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MOLECULAR BIOLOGY

Nucleosomes represent a crucial target for the intra-S
phase checkpoint in response to replication stress

Xiaogin Liu"%t, Bo Zhang11', Yu Hua', Chuangqi Li3*, Xizhou Li**, Daochun Kong1*

The intra-S phase checkpoint is essential for stability of stalled DNA replication forks. However, the mechanisms
underlying checkpoint regulation remain poorly understood. This study identifies a critical checkpoint target—
the ubiquitin E3 ligase Brl2, revealing a new dimension of checkpoint regulation. Upon replication fork stalling,
Brl2 undergoes phosphorylation at five serine residues by Cds1 hk2 Kinase, resulting in the loss of its ligase activ-
ity and a marked reduction in H2BK119ub1 levels. In the brl2-5D (the five serine residues are replaced with
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aspartic acid) and htb-K119R mutants, chromatin becomes highly compacted. Furthermore, the rates of stalled
replication fork collapse, and dsDNA breaks are significantly reduced in bri2-5D cds1M2A cells compared to
cds1M2A cells. Thus, this study demonstrates that nucleosomes are targeted by the intra-S phase checkpoint and
highlights the checkpoint’s critical role in configuring compact chromatin structures at replication fork stalling
sites. These findings may explain why ATR and Chk1 are essential for cell proliferation and embryonic develop-

ment, while ATM is not.

INTRODUCTION

Unlike prokaryotes, genomic DNA replication in eukaryotes occurs
within the context of chromatin, which markedly complicates both the
replication process and its regulation. The fundamental unit of chro-
matin is the nucleosome, comprising 147 bp of DNA that wrap nearly
twice around an octamer core formed by two copies of each of the
four types of histone proteins: H2A, H2B, H3, and H4 (I). Chroma-
tin is generally classified into two structurally and functionally distinct
forms—heterochromatin and euchromatin (2, 3). Heterochromatin
is characterized by high condensation and low gene density, while
euchromatin is more relaxed and has relatively high gene density.
Moreover, various chemical modifications, such as acetylation, ubig-
uitination, and methylation, can adjust the level of chromatin conden-
sation, thereby influencing gene transcription, cell differentiation, and
carcinogenesis (3-6).

During DNA replication, chromatin undergoes extensive transfor-
mation. Ahead of the replication fork, chromatin relaxes to facilitate
the passage of the DNA replication fork through nucleosomes, result-
ing in nucleosome disassembly (7, 8). Behind the replication fork, nu-
cleosomes must be reassembled on the two daughter DNA strands to
restore the chromatin structure. Whether it is the relaxation of chro-
matin ahead of the replication fork or the reassembly of chromatin
behind it, several replication factors within the replisome complex—
such as the minichromosome maintenance protein complex (MCM),
proliferating cell nuclear antigen, and replication protein A (RPA)—
play a direct role in these processes (9-11). Therefore, physical
and biochemical interactions exist between the replisome and the
nucleosomes surrounding the replication fork. This indicates that a
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eukaryotic replication fork comprises three major components: a repli-
some, a DNA fork, and the nucleosomes adjacent to the replisome (12).

Two major biochemical reactions occur at the replication fork:
DNA unwinding catalyzed by the replicative helicase Cdc45-MCM-
GINS (CMG) complex and the synthesis of leading and lagging
strand DNA by DNA polymerases €, 8, and a. These two biochem-
ical reactions necessitate strict coordination. In eukaryotes, this
coordination is achieved through Mrc1- and Ctf4-mediated interac-
tions between the CMG helicase and DNA polymerases €, 6, and a
(13-16). However, because these protein interactions are not per-
manent, the Mrcl- and Ctf4-mediated interactions may occasion-
ally break down. When this occurs, the CMG helicase can detach
from the replication forks and move away, leading to replisome and
replication fork collapse. Thus, because of the inherent fragility of
protein-protein interactions, replisomes and replication forks are
intrinsically unstable. During normal cell growth, replication fork
arrest is primarily caused by the blockade of DNA polymerases (12).
When a DNA polymerase is impeded, replisome collapse is substan-
tially enhanced. The reason is that the CMG helicase, powered by
adenosine triphosphate (ATP) hydrolysis, continues to advance,
while the blocked DNA polymerases cannot follow and synthesize
DNA, resulting in the physical separation of the helicase from the
polymerases and subsequent fork collapse (12, 17).

The number of natural replication barriers on eukaryotic chro-
matin is astonishing. A yeast genome has ~2 x 10° replicaiton barri-
ers (12, 18-20), while a human genome harbors ~6-8 X 10° intrinsic
replication barriers (unpublished data). Most of these intrinsic rep-
lication barriers are secondary DNA structures that are transiently
formed on lagging strand template during DNA replication, as every
piece of lagging strand template has a chance to be in a state of
single-strand DNA (ssDNA) with a length of ~150 to 200 nucleo-
tides, since the synthesis of lagging chains lags slightly behind the
synthesis of leading chains. If a ssDNA sequence can potentially
form secondary structures, such as G4, triplexes, and hairpin struc-
tures, then it is very likely that a secondary structure will be formed.
For example, human genomic DNA has ~7 x 10° sequences that
can potentially form G4 structures (19). In addition, ~50% or more
of human genomic DNA is either moderately or highly repetitive
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sequences (20), and a high percentage of these repetitive sequencres
can potentially form triplexes or other secodary structures (21, 22).
These secondary structures on lagging strand template will block
DNA polymerase 3, resulting in replication fork stalling. Besides
those secondary DNA structures, RNA-DNA hybrids, collision with
transcription machinery, and some DNA-bound proteins also im-
pede fork movement by either blocking replicative helicase or block-
ing DNA polymerases. Moreover, some DNA lesions on genome
also block DNA replicaiton forks. Therefore, replication fork stalling
is a highly frequent event. Replication fork stalling generates tre-
mendous stress to DNA replication.

The intra-S phase checkpoint is crucial for maintaining the
stability of stalled replication forks. In checkpoint-deficient cells,
stalled replication forks collapse, leading to the formation of re-
versed replication forks (23, 24), DNA breaks (25), dissociation of
replisome factors from DNA (26, 27), unscheduled DNA recombi-
nation (28, 29), incomplete DNA replication (30), and premature
mitotic entry (31-33). Conversely, in checkpoint-proficient cells, the
stalling of replication forks activates the intra-S phase checkpoint,
which then exerts regulatory effects on the stalled forks to enhance
their stability (12, 34-36). Current understanding of the underlying
mechanisms of checkpoint regulation has advanced enormously, in-
cludin% the inhibition of late DNA replication origin firing through
Mec1*T®Rad53“"2_mediated phosphorylation of the SId3 protein
and the Cdc7-Dbf4 kinase (37-41). In addition, regulation of Mus81,
Exol, Rad60, and SMARCALL plays a vital role in preventing dam-
age to stalled forks (42-45). Recent studies have also identified Dna2
and the replicative helicase CMG complex as critical checkpoint tar-
gets for stabilizing stalled replication forks (17, 24).

This study identifies the ubiquitin E3 ligase Brl2 as a critical
target of the intra-S phase checkpoint. Upon stalling of DNA rep-
lication forks, Brl2 is phosphorylated at five serine residues—S192,
§193, S194, S292, and S486—resulting in a loss of its ligase activity.
Furthermore, this study demonstrates that when replication forks
stall, the level of H2BK119 ubiquitination (H2BK119ub1) is markedly
reduced, leading to substantial chromatin compaction. We elucidate
the mechanistic relationship among replication fork stalling, Brl2
phosphorylation, loss of ligase activity, reduction of H2BK119ub1
levels, chromatin compaction, and the stability of stalled replication
forks. Thus, nucleosomes surrounding stalled replication forks are
targeted by the intra-S phase checkpoint, revealing a new aspect of
checkpoint regulation. The findings also highlight the critical role of
the intra-S phase checkpoint in the formation and maintenance
of heterochromatin or compacted chromatin domains at sites of DNA
replication fork stalling. Given the extensive influence of chromatin
structures on various biological processes, the checkpoint’s role in
establishing compact chromatin structures may help clarify why
ataxia telangiectasia and Rad3-related kinase (ATR) and checkpoint
kinase 1 (Chk1) are essential for cell growth and embryonic devel-
opment, while ataxia telangiectasia mutated (ATM) is not (46-49),
despite its critical function in DNA damage response and mainte-
nance of genomic integrity (50).

RESULTS

The brI2A mutant considerably suppresses the sensitivity of

checkpoint-defective cells to hydroxyurea

To identify the targets of the intra-S checkpoint pathway in re-
sponse to replication fork stalling, we selected rad3*"®A mutant
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strains capable of growing on rich media containing 1 mM hydroxy-
urea (HU), as previously described (17). It is anticipated that some
mutants able to grow on plates with 1 mM HU may harbor muta-
tions in checkpoint targets. If these mutations mimic checkpoint
regulation, then they would confer resistance to HU in checkpoint-
defective rad3*™ A cells. HU inhibits ribonucleotide reductase,
leading to deoxynucleoside triphosphate depletion, which in turn
causes replication fork stalling. Rad3*™ serves as the primary ki-
nase in the intra-S checkpoint signaling pathway, making it essential
for the stability of stalled replication forks (12, 23-25, 28, 30).

Using the aforementioned method, we identified several dozen
mutants within a rad3*"® A background. These mutants were able to
grow in plates containing 1 mM HU (fig. S1, A and B). Genomic
DNA was extracted from these mutants and subjected to deep se-
quencing. The genes containing mutations were individually rein-
troduced into rad3*™A cells to determine which mutated gene
confers HU resistance. Experiments revealed that the brl2-Q236*
mutation (indicated by *, a stop codon) markedly reduces the HU
sensitivity of rad3*"®A cells. Specifically, HU sensitivity was de-
creased by approximately 600-fold or more due to brl2-Q236%, as
assessed through a serial dilution assay on plates containing 1 mM
HU (Fig. 1A, left). Given the extent of this reduction, Brl2 may be a
critical target of the checkpoint pathway in response to replication
fork stalling. Brl2 is a ubiquitin E3 ligase in fission yeast, consisting
of 680 amino acids, with four coiled-coil domains and one RING-
type zinc finger domain (Fig. 1A, right) (51). The RING-type zinc
finger domain is essential for the interaction between E2 ubiquitin-
conjugating enzymes and substrates (52). Therefore, the brl2-Q236*
mutation likely abolishes its E3 ligase activity, as the truncated bri2-
Q236* loses nearly two-thirds of its amino acid residues, including
the essential RING-type zinc finger domain. Brl2 is highly conserved
among eukaryotes, with homologs in humans and budding yeast iden-
tified as RNF20/RNF40 and Brel, respectively (53, 54). Brl2, together
with another E3 ligase, namely Brll, is responsible for monoubiqui-
tination of H2BK119 in fission yeast (55). RNF20/RNF40 and Brel
also ubiquitinate H2BK120 in humans and H2BK123 in budding
yeast, respectively, which play crucial roles in modulating chroma-
tin structure, regulating gene expression, and repairing double-strand
DNA breaks (56-58).

The bri2-Q236* mutation is likely a loss-of-function variant. To
confirm this, we constructed a double mutant of bri2A and rad3*™*A.
Serial dilution assays demonstrated that, similar to rad3*™®A bri2-
Q236*, the HU sensitivity of the bri2A rad3*™A double mutant was
markedly reduced. In contrast, the exogenous expression of wild-
type (wt) Brl2 completely restored HU sensitivity in rad3*"*A bri2A
cells (Fig. 1B). Furthermore, the cell phenotype of rad3*™ A cells
was restored in rad3*TRA bri2A + pBrl2 cells (Fig. 1C). These results
indicate that the loss of Brl2 function substantially decreases the HU
sensitivity of rad3*™*A cells.

We also investigated the effects of brlIA, bri2-Aznf (which deletes
the C-terminal 627 to 680 amino acids, encompassing the RING-
type zinc finger domain in Brl2) and htb1-KI119R on the HU sensi-
tivity of rad3"™®A cells. As shown in Fig. 1D, the HU sensitivity of
the rad3*™®A mutant strain was substantially reduced in brl1A
rad3*™A, bri2-Aznf rad3*™A, and htb1-K119R rad3*™RA cells,
with the extent of reduction comparable to that observed in bri2A
rad3*™A. Similarly, the mutations bri2A, brl1A, bri2-Aznf, and
htb1-K119R also considerably suppressed the HU sensitivity of
cds1A cells (Fig. 1E). To assess whether brl2A and htb1-K119R
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Fig. 1. Loss of Brl2 markedly suppresses the HU sensitivity of wt, rad3ATRA, and cds1"A cells. (A) The brl2-Q236" mutation markedly reduces the HU sensitivity of
rad3"™ A cells. Left: Fivefold serial dilution assay was performed to examine the HU sensitivity of rad3"™*A cells and bri2-Q236* rad3*""A cells. Right: A schematic diagram
showing the domain structure of Brl2. Location of mutant residue found in a screening experiment is indicated by an asterisk *, stop codon; CC, coiled-coil domain; ZnF,
zinc finger domain; a.a., amino acid. (B) Fivefold serial dilution assay was performed to examine the HU sensitivity of rad3ATRA, bri2A rad3*™RA cells in the presence or ab-
sence of Brl2 expression. The indicated cells carrying a control empty plasmid (vector) or a plasmid expressing the brl2 gene under the control of the nmt1 promoter
(pBRL2) were assayed on EMM containing different concentrations of HU. (C) Cell morphology. The indicated cells harboring a control empty plasmid or a plasmid express-
ing the brl2 gene were grown in EHAL medium lacking thiamine for 16 hours at 30°C and directly imaged. (D to H) HU sensitivity of the rad3A, brl2A rad3A, brl1A rad3A,
htb1-K119R rad3A, bri2-Aznfrad3A, cds1M2A, bri2A cds 1A, bri1A cds 1A, htb1-K119R cds 1A, bri2-Aznf cds 1A, bri1A, bri2A, htb1-K119R, bri2A htb1-K119R rad3A,
bri2A htb1-K119R cds1<"2, and wt cells. The strains were examined using a fivefold serial dilution assay, and plates were incubated at 30°C for 3 to 4 days. HU concentrations
are indicated above each image.

suggest that (i) the reduction of H2BK119ubl levels is critical for

exhibit an epistatic relationship in reducing the HU sensitivit}rr of
suppressing the HU sensitivity of rad3*™®A and cds1 CHR2A cells;

rad3*™®A cells, we constructed a triple mutant of brl2A rad3*™®A

htb1-K119R. The results indicated that the double mutation of
bri2A and htb1-K119R did not further decrease the HU sensitivity
of either bri2A rad3*™A, htb1-K119R rad3*™RA, bri2A cds1“"A,
or htb1-K119R cds1®"A cells (Fig. 1, F and G). These findings
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(ii) the deletion of Brl2 and H2B-K119 deubiquitination likely
exhibits an epistatic relationship in response to replication fork
stalling. Moreover, the HU sensitivity of wt cells is also noticeably
reduced by brl1A, brI2A, and htb1-K119R mutations (Fig. 1H),
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reinforcing the notion that Brl2 is a critical checkpoint target in re-
sponse to replication fork stalling.

The level of H2BK119ub1 substantially decreases in
response to replication fork stalling

We subsequently investigated the changes in H2BK119ubl1 levels
in response to replication fork stalling. Western blot analysis re-
vealed the presence of two distinct H2B bands in the whole cell
extracts from both wt and htb1-3FLAG cells (where H2B is tagged
with three FLAG peptides at its C terminus). The molecular
weights of these H2B bands are approximately 15 and 23 kDa in
wt cells and approximately 20 and 28 kDa in htbI-3FLAG
cells, respectively (Fig. 2A). The H2B subunit in the fission yeast
Schizosaccharomyces pombe consists of 126 amino acids, with a
calculated molecular weight of 13.819 kDa. Consequently, the
faster-migrating band at approximately 15 kDa is likely the H2B
subunit. In the htbI-KII19R-3FLAG strain, the faster-migrating
band remains detectable, whereas the slower-migrating band dis-
appears (Fig. 2A), suggesting that the latter is likely derived from
H2B ubiquitinated at K119. There is an approximate 8-kDa differ-
ence in molecular weight between the faster- and slower-migrating
H2B bands (Fig. 2A). Given that a ubiquitin molecule has a mo-
lecular weight of approximately 8.6 kDa (59), it is plausible that the
slower-migrating band corresponds to H2B monoubiquitinated at
K119, as confirmed in Fig. 2B.

Furthermore, similar to htb1-K119R cells, the slower-migrating
band was absent in bri2A cells (Fig. 2B, left), while the level of the
slower-migrating band noticeably increased in ubp8A cells com-
pared to wt cells (Fig. 2B, left). Ubp8, a deubiquitinase, specifically
deubiquitinates H2BK119 in the fission yeast S. pombe (60, 61).
Moreover, Western blot analysis using a monoclonal antibody that
specifically recognizes H2BK119ubl confirmed that the slower-
migrating band corresponds to H2B monoubiquitinated at K119
(Fig. 2B, right). On the basis of these findings, we conclude that (i)
the slower-migrating band represents a monoubiquitinated H2B
band; and (ii) the ubiquitin E3 ligase Brl2 is essential for the ubiqui-
tination of H2B at K119, leading to the production of H2BK119ubl.

Considering that brI2A markedly reduces the sensitivity of
rad3*™R A or cds1“"*A to HU (Fig. 1, B to E), along with the neces-
sity of Brl2 for the ubiquitination of H2BK119 (Fig. 2B), we inves-
tigated whether the level of H2BK119ub1 decreases in response to
replication fork stalling. In an unsynchronized wt culture treated
with HU for 1, 2, 3, or 4 hours, the levels of H2Bub1 gradually and
apparently decreased (Fig. 2C). A statistical analysis of the H2Bub1/
H2B ratio is also presented in Fig. 2C (right). During normal cell
growth cycles in the fission yeast S. pombe, approximately 70% of
cells are in the G; phase, while the remainder is equally distributed
among G, S, and M phases. Consequently, a progressive reduction
in H2Bub1 levels is observed in a synchronizing culture under HU
treatment (Fig. 2C), as the deubiquitination of H2Bub1 occurs only
when replication forks stall. We further examined whether the in-
tra-S checkpoint is essential for the reduction of H2BK119ubl levels
by measuring H2BK119ub1 in wt and cds1?™?A cells with or with-
out HU treatment. Both wt and cdsI“"*’A cells, under a cdc25"
background, were arrested in the G,/M phase at a restrictive tem-
perature of 36.5°C for 3.5 hours and subsequently shifted to the
permissive temperature of 26°C in the presence or absence of
HU. Cell samples were collected at indicated time points, and the
levels of H2B and H2BK119ubl were assessed by Western blot

Liuetal., Sci. Adv. 11, eadr3673 (2025) 16 May 2025

analysis. As shown in Fig. 2D (left) (mock treated), the levels of
H2B and H2BK119ub1 in both wt and cds1“***A cells remained
largely constant from 60 to 120 min without HU treatment follow-
ing G,/M release. However, in the presence of HU, H2BK119ubl
levels decreased markedly in wt cells (Fig. 2D, right), whereas levels
remained unchanged in cdsl CHEZA cells even with HU treatment
(Fig. 2D, right). A statistical analysis of the H2Bub1/H2B ratio is
also included in Fig. 2D. Thus, on the basis of the results shown in
Fig. 2 (C and D), we conclude that (i) H2BK119ub1 is deubiquiti-
nated in response to re}C)lication fork stalling, and (ii) the intra-S
checkpoint kinase Cds1“™? is necessary for the reduction of H2B-
K119ubl levels.

Brl2 is phosphorylated in response to replication

fork stalling

The results presented in Figs. 1 and 2 indicate that Brl2 may be a
target of the intra-S checkpoint in response to replication fork
stalling. Therefore, we investigated whether Brl2 is phosphorylated
under conditions of replication fork stalling. As shown in the left
of Fig. 3A, slowly migrating bands of Brl2 were detected in Phos-
tag gel in the presence of HU but not in its absence. In addition,
these slowly migrating Brl2 bands were absent in checkpoint-
defective rad3*™ A or cds1“"*A cells, even when HU was present
(Fig. 3A, right). To determine whether Cds1"% could directly
phosphorylate Brl2, we purified Brl2 and activated Cds1M a5 de-
scribed in Materials and Methods (Fig. 3B, left and middle). The
results in the right of Fi%. 3B show the presence of slowly migrat-
ing bands when Cds1“"™™ was included, indicating that Cds1“"*
can directly phosphorylate Brl2 in vitro. Collectively, these find-
ings suggest that Brl2 is phosphorylated during replication fork
stalling, with Cds1¢hk being responsible for the phosphorylation
of Brl2 detected in vivo.

Cds1hk? phosphorylates Brl2 at five specific serine residues
of $192, 5193, S194, 5292, and 5486

A survey of the amino acid sequence of Brl2 identified 6 SQ/TQ
motifs for Rad3A™ and 19 RxxS/T motifs for Cds1“"? (Fig. 4A)
(62-64). The locations of these potential Rad3*™ and Cds19"
phosphorylation sites in Brl2 are illustrated in Fig. 4A (left). Pre-
liminary testing was conducted to determine whether phos-
phorylation of these sites results in a physiological phenotype.
Consequently, all sites were mutated to either alanine (phospho-
deficient) or aspartic acid (potential phoslgho—mimic), yielding the
constructs brl2-6A/D (where the 6 Rad3*®-recognized serine and
threonine residues are mutated to alanine or aspartic acid, respec-
tively) and brl2-19A/D (where the 19 Cdlehkz-recognized serine
and threonine residues are similarly mutated). These bri2-6A/D
and bri2-19A/D mutant genes were introduced into rad3*™®A and
cds1?™?A cells to replace the original brl2 gene. Results indicated
that bri2-6A, bri2-6D, and brI2-19A cells exhibited comparable
growth on yeast extract sucrose (YES) plates, although bri2-19D
displayed slightly reduced growth (Fig. 4A, right). Furthermore, the
phospho-mimic mutation at the six ATR recognition sites (brl2-6D)
did not confer resistance to HU in rad3*™A cells (Fig. 4A, right). In
contrast, brl2-6A rad3*™A and bri2-6D rad3*™®A cells were more
sensitive to HU than rad3*™®A cells (Fig. 4A, right). These results
suggest that ATR likely neither phosphorylates Brl2 nor regulates
its function in response to replication fork stalling. However, simi-
lar to brl2-Q236* and bri2A, the phospho-mimic mutation bri2-19D
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Fig. 2. The level of H2BK119ub1 is remarkably down-regulated by HU treatment. (A and B) The antibody against H2B is effective to probe the H2B protein and its
ubiquitination on K119. (A) Anti-H2B Western blots on the whole cell extracts (WCEs) prepared from an untagged strain (wt) and the tagged strains (htb7-3FLAG and htb1-
K119R-3FLAG). (B) WCEs from wt, brl2A, htb1-K119R, and ubp8A were probed with anti-H2B and anti-H2BK119ub1. Bands corresponding to H2B and H2Bub1 are indicated
on the right, and the molecular marker is shown on the left. (C) Western blot quantification of the ratio of ubiquitinated H2B to H2B level after HU treatment. Left: wt cells
were treated with 12.5 mM HU or not, and aliquots were taken at the indicated times. WCEs were prepared and probed with anti-H2B. The band intensity was quantified
by the imagelJ software (National Institutes of Health, Bethesda, MD, USA). The ratio of the H2Bub1 level to H2B level at each time point was calculated. Right: A statistical
analysis of the ratio of the H2Bub1 level to H2B level at each time point after HU treatment. (D) WCEs with HU treatment or not were analyzed by Western blot analysis
using antibody against H2B. Top: wt (cdc25-22) and cds1"™?A cdc25-22 cells were blocked for 3 hours at 36.5°C and then shifted to 26°C in the presence or absence of
12.5 mM HU. Cells were harvested at the indicated time after G,/M release. Bottom: A statistical analysis of the ratio of H2Bub1/H2B versus the time of HU treatment after
Gy/M release. Mw, molecular weight.

markedly reduced HU sensitivity in cds1“"*A cells (Fig. 4A, right).
Together with the findings in Fig. 3B, these results suggest that the
function of Brl2 is likely regulated by Cdslchk2 in response to repli-
cation fork stalling.

To identify phosphorylation sites on Brl2, we isolated Brl2 from
HU-treated wt cells and subsequently conducted mass spectrome-
try (MS) analysis. In addition, MS analysis was performed on Brl2
that had been phosphorylated in vitro by purified Cds1"%2, Both

Liuetal., Sci. Adv. 11, eadr3673 (2025) 16 May 2025

MS analyses revealed that Brl2 was phosphorylated at S192, S193,
S194, S292, and S486 (Fig. 4B and fig. S2, A to E). Among these five
serine phosphorylatmn sites, S194 and S292 are situated within
the consensus Cds1“" phosphorylatlon motif (Fig. 4C). Notably,
S194, S292, and S486 are conserved between the fission yeast
S. pombe and the budding yeast Saccharomyces cerevisiae, whereas
S$192 is mutated to aspartic acid and S193 to glutamic acid, both of
which represent a phospho-mimic state (Fig. 4C). These findings
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indicate that the kinase Cds1“"* can phosphorylate these serine

sites both in vivo and in vitro. To verify phosphorylation of these
sites in cells, we generated three phosphorylation-specific anti-
bodies targeting phosphorylated S192/193/194, $292, and S486
(pS192/193/194, pS292, and pS486) separately. Dot blot analysis
confirmed that these antibodies specifically recognize the phos-
phorylated peptides while not detecting nonphosphorylated pep-
tides (fig. S2F). In wt cells, signals for pS192/193/194, pS292, and
pS486 were observed in samples collected after 1 hour of HU
treatment (Fig. 4D, left) and increased in a time-dependent man-
ner, whereas these signals were faint in mock-treated cells (Fig.
4D, right). Furthermore, the signals for pS192/193/194, pS292,
and pS486 completely disappeared from HU-treated cds1"F2A
and bri2-5A cells (where all five serine residues are mutated to ala-
nine) (Fig. 4D, left), suggesting that Cds1M? s the primary kinase
responsible for phosphorylating Brl2 at these sites. In addition,
Phos-tag gel band mobility shift assays indicated that only the
§192, S193, S194, S292, and S486 residues were phosphorylated,
as slowly migrating bands were absent in brl2-5A cells under HU
treatment (Fig. 4E). Collectively, these results lead us to conclude
that $192, S193, S194, 5292, and S486 of Brl2 are direct targets of
Cds1°"2, Moreover, the activation of Cds1“"* was unaffected in
bri2-5A and brI2-5D cells (where S192, S193, S194, S292, and
$486 are mutated to aspartic acid), as the phosphorylation levels
of Cds1°"? were similar among wt, brl2-5A, and bri2-5D cells
(Fig. 4F). This finding suggests that checkpoint activation in
response to replication fork stalling is not altered in bri2-5A
and bri2-5D cells.

Liuetal., Sci. Adv. 11, eadr3673 (2025) 16 May 2025

Cds1" 2 mediated phosphorylation of Brl2 markedly
reduces H2BK119ub1 levels and promotes

chromatin condensation

To evaluate the importance of Cds1“"*2-mediated phosphorylation
of Brl2 in response to replication fork stalling, the five serine resi-
dues (5192-S193-5194, $292, and S486) were all mutated together to
either alanine (bri2-5A, phosphor deficient) or aspartic acid (bri2-
5D, potential phosphor mimic). The mutated genes were individu-
ally introduced into wt, cds1 2N, or rad3* ™R A strain. Serial dilution
assays show that the brl2-5D mutation substantially reduced the HU
sensitivity of cdsI“"*A cells by about 125- to 625-fold, based on
the serial dilution assay on plates containing 2 mM HU (Fig. 5A).
The bri2-5D mutation also substantially reduced the sensitivity
of rad3*™®A cells by ~125- to 625-fold (Fig. 5B). Moreover, the bri2-
5D mutation even increased the resistance of wt cells to HU by ~5-
to 25-fold (Fig. 5C). Conversely, the bri2-5A mutation exhibited
slightly greater sensitivity to HU compared to wt cells (Fig. 5C and
fig. S3). These results indicate that Brl2 is a critical checkpoint target
for the stability of stalled replication forks. As anticipated, bri2-5A
mutation did not confer cds1“"A, rad3*™®A, and wt cell resistance
to HU (Fig. 5, A to C).

To explore the mechanism of why bri2-5D confers the checkpoint-
deficient cell resistance to HU, the cellular level of Brl2-5D was first
examined. The result shown in Fig. 5D indicates that, compared to
Brl2 in wt cells, the cellular levels of Brl2-5D or Brl2-5A did not
decrease. The yeast two-hybrid assays indicate that the interac-
tion between Brll and Brl2-5D or Brl2-5A was not altered either,
compared to the interaction of Brll and Brl2 (Fig. 5E). However,
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Cds1 targeted RxxS/T cluster domains (bottom). Right: HU sensitivity of the indicated strains was examined by fivefold serial dilution assays in the presence or absence of
HU. The 6 Rad3*-targeted or 19 Cds1“"™2-targeted serine and threonine residues were all mutated to either alanine (brl2-6A or brl2-19A) or aspartic acid (brl2-6D or bri2-
19D). Cells in the log phase were serially diluted, plated on YES plates containing 1 mM HU or no HU, incubated at 30°C for 4 days, and imaged. (B) Cds1Mk2 phosphorylates
Brl2 on $192, S193, S194, S292, and S486 in response to replication fork stalling. Brl2 was isolated from HU-treated cells and subjected to MS analysis. MS analysis was also
performed with Brl2 phosphorylated by Cds1™2 in vitro. (C) The amino acid sequences around the five Cds1™?-phosphorylated serine residues are shown. (D) Phosphory-
lation of Brl2 on $192, S193, S194, S292, and S486 in response to replication fork stalling induced by HU. Left: Western blot analysis of Brl2 phosphorylation at $192, S193,
S$194, 5292, and 5486 sites in wt, cdlehsz, and brl2-5A (the five serine residues were all mutated to alanine) cells with HU treatment. Right: Western blot analysis of Brl2
phosphorylation at 192, 193, 194, 292, and 486 sites at different time points in HU-treated wt cells. (E) WCEs from wt and brl2-5A with HU treatment or not were separated by
25 pM Phos-tag SDS-PAGE (top) and SDS-PAGE (bottom) and then probed with anti-HA. (F) Cds1-2HA was isolated from wt, brl2-5A, and bri2-5D (the five serine residues were
all mutated to aspartic acid) and separated by 25 pM Phos-tag SDS-PAGE (top) and SDS-PAGE (bottom), followed by immunoblotting analysis with the antibody against HA.
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silencing of rDNA::ura4” reporter. Fivefold serial dilutions of indicated cells were plated on medium without uracil to monitor rDNA::ura4* expression.

Liuetal., Sci. Adv. 11, eadr3673 (2025) 16 May 2025 8of17



SCIENCE ADVANCES | RESEARCH ARTICLE

compared with wt cells, the level of H2BK119ub1 was markedly re-
duced in bri2-5D cells, while the level of H2BK119ub1 was almost
equal in brI2-5A or wt cells (Fi§. 5F). This result explains why bri2-
5D confers the cds1“"*A, rad3*™ A cell resistance to HU (Fig. 5, A
and B), as deubiquitination of H2BK119 reduces HU sensitivity of
checkpoint-deficient cells (Fig. 1, D and E).

The in vitro analysis system confirmed that Brl2-5D markedly
reduced its ubiquitin E3 ligase activity, as the reaction product of
H2Bub1 was easily detected with Brl2 but not with Brl2-5D (Fig.
5@G). This result is consistent with a marked reduction of H2Bub1
level in the bri2-5D cells (Fig. 5F). The results presented in Fig. 5E
together with the results shown in Fig. 2 (C and D), suggest that a
decreased H2BK119ub1 level confers cell resistance to HU-induced
replication stress. Thus, we further performed chromatin immu-
noprecipitation and quantitative polymerase chain reaction (ChIP-
qPCR) to determine the H2BK119ub1 levels around stalling replication
forks at ars2004 and arsI replication origins using antibodies against
H2BK119ubl. Centromeric dg repeats, which are assembled into
heterochromatin and have relatively low levels of H2BK119ub1 (55),
were also measured as a negative control. We found that H2BK119ub1
is significantly reduced around stalling forks at ars2004 and arsl
origins in wt cells in response to HU treatment (Fig. 5H). However,
a slight increase of H2BK119ub1 level was detected in brl2-5A cells
compared with that in wt cells after HU treatment (Fig. 5I). In
HU-treated bri2-5D cells, the level of H2BK119ub1 decreased sharp-
ly and was barely detectable (Fig. 5I). Together, these results indicate
that the decrease of the H2BK119ub1 level is regulated by Brl2 phos-
phorylation in the presence of HU not only in the global chromatin
but also in the nucleosomes at stalled replication forks.

A reduced H2Bubl level is required for heterochromatin initia-
tion and maintenance (65-67). This suggests that H2Bub1 plays a
critical role in establishing basic structures of euchromatin and het-
erochromatin. Brl2 is required for H2BK119ubl. Thus, we exam-
ined the effect of brl2-5D mutation on global chromatin structure.
Using micrococcal nuclease (MNase) digestion (68), we observed
that the digestion pattern of brl2-5A was comparable to that of wt
cells, while chromatin from brl2-5D exhibited notable resistance to
MNase digestion (Fig. 5], top). A quantitative analysis of chromatin
resistance to MNase digestion is also presented (Fig. 5], bottom).

To further investigate the compaction of chromatin at the stall-
ing fork sites in the brl2-5D background, we conducted an addition-
al experiment. Cells with the cdsIA bri2-wt, cdsIA bri2-5A, and
cds1A bri2-5D genotypes were treated with HU for 4 hours to arrest
replication forks. Subsequently, formaldehyde was added to the cul-
tures for cross-linking replisome-DNA replication sites. Chromatin
was then isolated from these cells and sonicated to achieve average
fragment sizes ranging from 500 to 3000 bp (Fig. 5K). Replication
forks were isolated using immunoprecipitation against Myc [SsblI-
3Myc, where the large subunit (Ssb1) of RPA is tagged with 3Myc],
followed by MNase digestion. The results presented in Fig. 5K dem-
onstrate that chromatin at the stalled replication fork sites in cds1A
bri2-5D cells is substantially more compacted compared to the other
two strains, which exhibited similar levels of chromatin compac-
tion. In this assay, all three strains with the cdsIA background were
used to specifically evaluate the effect of the brl2-5D mutation on
chromatin compaction at replication fork stalling sites.

These results indicate that brl2-5D reduces the level of H2B-
K119ub1 and promotes global chromatin compaction (Fig. 5, F, G,
and I to K). Chromatin compaction in bri2-5D cells was further

Liuetal., Sci. Adv. 11, eadr3673 (2025) 16 May 2025

evaluated by analyzing gene expression. The ura4™ reporter gene
was inserted into the ribosomal DNA (rDNA) region to evaluate the
local chromatin structure by monitoring rDNA::ura4 expression.
The strain carrying a normal copy of ura4 was the positive control
and that carrying the ura4™~ (deletion) gene was the negative control.
The wt and bri2-5A cells showed a similar growth phenotype on me-
dium lacking uracil, while the brl2-5D mutation impaired the ability
of rDNA::ura4 cells to form colonies on uracil-free plates (Fig. 5L).
This result indicates that cells with the bri2-5D mutation exhibit en-
hanced silencing of the rDNA::ura4 region, again suggesting that
the chromatin in brl2-5D cells is more compact at the rDNA region
than that in wt and brl2-5A cells. Together, the above findings dem-
onstrate that Cdsl phosphorylates Brl2 at five serine positions,
thereby reducing the H2BK119ub1 level, which ultimately leads to
chromatin compaction at stalled replication forks.

bri2-5D prevents stalling replication forks from collapsing
Replication fork speed can indirectly reflect chromatin structure
and stability of replication forks in a cell line. Thus, the speed of
replication forks was examined in various cell lines in the absence of
HU. As shown in Fig. 6A, the fork speed in brl2-5D background was
significantly slower compared to that in wt or bri2-5A cells no mat-
ter that it was in the checkpoint-proficient or checkpoint-deficient
cells. In addition, we examined the rate of DNA origin firing in the
brl2 mutant cells, and it was found that the rate of DNA replication
origin firing is not affected in the brl2-5A, bri2-5D, and brI2A cells
compared to wt cells (fig. S4). Next, we measured the fork speed in
the presence of HU and after release from HU arrest. As shown in
Fig. 6B, the fork speed was relatively similar in wt and bri2-5A cells
but was significantly slower than that in bri2-5D cells. These results
again suggest that the chromatin structure in brl2-5D cells is more
compact compared to that in wt and bri2-5A cells, which is consis-
tent with the results shown in Fig. 5 (J to L). The fork speed in a
cds1“"™ A background was relatively faster than that in wt cells in
the presence of HU (Fig. 6B), consistent with a previous study (17).
Similarly, the fork speed in brl2-5D cds1™A was significantly
slower than that in cdsI“®A and bri2-5A cds1“"A cells (Fig. 6B),
reinforcing that bri2-5D cells have more compact chromatin. The
speed of replication forks was also examined in these cell lines fol-
lowing the release from HU arrest. As shown in Fig. 6C, the fork
recovery in brl2-5D was significantly better than that in wt and bri2-5A
cells, leading to longer DNA fibers. The efficiency of fork recovery
was in the following order: bri2-5D > wt > bri2-5A cells (Fig. 6C),
which is consistent with their resistance to HU (Fig. 5, A to C). The
fork recovery was worse in a cds1“"*?A background compared to wt
cells; however, bri2-5D significantly increased the recovery rate of
the cdsI9A cells (Fig. 6C). Again, the rate of fork recovery is con-
sistent with their resistance to HU (Figs. 5, A to C, and 6C).

To assess whether the stability of replication forks is enhanced by
Cds1"2_mediated phosphorylation of Brl2, we analyzed DNA fi-
bers to determine the frequency of collapsed stalled forks under HU
stress across different cell lines. Cells treated with HU were pulse-
labeled with 5-iodo-2'-deoxyuridine (IdU, red) and subsequently
released into fresh media containing only 5-chloro-2’-deoxyuridine
(CldU, green) (Fig. 6D, left). We observed approximately 14.3 and
12.9% of collapsed forks in wt and bri2-5A cells, respectively, under
HU treatment, while bri2-5D cells exhibited around 8.2% of col-
lapsed forks. In HU-treated cds1“"*A and brl2-5A cds1“™A cells,
the rate of collapsed forks increased to approximately 44.8 and
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Fig. 6. The phosphomimic mutation br/2-5D promotes replication fork stability under HU stress. (A) The medium length of 5-ethynyl-2’-deoxyuridine (EdU)-labeled
DNA fibers in the wt and indicated mutant strains under normal cell growth conditions. (B and C) The medium length of EdU-labeled DNA fibers in the wt and indicated
mutant strains in the presence of HU and after release from HU treatment. The number of measured DNA fibers is indicated. (D) Dual labeling combing to assess the rate
of stalled fork collapse. Left: Schematic of the single-molecule DNA fiber tract analysis for replication fork collapse frequency and the representative IdU tracks (red) during
HU block and CldU tracks (green) after HU release. Right: Replication fork collapsed histogram was calculated as the single red DNA fibers divided by all of the fibers con-
taining red signaling. At least 300 fibers were counted in each sample. Statistical test used was the Student’s two-tailed t test, and the P value is indicated by asterisks
(**P < 0.005 and ***P < 0.001). (E) The bri2-5D decreased the y-H2A signal in HU-treated cds1<"*?A cells. The indicated cells were grown to semi-log phase [optical den-
sity at 600 nm (ODgqo) = 0.4], treated with 12.5 mM HU at 30°C, and harvested at the indicated time points. WCEs from cells were resolved by SDS-PAGE and analyzed by
Western blot analysis using antibody against y-H2A. ns, not significant.

40.6%, respectively, whereas brl2-5D cds1“"*A cells showed an in-

(Fig. 6E). These results suggest that brl2-5D reduces DNA damage in
crease to about 27.1% (Fig. 6D, right). These findings suggest that

cds1?™A cells, both in the absence and presence of HU, consistent

the phospho-mimic mutation bri2-5D effectively prevents the col-
lapse of stalled forks in both wt and cds1"*2A backgrounds. Fur-
thermore, the similar rate of collapsed forks observed in cds1“"*A
and bri2-5A cds1“™A cells supports the conclusion that Cds1"
and Brl2 function within the same pathway.

As an additional marker of replication fork collapse, we exam-
ined the level of H2A phosphorylation at serine 139 (y-H2A), which
is associated with double-strand DNA breaks. Western blot analysis
revealed that deletion of cds1“"*? or the combination of brl2-5A with
cds1"?A results in up-regulation of y-H2A levels under unper-
turbed conditions; however, no noticeable y-H2A signal was detected
in wt and brl2-5D cds1“"A cells. Following treatment with 12.5 mM
HU for 2 hours, the y-H2A signal peaked and then decreased. Nota-
bly, y-H2A accumulation was lower in brl2-5D cds1“™A cells com-
pared to cdsI"™A and bri2-5A cds1“A cells at all time points

Liuetal., Sci. Adv. 11, eadr3673 (2025) 16 May 2025

with the enhanced HU resistance observed in brl2-5D cds1“"™A
cells compared to cds1 CHR2A cells.

bri2-5D preserves the integrity of the replisome

To investigate the mechanism by which brl2-5D prevents stalled
replication forks from collapsing, we examined the coupling of
the re]ilicative helicase CMG complex and DNA polymerases in wt,
cds1"A, and cds1"™A bri2-5D cells. HU-arrested replication
forks were isolated using an anti-Myc antibody against Myc-tagged
RPA, and the levels of DNA polymerases o and 8, the Mcm?7 sub-
unit, Cdc45, and other replisome components were quantified.
Western blot analysis revealed that the amounts of DNA polymerase
9 (Pol3 subunit) and DNA polymerase o (Spb70 subunit) were sim-
ilar in wt, cds1“™A, and cds1“"**A bri2-5D cells, indicating their
retention at the stalled replication forks. In contrast, the amount of
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CMQG helicase (Mcm7 subunit) was reduced by approximately 36%
in cdsI“™A cells compared to wt cells, suggesting that the CMG
helicase dissociated from about 36% of stalled replication forks. In
cds1™?A bri2-5D cells, only around 21% of the CMG helicase
(Mcm?7 subunit) moved away from stalled replication forks. Regard-
ing the Cdc45 subunit, another component of the CMG complex, its
dissociation pattern mirrored that of the Mcm7 subunit, with ap-
proximately 38 and 20% of the Cdc45 subunit dissociating from
stalled replication forks in cdsI“’A and cds1“™A bri2-5D cells,
respectively (Fig. 7A). Like DNA polymerases a and 8, the levels of
RPA (Ssb1 subunit, tagged with 3Myc) were comparable among wt,
cds1™A, and cds1“™ A bri2-5D cells. Because of the poor growth
of htb1-K119R cells, we were unable to assess the uncoupling rate of
the CMG helicase and DNA polymerases in this background.
These results suggest that by inhibiting the uncoupling of the
CMG helicase and DNA polymerases, brl2-5D stabilizes stalled rep-
lication forks.

Through Cds1°"-mediated phosphorylation of Brl2, the level
of H2Bub1 markedly decreases (Figs. 2, C and D, 4, B to D, and 5F),
leading to considerable chromatin condensation that prevents the
uncoupling of the CMG replicative complex and DNA polymerases,
thereby stabilizing stalled replication forks (Fig. 7A). To evaluate the
relationship between bri2-5D and htb1-K119R cells at the chromatin
level, we examined chromatin condensation through MNase diges-
tion in these cell lines. Notably, chromatin condensation is mark-
edly greater at the whole chromatin level in htbI-K119R cells
compared to wt cells, as the chromatin in htb1-K119R cells exhibited
increased resistance to MNase digestion (Fig. 7B, right and left), in-
dicating the critical role of H2BK119 deubiquitination in regulating
chromatin condensation. A direct comparison of chromatin con-
densation levels between brl2-5D and htb1-K119R cells showed that
chromatin condensation was similar in both cell types yet markedly
higher than in wt and bri2-5A cells (Fig. 7C, right and left). Given
that a low H2Bub1 level is essential for heterochromatin formation
and maintenance (65), these findings suggest that checkpoint regu-
lation, akin to chromsfork control (8), plays a crucial role in the for-
mation of heterochromatin and compacted chromatin domains.

DISCUSSION

This study elucidates that nucleosomes serve as pivotal targets for
the intra-S phase checkpoint in response to replication stress, par-
ticularly during replication fork stalling. Throtgh the phosphoryla-
tion of the ubiquitin E3 ligase Brl2 by Cds1“"™ kinase (Fig. 4, B to
D), the enzymatic activity of Brl2 is markedly diminished or en-
tirely abrogated (Fig. 5G). This reduction leads to a marked decrease
in the levels of H2BK119ubl within the chromatin surrounding
stalled replication forks (Fig. 5, F to I), consequently resulting in
substantial chromatin compaction at these sites (Fig. 7, B and C).
Such compaction inhibits the translocation of the replicative heli-
case CMG complex away from stalled replication forks, thereby
maintaining the biochemical and physical linkage between the
replicative helicase and DNA polymerases, which stabilizes these
stalled forks (Fig. 7, A and D). Furthermore, this investigation
highlights the critical function of the intra-S phase checkpoint in
the establishment of fundamental chromatin structures, including
the formation of heterochromatin or compact chromatin domains
at sites of replication fork stalling. H2BK119ubl in fission yeast,
along with its counterparts H2BK123 and H2BK120 in budding
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yeast and human cells, respectively, serves as a characteristic
histone modification associated with euchromatin and active
transcription (69, 70). In contrast, a low level of H2BK123ubl,
H2BK119ubl, or H2BK120ubl—alongside the deubiquitination of
H2BK119, H2BK123, and H2BK120—is requisite for the assembly
of heterochromatin or compacted chromatin in budding yeast, fis-
sion yeast, and human cells (65, 66, 71). Given the profound impact
of chromatin structures on various biological processes, including
gene transcription, DNA replication, recombination, lesion repair,
and genome stability, the essential role of the ATR and Chkl-
mediated intra-S phase checkpoint in the formation of heterochro-
matin or compacted chromatin may elucidate why ATR and Chk1
are critical for cell proliferation and embryonic development, in
contrast to ATM (46, 49).

H2BK123 in budding yeast corresponds to H2BK119in S. pombe.
A previous study revealed that the histone chaperone FACT (fa-
cilitates chromatin transcription) enhances the activity of the
Ubp10 deubiquitinase on nucleosomes, specifically leading to the
deubiquitination of H2BK123 (72). Consequently, an increase in
H2B-ubl levels was observed in FACT mutant strains (72). Cells
with a genetic background involving a FACT mutation or Ubp10
deletion exhibited greater sensitivity to HU than wt cells (72). This
finding implies that elevated levels of H2BK123 ubiquitination
negatively affect HU-induced replication stress. In a related study,
the accumulation of H2B-ub1l was achieved through the overex-
pression of an H2B-linker-ub1 fusion protein, where a ubiquitin
molecule was tagged at the C terminus of H2B, thereby mimicking
the accumulation of H2BK123 ubiquitination due to its resistance
to deubiquitination. Cells overexpressing the H2B-linker-ubl fu-
sion protein also displayed heightened sensitivity to HU (73), and
the recovery of replication forks from HU-induced arrest was
markedly delayed in this strain (73). These two studies collectively
suggest that high levels of H2BK123 ubiquitination in budding
yeast have detrimental effects on HU-induced replication stress,
contributing to the destabilization of stalled replication forks. The
observations in budding yeast substantiate the current finding that
the intra-S phase checkpoint regulates the E3 ligase Brl2 to reduce
the levels of H2BK119ub1, thereby stabilizing stalled replication
forks (Fig. 7D).

In addition to Brl2, the intra-S phase checkpoint likely regulates
a group of enzymes that modulate histone modifications, contribut-
ing to chromatin compaction and the stability of stalled replication
forks. These enzymes may include histone deacetylases, methyl-
transferases, ubiquitin ligases, and deubiquitinases, among others.
They primarily act on histone proteins within nucleosomes, chemi-
cally modifying them. Under conditions of replication stress or fork
stalling, the intra-S phase checkpoint kinase ATR or Chk2 (Chk1 in
metazoan cells) phosphorylates these enzymes, altering their enzy-
matic activities, which leads to changes in histone modifications,
resulting in enhanced chromatin compaction. Compacted chroma-
tin prevents the physical separation of the replicative helicase and
DNA polymerases, thereby preserving replisome integrity at stalled
replication forks. In addition to the aforementioned enzymes, his-
tone chaperones and chromatin remodeling complexes may also be
targets of the intra-S phase checkpoint. Over the next 5 to 10 years,
identifying these checkpoint targets is anticipated to be a major
focus in the field of cellular regulation and the stability of stalled
replication forks, including elucidating how the checkpoint regu-
lates these targets.
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This study provides critical evidence linking the stalling of repli-
cation forks to the intra-S phase checkpoint-regulated formation
of heterochromatin and compacted chromatin domains. In fission
yeast, the ubiquitination of H2BK119, along with the corresponding
modifications in budding yeast and metazoan cells, serves as a hall-
mark of euchromatin and active transcription (74-76). Conversely,
alowlevel of ubiquitination at the H2BK119, H2BK123, or H2BK120
site in fission yeast, budding yeast, or human cells is necessary for
the assembly of heterochromatin (65, 66, 71). This study demon-
strates that the intra-S phase checkpoint considerably reduces the
level of H2BK119ub1 in response to replication stress, thus promot-
ing the formation of heterochromatin and compacted chromatin
domains at sites of replication fork stalling. A previous study has
reported that chromatin compaction induced by H2BK33 deacet-
ylation and H3K9 trimethylation occurs at replication fork stalling
sites in fission yeast (8). Furthermore, it suggests that H2BK33
deacetylation and H3K9 trimethylation are regulated by chromsfork
control rather than the checkpoint (8). However, recent findings in-
dicate that the intra-S phase checkpoint may contribute to the in-
creased levels of H3K9me3 at stalled replication fork sites in human
cells (77). It remains to be clarified whether H3K9 trimethylation at
stalled replication fork sites is regulated by different mechanisms,
whether chromsfork control or the intra-S phase checkpoint, in
various species. At the molecular level, this study convincingly dem-
onstrates that the intra-S phase checkpoint plays a crucial role in the
formation of heterochromatin and compacted chromatin domains
at replication fork stalling sites (Fig. 7D). Future research will deep-
en our mechanistic understanding of these two vital biological
events: (i) how the intra-S phase checkpoint regulates the stabiliza-
tion of stalled replication forks, and (ii) how the assembly of hetero-
chromatin or compacted chromatin domains occurs at replication
fork stalling sites.

MATERIALS AND METHODS

Yeast strains, plasmids, and genetic manipulation

The fission yeast S. pombe strains used in this study and their rele-
vant genotypes are listed in table S1. The S. pombe strain FY11064
was purchased from National BioResource Project-Yeast (https://
yeast.nig.ac.jp/yeast/). Strain construction was based on the gene
replacement technique of Scherer and Davis (78). The plasmids
used for gene editing experiments were derived from pBluescript,
pFA6a-kanMX6, and pSLF1072 as described elsewhere (Addgene,
Watertown, MA, USA). Site-directed mutations of brl2 gene were
introduced using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, CA, USA), following the protocol provided by
the manufacturer. Yeast transformations were performed using the
lithium acetate method. Cells were cultured in YES-rich medium
[yeast extract (5 g/liter) and glucose (30 g/liter), supplemented
with adenine (250 mg/liter), uracil (250 mg/liter), histidine (250 mg/
liter), and leucine (250 mg/liter)] or Edinburgh minimal medium
(EMM), supplemented with adenine (250 mg/liter), histidine (250 mg/
liter), and leucine (250 mg/liter) or EHAL medium [EMM medium
supplemented with histidine (250 mg/liter), adenine (250 mg/liter),
and leucine (250 mg/liter)]. For the plate-based spot assay, cells
in log-phase growth were serially diluted fivefold and spotted
onto the indicated plates containing no drug or the indicated HU
concentration. The plates were incubated for 3 to 5 days at 30°C
and photographed.
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Preparation of whole cell extract and immunoblotting

The whole cell extracts were prepared essentially as described previ-
ously with some minor changes (79). About 2 x 10° cells were col-
lected and frozen quickly in liquid nitrogen for 10 min. Cells were
washed with 500 pl of 20% trichloroacetic acid (TCA) once and re-
suspended in 500 pl of 20% TCA, and then 500 pl of acid-washed
glass beads (G8772; MilliporeSigma, Burlington, MA, USA) was
added. The cells were disrupted by vortexing for 8 min at room tem-
perature. Beads were separated and washed with 1 ml of 5% TCA
buffer. The resulting extracts were centrifuged for 10 min at 13,000 rpm
at room temperature. The pellet was resuspended in 60 pl of 2x SDS
loading buffer and 30 pl of 1 M tris to neutralize TCA, boiled for
5 min, and centrifuged for 10 min at 3000 rpm at room temperature.
The supernatant was divided into aliquots and stored at —80°C. About
5 to 10 pl of sample was analyzed by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) followed by immunoblot analysis using
the indicated antibodies. For the dot blots, 2 pl of the indicated
amounts of Brl2 peptides was spotted on 0.2-pm polyvinylidene
difluoride membranes and detected using the corresponding
phosphorylated antibodies. The antibodies used in Western blot
analysis are antibodies against H2B (in lab), hemagglutinin
(HA; in lab), H2BK120ub1 (05-1312; MilliporeSigma), H3 (BE3015;
EASYBIO, Beijing, China), YH2A (ab17353; Abcam, Cambridge,
UK), single-strand DNA binding (SSB) protein (in lab), Brl2 (in
lab), phosphor-Brl2 (pS292) (in lab), phosphor-Brl2 (pS486) (in
lab), and phosphor-Brl2 (pS192/193/194) (in lab). Phos-tag acryl-
amide (25 pM; Boppard, Shanghai, China) and 6% gel concentra-
tion were used in our experiments.

Chromatin purification

For chromatin purification, the cells were grown to log-phase in liq-
uid YES medium, harvested by centrifugation, and washed once
with the stop buffer containing 20 mM tris-HCl (pH 7.5), 150 mM
NaCl, 50 mM NaF, 10 mM EDTA, and 1 mM NaN3. The yeast cell
wall was digested in sorbitol buffer [1.2 M sorbitol, 10 mM dithioth-
reitol (DTT), 20 mM EDTA, lysing enzyme (1 mg/ml; L1412, Mil-
liporeSigma), and appropriate lyticase (L4025; MilliporeSigma)] at
30°C for 40 to 60 min. When ~90% cells were “ghost” in 1% Triton
X-100, the spheroplasts were washed twice with precooled 1.2 M
sorbitol containing 1 mM phenylmethylsulfonyl fluoride (PMSF)
and then lysed in buffer A [50 mM tris-HCI (pH 7.5), 100 mM KCl,
5 mM MgCl,, 2 mM EDTA, 10% glycerol, 0.05% NP-40, 1 mM
PMSE, pepstatin (1 pg/ml), leupeptin (1 pg/ml), aprotinin (1 pg/ml),
and 5 pM of the cell-permeable proteasome inhibitor MG132] con-
taining 1% Triton X-100. The chromatin fraction was isolated by
high-speed centrifugation at 4°C, 18,000 rpm for 20 min and washed
twice with buffer A. The pellet was resuspended in 1x SDS load-
ing buffer and boiled at 95°C for 5 min to release the chromatin-
enriched proteins.

Protein purification

To facilitate Brl2 purification, we first integrated the C-terminal
8his-3HA-tagged bri2 cassette into the yeast bri2 locus (80). The re-
sulting brl2-8his-3HA strain can express Brl2-8His-3HA protein un-
der the control of the brl2 native promoter. The bri2-8his-3HA cells,
with or without HU treatment for 3 hours, were harvested at log
phase, washed once with the precooled lysis buffer [20 mM tris-HCIl
(pH 7.5), 100 mM KCI, 0.05% Triton X-100, 50 mM NaF, 1 mM
Naz;VO,4, 1 mM PMSE, pepstatin (1 pg/ml), leupeptin (1 pg/ml),
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aprotinin (1 pg/ml), and 5 pM MG132], and resuspended in the lysis
buffer containing 5 mM imidazole. The subsequent procedures were
all performed at 4°C. Cells were disrupted with an equal volume of
acid-washed glass beads. The lysate was centrifuged at 18,000 rpm
for 30 min. The supernatants were filtered through a 0.45-pm mem-
brane and loaded on Ni-NTA (nickel-nitrilotriacetic acid) resin col-
umn (Qiagen GmbH, Hilden, Germany), pre-equilibrated with the
lysis buffer containing 5 mM imidazole. The bound protein was
washed with 4X bed volume lysis buffer containing 50 mM imidaz-
ole. The Brl2-8his-3HA was eluted from the beads with 200 mM
imidazole, and the fraction containing the Brl2-8his-3HA was
subjected to HA affinity chromatography with 30 pl of HA beads
(A2095; MilliporeSigma). After rotation for 3 hours, the beads were
washed three times with lysis buffer. The enriched Brl2-8His-3HA
protein on HA beads were released with either HA peptide to obtain
biologically active Brl2 or by boiling at 95°C for 5 min in 1x SDS
loading buffer and then separating by 10% SDS-PAGE.

Cds1-SSB-6his was overexpressed under the control of an exog-
enous nmtl promoter. The cells containing an integrated pSLF1072
nmtl::cds1-ssb-6his plasmid were cultured at 30°C in EMM contain-
ing thiamine (5 pg/ml) to repress the nmtl promoter. To induce
overexpression of Cdsl, thiamine was removed 12 hours before
adding HU (1 M stock diluted to 12.5 mM final concentration) for
activating the intra-S checkpoint pathway and stimulating Cds1 ac-
tivity. After incubation for 3 hours at 30°C, the cells were harvested,
washed once with above lysis buffer, and resuspended in lysis buffer.
The cells were lysed with acid-washed glass beads, and the protein
crude extracts were obtained after centrifugation at 4°C, 18,000 rpm
for 30 min. The Cds1-SSB-6his was purified by ammonium sulfate
precipitation and Ni-NTA column chromatography as the standard
method. Protein precipitation was performed by progressively add-
ing ammonium sulfate from 0 to 20% and then 20 to 50% for Cds1-
SSB-6his, which was eluted from the Ni-NTA column with buffer
containing 200 mM imidazole. Eventually, the fraction containing
Cds1-SSB-6his was dialyzed against buffer containing 25 mM tris-
HCI (pH 7.5), 100 mM NaCl, 10% glycerol, 1 mM PMSE, pepstatin
(1 pg/ml), leupeptin (1 pg/ml), and aprotinin (1 pg/ml) and stored
at —80°C for subsequent analysis.

Phosphorylation assay of Brl2 in vitro and MS analysis of
Brl2 phosphorylated sites

For in vitro phosphorylation assay of Brl2 by Cds1, the Brl2-8his-
3HA protein was purified from 2 liters of culture and enriched by
Ni-NTA column chromatography and HA beads as described above,
but no phosphatase inhibitors (50 mM NaF and 1 mM Naz;VOy)
were added during the purification process. Brl2-8his-3HA-bound
HA beads were split, and 20 pmol of purified Cds1-SSB-6his was
added to half of it. Phosphorylation reaction was incubated for
30 min at 37°C in 20 pl of kinase buffer [20 mM Hepes (pH 7.5),
10 mM MgCl,, 150 mM KCI, 1 mM EDTA, and 4 mM ATP]. The
reaction was stopped by washing the beads three times with wash-
ing buffer [20 mM tris-HCI (pH 7.5), 100 mM KCI, 50 mM NaF,
1 mM NazVO,, 1 mM PMSE, pepstatin (1 pg/ml), leupeptin (2 pg/
ml), and aprotinin (2 pg/ml)]. The Brl2-8his-3HA was released from
HA beads with 1x SDS loading buffer and then resolved on a 10%
SDS-PAGE gel or a 6% Phos-tag gel containing 25 pM Phos-tag.
Polyclonal anti-Brl2 was used to detect Brl2 and phosphorylated
Brl2. For MS analysis, the obtained Brl2-8his-3HA protein was
phosphorylated in vivo or in vitro. For the in vivo assay, HU was
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added at 12.5 mM final concentration in the culture for 4 hours to
activate the intra-S checkpoint pathway kinases that phosphorylate
Brl2-8his-3HA, and after harvesting the cells, Brl2-8his-3HA was
purified as described above. For the in vitro assay, the purified
Brl2-8his-3HA was phosphorylated by Cds1-SSB-6his in an in vitro
phosphorylation reaction. Ultimately, the phosphorylated Brl2-
8his-3HA was separated on a 10% SDS-PAGE gel. The band con-
taining Brl2 was visualized by Coomassie brilliant blue staining and
cut out for MS analysis using standard protocols.

Preparation and purification of antibodies against
phosphorylated Brl2

Antigen peptides of 10 to 15 amino acids in length were synthesized
by adding keyhole limpet hemocyanin (KLH) at its C terminal to
produce immunogenicity. These peptide-KLHs were used to im-
munize rabbits, and the crude serum containing a polyclonal an-
tipeptide antibody was collected (81, 82). Briefly, modified and
unmodified Brl2 peptides were separately cross-linked to the CNBr-
activated Sepharose 4B resin (#GE17-0756-01; GE Healthcare Life
Sciences Inc., Piscataway, NJ, USA) to prepare the peptide affinity
columns. The serum was diluted fourfold with phosphate-buffered
saline (PBS) and loaded onto the Brl2 phosphorylated peptide affin-
ity column. After washing with PBS, the antibodies were eluted with
acidic elution buffer [50 mM glycine-HCI (pH 3.0), 0.1% Triton
X-100, and 0.15 M NaCl] and collected in a tube with !/, volume of
1 M tris-HCl to neutralize the buffer. Then, the eluate was applied to
the unmodified Brl2 peptide affinity column. The antibodies that
recognize nonphosphorylated peptides would stick to the column,
and the antibodies that recognize phosphorylated peptides would
flow through. This flow through fraction was collected and dialyzed
against PBS buffer. The resulting antibodies recognizing phosphory-
lated Brl2 were resuspended in PBS containing 50% glycerol and
stored at —20°C.

Chromatin immunoprecipitation and quantitative
polymerase chain reaction

ChIP of fission yeast cells was performed as described with several
modifications (83). The cells were cross-linked with 1% formalde-
hyde for 20 min at room temperature and quenched with 125 mM
glycine for 5 min. Chromatin was obtained as described above and
sonicated using a BioRuptor Pico sonicator (JY92-IIN; Diagenode
Inc., Denville, NJ, USA) to generate DNA fragments with a mean
length of 300 to 700 bp, followed by centrifugation twice at 4°C,
15,000 rpm for 10 min. The resultant supernatants were precleared
with protein A beads (SE251005; Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at 4°C for 1 hour. After saving back 10% of the
total supernatant for use as the input sample, the rest was incubated
with 2 pg of the appropriate antibody overnight at 4°C. Immune
complexes were mixed with ChIP-Grade Protein A/G Plus Agarose
(QJ223903; Thermo Fisher Scientific Inc.) for 1 hour at 4°C and
washed rigorously. Then, the chromatin immunoprecipitated on
the beads were eluted with TES buffer [20 mM tris-HCI (pH 8.0),
10 mM EDTA, and 1% SDS] for 40 min at 65°C. The collected material
and input sample with 1% SDS were incubated at 65°C for 2 hours to
reverse cross-linking and then treated with ribonuclease A (EN0531;
Thermo Fisher Scientific Inc.) for 1 hour at 37°C. Subsequently, pro-
teinase K (P2308; MilliporeSigma) was added to continue reversing
cross-linking overnight at 60°C. The DNA was purified by a Qiagen
PCR purification kit (Qiagen GmbH). ChIP DNA was quantitated
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using the Hieff qPCR SYBR Green Master Mix (11201ES08; Yeasen
Biotech, Shanghai, China), and qPCR was performed using a
Roche LightCycler 96 Real-Time PCR System (Roche Diagnostics
GmbH, Mannheim, Germany). ChIP-qPCR primer sequences are
listed in table S2.

DNA combing analysis and microscopy imaging

DNA combing analysis was performed as previously described (84).
The strain J2172, which coexpresses the Herpes simplex virus thymi-
dine kinase gene (hsv-tk) and a human equilibrative nucleoside
transporter (hRENT1), was used for DNA combing analysis. The cells
were labeled with 2.5 pM IdU (17125; MilliporeSigma) and CIdU
(200 pg/ml; C6891; MilliporeSigma). Following incorporation,
the reaction in cells was stopped by the addition of sodium azide at
3 mM final concentration on ice. Three minutes later, cells were har-
vested and concentrated to 50 optical density (OD)/ml in a buffer
containing 1.2 M sorbitol and 50 mM EDTA. Afterward, cells were
mixed with an equal volume of 1.3% molten low-melting point aga-
rose (42°C). The cell suspension was transferred to a plug mold to
generate genomic DNA plugs. Solidified plugs were incubated over-
night at 37°C in Iyticase buffer (1.2 M sorbitol, 50 mM EDTA, 10 mM
DTT, appropriate lysing enzyme, and lyticase) to digest the cell wall.
Then, plugs were washed three times in proteinase K buffer [pro-
teinase K (2 mg/ml), 10 mM tris-HCI (pH 7.5), and 50 mM EDTA]
and incubated for 48 hours at 42°C in proteinase K buffer. Plugs
were washed five times in 5 ml of TEsq buffer [10 mM tris-HCl
(pH 7.5) and 50 mM EDTA]. Subsequently, plugs were washed three
times with 5 ml of TE buffer [10 mM tris (pH 7.5) and 1 mM EDTA]
and then incubated in 2 ml of 50 mM MES buffer at pH 5.7 for 10 min.
After melting the plugs fresh MES buffer at 65°C for 10 min, they
were allowed to settle at 42°C adding 3 U of B-agarose I (M0392S;
New England Biolabs Inc., Ipswich, MA, USA) for 4 hours or over-
night. Afterward, the DNA solution was incubated for 10 min at
65°C and for 10 min at room temperature for DNA combing anal-
ysis. DNA solution was dipped on silanized coverslips (COV-001;
Genomic Vision SA, Bagneux, France) and pulled out at a con-
stant speed with a pull machine. Then, the coverslips were cross-
linked at 60°C for 3 hours or overnight in the dark. The coverslips
were stored at —20°C until use.

The DNA fibers labeled with IdU and CldU were denatured in 1 M
NaOH for 22 min for immunostaining with the indicated antibodies:
1dU (347580; BD Biosciences, Franklin Lakes, NJ, USA) and CldU
(C188215; Lifespan Bioscience, Lynnwood, WA, USA). The cells
were imaged on a Delta Vision Elite microscope (Applied Preci-
sion, Uppsala, Sweden), using a 60X oil lens, and images were ana-
lyzed using the Volocity software (PerkinElmer, Waltham, MA,
USA). A minimum of 300 fibers per sample were imaged.

MNase digestion

Yeast cultures from wt, bri2-5A, brl2-5D, and htb1-K119R (about
300 OD for each strain) were harvested and washed twice with ice-
cold water. Cell pellets were resuspended in 5 ml of lysis buffer [1.2 M
sorbitol, 10 mM DTT, lysing enzyme (0.75 mg/ml), and appropriate
lyticase] and incubated in a water bath at 32°C with shaking for
40 to 60 min. Then, cells were collected by centrifugation at 4°C
and washed twice with ice-cold 1.2 M sorbitol containing 1 mM
PMSE. The spheroplasts were obtained in MND buffer [1.2 M sorbi-
tol, 100 mM NaCl, 5 mM CaCl,, 5 mM MgAc,, 1 mM EDTA, 50 mM
tris-HCl (pH 8.0), 1% Triton X-100, and 5 mM spermidine] and
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divided into four equal aliquots. An aliquot was set as mock diges-
tion (0 U/ml, 0 min), and the others were treated with MNase (2400 U)
with different incubation time periods at room temperature. The
digestion was stopped by adding an equal volume of 2 stop buffer
(50 mM EDTA and 1% SDS). The DNA was extracted twice by
phenol-chloroform and once by chloroform. The DNA was resus-
pended in 100 pl of TE buffer [10 mM tris-HCI (pH 8.0) and 1 mM
EDTA], followed by RNase digestion for 30 min at 37°C. Ultimately,
the DNA was resolved in 1.5% agarose gel and stained with ethidium
bromide for visualization.
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