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ABSTRACT: Determining RNA secondary structure is important for understanding structure-function
relationships and identifying potential drug targets. This paper reports the use of microarrays with heptamer
2′-O-methyl oligoribonucleotides to probe the secondary structure of an RNA and thereby improve the
prediction of that secondary structure. When experimental constraints from hybridization results are added
to a free-energy minimization algorithm, the prediction of the secondary structure ofEscherichia coli5S
rRNA improves from 27 to 92% of the known canonical base pairs. Optimization of buffer conditions for
hybridization and application of 2′-O-methyl-2-thiouridine to enhance binding and improve discrimination
between AU and GU pairs are also described. The results suggest that probing RNA with oligonucleotide
microarrays can facilitate determination of secondary structure.

The rapid increase in the size of the genome sequence
database is making computational analysis of RNA increas-
ingly important for revealing structure-function relationships
and potential drug targets. While NMR and X-ray crystal-
lography can definitively determine RNA structure, they
cannot keep pace with the rapid generation of genomic data.
Thus, faster methods are required to allow accurate modeling
of RNA structures. The first step in this modeling is the
prediction of secondary structure.

Prediction of RNA secondary structure is done mainly by
two methods. One is sequence comparison (1-5). This
method is based on finding structural features conserved
during evolution. Most of the currently accepted RNA
secondary structures were generated by this method, which
is limited by sequence diversity and structural similarity
within an RNA family. The second method uses thermody-
namics to predict secondary structure by free-energy mini-
mization. For example, computer programs, such as MFOLD
and RNAstructure (6, 7), use a nearest neighbor energetic
model (7-11) to generate a lowest free-energy RNA
secondary structure, as well as suboptimal structures with
higher free energies. When tested against a database of about
150 000 nucleotides of known structures, the predicted lowest
free-energy structure on average contains 73% of the known
canonical base pairs (7). There are many RNA structures
that are poorly predicted, however. Algorithms can include
nuclease (6, 12) or chemical mapping (13) data to constrain

certain nucleotides and thereby improve predictions. Presum-
ably, additional data from other types of experiments can
further improve predictions. Here, we demonstrate that
oligonucleotide microarrays allow rapid probing of RNA
secondary structure and thus comparisons that can improve
RNA structure prediction by computational methods.

Doty, Uhlenbeck, and Lewis (14-16) described an equi-
librium dialysis binding assay that revealed single-stranded
nucleotides in tRNA and 5S rRNA by binding of trimer and
tetramer oligonucleotides. Although these dialysis experi-
ments yield valuable information, they are slow. A faster
way to obtain similar data is to use microarrays of oligo-
nucleotides, which allow many more oligonucleotides to be
screened in parallel for binding to an RNA. For example,
Southern and co-workers used microarrays to develop
antisense candidates for mRNA (17-19). Activated glass
slides are used for cleverin situsynthesis of oligonucleotides
that vary in length from 1 to 20 nucleotides and are
complementary to the RNA of interest. Thus, a microarray
is custom-prepared for a given mRNA.

If oligonucleotide length is restricted, then it becomes
feasible to make a microarray with all possible sequences
of a given length. For example, Mirzabekov and co-workers
studied the stability and specificity of all hexamers im-
mobilized on a chip made with activated polyacrylamide gel
pads (20). Relative to arrays coated on a 2D surface, gel-
coated slides provide an advantage for detection because the
3D matrix allows more probe to be loaded.

Here, we show that immobilized heptamers can hybridize
to Escherichia coli5S rRNA and can be used to probe its
secondary structure. The native secondary structure, form
A, of E. coli 5S rRNA is known from sequence alignments
(1, 21) and has been confirmed by NMR of fragments (22),
by X-ray crystallography of a fragment (23), and by
comparison to the X-ray structure of the large ribosomal
subunit ofHaloarcula marismortui(24). Current versions
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of the computer programs MFOLD (7) and RNAstructure
(13), however, only predict 27% of the canonical base pairs
in the accepted structure. We show that comparisons with
experimental data generated with an oligonucleotide array
can improve this prediction. Under non-native conditions,
E. coli 5S rRNA folds into a different secondary structure,
denoted as form B (25-28). Form B binds to microarrays
very differently from form A.

MATERIALS AND METHODS

Materials.Standard phosphoramidites for oligonucleotide
synthesis and C6 aminolinker were purchased from Glen
Research. The [γ-32P]ATP, T4 polynucleotide kinase, and
T4 RNA ligase were purchased from Perkin-Elmer, Invit-
rogen, and Fermentas, respectively. RNases V1 and T1 were
from Ambion, and nuclease S1 was from Fermentas. Di-
methyl sulfate (DMS)1 and 1-cyclohexyl-3-(2-morpholino-
ethyl)carbodiimide metho-p-toluenesulfonate (CMCT) were
from Aldrich, and kethoxal was from ICN Biomedicals, Inc.
N-methylisatoic anhydride (NMIA) was from Molecular
Probes. Reverse transcriptase SuperScript III was from
Invitrogen, and dNTPs and ddNTPs were from Amersham
Biosciences. Agarose was a product of Invitrogen. Silanized
slides and probe-clip press seal incubation chambers for
hybridization experiments were purchased from Sigma.
RNAsin and ribonuclease H were from Promega.

Chemical Synthesis of Oligonucleotides.Oligonucleotides
were synthesized by the phosphoramidite approach on an
ABI 392 synthesizer (29, 30). The 2′-O-methyl-oligoribo-
nucleotides used as probes for microarrays were synthesized
with a C6 aminolinker on the 5′ end. Oligonucleotides were
deprotected and purified according to published procedures
(9), and molecular weights were confirmed by mass spec-
trometry (LC MS Hewlett-Packard series 1100 MSD with
API-ES). Concentrations of all oligonucleotides were deter-
mined from predicted extinction coefficients for RNA (31)
and measured absorbance at 260 nm at 80°C.

Isolation of 5S rRNA.TheE. coli 5S rRNA was prepared
from E. coli carrying the overproducing plasmid pKK5-1 as
previously reported (32), with some modification. Total RNA
was fractionated by electrophoresis on an 8% polyacrylamide
denaturing gel. The band corresponding to 5S rRNA was
cut out and extracted with water by a crush and soak
procedure with stirring at 4°C overnight. The aqueous
solution was concentrated with an equal volume of 2-butanol,
and the RNA was precipitated with ethanol [2.5:1 ethanol/
water (v/v)]. After centrifugation, the pellet was dissolved
in water and the 5S rRNA concentration was determined by
measuring the absorbance at 260 nm at room temperature
using an extinction coefficient of 1.2× 106 M-1 cm-1. The
sequence of the 5S rRNA was confirmed by reverse
transcription dideoxy sequencing in a manner similar to that
described by Merino et al. (33).

Folding of 5S rRNA.The 5S rRNA was annealed by
heating for 5 min at 65°C and then slowly cooled (0.5°C/
min) to room temperature (25). For most experiments, one
of the following buffers was used for folding: (A) buffer

1Na+/4Mg2+/10T (1 M NaCl, 4 mM MgCl2, and 10 mM
Tris-HCl at pH 7.43), (B) buffer 0.15Na+/4Mg2+/10T (150
mM NaCl, 4 mM MgCl2, and 10 mM Tris-HCl at pH 7.43),
or (C) buffer 0.04Na+/10Mg2+/10T (40 mM NaCl, 10 mM
MgCl2, and 10 mM Tris-HCl at pH 7.43). For some
experiments, the 5S rRNA was folded into form B according
to a published procedure (25): 5S rRNA was incubated in
20 mM sodium borate, 7 M urea, and 250 mM Tris-HCl at
pH 7.8 and 25°C for 45 min, then quickly chilled at-15
°C for 3 min, and precipitated with 2.5 volumes of ethanol.
The 5S rRNA precipitate was diluted in buffer 1Na+/250T
(1 M NaCl and 250 mM Tris-HCl at pH 7.8) at 0°C.

NatiVe Gel Electrophoresis.Native gel electrophoresis was
done at 4°C on a 10% polyacrylamide nondenaturing gel
containing 40 mM Tris-acetate at pH 8.3, with a running
buffer of 40 mM Tris-acetate at pH 8.3. The gel was
preelectrophoresed at 150 V for 2 h. Electrophoresis was at
100-200 V for 48 h.

Enzymatic Mapping.RNase V1, RNase T1, and nuclease
S1 were used for enzymatic mapping. The 5S rRNA was
32P-radiolabeled at the 5′ or 3′ end. For enzymatic digestion,
2 pmol of 5S rRNA was used for each reaction and tRNA
carrier was added to give a total RNA concentration of 8
µM. The following concentrations of enzymes were used for
cleavage reactions: RNase V1 (0.005 unit/µL), RNase T1
(0.02 unit/µL), and nuclease S1 (2.5 units/µL). After an-
nealing of 5S rRNA in buffer 1Na+/4Mg2+/10T, adding
ZnCl2 to a final concentration of 1 mM for the S1 reaction,
and adding the appropriate enzyme, the solution was
incubated at room temperature for 30 min. Reactions were
stopped by ethanol precipitation on dry ice. After centrifuga-
tion, the pellet was dissolved in loading buffer and the
reaction mixtures were analyzed on a 12% polyacrylamide
denaturing gel. Cleavage products were analyzed by a
comparison to ladders obtained from formamide treatment
and from partial T1 nuclease digestion in denaturing condi-
tions.

Chemical Mapping.DMS was used to modify adenosine
and cytidine; kethoxal was used to modify guanosine; and
CMCT was used to modify uridine. Chemical mapping of
5S rRNA was performed according to a published procedure
(34), with several changes.

The salt dependence of reactivity of DMS on adenosine
and cytosine and of CMCT on uridine was tested in buffers
1Na+/4Mg2+/10T, 0.04Na+/10Mg2+/10T, and 1Na+/250T.
Uridine (409µM) in buffer was reacted with 102 mM CMCT
for 15 min at room temperature. Adenosine (657µM) and
cytosine (722µM) were reacted with 359 mM of DMS (3.9
µL of DMS in 10 µL of ethanol added to 100µL of
nucleoside solution) for 48 h at 37°C. Reactions were
stopped by freezing at-80 °C. Results were analyzed by
high-performance liquid chromatography (HPLC). The extent
of the reaction was typically between 30 and 50% and was
independent of the buffer composition.

For chemical mapping, 2 pmol of 5S rRNA was taken for
each reaction and annealed in buffers 1Na+/4Mg2+/10T or
0.04Na+/10Mg2+/10T, as described above. Then, tRNA
carrier was added to give a total RNA concentration of 8
µM, and the solution was incubated for 10 min at the
temperature of chemical mapping. Form B of 5S rRNA was
prepared for chemical mapping as described above, and
modification reactions were performed in buffer 1Na+/250T

1 Abbreviations: HPLC, high-performance liquid chromatography;
DMS, dimethyl sulfate; CMCT, 1-cyclohexyl-3-(2-morpholinoethyl)-
carbodiimide metho-p-toluenesulfonate; NMIA,N-methylisatoic an-
hydride.
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at 4 °C. To a 9µL sample, 1µL of dimethyl sulfate or
kethoxal solution was added. Dimethyl sulfate was diluted
in ethanol and used at final concentrations of 60, 30, and 15
mM. Kethoxal was diluted in ethanol/water (1:3, v/v) to give
final concentrations of 320, 160, and 80 mM. After modi-
fication with kethoxal, 3µL of 35 mM sodium borate
solution was added to stabilize products of modification. For
modification with CMCT, 9µL of CMCT solution was added
to the 9 µL sample of RNA. CMCT was diluted in
appropriate buffer (1Na+/4Mg2+/10T, 0.04Na+/10Mg2+/10T,
or 1Na+/250T) to give final concentrations in the reaction
mixture of 625 (room temperature) or 500 (4°C), 250, and
100 mM. Chemical modification reactions were performed
for 20 min for chemical mapping at room temperature and
1.5 h for mapping at 4°C. Reactions were stopped by ethanol
precipitation on dry ice.

Chemical mapping was also done withN-methylisatoic
anhydride (NMIA) according to a published procedure (33,
35), with some changes. For each reaction, 2 pmol of 5S
rRNA was annealed in buffers 1Na+/4Mg2+/10T, 0.15Na+/
4Mg2+/10T, or 0.04Na+/10Mg2+/10T as described above. To
a 9 µL sample, 1µL of NMIA solution (1 or 0.5 mg of
NMIA/42 µL of DMSO) was added. Samples were incubated
for 3 h at room temperature. Reactions were stopped by
ethanol precipitation on dry ice.

Primer Extension Reactions.DNA primers for primer
extension reactions were 5′-ATGCCTGGCAGTTCCCT-3′
and 5′-GCGCTACGGCGTTTCAC-3′, which are comple-
mentary to nucleotides 104-120 and 54-70 of 5S rRNA,
respectively. Primers were labeled on the 5′ end with [γ-32P]-
ATP according to the standard procedure. For each reaction,
2 pmol of primer was used. Primer extension was performed
at 55 °C with reverse transcriptase SuperScript III and the
buffers and protocol of Invitrogen. Reactions were stopped
by adding loading buffer containing dye (Bromophenol Blue)
and chilling to 0°C. Products were separated on a 12%
polyacrylamide denaturing gel. The gels were analyzed with
the ImageQuant 5.2 program, and products were identified
by comparing to sequencing lanes for A, C, T, and G and to
control lanes. Modifications were initially identified by visual
inspection of autoradiograms and were considered strong or
medium when the band corresponding to the chemical
modification had at least 6 or 2-6 times, respectively, the
integrated intensity of the equivalent band in the control lane,
as quantified with ImageQuant 5.2.

Preparation of Microarrays.Microarrays were prepared
on agarose-coated slides according to the method described
by Afanassiev et al. (36). Silanized slides were coated with
1% agarose activated by NaIO4. On dried microarrays, 0.5
µL of 100 µM of each probe was spotted and incubated for
4 h at 37°C in a 100% humidity chamber. The remaining
aldehyde groups on microarrays were reduced with 35 mM
NaBH4 solution in PBS buffer and ethanol (3:1, v/v). Then,
slides were washed in water at room temperature (3 washes
for 30 min each), in 1% SDS solution at 55°C for 1 h, and
finally in water at room temperature (3 washes for 30 min
each) and dried at room temperature overnight.

Hybridization Conditions. E. coli5S rRNA was radioac-
tively labeled with [32P]Cp on the 3′ end according to the
standard procedure and purified on an 8% polyacrylamide
denaturing gel. For hybridization, labeled 5S rRNA was used
at approximately 0.01µM. Prior to hybridization, 5S rRNA

was refolded as described above. Hybridization was per-
formed in the same buffers used for folding. For hybridiza-
tion, 200 µL of hybridization buffer containing target 5S
rRNA was placed in a probe-clip press seal incubation
chamber and incubated for 18 h at room temperature or 4
°C. At least 4 h was required to see strong signals, and 18
h was optimal. After hybridization, buffers with 5S rRNA
were poured out and slides were washed in buffers with the
same salt concentrations for 1 min at 0°C. Then, slides were
dried by slow centrifugation in a clinical centrifuge and
covered with saran wrap. Hybridization was visualized by
exposure to a phosphorimager screen, which was then
scanned on a Molecular Dynamics 840 Storm Phosphorim-
ager. Quantitative analysis was done with ImageQuant 5.2
software. Binding was considered strong when the integrated
intensity wasg1/3 of the strongest integrated intensity for a
given condition. Medium binding had integrated intensity
from 1/3 to 1/7 of the strongest.

Ribonuclease H Assays.The 5S rRNA (4 pmol) was folded
in buffer 0.15Na+/4Mg2+/10T, and then, a 10-fold excess
of appropriate DNA oligomer in buffer 0.15Na+/4Mg2+/10T
was added at room temperature to give a final DNA
concentration of about 70µM. The mixture was incubated
for 1 h atroom temperature. Then, DTT to a final concentra-
tion of 1 mM and 1.25 units of RNAsin and 1.3 units of
ribonuclease H were added. The reaction was incubated for
20 min at room temperature. The reaction mixture was
extracted twice with equal volumes of phenol/chloroform/
isoamyl alcohol (25:24:1) (Aldrich). The residual phenol was
removed by two chloroform extractions, and the RNA was
precipitated with ethanol. Primer extension was used to
identify sites of ribonuclease H cleavages.

Thermodynamic Measurements.Oligonucleotides were
melted in a buffer containing 100 mM NaCl, 20 mM sodium
cacodylate, and 0.5 mM Na2EDTA at pH 7.0. Absorbance
versus temperature melting curves were measured at 260 nm
with a heating rate of 1°C/min from 0 to 90°C on a
Beckman DU 640 spectrometer with a water-cooled Peltier
thermoprogrammer. Melting curves were analyzed, and
thermodynamic parameters were calculated with MeltWin
3.5 (37). Optical melting curves for 5S rRNA were measured
in the same way, except that the RNA was first folded as
described above.

RESULTS

Chemical Mapping of 5S rRNA from E. coli.The second-
ary structure of 5S rRNA was chemically mapped under
several conditions (Figure 1): (A) buffer 1Na+/4Mg2+/10T
at room temperature; (B) buffer 0.04Na+/10Mg2+/10T at
room temperature, which is known to fold 5S rRNA into
native form A (25); (C) buffer 1Na+/4Mg2+/10T at 4°C;
and (D) buffer 1Na+/250T at 4°C, which is used for probing
form B. Native gel electrophoresis of 5S rRNA gave a single
band for folding in each buffer.

The chemical reagents can modify nucleotides that are not
in Watson-Crick pairs flanked by Watson-Crick pairs (33,
38, 39). Thus, the modifications in buffers 1Na+/4Mg2+/10T
and 0.04Na+/10Mg2+/10T are consistent with the native
structure A of 5S rRNA fromE. coli, but in buffer 1Na+/
250T, the modifications of A29 and U32 are not consistent
with the native structure A (Figure 1). The modifications in
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buffer 0.04Na+/10Mg2+/10T are consistent with those re-
ported previously under similar conditions (26, 40-42).

Although the modifications in buffers 1Na+/4Mg2+/10T
and 0.04Na+/10Mg2+/10T are consistent with the native
structure A of 5S rRNA fromE. coli, the reactivities are
buffer-dependent. In particular, in buffer 1Na+/4Mg2+/10T
at room temperature (Figure 1A), there are medium instead
of strong DMS modifications of A15, A73, and A78, an
additional medium kethoxal modification of G18, medium
instead of strong NMIA modifications at U40 and C42, lack
of modification of G41, and strong and medium NMIA
modifications at A66 and A73, respectively, instead of a
medium and no modification. Evidently, there are subtle
changes in folding that are dependent upon NaCl and MgCl2

concentrations. It is unlikely that these differences reflect
any significant change in stability of secondary structure,
however. Optical melting curves showed that the melting
temperatures of the first transition were 54.9, 64.8, and 67.7
°C in buffer 1Na+/4Mg2+/10T, 0.15Na+/4Mg2+/10T, and
0.04Na+/10Mg2+/10T, respectively. All are more than 30°C
higher than the temperature of the chemical-mapping experi-
ments; therefore, the secondary structure is very stable in
the presence of Mg2+. Thus, the differences in chemical

reactivity suggest only subtle changes in folding that are
dependent upon NaCl and MgCl2 concentrations.

Figure 1C shows chemical-mapping results in buffer 1Na+/
4Mg2+/10T at 4°C. In comparison with room temperature
(Figure 1A), there are fewer reactive bases, but the general
pattern of modifications is very similar. Evidently, the
secondary structure of 5S rRNA in buffer 1Na+/4Mg2+/10T
is close or identical to form A at room temperature and 4
°C, but there are subtle differences in local folding.

The structure of 5S rRNA in buffer 1Na+/4Mg2+/10T at
room temperature was also probed by enzymatic mapping.
As shown in Figure 1A, the results are consistent with the
secondary structure of form A. The results also agree with
those in the literature under different buffer conditions giving
form A (26, 27, 40, 41).

Native gel electrophoresis ofE. coli 5S rRNA in buffer
1Na+/250T gave a single band that migrated faster than the
band of form A. In comparison to other conditions, many
more chemical modifications were observed in buffer 1Na+/
250T at 4°C (see Figure 1D). The structure in buffer 1Na+/
250T is clearly different from that in the other buffers.

Probing Form A of 5S rRNA from E. coli with Microarrays
of 2′-O-Methylated Heptamers.Form A of 5S rRNA from

FIGURE 1: Chemical-mapping results. Conditions are (A) 1Na+/4Mg2+/10T (1 M NaCl, 4 mM MgCl2, and 10 mM Tris-HCl at pH 7.43),
room temperature; (B) 0.04Na+/10Mg2+/10T (40 mM NaCl, 10 mM MgCl2, and 10 mM Tris-HCl at pH 7.43), room temperature; (C)
1Na+/4Mg2+/10T (1 M NaCl, 4 mM MgCl2, and 10 mM Tris-HCl at pH 7.43), 4°C; and (D) 1Na+/250T (1 M NaCl and 250 mM Tris-HCl
at pH 7.8), 4°C. Also shown are results from nuclease mapping under condition A. Nucleases V1 and S1 are specific for double- and
single-stranded regions, respectively. T1 is specific for single-stranded G. Symbols:b, strong DMS;O, medium DMS;9, strong CMCT;
0, medium CMCT;2, strong kethoxal;4, medium kethoxal;[, strong NMIA; ], medium NMIA.
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E. coli was probed under different conditions with microar-
rays having all possible complementary 2′-O-methylated
RNA heptamers (Figures 2 and 3, Table 1, and the Support-
ing Information). Each 2′-O-methylated RNA heptamer is
identified by a number corresponding to the number of the
5S rRNA nucleotide in the middle of the 5S rRNA sequence
completely complementary to the heptamer probe.

The best discrimination between binding and nonbinding
probes was achieved in buffer 1Na+/4Mg2+/10T at room
temperature (Figures 2 and 3 and Table 1). There was strong
binding of probes 27-29, 36, and 37 and medium binding
of probes 30, 35, 38/93 (which have the same sequence),
40, 41, 44, and 92. Similar relative binding was observed in
buffers 0.15Na+/4Mg2+/10T and 0.04Na+/10Mg2+/10T at
room temperature, but generally, the binding was weaker
(see the Supporting Information). The strongest signal in
buffers 0.15Na+/4Mg2+/10T and 0.04Na+/10Mg2+/10T was
4-fold weaker than in buffer 1Na+/4Mg2+/10T. Evidently,
the secondary structure of 5S rRNA in buffers 1Na+/4Mg2+/
10T, 0.15Na+/4Mg2+/10T, and 0.04Na+/10Mg2+/10T is the
same at room temperature (form A), but the interactions
between 5S rRNA and the probes are weaker in buffers
0.15Na+/4Mg2+/10T and 0.04Na+/10Mg2+/10T than in buffer
1Na+/4Mg2+/10T.

The hybridization of 5S rRNA fromE. coli to heptamer
probes on microarrays was also studied in buffers 1Na+/
4Mg2+/10T, 0.15Na+/4Mg2+/10T, and 0.04Na+/10Mg2+/10T
at 4°C (Table 1 and the Supporting Information). Hybridiza-
tion patterns and amplitudes at 4°C change relative to room
temperature. Usually, stronger binding is observed at 4°C.
The binding patterns for buffers 0.15Na+/4Mg2+/10T and
0.04Na+/10Mg2+/10T at 4°C were similar to buffer 1Na+/
4Mg2+/10T at 4°C (see the Supporting Information), but
the strongest binding signal was 4-fold weaker.

The 4-fold difference between the maximum signal
intensity in buffer 1Na+/4Mg2+/10T and in buffers 0.15Na+/
4Mg2+/10T and 0.04Na+/10Mg2+/10T shows that the con-
centration of NaCl is important and hybridization is opti-
mized at 1 M NaCl. The melting temperature of polymer
duplexes in the presence of Mg2+ is reduced as Na+ is added
(43, 44), and this was also observed for optical melting
curves ofE. coli 5S rRNA, as mentioned above. Perhaps
oligomer-polymer duplexes behave differently and/or the
reduced stability of the tertiary structure of 5S rRNA in 1
M Na+ facilitates binding to oligonucleotides.

Scanning for AlternatiVe Binding Sites with the RNA-
structure Program.There are only 16 384 heptamers with
different sequences, and heptamer duplexes can be stable
even when containing a mismatch. Thus, it is possible for a
given heptamer to have more than one binding site on an
RNA. The RNAstructure 4.11 program (13) was used in
bimolecular folding mode to predict the formation of stable
duplexes between unstructuredE. coli 5S rRNA and probe
oligonucleotides. The calculation of alternative binding sites
included stability increments from mismatches and dangling
ends. ForE. coli 5S rRNA, probes 16 and 67, 38 and 93,
and also 39 and 94 have identical sequences and thus have
two completely complementary binding sites. Mismatched
binding with free energy more favorable than-9 kcal/mol
at 37 °C to completely unfolded 5S rRNA was also
considered a possible alternative binding site. This corre-
sponds to a dissociation constant of about 0.5µM, which is
50-fold higher than the roughly 0.01µM concentration of
5S rRNA on the microarray. Calculations by RNAstructure
4.11 are restricted to 37°C and assume that both nucleic
acid strands are not immobilized before binding, however,
so that the predictions will underestimate binding to an
immobilized strand at room temperature. These calculations

FIGURE 2: Hybridization results on 2′-O-methyl heptamer microarrays for 5S rRNA fromE. coli in buffer 1Na+/4Mg2+/10T (1 M NaCl,
4 mM MgCl2, and 10 mM Tris-HCl at pH 7.43), room temperature. On microarrays shown, the 2′-O-methyl heptamers from left to right
are (A) row 1, 4f 15 (no binding detected); row 2, 16f 27; row 3, 28f 39; row 4, 40f 51; row 5, 52f 60 (no binding detected);
(B) row 1, 61f 72 (no binding detected); row 2, 73f 84 (no binding detected); row 3, 85f 96; row 4, 97f 108 (no binding detected);
row 5, 109f 117 (no binding detected).
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revealed several alternative binding sites. For example, probe
37 could bind tightly at position 92/93, and probes 91 and
92 could bind at positions 37 and 37/38, respectively. The
identical sequences of probes 38/93 and 39/94 along with
possible mismatch binding of probes 37, 91, and 92 suggest
that binding of probes 37-39 and 91-94 is to either
positions 37-39, 91-94, or both. As described below,
experiments with ribonuclease H support the interpretation
that binding is to positions 37-39.

Ribonuclease H CleaVage Assay.To test the hypothesis
that some probes have multiple binding sites, a ribonuclease
H assay in 0.15Na+/4Mg2+/10T buffer at room temperature
was used to determine the position of binding for probes
28, 29, 37, 39/94, 41, 43, 91, and 92. Because 2′-O-
methylated oligoribonucleotides do not induce ribonuclease
H cleavage of RNA (45, 46), the DNA analogues were used.
The results are listed in Table 1. Oligonucleotide 28 induces

medium cleavage after A29, and oligonucleotide 29 induces
medium cleavage after C30 and C31. Oligonucleotide 41
induces strong cleavage after A39, U40, and C42, and
oligonucleotide 43 induces strong cleavage after C42, G44,
and A45. These patterns correlate well with the expected
binding that is fully complementary (Table 1).

Oligonucleotide 39 has the same sequence as 94, and both
only bind 5S rRNA on microarrays under certain conditions
(see the Supporting Information). The DNA analogue of 39/
94 induces medium ribonuclease H cleavages only after A39,
U40, and C42, corresponding to the binding site at position
39 (Table 1). Probes 38 and 93 have the same sequence and
presumably also bind to loop C. Thus, it is likely that loop
C is responsible for the binding observed for probes 91-
94. Oligonucleotides 37, 91, and 92 did not induce ribonu-
clease H cleavages, however. All of these oligonucleotides
have G4 sequences, which probably form stable quadruplexes
in solution (47-49), thus prohibiting binding to RNA.
Clearly, the interpretation of microarray binding results must
consider potential alternative binding sites. Selected assays
with ribonuclease H can sometimes identify actual binding
sites.

Comparisons to Predictions from the OligoWalk Program.
The OligoWalk program (50) was used to predict the free
energies at 37°C for binding of probes to the accepted
secondary structure of form A of 5S rRNA (Table 1 and the
Supporting Information). The free energies for breaking the
target structure and binding probe to target RNA were only
considered. The possibility of intermolecular association of
probes was omitted because the probes are immobilized. The
2′-O-methylated heptamers were assumed to have the same
energetics as RNA, which is consistent with optical melting
studies on a series of 37 heteroduplexes (51).

With the exception of probe 30, oligonucleotides that bind
strongly or moderately at room temperature are always
predicted to have a∆G°37 for hybridization to form A ofE.
coli 5S rRNA that is more favorable than-5 kcal/mol,
although some of these favorable sites form mismatches and/
or overhangs with the probe. For example, probe 92 has a
predicted∆G°37 that is unfavorable for binding at its fully
complementary site but has a predicted favorable∆G°37 of
-10.3 kcal/mol for binding at position 38 (see Table 1).
Probe 30 can bind more favorably at site 29 than at site 30
but still has a predicted∆G°37 less favorable than-3 kcal/
mol after allowing for the breaking of the target structure.
Perhaps probe 30 binds to site 29 with coaxial stacking to
flanking helixes. Coaxial stacking is not included in the
OligoWalk algorithm but is favorable for duplex formation
(52).

Binding to Shorter Versions of the Probe ReVeals the
Number of Base Pairs Required for Binding at a Particular
Site.As a test of the number of base pairs required to observe
binding, the binding was measured to sequentially shortened
versions of probe 35, 5′-GMGMGMGMUMCMAM, which strongly
and moderately binds 5S rRNA at 4°C and room temper-
ature, respectively. In buffer 1Na+/4Mg2+/10T at 4°C, probes
5′-GMGMGMGMUMCM, 5′-GMGMGMGMUM, and 5′-GMGMG-
MGM gave signals with 0.8, 0.6, and 0.4 times the intensity
of probe 35, respectively. In contrast, hexamer 5′-GMGMG-
MUMCMAM gave only 0.1 times the intensity of probe 35,
and 5′-GMGMUMCMAM and 5′-GMUMCMAM gave no signal.
At room temperature, 5′-GMGMGMGMUMCM gave 0.4 times

FIGURE 3: Hybridization results for 5S rRNA on 2′-O-methyl
heptamer microarrays. Conditions are (A) 1Na+/4Mg2+/10T (1 M
NaCl, 4 mM MgCl2, and 10 mM Tris-HCl at pH 7.43), room
temperature; (B) 1Na+/250T (1 M NaCl and 250 mM Tris-HCl at
pH 7.8), 4°C. Note that probes 16 and 67, 38 and 93, and also 39
and 94 have identical sequences and that probe 92 likely binds to
loop C. Symbols:9 with text inside, middle site of strong binding;
0 with text inside, middle site of medium binding.
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the intensity of probe 35, but the other shortened probes gave
no signal. Evidently, only the four consecutive GC pairs are
required for binding of probe 35 at 4°C, but at least six
base pairs are required for binding at room temperature.

Probe 90, 5′-GMGMGMGMAMGMAM, binds E. coli 5S
rRNA in buffers 1Na+/4Mg2+/10T, 0.15Na+/4Mg2+/10T, and
0.04Na+/10Mg2+/10T at 4°C (Table 1 and the Supporting
Information). Further insight into this binding was provided
by shorter probes 5′-GMGMGMAMGMAM and 5′-GMGMAM-
GMAM. Neither probe binds to 5S rRNA at 4°C in any of
the three buffers. These results, together with those for 5′-
GMGMGMGM, which binds with 0.5 times the intensity of
probe 90, are consistent with probe 90 binding only to loop
C. The results suggest that a comparison between possible
secondary structures and binding of different length oligo-
nucleotides can help identify correct structures. A related
approach was used with equilibrium dialysis data (15).

Binding of Form B of E. coli 5S rRNA to Microarrays.
The 5S rRNA was folded into form B as described in the
Materials and Methods, and hybridization was performed in
buffer 1Na+/250T at 4°C to avoid refolding into form A
during hybridization. Many more probes bound in buffer
1Na+/250T than in buffers giving form A (see Figure 3).

Evidently, oligonucleotide binding toE. coli 5S rRNA is
facilitated by the absence of Mg2+.

Application of Probes Containing 2-Thiouridine To En-
hance Stability of A-U Pairs and Discrimination between
A-U and G-U Pairs.Two problems that arise in interpreta-
tion of oligonucleotide-binding data are the sequence de-
pendence of stabilities for perfectly matched helixes and the
stabilities of helixes with non-Watson-Crick pairs. The
sequence dependence of stabilities is illustrated by the
predicted range of∆G°37 from -6 to -15 kcal/mol for
binding of the heptamers to their unfolded heptamer comple-
ments (see Table S1 in the Supporting Information). This
corresponds to over a million-fold range in the binding
constant. The problem of non-Watson-Crick pairs is most
acute for G-U pairs because they have stabilities similar to
A-U pairs (7, 9, 53). Modified nucleotides provide one way
to achieve more uniform and specific binding of probes to
target RNA. For example, 2-thiouridine enhances the ther-
modynamic stability of A-U pairs (54-57). In the RNA/
RNA duplex, 5′-GAGUGAG/3′-CUCACUC, 2-thiouridine
stabilizes the middle A-U pair by 1.1 kcal/mol and
destabilizes the corresponding G-U pair by 0.3 kcal/mol at
37 °C (57). To test this in RNA/2′-O-methyl RNA hybrids,

Table 1: Hybridization Results in 1 M NaCl, 4 mM MgCl2, and 10 mM Tris-HCl at pH 7.43 (1Na+/4Mg2+/10T), RNAstructure Calculations,
and Ribonuclease H Cleavagesa

5S rRNA binding ∆G°37 predicted (kcal/mol)

center of
binding

site

sequence
of probe
(5′-3′) 4 °C RT

break local
structure of
5S rRNA

no structure
of 5S rRNA

alternative
binding site

∆G°37 predicted (kcal/mol)
for alternative binding site
(no structure of 5S rRNA)

sites of
ribonuclease
H cleavage

27 GUGGGAC S S -9.1 -12.2 - -
28 GGUGGGA S S -7.2 -13.4 - - M A29
29 AGGUGGG S S -5.4 -12.5 - - M C30

M C31
30 CAGGUGG M M -1.0 -12.4 29/30 -9.9
35 GGGGUCA S M -6.3 -13.8 - -
36 UGGGGUC S S -7.8 -12.6 - -
37 AUGGGGU S S -10.0 -11.3 92/93 -9.9 -
38/93 CAUGGGG M M -11.1 -12.0 93 -11.6
39/94 GCAUGGG - - -11.2 -12.3 94 -13.2 M A39

M U40
M C42

40 GGCAUGG S M -11.2 -13.2 94/95 -9.9
41 CGGCAUG M M -10.3 -11.7 - - S A39

S U40
S C42

42 UCGGCAU S - -10.6 -10.7 71 -9.2
43 UUCGGCA M - -10.4 -10.2 71 -9.4 S C42

S G44
S A45

44 GUUCGGC M M -10.5 -11.7 - -
70 UCGGCGC M - -4.6 -13.5 (1) 42/43

(2) 62
(1) -9.4
(2) -9.2

71 AUCGGCG M - -2.9 -11.3 42/43 -9.4
90 GGGGAGA M - 0.2 -14.1 - -
91 UGGGGAG S - 2.3 -12.6 37 -9.1 -
92 AUGGGGA S M 2.9 -11.2 37/38 -10.3 -
93/38 CAUGGGG M M 5.1 -11.6 38 -12.0
94/39 GCAUGGG - - 6.5 -13.2 39 -12.3 M A39

M U40
M C42

a Each 2′-O-methylated RNA heptamer is identified by the number corresponding to the number of the 5S rRNA nucleotide complementary to
the middle nucleotide of the heptamer probe (center of the binding site). Alternative binding sites are defined by the middle nucleotide of the
binding region on 5S rRNA. S) strong binding (from 1 to1/3 integrated intensity of the strongest integrated intensity in a given condition). M)
medium binding (from1/3 to 1/7 integrated intensity of the strongest). Ribonuclease H cleavage occurs 3′ of the nucleotides listed in the right most
column. “-” indicates that the probe does not bind or ribonuclease H does not cleave. The predicted values of∆G°37 for 5S rRNA with no structure
include contributions from the first 5′ and 3′ dangling ends, which sometimes results in more favorable binding to alternative binding sites relative
to sites fully complementary to the probe.
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5′-O-dimethoxytrityl-2′-O-methyl-2-thiouridine 3′-O-phos-
phoramidite (58) was synthesized and used for preparing
model probes. Several RNA/2′-O-methyl RNA duplexes
without the C6 aminolinker were melted, and thermodynamic
parameters are collected in Table 2. The 2′-O-methylated
probe 40, 5′-GMGMCMAMUMGMGM, was chosen as a refer-
ence for duplex formation with natural bases. Probe 40 was
selected because on microarrays at room temperature and 1
M NaCl it hybridized with medium strength to 5S rRNA
and is expected to only hybridize to position 40. For the
complementary duplex 5′-GMGMCMAMUMGMGM/3′-CCG-
UACC in solution, the measured∆G°37 is -9.69 kcal/mol
and the Tm is 53.1 °C. When 2′-O-methyl uridine was
replaced by 2′-O-methyl-2-thiouridine, the complementary
duplex was stabilized by 1.87 kcal/mol and theTm was
increased by 3.9°C. When the RNA was changed to 3′-
CCGUGCC to form a G-U pair, the∆G°37 was about-7.75
kcal/mol with either U or s2UM in the 2′-O-methyl strand.
Thus, discrimination for A-U over G-U is enhanced by
about 1.9 kcal/mol in this context.

The oligonucleotides, 5′-GMGMUMAMUMGMGM and 5′-
GMGMs2UMAMUMGMGM, were synthesized to test the effect
of s2UM in another context. In this case, the duplex with the
A-s2UM pair is 0.71 kcal/mol more stable than that with
the A-U pair. The duplex with the G-s2UM pair is less
stable by 0.40 kcal/mol relative to the duplex with a G-U
pair (Table 2). Thus, discrimination for A-U over G-U is
enhanced by 1.1 kcal/mol at 37°C in this context.

Preliminary microarray results demonstrated that 5′-
GMGMCMAMs2UMGMGM exhibits strong binding ofE. coli
5S rRNA in 1Na+/4Mg2+/10T and 0.15Na+/4Mg2+/10T at
4 °C and medium binding at room temperature, which is
the same pattern observed for the unmodified probe 40. The
mismatched probe 5′-GMGMs2UMAMUMGMGM does not bind
under any of the conditions tested.

Various combinations of s2UM incorporated into probe 56,
5′-UMUMUMCMAMCMUM, were also tested. Probe 56 is
complementary to loop B but did not bind in microarray
experiments. To determine if this was due to the large AU
content and if s2UM substitution could enhance binding, the
following oligomers were synthesized: 5′-UMs2UM-
UMCMAMCMs2UM, 5′-s2UMUMs2UMCMAMCMs2UM, and 5′-

s2UMs2UMs2UMCMAMCMs2UM. The thermodynamics of these
probes and probe 56 binding to their RNA complement, 5′-
AGUGAAA, were measured (Table 2).

Two 2′-O-methyl-2-thiouridines in probe 56 increase the
stability of the duplex by 1.32 kcal/mol at 37°C and theTm

by 6.6°C. Three modifications increase the stability by 1.98
kcal/mol andTm by 10.7°C. Four s2UM nucleotides increase
the stability by 3.25 kcal/mol, to give a∆G°37 for duplex
formation of-8.04 kcal/mol and a melting temperature of
45.0 °C, which is 17.3°C higher than the duplex without
modifications. On average, each 2′-O-methyl-2-thiouridine
stabilized this RNA/2′-O-methyl RNA duplex by 0.7 kcal/
mol. Thus, 2′-O-methyl-2-thiouridine stabilizes A-UM pairs
in RNA/2′-O-methyl RNA duplexes in a context-dependent
manner.

The modified probe 56, 5′-s2UMs2UMs2UMCMAMCMs2UM,
was immobilized on microarrays. In buffer 1Na+/4Mg2+/
10T, this probe hybridized toE. coli 5S rRNA with medium
and weak strength at 4°C and room temperature, respec-
tively. In buffer 0.15Na+/4Mg2+/10T at 4 °C, it bound
weakly. The unmodified probe did not bind under any
conditions. Thus, 2′-O-methyl-2-thiouridine substitutions can
enhance binding to microarrays.

ImproVing Secondary Structure Predictions by RNAstruc-
ture.One goal of this work is to improve secondary structure
predictions by programs such as RNAstructure (13). Con-
straints from chemical mappingin ViVo improve the predic-
tion for E. coli 5S rRNA secondary structure from 26 to
87% accuracy (13). Using constraints from thein Vitro
chemical probing of form A 5S rRNA from this work, the
predicted lowest free-energy structure has 100% of the
known base pairs. This was found separately for constraints
from buffer 1Na+/4Mg2+/10T at room temperature or at 4
°C or from buffer 0.04Na+/10Mg2+/10T at room temperature.
No constraints from NMIA reactivity were included in these
calculations because the rules for NMIA reactivity have not
been fully determined yet.

Microarray data may be used as constraints if the middle
nucleotide of probes with clear binding sites is treated the
same as a site of chemical modification. Data from hybrid-
ization of 5S rRNA at room temperature were chosen for
this approach because of better discrimination against

Table 2: Thermodynamic Parameters of Heteroduplexes of RNA and 2′-O-Methyl Oligoribonucleotidesa

duplexes average of curve fits TM
-1 versus logCT plots

RNA 2′-O-MeRNA
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G°37
(kcal/mol)

TM
b

(°C)
-∆H°

(kcal/mol)
-∆S°
(eu)

-∆G°37
(kcal/mol)

TM
b

(°C)
∆∆G°37

c

(kcal/mol)
∆TM

b,c

(°C)

Probe 40 Mimics
A-U 5′-CCAUGCC 5′-GGCAUGG 69.1( 2.5 190.9( 7.7 9.86( 0.13 52.7 64.1( 3.1 175.6( 9.6 9.69( 0.11 53.1
A-s2U 5′-CCAUGCC 5′-GGCAs2UGG 75.1( 13.5 206.2( 40.6 11.16( 0.90 57.4 83.1( 13.8 230.6( 41.8 11.56( 0.87 57.0 -1.87 3.9
G-U 5′-CCGUGCC 5′-GGCAUGG 61.5( 2.2 173.1( 7.1 7.78( 0.05 43.4 58.4( 1.6 163.2( 4.9 7.76( 0.01 43.7
G-s2U 5′-CCGUGCC 5′-GGCAs2UGG 61.1( 3.7 171.9( 11.9 7.80( 0.07 43.6 56.9( 4.02 158.6( 12.7 7.73( 0.09 43.7 +0.03 0

C f U in Probe 40
A-U 5′-CCAUACC 5′-GGUAUGG 64.7( 2.1 181.4( 6.8 8.41( 0.06 46.3 57.2( 2.7 157.4( 8.7 8.34( 0.04 47.2
A-s2U 5′-CCAUACC 5′-GGs2UAUGG 65.1( 3.3 179.9( 10.3 9.27( 0.19 50.6 58.8( 0.9 160.5( 2.9 9.05( 0.03 50.9 -0.71 3.7
G-U 5′-CCAUGCC 5′-GGUAUGG 77.9( 17.3 231.2( 56.1 6.19( 0.10 35.7 69.6( 4.2 204.5( 13.9 6.22( 0.08 35.6
G-s2U 5′-CCAUGCC 5′-GGs2UAUGG 76.9( 14.7 229.1( 47.7 5.80( 0.07 34.1 77.9( 8.6 232.6( 27.9 5.82( 0.13 34.2 +0.40 -1.7

Probe 56 Mimics
A-U 5′-AGUGAAA 5′-UUUCACU 59.7( 6.7 177.7( 22.6 4.60( 0.35 27.3 56.4( 3.5 166.3( 11.9 4.79( 0.16 27.7
A-s2U 5′-AGUGAAA 5′-Us2UUCACs2U 53.9( 8.0 154.4( 25.8 6.07( 0.13 34.4 48.5( 6.5 136.7( 21.4 6.11( 0.30 34.3 -1.32 6.6
A-s2U 5′-AGUGAAA 5′-s2UUs2UCACs2U 59.4( 3.8 169.8( 12.2 6.70( 0.06 37.9 54.5( 1.7 153.7( 5.6 6.77( 0.03 38.4 -1.98 10.7
A-s2U 5′-AGUGAAA 5′-s2Us2Us2UCACs2U 64.5( 4.8 181.8( 15.4 8.10( 0.09 44.8 60.2( 1.6 168.1( 5.1 8.04( 0.02 45.0 -3.25 17.3

a Solutions are 100 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA at pH 7.b Calculated for a 10-4 M oligonucleotide concentration.
c Differences because of the substitution of U with s2U.
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mismatches. Probes with alternative binding sites were
omitted from constraints if the probe completely comple-
mentary to the alternative binding site also bound 5S rRNA
at least as strongly as the probe in question. An exception
was made for probe 39 on the basis of ribonuclease H
cleavages, indicating a single binding site for probe 39. The
middle nucleotide of probes binding 5S rRNA with strong
and medium intensity and which can bind tightly only by
forming perfect duplexes were used as chemical modification
constraints in predictions of secondary structure by RNA-
structure 4.11 (see the caption to Figure 4). For each buffer,
the lowest free-energy structure has 92% of the known
canonical base pairs. As shown in Figure 4B, only part of
helix III is predicted to be in an alternative fold. The crystal
structure of 5S rRNA fromH. marismortuihas Watson-
Crick base pairs with unusual geometries in this region (24),
suggesting a pliable local structure.

The structure of form B was also predicted with RNA-
structure 4.11. Constraints from chemical mapping and from
hybridization in buffer 1Na+/250T were used separately and
together (Figure 5). In all cases, the predicted lowest free-

energy structure had a helix, which is also present in form
A: U1-G10/C110-A119. Helix U1-G10/C110-A119 in
both A and B forms is in agreement with proposed earlier
structures (25, 28). Helix C35-C42/G79-G86 appears when
only chemical-mapping constraints are used (Figure 5A). The
formation of helix G33-C42/G79-C88 (25) or G33-A39/
U82-C88 (28) for form B was proposed previously. This
helix is also consistent with V1 cuts in region G33-C42
(27). This secondary structure is not consistent, however,
with the binding observed to oligonucleotides 36 and 90.
When hybridization constraints alone or together with
chemical-mapping constraints are used, the structure shown
in Figure 5B is predicted. This structure is predicted to be
only 2 kcal/mol less favorable than the structure in Figure
5A. This suggests that Figure 5B is a structure of form B. It

FIGURE 4: RNAstructure 4.11 prediction forE. coli 5S rRNA
secondary structure (A) without constraints and (B) with constraints
from hybridization results. Correct base pairs are bolded. Nucle-
otides constrained were (buffer 1Na+/4Mg2+/10T) 27-29, 35, 36,
40, 41, 44; (buffer 0.15Na+/4Mg2+/10T) 27-29, 35, 36, 39, 40,
44; and (buffer 0.04Na+/4Mg2+/10T) 27-29, 35 36, 39, 40, 41,
44, 90. All three sets of constraints gave the same predicted
structure.

FIGURE 5: RNAstructure 4.11 predictions for form B ofE. coli 5S
rRNA in 1Na+/250T (1 M NaCl and 250 mM Tris-HCl at pH 7.8),
4 °C. (A) Using constraints from chemical-mapping data alone,
∆G°37 ) -46.8 kcal/mol, and (B) using constraints shown from
oligonucleotide-binding data alone,∆G°37 ) -44.8 kcal/mol. The
structure shown in B is also predicted when both chemical-mapping
and oligonucleotide-binding data are used as constraints. Note that
all binding oligonucleotides shown in Figure 3 are not used as
constraints because some have potential alternative binding sites
(see Table S1 in the Supporting Information). Symbols:b, strong
DMS; O, medium DMS;9, strong CMCT;0, medium CMCT;2,
strong kethoxal;4, medium kethoxal;9 with text inside, middle
site of strong binding;0 with text inside, middle site of medium
binding.
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is possible that the two structures in Figure 5 and others are
able to convert in the absence of Mg2+. Form B exhibits
many more sites of chemical modifications (Figure 1) and
heptamer binding (Figure 3) as compared to form A. Perhaps
the density of oligonucleotide-binding sites can provide
insight into the rigidity of a structure.

DISCUSSION

In this paper, probing of secondary structure by microar-
rays of oligonucleotides is explored as an approach to
improve the prediction of RNA secondary structure. Free-
energy minimization typically predicts correctly only about
70% of known canonical base pairs (7). One way to improve
modeling of RNA secondary structure is to couple computa-
tions with experimental data. For example, enzymatic (34,
59) or chemical (34, 38, 39) mapping can reveal nucleotides
that are not involved in canonical base pairs, and this
information can be used as constraints in computations (7,
12, 13). We show here that hybridization on microarrays with
heptamer 2′-O-methyl oligoribonucleotides can provide ad-
ditional experimental constraints that allow the prediction
of a nearly true secondary structure by a free-energy
minimization algorithm. In principle, microarrays can inter-
rogate RNA secondary structure in a way that is faster and
more easily automated than chemical probing, while also
providing complementary information. The general method
should also be applicable to systems that are not amenable
to chemical probing, e.g., any system that relies on comple-
mentary, noncovalent interactions for folding but does not
have a backbone that allows readout by a polymerase of
reactivity to chemicals.

The influence of the RNA structure on hybridization to
microarrays was first studied by Mir et al. (60). They used
DNA oligonucleotides with lengths of 2-12 nucleotides
immobilized on a glass surface and tRNAPhe as the target.
For probing of secondary structure, small probes have several
advantages relative to longer probes. The first is better
discrimination between Watson-Crick complementary bind-
ing and binding involving mismatches. The second is less
possibility to disrupt secondary structure in the target. A third
is that self-folding of the probe can be ignored. Moreover,
there are only 16 384 possible heptamers; therefore, mi-
croarrays containing all possible heptamers could be mass-
produced. Even a microarray containing all possible hep-
tamers, hexamers, pentamers, and tetramers would have only
21 760 oligonucleotides. As demonstrated for probe 90,
comparisons of relative binding by different length oligo-
nucleotides can provide insight into secondary structure. The
disadvantage of short oligonucleotides is less specificity,
because long RNAs are likely to have multiple regions with
the same sequence. Heptamers are expected to be ideal for
probing the structures of RNAs shorter than roughly 1000
nucleotides because on average a given seven nucleotide
sequence will be present twice only 6% of the time in a 1000
nucleotide sequence.

For this study, 2′-O-methyl RNA probes were selected
because 2′-O-methyl RNA/RNA duplexes are thermody-
namically more stable than DNA/RNA duplexes (51, 61, 62).
Moreover, chemical synthesis of 2′-O-methylated oligori-
bonucleotides is efficient and inexpensive, and the oligo-
nucleotides are chemically stable. Such 2′-O-methyl RNA

probes have been used in microarrays previously (61)
although not for probing structure.

E. coli 5S rRNA was used to test oligonucleotide probing
of secondary structure because only 27% of its canonical
base pairs are predicted correctly by free-energy minimization
(7, 13). This is likely due to unusual stabilization of loop E
by about-8.8 and-5.0 kcal/mol relative to 0.1 and 1 M
Na+, respectively, when compared to 50 mM Mg2+ and 0.1
M Na+ (63). Thus,E. coli 5S rRNA provides a good test of
whether experimental data can compensate for incomplete
knowledge of RNA thermodynamics.

Hybridization was tested in several buffers at room
temperature and 4°C. Chemical mapping showed that folding
E. coli 5S rRNA in buffers 1Na+/4Mg2+/10T, 0.15Na+/
4Mg2+/10T, or 0.04Na+/10Mg2+/10T gave native form A.
The best condition for hybridization experiments was buffer
1Na+/4Mg2+/10T at room temperature. This condition gave
both a high signal intensity and good discrimination against
mismatches.

Binding of A Form E. coli 5S rRNA to Immobilized
Oligonucleotides Is Consistent with the Known Secondary
Structure. E. coli5S rRNA binds to microarrays very
similarly in buffers 1Na+/4Mg2+/10T, 0.15Na+/4Mg2+/10T,
and 0.04Na+/10Mg2+/10T (see the Supporting Information).
Differences in intensity are mostly observed. The most
accessible region for binding of probes was loop C. In buffer
1Na+/4Mg2+/10T at room temperature, probes 35-38, 40,
41, and 44 hybridized to loop C (Figure 3A). Differences in
the strength of binding and in chemical modification at
positions in the loop may come from tertiary interactions.
For example, extension of helix III by three noncanonical
base pairs into loop C has been proposed (41). A crystal
structure of the equivalent loop in the large ribosomal subunit
from H. marismortuishows that this loop has a Watson-
Crick pair between C38 and G44 as well as tertiary
interactions between A39 and A46 and between U40 and
A45 (24). Probes probably break some tertiary interactions
to allow hybridization, but the free-energy cost is small.
Experiments with truncated versions of probe 35 showed that
it had to invade helix III to bind at room temperature but
not at 4°C.

The 5′ side of loop B is the only other region giving strong
binding to probes in buffer 1Na+/4Mg2+/10T (Figure 3A).
Probes complementary to the 3′ side of loop B did not bind
well, except for modified probe 56, 5′-s2UM-
s2UMs2UMCMAMCMs2UM, at 4 °C. This is likely due to the
high AU content and therefore weak base pairing of probes
binding to the 3′ side. Published experiments and a molecular
dynamics study suggest lability of the helix III/loop B region
(25, 64, 65). DNA analogues of probes 28 and 29 induce
ribonuclease H cleavage between nucleotides 29-31, indi-
cating that the base pairs in that region are labile. Thus, the
structure shown in Figure 4B may be similar in stability to
the known structure shown in Figure 3A. In the crystal
structure of the large ribosomal subunit fromH. marismortui
(24), the base pairs equivalent to helix C28-C30/G54-G56
have unusual geometries. Perhaps a dynamic structure in that
region is important for function.

E. coli 5S rRNA also bound to probes 92 and 93. The
sequence of 93, however, is identical to 38, which is
complementary to loop C. Probe 92 can form six comple-
mentary base pairs with loop C, having only a single A
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dangling at the 3′ end. Thus, binding to probes 92 and 93 is
consistent with native structure A.

Other regions of 5S rRNA did not bind to probes. The
lack of binding to loop E is consistent with chemical mapping
(41, 66) and NMR (22) and crystal (23) structures of loop
E, which show noncanonical base pairs: G72-A104, U74-
G102, G75-A101, G76-G100, U77-A99, and A78-G98.
Thermodynamic measurements in the presence of magnesium
revealed unusual stability for loop E (63). NMR results also
show that Mg2+ is required for forming a structured loop E
(22). As shown in Figure 1, nucleotides in the “loop E”
region are more reactive during chemical mapping in buffer
1Na+/250T, without magnesium. Thus, the microarray data
showing that probes do not bind to loop E in the presence
of Mg2+ are consistent with its known properties.

Microarray probes 12 and 14 did not bind to the multi-
branch loop, although binding is predicted by the OligoWalk
program. A12, U14, and A15 were accessible to chemicals,
however (Figure 1). This suggests that the multibranch loop
is also more stable than predicted. Thermodynamic measure-
ments have revealed extra stability for a 5S rRNA multi-
branch loop with a different sequence (67).

Microarray Data ProVide New Insight into the Structure
of Form B of E. coli 5S rRNA.Chemical mapping and
hybridization to probes under conditions known to give form
B of E. coli 5S rRNA gave results dramatically different
from those under conditions giving form A. More regions
are accessible for both chemical reaction and binding to
microarray probes. Interestingly, the structure prediction with
constraints from microarray data alone or from both mi-
croarray and chemical-mapping data suggests a secondary
structure different from that generated when only chemical
modification data are used as constraints (Figure 5). The
presence of the strong helix U1-G10/C110-A119 in both
structural models is consistent with previous suggestions,
however (25, 28). While a single structure is implied by the
observation of a single band on a nondenaturing gel, it is
possible that the absence of Mg2+ allows this structure to be
more dynamic. A comparison of the microarray data for
forms A and B (Figure 3) suggests that binding to microar-
rays may allow the identification of regions in an RNA that
are particularly rigid or dynamic.

Substitution with 2-Thiouridine Can Enhance Binding and
Specificity of 2′-O-Methyl Oligonucleotides. Interpretation
of microarray data is potentially confounded by binding
inVolVing mismatches. The different stabilities of comple-
mentary duplexes formed by probes with different AU and
GC contents may also limit the information content of
microarray data. In principle, modified nucleotides can
oVercome these limitations. To illustrate this, 2′-O-methyl-
2-thiouridine was tested to improVe binding and discrimina-
tion in base pairing. As shown in Table 2, 2′-O-methyl-2-
thiouridine substitutions enhance the stability of an A-U
pair by an aVerage of 0.8 kcal/mol of substitution at 37°C.
For the two cases tested, s2UM substitution also enhanced
discrimination of A-U oVer G-U pairs by 1.1 and 1.9 kcal/
mol. Preliminary results with microarrays suggest that 2′-
O-methyl-2-thiouridine is a promising modification for
microarray technology.

Interpretation of Binding to Microarrays Can ProVide
Insight into RNA Structure and Dynamics.Microarrays with
all possible heptamers, hexamers, pentamers, and tetramers

together with programs such as RNAstructure (13) can be a
useful tool to deduce the secondary structure and dynamics
of RNA. Microarrays rapidly interrogate oligonucleotide
binding to an RNA. The bimolecular folding mode in
RNAstructure can predict which probes that bind may also
have more than one binding site including those with
mismatches. These can still be used as constraints if the
oligonucleotide fully complementary to the alternative bind-
ing site binds more weakly than the mismatched probe.
Otherwise, probes with alternative sites can be omitted during
initial modeling of structure, or if there are many such
ambiguous probes, then ribonuclease H digestion can be used
to identify actual binding sites. After such filtering, the
middle nucleotide of hybridized, single binding site probes
can be used as equivalent to a site of chemical modification
to deduce a model for the secondary structure using RNA-
structure. To be acceptable, the structure generated also has
to have at least one reasonable binding site for probes that
bind but have multiple potential binding sites. If probes of
different lengths are included on the microarray, then binding
as a function of the length could be compared to the predicted
structure as an additional test (15). A comparison of probe
binding to loops found in the modeled structure may also
provide insight into which loops are rigid and unusually
stable as opposed to dynamic. For example, the lack of
binding to loop E ofE. coli 5S rRNA in the presence of
Mg2+ indicates that loop E is rigid, which is consistent with
its known properties (22, 23, 63, 66). For E. coli 5S rRNA,
this approach was able to provide a structure that contains
92% of known canonical base pairs, whereas free-energy
minimization alone predicted only 27% of the known base
pairs (Figure 4).

Interpretation of oligonucleotide-binding data will be
facilitated in the future by the incorporation of modified
nucleotides that equalize binding to unstructured RNA for
all sequences, by improved understanding of the thermody-
namics of binding, including the temperature dependence,
and by the development of algorithms to take advantage of
these advances. For example, programs such as OligoWalk
(50) could be expanded to include contributions from coaxial
stacking involving oligonucleotide and could be used to
automatically compare binding observed to a microarray to
that predicted for all possible secondary structures generated
by other algorithms (6, 7, 13, 68-72). New methods for
detecting binding to microarrays eliminate the necessity for
labeling the target (73) and provide the possibility of further
automating the readout and interpretation of microarray
results. The method should also provide insight into loops
that provide good targets for antisense (74-77) and RNAi
(78, 79) approaches to therapeutics. For example, rigid loops
such as loop E will not provide good targets for therapeutics
composed of nucleic acids.
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