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ABSTRACT: Several base-modified duplex-stabilizing deoxyribonucleoside 5′-triphosphates (dNTPs) have
been evaluated as agents for enhancing the hybridization properties of primers and probes in real-time
polymerase chain reaction (PCR). It was shown that pyrimidines substituted at the 5-position with bromine
or iodine atoms and methyl or propynyl groups are incorporated into PCR amplicons by Taq DNA
polymerase as efficiently as natural dNTPs. The dNTP of 2-aminoadenosine was incorporated somewhat
less efficiently than dATP but still supported PCR. Incorporation of these modified nucleotides into the
amplified DNA represents a simple and inexpensive way to stabilize duplexes of primers and probes and
is particularly effective in improving the amplification and detection of A/T-rich sequences. This technology
permits the use of higher PCR annealing temperatures or alternatively a reduction in the length of the
oligonucleotide components. Examples of successful application in TaqMan and Scorpion real-time
detection assays are provided. Limits of the approach are identified and discussed. For example, application
of the 5-bromo and 5-iodo derivatives may be limited to relatively G/C-rich DNA targets and, in particular,
to those lacking long runs of adenylate and/or thymidylate. Simultaneous use of base-modified analogues
of dATP and dTTP should be avoided in PCR due to “overstabilization” of the amplicon.

Structurally modified DNA and RNA have applications
in bioengineering, nanotechnology, molecular biology, and
medicine. Oftentimes, however, chemical synthesis of modi-
fied polynucleotides is difficult and inefficient. Moreover,
certain modifications cannot be chemically introduced due
to instability. Enzymatic synthesis is an alternative way to
prepare DNA or RNA polymers. Relatively minor modifica-
tions at the R-phosphate moiety of deoxyribonucleoside 5′-
triphosphates (dNTPs) are tolerated well by DNA poly-
merases (1). Examples include thio (2) and borano phosphate
(3, 4) derivatives. DNA polymerases also tolerate certain base
modifications in dNTPs as long as normal Watson-Crick
base pairing is preserved. Successful synthesis of base-
modified DNAs by polymerase chain reaction (PCR) has
been reported for 5-substituted pyrimidine analogues (5-9)
and various purine derivatives (5, 10-14). DNA polymerases
are less able to accommodate modification of the sugar
moiety in nucleotides (15). Many such modifications inhibit
viral DNA polymerases, making these compounds interesting
drug candidates for medicinal chemistry studies (16, 17).

Modified nucleotides have been successfully used in
nucleic acid sequencing (2, 4, 18) and amplification (19, 20)
and in the study of interactions of nucleic acids with proteins
(10) and DNA binding drugs (14). Certain nucleotide
modifications have been used to enhance the catalytic
repertoire of nucleic acids (5-8) and to protect polynucle-

otides from exo- and endonucleases (1-4, 10). Deoxyuridine
5′-triphosphate (dUTP) is routinely substituted for thymidine
5′-triphosphate (dTTP) in PCR. DNA containing deoxyuri-
dine is selectively cleaved by uracil glycosylase, and
treatment of samples prior to PCR helps to prevent carryover
from previously amplified samples (21).

In this study, modified dNTPs are used to enhance the
hybridization properties of primers and probes in detection
PCR. Instead of using duplex stabilizing agents like minor
groove binders (22, 23), PNA or LNA linkages (24-26), or
base analogues (27, 28) to improve the binding affinity of
primers and probes, duplex-stabilizing base-modified dNTPs
are used to modify the PCR amplicon. Such nucleotide
analogues increase DNA duplex stability regardless of
whether they are located in the primers and probes or in the
amplified strands. This simple and straightforward strategy
was found to be particularly effective in amplifying and
detecting nucleic acids with elevated A/T content. Limits of
the approach are identified and discussed.

MATERIALS AND METHODS

PCR Components. JumpStart Taq DNA polymerase, an
antibody-inactivated hot start enzyme, and regular dNTPs
were purchased from Sigma-Aldrich. Base-modified dNTPs
(Figure 1) were obtained from TriLink Biotechnologies (San
Diego, CA). Primers and FRET probes (TaqMan and
Scorpion) were prepared by Cepheid (Sunnyvale, CA) using
reagents from Glen Research (Sterling, VA) and as needed
an internally prepared phosphoramidite of 2,6-diaminopurine
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(2-amA). Oligonucleotides (2 µM substocks) were stored
refrigerated in 5 mM sodium cacodylate.

Physical Measurements and Calculations. Oligonucleotide
extinction coefficients were calculated using CalcExt2.8
(Cepheid). Melting temperatures (Tm) of unmodified primers
and probes were calculated using the “nearest-neighbor”
approach (29, 30) for perfect-match duplexes at 200 nM with
adjustment for the PCR buffer used in this study. The effect
of dyes on duplex stability was disregarded in the calculation
of TaqMan probe melting temperatures.

DNA Targets. A 96-mer synthetic oligodeoxynucleotide
containing a portion of the �2-macroglobulin gene (Figure
2, GenBank accession number NM004048) and M13mp18
single-stranded viral DNA [250 µg/mL from New England
Biolabs (Ipswich, MA), GenBank accession number M77815]
were employed as targets for PCR. To prevent adsorption
of target DNA to plastic tubes at subnanomolar concentra-
tions, both targets were diluted in 100 nM (dA)18 conjugated
at the 3′-end with propanediol. Human genomic DNA (10
ng per 25 µL reaction mixture) was amplified prior to
detection of a sequence flanking SNP IVS6+1143 A>T in
the human CYP2E1 gene (NCBI SNP entry rs6413432).

Real-Time PCR. PCR mixtures were conducted in 25 µL
volumes and contained forward and reverse PCR primers
(200 nM each), TaqMan probe (200 nM), dNTPs (200 µM
each), and JumpStart Taq DNA polymerase (Sigma) (0.04
unit/µL) in 50 mM KCl, 2 mM MgCl2, and 20 mM Tris-
HCl (pH 8.0). In this study, one or two base-modified dNTPs
were completely substituted for the corresponding natural
nucleotides. Partial substitutions were not investigated.
Control PCR experiments that included only natural dNTPs
were carried out for comparison. The identity and concentra-
tion of target DNAs are indicated in the figure legends. All
real-time PCR experiments were performed on a SmartCycler
(Cepheid). Background fluorescence was subtracted using
instrument software, and the data (fluorescence vs PCR cycle)
were transferred in Excel format (Microsoft Office) for
further processing. Each real-time curve shown here repre-
sents an average of three to five independent experiments.
The fluorescent curve threshold value (Ct) was determined
as the cycle number at which the log of fluorescence reached
0.5. PCR was performed in two steps with the annealing
and extension stages combined into a single step throughout

the text termed “annealing”. Unless otherwise noted, the
reaction mixtures were incubated at 95 °C for 2 min to
activate the antibody-blocked enzyme followed by 55 PCR
cycles consisting of 10 s at 95 °C for denaturation and 45 s
at a target specific temperature (t °C) for annealing and
extension, i.e., (95 °C, 2 min)f (95 °C, 10 sf t °C, 45 s)55.

RESULTS

Effect of Base-Modified dNTPs on Real-Time Detection
of the �2-Macroglobulin Sequence (60% G/C-rich target).
Certain modifications of nucleic acid bases are known to
stabilize duplexes. For example, it has been well established
that substitution of the C5 position in pyrimidines with small
rigid, hydrophobic moieties such as methyl (31-34),
propynyl (35, 36), or halogen (37-40) improves base
stacking interactions and stabilizes duplexes. These modified
bases, depicted in Figure 1, were used as dNTPs in this study.
The dNTP of 2-aminoadenosine (2-amA) was the only purine
derivative studied. Introduction of an additional amino group
at the C2 heterocyclic atom leads to the formation of three
hydrogen bonds with thymidine, and this strongly stabilizes
duplexes (41-47).

Figure 2 shows the effect of base-modified dNTPs on real-
time detection of the �2-macroglobulin target (panel A). One
(C-F) or two (I) base-modified dNTPs were completely
substituted for the respective natural dNTPs, and experiments
in which the annealing temperature ranged from 65 to 75
°C were performed. A stabilizing effect was observed with
each modified dNTP when compared with real-time PCR
utilizing natural dNTPs (panel B). Analysis of the fluores-
cence curves indicated that the annealing temperature could
be increased by 2-6 °C without loss of signal performance
when base-modified dNTPs were present. The most profound
stabilization effects were observed for d(5-meC)TP (∼2.5
°C, E), d(2-amA)TP (∼3 °C, F), and d(2-amA)TP with d(5-
PrU)TP (∼6 °C, I). Although the degree of PCR stabilization
was a function of the pairing strength of the respective
analogues, it also depended on the base composition of the
primers and probe. Hence, differences in the frequency of a
modified base will alter the stability of short hybrids. The
22-mer TaqMan probe used for detection of �2-macroglo-
bulin contained only one adenine, while the forward and
reverse primers contain six and nine of these nucleotides,
respectively. Therefore, the primers should be highly
stabilized using d(5-BrU)TP or d(5-PrU)TP in PCR,
whereas these same analogues should have little effect
on the hybridization properties of the probe. This explains
the relatively modest system stabilization achieved when
using 5-substituted deoxyuridine dNTP analogues (panels
C and D).

Incorporation of duplex-stabilizing base modifications into
primers and probes positively affects PCR (28), and experi-
ments shown in Figure 2G confirm this. Combining this
approach with the use of d(2-amA)TP in real-time PCR
stabilized the detection system by an extraordinary 8-10
°C (panel H). In particular, this allowed PCR to be conducted
at 73-75 °C, a temperature range in which Taq polymerase
is known to exhibit maximal activity (48, 49).

DNA amplification in the presence of duplex-stabilizing
dNTP analogues leads to incorporation of the modified
nucleotide into both DNA strands, and this may cause

FIGURE 1: Structures of base-modified 2′-deoxynucleoside 5′-
triphosphates used in this study. B denotes the modified bases. X
and Y are 5-substituted halogen (iodine, I, and bromine, Br) and
methyl (me) and propynyl (Pr) in pyrimidines, respectively.
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overstabilization of the PCR product and incomplete separa-
tion of the strands during the denaturation step (9). This effect
was observed as a several-cycle delay in the appearance of
the real-time curve when both d(2-amA)TP and d(5-PrU)TP
were present (Figure 2I) and when d(5-BrC)TP was substi-
tuted for dCTP (data not shown). However, in both cases,
the threshold values were brought back to their normal
position (28-29 cycles) by increasing the denaturation
temperature from 95 to 96-97 °C (Figure 3).

Substrate Properties of Base-Modified dNTPs in PCR.
Modified dNTPs commonly exhibit a reduced level of uptake
by DNA polymerases (10, 14-17). Although certain modi-
fied dNTPs have been successfully used in PCR (5-14, 21),
accurate and comprehensive studies of their effects on rate
and yield of DNA synthesis are rare. Certain base-modified
dNTPs used in PCR require the presence of the correspond-
ing natural dNTP, i.e., fractional dNTP replacement (10,
12, 13). Moreover, in many cases, modified amplicons have
been prepared using special reaction conditions, PCR
additives (5, 12), or abnormal PCR profiles (14). For
example, a 160 bp DNA fragment substituted with 2-ami-
noadenosine was obtained using a reaction profile in which
the annealing temperature was as low as 37 °C (2 min) and
the extension time was as long as 10 min at 72 °C (14).
These conditions would be unacceptable for use in a detection
PCR assay and imply that d(2-amA)TP might be a poor
substrate for Taq polymerase.

Detection time is an important characteristic of all modern
diagnostic assays. Challenging PCR by reducing the detection
time is a way to study the substrate properties of dNTPs.
Figure 4 summarizes experiments in which PCR efficiency

(Ct value) was plotted as a function of annealing time for
natural and base-modified dNTPs. Reducing the annealing
time negatively impacts PCR yield by requiring more cycles
to reach a detectable amplicon concentration (Ct). Plots of
Ct values versus annealing time showed that the majority of
base-modified dNTPs did not alter the efficiency of PCR
when all natural dNTPs were used (Figure 4, white bars).
Only d(2-amA)TP was found to have reduced substrate
properties in PCR as indicated by a high threshold value at
annealing times of <12-16 s. Although the cause is unclear,

FIGURE 2: Real-time PCR detection assays for the �2-macroglobulin sequence using a TaqMan probe. Plots of fluorescence vs cycle number
are shown for different combinations of dNTPs. Scheme A shows the 96-mer oligodeoxyribonucleotide used as a target (104 copies per
reaction), the forward and reverse PCR primers, and the TaqMan probe. The primers and probe used were synthesized with standard bases
or where highlighted contained modified bases. When base-modified oligonucleotides were used, the positions shown in bold were substituted
with 2-aminoadenosine or 5-methylcytosine. FAM is 6-fluorescein, and Q is a Black Hole Quencher (BHQ1) from Biosearch Technologies.
Panel B shows results of a set of experiments in which unmodified primers and TaqMan probe were employed with regular dNTPs. Panels
C-F and I show results of analogous experiments in which one or two natural dNTPs were completely replaced by the indicated base-
modified analogues. Base-modified primers and probes were used in panel G with natural dNTPs. In panel H, base-modified primers and
probe were used with d(2-amA)TP substituted for dATP. As indicated for each real-time curve, the annealing temperature (t) was varied
in the range of 65-75 °C using a PCR profile of (95 °C, 2 min) f (95 °C, 10 s f t °C, 45 s)55.

FIGURE 3: Increase of 1-2 °C in the PCR denaturation temperature
which helps to eliminate two- and five-cycle delays found during
amplification and detection of the �2-macroglobulin target sequence
in the presence of d(2-amA)TP and d(5-PrU)TP (A) and d(5-
BrC)TP (B). The target oligonucleotide, primers, and TaqMan probe
(unmodified) used in these experiments are shown in Figure 2A.
The real-time curves are plotted as log(fluorescence) vs PCR cycles.
As indicated for each real-time curve, the denaturation temperature
(t) was set to 95-97 °C using the PCR profile (95 °C, 2 min) f
(t °C, 10 s f 67 °C, 45 s)55. Fluorescence curve threshold values
(Ct) are shown in parentheses and were determined as the cycle
numbers at which the curves intercepted a value of 0.5 on the
logarithm axis. Typical Ct values for this system design and target
(104 copies per reaction) are 28-29 cycles.
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this base analogue has physical and chemical properties that
are distinct from those of the other analogues studied. For
example, compared to adenosine, addition of the second
electron-donating NH2 group in 2-amA increases electron
density in the ring system, and this, in turn, reduces the
acidity of hydrogen atoms participating in base pairing. The
(2-amA)-T base pair is known to be less stable than the G-C
base pair even though both base pairs have three hydrogen
bonds (41-46). The electron-rich nucleus of 2-amA probably
alters base stacking interactions as well. For example, a
duplex destabilization effect has been reported for certain
nearest bases (50).

Detection of A/T-Rich Sequences. Detection of A/T-rich
sequences (>60%) is difficult due to the reduced pairing
strength of primer and probes. The phage M13mp18 104 bp
fragment shown in Figure 5A represents one of these
sequences with 80% A/T content. Despite the use of a
relatively low annealing temperature (56 °C), PCR did not
give a fluorescent signal when using a 19-mer TaqMan probe
(Figure 5B, natural dNTPs). However, replacement of either
dTTP or dATP with the indicated analogues resulted in real-
time curves with excellent signal change in the range of
300-600 fluorescence units (FU). The signal (600 FU)
obtained using d(5-PrU)TP is probably attributable to the
A/T composition of the probe (with nine adenines and six
thymines). The d(2-amA)TP curve was found to be two
cycles late in threshold value [Ct ) 21 vs 19 for d(5-PrU)TP].
This was not caused by overstabilization of the amplicon
since the PCR curve did not respond to a change in the
denaturation temperature (data not shown). The reduced
substrate properties of d(2-amA)TP (Figure 4) could be a
contributing factor, but the most likely reason is low pairing
strength of the reverse primer (Tm ) 53 °C). Since this primer
contains only two thymidines, it is not appreciably stabilized
by d(2-amA)TP. On the other hand, it contains four G
nucleotides and therefore was effectively stabilized by using
d(5-meC)TP or d(5-PrC)TP in combination with d(2-amA)TP
(Figure 5D). Use of these two dNTP analogues brought the
threshold value back to the reference position (Ct ) 19) yet
improved signal performance. Similar results, i.e., signal

enhancement, were obtained when d(5-PrU)TP was used in
combination with d(5-meC)TP (Figure 5D).

Those researchers who study gene expression are least
likely to experience difficulty in selecting a pair of PCR
primers and an associated probe that function well in PCR.
This is because the gene sequences are usually very long
and provide ample opportunity for a suitable PCR design.
In contrast, the assay designs for the detection of polymorphic
loci are limited by location of the polymorphism of interest.
Ideally, the PCR amplicon should be as short as possible.
This is because PCR yield drops with length of the amplicon,
reducing the overall performance of DNA detection assays.
It becomes very challenging, if not impossible, to achieve a
good detection design when the polymorphism is located in
a region with an A/T content of >65-70%. The CYP2E1
gene belongs to a superfamily of cytochrome P450 genes
that encode proteins participating in drug metabolism.
Detection of polymorphic variations within these genes,
including the A f T SNP shown in Figure 6A, is very
important for pharmacogenomic studies. Although PCR
primers can be made relatively short (18-mers) without loss
of hybridization strength (Tm ) 66 °C), this SNP is very
difficult to detect because it is located in the middle of a
25-base A/T-rich stretch. FRET probes to this region are
extremely unstable, and conventional approaches to stabiliz-
ing the duplex are unlikely to work. For example, the 21-
mer TaqMan probe used in this study contained 18 2-amA
and 5-PrU base modifications to provide a strong duplex
stabilizing effect (27, 28, 35, 36, 41-47). Nonetheless,
inclusion of this heavily modified FRET probe in PCRs did
not result in a strong signal despite the use of a very low
(56 °C) annealing temperature (Figure 6B). However, when
this probe was used together with d(5-PrU)TP, the real-time
signal response was almost tripled. Still better detection was
obtained when d(2-amA)TP was used in place of (5-PrU)TP.

Amplicon OVerstabilization. Amplification of extremely
G/C-rich sequences (>80%) is as problematic as A/T-rich
ones but for the opposite reason. The elevated stability of
the dG-dC base pair commonly leads to overstabilization of
the amplicon, requiring the use of duplex-destabilizing PCR
additives (51, 52) or G/C-destabilizing dNTP analogues (10).
Hybridization properties of primers and probes are usually
not a problem in detecting DNA targets with ∼50-80% G/C
content, and therefore, use of duplex-stabilizing dCTP and
dGTP analogues in these cases has little practical value.
Although d(5-meC)TP was successfully used here in detect-
ing a G/C-rich 89 bp sequence (Figure 2E), others have
reported that overstabilization is a problem for longer
amplicons with a G/C base content of 50-60% (9). Ap-
plication of dCTP derivatives other than d(5-meC)TP may
be even more problematic since the order of base pair
stability is as follows: dC < 5-meC < 5-BrC < 5-IC )
5-PrC (31, 33-35, 37, 39). For example, in this study, PCR
yield was reduced when using d(5-BrC)TP (Figure 3B). On
the other hand, application of duplex-stabilizing analogues
of dCTP and dGTP may be very useful in cases of A/T-rich
targets. dCTP analogues can be effectively used in combina-
tion with dATP and dTTP analogues (Figure 5D) to provide
system stabilization.

For obvious reasons, the main targets of this research were
derivatives of dATP and dTTP. The results clearly show that
such derivatives have an application in real-time PCR.

FIGURE 4: Effect of base-modified dNTPs on PCR efficiency. The
fluorescence curve threshold for detection of the �2-macroglobulin
sequence (104 copies per reaction) was determined as a function
of annealing time for real-time PCR assays conducted in the
presence of modified dNTPs. The primers and TaqMan probe are
shown in Figure 2A. In these experiments, the indicated dNTP
analogues were substituted for the respective natural dNTP in an
otherwise standard reaction mixture (all natural dNTPs, white bars).
The time (T) of the annealing step was reduced from 40 to 6 s
using the PCR profile (95 °C, 2 min) f (95 °C, 10 s f 64 °C, T
s)55. Error bars indicate data ranges of 95% confidence for three to
four independent reactions.
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However, use of dATP and dTTP derivatives at the same
time is limited. Nearest-neighbor thermodynamic parameters
of these modified bases are unknown. Nevertheless, this study
indicates that the d(2-amA)-d(5-PrU) base pair may be more
stable than the dG-dC base pair. This hypothesis would
explain why these modified dNTPs increased the Ct of the
�2-macroglobulin amplicon [with 40% A/T (Figure 2I)] but
abolished real-time detection of the CYP2E1 sequence [with
60% A/T (Figure 6B)] and the M13mp18 fragment [with
80% A/T (Figure 5B)]. While a modest increase in the
denaturation temperature was helpful in resolving this issue
for �2-macroglobulin detection (Figure 3A), this approach
did not work for the two other A/T-rich targets shown in
Figures 5 and 6.

Steric Clash in 5-Halogenated Pyrimidines. The study of
5-substituted dUTP derivatives led to yet another observation
that may limit the applicability of 5-halogenated compounds
in PCR. When the M13mp18 target system was being
detected, stabilization was observed when dTTP was replaced
with d(5-BrU)TP and d(5-IU)TP analogues (Figure 5C), and
the overall signal strength was found to correlate with base
pairing strength [i.e., d(5-BrU)TP < d(5-IU)TP ) d(5-
PrU)TP]. However, unlike the case with d(5-PrU)TP (Figure
5B), fluorescence thresholds for the 5-halogenated deoxy-
uridines (Figure 5C) were delayed, indicating a substantial
reduction in PCR yield. Amplicon overstabilization was
eliminated as a possible explanation on the basis of the
insensitivity of Ct to increased denaturation temperature. The
yield, however, did respond positively to an extension of
the annealing time. For example, extending the annealing

time from 45 s to 55 or 65 s at 58 °C reduced the Ct value
by 2 or 6 cycles, respectively, over what was observed with
d(5-IU)TP in Figure 5C. The same dUTP analogues were
successfully used in detecting the �2-macroglobulin sequence
(Figures 2 and 4), which has a low A/T content and randomly
distributed thymines throughout the sequence. Unlike the �2-
macroglobulin target, the M13mp18 target is very A/T-rich
(80%) and includes several runs of thymine. When taken
together, these results suggest that steric clash occurs when
large halogen atoms are positioned next to each other in a
DNA duplex due to runs of 5-substituted pyrimidine bases.
The increase in Ct values, six cycles for d(5-BrU)TP and 12
cycles for d(5-IU)TP, correlates with the size of the halogen
atoms. DNA extension across the hexa-adenylate run of the
M13mp18 amplicon could be difficult since distortion of the
DNA duplex by halogenated thymines might lead to duplex
bending at this site. This abnormal structure would be
expected to reduce the processivity of DNA synthesis.

DISCUSSION

DNA consists of only two base pairs, A-T and G-C.
Nevertheless, the sequence and orientation of these base pairs
are responsible for the structural and functional diversity of
DNA. Base pair stability is a very important factor in defining
diversity. However, as much as it is important for natural
nucleic acids, the difference in duplex stability between A-T-
rich and G-C-rich sequences poses a serious problem for
detection of weakly pairing A/T-rich sequences (>50-60%)
in real-time PCR assays. Several technologies have been

FIGURE 5: Real-time PCR detection of the M13mp18 sequence (106 copies per reaction) in the presence of base-modified duplex-stabilizing
dNTPs. Scheme A shows the target sequence, the forward and reverse PCR primers, and the 19-mer TaqMan probe. The primers and probe
contained standard bases. FAM is 6-fluorescein, and Q is a Black Hole Quencher (BHQ1) from Biosearch Technologies. One or two dNTP
analogues were completely substituted for the respective natural dNTPs in an otherwise standard reaction using the PCR profile (95 °C, 2
min) f (95 °C, 10 s f 56 °C, 45 s)55.

FIGURE 6: Real-time detection of the CYP2E1 sequence bracketing the A>T SNP IVS6+1143. Scheme A shows the target sequence in
human genomic DNA (10 ng per 25 µL reaction mixture), the forward and reverse PCR primers, and the 21-mer TaqMan pro-
be used in PCR. The probe contained 2-amA and 5-PrU bases at the positions in bold. dNTPs of these same bases were substituted for
dATP and dTTP as indicated in panel B. The PCR profile was (95 °C, 2 min) f (95 °C, 10 s f 56 °C, 45 s)55.
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developed to overcome this problem. The most notable
examples are locked nucleic acids [LNA (24, 25)] and
peptide nucleic acids [PNA (26)], duplex-stabilizing ligands
such as minor groove binders [MGBs (22, 23)], and
intercalators (53, 54) and nucleotide analogues. LNA (55, 56)
and MGBs (57) are usually incorporated into probes since
their use in primers can interfere with the function of DNA
polymerases. Base modification of nucleotides is another
effective way to enhance hybridization properties of primers
and probes by allowing PCR at elevated temperatures (28).
However, application of this strategy has not been reported
since its original disclosure in 1996 (28). Difficulty in
manufacturing and the relatively high cost have deterred the
widespread use of base-modified primers and probes, espe-
cially those that contain 2-amA.

This study investigates an alternative way to enhance the
hybridization properties of probes and primers in detection
PCR by using base-modified duplex-stabilizing dNTP ana-
logues (Figure 1). Several modified dNTPs, including those
of 5-substituted pyrimidines and 2-aminoadenosine, are
readily incorporated by Taq polymerase (Figure 4). Incor-
poration of these nucleotides into PCR products can enhance
their pairing properties and stabilize hybrids formed with
primers and probes in detection PCR (Figures 2, 5, and 6).
This strategy is simple and straightforward but in the absence
of predictive methods (see below) requires empirical opti-
mization of primer and probe design and/or PCR conditions.
Unlike conventional approaches which rely upon the use of
modified primers and probes, significant hybrid stability is
achieved with minimal additional cost since base-modified
dNTPs are relatively inexpensive. This approach should be
compatible with other duplex-stabilizing technologies. For
example, in this study, extraordinary stabilization was
observed when d(2-amA)TP was used in conjunction with

2-amA- and 5-meC-modified primers and probe (Figure 2H).
Note, however, that the findings of this study relate to Taq
DNA polymerase, the enzyme that is most commonly used
in PCR. The response of other DNA polymerases, e.g., Pfu
and Vent, to the base-modified dNTPs studied here may be
different.

All known DNA and RNA detection techniques are based
on the principle of complementarity, where an oligonucle-
otide forms a perfect match duplex with a predetermined
site in a polynucleotide target. Detection of the probe-target
duplex indicates the presence of the sequence in the reaction
mixture. Stability of the hybrid is critical for detection (58),
and its stabilization by the use of duplex-stabilizing dNTPs
in PCR should enhance the performance of Molecular
Beacon (59), Eclipse (23), and 3′ MGB-tailed TaqMan
probes (22). Although many proof-of-principal results in this
study were obtained using “classical” TaqMan probes
(Figures 2, 5, and 6), duplex-stabilizing dNTPs were also
found to be effective with Scorpion primers (60) (see Figure
7). Use of base-modified dNTPs is not limited to PCR and
could be advantageously used in other amplification schemes
performed at elevated temperatures such as nucleic acid
sequence-based amplification (NASBA) (61, 62) and heli-
case-dependent amplification (HDA) (63, 64).

Duplex-stabilizing dNTPs facilitate the detection of se-
quences in real-time PCR, particularly those that are A/T-
rich (Figures 5 and 6). Practical use of this strategy will
require the availability of nearest-neighbor thermodynamic
parameters of the modified base pairs. Programs augmented
with this information would facilitate the design of optimized
PCR assays that take advantage of modified dNTPs to
enhance hybrid stability avoiding amplicon overstabilization
(65). By predicting hybrid stability, such software would
guide the selection of dNTPs analogues to be used with a

FIGURE 7: Scorpion detection assay conducted in the presence of base-modified dNTPs. Structures of a 96-mer oligodeoxyribonucleotide
used as the target (104 copies per reaction mixture) and the PCR forward and reverse Scorpion primers are shown in scheme A. The primers
were made from all natural nucleosides. A beacon-like FRET probe in the Scorpion is conjugated at its 3′-end to the 5′-end of a reverse
PCR primer via an oligoglycol C18 linker (Glen Research). The complementary ends of the probe that participate in hairpin formation are
underlined. FAM is 6-fluorescein, and Q is a Black Hole Quencher (BHQ1) from Biosearch Technologies. Panel B shows results of a set
of control experiments in which all natural dNTPs were used in PCR. Panels C and D show results of experiments that are analogous to
those of panel B but with dATP or dATP and dTTP completely replaced with d(2-amA)TP and d(5-PrU)TP. As indicated for each real-time
curve, the annealing temperature (t) was varied in the range of 65-75 °C using the PCR profile (95 °C, 2 min) f (95 °C, 10 s f t °C,
45 s)55. To avoid overstabilization of the amplicon (Figure 6A), the denaturation temperature in set D was elevated to 97 °C. All diagrams
are shown using the same fluorescence scale. The real-time curves demonstrate that d(2-amA)TP and d(5-PrU)TP stabilized the detection
system and in this respect are similar to the results obtained with classical TaqMan probes (Figures 2, 5, and 6).
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given sequence. The simplicity, low cost, and effectiveness
of this technique indicate a high potential for routine use in
high-throughput genomic studies.
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