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ABSTRACT

We report the development of a fluorescently labeled oligonucleotide primer that can be used to monitor
real-time PCR. The primer has two parts, the 3’-end of the primer is complimentary to the target and a
universal 17-mer stem loop at the 5'-end forms a hairpin structure. A fluorescent dye is attached to 5’'-
end of either the forward or reverse primer. The presence of guanosine residues at the first and second
position of the 3’ dangling end effectively quenches the fluorescence due to the photo electron transfer
(PET) mechanism. During the synthesis of nucleic acid, the hairpin structure is linearized and the fluores-
cence of the incorporated primer increases several-fold due to release of the fluorescently labeled tail and
the absence of guanosine quenching. As amplicons are synthesized during nucleic acid amplification, the
fluorescence increase in the reaction mixture can be measured with commercially available real-time PCR
instruments. In addition, a melting procedure can be performed to denature the double-stranded ampli-
cons, thereby generating fluorescence peaks that can differentiate primer dimers and other non-specific
amplicons if formed during the reaction. We demonstrated the application of PET-PCR for the rapid detec-
tion and quantification of Cryptosporidium parvum DNA. Comparison with a previously published Taq-
Man® assay demonstrated that the two real-time PCR assays exhibited similar sensitivity for a
dynamic range of detection of 6000-0.6 oocysts per reaction. PET PCR primers are simple to design
and less-expensive than dual-labeled probe PCR methods, and should be of interest for use by laborato-

ries operating in resource-limited environments.

Published by Elsevier Inc.

1. Introduction

The real-time polymerase chain reaction (PCR) has been exten-
sively used as a diagnostic tool in clinical and environmental labo-
ratories for detection and quantization of biological targets in a
closed tube format. The simplest method of real-time PCR is the
use of DNA intercalating dyes such as SYBR Green I dye [1,2] and
LC Green [3] that enable real-time visualization of double-stranded
DNA as it is produced during PCR.

The use of real-time PCR has been widely accepted as a standard
practice in many laboratories for identifying target nucleic acids in
a quantitative and specific manner. The real-time PCR is also user-
friendly since analysis is completed without opening reaction
tubes, thus minimizing potential post-PCR contamination. The
detection of multiple targets in a single reaction tube is often de-
sired to save sample, time and cost of analysis. The use of interca-
lating dyes for detecting multiple targets often fails to generate
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consistent melting profiles for multiple pathogens due to preferen-
tial binding and some intercalating dyes have also been reported to
inhibit PCR [4].

The specificity of real-time PCR can be increased by using a
labeled sequence-specific probe. Several of such methods are cur-
rently available for performing real-time PCR, such as TagMan®
probes [5,6]; molecular beacons [7]; self-probing amplicons
(scorpions) [8]; Amplisensor [9]; Amplifluor [10]; displacement
hybridization probes [11]; fluorescence resonance energy transfer
(FRET)-TagMan probes [12]; DzyNA-PCR [13]; fluorescent restric-
tion enzyme detection [14]; and adjacent hybridization probes
[15]. One of the major limitations of currently available real-time
PCR technologies is cost. Probe-based real-time PCR requires the
addition of fluorophore and quencher dyes to oligonucleotide
probes. Because of the need for dual labeling, such probes are rel-
atively expensive. An alternative to the dual-labeling technique is
the use of the fluorescence quenching properties of guanosine (en-
abled by guanosine’s electron donating properties) [16,17]. The
electron donating mechanism has been referred to as photoin-
duced electron transfer (PET) and has been employed in real-time
PCR applications [18]. Applications of PET primers have been re-
viewed [19]. Single-labeled fluorescein probes that are quenched
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by target hybridization have been reported by Crockett and Witt-
wer et al. [20] for melt curve analysis. Several real-time PCR chem-
istries based on guanosine quenching have also been reported in
the literature [18,20-24].

Fluorescein is the most commonly used fluorophore that can be
quenched by guanosine bases, but the extent of quenching is af-
fected by the location of guanosine in relation to the fluorophore.
For example, studies have shown that the quenching effect for an
assay can be influenced by the number of guanosines and the gua-
nosine position relative to fluorophore in the same strand [25] or in
hybridizing strand [21,26] or due to overhang region [17,21,27].

We report here the development of a fluorescently labeled oli-
gonucleotide primer that can be used to monitor real-time PCR.
The fluorescent primer in this study is referred to as photoinduced
electron transfer primer and named as “PET” primer for easy refer-
ence. The PET assay employs a single pair of primers, with one of
the primers labeled with a single fluorophore dye at its 5'-end
and quenched by the presence of guanosines present in the
overhang position of the primer. This method of labeling does
not require HPLC purification (if FAM or HEX used), is commonly
available, and reduces reagent costs since no quencher dye is re-
quired. The assay can be performed to monitor real-time
fluorescence during amplification and enables use of melt curve
analysis alone to monitor the reaction.

2. Methods
2.1. Principle of the assay

PET primers are comprised of two regions: (1) a target-specific
primer region at the 3’ end and, (2) a universal stem-loop sequence
at the 5’-end. For this study, the stem-loop sequence was com-
prised of 17 bases [TAMRA-5 AGGCGCataGCGCCTgg (i.e., the
fluorophore TAMRA was attached at the 5-end adenine)]. This
stem-loop sequence incorporated a loop of six bases (underlined),
a 6 base-pair stem (CGCGGA/GCGCCT) complimentary structure, a
3-nucleotide loop (ATA) and two deoxyguanosine bases located in
the opposite overhang region (Fig. 1A). AGGCGC, ATA and GCGCCT
together form the stem-loop-like structure. In the absence of
amplification, the loop-tail bases of the PET primer sequences re-
main in a closed form and are quenched by two overhang GG based
and two complementary GG residues in the hairpin formation.
TAMRA fluorescence is effectively quenched due to close proximity
of the four G based to the fluorophore. Upon the participation of
the PET primer in nucleic acid amplification, the stem-loop struc-
ture opens up and fluorescence increases due to a conformational
change when extension of the complimentary strand takes place
(Fig. 1B). The fluorescence increase is due to the de-quenching ef-
fect that occurs when guanosine bases located in overhang posi-
tions are de-coupled from the stem-loop structure and are
incorporated into the double-stranded product.

Both forward and reverse primers are designed with a T,, value
of approximately 60 °C. The universal stem loop structure is added
to either the forward or reverse primer having the maximum AG
(kcal/mol) at the 3’ end. A higher AG value means the oligonucleo-
tide is more thermodynamically stable. The seven bases at the 3’
end of the forward and reverse primers are used to compare max-
imum AG values between the primers, based on the Nearest-
Neighbor parameter values using the software, Oligo Analyzer
1.1.2 (Freeware, Teemu Kuulasmaa, Finland). The universal stem-
loop sequence is added to the primer that has the higher AG value.
In the present study, the reverse primer was selected (ATT-
CCCCGTTACCCGTCA) for incorporation of the stem-loop sequence
because this primer had a higher AG value (—13.1 kCal/mol) than
the forward primer (—10.0 kCal/mol).

2.2. Primers for PET PCR amplification

We selected Cryptosporidium parvum as a model to demonstrate
the application of the present PET primer technique for real-time
PCR. The HPLC purified fluorescent labeled primer was synthesized
at CDC’s Biotechnology Core Facility. TAMRA-dT was coupled to the
oligo at the 5’-end of the reverse primer during synthesis to pro-
duce the end labeled primer of sequence 5'(TAMRA)-AGGCGCA-
TAGCGCCTGG. The tail does not show any homology to
Cryptosporidium spp. sequences. The modified reverse primer con-
sisted of 35 bases including a labeled hairpin oligonucleotide of 17
bases 5(TAMRA)-AGGCGCATAGCGCCTGGATTCCCCGTTACCCGTCA
(CryJVR; Position #119-102). The unlabeled forward primer con-
sisted of a base sequence of GGTGACTCATAATAACTTTACGGAT
(CryJVF; Position #1-25). These primer sequences correspond to
C. parvum 18S ssrRNA (GenBank Accession #]Q182992). The Cry-
JVR/CryJVF primers amplify a 119-bp sequence specific to Cryptos-
poridium spp.

2.3. PET PCR assay conditions

PET PCR was carried out using the iCycler iQ4 (Bio-Rad, CA, USA)
platform for a total of 45 cycles. The reaction mixture contained
primers at concentrations of 250 nM of each forward and reverse
primer, 2 pl of DNA, 10 pl of 2x QuantiTect Probe PCR kit Master
Mix (Qiagen, Valencia, CA), and nuclease-free water to a final vol-
ume of 20 pl. The amplification reaction consisted of a hot start
step at 95 °C for 15 min to activate the HotStart Taq DNA polymer-
ase. This was followed by 45 cycles of amplification including
denaturation at 95 °C for 10 s and annealing/extension at 60 °C
for 50s. Fluorescence signals were collected at the end of the
annealing step. Melting curve analysis was performed after ampli-
fication by cooling to 48 °C for 10 s, followed by a temperature in-
crease to 97.5 °C, while continuously collecting the fluorescence
signal data at 0.5 °C increments. The melt curve analysis generated
a characteristic single peak at melting temperature (T,;) and used
to confirm amplification of the target Cryptosporidium sequence
using the iCycler® data analysis software.

2.4. TagMan PCR assay conditions

The TagMan assay reported by Jothikumar et al. was used
[28]for comparison to the PET PCR assay. The TagMan probe was
labeled with FAM (6- Carboxy-fluorescein) at the 5-end and with
black hole quencher at the 3’ end (CDC’s Biotechnology Core
Facility). Amplifications were carried out using the iCycler (Bio-
Rad, California, USA) for a total of 45 cycles. For TagMan PCR, the
20-pl reaction contained 10 pl of 2x QuantiTect Probe PCR kit
Master Mix (Qiagen, Valencia, CA), 2 pl of DNA, and primers and
probe at concentrations of 250 and 100 nM respectively. Prior to
amplification, denaturation was carried out at 95 °C for 15 min, fol-
lowed by 45 PCR cycles at 95 °C (10 s) and annealing/extension at
60 °C for 50 s. Fluorescence signals were collected at the end of
annealing step.

2.5. Real-time quantification

A C. parvum stock containing 5 x 10® oocysts (Iowa isolate) was
obtained from Waterborne, Inc. (New Orleans, LA, USA). DNA was
extracted from the stock using bead beating and lysis buffer
protocol reported by Hill et al. [29]. Replicate standard curves were
generated using 10® to 10° oocysts. For generation of standard
curves, the crossing threshold (Cr) values were plotted proportion-
ally to the logarithm of the input copy numbers. Appropriate neg-
ative controls were included in each run. To assess the log-linear
relationship of the assays, the linear regression and regression
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Fig. 1. Schematic representation of PCR amplification using PET primer. (A) 5'-End fluorophore (FL) labeled PET primer (upper case letters) remains non-fluorescent in stem-
loop format and the signal of the fluorophore is quenched by two consecutive G nucleotides located at overhang and complementary regions due to the close proximity of the
fluorophore and guanosines. The target-specific sequence region of the reverse primer is shown in small case letters. (B) Stem-loop becomes linear during the amplification
and increases the detectable signal. (C) During PCR amplification the stem-loop structure is disrupted and guanosine is displaced during the extension of the forward primer,

resulting in formation of double-stranded product that is fluorescent.

coefficients (R?) were calculated. PCR amplification efficiency (E)
for both PET primer and TagMan® probe assays were calculated
according to the equation E = 10-/51°P9)1, However, the oocysts
numbers do not reflect the number of DNA molecules for 18S, since
each oocyst contains 20 copies of 185 DNA molecules.

3. Results
3.1. Development of PET PCR assay

During nucleic acid amplification, the target-specific primer
region is extended into the hairpin structure of the PET primer,
eliminating the quenching mechanism. Fig. 1A and B shows a
PET primer molecule when not hybridized to its complementary
sequence (e.g., stem-loop structure present), and when hybridized
to its complementary sequence (e.g., stem-loop structure absent),
respectively. The fluorescence of the incorporated primer increases
several-fold due to the unfolding of the 5 stem-loop structure
which moves the 5’ fluorophore away from the quenching proper-
ties of the guanosine bases. As more amplicons are produced
during nucleic acid amplification, the overall fluorescence of the
reaction mixture increases. The cyclic increase in fluorescence
signal is the basis of the technique for detecting the presence of
a target nucleic acid sequence in the reaction. The newly linearized
template exhibits a several fold increase in florescence emission by
the 5’ fluorophore (Fig 1C).

3.2. The sensitivity of the PET PCR assay

As shown in Fig. 2A, nucleic acid amplification with the PET PCR
assay demonstrated a dynamic range of detection from 6000 to
0.6 oocysts per PCR reaction. As shown in Fig. 2B, the logarithmic
plot of this data presents the relationship between the concentration

of DNA and Cy values. In addition, a dissociation analysis of the PCR
product can be performed by denaturation of double-stranded
amplicons by a melting procedure, thereby obtaining fluorescence
peaks specific for a product generated in the nucleic acid amplicons
(Fig. 2C). For the Cryptosporidium spp. PET PCR assay, a single melt
peak (T, = 80.5 °C) for the specific product indicated the absence
of non-specific amplification in the PCR products. The PET PCR assay
was able to detect 0.6 C. parvum oocysts/reaction (Fig. 2A and B). The
PET-PCR Cryptosporidium spp. assay was also performed with other
fluorophores (FAM and HEX) and performed similarly as when TAM-
RA was used (data not shown).

3.3. Sensitivity comparisons of PET PCR and TagMan assays

The TagMan assay was also able to detect 0.6 C. parvum o00-
cysts/reaction (Fig. 3A and B). Thus, the PET PCR and TaqMan as-
says achieved the same detection limit level. A seed level of
0.06 oocysts was not detected by either method. The reaction effi-
ciency of the PET and TagMan assays were 93.1% (slope —3.5) and
91.6% (slope —3.54), respectively.

4. Discussion

The present study describes a novel and cost effective rapid
real-time PCR technique to detect target nucleic acid. This PET
PCR technique requires only one of the primers to be fluorescently
labeled (at the 5-end). PET PCR primers incorporate a universal
stem-loop structure that utilizes intentional locations of guanosine
bases to yield low background signal in the absence of amplifica-
tion, and high fluorescence signals when target DNA sequences
are amplified during PCR. Several studies have reported the use
of only one fluorophore for use in detecting the presence of a par-
ticular nucleic acid [17,18,20,30]. These studies have reported that
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Fig. 2. Sensitivity of PET PCR assay. (A) Demonstrates the PET PCR assay dynamic range of detection from 6000 to 0.6 oocysts per PCR reaction. (B) Logarithmic standard curve
plot for the Cryptosporidium spp. PET PCR assay depicting the relationship between the concentration of DNA in each reaction versus associated Cr values. (C) Melting curve
analysis of the 18S ssrRNA target at the different concentrations shown in 2A and B, demonstrating consistent amplicon Ty,.
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Fig. 3. Sensitivity of TagMan assay. (A) Demonstrates the sensitivity of the PET primer is same as that of TagMan assay along with logarithmic plot. TagMan assay
demonstrates the quantitative aspect of nucleic acid amplification for a dynamic range of detection from 6000 to 0.6 oocysts per PCR reaction. (B) Logarithmic plot of the
above (TagMan) data presents the relationship between the concentration of DNA and threshold cycle (Cr) values.

the fluorescence signal is either enhanced or quenched in the pres-
ence of the target nucleic acid sequence, depending on the partic-
ular design of the probe [31]. In most cases, the labeled primer
specifically hybridizes to the target nucleic acid sequence. Simi-
larly, Tam-Chang [32] describes a multi-probe universal reporter

system containing a signal that is enhanced only after sequence-
specific hybridization of one of the probes. Guo and Milewicz
[33] reported the use of universal fluorescent tag primers labeled
on the 5-end that is not sequence specific. In this method, the
labeled fluorescent tag universal primer, in combination with
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two sequence-specific primers, is used to amplify a target nucleic
acid sequence. Yamane [34] discusses a MagniProbe that has an
internal fluorophore and an internal intercalator. The fluorescence
is quenched by the intercalator dye in the absence of a target se-
quence and upon hybridization with the target sequence; the
probe emits fluorescence due to the interference in quenching by
intercalation. Nazarenko et al. [21] describe LUX primers with a
single fluorophore near the 3’ end (but no quencher), and addition
of 5-7 base pairs to the 5-end of the sequence-specific probe,
wherein the signal from the fluorophore is increased in the pres-
ence of the target sequence. Internal labeling of oligonucleotides
(such as required for LUX primers) increases the cost of fluorescent
primer production (versus end-labeling) and also requires specific
software to design such primers. Phosphoramidites with FAM or
HEX are widely available for labeling at the 5-end, thus making
production of PET primers simple and inexpensive.

In the present study, the PET PCR technique was used to create
fluorescent primers for nucleic acid amplification of an 18S ssTRNA
gene sequence specific to Cryptosporidium spp. The results (detec-
tion limit, PCR efficiency) were similar to a corresponding TagMan
assay targeting the same gene sequence. This result demonstrating
similar sensitivity between a PET PCR assay and a corresponding
TagMan assay was also demonstrated by Naomi et al. for detection
of malaria parasites [35]. Initially, we tested a large number of sin-
gle-labeled oligonucleotides to develop a universal fluorescent tail
sequence based on the combination of number of G’s, melting
curve, and high fluorescence yield. We determined that a 17-bp
5’-end fluorescent labeled sequence is optimal for PET PCR to en-
able detection sensitivity similar to the TaqMan technique. The
identified 17-bp hairpin structure of the fluorescently labeled pri-
mer serves as a universal adapter and can be incorporated into
existing PCR primer sequences for application in real-time PCR.
The increase in fluorescence can be measured and observed using
commercially available nucleic acid amplification systems. In addi-
tion, melt-curve analysis can be performed to confirm the produc-
tion of target-specific amplicon.

There are several advantages of using PET primers for real-time
PCR, including cost, sensitivity, speed, multiplexing, and real time
monitoring of the amplicon in a closed-tube format. The cost of
synthesis of a 5’-labeled fluorescent PET primer is relatively low
because only a single fluorophore is needed and PET primers do
not require HPLC purification if FAM or HEX is employed. This
new technique represents a cost-effective alternative for real-time
PCR and should enable sensitive detection of pathogens and other
biological targets in clinical and environmental samples.
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