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ABSTRACT Studies presented here on the fidelity of DNA
synthesis in vitro support the hypothesis that a classical base-
substitution intermediate (i.e., a misincorporated nucleotide)
can yield a frameshift mutation. By using a fidelity assay
specifically designed to detect minus-one-base errors, nucleo-
tide substrate pool imbalances that have previously been shown
to increase the rate of misincorporation are now shown to also
increase minus-one-base frameshift error rates. Examination
of the specificity of the errors produced in reactions with
various dNTP pool imbalances and various DNA templates
revealed that template nucleotides were preferentially lost
when they had as a 5' neighbor a nucleotide complementary to
the dNTP provided in excess. This suggests that when a
misincorporated nucleotide is complementary to the next nucle-
otide in the template, a misaligned intermediate containing a
correct terminal base pair can form and be extended by a DNA
polymerase, leading to a frameshift mutation. We present
evidence that the proposed mechanism may operate in vivo and
discuss the implications of this model for frameshift mutations
induced by DNA damage.

Mutations resulting from the loss or gain ofone or more bases
are observed in vivo in prokaryotes and eukaryotes. Although
our knowledge about the mechanisms that govern their
production is not extensive, one widely accepted concept,
proposed by Streisinger et al. (1), is that frameshift mutations
in homopolymeric DNA sequences result from slippage ofthe
two strands of DNA. The frameshift mutation frequency
should increase with the length of the run; because more
misaligned intermediates are possible, these can be stabilized
by an increasing number of correct base pairs. Also, the
misaligned nucleotide can be moved farther away from the
3'-OH primer terminus and is thus less likely to interfere with
subsequent polymerization events (2, 3).
The development of assays to monitor frameshift errors

during DNA synthesis in vitro (4-6) and the ability to
describe mutations at the DNA sequence level have ex-
panded our appreciation of the complexity of frameshift
mutagenesis. For example, minus-one-base frameshift mu-
tations at noniterated nucleotide positions comprise a signif-
icant proportion of DNA polymerase errors in vitro (for
review, see ref. 7) and have also been recovered in a number
of systems in vivo (8-15). We have been interested in how
such errors might arise during DNA polymerization, given
that it is not obvious how a misaligned intermediate at a
noniterated site is stabilized for continued polymerization.
At least three models can be envisioned. One is that a

nucleotide assumes a position during polymerization in which
it neither instructs incorporation nor interferes with its neigh-
bor's ability to do so. This possibility is supported by
structural studies with oligonucleotides demonstrating that
an extra base can exist in conformations that do not disrupt
hydrogen bonding of adjacent base pairs (refs. 16-21 and, for

review, see ref. 22). As suggested (3, 5, 21) extra bases may
be stabilized by interactions with a DNA polymerase.
A second possibility is that a transient misalignment pro-

cess involving movement and hybridization of the primer to
a distant site is followed by limited synthesis to generate the
frameshift and then return of the primer, now containing the
frameshift error, to its original position. There is substantial
experimental support for base-substitution (23, 24) and
frameshift (24, 25) mutagenesis by transient misalignment
during DNA synthesis in vitro. However, frequency and
specificity considerations (see below) make it unlikely that all
frameshifts are associated with distant template sequences.
Kunkel and Soni (23), therefore, proposed a third possi-

bility (Fig. 1), wherein frameshifts could be initiated by
misincorporation of a nucleotide. If this nucleotide is com-
plementary to the next template base, then its relocation to
a position one nucleotide ahead could lead to a frameshift
intermediate containing a correct base pair with an unpaired
nucleotide in the template strand ofthe template-primer. Just
as for classical slippage-initiated frameshifts within ho-
mopolymeric runs, the misaligned intermediate would be
stabilized by correct base pairing. The difference is that the
frameshift error is initiated by misincorporation, not mis-
alignment.

This hypothesis was suggested by several observations in
studies of the fidelity of DNA synthesis by DNA polymer-
ases. The error rate for minus-one-base errors at noniterated
template positions is surprisingly high, being similar to base-
substitution error rates (3, 6), and these errors are proofread
as effectively as are base-substitution errors (26). Minus-
one-base errors at noniterated template positions are mostly
the loss of a template purine that has as a 5'-nearest neighbor
a template pyrimidine (3, 5, 6, 26), and DNA polymerases
frequently misinsert dAMP and dGMP opposite template
purines (4, 6, 26-28), generating purine-purine mispairs that
are poor substrates for further incorporation by DNA po-
lymerases (26, 29-31). Finally, using a DNA substrate that
can form either a terminal mispair or the proposed one-base
misalignment, exonuclease-deficient DNA polymerases will
extend from the misaligned template-primer with various
efficiencies (6, 26, 28).
We present here a direct test of the hypothesis that

minus-one-base frameshifts can be initiated by nucleotide
misincorporation during an ongoing polymerization reaction.
We have chosen to test the model first with the Klenow
fragment of DNA polymerase I (Klenow polymerase) be-
cause more is known about this polymerase than about any
other.

MATERIALS AND METHODS
Materials. A mutant derivative of bacteriophage M13mp2

was used that is missing two of the four thymidines at
positions 70-73 of the lacZ a-complementation coding se-
quence. The D355A, E357A mutant form of Klenow poly-
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FIG. 1. Model for minus-one-base frameshifts resulting from
nucleotide misincorporation.

merase was a kind gift from Catherine M. Joyce (Yale
University). This polymerase lacks a proofreading exonu-
clease activity (32) and, therefore, cannot excise misinserted
nucleotides (26). The two amino acid substitutions intro-
duced into the small domain to inactivate the exonuclease do
not affect the structure, specific activity, or selectivity (26,
32) of the DNA polymerase, whose active site is the large
domain (33). The sources of other materials have been
described (4, 34, 35).
DNA Polymerase Reactions. Polymerase reaction mixtures

(100 1.l) contained 20 mM Hepes (pH 7.8), 2 mM dithiothrei-
tol, 10 mM MgCl2, 600 ng of gapped DNA, and all four
dNTPs, each at 1 mM (or, for the biased-pool reaction
mixtures, one dNTP at 1 mM and the other three dNTPs,
each at 50 juM), and 1 unit of exonuclease-deficient Klenow
polymerase. The mixtures were incubated for 10 min (equal
pools) or 20 min (biased pools) and terminated by adding
EDTA to a final concentration of 15 mM.
Other Procedures Site-directed mutagenesis, preparation

of substrates, analysis of reaction products, transfections,
and sequence analysis were performed as described (4,
34-36).

RESULTS

The fidelity assay for detecting minus-one-base frameshifts
used a double-stranded M13mp2 DNA substrate with a
361-nucleotide single-stranded gap. The template sequence in
the gap contained a mutation in the lacZ a-complementation
coding sequence, the deletion of two template nucleotides
from a TTTT run at positions 70-73 (where position 1 is the
first transcribed nucleotide). This altered the reading frame
and created a downstream UGA termination codon. The
resulting plaque phenotype was colorless. Gap-filling DNA

synthesis reactions were performed using the exonuclease-
deficient Klenow polymerase, samples of the reaction mix-
tures were analyzed by agarose gel electrophoresis to assure
complete gap-filling (as was achieved for all reactions de-
scribed here), and the remaining products were used to
transfect competent host cells to score minus-one-base
frameshifts as blue revertants. The loss of a single nucleotide
at any site between position 46 and position 85 restored the
reading frame, yielding a blue plaque phenotype. DNAs from
independent mutants were sequenced to define error speci-
ficity.

Effect of dNTP Substrate Imbalances on Error Specificity.
To test the model, we reasoned that forcing misincorpora-
tions by a DNA polymerase lacking a proofreading exonu-
clease activity using an excess of one dNTP should yield a
high frequency of loss of those template nucleotides whose
5'-nearest neighbor is complementary to the incorrect pucle-
otide provided in excess. Since previous observations (3-6,
26-31) suggested that misincorporation of purine nucleotides
could be responsible for some minus-one-base errors, reac-
tions were performed with a 20-fold excess of either dGTP or
dATP.
These pool imbalances did not dramatically affect the

overall average frameshift fidelity, since the reversion fre-
quencies (blue/total plaques) obtained upon transfection
were similar to each other and to that obtained from reactions
performed at equal substrate concentrations (see Table 1).
However, DNA sequence analysis of independent mutants
generated in each biased substrate reaction demonstrated
substantial differences in frameshift error specificity (Table 1
and Fig. 2A). Thirteen of 18 mutants from reaction mixtures
with excess dGTP resulted from loss of a template nucleotide
whose 5' neighbor was a cytidine. The resulting error rate per
nucleotide polymerized for loss of template bases having a
neighboring cytidine was at least 16-fold higher than for those
having a thymidine neighbor (Table 1). Conversely, 14 of 19
minus-one-base deletions with excess dATP had as a 5'
neighbor a template thymidine. (This assumes that the gua-
nosine at position 62 was lost; we cannot be sure of this in this
two-base run.) Thus, when excess dATP was present, the

Table 1. Minus-one-base error rates at template sites with
cytidine and thymidine neighbors

Template site

5'-Neighboring Error rate (x 106)
base Base lost Excess dGTP Excess dATP

Results with initial template
C X (9 sites) 21 16
T X (11 sites) -1.3 47
C G-66 150 37
T G-62 <14 410

Results with altered template
C X (9 sites) 31 5.1
T X (11 sites) 9.1 44
T G-66 -20 <23
C G-62 240 c23

Revertant frequencies for the initial template were 360 x 10-6 with
equal dNTP pools, 160 x 10-6 with a 20-fold excess ofdGTP, and 420
x 10-6 with a 20-fold excess of dATP. The corresponding revertant
frequencies for the altered template were 400 x 10-6, 240 x 10-6, and
330 x 10-6. X indicates the template nucleotide lost. G-66 and G-62
refer to the nucleotide and position of the observed mutational hot
spots for minus-one-base frameshifts in the target sequences (the
target sequences are shown in Fig. 2). Error rates are expressed per
nucleotide polymerized and were calculated by multiplying the
overall minus-one-base frameshift revertant frequency by the pro-
portion of mutants belonging to that class (from Fig. 2), dividing by
0.6 to correct for the probability of expressing an error in the newly
synthesized strand (34), and then dividing by the number of detect-
able sites for that class of errors.

Genetics: Bebenek and Kunkel
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FIG. 2. Spectra offrameshifts from reactions with excess dGTP and dATP. The lines ofDNA sequence represent the initial (A) and the altered
(B) mutational targets. The nucleotides shown are from position 46 to position 85, where +1 is the first transcribed base of the IacZ
a-complementation gene in M13mp2. Although two thymidines have been deleted (nucleotides 72 and 73), the original numbering of the bases
has been retained for convenience. DNA synthesis across these templates is from right to left. Each triangle represents an independent mutant
whose DNA sequence was determined. Triangles directly above or below a nucleotide indicate that that nucleotide was deleted. For mutants
missing one oftwo consecutive identical nucleotides, the triangle is centered between the two. The underlined nucleotides are the positions that
were changed by site-directed mutagenesis, and the outlined nucleotides are the hot spots for minus-one-base errors in the initial template. (A)
Mutants generated in reactions with the initial template. (B) Mutants generated in reactions with the template altered by site-directed
mutagenesis. Solid triangles indicate frameshifts at template sites followed by a cytidine, from reactions with the dGTP pool bias. Stippled
triangles indicate frameshifts at template sites followed by a thymidine, from reactions with the dATP pool bias. Open triangles represent
frameshifts at all other sites.

error rate for loss of template nucleotides with a neighboring
thymidine was higher than for loss of those template nucle-
otides with a neighboring cytidine (Table 1). Both specifici-
ties were as predicted by the model in Fig. 1, which suggests
that it is complementarity between the forced misincorpora-
tion and the 5' template neighbor that determines whether a
template nucleotide is lost.

Effect of Neighboring Nucleotide Changes on Error Speci-
ficity. Frameshift errors are not randomly distributed in the
target (Fig. 2A). For example, with excess dGTP, the error
rate is 7-fold higher at position 66 than the average for all nine
sites in the target that have a 5'-neighboring cytidine (Table
1). Similarly, with excess dATP, the error rate at position
62-63 is 9-fold greater than the average error rate for all sites
that have a 5'-neighboring thymidine. We exploited this site
specificity to further test the model by changing the template
thymidine at position 61 to a cytidine and the cytidine at
position 65 to a thymidine. We then repeated the analysis
(Fig. 2B and Table 1, altered template).
The predicted result with excess dGTP is that the one-

base-deletion error frequency at position 66 should decrease,
since when dGMP is misincorporated, it can no longer pair
with the neighboring template nucleotide, now a thymidine.
This prediction was fulfilled, since no errors were detected in
this situation (Fig. 2B), representing a >7.5-fold decrease in
error rate (Table 1, compare 150 x 10-6 to <20 x 10-6). A
second prediction was that, because position 62-63 is now
followed by a template cytidine, this site may yield a high
error rate with excess dGTP. Indeed, the dGTP-driven error
rate increased at least 15-fold (Table 1, compare 240 x 10-6
to <14 x 10-6).

The predicted result with excess dATP is that the one-
base-deletion error rate at position 62-63 should decrease,
since if dAMP is misincorporated, it can no longer pair with
the neighboring template nucleotide, now a cytidine. Con-
sistent with this logic, no dATP-driven errors were observed
(Fig. 2B), reflecting at least an 18 times decrease in error rate
(Table 1, compare 410 x 10-6 to C23 X 10-6). When followed
by a template thymidine, position 66 was not a hot spot with
excess dATP. This neither supports nor contradicts the
model.
Antimutator Effect with Excess dCTP. The above results

suggest that substrate imbalances that favor misincorpora-
tion of a nucleotide increase the frameshift error rate at
certain template sites. If this also occurs during DNA syn-
thesis with equimolar concentrations of dNTP substrates,
then conditions that reduce misincorporation at a template
site should decrease the frequency of loss of that nucleotide.
To test this, we first analyzed error specificity for reactions
performed with equimolar concentrations of all four sub-
strates to ascertain if there was preferential loss of particular
template nucleotides in the 38-base target. Template purines
were deleted in 17 of 20 mutants (Fig. 3), with 10 mutants
having lost a guanosine. We, therefore, focused on template
guanosine, where the model predicts that a reaction mixture
containing excess dCTP should be antimutagenic for minus-
guanosine frameshifts. As predicted by the model, excess
dCTP was 54old antimutagenic for deletions of template
guanosine. (Because the overall frequencies were similar for
the two reactions, the quantitative effect can be seen by
directly comparing the solid triangles in Fig. 3.) This suggests
that misincorporations initiate frameshifts even at equimolar
substrate concentrations. In the same reaction, excess dCTP
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FIG. 3. Spectra of frameshifts generated from reactions with equal dNTP pools and with a dCTP pool bias. The reversion frequencies were
270 x 10-6 and 250 x 10-6, respectively, for the reactions with equal pools and excess dCTP. DNA synthesis across this template is from right
to left in the figure. Solid triangles represent the deletion events of guanosines. Open triangles represent all other frameshifts.

was also highly mutagenic for the loss ofa template thymidine
followed by a guanosine (Fig. 3, position 70-71), again as
predicted by complementarity between the biased nucleotide
and the neighboring base.

Effect ofProofreading. If minus-one-base frameshifts result
from misinsertions, the error rate could be reduced by
exonucleolytic proofreading of the mispair. Previous obser-
vations that directly compared the error rate of the wild-type
Klenow polymerase to that of the exonuclease-deficient
Klenow polymerase using other fidelity assays demonstrated
that proofreading enhanced frameshift fidelity at nonreiter-
ated sites by 6- to 15-fold (26). This was confirmed here with
the non-iterated-base frameshift reversion assay (data not
shown).
One-Base Frameshifts in Vivo. To examine the possibility

that misinsertions could yield frameshifts in vivo, we by-
passed the presumably rare initial misinsertion step by con-
structing two gapped-circular M13mp2 DNA substrates (6),
each containing a 3'-OH-terminal TdCMP mispair at position
103 of the lacZ a sequence. In one substrate, the template
nucleotide on the 5' side of the mispair was a guanosine,
whereas in the other substrate it was an adenosine. These
substrates were used to transfect competent Escherichia coli
host cells without prior DNA synthesis to see how the
mispaired substrates were processed in vivo. The two most
likely outcomes with either substrate are removal of the
terminal cytidine, which would yield a dark blue plaque, or
extension from the mispaired terminus, which would yield a
lighter blue mutant containing a base substitution error (34).
However, for the template containing a 5'-neighboring gua-
nosine, the third possibility is that polymerization will occur
from a misaligned template-primer containing a correct ter-
minal G-dCMP pair and an extra thymidine (see Table 2). This
would yield a colorless frameshift mutant that has lost a

thymidine. The control is the second substrate; because the
5'-neighboring template nucleotide is not complementary to
the primer terminal cytidine, the frequency of colorless
mutants that have lost a thymidine should be substantially
lower.

In the initial scoring of plaque colors, the substrate con-
taining the template guanosine yielded a 2-fold higher fre-
quency of colorless plaques among the total than did the
adenosine-containing substrate (Table 2). Since colorless
plaques can result from a variety of changes throughout the
lacZ a-complementation sequence, we performed DNA se-
quence analysis on the colorless mutants to determine which
had lost a thymidine at the appropriate position. The results
demonstrated that 25 of the colorless plaques from the
guanosine-containing substrate had the predicted-thymidine
mutation, but only one mutant from the adenosine-containing
substrate had this mutation. The 58-fold difference in the
minus-thymidine frequency is consistent with processing of a

terminal mispair into a minus-one-base frameshift mutation in
vivo due to cytidine pairing one base ahead with guanosine.

DISCUSSION
The studies presented here demonstrate that minus-one-base
error rates by a DNA polymerase at specific template posi-
tions change in a predictable fashion in response to dNTP
pool imbalances. This supports the possibility that frameshift
errors can be initiated by misincorporations that are classi-
cally thought to produce base-substitution errors. Both mu-
tator (Table 1) and antimutator (Fig. 3) responses support this
concept, the latter being particularly important in suggesting
that the mechanism operates during synthesis with equimolar
substrate concentrations and undamaged template nucleo-
tides. Furthermore, since the model in Fig. 1 was partly
suggested by error-specificity data obtained with several
exonuclease-deficient DNA polymerases (see above), we
infer that it is not limited to the DNA polymerase used here.
The observation that the error rate for frameshifts that are

possibly mediated by misincorporation is influenced by
proofreading (ref. 26 and this study) is not unexpected. Other
proteins may influence this error pathway as well, particu-
larly DNA binding proteins with specificity for template-
primers. We are, therefore, interested in determining if this
mechanism operates during bidirectional replication of dou-
ble-stranded DNA performed with extracts of human cells.
Results with a forward mutation assay (37) demonstrate that
the frameshift fidelity of the replication apparatus is higher
than for purified DNA polymerases. It will be interesting to
quantitate this difference and determine what factors may be
responsible.

Table 2. Processing a mispair into a minus-one-base frameshift
in vivo

Minus-thymidine
Number of plaques mutants

DNA substrate Total Colorless No. Frequency
C-A-T-

5'-G-C-G-T A-3' 110,000 74 25 230 x 10-6

T
C-A-T-

5'-G-C-A-T-A-3' 240,000 89 1 4 x 10-6

T
Substrate is shown in the misaligned state for convenience. To

accurately score colorless plaques, plates contained no more than
500 plaques. The number of minus-thymidine mutants was deter-
mined from DNA sequence analysis of colorless mutants. Under-
lined nucleotides are position 102, the only position that differs
between the two substrates.

Genetics: Bebenek and Kunkel
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In principle, the model in Fig. 1 is not limited to minus-one
events at noniterated sites. Minus-one-base errors within
runs might be initiated by misincorporation, as well as

plus-one-base errors and frameshifts involving loss or gain of
more than one nucleotide. The results presented here do not
exclude the involvement of other processes in producing
frameshifts. For example, it is still theoretically possible that
frameshifts even at noniterated sites might be initiated by
misalignment. This might occur if a template nucleotide
assumes a position during polymerization in which it neither
instructs incorporation nor interferes with its neighbors abil-
ity to do so.
The model may be relevant to frameshift mutagenesis

induced by DNA damage. Some ofthe minus-one-base errors

resulting from depurination of DNA (35) may have resulted
from misincorporation opposite abasic sites. In some circum-
stances these are known to be difficult to extend (38). In
attempting to explain certain frameshift mutations induced by
the carcinogen N-acetyl-2-aminofluorene, it has been sug-

gested (39) that, after insertion of cytidine opposite a dam-
aged guanosine, relocation of the cytidine to a 5'-neighboring
template guanosine could create a misaligned but properly
hydrogen-bonded terminal base pair that could be extended
to generate the frameshift mutation. It will be interesting to
examine the relationship between the degree of difficulty in
extension from a particular template-primer (whether mis-
paired or damaged) and the probability that, in the appropri-
ate sequence context, relocation to a new position will
provide a misaligned but more favorable substrate for exten-
sion. The choice made between a mispaired and misaligned
terminus will be influenced by the proteins and the nature of
the mispair or damage.

We thank John W. Drake and Roel M. Schaaper for critical
evaluation ofthe manuscript and Catherine M. Joyce for her kind gift
of exonuclease-deficient Klenow polymerase.
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