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Application of Single-labelled Probe-primer in PCR Amplification to
the Detection of Hepatitis B Virus DNA

KONG, De-Ming(#.#% %) = SHEN, Han-Xi' (A4 &)
Chemical School , Nankai University , Tianjin 300071, China

A new method based on the Incorporation of a single-labelled probe-
primer into polymerase chain reaction (PCR) for the detection of
PCR-amplified DNA In a closed system is reported. The probe-
primer consists of  specific probe sequenice on the 5'-end and a
primer sequence on the 3'-end. A fluorophore s located at the §'-
end. The primer-quencher is an oligonucleotide, which s comple-
‘mentary to the probe sequence of probe-primer and labelled with a
quencher at the 3'-end. In the duplex formed by probe-primer and
primer-quencher, the fluorophore and. quencher are kept in close
proximity to each other. Therefore the fluorescence is quenched.
During PCR smplification, the specific probe sequence of probe-
primer binds to its complement within the same strand of DNA,
and is cleaved by Tag DNA polymerdse, resulting in the restoration
of fluorescence, This system has the same energy transfer mecha~

was used to detect hepatitis B virus (HBV) DNA in patient sera.
This technology eliminates the risk of carry-over contamination,
simplifies the amplification assay and opens up new possibilites for
the real-time detection of the amplified DNA..

Keywords  probe-primer, polymerase chain reaction (PCR), hep-
atitis B virus (HBY) DNA

Introduction

On the post-genome era, quantitative studies of genomic
information for disease diagnosis and prevention and drug dis-
covery will be fast-growing areas of research and develop-
ment . Growth in these areas has already produced a strong
demand for advanced biomolecular recognition probes,. which
have high sensitivity and excellent specificity.!

TagMan®™ and molecular beacon™® are the two such
promising probes. TagMan uses a linear probe that has a fu-
orophore at its 5-end and a quencher at the 3'-end. When
the probe is single stranded, the three-dimensional conforma-
tion of the probe brings the two labels close enough to cach
other for the quencher to quench the fluorophore fluores-
cence. During polymerase chain reaction (PCR), this probe
is cleaved by the 5'-3" exonuclease activity of Tag DNA poly-
merase if, and only if it hybridizes to the DNA segment being
amplified. Cleavage of the probe between the fluorophore and

sity of the fluorophore. The difference between TaqMan
probes and molecular beacons is that the optimized stem-loop
structure of molecular beacons brings the two labels as close
together as possible when the probe is not hybridized to a tar-
aet sequence. This ensures maximal quenching efficiency.
Specific binding to a PCR product opens the hairpin, separat-
ing the fluorophore and quencher, thus producing fluores-
cence.

Amplifluor” is a new beacon variant that is a PCR.primer
with a hairpin structure at the 5'-end containing a fluorophore
and quencher. When the primer is incorporated into a PCR.
product, the fluorophore and quencher moieties are separated
and fluarescence is thus increased. Scorpion primer™® is a
modified Amplifluer with a PCR stopper between the hairpin
loop and the 5'-end of & primer. Under fast eycling condi-
tion, scorpion primers may outperform TaqMan or beacon
probes.,
All of these methods based on fluorescence energy trans-
for are characterized by relatively high signal-to-noise ratios
and a good ability to discriminate between positive and nega-
tive reactions. However, they are all limited in the sense that
a dual-labelled probe has to be used. This seriously compli-
cates design and synthesis of the probe,® consequently in-
creases the expense of cxperiments.

The method reported in this paper is designed for the de-
tection of the amplified DNA by incorporation of a single-la-
belled primer into PCR amplification. In this method, two
complementary oligonucleotides of different length are used.
The longer one is probe-primer strand,, which is a PCR primer
with a_specific probe sequence atlached at the 5'-end. A

FAM (6-cart ) is labelled at
the 5'-end of probe sequence. The short ome is primer-
quencher sirand, which is complementary to the probe se-
quence of probe-primer and labelled with a nonflucrescent
quenching moiety-DABCYL (4-[ 4'-dimethylaminophenylazo ]
benzoic acid) at the 3’-end. In the duplex formed by probe-
primer and primer-quencher, FAM and DABCYL are kept in
close proximity o each other. Therefore the fluorescence of
FAM is quenched. After extension of the probe-primer during

donor 1l

the quencher generates an increase in the fl inten-
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PCR amplifi the specific probe sequence is able to
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bind to its complement within the same strand of DNA, and is
cleaved by 5'-3' exonuclease activity of Taq DNA polymerase
in the process of extension during the next cycle, resulting in
a significant increase in emission intensity of the fluorophore
(Fig. 1). Tn this study, we will use hepalitis B virus (HBV)
DNA as a target gene and discuss the feasibility of this
method .

Experimental
Apparatus

PCR was performed in a Perkin Elmer 480 DNA Thermal
Cycler (USA) . Fluorescence intensity was obtained in a mi-
croquattz cuvette (16.40-F, Stama Brand, England) using a
Shimadzu Model RF-540 spectrofluorometer (Kyoto, Japan) .
A UV-VIS TU-1901 spectrophotometer ( Beijing Purkije Gen-
eral Instrument Co. ) was used for recording absorption spec-
tra. The electrophoresis ussay was conducted on a DF-D slab
electrophoretic instrument ( Dongfang Teli, Beijing) .

Design. of primers and probes

The primers (upstream primer: 5'-GTTCAAGCCTC-
CAAGCTGTG-3', downstream primer: 5'-TCAGAAGCCAA-
AAAAGAGAGTAACT-3") were designed to amplify a 104bp
region within a HBV gene. A probe-primer {5'-FAM-

) AGGTTCAAGCC TCCAAGCTGTG-3') was
constructed by linking a FAM-labelled probe sequence
(underlined) to the 5'-end of upstream primer. An oligonu-
cleotide, which is labelled with DABCYL at the 3'-end was
used as primer-quencher: 5'-CTTGGGTGGCITTG-DABCYL-
3'. Shanghai Shenyou Ltd. carried out the coupling reactions
and purification of the probes.

PCR. condizion and fluorescence analyses

25 pL of reaction mixture consisted of 1x PCR buffer
(10 mmol/L KCl, 8 mmol/L (NHs),504, 10 mmol/L Tris-
HCl, pH 9.0, NP-40), 2 mmol/L MgCly, 0.2 mmol/L each
dNTP, 2.5 U of Taq DNA polymerase, 0.4 pamol/L probe-
primer or upstream primer, 0.4 pmol/L downstream primer,
0.6 gumol/L primer-quencher, and 2 uL, of template. Cycling
was designed with a pre-cycle (95 C for 5 min), 40 cycles
for amplification (94 C for 30 s, 60 °C for 45 ). In order
to increase reaction specificity, Taq DNA polymerase was
added after the temperature of reaction mixiure reaching 95
C. After amplification, 25 L of product was diluted to 100
L with PCR buffer (2 mmol/L MgCl, included) and ana-
Iyzed for fluorescence. Fluorescence emission was measured
at A =490 N, A o =516 nm. Biochemical agents were all
purchased from Sangon (Shanghai) .

Agarose gel electrophoresis

Electrophoresis was conducted in TBE buffer (89 mmol/
L Tris-borate,, 2 mmol/L EDTA, pH 8.3) in 2 2% (W/V)
agarose gel containing 0.5 pg/mL of ethidium bromide
(EB). Twenty microlitres of final PCR product were loaded
on the gel. After electrophoresis, the DNA bands were visu-
alized through a UV transilluminator.

Results and discussion
Absorption. spectra

DABCYL is a nonflucrescent quenching moiety that can
serve as a universal quencher in molecular beacons. "2 Tt
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Fig. 1 Assay principle. (a) Intial densturation of target and the duplex formed by probe-primer and primer-quencher; (b) annealing of primers to
targets (c) extension of probe-primer produces double-stranded DNA; (d) denaturation of double-standed DNA produced in step (), thie
gives a single-sizanded. target molecule with the probe-primer attached; (&) on cooling, the probe sequence of probe-primer binds to it target
in an intramolecular manner; (f) extensian of downstream primer causes the cleavage af hairpin stem; (g) on cooling, primer-quencher binds

to probe-primer again, and fluoroscence signsl js produces.
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can not quench the fluorescence of some fluorophores success-
fully via fluorescence resonance energy transfer (FRET), be-
cause its absorption spectrum has little overlap with the emis-
sion spectra of those fluorophores. But for molecular beacons,
the closed conformation brings the fluorophore and quencher
sufficiently close to one another. Thus two forms of energy
transfer may exist: direct energy transfer and FRET, and the
first one may be dominant.' This mechanism of energy trans-
fer ensures maximal quenching efficiency and minimal back-
ground. In the duplex formed by probe-primer and primer-
quencher, the fluorophore and quencher are also held close
together, In this state the same energy transfer mechanism as
molecular beacons may occur between them. It is confirmed
by comparing the visible absorption spectra of the probe-
primer system (Fig. 2) and molecular beacons (Fig. 3), In
Fig. 2, traocl ﬂnduxcezamﬂ'leahﬂxpnﬂnspccmnf

b and pr he ively. Trace 3 is
the sptx’tm] summation of them, this case is very similar to
molecular beacons in apened conformation (Fig. 3, trace 1),
in which the fluotophore and quencher separate away from
each other, no interaction occurs between them. Trace 4 is
the absorption spectrum of the duplex formed by probe-primer
and primer-quencher, as closed molecular beacons, in which
the fluorophore and quencher are held sufficiently close to
each other to perturb their electronic structure,'>"® causing
the substantial change of absorption spectra.

350 400 450 500 550 600
2 (om)

Fig. 2 Absorptin spectra of equal mole of (1) probe-primer; (2)
primer-quencher; (3) summation of (1) and (2); (4) du-
plex formed by probe-primer and primer-quencher.

350 400 450 500 550 600
2 (om)

Absorption spectra of a molecular beacon; FAM-CCCGA-
GATTGAGATCTTCTGCGACTCGGG-DABCYL (underlines i-
dentify the complementary stem sequence) (1) in the pres-
ence of equivalent target; (2) without target.

Effects of primer-quencher concentration on quenching efficien-

Quenching efficiency is a very important factor in deter-
mining the quality of fluorogenic probes. The higher the
quenching efficiencies are, the better the probes can work.
The quenching efficiency of light emission from the fluo-
rophore by the quencher was calculated according to the fol-
lowing formula: Ey = [1 ~ (Fy = F,)/(Fyg - F)] x
100% . Here F.; is the fluorescence intensity of probe-primer
in the absence of primer-quencher and F is its fluorescence
intensity when bound (o primer-quencher, F, is the back-
ground fluorescence intensity of buffer only. In order to ac-
quire maximal quenching efficiency, F, must be kept at the
lowest level. Therefore, the probe-primer should sufficiently
bind to primer-quencher. Fig. 4 shows the influence of dif-
ferent ion ratios of pr -quencher to probe-pri
on back d 1) and quenching efficiency. With
the increasing of concentration ratios, the background fluores-
cence will be greatly decreased, and the quenching efficiency
increases corespondingly. When the ratio exceeds 1.5, the
background reaches a plateau, and the quenching efficiency
keeps at 97.3% , which is compatible with that of molecular
beacons, ™ and much higher than that of TaqMan probes. In
this study, we selected 1.5 as the concentration ratio of
primer quencher to probe-primer in PCR.

25r ' 98.5
F 95.5
925

89.5

F '—"—"‘ 86.5

BT R v K
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8

Backgroud fluorescence
=
Quenching cfficiency

Fig. 4 Effect of different concentration ratios of primer-quencher to
quer
probe primer an (1) fluorescence and (2)
quenching efficiency.

PCR condition optimization

We optimized PCR assays by adjusting the concentration
of Mg* . Fig. 5 shaws the fluorescence intensities of PCR
assays at different Mg?* concentration. The increasing of
Mg?* concentration has great influence with the fluorescence
at low concentration range. When Mg?* concentration ex-
ceeded 1.5 mmol/L, the fluorescence had nearly no change
with it. So we adjusted the concentration of Mg?* to 2 mmol/
L, which provided the maximum fluorescence signal without
drastically compromising the yield and specificity of PCR.

Effect of probe-primer on PCR

In order 10 i the influence of probe-primer on
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product amplification, PCR amplifications of a 104bp product
from HBV DNA dirccted by downstream primer and upstream
primer (or probe-primer) were carried out. Agarose gel elec-
trophoresis-EB staining results show that probe-ptimer has no
effct on the amount of amplified. product generated . Samples
using upstream primer or probe-primer show & bl

Monitoring of PCR in real time

To demonstrate that the fluorescence produced during
PCR can be used to monitor the reaction, HBV DNA extract-
ed from patient serun was amplified with the probe-primer

level of specific product. But for the reaction with probe-
primer, the product has a little larger size, and the elec-
trophoretic band is a little wider (Fig. 6). Alter PCR exten-
sion of the probe-primer, the resultant amplicon contains a
sequence that is complementary to the probe. At the anneal-
extend step of next cyele, the probe sequence of probe-primer
binds to its target in an intramolecular manner and a hairpin
stem forms. In this case, when the DNA polymerase with 5'-
3’ exonuclease activity reaches the 5'-end of the hairpin
stem, it will displace and cleave it into mono- and oligonu-
cleotide. Thus the stability of hairpin struclure decreases
gradually till it opens. Then primer extension continues and a
part of probe sequence is also copied. As a result, the prod-
uct has larger size than that formed by upstream primer. And
due to the uncertainty of the sizes of released fragments during
cleavage, PCR products with different length can be pro-
duced, and its electrophoretic band is a little wider. For the
PCR amplification of healthy serum or negative control, no
intended products are produced no matter whether upstream
primer or probe-primer is used.

100 e,
5 ®
3
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H
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e
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Concentration of Mg** (mmol/L)
Fig. § Effect of the concentration of Mg* on fluorescence analysis.

M 12 3 4 5 6

147bp-
110bp ~-

Fig. 6 Fffect of probe-primer on PCR amplification. Lane 1, PCR
amplification of healthy serum with upstresm primer; Lane 2,
PCR amplification of healthy serum with probe-primer; Tanc
3, PCR amplification of HBV-infected serum with upstream
primer; Lane 4, PCR amplification of HBV-infected serum
with probe-primer; Lane 5, negative control with upstream
primer; Lane 6, negative control with probe-primer.

(primer-quencher included) . The fluorescence intensity was
determined after different numbers of cycles using a spec-
wofluorephotometer. This reaction reflects the typical charac-
teristics of PCR (Fig. 7). At the initial stage, a small
amount of PCR product is synthesized, and the fluorescence
Kkeeps at 2 ow lovl. With the increasing of cycling numbers,
PCR product I signal
increases rapidly simultaneously. At the last stage of amplifi-
cation, PCR product stops accumulating exporentially due to
depletion of reaction components, and the increasing of fluo-
rescence signal is slowing down. The magnitude of fluores-
cence correlates strongly with the amount of amplification
product that has been synthesized.

120

Fluorescence
2

——
0 10 20 30 40
PCR cycles
Fig. 7 Monitoring polymerase chain reaction on real time.

Specificity of PCR/ probe-primer assays

Four human serum specimens were analyzed by probe-
primer method (Fig. 8) . The results show that only HBV-in-
fected serum gives an intense fluorescence signal above back-
ground. For healthy serum, HCV-infected serum and HEV-
infected serum, the fluorescence intensities are very low and
can be considered as negative.

120

Fluorescence
8

T2 3 4 5 6 7 8
Serum samples

Fig. 8 Fluorescence analysis of different serum samples. 1, Healthy;
2, HBV-infected; 3, HCV-infected; 4, HEV-infected; S,
HBV, HCV-mixed infected; 6, HBV, HEV-mixed infected;
7, HCV, HEV-mixed infected; 8, HBV, HCV, HEV-mixed
infected.
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Some patients may be simultaneously infected by several
kinds of viruses such as HBV, HCV and HEV. To determine
whether our probe-primer can specifically recognize HBV
DNA in mix-infected sera, four mix-infected sera were pre-
pared by mixing HBV, HCV or/and HEV-infected sera e-
quivalently for PCR/ probe-primer assay (Fig. 8). As expect-
ed, HCV, HEV mix-infected serum has low fluorescence sig-
nal intensity, all the other three sera give positive results and
the fluorescence intensities are compatible with that of alone
HBV-infected serum. This result shows that this method can
specifically detect HBV in mix-infected sera, other concurrent
viruses did not interfere with the detection.

Sensitnity of PCR/ probe-primer assay

HBV DNAs were extracted from healthy serum diluted
HBV-infected serum by using protease K-phenol method. We
performed PCR with a template of these HBV DNAs as de-
scribed above. The results show that PCR/probe-primer assay
was able to detect the target up to 10* HBV copies in one
millilitre serum unambiguously (Fig. 9) . It is to say that this
assay can produce consistent positive results when
ed with 200 copies of template DNA molecules. This sensitiv-
ity is compatible with that of agarose gel electropharesis-EB
staining. I it is combined with real-time PCR instrument,
the detection sensilivity will be further improved.

0 10" 10 10° 10* 10° 10° 107 10
HBY copies in one milliter of serurum

Fig. 9 Sensitivity of probe-primer method. The dash line indicates the
cut-off value, which is calculsted by zdding the mean fluores-
cence to 4 standard deviatons of ten healthy sera templates.

Recently, the definition in a retrospective study is that
the asymptomatic carrier and chronic hepatitis states can be
distinguished by a serum HBV DNA concentration of 10°
copies/mL." If after termination of treatment serum HBV
DNA concentration is found to be less than 10* copies/mL,
hepatitis does not occur thereafter.’® Our method can fully
content with this detection.

‘The goal of the studies described herein is to design a
probe-primer that can act as substrates for the exonuclease ac-
tivity of Taq DNA polymerase and so function by a TagMan-
like mechanism. So the probe sequence of probe-primer must
bind to targel before primer extension occludes the probe-
binding site. In our experiments, the probe sequence of
probe-primer binds to its target in an intramolecular manner,
which is much faster than the intermolecular binding of the

complementary target sn-.undv such as the binding of pnme'rs
to template. John Santalucia’s ‘Nucleic Acid Hybridi
software (http: ///ozoneZ . chem. wayne. edu) was used 1o cal-
culate the melting temperature ( T,) of the hairpin structure
formed by the probe sequence and its target. In NaCl (100
mmol/L) and MgCly (2 mmol/L) the predicted T, is 79.6
C. That is to say, the hairpin stucture is very stable at the
anneal-extend temperature of PCR. Thus, the cleavage of
hairpin stem can be ensured.

Compared with dual-labelled probes, single-labelled
ones have the advantages of lower expense and ease for de-
signing, synthesis and purification. During the synthesis of
dual-labelled probes (molecular beacons, TagMan, ampliflu-
or and scorpion primer) at least twice purifications are need-
ed."” On the other hand, the presence of oligonucleotides,
which are only labelled with fluorophore, will significantly in-
crease the background signal and hence affect detection ef-
fects. This problem will not occur in single-labelled ones. In
addition, we can acquire optimised quenching efficiency by
adjusting the ratio of probe-primer 1o primer-quencher.

The most critical problem associated with TagMan tech-
nology is the distance between the dye and the quencher.'® If
they are close together, the likelihood of cleaving the dye
from the quencher drastically decreases, even though a lower
background fluorescence is observed. On the other hand,
placement of the quencher at the 3'- end of the probe will in-
crease the signal during PCR assays, but at the expense of a
much higher background.'® Our probe-primer system has the
similar energy transfer mechanism as molecular beacons, it
should give a lower background and its quenching efficiency is
much better than conventional TaqMan probes. Thus, 4 bet-
ter, detective effect can be acquired.

For molecular beacon technology, the mast critical prob-
lem is that the molecular beacon is an intemal probe, which
must compete with the opposite strand of the amplicon for
binding to its complementary target. And only the probe frac-
tion that will successfully compete against the strand comple-
mentary to the target strand in the hybridization reaction, will
emit fluorescence.” Therefore, the detection signal and/or
the sensitivity of detection of a molecular beacon based PCR
assay is expected 10 be restricted. In our method, probe-
primer can work as TagMan probes during PCR amplification,
and fluorescence signal does not mainly come from hybridisa-
tion of the probes, but come from the cleavage of them. So,
competing hybridization is insignificant for this method. On
the other hand, in the opened conformation of molecular bea-
cons, the quencher and fluorophore are in the same oligomi-
cleotide and the quencher remains close enough to partly
quench the fluorophore by a non-collisional (Farster) mecha-
nism. This must place a limitation of the intensity of fluores-
cence. This is also a limitation with Amplifluor and scorpion
primers but not with probe-primers, which are enzymically
cleaved during PCR, thus distantly separating the fluorophore
from the quencher.

A disadvantage of this method is that non-specific PCR
products (e. g. primer dimmers or mispriming events) will
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affect the detection of specific products. In this study, PCR
bot start is used to minimize this eflect. Solinas™ resolved this
problem by adding a PCR stopper into probe-primers between
the probe and primer sequence, better results were obtained
but the cost increased correspondingly.

Conclusion

A new method for the detection of PCR-amplified DNA
was designed, in which two single-labelled oligonucleotides
(a probe-primer and a primer-quencher) were used. Com-
pared with dual-labelled probe detection technology, this
probe-primer method has some advantage, such as lower ex-
pense, ease for design, synthesis and purification, low back-
ground signal and hence good detection effects. The emer-
gence of probe-primers may provide a better nucleic acid
probe that can be used in homogenous assay of PCR-amplified
products in a closed-tube format.
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