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ABSTRACT: Binding of short oligonucleotides to RNA is important formany biological processes. On the basis
of RNAi phenomena, antisense, and ribozyme approaches, it is useful in the inhibition of biological functions.
To be considered as potential therapeutics, oligonucleotides must bind strongly and selectively to a
complementary fragment of target RNA.Microarray technologies also involve the binding of oligonucleotide
probes to DNA or RNA. Herein, the hybridization of common structural motifs of RNA, i.e., hairpins,
internal loops, bulges, 30- and 50-dangling ends, and pseudoknots to isoenergetic microarray probes is
presented. The analysis demonstrates thatmicroarray probes bind to bulges, internal loops, and dangling ends
as expected. Probes may also bind to terminal helixes, however, possibly due to the rearrangement of base
pairs. These results suggest that isoenergetic microarray mapping can provide data to facilitate and improve
RNA secondary structure prediction. However, optimal results require combination with chemical and/or
enzymatic mapping.

RNA plays a major role in biological processes, and know-
ledge about the structure of RNA is crucial for understanding its
functions. The secondary structure of RNA is formed from
common structural motifs such as double helixes, hairpins,
bulges, internal loops, multibranch loops, pseudoknots, dangling
ends, and single stranded regions (1). Single stranded regions are
good targets for the binding of complementary oligonucleotides,
which can be designed to disturb or control the biological
functions of RNA (2). Differently modified nucleotides are
widely used to enhance the stability of duplexes (3, 4). It is
therefore important to advance the knowledge of the binding of
modified short oligonucleotides to folded RNA. Nearest neigh-
bor thermodynamic parameters for RNA (5, 6), DNA (7), DNA/
RNA (8), and 20-O-methyl-RNA/RNA (9) as well as chimeric
locked nucleic acids (LNA1)-DNA/DNA (10) and LNA-20-
O-methyl RNA/RNA (11, 12) duplexes were published and
allow for predictions of the thermodynamic stability of respective
duplexes. Hybridization of structural motifs of RNA tomodified
probes spotted on microarrays gives opportunities to study their
binding to shortmodified oligonucleotides. Those results can also
facilitate the design of oligonucleotides as potential therapeutics.

Recently, microarrays with 20-O-methyl penta/hexanucleotide
isoenergetic probes were used for the study of the secondary
structure of target RNAs and together with the RNAstructure
computer program (13) improved prediction of RNA folding
(14-16). Isoenergetic microarrays are built with LNA-20-
O-methylRNAchimeric oligonucleotides. LNAmodified nucleo-
tides C, G, and U as well as LNA-2,6-diaminopurine riboside

and/or 20-O-methyl-2,6-diaminopurine riboside substituting for
adenosine were applied in isoenergetic microarray prepara-
tion (15, 17). Probes are isoenergetic because their modifications
were designed to provide roughly equally favorable and enhanced
free energy of binding to complementary single stranded frag-
ments of target RNA. The position and type of modified
nucleotides were selected on the basis of thermodynamic rules
determined previously (9, 11, 12, 18). The main advantage of
isoenergetic probes is the independence of their binding on base
content and sequence. This significantly facilitates interpretation
of the hybridization results. The presence of LNA and 2,6-
diaminopurine riboside nucleotides results in strong enhance-
ment of probe binding; thus, short penta/hexanucleotides can
serve as isoenergetic probes. The small number of possible
pentamers (only 1024) allows for the production of universal
isoenergetic microarrays suitable to investigate the structure of
any RNA. A disadvantage of short probes is the increased
probability of having more than one perfect matched site in
target RNA. A microarray mapping method has been used to
study the structures of natural RNAs. This method identifies
single stranded or weakly paired regions in target RNA and
improves predictions of the target secondary structure. A micro-
array mapping method was used to improve the secondary
structure prediction of 5S rRNA from Escherichia coli from
27% to 92% (14). Isoenergetic microarray mapping was applied
to model the secondary structures of R2 50RNAs from Bombyx
mori,Samia cynthia,Coscinocera hercules,Callosamia promethea,
and Saturnia pyri (15, 16). Those, RNAs of 320-330 nucleotides
have similar biological functions and reveal several common
structural motifs. Isoenergeticmicroarraymapping potential was
investigated on tRNAs as well. Binding of probes to natural
tRNAPhe from Saccharomyces cerevisiae and to the unmodified
transcript was determined to reveal the influence of tRNAmodi-
fication on binding (19). Also, the comparison of microarray
hybridization of initiator tRNAi

Met and elongator tRNAm
Met

from Lupinus luteus demonstrated differences in the folding of
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both molecules, which could be related to their biological
functions during elongation (20).

Not much is known about the thermodynamics of binding of
short oligonucleotides to folded RNA (21-25). Systematic
studies of microarray mapping of common RNA structural
motifs are important to improve the interpretation of hybridiza-
tion results with large RNA. In this article, hybridization results
for many model short RNAs with defined structure are pre-
sented. Model RNAs were designed to represent the most
common structural motifs of RNA, i.e., hairpins, internal loops,
bulges, 30- and 50-dangling ends, and pseudoknots.

MATERIALS AND METHODS

Materials. Standard phosphoramidites for oligonucleotide
synthesis and C6-aminolinker were purchased from Glen Re-
search. Phosphoramidites of LNA, LNA-2,6-diaminopurine
riboside, and 20-O-methyl-2,6-diaminopurine riboside were
synthesized as described previously (11).

The γ32P-ATP was purchased from ICN Biomedicals, and
T4 polynucleotide kinase and T4 RNA ligase were from Fer-
mentas. Ap and Cp for the synthesis of 32P labeled pAp and 32P
labeled pCp, respectively, were from Sigma. RNases V1 and T1
were from Ambion and nuclease S1 from Fermentas. Dimethyl
sulfate (DMS) and 1-cyclohexyl-3-(2-morpholinoethyl)carbo-
diimide metho-p-toluenesulfonate (CMCT) were from Aldrich,
and kethoxal was from ICN Biomedicals. N-Methylisatoic
anhydride (NMIA) was from Molecular Probes. Reverse tran-
scriptase SuperScript III was from Invitrogen and dNTPs and
ddNTPs from Amersham Biosciences. Lead(II) acetate was
purchased from Fluka.

HybriSlip hybridization covers and agarose were from Invi-
trogen. Silanized slides were purchased from Sigma. Humidity-
temperature chambers for hybridization were manufactured in-
house.
Chemical Synthesis of Model RNA andModified Oligo-

nucleotide Probes. Oligonucleotides probes and short model
RNA were synthesized by the phosphoramidite approach on an
ABI 392 synthesizer (26). LNA phosphoramidites were synthe-
sized as described before (27). The modified oligonucleotides
used as probes for microarrays were synthesized with a C6-
aminolinker on the 50-end. Oligonucleotides were deprotected
and purified according to published procedures (5, 15).

Molecular weights were confirmed by mass spectrometry (LC
MS Hewlett-Packard series 1100 MSD with API-ES or MALDI
TOF MS, model Autoflex, Bruker). Concentrations of all oligo-
nucleotides were determined from predicted extinction coefficients
forRNA (28) andmeasured absorbance at 260 nm at 80 �C. It was
assumed that modified 20-O-methyl RNA and RNA strands with
identical sequences have identical extinction coefficients.
Synthesis of 74-Nucleotide Fragment of B. mori R2

Retrotransposon 50 Region. The plasmid for the synthesis of
74-nucleotide RNA (Pk2), a fragment of B. mori R2 retro-
transposon, was a gift from James M. Hart and Dr. Douglas
H. Turner. The plasmidwas linearized and transcribed according
to a published procedure (29). Synthesized Pk2 RNA was
purified on an 8% polyacrylamide denaturing gel.

Native gel electrophoresis (8% polyacrylamide gel, run at
4 �C) was done for Pk2 after folding for 5 min at 65 �C in buffers
(A) 200mMNaCl, 5 mMMgCl2, and 10mMTris-HCl at pH 8.0
or (B) 1 MNaCl, 5 mMMgCl2, and 10 mMTris-HCl at pH 8.0.
In both conditions, Pk2 RNA migrated as one and the same
band.

Preparation of Isoenergetic Microarrays. Isoenergetic
microarray probes were designed and synthetized as described
earlier (14, 15). They were built with 20-O-methyl oligonucleotide
pentamers and hexamers with incorporated LNA nucleotides
and 2,6-diaminopurine ribosides (LNA or 20-O-methyl). Modifi-
cations were chosen to provide predicted free energies for binding
at 37 �C (ΔG�37) to unstructured RNA of between -8.0 and
-10.5 kcal/mol. The sequenceUUUUUand spotting bufferwere
used as negative controls. Microarrays were prepared according
to the method described earlier (15, 30). Silanized slides were
coated with 2% agarose activated by NaIO4, and probes were
spotted in 4 or 6 repeats by a microarray printer (SpotArray 24,
Perkin-Elmer Life Sciences) with a spot distance of 750 μm.
Microarrays contained all probes complementary step-by-step to
the sequences of all model RNAs from Figures 1 and 2. Other
microarrays, with probes step-by-step complementary to Pk2
(Figure 3), were printed separately. Printed microarrays were
incubated for 12 h at 37 �C in 100% humidity. The remaining
aldehyde groups on microarrays were reduced with 35 mM
NaBH4 solution in PBS buffer (137 mM NaCl, 2.7 mM KCl,
4.3 mMNa2HPO4, and 1.4 mMKH2PO4 at pH 7.5) 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.
Labeling of Target RNA. RNA prior to hybridization was

50-end labeled using γ32P-ATP and T4 polynucleotide kinase.
Pk2 was also 50-end 32P labeled for enzymatic and lead cleavage.
Additionally, 30-end 32P labeling was accomplishedwith pAp and
pCp for some cases, as indicated.
Hybridization on Isoenergetic Microarrays. Prior to

hybridization, RNA was radioactively labeled from the 50- or
30-end and purified on a denaturing gel. The following buffers
were used for hybridization: (A) 200 mM NaCl, 5 mM MgCl2,
and 10mMTris-HCl at pH 8.0, (B) 1MNaCl, 5mMMgCl2, and
10 mM Tris-HCl at pH 8.0, and (C) 1 M NaCl, 20 mM sodium
cacodylate, and 0.5mMNa2EDTAat pH 7.0. RNAswere folded
in one of the above buffers by incubation for 5 min at 65 �C
and slowly cooling to room temperature. For hybridization, ca.
10 nMof 32P labeled RNA in 250 μL of folding buffer was placed
on a microarray slide and covered with a HybriSlip. The
microarray slide was placed in a humidity-temperature chamber
with 100% humidity and incubated for 18 h at 4 �C. After
hybridization, buffers with RNA were poured out, and slides
were washed in buffer with the same salt concentrations for 3min
at 0 �C. Different hybridization times (4 h, 8 h) and temperatures
(4 �C, room temperature, 37 �C) and also various washing times
(1, 3, 10, and 15min at 0 �C) were also tested. Slides were dried by
centrifugation in a clinical centrifuge (2000 rpm, 2 min) and
covered with plastic wrap. Hybridization was visualized by
exposure to a phosphorimager screen and scanned onMolecular
Dynamics or Fuji Phosphorimagers. Quantitative analysis was
performed with ImageQuant 5.2. Binding was considered strong,
medium, or weak when the integrated intensity was g1/3, g 1/9,
or g1/27 of the strongest integrated intensity, respectively.
Experiments were repeated at least three times, and the average
of the data is presented.
Thermodynamic Measurements. Oligonucleotides were

melted in buffer D containing 10 mM NaCl, 20 mM sodium
cacodylate, and 0.5 mM Na2EDTA at pH 7.0. Low NaCl
concentration was chosen to keep melting temperatures in a
measurable range. However, several low stability duplexes were
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melted in buffer C containing 1 M NaCl, 20 mM sodium
cacodylate, and 0.5 mM Na2EDTA at pH 7.0. Absorbance vs
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 the program MeltWin 3.5 (31).
Enzymatic, Chemical Mapping, and Lead Cleavages.

Structural mapping of R2 pseudoknot (Pk2) was conducted
according to published procedures (14, 15, 32-34). Chemical

FIGURE 1: Secondary structures and hybridization results of model RNA motifs: hairpins, bulges, internal loops, and 30- and 50-dangling ends.
EachRNAwas hybridized to amicroarray with all possible isoenergetic probes, complementary step-by-step toRNA. Pentamer probes are 6, 7,
16, 29, 34, 35, and 38.All other probes usedare hexamerswith specific pentamer sequence complementary to targetRNAandunspecificGLon the
30-end (Tables 1 and 2, Supporting Information). The numbering of nucleotides in each structure is according to the longest RNA (IL3) to show
similarity in sequence and for easier comparison.

FIGURE 2: Secondary structures and hybridization results of model RNA pseudoknot Pk1 and its hairpins as parts of the pseudoknot structure.
Each RNA was hybridized to a microarray with all possible isoenergetic probes, complementary step-by-step to RNA. Pentamer probes
are 14, 15, 16, 29, and 30b. All other probes used are hexamers with the specific pentamer sequence complementary to target RNAand unspecific
GL on 30-end (Table 3, Supporting Information). The numbering of nucleotides is used according to pseudoknot Pk1. For symbols, refer to
Figure 1.
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mapping was done with DMS, CMCT, kethoxal, and NMIA
followed by primer extension for readout. The DNA for primer
extension was complementary to nucleotides 97 to 123 of Pk2.

RESULTS

To take full advantage of data collected from hybridization on
isoenergetic microarrays, it is useful to test the microarray
mapping of small model RNAswith defined secondary structure.
Model RNAs were designed as representatives of the structural
motifs such as hairpins, internal loops, bulges, 50- and 30-dangling
ends, and pseudoknots (Figures 1-3). In the first group of model
RNAs, the hairpins H1 andH2were extended to form additional
structural motifs (Figure 1). This strategy allows for a syste-
matic analysis of the influence of RNA structure on binding
to isoenergetic microarray probes. To unify the analysis, the
nucleotides are numbered in accordance with their positions
in the longest RNA model. Hybridization results are shown in

Figures 1-4 and listed in Tables 1-3. Only strong and medium
binding sites were used for analysis. On average, the predicted
free energy of binding unstructuredRNA to the probes (ΔGo

37) is
-11.7 kcal/mol in 0.1 M NaCl. Probes that bound were checked
for alternative binding sites with the bimolecular bindingmode of
RNAstructure 4.5 (13). Hybridization experiments were per-
formed mostly in buffer C containing 1 M NaCl as described in
Materials and Methods. This condition provided the strongest
binding. Hybridizations performed in buffers A and B gave
relative intensities of binding similar to those in buffer C, but
overall signals were weaker. For short model RNA targets,
shorter hybridization time, higher temperature, and longer
washing decrease intensities of all microarray spots, but relative
intensities remain similar. Complete hybridization results are
presented in Supporting Information.
Binding of RNA Hairpins to Isoenergetic Microarray

Probes. Figure 1 shows the hairpins investigated, and Tables 1

FIGURE 3: Secondary structure and hybridization results for 74-nucleotide pseudoknot (Pk2), a part of B. moriR2 50RNA. Data shown are for
buffer (A) (200 mM NaCl, 5 mM MgCl2, and 10 mM Tris-HCl at pH 8.0) at room temperature. Pk2 was hybridized to a microarray with all
possible isoenergetic probes complementary to Pk2. Pentamer probes are 52, 53, 63, 64 (73), 65 (74), 67, 76, 88, 98-107, 118, 120, and 121. The
other probes are hexamers with the 50 pentamer sequence complementary to Pk2 and GL on the 30-end (Table 4, Supporting Information). The
numbering is according toB. moriR2 50RNA. Previously used symbols are described in Figure 1. Symbols in green: chemical mapping or strong
binding to the microarray probe in B. mori R2 50RNA.

FIGURE 4: Examples of hybridization results for model RNAs.Upper panel: microarrays with hybridized hairpinsH4 andH6 alongwith the bar
graph of relative binding intensity to the probes. Lower panel: microarrays and bar graph for Pk1 and Pk-H1. Each probe was spotted six times,
and the average intensity is plotted.
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Table 1: Hybridization Results for RNA H1-H7a

predicted ΔG�37 (modified probe/

RNA in 0.1 M NaCl)d binding of isoenergetic probese

center of

binding

siteb

sequence of

modified

probe 50 to 30c
added 30

base pair

with dangling

ends of target

RNAf
H1

(H1-30C) H3 H4

H6

(H6-30A) H2 H5 H7

11 DLCDLGDLGL dangling GL -9.13 -9.83 S S

12 CDLCDLGGL U-GL -8.98 -10.08 S M

13 ULCDLCDLGL C-GL -10.85 -11.45 S M

14 GUCLDCLGL U-GL -8.89 -9.99 M

15 GGLUCLDGL G-GL -10.25 -11.15 M

17 UGLGGLUGL G-GL -10.63 -11.33 Sg

19 UDLUGLGGL C-GL -11.48 -12.48 S (M) S M

20 GLUDLUGLGL C-GL -11.61 -13.11 S (S) S M (S)

21 DGLUDLUGL C-GL -10.52 -11.52 S (S) M S (S)

22 CDLGULDGL A-GL -8.82 -10.42 M M M M

25 GDCLCAGL C-GL -10.19 -12.39 S (S) M Sg

26 UGLACLCGL U-GL -9.50 -10.30 M (M)

27 GULGDLCGL G-GL -9.19 -9.29 (-10.09) (M)

30a UCLUGLUGL C-GL -10.91 -11.01 S

30b GDLDGLUGL C-GL -11.17 -11.27 S S

aOnly probes that bind strongly or moderately to at least one target RNA are shown. bCenter of binding site according to Figure 1, where the center is the
target RNA nucleotide complementary to the third nucleotide from the 50-end of the probe. cIn sequence of the modified probe: LNA nucleotides are marked
with superscript L; D represents 2,6-diaminopurine riboside; and nucleotides without a superscript are 20-O-methyl-nucleotides. dCalculated for 100mMNaCl
buffer according to a published equation (15). eBuffer composition: 1MNaCl, 20 mM sodium cacodylate, and 0.5 mMNa2EDTA at pH 7 (buffer C). fCalculated
for target RNAwhich binds the probe. Symbols: S, strong binding; M,medium binding. gStrong binding is relatively weaker (70-100 times) compared to that
of other target RNAs.

Table 2: Hybridization Results for RNA B1-B4 and IL1-IL3a

predicted ΔG�37 (modified probe/

RNA in 0.1 M NaCl)d binding of isoenergetic probese

center of

binding

siteb

sequence of

modified

probe 50 to 30c
added 30 base

pair

with dangling ends

of target RNAf B1 B2 B3 B4 IL1 IL2 IL3

6 GCDLCGL -8.42 -9.62 B1, B3, IL1;

-10.12 B2

S M M S

7 AGLCDLCGL C-GL -11.48 -11.58 S S S

8 GDLGCDLGL G-GL -10.44 -11.94 S S M S M

9 DLGDLGCGL U-GL -10.04 -10.94 S S S S S

10 CDLGDLGGL G-GL -9.86 -10.56 M M M S

11 DLCDLGDLGL C-GL -11.96 -12.86 S S S S S

12 CDLCDLGGL U-GL -8.98 -10.38 M M S M

13 ULCDLCDLGL C-GL -10.85 -11.45 S M

14 GUCLDCLGL U-GL -8.89 -9.99 S

15 GGLUCLDGL G-GL -10.25 -10.35 M

26 UGLACLCGL dangling GL -8.80 -9.30 M

27 GULGDLCGL G-GL -9.19 -10.39 M

28b DLGULGDLGL G-GL -10.06 -10.39 S M

28a CGLUGLDGL G-GL -10.24 -10.84 Mi M

29 DLDGLUGLGL U-GL -9.44 -9.74 Mg S S

30b GDLDGLUGL C-GL -11.17 -12.97 M S S S

31 CGDLDGLGL A-GL -9.32 -10.02 S M

32 GCLGDLAGL C-GL -11.62 -13.82 S S S

33 UGCLGDLGL U-GL -10.42 -11.22 S S M

34 GLUGLCGL -9.48 -11.68 B3, B4;

-11.28 B2, IL1, IL3

Sh Mj M Sh S

35 CGLUGLCGL C-GL -12.88 -12.98 Mh Mh

37 DCLCGLUGL C-GL -12.20 -13.10 Sk S M

38 CLDCLCGL -9.02 -9.32 S S S

aOnly probes that bind strongly or moderately to at least one target RNA are shown. bCenter of binding site according to Figure 1, where the center is the
target RNA nucleotide complementary to the third nucleotide from the 50-end of the probe. cIn sequence of the modified probe: LNA nucleotides are marked
with superscript L; D represents 2,6-diaminopurine riboside; and nucleotides without a superscript are 20-O-methyl-nucleotides. dCalculated for 100mMNaCl
buffer according to a published equation (15). eBuffer composition: 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA at pH 7 (buffer
C). fCalculated for target RNA which binds the probe. Symbols: S, strong binding; M, medium binding. gPossible alternative binding sites: 35, 33. hPossible
alternative binding sites: 6. iPossible alternative binding sites: 38/39. jPossible alternative binding sites: 9. kPossible alternative binding sites: 28/29.
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and 2 list the results. For hairpin H1, strong binding was only
expected in loop a. Indeed, binding to the loop at positions 19-21
(strong) and 22 (medium) was observed, but binding to sites 25
(strong) and 26 (medium) was also noticed. In hairpin H2, loop
bwas built with six A nucleotides to limit possibilities for binding
with mismatched probes. Probe UUUUU was printed on each
microarray as a negative control because the binding constant for
five AU base pairs is too low to retain RNA on the microarray.
Indeed, no strong or medium binding was detected for hairpin
H2. Weak binding was observed at sites 25 and 17. The strength
of the strongest binding site, 17, is 70 times weaker than the
strongest binding site: site 19 of hairpin H1.Moreover, the probe
complementary to site 25 had a binding signal 100 times weaker
for hairpin H2 than for hairpin H1. Hairpin H3, with loop a, has
helix I extended by three base pairs (Ia). Hybridization results
show binding to loop a, at positions 19-22, similar to the binding
in hairpin H1. Medium binding is observed at site 25, which is
weaker than that for H1. Surprisingly, site 30a in helix Ia binds
strongly.

Hairpins with a 30-dangling end, H4 and H5, bind very
strongly at site 30b in the unpaired end, but the only binding in
loop a is medium at site 22. This weak binding in H4 loop
a compared to that in H1 is surprising. The big difference could
come from the relatively small concentration of RNA compared
to concentrations of probes on the microarrays. Increasing the
concentration of H4 by 10-fold changed the results. Site 30b
retained strong binding, site 22 increased to strong binding, and
sites 21 and 25 increased tomediumbinding. As expected, hairpin
H5with sixAnucleotides in loop bbinds strongly only at position
30b.

Hairpins with a 50-dangling end, H6 and H7, have a different
pattern of binding to microarrays (Figures 1 and 4). In H6, there

was strong or medium binding to sites 11-15 as well as strong or
medium binding to positions 19-22 in loop a. Similarly, probes
for positions 11-13 on hairpin H7 also bind. Evidently, the
50-dangling ends facilitate the binding of the probes to the 50-end
of helix I. Those hybridization results are consistent with
measured thermodynamic data (Table 5).

To see if binding to H6 helix I required an unpaired U11,
ligation with 32P labeled pAp was used to allow U11 to form
a U11-A30 base pair (Figure 1, structure H6 including gray A;
binding results marked in gray). In this case, only strong binding
was observed at sites 20 and 21. Evidently, extending helix I by
one base to pair U11 with A30 eliminated the binding of probes
to helix I.
Binding of RNA Bulges and Internal Loops to Isoener-

getic Microarray Probes. Hairpins H1, H5, and H7 were
expanded to include a bulge of three nucleotides or a 3 � 3 nu-
cleotide internal loop (Figure 1). Thermodynamic stabilities of
the RNAs were also measured (Table 5).

For sequence B1with a bulge on the 50 side, strong bindingwas
detected in the bulge loop at position 9 and also in the 50-adjacent
region, at positions 6-8. Helix I and the 30-side of helix II in B1
did not bind probes. B2 with the bulge loop on the 30 side
exhibited binding in the bulge loop, at 30b and 32, and on the
30-side of helix II at positions 33 to 35, which are 30-adjacent to
the bulge loop. Except for medium binding at positions 6 and 29,
helix I and the strand in helix II opposite to the bulge loop did not
bind probes. Evidently, bulge loops in RNA facilitate probe
binding to an adjacent strand in a terminal helix. B3 exhibited
strong binding at sites 7-9 andmedium binding at site 6, which is
similar to B1. There is new strong binding at site 11 and medium
binding at sites 10 and 12 relative toB1 and 28a,which differs from
B1, however. Strong binding also occurred at the 30-dangling end

Table 3: Hybridization Results for RNA Pk1, Pk-H1, Pk-H2, and Pk-H3a

predicted ΔG�37 (modified probe/RNA in 0.1 M NaCl)d binding isoenergetic probese

center of

binding siteb
sequence of modified

probe 50 to 30c added 30 base pair
with dangling

ends of target RNAf Pk1 Pk-H1 Pk-H2 Pk-H3

3 GUCLDCLGL dangling GL -8.19 -8.99 M

6 UDLGGLUGL G-GL -9.44 -10.04 Sg

7 GLUDLGGLGL A-GL -10.16 -12.06 S

8 CGLUDLGGL C-GL -12.06 -12.96 S S

9 GCLGULAGL C-GL -11.17 -13.17 M M

10 ULGCLGULGL U-GL -9.35 -10.45 M

11 CULGCLGGL A-GL -10.48 -10.98 M

12 GCLUGLCGL C-GL -13.49 -15.69 S

13 CGLCULGGL G-GL -10.48 -12.08 M

14 CCLGCLU -9.88 -10.78 M

16 GDCLCGL G-GL -8.92 -11.12 M

17 UGLACLCGL C-GL -11.58 -12.28 M

18 GULGDLCGL G-GL -9.19 -10.69 Pk-H1; -9.49 Pk-H3 M M

19 DLGULGDLGL G-GL -10.06 -10.36 S S

20 DLDGLUGLGL U-GL -9.44 -9.74 Sh M S

21 GDLDGLUGL C-GL -11.17 -12.97 S S S

22 ULGDLDGLGL A-GL -9.17 -10.07 S S

23 DLUGLDDLGL C-GL -11.24 -12.44 S S S

24 UDLUGLDGL U-GL -8.47 -9.57 M S

25 CLUDLUGLGL U-GL -8.66 -10.06 M M

aOnly probes that bind strongly or moderately to at least one target RNA are shown. bCenter of binding site according to Figure 1, where the center is the
target RNA nucleotide complementary to the third nucleotide from the 50-end of the probe. cIn sequence of the modified probe: LNA nucleotides are marked
with superscript L; D represents 2,6-diaminopurine riboside; and nucleotides without a superscript are 20-O-methyl-nucleotides. dCalculated for 100mMNaCl
buffer according to a published equation (15). eBuffer composition: 1 M NaCl, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA at pH 7 (buffer
C). fCalculated for target RNA which binds the probe. Symbols: S, strong binding; M, medium binding. gPossible alternative binding sites: 20. hPossible
alternative binding sites: 7/8.
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sites 37 and 38. Unexpectedly, medium binding was observed at
sites 28 and 34. Hybridization results reveal that 30-dangling end
in B3 barely stabilizes helix II, in comparison to B1, which is
consistent with measurements of thermodynamic stability
(Table 5). B4 has helix IIa extended by 3 base pairs, which
significantly stabilizes helix IIa as demonstrated by hybridization
experiments and measurements of the free energy (Figure 1 and
Tables 2 and 4). Strong binding sites were noticed in the bulge
loop (positions 9 and 11) but also unexpectedly at positions
37 and 38 in helix IIa.

Three RNAs with a 3 � 3 nucleotide internal loop, IL1-IL3,
were also studied (Figure 1, Tables 2 and 4). In IL1, the internal
loop is accessible for binding at positions 9-11, 30b, and 32. As for
B1 and B2, binding sites in IL1 extended to helix II adjacent to the
loop. To test this pattern, IL2 contains the same helixes I and II and
the internal loop, but loopAAAAAA(loop c) closes helix II instead
of helix I. As expected, sites accessible to binding are in the internal
loop and in helix I instead of helix II. IL3 has helix II extended by

three base pairs (IIa) to enhance its thermodynamic stability. Strong
or medium binding was noticed at sites 8-13 and 28-34. Un-
expected binding was observed at positions 37 and 38, as for B4.
Binding of RNA Pseudoknots to Isoenergetic Micro-

array Probes. Pk1 was designed to form the pseudoknot struc-
ture shown in Figure 2. The binding sites were 7, 8 (strong), and 9
(medium) in loop d, and 21-23 (strong) and 24 and 25 (medium)
in loop e. Strong binding was also observed at sites 6, 19, and 20.
Predicted helix III did not bind probes. Hybridization of Pk1 to
microarray probes is consistent with the presence of helix III,
necessary for pseudoknot formation (Figures 2 and 4, andTable 3).

Pk-H1, Pk-H2, and Pk-H3 have the component hairpins of the
Pk1 pseudoknot (Figure 2). In Pk-H1, loop d was accessible at
sites 8-13, including sites 10-13, which did not bind in pseu-
doknot Pk1. Helix I displayed moderate binding at sites 16-18,
which is similar to hairpin H1 (containing the same helix I) but
different from Pk1. Hairpin Pk-H2 bound probes in loop e but
more sparsely than hairpin Pk-H3. Pk-H3 contains helix IIIa,

Table 5: Thermodynamic Parameters of RNA Model Motifs in 10 mM NaCl Buffera

average of curve fits

RNA (50 to 30) -ΔH� (kcal/mol) -ΔS�(eu)
-ΔG�37

(kcal/mol) TM (�C)
ΔΔG�37

(kcal/mol)

ΔΔG�37
(kcal/mol)

-ΔG�4
(kcal/mol)

H1 GUGACCCAUACUGGUCAC 53.7 ( 1.6 157.5 ( 4.6 4.87 ( 0.20 67.9 0 10.12

H2 GUGACCAAAAAAGGUCAC 56.6 ( 5.5 163.6 ( 16.2 5.85 ( 0.48 72.7 0 11.28

H3 UCUGUGACCCAUACUGGUCAC

AGA

75.0 ( 1.5 215.6 ( 4.4 8.15 ( 0.24 74.8 15.44

H4 GUGACCCAUACUGGUCACUUC 61.5 ( 4.8 178.8 ( 14.0 6.04 ( 0.42 70.8 -1.17 11.97

H5 GUGACCAAAAAAGGUCACUUC 63.4 ( 4.9 182.4 ( 14.2 6.83 ( 0.47 74.5 -0.98 12.87

H6 UCUGUGACCCAUACUGGUCAC 54.8 ( 3.1 161.2 ( 9.3 4.81 ( 0.23 66.9 0.06 10.15

H7 UCUGUGACCAAAAAAGGUCAC 55.1 ( 5.8 159.9 ( 17.1 5.48 ( 0.52 71.3 0.37 10.81

B1 CGUGCUCUGUGACCAAAAAAGG

UCACGCACG

48.0 ( 2.3 139.8 ( 6.7 4.65 ( 0.23 70.3 0 9.27

B2 CGUGCGUGACCAAAAAAGGUCA

CUUCGCACG

68.6 ( 2.3 201.0 ( 6.9 6.24 ( 0.15 68.0 -1.59 0 12.92

B3 CGUGCUCUGUGACCAAAAAAGG

UCACGCACGGUG

52.6 ( 1.2 154.2 ( 3.6 4.82 ( 0.14 68.2 -0.18 1.42 9.89

B4 CACCGUGCUCUGUGACCAAAAA

AGGUCACGCACGGUG

75.5 ( 4.9 217.8 ( 14.1 7.98 ( 0.54 73.7 -3.33 -1.74 15.17

IL1 CGUGCUCUGUGACCAAAAAAG

GUCACUUCGCACG

75.9 ( 3.6 223.2 ( 10.8 6.68 ( 0.34 66.9 0 14.07

IL2 GGUCACUUCGCACGAAAAAAC

GUGCUCUGUGACC

101.1 ( 6.2 301.4 ( 18.9 7.64 ( 0.38 62.3 -0.96 0 17.61

IL3 CACCGUGCUCUGUGACCAAAA

AAGGUCACUUCGCACGGUG

70.8 ( 4.0 205.1 ( 11.5 7.19 ( 0.44 72.1 -0.51 -0.45 13.99

Pk1 GUGACCUACGCAGCGGUCACU

UCAUAGGCUGC

50.4 ( 4.7 147.8 ( 13.8 4.54 ( 0.41 67.7 0 9.46

Pk-H1 GUGACCUACGCAGCGGUCAC 23.6 ( 1.9 70.8 ( 6.0 1.69 ( 0.12 60.8 2.85 3.99

Pk-H2 GCAGCGGUCACUUCAUAGGC

UGC

47.6 ( 8.2 143.6 ( 25.5 3.08 ( 0.37 58.5 1.46 0 7.83

Pk-H3 CGCAGCGGUCACUUCAUAGG

CUGCG

51.6 ( 4.8 152.9 ( 14.2 4.23 ( 0.41 64.7 -1.15 9.25

aSolutions are 10 mM NaCl, 20 mM sodium cacodylate, and 0.5 mM Na2EDTA at pH 7 (buffer D).
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extended with an additional CG pair for stability. Sites 18-25
bind indicating open regions of loop e.

The results of structural mapping of a more complex pseu-
doknot, Pk2, are shown inTable 4 andFigure 3. This pseudoknot
occurs in the 50-region of the B. mori retrotransposon R2 RNA
and is part of a 323 nucleotide fragment that binds to one copy of
R2 protein and orchestrates second strand DNA cleavage during
the insertion of the R2 sequence into the host genome (35-37).
The pseudoknot structure of Pk2 was deducted from NMR
mapping (29) and sequence comparison (15, 16). The Pk2
pseudoknot was hybridized to isoenergetic microarrays in con-
ditions previously used for mapping of the 323 nucleotide R2
50RNA, in 200 mMNaCl and 5 mMMgCl2 (buffer A), and 1 M
NaCl and 5 mMMgCl2 (buffer B) at 4 �C or room temperature.
Microarray hybridization data in buffer A at room temperature
reveals strong binding sites at positions 55, 56, 57, 70, 71, and
110 (numbering according toR2 50RNA) andmedium binding at
positions 54, 85, 96, 109, and 113, consistent with the pseudoknot
secondary structure. These regions accessible for probes also
correspond with enzymatic and chemical mapping (Figure 3 and
Table 4), and overall support the pseudoknot structure.
Thermodynamic Measurements. Thermodynamic para-

meters were measured for short model RNAs (Table 5, Support-
ing Information). Also, possible alternative duplexes that
several probes could formwith a part of target RNAwere melted
(Table 6). Potential alternative duplexes for probes that demon-
strate unexpected binding are shown in Figure 5.

DISCUSSION

Binding of short oligonucleotides to target DNA or RNA is
crucial for many applications. Examples include primers for
extension of the second strand (38), strategies based on RNAi
phenomena (39, 40), and antisense (41) or ribozyme appro-
aches (42) to modify gene expression (21, 24, 25, 43). To be
therapeutics, oligonucleotides must bind strongly and selectively
to a complementary fragment of target RNA. Microarray
technologies also involve the binding of oligonucleotides to
DNA or RNA (14-16, 44-46).

The secondary structure of any RNA can be considered as the
sum ofmany structural motifs such as single and double stranded
fragments, dangling ends, bulges, internal loops, multibranch
loops, and pseudoknots. Tertiary interactions of structural
motifs, e.g., by coaxial stacking or A-platforms, can affect overall
folding of a large RNAas well.Moreover, the formation ofRNA
complexes with proteins or other biomolecules can influence
RNA structure. Nevertheless, isolated structural motifs of RNA
provide fundamental models to study the interactions of folded
RNA with oligonucleotides. Herein, the binding of hairpins,
dangling ends, bulges, internal loops, and pseudoknots to
oligonucleotide probes on microarrays was studied. The model
RNA structural motifs were constructed by the extension of
shorter ones to allow for systematic evaluation of the influence of
RNA structure on the hybridization process. The RNA models
can be split into two categories: hairpins and pseudoknots. The
hairpins contained various loop sequences, different lengths of
stems, 50- or 30-side trinucleotide dangling ends, bulges, or
internal loops (Figure 1). The sequences were designed to
minimize as much as possible the alternative binding sites of
probes.

Hairpins H1-H7 form one systematic set of structural motifs.
Hairpins H1, H3, H4, andH6 have loop sequence 50CAUACU30T
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(loop a), and in most cases, strong or medium binding to that
loopwas observed. There were particularly strong binding at sites
19-21 because binding to that fragment allows for interactions of
loop a with almost the entire length of probes. Hairpins H2, H5,
and H7 with 50AAAAAA30 (loop b) were designed to minimize
possible probe binding to the loop. The 50AAAAAA/
30UUUUUU duplex is predicted to have a free energy of
0.34 kcal/mol at 37 �C in standard, 1 M NaCl buffer (C). The
different sequences of loops a and b affect the measured thermo-
dynamic stability (ΔGo

37) of both hairpins, which were equal to
-4.87 and-5.85 kcal/mol in 10mMNaCl (bufferD) for hairpins
H1 and H2, respectively (Table 5) (47-49). The hairpin H3 with
three extra base pairs was even more stable with measured free
energy in buffer D of -8.15 kcal/mol at 37 �C.

Hairpins H1 and H3 unexpectedly bind probes complemen-
tary to the helix at position 25, and H3 additionally binds the
probe complementary to site 30a (Table 1). Binding of those
probes implies the opening helix I or Ia, respectively, or binding
to loop a with mismatches (Figure 5). To gain insight into the
latter possibility, 50CCAUACUG30/50GMDMCLCMAMGL30 and
50CCAUACUG30/50UMCLUMGLUMGL30 duplexes (underlined
nucleotides are single stranded in model RNA) were melted
(Table 6 and Figure 5). Those duplexes mimic possible loop
a/probe interactions. Moreover, to make melting analysis un-
ambiguous, the possibility of the formation of probe/probe self-
associated mismatched duplexes in the solution was analyzed as

well. Unfortunately, probes 25 and 30a, both form stable self-
associated duplexes. The melting curves of mismatched duplexes
formed between 50CCAUACUG30 (mimic of loop a) and probes
25 and 30a were very broad and noncooperative. Thus, the
observedmelting curves are likely the result of overlapping of the
melts of probe/probe and 50CCAUACUG30/probe duplexes
(Table 6). This suggests that probes 25 and 30a bind to the loop
region either weakly or not at all. Probe 25 possibly binds to H1
and H3 by inducing a complete rearrangement of the hairpin as
shown in Figure 5. This rearrangement allows probe 25 to form
five or sixWatson-Crick base pairs and is further stabilized by a
30-dangling end A. Moreover the duplex formed can coaxially
stack with the stem of the new hairpin. A similar rearrangement
would allow probe 26 to bind (Figure 5).

The hairpins H4-H7were formed by a trinucleotide extension
of the 50- or 30-side of core hairpins H1 and H2. It is known from
thermodynamic measurements that 30-dangling ends enhance
duplex stability and that 50-dangling ends have little effect
(50-57). The stabilization effects are dependent on the length
and sequence of dangling ends as well as on identity and
orientation of the adjacent base pair (1, 54, 56). Comparison of
the thermodynamic stability of hairpin H1 with H4 as well as
hairpin H2 with H5 demonstrate that the presence of UUC as
a 30-dangling end enhances stabilities (ΔΔGo

37) by 1.17 and
0.98 kcal/mol, respectively (Table 5). For the hairpins H6 and
H7, UCUas a 50-dangling end does not change the stability more
than experimental error, (destabilization by 0.06 and 0.37 kcal/
mol, respectively). Those results, particularly the influence of
30-dangling ends are similar to the literature values (1, 55). The
thermodynamic influence of the trinucleotide dangling ends are
consistent with the binding of model hairpins H4-H7 to micro-
array probes. H4 and H5 with trinucleotide 30-dangling ends
strongly bind at position 30b (Figure 1). In the case of hairpinH4,
binding to loop a was very limited, perhaps because of the
competition with the binding to site 30b. Binding of the probes to
hairpins H6 and H7 carrying UCU 50-dangling ends was more
extensive than to H4 and H5. For example, probes 11-13 now
bind strongly and probes 14-15 moderately. Binding of probes
11-14 is favored by base pairing to the 50-dangling UCU and
coaxial stacking with the rest of the hairpin stem. The medium
signal of probe 15 is surprising. Itmay require a rearrangement of
the hairpin.

Structures B1-B4 were formed by extension of hairpins
H4-H7 to add a bulge loop to the stem. In B1, binding occurs
at position 9 of the bulge loop and at sites 6-8 of helix II, in the
strand 50-adjacent to the bulge loop. In B2, the bulge loop was
placed on the opposite side of the stem. Here, binding to probes
occurs in the bulge loop (positions 29, 30, and 32) as well as in
helix II at positions 33 and 34, 30-adjacent to the bulge loop. The
1.59 kcal/mol difference in stability (ΔΔGo

37) of B1 and B2 is
significant but does not influence the binding to microarrays
(Table 1). To achieve extra stabilization of B1, a GUG
30-dangling end was added to form B3. The stabilization effect
of GUG as the 30-dangling end, equal to 0.17 kcal/mol, was
unexpectedly low. Binding to B3 was similar to that to B1, except
that bindings were more extensive (whole bulge region binds
strong ormedium), and binding to theGUG 30-dangling endwas
observed. B4 had an extended helix II called helix IIa. This
stabilizes helix II and eliminated binding to the helical strand
50-adjacent to the bulge loop.

Unexpectedly, strong bindings were noticed for probes
50DMCLCMGLUMGL30 and 50CLDMCLCMGL30 which are

FIGURE 5: Possible alternative duplexes: A, B, alternative binding
of probe 25 to loop a;C,D, alternative binding of probe 30a to loop a;
E, F, alternative binding of probe 37 to the bulge of B4; G, H,
alternative binding of probe 37 to loop b; I, J, alternative binding of
probe 38 to the bulge of B4; K, L, alternative binding of probe 38 to
loop b; M, possible rearrangement of H1 induced by the binding of
probe 25;N, possible rearrangement of H1 induced by the binding of
probe 26;O, possible rearrangement of Pk1 induced by the binding of
probe 19.
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complementary, respectively, to sites 37 and 38 of B4 and IL3
(Table 2). To confirm the binding of these probes at positions 37
and 38, the possibilities of the alternative binding sites have to be
eliminated (Figure 5). For this purpose, UV melting was mea-
sured for probes 37 and 38 with 50UGCUCUGUG30 and
50CAAAAAAG30, which contain the sequences of the bulge
loop and hairpin loop b, respectively. Again, both probes were
checked to see whether they form stable self-associated duplexes.
Indeed, probe 37 showed a melting transition (Table 6). Thermo-
dynamic measurements show that duplexes formed by both
probes and the bulge loop mimic are rather weak, with free
energy at 37 �C equal to-2.45 and-4.02 kcal/mol in 1 MNaCl
(buffer C) for 50UGCUCUGUG30/50DMCLCMGLUMGL30 and
50UGCUCUGUG30/50CLDMCLCMGL30, respectively, suggesting
that such binding does not occur during hybridization. At the
same time, duplexes formed by the same probes with the loop
bmimic, 50CAAAAAAG30, were very broad and uncooperative,
indicating weak or no binding. Evidently, probes complementary
to sites 37 and 38donot bind to alternative binding sites in loop b.
Moreover, hybridization of hairpin H5 to microarrays contain-
ing probes 50DMCLCMGLUMGL30 (37) and 50CLDMCL-
CMGL30 (38), complementary, respectively, to positions 37 and
38 in bulge B4, showed no binding to loop b. Probably, the
binding of probes 37 and 38 involves favorable rearrangement of
RNA structure. The other possibility besides the opening of helix
IIa is the formation of base triples by probe 37 and 38.

IL1 is similar in structure to B1 except that single stranded
UUC was added on the other side of the helical stem to form an
internal loop. IL2 was formed by switching the position of
hairpin loop 50AAAAAA30 from the end of helix I to helix II.
IL3 has a structure similar to IL1, but helix II was extended by
three extra base pairs (helix IIa) to increase thermodynamic
stability. For IL1, the binding of isoenergetic probes was similar
to the sum of binding to B1 and B2. Binding was observed at the
internal loop (positions 9-11 and 30, and 32) and at helix II
adjacent to the internal loop (sites 6-8 and 33-35). The
hybridization results were very interesting for internal loop
IL2, in which the hairpin loop terminates helix II instead of helix
I. Predicted free energy for helix I and II alone were -8.1 and
-6.0 kcal/mol in 1MNaCl (buffer C), respectively. The results of
IL2 probe binding clearly demonstrate that the terminal helixwas
partially accessible for the binding of microarray probes. Evi-
dently, the position of a stem in the molecule is more important
than its thermodynamic stability. However, as seen for IL3, the
significant extension of closing blunt ended helix IIa limits the
binding of probes to a terminal stem.

Two pseudoknots were studied: Pk1 with 32 nucleotides and
Pk2 with 74 nucleotides. The latter is found in B. mori R2
retrotransposon 50RNA (15, 16, 29).

Hybridization analysis of Pk1 is consistent with the existence of
helix III, part of the pseudoknot (Figure 2). Strong and medium
bindings were found at positions 6-9 and 19-25 in single
stranded fragments and adjacent base pairs expected in the
pseudoknot structure. Hybridization results for Pk1 indicated
that nucleotides 10-14 and 28-32 are inaccessible formicroarray
probes, suggesting that this region is involved in base pairing to
form the pseudoknot structure. As a control, binding to sites
10-13was observed for hairpin Pk-H2. Binding of probe 19 in the
terminal stem is surprising but may also be due to the rearrange-
ment of base pairing in a terminal stem as suggested in Figure 5.

The thermodynamic stability (ΔGo
37) in 10 mM NaCl (buffer

D) of pseudoknot Pk1 and hairpins, Pk-H1 andPk-H2, which are

components of Pk1 were -4.54, -1.69, and -3.08 kcal/mol,
respectively. As expected, Pk1 is more stable than individual
hairpins Pk-H1 and Pk-H2.

Hybridization to Pk2 alone can be compared to that when it is
part of the entire 323 nucleotide R2 50RNA (15) (Table 4 and
Figure 3). For pseudoknot Pk2, strong and medium binding was
observed at regions of single strand or loop closing nucleotides
54-57, 70, 71, 85, 96, 109, 110, and 113. Results of microarray
mapping were confirmed by chemical and enzymatic mapping as
well as digestion with lead.When hybridization was measured on
R2 50RNA, binding was limited to positions 56, 70, 71, 98, and
99. Binding to 98 and 99 was not observed during the hybridiza-
tion of Pk2 alone.

The loop fragments 107-114 are more available for binding in
pseudoknot Pk2 than in the entire R2 50RNA. The same
observation concerns the chemical mapping of Pk2 alone rather
than as part of R2 50RNA. More probes and stronger binding
were noticed for Pk2 in 1 M NaCl and 5 mM MgCl2 (buffer B)
than in 200 mMNaCl and 5 mMMgCl2 (buffer A), especially in
loop 107-114. The region which is more accessible in 1 M NaCl
(buffer B) is distinctively cleaved by Pb2þ. The loops of Pk2
pseudoknot are clearly accessible for probe binding as well as
chemicals and enzymes. Differences in probe binding and map-
ping of Pk2 alone and as part of R2 50RNA presumably reflect
tertiary interactions that occur in R2 50RNA and/or in Pk2.

The microarray results on pseudoknot Pk2 are consistent with
NMR data for Pk2 (29). Imino proton spectra coupled with free
energy minimization identified stable helixes G37-U42/A66-C71
and A43-C45/G50-U52. These regions are also unavailable for
binding probes both in Pk2 and the whole R2 50RNA. The
binding in all tested conditions confirmed the proposed structure
of pseudoknot Pk2.

The analysis of RNA structural motifs binding to microarray
probes demonstrate the following features: (i) bulges, internal
loops, and dangling ends bind strongly to microarray probes;
(ii) a terminal stem can also bind strongly, possibly due to the
rearrangement of base pairs; and (iii) an internal stem does not
bind strongly.Moreover, some unexpected binding sites could be
the result of alternative binding of probes to a single stranded
fragment of target RNA. The results suggest that microarray
binding may not easily provide constraints for mapping RNA
secondary structure but can rapidly provide data to test proposed
structures. Simultaneously using constraints from various meth-
ods (chemical, enzymatic, and microarray mapping) with energy
minimization programs provides optimal results (16).

It seems that longer RNAs are better targets for microarray
analysis because of their larger overall stabilities. The data
presented here demonstrates that the location of the structural
motif in the context of the whole structure of target RNA and
both secondary and tertiary interactions influence the accessi-
bility ofRNA toprobe binding.Moreover, a very careful analysis
of alternative binding sites is very important.
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