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Fidelity and Mutational Spectrum of Pfu DNA
Polymerase on a Human Mitochondrial

DNA Sequence
Paulo André, Andrea Kim, Konstantin Khrapko, and William G. Thilly1

Division of Toxicology, Center for Environmental Health Sciences, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139

The study of rare genetic changes in human tissues requires specialized techniques. Point mutations at fractions
at or below 10−6 must be observed to discover even the most prominent features of the point mutational
spectrum. PCR permits the increase in number of mutant copies but does so at the expense of creating many
additional mutations or ‘‘PCR noise’’. Thus, each DNA sequence studied must be characterized with regard to
the DNA polymerase and conditions used to avoid interpreting a PCR-generated mutation as one arising in
human tissue. The thermostable DNA polymerase derived from Pyrococcus furiosus designated Pfu has the highest
fidelity of any DNA thermostable polymerase studied to date, and this property recommends it for analyses of
tissue mutational spectra. Here, we apply constant denaturant capillary electrophoresis (CDCE) to separate and
isolate the products of DNA amplification. This new strategy permitted direct enumeration and identification of
point mutations created by Pfu DNA polymerase in a 96-bp low melting domain of a human mitochondrial
sequence despite the very low mutant fractions generated in the PCR process. This sequence, containing part of
the tRNA glycine and NADH dehydrogenase subunit 3 genes, is the target of our studies of mitochondrial
mutagenesis in human cells and tissues. Incorrectly synthesized sequences were separated from the wild type as
mutant/wild-type heteroduplexes by sequential enrichment on CDCE. An artificially constructed mutant was
used as an internal standard to permit calculation of the mutant fraction. Our study found that the average
error rate (mutations per base pair duplication) of Pfu was 6.5 × 10−7, and five of its more frequent mutations
(hot spots) consisted of three transversions (GC → TA, AT → TA, and AT → CG), one transition (AT → GC),
and one 1-bp deletion (in an AAAAAA sequence). To achieve an even higher sensitivity, the amount of
Pfu-induced mutants must be reduced.

The ability to analyze point mutations occurring at
low fractions in DNA samples is necessary for the
study of somatic mutations in human tissues. For
mitochondrial point mutations the more promi-
nent hot spots arise at fractions from ∼2 2 1014

down to current limits of detection of ∼1016

(Khrapko et al. 1997). Nuclear point mutant frac-
tions as low as 1017 may have to be determined
before reproducible mutational spectra can be ob-
served. The development of appropriate technology
for this purpose has been facilitated greatly by use of
PCR (Kleppe et al. 1971; Saiki et al. 1985, 1986;
Chen and Thilly 1994; Khrapko et al. 1995a), but
any DNA polymerase used in this technique will
make errors during DNA synthesis, with the type
and rate of errors varying among the specific DNA

polymerases and reaction conditions used (Good-
man et al. 1974; Keohavong and Thilly 1989; Eckert
and Kunkel 1990, 1991; Cariello et al. 1991; Ling et
al. 1991; Barnes 1992; Cha and Thilly 1993; Keo-
havong et al. 1993). In our laboratory we use con-
stant denaturant capillary electrophoresis (CDCE)
combined with PCR to study point mutations at
fractions at or above 1016 directly from human tis-
sues (Khrapko et al. 1994a, 1997). The sensitivity of
this procedure depends on the fidelity level of the
polymerase used to catalyze the PCR. Therefore, we
searched for an enzyme with high fidelity, and Pfu,
the thermostable DNA polymerase derived from Py-
rococcus furiosus, showed promise. Prior testing of
Pfu reported an error rate of 1.6 2 1016 per base per
doubling using a lacI-based bacterial assay (Lund-
berg et al. 1991), and a similar error rate of 2 2 1016

was reported using a p53-based biological assay (Fla-
man et al. 1994). However, an error rate one order of
magnitude higher, ∼2.5 2 1015, was reported using
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denaturing gradient gel electrophoresis (DGGE)
(Cariello and Skopek 1993) and single-strand con-
formation polymorphism analysis (SSCP) (Brail et
al. 1993). The differences in these error rates de-
manded clarification.

One point should be emphasized. Our study
aimed only at the 96-bp fragment that we wanted to
study in the human mitochondrial genome. We
needed to know the hot spot mutations created by
Pfu PCR in this sequence because they could have
been mistaken for signals coming from human tis-
sues. We hope that knowledge of the numerical dis-
tribution of unidentified mutations and the identity
of the most prominent hot spots will be of value to
others using this DNA polymerase in studies of rare
genetic events.

We decided to measure the fidelity of Pfu using
CDCE, which can separate DNA sequences differing
by single base substitutions, small additions, or de-
letions. (Khrapko et al. 1994a,b). As was the case
with other DNA polymerases (Keohavong and
Thilly 1989; Keohavong et al. 1993), we expected
the Pfu enzyme to generate an idiosyn-
cratic mutational spectrum during
DNA synthesis in vitro. Our study
presents the first published description
of these Pfu-induced hot spots.

By studying the accumulation of
mutants as a function of DNA dou-
blings, we discovered that Pfu has an
error rate of 6.5 2 1017. This high fi-
delity allows for greater sensitivity in
mutational spectrometry than would
be possible with other polymerases. We
have applied it accordingly in our
study of mitochondrial mutational
spectra in human cells and tissues
(Khrapko et al. 1997).

Our ongoing research is aimed at
further increasing the sensitivity of our
techniques. Understanding the nature
and origins of PCR mutants can help us
to design protocols that reduce the
amount of PCR noise and thus
heighten the sensitivity of mutational
spectra analysis.

RESULTS

Determination of the Homoduplex
Fraction and Error Rate of Pfu by CDCE

Each PCR sample was run through a
capillary at 9 µA current using a 5-cm

water jacket at 65.0°C. The heteroduplex region was
collected when it arrived at the end of the capillary
into 8 µl of 0.22 TBE. Because this step achieved an
∼20-fold enrichment of mutants relative to wild
type, the subsequent PCR steps contributed <5% of
the total mutants analyzed. This enriched heterodu-
plex fraction was amplified by Pfu DNA polymerase
to create heteroduplexes. The PCR reaction was sub-
jected to a second CDCE separation followed by an-
other PCR. After a third CDCE purification, and af-
ter determining that the most prominent heterodu-
plex peaks were all represented as prominent
homoduplex peaks, the collected fraction was am-
plified by Pfu to create mutant homoduplexes. This
final PCR was run on CDCE with a 15-cm heated
zone at a temperature of 70.6°C with a 5-µA current.
Figure 1 presents the CDCE display of all the mutant
homoduplexes after 14 and 34 doublings.

After 14 doublings the four most prominent
peaks, labeled A, B, C, and E, were clearly visible as
were perhaps some 15 other very small peaks. None
of even the smallest peaks appear in the control in

Figure 1 Analysis by CDCE of the purified homoduplex mutant frac-
tions after 14 and 34 doublings using Pfu DNA polymerase. This CDCE
was run using a 5% polyacrylamide gel in a 35-cm capillary with a
15-cm heated zone at a temperature of 70.6°C with a 5-µA current.
Many small peaks after 14 doublings may be seen to increase signifi-
cantly after 34 doublings. Of the major peaks for which the mutant
sequences were determined, peak A is an AT → CG transversion at bp
10071 of human mitochondrial DNA; peak B is an AT → GC transition
at bp 10108; peak C is an AT deletion occurring in a run of six con-
secutive AT base pairs at positions 10048–10053; peak D is an AT → TA
transversion at bp 10071; and peak E is a GC → TA transversion at bp
10070.
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which DNA was amplified but not subjected to en-
richment for mutants. At 34 doublings these four
peaks had increased in area relative to the internal
standard, and ∼22 small peaks could be discerned.
The 15 small peaks at 14 doublings were all found
again but of larger areas after 34 doublings. We in-
terpret this to indicate that peaks A, B, C, and E are
the most probable errors produced in this sequence
by Pfu PCR. It should be noted that there are other
minor peaks not visible at 14 doublings that appear
as ‘‘nubbins’’ at 34 cycles but increase in area at >50
doublings. We can see these only in the positions
between the larger peaks, but it appears that there
must be many of these given their frequency where
they can be seen. Perhaps as many as 80 or 90 such
nubbins lie across the entire output.

The total mutant homoduplex mutant fraction
for any experiment was estimated by simply sum-
ming the areas of all mutant peaks divided by the
area of the internal standard, the artificial mutant
(AM). The mutant fractions from three independent
experiments are shown plotted in Figure 2. This
graph describes the relationship between number of
doublings and the total mutant fraction created by
Pfu. A linear regression analysis was applied to all
data points. The error rate f was calculated as
f = (slope)/b, where the slope was estimated using
the linear regression of summed mutant fractions

on number of doublings and b was the length in
base pairs, 96, of the low-temperature isomelting
domain of our DNA sequence in which mutants
could be detected. By this approach, our estimated
error rate for Pfu DNA polymerase is 6.5 5 3.1 2 1017

mutations per base pair per doubling (95% confi-
dence interval on the estimate of the slope).

Sequence Analysis of Some of the Predominant Pfu
Mutations

The four most prominent peaks (A, B, C, and E) plus
the minor peak D (see Fig. 1) were collected indi-
vidually by elution after CDCE. The peaks were then
PCR amplified and sequenced. The most frequent
mutations (hot spots) consisted of three transver-
sions (GC → TA, mutant E, AT → TA, mutant D,
and AT → CG, mutant A), one transition (AT → GC,
mutant B), and a one 1-bp deletion in a AAAAAA
sequence, mutant C (See Fig. 3) Two of the trans-
versions (AT → TA, mutant D, and AT → CG, mu-
tant A) occurred in the same position, bp 10071.

The increase in total mutant fraction from 14 to
24 to 34 doublings (see Fig. 4) is a linear function of
the number of doublings. One can thus exclude the
possibility that the CDCE-purified wild-type DNA
contained cryptic damage that might have caused
miscoding at some sites during in vitro DNA syn-
thesis. If the noise observed had been the result of
bypass of adducts present in the original DNA tem-
plate, its amount would have been independent of
the number of DNA duplications. However, the lin-
ear increase in the amount of noise shown here does

Figure 2 The relationship between the number of
doublings and the mutant fraction of all mutants cre-
ated by Pfu. The mutant fractions from three indepen-
dent experiments were estimated by comparing the
total area of all mutant peaks with the area of an in-
ternal standard. A linear regression analysis was applied
to all data points. By dividing the estimated slope by
the length of the low-temperature melting domain of
our DNA fragment (96 bp), we calculated an error rate
of 6.5 5 3.1 2 1017 mutants per base pair per dou-
bling (95% confidence interval).

Figure 3 Summary of the kinds and positions of the
mutations induced by Pfu DNA polymerase. The low
melting domain of 96 bp in which we can detect mu-
tations extends from the mitochondrial genome posi-
tion at bp 10,031 to 10,126. The symbol D is used to
indicate a base deletion.
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not exclude the possibility that the source of our
mutants was DNA damage created during the PCR
process.

DISCUSSION

Pfu Fidelity

The estimate of 6.5 2 1017 errors per base pair per
duplication is somewhat lower than earlier reports
by Lundberg et al. (1991) and Flaman et al. (1994),
which found an error rate of ∼2 2 1016 using lacI-
or p53-based biological assays. Short heating times
and the almost anaerobic conditions of capillary
PCR may contribute to the lower mutation rate that
we observed. However, it is very difficult to make a
direct comparison between the error rate obtained
here with those reported in the literature, as other
researchers use different DNA sequences, analytical
methods, and PCR procedures.

Despite these limitations, we can speculate
about the disparity between the 6.5 2 1017 error
rate we measured using CDCE and the 2.5 2 1015

rate measured by Cariello and Skopek (1993) using
DGGE, because the physical principles underlying

CDCE and DGGE separations
are similar (Khrapko et al.
1994a). We hypothesize that
this disparity can be explained
in part by our use of a mutant
enrichment step that decreases
the interference of a particular
class of PCR-created artifacts.
This class of artifacts arises
when either of the DNA
strands of the low melting do-
main in which we detect mu-
tants differs in length from the
desired PCR product by one or
more nucleotides. These prod-
ucts may arise from incomplete
synthesis, terminal transferase
activity, or ‘‘nibbling’’ by an
associated exonuclease activity
(Hu 1993). They may also melt
partially at a lower temperature
than the complete fragment
and migrate more slowly than
wild-type DNA in the partially
denaturing conditions used in
DGGE or CDCE (Khrapko et al.
1997). When collected by
CDCE and amplified by PCR,
these artifacts are replicated as

wild-type DNA as opposed to true mutants. How-
ever, if these products are measured along with the
mutant heteroduplexes, one may overestimate the
mutation rate. In our study we measured Pfu-
generated mutants after three enrichments through
CDCE because at that point, the amount of PCR
artifacts was negligible compared to the amount of
true Pfu-induced mutants. However, when we at-
tempted to estimate the Pfu error rate without mu-
tant enrichment, we obtained a value ∼1015, similar
to the one reported using DGGE.

Like Cariello and Skopek, Brail et al. (1993)
found an error rate larger than ours (∼3 2 1015 vs.
6.5 2 1017) but used SSCP. Recognizing that SSCP
is very sensitive to the different lengths of the arti-
facts created during PCR, Brail et al. tried to elimi-
nate these artifacts by using a polyacrylamide gel
electrophoresis (PAGE) purification step before us-
ing SSCP to measure the error rate. However, be-
cause PAGE was unable to separate out the small
differences in DNA strand lengths present in some
PCR artifacts, they may, nonetheless, have overesti-
mated the error rate of Pfu.

To avoid an error rate overestimation when
physical–chemical separation methods (DGGE,

Figure 4 Plots of the mutant hot spot fractions vs. the amount of DNA dou-
blings using data from three independent experiments. A linear regression
analysis was applied to all data points. The mutation rate per doubling for each
hot spot was estimated from the slope. The mutation rate for hot spot A was
2.8 5 1.1 2 1016; for hot spot B, 1.6 5 1.3 2 1016; for hot spot C,
5.6 5 3.3 2 1016; for hot spot D, 1.9 5 0.9 2 1016; and for hot spot E,
3.6 5 1.7 2 1016 (95% confidence intervals for the best estimates of the
slopes).
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CDCE, or SSCP) are used, we now measure error
rates only after mutant fraction enrichment. This is
especially important when measuring the fidelity of
polymerases such as Pfu with a low error rate. The
importance of having observed a linear increase in
mutant fraction for each of the five hot spots re-
ported as opposed to simply the sum of all non-
wild-type material is emphasized by this consider-
ation.

The fidelity of Pfu is significantly higher than
the reported fidelities of other commonly used ther-
mostable polymerases: Taq has an error rate ∼1014,
and Vent has an error rate ∼1015 (Saiki et al. 1988;
Tindall and Kunkel 1988; Keohavong and Thilly
1989; Flaman et al. 1994). Therefore, Pfu is currently
the most appropriate polymerase to use in muta-
tional analyses that demand high sensitivity.

Pfu Hot Spots

The kinds of mutations created during PCR are de-
pendent on DNA polymerases interacting with the
particular DNA sequence. These mutations are dis-
tributed nonrandomly as hot spots (Keohavong and
Thilly 1989; Mendelman et al. 1989; Kunkel 1990).
Whereas AT → GC transitions are the predominant
mutations created by Taq and Vent DNA polymer-
ases (Keohavong and Thilly 1989; Keohavong et al.
1993), Pfu seems to have a different mode of opera-
tion. Of the four most prominent hot spots we
found that Pfu PCR two transversions (GC → TA
and AT → CG), one transition (AT → GC), and a
one 1-bp deletion (in a AAAAAA sequence; see Figs.
1 and 3). One cannot assume that what we found in
this 96-bp sequence predicts the kind of most
prominent hot spots in another sequence. For ap-
plication to the measurement of low point muta-
tion fractions in other sequences as intended for
human tissues, the process outlined herein will
have to be repeated to differentiate signals from the
most obvious PCR noise hot spots.

Origins of Pfu Hot Spots

With CDCE’s separation power combined with the
fidelity of Pfu DNA polymerase, we have been able
to observe the set of point mutational hot spots that
arise in the mitochondrial genome of human cells
and tissues (Khrapko et al. 1997). However, another
order of magnitude in resolving power will be re-
quired to extend our observations to the mutational
spectra of single copy nuclear genes. The sensitivity
of our CDCE/hifiPCR protocol could be increased by

further reducing the fraction of Pfu-induced mu-
tants. Understanding the mechanisms by which
these mutants are created might help us devise a
strategy to further decrease PCR noise.

In the following section, we discuss six possible
explanations for the origin of PCR noise: polymer-
ase mispairing errors, strand slippage, polymerase
microheterogeneity, miscoding lesions in the origi-
nal DNA, heat-induced mutagenesis, and chemical
modifications in the nucleotide pool. Most discus-
sions of PCR noise focus on the first two possibili-
ties, which refer to the idiosyncrasies of an enzyme’s
behavior relative to the local variations in the DNA
sequence being replicated. It is conceivable that
each Pfu hot spot studied here may have resulted
from a stochastic error function distributed action
of a homogeneous collection of polymerase mol-
ecules interacting with the local DNA sequence.
However, we think that the phenomenon may be
somewhat more complex.

Polymerase Mispairing Errors

A hot spot mutation is the end result of preferential
misincorporation and failure of proofreading activ-
ity at a specific site. Either the rate of misincorpo-
ration or the probability of exonucleolytic excision
could govern the observed error rate for a given
polymerase. Pfu replicates DNA with such high ac-
curacy because it combines high-fidelity nucleotide
incorporation with correction of mispaired nucleo-
tides by a proofreading 38 → 58 exonuclease activity
(Eckert and Kunkel 1991; Lundberg et al. 1991; Cha
and Thilly 1993). Using a mutant polymerase lack-
ing proofreading activity, Kroutil et al. (1996) found
that the contribution of the exonuclease to fidelity
decreased substantially as the length of homopoly-
meric runs increased. In future studies, we will use
the same approach to determine how much the Pfu
exonuclease activity contributed to the correct rep-
lication of our DNA sequence.

Strand Slippage

Template–primer slippage in runs of identical bases
can explain both frameshift (Kunkel 1986; Streis-
inger et al. 1966) and base substitution errors
(Kunkel and Soni 1988). Given that both the poly-
merase selectivity and the exonucleolytic proofread-
ing efficiency of Pfu diminishes as the number of
repeats in the sequence increases (Kroutil et al.
1996) and that the DNA sequence used in our study
contained many runs of 3 to 6 AT bp and one run of
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3 GC bp, it is not surprising that our biggest hot spot
(mutant C) was a deletion of 1-bp in a run of six
consecutive AT base pairs. The mutation rate of hot
spot C (5.6 2 1016 per doubling (see Fig. 4) is com-
parable to the rate of 1.2 2 1015 estimated by
Kroutil et al. (1996) on a run of five AT base pairs in
a different DNA sequence.

Microheterogeneity of the Pfu Polymerase

A subset of Pfu polymerase molecules may be par-
ticularly error-prone via microheterogeneity. That
is, some enzyme molecules may contain a different
amino acid sequence (Ninio 1991a,b; Cha and
Thilly 1993; Slupska et al. 1996). Such microhetero-
geneity might arise from mistranscription, mis-
translation, or a variety of rare chemical reactions
with the ‘‘normal’’ polymerase. The Pfu-induced
mutational spectra reported here may be the result
of this error-prone polymerase subset within an en-
semble of normal molecules with a significantly
higher fidelity. If the set of polymerase molecules
contained a subset of polymerase proficient-
exonuclease-deficient molecules, this subset could
be responsible for the observed errors of the entire
set. Possibly relevant to this point is a prior obser-
vation made in our laboratory using exonuclease
negative Vent DNA polymerase. Keohavong et al.
(1993) observed that the mutational spectrum in
PCR was identical except in magnitude with the
exonuclease ‘‘positive’’ preparation.

Miscoding Lesions Present in the Original DNA

There is always the possibility that the original DNA
used in our experiments contained ‘‘cryptic’’ dam-
aged sites that would have been miscoded during
PCR (Kunkel and Alexander 1986). If one of our mu-
tant hot spots was the result of a miscoding lesion
present in our ‘pure‘ DNA, we could predict that its
fraction would be established early in the PCR pro-
cess and remain unchanged with increased dou-
blings. However, this behavior was not observed
with any of our hotspots (see Fig. 4.) All mutant
fractions increased from 14 to 24 to 34 doublings.

Heat-Induced Mutagenesis

PCR requires multiple rounds of heat denaturation,
rehybridization, and DNA synthesis, with the tem-
perature oscillating between 50°C and 94°C. Heat
treatment of DNA is known to be mutagenic, gen-
erating both transitions (Baltz et al. 1976; Ripley

1988) and transversions (Ripley 1988; Kricker and
Drake 1990). In bacteriophage T4, heat-induced
mutations are exclusively base-pair substitutions at
GC base pairs, but these are of at least two types:
GC → AT transitions, produced by the deamination
of cytosine, and transversions (GC → TA) possibly
resulting from misincorporation of dAMP opposite
of a modified guanosine. Depurination followed by
the insertion of any of three ‘‘wrong’’ bases during
DNA replication has also been invoked to explain
the mutagenic action of heat.

Potential contributions of each of these path-
ways to PCR noise are described below in turn.

CONTRIBUTION OF CYTOSINE DEAMINATION TO
PFU NOISE

Hydrolytic deamination of cytosine converts it to
uracil and ultimately generates GC → AT transitions
after a round of DNA replication. This reaction pro-
ceeds at a rate of ∼2 2 1017/sec at 95°C (pH be-
tween 6 and 9) (Lindahl and Nyberg 1974). If this
rate is applicable to our PCR conditions, our experi-
ment should have generated 2 2 1016 deamina-
tions per doubling, per cytosine residue present in
our DNA fragment (1.5 cycles per doubling 2 7 sec
denaturation at 94°C 2 2 2 1017/sec) and conse-
quently the same amount of GC → AT transitions,
assuming that dUMP had the same coding potential
as dTMP and its presence was not inhibitory to DNA
synthesis (Longo et al. 1990; Kunkel et al. 1991).
However, none of our five predominant hot spots
was a GC → AT transition. It is possible that the
unsequenced minor hot spots might be such tran-
sitions, but most of them have higher melting tem-
peratures than the wild type as homoduplexes mak-
ing this possibility unlikely.

CONTRIBUTION OF MODIFIED GUANOSINE (G*) TO
PFU NOISE

In another heat-promoted process in bacteriophage
T4, guanosine residues undergo a glycosylic bond
migration (Kricker and Drake 1990). This modified
G mispairs with dAMP at a frequency ∼10% (Ripley
1988), generating GC → TA transversions such as
the mutant E found in our study (see Fig. 3). Experi-
ments in which incubation time at 94°C is varied
could reveal whether mutant E is a heat-induced
DNA lesion. Again, these might occur among the
unsequenced minor hot spots; however, the hot
spots would have been expected to have melting
temperatures below the wild type, whereas most mi-
nor hot spots have melting temperatures above the
wild-type homoduplex.
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CONTRIBUTION OF DEPURINATION TO PFU NOISE

The sugar-base glycosyl bond of purine residues is
particularly susceptible to hydrolysis. At pH 7.4 and
at 95°C, depurination occurs at a rate ∼4 2 1017/sec
(Lindahl and Nyberg 1972; Lindahl and Karlstrom
1973). Because the reaction occurs faster at lower
pH, the depurination rate should have been higher
in our PCR buffer (pH 6 at 94°C). An expected
4 2 1016 apurinic lesion per doubling should have
been generated per purine residue present in our
DNA fragment (1.5 cycles per doubling 2 7 sec de-
naturation at 94°C 2 4 2 1017/sec). It has been
shown previously that enzymes with exonuclease
activity are less efficient at replicating past apurinic
sites and thus may not give rise to mutations
(Kunkel et al. 1983; Loeb 1985). If in some cases Pfu
misreplicated past an apurinic site, transversions or
transitions would be expected. It is possible that
depurination could explain the presence of mutants
A (AT → CG), B (AT → GC), D (AT → TA), and E
(GC → TA) in our study.

Chemical Modifications in the Nucleotide Pool

Spontaneous oxidation of dGTP forms 8-hydroxy-
dGTP (8-oxo-7,8-dihydro-28-dGTP), which is in-
serted opposite dA and dC residues of template DNA
with almost equal efficiency (Maki and Sekiguchi
1992; Michaels and Miller 1992). Once inserted,
this modified nucleotide could continue its mis-
coding propensity in a subsequent cycle. The
GC → TA (hot spot E) and AT → CG (hot spot A)
transversions found in our study could have re-
sulted from this process. The spontaneous oxidation
of guanine could also occur in the DNA itself (Mi-
chaels and Miller 1992). (The spontaneous deami-
nation of dCTP in the nucleotide pool is not ex-
pected to be mutagenic because incorporating dUTP
in DNA synthesis is equivalent to incorporating
dTTP.)

In sum, our five Pfu hot spots are compatible
with any of several possible mutagenic mechanisms
including polymerase mispairing errors, strand slip-
page, polymerase microheterogeneity, heat-induced
mutagenesis (depurination or modified guanosine
residues), or the spontaneous formation of 8-hy-
droxyguanine. Further study is necessary to quan-
tify the contribution of each of these pathways to
Pfu noise. However, heat-induced cytosine deami-
nation or miscoding lesions present in the original
DNA are unlikely to have contributed significantly
to Pfu noise represented by the four predominant
hot spots.

CONCLUSION

Our observations are perforce limited to the 96-bp
target studied, and our specific observations should
not be used to generalize expectations for other
DNA sequences. But the process we describe herein
is essential for the accurate assessment of muta-
tional spectra in human tissues where low mutant
fractions are encountered and for which PCR DNA
amplification is essential. Knowing the amounts
and kinds of Pfu polymerase-induced mutations
within our particular DNA sequence was essential
for our studies of mitochondrial mutations in hu-
man tissues (Khrapko et al. 1997). Additional re-
search is needed to discover the mechanistic basis of
Pfu hot spots. Knowledge of the actual mecha-
nism(s) may permit the design of protocols that de-
crease PCR noise and increase the sensitivity of mu-
tational spectrometry.

MATERIALS AND METHODS

Equipment

The CDCE instrumentation used was similar to that described
previously (Hanekamp et al. 1996; Khrapko et al. 1994b), with
few modifications. Electrophoresis was performed in 75 µm
interior diameter, 350 µm outer diameter precoated capillaries
filled with 5% linear polyacrylamide in TBE (89 mM Tris, 89
mM boric acid, and 1 mM EDTA at pH 8.3). The polyacryl-
amide medium in the capillary was replaced prior to each run.
PCR products were diluted 10 times and loaded into the cap-
illary by applying 2 µA current for 15 sec. Under these con-
ditions, the capillary was loaded with ∼108 copies of amplified
DNA fragments. A portion of the capillary was heated by a
water jacket connected to a constant temperature circulating
water bath. The length of the jacket was 5 cm for the enrich-
ment of heteroduplexes and 15 cm for high-resolution CDCE
separation of mutant homoduplexes. To detect DNA, the cap-
illary was illuminated by a 515-nm argon laser, and emitted
light was collected at a right angle by a microscope objective.
This light was directed through two filters, 540-nm bandpass
and 530-nm long pass, into a photomultiplier. The signal
from the photomultiplier was amplified by a current pream-
plifier and recorded by an MP 100 data acquisition system
(Biopac Systems).

PCR

PCR was performed inside closed glass capillaries using an Air
Thermo Cycler (Idaho Technologies). Native Pfu DNA poly-
merase was obtained from Stratagene (La Jolla, CA). The 28-
deoxynucleoside-58-triphosphates were purchased as 100 µM

solutions from Pharmacia (Piscataway, NJ). The primers CW7
(58-ACCGTTAACTTCCAATTAC) and 58-fluorescein-labeled J3
(58-ATGGAGAAAGGGACGCGGGC) were obtained from Syn-
thetic Genetics (San Diego, CA). Each 10 µl PCR reaction mix-
ture contained 20 mM Tris, 10 mM KCl, 6 mM (NH4)2SO4, 0.1%
Triton X-100, 2 mM MgCl2, 100 µM each dNTP, 110 µg/ml of
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nuclease free bovine serum albumin, 0.2 µM each primer, and
0.04 U/µl of Pfu DNA polymerase. The reaction mixture pH
was 8.5 at 25°C but at 94°C the pH should be ∼6. (The pH of
Tris buffers decreases at higher temperatures: ∼0.035 pH units/
°C (Brail et al. 1993).) Each cycle of the PCR reactions con-
sisted of 7 sec at 94°C for DNA template denaturation, 15 sec
at 50°C for template–primer hybridization, and 5 sec at 72°C
for DNA polymerization. After cycling, the PCR mixture was
incubated at 72°C for 2 min and at 45°C for 30 min.

The DNA template used in this study was a 206-bp hu-
man mitochondrial fragment containing part of the tRNA gly-
cine and part of the NADH dehydrogenase subunit 3
(Khrapko et al. 1994b). The sequence in which mutations can
be detected is the 96-bp low-temperature isomelting domain
on the 58 end of the 206-bp fragment. Total DNA was isolated
from human lymphoblastoid cells, line TK6 (Skopek et al.
1978), using Pfu polymerase and primers CW7 and J3 defined
above. To measure the fidelity of DNA amplification, a CDCE-
purified wild-type sequence was mixed with an artificial mu-
tant (GC → AT at bp 10040) at a final fraction of 6 2 1014

(Khrapko et al. 1994a,b). During the first PCR, Pfu was used to
amplify 6 2 107 copies of wild type to a total of 1012 (14
doublings). For samples subjected to 24 and 34 DNA dou-
blings, a series of dilutions followed by PCR amplifications
were performed. The efficiency of Pfu PCR under the condi-
tions used is ∼66%. This is somewhat lower than can be
achieved for other thermostable DNA polymerases, but the
higher fidelity more than makes up for the need for a few
extra cycles. We use the term ‘‘doubling’’ to indicate the log to
the base 2 of the fold increase in copy number in any PCR
process. In the exponential phase of PCR, N = No (1 + Y)n,
where N is the number of copies observed after n cycles, No is
the initial number of copies and Y is the yield or efficiency per
cycle. Thus, the number of doublings, D = log2 (N/No) = log2

(1 + Y)n = n log2 (1 + Y).

Formation of Wild-Type/Mutant Heteroduplexes

The Pfu mutant fraction was enriched by collecting wild-type/
mutant heteroduplexes separated from the wild-type peak. It
is important to understand that by virtue of the 96-bp target
being a DNA isomelting domain, any and all mutant/wild-
type heteroduplexes will have significantly lower equilibrium
melting temperatures. As a result, all heteroduplexes arising
from PCR mutants will be well separated from wild-type ho-
moduplex in this initial enrichment step. Heteroduplexes
were created during PCR by subjecting the sample to a suffi-
cient number of PCR cycles to exhaust the primers. When
primers are exhausted, new full-length templates are no
longer synthesized; instead, the full-length target sequence
strands melt and reanneal with each other. Mutant strands are
forced by mass action to form heteroduplexes with wild-type
strands present in excess. Because mismatches destabilize the
double helix, the mutants are separated more easily from the
wild type in heteroduplex than in homoduplex form. All het-
eroduplexes can be collected together while avoiding the
wild-type peak.

The CDCE-purified Pfu mutants were analyzed as homo-
duplexes in a subsequent run. If a mutant homoduplex has a
different melting temperature from the wild-type homodu-
plex it elutes before or after the wild-type peak on CDCE.
Most but not all mutants of a 100-bp sequence have signifi-
cantly different melting temperatures from a wild-type homo-
duplex and can thus be conveniently separated. In the work

described herein the five most prominent Pfu hotspots all
separated well from the wild-type homoduplex, making it
convenient to display the direct CDCE separations for the
homoduplex forms. Readers should note that this is not al-
ways possible requiring analysis of heteroduplex peaks. Ho-
moduplexes were created by stopping PCR when the molar
amount of unused primers still exceeds that of the PCR prod-
uct.
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