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ABSTRACT: Prediction of nucleic acid structure from sequence requires thermodynamic parameters for a
variety of motifs, many of which are complex and consist of a large number of possible sequence
combinations. Here we report an experimental approach for identifying the stable and unstable members
of an RNA combinatorial library. Short model RNA hairpins consisting of 13 base pairs (bp) flanked by
primer binding sites are constructed and separated according to their relative thermodynamic stabilities
using temperature gradient gel electrophoresis (TGGE). Partially denaturing TGGE is carried out with
potassium chloride, sodium chloride, or magnesium chloride salts in the gelTykhef model hairpins

can be tuned by adjusting the concentration of urea in the gel while maintaining the correct order of
stabilities for the hairpins. Mixtures of RNAs differing by a single Wats@rick base pair are resolved
according to their relative thermodynamic stabilities, as are mixtures of GC or AU base pair transversions
differing in AG®°s7 by only 0.3-0.5 kcal/mol. In addition, a simple combinatorial library with one position

of randomization opposite a guanosine is prepared and separated into its four members by parallel and
perpendicular TGGE. The order of thermodynamic stabilities for the library determined by TGGE is
shown to be the same when assayed by UV-melting experiments. Analysis of the thermodynamics of
folding of combinatorial libraries is general and may be applied to a wide variety of complex nucleic acid
secondary and tertiary motifs in order to identify the stable and unstable members.

Ribonucleic acids fold into a wide variety of very stable 16S and 16S-like rRNA secondary structures performed with
structures. In some cases, the global minimum free energya limited set of the above parameters indicated that Archaeal
folding is achieved, while in other cases local minimum free and Eubacterial 16S rRNAs are predicted as high as 80%,
energy foldings are stably occupied. In either case, the three-but that many Eucarya and mitochondrial 16S rRNAs are
dimensional structure of RNA is determined by the thermo- predicted with an accuracy of only about 30%. ( Overall,
dynamic stability of a particular fold. There are several the mean scores for prediction of 56 16S rRNA and 72 23S
methods for predicting RNA secondary structure from rRNA secondary structures taken from a mixture of Archaea,
sequence. One approach involves determining the minimumEubacteria, and Eucarya were 46 and 44%, respectively (
free energy for folding {—3), and another approach simu- 8). These comparisons indicate room for substantial im-
lates the kinetic pathway of RNA folding and metastable provement.
structures that can be encountered during foldh@). Both Current data suggest that thermodynamic parameters for
approaches require knowledge of the thermodynamic pa-other RNA motifs will improve structure prediction. For
rameters for folding of various RNA motifs. example, incremental improvements in RNA secondary

Thermodynamic parameters for a variety of RNA structural structure prediction have resulted from the inclusion of
features have been determined. These include Watson thermodynamic parameters for tetraloop) toaxial stack-
Crick and non-WatsonCrick base pairs,'3and 8-terminal  ing (10); and a combination of internal loops, hairpin loops,
nucleotides, terminal mismatches, internal loops of 2 by 1 and altered coaxial stacking rule3).( Nevertheless, a large
and 2 by 2 nucleotides, and a partial set of rules for coaxial number of RNA secondary and tertiary structures have not
stacking interactions and hairpin loop8, (6). These  had their thermodynamic parameters analyzed. The primary
parameters have largely been determined by synthesizingiimitation to such investigations has been that many RNA
individual RNA oligomers of interest and obtaining their secondary and tertiary structural motifs are of sufficient size
thermodynamic parameters by UV-melting experiments. Free to rule out direct synthesis and UV melting of each possible
energy minimization of a set of 12 small subunit rRNAs, sequence. Within a given motif, however, it appears likely
group | introns, and group Il introns predicted 82.5% of that a small population of stable and unstable sequences
phylogenetic base pairs correctly in the optimal secondary exists. For example, RNA is known to fold into several
structure ). Comparison of a wide range of computer- families of stable tetraloops, including GNRA sequences, and
predicted and phylogenetically-determined base pairs from yjtrastable tetraloops, including UNCG sequences, where N
is any of the four bases and R is a purine bakke-(13).

* To whom correspondence should be addressed. Phone: (814) 863-ThUS, a reasonable hypothesis is that for a given motif most
3812. Fax: (814) 863-8403. E-mail: pcb@chem.psu.edu. of the sequences will fold with similar thermodynamics, but
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coupling. The RNA hairpins were synthesized by T7

A 20—%’12\ ZO_CQAAGUAYAU 30 transcription reactions (1 mL) using phage T7 RNA poly-
AU < vaGa merase 14), purified by denaturing PAGE as previously
X Y % & described 15), and stored in TE (10 mM Tris, 1 mM Na
‘Ag;g_ 5 — 5 g EDTA, pH 7.5). The RNAs used in the TGGE studies were
usg \ Y ‘,}3_40 d_ephosphorylated and-E?P-end-_Iabeled with polynucle_otide
0-usA 10—y, Gy kinase and ;[-32F_>]_ATP. Following the labeling reactions,
SCGGAGAgngCA}\GG3' Geg A(? RNAs were purified by denaturing PAGE. Labeled RNA
AG concentrations were determined by scintillation counting. The
B sequences of the RNA molecules where XYGA and GG

(Figure 1A) were confirmed by limited digestions with
G-specific RNase T1 and A-specific RNase U2.

TGGE. Experiments were carried out on an apparatus
similar to one previously describel). A vertical apparatus
was used, and the glass plates containing the acrylamide gel

s were placed between two aluminum blocks. Channels in
the blocks allowed externally circulating water to establish
a temperature gradient from left to right (perpendicular to

i the electric field), or, using a different set of aluminum

blocks, from top to bottom (parallel to the electric field).
Water baths were used to control the two temperatures. The
FiGURE 1: Separation of model RNA hairpins. (A) Equilibrium system was insulated from th_e environment by placing a
between folded (left) and unfolded (right) forms of model hairpins. Sheet of closed cell foam outside of each aluminum plate,
Watson-Crick base pairs are denoted with a dash, and wobble baseand securing with c-clamps. The perpendicular temperature
pairs are denoted with a dot. The letters ‘X’ and Y’ denote positions gradient was measured by an Omega HH21 microprocessor
of substitution with various base pairs and mismatches. (B) thermometer after inserting a 0.020 in. diameter, 6 in. long

Perpendicular TGGE of'52P-labeled RNA oligomers with XY . :
substituted to GU, UA, and GC pairs as indicated. Equal amounts thermocouple probe (Omega) into the gel at different

of the three oligomers were loaded on the gel. The temperature NOrizontal positions, and was found to be linear with position.
extremes measured in the gel were ¥%3.1°C. The gel was run Linear diagonal tracking of the dyes in the gel at the end of
under standard TGGE conditions. an electrophoresis run was also consistent with a linear
radient.
a small number will fold with ultrastable or unstable free J Melting experiments by TGGE are confined to a limited
energies. ldentification and thermodynamic analysis of rare temperature regime. Convenient lower and upper temper-
and unusually stable sequences may aid in prediction of RNA atures for the externally circulating water baths were found
structure, and may lead to new principles for RNA folding. to be 4 and 65C, respectively. Temperatures lower than 4
To investigate complex libraries, we have developed a °C |ed to excessive condensation on the apparatus and
method for analyzing the thermodynamics of combinatorial difficulty in holding a steady temperature, while temperatures
libraries. The melting behavior of short RNA hairpins higher than 65C stressed the glass plates. For these bath
containing a combinatorial library is analyzed by temperature settings, temperatures measured with the thermocouple
gradient gel electrophoresis (TGGE)This approach is  inserted directly in the gel at the edges of the single wide
shown to be sensitive to small differences in free energy sample lane were found to be 15.3 and 5421 Fora 2 h
and capable of resolving a simple RNA library into stable electrophoresis run, there was no fluctuation in the temper-
and unstable members. atures measured at various points inside of the gel (Z. Shu,
unpublished data).
MATERIALS AND METHODS Standard gel conditions consisted of an 8% polyacrylamide

Preparation of RNA. The DNA templates for synthesis ~gel with an acrylamide to bis-acrylamide ratio of 29:1. The
of the RNA hairpins were prepared by solid-phase synthesis, standard buffer in the gel and the reservoirs wa3 BEKso
deblocked, and desalted (Integrated DNA Technologies). All (100 mM Tris, 83 mM boric acid, 1 mM N&DTA, 50 mM
DNA templates were purified by denaturing polyacrylamide KCI), pH 8.77 at 20°C, and 4 M urea. The pH dependence
gel electrophoresis (PAGE). As an example, the DNA 0f 1xTBEKs was found to be-0.014ApH/°C, providing
template for the RNA sequence X¥ UA (Figure 1A) was @ pH of 8.85 at the gel temperature of 18@ and a pH of
as follows: 5CCTTGCGGATCCAATTTACTTTCGTAAA- 8.30 at the gel temperature of 54£C. Either 0.5 mm or
TTAAACCCTCTCCCTATAGTGAGTCGTATTAATTTC- 1.5 mm thick spacers were used between the glass plates.
3. Positions of randomization were prepared at the DNA Gels were preelectrophoresed for 30 min at 350 V with water
level by mixing the four phosphoramidites for a single baths running prior to loading of samples. To permit the

RNAs to fold into the proper hairpin conformation, at the

! Abbreviations: TGGE, temperature gradient gel electrophoresis; start of each e),(pe“mem the appropriate m'th,Jre of RNA_S
PAGE, polyacrylamide gel electrophoresis; EDTA, ethylenediamine- Was renatured in TE in the same tube by heating for 3 min
Eeg$igetTi% S?(id; TTrlr?S tgz(r?gd;cgénéeéqwaggnor:]n'\t/lath}?g?; tIEfeTiS at 90°C followed by cooling on the bench for at least 10

' 50: . N ' min. Samples were then mixed with TGGE loading buffer
ProfliocEo2, 10 mM sodium phosphatel00 mM NaCt 0.1 mM EDTA (final concentration: %TBEKs, 10% glycerol, 0.05%

buffer; RT, reverse transcription; PCR, polymerase chain reacfign; ;
melting temperature. xylene cyanol, and 0.05% bromophenol blue) prior to
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Table 1: Effects of Salt and Urea on Perpendicular T&GGE

R Tv (°C)

salt [urea],M lower base line upper base line % hypomobility UA GC GU
Kso 0 1.06 0.85 19.8 48.6 53.8 45.4
Kso 1 1.03 0.82 20.4 43.9 49.2 40.8
Kso 2 0.96 0.81 15.6 40.2 46.9 37.3
Kso 4 0.94+ 0.0Z2 0.81+ 0.02 14.1+2.0 32.7+£ 0.7 38.6+ 0.6 29.0+ 0.6
Kso 6 0.96 0.85 11.5 27.1 34.6 22.9
- 4 d
Nayo 4 d
Mgz 4 0.63 0.53 15.9 43.7
Mgz 8 0.59 0.52 11.9 26.5
Mgs 4 0.57 0.45 21.0 49.3
Mgs 6 0.55 0.45 18.2 42.6
MgsKso 6 0.63 0.55 12.7 42.6
Mg5K100 6 38.6

a Experiments were in £ TBE plus the indicated salt, present in both the electrophoresis buffer and the gel. K, Na, and Mg indicate KCI, NaCl,
and MgC}, respectively. Subscripts indicate concentrations of salts in millimbRercent hypomobility= { [R(lower) — R(upper)]R(lower)} x
100, and is defined as the percent decrease in mobility upon melting. Within experimental error, percent hypomobility was identical for the three
sequences showhErrors are standard deviations for three separate measurerhiliotsransition.

loading. For perpendicular TGGE, 150 of sample was  fold range in concentration, =80 uM strand concentration.
loaded into a single well across the top of the gel. For The similarity of the melting profiles indicated that the
parallel TGGE, 2uL of sample was loaded into each 10 transitions correspond to unimolecular species. To favor
mm wide lane. Each gel was run at constant voltage (350 unimolecular transitions, thermodynamic parameters were
V) until the bromophenol blue ran just below the aluminum calculated using 0.3 and 0V oligomer concentrations
plate (approximately 2 h). Every 60 min during electro- only, and are the average of single melts of at least four
phoresis, the upper and lower reservoirs were emptied,independently prepared samples. Thermodynamic param-
buffers mixed, and reservoirs refilled. The gel was dried eters were obtained by fit to a two-state model with sloping
on Whatman 3M paper and analyzed using a Phosphorimagebase lines using a nonlinear least-squares progfain (
(Molecular Dynamics). Any change in salt or urea concen-
tration is noted in the appropriate legend. RESULTS

Analysis of TGGE Dataln Table 1, relative mobility R) . . o .
values are reported for a variety of electrophoresis conditions. D€Sign of RNA OligomersModel RNA hairpins (Figure
Values forR; were calculated at the end ofett? h run by 1A) were designed Fo facm'tate reverse transcrlptlon' (RT)
dividing the distance from the bottom of the sample well to 1d Polymerase chain reactions (PCR) necessary for in vitro
the center of the RNA band by the distance from the bottom selection experiments, to minimize alternative conformatlons
of the sample well to the center of the bromophenol blue UPON folding, and to provide a reasonable change in
tracking dye. Values oR; for lower and upper base lines ~€lectrophoretic mobility upon melting. Thé-&nd 3-ends
were independent of the positions along each base line.CONtain six nucleotides that are engineered to be single-
Reported values foR: were generally determined at a stranded.to.facmtate binding of RT-PCR primers to the stem
position near the center of the linear portion of the baseline. of the hairpin.  Moreover, T7 RNA polymerase can add extra
Melting temperaturesTi,) were determined by drawing a nucI_e_oUdes to the'sand 3-ends of its transcr_|pts:L6—ZQ).
straight line through the lower base line and a straight line Positioning of the 5 and 3-ends of the RNA six nucleotides
through the upper base line, and determining the point on from the base of thg stem thus minimizes f[r_\e direct mflugnqe
the RNA transition that was equidistant from the two lines Such heterogeneities have on the stability of the hairpin
drawn through each base line. through either stacking on the end of the stem or base pairing

UV-Melting Experiments. RNAs used in UV-melting with single-stranded nucleotides across the base of the stem.

studies were precipitated using NaCl and ethanol, and The 8-single-stranded region GGGAGA is an optimal T7
dissolved in melt buffer BN1goEo1 (10 mM sodium phos- polymerase start sequencEs), and the 3single-stranded
phate, 100 mM NaCl, 0.1 mM NEDTA, pH 7.0). UV GCAAGG is designed to prohibit alternative foldings and
absorbance melting profiles were obtained at 260 nm usinginteractions with the 'ssingle-stranded region. In addition,

a Gilford Response Il Spectrophotometer and 10, 5, or 1 the order and number of the AU and UA base pairs in the
mm path length cuvettes. At the start of each experiment, loop-proximal portion of the stem were designed to disfavor
the desired RNA was renatured in melt buffer by heating slippage of stem base pairs in potential alternative foldings
for 3 min at 90°C followed by cooling on the bench for at  induced by various nucleotide library insertions. For ex-
least 15 min. During the melting experiment, the heating ample, thermodynamic parameters calculated by free energy
rate was 0.93C/min. Similar results were obtained in an minimization with a window size of zer@() reveal a 5.1
experiment for the sequence where XYUA (see Figure kcal/mol difference inAG°s; between the most stable and
1A) using a heating rate of 0.2AC/min, suggesting the  the second most stable folding for the hairpin in Figure 1A
transitions represent a thermodynamic equilibrium. To with XY substituted as UA. This calculation indicates that
determine if any duplexes were present, the absorbancethe most stable structure is favored by approximately 4000-
melting profile for each molecule was measured over a 100- fold at 37°C.
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Table 2: Thermodynamic Parameters for Hairpin Formation
Measured by UV Melting

@
% 0.95 - A“AAO"%O"DO P . AG°y AH® Tw®

! ° XY®P  (kcal mol?) (kcal mol™) AS (eu) (°C)

g GC —7.7+£0.23 —93.6+29 —277.0£8.7 64.7
< 7 GU —6.4+0.07 —108.0+1.2 —327.4+3.7 56.7
B GG —-53+0.18 —-107.3+£3.1 —328.8+94 53.3
N GA —3.6+0.10 —90.4+2.0 —280.0£6.2 49.9
g i CG —8.0+£0.48 —94.24+5.2 —278.0+£ 15.4 65.6
g AU —-7.7+0.11 —110.24+14 —330.4+4.3 60.4

UA —72£025 —-1051+3.8 —3157+116 59.6

a Solutions are 10 mM sodium phosphate, 100 mM NaCl, 0.1 mM
Na&EDTA, pH 7.0. To favor unimolecular transitions, thermodynamic
Temperature, °C parameters were calculated at the lowest strand concentrations, between
. . . 0.3 and 0.6:M oligomer. Parameters are the average of single melts
Ficure 2: Normalized melting curves. Plot of normalized absor- of 4t least four independently prepared samples, and errors are standard
bance versus temperature. Substitutions of XY (Figure 1A) are geyiations. The range ifiws among the four or more independently
denoted as follows: GA (triangle), GC (square), GG (diamond), prepared low concentration samples was less tharf©.5The first
GU (circle), and UA (*"). Buffer was RoN1odEo.1 (10 mM sodium four sequences are members of the combinatorial library and listed in
phosphate, 100 mM sodium chloride, 0.1 mMEBTA, pH 7.0). order of decreasing stabilit§. XY corresponds to substitutions in the
model oligomer (Figure 1AY. Calculated for 10* M strand concentration.

70 80

The loop-proximal portion of the stem consists of a series

of AU and UA base pairs. A set of six base pairs was chosen 70 —

to give a helix long enough to provide a reasonable change :

in electrophoretic mobility upon thermal melting of the RNA. 65 [ GC |

The percent hypomobility for the melting of the model — _ [ ]

oligomers found by perpendicular TGGE experiments ranged 'g 6o I UA ]

from 11.5 to 21% depending on salt and urea concentrations - i au

(Table 1). These are similar to percent hypochromicities =2 55 | ) ]

found for UV melting of these model oligomers (Figure 2). O aa ]
The loop-distal portion of the stem containBanH]| site ,_'5 50 GA ]

near the 3end of the transcript to facilitate cloning for in L ]

vitro selection experiments; a second poteniahHI site [

near the 5end of the transcript has been eliminated by 4520 2‘5 — 3‘0 3'5 0

incorporation of UG wobble pairs. The loop sequence

“GAAA” is phylogenetically conserved22) and has a T, C (TGGE)

compact SFYUC'[UFEZG). . ) Ficure 3: Comparison of melting temperatures by perpendicular
Perpendicular TGGE Temperature gradients perpendicu- TGGE and UV-melting. Plot of melting temperaturfyj deter-

lar and parallel to the electric field were used to analyze the mined by UV-melting in melt buffer BNioEo1 versus Ty

thermodynamic behavior of the model RNA hairpins. determined by perpendicular TGGE inx TBEKsy/4M urea for five

Results of experiments with a temperature gradient perpen-?r:f‘;ﬁree%glrgomers' Substitutions of XY (Figure 1A) are denoted

dicular to the electric field using GC-, GU-, and UA- '

substituted oligomers are shown in Figure 1A. Three well-

separated transitions clustered near the center of the gel wergorrelation was observed between the TGGE-deriVigd

observed by perpendicular TGGE. Upper and lower base and theAG°z; determined by UV melting, suggesting that

lines were coincident for all three hairpins consistent with the ordering of melting determined by TGGE in urea-

similar folded and unfolded structures. The steeply sloping containing gels correlates with the ordering of free energies

base lines are due to a general increase in electrophoretigletermined by UV-melting experiments.

mobility with temperature, and were observed for molecules The dependence of the perpendicular TGGon the

not undergoing a transition as well as for the tracking dyes concentration of urea in the gel was examined. As shown

used in the gel (data not shown). in Figure 4, a linear decrease Ty with increase in urea
For a mixture of the three oligomers, the order of stabilities concentration was observed. In addition, the urea depend-

observed by perpendicular TGGE is GCUA > GU. The encies of theTys for the three oligomers tested are very

order of stabilities was determined by loading the three similar. There is a modest decrease in the percent hypo-

oligomers in a 1:2:3 ratio in a perpendicular TGGE experi- mobility of the hairpin with increase in urea concentration

ment and quantitating to determine the identity of each (Table 1), but the change in mobility remains adequate for

transition (data not shown). separation of the oligomers. These data indicate that urea
Thermodynamic parameters for model nucleic acids can concentration can be used to tune the for an oligomer
be obtained by equilibrium UV-melting experiments 24— into the experimentally optimal range for TGGE while

26). Typical UV melts for model oligomers are shown in maintaining the correct order of stabilities.

Figure 2, and thermodynamic parameters are reported in The effects of salt concentration and composition on

Table 2. Alinear correlation was observed betweeriTije melting behavior were also examined (Table 1). The buffer
obtained by the two methods (Figure 3), although differences for all conditions is X TBE, and the UA-substituted oligomer

in the magnitudes of théys exist. Additionally, a nonlinear  was examined at all salt conditions tested. In a background
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Ficure 4: Dependence of melting temperature on urea concentra- C

tion. Plots of melting temperaturd) versus urea concentration.
As necessary, incomplete base lines for melts with very high or
very low Tys were extrapolated from base lines observed for more
stable or less stable oligomers of identical length run on the same
gel. Substitutions of XY (Figure 1A) with GC, UA, and GU are
denoted with a circle, square, and triangle, respectively. All
experiments were done in<XI'BEKs.

cold

hm. -

mix CG GC

Ficure 5: Separation of model RNA hairpins by parallel TGGE.

RNA oligomers were 5%2P-labeled, with XY (Figure 1A) substi-

L . tuted as indicated. Buffer was<I'BEKs¢/4 M urea. (A) Separation
of 4 M urea with either no additional salt or only 10 MM ¢ GC, GU, UA, and a mixture Ofs?/he three. (LO)W_ §nd high-

NaCl, no melting transition was observed by perpendicular temperature baths were set at 25 and@5(B) Separation of AU,
TGGE. Conditions of 50 mM KCl/4 M urea provided a melt UA, and a mixture of the two. Low- and high-temperature baths

for the UA-substituted oligomer with &, of 32.7°C. In were set at 29 and 3&. (C) Separation of CG, GC and a mixture

. . . . of the two. Low- and high-temperature baths were set at 34 and 41
addition, melting of GN-substituted oligomers was also -

observed over this range.

Ribonucleic acids often rely on divalent metal ions for order of stabilities is GG UA > GU, consistent with the
formation of tertiary structure, and they can form metal- perpendicular TGGE and UV-melting experiments.
specific binding sites7, 28. To test whether TGGE could Parallel TGGE experiments were also carried out with
potentially be used to look at such structures with these transversions of AU and GC base pairs. The order of
model oligomers, perpendicular TGGE was carried out at stabilities observed is AU~ UA (Figure 5B), and CG>
various magnesium chloride and urea concentrations. ForGC (Figure 5C), although the separation of the latter mixture
the UA-substituted oligomer, a folding transition was ob- is modest. UV-melting experiments were performed on the

served with MgCJ concentrations of 2 and 5 mM. At4 M
urea, 2 mM MgC provided more stability than 50 mM KCl,
and gave a similafy as conditions of 50 mM KCl at 1 M

same oligomers, and thermodynamic parameters were ex-
tracted (Table 2). A correlation is observed between the
stabilities obtained by the two methods. In addition, dif-

urea. Stability was increased upon raising the concentrationferences iAG°s; between transversions of AU or GC base
of MgCl,to 5 mM at 4 M urea, although no further increase pairs determined by UV-melting experiments using a melt
was observed upon addition of 50 mM KCl to 5 mM Rig buffer containing 100 mM NaCl were only 0.5 and 0.3 kcal/
at 6 M urea. A 6 M urea, a decrease in stability was mol, respectively, demonstrating the sensitivity of this
observed upon addition of 100 mM KCIl to 5 mM FKig approach.
(Table 2). Experiments in magnesium chloride revealed TGGE of the Combinatorial Library.To determine if
scattered counts below the transition curve which increasedTGGE methods were capable of separating an RNA library
in intensity with temperature, presumably caused by™g into stable and unstable members, a simple combinatorial
catalyzed hydrolysis of the RNA. Hydrolysis of a mixture library was prepared. Residues X and Y (Figure 1A) were
of RNAs was approximately 20%, as measured in 2 mM replaced with G and N, respectively, where N is a mixture
Mg?*/8 M urea gels at 50C in the gel. of the four bases. The library of RNAs was then subjected
Parallel TGGE. The low and high temperatures for the to perpendicular and parallel TGGE (Figure 6), and both
melting transition obtained by perpendicular TGGE experi- methods resulted in four well-resolved species. Parallel
ments were determined by interpolation and used to calculateTGGE of the library with preparations of each of the
set temperatures for the water baths for parallel TGGE in individual RNAs revealed that the order of stabilities is GC
identical buffer conditions of ¥ TBEKsy/4 M urea. Shown > GU > GG > GA (Figure 6B). Individual RNAs run
in Figure 5 are results of experiments with a temperature primarily as a single band, consistent with a single confor-
gradient parallel with the electric field. On these gels, the mation, and the RNA library resulted in only four bands,
most stable oligomers have the fastest mobility, and the leasteach coincident with one of the individual GA-, GC-, GG-,
stable oligomers have the slowest mobility. GC-, GU-, and and GU-substituted oligomers (Figure 6B). In addition, a
UA-substituted oligomers run primarily as a single band, linear correlation was observed between TGGE- and UV-
consistent with a single conformation. In addition, a mixture derivedTys for the combinatorial library (Figure 3), and a
of the three RNASs results in three bands coincident with the nonlinear correlation was observed between TGGE-derived
individual GC-, GU-, and UA-substituted oligomers. The Tys and theAG°s; determined by UV melting.
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A combinatorial library by parallel TGGE suggests new
information about the relative stability of mismatches in
RNA, namely, that for the flanking base pairs examined here,
a GG-mismatch is more stable than a GA-mismatch, data
that were subsequently confirmed by UV-melting. This
illustrates the sensitivity of TGGE for resolving randomized
nucleic acid libraries according to their equilibrium thermo-
dynamic stabilities.

The ability of parallel and perpendicular TGGE to separate
RNA hairpins differing in sequence at only one base pair
has been demonstrated. Initial experiments involved per-
pendicular TGGE and showed well-resolved melting curves
for GC-, GU-, and UA-substituted oligomers (Figure 1). The
temperature extremes of the transitions were determined by
linear extrapolation, and used as the low and high temper-
atures for parallel TGGE. Parallel TGGE experiments
likewise resulted in well-resolved bands for lanes containing
either single oligomers or mixtures of the three (Figure 5).
Parallel TGGE offers the advantage that multiple lanes can

B
cold . . N . .
. be run on a single gel, allowing simultaneous examination
of mixtures and individual components. Hairpins with only
hot '.
GN GA GC GG

a single base pair or mismatch difference were resolved by
parallel TGGE (Figures 5 and 6), including GC and AU base

FiGuRe 6: Separation of the combinatorial RNA library. RNA pair transversions differing by only 0-3.5 kcal/mol in

oligomers were 53?P-labeled, with XY (Figure 1A) substituted as AG®3 (Table 2). )
follows: X =G, and Y= N, a mix of A, C, G, and U. Buffer was Separation of DNA molecules that differ by only one base

1xTBEKs¢g'4 M urea. (A) Perpendicular TGGE. The temperature pair was initially demonstrated by denaturing gradient gel
Separation of the lbrary is indicated in the frt and last anes,  CCUOPROTesiS (BGGE), in which a gradient of urea/
Positions of GA, GC, GG, and GU substitutions are indicated. Low- formamuje linearly increases in the gel perpendicular to the
and high-temperature baths were set to 18 and@2 electric field B0—33). TGGE was subsequently developed
as a more robust method for investigating the melting
o ) _ behavior of a number of long DNAs and RNA3Z4( 35. In

The finding that the GG-substituted oligomer was more o icylar, a thermal gradient is more reproducible and easier
stable than the GA-substituted oligomer was a SUrprising  change than a denaturing gradient. Systems studied by
result, as the free energy minimization progriffold v3.0 TGGE have included viroids (small circular RNAs of about
currently predicts the GA-subs_,tltuted o_Ilgomer to have the 35 nucleotides), viral dsRNASs (at least 335 bp), and BNA
sameAG°y as the GG-substituted oligome2]). UV- protein interactions 35). TGGE has also been used to
melting experiments were conducted on the individual RNAs analyze the thermodynamic stability of 373 bp dsDN28, (

and indicated that thAG°3;7 and Tus are.1.7 kcql/mol and 36-38), and 345 bp dsRNAs20). Melting of these long
3.4°C more favorable for the GG-substituted oligomer than |, ,cleic acids is non-two-state: however, by placing various

th'e GA-substituted oligomer (Figure 2, Table 2), consistent ¢ pairs, bulges, and mismatches in early melting domains,
with the TGGE data. Recent data from Zhu and Wartell i qjecyles have been separated based on small differences

(29) using TGGE on long dsRNA with the same closing base i, thermodynamic stabilityl(6, 29, 36-39). TGGE experi-
pairs are also consistent with the order of stabilities observed ,ants on long nucleic acids were performed using low

here, GG> GA. concentrations of TBE buffer in the absence of any additional
salts.

DISCUSSION To be able to identify the stable and unstable members
An enormous amount of nucleic acid sequence has beenfrom various complex combinatorial libraries by in vitro
reported in recent years, including complete genomes fromselection, we have adapted TGGE for use with a model
15 organisms. The ongoing human genome initiative will system consisting of an RNA hairpin. Such model systems
eventually result in the determination of approximately 3 also have the obvious advantage that they allow the
billion bases of sequence. One way to begin to make sensghermodynamics of various size hairpin loops to be examined.
of this vast genomic information is to develop rapid and To facilitate two-state melting behavior, the RNA hairpins
accurate structural models for nucleic acids. Prediction of were designed to have 13 bp rather than several hundred.
RNA structure from sequence requires thermodynamic Experiments on these short RNA hairpins were shown to
parameters for a wide variety of motifs, many of which are require the addition of salt to the TBE buffer to obtain a
sufficiently complex as to require combinatorial approaches melting transition (Table 1), and gels were run with a variety
to study. We report here an approach for the analysis of of monovalent and divalent salts at concentrations typically

the thermodynamics of combinatorial libraries in nucleic required to fold such RNAs.

acids. Temperature gradient gel electrophoresis (TGGE) has Several lines of evidence are consistent with two-state
been used to separate a simple RNA combinatorial library melting of model hairpins. Melts detected by two different

into stable and unstable members. Examination of a simplemethods, perpendicular TGGE (Figure 1B) and UV absor-

GU GN
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bance (Figure 2), show only one transition, providing no an electrophoresis buffer with a lower pH, and tertiary
direct evidence for a third state. This is in contrast to large structures often melt at lower temperatures than secondary
RNA and DNA systems which show non-two-state melting structures 42, 46, 47.
behavior (6, 35, 39. In addition, parallel and perpendicular  Melting temperature data for perpendicular TGGE- and
TGGE melting experiments and UV-melting experiments are yv-melting experiments indicate that tfig determined by
sensitive to both substitutions in the stem (Figures 1, 5, 6) TGGE correlates linearly with that determined by UV
and the loop of the hairpin (J. Bevilacqua et al., unpublished melting (Figure 3). There are differences in the magnitudes
data), indicating that the observed melting transition is of the Tys observed by the two methods. Differences may
reporting on the stability of two disparate structural features. pe due in part to the presence of urea in the gels, although

To test whether samples behaved as hairpins or self-0 M urea gels result iTys that are still approximately 10
complementary duplexes, the concentration dependence oPC ower than by UV melting. Other effects may be caused
the UV melts was studied. Within experimental error, fits by the lower concentrations of salt in TGGE (50 mM KClI)
of UV-melts to a two-state model gave identidals from versus UV-melting experiments (100 mM NacCl), or due to
0.3 to 30uM strand concentrations. If oligomers were nonequilibrium conditions in the gel. Despite differences
forming self-complementary duplexes, calculations using in the magnitudes of th&ys, the linear correlation between
nearest-neighbor thermodynamic values determined at 1 MTy,s determined by the two approaches suggests that TGGE
NaCl predict that th@w should change by 2C for the range  experiments resolve mixtures of oligomers in the same order
of oligomer concentrations usedq), well outside the error  as UV-melting experiments. In addition, the TGGE-
limits of the measuredys. In addition, a mixture of GC-,  determinedrys are linearly dependent on the concentration
GU-, and UA-substituted oligomers, and a mixture of GN- of urea in the gel, giving essentially identical slopes for the
substituted oligomers, heated to 9D for 3 min and cooled three sequences tested (Figure 4). Therefore, a linear
on the bench for at least 10 min prior to electrophoresis, correlation exists betweefys determined by UV melting
resulted in only three and four bands by parallel TGGE, and TGGE at all concentrations of urea.
respectively (Figures 5A, 6B). If the samples were duplexes,  Eqr similar RNA sequences in whigkS® does not change
such treatment would likely result in a mixture of homo- substantially between oligomers, changesTin between
and heteroduplexes, resulting in extra bands by paralle'oligomers are proportional thAG® values for the oligomers
TGGE. In sum, all the data are consistent with a unimo- (29). A general decrease ihG°s; with increase in TGGE-
lecular, two-state transition. _ , derivedTy was observed; however, the decrease leveled at

The dependence of TGGE melting behavior on salt higherT,s. Although the correlation was nonlinear under
concentration revealed that 50 mM KCl is adequate to obtain these conditions, TGGE in urea-containing gels resolves the
a good melting transition (Table 1). Potassium was chosenmixiure of similar oligomers studied here in the same order
as the cation since it is the predominant monovalent cation 44 the—AG®s; from the UV-melting experiment.
inside a typical mammalian cell{). A similar order of
stabilities is seen for a series of hairpins between 0.01 and
1 M NaCl (12, 13, suggesting that 50 mM is a reasonable
salt concentration to choose.

Tertiary structure formation in RNA often requires divalent
ions 27, 28. In particular, TGGE has been used with
varying amounts of Mg to investigate the thermodynamic

The thermodynamic analysis of the simple RNA combi-
natorial library reported herein lays the groundwork for the
separation of complex nucleic acid libraries into populations
of stable and unstable molecules. In particular, the model
RNA hairpins studied here are suitable candidates for the
RT-PCR and cloning steps of in vitro selectiot8( 49 (J.
Bevilacqua et al.,, unpublished data). RNA oligomers

stability of the tertiary structure from the P#6 domain of differi N o

. X iffering by only 0.3 kcal/mol i G°37 have been separated
the Tetrahymenanbo_zyme €2). For the melting of R.NA . by our method. Ultrastable RNA tetraloops, for example,
secondary structure in the constructs reported here, inclusion

; . L are approximately-2.7 to —4.0 kcal/mol more stable in
of MgCl, in the gel and electrophoresis buffer led to similar o
percent hypomobility shifts as KCI (Table 1). In addition, terms of AG"; than other tetraloopsle), and should be

. . . separable. Use of in vitro selection with a separation step
2 mM MgCl, provided more folding stability than 50 mM : : - -
KCl under conditions b4 M urea, and increasing the [t by TGGE will permit rapid and efficient searches of complex

0 5 mM ited in furth tabilizati Furth secondary and tertiary motifs for the identification of rare
;dditig;] Ofrels(l)JOeml\/lanéJIT tgrssne}nlvll IT\/Iaglgjnét 6urM eur:zgre, thermodynamically stable and unstable sequences. Ther-
resulted in a decrease of°C in Ty (Table 1). According modynamic parameters for such sequences may then be

o polyelectrolyte theory developed by Manning, this effect extracted by equilibrium experiments for use in structure
is caused by added KCI preferentially stabilizing the unfolded prediction algorithms, and oligomers can be structurally

hairpin without affecting the entropy of mixing of Mgions characterized to reveal potential roles in RNA folding and
associated with the folded hairpin3—45) structure formation. In addition, such studies may help reveal

£ . i ied out in M taining buff the roles stable and unstable RNA motifs play in biological
Xperments carried out in g-con aning butters re- activity. The thermodynamic properties of other polymers
sulted in hydrolysis of the RNA, especially at the high end could potentially be studied by this approach, including
of the temperature gradient. For example, there was ap- '

proximately 20% hydrolysis in 2 mM MJ/8 M urea gels DNAs and proteins.

at 50°C in the gel. Although most of the cleaved transcripts AckNOWLEDGMENT

will not be substrates for RT-PCR, there are generally many

copies of each sequence; thus, 20% hydrolysis should not We thank Janell Heffner, Jing Liang, David Proctor,
be a major deterrent to in vitro selection. In addition, the Zhanyong Shu, Tom Cech, and Doug Turner for comments
percent hydrolysis can potentially be suppressed by usingon the manuscript.
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