
ABSTRACT

The commonly used DNA polymerase assay is based on the de-
tection of incorporated radiolabeled nucleotides in a DNA elonga-
tion reaction. It is laborious, radioactive, and can be highly vari-
able. Here we report a nonradioactive fluorescence-based assay.
The method consists of Cydye-labeled nucleotides, biotinylated
primer, and a streptavidin-coated microplate. The assay is found to
have sensitivity and dynamic range comparable to the classical ra-
dioactive method. Moreover, it has the advantages of being simple,
stable, nonradioactive, and suitable for high-throughput applica-
tions. We have also found that, to ensure efficient measurement of the
enzyme activity, the template DNA used in this method should have a
sequence that avoids the incorporation of the fluorescence-labeled
nucleotide in a consecutive way.

INTRODUCTION

DNA polymerase activity measurement is a basic and fun-
damental assay that is extensively used in a variety of molec-
ular biology investigations, such as the quantitative evaluation
of cloned and recombinant DNA polymerases. Additionally,
in drug discovery and disease diagnosis, DNA polymerase is
an important target. Examples include infectious diseases,
such as those caused by hepatitis B virus (2,5), herpes sim-
plex virus (4,8), and Plasmodium falciparum (3). DNA poly-
merase is also a potential target for cancer therapy (6). How-
ever, the commonly used DNA polymerase assay (1), which
has been a standard method for several decades, is based on
the incorporation of radioisotope-labeled dNTP, acid precipi-
tation, and filtration. It is subject to the laboratory constraints
of radioisotope usage and disposal regulations. In addition,
filtration assays are not suitable for high-throughput applica-
tions. A fluorometric assay utilizing a dsDNA-specific dye,
PicoGreen®, has been developed (7,9). Here we describe an-

other fluorescence-based method for the DNA polymerase ac-
tivity assay. The system consists of a synthetic DNA template,
a biotinylated primer, the fluorescence-labeled dCTP, and a
streptavidin-coated microplate. Compared to the conventional
filtration assay, the method is more convenient, faster, and al-
lows measurements in parallel. Thus, it is suitable for appli-
cations requiring large-scale DNA polymerase measurement,
such as high-throughput screening of DNA polymerase in-
hibitors in drug discovery.

MATERIALS AND METHODS

Fluorescence DNA Polymerase Assay

Enzyme reaction. Thermo Sequenase II DNA polymerase
and Taq DNA polymerase (both from Amersham Bio-
sciences, Piscataway, NJ, USA) were measured using the fol-
lowing conditions.

For Thermo Sequenase II DNA polymerase, 0.1–1.0 U
were used for each reaction. The reaction buffer contained 25
mM TAPS [tris-(hydroxymethyl)-methyl-amino-propanesul-
fonic acid, sodium salt, pH 9.3], 50 mM KCl, 2 mM MgCl2, 1
mM 2-mercaptoethanol. The reaction was performed in 0.6-
mL microcentrifuge tubes with a volume of 25 µL, which con-
tained dGTP, dATP, dTTP, and Cy3-dCTP (Amersham Bio-
sciences) each at 20 µM, template DNA 0.5 µg (for plasmid)
or at 1 µM (for oligonucleotides), and 5′-biotinylated primer at
1 µM. The reaction temperature was 90°C for 5 min, followed
by 74°C for 10 min. The temperature was reduced to 4°C, and
EDTA was added to a final concentration of 10 mM to stop the
reaction. Three different DNA templates have been tested (see
Figure 3). They are FT1, a custom synthesized oligonu-
cleotide, single-stranded M13 DNA, and the human p53 clone
PUCp53 (Amersham Biosciences). For the templates FT1 and
M13, a biotinylated M-13 Forward (-20) primer was used. For
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the human p53 template, a biotinylated primer derived from
the p53 exon 5 was used. All oligonucleotides were custom
synthesized by IDT (Coralville, IA, USA).

For Taq DNA polymerase, 0.1–1.0 U were used for each re-
action. The reaction buffer contained 10 mM Tris-HCl (pH
8.6), 50 mM KCl, 1.5 mM MgCl2, and 0.1% Triton® X-100.
The reaction volume, dGTP, dATP, dTTP, Cy3-dCTP, template
DNA (FT1), primer (5′-biotinylated M-13 forward primer), re-
action temperature, time, and termination were identical to the
Thermo Sequenase II DNA polymerase reaction.

Capture of enzymatic product and measurement. A
streptavidin-coated, 96-well black plate (BD Biosciences, San
Jose, CA, USA) was pre-washed with 200 µL wash buffer (25
mM Tris-HCl, pH 7.2, 0.05% Tween® 20, 150 mM NaCl).
Wash buffer (30 µL) was added to the reaction mixtures. The
reactions were transferred to the streptavidin-coated plate.
The plate was incubated at room temperature for 30 min with
intermittent shaking. The liquid was removed, and the wells
were washed three times with 200 µL wash buffer. Water (50
µL) was added, and the plate was incubated at room tempera-
ture for 60 min with shaking. The plate was read in a fluores-
cence plate reader [(Farcyte™; Amersham Biosciences) or
HTS7000 Plus™ (Perkin Elmer Life Sciences, Wellesley, MA,
USA)] using the following conditions: manual gain 80 (Far-
cyte) or 180 (HTS7000 Plus); number of flashes, 3; integra-
tion time, 40 µs; excitation filter, 535 nm; and emission filter,
595 nm.

DNA Polymerase Filtration Assay

Enzyme reaction. The Taq and Thermo Sequenase II
DNA polymerases were also assayed with the filtration
method. The enzyme amount, reaction buffer, and conditions
were similar to that of the fluorescence assay with the follow-
ing changes: dNTPs were at 200 µM each with α[32P]dATP
(0.05 Ci/mmol; Amersham Biosciences) and activated salmon
sperm DNA template at 20 µg/reaction. The assay volume
was 50 µL. The reaction was performed at 74°C for 10 min
and was terminated by the addition of EDTA to 10 mM.

Filtration and measurement. One milliliter of 2 mM
EDTA containing 50 µg/mL sheared salmon sperm DNA was
added to the reaction mixture. The DNA was precipitated by
the addition of 1 mL 20% (w/v) trichloroacetic acid and 2%
(w/v) sodium pyrophosphate and then incubated at 0°C for at
least 15 min.

Precipitated DNA was collected on glass fiber filter discs
(Enzo Diagnostics, Farmingdale, NY, USA) and washed ex-
tensively with a mixture of 1 M HCl and 100 nM sodium py-
rophosphate. The filter was placed into 3 mL aqueous scintil-
lant and counted in a liquid scintillation counter.

RESULTS AND DISCUSSION

The thermostable Taq and Thermo Sequenase II are among
the most commonly used DNA polymerases. The former is for
PCR, and the latter is for automatic DNA sequencing. With
the conventional radiometric filtration assay, which is routine-
ly used in our institute for measuring the activities of a variety
of DNA polymerases, the linear range of the two enzymes was
found to be from 0.1 to 1.0 U/reaction. We have compared the
fluorescent assay and the filtration assay with the two en-
zymes within that range. To correlate the two assays better,
aliquots of enzyme dilutions were divided into two portions.
One portion was measured with the filtration assay and the
other with fluorescent assay. The result showed that the two
assays correlated each other quite well (Figure 1). Besides be-
ing nonradioactive, the protocol described here has the fol-
lowing additional advantages. The laborious filtration process
in the old method is replaced by a simple plate-capturing step,
and the time-consuming liquid scintillation counting, which
typically takes about 1 min/sample, is now replaced by a
quick fluorescence reading that takes less than 1 s/sample.
With the new method, it is practical to do hundreds of thou-
sands of assays in a reasonable period. Therefore, the fluores-
cence-based assay is extremely useful in applications such as
the high-throughput screening of drugs targeting DNA poly-
merase or the large-scale screening of enzyme mutants.
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Figure 1. Comparison of fluorescence assay and filtration assay. Aliquots of DNA polymerase Taq (A) and Thermo Sequenase II (TSII) (B) dilutions were
divided into two portions: one for the fluorescence assay (�) and the other for the traditional radiometric filtration assay (❏). The enzymatic reaction condi-
tions were described in the Materials and Methods. The template DNA for the fluorescence assay was FT1, a 63-mer synthetic oligonucleotide, and the primer
was a biotinylated M-13 forward primer (F-20). The dCTP was fluorescence Cy3-labeled (FluoroLink Cy3-dCTP, PA 53021; Amersham Biosciences) along
with the other three nonlabeled dNTPs. The extended DNA products were captured by a streptavidin-coated, 96-well black microplate. The results were ana-
lyzed in a Farcyte fluorescence plate reader. Each data point represents the mean of three replicates.



The fluorescence labeling of dNTP may affect the DNA
polymerase affinity; therefore, the absolute enzyme activity
may be different from that obtained with the conventional as-
say. The fluorescence assay can be used to obtain a relative
enzyme activity and to compare different enzymes. When ab-
solute enzyme activity is needed, a standard enzyme should
be included in the assay as a control.

It is surprising that the comparison of several templates has
shown that only the FT1 is an effective template, while no or
low enzymatic activity could be detected with the two ran-
domly selected natural templates, M13 and p53 (Figure 2).
PCR with these natural templates and non-fluorescence-la-
beled dCTP worked well, as demonstrated by DNA agarose
electrophoresis analysis (data not shown). These results sug-
gest that the low or no activity in the fluorescent assay must
relate to the fluorescence–labeled dCTP. A difference between
the designed template and the natural ones is that there are
several “G” (the complementary residue to the Cy3-dCTP)
clusters in the natural DNA templates downstream of the
primer annealing sites, while there are no such clusters in the
synthetic FT1 (Figure 3). DNA polymerases generally have a
low affinity for the fluorescence labeled dNTP. Therefore, a
lower consecutive incorporaion rate of fluorescence-labeled
dNTPs would be expected. Another difference is that the Gs
in the extension area of FT1 are all separated by nine nu-
cleotides, while in the natural templates, some of them are

close to each other, which may cause self-quenching by the
integrated “Cy3-C”. The nine-residue separation was theoret-
ically selected and has been shown to be effective. However, a
further investigation is necessary to determine the optimal dis-
tance. While the length of template FT1 is 63-mer, it is also
interesting to determine whether the sensitivity and dynamic
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Figure 3. The sequences of the templates and primers. The Gs in the extension region of template FT1 are separated from each other by nine nucleotides and
indicated in bold. The clustered Gs in the templates M13mp18 and p53 are indicated by underlines. Only partial template sequences downstream of the primer
annealing sites are shown here. The primers for FT1 and M13mp18 are the same, M13 Forwarding (F-20). Primer Bex5 was derived from human p53 exon 5. All
the primers were biotinylated at 5′-end, as indicated by “biotin”.

Figure 2. Templates study in fluorescent DNA polymerase assay. The as-
say conditions were the same as described in Figure 1. Three different tem-
plates were investigated: FT1, a 63-mer synthetic oligonucleotide; M13, a
phage ssDNA; and p53, a fragment of cDNA derived from the human p53
gene. The control had FT1 as the template but had no enzyme added. x- ± SD

are shown (n = 3).

Figure 4. Comparison of fluorescence plate readers. The same samples were sequentially read in Farcyte and HTS7000 Plus. The measurement parameters
used for the two instruments were identical: the number of flashes was 3; the integration time was 40 µs; the excitation filter was 535 nm and emission filter 595
nm; and the gain was manual, 80 for Farcyte and 180 for HTS7000 Plus. The unit of the y-axis is the signal-to-noise ratio; the noise is the reading when the en-
zyme amount is zero.



range of the assay can be further improved by using a template
of different length.

Figure 4 shows the results obtained with two different fluo-
rescence plate readers, the Farcyte and the HTS7000 Plus. The
same samples were measured sequentially in the two instru-
ments and compared side by side. The data obtained with Far-
cyte shows a higher signal-to-noise ratio. It is thought that the
ability for Farcyte to adjust Z position (focus) might contribute
in the superior performance. The result indicates that an opti-
mized fluorescence plate reader will increase substantially the
sensitivity of the DNA polymerase fluorescence assay.

The trend for assays in drug discovery screening is nonra-
dioactive and higher throughput. The method described here
meets these criteria. Nevertheless, the finding that a specially
designed or selected template would facilitate the assay is a
surprise. This may explain why there is no report so far on the
DNA polymerase assay with fluorescence-labeled dNTPs.
Based on the same principle, the assay can be easily adapted
to measuring other nucleic acid polymerases, such as the
RNA polymerase and reverse transcriptase, with a well-de-
signed template.
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