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Analysis of DNA polymerase activity in vitro
using non-radioactive primer extension assay
in an automated DNA sequencer
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ABSTRACT. Although different DNA polymerases have distinct func-
tions and substrate affinities, their general mechanism of action is simi-
lar. Thus, they can all be studied using the same technical principle, the
primer extension assay employing radioactive tags. Even though fluo-
rescence has been used routinely for many years for DNA sequencing,
it has not been used in the in vitro primer extension assay. The use of
fluorescence labels has obvious advantages over radioactivity, including
safety, speed and ease of manipulation. In the present study, we demon-
strated the potential of non-radioactive in vitro primer extension for DNA
polymerase studies. By using an M13 tag in the substrate, we can use
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the same fluorescent M13 primer to study different substrate sequences.
This technique allows quantification of the DNA polymerase activity of
the Klenow fragment using different templates and under different con-
ditions with similar sensitivity to the radioactive assay.
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INTRODUCTION

DNA-dependent DNA polymerases catalyze nucleotidyl-transfer reactions that allow
all organisms to replicate their genome. On the basis of sequence homology, they are grouped
into six families: A, B, C, D, X, and Y (Filee et al., 2002). Families A, B, and C were named
considering the Escherichia coli genes, polA, polB, and polC, which encode the prototypical
DNA polymerases I, II, and the α subunit of DNA polymerase III, respectively (Braithwaite
and Ito, 1993). Family D DNA polymerases are found only in euryarchaea (1). Family X has as
prototype the mammalian DNA polymerase β, a gap-filling enzyme that functions during DNA
repair (Pelletier et al., 1994). Family Y encompasses the E. coli DNA polymerases IV and V,
which function in the replication of DNA containing various lesions (Tippin et al., 2004). Al-
though these different DNA polymerases present distinct functions and substrate affinities, their
general mechanism of action is similar. Thus, they can all be studied using the same technical
principle, the primer extension assay. The efficiency of the incorporation of nucleotide analogs
(Zhang et al., 2005), DNA polymerase kinetics (Horhota et al., 2005), DNA polymerase fidelity
(Roettger et al., 2004), processivity (Pavlov et al., 2006), and translesion synthesis (Yagi et al.,
2005) have all been investigated with this assay, employing radioactive tags. Even though fluo-
rescence has been for many years used routinely for DNA sequencing (Smith et al., 1987;
Prober et al., 1987), it has not been used in the in vitro primer extension assay. The use of
fluorescence labels has obvious advantages over radioactivity, including safety, speed and ease
of manipulation. In the present study, we show the efficiency of in vitro primer extension assay
using a fluorescein-end-labeled primer for DNA polymerase activity studies.

MATERIAL AND METHODS

To explore the use of fluorescent primers in assaying DNA polymerase activity with in
vitro primer extension, we used the following 40 mer oligodeoxynucleotides as templates: an
oligodT (5’ TTTTTTTTTTTTTTTTTTTTTTT GTCGTGACTGGGAAAAC) and a (dC.dA)

n

template (5’ CACACACACACACACACACACACGTCGTGACTGGGAAAAC), where the
underlined sequences are the 17-mer M13 (-40) universal primer sequence. Fluorescein-labeled
M13 primer (0.5 µM; Alpha DNA, Montreal, Canada) was annealed to the two templates (0.8
µM each) in the presence of 50 mM Tris-HCl, pH 7.5, and 100 mM NaCl by heating to 90°C for
5 min, followed by cooling to 25°C over several hours, to obtain our substrate.
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Since the Klenow fragment of DNA polymerase I is very well characterized, we used
it as a model in our experiments. Maintaining the same conditions as in radioactive labeling
primer experiments (Tuske et al., 2000; Lestienne et al., 2003), we were able to assess different
settings for Klenow activity. Briefly, DNA polymerase I (Klenow fragment) was incubated with
5’-fluorescein-end-labeled primer-template substrate (50 nM), 200 µM deoxynucleotide, 10 mM
Tris-HCl, pH 5, 6, 7 or 8, 5 mM dithiothreitol, 100 µg/mL bovine serum albumin, 0, 10, 100 or 200
mM MgCl

2
 and 0, 50, 100 or 200 mM NaCl. Reaction mixtures were incubated at 37°C for 30

min. The reaction was quenched by the addition of stop solution (10 µL) (80% deionized
formamide, 10 mM EDTA, pH 8, 1 mg/mL xylene cyanol, and 1 mg/mL bromophenol blue)
heated to 90°C for 2 min and placed on ice. Products were resolved on denaturing polyacryl-
amide sequencing gels in an automated ALF DNA sequencer (GE Healthcare). Analyses of the
deoxynucleotide incorporation were carried out with Allelelinks software, version 1.0 (GE
Healthcare).

RESULTS AND DISCUSSION

Figure 1 shows typical results with the Klenow polymerase and the two different sub-
strates. The oligodT primer was efficiently elongated, leading to complete synthesis of all the
oligodT sequence with few or no intermediate peaks (Figure 1B). However, when the CA
repeat oligonucleotide was used, DNA synthesis with Klenow showed a diverse behavior: the
substrate was not filled completely and intermediate peaks were evident, suggesting decrease in
its processivity and therefore in its efficiency (Figure 1D).

To determine if we could use the non-radioactive in vitro primer extension to quantify
the DNA polymerase activity, we tested different buffer conditions using the oligodT template.
The polymerase activity was calculated by dividing the 40-mer product peak area by the 17-mer
substrate peak area. This procedure allows standardization of the experiments, regardless of
the amount of primer used in different experiments. The data presented in this study are the
average of three independent experiments.

Firstly, we assessed the ideal pH for Klenow activity. Within a pH range from 5.0 to 8.0,
pH 8.0 proved to be the best condition for oligodT template in our assay (Figure 2A). Indeed,
this is the optimal pH recommended by the manufacturer (New England Biolabs). Secondly, we
tested the MgCl

2
 concentration. The recommended MgCl

2
 concentration of 10 mM also re-

sulted in the best activity (Figure 2B). The Klenow activity is totally abolished when no MgCl
2

is added. When the MgCl
2
 concentration is increased 10- or 20-fold, DNA synthesis is affected

and both the efficiency and activity of the Klenow polymerase decreased (Figure 2B). Finally,
the best salt concentration was determined. NaCl concentration to reach Klenow’s best perfor-
mance was 50 mM and higher concentrations of salt caused a decrease in enzymatic activity
(Figure 2C). Thus, by using the non-radioactive in vitro primer extension, we could determine
the best conditions for Klenow activity. All of them are in agreement with the manufacturer’s
recommendation.

In this study we demonstrated the potential of non-radioactive in vitro primer extension
for DNA polymerase studies. By using an M13 tag in the substrate, we can use the same
fluorescent M13 primer to study different substrate sequences. This technique allows quantifi-
cation of DNA polymerase activity using different templates and under different conditions with
similar sensitivity to the radioactive assay.
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Figure 1. In vitro primer extension by Klenow polymerase using fluorescence-labeled primers and different templates as
substrates. Extension reactions were carried out by incubation of Klenow polymerase with 5’-fluorescein-end-labeled
primer-template substrate in the presence of deoxynucleotides at 37°C for 30 min. Products were resolved on a denaturing
polyacrylamide sequencing gel in an automated ALF DNA sequencer and analyses of the deoxynucleotide incorporation
were carried out with Allelelinks software, version 1.0. The structure of the fluorescein-end-labeled-oligodT primer
annealed to its template, used as a substrate for the reaction, is depicted in A. The extension of this substrate by Klenow
polymerase in three independent experiments is shown in B. The fluorescein-end-labeled-CA repeat primer annealed to its
template is represented in C. The extension of this substrate by Klenow polymerase in three independent experiments is
shown in D.
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Figure 2. In vitro primer extension by Klenow polymerase using a fluorescence-labeled oligodT-template substrate under
different reaction conditions. Extension reactions were carried out by incubation of Klenow polymerase with 5’-fluores-
cein-end-labeled oligodT-template substrate in the presence of deoxynucleotides at 37°C for 30 min. Products were
resolved on a denaturing polyacrylamide sequencing gel as before. DNA polymerase activity was calculated as a ratio of the
40-mer product peak area to the 17-mer substrate peak area visualized with the Allelelinks software. The Klenow DNA
polymerase primer-extension activity in a pH range of 5 to 8 is shown in A. The same experiment was carried out varying
MgCl

2
 (B) and NaCl (C) concentrations.
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