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ABSTRACT Fluorescence correlation spectroscopy (FCS) can resolve the intrinsic fast-blinking kinetics (FBKSs) of fluorescent
molecules that occur on the order of microseconds. These FBKs can be heavily influenced by the microenvironments in which
the fluorescent molecules are contained. In this work, FCS is used to monitor the dynamics of fluorescence emission from Cy5
labeled on DNA probes. We found that the FBKs of Cy5 can be tuned by having more or less unpaired guanines (upG) and
thymines (upT) around the Cy5 dye. The observed FBKs of Cy5 are found to predominantly originate from the isomerization and
back-isomerization processes of Cy5, and Cy5-nucleobase interactions are shown to slow down these processes. These
findings lead to a more precise quantification of DNA hybridization using FCS analysis, in which the FBKs play a major role
rather than the diffusion kinetics. We further show that the alterations of the FBKs of Cy5 on probe hybridization can be used to
differentiate DNA targets with single-nucleotide differences. This discrimination relies on the design of a probe-target-probe
DNA three-way-junction, whose basepairing configuration can be altered as a consequence of a single-nucleotide substitution
on the target. Reconfiguration of the three-way-junction alters the Cy5-upG or Cy5-upT interactions, therefore resulting in a
measurable change in Cy5 FBKs. Detection of single-nucleotide variations within a sequence selected from the Kras gene is

carried out to validate the concept of this new method.

INTRODUCTION

A variety of confocal fluorescence spectroscopic techniques,
for instance, two-color coincidence detection (1-4), single-
pair fluorescence resonance energy transfer efficiency anal-
ysis (5,6), burst-size distribution analysis (7,8), photon
counting histogram analysis (9,10), fluorescence intensity
distribution analysis (11,12), burst-integrated fluorescence
lifetime analysis (13), and fluorescence correlation spectros-
copy (FCS) (14-20) have been developed or made spectacular
progress in the past decade. The superior sensitivity of these
techniques has facilitated many investigations in life science,
such as the observation of molecular dynamics (6,12,13,18),
enzymatic kinetics (6,21,22), and molecular interactions
(16,17,20), as well as the precise quantification of individual
biocomponents (1-5,8,12). These spectroscopic techniques
not only monitor the evolution of intrinsic parameters of
fluorophores (e.g., lifetime, anisotropy, brightness, and spec-
tral properties), but also analyze fluorescence fluctuations.
These fluctuations provide further information about distance
between fluorophores, diffusivity and concentration, and thus
allow characterization of molecular dynamics, interactions,
mobilities, and microenvironments around molecules. Fluo-
rescence intermittency (i.e., fluorescence on-off blinking) that
occurs on the order of microseconds to milliseconds is among
those properties that can be derived from fluorescence fluc-
tuation analysis. For instance, FCS has been used to characterize
the blinking kinetics of many organic fluorophores, including
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fluorescein derivatives (23), rhodamine derivatives (24), ox-
azine dyes (16), and the cyanine dye, Cy5 (25,26). However,
application-based reports using these blinking kinetics have
remained in the physical arena, whereas chemical and biolog-
ical assays remain uncommon, with limited use in a pH sensing
probe (23) and a protein binding assay (16).

It has been shown recently that the cyanine dye CyS5 pos-
sesses an intriguing long timescale blinking behavior under
deoxygenated aqueous conditions that can be used to study
molecular conformation dynamics as a new type of molecular
ruler (27), to make a reversible molecular optical switch as
data storage element (28), and to develop a novel scheme for
subdiffraction-limit imaging (29,30). However, these slow-
blinking kinetics of Cy5 have on-off durations of hundreds
of milliseconds to tens of seconds, often overlapping with
timescales of fluorescence fluctuations resulting from biologi-
cal events (31). Special detection schemes (31) or buffer ad-
justments (32) are often needed for direct application of these
slow-blinking kinetics in biological studies. On the other hand,
blinking kinetics that occur on the order of microseconds to tens
of microseconds (hereafter, referred to as fast-blinking kinetics,
FBKs) that can be altered by biological events, such as mo-
lecular association or dissociation, may provide a much more
useful indicator for the development of new biological assays.

In this work we use the FBKs of Cy5 to quantify the hy-
bridization of specific-nucleic acids and detect nucleic acid
sequences with single nucleotide differences. Alterations of
Cy5 FBKSs are monitored using FCS and seen as shifts in
autocorrelation curves at the fast-relaxation process region,
which can be characterized by the FCS parameter mean re-
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laxation time (MRT, {7.)). Specifically, the FBKs of Cy5
labeled on DNA probes are found to be influenced by GT
content in the probe sequences, with a general trend for a
longer MRT (i.e., slower blinking rate) with increasing GT
content (i.e., more Cy5-unpaired guanines (upG) or Cy5-
unpaired thymines (upT) interactions). Importantly, hybrid-
ization of these probes to complementary sequences results in
disruption of the Cy5-upG and Cy5-upT interactions and
immediate restoration of the dye’s MRT to a lower value. On
an FCS autocorrelogram, this hybridization-induced shift at
the fast-relaxation region (due to the shortened MRT) is
found to be more significant than the corresponding shift at
the translational diffusion region (due to the increased mass).
This leads to a more precise quantification of DNA hybridi-
zation using FCS analysis, in which the MRT plays a major
role rather than the diffusion time. Precise quantification of
DNA duplex (bias <2.5%) in a binary (double strand/single
strand) mixing system is shown. This result transforms FCS
autocorrelation binding assays to a relatively mass-insensi-
tive method, lifting previous limitations to molecular inter-
actions involving large changes in mass or mobility.

Taking advantage of these upG- and upT-affected FBKSs of
Cy5, we have further developed a hybridization-based, ho-
mogeneous detection method that is able to differentiate DNA
targets with single-nucleotide differences. This method uses a
DNA three-way-junction (hereafter, referred to as 3WIJ)
formed by two DNA probes (one labeled with Cy5) and the
target sequence. These two probes cohybridize to the target in
juxtaposition around the nucleotide of interest and form a third,
short duplex arm with each other. The sequences of the probes
are designed so that the substitution of a single nucleotide on
the target will result in a basepairing frame shift in the 3WJ
structure. The frame shift changes the number of unpaired
guanines or thymines that can interact with the end-labeled Cy5
dye, thus allowing discrimination of targets with single-nu-
cleotide differences based on the MRT measurements of Cy5.
Advantages of this method for detection of single-nucleotide
differences include its separation-free format and elimination
of several restrictions that are characteristic of other hybridi-
zation-based assays such as molecular beacons (33), including
the need for temperature control and special buffer conditions.
Furthermore, the FCS parameter used to characterize the
FBKs, the MRT, is more stable than brightness measurements
that are sensitive to sample volume, the inner filter effect or
photobleaching, and more straightforward than fluorescence
lifetime measurements, which require more sophisticated and
expensive detection system. To our knowledge, this result
represents the first assay capable of detecting single-nucleotide
differences based on FBKs of a fluorescence probe alone.

MATERIALS AND METHODS
Oligonucleotide sequences

All the Cy5-labeled DNA probes and the unlabeled DNA strands were
synthesized by Integrated DNA Technology, with the Cy5 attached to the
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5’ phosphate of the DNA probe. The DNA probes and target used in the
hybridization quantification experiments and in the investigation of nucleo-
base influences on the Cy5’s FBKSs are listed in Table 1. DNA strands used to
create various eight-nucleotide overhangs around the Cy5 labeled on probe
P5 are GAG AAT GCC ACA GGG GCC GTG CG (X)s, where Xis A, C, T,
or G. A reporter probe (Cy5-CTC TCC AGC TCC AAC TAC CAC A), a
matching probe (TGC CTA CGC CAA GAG GGG G), and four target
strands were used in the single-nucleotide variation detection experiments.
The sequence of the target is CTT GTG GTA GTT GGA GCT GXT GGC
GTA GGC AAG AGT GCC T, where X is G for the wild-type target (KrasG)
and T, A, and C for the mutant-type targets (KrasT, KrasA, KrasC, re-
spectively). The reporter probe, the matching probe and the individual Kras
targets were mixed at the final concentrations of 5 nM, 50 nM, and 50 nM,
respectively.

All hybridization was carried out in a buffer that contains 20 mM Tris-
HCI (pH 7.5), 50 mM NaCl, 5 mM MgCl,, and 0.1% NP40, with the reaction
temperature slowly cooling down from 95°C to room temperature. The
samples were then stored in a —20°C freezer until required for binary mixing
experiments or for FCS measurements.

FCS setup

FCS measurements were carried out with a custom-built inverted confocal
fluorescence spectroscopic system, as described in previous publications
(4,20). A He-Ne (633 nm, 25-LHP-151-249, Melles Griot) laser was used to
excite the Cy5 dyes. An avalanche photo diode (APD, SPCM-AQR-13,
Perkin-Elmer) was used to detect Cy5 emission and a hardware correlator
(ALV-5000/EPP, ALV-GmbH) was used compute autocorrelation func-
tions. Unless otherwise noted, the laser excitation intensity was kept low
(100 uW before entering the aperture of objective) to avoid fluorescence
saturation, triplet-state formation and photobleaching (26,34). The laser
beam was focused 10 um into the sample and was controlled by a piezo-
actuator with submicron resolution (P-517.3CL, Physik Instrumente) for all
FCS measurements in this work. All the FCS measurements were carried out
at a Cy5 concentration of 5 nM and the autocorrelation analysis was carried
out for 100 s during each measurement.

Binary mixing and DNA hybridization analysis

A DNA duplex (dsDNA, probe P5 hybridized with strand PSC, prepared
separately) was mixed with its corresponding single-stranded probe (ssDNA,
probe P5) at various molar ratios, which simulated different hybridization
fractions. The total oligo concentration (i.e., (sSDNA) plus (dsDNA)) was
fixed at 5 nM in each mixture. The mixing molar fraction, R, was defined as
the molar fraction of dsDNA in every mixture and had a known value based

TABLE 1 Oligonucleotides used in the study of FBKs of Cy5
labeled on DNA

Guanine and

Oligo thymine content
name Oligo sequence G+1T
P1 *CAA CCC CAA ACC ACA ACC ATA A 1 (G-0, T-1)
P2 *CTC TCC AGC TCC AAC TAC CAC A 5(G-1, T-4)
P3 *TAA CCG CAA AAT ACG AAC GCG 6 (G4, T-2)
P4 *GAC cce GAA CCG CGA CCG TAA 6 (G-5, T-1)
P5 *CGC ACG GCC CCI % QCA TTC TC 11 (G-6, T-5)
P6 *ACT TTC CAG GGA GGC GTG GCC TG 14 (G-9, T-5)
P7 *GAG AGT GGC GTA GGC AAG AGG T 14 (G-11, T-3)
P8 *% Cg ng QCQ m QCQ QAQ A 16 (G-11, T-5)
P9 *GTG TGT TTG GTG GTT GTG GAG A 20 (G-11, T-9)

P5C  GAG AAT GCC ACA GGG GCC GTG CG

*Labeled with a Cy5 dye.
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on the mixing procedure. On the other hand, the hybridization fraction, Y,
was defined as the fraction of Cy5-labeled oligo forming duplex and was
estimated from FCS two-component analysis for each binary mixing sample
(see Appendix, Eq. 5). Diffusion times (74) and other FCS parameters (F, 7,
a, B) were first determined using the one-component model for samples
containing only ssDNA or dsDNA (see Appendix, Egs. 1-3). The relative
brightness (Q) of Cy5 on dsDNA to that on ssDNA was estimated from
fluorescence intensity analysis. These parameters were then used in the two-
component model to analyze the autocorrelation curves measured from the
binary mixtures and to compute the corresponding value of Y.

RESULTS

Effect of GT content on the FBKs of Cy5 (labeled
on DNA probe)

Fig. 1 shows the autocorrelation curves of nine selected
single-stranded probes (probe P1-P9, Table 1) measured by
FCS. The MRT of each probe is calculated according to Eq. 4
in Appendix and is shown in parentheses in Fig. 1 b. Each of
these probes has a unique autocorrelation curve that does not
overlap with curves from other probes within the autocorre-
logram’s fast-relaxation process region (lag time 7 from
1 to 10 ws). We view this kind of uniqueness as the ‘‘signa-
ture’” of each probe, and hypothesize that the remarkable
variation seen at the fast-relaxation process region may be a
result of some altered microsecond-time-scale relaxation
processes of Cy5, possibly due to different Cy5S-nucleobase
interactions within each probe. To investigate this hypothe-
sis, a separate experiment is carried out using complementary
DNA sequences to create different eight-nucleotide over-
hangs around the Cy5 dye labeled on probe P5 through hy-
bridization. These overhangs are eight consecutive adenines
(Ag), cytosines (Cg), thymines (Tg), and guanines (Gg), re-
spectively. The results are shown in Fig. 2 a, together with
the autocorrelation curves from probe P5 alone and the P5-
P5C duplex. Fig. 2 a shows nearly identical curves from
probe P5, T8-OH (i.e., a P5-P5C duplex DNA with a (T)g
overhang; see Fig. 2 a, inset), and G8-OH, characterized by
long MRTs (~7.5 us). On the other hand, the curves from
P5-P5C duplex, A8-OH, and C8-OH are characterized by
shorter MRTs (~2.3 ws). Based on these results and the fact
that free Cy5 dye in the same buffer has a short MRT (~0.7
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us), we conclude that Cy5 interactions with ‘‘unpaired’’
guanines and thymines in its close proximity (such as un-
paired G and T in probe P5 and the (T)g or (G)g overhangs in
T8-OH and G8-OH) can act to alter the FBKs of Cy5. The
Cy5-upG and Cy5-upT interactions tend to slow down the
fast-relaxation process of Cy3, leading to an elongated re-
laxation time measured in FCS. However, Cy5 does not seem
to interact with the (A)g or (C)g overhangs or the basepaired
guanines or thymines within the duplex. A notable obser-
vation from this initial experiment is the MRT change from
7.3 ws for the single-stranded PS5 probe to 2.1 us for the
double-stranded P5-P5C duplex, which may be due to the
disrupted Cy5-upG and CyS5-upT interactions on duplex
formation. This is also supported by the observation that on
hybridization all the DNA probes show reduced MRTs (~2
us), close to the MRT of a free probe with minimum GT
content in its sequence (data not shown). Similar disruption
in interactions between Cy3, a closely related dye to CyS5, and
thymine after duplex formation has been reported previ-
ously and was investigated through absorbance measure-
ments (35). Fig. 2 b shows the GT content within each of the
nine probes versus the associated MRT. A strong correlation
between GT content and MRT is noted. The general trend is
for probes with more GT content in their sequences to have
a longer MRT. However, as shown in Fig. 1 b, probe P3
(GT content-6) has shorter MRT than that of probe P2 (GT
content-5), whereas probes P6 and P7 (GT content-14) have
distinct MRTs. The results suggest that the FBKs of Cy5
are not only influenced by the number of GT but also by
the spatial arrangement of GT nucleobases within each Cy5-
labeled probe. Further investigation, similar to the study done
by Nazarenko et al. (36) on fluorescence quenching due to
different nucleotide arrangements around fluorescein dye, is
necessary to elucidate all the factors that contribute to the
changes of FBKs of Cy5 labeled on DNA.

Quantification of DNA duplex using FCS
two-component analysis

The autocorrelation curves of the dsDNA (P5-P5C duplex),
the ssDNA (probe P5) and their binary mixing samples
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FIGURE 2 (a) Autocorrelation curves
of six difference Cy5 samples: probe P5,
P5-P5C duplex, and P5-P5C hybrids
with (A)g, (C)s, (T)g, and (G)g over-
hangs, respectively. The MRT of each
sample is shown in parentheses (in us).
The inset is a schematic representation of
the DNA hybrid with an eight-thymine
overhang close to the Cy5 (denoted
T8-OH). The concentration of Cy5 is
fixed at 5 nM during measurements. (b)
GT content within each of the nine DNA
probes versus the associated MRT. A
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(R ranging from 0 to 1 with an increment of 0.125) are shown
in Fig. 3 and the quantification results using FCS two-com-
ponent model are listed in Table 2. It is noted that on hy-
bridization, a more significant shift in the autocorrelation
curve is seen at the fast-relaxation process region compared
to the translational diffusion region. From Table 2, it is clear
that MRT decreases by nearly 3.5-fold on hybridization
whereas characteristic diffusion time only increases by 1.2-
fold. This significant change in MRT on hybridization greatly
enhances the DNA duplex quantification accuracy, with
biases (i.e., Y — R) <2.5% in all binary mixtures. This kind of
accuracy is not seen in previous quantification attempts using
FCS two-component analysis. The extent of the change in
MRT on hybridization is key to quantification accuracy and
is influenced by the number and the spatial arrangement of
GT nucleobases within the Cy5-labeled probe. In the case
where the Cy5-labeled probe contains only one thymine
(probe P1), the shift in Cy5 MRT on duplex formation be-
comes insignificant and quantification accuracy is poor (see
Fig. S1 in the Supplementary Material, Data S1).

Effects of illumination power and buffer
conditions on the FBKs of Cy5 (labeled on
DNA probe)

Fig. 4 a shows the MRTs of the dsDNA (P5-P5C duplex) and
the ssDNA (probe P5) measured by FCS at various laser il-
lumination powers, ranging from 500 uW to 15 uW. It is
noted that the FBKs of Cy5 labeled on DNA are significantly
altered by changing the illumination power, with a relaxation
rate (k;, defined as 1/MRT) linearly dependent on the illumi-
nation power (Fig. 4 a, inset). This suggests that the observed
FBKs originate from some photo-induced, fast-relaxation
process of Cy5. Fig. 4 b shows the MRTs of the same dsDNA
and ssDNA under different buffer conditions. The FBKs of
CyS5 labeled on DNA are found insensitive to various buffer
conditions. Chemicals such as B-mercaptoethanol (27,28),
potassium iodide (25), and Trolox (32) have been reported to
alter some photophysical properties of Cy5 in solution. We
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20 strong correlation is seen between GT
content and MRT.

10 15
GT content

have added these chemicals to the buffer to evaluate the effect
of these chemicals on the MRT measurements. Interestingly,
neither apparent shifts in autocorrelation curves (see Fig. S3,
Data S1) nor significant changes in MRTs (Fig. 4 b) are seen
due to these chemical additives. Addition of sucrose to so-
lution containing Cy5 has been reported to significantly
lower the trans-cis isomerization rate of Cy5, leading to an
elongated isomerization relaxation time that can be observed
within the fast-relaxation process region on autocorrelograms
(25). We have also added sucrose to our buffer and a result
similar to the one presented by Widengren and Schwille (25)
is obtained (see Fig. S4, Data S1). Previous groups have re-
ported a linear dependence of isomerization rate on laser
power for Cy5-labeled DNA duplexes (26) and significant
reduction in the isomerization rate of Cy5 conjugated to DNA
compared to that of free dye (26,34). All of the above evi-
dence suggests that the change in FKBs observed in our
FCS measurements originate predominantly from the altered
isomerization and back-isomerization processes of Cy5.
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FIGURE 3 Autocorrelation curves of nine binary (dsDNA/ssDNA) mix-
tures. R represents the mixing molar fraction of dsDNA to total DNA. The
overall DNA concentration (i.e., (ssDNA) + (dsDNA)) is fixed at 5 nM in
each sample. The representative autocorrelation curves are averages from six
100-s measurements. The inset is zoom-in of lag time from 1 to 10 us.
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TABLE 2 Autocorrelation analysis (see Appendix) of the binary mixing samples

R vt Bias! (Y-R) Xt (T)* (us) 4 (s) B* X+
0 0.000 = 0.020 0.000 0.46 73 £03 2172 = 5.6 0.585 = 0.009 0.47
0.125 0.146 * 0.012 0.021 0.47 6.6 £ 0.3 2233 = 9.1 0.571 + 0.016 0.44
0.25 0.247 = 0.014 —0.003 0.49 6.3 £0.2 2315+ 175 0.549 = 0.012 0.47
0.375 0.354 = 0.011 —0.021 0.53 59 £0.3 237.8 = 9.8 0.527 = 0.021 0.53
0.5 0.480 = 0.008 —0.020 0.85 52+02 246.4 = 9.8 0.516 = 0.013 0.74
0.625 0.639 * 0.006 0.014 0.88 42 *+0.0 252.0 = 2.6 0.493 + 0.012 0.85
0.75 0.726 * 0.014 —0.024 1.31 3.6 £0.1 253.7 = 5.8 0.494 + 0.014 1.14
0.875 0.874 = 0.006 —0.001 1.41 2.8 £0.0 2634 =22 0.511 = 0.011 1.41
1 0.999 * 0.008 —0.001 1.71 2.1 0.1 265.3 = 10.0 0.548 + 0.034 1.36

The values x3 and x? measure the goodness of the fit for the two-component and one-component models, respectively (42).

*From the one-component model.
tFrom the two-component model.

R, mixing molar fraction of dsDNA to total DNA; Y, fraction of Cy5-labeled oligo forming duplex; Bias, Y-R; (7,), mean relaxation time; 74, diffusion time;

B, stretch parameter.

Detection of single-nucleotide variants

The finding that the FBKs of Cy5 can be ‘‘tuned’’ by having
more or less unpaired guanines or thymines in Cy5 proximity
has been used to design a simple detection method capable of
discriminating targets with single-nucleotide variations. In
this method, a pair of probes, which includes a reporter and a
matching probe, is used for single-nucleotide variation de-
tection on a target sequence. For proof of concept, synthetic
DNA targets that mimic mutational variants of the Kras gene
at codon 12 are used in the experiment. Hybridization of
these probes to the wild-type (KrasG) versus the mutant-type
(KrasT) targets results in an altered conformation of the DNA
3WIs (Fig. 5 a). The 3WJ formed with the wild-type target
has a (G)4, DNA overhang in the third arm where CyS5 is la-
beled. However, the 3WJ based on the mutant-type target has
a shorter (G), overhang. The change of overhang length is a
result of the probe design, which allows a two-nucleotide
frame shift when a guanine is replaced with a thymine at the
branch point of the target sequence. Thus polymorphisms can
be discriminated by measuring the change in MRTs of Cy5,
because the frame shift alters the extent of Cy5-upG inter-
actions and thereby the FBKs of Cy5. The autocorrelation
curves measured from the wild-type and the mutant-type
targets are shown in Fig. 5 b. The MRTs are 8.7 and 5.9 us for
the wild-type (KrasG) and the mutant-type (KrasT) targets,
respectively. As expected, a longer MRT is measured in the
wild-type experiment where more significant Cy5-upG in-
teractions occur due to a larger number of unpaired guanines
in the vicinity of Cy5. In contrast, a MRT of 3.6 us is mea-
sured in a negative control experiment where the targets are
absent. It is noteworthy that this MRT is identical to that
measured from free Cy5-labeled reporter probe, suggesting
that a stable hybrid cannot form between the reporter and
the matching probe in the absence of targets. The results of
various control experiments are summarized in Table S1,
Data S1.

We have also attempted to test the same pair of probes with
other mutant-type targets (KrasC and KrasA) that have dif-

ferent nucleotide substitutions at the branch point. Interest-
ingly, we found that the MRTs of the two mutant-type
targets, KrasC (6.8 ws) and KrasA (6.9 us), are also very
distinct from that of the wild-type target (Fig. 5 ¢). This result
indicates that this new method enables the use of a single pair
of probes to detect multiple mutations. The case of multiple
mutations within the same tested sequences is often observed
in human cancers. For example, in the Kras gene, 12 different
base substitutions resulting in missense mutations could
occur within codons 12 and 13 (37). Conventional mutation
detection methods require use of multiple probes to analyze a
gene sequence that has various polymorphisms. The unique
capability of this new method in detecting multiple mutations
with only a pair of probes may promise a cost-effective
method for diagnosis of genetic diseases using point muta-
tions as markers.

A second verification of using the 3WJ method for dis-
crimination of single-nucleotide variants on a different target
sequence is provided in Fig. 6. In this example, a pair of
probes is designed mainly to differentiate C to T substitution.
The schematics of 3WJs expected to form with the C- and
T-targets are shown in Fig. 6 a. The probes are designed to
form a blunt-end in the third arm (where Cy35 is labeled) with
the C-target, but a sticky-end GT overhang with the T-target.
The detection results are presented in Fig. 6 . The change in
Cy5 MRT due to C to T substitution in this case is much more
significant than the change in the previous case of G to
T substitution. The reason is believed to be that a stable
third arm cannot form with only three base pairings in the
arm. Because the third arm does not form with the T-target,
more upGs and upTs are allowed to interact with the Cy5.
More evidence to support this hypothesis and the control
experiments of this second case are provided in Fig. S5,
Data S1. Similarly, the MRTs measured with the other
two single-nucleotide variants (A- and G-target) also show
substantial deviations from that with perfectly comple-
mentary target (C-target), further showing the unique fea-
ture of this method for multiplexed nucleotide variation
analysis.
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FIGURE 4 (a) MRTs of the ssDNA and the dsDNA estimated by FCS
under various laser illumination powers. The inset shows the relaxation rates
(k,, 1071 of Cy5 on the dsDNA at various laser powers. (b) The MRTs
under different buffer conditions. (A) In a buffer containing 100 mM sodium
phosphate (pH 7.0) and 50 mM NaCl. (B) In a PCR buffer containing 40 mM
Tris-HCI (pH 8.8), 20 mM KCl, 20 mM (MH,4),SO4, 4 mM MgCl,, and
0.2% Triton X-100. (C) In a buffer containing 20 mM Tris-HCI (pH 7.5), 50
mM NaCl, 5 mM MgCl,, and 0.1% NP40 and 143 mM B-mercaptoethanol.
(D) In a buffer containing 20 mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM
MgCl,, 0.1% NP40, and 2 mM Trolox. (E) In a buffer containing 20
mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM MgCl,, 0.1% NP40, and 100
mM KI. (F) In water. The dsDNA is first prepared in a 50 mM Tris-HCI (pH
8.0) buffer at 1 wM. Then it is 200-fold diluted in the above solutions. Error
bars represent SD from six FCS measurements.

DISCUSSION

Some organic dyes, such as fluorescein derivatives (23,36), tho-
damine derivatives (13,24,38) and oxazine dyes (18,38—40),
can be quenched by guanines (basepaired or unpaired)
through photo-induced charge transfer (38,41). However, it
has been reported that fluorescence quenching by guanine via
charge transfer does not happen to Cy5 dye (38,41). In fact, in
our experiments Cy5 emission is found to be slightly en-
hanced through the Cy5-upG and Cy5-upT interactions. It
has also been suggested that Cy5 in both trans and cis states
can associate with DNA (28,34), and it is the rate of disso-
ciation that determines the observed isomerization rate (34).
Given these considerations, we hypothesize that Cy5 in trans
conformation (frans is the normal, fluorescent state whereas
cis is a weakly fluorescent state) associates better with
nearby, unpaired guanines and thymines, resulting in a lower
dissociation rate. Not only does this association event slow
down the isomerization of Cy5, resulting in the elongated

Biophysical Journal 95(2) 729-737

Yeh et al.

MRT, but it also enhances the Cy5 fluorescence emission
because the dye now stays in its frans form longer than
typical.

To our knowledge, this is the first report discussing the
interactions between Cy5 and specific nucleobases, and the
consequential effects on Cy5 FBKs. The significance of this
finding is shown herein through evidence that the FBKs of
CyS5 labeled on DNA probe can be ‘‘tuned’’ on probe-target
hybridization. This newly discovered property of Cy5 is used
to improve the FCS quantification accuracy in DNA binary
mixing systems, as a precursor for a DNA hybridization as-
say. Furthermore, the same concept of ‘‘tunable blinking
kinetics’’ is used to develop a hybridization-based metho-
dology for the detection of targets with single-nucleotide
differences. The key to this assay lies in the observation that
only unpaired guanines and thymines can change Cy5 FBKs,
not those within the double helix. However, in previous re-
ports using assays that are based on the detection of guanine-
induced quenching of fluorescence, both basepaired and
unpaired guanines can quench fluorophores through photo-
induced charge transfer (36). Our finding allows direct con-
trol over the FBKs of Cy5 through design of binding probes
for assays, whose sensitivity is only influenced by the number
of unpaired guanines or thymines around Cy5 before and
after the formation of DNA duplex or 3WJ.

FCS is used commonly for the analysis of molecular
binding by measuring the associated change of molecular
mobility (16,17,20). However, conventional FCS assays are
limited to binding systems involving large mass or mobility
changes on molecular association to obtain a precise quan-
tification result (42—44). By taking advantage of the FBKs of
Cy5 in FCS analysis, we have achieved the detection and
precise quantification of DNA hybridization involving only a
twofold mass change on molecular association. These results
have opened a new scope in autocorrelation analysis by
lifting the previous mass limitation on FCS resolution.

The proposed single-nucleotide discrimination methodol-
ogy is based on the formation of DNA 3WJ on probe-target
hybridization. In practice, the single-stranded target can be
produced from asymmetric polymerase chain reaction (45) or
from the selective enzymatic hydrolysis of the antisense
strand by T7 gene 6 exonuclease (46). Unlike other FCS-
based, single-nucleotide variation detection techniques (47),
our method does not require the use of additional enzymatic
reactions for probe elongation or extension. Other homoge-
neous, hybridization-based molecular probe techniques for
single-nucleotide discrimination, such as locked nucleic acid
probe (48) and molecular beacon probe (33,40), rely on the
decrease in thermostability caused by a single-pair mismatch
in probe-target hybrids. The change in thermostability due to
a single-pair mismatch is usually small, therefore leading
to ambiguous discrimination results. Enlarging the thermo-
stability difference by carrying out detection at elevated
temperature (33) or in a buffer with specific divalent ion
concentration is often needed in these methods to obtain the



Tunable Cy5 Blinking for DNA Analysis

735

FIGURE 5 Detection of single-nucle-
otide variants on Kras targets using the
DNA 3WJ method. (a¢) Schematics of
DNA 3WIJs expected to form with
KrasG (wild-type) and KrasT (mutant
type) targets, respectively. In presence
of KrasG target in solution, a (G), over-
hang is formed at the end of the third
arm. On the other hand, in presence of
KrasT target, a shorter (G), overhang is
formed. The nucleotide under investiga-
tion is marked by a square. (b) Autocor-
relation curves from samples containing
reporter probe, matching probe and any
of the four Kras targets. The inset is the
zoom-in of lag time from 1 to 10 us. (¢)
MRTs measured by FCS for four differ-
ent Kras targets. Each measured data
o] point is represented by a triangle (A).
The boxes represent the size of SD and
’ the center lines indicate the averages.
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best discrimination results. Another way to achieve better
discrimination specificity is through multiparameter fluo-
rescence detection (40); however, this increases assay com-
plexity. In our method, the DNA 3W]J gives very stable and
reproducible single-nucleotide discrimination results and
there is no need to carry out detection at elevated temperature
or to use an optimized buffer system.

CONCLUSION

We report the observation of interactions between Cy5
and unpaired guanines or thymines within Cy5-labeled
DNA probes and the resulting effect on Cy5 FBKs. This
finding facilitates a new scheme for precise DNA hybrid-
ization analysis in a homogeneous format. Such hybridiza-
tion analysis strategies can be used in the quantification of
short amplicons during polymerase chain reaction (PCR).
Hybridization analysis and quantification of PCR products
using FCS have previously been reported (45,49). However,
without taking advantage of FBKs of Cy5, the conventional
FCS quantification method is limited to a labeled primer
being extended into a relatively large PCR product (for in-
stance, 500 bp) (45). We show that the MRT, an FCS pa-
rameter that characterizes the FBKs, can be used as an
independent, information-rich parameter in confocal fluo-
rescence detection schemes. Furthermore, we have used this
parameter as an indicator in a newly developed assay for
detection of single-nucleotide variations. To use the FBKs of
Cy5, we design a DNA 3WJ whose basepairing configuration
can be altered due to a single-nucleotide substitution on the
target. The initial design only gives a two-guanine frame shift
on a single-nucleotide replacement. However, this frame shift

KrasG KrasT KrasA KrasC

is sufficient to cause a measurable change in Cy5 MRT.
Future work will be focused on various 3WJ designs that can
have larger frame shifts due to a single-nucleotide substitu-
tion on the target and also on the extension of this technique
to detect all single-nucleotide variation combinations. Fur-
thermore, a new range of analytical tools may be developed
based on this new finding of hybridization dependant alter-
ations in the FBKs of CyS5. In theory, any binding of ligand to
DNA can be analyzed by the FBKs of Cy35, if such a ligand
binding disrupts Cy5-upG or Cy5-upT interactions.

APPENDIX: DETAILED DESCRIPTION OF THE
FSC ANALYSIS

1. The one-component model.

The following one-component FCS model is used to characterize the
dynamics or photophysical processes in single fluorescent species systems
(20,25,42):

G(r) = y DX (), m
N
where G(7) is the autocorrelation function and 7 is the lag time. N is the
average number of light-emitting particles residing in the detection volume.
g4(7) is the autocorrelation function arising from fluorescence fluctuations
due to translational diffusion (42), for which we use a simplified 2D diffusion
model with an anomalous factor to represent (20):

1
g(1) = 7\ | 2
L+ ()

Td

where « is the anomalous factor and 74 is the characteristic diffusion time.
X(7) is the fluctuation due to the fast-blinking kinetics (FBKs), for which we
use the following stretched-exponential form to represent (18,34,50):
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FIGURE 6 Second verification of using the 3WJ method for discrimination
of single-nucleotide variants on a different target sequence. The sequence of
the four targets used here is AAT CTC CAC AAC CAC CAA AXC TGG
GCA GGC TTC TCT GTA G, where X is A, C, T, or G (denoted A-, C-, T-,
and G-target). A reporter probe (Cy5-GTG TGT TTG GTG GTT GTG GAG
A) and a matching probe (AGC CTG CCC AGA CAC) are designed to target
C to T substitution. (a) Schematics of DNA 3WIJs expected to form with the
C- and T-targets, respectively. The nucleotide under investigation is marked
by a square. (b) Autocorrelation curves from samples containing the reporter
probe, the matching probe and any of the four targets. The numbers in
parentheses represent the MRTs of each sample in us.

1 —F+Fe®
X =""1_F

where F is the effective fraction of molecules in non-fluorescent states and 7,
is the relaxation characteristic time in dark states. 3 is the stretch parameter.
The mean relaxation time (MRT, (7)) is calculated as follows (18,34):

o B
ﬁ&=i/ en>—(:) zhzz(Z)FwI% @)

where T'(8™") is the gamma function.

Autocorrelation curves are normalized to common peak amplitudes of one
for comparison; thus, the particle number N is not used for further analysis.
A similar normalization scheme is used by Haupts et al. (51) for illustrating
fluorescence fluctuation dynamics in green fluorescence protein. Although
normalization clearly illustrates the change in FBKs among a group of FCS
curves, it hides information such as the suppression or enhancement of the
autocorrelation amplitude due to FBKs. The unnormalized autocorrelation
curves from Fig. 3 are included in the Supplementary Material (Fig. S7, Data
S1) with typical amplitudes ranging from 0.3 to 0.6. Further treatment of
autocorrelation curves to correct for afterpulsing has been shown to improve
accuracy in timescales related to the FBK measurements herein (52); however,
the FCS data presented here is not corrected for these detector artifacts.

2. The two-component model.

In the presence of two types of fluorescent species, for instance, the
single-stranded probe and the DNA duplex, the molar fraction of the second

; 3
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species (i.e., the DNA duplex), Y, can be determined using the following two-
component analytical model (20,42):

1
G(1) = N[(l — Y)gas(7)Xs(7) + Yngd,D(T)XD(T)]7 )
where Q is the relative brightness of Cy5 on the DNA duplex compared to
that on the free, unhybridized single-stranded probe. The subscripts S and D
denote the single-stranded and double-stranded species, respectively. The
least-squares fit used in this work is based on the Levenberg-Marquardt
algorithm within Origin 7.0 (OriginLab).

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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