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Continued DNA Synthesis in Replication Checkpoint Mutants Leads

to Fork Collapse

Sarah A. Sabatinos, Marc D. Green, and Susan L. Forsburg
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Hydroxyurea (HU) treatment activates the intra-S phase checkpoint proteins Cdsl and Mrcl1 to prevent replication fork collapse.
We found that prolonged DNA synthesis occurs in cds1A and mrclA checkpoint mutants in the presence of HU and continues
after release. This is coincident with increased DNA damage measured by phosphorylated histone H2A in whole cells during re-
lease. High-resolution live-cell imaging shows that mutants first accumulate extensive replication protein A (RPA) foci, followed
by increased Rad52. Both DNA synthesis and RPA accumulation require the MCM helicase. We propose that a replication fork
“collapse point” in HU-treated cells describes the point at which accumulated DNA damage and instability at individual forks
prevent further replication. After this point, cds1A and mrclA forks cannot complete genome replication. These observations
establish replication fork collapse as a dynamic process that continues after release from HU block.

ission yeast Schizosaccharomyces pombe cells treated with hy-

droxyurea (HU) suffer nucleotide depletion and activate the
intra-S phase checkpoint. This causes reversible cell cycle arrest in
early S phase and prevents firing of late replication origins (12, 19,
62). The intra-S phase checkpoint stabilizes existing DNA replica-
tion forks and promotes recovery and replication resumption
upon release. Loss of the intra-S phase checkpoint corrupts repli-
cation forks, leading to DNA damage and cell death. However, the
events leading to successful recovery or fork collapse remain
poorly defined.

HU-treated replication forks synthesize 5 to 10 kb of DNA
before they slow in budding yeast (4, 27, 49). Evidence from sev-
eral model systems suggests that MCM helicase and polymerases
are briefly uncoupled during fork slowing, which leads to in-
creased DNA unwinding and accumulation of replication protein
A (RPA) on single-stranded DNA (ssDNA) (37, 39, 42, 43). This
promotes Rad3 (ATR, or ScMecl) kinase activation (36, 66),
which activates Cdsl kinase (ScRad53) (26). Cdsl inhibits the
origin-activating Hsk1 kinase (ScCdc7) to block late origin firing
(24,51, 54), and the Mcm4 subunit of the MCM helicase is a likely
Cds1 substrate (5). Cdsl also phosphorylates the Mus81 nuclease,
preventing accumulation of toxic structures (7, 22). Finally, Cds1
phosphorylates Cdc25, preventing mitosis in the presence of dam-
age (6, 26, 65).

The mediator protein Mrcl recruits Cds1 to Rad3 to promote
efficient checkpoint activation, but Mrcl is also a nonessential
component of the replication fork complex (56, 57, 63, 64). Mrcl
couples the leading-strand DNA polymerase epsilon (Pole) to the
MCM helicase (23, 28, 41) and regulates recombination during
replication stalling and restart (1, 22, 47).

The absence of either Cds1/ScRad53 or Rad3/ScMecl during
HU treatment leads to late origin firing, DNA unwinding, and cell
death (2, 12, 26, 49, 52). This is accompanied by DNA double-
strand breaks (DSBs), histone H2A phosphorylation (phospho-
H2A; H2Ax in metazoans), and accumulation of the Rad52 re-
combination protein in repair foci (1, 30). These markers are a
feature of replication fork collapse (5, 14, 27), which results in
Chkl1 kinase activation (26). Because the G,-M damage check-
point is activated, cells do not divide prematurely (8, 26, 55).
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Rather, the primary cause of lethality in cdsIA and mrcI A mutants
is a failure to recover, not a failure to arrest the cell cycle.

To characterize this recovery defect, we examined cdsIA and
mrc]A mutants following HU treatment and release. We used
nucleotide analogue incorporation to label new synthesis specifi-
cally and found surprising amounts of incorporation in both
cds1A and mrclA cells during both HU block and release. This
synthesis does not require new origin firing. This observation sug-
gests that checkpoint-deficient mutants retain fork architecture
and catalytic activity to generate extended tracts of DNA synthesis
despite the presence of HU. DNA synthesis during HU block and
release in the mutants correlates with accumulation of RPA foci,
which is followed by Rad52 repair foci. Finally, we show that
MCM helicase activity from existing forks is required for DNA
synthesis during the HU block and is the major cause of RPA focus
formation in cdsIA plus HU. Together, these observations indi-
cate that replication fork collapse is progressive and that fork
breakdown is neither immediate nor uniform throughout the ge-
nome. Rather, these data imply thatloss of replication is stochastic
and occurs, not during the initial stages of treatment, but instead
during recovery from HU treatment, when cells reach a crisis that
we term the “collapse point.”

MATERIALS AND METHODS

Yeast growth and flow cytometry. Fission yeast cells were cultured as
described previously (48) in YE5S or Edinburgh minimal medium 2
(EMM) with appropriate supplements. Genotypes are listed in Table S1 in
the supplemental material, with additional notes on specific alleles. HU
was removed by filtration, and 5-ethynyl-2'-deoxyuridine (EAU) was
added to cultures at 10 wM or bromodeoxyuridine (BrdU) was added at
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0.1 mg/ml. Cells were fixed in cold 70% ethanol before fluorescence-
activated cell sorting (FACS) using 1 wM SytoxGreen (Invitrogen) in 50
mM sodium citrate, 10 pg/ml RNase A. Samples were sonicated and then
run on a FACScan (BD Biosciences) for Sytox (FL1-A) or EdU (FL1-H).
Analysis and median peak values were calculated in FlowJo (TreeStar Inc.)
and plotted relative to time. The rate of EdU signal labeling was calculated
as the slope of incorporation over time during block (0 to 4 h of HU
treatment) and release (4 h of HU treatment onward).

DNA damage detection. Soluble lysates were separated by SDS-PAGE
and blotted onto polyvinylidene difluoride (PVDEF) to detect hemagglu-
tinin (HA) and PCNA (see Table S2 in the supplemental material).
Whole-cell or nuclear-spread immunofluorescence was determined as
described in reference 15 using yeast-specific S129 phospho-H2A anti-
body (Millipore). Nuclei were counterstained with DAPI (4',6-di-
amidino-2-phenylindole) in SlowFade Gold mount (Invitrogen). Images
were acquired on a Leica DMR epifluorescence microscope (63X lens; 1.4
numerical aperture [NA]) and analyzed in Image] (46) using a threshold
value atleast 2 times greater than the cytoplasmic background. Images are
presented using the ImageJ “smart” lookup table (LUT) for p-H2A signal
(whole cells) or “orange” (spreads). Proportion and confidence intervals
(CI) were calculated for p-H2A signals from at least 2 independent exper-
iments.

DNA fiber spreads. DNA fiber spreads were prepared as described
previously (5, 15). Cells were treated with 0.2% sodium azide buffer on ice
and then spheroplasted and allowed to adhere to poly-L-lysine glass cov-
erslips. Lysis was performed on-slide for 5 min before the slides were tilted
at 30° and fibers extended. The fibers were fixed in 4% paraformaldehyde,
rinsed in phosphate-buffered saline (PBS), and heat fixed for 10 min.

EdU incorporation and detection. Cells were treated with 10 pM
EdU for the indicated times, fixed (70% ethanol), and treated with the
AlexaFluor 488 Click-iT kit (Invitrogen) using the kit directions. Click-
treated cells were washed (1X PBS, 1% bovine serum albumin [BSA]) and
sonicated in PBS with 10 pg/ml RNase A for FACS. EdU fiber tracts were
treated on slide, mounted in SlowFade Gold with DAPI (Invitrogen),
photographed, and processed as for fiber immunofluorescence. Whole-
cell EAU samples were stained with DAPI and then analyzed for low and
high incorporation (2 times or 4 times higher than the cytoplasmic back-
ground).

Chromatin fiber immunofluorescence. EdU-only detection was per-
formed on PBS-rehydrated fiber slides according to the Click-iT kit (In-
vitrogen) directions. Dual detection of EdU/BrdU involved first rehydrat-
ing slides (1X PBS) and then denaturing DNA in 4 N HCI for 20 min.
Slides were neutralized in 0.1 M Na,B,O, (5 min) and then washed ex-
tensively in 1X PBS before adding Click-iT reagent (as described above).
EdU-Alexa Fluor 555-conjugated fibers were blocked (1% BSA, 10% fetal
calfserum [FCS], 0.1% Tween 20 in PBS) for 0.5 to 1 h and then incubated
with anti-BrdU overnight (see Table S2 in the supplemental material).
The MoBU1 antibody (Invitrogen) does not cross-react with EdU. The
slides were washed, incubated with secondary antibody (see Table S2 in
the supplemental material), and then washed with PBS plus 0.1% Tween
20 before being mounted in SlowFade Gold with DAPI (Invitrogen). Sam-
ples were imaged on a DeltaVision Core epifluorescence wide-field mi-
croscope (Applied Precision, WA), using a 60X lens (1.4 NA), and then
deconvolved and projected in softWoRx software (Applied Precision).
Images were analyzed by counting total EdU or BrdU tracts (1) in blinded
samples, where the number of tract ends (potential replication forks) was
2n. Categorical data were evaluated for statistical significance using x*and
2-tailed Z statistics.

Live-cell imaging. Live cells were imaged on a DeltaVision Core mi-
croscope as described above. Movies were captured at 0.25-h intervals in
microfluidic chambers (CellAsic, CA) at constant flow and temperature
(WeatherStation; API). Short-term imaging on EMM-agarose pads was at
30°C. Serial z sections were deconvolved and maximum intensity pro-
jected in softWoRx. An RPA heat map was made in Image], using the
"Fire” LUT from raw data. Minimally, >300 cells over two separate fields
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were imaged in each experiment, and 2 to 4 biological replicates were
assessed for consistency and then pooled and presented as proportions =
95% CI. Focus induction was calculated by dividing the number of RPA
fociat3h of HU treatment and 2 h at 36°C by 1 h of HU treatment (25°C).
Absolute RPA was calculated by subtracting the baseline of multiple RPA
foci in asynchronous cells. The 95% CI of induced values was calculated
using standard (sum squared) error rules.

RESULTS

Replication fork stalling and resumption are accompanied by
DNA damage. Phosphorylation of histone H2A marks sites of
replication stress and DSBs in fission yeast; it is seen only sporad-
ically in wild-type cells treated with HU. However, cdsIA cells
accumulate substantial phospho-H2A during HU treatment (5,
35). We monitored phospho-H2A and Chkl phosphorylation to
measure G,-M checkpoint activation in cdsIA and mrclA cells
during and after HU treatment (Fig. 1A). We observed little phos-
pho-H2A in wild-type cells plus HU and a transient increase after
release (Fig. 1B and C). In contrast, phospho-H2A signal was pres-
ent after 4 h of HU treatment in cdsIA and mrcIA cells and accu-
mulated further during HU release. The HU-induced phospho-
H2A signal in cdsIA and mrclA cells was bright and spread
throughout the nucleus (pannuclear) (Fig. 1B and C), while wild-
type signal was less intense and occurred in discrete puncta. Chk1
phosphorylation in cdsIA and mrclA cells also increased after re-
lease (Fig. 1D) (30). Thus, phospho-H2A is enhanced in cdsIA
and mrcIA cells during HU treatment and release.

cds1A-dependent damage is proposed to come from Mus81
cleavage of stalled replication forks (14). However, we found that
phospho-H2A signal occurred in both mus81A and mus81™ cells
(Fig. 1E). Significantly, the signal in cdsIA or cdsIA mus81A cells
was pannuclear, while wild-type and mus81A spreads contained
dimmer, discrete foci. Chk1 was activated in cdsIA mus81A cells,
but not in mus8I1A cells alone (Fig. 1F). Thus, Cdsl prevents
Mus81-independent lesions that trigger DNA damage response,
as well as Mus81-specific DSBs. However, the viability of cdsIA
mus81A cells was higher than that of ¢dsIA cells alone, indicating
that Mus81 damage is directly responsible for some cdsIA cell
damage causing cell death (Fig. 1G).

Checkpoint-deficient cells synthesize DNA during HU
block. To investigate the source of checkpoint activation, its effect
on replication, and mechanisms of fork collapse, we looked in
detail at DNA synthesis. We reasoned that a fraction of cdsIA and
mrclA cell replication forks might remain functional during HU
treatment and then collapse during release. To test this, we used
strains that incorporated thymidine analogues (see Fig. S1 in the
supplemental material) and added EAU to label newly synthesized
DNA during arrest and release (Fig. 2A). We categorized cells as
low nuclear EAU (low-threshold) or extensive nuclear EAU (high-
threshold) incorporation in all genotypes (see Fig. S2A and B in
the supplemental material). Few wild-type cells developed EAU
signal during HU treatment (Fig. 2B). This is consistent with cur-
rent models suggesting that the active intra-S phase checkpoint
inhibits replication forks and blocks late origin firing. After re-
lease, wild-type cells resumed replication, and 90% of the cells
incorporated high levels of EAU as measured by FACS and the
high-threshold nuclear signal (Fig. 2B and C; see Fig. S2 in the
supplemental material). We performed rate calculations on FACS
data to confirm that EdU incorporation was restrained during HU
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FIG 1 DNA damage signals are formed after release from HU. (A) Asynchronous (AS) cells (strains FY3858, FY3859, and FY3866) were treated with HU and
released to fresh medium to detect DNA damage signals. Refer to Fig. S1 in the supplemental material for strain validation. (B) A heat map of phospho-histone
H2A (p-H2A) immunofluorescence at 0.5 h postrelease (bottom) relative to DNA (top) (DAPI/brightfield [BF]) demonstrates intense p-H2A signals in cdsIA
and mrclA cells (scale, 10 pm). Nuclei had no p-H2A (asterisks) or punctate (arrows) or pannuclear p-H2A. (C) Proportion of nuclei with punctate phospho-
H2A, or pannuclear phospho-H2A signal, quantified from 2 biological replicates of the experiment shown in panel A (=95% CI). (D) Chk1HA activation in
wild-type, mrcIA, and cdsIA cells (FY4611, FY4867, and FY4875) post-HU treatment. The blots were probed for anti-HA (top) or anti-PCNA loading control.
The Chk1HA bandshift (asterisk) in mrcIA and cdsIA cells post-HU treatment indicates Chk1 activation above the unmodified Chk1 band (arrow). (E) (Left)
Nuclear spreads of wild-type, cdsIA, mus81A, and mus81A cdsIA cells (strains FY3456, FY2190, FY3288, and FY3732) after 4 h of HU treatment. The mus81A
cds1A nuclei with p-H2A displayed a qualitative pattern similar to that of cdsIA cells, but not mus81A cells. (Right) p-H2A signal was widespread in cdsIA strains
and less common in other strains, as shown by the proportion of p-H2A-positive spreads from a representative experiment (=95% CI). (F) Chk1HA phosphor-
ylation occurs in mus81A cds1A (FY4913) but not mus81A (FY4911) strains after HU release. (G) Relative viability after acute treatment with 12 mM HU (strains
FY4611, FY4867, FY4875, FY4911, and FY4913). mrcIA and mus81A cds1A cell viabilities overlap at later points. The average over 3 biological replicates is shown
(*standard error of the mean [SEM]). wt, wild type.

treatment and resumed after release (see Fig. S2D and E in the release (Fig. 2B and C; see Fig. S2 in the supplemental material).
supplemental material). cds1A cells displayed low-level EQU after only 2 hin HU, with 90%

Surprisingly, we found that both cdsIA and mrclA cells incor-  of cdsIA nuclei EQU positive at 4 h of HU treatment (37% high
porated substantial EdU during the HU block, as well as after  level). Following release, 98% of cdsIA nuclei were EAU positive
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FIG 2 Synthesis occurs in checkpoint-deficient cells during HU block and release. (A) Asynchronous (asynch) wild-type, cds1A, or mrclA cells (strains FY3858,
FY3866, and FY3859) were blocked in 12 mM HU for 4 h at 32°C. EdU was added at 1 h of HU treatment for continuous labeling during block and release (R).
A2 and A4, arrest at 2 h and 4 h. (B) Nuclear EdU signal detected at 2 h in HU (A2), 4 hin HU (A4), or 45 min after release (R). Threshold values 2 times (low)
or 4 times (high) greater than in cytoplasm were applied, and >100 nuclei were scored for each sample. The proportions of nuclei with low or high levels of EdU
are shown (#95% CI) over total positive nuclei from one representative experiment. Refer to Fig. S2 in the supplemental material for further details. (C) Flow
cytometry comparing new synthesis (EdU) (right; log scale) with total DNA content (SytoxGreen) (left; linear scale) in the continuous-labeling scheme shown
in panel A. Samples were fixed at 0 to 4 h in HU, and EdU was added at 1 h of HU treatment, as shown in panel A. Postrelease (R) samples were removed at 0.75
h and 1.5 h after HU was removed but while EdU was maintained during release. (D) Asynchronous cells (FY3858, FY3859, and FY3866) were blocked for 4 h
in HU and then released in the presence of EQU to label release synthesis, as shown in panel E. (E) Flow cytometry to monitor EdU incorporation (right; log scale),
and DNA content (left; Sytox; linear scale) postrelease. All genotypes incorporated EAU similarly by 0.5 h postrelease, but cdsIA and mrclA cells did not reach
wild-type EAU amounts by 1.5 h. The median peak values of EAU charts are plotted in Fig. S2F in the supplemental material.

(73% high level). Thus, cdsIA cells synthesized substantial DNA
during HU block and underwent additional synthesis after release.
The rate of cdsIA EdU synthesis (see Fig. S2E in the supplemental
material) was higher than that of the wild type in HU treatment
(22.7 fluorescent units of EdU/h) and increased further after re-
lease (165 EdU/h). Thus, although DNA synthesis in c¢dsIA cells
was partially unregulated, there was still some restraint during HU
treatment, leading to an increased rate of synthesis after release
from HU treatment.

In mrclA nuclei, >50% of cells incorporated low-level EAU
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signal after 2 h of HU treatment, with 65% of mrcIA nuclei
showing high-level EAU signal by 4 h of HU treatment. After
release, the proportion of mrcIA nuclei with high-level EAU
was constant (70%) (Fig. 2C; see Fig. S2E in the supplemental
material). The rate of mrcIA incorporation was high with HU
treatment and showed no further increase after release (see Fig.
S2E in the supplemental material). This suggests that the
change in the rate of EAU incorporation in wild-type and cdsIA
cells that we observed upon HU release is Mrcl dependent.
However, both mrcIA and cdsIA cells reached a plateau at 2/3
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of wild-type EdU signal at 1.5 h postrelease (see Fig. S2D in the
supplemental material) and never accumulated a fully dupli-
cated genome content.

Synthesis resumes in cds1A and mrclA cells following HU
treatment. Current models propose that replication forks in
checkpoint mutants collapse during HU treatment, which pre-
vents replication after release. Given our unexpected observation
that DNA synthesis continues during HU treatment, we asked
how much cdsIA and mrcIA synthesis occurs specifically during
release by adding nucleotide analogue only after HU removal (Fig.
2D). We found that all strains incorporated EdU after release from
HU treatment (Fig. 2E), and the levels were similar in all geno-
types at 0.5 h postrelease. However, wild-type cells reached a max-
imum level of EdU incorporation by 1.5 h post-HU treatment,
while checkpoint-deficient cells never reached the same maxi-
mum. Rather, they acquired only 30 to 60% of the wild-type level
of EAU (Fig. 2E; see Fig. S2F in the supplemental material). Thus,
checkpoint-deficient cells not only undergo significant DNA syn-
thesis during HU treatment, they successfully continue DNA syn-
thesis during early stages of release.

Intriguingly, the DNA synthesis measured by EdU incorpora-
tion in mutant cells was not obvious in the total DNA content flow
cytometry measured by FACS using SytoxGreen staining, the
common method for measuring DNA synthesis (Fig. 2C and E).
Wild-type DNA content began at 2C, shifted to 1C during HU
treatment, and returned to 2C by 1.5 h postrelease (see Fig. S2C in
the supplemental material). cdsIA and mrcIA cells both shifted to
1C DNA during HU treatment, and acquired less than 1.5C dur-
ing release (approximately 40% of the wild type). This appeared
paradoxical, given the extensive EAU incorporation we detected
during block and release (almost 70% of the wild type). When
plotted as FACS profiles, differences were not obvious, especially
since the Sytox peaks were broader. Further, since Sytox fluores-
cence depends on double-stranded DNA (dsDNA) structure, we
asked whether ssDNA accumulation affected signal. Heat dena-
turation of DNA in fixed cells caused a drop in the apparent Sytox
signal (see Fig. S2G in the supplemental material). Thus, standard
FACS methods may obscure the remaining DNA synthesis in
checkpoint mutants during HU block and release in the presence
of extensive ssDNA.

Synthesis occurs in replicated tracts during block and fol-
lowing release. We next asked whether checkpoint-deficient syn-
thesis differs from the wild type using spread chromatin fibers to
examine tracts of replicated DNA. Fibers from continuously la-
beled cells (Fig. 2A) were harvested after 3.5 h in HU or 0.75 h
following release and spread to an average of 2 to 3 kb/pum (20)
(see Fig. S3 in the supplemental material). In wild-type cells dur-
ing HU treatment, median EAU tracts were short (~4 wm; 8 to 12
kb) and occurred either as single blocks or in symmetrical tracts
surrounding a small gap (Fig. 3A; see Fig. S3 in the supplemental
material). Based on other work (20), we inferred that continuous
tracts represent origin firing during EAU treatment, and gapped
tracts are bidirectionally replicated from origins that fired before
EdU addition. This is consistent with replication forks traveling a
short distance during HU treatment (10 = 5 kb) before slowing
(24, 44, 49). Following release from HU treatment, wild-type EAU
tracts became very long.

In contrast, tracts from cdsIA cells were longer than wild type
during HU treatment (~6 pwm; 12 to 18 kb) and occurred over a
broader size distribution (Fig. 3A). We saw many symmetrical

4990 mcb.asm.org

tracts around gaps (Fig. 3B), which would be consistent with ori-
gin firing and replication during HU treatment. After release,
cds1A tract length increased further (~7 pwm), again over a large
size distribution (see Fig. S3 in the supplemental material). The
profile of mrcIA cells was somewhat different. Tracts from HU-
treated mrcIA cells were abundant but shorter than those from
either the wild-type or cdsIA cells. Many pairs of tracts in mrcIA
cells flanked a central gap, but the flanking tracts were often asym-
metric in length. Median mrcIA cell length during HU treatment
(3 pwm; 6 to 9 kb) increased after release (8 wm) and was shorter
than wild-type but longer than cdsIA cells.

Both fiber and FACS analysis confirmed that cdsIA and mrcIA
cells synthesized substantial DNA during HU treatment and after
release. One explanation for this synthesis is that a fraction of
replication forks remain functional and collapse during release.
An alternative is that DNA synthesis we observed after HU release
represents late origin firing. To distinguish these possibilities, we
used a temperature-sensitive orp1-4°%“! mutant to inactivate un-
fired origins, so that only forks that initiated during HU treatment
could continue DNA synthesis after release. We labeled cells se-
quentially with EAU during HU treatment and then with BrdU
after HU release at either restrictive (36°C) or permissive (25°C)
temperature (Fig. 3C). A fork that synthesizes DNA during HU
treatment (EdU) and continues extension following release
(BrdU) will show adjacent tracts of label, a pattern we observed
experimentally.

We found that DNA synthesis occurred in orplts cdsIA and in
orplts mrclA cells, although it was somewhat reduced compared
to the orp1ts single mutant (see Fig. S3D and E in the supplemental
material). The median length of BrdU tracts after release (0.5 h
post-HU synthesis) was shortest in orplts cdsIA cells, longer in
orplts mrclA cells, and longest in orpIts single mutants (Fig. 3D),
consistent with less efficient synthesis in the checkpoint mutants.
Thus, late origin firing contributed to some, but not all, EAQU in-
corporation (Fig. 3D; statistics are given in Fig. S3C in the supple-
mental material). When we released cells at permissive tempera-
ture, we saw evidence for origin firing, synthesis, and extension in
all genotypes (Fig. 3F; see Fig. S3F in the supplemental material).
We conclude that orplts cds1A and orpIts mrclA synthesis during
release is due to extension of existing forks and not origin firing.

Interestingly, while the orpIts single mutant displayed discrete
tracts of EAU adjacent to BrdU (consistent with replication fork
extension), we found the two labels frequently overlapped in
orplts cds1A and orplts mrclA cells (Fig. 3E). This signal overlap
was often extensive and covered most of the tract (Fig. 3D). In
contrast, small signal overlaps bridging the block and release syn-
thesis tips were similar in all genotypes. Evidence for overlapping
synthesis might represent differences in incorporation in leading
versus lagging strands, single-strand gaps, or resection. Given the
dynamic nature of this synthesis, we next examined helicase activ-
ity and DNA damage markers in checkpoint mutants during and
after HU treatment.

Accumulation of ssDNA and DNA damage markers during
block and release. The replication checkpoint limits ssDNA accu-
mulation (12, 23, 29) caused by helicase and polymerase uncou-
pling (9). The accumulation of phospho-H2A during HU block
and release suggested that ssDNA and DNA damage are dynamic
markers of replication instability during HU block and release. To
examine these factors, we performed time courses on live cells in a
microfluidics chamber, allowing medium changes in a block-and-

Molecular and Cellular Biology

AINN 3LYLS NN3d Ag 9102 ‘ST 4oquwaidas uo /610" wse"qaw//:dny woj papeojumoq


http://mcb.asm.org
http://mcb.asm.org/

Synthesis, ssDNA Precede Fork Collapse

A
g@ “ wild type s ) “ cds1A ; - mrc1A
= ® = block 4.23 s = block 5.98 s = block 2.92
55 ” (n=591) N (n=343) % (n=416)
25 srelease  19.1 zz srelease  7.11 > srelease  8.29
GC) .%.) 15
= O 10
BE
B Xx
(O]
@)
o
m
-
w
o
C 15 mM . . wash
+1om 1 T t 36°C
HU 1 I
EdU BrdU
) 25°C
Time (h) AS 0.5 1.0 3h HU 0.5h
t=0 (2.5h 36°C) release
D
% . orpits ) orpts cdsi1A ) orp1ts mrci1A
a3l g TR Fomar—— ; EREEEC
B L x5 e s 2o ] : EEETET
3 g: SRR . T [ T e g
§ 5 ” median 3.3uym ” median 2.4um median 2.6pym
gg g : :
L e s w0 1w w w ° ¢ 0w m w w w w T e e e w e w =
Length (um) Length (um) Length (um)
E 8 45 F SHm
58 : * ISR ©1U relcase
c © %
= I = U -block
ot 8 20
8o I, merged
23 late
% orp1ts  orplts  orplts orgin

cds1A mrc1A

FIG 3 Replication proceeds in checkpoint-deficient cells during HU block and release. (A) Frequency histograms of spread-DNA fiber EdU tract lengths after
3.5 h HU block (red bars) and then after 0.75 h post-HU release (blue bars). EAU labeling is continuous throughout block and release, according to the scheme
in Fig. 2A. Histogram bins are 2 wm, and median tract lengths are given. Refer to Fig. S3 in the supplemental material for additional details. Strains FY3858,
FY3859, and FY3866 were used in panels A and B. (B) Representative EAU tracts (green) during block and release (REL), as shown in panel A. (C) Experimental
design to test late origin-dependent synthesis in orp1ts°%“! mutant cells. Asynchronous cells were incubated with HU for 0.5 h and then shifted to 36°C. EdU was
added at 1 hof HU treatment for 0.5 h at 36°C to label block synthesis. After a total of 3hin HU (2.5 h at 36°C), HU was washed out, and the cells were resuspended
in fresh medium containing BrdU. Recovery from HU treatment proceeded for 0.5 h before fibers were harvested. (D) Histograms of BrdU tract lengths (release
synthesis) on orpIts, cdsIA orplts, and mrcIA orplIts fibers. Post-HU treatment synthesis was performed at 36°C to inhibit additional origin firing. Examples of
fibers are shown for each genotype, with EdU (red) and BrdU (green) shown separated and merged. BrdU tracts in cdsIA orpItsand mrclA orplts cells frequently
overlapped with EdU signal. The median length is indicated for each genotype. Scale bars, 5 um. Refer to Fig. S3B in the supplemental material for additional data.
(E) Proportions (+95% CI) of extensively overlapping BrdU/EdU tracts for each genotype. *, P < 0.05. (F) Recovery synthesis was allowed to proceed at 25°C,
demonstrating that late origin firing is possible at permissive temperature. Shown is an example of an orp1ts cdsIA fiber, labeled during HU block (EdU; red) and
release (BrdU; green). The indicated green-only region is an origin that fired after release from HU treatment.

release experiment. We monitored RPA-cyan fluorescent protein  to monitor cells in sufficient numbers for a robust view of popu-
(CFP) and Rad52-yellow fluorescent protein (YFP) recruitment lation dynamics (Fig. 4; see Fig. S4 in the supplemental material).
relative to HU treatment and mitosis using the spindle pole body Few wild-type cells had RPA or Rad52 foci prior to HU block
(SPB) marker Sad1-DsRed. This single-cell approach allowed us  (Fig. 4C and D, time zero). RPA and Rad52 foci only appeared in
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FIG 4 RPA and Rad52 accumulate in checkpoint-deficient HU block. (A) Movie outline. Cells were photographed every 0.25 h for RPA (Rad11-CFP), Rad52
(Rad52-YFP), SPB marker (Sad1-DsRed), and transmitted light (strains FY4744, FY4919, FY4929, and FY4752). Refer to Fig. S4 in the supplemental material for
conditions, scoring, and colocalization. (B) Percent mitotic cells—the proportion of M to S phase cells—is the sum of duplicated SPB, dividing nuclei, and
binucleate and septated cells at each time point. (C) Accumulation of nuclear RPA foci (none, 1, or =2) over time. (D) Live-cell Rad52 nuclear foci, plotted over
time, are consistent with previous work using static time points. (B to D) HU treatment is represented by the red boxes. (E) Images from selected time points:
asynchronous (AS), during HU treatment (2 h and 4 h), and after release (1 h and 6 h). Early wild-type release had transient accumulation of RPA and Rad52.
Shown is a heat map of RPA signal intensity, from low (purple) to high (white), where foci are orange to white. Rad52 foci are shown merged with transmitted
light.
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untreated binucleate cells coincident with S phase, and the signals
partly overlapped (see Fig. S4 in the supplemental material). Dur-
ing HU treatment, we observed a modest increase in single RPA
foci, but not in Rad52, consistent with evidence showing ssDNA is
required to activate the replication checkpoint (66). RPA foci in-
creased at 0.5 to 1.5 h postrelease, which was followed by a burst of
Rad52 at 1 h postrelease (0.5 h later than the RPA peak). This
indicates that RPA recruitment is temporally distinct from Rad52.
Both signals decreased by 1.5 h post-HU treatment, followed by
SPB duplication and mitosis by 2 h post-HU treatment, consistent
with population synchrony from HU treatment (Fig. 4B). Most
wild-type cells (78%) divided at least once during the 6 h after HU
treatment.

RPA foci were present even in asynchronous cdsIA and mrcIA
cells (Fig. 4C) and increased further after 2 h of HU treatment.
After 4h of HU treatment, RPA foci were present in >80% of cells.
RPA accumulation continued after release, observed in >90% of
cds1A and mrclA cells. Strikingly, RPA foci merged into masses
covering the nucleus and appeared dramatically different from the
small, discrete foci in the wild type (Fig. 4E; see Fig. S4 in the
supplemental material).

Rad52 foci were also more common in untreated cdsIA and
mrclA cells, consistent with low levels of constitutive damage (Fig.
4D). Rad52 fociincreased in cdsIA cells by 2 h of HU treatment. In
mrclA cells, Rad52 accumulated more slowly, starting after 3 h of
HU treatment. In contrast to the brief burst observed in the wild
type after HU release, Rad52 foci steadily accumulated in both
checkpoint mutants during release. Rad52/RPA colocalization
also increased dramatically during and after HU treatment in
cdsIA cells (see Fig. S4 in the supplemental material). The in-
creased RPA and Rad52 signal in ¢dsIA and mrclA cells correlated
with loss of viability after 4 h of HU treatment (see Fig. S1 in the
supplemental material). A small subpopulation of cdsIA and
mrclA cells divided during early HU exposure (Fig. 4B), but only
infrequent division was observed later, consistent with cell cycle
arrest (see Movies S2 and S3 in the supplemental material).

Finally, we compared the dynamics of RPA and Rad52 accu-
mulation in rad51A (repair-deficient) cells. The rad51A cells did
not divide during HU treatment (Fig. 4B), indicating robust
checkpoint arrest. However, rad51A cells formed many RPA and
Rad52 foci, even during asynchronous growth, which increased
both during and after HU treatment (Fig. 4C and D; see Movie S4
in the supplemental material). Significantly, RPA remained in dis-
crete foci (Fig. 4E) and did not develop into the large RPA masses
seen in checkpoint mutants. Thus, ssDNA and DNA repair signals
that accumulated in cdsIA and mrcIA cells during and after HU
treatment are specific to loss of the replication checkpoint and
distinct from defects in DNA repair.

MCM helicase drives ssDNA accumulation. Accumulation of
ssDNA during HU treatment could reflect two replisome activi-
ties: (i) MCM helicase-dependent unwinding at existing forks,
which can be blocked by a temperature-sensitive degron allele of
the Mcm4 subunit (mcmd4ts-dg), or (ii) late origin firing and as-
sembly of new replication forks, which can be blocked using the
hsk1-1312 temperature-sensitive allele (hskits). We compared
RPA accumulation in cdsIA cells to that in cdsIA mcm4ts-dg or
cds1A hsklts cells (Fig. 5A and B) and observed a significant re-
duction of RPA in the cdsIA mcm4ts-dg strain at restrictive tem-
perature (36°C). In comparison, cdsIA or cdsIA hskI-ts cells ac-
cumulated multiple RPA foci by all metrics at 36°C in HU (Fig. 5C;
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see Fig. S5A in the supplemental material). Thus, high levels of
RPA and ssDNA in cdsIA cells were MCM dependent and Hsk1
kinase independent, reflecting extension of active forks and not
firing of inactive origins.

The relationship of helicase and origin firing to Rad52 focus
formation was less clear (see Fig. S5B in the supplemental mate-
rial). Asynchronous cdsIA mcem4ts-dg cells had many Rad52 foci
at 25°C, and their numbers increased only slightly during HU
block. cdsIA hsklts cells had more Rad52 foci than other geno-
types and accumulated additional Rad52 foci only at 36°C. This
suggests that Hskl might restrain Rad52 accumulation, or the
damage it recognizes, independently of Cdsl. Despite the in-
creased Rad52 accumulation, hsk1ts cells retained viability in HU,
and hskIts partly rescued the viability of cdsIA cells in HU (see Fig.
S5C in the supplemental material).

We next asked whether MCM activity contributed to DNA
synthesis by monitoring EdU incorporation (Fig. 5D and E). First,
we observed that synthesis kinetics differed slightly at 36°C from
what we observed at lower temperatures. Wild-type DNA synthe-
sis began to leak through the HU block by 4 h at 36°C, while cdsIA
EdU incorporation was reduced in HU treatment at higher tem-
peratures (compare with EdU incorporation at 32°C) (Fig. 2C).
There may be differences in checkpoint regulation at high temper-
atures (as proposed in reference 16). However, leak-through syn-
thesis was largely blocked in mcm4ts-dg and cds1A mcm4ts-dg cells
(Fig. 5E), indicating that DNA synthesis remains MCM helicase
dependent.

DISCUSSION

Our results map DNA replication and damage dynamics during
HU arrest in the wild type and the intra-S phase checkpoint mu-
tants. The replication checkpoint stabilizes forks during stalling or
stopping to prevent lethality due to fork collapse. This is loosely
defined as accumulation of DNA damage, disconnected helicase
and polymerase, dissociation of replisome components at the
fork, and an end of DNA synthesis (10, 11, 13, 14, 40). Current
models suggest that forks collapse during HU treatment and are
unable to recover and restart replication after HU removal, lead-
ing to a failure of recovery and cell death. However, our study
shows that fork collapse is a delayed process, accompanied by
significant DNA synthesis after HU treatment.

This leads to a revised model for replication fork behavior in
HU and for the roles of Mrcl and Cdsl (Fig. 6). Our results sug-
gest that HU treatment in the wild type slows polymerase activity
before the replisome starves for nucleotides, which results in little
EdU incorporation during HU block, consistent with previous
reports (25, 38). However, in the absence of Cdsl or Mrcl, this
monitoring is lost, and we observe ongoing synthesis during HU
treatment and after release. Both mutants display increased levels
of DNA damage markers (phospho-H2A and Rad52 foci), in-
creased RPA foci, and activation of the DNA damage checkpoint,
which indicates that this ongoing synthesis is abnormal and ac-
companied by DNA damage. Moreover, the phenotypes of cdsIA
and mrclA are sufficiently different that we can distinguish their
individual effects.

Previous studies showed that Cds1 limits ssDNA accumulation
in part by restraining MCM activity while also blocking Mus81-
dependent damage and preventing late origin firing (5, 14, 24, 32).
Our data are consistent with this: in cdsIA cells, we observe in-
creased RPA accumulation that is MCM dependent, together with
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FIG 5 RPA fociand DNA synthesis in cds1A cells is dependent on MCM helicase activity. (A) Experimental outline of RPA/Rad52 response to HU treatment with
hsklts or memd4ts-dg (FY4743, FY5286, FY5279, FY5277, FY5296, and FY5299). Cells were photographed asynchronously (AS) at 1 h of HU treatment (25°C) and
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cdsIA and cdsIA hsklts than cdsIA memd4ts-dg cells, which had more RPA foci at the start. The asterisk indicates a 1.29-fold increase in cds1A mcm4ts-dg RPA foci,
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and a line in each sample marks the maximal incorporation in the wild type at 5 h. Shown is one representative time course. (E) Median EdU peak values from
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is a negative control (obscured by the mcm4dg cds1™ line). Both wild-type and cdsIA cells incorporated EdU, while the mcm4-dg and cds1A mcm4-dg cells
incorporated little EQU above the negative control.

o

Mus81-dependent phospho-H2A. However, we also see Mus81-  However, Pola-dependent synthesis is insufficient to fully repli-
independent DNA damage in cdsIA mus81A cells thatis sufficient  cate DNA in cdsIA+HU, since Pola overexpression does not res-
to activate the Chkl damage checkpoint. Thus, the breaks caused  cue viability (33).
by Mus81 are not the only source of DNA damage in cdsIA cells. After cds1A cells are released from HU treatment, we detect a
Strikingly, we found that cdsIA cells continue DNA synthesis  briefburst of DNA synthesis. This increased rate of synthesis is not
during and after HU block. This synthesis was not observed in  observed in mrcIA cells. We suggest that Mrcl protein in cdsIA
previous studies that used bulk DNA FACS, possibly because con-  cells still links the helicase to polymerase during HU treatment,
current ssDNA accumulation reduces the SytoxGreen signal. We  which attenuates but does not block polymerase activity during
found that replicated tracts of DNA elongate in the absence oflate  HU exposure. This polymerase attenuation presumably operates
origin firing. Both ssDNA (measured by RPA) and DNA synthesis  through Pole-Mrcl interactions on the leading strand, as in bud-
require MCM helicase activity, and this is accompanied by in-  ding yeast (28). This repression of Pole-Mrcl ends after HU is
creased phospho-H2A after release. The coincident timing of removed, which causes a burst of accelerated synthesis during the
DNA synthesis and RPA accumulation could indicate uncoupling  initial release period in cdsIA cells and in the wild type.
between leading-strand (Pole) and lagging-strand (Pola/Pold) Loss of Mrcl destabilizes the replication fork (37, 58), slows
synthesis. Uncoupling could allow Pola to reprime at the ssDNA  fork movement (53), inhibits Cds1 activation (63, 64), promotes
gaps behind the helicase and promote DNA synthesis in ssDNA  ssDNA accumulation (1, 59), and disrupts origin timing (17).
behind the replication fork. This model is consistent with longer ~ mrclA cells synthesize many short, asymmetric tracts of DNA
tracts of new synthesis that we observed in cdsIA cells in HU.  during HU block, which is consistent with slower, unstable forks
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FIG 6 Model of fork stabilization by Cds1 and Mrcl preventing replication fork collapse. HU exposure activates Cdsl and Mrcl, leading to Pole inhibition.
Active Cdsl restrains the MCM helicase, preventing excessive unwinding. Activated Cds1 additionally inhibits late origin firing and regulates Mus81 activity. A
small amount of RPA accumulates at the wild-type stabilized forks, and induction of phoshpo-H2A and DNA damage is largely prevented. (Right, top) In cdsIA
cells, Mrcl is present and restrains Pole while ssDNA accumulates. A leading-strand ssDNA loop is presumed to occur in cdsIA cells but is omitted here for clarity.
Mus81 nuclease is active, causing DSBs, yet additional damage signals accumulate in the absence of Mus81, suggesting that other nucleases contribute to DNA
damage. Late origins fire during HU treatment, and active replisomes retain some synthesis ability for the first 0.5 h after HU release. (Right, bottom) In mrcIA
cells, helicase and Pole are uncoupled, causing inefficient leading-strand synthesis. The rate of this synthesis is not changed with HU release, reflecting overall
instability at mrcIA forks. The interaction between Mcll, lagging-strand Pola, and the helicase stabilizes the fork, but not sufficiently to avoid damage during HU

treatment. Cds1 is not activated, and extensive ssDNA accumulates at the fork, in addition to DNA damage.

and progressive loss of replisome proteins at active forks during
HU treatment (23, 28). There is little change in the rate of EdU
incorporation following HU release, suggesting that in the ab-
sence of Mrcl, there is no mechanism to slow replication forks in
HU. We propose that the short asymmetric tracts observed in
mrclA cells reflect Pola inefficiencies in the absence of robust
coupling to the leading strand. Pola is attached to the helicase
through Mcll (60), which may preserve replisome structure in
mrclA cells. Consistent with this, we have seen that mrcIA mcllIA
double mutants are synthetically lethal (J.-P. Yuan and S. L. Fors-
burg, unpublished result).

Our data suggest that the DNA synthesis and ssDNA accumu-
lation that we observe in cdsIA and mrcIA cells both during HU
block and after release reflect ongoing replication fork activity. An
alternative model is that synthesis results from the inappropriate
firing of late replication origins during HU treatment in cdsIA
cells (12, 18, 19, 24) and/or the firing of cryptic origins after re-
lease. However, our data suggest that unfired origins are not re-
quired to generate ssDNA or DNA synthesis in cdsIA or mrclA
cells. First, RPA accumulates in the cdsIA hsklts double mutant,
which inactivates the origin-activating kinase Hsk1“%’, Interest-
ingly, cdsIA hsklts cells have increased viability compared to
cds1A cells in HU (see Fig. S5C in the supplemental material);
perhaps, in this case, origin suppression in cdsIA hsklIts cells at
36°C preserves enough unfired origins to allow them to fire and
complete S phase after release from HU and temperature.

We also examined DNA synthesis in strains with temperature-
sensitive orpI“% to inactivate origin firing. By labeling with two
different nucleoside analogues, we determined that tracts are ex-
tended after HU release in the absence of ORC activity. Thus,
origin firing is not solely responsible for DNA synthesis or repli-
cation fork collapse in any genotype. However, the slight reduc-
tion of labeling in mrcIA orplts and cdsIA orplts strains indicates
that late origin firing contributes modestly to the extent of repli-
cation, allowing more forks to start and later fail. Interestingly,
cds1A and mrcl A release tracts frequently show coincident signals
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of block and release label. This may represent leading- and lag-
ging-strand uncoupling. We also found that wild-type cells re-
cover from HU treatment more quickly at 36°C with increased
RPA foci. This is consistent with previous studies in fission yeast
that indicate checkpoints are temperature sensitive (16, 21).

Distinguishing arrest from collapse: defining the fork col-
lapse point. If DNA synthesis is ongoing during HU treatment
and after release, when do replication forks collapse? We observe
continued accumulation of RPA and Rad52 in mrcIA and cdsIA
cells released from HU treatment, suggesting that unwinding and
DNA damage continue into the attempted recovery phase. During
the initial 0.5 h after HU release, both cdsIA and mrcIA cells in-
corporate amounts of nuclear-specific label similar to those of the
wild type, only to slow synthesis by 0.75 h postrelease. Live-cell
analysis showed transient accumulation of RPA, followed by
Rad52, in wild-type cells at 0.5 h post-HU treatment. We suggest
this represents a period of fork repair and recovery that may also
depend on Mus81 (7, 14, 22), Exol (34, 50) or helicases, such as
Rqhl (31, 61). Exonucleases are controlled by activated Cds1 (7,
22,61); thus, inappropriate resection and cleavage may contribute
to HU-dependent DNA synthesis and damage. We propose that
loss of synthesis, disrupted fork structure, ssDNA accumulation,
and induction of DNA damage define a fork “collapse point,” at
which time DNA damage and instability at individual forks im-
pede further replication. Based on our observations, this execu-
tion point occurs during release in cdsIA and mrcIA cells.

Our findings are in agreement with newly published work on
budding yeast, which shows that HU alters origin firing in rad53A
mutants and promotes additional synthesis despite low deoxy-
nucleoside triphosphate (ANTP) levels (45). The concept that rep-
lication proceeds in HU at a glacial pace was previously demon-
strated in Saccharomyces cerevisiae (3) and is consistent with an
inability of checkpoint mutants to sufficiently slow or arrest fork
activity under depleted-dNTP conditions. Replisome proteins mi-
grate farther away from origins in rad53 and mecl mutant cells,
demonstrating that helicase and polymerase are retained in bud-
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ding yeast replication checkpoint mutants and are able to migrate
away from origins during HU stress (11). Consistent with the
results of De Piccoli et al. (11), we saw tract elongation in fission
yeast checkpoint mutants, suggesting polymerase components are
retained.

Our data suggest that replication fork arrest and collapse are
separated both temporally and spatially and that DNA unwinding
and damage accompany both events. In checkpoint mutants, the
final moments of replication fork collapse are extended into the
time of HU release. We propose that replication fork collapse in
cds1A and mrclA cells occurs progressively, with a final loss of
replication capacity during attempted recovery. A key question is
whether cell death is caused by unwinding and DNA synthesis
occurring during HU treatment or during an abortive attempt to
rescue damaged replication forks. Future studies will further de-
fine the symptoms and timing of replication fork collapse.
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