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Abstract

We have exploited three methods for discriminating single-nucleotide polymorphisms (SNPs) by detecting the incorporation or
otherwise of labeled dideoxy nucleotides at the end of a primer chain using single-molecule Xuorescence detection methods. Good
discrimination of incorporated vs free nucleotide may be obtained in a homogeneous assay (without washing steps) via confocal
Xuorescence correlation spectroscopy or by polarization anisotropy obtained from confocal Xuorescence intensity distribution anal-
ysis. Moreover, the ratio of the Xuorescence intensities on each polarization channel may be used directly to discriminate the nucleo-
tides incorporated. Each measurement took just a few seconds and was done in microliter volumes with nanomolar concentrations of
labeled nucleotides. Since the confocal volumes interrogated are »1 fL and the reaction volume could easily be lowered to nanoliters,
the possibility of SNP analysis with attomoles of reagents opens up a route to very rapid and inexpensive SNP detection. The method
was applied with success to the detections of SNPs that are known to occur in the BRCA1 and CFTR genes.
 2004 Elsevier Inc. All rights reserved.
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It is now widely considered that the human polymor-
phisms that underpin the diVerential susceptibilities of
individuals to disease, and their responses to pharmaceu-
ticals and other environmental challenges, occur mainly
at the level of the single nucleotide [1–15]. It is therefore
of interest to develop rapid, large-scale methods for
detecting such single-nucleotide polymorphisms (SNPs)1

[15]. Many methods for allelic discrimination rely on
diVerential hybridization of oligonucleotides [16] or
PCR primers [17,18], including the use of microarrays
[19] and protection on solid supports [20], whereas other
methods that have been proposed include the use of
pyrosequencing [21–23], RNAse cleavage [24], and
matrix-assisted laser desorption ionization mass spec-
trometry [25,26].

The diVerential primer-based incorporation of nucle-
otides catalyzed by some kind of polymerase is attractive
as it is conceptually straightforward and works well
[15,27–33]. The discrimination of the alleles of interest
can be eVected by diVerences in the primers used or by
using the same primer and discriminating which base is
added by the polymerase.

It is clear that we shall need knowledge of millions of
SNPs just to form SNP maps to establish any disease
associations [1,8,9,12,14,34–36] (using advanced compu-
tational methods capable of eVecting the necessary non-
linear mapping [37–41]), and these are already being
produced. Then when we have established which alleles
or haplotypes [7,42,43] are of interest it will be necessary
to screen many more millions of individuals to deter-
mine which polymorphisms they possess. Thus there is a
need for methods of SNP detection that are both cheap
and high throughput.

A major driver for the future will thus involve a
continuing need to make nucleic acid sequencing—as
with other biochemical assays [44]—both faster and
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more sensitive and, because of the huge decreases in
reagent costs that result from the latter, consequently
much cheaper [45]. Although its realization is by no
means new [46], the ultimate in sensitivity is represented
by measurements at the levels of the individual molecule
(e.g. [33,47–54]), and what is therefore required is a
method that will sequence individual DNA molecules
rapidly and reliably. We here describe a suite of methods
that reveal that nucleotides when used at nanomolar
concentrations can be incorporated into templates and
detected using single-molecule spectroscopies, thus pro-
viding the Wrst step toward this ultimate goal.

Materials and methods

Determining incorporation of each Xuorescently labeled
dideoxy nucleotide

The template-directed incorporation of a chain termi-
nator [28,55] was used to extend the 30 extremity of a
primer by a single nucleotide. The model template
sequence 50-CAA AAA TAA CXA GGA GGC ATC CAC
GGG ATT-30, where X is any one of the 4 bases, was
analyzed to simulate a single-nucleotide polymorphism
(see Fig. 1). A 19-base match between primer and tem-
plate ensured a melting temperature (Tm D 58.8 °C) that
gave the double-stranded DNA stability at room tem-
perature. Using a DNA polymerase, the primer was then
extended with a Xuorescently labeled base to act as
probe in the single-molecule Xuorescence experiments.

A 31-mer oligonucleotide containing a single-nucleo-
tide polymorphism was synthesized on the basis of the
CFTR sequence. The SNP is located within a coding
region. The sequence was

CFTR-Seq1: 50-ACT TCT AAT GRT GAT TAT GGG
AGA ACT GGA G-30,where R was either one of the two
purine bases.

Two 31-mer oligonucleotides containing single-nucle-
otide polymorphisms were synthesized on the basis of
the BRCA1 sequence. The SNPs in these sequences are
within coding regions. The sequences were

BRCA1-Seq1: 50-GTT TTT AAA GRA GCC AGC

TCA AGC AAT ATT A-30 and
BRCA1-Seq2: 50-AGC GTC CAG ARA GGA GAG

CTT AGC AGG AGT C-30, where R was either one of
the two purine bases.

Antisense oligonucleotides were synthesized to be
complementary to the above strands between their 30

extremities and the nucleotide just 30 of R.

Enzyme and solutions

Dideoxy nucleotides labeled with 5-carboxy-tetra-
methylrhodamine (TAMRAddATP, TAMRAddGTP,
TAMRAddCTP, and TAMRAddUTP—replacing
TAMRAddTTP) were purchased from Perkin–Elmer
Life Sciences (Hounslow, UK). Working solutions of
each labeled base were prepared at a concentration of
100 nM. The DNA oligonucleotides were purchased in a
lyophilized form from MWG-Biotech. Working solu-
tions of each oligonucleotide were diluted in 10 mM
Tris–HCl, pH 7.5, to a concentration of 100 �M. A
10 nM solution of 30 TAMRA-labeled oligonucleotide
was used to simulate the Wnal incorporation product. A
Xuorescent replica of the primer oligonucleotide used
above was annealed to the 30-mer model template. As
the measured and calculated properties of the Wnal
incorporation product depend on the solution condi-
tions, all measurements were carried out in the same
buVers as the reaction.

The incorporation reaction used Sequenase 2.0
(Amersham Biosciences) (mass D 96 kDa; [56]) which
was stored prior to use at 13 units �L¡1 in 20 mM
potassium phosphate buVer, pH 7.4, 1 mM dithiothrei-
tol, 0.1 mM ethylenediamine tetraacetic acid, 50% glyc-
erol at ¡20 °C. The procedure described in this paper is a
modiWcation of the procedure described in the enzyme
manufacturer’s documentation, although the buVer solu-
tions remain unchanged. The reaction volume of 5 �L
contained the three following elements: annealed DNA,
labeled ddNTP, and enzyme. No unlabeled nucleotides
were added.

Annealed DNA was obtained by mixing 1 �L of tem-
plate (100 �M) and 1 �L of primer DNA (100�M). To
this was added 1 �L of buVer containing 200 mM Tris–
HCl, pH 7.5, 100 mM MgCl2, and 250 mM NaCl (reac-
tion buVer). The primer and template were annealed by
Wrst heating to 85 °C and then cooling under controlled
conditions over 30 min to 25 °C. The stock enzyme was
diluted between 15- and 30-fold in a solution containing
50 mM Tris–HCl, pH 7.5, and 10 mM 2-mercapto-
ethanol (dilution buVer). (The polymerase concentration
was chosen so as to avoid false positives caused by inter-

Fig. 1. Schematic representation of the process of template-directed
incorporation (TDI). The 30-mer template includes an “unknown”
base, denoted here as X; a complementary 19-mer primer is designed to
anneal to the template up to and including the base immediately 30 of
X. A polymerase—in this case a modiWed bacteriophage T7 DNA
polymerase—will then insert a dideoxy nucleotide (ddNTP) in the next
position if N is complementary to X. A Xuorescent dye, in this case
TAMRA, is covalently attached to the ddNTP, so that the reaction
may be monitored.
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actions between the nucleotide and the enzyme.) Then
1 �L of diluted enzyme was added to the 3 �L of
annealed DNA, followed by 1 �L of 100 nM labeled
dideoxy nucleotide. The mix was incubated at 22 °C for
10 min prior to measurement.

Single-molecule Xuorescence reader

All single-molecule Xuorescence measurements were
carried out with an Evotec Technologies (Düsseldorf)
Insight single-molecule Xuorescence reader. A 32 £ 48-
well microplate (purchased from Evotec) was used; each
well holds 4 �L of solution. The duration of any one ses-
sion was limited to 1 h to avoid evaporation problems. A
He-Ne laser (�exc D 543 nm) was polarized in the vertical
plane. It was then focused through an inverted confocal
microscope, through the bottom of the sample plate, into
the solution to a distance of 150 �m. The emitted light
was collected through the same lens, Wltered through a
dichroic mirror, and split by a polarizer cube. The inten-
sities of the parallel and perpendicular components of
the polarized emitted light were measured by a pair of
avalanche photodiodes in photon-counting mode. Laser
power was set at 150 �W which strongly reduced the
photobleaching and the triplet formation rates—the lat-
ter was estimated to be 10 to 15% with a decay time of 3
to 4 �s in all FCS analyses. All observations were carried
out at room temperature.

The Wrst analysis method is the long-standing [57,58]
Xuorescence correlation spectroscopy (FCS; see, e.g.
[59–62]) which is a statistical analysis of the Xuorescence
intensity Xuctuations. In this method, the autocorrela-
tion is calculated for diVerent times, �, to yield the auto-
correlogram G(�). In the modern embodiment, and for
particles subjected to Brownian motion, G(�) is an expo-
nential where the autocorrelation time corresponds to
the typical translational diVusion time �DiV of a Xuores-
cent particle through the confocal volume. This diVusion
time is proportional to the cube root of the mass and to
the solvent–solute friction. If the latter is assumed con-
stant within the framework of one experiment, then this
method provides an evaluation of the mass [59,63,64]. As
the mass of the incorporated labeled base is far greater
than the free labeled base, the FCS method should dem-
onstrate primer extension. The value G(0) is inversely
related to the number of particles in the focal volume.
FCS has been applied to DNA analysis in a number of
ways [65–72] but never to sequencing by measuring dye
incorporation in individual molecules directly.

The second analysis method is the Xuorescence inten-
sity distribution analysis (FIDA; [73–82]). This tech-
nique relies on a Poissonian analysis of the number of
photons emitted during a speciWed dwell time, in these
observations 50 �s, to reveal the number of photons
emitted per Xuorescent particle per second. By using two
detectors, a two-dimensional form of FIDA can be

implemented [79,81] to reveal the count rates corre-
sponding to two diVerent Xuorescence properties under
the same solution conditions. In these observations, the
two photon detectors were set to measure the intensity
Xuctuations of the two components of the polarized
Xuorescence emission. The count rates on each photon
detector can then be extracted and used to derive the
anisotropy of the Xuorescent dye.

DiVerences in the optical pathways to each detector
needed to be corrected. As the incoming laser light is
polarized only vertically, the correction factor G could
not be calculated directly. Instead, a dye solution of
known anisotropy is used, in this case, a 1 nM solution
of TAMRA (in phosphate buVer saline plus 0.01%
Tween 20), which has an anisotropy deWned as
ATrue D 0.023. The count rates of the reference solution
measured at each photon detector are used to extract a
correction factor, G, by the equation

where q� and q? are the count rates of the parallel and
perpendicular components of the Xuorescent light,
respectively.

This value G is then used to correct the count rates
obtained with a solution of unknown polarization, by
the equation

where q� and q? are as in Eq. (1).
Anisotropy depends both on the rotational motion of

the Xuorophore (and therefore its mass) and on its life-
time. 2D-FIDA measurements are therefore sensitive to
either of these two and to any change in the count rate
itself (which is related to the quantum yield). Any one of
these parameters is thus potentially susceptible to
change upon nucleotide incorporation.

The two types of measurement—FCS and FIDA—
were carried out simultaneously using one optical con-
Wguration of the instrument. All measurements are the
result of Wve scans, each lasting 10 s (although measuring
times could have been reduced if desired—note that
1100,000 assays per day is typical for high-throughput
users of FCS/FIDA [59]). Measurements on a standard
solution of 1 nM TAMRA (in phosphate-buVered saline
plus 0.01% Tween 20) also allow the accompanying soft-
ware to derive the volume parameters necessary to a
proper FIDA treatment.

Results and discussion

To determine which base was incorporated at the 30

extremity of the primer, four separate reactions were
carried out, each with one TAMRA-labeled dideoxy
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nucleotide, either A, G, C, or U. The Xuorescence of the
probe was then analyzed as described by either FCS or
2D-FIDA.

Fluorescence correlation spectroscopy

FCS was carried out on the perpendicular channel.
The autocorrelation time for pure TAMRA in the stan-
dard solution was measured to be 205 § 5 �s. The auto-
correlation time for 30 TAMRA-labeled double-stranded
DNA in the reaction solution was measured to be
755 § 28�s. The autocorrelation time for each free
TAMRA-labeled dideoxy nucleotide was measured in
the reaction solution but using only single-stranded
DNA; i.e., the antisense strand was omitted. The
diVusion time �DiV was measured to be 318 § 11�s for
TAMRAddATP, 278 § 10 �s for TAMRAddGTP,
317 § 13�s for TAMRAddCTP, and 300 § 10 �s for
TAMRAddUTP. These values are longer than would be
expected from a simple mass change between TAMRA
and TAMRA-labeled dideoxy nucleotide. This increase
is likely due to a change in solvent–solute friction,
especially as mediated via the conformation of the
nucleotides, and to the fact that the solutions are not
identical. The slight variations in the diVusion time
(which do not entirely follow the variations in mass)
may be related to diVerences in the conformation of each
labeled base.

Each dideoxy base was then tested for incorporation
using the model template sequence. The resulting auto-
correlograms are displayed in Fig. 2. When the base is
incorporated, its autocorrelogram is very clearly shifted
to longer times. These curves were then Wtted according
to a one-component autocorrelation function as embod-
ied in the FCS method. It is not the object of the present
work to present a quantitative time-dependent measure-
ment of incorporation; therefore, a multiple-component
analysis was not necessary. Furthermore, a one-compo-
nent analysis presents the advantage that it can be fully
automated, unlike the two-component Wtting routine,
which usually requires human intervention to Wx certain
parameter values. A one-component analysis can be car-
ried out without a priori knowledge. Another advantage
of one-component analyses is that they can be carried
out on data of lesser quality than would be required for
proper two-component analyses, thereby allowing
shorter measurement times while preserving robustness.
Finally, it should be noted that the Wtting routine used in
the analysis of the autocorrelogram assumes that the
constitutive components share the same emission inten-
sity; this will be shown not to be the case (vide infra).
The diVusion times obtained from the one-component
analyses of each case are given in Table 1.

For each dideoxy base (Table 1), it is clear when it
is incorporated and when it is not and thus which
complementary base or SNP is represented on the tem-

plate. As can be seen, the apparent diVusion times of
incorporated labeled bases are shorter than those of a
pure 30-labeled double-stranded oligonucleotide. This is
probably due to the presence of unincorporated labeled
base. When the enzyme was omitted from the reaction
mixture the correlation time was the same as that for a
sample in which the primer was omitted and close to
that of the free dye (but slightly longer than it because
of the oligonucleotide-induced change in solution vis-
cosity).

Because the absolute diVusion times and the percent-
age of incorporation vary from one nucleotide to the
next, it is slightly more diYcult to compare the diVusion
times for each primer (Table 1 rows)—which is the
object of SNP detection—although the discrimination
between the bases was very obvious. Although FCS is
still valid as a method, since the characteristics of each
dideoxy base are known when it is not incorporated, a
method with even clearer contrast would be preferred.

Fluorescence intensity distribution analysis

FIDA was used in a two-dimensional form as there
are two photon detectors; one each was used for each of
the vertical and horizontal components of the polarized
emitted Xuorescence. The count rates (photons per
Xuorescent particle per second) on the vertical and
horizontal channels for TAMRA alone in the standard
solution are, respectively, 20.3 and 20.7 kHz. Its anisot-
ropy is deWned as 0.023. The correction factor G (Eqs. (1)
and (2)) was thus calculated to be 0.92 for the data pre-
sented here although values were found to vary from
0.85 to 0.92 on diVerent days according to the optical
alignment.

The count rates for the TAMRA-labeled bases and
the TAMRA-labeled double-stranded oligonucleotide in
the reaction solution were measured. The results are
given in Table 2. The count rates and the anisotropies
are clustered according to the nature of the base, i.e.,
purine or pyrimidine. The count rates of the labeled free
bases are approximately 10% lower than those of
TAMRA, reXecting a slight degree of quenching. The
Xuorescence of the TAMRA-labeled double-stranded
oligonucleotide, on the other hand, was strongly
quenched, as a result of the close proximity of the nucleic
acids in the oligonucleotide.

Each dideoxy base was then tested for incorporation
using the model template sequence. A one-component
analysis of the 2D-FIDA was chosen, as this routine is
more robust than two-component Wts due to the reduced
number of variables. The values of the count rates were
obtained and observed to be of the same order as that
for the TAMRA-labeled oligonucleotide. The anisotro-
pies for the sample solutions were then calculated and
the resulting values are given in Table 3. As with the
FCS analysis, incorporation of a dideoxy base is very
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readily identiWed and that incorporated is easily discrim-
inated from the other three possibilities. The presence of
unincorporated labeled base does not aVect these FIDA
analyses as strongly as the FCS analyses, since aniso-

tropy measurements are not distorted by the relative
emission intensity of each Xuorescent component in
solution. 2D-FIDA therefore presents the possibility of
readily testing each DNA strand for a point mutation.

Fig. 2. Autocorrelograms of the four TAMRAddNTPs: TAMRAddATP, TAMRAddGTP, TAMRAddCTP, and TAMRAddUTP. In the left panes
are the curves for the TAMRAddNTP where N is complementary to X (–––), the other curve being the average autocorrelogram for the three cases
where X is not complementary to N (- - -). As the concentration varies from one experiment to the next, a normalization is implemented in the graphs,
such that all the autocorrelograms share the same area under the curve. The right-hand panes zoom in between 0.1 and 1 ms—the interval which
covers the typical diVusion times. In these panes all four curves are given. In each case, the curve (–––) corresponds to the template containing X
complementary to N. The other curves (- - -) correspond to the noncomplementary bases in each case.
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Since anisotropy as measured here as an ensemble is
an extensive variable, it is possible from the above values
(Table 3) to estimate the percentage of incorporation,
%I D 100(Asample ¡ AFree)/(ABound ¡ AFree). The extents of
incorporation of TAMRAddCTP and of TAM-
RAddUTP under our conditions were of the same mag-
nitude, being 56 and 54%, respectively. The values for
TAMRAddATP and TAMRAddGTP were signiWcantly
diVerent, being, respectively, 70 and 37%. Note that these
numbers assume that Abound are those measured on the
labeled 30-mer; this does not take into account the fact
that the 30-mer is labeled slightly diVerently from the
moiety formed upon ddNTP incorporation. The extent
of incorporation could only be approximated using the
FCS method, since the sum of the count rates obtained
from each channel by the FIDA method decreased upon
incorporation.

According to the FCS method, the extent of
incorporation for TAMRAddATP, TAMRAddGTP,
TAMRAddCTP, and TAMRAddUTP were, respec-

tively, 44, 7, 35, and 33%. The estimated rates were thus
lower than those given by the more accurate anisotropy
approach. This may be explained by the fact that the
nonincorporated bases were brighter than their incorpo-
rated counterparts and were therefore overrepresented
in the overall autocorrelogram.

The lower values for TAMRAddGTP may be related
to the known ability of guanosine nucleotides to act as
quenchers of Xuorescence [83]. It was therefore very
likely that the extents of incorporation indicated by the
calculations based on the FCS method were indeed
below those that had actually taken place. Finally, with
regard to TAMRAddGTP, we note that the rate of
incorporation of derivatives of G has on occasion been
found to be lower than that for other bases [84].

The above FIDA analysis yields an overall value for
q� and q?. The high incorporation rates justify one-com-
ponent analyses. Rather than use q� and q? to extract the
anisotropy, a simpler analysis could merely use the total
Xuorescence intensity detected on each polarization

Table 1
DiVusion time (�s) of the four diVerent bases when reacted with templates containing either one of the four bases inposition X (see Fig. 1)

The TAMRAddNTPs are divided into columns while the four templates are divided into rows. The nature of X is given in the Wrst column. Incor-
poration should occur only when X and N are complementary (values marked in boldface). The values given were extracted from the curves pre-
sented in Fig. 2. Five curves are best-Wtted so that each value given is the average of Wve estimated values. The standard deviation was below 20 �s in
all cases.

TAMRAddATP TAMRAddGTP TAMRAddCTP TAMRAddUTP

X D A 358 267 324 448
X D G 360 259 469 295
X D C 337 313 316 298
X D T 511 287 313 295

Table 2
Count rates (photons per Xuorescent particle per second, kHz) and calculated polarization (milliA) for the four TAMRA-labeled ddNTPs, and for a
TAMRA-labeled double-stranded 30-mer

The anisotropy of TAMRA is deWned as 0.023, which enabled the calculation of the correction factor, G. In this case, G D 0.92. The values were
averaged over 20 scans taken with four separate optical adjustments. The count rates were corrected for any variation due to the laser power intensity
and then averaged. Values given are mean § SD.

q (parallel) q (perpendicular) Anisotropy

TAMRA 20.3 § 0.1 20.7 § 0.1 23
TAMRAddATP 17.1 § 0.1 16.0 § 0.1 52 § 4
TAMRAddGTP 15.7 § 0.3 15.0 § 0. 1 45 § 3
TAMRAddCTP 18.9 § 0.1 18.7 § 0.1 33 § 2
TAMRAddUTP 18.3 § 0.4 18.2 § 0.4 31 § 3
Labelled oligomer 13.0 § 1.0 9.3 § 0.7 148 § 2

Table 3
Anisotropy (in milliA) of the four diVerent bases when reacted with templates containing either one of the four bases in position X (see Fig. 1)

The TAMRAddNTPs are divided into columns while the four templates are divided into rows. The nature of X is given in the Wrst column.
Incorporation should occur only when X and N are complementary (values marked in boldface). As in Table 1, each value is the average of Wve Wtted
values; the error margins are of the order of 10¡4 (0.1 milliA). The error margins are smaller than those in Table 2 as the values are not averaged over
several optical adjustments.

TAMRAddATP TAMRAddGTP TAMRAddCTP TAMRAddUTP

X D A 58 55 33 94
X D G 56 49 97 32
X D C 55 83 32 33
X D T 119 48 39 33
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channel, I� and I?. The process can be further simpliWed
by considering that:

where I� and I? are the Xuorescence emission intensity on
the parallel and perpendicular channels and G is the cor-
rection factor. Furthermore, in the range G 0 I�/I? 0 2G,
the intensity ratio I�/I? is almost linearly related to the
anisotropy A (regression factor D 0.995). This implied a
very much simpler analysis relying uniquely on I�/I? to
reveal the incorporated base.

The intensity ratio is dependent on the optical align-
ment of the instrument and will therefore vary from one
setup to the next. However, it was found to be very sta-
ble in the course of any one session. Each APD receives
light quasi-simultaneously, thus canceling out any varia-
tions in Xuorophore concentration or in laser power.
These advantages are conserved in the simpliWcation
process from anisotropy calculation to intensity ratio
calculation. Furthermore, once the instrument is set up
and calibrated, any reference to a standard solution of
pure dye becomes irrelevant. In our measurements, the
intensities in each channel were averaged over 10 s
(although this could be lower if required), thus reducing
still further any noise.

For pure TAMRA free in solution, the intensity ratio
was 0.98 when G D 0.92. For TAMRA label covalently
bound to the 30 end of an oligonucleotide, the Xuores-
cence polarization intensity ratio was 1.21. The ratio of
vertical to horizontal component intensity for each
DNA–base combination is given in Table 4. When incor-
poration occurred, the relative intensity of the parallel
(vertical) channel increased between 12 and 20%. The
values for the unincorporated bases were generally a lit-
tle higher than those for pure TAMRA, reXecting their
greater anisotropy. These data validate the present novel
approach, which may now be applied to other DNA
fragments.

Finally, we chose to study oligonucleotides represent-
ing polymorphisms in genes of medical interest, namely
CFTR and BRCA1 (two sequences from BRCA1 are
presented). The three oligonucleotides each have two

possible SNPs. These were reacted with enzyme and each
TAMRA-labeled base in turn, as described above. The
results are shown in Fig. 3, left hand and center frames.
Whenever the template contained a nucleotide comple-
mentary to the added labeled base, the relative ratio
(deWned as the measured ratio minus the ratio for the
free base) rose sharply, thereby accurately determining
the presence and nature of the SNP in that gene.

Equimolar mixtures of the two templates (which
deWne the two possible variants within one heterozygous
gene) were tested. The concentration of each oligonu-
cleotide was 50 �M. The mixtures were tested for 30

primer extension in four experiments, by adding each
labeled base in turn. Again the relative ratio rose when
the complementary base was present in the reaction.

Table 4
Ratios of the intensity on the parallel to intensity on the perpendicular channel for the four diVerent bases when reacted with templates containing
either one of the four bases in position X (see Fig. 1)

The TAMRAddNTPs are divided into columns while the four templates are divided into rows. The nature of X is given in the Wrst column. Incor-
poration should occur only when X and N are complementary (values marked in boldface). The ratios are the average obtained with a single optical
adjustment from Wve scans lasting 10 s each.

TAMRAddATP TAMRAddGTP TAMRAddCTP TAMRAddUTP

X D A 1.09 1.07 1.01 1.20
X D G 1.08 1.05 1.22 1.01
X D C 1.08 1.17 1.01 1.01
X D T 1.29 1.06 1.03 1.01

Fig. 3. Analysis of three oligonucleotides, each derived from a gene of
medical interest: one from CFTR (CFTR-Seq1) and two from BRCA1
(BRCA1-Seq1 and BRCA1-Seq2). The ratio of intensity on the parallel
channel to that on the perpendicular channel is calculated. The relative
ratio �(ratio) is deWned as the observed ratio minus the ratio for free
TAMRAddNTP. �(ratio) is given for each labeled base added to the
reaction, either A, G, C, or U. Each row represents a diVerent gene.
There are two possible single-nucleotide polymorphisms (SNPs) pres-
ent in each gene; therefore two oligonucleotide templates were used.
The results for each are shown in the left and center frames, as indi-
cated. A solution containing both SNPs (both templates present at a
concentration of 50 �M) was also analyzed; the results from this exper-
iment are presented in the right frames.
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The extent of incorporation is evidently lower when two
templates are present, more so for TAMRAddUTP than
for TAMRAddCTP. This decrease may be explained by
the dependence of the reaction on the enzyme concentra-
tion. When two templates are present, they compete for
enzyme, such that the incorporation extent for that base
is reduced.

Concluding remarks

The continuing need for rapid and inexpensive meth-
ods of SNP detection has led to the development of
numerous methods in which single-stranded primers are
used to discriminate SNPs via diVerential annealing/
hybridization or via the diVerential incorporation of
labeled nucleotides or nucleotide analogues. Others have
sought to develop sequencing methods that rely on
detecting single molecules (e.g., via exonuclease digestion
[72,85–88] or by detecting the nature or existence of PCR
products ampliWed therefrom [67–71]); recently, the
incorporation of nucleotides has been observed on single
DNA strands by Xuorescence microscopy [89]. Future
progress depends on the ability to observe primer exten-
sion with ever lower nucleotide concentrations.

We have here shown that the incorporation of dide-
oxy nucleotides is possible with 20 nM nucleotides in the
reaction mix. Furthermore, using both FCS and 2D-
FIDA (where the two dimensions are used to determine
the polarization anisotropy), the presence of the product
can be detected without any further preparative steps. In
part because the measurements are carried out under
quasi-stationary conditions, the simple ratio of intensi-
ties in the two channels is in fact suYcient alone to detect
which nucleotide has been incorporated. This would in
principle allow the method to be performed with a sim-
ple microscope, while a multichannel capability would
allow several dye labels to be detected simultaneously.
By labeling each base with a diVerent dye, the four bases
could be probed in turn, by using multiple laser excita-
tion wavelengths and/or using four detectors for diVer-
ent emission wavelengths, such that one would be able to
measure the extent of incorporation of all four bases in
only one well.

In the present work we used microliter volumes for
convenience, but the confocal volume that we interro-
gated was »1 fL. It is evident that by reducing the reac-
tion volume to nanoliters or even lower we could
discriminate SNPs with attomoles or less of nucleotide
reagent. The reaction time was held at 10 s, but we made
no attempt to use spectral denoising techniques, such as
those based on wavelets [90–92], which could have
reduced the measurement time to less than 1 s while
preserving the same signal:noise [93]. Especially since
the method has been shown to work for SNPs in genes
of medical interest, we are conWdent that the methods
of single-molecule detection described in this paper

hold out the hope of very rapid and inexpensive SNP
analysis.

Finally, we note that the present work has used
puriWed oligonucleotides without a speciWc cleanup or
puriWcation step that might be required were mixed
DNA to be analyzed. This will be the subject of future
work.
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