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We prepared synthetic 50-mer DNA duplexes, each containing
four mismatched base-pairs in similar positions. We examined
their cleavage by DNases I and II, micrococcal nuclease
(MNase), methidiumpropyl-EDTA-Fe(II) [MPE-Fe(II)] and
hydroxyl radicals. We find that single mismatches only produce
subtle changes in the DNase I-cleavage pattern, the most common
of which is attenuated cleavage at locations 2–3 bases on the
3′-side of the mismatch. Subtle changes are also observed in
most of the DNase II-cleavage patterns, although GT and GG
inhibit the cleavage over longer regions and generate patterns
that resemble footprints. MNase cleaves the heteroduplexes at
the mismatches themselves (except for CC), and in some cases
cleaves CpG and CpC steps. None of the mismatches causes any
change in the cleavage patterns produced by hydroxyl radicals
or MPE-Fe(II). We also examined the cleavage patterns of

fragments containing tandem GA mismatches in the sequences
RGAY/RGAY and YGAR/YGAR (R, purine; Y, pyrimidine).
RGAY causes only subtle changes in the cleavage patterns,
which are similar to those seen with single mismatches, except
that there are no changes in MNase cleavage. However, YGAR
inhibits DNases I and II cleavage over 4–6 bases, and attenuates
MPE-Fe(II) and hydroxyl radical cleavage at 2 bases. These
changes suggest that this mismatch has a more pronounced
effect on the local DNA structure. These changes are discussed
in terms of the structural and dynamic effects of each mis-
match.

Key words: DNA mismatch, DNase I, hydroxyl radical,
methidiumpropyl-EDTA-Fe(II).

INTRODUCTION

Correct base-pairing is essential for the maintenance of genetic
fidelity. DNA mismatches, which can lead to mutations, arise as
a result of misincorporation during replication, from chemical
damage or as intermediates in recombination. All cells therefore
possess several mechanisms for repairing mismatched DNA base-
pairs [1,2]. Several mechanisms have been proposed for the
ways in which repair enzymes might recognize mismatched or
damaged DNA, including structural recognition of the distorted
DNA duplex, direct read-out of substituents on the mismatched
base-pair and changes in the local DNA dynamics [3]. In the
present study, we use three enzymic and two chemical cleavage
agents to probe the changes that occur when mismatches are intro-
duced into synthetic DNA fragments.

There are eight possible base mismatches and, although it was
initially considered that all these would be destabilizing [4,5], it
is now known that they often form stable, hydrogen-bonded pairs
[6,7]. The structures of some of the best characterized mismatch
pairs are shown in Figure 1. The GT pair is one of the most
stable mismatches [5,8], and NMR and X-ray crystallography
have shown that it adopts a hydrogen-bonded ‘wobble’-type
conformation [4,9,10]. Small localized backbone perturbations
are observed around the GT pair, but these only extend as far
as the neighbouring Watson–Crick pair and are dependent on
sequence context [8,9,11,12]. In addition, a duplex containing
tandem GT mismatches shows only local structural perturbations
with little thermodynamic destabilization [10]. Similar distortions
are induced by AC mismatches [13]. Two pH-dependent struc-
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tures also show a ‘wobble’ conformation, with the most stable
structure involving a protonated adenine [7,14,15]. The AC
mismatch fits into the B-DNA duplex with only slight distortion
and with efficient base stacking [15].

The GA mispair can adopt four different structures [4,7,16–21],
which are affected by factors such as pH and sequence context.
The G(anti)A(syn) causes little local or global distortion of the
B-DNA helix [11,17,20], whereas the A(anti)G(syn) mismatch
has poor base stacking within the helix which perturbs the DNA
backbone [22].

The GG mismatch also adopts a configuration which depends
on the local sequence [23] and can be one of the most stable
of mismatches [24]. Oligomers containing GG mismatches are
globally in the B-form, with a G(anti)G(syn) conformation
[23,25]. In contrast, the G(anti)G(anti) conformation is highly
destabilizing and has poor base stacking within the helix [23,26].
Few data are available about the properties of the AA mismatch,
although its stability is known to be sequence-dependent
[27].

Little is known about pyrimidine:pyrimidine mismatches,
possibly because they are less stable [24,25,27]. Thermodynamic
studies on TT, CT and CC mismatches demonstrate that all but
the TT are destabilizing in all sequence contexts [27,28].

Therefore it appears that, although some mismatches have
properties which are different from those of Watson–Crick base-
pairs, not all mismatches destabilize DNA and some fit within a
B-DNA helix without causing any distortion [7].

Another duplex lesion that has been extensively studied is the
tandem GA mismatch (i.e. 5′-GpA-3′ paired with 5′-GpA-3′).
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Figure 1 Structures of the best-characterized mismatched base-pairs

(a) Structures 1 and 2 show the Watson–Crick base AT and GC base-pairs. (b) Structures 3–5 show the GT, A + C and GG mismatch base-pairs. (c) Structures 6–9 show four possible arrangements
for the GA mismatch (anti.syn, anti.anti, syn.anti and the structure of tandem GA mismatches in the sequence context YGAR).
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Synthetic oligonucleotides containing adjacent GA mismatches
form very stable duplexes and have thermodynamic para-
meters which are similar to those of Watson–Crick base-paired
duplexes [29–31]. However, the neighbouring sequence affects
the stability, and 5′-YGAR-3′ (R, purine; Y, pyrimidine) is
considerably more stable than 5′-RGAY-3′ [30,32–36]. The
YGAR sequence is easily accommodated in B-DNA structures
[29,30,37]. Strong inter-strand base stacking has also been
observed in the non-symmetrical sequence RGAR:YGAY [38].
Further evidence for the stability of tandem GA mismatches
is seen with a decamer containing three pairs of adjacent
GA mismatches, i.e. a total of 6 out of 10 mismatched
bases [39]. Although this was less stable than a duplex in
which the GA mismatches had been replaced by GC base-
pairs, it was more stable than the one in which the GA
mismatches had been replaced by AT [39]. Again, the duplex
had an overall B-DNA conformation with strong base stacking
[39].

In the present study, we use the known cleavage preferences
of three enzymic and two chemical agents to obtain information
about DNA structure around different mismatches.

DNase I is widely used as a footprinting agent and cuts
the O3′-P bond in double-stranded DNA, nicking the DNA
backbone. DNase I-cleavage patterns are uneven, reflecting
sequence-dependent variations in local DNA structure [40–42].
The enzyme binds by inserting an exposed loop into the DNA
minor groove, bending the DNA towards the major groove
[43,44]. An.Tn tracts are poor substrates since they possess a
narrow minor groove. GC-rich regions are also poor substrates, as
they have a more rigid structure, which impedes the bending that
is considered to be an essential feature of the enzymic reaction.
We would anticipate that changes in DNA global structure,
which affect the binding of this enzyme, will produce attenuated
cleavage over a number of base-pairs, whereas local changes in
backbone geometry will only affect the cleavage of individual
bonds.

DNase II is a double-stranded specific nuclease which produces
single-strand breaks in DNA, cutting the O5′–P bond. It
produces a very uneven cutting pattern [40,41] and regions of
good cleavage do not correlate across the two DNA strands. The
enzyme cuts best in oligopurine tracts which contain both A and G
and is supposed to recognize a structural feature of this oligopurine
strand.

Micrococcal nuclease (MNase) cleaves the O5′–P bond with
optimum cleavage at XpA and XpT sites [40,45,46]. The cleavage
of AT-rich regions is explained by the structure of the enzyme
[47–50], which reveals a narrow cleft at the active site that
can accommodate only a single DNA strand. AT base-pairs are
preferentially cleaved as a result of their lower stability when
compared with GC pairs. Since this enzyme is sensitive to local
DNA dynamics, we would expect that unstable mismatches would
cause enhanced cleavage.

Hydroxyl radicals, produced by the Fenton reaction, cleave
DNA in a sequence-independent manner [51,52]. It is supposed
that free radicals react with C4′, leading to DNA strand scission.
Hydroxyl radical cleavage is attenuated in regions possessing a
narrow minor groove, such as An.Tn tracts, and at regions of bent
DNA [53,54].

Methidiumpropyl–EDTA (MPE)-Fe(II) consists of an intercal-
ator (methidium) to which an EDTA moiety is tethered, generating
free radicals at its DNA-binding site [55,56]. Since the reaction
depends on intercalation of the phenathridine chromophore,
cleavage is attenuated at poor intercalation sites, such as An.Tn

tracts.

MATERIALS AND METHODS

Chemicals and enzymes

Acrylamide stock solutions (Sequagel and Accugel) were
purchased from National Diagnostics (Unit 4, Fleet Business
Park, Itlings Lane, Hessle, Hull, U.K.). [α-32P]dATP (specific
radioactivity of 3000 Ci/mmol) was purchased from Amersham
International (Arlington, IL, U.S.A.). Reverse transcriptase,
DNases I and II, MNase and MPE were obtained from Sigma.

Oligonucleotides

Oligonucleotides were purchased from Oswel DNA Services
(Southampton, U.K.) and they were synthesized on a 0.2 µM
scale and purified by HPLC. Stock solutions were stored at
− 20 ◦C.

Duplex DNA fragments were prepared by mixing equimolar
amounts of complementary oligonucleotides in 10 mM Tris/HCl
(pH 7.5) containing 0.1 mM EDTA. The mixture was heated
to 100 ◦C and slowly cooled to room temperature (20 ◦C). The
resultant duplexes have 5′-overhangs and were labelled at the 3′-
end of the top strand (Figure 2) by filling in with [α-32P]dATP,
using reverse transcriptase. The radiolabelled DNA fragments
were purified on non-denaturing 10 % (w/v) polyacrylamide gels,
eluted and resuspended in 10 mM Tris/HCl (pH 7.5) containing
0.1 mM EDTA so as to give approx. 20 c.p.s./µl as determined
on a hand-held Geiger counter.

The sequences of these duplexes (Figure 2) were chosen so as to
generate four mismatches in similar positions on each fragment,
such that most duplexes share the same labelled strand. This kept
the sequence environment as constant as possible while redu-
cing the number of oligonucleotides required. The labelled strands
of the Watson–Crick, GT, AC, AG GG, AA and YGAR duplexes
are identical.

Cleavage reactions

DNase I

Radiolabelled DNA (2 µl) was mixed with 2 µl of 10 mM
Tris/HCl (pH 7.5) containing 10 mM NaCl. Digestion was
initiated by adding 2 µl of DNase I diluted in 20 mM NaCl,
2 mM MgCl2 and 2 mM MnCl2. The enzyme concentration was
adjusted to achieve single-hit kinetics and it was typically approx.
0.01 unit/ml. The reaction was stopped after 1 min by the addition
of 4 µl formamide containing 10 mM EDTA and 0.1 % (w/v)
Bromophenol Blue.

MNase

Radiolabelled DNA (2 µl) was mixed with 2 µl of 50 mM Tris/
HCl (pH 7.6) containing 2 mM CaCl2. Digestion was initiated by
adding 2 µl of MNase diluted in the same buffer. The reaction
was stopped after 1 min by the addition of 4 µl of formamide
containing 10 mM EDTA and 0.1 % (w/v) Bromophenol Blue.

DNase II

Radiolabelled DNA (2 µl) was mixed with 2 µl of 20 mM
ammonium acetate (pH 5.4) containing 1 mM EDTA. Digestion
was initiated by adding 2 µl of DNase II diluted in the same buffer.
The reaction was stopped after 1 min by adding 4 µl of formamide
containing 10 mM EDTA and 0.1 % (w/v) Bromophenol Blue and
cooling on solid CO2.
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Figure 2 Sequences of the mismatch-containing duplexes used in the present study

The four mismatches in each fragment are numbered 1–4 and are indicated by the larger, underlined text. The fragments were each labelled at the 3′-end of the upper strand with [α-32P]dATP, filling
the sticky ends, as indicated by the double asterisks.

Hydroxyl radicals

Radiolabelled DNA (3 µl) was mixed with 3 µl of 10 mM
Tris/HCl containing 10 mM NaCl. Hydroxyl radical cleavage
was performed by adding 6 µl of a freshly prepared mixture

containing 30 µM ferrous ammonium sulphate, 50 µM EDTA,
2 mM ascorbic acid and 0.02 % H2O2. The reaction was stopped
after 10 min by ethanol precipitation. The DNA was resuspended
in 6 µl of formamide containing10 mM EDTA and 0.1 % (w/v)
Bromophenol Blue.
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Figure 3 DNase I cleavage of the mismatch-containing fragments

(A) DNase I-cleavage patterns of the different fragments. The identity of the mismatch is shown at the top of each gel lane. Arrows indicate the positions of the mismatches, which are numbered
1–4 as shown in Figure 2. Tracks labelled ‘M’ are Maxam–Gilbert markers specific for purines. The positions of enhanced and attenuated cleavage relative to the Watson–Crick control are
indicated by + and − . The fragments were each labelled at the 3′-end of the upper strand shown in Figure 2; the sequences therefore run from 3′ to 5′ from the bottom to the top of the gel.
(B) Quantitative analysis of the cleavage data, derived from phosphorimage analysis of the digestion patterns. The lower plot shows the relative cleavage of each bond in the Watson–Crick duplex,
plotted on a linear scale (arbitrary units). All the other plots are differential cleavage plots showing the intensity of each band in the heteroduplex divided by the intensity of the corresponding band in
the Watson–Crick control, plotted on a logarithmic scale. All the vertical scales are the same, and the dotted lines indicate the positions at which cleavage of the heteroduplex is equal to that of the
control. Arrows indicate the positions of the mismatches.

MPE-Fe(II)

Radiolabelled DNA (5 µl) was mixed with 5 µl of 20 µM
MPE and 20 µM ferrous ammonium sulphate. The mixture was
incubated at room temperature for 5 min, before starting the
reaction by adding 3 µl of 10 mM dithiothreitol. The reaction
was stopped after 45 min by ethanol precipitation.

Gel electrophoresis

Samples were heated at 100 ◦C for 3 min before cooling on ice and
loading on to 40 cm polyacrylamide gel [15 % (w/v)] containing
8 M urea. Gels were run at 1500 V for approx. 2 h before fixing
in 10 % (v/v) acetic acid, transferring to Whatmann 3 MM paper
and drying under vacuum at 80 ◦C. Dried gels were exposed to
a Kodak storage phosphor screen, which was scanned using a
Molecular Dynamics Storm 860 PhosphorImager and analysed
using ImageQuant software. Bands in the digest were assigned
by comparison with Maxam–Gilbert marker lanes specific for
purines. It should be noted that DNase I, hydroxyl radicals, MPE-

Fe(II) and Maxam–Gilbert sequencing reactions produce labelled
fragments with a phosphate at the 5′-end, whereas DNase II and
MNase generate fragments with hydroxyl at the 5′-end. As a result,
the products of DNase II and MNase digestion run slower than the
marker lanes; this difference is greatest for shorter fragments.

Quantitative analysis

The digestion patterns were quantified by measuring the intensity
of each band in the phosphorimaging data using ImageQuant
software. The intensity of each band in the heteroduplex cleavage
ladder was divided by that of the equivalent band in the control
(Watson–Crick) lane, and normalized according to the total
radioactivity in each lane, generating differential cleavage plots.
These plots show the relative cleavage of each bond in the
heteroduplex relative to that in the control. Values < 1 correspond
to reduced cleavage in the heteroduplex DNA, whereas values > 1
correspond to enhanced cleavage. The relative cleavage pattern
of the control (Watson–Crick) duplexes are also shown in the
Figures.
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Figure 4 DNase II cleavage of the mismatch-containing fragments

(A) DNase II-cleavage patterns of the different fragments. The identity of the mismatch is shown at the top of each gel lane. Arrows indicate the positions of the mismatches, which are numbered
1–4 as shown in Figure 2. Tracks labelled ‘M’ are Maxam–Gilbert markers specific for purines. The fragments were each labelled at the 3′-end of the upper strand shown in Figure 2; the sequences
therefore run from 3′ to 5′ from the bottom to the top of the gel. (B) Quantitative analysis of the cleavage data, derived from phosphorimage analysis of the digestion patterns. The lower plot shows
the relative cleavage of each bond in the Watson–Crick duplex, plotted on a linear scale (arbitrary units). All the other plots are differential cleavage plots showing the intensity of each band in the
heteroduplex divided by the intensity of the corresponding band in the Watson–Crick control, plotted on a logarithmic scale. All the vertical scales are the same, and the dotted lines indicate
the positions at which cleavage of the heteroduplex is equal to that of the control. Arrows indicate the positions of the mismatches.

RESULTS

Single mismatches

DNase I

Figure 3 shows the results of DNase I digestion of the synthetic
DNA fragments containing each of the eight mismatches, together
with the related Watson–Crick homoduplex. The cleavage patterns
are shown in Figure 3(A), and the differential cleavage plots
derived from these data are shown in Figure 3(B).The locations of
the mismatches are indicated by arrows; these are numbered 1–4
from the 5′-end (at the top of the gel). It can be seen that all the
fragments are good substrates for DNase I and that, in general,
the mismatches do not cause any global changes in the cleavage
patterns.

Looking first at the Watson–Crick duplex, the enzyme produces
an uneven ladder of cleavage products, in which some bonds are
cut better than others. This is most easily seen in the cleavage
plot shown in the lower panel of Figure 3(B) and reveals that
the best cleavage sites are located at TpC, CpG, TpT, TpG and

TpG. These differences are presumed to reflect variations in
local DNA structure, in particular the width of the minor groove
and DNA flexibility. For the mismatch-containing duplexes, we
predict that alterations which affect global DNA structure will
prevent DNase I binding (and hence cleavage) over a wide
region, whereas those affecting the local conformation should
only affect cleavage at the mismatch itself. The observation that
the mismatches only produce local changes in the cleavage pattern
suggests that they do not drastically affect the DNA structure. It
should be noted that the Watson–Crick duplex and the GT, AC,
AG, GG and AA heteroduplexes contain the same labelled strand,
so that differences in their cleavage patterns can only be due to
the presence of a mismatched base on the opposing strand.

DNase I cleavage of the GT-containing heteroduplex is very
similar to that of the Watson–Crick control. The cleavage is not
affected at any of the GT mismatches (indicated by arrows in
Figure 3B), except at site 4 towards the bottom of the gel where
two mismatches are separated by only 4 base-pairs. This suggests
that the conformation of the scissile bond has not been altered.
However, examination of the patterns reveals a reduced cleavage
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Figure 5 MNase cleavage of the mismatch-containing fragments

(A) MNase-cleavage patterns of the different fragments. The identity of the mismatch is shown at the top of each gel lane. Arrows indicate the positions of the mismatches, which are numbered 1–4
as shown in Figure 2. Tracks labelled ‘M’ are Maxam–Gilbert markers specific for purines. The fragments were each labelled at the 3′-end of the upper strand as shown in Figure 2; the sequences
therefore run from 3′ to 5′ from the bottom to the top of the gel. (B) Quantitative analysis of the cleavage data, derived from phosphorimage analysis of the digestion patterns. The lower plot shows
the relative cleavage of each bond in the Watson–Crick duplex, plotted on a linear scale (arbitrary units). All the other plots are differential cleavage plots showing the intensity of each band in the
heteroduplex divided by the intensity of the corresponding band in the Watson–Crick control, plotted on a logarithmic scale. All the vertical scales are the same, and the dotted lines indicate the
positions at which cleavage of the heteroduplex is equal to that of the control. Arrows indicate the positions of the mismatches.

at 3 bonds on the 3′-side of mismatches 1, 3 and 4 (the equivalent
position at site 2 shows very poor cleavage in the Watson–Crick
control). Cleavage is also increased at 1–3 bonds on the 5′-side of
mismatches 1, 2 and 3.

The AC-containing heteroduplex shows similar changes, with
attenuated cleavage of the bonds located 3 bases below sites 1–
3. A similar effect is seen with the AG-containing heteroduplex,
which also shows enhanced cleavage above sites 2 and 3. The GG-
and AA-containing heteroduplexes show increased cleavage of the
bond on the 5′-side of mismatches 1–3. The cleavage patterns with
the TT-, TC- and CC-containing heteroduplexes are very similar
to that of the Watson–Crick control, although the CC heteroduplex
shows very little enzyme cleavage towards the bottom of the gel
where two mismatches are close together.

In summary, these single mismatches do not produce any large
changes in the DNase I-cleavage patterns, except when two CC
mismatches are close together. Instead, the mismatches cause
subtle changes in the cleavage patterns, producing attenuated

cleavage at bonds located 2–3 bases on their 3′-side and
enhanced cutting on the 5′-side.

DNase II

The same heteroduplexes were digested with DNase II and their
cleavage patterns are shown in Figure 4(A). Differential cleavage
plots derived from these data are shown in Figure 4(B). DNase
II produces a less even pattern than DNase I, with few positions
of good cleavage. In contrast with DNase I, the mismatches alter
the DNase II-cleavage patterns, which show distinct differences
from the Watson–Crick control. The Watson–Crick duplex shows
good DNase II cleavage in only one location, around the sequence
CACC, with maximum cleavage at the ApC bond. This is most
easily seen in the cleavage plot shown in the lower panel of
Figure 4(B).

The GT-containing heteroduplex shows attenuated cleavage of
several bonds on the 3-side of mismatches 1, 2 and 4, producing
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Figure 6 Hydroxyl radical and MPE-cleavage patterns of the mismatch-containing fragments

The identity of the mismatch is shown at the top of each gel lane. Arrows indicate the positions of the mismatches, which are numbered 1–4 as shown in Figure 2. Tracks labelled ‘M’ are Maxam–Gilbert
markers specific for purines. The fragments were each labelled at the 3′-end of the upper strand as shown in Figure 2; the sequences therefore run from 3′ to 5′ from the bottom to the top of the gel.

regions in which there is almost no cleavage, very much like
a footprint. In contrast, DNase II cleavage of the AC and AA
heteroduplexes is similar to that in the control, although there is
enhanced cleavage at 1 or 2 bases on the 3′-side of mismatches
1, 2 and 4. DNase II cleavage of the AG-containing heteroduplex
is also very similar to that of the homoduplex, except for a slight
attenuation in cleavage on the 3′-side of mismatches 1 and 3. The
GG-containing heteroduplex is a poor substrate for this enzyme
with reduced cleavage on both sides of each mismatch, producing
a pattern similar to that seen with the GT mismatch, except around
site 3. Two of the four TT mismatches (sites 1 and 3) show
increased cleavage 2–3 bonds on the 3′-side of the mismatch, and
a similar pattern is seen with the TC heteroduplex. Finally, the
CC heteroduplex produces a pattern that is almost similar to that
seen with the AA and AC mismatches, except around site 1.

MNase

Figure 5(A) shows MNase digestion of the same heteroduplexes.
Differential cleavage plots derived from these data are shown
in Figure 5(B). The different mismatches have clear effects on
the cleavage patterns, and in several instances, novel cleavage
products are evident in the vicinity of the mispaired bases.

Looking first at the control homoduplex, there are three regions
of good cleavage (above and below site 2 and below site 4), which
are located in the sequences AAT, TTA and AATT, consistent with
known preferences of MNase for AT-rich regions. These are most
easily seen in the bottom panel of Figure 5(B), which shows the
cleavage pattern of the homoduplex.

The heteroduplexes all show increased MNase cleavage at
the location of the mismatches. The only exception is the CC
heteroduplex for which there is a general reduction in cleavage.
In many of these cases MNase cleaves CpG and CpC steps in the
vicinity of the mismatch. The GT and GG heteroduplexes show
enhanced cleavage at 1–2 bonds on the 3′-side of each mismatch.
In contrast, the AC, AG, AA, TT and TC heteroduplexes show
enhanced cleavage at the mismatch site itself. The CC hetero-
duplex shows a different pattern with a reduction in cleavage at
all the mismatches, with a slight augmentation of cleavage at 1–2
bonds on their 3′-side.

Hydroxyl radicals and MPE-Fe(II)

The cleavage patterns obtained using hydroxyl radicals and MPE-
Fe(II) are shown in Figure 6. Like the homoduplex, all fragments
produce fairly even cleavage ladders. Although there are some
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Figure 7 Enzymic and chemical cleavage of the fragments containing tandem GA mismatches in the context YGAR

(A) Enzymic and chemical cleavage patterns. The cleavage agents are indicated at the top of each set of three lanes. Tracks labelled ‘M’ are Maxam–Gilbert markers specific for purines. Tracks
labelled ‘WC’ show results for the Watson–Crick homoduplex, whereas ‘GA’ indicates the YGAR heteroduplexes. The bars show the positions of the tandem GA mismatches, which are numbered
1–4 as shown in Figure 2. The fragments were each labelled at the 3′-end of the upper strand as shown in Figure 2; the sequences therefore run from 3′ to 5′ from the bottom to the top of the gel.
(B) Quantitative analysis of the cleavage data, derived from phosphorimage analysis of the digestion patterns. For each cleavage agent, the lower plot (filled circles) shows the relative cleavage of
each bond in the Watson–Crick duplex, plotted on a linear scale (arbitrary units). All other plots (open circles) are differential cleavage plots showing the intensity of each band in the heteroduplex
divided by the intensity of the corresponding band in the Watson–Crick control, plotted on a logarithmic scale. The dotted lines indicate the positions at which cleavage of the heteroduplex is equal
to that of the control. Arrows indicate the positions of the mismatches.

fluctuations in band intensity within each fragment, there are no
significant differences between the various heteroduplexes. These
results confirm that the mismatches do not produce any major
alterations in the dimension of the minor groove and have little
effect on intercalation of the methidium chromophore.

Tandem GA mismatches

Several thermodynamic and NMR studies have shown that du-
plexes which contain two adjacent GA mismatches can be as
stable as a Watson–Crick homoduplex. However, the neigh-
bouring bases affect the stability, and 5′-YGAR-3′ is considerably
more stable than 5′-RGAY-3′. The results of digestion studies on
fragments containing tandem GA mismatches are presented in
Figures 7 and 8.

YGAR

Figure 7(A) shows enzymic and chemical cleavage patterns for
the YGAR heteroduplex. Differential cleavage plots derived from
these data are shown in Figure 7(B). Cleavage by all the probes

has been affected by this tandem mismatch. DNase I digestion
is clearly inhibited around each mismatch, producing what looks
like a footprint, covering 4–6 bases. DNase II digestion also shows
a large region of protection around each mismatch. In contrast,
cleavage by MNase is hardly affected by the presence of these
tandem mismatches, and the cutting is still restricted to the AT-
rich regions.

The chemical probes MPE-Fe(II) and hydroxyl radicals pro-
duce even ladders of cleavage products in the homoduplex
fragment. However, cleavage of the YGAR heteroduplex is
attenuated over 2 bonds at each mismatch site.

These results suggest that tandem GA mismatches in the
sequence YGAR cause alterations in DNA structure which
prevent enzymes from binding over a large region and occlude
hydroxyl radicals from entering the minor groove.

RGAY

Figure 8(A) shows the cleavage patterns obtained with the RGAY
heteroduplex. Differential cleavage plots derived from these
data are shown in Figure 8(B). This mismatch pair has a less
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Figure 8 Enzymic and chemical cleavage of the fragments containing tandem GA mismatches in the context RGAY

(A) Enzymic and chemical cleavage patterns. The cleavage agents are indicated at the top of each set of three lanes. Tracks labelled ‘M’ are Maxam–Gilbert markers specific for purines. Tracks labelled
‘WC’ show results for the Watson–Crick homoduplex, whereas ‘GA’ indicates the RGAY heteroduplex. The bars show the positions of the tandem GA mismatches, which are numbered 1–4 as shown
in Figure 2. The fragments were each labelled at the 3′-end of the upper strand shown in Figure 2; the sequences therefore run from 3′ to 5′ from the bottom to the top of the gel. (B) Quantitative
analysis of the cleavage data, derived from phosphorimage analysis of the digestion patterns. For each cleavage agent, the lower plot (filled circles) shows the relative cleavage of each bond in the
Watson–Crick duplex, plotted on a linear scale (arbitrary units). All the other plots (open circles) are differential cleavage plots showing the intensity of each band in the heteroduplex divided by
the intensity of the corresponding band in the Watson–Crick control, plotted on a logarithmic scale. The dotted lines indicate the positions at which cleavage of the heteroduplex is equal to that
of the control. Arrows indicate the positions of the mismatches.

pronounced effect on cleavage than the YGAR heteroduplex.
There is a slight attenuation of cleavage around the mismatch
sites in the DNase I digestions, and at sites 3 and 4 with DNase
II. As with the YGAR heteroduplex, MNase cleavage is almost
unaffected by the presence of the RGAY mismatch. Similarly,
cleavage is not affected by the two chemical probes.

These results suggest that tandem GA mismatches in the RGAY
sequence context do not cause substantial changes in the DNA
structure; enzymes are still capable of binding and cleaving
effectively and the minor groove remains accessible to chemical
cleavage agents.

DISCUSSION

Several of the heteroduplexes (most notably GT, AC and AG)
show reduced DNase I cleavage at 2–3 bonds on the 3′-side
of the mismatched base. This is consistent with the known 3′-
staggered cleavage of this enzyme across the two DNA strands and
suggests that these mismatches cause small changes in the local
DNA structure, which affect binding to the minor groove. If the

mismatch only affected the orientation of the cleaved phosphate,
this would only be expected to affect DNase I cleavage at the
mismatched base itself. The observation that the TC and GG
heteroduplexes produce very few changes in DNase I cleavage
implies that these mismatches do not significantly affect the local
backbone structure.

All the mismatches, except AG, cause changes in digestion by
DNase II. In several instances, there is enhanced cleavage of 2–
3 bases on the 3′-side of the mismatch. In contrast, the GT and
GG heteroduplexes show attenuated cleavage of several bonds on
the 3′-side of each mismatch, producing what appears as a small
footprint. Interestingly, DNase II cleavage of the AG heteroduplex
is very similar to the Watson–Crick duplex.

The mismatches appear to have a much greater effect on MNase
cleavage. The three regions of good cleavage in the homoduplex
are replaced by four cleavage maxima in the heteroduplexes.
Whereas DNase I is sensitive to DNA structure, in particular
the minor groove width, MNase is more dependent on local
DNA dynamics and cuts only at pA and pT steps. The mode
of action of MNase involves separation of the two DNA strands
accommodated within a narrow hydrophobic cleft [45,47,48].
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Enhanced cleavage of heteroduplexes by MNase may therefore
indicate a local decrease in helix stability around the mismatch.
These results suggest that mismatches facilitate strand separation
and thereby enhance MNase cleavage. However, this is not
the case for the CC-containing heteroduplex, for which MNase
cleavage is generally poor. These results indicate that all the
mismatches (with the exception of CC) alter the local dynamics
of the DNA helix.

These mismatches do not affect cleavage by the chemical agents
MPE-Fe(II) and hydroxyl radicals. This suggests that they do not
affect access to the minor groove or intercalative binding. This is
consistent with the relatively small changes in DNase I cleavage,
which suggests that there are no major changes in the minor
groove width.

The YGAR heteroduplex shows much greater changes in
cleavage by all the probes than all the single-base mismatches,
and its behaviour is very different from the RGAY duplex.
DNase I cleavage produces a footprint-like pattern around the
YGAR mismatch and the hydroxyl-radical cleavage is attenuated.
These results suggest that the tandem YGAR mismatches cause
a significant distortion to the minor groove. Such deformations
generate a local DNA structure that does not bind DNase I and
this prevents nuclease access over several bases. These structural
changes are sufficient to affect local cleavage by hydroxyl radicals
and MPE-Fe(II). In contrast, the cleavage by MNase is hardly
affected by the presence of this tandem mismatch. This implies
that tandem GA mismatches in the YGAR context generate a
stable duplex, for which dynamic breathing is similar to a GC-
containing Watson–Crick duplex. It therefore appears that YGAR
mismatches distort the minor groove and affect the local DNA
structure so as to prevent DNase I binding over a wide region.
These findings are consistent with NMR structures of tandem
GA mismatches in the context of YGAR, which shows that the
minor groove is filled by the adenine base [31,33,34,36,37,39].
In contrast, the RGAY duplex shows only minor changes in
cleavage compared with the Watson–Crick duplex. Duplexes
containing this mismatch are known to adopt a more conventional
B-DNA structure, which evidently does not preclude enzymic and
chemical cleavage.

This work was supported by a grant from the Biotechnology and Biological Sciences
Research Council (Swindon, U.K.).

REFERENCES

1 Friedberg, E. C., Walker, G. C. and Siede, W. (1995) DNA Repair and Mutagenesis, ASM
Press, Washington, DC

2 Loeb, L. A. and Kunkel, T. A. (1982) Fidelity of DNA synthesis. Annu. Rev. Biochem. 52,
429–457

3 Rajski, S. R., Jackson, B. A. and Barton, J. K. (2000) DNA repair: models for damage and
mismatch recognition. Mutation Res. 447, 49–72

4 Patel, D. J., Kozlowski, S. A., Ikuta, S. and Itakura, K. (1984) Dynamics of DNA duplexes
containing internal GT, GA, AC, and TC pairs – hydrogen-exchange at and adjacent to
mismatch sites. Federation Proc. 43, 2663–2670

5 Aboulela, F., Koh, D., Tinoco, I. and Martin, F. H. (1985) Base–base mismatches –
thermodynamics of double helix formation for dCA3XA3G+dCT3YT3G (X, Y=A,C,G,T).
Nucleic Acids Res. 13, 4811–4824

6 Hunter, W. N., Brown, T. and Kennard, O. (1986) Structural features and hydration of
d(C-G-C-G-A-A-T-T-A-G-C-G) – a double helix containing two GA mispairs. J. Biomol.
Struct. Dyn. 4, 173–191

7 Brown, T. (1995) Oligonucleotide structure by X-ray crystallography and NMR
spectroscopy. Aldrichimica Acta 28, 15–20

8 Allawi, H. T. and SantaLucia, Jr, J. (1998) NMR solution structure of a DNA dodecamer
containing single G.T mismatches. Nucleic Acids Res. 26, 4925–4934

9 Allawi, H. T. and SantaLucia, Jr, J. (1997) Thermodynamics and NMR of internal GT
mismatches in DNA. Biochemistry 36, 10581–10594

10 Kneale, G., Brown, T., Kennard, O. and Rabinovich, D. (1985) G.T base-pairs in a DNA
helix – the crystal-structure of d(G-G-G-G-T-C-C-C). J. Mol. Biol. 186, 805–814

11 Hunter, W. N., Brown, T., Kneale, G., Anand, N. N., Rabinovich, D. and Kennard, O. (1987)
The structure of guanosine-thymidine mismatches in B-DNA at 2.5 Å resolution. J. Biol.
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