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Abstract

N-Terminally truncated DNA polymerase from Thermus thermophilus (ATth polymerase) lacking 5'-3'
exonuclease activity was used for DNA sequencing and polymerase chain reaction (PCR). In contrast to the
high background of the sequencing ladder observed with the wild-type Tth polymerase, ATth polymerase
gave readable sequencing patterns which extend up to more than 500 bases from the primer site on cycle
sequencing and automated sequencing. The ATth polymerase was used for the standard and mutagenic
PCR, and net amplification of the DNA and the mutations accumulated during PCR were analyzed. Under
mutagenic PCR, the mutation rates were 7.0 x 10~4 (Tth) and 8.3 x 10~4 (ATth) per nucle.otide per cycle
of amplification, which were 4-9 times higher than the rates under standard PCR.
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1. Introduction

DNA polymerase is indispensable for the current
molecular biological techniques including DNA sequenc-
ing using dideoxynucleotides,1'2 and amplification and in
vitro mutagenesis of a defined DNA fragment using the
polymerase chain reaction (PCR).2 Three independent
activities, i.e. 5'-3' polymerase, editing 3'-5' exonucle-
ase, and nick-translating 5'-3' exonuclease activities, are
found in Escherichia coli DNA polymerase I (Poll).3 For
DNA sequencing, the presence of 5'-3' exonuclease activ-
ity generates heterogeneity of a sequencing ladder, and,
therefore, 5'-3' exonuclease-free DNA polymerases such
as the large fragment of E. coli Poll3 or modified T7
DNA polymerase4 have been generally used for sequenc-
ing. However, the thermostability of these enzymes is
not high enough to perform sequencing at high tempera-
ture, which is necessary to eliminate undesired secondary
structure of the template DNA. Moreover, since PCR and
cycle sequencing5'6 include a step of denaturation of the
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double-stranded DNA by incubating at more than 90° C,
a DNA polymerase which retains its activity even at high
reaction temperatures is required.

Several thermostable DNA polymerases have been
obtained from a number of thermophilic bacterial
cells including Thermus aquaticus2 T. caldophilus,7 T.
thermophilus,8~10 T. flavus11 and Pyrococcus furiosus.12

The polA gene, a gene for thermostable DNA polymerase
from T. thermophilus HB8 (named as Tth polymerase),
has been cloned into E. coli.10 Recently, we have con-
structed the N-terminally truncated gene, polAANF2, by
deleting a 751-bp region flanked by an initiation codon
and an Fsp I site in the polA gene.13 The molecular
weight of the gene product, ATth polymerase, was 58-
61 kDa, which was approximately 30 kDa smaller than
that of the wild-type enzyme. The specific activity of the
5'-3' polymerization of the ATth polymerase was 63% of
that of the Tth polymerase, while no 5'-3' exonuclease
activity was detected in this mutant enzyme.13

In this paper, we measured the fidelity of DNA synthe-
sis by Tth and ATth polymerases under standard and
mutagenic PCR conditions. Moreover, we describe the
applicability of the ATth polymerase to automated DNA
sequencing and cycle DNA sequencing.
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Figure 1. Structure of Tth and ATth genes. Deleted region in
ATth polymerase is shown as a dashed line.

2. Materials and Methods

2.1. Bacterial strains

E. constrains JM109 (recAl A(lac-pro) endAl gyrA96
thi-1 hsdRH supEU relA, F'traD36 proAB+)14 and
KP3998 (F" , hsdS20 (rB-mB-)ara-14 proA2 lacP galK2
rpsL2 xyl-5 mtl-1 supE44, A~)15 were grown at 37°C on
Luria-Bertani medium. When necessary, ampicillin (50
/ig/ml) was added to the medium.

2.2. Plasmids, DNA manipulation and transformation
Plasmids pLED-NS10 containing the Tth polymerase

gene and pLEDANF213 containing the ATth polymerase
gene have been reported previously (Fig. 1). pLED-
NS was first digested with 5a/1 and Sph I. After the
digested DNA was fractionated by agarose gel (1%)
electrophoresis,16 the 337-bp fragment was inserted be-
tween the Sal I and Sph I sites of pUC19, and the plas-
mid obtained, named pBSl, was used as a template for
PCR. Plasmids were prepared by the alkaline-extraction
method,16 and then purified by CsCl-ethidium bromide
density gradient centrifugation.16 Transformation of E.
coli cells was carried out by conventional methods.16 Re-
covery of DNA fragment from agarose gel was done by the
method of Vogelstein and Gillespie17 with a Geneclean
kit (BiolOl Inc., La Jolla, CA).

2.3. Enzymes, chemicals and synthetic oligonucleotides
Tth polymerase was purified from the cell extract of T.

thermophilus by polyethyleneimine fractionation, ammo-
nium sulfate fractionation, successive column chromatog-
raphy on DEAE-Sepharose, phosphocellulose, Heparin-
Sepharose, BioRex70, and Blue Sepharose. ATth
polymerase was purified from the cell extract of E.
coli KP3998 harboring pLEDANF2 by heat treatment,
DEAE-Sepharose, Q-Sepharose column chromatography
(sample 1), or by heat treatment, polyethyleneimine frac-
tionation, ammonium sulfate fractionation, Q-Sepharose
and Heparin-Sepharose column chromatography (sample
2).13 For sequencing reaction and fidelity measurement,

sample 1 was used, while for PCR reaction, sample 2
was used. Restriction enzymes and DNA ligase are prod-
ucts of Toyobo Co. Ltd. Pfu polymerase was obtained
from Stratagene Co. Ltd. P7 primer for cycle sequencing
(5'-CGCCAGGGTTTTCCCAGTCACGAC-3'), and Px

and P5 primers for PCR (Pj, 5'-TGACCGGCAGCAA-
AATG-3' and P5 , 5'-CAGGAAACAGCTATGAC-3')
were synthesized in our laboratory using an automated
DNA synthesizer (model 381A, Applied Biosystems,
Mountain View, CA). Pi and P5 fluorescent primers for
automated DNA sequencer were purchased from Phar-
macia Co.

2.4. Fidelity
Fidelity of DNA synthesis was determined by mea-

suring the rate of forward mutation of lacZ gene18 or
by analyzing mutations accumulated during PCR. The
single-strand region of the M13mpl8 gapped DNA (1 fig)
was synthesized by DNA polymerases (Tth, ATth. Taq.
and Pfu polymerases) in the following buffer at 75° C for
60 min using 5 units of DNA polymerase; 67 mM Tris-
HC1, pH 8.8, 17 mM (NH4)2SO4, 6.7 mM MgCl2 0.2
mM dATP, 0.2 mM dGTP, 0.2 mM dCTP and 0.2 mM
dTTP in a total volume of 50 [A. This DNA was trans-
fected to E. coli JM109. A mutation in the a-peptide of
lacZ in the M13mpl8 phage gives rise to white plaque on
X-gal plate,18 while wild-type gene gives a blue plaque.
The mutation frequency is expressed as the no. of white
plaques/no, of total plaques. Conditions of PCR and se-
quencing analyses are described below.

2.5. Polymerase chain reaction
pBSl (2 /zg/ml) was linearized with Nde I, that cleaves

outside the target region of mutagenesis, in a total vol-
ume of 20 fj,l. This sample was used as a template for
PCR. Standard PCR amplification was carried out in
100 yul of the following reaction mixture: 60 mM Tris-
HC1, pH 9.0, 15 mM (NH.i)2SO4, 2 mM MgCl2, 0.25
mM dCTP, 0.25 mM dGTP, 0.25 mM dTTP, 0.25 mM
dATP, 100 pmol P : primer, 100 pmol P 5 primer, DNA
polymerase (2 units), and Nde I-cleaved pBSl (100, 10
or 1 pg). After overlaying with 75 /zl of mineral oil, the
reactions were performed as follows: i) one cycle of 94°C
for 5 min; ii) 30 cycles of 94°C for 1 min, 55°C for 1 min,
and 72° C for 5 min, and iii) one cycle of 72° C for 10
min. Mutagenic PCR amplification19^22 was carried out
in 100 fil of the following reaction mixture: 67 mM Tris-
HC1, pH 8.8, 16.6 mM (NH4)2SO4, 6.1 mM MgCl2, 6.7
/zM EDTA, 0.17 mg/ml bovine serum albumin, 10 mM
/3-mercaptoethanol, 10 /A of dimethylsulfoxide (DMSO),
0.5 mM MnCl2, 100 pmol Pj primer, 100 pmol P 5 primer,
1 mM dCTP, 1 mM dGTP, 1 mM dTTP, 0.2 mM dATP,
DNA polymerase (2 units), and Nde I-cleaved pBSl (100,
10, or 1 pg). The reactions were performed as follows: i)
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1 cycle of 94°C for 7 min, 50°C for 1 min, and 70°C for 4
min; and ii) 30 cycles of 94°C for 1 min, 50°C for 1 min,
and 70°C for 4 min. After completion of the PCR, the
reaction product was divided into two parts. One part
was used for quantitative analysis by densitometry, and
the other part was used for cloning.

2.6. Quantitative analysis of PCR products
A standard curve was generated for each PCR reaction

using a serial dilution of a 376-bp Hindlll-EcoRI frag-
ment of pBSl. After the PCR products were fractionated
by agarose gel (1%) electrophoresis followed by ethidium
bromide staining, DNA bands detected by UV illumina-
tion (360 nm) were photographed using a red filter (Rl,
Kenko Co.) and negative-film (minicopy, Fuji Co.). The
intensity of the bands on the negative film was quanti-
fied by densitometry (Bioimage analyzer, Millipore, Co.
Ltd.). By comparing the intensity of the band from a
PCR product with that from the standard DNA, the con-
centration of the PCR product was identified. From the
initial amount of PCR template and final amount of PCR
product, the real number of amplification was calculated.

2.7. DNA sequencing
For sequencing the PCR products, the samples

were extracted with equal volumes of phenol, phenol-
chloroform, and diethyl ether as described previously.16

DNA was then precipitated with ethanol. After drying
the precipitate, the pellet was directly resuspended in 20
lA of High buffer16 containing 5 units each of Hindlll and
EcoRl (Toyobo Inc.). The digestion was carried out for
2 hr at 37° C. The products were purified on agarose gel
(1%) electrophoresis. The 0.38-kb fragments recovered
from the gel were cloned between Hindlll and EcoRl sites
of pUC19 using E. coli JM109 as a host strain. Plasmids
obtained from four clones were sequenced by an auto-
mated DNA sequencer (A.L.F., Pharmacia Co.).

Cycle sequencing reaction5'6 was done using a Taq
Dyedeoxy Terminator Cycle Sequencing Kit (Perkin-
Elmer Cetus, Norwalk, CT) according to the instruction
manuals of the manufacturer with the following modifi-
cations. The mixtures (17 //I) were initially prepared to
include 0.1 /xg of M13mpl8 ssDNA, 1 pmol of P7 primer,
1 fil of 150 /xM dNTP each, 0.37 MBq [a-32P]dCTP (29.6
TBq/mmol), 3 (A of IOXSB buffer (composition: 670 mM
Tris-HCl, pH 8.8, 166 mM (NH4)2SO4, 67 mM MgCl2,
100 mM /?-mercaptoethanol), and 4 units of DNA poly-
merase (Tth or ATth polymerases). Four microliters
each of this mixture was divided into four tubes, and 3 /ul
of 900 nM ddATP, 60 fM ddGTP, 600 fM of ddCTP, and
900 fM ddTTP were added to the "A", "G", "C", and
"T" reaction tubes, respectively. The reactions were per-
formed at 30 cycles of 95°C for 30 sec and 72°C for 2 min,
and stopped by adding 4 /il of stop solution (95% for-

Standard PCR

Tth ATth

Mutagenic PCR

Tth ATth
Template (1pg)

Polymerase

Figure 2. Electrophoresis of PCR products. PCR was performed
under standard and mutagenic conditions using 1 pg of Nde
I-cleaved pBSl (template DNA) and DNA polymerase (2 units)
(see Text). As a control, reactions were performed in the same
manner except that either template or polymerase was omitted.
A phage DNA digested with Sty I was used as markers (lane M).

mamide, 20 mM EDTA, 0.05% bromophenol blue, 0.05%
xylene cyanol). Before loading on the gel, the samples
were heated at 95° C for 2 min. Electrophoresis was done
on an 8% polyacrylamide gel containing 8 M urea.23

3. Results and Discussion

3.1. Comparative study of Tth and ATth to generate
mutations

The strand duplication fidelity of Tth polymerase and
ATth polymerase was analyzed by M13 lacZ forward mu-
tation assay.18 Mutation frequency of ATth was deter-
mined to be 1.56 x 10~2, which was almost the same
as the mutation frequency of wild-type Tth polymerase
(Table 1). Moreover, these values were nearly equal to
the value of Taq polymerase, but higher than that of Pfu
polymerase.

To determine the mutation rate of Tth and ATth poly-
merases in standard and mutagenic PCR, a 0.4-kb DNA
region (a part of the Tth polymerase gene) cloned in
pUC19 was amplified by the Pi and P5 primers, and mu-
tations accumulated during the reactions were analyzed
by DNA sequencing. Conditions were used in the mu-
tagenic PCR that might be considered mutagenic:19"22

i.e., i) increased concentration of MgCl2 to stabilize non-
complementary pairs, ii) addition of 0.5 mM MnCl2 to
the reaction mixture to diminish the template specificity
of the polymerase, and iii) increased concentrations of
dGTP, dCTP, and dTTP (1 mM).

Amplified DNAs obtained under PCR reactions were
analyzed by agarose gel electrophoresis (Fig. 2). When
either template or DNA polymerase was omitted from
the complete reaction mixture, no amplification of DNA
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Table 1. Measurement of mutation rate using Lac phenotype.

Enzyme

ATth polymerase
Tth polymerase
Taq Polymerase
Pfu Polymerase

No. of white plaques

115
18
54
30

Total plaques

7375
1235
4141
7691

Mutation frequency
(xlO"4)

156
146
130
39

Table 2. Mutation under standard and mutagenic PCR using Tth and ATth p>olymerases.

Nucleotides sequenced
No. of mutations
Frequency of mutations (%)
(per nucleotide)
Amount of PCR products (jUg)
Cycles of amplification (= n)
Error rate
(per nucleotide
per cycle of amplification)

Standard
Tth
1258

2
0.16

0.23
20.7

7.7 x 10"52

P C R

ATth
1155

6
0.5

1.0
22.8

.2 x 10~4

Mutagenic
Tth
1109

15
1.4

0.083
19.2

7.0 x 10~4 8

PCR
ATth
1162

21
1.8

0.46
21.7

.3 x 10"

One picogram of template (3,011 bp) was used for the standard and mutagenic PCR. Amounts of the PCR products (410
bp) were measured by densitometric analysis of the bands on agarose gel, and net cycle of amplification was calculated: i.e.,
2n = No. of molecules of amplified PCR product/No, of molecules of initial PCR template, where n = cycles of amplification.

Table 3. Types of mutations under standard and mutagenic PCR
with Tth and ATth polymerases.

Transition
A toG
C to T
G to A
T to C

Transversion
A to C
A to T
C to A
C t o G
G t o C
G to T
T to A
T to G

Deletion
A deletion
T deletion

Insertion
A insertion

Standard PCR
Tth

1
—
—

—

1

1
—

1
—
—
—

—
—

—

—

—

—

—

ATth
4

—
—

4
—

1
—
—
—

1
—

—
—

—

—

—

1
1

Mutagenic PCR
Tth
10
3

—

1

6

3
1
1

—
—
—

—
—

1

2
1
1

—

—

ATth
17
10

1
1

5

3
—
—
—
—

1
—

1
1

1
—

1

—

—

fragments occured. From the initial amount of template
DNA and the final amount of PCR product, the real
number of amplification was calculated. After cloning
PCR products into plasmids, mutations were analyzed
by DNA sequencing.

Numbers of mutations are shown in Tables 2 and 3.
Under the standard PCR condition, the mutation rate
of ATth polymerase seemed to be higher than that of
the wild-type enzyme, though the numbers of detected
mutations were small. Under the mutagenic PCR, Tth
and ATth polymerases generated mutations in the target
DNA at almost the same rate [7.0 x 10"4 (Tth) and 8.3 x
10~4 (ATth) per nucleotide per cycle of amplification].
These frequencies were 9 times (Tth) or 4 times (ATth)
higher than the rates under standard PCR.

It has been reported that the deletion of the N-terminal
region of Taq polymerase has resulted in a twofold in-
crease in fidelity.24 However, we found no significant dif-
ferences of mutation rates between Tth and ATth poly-
merases from the forward mutation assay of the lacZ gene
(Table 1) and mutagenic PCR (Table 2). From our re-
sults, the 5'-3' exonuclease activity of Tth polymerase
seems to have no effect on the fidelity. In contrast, the
nutation frequency was lower with Pfu polymerase from
Pyrococcus furiosus, having 3'-5' exonuclease activity,12

compared to Tth and ATth polymerases (Table 1). The
3'-5' editing exonuclease seems to contribute to the proof-
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B
Tth

G A T C
ATth

G A T C
Tth

ATth

AATOAATCGOCCAACOOGOGOOQAOAGOGGOTTrGOG'AT TGGOCQCCAOQG'OGT TT TTC

Figure 3. Application of the Tth. and ATth polymerases to DNA sequencing. (A) Autoradiogram of sequencing gel. Cycle sequencing
reactions were performed using the single-stranded M13mpl8 phage DNA (template) and P7 primer. (B) Signal chart of automated
DNA sequencer (model 370A Applied Biosystems) with Tth and ATth polymerases. M13mpl8 single-stranded DNA (template), P7
primer and fluorescent-dideoxynucleotide (dye terminator) were used for sequencing.

reading as reported previously.
Under the mutagenic PCR having a lower concentra-

tion of dATP, strong bias of base substitutions was ob-
served. Namely, among the 11 transition mutations be-
tween A and G, ten were from A to G and only one
was from G to A (ATth polymerase). Similarly, among
the 6 transition mutations between C and T, all of them
were from T to C (Tth polymerase) (Table 3). Thus,
the substantial excess of transition (from A to G, and
from T to C mutations) results in strong GC sequence
bias. This bias can be understood in terms of the com-
petition between dATP and dGTP for base-pairing at a
T position. These results imply that suitable adjustment
of the dNTP ratio will increase the occurrence of the
required base alterations. From our results, more than

99% of the DNA molecules were calculated to possess
mutations in the target DNA region (337 bp) by using
Tth and ATth polymerases under mutagenic PCR. Thus,
this mutagenic PCR condition is a good system for a ran-
dom mutagenesis procedure. On the other hand, under
the standard PCR, the calculations showed that 18% of
DNA molecules still had no mutations whatsoever after
PCR (where the error rate of 2.2 x 10~4 and a net cycle
of amplification of 22.8 were used).

3.2. Application o/ATth polymerase to DNA sequenc-
ing

DNA sequencing was performed with the parental Tth
and ATth polymerases, and the gel patterns were com-
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pared (Fig. 3). The ATth polymerase gave more than
500 bases of readable signal from the M13 single-stranded
DNA on automated DNA sequencing, whereas the orig-
inal Tth polymerase did not give even 50 bases of ac-
curate signals (Fig. 3B). Even on cycle sequencing, only
the ATth polymerase gave at least 250 bases of clear
sequencing ladder (Fig. 3A). It is considered that the de-
crease of the extra band is a result of the lack of 5'-3'
exonuclease activity of the polymerase.

From this study, we found that the newly constructed
ATth polymerase possesses suitable characteristics to
perform in vitro DNA synthetic reactions including stan-
dard PCR, mutagenic PCR, automated sequencing and
cycle sequencing.
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