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ABSTRACT: The thermodynamic parameters (AH", AS", and AG"37) for 16 nearest-neighbor sets and one 
initiation factor are presented here in order to predict stability of RNA/DNA hybrid duplexes. To determine 
the nearest-neighbor parameters, thermodynamics for 68 different hybrid sequences (1 36 single-stranded 
oligonucleotides) with 5 - 13 nucleotide length including several duplexes with identical nearest-neighbors 
were measured by UV melting procedure. These sequences were selected to have many different 
combinations of nearest-neighbor pairs, and so that the number of the 16 nearest-neighbor sequences in 
the oligomers were as equal as possible. The structures of the hybrids were also investigated by measuring 
circular dichroism spectra. Comparing AGO37 values of the hybrids with DNA/DNA and RNNRNA 
parameters reported previously (Breslauer, K. J., Frank, R., Blocker, H., & Marky, L. A. (1986) Proc. 
Natl. Acad. Sci. U.S.A. 83, 3746-3750; Freier, S .  M., Kierzek, R., Jaeger, J. A., Sugimoto, N., Caruthers, 
M. H., Neilson, T., & Turner, D. H. (1986) Proc. Natl. Acad. Sci. U.S.A. 83, 9373-9377), RNARNA 
double helix is the most stable of the three kinds of helixes with the same nearest-neighbor sequences. 
Which is more stable between DNA/DNA and RNA/DNA hybrid duplexes depends on its sequence. 
Calculated thermodynamic values of hybrid formation with the present parameters reproduce the 
experimental values within reasonable errors. 

In biological systems, RNADNA double helixes (hybrids) 
occur in Okazaki fragments (Ogawa & Okazaki, 1980), 
during RNA transcription (Yager & von Hippel, 1991), 
during reverse transcription of retroviruses (Varmus, 1982), 
and in antisense therapy (Stein & Cheng, 1993; Shimayama 
et al., 1993). For rational optimization of these approaches, 
it is necessary to know quantitatively the hybrid stability. 
However, little is known about the thermodynamics of RNA/ 
DNA hybrid formation and the parameters for predicting its 
stability. 

Thermodynamic parameters based on the nearest-neighbor 
model were determined for stabilities of DNADNA and 
RNARNA duplexes (Breslauer et al., 1986; Freier et al., 
1986), and they were applied to predict stable secondary 
structures and active centers of nucleic acids (Sugimoto et 
al., 1991, 1993; LeCuyer et al., 1993; Connell & Yarus, 
1994). Thermodynamic parameters were also reported for 
formation of mismatches, dangling ends, internal loops, 
bulges, and hairpin loops in RNA (Sugimoto et al., 1986, 
1987a,b; Turner et al., 1990; Longfellow et al., 1990; Peritz 
et al., 1991). It is not reasonable to apply these parameters 
to the prediction of hybrid formation because the character- 
istics of hybrids are different from those of DNA/DNA and 
RNARNA duplexes. Thus, it is necessary to obtain new 
thermodynamic parameters to predict the stability of RNA/ 
DNA hybrid formation. 

Here, in order to determine the nearest-neighbor param- 
eters to predict hybrid stability, thermodynamics for 68 
different hybrid sequences (136 single-stranded oligonucle- 
otides) with 5- 13 nucleotide length including several 
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duplexes with identical nearest neighbors were investigated 
by UV' melting procedure. Then, the thermodynamic 
parameters (AH", AS", and AG"37) for 16 nearest-neighbor 
sets and one initiation factor are obtained. The structures 
of typical hybrids were also investigated by circular dichro- 
ism spectroscopy. Comparing calculated thermodynamic 
values of hybrid formation by using the present parameters 
with the experimental results, the parameters can reproduce 
the experimental values within reasonable error. 

MATERIALS AND METHODS 

Materials. Sixty-eight oligoribonucleotides and 68 oli- 
godeoxyribonucleotides were synthesized chemically on a 
solid support using phosphoramidite procedures and purified 
with HPLC after deblocking operations (Kierzek et al., 1986). 
These 136 oligomers were further purified and desalted with 
a C-18 Sep-Pak cartridge column. Final purity of the 
oligomers was confirmed to be greater than at least 98% by 
HPLC. 

These oligonucleotides consist of 16 nearest-neighbor 
sequences of the Watson-Crick base pairs. The sequences 
were selected to have many different combinations of 
nearest-neighbor pairs. The length of the examined hybrid 
strands was at least 5 nucleotides consisting of four nearest- 
neighbor pairs and one initiation factor, and at most 
13-nucleotides length possessing 12 nearest-neighbor pairs 
and an initiation factor. All sequences used here comprise 
several nearest-neighbor pairs and the initiation factor. 

All experiments were conducted in a buffer which was 1 
M NaCVlO mM Na2HPOdl mM NazEDTA, pH 7.0. Single- 

] Abbreviations: UV, ultraviolet; CD, circular dichroism; HPLC, 
high-performance liquid chromatography; T,, melting temperature; Na2- 
EDTA, disodium ethylenediaminetetraacetate. 
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strand concentrations of the oligonucleotides were determined 
by measuring the absorbance at 260 or 280 nm at a high 
temperature as described previously (Sugimoto et al., 1986). 
Single-strand extinction coefficients were calculated from 
mononucleotide and dinucleotide data by using a nearest- 
neighbor approximation (Richards, 1975). RNA strand and 
its complementary DNA strand were mixed with a 1:l 
concentration ratio to obtain each RNADNA hybrid. 

CD Measurements. CD spectra were obtained on a 
JASCO 5-600 spectropolarimeter equipped with the temper- 
ature controller and interfaced to a NEC PC-9801 computer. 
The experimental temperature was 5.0 "C. The cuvette- 
holding chamber was flushed with a constant stream of dry 
N2 gas to avoid water condensation on the cuvette exterior. 
All CD spectra were measured from 350 to 200 nm in 0.1 
cm path length cuvettes. The concentration of the samples 
was 70 pM in 1 M NaC1-phosphate buffer. 

UV Measurements. Absorbance measurements in the UV 
region were made on Hitachi U-3200 and U-3210 spectro- 
photometers. Melting curves (absorbance vs temperature 
curves) were measured at 260 nm with these spectropho- 
tometers connected to Hitachi SPR-7 and SPR-10 thermo- 
programmers. The heating rate was 0.5 or 1 .O "C/min. The 
water condensation on the cuvette exterior at the low 
temperature range was avoided by flushing with a constant 
stream of dry N2 gas. 

The melting curves of all the hybrids showed normal 
melting behaviors as DNADNA and RNARNA double 
helixes did. Melting data were collected and fitted with NEC 
PC-9801 computers. The melting temperatures (Tm) were 
obtained with the curve fitting procedure described previ- 
ously (Petersheim & Turner, 1983; Sugimoto et al., 1991). 
The thermodynamic parameters (AH", AS", and AG"37) for 
each hybrid formation were determined as the average values 
obtained by the following two methods (Petersheim & 
Turner, 1983; Sugimoto et al., 1986): (I) enthalpy and 
entropy changes derived from fitting individual melting 
curves to a two-state model with sloping base lines were 
averaged, and (11) reciprocal melting temperature T,L1 was 
plotted vs ln(C,) to give enthalpy and entropy changes as 
described in detail in the Results. 

Calculation of Nearest-Neighbor Parameters. According 
to a nearest-neighbor model, a free energy change (AG"37) 
of the non-self-complementary double-helix formation con- 
sists of two terms: (I) a free energy change for helix initiation 
to form a first base pair in the double helix and (11) a free 
energy change for helix propagation which is a sum of each 
subsequent base pair. In a free energy change for helix 
propagation, there are 16 nearest-neighbor sequences for 
RNA/DNA hybrids, while there are only ten nearest-neighbor 
pairs for RNA/RNA or DNA/DNA double helices (Breslauer 
et al., 1986; Freier et al., 1986). Thus, the parameters of 16 
nearest-neighbor sequences and one initiation factor were 
determined with a nonlinear least-squares computer program 
(McCalla, 1967; Bevington, 1969). Each nearest-neighbor 
parameter of AGO37 and AH" was decided on the program 
by 0.1 kcal mol-' step so as to predict the stabilities of all 
hybrids appling to a two-state model with minimum sum of 
squares-error values. Then the values of AS" were estimated 
by the determined values of AGO37 and AH". Predicted 
melting temperatures at 100 p M  strand concentration were 
also calculated. 

Sugimoto et al. 
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FIGURE 1: CD spectra of (A) r(GCCGUGAG)/r(CUCACGGC) (-), 
d(GCCGTGAG)/d(CTCACGGC) (- - -), and r(GCCGUGAG)/ 
d(CTCACGGC) (bold -), and (B) r(CUUACGCU)/r(AGCGUAAG) 
(-), d(CTTACGCT)/d(AGCGTAAG) (- - -), and r(CUUACGCU)/ 
d(AGCGTAAG) (bold -). Each oligomer concentration was 70 
pM, and measurements were done in 1 M NaC1-phosphate buffer 
at 5.0 "C. 

RESULTS 

Structure of RNADNA Hybrid Duplexes. It is known that 
a CD spectrum of a DNADNA double helix has a positive 
peak around 280 nm and an intense negative peak around 
250 nm, consistent with B-form conformation (Ivanov et al., 
1973). On the other hand, a spectrum of an RNARNA 
double helix has a positive peak around 270 nm and a 
relatively weak and negative peak around 235 nm, indicating 
a normal A-form structure (Hall & McLaughlin, 1991; 
Ratmeyer et al., 1994). 

Figure 1A shows CD spectra of d(GCCGTGAG)/d(CT- 
CACGGC), r(GCCGUGAG)/r(CUCACGGC), and r(GC- 
CGUGAG)/d(CTCACGGC) double helixes at 5.0 "C. In 
the case of the RNA/DNA hybrid, the spectrum in Figure 
1A possesses an intense positive peak around 275 nm 
and a small negative peak around 230 nm. The spectrum 
of the RNA/DNA hybrid is between those of the DNA/ 
DNA and the RNARNA double helixes, though it re- 
sembles relatively more that of the RNA/RNA double 
helix. By contrast, it was reported that a CD spectrum of 
r(CUUC)3/d(GAAG)3 hybrid was relatively similar to that 
of d(CTTC)dd(GAAG)3 (DNADNA) duplex (Ratmeyer et 
al., 1994). Figure 1B shows CD spectra of d(CTTACGCT)/ 
d(AGCGTAAG), r(CUUACGCU)/r(AGCGUAAG), and 
r(CUUACGCU)/d(AGCGTAAG) double helixes at 5.0 "C. 
The CD spectrum of the RNADNA hybrid has the large 
positive peak around 275 nm which is larger than not 
only the peak of the DNAlDNA but the peak of the RNA/ 
RNA. These results suggest that CD spectra of hybrids 
sometimes look like that of RNARNA or DNA/DNA, and 
sometimes not. 
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Table 1: 
DNA Hybrids with Identical Nearest-Neighbor Sequences" 

Thermodynamic Values of Duplex Formation of RNA/ 

3.4 L 4 

-6.5 -6.0 -5.5 -5.0 -4.5 -4.0 

log(CtJ4) 

FIGURE 2: Tm-l vs ln(Ct/4) plots of r(UGCUGUUG)/d(CAA- 
CAGCA) (a), r(UUACAGCG)/d(CGCTGTAA) (+), r(CGCUG- 
UUAG)/d(CTAACAGCG) (0), and r(CUAACAGCG)/d(CGCT- 
GTTAG) (A). Measurements were done in 1 M NaC1-phosphate 
buffer at different oligomer concentrations. 

Melting Behaviors for RNADNA Hybrids. The following 
equation (Turner et al., 1990) can be applied to melting 
analysis: 

Tm-' = [R ln(CJn) + AS"]/AW (1) 

r(CUACGCUU)/d(AAGCGTAG) 
r(CUUACGCU)ld(AGCGTAAG) 

r(ACCGCA)/d(TGCGGT) 
r(GCACCG)/d(CGGTGC) 

r(CACGGC)ld(GCCGTG) 
r(GGCACG)/d(CGTGCC) 

r(AAGCGUAG)ld(CTACGCTT) 
r(AGCGlJAAG)/d(CTTACGCT) 

r(AGUCCUG A)/d(TCAGG ACT) 
r(CUGAGUCC)/d(GGACTCAG) 

r(GAGCCGUG)ld(CACGGCTC) 
r(GCCGUGAG)ld(CTCACGGC) 

-54.3 -153 -6.8 38.9 
-52.3 -148 -6.4 36.2 

-45.4 -126 -6.4 36.1 
-49.7 -141 -6.2 34.8 

-48.9 -135 -6.9 39.5 
-5 1.8 -144 -7.3 41.5 

-67.2 -192 -7.8 43.1 
-60.1 -170 -7.3 41.1 

-6.7 37.9 -54.7 -155 
-60.8 -171 -7.8 43.4 

-67.3 -187 -9.5 51.4 
-7 1.4 -199 -9.7 51.4 

a All experiments were conducted in a buffer containing 1 M NaCII 
10 mM Na2HPOdl mM Na2EDTA. pH 7.0. Estimated errors in AW, 
ASo, AG37', and T,,, are 14%, f4%, 1 8 % ,  and f2%, respectively. 
* Melting temperatures are calculated at the total oligomer concentration 
of 100uM. 

where T, is the melting temperature of a double helix, AH" 
and AS" are calculated enthalpy and entropy changes for 
duplex formation, respectively, R is the gas constant, C, is 
the total strand concentration, and n reflects the symmetry 
factor, which is 1 in the case of self-complementary strands 
and 4 in the case of non-self-complementary strands. Here, 
as we need not consider the self-complementary strands, n 
= 4. Figure 2 shows typical Tm-l vs 1n(Ct/4) plots of the 
RNA/DNA hybrid duplexes measured here, such as r(UG- 
CUGUUG)/d(CAACAGCA), r(UUACAGCG)/d(CGCTG- 
TAA), r(CGCUGUUAG)/d(CTAACAGCG), and r(CUAA- 
CAGCG)/d(CGCTGTTAG). In Figure 2, the melting 
temperatures decrease with decreasing total strand concentra- 
tions, and the Tm-' vs ln(CJ4) plots are linear. The plots 
gave us the thermodynamic parameters (AH", AS", and 
AG"37) for hybrid formation. Whether these hybrids were 
two-state transitions is determined with the comparison of 
the thermodynamics between the Tm-l vs ln(Ct/4) plot and 
the curve fitting procedure. The thermodynamic parameters 
obtained with the Tm-I vs ln(CJ4) plot and the curve fitting 
procedure are given in the supporting information. When 
the difference between these thermodynamic values was 
within lo%, the melting behavior of the hybrid duplex was 
regarded as a two-state transition. Consequently, only four 
hybrids, r(CGUGC)/d(GCACG), r(GCACG)/d(CGTGC), r(U- 
UUGUAUCCAAU)/d(ATTGGATACAAA), and r(AGC- 
CUAACUCAGC)/d(GCTGAGTTAGGCT), within 68 du- 
plexes examined here were non-two-state transitions. The 
two pentamers were too unstable to determine exactly the 
thermodynamics with the curve fitting procedure, and the 
two longer nucleotides might be due to non-two-state 
transitions frequently observed for  longer oligonucleotides. 

Nearest-Neighbor Model for RNMDNA Hybrid Duplexes. 
The nearest-neighbor model in which the effect of nearest- 
neighbor base pairs is the most important for determining 
duplex stability is confirmed to be reasonable for most short 
DNA/DNA and RNA/RNA double helixes (Kierzek et al., 
1986; Sugimoto et al., 1994). It should be confirmed whether 
the model can be applied to the RNA/DNA hybrids before 
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FIGURE 3: Tm-l vs ln(Ct/4) plots of r(CUACGCUU)/d(AAGCG- 
TAG) (e) and r(CUUACGCU)/d(AGCGTAAG) (+). Measure- 
ments were done in 1 M NaC1-phosphate buffer at different 
oligomer concentrations. 

obtaining the nearest-neighbor parameters. We examined 
energetic behaviors of six pairs of RNA/DNA hybrid 
duplexes with identical nearest neighbors (see Table 1). Each 
pair of the hybrid duplexes consists of identical nearest 
neighbors; for example, in the case of pair [l], 

r(CUUACGCU)/d(AGCGTAAG) = rCU/dAG + 
rUU/dAA + rUA/dTA + rAC/dGT f 
rCG/dCG + rGC/dGC + rCU/dAG = 

r(CUACGCUU)/d(AAGCGTAG) 

The nearest-neighbor hypothesis predicts that the pairs with 
identical nearest neighbors will have identical melting 
behaviors and identical thermodynamic parameters for duplex 
formation. 

Figure 3 shows the Tm-l vs ln(Cl/4) plots of pair [l] as 
typical plots, and the thermodynamic parameters for the 
duplex formation of pairs [1]-[6] obtained from eqs 1 and 
2 are listed in Table 1; in eq 2, 

AGO3, = AH" - (310.15 x AS") (2) 
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where is the change of free energy associated with 
hybrid duplex formation at 37.0 "C. In the pairs composed 
of identical nearest-neighbor sets, the melting curve traces 
at the same strand concentration (data not shown) were very 
similar, and both Tm-' vs ln(CJ4) plots for pair [ 13 in Figure 
3 are almost identical. The values of AH", AS", AG"37, and 
T, for pair [ l ]  in Table 1 differ by only 3.8%, 3.3%, 6.1%, 
and 2.7 "C, respectively. For the other pairs in Table 1, the 
average differences in AH", AS", AG"37, and T, are 7.7%, 
8.2%, 6.5%, and 2.3 "C, respectively, about the same as 
expected from experimental errors. These results indicate 
that the nearest-neighbor model is valid for RNA/DNA 
hybrid duplexes as well as RNA/RNA and DNA/DNA 
duplexes. 

Nearest-Neighbor Parameters for RNMDNA Hybrid Du- 
plexes. According to the nearest-neighbor model, formation 
of hybrid duplexes can be described by 16 nearest-neighbor 
parameters for helix propagation and 1 parameter for duplex 
initiation. To determine the nearest-neighbor parameters, 
thermodynamics for 68 different hybrid sequences including 
the duplexes with identical nearest neighbors described above 
was examined. The averaged thermodynamic parameters 
determined from the Tm-' vs ln(CJ4) plot and the curve 
fitting procedure are listed in Table 2. The melting tem- 
peratures at the strand concentration of 100 pM are also listed 
in the table. The optimized values for 16 nearest-neighbor 
sets and 1 initiation factor determined on the basis of the 
thermodynamic results of 64 hybrids with two-state transi- 
tions by using the nonlinear least-squares computer program 
are shown in Table 3. The AH", AS", AG"37, and T ,  of 68 
hybrids predicted with the parameters in Table 3 are also 
listed in Table 2. 

Sugimoto et al. 

contrast, rUU/dAA and rUA/dTA possess the smallest and 
the second smallest free energies in absolute values (-0.2 
and -0.6 kcal mol-', respectively) in the hybrid nearest- 
neighbor pairs, which is also true for DNA/DNA and RNA/ 
RNA duplexes. It suggests that in most cases hybrid 
formation does not stabilize or destabilize certain nearest- 
neighbor pairs in comparison with DNA/DNA and RNA/ 
RNA double helixes. 

But the case of rUU/dAA seems to be an exception. The 
value of -0.2 kcal mol-' is significantly smaller than 

those of dlT/dAA and rUU/rAA (- 1.7 and -0.9 kcal mol-', 
respectively) and is also the smallest of all the hybrid 
values. The result is consistent with the experimental result 
previously reported that hybrid duplexes containing oligo- 
(rU/dA) sequences are exceptionally unstable (Martin et al., 
1980). The exclusive instability of dAdrU8 should be 
primarily due to unstable rUU/dAA nearest-neighbor base 
pair. 

Comparison of Measured and Predicted Thermodynamic 
Values for RNMDNA Hybrid Formation. We calculated 
AGO37 values of 68 RNA/DNA hybrid duplexes with our 
hybrid parameters listed in Table 3. For example, the 
predicted free energy change of r(CUUACGCU)/d(AGCG- 
TAAG) and r(CUACGCUU)/d(AAGCGTAG) with identical 
nearest neighbors described above can be calculated as 
follows: 

DISCUSSION 

Comparison of Hybrid Nearest-Neighbor Parameters with 
Those for DNMDNA and RNMRNA Helixes. In Table 3, 
AH" of RNA/DNA hybrid initiation is 1.9 kcal mol-' rather 
than 0 kcal mol-' as assumed for DNA/DNA and RNA/ 
RNA parameters (Breslauer et al., 1986; Freier et al., 1986). 
This value is one of the parameters determined from the 
thermodynamic results in Table 2 and is assumed to be 
independent of oligonucleotides. Considering AGO37 of the 
initiation is 3.1 kcal mol-', it is suggested that the enthalpy 
contribution to initiation of at least hybrid formation is more 
important than the entropy contribution. 

Generally, comparing AGO37 values of the hybrids with 
DNA/DNA (Breslauer et al., 1986) and RNA/RNA param- 
eters (Freier et al., 1986), the RNA/RNA double helix is the 
most stable of the three kinds of helixes with the same nearest 
neighbors. Which is more stable between DNA/DNA and 
RNA/DNA hybrid duplexes seems to depend on its se- 
quence: For example, dCG/dCG is more stable than rCG/ 
dCG (AGO37 values are -3.3 and -1.7 kcal mol-', respec- 
tively), while rAC/dGT of -2.1 kcal mol-' has larger 
stability than dAC/dGT of -1.1 kcal mol-]. 

The nearest-neighbor pairs of the hybrids with the most 
or least stable free energy are identical to the pairs of DNA/ 
DNA and RNA/RNA duplexes. The nearest-neighbor se- 
quences rGG/dCC and rGC/dGC have the largest absolute 
AGO37 values (-2.9 and -2.7 kcal mol-', respectively); such 
a tendency occurs also in the DNA/DNA and RNA/RNA 
duplexes (Breslauer et al., 1986; Freier et al., 1986). In 

AGo3,(predicted) = AG",,(rCU/dAG) + 
AG",,(rUU/dAA) + AGo3,(rUA/dTA) + 
AG",,(rAC/dGT) + AG",,(rCG/dCG) + 
AGo3,(rGC/dGC) + AG",,(rCU/dAG) + 

initiation factor = -6.0 (kcal mol-') 

On the other hand, the measured values were -6.4 kcal 
mol-' for r(CUUACGCU)/d(AGCGTAAG) and -6.8 kcal 
mol-' for r(CUACGCUU)/d(AAGCGTAG) as shown in 
Table 2. The predicted and measured values are in good 
agreement with each other. 

In comparison of the measured AGO37 values and the 
predicted ones as shown in Table 2, the average difference 
is only 5.4% for all the 64 sequences with the two-state 
transitions. The largest difference is 18% for r(GCGA- 
CAUU)/d(AAUGUCGC), of which the predicted and ex- 
perimental values are -6.7 and -7.9 kcal mol-'. For AH", 
AS", and T,, the average differences are 6.8%, 7.6%, and 
0.6%, respectively. These average errors are not so much 
larger than those of RNA duplex reported previously (Freier 
et al., 1986). Therefore, our parameters in Table 3 should 
be very useful to predict the thermodynamic stability of 
RNA/DNA hybrids. 

Comparison with Other Parameters. To our knowledge, 
almost no nearest-neighbor parameters were determined 
previously for RNA/DNA hybrid duplex formation except 
for Yager and von Hippel's parameters (Yager & von Hippel, 
199 1). Unfortunately, in obtaining their parameters, many 
hypotheses had to be used because there were not enough 
experimental data at that time to determine exactly hybrid 
parameters. For example, the values for some nearest- 
neighbor sequences had to be calculated as an average of 
DNA/DNA parameters (Breslauer et al., 1986) and RNA/ 
RNA parameters (Freier et al., 1986). As several nearest- 
neighbor pairs had to be regarded as possessing the same 
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Table 2: Measured and Predicted Thermodynamic Values for Hybrid Formation in 1 M NaCl Phosphate BuffeP 

RNA sequenceb AHo (kcal mol-') AS' (cal mol-' K-I) AGO37 (kcal mol-') 7"' PC) 
AGCCG 
CGGCU 
GGUGG 
ACCGCA 
CAAUCG 
CACGGC 
CGAUUG 
CGGUGC 
CGUGCC 
GCACCG 
GGCACG 
AAUACCG 
ACGUAUG 
AGCUUCA 
CACGGCU 
C A U A C G U 
GGACUUA 
UAAGUCC 
UGAAGCU 
AAAAAAAA 
AAGCGUAG 
AAUCCAGU 
AAUGUCGC 
ACCUAGUC 
ACGACCUC 
ACUGGAUU 
A G C G U A A G 
AGUCCUGA 
CAACAGCA 
CACGGCUC 
CGCUGUAA 
CUACGCUU 
C U A G U G G A 
CUCACGGC 
CUGAGUCC 
C U U A C G C U 
GACUAGGU 
GAGCCGUG 
GAGGUCGU 
GCCAGUUA 
GCCGUGAG 
GCGACAUU 
UAACUGGC 
UCCACUAG 
UGCUGUUG 
U G U U C G A C 
UUACAGCG 
UUGGCACC 
AUAACUGGC 
AUCUAUCCG 
CAACAGCAA 
CAACAGCAU 
CGCUGUUAC 
CGCUGUUAG 
CUAACAGCG 
GCCAGUUAA 
GUAACAGCG 
UUAACUGGC 
ACGUAUUAUGC 
GCAUAAUACGU 
AAUGGAUUACAA 
AUUGGAUACAAA 
GUCAGGAAUCUG 
UUGUAAUCCAUU 

CGUGC 
GCACG 
UUUGUAUCCAAU 

-41.6 (-40.8)d 
-45.8 (-42.2) 
-46.0 (-41.9) 
-45.4 (-46.6) 
-46.7 (-48.1) 
-48.9 (-50.1) 
-49.3 (-50.1) 
-48.9 (-53.4) 
-49.3 (-49.9) 
-49.7 (-46.6) 
-51.8 (-50.1) 
-54.1 (-53.5) 
-58.3 (-54.6) 
-55.6 (-51.3) 
-53.9 (-57.1) 
-53.2 (-53.2) 
-43.8 (-48.6) 
-46.2 (-48.5) 
-43.0 (-45.9) 
-54.0 (-52.7) 
-67.2 (-64.0) 
-55.9 (-58.0) 
-64.9 (-65.3) 
-56.0 (-53.6) 
-55.0 (-56.6) 
-57.8 (-59.5) 
-60.1 (-64.0) 
-54.7 (-55.8) 
-52.7 (-55.9) 
-71.6 (-65.7) 
-60.4 (-63.2) 
-54.3 (-61.6) 
-63.4 (-58.5) 
-70.3 (-65.7) 
-60.8 (-55.8) 
-52.3 (-61.6) 
-57.0 (-54.0) 
-67.3 (-64.5) 
-71.9 (-66.0) 
-62.9 (-60.6) 
-71.4 (-64.5) 
-60.6 (-62.6) 
-62.6 (-57.8) 
-64.1 (-54.8) 
-52.0 (-63.6) 
-66.2 (-64.1) 
-58.4 (-65.7) 
-56.2 (-65.0) 
-60.7 (-66.1) 
-59.9 (-72.3) 
-63.3 (-63.7) 
-71.0 (-64.2) 
-71.5 (-72.8) 
-67.7 (-76.0) 
-70.8 (-69.0) 
-63.1 (-68.4) 
-77.5 (-69.8) 
-67.3 (-69.3) 
-95.4 (-90.2) 
-97.3 (-85.1) 
-90.7 (-93.2) 
-93.6 (-93.2) 
-79.8 (-93.0) 
-76.9 (-98.4) 

-48.3 (-40.6) 
-46.8 (-37.3) 
-84.9 (-98.4) 

-116(-115) 
-132 (-120) 
-132(-118) 
-126 (-130) 
-140 (-146) 
-135 (-138) 
-151 (-153) 
-135 (-150) 
-139 (-141) 
-141 (-130) 
-144 (-138) 
-160 (-156) 
-172 (-160) 
-164 (-150) 
-147 (-158) 
-158 (-158) 
-125 (-141) 
-132 (-140) 
-118 (-128) 
-162 (-157) 
-192 (-182) 
-161 (-167) 
-186 (-187) 
-159 (-150) 
-150 (-155) 
-163 (-170) 
-170 (-182) 
-155 (-157) 
-145 (-157) 
-200 (-181) 
-172 (-183) 
-153 (-179) 
-178 (-166) 
-196 (-181) 
-171 (-157) 
-148 (-179) 
-158 (-150) 
-187 (-178) 
-202 (-186) 
-180(-175) 
-199 (-178) 
-170 (-180) 
-174 (-158) 
-184 (-155) 
-146 (-184) 
-190 (-186) 
-166 (-190) 
-153 (-179) 
-168 (-182) 
-171 (-210) 
-177 (-179) 
-200 (-181) 
-205 (-210) 
-193 (-221) 
-199 (-195) 
-179 (-197) 
-221 (-197) 
-189 (-195) 
-279 (-261) 
-282 (-244) 
-260 (-267) 
-267 (-267) 
-220 (-260) 
-221 (-292) 

Non-Two-State Transitions 
-149(-118) 
-134 (-107) 
-246 (-292) 

AGCCUAACUCAGC -85.2 (-94.7) -236 (-254) 

-5.7 (-5.2) 
-4.9 (-5.1) 
-5.2 (-5.4) 
-6.4 (-6.4) 
-3.3 (-2.9) 
-6.9 (-7.2) 
-2.6 (-2.6) 
-7.0 (-6.9) 
-6.3 (-6.1) 
-6.2 (-6.4) 
-7.3 (-7.2) 
-4.7 (-5.3) 
-5.0 (-4.9) 
-4.7 (-4.9) 
-8.5 (-8.1) 
-4.3 (-4.2) 
-4.9 (-4.9) 
-5.4 (-5.0) 
-6.4 (-6.2) 
-3.8 (-3.9) 
-7.8 (-7.6) 
-6.1 (-6.2) 
-7.2 (-7.4) 
-6.9 (-7.0) 
-8.6 (-8.6) 
-7.2 (-6.8) 
-7.3 (-7.6) 
-6.7 (-7.2) 
-7.8 (-7.2) 
-9.6 (-9.6) 
-7.2 (-6.5) 
-6.8 (-6.0) 
-8.3 (-7.1) 
-9.6 (-9.6) 
-7.8 (-7.2) 
-6.4 (-6.0) 
-8.1 (-7.6) 
-9.5 (-9.2) 
-9.2 (-8.3) 
-7.2 (-6.3) 
-9.7 (-9.2) 
-7.9 (-6.7) 
-8.6 (-8.7) 
-6.9 (-6.8) 
-6.7 (-6.6) 
-7.4 (-6.4) 
-7.0 (-6.9) 
-8.7 (-9.4) 
-8.7 (-9.6) 
-6.8 (-7.0) 
-8.7 (-8.2) 
-9.0 (-8.1) 
-8.2 (-7.8) 
-8.0 (-7.5) 
-9.0 (-8.6) 
-7.7 (-7.3) 
-9.1 (-8.8) 
-8.9 (-8.9) 
-9.1 (-9.3) 

- 10.2 (- 10.3) 
-10.8 (-10.3) 
-11.4 (-12.3) 

-8.5 (-7.9) 

-10.0 (-9.4) 

-2.3 (-4.0) 
-5.0 (-4.3) 
-8.8 (-7.9) 

-12.1 (-15.9) 

30.8 (27.2) 
26.1 (26.7) 
28.0 (28.8) 
36.1 (36.0) 
16.9 (15.1) 
39.5 (41.0) 
14.1 (14.4) 
40.1 (39.0) 
35.3 (34.2) 
34.8 (36.0) 
41.5 (41.0) 
26.6 (29.9) 
29.6 (27.8) 
26.2 (27.5) 
48.6 (45.6) 
24.5 (23.8) 
25.9 (26.9) 
29.4 (27.6) 
36.5 (34.8) 
22.1 (22.5) 
43.1 (42.3) 
34.5 (35.3) 
39.9 (41 .O) 
39.2 (39.7) 
48.9 (48.5) 
40.9 (38.3) 
41.1 (42.3) 
37.9 (40.8) 
44.8 (40.8) 
50.5 (52.0) 
40.2 (36.7) 
38.9 (34.2) 
45.1 (40.1) 
51.0 (52.0) 
43.4 (40.8) 
36.2 (34.2) 
45.9 (43.3) 
5 1.4 (50.4) 
48.9 (45.6) 
40.0 (35.9) 
51.4 (50.4) 
43.9 (37.7) 
47.7 (48.9) 
38.6 (38.5) 
38.3 (37.2) 
41.3 (36.3) 
39.5 (38.7) 
49.8 (51.3) 
48.7 (51.9) 
38.4 (38.8) 
47.8 (45.4) 
48.1 (44.7) 
44.2 (42.3) 
44.0 (41.0) 
48.1 (46.5) 
42.7 (40.7) 
47.8 (47.4) 
48.3 (47.9) 
45.6 (46.6) 
48.4 (47.7) 
50.2 (50.1) 
51.9 (50.1) 
57.4 (57.5) 
45.4 (41.4) 

14.2 (18.6) 
27.1 (19.3) 
45.6 (41.4) 
59.3 (71.0) 

a All experiments were conducted in a buffer containing 1 M NaCl/IO mM NazHPOdl mM Na*EDTA, pH 7.0. Estimated errors in AH", AS", 
AGO3,, and T, are f4%, &4%, f 3 % ,  and 1 2 % ,  respectively. A hybrid duplex consists of the denoted RNA strand and its complementary DNA 
strand. Melting temperatures are calculated at the total oligomer strand concentration of 100 yM. The values in parentheses are predicted with 
the parameters in Table 3. These values agree with the measured ones within average errors of 6.8% for AH", 7.6% for AS", 5.4% for AG037, and 
0.6% for T,. 



11216 Biochemistry, Vol. 34, No. 35, 1995 Sugimoto et al. 

SUPPORTING INFORMATION AVAILABLE 

Two tables listing thermodynamic parameters obtained 
with the Tm-l vs 1n(Ct/4) plot and the curve fitting procedure 
(6 pages). Ordering information is given on any current 
masthead page. 
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BI950894D 

Table 3: 
and Propagation in 1 M NaCl BuffeP 

Thermodynamic Parameters for Hybrid Duplex Initiation 

Sequence A W  I kcal mol-1 AS" I cal mol-' K-1 A P 3 7  I kcal mol1 
rAA -7.8 -21.9 -1.0 
dTT 
rAC -5.9 -12.3 -2.1 
dTG 
rAG -9.1 -23.5 -1.8 
dTC 
rAU 
dTA 
ICA 
dGT 
C C  
dGG 
rCG 
dGC 
rCU 
dGA 
ffiA 
dCT 
ffiC 
dCG 
rGG 
dCC 
rGU 
dCA 
rUA 
dAT 
rUC 
M G  
rUG 
M C  
rUU 
dAA 

-8.3 

-9.0 

-9.3 

-16.3 

-7.0 

-5.5 

-8.0 

-12.8 

-7.8 

-7.8 

-8.6 

-10.4 

-11.5 

-23.9 

-26.1 

-23.2 

-41,l 

-19.7 

-13.5 

-17.1 

-31.9 

-21.6 

-23.2 

-22.9 

-28.4 

-36.4 

-0.9 

-0.9 

-2.1 

-1.7 

-0.9 

-1.3 

-2.7 

-2.9 

-1.1 

-0.6 

-1.5 

-1.6 

-0.2 

initiation 1.9 -3.9 3.1 

a Estimated errors in AH", AS", and AG,," are h0.3 kcal mol-', 
k1.3 cal mol-' K-l, and fO. l  kcal mol-!, respectively. 

free energy change, each thermodynamic value did not 
always reflect one nearest-neighbor sequence. Helix initia- 
tion factor also had to be estimated from melting studies 
on a homologous series of DNA/DNA duplexes (Gralla & 
Crothers, 1973). Accordingly, the nearest-neighbor param- 
eters obtained with these hypotheses cannot estimate 
the stability of RNA/DNA hybrid duplexes with high 
accuracy. 

Comparing our parameters with Yager and von Hippel's 
parameters, helix initiation factors are similar; our value is 
3.1 kcal mol-' while his value is 3.0 kcal mol-'. But there 
are very large differences of free energies for many nearest- 
neighbor sequences. For example, rUA/dTA has AGO37 of 
-0.6 kcal mol-' for our parameters, but -1.3 kcal mol-' 
for Yager and von Hippel's assumptions. The average 
difference between the measured values and predicted values 
from their parameters is 27%, and the largest difference is 
48%. These differences are much larger than those from 
our parameters (5.4% and 18%, respectively). Thus, our 
parameters should give improved predictions for the stability 
of RNA/DNA hybrids. 


