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Abstract

aspect of such complexity.

localization

Background: Mechanisms controlling DNA resection at sites of damage and affecting genome stability have been
the subject of deep investigation, though their complexity is not yet fully understood. Specifically, the regulatory role
of post-translational modifications in the localization, stability and function of DNA repair proteins is an important

Results: Here, we took advantage of the superior resolution of phosphorylated proteins provided by Phos-Tag
technology to study pathways controlling the reversible phosphorylation of yeast Exo1, an exonuclease involved in

a number of DNA repair pathways. We report that Rad53, a checkpoint kinase downstream of Mec1, is responsible

for Exo1 phosphorylation in response to DNA replication stress and we demonstrate a role for the type-2A protein
phosphatase Pph3 in the dephosphorylation of both Rad53 and Exo1 during checkpoint recovery. Fluorescence
microscopy studies showed that Rad53-dependent phosphorylation is not required for the recruitment or the release
of Exo1 from the nucleus, whereas 14-3-3 proteins are necessary for Exo1 nuclear translocation.

Conclusions: By shedding light on the mechanism of Exo1 control, these data underscore the importance of post-
translational modifications and protein interactions in the regulation of DNA end resection.
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Background

The fidelity of DNA replication is essential to maintain a
stable genome. Errors occurring during replication facili-
tate the development of cancer [1, 2]. In budding yeast,
DNA replication starts at defined sequences or origins
that are distributed throughout chromosomes and where
proteins of the origin recognition complex (ORC) bind
upon mitotic exit [3, 4]. Timely recruitment of additional
components leads to the formation of fully competent
replisomes that, upon firing, move bi-directionally away
from origins [5]. DNA damage represents a physical
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impediment to replication causing fork stall and collapse,
eventually resulting in chromosome breaks and genome
rearrangements [6]. To prevent this, a replication check-
point has evolved as surveillance mechanism that con-
trols components of the replisome [7], thus allowing to
coordinate cell cycle arrest with DNA repair.

Exol is a DNA repair nuclease of the Rad2 fam-
ily originally identified in the fission yeast S. pombe
where its activity was shown to increase ~ fivefold dur-
ing meiosis, suggesting a role for Exol in homologous
recombination [8]. Similar observations were made in
Saccharomyces cerevisiae and D. melanogaster [9, 10].
Budding yeast Exol was also shown to participate in
the processing of DNA ends at double-strand breaks
(DSB) [9], in mitotic recombination [11] as well as in
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end-resection at uncapped telomeres [12]. A role in
mutation avoidance and mismatch correction was
described for S. pombe Exol [13] and later confirmed
in S. cerevisiae, demonstrating physical and genetic
interaction between yeast Exol and the DNA mismatch
repair (MMR) proteins Msh2 [14] and Mlh1 [15]. Both
S. cerevisiae and human EXO1 were shown to partici-
pate in the process of nucleotide excision repair (NER)
after UV irradiation [16, 17]. Additionally, human
EXOL1 plays an important role in the repair of DSB by
HR where, in a two-step resection mechanism, it was
shown to carry out the extensive resection that is nec-
essary to generate recombinogenic structures [18, 19].
Studies conducted in S. cerevisiae showed redundancy
between Exol and Rad27 in processing Okazaki frag-
ments during DNA replication [20] and the recruitment
of yeast Exol to stalled replication forks was shown to
contribute to fork stability by counteracting fork rever-
sal [21].

Biochemically, EXO1 catalyzes the removal of
mononucleotides from the 5’-end of the DNA
duplex, showing a strong preference for blunt-ended,
5'-recessed termini and DNA nicks. EXO1 can pro-
cess single-stranded DNA, though less efficiently than
double-stranded DNA [22-24], and displays 5’-ssDNA-
flap-specific endonuclease activity but does not pos-
sess endonuclease activity at bubble-like structures
[23]. The mechanism by which EXO1 acts on DNA was
investigated at the molecular level in a study where the
catalytic domain of EXO1 was co-crystallized with a 5/
recessed-end substrate. The data showed that, in anal-
ogy to other FEN nucleases, EXO1 first splays apart
the DNA duplex inducing a sharp bend proximal to the
cleavage site and then frays two nucleotides at the 5’
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end, facilitating access of the catalytic site to the scissile
phosphodiester bond [25].

A number of laboratories, including ours, have
reported that both yeast and human EXO1 are regulated
by post-translational modifications such as phospho-
rylation, ubiquitylation and sumoylation [26-32]. A pro-
teome wide study aimed at identifying in vivo targets of
checkpoint kinases reported S, as site of phosphoryla-
tion in yeast Exol [33]. A study addressing the effect of
telomere dysfunction on DNA resection described four
additional sites of phosphorylation in yeast Exol that
appeared to exert a negative effect on Exol activity [31].

In the present study, we employed Pho-Tag gel technol-
ogy to resolve phosphorylated Exol in response to stalled
replication or DNA damage and identified components
of the Mec1-Rad53-Dunl pathway as well as the phos-
phatase Pph3 in the dynamic control of yeast Exol phos-
phorylation. Furthermore, we explored the role of 14-3-3
proteins and Rad53 on the subcellular localization of
Exo1 during checkpoint activation and recovery.

Results

Exo1 phosphorylation upon replication stress

is Rad53-dependent and Dun1-independent

We have previously provided evidence that checkpoint-
dependent phosphorylation of yeast Exol in response
to DNA replication stress occurs in a Mecl-dependent
manner and this correlates with binding to 14-3-3 pro-
teins [30]. Taking advantage of the superior performance
of Phos-Tag [30] as compared to regular SDS-PAGE [31]
in resolving phosphorylated forms of Exol, we first visu-
alized the effect of DNA damage by an alkylating agent
or of stalled DNA replication on Exol mobility (Fig. la
and Additional file 1: Fig. S1). Next, we set out to dissect
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Fig. 1 a Equal amounts of TCA extracts obtained from cells treated in the presence or the absence of HU (150 mM) or MMS (0.03%) for 90 min were
resolved on either regular (Rad53) or Phos-Tag (Exo1-Myc) 8% SDS-polyacrylamide gels. Protein expression was examined by immunoblot (IB) with
appropriate antibodies. b Equal amounts of TCA extracts obtained from the indicated strains treated in the presence or the absence of HU (150 mM)
were resolved as in (a). Exo1 was visualized with an antibody to the Myc-tag
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the contribution of Mecl kinase cascade components
to Exol phosphorylation. To this end, we examined the
response to HU in strains expressing a hypomorphic
Rad53 mutant or that are deficient in Dunl. We first con-
firmed that the HU-sensitivity of the former could be
partially rescued by deletion of EXOI [30] and that cells
carrying a DUNI deletion were less sensitive to HU than
Rad53-deficient cells (Additional file 1: Fig. S2). Next,
we observed that the HU-induced and phosphorylation-
dependent retarded migration of Exol was abolished in
the checkpoint defective Rad53-mutant strain (rad53-
K227A), but not in dunlA cells (Fig. 1b).

These data unequivocally indicate that Rad53 is the
component of the Mecl pathway responsible for Exol
phosphorylation in response to DNA replication stress.

Pph3 controls Rad53 and Exo1 dephosphorylation
during recovery
In order to establish which phosphatase opposes Rad53-
dependent Exol phosphorylation during recovery from
DNA replication stress, we made use of strains deficient
in Pph3 or Glc7, representative of the two major Ser/Thr
phosphatase activities in the cell and previously shown
to play a role in DDR [34-37]. HU treatment caused a
mobility shift for both Rad53 and Exol that was more
prominent in pph3A than in wild type cells, indicative
of higher stoichiometry of phosphorylation in the for-
mer background (Fig. 2a). In pph3A cells, Exol remained
fully phosphorylated until 60 min post-release from
HU, whereas Rad53 underwent partial dephosphoryla-
tion at this time (Fig. 2a). To assess whether Pph3 acts
directly on Exol or has an indirect effect on it through
dephosphorylation of Rad53, we switched-off the check-
point during HU recovery using the Mecl inhibitor caf-
feine. The data showed that, under these conditions,
both Rad53 and Exol dephosphorylation were delayed
in pph3A cells (Fig. 2c), leaving open the possibility that
Pph3 may control dephosphorylation of both Rad53 and
Exol. Flow cytometric analysis of DNA showed a delay
of cell cycle progression upon HU removal in pph3A cells
(Fig. 2b, 60 and 90 min time-points), which was possibly
the consequence of prolonged Rad53 activation (Fig. 2a).
The established lack of viability of glc7-null cells [38]
prompted us to take advantage of a catalytic mutant of
the phosphatase (glc7-E101Q), which displays defects in
glucose metabolism but normal cell cycle progression
and chromosome segregation [39]. The data showed that
the pattern of Exol or Rad53 mobility during recovery
from HU in the glc7-E101Q background was not altered
in comparison to control cells (Fig. 2a), ruling out a con-
tribution from Glc7 in the dephosphorylation of these
proteins during checkpoint recovery.
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Taken together, these data indicate that Pph3 is the
major phosphatase involved in Rad53 and Exol dephos-
phorylation during recovery from HU.

14-3-3 proteins control Exo1 localization

Considering our previous finding that yeast Exol inter-
acts with 14-3-3 proteins upon replication stress and that
such interaction prevents over-resection of DNA at, and
behind, replication forks [30], we asked whether 14-3-3
proteins may exert their action through effects on Exol
localization. To visualize Exol, we tagged the endogenous
gene with GFP and examined its localization by fluores-
cence microscopy. In wild type cells, we observed Exol-
GFP nuclear accumulation in response to HU-treatment.
Upon release from HU, the green fluorescence signal
was redistributed throughout the cell, with an apparent
decrease in intensity when compared to untreated cells
(Fig. 3). Next, we visualized the localization of Exol-GFP
during transition through the cell cycle in the absence of
DNA damage. To this end, we synchronized wild type
cells in late G1 using a-factor and released them to allow
synchronous entry into S-phase. Under these condi-
tions, we observed nuclear accumulation of Exol during
S-phase and redistribution of the green fluorescence sig-
nal through the cell at later times (Additional file 1: Fig.
S3), in a manner similar to what observed under condi-
tions of low nucleotide availability (Fig. 3).

To examine possible effects of 14-3-3 proteins on the
localization of Exol-GFP we employed the bmhi-280
bmh2A double mutant strain, which is characterized by
normal cell cycle progression in unperturbed conditions,
but shows recovery defects in response to HU [40]. The
mutant Bmh1-280 protein carries a single point muta-
tion (E,3¢>G) in helix oE, affecting a residue close to the
amino acids that form salt bridges and hydrogen bonds
with the ligand [41]. In bmh1-280 bmh2A cells (hereafter
14-3-3-deficient cells), the intense green fluorescence sig-
nal of Exol-GFP remained diffused in response to treat-
ment with HU, failing to shuttle into the nucleus (Fig. 3).

Rad53-K227A cells express a kinase-defective Rad53
and are characterized by uncontrolled firing of dormant
origins and destabilization of replication intermedi-
ates [30, 42], the latter being relieved by EXO1I deletion
[21]. In the Rad53-mutant strain undergoing replica-
tion stress, Exol-GFP was able to accumulate into the
nucleus, but failed to be displaced from it and redis-
tribute in the cell during recovery from HU (Fig. 3). To
ascertain whether the persistent nuclear accumulation
of Exol-GFP in the Rad53-mutant strain recovering
from HU was due to failed phosphorylation by kinase-
defective Rad53, we examined localization of Exol-
GEFP in cells carrying deletion of PPH3, a condition
where Rad53 remains partially phosphorylated during
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Fig. 2 a Wild type, pph3A and glc7:E101Q strains were synchronized with HU (150 mM, 90 min) and released in YPD for the indicated times. Equal
amounts of proteins were resolved as in Fig. 1. To improve the resolution of protein bands, one additional hour of separation was allowed after the
die front reached the end of the slab gel. Proteins of interest were detected by immunoblot (IB). b Flow cytometric analysis of DNA content for the
samples displayed in (a). ¢ Wild type and pph3A strains were synchronized as described in (a) and released in YPD in the presence or the absence of

caffeine (10 mg/ml) for the indicated times. Proteins of interest were detected as in (a)
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Fig. 3 Fluorescence microscopy images of wild type and mutant strains that were treated as indicated. From top to bottom: Phase contrast, DAPI
(rendered as red), Exo1-GFP (green) and a merge of DAPI and GFP. Five fields in each condition, containing ~ 30 cells/field, were examined in at least

recovery (Fig. 2a). The data showed that a similar pat-
tern of nuclear localization and release of Exol-GFP in
wild type and pph3A cells upon treatment and release
from HU, respectively (Fig. 4). Finally, in rad53-K227A/
bmh2A bmhi-280 cells the pattern of Exol-GFP dis-
tribution upon HU-treatment and during recovery
appeared similar to the 14-3-3-deficient cells (Fig. 3).

These data suggest that 14-3-3 proteins are neces-
sary to facilitate Exol nuclear translocation, whereas
the Rad53/Pph3 control of Exol phosphorylation does
not seem to play a role in the export of Exol from the
nucleus.

Discussion

Phosphorylation of yeast Exol upon checkpoint activa-
tion was so far investigated by means of cumbersome
mass spectrometry and the effect of Exol phosphoryla-
tion on DNA resection was indirectly assessed from
patterns of cell viability [31, 33]. We have previously
shown the power of Phos-Tag technology, which allows
resolving a number of phosphorylated Exol isoforms
induced in response to stalled replication [30]. In the
present study, combining Phos-Tag SDS-PAGE reso-
lution of proteins and Western blot analysis (Fig. la
and Additional file 1: Fig. S1), we confirm and extend
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these observations, demonstrating that Exol undergoes
phosphorylation in response to DNA damage by an
alkylating agent as well as by an agent that stalls DNA
replication. With regard to the protein kinase cascade
signaling to Exol, we previously compared the pattern
of Exol mobility in wild type and mecl/sld1A cells,
concluding that retarded Exol migration in Phos-Tag
gels depended on Mecl activity [30]. Extending those
observations, we now provide evidence for a similar
retardation of migration in rad53-K227A cells, but not
in dunlA cells, challenged with a replication inhibitor
(Fig. 1b). This indicates that Exol phosphorylation in
response to HU is predominantly Rad53-dependent.

The major Ser—Thr protein phosphatase activities
in the cells, namely those associated with the type-1
and type-2A enzymes Glc7 and Pph3, respectively,
have been shown to play a major role during recovery
from DNA replication stress or MMS-induced dam-
age through dephosphorylation of yH2AX and Rad53
[34, 36, 37]. We demonstrate that absence of Pph3
caused an evident retardation of Exol dephosphoryla-
tion during recovery from HU and also contributed
to delay dephosphorylation of Rad53 (Fig. 2a). Check-
point switch-off by caffeine in pph3A cells showed
that dephosphorylation of both Rad53 and Exol was
delayed (Fig. 2c), indicating that Pph3 may act directly
or indirectly on Exol.

We have previously shown that 14-3-3 proteins
bind both human and yeast Exol, with the distinction

that the former establishes a constitutive interaction,
whereas the latter binds 14-3-3 only upon stalled rep-
lication [30]. Hence, checkpoint-dependent phospho-
rylation of yeast Exol likely creates the conditions for
interaction with 14-3-3 proteins, whereas in human
EXOL1 suitable sites are likely phosphorylated in a
checkpoint-independent manner. In human EXO1, at
least six phosphorylation sites potentially responsible
for this protein—protein interaction were identified
[43]. Functional analysis with phospho-null mutants
indicated that they have no role in nuclear import of
EXO1 [43]. A subsequent study identified the domain
508-750 of EXO1, which comprises a number of pre-
viously identified sites of phosphorylation, as the
region responsible for interaction with 14-3-3 [44]. The
authors showed that 14-3-3 protein binding through
this region causes inhibition of EXO1-mediated DNA
resection in a cell-free system but not in a biochemi-
cal resection assay with purified components, indicat-
ing the participation of yet unidentified components in
this process [44]. Regardless of this, the study revealed
a functional role for the interaction of 14-3-3 proteins
with EXO1. Such modulatory effect of 14-3-3 proteins
on the human enzyme is in agreement with our previ-
ous findings in budding yeast, where we showed that
lack of functional Bmhl and Bmh2 proteins (the yeast
homologues of human 14-3-3 proteins) unleashes Exol
activity, causing pathological resection of DNA [30].
Using wild type and mutant strains, in the present
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study we discovered an additional role of yeast 14-3-3
proteins, namely an effect on the dynamic shuttling of
Exol through cell compartments. We provide visual
evidence that yeast Exol is recruited to nuclei during
regular transition through S-phase (Additional file 1:
Fig. S3) as well as in response to replication stress
(Fig. 3), in a manner that depends on 14-3-3 proteins.
Release of Exol from nuclei of wild type cells occurs
during the recovery phase (Fig. 3). In Rad53-deficient
cells recovering from replication stress, the release
of Exol from nuclei was impaired (Fig. 3), a fact that
can be correlated to failed phosphorylation by kinase-
defective Rad53. However, in pph3A cells where wild
type Rad53 remained partially phosphorylated dur-
ing initial phases of recovery (Fig. 2a), hence possibly
able to phosphorylate Exol, and when Exol itself was
hyper-phosphorylated, we did not observe preferential
exclusion of Exol from the nucleus (Fig. 4), indicating
that the Rad53/Pph3 control of Exol phosphorylation
does not likely play a role in nuclear export of Exol.

Interestingly, in the absence of functional 14-3-3 pro-
teins, we observed that Exol remained distributed in
all cell compartments, regardless of the presence of HU
(Fig. 3), with the nuclear sub-population of Exol likely
being the one responsible for the reported over-resec-
tion of DNA [30]. This suggests that nuclear localiza-
tion of Exol requires interaction with 14-3-3 proteins.
Since it was previously reported that yeast 14-3-3 pro-
teins bind to the checkpoint kinase Rad53, influenc-
ing its DNA damage-dependent functions [45], and we
showed that yeast 14-3-3 proteins bind Exol upon rep-
lication stress [30], it is likely that 14-3-3 proteins coor-
dinate phosphorylation of Exol by Rad53.

Table 1 List of S. cerevisiae strains used in this study
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Conclusion
This work demonstrates that the dynamic phosphoryla-
tion of yeast Exol in response to stalled replication is
under the control of the checkpoint kinase Rad53. Dur-
ing recovery from HU the phosphatase Pph3 results to be
the major controller of Rad53 and Exol phosphorylation.
Furthermore, this study extended previous observations
on the interaction between Exol and 14-3-3 proteins
showing that the latter contribute to shuttle Exol into the
nucleus under conditions of normal DNA replication or
upon stress caused by low nucleotide availability.

As a whole, this study sheds further light on the control
of a key component of the DNA resection machinery.

Materials and methods

Materials

The antibodies used in this study were: mouse monoclo-
nal anti-Myc (9E10, sc-40), mouse monoclonal (sc-74427)
and goat polyclonal (sc-6749) anti-Rad53, rat monoclonal
anti-a-tubulin (sc-53030) from Santa Cruz Biotechnol-
ogy. Hydroxyurea was purchased from Bio-Basic Canada
Inc., whereas al-mating factor and all other reagents
were from Sigma.

Saccharomyces cerevisiae strains

The yeast strains used in this study are isogenic to
W303-1A (wild type) [46] and are listed in Table 1. All
strains have been obtained by one step replacement using
the indicated markers and tags that have been generated
by PCR. Yeast transformation was performed by LiAc/SS
carrier DNA/PEG method [47]. The isolated clones have
been verified by colony PCR and Western Blot. All dele-
tion (A) strains lack the entire coding sequence.

Strain Genotype Origin
W303-1A MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11,15 [phi+] [46]
YCN51 MATa EXO1-Myc:KANMX4:exo This study
CY2034 MATa rad53-K227A:KANMX4 [21]
CY5469 MATa rad53-K227A:KANMX4 exo1A:HIS3 [21]
YCN68 MATa EXO1-Myc:KANMX4:exo1 dun1A:URA3 This study
YCN117 MATa EXO1-Myc:KANMX4:exo1 pph3A:URA3 This study
YCN57 MATa glc7-E101Q:KANMX4 EXO1-Myc:NAT1:exol This study
YKE2 MATa bmh2A:NAT1 bmh1A:HIS3:bmh1-280:LEU2 [30]

YKE8 MATa bmh2A:NATT bmh1A:HIS3:bmh1-280:LEU2 exo1:URA3 rad53-K227A:KANMX4 [30]
YKE37 MATa exo1A:KANMX6 [30]
YCN44 MATa EXO1-GFP:KITRP1-1:ex01 This study
YCN45 MATa bmh2A:NAT1T bmh1A:HIS3:bmh1-280:LEU2 EXO1-GFP:KITRP1-1:exo1 This study
YCN46 MATa rad53-K227A:KANMX4 EXO1-GFP:KITRP1-1:exo This study
YCN47 MATa rad53-K227A:KANMX4 bmh2A:NATT bmh1A:HIS3:bmh1-280:LEU2 EXO1-GFP:KITRP1-1:exol This study
YSF169 MATa EXO1-GFP:KITRP1-1:exo1 pph3A:URA3 This study
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a-Factor synchronization

Log-phase cells were treated with 5 pug/ml a-factor for
120 min, released in fresh YPD containing 50 pg/ml pro-
nase and harvested in a time-course fashion.

Sensitivity assays

Wild-type and mutant strains were grown exponentially.
Serial dilutions (1:10) were spotted on YPD plates con-
taining different HU concentrations and grown for 3 days
before scoring.

Protein extraction and Western Blotting

Western blot analysis of yeast proteins was carried out
upon TCA extraction [48]. To visualize Exol, an opti-
mized Phos-tag system (50-150 uM Phos-tag reagent)
was employed according to [49]. Proteins were trans-
ferred to PVDF (0.45 pm pore size, Machery-Nagel)
overnight at 4 °C applying constant voltage (30 V). Immu-
noblot analysis was performed as previously described
[28] and proteins were visualized using the FUSION
SOLO® chemiluminescence imaging system (Vilber).

Flow cytometric analysis
Flow cytometric analysis was performed as described
[50].

Fluorescence microscopy

Yeast cells were fixed in 4% formaldehyde and mounted
with Vectashield® (containing DAPI). Cells were imaged
with an Olympus 1X71 fluorescence microscope. An oil
immersion 100x objective was used. DAPI was rendered
in red as false color.

Additional file

Additional file 1: Figure S1. Exo1-Myc and Rad53 from wildtype cells
that were treated as indicated were resolved on a regular 8% Laemmli
SDS-polyacrylamide gel. The indicated proteins were detected by
immune-blotting (IB). Tubulin was used as loading control. Figure S2.
Spot dilution assays on YPD plates containing different amounts of HU.
The indicated strains were grown for 3 days before scoring cell survival.
Figure S3. Wildtype cells were synchronized for 120 min in a-factor,
released for the indicated times and examined by fluorescence micros-
copy. From top to bottom: Phase contrast, DAPI (rendered as red), Exo1-
GFP (green) and a merge of DAPI and GFP.

Authors’ contributions

NRC designed, performed and analyzed experiments; GDG performed experi-
ments; SF designed and analyzed experiments and wrote the manuscript. All
authors read and approved the final manuscript.

Acknowledgements
We would like to thank Dr. J. Oullet and Prof. Y. Barral, ETH Zurich, for tools
and assistance with fluorescence microscopy as well as Farah M'hmedi for

Page 8 of 9

technical support. We are also indebted to Dr. K. Engels, Prof. A. Pellicioli and
members of SF laboratory for helpful suggestions.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Consent for publication
All authors agree with publishing this study.

Ethics approval and consent to participate
Not applicable.

Funding
This work was supported by grants from the Swiss Foundation for Fight
against Cancer and from the University of Zurich Research Funds.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 25 September 2018 Accepted: 24 December 2018
Published online: 04 January 2019

References

1. Zeman MK, Cimprich KA. Causes and consequences of replication stress.
Nat Cell Biol. 2014;16(1):2-9.

2. Jones RM, Petermann E. Replication fork dynamics and the DNA damage
response. Biochem J. 2012;443(1):13-26.

3. MasaiH, Matsumoto S, You Z, Yoshizawa-Sugata N, Oda M. Eukaryotic
chromosome DNA replication: where, when, and how? Annu Rev Bio-
chem. 2010;79:89-130.

4. Diffley JF. Quality control in the initiation of eukaryotic DNA replication.
Philos Trans R Soc Lond B Biol Sci. 2011;366(1584):3545-53.

5. Fragkos M, Ganier O, Coulombe P, Mechali M. DNA replication origin
activation in space and time. Nat Rev Mol Cell Biol. 2015;16(6):360-74.

6. Branzei D, Foiani M. Maintaining genome stability at the replication fork.
Nat Rev Mol Cell Biol. 2010;11(3):208-19.

7. Muzi-Falconi M, Liberi G, Lucca C, Foiani M. Mechanisms controlling
the integrity of replicating chromosomes in budding yeast. Cell Cycle.
2003;2(6):564-7.

8. Szankasi P, Smith GR. A DNA exonuclease induced during meiosis of
Schizosaccharomyces pombe. J Biol Chem. 1992;267(5):3014-23.

9. TsubouchiH, Ogawa H. Exo1 roles for repair of DNA double-strand breaks
and meiotic crossing over in Saccharomyces cerevisiae. Mol Biol Cell.
2000;11(7):2221-33.

10. Digilio FA, Pannuti A, Lucchesi JC, Furia M, Polito LC. Tosca: a Drosophila
gene encoding a nuclease specifically expressed in the female germline.
Dev Biol. 1996;178(1):90-100.

11. Fiorentini P, Huang KN, Tishkoff DX, Kolodner RD, Symington LS. Exonu-
clease | of Saccharomyces cerevisiae functions in mitotic recombination
in vivo and in vitro. Mol Cell Biol. 1997;17(5):2764-73.

12. Maringele L, Lydall D. EXO1-dependent single-stranded DNA at telom-
eres activates subsets of DNA damage and spindle checkpoint pathways
in budding yeast yku70Delta mutants. Genes Dev. 2002;16(15):1919-33.

13. Szankasi P, Smith GR. A role for exonuclease | from S. pombe in mutation
avoidance and mismatch correction. Science. 1995;267(5201):1166-9.

14. Tishkoff DX, Boerger AL, Bertrand P, Filosi N, Gaida GM, Kane MF, Kolodner
RD. Identification and characterization of Saccharomyces cerevisiae EXO1,
a gene encoding an exonuclease that interacts with MSH2. Proc Natl
Acad Sci USA. 1997,94(14):7487-92.

15. Tran PT, Simon JA, Liskay RM. Interactions of Exo1p with components
of MutLalpha in Saccharomyces cerevisiae. Proc Natl Acad Sci USA.
2001,;98(17):9760-5.


https://doi.org/10.1186/s13008-018-0044-2

Chappidi et al. Cell Div

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33

(2019) 14:1

Giannattasio M, Follonier C, Tourriere H, Puddu F, Lazzaro F, Pasero P,
Lopes M, Plevani P, Muzi-Falconi M. Exo1 competes with repair synthesis,
converts NER intermediates to long ssSDNA gaps, and promotes check-
point activation. Mol Cell. 2010;40(1):50-62.

Sertic S, Pizzi S, Cloney R, Lehmann AR, Marini F, Plevani P, Muzi-Falconi M.
Human exonuclease 1 connects nucleotide excision repair (NER) process-
ing with checkpoint activation in response to UV irradiation. Proc Natl
Acad Sci USA. 2011;108(33):13647-52.

Mimitou EP, Symington LS. Nucleases and helicases take center stage in
homologous recombination. Trends Biochem Sci. 2009;34(5):264-72.

Eid W, Steger M, EI-Shemerly M, Ferretti LP, Pena-Diaz J, Konig C, Valtorta
E, Sartori AA, Ferrari S. DNA end resection by CtIP and exonuclease 1
prevents genomic instability. EMBO Rep. 2010;11(12):962-8.

Qiu J, Qian'Y, ChenV, Guan MX, Shen B. Human exonuclease 1
functionally complements its yeast homologues in DNA recombina-
tion, RNA primer removal, and mutation avoidance. J Biol Chem.
1999;274(25):17893-900.

Cotta-Ramusino C, Fachinetti D, Lucca C, Doksani Y, Lopes M, Sogo J,
Foiani M. Exo1 processes stalled replication forks and counteracts fork
reversal in checkpoint-defective cells. Mol Cell. 2005;17(1):153-9.

Wilson DM 3rd, Carney JP, Coleman MA, Adamson AW, Christensen M,
Lamerdin JE. Hex1:a new human Rad2 nuclease family member with
homology to yeast exonuclease 1. Nucleic Acids Res. 1998;26(16):3762-8.
Lee BI, Wilson DM 3rd. The RAD2 domain of human exonuclease 1
exhibits 5’ to 3’ exonuclease and flap structure-specific endonuclease
activities. J Biol Chem. 1999;274(53):37763-9.

Cannavo E, Cejka P, Kowalczykowski SC. Relationship of DNA degradation
by Saccharomyces cerevisiae exonuclease 1 and its stimulation by RPA
and Mre11-Rad50-Xrs2 to DNA end resection. Proc Natl Acad Sci USA.
2013;110(18):E1661-8.

Orans J, McSweeney EA, lyer RR, Hast MA, Hellinga HW, Modrich P, Beese
LS. Structures of human exonuclease 1 DNA complexes suggest a unified
mechanism for nuclease family. Cell. 2011;145(2):212-23.

Bolderson E, Tomimatsu N, Richard DJ, Boucher D, Kumar R, Pandita TK,
Burma S, Khanna KK. Phosphorylation of Exol modulates homologous
recombination repair of DNA double-strand breaks. Nucleic Acids Res.
2010;38(6):1821-31.

Bologna S, Altmannova V, Valtorta E, Koenig C, Liberali P, Gentili C,
Anrather D, Ammerer G, Pelkmans L, Krejci L, et al. Sumoylation

regulates EXO1 stability and processing of DNA damage. Cell Cycle.
2015;14(15):2439-50.

El-Shemerly M, Hess D, Pyakurel AK, Moselhy S, Ferrari S. ATR-dependent
pathways control hEXO1 stability in response to stalled forks. Nucleic
Acids Res. 2008;36(2):511-9.

El-Shemerly M, Janscak P, Hess D, Jiricny J, Ferrari S. Degradation of
human exonuclease 1b upon DNA synthesis inhibition. Cancer Res.
2005;65(9):3604-9.

Engels K, Giannattasio M, Muzi-Falconi M, Lopes M, Ferrari S. 14-3-3 pro-
teins regulate exonuclease 1-dependent processing of stalled replication
forks. PLoS Genet. 2011;7(4):e1001367.

Morin |, Ngo HP, Greenall A, Zubko MK, Morrice N, Lydall D. Checkpoint-
dependent phosphorylation of Exol modulates the DNA damage
response. EMBO J. 2008;27(18):2400-10.

Tomimatsu N, Mukherjee B, Catherine Hardebeck M, licheva M, Vanessa
Camacho C, Louise Harris J, Porteus M, Llorente B, Khanna KK, Burma S.
Phosphorylation of EXO1 by CDKs 1 and 2 regulates DNA end resection
and repair pathway choice. Nat Commun. 2014;5:3561.

Smolka MB, Albuquerque CP, Chen SH, Zhou H. Proteome-wide identi-
fication of in vivo targets of DNA damage checkpoint kinases. Proc Nat!
Acad Sci USA. 2007;104(25):10364-9.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Page 9 of 9

Bazzi M, Mantiero D, Trovesi C, Lucchini G, Longhese MP. Dephosphoryla-
tion of gamma H2A by Glc7/protein phosphatase 1 promotes recovery
from inhibition of DNA replication. Mol Cell Biol. 2010;30(1):131-45.
Keogh MC, Kim JA, Downey M, Fillingham J, Chowdhury D, Harrison JC,
Onishi M, Datta N, Galicia S, Emili A, et al. A phosphatase complex that
dephosphorylates gammaH2AX regulates DNA damage checkpoint
recovery. Nature. 2006;439(7075):497-501.

O'Neill BM, Szyjka SJ, Lis ET, Bailey AO, Yates JR 3rd, Aparicio OM,
Romesberg FE. Pph3-Psy2 is a phosphatase complex required for Rad53
dephosphorylation and replication fork restart during recovery from DNA
damage. Proc Natl Acad Sci USA. 2007;104(22):9290-5.

Szyjka SJ, Aparicio JG, Viggiani CJ, Knott S, Xu W, Tavare S, Aparicio OM.
Rad53 regulates replication fork restart after DNA damage in Saccharomy-
ces cerevisiae. Genes Dev. 2008;22(14):1906-20.

Cannon JF, Pringle JR, Fiechter A, Khalil M. Characterization of gly-
cogen-deficient glc mutants of Saccharomyces cerevisiae. Genetics.
1994;136(2):485-503.

Logan MR, Nguyen T, Szapiel N, Knockleby J, Por H, Zadworny M, Neszt
M, Harrison P, Bussey H, Mandato CA, et al. Genetic interaction network
of the Saccharomyces cerevisiae type 1 phosphatase Glc7. BMC Genom.
2008;9:336.

Lottersberger F, Rubert F, Baldo V, Lucchini G, Longhese MP. Functions of
Saccharomyces cerevisiae 14-3-3 proteins in response to DNA damage
and to DNA replication stress. Genetics. 2003;165(4):1717-32.

Gardino AK, Smerdon SJ, Yaffe MB. Structural determinants of 14-3-3
binding specificities and regulation of subcellular localization of
14-3-3-ligand complexes: a comparison of the X-ray crystal structures of
all human 14-3-3 isoforms. Semin Cancer Biol. 2006;16(3):173-82.

Lopes M, Cotta-Ramusino C, Pellicioli A, Liberi G, Plevani P, Muzi-Falconi
M, Newlon CS, Foiani M. The DNA replication checkpoint response stabi-
lizes stalled replication forks. Nature. 2001,412(6846):557-61.

Andersen SD, Keijzers G, Rampakakis E, Engels K, Luhn P, EI-Shemerly

M, Nielsen FC, Du'Y, May A, Bohr VA, et al. 14-3-3 checkpoint regula-

tory proteins interact specifically with DNA repair protein human
exonuclease 1 (hEXOT1) via a semi-conserved motif. DNA Repair (Amst).
2012;11(3):267-77.

Chen X, Kim IK, Honaker Y, Paudyal SC, Koh WK, Sparks M, Li S, Piwnica-
Worms H, Ellenberger T, You Z. 14-3-3 proteins restrain the Exo1 nuclease
to prevent overresection. J Biol Chem. 2015;290(19):12300-12.

Usui T, Petrini JH. The Saccharomyces cerevisiae 14-3-3 proteins Bmh'

and Bmhz2 directly influence the DNA damage-dependent functions of
Rad53. Proc Natl Acad Sci USA. 2007;104(8):2797-802.

Thomas BJ, Rothstein R. Elevated recombination rates in transcriptionally
active DNA. Cell. 1989;56(4):619-30.

Gietz RD, Schiestl RH. Large-scale high-efficiency yeast transformation
using the LiAc/SS carrier DNA/PEG method. Nat Protoc. 2007,2(1):38-41.
Muzi Falconi M, Piseri A, Ferrari M, Lucchini G, Plevani P, Foiani M. De novo
synthesis of budding yeast DNA polymerase alpha and POL1 transcrip-
tion at the G1/S boundary are not required for entrance into S phase.
Proc Natl Acad Sci USA. 1993;90(22):10519-23.

Kinoshita E, Kinoshita-Kikuta E, Matsubara M, Yamada S, Nakamura H,
Shiro Y, AokiY, Okita K, Koike T. Separation of phosphoprotein isotypes
having the same number of phosphate groups using phosphate-affinity
SDS-PAGE. Proteomics. 2008;8(15):2994-3003.

Pellicioli A, Lucca C, Liberi G, Marini F, Lopes M, Plevani P, Romano A, Di
Fiore PP, Foiani M. Activation of Rad53 kinase in response to DNA damage
and its effect in modulating phosphorylation of the lagging strand DNA
polymerase. EMBO J. 1999;18(22):6561-72.



	Replication stress-induced Exo1 phosphorylation is mediated by Rad53Pph3 and Exo1 nuclear localization is controlled by 14-3-3 proteins
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Exo1 phosphorylation upon replication stress is Rad53-dependent and Dun1-independent
	Pph3 controls Rad53 and Exo1 dephosphorylation during recovery
	14-3-3 proteins control Exo1 localization

	Discussion
	Conclusion
	Materials and methods
	Materials
	Saccharomyces cerevisiae strains
	α-Factor synchronization
	Sensitivity assays
	Protein extraction and Western Blotting
	Flow cytometric analysis
	Fluorescence microscopy

	Authors’ contributions
	References




