aS that the bOld
data highlighted in bold in Table 3 were originally singled data points were derived from bulge loops imbedded within
out because they seemed to represent single-nucleotide bulgéelatively short helix stems. Figure 2a examines the influence
loops that were much less destabilizing than the remainderof helix size upon the thermodynamic contribution of the

of the bulges examined. For example, in Table 3, the bulge bulge to duplex formation. Although the bold data points
5 GCU do indeed represent short helices, many of the small helices

sequence(3,c A)’ imbedded within two different duplex  hexamer) had bulges which were not unusually destabilizing.
sequences, influences the stability of the duplex by either Next we investigated whether the stability of the parental
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helix was related to the thermodynamic contribution of the
bulge to helix formation. This analysis is shown in Figure
2h. There was a clear relationship between the stability of
the duplex and the thermodynamic contribution of the bulge
to helix formation. A linear fit of the data in Figure 2b gives
the reIationAG°37bu|ge loop = _0-27AG°37duplex+ 1.0 (I'2 =
0.46), whereAG®s7puge 100piS the free energy increment (in
kilocalories per mole) for insertion of a bulge loop into a
duplex andAG°s7qupiex i the free energy of the duplex
without the bulge. Finally, we compared the stability of the
less stable duplex stem with the thermodynamic contribution
of the bulge to helix formation (Figure 2c). A linear fit of
the data in Figure 2c gives the following\G°s7buige 100p=
—0.51AG 37quplext+ 1.0 (> = 0.32). The bulge loops which
are less destabilizing to duplex formation (in bold in Table

3) are found inserted into duplexes where the duplex or one

of its stems is relatively unstable. While the fit to the data
in Figure 2c is not as good as in Figure 2b, inclusion of the

data for bulge loops adjacent to wobble base pairs gives a

more meaningful relationship (see below).

Non-Nearest-Neighbor Influences on the Thermodynamics

for Bulge Loops Adjacent to Wobble Base Pafkssimilar

non-nearest-neighbor analysis of the data for bulge loops
adjacent to a wobble base pair is presented in Figure 3. The

data for the bulge loops adjacent to Wats@rick base pairs
are included in Figure 3 for comparison. Figure 3a examines
the influence of helix length upon the thermodynamic
contribution of the bulge to duplex formation. For the bulges

adjacent to wobble base pairs, several of the less destabilizing

bulges were found within longer duplexes of seven or eight
base pairs, and as seen for the bulges adjacent to Watson
Crick base pairs, many of the small helices (hexamer) had
bulges which were not unusually less destabilizing. Next we
investigated whether the stability of the parental helix was
related to the thermodynamic contribution of the bulge to
helix formation. This analysis is shown in Figure 3b. As for
the bulges adjacent to Watseg@rick base pairs, there was
a relationship between the stability of the duplex and the
thermodynamic contribution of the bulge to helix forma-
tion. A linear fit of the data for bulge loops adjacent to
wobble base pairs gives the followingAG°s7buige toop =
—0.42AG’37qupiex — 0.7 (? = 0.37). This line was not
significantly different from the line for the bulge loops
adjacent to WatsonCrick base pairs, so both sets of data
were combined. The linear fit for the combined data gives
the relationAG°s7puige 100p= —0.33AG37dupiex — 0.7 (2 =
0.41), whereAG®s7puge 100piS the free energy increment (in
kilocalories per mole) for insertion of a bulge loop into a
duplex andAG’s7qupiex iS the free energy of the duplex
without the bulge. Finally, we compared the stability of the
less stable duplex stem with the thermodynamic contribution
of the bulge adjacent to a wobble base pair to helix formation
(Figure 3c). A linear fit of the data for bulge loops adjacent
to wobble base pairs in Figure 3c gives the following:
AGO37bu|ge loop™ —0.66AG 37jess stable sterit 0.0 (r2 = 0.37).
This line was not significantly different from the line for
the bulge loops adjacent to Watse@rick base pairs, so both
sets of data were combined. The linear fit for the combined
data gives the following:AG®s7puige 1oop= —0.62AG37/ess
stable ster— 0.25 (2 = 0.38). While the fit of the data in Figure
3c is slightly better than the fit in Figure 3b, the difference
is so small that it is meaningless. So in considering the two
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Ficure 3: (A) Plot of the free energy change for bulge loop
formation, AG°s7uuige VS the length of the duplex. (B) Plot of the
free energy change for bulge loop formatidtG°s7puge VS the free
energy of the parental duplex. (C) Plot of the free energy change
for bulge loop formationAG°s7puge VS the free energy of the less
stable duplex stem (stem free energy was calculated without the
inclusion of the free energy of duplex initiation). Bulge loops
adjacent to WatsonCrick nearest neighborsaj], bulge loops
adjacent to wobble nearest neighbov3,(and “bold” bulge loops
from Tables 3[0) and 6 O). Lines are the least-squares fits of the
data points.

relationships, we found using the less stable stem to be more
meaningful, because in Figure 3c, all of the less destabilizing
bulge data points are now clustered. They all appear to be
inserted adjacent to a stem that had a stability of less than 5
kcal/mol. These results are summarized in Table 6.

In an earlier report on bulge loop4dY), non-nearest-
neighbor interactions were observed for the thermodynamics
of insertion of a bulge loop into a duplex. Substitution of a
CG base pair for an AU base pair, two nucleotides removed
from the bulge, caused the bulge to be more destabilizing.
It was also observed that the addition of 'adangling end
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for bulge loop formation as a function of the less stable stem
for each family of bulge loops is graphed relative to the least-
squares fit for all of the data points. For example, if we focus

on the bulge sequences of the t)ﬂgege’é) all 10 of the
bulge’s data points fall below the line by an average of 0.6
kcal/mol. Therefore, these bulges have a smaller destabiliza-
tion on duplex formation than other bulge loops. This may
be caused by the geometry of the GU base pair which
0 . . , , , . produces a change in the twist angle of the RNA duplex

AG°;3; of Bulge
(kcal/mol)

(35). For sequences of the typ(ég)é) the twist angle

between the base pairs is increased-&®° which leads to

(kcalimol) unstacking of the wobble ba5§leJ>|é)a|r with the adjacent base

Ficure 4: (A) Plot of the free energy change for bulge loop pa!r in the helix (Figure 3A) 3’GY) nearest-neighbor base
formation, AG°37puge VS the free energy of the parental duplex. Pairs are among the less stable. For sequences of the type

(B) Plot of the free energy change for bulge loop formation, (5'XBG ;
AG°37puge VS the free energy of the less stable duplex stem (stem \3'Y U)’ five of the seven bulges have values that fall

free energy was calculated without the inclusion of the free energy above the. "Ue' although the average is only 0.2 kcal/mol
of duplex initiation).(g: (L;Bi(() bulge loops ), (2:885) bulge greater, within the error of the experiment.

, . ' GBX 5XBU
loops €), (géBS) bulge loops ©), (géBch;) bulge loops 4), For sequences of the typi'u Y) and (3’Y _G)’ :.Ll _Of ]
. . _ the 15 bulges have values that fall above the line, indicating
and double GU bulge loops7j. Lines are the linear regressions

for all Watsor-Crick and wobble base pair data points. that they are more destabilizing than other bulges. If the very

less destabilizin@ﬁug) bulge is excluded (first value in

also caused the bulge to have a more destabilizing effect. Taple 5), the average value is 0.4 kcal/mol above the line.
Both of these observations are in concordance with the . . 'GBX
relationship described above. In both cases, substitution of" @ Similar analysis of the geometry of{g base

a GC base pair for an AU base pair and the addition of a Pair, the wobble base pair decreases the twist angle between
3-dangling end increase the stability of the stem adjacent the base pairs (Figure 3B). In this instance, the base pair
to the bulge and therefore should increase the destabilizingStill stacks well with the wobble pair and these nearest-
effect of the inserted bulge. neighbor pairs are among the more stable, so the bulge has

Similar non-nearest-neighbor effects have been observed? 9reater potential to disrupt the nearest-neighbor base pairs.
with other structural motifs. In particular, there are several FO' the bulges inserted between two wobble base pairs, all
reports where non-nearest-neighbor effects have influencedfVe ©f the data points fall below the line by an average of
the thermodynamics of single mismatches in RNA duplexes 0.6 kcal/mol. Consecutive wobble pairs also lead to unstack-

(42, 43). The position of the single mismatch with a duplex ing of the bases as seen in Figure 3C. That a bulge between
has been shown to influence the stability of the duplex. As

two adjacent wobble base pairs is the least destabilizing may

the bulge was moved closer to the terminus (decreasing theP® due to the fact that the tandem GU pairs are among the
stability of the stem), the stability of the duplex increased. €St stable nearest-neighbor base pairs. In fact, they con-
This effect was somewhat sequence specific as it was tribute a positive free energy to duplex formati@6) These

observed for UU and AA single mismatches but not for GG results are summarized in Table 4. The parameters in Table

mismatches42). 4 can be combined with the nearest-neighbor parameters for
The influence of the adjacent stem on the thermodynamicsCIuIOIeX formation §2) to predict the thermodynamic stability

of insertion of a bulge loop into a RNA helix may be related of RNA duplexes containing bulge loops.

to the tight packing and electrostatic stain present in the RNA In Figure 4, five data points are c_wpled, three that
duplex @3). The lower the stability of the adjacent stem, correspond to bulge loops that are significantly less desta-

the easier the structural perturbation from the insertion of bilizing than predicted from the linear regression and two

the bulged nucleotide can be dissipated along the neighboringthat are more destabilizing than predlf:te((:ju (-BFB% éhéee Se-
base pairs. Therefore, as the stability of the neighboring stemquences that are less destabilizing @EGGAU CGC)’
decreases, it becomes easier (less energetically costly) tg5GCUAGACQ| 4 (5 GACAUAGUC)_ There does not
insert a bulge loop, or other structural motif (e.g., single \3CGG CbU ' 3 CUG GUCAG/ hb
mismatch) appear to be any common nearest-neighbor or non-nearest-
o . neighbor features that would explain their free energy
Nearest-Neighbor Influences on the Thermodynamics for

I i bbl i Vs increment. The position and orientation of the bulge are
Bulge Loops Adjacent to Wobble Base Painsour analysis different in each case as well as the differences in the length
thus far, we have considered the bulge loops adjacent to

. ) : ... and stability of the stems relative to the position of the bulge.
wobble base pairs as a single group, butin fact, the position, siher sequence contexts, all three of the bulges have

fand orientation of the nee_lrest-neighbor wobble_base pairapproximately the predicted value for the free energy
influence the thermodynamics of bulge loop formation. These i, rement of duplex destabilization. The two bulges that were
influences are examined in Figure 4, where the free energy i;;jaq as more destabilizing than predicted have the se-

increment for bulge loop formation is graphed as a function 5 CAGUAUAGUC 5 CAGUGUAGUC
of the position and orientation of the wobble base pair in qUENCES> S yCA GUCAG) d(3, GUCA GUCAG) In
relation to the bulge. In Figure 4, the free energy increment this case, both bulges are within the same duplex context.

-AG°;; of less
stable stem
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Ficure 6: Plot of the enthalpy change for bulge loop formation,
AH’puge VS the free energy of the less stable duplex stem (stem
free energy was calculated without the inclusion of the free energy
of duplex initiation). Bulges adjacent to Watse@rick nearest
neighbors &) and wobble nearest neighbom)(Lines are the linear
regressions for WatserCrick and wobble base pair data points.

bulge loops are listed in Tables 3 and 6. For the Watson
Crick closed group | single-nucleotide bulge loops, nearly
70% of the total represent adenosine bulge loops. No other
bulge sequence occurs more frequently than 4% except
(GUGI/C C). Since the stability of group | single-nucleotide
bulge loops is independent of the identity of the bulge, there
is no correlation between the thermodynamic contribution
of the bulge and its frequency of occurrence. Therefore, the
selection of naturally occurring bulge nucleotide sequences

Ficure 5: Stacking of wobble GU base pairs. (A) View down the  myst be related to factors other than stability.
helix axis of BUG/3GC. (B) View down helix axis of 35U/3' CG. .
(C) View down the helix axis of &G/3'UU. The wobble base When the bulge has a wobble nearest neighbor, the

pairs are shown as the nearer base pair and are bold. Examples arposition and orientation of the bulge do affect its contribution
taken from the crystal structure of [[([CGUGAUCG)dG#0) (A to stability. Nearly 90% of the naturally occurring bulged
and B) and (GGUAUUGCGGUACG)41) (C). nucleotides are purine residues, with adenosine representing
nearly 80%. The most frequent (76%) type of purine bulges
has a 8J/G, the more stable orientation, while the less stable
3'U/G represents less than 15% of the naturally occurring
bulge sequences. However, the most stable bulge loop (with
two adjacent wobble base pairs) represents less than 2% of

dependent upon the stability of the stem adjacent to thethe n.aturally occurring sequences, and several bulge com-
insertion, we investigated the influence of stem stability on binations were not observed in the database.

the enthalpy of bulge loop insertion. Figure 6 displays the ~ Single-Nucleotide Bulge Loops in Natural ConteStse
entha|py of bug|e |00p insertion as a function of the Stabmty effect of stem Stablllty on the influence of Single-nUC|eOtide
of the less stable stem of the duplex for bulges adjacent tobulge loop on duplex formation is particularly important to
both Watsor-Crick and wobble base pairs. The least-squares the analysis of naturally occurring RNAs where the average
fits for the Watson-Crick and wobble data were first duplex has fewer than seven nucleotides. In fact, of the 20
considered separately. Neither line had a slope significantly Single-nucleotide bulge loops found in the small and large
different from zero so the data sets were combined. The E. coliribosomal RNA 83), 19 have a stem with a stability
slopes of the line for the combined Watse@rick and of <5 kcal/mol. The average stability for the less stable stem

wobble enthalpy values were again not significantly different iS approximately 3 kcal/mol, excluding the influence of
from Z€ero, Suggesting that the average entha|py value is aterminal mismatches. Therefore, because of the low Stab|l|ty
reasonable approximation for the enthalpic energy contribu- 0f duplex stems in natural RNAs, the influence of single-
tion. The average enthalpic value for the combined data is hucleotide bulge loops on duplex stability is weaker than
16.5+ 11.4 kcal/mol. The enthalpy value can be used in Previously thoughtX6).
conjunction with the free energy and enthalpy parameters Although the experiments from this and previous bulge
for other nearest-neighbor motifs to determine the stability loops studies15, 16) are by agreement performed at 1 M
of RNA structures at temperatures other than°G7(34). NaCl and show that bulges are generally destabilizing to
Phylogenetic Analysis of Single-Nucleotide Bulge Loops. double-stranded regions of RNA, the conformations of
The database examined in this study contained 4330 groupbulged nucleotides can afford them stabilization through
| single-nucleotide bulge loops, 3520 closed with Watson  binding of other biologically relevant ligands. Bulges can
Crick base pairs, and 810 closed wobble base pairs. Thebe stabilized via either direct or water-mediated interactions
frequencies of occurrence for the group | single-nucleotide with divalent cations42), often within the context of tertiary

Again, there is no obvious explanation for the larger free
energy increment for these bulges.

Enthalpic Contributions of Group 1 Single-Nucleotide
Bulge Loops to Duplex StabilitySince the free energy
increment of the insertion of a bulge loop into a duplex was
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interactions 43—46). Examples include interactions of the
A-rich bulge of P4-P6 of the group | intron43), metal
binding in the bulge region of HIV-1 TARN NRA44, 45),
or metal binding within the bulged region of the leadzyme
(46). In addition, bulges function as critical portions of
recognition elements for RNAprotein interactions47—

50).

Thus, the destabilization of double-stranded RNA by

bulge loops is often necessary for RNA to properly fold into
its functional structures or form RNAprotein complexes
which serve to offset the destabilization of the secondary
structure.

SUPPORTING INFORMATION AVAILABLE

List of all possible group Il single-nucleotide bulge loops
(Table S1), list of all possible group Il single-nucleotide
bulge loops (Table S2), thermodynamic parameters for
duplex formation used to generate Table 3 (Table S3), and
thermodynamic parameters for duplex formation used to
generate Table 5 (Table S4). This material is available free
of charge via the Internet at http://pubs.acs.org.
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