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Genetic information can be altered not only by substituting
one base for another but also by adding or deleting one or more
nucleotides. Just as for base-substitution mutations, frame-
shift! mutations can be either beneficial or detrimental to an
organism. Thus, understanding how these are generated or
avoided is important. Included among possible mechanisms
for producing frame-shift mutations is aberrant DNA polym-
erization. For over 2 decades, studies of the fidelity of DNA
synthesis in vitro have focused heavily on base-substitution
errors, primarily because several sensitive methodologies were
developed for their detection [for review, see Loeb and Kunkel
(1982) and Goodman (1988)]. Consequently, much of our
understanding of how genetic material is replicated and
maintained with high fidelity is flavored with the reasoning
associated with base miscoding. Only within the past 5 years
have assays been developed to study frame-shift fidelity during
DNA synthesis in vitro. This review focuses on how infor-
mation obtained from these frame-shift fidelity assays has
influenced our understanding of mutagenesis resulting from
template-primer misalignments during DNA synthesis.
Four Pathways for DNA Synthesis Errors. Starting with
the simplest frame-shift mutation, a minus-one-nucleotide
error, consider what can go wrong during a DNA polymeri-
zation reaction on the template-primer shown in Figure 1.
The pathway that has received the most experimental attention
over the past 2 decades begins with misincorporation of a
nucleotide (pathway B, for Base substitution). When this is
followed by extension from the mispair (pathway BB) to fix
the error, a base-substitution mutation can result. The subject
of this review is the evidence for the other three pathways, all
of which use a misaligned template-primer. For example, in
the appropriate sequence context, i.e., when the misincorpo-

! Although the term frame-shift 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
from any difference in the number of base pairs and regardless of loca-
tion.

rated nucleotide is complementary to the next template nu-
cleotide, pathway BF leads to a minus-one-nucleotide
frame-shift error. Alternatively, if the initiating event is
template-primer slippage (pathway F, for Frame shift), two
possible outcomes can be envisioned. Continued polymeri-
zation from the misaligned template-primer (pathway FF)
fixes the extra nucleotide and yields a minus-one-nucleotide
error. Incorporation of a single correct nucleotide followed
by realignment (pathway FB) generates a mispair which, if
extended by further polymerization, yields a base-substitution
error. Note that two of the four pathways are decidedly
nonclassical: in pathway BF a frame-shift error is initiated
by nucleotide misincorporation, and in pathway FB a base-
substitution error is initiated by template-primer slippage.
Thus, thinking about misalignment-mediated errors should not
be limited to frame-shift errors.

Frame-Shift Fidelity Assays. The branch points in the
pathways presented in Figure 1 suggest a balance for utili-
zation of misaligned and mispaired substrates. This logic was
extracted from studies of the fidelity of DNA synthesis in vitro
by use of an assay that detects both base-substitution and
frame-shift errors (Kunkel, 1985a). Circular DNA from
bacteriophage M13mp2 is used to construct a double-stranded
DNA substrate with a 390-nucleotide single-stranded gap. The
gap contains the reporter gene for DNA synthesis errors, the
wild-type /acZ gene sequence encoding the N-terminal amino
acids (the o-peptide) of the enzyme B-galactosidase. Correct
polymerization to fill the gap produces DNA that, when used
to transfect an appropriate Escherichia coli host strain, will
produce dark blue M13 plaques on an indicator plate con-
taining the chromogenic indicator X-gal® via a-complemen-

2 Abbreviations: X-gal, 5-bromo-4-chloro-3-indolyl B-p-thio-
galactoside; Pol o, DNA polymerase ; Pol 8, DNA polymerase 8; Pol
v, DNA polymerase v; RT, reverse transcriptase; AMYV, avian myelo-
blastosis virus; MMLV, Moloney murine leukemia virus; HIV-1, type 1
human immunodeficiency virus; SSB, single-stranded DNA binding
protein.
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FIGURE 1: Pathways for single-base errors during DNA synthesis.
F is for frame shift, B is for base substitution, and A indicates a
one-base deletion. The underlined base is position 102, where position
1 is the first transcribed base of the JacZ gene. Adapted from Figure
1 in Kunkel and Soni (1988a).

tation of B-galactosidase activity within the infected host.
Errors produced during DNA synthesis using the lacZa se-
quence as a template are scored as lighter blue or colorless
plaques. Since this assay measures loss of a gene function that
is not essential for phage production, a wide variety of sequence
mutations at many different sites can be scored, recovered,
and sequenced. This includes 221 different single-base sub-
stitutions at 114 different template positions (Kunkel & Al-
exander, 1986; Bebenek et al., 1990), single-base frame shifts
at 150 positions (Kunkel, 1986), and a variety of larger and/or
more complex frame shifts.

More recently, several assays have been designed to focus
on particular subsets of frame-shift errors (de Boer & Ripley,
1988; Kunkel et al., 1989; Papanicolaou & Ripley, 1989;
Bebenek & Kunkel, 1990). These assays use M13 DNA
substrates that normally yield colorless plaques because they
contain frame-shift mutations. DNA synthesis errors that
restore the reading frame are detected upon transfection as
blue revertants; hence, these are reversion assays.

Evidence of DNA Synthesis Errors Mediated by Misa-
lignment. All DNA polymerases examined to data produce
frame-shift errors during DNA synthesis in vitro. Frame-shift
error rates are highly variable and depend on the DNA po-
lymerase performing the synthesis as well as the position,
composition, and symmetry of the error. The details of
frame-shift error specificity are discussed here within the
context of the misalignment pathways in Figure 1.

Pathway F, Then FF. Frame-shift mutations resulting from
slippage of the two strands of DNA were first proposed by
Streisinger to explain the observation that such mutations
occurred in vivo more frequently at iterated® than at non-
iterated nucleotides (Streisinger et al., 1966). For errors
arising during DNA polymerization, the logic is that as the
length of the run increases the number of potential misaligned
intermediates and the potential number of correct base pairs
that could stabilize the misaligned intermediates both increase
(Figure 2). Furthermore, the longer the run, the greater will

3 A noniterated nucleotide is one having 5’ and 3’ neighbors that are
not identical with the nucleotide considered. An iterated nucleotide has
at least one identical neighbor. Iterated means repeated; reiterated means
re-repeated.
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FIGURE 2: Possible intermediates for plus-one-base and minus-one
base errors in a TTTT run. The numbers in parentheses are the

number of base pairs that must be disrupted to produce the inter-
mediate shown [from Kunkel (1986)].

FIGURE 3: Schematic representation of the Klenow polymerase bound
to a minus-one-base frame-shift intermediate. The 3’-OH primer
terminus is within the active site (shaded circle) of the 46-kDa po-
lymerase domain (on the left). The smaller, 22-kDa domain (on the
right) contains the active site for exonucleolytic activity (shaded circle).
This representation is based on data reviewed in Joyce and Steitz
(1987) and on data presented in Cowart et al. (1989), Catalano et
al. (1989), Allen et al. (1989), and Allen and Benkovic (1989).

be the distance between the extra nucleotide and the 3’-OH
primer terminus, potentially reducing interference by the extra
base in phosphodiester bond formation within the active site
of the enzyme (Figure 3).

The strongest argument that some frame shifts at iterated
nucleotides arise via misalignments during polymerization in
vitro is that DNA polymerase frame-shift error rates, expressed
per nucleotide polymerized (to correct for differences in the
number of nucleotides in a run), increases as the length of the
run increases. This has been observed with several forms of
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FIGURE 4. Minus-one-base frame-shift error rate versus run length
for DNA polymerase a. The data are from Kunkel (1985b), with
error rates calculated per detectable nucleotide polymerized, a mi-
nus-strand expression value of 60% being used (Kunkel & Soni,
1988b).

eukaryotic replicative Pol a (Figure 4; Kunkel, 1985b; Kunkel
et al., 1989), HIV-1 RT (Bebenek et al., 1989), eukaryotic
Pol 8 (Kunkel, 1985a), and three exonuclease-deficient de-
rivatives of E. coli DNA polymerase I (Bebenek et al., 1990).

Additional in vitro evidence for slippage-mediated frame
shifts comes from the analysis of a hot spot for minus-one-base
errors by Pol 8. This polymerase is particularly error prone
for minus-T errors at a TTTT run at positions 70-73 in the
lacZ coding sequence (Kunkel, 1985a). When the template
sequence was altered by site-directed mutagenesis to TTCT
or CTCT, the Pol 8 minus-one-base error rate at this four-
nucleotide sequence decreased 4-fold and 230-fold, respectively
(Kunkel, 1986). The data support the idea that most errors
at the TTTT run result from misalignment.

(A) Variables Affecting Frame-Shift Error Rates at Iter-
ated Sites. It is important to realize that, although frequency
versus length correlations support the Streisinger model, such
observations are not unequivocal. This is because comparisons
must necessarily be made between different DNA sequences,
and just as observed for base-substitution errors [e.g., see
Mendelman et al. (1989); for review, see Bebenek and Kunkel
(1988)], frame-shift error rates are sequence dependent. For
example, Pol 8 and HIV-1 RT exhibit 5-fold and 43-fold
differences, respectively, in the rate of minus-C errors at two
different template CCC runs within the /acZ target sequence
(Table I). Since position-dependent differences for runs of
identical length can be as large as the difference shown in
Figure 4, frequency versus length correlations must be in-
terpreted with caution, especially when a small number of sites
is being considered. Nevertheless, because the data in Figure
4 represent average values for a 150-nucleotide target and
because the analysis of the Pol 8 frame-shift hot spot was
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Table I: One-Base Frame-Shift Error Specificities of
Exonuclease-Deficient DNA Polymerases?

DNA polymerase

Klenow
Pol 8 Pol & HIV-1 RT (ex07)
minus:plus ratio 81:1 13:1 9:1 15:1
minus-one errors
ratio for loss of  19:1 31 4:1 1:1
pyr vs pu
(in runs)
ratio of run to 311 2:1 104:1 1:1
nonrun
error rate at
TTTT at 70-73  1/57 1/2200 1/1400 <1/75000
CCC at 106-108 1/260 <1/13000 1/440 <1/56 000

CCC at 166-168 1/1400 <1/13000 =1/20000 1/56000

9The data are for Pol 8 (Kunkel, 1985a, 1986), human fibroblast
(KB cell), Pol o (Kunkel, 1985b, 1986), HIV-1 RT (Bebenek et al.,
1989), and the exonuclease-deficient form of the large Klenow frag-
ment of E. coli DNA polymerase 1 (Bebenek et al., 1990). Error rates
are expressed per detectable nucleotide incorporated, in order to cor-
rect for differences in lengths of the runs.

performed with the same local DNA sequence context, both
approaches provide excellent support for the Streisinger model.

In addition to the surrounding sequence, the nucleotide
composition of the run itself affects the frame-shift error rate.
Thus, most exonuclease-deficient DNA polymerases make
more errors within template pyrimidine runs within template
purine runs (Table I). This may reflect weaker stacking in-
teractions between adjacent pyrimidines than between adjacent
purines, leading to more frequent formation of misaligned
intermediates. As with any generalization, there are exceptions
to this rule. For example, the HIV-1 RT is considerably less
accurate at a GGG run than at several three-base pyrimidine
runs in the /acZ target (Bebenek et al., 1989).

One rule that emerges from studies of frame shifts within
runs is that minus-one-base errors occur much more frequently
than do plus-one-base errors. As noted by Streisinger and
Owen (1985), this could be due to equilibrium considerations
for the aligned versus misaligned state. The intermediate for
a plus-one-base error, containing an extra nucleotide in the
primer, has lost one base pair relative to the intermediate for
a minus-one-base error, which contains an extra nucleotide
in the template strand. Also, for misaligned intermediates
stabilized by an equal number of correct base pairs, the for-
mation of a plus-one-base intermediate requires the disruption
of one additional base pair relative to formation of a minus-
one-base intermediate. For example, starting from interme-
diate ¢ in Figure 2 and proceeding to a misaligned intermediate
stabilized by two base pairs, it can be seen that three T-A base
pairs must be disrupted to form the plus-one intermediate g,
while only two need to be disrupted to form the minus-one
intermediate 0. This may partly explain the bias for minus-
one-base errors.

Another explanation for this bias is that a minus-one-base
intermediate may not be constrained by the DNA polymerase
to the same extent as a plus-one-base intermediate (Figure 3).
Differential structural constraints imposed by polymerases may
also explain why frame-shift error rates and error specificities
are so polymerase dependent. Polymerase error rates for the
same mistaken can vary over 1000-fold (Table I). The extent
of the bias for loss of a template pyrimidine rather than a
template purine, and for minus-one rather than plus-one errors,
is also polymerase dependent.

Fortunately, details of polymerase-mediated frame-shift
specificity are emerging just as a wealth of new information
is available on the structure and mechanisms of discrimination
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during catalysis by DNA polymerases. For eample, Figure
3 depicts a hypothetical view of the large fragment of E. coli
DNA polymerase I containing a minus-one-base frame-shift
intermediate at a run of template T residues. This is based
on X-ray crystallography data (Ollis et al., 1985) demon-
strating that the Klenow polymerase consists of two domains,
one of 46 kDa that contains the active site for polymerization
(Freemont et al., 1986) and one of 22 kDa that contains the
active site for the 3/ — 5’ exonuclease activity (Derbyshire
et al.,, 1988). The large domain contains a cleft of the ap-
propriate dimensions for binding about five to nine base pairs
of a double-stranded B DNA helix. The polymerase and
exonuclease active sites of this two-domain enzyme (shaded
circles in Figure 3) are physically separated by 25-30 A, a
distance sufficient to account for contacts with about eight
additional bases. This structural information [reviewed in
Joyce and Steitz (1987)] and data from several other ap-
proaches that describe how the polymerase interacts with the
template-primer (Ferrin & Mildvan, 1986; Cowart et al., 1989;
Catalano et al., 1989; Allen et al., 1989; Allen & Benkovic,
1989) offer promise for eventual understanding of polymer-
ase-dependent and neighboring-nucleotide-mediated effects
on fidelity.

A current model for coordination of Klenow polymerase and
exonucleolytic proofreading activities suggests that the
template-primer DNA can slide between the two domains, with
the terminal four base pairs melting out, providing single-
stranded DNA for binding to the exonuclease active site (Joyce
& Steitz, 1987; Freemont et al., 1988). Even in the absence
of proofreading exonuclease activity (which is described be-
low), physical separation of two DNA binding sites could have
implications for frame-shift fidelity. Sliding, melting, and then
re-forming correct base pairs may provide an opportunity to
realign frame-shift intermediates. The observation that, for
minus-one-base frame-shift errors with runs, the fidelity of the
46-kDa polymerase domain is lower than that for the two-
domain, exonuclease-deficient Klenow polymerase (Bebenek
et al., 1990) is consistent with this idea.

High-resolution crystallography data are not yet available
for other DNA polymerases. However, the genes encoding
other DNA polymerases have been cloned and sequenced,
including all those shown in Table I. Comparison of the
deduced amino acid sequences of DNA polymerases [e.g.,
Bernad et al. (1987), Wong et al. (1987), Hall (1988), and
Bernad et al. (1989)] shows a number of conserved residues
that may be important for catalysis and binding of template,
primer, and dNTP substrates. Several DNA polymerases have
now been overproduced from clones, so structural information
may eventually be available.

In the meantime, descriptions of the DNA polymerases
shown in Table I that may be relevant to their frame-shift
fidelity have been obtained with other approaches [for review,
see Fry and Loeb (1986)]. For example, Pol § is the smallest
known polymerase, consisting of a single polypeptide of 40
kDa. Controlled proteolysis studies have shown that the re-
combinant rat 8 polymerase has an NH,-terminal 8-kDa
domain that binds single-stranded DNA (covering about eight
bases) and a 31-kDa domain that could contain the polymerase
active site (Kumar et al., 1990). Pol § binds tightly to nicked
double-stranded DNA, polymerizes nucleotides in a distributive
manner, and efficiently adds bases onto mismatched primer
termini. These observations imply that Pol 8 can incorporate
nucleotides without extensive or perfect contacts with the
single-stranded template or the primer, and they help to explain
its low frame-shift fidelity.
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In contrast to Pol 8, Pol a is a multisubunit enzyme whose
catalytic subunit is much larger [180000 kDa; for review, see
Kaguni and Lehman (1988)]. This polymerase does not bind
at nicks or fill gaps to completion, is more processive, requires
single-stranded DNA for binding, and needs at least three to
five correctly paired bases for efficient catalysis [for review,
see Fry and Loeb (1986)]. The more extensive DN A-protein
interactions implied by these data may result in greater and/or
different constraints on either the frequency of formation or
the subsequent stability of misaligned template-primers. Such
interactions may explain the fact that most of the Pol « frame
shifts within runs are in runs of three or more bases, while Pol
B produces a high frequency of minus-one events even in
two-base runs.

(B) Processivity. One property of polymerization that may
be relevant to frame-shift fidelity, at least for one-base errors
at runs, is processivity, the number of nucleotides the polym-
erase incorporates per association/dissociation cycle with the
template-primer. This idea was first suggested by the ob-
servation that Pol « is both more accurate and more processive
than Pol 8 (Kunkel, 1985b). The observation that polymer-
ization by Pol 8 is about 5-fold more processive in reactions
activated by Mn?* than in reactions activated by Mg?* (Wang
& Korn, 1982) prompted a further examination of frame-shift
fidelity in Pol 3 reactions activated with each divalent metal
cation. The minus-T error rate at the TTTT hot spot for Pol
8 was lower in Mn?*-activated reactions, consistent with the
possibility that higher processivity was responsible for higher
fidelity. This result is particularly striking because Mn?* is
highly mutagenic rather than antimutagenic for both base-
substitution errors [for review, see Loeb and Kunkel (1982)]
and frame-shift errors by Pol v (Kunkel, 1985b).

More recently, the correlation between one-base frame-shift
fidelity in runs and the processivity of the reaction has been
examined quantitatively, by use of the HIV-1 reverse tran-
scriptase (Bebenek et al., 1989). This enzyme is exceptionally
inaccurate for one-base frame shifts within some but not all
template runs in the lacZ target sequence. Comparison of the
error rates at each run to the probability that the polymerase
would cease synthesis within that run demonstrated that
one-base frame-shift error rates were indeed higher at template
runs where there is a higher probability of termination.

The correlation is not quantitative; the highest error rates
are not necessarily at the sites exhibiting the highest termi-
nation probability. Also, the termination probability was
always much higher than the error rate. For example, the
enzyme terminates synthesis at position 70 approximately half
the time, yet the error rate for plus-one errors at the TTTT
run is 0.06%. Given the number of parameters known to
infuence the error rate, such quantitative differences are not
inconsistent with the concept that processivity is important for
fidelity. Other explanations are also possible. For example,
mutations may result from some other low-frequency event
which cannot be detected by existing methods, or termination
probability and error rate may be independently influenced
by a third phenomenon.

Pathway F, Then FB. Misalignment followed by incorpo-
ration of an additional correct nucleotide provides an inter-
mediate that can ultimately be processed into a base-substi-
tution error via pathway FB in Figure 1. If, prior to another
incorporation to further stabilize the misalignment, the extra
template nucleotide resumes its position in the helix, a terminal
mispair is created, yielding a base-substitution mutation. This
is referred to as dislocation mutagenesis, by analogy to a
dislocated shoulder joint that pops out of alignment but ul-
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timately resumes a normal position.

The dislocation hypothesis is not new. It was presented 16
years ago as a hypothetical explanation for base-substitution
mutations in an E. coli mutator strain (Fowler et al., 1974).
However, experimental support for the model awaited DNA
sequence analysis of mutants produced during DNA synthesis
in vitro using the M13mp2 forward mutation assay that could
score both base-substitution and frame-shift errors at sites
where the interplay between these errors could be inferred.
The model was suggested to explain base-substitution errors
at two hot spots for errors by Pol 8 (Kunkel, 1985a). The two
sites were related in their template DNA sequences and error
specificities. At the sequence 5'-C-G-T-T-T-T-A-C-3’, a high
frequency of minus-T frame shifts was observed. At a lower
(but still high) frequency, T — G transversions were observed
at the 5’-most T in the run (position 70, underlined), having
a 5-nearest-neighbor template G residue. The second hot spot,
33 bases away, had a similar template sequence, 5'-C-G-T-
T-A-C-3’ (the sequence shown in Figure 1). Again, both
minus-T frame shifts and T — G transversion at the 5’-most
T in the run (position 103, underlined) were observed, but the
relative frequencies of the two errors were reversed; the
frame-shift frequency was much lower, and T — G errors
predominated. The specificity of the base substitutions, ex-
clusively T — G transversion implying T-dCMP mispairing,
was unexpected. Considering the chemistry and structure of
mispairs and measurements of misincorporation of pyrimidines
opposite pyrimidines by prokaryotic DNA polymerases, direct
misinsertion (pathway BB in Figure 1) might be expected to
occur only rarely, while the other two base substitutions that
are detectable at these positions might be expected to occur
at equal or higher frequencies. However, neither T — C
transitions (via a potentially more favorable T-dGMP inter-
mediate) nor T — A transversions (via a T-dTMP mispair)
were observed. The unusual base-substitution specificity, the
fact that the base-substitution errors occurred at the 5’-most
T in a run of T residues followed by a template G residue, and
the tendency of Pol 8 to produce minus-one-base frame shifts
within runs of a common base led to the dislocation model.

Since this transient misalignment pathway suggests that a
nucleotide at one position codes for a mutation at another
position, the model was tested (Kunkel & Soni, 1988a) by
introducing G to A base changes into the target sequences as
new 5’ neighbors to the sites for the T — G errors. The
modified template was then used to reexamine the error
specificity of Pol 8 at the hot spots. The base-substitution
specificity of DNA polymerase 8 at the adjacent nucleotide
switched from T — G transversion to T — A transversions.
The cumulative change in frequency, represented by the dis-
appearance of the T — G events and the appearance of the
T — A events, was >300-fold. This result, predicted by the
dislocation model, suggested that misalignment initiated the
base-subsitution error.

The model was also tested by determing nucleotide misin-
sertion rates on the original and modified templates by use
of a polycarylamide gel electrophoresis assay (Boosalis et al.,
1989). Here the distinction between dislocation and miscoding
mutagenesis is based on significant differences in apparent K,
and V,,, values governing nucleotide insertion. This approach
provided direct biochemical evidence that the transversion hot
spots observed with Pol 8 resulted from dislocation.

Neither test of the dislocation model is unequivocal. It is
formally possible that the results reflect neightboring nucleotide
effects on direct miscoding (pathway BB). However, the
dislocation model is attractive because it precisely explains
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striking and unexpected error specificities.

Recent data suggest that dislocation mutagenesis may also
operate during DNA-dependent DNA synthesis in vitro by
the HIV-1 RT (Bebenek et al., 1989). This polymerase is error
prone not only for one-base-errors with runs but also for sin-
gle-base substitutions at the ends of runs. In fact, within the
spectrum of errors generated by this enzyme there are seven
base-substitution hot spots whose specificity is exactly as
predicted by the dislocation model.

As for frame shifts within runs, the error rate for base
substitutions that may result from dislocation depends on the
DNA sequence and the polymerase. Sequence context effects
are clearly illustrated with the HIV-1 RT, where (putative
dislocation) error rates vary more than 50-fold depending on
the location. Furthermore, the error rate for putative dislo-
cation base substitutions by Pol 8 at position 103 of the lacZ
sequence is reduced at least 12-fold by changing a single
neighboring template nucleotide (Boosalis et al., 1989). The
effect of the polymerase is illustrated by the fact that not a
single T — G error was generated by HIV-1 RT at position
103, which is the above-mentioned hot spot for this transversion
in reactions catalyzed by Pol 8 (Kunkel, 1985a). Paradoxi-
cally, rat Pol 8 committed no T — C errors at position -36,
while this was an extreme hot spot for such errors by the
HIV-1 RT. The explanations for these sequence- and po-
lymerase-mediated differences await a more complete un-
derstanding of the interactions between the enzyme and
template-primer.

Pathway B, Then BF. Single-base-substitution errors can
obviously result from direct insertion of an incorrect nucleotide
(pathway B) followed by extension from the mispaired ter-
minus (pathway BB). An alternative pathway is that, fol-
lowing misinsertion but before addition of the next correct
nucleotide, a misaligned template-primer forms due to com-
plementarity between the misinserted nucleotide and the next
template nucleotide (pathway BF). Extension from the
misaligned substrate will further stabilize the misalignment,
ultimately yielding a minus-one-base frame shift. In this
model, the frame-shift error is initiated not by a misalignment
but by a misinsertion.

This model was suggested by four in vitro specificity ob-
servations. First, during synthesis by Pol 8 (Kunkel, 1985a),
Pol o (Kunkel, 1985b), yeast DNA polymerase I (Kunkel et
al., 1989), AMV RT (Roberts et al., 1989), and the exo-
nuclease-deficient Klenow polymerase (Bebenek et al., 1990),
the error rate for minus-one-base errors at noniterated template
positions was surprisingly high, similar to rates for single-
base-substitution errors. Second, frame-shift errors at nonrun
sites and at two-base runs were mostly loss of a template purine
that has a template pyrimidine as a 5’ nearest neighbor. Third,
DNA polymerases frequently misinsert JAMP and dGMP
opposite template purines (Kunkel & Alexander, 1986; Kunkel
et al., 1989; Roberts, et al., 1989; Mendelman et al., 1989).
Fourth, template-primers containing terminal purine-purine
mispairs are sometimes poor substrates for further incorpo-
ration by DNA polymerases (Perrino & Loeb, 1989; Joyce,
1989; Mendelman et al., 1990; Bebenek et al., 1990). Thus,
some of the frame-shift errors at nonrun or two-base runs may
have been initiated by misinsertion of either JAMP or dGMP
opposite template purines that had a pyrimidine as a 5’
template neighbor. These “difficult-to-extend” terminal
mispairs may have realigned (e.g., pathway BF), such that
synthesis would proceed from a substrating containing an extra
nucleotide in the template strand but a correct base pair(s)
at the terminus.
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The model has been tested in two ways. First, a gapped
circular M13mp2 DNA substrate was constructed, containing
a terminal T-dCMP mispair as shown in Figure 1 (Roberts
et al., 1989). Polymerization from the mispair yields base-
substitution errors (pathway BB) that are scored as light blue
M13mp plaques, while polymerization from the misaligned
substrate (pathway BF) yields frame-shift errors that are
scored as colorless plaques. During gap-filling DNA synthesis
with this substrate, exonuclease-deficient Pol 8 (Roberts et
al., 1989), yeast DNA polymerase I (Kunkel et al., 1989),
AMYV, MMLYV, and HIV-1 RTs (Roberts et al., 1989; Be-
benek, et al., 1989), and the exonuclease-deficient Klenow
polymerase (Bebenek et al., 1990) all produced the minus-
one-base frame shift at a significant frequency. Furthermore,
transfection of this substrate without prior in vitro synthesis
also yielded frame-shift mutations (Bebenek & Kunkel, 1990),
suggesting that misincorporation can lead to frame shifts in
vivo. Changing the neighboring template nucleotide from a
“complementary” G (underlined in Figure 1) to a
“noncomplementary” A reduces the frame-shift errors both
in vitro (Kunkel et al., 1989) and in vivo (Bebenek et al., 1990),
consistent with the requirement for a correctly base-paired
terminus in the misaligned substrate.

The second approach examined the model during a reaction
requiring that both misincorporation and misalignment occur
during ongoing polymerization rather than starting with a
performed mismatched substrate. By use of a frame-shift
reversion assay that detects minus-one-base errors at 38
template positions, nucleotide substrate pool imbalances that
are known to increase the rate of misincorporation were shown
to also increase minus-one-base frame-shift error rates by the
exonuclease-deficient derivative of the large fragment of E.
coli DNA polymerase I (Bebenek & Kunkel, 1990). Exam-
ining the errors produced in reactions with different AINTP
pool imbalances revealed that the template nucleotide that was
preferentially lost had as a 5" neighbor a nucleotide comple-
mentary to the ANTP provided in excess. Thus, when excess
dATP was included in the reaction, minus-one-base frame
shifts occurred for those template positions where the next
correct template base was T, while when excess dGTP was
included, the template base lost had as a neighbor a template
C. Conversely, an antimutagenic response was observed for
the loss of template G residues when excess dCTP was in-
cluded. Both the mutagenic and antimutagenic responses
support the model that frame-shift errors can result from
misincorporation.

This mechanism is in principle possible at any template
position and is not limited to the production of minus-one-base
errors. Thus, frame-shift errors at template runs as well as
plus and minus errors of varying numbers of nucleotides may
initiate by misincorporation. This model may also apply to
incorporation opposite damaged nucleotides. Figure 5 shows
an example for a single-base frame shift, one of the most
frequent mutations observed in a recent study of the mutagenic
consequences of the carcinogen N-acetoxy-2-(acetylamino)-
fluorene in E. coli (Schaaper et al., 1990). In this instance,
incorporation of dCMP opposite a template G containing an
AAF-generated adduct creates a substrate that is difficult to
extend (Moore et al., 1981; Rabkin & Strauss, 1984). In the
appropriate sequence context, misalignment may create a
correctly paired primer terminus, yielding a frame shift. In
fact, in vitro DNA synthesis catalyzed by a modified form of
T7 DNA polymerase using a template containing amino-
fluorene adducts yielded a high proportion of minus-one-base
and minus-two-base frame-shift mutations (Strauss, 1989).
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FIGURE 5: Model for minus-one-base errors resulting from misa-
lignment due to synthesis on DNA containing an acetylaminofluorene
adduct. Adapted from Figure 2 in Schaaper et al. (1990).

In principle, the model is not limited to correct incorporation
opposite a damaged base but could involve misinserted nu-
cleotides or insertion opposite noncoding lesions. Since a
number of DNA damaging agents generate lesions that ter-
minate incorporation either one nucleotide before or directly
opposite the lesion [for review, see Strauss (1985)], the choice
of whether to extend from a mispaired or a misaligned in-
termediate, depicted at both branch points in Figure 1, may
provide a framework for considering how a variety of DNA
adducts could induce both base substitutions and frame shifts.
The data that support the misincorporation model do not
exclude other explanations for frame-shift errors. For example,
a nucleotide may simply assume a position during polymeri-
zation in which it neither instructs incorporation nor interferes
with its neighbor’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 [Patel et al., 1982,
Hare et al., 1986; Roy et al., 1987; Woodson & Crothers,
1988; Joshua-Tor et al., 1988; Miller et al., 1988; for review,
see Patel et al. (1987)]. Extra bases may be stabilized by
interactions with amino acids in the DNA polymerase (Kunkel,
1986; de Boer & Ripley, 1988; Miller et al., 1988), perhaps
by formation of hydrogen bonds with specific nucleotides
(Hendry et al., 1981, 1984; Lacey & Mullins, 1983), which
might exclude them from pairing with the other strand.
Loss or Gain of More Than a Single Nucleotide. Included
in the collections of frame-shift errors produced by a number
of DNA polymerases during in vitro DNA synthesis are those
involving the loss or gain of more than a single nucleotide. A
substantial proportion of these can be explained by invoking
the principles of Streisinger slippage between directly repeated
DNA sequences separated by a variable number of intervening
nucleotides. The model is shown in Figure 6, with as an
example a 317-base deletion between two 5'-C-C-C-G-C-3’
sequences that was recovered repeatedly from reactions cat-
alyzed by Pol 8 (Kunkel, 1985a). It involves the following
steps: (1) The first step is synthesis of nine nucleosides starting
from the provided 3’-OH primer and proceeding through the
first C-C-C-G-C template repeat and then disruption of (at
least) the five G-C primer-terminal base pairs. (2) This is
followed by rearrangement of the DNA with re-formation of
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FIGURE 6: Model for deletions between direct repeats. Adapted from
Figure 3 in Kunkel and Soni (1988a).

five hydrogen-bonded G-C base pairs involving the newly made
DNA and the second copy of the direct repeat, 317 bases
downstream. This intermediate may be further stabilized by
three G-C base pairs that can potentially form a stem within
the resulting loop of the heteroduplex intermediate. Through
this step, this mechanism is formally equivalent to formation
of a frame-shift intermediate (pathway F, Figure 1) but in-
volves more nucleotides, greater distances, and a larger mis-
aligned heteroduplex. (3) Continued synthesis from the in-
termediate (equivalent to pathway FF in Figure 1) produces
the heteroduplex, which upon transfection and expression of
the minus strand (step 4) yields the deletion.

The collection of mutants generated by rat Pol 8 also con-
tained a complex mutant in which 123 bases were deleted and
three base changes were present at one end of the deletion.
This complex deletion can be precisely explained by a transient
misalignment model involving four blocks of DNA sequences
spread over the entire 390-base single-stranded gap [see Figure
3C in Kunkel and Soni (1988a)]. The explanation is formally
equivalent to that for base substitutions by dislocation in that
a misalignment occurs, followed by a limited amount of correct
incorporation from this misaligned intermediate and then
realignment followed by continued synthesis from the second
heteroduplex intermediate. The result is that a block of 11
nucleotides has been moved to a position 253 nucleotides
distant.

Models to explain the sequences of simple and complex
frame-shift mutations recovered from reactions catalyzed by
E. coli DNA polymerase I and its large fragment (de Boer
& Ripley, 1988; Papanicolaou & Ripley, 1989) and yeast
DNA polymerase I (Kunkel et al., 1989) also have invoked
transient misalignment, but to different positions. In those
studies, aberrant synthesis was suggested to involve strand
switching [e.g., see Figure 4 in Papanicolaou and Ripley
(1989)] or primer loop-back [e.g., see Figure 3 in Papanicolaou
and Ripley (1989), Figure 4 in Kunkel et al. (1989), and
Figure 3 in Schaaper et al. (1990)]. Consistent with previous
models for generating complex frame shifts recovered in vivo
(Ripley, 1982; Ripley & Glickman, 1983; Glickman & Ripley,
1984), the ends of some complex deletions produced in vitro
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suggest the involvement of palindromic DNA sequence [again,
see Figure 4 in Papanicolaou and Ripley (1989) or Figure 4
in Kunkel et al. (1989)].

Just as for one-base frame shifts, the frequency of polym-
erization-dependent errors involving more than one nucleotide
depends on several variables. Duplication errors are much less
frequent than are deletion errors, perhaps partly reflecting the
larger number of base pairs which must be disrupted to gen-
erate a duplication intermediate. While extensive deletion
error specificity data are not available for most polymerases,
in a collection of 51 deletion mutants generated by yeast DNA
polymerase I that could be explained by a direct repeat model,
an increase in error rate was observed as the length of the
direct repeat increased from three to five (Kunkel et al., 1989).
Beyond this length the error rate did not increase. This re-
lationship may reflect the frequency of initial formation of the
misalignment and the requirement for a stable intermediate
that is acceptable to the polymerase for continued synthesis.

The error rate should thus depend not only on the length
of the direct repeat but also on its position and nucleotide
composition and on the polymerase. Unusual specificities are
readily apparent from the limited data available. For example,
the 317-base deletion shown in Figure 6 was generated at
100-fold higher frequency by DNA polymerase § (Kunkel,
1985a) than by the exonuclease-deficient form of the Klenow
polymerase (Bebenek et al., 1990). Among the deletion mu-
tants generated by yeast DNA polymerase I, this same 317-
nucleotide deletion was recovered 20 times, while deletions
between a variety of other direct repeats of identical length
and similar nucleotide composition were not seen once.

Differences in the spectra of complex frame shifts that can
be explained by strand-switching versus looping-back synthesis
were observed when the fidelity of intact E. coli DNA po-
lymerase 1 was compared to that of its large fragment (Pa-
panicolaou & Ripley, 1989). It was suggested that these
specificity differences reflect the ability to generate and/or
use intermediates during nick-translation versus strand-dis-
placement synthesis.

Effect of Proofreading and Polymerase Accessory Proteins.
In vivo studies of frame-shift fidelity demonstrated that mu-
tations in the gene encoding the bacteriophage T4 DNA po-
lymerase produce altered frame-shift mutation rates (Ripley
& Shoemaker, 1983). When alleles that had classical anti-
mutator phenotypes for A:T — G:C transitions were examined,
those that encoded polymerases having increased exonuclease
activity relative to DNA polymerase activity were found to
have antimutator effects on frame-shift mutagenesis within
runs of A:T base pairs (Ripley et al., 1983). One explanation
is that exonucleolytic proofreading enhances frame-shift fi-
delity.

This idea is supported by frame-shift fidelity measurements
with the wild-type Klenow polymerase and its exonuclease-
deficient derivatives. Proofreading enhances fidelity 3-fold
for frame shifts within runs (Bebenek et al., 1990) and 6-
15-fold for frame shifts at non-reiterated template positions
(Bebenek et al., 1990; Bebenek & Kunkel, 1990). The lesser
proofreading effect for errors in runs compared to nonruns may
result from protection of the misaligned heteroduplex from
digestion by the exonuclease by the correct base pairs possible
in a run. This logic comes from studies of proofreading of
base-substitution errors, where correctly paired bases protect
mispairs from exonucleolytic digestion (Sinha, 1987). The
greater contribution of proofreading to frame-shift fidelity at
nonrun positions is consistent with lesser protection and the
possibility (discussed above) that some frame shifts may result
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from misinsertions that can be proofread.

While the contribution of proofreading to frame-shift fidelity
has only been described for the Klenow polymerase, it is likely
that proofreading enhances frame-shift fidelity for other po-
lymerases as well. For example, Pol v has high frame-shift
fidelity (Kunkel, 1986) and also contains an associated
proofreading exonuclease (Kunkel & Soni, 1988b).

Little information is available about the contribution of
polymerase accessory proteins to frame-shift fidelity. A
nonessential, 38-kDa single-stranded DNA binding protein
from Saccharomyces cerevisiae enhanced the fidelity of DNA
polymerase 1 from the same organism (Roberts et al., 1989b).
The effect was specific for minus-one-base frame shifts at
noniterated template sites (13-fold) and for deletions between
direct repeats (=14-fold). Studies of this type have not yet
been reported for prokaryotic or higher eukaryotic SSBs that
are known to be essential for DNA recombination, repair, or
replication. That accessory proteins may influence frame-shift
fidelity during replication is suggested by the observation that
the frame-shift fidelity of SV40-origin-dependent semicon-
servative replication in extracts of human HeLa cells is more
accurate than that of purified replicative DNA polymerase
o (Roberts & Kunkel, 1988).

Concluding Comments. Thirty years ago Fresco and Alberts
(1960) discussed the possibility that deletion and addition
mutations might arise from a “helix-with-loops”. Twenty-four
years ago George Streisinger and his colleagues proposed that
frame-shift mutations occur preferentially within runs and at
the ends of molecules (Streisinger et al.,, 1966). Studies
performed over the last 5 years demonstrating that frame-shift
errors are common during DNA synthesis in vitro provide
strong support for these ideas. The models reviewed here and
the in vitro data supporting them extend the original ideas and
are consistent with the possibility that misalignment-mediated
errors during DNA synthesis may contribute significantly to
spontaneous and damage-induced frame-shift mutations, and
possibly to base-substitution mutations as well. Fortunately,
methodologies are now available for testing these models and
for addressing the many unanswered questions posed by the
recent work.
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Self-Cleavage of Hepatitis Delta Virus Genomic Strand RNA Is Enhanced under

Partially Denaturing Conditions'
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ABSTRACT: Self-cleavage of a polyribonucleotide containing an autocleaving sequence from the genomic
strand of hepatitis delta virus was enhanced by conditions that destabilized RNA structure. Self-cleavage
of the transcripts used in this study required Mg?* (or another divalent cation), and in the absence of
denaturants, maximum cleavage was observed at very low Mg?* concentrations (0.05-0.1 mM). However,
at 37 °C and in the presence of 2-10 mM Mg?* the rate of cleavage was increased as much as 50-fold with
the addition of urea to S M or formamide to 10 M. Cleavage was prevented by higher concentrations of
the same reagents (9.5 M urea or 22.5 M formamide), presumably because a structure required for self-
cleavage is disrupted by strongly denaturing conditions. In contrast to a previous report [Wu, H.-N., &
Lai, M. M. C. (1989) Science 243, 652-654), we find that chelating Mg?* with EDTA terminates the cleavage
reaction without promoting measurable amounts of ligation of the cleavage products. The ability of de-
naturants to promote rapid self-cleavage in vitro raises the possibility that an unidentified factor could have

a similar effect in vivo.

Speciﬁc sequences of RNA can fold to mediate both in-
tramolecular catalysis, such as self-splicing (Kruger et al.,
1982; Cech & Bass, 1986; Peebles et al., 1986; van der Veen
et al., 1986) or self-cleavage (Prody et al., 1986; Hutchins et
al., 1986; Buzayan et al., 1986; Forster & Symons, 1987;
Epstein & Gall, 1987), and the catalytic cutting or joining of
other RNA substrates (Guerrier-Takada et al., 1983; Zaug
& Cech, 1986; Zaug et al., 1986). Self-cleaving domains of
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RNA may represent examples of the smallest and least em-
bellished RNA structures that mediate cleavage reactions
(Forster & Symons, 1987). Several self-cleaving RNAs have
been harbingers of small catalytic RNAs which have been
engineered to site specifically cleave substrate RNAs
(Uhlenbeck, 1987; Haseloff & Gerlach, 1988; Hampel &
Tritz, 1989). A common and well-characterized motif of
secondary structure for self-cleaving RNAs is the hammerhead
(Hutchins et al., 1986), a three-stemmed structure that can
be drawn for sequences flanking the cleavage sites of certain
single-stranded RNA plant pathogens (Forster & Symons,
1987) and the transcript of a newt satellite DNA (Epstein &
Gall, 1987). However, many other RNA structures are also
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