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Human senses of taste and smell inspired the development of artificial differential receptors
for the recognition and identification of a great variety of chemical species.[t] A differential
receptor consists of an array of sensors. Each sensor in the array recognizes a series of
analytes with different recognition rates. The receptor produces a pattern of the responses.
Analysis of the pattern (the fingerprint of the analyte) reveals the presence of a particular
analyte in the sample. For example, Anslyn and colleagues designed a differential receptor
for the recognition of fatty acids based on serum albumins.[?! Stojanovich et al. used DNA
three-way junction sensors to design a differential receptor for steroids.[3] Recently, Chou et
al. used nanoscale graphene oxide to design a receptor that differentiated proteins.[4] Here,
we adopt this concept for differential analysis of nucleic acid sequences.

One of the most challenging tasks in nucleic acid analysis is to distinguish two related
sequences that differ by a single nucleotide; such as, single nucleotide polymorphisms
(SNPs) or point mutations.[] A conventional approach for SNP analysis takes advantage of
a fluorescent sensor called the molecular beacon (MB) probe (Figure 1A).[6] It is a stem-
loop folded oligonucleotide conjugated with a fluorophore dye at the 5 end and with a
quencher dye at the 3’ end. The stem brings the fluorophore close to the quencher, while the
loop fragment is complementary to an analyzed SNP site. When the MB probe hybridizes
with a fully complementary (matched) analyte it undergoes a conformational change to the
elongated form, which results in brighter fluorescence (Figure 1B). According to the
conventional paradigm, the length of the loop portion and the hybridization conditions are
selected to minimize binding of the MB probe to a mismatched analyte, so that fluorescent
signal remains at the background level. This approach corresponds to YES/NO digital
response. Therefore, analysis of each SNP site requires the synthesis and optimization of
two MB probes to report each of two alleles. For genotyping hundreds and thousands of
SNP sites double the amount of expensive MB probes are required.

Recently, EI-Hajj et al. introduced sloppy MB probesl[’al that are SNP tolerant and can be
used for genotyping of SNPs in a differential receptor format.[”] However, this approach
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requires a number of expensive MB probes, each of which should undergo costly
optimization for accurate SNP differentiation. In this study we introduce a differential
fluorescent receptor (DFR) that requires only one fluorescent reporter to differentiate at least
eight and potentially a greater number of analytes. The overall idea is to create an array of
sensors that produce a characteristic SNP-specific signature in the presence of each
individual nucleic acid sequence. Each DFR is based on triple-crossover (TX) sensors that
use a dumbbell molecular beacon (DMBY) probe reported by Lv et al.[8] (Figure 1C, top left).
We turned our attention to this MB probe variation, since the DFR concept requires a
mutation-tolerant reporter that not only fluoresces in complex with fully matched analyte,
but also produces signals of different (presumably lower) intensities in the presence of
mismatched sequences. A DMB contains two stem-loops that stabilize the dumbbell shape.
Overall this design allows the combination of a relatively long probe sequence with stable
secondary structure. In addition, it avoids long stems, which reduce the hybridization
rates.[] Therefore, DMB represents an attractive alternative to the conventional MB probe if
a SNP-tolerant nucleic acid recognition is required. Since double-labeled fluorescent probes
are relatively expensive, we designed an array of fluorescent sensors that utilizes a single
DMB probe as a universal reporter.

Each TX sensor utilizes a universal DMB probe and four target-specific adaptor strands (A,
B, C and D), as illustrated in Figure 1C. Each adaptor strand contains a fragment
complementary to the analyte and one or two fragments complementary to the DMB probe.
The DMB probe and the adaptor strands can form a hexapartite TX complex with the fully
complementary analyte (Figure 1C, bottom). In this complex, the fluorophore is separated
from the quencher, which enables bright fluorescence. The complex contains three DNA
four-way junctions, which resemble the crossover tiles characterized earlier by structural
DNA nanotechnology.[1%] Presence of mismatches between one of the adaptor strands and
the analyte may result in a less stable complex, thus shifting hybridization equilibrium
towards free DMB probe. This creates a basis for the differential response to the presence of
nucleic acid sequences containing a variety of SNPs. In this proof-of-concept study we
demonstrated the feasibility of the aforementioned design.

We chose the sequences of the rpoB gene of Mycobacterium tuberculosis (M.th) as a
clinically relevant analyte. M.tb infects approximately 2 billion people worldwide and is
responsible for about 2 million deaths each year.[!1] Approximately 10% of all patients are
infected with drug-resistant M.tb strains, mainly to the antibiotics rifampin and isoniazid.[12]
Rapid and accurate drug susceptibility testing is crucial for the control of active TB with
effective drug cocktails. We chose a wild type (WT) and seven sequences of rifampin-
resistant strains that have been studied and characterized previously.[3] All the mutations
were located in a characteristic 81-bp fragment of the rpoB gene. This fragment is known to
contain 95 to 98% of all mutations that impart rifampin resistance to M.tb.[13] We designed
three fluorescent sensors, with a single universal MB probe reporter, targeting different
segments of the 81-bp fragment of the rpoB gene. Each TX sensor hybridizes to a different
region of the analyte due to the unique set of the adaptor stands.

Sensor 1 used adaptor strands Al, B1, C1, and D1 (Figure 2A and S1). The DMB-binding
arms of the strands were designed short to minimize interaction with DMB1 probe in the
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absence of analytes. In particular, strands B1 and C1 contained two pentaor hexa-nucleotide
DMB binding arms. In the presence of a cognate DNA analyte, the four adaptor strands and
DMBL1 probe formed a hexapartite complex with the analyte (Figure 2A, bottom). The
fluorophore group is remote from the quencher in this complex, which instigates high
fluorescence. Indeed, the complementary DNA analyte, MT®6, triggered ~ 7-fold
fluorescence increase (Figures 2B and S2). However, when mismatched nucleotides were
present, the stability of the complex was decreased for most of the analytes (except MT1)
resulting in the reduced fluorescent signal. The higher signal for MT1 analyte can be
explained after analysis of secondary structures of the analytes (see SI, Figure S1 and
accompanying discussion). Overall, Sensor 1 differentiated WT from MT1, MT5 and MT®6.
However, in the presence of WT, the sensor signal was statistically indistinguishable from
that in the presence of MT2, MT3, MT4 and MT7. To enable differentiation of all analytes,
we introduced additional sensors according to the paradigm of differential receptors.[*] The
structures and fluorescent responses of Sensors 2 and 3 are presented in Table S1, Figures
S3 and S4. The sensors were designed to recognize different fragments of the analytes. Each
sensor produced individual pattern of fluorescent responses (Figures S2 and S3). For
example, Sensor 2 differentiated WT from MT1, MT2, MT3, and MT4 (Figure S2), while
Sensor 3 differentiated WT from MT4, MT5, MT6 and MT7 (Figure S4). Time required for
fluorescent responce of the TX sensors was similar to that for a conventional MB probel6]
and other MB probe-based sensors!!4] (Figure S5).

The fluorescent data obtained from the three DFR sensors was analyzed using principal
component analysis (PCA),[15] a chemometric technique, that is conventionally used to
interpret multidimensional sets of data including those generated by differential receptors.[]
The PCA score plot shown in Figure 3 demonstrates that all eight analytes are distinguished.
MT3 and MT4 contained mutations at the same position; therefore, clustering of responses
in the close areas was expected for these two analytes. The ability of the sensor to
differentiate the analytes at different concentrations was investigated (Figure S6). It was
found that DFR was able to distinguish most analytes. The differentiation power of the
receptor can be further increased by optimization of individual TX sensors or by introducing
additional sensors to the array. However, even with the current differentiation rates the DFR
might be useful in practice.

For example, Figure 4 represents an alternative analysis of the data set, in which fluorescent
intensities of each series were divided by those of WT (F/Fy). Although each sensor failed
to differentiate all eight analytes from WT, an array of only three sensors was sufficient for
differentiation of all 8 altered DNA sequences from the WT. In this representation, the
signal pattern obtained for WT significantly differed from that of the mutants MT1-7.
Therefore, the DMB-based differential receptor is promising for the distinction of drug-
susceptible M.tb species from the drug-resistant ones, which is of great practical
significance.[12.13]

The differential receptor concept was inspired by the natural senses of smell and taste and
has been adopted for sensing of a broad spectrum of biological molecules.[*4] Here, we
propose to use a differential receptor to identify a series of clinically important DNA
sequences that differ by a single nucleotide. We demonstrated that an array of three TX
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sensors that utilize the same DMB fluorescent reporter is sufficient to differentiate eight
analytes. The design of the sensors was straightforward; the analyte-binding arms were the
only change in the design of each new sensor. The use of non-traditional DMB probe as a
fluorescent signal reporter is justified by the need for the increased stability of the folded
MB state in the presence of four adaptor strands. The sensor is potentially compatible with
such practically significant formats as quantitative real-time PCR (qPCR). Indeed, same as
in MB probe-based qPCR, each TX sensor can potentially serve as a real-time hybridization
probe. Importantly, the sensor can be adjusted to operate at elevated temperatures (45-55°C)
used in gPCR by changing the length of the adaptor strands. We plan to explore this
possibility in our future work. An array of several (three) PCR assays utilizing different TX
sensor would produce a pattern of fluorescent signals which serve as a unique signature of
each analyte. Differential receptors designed against small molecules are typically
challenged by the problem of differentiating analytes in complex mixtures of related
compounds. This problem is less relevant to gPCR-based analysis of bacterial species in
clinical samples, as typically only one type of pathogen is assayed with a given set of PCR
primers and the co-infection with two species of bacteria is rear.

In conclusion, we have introduced a fluorescent sensor for the analysis of single nucleotide
substitutions in DNA. With this report we hope that the differential receptor concept will
find applications in diagnosis of infectious diseases, genetic disorders and in genetic linkage
analysis.

Experimental Section

All oligonucleotides were custom-made by Integrated DNA Technologies, Inc (Coralville,
IA). The fluorescent assay contained the DMBL1 probe (40 nM), each of the four adaptor
strands A-D at concentrations 0.4-1.2 uM (see Table S1), and one of the analytes WT, or
MT1-MT7 (100 nM). Final sample volumes were 120 uL. All the components of the assay
were mixed in the buffer containing 50 mM Tris-HCI, pH 7.4, 50 mM MgCl, and incubated
at 22°C for 25 min. Then, fluorescence of the samples was measured on a Perkin-Elmer (San
Jose, CA) LS-55 Luminescence Spectrometer with a Hamamatsu xenon lamp (excitation at
485 nm; emission at 517 nm). The data was analyzed using Microsoft Excel. Principal
component analysis was done using MeV v4.8.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the molecular beacon (MB) probe and differential fluorescent receptor

(DFR) approaches for the analysis of SNP containing nucleic acids. A) MB probe does not
hybridize to mismatched DNA sequence (the analytes are shown as dashed lines). B) MB
probe hybridizes to matched DNA analyte. C) DFR consists of a dumbbell molecular beacon
(DMB) probe and four adaptor strands. DFR forms a highly fluorescent complex with a fully
matched analyte.
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Figure 2.
The structure and performance of Sensor 1. A) Schematic diagram of Sensor 1 in the

absence and in the presence of MT6 analyte. DMB-binding arms of adaptor strands Al, B1,
C1 and D1 are underlined. Single nucleotide differences in DNA analytes are indicated on
the bottom. FAM is fluorescein; BHQ1 is Black Hole Quencher-1. B) Fluorescence of
Sensor 1 in the presence of different analytes. Samples containing DMB probe (40 nM), Al
(1200 nM), B1, C1, D1 (800 nM each), and analytes (100 nM each) were incubated in the
buffer containing 50 mM Tris-HCI, pH 7.4, 50 mM MgClI, for 25 minutes at 22°C followed
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by the measurement of FAM fluorescence at 517 nm upon excitation at 485 nm.The data are
average values of three independent trials with standard deviations.
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Principal component analysis (PCA) score plot of the responses from different M.tb analytes
in the differential fluorescent receptor (DFR) assay. Clustering of the signals for each
analyte in non-overlapping areas indicates the ability of the DFR to differentiate all eight

DNA analytes.
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Figure4.
Fluorescent signatures of eight M.tb DNA analytes produced by the differential fluorescent

receptor (DFR) assay. The black, light grey and dark grey bars represent fluorescent signals
of Sensors 1, 2, and 3, respectively, divided by the average florescence produced by WT
analyte (F/FT). The data of three independent measurements are shown with standard
deviations.
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