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ABSTRACT. The RNA folding variation due to one or more mutations leads to different RNA splicing,
RNA processing, and translational controls as a result of differences in the primary and higher-ordered
structures that interact with other cellular molecules. Thus, distinguishing RNA folding is one of the
guides to detect the gene functions related to disease and drug responses. We found, previously, a small
Ca&*-dependent deoxyribozyme with its site-specific RNA cleavage [Sugimoto, N., Okumoto, Y., and
Ohmichi, T. (1999)J. Chem. Soc., Perkin Trans, 2382-1388]. In this study, we report the potential of

this deoxyribozyme as a useful tool to distinguish RNA foldings. It is found that the immobilized
deoxyribozyme using avidinbiotin interaction cleaves the target site within only single-stranded RNAs.
The systematic design for the target RNA hairpin loops shows that the immobilized deoxyribozyme is
able to cleave them with 217 nucleotide loop size at only one site under single-turnover conditions.
Furthermore, an RNA cleavage reaction is detected using the immobilized deoxyribozyme on a surface
plasmon resonance (SPR) sensor chip. These results show that the immobilized deoxyribozymes on a
column and on an SPR sensor chip become a novel and useful tool to distinguish the RNA foldings.

Oligonucleotide captures for sequence-specific analysis cleavage site
have been developed as new biotechnologies of DNA chips 3 N mgﬁ—f\m
and microarraysl(). These biotechnologies are very powerful rGCGACCGURCAGARG
tools for the genomic analysis of SNPand mRNA/gene 5 ICGCTGECA CTCTTC
expressions 2, 3). However, it is difficult using these & Gc
methods to detect the difference in RNA folding. The RNA Th ol
folding variation due to one or more mutations would lead ¢
to different biological functions as a result of differences in -Small deoxyribozyme.

the primary or higher-ordered structures that interact with i fe
her cellular molecules, because the RNA folding influences FIURE 1: Secondary structure of the complex of the smafifca
ot ’ g dependent deoxyribozyme and its target RNA substrate (r15). The

the RNA splicing, processing, and so forth §). Thus, to deoxyribozyme binds its target through two substrate-recognition
distinguish the RNA foldings is one of the guides to detect domains, each involving WatseiCrick base pairs (closed circles).

the gene functions related to diseases and drug responses.

Ribozymes and deoxyribozymes (catalytic nucleic acids) 1o sequence close to the cleavage site. Furthermore, the
are catalysts in biochemical reactions and of interest for gy a cleavage efficiency by the catalytic nucleic acid is
pharmaceutical applicatio{ 15). Recent studies on deox- 5. 511y dependent on the secondary structure of the target
yribozymes showed specifically that they are also interesting g\ A pecause the stem regions within the cleavage site have
tools in biotechnology because they are simple, stable, andy,q ygtenial to lock the binding of the catalytic nucleic acid

cost-effective. For a cleavage reaction using a catalytic y, yhe target sites. This fact indicates the possibility for the
nucleic acid, the cleavage activity is basically dependent on 4o\ tic nucleic acid to distinguish or detect the target RNA

. . N —  foldings. However, although all catalytic nucleic acids have
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1 Abbreviations: SNPs, single nucleotide polymorphisms; nt, nucle- VIBWPOINt of rational design as shown in FigureB(17).
otides; HPLC, high-performance liquid chromatography; ditebxy- The catalytic efficiency of the small deoxyribozyme in the
uridine; ATPyS, adenosine-80-(3-thiotriphosphate); 5-IAF, 5-iodoac-  presence of Ga was, interestingly, about 24-fold larger than

etamidofluorescein; Tris, tris(hydroxymethyl)aminomethane; EDTA, + i dinat ;
ethylenediaminetetraacetic acil;ns Observed rate constant; SPR, those of Md indicating that the small deoxyribozyme has

surface plasmon resonance; RU, resonance uhitsnelting temper- @ higher metal ion selectivity than the-193 deoxyribozyme.
ature. Here, we have now developed an immobilized small deoxy-
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ribozyme as a novel and useful tool to distinguish RNA chip to give about 4 relative RU. To remove the background
foldings. As a result, the immobilized deoxyribozyme was binding between the injected target and the immobilized
able to cleave the RNA hairpin with al7 nt loop size at  streptavidin to the dextran matrix or the refractive index

only one site. Furthermore, an RNA cleavage reaction is change in the injection, the SPR trace, after flowing a buffer
detected using the immobilized deoxyribozyme on an SPR containing the target over the sensor chip coated without the
sensor chip. Thus, the immobilized deoxyribozyme was able ligand, was deducted from those with the ligand. The target
to distinguish the higher-ordered structures of nucleic was injected in a buffer containing 50 mM Tris-HCI (pH

acids. 8.0) and 100 mM Na at 37°C at the slow flow rate of 5
uL min~%, The concentration of the injected target was 100
MATERIALS AND METHODS uM. By addition to 25 mM C&", the target cleavage

reactions were initiated.
Materials. The DNA and RNA oligomers were synthesized

chemically and purified by reversed-phase HPLC and elec- RESULTS AND DISCUSSION
trophoresis on 20% polyacrylamide/7 M urea denaturing gel,
as described previousiy g, 17). The biotin and dU phos-
phoramidites were purchased from Glen Research Co., Ltd.
(Sterling, VA). The final purity of the oligonucleotides was
confirmed to be>99%. The oligonucleotides were desalted
with a Sep—Pak ci8 ca_rt.ndge.before use. Single-strand deoxyribozyme and the cleavage products and its ability
concentrations of the purified oligonucleotides were deter- repeated by use to be. Furthermore, in the immobilized
”_"”ed by measuring _the absorb_ance at 260 or 280 nm. Thedeoxyribozyme as well as the free one, there is no burst
smgle-str?nd dexﬂm(:jtuén colefflcdleg;s v;/]ere calculated via |;patics during the early stage of the reaction (see Figure
mononucleotide and dinucleotid&§). The target was's s1insS ting Inf ti Th It ts that th
end labeled with ATPS, T4 polynucleotide kinase and In Supporting Information). The result suggests that the

L i [ ili i Il as the fi I
5-IAF at 37°C. The 3-end biotinylated deoxyribozyme was :trr;rg)rggtz ed deoxyribozyme as well as the free one cleaves
:Bn?: baihéﬁgfeorncmglijnr}r?gp u2r§ ;Vl\l/?lplﬂg-gépl(%rﬁe% E)O ;I;fgrd, To obtain information about the effect of target foldings,
500 mM NaCl for a 20-min incubation at Z&. we first investigated whether the immobilized deoxyribozyme

Target Cleaade Reactions by the Deoxvribozvride cleaves the site within the duplex. We found that the
9 9 Y y yn immobilized deoxyribozyme was able to cleave the site only
methods of target cleavage reactions by the deoxyribozymes

. .. . in the single-stranded RNAs, although the single-stranded
were done in a buffer containing 50 mM Tris-HCI (pH 8.0) .
and 25 mM C&" under multiple-turnover conditions with DNA, RNADNA hybrid, and RNA/RNA duplex were not

300 nM target and 15 nM deoxyribozyme or single-turnover cleaved (see Figure S2 in Supporting Information).

conditions with 10 nM target and 200 nM deoxyribozyme Ch;:e.ndeot)r?é”Zzzyrgﬁcgsanofre.fsggég xag%uzgarg.its Tbhye
at 37 °C (16, 17). Removing aliquots from the reaction ging qu ! gniz n.

mixture at appropriate intervals and mixing them with 100 catalytic activity depends on the thermodynamic stability of
mM NaEDTA and 7 M urea terminated the cleavage the stem domains in the catalytic nucleic acids and its
reactions. The'send fluorescein-labeled products and targets substrate21). For '_[he_hammerhe_ad ribozyme, the free energy
were separated by electrophoresis on 20% or 16% poly- of the substrate binding by the ribozyme correlated well with
acrylamide/7 M urea denaturing gels. The target cleavagethe values estimated from the formation of the two substrate
yields were determined by quantifyihg the fluorescence binding arms caI(;uIated usi_r)g the nearest-neighbor param-
intensity in the bands of the'®end labeled products and eters.22). T.he optimum stability of the stems in the complgx
targets using a Fluor-S Multilmager (Bio-Rad, Randolph, was investigated. The prepared target RNAs have various

: lengths (see Figure S3a in Supporting Information). The
MA). The observed rate constanks,) were calculated using o s . o
the following equation 19): stabilities of the stems within the complex of the immobilized

deoxyribozyme and its RNA substrate were predicted using
our nearest-neighbor parameters of the RNA/DNA hybrids
(23, 24). The predicted stability [predictedG®s7(iv na' stems)

was calculated from the following equation:

Immobilized Deoxyribozyme Detects the Difference in the
RNA FoldingsThe immobilized deoxyribozyme as a useful
tool to investigate the RNA foldings is better than the free
deoxyribozyme, because the immobilized deoxyribozyme has
some advantages such as the easy separation between the

[P] = [Pl.(1— &9 1)

where [P] is the cleavage vyield, [P]s the final cleavage
yield, andt is the reaction time. Nonlinear least-squares fits
in the plots of the cleavage yield versus reaction time to the
kinetic equation were done with Igor verl.27 software (Wave AGO37(Ieft stem)+ AG037(right stem) 2
Metrics, Inc.) to obtain thdps values.

Target Cleaage Reactions using the Deoxyribozyme where AG®s7(ettstem) aNd AGs7ignt stem) are the predicted
Array. A BlAcore (BIAcore 1000, Biacore AB, Uppsala, values of the left and right stems, respectively. The result
Sweden) was used for the SPR measuremédms The SPR shows that the optimum reaction rates can be obtained within
signal is expressed in relative RU (resonance units) plottedthe range of stability from-10 to —20 kcal mot?* and that
against time in a sensorgram (see Figure 4). The 1 of thethe plot is symmetric (see Figure S3b in Supporting Informa-
relative RU is approximately equivalent to a change in tion). When sensitivity is<20 kcal mol?, because the targets
surface concentration of about 0.15 ng/Mifor most (r24, r22, and r20) are long RNA sequences, they have the
biomolecules 20). The 3-end biotinylated deoxyribozyme  possibility to form intramolecular structures of the RNAs.
was immobilized to the bound streptavidin on the SPR sensorWhen sensitivity is>10 kcal mof?, because of the low

predictedAG® 371 v na stems)™
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FIGURE 2: (a) Secondary structures of the complex of the RNA hairpin loops (L27-0, L27-2, L27-4, L27-6, L27-8, L2710,

hairpin loops (L15, L17, L19, L21, L23, L25, L27, and L29). The and L2.7—:I:2). The arrow |nd|cate$ each cleavage site. Boldface
arrow indicates each cleavage site. Boldface letters indicate domaindetters indicate recognized domains by the deoxyribozyme. (b)
recognized by the deoxyribozyme. (b) Plotlgfs versus hairpin ~ Denaturing 16% polyacrylamide/7 M urea gel showing the cleav-

loop size. All experiments were done in a buffer containing 50 ages of the target molecules by the immobilized deoxyribozyme
mM Tris-HCI (pH 8.0) and 25 mM C4 at 37°C. in a buffer containing 50 mM Tris-HCI (pH 8.0) and 25 mM<Ta

at 37°C after a 60 min incubation.

stability in the right and left stems, it is difficult to form a  (pH 8.0) under single-turnover conditions. These hairpin loop
complex of the deoxyribozyme and its target RNA substrate; sequences correspond to r15 and have 12 nt spacers (dAs),
then, the immobilized deoxyribozyme has low activity. and the total hairpin loop sizes are the same as the 27 nt
The single-stranded RNA regions are basically unpaired, shown in Figure 3a. The RNA hairpin loop domain was
such as in the hairpin loops and internal loops within the systematically slid from the '5end to the 3 end in the
RNA foldings. To investigate the effect of the RNA hairpin recognition site of the immobilized deoxyribozyme. These
loop size, the cleavage reactions of eight RNA hairpin loops sequences melted with biphasic behavior, andTihavas
by the immobilized deoxyribozyme were carried out in the independent of the concentration of the RNAs (data not
presence of 25 mM Ca& (pH 8.0) under single-turnover  shown), showing that the folded structure would be a stable
conditions (see Figure 2a). The sequence of the hairpin loophairpin loop but not an internal loop structure. These RNA
of L15 is identical to that of r15. The main parts of the cleavage yields by the immobilized deoxyribozyme were
hairpin loop of L17, L19, L21, L23, L25, L27, and L29 are approximately equal amounts, as shown in Figure 3b. This
also identical to those in r15, and the 7 spacers (rAs) are  result indicates that any target position in the RNA hairpin
also systematically added to both tHeabd 3 ends of these  loop is cleaved only at one site.
hairpin loops, respectively. These RNA sequences melted Development of the Deoxyribozyme Array on an SPR
with biphasic behavior, and the, values were independent Sensor Chip.The construction and application of the
of the concentration of the RNAs (see also Figure S4 in immobilized deoxyribozyme on an SPR sensor chip to create
Supporting Information), indicating that the folded structure a deoxyribozyme array has not been described. In this paper,
of these RNAs would be the only stable intramolecular we have already demonstrated that the novel and useful
hairpin loop but not an intermolecular loop structus,( application tool of the deoxyribozyme array is possible,
26). The cleavage reactions of these various RNA hairpin which may enable the rapid invention of numerous DNA
loops by the immobilized deoxyribozyme were carried out. biosensor elements with satisfactory performance character-
Figure 2b shows the relationship between the catalytic istics. The same method should apply to the use of DNA
activity and the hairpin loop size. For L15, the cleavage and many nucleic acids analogues that can provide greater
reaction was little observed. On the other hand,%d7 nt versatility for analysis recognition and increased stability in
as a hairpin loop size (L17, L19, L21, L23, L25, L27, and harsh environments. In this regard, the catalytic nucleic acid
L29), the cleavage reactions were observed at only one sitearrays could have long storage lives, perhaps greater than
These results suggest that at least one nucleotide spacer diiosensor components made from natural protein. The RNA
both ends of the hairpin loop are required for efficient cleavage by the immobilized deoxyribozyme requires the
cleavage by the immobilized deoxyribozyme. The catalytic binding and cleavage steps between the target RNA substrate
activity was saturated ovet 23 nt as the hairpin loop size  and the immobilized deoxyribozyme. To clarify the proper-
(L23, L25, L27, and L29). ties of these steps, these processes were directly measured
The cleavage position of the immobilized deoxyribozyme by an SPR apparatus in a buffer containing 50 mM Tris-
is important for detecting the difference in the RNA foldings. HCI (pH 8.0) at 37°C. Figure 4 shows the typical SPR
To investigate the effect of the cleavage position, the RNA sensorgrams of the binding and cleavage steps between the
hairpin loop cleavage reactions by the immobilized deoxy- target RNA substrates (rl5 and pseudo RNA substrate
ribozyme were carried out in the presence of 25 mMfCa [rGAAGAC(dA)UGCCAGCG]) and the immobilized deoxy-
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<§\‘°° & é\é‘ genomes and the other nucleic acids. If both do not agree,
R é&“ 8 one tries to add this information to the thermodynamic
@\& v\;‘\@ & parameters of bulge, internal loop, mismatch, and so forth
* + + (25, 26, 28—33). Finally, we will be able to get an exact
4 and useful database with this procedure.
% 3 SUPPORTING INFORMATION AVAILABLE
o
§ Figure S1 shows secondary structures of the complex of
g2 the immobilized deoxyribozyme and its target RNA, the
g & relationship between the,s value and the stabilityXG°s7)
-% 1 S of the stem regions in the immobilized deoxyribozyrRNA
° i S substrate complex. Figure S2 shows the plots of the cleavage
0 . L . yield versus reaction time under multiple-turnover conditions.
0 1°Time/m"f° 80 Figure S3 shows target sequences and denaturing 20%

) : - polyacrylamide/7 M urea gel showing the cleavages of the
FiGURe4: The typical SPR sensorgrams of the binding and cleavage . I : .
steps between the target molecule and the immobilized deoxy- [2r9€ts by the free or immobilized deoxyribozyme in the

ribozyme on the SPR sensor chip in a buffer containing 50 mM Presence of 25 mM Ca (pH 8.0) at 370(? after a _20 min
Tris HCI (pH 8.0) at 37°C. The flow samples were r15 (black incubation. Figure S4 shows the normalized melting curves

line) or the pseudo RNA substrate (gray line). of RNA hairpin loops in a buffer containing 50 mM Tris-
HCI (pH 8.0) containing 25 mM Cda. This material is

ribozyme on the SPR sensor chip. When its target binds t0 ayaijlable free of charge via the Internet at http:/pubs.acs.org.
the immobilized deoxyribozyme on the SPR sensor chip, the
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