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Abstract

Apurinic/apyrimidinic (AP) sites are one of the most frequent spontaneous lesions in DNA.
They are highly mutagenic and lethal lesions that can inhibit transcription and DNA
replication. AP sites are primarily repaired by the base excision repair (BER) pathway which
is initiated by one of the two AP endonucleases. Organisms encode for evolutionarily
conserved repair machinery, including specific AP endonuclease which incises the DNA
backbone 5’ to the AP site to undergo further DNA repair synthesis. We report on a new
protein (EXD-3) from Caenorhabditis elegans, a putative exonuclease containing a domain
homologus to human EXD3 and human Werner syndrome RNaseD, possesses endo- and
exonuclease activities against abasic site. exd-3 mutants are defected in recovery from
replication stress-induced cell cycle arrest and the formation of EXD-3 foci is induced by
various treatments that produce double-strand breaks. Thus, EXD-3 enables to perform
recognition and incision at AP sites, and further restoration (repair) of replication stress-

induced damage.



Introduction
Base excision repair (BER) corrects DNA bases damaged by oxidation, alkylation, and
deamination. BER is well conserved in many organisms from E. coli to humans [1]. BER
pathway is initiated by DNA glycosylases, which excise damaged or misincorporated bases.
Base excision from DNA strand produces an apurinic/apyrimidinic (AP) site. In next step, AP
endonucleases cleave the DNA backbone next to the AP site, creating a nick. The remaining
abasic sugar is removed by a deoxyribo-phosphodiesterase, leaving a single nucleotide gap.
Finally, DNA polymerase inserts the correct nucleotide and the remaining nick is sealed by a
DNA ligase.

Besides AP sites of BER intermediates, AP sites are alternatively generated by spontaneous
depurination/depyrimination[2;3] and are highly mutagenic lesions due to noncoding.
Therefore, AP sites must be eliminated and corrected[4-6]. Correcting AP sites is initiated by
incision with AP enodnucleases. There are two families of AP endonucleases in living
organisms; endonuclease IV (EndolV) and exonuclease I11 (Exolll) families[7;8]. E. coli
exonuclease I11 was first identified and the Exo I11 homolog is present in all kingdoms of life,
named APNZ2 in Saccharomyces cerevisiae and APE1 and APE2 in humans.The enzymes in
this family are Mg?*-dependent and are able to perform a wide variety of excision and
incision reactions on DNA substrates, including AP endonuclease, 3'-5' exonuclease, 3'-
dRpase and 3’-phosphatase, and occasionally nonspecific DNase activities[9].E coli
endonuclease 1V was identified from mutants lacking Exolll and the endo 1V homolog,
APNL1, exists in lower organisms but are absent in some groups, such as mammals and
plants.The enzymes in this familyare Zn?*-dependent and also perform incision and excision
reactions by AP endonuclease, 3'-5' exonuclease and 3'-dRpase. Hydrolytic AP
endonucleases cleave the DNA phosphodiester bond 5’ to the AP site to produce a3’-

hydroxyl group and a 5’-deoxyribose phosphate[10].

Unlike other multicellular eukaryotes, BER in the nematode species Caenorhabditis elegans
(C. elegans) has not been well characterized and there are relatively few publications on BER
in this organism. Two glycosylases[11-13] and two AP endonucleases[14;15] have been
identified, and have been characterized biochemically[14;16;17]. The identified AP



endonucleases are EXO-3 (homologous to Escherichia coli Exo I111) and APN-1 (homologous
to E. coli Endo 1V) [14;15;18]. EXO-3 has an Mg?*-dependent AP endonuclease and shows
no significant level of a 3’to 5’ exonuclease activity following incision at AP sites. APN-1
possesses a Zn?*-AP endonuclease and a 3’-diesterase and displays a 3’ to 5’-exonuclease
activity.

Even though organisms as E.coli and Saccharomyces cerevisiae have Exolll and EndolV,
others as Neisseria meningitidisand human cells contain two AP endonucleases belonging to
only the Exo Il family[19;20]and no Endo 1V homolog. The Arabidopsis genome encodes
only three AP endonuclease homologs of Exolll: APE1L, ARP, and AtAPE2 [21].Rarely,
Bacillus subtilus polymerase, PolXgs, shows an AP endonuclease activity to which
exonuclease is linked genetically [22]. Surprisingly, a novel AP endonuclease involved in
responding to DNA strand break was identified in humans[23]. Thus, we searched genes
containing a 3-5 exonuclease domain from C. elegans genome database. A few genes were
revealed and cloned, and their gene products were expressed in E. coli. Among them, exd-3
gene contains a domain similar a human EXD3 (exonuclease 3'-5' domain containing 3)
homology or human WRN exonuclease domain.

Here, we found that exd-3 gene product has Mg?*-dependent AP endonuclease and a 3°-5’
exonuclease and that EXD-3 protein forms foci in response to replication fork-associated
DNA damage.



MATERIALS AND METHODS

1. Bacterial Strains and C. elegans

E. coli laboratory strain DH5a (used for amplification of plasmids) and BL21Al (used for
protein expression) were maintained on Luria Broth (LB) agar plates.

Unless otherwise indicated, nematodes were maintained and propagated at 20°Con nematode
growth medium (NGM) plates and fed with Escherichia coli OP50 bacteria. Experiments
were performed at 20°C on young adult hermaphrodites. Bristol (N2) as wild-type and C.
elegansexd-3(tm2546) mutants was obtained from the National BioResource Project (Tokyo,
Japan).

2. Proteins and antibodies

E. coli endonuclease 1V and uracil DNA glycosylase were purchased from New England
Biolabs (MA USA).A monoclonal anti-GST antibody was purchased from Ab Fronties
(Korea). The EXD-3 antibody was prepared by antipeptide antibody production. Two
polypeptides derived from Peptide 1(1%~21%;MGDTTSSEDVPENKQKSLKFE-C)
andPeptide 3 (273"9~295": KFFNGQVKQFKFDLEERRDAPKF-C) were selected and the
polyclonal antipeptide antibody was produced from rabbits (Ab Frontiers, Korea) and further
purified byProtein A column. Anti-RPA-1 antibody was produced from mouse [24].

3. Construction of the aGST-Fusion Protein

C. elegans exd-3 ORF clone (2353 nucleotide;Catalog#:OCE1182-202134345, Open
Biosystems)was used to amplify with the primers (Forward primer: 5-CACC ATG GGA
GAT ACAACATCATCG-3; Reverse primer: 5-TTAACAATT CAATTT AAT ATAATC
TTG ATC TGG-3') designed for the pENTR/D/TOPO plasmid (Invitrogen, USA) and Pfu
DNA polymerase (Strategene, USA). The cloned EXD-3in pENTR/D/TOPO was transferred
to the E. coli expression vector pDEST15 for GST-fusion protein using the Gateway LR
Clonase Il (Invitrogen, USA) and confirmed by DNA sequencing (data not shown). The
pDEST15 containing EXD-3was transformed into E. coli BL21AlI for protein expression.
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4. Purification of GST-Fusion Proteins

The recombinant GST-EXD-3 protein was expressed in E. coli BL21Al. E. coli cells were
grown at 37°C in 1 liter of LB media containing 100 pg/ml ampicillin to an ODsgo of 0.4. L-
arabinose (Sigma-Aldrich, USA) was added to the culture to a final concentration of 0.2%
(w/v) to induce protein production, and the cells were grown overnight at 22°C. Cultured
cells were harvested by centrifugation, suspended in 20 ml lysis buffer (50 mM Tris-HCI, pH
8.0, 500 mM NaCl, 0.5 mM EDTA, 5 mM B-mercaptoethanol, 10% glycerol, 1 mM PMSF, 1
protease inhibitor cocktail tablet (Roche, Mannheim, Germany) and lysed by sonication (duty
cycle 20/output 2, 10 bursts at 10 second intervals, Branson). Lysates were clarified by
centrifugation at 10,000xg for 30 minutes at 4°C. The lysate was loaded into GSTrap
chromatography column (1 ml, Amersham, USA). The column was washed with 10 column
volumes of wash buffer 1 (50 mM Tris-HCI at pH 8.0, 200 mM NaCl, 5 mM DTT, 10%
glycerol,) and 10 column volumes of wash buffer 2 (50 mM Tris-HCI at pH 8.0, 50 mM NacCl,
5mM DTT, 10% glycerol) to remove nonspecifically bound protein. GST-EXD-3was eluted
with 5 ml of elution buffer (50 mM Tris-HCI at pH 8.0, 50 mM NaCl, 5 mM DTT, 10%
glycerol 1 mM glutathione, second elution with 5 mM glutathione). Peak fractions containing
GST-EXD-3were detected by a SDS-PAGE. Protein concentrations were determined by a
Bio-Rad assay with BSA as the standard.

5. 3’-5” exonuclease EXD-3 has AP endonuclease activity

5.1 Oligonucleotide Substrates

Oligonucleotides were synthesized by IDT (Integrated DNA Technology, USA) and are listed
in Table S1. A single oligonucleotide was labeled at the 5'-end with [y-32P] ATP (IZOTOP,
Hungary). Oligonucleotides were incubated with T4 polynucleotide kinase (New England
Biolabs, USA) for 1 hour at 37°C, followed by heat-inactivation for 10 minutes at 95°C. The
labeled oligonucleotides were purified using G-25 Sepharose spin columns and annealed to
unlabeled complementary strands. A synthetic 24-mer oligonucleotide with a uracil at
position 14 and a complementary strand containing G opposite to U was synthesized by
Bioneer (Korea). A synthetic 24-mer oligonucleotide with a Tetrahydrofuran (THF) lesion at
position 12 and a complementary strand containing A opposite to THF was synthesized by
Bioneer (Korea). DNA substrates for incision assays were annealed (Table 1).
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5.2 Enzyme activity of EXD-3

For the AP endonuclease, DNA substrates were incubated with proteins in 15 pl (final
volume) of buffer (40 mM Tris-Cl at pH 8.0, 5 mM DTT, 4 mM MgCl;, 0.1 mg/ml BSA, 10%
glycerol)at 37°C for indicated times. Reactions for THF-AP substrate were stopped with 15
il formamide loading buffer (95% deionized formamide, 0.025% bromophenol blue, 0.025%
xylene cyanole, and 10 mM EDTA). Samples were heated at 95°C for 5 min. Reaction for
dU-G substrates was incubated UDG followed by heating at 55°C for 10 min. Then, EXD-3
or Endo 1V was incubated at 37°C for the indicted times, stopped and heated at 55°C for 10
min before loading onto gels. Reaction products were separated by 8 M urea-17%

polyacrylamide gel electrophoresis and viewed by autoradiography.

And for EXD-3 (E452A) (THF-AP DNA substrate was incubated in 10 pl (final volume) of
buffer (40 mM Tris-Cl at pH 8.0, 5 mM DTT, 4 mM MgCl 0.1 mg/ml BSA, 10% glycerol)
at 37°C with increasing concentration of protein (16, 32, 64 nM) for 20 min.

For the exonuclease, instead of THF- substrate, 5’overhang DNA substrate was used.
Reactions were stopped with 10 pl formamide loading buffer (95% deionized formamide).
Samples were heated at 95°C for 5 min. Reaction products were separated by 8 M urea-18%
polyacrylamide gel electrophoresis and viewed by autoradiography.

6. Measurement of embryonic survival

6.1 Embryonic survival post Hydroxyurea (HU) treatment

Ten L4-stage animals were grown on NGM plates containing indicated concentration of HU
at 20°C for 16 h. And then transferred to HU-free plates with Escherichia coli OP50 and let
worms lay eggs at 20°C. After 3-4 h, removing worms, the number of total laid eggs was
counted. And post 24 h, the number of unhatched eggs was counted. The embryonic survival
percentage was calculated by dividing the number of hatched eggs by the total number of laid

eggs.
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6.2 Embryonic survival post exposed to Camptothechin (CPT)

Post 24 hours exposed to NGM plates containing 0, 5, 10, 20, 40 uM CPT, ten L4-stage
worms were transferred to CPT-free plates with E. coli OP50, where embryos were laid for 3-
4 h. And the embryonic survival percentage is quantified as above mentioned with HU

treatment.

7. Recovery ability post genotoxicity treatment.

L4 stage animals were placed into a new NGM plate containing 25 mM HU and treated for 6
h or 16 h. And then treated worms were transfer to HU-free plate to let them recovery. And
then gonads were dissected at the indicated times (0, 6, 12, 24 h) after HU treatment and 4,6-
diamidino-2-phenylindole (DAPI, 1 pg/ml) staining was performed. The stained gonads were
observed with a Carl Zeiss Axioskop fluorescence microscope.

Also, 40 uM CPT treatment was performed with step by step as above mentioned of HU

treatment but exposure times are 6 h and 24 h, respectively.

8.Immunostaining

Worms were dissected in egg salt buffer supplemented with 0.2 mM levamisol (Sigma-
Aldrich, USA). Gonads were fixed in 2% paraformaldehyde for 5 min at room temperature
followed by Post-fixation with100% methanol at —20°C. Gonads were treated in PBSTx
(PBS +0.1% Triton-X) for permeablization followed by washing with PBST (PBS +0.1%
Tween 20). Blocking was performed by incubating the samples in PBSTB (PBST +0.5%
BSA) for 30 min. Primary antibodies were diluted in PBSTB (anti-RPA-1 antibody (1:1000
dilution); anit-EXD-3 antibody (1:1000 dilution)) and allowed to bind at 4°C overnight in a
humid chamber. Samples were washed three times for 10 min in PBST. Binding of secondary
antibodies was performed for 2 h at room temperature with Alexa Fluor-conjugated goat anti-
rabbit secondary antibodies, or Alexa Fluor-conjugated goat anti-mouse secondary antibodies
(used in a 1:2000 dilution, Molecular probes) and washed three times for 10 min in PBST.
After staining with DAPI (4,6-diamidino-2-phenylindole, 1 pg/ml), the gonads were mounted
on 1% agarose pads and observed under an epifluorescence microscope (Carl Zeiss

Axioskop2 plus).
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Results

Purification of EXD-3 protein

The EST clone containing the full length of C. elegans exd-3 gene was fused with an N-
terminal GST-tag, expressed in E. coli, and purified using a GSTrap affinity column to
approximately 95% homogeneity (Figure 1A). The recombinant protein has a molecular mass
of 110 kDa (26.9 kDa GST + 91.2 kDa EXD-3) and migrated at ~120 kDa on a 7%
polyacrylamide gel. Western blot analyses of the purified EXD-3using a polyclonal anti-
EXD-3 antibody and a monoclonal anti-GST antibody revealed a single band at ~120 kDa
(Figure 1B).

One conserved glutamic acid 452 residue in EXD-3 corresponds to glutamic acid residue 84
in human WRN exonuclease domain, for the 3' ->5' exonuclease activity of human
WRN[25]. We replaced the glutamic acid residue (E452A) of EXD-3 with an alanine residue.
EXD-3(E452A) proteins were purified in a manner identical to that of the wild-type EXD-

3protein (data not shown).

EXD-3incises AP site

Some 3'-5' exonucleases are associated with other enzymatic activities, such as polymerase
or AP endonuclease. To monitor AP endonuclease activity of EXD-3, aduplex DNA
oligonucleotide containing an internal tetrahydrofuran (THF), a stable analogue that mimics
reduced AP site, was used (Figure 2A, Table 1). As a control of the possibility of THF to be
recognized as AP site, this substrate was incubated in parallel with E. coli endonuclease
IV(Endo 1V), which is known to break the phosphodiester bond at the 5’ side of THF-AP
site[26].The expected 11-mer product was produced (Figure 2A, lane 7). When purified
WTEXD-3was incubated with the substrate, incision at THF-AP site was detected (Figure 2A,
lanes 2-6). In addition, there is one band below the 11-mer band at the incised AP site, which
presumably resulted from 3'-5' exonucleolytic degradation of the incised AP site. The
cleavage of the substrate atthe 5’ side of THF-APsite was observed in a protein concentration-
dependent manner (Figure 2A, lanes 2-6) and the incision was linear with increasing

concentrations (Figure 2B). In a time-course experiment, THF incision activity was analyzed

14



over time intervals during 20 min (Figure 2C, lanes 2-6). The product formation was linear
over the time points monitored.

We further showed that the mutant EXD-3 (E452A) did incise THF-AP substrates (Figure 2D)
digested 3’-recessed DNA (Figure 2E). The expected 11-mer product was produced (Figure
2D, lane 2). When the purified mutant EXD-3 (E452A) were incubated, incision at THF-AP
site was detected (Figure 2D, lane 3-5).

In addition, to further confirm the 3°-5” exonuclease activity of mutant EXD-3 (E452A), we used a
5> overhang DNA substrate. There are some bands below the 24-mer band. The cleavage of the
substrate at the end of 3’ side of DNA substrate was observed in a protein concentration-
dependent manner (Figure 2E, lane 2-4). In contrast, noband below the 24-mer band was
detected with E. coli endonuclease 1V (Endo V) (Figure 2E, lane 5).

AP endonuclease incision ofon natural abasic site

We next tested whether EXD-3 cleaves natural a basic site. For this test, double-stranded 24-
mer oligonucleotide containing a centrally placed dU-G base pair has been employed as a
substrate for AP endonuclease assay (Figure 3, table 1). The substrate was treated with E. coli
uracil DNA glycosylase (UDG), which removes uracil base, leaving AP site in DNA[27]. The
resulting AP site is cleaved by AP endonuclease, E. coli endonuclease IV, producing a 13-
mer product (Figure 3, lane 8).

When purified EXD-3was incubated with UDG-treated DNA over time intervals, incision at
AP site was detected (Figure 3, lanes 3-7). In addition, there is one dominant band below 13-
mer, which presumably resulted from the exonuclease activity of EXD-3 on the incised AP
site (Figure 3, lanes 3-7), similar to the band detected in THF-AP substrate (Figure 2).As a
control, EXD-3 did not incise dU-G contained substrate in the absence of UDG (data not
shown). This result suggests that EXD-3 can enter and incise natural AP site following action

of a DNA glycosylase.

exd-3(tm2546) mutants are sensitive to HU and CPT

Ten L4-stage animals were transferred to NGM plates containing indicated concentration of
HU at 20°C for 16 h. And then the worms were placed on HU-free NGM plates to lay eggs
(200-300 eggs) for 2-3 h. The embryonic survival percentage was calculated by dividing the

15



number of hatched eggs by the total number of laid eggs. Compared to N2 wild-type worms,
the embryo survival of exd-3(tm2546) mutant was more sensitive to HU but not much (Figure
4A). For example, at 5 mM HU around 98% embryo can be survival in both N2 wild-type
and exd-3(tm2546) worms, whereas 23% embryonic survival exd-3(tm2546) worms but 37%
embryonic survival N2 worms at 25 mM HU.

Also, exd-3(tm2546) mutantswere sensitive to CPT (Figure 4B). The embryonic survival of
exd-3(tm2546) mutants were reduced compared to that of N2 worms. For example, 6%
embryonic survival exd-3(tm2546) worms but 27% embryonic survival N2 worms at 40 uM
CPT, five-fold difference.

Recovery from a replication stress-induced cell cycle arrest

The C. elegans hermaphrodite germline is a useful model for studying DNA damage response.
Exposure of worms to DNA damaging agents, such as hydroxyurea (HU), Camptothecin
(CPT), or ionizing radiation causes a transient halt in cell cycle progression in the mitotically
proliferating zone [28].The cell cycle arrest leads to a decreased number of mitotic germ cells
and enlarged mitotic germ cells since cellular and nuclear growth continues to
occur[29].Short HU treatments, a drug depleting deoxynucleoside triphosphate pools, result
in stalled replication forks that retain the ability to restart for some time before inactivated,
whereas prolonged treatments lead stalled replication forks to be processed into collapsed
forks, a form of DSBs that are repaired by recombination process.

The cell cycle arrest leads to a decreased number of mitotic germ cells and enlarged mitotic
germ cells since cellular and nuclear growth continues to occur[28]. Short HU treatments, a
drug depleting deoxynucleoside triphosphate pools, result in stalled replication forks that
retain the ability to restart for some time before inactivated, whereas prolonged treatments
lead stalled replication forks to be processed into collapsed forks, a form of DSBs that are

repaired by recombination process.

We analyzed cell cycle arrest and recovery from the arrest after exposure to HU and CPT.

After treatment of L4-stage C.elegans with CPT or HU and observation the morphologies of
DAPI-stained mitotic germline nuclei, wild-type N2 worms transiently stopped nuclei
dividing after 6-h HU treatment as revealed by enlarged mitotic nuclei (Figure 5A, no HU).

16



Cell cycle arrest was also evident in exd-3(tm2546) mutants (Figure 5A). These cell cycle
arrest morphologies are observed more clearly after 16-h exposure to HU in both N2 wild-
type and exd-3(tm2546) mutants (Figure 5B). All results indicate that exd-3(tm2546) mutants
have a normal S-phase checkpoint to induce cell cycle arrest. The number of germline cell
and size of each cell are almost normalized to untreated worms, and no difference between
wild-type N2 and exd-3(tm2546) worms (Figure5A). This data showed that post 6-h exposure
to HU, both wild-type N2 and exd-3(tm2546) worms completely recovered after 18-h. But in
case 16-h exposure to HU, wild-type N2 germline nuclei, HU-induced cell cycle arrest
appeared to be reversible since the volume of the nuclei gradually decreased over times (from
58 to 15 germline nuclei cell in 50 x 20 um in tip cells of untreated and treated worm,
respectively) and the number gradually increased by 24 h after removal from HU (up to 45
nuclei cell in 50 X 20 um in tip cells) (Figure 5B, 24 h post HU-treatment). In contrast, germ
cells in exd-3(tm2546) failed to reverse to those in HU-free worms (Figure 5B, 24 h post HU-
treatment). The number of mitotic germ cells change from 56 in untreated worm to 20 in
treated worm and finally 19 in worm at 24 h after removal from HU. This result indicates that
EXD-3 somehow is involved in the recovery from cell cycle arrest.

Additionally, a response of N2 and exd-3(tm2546) mutant to CPT is strongly same as HU.
Wild-type N2 and exd-3(tm2546) worms showed enlarged germ cells (Figure 6A, Oh post24h
CPT treatment), indicating that cell cycle arrest was normally induced by the CPT (40 uM)
after 6 h (Figure 6A) To investigate recovery from CPT-induced cell cycle arrest, worms were
transferred to CPT-free plates and analyzed mitotic nuclei dividing and volume. N2 showed
increased number of mitotic nuclei, reaching to that in CPT-free worms (Figure 6B, 24 h post
CPT-treatment). However, nuclei division was delayed in exd-3(tm2546) worms compared to
the size and number of CPT-free nuclei (Figure 6B, post CPT-treatment), indicating that
recovery from cell cycle arrest induced by prolonged CPT exposure is failed. Wheares exd-
3(tm2546) worms were exposed for short CPT blocks, the size of the nuclei decreased and the
number gradually increased by 18 h after removal from CPT, approximately 80% normalized

to untreated worms.
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Response to replication stress-induced DNA damage

HU leads to replication fork stalling and single strand regions at the stalled replication forks
induce accumulation of replication protein A (RPA) which recruits DNA damage checkpoint
activating proteins[31].Many proteins form foci in response to DNA damage-producing
treatments[32], meaning that the local accumulation of proteins at the DNA damage-

contained sites, and thereby the proteins are involved in DNA damage responses and repair.

We analyzed the formation of RPA-1 foci after 6 h and 16 h HU-treatment, inducing
collapsed forks, RPA-1 foci were detected in exd-3(tm2546) both short and long HU blocks
(Figure 7), indicates that biding region of RPA-1 at stalled and collapsed forks.

In addition, post short HU treatment, the arrested cell cycle was recovered normally in N2
and exd-3(tm2546) worms (Figure 5A), indicating that EXD-3 seemed not to affect recovery
from stalled replication forks. In contrast, recovery from cell cycle arrest induced by
prolonged HU exposure was failed in exd-3(tm2546) worms (Figure 5B), this result suggests
that EXD-3 is required for rescue of collapsed forks. These results suggest that EXD-3 is
involved in formation of competent DNA structure for a rescuing process at collapsed
replication forks. Also, we consider whether EXD-3 plays a role in of RPA-1 binding in DNA
damage response.

In particular, the response of exd-3(tm2546) worms after 6 h, 24 h-CPT treatments are same
as 6 h, 16 h-HU exposure, respectively. These observations are enough to affirm that EXD-3
is recruited for formation of competent DNA structure once collapsed replication forks
induced.

To confirm whether EXD-3 proteins respond to collapsed forks, we analyzed the formation of
EXD-3foci with anti-EXD-3 antibody after prolonged HU treatment. N2 germline nuclei
containing EXD-3 foci were observed after the treatment (Figure 9). In contrast, no foci were
observed in exd-3 mutants. This result suggests that EXD-3 proteins engage in response to or
processing collapsed forks.

18
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Figure 1. Purification of Recombinant EXD-3 protein.

(A) SDS-PAGE analysis of purified EXD-3. M(kDa), relative molecular mass markers (M
kDa), GST-fusion EXD-3 (1 ug).

(B) Western blot analysis of EXD-3. EXD-3 was separated by SDS-PAGE and subjected to
Western Blot analysis using anti-GST or anti- EXD-3 antibodies followed by detection with

horse radish peroxidase (Pierce West Pico).
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Figure 2. Enzyme activity of EXD-3.

— 24 mer
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— 11 mer

(A) Nicking activity of EXD-3 on THF-AP site
Duplex DNA (24-mer) containing THF-AP site and the size of product is displayed. The

substrates (10 fmol) were incubated with EXD-3 at 37°C for 30 min in buffer AP (100 mM
Tris/HCl at pH 7.0 and 5 mM MgCI2). Reaction products were separated by 8 M urea-17%

(€)

EXD-3 300 fmol

(min) Ctrl 1 2 5 10 20

+Endo VI

1 2 3 4 5

PAGE and the DNA bands were visualized by autoradiography.

6 7 8 9

— 24 mer

— 12 mer

— 11 mer

Lane 1, no protein added; lanes 2-6, the indicated amounts (fmole) of EXD-3 added; lane 7,

with E. coli Endo IV (#U); lanes 8 and 9, 11-mer and 12-mer size makers, respectively.
(B) Quantitation of incision of THF AP site by EXD-3 Three independent experiments of (A)

were performed and quantitated.

(C) Time-course reaction of EXD-3 nicking activity.
The THF-AP site contained substrates (10 fmol) were incubated EXD-3 (300 fmol) for the
indicated times. Lane 1, no protein added; lanes 2-6, for the indicated times (min); lane 7,

with E. coli Endo IV (#U); lanes 8 and 9, 11-mer and 12-mer size makers, respectively.
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(D) AP endonuclease activity of mutant EXD-3 (E452A). Duplex DNA (24-mer) containing
THF-AP site and the size of product are displayed. The substrates (100 fmol) were incubated
with EXD-3 (E452A) at 37°C for 20 min in buffer AP (40 mM Tris (pH 8.0), 4 mM MgCI2,
5mM DTT, 0.1 mg/ml BSA(NEB), 10% glycerol). Reaction products were separated by 18%
urea PAGE and the DNA bands were visualized by autoradiography.

Lane 1, no protein added; lane 2, with E. coli Endo IV (0.5U); lanes 3-5, the indicated

amounts (16, 32, 64 nM) of EXD-3 (E452A) added.

(E) 3-5 exonuclease activity of EXD-3 (E452A). Products of reaction between 5’overhang

substrates and increasing concentrations of EXD-3 (E452A) are showed. The reactions were

performed for 20 min at 37°C.

Lanes 1, no protein added, lanes 2-4, the indicated amounts (16, 32, 64 nM) of EXD-3

(E452A) added; lane 5, with E. coli Endo IV (0.5U).
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Figure 3. Nicking activity of EXD-3 on a natural abasic site

Duplex DNA (24-mer) containing a U-G pair treated with E. coli UDG, leaving an intact AP
site. dU is at 14-nt from 5’-end. The resulting AP-containing DNA (1.5 nM) was incubated
with EXD-3 (lanes 2-7). or E. coli Endo IV (lane 8). Reaction products were separated by 8
urea-17% PAGE and the DNA bands were visualized by autoradiography. The lengths of the
fragments are indicated on the right side of the gel.

Lane 1, no protein added; lane 2, with UDG (0.5 U); lanes 3-7, for the indicated times with
EXD-3 (300 fmol); Lane 8, E. coli Endo IV (0.5 U), producing a 13-mer product.
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Figure 4. Embryonic survival of exd-3(tm2546)

(A) exd-3(tm2546) mutant is sensitive to hydroxyurea (HU). L4-stage of N2 and exd-
3(tm2546) were treated with HU for 16 h and they were placed to HU-free plates to lay
eggs for 3 h. The number of total laid eggs (200-300) was counted and post incubated
at 20°C for 24 hours, the number of unhatched eggs was also quantified. The error bars

indicate the standard errors of the means from three independent experiments.
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(B) C.elegansexd-3(tm2546) is sensitive to Campothechin (CPT)-induced replication fork
stalling.

L4-stage of N2 and exd-3(tm2546) were treated with CPT for 24 h and they were transferred
to CPT-free plates to lay eggs for 3 h.

After 24 h incubation at 20°C, the embryonic survival was calculated by dividing the number
of hatched eggs by the number of total laid eggs (200-300). The error bars represent the mean

+ standard deviation from three independent experiments.
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Figure 5. Recovery from cell cycle arrest post HU treatment.

(A) Representative images of fixed germ cells of indicated genotypes stained with DAPI. L4
worms were transferred to NGM plates after a 6-h exposure to HU and allowed recovery for
indicated times. The gonads were dissected and collected from 20 worms at 18 h post HU-

treatment and stained with DAPI. Magnification bars, 10 pm.
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(B) Representative images of fixed germ cells of indicated genotypes stained with DAPI. L4
worms were transferred to NGM plates after a 16-h exposure to HU and allowed recovery for
24-h. Gonads were dissected from 20 worms at the indicated times post HU-treatment and
stained with DAPI. Germ cells in the mitotically proliferating region of gonads (within 50 x
20 pum of the tip cell) were counted under a fluorescence microscope. Error bars indicate
standard errors of means of 10 worms of each genotype.
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Figure 6. Recovery from cell cycle arrest post CPT-treatment

(A) Representative images of fixed germ cells of indicated genotypes stained with DAPI. L4
worms were transferred to NGM plates after a 6-h exposure to CPT and allowed recovery for
indicated times. Gonads were dissected from the worms at 18-h post CPT-treatment and

stained with DAPI. Magnification bars, 10 um.
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(B) Representative images of fixed germ cells of indicated genotypes stained with DAPI. L4
worms were transferred to NGM plates after a 24-h exposure to CPT and allowed recovery
for indicated times. Gonads were dissected from the 20 worms at the indicated times post
CPT-treatment and stained with DAPI. Magnification bars, 10 um. Germ cells in the
mitotically proliferating region of gonads (within 50 x 20 um of the tip cell) were counted
under a fluorescence microscope. Error bars indicate standard errors of means of 10 worms of

each genotype.
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Figure 7. exd-3(tm2546) worms respond to HU-induced DNA damage.
(A) L4 worms were dissected after a 16-h exposure to HU and then the gonads were
immunostained with anti-RPA-1 antibody and stained with DAPI. Magnification bars, 10 um.
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(B)

Untreated 25 mM HU (6 h)
N2 exd-3 (tm2546)

(B) L4 worms of N2 and exd-3(tm2546) were dissected after a 6-h exposure to HU and then

a- RPA-1

DAPI

the gonads were immunostained with anti-RPA-1 antibody and stained with DAPI.

Magnification bars, 10 pm.

31



(A)
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Figure 8. exd-3(tm2546) worms respond to CPT-induced DNA damage.

exd-3 (tm2546)

a- RPA-1

DAPI

(A) L4 worms of N2 were dissected after a 24-h exposure to CPT and then the gonads were
immunostained with anti-RPA-1 antibody and stained with DAPI. Magnification bars, 10 um.
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(B)

Untreated 40 uM CPT (6 h)
N2

(B) L4 worms of N2 and exd-3(tm2546) were dissected after a 6-h exposure to CPT and then

exd-3 (tm2546)

a- RPA-1

DAPI

the gonads were immunostained with anti-RPA-1 antibody and stained with DAPI.

Magnification bars, 10 um.
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Figure 9. Formation of EXD-3 foci after HU treatment

Representative images of fixed germ cells of indicated genotypes.

L4 worms of N2 or exd-3(tm2546) were dissected after a 16h-exposure to HU and then the
gonads were immunostained with anti-a-EXD-3 antibody and stained with DAPI
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Discussion

We have identified a new C. elegans protein with AP endonuclease and exonuclease activities.
The protein has an exonuclease domain-a domain with sequence similarities to human EXD3
(exonuclease 3'-5' domain containing 3) domain and human WRN exonuclease domain and
thus is predicted to have 3'-5' exonuclease activity. However, Although EXD-3 does not have
a similar domain to two identified C. elegansAP endonucleases,EXD-3 has AP endonuclease

activity.

The EXD-3 incised duplex DNA at THF-AP site and natural AP site. In addition, EXD-3
showed 3'-5" exonucleolytic degradation of the incised AP site, producing smaller products.
However, such degradation was not detected in two C. elegans AP endonucleases
[14;15].This exonuclease activity may use the same active site as AP endonuclease. This
sequential action was also detected in PolXgs [22] and human PALF [23]. If EXD-3
preferentially binds to AP residue, a binding to the 3” end consequently would be prevented.
Thus, the presence of an abasic site in a linear DNA may hinder exonucleolytic degradation
of the 3’ ends. Single strand nick generated by AP endonuclease would recruit other protein,
such as PARP1 which is involved in single strand break repair [33]. Human PALF protein has
shown to interact with and activates PARP1 [23]. Thus, it may possible for EXD-3 to regulate

other proteins in response to and repair DNA damage.

Interestingly, new AP endonucleases that do not belong to two typical AP endonuclease
families have been reported. Bacilius subtilus has two AP endonucleases and one extra AP
endonuclease which is a part of DNA polymerase X (PolXgs) [22]. The AP endonucleas of
PolXags is genetically linked to exonuclease. In humans, two AP endonucleases belong to only
Exo 111 family and a human PALF protein with an FHA (forkhead-associated) domain and a
zinc-finger-like CYR (cysteine—tyrosine—arginine) motif has AP endonuclease
activity[23].However, EXD-3 does not have amino acid similarities to PolXgs and human

PALF and is different from two C. elegans AP endonucleases.

This study shows that exd-3(tm2546) mutants did not resume cell cycle progression from
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stalled fork-induced cell cycle arrest. However, exd-3 mutants showed a normal HU-induced
cell cycle arrest. Prolonged HU treatment for 16 to 24 h leads to fork collapse which must be
rescued [34]. Cleavage of stalled fork causes the fork to collapse and consequently generate a
single-ended DSB. Then, new origin firing produces another single-ended DSB[35;36].At the
DSB, replication is not restarted, but instead, DSB is repaired by homologous recombination
involving double Holiday junction, synthesis-dependent strand annealing (SDSA) or
nonhomologous end joining (NHEJ)[31;37]. Thus, no recovery of exd-3 mutants after
prolonged HU treatment suggests that accumulated DSBs may not be repaired or some
component required for terminating checkpoint-mediated arrest after repair may be lost.
RPA-ssDNA complexes that arise during replication stress or following DNA damage recruit
ATR which induces S-phase arrest through activating CHK1 kinase[38-40].Short treatments
of HU or CPT can induce S-phase arrest through accumulation of RPA at stalled forks and
Long HU blocks induce also accumulation of RPA and DSB repair proteins. [31]. In this
study, RPA-1 foci were formed after long HU blocks (25 mM, 16 h) in N2, consistent with
the result obtained in mammalian cells[31] and a previously published observation in C.
elegans[41]. In contrast, exd-3 mutants showed that they cannot recovery after long exposure
to HU and CPT and that cell cycle arrest in the mutants was not recovered. This observation
suggests that there may be no ssDNA region at DSBs for RPA-1 to bind and thereby rescue of
collapsed replication may not be further processed since DSBs at collapsed replication forks
are repaired by HR which requires RPA-1 and RAD-51[31]. Therefore, this study suggests
that EXD-3 may be required for producing DNA structure competent for RPA-1 foci
formation at collapsed replication forks or for rescuing collapsed replication forks.

The involvement of EXD-3 in the cellular response to DSBs is further suggested by its foci
formation after prolonged HU treatment. Since DSBs are induced at blocked replication forks,
foci formation of EXD-3indicates that EXD-3may be recruited to DSBs by other proteins or
recognize DSBs. Human PALF containing AP endonuclease activity is also reported to be
involved in DSB response[23]. Knock-down of exd-3 expression did not have any influence
on cell survival after tert-butyl hyroperoxide (organic peroxide), inducing oxidative stress, in
our experimental conditions (data not shown). Thus, EXD-3 may be involved in various DSB

responses. However, its real function in DSB response remains to be further elucidated.
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Here, we have described a novel protein with AP enodnuclease activity and response to
replication fork-associated DNA damage.
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