
ABSTRACT

A combination of thermostable enzymes has been developed that
produces higher quality cycle sequences. Thermo Sequenase DNA
polymerase is a thermostable enzyme engineered to catalyze the in-
corporation of ddNTPs with an efficiency several thousandfold bet-
ter than other thermostable DNA polymerases. Since the enzyme
also catalyzes pyrophosphorolysis at dideoxy termini, a ther-
mostable inorganic pyrophosphatase is needed to remove the py-
rophosphate produced during sequencing reactions. Thermoplasma
acidophilum inorganic pyrophosphatase (TAP) is thermostable and
effective for converting pyrophosphate to orthophosphate. The use of
the combination of Thermo Sequenase polymerase and TAP for cy-
cle sequencing yields sequence data with uniform band intensities,
allowing the determination of longer, more accurate sequence reads.
Uniform band intensities also facilitate interpretation of sequence
anomalies and the presence of mixed templates. Sequencing PCR
products of DNA amplified from heterozygous diploid individuals re-
sults in signals of equal intensity from each allele.

INTRODUCTION

When Sanger first used dideoxyribonucleoside triphos-
phates (ddNTPs) and the Klenow fragment of E. coli DNA
polymerase for chain-termination sequencing (12), two prop-
erties of the enzyme became apparent. First, the rate of incor-
poration of ddNTPs is thousands of times slower than the rate
for deoxyribonucleoside triphosphates (dNTPs). Second, the
rate of incorporation of a ddNTP varies depending on the
template sequence. The rate of ddNTP reaction and, hence,
chain termination can be as much as 10-fold higher at some

bases in a sequence than others, resulting in variability in
band intensity on electrophoresis gels.

Like the Klenow enzyme, most polymerases produce vari-
able band intensities in sequencing. One exception is T7 DNA
polymerase lacking exonuclease activity (T7 Sequenase;
Reference 13). This polymerase produces bands that are far
less variable, particularly when reactions are run in the pres-
ence of Mn2+ (14). Under these conditions, T7 Sequenase cat-
alyzes the incorporation of ddNTPs at the same rate as
dNTPs. Tabor and Richardson have recently shown that the
ability of a DNA polymerase to discriminate between deoxy
and dideoxy nucleotides can be altered dramatically by sub-
stitution of a single amino acid in a conserved region of the
polymerase (15). Changing a phenylalanine to a tyrosine in
the polymerase domain of Klenow fragment led to decreased
discrimination against ddNTPs.

Cycle sequencing has become a mainstay for fluorescent
and some radioactive sequencing methods, since it helps en-
sure that sufficient labeled DNA will be generated for reliable
sequencing (4,7). Cycle sequencing can be performed by
adding polymerase after each thermal denaturation step (3,6),
but it is more efficient and convenient to use a polymerase
that is sufficiently stable to retain activity after cycling
through 95°C. Thermostable DNA polymerases of the DNA
polymerase I family (2) like Thermus aquaticus (Taq), as well
as thermostable polymerases of the DNA polymerase II fami-
ly such as Pfu, isolated from an Archaeon, yield variable se-
quence band intensities. These polymerases require high con-
centrations of ddNTPs, and Taq DNA polymerase has the
additional disadvantage of 5′ to 3′ exonuclease activity.

We have engineered, by a combination of deletion and
site-directed mutagenesis, a thermostable DNA polymerase
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that is exonuclease-free and does not discriminate against
ddNTPs. We present the advantages of using Thermo Seque-
nase DNA Polymerase (Amersham, Cleveland, OH, USA)
in combination with Thermoplasma acidophilum inorganic
pyrophosphatase (TAP) for DNA sequencing.

MATERIALS AND METHODS

Cloning and In Vitro Mutagenesis

In vitro manipulations of DNA were performed using stan-
dard protocols (11). Manipulations of the Taq DNA poly-
merase gene were based upon the sequence in GenBank

D32013. TAP was cloned from T. acidophilum (strain 25905;
ATCC, Rockville, MD, USA) using the polymerase chain re-
action (PCR) and the DNA sequence (10). The DNA se-
quence of all constructs was verified. The Thermo Sequenase
and TAP proteins were expressed using plasmid pRE2 (8).
TAP was isolated from E. coli by a procedure based on that of
Richter and Schäfer (9).

Determining Relative Reaction Rates of ddNTPs and
dNTPs

Modified DNA sequencing reactions were performed for
each ddNTP. The ratio of the concentration of dNTPs to
ddNTPs was adjusted so that 10–50 chain-termination bands
were observed. The universal cycle primer was labeled by
extension in the presence of 3 pmol of [α-33P]dATP, dCTP
and dGTP using M13mp18 single-stranded DNA for 5 min at
45°C. Termination reactions were initiated by transferring
aliquots of the primer-labeling reaction into appropriate mix-
tures of dNTPs and one ddNTP and incubating for 10 min at
72°C. For ∆Taq DNA Polymerase (Amersham), the ratios
of ddNTPs to dNTPs were 400:1 for ddATP, 200:1 for ddCTP,
30:1 for ddGTP and 600:1 for ddTTP. For Thermo Sequenase
DNA polymerase, the concentration ratios of ddNTPs to
dNTPs were all 1:5.

Autoradiograms were scanned using a SciScan 5000
Scanning Densitometer (Amersham). The intensities of 10–20
bands in each lane were fit to an exponential function i = ae-kn,
where i is band intensity and n is the number of the band. Pa-
rameters a and k are characteristic constants. The ratio of in-
tensity of each band to its predecessor is given by r = e-k. From
r, the ratio of reaction rate for ddNTPs to the reaction rate for
dNTPs under the conditions of the experiment is calculated as
r/(1-r). Multiplication by the ratio of concentration of ddNTPs
to dNTPs gives the intrinsic ratio of reactivities shown in
Table 1.

Dye Primer DNA Sequencing

Dye primer cycle sequencing reactions were performed in
52 mM Tris-HCl, pH 8.9, 13 mM MgCl2, with 18 U of ∆Taq
or 18 U of Thermo Sequenase and 0.005 U of TAP. The
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dNTP:ddNTP Reactivity

Enzyme G A T C

∆Taq DNA Polymerase 200 2500 30 600 2400

Thermo Sequenase 
DNA Polymerase 0.41 0.71 0.93 0.72

Note that ddNTPs are somewhat better substrates than
dNTPs for Thermo Sequenase.

Table 1. Numbers are the Ratio of Reactivity of the Indicated dNTP to
the Corresponding ddNTP

Figure 1. Comparative structures of type I DNA polymerases. Activity domains and areas of sequence conservation are depicted for E. coli, Taq and Thermo
Sequenase DNA polymerases. Taq and Thermo Sequenase do not have 3′ to 5′ exonuclease activity. Thermo Sequenase has a deletion of the 5′ to 3′ exonuclease
domain, and amino acid 667 (relative to Taq DNA polymerase) has been changed from phenylalanine to tyrosine.



amount of M13mp18 DNA varied as indicated. Thermo Se-
quenase reactions used 0.2 pmol of JOE- and FAM-labeled
primers (A and C termination reactions, respectively) and 0.8
pmol of TAMRA- and ROX-labeled primers (G and T termi-
nation reactions, respectively) (PE Applied Biosystems, Fos-
ter City, CA, USA). Nucleotide termination reactions con-
tained 60 µM dNTPs and 0.2 µM of either ddATP, ddCTP,
ddGTP or ddTTP. ∆Taq reactions used 0.4 pmol of JOE- and
FAM-labeled primers (A and C termination reactions, respec-
tively) and 0.8 pmol of TAMRA- and ROX-labeled primers

(G and T termination reactions, respectively). The nucleotide
termination reactions contain 7.5 µM dNTPs with either 30
µM ddATP, 15 µM ddCTP, 2.25 µM ddGTP or 45 µM ddTTP.
All reactions were cycled 60 times as follows: 95°C for 30 s,
55°C for 30 s, then 72°C for 60 s. Reactions were combined,
ethanol-precipitated, dissolved in formamide containing 10
mM EDTA and then heat-denatured before loading onto a se-
quencing gel. PCR products were treated with exonuclease I
(exo I) and shrimp alkaline phosphatase (SAP) before se-
quencing (5). Reactions were run on a Model 373 DNA
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Figure 2. Band variability and pyrophosphorolysis. Cycle sequencing autoradiogram and densitometric analysis of sequencing reactions using ∆Taq (A),
Thermo Sequenase (B) and Thermo Sequenase with TAP (C). Lanes are loaded G, A, T and C. Densitometric results are indicated as follows: black, G; green, A;
red, T; and blue, C.



Sequencer (PE Applied Biosystems) and analyzed using soft-
ware version 1.2.1.

Radioactive DNA Sequencing

Cycle sequencing with ∆Taq DNA Polymerase was per-
formed with the ∆Taq Cycle Sequencing Kit (Amersham) us-
ing the two-step cycle-labeling protocol. Thermo Sequenase
sequencing reactions were done as above except for the fol-
lowing modifications: 8 U of Thermo Sequenase (with or
without 0.015 U of TAP) were used, and the termination reac-
tions contained 100 µM dNTPs and 1 µM ddATP, ddCTP,
ddGTP or ddTTP.

RESULTS AND DISCUSSION

Construction of Thermo Sequenase DNA Polymerase

Functional and conserved domains of three type I DNA
polymerases are shown in Figure 1. The phenylalanine-to-ty-
rosine change, which affects discrimination against ddNTPs,
occurs in domain C, and PCR was used to introduce this
change into the Taq DNA polymerase gene. A new start site
for the polymerase was engineered by deleting the first 272
amino acids and adding a methionine residue for translation
initiation. This deleted the 5′ to 3′ exonuclease domain, while
allowing abundant expression of a stable and homogeneous
enzyme. Starts at other positions such as amino acid 236,
found in ∆Taq (1), lead to heterogeneous populations of pro-
teins caused by limited proteolysis near the amino terminus of
the protein. The half-life of polymerase activity at 95°C is 50
min.

TAP

Inorganic pyrophosphate (PPi) and the 3′-terminal dide-
oxynucleoside monophosphate (ddNMP) can react to form
ddNTP in the reversal of the polymerase reaction, pyrophos-
phorolysis. Thermo Sequenase, like T7 Sequenase poly-
merase, catalyzes the removal of the 3′-ddNMP, which results
in some weak or absent sequencing bands (Figure 2B). If PPi
is hydrolyzed to orthophosphate, pyrophosphorolysis is pre-
vented (14).

A thermostable inorganic pyrophosphatase such as TAP
suppresses pyrophosphorolysis in DNA sequencing reactions
with Thermo Sequenase polymerase (Figure 2C). The combi-
nation yields lower variability in band intensity than either
∆Taq or Thermo Sequenase polymerase alone. TAP has no ef-
fect upon ∆Taq sequences because pyrophosphorolysis is not
a problem for polymerases with low ddNTP reactivity. TAP
suppresses pyrophosphorolysis artifacts in all fluorescent and
radioactive sequencing applications that we have tested. No
loss of TAP activity is detected after 2 h incubation at 95°C
under sequencing conditions.

Relative Reactivity of ddNTPs and dNTPs

The rate of incorporation of each of the ddNTPs relative to
the rate for the corresponding dNTP was measured by run-
ning modified sequencing reactions. The values obtained with
∆Taq polymerase (Table 1) are similar to those reported for
Taq DNA polymerase (15). Rates with dNTPs range from
200-fold to 30 000-fold greater than the rates with the corre-
sponding ddNTP, confirming that ddNTPs are relatively poor
substrates for this polymerase. The values for Thermo Seque-
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Figure 3. Effect of template amount on sequence accuracy. The graph compares the base-calling accuracy of sequence data derived using Thermo Sequenase
and ∆Taq polymerases.



nase polymerase are all less than one, indicating that ddNTPs
are better substrates than dNTPs for this polymerase.

Concentration ratios of ddNTP to dNTP in Taq sequencing
reactions are approximately 30:1 rather than the ratios of
0.01:1 needed with Thermo Sequenase. As a consequence, ra-
dioactive sequencing reactions with Taq DNA polymerase are
often run with 30 pmol of each dNTP (4 µM), along with up
to 1800 pmol (240 µM) of the appropriate ddNTP. This
amount of dNTP is only sufficient to synthesize 0.25 pmol of
DNA, barely sufficient for overnight exposure. Increasing the
amounts of nucleotides at these ddNTP:dNTP ratios is pro-
hibitively expensive. Thus, a large fraction of the available
nucleotides are consumed at concentrations close to the Km
values of the DNA polymerases used. In the case of Thermo
Sequenase, which uses ddNTPs more efficiently, the amount
of expensive ddNTP is decreased to 4 pmol and the amount of
dNTP is increased to 400 pmol each (50 µM). The 10-fold in-
crease in dNTP concentration improves the efficiency of

DNA synthesis, eliminating a possible source of background
signal resulting from nonspecific terminations during ineffi-
cient polymerization.

Uniform Band Intensities Improve Sequence Read-
Length and Accuracy

Quantitative measurements of band intensities indicate
that more than 80% of the bands in Thermo Sequenase se-
quences differ in intensity from their neighbors by less than
20%, whereas neighboring bands for Taq DNA polymerase
vary by 10-fold or more (Figure 2). To demonstrate the effect
of band variability on sequence accuracy, we compared Ther-
mo Sequenase to ∆Taq using varying amounts of template
DNA (Figure 3). With ∆Taq, sequence accuracy was seriously
compromised with 0.25 µg of DNA and insufficient signal
was obtained with 0.125 µg or less. Using Thermo Seque-
nase, accurate sequence information was obtained with as lit-
tle as 0.03 µg of template. 

The reason for the difference can be seen in the analyzed
results of ∆Taq and Thermo Sequenase reactions (Figure 4).
In the region shown, the signal-to-noise ratio for the ∆Taq se-
quence is lower than that of the Thermo Sequenase sequence.
Overly strong “T” peaks (arrows) interfere with the recogni-
tion of weaker “A” and “C” peaks following them. Also,
around base 563 of the ∆Taq sequence, a background “T” sig-
nal (asterisk) interferes with the interpretation of a G base, re-
sulting in the calling of an “N”. In the segment shown, a total
of six base-calling errors were made using ∆Taq, largely be-
cause of variability in band intensities, whereas no errors oc-
curred with Thermo Sequenase polymerase.

Sequencing Heterozygotes

Uniform peak heights facilitate the detection of mixed
template sequences such as DNA from heterozygous individ-
uals. PCR products of human DNA, heterozygous within the
MSH2 locus, were sequenced using Thermo Sequenase poly-
merase. Coincident peaks of half intensity were obtained
where the allele sequences differ (Figure 5). With sequencing
methods producing bands that vary by more than a factor of
2, such sites are more difficult to identify. Other examples of
mixed-sequence templates include DNA amplified from envi-
ronmental samples of populations such as viruses and mixed
tissue samples isolated from tumors.

764 BioTechniques Vol. 22, No. 4 (1997)

Figure 4. Band variability affects sequence accuracy. (A) ∆Taq; (B) Ther-
mo Sequenase DNA polymerase. Both panels show sequences from Figure 3
obtained with 1 µg of template.

Figure 5. Detection of heterozygotes by direct sequencing of PCR products. DNAs of test individuals were sequenced following amplification of chromo-
somal DNA by PCR. Shown is a polymorphism in an intron of the human MSH-2 gene.



The development of this new enzyme system for cycle se-
quencing should increase the speed of genome sequencing.
The accurate detection of multiple sequences from heterozy-
gous individuals will facilitate genotyping.
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