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SUMMARY
Chromatin-based epigenetic memory relies on the symmetric distribution of parental histones to newly
synthesized daughter DNA strands, aided by histone chaperoneswithin the DNA replicationmachinery. How-
ever, the mechanism of parental histone transfer remains elusive. Here, we reveal that in fission yeast, the
replisome protein Mrc1 plays a crucial role in promoting the transfer of parental histone H3-H4 to the lagging
strand, ensuring proper heterochromatin inheritance. In addition, Mrc1 facilitates the interaction between
Mcm2 andDNA polymerase alpha, two histone-binding proteins critical for parental histone transfer. Further-
more, Mrc1’s involvement in parental histone transfer and epigenetic inheritance is independent of its known
functions in DNA replication checkpoint activation and replisome speed control. Instead, Mrc1 interacts with
Mcm2 outside of its histone-binding region, creating a physical barrier to separate parental histone transfer
pathways. These findings unveil Mrc1 as a key player within the replisome, coordinating parental histone
segregation to regulate epigenetic inheritance.
INTRODUCTION

Eukaryotic cells fold their genomic DNA with histone proteins

into chromatin. The nucleosome is the fundamental unit of chro-

matin and consists of 147 base pairs of DNA wrapped around an

octamer of histones, including two each of H2A, H2B, H3, and

H4. Covalent modifications of histones are crucial for regulating

chromatin structure and establishing gene expression programs.

Some of these modifications, such as the tri-methylation of his-

tone H3 lysine 9 (H3K9me3) or trimethylation of histone H3 lysine

27 (H3K27me3), can be passed down to the subsequent gener-

ation of cells, forming an epigenetic memory.1,2

DNA replication coupled nucleosome assembly plays a crucial

role in the inheritance of epigenetic information.1,2 During this

process, the advancing replication fork disrupts parental nucle-

osomes. Parental H3-H4 tetramers, with their modifications, are

deposited at their original locations3–5 and distributed symmetri-

cally between the two daughter strands to guide nucleosome

formation.6–8 Additionally, newly synthesized H3-H4, which

lacks parental modifications, are also incorporated into repli-

cated DNA to fill the gaps. The modifications on parental

H3-H4 can serve as the epigenetic template, as certain his-
Mo
All rights are reserved, including those
tone-modifying enzymes can recognize the modifications they

create. For example, fission yeast H3K9 methyltransferase Clr4

contains both a catalytic SET (Su(var)3-9, ehancer of zeste,

and Trithorax)domain responsible for methylating H3K9 as well

as a chromodomain that recognizes H3K9me3.9–11 Parental his-

tones containing H3K9me3 recruit Clr4 to modify adjacent newly

synthesized H3, thus replenishing H3K9me3 to original levels on

both daughter strands.9,12

ThedistributionofparentalH3-H4 tetramers todaughter strands

is orchestratedby various histone-binding proteinswithin theDNA

replication machinery.1 Specifically, the Dpb3/Dpb4 (POLE3/

POLE4) subunits of DNA polymerase epsilon facilitate the deposi-

tion of parental histone H3-H4 to the leading strand.6 On the other

hand, the Mcm2 subunit of the replicative helicase and the largest

subunit of DNA polymerase alpha, both possessing histone-bind-

ing domains (HBDs), are responsible for depositing parental his-

tone H3-H4 to the lagging strand.7,8,13 The roles of Dpb3/Dpb4

and Pol alpha in parental histone H3-H4 transfer are in alignment

with their positions on the leading and lagging strand, respec-

tively.14–17 However, the mechanism by which the leading strand

anchored Mcm2 promotes parental histone H3-H4 transfer to

the lagging strand remains elusive. Unfortunately, investigating
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the mechanism of parental histone transfer is hindered by the lack

of genetic screens to discover additional regulators specifically

associated with this process.

Heterochromatin formation in the fission yeast, Schizosacchar-

omycespombe, hasbeenavaluablemodel for studyingepigenetic

inheritance.18–21 In this organism, large heterochromatin domains

enrichedwithH3K9me3are found at pericentric regions, sub-telo-

meres, and the silent mating-type region. The process of hetero-

chromatin formation consists of two distinct steps: initiation and

inheritance (also referred to as maintenance). During initiation,

Clr4 is recruited to these regions either through the RNA interfer-

ence (RNAi) machinery or DNA binding proteins, leading to de

novo heterochromatin formation. In the inheritance step, parental

histone H3-H4 deposited on daughter strands serve as a platform

for recruiting Clr4, thereby replenishing H3K9me3 levels in a self-

templated process. The genetic separation of these two steps

has yielded reporter genes that have been pivotal in elucidating

the mechanism of chromatin-based epigenetic inheritance. For

example, at the silent mating-type region, removal of the cenH

sequence (KD) disrupts RNAi-mediated heterochromatin initiation

whilestill allowing faithful inheritanceof themating-type regionhet-

erochromatin.22,23 Inaddition, anectopicheterochromatincreated

by targeting a Clr4-SET domain-TetR fusion protein (TetR-Clr4-I)

to tetO binding sites can be stably inherited in certain genetic con-

texts after TetR-Clr4-I is removed from its target sites.24,25 Using

these inheritance-specific reporter assays,wehavedemonstrated

that a mutation in the Mcm2-HBD leads to strong defects of

heterochromatin inheritance,26 suggesting that the proper segre-

gation of parental histone H3-H4 is indeed critical for heterochro-

matin inheritance.

Here, using an inheritance-specific assay, we screened

the fission yeast deletion library for additional regulators of

heterochromatin inheritance. We identified Mrc1, a replisome

component known for controlling replication fork speed and acti-

vating the DNA replication checkpoint under replication stress,

as a critical factor for epigenetic inheritance. Furthermore, we

demonstrate that the interaction between Mrc1 and Mcm2

directs the Mcm2-HBD to the proximity of Pol alpha, thereby

facilitating the deposition of parental histone H3-H4 to the

lagging strand during DNA replication.

RESULTS

Mrc1 is required for heterochromatin inheritance
To gain insight into the mechanisms governing epigenetic inheri-

tance, we screened the fission yeast deletion library for mutations

that disrupt silencing ofKD::ade6+, a reporter created by replacing

the cenH sequence at the silent mating-type region with an ade6+

gene (Figure 1A). When KD::ade6+ is silenced, cells form red col-

onies on a low adenine medium (YE, yeast extract), indicating

proper heterochromatin inheritance. Conversely, when hetero-

chromatin inheritance is impaired, KD::ade6+ is expressed, and

cells form white colonies on YE medium. The clear difference in

colony color due to reporter gene expression provides a highly

sensitive assay for the identification of mutations that impact

epigenetic inheritance.

Our screen successfully identified mutations in various compo-

nents of the Clr4 complex, HP1 proteins, and histone deacety-
2 Molecular Cell 84, 1–14, September 5, 2024
lases, all of which have well-established roles in heterochromatin

inheritance (Figures 1B and 1C). Notably, we discovered Mrc1, a

highlyconservedprotein thatplaysdiverse roles inDNA replication

and DNA replication checkpoint activation, is required for the

silencing of KD::ade6+. The mammalian homolog of Mrc1,

Claspin, ismisregulated in various typesof cancer,27 underscoring

the importanceof thisprotein family in regulatingcellular functions.

It is interesting to note thatmrc1mutations were also identified in

an independent screen for factors that affect heterochromatin

inheritance.28

To validate the findings of our screen, we constructed an

mrc1D KD::ade6+ strain through a genetic cross. Serial dilution

analyses confirm that mrc1D indeed results in defective

silencing of KD::ade6+, evident from the formation of white/

pink colonies on YE medium (Figure 1D, left). Furthermore,

chromatin immunoprecipitation-quantitative PCR (ChIP-qPCR)

analyses demonstrate that H3K9me3 levels at KD::ade6+ are

strongly reduced in mrc1D cells, similar to those in clr4D cells

(Figure 1D, right).

We also investigated the role of Mrc1 in epigenetic inheritance

by examining the inheritance of an ectopic heterochromatin. Tar-

geting of TetR-Clr4-I to tetO binding sites results in the formation

of an ectopic H3K9me3 domain and the silencing of an adjacent

gfp+ reporter gene.24 Removal of TetR-Clr4-I from tetO by using

tetracycline prevents initiation but allows the inheritance of the

silenced state through endogenous Clr4 and parental histones,

when the histone demethylase Epe1 is absent (Figure 1E). In

epe1D cells, low levels ofGFP expression are sustained even after

24 h of tetracycline addition (Figure 1F). ChIP analyses further

demonstrate a gradual and mild decay of H3K9me3 levels at the

tetO locus (Figure 1G). By contrast, epe1D mrc1D cells exhibit a

more rapid activation of GFP expression and a swifter loss of

H3K9me3 at tetOduring the same time frame (Figures 1F and 1G).

To investigate whether Mrc1 is specifically involved in

epigenetic inheritance, we also tested its effects on endogenous

heterochromatin at the pericentric region. Here, the dg and dh

repeat sequences initiate heterochromatin formation via the

RNAi pathway.29 An ade6+ reporter inserted at pericentric re-

peats (otr::ade6+) is effectively silenced in wild-type cells, result-

ing in redcolonies onYEmedium (Figures 1Hand1I). By contrast,

clr4D cells exhibit strong silencing defects, generating white col-

onies, whilemrc1D cells only displaymild silencing defects, lead-

ing to dark pink colonies (Figure 1I, left). Furthermore, ChIP ana-

lyses reveal only a slight reduction in H3K9me3 levels at dh in

mrc1D cells as compared with a complete loss of H3K9me3 in

clr4D cells (Figure 1I, right). The ribonuclease Dicer (Dcr1) is crit-

ical for processing repeat transcripts and generating small inter-

feringRNAs,which initiate heterochromatin formation at pericen-

tric repeats (Figure S1A).29,30 ChIP analyses show that H3K9me3

levels at pericentric dh repeats decrease in dcr1D cells and

further decrease inmrc1Ddcr1D cells (Figure S1B). These results

indicate thatMrc1collaborateswith theRNAi pathway to regulate

heterochromatin assembly at endogenous pericentric regions.

Overall, these results suggest that Mrc1 plays a specific role in

heterochromatin inheritance. However, at endogenous hetero-

chromatin regions, other pathways involved in heterochromatin

initiation mask defects associated with the loss of Mrc1-medi-

ated heterochromatin inheritance.



Figure 1. Mrc1 is critical for epigenetic inheritance of heterochromatin

(A) Schematic diagram of the KD::ade6+ reporter.

(B) Schematic diagram of a high-throughput screen with the fission yeast deletion library for mutations that affect silencing of KD::ade6+.

(C) List of mutations identified from the screen.

(D) Left, serial dilution analysis of indicated strains to measure the expression of KD::ade6+. Right, chromatin immunoprecipitation (ChIP) analysis of H3K9me3

level at the KD::ade6+, normalized to act1+. Data are presented as mean ± SD of three technical replicates.

(E) Schematic diagram of the tetO::gfp+ reporter.

(F) Flow cytometry analysis of GFP expression at different time points after tetracycline addition.

(G) ChIP analysis of H3K9me3 level at tetO, normalized to act1+. Data are presented as mean ± SD of three technical replicates.

(H) Schematic diagram of the otr::ade6+ reporter.

(I) Left, serial dilution analysis of indicated strains to measure the expression of otr::ade6+. Right, ChIP analysis of H3K9me3 level at pericentric dh repeats,

normalized to act1+. Data are presented as mean ± SD of three technical replicates. Number on the right indicates two-tailed p value of unpaired t test.

See also Figure S1.
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Figure 2. Mrc1 functions together with Mcm2 to regulate parental histone segregation

(A) Left, serial dilution analysis of indicated strains tomeasure the expression ofKD::ade6+. Right, ChIP analysis of H3K9me3 level at theKD::ade6+, normalized to

act1+. Data are presented as mean ± SD of three technical replicates.

(B) Flow cytometry analysis of GFP expression at different time points after tetracycline addition.

(C) ChIP analysis of H3K9me3 level at tetO, normalized to act1+. Data are presented as mean ± SD of three technical replicates.

(D) Schematic diagram of the eSPAN procedure and possible outcomes.

(E) eSPAN analysis of H3K4me3 bias levels at replication origins. The shading of the bias line plot is the 95% confidence interval of the mean value of at least two

biological replicates, which is about mean ± 2 folds of the standard error.
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Mrc1 is required for the deposition of parental histones
to the lagging strand
We have demonstrated that in fission yeast, mutating two res-

idues within the Mcm2 HBD that are critical for interaction with

histone H3-H4 (Y81A and Y89A, referred to as mcm2-2A here-

after)31,32 hinders the segregation of parental histones to

the lagging strand and results in defective heterochromatin

inheritance.26 We found that mrc1D and mcm2-2A mrc1D

cells behave similarly to mcm2-2A cells in the silencing of

KD::ade6+ (Figure 2A). In addition, epe1D mrc1D and epe1D

mcm2-2A mrc1D cells behave similarly to epe1D mcm2-2A

cells in the inheritance of tetO-gfp+ (Figures 2B and 2C).

These results suggest that Mrc1 and Mcm2-HBD function in

the same pathway.

Considering that Mrc1 is a component of the DNA replica-

tion machinery and that mrc1D phenocopies mcm2-2A, we

further investigated whether Mrc1 is required for parental his-

tone H3-H4 segregation by using enrichment and sequencing

of protein-associated nascent DNA (eSPAN), a technique that

allows us to discern the distribution of proteins to the leading

and lagging strands at the replication fork.6,7,17,26 We syn-

chronized fission yeast cells at the G2/M phase using a
4 Molecular Cell 84, 1–14, September 5, 2024
cdc25-22 temperature-sensitive mutant and added bromo-

deoxyuridine (BrdU) before the S phase to label newly synthe-

sized DNA.33,34 We then performed ChIP using an antibody

against H3K4me3, a marker for parental histones enriched

at replication origins,6,7 followed by a second round of immu-

noprecipitation with an antibody against BrdU to enrich newly

replicated single-strand DNA (ssDNA) associated with

H3K4me3 for next-generation sequencing. The eSPAN signals

at replication origins allow the detection of parental histone

H3-H4 deposition on the two daughter strands during DNA

replication (Figure 2D).6,7,26 We found that wild-type cells

show a relatively balanced distribution of parental histone

H3-H4 toward the two strands at replication origins (Fig-

ure 2E), consistent with studies in budding yeast and mouse

embryonic stem cells.6–8,13 Interestingly, mrc1D cells display

a strong leading-strand H3K4me3 eSPAN bias, similar to

mcm2-2A cells (Figure 2E), suggesting that Mrc1 and Mcm2

facilitate the deposition of parental histone H3-H4 to the lag-

ging strand. Moreover, mcm2-2A mrc1D cells show similar

levels of H3K4me3 eSPAN bias as mrc1D or mcm2-2A cells

(Figure 2E), consistent with the idea that they function in the

same pathway.



0

1

2

3

-10 -5 0 5 10

WT
TurboID-mcm2

mcm2-2A

K∆::ade6+ YE

W
T

A

C

Di
s3

-T
ur

bo
ID

Tu
rb

oID
-M

cm
2

250

150

100

75

50

* Dis3-TurboID
TurboID-Mcm2

*

D

Mcm2
Mcm5Mcm3

Mcl1Mcm6

Mcm4

Dis3

Dis3 vs. Mcm2

log2 fold change

TurboID HBD
Mcm2

B

Swi7-FLAG

Swi7-FLAG

TurboID-Mcm2
mrc1

+    +    +
- +    +  
+    +   Δ

- lo
g1

0
P

va
lu

e

K∆::ade6+ YE

WT
swi7-2A

mcm2-2A
mcm2-2A swi7-2A

0h
6h
12h
24h

epe1∆
swi7-2A

epe1∆
swi7-2A
mcm2-2A

G

GFP levels

0.5

-0.5
-0.4
-0.3

-0.2
-0.1
0.0

0.1
0.2
0.3
0.4

-10000 -5000 0 5000 10000
Origins

H
3K

4m
e3

eS
PA

N
Bi

as

swi7-2A
mcm2-2A swi7-2A

E

I

Biotin-IP

WCE

Coomassie

H

Swi7

H.s.
M.m.
S.p.
S.c.

* *

F

(legend on next page)

ll
Article

Molecular Cell 84, 1–14, September 5, 2024 5

Please cite this article in press as: Toda et al., Mrc1 regulates parental histone segregation and heterochromatin inheritance, Molecular Cell (2024),
https://doi.org/10.1016/j.molcel.2024.07.002



ll
Article

Please cite this article in press as: Toda et al., Mrc1 regulates parental histone segregation and heterochromatin inheritance, Molecular Cell (2024),
https://doi.org/10.1016/j.molcel.2024.07.002
Mrc1 is required for the biotinylation of DNA polymerase
alpha by TurboID-Mcm2
To gain insights into the mechanism by which Mrc1 regulates

Mcm2-mediated parental histone H3-H4 segregation to the

lagging strand, we employed proximity-dependent protein

biotinylation35 to examine Mcm2-HBD protein interactions. We

introduced TurboID at the N terminus of Mcm2, adjacent to the

HBD, at the endogenous mcm2+ locus (Figure 3A). The insertion

of TurboID has no effects on the silencing ofKD::ade6+, indicating

that it does not interfere with the function of Mcm2 in heterochro-

matin inheritance (Figure 3B).We then usedStrep-Tactin to isolate

biotinylated proteins, with a parallel purification of Dis3-TurboID

serving as a control for non-specific protein biotinylation in the

nucleus.36 Coomassie blue staining of Strep-Tactin purified

fractions reveals bands specific to Dis3 and Mcm2, consistent

with strong self-biotinylation (Figure 3C). Mass spectrometry

analysis of Dis3-TurboID demonstrates enrichment of exosome

components, including Csl4, Dis3, Mtr3, Red1, Rrp6, RRp40,

Rrp42, Rrp45, and Ski6, consistent with a previous study35 (Fig-

ure 3D; Table S1). By contrast, TurboID-Mcm2 shows enrichment

of Mcm2, Mcm3, Mcm4, Mcm5, Mcm6, and Mcl1 (homolog of

budding yeast Ctf4) (Figure 3D; Table S1). Notably, the levels of

each protein enriched are generally in agreement with their prox-

imity toMcm2-HBDbased on structural studies,14,16,37 consistent

with the idea that Mcm2-HBD is on a path to transfer parental his-

tones to the rear of the replisome on the lagging strand. They also

demonstrate the ability of TurboID-mediated biotinylation to

discern protein interaction changes within the replisome.

Wealso detected biotinylated Swi7 (fission yeast DNApolymer-

ase alpha largest subunit) in TurboID-Mcm2 mass spectrometry

analysis, suggesting that Mcm2 can reach the vicinity of Swi7

(Figure 3D; Table S1). Western blot analyses of strep-Tactin puri-

fied fractions confirm specific biotinylation of Swi7 by TurboID-

Mcm2,with reduced biotinylation levels inmrc1D cells (Figure 3E),

suggesting that Mrc1 brings Mcm2 and Swi7 into proximity.

The proper transfer of parental histones to the lagging strand

also requires the HBD of DNA polymerase alpha in budding yeast

and mammals7,13 and Mcm2-HBD interacts with Swi7-HBD in

budding yeast.38 To confirm the role of the Swi7-HBD in epige-

netic inheritance and parental histone H3-H4 transfer in fission

yeast, we introduced mutations in conserved residues within the

Swi7-HBD for histone interaction (F61A and D65A, referred to as

swi7-2A hereafter) (Figure 3F) into the endogenous swi7+ locus.

We observed compromised silencing of KD::ade6+ in swi7-2A

andmcm2-2A swi7-2A cells, similar tomcm2-2A cells (Figure 3G).

In addition, epe1D swi7-2A and epe1D mcm2-2A swi7-2A cells
Figure 3. Mrc1 regulates the proximity between Mcm2-HBD and Swi7

(A) Diagram of TurboID-Mcm2.

(B) Serial dilution analysis of indicated strains to measure the expression of KD::

(C) SDS-PAGE and Coomassie blue staining of Strep-Tactin purified fractions. T

prominent endogenously biotinylated proteins.

(D) Volcano plot of Dis3-TurboID and TurboID-Mcm2 purifications.

(E) Top, western blot analysis of Strep-Tactin purified fractions with a FLAG ant

antibody. Bottom, Coomassie blue stain of Strep-Tactin purified fractions.

(F) Sequence alignment of the histone-binding domain of the largest subunit of P

(G) Serial dilution analysis of indicated strains to measure the expression of KD::

(H) Flow cytometry analysis of GFP expression at different time points after tetra

(I) eSPAN analysis of H3K4me3 bias levels at replication origins.
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behave similarly to epe1D mcm2-2A cells in the inheritance

of tetO-gfp+ (Figure 3H). Moreover, mcm2-2A, swi7-2A, and

mcm2-2A swi7-2A cells show similar levels of H3K4me3 eSPAN

bias (Figure 3I). Therefore, Mcm2-HBD, Swi7-HBD, and Mrc1

function in the same lagging strand parental histone H3-H4 depo-

sition pathway, and Mrc1 might facilitate the transfer of parental

histone H3-H4 from Mcm2-HBD to Swi7-HBD.

The role of Mrc1 in heterochromatin inheritance is
independent of its DNA replication checkpoint function
Fission yeast Mrc1 plays a crucial role in activating the DNA

replication checkpoint by facilitating the phosphorylation of

Cds1 (Rad53 in budding yeast and Chk1 in mammals) by Rad3

(Mec1 in budding yeast and ATR (ataxia-telangiectasia-mutated

and Rad3-related) in mammals) under replication stress (Fig-

ure 4A).39,40 Mrc1 itself is phosphorylated by Rad3, and this

phosphorylation is critical for the activation of Cds1.41 Mutants

such as rad3D, cds1D, or mrc1-6A, which contains mutations

of Rad3 phosphorylation sites,41 are defective in replication

checkpoint activation and are highly sensitive to hydroxyurea

(HU), a ribonucleotide reductase inhibitor (Figure 4B).39,41 How-

ever, these mutations do not affect the silencing of KD::ade6+ or

the inheritance of silenced tetO-gfp+ after TetR-Clr4-I removal

(Figures 4B and 4C), suggesting that Mrc1’s role in heterochro-

matin inheritance is independent of its function in the replication

checkpoint.

Mrc1 is also part of the replication fork protection complex

(FPC), which facilitates fork restart in the presence of DNA dam-

age and speeds up DNA replication.16,42,43 The FPC includes

two additional components, Swi1 and Swi3 (Tof1 and Csm3 in

budding yeast and Timeless and Tipin inmammals) (Figure 4A).44

Although swi1D or swi3Dmildly affect the silencing of KD::ade6+

and the inheritance of tetO-gfp+ after TetR-Clr4-I removal

(Figures 4B and 4C), their effects are much weaker compared

with mrc1D. These results suggest that the function of Mrc1 in

heterochromatin inheritance is largely independent of FPC.

Mapping regions of Mrc1 required for heterochromatin
inheritance
Mrc1 does not possess clearly defined domains, and cryoelec-

tron microscopy (cryo-EM) studies of budding yeast and human

replisome have been unable to determine the structure of Mrc1/

Claspin, suggesting that it is highly flexible.14,16 To investigate

how Mrc1 regulates heterochromatin inheritance, we mapped

the region of Mrc1 responsible for this function by generating

a series of large truncations at the endogenous mrc1+ locus
ade6+.

he positions of Dis3-TurboID and TurboID-Mcm2 are indicated. * represents

ibody. Middle, western blot analysis of whole-cell extract (WCE) with a FLAG

ol alpha. Red stars indicate residues critical for histone binding.

ade6+.

cycline addition.



Figure 4. Mrc1 regulates epigenetic inheritance independent of its known roles in DNA replication

(A) Schematic diagram of Mrc1 functions.

(B) Serial dilution analysis of indicated strains to measure the expression of KD::ade6+.

(C) Flow cytometry analysis of GFP expression at different time points after tetracycline addition.
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Figure 5. Mapping the region of Mrc1 important for parental histone segregation and epigenetic inheritance

(A) Diagram of Mrc1 truncations and mutations.

(B) Serial dilution analysis of indicated strains to measure the expression of KD::ade6+ and sensitivity to 5 mM HU.

(C) ChIP analysis of H3K9me3 level at the KD::ade6+, normalized to act1+. Data are presented as mean ± SD of three technical replicates.

(D) Flow cytometry analysis of GFP expression at different time points after tetracycline addition.

(E) ChIP analysis of H3K9me3 level at tetO, normalized to act1+. Data are presented as mean ± SD of three technical replicates.

(F) eSPAN analysis of H3K4me3 bias levels at replication origins.

(G) Top, western blot analysis of Strep-Tactin purified fractions with a FLAG antibody. Middle, western blot analysis of whole-cell extract (WCE) with a FLAG

antibody. Bottom, Coomassie blue stain of Strep-Tactin purified fractions. 1, D827-880; 2, D782-879-NLS.

See also Figures S2–S4.
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(Figure 5A). Two mutants, D706-851 and D782-879, are defec-

tive in the silencing of KD::ade6+, although not sensitive to HU

(Figure 5B, top). By contrast, the D563-705 mutant, which re-

moves Rad3 phosphorylation sites, is highly sensitive to HU

but does not affect KD::ade6+ silencing (Figure 5B, top). These

results further confirm that the role of Mrc1 in regulating hetero-

chromatin inheritance can be separated from its role in regulating

the DNA replication checkpoint.

We then generated smaller truncations between amino acid

residues 701 and 880 of Mrc1 at the endogenous mrc1+ locus

(Figure 5A). Among them, D782-794 and D795-826 result in

strong silencing defects of KD::ade6+, while D827-880 shows

slightly weaker silencing defects, as indicated colony color on

YE medium (Figure 5B, middle). None of these mutations are

sensitive to HU, supporting the notion that this region is not

involved in DNA replication checkpoint function. Furthermore,

western blot analysis confirmed the proper expression of these

mutants (Figure S2).

Given the strong phenotypes of D782-794 and D795-826 in

heterochromatin inheritance, we generated point mutations of

conserved residues within these two regions. Mutations of two

positively charged patches to alanines, such as 784-788A and

806-811A (Figure S3A), lead to defective silencing of KD::ade6+
8 Molecular Cell 84, 1–14, September 5, 2024
and the inheritance of silenced tetO-gfp+ after TetR-Clr4-I in an

epe1D background (Figures S3B–S3E). Moreover, eSPAN anal-

ysis of H3K4me3-containing parental histones in these mutants

revealed a pronounced bias toward the leading strand for both

mutants (Figure S3F). Finally, mass spectrometry and western

blot analysis of TurID-Mcm2 biotinylated proteins found that

both mutations reduced interaction between Mcm2-HBD and

Swi7 but increased interaction between Mcm2-HBD and

Cdc45 (Table S2; Figures S3G–S3I).

Immunofluorescence analyses show that both the 784-788A

and 806-811Amutants reduce the nuclear staining of Mrc1 (Fig-

ure S4A), suggesting that these regions are nuclear localization

signals (NLSs). Consistent with this idea, the addition of the

SV40 T-antigen at the C terminus of Mrc1 in different mutants

alleviated the silencing defects of KD::ade6+ and the inheritance

defects of tetO-gfp+ in an epe1D background for 784-788A, 806-

811A, D782-794, and D795-826, but not D706-851 and D782-

879 mutants (Figures S4B and S4C). ChIP analyses show that

D782-879-NLS and D827-880 result in a strong decrease of

H3K9me3 levels at KD::ade6+ and rapid loss of H3K9me3 at

tetO (Figures 5C–5E). Moreover, these two mutations result in

strong leading-strand H3K4me3 eSPAN bias (Figure 5F). Addi-

tionally, both mutations affect the biotinylation of Swi7 by



(legend on next page)
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TurboID-Mcm2 (Figure 5G). These results suggest that residues

between 827–879 are critical for Mrc1 function in heterochro-

matin inheritance and parental histone H3-H4 segregation.

The Mrc1-Mcm2 interaction is critical for parental
histone transfer and epigenetic inheritance
We then investigated whether Mrc1 interacts with components

of the replisome using AlphaFold Multimer. Interestingly, we

found that the 794–859 region of Mrc1 interacts with Mcm2

and Cdc45 (Figures 6A and S5). The predicted interaction

between Mcm2 and Cdc45 is consistent with structural

studies.14,16,37 Notably, K205 of Mcm2 and V826 of Mrc1 are

in proximity (Figure 6A), aligning well with cross-linking mass

spectrometry analysis of the budding yeast replisome.16 These

results suggest that the predicted structure is likely physiologi-

cally relevant.

The predicted structure reveals extensive contacts between

Mrc1, Mcm2, and Cdc45 (Figures 6A and S5). Importantly,

F835 of Mrc1 is inserted within a hydrophobic pocket of

Mcm2. We generated the F835A mutation at the endogenous

mrc1+ locus. Although this mutation leads to a leading-strand

H3K4me3 eSPAN bias (Figure S6A), it causes mild silencing de-

fects of KD::ade6+ and the inheritance of tetO-gfp+ in an epe1D

background (Figures S6B and S6C). We reasoned that themilder

effect could be due to regions of Mrc1 adjacent to F835 still inter-

acting with Mcm2 and Cdc45, which are not fully disrupted by

the F835A mutation. The hydrophobic pocket of Mcm2 that

Mrc1-F835 inserts into has a G221 residue at the bottom (Fig-

ure S5B). We hypothesized that changing G221 into amino

acid residues with larger side chains might have more pro-

nounced effects on the Mrc1-Mcm2 interaction than the

Mrc1-F835A mutation. We introduced the G221V, G221L, or

G221R mutations at the endogenous mcm2+ locus. Western

blot analysis indicates that all three mutations are expressed at

similar levels to wild-type Mcm2 (Figure 6B). Interestingly, all

three mutations lead to defective silencing of KD::ade6+ as indi-

cated by pink colonies on YE medium and loss of H3K9me3 at

the reporter (Figure 6C). In addition, epe1D mcm2-G221V is

defective in the inheritance of tetO-gfp+, accompanied by rapid

loss of H3K9me3 (Figures 6D and 6E). Moreover, the mcm2-

G221V mrc1-F835A double mutant behaves similarly to mcm2-

G221V in the silencing of KD::ade6+ and the inheritance of

tetO-gfp+ in an epe1D background (Figures S5B and S5C). By
Figure 6. Mrc1-Mcm2 interaction is critical for parental histone segreg
(A) AlphaFold Multimer predicted structure of Mrc1 in complex with Mcm2 and C

(B) Top, western blot analysis of Mcm2-FLAG protein levels. Bottom, Ponceau S s

(C) Left, serial dilution analysis of indicated strains tomeasure the expression ofKD

act1+. Data are presented as mean ± SD of three technical replicates.

(D) Flow cytometry analysis of GFP expression at different time points after tetra

(E) ChIP analysis of H3K9me3 level at tetO, normalized to act1+. Data are presente

background.

(F) Top, western blot analysis of Strep-Tactin purified fractions with a FLAG ant

antibody. Bottom, Coomassie blue stain of Strep-Tactin purified fractions.

(G) eSPAN analysis of H3K4me3 bias levels at replication origins. The shading of t

biological replicates, which is about mean ± 2 folds of the standard error.

(H) SDS-PAGE of purified recombinant GST-Mrc1-781-851, and the gel was stai

(I) Western blot analysis of FLAG-Mcm2 associated fractions with a GST antibod

See also Figures S5–S7.
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contrast, mcm2-G221V has a mild effect on the silencing of

otr::ade6+ or H3K9me3 levels at dh repeats, similar to mrc1D

(Figures S7A). Furthermore, mcm2-G221V blocks the bio-

tinylation of Swi7 by TurboID-Mcm2 (Figure 6F) and results in a

leading-strand H3K4me3 eSPAN bias (Figure 6G). These results

suggest a crucial role of Mcm2-Mrc1 interaction in parental his-

tone H3-H4 transfer.

We subsequently tested whether the G221V mutation indeed

affects the interaction between Mcm2 and Mrc1. Although we

obtained highly purified recombinant GST-Mrc1-781-851 from

E. coli (Figure 6H), purification of Mcm2 fragments was chal-

lenging, possibly due to Mcm2 normally exists within the

Mcm2-7 complex. Therefore, we affinity-purified the Mcm2-7

complex from cells expressing Mcm2-FLAG or Mcm2-G221V-

FLAG.Western blot analysis with a FLAGantibody demonstrates

effective purification of Mcm2 (Figure 6I). Consistent with struc-

tural predictions, we found that GST-Mrc1-781-851 interacts

with the wild-type Mcm2-7 complex but not the Mcm2-7 com-

plex containing Mcm2-G221V (Figure 6I). In addition, mass

spectrometry analysis of TurboID-Mcm2-G221V indicates that

there are no major changes in the biotinylation of the MCM com-

plex and there is a reduction of Mrc1 biotinylation (Figure S7B;

Table S3).

Altogether, these results suggest that Mrc1 interacts with

Mcm2, and the interaction is critical for symmetrical parental his-

tone segregation and heterochromatin inheritance.

DISCUSSION

One of the central questions in chromatin-based epigenetic in-

heritance is how parental histones are distributed to daughter

strands, acting as seeds to reinstate parental histone modifica-

tion patterns. The histone-binding activities of Mcm2 and Pol

alpha are responsible for distributing parental histone H3-H4 tet-

ramers to the lagging strands.6,8,13 However, how the leading

strand-associated Mcm2 promotes parental histone transfer to

the lagging strand remains unclear.

A major challenge in elucidating the mechanism of parental

histone transfer is the lack of assays to perform genetic screens

for additional regulators of this process. We have recently

shown that in fission yeast, an mcm2-2A mutation leads to

strong silencing defects of reporter genes, such as KD::ade6+

and tetO-gfp+, which specifically measure heterochromatin
ation and heterochromatin inheritance
dc45. The positions of Mrc1-F835 and Mcm2-G221 are indicated as spheres.

tain of the membrane to show total proteins. * represents a non-specific band.

::ade6+. Right, ChIP analysis of H3K9me3 level at theKD::ade6+, normalized to

cycline addition. The strain used is in an epe1D background.

d as mean ± SD of three technical replicates. The strains used are in an epe1D

ibody. Middle, western blot analysis of whole-cell extract (WCE) with a FLAG

he bias line plot is the 95% confidence interval of the mean value of at least two

ned with Coomassie blue.

y (top) and a FLAG antibody (bottom).



Figure 7. A model for Mrc1’s function in

parental histone transfer

(A) In wild-type cells, the Mcm2-HBD captures

parental histones released at the front of the repli-

cation fork and migrates toward the back of the

replisome. Mrc1, which covers extensive surface

areas of the replisome, directs the movement of

Mcm2-HBD along the lagging strand, facilitating

the delivery of parental histones to the downstream

histone-binding protein Swi7.

(B) In mrc1 mutant cells, Mcm2-HBD’s movement

is less restricted and diverted to alternative trajec-

tories. Consequently, the efficient delivery of

parental histones from Mcm2-HBD to Swi7 is

compromised.
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inheritance.26 Here, we used the KD::ade6+ reporter to screen

the fission yeast deletion library for mutations affecting hetero-

chromatin inheritance. In addition to known mutations of hetero-

chromatin regulators, we also identified mrc1D. Importantly,

mrc1D results in a strong leading-strand H3K4me3 eSPAN

bias, suggesting that Mrc1 is required for the deposition of

parental histones to the lagging strand.

Mrc1 plays distinct roles in DNA replication by controlling

replication speed as well as protecting the replication fork under

replication stress. Although the mechanism by which Mrc1 exe-

cutes such diverse functions remains elusive, our genetic anal-

ysis and systematic mapping of Mrc1 regions responsible for

heterochromatin inheritance underscores that Mrc1’s involve-

ment in parental histone segregation can be disentangled from

these recognized roles.

Importantly, our mutational analyses reveal that residues be-

tween 782–879 of Mrc1 are critical for heterochromatin inheri-

tance and parental histone segregation, although this region
Molec
contains two positively charged short seg-

ments that act as NLSs. Interestingly,

structural predictions by AlphaFold Multi-

mer indicate that the region between

794–859 forms extensive interactions

with Mcm2 and Cdc45 near the Mcm2-

Cdc45 interface, with F835 of Mrc1 insert-

ing into a hydrophobic pocket of Mcm2

(Figure 6A). The prediction is consistent

with cryo-EM data regarding the position

of this region Mrc1 within the replisome

as well as peptides of Mcm2 and Mrc1

identified by cross-linking mass spec-

trometry of the replisome.16 It is also

consistent with our mutational analysis

indicating that multiple regions within

706–879 might have additive effects

on heterochromatin inheritance. For

example, the F835A and D827-880 muta-

tions of Mrc1 have weaker effects than

D782-879-NLS. We also mutated Mcm2-

G221 to amino acids with longer side

chains, which is also expected to disrupt

the interaction interface between Mcm2
and Mrc1. Interestingly, the mutations lead to heterochromatin

inheritance and parental histone segregation defects, corrobo-

rating the idea that the Mcm2-Mrc1 interaction interface is crit-

ical for parental histone deposition to the lagging strand. Impor-

tantly, Mcm2-G221mutations are viable and not sensitive to HU,

suggesting that the mutations maintain the normal function of

Mcm2 in DNA replication. It is also interesting to note that the

Mcm2-HBD extends out from the Mcm2-7 complex very close

to the Mcm2-Cdc45-Mrc1 interface, which occupies an impor-

tant position to direct the path of Mcm2-HBD (Figure 7A). These

results suggest that Mcm2-Mrc1 interaction is critical for

parental histone segregation and heterochromatin inheritance.

Our TurboID experiments reveal that Mcm2 can reach the vi-

cinity of Swi7 and that Mrc1 is important for keeping Mcm2

and Swi7 in proximity. Interestingly, TurboID experiments also

show stronger biotinylation of Cdc45 by TurboID-Mcm2 in

mrc1mutant cells, suggesting that Mcm2-HBD is in closer prox-

imity to Cdc45 in the absence of Mrc1. Given the expected
ular Cell 84, 1–14, September 5, 2024 11
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position of Mrc1 on the replisome, it likely creates a physical bar-

rier to separate leading and lagging strand parental histone

segregation pathways and directs Mcm2-HBD to be close to

Swi7 to transfer parental histones to the lagging strand

Figure 7A). In the absence of Mrc1, Mcm2-HBD become more

flexible spatially and deviates from its normal path, lowering its

chance of getting close to Swi7, thus leading to defects in

parental histone transfer to the lagging strand (Figure 7B).

It remains unclear how parental histones released from the

front of the replisome traverse to their anticipated deposition

site at the back of the replisome. Therefore, it is highly plausible

that additional histone-binding proteins might be involved to

facilitate the relay of parental histones from Mcm2 and Swi7

to the deposition site on lagging strand DNA. It is interesting to

note that a separate study also identifies a region within Mrc1

that binds histone H3-H4 tetramers, and mutations of key resi-

dues required for histone interaction lead to heterochromatin in-

heritance defects.45 Interestingly, the histone-binding mutant of

Mrc1 results in little parental histone deposition bias but reduces

parental histone levels on both strands. Therefore, Mrc1 seems

to be a central hub and performs two distinct functions in regu-

lating parental histone segregation bias and density, and the

Mrc1-Mcm2 interaction is important for the symmetrical distribu-

tion of parental histones.

The inheritance-specific reporters provide sensitive assays for

screening mutations that affect parental histone segregation.

Given the essential nature of the core DNA replication machin-

ery, it is not surprising that Mrc1 is the sole component of the re-

plisome identified in our study. Nevertheless, futuremutagenesis

studies directed at replisome constituents could potentially un-

veil additional regulators of parental histone segregation, which

has been so far eluding genetic screens.

Limitations of the study
Although our study provides clear evidence that Mrc1 regulates

parental histone segregation bias and epigenetic inheritance, it

also has limitations. For example, in our eSPAN analyses, we

used H3K4me3 as a marker for parental histones due to its

higher abundance around replication origins. However, hetero-

chromatin regions are enriched for H3K9me3 and depleted for

H3K4me3. Although histone chaperones such as Mcm2

interact with the core of histones rather than their tails, sug-

gesting the interaction is likely independent of modifications,

it remains possible that the segregation pattern of parental his-

tones containing H3K9me3 differs from those containing

H3K4me3.

It is also important to note that TurboID is designed to detect

changes in protein-protein proximity rather than direct interac-

tions. Consequently, the apparent proximity between Mcm2

and Swi7 might arise from other interactions within the repli-

some, not necessarily indicating a direct interaction between

the two. Nonetheless, our data indicates that Mcm2 makes

less contact with Swi7 in the absence of Mrc1 either spatially

or temporally, consistent with defective transfer of parental

histones from Mcm2 to Pol alpha. Further analysis to explore

histone chaperone-replisome interactions may reveal critical in-

sights into the passage of parental histones from the front to the

back of the replisome.
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We have not examined whether the Mcm2-G221V or Mrc1-

F835A mutations affect the interaction between Mcm2 and

Mrc1 in vivo by co-immunoprecipitation. This is because

Mrc1 has an extensive interaction interface with the replisome.

Therefore, these mutations are expected to affect the Mcm2-

Mrc1 interaction only locally. Consequently, we do not expect

these changes to be detectable by co-immunoprecipitation

analysis. However, our mass spectrometry analysis of bio-

tinylated proteins from TurobID-Mcm2-G221V cells shows a

reduction of Mrc1 compared with TurboID-Mcm2, which is

consistent with a reduction of Mcm2-Mrc1 interaction. Addi-

tionally, heterochromatin inheritance and eSPAN analyses

strongly suggest that this interaction has functional conse-

quences in vivo.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Polyclonal rabbit anti-H3K9me3 Active Motif Cat# 39161; RRID: AB_2532132

Polyclonal rabbit anti-H3K4me3 Millipore Cat# 07-473; RRID: AB_1977252

Polyclonal rabbit anti-BrdU BD bioscience Cat# 555627; RRID: AB_395993

Polyclonal rabbit anti-c-myc (A14) Santa Cruz Cat# sc-789; RRID: AB_631274

Polyclonal rabbit anti-c-myc Sigma Cat# C3956; RRID: AB_439680

Monoclonal mouse anti-FLAG Sigma Cat# F3165; RRID: AB_259529

Monoclonal mouse anti-GST Sigma Cat# G7781; RRID: AB_259965

Chemicals, peptides, and recombinant proteins

Geneticin (G418) Gibco Cat# 11811-098

Nourseothricin Sulfate Gold Biotechnology Cat# N-500-1

Hygromycin B Gold Biotechnology Cat# H-270-10

Tetracycline Sigma Cat# 87128

BrdU Sigma Cat# B5002

Hydroxyurea Sigma Cat# H8627

Phenol-chloroform-isoamyl alcohol mixture Sigma Cat# 77617

Protein G agarose beads Sigma Cat# 11243222001

Protein G Sepharose beads Cytiva Cat# 17-0618-01

Proteinase K Invitrogen Cat# 10005393

Strep-Tactin Sepharose resin IBA Life Sciences Cat# 21201002

Glutathione Sepharose 4B GE healthcare Cat# 17-0756-01

FLAG-agarose beads Sigma Cat# A2220

Critical commercial assays

Luna Universal qPCR master mix New England Biolabs Cat# M3003S

MiniElute PCR purification kit Qiagen Cat# 28004

xGen ssDNA and Low-Input DNA library

preparation kit

IDT Cat# 10009817

Deposited data

Sequencing Data This paper GEO: GSE237700

Mass spectrometry data This paper MASSive: MSV000092452

Experimental models: Organisms/strains

S. pombe strains Table S4 N/A

Fission yeast deletion library Bioneer Cat#2030H

Oligonucleotides

Primers Table S5 N/A

Software and algorithms

FlowJo Becton, Dickinson and Company v10.6.2
RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the lead contact, songtao.

jia@columbia.edu.

FACSDiva Becton, Dickinson and Company v2.1.0
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Materials availability
All unique, stable reagents generated in this study are available form the lead contact.

Data and code availability
d All high-throughput sequencing data have been deposited at NCBI GEO, accession number GSE237700, and all mass spec-

trometry data have been deposited toMASSive, accession number MSV000092452, and are publicly available as of the date of

publication.

d This paper does not report original code.

d Any additional information needed to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Fission yeast strains and genetic analyses
Deletion strains, including mrc1D, were derived from the Bioneer deletion library and the correct gene deletions were confirmed by

PCR analysis and sequencing. Mutations inmrc1+ and TurboID-mcm2+were generated throughCRISPR-mediated recombination at

their respective chromosomal locations.46 Cdc45-FLAG and Swi7-FLAG were generated by a PCR-based module method. A list of

fission yeast strains used in this study is provided in Table S4. For serial dilution analysis, ten-fold dilutions of mid-log stage fission

yeast cultures were plated on the specified media and incubated at 30�C for three days.

For the screen with the deletion library, a query strain was constructed by inserting a natMX6 cassette near KD::ade6+ and a

hphMX6 cassette at the endogenous ade6-210mutant allele. Query strain was crossed with a library of strains that contains individ-

ual gene deletion marked with a kanMX6 cassette, using a Singer RoToR HDA pinning robot on SPAmedium. Plates were incubated

at 25�C for 3 days, then 42�C for 3 more days to kill vegetative cells. Strains were then germinated and the correct genotype was

selected by pinning to YES+GNH (Geneticin, Nourseothricin, and Hygromycin) medium, and then pinned to YE medium for color

readout. Individual candidate gene deletions are also directly tested through genetic crosses.

METHOD DETAILS

Flow cytometry
Fission yeast strains were cultured in YEA medium and maintained at mid-log phase through regular dilution with fresh medium.

Cells were collected at specified time points after tetracycline addition (2.5mg/ml), washed with cold PBS (10 mM Na2HPO4,

1.8 mM KH2PO4, pH 7.4, 137 mM NaCl, 2.7mM KCl), and fixed with 70% ethanol on ice. After two additional washes with

PBS, cells were resuspended in a flow cytometry tube (Corning 352008). GFP expression levels were measured using

FACSCelesta (Becton Dickinson) with 488 nm excitation. Data collection was performed using Cellquest (Becton Dickinson),

and a primary gate based on physical parameters (forward- and side-light scatter) was set to exclude dead cells and debris. Typi-

cally, 50,000 cells were analyzed for each strain at each time point. Raw data were processed using FlowJo (10.6.2, Becton

Dickinson).

Chromatin immunoprecipitation
Log phase yeast cultures were crosslinked with 1% formaldehyde for 20 minutes at room temperature, followed by the addition of

125 mM glycine for 5 minutes. Cells were then harvested and washed with cold PBS and resuspended in ChIP lysis buffer (50 mM

HEPES-KOH, pH 7.5, 140 mM NaCl, 1% Triton X-100, 0.1% Deoxycholate, 1 mM PMSF). Cold glass beads were added, and the

mixture was vigorously shaken in a MiniBeadBeater (Biospec Products). The lysates were collected and sonicated with Bioruptor�
Pico (Diagenode) for 12 cycles (30 seconds on/30 seconds off). After centrifugation at 1,3000 rpm for 15minutes to clarify the lysates,

released chromatin was immunoprecipitated overnight at 4�C with antibodies: H3K4me3 (EMD Millipore 07-473) and H3K9me3

(Active Motif 39161). Protein G Agarose beads (Sigma 11243233001) were added for an additional 2 hours at 4�C. The beads

were washed twice with ChIP lysis buffer, once each with ChIP lysis buffer containing 0.5 M NaCl, Wash buffer (10 mM Tris, pH

8.0, 250 mM LiCl, 0.5% NP-40, 0.5% Deoxycholate, 1 mM EDTA), and TE buffer (50 mM Tris pH 8.0, 1 mM EDTA). Beads-bounded

chromatin was eluted with TES buffer (50 mM Tris pH 8.0, 1 mM EDTA, 1% SDS) at 65�C and then incubated overnight at 65�C to

reverse crosslinking. The DNA-protein mixtures were treated with Proteinase K (Invitrogen 10005393), and DNA was purified by

phenol: chloroform extraction, followed by ethanol precipitation.

Quantitative PCR (qPCR) was performed using Luna Universal qPCR Master Mix (NEB M3003S) on a StepOne Plus Real-Time

PCR System (Applied Biosystems). DNA serial dilutions were used as templates to generate a standard curve of amplification for

each pair of primers, and the relative concentration of the target sequence was calculated accordingly. An act1 fragment was used

to calculate the enrichment of ChIP over whole cell extract (WCE) for each target sequence. The concentration of each target gene

in wild-type cells was arbitrarily set to 1 and served as a reference for other samples. A list of DNA oligos used is provided in

Table S5.
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eSPAN
Yeast strains containing the cdc25-22 temperature-sensitive mutant were initially grown at the permissive temperature (25�C) until
reachingOD 0.2�0.4. Cells were incubated for 4 hours at 36�C to arrest at theG2 phase of the cell cycle and then shifted back to 25�C
to allow for synchronous entry into the S phase. 25 minutes after the temperature shift, BrdU (Sigma-Aldrich B5002) was added to a

final concentration of 650 mM. Cells were crosslinked at 60 minutes after temperature shift with the addition of 1% formaldehyde

for 20 minutes. Cell lysis and immunoprecipitation were performed as described in ChIP. Crosslinking was reversed by Chelex-

100 (Bio-rad 142-1253).

For BrdU IP, total and ChIP DNAwere incubated at 100�C and immediately cooled on ice. The DNAwas diluted with BrdU IP buffer

(PBSwith 0.0625%Triton X-100), and incubatedwith BrdU antibody (BDBioscience 555627) for two hours at 4�C. Sepharose Protein
G beads (Cytiva 17-0618-01) were added and further incubated for one hour at 4�C. The beads werewashed three timeswith BrdU IP

buffer and once with TE buffer. DNA was eluted with TES buffer and purified with the QIAGEN MinElute PCR Purification kit (Qiagen

28004). The single-stranded DNA (ssDNA) libraries were prepared using xGen� ssDNA & Low-Input DNA Library Preparation Kit (IDT

10009817).

Sequencing data analysis
The input, ChIP, BrdU-IP, and eSPAN ssDNA libraries were sequenced by pair-end sequencing under Illumina NextSeq platforms at

Columbia University Irving Medical Center supported by Herbert Irving Comprehensive Cancer Center. The raw reads were firstly

trimmed by Trim Galore (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) to remove adapters and low-quality

reads, and then mapped to the S. pombe genome using Bowtie2.47 PCR-duplicated reads were filtered by Sambamba.48 The

genome-wide reads coverage on theWatson- and Crick strands were calculated at the bin of 1bp using deepTools bamCoverage.49

The bias of the reads coverage between theWatson andCrick strandswas calculated at each bin surrounding theS. pombe origins

using the formula: Bias= (W�C) / (W+C), where W and C are the reads coverage on the Watson- and Crick strands, respectively. For

the calculation of bias, we used the bin of 100bp sliding window in the [-10kb, 10kb] region surrounding the origins using the code

from https://github.com/clouds-drift/eSPAN-bias.50 For each strain, the eSPAN bias and BrdU bias were both calculated. To avoid

the background influence from BrdU, the eSPAN bias is further normalized with the corresponding BrdU bias by subtraction.

TurboID purification
Log phase yeast cultures were collected, washed with cold PBS, and resuspended in ChIP lysis buffer. Cold glass beads were

added, and the mixture was vigorously shaken in a MiniBeadBeater (Biospec Products). The lysates were collected and sonicated

with Bioruptor�Pico (Diagenode) for 12 cycles (30 seconds on/30 seconds off). The cleared lysates were incubated with Step-Tactin

Sepharose resin (IBA LifeSciences 21201002) for two hours at 4�C. The beads were washed twice with ChIP lysis buffer, four times

with ChIP lysis buffer containing 0.5MNaCl, twicewithWash buffer, and oncewith ChIP lysis buffer. Bound proteins were then eluted

with ChIP lysis buffer containing 10 mM biotin.

Western blot analysis
Whole cell lysates or proteins eluted from beads were mixed with 2xSDS loading dye and resolved by SDS-PAGE. Western blot

analyses were performed with FLAG M2 (Sigma F3165) and c-Myc (Sigma C3956).

Mass spectrometry analysis
Eluted samples were treated with 5 mM dithiothreitol for 45 minutes at room temperature to reduce disulfide bonds, and cysteines

were subsequently alkylated with 10 mM iodoacetamide in the dark for 45 minutes at room temperature. Proteins were precipitated

ontomagnetic SP3 beads51 by adding ethanol to the samples, resulting in a sample that was 50%organic solvent, and by shaking for

8minutes at room temperature. Beadswerewashed 3 timeswith 80%ethanol and reconstituted in ammoniumbicarbonate. Samples

were then digested off the beads using Promega sequencing grade modified trypsin in an enzyme-to-substrate ratio of 1:50. After 16

hours of digestion, samples were taken off the magnetic beads, acidified to a final concentration of 1% formic acid, dried down using

a Thermo Savant SpeedVac, and reconstituted in 3%Acn/0.2%FA for injection into the MS.

About 1 mg of total peptides were analyzed on aWaters M-Class UPLC using a 25cm IonOpticks Aurora column (75mm inner diam-

eter; 1.7mmparticle size; heated to 45�C) coupled to a benchtop Thermo Fisher Scientific Orbitrap QExactive HFmass spectrometer.

Peptideswere separated at a flow rate of 400 nL/minwith a 90min gradient, including sample loading and column equilibration times.

Data was acquired in data-independent mode using Xcalibur 4.5 software. MS1 Spectra weremeasured with a resolution of 120,000,

an AGC target of 2e4, and amass range from 350 to 1600m/z. Per MS1, 15 equally distanced, sequential segments were triggered at

a resolution of 30,000, an AGC target of 3e6, a segment width of 84 m/z, and a fixed first mass of 200 m/z. The stepped collision

energies were set to 22.5, 25, and 27.

All raw data were analyzed with Spectronaut software version 17.252 using directDIA analysis methodology and a UniProt

database (Schizosaccharomyces pombe, UP000002485). Carbamidomethylation on cysteines was set as a fixed modification.

Oxidation of methionine and protein N-terminal acetylation were set as variable modifications. Trypsin/P was set as the diges-

tion enzyme.
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AlphaFold calculations
LocalColabFold53 was used to predict models of protein complexes. The models were manually examined with PyMOL and Coot.54

Protein-protein interaction assay
Residues 781-851 of Mrc1 were cloned into a pGEX vector. The expression plasmid was transformed into Rosetta cells and protein

expression was induced using 0.15 mM isopropyl-1-thio-D-galactopyranoside. After incubation at 30�C for 3 hours, the cells were

harvested and resuspended in lysis buffer (50 mM sodium phosphate, 300 mM NaCl, pH 7.0), supplemented with 2 mM b-mercap-

toethanol and lysed with ultrasonication. The lysate was incubated with Glutathione Sepharose 4B (GE health care) and then washed

with lysis buffer. Bound protein was eluted with lysis buffer containing 50 mM glutathione.

Log phase yeast cells expressing Mcm2-FLAG or Mcm2-G221V-FLAG were harvested and washed with 2xHC buffer (300 mM

HEPES-KOH at pH 7.6, 2 mM EDTA, 100 mM KCl, 20% glycerol, 0.1% NP40, 2 mM DTT, 1mM PMSF) and frozen in liquid nitrogen.

Crude cell extracts were prepared by vigorously blending frozen yeast cells with dry ice using a household blender, followed by

incubation with 1xHC buffer containing 250 mM KCl for 30 minutes. The lysate was cleared by centrifugation at 20,000g for

1 hour. The supernatants were incubated with FLAG-agarose beads (Sigma) overnight and washed eight times with 1xHC containing

250 mM KCl.

Protein binding assays were performed by incubating recombinant GST-Mrc1-781-851 with FLAG-agarose beads containing af-

finity-purified Mcm2-FLAG, Mcm2-G221-FLAG, or a control purification in binding buffer (150 mM HEPES-KOH at pH 7.6, 1 mM

EDTA, 250 mMKCl, 10% glycerol, 0.05%NP40, and 1mMDTT) for 30 minutes at 25�C. The beads were washed six times in binding

buffer. The proteins bound to the beads were resolved by SDS-PAGE and detected by western blot analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical tests of eSPAN bias were performed using R software. The error bar in the bar plot is the standard error from repeats.

The interval of the line plot is the 95% confidence interval of mean value, which is about mean ± 2* standard error. The statistical test

of ChIP-qPCR were performed with a unpaired t test to calculate two-tailed p values.
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