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Oligonucleotides with Fluorescent Dyes at

Opposite Ends Provide a Quenched Probe

System Useful for Detecting PCR Product
and Nucleic Acid Hybridization

Kenneth J. Livak, Susan J.A. Flood, Jeffrey Marmaro, William Giusti, and Karin Deetz

Perkin-Elmer, Applied Biosystems Division, Foster City, California 94404

The 5’ nuclease PCR assay detects the
accumulation of specific PCR product
by hybridization and cleavage of a
double-labeled fluorogenic probe
during the amplification reaction.
The probe is an oligonucleotide with
both a reporter fluorescent dye and a
quencher dye attached. An increase
in reporter fluorescence intensity in-
dicates that the probe has hybridized
to the target PCR product and has
been cleaved by the 5' —3' nucle-
olytic activity of Tag DNA polymerase.
In this study, probes with the
quencher dye attached to an internal
nucleotide were compared with
probes with the quencher dye at-
tached to the 3’-end nucleotide. In all
cases, the reporter dye was attached
to the §5' end. All intact probes
showed quenching of the reporter
fluorescence. In general, probes with
the quencher dye attached to the 3'-
end nucleotide exhibited a larger sig-
nal in the 5’ nuclease PCR assay than
the internally labeled probes. It is
proposed that the larger signal is
caused by increased likelihood of
cleavage by Taq DNA polymerase
when the probe is hybridized to a
template strand during PCR. Probes
with the quencher dye attached to
the 3’-end nucleotide also exhibited
an increase in reporter fluorescence
intensity when hybridized to a com-
plementary strand. Thus, oligonucle-
otides with reporter and quencher
dyes attached at opposite ends can
be used as homogeneous hybridiza-
tion probes.

Ahomogeneous assay for detecting
the accumulation of specific PCR prod-
uct that uses a double-labeled fluoro-
genic probe was described by Lee et al.™
The assay exploits the 5'— 3’ nucle-
olytic activity of Tag DNA poly-
merase®>® and is diagramed in Figure 1.
The fluorogenic probe consists of an oli-
gonucleotide with a reporter fluorescent
dye, such as a fluorescein, attached to
the 5’ end; and a quencher dye, such as a
rhodamine, attached internally. When
the fluorescein is excited by irradiation,
its fluorescent emission will be
quenched if the rhodamine is close
enough to be excited through the pro-
cess of fluorescence energy transfer
(FET).“® During PCR, if the probe is hy-
bridized to a template strand, Tag DNA
polymerase will cleave the probe be-
cause of its inherent 5’ — 3’ nucleolytic
activity. If the cleavage occurs between
the fluorescein and rhodamine dyes, it
causes an increase in fluorescein fluores-
cence intensity because the fluorescein
is no longer quenched. The increase in
fluorescein fluorescence intensity indi-
cates that the probe-specific PCR product
has been generated. Thus, FET between a
reporter dye and a quencher dye is criti-
cal to the performance of the probe in
the 5’ nuclease PCR assay.

Quenching is completely dependent
on the physical proximity of the two
dyes.® Because of this, it has been as-
sumed that the quencher dye must be
attached near the 5' end. Surprisingly,
we have found that attaching a rho-
damine dye at the 3’ end of a probe
still provides adequate quenching for
the probe to perform in the 5’ nuclease
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PCR assay. Furthermore, cleavage of this
type of probe is not required to achieve
some reduction in quenching. Oligonu-
cleotides with a reporter dye on the §’
end and a quencher dye on the 3’ end
exhibit a much higher reporter fluores-
cence when double-stranded as com-
pared with single-stranded. This should
make it possible to use this type of dou-
ble-labeled probe for homogeneous de-
tection of nucleic acid hybridization.

MATERIALS AND METHODS
Oligonucleotides

Table 1 shows the nucleotide sequence
of the oligonucleotides used in this
study. Linker arm nucleotide (LAN)
phosphoramidite was obtained from
Glen Research. The standard DNA phos-
phoramidites, 6-carboxyfluorescein (6-
FAM) phosphoramidite, 6-carboxytet-
ramethylrhodamine succinimidyl ester
(TAMRA NHS ester), and Phosphalink
for attaching a 3’-blocking phosphate,
were obtained from Perkin-Elmer, Ap-
plied Biosystems Division. Oligonucle-
otide synthesis was performed using an
ABI model 394 DNA synthesizer (Applied
Biosystems). Primer and complement
oligonucleotides were purified using
Oligo Purification Cartridges (Applied
Biosystems). Double-labeled probes were
synthesized with 6-FAM-labeled phos-
phoramidite at the 5’ end, LAN replacing
one of the T’s in the sequence, and Phos-
phalink at the 3’ end. Following de-
protection and ethanol precipitation,
TAMRA NHS ester was coupled to the
LAN-containing oligonucleotide in 250
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FIGURE 1 Diagram of 5’ nuclease assay. Stepwise representation of the 5’ — 3’ nucleolytic ac-
tivity of Taq DNA polymerase acting on a fluorogenic probe during one extension phase of PCR.

mMm Na-bicarbonate buffer (pH 9.0) at
room temperature. Unreacted dye was
removed by passage over a PD-10 Sepha-
dex column. Finally, the double-labeled
probe was purified by preparative high-
performance liquid chromatography
(HPLC) using an Aquapore Cg 220X 4.6-
mm column with 7-pm particle size. The
column was developed with a 24-min
linear gradient of 8-20% acetonitrile in
0.1 M TEAA (triethylamine acetate).
Probes are named by designating the se-
quence from Table 1 and the position of
the LAN-TAMRA moiety. For example,
probe Al-7 has sequence Al with LAN-
TAMRA at nucleotide position 7 from the
S’ end.

PCR Systems

All PCR amplifications were performed
in the Perkin-Elmer GeneAmp PCR Sys-
tem 9600 using 50-pl reactions that con-
tained 10 mmM Tris-HCI (pH 8.3), 50 mM
KCl, 200 um dATP, 200 uMm ACTP, 200 pM
dGTP, 400 pM dUTP, 0.5 unit of AmpEr-
ase uracil N-glycosylase (Perkin-Elmer),
and 1.25 unit of AmpliTaq DNA poly-
merase (Perkin-Elmer). A 295-bp seg-
ment from exon 3 of the human g-actin
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gene (nucleotides 2141-243S$ in the se-
quence of Nakajima-lijima et al.)” was
amplified using primers AFP and ARP
(Table 1), which are modified slightly
from those of du Breuil et al.® Actin am-
plification reactions contained 4 mm
MgCl,, 20 ng of human genomic DNA,
50 nM A1 or A3 probe, and 300 nM each

primer. The thermal regimen was 50°C
(2 min), 95°C (10 min), 40 cycles of 95°C
(20 sec), 60°C (1 min), and hold at 72°C.
A 515-bp segment was amplified from a
plasmid that consists of a segment of A
DNA (nucleotides 32,220-32,747) in-
serted in the Smal site of vector pUC119.
These reactions contained 3.5 mM
MgCl,, 1 ng of plasmid DNA, 50 nM P2 or
PS probe, 200 nM primer F119, and 200
nM primer R119. The thermal regimen
was 50°C (2 min), 95°C (10 min), 25 cy-
cles of 95°C (20 sec), 57°C (1 min), and
hold at 72°C.

Fluorescence Detection

For each amplification reaction, a 40-pl
aliquot of a sample was transferred to an
individual well of a white, 96-well micro-
titer plate (Perkin-Elmer). Fluorescence
was measured on the Perkin-Elmer Tag-
Man LS-50B System, which consists of a
luminescence spectrometer with plate
reader assembly, a 485-nm excitation fil-
ter, and a 515-nm emission filter. Excita-
tion was at 488 nm using a S-nm slit
width. Emission was measured at 518
nm for 6-FAM (the reporter or R value)
and 582 nm for TAMRA (the quencher or
Q value) using a 10-nm slit width. To
determine the increase in reporter emis-
sion that is caused by cleavage of the
probe during PCR, three normalizations
are applied to the raw emission data.
First, emission intensity of a buffer blank
is subtracted for each wavelength. Sec-
ond, emission intensity of the reporter is

TABLE 1 Sequences of Oligonucleotides

Name Type Sequence

F119 primer ACCCACAGGAACTGATCACCACTC

R119 primer ATGTCGCGTTCCGGCTGACGTTCTGC

P2 probe TCGCATTACTGATCGTTGCCAACCAGTp

P2C complement GTACTGGTTGGCAACGATCAGTAATGCGATG
P5 probe CGGATTTGCTIGGTATCTATGACAAGGATp
PSC complement TTCATCCTTGTCATAGATACCAGCAAATCCG
AFP primer TCACCCACACTGTGCCCATCTACGA

ARP primer CAGCGGAACCGCTCATTGCCAATGG

Al probe ATGCCCTCCCCCATGCCATCCTGCGTp

Al1C complement AGACGCAGGATGGCATGGGGGAGGGCATAC
A3 probe CGCCCTGGACTTCGAGCAAGAGATp

A3C complement CCATCTCTTGCTCGAAGTCCAGGGCGAC

For each oligonucleotide used in this study, the nucleic acid sequence is given, written in the
5’ — 3’ direction. There are three types of oligonucleotides: PCR primer, fluorogenic probe used
in the 5’ nuclease assay, and complement used to hybridize to the corresponding probe. For the
probes, the underlined base indicates a position where LAN with TAMRA attached was substi-
tuted for a T. (p) The presence of a 3’ phosphate on each probe.
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A1-2 RAQGCCCTCCCCCATGCCATCCTGCGTD
A1-7 RATGCCCQCCCCCATGCCATCCTGCGTD
A1-14 RATGCCCTCCCCCAQGCCATCCTGCGTD
A1-19 RATGCCCTCCCCCATGCCAQCCTGCGTD
A1-22 RATGCCCTCCCCCATGCCATCCQGCGTD
A1-26 RATGCCCTCCCCCATGCCATCCTGCGQD
Probe 518 nm 582 nm RQ- RQ+ ARQ
no temp. + temp. no temp. + temp.
A1-2 25521 327+19 382+30 382420 0674001 086+0.06 0.190.06
Al1-7 535+4.3 3951+214 1085+6.3 110.3+53 049+003 3.58+0.17 3.09+0.18
Al1-14 127.0+49 40351191 109.7+53 931%63 1162002 4.34+0.15 3.18+0.15
A1-19  1875+17.9 4227377 70.3+74 730+28 267+005 5804015 3.13+0.16
A1-22 2246+94 4822+436 100.0+4.0 962+96 225+003 502+011 277+0.12
A1-26 1602+89 454.1+184 93.1+54 907432 1.72+0.02 501+008 3.29+0.08

FIGURE 2 Results of 5’ nuclease assay comparing B-actin probes with TAMRA at different nucle-
otide positions. As described in Materials and Methods, PCR amplifications containing the in-
dicated probes were performed, and the fluorescence emission was measured at 518 and 582 nm.
Reported values are the average+1 s.p. for six reactions run without added template (no temp.)
and six reactions run with template (+temp.). The RQ ratio was calculated for each individual
reaction and averaged to give the reported RQ~ and RQ* values.

divided by the emission intensity of the
quencher to give an RQ ratio for each
reaction tube. This normalizes for well-
to-well variations in probe concentra-
tion and fluorescence measurement. Fi-
nally, ARQ is calculated by subtracting
the RQ value of the no-template control
(RQ7) from the RQ value for the com-
plete reaction including template

(RQ™).

RESULTS

A series of probes with increasing dis-
tances between the fluorescein reporter
and rhodamine quencher were tested to
investigate the minimum and maximum
spacing that would give an acceptable
performance in the 5’ nuclease PCR as-
say. These probes hybridize to a target

sequence in the human B-actin gene.
Figure 2 shows the results of an experi-
ment in which these probes were in-
cluded in PCR that amplified a segment
of the B-actin gene containing the target
sequence. Performance in the §5' nu-
clease PCR assay is monitored by the
magnitude of ARQ, which is a measure
of the increase in reporter fluorescence
caused by PCR amplification of the
probe target. Probe A1-2 has a ARQ value
that is close to zero, indicating that the
probe was not cleaved appreciably dur-
ing the amplification reaction. This sug-
gests that with the quencher dye on the
second nucleotide from the 5’ end, there
is insufficient room for Taq polymerase
to cleave efficiently between the reporter
and quencher. The other five probes ex-
hibited comparable ARQ values that are

clearly different from zero. Thus, all five
probes are being cleaved during PCR am-
plification resulting in a similar increase
in reporter fluorescence. It should be
noted that complete digestion of a probe
produces a much larger increase in re-
porter fluorescence than that observed
in Figure 2 (data not shown). Thus, even
in reactions where amplification occurs,
the majority of probe molecules remain
uncleaved. It is mainly for this reason
that the fluorescence intensity of the
quencher dye TAMRA changes little with
amplification of the target. This is what
allows us to use the 582-nm fluorescence
reading as a normalization factor.

The magnitude of RQ~™ depends
mainly on the quenching efficiency in-
herent in the specific structure of the
probe and the purity of the oligonucle-
otide. Thus, the larger RQ ™~ values indi-
cate that probes Al1-14, A1-19, A1-22, and
A1-26 probably have reduced quenching
as compared with Al-7. Still, the degree
of quenching is sufficient to detect a
highly significant increase in reporter
fluorescence when each of these probes
is cleaved during PCR.

To further investigate the ability of
TAMRA on the 3’ end to quench 6-FAM
on the 5’ end, three additional pairs of
probes were tested in the 5’ nuclease
PCR assay. For each pair, one probe has
TAMRA attached to an internal nucle-
otide and the other has TAMRA attached
to the 3’ end nucleotide. The results are
shown in Table 2. For all three sets, the
probe with the 3’ quencher exhibits a
ARQ value that is considerably higher
than for the probe with the internal
quencher. The RQ ™ values suggest that
differences in quenching are not as great
as those observed with some of the Al
probes. These results demonstrate that a
quencher dye on the 3’ end of an oligo-
nucleotide can quench efficiently the

TABLE 2 Results of 5" Nuclease Assay Comparing Probes with TAMRA Attached to an Internal or 3'-terminal Nucleotide

518 nm 582 nm

Probe no temp. + temp. no temp. + temp. RQ™ RQ™* ARQ

A3-6 54.6 £ 3.2 84.8 £ 3.7 116.2 + 6.4 115.6 £ 2.5 0.47 £ 0.02 0.73 £0.03 0.26 = 0.04
A3-24 72129 236.5 = 11.1 84.2 4.0 90.2 = 3.8 0.86 = 0.02 2.62 = 0.05 1.76 = 0.05
P2-7 828 =44 384.0 = 34.1 105.1 + 6.4 1204 + 10.2 0.79 £ 0.02 3.19+£0.16 240 £ 0.16
p2-27 113.4 = 6.6 555.4 = 14.1 140.7 £ 8.5 118.7 + 4.8 0.81 = 0.01 4.68 +0.10 3.88 = 0.10
PS5-10 77.5 £ 6.5 244.4 + 159 86.7 = 4.3 95.8 £ 6.7 0.89 + 0.05 2.55 £ 0.06 1.66 + 0.08
PSs-28 64.0 = 5.2 333.6 = 12.1 100.6 + 6.1 94.7 £ 6.3 0.63 = 0.02 3.53+0.12 2.89 £ 0.13

Reactions containing the indicated probes and calculations were performed as described in Material and Methods and in the legend to Fig. 2.
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fluorescence of a reporter dye on the 5’
end. The degree of quenching is suffi-
cient for this type of oligonucleotide to
be used as a probe in the 5’ nuclease PCR
assay.

To test the hypothesis that quenching
by a 3' TAMRA depends on the flexibility
of the oligonucleotide, fluorescence was
measured for probes in the single-
stranded and double-stranded states. Ta-
ble 3 reports the fluorescence observed
at 518 and 582 nm. The relative degree
of quenching is assessed by calculating
the RQ ratio. For probes with TAMRA
6-10 nucleotides from the 5’ end, there
is little difference in the RQ values when
comparing single-stranded with double-
stranded oligonucleotides. The results
for probes with TAMRA at the 3’ end are
much different. For these probes, hy-
bridization to a complementary strand
causes a dramatic increase in RQ. We
propose that this loss of quenching is
caused by the rigid structure of double-
stranded DNA, which prevents the §’
and 3’ ends from being in proximity.

When TAMRA is placed toward the 3’
end, there is a marked Mg?* effect on
quenching. Figure 3 shows a plot of ob-
served RQ values for the Al series of
probes as a function of Mg®* concentra-
tion. With TAMRA attached near the 5’
end (probe A1-2 or A1-7), the RQ value at
0 mm Mg?* is only slightly higher than
RQ at 10 mm Mg>*. For probes A1-19,
Al1-22, and A1-26, the RQ values at 0 mm
Mg?™* are very high, indicating a much

reduced quenching efficiency. For each
of these probes, there is a marked de-
crease in RQ at 1 mm Mg2* followed by
a gradual decline as the Mg®* concen-
tration increases to 10 mwm. Probe Al-14
shows an intermediate RQ value at 0 mm
Mg?* with a gradual decline at higher
Mg?* concentrations. In a low-salt en-
vironment with no Mg2* present, a sin-
gle-stranded oligonucleotide would be
expected to adopt an extended confor-
mation because of electrostatic repul-
sion. The binding of Mg®* ions acts to
shield the negative charge of the phos-
phate backbone so that the oligonucle-
otide can adopt conformations where
the 3’ end is close to the 5’ end. There-
fore, the observed Mg?* effects support
the notion that quenching of a §' re-
porter dye by TAMRA at or near the 3’
end depends on the flexibility of the oli-
gonucleotide.

DISCUSSION

The striking finding of this study is that
it seems the rhodamine dye TAMRA,
placed at any position in an oligonucle-
otide, can quench the fluorescent emis-
sion of a fluorescein (6-FAM) placed at
the 5’ end. This implies that a single-
stranded, double-labeled oligonucle-
otide must be able to adopt conforma-
tions where the TAMRA is close to the 5’
end. It should be noted that the decay of
6-FAM in the excited state requires a cer-
tain amount of time. Therefore, what

TABLE 3 Comparison of Fluorescence Emissions of Single-stranded and

Double-stranded Fluorogenic Probes

518 nm 582 nm RQ

Probe ss ds ss ds ss ds

Al-7 27.75 68.53 61.08 138.18 0.45 0.50
Al-26 43.31 509.38 53.50 93.86 0.81 5.43
A3-6 16.75 62.88 39.33 165.57 0.43 0.38
A3-24 30.05 578.64 67.72 140.25 0.45 3.21
P2-7 35.02 70.13 54.63 121.09 0.64 0.58
P2-27 39.89 320.47 65.10 61.13 0.61 5.2§
P5-10 27.34 144.85 61.95 165.54 0.44 0.87
P5-28 33.65 462.29 72.39 104.61 0.46 4.43

(ss) Single-stranded. The fluorescence emissions at 518 or 582 nm for solutions containing a final
concentration of 50 nM indicated probe, 10 mum Tris-HCI (pH 8.3), 50 mm KCl, and 10 mm MgCl,.
(ds) Double-stranded. The solutions contained, in addition, 100 nm A1C for probes Al-7 and
A1-26, 100 nM A3C for probes A3-6 and A3-24, 100 nM P2C for probes P2-7 and P2-27, or 100 nM
PSC for probes P5-10 and P5-28. Before the addition of MgCl,, 120 pl of each sample was heated
at 95°C for 5 min. Following the addition of 80 pl of 25 mMm MgCl,, each sample was allowed to
cool to room temperature and the fluorescence emissions were measured. Reported values are
the average of three determinations.
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matters for quenching is not the average
distance between 6-FAM and TAMRA
but, rather, how close TAMRA can get to
6-FAM during the lifetime of the 6-FAM
excited state. As long as the decay time of
the excited state is relatively long com-
pared with the molecular motions of the
oligonucleotide, quenching can occur.
Thus, we propose that TAMRA at the 3’
end, or any other position, can quench
6-FAM at the 5’ end because TAMRA is in
proximity to 6-FAM often enough to be
able to accept energy transfer from an
excited 6-FAM.

Details of the fluorescence measure-
ments remain puzzling. For example, Ta-
ble 3 shows that hybridization of probes
A1-26, A3-24, and P5-28 to their comple-
mentary strands not only causes a large
increase in 6-FAM fluorescence at 518
nm but also causes a modest increase in
TAMRA fluorescence at 582 nm. If
TAMRA is being excited by energy trans-
fer from quenched 6-FAM, then loss of
quenching attributable to hybridization
should cause a decrease in the fluores-
cence emission of TAMRA. The fact that
the fluorescence emission of TAMRA in-
creases indicates that the situation is
more complex. For example, we have an-
ecdotal evidence that the bases of the
oligonucleotide, especially G, quench
the fluorescence of both 6-FAM and
TAMRA to some degree. When double-
stranded, base-pairing may reduce the
ability of the bases to quench. The pri-
mary factor causing the quenching of
6-FAM in an intact probe is the TAMRA
dye. Evidence for the importance of
TAMRA is that 6-FAM fluorescence
remains relatively unchanged when
probes labeled only with 6-FAM are used
in the 5'-nuclease PCR assay (data not
shown). Secondary effectors of fluores-
cence, both before and after cleavage of
the probe, need to be explored further.

Regardless of the physical mecha-
nism, the relative independence of posi-
tion and quenching greatly simplifies
the design of probes for the 5' nuclease
PCR assay. There are three main factors
that determine the performance of a
double-labeled fluorescent probe in the
$’ nuclease PCR assay. The first factor is
the degree of quenching observed in the
intact probe. This is characterized by the
value of RQ™, which is the ratio of re-
porter to quencher fluorescent emis-
sions for a no template control PCR. In-
fluences on the value of RQ™ include
the particular reporter and quencher
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FIGURE 3 Effect of Mg?* concentration on RQ ratio for the Al series of probes. The fluorescence
emission intensity at 518 and 582 nm was measured for solutions containing 50 nM probe, 10 mM
Tris-HCl (pH 8.3), S0 mMm KCl, and varying amounts (0-10 mm) of MgCl,. The calculated RQ
ratios (5§18 nm intensity divided by 582 nm intensity) are plotted vs. MgCl, concentration (mM
Mg). The key (upper right) shows the probes examined.

dyes used, spacing between reporter and
quencher dyes, nucleotide sequence
context effects, presence of structure or
other factors that reduce flexibility of
the oligonucleotide, and purity of the
probe. The second factor is the efficiency
of hybridization, which depends on
probe T, presence of secondary struc-
ture in probe or template, annealing
temperature, and other reaction condi-
tions. The third factor is the efficiency at
which Tag DNA polymerase cleaves the
bound probe between the reporter and
quencher dyes. This cleavage is depen-
dent on sequence complementarity be-
tween probe and template as shown by
the observation that mismatches in the
segment between reporter and quencher
dyes drastically reduce the cleavage of
probe.®

The rise in RQ ™~ values for the Al se-
ries of probes seems to indicate that the
degree of quenching is reduced some-
what as the quencher is placed toward
the 3’ end. The lowest apparent quench-
ing is observed for probe A1-19 (see Fig.
3) rather than for the probe where the
TAMRA is at the 3' end (A1-26). This is
understandable, as the conformation of
the 3’ end position would be expected to
be less restricted than the conformation
of an internal position. In effect, a
quencher at the 3’ end is freer to adopt
conformations close to the 5’ reporter
dye than is an internally placed
quencher. For the other three sets of

probes, the interpretation of RQ ™ values
is less clear-cut. The A3 probes show the
same trend as Al, with the 3' TAMRA
probe having a larger RQ ™ than the in-
ternal TAMRA probe. For the P2 pair,
both probes have about the same RQ™
value. For the PS5 probes, the RQ ™ for the
3’ probe is less than for the internally
labeled probe. Another factor that may
explain some of the observed variation is
that purity affects the RQ~ value. Al-
though all probes are HPLC purified, a
small amount of contamination with
unquenched reporter can have a large ef-
fect on RQ .

Although there may be a modest ef-
fect on degree of quenching, the posi-
tion of the quencher apparently can
have a large effect on the efficiency of
probe cleavage. The most drastic effect is
observed with probe Al-2, where place-
ment of the TAMRA on the second nu-
cleotide reduces the efficiency of cleav-
age to almost zero. For the A3, P2, and PS
probes, ARQ is much greater for the 3’
TAMRA probes as compared with the in-
ternal TAMRA probes. This is explained
most easily by assuming that probes
with TAMRA at the 3’ end are more likely
to be cleaved between reporter and
quencher than are probes with TAMRA
attached internally. For the Al probes,
the cleavage efficiency of probe Al-7
must already be quite high, as ARQ does
not increase when the quencher is
placed closer to the 3’ end. This illus-

trates the importance of being able to
use probes with a quencher on the 3’
end in the 5’ nuclease PCR assay. In this
assay, an increase in the intensity of re-
porter fluorescence is observed only
when the probe is cleaved between the
reporter and quencher dyes. By placing
the reporter and quencher dyes on the
opposite ends of an oligonucleotide
probe, any cleavage that occurs will be
detected. When the quencher is attached
to an internal nucleotide, sometimes the
probe works well (A1-7) and other times
not so well (A3-6). The relatively poor
performance of probe A3-6 presumably
means the probe is being cleaved 3' to
the quencher rather than between the
reporter and quencher. Therefore, the
best chance of having a probe that reli-
ably detects accumulation of PCR prod-
uct in the 5’ nuclease PCR assay is to use
a probe with the reporter and quencher
dyes on opposite ends.

Placing the quencher dye on the 3"
end may also provide a slight benefit in
terms of hybridization efficiency. The
presence of a quencher attached to an
internal nucleotide might be expected to
disrupt base-pairing and reduce the T,
of a probe. In fact, a 2°C-3°C reduction
in T,, has been observed for two probes
with internally attached TAMRAs. This
disruptive effect would be minimized by
placing the quencher at the 3’ end. Thus,
probes with 3' quenchers might exhibit
slightly higher hybridization efficiencies
than probes with internal quenchers.

The combination of increased cleav-
age and hybridization efficiencies means
that probes with 3' quenchers probably
will be more tolerant of mismatches be-
tween probe and target as compared
with internally labeled probes. This tol-
erance of mismatches can be advanta-
geous, as when trying to use a single
probe to detect PCR-amplified products
from samples of different species. Also, it
means that cleavage of probe during PCR
is less sensitive to alterations in an-
nealing temperature or other reaction
conditions. The one application where
tolerance of mismatches may be a disad-
vantage is for allelic discrimination. Lee
et al.’’ demonstrated that allele-specific
probes were cleaved between reporter
and quencher only when hybridized to a
perfectly complementary target. This al-
lowed them to distinguish the normal
human cystic fibrosis allele from the
AF508 mutant. Their probes had TAMRA
attached to the seventh nucleotide from

PCR Methods and Applications 361


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on January 26, 2009 - Published by Cold Spring Harbor Laboratory Press

ResearchlI1 1 I I N B

the 5’ end and were designed so that any
mismatches were between the reporter
and quencher. Increasing the distance
between reporter and quencher would
lessen the disruptive effect of mis-
matches and allow cleavage of the probe
on the incorrect target. Thus, probes
with a quencher attached to an internal
nucleotide may still be useful for allelic
discrimination.

In this study loss of quenching upon
hybridization was used to show that
quenching by a 3' TAMRA is dependent
on the flexibility of a single-stranded oli-
gonucleotide. The increase in reporter
fluorescence intensity, though, could
also be used to determine whether hy-
bridization has occurred or not. Thus,
oligonucleotides with reporter and
quencher dyes attached at opposite ends
should also be useful as hybridization
probes. The ability to detect hybridiza-
tion in real time means that these probes
could be used to measure hybridization
kinetics. Also, this type of probe could be
used to develop homogeneous hybrid-
ization assays for diagnostics or other ap-
plications. Bagwell et al.*® describe just
this type of homogeneous assay where
hybridization of a probe causes an in-
crease in fluorescence caused by a loss of
quenching. However, they utilized a
complex probe design that requires add-
ing nucleotides to both ends of the
probe sequence to form two imperfect
hairpins. The results presented here
demonstrate that the simple addition of
a reporter dye to one end of an oligonu-
cleotide and a quencher dye to the other
end generates a fluorogenic probe that
can detect hybridization or PCR amplifi-
cation.
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