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ABSTRACT. All 64 possible thermodynamic parameters for a single-bulge loop in the middle of a sequence
were derived from optical melting studies. The relative stability of a single bulge depended on both the
type of bulged base and its flanking base pairs. The contribution of the single bulge to helix stability
ranged from 3.69 kcal/mol for aAT bulge to—1.05 kcal/mol for an £C bulge. Thermodynamics for

10 sequences with aT& bulge were determined to test the applicability of the nearest-neighbor model

to a single-bulge loop. Thermodynamic parameters for ti&sGulge and WatsonCrick base pairs
predictAG3,, AH°, AS’, and Tw(50 uM) values with average deviations of 3.0%, 4.3%, 4.7%, and 0.9

°C, respectively. The prediction accuracy was within the limits of what can be expected for a nearest-
neighbor model. This certified that the thermodynamics for single-bulge loops can be estimated adequately
using a nearest-neighbor model.

Engineers have tried to utilize DNA and its chemical tion. All oligonucleotides were dissolved in a buffer contain-
reactions in several technological applications such asing 1 M NaCl, 10 mM NaHPQ,, and 1 mM NaEDTA!
biosensorsi—3), in nanofabrications4( 5), and in computa-  with a pH of 7.0.

tions (6, 7). The success of these applications requires an  \ielting Cures. Absorbance versus temperature profiles
accurate prediction of duplex formation. Therefore, an (melting curves) were measured at 260 and 320 nm with a
accurate prediction of duplex stability is more important than heating rate of 1.0°C/min on a Shimadzu UV-1650PC
before because of its expanded applicability. The most userISpectrophotometer. The absorbance at 260 nm was for the
strategy for prediction is modeling the duplex stabilities by oligonucleotides, while that at 320 nm was for the back-
thermodynamics based on the nearest-neighbor model. Neary .5 .,nd. Therefore. the melting curves were plotted by an
est-neighbor thermodynar_nics haye aIready been investigate bsorbance diﬁeréncezgo — eap0) between the absorbance
for Watsoanpk base pairsd, 9), internal m_lsma_tchege at 260 nm é60) and that at 320 nmef,q). Oligonucleotide

16), and dangling e”dSl.Vv 18). However, Ilttle. IS !mowq concentrations of each sample were determined by the
about the thermodynamlcs of oth_er_DNA motifs, _lncludlng absorbance difference between 260 and 320 nm using
bulge loops, m_ternal loops, hf%”p'”s' and various loop extinction coefficients calculated from the nucleotides and
structures. In this paper, we derive all 64 possible thermo- dinucleoside phosphates based on a nearest-neighbor approxi-

optical meling stucies, Singlé.buige 0ops aré one of the Ma%0N €9 The DNA seqence and its complementary
P 9 : 9 9 P sequence with or without a single bulge were mixed at a

most common structures, where one unpaired nUCIEmt'del:l concentration ratio. Oligonucleotide samples were hy-
interrupts the double helix on only one strand. Some research,_": . . . .
bridized by increasing the temperature to°@for 10 min

estimated the thermodynamics of a single-bulge loop in DNA ; .
(19-23) and RNA @3-25), but these findings are not and lowering the temperature to 2@ at heating rates of
i g 5.0 and 1.C°C/min, respectively.

sufficient. More accurate thermodynamic parameters for _ . o
single bulges facilitate prediction of a DNA secondary ~ Sequence Desigithe sequences were designed to mini-
structure from a sequence and the design of DNA sequencedhize the possibility of formation of an undesired hairpin or

without formation of unwanted structures. a slipped duplex using a program described previously. (
Furthermore, because our previous data showed that the
EXPERIMENTAL PROCEDURES duplex stability of bulge loops depends on the loop position

. . . : . (28), we inserted a single-bulge base into the middle of the
Materials. Oligonucleotides were supplied by Hokkaido sequence to produce the same effect of the loop position,

System Science and were synthesized using column punﬁca—.l_he procedure to design the sequences was as follows.
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First, we chose even lengths of sequences and determined Although we presented the thermodynamics for the
the flanking bases of the bulge loop in the middle of the sequences by another method called the “curve fitting
sequence (e.g., NNNNNGANNNNN, where G and A are procedure”, these values were not used for calculating
the flanking bases and N represents a not yet decided basenearest-neighbor thermodynamics (see the Discussion).
Then, _th_e program described above designeq the sequence a0 ation of the WatsorCrick Nearest-Neighbor Pa-
that minimized the penalty of sequence by using the SearChrameters.We derived WatsonCrick nearest-neighbor pa-

??;ng' ga"g]i S'Sm#]lag?dtgpeneeig?r%'smg.#}ﬁg?{tx V\I‘Zfelgal_ rameters for estimating the thermodynamic parameters for
cgm Iemeyntar Y ;nd “GC content” Si’mila:ritl vvlays 'defined the single bulge from thermodynamic data combined with
P Y ' Y those from other laboratories to facilitate the estimation of

as the maximum similarity between the sequence and its . . ; .
. P thermodynamic parameters consistent with them. According
shifted sequence. Because a large similarity induces the

formation of a slipped duplex between a sequence and itsto thel nearetst-nz|ghlbor mocti)el, th%_thte:jmo_ctir)]/r;aml_cs_t_fotr_ the
complementary sequence, a reduction of the penalty of compiementary dupiex can be preadicted with two Initiation

similarity can reduce the possibility of forming an undesired parameterg, a symmetry parameter,. ‘?‘T’d. Watsaiick
slipped duplex. The second term, self-complementary, was"€arest-neighbor parameters. Two initiation parameters
defined as the maximum similarity between a sequence andcOntain contributions from the terminal base pai). (

its complementary sequence with and without the shift. In 1 hermodynamic contributions for the terminal GC pair are
other words, self-complementary represents the maximumecalculated with the term “init_GC”, while those for the
number of complementary base pairs between the sequencéerm'”a| AT pair are calculated with the term “init_AT”. The
and itself. Therefore, to minimize the penalty of self- Symmetry parameters for the entropy and free energy are
complementary is to reduce the possibility of formation of applied when the sequence is self-complementary. The
an undesired intramolecular structure (e.g., a hairpin struc-€ntropy and free energy changes for self-complementary
ture). The third term, GC content, was calculated by the sequences were assumed to-be.4 eu and 0.4 kcal/mol,
square value of the deviation from 50% GC content. This respectively9). The number of all possible thermodynamic
term was used to uniform thgy of the sequence. Finally, ~parameters for the WatseiCrick nearest neighbor is 10.
we obtained the sequences for minimizing the penalty on Therefore, we needed 12 parameters (two initiations and 10
sequences without a single-bulge loop (e.g., GGTCAGATA- Watson-Crick nearest-neighbor parameters) to predict the
CAC) and for those with a single bulge by inserting a bulged thermodynamics for the complementary duplex. The thermo-

base between the flanking bases (e.g., GGTTATGACAC, dynamics for the WatsoenCrick nearest neighbor were

in which the bold base is a bulged base). determined by multiple linear regression using Octé848. (
For more details of the process for minimizing the The thermodynamic parameters for 141 complementary

sequence penalty, refer to r2y. duplexes from the Supporting Information for r@f(106

Determination of Thermodynamic Parameters for Analyzed sequences), from our laboratory (31 sequences), and from
SequencesThermodynamic parameters were derived from others (7, 20) (four sequences) were used to construct 141
absorbance versus temperature optical melting curves usingimultaneous equations with 12 unknowns. These overde-
plots of the reciprocal melting temperature (called a van't termined simultaneous equations were solved by using

Hoff plot) according to the following equatior29) singular-value decomposition (SVD), which minimizes the
error-weighted squares of the residuad®)( The experi-
T, = R Cr L AS (1) mental uncertainties 0kG3,, AH°, andAS® were assumed

AH® " a  AH° to be 5, 10, and 10%, respectively. The errors in the 12

) nearest-neighbor parameters were obtained from the vari-
For self-complementary sequencesn eq 1 equaled 1, and  5nce-covariance matrix given by the SVD analysis propa-

for non—self-corr]plementary sequ:a.nces.equaled 4. The  gated from the experimental uncertainti@@)( A detailed
slope of the van't Hoff plot iSAH®, the intercept IS’/ procedure was described in the literatuge 33, 34). The

AH, ancé tge ehrrorl_ in the thirrﬁodynamic_par?rr&e)ter: Was yalidity of our calculation procedure was checked by using
estimated by the linearity of the regression lir&0)( ata in the literature 35). The same nearest-neighbor

re_gression line was dra_wn by using the Ieast.-squares met.ho hermodynamics were reproduced from thermodynamics for
with all data points weighted equally and with the error in 45 sequences

In Ci/4 (all sequences in this paper are non-self-comple- o .
mentary) made negligible compared with the error fil/ .Determlnatlon of the Nea_rest-Nelghbor Parameters fora
The melting temperature was estimated using the following Single BulgeThroughout this paper, the nearest neighbors
procedure. First, the upper and lower baselines were deterfor the single bulges are represented, from left to right, by
mined by the regression line to the post-transition and three letters indicating a flanking base in ‘aehd side, a
pretransition domains, respectively. Second, The was bulged base, and a flanking base in'®8d side (e.g., &T
determined by the intersection point between the melting indicates a 5CAT-3' sequence paired with a'-&A-5'
curve and the median line between the upper and lower sequence in which the bold base is a bulged base). On the
baselines. The 1Ty values of the ACACTCATCGATCTC-  basis of the nearest-neighbor model, the thermodynamics of
GAGCT sequence with a standard deviation of 078l the sequence with the single bulge were derived like the
obtained by this method were more precise than those withfollowing equation (only the top strand is given):

a standard deviation of 0.6Z obtained by calculating them

from the maximum point of the first derivative of the 5-GACATAT-3' = initiation + symmetry+ GA +
absorbance versus temperature profile. AC + CAT + TA + AT (2)
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Table 1: Thermodynamics for Complementary Sequénces

1Ty vs InCy/4 fits of individual melting curves

sequence AH? (kcal/mol) AS (eu) AG° (kcal/mol)  AH? (kcal/mol) AS’ (eu) AG® (kcal/mol)
CGCTATGAACCACTTG —133.6+5.2 —368.3+15.3 —19.40+ 0.44 —99.0+5.0 —265.8+14.4 —16.56+ 0.57
GACCTAGACACCATTC  —129.6+8.9 —356.5+26.2 —18.99+0.75 —111.4+6.5 —302.8+£19.2 —17.46+0.58
TTAGCAGAGTCCATCG  —116.1+4.3 —314.2+ 125 —18.63+0.38 —108.9+8.6 —293.0+£ 255 —18.06+0.71
CACCATTCAGAGCCTA  —128.0+4.8 —349.1+ 14.2 —19.74+0.44 —-102.3+4.2 —273.6+£12.8 —17.43+0.36
GTCATATCCAGCGTTC —152.5+ 4.8 —424.1+ 141 —20.97£0.41 —103.5+ 115 —279.5+34.0 —16.85+0.94
CTAAGGTCGTGTATCC —137.9+55 —382.3+16.2 —19.32+0.44 —98.4+45 —264.8+13.3 —16.23+0.48
CGAAATGCTAGTGACC  —127.14+3.2 —347.7+ 9.6 —19.254+0.28 —122.4+6.7 —334.0+£19.8 —18.82+0.54
GTCGTTACTGGGCTAT  —126.4+2.5 —344.4+7.4 —19.61+0.23 —1144+5.1 —309.0+14.9 —18.54+0.49
AGCATTAGACGGACCT  —128.6+5.6 —349.3+£16.3 —20.284+0.53 —119.1+3.8 —321.1+11.0 —19.47+0.38
CACTAAGGCTGTTCAC  —135.7+5.8 —373.6+17.1 —19.83+0.49 -111.1+19 —300.8+ 5.1 —17.78+ 0.31
CATCCGAGTTTACAGC  —130.0+9.4 —356.6+27.5 —19.41+0.82 —117.8+4.9 —320.5+14.8 —18.35+0.39
GACAGTAGCTCGGAAT  —135.5+6.3 —372.1+£18.7 —20.08+0.55 —103.7+4.3 —278.3+£ 129 —17.43+0.43
CTCAAATGGTACGCAG —144.0+ 4.6 —398.9+ 135 —20.32+£0.40 —97.5+ 2.7 —261.6+ 7.6 —16.41+ 0.41
GACTTTAGGAGCGATG  —128.0+1.9 —351.7+ 5.6 —18.94+0.16 —110.9+2.9 —301.2+ 8.2 —17.52+0.34
TCGATTAGGACACAGG —127.0+ 3.4 —348.6+ 10.1 —18.89+ 0.29 —111.3+ 21 —302.2+ 6.3 —17.60+ 0.18
CTAGAGCGGATGACTT  —1255+3.1 —341.94+9.2 —19.48+0.28 —95.5+ 3.2 —253.4+9.1 —16.92+ 0.49
GTCAACAGGCATAGCA —121.6+ 2.3 —331.1+ 6.9 —18.92+ 0.21 —109.6+ 2.2 —295.6+ 6.4 —17.92+0.21
GACTTGTGGACGGTAT  —132.0+4.2 —361.1+12.4 —19.96+0.38 —108.4+2.8 —291.84+7.9 —17.89+ 0.35
ACCTGACGGAGACTAT —112.5+ 3.4 —304.6+£ 9.9 —17.99+ 0.30 —-96.2+ 2.5 —256.6+ 7.7 —16.65+ 0.15
GATGCCAGGTCGATAA  —121.6+3.0 —329.4+8.7 —19.49+0.28 —105.4+3.3 —281.7+9.4 —18.01+ 0.38
GCGGTAAGGATCTAGT —134.8+ 3.3 —372.0+£ 9.8 —19.46+ 0.28 —108.2+ 3.1 —293.3+£9.0 —17.24+ 0.33
GTATGACGGAACTGGT —135.0+ 4.1 —370.8+12.1  —19.99+ 0.36 —102.1+ 2.6 —273.8£ 7.3 —17.15+ 0.34
GGTCAGATACAC —93.6+1.4 —259.1+ 4.1 —13.19+ 0.08 —85.2+ 6.2 —233.7+£19.1 —12.76+0.27
GCATTCTGTACCTCGA  —150.2+13.2 —418.1+39.0 —20.50+ 1.09 —92.44+8.8 —246.84+27.1 —15.81+0.45
TTGAAGATACGCTGGC  —123.4+6.3 —335.6+18.4 —19.34+0.57 —1145+3.3 —309.2+ 9.9 —18.60+ 0.29
CTACCACTAAGCCTTG —119.7+ 4.4 —328.6+13.0 —17.80+0.36 —93.3+25 —249.8+ 7.4 —15.78+ 0.28
CGATGTTCCAGTCA —-112.7+1.9 —310.3+5.6 —16.48+ 0.14 —93.1+1.6 —251.3+ 4.6 —15.14+ 0.19
GCTGAATGTCCTAG —109.8+ 2.9 —303.1+ 8.6 —15.78+ 0.20 —-90.0+ 4.7 —243.6+13.6 —14.45+0.44
GTACGCCTTGATTCTC —137.7+ 4.4 —380.5+12.9 —19.70+ 0.37 —-92.8+4.4 —247.3+129 —16.11+0.48
GTTGCGGTCTTACATG —128.7£ 6.0 —352.1+17.6 —19.54+0.54 —104.9+ 2.2 —282.1+ 6.4 —17.41+ 0.22
CACGACTATCTGAACC  —123.5+5.7 —337.6+16.7 —18.74+0.49 —-1223+7.1 —334.1+£20.6 —18.65+0.71

2 Only the top strand is given fend— 3'-end from left to right). Solutions incledl M NaCl, 10 mM NaHPQO,, and 1 mM NaEDTA (pH 7.0).

Then, the contribution to the thermodynamics for the single in a two-state manneB). Therefore, we adopted thermo-
bulge was derived using the following equation by rearrang- dynamics derived from plots dfy ! versus InC+/4 because
ing eq 2. of their robustness (see the Discussion).

CAT = GACATAT — initiation — symmetry— GA — 'I_'hermodynamic Parameters for Watsdbrick_ Nearest
AC—TA— AT (3) Nglghbors.T he nearest-nglghbor thermodynamic parameters
with errors are shown in Table 3. The nearest-neighbor
The number of all possible nearest neighbors for the single parameters for a WatserCrick base pair derived from 141
bulge (such as &T in the example above) is 64. Thus, 64 sequences (110 from references and 31 from ours) predict
thermodynamic parameters for a single bulge allow the AG3; AH®, andAS’ values with average deviations of 4.2,
prediction of the thermodynamics for all sequences with a 6.4, and 7.3%, respectively. These predictions are as good
single bulge. The frequency of the 64 nearest-neighbor as those obtained from previous paramet&<9f and are
parameters in this paper is 1, except as follows: 2 fOAA within the limits of what can be expected for a nearest-
3 for ACA, 2 for AGA, 2 for TAT, 3 for TCT, 2 for TGT, neighbor model.
2 for CAT, 2 for CTT, 2 for CCT, 2 for CGT, 3 for GAG, Thermodynamic Parameters for Single BulgEse con-
10 for GTG, 3 for GCG, and 3 for GG. The thermody- tributions of single bulges to the nearest-neighbor thermo-
namics of sequences with thefG bulge were also used to  dynamic parameters are listed in Table 4. The relative
test the applicability of the nearest-neighbor model to the stability of a single bulge depended on both the type of

single-bulge loop (see the Discussion). bulged base and its flanking base pairs. The contribution of
a single bulge to helix stabilitAG®, ranged from 3.69 kcal/
RESULTS mol for the TAT bulge to—1.05 kcal/mol for the £C bulge.
Thermodynamic Parameters for Analyzed Sequetets Effect of the Bulged Base and the Flanking Base Pairs.

of Tw~* versus InC+/4 were linear (coefficient of determi-  Traditional studies presented data on the effects of the bulged
nation = 0.98) over the entire 50-fold range of concentra- base and the flanking base pairs &G, (19, 22, 36).
tions. Thermodynamic parameters with errors for comple- However, the data from these studies presented inconsistent
mentary sequences and for sequences with a single bulgeesults. LeBlanet al. (19) concluded that bulged pyrimidines
are shown in Tables 1 and 2, respectiveMd° values (i.e., T and C bulges) were more stable than bulged purines
derived from plots ofTy* versus InCy/4 for 60 of 114 (i.e., A and G bulges), while Ket al. (22) found that bulged
sequences disagreed by more than 15% with those derivedourines were more stable than bulged pyrimidines. We
from fits of individual melting curves. This implies that the assumed that this inconsistency was due to limited data.
transition in forming a duplex does not stringently proceed Therefore, we systematically investigated the effect of the
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Table 2: Thermodynamics for Sequences with a Single Bulge

1/Tw vs InC+/4

fits of individual melting curves

sequence AH° (kcal/mol) AS’ (eu) AG® (kcal/mol)  AH° (kcal/mol) AS (eu) AG° (kcal/mol)
CGCTATGAAACCACTTG —125.0+5.3 —349.5+ 159 —16.60+ 0.35 —-96.4+ 3.9 —263.0+£12.0 —14.79+0.26
GACCTAGAACACCATTC  —106.6+6.2 —295.7+18.7 —14.87+£0.38 —108.0+6.0 —300.1+18.7 —14.94+0.25
TTAGCAGAAGTCCATCG  —117.5+6.3 —325.2+18.9 —16.65+ 0.45 —-99.3+4.1 —270.6+12.2 —15.40+ 0.39
CACGACTAATCTGAACC —133.9+ 6.6 —375.5+19.9 —17.40+0.45 —-116.7+7.7 —321.2+ 189 —17.09+ 2.03
CGCTATGACACCACTTG —120.9+ 6.4 —338.6+19.3 —15.86+0.41 —104.3+14.2 —289.0+43.9 —14.69+0.66
GACCTAGACCACCATTC —145.9+ 4.7 —412.8+14.2 —17.87+0.31 —113.1+3.3 —313.9+ 9.7 —15.73+ 0.37
TTAGCAGACGTCCATCG —118.5+ 54 —328.0+16.1 —16.82+0.39 —103.9+7.3 —283.9+22.2 —15.84+0.40
CACGACTACTCTGAACC  —123.8+1.9 —346.2+ 5.7 —16.45+0.13 —111.7+5.1 —309.7+15.9 —15.67+0.22
CGCTATGAGACCACTTG —123.5+ 75 —347.5+£22.7 —15.76+0.45 —97.1+ 3.7 —267.5+£11.3 —14.18+0.33
GACCTAGAGCACCATTC  —124.0+2.3 —349.9+ 7.0 —15.49+0.14 —104.6+4.7 —291.4+14.1 —14.284+0.36
TTAGCAGAGGTCCATCG —111.6+6.6 —306.2+19.6 —16.60+0.49 —107.1+3.3 —293.1+10.1 —16.24+0.19
CACGACTAGTCTGAACC  —115.1+2.8 —320.3+85 —15.77+0.18 —105.6+2.8 —291.7+ 8.5 —15.17+0.15
CGCTATGATACCACTTG —122.5+ 3.4 —343.4+10.3 —16.05+0.22 —99.9+ 2.0 —274.8+6.1 —14.68+ 0.22
GACCTAGATCACCATTC  —121.6+4.3 —341.5+13.0 —15.65+0.26 —102.6+6.3 —284.0+19.7 —1454+0.24
TTAGCAGATGTCCATCG —111.7£ 3.1 —307.7£ 9.3 —16.32+ 0.22 —105.5+114 —289.4+351 —15.76+0.48
CACGACTATTCTGAACC —139.9+ 165 —392.5+49.3 -—-18.14+1.19 -116.6+21 —322.9+ 5.6 —16.47+ 0.36
CACCATTCAAGAGCCTA  —128.6+8.2 —357.9+ 246 —17.63+0.60 —100.7+3.8 —274.1+£12.0 —15.65+0.08
GTCATATCACAGCGTTC —116.7+ 3.3 —326.7+10.1 —15.40+0.20 —102.7+7.6 —284.1+22.7 —14.56+ 0.57
CTAAGGTCAGTGTATCC  —118.1+2.8 —331.6+8.5 —15.22+ 0.17 —96.9+ 7.6 —267.7+23.3 —13.87+0.43
CGAAATGCATAGTGACC —127.2+ 2.6 —356.6+ 7.7 —16.63+0.17 —114.1+1.7 —317.1+5.3 —15.71+ 0.09
GTCGTTACATGGGCTAT —126.4+ 7.1 —353.0+21.4 —16.94+0.51 —103.6+3.8 —284.4+11.7 —15.37+0.18
CACCATTCCAGAGCCTA  —108.4+5.0 —297.9+ 149 —-16.00+0.36 —103.2+1.7 —282.2+5.1 —15.68+ 0.17
GTCATATCCCAGCGTTC  —123.6+2.2 —344.9+ 6.7 —16.62+0.15 —101.8+3.7 —279.3+10.9 —15.17+0.34
CTAAGGTCCGTGTATCC —106.1+ 3.5 —294.2+ 105 —14.86+0.22 —105.1+ 3.6 —291.2+11.0 —14.85+0.18
CGAAATGCCTAGTGACC —111.5+ 4.1 —308.0+12.1 —16.00+0.29 —1143+22 —316.3+ 6.6 —16.19+ 0.18
GTCGTTACCTGGGCTAT —132.2+2.4 —368.1+ 7.1 —18.06+0.18 —108.1+2.1 —296.2+5.9 —16.26+ 0.28
CACCATTCGAGAGCCTA —128.9+ 4.9 —360.9+ 14.7 —16.95+0.34 —98.3+ 3.0 —269.0+ 8.7 —14.90+ 0.33
GTCATATCGCAGCGTTC  —1254+45 —353.3+13.5 —15.84+0.27 —96.9+8.8 —266.7+27.2 —14.214+0.40
CTAAGGTCGGTGTATCC  —131.6+8.1 —370.2+ 244 —-16.78+£0.52 —102.6+1.0 —282.9+ 3.0 —14.92+ 0.22
CGAAATGCGTAGTGACC —1154+24 —318.9+ 7.2 —16.51+0.17 —105.2+4.2 —288.1+12.8 —15.83+0.26
GTCGTTACGTGGGCTAT —128.4+ 7.7 —358.4+23.1 —17.25+£054 —-103.7+1.7 —284.3+5.1 —15.54+ 0.24
CACCATTCTAGAGCCTA —132.9+10.6 —373.0+£32.0 —17.24+0.72 —96.9+ 4.6 —264.5+14.6 —14.90+0.21
GTCATATCTCAGCGTTC —135.5+4.3 —383.6+13.0 —16.56+0.27 —99.0+ 3.9 —2729+11.6 —14.37+0.35
CTAAGGTCTGTGTATCC —119.9+ 4.3 —337.4+13.2 —15.26+0.25 —99.3+ 6.8 —275.2+20.7 —13.97+0.39
CGAAATGCTTAGTGACC  —130.7+6.7 —365.6+20.2 —17.29+0.46 —116.0+2.2 —321.5+6.6 —16.28+ 0.22
GTCGTTACTTGGGCTAT —119.6+£ 3.1 —331.9+94 —16.72+ 0.22 —103.8+6.4 —284.0+£19.6 —15.70+ 0.37
AGCATTAGAACGGACCT  —121.6+5.7 —336.0+17.0 —17.37+0.43 —105.3+9.7 —287.0+£29.6 —16.284+0.53
CACTAAGGACTGTTCAC —121.8+ 6.5 —342.2+19.7 —15.70£041 —105.7£12.3 —294.0+£38.1 —14.56+0.49
CTCAAATGAGTACGCAG  —119.7+4.3 —334.1+13.1 —16.12+0.28 —93.0+5.2 —253.1+16.0 —14.47+0.29
TCGATTAGAGACACAGG —119.7+ 3.8 —335.0+£ 115 —15.81+0.25 —106.5+4.8 —295.3+14.3 —14.95+0.33
CTAGAGCGAGATGACTT  —146.9+7.3 —414.24+22.0 —18.45+0.51 —96.4+6.4 —262.3+20.0 —15.09+ 0.26
CATCCGAGATTTACAGC —129.4+5.1 —364.2+ 155 —16.46+0.33 —110.6+4.4 —307.2+13.7 —15.29+ 0.23
AGCATTAGCACGGACCT  —116.9+ 2.7 —323.3+£8.1 —16.60+ 0.19 —99.6+10.9 —271.1+33.4 —15.50+ 0.57
GACAGTAGCCTCGGAAT  —1156+1.2 —320.2+ 3.5 —16.32+0.08 —105.5+2.5 —289.8+ 7.6 —15.65+ 0.22
CTCAAATGCGTACGCAG —93.7+ 2.0 —258.3£ 6.2 —13.63+ 0.12 —85.5+7.9 —233.6+24.7 —13.07+0.30
TCGATTAGCGACACAGG  —103.5+3.4 —285.7+10.3 —14.84+0.22 —109.6+3.3 —304.3+10.5 —15.25+0.16
CTAGAGCGCGATGACTT  —124.1+3.9 —344.8+11.7 —17.19+0.29 —95.8+ 3.1 —259.9+ 8.6 —15.15+ 0.42
CATCCGAGCTTTACAGC —123.1+5.5 —344.7+16.7 —16.23+0.37 —107.6+2.3 —2979+7.4 —15.23+0.10
AGCATTAGGACGGACCT —112.1+54 —307.2+£16.0 —16.83£0.42 —105.5£5.0 —287.4+ 154 —16.38+0.28
GACAGTAGGCTCGGAAT —117.7+2.1 —326.4+ 6.1 —16.44+0.15 —101.5+1.5 —278.0+ 4.7 —15.29+ 0.14
CTCAAATGGGTACGCAG  —120.0+5.4 —333.5+£16.3 —16.54+0.38 —95.9+5.1 —261.1+15.1 —14.88+ 0.45
TCGATTAGGGACACAGG —97.84+£ 5.6 —267.8+£17.0 —14.75+£0.36 —106.7+£6.8 —294.7+21.2 —15.26+0.29
CTAGAGCGGGATGACTT  —1245+55 —344.9+16.5 —17.48+0.41 —-95.2+47 —257.6+13.4 —15.32+0.57
GCATTCTGGTACCTCGA —118.5+£ 6.9 —329.9+20.6 —16.14+0.47 —96.9+ 1.8 —265.0£ 5.2 —14.75+ 0.28
GGTCAGTATACAC —-91.0+23 —260.0+ 7.3 —10.31+ 0.06 —-61.7+119 —169.0+37.4 —9.29+0.31
CACTAAGGTCTGTTCAC  —129.3+10.4 —363.9+31.5 —16.39+£0.66 —109.6+9.3 —304.5+£ 285 —15.12+0.46
CTCAAATGTGTACGCAG  —132.2+5.0 —370.7+£14.9 —17.20+0.34 —97.1+4.4 —265.1+ 135 —14.87+0.34
GACTTTAGTGAGCGATG  —119.2+1.8 —332.8+5.4 —16.03+0.12 —105.7+2.3 —292.0+ 6.8 —15.10+ 0.19
TCGATTAGTGACACAGG  —123.7+3.3 —346.4+ 9.9 —16.26+0.21 —108.4+0.8 —300.1+ 2.6 —15.30+ 0.08
CTAGAGCGITGATGACTT —124.8+ 1.6 —346.9+ 4.7 —17.19+0.11 —98.7+ 8.5 —268.6+25.8 —15.40+0.54
GTCAACAGTGCATAGCA —113.7+ 7.6 —315.1+22.7 —16.01+0.52 —98.0+ 2.1 —267.9+ 6.4 —14.93+ 0.10
GACTTGTGTGACGGTAT  —119.1+2.5 —330.6+ 7.4 —16.57+0.17 —105.2+2.5 —288.9+ 7.5 —15.63+ 0.25
ACCTGACGTGAGACTAT —104.1+ 4.8 —287.0+14.3 —15.10+0.31 —85.84+ 3.0 —232.0£9.2 —13.88+ 0.15
GATGCCAGTGTCGATAA  —114.8+2.0 —315.2+5.8 —17.03+0.15 —107.7+2.5 —294.1+ 7.3 —16.50+ 0.26
GCGGTAAGTGATCTAGT  —118.3+2.3 —330.5+ 6.8 —15.77+£0.14 —-106.9+7.6 —295.84+23.1 —15.13+0.44
GTATGACGTGAACTGGT  —122.6+4.2 —341.6+12.6 —16.63+0.29 —103.9+4.3 —285.2+13.2 —15.41+0.29
GCATTCTGITTACCTCGA —115.5+ 2.7 —321.2+ 8.0 —15.90+ 0.18 —95.74+ 2.3 —261.2+ 6.8 —14.70+ 0.27
TTGAAGATAACGCTGGC  —105.2+3.7 —288.2+11.0 —15.80+0.27 —103.9+2.7 —284.2+7.8 —15.73+ 0.28
GTGTATACTGACC —85.9+ 3.6 —245.7+11.5 —9.67+0.08 —60.1+18.7 —165.8+59.4 —8.68+ 0.38
GCTGAATAGTCCTAG —84.2+ 7.0 —233.2+215 —-11.82+0.31 —85.1+2.4 —236.2+ 7.5 —11.89+ 0.11
GTACGCCTATGATTCTC —115.2+ 3.8 —322.1+11.4 —15.294+0.23 —-92.7+73 —253.7+£22.6 —14.06+0.35
CTACCACTCAAGCCTTG —115.4+9.8 —323.3+£29.8 —15.10+ 0.59 —97.6+8.8 —269.3+26.3 —14.09+ 0.68
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Table 2 (Continued)

1/Tu vs InCi/4 fits of individual melting curves

sequence AH? (kcal/mol) AS’ (eu) AG° (kcal/mol)  AH?° (kcal/mol) AS (eu) AG® (kcal/mol)
GTTGCGGTCCTTACATG —137.1+ 7.1 —384.1+ 214 —17.95+£0.50 —107.7+3.0 —296.3+ 84 —15.85+ 0.38
GCTGAATCGTCCTAG —99.9+1.8 —280.6+5.6 —12.86+ 0.08 —-90.4+6.1 —251.5+18.7 —12.38+0.31
GTACGCCTCTGATTCTC —124.4+ 4.3 —349.6+12.9 —15.94+0.27 —93.1+ 3.0 —255.1+ 9.2 —14.01+ 0.25
CTACCACTGAAGCCTTG —129.3+15  —366.4+4.7 —15.71+ 0.09 —88.6+2.7 —242.7+ 8.7 —13.36+ 0.13
CGATGTTGCCAGTCA —-99.6+4.4  —279.0+13.7 —13.03+0.21 —84.8+3.5 —233.5+11.0 —12.36+0.13
GCTGAATGGTCCTAG —108.4+ 4.4  —305.0+ 135 —13.85+0.23 —83.9+10.4 —229.5+32.6 —12.69+0.25
GTACGCCTGTGATTCTC —124.3+6.7 —349.8420.4 —15.80+0.41 —88.5+2.1 —241.2+ 6.6 —13.66+ 0.23
TTGAAGATTACGCTGGC  —123.2+2.8  —342.7+8.3 —16.94+ 0.19 —-97.8+1.9 —264.4+55 —15.85+ 0.64
GTTGCGGTICTTACATG —113.1+3.3 —312.2+9.8 —16.28+£0.24 —106.2+2.0 —291.4+ 6.0 —15.79+ 0.17
GCTGAATTGTCCTAG —-92.2+3.0 —256.1+9.1 —12.80+ 0.15 —90.8+ 3.5 —251.7+10.4 —12.79+0.29
GTACGCCTTITGATTCTC —128.8+7.8 —360.7+23.3 —16.98+0.54 —94.3+35 —256.7+£10.1 —14.69+ 0.40

aOnly the top strand is given ®nd— 3'-end from left to right). Solutions incledl M NaCl, 10 mM NagHPO,, and 1 mM NaEDTA (pH 7.0).

Table 3: Nearest-Neighbor Thermodynamic Parameters for temperature40). Because the conformations of a duplex are

Watson-Crick Base Paifs related to their thermodynamics, the complexity of the
AR AG® AG® (Allawi etal)p conform:.;mo'n for a single bulge p_robably results in increased

sequence (kcallmol)  AS (eu)  (kcal/mol) (kcal/mol) complexity in the thermodynamics. Therefore, because the

AAITT —83+11 —233+3.1 —1.04+007 —1.00+0.01 conformation for the single bulge depended at least on both

ﬁngré —g-gig-fi —gg-gi %‘71 —g-iéi g-gg —g-iii 8-83 the bulged base and the flanking base pairs, we concluded

AGITC 82100 —223+27 —133+006 —128+ 0.03 that AGs, for a single bulge depended on the bulged base

TA/AT —6.54+0.6 —19.0+1.7 —0.60+£0.04 —0.58+0.06 and the flanking base pairs.

TCIAG -8.7408 —23.6+24 —1.354+0.03 —1.304+0.03

TG/IAC -89+04 —-243+13 —-151+0.05 —1.45+ 0.06

CCIGG  -88+0.6 —21.7+17 —1.90+0.04 —1.84+0.04 DISCUSSION

CG/GC  —11.4409 —29.7+25 —-2.25+0.06  —2.17+0.05 N . .

GCICG  —10.1+1.0 —254+2.6 -2.28+0.06 —2.24+0.03 Applicability of the Nearest-Neighbor Model to Single-

init_AT 44+14 107+39  1.19+0.09 1.03£ 0.05 Bulge LoopsAccording to the nearest-neighbor model, the

init_GC 1.7+ 0.5 24+ 1.3 1.124+0.03 0.98+ 0.05 P ; H H

symmetry o _iaxl Ay ot contribution of the thermodynamics for a nearest neighbor

. , (such as an AC or &T) is independent of the effect of
aThese were derived from thermodynamics for complementary nonadjacent base pairs. If this nearest-neighbor model is
sequences from the literature and plots dfiyli's In Ct/4 in Table 1. ; T ;i
Note that thermodynamics from fits of individual melting curves in @PPlicable to sequences with a single bulge, we can ap-
Table 1 were not used (see the Discussiéhese parameters proximately estimate the thermodynamics for sequences
presented in the literatur@)(are shown for comparison. containing the same single-bulge nearest neighbor but with
different sequences by using a unique parameter for the

bu|ged base and the f|anking base pairs m§7 The single-bulge nearest neighbor. Thus, to test the appllcablllty

contribution of each type of bulged base G, is of the nearest-neighbor model to the sequences with a single-
revealed in Figure 1. Our comparison shows no significant Pulge loop, we determined the thermodynamics for 10
differences between each bulged base. sequences with a T35 bulge. Thermodynamic parameters

The contribution of each type of flanking base pair is for a GT'G bulge listed in Table 3 and those for Watson
shown in Figure 2. Papanicola@t al. (36) showed that a  Crick base pairs listed in Table 4 preditG3;, AH®, AS’,
single bulge between two pyrimidines was observed to be and Tm(50 M) values with average deviations of 3.0%,
less stable than others because of a poor stacking betweed-3%, 4.7%, and 0.9°C, respectively. The prediction
the pyrimidines. However, our results do not reveal this accuracy was within the limits of what can be expected for
tendency_ The Wpe of ﬂanking base pair also shows no @ nearest-neighbor model. This certified that the thermOdy'
significant differences, although we may assume the con-nNamics for single-bulge loops can be estimated adequately
tribution of flanking base pairs has a more profound effect Using a nearest-neighbor model.
than that of a bulged base. Validity of the Estimation of Thermodynamic Parameters

AGZ, for a single bulge cannot be classified by the type Based on Two-State Approximatiofnalysis of the van't
of bulged base or flanking base pairs despite the previousHoff plot is based on the two-state transition (i.e., random

trial, as illustrated in Figures 1 and 2. Therefo&3, for a coil < duplex) @4). If this two-state model is validAH®
single bulge should be approximated at least on the basis ofvalues from plots of T versus InC+/4 generally agree with
both the type of bulged base and flanking base pairs. those from fits of individual melting curvesl9, 33, 43)

Thus, AG3, for a single bulge is complicated, and this within 15%, although the deviations of 60 of 114 sequences
complexity is consistent with the results of conformational in this study were greater than 15%. It follows that all our
studies. From the results of nuclear magnetic resonanceexperimental data do not stringently proceed in a two-state
(NMR) studies, the experimental data indicated that a single- manner. However, in cases whet#l® values from these
bulge loop in solution exists in various conformations, two methods marginally agree, the data from plots a1/
depending on the sequence context and temperaurd{— versus InC:/4 appear to be more reliabld4) because a
42). For example, a GG bulge is in a looped-out state ata comparison withAH® values determined by using the model-
low temperature or in a stacked state at a high temperature jndependent calorimetry reveald@g was relatively insensi-
while a CI'C bulge is looped out independent of the tive to non-two-state transitions4§). Another piece of
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Table 4: Nearest-Neighbor Thermodynamic Parameters for Single Bulges

sequence  AH° (kcal/mol) AS’ (eu) AG® (kcal/mol) sequence  AH° (kcal/mol) AS’ (eu) AG® (kcal/mol)
AAA —-4.0+7.8 —17.5+22.2 1.66+ 1.05 AA —14.44+6.2 —46.6+ 8.9 —0.11+ 0.69
AAT —13.5+ 3.4 —446+7.1 0.35+ 0.61 CAT —7.0£3.9 —25.84+8.9 1.06+ 0.71
AAC 10.2+ 45 25.8+10.4 1.95+0.93 CAC 43+29 8.8+ 6.2 1.73+0.98
AAG —-0.2+4.0 —4.6+8.9 1.24+ 1.10 CAG —29+48 —13.0+ 14.7 0.83+1.08
ATAP 9.8+ 8.9 24.7+11.4 2.89+ 1.03 CTA —18.7+ 4.8 —61.7+14.8 0.28+ 1.17
ATT —19.54+ 2.7 —61.64+ 8.2 —0.39+ 1.51 cT —4.6+57 —17.0+12.0 0.83+0.93
ATC —-48+438 —20.0+ 25.3 1.17+0.84 crc —145+5.6 —48.1+17.2 0.57+ 0.47
ATG 5.6+ 3.8 129+ 5.6 1.57+0.93 crG —4.7+6.5 —18.8+11.7 0.79+1.02
ACAPc 6.1+ 6.1 14.0+£ 25.1 2.51+0.71 CCA 5.8+3.8 13.4+ 7.7 1.52+ 0.89
ACT —-34+74 —15.3+11.1 1.30+ 0.58 T —-5.3+6.3 —24.8+16.9 0.81+ 1.07
ACC —29.1+75 —-91.3+15.9 —1.05+ 0.97 ac —2.6+5.8 —-9.4+15.3 0.51+ 0.83
ACG —-1.2+47 —7.44+10.7 1.07+0.94 acG 9.1+7.1 24.44+ 19.6 1.19+ 0.96
AGAP 15.54+16.9 431+ 7.6 3.33+£ 0.95 GGA —14.7+ 15 —49.6+ 3.3 0.57+0.98
AGT 5.3+ 6.5 10.6+17.2 1.98+ 0.99 aGT 2.1+3.8 6.5+ 7.9 1.00+ 0.31
AGC —-72+52 —28.4+32.6 1.33+1.03 asC —-4.4+ 8.6 —-17.8+30.4 1.29+0.71
AGG 57+ 47 14.44+ 20.6 1.29+ 0.86 GGG —16.4+10.4 —51.6+24.1 —0.73+£0.91
TAA 15.3+8.8 38.5+ 12.6 3.46+ 0.93 GAA —6.8+6.9 —25.2+18.2 0.96+ 1.07
TATP 19.8+ 3.5 56.7+ 20.5 3.69+ 0.92 GAT -9.8+23 —35.6+4.4 1.19+ 0.55
TAC —2.3+5.6 —-12.7+16.1 1.67+0.94 GAC —4.8+2.7 —18.3+5.3 0.98+ 0.45
TAG 15.0+ 3.9 40.4+ 8.7 2.36+ 0.80 GAG —-6.5+7.3 —-21.0+8.8 0.52+ 0.80
TTA —2.7+11.2 —16.0+ 14.6 2.32+0.89 GIrA —7.4+22 —27.0+£19.9 1.03+ 1.16
TTT —-8.2+6.1 —30.1+20.8 0.96+ 0.94 GI'T 1.8+ 3.9 —-0.6+4.3 1.99+1.03
TTC 8.8+55 23.2+49.7 1.83+ 0.98 Grc —12.3+4.1 —40.04+ 32.0 0.29+ 0.91
TTG 7.0+ 3.8 17.5+22.2 1.38+ 0.58 GIG —-2.3+11.0 —10.0+9.1 0.87+ 0.99
TCA 16+75 —3.9+143 2.74+0.94 CA —2.1+4.6 —12.54+104 173+ 1.12
TCTPd 9.9+ 45 30.5+ 8.7 2.58+ 1.04 T —3.5+4.2 —16.1+10.1 1.424+1.00
TCC —15.2+4.2 —48.7+9.9 0.16+ 0.96 QCC 0.4+ 6.6 —-1.0+17.7 0.60+ 0.93
TCG -0.7+41 —7.0+£10.3 1.32+0.61 QLG 13.8+5.0 429+ 125 2.02+ 0.94
TGA —12.3+7.9 —47.0+6.4 2.13+0.99 &GA 27+45 3.6+ 10.3 1.50+ 0.92
TGT® 209+ 55 59.8+ 10.2 3.42+0.94 &GT -1.24+7.7 —9.3+215 1.75+ 1.05
TGC 2.6+3.2 1.6+14.2 2.30+ 0.96 &GC —-1.7+55 —72+14.4 0.48+ 0.94
TGG —-9.2+45 —31.4+16.6 0.33+ 0.59 GG 3.5+28 8.5+ 6.1 0.98+ 0.58

aThese were derived from thermodynamics for sequences with a single bulge from the literature and plats/efldCr/4 in Table 2. Note
that thermodynamics from fits of individual melting curves in Table 2 were not used (see the DiscusEhege parameters were derived from
the data in the literaturel@) and ours (Table 2). This parameter was derived from the data in the literat@d@ &nd ours (Table 2) This
parameter was derived from the data in the literat@® &nd ours (Table 2).

determination> 0.98). Thus, we hypothesized that the
thermodynamics from plots of T, versus InCt/4 were
estimated more correctly than those from fits of individual
melting curves. To verify this hypothesis, we investigated
the average deviations between thermodynamics for comple-
r mentary sequences from our laboratory and those predicted
by using the nearest-neighbor parameters of Allawal.
@ @ (9). If the aforementioned hypothesis is true, the thermody-
Ficure 1: Effect of a bulged base ohG$,. Each bar represents ~ Namics from_ the plots c_;f Tl versus InCT/A_' ShOUI_d be
the averageAG3, with respect to the type of bulged base. The consistent with the predicted thermodynamics, while those
precise value is denoted by the number in the bar. The error barfrom the fits of individual melting curves should be
represents the standard deviation per type of bulged base. inconsistent with the predicted thermodynamics. In fact, the
average deviations between th&3,, AH°, andAS’ values
of 31 complementary sequences estimated by plotsTaf 1/

O+ mT Oc moa|

AG (keal/mol)
o —~
o O = oo W

[ Purine * Purine M Purine = Pyrimidine

. 3 [0 Prrimidine * Purine B Pyrimicine *Pyrimidine versus InCy/4 and the predicted values are 4.4, 6.5, and

_g 2 T 7.0%, respectively. These were within the limits of what can

183“ 2 i be expected for a nearest-neighbor model. In contrast, the
g5 average deviations between th&3,, AH®, andAS’ values

g 1 of 31 complementary sequences estimated by fits of indi-

5 [1.57]Joo6 f[1.27] vidual melting curves and the predicted values are 7.4, 15.1,
0 _ _ and 16.6%, respectively. These were greater than the limits
Ficure 2: Effect of flanking base pairs oMGg, Each bar  of what can be expected for a nearest-neighbor model. These

represents the averag@ess; with respect to the type of flanking :
base pairs. The precise value is denoted by the number in the bar.reSUItS supported our hypothesis. Therefore, we concluded

The error bar represents the standard deviation per type of flankingthat the thermodynamics derived from plots of\lAversus
base pair. In C/4 were estimated well because of their robustness.
evidence for the validity of the plots of Ty, versus InC/4 Comparison withAG3; Using the Traditional ModelA

was the linearity of the regression analysis, which produced previous paper proposed the simplest model, which assigns
expected results in the two-state model (coefficient of a free energy penalty of 2.8 kcal/mol for each single-bulge
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loop (46). However, the contribution of a single bulge to
duplex stability depended on both the type of the bulged
base and the flanking base pairs and varied from 3.69 to
—1.05 kcal/mol (see the Results). Therefore, this penalty
model is an oversimplification.

4.
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Yan, H., Zhang, X., Shen, Z., and Seeman, N. C. (2002) A robust
DNA mechanical device controlled by hybridization topology,
Nature 415 62—65.

. Winfree, E., Liu, F., Wenzler, L. A., and Seeman, N. C. (1998)

Design and self-assembly of two-dimensional DNA crystals,
Nature 394 539-544.

6. Adleman, L. M. (1994) Molecular computation of solutions to

Another model for predictingAG3, for a single bulge
was proposed by Zhet al. (23). They modeled\GZ, based
on the stacking energy between flanking base pairs. They
defined a bulged base with no identical neighboring base as
belonging to group | and those with at least one identical
flanking base as belonging to group Il. They noted that group
| bulges tended to be less stable than group Il bulges in the
same nearest-neighbor environments because of more con-
formational freedom (they called this effect “position de-

generacy”). They derived the following equation based on 10

their experimental data.

11.

AG(XNZ)'(X'—Z') = 2.72+ 0.4%G(sz),(xrzr) - ag (4)

where dg is zero for group | bulges and 0.4 kcal/mol for
group Il bulges. The first term, 2.72 (kilocalories per mole),
is the positive free energy due to insertion of a base bulge
into the duplex. The second term is the free energy
contribution of the stacking interaction caused by the flanking
base pairs. The third term represents the effect of position
degeneracy. ThAG3, from our results also reflected that
effect. For example, the AA bulge was the most stable
structure among the XA bulges K being A, T, C, or G)
(see Table 4). As described previously, however, this model ¢
has many limitations (unpublished experiments). It does not
distinguish the type of bulged base, or in which strand (i.e.,
sense or antisense) a bulged base is inserted. For example
the stability of 5CXT-3/3-GA-5 (X being A, T, C, or G)
equals that of BCT-3/3'-GXA-5' according to eq 4.
However, theAG3, values derived from our experimental
data do not necessarily agree with those derived from eq 4.
For example, theAGZ, of the GAG bulge was 0.52 kcal/
mol, while that of the @G bulge was 2.02 kcal/mol. This
exception denotes that a bulged base affe%®;, for a
single-bulge loop. MoreoveAG3; of the CAC bulge was
1.73 kcal/mol, while that of the &G bulge (the flanking
GXG base pairs are complementary to CXC) was 0.52 kcal/
mol. This exception denotes thaAlG3, for a single bulge
depends on the strand in which a bulged base is inserted.
Therefore, a model incorporating the type of bulged base
and its flanking base pairs was needed to approximate the
AGZ, for a single-bulge loop adequately. Conversely, the
sufficiency of the nearest-neighbor model for a single bulge
was confirmed by the experiment in which the thermo-
dynamics for 10 sequences with theTG bulge were
determined (see above).

25.
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