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Abstract

Gene point mutations present important biomarkers for genetic diseases. However, existing point
mutation detection methods suffer from low sensitivity, specificity, and tedious assay processes. In
this report, we propose an assay technology which combines the outstanding specificity of gap
ligase chain reaction (Gap-LCR), the high sensitivity of single molecule coincidence detection and
superior optical properties of quantum dots (QDs) for multiplexed detection of point mutations in
genomic DNA. Mutant-specific ligation products are generated by Gap-LCR and subsequently
captured by QDs to form DNA-QD nanocomplexes that are detected by single molecule
spectroscopy (SMS) through multi-color fluorescence burst coincidence analysis, allowing for
multiplexed mutation detection in a separation-free format. The proposed assay is capable of
detecting zeptomoles of KRAS codon 12 mutation variants with near 100% specificity. Its high
sensitivity allows direct detection of KRAS mutation in crude genomic DNA without PCR pre-
amplification.
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1. Introduction

DNA single nucleotide substitutions, also known as point mutations, are abnormalities
widely found in genomic DNA of various types of cancers. For example, point mutations
discovered in KRAS genes are closely associated with lung cancer, colorectal cancer, ovarian
cancer, and other cancer types.[l] They are therefore valuable genetic markers for cancer
diagnostics and prognostics,[2-5] as well as important predictors of patients’ resistance to
specific cancer therapies.[5-8] Currently, the majority of point mutation detection techniques
rely on PCR amplification of target sequences from crude genomic DNA samples. Although
highly sensitive, PCR based methods are complicated by amplification errors due to
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mispriming, limited accuracy of discriminating single nucleotide variations, and limited
multiplexing capability.[9-13]

Although a number of alternative PCR-free methods, such as the Invader assay[*4! and
rolling circle amplification,[*5] have been introduced, ligation-based techniques remain the
most widely used for point mutation detection due to their exceptional specificity on base
discrimination and robust multiplexing capabilities.[*6] A number of variations of ligation
assays have been proposed for point mutation detection. Ligase detection reaction
(LDR)[7-20] employs a set of primers to sense the mutation. Only if the primers fully
complement the target sequence containing the mutation of interest does the ligase join the
two primers together to form ligation products which are then detected using gel
electrophoresis or FRET-based approaches.[21-23] Although it is highly specific in base
recognition, LDR has very limited sensitivity. Consequently, LDR is usually combined with
PCR that exponentially amplifies the ligation product to a detectable level. The combined
PCR-LDR process significantly improves the assay sensitivity but suffers from the
complications of PCR. Ligase chain reaction (LCR)[24-27] has been introduced to enhance
the sensitivity of mutation detection by ligation. Instead of using one pair of primers in the
case of LDR, LCR uses two pairs of primers to flank both the sense and the antisense
strands of DNA targets, generating ligation products that in turn serve as templates for
ligation reaction of the next cycle. As a result, the mutation can be easily detected through
exponentially amplified ligation products even with gel electrophoresis.[28] Despite high
sensitivity, LCR has not been widely adopted for mutation detection. The primers used in
LCR would inevitably form primer dimers with blunt ends, which tend to cause false
positives due to blunt-end ligation.[2%] An improved version of LCR known as Gap-LCR
bypasses the blunt-end ligation by introducing a “gap” between the primers hybridized to the
target template.[30:31] The primers are intentionally designed to form dimers with sticky-
ends, thereby eliminating the problem of blunt-end ligation. After filling the gap by DNA
polymerase, DNA ligase can seal the nick between primers and generate an allele-specific
ligation product. Previous research results suggest that Gap-LCR and allele-specific PCR
have similar sensitivity, but Gap-LCR generates less false positives than allele-specific PCR
when presented with mismatch targets. Gap-LCR achieves this increased specificity by the
dual layering of ligase based mismatch discrimination on top of polymerase
discrimination.[3%] However, most of the ligation-based assays including Gap-LCR rely on
cumbersome separation techniques such as gel electrophoresis or solid phase-based
purification.[32-341 Such labor-intensive protocols seriously hinder their applications in
routine medical diagnostics procedures.

Although Tagman probes(35-38] or molecular beacons[3401 combined with PCR have
enabled separation-free detection of DNA targets in solutions, incomplete quenching of free
probes often leads to high fluorescence background and low signal-to-noise ratio.[41]
Alternatively, the advancement of single molecule spectroscopy (SMS) and single molecule
probe strategies facilitate homogeneous, separation-free detection with high
sensitivity.[42-52] As opposed to conventional ensemble detection methods that measure
averaged fluorescence from the entire analyte population, SMS measures fluorescent bursts
emitted from individual molecules as they pass through a femtoliter-sized laser detection
volume. In SMS, background fluorescence from out-of-focus molecules and scattered light
are minimized by a pinhole incorporated to the confocal design. Single molecule
coincidence detection>3] is a SMS-enabled approach for sequence-specific detection of
single DNA molecules. It employs two differently labeled oligonucleotide probes to search
for a specific DNA target. Presence of the target can be determined by coincident
fluorescence bursts emitted from the two probes bound to the same target as the probes-
target hybrid passes the detection volume of SMS. This strategy permits direct detection of
molecular bindings in a solution without the need for separation of free probes from targets.
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This fluorescence burst coincidence detection method has been successfully applied to
detection of specific DNA sequences,[53-551 DNA methylation,[5¢] or microRNA
expression.[>7]

In this report, we introduce a single QD-based multiplexed coincident fluorescence detection
method for PCR-free and separation-free detection of point mutations in genomic DNA. The
method employs Gap-LCR for multiplexed enzymatic reactions to generate mutation-
specific ligation products that are detected by SMS, through single-dot multi-color
fluorescence coincidence analysis, without the need for PCR and molecular separation. In
this method, dye-labeled probes are first used for generation of mutation-specific ligation
products from genomic DNA templates. Then the ligation products are captured by QDs
through biotin-streptavidin binding to form DNA-QD nanocomplexes. Upon illumination,
the nanocomplex emits a unique single-dot coincident fluorescence signal that is detected by
SMS (Figure 1A). By performing multiplexed Gap-LCR with multiple sets of differently
labeled primers, mutation variants can be determined by specific patterns of coincident
signals measured by multi-color SMS (Figure 1B). QDs serve as both a high intensity
fluorescent label and a nanoconcentrator to capture multiple dye-conjugated ligation
products for signal amplification, which facilitates highly accurate detection of coincident
fluorescence events. We have demonstrated the method to detect mutations on codon 12 of
the KRASgene in human fibroblast and Panc-1 pancreatic cancer cell lines, respectively.
The assay has demonstrated exceptional sensitivity, capable of detecting zeptomoles of
targets.

2.1. Assay Principles

In the assay, the DNA sample is first subjected to Gap-LCR and then is detected by the
coincidence detection platform (Figure 1A). In Gap-LCR, polymerase extends primers only
if primers form a perfect match to target templates. Following primer extension, the ligase is
introduced to join the primers into ligation products. A set of four primers (two pairs of
complementary primers) is used to allow chain reaction. The primer annealing, gap filling
and ligation processes are then repeated through thermal cycling in order to exponentially
amplify the target. In contrast, the polymerase is not able to elongate the primer to fill the
gap if primers and target template form mismatch hybridization. Consequently, no ligation
product is formed in the case of mismatch. Since one of the primers is labeled with biotin
and another labeled with fluorophore, ligation products which are generated by Gap-LCR
are labeled with both a biotin and a fluorophore. Such ligation products are captured by
streptavidinfunctionalized QDs to form DNA-QD nanocomplexes that are subsequently
analyzed using coincidence detection. In the coincidence detection platform, the laser beam
is focused into a femtoliter-sized volume from where fluorescence signals are collected.
When a DNA-QD nanocomplex diffuses into the laser focal volume of the SMS platform,
both QD and the fluorophore labeled on the ligation products are excited, emitting a
coincident fluorescence burst that indicates the presence of target template of interest. A
pinhole placed in front of the detectors is used to reject fluorescence emitted by out-of-focus
molecules, allowing high signal-to-noise ratio detection and preventing detection of false-
positives (Figure S1).

In order for multiplexed detection of single nucleotide polymorphisms, a set of five primers
that include three common primers and two variant-specific primers (Table 1) are used to
simultaneously detect mutant and wild type target (Figure 1B). Mutant-specific and wild
type-specific primers are labeled with different species of fluorophores. Depending on the
genotype of target template (homozygous mutant, wild type or heterozygous mutant), DNA-
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QD nanocomplexes of different color-combinations are generated and are detected using the
coincidence detection platform.

2.2. Assay Validation

We evaluated our assay by detecting KRAScodon 12 GGT — GAT mutation using the
sample containing mutant targets. Four primers including mutant-specific primer Apr and
common primers Cprl1-3 were used. Apr and Cprl were labeled with Alexa488 and biotin,
respectively (Table 1). Ligation products were generated by Gap-LCR and were captured by
QDs. As a result, coincident fluorescence bursts were observed in both QD and Alexa488
optical channels (marked by stars), indicating the presence of DNA-QD nanocomplexes
(Figure 2A, B). In the case of mismatch control, where the sample contained only the wild
type KRAStarget, no ligation product was generated as evidenced by the absence of
coincident fluorescence burst events (Figure 2C, D). As mentioned earlier, QDs resulted in
stronger fluorescence bursts due to their high extinction coefficient and quantum yield. In
the meantime, the fluorescence burst size of Alexa488 was significantly increased in case of
perfect match because QDs brought multiple Alexa488 dyes together to pass through the
detection volume at the same time. Therefore, QDs did not only serve as nanosensors that
confirmed the presence of ligation products through coincidence detection, but also act as
target concentrators that greatly enhanced the signals from labeled fluorophores. The
number of coincident events was plotted as a function of the threshold applied to Alexa488
signal (Figure 2E). Since the primers are specific to the KRAS mutant, only the mutant
samples exhibited detectable coincident events. The wild type in this case displayed
negligible coincident signals. The specificity of the wild type primers was also tested, in
which case the coincident events were observed in the wild type but not in the mutant
samples (Figure S2).

In order to further verify the results obtained using coincidence detection, the cross-
correlation functionl>8] G(v) was calculated based on SMS data of Alexa488 and QD
according to

Ol s (1) 61, (t4T) )

_<
AT )

()]

where T was the lag time, | asgg and Igp were the fluorescent intensities from the Alexa488
channel and the QD channel respectively, and dl asgs, dlgp were the deviation of Alexa488
and QD655 intensities from their respective means. As shown in Figure 2F, only the mutant
sample exhibited a strong correlation between the signals from Alexa488 and QD as
evidenced by the pronounced peak, which suggested that fluorescence bursts were
simultaneously detected from both channels as a result of the ligation products being
generated and captured by the QDs. In contrast, the wild type showed minimum cross-
correlation because the Alexa488 and QDs moved independently through the detection
volume in the absence of ligation products.

2.3. Assessment of Analytical Specificity

Figure 3 shows the intensity histograms of Alexa488 fluorescence bursts detected from
three different samples including mutant, wild type and no-template control. Since ligation
was prohibited in the no-template control sample, the detected fluorescence bursts should
originate only from the free Alexa488-labeled primers. The free primers exhibited an
intensity level of lower than 140 photon counts ms 1 and a similar result was observed in the
wild type experiment. In contrast, fluorescence bursts with a much enhanced intensity of 500
photon counts ms™ or higher were detected in the mutant sample. The percentages of
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Alexad88 fluorescence bursts that were coincident with QD fluorescence bursts were
calculated as also shown in Figure 3. A small number of statistical fluorescence coincident
events (2-6%) were counted in both the wild type and the control experiments when using a
small intensity threshold. Since QDs serve as a nanoconcentrator to facilitate signal
enhancement, a higher threshold can be imposed to achieve effective differentiation of
binding-induced coincident signals and the statistical coincident signals, greatly enhancing
the specificity and accuracy in mutation detection. In the current experiment, the statistical
background coincident signals, which may lead to false positives, can be completely
removed when a higher threshold (= 120 photon counts ms1) is used, thereby achieving near
100% specificity. The same conclusion can be drawn for detection of wild type target as
shown in Alexa546 intensity histogram (Figure S3).

2.4. Assessment of Analytical Sensitivity

In order to access the sensitivity of the assay, we tested the assay with various amounts of
target input (Figure 4). A dilution series from 17 attomole to 170 zeptomole of mutant and
the wild type were used as target templates. Instead of the Alexa488-labeled, mutant specific
Apr primer, we used wild type specific primer Gpr, which was labeled with Alexa546, to
detect the wild type target. As expected, samples with larger amount of target input showed
higher coincidence count at any threshold due to larger amount of ligation products
generated in the Gap-LCR reaction. Signals from mutant as well as wild type samples with
zeptomoles of target input were routinely detected above the background of no-template
control, demonstrating excellent sensitivity.

The proposed QD-SMS Gap-LCR assay has been applied for KRAS genotyping in human
foreskin fibroblast and pancreatic cancer cell lines (Panc-1). Human foreskin fibroblast
carries wild type GGT at KRAS codon 12 while Panc-1 cancer cells carry GGT — GAT mis-
sense mutation. DNA was first extracted from the cell lines. Then, the mutant was amplified
with mutant-specific primers and the wild type was amplified with wild type-specific
primers by Gap-LCR. Compared to no-template control, high coincident counts were
observed in positive samples over a wide range of threshold, indicating successful
identification of particular genotypes (Figure5).

2.5. Multiplexed KRAS Mutation Detection

In the QD nano-assay, the high detection specificity and sensitivity complements its
multiplexing capability. The assay was able to differentiate between the homogeneous
mutant, the heterozygous mutant and the wild type by analyzing the sample using differently
labeled mutant specific primers and wild type-specific primers in a single reaction (Figure
1B). The experiment was performed at a ligation temperature of 65.1 °C, optimized for
multiplexed ligation reaction for KRAS codon 12 (Supporting Information and Figure $4).
Four samples, including homozygous mutant, heterozygous mutant, wild type, and no-
template control, were analyzed and coincidence detection was conducted with SMS via two
dual-color detection settings (see Materials and Methods). For the homozygous mutant, the
coincident events were observed between QD and Alexa488, but not between QD and
Alexa546 (Figure 6A and B). In contrast, the coincident events were only observed
between QD and Alexa546 but not between QD and Alexa488 in the case of wild type
sample (Figure 6C and D). For heterozygous mutant sample, coincident events were
observed with both combinations due to the presence of both mutant and wild type alleles
(Figure 6E and F). In Figure 7, we also statistically verified that coincidence fluorescence
bursts obtained from samples containing perfect match target templates were significantly
higher than samples which didn't. As a result, the combination of the coincidence analysis
provided unambiguous information for determining the mutational status of the sample
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under investigation. This demonstrates that the assay is capable of detecting point mutations
in a multiplexed manner with high specificity.

3. Discussion

Herein, we demonstrated a highly sensitive and specific QD nano-assay which reveals
genotype of the target biomarker in a multiplexed manner. Our single molecule approach
provides significant values over the conventional ensemble measurements. Firstly, perfect
match samples with Gap-LCR reaction (leading to labeled ligation product) and those
without (leaving behind free labeled primers) result in same ensemble fluorescence
intensities. Therefore, conventional ensemble measurements need to rely on an additional
separation step such as gel electrophoresis or bead-based purification in order to isolate
ligation products from free primers to distinguish signal resulting from ligation products
from the background. Alternatively, SMS can be used for the examination of individual
molecules in a homogeneous environment. Therefore, ligation products and free primers
labeled with the same fluorophore could be easily distinguished from one another using
coincidence detection in a separation-free manner, which greatly improves the sensitivity
and simplifies the procedures of the assay.

Secondly, multiplexing experiment using multiple species of fluorophores also greatly
benefit from a SMS-enabled approach compared to conventional ensemble measurement.
While even a minor degree of fluorophores’ emission spectra bleed through from one
detection channel to the other might result in false positive detection in ensemble
measurements, SMS is capable of circumventing the problem. Conventional fluorescence
measurement relies on analog fluorescence acquisition. Therefore, when multiple species of
fluorophores are present in the sample, it is difficult decouple the signal obtained from
targeted fluorophores and bleed through from other fluorophore species. For instance, we
confirmed that there is <5% spectra bleed through of Alexa488 fluorescence signal into
Alexa546 channel in ensemble measurement (data not shown). On the other hand, SMS
decouples the analog ensemble fluorescence signal into digital signals from individual
molecules. Therefore, by setting the threshold, it becomes possible to totally eliminate weak
bleed through signals without losing any targeted fluorescence bursts, which are
significantly stronger than bleed through signals and background noise (Figure 2B).

Multiplexing capability of separation-free assays, or the number of genetic markers which
can be investigated in single reaction, is dependent on availability of fluorophore
combinations which can be cleanly separated by optical filters. On one hand, since most
organic fluorophores have relatively broad emission spectra, it becomes challenging to
optically separate more than a few fluorophores at the same time. On the other hand, since
the emission spectra of QDs are narrow and can be easily separated from each other, QD
biosensor could be a powerful solution to boost the multiplexing capability of separation-
free assays. Further improvement in conjugation techniques would prove beneficial in order
to completely substitute chemical fluorophores labeled on DNA with QDs. Specifically,
more variations of suitable conjugation method are required so that each species of QD can
be easily, stably, and specifically labeled to target DNA molecules without affecting the
biochemical reaction and components in the solution.

4. Conclusions

In summary, we demonstrated single-QD, multiple-color coincident fluorescence analysis

that facilitates multiplexed and separation-free detection of point mutations. By combining
the high specificity of Gap-LCR and high sensitivity of QD-SMS, we successfully detected
zeptomoles of KRAS codon 12 mutation variants with close to 100% specificity. Such high
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sensitivity eliminated the requirement for PCR pre-amplification from genomic DNA. In
addition, a tedious separation step commonly required by ligation-based mutation assays
was circumvented by the integration of coincidence detection, which identifies specific
target sequence by detecting coincident multi-color fluorescence bursts in homogeneous
environment. Such a highly sensitive, specific, multiplexed separation-free genotyping
method would prove valuable as novel single molecule approach for genetic mutation
detection.

5. Experimental Section

DNA Extraction

Genomic DNA was extracted from human foreskin fibroblast (CRL-2522, ATCC,
Manassas, VA) and Panc-1 cancer cell lines using Biosprint 15 DNA extraction kit (Qiagen,
Inc., Venlo, Netherlands). The extracted DNA was stored at 4 °C until use.

Oligonucleotides

All the synthetic oligonucleotides were purchased from the Integrated DNA Technology and
the sequences were listed in Table 1. Apr and Gpr were labeled with Alexa488 and
Alexa546, respectively, at their 5” terminals. Cprl and Cpr3 were labeled with phosphate at
their 5” terminals for ligation reaction to take place. Primer Cprl was labeled with biotin at
its 3” terminal for coupling with streptavidin-coated QD. All primers were HPLC purified.

Gap-LCR Reaction

Gap-LCR was conducted in 25 pl of reaction volume containing ThermoPol Buffer (1X);
Taq Ligase Buffer (0.25X); NAD B (ImM); dGTP (10 pM); dATP (10 uM); MgCl, (3 mM);
Taq DNA Polymerase (1.25 units, New England Biolabs); Tag DNA Ligase (10 units, New
England Biolabs); various amounts of mutant and/or wild type templates (synthetic or
genetic DNA extracted from cell lines); common primers (60 nM, Cprl — 3) as well as
discrimination primers (Apr and/or Gpr). The mixture was first incubated at 94 °C for 2
minutes, and then thermal cycling was conducted for 60 cycles at 94 °C for 30 seconds
(denaturation step) and 65.1 °C for 60 seconds (ligation step) unless otherwise noted
(Supporting Information). After thermal cycling, Tag DNA polymerase and Tag DNA ligase
were inactivated by incubating the sample at 94 °C for 30 minutes. Ligation products were
stored at 4 °C until use.

Coupling of QD and Ligation Products

Qdot 655 streptavidin conjugate (QD655), which has a peak emission wavelength at 655
nm, was purchased from Invitrogen (Carlsbad, CA). QD was first diluted to 1 nM with
phosphate-buffered saline without calcium & magnesium (1X, Invitrogen). The ligation
products were then mixed with QD at 30:1 biotin:QD ratio in order to generate DNA-QD
nanocomplex. Since each QD had 40-80 biotin binding sites, all biotin-labeled DNA
molecules could be captured by QDs (supporting information). After 20 minutes incubation
in dark at room temperature, the nanocomplex was further diluted to 50 pM using PBS.
Later, the samples were dispensed into 96-well plate with glass bottom for SMS
measurements. All tubes were washed with BSA solution (0.1 %) and were baked at 70°C
degrees for 15 min before use.

Coincident Fluorescence Detection

Coincident fluorescence detection was conducted using Zeiss LSM 510 Confocal
microscope (Figure S1). 488 nm Argon laser and 543 nm Helium-Neon Laser were used to
excite Alexa488 and Alexa546, respectively. Both lasers were capable of exciting QD655.
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The 488 nm laser and 543 nm laser were kept at 7.2 mW and 1.2 mW, respectively, at all
time. A C-Apochromat 40X/1.2 water immersion objective was used to focus the laser into
the sample contained in the 96-well plate and to collect emitted fluorescence. A 90 um
pinhole (PH) was placed after dichroic mirror (DM) to reject background fluorescence from
out-of-focus molecules and scattered light. Fluorescence emitted from in-focus molecules
was separated by dichroic mirrors to fluorescence emitted from fluorophore labeled on
ligation product (Alexa488 and/or Alexa546) and from QD. Fluorescence light was then
respectively filtered by emission filters (EF) and subsequently detected by avalanche
photodiode (APD). Measurements were conducted for 180 seconds for each sample.

Coincidence Analysis

Acquired data were analyzed by a customized program written in LabView (National
Instrument, Autstin, TX). Individual fluorescence bursts were first identified by applying
threshold to raw single molecule data. Fluorescence signals which exceeded the threshold
were recognized as true fluorescence bursts. Coincident fluorescence bursts were then
identified as a pair of simultaneous fluorescence bursts from both QD and Alexa488/546
channels.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic drawing of the point mutation detection assay. (A) The mutant-specific primer is
labeled with a fluorophore and a common primer is labeled with biotin. In case of a perfect
match (flow illustrated by black arrows), primers hybridize to the mutant target template
(black strand) with a gap in-between. The polymerase fills the gap and then the nick (black
triangle) is sealed by the ligase. The ligation product serves as a target template in the next
cycle of the thermal cycling, leading to exponential increase of target template. After Gap-
LCR reaction, streptavidin-coated QDs are introduced to form DNA-QD nanocomples,
which give rise to coincident fluorescence bursts when analyzed in single molecule

coincidence detection platform. In case of a mismatch (flow illustrated by white arrows), the
primers do not hybridize stably to wild type target templates (striped strand). As a result, no
ligation product is formed and captured by QD, as evidenced by absence of coincident
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fluorescence bursts. (B) Multiplexed detection of homozygous mutant, wild type and
heterozygous mutant. Mutant and wild type-specific primers are introduced simultaneously.
The presence of mutant is evidenced as coincident fluorescence burst from Alexa488 (blue)
and QD (red) channel. Similarly, presence of wild type target is evidenced as coincident
fluorescence burst from Alexa546 (green) and QD (red) channel.
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Figure 2.

Detection of KRAS mutant target. (A) Mutant was detected as evidenced by coincident
fluorescence bursts (marked with stars) from Alexa488 (blue) and QD (red) channels. (B)
Enlarged view of coincident fluorescence bursts from panel (A). Regions specified with
green slits were enlarged. Because each QD captures multiple ligation products, signal from
Alexa488 was significantly enhanced (arrows). (C) Mutant-specific primers do not form
perfect match with wild type target. Therefore, no coincident fluorescence bursts were
observed. (D) Enlarged view of QD fluorescence bursts from panel (C). Arrows indicate
unamplified Alexa Fluor488 fluorescence bursts observed from free primers. (E) Coincident
fluorescence bursts at various thresholds. (F) Cross-correlation analysis of QD and
Alexa488 signals reveals a strong correlation for the mutant but not wild type samples.
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shown in densely striped bars), mismatch (wild type sample, shown in sparsely striped bars)
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with QD fluorescence bursts.
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Detection of serial dilutions of (A) mutant target and (B) wild type target. The normalized

coincidence count is defined as the number of coincidence bursts divided by the number of
total QD bursts observed within the respective detection period.
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KRAS codon 12 point mutation detection from genomic DNA samples. (A) GGT — GAT
mutant detection from genomic DNA extracted from pancreatic cancer cell line (Panc-1).
(B) Wild type target detection from genomic DNA extracted from human foreskin

fibroblast.
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Multiplexed point mutation detection. Coincident fluorescence bursts (marked with starts)
from Alexa488 (blue) and QD (red) channels suggest the successful detection of mutant
target in homozygous mutant sample (A) and heterozygous mutant sample (E). Coincident
fluorescence bursts from Alexa546 (green) and QD (red) channels suggested the successful
detection of wild type target in wild type sample (D) and heterozygous mutant sample (F).
Coincident Fluorescence bursts were not detected in absence of specific targets (B and C).
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Analysis of multiplexed point mutation detection. The asterisk, double asterisk, and triple
asterisk indicate that p-value is less than 0.05, 0.01, and 0.001, respectively, in Student's
one-tailed T-test. The error bar indicates standard deviation of three measurements. (A)
Detection of mutant target. Only homozygous mutant sample and heterozygous mutant
sample showed significant number of coincident fluorescence bursts. (B) Detection of wild
type target. Only wild type sample and heterozygous mutant sample showed significant
number of coincident fluorescence bursts.
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Table 1

Oligonucleotide used in the assay.

Code Description Sequence (5' to 3')

KAS A segment in mutant type KRAScodon 12 gene sense strand AAT ATAAAC TTG TGG TAG TTG GAG CTG ATG GCG TAG
(GGT — GAT) GCA AGA GTG CCT

KAA  Asegment in mutant type KRAScodon 12 gene anti-sense AGG CAC TCT TGC CTA CGC CAT CAG CTCCAACTACCA
strand (Complementary to KAS) CAAGTT TAT ATT

KGS A segment in wild type KRAS codon 12 gene sense strand AAT ATA AAC TTG TGG TAG TTG GAG CTG GTG GCG TAG

GCA AGA GTG CCT

KGA A segment in wild type KRAS codon 12 gene anti-sense strand ~ AGG CAC TCT TGC CTA CGC CAC CAG CTC CAA CTA CCA
(Complementary to KGS) CAA GTT TAT ATT

Apr Alexad88 labeled discrimination primer for GGT — GAT A488-CAC TCT TGC CTACGCCAT C
mutant KRAS detection

Gpr Alexa546 labeled discrimination primer for wild type KRAS A546- CAC TCT TGC CTACGC CACC
detection

Cprl Common primer 1 labeled with phosphate and biotin p CTC CAA CTA CCA CAA GTT TAT ATT-Biotin

Cpr2  Common primer 2 AAT ATAAACTTG TGG TAG TTG GAG CT

Cpr3  Common primer 3 labeled with phosphate p TGG CGT AGG CAAGAG TG
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