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ABSTRACT. We are attempting to understand the processes required to accurately replicate the repetitive
DNA sequences whose instability is associated with several human diseases. Here we test the hypothesis
that the contribution of exonucleolytic proofreading to frameshift fidelity during replication of repetitive
DNA sequences diminishes as the number of repeats in the sequence increases. The error rates of
proofreading-proficient T7, T4, an€yrococcus furiosisDNA polymerases are compared to their
exonuclease-deficient derivatives, foll and—1 base errors in homopolymeric repeat sequences of three

to eight base pairs. All three exonuclease-deficient polymerases produce frameshift errors during synthesis
at rates that increase as a function of run length, suggesting the involvement of misaligned intermediates.
Their wild-type counterparts are all much more accurate, suggesting that the majority of the intermediates
are corrected by proofreading. However, the contribution of the exonuclease to fidelity decreases
substantially as the length of the homopolymeric run increases. For example, the exonuclease enhances
the frameshift fidelity of T7 DNA polymerase in a run of threeTAbase pairs by 160-fold, similar to its
contribution to base substitution fidelity. However, in a run of eight consecutiebase pairs, the
exonuclease only enhances frameshift fidelity by 7-fold. A similar pattern was observed with P4uand

DNA polymerases. Thus, both polymerase selectivity and exonucleolytic proofreading efficiency are
diminished during replication of repetitive sequences. This may place an increased relative burden on
post-replication repair processes to reduce rates of addition and deletion mutations in organisms whose
genome contains abundant simple repeat DNA sequences.

The fidelity of a DNA polymerization reaction depends  Correct incorporation
on the selectivity of the DNA polymerase and on the ability S L L.
of its associated'3>5' exonuclease to proofread errors. DNA - 0257 250571
polymerases favor correct over incorrect dNirieorporation
by factors of 16—1C°, depending on the polymerase, the
mispair, and its location [for a review, see Roberts and ——— *— — gl —
Kunkel (1996)]. Proofreading enhances the base substitution ' '
fidelity of DNA polymerases up to several hundredfold (Eger

- ag———

Incorrect Incorporation

et al, 1991; Donlinet al, 1991; West Freyet al,, 1993; Frameshift in a Short Run
Schaaper, 1993; Cag¢t al, 1995). Editing efficiency - kexo — had —x
primarily depends on kinetic partitioning of the terminal base o L i

pair between the polymerase and exonuclease active sites
[reviewed in Johnson (1993)]. For a correctly paired
template-primer terminus, polymerization is greatly favored — > S S _\T,mms_ — RN

over exonucleolytic cleavage (Figure 1, top). However, e o - i o

o : : . Ficure 1: Kinetic partitioning of misinsertion and misalignment
pqumerlzatlon from a terminal ,m,'smatCh, IS much slower errors. The kinetic constants shown are for T7 DNA polymerase,
(Figure 1, second line), providing additional time for taken from Wonget al, (1991). Boldface arrows indicate a fast
exonucleolytic proofreading. Moreover, the DNA poly- rate of either polymerization or hydrolysis relative to the opposite

merase active site is designed to accommodate duplex (i.e.reaction.
paired) DNA, whereas the exonuclease active site preferen-
tially binds single-stranded DNA [reviewed in Joyce and
Steitz (1994)]. A terminal mispair is thought to induce
fraying (Brutlag & Kornberg, 1972) to yield a single-stranded

Frameshift in a Long Run

studies of base substitution fidelity. However, even before
this, Streisingeet al. (1966) proposed that base addition and
deletion errors could arise via a different process, strand
) . X . slippage at repetitive DNA sequences to generate misaligned
3-OH terminus that preferentially binds to the exonuclease premutational intermediates (e.g., last line, Figure 1). Interest

site, allowing hydrolysis of the misincorporatgd nucleotidg. in this hypothesis has increased greatly in the last few years

These concepts on the roles of template-primer breathingy it the observation that several hereditary diseases are
and kinetic partitioning have been derived from 25 years of ,qqqciated with expansion of specific triplet repeat sequences
[reviewed in Willems (1994)] and that repetitive sequences
26;10 |;Nhor?gcfg;esz?fr}%igceEShO'lilldkbe Ed%essid. F?Eone: (919)-541-are highly unstable in the genome of cells from a variety of

. Fax: - - . EmMall; Kunkel@niens.nin.gov. : H
® Abstract published iddvance ACS Abstractdanuary 15, 1996. _human tumors [reviewed 'T‘ Marra and Boland (1995) and
1 Abbreviations: dNTP, deoxyribonucleoside triphosphates; DTT, N Eshleman and Markowitz (1995)]. Understanding the

dithiothreitol; Pfu, Pyrococcus furiosis origins of these disease-associated instabilities may be
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facilitated by studies of the basic processes operating in cellswild-type or 710 fmol of mutant enzyme. Reactions were
to control the rate of frameshifmutations. incubated at 72C for 5 min and quenched by adding EDTA

The idea that slippage occurs during DNA synthesis to to a final concentration of 15 mM. All reactions completely
generate misaligned intermediates is supported by studiedilled the gap, as determined by agarose gel electrophoresis
of the fidelity of DNA synthesis by DNA polymerase vitro (Bebenek & Kunkel, 1995).
[reviewed in Kunkel (1990)]. DNA polymerases generate  Fidelity Assays.The forward assay scores mutations that
single-base deletion and addition errors and do so preferen+esult from polymerization to fill a single-stranded gap
tially at homopolymeric repeat sequences and at a rate thatcontaining theLacZo. gene in an M13mp2 DNA substrate
increases with the number of repeats in the sequence (Kunkel{Kunkel, 1985). Correct gap-filling produces DNA that
1990; Kunkel et al., 1994; Bebenek et al., 1995). Moreover, Yields blue plaques upon transfection into MC1061 and
polymerase frameshift error hot spots at homopolymeric runs plating on CSH50. Errors are scored as lighter blue or
are eliminated by interruptions with nonidentical template colorless plagues. Reversion assays use gapped substrates
nucleotides (Kunkel, 1986; Bebenek et al., 1993). These encoding a colorless plague phenotype due to frameshift
observations suggest that the intermediates for a deletion ormutations [constructed as described in Kuredshl. (1991)]
an addition arising in a polymerization reaction contain paired in runs of 3-8 consecutive AT base pairs. Polymerase
termini with unpaired nucleotides in the template or the errors that restore the correct reading frame-(3 or 3n+1)
primer strand, respectively. The relationship between run yield blue revertants. Frameshifts within the run produce
length and error rate further implies that the unpaired dark blue revertant plaques, as confirmed for all assays by
nucleotide may be located as far away as possible from theDNA sequence analysis of revertants. Light blue revertants
3'-OH primer terminus, allowing the maximum number of due to mutations at sites other than the run (also confirmed
correct base pairs in the repeated sequence to stabilize th&y sequence analysis) were not used to calculate error rates.
intermediate and also removing any distortion resulting from Procedures for these assays have been described in detail
the presence of the unpaired nucleotide the greatest distancéBebenek & Kunkel, 1995).
from the polymerase active site.

This logic suggests that an unpaired nucleotide in a short RESULTS

run may be somewhat similar to a terminal mismatch interms  Frameshift Fidelity of T7 DNA Polymeraséor the initial
of fraying and kinetic partitioning (Figure 1, third line), and  test of the hypothesis, we studied the frameshift fidelity of
thus may be edited efficiently. However, for misalignment T7 DNA p0|ymerase_ This enzyme was chosen for four
in a longer run, the primer terminus may fray less and reasons. First, it is a replicative DNA polymerase with an
partition more in favor of the polymerase rather than the inherent 3—5' exonuclease activity that strongly contributes
exonuclease (Figure 1, line 4), resulting in decreased to base substitution fidelity (Donliet al, 1991). Second,
proofreading efficiency. In the present study, we test this the fidelity of the wild-type enzyme can be directly compared
hypothesis by comparing the frameshift error rates of three to that of a mutant protein that retains DNA polymerase
DNA polymerases having inherent-35" exonuclease activi-  activity but lacks exonuclease activity due to changes in two
ties to their respective exonuclease-deficient derivatives. Theamino acid residues (D5A'E7A) that are h|gh|y conserved
contribution of exonuclease activity to frameshift fidelity is among all proofreading-proficient DNA polymerases. These
estimated during DNA synthesis templated by homopoly- amino acids are thought to reside in the exonuclease active
meric tracts containing varying numbers of nucleotides.  sjte. This site is physically distant from the polymerase
active site, and the characteristics of the DNA polymerase
MATERIALS AND METHODS of the mutant protein are relatively normal. Thus, any

Strains and ReagentsThe Escherichia coli strains  differences observed in the fidelity of the wild-type and
(MC1061, CSH50, and NR9099), reagents, and preparationutant protein are inferred to reflect the contribution of
of substrates have been described (Bebenek & Kunkel, 1995) &xonucleolytic proofreading. Third, in T7-infectéd coli
T7 DNA polymerase and its exonuclease-deficient D5A,- Cells, the polymerase forms a tight, 1:1 complex with
E7A derivative were kind gifts of Smita S. Patel and Kenneth thioredoxin, a 12 kDa host protein that confers stability and
A. Johnson (Patedt al, 1991) . These proteins were isolated Nigh processivity to the polymerase. We have previously
in the absence of thioredoxin. T4 DNA polymerase and its Shown that the exonuclease-deficient DNA polymerase
exonuclease-deficient D219A derivative were generously lacking thioredoxin has low frameshift fidelity (Kunket
provided by Michelle West Frey and Stephen J. Benkovic al- 1994) particularly for single-nucleotide additions in
(West Frey et al., 1993). Exonuclease-proficient and -de- homopolymeric runs. Because other DNA polymerases
ficient Pyrococcus furiosugPfu) DNA polymerases were reaqh_ly generate one-nucleotide deletions but_rarely generate
provided by Eric Mathur of Stratagene. addition errors (Kunkel, 1990), the use of this polymerase

DNA Synthesis Reactiond.7 and T4 DNA polymerase permits the contribution of the exonuclease to frameshift
reactions were performed as previously described (Kunkel fidelity to be examined for both types of frameshift errors.

et al, 1994: Pavlowet al, 1994). Pfupolymerase reactions Finally, the frameshift error rate of the polymerase increases
(25 L) contained 20 mM Tris-HCI (pH 8.7), 10 mM Mggl as a function of increasing homopolymeric run length
2 mM DTT, 200u4M dNTPs, 45 fmol of the designated (Kunkelet al,, 1994), a key observation on which the current

gapped M13mp2 DNA substrate, and either 370 fmol of NYPothesis is based. ,
We first compared the fidelity of the wild-typand mutant

T7 polymerases in the forward mutation assay where

2 Although the term frameshift mutation usually refers to changes
in the number of base pairs in a protein-coding sequence that are not
multiples of three, for convenience it refers here to mutations resulting 2 In this study, wild-type T7 DNA polymerase refers to the T7 gene
from any difference in the number of base pairs and regardless of 5 protein in the absence of thioredoxin, and mutant refers to the
location. exonuclease-deficient derivative of the gene 5 protein.




1048 Biochemistry, Vol. 35, No. 3, 1996

Original Wild Type Template

single stranded region T-tract double stranded (primed) region

10-TGTTGCAGCACTG-5"
ACAACGTCGTGAC-3"

5'-CCGTCG..... TTTT

+ Direction of Synthesis

Templates for monitoring -1 frameshift mutations
5'-CCGTCG TTT CTACAACGTCGTGAC-3"

5'-CCGTCG. .... TTTT...... CACAACGTCGTGAC-3"
5'-CCGTCG. .. .. TTTTT...... ACAACGTCGTGAC-3"'
5'-CCGTCG. .... TTTTTT...... CAACGTCGTGAC-3"
5'-CCGTCG. .. .. TTTTTTT. . .CACAACGTCGTGAC-3"
5'-CCGTCG. .. .. TTTTTTTT. . . ACAACGTCGTGAC-3"'

Templates for monitoring +1 frameshift mutations

5'-CCGTG...... TTTT....... ACAACGTCGTGAC-3"
5'-CCGTCG..... TTTTT..... CACAACGTCGTGAC-3"'
5'-CCGTCG. .... TTTTTT..... CCAACGTCGTGAC-3"'
5'-CCGTCG. .. .. TTTTTTT..... CAACGTCGTGAC-3"

Ficure 2: Template DNA sequences of reversion substrates. The
original wild-type (i.e., blue) sequence of the LacZomplemen-
tation gene in M13mp2 is shown at the top. ThHemost T is
nucleotide 70, where-1 is the first transcribed nucleotide. The
double-stranded primer stem is shown here merely to orient the
reader. Synthesis actually initiates from &CH provided at
nucleotide+145 in the the gapped substrates. Frameshifts within
the T runs produce dark blue revertant plaques, as confirmed for
all assays by DNA sequence analysis of revertants. Light blue

revertants result from mutations at sites other than the run, as alsoP

Kroutil et al.

that the proofreading-proficient polymerase was highly
accurate for errors that would result in these types of
mutations. The frequencies for plus-one nucleotide frame-
shift errors and a specific 317-nucleotide deletion flanked
by a pentanucleotide direct repeat are 120-fold and 50-fold
higher, respectively, than those observed with uncopied
DNA, suggesting that the wild-type polymerase is error-prone
for these mistakes despite the exonuclease activity.

For the exonuclease-deficient polymerase, the mutation
frequency is higher than that obtained with the wild-type
polymerase for most classes of mutations, providing an
estimate of the contribution of the exonuclease to fidelity
for each class. Thus, the 87-fold, 100-fold, and 9-fold
differences for minus-one, minus-two and plus-one nucle-
otide errors suggest that, on average, the frameshift inter-
mediates that lead to these mutations are efficiently proof-
read. For base substitutions, the 18-fold difference (Table
1, 25 x 10 versus 44x 104 provides a minimum
estimate of the contribution of the exonuclease to fidelity,
since the former value does not reflect polymerase errors
because it is not above the mutation frequency for uncopied
DNA. The frequency of €-T transitions is similar for both
olymerase reactions, indicating that this “error” is not

confirmed by sequence analysis. Light blue revertants were not usedProofread. We have suggested earlier (€ail, 1995) that

to calculate error rates.

Table 1: Mutation Frequencies of T7 DNA Polymerases by Class,
in the Forward Assay

wild type exonuclease deficient

mut freq mut freq
type of mutation ~ mutants (x10%) mutants (x10%)
base substitutions 9 25 18 44
C—T 37 10 3 7.3
minus-one 2 0.55 20 48
minus-two 0 <0.27 11 27
plus-one 21 5.8 21 51
317-base deletion 9 25 0 <24
others 6 1.6 22 53

a A total of 84 and 95 mutants were sequenced, respectively, for the

these mutations result from correct incorporation of dAMP

opposite uracil in the gapped substrate resulting from cytosine
deamination. This intermediate would not be subject to

proofreading. Likewise, the comparative frequency data for
the 317-nucleotide deletion suggest that the intermediate
responsible for this mutation (suggested to contain five

correct terminal base pairs, see below) is also not efficiently
proofread.

To estimate the contribution of the exonuclease to frame-
shift fidelity as a function of run length, we calculated the
average frameshift error rate per nucleotide polymerized at
non-run sequences and at the homopolymeric runs in the
template sequences that are 2, 3, 4, and 5 nucleotides in
length. We reported earlier that, in the absence of thiore-

wild-type and mutant enzymes, from 45 min reactions containing 1 doxin, exonuclease-deficient T7 DNA polymerase is error-
mM dNTPs and 1.8 pmol of polymerase. “Others” include mutants prone for one-nucleotide additions in runs, and that the error
containing more than one change, deletions, or 'complex sequenceraie increases with increasing run length (Kunkelal,
changes. The background frequency of the uncopied control for each 1994). The present study confirms that observation (Figure
mutant class was as follows: base substitutions other thaf,d.9 :
x 104 C—T, 1.6 x 10~* minus-one, 0.4 10~% minus-two,<0.05 3B) and then compares the error rates of the exonuclease-
x 1074 plus-one, 0.15¢ 1074 317 base deletions0.05x 1074 others, proficient polymerase under identical reaction conditions. The
2.5x10* latter polymerase is more accurate at all run lengths (Figure
3A). However, the difference in error rate between the two
synthesis is templated by the wild-tydeacZo. gene in enzymes diminishes as the run length increases (Figure 3C),
M13mp2 (original wild-type template in Figure 2). The gap consistent with the hypothesis we set out to test.
contains 199 nucleotides that are sensitive to frameshift Eleven of the 20 one-nucleotide deletions recovered from
mutagenesis (Bebenek & Kunkel, 1995). Gap-filling syn- the exonuclease-deficient polymerase reaction were at non-

thesis followed by transfection dt. coli cells with the
products of these reactions yieldeacZ mutant frequencies
of 23 x 1074 and 230x 10* for the wild-type and mutant

iterated nucleotides, while no such mutants were obtained
from the wild-type polymerase reaction. The difference in
error rate between the wild-type and mutant enzymes for

enzymes, respectively. Both values are above the mutationloss of a noniterated nucleotide is trzi800-fold (error rates

frequency of uncopied DNA (& 1074), indicating that errors
were made by both DNA polymerases during synthasis
vitro.

To define the error specificities of the enzymes, DNA

of <4.6 x 1077 and 4.6x 1075, respectively). However, a
similar calculation based on the difference at the one five-
nucleotide run in the target is only 11-fold (error rates of
8.1 x 107 and 9.1x 1075 respectively). Thus, as for

sequence analysis of independent mutants was performedaddition errors, the difference in error rate between the two

A variety of mutations were observed in both mutant
collections (Table 1). The mutation frequencies for base

enzymes for one-nucleotide deletions diminishes as the run
length increases.

substitutions and one- and two-nucleotide deletions recovered Frameshift Fidelity in Reersion Assays. The above

from the wild-type polymerase reaction were similar to those
obtained with uncopied DNA (legend to Table 1), suggesting

analysis involves small numbers of frameshift mutants and
relatively short homopolymeric runs, with none longer than
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3 10.0 Table 2: One-Nucleotide Deletion Fidelity of Wild-Type and
= A Mutant T7 DNA Polymerasés
% ) plaques scored
?5’ 75 substrate total dark blue rev freg {075
_ag Exonuclease-Proficient T7 DNA Polymerase
Z T3 670 000 0 <0.15
8 504 T4 360 000 2 0.6
S T5 370 000 28 7.6
& T6 160 000 41 26
‘S T7 43000 41 95
= 25 T8 44000 79 180
& Exonuclease-Deficient T7 DNA Polymerase
5 T3 220 000 53 24
£ 001=005 =008 <GI7 T4 280 000 238 84
1 2 3 4 5 T5 630 000 845 130
tract length T6 89 000 109 120
40 T7 33000 140 430
B T8 66 000 705 1100
@ See text for description. The reversion frequencies of uncopied
DNAs were as follows: T3<0.08 x 104 T4, <0.02 x 104 T5,
30+ 0.13x 104 76, 0.11x 104 T7,0.23x 104 T8, 2 x 104

five base pairs and only one of this length. Moreover, use
of a forward assay necessarily involves comparison of runs
that differ not only in length but also in flanking nucleotide
composition, a parameter that can strongly influence frame-
104 shift fidelity (Bebeneket al, 1993). A more rigorous test

of the hypothesis was thus performed using reversion assays
that score either addition or deletion errors in runs ef A
base pairs. The run was constructed to contain from three
to eight T(templateA(primer) base pairs with minimal
variation in the flanking sequence (Figure 2).

C Synthesis by the exonuclease-proficient enzyme, first using
the substrates that score one-nucleotide deletions, generated
40 reversion frequencies (Table 2) from which error rates were
calculated (Figure 4). The deletion rate per template, T,
copied increased from0.08 x 10°° for the T3 substrate to
33 x 1075 for the T8 substrate (Figure 4A), a difference of
>410-fold. The fidelity of the exonuclease-deficient poly-
2- merase also decreased as the run length increased, and the
error rate was significantly higher relative to the wild-type
10 enzyme at all run lengths (Table 2 and Figure 4B). The
difference in error rate between the wild-type and mutant
D D enzyme decreased from160-fold with the T3 substrate to
0- T r J ] 5 only 7-fold with the T8 substrate (Figure 4C). The greatest
tract length increment of decrease was observed as the run increased from
four to five A-T base pairs.

Ficure 3: One-nucleotide addition error rates of T7 DNA poly- Synthesis using the substrates with the homopolymeric

merases in homopolymeric tracts of increasing length. In the ; ; ; ; ;
template sequence copied, the target sizes for scoring frameshift \NS 1N the other reading frame yielded reversion frequencies

errors within runs of 1, 2, 3, 4, and 5 nucleotides are 97, 58, 27, Well above background with all substrates and both enzymes
12, and 5 nucleotides, respectively (Bebenek & Kunkel, 1995). The (Figure 4D,E), consistent with the high error rate of the

number of addition mutants for each of these run lengths, thigredoxin-deficient polymerase for one-nucleotide addition
respectively, were as follows: wild-type polymerase, 0, 0, 0, 13, 8 Kunkelet al. 1994: Table 1). Th te for th
mutants: exo-deficient polymerase, 0, 2, 5, 11, 4 mutants. Error €Tors (Kunkelet al, ; Table 1). The error rate for the

rates were calculated by dividing the number of mutants observed wild-type enzyme increased from 14 10°° for the T4
for any run length by the total number of mutants sequenced. This gypstrate to 12 1075 for the T7 substrate. This 11-fold

value was multiplied by the total mutation frequency and then . : : .
divided by 0.6, t%e pro)t;ability of expressing aﬂ erro?/EncoIi difference is substantially less than for the equivalent runs

(Bebenek & Kunkel, 1995). This value was then divided by the in the other reading frame, which yielded a 160-fold increase

number of detectable nucleotides for scoring that class of error, to when comparing runs of 4 versus 7 Ts. The same trend was

correct for different target sizes and expression rates “per detectable ; Aafini
nucleotide polymerized”, these values were then plotted against runobserved with the exonuclease-deficient polymerase, where

length for the exonuclease-proficient polymerase (panel A) and the the error rate increased with increasing tract length, but only
exonuclease-deficient polymerase (panel B). Fold effects were 2-fold as the run increased from 4 to 7 Ts (¥510°° for

obtained as the ratio of the error rates and were indeterminate (ID)the run of 4 Ts versus 15& 105 for the run of 7 Ts)
for runs of three or less since no mutations were scored for the ite the | f I h h
wild-type enzyme: these values are plotted against run length in Despite the lesser dependence of error rate on length, the

panel C. apparent contribution of the exonuclease to addition frame-

20 -

Errors per 10 nucleotides incorporated

oL=00s

1 2 3 4 5
tract length

50

\Y2

30

Fold Difference
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Ficure 4: T7 DNA polymerase error rates for one-nucleotide deletions and additions as a function of run length. Error rates were calculated
as described in the legend to Figure 3, using as the target size the number of T residues in each run and the reversion rates in Table 2. Panel
A: deletion error rates for wild-type polymerase. Panel B: deletion error rates for exonuclease-deficient polymerase. Panel C: mutant:
wild-type polymerase deletion error rate ratios. Panel D: addition error rates for wild-type polymerase. Panel E: addition error rates for
exonuclease-deficient polymerase. Panel F: mutant:wild-type polymerase addition error rate ratios. The reversion frequencies of uncopied
DNA for the one-nucleotide addition substrates were as follows: T4, 2.1874; T5, <0.08 x 104 T6, 0.07x 104 T7, 0.83x 104

Following polymerization, the revertant and total plague counts and reversion frequencies at each run length for the one-nucleotide addition
substrates were as follows: wild-type polymerase: T4, 11/280 000,089 4; T5, 27/150 000, 1.& 1074 T6, 56/320 000, 1.8 1074

T7,21/37 000, 5.% 1074 exonuclease-deficient polymerase: T4, 526/300 000¢ 184, T5, 254/75 000, 34 1074 T6, 2556/561 000,

46 x 104 T7, 296/46 000, 64x 104

shift fidelity did decrease with increasing run length. For mutants of T4 DNA polymerase. As with the T7 DNA
example, comparison of the error rates of the two poly- polymerase, the T4 mutant protein contains substitutions in
merases with the 4T run substrate reveals a 68-fold, conserved amino acids thought to be in the exonuclease
difference (Figure 4F), whereas a 13-fold decrease in fidelity active site and known not to impair polymerase properties.
was observed with the T7 substrate. Studies of the overall fidelity of the wild-type and mutant
Proofreading of One-Base Deletions by T4 DNA Poly- T4 polymerases using the forward mutation a$sayealed
merase. To test the generality of the relationship between that, like most DNA polymerases, they rarely generate one-
proofreading efficiency and increasing tract length, we
examined the fidelity of wild-type and exonuclease-deficient 4 T. A. Kunkel, unpublished observations.
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10 the wild-type and mutant T4 DNA polymerases decreased
A as the tract length increased (Figure 5C).
Proofreading of One-Base Deletions at High Temperature
7.5 by Pfu DNA PolymeraseThe efficiency of proofreading

has been related to the stability of the template-primer; i.e.,
its tendency to “fray” favors exonuclease over polymerase
activity. We therefore examined the contribution of exo-
nucleolytic proofreading to frameshift fidelity during po-
lymerization at an elevated reaction temperature that could
enhance fraying, by comparing the fidelity of the wild-type
and exonuclease-deficient mutant of the thermostable DNA
polymerase fromPyrococcus furiosis Error rates were
determined in the forward mutation assay in reactions
6 7 8 catalyzed byPfu DNA polymerase at 72C. The complete
tract length analysis of error specificity will be presented elsewtfdrat

30 the results for one-nucleotide deletion errors are shown in
B Figure 6. The wild-type polymerase, which contains an
inherent and highly active proofreading exonuclease activity
(Lundberget al,, 1991), is highly accurate for one-nucleotide
20 - deletions, but its error rate increases with increasing tract
length (Figure 6A). The exonuclease-deficient mutant is less
accurate, consistent with a role for the exonuclease in
correcting frameshift errors. There is an obvious trend
toward lower fidelity in longer runs (Figure 6B). Thus, the
comparative fidelity of the two polymerases suggests that,
in reactions incubated at 72C, frameshift errors are
proofread, but less efficiently as the run length increases

2.5

Errors per 103 nucleotides incorporated
T

10 4

Errors per 109 nucleotides incorporated

0 (Figure 6C).
5 6 7 8
tract length DISCUSSION
60
C This study was undertaken to test the hypothesis that the

contribution of exonucleolytic proofreading to frameshift
fidelity during replication of repetitive DNA sequences
diminishes as the number of repeats in the sequence
increases. This idea is partly based on Streisinger’s original
hypothesis that frameshift errors are initiated by strand
slippage to generate misaligned template-primers stabilized
by the correct base pairs that are possible if slippage occurs
within repetitive DNA sequences. The model predicts that
the frameshift error rate during synthesis should increase as
the number of consecutive repeats increases because as the
repeat number goes up, so does the potential number of
0- stabilizing base pairs and misaligned intermediates and the
3 t‘;act len tl71 8 distance between the polymerase active site and the unpaired
& nucleotide(s). Previous studies with human DNA poly-
Ficure 5. T4 DNA polymerase error rates for one-nucleotide merasen (Kunkel, 1986, 1990), HIV-1 reverse transcriptase

deletions as a function of run length. Error rates were calculated
as described in the legend to Figure 3, using as the target size the(BQk)emakat al, 1995), and T7 DNA polymerase (Kunkel

number of T residues in each run and the following reversion al-» 1994) have demonstrated such frequency versus length
data: wild-type T4 polymerase: T5, 9/530 000, 04704 T6, correlations. This study has extended these observations to
9/310 000, 0.29x 1074 T7, 23/280 000, 0.8« 1074 T8, 63/ additional enzymes and substrates, offering compelling

100 000, 6.3x 1074 exonuclease-deficient T4 polymerase: T5, gayidence for the involvement of misaligned intermediates
42/210 000, 2.0x 104 T6, 39/220 000, 1.8x 104 T7, 55/ 9

180000, 3.1x 104 T8, 125/110000, 11x 10-* Panel A: N the production of frameshift mutations.
deletion error rates for wild-type polymerase. Panel B: deletion  Our starting hypothesis was also suggested by the concepts

error rates for exonuclease-deficient polymerase. Panel C: mutant:of template-primer fraying and kinetic partitioning that were
wild-type polymerase deletion error rate ratios. derived from studies of DNA polymerase fidelity for
nucleotide addition errors. Thus, we examined fidelity using misincorporation errors. The decreased stability of the
substrates that score one-nucleotide deletions. The error rateguplex template-primer stem conferred by a terminal mispair,
of the wild-type T4 DNA polymerase increased with tract the preference of the polymerase active site for binding
length, with values ranging from 0.18 1075 for the T5 duplex DNA, and the preference of the exonuclease active
substrate to % 1075 for the T8 substrate (Figure 5A). The site for binding to and digesting single-stranded DNA
mutant polymerase was less accurate, with rates ranging from
6.3 x 107> for T5 to 19x 107° for T8 (Figure 5B). As for 5K. Register, K. Bebenek, and T. A. Kunkel, manuscript in
the T7 DNA polymerase, the difference in error rate between preparation.
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15 suggest that the contribution of exonucleolytic proofreading
A to the frameshift fidelity of a DNA polymerization reaction
diminishes as the homopolymeric tract length increases. For
deletions of noniterated nucleotides, the contribution of the
10 exonuclease to the error rate is similar to the efficiency with
which misincorporation errors are proofread. This observa-
tion is consistent with our previous suggestion that some
frameshift errors are initiated not by misalignment, but by
misincorporation followed by primer relocation (Kunkel &
Soni, 1988; Bebenek & Kunkel, 1990; Beberatlal,, 1993).
However, despite the fact that T7 and T4 DNA polymerases
are among the most accurate DNA polymerases known and
have robust proofreading exonucleases, the exonuclease
contributes only 2 13-fold to frameshift fidelity in tracts of
seven or eight A base pairs. Thus, proofreading contrib-
utes much less to frameshift fidelity in longer repeats,
consistent with misaligned intermediates that are sufficiently
stable to be seen more often by the polymerase as correct
substrates and partitioned in favor of polymerization rather
than hydrolysis (Figure 1, bottom).

Decreasing frameshift fidelity with increasing tract length
is observed for reactions catalyzed by several DNA poly-
merases, suggesting that frameshift error rates are strongly
determined by the properties of the DNA substrate. None-
theless, frameshift error rates vary widely among different
polymerases when the same substrate is used [for review,
see Kunkel (1990)], illustrating the important influence of
the protein. As examples in this study, note that T7
polymerase is consistently less accurate for one-nucleotide

0.5+

Errors per 103 nucleotides incorporated

0.0
1 2 3 4 5
tract length

15.0

Errors per 103 nucleotides incorporated

1 2 3 4 5 deletions than is T4 DNA polymerase (compare Figure 4A,B
tract length to Figure 5A,B) and that the increment of increase as a
50 function of tract length by one nucleotide is not constant in

all situations. Such effects may result from any of several
differences in how polymerases interact with their substrates.
The increment of change with tract length may vary
depending on which strand contains the unpaired nucleo-
30 tide(s), its position relative to the polymerase active site, and
the spatial relationship and communication between the
polymerase and exonuclease active sites. Since it may also
depend on the number and types of unpaired nucleotides, it
will be interesting to examine frameshift fidelity and the
10 contribution of proofreading during replication of other
simple repetitive sequences, such as di- and trinucleotide
repeats. Eukaryotic cells, which contain many such micro-

40 4

20+

Fold Difference

| 2 3 4 5 satellites, may have evolved proofreading processes to deal
tract length with these sequences, that are not apparent from this study
with homopolymeric sequences and prokaryotic DNA poly-

FIGURE 6: One-nucleotide deletion error rates Bfu DNA
polymerases in homopolymeric tracts of increasing length. Error merases. . .

rates were calculated as described in the legend to Figure 3. The An unexpected and interesting result from the present study
number of deletion mutants for runs of 1, 2, 3, 4, or 5 nucleotides was the frequent generation by the exonuclease-proficient
were as follows: wild-type polymerase, 1, 1, 0, 1, and 1 mutants T7 DNA polymerase of errors involving loss of 317

of 35 sequenced; exonuclease-deficient polymerase: 9, 12, 4, 7, : ; "
and 2 mutants of 113 sequenced. Mutation frequencies wese 12 nucleotides flanked by the directly repeat sequente 5

10-“for the wild-type enzyme and 160 10-4 for the exonuclease- ~ CCCGC-3 (Table 1). A simple model to account for this
deficient enzyme. Panel A: deletion error rates for wild-type error involves synthesis through the first copy of the repeat,
polymerase. Panel B: deletion error rates for exonuclease-deficientdisruption of five terminal base pairs, formation of base pairs
polymerase. Panel C: mutant:wild-type polymerase deletion error jhyolving the newly-made DNA and the downstream direct
rate ratios. repeat, and continued synthesis. Deletions consistent with
[reviewed in Joyce and Steitz (1994)] are realized in the this model have been found in a previous study of the fidelity
preferential rate of polymerization from correct terminal pairs of exonuclease-deficient DNA polymergs¢Kunkel, 1985;

and the selective hydrolysis of a misincorporated nucleotide Kunkel & Soni, 1988). However, here they were recovered
[Figure 1, and reviewed in Johnson (1993)]. Our results from the exonuclease-proficient T7 polymerase reaction at
strongly suggest that these same principles are relevant toa frequency well above the background mutation frequency.
premutational intermediates involving misaligned template- This suggests that, if the degree of homology (here fiv€é G
primers. The data in Figures 3C, 4C, 4F, 5C, and 6C all base pairs) is sufficient, deletions between direct repeats can
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be generated during polymerization reactions despite the ACKNOWLEDGMENT
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