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ABSTRACT: A method to deduce RNA secondary structure on the basis of data from microarrays of 2′-
O-methyl RNA 9-mers immobilized in agarose film on glass slides is tested with a 249 nucleotide RNA
from the 3′ end of the R2 retrotransposon fromBombyx mori. Various algorithms incorporating binding
data and free-energy minimization calculations were compared for interpreting the data to provide possible
secondary structures. Two different methods give structures with 100 and 87% of the base pairs determined
by sequence comparison. In contrast, structures predicted by free-energy minimization alone by Mfold
and RNAstructure contain 52 and 72% of the known base pairs, respectively. This combination of high
throughput microarray techniques with algorithms using free-energy calculations has potential to allow
for fast determination of RNA secondary structure. It should also facilitate the design of antisense and
siRNA oligonucleotides.

RNA serves many vital roles in life, including protein
synthesis, gene silencing, gene editing, gene transcription
control, and catalysis of chemical reactions (1-11). These
different functions of RNA require different structures (12-
14). Moreover, RNA-RNA interactions required for some
functions such as those involving siRNA (3, 4, 15-18) and
miRNA (19-21) are influenced by RNA structures (22-
27).

Two- and three-dimensional structures are required to
deduce RNA structure-function relationships (12). Most
RNA three-dimensional structures are determined by nuclear
magnetic resonance (NMR) (28-32) or X-ray diffraction
(33-36), but it is not likely that these methods will match
the rate at which interesting RNAs are sequenced. Therefore,
fast and reliable prediction methods are needed.

Many RNA secondary structures are predicted by com-
parative sequence analysis (37, 38), which is based on the
principle that structures are more conserved than sequences
during the evolution of RNAs with the same function (38).
This method, however, requires substantial numbers of
sequences and is difficult to automate.

In the absence of abundant homologous sequences,
predicting RNA secondary structures from a single sequence
is desirable. The most popular method for this application
is free-energy minimization with a dynamic programming
algorithm (39-46). Available programs include Mfold (40,
41, 45), RNAstructure (42), Sfold (43), and RNAFold (44).

This approach works surprisingly well, but there are short-
comings. For example, the free energy of folding is estimated
with a simple nearest-neighbor model for which many
parameters have not been measured. Motifs that have not
been studied extensively include bulge loops with more than
one unpaired nucleotide, pseudoknots, and multibranch loops
(47), which are common in large RNA structures. Chemical
mapping (42) and enzymatic cleavage (45, 48) have been
employed to improve predictions, but these methods are time-
consuming and labor intensive.

The accuracy of the RNA secondary-structure prediction
from a single sequence has been tested with structures
determined by sequence comparison (42, 45). Current
dynamic programming algorithms predict the lowest free-
energy structure and a set of low energy structures, called
suboptimal structures (40-45, 49). Often there is a sub-
optimal structure that is more accurate than the predicted
lowest free-energy structure. For example, the predicted
lowest free-energy structures forEscherichia coli5S rRNA
and dog signal recognition particle (SRP) RNA are about
23% accurate, but the best suboptimal structure is over 90%
accurate. Very accurate secondary structures can be generated
by free-energy minimization algorithms, but usually they are
not the predicted lowest free-energy structures. This offers
an opportunity to develop experimental methods that allow
for selection of the true secondary structure from among the
thousands of predicted possible structures.

Here, we test a microarray approach (50) to determine
RNA secondary structure by selecting structures compatible
with oligonucleotide binding data. Short 2′-O-methyl RNA
probes complementary to sequences in a large RNA are
immobilized in agarose matrix on glass slides (51). The
oligonucleotides can bind an RNA target to the chip. The
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binding signal intensity is dependent upon both the free
energy of the duplex formation between the probe and RNA
target sequence and the intramolecular pairing in the RNA
target. On the basis of the hybridization results, the sequence
information can be interpreted into structural information
with the aid of secondary-structure prediction by free-energy
minimization. There are 49 ) 262 144 possible 9-mer probes.
Thus, short probe lengths make a universal microarray chip
feasible (52). Short oligonucleotide lengths also enhance
discrimination against mismatches (53, 54) and prevent self-
folding of the probes.

Interpretation of microarray binding data requires computer
programs to generate all possible secondary structures and
to compare them with the experimental data. The RNA
structure 4.1 program (42) was modified to rigorously
generate all possible secondary structures to eliminate the
loss of secondary structures because of the sampling heuristic
normally applied by RNAstructure and Mfold. The structures
are evaluated by a comparison to the restraints derived from
microarray experiments; structures that are consistent with
restraints are kept, and structures that are not consistent are
rejected. For example, if a 9-mer oligonucleotide binds the
target RNA tightly, then a predicted secondary structure is
retained only if at least a certain number of unpaired bases
are in the region complementary to the 9-mer. The retained
structures should be more accurate because they are con-
sistent with the oligonucleotide binding data.

The method was tested by studying hybridization of the
Bombyx moriR2 3′ untranslated region (UTR) RNA (55) to
a 2′-O-methyl RNA array chip. R2 is a nonlong terminal
repeat retrotransposable element that inserts specifically into
the 28S rRNA gene of most insects (56). The R2 3′-UTR
RNA is recognized by the R2 protein during the target-
primed reverse transcription (TPRT) reaction that is respon-
sible for insertion at the host target site (56).

MATERIALS AND METHODS

Synthesis of Oligonucleotides.The 2′-O-methyl RNA
probes with 5′-end C6 amino linker or fluorescein dye were
synthesized on an Applied Biosystems 392 DNA/RNA
synthesizer using the phosphoramidite method (57). Phos-
phoramidites [e.g., 6-(4-monomethoxytritylamino)hexyl-(2-
cyanoethyl)-(N,N-diisopropyl)-phosphoramidite for 5′-end C6
amino linker and [(3′,6′-dipivaloylfluoresceinyl)-6-carbox-
amidohexyl]-1-O-(2-cyanoethyl)-(N,N-diisopropyl)-phos-
phoramidite for 5′-end fluorescein] and CPG support were
purchased from Glen Research. Cleavage of the oligonucleo-
tides from universal II CPG was done by incubating with 2
M ammonia in methanol (Sigma-Aldrich) at room temper-
ature for 30 min. The solution was dried down, and 1:1 (v/
v) concentrated ammonium hydroxide/ammonia in methyl-
amine (AMA) (Sigma-Aldrich) was added; the sealed vial
was incubated at 65°C for 10 min or room temperature for
2 h. The solution was dried down, and the residue was
purified on a large preparative Baker Si500F TLC Silica Gel
Plate (20× 20 cm, 500µm thick) with a 60:35:10 (v/v/v)
1-propanol/ammonia/water running solution. The product
was identified by UV shadowing and scraped from the plate.
Oligonucleotides were extracted from the silica with distilled
water. The water solution was dried down, and the purified
oligonucleotides were dissolved in 5 mM ammonium bicar-

bonate at pH 7.0. The solution was loaded onto a Waters
Sep-Pak C18 chromatography column to remove excess salts.
Purities of oligonucleotides were checked with a Hewlett-
Packard 1100 HPLC Chemstation. Molecular weights were
determined by ESI-MS with a Hewlett-Packard 1100
LCMS Chemstation.

Microarray Chip Fabrication.Agarose film on glass slide
was prepared by the Stefan Wolfi method II (51). Spotting
buffer was 150 mM NaCl, 100 mM NaHCO3 (pH 8.5), and
100 µM oligonucleotide with 5′ C6 amino linker. The spot
volume varied from 1 to 0.5µL. The incubation temperature
was 37 °C, which gave better cross-linking than room
temperature.

RNA Target Preparation.R2 3′-UTR RNA of B. moriwas
prepared following the protocol of Ruschak et al. (55). The
B. moriR2 3′-UTR sequence was cloned into pUC19 plasmid
and transfected intoE. coli cells. The Qiagen Midi plasmid
preparation kit protocol was used for plasmid extraction. The
plasmids were linearized by XmnI (Promega). The plasmid
DNA was transcribed with T7 RNA polymerase (Ambion
MEGAScript), and the RNA was purified on an 8%
polyacrylamide denaturing gel. RNA was excised from the
gel and eluted by electroelution. The solution was desalted
and concentrated on a filter with a 10 K cutoff membrane
(Millipore).

The small RNA mimic was purchased from Dharmacon,
deprotected, and HPLC-purified.

RNA Target Labeling and Purification.RNA 5′-terminus
labeling followed the Invitrogen T4 kinase product protocol.
After labeling, a Chroma Spin+STE-10 Column (Clonetech)
was used to eliminate excess ATP. The R2 RNA was further
purified by PAGE, recovered by crushing and soaking
overnight with DEPC-treated water. The solution was
desalted and concentrated on a filter with a 10 K cutoff
membrane (Millipore).

Hybridization.The labeled RNA (5 pmol) was renatured
at 45 °C for 30 min in buffer of 40 mM Hepes, 40 mM
sodium Hepes, 110 mM NaCl, and 10 mM MgCl2 at pH 7.4
and slowly cooled to room temperature. This gave more
reproducible hybridization results than no renaturation or
annealing at 37°C for 1 h. RNA was incubated with
oligonucleotide array chips at 4°C for 12 h in a probe-clip
press-seal incubation chamber (Sigma-Aldrich). For experi-
ments to test cross hybridization, 2µL of 1 mM free 2′-O-
methyl RNA probe was added to 200µL of the RNA solution
after renaturation but before hybridization on the microarray
chip.

After hybridization, the slide was removed from the
chamber and washed with icy cold hybridization buffer for
5 min. The wet slide was immediately centrifuged to dry in
a desktop centrifuge. The dry slide was placed on a
phosphorimaging plate for 4 h, and the plate was scanned
with a phosphorimager scanner (Molecular Dynamics).
Signal intensity was quantified with Imagequant software.
The intensities,I, were normalized to the lowest intensity,
Imin, and plotted as log2(I/Imin). The same procedure was used
for initial experiments with 7-, 9-, and 11-mers.

NatiVe Gel-Shift Experiment.The R2 3′-UTR RNA was
incubated at 45°C for 30 min in the same buffer as for the
microarray experiment and then slowly cooled to room
temperature. Then, 2′-O-methyl RNA probe labeled on the
5′ end with fluorescein was added and incubated at 4°C for

9820 Biochemistry, Vol. 45, No. 32, 2006 Duan et al.



16 h. Then, the solution was loaded with glycerol onto a
4% polyacylamide native gel. The running buffer was 50
mM tris-acetate at pH 7.8.

Ribonuclease H CleaVage and Primer Extension.The R2
RNA (1 pmol) was incubated at 45°C for 30 min in the
same buffer as for the microarray experiment and then slowly
cooled to room temperature. Then, DNA (1 nmol) was added
to give a final concentration of 10µM and incubated for 1
h at room temperature. Then, about 1 unit of Ribonuclease
H and 1.25 units of RNAsin were added along with enough
DTT to give a final concentration of 1 mM. The solution
was left at room temperature for 20 min. Then, the RNA
was ethanol-precipitated and resuspended in water to give a
final RNA concentration of about 1µM. The DNA primer
in length between 17 and 19 nucleotides was phosphorylated
with fresh [γ-32P]ATP, and the solution was filtered with a
Chroma Spin+STE-10 column (Clonetech). About 1.5 pmol
of 32P-labeled primer was added to a sample containing 1
pmol of RNA; sodium acetate was added to reach 0.5 M
concentration in a total volume of 2µL, and the solution
was incubated at 70°C for 5 min, room temperature for 5
min, and in ice for another 5 min. A mixture of 1 unit of
AMV reverse transcriptase (Promega), 1× reverse transcrip-
tion buffer, and 1 mM of each dNTP was added to the sample
to give a final volume of 5µL. For sequencing lanes, 1 mM
of each ddNTP was also added. Reverse transcription
reactions were run at 42°C for 1 h and quenched by an
equal volume of loading dye buffer (Ambion), and then, the
solution was incubated at 90°C for 3 min and kept on ice
before loading onto an 8% polyacrylamide denaturing gel.
The gel was run for 3 h at 100 Wwith a running buffer of
1× TBE.

UV Melting Experiments and Thermodynamics.Concen-
trations of single-stranded RNA oligonucleotides were
calculated from the absorbance at 280 nm at 80°C, and
extinction coefficients were predicted from those of di-
nucleoside monophosphates (58). The 2′-O-methyl RNA
oligonucleotide concentrations were calculated with RNA
nearest-neighbor extinction coefficients (59). Small mixing
errors for non-self-complementary duplexes do not ap-
preciably affect thermodynamic measurements (60). Oligo-
nucleotides were lyophilized and redissolved in 110 mM
NaCl, 10 mM MgCl2, 40 mM Hepes, and 40 mM sodium
Hepes at pH 7.4. Curves of absorbance at 280 nm versus
temperature were acquired with a heating rate of 1°C/min
with a Beckman Coulter DU640C spectrophotometer.

Melting curves were fit to a two-state model with
MeltWin, assuming linear sloping baselines and temperature-
independent∆H° and∆S° (61-63). Additionally, the melting
temperatures,TM, at different concentrations were used to
calculate thermodynamic parameters according toTM

-1 )
(R/∆H°)ln(CT/4) + (∆S°/∆H°) (64). TM is the temperature
in kelvin at which half of the strands are in duplex.

Generating Possible Structures. Mfold 3.2 for Linux
was downloaded from Michael Zuker’s webpage (http://
www.bioinfo.rpi.edu/∼zukerm/rna/mfold-3.html) and in-
stalled on a 2.0 GHz P4 Dell computer with the Redhat 8.0
operating system. A total of 1000 secondary structures were
generated by setting P) 99, W ) 0, and N) 1000.

RNAstructure 4.1 for Windows was downloaded from
David Mathews’ lab webpage (http://rna.urmc.rochester.edu/
rnastructure.html) and installed on a 2.8 GHz P4 Dell

computer with the Microsoft Windows XP Professional
operating system. A total of 1000 secondary structures were
generated by setting max energy difference) 99%, MAX
structure number) 1000, and window size) 0.

To predict all suboptimal structures within a small free-
energy increment from the lowest free-energy structure, the
algorithm of Wuchty et al. (65) was implemented in
RNAstructure. The free-energy function explicitly considers
coaxial stacking of adjacent helices or helices separated by
a single noncanonical pair. Coaxial stacking is stacking of
the ends of two helices, which has been shown experimen-
tally to stabilize the secondary structure (66-68). This is
the same energy function as that used by RNAstructure for
the lowest free-energy structure prediction (42) and the
partition function calculation of base-pair probabilities (69).
As with the partition function calculation, structures with
the same set of base pairs but different coaxial stacking of
helices are considered distinct structures.

To generate all suboptimal structures within a free-energy
increment of the lowest free-energy structure, the dynamic
programming recursions need to be nonredundant; i.e., each
secondary structure must be considered once and only once.
This is accomplished by calculating the lowest free energy
possible for subsequences with defined structure and storing
these results in arrays. Six arrays, V, W, WL, Wcoax, WMB,
and WMBL, of size O(N2) are used, and the conformations
are the same as those for the partition function calculation
(69). The complete recursions are available as the Supporting
Information. The program for generating all possible sub-
optimal structures will be available for download as part of
RNAstructure at http://rna.urmc.rochester.edu.

Generating a Consensus Secondary Structure from Se-
lected Reasonable Structures.A C++ program was written
to calculate base-pair probability from the sum of base-pair
frequency in each selected reasonable structure weighted by
the predicted free energy. Base pairs with a probability higher
than 65% were used to restrain the consensus secondary
structure.

Prediction by OligoWalk of Free Energy of Binding to
the RNA Target.The OligoWalk function in RNAstructure
4.1 was applied with options “break local structure” and RNA
probes to calculate the binding free energy for every 9-mer
probe complementary to R2 RNA. Because the probes cannot
interact with each other after immobilization on the chip
surface, the oligonucleotide concentration was set to 1×
10-15 M, which makes intermolecular pairing of the probes
used negligible.

RESULTS

Secondary Structure Prediction in the Absence of Experi-
mental Restraints.Figure 1 shows the secondary structure
of the 3′ UTR of B. moriR2 RNA as determined by sequence
comparison and chemical mapping, along with free-energy
minimization (55). The conserved helixes derived from the
sequence comparison are numbered sequentially and contain
a total of 46 base pairs.

RNAstructure 4.1 and Mfold 3.2 were used to generate a
total of 1000 possible secondary structures for the R2
sequence. Parts a and b of Figure 2 show how accurately
both programs predict the 46 conserved base pairs. Both
programs use a heuristic to generate a representative set of
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suboptimal structures. This heuristic samples a small number
of the suboptimal structures because the total number of
structures increases exponentially as the free-energy differ-
ence increases (Figure 3).

Oligonucleotide Microarray Experiment.A 2′-O-methyl
RNA/RNA duplex is more stable than a DNA/RNA duplex
and similar in stability to an RNA/RNA duplex (63, 70, 71).
Moreover, 2′-O-methyl RNA oligonucleotides are more
chemically stable than RNA while still favoring A-form
conformation (72). Thus, a variety of 7-, 9-, and 11-mer 2′-
O-methyl RNA oligonucleotide probes complementary to the

FIGURE 1: Secondary structure ofB. mori R2 3′-UTR RNA (55).
Conserved helixes are numbered. Note that helix 4 extends from
nucleotides 131-147 and 224-242, but helix 5 only extends from
nucleotides 149-158 and 175-184. Helixes without numbers are
predicted by free-energy minimization. Nucleotides strongly modi-
fied by chemicals are indicated: kethoxal with2, CMCT with 9,
and DMS withb (55). Color annotation indicates the binding of
R2 RNA to 9-mers on microarray, where the middle nucleotide of
the nine nucleotides that are Watson-Crick complementary to the
probe is colored to indicate binding intensity. Red, strong binding;
orange, strong binding with a potential cross-hybridization site; blue,
weak or no binding; black, not tested. The structure is drawn with
software XRNA (http://rna.ucsc.edu/rnacenter/xrna/xrna.html).

FIGURE 2: B. mori R2 RNA secondary-structure predictions
compared to the 46 conserved base pairs determined by sequence
comparison (55). A predicted pair is considered correct if it is
identical or shifted by one nucleotide relative to the base pair in
the structure determined by sequence comparison. (a) First 1000
structures predicted by Mfold with P) 99, W ) 0, and MAX )
1000. The lowest free-energy structure (-70.5 kcal/mol) is 52%
correct. The most correct structure, number 7 (-68.0 kcal/mol), is
74% correct. The 1000th structure (-49.5 kcal/mol) is 22% correct.
(b) First 1000 structures predicted by RNAstructure 4.1 with max
energy difference) 99%, window size) 0, and MAX structure
number) 1000. The lowest free-energy structure (-71.1 kcal/mol)
is 74% correct. The most correct structure, number 14 (-69.8 kcal/
mol), is 87% correct. The 1000th structure (-62.1 kcal/mol) is 43%
correct. (c) The 1221 reasonable structures selected from the
881 544 possible suboptimal structures generated by RNAstructure
4.1 within a 4 kcal/mol free-energy window by using oligonucleo-
tide microarray restraints in a selection algorithm. The lowest free-
energy structure (-68.1 kcal/mol) is 65% correct, although it is
not obvious in the scale of the plot. The last structure (-67.1 kcal/
mol) is 87% correct. (d) The 1221 reasonable structures sorted by
3-2-1 scoring of predicted binding to strong binding 9-mer probes.
The first structure (-67.3 kcal/mol) is 100% correct. The last
structure (-67.2 kcal/mol) is 65% correct. Some structures scoring
similarly but with lower accuracy are also in the plot but not obvious
in this scale.
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R2 3′ UTR were synthesized. Initial microarray experiments
indicated that relatively few 7-mers bound R2 RNA but that
9-mers targeted to various regions did bind R2 RNA. Because
the interpretation of binding to 9-mers is simpler than for
11-mers, binding of R2 RNA to microarrays of a series of
9-mers was measured. Most probes with more than five A
and/or U nucleotides or with three or more consecutives Gs
were avoided because of predicted weak binding to unstruc-
tured RNA (71) or difficulty in purification, respectively. A
probe is numbered by the center nucleotide position of the
complementary sequence in the RNA target. For example,
the 9-mer probe 52 is Watson-Crick-complementary to
nucleotides 48-56 in R2 RNA. The data are plotted as log2(I/
Imin) in Figure 4 and summarized in Figure 1, where strong
binding is defined as log2(I/Imin) g 0.5 log2(Imax/Imin).

Consideration of Cross Hybridization in Interpreting
Microarray Data.Cross hybridization is binding by a probe
to a site that is not completely Watson-Crick-complementary
to the probe. The target RNA is folded; therefore, many
potential cross-hybridization sites are intramolecularly base-
paired and thus not available to bind probes. For every
potentially strong cross-hybridization site, there is also a
completely complementary probe targeting this site. If there
is not strong binding to this probe, then cross hybridization
to this region can usually be ignored (see below). Any site
giving strong binding to its fully complementary probe,
however, must be considered a potential site for cross
hybridization.

To check for potential cross hybridization in the microarray
experiment, a function was added to the RNAstructure 4.1
program to predict potential mismatches. This function
predicts potential duplex-forming free energies for binding
with mismatches by assuming that target RNA is totally
unfolded. For this calculation, 2′-O-methyl RNA was as-
sumed to behave the same as RNA and RNA/RNA thermo-
dynamic parameters were used to approximate the free
energy of the heteroduplex. This is consistent with thermo-
dynamic results for RNA/2′-O-methyl RNA heteroduplexes
(71). Table 1 lists the predicted free energies of comple-
mentary and mismatch binding for strong binding probes.
A free energy more favorable than-10 kcal/mol is consid-
ered to indicate a possible mismatch binding site if the fully
complementary probe binds the mismatch site strongly. For
example, probe 68 (perfect match∆G°37 ) -16.1 kcal/mol)
can mismatch site 77 (mismatch∆G°37 ) -10.2 kcal/mol),
but probe 77 (perfect match∆G°37 ) -16.3 kcal/mol) (see
Table S1 in the Supporting Information) has a much lower

intensity than probe 68 (Figure 4). Thus, the strong binding
of probe 68 is not due to binding to site 77. Probe 52 (perfect
match∆G°37 ) -15.0 kcal/mol) can bind site 68 (mismatch
∆G°37 ) -10.0 kcal/mol), and probe 68 binds strongly;
therefore, cross hybridization of probe 52 to site 68 is
possible. Such ambiguities can be resolved by additional
experiments.

One experiment to check for cross hybridization of probe
52 is to add either free probe 52 or 68 to the hybridization
solution to see if the binding signal changes because of free
probe binding to the RNA. Free probe 52 or 68 at 10µM
prevents the binding of R2 RNA to both probes on the chip
(data not shown). It is not clear, however, which probe binds
to which sites.

Ribonuclease H cleavage and reverse transcription se-
quencing can locate probe-binding sites. The probe backbone
is changed from 2′-O-methyl RNA to DNA because Ribo-
nuclease H specifically cleaves RNA in a DNA/RNA
heteroduplex. Figure 5 shows that probe 68 induces strong
Ribonuclease H cuts at nucleotides 70-72, as expected. In
contrast, probe 52 induces strong Ribonuclease H cuts at
nucleotides 68-70 but not around site 52. Evidently, probe
52 binds at site 68 but not site 52. Thus, probe 52 is not
used as a strong binding probe in evaluating predicted
secondary structures.

Other strongly binding probes might also have cross
hybridization (Table 1). For example, probe 204 can bind
to site 142 (mismatch∆G°37 ) -10.5 kcal/mol) and binds
less R2 RNA than probe 142 (Figure 4). Thus, the binding
of probe 204 is not used as a restraint in structure evaluation.
Probes with strong binding and potential cross hybridization
that eliminates their use as restraints are colored orange in
Figure 1.

Probes Binding to Both Sides of a Helix.If a probe has
two binding regions in the target RNA and the two target
sequences form a double helix, then two probes of identical
sequence could open the helix by binding to both sides
(Figure 6a). Usually such probes are almost or completely
self-complementary and therefore form dimers in solution.
This phenomenon is illustrated by comparing the binding of
probes 136 and 238 to R2 RNA and to a 33 nucleotide mimic
of helix 4 on a microarray and in solution (Table 2 and
Figures 4 and 6-8). Both probes bind R2 RNA and the helix
4 mimic to a microarray (Figures 4 and 7c) even though
they are predicted to not bind (Table 1 and Table S1 in the
Supporting Information). In solution, fluorescein-labeled
probe 136 does not bind either target but fluorescein-labeled
probe 238 binds both (Table 2). The absence of solution
binding by probe 136 is expected because theKd for probe
dimerization at 37°C is predicted to be 4.6× 10-13, so that
dimerization is favored over binding to the target. The
predictedKd for dimerization of probe 238, 5.2× 10-6, is
considerably weaker, thus allowing for binding to the target.
The binding of probe 238 to the helix 4 mimic in solution
allows for a measurement of the stoichiometry of this
association. As shown in Figure 8, the stoichiometry is two
probes per helix 4 mimic. Because dimerization is not
possible for probes immobilized on the microarray but 2:1
stoichiometry is possible, the binding of both RNA targets
to probes 136 and 238 on the microarrays can be attributed
to adjacent probes on the microarray binding each side of
helix 4 (Figure 6a). Interestingly, however, probe 238 on a

FIGURE 3: Log(number of predicted suboptimal structures) forB.
mori R2 3′-UTR RNA versus the difference in free energy from
the lowest free energy.
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microarray binds R2 RNA relatively weakly (Figure 4). This
may reflect the relative competition of many probes on the
microarray for a limited concentration of R2 RNA or
contribution of the fluorophore to binding in solution.

The results imply that immobilized probes can bind an
RNA by binding to both sides of a helix but that this may
not be evident from solution experiments because of dimer-
ization such as observed with probe 136. This is a reason to
not use restraints from some probes that have two potentially

strong binding sites even if the cross-hybridization site does
not exhibit binding to its Watson-Crick complementary
probe. For the probe to be rejected, however, the site of
potential cross hybridization must have the potential to form
a helix with the site perfectly matched to the probe. Dot plots
of energetically feasible base pairs provide a way to search
for potential helixes (73). For example, from free-energy
minimization alone, sites 136 and 238 are predicted to form
helix 4 with base-pair probability more than 95% in a

FIGURE 4: Microarray results for 2′-O-methyl RNA 9-mer probes hybridized to32P-labeled R2 RNA. (a) Images of four slides. (b) Average
of the results for four slides. The purple line is drawn halfway between the minimum and maximum log2(I/Imin), whereI is the intensity of
the radioactivity. The probe numbers on the plot are to the right of the point representing that probe.

Table 1: Predicted Oligonucleotide Probe-Binding Free Energy When No Structure or Local Structure Is Considered for All Probes Strongly
Binding to R2 RNAa

no target
structureb

after breaking
local target structurec no target structure

cross hybridization

oligo
sequence

used as restraints
(R/N)

center of
binding site

∆G°37

(kcal/mol)
∆G°37

(kcal/mol) site
∆G°37

(kcal/mol)

CUACUGUGC R 10 -14.0 -13.0 - -
ACUACUGUG R 11 -12.0 -11.8 - -
GGACUACUG R 13 -15.8 -13.2 - -
CUGGACUAC R 15 -14.2 -13.2 - -
GCUGGACUA R 16 -16.2 -14.4 - -
AUCUACACC R 31 -12.2 -4.0 - -
GAUCUACAC R 32 -13.4 -3.0 - -
CCUGAUCUA R 35 -12.8 -8.2 152X -11.1
GGCCUGAUC R 37 -17.0 -11.5 152X -10.2
GGGGAGAAA N 52 -15.0 -6.4 68H -10.0
GGGAGCGAG R 66 -18.7 -12.5 75/76X -10.2
AAGGGAGCG R 68H -16.1 -14.4 76/77X -10.2
CAAGGGAGC R 69 -17.1 -14.1 - -
CCAAGGGAG R 70 -16.0 -10.6 - -
AAGCCAAGG R 73 -13.9 -4.3 - -
GAAGCCAAG R 74 -14.2 -8.2 - -
ACGCCGGCG N 136 -19.0 2.0 238B -12.3
GGCCGUACG R 142 -18.3 -3.5 - -
GUGGCCGUA R 144H -17.5 -6.0 - -
UCGUGGCCG R 146H -18.0 -3.2 241X

140X
39X

-12.2
-10.7
-10.2

CAGGUCGUA N 204 -14.7 -11.5 142 -10.5
UCAGGUCGU R 205 -15.0 -13.7 - -
a Each 2′-O-methyl RNA 9-mer is identified by the number corresponding to the number of the R2 RNA nucleotide complementary to the

middle nucleotide of the 9-mer probe (center of the binding side). Alternative binding sites are defined by the middle nucleotide of the binding
region on R2 RNA. R, restraint; N, not used as restraint; H, Ribonuclease H cleavage at this site; X, weak binding for the fully complementary
probe; B, binding to both sides of a likely helix in R2; dash, no potentially strong cross-hybridization site.b Calculated with the bimolecular-folding
option of RNAstructure 4.1 (42). c The structure in Figure 9a was used for this calculation by OligoWalk (74).
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partition function dot plot (see the Supporting Information)
(69). Thus, before applying final restraints in structure
selection, it is possible to check whether a strongly binding
probe with cross-hybridization sites might bind to both sides
of a helix in the secondary structure.

Binding to both sides of a helix is likely to be important
mostly at helixes that close a loop only on one end, e.g.,
helixes 1 and 4 in Figure 1. Opening such a helix will
typically release an unfavorable loop. Binding to both sides
of a helix that closes a loop at both ends, however, will result
in a larger loop, which is usually unfavorable. This suggests
that probes binding to both sides of a helix will be found
primarily at the 5′ and 3′ ends of a structured RNA, e.g.,
helix 4.

Thermodynamics of 2′-O-Methyl RNA/RNA Duplexes in
110 mM NaCl and 10 mM MgCl2 at pH 7.4.Interpretation
of RNA binding to microarrays requires knowledge of the
thermodynamics of binding. For example, relative binding
of RNA to oligonucleotides on microarrays can be compared
to the binding predicted by programs such as OligoWalk (74).
OligoWalk uses thermodynamic parameters for RNA/RNA
folding at 1 M NaCl to predict the free energy required to
locally unfold an RNA target and bind a Watson-Crick
complementary RNA oligonucleotide at 37°C. Thermody-

namic studies of Watson-Crick complementary 2′-O-methyl
RNA/RNA duplexes in 0.1 M NaCl indicate that the
sequence dependence is similar to that for RNA/RNA
duplexes in 1 M NaCl (71). To test whether predictions with
RNA/RNA parameters in 1 M NaCl approximate the

FIGURE 5: Ribonuclease H cleavage of R2 3′-UTR RNA. The
cleavage positions indicate where the DNA probes bind to the target
RNA. There are two control lanes with RNA but without Ribo-
nuclease H or without DNA probes. The band at U77 for probes
144 and 146 can also be seen in the control lane without DNA
probes and in all sequencing lanes. It is likely a stop in reverse
transcription and not because of the cleavage by Ribonuclease H.

FIGURE 6: (a) Cartoon of target RNA hybridizing to the probe on
the chip because of the binding of the probe to both sides of a
helix. The probe may not hybridize to the RNA in solution if the
probe dimerizes strongly. (b) Gel-shift experiment with fluorescent
2′-O-methyl RNA probe 136 and R2 RNA. When the probe 136
concentration is 100µM, the (bound probe)/(total probe) ratio is
0.6%.

Table 2: Binding of RNA Targets to Probes 136 and 238 on the
Microarray and in Solution

probe

136 238

5′-ACGCCGGCG-3′ 5′-UCGCCGGAU-3′
target microarray solution microarray solution

R2 ++a -b +a ++c

helix 4 mimic ++d -e ++d ++f

dimer∆G°37 (kcal/mol) -17.5g -7.5g

Kd (dimer) 4.6× 10-13 5.2× 10-6

a See Figure 4.b Less than 1% of the fluorescein-labeled probe is
bound in a gel-shift experiment with 10µM R2 RNA and 1, 10, or
100 µM probe 136 (Figure 6b).c In solution, 100µM fluorescein-
labeled probe 238 binds 20µM R2 RNA strongly (data not shown).
d See Figure 7c.e No binding of 25µM fluorescein-labeled probe 136
to 100µM helix 4 mimic in a gel-shift experiment (Figure 7b).f See
Figures 7b and 8.g The dimers in solution are 5′-ACGCCGGCG-3′/
3′-GCGGCCGCA-5′ and 5′-UCGCCGGAU-3′/3′-UAGGCCGCU-5′ for
probes 136 and 238, respectively, where underlines indicate unpaired
nucleotides.
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sequence dependence of 2′-O-methyl RNA/RNA duplexes
in hybridization buffer (0.11 M NaCl and 10 mM MgCl2),
the thermodynamic parameters for several 2′-O-methyl RNA/
RNA duplexes were measured by optical melting (Table 3).
The duplexes measured corresponded to probe 114 and
shortened versions of probes 146, 204, and 211 to keep
melting temperatures below 60°C. As shown in Table 3,
the measured free-energy changes for complementary du-
plexes at 37°C are on average 1.20( 0.53 kcal/mol more
stable than predicted by parameters for RNA/RNA duplexes
in 1 M NaCl. Sequence-independent effects because of 2′-
O-methyl substitution and different salt are expected to go
as the number of substitutions and the number of phosphate
charges, respectively. When the average enhancement in
stability in analyzed in these ways, it is 0.18( 0.09 kcal/
mol per 2′-O-methyl substitution and 0.21( 0.12 kcal/mol
per phosphate pair. Evidently, the 2′-O-methyl substitutions
and change in salt concentrations do not have a major effect
on the sequence dependence of Watson-Crick base-pair
formation.

Probe 204 can cross-hybridize at site 142 by forming the
duplex 5′-CAGGUCGUA-3′/3′-ACCGGCA-5′, which in-
cludes a GU pair and a terminal AA mismatch. To mimic
this duplex, the shortened version of probe 204 was used to

form the duplex, 5′-AGGUCGU-3′/3′-ACCGGCA-5′ and the
thermodynamics were measured (Table 3). The mismatched
duplex was 1.3 kcal/mol less stable than the perfectly
matched duplex, whereas RNA/RNA parameters predict only
a 0.6 kcal/mol loss in stability. It is possible that reduced
flexibility because of 2′-O-methyl substitutions may increase
the penalty for non-Watson-Crick pairings.

Algorithms for Using Restraints from Microarray Experi-
ments.The secondary structure of the 3′ end ofB. mori R2
RNA is known from sequence comparison (55). This
provides a benchmark for testing algorithms to deduce
secondary structure from microarray data. In Figure 4, the
probes above the purple line are defined as strongly binding
probes, where strong binding means that log2(I/Imin) g 0.5
log2(Imax/Imin). Thus, probes 10, 11, 13, 15, 16, 31, 32, 35,
37, 52, 66, 68, 69, 70, 73, 74, 136, 142, 144, 146, 204, and
205 are strongly binding probes. Considering cross hybrid-
ization and potential binding to both sides of a helix, probes
52, 136, and 204 are not used as restraints. This is
summarized in Figure 1 where target sites for strongly
binding probes are colored red or orange depending upon
whether they were or were not used as restraints, respectively.

A study of E. coli 5S rRNA binding to a microarray of
2′-O-methyl RNA 7-mers suggested that the binding can be
used to restrain predicted secondary structures by treating
the middle nucleotide of a strong binding site as equivalent
to a site of chemical modification (50). That is, the middle
nucleotide cannot be in a Watson-Crick pair flanked by
Watson-Crick pairs. If the middle nucleotide of strongly
binding 9-mer probes for R2 RNA (excluding 52, 136, and
204) is input as a chemical-mapping restraint in RNAstruc-
ture 4.1, then the lowest free-energy structure has 35% of
the 46 known base pairs. The poor prediction is due to the
middle nucleotides of strongly binding probes 35 and 146
being in the middle of helixes. Treating the middle nucleotide
of strongly binding probes as equivalent to a chemical
modification restraint may only be useful for interpreting
the binding of probes shorter than 9-mers.

In principle, the predicted∆G°37 for binding of possible
R2 RNA structures to each probe could be compared with
the observed binding. This calculation takes too long for all
possible 881 554 structures (about 7.7 GB in size) within a
free-energy range of even 4 kcal/mol (Figure 3). Therefore,
a simple initial screen was developed. Because RNAstructure
generates each possible secondary structure, 10 sites that
strongly bind a 9-mer are checked to see if there are at least
three unpaired nucleotides with at least two adjacent. The
structure is immediately rejected if this criterion is not met.
The 10 sites were 10, 15, 32, 37, 66, 69, 74, 142, 146, and
205, but alternate choices gave similar results. Only 7184
structures (63.3 MB in size) were retained at this stage. Each
secondary structure satisfying the criterion of three unpaired
nucleotides with at least two adjacent at a strong binding
site is later assigned a score by a JAVA program according
to the following 3-2-1 scoring algorithm: each unpaired G
or C in the predicted secondary structure of the target scores
3 points, each unpaired A or U scores 2 points, and each G
in a G‚U pair scores 1 point. All strongly binding probes
used as restraints have scores higher than 8 for binding to
the known secondary structure; therefore, 8 was chosen as
the cut off indicating a reasonable structure. Only 1221
structures were left after this filter. When these structures

FIGURE 7: (a) Small RNA mimic of the secondary structure of part
of helix 4. Bases in orange are the target site for probe 136; bases
in blue are the target site for probe 238. (b) Native gel electro-
phoresis of the hybridization of 25µM fluorescent 2′-O-methyl
RNA probe with 100µM small RNA mimic. The doublet observed
with probe 238 may reflect two different conformations for the
bound complex. (c) Microarray experiment with 0.1µM small RNA
mimic, where the control probe is 2′-O-methyl (A)9. Both columns
are identical.

FIGURE 8: Concentration dependence of small RNA mimic binding
to 50µM fluorescent probe 238 indicates a binding stoichiometry
of 1:2. The doublet observed for the bound complex may reflect
two different conformations for the bound complex.
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were sorted by total scores for the potential to bind to 9-mers
(Figure 2d), the structure with the highest score (Figure 9a)
had 100% of the 46 base pairs known from sequence
comparison (55). There is a slight difference in helix 3 in
the predicted lowest free-energy structure and the compara-
tive sequence analysis structure (Figures 1 and 9a). U63 is
bulged in Figure 9a but not in Figure 1. When the two

possible structures of helix 3 are compared, they are
considered identical because base pairs are allowed to be
slipped by up to one nucleotide on one strand and still be
considered correct (45).

When the 1221 structures were sorted by free energy, the
lowest free energy structure had 65% of the 46 base pairs
known from sequence comparison, although most of the

Table 3: Experimental Thermodynamic Parameters of Heteroduplex Formation between 2′-O-Me RNA and RNA Oligonucleotides in 110 mM
NaCl and 10 mM MgCl2

average of curve fits TM
-1 versus log(CT/4) plots

heteroduplex
5′-(RNA)M-3′

3′-RNA-5′
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G°37

(kcal/mol)
TM

a

(°C)
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G°37

(kcal/mol)
TM

a

(°C)

5′-(AGAUGUUUA)M-3′
3′-UCUACAAAU-5′

-89.21( 6.33b -257.71( 19.63b -9.28( 0.29b 46.9b -72.68( 3.28b

(-64.42( 5.71)c

[-68.65( 15.23]d

-205.84( 10.30b

(-181.7( 17.7)c

[-195.7( 46.8]d

-8.84( 0.09b

(-8.05( 0.29)c

[-7.98( 0.70]d

47.2b

(46.9)c

[45.7]d

5′-(CGUGGC)M-3′
3′-GCACCG-5′

-77.68( 11.84b -213.58( 35.35b -11.44( 0.89b 57.9b -70.33( 5.06b

(-57.14( 5.18)c

[-61.88( 14.44]d

-191.47( 15.33b

(-154.2( 16.0)c

[-170.6( 44.4]d

-10.94( 0.33b

(-9.30( 0.28)c

[-8.98( 0.66]d

57.8b

(55.6)c

[52.2]d

5′-(AGGUCGU)M-3′
3′-UCCAGCA-5′

-64.92( 6.91b -176.39( 21.03b -10.21( 0.41b 55.6b -66.36( 7.08b

(-58.70( 5.35)c

[-62.48( 14.93]d

-180.93( 21.60b

(-158.5( 16.5)c

[-171.6( 45.9]d

-10.24( 0.42b

(-9.54( 0.28)c

[-9.30( 0.69]d

55.4b

(56.4)c

[53.6]d

5′-(AGGUCGU)M-3′e
3′-ACCGGCA-5′

-46.56( 8.77b -122.18( (27.30b -8.67( 0.40b 51.9b -54.37( 5.84b

(-58.12)c
-146.42( 18.03b

(-158.8)c
-8.96( 0.31b

(-8.9)c
51.5b

(50.1)c

5′-(GUGACUC)M-3′
3′-CACUGAG-5′

-75.69( 6.55b -210.39( 20.67b -10.44( 0.25b 53.9b -87.61( 9.16b

(-64.99( 5.10)c

[-68.89( 14.79]d

-247.1( 28.2b

(-179.5( 15.8)c

[-175.2( 45.4]d

-10.96( 0.46b

(-9.28( 0.26)c

[-8.52( 0.68]d

53.5b

(53.3)c

[49.7]d

a Calculated for 10-4 M oligonucleotide concentration.b Measured in 110 mM NaCl, 10 mM MgCl2, 40 mM HEPES, and 40 mM sodium
HEPES at pH 7.4. The 2′-O-methyl RNA sequences are full-length probe 114 and shortened versions of probes 146, 204, and 211.c Values predicted
for RNA/RNA duplexes in solution of 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA at pH 7.d Values predicted for 2′-O-methyl
RNA/RNA duplexes in solution of 0.1 M NaCl at pH 7 using parameters from ref71. e This duplex mimics probe 204 binding to site 142. Underlined
nucleotides indicate non-Watson-Crick pairs.

FIGURE 9: R2 RNA secondary structures deduced by different methods. Structures were drawn with XRNA (http://rna.ucsc.edu/rnacenter/
xrna/xrna.html). (a) Secondary structure with highest score among 1221 structures by applying 3-2-1 scoring algorithm. It is 100% correct
as compared to the 46 conserved base pairs from the sequence comparison (Figure 1) (55). Note that C64 of helix 3 is slipped in comparison
to helix 3 in Figure 1 but is considered correct because it is slipped by only one nucleotide (45). (b) Consensus structure and base-pair
frequency calculated from the 1221 structures consistent with microarray data. Each structure was weighted by its free energy of folding
(69). Red indicates the base-pair frequency higher than 95%; orange indicates the base-pair frequency higher than 85%; and cyan indicates
the base-pair frequency higher than 65%. The consensus structure has 87% of the 46 base pairs determined by sequence comparison. (c)
Lowest free-energy structure applying chemical modification restraints (55). It is 100% correct in comparison to the 46 conserved base
pairs from the sequence comparison. Note that helix 3 is considered the same as helix 3 in Figure 1 even though three nucleotides are
slipped by one position.
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structures at low free energies had 87% of the known base
pairs (Figure 2c). This suggests that a partition function
approach (69) may also be useful for interpreting microarray
data. Partition functions allow for the generation of a
consensus secondary structure on the basis of maximum base-
pair probability. The base-pair probability is calculated by
base-pair frequency in the reasonable structures weighted by
the predicted free energy of each structure. Base pairs with
a probability higher than 65% are used to generate a
consensus secondary structure. The consensus secondary
structure derived from the 1221 reasonable structures has
87% of the known base pairs (Figure 9b). For this case, the
consensus structure is not as accurate as the structure with
the highest score for probe binding, but this may not be
general. For example, if there were no free-energy criterion,
then the completely unfolded structure would have the
highest score for potential binding of probes. It is possible,
however, that limiting the free-energy window for structures
considered may result in allowing the best structure to be
selected by a comparison of measured and predicted binding
to oligonucleotides. An alternative approach would be to
compare oligonucleotide binding to centroid structures
provided by the method of Ding et al. (75) to represent the
relatively few classes of structures generated.

Constraints from Chemical-Mapping Data GaVe Reason-
able Structures for the 3′ End of B. mori R2 RNA.Chemical
modification restraints improve RNA secondary-structure
prediction accuracy, and this feature is incorporated in
RNAstructure 4.1 (42). Sites of chemical modification are
not allowed to be in Watson-Crick base pairs flanked by
Watson-Crick base pairs. When bases strongly modified by
chemical agents (55) are applied as chemical-mapping
restraints for R2 RNA in RNAstructure 4.1, the lowest free
energy structure is 100% correct (Figure 9c). This again
demonstrates that free-energy minimization with the aid of
chemical mapping can improve structure prediction accuracy.
Note that in the predicted structure, a single base bulge of
U76 (76) allows for the strong chemical modification at base
G61, but this modification is in violation with helix 3 of the
comparative analysis structure (Figures 1 and 9c) (55). Helix
3 is nevertheless considered correct because base pairs are
slipped by only a single nucleotide (45). Interestingly, if bases
that are moderately modified by chemical agents are added
as additional constraints, then the predicted lowest free-
energy structure is 87% correct. This may reflect the presence
of alternate foldings in solution.

Application to E. coli 5S rRNA.To further test the utility
of the methods for interpreting microarray data, the published
microarray results fromE. coli 5S rRNA (50) were also
analyzed. ForE. coli 5S rRNA, the lowest free-energy
structure has a predicted∆G°37 of -53.0 kcal/mol but only
contains 27% of known base pairs (Figure 10). In a
microarray experiment, the 5S rRNA binds to the 7-mer
probes 27, 28, 29, 35, 36, 40, 41, and 44 without cross
hybridization (50). When at least two adjacent unpaired bases
are chosen as a constraint for allowing strong binding of
7-mer probes, only four structures are selected from 1.3×
106 structures, generated within 6 kcal/mol. Figure 10d shows
the accuracy of the four structures. The four structures remain
in the same order whether ranked by free energy or total
scores for expected binding to probes. The structure with
the best score has a∆G°37 of -47.1 kcal/mol and contains

FIGURE 10: E. coli 5S rRNA secondary-structure prediction. (a)
Secondary structure from the sequence comparison (94) and crystal
structure (34). (b) Number of suboptimal structures generated versus
the free-energy difference. (c) The 855 structures predicted by
RNAstructure 4.1 with max energy difference) 99%, window size
) 0, and MAX structure number) 1000. The lowest free-energy
structure (-53.0 kcal/mol) is 27% correct. The most correct
structure, number 61 (-47.1 kcal/mol), is 100% correct. (d) Only
reasonable structures selected by a comparison to the binding
observed on a microarray. The order is the same, whether ranked
by the total score or by free energy.
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100% of known base pairs. The prediction on the basis of
energetics alone is poor because an unusually stable loop E
forms in the presence of Mg2+ (77), and this effect is not
included in the current set of thermodynamic parameters (42).
Evidently, oligonucleotide binding data can compensate for
unknown factors in the energetics.

DISCUSSION

Free-energy minimization alone usually cannot predict a
completely accurate secondary structure for RNA. Thus,
experimental data are required to guide free-energy mini-
mization. This is analogous to the use of NMR data to
compensate for the limitations of force fields in generating
three-dimensional structures (28, 32, 78). In this paper, we
demonstrate that hybridization to microarrays of 9-mer 2′-
O-methyl RNA oligonucleotides can provide experimental
restraints useful for predicting accurate secondary structures.
The secondary structure of the conserved helixes ofB. mori
R2 RNA could be deduced with 100 and 87% accuracy,
respectively, by two different methods using microarray data.
In contrast, structures predicted by free-energy minimization
alone by Mfold and RNAstructure contain 52 and 72% of
the known base pairs, respectively. The microarray method
should be applicable to other RNA molecules as a fast tool
to determine secondary structures.

Southern and co-workers first studied hybridization of
RNA to immobilized oligonucleotides (79-81). They applied
DNA dimers to dodecamers to bind tRNA on glass slides.
Short oligonucleotides have several advantages for probing
the RNA structure, including the absence of probe self-
structure and greater specificity (50, 53, 54, 82, 83).
Nevertheless, there are still ambiguities in interpreting
binding data to 9-mers. The best ways for interpreting the
data are just beginning to be investigated. This work reveals

some important considerations and reports some new ap-
proaches for interpretation. Of course, much remains to be
discovered about factors affecting the binding of RNA to
oligonucleotides; therefore, approaches for interpreting the
data are likely to become more sophisticated.

Choosing Restraints.For an RNA sequence with unknown
secondary structure, it is important to have rules for choosing
safe restraints. Here, strongly binding probes 10, 11, 13, 15,
16, 31, 32, 35, 37, 66, 68, 69, 70, 73, 74, 142, 144, 146, and
205 were used as restraints in selecting reasonable structures
from all suboptimal structures generated (see red nucleotides
in Figure 1). Strongly binding probes 52 and 204, however,
were not chosen because of potential cross hybridization.
Probes 52 and 204 have binding sites in the final structures
that fit the selection criteria for accepting a structure. Probe
52 binds at site 68 as shown by Ribonuclease H cleavage,
and probe 204 presumably binds at site 204 and possibly
also at site 142. Probe 136, however, does not have a site
fitting the selection criteria. It appears that two 136 probes
on the microarray can bind to the two sides of helix 4, thus
capturing the R2 RNA. For this to be a possibility, a probe
must have at least one potentially strong cross-hybridization
site that can form a helix with the completely matched site.
Dot plots revealing potential helixes in the RNA target can
be used to identify these exceptions. Such probes should not
be used in the initial selection of restraints.

Correlation of Predicted Total Binding Free Energy and
Microarray Probe Binding Intensity.The duplex-forming free
energy of a given probe to the RNA target can be estimated
with OligoWalk (74). If the target RNA concentration is in
an appropriate range and equilibrium is reached, then the
binding signal intensity and predicted duplex-forming free
energy for each probe would correlate well with perfectly
predicted∆G° when target and probe structures are consid-

FIGURE 11: Correlation of predicted binding free energy at 37°C (red) with microarray probe-binding intensity at 4°C (black). The
secondary structure used for OligoWalk was that scoring highest for the expected binding to 9-mers (Figure 9a) and contains all 46 base
pairs derived from the sequence comparison (Figure 1). The purple line indicates the criteria for strong binding for both intensity and
predicted binding free energy. Predicted binding was calculated at 37°C because free-energy parameters for loops are available at 37°C
but not at 4°C. The probe numbers on the plot are to the right of the experimental point representing that probe.
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ered. The target RNA is folded; therefore, the calculation
must include the free-energy cost of breaking local structure
to allow for the binding to the probe. Such a correlation has
been seen for DNA microarrays, although self-folding of
target and probes was neglected (84). Figure 11 shows the
correlation of predicted total binding free energy with
microarray binding intensity. A total of 13 of 19 probes used
as restraints are predicted to bind with free energy more
favorable than-8 kcal/mol, but probes 31, 32, 73, 142, 144,
and 146 are exceptions. The favorable binding of probes 31,
32, 73, 142, 144, and 146 may be due to coaxial stacking
onto a helix pre-existing in the R2 RNA. Coaxial stacking
by oligonucleotides is not included in the OligoWalk
algorithm but is known to enhance binding (66-68, 85).
Moreover, the bimolecular part of the calculation is based
on the thermodynamics of short oligonucleotides binding
together (63). The entropy loss should not be as unfavorable
for binding to R2 nucleotides in loops. The comparisons
between measured and predicted binding indicate that more
sophisticated algorithms will be required to definitively
interpret binding to microarrays.

Several regions are predicted to strongly bind probes but
do not (Figure 11). These include nucleotides 59, 65, 114,
166, 169, and 209. There are many possibilities for probes
not binding as well as predicted. For example, the prediction
is only based on the secondary structure and does not include
elements of structure such as pseudoknots and tertiary
interactions. Thus, inspection of regions that weakly bind
oligonucleotides while predicted to bind strongly may
provide insight into three-dimensional folding.

A comparison between binding to microarrays and chemi-
cal modification data may also provide insight into the three-
dimensional structure. For example, the region including
nucleotides 66-70 strongly binds to 9-mers but is not
reactive to chemicals. This could result from the formation
of a pseudoknot having only a few Watson-Crick base pairs,
which can be opened by binding to a 9-mer. Three-
dimensional modeling of RNA on the basis of known
secondary structure and chemical modification has been
remarkably successful in several cases (86-88). Additional
insights from microarray data have potential for further
refining these methods.

CONCLUSIONS

Several approaches were tested for interpreting the binding
of the 249 nucleotide 3′ UTR of B. mori R2 RNA to a 2′-
O-methyl RNA microarray of 9-mers to deduce secondary
structure. Selecting and scoring possible structures by
expected binding of strongly binding 9-mers gave a second-
ary structure containing 100% of the known canonical base
pairs. A partition function method that considers only
possible structures that are consistent with the binding to
the microarray produced a consensus structure containing
87% of known base pairs. These results can be compared to
52 and 72% accuracy obtained by Mfold 3.2 and RNAs-
tructure 4.1, respectively, on the basis of energetics alone.
Comparisons between predicted binding, microarray, and
chemical modification data may provide insight into pseudo-
knots and tertiary interactions. Interpretation of microarray
binding should improve as more is learned about the factors
affecting the binding of oligonucleotides to folded RNA. The

microarray experiment should facilitate the design of siRNA
and antisense oligonucleotides (89-93) and help reveal
structure-function relationships of newly discovered RNA
sequences.

SUPPORTING INFORMATION AVAILABLE

Details of nonredundant recursions for free-energy mini-
mization, pictures of a dot plot, and gel from a Ribonuclease
H cleavage experiment. This material is available free of
charge via the Internet at http://pubs.acs.org.
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