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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 close€lyaSe

pairs and the other with @ and AU closing base pairs. The free energy incremeA§),) of the 2

x 2 loops were positive, and showed relatively small differences between the two closing base pair
environments. Assuming temperature-independent enthalpy changes for the transi@gpsfor the 2

x 2 loops varied from 0.9 to 1.9 kcal/mal il M Na* at 37°C. Most values were within 0.8 kcal/mol

of previously estimated values; however, a few sequences differed b2 DXkcal/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
(AC,) associated with the transitions of two RNA duplexes was estimated by plaitifgand AS®
evaluated at different strand concentrations as a functidm,@nd In Ty, respectively. The averageC,

was 70+ 5 cal K™ (mol of base pairs). Consideration of this heat capacity change reduced the free
energy of formation at 37C of the 10 bp control RNA duplexes by 6:8.6 kcal/mol, which may increase

AGp,, Values by similar amounts.

Prediction of RNA secondary structure by free energy (22, 23), as well as tandem mismatch loogds 19, 24—26),
minimization using nearest-neighbor parameters has provided3 x 3 loops @7), and asymmetric loop®28—30). Because
insight into the structurefunction relationships of RNA  of the enormous number of possible sequence variants in
molecules {—5). The method has been utilized to predict internal loops, extrapolated estimates of thermodynamic
RNA structures and examine their roles in transcription and parameters are employed for most loo@3. (Additional
translation 6—8), to guide experiments that evaluate the information about the sequence dependence of internal loop
presence of structural motifs in RNAS-{12), and to aid in formation can be expected to improve secondary structure
the design of RNA moleculed 8, 14). A recent evaluation  predictions.

of the accuracy of RNA secondary structure prediction  Previous work has shown that tandem U-U mismatches
indicates that 73% of known canonical base pairs are petween GC base pairs contributes a negative free energy
predicted for a database 6f150000 nt (4). at 37°C in 1 M Na" (31). The presence of a U-U mismatch
Thermodynamic parameters that form the basis of structurewithin some internal loops has a stabilizing effect, and it is
prediction algorithms are evaluated or extrapolated from generally regarded as a stabilizing mismat28, 80). In this
studies on model RNAs containing specific sequence study, we examined the stability of 16 RNA duplexes
structure motifs 1, 15). Studies on RNAs with canonical containing one tandem mismatch consisting of a U-U
A-U, G-C, and GU base pairs have provided a complete mismatch adjacent to another noncanonical base pair. Eight
set of parameters for calculation of the stability of duplex tandem mismatches were examined flanked by two closing
segments with WatserCrick base pairs16). Parameters  G-C base pairs or by a G and AU base pair. The free
have also been measured for a large number of single bulgegnergy increments of the 2 2 loops were always positive,
(17, 18), single-mismatch loopsl@—21), and hairpin loops  ranging from 0.9 to 1.9 kcal/mol. The values were not
strongly affected by the closing base pair environments that
T This work was supported by funding from CRDF and the College were exammed' While most t,andem mismatches gaYe loop
of Sciences, Georgia Tech. free energies that were within 0.8 kcal/mol of previously
*To whom correspondence should be addressed. E-mail: estimated values, the GU/UA tandem mismatch was less
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8940519, stable than predicted by1.9 kcal/mol for both closing base

1 Abbreviations: nt, nucleotidd,, midpoint transition temperature; ~ Pair environments. The average heat capacity change as-
UV, ultraviolet. sociated with two RNA transitions was estimated from plots
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Set1 Set2 extrapolated to 28C from absorbance versus temperature
5CGAGAUAGGC3  1TAU 5CCUCAUGUGA3  2TAU plots between 50 and 7%&. Oligonucleotide samples were
3¥GCUCUAUCCGYH 1BAU 3GGAGUACGCUY 2BAU i i i i

GAUA ] UAUG CAUG / CAUG characterized at concentrations corre;pondlng to approxi-

mately 0.3 OD/mL. The extinction coefficient of each strand
sceac’’acecy 1wy sccuc”’’Gucas 2ty was calculated on the basis of its dinucleotide frequencies
3GCUCCUUCCG5 1BUC SGGAGCUCGCUS 2BUC and Composition34, 35)

GuuA [ Uuce CuuG/Cuce UV Melting ExperimentsUV absorbance was employed
sccac®Vacces  1Tau sccuc®Vsucas 27U to monitor the melting transitions of the duplex RNA
¥ecuc,,ucces  1BUA ¥GGAG, ,CGCUS  2BUA molecules and to characterize the temperature-dependent

GguA /UuaC CguG/CuaG transitions of the single strands. To form duplexes, comple-

uc uc mentary single strands were mixed at equimolar concentra-
5CGAG AGGCJY 1TUC 5CCuUC GUGAJ 2TUC . .
¥GCUC ,UCCGS  1BAU ¥GGAG ,CGCUS  2BAU tions and slowly cooled from 70C. Most melting curves
GucA  UauC CucG / CauG were obtained using a 1.0 M Nébuffer [0.978 M NacCl,
AL AU 0.01 M NgHPQ, (pH 7.5), and 1 mM NzEDTA]. For some
5CGAG AGGCY¥ 1TAU 5CCUC GUGAJ 2TAU
¥6CUC, UCCGS  1BUA 3GGAG, CGCUS 28U samples, a 0.1 M Nabuffer was employed [0.078 M NacCl,
GauA/ UuaC CauG / CuaG 0.01 M NQHPO4 (pH 7.0), and 1 _mM N;gE_DTA]. The
concentration employed for UV melting experiments of RNA
sceacUacecy  1TCU sccucYcucaz  2tcu duplexes was generally between 4 andVdstrands. Melting
3GCUC UCCGY% 1BUA 3IGGAG CGCU¥® 2BUA : :
AU AU curves of two RNA duplexes were obtained at six concentra-

GouA [ UuaC CeuG/CuaG tions between 1 and 7&M.
sceac”Yacscsy  1TAU sccucrVsucas  27AU Samples were placed in 1 cm path Iength quartz cuvettes,
¥ecuc,, ucces  1BUC ¥GGAG, CGCUS  2BUC and a Cary 100 spectrophotometer (Varian, Inc.) was used

GauA/UucC CauG/CucG to measure absorbance as a function of temperature at 268

cu cu or 280 nm with a heating rate of 0°&/min. The temperature
5CGAG AGGCJY 1TCU g§CCuUC GUGAY 2TCU . . . . .
¥GCUC, ,UCCGS  1BUC ¥GGAG_,CGCUS  2BUC was measured with a platinum resistance probe inserted into

GeuA I UucC CcuG / CucG a solvent cell adjacent to the sample. Absorbance readings

UA UA were taken every 0.9C over a range from 5 to 7%C. Three
5CGAG AGGCY¥ 1TUA 5CCUC GUGAJ 2TUA i it i
FGCUC, ,UCCES  1BAU FGGAG,,CGCUS  28AU or more m_eltlng transitions were obtained for each sample.
GuaA ] UauC CuaG ) CauG Calculation of Thermodynamic Parameters from the UV

Ficure 1: Sequence and schematic structures of the RNA duplex Denzf;lturatlon Cure. Absorpance Versus temperature data
molecules that were examined. The name given to each strand isobtained from the denaturation or meltlng curves of the RNA
on the right, and the name given to the duplex is below each duplexes were expressed as the fraction of total strands in
structure. the single-stranded statés, using the following equation:

of enthalpy and entropy change as a functiormgfand In 04T) = [A(T) — Apre(T)]/[ Apos(T) — Apre(T)] (1)
Tm. The value that is obtained\[C, = 70 £+ 5 cal K™ (mol
of base pairs)] is similar to values obtained from previous  whereA(T) is the absorbance of the sample at temperature
studies 82, 33). Consideration of this non-zero heat capacity T and AordT) and Ayos(T) are the pre- and post-transition
change may increase th&Gg,,, values by 0.3-0.6 kcal/  |inear baselines of the denaturation curves, respectively. For
mol. duplexes with @, of <42 °C, the denaturation curves left
little choice with regard to linear baselines covering-1%
MATERIALS AND METHODS °C before and after the main transition. For the two fully
RNA OligonucleotidesThe RNA oligonucleotides used base paired duplexes with high&g's, pretransition absor-
in this study were synthesized commercially (Dharmacon bance changes starting frorb °C curved slightly upward
Inc.) and deprotected prior to purification using a HPLC (e.g., Figure 2) and the point at which to draw the baselines
system. A Dionex DNAPac PA-100 anion exchange column were more subjective. To maintain a consistent approach,
was employed with a sodium perchlorate gradient. The pretransition baselines were drawn over the°C5region
oligonucleotides were desalted using a Sep-Pak C-18 car-just below the main transition. This approach gave results
tridge, eluted with a solution of 35% methanol, 35% in excellent agreement with previous work (Table 1), and
acetonitrile, and 30% TEAB (50 mM), and dried. An producedfy(T) curves that were fit better by eq 2. Using
additional desalting step was carried out for samples usedthe lower-temperature region for the linear baseline reduced
at high concentrations by resuspension of samples in waterthe peak of the derivative curve, and the evaluated free
and elution through a Sephadex G-10 column. Fractions energies were reduced by0.8 kcal/mol.
containing the RNA were dried and resuspended in TE (10 Assuming the transitions from the duplex to single strands
mM Tris and 1 mM EDTA). All oligonucleotides produced —are two-state (S52<> S1+ S2), 0(T) can be related to
a single band on a 16.5 cm 20 cm denaturing 20%  the apparent equilibrium dissociation constigtand total
polyacrylamide gel. Figure 1 shows the RNA oligonucle- strand concentratio@: by the equation
otides employed and the RNA duplexes expected from
annealing equimolar amounts of strands. Aqueous solutions 04T) =K (1 + 2Ct/Kd)1’2 — 1J/C, (2)
were made with DEPC-treated water.
The concentration of each single-stranded oligonucleotide To determine apparenAH° and AS’ values, K4 was
was determined from the 260 nm absorbance value linearly expressed in terms of these parameters and a nonlinear least-
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1.30 (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 absorbancetemperature profiles. Figure 3 shows

l l l . l . . four curves representative of the behavior observed at strand

098 T 20 30 a0 s e 70 s  concentrations of 35 uM. The quasi-linear increase in

o absorbance with temperature observed for 1TAU was
Temperature, °C observed for 1TUU, 1TGU, and 2TCU. Strand 2TUU
FiGURE 2: Relative absorbance vs teTperature plots of three RNA produced a small change in absorbance from 5 t¢@0
gl‘jﬂgé g}oggﬂlgici(sgjngﬂc%/'\é;%; iﬂgv‘ggﬁg/éhueag_efggor_ Low-stability cooperative transitions similar to that shown
bance changes were monitored at 268 nm and normalized to theirfor 2TUA were observed for single strands 1TCU, 1BUA,
values at the initial temperatures that were measured. The total IBAU, 1BUC, 2TAU, and 2BUA. Theill,’'s were estimated
strand concentration for these samples wa$ aM. to be 8-21 °C. The transition of the 2BUC strand occurred
_ _ at what was initially considered to be a surprisingly high
squares regression (SigmaPlot) was employed to eVa|UathmperatureIm ~ 47.7°C for C = 4.8 uM (Figure 3)].

AH® andAS’ pairs that best fit the shape of the RNA melting  The probable structure of 2BUC is described in the Discus-
curves (egs 1 and 2). Th(T) data range of 0:£0.9 was sion.

1.25 CguG/CuaG

1.20 CucG/CauG

CAUG/CAUG

Relative Absorbance

1.05 -

1.00 -

employed. Correlation coefficientsRy) of =0.99 were The effect of strand concentration was examined for
observed for the fits to the melting curves. Repored several of the cooperative single-strand transitions (e.g.,
andAS’ values and their standard deviations were based onoTya and 2BUC). In all cases that were examined, self-
three experiments. complementary duplexes were indicated. Increasing the

Several single-stranded oligonucleotides exhibited absor-gtrand concentration by-710-fold increasedy's by 6-9
bance-temperature profiles and concentration-dependentoc a previous study also showed that single-stranded RNAs,
Tw's indicative of self-complementary duplex transitions. g_12 pt long, frequently form stable self-complementary
These transitions were analyzed in a manner similar to thatstyctures 28). To analyze the low-stability transitions, it
described for egs 1 and 2 with a modification to eq 2 \yas necessary to make an assumption regarding their low-
appropriate for self-complementary duplex8§)( C. in eq temperature baselines. The baselines were assigned absor-
2 was replaced by@. Analysis of the transitions of the non-  pance values at-10 °C extrapolated from the transition
self-complementary RNA duplexes in which one or both cyrves 87). In a few instances, the extrapolated lower
strands could form a self-complementary duplex was carried paseline value was slightly adjusted to enhance the quality
out using equations that described the coupled melting of the |east-squares fit of the two-state transition model to
equilibria (Appendix). the normalized melting curve. The Supporting Information

lists the thermodynamic parameters evaluated from the
RESULTS o . . ;
transitions of single-stranded oligonucleotides.

Design of Oligodeoxynucleotide&igure 1 shows the Table 1 lists the thermodynamic parameters evaluated from
expected structures of the 18 RNA duplex molecules the melting curves of the RNA duplexes with 10 bp or 8 bp
examined in this study. One set of molecules (set 1) utilized and a tandem mismatciAG® values at 37°C determined
pairs of single-stranded molecules withGGAGXYAGGC for the two 10 bp RNAs were in very good agreement with
3 (top strand) and '5SGCCUWZCUCG 3 (bottom strand) values predicted from nearest neighbor paramel&)s The
sequences, where X-Z and Y-W represent mismatched orlatter values are given in parentheses in Table 1. The
complementary base pairs:\and GC closing base pairs  competition of the single strands that could form self-
surround the central XY 3'/5 WZ 3’ base pairs. The second complementary duplexes on the melting curve of the non-
set of molecules (set 2) employed pairs of single-strandedself-complementary duplexes was analyzed using equations
oligonucleotides with 5SCCUCXYGUGA 3 (top strands) describing the coupled melting equilibrium (Appendix). For
and 3 UCGCWZGAGG 3 (bottom strands) sequences. For most RNA duplexes, the influence of the single-stranded
these molecules, ‘G and GC base pairs were closing base structures on the evaluation of parameters from the transitions
pairs surrounding the two central paired bases. The single-of the tandem mismatch duplexes was small. The enthalpy
strand and duplex names are given in Figure 1. Lowercasechange evaluated from a least-squares curve fit using eq 2
letters are employed in the duplex names to designateproduced values within experimental error3 kcal/mol)
noncanonical base pairs. of the more rigorous analysis. For the tandem RNA duplexes

RNA Duplex Transition Cues in 1 M Na. Figure 2 formed with the 2BCU strand, however, analysis using the
shows typical UV-monitored melting curves of three RNA coupled melting equilibrium was essential.
duplexes: the fully base paired control RNA, CAUG/CAUG Figure 4 shows the normalized melting curves of the three
(curve A), and two tandem mismatch RNAs CucG/CauG tandem mismatch RNAs (CauG/CucG, CcuG/CucG, and
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Table 1: Thermodynamic Parameters Evaluated from RNA Transitions in 1.0 M Na

RNA Tm? (°C) —AH?° (kcal/mol) —AS’ (eu) AG37° (kcal/mol)
setl
GAUA/UAUC 61.8+0.2 100.1+ 3.1 271.1+9.5 —16.024+ 0.18 (-16.24)
GucA/UauC 40.6t 0.5 83.4+ 1.3 238.5+- 0.7 —9.41+ 0.03
GuaA/UauC 42.8:0.2 86.3+ 2.0 2459+ 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 422+ 0.2 81.3+1.5 230.5+ 3.0 —9.80+ 0.03
GauA/UucC 415 0.2 80.2+ 1.4 227.6+ 2.2 —9.56+ 0.02
GcuA/UucC 42.0+ 0.2 945+ 1.3 2725+ 4.3 —9.97+ 0.07
GuuA/UucC 44.4+ 0.4 86.5+ 4.5 2456+ 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)
CucG/CauG 31.1#0.3 —57.8+1.0 —162.7+ 2.7 —7.29+0.03
CuaG/CauG 32.40.2 —61.3+1.1 —173.5+ 2.5 —7.48+ 0.07
CauG/CuaG 31.&0.3 —63.0£ 1.5 —179.7£ 0.2 —7.31+0.08
CguG/CuaG 33.40.3 —729+1.4 —210.5+ 3.4 —7.62+ 0.02
CcuG/CuaG 33.&0.3 —65.4+1.8 —186.7+ 5.3 —7.55+ 0.04
CauG/CucG 33.0+0.4 —724+£20 —209.8+ 4.6 —7.34+0.10
CcuG/CucG 33.6+0.4 —755+15 —219.4+ 5.4 —7.47+£0.07
CuuG/CucG 345+ 0.5 —73.0£1.8 —210.8+ 4.5 —7.61+ 0.06

aTn, values for strand concentrations of-3 uM. P Values in parentheses are predicted using nearest neighbor free energy parabégters (
¢Values obtained from the best fit of calculated transitions using eqs 12 and 13 or eq 16.

130 Table 2: Thermodynamic Parameters for Tandem Mismatch
1.25 Internal Loop Formatich
[
e L —AG?_(ex AGE, (pred) —AH;, -A
g 120 RNA (kca rprgol)p (kcéi’l‘i?ggl) ) (kcal/mal) (eﬁﬁ"")
E 115 set1
< 1L GucA/UauC 1.9 11 14.7 54.0
s GuaA/UauC 1.3 1.7 17.6 61.4
3 1050 GauA/UuaC 1.8 1.9 11.4 43.1
2 GguA/UuaC 1.0 -0.7 19.9 67.9
1.00 - GcuA/UuaC 1.5 1 12.6 46.0
GauA/UucC 1.8 1 115 43.0
0.95 L L L L L L L GcuA/UucC 1.4 1 25.3 88.0
0 10 20 30 40 50 60 70 80 GuuA/UucC 0.9 1 17.8 61.1
° set 2
_ Temperature, C CucG/CauG 18 0.8 ~19 0.9
Ficure 3: Plots of relative absorbance vs temperature for four CuaG/CauG 1.6 1 1.7 11.7
single strandsi 1 M Na*. Each plot is labeled using the convention CauG/CuaG 1.8 1 3.4 17.9
described in Figure 1. Strand concentrations were-3.4M. CguG/CuaG 15 -0.5 13.3 48.7
CcuG/CuaG 1.5 0.3 5.8 24.9
1.0 T T CauG/CucG 1.8 0.8 12.8 48.0
CcuG/CucG 1.6 0.6 15.9 57.6
Causiouce CUUG/CUcG 15 05 13.4 490

0.8 a Experimental loop free energies were calculated using eq 3 as
4 described in the text. Predicted loop free energies were frond.ref
< 06 Standard deviations for experimentsGy,,, values were estimated to
K be £0.20 for set 1 loops angt0.15 for set 2 loopsAHp,,, andAS;
N P oop
S were calculated using equations analogous to eq 3a using data in Table
g 0.4 1and predICtemngplex without IoopandAﬁuplex without Ioopvalues'
4
0.2 of temperature and summed appropriately to produce nor-
malized melting curves. The algorithm employA#i® and
0.0 AS values determined from the transitions of the single
0 20 40 60 80 strand alone, the concentration of strands in the experiment,

temperature iterative trials ofAH®, and T, values corresponding to the
Ficure 4: Normalized experimentat) and calculated{ — —) unwinding of the tandem mismatch RNA. The dashed lines
melting curves of RNA duplexes CauG/CucG, CcuG/CucG, and show best-fit theoretical curves.

CuuG/CucG. The curve for the CcuG/CucG duplex is shifted 10 ; ;
°C higher and the curve for the CuuG/CucG duplex°@0higher Internal Loop Free Energies of Tandem Mismatcfale

to display the three curves without overlap. The strand concentration 2 iStS the free energies of the tandem mismatch loops at 37
was 5uM. °C. The values were calculated using the equation

CuuG/CucG) formed with 2BCU and a complementary AGIoop AGduplex with loop ™ (AGguplex without loop ™
strand. Each of the curves shows a two-step transition. The AGlnterrupte d base pa}r (3a)
second step of each transition occurred between 45.7 and

48.0°C, corresponding to th&y of the melting curve of ~ The last term of the equationAGgex without loop —
2BUC alone. The fractions of self-complementary and non- AG{epted base pair SUPtracts the energetic contribution to

self-complementary duplexes were calculated as a functionthe RNA molecule not involved in the loop. This term was
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obtained in two ways. Method 1 calculat&®g,piex without toop 120

for the 8 bp duplex using empirical nearest neighbor free A)

energy parameters, and the appropriate nearest neighbor free 110 -

energy term forAGH e upted base pai(16). Method 2 em- - AH P{/I/I/Li
ployed the free energieAGs, determined from the transi- 100

tions of the 10 bp WatsonCrick RNA duplexes. Three
nearest neighbor stacking energies were subtracted from these

90

free energies to produce a term equivalent to the last term 324 326 328 330 332 334 3% 338
of eq 3a. For the CuuG/CucG example, the free energy terms ™
using method 2 correspond to the configurations
315

,~ UU ’ uu ) s 3
38,0 SE8RE, 480 - (SRENRNAR0-580-30% -56) ov -A8 305 g, {

The two methods yielded\Gg,,, values differing by 295 1
~0.2 kcal/mol for both sets of duplex RNAs. Method 1 gave 285 |
the slightly higher values. The average was used in Table 2.

Positive AG,,,, increments were obtained for all tandem 275 ‘ ‘ :
mismatches that were examined. The loop free energies 5.78 5.79 5.8 5.81 5.82
ranged from 0.9 to 1.9 kcal/mol for the tandem mismatches In (Tm)

with A-U and GC closing base pairs, and from 1.5 to 1.8 Ficure 5: Plots of enthalpy change Vs, and entropy change vs
kcal/mol for GG and GC closing base pairs. The three least N Tm evaluated from the melting curves of the GAUA/JUUAC RNA
stable tandem mismatches for both closing base pair environ—duPleX obtained at different strand concentrations in 100 mN. Na

ments were UC/AU, AU/UA, and AU/UC. Each of these mismatch RNAs, which havé,’s close to 37°C; however,

sequences had AGi,, of 1.8 or 1.9 kcal/mol for hoth they decreasAG3, for GAUA/UAUC by ~0.6 kcal/mol to
closing base pair environments. The two most stable tandem_16_67 kcal/mol and decreaseGs, of CAUG/CAUG by
mismatches were UU/UC and GU/UA, observed for the RNA 53} cal/mol. 3

molecules with AU and GC closing base pairs. Predicted From eq 3b, assuming the sum of stacking free energies
AGiq, values @) for the tandem mismatches are listed in g\ haitered if one considers non-zene,, the loop free

Table 2. The GU/UA mi_smatch exhibited the largest dis-_ energies would increase by 0.6 kcal/mol for set 1 tandem
crepancy between predicted and measured values. If th'smismatches and by-0.3 kcal/mol for set 2 tandem mis-

tand(_am mismatch is excluded, the average differenpg bet\"'ee'?natches. Thus, consideration of a heat capacity change may
predicted and measureliGi;,, values for the remaining 2 gjighty increase the values oGy, The stacking free

x 2 loops is 0.7 kcal/mol. ; : .
; ; " energies were evaluated assuming temperature-independent
Estimated Heat Capacity Change for RNA Transitidrse enthalpy and entropy change$6[. However, they were

average heat capacity change associated with RNA duplex,piaineqd using thermodynamic parameters averaged from
denaturationAC,, was estimated from data on two RNA g y P g

dupl Enthal 4 h I df melting curves withT, values generally close to 3T. Thus,
UPIEXES. nthalpy an entropy ¢ anges were eva uated from, sideration oAC, may not significantly alter these values.
melting curves obtained at concentrations from 1 tqK5

and plotted as a function @k, and InTy, respectively 82). DISCUSSION
Figure 5 shows plots of th&AH andAS data for the GAUA/

UUAC RNA duplex in a solvent with 100 mM Na The Results from this study yielded destabilizing free energy
slope of the linear regression line to thé! versusT,, data increments for 16 tandem mismatches containing a single
gives a value of 68 cal (mol of base pairsk 1 (R2 = 0.83). U-U mismatch adjacent to another noncanonical base pair.

The entropy data produced a linear regression slope of 63Oneomismatch GU/UA predicted to be stabilizing at“&7
cal (mol of base pairs} K- with a similarRe. Measurements ~ (AGisgp = 0) gave free energy increments 1.7 or 2.0 keal/

were also made for the tandem mismatch RNA CauG/CuaG Mol higher than expectedGy,,, values for the 14 remain-
in the 1 M Na solvent. Plots oAH andAS as a function ing sequences differed from predicted values by an average

of T and InTy, yielded values of 74.3 and 74.6 cal (mol of of 0.7 kcal/mol. This level of agreement is reasonably good
base pairsi K-1, respectively, withR2 values of 0.70. given the idiosyncratic dependence of loop free energy on

Assuming an average heat capacity changy@, for all sequence that is sometimes observzg).(
RNA duplexes of~70 cal (mol of base pairs) K1, the The three tandem mismatches that were the least stable

enthalpy and entropy changes evaluated in the transition'Vere the same for both closing base pair environments and

region can be extrapolated to 3C using the equations gave similar loop free energies. The most stable tandem
mismatches, GuuA/UucG and GauA/UuaC, were observed
AH(T,) = AH(T) + ACp(Tm -1 (4a) with G-C and AU closing base pairs rather than the two
closing GC pairs. These results are not consistent with the
AYT,) = AYT) + AC, In(T/T) (4b) notion that replacing a closing-G base pair with an AJ

pair increases\Gy,,, (24). Since relatively few measure-
Employing eq 4 decreaségH;; andAS;, for the two 10 bp ments have been made on tandem mismatches witha@d
RNA duplexes by~16%, and decreasesHs; and AS;, for A-U closing base pairs, additional data on tandem mis-
the tandem mismatch RNAs by oniy2.5%. Equation 4 has  matches and other internal loops in this environment are
a negligible influence om\G3, evaluated for the tandem desirable.
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The melting curve analysis employed in generating Tables APPENDIX
1 and 2 assumed temperature-independent enthalpy and Coupled Melting Transitions of a Nucleic Acid Duplex with

entropy changes consistent with previous studies on RNA . ) i s
thermodynamic parameters. It also assumes that the ther? Competing Single-Strand Self-Complementary Dujéx

modynamic parameters governing duplex nucleation are theg??\;girotze Igﬁ::}?;?tg?rg:]gsng(ile;ﬁgcédz d\lljvﬂ:z gcr)]rg%?s{ﬁg
same for perfectly matched and mismatched RNA duplexes. b y '

Inclusion of a non-zero heat capacity change can contributeStranOIS (strand Sl)_is ab!e to f°”‘.‘ a parti_al se_If-compIemen-
significantly to AH® and AS® individually, but these two tary duplex. Extending this analysis to a situation where both

changes largely cancel each other when summed to giVestrands can form seIf—comp!ementary duplexes is descn_bed
below. For the case considered, there are four possible

AG?. This was observed when the thermodynamic param- molecular states: D12, the duplex formed from S1 and S2;

eters were adjusted for a heat capacity change using eq 4 ) .
AGS, values for the 10 bp RNA duplexes changed by SDt%;Lmtjhse duplex formed by two S1 strands; and the two single

relatively small amounts, and a negligible effect was noted The absorbance versus temperature curve is given b
for the AG3; values of the tandem mismatch RNAs. The Y
average heat capacity change estimated in this study is in
the range determined from previous analyses of other RNA
oligomers [S5-98 cal (mol of base pairs) K] (32, 33). ci2 and ¢y are the concentrations of the D12 and D11
The self-complementary structures formed by some of the duplexes, respectively (moles of duplex per liter). They are
single-stranded oligonucleotides point out the need to dependent on temperatufie Similarly, ¢; and ¢, are the
consider single-strand states in analyzing the transitions of concentrations of strands S1 and S2, respectively (moles of
RNA duplexes. This was previously done in studies of RNA strand per liter). The extinction coefficients, ande, may
duplexes with asymmetric loop&8). Holbrook et al. 87) also be considered temperature-dependent, reflecting changes
showed that the conformational equilibria of individual DNA  in the duplex and single-stranded states. The total concentra-
single strands can contribute to the thermodynamics of tions of strands S1 and S2 are the samie € cr2 = ¢/2).
duplex formation in several ways. The broad noncooperative Mass conservation yields the equations
transition between an ordered single strand and its totally

A(T) = Cype1p T Cpy€q1 T+ Cieg T Cep 5)

unstructured state contributes to the temperature-dependent Cri=Cpt+2c,+c¢C (6a)
changes in the thermodynamic parameters governing duplex
formation. Single strands that can form stable self-comple- Cra=Cpp TG (6b)

mentary duplexes or intramolecular hairpins may compete

with the formation of non-self-complementary duplexes. The fraction of total strand S2 that is a D12 duplex is given
Although the influence of self-complementary single-strand by 612 = 2c:J/cr, and the fraction of total strand S1 that is a
structures was small for most molecules that were examined,D11 duplex is given by, = 4cpi/cr.

the coupled melting curve analysis was required for several From egs 5 and 6 and the definitions@g and 6., one
RNA duplex transitions. can rewriteA(T) as

An algorithm recently developed by Zuker and colleagues _
(38, 39) describes a partition function approach to predicting AM) = Crl2[0:1,  O11€11/2 +
heteroduplex melting curves that includes the effects of (1 =01, = 0196, + (1= 01))¢e)] (7)
individual strands forming self-complementary duplexes. The _ ) N )
algorithm predicted the coupled transitions for the hetero- The experimental melting transition normalized between 0
duplexes involving strand 2BUC. The predicted curves did and 1 is obtained from the equation
not exhibit the two transition steps observed but clearly d s p
illustrated the influence of the self-complementary duplex (1) = [A(T) — AMI[A(T) — A(T)] (8)
transitions. Transitio,’'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 Wats@rick AT = c/2(c. + 9
base pairs and G-G terminal mismatches on both ends. (D =cil2lert <) ©)

where AY(T) is the low-temperature linear baseline absor-
bance corresponding to the duplex state Ai(d) 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

5 UCGCUCGAGG 3’ From egs 79, one can rewrite)(T) as
e € — )6 /2 0
3 GGAGCUCGCU 5 pn=1+ 2L DI GE! _ W0

CalculatingAH® andAS’ values for this structure at 1 M whereB = 2[AXT) — AYT)]/cr. B is measured experimentally
Na'" from nearest neighbor parametet$,(16), one predicts  from the melting transitions. The extinction coefficients
aTny of 47.8°C for aC; of 4.8uM from the equation, = ande; and their temperature dependence were estimated from
AH°/(RIn C; + AS®). This value is in excellent agreement the high-temperature absorbance profile of individual strands.
with experiment and supports the proposed structure. €12 was estimated from the linear baseline absorbance
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between 5 and 10C and strand concentration. It was SUPPORTING INFORMATION AVAILABLE
assumed that an equimolar mixture of strands S1 and S2 is

fully duplexed in the D12 state in this temperature range.
€11 Was estimated in a similar way under conditions where
only strand S1 is present and the self-complementary duplex
transition begins above 1. For the three RNA duplexes

involving the 2BUC oligonucleotide, the coefficient 6f; REFERENCES
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