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Abstract

A new approach that improves the efficiency and specificity of Polymerase Chain Reaction (PCR)
has been developed. Heat sensitive 3’-protected derivatives of 2’-deoxyribonucleoside 5’-
triphosphates (ANTPs) have been synthesized and used as substitutes for natural dTTP, dCTP, dATP
and dGTP in PCR. Since 3’-protected dNTPs are either non-substrates or terminating substrates for
Tag DNA polymerase they do not support primer extension/elongation at low stringency conditions
during PCR sample preparation when PCR artifacts such as primer dimers and mis-priming products
can form. At initial heat-denaturing step and during PCR sequence the 3’-protecting group is cleaved
releasing 3’-unprotected dNTP that is a natural substrate for DNA polymerase. As a result, the primer
extension/elongation proceeds only at elevated temperature of PCR, when the interaction of primers
and template is highly stringent and specific. Several 3’-protecting groups covering a wide range of
deprotection Kinetics have been tested. The 3’-O-tetrahydrofuranyl derivatives of ANTPs have
demonstrated the best properties leading to a drastically reduced accumulation of PCR artifacts such
as “primer dimers” and “mis-priming” products. Overall, PCR with 3’-THF protected dNTPs
demonstrated substantially improved performance and was more efficient and specific compared to
PCR with standard dNTPs.

During the last two decades the polymerase chain reaction (PCR) became one of the most
powerful techniques in biomedical and biological studies and applications due to its ability to
copy and amplify efficiently and selectively nucleic acid regions of interest in the presence of
large quantities of other nucleic acid sequencesl'4. Although PCR is recognized as a highly
accurate and specific technique, it is not free from artifacts, such as primer dimers and mis-
priming products5’6. These unwanted products are largely formed under low stringency
hybridization conditions that exist prior to PCR during sample preparation at ambient
temperature and during the initial heat-denaturing ramp of the PCR process. Once formed,
these off-target products can compete with amplification of the desired DNA target and
significantly decrease the efficiency of PCR. While undesired products are commonly
encountered in PCR, these non-specificity issues can be garticularly challenging for high-
sensitivity analytical PCR systems required in forensics’+8, detection of blood-borne infectious
agentsgllo, microbial pathogensll, genetic disorders12, and defective or cancerous genesl3.
Non-specific amplification artifacts such as mis-priming products or primer dimers are a big
problem in quantitative real time PCR with SYBR Green detection, because they cause the
background to appear earlier and interfere with quantification of the results.

A common solution for the reduction of unwanted PCR side products is a general approach
collectively referred to as Hot Start PCR. This approach relies on the prevention of primer
extension/elongation until the initial heat denaturing step brings the PCR mixture to a high
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temperature where the stringency of the primer/target hybridization is optimal. At high
temperature specificity is controlled thermodynamically by increased preference for more
stable perfectly matched primer/nucleic acid complexes compared to weaker, partially
matched, primer/primer and primer/nucleic acid complexes.

The original Hot Start PCR approach is performed by a temporary withdrawal of critical
component(s) of the PCR mixture, such as DNA polymerase, primers or ma nesium ion from
the solution thus preventing the primer extension reaction from happenmg 15 The critical
PCR component is added to the tube only after the whole mixture reaches high stringency
conditions during the initial heat denaturing step. Hot Start PCR activation can be also achieved
by placing a temeporary physical barrier, such as a wax or sequester, between critical PCR
components ' The barrier melts or dissolves at high temperature of the PCR cycling
allowing the critical components to mix with the rest of the solution resulting in improved PCR
performance. However, these technical solutions are laborious and prone to mechanical errors
especially for high throughput applications.

An advanced Hot Start PCR approach includes modified DNA polymerases that are made
inactive at room temperature when a PCR mixture is typically prepared. A suppression of
enzymatic activity of DNA polymerase is achleved either by temporary chemical modification
of some critical aminoacid of the polymerase20 , by creatln% mutant enzyme22, or through
a tight complex of DNA polymerase with a specmc antlbody , proteln or oligonucleotide
aptamer25 26 that prevents normal function of the enzyme. During the initial heat denaturing
step, the enzyme is released from chemical or physical suppressors resulting in a functionally
active enzyme molecule. The use of Hot Start DNA polymerases capable of thermal activation
leads to vastly improved PCR performance, while substantially reduccing the labor and
probability of technical mistakes. However, there are known thermostable DNA polymerases
that are not available as Hot Start version. Conversion of DNA polymerase into a Hot Start
form is a costly and lengthy development project.

Finally, there is an approach that relies on modified primers. These primers possess either
unique structural feature or chemical modification that make them non-extendable or poorly
extendable by DNA polymerase at low temperature27'37. Atthe elevated temperature of PCR,
however, the primers loose structural constrains or convert to unmodified primers either
chemically or enzymatically. Since unmodified primers become active and extendable after
the initial denaturing step (Hot Start), they support PCR amplification. The effectiveness of
modified primers in preventing of accumulation of PCR artifacts and their influence on PCR
performance is dependent on either the efficiency of the structural constraint or chemical
modification that suppresses the primer extension at low stringency conditions, and then, after
Hot Start, the ability of primers to fully recover the extension properties. Precise effect of
structural or chemical modification of the primer on PCR is hard to predict without performing
experiments. Also, the modification, structural or chemical, has to be incorporated into each
individual primer thus making this approach less attractive for applications where multiple
modified primers are required.

Here we describe a novel and general solution to Hot Start PCR that is free of the shortcomings
of other Hot Start approaches. The key element of the approach is substitution of natural 2’-
deoxyribonucleoside 5’-triphosphates (ANTPs) in a PCR mixture with dNTP derivatives
containing a thermolabile 3’-protecting group. In this work we describe several types of 3’-
protected dNTPs and proof-of-principal experiments demonstrating that use of these
compounds reduces the formation and accumulation of the off-target artifacts that interfere
with the efficiency and specificity of PCR and leads to a substantial improvement in PCR
performance. Preliminar 3/ results on the synthesis and use of 3’-protected dNTPs in PCR have
been published recently AIthough modified dNTPs were used to improve PCRA0-43,
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they were never previously proposed as a tool for Hot Start PCR applications. The report
provides initial PCR results that should be of general interest to users of PCR, and serve as a
prelude for our continued investigations aimed at demonstrating utility of 3’-protected dNTPs
in heat-triggered PCR applications.

EXPERIMENTAL SECTION

Chemical and biochemicals

The chemicals used in this study were commercially obtained through Acros, Fisher Scientific,
Sigma-Aldrich, or ChemGenes. Primers were obtained through TriLink BioTechnologies, Inc.
Synthesis of 3’-protected 2’-deoxynucleoside 5’-triphosphates is described in Supporting
Information section. Bacteriophage lambda genomic DNA was purchased from Roche Applied
Science, HIV-1 recombinant genomic DNA was a component of the Gene Amplimer kit
purchased from Applied Biosystems, and Human genomic DNA was purchased from Promega.
Tag DNA polymerase (recombinant), 10 x PCR buffer and 50 mM MgCl, were purchased
from Invitrogen. The set of standard dNTP was purchased from New England Biolabs.

Analytical Instruments

HPLC was accomplished on a Beckman System Gold Nouveau Model 126 with Model 168
photodiode array detector. NMR spectra were recorded on Bruker Model AX 500 spectrometer
(NuMega, San Diego, CA, USA). Electrospray mass spectrometry analyses were recorded on
Finnigan MAT LCQ mass spectrometer.

Study of kinetics of conversion of 3’-protected derivatives of dTTP to 3’-unprotected dTTP
in PCR buffer (Figures 1, 2; Table)

For kinetics studied at 95°C the aliquots of 0.2 mM solution of 3’-protected dTTP in 50 uL of
1 x PCR buffer (50 mM KCI, 2.5 mM MgCl,, 10 mM Tris-HCI, pH 8.4 at 25 °C) were placed
in thin-walled 200 pL PCR tubes. One control tube was placed at —20°C immediately while
other tubes were placed in a PCR thermal cycler running at 95°C. At a specified time, the tube
was removed from thermal cycler and placed at —20°C. Each sample was analyzed by reverse
phase HPLC on DeltaPak Cqg analytical column (3.9 x 300 mm) using a gradient of acetonitrile
in 100 mM TEAA, pH 7.2 over 40 min, 1 mL/min. On the resultant chromatogram, the HPLC
peaks were integrated at 266 nm, half-reaction times were estimated from kinetic curves (see,
Supporting information section) and presented in Table (estimated accuracy + 10%). Similar
approach was used to evaluate a stability of 3’-THF dTTP at room temperature and 50°C
(Figure 1).

For kinetics studied in PCR conditions the experiment was performed as described above for
95°C experiment with the exception that the samples were incubated in PCR thermal cycler
running the following PCR sequence: 95°C for 5 min (initial denaturation step), followed by
40 PCR cycles at 95°C for 40 sec, 56°C for 30 sec, 72°C for 120 sec. The tubes were removed
after initial denaturation step before cycle 1, and after cycles 10, 20, 30, and 40. Samples were
analyzed as described above and calculated concentrations of dTTP are presented in Table.

Endpoint PCR experiments with 3'-THF derivatives

PCR protocol used for experiments described in Figures 3 and 4 was set up by combining
following components in a single, thin walled 200 pL tube. All reactions contained 1X PCR
buffer (50 mM KClI, 2.5 mM MgCl,, 10 mM Tris-HCI, pH 8.4 at 25°C), 0.2 mM dNTPs and
0.5 U Taq DNA Polymerase in a 50 pL reaction volume covered by a drop of mineral oil
(optional). HIV-1 reactions included 0.5 uM forward d(5'-
GAATTGGGTGTCAACATAGCAGAAT-3') and reverse d(5'-
AATACTATGGTCCACACAACTATTGCT-3') primersand 10 copies of HIV-1 recombinant
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DNA (as standardized from the Gene Amplimer kit), with 50 ng of human genomic DNA as
a carrier. Reactions that amplified a 1.9 kbp region of the Lambda phage DNA included 0.5
uM each forward d(5'-AAGGAGCTGGCTGACATTTTCG-3') and reverse d(5'-
CGGGATATCGACATTTCTGCACC-3') primers, 10000 copies of Lambda DNA and 50 ng
of Human genomic DNA as a competing foreign DNA. The dNTP mixtures employed for these
studies were either a mixture of four standard dNTPs, or a mixture where dTTP was substituted
with a 3’-protected dTTP derivative. The enzyme was the last component added to each PCR
tube just before placing the tube in the PCR instrument.

The endpoint PCR protocol for the experiment shown in Figure 5 was set up as follows. A
stock solution in 1 X PCR buffer that contained both forward and reverse HIV-1 primers, HIV-1
recombinant DNA with human genomic DNA as a carrier and Taq DNA Polymerase was
prepared. After ~5 min incubation at room temperature the 45 pL aliquot from the stock solution
was added to a thin walled 200 pL tube containing 5uL of dNTP/3’-THF dNTP mixture in 1
X PCR buffer. Before to be placed into the PCR instrument, the reaction tubes were additionally
incubated at room temperature for ~5 min. The final reaction mixture contained both primers
at1uM, dNTP or 3°-THF dNTP at 200 uM each, 10 copies of HIV-1 template, 50 ng of human
genomic DNA and 1.25 U of Tag DNA polymerase. The dNTP mixtures employed for these
studies were either a mixture of four standard dNTPs, or a mixture of 3’-protected and standard
dNTPs where one, two, three or all four dNTPs were 3’-THF dNTPs.

All PCR experiments were performed on a Perkin Elmer GeneAmp® 2400 thermal cycler
(ramping rate ~ 1°C/sec) and were repeated at least four times. The thermal cycling conditions
were 95°C for 5 min initial denaturation step, followed by 40 PCR cycles at 95°C for 40 sec,
56°C for 30 sec, 72°C for 120 sec, and final extension at 72°C for 7 min. An aliquot of 20 pL
of each PCR sample was loaded on 2% or 4% agarose E-gel cartridge (Invitrogen) and run for
25 min according to the manufacturer’s suggested protocol. An image of the gel was acquired
using UV transillumination with an Alpha Innotech Corporation Multi Image Light Cabinet
with CCD Camera and quantified using AlphaEaseFC™ software. Accuracy of integration
was estimated as + 20%.

RESULTS AND DISCUSSION
3'-protected dNTPs

We prepared derivatives of four natural dNTPs that contained a thermally labile 3’-protecting
group and tested these compounds as substitutes for natural ANTPs in PCR. The choice of an
adequate 3’-protecting group for ANTPs was a challenge due to the complexity of the PCR
system and variability of parameters that potentially can influence the outcome of the
amplification reaction. The ideal 3’-protecting group should be stable in a PCR buffer at
ambient temperature during preparation and manipulation of the PCR sample, but labile at high
temperatures (56-95 °C) required for the PCR process (Scheme). The 3’-protected dNTPs are
either non-substrates or terminating substrates for thermostable DNA polymerases, such as
Thermus aquaticus gTag) DNA polymerase. Regardless of the mechanism of action of 3’-
protected dNTPs38:39:44 fyrther primer extension and/or elongation is halted at ambient
temperature where the primer-template hybridization is not stringent. The PCR amplification
can start only after heat-triggered activation when the 3’-protecting group is removed to
produce a corresponding unprotected dNTP with a free 3’-hydroxyl group that is the normal
substrate for Taq DNA polymerase. At high temperatures of PCR the conditions for specificity
of primer-template hybridization are optimal, therefore the level of undesired products such as
primer-dimers and/or mis-priming products is substantially reduced.

We chose to test several 3’-protecting groups that differed significantly in deprotection
properties45. For initial testing we prepared 3’-protected ether and ester derivatives of 2’-
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deoxythymidine: 3’-O-tetrahydropyranyl (3’-THP), 3’-O-(4-methoxy)tetrahydropyranyl (3’-
MTHP), 3’-O-tetrahydrofuranyl (3’-THF), 3’-O-acetyl (3’-Ac), 3’-O-methoxyacetyl (3’-Mac)
and 3’-O-phenoxyacetyl (3’-Pac) (Scheme). When we determined later that the 3’-O-
tetrahydrofuranyl group showed the best PCR properties we also synthesized 3’-O-
tetrahydrofuranyl derivatives of 2’-deoxyadenosine, 2’-deoxycytidine and 2’-deoxyguanosine.
The 5’-triphosphorylation of all 3’-protected 2’-deoxynucleoside derivatives was
accomplished by the procedure described by Ludwig and Eckstein6. The 3’-protected dNTPs
were isolated in 25-40% average yield after consecutive anion-exchange and reverse phase
chromatography purification and conversion to a sodium salt form. For details of syntheses
see Supporting Information section.

The long-term storage stability of 3’-THF, 3’-MTHP and 3’-THP dNTPs in frozen water buffer
was evaluated. According to our preliminary results all compounds can be stored as frozen
solutions in water at —20°C for at least one year without a noticeable decrease of their
performance in PCR. In addition, all acid sensitive 3’-ether derivatives were stable at 4°C in
aqueous solution at pH >8.0 for at least three months, while the base sensitive 3’-Pac and 3’-
Mac ester derivatives were unstable if kept at pH>6.0.

Studies on the thermal conversion of 3'-protected dTTP derivatives to dTTP

The rate of cleavage of a 3’-protecting group and formation of unprotected dTTP was
determined for all synthesized 3’-derivatives of dTTP at 95°C in PCR buffer (Table, Figure
S-1). The time points were analyzed by reverse-phase or anion-exchange HPLC that allowed
separation of dTTP with or without a 3’-protecting group. It also resolved two diastereomeric
forms of 3’-THP and 3’-THF derivatives (Figure 1). The cleavage rate of 3’-protecting groups
was found to fall in the following order: THP~Ac >MTHP~THF>Mac~Pac. At 95°C in PCR
buffer (pH 8.4 at 25°C) the loss of 3’- ester protecting group from least stable 3’-Pac and 3’-
Mac dTTP derivatives was fast (t1/, ~ 6-8 min) and was anticipated to be complete before the
end of a typical PCR experiment. On the other hand, the most stable 3’-protecting groups such
as 3’-Ac and 3’-THP (t1/» ~ 3-4 hrs) were expected to mainly survive during PCR process and
therefore would provide a limited level of unprotected dNTPs available for target amplification.
The 3’-THF and 3’-MTHP protecting groups with intermediate deprotecting rates (ty» ~ 1.5
hrs) were considered as most suitable for PCR application.

Since common PCR buffers contain Tris-HCI, it brings an important issue of dependence of
pH of the PCR buffer on its temperature47. This property may lead to a positive or negative
effect on the overall rate of conversion of 3’-protected dNTP to the unprotected dNTP during
PCR. The 3’-ether derivatives (THP, MTHP and THF) are stable in PCR buffer (pH~8) when
the samples are prepared at room temperature. When a PCR process starts and temperature
rises to 95°C, the pH of the Tris-HCI buffered solution drops bg/ approximately two units to
pH~6 where the stability of a 3’-ether function is much lower®. It should result in pH-driven
~100-fold acceleration of 3’-deprotection rate. In addition, a temperature-driven (going from
~20°C to 95°C) acceleration of the reaction rate adds another ~1000-fold to the kinetics of 3’-
deprotection. In our estimation, the combined temperature-and-pH effect results in ~10° and
~5x102 faster deprotection kinetics at 95°C compared to the rate of cleavage of 3’-ether group
at 20°C and 50°C, respectively (Figure 1). In comparison, two opposite effects determine the
overall change of 3’-deprotection rate of base-labile 3’-ester derivatives at elevated
temperature. While the temperature-driven (from 20°C to 95°C) rate acceleration should
increase the kinetics of 3’-deprotection by ~1000-fold, the pH-driven stabilization of the 3’-
ester protecting group due to a less basic conditions (from pH ~8 at 20°C to pH~6 at 95°C)
should slow this kinetics down by ~100-fold. The combined effect gives ~10-fold overall rate
acceleration. In this context 3’-ether protecting groups are preferable for Tris-HCI containing
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PCR buffers because they stabilize 3’-protected dNTPs at low temperatures during sample
preparation but enhance the 3’-deprotection kinetics at high temperatures of PCR.

Thermal conversion of the 5’-triphosphate chain of dNTP to 5’-diphosphate one is a major
reaction that is characteristic for all natural dNTPs, especially below pH 8.0 48 our separate
experiments showed that at standard PCR conditions the 3’-THF group does not have any effect
on the rate of conversion of 5’-triphosphate group to 5’-diphosphate group (Figure 2A and 2B).
Due to continued conversion of 3’-THF dTTP to 3’-THF dTDP the effective concentration of
dTTP generated from 3’-THF dTTP is leveled-off at ~ 30% after 40 min of incubation at 95°
C (Figure 2A). Thermal conversion of a 5’-triphosphate group to a 5’-diphosphate group in
PCR buffer was observed for all of the above 3’ derivatives of dTTP tested. Formation of a
small amount of 2’-deoxythymidine 5’-mono- and 5’-tetraphosphate was also detected.

In another set of experiments the rate of accumulation of dTTP from 3’-protected dTTP was
determined during a typical PCR cycle sequence. The data points were collected after initial
denaturation step before the first PCR cycle and after 10, 20, 30 and 40 PCR cycles. During
the initial 5 min denaturation step, prior to PCR cycle 1, and after 10, 20, 30 and 40 cycles a
variable amount of dTTP was generated depending on the nature of 3’-protecting group.
Estimated concentration of dTTP was ranging from few uM to more that 100 uM. The 3’-Pac
and 3’-Mac derivatives generate highest level of dTTP after first 10 cycles. After reaching the
maximum the level of dTTP decreases due to continues conversion of dTTP to dTDP. More
stable 3’-Ac, 3’-THP, 3’-MTHP and 3’-THF derivatives generate lower level of dTTP with a
maximum concentration at cycle 40. Although the absolute rates of accumulation of dTTP in
PCR cycling experiment are specific to PCR temperature/time profile, PCR buffer and to
technical parameters of the PCR instrument, they correlate qualitatively with the rates
determined at 95°C for isothermal conditions (Table).

PCR experiments with 3’-protected dTTPs and end-point detection in model HIV-1 and
Lambda DNA systems

Five 3’-protected derivatives of dTTP were evaluated as substitutes for dTTP in the PCR
amplification of a 365-bp HIV-1 recombinant DNA and ~1.9-kbp Lambda DNA targets in the
presence of Human Genomic DNA (HG DNA) as a competing foreign DNA (Figure 3 and 4).
With standard dNTPs the HIV-1 system is specifically prone to accumulation of primer dimers
6. In the model Lambda DNA (+HG DNA) system with standard dNTPs, several bands of
relatively long mis-priming amplification products can be seen on the gel. Although the nature
of these mis-priming products was not investigated, apparently they originated from added HG
DNA (Figure 4, lane 8).

The results of PCR experiments with 3’-protected dTTP and HIV-1 DNA template showed a
strong suppression of primer dimers, especially for the 3’-MTHP and 3’-THF derivatives
(Figure 3). Interestingly, despite the fact that 3’-Ac dTTP and 3’-THP dTTP were shown to be
relatively stable in PCR buffer (Figure 1), the limited amount of 3’-OH dTTP generated by
heat activation during PCR was sufficient to support the amplification of a relatively short 365-
bp HIV-1 target with moderate efficiency. In Lambda DNA system the use of 3’-MTHP, 3’-
THF and 3’-Pac derivatives of dTTP as substitutes for standard dTTP led to an efficient
accumulation of 1887-bp amplicon and substantial decrease of the mis-priming products. The
3’-Ac dTTP and 3’-THP dTTP derivatives appeared to be inefficient in amplification of the
1887-bp fragment (Figure. 4).

The optimal rate of conversion of 3’-protected dNTPs to unprotected dNTPs in PCR buffer at
high temperature is a key requirement for successful PCR amplification. The 2’-

deoxythymidine derivatives with 3’-protecting groups such as 3’-Pac and 3’-Mac, that are not
stable in PCR buffer, are not easy to handle and can only be used with considerable care. They
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start to convert to unprotected dTTP in PCR buffer even before the PCR cycling begins thus
reducing the positive effect. To avoid the unwanted cleavage of 3’-protecting group, PCR
mixtures were prepared on ice and the 3’-Pac dTTP was added at the last moment. After brief
mixing the tubes were placed immediately in the pre-heated PCR instrument. This procedure
ensured an optimal performance of 3’-Pac dTTP derivative in PCR (Figure 3 and 4). However,
the use of 3’-Pac and 3’-Mac ester derivatives of dNTPs in PCR applications appeared to be
impractical especially in experiments where multiple samples have to be prepared.

A different problem is associated with 3’-derivatives of dTTP that are very stable (3’-Ac and
3’-THP). Since the rate of conversion of 3’-Ac and 3’-THP derivatives to 3’-OH dTTP is slow
it was anticipated that they would not efficiently support PCR amplification especially at the
later PCR cycles with a high demand for unprotected dTTP. To our surprise, both of the above
mentioned 3’-derivatives of dTTP supported amplification of a relatively short 365-bp HIV-1
target with efficiency and specificity comparable to that for a standard dTTP (Figure 4). A
different result was seen for a longer ~1.9-kbp Lambda DNA target (Figure 5). Under
conditions used in our standard PCR experiment both 3’-Ac and 3’-THP derivatives of dTTP
failed to support amplification of this longer target. Presumably there was either insufficient
number of unprotected dTTP molecules generated during PCR and/or the rate of enzymatic
polymerization became a limiting factor due to a low concentration of the unprotected dTTP
available for incorporation. In either case the expected end result would be an incomplete
elongation/extension of the primer leading to an accumulation of aborted amplicons incapable
to efficiently support the amplification process.

The 3’-THF and 3’-MTHP derivatives of dNTPs with intermediate rates of thermal conversion
to unprotected dNTPs generated sufficient amount of dNTPs to efficiently support PCR
amplification of short and long targets and were sufficiently stable during preparation of the
PCR mixtures thus preventing a premature loss of the 3’-protecting group. Overall, when 3’-
THF and 3’-MTHP derivatives of dTTPs were used as substitutes for standard dTTP in both
the HIV-1 and Lambda DNA systems examined, a robust accumulation of desired amplicons
was observed together with a strong suppression of undesired off-target products (Figures 3
and 4).

The above experiments have demonstrated that substitution of only one 3’-THF dTTP, 3’-
MTHP dTTP or 3’-Pac dTTP for a standard dTTP significantly reduced the level of off-target
products in both HIV-1 and Lambda DNA systems. The UV-integration of the agarose gel
images revealed a higher ratio of amplicon to off-target products in lanes where these 3’-
protected dTTP derivatives were used as compared to the lane with control dTTP (Figure 3
and 4). The yield of desired target amplification product correlated qualitatively with the rate
of conversion of the 3’-protected dTTP derivatives to unprotected dTTP in the PCR buffer at
95°C.

PCR experiments with 3'-THF dNTPs in HIV-1 system

Based on the results obtained for 3’-protected dTTP derivatives we have chosen the 3’-THF
protecting group as a leading modification for further investigation. Although the 3’-Pac
derivative of dTTP was also efficient in PCR experiments, we did not pursue this modification
for dATP, dCTP and dGTP due to it’s stability issues (see above).

To further evaluate a benefit of 3’-THF dNTP derivatives in PCR the conditions of PCR mixture
preparation were set up to increase a potential of formation of primer dimers. The PCR stock
mixture containing all components except dNTPs/3’-THF dNTPs was prepared and kept for
at least 5 min at room temperature to promote a complex formation between forward and
reverse primers and Taq DNA polymerase. The hypothesis is that the pre-formed
oligonucleotide-enzyme complexes are ready to immediately incorporate standard

Anal Chem. Author manuscript; available in PMC 2010 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koukhareva and Lebedev Page 8

(unprotected) dNTPs into primers and form primer dimers as soon as all components are mixed
together in PCR tube.

We investigated PCR performance in the HIV-1 system with one, two, three and four
substitutions 3’-THF dNTP for dNTP (Figure 5). When stock solution of primers, template
and enzyme was added to a mixture of standard dNTPs (lane 4, control 2) a strong band of
primer dimer was detected on the gel with only traces of 365-bp amplicon. In comparison,
when using standard dNTP mixture in a typical set up protocol (enzyme was added last to the
tube) both bands of amplicon and primer dimer were detected (lane 3, control 1). When one
3’-THF dNTP was substituted for respective dNTP in PCR mixture a substantial improvement
in amplification of 365-bp amplicon was evident with 3’-THF dATP and 3’-THF dTTP
derivatives showing the best performance. The effect of combined action of two, three or four
3’-THF derivatives was much stronger resulting in drastic reduction of primer dimers and
improved performance and specificity of PCR (lanes 10-20). At this time we cannot explain
apparent and reproducible differences in the efficiency of suppression of primer dimers
observed for 3’-THF derivatives of dCTP, dTTP, dATP, dGTP and their combinations. The
differences may be a consequence of specific nucleotide sequences of the template and/or
primers at their 3’-terminal area and/or the nature of the first ANTP required for primer
extension. On the other hand the observed variation may be a reflection of sub-optimal
experimental conditions (such as choice of heat activation time, PCR cycle parameters, buffer
composition and pH). Although there were variations in average amplicon and primer dimer
yields from experiment to experiment, the general trend for improved PCR performance with
multiple 3’-THF substitutions was clear and reproducible in each individual experiment. For
each PCR mixture containing three or four 3’-THF dNTPs a nearly complete elimination of
primer dimer was observed even for set up conditions promoting formation of primer dimers.
Further work on the optimization of PCR cycling parameters and/or further purification of 3’-
THF-dNTPs may lead to further improvement of PCR performance. Enzymatic “mop-up” may
help to remove traces of dNTP contamination in 3’-THF dNTP49,

During the typical initial heat-denaturing step (2-10 min at 95°C) of the PCR experiment only
a fraction of molecules of 3’-derivative of INTP is converted to 3’-unprotected dNTP. For our
leading 3’-THF dNTP derivatives we estimate that a 5 min heat activation step at 95°C
generates approximately 1.6 x 1018 molecules of 3’-unprotected dNTP. This amount would
be sufficient to support an amplification of a 1000-bp long DNA fragment for at least 30-35
PCR cycles. An additional amount of 3’-unprotected dNTPs is generated during the following
PCR cycles. Our estimates indicate that at any PCR cycle the mixture contains at least
10%-1012 fold excess of unmodified dTTPs over amplified material through the cycle 35 and
probably beyond that cycle (see, Supporting Information section). Even when slow
deprotecting 3’-THP and 3’-Ac derivatives of dTTP are used, the 3’-deprotection rate appeared
to be adequate to generate enough dTTP molecules to support detectable amplification of short
target (365-bp) in HIV-1 system at conditions used.

The enzymatic kinetics could be another limiting factor when 3’-protected dNTPs are used in
PCR. The lower limit of working concentration of unprotected dNTPs that can support current
PCR temperature/time profile was not estimated in this work. Robust accumulation of
amplicon, especially long ones, may fail when the concentration of unprotected dNTPs
becomes a limiting factor as evident in the case of 3’-Ac and 3’-THP dTTP derivatives and
1.9 kbp Lambda DNA amplicon (Figure 4).

The overall PCR time/temperature profile used in this work is well suited for the evaluation of
PCR properties of 3’-protected dNTPs. For comparison purposes we have chosen an initial

denaturing time of 5 min and a relatively long denaturing time of 40 sec at 95°C in each cycle
which are typical for Hot Start PCR applications with Hot Start DNA polymerases or modified

Anal Chem. Author manuscript; available in PMC 2010 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Koukhareva and Lebedev Page 9

primers 20,26-28,35 The annealing temperatures for HIVV-1 and Lambda DNA primers were
not optimized but were selected ~6-8°C below their predicted optimal annealing temperature
to increase a possibility of formation of partially mismatched complexes. It allowed for
evaluation and comparison of the performance of 3’-protected dNTPs and natural dNTPs at
suboptimal PCR conditions. Although PCR cycling parameters used in this work may not be
applicable for every PCR experiment that employs standard primers, enzymes and dNTPs, our
preliminary studies indicate that substitution of 3’-THF dNTPs for natural dNTPs does not
require modification or adjustment of any PCR temperature/time profile except a 2-5 min
increase of initial denaturing time at 95°C. However, the 3’-THF dNTPs may be not an optimal
choice in rapid cycling protocols where denaturing time of the cycle is less than 10 sec due to
a relatively slow deprotecting kinetics.

Inhibitory properties of 3'-protected dNTPs

We did not investigate specifically if the 3’-protected dNTPs or the products of their
degradation, such as 3’-protected and deprotected 2’-deoxynucleoside mono-, di- and
tetraphosphates, have any substantial inhibitory effect on PCR amplification. However, at least
in the case of 3’-THF dNTP derivatives the accumulation of above nucleotide by-products in
the PCR mixture apparently does not compromise the overall performance of PCR. In addition,
degradation products generated from the cleaved of 3’-THF group do not seem to have an
adverse effect on PCR performance indicating the absence of any critical modification by these
products of DNA polymerase and/or primer, or template, or amplicons, or dNTPs. Overall,
while the absence of inhibition has not been proved directly, it is clear that efficient target
amplification could not happen if substantial inhibitors of Tag DNA polymerase were present
in PCR mixture.

CONCLUSIONS

A novel, general and efficient approach to Hot Start PCR was developed. It was demonstrated
for two model systems that 3’-THF derivatives of dNTPs fully support PCR amplification and
provide a substantial reduction in accumulation of primer dimers and/or mis-priming products.
Although there were some variations observed in the effectiveness of different combinations
of 3’-THF dNTPs, the overall tendency was that efficiency of target accumulation and
suppression the primer dimers correlated with increased number of 3°-THF dNTPs used in the
PCR. Further evaluation of performance of various 3’-protected dNTPs in PCR applications
such as quantitative PCR, fast cycling real time PCR, reverse-transcription PCR, multiplex
PCR with end-point and real time detection is in progress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure. 1.
Anion exchange HPLC analyses of the 3’-THF dTTP after incubation in PCR buffer at different
temperatures. Peak identification: (1) 3’-THF dTDP; (2) dTDP; (3) 3’-THF dTTP; (4) dTTP.
Samples were analyzed by AX-HPLC on Dionex DNA Pac P-100 analytical column (4 x 250
mm) using a gradient of 1M LiCl in 25 mM Tris-base, pH 10.0 from 0 to 50% over 40 min, 1
mL/min.
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Figure 2.

(A) Kinetic curves of conversion of 3’-THF dTTP in PCR buffer at 95°C: 3’-THF dTTP (m),
dTDP (e),dTTP (o), 3’-THF dTDP (o). (B) Superimposed kinetic curves of conversion of 5’-
triphosphate group to 5’-diphosphate group for 3’-THF dTTP and dTTP in PCR buffer at 95°
C. For 3’-THF dTTP: sum of 3’-THF dTTP and dTTP (m), sum of 3’-THF dTDP and dTDP
(); for dTTP: dTTP(0), dTDP (e).
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Page 14

The 4% agarose gel analyses of PCR amplification of HIV-1 DNA template at 10 copies. Each
lane contained dATP+dCTP+dGTP (200 uM each). To each reaction 3’-protected dTTP was
added at 200 uM final concentration. Lanes 1 and 8: dTTP; lane 2: control (no dTTP or 3’-
protected dTTP); lanes 3 and 9: 3’-Ac dTTP; lane 4: 3’-THP dTTP; lanes 5 and 10: 3’-MTHP
dTTP; lanes 6 and 11: 3’-THF dTTP; lanes 7 and 12: 3’-Pac dTTP. Lanes 1-7: with HIV-1
DNA + HG DNA; lanes 8 -12: HG DNA only. At bottom: ratio of amplicon to primer dimers

estimated by integration of UV-bands.
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Figure 4.

2% agarose gel analysis of PCR mixtures with Lambda phage DNA at 10,000 copies. Each
lane contained dATP+dCTP+dGTP (200 uM each). To each reaction 3’-protected dTTP was
added at 200 uM final concentration. Lane 1: control (no dTTP or 3’-protected dTTP); lane 2:
3’-Ac dTTP; lane 3: 3’-THP dTTP; lane 4: 3’-MTHP dTTP; lane 5: 3’-THF dTTP; lane 6: 3’-
Pac dTTP; lanes 7 and 8: dTTP. Lanes 1-7: with Lambda DNA + HG DNA; lane 8: HG DNA
only. At bottom: ratio of amplicon to off-target products estimated by integration of UV-bands.
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Figure 5.

The 4% agarose gel analyses of PCR amplification of HIVV-1 DNA 365 bp target at 10 copies.
Each mixture contains standard dNTPs and/or 3’-THF dNTPs, 200 uM each. A, C, T, G and
A, C, T, G stand for dATP, dCTP, dTTP, dGTP, and 3’-THF dATP, 3’-THF dCTP, 3’-THF
dTTP, 3’-THF dGTP, respectively. Lane 1: 50 bp DNA ladder; lanes 2 and 5: empty; lane 3:
standard ATCG (control 1, enzyme added as the last component); lane 4: standard ATCG
(control 2, INTP mixture was added as the last component); lane 6: ATC + G; lane 7: AGT +
C; lane 8: GCT + A; lane 9: ACG + T; lane 10: AT + GC; lane 11: CT + GA; lane 12: GT +
AC; lane 13: AC + TG; lane 14: AG + TC; lane 15: GC + AT; lane 16: T + GCA; lane 17: G
+ TCA; lane 18: C + GTA; lane 19: A + GCT; lane 20: TACG.
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Scheme.
Proposed heat-triggered conversion of 3’-protected dNTP to 3’-OH dNTP in PCR buffer and

examined 3’-protecting groups.
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