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DNA polymerases without the 3’ exonuclease function
(exo− pol) have been widely used in sequencing and SNP
genotyping. As a major player that expedited the coming
of the postgenomic era, exo− polymerases worked
remarkably well in the Human Genome Sequencing
Project. However, it has become a challenge for this class of
polymerases to efficiently screen the large number of SNPs
that are found in the human genome. For more than three
decades it has been recognized that polymerase fidelity
varied according to the presence of proofreading activity
that is mediated by its internal 3’ exonuclease. Polymerases
with proofreading function are famous for their high
fidelity in DNA replication both in vivo and in vitro, but this
well-known class of polymerases has been almost
completely neglected in genetic analysis in the postgenomic
era. We speculate that exo+ polymerases may exhibit
higher nucleotide identification ability when compared to
exo- polymerases for an in vitro genetic analysis. With the
application of exo+ polymerases in SNP assays, a novel
mechanism for the maintenance of DNA replication, the
on/off switch, was discovered. Two new SNP assays have
been developed to carry out genome-wide genotyping,
taking advantage of the enzymatic properties of exo+

polymerases. Furthermore, the on/off switch mechanism
embodies a powerful nucleotide identification ability,
which can be used to discriminate the bases that are
upstream of the 3’ terminus, and thus defines a new
concept in de novo sequencing technology. Application of
exo+ polymerases to genetic analysis, and especially SNP
assays, will greatly accelerate the pace to personalized
medicine.
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Introduction

The completion of the Human Genome Sequencing Project
revealed that single nucleotide polymorphisms are the most
common form of genetic variation. The efficient screening of
known SNPs is of paramount importance since it can
maximize the value of the sequence information in critical
applications such as linkage disequlibrium analysis and
personalized medicine. SNP-related study or Snpology
consists largely of the following three parts: (i) development
of SNP assay methodology, (ii) identification of new SNPs
and screening of known SNPs, and (iii) studies related to the
biological significance of SNPs (Zhang and Li, 2001; Zhang
et al., 2001). Efficient and high-throughput compatible SNP
assays are the bottleneck in current SNP-related studies.

Although a variety of technologies have been developed for
high-throughput SNP screening, a high rate of false positives
remains one of the major obstacles to the effective application
of available high throughput SNP assays, preventing them
from being more widely used in clinical applications. Among
the increasing number of SNP assays, many are variants of the
allele-specific primer extension by exo− polymerases (Li et al.,
2003). In recent years, we have focused on the development of
SNP assays using exo+ polymerases with proofreading
activity. This led to the successful development of two new
types of SNP assays that are mediated by exo+ polymerases:
(i) the 3 terminal-labeled primer extension (Zhang and Li,
2001; Zhang et al., 2003a, 2003b; Gu et al., 2003a) and (ii)
the SNP-operated on/off switch (Zhang and Li, 2003; Zhang
et al., 2003a, 2003b, 2003c). Furthermore, a proof-of-concept
for de novo sequencing, based on the on/off switch, has been
described (Zhang and Li, submitted). This short paper will
briefly review our recent results using exo+ polymerases in
genetic analysis.

The 3’ Terminally-labeled-primer Extension (TLPEx)

Exo+ polymerases are not as frequently used as exo−
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polymerases in molecular biological and genetic studies. Part
of the reason is their low efficiency in sequencing. Another,
and possibly the more important reason, is that the
proofreading activity decreases, instead of increasing, the
nucleotide discrimination in SNP assays when unmodified
allele-specific primers are used (Zhang et al., 2003d). As
shown in Fig. 1, whether the 3’ terminal of an allele-specific
primer is labeled or not makes a substantial difference. For the
primers without labeling, identical products are generated
from matched and mismatched primers by exo+ polymerases
(Zhang and Li, 2001). However, for the 3’ terminally-labeled
primers, the products can be easily differentiated by signal
detection since perfect-match primers show positive results
and 3’ terminally-mismatched primers show negative results;
either no product or a product without a label (Zhang et al.,
2003b; Cahill et al., 2003).

The terminally-labeled primer extension is a SNP assay

consisting of 3’ terminally-labeled allele-specific primers and
DNA polymerases with proofreading activity. This concept
was first disclosed in 2000 to the United States Patent and
Trademark Office (Zhang, 2000). As shown in Fig. 1 and
Table 1, the 3’ terminal modified primers make a substantial
difference in the products that are amplified by high fidelity
polymerases with 3’ exonuclease activity. With unmodified
primers, identical products are produced from both the
matched and 3’ terminal mismatched primers by exo+

polymerases. There is an underlying proofreading process that
occurs during primer extension for the 3’ terminal
mismatched primers, but this enzymatic excision is invisible at
the product level. However, with 3’ terminal labels, perfect-
match primers generate labeled products; whereas, the 3’
mismatched primers are expected to yield products without
labels if the primers are extended. The high fidelity of the exo+

polymerases ensures that 3’ terminal mismatched primers will
not be extended unless the mismatched nucleotide with a label
is enzymatic removed by 3’ exonucleases. Both the 3’
terminal 3[H] labeled and fluorescently-labeled primers have
been successfully applied in a SNP assay (Cahill et al., 2003;
Gu et al., 2003a; Zhang et al., 2003b). The 3 terminally-
mismatched nucleotide that bears the signal to be detected is
removed by the proofreading function; whereas, the label is
retained in the products when the primer and template are
perfectly matched.

Interestingly, the difficulty in removing the Rox-labeled 3
terminal nucleotide occurred under standard PCR conditions
in our experiments, suggesting the potential interference by
this label on 3’ exonuclease digestion (Zhang et al., 2003a,
2003b). Recently, another group confirmed our strategy using
fluorescently-labeled primers. They reported no difficulties in
proofreading the labeled primers (Cahill et al., 2003). It is
possible that the experimental conditions, as well as the
properties of the labels, may play a role in affecting
exonuclease activity.

The terminal-labeled primer extension approach has several
advantages over the current SNP assays. Its most significant
advantage is that this methodology greatly decreases false
positives. It is well known that a high rate of false positives is
one of the main obstacles to the clinical application of current
SNP assays. The advantage of the terminally-labeled primer

Fig. 1. Illustrations showing the difference between 3’ modified
and unmodified primers extended by high fidelity polymerase.
Upper panel: Polymerases with 3’ exonuclease activity
discriminate allele-specific primers before their extension.
However, the final product is the same irrespective of whether the
primer-3’-termini are matched or mismatched. Lower panel: The
3’ terminal labeled allele-specific primers are subjected to
proofreading during primer extension using the high fidelity DNA
polymerase with 3’ to 5’ exonuclease, depending on their match
status. When primer-3’-terminus are matched with the template,
then the extended products have a labeled signal incorporated since
there is no proofreading involved. However, the labeled
mismatched nucleotide is the target of exonuclease excision during
proofreading, which removes the mismatched nucleotide before the
primer is extended. The *represents the labeled signal.

Table 1. Different products from 3 unmodified and modified primers extended by exo+ polymerases

3’ terminal
of primers

3’ base-pairing
with template

results of the
proofreading

sequence of
extended products

features of
extended products*

Unmodified matched primers
mismatched primers

no nucleotide excision
3’ terminal excision

keep template-dependent
revert to template-dependent

invisible themselves
invisible themselves

3’-labeled matched primers
mismatched primers

no nucleotide excision
3’ labels removed by exo

keep template-dependent
revert to template-dependent

with detectable labels
without detectable labels

*The labels on primer-3’-termini can be a variety of labels, such as isotopes or fluorophores. The proofreading process by 3’ exonu-
cleases during primer extension removes the mismatched nucleotide at primer-3’-termini. Therefore, with 3’ labeled primers, products
can be easily distinguishable, based on the labels in the primer-extended products: products with labels are from matched primer and
products without labels are from mismatched primers.
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extension is a consequence of the proofreading activity of exo+

polymerases. Further discrimination, by enzymatic or
mechanical separation between the incorporated and
unincorporated labels, would contribute significantly to the
reduction of false positives. The second advantage of the
terminally-labeled primer extension is its high sensitivity.
Terminally-labeled primer extensions harness the power of

PCR to improve the efficiency of genetic analysis.

SNP-operated On/off Switch

Exo+ polymerases, in combination with 3’ phosphorothioate-
modified mismatched primers, work as an off-switch in DNA
polymerization (Fig. 2) for 3’ allele-specific primers with
phosphorothioate-modification, the perfect-match primer
turns on and the mismatched primers turns off DNA
polymerization (Zhang and Li, 2003; Zhang et al., 2003b,
2003c). The result of the off-switch effect is a consequence of
the exonuclease-resistant property of the phosphorothioate-
modification, which blocks the mismatch excision.
Phosphorothioate-modification renders the oligonucleotide
nuclease-resistant, a strategy widely used in antisense
technology as well as in single-base extension (Li and Zhang,
2001; Di Giusto and King et al., 2003).

During the thermodynamic analysis of 3’ mismatched
primers, a 3’ phosphorothioate-modified primer was used to
elucidate the critical role that is played by a successful
mismatch excision by 3’ exonuclease in DNA polymerization.
Exo− polymerases generate primer - dependent products from
either unmodified or 3’ phosphorothioate - modified
mismatched primers in a broad range of annealing
temperatures (Fig. 2, upper panel). Nucleotide discrimination
by exo− polymerases occurred only at a specific annealing
temperature or optimized experimental conditions, as reported
in conventional SNP assays using an allele-specific primer
extension in a SNP assay. A remarkable phenomenon was
observed in the proofreading phosphorothioate-modified
primer 3’-termini when there was a mismatch between the
primer’s 3’-terminus and the template. Instead of producing
template-dependent products from exonuclease-digestible
primers, the exo+ polymerases generated no products from the
mismatched primers with 3’ phosphorothioate-modification
(Peng et al., 2003; Zhang and Li, 2003; Zhang et al., 2003b,
2003c). This breakthrough observation of an on/off switch
action was repeatedly confirmed using either short artificial
amplicons or genomic DNA templates. The potential
physiological significance of the on/off switch mediated
premature termination in DNA replication was confirmed by
using unmodified primers with shifting the mismatched

Fig. 2. The combination of 3’ phosphorothioate-modified allele-
specific primers and exo+ polymerase forms a molecular switch
sensitive to single nucleotide differences. Upper panel:
Substantial differences were observed between the results from
exo− and exo+ polymerases mediated primer extension. The
phosphorothioate-modification renders the primers resistant to
exonuclease digestion. When the primer and template are
complementary, the primers are extended; whereas, the 3’
mismatched primers are subjected to exonuclease excision. The
primer-3’-termini are trapped within the exo site which depletes
the polymerization within the pol site. Therefore, DNA
polymerization is turned off by the mismatched primer in this
case. Numbers 1 to 12 represent different annealing temperatures
from 46.0, 46.5, 47.5, 49.2, 51.5, 54.4, 57.8, 60.6, 62.8, 64.4,
65.5 and 66.0oC respectively. Consistent with literature,
polymerases lacking proofreading function only discriminated 3’
mismatched primers at specific annealing temperatures, 62.8 or
higher in our study. Lower panel: A simplified model showing
the on-switch and off-switch from matched and mismatched 3’
phosphorothioate-modified primers, respectively.

Table 2. Comparison of the two SNP assays mediated by exo+ polymerases

Method Primers Available switches Mechanisms Visualization Genomic DNA*

TLPEx 3’ labeled prefer one, either label
sense or antisense primer

remove 3’ label
from MM primer

upon to the label
on the primers applicable

SNP-operated
on/off switch

3’ PTO-
modified

mono- or bi-switch:
sense & antisense primers
both can be 3’ modified

resistant to 3’ exo,
MM primer is
not extended

highly versatile:
add labels before,
during, or after PCR

applicable

MM, mismatch. *SNP genotyping directly applicable to genomic DNA is the common advantage of these two assays as compared to
most other types of SNP assays. Particularly, the SNP-operated on/off switch will add an important impact on microarray-based SNP
assay. SNP-operated on/off switch does not require prior PCR amplification, a bottleneck in the currently available SNP assays.
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nucleotides upstream from the primer-3’-termini (Zhang and
Li, 2003c).

The data from this new on/off switch strongly recommends
the potential of phosphorothioate-modified primers for
practical SNP screening (Table 2). In the more homogenous
reaction condition, the use of one on/off switch, either from
the forward or reverse primers, reached a complete off action
for exponential DNA amplification. In all of the experiments
with short amplicons, only one of the primer pairs was allele-
specific and phosphorothioate-modified; while another primer
was not allele-specific and usually far away from the SNP in
order to adjust to the different length of the amplified products
when complex PCR was needed. With more heterogeneous
genomic DNA, the application of one on/off switch is
sensitive enough to discriminate the wild-type from the
mutant-type. Occasionally, a feint-leaking band could be
observed in the case of PCR over 30 cycles. One outstanding
feature of the novel on/off switch is the possibility of using
doubled switches; namely, both the forward and the reverse
primers are 3’-phosphorothioate-modified and allele-specific,
which is not comprised with lowering sensitivity, as seen in
most of other primer extension-based SNP assays. A doubled
on/off switch was tested in a SNP assay of a recently-
identified GJB3 deafness mutation (Peng et al., 2003; Zhang
et al., 2003c). Although the doubled on/off switches help to
increase selectivity in some special experiments, such as the
detection of mutation load, it is not necessary in SNP
genotyping and is thus not recommended.

De novo Sequencing Strategy Using the On/off Switch

The introduction of ddNTP, a terminator, in primer extension

paved the way for DNA sequencing (Sanger et al., 1977). The
scientific merit and technological value of ddNTP has been
certified by the introduction of automated capillary-based
sequencing to replace gel-based methods. Sequencing
automation has led to the completion of the Human Genome
Project. In return, the completion of the Human Genome
Project has created a demand for faster and more powerful
sequencing technologies. To meet the demand of sequence-
based prevention, diagnostics, and therapeutics in
personalized medicine as well as in other fields of biology,
microarray-based sequencing is superior to electrophoresis
and is thus the focus of technology development (Drmanac et
al., 1993, 2002). Although both enzyme-mediated and
hybridization-based microarrays have been developed for
single nucleotide polymorphism assays and for the
resequencing of defined genes, the accuracy and cost-
effectiveness of this new generation of sequencing
technologies are far from being reliable enough to challenge
conventional sequencing methods using terminator
dideoxynucleotide. The obstacle is the lack of an effective
microarray-oriented on/off switch in the development of
array-based sequencing technologies.

While in search of new assays for the SNP screening, we
discovered a novel on/off switch in DNA polymerization that
is mediated by proofreading phosphorothioate-modified 3’
allele-specific primers. Functionally, this new on/off switch
works the same as that involved in terminator ddNTP. The
structure of ddNTP prevents the formation of additional
phosphodiester bonds once incorporated; whereas,
mismatched-primer-3’-termini with phosphorothioate become
physically trapped within the exo site blocking phosphodiester
bonds formation in the pol site of the polymerase (Li et al.,
2003). With arrayed primer technologies available, the novel
on/off switch is very promising in array-based sequencing,
such a proof of concept is the nucleotide-walking assay. The
following criteria should be met for the array set used in array-
based sequencing: (i) each primer has two parts, the
degenerate 5’ end and the sequence-specific 3’ terminus, (ii)
all of the primers are 3’ phosphorothioate-modified, and (iii)
The primer set fully covers the combination of 4n primers,
depending on the number of sequence-specific nucleotides
(i.e. n) at the 3’ end, which works as base identifier.

Technically, the nucleotide-walking strategy relies on the
primer extension using microtiter plates or microarray
technology. Known or unknown sequences are used in an
arrayed primer extension with exo+ polymerases. Based on the
powerful nucleotide discrimination ability of the SNP-
operated on/off switch that accurately identifies a single
nucleotide from the 3’ terminal up to the - 6 upstream position,
each of the extended primers correspondingly represents or
decodes six nucleotides of the template according to the 6
nucleotides at the primer’s 3’ end. Using an algorithm for
bridging the extended primers via a 5’ base-pair match-up, the
DNA template is thereby sequenced one base per step
(extended primer) by walking from one extended primer to the

Fig. 3. A nucleotide-walking algorithm for array-based sequencing.
In this model of terminal phosphorothioate-modified primer
extension (TPPEx)-based nucleotide-walking assay, five matched
base pairs are employed in bridging two extended primers. One
unknown nucleotide is decoded by walking from the known
sequences of one extended primer to another. The sequences of
acatg represented the readout from one such bridged subset of
extended primers, which are bolded in the lower panel.
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next (Fig. 3). This nucleotide-walking algorithm works for
both re-sequencing and de novo sequencing through a simple
alignment of the last few non-degenerate nucleotides at the 3’
end of the extended primers.

When applied to practical array-based sequencing, a
detectable signal could be introduced in the extended products
by either isotopic or fluorescent labeling of the dNTPs. With
the powerful fluorescent-labeling techniques, the suggested
nucleotide-walking assay becomes quite feasible. As opposed
to sequencing by a hybridization array, the nucleotide-walking
assay provides a universal sequencing microarray format that
can be manufactured with no consideration for the specific
sequence of any individual gene or species. While the
classical on/off switch of dNTP/ddNTP is mainly applicable
for electrophoresis-based sequencing, our novel proofreading
on/off switch using phosphorothioate-modified primers is
fully applicable to microarray platforms. Accurately decoding
a sequence from an arrayed primer extension is the current
technical barrier. The novel on/off switch mechanism might
be a solution for array-based sequencing. The novel on/off
switch mechanism has the significant advantage that it can be
applied to genome-wide searching for new SNPs as well as to
a variety of clinical genetic diagnostics

Summary

The high fidelity of exo+ polymerases in DNA replication has
been recognized for more than three decades. During our
efforts to develop new SNP assays, we demonstrated the
presence of a novel mechanism controlling premature
termination of DNA chain elongation via a novel on/off
switch of 3’ exonuclease. The two distinct mechanisms of 3’
exonuclease fidelity maintenance (nucleotide mismatch
excision and off switch) were used in the development of two
SNP assays: 3’-end labeled primer extension and SNP-
operated on/off switch. Furthermore, the on/off switch of exo+

polymerases makes possible a novel strategy for de novo
sequencing. We believe that great and immediate benefit for
biomedical research and the healthcare community will be
achieved by a wider application of the SNP assays that are
mediated by exo+ polymerases and by further studies to
introduce additional genetic assays using exo+ polymerases.
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