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Abstract
Hybridization probes are often inefficient in the analysis of single-stranded DNA or RNA that are
folded in stable secondary structures. An MB probe is a short DNA hairpin with a fluorophore and
a quencher attached to the opposite sides of the oligonucleotide. The probe is widely used in real-
time analysis of specific DNA and RNA sequences. This study demonstrates how conventional
molecular beacon (MB) probe can be used for the analysis of nucleic acids that form very stable
(Tm >80°C) hairpin structures. Here we demonstrate that MB probe is not efficient in direct
analysis of secondary structure-folded analytes, while MB-based tricomponent probe is suitable
for these purposes. Tricomponent probe takes advantage of two oligonucleotide adaptor strands f
and m. Each adaptor strand contains a fragment complementary to the analyte and a fragment
complementary to an MB probe. In the presence of a specific analyte the two adaptor strands
hybridize to the analyte and the MB probe, thus forming a quadripartite complex. DNA strand f
binds to the analyte with high affinity and unwinds its secondary structure. Strand m forms stable
complex only with the fully complementary analyte. The MB probe fluorescently reports the
formation of the quadripartite associate. It was demonstrated that DNA analytes folded in hairpin
structures with stems containing 5, 6, 7, 8, 9, 11 or 13 base-pairs can be detected in real time with
the limit of detection (LOD) lying in nanomolar range. The stability of the stem region in DNA
analyte did not affect the LOD. Analytes containing single base substitutions in the stem or in the
loop positions were discriminated from the fully complementary DNA at room temperature. The
tricomponent probe promises to simplify nucleic acid analysis at ambient temperatures in such
application as in vivo RNA monitoring, detection of pathogens and SNPs genotyping by DNA
microarrays.
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Introduction
Hybridization of two complementary nucleic acids has been extensively explored in the
analysis of specific DNA/RNA sequences in real-time PCR,[1] fluorescent in situ
hybridization,[2] DNA microarrays,[3] and the techniques for RNA monitoring in living
cells.[4] The design of the hybridization probes is based on A-T and G-C complementarity
and may seem straightforward. However, single-stranded DNA and RNA analytes often
form stable secondary structures under the assay conditions. The analysis of such folded
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analytes is complicated since a region of interest may be involved in intramolecular
hybridization and become inaccessible for hybridization with a probe. For example, 16S
rRNAs as well as their DNA amplicons can fail to hybridize to the complementary probes
thus creating problems in application of oligonucleotide microarrays for the analysis of
pathogenic bacteria.[5] The limitations might be very severe if a minor difference between
two nucleic acids, such as single nucleotide polymorphisms (SNPs), is to be detected,[6a] or
if a nucleic acid needs to be analyzed at ambient temperatures.[6b] Secondary structures in
both target and probe molecules have been shown to unfavor probe-target duplex formation
and slow the hybridization kinetic up to 160-fold,[7] thus raising concerns for the continued
development of antisense agents and diagnostic probes.[7a]

For in vitro assays this problem can be addressed by using structure-free DNA with pseudo-
complementary properties.[8] In this approach non-natural bases are introduced in DNA by
DNA polymerases. The artificial bases form stable pairs with natural nucleotides, but fail to
hybridize to each other, thus eliminating strong secondary structures. The requirement of
synthetic non-natural bases may limit the spectrum of application of this technique. An
alternative approach uses nucleic acid analogs that overcompete the base-paring of natural
DNA and RNA and thus unwind the undesired secondary structures. Locked nucleic acid
(LNA) and peptide nucleic acids (PNA) have been shown to enable the analysis of folded
DNA and RNA at ambient temperatures.[9] However, tight binding of a probe to a target
nucleic acid reduces the probe‘s selectivity and specificity.[10] Moreover, both LNA and
PNA are relatively expensive commercial products.

Recently, we suggested a DNA-based probe for the analysis of single nucleotide
polymorphisms in folded nucleic acids.[11] The approach takes advantage of a molecular
beacon (MB) probe, a state-of-the-art tool for nucleic acid analysis in real time.[12] MB
probe is a DNA oligonucleotide that folds in a stem-loop structure (Figure 1a, left). In
conventional MB probe, the loop usually consists of a 15–25 nucleotide single-stranded
region complementary to the analyzed DNA or RNA, while the stem is made up of 4–6 base
pairs. The oligonucleotide contains a fluorophore at its 5’ end and a quencher at its 3’ end.
The quencher reduces the fluorophore’s fluorescence when MB probe is folded in the stem-
loop conformation. Binding to a specific analyte separates the fluorophore from the
quencher, thus enabling fluorescence increase. In its conventional design, MB probe is not
always efficient in detecting stem-loop folded analytes, since the hybridization of two
secondary structure-folded nucleic acids can be thermodynamically unfavorable (Figure 1a).

However, if used as a part of a tricomponent probe (Figure 1b), MB probe can efficiently
report the presence of folded nucleic acids.[11] The tricomponent probe makes use of two
synthetic dye-free adaptor oligonucleotide strands, strand f and strand m in Figure 1b. Each
strand contains a fragment complementary to the MB probe (MB-binding arm) and a
fragment complementary to the analyzed nucleic acid (analyte-binding arm). MB-binding
arms of the adaptor strands can be designed relatively short in order to prevent their
hybridization to the MB probe in the absence of a specific nucleic acid analyte at a given
temperature. With 8 or 9 nucleotide arms strands f and m do not efficiently interact with MB
probe at room temperature, thus generating low background fluorescence.[13] The analyte-
binding arm of strand f can be designed long enough to enable formation of a stable
complex with the analyzed sequence. The hybridization of strand f unwinds the analyte
secondary structure and opens the access of allele-specific strand m to the SNP site. Strand
m possesses a relatively short analyte-binding arm, which forms stable complex only with a
perfectly matched analyte. This feature enables excellent recognition specificity making this
probe an efficient tool for SNP analysis. The two MB-binding arms, when brought together,
cooperatively bind to the MB-probe and increase its fluorescence. Not only this approach
results in the extraordinary selectivity of SNP detection, but it also reduces the cost of a
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multiplex assay, since only one expensive MB probe is needed for the analysis of almost any
nucleic acid sequence.

We have recently demonstrated that tricomponent probe can be used for the analysis of
practically important mutations in a stem-loop folded DNA fragment that encodes Tau
protein.[11] The target contained a 6-nucleotide stem with one additional G-T wobble base
pair. It was not clear however what the limitations of the tricomponent probe are. Is it
possible to analyze even more stable secondary structures than 6-nucleotide stem by this
technique? Does the location of the SNP site affect the probe performance? In the present
study we have conducted a systematic investigation of the effect of the stem-loop stability
on the probe performance. We demonstrate that a single nucleotide substitutions (SNSs)
located in either stem or loop regions can be efficently analyzed by our approach.

Results
In order to demonstrate the ability of the tricomponent probe to analyze stem-loop folded
nucleic acids, a model DNA analyte containing a stable 13-nucleotide G/C-rich stem was
designed (Figure 2). The melting temperature of this stem was ~ 88.3°C under the
experimental conditions. A series of analytes containing shorter stem regions, T11, T9, T8,
T7, T6 and T5, were derived from T13 analyte by introducing appropriate number of
nucleotide substitutions at the 3’ portion of the stem, as it is shown in Figure 2 (full
sequences of the analytes are listed in Supporting Information, Table S1). To demonstrate
the ability of tricomponent probe to analyze SNS at different positions of the hairpin-shaped
structure, three single base substituted oligonucleotides, T13-8A, T13-12A and T13-16C,
were designed (Figure 2). The oligonucleotides contained substitutions at 8th, 12th or 16th

positions of the analyte, which are located in the internal position of the stem, on the edge of
the stem or in the loop, respectively.

First, we demonstrated that MB probe in its traditional design is inefficient in the analysis of
a stem-loop folded DNA. MB1 probe (Figure 3a) was designed to directly hybridize to
nucleotides indicated by the dashed line in Figure 2. However, the fluorescence of MB1
remained at the background level even in the presence of 1000 nM T13 (Figure 3b, dashed
line). At the same time, concentration-dependent increase in fluorescence of MB1 probe was
observed in the presence of linear complementary target C15 (Figure 3b, solid line). These
data experimentally prove that, while working well for linear analytes, MB1 probe fails in
hybridization to a secondary structure-folded analyte.

To enable analysis of T13 analyte in real-time, we suggested MB-based tricomponent probe.
The approach uses a universal molecular beacon (UMB) probe and a pair of strands m and f
(Figure 4a). UMB probe contains A/T-rich loop, which minimizes its interaction with MB-
binding arms of strands f and m. A short but stable stem region ensures fast hybridization
kinetics along with the efficient quenching in the closed conformation.

In the adaptor strands, the analyte-binding arms were tethered to the MB-binding arms by
triethylene glycol (TEG) linkers. The introduction of TEG linkers was essential to obtain the
highest fluorescent increase upon formation of the quadripartite complex. When no linkers
were used, the analyte-dependent change in fluorescence was significantly lower (data not
shown). This observation can be explained by the fact that DNA four-way junctions exist as
a mixture of two right-handed antiparallel crosses.[14] In the case of tricomponent probe,
only one of these conformers contains an MB probe in elongated form, which allows a
substantial fluorescence increase. In general, the ratio between the two conformers depends
on the nucleotide composition at the point of strands exchange, which in the case of nucleic
acid analysis depends on the analyte sequence. In practice, however, it is important that the

Nguyen et al. Page 3

Chemistry. Author manuscript; available in PMC 2012 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MB probe acquires an elongated conformation in the quadripartite associate independently
of the analyte sequence. The TEG inserts make strands m and f be bent at the point of the
insertions, which allows the MB probe to acquire the desired elongated conformations.

To demonstrate the ability of tricomponent probe to detect hairpin-forming analytes with
different stem length, we designed a series of tricomponent probes (Figure 4 and Table S1).
Strand m1 was used for the analysis of all seven DNA analytes. However, three different
strands f were designed to enable efficient hybridization of the probe with the variable 3’
portion of the DNA analytes. Strand f1 (Figure 4a) was used for the analysis of T13. It had a
21-nucleotide analyte-binding arm fully complementary to the 3’ portion of T13. The long
analyte-binding arm of strand f1 hybridized to the 13 base pair stem at room temperature, as
was shown by the polyacrylamide gel electrophoresis (Figure S1). Strand f-T5 (Table S1)
was used for the analysis of T5, T6 and T7, while strand f-T8 (Table S1) was used in case
of T8 and T9. All pairs of adaptor strands had the same sequences for the MB-binding arms.

The series of the stem-loop DNAs (T5, T6, T7, T8, T9, T11, and T13) were analysed by the
conventional MB approach (MB1 probe) and by the tricomponent probes. The conventional
MB1 probe was able to detect only the analytes with relatively short stems (T5, T6, and T7)
(Figure 5). Even for these analytes the S/B below 3 was observed, which reflects ineficent
formation of the complexes between the analytes and the MB probe. For the analytes with
the stems longer than 7 base pairs fluorescent intensities did not exceed the background
level (Figure 5, grey bars). Temperature change or increased incubation time did not result
in higher fluorescence (data not shown). On the contrary, the tricomponent probes could
efficiently detect the presence of all seven analytes with the S/B in the range of 35–55
(Figure 5, white bars). The detection limit of the probe was found to be 0.5–3 nM,
depending on the analyte (Figure S2). These values for the detection limit are in the range of
that reported for conventional MB approach with linear analytes.[12,13]

Next, the ability of the tricomponent probe to discriminate single base substituted targets
T-8A, T-12A, T-16C (Figure 2) from the true analyte T13 was investigated. Two
tricomponent probes that utilize the same UMB probe but two distinct pairs of adaptor
strands were used (Figure 4). Strands m1 and f1 were designed to enable the analysis of
mutations at positions 12 and 16 (Figure 4a), while strands m2 and f2 (Figure 4b) were
tailored to analyze mutation at position 8. Strand f2 formed a series of base pair mismatches
when hybridized to T13 (Figure 4b). The mismatched nucleotides were introduced to
eliminate a stretch of nucleotides complementary to the analyte-binding arm of strand m2. It
was required to avoid high background fluorescence, which resulted from hybridization of
the two adaptor strands to each other and to UMB in the absence of the analyte.

All three single base substitutions were discriminated from the true analyte using the two
tricomponent probes. The fluorescent signals for the probe in the presence of T-12A, T-16C
and T13-8A analytes were significantly lower than that in the presence of fully
complementary T13 (Figure 6). The discrimination factors (DF) are represented in the scale
from 0 to 1, where 1 reflects the highest discrimination and 0 indicated no discrimination
(see Experimental Section for the formula). The DF were found to be 0.88, 0.89 and 0.95 for
T-12A and T-16C, and T13-8A, respectively. This excellent discrimination at room
temperature, up to the best of our knowledge, cannot be achieved by other hybridization
probes. The ability of the probe to from the quadripartite associate only in the presence of
the fully matched analyte was confirmed by polyacrylamide gel electrophoresis (Figure S1).
Indeed, the high-molecular weight complex corresponding to the quadripartite associate was
observed only in case of the sample containing the fully matched T13. These data
demonstrate that the presence of a stem-loop in the analyte does not eliminate the excellent
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selectivity of the MB-based tricomponent probe, which was demonstrated by us earlier for
linear targets.[13]

Discussion
It is of practical interest to detect nucleic acids that are folded in stable secondary
structures.[5–9] For example, cellular RNAs are typically folded in stem-loop containing
structures with a limited amount of single stranded stretches accessible by a typical
hybridization probe.

MB probes are considered as one of the most convenient tools applicable for RNA
monitoring in live cells.[15] However, the probe has to be targeted to RNA domains that are
available for hybridization, which creates a significant challenge in RNA imaging.[15b]

Indeed, in this study we observed the inefficiency of the conventional MB probe in the
analysis of stem-loop folded targets. The duplexes between the MB1 probe and the DNA
analytes were formed with the efficiency not high enough to detect the presence of the
analytes with stems of 8 base pairs and longer since opening of the long stem of the DNA
analytes was thermodynamically unfavourable.

In general, the design of MB probe is not as simple in practice as it seems. The hairpin
structure should be designed to avoid the stem invasion, in which the stem arm is
complementary to a portion of the loop and thus results in the partial opening of the MB
probe.[16] As a result, incomplete quenching of the fluorophore leads to high background.
Moreover, stem nucleotides of MB probe may be partially complementary to the analyte
sequence, which affect the hybridization properties and makes the affinity of the probe to the
target less predictable. Therefore, optimization of MB is an important step in the design of a
probe for each new analyte, which increases the overall cost of the conventional MB
approach. We have demonstrated that a single optimized MB probe can be used for the
analysis of multiple targets that form very stable secondary structures.[13b] The design of the
UMB probe used in this study is independent of the DNA targets, so only one pre-optimized
MB probe is sufficient to analyze many different analytes.

The hairpin structures of the DNA analytes used in this study are very stable under the
experimental conditions (22°C) – the melting temperatures of the stems in analytes varied
from 52.7°C to 88.3°C. However, the tricomponent probes were able to detect all the
analytes with the high S/B ratio. No probe-analyte annealing was required.

The tricomponent probe is able to discriminate single nucleotide substitutions located both
in the loop and in the stem positions of a model analyte with high discrimination factors.
Excellent discrimination ability of the probes that use a split design (binary probes) has been
documented in a number of earlier reports.[17] The challenge of the present study was to
demonstrate that single nucleotide substitutions in targets with very stable stem-loop
structures can be interrogated. We did encounter an unexpected challenge in probe design.
When fully complementary strand f for interrogation of the mutation at 8th position (Figure
4b) was designed, it had a 9 nucleotide stretch complementary to strand m2. The
tricomponent probe with complementary adaptor strands generated high fluorescent
background due to the association of adaptor strands and MB reporter in a tripartite
fluorescent complex even in the absence of the analyte. This challenge was overcome by
introducing four base substitutions in the analyte binding arm of strand f (strand f2 lacks
extended region that is complementary to strand m2). This design demonstrates the
flexibility of tricomponent probe: the introduction of mismatches in strand f does not
jeopardize the probe’s performance, since the analyte-binding arm of strand f can be
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designed long enough to form stable hybrid with the analyte even in the presence of a
number of mismatches.

Diagrams in Figure 7 suggest the thermodynamic basis for the observed behaviour of the
MB probe and the MB-based tricomponent probe. For the conventional MB probe approach
(Figure 7a) the probe–analyte dissociated state (DS) is lower than the MB-analyte associated
state (AS). Therefore, MB probe forms stable complex neither with mismatched nor with
matched analytes. In the case of tricomponent probe the stable hybrid of strand f with the
analyte drive the hybridization process (Figure 7b, local minimum on the curve). The energy
of the local minimum is higher than the energy of probe-analyte AS for the fully matched
target, but lower than that of the quadripartite complex for the mismatched target (compare
relative positions of the dashed and dotted lines in Figure 7b). This disposition of energetic
levels provides the basis for excellent discrimination of single base substitutions by the
tricomponent probe: at these conditions the full quadripartite complex is formed only with
the fully matched probe. The right positioning of the local minimum can be fine-tuned both
by varying the concentrations of the adaptor strands and by adjusting the length of analyte-
binding arm of strand m.

Conclusion
This study demonstrates the advantages of the MB-based tricomponent probe in the analysis
of secondary structure-folded analytes. First, a single universal MB probe is sufficient for
the analysis of many analytes, as well as several fragments of one analyte. Second, the
structural flexibility of multicomponent probe allows both efficient hybridization to the
extended self-complementary fragments of the analyte and the detection of single nucleotide
differences between analytes. Importantly, the assay is carried out at room temperature in
regular hybridization buffers and is completed in minutes. These properties, taken together
with the real-time signal generation offered by the MB probe, might be useful in the
detection of natural RNAs in living cells and single-stranded DNAs under mild
hybridization conditions.

Experimental Section
All oligonucleotides (Table S1) were custom-made by Integrated DNA Technologies, Inc
(Coralville, IA). All chemicals were purchased from Sigma-Aldrich (St. Louis, MO). The
melting temperatures of the oligonucleotide were predicted using OligoAnalyzer 3.1
software (IDT).

For the fluorescence assay with MB probe MB1 (100 nM) and an analyte (1–1000 nM) were
mixed in a buffer containing Tris-HCl (50 mM), pH 7.4, and MgCl2 (2 mM) and incubated
at room temperature (22 °C) for 15 min. For the fluorescence assay with a tricomponent
probe, strand m (100 nM), strand f (100 nM), UMB (50 nM), and an analyte (1–100 nM)
were mixed in a buffer containing Tris-HCl (50 mM), pH 7.4, and MgCl2 (20 mM) and
incubated at room temperature (22 °C) for 15 min. For the analysis of E coli 16S rRNA, the
reaction mixture contained strand m16S (100 nM), strand f16S (1000 nM), UMB (50 nM)
and rRNA (20 nM). Fluorescence spectra of the samples were recorded on a Perkin-Elmer
(San Jose, CA) LS-55 Luminescence Spectrometer with a Hamamatsu xenon lamp
(excitation at 485 nm; emission 517 nm). The data of three independent measurements are
presented with an error margin of one standard deviation.

The discrimination factors were calculated according to the formula DF= 1-(Fmm-F0)/(Fm-
F0), where F0, Fm, and Fmm are fluorescence intensities of the probe in the absence of the
analyte, in the presence of fully complementary analyte or in the presence of the analyte
containing single nucleotide substitution, respectively.

Nguyen et al. Page 6

Chemistry. Author manuscript; available in PMC 2012 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Real-time detection of a single base substitution in stem-loop folded nucleic acids using an
MB probe. a) Direct hybridization of an MB probe to the stem-loop folded analyte is
inefficient, since two hairpin-folded oligonucleotides are in lower energy state than the
duplex. b) A tricomponent probe for SNP analysis in folded nucleic acids. The quaternary
complex is thermodynamically stabilized by the formation of a long duplex between strand f
and the analyte. Triethylene glycol (TEG) linkers are shown as dashed lines. Asterisks
represent SNP sites.
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Figure 2.
The primary and secondary structures of stem-loop folded analytes used in this study. The
structure of T13 analyte is shown in black. The three T13 mutants, T13-8A, T13-12A and
T13-16C, had single base substitutions at positions 8, 12 and 16 from the 5’ end,
respectively. The dashed line indicates nucleotides complementary to MB1 probe (Figure
3a). Grey letters on the right indicate substitutions that shortened the stem in the series of
analytes T5–T9, and T11.
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Figure 3.
MB probe does not fluorescently report the presence of secondary structure-folded T13
analyte. a) MB1 probe hybridizes directly to a linear complementary target C15, but does
not hybridize to the structured analyte T13. b) The signal-to-background ratio (S/B) for the
MB1 probe in the presence of different concentrations of C15 and T13 analytes. The data
are average values of three independent measurements. Standard deviation bars are shown.
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Figure 4.
The structure of two tricomponent probes used in this study and their hybridization to T13
analyte. a) Hybridization of the tricomponent probe that is designed to analyze single
nucleotide substitutions at 12th and 16th positions. b) Hybridization of the tricomponent
probe for the analysis of mutation at position 8. Mismatched nucleotides in strand f2 are in
grey italic. Triethylene glycol (TEG) linkers are shown as dashed lines.
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Figure 5.
Tricomponent probe is more efficient in the analysis of hairpin-folded nucleic acids than
conventional MB probe. Grey bars represent the fluorescent intensities at 517 nm of MB1
probe in the presence of hairpin-folded analytes containing stem region of 5, 6, 7, 8, 9, 11 or
13 base pairs. White bars represent fluorescence intensities at 517 nm for the correspondent
tricomponent probe. Fluorescent assay condition: MB1 probe (100 nM) was incubated with
DNA analytes T5, T6, T7, T8, T9, T11 or T13 (100 nM each) in the buffer containing Tris-
HCl (50 mM), pH 7.4, MgCl2 (2 mM) for 15 minutes at 22°C; UMB probe (50 nM), strand
m1 (100 nM), and specific strand f (100 nM) were incubated with DNA analytes T5, T6,
T7, T8, T9, T11 or T13 (100 nM) in the buffer containing Tris-HCl (50 mM), pH 7.4,
MgCl2 (20 mM) for 15 minutes at 22°C. Strand f-T5 was used to analyze targets T5, T6,
and T7. Strand f-T8 was used to analyze targets T8 and T9. Strand f-T11 was used to
analyze target T11. Strand f1 was used to analyze target T13.
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Figure 6.
Tricomponent probe can detect single base substitutions in folded analytes. a) Signal-to-
background ratio for the probe f1/m1 in the presence of the true target T13, and the two
mismatched targets T13-12A and T13-16C. b) Signal-to-background ratio for the probe f2/
m2 in the presence of the true target and the mismatched T13-8A. The data are average
values of three independent measurements. Error bars represent standard deviations from the
average.
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Figure 7.
Putative energy diagrams for hybridization of probes with stem-loop folded analytes. The
red lines indicate the energy level of the mismatched probe-analyte associated state (AS),
and the blue lines indicate the energy of AS of the probe complex with the fully matched
analyte. a) Hybridization of the conventional MB probe. The dissociated sate (DS) of the
system has lower energy than the associated state both for matched and mismatched
complexes. Probe does not hybridize to the analyte. b) Hybridization of MB-based
tricomponent probe. The minimum on the curve corresponds to the complex of strand f with
the analyte. AS in this case corresponds to the quadripartite complex of the tricomponent
probe with the analyte.
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