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ABSTRACT In this study we exmed whether the arrest
of DNA polymerase a (pot a)-catalyzed DNA synthesis at
template pause sites entails terminal nucleotide misincorpora-
tion. An approach was developed to identify the 3'-terminal
nucleotide in nascent DNA chains that accumulate at pause
sites. A radioactive 5'-end-labeled primer was annealed to a
bacteriophage M13mp2 single-stranded DNA template and
elongated by pot a. Individual DNA chains that were accumu-
lated at pause sites were resolved by sequencing gel electro-
phoresis, isolated, and purified. These DNA chains were elon-
gated by pot a by using four annealed synthetic DNA templates,
each of which contained a different nucleotide at the position
opposite the 3' terminus of the arrested chain. Owing to the
high preference of pot a for matched-over-mismatched primer
termini, only those templates that contain a nucleotide that is
complementary to the 3' terminus of the isolated pause-site
chain are copied. Electrophoresis of product DNA showed the
extent of copying of each template and thus identified the
3'-terminal nucleotide of the pause-site chains. We found that
product DNA chains terminate with a noncomplementary
3'-terminal nucleotide opposite pause sites within the sequence
3'-d(AAAA)-5' at positions 6272-6269 of the M13mp2 genome.
pol a catalyzed misincorporation of dG or dA into the 3'
terminus of nascent chains opposite two of the M13mp2
template dA residues. A similar analysis of a different pause
site did not reveal significant misincorporation opposite tem-
plate dC. These results suggest that some but not all sites at
which pot a pauses may constitute loci of mutagenesis.

Spontaneous mutations are not uniformly distributed over
the genome. Benzer (1) first demonstrated clustering of
spontaneous mutations at specific positions in the rII system
of bacteriophage T4. Detailed analysis of spontaneous mu-
tations in the lacI gene in a mismatch repair-defective strain
of Escherichia coli indicated that errors due to DNA repli-
cation are predominantly single base changes and that they
are concentrated at specific sites along the DNA at frequen-
cies that exceeded by 10- to 100-fold the frequency of
mutations at other sites (2). The distribution of single base
changes in DNA of mammalian cells also appears to be highly
uneven; clustering of point mutations at selected positions
was observed in genes such as aprt (3), ras (4), and p53 (5).
It has been suggested that the interaction of DNA polymer-
ases with specific DNA sequence contexts leads to an
augmented error rate at such loci. This proposition is sup-
ported by the observation that different eukaryotic DNA
polymerases generate mutational hot spots while replicating
in vitro the M13 lacZa gene (6, 7). However, no mechanism
has yet been invoked to explain how DNA polymerases
produce mutations at an increased frequency at specific loci
in DNA.

A general positive correlation between the processivity of
DNA polymerases and their accuracy has been noted (8). The
overall processivity ofDNA polymerases is determined, inter
alia, by their proclivity to pause along the template in the
course of DNA synthesis. We examined, therefore, whether
pause sites produced along M13mp2 DNA by DNA polymer-
ase a (pol a), a major DNA replication and repair enzyme of
mammalian cells (9), are associated with misincorporation of
the 3'-terminal nucleotide into the growing DNA chain. Here
we report that DNA chains that accumulate at some but not
all pause sites contain a noncomplementary 3'-terminal
nucleotide. These results suggest that some template barriers
for DNA polymerase might constitute loci of increased
mutagenesis.

MATERIALS AND METHODS
Isolation of DNA Chains That Accumulate at Pause Sites.

The 16-mer synthetic primer 5'-d(GCTGCGCAACTGT-
TGG)-3' (Operon Technologies, Alameda, CA) was labeled
at its 5' terminus by using [y-32P]ATP (10) and hybridized
directly to circular single-stranded M13mp2 DNA at a ratio of
1.8:1.0 primer/template molecules (11). The labeled primer,
which complements nucleotides 6376-6262 of the M13mp2
genome, was extended in vitro by calf thymus DNA pol
a-primase that was purified by immunoaffinity chromatog-
raphy, and its units of activity were defined as described by
Perrino and Loeb (12). Unless otherwise stated, DNA syn-
thesis was conducted for 30 min at 370C in a reaction mixture
that contained in a final volume of 15 Aul: 20.0 mM Hepes
buffer (pH 7.8), 1.0 mM dithiothreitol, 3.0 mM MgCl2, 20.0
,M of each of the four dNTPs, 0.15 unit of pol a, and 70 ng
of primed M13mp2 DNA. Primer extension was terminated
by the addition of EDTA (pH 8.0) to a final concentration of
6.0 mM, the volume was increased to 100 Aul with H20, and
the mixture was centrifuged through a Sephadex G-50 mini-
column to remove salt and unincorporated [y-32P]ATP (10).
The DNA was dried and heat-denatured and then was re-
solved by electrophoresis through an 8% sequencing poly-
acrylamide gel (11). The copied DNA was analyzed alongside
a sequence ladder of M13mp2 DNA [prepared with a Seque-
nase kit (United States Biochemical)], and the undried gel
was exposed to Kodak x-ray film to determine the location
and nucleotide sequence of bands at pause sites. The gel was
aligned on top of the autoradiogram and well-separated bands
were cut out of the gel. The precision and extent of removal
of each band were verified by a second autoradiography of
the gel after excision. Finely minced gel slices that were
pooled from three to six identical lanes were suspended in 100
Al of 20 mM Tris HCI, pH 8.0/1.0 mM EDTA/300 mM NaCl,

Abbreviations: pol a, DNA polymerase a; pol (3, DNA polymerase
f3; pol I, Escherichia coli DNA polymerase I; T7 pol, bacteriophage
T7 DNA polymerase.
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and the DNA was extracted by moderate shaking for 8-12 hr
at room temperature. After centrifugation, the supernatant
was desalted by passage through a Sephadex G-50 minicol-
umn (10). Between 60% and 90% of the labeled DNA was
recovered, and the identity and purity of each isolated DNA
chain were routinely verified by electrophoresis.

Extension of Isolated Pause-Site DNA Chains. Identities of
the 3'-terminal nucleotides were established for the chains at
pause site I opposite a dC residue at position 6345 of M13mp2
DNA and for chains at pause site II opposite two template dA
residues at positions 6269 and 6270 (see Fig. 1). The pause-
site I chain was hybridized to each of four oligomers with the
sequence 5'-d(GCACNCGCACCGATCGCG)-3', N being
dA, dC, dG, or dT. To prevent the extension by pol a of the
oligomers along the hybridized pause-site DNA chains, a
mismatch was placed at their 3' terminus (12, 13). However,
the oligomers complemented 12 nucleotides along the 3' end
of the pause-site I chain and extended by four nucleotides
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FIG. 1. Primer extension and pausing. Primer, 5-32P-labeled,
was annealed to bacteriophage M13mp2 DNA and extended by pol
a for 30 min at 370C. dNTP (mM) refers to the concentration of each
of the four dNTPs. Base sequence of the copied M13mp2 DNA
region as determined by the standard sequence dideoxynucleotide
method is shown on the left side of the gel. The precise base sequence
at pause sites II and III was determined in gels that were run for
extended periods of time.

beyond it. The pause-site chain could thus be elongated by
DNA polymerases along the four-base single-strand stretch
of the oligomer. DNA chains accumulated at pause site II
opposite template dA at position 6269 were hybridized to
each of four oligomers with the sequence 5'-d(CCCNAAAC-
CCTGGCGTTT)-3', and chains accumulated opposite tem-
plate dA at position 6270 were hybridized to each of four
oligomers with the sequence 5'-(CCCANAACCCTGGCG-
TTT)-3'. These templates mismatched at their 3' termini the
respective pause-site chains and complemented stretches of
13 and 12 nucleotides along position 6269 and position 6270
chains, respectively. The different templates presented each
of the four nucleotides opposite the 3' terminus ofthe isolated
pause-site II DNA chains and had single-stranded stretches,
three or four nucleotides long, to serve as template for
copying by DNA polymerases. Extension of the different
pause-site chains along their respective templates was con-
ducted by pol a, the large (Klenow) fragment of Escherichia
coli polymerase I (pol I) or bacteriophage T7 DNA polymer-
ase (T7 pol) under standard reaction conditions or as detailed
in Results. Molar ratios of polymerase to the 3' terminus of
an isolated pause-site DNA chain were at least 3.0 as esti-
mated by the amount of pure polymerase added and the
radioactivity in the isolated DNA chain. Analysis of product
DNA was performed by electrophoresis through 8% sequenc-
ing polyacrylamide gel (11).

RESULTS
Pause Sites ofpot a. Fig. 1 shows that the progression ofcalf

thymus pol a-primase along a segment of an Ml3mp2 DNA
template was arrested at three distinct sites. These sites are
visualized by bands of increased intensity as a result of
accumulation of DNA chains of discrete size. The locations
of these sites are invariable with different concentrations of
dNTP substrates, Mg2+, or DNA polymerase. The position
and intensity of each pause site are also unchanged when
polymerization is conducted at 420C (results not shown).
Pause site I consists of two adjacent template dC residues
(positions 6345 and 6344 of the Ml3mp2 genome), site II
consists of four consecutive dA residues (positions 6272-
6269), and site III contains the sequence 5'-d(ACACA)-3' at
positions 6206-6202. An essentially identical pattern ofarrest
sites was generated by pol a-primase from phytohemagglu-
tinin-stimulated normal human lymphocytes (data not pre-
sented). These sites are not universal barriers for DNA
polymerases, however, since the large fragment ofE. coli pol
I and pol f3 from rat Novikoff hepatoma do not pause
significantly at any position along the examined stretch of
template Ml3mp2 DNA (results not shown). We tested the
possibility that the pausing of pol a at sites I and II entails
terminal nucleotide misinsertion.

Strategy for Identification of Misinserted Nucleotides at
Pause Sites. To examine whether the blocks in progress of pol
a are linked to increased nucleotide misinsertion at the site of
pausing, a scheme was devised to identify the 3'-terminal
nucleotide of each of the product DNA chains that accumu-
late at an arrest site (Fig. 2). Primer, 32P-labeled at its 5'
terminus, is extended in vitro by pol a over a designated
segment of a circular single-stranded DNA template. The
elongated primer chains are resolved by sequencing poly-
acrylamide gel electrophoresis, and chains that accumulate
excessively at a pause site are individually excised from the
gel and purified (see Materials and Methods). The purified
homogeneous DNA chains are hybridized to each of four
complementary template oligomers that differ only by the
nucleotide positioned opposite the 3'-terminal residue of the
extended primer (Fig. 2). To test for complementarity of the
3'-primer terminus, pol a is used to extend the pause-site
DNA chains along each of the oligomeric templates. The
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FIG. 2. Experimental strategy for the identification of the 3'-terminal nucleotide in nascent DNA chains that accumulate atpause sites.
Primed M13mp2 DNA is copied by pol a, and product DNA chains are resolved by electrophoresis. DNA chains that accumulate at individual
pause-site bands are excised from the gel, extracted, purified, and annealed to four 18-nucleotide-long complementary templates that differ by
the nucleotide positioned opposite the 3' terminus of the isolated DNA chain. The annealed chains are extended by pol a, and'the extent of
synthesis is assessed by gel electrophoresis. In this example, the 3'-terminal nucleotide complements a template dC residue.

proportion ofprimer extended with each ofthe four templates
is assessed by sequencing gel electrophoresis. A template-
matching 3' terminus of the primer is extended by pol a at a
rate that is 103-106 higher than the rate of extension of a
mismatched terminal pair (12, 13). Hence, the 3'-terminal
nucleotide of the isolated pause-site chain is defined by the
complementing matching template nucleotide that allows its
extension (Fig. 2).

Pause Site II Is a Locus of 3'-Terminal Nucleotide Misin-
sertion. DNA chains synthesized by pol a accumulated at
each of the four consecutive dA template bases that consti-
tuted pause site II (Fig. 1). We first determined whether or
not the terminated DNA chains opposite each of the template
dA residues contained a matching 3'-dTMP. The 3' termini of
product DNA chains, 107-110 nucleotides long, that accu-
mulated opposite each residue of the template sequence
5'-d(AAAA)-3' of pause site II were designated N1, N2, N3,
and N4, respectively. We chose a d(C)3 template stretch after
d(A)4 since it was efficiently copied to completion. Individual
DNA chains were purified, and each was annealed to a
different complementary oligonucleotide template that con-
tained a dA residue opposite the N1-N4 3' terminus of each
of the chains. pol a was added to elongate each of the four
pause-site II chains as well as to extend a synthetic oligo-
meric primer with the sequence 5'-d(TTfT)-3' at its 3' end
that was hybridized to the same template. After incubation
for 30 min at 37TC, extension was assessed by the addition of
one to three nucleotides to the primer. As seen in Fig. 3, the
synthetic primer was increasingly elongated in the presence
of 0.002 to 0.1 mM dNTPs. Note, however, that the copying
of the ultimate dC template residue was inefficient (Fig. 3). In
contrast to the control primer, none of the four isolated
pause-site II chains was extended at any dNTP concentration
(Fig. 3). Further, no elongation of the isolated pause-site II
DNA chains was detected even after incubation for 90 min at
370C (data not presented). That all of the four primer-
templates were usable by DNA polymerases is reflected by
their efficient copying with T7 pol and by the large fragment
ofE. coli pol I (results not shown). Both of these enzymes can

extend mispaired termini and/or excise mismatched 3' ter-
mini by their 3' -+ 5' exonuclease and subsequently extend
the processed primer (14). Thus, the failure of pol a to extend
all four pause-site II chains may be due to the presence of a
nucleotide other than dT at their 3' terminus.
To identify the N3 3'-terminal nucleotide in the purified

109-residue-long pause-site II DNA chain, we hybridized the
purified chain to four separate complementary oligomer
templates, each of which contained a dA, dC, dG, or dT
residue opposite the 3' terminus ofthe pause-site primer. The
degree of primer extension by pol a with each template was

Extension of Site 11 N1- N4 DNA Chains
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FIG. 3. The 3'-terminal nucleotide of each of the four DNA
chains at pause site 1I is not extended by poI a when each is opposite
a template dA. DNA chains, 5'-32P-labeled, that terminate at their 3'
end. with nucleotides designated N1, N2, N3, and N4 were purified
from the four corresponding gel bands of pause site II and annealed
to complementary oligonucleotides that contained a dA residue
opposite each N, 3' terminus. Control 5'-32P-labeled T4 primer that
terminated with four consecutive dT residues at its 3' end was
annealed to the same template. pol a was used to extend each of the
primers with the indicated concentrations of dNTP. Shown are
autoradiograms of 8% polyacrylamide gels used to separate the
extended DNA chains.
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determined by gel electrophoresis (see Fig. 2). A typical
result of one of four independent similar experiments is
presented in Fig. 4. Only after incubation of 10 and 20 min at
370C, a minority ofthe N3 3'-termini ofpause-site II chain was
elongated when positioned opposite template dA. In other,
similar experiments, no extension was detected with this
template, even after incubation for 30 min at 370C (data not
shown). From these data we estimate that only 10-30%o ofthe
purified chains contained dT in their 3' terminus. In all the
experiments, no elongation was detected when the N3 3'
termini were paired with template dG, indicating that dC is
not the terminal nucleotide (Fig. 4). More than 50%o of the N3
termini were extended, however, when they were positioned
opposite template dC residue, and some were elongated when
paired with template dT residue (Fig. 4). That all four isolated
pause-site II DNA chains were utilizable as primers when
hybridized to any of the four oligomer templates was indi-
cated by their extension with the large fragment of pol I (Fig.
4). In clear contrast to the isolated pause-site II N3 chains, a
synthetic control primer was extended by pol a when its dT
3' terminus was positioned opposite a dA template residue.
However, in accord with previous studies (14, 15), po1 a
failed to detectably extend this primer when its 3'-terminal dT
residue was positioned opposite a mismatched dC, dG, or dT
template nucleotide (Fig. 4). Hence, the arrest of pol a at the
third residue of pause-site II involves terminal incorporation
of dGMP or, less frequently, dAMP opposite template dA.
Terminal misincorporation was also observed opposite the

fourth dA template residue at pause site II. An N4 synthetic
control primer was extended by pol a when the dT residue at
its 3' terminus was correctly paired with template dA but not
when it was positioned opposite a mismatched dC, dG, or dT
residue (Fig. 5). By clear contrast, the DNA chain terminat-
ing opposite the fourth dA residue at pause site II was not
extended significantly by pol a when its 3'-terminal nucleo-
tide was positioned opposite template dA, dG, or dT residue.
However, this chain was efficiently extended when its 3'-
terminal N4 nucleotide was paired with template dC (Fig. 5).
The failure of pol a to extend dA-, dG-, or dT-containing
templates is not due to defects in these primer templates, as
demonstrated by their efficient utilization by T7 pol (Fig. 5).
Not Every Pause Site Is a Locus for Nucleotide Misinsertion.

To test whether or not misincorporation occurs at the 3'
termini of every DNA chain that accumulated at any pause
site, we identified the 3'-terminal nucleotide of chains that
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FIG. 5. Pause-site II chain N4 terminus is extended by pol a
mainly when paired with template dC. DNA chain, 5'-32P-labeled,
that terminated with a 3'-N4 nucleotide was purified from the
corresponding gel band ofpause site II and hybridized to each offour
oligomer templates that contained a dA, dC, dG, or dT residue
opposite the N4 terminus. In parallel, control 5'-32P-labeled T4 primer
that terminated with a 3'-dT residue was annealed to the same four
templates. Extension and electrophoresis are as indicated in Fig. 4.

were terminated opposite position dC residue 6345 at pause
site I (Fig. 1). These 34-nucleotide-long DNA chains were
purified, and the identity of their 3' terminus was established
as described for the N3 and N4 termini of pause-site II chains.
The 3' terminus of the pause-site I DNA chain was extended
when it was positioned opposite an oligomeric template dC
residue but not when it was paired with dA, dG, or dT (data
not shown). These chains were thus correctly terminated
with a dG residue and, hence, pausing by pol a is not
invariably linked to nucleotide misinsertion.

DISCUSSION
Synthesis in vitro of DNA by isolated viral, bacterial, and
eukaryotic DNA polymerases is commonly characterized by
an interrupted progression of these enzymes along the tem-
plate. Many purified DNA polymerases halt or detach from
the template in the course of synthesis at discrete sites. This

Extension of SITE 11 N3 DNA Chain
j N - { D]
A- ~,]- 4--_{ D] * -4- -]1-

Klenow:

Extension of Control T3 Primer

:: [ ;]:,4 I -i

.....-C. At ..- ,

.]
L

I.

29 9*

2ln20 5 1:C' 2 >.5 a 20;-{ - ; -L-; :- -

FIG. 4. Pause-site II chain N3 terminus is extended by pol a mainly when paired with template dC. DNA chain, 5'-32P-labeled, that terminated
with a 3' N3 nucleotide was purified (pause site II) and hybridized to each offour oligomer templates that contained a dA, dC, dG, or dT residue
opposite the N3 terminus. Control 5'-32P-labeled T3 primer that terminated with a 3'-dT residue was annealed to the same four templates. pol
a was used to extend each of the primers, and 8% polyacrylamide gels were used to separate the extended DNA chains.
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slowing or arrest of DNA synthesis causes bands of uncom-
monly high density on DNA sequencing gels. The location of
polymerase pausing sites and their intensity are determined
by their nucleotide sequence and, presumably, by the local
structure of the DNA (15-20). Pausing is also affected by the
association of binding proteins with the DNA (17, 21-24), by
the type of polymerase used (11, 16, 19, 20-22), and by its
combination with auxiliary proteins (21, 25-28).
Although the underlying mechanisms for the pausing of

DNA polymerases at defined loci along the DNA are still
largely unknown, it is generally accepted that the frequency
of enzyme dissociation from the template and reinitiation of
synthesis are increased at these sites. In the case of DNA
polymerases devoid of 3' -- 5' exonuclease, dissociation of
the enzyme from the template could be caused by the
incorporation of a noncomplementary nucleotide. The incor-
poration of a mismatched 3'-terminal nucleotide into the
growing DNA chain results in diminished association of the
enzyme with the template-primer (12, 13). Conversely, re-
peated dissociation and reassociation of a polymerase with
the template at an arrest site might entail a high frequency of
incorporation of a noncomplementary nucleotide. In fact,
Hopfield (29) proposed that the addition of the first nucleo-
tide to a primer terminus could constitute an error-prone step.
The possible link between the pausing of DNA polymerases
and decrease in fidelity has been indirectly addressed. Com-
parative measurements by the M13mp2 lacZa forward muta-
tion assay of the fidelity of different DNA polymerases estab-
lished a rough positive correlation between their processivity
and their degree of accuracy (8). Bebenek et al. (30) compared
the locations ofpause sites for human immunodeficiency virus
(HIV) and avian myeloblastosis virus reverse transcriptases
with the distribution of errors in incorporation along the
M13mp2 lacZa gene. Although no correlation was found
between positions of pause sites and single-base changes, loci
of pause sites generally coincided with single-base frameshift
errors (30). It should be noted, however, that HIV reverse
transcriptase can extend mismatched termini at a rate 50-fold
greater than pol a (31); thus, the linking of pause sites with
terminal misincorporation by HIV polymerase may be much
less stringent than that for pol a.
The present study focused on the detection of possible

misincorporation events that may occur at two selected pause
sites of pol a along the M13mp2 lacZa region. Our assay
utilizes the well-established high selectivity of pol a for
extension of matched over mismatched base pairs at the 3'
terminus (12, 13). Reaffirming this selectivity, we show here
that pol a elongates efficiently a template-matching 3' ter-
minus ofthe primer, but it fails to utilize to a significant extent
mismatched termini (Figs. 4 and 5). We utilized this high
degree of selectivity of pol a to identify unknown 3' termini
of three nascent DNA chains that accumulated at pause sites.
Whereas no misincorporation was detected opposite a tem-
plate dC residue at pause site I (see Results), gross misin-
sertion of mainly dG and of some dA occurred opposite two
template dA residues at pause site II (Figs. 4 and 5). Addi-
tional results suggest that the two remaining nascent DNA
chains that accumulated at site II were also terminated by a
misinserted nucleotide (Fig. 3). It is notable that spectra of
mutations produced by pol a along the M13mp2 lacZa DNA
stretch show no clustering of mutations at the pause-site II
region (6). This discrepancy between terminal misincorpora-
tion and mutations is explained by the absence of a mutant
phenotype in 8 of the 12 possible substitutions (T. A. Kunkel,
personal communication).
The high preference of pol a for a matching base pair at the

3' terminus of the primer (refs. 12 and 13 and results in this
paper) raises the intriguing possibility that some of the pause
sites generated by this enzyme may be hot spots for nucle-

otide misincorporation rather than physical barriers that only
block DNA synthesis. Hence, if a local structure within the
template induces misincorporation, product DNA chains will
be terminated with a mismatched nucleotide, pot a will fail to
extend them, and nascent chains will be accumulated. Loci
such as pause site II may thus directly represent foci of
misincorporation. Alternatively, however, physical blocking
of the polymerase and its detachment from the template and
reattachment may increase misincorporation.
The results of this study demonstrate that some pause sites

for pot a might constitute loci of increased misincorporation.
This observation offers the tantalizing possibility that in vivo
mutational hot spots in some cases may be generated during
the pausing of a replicating DNA polymerase. Such a possi-
bility is testable since genes with well-defined highly mutable
nucleotide clusters such as ras (4) or p53 (5) can be copied in
vitro, and the locations of pausing and misinsertion can be
directly evaluated.
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