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ABSTRACT

PARP-like zinc ®ngers are protein modules, initially
described as nick-sensors of poly(ADP-ribosyl)-
polymerases (PARPs), which are found at the
N-terminus of different DNA repair enzymes. I chose
to study the role of PARP-like ®ngers in AtZDP, a 3¢
DNA phosphoesterase, which is the only known
enzyme provided with three such ®nger domains.
Here I show that PARP-like ®ngers can maintain
AtZDP onto damaged DNA sites without interfering
with its DNA end repair functions. Damage recogni-
tion by AtZDP ®ngers, in fact, relies on the presence
of ¯exible joints within double-strand DNA and
does not entail DNA ends. A single AtZDP ®nger is
already capable of speci®c recognition. Two ®ngers
strengthen the binding and extend the contacts on
the bound DNA. A third ®nger further enhances
the speci®c binding to damaged DNA sites.
Unexpectedly, gaps but not nicks are bound by
AtZDP ®ngers, suggesting that nicks on a naked
DNA template do not provide enough ¯exibility for
the recognition. Altogether these results indicate
that AtZDP PARP-like ®ngers, might have a role in
positioning the enzyme at sites of enhanced helical
¯exibility, where single-strand DNA breaks are
present or are prone to occur.

INTRODUCTION

PARP-like zinc ®ngers are eukaryotic DNA binding domains
that can function as strand-break sensors within eukaryotic
cells (1±6). PARP-like ®ngers consist of unusually long zinc
®nger-like motifs of the form CX2C-X28/30-WHX2C, which
can be present in one, two or three copies at the N-terminus of
different DNA repair enzymes (3,5,7).

In poly(ADP-ribosyl)-polymerases (PARPs), the enzymes
where PARP-like ®ngers were initially described, two such
modules can be found, which dictate the strand-break
dependent activation of these enzymes. Speci®cally, upon
DNA-breaks recognition by the ®ngers, PARPs catalyse the
reversible poly(ADP-ribosyl)ation of nuclear acceptor
proteins, including PARPs themselves. As a consequence,
only proteins con®ned at sites of damaged DNA are
modi®ed and lose their af®nity for DNA, due to the negative
charges of added ADPr units. Such PARPs-catalysed protein

modi®cation is required for ef®cient DNA repair and,
according to the recent identi®cation of new poly(ADP-
ribosyl)ation enzymes, might be also involved in DNA
replication as well as in DNA transcription processes (5,8±10).

The repair ligase III, the second identi®ed PARP-like
®ngered enzyme, only has one ®nger, which is not required for
the enzymatic activity (4,6). Indeed the role of ligase III ®nger
in DNA repair mechanisms is not fully understood. It has been
proposed to promote the displacement of PARPs from DNA
strand breaks, thus allowing the entrance of the repair complex
(3,11). Alternatively, it has also been proposed to facilitate the
repair of strand breaks by binding to nearby DNA secondary
structures (6).

The last identi®ed PARP-like ®ngered enzyme is a repair
protein from Arabidopsis named AtZDP, which comprises a
DNA 3¢-phosphoesterase domain preceded by three PARP-
like ®nger modules. This plant protein has been shown to
recognise single-strand and double-strand DNA breaks and to
remove blocking groups from DNA 3¢ ends. Similarly to the
case of ligase III, the role of the ®ngers in AtZDP DNA repair
activity is not clear, since the isolated catalytic domain is by
itself functional, both in vivo and in vitro (7,12).

All three PARP-like ®ngered enzymes are implicated in the
repair of single-strand DNA breaks. Such lesions are the most
abundant in cellular DNA and can arise during the processes
of DNA replication, repair or recombination as well as
following exposure to endogenous and exogenous reactive
oxygen species, and after exposure to ionising radiation (13).
They thus represent a persistent challenge to genome integrity,
and continuous sealing of DNA breaks must occur within the
cell in order to prevent chromosome instability and/or cell
death. Indeed, the association of single-strand break repair
with neuro-degenerative disorders as well as with a cancer-
prone phenotype has stimulated very intense studies on this
subject in mammals (11,14±19). In particular, the scaffold
protein XRCC1 has been clearly shown to orchestrate the
ef®cient repair of single-strand DNA breaks, by organising
and stimulating the enzymatic activity of DNA ligase III,
DNA polymerase b and DNA kinase/phosphatase within a
very ef®cient repair complex (11). It is worth noting that two
different nick-sensors appear to be present within this
complex, namely the ligase III PARP-like ®nger and a distinct
domain, which is located in the XRCC1 N-terminal region
(20). Interestingly, the plant homologue of XRCC1 lacks the
N-terminal nick-sensing region, and there is no evidence for
PARP-like ®ngered DNA ligases. In addition, DNA kinase/
phosphatase activity in plants is not accomplished by the same
polypeptide chain, as observed in the animal system. Instead,
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the 3¢ DNA phosphatase activity in plants is associated with
three PARP-like ®ngers in the AtZDP protein, which is
assumed to provide the nick-sensing functions for a putative
single-strand repair complex (7). On the contrary, PARPs with
two ®nger modules are very well conserved throughout higher
eukaryotes, including plants (8,10,21).

It is not known how the different DNA-break sensors
interact at damaged sites, nor is it clear how they permit the
entry of repair enzymes at the DNA ends. The present work
aims to characterise the DNA-break sensor activity of AtZDP
PARP-like ®ngers, and their speci®c interactions at damaged
DNA sites.

MATERIALS AND METHODS

Sequence analyses

AtZDP PARP-like ®ngers were aligned with PARP-like ®nger
domains retrieved from the PFAM database (http://www.
sanger.ac.uk/Software/Pfam/) using ClustalW (22) and visu-
alised with GeneDoc (23). Secondary structure predictions
were obtained with the Predict Protein server (http://
cubic.bioc.columbia.edu/predictprotein/). The phylogenetic
tree was generated using the neighbour-joining algorithm of
ClustalW, excluding positions with gaps and correcting for
multiple substitutions. The resulting unrooted tree was rooted
by the midpoint method using the Retree program of the
Phylip package (http://evolution.genetics.washington.edu/
phylip.html). Bootstrap percentages were calculated with
1000 replicates.

Expression and puri®cation of recombinant AtZDP
constructs

The cloning for the expression of recombinant AtZDP full-
length protein, the three-®ngers domain (3F) and the catalytic
domain were described elsewhere (7). The histidine tagged
two-®ngered (2FCD) and the one-®ngered (1FCD) AtZDP
constructs, schematically represented in Figure 2A, were
obtained after PCR ampli®cation, CpoI restriction digestion
and cloning in the pET-CpoI expression vector (7). Brie¯y,
ampli®cations (20 cycles) were performed using a high-
®delity thermophilic DNA polymerase (VentR; New England
Biolabs), 100 ng of the pET-AtZDP expression vector as
template and the following CpoI-tailed primers: acgcggtcc-
gattgctcataatgcgaaatcgag or acgcggtccgtctgagtatgcgaaatcgag-
cag as plus primers for 2FCD or 1FCD respectively, along
with the ctccggaccgctaagtccctggcgatgtacttg CpoI-tailed minus
primer. The pET-2FCD and the pET-1FCD plasmids thus
obtained were sequenced and used for protein expression in
BL21-Codon Plus (DE3)-RIL cells (Novagen). Recombinant
proteins were af®nity puri®ed as previously described (7).

Oligo constructs

Substrates for the DNA binding and the phosphatase assays
were prepared using the following oligonucleotides (Sigma):
21mer, 21p, 23mer, 45mer as previously described (24);
27mer, (catatactccgagcccgaacacgtcgc); 27-comp, (gcgacgtgtt-
cgggctcggagtatatg); 24-n, (ggcgcccaccaccactagctggcc); 23-
comp, (ggccagctagtggtggtgggcgc); 25-3¢, (gcccaccaccactag-

ctggccttcc); 21-5¢, (ccttgcgcccaccaccactag); 22-g2, (cgcccac-
caccactagctggcc); 19-g5, (ccaccaccactagctggcc); 15-g10,
(caccactagctggcc); 35-b, (catatactccgagccgtctctgccgaacacgt-
cgc); 30mer, (catatactccgagccggccgaacacgtcgc); 30-mis,
(catatactccgagccgggcgaacacgtcgc); 30-mC, (catatactccgagcc-
gg(methyl-c)cgaacacgtcgc); 30-comp, (gcgacgtgttcggccggctc-
ggagtatatg); 22p, (cgcccaccaccactagctggcc-P); 22-comp,
(ggccagctagtggtggtgggcg).

3¢-phosphorylated oligos were end-labelled as described in
detail elsewhere (12). 3¢-unphosphorylated oligos were end-
labelled with polynucleotide kinase (Amersham) and
[g-32P]ATP. The speci®c activity of all labelled oligos ranged
between 0.3 and 0.8 mCi/pmol. The intact oligo duplex 27-I
was generated by annealing as previously described (12) the
two complementary 27mer and 27-comp oligos, one of which
was labelled at the 5¢ end. The 45-G1 was generated by end-
labelling of the 45mer, and annealing with the complemen-
tary, unlabelled 21mer and 23mer. Over-hanging 25-3¢O and
21-5¢O oligos were derived by the annealing of the end-
labelled 25-3¢ with the 23-comp oligo, and of labelled 21-5¢
with the 22-comp oligo, respectively. Radioactive 24-n,
23mer, 22-g2, 19-g5 or 15-g10 oligos were each annealed
with unlabelled 21mer and 45mer to generate 24-N, 23-G1,
22-G2, 19-G5 or 15-G10 oligo duplexes. 35-B, 30-B, 30-MIS
or 30-mC was derived by the annealing of labelled 35-b,
30mer, 30-mis or 30-mC with the complementary 30-comp
oligo. End-labelled 21p, herein de®ned as 21-SSP, was
annealed with unlabelled 23mer and 45mer to give the
21-G1P oligo. Labelled 22p was used in the preparation of the
22-IP, by annealing with 22-comp.

Phosphatase assays

The 5¢ labelled 3¢-phosphorylated single-strand 21-SSP, the
3¢-phosphrylated 22-IP double-strand or the 1-nucleotide gap
21-G1P oligo bearing a 3¢-phosphate at the gap site, (as
represented in Fig. 2B and described above) were used as
reaction substrates. Assays were run at 30°C for 10 min in
15 ml reaction mixtures containing 100 mM Tris, pH 7.5,
10 mM MgCl2, 1 mM dithiothreitol (DTT), 0.4 mM EDTA
and 100 mg/ml bovine serum albumin plus the substrate and
puri®ed recombinant AtZDP proteins, as speci®ed in the text.
Reactions were stopped on ice by the addition of formamide-
EDTA loading buffer and the products were analysed on 8%
sequencing gels. Phosphorimages of dried gels were recorded
with a Personal Imager FX (Bio-Rad) and analysed using the
Multi-Analyst/PC software (Bio-Rad). The percent conver-
sions were calculated on the basis of product appearance.

DNA binding assays

For electrophoretic mobility shift assays (EMSA) the 45-G1
gapped duplex and varying amounts of AtZDP recombinant
proteins were incubated for 30 min on ice in 10 ml of EMSA
buffer containing 20 mM Tris, pH 8.0, 100 mM KCl, 2 mM
MgCl2, 3% glycerol, 30 ng of HaeIII restricted pBluescript
plasmid DNA and 2 mM DTT (unless otherwise speci®ed).
Electrophoresis was carried at 4°C on 5±8% non-denaturing
polyacrylamide gels at 150 V in 13 TBE. Gels were dried and
subjected to phosphorimager analyses.
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For southwestern blotting, 20±1000 pmol of recombinant
AtZDP proteins were separated by 10% polyacrylamide±
SDS gel electrophoresis and transferred onto nitrocellulose
membranes (ECL, Amersham Pharmacia Biotech)
according to the manufacturer's instructions. Membrane
bound proteins were renatured for 30 min at room temperature
in RB (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% Nonidet
P-40), and then equilibrated for 30 min at room temperature in
DBB (20 mM Tris, pH 8.0, 100 mM KCl, 5 mM MgCl2, 2 mM
DTT, 50 mM ZnCl2 and 0.1% Nonidet P-40). DNA binding
was carried out in DBB for 1 h at 4°C in the presence of 32P-
end-labelled oligos duplexes (1 nM and 0.5±0.8 mCi/pmol).
After three washes (5 min each) at 4°C in DNA binding
buffer, wet ®lters were directly subjected to phosphorimager
analyses.

For the analyses of DNA binding to ®lter-bound proteins,
and for the oligo-selection or footprint analyses, membrane-
bound proteins were visualised immediately following the
membrane transfer by staining of the ®lter with 0.2% Ponceau
S in 3% trichloro-acetic acid at room temperature for 10 min.
Filter-bound proteins, thus identi®ed, were excised from the
membrane and de-stained by soaking in a 1 M NaCl solution.
Following 30 min renaturation in 500 ml RB and 30 min
equilibration in 500 ml DBB at room temperature,
DNA binding on ®lter-bound proteins was carried out for
30 min at 4°C in 100 ml DBB plus 0.1 pmol each (as evaluated
by OD measurements at 260 nm) of the labelled probes
(0.5±0.8 mCi/pmol), followed by 33 500 ml washes with cold
DBB. To quantitate the amount of radioactivity bound by each
protein after southwestern blotting, samples were counted and
background binding to the ®lter, as evaluated by counting of
corresponding protein-free ®lter slices, was subtracted. The
values thus obtained were normalised for the amount of
protein loaded on southwestern gels, and expressed as the
percentage of binding relative to the total amount of probe
used in the binding reaction.

For the oligo-selection analyses, bound DNA was directly
recovered in 100 ml of elution buffer (Tris 50 mM, pH 7.5,
EDTA 5 mM, SDS 0.2%, carrier DNA 0.10 mg/ml), phenol/
chloroform extracted and ethanol precipitated, along with
aliquots of the oligo mixtures collected before and after the
binding reactions. DNA samples were counted, directly
resuspended in formamide-EDTA loading buffer, and same
c.p.m. aliquots were analysed on 8±16% sequencing gels.
Phosphorimages of dried gels were recorded and analysed. To
calculate the relative oligo binding by each AtZDP protein in
the oligo-selection experiments, signal intensities of bound
DNAs were quantitated on phosphorimages of the denaturing
gels, corrected for differences in the speci®c activity, and
divided for the corresponding amount of the bound reference
oligo.

For DNase I footprinting of AtZDP bound oligos, following
the DNA binding and washing steps described above,
®lter-bound protein±DNA complexes were incubated for
5 min at room temperature in 100 ml DBB containing
2±3 ng/ml of DNase I (0.5±0.75 U). DNase I digestions were
then stopped with 100 ml of 0.2 M NaCl, 20 mM EDTA, 1%
SDS and 0.25 mg/ml carrier DNA, digestion products were
recovered from the ®lter (as described above) and analysed by
denaturing 16% polyacrylamide gel electrophoresis.

RESULTS

Sequence features of the PARP-like ®nger domains

The PARP-like ®nger regions from different species and
enzymes were compared by sequence alignment and the
predicted secondary structures that are conserved were
annotated. As shown in Figure 1A, sequence conservation is
not con®ned to the putative zinc binding residues, but it
extends upstream and downstream with respect to them, and
terminates in a highly conserved alpha-helical structure at the
carboxy-terminal side of all these domains. Possibly, ®nger-
tips lie in the conserved turn located between the putative
zinc-coordinating residues. In a phylogenetic tree generated
from this alignment (Fig. 1B), four types of PARP-like ®ngers
can be identi®ed. Type I corresponds to the N-terminal F1
®nger of all PARP enzymes, whereas type II comprises all
F2 ®ngers of PARPs. Type III, which is more related to the F1
®nger of PARPs, belongs to DNA ligases III. Finally, all three
®ngers of AtZDP cluster in a fourth type, which appears to be
more related to the PARPs' F2 ®ngers. These phylogenetic
relationships suggest the existence of a correlation between
®nger types and functional properties of PARP-like ®nger
modules.

Functional interactions between PARP-like ®ngers and
the catalytic domain in AtZDP

In order to assign a role to each AtZDP PARP-like ®nger,
various AtZDP protein constructs were over-expressed and
puri®ed. These included proteins with no (CD), one (1FCD) or
two (2FCD) PARP-like ®ngers located upstream of the AtZDP
catalytic domain, as well as the three-®ngers domain alone
(3F) and the full-length enzyme that included the three PARP-
like ®ngers and the catalytic domain (AtZDP; schematised in
Fig. 2A). The puri®ed proteins were then tested for their
3¢-phosphatase activity on different DNA substrates (21-SSP,
22-IP and 21-G1P as represented in Fig. 2B). As expected,
AtZDP proteins containing the catalytic domain catalysed the
removal of a 3¢-phosphate group from DNA strand-breaks,
either located on single- or double-strand DNA ends, or at the
gap site of a double-strand DNA (Fig. 3). When the 3F
construct, which lacks the catalytic domain, was employed in
the assay no activity was observed, excluding the possibility
that the observed phosphatase activity was due to contam-
inating bacterial enzymes. Notably, none of the AtZDP
proteins exhibited a clear preference between these different
substrates, and in all cases the isolated catalytic domain had
maximal enzymatic activity. These results clearly prove that
AtZDP ®ngers are not required to direct substrate recognition
by AtZDP, when a puri®ed substrate is used. In fact, when
comparing the activity of corresponding amounts of enzymes,
it appears that increasing the number of PARP-like ®ngers
associated with the catalytic domain results in a decreased
percentage of substrate conversion. This observation is
suggestive of an interaction between the ®ngers and the
AtZDP catalytic domain, which might limit the catalytic
properties of the enzyme.

The DNA binding activities of the different AtZDP
constructs were next compared by electrophoresis mobility
shift assay (EMSA). Figure 4A shows that full-length AtZDP
completely shifted the gapped 45-G1 DNA template in a
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well-resolved protein±DNA complex (lanes 2 and 3), while
corresponding amounts of the other AtZDP constructs
recruited a much smaller fraction of the labelled oligo
duplex (lanes 4±9). Higher protein concentrations led to the

accumulation of aggregates not resolved under these gel
conditions (visible at the top of lanes 2±9), and a very weak
binding activity was observed using a large excess of the
isolated catalytic domain (lanes 10 and 11). It thus appears that

Figure 1. Sequence comparison of PARP-like zinc ®ngers. (A) Alignment of known PARP-like ®nger modules. Amino acid residues conserved between all
PARP-like ®nger domains are in black, and amino acids conserved within the clusters identi®ed by the phylogenetic analysis shown in (B) are shaded. Gaps
introduced to optimise the alignment are indicated by dots. Sequences within the zinc-coordinating residues are indicated as Zn ®nger. The arrow and the
cylinder indicate respectively, the b-sheet and the a-helical secondary structures, which are predicted to be conserved between all the PARP-like ®nger
domains. The amino acid residues included in a conserved turn, which might indicate the ®ngertip, are boxed. (B) Phylogenetic relationship among PARP-
like ®nger domains. The tree was generated from the alignment shown in (A) using the neighbour-joining algorithm, and it was rooted with the mid-point
distance method. Branches are drawn to scale as indicated by the scale bar, which corresponds to 0.1 changes per site. When >70%, bootstrap percentages are
indicated at the nodes. Sequences clusters corresponding to distinct PARP-like ®nger types are included in brackets.

6692 Nucleic Acids Research, 2003, Vol. 31, No. 23



AtZDP ®ngers must cooperate with the catalytic domain for
binding, since the absence of either domain results in reduced

DNA binding capacity. It is worth noticing that in the absence
of DTT speci®c binding by the ®ngered proteins AtZDP,
2FCD and 3F, was lost (Fig. 4B).

Altogether these results show that functional interactions
occur between the catalytic and the PARP-like ®nger domains
of AtZDP, which can modulate the enzyme activity and
increase DNA binding. Possibly, unpaired PARP-like ®ngers
in the AtZDP deletion constructs may provide independent
DNA binding activity, which results in the observed high
molecular weight aggregates.

DNA binding preferences by AtZDP ®ngers

In order to understand the contribution of single AtZDP
domains to DNA damage recognition, I next compared the
relative af®nity of AtZDP proteins for oligo duplexes bearing
different types of DNA strand breaks. To this purpose, the
functional properties of ®lter-bound AtZDP proteins were
initially tested by southwestern analysis (Fig. 5A and Table 1).
In agreement with EMSA analysis, full length AtZDP showed
stronger DNA binding activity than the deleted AtZDP forms.
Binding was totally lost in the absence of DTT or by using
single-stranded DNA as a probe. Only a weak binding was
observed in the presence of large amounts of the isolated
catalytic domain. Filter-bound proteins were catalytically
active, as revealed by the analysis of the bound oligo,
recovered after southwestern blotting with the 21-G1P probe.
Indeed DNA bound to AtZDP, 2FCD and 1FCD, but not to 3F,
was completely converted to the corresponding 3¢-unphos-
phorylated species by ®lter-bound proteins (Table 1). The
relative af®nity of AtZDP ®ngers for different DNA strand-
breaks was then evaluated by analysing the DNA binding
preferences of ®lter-bound proteins. For such an assay,
double-strand oligos were designed, each identi®able for the
different DNA damage on the basis of the labelled single-
strand component (see Fig. 2B and Materials and Methods).
Equimolar amounts of the radiolabelled double-strand oligos
were then incubated with the ®lter-bound AtZDP proteins,
bound and unbound oligo fractions were recovered and
directly analysed on sequencing gels. Figure 5B reveals the
binding preferences of the AtZDP constructs, when incubated
with an equimolar mixture of an intact (27-I), a nicked (24-N)
and a gapped (22-G2) oligo template. In order to quantitate
this oligo-selection experiment, the signal intensity of the
intact 27-I duplex bound to each protein species was taken as a
reference and compared to the corresponding signals derived
from the differently modi®ed DNA templates (Fig. 5C). A
binding ratio of 1 indicates that the three oligos were bound at
similar af®nity, implying that, presumably, only end binding
has occurred on all templates. On the other hand, a binding
ratio higher or lower than 1 respectively indicates that the
analysed DNA template was, or was not, selected for binding.
It is evident from the oligo-selection experiment presented in
Figure 5 that the ®ngered (AtZDP, 3F, 2FCD, 1FCD)
constructs have a clear preference for gapped DNA. None of
the AtZDP protein constructs made a speci®c selection for the
24-N oligo DNA. The catalytic domain equally bound at a
very low level all three templates, and background binding to
the unblotted ®lter did not exhibit template preference either
(not shown).

It can be inferred from this oligo-selection experiment that
AtZDP ®nger FIII is by itself capable of recognising gapped

Figure 2. Structure of protein constructs and of oligo DNAs used in this
work. (A) Schematic representation of the AtZDP deletion mutants. The
three N-terminal PARP-like ®ngers (FI, FII, FIII, respectively) and the
associated catalytic domain (CD) are shown as closed boxes. The modular
composition of the wild type (above) and of the deletion mutants (below)
are indicated with corresponding molecular weights enclosed in brackets.
(B) Structure of the substrate oligonucleotides. The positions of 32P-labelled
5¢-termini (asterisks) and of 3¢-phosphate groups (P) are indicated. Heading
numbers in oligo names refer to the length in bases of the labelled species.
The 45-G1, 24-N, 23-G1, 22-G2, 19-G5, 21G1P are identical oligo-
duplexes, only differing for the presence of a nick (24-N) or of a 1-base
(45-G1, 23-G1, 21G1P), 2-base (22-G2), 5-base (19-G5), 10-base (15-G10)
gap; the 25-3¢O and the 21-5¢O have overlapping double-strand domains
with respectively 3¢ or 5¢ single-strand extensions on both strands; the 30-B,
35-B, 30-MIS, 30-mC only differ for the presence of a 5-nucleotide bulge
(30-B and 35-B), a mismatched (30-MIS) or a methyl-cytosine (30-mC; see
Materials and Methods for more details)
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DNA. The presence of the FII ®nger largely augments DNA
binding and increases the preference for gapped DNA
templates (compare 1FCD and 2FCD in Fig. 5B and C and
Table 1). Finally, the FI ®nger can further increase DNA
binding to both gap sites and double-strand DNA ends
(compare 2FCD and AtZDP in Fig. 5B and C and Table 1).
Surprisingly, AtZDP PARP-like ®ngers do not selectively
recognise nicked DNA.

GAP recognition by AtZDP PARP-like ®ngers

I next wanted to establish whether binding of AtZDP ®ngers
requires close proximity between the 3¢ and the 5¢ ends of a
broken strand at gapped DNA sites. To elucidate this point
a new oligo-selection experiment was performed, using 5¢
over-hanging (21-5¢O) and 3¢ over-hanging (25-3¢O) oligo
duplexes, along with the blunt-ended oligo 27-I, used as a
reference. As shown in Figure 6A, full-length AtZDP and 3F
both display a clear preference for blunt-end versus over-hang
DNA. The CD domain clearly participates in the binding to the
recessed DNA ends, since AtZDP shows higher af®nity for the
over-hang templates than 3F. By comparing the data presented
in Figures 5 and 6 it appears that, while AtZDP PARP-like
®ngers select gapped over intact oligo duplex, DNAs with 3¢
or 5¢ over-hanging strands are very poorly selected relative to
the blunt end DNA. It thus follows that double-stranded DNA
structures ¯anking both sides of the gap must be present to
allow recognition by the PARP-like ®ngers. This ®nding
further raised the question about the gap length that is
tolerated for binding. Oligo duplexes containing gaps of
various size (23-G1, 19-G5, 15-G10, Fig. 2B) were thus
prepared and analysed. Figure 6B shows that AtZDP ®ngers,
either associated or not with AtZDP catalytic domain, can
recognise with similar af®nity DNAs bearing from 1 to 10
nucleotide-long gaps.

It was concluded from these experiments that AtZDP
®ngers sense double-stranded DNA structures ¯anking both
sides of a gap, and that a variable gap length does not interfere
with such recognition.

DNA ends are dispensable for gap sensing by AtZDP
®ngers

Previous studies have demonstrated that PARP-like ®ngered
enzymes bend the DNA upon binding to gap sites, and it has
been postulated that the ¯exible joint at a strand break might
provide the target for binding by PARP-like ®ngers (7,8,25). If
this is indeed the case, in an oligo-selection experiment,
isolated PARP-like ®ngers should be able to speci®cally select
an intact oligo duplex that can yield V-shaped structures. The
35-B oligo-duplex ful®ls these requirements since it bears an
internal ®ve-base bulge, which can produce a V-like DNA
conformation (25,26). Figure 7 demonstrates that AtZDP
®ngers speci®cally sense the ¯exible junction within the 35-B
oligo (upper panel). By contrast, corresponding oligo duplexes
bearing internal modi®cations like a mismatch (middle panel)

Figure 3. DNA 3¢-phosphatase activities of AtZDP proteins. The
percentages of single-stranded (21-SSP, upper panel), double-stranded
(22-IP, middle panel) or of a gapped duplex (21-G1P, lower panel) substrate
conversion are plotted against enzyme quantities. All reactions contained
100 fmol of the 5¢ labelled-substrate. Unphosphorylated reaction products
were separated from phosphorylated DNA substrates on denaturing 8%
polyacrylamide gels, quantitated on phosphorimages, and used to calculate
the percent of substrate conversion. Data are the average of two
independent experiments that differed by <10% of the mean. Symbols are
as follows: wild type AtZDP, squares; 2FCD, circles; 1FCD, triangles; CD,
asterisks. Phosphorimages of representative phosphatase assays using 1 fmol
of AtZDP (lane 1), 2FCD (lane 2), 1FCD (lane 3), CD (lane 4) or 100 fmol
of 3F (lane 5) are reported above each graphic. Note that the phosphate-
terminated oligonucleotide migrates faster than the hydroxyl-terminated
oligonucleotide of the same size.
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or a methylated residue (lower panel), which are not expected
to induce V-shaped secondary structures, are not preferentially
selected by 3F for binding.

AtZDP ®nger interaction with ¯exible DNA sites

Little is known about PARP-like ®nger-DNA contacts due to
the lack of crystallographic data and due to the dif®culties of
footprinting nicked or gapped DNA strands. I tried to elucidate
the interactions of AtZDP PARP-like ®ngers with DNA by
taking advantage of their speci®c binding to the 35-B DNA
template, which does not bear internal strand breaks and can
therefore be analysed on both strands. The results of DNase I
footprint generated by AtZDP proteins on the 35-B duplex as
well as on the continuous strand of gapped oligos are
presented in Figure 8. As expected from the oligo-selection
experiments, protected regions span the ¯exible joints corres-
ponding to the gap or the bulge sites present on these
templates. Protection patterns obtained with the three-®ngered
(AtZDP and 3F) and the two-®ngered proteins (2FCD) were in
all cases very similar. Therefore it was not possible to de®ne
speci®c contact sites for the FI ®nger (by comparing AtZDP
and 2FCD) nor for the CD domain (by comparing AtZDP and

3F) from these footprint data. On the other hand, footprints
produced by 2FCD (and AtZDP or 3F) over the ¯exible joints
of the bulged or of the gapped templates extended those
observed with the one-®ngered 1FCD protein (compare 1FCD
and 2FCD in Fig. 8). These data therefore suggest that the FIII
®nger contacts double-stranded DNA ¯anking both sides of
the bulge or of the gap. 1FCD binding is however weak (see
Table 1) and, as summarised in Figure 8D, it is not symmetric
with respect to the ¯exible joints on the DNA. The addition of
a second ®nger strengthens gap binding, expands the protein±
DNA contacts and appears to restore the symmetry of binding
relative to the ¯exible joints. In agreement with these
interpretations, by enlarging the gap size, a corresponding

Figure 4. Interactions between the PARP-like ®ngers and the DNA 3¢-phos-
phesterase domain modulate AtZDP DNA binding. (A) The DNA binding
activity of AtZDP constructs. Phosphorimages of protein±DNA complexes
analysed by non-denaturing polyacrylamide gel electrophoresis. 100 fmol of
the 32P-labelled 45-G1 gapped duplex (see Fig. 2B) were incubated with the
indicated amounts of AtZDP (lanes 2 and 3), 3F (lanes 4 and 5), 2FCD
(lanes 6 and 7), 1FCD (lanes 8 and 9) or CD (lanes 10 and 11). The labelled
DNA ligand incubated without proteins was run in lane 1. (B) DTT-depend-
ence of AtZDP DNA binding. Phosphorimages of protein±DNA complexes
were analysed as in (A) after incubation of 1 pmol of AtZDP (lanes 2 and
3), 3FD (lanes 4 and 5) or 2FCD (lanes 6 and 7) with 100 fmol of the
32P-labelled 45-G1 gapped duplex, either in the absence (lanes 2, 4 and 6)
or in the presence (lanes 3, 5 and 7) of DTT. The labelled DNA ligand
incubated without protein was run in lane 1.

Figure 5. Oligo-selection analysis in membrane-bound protein±DNA
complexes. (A) Phosphorimage of southwestern blotting of ®ngered AtZDP
proteins. Puri®ed proteins were run on an SDS±polyacrylamide gel,
transferred to a nitrocellulose membrane and incubated with the 32P-labelled
gapped 45-G1 oligo duplex. The migration positions of puri®ed AtZDP
proteins loaded on the gel and visualised on the ®lter after gel transfer are
indicated. (B) Phosphorimage of oligo selected by AtZDP proteins. Filter-
bound AtZDP proteins were incubated with an equimolar mixture of the
32P-labelled intact 27-I, nicked 24-N and gapped 22-G2 oligo duplexes.
After elution from the ®lter, same amounts of bound radioactivity were
analysed by denaturing polyacrylamide gel electrophoresis, as indicated on
top of the ®gure. A sample of the unbound oligo-mixture, recovered after
the hybridisation, was run alongside for comparison (Unbound). The migra-
tion positions of the labelled species corresponding to the 27-I, the 24-N
and the 22-G2 oligo duplexes are indicated on the left. (C) DNA binding
preferences by AtZDP constructs. The phosphorimage presented in (B) was
used to calculate the relative amount of templates selected by each of the
AtZDP constructs. The radioactivity associated with bound oligo 27-I was
taken as a reference and given an arbitrary value of 1.
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shift of AtZDP ®nger footprints over the double-stranded
DNA ¯anking the gap was observed (Fig. 8D and data not
shown).

DISCUSSION

This work aimed at understanding the role of AtZDP PARP-
like ®nger modules in the context of DNA repair functions. It
is indeed very intriguing that PARP-like ®ngers can be found
in different numbers and in association with different
enzymatic functions of the single-strand DNA repair process.
In this regard, AtZDP, a unique 3¢ DNA phosphoesterase, is
particularly well suited for such investigation because it is the
only enzyme bearing three copies of PARP-like ®nger
modules (7).

PARP-like ®ngers as sensors of ¯exible DNA structures

The DNA binding properties of AtZDP PARP-like ®ngers
were evaluated by oligo-selection and footprinting analyses,
and a schematic view of the obtained results is presented in
Figure 9. Strand-break recognition by isolated AtZDP ®ngers
does not imply direct contacts with the DNA ends, since they
recognise double-stranded structures ¯anking gaps or other
¯exible sites within the DNA. Recent studies using atomic
force microscopy also revealed that ®nger-containing PARPs
can bind to hairpins in DNA heteroduplexes, and that these
enzymes can bind to a promoter bearing dyad symmetry
elements (27). It thus appears that PARP-like ®ngers can
confer additional properties, beyond strand-break binding, to
®ngered enzymes. It is worth noting, however, that DNA
binding by PARPs is modulated by the enzyme auto-
poly(ADP-ribosyl)lation, while neither DNA ligase nor
AtZDP enzymatic activity can directly modulate its own
DNA binding capacity.

A single AtZDP ®nger seems already capable of making
contacts on both sides of the ¯exible joint. A second ®nger,
however, produces a much stronger binding and it extends the
contacts on the double-strand DNA ¯anking the ¯exible joint.
The presence of a third ®nger further reinforces DNA binding
and hence, it presumably interacts with the DNA. Speci®c FI
®nger-DNA contacts, however, could not be observed in our
footprint experiments. Differences in the size of the footprints

over the gapped and the bulged templates suggest that the
precise location of each ®nger along the ¯anking double-
stranded DNA depends upon the degree of DNA ¯exibility.

Surprisingly, AtZDP PARP-like ®ngers seem to function as
gap- but not as nick-sensors, as if a nick would not provide
enough ¯exibility to allow for recognition. In fact, a close
inspection of the DNA binding properties of ligase III would
also suggest that the ligase PARP-like ®nger is a gap- more
than a nick-sensor, since mutations in the ®nger domain
abolishes gap but not nick binding by this enzyme (6). This
could be an important feature in the case of the DNA ligase III,
considering that nick binding by the PARP-like ®nger could
actually compete with the sealing activity of the enzyme.
Similarly, in the case of PARPs, the ®ngers are not the unique
DNA binding domains within these enzymes, and two helix±
turn±helix motifs located in the proximity of the ®ngers have
been shown to be substantial to DNA binding (28).

Table 1. The DNA binding properties of ®lter-bound AtZDP proteins

Probe AtZDP 3F 2FCD 1FCD CD

Gap binding 45-G1 11.5a 7.3 2.6 1.4 0.02
DTT dependence 45-G1 ndb

Gap binding-3¢P oligo 21-G1P 7.9 5.2
Phosphatase activityc 21-G1P + ± + + +
Single strand binding 21-SS nd nd

Filter-bound protein±DNA complexes were analysed after incubations with
the 32P-labeled probes (1 nM).
aValues are expressed as the percentage of ®lter-bound probe relative to the
total amount of probe used in the incubation, after normalization for the
amount of protein loaded onto western gels. Data are the average of at least
two independent experiments that differ by <10% of the mean.
bnd, not detected.
cPhosphatase activity was monitored by gel electrophoresis analysis of the
probe (as described in the legend of Fig. 3), after recovery from the ®lter-
bound proteins.

Figure 6. Gap sensing by AtZDP PARP-like ®ngers. Phosphorimage of
labelled oligos, following AtZDP or 3F oligo-selection analyses. DNA
templates recovered from ®lter-bound proteins or from the unbound
fraction, as reported in the ®gure, were identi®ed according to their
migration position on denaturing acrylammide gels, and are indicated on the
left. (A) Binding to overhanging DNA templates. Overhanging 25-3¢O and
21-5¢O oligo duplexes, along with the blunt 27-I oligo duplex, were used
for the oligo-selection analysis. A quanti®cation of protein-bound oligos
relative to bound 27-I duplex is given on the right. (B) AtZDP ®nger
binding to variously gapped DNAs. An equimolar mixture of a 1 (23-G1), 5
(19-G5) and 10 (15-G10) nucleotides-gap oligo duplexes was analysed.
Binding ratios are given relative to the amount of bound 23-G1 gapped
oligo duplex.
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From the above observations it would follow that the nick-
sensing activity usually attributed to PARP-like ®ngers may
result from intramolecular and/or intermolecular interactions
between the ®ngers and the associated domains. Likewise, the
phylogenetic classi®cation of PARP-like ®ngers in four
different types may re¯ect their different abilities to mediate
such interactions in different protein contexts. There is indeed
clear evidence that PARP-like ®ngers can communicate their
DNA binding status to the associated catalytic domains. In
PARPs, the enzymatic activity is strongly activated upon
DNA-break recognition (2). In the case of DNA ligase III, the
binding of the PARP-like ®nger to damaged DNA has been
postulated to modify the repair properties of the enzyme (6).
Interestingly, in the case of AtZDP, the association of the
PARP-like ®ngers with the catalytic domain results in a
decreased enzyme activity. Such a decrease, however, is not
dependent on the DNA binding preferences of AtZDP ®ngers,
since it occurs to similar extents in the presence of gapped
substrates, which are bound by the ®ngers, and of single-
stranded DNAs, which are not stably bound. Considering that
the AtZDP catalytic domain displays a potent phosphatase
activity that can also dephosphorylate 3¢-phosphorylated
mononucleotides (12), it is conceivable that the AtZDP
®ngers play a role in retaining the protein at damaged DNA
sites and in limiting unspeci®c 3¢-phosphate nucleotide
dephosphorylation.

PARP-like ®ngers and single-strand DNA break repair

The results presented in this work clearly show that the
AtZDP-catalysed removal of 3¢ blocking groups from naked
DNA is independent from DNA binding by PARP-like-
®ngers, and that AtZDP ®ngers can bind to both substrates and
products of the AtZDP catalysed reaction. It thus appears that

the enzyme can sense and repair damaged DNA independently
from the PARP-like ®ngers and that the ®ngers might serve
additional functions. Possibly, they can compete for nucleo-
some assembly onto damaged DNA until the completion of
the repair process, and/or they might prevent the erroneous
access of exonucleases and of recombination proteins. In
agreement with that, in vitro and in vivo experiments have
shown that the damage recognition by ®ngered PARPs does
not provide a necessary step in DNA repair, but PARPs
activity does increase the ef®ciency of the repair process,
while decreasing the frequency of sister chromatid exchange
and of homologous recombination (5,9,29). In fact, the ®nding
that bulges within double-strand DNAs can be ef®ciently
recognised by PARP-like ®ngers opens up the possibility that
they can also play a role during non-homologous recombina-
tion processes, as well as at other DNA sites where DNA
rearrangements are taking place.

Within a putative plant repair complex, we could envisage
that, following 3¢ end repair, the three-®ngered plant AtZDP
remains at gapped DNA sites where it favours the access of
other repair enzymes. Indeed, the putative plant homologue of
the scaffold protein XRCC1 does not contain a strand-break
sensor, nor are there PARP-like ®ngered ligases encoded in
the plant genome. In a similar scenario in animal cells,
XRCC1 and/or ligase III, bearing strand-break sensors, could
anchor the repair complex at damaged DNA sites. Repair
complexes could then bind either before or after poly(ADP-
ribosyl)ation by PARPs, depending on their availability and/or
relative af®nity for the damaged DNAs. Indeed, in vivo data
using animal cells show that the over-expression of isolated
PARPs' ®ngers is inhibitory for DNA repair processes (30,31),
and that XRCC1 and ligase III can inhibit the activity of
PARPs when present in excess (3,32). Possibly, PARPs
function by a `hit and run'-like mechanism, with PARPs
clearing out damaged sites by protein poly(ADP-ribosyl)ation,
but not being necessarily bound in order to direct the entry of a
repair complex. Very recent evidence about spatial and
temporal responses to single-strand breaks in human cells is
consistent with such a mechanism (33). Moreover, similarly to
the nucleotide excision repair systems (34), also in the case of
the single-strand repair complex a ¯exible assembly of repair
proteins could be preferred over a rigidly pre-assembled
repairosome.

An extensive comparison between the in vivo binding
properties of the different DNA-damage sensors is obviously
required to provide ®nal experimental support to these
hypotheses.
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Figure 7. PARP-like ®ngers sense ¯exible joints on double-stranded DNA.
Phosphorimages of labelled oligos left unbound or recovered from
®lter-bound 3F, after the incubation with equimolar mixtures of 35-B and
27-I (upper panel), 30-MIS and 27-I (middle panel) or 30-mC and 27-I
(lower panel). The migration position of labelled species, and the amounts
of 3F-bound oligos relative to the 27-I duplex are indicated on the left and
right side, respectively.
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