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ABSTRACT

Repair synthesis catalysed by DNA polymerase B at

1 nt gaps occurs in the main pathway of mammalian

base excision repair. DNA polymerase B has no

exonucleolytic proof-reading ability, and exhibits
high error frequency during DNA synthesis. Conse-
quently, continuous correction of endogenous DNA
damage by short-patch repair synthesis might lead
to a high spontaneous mutation rate, unless subse-
quent steps in the repair pathway allow for selective
removal of incorporation errors. We show here that
both human DNA ligase | and Il discriminate strongly
between a correctly paired versus a mispaired
residue at the 3 ' position of a nick in DNA, when
assayed in the presence of physiological concen-
trations of KCI. The resulting delay in joining after
misincorporation by DNA polymerase
filling could allow for removal of the mismatched
terminal residue by a distinct 3 ' exonuclease.

INTRODUCTION

B during gap

process. By a variety of experimental approaches (8—12)3 Pol
has been estimated to make about 1 incorporation error per
19004500 synthesis events generating pyrimidine—pyrimidine
and pyrimidine—purine mispairs, whereas purine—purine
mispairs are much less frequent. The actual frequencies
observed vary between different base pairs and experimental
approaches, and there is also some controversy as to whether
repair synthesis of a single nucleotide gap is more accurate
than filling-in of longer stretches (10,12,13).

Loss of purine bases from the genome by non-enzymatic
hydrolytic depurination occurs at a frequency of 9000-10 000
events per day in a mammalian cell (14,15), and other forms of
endogenous events, including oxygen damage, are also rele-
vant. As a consequence, BER of endogenous DNA damage
with a Polp misincorporation frequency of 1 error in ~3000 gaps
filled would yield several premutagenic events per day for
actively growing as well as non-proliferating cells. In order to
avoid a high spontaneous mutation rate in mammalian cells, an
error avoidance mechanism subsequent to the action d# Pol
during BER appears to be required. TheBonuclease DNase
[Il was shown recently to be able to fulfil the requirement for
an editing function during BER, using a reconstituted system
with Pol 3, DNA ligase Ill and a nicked DNA substrate
containing a 3terminal mismatch (16). This enzyme, which is

DNA undergoes slow but significant turnover in mammalianhomologous to theEscherichia coli DnaQ/MutD editing
cells due to the continuous repair of endogenous lesions genera@xbnuclease, acts in a non-processive way and preferentially
by hydrolysis, active oxygen, and accidental damage inflictedemoves single-stranded or mismatched regions at DN#h@s
by reactive metabolites and coenzymes (1,2). These lesions &6,17). Alternatively, the human homologue of &ccharo-
largely removed by the base excision repair (BER) pathway, imyces cerevisiae RAD17/Schizosaccharomyces pombe
which single-strand breaks are introduced at abasic sites byRAD1/Ustilago maydisREC1 protein (18) might be able to
specific endonuclease, usually followed by the filling-in of aperform exonucleolytic DNA editing. A DNA ligase needs to
1 nt gap by repair replication, removal of the abasic sugarcontribute to the predicted proof-reading mechanism. If the
phosphate residue either before or after repair synthesis, atigase were unable to join a nick with a@ismatched residue
finally ligation. In mammalian cells, DNA polymerage(Pol)  produced by erroneous 1 nt gap filling by Hblor could only
catalyses the short-patch repair replication step, and this is thein it slowly by comparison with the sealing of nicks with
only known function of PoB (3). Recent experiments with a correct base pairs, an autonomous exonuclease would have a
variety of repair-defective mammalian cell lines indicatewindow of time to remove the mismatched residue. This would
strongly that the subsequent joining step is catalysed by DNAesolve the paradox that repair of endogenous DNA damage
ligase Ill in vivo (4,5), whereas biochemical data havemight be the cause of a high spontaneous mutation rate.
suggested that either DNA ligase Ill or DNA ligase | could be In apparent disagreement with this model, several reports
active (6,7). have described efficient joining at nicks with mismatches by a
Pol B lacks 3 exonuclease activity, and consequently isnumber of eukaryotic DNA ligases (19-22). We have reinves-
unable to perform proof-reading during DNA synthesis totigated the apparent ability of human DNA ligases | and Il to
remove occasional misincorporated residues by an editingin substrates containing &ismatches and have found that
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Figure 1. Joining of matched versus Biismatched substrates by human DNA ligases at different KCI concentraigriBuplex F2P]DNA substrates containing

a single-strand break with a matched or mismatcHe@I3 terminus are designatet-®/Y, where X and Y represent any one of the four common nucleotides.
DNA ligation reactions (2@ul) contained 360 fmol of DNA ligase IR) or 180 fmol of DNA ligase Il C) and 180 fmol of either3P]3-A/T (closed circles) or
[32P]3-GIT (open circles) substrates. Each reaction mixture was supplemented with KCI as indicated. After incubafiGrf@t 3in, reaction products were
analysed by denaturing polyacrylamide gel electrophoresis, the amount of radiolabeled unreacted substrate (20mer) and product (41 metateerbyoplaos-
phorimage analysis, and the percentage of ligated product was calculated for each reaction mixture.

the results depend strongly on experimental conditions. Ownnealed by incubating at 90 for 2 min and cooling slowly to
data indicate that human DNA ligase Ill requires physiologicakoom temperature (~4 h).
salt concentrations to discriminate effectively between paired L )
and mispaired 3residues at nicks, whereas DNA ligase | is PNA ligation reactions
efficient in this regard at all tested salt concentrations. Recombinant human DNA ligases | and Il were purified as
described previously (23,24). Reaction mixtures contained
60 mM Tris—HCI pH 7.5, 5 mM MgGl 5 mM DTT, 1 mM
MATERIALS AND METHODS ATP, 50 pg/ml nuclease-free bovine serum albumin, 9 nM
Oligonucleotide substrates nicked PP]DNA substrate, and also KCI and DNA ligase | or
o [l as indicated in the figure legends. Incubations were &C37
Substrates were a 41-bp duplex DNA containing a centrallysr the times indicated and reactions were terminated by the
located nick with a matched or mismatched base pair (X/Yhqgition of an equal volume of denaturing gel loading buffer
positioned at the '30H terminus of the nick (Fig. 1A). The (9504 formamide, 10 mM EDTA, 0.1% bromophenol blue and
following DNA oligonucleotides were made: a 20mer ( 1o xylene cyanol) followed by heating at°@5for 3 min.
(CAGAAGTTGGATTTGGTAGT), four 21mers (TAGACGG- | jgation products were analysed by gel electrophoresis using

ATGAATATTGAGGX, where X = C, T, G or A) and four genaturing 12.5% polyacrylamide gels. The gels were dried
4lmers (ACTACCAAATCCAACTTCTECCTCAATATT-  ynder vacuum and radioactive DNA bands were quantitated

CATCCGTCTA, where Y = C, T, G or A). All oligonucleo- sing a Storm 860 Phosphorimager (Molecular Dynamics) and
tides were synthesized on an Applied Biosystems 394 DNAnageQuant software.

Synthesizer. The 20mer oligonucleotide was purified by dena-

turing polyacrylamide gel electrophoresis aref%-labelled

using [y-32P]JATP and T4 polynucleotide kinase (New EnglandRESULTS

Biolabs). To prepare the double-stranded nicked DN
substrates, the 20mer (5 pmol) and a 21mer (10 pmol) we
hybridised to a 41mer (10 pmol) in mixtures (A0 containing  The ability of human DNA ligases | and lll, as well as several
20 mM Tris—HCI, pH 7.5, and 2 mM MgGl Substrates were other ATP-dependent DNA ligases isolated from a variety of

igation specificity at different KCI concentrations
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Figure 2. Effect of KCI concentration on the rates of joining of different substrates by DNA ligase IIl. DNA ligase reactiongl] b@dtained 900 fmol of DNA

ligase Ill and either 900 fmol offP]3-A/T substrate supplemented withA)(or 150 mM @) KCl or 900 fmol of 2P]3-G/T substrate supplemented with@)(or

150 mM () KCI. Incubations were at 3T for 1, 2, 3, 4, 5, 10, 15, 20 and 30 min (lanes 1-9, respectively). Control reactions (lane C) containing 90 fmol of the
appropriate P]DNA substrate were incubated at°&7for 30 min without enzyme. Samples (i) were removed at the indicated time points and subjected to
denaturing polyacrylamide gel electrophoresis. Arrows indicate the location on the autoradiogram of unreacted substrate (20mer) and peoddtis 4¥erall

extent of ligation after various incubation times was determined by phosphorimager analysis (see Fig. 1) and plotted as a function &fRj8iesar (E) and
[32P]3-GIT (F) substrates at 0 (open circles) and 150 mM (closed circles) KCI, respectively.

biological sources, to join nicks containing mismatches havéigase 1l in the absence of added KCI were similar to those
been investigated previously using low salt reaction conditiongreviously published (19). Thus, at physiological salt concen-
(19-22). Generally, these enzymes efficiently sealed stranmations (100-150 mM), a 17- to 36-fold increase in the amount
interruptions with a mismatch located at either tHepbos-  of ligated product (ligation specificity) by DNA ligase Ill was
phate or 30H terminus of the nick, except for a poor ability to achieved for a 3A/T base pair relative to that of a-&/T
join at 3 purine—purine mispairs. It is unclear whethér 5 mispair. Similar results were obtained with DNA ligase Il at
mismatches at nicks would ever occur to a significant extent different salt concentrations both in the presence and absence
vivo. In contrast, the fates of &nismatches are clearly important of an equimolar concentration of the scaffold protein XRCC1,
because they can be generated by misincorporation duringith only a marginal improvement in ligation specificity in the
DNA gap filling. For this reason, we have only been concernegresence of XRCC1 (data not shown); while the two proteins
with 3' mismatches in the present investigation. interact tightly through their C-terminal regions, the inter-
In order to determine the influence of salt concentration ommction domain does not overlap with the catalytic domain of
the ligation efficiency and fidelity of DNA ligases | and Ill at DNA ligase IIl (24). Due to the low level of activity towards$ 3
nicks containing correctly paired or mispaired@H termini, mispairs by DNA ligase I, the ligation specificity at different
ligation experiments were conducted with increasing concersalt concentrations could not be gquantitated accurately under
trations of KCI (Fig. 1). The joining activity of DNA ligase | at these experimental conditions but there was a >20-fold differ-
a nick containing a'3A/T base pair was greatest when no KCI ence in the rate of joining of paired versus mispaired substrates
was added to the reaction mixture and steadily decreased @tig. 1B). As reported by Husaiet al (19) and also observed
higher salt concentrations (Fig. 1B). A similar amount ofhere, DNA ligase | is more discriminatory than DNA ligase |l
enzyme failed to efficiently promote strand joining at nicksin joining at nicks containing mispaired-®H termini.
containing a 3G/T mispair at all KCI concentrations, although
some misjoining was observed in the absence of added K
(Fig. 1B). A similar experiment with DNA ligase Ill revealed Increased discrimination against DNA ligation at Ris-
that, unlike DNA ligase I, strand joining activity towards'a®T  matches is obtained when ionic reaction conditions mimic
nicked substrate was optimal between 100 and 150 mM KCthose presenh vivo (Fig. 1). To further address the effect of
whereas efficient joining activity at a mispaired-@G/T  physiological salt concentrations on substrate specificity, the
substrate was observed at low salt concentrations but waate of ligation of a 3A/T base pair relative to a'3&5/T
suppressed by increasing KCI (Fig. 1C). The data for DNAmispair was examined for DNA ligase Il (Fig. 2). Analysis of

é1igati0n specificity at different 3' mismatches
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Figure 3. Kinetics of ligation at different 3mismatched base pairs by DNA ligase lll. Sixteen DNA ligase reaction mixtureq}1@0ntaining 900 fmol of DNA

ligase Il and 900 fmol of eacH{P]DNA substrate with the indicated base pair configuration at #@8terminus of the nick were incubated at87and aliquots
removed at 1, 2, 3 and 4 min as in Figure 2. Following denaturing polyacrylamide gel electrophoresis and phosphorimager analysis, the BRiddnteof [
product was measured in order to obtain the initial velocity (fmol/min) of the ligation reactioff®)DPNA substrates containing base-paired and mispaired nucleotides
opposite a template TA), C (B), A (C) or G (D). The results are plotted for each substrate in reaction mixtures containing 0 (black bars) and 150 mM (striped
bars) KCI, respectively.

ligation products from the first 4 min of the reaction with a nick substrates. Thus, the ability of DNA ligase Il to distinguish
containing a 3A/T base pair at 0 (Fig. 2A) and 150 mM between correctly paired and mispaired bases at the 3
(Fig. 2B) KCI showed initial velocity values of 45 and terminus of a nick is enhanced by the presence of physiological
157 fmol product formed per min, respectively, under thesalt concentrations and favours ligation of the properly base-
experimental conditions used. As expected, similar KClpaired strand interruption.

dependent stimulation of the initial rate of ligation (3.4- to 4.5-fold)

was observed for all other nicks containing properly bas

paired 3-OH termini (Fig. 3). In comparison, the initial rate of %ISCUSSDN
strand joining at nicks with a'35/T mispair at 0 mM KCI  Proof-reading during DNA synthesis by &xonucleolytic
(Fig. 2C) was significant (42 fmol/min) but decreased dramaticallyemoval of a newly misincorporated Bsidue is important in

(8 fmol/min) in the presence of 150 mM KCI (Fig. 2D—F). The achieving high replication fidelity (25). During DNA replication,
kinetics of ligation of all 12 possible’3mismatches were a reduced rate of addition of a second nucleotide to' a 3
compared at 0 and 150 mM KCI. DNA ligase Ill was fairly mismatch by a DNA polymerase allows time for excision of
permissive with most nicked DNA substrates containinPBl  the mismatched nucleotide (26,27). This means of proof-
mismatches in the absence of KCI, except fop@ine—purine reading is not applicable to the main pathway of BER in
mispairs which were largely refractory to strand joining (<1%mammalian cells, because gap filling by P®I primarily
product formed) (Fig. 3). In particular, nicks with mispaired involves the replacement of a single nucleotide prior to ligation.
bases opposite a template T were good substrates for DNFhe concept of proof-reading during such DNA repair,
ligase lll. However, addition of 150 mM KCI resulted in however, could still be valid if the DNA ligase were able to
substantial decreases in the initial velocity of the ligation reactiodiscriminate against 3nismatched residues.

for 3" mispairs (Fig. 3). Discrimination of greater than one Previously published data on joining at mismatches by
order of magnitude reduction in the initial velocity, when eukaryotic DNA ligases have offered little support for this
compared to the base-paired control, was observed W3 ~ model, because the enzymes apparently could join efficiently
3-C/C, 3-G/T, 3-T/T and 3-C/A substrates, while less at most 3 mismatches. Husaiet al. (19) showed that both
discrimination was noted with'&/T, 3-T/C and 3-T/G  mammalian DNA ligase | and DNA ligase Il joined strand
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Ligase

small changes in ionic conditions; the large dependence of
non-specific electrostatic binding on salt concentration results
in increased specificity with increasing ionic strength (30,31).
The suppression of mismatch ligation by physiological salt
concentrations is, therefore, likely to be valid for all DNA
ligases, not just for T4 DNA ligase (29) and the human DNA
ligase Il investigated in the present study.

In conclusion, discrimination against ligation of' 3
mismatches at single-strand interruptions provides a means of
proof-reading of a single nucleotide residue incorporated at a
1 nt gap during BER in mammalian cells (Fig. 4). A related
Figure 4. Model for proof-reading in the BER pathway of mammalian cells, 9eneral model has been proposed Tiermus thermophilys
Removal of a base, nicking and excision of the sugar-phosphate residue at tiéhere an NAD-dependent high fidelity DNA ligase may have
abasic site result in the formation of DNA with a 1 nt gap as an intermediateayolved to compensate for the absence of proof-reading

(shown to the left). The gap is filled-in by P8l Alternatively, Pol may i ; ;
incorporate a nucleotide at a nicked abasic site and then also be active %Cthlty of DNA polymerases (32)' It is not yet known if

removal of the displaced abasic sugar-phosphate residue. In either case, fﬂ@,l"’_‘yed Il_gatlon is the only Ce”u'.ar strategy fOI‘. preventlor_] of
final step in the repair process is DNA joining (shown in the upper branch)JOining at incorporated errors during DNA BER in mammalian

The last steps probably occur in a concerted fashion, with the scaffold proteigells. Suppression of DNA ligation at mismatches is one
XRCC1 bringing Pol and DNA ligase Il together at the site of the lesion. possible surveillance mechanism for reducing spontaneous

Since Pol does not possess an innate proof-reading®nuclease activity, : :
frequent misincorporation events occur (lower branch). Subsequent ligation gputatlon rates, and a cellular mutator phenotype might be

such mismatches is suppressed by the reduced ability of the DNA ligase to joiPServed if this particular mechanism were inactivated.

at a 3 mismatch. This allows for removal of the misincorporated nucleotide by
a separate nucleaf 8xonuclease such as DNase Ill, and a renewed attempt by

Pol B at correct gap filling. ACKNOWLEDGEMENTS
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ligation of nicks with an adjacent mismatched base pair has
been described for vaccinia virus DNA ligase (20), f@tdorella
DNA ligase (21), and for th&.cerevisiaeccDC9 gene product
(22). The major finding in the present study is that thase 1.
vitro results, although correct, are misleading because they?:
were obtained at non-physiologically low salt concentrations. =
When reaction conditions were employed here with KCl levels 4
that are likely to be close to those occurring intracellularly,
significant discrimination against joining at@®ismatches was 5.
observed. It is probably also physiologically relevant that &
kinetically favorable nucleotide misincorporation events catalysed.,
by Polf, i.e. dGMP/T, dCMP/A and dAMP/C (10), correspond to
strong discrimination events during ligation by DNA ligase IlI
(Fig. 3).

The importance of correct salt concentrations in DNA ligation
reactions was highlighted recently by Ramsden and Gellert
(28), who showed that efficient joining of DNA double-strand 10.
breaks by purified mammalian DNA ligases only occurs at
low, non-physiological salt concentrations. End-joining under'!
physiological ionic conditions is strongly stimulated by Ku 1,
protein, which consequently has a direct role in the sealing of
DNA double-strand breaks. An earlier study by Wu and13.
Wallace (29) on the joining specificity of T4 DNA ligase noted
that mismatch ligation could be suppressed by including NaCi '
or (less effectively) spermidine in reaction mixtures, but these
results seem to have been overlooked in more recent work ors.
eukaryotic ligases. Detailed investigations of DNA—protein
interactions in well-characterised systems such as the bindingy -
of lac repressor to DNA have shown that large changes in
equilibrium and rate constants can be induced by relatively

8.
9.
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