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Abbreviations 

AtFPG Arabidopsis thaliana formamidopyrimidine-DNA gly-
cosylase 

AP Apurinic or apyrimidinic 
APE1 AP endonuclease 
ATP Adenosine triphosphate 
AtZDP Arabidopsis thaliana Zinc-finger 3’-DNA phosphatase 
BER Base excision DNA repair 
bp base pair 
CPD Cyclobutane pyrimidine dimer 
DNA Deoxyribonucleic acid 
DNA2 ssDNA-dependent ATPase, ATP-dependent 5’ to 3’ 

DNA helicase and 5’ to 3’ and minor 3’ to 5’ ssDNA 
endonuclease 

DME DEMETER 
Fapy-A 4,6-diamino-5-formamidopyrimidine 
Fapy-G 2,6-diamino-4-hydroxy-5-formamidopyrimidine 
FEN-1 Flap 5’ ssDNA endonuclease-1 
H1 Histone-1 
H2B Histone 2B 
Lig III� DNA ligase III alfa 
LpBER Long-patch base excision repair 
NAD+ Nicotinamide adenine dinucleotide (oxidized form) 
NEIL1 NEI-like. DNA glycosylase with beta and delta lyase

activities. 
NEI DNA endonuclease VIII 
NHEJ Non-homologous end joining 
nt nucleotide 
O2

.- Superoxide radical anion 
8-oxoG 7,8-dihydro-8-oxoguanine 
PARylation Poly(ADP-ribos)ylation 
PARG Poly(ADP-ribose) glycohydrolase 
PARP Poly(ADP-ribose) polymerase 
PCNA Proliferating cell nuclear antigen  



 

PNK Polynucleotide 5’-DNA kinase/3’-DNA phosphatase 
POL � DNA polymerase beta 
ROS Reactive oxygen species 
ROS1 Repressor of silencing 1 
RPA Replication protein A 
RFC Replication factor C 
Rubisco Ribulose 1,5-biphosphate carboxylase 
SpBER Short-patch base excision repair 
ss Single-stranded 
TDP1  Tyrosyl-DNA phosphodiesterase 1 
Top1  DNA Topoisomerase type IB 
TPP1 S.cerevisiae DNA 3’-phosphatase 
XRCC1 X-ray cross-complementing group 1 
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Introduction  

In DNA repair, an important step is the incorporation of new nucleotides by 
DNA polymerases. These enzymes can only add a nucleotide to a preexist-
ing 3’-OH group. In some cases, the 3’-terminus contains a phosphate group 
that should be removed. Different pathways that can produce this blocking 
3’-phosphate terminus and in addition, the plant protein AtZDP that can 
remove 3’-phosphate groups, will be described below. Little is known about 
repair pathways in plants and due to that this introduction will mainly be 
based on what is known in mammals. Pathways where AtZDP might be in-
volved will be proposed.  

Environmental sources that damage the DNA 
Reactive oxygen species (ROS) consist of free radicals: O2

. -, OH. , HO2
. ,  

and the non-radical H2O2 are reactive forms that damage DNA. ROS produce 
oxidative modifications in purine and pyrimidine bases and they can also 
remove complete bases or nucleotides.  
  

Ultraviolet light (UV) 
 
UV light is composed of electro-magnetic radiations with wavelength shorter 
than visible light but longer than X-Ray. The sun emits UV radiations of 
long wave: UV-A (400 nm to 315 nm), medium wave: UV-B (315 to 280 
nm) and short wave: UV-C (280 to 100 nm). Ozone layer absorbs UV-B and 
UV-C, but a lot UV-A radiation reach the earth. 

 

UV-A, Ionizing radiation. 
Ionizing radiation can produce single- and double-strand breaks (e.g. irradia-
tion with 366 nm light). The major type of single-strand break induced by 
ionizing radiation is a single-stranded gap with 3’- and 5’-phosphate termini 
that results from C4’ radical-assisted solvolysis of the 3’- and 5’-phosphates 
(Fig.1) (Ordoukhanian et al., 2000). 
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Fig 1.  a). Generation of one nucleotide gap with 3’- and 5’-phosphate termini by 
hydroxyl radical. Hydrogen abstraction of the H4’ hydrogen by hydroxyl radical 
causes the stepwise solvolysis of 3’ and 5’ phosphates. b) Examples of single and 
double strand breaks that can be produced by exposure of double strand DNA to 
ionizing radiation in vivo (Figure adapted from Ordoukhanian et. al., 2000) 

UV-B and UV-C 
UV-B light produces cyclobutane pyrimidine dimers (CPD) that are repaired 
by photolyases in plants, and oxidized DNA bases, which are repaired by 
DNA base excision repair. Among the oxidized bases found in DNA irradi-
ated with UV are: Fapy-A, Fapy-G, 8-oxoG, 5-hydroxy-5, 6-dihydrothymine 
and 5,6-dihydroxyuracil. UV-C light (254 nm) produces a ratio of 385 CPD : 
15 Fapy-A : 5 Fapy-G and with UV-B (310 nm) the ratio of Fapy-A to CPD 
is higher (Doetsch et al., 1995). Oxidation of DNA might be more important 
in plants than in mammals since they are exposed to the UV-B of the 
sunlight for longer periods than mammals (Gao and Murphy, 2001). Some of 
these damaged bases are removed by DNA glycosylases with beta and delta 
lyase activity that leave a 3’-blocking phosphate group. 
 

Hydroxyl 
radical 
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Ozone 
Diminishing amounts of ozone in the stratosphere increases UV-B radiation 
at the surface of the earth, which in turn damages DNA, proteins and other 
macromolecules (Schmitz-Hoerner et al., 2003). Plants have developed two 
strategies to diminish DNA damage caused by UV-B: reparation by 
photolyases or avoidance by accumulation of phenolic components and anti-
oxidants (glutathione, ascorbate and flavonoids), which may scavenge per-
oxides and oxygen radicals (Taylor et al., 1997). 

Herbicides 
Herbicides as simazine, bentazon, oxyfluorfen, diquat, oxadaizon, and glu-
fosinate, inhibit photosynthesis by blocking the electron transport and pre-
venting ATP and NADPH production. When herbicides block electron 
transport, chlorophyll continues to absorbe light energy but cannot use that 
to produce ATP and NADPH. Chlorophyll instead passes this absorbed en-
ergy to oxygen forming oxygen radicals, which are highly DNA destructive.  

Diquat intercepts electrons during the light-dependent phase of photosynthe-
sis, creating free radicals. These pass electrons to other components that 
form superoxide radicals and hydrogen peroxide (Taiz et. al., 2006). 

Some herbicides also reduce the activity of enzymes that scavenge the reac-
tive oxygen species (ROS).   

Endogenous sources that damage the DNA 
Reactive oxygen species (ROS) are also produced in high amounts in respi-
ration (mitochondria) and photosynthesis (chloroplast) (Storz P, 2006; 
Edreva et al, 2005). There are enzymes that scavenge these free radicals, but 
if that does not occur, the free radicals oxidize the DNA bases. Oxidized 
bases as Fapy-A, Fapy-G, 8-oxoG are removed by DNA glycosylases with 
beta and delta lyase activity (as AtFPG1, AtFPG2, NEIL1 and NEIL2,) that 
leave a blocking 3’-phosphate in the gap (Gao et al., 2001; Murphy et al., 
2001; Parsons et al., 2005; Das et al., 2006; Hazra et al., 2007). 
 

Photosynthesis 
The chloroplast harbors ROS producing centers (Electron transport chain 

in photosystem I (produces O.-) and II (produces H2O2 and OH.). 
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Enzymes that scavenge ROS: Superoxide dismutase (SOD), Ascorbate 
peroxidase (APX) and Thioredoxin peroxidase (TdPX). Non-enzymatic 
compounds: ascorbic acid, glutathione, carotenoids and alpha-tocopherol.  

 

Respiration 
Plants, as aerobic organisms, consume O2 by using it as a terminal elec-

tron acceptor. During the reduction of oxygen, free radicals are generated. 
 

Signaling 
Hydrogen peroxide (H2O2) has been found as a second messenger for gene 
activation in mammals and in plants. In plants, increased levels of H2O2 in-
duced the expression of defense and resistance genes (Mittler et al., 2004; 
Neill et al., 2002; Quan et al., 2008). Increased H2O2 generation is also in-
duced by the plant hormone ABA (abscisic acid) in guard cells, where H2O2 
inactivates K+ channels, causes cytosolic alkalinization and activates plasma 
membrane Ca2+ channels.  

 

DNA repair 
Single strand breaks 
DNA is a double helix, where each chain consists of nucleotides. Each nu-
cleotide is composed of a nitrogenous base (cytosine, guanine, adenine, or 
thymine), a deoxyribose sugar and a phosphate group. The integrity of the 
nucleotide chain is essential, since damages to the DNA chain might indi-
rectly lead to nucleotide substitutions causing functional mutations in coding 
or regulatory sequences.  

DNA repair involves different enzymatic pathways (reviewed in Bray et 
al., 2005; Kimura et al., 2006) that keep the genome intact against the con-
tinuous attacks from endogenous and exogenous sources. In addition to 
processes that involve excision and re-synthesis of DNA, the plant cell has 
evolved other means to eliminate DNA lesions, like photolyases that revert 
the dimerization of thymine dimers, oxygenases and direct ligation of un-
modified DNA termini. 
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Base excision repair 
Base excision repair (BER) is a major repair pathway, consisting of many 
different sub-pathways that remove abasic sites, single-strand breaks and 
oxidized, alkylated (methylated) or deaminated bases. Methylation of cyto-
sines and the removal of methylated cytosines are important for the regula-
tion of the epigenetic status of gene regions. 
 
BER consists of three major steps: Recognition and excision of the damaged 
base; removal of blocking ends; DNA synthesis and ligation. To repair a 
modified base, the DNA repair system has to remove at least one nucleotide, 
which is the minimal unit that DNA polymerases can replace. A gap can 
only be repaired if it has the correct termini. A free 3’-hydroxyl group is 
used as a primer for the DNA polymerase while the DNA ligase requires that 
the DNA chains to be joined have respectively a 3’-hydroxyl group and a 5’-
phosphate. Other groups at the ends of a gap are not accepted by these en-
zymes and are therefore considered as blocking groups. 
 
If the base is modified or damaged, BER starts with the activity of a DNA 
glycosylase (Krokan et al., 1997). Since bases are modified with different 
chemical groups, there are several types of DNA glycosylases that recognize 
and remove specific altered bases, although some redundancies exist with 
regard to substrates. Further, DNA glycosylases can either be monofunc-
tional (only glycosylase activity) or bifunctional (also possessing beta or 
beta/delta lyase activities) (Fig2). 
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Fig. 2. A schematic illustration of BER subpathways for damaged bases and DNA 
strand breaks. (Hegde et al., 2008). 

 
If BER is initiated by an abasic site or by a mono-functional DNA glycosy-
lase, AP endonuclease (APE1) and DNA polymerase beta (Pol beta), with its 
deoxyribosephosphate (dRP) lyase activity, will eliminate the deoxyribose 
and the remaining phosphate group. If the initiating DNA glycosylase has 
beta lyase activity, the 3´-phospho-unsatured aldehyde (3’PUA) is removed 
by APE1; and finally, if the DNA glycosylase has beta/delta lyase activities 
the blocking 3´-phosphate group is removed by Polynucleotide kinase (PNK) 
(Dobson et al., 2006) (Fig. 3). 
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Fig. 3. DNA glycosylases with beta and delta lyase activities produce a gap with 3’ 
and 5’ phosphate. Examples of these enzymes are: NEILl1 (mammals), NEIL2 
(mammals), ROS1 (plant), DEMETER (plant), AtFPG (plant).  

 

In plants, DNA glycosylases with beta and delta lyases activity are ROS1, 
Demeter and AtFPG. PNK as such does not exist in plants but AtZDP 
(Arabidopsis thaliana zinc finger DNA 3’-phosphatase) has a 3’-DNA phos-
phatase domain homologous to that of PNK. AtZDP also catalyzes the re-
moval of 3’-phosphate blocking groups (Betti et al., 2001; Petrucco et al., 
2002; Petrucco, 2003). In mammals, PARP-1, DNA ligase III, PNK and 
DNA glycosylases/lyases belong to the same DNA single-strand break re-
pairing protein complex (Babiychuk et al., 1998; Das et al., 2006; Kimura et 
al., 2006).  
 

Short and long BER 
Two different Base excision repair pathways have been described; ac-

cording to the number of new nucleotides that are inserted. Short-patch BER 
(SpBER) replaces one nucleotide, but two to ten nucleotides are inserted in 
long-patch BER (LpBER). 
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Different enzymes are involved in these pathways (Hegde et al., 2008; 
Zharkov, 2008; Sung et al., 2006).   
DNA polymerase beta, Ligase III-alpha and XRCC1 are involved in short- 
patch BER, whereas, FEN1, DNA polymerase delta/epsilon, PCNA and 
Ligase I participate in long-patch BER. Interaction and stimulation between 
these proteins have been shown. 

AtZDP and PNK  
AtZDP has an aminoterminal part composed of three zinc-finger domains 
(CX2C-X28/32-WHX2C) and a phosphatase domain in its carboxyterminal 
portion. The zinc-fingers are similar to the ones found in PARP-1 (poly 
(ADP-ribosyl)-polymerase) and Ligase III-alpha. AtZDP is homologous to 
the 3’-phosphatase domain of polynucleotide kinase/phosphatase (PNK), but 
lacks the 5’-kinase domain. This is the same case for Tpp1 in S. cerevisiae 
(Babiychuk et al., 1998; Das et al., 2006; Kimura et al., 2006).  

PNK is involved in the repair of both single- and double-strand breaks 
(Bernstein et al., 2005; Dobson et al., 2006). 
  

DNA2 and FEN1 
FEN1 and DNA2 are enzymes with 5’-single strand endonuclease activ-

ity, which recognize and cleave the non-annealed portion of a branched 
DNA, called the flap. These enzymes are believed to be loaded onto the flap 
at its 5’-end, and they then slide by a tracking mechanism onto its base for 
cleavage. 5´-single-stranded flaps are generated in the removal of the initia-
tor RNA/DNA primer in the processing of Okazaki fragments (replication of 
the discontinuous strand of DNA), in the long-patch pathway of BER, in the 
repair of double-strand breaks, specifically by non-homologous end joining 
(NHEJ) and in repeat sequence expansion (Wu et al., 1999; Liu, 2004).  

FEN1 is in mammals a 42 kDa and DNA2 a 172 kDa protein. Genes en-
coding both these proteins are present in plants. The rice OsFEN1 protein 
has been characterized by Kimura et al. (2000, 2001) and genes encoding 
DNA2 have been found in the rice and Arabidopsis genomes (Shultz et. al., 
2007).  

DNA2 cooperates with replication protein A (RPA) and FEN1 in the re-
moval of the primer in the processing of Okazaki fragments. RPA stimulates 
DNA2 but inhibits FEN1. The DNA2 endonuclease is not effective in cleav-
ing the flap base and FEN1 prefers a short flap to a long flap. DNA2 initiates 
the processing of the flap by entering first. It cleaves the flap five nucleo-
tides 5´ of the base, leaving a short flap, which is a preferred substrate of 
FEN1 and to which RPA cannot bind. FEN1 and DNA2 interact physically 
with each other.  
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The DNA flaps generated in LpBER are short, with a length from two to 
seven nucleotides. The phosphorylation status of the 5’-flap terminus does 
not affect the cleavage. 

PCNA and PARP  
Proliferating cell nuclear antigen (PCNA) exists in the cell as a homo-

trimer of 29 kDa monomers, forming a ring that is loaded on double-
stranded DNA ends (Krishna et al., 1994) (Fig 4). 

 
 
PCNA is a processivity factor for DNA polymerases delta and epsilon and 

has been shown to interact with these enzymes (Waseem et al., 1992). In 
rice, OsPCNA (32 kDa) physically associates with OsFEN-1 (45 kDa) and 
increases the flap-endonuclease activity of OsFEN-1 by 2.5-fold (Kimura et 
al., 2001). Both proteins are localized in the nucleus and they are involved in 
LpBER and in the maturation of Okazaki fragments. Also in mammals and 
yeast, FEN1 and PCNA are known to interact (Li et al., 1995).  

 
Several PARP (Poly(ADP-ribose) polymerase) proteins exist in mammals 

(PARP-1 to -6), but PARP-1 and PARP-2 play major roles in repair path-
ways (Hassa et al., 2006). PARP-1 is a nuclear protein of 113 to 120 kDa 
with three domains: an amino-terminal double zinc-finger (C-X2-C-X28,30-H-
X2-C) DNA-binding domain, a carboxy-terminal catalytic domain and an 
internal automodification domain. PARP-2 also exists in mammalian cells 
but lacks the zinc-finger domain. PARP-1 homodimerizes and heterodimer-
izes with PARP-2 and they poly(ADP-ribosyl)ate each other (Schreiber et 
al., 2002).  

PARP-1 and PARP-2 are activated by DNA strand breaks. PARP-1 is a 
nuclear protein that catalyzes the formation of polymers of ADP ribose units, 
linked by glycosidic ribose-ribose bonds using NAD+ as a substrate. PARy-
lation is a prost-translational modification, catalyzed by PARP, and it gives a 
high negative charge to the modified protein. Poly-ADP-ribose (PAR) has a 

Fig 4.  A homotrimer of the protein 
hPCNA (Figure adapted from Brun-
ing et al., 2004) 
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very short lifetime being rapidly degraded by PARGs (poly(ADP-ribose) 
glycohydrolases). 

PAR acceptors are DNA-binding proteins like PARP-1 itself, histones 
(H1 and H2B), DNA topoisomerase I and II, DNA pol beta, XRCC1 and 
DNA Ligase III.  PAR binds to the zinc-fingers of DNA ligase III (Ahel et 
al., 2007). Since it is similar to nucleic acids, and it has been suggested that 
PAR modification might compete for DNA binding sites, displacing the 
PAR modified proteins from DNA (Fig. 5) (Oliver et al., 2004). It has been 
proposed that PARP-1 could generate ATP by using PAR, and the pyro-
phosphate coming from dNTPs incorporation during DNA synthesis. This 
ATP could be used by DNA ligase III (Oei et al., 2000). 

PARP-1 belongs to the SpBER complex and associates with XRCC1 and 
DNA pol beta. It has been shown that XRCC1 is recruited to local damaged 
sites in a PAR- and PARP-1-dependent manner. PARP-1 also stimulates 
DNA pol beta in cooperation with FEN1. 

 
 

 

Fig 5. Structure of poly(ADP-ribose)(PAR). The size of PAR synthesized both in 
vitro and in vivo ranges from a few to more than 200. PAR is similar to DNA bases 
and ATP. PAR is cleaved by PARGs. (Figure from Amé et al., 2000) 
 

Three different roles have been proposed for PARP-1 in single strand 
breaks: detection and labeling of the damaged site, local relaxation of chro-
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matin structure and recruitment of other repair enzymes (Mortusewicz et al., 
2007). PARP-1 also interacts with Ku70 and Ku-80, subunits of DNA-
dependent protein kinase (DNA-PK), in the initial step of non-homologous 
end joining (NHEJ) (Ruscetti et al., 1998). In plants, two different PARP 
proteins have been described, ZAP (113 kDa), which is a homologue to the 
mammalian PARP-1, and APP (72 kDa) that lacks the zinc-fingers of PARP) 
(Babiychuk et al., 1998; Mahajan et al., 1998; Doucet-Chabeaud et al., 
2001). 

 

DNA polymerases beta, delta/epsilon and lambda. 
A DNA polymerase catalyzes the polymerization of deoxyribonucleotides 

in a 5’ to 3’ direction. DNA polymerases are sub-divided in families. DNA 
pol beta and lambda belong to Family X and DNA pol delta and epsilon to 
the family B. DNA polymerase beta is involved in SpBER, DNA pol delta 
and epsilon function in LpBER and in the replication of Okazaki fragments, 
whereas DNA pol lambda participates in non-homologous end joining of 
double-strand breaks. 

 
Mammalian DNA pol beta is insensitive to aphidicolin and sensitive to 

ddNTPs. Sensitive to ddNTPs means that the enzyme cannot distinguish 
between ddNTPs and dNTPs and when a ddNMP is incorporated, the elon-
gation of the DNA chain terminates. DNA pol beta belongs to a SpBER 
complex together with uracil DNA-glycosylase, APE1 endonuclease and 
DNA ligase (Singhal et al., 1995). In rice, DNA pol beta is 67 kDa protein 
that has been shown to be sensitive to ddNTPs (Sarkar et. al., 2004). 

 
DNA polymerase delta and epsilon are sensitive to aphidicolin and insen-

sitive to ddNTPs. In rice, genes encoding OsPoldelta1 (the catalytic subunit) 
and OsPoldelta2 have been found. 

 
 

XRCC1-DNA ligase IIIalpha and XRCC4-DNA ligase IV 
 
In mammals, XRCC1 (X-ray repair cross complementation group I), a 70 

kDa protein, and XRCC4 (38 kDa) exist. They lack catalytic activity and 
function as scaffold proteins coordinating and stimulating several DNA re-
pair pathways. 

DNA ligase III exists in two isoforms, alpha (103 kDa) and beta (96 kDa). 
XRCC1 binds, stabilizes and stimulates DNA ligase III alpha. Both isoforms 
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have an amino-terminal zinc-finger motif homologous to the ones existing in 
PARP and AtZDP.  

XRCC4 interacts with DNA ligase IV in non-homologous end joining 
(double-strand break repair) and XRCC1 interacts with DNA ligase III-alpha 
in base excision repair (single-strand break repair). XRCC1-Ligase III-alpha 
forms a heterodimer and the XRCC4-LigaseIV complex consists of a 
tetramer containing two copies of each protein. 

XRCC1 has been found in protein complex together with PARP, DNA 
pol beta, DNA ligase III, APE1 and PNK, all of them participating in the 
single-strand break repair pathway (Parsons et al., 2005; Horton et al., 
2008). It has been shown that XRCC1 binds and stimulates the phosphatase 
and kinase activities of PNK (Mani et al., 2007). PNK was co-
immunoprecipitated with XRCC4 and Ligase IV and this interaction was 
found to be dependent on phosphorylation (Kock et al., 2004). XRCC4 is 
oligomeric in nature (dimeric or tetrameric). They also proposed that 
XRCC4 bridges the PNK and DNA ligase IV. 

Double strand breaks 

Non-homologous end joining 
 
Ionizing radiation can produce double-strand breaks (see above, Fig. 1). 

The breaks are predominantly repaired by a process called non-homologous 
end joining (NHEJ). In mammals, the proteins involved in this pathway are 
the DNA end-binding protein Ku 70/80 (DNA Pkcs) and the complex DNA 
ligase IV-XRCC4. When the ends are blocked with 3’-phosphates or 5’-
hydroxyl groups, PNK generates the right substrate for the ligation with its 
DNA 3’-phosphatase and 5’-kinase activities. PNK co-elutes with Ku70/80 
and Ligase IV in a more than 500,000 molecular weight complex in gel 
chromatography separation (Chappell et al., 2002).  

 If flaps are generated, these are mainly removed by FEN1, as part of the 
end processing in preparation for ligation (Fig. 6)(Wu et al., 1999). 
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Fig. 6.  Model for non-homologous DNA end joining involving FEN-1. A double-
strand DNA breaks can have 5’ or 3’ overhangs or can be blunt. The two ends must 
be brought together into synapsis. This provides an opportunity for micro-homology 
search of one DNA end by the other, resulting in end alignment. If 5’ flaps are gen-
erated by this alignment, then FEN-1 is the predominant nuclease to remove the flap, 
as part of the end processing in preparation for ligation by DNA ligase IV. (Figure 
adapted from Wu et al., 1999) 

Topoisomerase-I (TOP1) and Tyrosyl-DNA phosphodiesterase 
(TDP1). 

 
During replication or transcription, the DNA is in supercoiled form. To-

poisomerase-I (TOP1) is one of the enzymes that releases this topological 
stress by making breaks in the DNA. TOP1 is a type I group IB topoisom-
erase that cleaves only one strand of the DNA duplex and forms a covalent 
linkage between the 3’-phosphoryl group of DNA and a tyrosine side chain 
of its active site (Pommier, 2006).  In general, the break is transient and re-
versed by re-ligation. But in some cases, TOP1 remains bound to the DNA 
as a covalent complex and even it could convert the single strand break in 
double strand break in the replication fork (Fig 7).  In the repair process of 
the DNA-TOP1 complex, an enzyme called tyrosyl-DNA phosphodiesterase 
(TDP1) removes TOP1 from the 3’- terminus of the DNA by precisely 

-XRCC4 

PNK? 

P 
P 
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cleaving a tyrosyl-phosphodiester bond located at the 3’-end of DNA 
(Pouliot et al., 1999). TDP1 leaves a 3’-phosphate group that should be re-
moved for proper future re-ligation of the DNA chain. PNK is proposed to 
be involved in the removal of the 3’-phosphate. TDP1 can be co-
immunoprecipitated with PNK, Ligase III-alpha and XRCC1 (El-Khamisy et 
al., 2005). In Arabidopsis, a gene (At5g07400) encoding TDP1 exists but it 
has not been characterized. The homologous 3’-DNA phosphatase activity of 
PNK exists in plants in the AtZDP enzyme. 
 

 

Fig 7. When a TOP1 complex is on the leading strand for DNA 
synthesis, DNA pol elongates the nascent leading strand, up to the 
last base flanking the TOP1 cleavage site, thereby generating a 
replication double-strand break (Figure adapted from Pommier Y, 
2006) 
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Aims of the studies 

The aims of this study were 
 
� To characterize AtZDP with regard to structure, expression, intracel-

lular localization and possible interactions with other proteins; 
 
� To elucidate which DNA repair pathway plants predominantly use to 

repair a one-nucleotide gap blocked with a 3’-phosphate, which en-
zymes act downstream of AtZDP in that pathway and which are the 
candidate proteins that might act upstream of AtZDP; 

 
� To investigate the substrate specificity of AtZDP, the possible in-

volvement of AtZDP in double-strand repair, and the importance of 
the zinc-fingers for the substrate specificity of AtZDP.  
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Present investigation 

Manuscript I: The 3’-DNA phosphatase AtZDP is 
present in a high molecular weight protein complex, 
able to repair gapped DNA with a 3’-phosphate group.  
 

We have characterized AtZDP (Arabidopsis thaliana zinc-finger 3’-DNA 
phosphatase) (Betti et al., 2001; Petrucco et al., 2002; Petrucco, 2003). From 
secondary structure predictions, we concluded that AtZDP has four domains, 
three independent zinc-finger domains and a 3’-DNA phosphatase domain 
constituting the carboxyl-terminal half of the molecule. The four domains 
were found to be separated by flexible linkers. 

Comparison of the 3’-phosphatase domain of AtZDP with the homolo-
gous phosphatase domain of mammalian Polynucleotide kinase (PNK) by 
modeling, showed differences in the catalytic cleft. Some loops present in 
the PNK catalytic cleft are not found in AtZDP, making the cleft of AtZDP 
more open. This might the access and binding of DNA substrates. 

In TAIR (The Arabidopsis Information Resource) two AtZDP cDNA 
clones have been annotated. Sequence comparisons showed that two inser-
tions/deletions exist in these clones, both consistent with alternative splicing 
events. The most interesting of these insertions encoded a potential bi-partite 
nuclear localization signal, which could imply that AtZDP by alternative 
splicing events was directed to different cellular compartments, like the nu-
cleus and the plastids. However, analysis of a large number of cDNAs 
showed that in the Arabidopsis ecotype Columbia, all sequenced cDNAs had 
the insertion, and the only cDNA clone analyzed that lacked the insertion 
was from another ecotype, Landsbergis erecta. Thus, it is unlikely that this 
insertion is of functional importance. 

Since the zinc-finger domains of AtZDP are homologous to similar do-
mains in PARP-1 that is a dimeric protein, and the phosphatase domain is 
homologous to that of PNK, which in phage T4 forms a tetramer, we inves-
tigated the possibility that AtZDP might be a dimeric protein by the Bimol-
ecular Fluorescent Complementation technique (BIFC). Thus, AtZDP 
cDNAs were separately fused to cDNA encoding the amino-terminal and the 
carboxyterminal halves of Yellow fluorescent protein (YFP). The two con-
structs were cloned after the CaMV 35S-promoter and electroporated into 
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Nicotiana tabacum leaf protoplasts. Indeed, highly fluorescent protoplasts 
were found by confocal microscopy, suggesting that AtZDP can dimerizes. 
However, we attempted to confirm this result by two-hybrid analysis in 
yeast, but failed. Thus, we have not been able to unequivocally determine if 
AtZDP can form a dimer.  

However, one important conclusion could be drawn from the BIFC ex-
periments: AtZDP is a nuclear protein. No evidence exists for the presence 
of AtZDP in the two other plant compartments containing genomes, the plas-
tids and the mitochondria. 

We produced and purified antibodies against ZDP from Brassica napus to 
analyze the expression of AtZDP by western blotting. We found that AtZDP 
was present in the four organs investigated, i.e. roots, leaves, siliques and 
flowers. 

Reactive oxygen species (ROS) are products of respiration and photosyn-
thesis that oxidize DNA bases. H2O2 is an example of a the non-radical ROS. 
To study if AtZDP is induced by ROS, Arabidopsis plants were exposed to 
H2O2 for different time intervals. Leaf protein extracts of the plants were 
then analyzed by western blotting for the expression of AtZDP. No induction 
of AtZDP was found in plants exposed to H2O2. The same result was ob-
tained in plants after exposure to the plant stress hormone Abscisic acid 
(ABA). 

Arabidopsis protein extract was fractionated by gel chromatography and 
by glycerol gradient centrifugation. Fractions containing AtZDP were identi-
fied by western blotting. Combining this two techniques and using the Siegal 
and Monty formula, we calculated that AtZDP is present in high molecular 
weight protein complex(es) of approximately 600,000. AtZDP was also 
found as a monomer but in a processed form. The AtZDP protein com-
plex(es) was shown to be stable at high ionic strength or at a high concentra-
tion of EDTA (that should un-fold the zinc-fingers) showing that the folded 
zinc-fingers are not important for keeping AtZDP in the complex. 

 To analyze if AtZDP was active in the complex, we mixed an oligonu-
cleotide with a 3’-phosphate terminus with fractions from the gel chromatog-
raphy column, to analyze 3’-DNA phosphatase activity. We found 3’-
phosphatase activity in fractions corresponding to the complex(es) contain-
ing AtZDP. Also fractions containing the processed form of AtZDP dis-
played activity, but to our surprise, the distribution of the 3’-DNA phos-
phatase activity did not coincide with the distribution of AtZDP. This means 
that in plants, there is at least one additional enzyme with 3’-DNA phos-
phatase activity. We compared the rates of the 3’-DNA phosphatase activi-
ties of the AtZDP protein complex with the fraction containing the unknown 
3´-DNA phosphatase (fraction 70); the activity per volume of the latter pro-
tein fraction was 40-fold higher than that of the AtZDP-containing protein 
complex(es) (fraction 42). However, we do not know whether these com-
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plexes were fully active, since they did not contain known DNA-repair pro-
teins like FEN1, PARP-1 and PCNA.  

We also analyzed if the AtZDP complex(es) could repair a one-nucleotide 
gap with a 3’-phosphate-blocking end in a double-stranded oligonucleotide. 
The oligonucleotide was repaired although the rate of this process was very 
slow. The repair of the oligonucleotide strongly indicates the presence of 
DNA polymerase(s) and DNA ligase(s) in the complex(es).   

 

Manuscript II: DNA gaps, carrying a blocking 3´- 
phosphate with or without a 5´- hydroxyl blocked 
terminus, are repaired by long-patch Base Excision 
Repair in plants.  
 

In DNA Base-excision repair (BER), DNA glycosylases with beta and 
delta elimination activities leave a 3’-phosphate in the resulting gap. This 3’-
phosphate group should be removed because DNA polymerases need a 3’-
OH-group as a primer to add a new nucleotide and DNA ligases need a nick 
to have a 3’-OH- and a 5’-phosphate-group to seal the nick. Due to that, 
other end groups in the termini in a gap, apart from 3’-OH and 5’-phosphate, 
are called blocking groups.  

We have studied AtZDP, a plant protein with a 3’-DNA phosphatase ac-
tivity able to remove DNA 3’-phosphate blocking group. In plants, ROS1, 
Demeter and AtFPG are DNA glycosylases with beta and delta elimination 
activities, which leave a 3’-phosphate group. After removal of a damage 
nucleotide, BER continues with the incorporation of one (short-patch) or two 
to ten nucleotides (long-patch). Different enzymes are involved in these two 
pathways. The aim of this paper was to elucidate which BER pathway the 
plants predominantly use to repair a one-nucleotide gap blocked with a 3’-
phosphate group.  

To elucidate which enzymes are involved downstream of the 3’-DNA 
phosphatase, we mixed an Arabidopsis protein extract with a double-
stranded oligonucleotide containing a one-nucleotide gap with a 3’-
phosphate terminus. The oligonucleotide was labeled with fluorescent mark-
ers at each side of the gap, to follow how the oligonucleotides were proc-
essed on each side of the gap. Samples were withdrawn from the reaction 
mixture and quenched after different time intervals. From the 3’-side, the 
product of a 3’-DNA phosphatase removing the 3’-phosphate blocking group 
first appeared and then the activity of one or more DNA polymerase(s) add-
ing nucleotides to the 3’-terminus. From the 5’-terminus the single-stranded 
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oligonucleotide became shorter, showing that a flap endonuclease-like activ-
ity cleavage might be involved in this pathway.  

In mammals, the LpBER involves a flap endonuclease enzyme called 
FEN1 and two different DNA polymerases: beta and delta/epsilon. Also 
PCNA, PARP and XRCC1 are involved in LpBER as accessory proteins that 
recruit enzymes and stimulate the pathway. To elucidate if these proteins are 
also involved in plant LpBER, antibodies against FEN1, PCNA and PARP-1 
were used to neutralize the activity of these proteins in the Arabidopsis pro-
tein extract. The protein extracts were then mixed with the same substrate as 
above. A partial inhibition of the FEN1-like activity was thereby noted sug-
gesting that FEN1, PARP-1 and PCNA participate in LpBER also in plants.  

We also investigated the ability of the Arabidopsis protein extract to 
process a one-nucleotide gap with a 3’-phosphate- and a 5’-hydroxyl-group 
in a double-stranded oligonucleotide. The FEN1-like activity in Arabidopsis 
could cleave a flap with a 5’-hydroxyl as well as with a 5’-phosphate, mak-
ing the presence of a 5’-DNA kinase unessential in this pathway.   

To identify which DNA polymerases incorporate new nucleotides in the 
long-patch BER pathway, we used different inhibitors as DMSO, ddNTPs 
and aphidicolin. These experiments indicated, as in mammalian LpBER, that 
DNA polymerase beta adds the first nucleotide and the remaining nucleo-
tides are added by DNA polymerase delta/epsilon. 

DMSO inhibited the synthesis of DNA, but not the cleavage of the 5´´-
flap by the FEN1-like activity, which shows that the cleavage of the flap at 
the 5’-terminus is not coupled to the synthesis of DNA from the 3’-terminus 
of the gap. 

Together, these results show that a one-nucleotide gap blocked with a 3’-
phosphate and a 3’- or a 5’-hydroxyl-group is in plants preferentially re-
paired by the LpBER. 

 

Manuscript III: Analysis of AtZDP substrate specificity 
 
AtZDP has a phosphatase domain homologous to that of mammalian 

Polynucleotide kinase (PNK). PNK is involved in single-strand DNA repair, 
specifically in BER pathways starting with DNA glycosylases with beta and 
delta elimination activities like Neil1 and Neil 2, where PNK removes the 
resulting 3’- phosphate blocking group. PNK also participates in the removal 
of 3’-phosphate groups left by Tdp1 (Tyrosyl phosphodiesterase) when re-
leasing stalked topoisomerase during replication, and in end processing of 
DNA double-strand breaks.  

To know if AtZDP might be involved in other pathways than BER, differ-
ent oligonucleotide substrates were tested (single-stranded DNA or, blunt, 
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gapped, nicked, overhang or recessive double-stranded oligonucleotides) all 
of them carrying a 3’- blocking phosphate group. 

AtZDP was produced as a recombinant protein in both Escherichia coli 
and in the plant Nicotiana benthamiana fused to tags to allow purification by 
affinity chromatography. When producing AtZDP in E. coli, we noted that 
the addition of ZnSO4 in the cultivation medium was essential to fold the 
AtZDP zinc-fingers. In N. benthamiana plants, the construct AtZDP-TAP 
tag was introduced in the plant by agro-infiltration. The purified AtZDP 
enzymes were mixed with different substrates and the de-phosphorylation 
rates were studied. AtZDP produced in E. coli did not show any substrate 
preference. All substrates were dephosphorylated at approximately the same 
rate. In contrast, AtZDP produced in N. benthamiana leaves displayed lower 
activities towards 3´-phosphates in nicks and gaps than with the other sub-
strates. The reason for this is not known, but may be due to post-
transcriptional modifications occurring in plants but not in E. coli, or to the 
presence of co-purifying proteins in complex with AtZDP.  

The zinc-fingers in AtZDP have been proposed to serve as sensors of 
damaged DNA. However, it has previously been reported that deletion of the 
zinc-fingers actually increased the activity of the AtZDP phosphatase do-
main towards DNA substrates and it was hypothesized that the zinc-fingers 
interacted with the active site of the phosphatase domain. To investigate this 
issue further, we mutated zinc-coordinating amino acid residues in the three 
zinc-fingers and produced the protein in E. coli. Comparison of the reaction 
rate with that of wt AtZDP showed that the mutant form of AtZDP indeed 
displayed a two-fold higher Vmax but a considerably lower km. However, 
since our modelling experiments indicated that each zinc-finger constitutes a 
separate domain interspersed by flexible linkers, it seems un-likely that a 
specific interaction between the zinc-fingers and the active site in the phos-
phatase domain should exist. Instead, it is more  reasonable that the zinc-
fingers bind AtZDP to the substrates at sites where the 3´-phosphate is out of 
reach for the phosphatase domain thereby diminishing the reaction rate. At 
the same time, the binding to DNA decreased the Km. It has been suggested 
that the zinc-fingers under physiological conditions bind poly-
adenosylribose (PAR) in order to recruit e.g. AtZDP to the sites of damaged 
DNA. DNA as such might, if this hypothesis is correct, not be the physio-
logical target for this type of zinc-fingers.  
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General discussion 

Base excision repair enzymes in mammals are believed to exist in protein 
complexes. We found that the molecular weight of the protein complex(es) 
AtZDP resides in is so high that several other proteins should belong to the 
same protein complex even taking into account the possibility that AtZDP 
might be able to dimerize. Interestingly, the 3’-DNA phosphatase activity of 
AtZDP was low in the protein complex, suggesting that it might be a recruit-
ing protein complex more than an active complex. This might be one of the 
explanations of why we did not see any induction of AtZDP in plants ex-
posed to H2O2. It might be interesting to analyze to what extent AtZDP is 
present in complex(es) in plants exposed to high oxidative stress like H2O2. 

The presence of AtZDP in monomeric, processed form might imply that 
AtZDP is rapidly degraded or that it is subject to a specific cleavage induced 
under certain circumstances. Since the antibodies used in Western analyses 
were raised against the phosphatase domain, AtZDP probably was cleaved in 
one of the flexible linkers in its amino-terminal portion.  In paper III we 
showed that the activity of AtZDP without ability to bind DNA by mutated 
zinc-fingers was higher than the activity of the wild type AtZDP. Therefore, 
the possibility that the zinc-finger domains are removed by a physiological 
cleavage event to activate the enzyme should be investigated. The observa-
tion that the fewer zinc-fingers in AtZDP, the higher is its phosphatase activ-
ity, was originally done by Petrucco et al. (2002).  

  In mammals, a specific pathway of Base Excision Repair (BER) starts 
with DNA glycosylases like Neil1 and Neil2, with beta and delta elimination 
activities, where the Polynucleotide kinase phosphatase (PNK) removes the 
3’-phosphate remaining in the resulting gap after the activity of these starting 
enzymes.  

Neil1 (or Neil2), PNK, DNA polymerase beta, XRCC1 and Ligase III alfa 
form a protein complex and interactions between them have been shown. 
PNK is a bifunctional enzyme with a DNA 3’-phosphatase and a DNA 5’-
kinase domain, but in the pathway described above PNK only uses its 3’-
DNA phosphatase activity. This pathway is also independent of APE1. 

In plants, the DNA 3’-phosphatase domain of AtZDP is homologous to 
that of PNK and since we propose that the best candidate enzymes function-
ing upstream of AtZDP are AtFPG (involved in BER), ROS1 and Demeter 
(involved in gene regulation by removing methylated cytosines). It has been 
shown that Ros1 and Demeter are DNA glycosylases with beta and delta 
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lyase activities. Nevertheless, it would be valuable to investigate if AtZDP 
directly interacts with ROS1 or Demeter to show that AtZDP participates in 
the cytosine demethylation pathway. 

Our results showed that after the 3’-phosphate group is removed from the 
gap, a flap endonuclease activity removes six nucleotides from the 5’-
terminus. In mammals, it has been described that the prolongation of the 
DNA-chain from its 3´-end displaces the 5’-strand, forming the flap, sug-
gesting that these two processes are coupled in the way that the DNA syn-
thesis produces the flap. One important result from our study is that the 
cleavage of the flap occurs prior to the synthesis of DNA. That was e.g. 
shown in experiments where a sufficiently high concentration of DMSO was 
included in the reaction mix to inhibit synthesis of DNA, but still the cleav-
age by the FEN1-like activity took place. This might be interpreted as that 
that removal of the flap enabled the DNA synthesis to take place. It will be 
interesting to test if a FEN1-like enzyme interacts with AtZDP. 

In our repair assay gels, the band of the product produced by the FEN1-
like activity always was broad. This might be due to an excess amount of the 
product formed and/or to the presence of two bands that were not suffi-
ciently well separated in the gel. Two bands are produced when DNA2 and 
FEN1 cleave the flap consecutively, but at positions at least five nucleotides 
apart, and in our case the complete flap only is six nucleotides.  

The experiments with ddNTPs clearly showed that two different DNA po-
lymerases added the new nucleotides. The first DNA polymerase was sensi-
tive to ddNTP, but the second was not. In mammalian long-patch BER, the 
first nucleotide is added by DNA polymerase beta and the additional nucleo-
tides by DNA polymerase delta and epsilon. This seems also to be the case 
in plants.  

It was also interesting to see the product of FEN1 in the repair process of 
a gap containing a blocking 5’-OH-group. This means that a gap blocked 
with a 5’-hydroxyl group also could be repaired by long-patch BER, impli-
cating that a 5’-DNA kinase activity is not needed in this process. A poten-
tial 5´-DNA kinase has been proposed to exist in plants based on genomic 
sequence homology, but the corresponding protein has not been studied.  

The insertion of more than one nucleotide, the appearance of a cleavage 
from 5’-end by a FEN1-like enzyme and the participation of more than one 
DNA polymerase in the repair process of a one-bp gap with a blocking 3’-
phosphate terminus, show that this damage is predominantly repaired by 
long-patch BER in plant. 

 In plants, where DNA glycosylases that leave the 3’-phosphate are in-
volved in demethylation, the involvement of long-patch BER in this process 
implies that several methylated cytosines might be removed at once by the 
cleavage of the same flap. Experiments with specific oligonucleotides carry-
ing methylated cytosines should reveal where the FEN1-like activity makes 
the cleavage. It might be that FEN1-like enzymes always cleave at the same 
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position or that the length of the flap varies according to the sequence of the 
bases in the flap.  

 As was shown in manuscript III, AtZDP was able to dephosphorylate dif-
ferent substrates. Accordingly, it is possible that ATZDP is involved in other 
pathways than single stranded DNA as Non-homologous end joining in dou-
ble strand repair.  

Furthermore, AtZDP lacking functional zinc-fingers displayed higher 
Vmax than AtZDP with functioning zinc-fingers. This observation might 
seem strange, but it is possible that the physiological target for this type of 
zinc-fingers might not be DNA. When activated by DNA damage, PARP-1 
PARylates other proteins including Ligase III and possibly also AtZDP. 
PARylation has been implicated in many processes but it is conceivable that 
it opens the chromatin structure and it might also mediate the formation of 
protein complexes It is therefore possible that the function of the type of 
zinc-fingers present in PARPI, Ligase III and AtZDP actually is to bind PAR 
to form and to recruit these proteins to active repair complexes. 
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Future prospects 

Many base excision repair enzymes exist in different forms originating 
from differential splicing. It would be interesting to analyze in detail the 
putative splicing variants of AtZDP. Different variants of AtZDP might in-
teract with different repair enzymes and even participate in different repair 
pathways.  

Techniques as two-hybrid analysis in yeast, BIFC, FRET or co-
immunoprecipitation might be possible to use to study the interaction be-
tween AtZDP-ROS1; AtZDP-Demeter; AtZDP-AtFPG; AtZDP-FEN1 and 
AtZDP-Tdp1 although an attempt to screen a B. napus cDNA library for 
proteins interacting with BnZDP was negative. However, more focused stud-
ies might be more rewarding. 

Repair assay experiments with two different labeled double-stranded 
overhang oligonucleotides carrying 3’-phosphate termini mixed with plant 
protein extract, might be possible to carry out to analyze if AtZDP partici-
pates in Non-homologous end joining repair. 

It would also be important to reconstruct plant DNA repair pathways in 
vitro using repair enzymes and accessory proteins produced as recombinant 
proteins. This is the only way to ultimately determine which proteins are 
able to participate in a given repair pathway. 
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