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The accuracy of DNA replication results from both the intrinsic DNA
polymerase fidelity and the DNA sequence. Although the recent struc-
tural studies on polymerases have brought new insights on polymerase
fidelity, the role of DNA sequence and structure is less well understood.
Here, the analysis of the crystal structures of hotspots for polymerase
slippage including (CA), and (A), tracts in different intermolecular con-
texts reveals that, in the B-form, these sequences share common structural
alterations which may explain the high rate of replication errors. In par-
ticular, a two-faced “Janus-like” structure with shifted base-pairs in the
major groove but an apparent normal geometry in the minor groove con-
stitutes a molecular decoy specifically suitable to mislead the poly-
merases. A model of the rat polymerase B bound to this structure
suggests that an altered conformation of the nascent template-primer
duplex can interfere with correct nucleotide incorporation by affecting
the geometry of the active site and breaking the rules of base-pairing,
while at the same time escaping enzymatic mechanisms of error discrimi-
nation which scan for the correct geometry of the minor groove.

In contrast, by showing that the A-form greatly attenuates the
sequence-dependent structural alterations in hotspots, this study suggests
that the A-conformation of the nascent template-primer duplex at the
vicinity of the polymerase active site will contribute to fidelity. The
A-form may play the role of a structural buffer which preserves the cor-
rect geometry of the active site for all sequences. The detailed comparison
of the conformation of the nascent template-primer duplex in the avail-
able crystal structures of DNA polymerase-DNA complexes shows that
polymerase B, the least accurate enzyme, is unique in binding to a
B-DNA duplex even close to its active site. This model leads to several
predictions which are discussed in the light of published experimental
data.
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Introduction

role in aging and disease, spontaneous mutations
also provide the opportunity for genetic variation

The accuracy of DNA replication is fundamental
for the genetic stability of the cell. From bacteria to
higher eukaryotes, error frequencies are remark-
ably low, between 10~ and 107" per base repli-
cated (Echols & Goodman, 1991). These low
mutation rates are achieved by multiple steps of
error discrimination including base selection by
DNA polymerases, 3-5" exonucleolytic proofread-
ing and post-replicative DNA repair (Kunkel,
1992). Although the DNA synthesis errors play a
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tion errors occur non-randomly and result from an
intricate interplay of intrinsic polymerase fidelity
and DNA sequence effects.

A principal determinant of polymerase fidelity is
the geometric selection of nucleotide for insertion
into DNA (Echols & Goodman, 1991; Goodman,
1997). Crystallographic studies of oligonucleotide
duplexes containing mismatched base-pairs have
shown that the geometric equivalence and the
pseudo 2-fold symmetry of a correct Watson-Crick
base-pair is violated in mismatched bases, thus
providing a geometrical means for selection bv the
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enzymes (Kennard, 1987). Indeed, recent structural
studies on DNA polymerases have shown that the
accurate discrimination of a correct base-pair is
achieved by the tight steric complementarity
between a Watson-Crick base-pair and the poly-
merase active site. Hydrogen-bonding interactions
which probe the correct geometry of the base-pairs
within the minor groove of the nascent template-
primer duplex also participate in error discrimi-
nation (Kunkel & Wilson, 1998; Brautingam &
Steitz, 1998; Beard & Wilson, 1998).

The role of DNA sequence and structure in
polymerase fidelity is less well understood. The
analysis of the DNA sequence surrounding the
mutational hotspots has led to several models of
sequence-directed mutagenesis (Ripley, 1990;
Kunkel, 1990). Primer-template misalignment has
been proposed to explain the high rates of spon-
taneous frameshift or substitution mutations in
homopolymeric runs (Streisinger et al., 1966;
Kunkel, 1990). Some studies have suggested that
alterations of base stacking (Petruska & Goodman,
1995, Mendeman et al., 1989), unusual backbone
flexibility (Blake ef al., 1992; Mitra et al., 1993; El
Antri et al., 1993; Hess et al., 1994) or alternative
DNA structures (Freund et al., 1989) can affect the
accuracy of replication at hotspots. However, little
is known about the contribution of the sequence-
dependent structural variability of DNA in the
initiation of replication errors, and the molecular
mechanisms by which DNA structure affect the
accuracy of DNA replication are still unknown.

Several years ago a crystallographic study
suggested that the shift in base-pairing observed in
the major groove of (CA), tracts could participate
in the initiation of frameshift errors in hotspots
(Timsit et al., 1989, 1991). Indeed, in both prokaryo-
tic and eukaryotic cells, very high rates of spon-
taneous frameshift mutations at (CA), tracts were
found to result from polymerase slippage
(Levinson & Gutman, 1987; Strand et al., 1993). The
high rate of slippage at CA repeats which is
revealed in cells deficient in post-replicative mis-
match repair is responsible for microsatellite
instability and is associated with cancer and other
human diseases (reviewed by Kunkel, 1993; Loeb,
1994; Karran, 1996). A better understanding of the
molecular basis of sequence-directed mutagenesis
requires an answer to the following questions:
(1) are there predictible structural features of DNA
which could account for higher error rates?
(2) What are the molecular mechanisms which
relate DNA structure to the polymerase fidelity?

Here, the analysis of the crystal structures of
mutational hotspots including (CA), and (A),
tracts (with n > 2) in different intermolecular con-
texts reveals that, in the B-form DNA, these
sequences share common structural alterations in
base-pairing and stacking which may explain the
high rate of replication errors. In contrast, the
A-form greatly attenuates sequence-dependent
structural alterations. A molecular mechanism
providing a structural basis for seauence-directed
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mutagenesis is proposed in the light of the recent
structural studies on DNA polymerases. The
model involves polymerase B (Pelletier et al., 1994)
bound to a misaligned double helix and suggests
that “Janus-like” structural features of the nascent
template-primer duplex can mislead the nucleotide
incorporation while escaping from the error dis-
crimination mechanisms used by the polymerases.
The model also suggests that the A-conformation
of the duplex observed at the vicinity of the active
site in many polymerases contributes to polymer-
ase fidelity by attenuating the sequence-dependent
alterations. A detailed comparison of the confor-
mation of the nascent template-primer duplex in
the available crystal structures of DNA polymer-
ase-DNA complexes indeed shows that polymerase
B, the least accurate polymerase, is unique in bind-
ing to a B-DNA duplex.

Results and Discussion

Common features in the B-DNA helical
structure of frameshift mutational hotspots:
comparison of (CA),, and (A), tracts in different
intermolecular contexts

Crystallographic, NMR and biochemical studies
have revealed that CA steps, CAC triplets and
(CA), tracts exhibit wunusual structural and
dynamic features such as shifted base-pairing,
kinking and a higher rate of base-pair opening
(reviewed by Timsit & Moras, 1996, and references
cited therein). For example, B-DNA helices contain-
ing CA repeats observed in the crystal structures
of DNA duplexes or protein-DNA complexes exhi-
bit an irregular geometry with marked alterations
in base stacking, base-pairing and in the sugar-
phosphate backbone conformation (Figure 1(a) and
(b)). In the tet dodecamer (Timsit et al., 1991), the
bases are not paired with their Watson-Crick
complements but with their direct 5 neighbors, on
the opposite strand (Figure 1(a)). The bases form a
set of consecutive A-G and C.-T mispairs on the
major groove side, while the base-pairing remains
unaltered in the minor groove. A magnesium cat-
ion stabilizes the unfavorable approach of the
shifted mismatch between the G7 and the G17
bases by bridging their two O6 carbonyl groups
(see Figure 2 by Timsit & Moras, 1996). This geo-
metry is achieved by a combination of high propel-
ler twists, opening angles, stagger and rise
(Table 1). The unusual high values of the stagger at
each step indicate that one strand has moved in
the 5'-3' direction relative to the other. The duplex
may be therefore considered as a pre-slipped
double helix. The C9-A10 and T15-G16 steps are
characterized by a severe distorsion of the sugar-
phosphate backbone, including an unusualy close
approach of consecutive phosphate groups, with
phosphorus-phosphorus distances of 6.2 and 5.7 A,
respectively. Figure 1(b) shows that the CA repeats
exhibit a similar irregular conformation in the
CAP-DNA co-crvstal structure (CAPS1) (Schultz
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Table 1. Structural features of (CA), and (A), tracts in different molecular contexts

Propeller twist

Stagger A) Buckle (deg.) (deg.) Opening (deg.) Rise (A) Slide (A)

tet C9-G16 1.8 —6.9 —27.8 20.8 3.0 1.3

(CA), A10-T15 1.9 2.7 -21.0 30.9 39 -1.2
C11-G14 2.0 —13.6 —255 —0.1 3.0 —0.8
A12-T13 1.3 -10.5 -10.7 10.5

CAPS1a C5-G27 -1.0 —18.0 —32.0 16.6 43 1.5

(chain D) A6-T26 -0.3 -10.3 —28.2 1.0 34 -0.2

(CA),C C7-T25 -0.3 -7.7 —16.4 2.6 29 0.5
A8-T24 0.7 —-32.2 —242 5.8 43 -1.7
C9-G23 0.5 —5.6 -21.0 1.2

CAPB3b T20-A20 -0.2 -32.0 —40.0 44 3.0 —-0.9

(A)s T21-A21 0.0 —35.3 —48.7 -52 2.7 —-04
T22-A22 -1.9 -14.0 —47.8 5.8 3.5 -1.6
T23-A23 0.1 -9.3 4.1 -17.0 2.5 -0.9
T24-A24 —0.5 6.5 —18.4 —9.6

RAP Ib C10-G30 0.0 7.2 -3.6 1.7 3.6 0.9

(ch. C, D) A11-T29 0.1 -1.3 —23.2 1.3 34 —0.4

(CA),C C12-G28 —0.2 -1.9 —-34 44 3.1 0.9
A13-T27 —0.1 -11.3 -13.9 9.7 35 -1.0
C14-G26 —0.2 52 -10.1 -1.6 4.0 -1.3
A15-T25 —0.74 -10.3 -5.0 8.7 32 —0.8
C16-G24 0.7 7.6 -32 —-14

Atetr A5-T4 0.4 3.1 —14.4 0.7 3.0 -1.5

(AC), C6-G3 0.0 59 -17.7 44 29 -1.3
A7-T2 0.1 2.5 —13.6 6.4 2.7 -1.8
C8-G1 —-0.2 111 -13.0 1.9

The helical parameters were calculated with Curves (Lavery & Sklenar, 1989) on the DNA coordinates of the (CA), tracts of the
dodecamer d(ACCGGCGCCACA) (tet) (Timsit ef al., 1991), the CAP-DNA complex (CAPS1) (Schultz ef al., 1991), the RAP1-DNA
complex (RAP) (Konig et al., 1996), the (AC), tract of the tetragonal form of the octamer d(GTGTACAC) (Atetr) (Jain et al., 1989) and
the (A)s tract of the CAP-DNA complex (CAPB3b) (Parkinson et al., 1996b) which are displayed in Figure 1.

et al., 1991). The B-DNA duplex is again character-
ized by a pronounced unstacking of the bases with
very high buckle, rise and propeller twist angles
(Tables 1 and 2) leading to the formation of shifted
base-pairs and bifurcated hydrogen bonds between
crossed Watson-Crick donor and acceptor groups
in the major groove. Similar to the tet structure,
the bases interact with the 5 neighbors of their
complements (Figure 2(b)) but here, the alterations
do not propagate along the whole helix.

(CA), tracts and (A),, tracts share common struc-
tural features. In most of DNA crystal structures,
the (A), tracts adopt a unique geometry in which
the consecutive adenine bases form an array of
bifurcated hydrogen bonds with the 5-neighbors
of their complements (Coll et al., 1987; Nelson et al.,
1987; Aymami et al., 1989). The crossed Watson-
Crick interactions are produced by very high nega-
tive propeller twist angles, negative inclination and
unusual sugar puckers (DiGabriele, 1993; Brahms
et al., 1992). For example, the alterations found in
the (A), tracts of the crystal structure of the phage
434 repressor-DNA complex (Aggarwal et al., 1988)
or the CAP-DNA complex (CAPB3) (Figure 1(c)
and Table 1) (Parkinson et al., 1996b) are reminis-
cent of that of tet. This analysis shows that, within
the B-DNA family, the DNA sequences in which
one strand is Watson-Crick donor (N6 or N4
amino group) and the other one is Watson-Crick
acceotor (O6_or O4 carbonvl eroup) viewing the
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major groove can form altered DNA structures,
with very high propeller twist and bifurcated or
shifted base-pairs in the 5'-3’ direction.

A-DNA attenuates sequence-dependent
structural variations

Figure 1(d) shows that in the crystal structure
of the RAP1-DNA complex (RAP), the (CA),
tracts adopt a more regular structure (Konig
et al., 1996). The base-pairs are stacked in paral-
lel with a low propeller twist (Table 1). This
finding is somewhat surprising, since KMnO,
reactivity studies in the RAPI1-recognition
sequence anticipated aberant base stacking and
pairing upon protein binding (Gilson et al.,
1993). The alternance of high and low individual
twists at CA and AC steps, respectively (see
Table 1 by Konig et al., 1996), seems to contrib-
ute to maintain the planarity of the base-pairs in
building a base stacking pattern which disfavors
propeller twisting. Similarly, the high twists
(50°) at the CA/TG steps in monoclinic decamer
duplexes have been associated with a low pro-
peller twist and rise (Privé et al., 1991). How-
ever, another parameter contributing to the
uniformity of the base stacking pattern is the
A-character of the double helix, as indicated by
the high negative slide (local) and X-displace-
ment_observed in_manv_steps (Tables 1 _and 2).
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Figure 1 (legend opposite)
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