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Unlabeled helper oligonucleotides assisting a bead-based sandwich hybridization assay were tested for the optimal placement of the
capture and detection probes. The target used was a full-length in vitro synthesized mRNA molecule. Helper probes complementary to
regions adjacent to the binding site of the 5’ end attached capture probe were found much more effective than helper probes targeting
positions adjacent to the detection probe binding site. The difference is believed to be caused by a disruption of the RNA secondary
structure in the area where the capture probe binds, thereby reducing structural interference from the bead. The use of additional
helpers showed an additive effect. Using helpers at both sides of the capture and detection probes showed a 15- to 40-fold increase in
hybridization efficiency depending on the target, thereby increasing the sensitivity of the hybridization assays. Using an electrical chip
linked to the detection probe for the detection of p-aminophenol, which is produced by alkaline phosphatase, a detection limit of 2 X

10713 M mRNA molecules was reached without the use of a nucleic acid amplification step.

INTRODUCTION

The effect of contiguously annealed
modular primers has been extensively
studied in DNA sequencing, where they
have been used for priming polymerase.
Kieleczawa et al. (1) initially suggested
using contiguously annealed hexamers
for DNA sequencing by primer walking
for the creation of a pre-made library of
primers. This method was later dupli-
cated (2-5). The base stacking interac-
tion between the 5’-terminal base of one
module and the 3’-terminal base of the
adjacently positioned module was one
of the effects that made the modules
function together as one primer (2,3).
This stacking effect was also described
by O’Meara et al. (6) to enhance
the capture of single-stranded DNA
prehybridized with short oligodeoxy-
nucleotides (ODNs) in positions next
to the binding site of the capture probe.
Unlabeled ODNS, designated “helpers,”
have also been used for in situ hybrid-
ization of rRNA, where a remarkable
effect occurred when unlabeled ODN’s

hybridized adjacently to the labeled de-
tection probe (7,8). This was interpreted
as an effect of the combination of base
stacking and a reduction of the strong
secondary structures of rRNA. These
strong secondary structures are believed
to be one of the major obstacles for
the in situ hybridization of rRNA (9).
Recently, the use of hairpin capture
probes has shown that a probe contain-
ing a single-stranded region adjacently
positioned to a duplex region hybridizes
to targets with a thermodynamic advan-
tage compared to regular linear probes
(10,11). This was believed to be attrib-
uted at least partly to stacking forces
between the double-stranded region and
the target sequence. Within the technol-
ogy of ODN microarrays, the use of a
“chaperone-detector probe strategy”
has enhanced both hybridization speci-
ficity and signal intensity by hybridiz-
ing the detector probe adjacently to the
capture probe, thereby facilitating the
opening up of tertiary structures in the
target (12).

In this study, the effects of unla-

beled ODNs as helper probes have
been investigated in a bead-based
sandwich hybridization assay (13-16),
using in vitro synthesized mRNA as a
model target. The mRNA was simulta-
neously hybridized to capture probes
immobilized to magnetic beads and
detection probes labeled with a single
digoxigenin (DIG) molecule. The two
probes were complementary to two dif-
ferent positions on the RNA. Detection
was achieved by binding of anti-DIG-
alkaline phosphatase, followed by
enzymatic hydrolysis of the substrate
p-aminophenol (pAP) phosphate, cre-
ating the electrode-reactive product
pAP, which was redox-cycled on a chip
with an interdigitated array electrode
(16-18). The impact of the helpers
on the hybridization efficiency was
investigated with regard to the surface
proximity of the beads, but the effects
of base stacking and local secondary
structures were considered. Finally, the
method was used to detect mRNA spe-
cies in total RNA extracts from Esch-
erichia coli and Bacillus licheniformis.
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MATERIALS AND METHODS

Oligonucleotides

Purified ODNs were purchased from
TAG Copenhagen (Copenhagen, Den-
mark). All ODN except those labeled
with DIG were purified using a reversed
phase column. Those labeled with DIG
were purified by reverse phase high-per-
formance liquid chromatography (HPLC)
by the manufacturer, and all concentra-
tions were as specified in the manufac-
turer’s instructions. Table 1 lists all the
probes and ODNss used in this study.

Covalent Coupling of Amino-Linked
Oligodeoxynucleotides to Magnetic
Beads

Carboxylated magnetic beads with
a diameter of 2.8 um (Dynabeads®
M-270 Carboxylic Acid; Dynal, Oslo,
Norway) were bound to 5’-amino la-
beled ODN by incubation overnight at

room temperature in the presence of the
coupling reagents 1-ethyl-3-(3-dimeth-
ylaminopropyl) carbodiimide (EDCI)
and 1-methylimidazole (both from
Sigma-Aldrich Chemie GmbH, Stein-
heim, Germany) as previously described
(19,20). After the coupling reaction, the
beads were washed three times with wa-
ter to remove unbound probe and then
three times with 0.1 M sodium bicar-
bonate buffer, pH 8.0, containing 0.1 M
ethanolamine (Sigma-Aldrich Chemie
GmbH) to block activated but unre-
acted carboxy groups. The beads were
then washed three times with 1.0 M
sodium chloride (Sigma-Aldrich Che-
mie GmbH) with 0.1% sodium dodecyl
sulphate (SDS) (Sigma-Aldrich Chemie
GmbH) adjusted to pH 7.0 to remove
noncovalently bound ODN, followed
by three washes with water. The beads
were stored at 4°C in water treated with
diethyl pyrocarbonate (DEPC) (Sigma-
Aldrich Chemie GmbH). All solutions
were prepared in DEPC-treated water.

Immobilization efficiency was calculat-
ed from an absorbance at 260 nm of the
reaction solution containing the ODN
before and after the coupling reaction.

Coupling of Biotin-Labeled Probes
to Streptavidin Beads

Streptavidin-coated magnetic beads
with a diameter of 2.8 um (Dynabeads
M-280 Streptavidin; Dynal) were used
to immobilize biotin-labeled capture
probes in experiments involving hybrid-
izations to 16S rRNA from E. coli. The
probes were immobilized for 15 min
at room temperature in Tris-buffered
saline (TBS), using 0.5 uM of probes
in a bead suspension of 2.5 mg/mL, and
then washed in DEPC-treated water to
remove unbound probes.

RNA Purification

RNA was extracted from bacterial
cells growing in fed-batch fermentors
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Table 1. Sequences of All Oligonucleotide Probes Used in the Hybridizations

Location
Target Probe Name Probe Sequence of Probe
Bacillus licheniformis o-amylase Amy-AO 5’-GCCGCTGCTGCAGAATGAGG-3 96
Amy-A1 5-CCGCTGCTGCAGAATGAGGC-3’ 95
Amy-A3 5-GCTGCTGCAGAATGAGGCAG-3 93
Amy-B0 5’-CCATTCAAAATACTGCATCA-3’ 136
Amy-B1 5-TCCATTCAAAATACTGCATC-3’ 137
Amy-B2 5’-TACCATTCAAAATACTGCAT-3’ 138
Amy-B3 5’-GTACCATTCAAAATACTGCA-3’ 139
Amy-B4 5’-TGTACCATTCAAAATACTGC-3 140
Amy-B5 5’-ATGTACCATTCAAAATACTG-3’ 141
Amy-CO0 5’-ATTTAAAATCGCTGTATGTG-3" 560
Amy-C1 5-TTTAAAATCGCTGTATGTGC-3’ 559
Amy-C3 5’-TAAAATCGCTGTATGTGCTG-3’ 557
Amy-DO 5’-GGACTCGTCCCAATCGGTTC-3 601
Amy-D1 5-GGGACTCGTCCCAATCGGTT-3 602
Amy-D2 5-CGGGACTCGTCCCAATCGGT-3’ 603
Amy-D3 5-TCGGGACTCGTCCCAATCGG-3’ 604
Amy-D4 5-TTCGGGACTCGTCCCAATCG-3 605
Amy-D5 5-TTTCGGGACTCGTCCCAATC-3’ 606
Amy-Cap02 5’-amino-C12-GCGTCCCATTAAGATTTGCC-3’ 116
Amy-Cap03 5’-amino-C12-CGTCAAAATGGTACCAATGCC-3’ 580
Amy-Cap04 5’-amino-C4-GCGTCCCATTAAGATTTGCC-3 116
Amy-Cap05 5’-amino-C30-GCGTCCCATTAAGATTTGCC-3’ 116
Amy-Det02 5’-DIG-GCGTCCCATTAAGATTTGCC-3’ 116
Amy-Det03 5’-DIG-CGTCAAAATGGTACCAATGCC-3 580
Amy-DetD0O 5’-DIG-GGACTCGTCCCAATCGGTTC-3’ 601
Amy-T7-FO 5’-TAATACGACTCACTATAGGGATGTTACACATTGAAAGGGG-3 0
Amy-R1593 5-AAAATAAAAAAACGGATTTCCTTC-3’ 1593
B. lichenformis 16S rRNA B.16S-A0 5’-ACTACCAGGGTATCTAATCC-3’ 791
B.16S-B0 5’-GAAACCCTCTAACACTTAGC-3 831
B.16S-CO 5’-CTGCAGCACTAAAGGGCG-3’ 851
B.16S-D0 5’-TTGCGACCGTACTCCCCAGG-3’ 889
B.16S-Cap01 5’-amino-C12-CCACGCCGTAAACGATGAGT-3’ 811
B.16S-Det01 5’-DIG-CGGAGTGCTTAATGCGTTTG-3’ 869
B.16S-DetD0O 5’-DIG-TTGCGACCGTACTCCCCAGG-3’ 889
Escherichia coli 16S rRNA E.16S-A1 5’-ATATTCCCCACTGCTGCC-3’ 349
E.16S-B1 5’-TCATACACGCGGCATGGC-3’ 393
E.16S-C3 5’-GCTAGGGATCGTCGCCTA-3 272
E.16S-D2 5-CTGGACCGTGTCTCAGTT-3 319
E.16S- 5’-biotin-(TTTG)-GCATCAGGCTTGCGCCCATTGTGC-3 368
Cap01
E.16S-Det01 5-AGTGTGGCTGGTCATCCTCTCAGA-(GTCGA)-DIG-3’ 293
E.16S-DetD2 5’-DIG-CTGGACCGTGTCTCAGTT-3 319
The helper probes have been named according to their position on the mRNA target. Helper probes designated A and B were placed upstream and down-
stream, respectively, of the capture probe and those designated C and D were for helpers placed upstream and downstream, respectively, of the detection
probe. In addition, the number in the name indicates the number of nucleotides between the probe and the helper. Sequences are listed from the 5" end, and
underlined sequences represent self-complementary regions. Bases listed in parentheses are nucleotide spacers. DIG, digoxigenin.

supplied with a complex-rich media. stored at -80°C. Cells were thawed in and 4 mg/mL mutanolysin (Sigma-Al-
Cells were snap-frozen in Eppendorf® an ice water bath and 1 volume of TE drich Chemie GmbH) and incubated for
tubes (Eppendorf, Hamburg, Germa- buffer (10 mM Tris-Cl, 1 mM EDTA, 1 h at 0°C. RNA was then extracted us-
ny), held in a dry ice/ethanol bath and pH 8.0) containing 5 mg/mL lysozyme ing acid phenol as previously described
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(21). RNA was finally resuspended in
DEPC-treated distilled water and quan-
tified by UV absorbance.

Sandwich Hybridization

All sandwich hybridizations were
performed in a 5x standard saline citrate
(SSC) buffer containing 0.2% SDS and
2x Denhardt solutions (Sigma-Aldrich
Chemie GmbH). Beads (0.45 mg; 3 X
107) were prehybridized at 50°C in 100
UL of hybridization solution together
with 5 pmol of DIG-labeled detection
probe and 0—15 pmol of unlabeled helper
ODN for 5 min. The target RNA was
then added, and hybridization contin-
ued for 1 h at 50°C in a Thermomixer
(Eppendorf) at 1100 rpm. After the hy-
bridization, the bead-bound sandwich
complex was washed twice in 2x SSC
and 0.1% SDS at 50°C. The beads were
washed in blocking buffer (DIG Wash
and Block Buffer Set; Roche Diagnostics
GmbH, Mannheim, Germany) and then
in blocking buffer containing 1:1000
anti-DIG-alkaline  phosphatase FAB
fragments (Roche Diagnostics GmbH).
After 30 min of enzyme complex bind-
ing, unbound enzyme was washed away
in 4 washes with 1x SSC. All reactions
were performed in Eppendorf tubes that
were precoated for 15 min in a TBS buf-
fer containing 3% bovine serum albumin
(BSA) (Sigma-Aldrich Chemie GmbH).

Detection

The bead-based sandwich complex
labeled with alkaline phosphatase was
incubated for 2 h at room temperature
in TBS buffer, pH 8.0, containing 3
mM pAP phosphate (Universal Sen-
sors, Kinsale-Sandycove, Ireland). The
phosphate group was then hydrolyzed
by alkaline phosphatase, and then the
pAP could be measured. The super-
natant was pumped over two inter-
digitated electrodes placed on a chip. A
positive and a negative potential were
applied to the electrodes, and the pAP
was oxidized on the positive electrode
to form quinoneimine, which could
then be reduced at the negative elec-
trode back to pAP. This redox-cycling
produced an electrical current (18,22)
that was proportional to the pAP gen-
erated, and thus the amount of target
RNA hybridized (16).

Vol. 36, No. 1 (2004)

The chip is connected to a portable
microprocessor-controlled potentiostat
(ISIT, Itzehoe, Germany). Amperomet-
ric current in the range 2.5 pA to 100
nA from both the positive and the nega-
tive electrode can be measured. An Ag/
AgCl reference electrode is positioned
downstream in the flow from the chip,
which is encapsulated in a small flow
cell of 2.5 uLL volume. Data are trans-
ferred via a customized program to the
analysis software Origin® 6.1 (Origin-
Lab, Northampton, MA, USA).

In Vitro Transcription

Full-length in vitro transcripts of B.
licheniformis a-amylase were prepared
from PCR fragments containing the
T7 promotor (GenBank® accession
no. partial EMBL_A17930). The PCR
fragment was then in vitro transcribed
in 40 mM Tris-HCI, pH 8.0, 15 mM
MgClz, 5 mM dithiothreitol (DTT), and
50 ug/mL BSA, containing 1 mM each
of all four NTPs, 0.4 U/uL of T7 RNA
polymerase (USB, Cleveland, OH,
USA), and 0.2 U/uL of SUPERase In®
RNase inhibitor (Ambion, Austin, TX,
USA). The in vitro transcription was
run for 2 h at 37°C, and DNA was re-
moved by an additional 15 min at 37°C
with 0.9 U/uL of DNase (Roche Diag-
nostics GmbH). Finally, the transcript
was cleaned on RNeasy® columns
(Qiagen, Hilden, Germany) according
to the manufacturers’ clean-up protocol
and quantified by UV absorbance.

RESULTS AND DISCUSSION

In this study, a bead-based sandwich
hybridization assay (15) with electri-
cal detection on a chip (16) was used
to investigate the effects of one or more
unlabeled helper ODNs on detection sen-
sitivity. Fuchs et al. (7) have applied it for
in vitro hybridization, where a remark-
able increase in hybridization efficiency
was seen for RNA targets that previously
showed low hybridization efficiency.
These effects were believed to be a result
of the reduced secondary structure in the
area where the probe binds. This study
supports this finding and further investi-
gates helper probe design and its effects
on hybridization efficiency. A schematic
drawing of the sandwich hybridization
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principle using helpers is shown in Figure
1A as well as the detection method (Fig-
ure 1B). The use of different heat denatur-
ation procedures before hybridization (as
opposed to adding helpers) did not show
any significant effects on hybridization
signal, nor did the addition of nonspecific
ODN added to the hybridization solution,
proving that the helper probes do not be-
have like nonspecific blockers.

We tested combinations of several dif-
ferent helpers, all designed to hybridize
one nucleotide apart from the binding
site of the probes. Significantly higher
hybridization efficiencies were seen
when the helpers hybridized next to
the capture probe compared to helpers
hybridized next to the detection probe
(Figure 2). To investigate whether this
was due to structural hindrance from
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Figure 1. Illustration of sandwich hybridization and detection principle. (A) mRNA with capture,
detection, and helper probe binding sites. The helper probes are named A, B, C, and D, respectively.
(B) Ilustration of detection principle on chip. Anti-digoxigenin (DIG) alkaline phosphatase binds DIG
molecules, and then the enzyme converts p-aminophenol phosphate (pAPP) to the electrode-active com-
pound p-aminophenol (pAP), which is redox-cycled at the electrodes, thereby creating a current.

the bead or reduced secondary structure
around the target region of the detection
probe in this particular mRNA molecule,
we set up an experiment where the labels
of the two probes were switched so that
the bead-bound capture probe hybridized
to the region where the detection probe
hybridized before and vice versa. Figure
2 shows that when the capture and detec-
tion probes were switched, a significant
drop in signal was seen when using the
helper A alone, helper B alone, and the
combination AB. At the same time, an in-
crease in signal was seen in switching ex-
periments with helpers C, D, and CD, in-
dicating that the main effect of the helper
ODN is to reduce structural and/or steric
problems near the bead surface compared
to a probe in solution. This is most likely
a result of the reduced reaction range of
the immobilized probe, which results in
a smaller reaction volume that makes
it difficult to reach the target sequence
in the RNA. The increased effect of
helpers when positioned adjacent to the
probe immobilized to the bead could,
aside from disrupting local secondary
structures, also be a result of a disruption
of tertiary structures. Mir et al. (23) have
studied the tertiary structure effects in
heteroduplex formation and found that
in some cases tertiary structures in tRNA
prevent the hybridization of ODN.

To examine this further, we pre-
pared magnetic beads with
different lengths of carbon

spacers between the bead and
the ODN. Spacers consisting
of 4, 12, and 30 carbon atoms
were tested. The measured
.| immobilization efficiencies
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B D o K
1 % ‘ %, % 4
104 oy, TR %, *a, %

Fold change to hyb. with no helper
o0
L

were 12.6, 12.4, and 10.7 ug
probe/mg beads, respective-
ly. It was clear that the short
four carbon spacer showed
only very low hybridization
efficiency compared to the

mNA
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Blank
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ABCDI1

two others without the use of
helper probes. When adding
the helper probes ABCDI,
a significant increase in hy-
bridization efficiency was
seen for all three types of

Figure 2. Effect of different helper probes on hybridization efficiency. Signals from hybridization with different
helpers relative to the hybridization signal acquired from hybridization without helper probes, which is defined as 1.
The gray bars represent the hybridization of the capture and detection probes in their regular position (as shown in Fig-
ure 1). The white bars represent the results obtained from switching the positions of the capture and detection probes
so that the detection probe binds adjacent to helpers A and B and the capture probe binds adjacent to C and D. Helper
concentration was 5 x 108 M, and the target mRNA concentration was 2.5 x 10"10 M in all experiments. Data were
normalized, and each bar is the mean of two independent experiments with the error bars representing the SD (X % SD).
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spacers, although the signal
from the experiment with
the four carbon spacer never
reached the level seen with
the two others. The effect
of using helper probes de-
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creased with increasing spacer length
(data not shown).

To investigate the effect of helper
probe concentration, we performed hy-
bridizations where all parameters were
kept constant, except for the helper probe
concentration. In these experiments,
all four helpers complementary to the
RNA strand and all with one nucleotide
distance to the respective capture and
detection probes were used. As expected,
we observed increasing hybridization
efficiency as a function of helper probe
concentration until the reaction became
saturated. Surprisingly, an increasing
effect of the helpers was observed, even
though the helpers were in more than
500-fold molar excess to the target in the
hybridization reaction (data not shown).

The effect of helpers has been de-
scribed as being dual (24,25). They assist
by opening up the secondary structure
around the target where the probe is

to bind. Additionally, there is an effect
of base stacking between two adjacent
terminal nucleotides from two ODNs
hybridizing next to each other. This ef-
fect appears when the planar faces of
the bases interact and stabilize the con-
nection between the two probes by weak
van der Waals forces and dipole-dipole
interactions formed between the bases
of the adjacent nucleotides of the two
probes (26). To study these effects, we
tested the two helpers B and D with vary-
ing distances; similar experiments were
also performed (Figure 3). For the helper
close to the bead (helper B), a rather ran-
dom effect from changing the distance
was observed, suggesting that perturba-
tions of the local secondary structures are
important, whereas the helper next to the
detection probe (helper D) did not show
any significant effects. This apparent lack
of stacking effects might be explained
by the presence of the 5" end DIG label

next to helper D, which re-

duces the stacking effect (27).
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When using all four helpers,
the highest signal was ac-
quired when they were posi-
tioned at zero distance to the
probes. However, when all
four probes were positioned
three nucleotides away, a
greater effect was seen than
when using probes positioned
one nucleotide away from the
probes. This indicates that
local secondary structural
effects play a major role in
hybridization efficiency.

To show that the effects
of helper probes were linear
over the detection range of
the method, we prepared
two standard curves: one
with and one without the
addition of all four helper
probes at zero distance
from the capture and detec-

0 nucl. dist.

Figure 3. Comparison of hybridization signals from the hy-
bridization of helpers with different distance to the capture
and detection probes. Signals are relative to hybridization with-
out helpers, which is defined as 1. Light gray bars indicate results
from experiments with helper B, white bars are from experiments
with helper D, and dark gray bars are from experiments when all
helpers ABCD are used (tested only in three conditions but all
with the same distance to the probe). The helper concentration
was 10 x 108 M, and the target mRNA concentration was 2.5 X
10°10M in all experiments. Data were normalized, and each bar
is the mean of two independent experiments with the error bars
representing the SD (X % sb). Hyb, hybridization; nucl. dist., dis-

tance in nucleotides from the probe.
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tion probes. To improve the
detection limit, the hybrid-
ization time was extended
to 2 h. Initial experiments
showed that this would
improve hybridization ef-
ficiency (data not shown).
As seen in Figure 4, the two
curves are both linear and
almost parallel. The detec-
tion limit of the method
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Figure 4. Amount of target mRNA molecules added to a reaction as a
function of current measured on the chip in nanoampere (nA). Hybrid-
ization with (black circles) and without (open circles) 10 x 108 M of helper
ABCDO added per hybridization reaction. The hybridization time was ex-
tended to 2 h. The lines are the calculated trend lines, under the assumption
that the signal is linearly correlated to the amount of mRNA in the reaction.
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Figure 5. Hybridization to 16S rRNA and o-amylase mRNA from total
RNA extracted from Escherichia coli (E.coli.) and Bacillus licheniformis
(B.lich.) cells, respectively. Detection and helper probes (10 x 108 M) used
in the experiments. Comparison of hybridizations without helpers (white
bars), with all four helpers (light gray bars), and with the addition of a di-
goxigenin (DIG)-labeled detection probe (dark gray bars), doubling the pos-
sible number of alkaline phosphatase enzymes per target molecule. The bars
represent a fold increase compared to the experiments without helpers. Data
were normalized, and each bar is the mean of three independent experiments,
with the error bars representing the SD (X * sD).

was found to be less than 2 x 10"13 M
mRNA molecules when all four helpers
were added. The upper limit was not
further examined because the instru-
ment has a maximum detection limit
of 100 nA, necessitating that samples
with a higher amount of RNA target
(more than approximately 1.5 x 10710
M in the case of ai-amylase) be diluted
before the measurement and was there-
fore more laborious. The extended
hybridization time favored the hybrid-
ization without helper, so that the dif-
ference between hybridization with and
without helpers was reduced to only
6- to 7-fold, but at the cost of time. The
hybridization of the immobilized cap-
ture probe and RNA target is expected
to be rate-limiting in the procedure, and
by introducing unlabeled helper probes
that are expected to have very fast hy-
bridization kinetics (26), it would be
possible to reduce the time required for
the hybridization of the capture probe
and RNA target because the helpers
facilitate hybridization of the neighbor-
ing probe once bound. Increasing the
hybridization time to 2 h will therefore
reduce the difference in hybridization
signal with and without helpers.

By performing rehybridization ex-
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periments of the same hybridization
solution repeatedly to new beads, the
hybridization efficiency was deter-
mined to be approximately 90% after
1 h in the presence of helper ABCDO
(data not shown).

To test the effect of helper probes
with RNA targets extracted from bac-
terial cells, three RNA molecules were
tested from two different strains: 16S
rRNA from E. coli and 16S rRNA and
a-amylase mRNA from B. lichenifor-
mis. We found that the helpers work
with total RNA samples, and that the
hybridization efficiency was increased
more than 10-fold. By using an extra
DIG-labeled detection probe comple-
mentary to the region where helper D is
targeted, it was possible to increase the
signal even further by allowing up to
two alkaline phosphatases to bind to the
same target. The huge effect seen with
the helpers ABCDO when hybridizing
to the in vitro synthesized o-amylase
was repeated with RNA from a cellu-
lar source, where a more than 30-fold
signal increase was observed (Figure
5). Using the system with two detection
probes and helper probes, a 20- to 60-
fold signal increase was seen for rRNA
and mRNA targets, compared to hy-

bridizations with one detection probe
and no helper probes. The experiments
performed with E. coli RNA were done
using streptavidin beads with biotin-
labeled capture probes attached instead
of the carboxylated surfaces that were
used in all other experiments reported
here. This demonstrates that the tech-
nique using helper probes works with
capture probes attached to surfaces
other than carboxylated ones.

The capture probe for the oi-amylase
target was designed to be complemen-
tary to the loop region of a stem loop
and thus 85% of the mRNA sequence
was single-stranded under the hybrid-
ization conditions used, according to
secondary structure prediction software
at the Mfold Web server (28), and the
adjacently positioned helper probes
were targeting the double-stranded
stem structure. It was therefore expect-
ed that the capture probe would bind
with high efficiency without the use of
helpers. The detection probe was com-
plementary to a region in the RNA with
only 50% single-stranded sequence.
The pronounced effect of adding helper
probes suggests that the opening of the
stem loop structure alters the secondary
and/or tertiary structure in a way that

Vol. 36, No. 1 (2004)
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enhances hybridization. This effect is
most prominent with the capture probe
that is associated with a surface.

The greatest effect with bead-based
sandwich hybridization was achieved by
using all four helpers. However, using
only two helpers adjacent to the capture
probe showed almost the same effect.
We therefore conclude that the phe-
nomenon is primarily associated with
hybridization to surface-attached ODN.

Huang et al. (29) recently showed
that introducing unlabeled hairpin
competitor probes complementary to
the binding site of the detector probe
increased the specificity of the hybrid-
ization. By combining these unlabeled
hairpin competitor probes that target
the binding site of the detection probe
with helper probes complementary to
sequences adjacent to the binding site
of the capture probe, it would in theory
be possible to obtain a method of high
sensitivity and high specificity, without
the use of nucleic acid amplification,
which is difficult to perform unbiased.
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