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ABSTRACT

Thermotoga neapolitana (Tne) DNA polymerase
belongs to the DNA polymerase I (Pol I) family. The
O-helix region of these polymerases is involved in
dNTP binding and also plays a role in binding
primer±template during DNA synthesis. Here we
report that mutations in the O-helix region of Tne
DNA polymerase (Arg722 to His, Tyr or Lys) almost
completely abolished the enzyme's ability to cata-
lyze the template-independent addition of a single
base at the 3¢-end of newly synthesized DNA in vitro.
The mutations did not signi®cantly affect the DNA
polymerase catalytic activity and reduced base mis-
insertions 5- to 50-fold. The same Arg722 mutations
dramatically increased the ability of the enzyme's
3¢®5¢ exonuclease to remove mispaired 3¢ bases in
a primer extension assay. These mutant DNA
polymerases can be used to accurately amplify
target DNA in vitro for gene cloning and genotyping
analysis.

INTRODUCTION

Based upon its primary amino acid sequence and catalytic
mechanism, Thermotoga neapolitana (Tne) DNA polymerase
belongs to the DNA polymerase I (Pol I) family. Similar to
Escherichia coli DNA polymerase I, but unlike Taq DNA
polymerase, Tne DNA polymerase contains both 3¢®5¢ and
5¢®3¢ exonulease activity. Crystal structures of E.coli DNA
polymerase I (1,2), Taq DNA polymerase (3) and Bacillus
stearothermophilus DNA polymerase I (4) delineate the
organization of these three separate domains. Comparison of
the structures of all known DNA polymerases, including
distantly related reverse transcriptase, show a similar topology
and organization of the polymerase active site (5,6). The
structural alignment of different polymerases combined with
mutagenesis studies of the Klenow fragment of Pol I of E.coli
indicate that the polymerase active site residues are located

primarily in the palm region (7). The dNTP-binding region is
located in the ®ngers sub-domain encompassing the exposed
face of the O-helix (residues 754±766 of Klenow fragment)
and in an adjacent region of the palm domain (8). Extensive
biochemical, genetic and mutagenesis studies combined with
crystallographic data have helped to elucidate the overall
mechanism of and the role of individual amino acids in DNA
synthesis (5±9).

Maintaining the ®delity of DNA synthesis inside the living
cell is of fundamental importance in biology for accurate
transmission of genetic information. In this process, DNA
polymerase must select and incorporate correct nucleotides
and extend a correctly base paired primer terminus during
DNA synthesis. In most cases, accurate polymerization by
DNA polymerase is achieved by the concerted efforts of its
proofreading 3¢®5¢ exonuclease and polymerase activities
(10±12). The relative level of proofreading activity during
DNA synthesis by the associated 3¢®5¢ exonuclease activity
of DNA polymerase is a major factor contributing to the
®delity.

Thermostable DNA polymerases are routinely used in PCR
to amplify DNA targets. Among these, Taq DNA polymerase
is the most widely used, although it does not have a
proofreading function. The error rate of Taq DNA polymerase
has been estimated to be approximately 1 3 10±4 to 2 3 10±5,
depending upon the assay system used (13,14). This error rate
is a serious concern in applications such as gene cloning and
genotyping that require enhanced accuracy of DNA synthesis.
Researchers performing genotyping using Taq DNA poly-
merase frequently have dif®culty determining the correct size
of the alleles they are amplifying. This is due to the tendency
of Taq DNA polymerase to add a nucleotide in a template-
independent fashion to PCR products (15).

In this work, we show that substitutions for the Arg722
residue in the O-helix of Tne DNA polymerase have a
dramatic effect on the ®delity of DNA synthesis and non-
templated nucleotide addition. The level of proofreading
activity and the level of nucleotide misincorporation during
DNA synthesis are in¯uenced in part by the amino acids
present at this position. Improved ®delity and reduced
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non-templated nucleotide addition make these modi®ed DNA
polymerases useful for a variety of genetic applications,
including PCR and genotyping.

MATERIALS AND METHODS

Cloning of Tne DNA polymerase and its mutants

The Tne DNA polymerase gene was cloned from the genomic
DNA of T.neapolitana (DSM 5068) by following a method
described elsewhere (16). The gene was expressed under
control of either the lac or the tac promoter in E.coli. The Tne
DNA polymerase mutants were generated by site-directed
mutagenesis according to the procedure of Kunkel (17) or by
PCR using synthetic oligonucleotides.

Mutant DNA polymerases

Tne DNA polymerase contains both 5¢®3¢ and 3¢®5¢
exonuclease activities. Mutations were introduced into Tne
DNA polymerase so as to inactivate either one (D137A) or
both (D137A/D323A) exonucleases and then further muta-
tions were introduced into the O-helix domain. Tne poly-
merase containing mutations D137A and D323A refers to
inactivated 5¢®3¢ and 3¢®5¢ exonuclease activities, respect-
ively. The mutants derived from Taq DNA polymerase had
wild-type 5¢®3¢ exonuclease activity and a mutation in the
O-helix region.

Puri®cation of DNA polymerases

A single colony of E.coli DH10B (Invitrogen) carrying a
plasmid that contained the wild-type or mutant DNA
polymerase gene was inoculated into 20 ml of LB containing
100 mg/ml ampicillin. After incubation at 30°C overnight, the
culture was transferred into 330 ml of the same growth
medium. At an OD590 of about 1.0, isopropyl-b-D-thiogalacto-
side was added to a ®nal concentration of 1.0 mM and the cells
were grown for an additional 3.5 h. Cells were harvested by
centrifugation at 6000 r.p.m. (Sorvall GS3 rotor) and 2±3 g of
cells were resuspended in 15 ml of Mono Q column buffer
(50 mM Tris±HCl, pH 8.0, 5% glycerol, 5 mM 2-mercapto-
ethanol, 50 mM NaCl, 1 mM EDTA) and 0.5 mM PMSF.
Suspended cells were disrupted by sonication for 2 min
(550 Sonic Dismembrator; Fisher Scienti®c). The sonicated
sample was heated at 80°C for 20 min (to inactivate E.coli
polymerases and to precipitate large amounts of the E.coli
proteins) and then placed in ice water for 5 min. After addition
of 0.6 ml of 5 M NaCl (20 mM ®nal concentration) and 0.6 ml
of 10% polyethyleneimine, the nucleic acids and the precipi-
tated proteins were removed by centrifugation at 13 000 r.p.m.
(Sorvall SS34 rotor). The Tne DNA polymerase was pre-
cipitated by adding ammonium sulfate (305 g/l) to the
supernatant. The precipitate was collected by centrifugation
at 13 000 r.p.m. as above and resuspended in 4 ml of Mono Q
column buffer. The sample was dialyzed against 1 l of
Mono Q column buffer overnight. Following centrifugation at
13 000 r.p.m. as above to remove insoluble material, the
dialyzed sample was loaded onto a 1 ml Mono Q column
(HR5/5; Pharmacia). The column was washed with Mono Q
column buffer until the OD280 reached baseline and then was
eluted with a linear gradient of 50±300 mM NaCl in 20 ml of
Mono Q column buffer. Fraction contents were characterized

by Coommassie blue staining following 8% SDS±PAGE and
by an assay for DNA polymerase activity (described below).
The fractions containing active and pure Tne DNA polymerase
were pooled and dialyzed against 500 ml of dialyzing buffer
(20 mM Tris±HCl, pH 8.0, 0.1 mM EDTA, 1 mM DTT, 0.04%
w/v NP-40, 0.04% w/v Tween-20, 50% glycerol) for 12 h and
stored at ±20°C.

DNA polymerase activity assay

Activated salmon sperm DNA (Sigma) was prepared by a
protocol described elsewhere (18). Puri®ed DNA polymerase
activity was measured in a 50 ml reaction mixture containing
25 mM TAPS, pH 9.3, 2.0 mM MgCl2, 50 mM KCl, 1.0 mM
DTT, 200 mM each dNTP, 25 mg activated salmon testes
DNA, 1.05 mCi [32P]dCTP. After incubation at 72°C for
10 min, the reaction was terminated by addition of 10 ml of
500 mM EDTA. Incorporation of radioactivity into acid-
insoluble products was determined as described elsewhere
(19). One unit of DNA polymerase represents incorporation of
10 nmol dNTPs into acid-precipitable material at 72°C in
30 min.

Primer extension assay

The primer extension assay was carried out based on the
method described by Goodman with minor modi®cations (12).
A 32P-labeled primer±template (2 nM) was incubated with
different amounts of Tne DNA polymerase in 10 ml of reaction
mixture containing 20 mM Tris±HCl, pH 8.4, 50 mM KCl,
1.5 mM MgCl2, 1.0 mM DTT in the presence 200 mM each
dNTP at 72°C for 2 min. After addition of 5 ml of sequencing
stop buffer and heating at 90°C for 2 min, the sample (5 ml)
was loaded onto a 12% polyacrylamide±13 TBE±7 M urea
sequencing gel and subjected to electrophoresis at 1200 V for
1.5 h. For autoradiography, the gel was vacuum dried on
Whatman ®lter paper and X-ray ®lm was overlayed for
exposures. For some experiments, the radioactivity in bands of
the dry sequencing gel was analyzed with a phosphorimager.

Coupled mismatch primer extension assay

A 5¢-32P-end-labeled substrate (1 nM) was incubated in 10 ml
of extension reaction at 72°C for 2 min as in the primer
extension assay using various amounts of DNA polymerase.
The reaction mixtures were cooled on ice for 5 min, 10 U of
BglII were added to the reaction and the mixture was
incubated at 37°C for 1 h. After addition of 5 ml of sequencing
stop buffer and heating the mixture at 94°C for 2 min, 5 ml of
the samples were electrophoresed through a 10%
polyacrylamide±13 TBE±8 M urea sequencing gel.

In vivo ®delity assay

The assay was done similarly to a procedure described before
(20). Puri®ed DNA polymerase (0.1±1.0 U) was used to
amplify 100 pg of pUC19 that was linearized at the unique
BsrFI site. The oligos used were 5¢-CGATAGCGGAGC-
CGGTGAGCGTGGGTCTC-3¢ and 5¢-CCTGAGTCCGCAC-
CGGCTCCAGATTTATC-3¢. The PCR mixture contained
400 nM oligos (each), 200 mM each dNTP, 20 mM Tris±HCl,
pH 8.3, 50 mM KCl and 1.5 mM MgCl2 in a total reaction
volume of 50 ml. The sample was heated at 94°C for 1 min,
followed by 35 cycles of 94°C for 10 s, 55°C for 15 s and 72°C
for 2.5 min, with a ®nal 3 min extension at 72°C. A small
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aliquot (~5 ml) of PCR product was run out on a 0.8% agarose
gel with a low mass DNA ladder (Invitrogen) to estimate the
amount of product. The rest of the PCR product was phenol
extracted, ethanol precipitated, resuspended in TE (10 mM
Tris±HCl, pH 8.0, 1 mM EDTA) and digested with BsrFI
(New England Biolabs). The sample was phenol extracted
and ethanol precipitated and ligated overnight at 16°C. The
ligation reaction products were transformed into DH10B cells
(Invitrogen). The appropriate dilution of cells to give
~200 colonies/plate was plated on LB agar containing
ampicillin (100 mg/ml) and X-gal (0.1 mg/ml) overnight at
37°C. The error rate of DNA synthesis resulting from the
primer extension process was calculated as previously
described (21). Brie¯y, mutation frequency (MF) was deter-
mined to be the number of light blue and white colonies
(lacZa±) divided by the total number of colonies. Error rate
was determined as MF/(bp 3 d), where bp is the number of
base pairs ampli®ed and the doublings d was determined using
the equation 2d = (amount of PCR product)/(amount of initial
target).

RESULTS AND DISCUSSION

DNA polymerase activity of modi®ed polymerases

The O-helix of an E.coli DNA polymerase I-type DNA
polymerase contains four highly conserved and surface-
exposed amino acids, Arg, Lys, Phe and Tyr (Fig. 1). These
four amino acids have been implicated mainly in dNTP
binding. In addition, at least one of the amino acids, Tyr766 in
the Klenow fragment, is involved in primer±template binding.
To delineate the role of these conserved amino acids in DNA
synthesis, we have generated mutants altered in this O-helix
region of Tne DNA polymerase. Since wild-type Tne DNA
polymerase contains both 5¢®3¢ exonuclease and 3¢®5¢
exonuclease activities, mutations (D137A and D323A) were
introduced into Tne DNA polymerase so as to inactivate the
exonucleases and then further mutations were introduced into
the O-helix domain. Mutations D137A and D323A resulted
in an approximately >100-fold reduction of 5¢®3¢ and
>1000-fold reduction of 3¢®5¢ exonuclease activity,
respectively (22).

DNA polymerase activity of the mutants carrying substitu-
tions in the O-helix was determined in heat-treated (20 min at
80°C) crude extracts or puri®ed preparations as described in
Materials and Methods. Mutants carrying the substitutions
K726H and K726Q produced undetectable levels of poly-
merase activity (data not shown). This result is in agreement
with previous work with Taq DNA polymerase (23). In
addition, the mutation at the homologous amino acid position
in E.coli Pol I, K758A, is also reported to have a 330-fold
reduction in catalytic activity (8) compared with the wild-type
protein. These results suggest that this Lys residue is essential
for catalytic activity. However, for Arg722, the effect on DNA
polymerase activity varied with amino acid substitution. The
mutant DNA polymerases R722K, R722H, R722Q, R722Y
and R722L retained ~50±90% of the parent exonuclease-
de®cient (D137A/D323A) DNA polymerase activity. The
DNA polymerase activity of mutant R722A was undetectable.
A similar mutation, R754A, in E.coli Pol I also reduced the
polymerase activity by 33-fold (8).

The results with the other substitutions at Arg722 of Tne
polymerase were surprising and intriguing due to the fact that
the corresponding position of Taq DNA polymerase, Arg659,
appeared to be immutable in a selection assay (23). This was
based upon the fact that mutants of Taq DNA polymerase at
this position did not complement a polAts mutant of E.coli
in vivo.

In order to compare the effect of mutation(s) at this position
of the O-helix on the DNA polymerase activity of two
members of the Pol I family, Taq and Tne, three puri®ed Taq
DNA polymerase mutants, R659K, R659H and R659Y, were
analyzed. These mutant Taq DNA polymerases retained only
5±10% of the activity of wild-type Taq DNA polymerase. It is
possible that the low level of residual polymerase activity of
these mutants may not have been suf®cient to complement the
DNA synthesis rate required by the E.coli mutant (polAts) to
grow and form colonies (23,24).

Several studies on Pol I family members have demonstrated
the importance of the amino acid side chain at the position
corresponding to Tne DNA polymerase Phe730 for dis-
crimination against dideoxynucleotides and for ®delity of
DNA synthesis (25,26). In this study, therefore, the attention
was focused on analysis of mutations at Arg722 of Tne DNA
polymerase.

Primer extension by mutant DNA polymerases

The method described by Goodman (12) was used to estimate
the intrinsic ®delity of Tne DNA polymerase and its mutants.
Overall misinsertion of three non-complementary nucleotides
in the absence of the ®rst complementary nucleotide in the
template±primer substrate is shown in Figure 2A. The primer
extension was carried out using homogeneous preparations of
exonuclease-de®cient (D137A/D323A) and modi®ed enzymes
(D137A/D323A in addition to a substitution at Arg722) under
identical experimental conditions. A typical autoradiogram
(Fig. 2B) shows the primer extension experiment in the
presence of only three deoxynucleotides. The template±primer
was designed in such a way that we could also quantitatively
measure the ef®ciency of mismatched primer extension,
following the insertion of a non-complementary nucleotide.
In the presence of all four nucleotides, exonuclease-de®cient
and all three of the mutant Tne DNA polymerases at position

Figure 1. Amino acid alignment and structure of the O-helix of members of
the DNA polymerase I family. (A) The amino acid sequences and the
numbers are taken from Astatke et al. (8). The conserved amino acids in the
O-helix are in black. (B) The structure of the O-helix with four conserved
side chains was adapted from Joyce and Steitz (5).
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Arg722 elongated almost all of the primer to full-length
product (Fig. 2B, lanes 1, 6, 11 and 16). Each of the enzymes
tested extended the primer to full length at 72°C in only 2 s
(data not shown).

The analysis of the insertion of non-complementary
nucleotides by Tne DNA polymerases has been summarized
in Table 1. Exonuclease-de®cient Tne DNA polymerase
extended 66, 72, 68 and 74% of the primer molecules when
dATP, dTTP, dGTP or dCTP was omitted from the reaction
mixture, respectively. In contrast, each of the three mutant
derivatives at position Arg722 only extended about 1±16% of
the primer molecules depending on which of the dNTPs was
omitted from the reaction. Thus, mutations at this position
reduced base misinsertion by 5- to 50-fold. This result
suggests that Arg722 of Tne polymerase plays a pivotal role
in the selection between correct and incorrect nucleotides
prior to incorporation into the growing chain.

Elimination of template-independent one base addition

It has been shown that Taq DNA polymerase and other
thermostable DNA polymerases (that lack a 3¢®5¢ exo-
nuclease activity) used in PCR accumulate ampli®ed products
containing non-templated 3¢-terminal nucleotides (15,27±29).
A careful examination of the autoradiogram shown in
Figure 2B (lanes 1, 6, 11 and 16) demonstrates a template-
independent extra nucleotide (n + 1) addition (the band above
the arrow) in the case of exonuclease-de®cient but not in the
case of Arg722 mutants in the same exonuclease-de®cient
background.

Template-independent nucleotide addition is a slow process
compared with template-directed DNA synthesis (27,28).
Since the level of (n + 1) formation is also affected by the
sequence several nucleotides distant from the 5¢-end of the
template (29), the sequence of the last 5 nt of the template was
randomized as shown in Figure 3A in order to minimize
sequence bias. About 65% of the DNA product synthesized by
the exonuclease-de®cient (D137A/D323A) DNA polymerase
contained a one base addition at the 3¢-terminus (Fig. 3B,
lane 1). However, replacement of Arg722 in the same
exonuclease-de®cient Tne DNA polymerase by any of ®ve
amino acids (Fig. 3B, lanes 2±6) almost completely eliminated
the template-independent nucleotide addition. However, a
different O-helix mutant, F730Y (lane 7), had no signi®cant
effect on this property. The degree of non-templated one
nucleotide addition can be reduced by changing the PCR
conditions. However, to the best of our knowledge, this is the
®rst demonstration of an association between a single amino
acid and this activity.

Fidelity of the mutant DNA polymerases in vivo

Although the misincorporation assays (Fig. 2B and Table 1)
provided some information about the overall ®delity of the
Tne DNA polymerase mutants, quantitative ®delity was
determined in a forward mutation assay (20). This assay has
several advantages over the in vitro misincorporation assay.
Quantitation of the absolute frequency of mutation by the
misinsertion procedure is dif®cult, while this assay allows one
to quantitate the mutation frequency. In addition, the mutation
frequency is determined in more natural conditions in the
presence of all four dNTPs, whereas the misincorporation
assay was done in the absence of a particular dNTP. The
improper balance of the concentrations of correct and
incorrect nucleotides forces DNA polymerase to select a
non-complementary nucleotide.

Table 1. Misincorporation opposite N of the template

Enzyme Fraction of primer extended Relative misincorporation (%)
±A ±T ±G ±C ±A ±T ±C ±G

D137A/D323A 0.66 0.72 0.68 0.74 100.0 100.0 100.0 100.0
R722K 0.03 0.10 0.02 0.16 4.8 14.2 2.8 21.9
R722Y 0.02 0.04 0.01 0.01 3.6 5.3 1.9 2.1
R722H 0.01 0.08 0.03 0.10 1.9 11.6 4.7 14.7

The radioactivity in the bands shown in Figure 2 was analyzed with a phosphorimager. All DNA polymerases used in this experiment are de®cient in both
5¢®3¢ exonuclease (D137A) and 3¢®5¢ exonuclease (D323A) activities. The fraction of primers extended is de®ned as the radioactivity present in the
extended product divided by the total input. Total input is the sum of radioactivity in the extended products and in the primers. The values are averages of
four experiments. ±A, ±T, ±G and ±C indicate the reaction in the absence of dATP, dTTP, dGTP and dCTP, respectively.

Figure 2. Misinsertion of non-complementary nucleotides by Tne DNA
polymerases. (A) Substrate used in the assay of misinsertion of a non-
complementary nucleotide by DNA polymerase. N indicates A, T, G or C in
this position in the template. (B) An autoradiograph of the reaction
products. The assay was carried out as described in Materials and Methods
with 0.25 U of Tne DNA polymerase. All DNA polymerases used in this
experiment are de®cient in both 5¢®3¢ exonuclease (D137A) and 3¢®5¢
exonuclease (D323A) activities. The results with D137A/D323A, R722K,
R722H and R722Y are shown in lanes a±d, respectively. The dNTP comple-
mentary to the N position of the template shown in (A) was omitted in the
reaction mixture and indicated as -dNTP. The dash (-) indicates that no
dNTP was omitted. Unextended primer is shown in lane 0. The arrow indi-
cates extended 48 nt product without template-independent base addition to
the 3¢-end.
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To quantitate the ®delity of DNA synthesis, the a-peptide
coding sequence of the lacZ gene was ampli®ed and
transformed into E.coli. The mutation frequencies of various
mutant DNA polymerases are summarized in Table 2.
Replacement of Arg722 by a Lys or Tyr in exonuclease-
de®cient (D137A/D323A) Tne DNA polymerase reduced
error rate (increased ®delity) by 10- to 18-fold, while the
®delity of these mutants was increased 25- to 30-fold when the
associated 3¢®5¢ exonuclease activity was present. The 3¢®5¢
exonuclease activity contributed about a 3- to 4-fold improve-
ment in ®delity, while a more signi®cant contribution was
derived from mutations in the Arg722 residue, probably
through correct base selection. This conclusion is consistent
with the misinsertion experiment mentioned above.

Improved proofreading activity of Tne DNA polymerase
mutants

To test if alteration of Arg722 allowed the 3¢®5 exonuclease
to proofread more ef®ciently, the 3¢®5¢ exonulease activity of

the Tne DNA polymerase mutants, D137A and D137A/
R722K, was tested under the same reaction conditions. In the
absence of dNTPs, both mutants cleaved nucleotides at the
3¢-ends of both single-stranded and double-stranded DNA
with similar ef®ciencies (data not shown). A method described
by Lundberg et al. (14) was used to qualitatively measure the
associated 3¢®5¢ exonulease activity in the presence of the
four dNTPs.

To slow down the initiation of DNA synthesis by the DNA
polymerase, a primer±template duplex was designed with two
mispaired nucleotides at the 3¢-terminus of the primer strand
(Fig. 4A). The mismatches were present in the primer
overlapping the sequences recognized by BglII restriction
enzyme in the template. For BglII to cleave, both (but not one)
mispaired nucleotides in the primer must be removed by the
associated 3¢®5¢ exonuclease before the primer can be
extended by the DNA polymerase. As shown in Figure 4B,
only a small fraction of the primer molecules extended by the
D137A mutant of the Tne DNA polymerase could be cleaved
by BglII restriction enzyme. In contrast, the majority of the
primer molecules elongated by the mutant Tne DNA
polymerase (D137A/R722K) were cleaved by BglII. This
result suggests that during the initiation of the reaction, a
signi®cant fraction of the mispaired primer±template duplex
bound to D137A mutant of the Tne DNA polymerase was
elongated without correction. However, in the case of
D137A/R722K mutant Tne DNA polymerase, the mispaired
primer termini were cleaved by the associated 3¢®5¢
exonulease prior to extension. This indicates that after the
proofreading process at the 3¢-terminus, the corrected
primer±template substrate switches to the polymerase active
site for DNA synthesis.

The inability of 3¢®5¢ exonuclease-pro®cient Tne DNA
polymerase to cleave mismatched nucleotides in the primer
before polymerization could be attributed to less effective
proofreading activity because of a partitioning problem. It is
consistent with the results of the ®delity assay showing that
3¢®5¢ exonuclease activity makes very little contribution to
the overall ®delity (Table 2) of the Tne DNA polymerase. It is
possible that mutation of the Arg722 residue enhanced the
partitioning of mispaired primer to the associated 3¢®5¢
exonuclease domain and, hence, improved ®delity. The
detailed mechanism of the partitioning/switching between

Table 2. Fidelity of Tne DNA polymerases

Enzyme substitutions 5¢®3¢ exo 3¢®5¢ exo Error rate (10±6) Relative ®delity

Tne D137A/D323A ± ± 33.7 1.0
Tne D137A/D323A R722K ± ± 3.5 9.5
Tne D137A/D323A R722Y ± ± 1.9 17.7
Tne D137A ± + 9.1 3.7
Tne D137A R722K ± + 1.1 30.6
Tne D137A R722H ± + 1.1 30.6
Tne D137A R722Y ± + 1.4 24.0
Taq (WT) + ± 7.3 4.6

Fidelity was determined by the lacZa forward assay as described in Materials and Methods. 5¢®3¢ exo
indicates whether the exonuclease has been rendered de®cient by the mutation D137A. 3¢®5¢ exo indicates
whether the exonuclease has been rendered de®cient by the mutation D323A. Wild-type Taq DNA
polymerase contains only 5¢®3¢ exonuclease activity.

Figure 3. Elimination of template-independent base addition by mutant Tne
DNA polymerases. (A) The substrate with ®ve randomized nucleotides at
the 5¢-end of a 48 nt template used in the assay. (B) An autoradiograph of
the reaction products. The assay was carried out as described in Materials
and Methods with 1 U of Tne DNA polymerase and 100 mM dNTPs. All
DNA polymerases used in this experiment are de®cient in both 5¢®3¢ exo-
nuclease (D137A) and 3¢®5¢ exonuclease (D323A) activities. The results
with D137A/D323A, R722K, R722Y, R722L, R722H, R722Q and F730Y
are shown in lanes 1±7, respectively. The unextended primer in the reaction
mixture without DNA polymerase is shown in lane 0. The arrow indicates
extended 48 nt product without template-independent base addition to the
3¢-end. The band above the arrow represents the extra nucleotide addition
(n + 1) product.
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proofreading and polymerization by this mutant is being
studied.

CONCLUSIONS

The mutations at Arg722 in the Tne DNA polymerase resulted
in (i) improved base selection or reduced incorporation of non-
complementary nucleotides, (ii) elimination of template-
independent nucleotide addition to the 3¢-end of newly
synthesized DNA and (iii) increased proofreading by the
associated 3¢®5¢ exonuclease activity. To the best of our
knowledge, this is the ®rst demonstration that a single amino
acid mutation in the O-helix region improves all three
activities of DNA polymerase resulting in a high ®delity
DNA polymerase. These mutant polymerases can ful®ll the
need for rapid, automated methods for identifying, analyzing
and typing polymorphic DNA fragments, particularly mini-
satellite, microsatellite or STR DNA fragments, and could be
used as biochemical reagents to amplify DNA with higher
®delity.
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