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ABSTRACT: Forty-eight RNA duplexes were constructed that contained all common single base bulges at
six different locations. The stabilities of the RNAs were determined by temperature gradient gel
electrophoresis (TGGE). The relative stability of a single base bulge was dependent on both base identity
and the nearest neighbor context. The single base bulges were placed into two categories. A bulged base
with no identical neighboring base was defined as a Group | base bulge. Group llI-bulged bases had at
least one neighboring base identical to it. Group Il bulges were generally more stable than Group | bulges
in the same nearest neighbor environments. This indicates that position degeneracy of an unpaired base
enhances stability. Differences in the mobility transition temperatures between the RNA fragments with
bulges and the completely base-paired reference RNAs were related to free energy differences. Simple
models for estimating the free energy contribution of single base bulges were evaluated from the free
energy difference data. The contribution of a Group | bulg€Zz)-3'-5'-(Z'—X")-3' whereN is the

unpaired base and-X' and ZZ' the neighboring base pairs, could be well-represent€d34 kcal/mol)

by the equationAGxnz).z-xy) = 3.11+ 0.40GCxz)-@zx). AG%xz)-zxy IS the stacking energy of the
closing base pair doublet. By adding a constant term, —0.3 kcal/mol, to the right side of the above
equation, free energies of Group Il bulges could also be predicted with the same accuracy. The term
represents the stabilizing effect due to position degeneracy. A similar equation/model was applied to
previous data from 32 DNA fragments with single base bulges. It predicted the free energy differences
with a similar standard deviation.

RNA duplex regions often contain “bulge loops” in which influence of the identity of the bulged base was not included
there are one or more consecutive bases on one strand witldue to insufficient information.
no paired bases on the other strand. The smallest bulge |00p Know|edge of how base sequence influences the free
has one base and is termed a single base bulge. Structuraénergy of single base bulges in RNA can be expected to
studies have shown that single base bulges can assume twimprove the prediction of RNA secondary structure and
types of conformations; a “stacked-in” structure in which increase understanding of how sequence changes may alter
the unpaired base is stacked between neighboring basegonformation. A previous study on single base bulges in
(1-8), and a “looped-out” structure in which the unpaired DNA showed that the identity of the bulged base influenced
base faces away from the helical axé (0. RNA bulge  stability (18). If a bulged base was identical to a neighboring
motifs have been implicated to be functionally important for pase, then it tended to be more stable than other similar
several RNA moleculesl(, 12. bulges. In the current investigation temperature gradient gel
Algorithms for predicting RNA secondary structure from electrophoresis(19) was employed to determine the influ-
the primary sequence based on free energy minimization areence of single base bulges on the stability of a 345 bp RNA
frequently employed in the structuréunction analysis of  duplex. All base bulges were examined in a number of
RNA sequencesl@, 14. A current algorithm predicts on  different nearest neighbor contexts.
average 73% of known base pairs in the lowest energy
structure 15). Accuracy of the prediction depend on free MATERIALS AND METHODS

energies assigned to structural motifs. The free energy .
O : : : DNA TemplatesThe plasmid pUC831 (20) was used
contribution of a single base bulge has been estimated USING. < the initial template for polymerase chain reactions (PCR).

the formula; The target sequence was the 339 bp duplex region shown in
_ s Figure 1a. Primers were designed to generate fragments with
AGxnz)-z—x) = 3:.9F AG 7). 2x) (1) single base pair substitutions and deletions at six positions

indicated by the down arrows in Figure 1&:36,—35,—34,
for an unpaired basbl enclosed by base pairs,-X' and —33, —28, and—27. Two rounds of PCR were performed
Z-Z' (16). AG%xz)-zx) Is the stacking energy of the base to produce the DNA templates for in vitro transcription
pair doublet (XZj(Z'X") surrounding the bulgel{). The reactions. In the first round, the pUE81 plasmid was used
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a0

CGTTATGGGT ATTGTTTGTA
GCAACTTTAA CGGCAAAAGA
CACTGGCCGT CGTTTTACAA
GCCTTGCAGC ACATCCCCCT
GCCCTTCCCA ACAGTTGCGC
TTATCTCCC

ATAGGACAAC
AAGAACGGAC
CGTCGTGACT
TTCGCCAGCT
AGCCTGAATG

3’'cc ataaaagagg aatagaggg 5’/ DN21
b)

RNA, (345 nt)

5’ GGGAGA GXU- UJCcucce 37

RNA, (350 nt)

3’ CCCUCUCCCUCU- AGAGGG 5

GGGAGA UCUCCC
CCCUCUCCCUCU AGAGGG
Ficure 1: Experimental procedure for generating RNA duplex with a single base bulge. (a) 339 bp DNA sequence and primers used to
generate DNA templates with single base pair deletions at position 36, 35, 34, 33, 28, and 27. The locations of interest were labeled with
down arrows {), positions 36 and 27 are denoted by solid circ®% (The sequence starts from BeoR site. DNA fragments with base
pair variations at the above sites were generated using primer sets UP36X, UP35X, UP34X, UP33X, UP28X, and UP27X. X represents A,
T, G, or C. The DNA fragments with base pair deletions at designated sites are produced using primer sets UP36D, UP35D, UP34D,
UP33D, UP28D, and UP27D. (b) The DNA templates are used to produce single stranded RNAs via in vitro transcription reaction. A
duplex RNA carrying a single base bulge on the forward strand was generated by mixed 345 nt forward transcript and 350 nt reverse
transcript. RNA had a base substitution at the designated site and,Risldha base deletion at the location.

GU-
A
A

as the template. The upstream primers were UP36D, UP35D at the upstream side of the 338 bp DNA. The resulting
UP34D, UP33D, UP28D, and UP27D, which could generate fragments were called forward transcription templates (361
base pair deletions at designated site36, —35, —34, —33, bp). Another primer pair, UP25 (& GGAGAGGGAGAAAT-
—28, and—27, respectively. UP35D, UP34D, and UP33D TCCAT TTTTE3') and DN38T7 (5TAATACGACTCAC-
are in fact the same primer, but they are named differently TATAGGGAGATAAGGAGAAAATAC@') produced a frag-
in Figure 1 to illustrate that different target locations could ment with a T7 promoter sequence attached to the down
be examined. A similar situation occurs with UP28D and stream side of the original sequence (The italicized sequences
UP27D. A common downstream primer (DN21-GG- are complimentary to the target). These fragments were
GAGATAAGGAGAAAATACC-3") was used. The se- named reverse transcription templates (367 bp). Both rounds
quences for the upstream primers employed are given inof PCR used the same reaction conditions described in a
Figure 1la. previous studyZ1). In brief, 35 cycles with denaturation at
The 338 bp DNAs resulting from the upstream deletion 94 °C for 1 min, annealing at 58C for 1 min, and extension
primers were used to template a second round of reactionsat 72°C for 1 min.
In the second PCR, two sets of primers were employed; The DNA fragments with all possible base pairs-TA
UP36T7 (5 TAATACGACTCACTATAGGGAGAAATTC- T-A, G-C, and CG) at a given site were generated through
CATTTTTG3') and DN21. UP36T7 contained a promoter two similar rounds of PCRZ1). The first round used the
site of T7 RNA polymerase (23 bases) adjacent to the targetupstream primers UP36X, UP35X, ... UP27X shown in
complimentary sequence that is underlined. The above primerFigure 1 with the downstream primer DN21. “X” designates
pair were used to generate fragments carrying a T7 promoterA, T, G, or C. The products of the first round reactions were
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339 bp DNAs with base pair substitutions at designated sites.
In the second round, the resultant forward templates were
362 bp long and reverse templates were 368 bp and containec
the T7 promoter sites as described above.

Transcription.The forward and reverse RNA transcripts
were synthesized using the forward and reverse DNA
transcription template, respectively. The reaction conditions
were previously describe@Y). The forward transcripts with
single base deletion were 344 bases in length and the ones
with base substitutions were 345 nt long. The reverse
transcripts with single base deletions were 350 bases longFIGURE 2: Parallel TGGE experiment of RNA duplexes with single

i i It ase bulges at position 34. The temperature gradient was 36 to
and the ones with single base substitutions were 351 base%loc from left to right. Lanes from left to right correspond to

long. fragment with C+, G/—, U/—, Al—, —IG, —IC, —IA, —/U, and
Duplex RNA.The duplex RNAs carrying a single base —/— at 34.

bulge at a designated location were generated by mixing the

forward RNA containing a single base deletion (344 nt) with Table 1: Stability Orders of Single Base Bulges

the reverse RNA carrying base substitution (351 nt), or by position stability order
mixing forward 345 nt RNA.WI'[h reverse 350 nt RNA (see 36 GXU(AYC) s A>U—>G—>
Figure 1b). The former carried a bulged base on the reverse G>Al—=C/l-> —JU=—IC
strand and the latter had a bulged base on the forward strand. 35 GXU(AYC) —[—> —IA > Ul—> G[—> —/
The wild-type duplex RNA was generated by mixing wild- G>A—-=Cl->-U=-/C
type forward and reverse transcripts. The duplex RNAs with 34 UXU(AYA) :/> = /B’: B /8/5 - /é/ N g/f/
one base pair deletions were produced by mixing forward 33 yxaUYA) s Al—> A= U >U/
and reverse single-stranded RNAs carrying base deletions —=G/->C/l-=—-/G=—/C
at the same site. All duplex RNAs used in this study carried 28 UXC(GYC) _/_>/G/G >/E/AA>/ U/—(; cl
a 6 nt tail on the 3end of the reverse strand. This single - =0 A =6
stranded tail was important for the TGGE experimeﬂs).(g 27 CXU(AYG) _/E;;:/é/i >U /ju_/fjél =

TGGE. A 6.5% polyacrylamide gel (acrylamide:bis-
acrylamide= 37.5:1) containing 58% denaturants was used ., . . , . .
for temperature gradient gel electrophoresis (TGGH).( in this study were I_ocated in the first meltmg domain. It was
In parallel TGGE experiments,/a of duplex RNA sample a.ssqmed that the mtroduqtlon ofa s!ngle ba;e bulge had no
(~0.5ug) were loaded in each,lane withul loading buffer 5|gn!f|cant effect on the size of Fhe first meltmg doma|'r? or
(30% ‘ficol). The temperature gradient was 3 t6@ wide, meltlng cooperativity W'th"? this dom_aln. The mobility
and between 34 and £&. The running time was 12 to 14 transition dqta supported this assumption (see belqw).

h. Voltage ranged from 80 to 120 V. In perpendicular TGGE The Identity .qf a Base Bulge and Its Nearest Ne|ghpors
in which the temperature gradient is perpendicular to the Effect Its Stability.Parallel TGGE was used to determine

: : the relative stability of the RNA duplexes carrying all
%ggggamglg}aﬁg& (xatsh?roanN/; r?wlfrglriﬁn(: Ec’)f# 5% ,Ega; possible single base bulges (8 total) at a given site. For each

; o ; ; llel gel, eight RNA fragments with single bulges were
maximum of 50°C. The running time was 1216 h, para . :
depending on the voltage applied. The temperature gradientjo"’!ded alqng with a control of th? RN.A duplex with the base
of a perpendicular gel was determined by inserting a pair deletion at the corresponding site. FlgL_lre 2 shows the
temperature probe vertically into the gel at two or more Parallél TGGE result of RNA fragments with a bulge at

positions after electrophoresis with the water baths running. position 34. The temperature gradient was 36 to°dl

The gel was stained with EtBr and visualized under UV light frcam t|°p to tt.)lottrfom' RN:‘ (fjragtments nsovedtintf?. t::?hg?l fast
and photographed. a duplex until they reached a temperature at which their firs

melting domain unwound. This drastically reduced their
RESULTS mobility. The further a RNA migrated, the greater was the
stability of its first melting domain. We note that the RNA
Figure 1 illustrates the experimental procedure for generat- bands are observed as closely spaced doublets. This appears
ing the RNA duplexes carrying a single base bulge at to be due to end heterogeneity and its effect on melting. All
designated sites. The 339 bp DNA region shown was RNAs, including the fully duplexed RNAs, moved as single
amplified by PCR and transcribed as described in Materials bands with indistinguishable mobilities in nondenaturing gels.
and Methods. Previous studiesl( 22 have shown this DNA Figure 2 shows that the eight RNA fragments with base
region has three melting domains. The least stable or first bulges at position 34 were well-separated from each other.
melting domain has approximately 52 base pairs and extendsThe identity of the bulged base influences its stability. A
inward from the EcoRI end. The second domain is adjacent similar observation was made at the other sites examined.
to the first and is about 60 bp in length. The third domain The order of stability of single base bulges at each individual
contains the remaining 227 bp. Duplex RNAs were generatedsite is summarized in Table 1. Sites with different neighbor-
by hybridizing forward and reverse transcripts (Figure 1b). ing base pairs had different orders of stability. For example,
A previous study showed that three melting domains occur at position 36, the order was/A > U/—> G/> —/G >
in the RNA duplex 21) and that the size of the first melting A/— = C/> —/U = —/C, and at 34 the order was Y/=
domain was approximately 54 bp. All positions investigated A/> A/— = C/—> U/— = —/G = —/C > C/—.
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Positions 36 and 35 have the same nearest neighbor bast
pairs but different second neighbors (see Figure 1). Their
nearest neighbors were an upstreart @nd a downstream
U-A. The second neighbor base pairs for site 36 were an
upstream AU and a downstream 44, and for site 35 an
upstream &C and a downstream-4. The order of stability
of the single base bulges was exactly the same. Thus, neares
neighbor base pairs appear to dominant the relative order of
base bulge stability.

A Bulged Base with an Identical Neighboring Base Has
Enhanced Stability.Table 1 shows that a bulged base
identical to one of its neighboring bases was generally more
stable than bulged bases with no identical neighboring base
in the same sequence context. At position 36 on the forward
strand, for example, the G bulge (GGA—C), and the U
bulge (GUU)(A—C), were more stable than the A bulge
(GAU)e(A—C) and the C bulge (GCWA—C). At site 34,
the U bulge (UUUY(A—A) was the most stable fragment
on the forward strand, and on the reverse strand, the A buIge;'ﬁulFéEb?’anggLﬁ’egsdigtu'%rslgr?57€>;F;]‘9erit'2§]”tecr’;t'ﬁl'r\ép\ ?;d%erﬁ xg‘; 2
(U—U_)-(AAA) was the most stable fragmem' The enhanc_e_d to 4%5°C from Ief% to rigﬁt. Five curves from Igft to righgtJ correspond
stability of these sequences may be explained by the ability 1 fragments with—/U, —/G, —/A, —/—, and GG at 27.
of the bulged base to exchange positions with its identical
neighbors, thus increasing entropy and lowering the free domains are observed. The transition curves of different
energy. However, this tendency was not always observed.fragments were parallel to each other. This supports the

At position 36 on the reverse strand, the C bulge-(Ge assumption that a single base bulge has no significant effect
(ACC) was less stable than the G bulge<{3)¢(AGC) and on the size and cooperativity of the first melting domain.
the same stability as the U bulge<{@)e(AUC). Apparently, The transition midpoint temperature of the first melting
factors in addition to position degeneracy influence the domains,T,, was measured as described in previous studies
relative order of stability for a given sequence context. (18, 21). T, values for the duplex RNAs with base pair

The RNA fragments with single base bulges were divided deletions at each site ranged from 39 to 4@ with
into two groups. Group | contained RNAs with base bulges reproducibility of+£0.2—0.3°C (Table 2). Using these duplex
having no identical neighboring bases. Group Il consisted RNAs as references, transition temperature differentgg (
of those RNAs with base bulges with one or two identical were determined for each single bulge RNA fragment. The
neighboring bases. Among the 48 RNA fragments investi- results are shown in Table 2. The temperature decrease due
gated, 26 were in Group | and 22 were in Group Il. Only 3 to a single base bulge ranged from 2.0 to 4@. The
of the 22 fragments in Group Il were less stable than Group maximum variation 0BT, at a single site was 1.9C. The
| bulges in the same sequence context. The exceptions wererror in measuring temperature differences w#is1 °C.
C bulges adjacent to a-G base pair, at sites 36, 35, and Previous studies2(l) showed that the free energy differ-
27. This may indicate a special conformation for this ence between an RNA fragment with a “defect” (e.g., base
sequence, perhaps a looped-out conformation that inhibitsbulge) in the lowest melting domain, and the reference RNA

position exchange. duplex could be calculated using the following equation:
Another observation that may be related to exchanging
bulge positions concerns Gnoli G bulges with an adjacent OAG=— N+ <AS> - 4T, 2

A base. This type of bulge was always greater or equal to

the stability of other Group | base bulges in the same N is the size of the melting domain (54 bp in this study),
environment. For example, at positions 36 and 35 on the <AS’> is the average entropy change for opening a base
reverse strand, the G bulge {®)-(AGC) was more stable  pair in the domain, andT, is the transition temperature
than the U bulge (&U)-(AUC). At position 33, (UGA) difference between the two fragments. The value S’ >
(U—A) was more stable than the bulge (UGA)—A). At for the solvent employed is not known. We assumed a value
position 34, the bulge represented by—U)e(AGA) was obtained by averaging the entropy values of the 10 base pair
equal in stability to the C or U bulges at this site. The G doublets determined by Xia et allY). This value, 27.85

base bulge may be able to intermittently form aJair cal/K-mol, was determined for condition$ ® M NaCl and
displacing the adjacent A as a bulge. Al&pair is the most 37°C. 0AG values based on eq 2 are listed in Table 3. The
stable of the mismatched base pairs. average of the free energy differences for all fragments was

Transition Temperature Difference2erpendicular TGGE  3.93 kcal/mol. For a given site, the free energy difference
was used to measure the differences between the mobilityamong bulges ranged up to 1.4 kcal/mol.
transition temperatures of the RNAs with single base bulges Models for Estimating Single Base Bulge Free Energies.
and the corresponding fully duplexed RNAs. RNA fragments A comparison was made between the measured free energy
carrying A, U, G, and C bulges on either the forward or differences and predictions based on simple models of the
reverse strand at a given site were loaded on a gel alonginteractions governing single base bulges. The free energy
with the duplex RNA with a deletion at that site. A typical difference between an RNA fragment with a single base
experiment is shown in Figure 3. Only the first melting bulge and the reference RNA duplex can be expressed in
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Table 2: Transition Temperature Differences of RNA Single Base BulgeSTanalues of Reference RNA Duplexes

36 GXU/AYC 35 GXU/AYC 34 UXU/AYA 33 UXA/UYA 28 UXC/GYA 27 CXU/AYG
—/— 0.0 0.0 0.0 0.0 0.0 0.0
Al— 3.0 3.1 2.6 2.0 3.2 2.6
U/— 2.0 2.2 2.2 2.2 2.8 2.4
G/— 2.6 2.5 2.6 2.2 3.2 2.6
Cl— 3.0 3.1 2.9 2.4 2.8 2.7
—/A 1.9 2.1 2.2 2.1 2.6 2.2
—/U 3.1 3.2 2.7 2.1 3.0 2.9
—/G 2.8 2.9 2.7 2.4 2.3 25
—/C 3.1 3.2 2.7 2.4 3.0 2.9
Ty 39.0+0.1 40.6+ 0.3 40.7+0.2 40.5+ 0.1 39.1+ 0.2 38.8£ 0.3

aThe average mobility transition temperatures in degrees Celsius of the reference RNA with the deleted base pair at the site specified.

terms of local nearest neighbor interactioh§)( For a base alternative structures due to position degeneracy of the bulged
“N” inserted in the top strand of the site (X4X'X’), the base. For example, the G bulge on the forward strand at

free energy difference is given by position 36 could alternate with a structure that has the G
bulge at position 37. Each of the six sites examined has two
OAGynz).z—x) = AGxnz)-z— x1y ~ AGS(XZ).(ZVX,) 3 or four Group |l bulges that can have alternative structures.

The averag®dAG value (<OAG>) of the Group | bulges
The term on the left represents the free energy differenceat each site was determined. They are listed in the third
between the RNA fragment with the single base bulge and column of Table 3. These data was plotted against the duplex
the reference RNA. The terms on the right side of eq 3 are stacking energy of each site’s base pair doublet and is shown
local free energy terms. The first represents the bulge andin Figure 4. The doublet stacking energies were from Xia et
surrounding base pairs. The second represents the duplex|. (17). Although thedAG values were determined in a very
stacking interaction of base pairs at the bulge site. Duplex different solvent from the stacking energies, it is assumed
initiation free energies and all other stacking free energies that the difference measurements are valid M NaCl 1,

of the two RNAs cancel. . . . 22). Both the dAG values and the stacking energies were
Equation 1 described in the Introduction provides a simple evaluated at a similar temperature;37 °C. A linear
first-order model for the free energy terkGxnz).z- x). correlation was observed between thé AG> values and

Substituting eq 1 into eq 3 predicts that all measured free the stacking energies at the sites. The equation that best fit
energy differences should be the same and equal to 3.9 kcalfhe data was

mol. While this is clearly not indicated by the data in Table
3, the average of the measured free energy differe.nc.es is <5AG>(XNZ)-(Z'—X') =3.11— O'GOAGS(XZ)-(Z’X') (4)
3.93 kcal/mol in excellent agreement with the prediction.
This is unanticipated given the difference between the The correlation coefficient wa®? = 0.62. Equation 4
experimental conditions of TGGE, and those used to establishindicates that the more negative the stacking free energy of
eq 1 (1 M NaCl). However, previous studies with both DNA  the site (XZ)(Z'X'), the more unlikely it is to have a base
and RNA fragments also showed that free energy differencesbulge inserted at that site. Combining egs 3 and 4 one obtains
measured by TGGE for base pair stacking interactions were
closely correlated to values calculated from parameters AGynz)z-x) = 311+ 0.40G ). oxy  (5)
evaluatedn 1 M NaCl 21, 22, 27. The average standard
deviation between the predictions made with eq 1 and eq 3,Equation 5 represents a model for the free energy contribu-
and the experiment@&dAG data of Table 3 was-0.57 kcal/ tion of Group | single base bulges. The two terms on the
mol. right side of the equation can be viewed as two components
The interaction model represented by eq 1 assumes thaof the free energy. The first term, 3.11 kcal/mol, is the
the free energy of a single base bulge is the sum of two positive free energy due to inserting a base bulge into the
contributions, the stacking interaction of the surrounding base duplex. The second term is the free energy contribution of
pair doublet as it exists in a duplex, and the unfavorable the base pairs surrounding the bulge. The stacking interaction
effect of the bulged base. A bulged base is known to distort stabilizes the base bulge, but at 40% of the value of a duplex
the stacking interactions of the surrounding base pairs stacking interaction.
(23—25). Thus, the stacking interaction of the base pairs A slight modification was made to eq 5 to predict the free
surrounding the base bulge is likely to be weakened energies of Group Il single base bulges. The modification
compared to the duplex case. Unlike eq 1, the coefficient of required the determination of the dominant structure among
AG®xz)-zxy can be expected to be less than one. In addition, the alternatives available for each Group Il bulge. The
eq 1 ignores the identity of the bulged base. As described dominant bulge structure was assumed to be the one closed
earlier, base bulges that were identical to an adjacent baséyy the least stable base pair doublet allowed, i.e., the structure
(Group 1) were generally more stable than base bulges producing the lowest free energy difference in eq 4. The
without identical neighbors (Group ). following examples illustrate the approach.
A second model foAGxnz).z— x) was developed based At position 36, the sequence context is (KGUUA)-
on an empirical analysis of the experimental data. At first, (UAAA YCU) with position 36 underlinedA G bulge at 36
only Group | bulges were considered. They were assumedhas two alternative structures (BEIUUA)-(UAAA —CU)
to have definite structures, while Group Il bulges can have and (AGGUUUA)-(UAAAC —U). The second structure has
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Table 3: Estimating Stability of RNA Single Base Bulges Using 155
Different Models
415

site sequence 20AG Pavge °AGS BAG; i OAG, 9

36 GAU(A—C) 4.5* 4.45 —224 39 -06 4.45 —0.05 4 s
GUU(A—C) 3.0 09 337 037
GGU(A—C) 3.9 0.0 407 027 { <6AG>
GCU(A-C) 4.5 —-0.6 4.45 —0.05 % 1% (kcal/mole)
G—U(AAC) 2.85 1.05 337 052
G-U(AUC) 4.65* —-0.75 4.45 —0.20 { J s
G-U(AGC) 4.2* -0.3 445 025
G—U(ACC) 4.65 -0.75 4.07 —0.58

35 GAU(A—C) 4.65* 46 —224 39 -075 445 —0.20 13
GUU(A—C) 3.3 06 337 007
GGU(A-C) 3.75 015 4.07 032 ! . L ) 25
GCU(A—C) 4.65* —-0.75 4.45 —0.20 25 2 15 1 05
G-U(AAC) 3.15 075 337 022
G-U(AUC) 4.8* -0.9 445 -0.35 AGS
G-U(AGC) 4.35* -0.45 445 0.10
G-U(ACC) 4.8 —0.9 407 -0.73 (kcal/mole)

34 UAU(A-A) 3.9* 4.05 —-093 3.9 0.0 3.67 —0.23 Ficure 4: Plot of average free energy differences of the Group |
UUUA-A) 3.3 06 337 007 RNA bulge structures for each site against the stacking energy of
UGU(A—A) 3.9 00 367 -023 the closing base pair doublet.
UCU(A—A) 4.35* —-0.45 3.67 —0.68
8:8&6@ 2'35* _8'?5 33’2; _00'3%7 4.45, 3.67, 3.67, and 3.9 kcal/mol, respectively. The dominant
U-U(AGA) 4.05* —0.15 3.67 —0.38 structure for the U bulge designated at position 36 has the
U—-U(ACA) 4.05* —0.15 367 —0.38 U bulge shifted to position 34 or 35, closed by a (WU)

33 UAAU-A) 30 35 -13 39 09 337 037 (ap)
UUA(U-A) 3.3 06 337 0.07 F : hG b bul domi
UGA(U—-A) 3.3* 06 391 061 or each Group Il base bulge a dominant structure was
UCA(U-A) 3.6* 03 391 031 determined using the above approatfxnz).-xy was then
U-A(UAA) 3.15 075 337 022  calculated from a modified eq 5. The stacking energy term,
8:2%8/2)) géf 8 ';5 3? 9317 g 3?12 AGSxz)-zx, of the dominant structure was employed and a
U—A(UCA) 3.6% 03 391 031 constant termdg was subtracted from the right side of eq 5.

28 UAC(G-A) 4.8+ 465 —-235 39 -09 452 —0.28 The latter term represents the influence of positional
UUC(G—A) 4.2 ~03 347 -073  degeneracy on a Group Il bulge. Position degeneracy is
UGC(G-A) 4.8* -0.9 452 -0.28 tod 1o A ql the f h
UCC(G-A) 4.2 03 407 -013 expected to increase entropy and lower the free energy. Thus,
U—-C(GAA) 3.9 0.0 3.47 —0.43 the modified version of eq 5 for predicting the free energy
U-C(GUA) 4.5* -06 452 002 contribution for single base bulges is
U-C(GGA) 3.45 0.45 4.07 0.62
U-C(GCA) 4.5* -06 452 0.02 S

27 CAUA-G) 3.9* 41 -17 39 00 437 047 AGxnzyz—xy = 3:11+ 0.40G 7).y — 09 (6)
CUU(A-G) 3.6 0.3 3.37 -0.23
CGU(A-G) 3.9* 00 437 047 : :

CCU(A—G) 4.05 —015 407 002 The analogous version of eq 4 is

C-U(AAG) 3.3 06 337 007 .

C-U(AUG) 4.35* —-045 437 0.02 O0AG vz—xn = 3.11— 0.60AG’ y7y..zxy — 00 (7
C-U(AGG) 3.85 005 407 022 (XN2)-(Z'=X7) oz-zx) ~ 99 (7)
C—U(ACG) 4.35* —-0.45 4.07 -0.28 . " .
averége ) 3.93 3.9 3.93 dg is zero for a Group | bulge, and a positive constam if
hSTDEV 0.57 0.34 is identical to either X or Z.6g was determined by

a Experimental free energy differences using data in Table 2 and eq minimizing the average standard deViatio_n between all
2. Average free energy difference at each site using Group | bulges experimental and calculated free energy differences. Pre-
(*). © The stacking energy of the base pair doublet that closes Group | dicted free energy differences using the valuedgf= 0.3
bulges at the site. From Xia et all@). ¢ Predicted free energy kcal/mol are listed in Table 3 unde¥AG,. Differences

differences using model from Serra and Turr5)( eq 1.¢ d; equals . . .
OAG, — 0AG: differences between the elements of colurdranda. between the predictions and the experimental values are listed

" Predicted free energy differences using model of etz equalsyAG, under d. The average standard deviatiak0.34 kcal/mol,
— 0AG; the differences between the elements of colufrarla. " The was significantly lower than the value obtained with the first
average standard deviation. model {0.57 kcal/mol). Further improvement of the predic-

the G bulge moved to position 37. Using the RNA fragment tions can be made if the model is made more sequence
with a deletion at 36 as reference, the free energy differenceSPecific, but at the loss of equation simplicity.

for the first structure is 3.1 0.6QAG°cuy.ac)y = 4.45 kcal/

mol, while the free energy difference for the second structure DISCUSSION

is 3.11 — 0.6AG°ac)-cu)y = 4.37 kcal/mol. The second Results from this work show that the free energy of RNA
structure has a lower energy and is considered the domi-single base bulges depend on the base as well as the
nant structure. Similarlya U bulge at position 36 had surrounding base pairs. At a given site, the free energy varied
four alternative structures; (AGJUUA)-(UAAA —CU), up to 1.4 kcal/mol, depending on the base that was unpaired.
(AGUUUUA)-(UAA—ACU), (AGUUUUA)-(UA—AAACU), Position degeneracy appears to play a significant role in
and (AGUUUJA)-(U—AAAACU). For these alternative U  determining the stability of single base bulges. The strong
bulge structures, the free energy differences from eq 4 arecorrelation between the classification of the base bulges as
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Table 4: Transition Temperature Differences of DNA Single Base  Table 5: Comparison of Experimental and Predicted DNA Single

Bulges Base Bulge Stabilities
43 TXT/AYA 39 CXA/TYG 38 GXG/CYC 36 GXT/AYC site sequence 20AG Paverage COAG3 eds
—/— 0.0 0.0 0.0 0.0 36 GAT(A-C) 3.8* 3.7 —-1.44 350 —0.30
Al— 2.9 2.4 2.9 3.3 GTT(A-C) 3.2 279 —0.41
T/- 2.4 2.8 3.1 2.8 GGT(A-C) 238 3.01 0.21
GI— 2.9 25 2.0 2.4 GCT(A-C) 3.8 350 —0.30
Cl- 2.9 2.7 33 33 G-T(AAC) 3.0 279 -0.21
—IA 2.2 2.7 3.4 2.6 G-T(ATC) 3.6* 350 —0.10
—IT 25 2.8 3.6 3.1 G-T(AGC) 3.6 350 -0.10
—IG 25 2.2 3.3 3.1 G-T(ACC) 3.6 301 -0.59
—IC 25 3.0 2.9 3.1 38 GAG(C-C) 3.4* 38 -184 372 0.32
N GTG(C-C) 3.6 3.72 0.12
From refl7. GGG(C-C) 23 310 080
GCG(C-C) 3.8 3.72 -0.08
Group | or Group Il and their relative stability supports this G-G(CAC) 4.1* 372 -0.38
conclusion. Consideration of position degeneracy produced g:ggggcc)) g-?éj 2% :8-83
a simple equation, eq 6, for pred_lctlng the sequence_depend- G-G(CCC) 3.4 210 -030
ent free energy contribution of single base bulges with good 39 caA(T-G) 2.8 3.2 —1.45 301 0.21
accuracy £0.34 kcal/mol). Including the sequence depen- CTA(T-G)  3.2* 3.51 0.31
dence to the free energies of single base bulges should gg’:\(q:g)) g-fl’* %%13 —006671
e_nhance the accuracy of RNA secondary structure predic- C-A(TAG) 3.1* 351 0.41
tions. _ _ _ C-A(TTG) 3.2 301 —0.19
The ability of eq 7 to predict free energy differences with C-A(TGG) 2.6 3.03 0.43
good accuracy, and the similar relative stability of base 43 %g?(lcﬁ) 332: - 100 %52% 00-&1
bulges at sites 36 and 35 indicates that nearest neighbor TTT((A:A)) 59 : T 579 :0'11
interactions are the major determinant of base bulge stability. TGT(A-A)  3.4* 326 —0.14
However, additional studies are needed to examine this issue. TCT(A—A)  3.4% 326 —0.14
A few base bulge sequences (e.g., C bulge next to@) C T-T(AAA) 2.6 2.79 0.19
: - : T-T(ATA)  3.1* 3.26 0.16
did not follow the trend expected from the majority of single T-T(AGA)  3.1* 396 0.16
base bulges. Other studies have shown that cations and T-T(ACA)  3.1* 3.26 016
nonneighbor effects can influence the structure and relative average 33 3.3 0.01
stability of local RNA defects235). STDEV 0.32

It was of interest to determine if a model similar to the  2Free energy difference using temperature difference given in Table
one derived for the RNA bulges would provide a good 4 using eq 2 with<AS’> = —22.4 calmol-K™?, andN = 52 bp." The
estimate for the stability of DNA single base bulges. A stacking energy for closing base pair doublet from Allawi and Santa

‘ c ;
previous study has shown that DNA base bulges in a duplex Lucia (1997).c Free energy differences calculated from ed 8he
. o difference between a and c.
has properties similar to the RNA molecules8). The
measuredr, differences of DNA fragments with bulges at

mol was essentially the same as observed for the RNA

position 36, 38, 39, and 43 and reference duplex DNAs are N .
listed in Table 4. As observed for the RNA bulges, Group molecules. Stacking interactions have been evaluated for the
' TGGE solvent conditions. If they are employed in deriving

Il base bul Il table than G [ bul . .
ase DLIges ere genera ly rmore stave than Lrotp | U geseqs 8 and 9, then the constants of these equations differ but

for the same base pair context. Following an analysis similar : . .
the comparison of predicted and experimental free energy

to that described by eqs—3, the free energy differences giff ) imil dard deviati Th del
between the DNA fragments with single base bulges and Iferences gives a simiar stan ard | eviation. The mode
for single base bulges produces similar accuracy for both

reference duplex DNA fragments were estimated using the . .
P 9 9 RNA and DNA. It is of interest to note that for both RNA

followi tion. "
ofiowing equation and DNA, bulge position degeneracy produces an average

SAG . =272— 052AGS =050 (8 stabilization ¢g) of —0.3 to—0.4 kcal/mol. This correlates
(XN2)-(x'=2) oz-zx) ~ 09 (8) well with the simplified entropic estimate for a two position

It was assumed that the experimental free energy differencesiegeneracy;-RTin2 = —0.43 kcal/mol at 37C.

were yahd at37C in 1M Ne}CI, and thus the stacking frge REFERENCES
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