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ABSTRACT

The DNA replication or S-phase checkpoint monitors
the integrity of DNA synthesis. Replication stress
or DNA damage triggers fork stalling and check-
point signaling to activate repair pathways. Recov-
ery from checkpoint activation is critical for cell sur-
vival following DNA damage. Recovery from the S-
phase checkpoint includes inactivation of checkpoint
signaling and restart of stalled replication forks.
Previous studies demonstrated that degradation of
Mrc1, the Saccharomyces cerevisiae ortholog of hu-
man Claspin, is facilitated by the SCFP"#2 ubiquitin
ligase and is important for cell cycle re-entry af-
ter DNA damage-induced S-phase checkpoint acti-
vation. Here, we show that degradation of Mrc1 facil-
itated by the SCFP#2 complex is critical to restart
stalled replication forks during checkpoint recov-
ery. Using DNA fiber analysis, we showed that Dia2
functions with the Sgs1 and Mph1 helicases (or-
thologs of human BLM and FANCM, respectively) in
the recombination-mediated fork restart pathway. In
addition, Dia2 physically interacts with Sgs1 upon
checkpoint activation. Importantly, failure to target
Mrc1 for degradation during recovery inhibits Sgs1
chromatin association, but this can be alleviated by
induced proteolysis of Mrc1 after checkpoint activa-
tion. Together, these studies provide new mechanis-
tic insights into how cells recover from activation of
the S-phase checkpoint.

INTRODUCTION

Checkpoint recovery is central to accurate cell division.
Checkpoint pathways monitor progress during cell division
so that in the event of an error, the checkpoint is acti-
vated to block the cell cycle and activate repair pathways.
Checkpoint recovery mechanisms contribute to the suc-

cessful completion of a checkpoint. Checkpoint recovery
encompasses the pathways responsible for inactivation of
checkpoint signaling and cell cycle re-entry after the initial
stress has been alleviated.

The DNA replication or S-phase checkpoint monitors
the integrity of DNA synthesis. Replication stress such as
limited free nucleotides or DNA damage in the form of
DNA breaks or adducts leads to replication fork stalling
and the initiation of the checkpoint-signaling pathway (1-
4). In the budding yeast Saccharomyces cerevisiae, initiation
of the S-phase checkpoint leads to activation and recruit-
ment of the Mecl/ATR kinase (5-7). Mecl activates the ki-
nase Rad53 via mediator proteins that include Mrcl, Rad9,
Tofl and Csm3 (7-15). Rad53 activation results in replica-
tion fork stabilization and inhibition of further origin firing
(2,4,16-18).

Recovery from the S-phase checkpoint requires inactiva-
tion of checkpoint signaling and restart of stalled replica-
tion forks, although it is not clear whether there is coordina-
tion between the pathways that inhibit checkpoint signaling
and those that facilitate fork restart. In yeast, inactivation of
the signaling kinase Rad53 by phosphatases Pph3 and Ptc2
contributes to fork restart during recovery from a methyl
methane sulfonate (MMS)-induced checkpoint (19,20). In
addition, fork restart during recovery from a hydroxyurea
(HU)-induced checkpoint is dependent on the chromatin
remodeling proteins Ino80 and Isw2 (21-23).

Protein degradation of checkpoint adaptor proteins is
also important for recovery from the S-phase checkpoint.
Our previous work showed that the degradation of the
checkpoint adaptor and replication fork protein Mrcl, con-
trolled by the SCFP? ubiquitin ligase complex, is impor-
tant for cell cycle re-entry after cells are exposed to the
alkylating agent MMS. Rad53 phophorylation levels per-
sist longer in dia2 A cells during recovery from an MMS-
induced checkpoint and dia2 A cells exhibit greater recovery
delays when the Rad53 phosphatase Pph3 is also absent,
suggesting that Mrcl degradation contributes to check-
point signaling inactivation (24). Further, degradation of
Claspin, the human homolog of Mrcl, is linked to inhibi-
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tion of Chk1 kinase signaling, after an HU-induced S-phase
checkpoint (25-27).

Multiple mechanisms can lead to restart of stalled repli-
cation forks. In some cases, direct restart of a stable, stalled
fork is possible, although little is known about direct restart
mechanisms (28). Alternatively, there is evidence that com-
promised forks can be restarted after remodeling by fork
reversal or nucleolytic processing of nascent DNA strands
or recombination-mediated mechanisms (28-30). The Sgs1
helicase, a member of the RecQ helicase family and yeast or-
tholog of the Bloom Syndrome protein BLM, is important
for recombination-mediated fork restart (31,32). Mphl, a
member of the SF2 helicase family and the yeast homolog
of FANCM, plays a role in fork maintenance and fork rever-
sal (33,34), which is important for recombination-mediated
fork restart.

In these studies, we reveal a mechanistic link between
degradation of a checkpoint protein and recombination-
mediated restart of stalled replication forks. We show that
Dia2-dependent degradation of Mrcl is required for repli-
cation fork restart in a pathway that includes Sgsl and
Mphl. Moreover, we find that Dia2 interacts with Sgs1 and
that the recruitment of Sgsl to chromatin during check-
point recovery is dependent on Mrcl degradation.

MATERIALS AND METHODS
Plasmids and strains

Tables 1 and 2 contain a list of strains and plasmids used in
this study.

Yeast cell culture and treatments

Yeast strains were cultured by standard methods (35). For
a-factor arrest, yeast cultures were grown in either liquid
minimal medium or yeast extract-peptone-dextrose (YPD)
and pulsed with 2 pg/ml a-factor peptide (Alpha Aesar)
every hour for 2 h. HU or MMS treated cells were grown in
minimal or YPD medium. For strains harboring galactose-
inducible plasmids, cells were first treated with 2% raffinose
for overnight followed by treatment with 2% galactose at
30°C.

Immunoblotting

Protein samples were separated by sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
and then transferred to nitrocellulose membranes (Pall Cor-
poration, USA). After blocking in 5% milk, membranes
were incubated with the following primary antibodies:
9E11 (Covance), anti-HA (Covance), anti-Sgsl (Santa
Cruz Biotech) and anti-Pgkl (Invitrogen). Horseradish
peroxidase conjugated secondary antibodies were used
(anti-mouse, Jackson Immuno-Research or anti-goat,
Santa Cruz Biotech). Protein bands were detected using a
Pierce ECL kit (Thermo Fisher).

Dual-labeling DNA fiber assay

Yeast strains capable of incorporating thymidine analogs
were generated by transforming with linearized HSV-TK
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plasmids (gift of O. Aparicio). Yeast strains were synchro-
nized in G1 with a-factor. Cells were released from G1 ar-
rest in fresh media containing 400 pg/ml IdU for 15 min.
For replication fork restart and fork stability assays, after
IdU treatment, cells were either untreated or treated with
0.05% MMS for 60 min followed by release in fresh media
containing 400 wg/ml CIdU for 15 min. For measurement
of replication fork velocity, no MMS treatment was done
and cells were immediately transferred to CldU containing
media for 15 min after 15 min IdU treatment. DNA fibers
were stretched on silanized glass slides and IdU (red fibers)
and CldU (green fibers) incorporation was detected by us-
ing mouse anti-BrdU clone B44 antibody (Becton Dickin-
son, cat # 347580) and Rat anti-BrdU clone BU1/75 anti-
body (AbD Serotec, cat # OBT0030G), respectively. Images
were captured on a Deltavision microscope (Applied Pre-
cision) and analyzed using Deltavision softWoRx 5.5 soft-
ware. All DNA fiber results shown are the means of three in-
dependent experiments (100 DNA fibers/experiment). Er-
ror bars show standard error of the mean. P-values for
restart experiments were derived from the Student’s z-test.
P-values for fork velocities and nascent strand degradation
were determined using the Mann—Whitney test.

Viability and spotting assays

For viability assays, overnight cultures were first grown in
YPD to log phase. Equal numbers of cells were plated on
media containing the indicated amount of MMS or HU.
Colony forming units (CFU) were counted after 4 days at
30°C. The percentage viability was calculated by dividing
CFU on YPD with MMS or HU by CFU on YPD without
MMS or HU. For spotting assays, 10-fold serial dilutions of
2 x 107 to 2 x 103 cells of the indicated strains were spot-
ted on YPD, YPD + 0.007% MMS and YPD + 200 mM
HU plates using replica plater and incubated at 30°C for
2-3 days.

Immunoprecipitation experiments

Immunoprecipitation experiments were performed using
protocols as previously described (36). Briefly, cell pellets
were resuspended in NETN lysis buffer (20 mM Tris, pH
8.0, 100 mM NaCl, I mM EDTA, 0.5% Igepal, 10 mM NakF,
25 mM B-glycerophosphate, | mM phenylmethylsulfonyl
fluoride and 1 mM pepstatin, as well as complete protease
inhibitor cocktail (Roche Applied Science). After vortexing
the cells for 10 min at 4°C with glass beads, lysates were mi-
crocentrifuged at 10 000 rpm at 4°C followed by transfer
of clear supernatant to new tubes. One milligram of lysate
was incubated with 1:200 anti-myc antibody. The sam-
ples were then incubated with protein A/G-agarose beads
(Santa Cruz Biotechnology) for 2 h at 4°C. Beads were
washed three times with same NETN lysis buffer, boiled
in 1X Laemmli loading dye and loaded to SDS-PAGE for
Western blotting.

Chromatin fractionation experiment

Chromatin fractionation was performed as previously de-
scribed (36). Briefly, spheroplasts were isolated and lysed
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Table 1. Strains used in this study

Strain Description Reference
Y80 ade2-1 ura3-1 leu2-3,112 his3-11,15 trpl-1 canl-100 M ATa (57)
DKY1032 As Y80 but HIS3::BrdU-Inc This study
DKY19%4 As Y80 but dia? A::kanM X (58)
DKY1033 As DKY 194 but HIS3::BrdU-Inc This study
DKY1042 As Y80 but sgsl A::kanM X HIS3::BrdU-Inc This study
DKY1043 As Y80 but mphl A::kanMX HIS3.:BrdU-Inc This study
DKY1044 As Y80 but dia2 A::kanM X sgsl A::kanMX HIS3:: BrdU-Inc This study
DKY1045 As Y80 but dia2 A::kanM X mphl A::kanM X HIS3:: BrdU-Inc This study
AKY149 As DKY 194 but dia2? A::kan M X::9M YC-DIA2 URA3 (36)
AKY188 As AKY149 but DIA2-AF (36)
AKY189 As AKY 149 but DIA2-AN200 (36)
AKY190 As AKY149 but DIA2-LRR (36)
AKY192 As AKY149 but DIA2-TPR (36)
AKY193 As AKY149 but DIA2-AN175 (36)
AKY199 As AKY149 but DIA2-AN134 (36)
DKY1046 As AKY149 but HIS3::BrdU-Inc This study
DKY1047 As AKY188 but HIS3::BrdU-Inc This study
DKY702 mrel::HIS3::3HA-MRCI LEU2 dia2:: KanMX::9M YC-DIA2::URA3 his3 trpl (24)

ade2 MATa
DKY909 dia2::KanM X mrcl::HIS3::3HA-AID-MRCI::LEU2 ura3 leu2 his3 trpl ade2 MATa (24)
DKY1048 As DKY702 but TRPI::BrdU-Inc This study
DKY1049 As DKY909 but URA3::BrdU-Inc This study
Table 2. Plasmids used in this study
Plasmid Relevant features Reference
p403-BrdU-Inc ADHI-hENTI, GPD-HSV-TK, HIS3 integration vector Amp* (59)
p404-BrdU-Inc ADHI-hENTI, GPD-HSV-TK, TRPI integration vector Amp" (59)
p306-BrdU-Inc ADHI-hENTI, GPD-HSV-TK, URA3 integration vector Amp* (59)

with 0.2% Triton-X100 and 150 mM NaCl. Whole cell ex-
tracts (WCE) were fractionated to supernatant (S) and pel-
let (P) using centrifugation at 15 000 xg for 15 min at
4°C. Prior to centrifugation, WCEs were either untreated
or treated with 150 kU DNasel for 30 min. One volume of
2X Laemmli buffer was added in WCE/Input and super-
natant (S) and for pellet (P) containing chromatin fraction,
2X Laemmli buffer to equal volume of S was added. Sam-
ples were boiled and then resolved by SDS-PAGE prior to
immunoblotting.

Auxin-induced degradation of Mrcl

Auxin induced Mrcl degradation was performed as previ-
ously described (24). For chromatin fractionation and DNA
fiber assays, either vehicle (100% ethanol) or 1.5 mM indole-
3-acetic acid (IAA, Alfa Aesar) was added to cell cultures
in YPD at 30°C.

Flow cytometry

Flow cytometry was performed as previously described
(24). Briefly, cells were harvested and fixed with 70%
ethanol. Fixed cells were resuspended in 1x PBS, sonicated
to break clumps and treated with 100 pg/ml RNase in Tris-
EDTA overnight. Samples were stained with 50 pg/ml pro-
pidium iodide for 1 h and analyzed by flow cytometry us-
ing FACSCaliber (BD Biosciences) and FlowJo software
(Tree Star). Cell cycle distribution graphs were prepared us-
ing Deltagraph software (Red Rock). 2C DNA content was
quantitated using flow cytometry data gated for a standard

2C distribution developed from an asynchronous popula-
tion and percentages were calculated by dividing the num-
ber of cells with 2C DNA content by the total number
counted.

RESULTS

We have previously demonstrated that Dia2-mediated
degradation of Mrcl is important for cell cycle re-entry
from an MMS-induced S-phase checkpoint (24). The ab-
sence of Dia2 leads to increased persistence of Rad53 phos-
phorylation during checkpoint recovery, suggesting that
Mrcl degradation could contribute to checkpoint signaling
inactivation. However, a key transition during checkpoint
recovery is the restart of stalled replication forks. As dia2 A
exhibits enhanced phenotypes in combination with known
replication fork restart mutants, including sgs/ A and pph3 A
(37,38), we investigated the role of Dia2 and Mrcl degrada-
tion in the restart of stalled replication forks.

Dia2 is required for restart of stalled replication forks

Given the known genetic links between Sgsl and Dia2
(37,38), we chose to compare the restart of stalled forks in
dia2 A cells to the sgs/ A mutant and the functionally similar
mphl A mutant. Sgsl and Mphl are yeast orthologs of hu-
man Bloom Syndrome protein BLM helicase and Fanconi
anemia protein FANCM (32,39), respectively. Both Sgsl
and Mphl protect stalled replication forks during repli-
cation stress and strains lacking SGSI or MPHI are hy-
persensitive to the replication inhibitors HU and MMS



(40-43). To determine if Dia2 is essential for stalled repli-
cation fork restart and if it works in the same pathway
with Sgsl and Mphl, we established wild type, dia2A,
sgsl A, mphl A, dia2 Asgsl A and dia2 Amphl A strains bear-
ing an integrated copy of HSV-TK (Herpes simplex virus—
thymidine kinase) expression vector that allows efficient in-
corporation of thymidine analogs such as BrdU, IdU or
CIdU. We observed that dia2 A cells exhibited reduced vi-
ability in combination with sgs/ A, as expected (37,38), as
well as with mphl A mutants when challenged with replica-
tion stress (Figure 1A and B).

We next monitored replication events in individual chro-
mosomes during recovery from an MMS-induced check-
point using a dual-labeling DNA fiber assay. Cells synchro-
nized in G1 were allowed to enter S-phase and then were
pulse-labeled with IdU (red label) for 15 min. Following
IdU labeling, cells were either untreated or treated with
0.05% MMS for 1 h, followed by a second pulse-labeling
with CIdU (green label) for 15 min in the absence of MMS
(Figure 1C). DNA fibers were isolated and incubated with
anti-IdU and anti-CldU antibodies to visualize DNA repli-
cation. Wild type cells were able to restart the majority of
MMS-induced stalled forks (76%), as shown by the green-
labeled DNA tracts (Figure 1D and E). However, dia2A
cells exhibited severe deficiency in stalled replication fork
restart (37%), suggesting that Dia2 is important for effi-
cient recovery of the MMS-stalled replication forks. Inter-
estingly, depletion of Dia2 in sgs/ A or mphl A strains did
not exaggerate the phenotype observed in sgs/ A or mphl A
single-deficient strains (36% and 39% in dia2 Asgsi A and
dia2 Amphl A strains versus 38% and 37% in sgs/A and
mphl A strains) suggesting that Dia2, Sgsl and Mphl are
epistatic for restart of MMS-stalled replication forks.

Dia2 and Sgs1 are important for maintenance of normal repli-
cation fork velocity

In addition to its role in recombination-mediated repli-
cation fork restart, human BLM helicase is also essen-
tial for maintaining normal replication fork velocity. Thus,
we investigated whether Sgsl, Dia2 and Mphl also af-
fect normal replication fork velocity. We pulse labeled G1-
synchronized wild type, dia2 A, sgsl A, mphl A, dia2 Asgsl A
and dia2 Amphl A strains with IdU for 15 min after release
into S phase, followed immediately by another pulse label-
ing with CldU for 15 min. To assess ongoing replication
fork velocity, we measured CldU (green label) tract lengths
in IdU-CIdU double-labeled (red-green labels) tracts. The
distribution pattern of tract lengths was similar between
wild type and mphl A strains with median tract lengths be-
ing 13.25 wm and 13.65 wm, respectively. By contrast, the
dia2 A and sgsl A strains had shorter tract length distribu-
tion with median tract lengths of 11.15 pm and 11.50 pm,
respectively, suggesting that Dia2 and Sgs1, but not Mphl,
maintain normal replication fork velocity. The dia2 Asgsl A
strain also had a similar tract length distribution (median
tract length 11.75 wm) to dia2 A and sgsl A strains, further
suggesting that Dia2 and Sgsl are epistatic for maintaining
normal fork velocity (Figure 2A).
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The Dia2 F-box domain is essential for stalled replication
fork restart and maintenance of replication velocity

To determine whether the function of Dia2 in replication
fork restart and fork velocity was due to its role as a part of
a ubiquitin ligase, we examined a Dia2 mutant lacking the
F-box domain using the same methods as described above.
The absence of the F-box domain resulted in a severe de-
ficiency of restart of MMS-stalled replication forks (Figure
2B) and reduced fork velocity (Figure 2C). The defects were
comparable to the phenotypes in strains lacking Dia2, sug-
gesting that Dia2’s role as a ubiquitin ligase is essential to
promote stalled fork restart as well as maintenance of un-
perturbed replication fork velocity.

Mphl but not Dia2 or Sgsl protects nascent DNA strands
from degradation after fork stalling

In human cells, Fanconi Anemia proteins have dual roles in
replication fork restart and protection of DNA strands from
degradation after fork stalling whereas Human BLM is dis-
pensable for nascent DNA strand stability at stalled forks
(44,45). As we observed replication fork restart defects in
dia2 A, sgslA and mphl A cells, we asked if Dia2, Sgsl or
Mphl have any role in nascent DNA strand protection af-
ter MMS-induced fork stalling. For this, cells were labeled
with IdU (red label) for 15 min followed by 1 hour 0.05%
MMS treatment. DNA tract length distributions were an-
alyzed in wild type, dia2 A, sgsl A, mphl A, dia2 Asgsl A
and dia2 Amphl A strains. As Dia2 and Sgs1 maintain nor-
mal replication fork velocity (Figure 2A), dia2 A and sgsi A
strains exhibited slightly shorter tract length distribution
patterns (median of 11.48 pm and 11.77 pm, respectively)
compared to the wild type (median of 13.66 pm; Figure
3). Strikingly, mphl A strains showed significantly shorter
tract length frequency (median of 7.55 wm) suggesting that
Mphl, but not Dia2 or Sgsl, is important for protection
of nascent DNA strands from degradation after MMS-
induced fork stalling. The dia2 Amphl A strain showed tract
length patterns similar to mphl A strains (median of 7.60
pm compared to 7.55 wm) further suggesting that the phe-
notype observed in the double-deficient strain is due to the
absence of Mphl alone (Figure 3).

Dia2 physically interacts with Sgs1 during replication stress

‘We next asked if Dia2 physically interacts with Sgs1. To de-
termine this, we used a strain expressing full-length Myc-
tagged Dia2 (Dia2M¥°) at the endogenous locus. Cells were
either untreated or treated with MMS or HU to induce
replication fork stalling. Immunoprecipitation of Dia2M¥¢
protein was carried out by incubating whole cell lysates with
anti-Myc antibody. As shown in Figure 4A, Dia2M¥¢ co-
precipitated with Sgs1 only during MMS or HU treatment.
Moreover, Sgs1 did not co-precipitate with the anti-Myc an-
tibody in wild-type cells, indicating that the Dia2-Sgs1 in-
teraction is specific. To determine if this interaction was di-
rect or via DNA-bridges, we repeated the immunoprecipi-
tation with and without DNase I. Interaction between Dia2
and Sgs1 was similar in both untreated or DNase I-treated
cell lysates suggesting that the Dia2-Sgs1 interaction is not
mediated by DNA-bridges (Figure 4B).
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plated on media containing the indicated amounts of MMS or HU and colony-forming units were counted after 4 days at 30°C. Error bars represent
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and Mphl work in concert to mediate replication fork restart after MMS-induced fork stalling. The replication restart efficiencies of wild type, dia2 A,
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Dia2 interacts with Sgs1 via an N-terminal domain

Next, we mapped the interaction site of Sgs1 on Dia2. For
this we used strains containing full-length as well as trun-
cated versions of Myc-tagged Dia2, expressed from the en-
dogenous locus, using co-immunoprecipation conditions as
previously described ((36) and Figure 4C(1)). As shown, full-
length Dia2 coimmunoprecipitated Sgsl (Figure 4C(ii)).
The Dia2 mutant lacking the F-box domain (AF) and an
N-terminal fragment (amino acids 1-209), which contains
the TPR domain and NLS, also co-precipitated with Sgs1.
By contrast, the AN mutant, which lacks the first 200 amino

acids of the protein, including the TPR domain, did not
co-precipitate with Sgsl. Likewise, a C-terminal Dia2 frag-
ment containing the LRR domain but lacking other known
domains did not co-precipitate with Sgsl. Taken together,
these results indicate that the N-terminal portion of Dia2
containing the TPR domain and NLS interacts with Sgsl
(Figure 4C(i1)).

Given that the N-terminal domain of Dia2 interacts with
both Mrcl (46,47) and Sgsl, we asked whether this do-
main was important for both MMS sensitivity and recov-
ery from an MMS-induced checkpoint. We have previously
generated two N-terminal truncations of Dia2, AN134 and
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ANI175 (36) (note that the numbering has been updated
to reflect recognition of verified Dia2 start site (46)). The
AN175 mutant lacks the entire TPR repeat region (amino
acids 48-144) plus a small section of the protein prior to
the F-box domain (residues 145-175) and is MMS-sensitive
like dia2 A cells, whereas the AN134 mutant is missing most
but not all of the TPR domain and is not MMS sensi-
tive (36) (Figure 5). We tested whether these mutants can
re-enter the cell cycle efficiently during recovery from an
MMS-induced checkpoint. Cells were arrested in G1, re-
leased into MMS-containing media for 40 min to induce
fork stalling and then allowed to re-enter the cell cycle in the
absence of MMS. Cell cycle progression was monitored by
flow cytometry. We observed that the AN175 mutant exhib-
ited delayed cell cycle re-entry kinetics with 44% of cells in
G2/M at the 40-minute timepoint, which was similar to the
dia2 A strain with 39% of cells at G2/M at the same time. By
contrast, the AN134 mutant finished S phase with kinetics
similar to wildtype cells, with 69% and 72%, respectively, in
G2/M phase at the 40 min timepoint (Figure 5). Together,
these data suggest that the MM S-sensitivity of dia2 A cells
is linked, at least in part, to the function of Dia2 in check-
point recovery. Further, the majority of the TPR domain is
not required for checkpoint recovery, but a section of the
protein between residues 134 and 175 is required.

Upon stalled fork recovery, Dia2 dissociates from Sgs1

To determine the association dynamics between Dia2 and
Sgs1 during checkpoint recovery from MMS-induced fork
stalling, we used wild-type cells expressing Myc-tagged
Dia2 at the endogenous locus. Cells were either untreated or
treated with 0.05% MMS for 20 or 40 min and released to
fresh media for 20, 40 or 60 min. Co-immunoprecipitation
with Myc-Dia2 showed that Dia2 interacts with Sgsl after

MMS treatment through at least the first 20 min of recov-
ery from MMS. At later time points during recovery, we
were unable to detect any co-precipitation between Dia2
and Sgsl (Figure 6). Together, these results suggest that
the interaction of Dia2 with Sgsl is important after check-
point activation through the beginning of recovery from
an MMS-induced checkpoint, consistent with their roles in
replication fork restart.

Failure to degrade Mrc1 inhibits replication fork restart

Our previous studies have shown that Dia2 mediated degra-
dation of Mrcl is important for cell cycle re-entry during
recovery from an MMS-induced checkpoint (24). However,
it is not clear whether Mrc1 contributes to restart of MMS-
stalled replication forks. To address this question, we per-
formed DNA fiber assays using wild type and a dia? A-
Mrcl-IAA-inducible degron strain, which allows for tem-
poral control of Mrcl degradation. Cells synchronized in
G1 were allowed to enter S phase and then were pulse-
labeled with IdU (red label) for 15 min. Following IdU la-
beling, cells were either untreated or treated with 0.05%
MMS for 1 h, followed by a second pulse-labeling with
CldU (green label) for 15 min in the absence of MMS. Auxin
(IAA) was added 15 min prior to CldU labeling to induce
Mrcl protein degradation. DNA fibers were isolated and
incubated with anti-IdU and anti-CldU antibodies to vi-
sualize DNA replication. Strikingly, IAA-induced degra-
dation of Mrcl in dia2 A cells completely rescued the de-
ficiency of replication fork restart during recovery from an
MMS-induced checkpoint (Figure 7A) and replication ve-
locity (Figure 7B) phenotypes observed in the dia2 A strain.
Thus, the failure to appropriately target Mrcl for degrada-
tion in the absence of Dia2 is the key constraint to restart
of MMS-stalled replication forks in dia2 A cells.
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Mrcl degradation during checkpoint recovery promotes Sgs1
chromatin association

Given that both Mrcl and Sgsl interact with Dia2 (46,47),
we sought to determine how Dia2-mediated Mrcl degra-

dation might affect Sgsl function. As Mrcl and Sgsl in-
teract with the N-terminal TPR-containing region in Dia2
and this region is required for Dia2 chromatin association,
we initially asked if Mrcl degradation affected the dynam-
ics of Sgs1 or Dia2 recruitment to chromatin. For this, we
used the same wild type and dia2 A- Mrcl-1AA-inducible de-
gron strains, synchronized to examine chromatin associa-
tion during recovery from an MMS-induced checkpoint,
in the presence or absence of auxin (IAA) to induce Mrcl
degradation. Cell lysates were either untreated or treated
with DNase I and then pellets containing chromatin frac-
tionations were separated from soluble cytoplasmic lysates.
In wild-type cells, both Dia2 and Sgsl were detected on
chromatin during checkpoint activation (Figure 7C(i)) and
after 1 h of checkpoint recovery (Figure 7C (ii)). By con-
trast, Mrcl was not detected in the chromatin fraction at
these times (Figure 7C (i) and (ii)). Strikingly, in the ab-
sence of Dia2, Mrcl was detected in the chromatin frac-
tion at both time points, suggesting that Dia2-dependent
degradation of Mrcl prevents large-scale chromatin as-
sociation of Mrcl. Interestingly, Sgs1 chromatin associa-
tion was severely inhibited in the absence of Dia2. How-
ever, [AA-induced degradation of Mrcl in dia2 A cells com-
pletely rescued Sgsl chromatin association. Together, these
results suggest that Dia2-mediated degradation of Mrcl
promotes Sgs1 chromatin association during recovery from
an MMS-induced checkpoint (Figure 7C (i) and (ii)).

DISCUSSION

Our previous work demonstrated that Dia2-dependent
degradation of Mrcl was important for cell cycle re-entry
during recovery from an MMS-induced S-phase check-
point, but the molecular impact of this degradation re-
mained unclear. In these studies, we find that degradation
of Mrcl facilitated by the SCFP? complex is critical to
restart of MMS-stalled replication forks (Figure 8). More-
over, Dia2 functions in conjunction with the Sgs1 and Mphl
recombination-mediated fork restart pathway and physi-
cally interacts with Sgsl specifically after checkpoint acti-
vation. Although the human homologs of Sgs1 and Mphl
have been shown to be required for fork restart (44,48,49),
our DNA fiber studies are the first direct demonstration
that these roles are conserved in budding yeast. Importantly,
we find that failure to target Mrcl for degradation during
recovery from an MMS-induced checkpoint inhibits Sgsl
chromatin association but this can be alleviated by induced
proteolysis of Mrcl after checkpoint activation.

Successful recovery from the S-phase checkpoint requires
both inactivation of the checkpoint signaling pathway and
restart of stalled or collapsed forks to complete DNA repli-
cation. Degradation of Mrcl likely contributes to signal-
ing inactivation as phosphorylated Rad>53 levels persist in
dia2 A cells and the checkpoint recovery defect in dia2 A cells
is exacerbated by the absence of the Rad53 phosphatase
Pph3 (24). Here we demonstrate that degradation of Mrcl
is also required for a recombination-mediated fork restart
pathway, suggesting that there may be coordination be-
tween signaling inactivation and fork restart pathways. One
straightforward explanation is that signaling inactivation
might lead to rearrangement of protein complexes at the
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fork that facilitate the transition from a stalled or damaged
fork configuration to an active fork. This is consistent with
previous studies that have demonstrated that inactivation of
the Rad53 kinase is required for fork restart (19,20,50).

Dia2 associates specifically with the helicase Sgsl upon
S-phase checkpoint activation and both proteins function
in the same recombination-mediated fork restart pathway
after an MMS-induced checkpoint. Sgsl also has a role in
S-phase checkpoint signaling by promoting Rad53 activa-
tion (41,51-54). It is unlikely that Dia2 is required for this
aspect of Sgs1 function, as Rad53 is constitutively activated
in dia2 A cells (37,38) and dia2 A exhibits no enhanced phe-
notype with a sgs/ mutant that cannot activate Rad53, but
does with a sgsl A strain (54). We anticipate that Dia2 inter-
acts with Sgs1 on chromatin, as Dia2’s N-terminal fragment
containing the TPR domain is required for Dia2 chromatin
association and this section of the protein is also required
for interaction with Sgsl, as well as Mrcl. The coordination
of Dia2 interaction with both Mrcl and Sgs1 remains to be
determined in future studies.

Our data suggest that MMS sensitivity can be linked to
defects in recovery from the S-phase checkpoint. We find
that dia2 mutants that fail to efficiently re-enter the cell cy-

cle during recovery from an MMS-induced checkpoint also
exhibit growth defects in the presence of MMS. A segment
of the N-terminal section of Dia2 is required for both via-
bility in the presence of MMS and recovery from an MMS-
induced checkpoint. It seems likely that the TPR domain
is not the main domain responsible for the MMS check-
point response, as the AN134 mutant, which rescues MMS
sensitivity and checkpoint recovery, lacks all but the last 10
amino acids of the TPR domain. Likewise, a AN144 mu-
tant that lacks the entire TPR domain still exhibits growth
in the presence of MMS (46), as does a AN159 mutant, al-
beit when overexpressed (47). We think that there may be an
as yet undetermined domain following the TPR section but
prior to the F-box domain that is specifically linked to the
checkpoint recovery pathway, although future studies will
be needed to verify this idea.

There are conflicting reports about whether Mrc1 associ-
ated with the replisome is targeted for degradation during
DNA replication (46,47,55). Our studies do not directly ad-
dress this question in a normal S phase. However, during
recovery from an S-phase arrest induced by MMS, we do
observe that Mrcl accumulates on chromatin in dia2 A cells
when fork restart is defective and substantial depletion of
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Mrcl is necessary to rescue fork restart in these cells. The
depletion of Mrcl, including the chromatin-associated frac-
tion, coincides with the accumulation of the helicase Sgsl
on chromatin. Thus, we favor a model in which degrada-
tion of chromatin-associated Mrcl leads to rearrangements
at the fork that are critical to recruitment of Sgsl to chro-
matin to achieve restart of a substantial fraction of MMS-
stalled replication forks. However, it is possible that a small
fraction of Mrcl remains associated with the replisome un-
der these conditions, but that we are unable to detect it in
our assay. Future studies will be necessary to comprehen-
sively determine protein complex composition and changes
at individual forks during recovery from an MMS-induced
checkpoint.

We found that both Sgsl and Dia2, but not Mphl, are
also important for the maintenance of replication speed in
an unperturbed replication fork during S-phase. This is con-
sistent with work showing that the BLM helicase is im-
portant for maintaining replication speed (44,56). By con-
trast, Mphl, but neither Dia2 nor Sgsl, protects nascent
DNA strands from nucleolytic degradation after MMS
treatment. In human cells, Fanconi Anemia (FA) proteins

FANCD?2 and FANCDI1 (also known as BRCA2) but not
BLM maintain stability of the nascent DNA strands af-
ter replication stress (44,45,57). The eight FA proteins
FANC(A/B/C/E/F/G/L/M) form a core complex that
mediates monoubiquitination of the central FA effector
proteins FANCD?2 and FANCI, which then contribute to
the repair of damaged DNA. Mphl is the only known or-
tholog of the FA core complex protein FANCM, and there
are no known homologs of other FA core complex proteins
or effector proteins FANCD2 and FANCI in budding yeast
(39). Thus, it appears that the functional separation of Sgs1
and Mphl roles in fork restart and protection of nascent
DNA strands is similar to what is observed in human cells
between Fanconi Anemia and Bloom Syndrome pathways.

Together, these studies expand our understanding of
how cells recover from genotoxin-induced checkpoints. As
chemotherapy and radiotherapy induce genotoxic stress
to trigger cell death in cancer cells, checkpoint recov-
ery components may serve as alternative targets of treat-
ment to sensitize cancer cells to antitumor therapies.
With a link between checkpoint signaling inactivation and
recombination-mediated replication fork restart, we have



the tools to begin to delineate the molecular mechanisms re-
quired for recovery from agents that damage DNA or cause
replication stress.
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