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Thermodynamic Comparison of the Salt Dependence of Natural RNA Hairpins and
RNA Hairpins with Non-Nucleotide Spacérs
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ABSTRACT. RNA hairpins with loops of either ten or eight nucleotides, or seven nucleotides with (ethylene
glycol), spacers, have been compared in experiments that measure the NaCl dependence of their
thermodynamic properties. In 1 M NaCl, the eight-nucleotide RNA hairpin/loop has the most favorable
folding free energy AG°® = —8.6 kcal/mol), while the RNAs containing the spacers are considerably
more unstableAG°® = —5.2 to —5.7 kcal/mol); for these RNA/linker species, there are compensating
reductions in favorable entropy and unfavorable enthalpy of the -hetit transition. Preferential
interaction coefficientsAI'y) determined from analyses of melting transitions as a function of NaCl
concentration are compared to determine the effect of the ethylene glycol on differential ion association.
While the difference in ion association to the helix and coil states of the fully RNA molecules follows
prediction, the RNAs with linkers do not, indicating that the description of their native and/or denatured
state has changed.

The availability of an increasing variety of modified of thermodynamic association of ions with the coil and helix
nucleotides and non-nucleotide substituents for incorporationspecies, respectively, it must follow that the degree of
into oligonucleotides has provided new methods for testing association of ions with an oligomer is a sensitive function
biological functions of nucleic acids. For example, poly- of length. The degree of counterion association with short
(ethylene glycol) has been used in hammerhead ribozymesnucleic acids should be altered by the presence of the linker;
to successfully replace one of the arms (Fu et al., 1994); asin addition to providing fundamental data on nucleic acid
the terminal loop in the TAR RNA hairpin, where stabilities properties, experiments of this sort are important for sub-
of several linkers were compared (Ma et al., 1993); in sequent use of these non-nucleotide spacers in biological
substrates for a DNA helicase (Amaratunga & Lohman, contexts, such as protein binding.

1993); in an RNA loop as a flexible tether (Williams & Hall, The oligonucleotides examined in this work are RNA

1996); and in a pre-mRNA splicing substrate (Pasman & 1 ,iinins with a conserved heptanucleotide sequence (AUUG-

Qarcig-Blgnco, 1996). However, there have' been few CAC) on the 5side of loops closed by CG base pairs (see
investigations to determine the physicochemical conse- Figure 1). The 3side of the loops contains either one or

quences for the structural and thermodynamic properties ofthree nucleotides or poly(ethylene glycol) linkers [(€H

nucleic acids containing these linkers. One example is thatCHZO)&lez]_ Most of these hairpins are recognized by the

of Durar_1d et al. (1.990)’ describing solution properties qf @ human U1A protein (Williams & Hall, 1996), indicating that
DNA hairpin containing a hexa(ethylene glycol) loop, while the linkers do not perturb the nucleotide environment in such

Altmann et al. (1995) structurally characterize a similar DNA away as to block protein binding. However, those experi-

Ea]!g;:: ts),%/nlj\lcll/llﬁe Coﬁg\l,vg\l,g? trm?;[rzlzes'::i?;(;e;iln:rilrr?enn(?[;ma?la ments did not directly examine the properties of the isolated
: ' . P! RNA/linker hairpin. A detailed analysis of the enthalpic and

necessary to understand how these linkers influence the . ; . L -
stability and structure of the flanking nucleic acid entropic changes associated with the hetigil transition

Non}/nucleotide spacers can also ge used to det.ermine th of the different RNAs with and without ethylene glycol, and
extent to which the I?)verall and/or local counterion distribu- e salt dependence of the hairpin stability, is necessary to
o : . determine how these non-nucleotide linkers alter the solution
tion is determined by the sequence, pase, or sugar substituent roperties of the RNA molecule. Here we report the results
and the number and spatial orientation of charged phosphat . B~ :

rouns. For example. Record and co-workers have sho\Nnofathermodynamlc study of the sodium chloride dependence
groups. 'Ple, of the equilibrium constant(,,9 and the melting temperature
that_, _fof a short oligomer, the (_Jlepe_ndenc_e_ of the observed(TM) of RNA hairpins with a ten-nucleotide loop (L10), an
equilibrium constant of the helixcoil transition Kong) on eight-nucleotide loop (L8), and three RNAs with linkers of

uniunivalent salt activityd.) is a sensitive function of its .
. three {/-XL), six (1XL), or twelve (2XL) ethylene glycol
length [equivalently the number of charged groubs ¢n units. The results are compared with previous theoretical

the oligomer] (Record & Lohman, 1978; Record et al., 1978; ; . -
Olmsted et al., 1989, 1991). Since the valu@(ibg Kon)/ and experimental studies of hairpin and duplex systems.
d(log a.) is related directly to the difference in the degree MATERIALS AND METHODS

T TTh(iSQVg)Ogl;)iS S%paortﬁ?dn(g?\;lt&ystlh;) Lucille P. Markey Charitable ~ RNA Synthesis and PurificationOligonucleotides were
rust (#90- and the . ; ;
* Correspondence should be addressed to this author. Phone: (314)5Dymhes.lzed enzy.matlca”y by S.P6 RNA polymerase from
362-4196. Fax: (314) 362-7183. E-mail: hall@bionmr3.wustl.edu. DNA oligonucleotides as described (Stump & Hall, 1993)
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. FIGure 2: Circular dichroism spectra of five RNA substrates with
FiIGurRe 1: Sequences and assumed secondary structures of the RNASO mM NaCl and 10 mM sodium cacodylate at pH 7 and"@5

hairpins studied. Molar ellipticity is normalized to strand concentration.

9 or Spacer 18) from Glen Research (Sterling, VA) and concentrations were calculated from the sum of the NaCl
purified as described (Hall, 1994), except that a Dionex anion 44 sodium cacodylate concentrations and then converted
exchange column was used for HPLC purification. RNAS 5 molalities. The mean ionic activitya() at a given
were dialyzed exhaustively against deionized distille®H  temperature and molality was obtained by two-dimensional
prior to use. Extinction coefficients of RNA molecules were jnterpolation of the NaCl activity coefficients of Robinson
calculated as described previously (Freier et al., 1983; 5nq Stokes (1965) as a function of molality and temperature.
Richards, 1975). RNAs synthesizedibyitro transcription The data were fit to straight lines using NONLIN with the
begin with a 5>pppG, while the chemically synthesized onyergence set to 10 and the confidence intervals
molecules have a'$iydroxyl. determined at 95%.

Melting Cures. The buffer for thermodynamic studies  cjrcylar Dichroism Spectra.For the circular dichroism

was 10 mM sodium cacodylate and 0.5 mMsBBTA at studies, the oligonucleotides were dissolved in 50 mM NacCl
pH 7, to whlc_h spe(_:l_flc amounts_of NacCl We_re_added. and 10 mM sodium cacodylate at pH 7. Spectra were
Thermodynamic stability of the various RNA hairpins was  recorded from 200 to 320 nm on a JASCO J600 spectropo-
determined from the thermal denaturation of the purified |5rimeter at 23C; the molar ellipticity is normalized to the
RNA in a Gilford 260 spectrophotometer equipped with & gsirand concentration.

2527 Gilford thermoprogrammer. Absorbance measurements
were taken at 260 nm with a heating rate of@/min. RESULTS

Samples were heated to 96 for 5 min immediately prior d A/Ethy] iveol he circul

to starting melts and then were cooled slowly &5 Strand . RNA_ and RNA/Ethylene Glyco _St_ructuré’. € circular

concentrations were determined at G5 from upper base- dichroism spectra of the RNA hairpins were measured to

lines. The RNA hairpins were melted over a-3@0-fold compare the RNA with and without the linkers. All spectra

concentration range with no detectable variation in the (Figure 2) show classic A-form features, three of which, the
4,XL RNA/(ethylene glycol}, 1XL RNA/(ethylene glycol),

melting temperature. . 20
Data Analysis. Melting curves were fit using NONLIN ~ @nd 2XL RNA/(ethylene glycol), are virtually indistin-

(Johnson & Frasier, 1985) to a single intramolecular transi- 9uishable.  The ten-nucleotide loop RNA (L10) A-type
tion using the sloping baseline method (Freier et al., 1983). spectrum.(da_lta not shown) is supen‘mposable, suggesting that
Convergence was set to ¥0and parameter confidence the substitution of ethylene glycol linkers for the three loop

intervals were estimated at 95%. The melting temperatures,.r""deotides does not significantly perturb the RNA structure

equilibrium constants, and free energies were calculated fromi” the stem or loop of the hairpin (as monitored by circular

the corresponding van't HofAH® and AS’ values, using dich_roism). The spectru_m_o_f the .L8 hairpi_n ShOWS. a
relatively reduced molar ellipticity maximum but is otherwise

the relation
very similar over the wavelength range examined (2880
I . nm). The 3XL (ethylene glycolyRNA spectrum shows
K= I-a) exp(-AH°/RT+ AS'IR) significant deviations from the other four, of which the most
striking features are the reduced extrema at 265, 230, and
wherea is the fraction of strands in the hairpin stafethe 210 nm and a red shift of its crossover point. It is therefore
gas constant, and the temperature in Kelvin (Freier et al., likely that the overall structure is perturbed significantly by

1983), determined by global nonlinear regression of at leastthe introduction of this long spacer. The 3XL hairpin is not
three independent experiments. Error propagation to calcu-considered further in this study, but preliminary measure-
late confidence intervals for the derived parameters was alsoments indicate that its solution properties will be interesting
done using NONLIN. Theoretical thermodynamic values for to investigate further.

the all-RNA hairpins at 1 M salt were predicted using the  Consistent with hairpin (sterloop) geometries, the five
MFOLD program (Zuker, 1994). For the salt dependence RNA constructs all exhibit unimolecular (i.e., concentration
studies, equilibrium constants were calculated at an inter- independent) helixcoil transitions as a function of temper-
mediate temperature in order to minimize extrapolation- ature. Melting transitions were followed by monitoring the
related errors (658C for the¥/,XL, 1XL, and 2XL hairpins; absorbance at a wavelength of 260 nm. Individual spectra
70 °C for L8 and L10 RNA molecules). Total Na show species specific characteristics, although overall, the
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1 : * = ' this trend should be reflected in eithéxH® or AS.
e However, it is difficult to accurately determineH® andAS’
L8 Fit simultaneously from a van’t Hoff analysis. A typical
tf{?;l correlation analysis of the fitted parameters using NONLIN
1 i Pata (Johnson & Frasier, 1985) yields cross-correlation coef-
ficients greater than 0.99 for the enthalpy and entropy. In
addition, these two parameters are strongly correlated with
the slopes and intercepts of the single strands (correlation
coefficients > 0.6). Thus, caution must be exercised in
interpreting small changes in either of these two parameters.
However, theT, and Kqs or AG® determined near the
melting temperature are much more reliable. With these
o2t + + + + o caveats in mind, it is nevertheless evident that the substitution
of three nucleotides with ethylene glycol spacers decreases

Ficure 3: Normalized absorbance at 260 nm vs temperature for both the enthalpic cost and_ theofavorable entropy change of
three RNA hairpins with fits to a two-state model with sloping unfolding.  The changes imMH°® and AS’ are partially
baselines superimposed. Experimental conditions: 50 mM NaCl, compensating, leading to an overall destabilization of only
0.5 mM EDTA, 10 mM sodium cacodylate, and pH 7. Baselines 0—6 °C depending on the salt concentration. Although one
were floated in the fitting routines. can speculate on the molecular origin of these differences,
) o ) ana priori partitioning of the effect of the linker substitution
spectra are quite similar to each other (see Figure 3 for panween the helix and coil states is not possible.
representative spectra). The L10 and L8 isotherms show e melting transitions for the five hairpins are also
somewhat steeper transition regions than the correspondinganmyzed in terms of th@y and the equilibrium constant
linker transitions, suggesting a higher degree of cooperativity (Kobd a@s a function of the mean ion activitp). These
for the helix-coil transitions of the all-RNA hairpins.  yata are illustrated in Figures 4 and 5. Above 50 mM NaCl,
Calorimetric determination of the cooperative (melting) unit stability trends as monitored by either the equilibrium
sizes for these hairpins will be necessary to properly addressonstant or the melting temperature are identical. The mole-
this issue. However, for the purpose of this study, it has qjes in decreasing order of stability are £8.10 > Y,XL
been assumed that the five RNA hairpins have cooperative~ 1x| > 2X|. The observation that within a particular
units with similar sizes. group (natural or linker RNAs) the stability decreases with
Predictions of hairpin stability for the RNAs were based |arger loop size is consistent with the hypothesis that, as the
on the nearest neighbor model (Turner et al., 1988; Zuker, number of loop nucleotides increases, the entropy of closing
1994), using parameters determined from oligonucleotide the loop becomes increasingly unfavorable.
studies in 1 M NaCl. Table 1 lists experimental values of  However, a more general analysis of this nature is
thermodynamic parameters for the five hairpins at the complicated by differences in the salt dependence of the
standard 1 M NaCl condition and the predicted values for hairpin stabilities. At the lowest salt concentration used (10
the L10 and L8 hairpins. The theoretical prediction con- mM NacCl), the relative order of stabilities of the RNAs is
sistently underestimates the stability of these hairpins, apparently unpredictable, and the exact stability trend
although the stability difference between these hairpins is depends on whether one monitors the melting temperature
predicted to be a little over 2C, in perhaps fortuitous  [3T,/d(In a.)] or the equilibrium constantd[In Kypg/d(In
agreement with the experimental data. Agreement betweena,)].
the predicted and experimental free energies £(3ié less We note that the melting temperatures predicted at 1 M
good, but this is not surprising in view of the very long NaCl from extrapolation of the results of the salt dependence
extrapolation necessary to obtain the experimental values.studies are invariably found to be-3 °C higher than the
There are no appropriate thermodynamic parameters for themeasured values at 1 M salt, suggesting a downward
RNA/ethylene glycol species. curvature of the slope of a IKos VS In a. plot at higher
Salt Dependence of Denaturationin addition to the salt. At salt concentrations approaching 1 M, anion or
standard characterization of thermodynamic parameters inpreferential hydration effects may not be insignificant and
1 M NacCl, the salt dependence of the melting transition of must be taken into account (Record et al., 1978). Although
each hairpin was determined. Thermodynamic parametersfor polymersd(In Ko,g/d(In a.) or aT/a(In av) is relatively
were determined from the melting data at each salt concen-constant to 1 M salt, for short oligomers, there is no reason
tration (Freier et al., 1983) from global fits of at least three a priori to expect such linearity over such a wide salt
independent experiments, as described previously. Param<concentration.
eters were derived by fitting the data to a two-state model
with linear baselines; results are summarized in Table 2. TheDISCUSSION
molecules can be divided into three classes on the basis of Hairpin Stability. Introduction of the ethylene glycol
the magnitude of thH® andAS’ values: one containing linkers into the loop region of the RNA hairpin has resulted
the all-RNA molecules, a second composed of'thél. and in a destabilization of the hairpin at NaCl concentrations
1XL hairpins, and a third, intermediate between these two, above 50 mM NaCl. Below this salt concentration, hairpin
containing the 2XL hairpin. Within the scatter of the data, stability seems to correlate loosely with the size of the loop;
there is no significant dependence of the enthalpy or entropythe L8 RNA is the most stable, and tAgXL is slightly
on the sodium chloride concentration, although it is clear more stable than the L10 RNA, on the basis of the melting
from Figures 4 and 5 that both tfg, and theKq,s sShow a temperature. The relative loop size in this comparison is
power dependence on the mean sodium chloride activity; based on the maximum extended length of the inserted linker,
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Table 1: Standard State Thermodynamic Paranfeters

experimental data

predicted values

AH° AS Tm AG°37 AH° AS Tm AG°37
(kcal/mol) (eu) (°C) (kcal/mol) (kcal/mol) (eu) (°C) (kcal/mol)
L10 67.4 189.5 82.4 8.6 63.4 181.0 77.3 7.3
(£4%) (£4%) (0.5-1.0) (E3%) (£10%) @11%) (2-4) (£5%)
L8P 62.0 173.1 84.7 8.3 63.4 179.7 79.9 7.7
(£6%) (£6%) (0.5-1.0) (£5%) (£10%) @11%) (2-4) (£5%)
2XL 49.3 141.70 74.6 5.3 - - - -
(+4%) (+4%) (0.5-1.0) #3%)
IXL 47.8 137.3 75.2 5.2 - - - -
(+4%) (£5%) (0.5-1.0) (E4%)
XL 50.2 143.6 76.7 5.7 - - - -
(£7%) (£8%) (1.0-2.0) (£6%)

aConditions: 1 M NaCl, 0.5 mM NsEDTA, 10 mM sodium cacodylate, and pH %Confidence intervals obtained with upper baselines fixed.

Table 2: Helix-Coil Thermodynamics

L10 L8 2XL 1XL XL

[NaCl] AH° AS AH?° AS AH° AS AH° AS AH° AS

(mM) (kcal/mol) (eu) (kcal/mol) (eu) (kcal/mol) (eu) (kcal/mol) (eu) (kcal/mol) (eu)
10 61.1 182.1 62.9 185.0 53.8 163.0 44.2 132.3 44.0 131.0
25 58.9 174.1 69.8 203.5 48.3 145.2 50.8 150.7 44.8 132.8
50 62.5 182.4 60.4 174.5 50.1 148.8 45.9 135.0 42.3 124.2
100 63.8 184.3 66.8 1915 58.6 172.6 455 133.4 55.7 162.8
200 62.3 178.1 66.3 188.5 47.8 139.4 47.7 138.6 43.5 125.9
1000 67.4 189.5 62.0 173.1 49.3 141.7 47.8 137.3 50.2 143.6
min/max 4.3/8.7 4.4/8.9 3.7/16.7 3.8/16.9 6.7/12.1 6.7/12.2 11.5/16.7 11.7/17.0 11.5/15.8 11.9/16.1
avg 6.3 6.5 9.9 101 9.9 10.0 135 13.8 135 13.8

a2 Thermodynamic values are for helix to coil (melting) transitions.

Conditions: 0.5 mMEDN&A, 10 mM sodium cacodylate, and pH 7.

b Data not used in salt dependence calculatiéhinimum, maximum, and average (percentage) width of confidence interval abont-ther

AS’ values at the 95% confidence levetZ SD).
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Ficure 5: Variations of InKypsas a function of salt concentration.

Lines are linear least-squares fits to the data. NaCl concentrationLines are linear least-squares fits to the data. NaCl concentration

varied in a buffer containing 0.5 mM EDTA and 10 mM sodium
cacodylate at pH 7. Melting temperatures calculated from corre-
spondingAH® and AS’ values determined from global nonlinear
regression analysis of three or more independent experiments.

which has been estimated for the (ethylene glygoby
Monte Carlo/stochastic dynamic simulations (Williams &
Hall, 1996). The'/,XL was shown by those simulations to
be equivalent at full extension (span from 3.5 to 12.9 A) to
the 03—03 span of two nucleotides (6:213.7 A, measured
from tRNA structures in the Brookhaven Protein Data Bank),
while the 1XL is potentially longer than three nucleotides.
By this estimation, the loop size &XL RNA is equivalent

to that of L8 RNA, while the 2XL RNA loop is larger than
L10. However, itis unlikely that the linker is fully extended

varied in a buffer containing 0.5 mM EDTA and 10 mM sodium
cacodylate at pH 7. Equilibrium constants calculated at°65
(XL, 1XL, and 2XL) or 70 °C (L8 and L10 RNAs) from
correspondingAH® and AS® values determined from global
nonlinear regression analysis of three or more independent experi-
ments.

linker length, 8 and 9 A fot/,XL and 1XL, respectively, is

a more probable description of its average extension, given
the flexibility of poly(ethylene glycol) and the seven nucle-
otides in the loop that can also exhibit conformational
flexibility. In addition to changing the effective length of
the loop, the linker insertions also alter the charge distribu-
tion, since the linkers are uncharged. The response of the
hairpins to NaCl may reflect a difference in ion density

in these loops in solution; the root mean square value of thearound the RNA.
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Table 3: Salt Dependence of Hairpin Denaturation

—SkKos 1K ops STy ITu b —AT¢ — AT

L10 1.8 5.2 6.8 89.7 2224 0.037-0.041 0.035-0.038
(2.0-1.6) (5.8-4.6) (6.0-7.6) (87.2-92.2)

L8 1.5 5.3 5.4 89.1 2022 0.034-0.038 0.03+0.035
(1.8-1.3) (6.1-4.5) (4.5-6.4) (86.1-92.1)

2XL 1.3 3.6 5.8 80.6 20 0.035 0.031
(1.7-1.0) (4.6-2.5) (4.7-6.9) (77.3-84.0)

1XL 0.9 2.9 4.4 79.4 19 0.024 0.028
(1.2-0.6) (3.8-2.1) (3.0-5.8) (75.0-83.7)

XL 9 3.1 45 80.5 19 0.023 0.028
(1.2-0.6) (3.9-2.3) (3.7-5.3) (78.1-83.0)

a Slopes and intercepts from unweighted least-squares regressiogft imd Ty vs Ina.. Confidence intervals (95%) shown in parentheses.
b Actual number of phosphates. Note that the all-RNA molecules haippp& while the others have &6H. ¢ Experimental value of preferential
interaction coefficient normalized to the number of phosphdtBsedicted (theoretical) value of preferential interaction coefficient per phosphate.

lon Binding. Record and co-workers have shown that one illustrated for DNA hairpins, which give the experimental
can relate the magnitude of the salt dependence to differencevalues ofAl'., = —0.077 andAD = —0.93, with AT’y =
in the degree of thermodynamic association of ions with the —0.035+ 0.016 N\ = 22) in a NaCl range of 360 mM
helix and coil forms (Anderson & Record, 1982; Bond et (Olmsted et al., 1991). Since thMd'y < O, there is a release
al., 1994). On the basis of their formulation, one can write of ions upon melting. For the L10 and L8 RNA hairpins,
a general equation describing these salt effects: the experimental values of the preferential interaction coef-
ficients are given in Table 3, where they are compared to
N Kepd _ AH° Ty the values calculated from the above relation (using the
a(na,) RT,? d(Ina,)

= 2NAT experimental values oAl', and AD determined from the

DNA hairpin data). The average experimental valueAlg§
= —0.039 and—0.036 N\ = 22—24 and 26-22) obtained
for the L10 and L8 RNAs, respectively, are in agreement
with the predicted\I'y, which is rather surprising considering
the size of the RNA loops. Although, in principle, fortuitous
compensating effects cannot be ruled out, these results
suggest that this formalism can accurately describe oligo-
electrolyte effects.

The linker-containing hairpins present a somewhat more
complicated situation for analysis. PlotsTf or In KopsVS
In a; for the ¥/,XL and 1XL hairpins have slopes that are
identical within experimental error. A comparison of the
experimentalAT'y of —0.024 with predicted values &I’y

Here AI'y is the stoichiometrically weighted difference in
preferential interaction coefficients (defined per monomer
unit, or phosphate chargél), and it is directly related to
the slope of a plot of IKops Vs Inay, the uniunivalent mean
ion activity. If the difference in degree of thermodynamic
association of ions with the helix and coiled forms is
independent o, such a plot will be linear. If in addition
the ratio ofAH°/RTy? is constant, then a plot of the melting
temperature as a function of . will also be linear. A
necessary (although not sufficient) condition for trends in
the two plots Tm and InKqps VS In aL) to be equivalent is
that the rati)cAH°/RTy? must be the same for each molecule X
being compared. (Table 3) reveals that the experimental values for these

The Tw and AH® for each hairpin were determined from Iinkers'are distinctly smaller. Using t'he experimentally
the fit of their denaturation curves at a given NaCl determined value oAT'y and the theoretical parameters of

concentration (Table 2). This enthalpy is for the entire RNA Al'= and AD to determineN gives a value of 1718

molecule, not, as in some applications, the enthalpy perphosphates for these two species, which actually have 19
monomer (Olmsted et al., 1991} is the number of phosphates. In principle, one could rationalize these differ-
phosphates, and the preferential interaction coeffichdng ences (if significant) as being due to a linker-induced
is per phosphate. The mean ion activity of the NaCl was perturbation of the loop structure that results in fewer ions

determined as described. As shown in Figures 4 and 5 forbound. Alternatively, small differences in the size of the

the five hairpins studied, plots of IgpsVvs Ina. and Ty, vs
In a. are linear. From the slopes of these pladt§y can be

calculated, knowing the number of phosphates in the RNA.
These values are given in Table 3. Note that the uncertainty

in N for the all-RNA molecules comes from thé-fappG,

cooperative melting unit could be responsible for the small
deviations. Whatever their origin, the apparent discrepancies
for the 1XL and/,XL molecules are small in magnitude.
The situation is reversed for the 2XL RNA, where
experimentallyAT’y = —0.035, and a similar analysis gives

which is subject to hydrolysis. an apparent of 22 phosphates, compared to the 20 actually

The experimentally determinel’y can be compared to present. There is no evidence Fhat aggregation is an
the theoretical prediction based on a recent analysis (OlmstedMportant factor at these concentrations ([RNAP.5uM),
etal., 1991) of earlier DNA hairpin data (Elson et al., 1970). and a calculated value ®f greater than the actual number
The formalism of Olmsted et al. (1991) predicts the of charges in the molecule cannot be attributed simply to a
preferential interaction coefficient change for an oligomer larger cooperative melting unit. The larger than expected

of lengthN, from the value for the corresponding polymer Slope could be due to increased ion association with the helix
(AT.,) and an end effect parametab using the following form, decreased ion association with the single-stranded form,

relationship: or both. Increased stacking interactions in the loop of the
2XL RNA may change the local charge distribution and
could conceivably result in a higher fraction of counterions
being associated with the 2XL hairpin. The unfolding
The applicability of this relation to short oligomers was enthalpy of this molecule is slightly more favorable than that

ATy, = AT,, — ADIN
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of the other linker/RNA hairpins; if base stacking is the determined preferential interaction coefficient with the values

dominant contribution to this term, then this explanation may determined previously for DNA hairpins. Since RNA

be valid. structures often preferentially bind Nigions, these experi-
One less obvious consequence of the spacer is that itments should be repeated with MgQb quantitatively

divides the single-stranded species into two strands of describe the association of this divalent species with the

unequal length (six and thirteen phosphates long). As a resultRNA.

of the long range nature of Coulombic forces, coiled species

having sufficiently short lengths of abasic linker can be ACKNOWLEDGMENT
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