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-.-SUMMARY

A thermostable
DNA polymerase which possesses an associated 3’-to-5’ exonuclease (proofreading)
activity has been
isolated from the hyperthermophilic
archaebacterium,
Pyrococcus furiosus (Pfu). To test its fidelity, we have utilized a genetic
assay that directly measures DNA polymerase fidelity in vitro during the polymerase chain reaction (PCR). Our results
indicate that PCR performed with the DNA polymerase purified from P. furiosus yields amplification
products containing
less than 10s.~ of the number of mutations obtained from similar amplifications
performed with Tuq DNA polymerase. The
PCR fidelity assay is based on the ampli~cation
and cloning of lad, lac0 and IacZor gene sequences (IcrcIOZa) using either
ffil or 7ii~irqDNA poIymerase. Certain mutations within the lucf gene inactivate the Lac repressor protein and permit the
expression of /?Gal. When plated on a chromogenic substrate, these Lacl - mutants exhibit a blue-plaque phenotype. These
studies demonstrate
that the error rate per nucleotide induced in the I82 known detectable sites of the lucl gene was
1.6 x lo-’ for Pfu DNA polymerase, a greater than tenfold improvement
over the 2.0 x lo- 5 error rate for Tuq DNA
polymerase, after approx. 105-fold amplification.

INTRODUCTION

The polymerase chain reaction (PCR) has become an
important tool in molecular biology. The automated in vitro
amplification
process utilizes a thermostable
DNA polymerase; at present, the enzyme of choice is Tag DNA
polymerase (Mullis et al., 1986; Saiki et al., 1988). Purified
Tbq DNA polymerase is devoid of 3’-to-5’ exonuclease
(proofreading)
activity and thus cannot excise misincorCorrexpundenceio: Dr. E.J. Mathur,
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pair(s);

porated nt (Tindall and Kunkel, 1988). The estimated error
rate (mutations per nt per cycle) of Tuq polymerase varies
from 2 x lo-” during PCR (Saiki et al., 1988; Keohavaong
and ?-hilly, 1989) to 2 x lo- 5 for nt substitution
errors
produced during a single round of DNA synthesis of the
fucZa gene (Eckert and Kunkel, 1990). Such polymeraseinduced mutations
have hindered applications
requiring
high fidelity (Reiss et al., 1990; Ennis et al., 1990).
P.,furiosus
(‘rushing fireball’; DSM3638) was first iso-

by lac2);

A, deletion;

ER, error rate; EtdBr,

dNTP,

ethidium

bp,

base
deoxy-

bromide;

mf, mutant

frequency;

or 1000 bp;
E. coii; LB,

nt, nucleotide(s);

oligo,

Pfu, Pyrococcus furiosus; PCR, polymerase
PNK, T4 polynucleotide
kinase; Tug, Thermus u4~uijc~s;

chain reaction;
u, unit(s); wt, wild type; XGal, 5-bromo-4~chloro-3-indolyi-~-D-~alactopyranoside.
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lated from geothermally heated marine sediments in Vulcane, Italy (Fiala and Setter, 1986). This hyperthermophilic
archaebacterium
grows optimally at 100°C by an unusual
fermentative-type
metabolism in which H, and CO, are the
only detectable end products (Adams, 1990). In this study,
we demonstrate
that a DNA polymerase
isolated from
P. furiosus contains
3’-to-5’ exonuclease
(proofreading)
activity and works effectively in PCR. Moreover. during
PCR, Pjii DNA polymerase exhibits eleven- to twelvefold
greater replication fidelity than 7’uq DNA polymerase.

RESULTS

AND DISCUSSION

(a) Py~ococcu~ DNA polymerase possesses 3’40-5’ exonuclease activity
A thermostable
DNA
polymerase
isolated
from
P. ,furiosus was purified to greater than 99”/, homogeneity as
visualized
by polyacrylamide-gel
electrophoresis.
The
purification and characterization
of k’fuDNA polymerase
will be described elsewhere (E.J.M., in preparation).
Taq
DNA polymerase
was purchased
from Perkin-Elmer/
Cetus. Table I lists the polymerase
and 3’-to-5’ exonuclease-specific
activities of @i and Tuq DNA polymerases utilized in this study.
TABLE

I

Specific

activities

of purified

Pfu and Tuq DNA polymerases

Protein

Polymerase

3’ to 5’

DNA

concentration.’

activityb

cxonuclease

polymerase

(mgiml)

(uimg)

Source

of

activity’
(u/mg)

( + 294)

furiosus

0.13 ( i 0.004)

31713 (2 1015)

9200

T. aquaticus

0.30 ( f 0.015)

16667 (+ 850)

negligible

P.

I’ Protein

determinations

were performed

by the method

Bradford (1974).
b Polymerase activity assays were performed

essentially

Grippo

the reaction

incubated
counted

and Richardson

(1971) except

at 72°C instead

that

acid precipitation,
incorporation

One unit of DNA polymerase

Chase and Richardson

assay

was performed

mixture

by
was

labeled nt were

not by trichloroacetic
activity

of IO nmol total nt into a DEAE-bound

72°C.
’ The exonuclease

by

as described

of 37°C and that incorporated

on DEAE filter disks (DE-8 I, Whatman),

described

essentially

(1974) except that the reaction

catalyzed

as described

by

was incubated

at

with 500 u Tuql restriction endonuclease
in 100 mM K. acetate/25 mM
Tris acetate
pH 7.6/10 mM Mg acetate/O.5 mM fi-mercaptoethanolj
10 ki”g BSA per ml for 2 h at 65°C.

This leaves

dG and dC 5’

overhangs
at 121 sites per phage I DNA molecule. These sites were
tilled-in with 50 u modified T7 DNA polymerase and excess [‘H]dGTP
and [‘H]dCTP

in 200 mM Tris

HCI pH 7.5/100 mM MgClJ250

NaCl at 37’C for 30 min. One unit of exonuclease activity catalyzed
acid solubilization
of 10 nmol of total nt in 30 min at 72-C.

ability of Pfu DNA polymerase

To analyze the 3’-to-5’ exonuclease
activity at the
molecular level, we designed an assay to elucidate how a
DNA polymerase responds to a mismatched 3’ terminus.
Three events can occur when a DNA polymerase interacts
with a mismatched 3’ primer terminus: no extension of the
mismatched primer, extension with the incorporation
of the
mismatched nt, or extension following excision of the 3’
mismatched nt. To address this question, a 35nt synthetic
DNA template was constructed
along with four 15-mer
oligo primers complementary
to the template but containing
0, 1, 2, and 3 mismatched nt at the 3’ termini (Fig. 1). The
template was designed with an internal EcoRI site which
coincides with the mismatched
nt at the 3’ end of the
15-mer primers. The 5’ end-labeled primers were annealed
to the 35-mer template prior to incubation with either @u
or Tuq DNA polymerase. Following extension, half of the
reaction mixture was digested with EcnRI. f’fu DNA polymerase extended all the primers tested, as demonstrated
by
the presence of 35-bp product before restriction digestion
(Fig. 1). In addition, Pfu DNA polymerase excised the mismatched nt of the primers and restored the EL.oRI site. as
demonstrated
by the digestion of 35-bp products. The prcsence of degradation products (13- and 14-mers) seen with
some of the mismatched primers can be attributed to the
active 3’-to-5’ exonuclease
activity associated with Pfir
DNA polymerase. These reaction intermediates would not
be detected if the extension reactions were to go to completion. Taq DNA polymerase was capable of extending the
wt control 15-mer primer to form a 35-bp product susceptible to digestion with EcoRI, but the absence of labeled
35-bp product in the reactions with the mismatched primers
suggested that Tuq DNA polymerase was unable to extend
off any of these 3’ terminal mismatched primers (we chose
a G : G mismatch which is not efficient substrate for Tuq
DNA polymerase). To fully characterize the proofreading
activity of a DNA polymerase, the composition
and position of all possible mismatches must be considered. The
assay described above was simply an initial screen for the
existence of proofreading activity in Pfu DNA polymerase.

the

form in 30 min at

72°C instead of 37’C and the substrate was 3’ labeled phage I DNA.
Briefly, the substrate was prepared by digesting IOOpg phage i DNA

and

(b) Proofreading

mM
the

(c) PCR amplification with PfuDNA polymerase
Pfu DNA polymerase was also evaluated for use in PCR.
Amplification reactions were performed with several different primer : template combinations
using either e/n or Tuq
DNA polymerase. In all cases tested, PCR performed with
l’fu DNA polymerase
produced reaction products comparable to those obtained with Tuq DNA polymerase. Four
examples of amplification reaction products are shown in
Fig. 2. In most cases tested the specificity of amplification
was increased with Pfu DNA polymerase. We do not yet
know the reason for this, although i’/L DNA polymerase
exhibits only half the activity of Trlq polymerase at room
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(a) Flowchart
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(b) Proofreading
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Fig. 1. Proofreading
activity
annealing a 35-mer template
m3, respectively)

gel

of Pfu and Taq DNA polymerases.
The proofreading
activities of Pfu and Taq DNA polymerases
were characterized
by
containing an internal EcoRI site to 15-mer primers with 0, 1, 2 and 3 mismatches
nt at the 3’ terminus (wt, ml, m2 and

at the EcoRI site. The 15-mers were 5’ end-labeled

m2 and m3) 10 ng was annealed
reaction

bromophenol

lo/t1 was removed
blue/0.05”,

Mg

acetate/O.5

extended

of Taq polymerase

gel and visualized

all the mismatched

activity

complete

(35-mer to lo-mer) of all four Pfu DNA polymerase

of the 3’ mismatches

at lower temperatures

and the mixture

was digested

(95%

HCI

incubated

with 5 u of EcoRI

products

from each 15-mer primer

by autoradiography.

primers
resulted
extension

The presence

while Taq polymerase
in partial
products

fill-in products
demonstrated

15-mer (wt, ml,

pH 8.3/50 mM KCl/1.5 mM
at 72°C for 15 min. Of

formamide/

10 pg BSA per ml at 37°C for 30 min. The reaction

The uncut and cut extension

(note that residual

was added

et al., 1989). Of each labeled
20 mM Tris

in 5 ~1 of a stop solution

10 ~1 of each reaction

mM /I-mercaptoethanol/

M urea denaturing

that Pfu DNA polymerase

digestion

and PNK (Maniatis

in 20 ~1 of buffer containing

The pellet was resuspended

FF). The remaining

the pellet in 5 ~1 stop solution.

by side on a 2Oy, polyacrylamide/7
demonstrated

and lyophilized.

xylene cyanol

Tris acetate pH 7.6/10 mM
and resuspending

with [32P]dATP
template

pM each dNTP. One unit of either Pfu or Taq DNA polymerase

MgClJO. 1 “:, gelatin/200
each

to 40 ng of the 35-mer synthetic

mM EDTA/O.OSP.

in 100 mM K acetate/25
was terminated

mM

by lyophilizing

(wt, ml, m2 and m3) were run side

of the 35-mer

band

in the uncut

was only able to extend the annealed
of the lo-mer

cleavage

product).

that the EcoRI site was restored

lanes

wt primer

Moreover,

the

by the excision

prior to extension

temperature (Fig. l), which would reduce primer extension
by Pfi DNA polymerase under non-stringent
conditions.
To demonstrate
that the lower mutation
frequency
exhibited by Pfu polymerase was not due to less efficient
amplification after 30 cycles of PCR. the relative amplification efficiencies of efu and Trrq DNA polymerases were
compared. PCR products from the luc/OZa template used
in these studies were analyzed by agarose-gel electrophoresis following 15, 20, and 30 amplification
cycles. As
can be seen in Fig. 3, amplification
of the target sequence
proceeded in a comparable
manner and yielded similar
amounts of product after 30 cycles. In experiments where
the IucIOZcc product was used for fidelity studies, final
amplification
was estimated to be lo5 after 30 cycles for
both tfu and Tuq polymerases (see legend to Fig. 3).

(d) Fidelity of DNA amplification
Numerous independent studies suggest that 3’-to-5’ exonuclease-dependent
proofreading
enhances the fidelity of
DNA synthesis (Muzyczka et al., 1972; Fersht and KnillJones, 1983; Sinha, 1987; Reyland et al., 1988; Kunkel
et al., 1986; Bernad et al., 1989). Therefore, we examined
the relative accuracies of Pfi and Tuy DNA polymerases in
PCR by modifying in vivo mutagenesis assay (Kohler et al.,
1991). Transgenic
mouse genomic DNA containing
a
IucIOZx transgene in 33 copies per cell, was isolated from
brain tissue. The IucIOZr nt sequence was amplified from
a transgenic
mammalian
template rather than from an
E. coli genomic template to mimic the complex genomic
templates frequently used in PCR. The efir and Tl/q DNA
polymerase amplification products were cleaved at unique
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4
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Fig. 2. Amplification

reaction

products

from four primer

using either ryU or Taq DNA polymerase.

binations

tions were employed
reactions

20 mM

Tris.HCl

pH

8.8!10 mM

X-100. The buffer used in Taq polymerase

reactions

tained 20 mM Tris . HCl pH 8.3/50 mM KCl,/lS
all amplification

reactions

250 ng each primer and 100 ng genomic
formed

using the GeneAmp

manufacturer’s

instructions.

merase were incubated

(Taq buffer)

con-

mM MgClJ0.1”;

included

kit (Perkin-ElmeriCetus)

at 95°C for 5 min to denature
annealing.

gela-

200 pM each dNTP,

DNA template.

Briefly, 100 pi reactions

then at 54°C for 5 min to allow primer

KCli6 mM

in lane 1 )/O.1 on Triton

mM MgClz (1.5 mM for the reaction

tin. In addition,

Similar PCR condi-

except that the buffer used in @id DNA polymerase

contained

(NH,)?SO,/2

: template com-

according

to the

DNA poly-

the template

DNA,

Next, 2.5 u of either

t’fuor Tuq DNA polymerase

was added and the samples were overlayed
with 50 gl mineral oil. The reactions were then amplified for 30 cycles in
a DNA thermocycler

(Perkill-Eimer~Cetus)

using the following

parame-

ters: 72’C for 3 min, 95°C for 1 min. and 54°C for 3 min. Following
final cycle. PCR was completed

with a lo-min

incubation

the

at 72’C.

Of

each reaction 20 111was combined with 2 ~1 XC-dye (0.04”, bromophenol
blue/0.04”,
xylene cyanol/50”/b glycerol), subjected to nondenaturing
electrophoresis
borate/89
1,3,5

on a 67; polyacrylamide

mM boric acid/2 mM EDTA)

and 7 represent

PJu DNA

amplification

polymerase;

products

with EtdBr.
reaction

with

products

plate using the following primers:
5’-GGCATCAGCATCCGGGTCTC-3’ and 5’-TTCGGGGGGGAACCTCCGGG-3’.
Lanes 3 and 4
show the expected

503-bp

reaction

product

from a transgemc

mouse

using the primers
5’-GGTGGCGACGACTCCTGGAGand 5’-GACAGTCACTCCGGCCGGTGCCG-3’.
Lanes

and 6 depict the amplification

of a 1.4-kb product

template

using the primers

and 5’-GGCTGAGCCCAGTGCCTCCTTCAGTA-3’.

expected
template,

1.3-kbproduct
shown

in

5

from a human genomic

T.AG-3’

5’-TCTGGCTCCAGCCAAAGCCACCC-

from first-strand
lanes
7 and

5’-GCTGTTGGGCTGTTCTGCCTGG-3’
ACAGGGCCTTGGA-3’.

The

synthesis of a mouse mRNA
8.
was
amplified
with
and

TGG-3’ ; 5’-ACTACGGAATTCCACGGAAAATGCCGCTCATCC3’. The conditions for PCR with Pfu and Taq DNA polymerases
identical.

Amplification

reactions

Fig. 2)/200 PM each dNTP/250
transgenic

mouse genomic

Tuq buffer

contained

ng each primer,

and approx.

DNA which contained

were

(see legend

to

250 ng of

0.1 ng of the IrrclOZa

were incubated

at 95’C

for 5 min to denature the template DNA and cooled to 40°C for 5 min
to allow primers annealing. Next, 2.5 units of either @r or Tuq DNA
polymerase

was added and the samples were overlayed

oil. Amplification

was performed

(Perkin-ElmeriCetus)

with 50 91 mineral

for 30 cycles in a DNA thermocycler

using the following

parameters:

72’C

95’C for 1 min. and 54°C for 3 min. From each reaction
were removed
agarose

after

(Seakem,

requiring

15, 20 and 30 cycles,

FMC)

gel and stained

the cloning of the laclUZz-amplified

fied product
EtdBr.

was also electrophoresed
Amplification

was

electrophoresed
with EtdBr.

on a l”,,

In experiments

target, 20-pl of the ampli-

on a lo<, agarose
estimated

for 3 min.

20-pt aiiquots

to

be

gel and stained
approx.

IO’-fold

(O.I-10./lg).

from PCR performed with Tuq DNA polymerase.
In lanes 1 and 2, the
expected 260-bp amplification
product is from Epstein-Barr
virus tem-

template
CCC-3’

The primer sequences

Lanes

from PCR performed

lanes 2, 4, 6 and 8 represent

gene from mouse genomic DNA

were as foilows: 5’-CATAGCGAA~CGCA.~‘~AC~~CG~GGT,~-

with

gel in 1 x TBE (89 mM Tris.
and stained

of the /ucIOZr

t 5.20, and 30 cycles of amplification.

at

gene (33 copies per cell). The lOO-~1 reactions

PCR was per-

without

Fig. 3. PCR products
evatuated

5’-GGCATCCAC-

EcoRI sites introduced
at the ends of the fragments by the
PCR primers, cloned into the phage Agt 10 vector, packaged
and plated with a lucZdM15 E. coli host strain containing
the a-complementing
portion of the lacZ gene. Certain
mutations incurred within the iuci gene during the amplification process result in a nonfunctional
repressor protein.
In the absence of an active repressor protein, the c( portion
of PGal within the AgtlO phage is expressed and can
complement the w portion within the cell, generating a blue
plaque when plated with top agar containing the chromogenic substrate, XGal. Therefore, the observed mutation
frequency (frequency of phenotypic mutants) can be calculated by dividing the number of blue plaques (Lacl -.

5
Errors

mutants) by the total number of plaques scored (Table II).
The phage were also scored on plates with XGal and IPTG
to demonstrate
that 99% of the Pfu DNA polymerase
amplified phage clones and 89% of the Taq DNA polymerase amplified phage clones were blue and therefore
contained functional facZor genes.
TABLE
Fidelity
DNA

Plaques

scored

Total”

Mutant’

Mutant

Error

frequencf

rate’

(“,)

1

9 044

62

0.60

2.0 x 10-h

2

17912

84

0.47

1.6 x io-h

3

15903

56

0.35

1.2 x lo-”

4

19171

103

0.54

1.8 x 10-h

Tw
PCR
1

9376

700

7.38

2.5 x 10-l

2

10 190

538

5.20

1.7 x lo- 5

3

13002

570

4.30

1.4 x 10-S

4

14640

916

6.25

2.1 x 10-S

contained

Ff;

sequence

EcoRI recognition

to Fig. 3). Following
from PCR products
following

amplification,

the GeneClean

experiments

primers

activity

was removed
La Jolla. CA)

The ampli~cation
mM

which

regions (see legend

in 150 mM K I acetate/35

Mg. acetate/O.7

products
mM Tris .

B-mercaptoethanol/l5

according

fragments

to directions

incubation

MgClzjl

at 4°C.

mM

dithiothreitol.

Of the ligation

efficiency

1 packaging

according

to the manufacturer’s

incubated

with an %-complementing

rn; ) supE44 i
(~SOfffeZdMl5)~
agar containing

t&l

pg

supplied by the manu-

were then ligated

into EcoRI

igtl0

5 ~1 with 2.9 u of T4 DNA ligase and 1 mM rATP in 50 mM Tris
pH 7.517 mM

extract

Following

an

mix 4 ~1 was packaged

(Gigapack,

Stratagene,

instructions.

HCI

overnight
with high

La Jolla,

The packaged

in

CA)

phage were

{F - endA 1hsdR17 (r;

E. c&strain

,

reeA 1 g~~A96 reLf 1 deoRd (lacZ Ye-urgF)Ul69

for 30 min at 37°C and plated

on LB plates with top

1 mg XGal/ml.

’ The total number

of plaques

scored

included

clear and blue plaques.

(- Lacl _ mutants were identified as blue plaques on the bacterial lawn.
d The mutation frequency of observed phenotypic mutants is expressed
as the “, of blue plaques

in relation

’ The ER was calculated

using the equation

the observed
of0.00179,,

mutation

frequency

bp is the number

(1821, and d is the number
tion).

The background
tnf in lacl in
was
determined
to
be

et al., 1986). It is important to note that a subset of mutations may be suppressed in our assay due to the presence
of the supE tRNA in the E. coli plating host. Also, any
errors incurred during the final cycle will yield heteroduplexes which may be subject to correction in vivo. However, our calculated error rate for Tnq DNA polymerase
(Table II) is in close agreement with that reported by Eckert
and Kunkel (1990).
The average error rate was determined to be 1.6 x 10deh
for Pfu DNA polymerase and 2.0 x 10 I’ for 7’aq DNA
polymerase. Thus, if a 1-kb sequence is amplified for 20
effective cycles with Taq DNA polymerase, 40% of the
amplification
products will contain mutations (both silent
and phenotypically
detectable). In contrast, if PCR under
identical conditions
is perforl~ed with .QIu DNA polymerase, only 3.29; of the reaction products will harbor
mutations.

1h, and purified by agarose gel (1 y/6) elution with

kit (BiolOl)

The isolated

oligo

resin (Stratagene,

instructions.

with 5 u of EcoRI

pH 7.6/15 mM

with

polymerase

with StrataClean

BSA per ml at 37°C for
facturer.

polymerase

sites at the 5’-terminal

the manufa~turer’s

were digested
acetate

was amplified in four separate

or Taq DNA

yielded
and 5.8”,,

sense mutations after sequencing over 6000 spontaneous
and induced 1acI - mutants, and there are 80 nt sites at
which nonsense
mutations
can be produced (Schaaper

PCR

” The 1acIOZagene

amplification

of sites within the Znci gene known to yield a mutant phenotype, and d is the number of effective duplications
during
PCR (16.6 for 105-fold ampli~cation).
The bp value of 182
was used because Gordon et al. (1988) have shown that 102
different sites within the fuel gene harbored various mis-

Pl;r

with either

lo’-fold

efu DNA polymerase

1.7 x lo-’ it: 0.45(Kohleret
al., 1991). Usingthesevalues,
the ER (mutations per nt per cycle) was calculated for each
DNA polymerase as ER = bp x d, where bp is the number

in PCR fidelity assay”

polymerase

during

yf of 0.5 9,, for

for llizy DNA polymerase.
tissues
mouse
somatic

II
of Ffu and Tuq DNA polymerases

introduced

an observed

to the total number
ER = -

of plaques.

mf

bpxd’

(“,) minus the background

ofdetectable
of duplications

where mf is
frequency

sites in the lacl gene sequence
(16.6 for 10S-fold amplitica-

(e) Conclusions
(1) A thermostable
DNA polymerase
isolated from
P. furiosus can serve as a effective substitute for Taq DNA
polymerase for most applications in PCR. Unlike Taq polymerase, e:f DNA polymerase possesses a 3’-to-5’ exonuclease
activity
which
enables
the polymerase
to
proofread errors. This appears to contribute to the observed
higher fidelity during DNA synthesis.
(2) Results from the PCR-based
fidelity assay demonstrate that &ii DNA polymerase
yields PCR products
containing less than IO?, of the mutations that are obtained
from similar amplifications performed with Tuq DNA polymerase. These findings are significant for PCR techniques
which require high-fidelity DNA synthesis, including the
direct cloning of PCR amplification
products, PCR-based
procedures for high-efficiency double-stranded
mutagenesis and amplification techniques designed to detect specific
point mutations.
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