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ABSTRACT: The thermodynamics governing the denaturation of RNA duplexes containing 8 bp and a central
tandem mismatch or 10 bp were evaluated using UV absorbance melting curves. Each of the eight tandem
mismatches that were examined had one U-U pair adjacent to another noncanonical base pair. They were
examined in two different RNA duplex environments, one with the tandem mismatch closed by G‚C base
pairs and the other with G‚C and A‚U closing base pairs. The free energy increments (∆G°loop) of the 2
× 2 loops were positive, and showed relatively small differences between the two closing base pair
environments. Assuming temperature-independent enthalpy changes for the transitions,∆G°loop for the 2
× 2 loops varied from 0.9 to 1.9 kcal/mol in 1 M Na+ at 37°C. Most values were within 0.8 kcal/mol
of previously estimated values; however, a few sequences differed by 1.2-2.0 kcal/mol. Single strands
employed to form the RNA duplexes exhibited small noncooperative absorbance increases with temperature
or transitions indicative of partial self-complementary duplexes. One strand formed a partial self-
complementary duplex that was more stable than the tandem mismatch duplexes it formed. Transitions of
the RNA duplexes were analyzed using equations that included the coupled equilibrium of self-
complementary duplex and non-self-complementary duplex denaturation. The average heat capacity change
(∆Cp) associated with the transitions of two RNA duplexes was estimated by plotting∆H° and ∆S°
evaluated at different strand concentrations as a function ofTm and lnTm, respectively. The average∆Cp

was 70( 5 cal K-1 (mol of base pairs)-1. Consideration of this heat capacity change reduced the free
energy of formation at 37°C of the 10 bp control RNA duplexes by 0.3-0.6 kcal/mol, which may increase
∆G°loop values by similar amounts.

Prediction of RNA secondary structure by free energy
minimization using nearest-neighbor parameters has provided
insight into the structure-function relationships of RNA
molecules (1-5). The method has been utilized to predict
RNA structures and examine their roles in transcription and
translation (6-8), to guide experiments that evaluate the
presence of structural motifs in RNAs (9-12), and to aid in
the design of RNA molecules (13, 14). A recent evaluation
of the accuracy of RNA secondary structure prediction
indicates that 73% of known canonical base pairs are
predicted for a database of∼150000 nt1 (4).

Thermodynamic parameters that form the basis of structure
prediction algorithms are evaluated or extrapolated from
studies on model RNAs containing specific sequence-
structure motifs (1, 15). Studies on RNAs with canonical
A‚U, G‚C, and G‚U base pairs have provided a complete
set of parameters for calculation of the stability of duplex
segments with Watson-Crick base pairs (16). Parameters
have also been measured for a large number of single bulges
(17, 18), single-mismatch loops (19-21), and hairpin loops

(22, 23), as well as tandem mismatch loops (1, 19, 24-26),
3 × 3 loops (27), and asymmetric loops (28-30). Because
of the enormous number of possible sequence variants in
internal loops, extrapolated estimates of thermodynamic
parameters are employed for most loops (4). Additional
information about the sequence dependence of internal loop
formation can be expected to improve secondary structure
predictions.

Previous work has shown that tandem U-U mismatches
between G‚C base pairs contributes a negative free energy
at 37°C in 1 M Na+ (31). The presence of a U-U mismatch
within some internal loops has a stabilizing effect, and it is
generally regarded as a stabilizing mismatch (28, 30). In this
study, we examined the stability of 16 RNA duplexes
containing one tandem mismatch consisting of a U-U
mismatch adjacent to another noncanonical base pair. Eight
tandem mismatches were examined flanked by two closing
G‚C base pairs or by a G‚C and A‚U base pair. The free
energy increments of the 2× 2 loops were always positive,
ranging from 0.9 to 1.9 kcal/mol. The values were not
strongly affected by the closing base pair environments that
were examined. While most tandem mismatches gave loop
free energies that were within 0.8 kcal/mol of previously
estimated values, the GU/UA tandem mismatch was less
stable than predicted by∼1.9 kcal/mol for both closing base
pair environments. The average heat capacity change as-
sociated with two RNA transitions was estimated from plots
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of enthalpy and entropy change as a function ofTm and ln
Tm. The value that is obtained [∆Cp ) 70 ( 5 cal K-1 (mol
of base pairs)-1] is similar to values obtained from previous
studies (32, 33). Consideration of this non-zero heat capacity
change may increase the∆G°loop values by 0.3-0.6 kcal/
mol.

MATERIALS AND METHODS

RNA Oligonucleotides.The RNA oligonucleotides used
in this study were synthesized commercially (Dharmacon
Inc.) and deprotected prior to purification using a HPLC
system. A Dionex DNAPac PA-100 anion exchange column
was employed with a sodium perchlorate gradient. The
oligonucleotides were desalted using a Sep-Pak C-18 car-
tridge, eluted with a solution of 35% methanol, 35%
acetonitrile, and 30% TEAB (50 mM), and dried. An
additional desalting step was carried out for samples used
at high concentrations by resuspension of samples in water
and elution through a Sephadex G-10 column. Fractions
containing the RNA were dried and resuspended in TE (10
mM Tris and 1 mM EDTA). All oligonucleotides produced
a single band on a 16.5 cm× 20 cm denaturing 20%
polyacrylamide gel. Figure 1 shows the RNA oligonucle-
otides employed and the RNA duplexes expected from
annealing equimolar amounts of strands. Aqueous solutions
were made with DEPC-treated water.

The concentration of each single-stranded oligonucleotide
was determined from the 260 nm absorbance value linearly

extrapolated to 25°C from absorbance versus temperature
plots between 50 and 75°C. Oligonucleotide samples were
characterized at concentrations corresponding to approxi-
mately 0.3 OD/mL. The extinction coefficient of each strand
was calculated on the basis of its dinucleotide frequencies
and composition (34, 35).

UV Melting Experiments.UV absorbance was employed
to monitor the melting transitions of the duplex RNA
molecules and to characterize the temperature-dependent
transitions of the single strands. To form duplexes, comple-
mentary single strands were mixed at equimolar concentra-
tions and slowly cooled from 70°C. Most melting curves
were obtained using a 1.0 M Na+ buffer [0.978 M NaCl,
0.01 M Na2HPO4 (pH 7.5), and 1 mM Na2EDTA]. For some
samples, a 0.1 M Na+ buffer was employed [0.078 M NaCl,
0.01 M Na2HPO4 (pH 7.0), and 1 mM Na2EDTA]. The
concentration employed for UV melting experiments of RNA
duplexes was generally between 4 and 6µM strands. Melting
curves of two RNA duplexes were obtained at six concentra-
tions between 1 and 75µM.

Samples were placed in 1 cm path length quartz cuvettes,
and a Cary 100 spectrophotometer (Varian, Inc.) was used
to measure absorbance as a function of temperature at 268
or 280 nm with a heating rate of 0.5°C/min. The temperature
was measured with a platinum resistance probe inserted into
a solvent cell adjacent to the sample. Absorbance readings
were taken every 0.1°C over a range from 5 to 75°C. Three
or more melting transitions were obtained for each sample.

Calculation of Thermodynamic Parameters from the UV
Denaturation CurVe. Absorbance versus temperature data
obtained from the denaturation or melting curves of the RNA
duplexes were expressed as the fraction of total strands in
the single-stranded state,θs, using the following equation:

whereA(T) is the absorbance of the sample at temperature
T and Apre(T) and Apost(T) are the pre- and post-transition
linear baselines of the denaturation curves, respectively. For
duplexes with aTm of <42 °C, the denaturation curves left
little choice with regard to linear baselines covering 10-15
°C before and after the main transition. For the two fully
base paired duplexes with higherTm’s, pretransition absor-
bance changes starting from∼5 °C curved slightly upward
(e.g., Figure 2) and the point at which to draw the baselines
were more subjective. To maintain a consistent approach,
pretransition baselines were drawn over the 15°C region
just below the main transition. This approach gave results
in excellent agreement with previous work (Table 1), and
producedθs(T) curves that were fit better by eq 2. Using
the lower-temperature region for the linear baseline reduced
the peak of the derivative curve, and the evaluated free
energies were reduced by∼0.8 kcal/mol.

Assuming the transitions from the duplex to single strands
are two-state (S1‚S2 a S1 + S2), θs(T) can be related to
the apparent equilibrium dissociation constantKd and total
strand concentrationCt by the equation

To determine apparent∆H° and ∆S° values, Kd was
expressed in terms of these parameters and a nonlinear least-

FIGURE 1: Sequence and schematic structures of the RNA duplex
molecules that were examined. The name given to each strand is
on the right, and the name given to the duplex is below each
structure.

θs(T) ) [A(T) - Apre(T)]/[Apost(T) - Apre(T)] (1)

θs(T) ) Kd[(1 + 2Ct/Kd)
1/2 - 1]/Ct (2)

Thermodynamics of RNA Tandem Mismatches with a U-U Pair Biochemistry, Vol. 44, No. 50, 200516711



squares regression (SigmaPlot) was employed to evaluate
∆H° and∆S° pairs that best fit the shape of the RNA melting
curves (eqs 1 and 2). Theθs(T) data range of 0.1-0.9 was
employed. Correlation coefficients (R2) of g0.99 were
observed for the fits to the melting curves. Reported∆H°
and∆S° values and their standard deviations were based on
three experiments.

Several single-stranded oligonucleotides exhibited absor-
bance-temperature profiles and concentration-dependent
Tm’s indicative of self-complementary duplex transitions.
These transitions were analyzed in a manner similar to that
described for eqs 1 and 2 with a modification to eq 2
appropriate for self-complementary duplexes (36). Ct in eq
2 was replaced by 4Ct. Analysis of the transitions of the non-
self-complementary RNA duplexes in which one or both
strands could form a self-complementary duplex was carried
out using equations that described the coupled melting
equilibria (Appendix).

RESULTS

Design of Oligodeoxynucleotides.Figure 1 shows the
expected structures of the 18 RNA duplex molecules
examined in this study. One set of molecules (set 1) utilized
pairs of single-stranded molecules with 5′ CGAGXYAGGC
3′ (top strand) and 5′ GCCUWZCUCG 3′ (bottom strand)
sequences, where X-Z and Y-W represent mismatched or
complementary base pairs. A‚U and G‚C closing base pairs
surround the central 5′ XY 3′/5′ WZ 3′ base pairs. The second
set of molecules (set 2) employed pairs of single-stranded
oligonucleotides with 5′ CCUCXYGUGA 3′ (top strands)
and 5′ UCGCWZGAGG 3′ (bottom strands) sequences. For
these molecules, C‚G and G‚C base pairs were closing base
pairs surrounding the two central paired bases. The single-
strand and duplex names are given in Figure 1. Lowercase
letters are employed in the duplex names to designate
noncanonical base pairs.

RNA Duplex Transition CurVes in 1 M Na+. Figure 2
shows typical UV-monitored melting curves of three RNA
duplexes: the fully base paired control RNA, CAUG/CAUG
(curve A), and two tandem mismatch RNAs CucG/CauG

(curve B) and CguG/CuaG (curve C). Absorbance changes
were monitored at 268 nm and normalized to their values at
the initial temperatures that were measured. Some RNA
melting curves were also monitored at 280 nm. They gave
similar results. Transitions were reversible for two temper-
ature cycles. The small quasi-linear pre- and post-transition
absorbance changes were typical for all duplex RNA
transitions.

Absorbance-temperature measurements were carried out
in 1 M Na+ on the single-stranded oligonucleotides that
formed the duplex RNAs. The single strands exhibited
varying absorbance-temperature profiles. Figure 3 shows
four curves representative of the behavior observed at strand
concentrations of 3-5 µM. The quasi-linear increase in
absorbance with temperature observed for 1TAU was
observed for 1TUU, 1TGU, and 2TCU. Strand 2TUU
produced a small change in absorbance from 5 to 70°C.
Low-stability cooperative transitions similar to that shown
for 2TUA were observed for single strands 1TCU, 1BUA,
1BAU, 1BUC, 2TAU, and 2BUA. TheirTm’s were estimated
to be 8-21 °C. The transition of the 2BUC strand occurred
at what was initially considered to be a surprisingly high
temperature [Tm ≈ 47.7 °C for Ct ) 4.8 µM (Figure 3)].
The probable structure of 2BUC is described in the Discus-
sion.

The effect of strand concentration was examined for
several of the cooperative single-strand transitions (e.g.,
2TUA and 2BUC). In all cases that were examined, self-
complementary duplexes were indicated. Increasing the
strand concentration by 7-10-fold increasedTm’s by 6-9
°C. A previous study also showed that single-stranded RNAs,
8-12 nt long, frequently form stable self-complementary
structures (28). To analyze the low-stability transitions, it
was necessary to make an assumption regarding their low-
temperature baselines. The baselines were assigned absor-
bance values at-10 °C extrapolated from the transition
curves (37). In a few instances, the extrapolated lower
baseline value was slightly adjusted to enhance the quality
of the least-squares fit of the two-state transition model to
the normalized melting curve. The Supporting Information
lists the thermodynamic parameters evaluated from the
transitions of single-stranded oligonucleotides.

Table 1 lists the thermodynamic parameters evaluated from
the melting curves of the RNA duplexes with 10 bp or 8 bp
and a tandem mismatch.∆G° values at 37°C determined
for the two 10 bp RNAs were in very good agreement with
values predicted from nearest neighbor parameters (16). The
latter values are given in parentheses in Table 1. The
competition of the single strands that could form self-
complementary duplexes on the melting curve of the non-
self-complementary duplexes was analyzed using equations
describing the coupled melting equilibrium (Appendix). For
most RNA duplexes, the influence of the single-stranded
structures on the evaluation of parameters from the transitions
of the tandem mismatch duplexes was small. The enthalpy
change evaluated from a least-squares curve fit using eq 2
produced values within experimental error (1-3 kcal/mol)
of the more rigorous analysis. For the tandem RNA duplexes
formed with the 2BCU strand, however, analysis using the
coupled melting equilibrium was essential.

Figure 4 shows the normalized melting curves of the three
tandem mismatch RNAs (CauG/CucG, CcuG/CucG, and

FIGURE 2: Relative absorbance vs temperature plots of three RNA
duplex molecules examined in 1 M Na+. Shown are the melting
curves of CAUG/CAUG, CucG/CauG, and CguG/CuaG. Absor-
bance changes were monitored at 268 nm and normalized to their
values at the initial temperatures that were measured. The total
strand concentration for these samples was 5-6 µM.
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CuuG/CucG) formed with 2BCU and a complementary
strand. Each of the curves shows a two-step transition. The
second step of each transition occurred between 45.7 and
48.0 °C, corresponding to theTm of the melting curve of
2BUC alone. The fractions of self-complementary and non-
self-complementary duplexes were calculated as a function

of temperature and summed appropriately to produce nor-
malized melting curves. The algorithm employed∆H° and
∆S° values determined from the transitions of the single
strand alone, the concentration of strands in the experiment,
iterative trials of∆H°, andTm values corresponding to the
unwinding of the tandem mismatch RNA. The dashed lines
show best-fit theoretical curves.

Internal Loop Free Energies of Tandem Mismatches.Table
2 lists the free energies of the tandem mismatch loops at 37
°C. The values were calculated using the equation

The last term of the equation,∆G°duplex without loop -
∆G°interrupted base pair, subtracts the energetic contribution to
the RNA molecule not involved in the loop. This term was

Table 1: Thermodynamic Parameters Evaluated from RNA Transitions in 1.0 M Na+

RNA Tm
a (°C) -∆H° (kcal/mol) -∆S° (eu) ∆G37° (kcal/mol)

set 1
GAUA/UAUC 61.8( 0.2 100.1( 3.1 271.1( 9.5 -16.02( 0.18 (-16.24)b
GucA/UauC 40.6( 0.5 83.4( 1.3 238.5( 0.7 -9.41( 0.03
GuaA/UauC 42.8( 0.2 86.3( 2.0 245.9( 5.7 -10.03( 0.03
GauA/UuaC 41.4( 0.2 80.1( 2.0 227.6( 3.6 -9.54( 0.06
GguA/UuaC 43.8( 0.2 88.6( 4.1 252.4( 10.3 -10.34( 0.10
GcuA/UuaC 42.2( 0.2 81.3( 1.5 230.5( 3.0 -9.80( 0.03
GauA/UucC 41.5( 0.2 80.2( 1.4 227.6( 2.2 -9.56( 0.02
GcuA/UucC 42.0( 0.2 94.5( 1.3 272.5( 4.3 -9.97( 0.07
GuuA/UucC 44.4( 0.4 86.5( 4.5 245.6( 5.4 -10.38( 0.05

set 2
CAUG/CAUG 55.0( 0.3 -106.5( 1.6 -297.05( 1.8 -14.32( 0.12 (-14.47)b
CucG/CauG 31.1( 0.3 -57.8( 1.0 -162.7( 2.7 -7.29( 0.03
CuaG/CauG 32.4( 0.2 -61.3( 1.1 -173.5( 2.5 -7.48( 0.07
CauG/CuaG 31.8( 0.3 -63.0( 1.5 -179.7( 0.2 -7.31( 0.08
CguG/CuaG 33.4( 0.3 -72.9( 1.4 -210.5( 3.4 -7.62( 0.02
CcuG/CuaG 33.0( 0.3 -65.4( 1.8 -186.7( 5.3 -7.55( 0.04
CauG/CucGc 33.0( 0.4 -72.4( 2.0 -209.8( 4.6 -7.34( 0.10
CcuG/CucGc 33.6( 0.4 -75.5( 1.5 -219.4( 5.4 -7.47( 0.07
CuuG/CucGc 34.5( 0.5 -73.0( 1.8 -210.8( 4.5 -7.61( 0.06

a Tm values for strand concentrations of 5-7 µM. b Values in parentheses are predicted using nearest neighbor free energy parameters (16).
c Values obtained from the best fit of calculated transitions using eqs 12 and 13 or eq 16.

FIGURE 3: Plots of relative absorbance vs temperature for four
single strands in 1 M Na+. Each plot is labeled using the convention
described in Figure 1. Strand concentrations were 3.4-5 µM.

FIGURE 4: Normalized experimental (s) and calculated (- - -)
melting curves of RNA duplexes CauG/CucG, CcuG/CucG, and
CuuG/CucG. The curve for the CcuG/CucG duplex is shifted 10
°C higher and the curve for the CuuG/CucG duplex 20°C higher
to display the three curves without overlap. The strand concentration
was 5µM.

Table 2: Thermodynamic Parameters for Tandem Mismatch
Internal Loop Formationa

RNA
-∆G°loop(exp)
(kcal/mol)

-∆G°loop(pred)
(kcal/mol)

-∆H°loop
(kcal/mol)

-∆S°loop
(eu)

set 1
GucA/UauC 1.9 1.1 14.7 54.0
GuaA/UauC 1.3 1.7 17.6 61.4
GauA/UuaC 1.8 1.9 11.4 43.1
GguA/UuaC 1.0 -0.7 19.9 67.9
GcuA/UuaC 1.5 1 12.6 46.0
GauA/UucC 1.8 1 11.5 43.0
GcuA/UucC 1.4 1 25.3 88.0
GuuA/UucC 0.9 1 17.8 61.1

set 2
CucG/CauG 1.8 0.8 -1.9 0.9
CuaG/CauG 1.6 1 1.7 11.7
CauG/CuaG 1.8 1 3.4 17.9
CguG/CuaG 1.5 -0.5 13.3 48.7
CcuG/CuaG 1.5 0.3 5.8 24.9
CauG/CucG 1.8 0.8 12.8 48.0
CcuG/CucG 1.6 0.6 15.9 57.6
CuuG/CucG 1.5 0.5 13.4 49.0

a Experimental loop free energies were calculated using eq 3 as
described in the text. Predicted loop free energies were from ref4.
Standard deviations for experimental∆G°loop values were estimated to
be(0.20 for set 1 loops and(0.15 for set 2 loops.∆H°loop and∆S°loop

were calculated using equations analogous to eq 3a using data in Table
1 and predicted∆H°duplex without loopand∆S°duplex without loopvalues.

∆G°loop ) ∆G°duplex with loop- (∆G°duplex without loop-
∆G°interrupted base pair) (3a)
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obtained in two ways. Method 1 calculated∆G°duplex without loop
for the 8 bp duplex using empirical nearest neighbor free
energy parameters, and the appropriate nearest neighbor free
energy term for∆G°interrupted base pair(16). Method 2 em-
ployed the free energies∆G°37 determined from the transi-
tions of the 10 bp Watson-Crick RNA duplexes. Three
nearest neighbor stacking energies were subtracted from these
free energies to produce a term equivalent to the last term
of eq 3a. For the CuuG/CucG example, the free energy terms
using method 2 correspond to the configurations

The two methods yielded∆G°loop values differing by
∼0.2 kcal/mol for both sets of duplex RNAs. Method 1 gave
the slightly higher values. The average was used in Table 2.

Positive∆G°loop increments were obtained for all tandem
mismatches that were examined. The loop free energies
ranged from 0.9 to 1.9 kcal/mol for the tandem mismatches
with A‚U and G‚C closing base pairs, and from 1.5 to 1.8
kcal/mol for C‚G and G‚C closing base pairs. The three least
stable tandem mismatches for both closing base pair environ-
ments were UC/AU, AU/UA, and AU/UC. Each of these
sequences had a∆G°loop of 1.8 or 1.9 kcal/mol for both
closing base pair environments. The two most stable tandem
mismatches were UU/UC and GU/UA, observed for the RNA
molecules with A‚U and G‚C closing base pairs. Predicted
∆G°loop values (4) for the tandem mismatches are listed in
Table 2. The GU/UA mismatch exhibited the largest dis-
crepancy between predicted and measured values. If this
tandem mismatch is excluded, the average difference between
predicted and measured∆G°loop values for the remaining 2
× 2 loops is 0.7 kcal/mol.

Estimated Heat Capacity Change for RNA Transitions.The
average heat capacity change associated with RNA duplex
denaturation,∆Cp, was estimated from data on two RNA
duplexes. Enthalpy and entropy changes were evaluated from
melting curves obtained at concentrations from 1 to 75µM
and plotted as a function ofTm and lnTm, respectively (32).
Figure 5 shows plots of the∆H and∆Sdata for the GAUA/
UUAC RNA duplex in a solvent with 100 mM Na+. The
slope of the linear regression line to the∆H versusTm data
gives a value of 68 cal (mol of base pairs)-1 K-1 (R2 ) 0.83).
The entropy data produced a linear regression slope of 63
cal (mol of base pairs)-1 K-1 with a similarR2. Measurements
were also made for the tandem mismatch RNA CauG/CuaG
in the 1 M Na+ solvent. Plots of∆H and∆S as a function
of Tm and lnTm yielded values of 74.3 and 74.6 cal (mol of
base pairs)-1 K-1, respectively, withR2 values of 0.70.

Assuming an average heat capacity change (∆Cp) for all
RNA duplexes of≈70 cal (mol of base pairs)-1 K-1, the
enthalpy and entropy changes evaluated in the transition
region can be extrapolated to 37°C using the equations

Employing eq 4 decreases∆H°37 and∆S°37 for the two 10 bp
RNA duplexes by∼16%, and decreases∆H°37 and∆S°37 for
the tandem mismatch RNAs by only∼2.5%. Equation 4 has
a negligible influence on∆G°37 evaluated for the tandem

mismatch RNAs, which haveTm’s close to 37°C; however,
they decrease∆G°37 for GAUA/UAUC by ∼0.6 kcal/mol to
-16.67 kcal/mol and decrease∆G°37 of CAUG/CAUG by
∼0.3 kcal/mol.

From eq 3b, assuming the sum of stacking free energies
is unaltered if one considers non-zero∆Cp, the loop free
energies would increase by∼ 0.6 kcal/mol for set 1 tandem
mismatches and by∼0.3 kcal/mol for set 2 tandem mis-
matches. Thus, consideration of a heat capacity change may
slightly increase the values of∆G°loop. The stacking free
energies were evaluated assuming temperature-independent
enthalpy and entropy changes (16). However, they were
obtained using thermodynamic parameters averaged from
melting curves withTm values generally close to 37°C. Thus,
consideration of∆Cp may not significantly alter these values.

DISCUSSION

Results from this study yielded destabilizing free energy
increments for 16 tandem mismatches containing a single
U-U mismatch adjacent to another noncanonical base pair.
One mismatch GU/UA predicted to be stabilizing at 37°C
(∆G°loop < 0) gave free energy increments 1.7 or 2.0 kcal/
mol higher than expected.∆G°loop values for the 14 remain-
ing sequences differed from predicted values by an average
of 0.7 kcal/mol. This level of agreement is reasonably good
given the idiosyncratic dependence of loop free energy on
sequence that is sometimes observed (28).

The three tandem mismatches that were the least stable
were the same for both closing base pair environments and
gave similar loop free energies. The most stable tandem
mismatches, GuuA/UucG and GauA/UuaC, were observed
with G‚C and A‚U closing base pairs rather than the two
closing G‚C pairs. These results are not consistent with the
notion that replacing a closing G‚C base pair with an A‚U
pair increases∆G°loop (24). Since relatively few measure-
ments have been made on tandem mismatches with G‚C and
A‚U closing base pairs, additional data on tandem mis-
matches and other internal loops in this environment are
desirable.

∆H(Tm) ) ∆H(T) + ∆Cp(Tm - T) (4a)

∆S(Tm) ) ∆S(T) + ∆Cp ln(Tm/T) (4b)

FIGURE 5: Plots of enthalpy change vsTm and entropy change vs
ln Tm evaluated from the melting curves of the GAUA/UUAC RNA
duplex obtained at different strand concentrations in 100 mM Na+.
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The melting curve analysis employed in generating Tables
1 and 2 assumed temperature-independent enthalpy and
entropy changes consistent with previous studies on RNA
thermodynamic parameters. It also assumes that the ther-
modynamic parameters governing duplex nucleation are the
same for perfectly matched and mismatched RNA duplexes.
Inclusion of a non-zero heat capacity change can contribute
significantly to ∆H° and ∆S° individually, but these two
changes largely cancel each other when summed to give
∆G°. This was observed when the thermodynamic param-
eters were adjusted for a heat capacity change using eq 4.
∆G°37 values for the 10 bp RNA duplexes changed by
relatively small amounts, and a negligible effect was noted
for the ∆G°37 values of the tandem mismatch RNAs. The
average heat capacity change estimated in this study is in
the range determined from previous analyses of other RNA
oligomers [55-98 cal (mol of base pairs)-1 K-1] (32, 33).

The self-complementary structures formed by some of the
single-stranded oligonucleotides point out the need to
consider single-strand states in analyzing the transitions of
RNA duplexes. This was previously done in studies of RNA
duplexes with asymmetric loops (28). Holbrook et al. (37)
showed that the conformational equilibria of individual DNA
single strands can contribute to the thermodynamics of
duplex formation in several ways. The broad noncooperative
transition between an ordered single strand and its totally
unstructured state contributes to the temperature-dependent
changes in the thermodynamic parameters governing duplex
formation. Single strands that can form stable self-comple-
mentary duplexes or intramolecular hairpins may compete
with the formation of non-self-complementary duplexes.
Although the influence of self-complementary single-strand
structures was small for most molecules that were examined,
the coupled melting curve analysis was required for several
RNA duplex transitions.

An algorithm recently developed by Zuker and colleagues
(38, 39) describes a partition function approach to predicting
heteroduplex melting curves that includes the effects of
individual strands forming self-complementary duplexes. The
algorithm predicted the coupled transitions for the hetero-
duplexes involving strand 2BUC. The predicted curves did
not exhibit the two transition steps observed but clearly
illustrated the influence of the self-complementary duplex
transitions. TransitionTm’s predicted for the fully base paired
duplexes GAUA/UAUC and CAUG/CAUG were 5.4 and
2.4 °C below our experimental values, respectively. These
differences likely reflect the parameters employed by the
algorithm.

The 2BUC single strand can be written as a self-
complementary duplex with six consecutive Watson-Crick
base pairs and G-G terminal mismatches on both ends.

Calculating∆H° and∆S° values for this structure at 1 M
Na+ from nearest neighbor parameters (15, 16), one predicts
a Tm of 47.8°C for aCt of 4.8 µM from the equationTm )
∆H°/(R ln Ct + ∆S°). This value is in excellent agreement
with experiment and supports the proposed structure.

APPENDIX

Coupled Melting Transitions of a Nucleic Acid Duplex with
a Competing Single-Strand Self-Complementary Duplex. We
consider the denaturation of a nucleic acid duplex comprised
of two complementary strands S1 and S2, when one of the
strands (strand S1) is able to form a partial self-complemen-
tary duplex. Extending this analysis to a situation where both
strands can form self-complementary duplexes is described
below. For the case considered, there are four possible
molecular states: D12, the duplex formed from S1 and S2;
D11, the duplex formed by two S1 strands; and the two single
strands.

The absorbance versus temperature curve is given by

c12 and c11 are the concentrations of the D12 and D11
duplexes, respectively (moles of duplex per liter). They are
dependent on temperatureT. Similarly, c1 and c2 are the
concentrations of strands S1 and S2, respectively (moles of
strand per liter). The extinction coefficients,εij andεi, may
also be considered temperature-dependent, reflecting changes
in the duplex and single-stranded states. The total concentra-
tions of strands S1 and S2 are the same (cT1 ) cT2 ) cT/2).
Mass conservation yields the equations

The fraction of total strand S2 that is a D12 duplex is given
by θ12 ) 2c12/cT, and the fraction of total strand S1 that is a
D11 duplex is given byθ11 ) 4c11/cT.

From eqs 5 and 6 and the definitions ofθ12 andθ11, one
can rewriteA(T) as

The experimental melting transition normalized between 0
and 1 is obtained from the equation

whereAd(T) is the low-temperature linear baseline absor-
bance corresponding to the duplex state andAs(T) is the high-
temperature baseline corresponding to the single-stranded
states of the two strands. From eq 5, the latter may also be
expressed as

From eqs 7-9, one can rewriteφ(T) as

whereB ) 2[As(T) - Ad(T)]/cT. B is measured experimentally
from the melting transitions. The extinction coefficientsε1

andε2 and their temperature dependence were estimated from
the high-temperature absorbance profile of individual strands.
ε12 was estimated from the linear baseline absorbance

A(T) ) c12ε12 + c11ε11 + c1ε1 + c2ε2 (5)

cT1 ) c12 + 2c11 + c1 (6a)

cT2 ) c12 + c2 (6b)

A(T) ) cT/2[θ12ε12 + θ11ε11/2 +
(1 - θ12 - θ11)ε1 + (1 - θ12)ε2] (7)

φ(T) ) [A(T) - Ad(T)]/[As(T) - Ad(T)] (8)

As(T) ) cT/2(ε1 + ε2) (9)

φ(T) ) 1 +
(ε12 - ε1 - ε2)θ12

B
+

(ε11/2 - ε1)θ11

B
(10)
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between 5 and 10°C and strand concentration. It was
assumed that an equimolar mixture of strands S1 and S2 is
fully duplexed in the D12 state in this temperature range.
ε11 was estimated in a similar way under conditions where
only strand S1 is present and the self-complementary duplex
transition begins above 10°C. For the three RNA duplexes
involving the 2BUC oligonucleotide, the coefficient ofθ12

in eq 10 varied between-0.97 and-1.02 and the coefficient
of θ11 ranged from-0.40 to-0.45. Values of-1 and-0.42
were employed.

Coupled equations ofθ12 andθ11 were expressed in terms
of the equilibrium constants describing the formation of the
self-complementary and non-self-complementary duplexes,
and relevant concentrations. The two coupled reactions are
described as

From the definition of θ12, the relation of association
equilibrium constants to concentrations from eq 11, and eq
6, one can expressθ12 as

Similarly, one can writeθ11 as a function ofθ12

Values of K11(T) are obtained from∆H11° and ∆S11°
evaluated from the melting curve of the D11 duplex and the
relation of the equilibrium constant and standard free energy
change.

Estimated values of∆H12° andTm12 were used to generate
trial values ofK12(T) using the integral form of the van’t
Hoff equation

θ12 and θ11 are numerically solved from eqs 12 and 13 at
temperatures spanning the melting curve. The two fractions
were then used in eq 10 to calculate normalized melting
curves that were compared with experiment.

The analysis described above can be extended to situations
where both single strands can form stable self-complementary
duplexes. A similar numerical approach is employed. In this
case,θ12 was related toθ1 andθ2, whereθ1 is the fraction
of strand S1 in its single-stranded state andθ2 is the fraction
of strand S2 in its single-stranded state. From the three
fractions and an equation describing strand conservation, one
calculatesθ11 andθ22. The three coupled equations are

SUPPORTING INFORMATION AVAILABLE

Thermodynamic data from melting curves of single-
stranded oligonucleotides. This material is available free of
charge via the Internet at http://pubs.acs.org.
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