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In eukaryotes, DNA compacts into chromatin through nucleosomes'?. Replication of
the eukaryotic genome must be coupled to the transmission of the epigenome
encoded in the chromatin®*. Here we report cryo-electron microscopy structures of
yeast (Saccharomyces cerevisiae) replisomes associated with the FACT (facilitates
chromatin transactions) complex (comprising Spt16 and Pob3) and an evicted histone
hexamer. Inthese structures, FACT is positioned at the front end of the replisome

by engaging with the parental DNA duplex to capture the histones through the middle
domain and the acidic carboxyl-terminal domain of Spt16. The H2A-H2B dimer
chaperoned by the carboxyl-terminal domain of Spt16 is stably tethered to the H3-H4
tetramer, while the vacant H2A-H2B site is occupied by the histone-binding domain of
Mcm2. The Mcmz2 histone-binding domain wraps around the DNA-binding surface of

one H3-H4 dimer and extends across the tetramerization interface of the H3-H4
tetramer to the binding site of Spt16 middle domain before becoming disordered.
This arrangement leaves the remaining DNA-binding surface of the other H3-H4
dimer exposed to additional interactions for further processing. The Mcm2
histone-binding domain and its downstream linker region are nested on top of Tof1,
relocating the parental histones to the replisome front for transfer to the newly
synthesized lagging-strand DNA. Our findings offer crucial structural insights into the
mechanism of replication-coupled histone recycling for maintaining epigenetic

inheritance.

In eukaryotes, chromosomal DNA is organized into chromatin with
the nucleosome as the basic repeating unit comprising around 147 bp
of duplex DNA, wrapped around two H2A-H2B dimers and one H3-
H4 tetramer?. Post-translational modifications of histones further
definediverse functional states of chromatin, which are transmittable
to progenies**, During DNA replication, parental nucleosomes bearing
epigenetic marks are disassembled ahead of each replication fork to
enable duplex DNA unwinding and subsequent DNA synthesis* 6. To
maintain the fidelity of the epigenetic landscape, the evicted parental
histones are subsequently recycled to newly synthesized strands
by well-recognized yet poorly understood replication-coupled
mechanisms**’,

The machine dedicated to DNA replication, the replisome, is made
up of at least three engines at its core: a CMG (Cdc45-Mcm2-7-GINS)
helicase and two DNA polymerases, one on each strand®™. Further-
more, multiple accessory factors, including the histone chaperone
FACT, Ctf4, DNA polymerase & (Pola) and the fork protection complex
comprising Tof1-Csm3 and Mrcl, arerequired todrive afastand accu-
rate replication through the nucleosome template? **. FACT, which

consists of Spt16 and Pob3 (homologue of SSRP1in mammals)®, has
beenimplicated inreplication fork passage through the nucleosome®'®,
FACT recognizes and binds to partially unravelled nucleosomes to
promote nucleosome disassembly by displacing H2A-H2B""". While
translocating along the leading strand for DNA unwinding, the CMG
helicase uses the N-terminal tier of its MCM ring as the front end**%,
facing the parental nucleosomes. Some accessory factors including
Ctf4, Pola, Tof1-Csm3 and Mrcl are also placed at the same front? 26,
Together, these factors are arranged in a strategic position to modulate
nucleosome disassembly as well as parental histone recycling. Indeed,
several replisome components exhibit histone chaperone activities.
For example, a conserved histone-binding domain (HBD) from the
N-terminal extension (NTE) (residues 1-200) of Mcm2 can wrap around
the H3-H4 dimer to hijack its DNA-binding surface . Poll, the catalytic
subunit of Pola, also contains a histone-binding motif***°, Mutationsin
these components that disrupt their histone-binding abilities lead to
defectsin histone recycling to lagging strands®*2, Furthermore, Dpb3
(homologue of POLE4 in mammals) and Dpb4 (homologue of POLE3
inmammals), two subunits of leading strand DNA polymerase € (Polg),
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Fig.1| The overall structure ofan endogenousreplisome.a-c, Cryo-EM map
ofthereplisome in complex withastable FACT-histone showninthree
representative views. The different parts of the map were combined withlocal

have been implicated in the transfer of parental histones to leading
strands®®®, A recent study also found that parental H2A-H2B can be
recycled symmetrically using a mechanism distinct from the H3-H4
tetramer>*. Despite these advances, questions remain unanswered
regarding the molecular details of parental histone displacement,
chaperoning and reassembly onto newly synthesized DNA strands,
as well as the exact roles of FACT with various replisome components
during these processes. One major reason can be attributed to the
lack of high-resolution structures that catch the replisome in the act
of shuffling parental histone transfer.

Characterization of native replisomes

To capture snapshots of parental histone transfer at the replication
fork in vivo, we purified endogenous replisome complexes from
early-S-phase yeast cells (Psf2-3xFlag) for structural characterization
using cryo-electron microscopy (cryo-EM; Methods and Extended Data
Fig.1a-c). Theisolated replisomes were first analysed using quantita-
tive mass spectrometry (MS), showing high enrichment of CMG, his-
tones, Ctf4, Tof1-Csm3, FACT, Mrcl and Pole. By contrast, the levels of
Polaand other associating factors wererelatively low (Extended Data
Fig.1d and Supplementary Table 1), suggesting that their binding to
the replisome core is weak or transient. Importantly, the replisomes
exclusively carried parental histones as evidenced by the detection
of the trimethylation at Lys4 of H3 (H3K4me3), a marker of parental
histones, but not the acetylation at Lys56 of H3 (H3K56ac), a marker
of newly synthesized histones® (Extended Data Fig. 1c). The replisome
samples were cross-linked by GraFix and imaged using EM (Extended
Data Fig. 2a). From the 2D average images, the overall architecture of
the replisome particles resembles those of the in vitro reconstituted
replisomes?*?* (Extended Data Fig. 2b,c). Fuzzy densities were also
observed immediately on top of Tof1-Csm3, indicating that the repli-
some front is highly dynamic. Given that the levels of FACT and his-
tonesinoursamplesare comparable to those of CMG inthe replisome

b
Spt16 DD
Pobs DD Spt16 MD

Spt16 DD Pob3 DD

optimization (Methods).d-f, The sameasina-c, respectively, but shown with
the cylindrical atomic model. The MCM subunits, Ctf4, Tof1, Csm3, Mrcl, Spt16,
Pob3 and histones are colour-coded and labelled asindicated.

(Extended DataFig.1d), we speculate that the replisome front is where
FACT engages with other replisome components and parental histones.
We therefore performed deep three-dimensional (3D) classification
focusing on the front end of the replisome and determined a stable
structure of the FACT-histone complex bound to the replisome at an
overall resolution of 3.5 A (Extended Data Fig. 2d,e,j). Notably, this
conformation accounts for only approximately 7% of the total repli-
some particles, highlighting a highly dynamic FACT-histone complex
atthereplication forks. The cryo-EM maps allowed for an unambiguous
subunit assignment of FACT and histones, as well as model building for
the middle domain (MD) and carboxyl-terminal domain (CTD) of Spt16
and six histone subunits in addition to other replisome components.
Although the densities corresponding to Pob3 and the dimerization
domain (DD) of Spt16 are of poorer quality (Extended Data Fig. 2f k), the
available models from the previous FACT-nucleosome structures's"
could be fitted well in the relevant regions.

Architecture of the endogenousreplisome

In the replisome structure (Fig. 1), CMG, Tof1-Csm3, Ctf4, Pole and
forked DNA are arranged in a manner similar to previously reported
structures® %, While the planar N-tier ring of Mcm2-7 remains relatively
stable, its C-tier ring is dynamic (Extended Data Fig. 2h), suggesting
that the C-tier motor region of the CMG helicase exists in multiple
translocating states. Focused classification identified one relatively
stable conformation of the C-tier ring. Notably, the stable attachment
of Pole correlates well with the stability of the MCM (Mcm2-7 complex)
CTD ring (Extended Data Fig. 2h,i). The Tofl-Csm3 heterodimer is
assembled onto the N-tier face of the MCM ring over subunits Mcm2,
6,4 and 7, with its top surface as a docking platform for the FACT-
histone complex (Fig.1). Consistent with previous studies®**, the den-
sity corresponding to Mrclis not obviousinthe replisome, exceptfora
small helix-containing region (residues 324-343) tightly attached
to the side surface of Tof1 (Fig. 1a,b,d,e). The parental duplex DNA is
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Fig.2|Theevicted histone hexamer andits chaperones at thereplication
fork.a-c, The atomic model of the evicted histones shown as acartoon
presentation and displayed in three different views. d-f, The chaperone-
histone complex captured at the replication forkisshownasacartoon
presentation with the surface presentation of Spt16, Mcm2 and Tof1

stably anchored onto Tof1-Csm3 (Fig. 1c,f). Notably, FACT straddles
the parental duplex DNA through the Spt16 DD, placing the Spt16 MD
and Pob3 onopposite sides of the DNA (Fig.1). This similar arrangement
was also observed in FACT structures either with nucleosomes or RNA
polymerases” ™ (Extended DataFig. 3a-j). On the side closer to Mcm4,
Pob3is flexibly hung onto the duplex DNA by interacting with the Spt16
DD through its own DD. On the opposite side, Spt16 joins hands with
the Mcm2 NTE to chaperone the evicted histones at the replisome front
(Figs.1and 2 and Extended Data Fig. 4).

Histone hexamer and its chaperones

A notable feature of our structure is the complete stripping of the
duplex DNA off the histones (Fig. 1). The evicted histones are pre-
served in the form of a hexamer comprising one H3-H4 tetramer and
one H2A-H2BPma! dimer (proximal to Spt16 MD; Fig. 2a—f), adopting
a conformation that is generally similar to that in an intact nucleo-
some (Fig. 2g-i and Extended Data Fig. 5a-c). The Spt16 MD directly
binds to the lateral surface of the free H3-H4 tetramer on top of the
four-helix bundle of the H3 dimer at two separate binding sites (Fig. 2
and Extended Data Figs. 4 and 5d), consistent with a crystal structure
ofthe human SPT16 MD ina complex with the H3-H4 tetramer?. A sub-
stantial shiftand rotationin the Spt16 MD was observed when compared
with the available FACT-nucleosome structures'®" (Extended Data
Fig.3g-w), highlighting a major movement of Spt16 during substrate
transition from nucleosome/subnucleosome to the free histone hex-
amer. The mode of the Spt16-MD-histone interactionin the replisome
isalsosimilar to those observedin transcription complexes” (Extended
DataFig.3n-w),indicatingaconserved role of FACT in handling nucleo-
some dynamics during both DNA replication and RNA transcription
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processes. At Spt16-MD-binding site 1 on the H3-H4 tetramer, acidic
residues (residues 778-797) from the Sptl6 MD are situated on the
DNA-binding surfaces of the N-terminal helix (aN) and loop 1 (L1) of
H4 to provide a shielding effect (Fig. 2d and Extended Data Fig. 4).
At binding site 2, the Spt16 MD occupies the binding surface for the
H2A-docking segment, and its (H3-H4),-binding loop further invades
into the canonical binding site for the H2A-H2BP™™! causing slight
displacement of this dimer on the H3-H4 tetramer (Extended Data
Fig.5). To prevent H2A-H2B loss, the acidic CTD tail of Spt16 wraps
around the H2A-H2BP™™m occupying its exposed DNA-binding sur-
face (Fig.2d-i). Furthermore, oneloop region extended fromthe long
o helix of the Spt16’s NTD DD linker engages with the H2A-H2BProxima!
(Fig.2d), reinforcing its tethering to the H3-H4 tetramer.

Ontheside of the H3-H4 tetramer that is originally occupied by the
H2A-H2B%*! (distal to the Spt16 MD) in the nucleosome (Fig. 2), the
relevant H2A-H2B-binding surface is occluded by the Mcm2 HBD (resi-
dues49-124) throughitslong a helix (residues 106-124), which engages
H4 in a manner similar to the human MCM2-HBD-H3-H4 structure”
(Fig. 2 and Extended Data Fig. 6a,b). Notably, this helix also shows a
weak interaction with H2A (Fig. 2e,h). Moreover, Mcm2 stretches its
upstream segment (residues 59-105) to wrap around the DNA-binding
surface of one H3-H4 dimer and further extends its N terminus (resi-
dues 49-58) across the tetramerization surface to the second H3-H4
dimer, covering the four-helix bundle between the H3 dimer (Fig. 2e and
Extended DataFigs. 4 and 6). When approaching the Spt16-binding site
lonthe H3-H4 tetramer, Mcm2 makes a 90° turn away from H3 before
becoming disordered (Fig. 2e and Extended Data Figs. 4a,e and 6a,b).
In contrast to the human MCM2-HBD-H3-H4 structure, in which two
MCM2 HBDs are associated with the H3-H4 tetramer symmetrically,
the histone hexamer in the replisome accommodates the binding of
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asingle Mcm2 HBD (Fig. 2e and Extended Data Figs. 4 and 6a), as the
configurations of FACT and H2A-H2BP™™! form steric hindrance to
the binding of a second Mcm2 HBD (Extended Data Fig. 6¢-e). This
unique arrangement leaves alarge portion of the DNA-binding surface
onthe second H3-H4 dimer unprotected.

Tofl as a platform for histone transfer

In the replisome structure, Tofl adopts a crescent-shaped conforma-
tion with a curvature mimicking the MCM ring on top of the N-tier
faceof Mcm2, 6,4 and 7 (Figs.1and 3), inagreement with the reported
structures®?*?3 The structured region of Tofl contains nine tandem
helical (2 or 3) repeats (R1-9) embedded with three insertion motifs
including the Q-loop, MCM-plugin and a unique helix-turn-helix
(HTH)-containing motif (Fig. 3a,b). Thisregion canbe divided into head
and body subdomains, which constitute distinct platforms for coor-
dinating the docking of the evicted histones and the parental duplex
DNA. AsshowninFig.3c-f, the histone hexamer chaperoned by Spt16
and Mcm2is deposited in aspace right above the head region of Tof1.
However, the parental DNA is anchored onto the surface of the Tof1’s
bodyregion. This anchoringis further strengthened by Csm3 through
its association with the C terminus of the Tofl body region (Fig. 3d).
Notably, Tofl's HTH motif is inserted as a wedge with two oppositely
charged patchesinto the gap between the histones and DNA (Figs.3a-e
and4a,f). Theacidic patch (residues 642-653) from ToflHTH engages
the aN and N-terminal tail of H4, while its upstream flanking loop con-
taining abasic patch (residues 615-622) makes contacts with the nearby
DNAbackbone (Fig.3d,e). Through these interactions, Tofl separates
the evicted histones from the parental duplex DNA.

Although the evicted histones are situated over the head region of
Tofl, they did not form a close contact. Instead, the docking of the
FACT-histone complex onto Tofl is largely mediated by the Mcm2
NTE (residues 60-150) as a cushion (Fig. 3d-f), which includes its
HBD (residues 60-124) and alinker region (residues 125-150, Mcm2-L)
between its HBD and NTD to engage Tof1 at four major sites (Figs. 3
and 4). At docking site 1, residues 141-150 of Mcm2-L are embed-
ded into the cleft between the two helices of Tof1 R1 (residues 11-70)
through hydrophobic interactions and a few hydrogen interactions
(Fig. 4a,c,g k). At docking site 2, the acidic patch (residues 130-137,
DDEDEEQE) of Mcm2-L is situated on a positively charged surface

ofthereplisome, highlighting the position of FACT-histone at the replication
fork.d-f, Magnified views of the boxed region in c with the indicated rotation.
g, Thesameasinf, but with the displaced H2A-H2B***' superimposed.

formed by four basic residues (Lys56, Lys59, Lys63, Argl97) and one
polarresidue (GIn130) from R1-3 of Tof1 (Fig. 4a,b,d,h,l). Docking site
3involves the interactions between the hydrophobic loop (residues
126-129) and long helix of the Mcm2 NTE and the residues from Tof1
R2-4 (Fig.4a,e,i,m,n). At docking site 4, the 68-89 region of the Mcm2
HBD also makes extensive contacts with the HTH-containing region of
Tof1 (Fig.4a,b,f,j). Together, these interactions between the Mcm2 NTE
and Toflrelocate the detached histones temporarily to the replisome
front. Notably, these interactions between Tofl and the Mcm2 NTE
were not observed in other replisome structures that do notinclude
the FACT-histone complex®+26%,

Parental histone recycling via Mcm2-Tof1 coupling

To investigate the role of the Mcm2-NTE-Tof1 interaction during
parental histone transfer, we performed enrichment and sequencing
of protein-associated nascent DNA (eSPAN) analysis®*>® to monitor the
distribution of both parental and newly synthesized histones on the
leading and lagging strands at replication forksin cells bearing relevant
mcm2or tofl mutants (Fig. 5aand Methods). In particular, key residues
from the Mcm2-NTE-Tofl interfaces were either mutated or deleted
to disturb the interaction between Mcm2 and Tof1.

Our eSPAN analysis with tof1-3A mutant cells, in which three key resi-
dues (Arg60, Argl97, Asp280) from the Mcm2-NTE-Tofl interface were
replaced with alanine (Fig. 4k,1,n), shows an apparent leading-strand
bias for H3K4me3 eSPAN signals (Fig. 5b,c,h and Extended DataFig. 7a)
and a correlated lagging-strand bias for H3K56ac eSPAN signals
(Extended Data Figs. 7a and 8a-c,g), highlighting a defect in parental
histone transfer to the lagging strand when the binding of the Mcm2
NTE to Toflis disturbed. This observationis consistent with the fact that
Toflislocated at the replisome front in a strategic position proximal
to the newly synthesized lagging strand. We also tested the impact of
removing the unique HTH-containing motif (residues 612-656) from
Tof1(tofI-AHTH). Notably, we did not observe abias in H3K4me3 eSPAN
signals (Fig. 5b,c,h), suggesting that deletion of the Tofl HTH has no
apparent effect on parental histone transfer. However, it is also possible
that the removal of the Tofl HTH may equally affect parental histone
recycling at both the leading and lagging strands, which cannot be
detected by the eSPAN bias. To differentiate these possibilities, we
calculated the H3K4me3 eSPAN densities within a 2 kb region around
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with Tof1shown as acartoon presentation. The key residues from the Mcm2-

ARS (autonomous replication sequence) consensus sequence (ACS)
locations between wild-type (WT) and mutant strains (Fig. 5d). We
found that the H3K4me3 density signals at early replication origins
were noticeably reduced at the lagging strands in tof1-3A cells compared
with those in the WT cells, suggesting that parental histone recycling
around early replication origins is impaired after disruption of the
interactions between Tofl and the Mcm2 NTE. By contrast, we did not
observeanobviousreductioninthe H3K4me3 signalsin the tofI-AHTH
cells (Fig. 5d), except a subtle preference of H3K56ac-eSPAN signals
toward lagging strands (Extended Data Fig. 8a). This bias appears to
be relatively minor compared with the pronounced bias observed in
tofl-3A and other mutant cells (Extended DataFig. 8a,d). Nevertheless,
the effects of the tof1-AHTH mutant on both H3K56ac and H3K4me3
areverysimilartothose of the WT cells (Extended Data Fig. 8c). These
results suggest that the docking of the Mcm2 NTE onto Tofl is crucial
for the recycling of parental histones to the lagging strand at the rep-
lication fork, and the binding of Mcm2 to the Tofl HTH motif may be
dispensable during this process.

Toobtain further evidence, we performed eSPAN analyses with two
mcm2 mutants, mcm2-6A (R119A, Y128A, 1129A, D131A, E135A, E137A)
in which six key residues of Mcm2 from the interfaces between the
Mcm2 NTE and Tof1l were mutated to alanine (Fig. 41-n), and mcm2AL
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Toflinterfaces areshown,and only those from Tof1larelabelled. k-n, Magnified
views of the regions indicated by boxesing-i.k, The hydrogenbonding between
the carboxy oxygen from the backbone of Mcm2 Vall49 and the guanidinium
group of Tof1Arg60.1, Charge-charge interactions between Asp131and Asp133
ofMcm2and Argl97 of Tofl.m, Tyr128 of Mcm2isinserted into a hydrophobic
pocket formedby Vall33, Leul34 and Trp137 from Tof1R2-3.n, Mcm2 Arg119
makes charge-charge interactions with Asp278 and Asp280 of Tof1.

inwhich thelinker region (residues 126-150) of the Mcm2 NTE docked
onthesurface of Tofl R1-3 was deleted (Fig. 4a-e,g-i,k-n). With these
mutants, we also detected an apparent leading-strand bias for H3K4me3
eSPAN signals (Fig. 5e,f,g,i and Extended Data Fig. 7a) in addition to
their corresponding lagging-strand bias for H3K56ac eSPAN signals
(Extended Data Fig. 8d-f,h). In fact, the eSPAN bias associated with
mcm2-6A is more significant than that of mcm2AL, suggesting that
the Mcm2-NTE-Tof1 coupling mediated by both Mcm2-L and the long
«-helix of the Mcm2 HBD contributes to parental histone transfer at
thereplication forks.

Toruleout the biased distribution of H3K4me3 or H3K56ac at nascent
chromatininthe relevant tofl and mcm2 mutants asaresult of defects
in DNA replication, we further analysed the correlation between the
H3K4me3 or H3K56ac eSPAN bias and the 5-bromo-2-deoxyuridine
(BrdU)-incorporationlevel ateach early replication origin. Our results
show little or no correlation between these two parametersin WT and
mutant cells (Extended Data Fig. 9). Moreover, the profiles of S phase
progression, as measured by flow cytometry analysis of DNA content
(Extended Data Fig. 7b), were similar in WT and mutant cells. Taken
together, these results unravel a unique role of Mcm2-Tof1 coupling
indirecting the parental histone transfer to the lagging strand at rep-
lication forks.
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Fig.5|eSPAN analyses of parental histone recycling mediated by the
interactionbetween Tofland the Mcm2NTE. a, Illustration of the eSPAN
experimental workflow and data analysis process. ssDNA-seq, single-stranded
DNAsequencing.b, Line plots of the H3K4me3-eSPAN bias show the relative
amount of parental histone transfer between the two daughter strands

inWT, tof1-34 (R60A/R197A/D280A) and tof IAHTH (A612-6562aa) cells. The
H3K4me3-eSPAN bias around 139 early replication origins of the ACSs was
calculated. ¢, The H3K4me3-eSPAN bias around the 139 ACSs in WT, tof1-3A and
tofIAHTH mutant cells.n=139.d, The H3K4me3-eSPAN density on both leading
andlaggingstrandsin WT, tof1-3A and tofIAHTH cells. n=139. The comparison
of eSPAN density between WT and mutant cells was assessed using

Discussion

Here we determined the cryo-EM structures of the endogenous repli-
somesisolated from early-S-phase cells and captured a key step of the
replication-coupled histone transfer at replication forks (Fig. 6). Our
findings suggest that the histone octamer from a parental nucleosome
was first split into one H2A-H2BP™'-(H3-H4), hexamer and one
H2A-H2B%% dimer during nucleosome disassembly at the replica-
tion fork. The evicted histone hexamer was chaperoned by Spt16,
Mcm2 and Tof1, and deposited to the replisome front over the head
region of Tofl. At this stage, Spt16 makes extensive contacts with
the histone hexamer, stably tethering the H2A-H2BP ™! dimer to
the H3-H4 tetramer. We did not observe the displaced H2A-H2Bs%!
dimer, whichmay remain associated with certain floppy acidic motif(s)
from FACT or replisome component(s) or may be released during
the nucleosome-disassembly process. Given that SSRP1 (the human
homologue of Pob3) can destabilize H2A-H2B****! from the histone
octamer', we speculate that the removal of H2A-H2B%*! is a crucial
step during histone recycling, as it is required for the binding of the
Mcm2 HBD to the histone hexamer, and this arrangement also secures
aproper docking of the FACT-histone complex onto Tof1. It is prob-
able that the evicted histone hexamer could be recycled as a unit to
the daughter strands (Fig. 6).

rank-sum Wilcoxon tests. e, Line plots of the H3K4me3-eSPAN bias around the
139 ACSsin WT, mcm2-6A (R119A/Y128A/1129A/D131A/E135A/E137A) and
mcm2AL (A126-150aa) cells are shown. f, The H3K4me3-eSPAN bias around
the139 ACSsin WT, mcm2-6A and mcm2AL mutant cellsare shown. g, The
H3K4me3-eSPAN density on bothleading and lagging strands in WT, mcm2-6A
and mcm2AL cells. h,i, The H3K4me3-eSPAN bias around 139 ACSs in WT, tofI-
3Aand tofIAHTH (h), and mcm2-6A and mcm2AL (i) cells. The box plotsinc, d, f
and g show the median value (centre line), minimum and maximum values
(whiskers), and 25% and 75% quartiles (box limits). P values were calculated
using two-sided rank-sum Wilcoxon tests. Similar results were obtained in two
independent experiments. See the Methods for more details.

Consistent with this idea, both new and old H2A-H2B can be found
associated with the old parental H3-H4 tetramer as a ‘hybrid nucleo-
some’ at daughter strands®. A recent study also showed that parental
H2A-H2B dimeris recycled symmetrically and accurately to daughter
strands in mouse embryonic stem cells using a mechanism that is dif-
ferent from that of H3-H4 recycling®*. With the structural information
fromour study, we speculate that both old H2A-H2B dimers could be
recycled but through different pathways: (1) the old H2A-H2BP ™l jg
recycled through its association with the old H3-H4 tetramer in the
form of a hexamer, and (2) the old H2A-H2B%*% is reused through a
redundant pathway independent of the parental H3-H4. If the second
pathway does exist, the displaced H2A-H2B“** must be captured and
transferred to the daughter strands by some factor(s) such as POLA1*.
At present, we cannot rule out the possibility that the parental histone
hexamer may be further splitinto one H2A-H2BP™™ and one H3-H4
tetramer inadownstream process. Previous studies suggested that the
histone chaperone ASF1 cooperates with the HBD of human MCM2 to
recycle the H3-H4 dimers??*°, Qur observation that anintact H3-H4
tetramer as the intermediate is associated with the replisome at the
fork does not support the involvement of Asfl or any related factors
in H3-H4 dimer recycling. However, it is still possible that Asfl has a
rolein alater stage of the process. Moreover, Asfl may work together
with the Mcm2 HBD under stressed conditions. To fully unravel the
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Fig. 6 | Model of parental histone recycling to the lagging strand mediated
by thereplisome and FACT at the replication fork. a,b, During replication
fork progression (a), FACT first recognizes and binds to the partially unravelled
nucleosome (b). This binding may destabilize the H2A-H2B****'binding to the
H3-H4 core. ¢, With the dissociation of the H2A-H2B %" and further exposure
of H3-H4, Spt16 and the Mcm2 HBD are allowed to fully engage with the
remaining histones. d, Once fully evicted from the DNA, the histone hexamer is
transferred and docked onto the head region of Tof1through the interaction

mechanisms of parental histone recycling, further studies are needed
to capture relevant intermediates at replication forks.

In the replisome structure, the configuration of the Spt16 MD on
the histone hexamer determines where the Mcm2 HBD canbind to the
H3-H4 tetramer (Extended Data Fig. 6). As a result, the DNA-binding
surfaces of the other H3-H4 dimer facing Ctf4 are not fully covered.
We believe that the exposed surfaces may have importantimplications
for histonerecycling. For example, they could provide entry points for
other chaperone(s), such as Pola, to capture the evicted histones. A
recent cryo-EM structure of the in vitro reconstituted replisome con-
taining the Pola—-primase complex showed that Pola is targeted onto
thereplisome atalocation between Ctf4 and the FACT-histone-binding
sites® (Fig. 6). In this structure, the flexible NTD of Poll containing a
histone-binding motif is situated at a strategic location through its
binding to Ctf4. This arrangement could enable the Pol1 NTD to eas-
ily bind to the exposed surfaces of the H3-H4 tetramer to ensure an
efficient and precise handover of the parental histones.

Itis known that histone recycling to the leading strand requires the
involvement of Pole®, Our analyses of the endogenous replisomes
identified two major conformations of Pole: (1) astable Pole engaging
with the motor domain of CMG helicase, and (2) a highly flexible Pole
attachedtothe CMG through the NTD of Dpb2. We speculate that Pole
might participate in parental histone recycling through alternating
between these two states. When Pole disengages from the MCM ring,
itcould use the Dpb2 NTD as a hinge to flip over the helicase to the fork
front, where Dpb3 and Dpb4 could capture the FACT-histone com-
plex?*. The binding of Pole to the MCM ring may facilitate the deposition
of the captured histones onto the leading-strand DNA. This process
may require some replisome components to participate and cooperate
with Sptl6 to chaperone the evicted histones. It is not clear whether
this process involves Tof1 as a similar platform for histone recycling
to the leading strand. Tof1 has two available surfaces (top and side)
for recruiting FACT-histone complexes at the fork front. We envision
that the side surface of Tofl may facilitate the docking of FACT-histone
destined for transfer to the leading strand. Notably, Mrclis attached to
the side surface of Tof12** (Fig. 1). Further investigations are needed
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betweenthe Mcm2NTE and Tof1. e, Thisrelocation paves the way for the
recycling of the histone hexamer to the lagging strand. The subsequent
transfer mayinvolve the interplay between Pola, the Mcm2 HBD and FACT to
depositthe parental histone hexamer to the newly synthesized lagging strand
DNA, resulting in the formation of ahexasome. Alternatively, the histone
hexamer may further split. f, Finally, nucleosome reassembly is accomplished
withtheincorporation of newand/or old H2A-H2B dimer(s) and the departure
of FACT from the nucleosome complex.

to determine the roles of Tof1in histone recycling as well as whether
Mrcland its coupling to Tofl contribute to this process.

In summary, this study provides a key snapshot of how the parental
histones are transferred at replication forks. It also lays a solid foun-
dation for future directions to unravel the mechanism that couples
histone-encoded epigenetic information transfer with DNA replication.
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Methods

Yeast strain

All of the yeast strains that were used in this study were derivatives of
the W303 (leu2-3, 112 ura3-1 his3-11, trpl-1, ade2-1 canl-100) genetic
background (Supplementary Table 2). Strain Y277 for replisome puri-
fication was constructed using a one-step PCR-based approach with
pTF272 (pFA6a-TEV-6xGly-3xFlag-HphMX, Addgene) as DNA template
togenerate the PSF2-3xFlag tagging modificationinthe W303-1aback-
ground strain. Strains for eSPAN analyses were generated using the
CRISPR-Cas9 plasmid pML104 along with the primers described in
Supplementary Table 3.

Replisome purification

Toisolate the endogenous replisomes for structural determination,
100 liters of log-phase (optical density at 600 nm (ODy,,) of 2.0) yeast
cells (Y277, PSF2-3xFlag) were first synchronized at G1 phase with
alpha factor (12.5 ng ml™), followed by washing once with fresh YPD
mediumbefore being released into fresh medium containing hydroxyu-
rea (200 mM) for 1.5 h. Cells were collected and washed with buffer |
(50 mM HEPES-KOH pH 7.5,150 mM L-glutamic acid potassium salt,
8 mMMgCl,,1 mMEDTA, 0.02% NP-40,3 mM ATP,2 mM NaF,1 mM phe-
nylmethanesulfonylfluoride (PMSF) and 1x protease inhibitor cocktail
(Roche). The cell pellets were resuspended in 0.5 volumes of buffer I.
The cell suspension was frozen drop-wise in liquid nitrogen and then
disrupted with a freezer mill (SPEX CertiPrep 6850 Freezer/Mill). The
cell powder was thawed on ice by adding an equal volume of buffer |
to obtain the insoluble crude chromatin, followed by washing once
with buffer I. To solubilize chromatin-bound replisomes, the crude
chromatin was digested in buffer I containing benzonase (0.5 U pl™;
7seabiotech, RPEQ02) for 10 minat 37 °C,and then1honice. The sus-
pension was then centrifuged for 20 min at 38,900g. The clear phase
was recovered and subjected to anti-Flag immunoprecipitation (IP)
with anti-Flag M2 Affinity Gel (Sigma-Aldrich, A2220) at 4 °C for 3 h.
The beads were recovered and washed extensively with buffer I (50 mM
HEPES-KOH pH 7.5,150 mM KOAc, 8 mM MgCl,,1 mMEDTA, 2 mM NaF,
1mM PMSF). The precipitated replisomes were eluted with 0.5 mg ml™
of 3xFlag peptide (GenScript, U6320GJ210-1) in buffer Il at 4 °C. The
eluates were combined and concentrated. The replisome samples
were then applied on top of a20-40% glycerol gradient containing
glutaraldehyde (0-0.16%) for cross-linking in buffer Il. The glycerol
gradients were centrifugedina TLS-55rotor (Beckman Optima MAX-XP
Ultracentrifuge) at 77,100g for 9 h. The fractions were collected and the
cross-linking reaction was quenched by addition of Tris-HCI (pH 7.5)
buffer toafinal concentration of 40 mM. The fractions containing the
replisomes were pooled and processed for EM analyses. Ultrafiltration
for theremoval of glycerol, buffer exchange and sample concentration
was performed with buffer Il using a centrifugal filter (Amicon Ultra,
0.5ml, 50 kDa) at 6,000g at 4 °C.

EM analysis
For negative staining, the samples were stained with 2% (w/v) uranyl
acetate and examined using the Talos L120C microscope (Thermo
Fisher Scientific) operated at 120 kV to determine the sample quality
and estimate the relative concentration of samples used for cryo-grid
preparation.

For cryo-grid preparation, 4 pl aliquots of samples were applied to
aglow-discharged holey carbon grid (C-flat R 1.2/1.3 Au) and plunge
frozeninto liquid ethane cooled by liquid nitrogen using the Vitrobot
VI(Thermo Fisher Scientific) after 3 s blotting with filter paper at 4 °C
and under 100% humidity.

The grids were loaded onto an FEI Titan Krios G3i transmission
electron microscope operated at 300 kV. Images were recorded on a
Gatan K3 summit direct electron detector and a Bio Quantum energy
filter with a 20 eV slit width. Images with a total dose of 50 e” A2 were

acquired within4 sat anominal magnification 81,000x (EFTEM mode),
corresponding to a calibrated pixel size of 1.06 A. The dose was frac-
tionalized to 40 frames equally. The defocus range was set between
-1.0 and -2.5 pm. EPU (v.2.12) was used for data collection.

Data processing

In total, 9,537 movie stacks were collected for the samples of the
endogenous replisome and were preprocessed in RELION (v.4.0)*.
The super-resolution movie stacks underwent local drift correction,
electron-dose weighting and twofold binning using MotionCor2
(v.1.4)*%. This process generated both dose-weighted and unweighted
summed micrographs. The unweighted version of micrographs was
used for contrast transfer function (CTF) estimation, particle picking
and coarse 2D/3D classification. Onthe other hand, the dose-weighted
micrographs were used for fine 3D classification and map refinement.
CTF estimation was performed using CTFFIND4*. Approximately 600
micrographs with high contrast were selected and processed for mul-
tiple rounds of manual/auto particle picking as well as initial 2D/3D
classification to prepare accurate templates for particle auto-picking
across the whole dataset. The auto-picking process was meticulously
optimized using both the RELION template-matching method and the
Topaz (v.0.2.5) deep-learning method***.

Atotal of 1,542,000 particles was auto-picked from all of the micro-
graphs and underwent initial 3D classification to exclude noise and
bad particles (Extended Data Fig. 2d). From this analysis, 524,000
qualified particles were retained and processed for global refine-
ment, which resultedina3.7 A global density map. On the basis of this
global map, thelocal densities of Spt16-MD-histone, Spt16-DD-Pob3,
Ctf4 trimer, MCM CTDs and Pole were further enhanced through a
cascade of mask-based local 3D classification and refinement steps
(Extended Data Fig. 2e-i). All of the local classification procedures
were performed in RELION with the “--skip_alignment’ option ena-
bled. For the region of Spt16-MD-histone, three subgroups (108,000
particles) showing high occupancy and improved structural features
after local classification were combined and processed for multiple
sequential refinement steps using either RELION or cryoSPARC (v.4.0)
with gradually narrowed masks. This process resulted in a final local
density map for the region of Spt16-MD-histone-Tof1 at aresolution
of 3.5 A (Extended Data Fig. 2e,i). Local 3D classification focused on
the region of Spt16-DD-Pob3 was further applied on the optimized
dataset of Spt16-MD-histone (108,000 particles), yielding two sub-
groups (15,000 and 16,000 particles) that showed improved structural
features for the relevant density (Extended Data Fig. 2f). It is evident
the state Il Spt16-DD-Pob3 exhibits a minor shift away from the Tof1-
Csm3 platform compared with state I. Notably, the structures of the
state | Spt16-DD-Pob3 are shown in Fig. 1 and Extended Data Fig. 3.
For the region of Ctf4, the particles showing low resolution or low
Ctf4 occupancy were removed through local classification, leaving
232,000 particles for refining the local density map of Ctf4 using cry-
OSPARC, resulting in a map with a resolution at 3.5 A (Extended Data
Fig.2g). Local 3D classification focused on the CTDs of the MCM ring
led to the identification of two conformations, conformation-1(72,000
particles) and conformation-2 (246,000 particles). After global refine-
ment using cryoSPARC, the final resolutions of the maps of these two
structures reached 3.8 A (Extended Data Fig. 2h). As a stable Pole is
associated with conformation-1, alocal classification focused on the
region of Pole was performed to improve the local resolution of Pole
(Extended Data Fig. 2i). A composite global density map was gener-
ated using phenix.combine_focused_maps*. It consists of the densi-
ties of CMG, the CMG-bound DNA region from the global structure of
Conformation-1, Tofl-Csm3-Mrcl1-Spt16-MD-Mcm2-NTE-histone,
their bound DNA region from the 3.5 A Spt16-MD-histone-Tof1locally
optimized map, and Spt16-DD-Pob3 from the locally optimized map of
Sptl6-DD-Pob3 (statel), Ctf4 from the Ctf4 trimer local map, and Pole-
McmS5-WHD from the Pole locally optimized map. The local resolutions



of the composite map (Extended Data Fig. 2k) were calculated using
the RELION’s own local resolution estimation tool, based on the two
composite half maps generated by phenix.combine_focused_maps.
Chimera*’, ChimeraX*® and PyMOL (v.2.5 Schrédinger) were used for
figure preparation.

Model building

The cryo-EM structures of yeast CMG-Ctf4-Tof1-Csm3-fork-DNA
complex (PDB: 6SKL), yeast RNA polymerase II-Spt4/5-nucleosome-
FACT (PDB: 7NKY), yeast intact nucleosome (PDB: 1ID3) and human
MCM2-HBD-(H3-H4),complex (PDB: 5SBNV) were used as initial models
for model building. Predicted initial models from the AlphaFold Protein
Structure Database* were used for Pole and WH domain of McmS5. The
domains or segments of the initial models were rigid-body fitted into
the cryo-EM density maps of the replisome using ChimeraX (v.1.3)*
and manually adjusted against the locally optimized density maps in
Coot (v.0.9.8.92)%°. For the region of Spt16-DD-Pob3, the atomic mod-
els of Spt16-DD-Pob3-DD and Pob3-MD from the reported structure
(PDB: 7NKY) were rigid-body fitted into the locally optimized map of
Sptl6-DD-Pob3 (statel), separately, without manual adjustment. Given
the low resolution, the side chains of the Spt16-DD-Pob3 regions were
removed. The model of the N-terminal loop of Spt16 ND linker was
denovo built using the main chain backbone without assigning any side
chain due to the limit of the local resolution. The model of the Spt16
CTD was manually built by referencing the positioning of Spt16 CTD
in previously reported FACT-histone structures (PDB: 6UPK, 7NKY,
7XTI). The model of most of its CTD sequence was also built using only
the main chainbackbone, except for residues 969-974, where the side
chains can be properly assigned. The assignment of the relevant side
chains was further confirmed by the structure prediction of the Spt16-
H3-H4 complex using Alphafold2.

The merged atomic model was further refined against the compos-
ite global density map using phenix.real_space_refine* to optimize
the overall geometry quality. The quality of the deposited model was
evaluated using phenix.molprobity®.

MS sample preparation

For MS analysis, the eluted replisome sample was fractionated using
20-40% glycerol gradient without glutaraldehyde cross-linking. The
fractions containing replisomes were then resolved on a4-12% Bis-Tris
gel, followed by fixationina 50% methanol/7% acetic acid solution. The
gelwas stained by GelCode Blue stain (Pierce), diced into1 mm? cubes
and destained by incubating with 50 mM ammoniumbicarbonate/50%
acetonitrile for 1 h. The destained gel cubes were dehydrated in ace-
tonitrile for 10 min and rehydrated in 25 mM NH,HCO; with trypsin
for protein digestion at 37 °C overnight. The resultant peptides were
enriched with StageTips. The eluted peptides were dried down using
the SpeedVac and resuspended in 0.1% formic acid for analysis using
liquid chromatography coupled with tandem MS (LC-MS/MS).

MS data analysis

The LC-MS/MS analysis of the replisome sample was performed on
the Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrom-
eter (Thermo Fisher Scientific). The peptide samples in 0.1% formic
acid were pressure loaded, rinsed for 5 min with 0.1% formic acid and
subsequently eluted with alinear gradient from 4% B (96% A) to 35%
B (65% A) in 90 min (A = 0.1% formic acid; B = 0.1% formic acid in 80%
acetonitrile; flow rate, -300 nl min™) into the mass spectrometer. The
instrument was operated in a data-dependent mode cycling through
afull scan (300-1,800 m/z, single puscan) followed by 10 HCD MS/MS
scans on the 10 most abundantions from the preceding full scan. The
cations were isolated with a 2 Da mass window and set on a dynamic
exclusionlistfor 60 s after they were first selected for MS/MS. The raw
datawere processed and analysed using MaxQuant (v.1.6.1.0). A fasta
file containing yeast proteomes was downloaded from UniProt and

used as protein sequence searching the database. Default parameters
were adapted for the proteinidentification and quantification. Parent
peak MS tolerance was 4.5 ppm, MS/MS tolerance was 20 ppm, the
minimum peptide length was 7 amino acids, the maximum number of
missed cleavages was 2. The proteins quantified were supported by at
least two quantification events.

eSPAN method and data analysis

The eSPAN method was modified from previous studies with some
modifications®?. In brief, yeast G1 cells were released into a fresh
medium containing BrdU, a thymidine analogue that can be incorpo-
rated into nascent DNA during DNA synthesis. The chromatin from
early S phase cells was digested with micrococcal nuclease (MNase) and
analysed using IP with antibodies against BrdU, followed by sequenc-
ing to identify DNA strands that contained BrdU (BrdU-IP-ssSeq). To
identify nascent-DNA-associated nucleosomes, the MNase-digested
chromatinwas used for chromatin IP (ChIP) with antibodies against two
different histone modifications: H3K56ac (a marker of newly formed
histones) or H3K4me3 (a marker of parental histones), respectively.
Subsequently, the chromatinimmunoprecipitated DNA was denatured
intosingle-stranded DNA and the newly synthesized DNA was enriched
by BrdUIP, followed by strand-specific deep sequencing. The sequenc-
ingreads obtained from eSPAN were divided to distinguishbetween the
Watson and Crick strands. The average ratio of Watson/Crick strands
around early replication origins was then calculated. To minimize
differences in BrdU incorporation, this ratio was normalized to the
MNase-BrdU-IP-seq dataset. This calculation, known as eSPAN bias, pro-
videsinformationabout the relative levels of amodified histone on the
leading and lagging strands of DNA replication forks (Fig. 5a). To assess
the efficiency of parental histone recycling on nascent strands, another
ratio was calculated: the total eSPAN sequence reads surrounding the
ACS (origin of replication) divided by the total MNase-BrdU-IP-seq
reads in the same region. This measurement is referred to as eSPAN
density. By separating eSPAN and BrdU-IP-seq sequence reads into
Watson and Crick strands, the eSPAN density on nascent leading and
lagging strand chromatin can be determined (Fig. 5a).

S. cerevisiae yeast cells were cultured in YPD medium at 30 °C to
mid-log phase (OD¢,, = 0.45-0.5), and arrested at G1 phase by a-factor
(5 mg ml™?,1000x, Chinese Peptide Company) at 25 °C. Cells were
collected, washed with ice-cold double-distilled H,O three times at
2,500 rpm for 5 min at 4 °C and then released into fresh YPD medium
with 0.4 mg mI™ BrdU (Sigma-Aldrich, B5002-5G) at 23 °C for 40 minto
label nascent DNA. Cells were cross-linked with 1% (w/v) paraformalde-
hyde (Sigma-Aldrich, P6148-1KG) at 25 °C for 20 min and then quenched
with125 mM glycine (Amresco, 0167-5KG) at 25 °C for 5 min.

Cells (0D, of around 100) were pelleted, and then washed twice
with ice-cold 1x TBS buffer (0.1 mM PMSF freshly added) and then
washed once with ice-cold buffer Z (1.2 M sorbitol, 50 mM Tris-HCI
pH 7.4). The pellets were resuspended with 8.7 ml buffer Z (10 mM
B-mercaptoethanol freshly added), and digested with 214 pl 5 mg ml™
zymolase (Nacalai Tesque, 07665-84) at 28 °C for about 35 min to
obtain spheroplasts. The efficiency of digestion was evaluated by
measuring the OD, in 1% SDS, with a decrease of over 90%. Pellets
were collected, resuspended with 1.5 mlice-cold NP buffer (1 M sorbi-
tol, 50 mMNacCl, 10 mM Tris-HCl pH 7.4, 5 mM MgCl,, 1 mM CacCl,, with
0.5 mMspermidine, 0.007% (v/v) B-mercaptoethanoland 0.075% (v/v)
NP-40 (Thermo Fisher Scientific, 28324) added freshly) and divided
into four parts equally in LoBind tubes. For each part, a suitable
amount of MNase (Worthington, LS004797) was added and incubated
at 37 °C for about 20 min to digest the chromatin into mainly mono-
and di-nucleosomes. Then, 8 1l 0.5 MEDTA (pH 8.0) was added to the
reaction tube to stop the reaction. Next, 100 pl 5xChIP lysis buffer
(250 mM HEPES-KOH pH 7.5, 700 mM NacCl, 5 mM EDTA pH 8.0, 5%
(v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, with 5 mM PMSF,
1.25 mg ml™ pefabloc, 5 mg ml™ bacitracin and 5 mM benzamidine
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added freshly) was added, and the sample was then incubated for
30 minonice. The lysate was then clarified by centrifugation twice at
10,800 rpmat 4 °C, with the first round lasting for 5minand the second
round lasting for 15min. The supernatant was collected and ready for
ChIP experiments.

For ChIP assays, 50 pl supernatant was taken as the input, and 800 pl
supernatant was taken for ChIP using H3K4me3 (Abcam, ab8580) or
H3K56ac® (prepared in-house) antibodies, with incubation at 4 °C for
12-16 h. The protein-DNA bound to antibodies was enriched using
20 pl prewashed protein G Sepharose agarose beads (GE Healthcare,
17061801) with 2 h of incubation at 4 °C. The binding system was then
stepwise washed with the reagents below, and centrifuged at 2,500 rpm
for1minat4 °C:1x ChlIP lysis buffer (with 0.1 mM PMSF), once; 1x ChIP
lysis buffer, incubated at4 °C for 5 min, twice; 1x ChiIP lysis buffer (with
0.5 MNacl), once; 1x ChIP lysis buffer (with 0.5 M NacCl), incubated at
4 °Cfor 5 min, once; Tris/LiCl buffer, once; Tris/LiCl buffer, incubated
at4 °Cfor 5 min, once; Tris/EDTA buffer, twice. After washing, the liq-
uid was removed using fine syringe needles. For both input and ChIP
samples, 50 pl 20% (w/v) Chelex-100 (Bio-Rad, 1422822) was added,
followed by boiling for 10 minat100 °C for reverse-cross-linking. After
cooling down, 5 pl of 20 mg ml™ proteinase K (Invitrogen, 25530015)
was added and the sample was incubated for 30 min at 55 °C. The
sample was then boiled at 100 °C for another 10 min. The superna-
tant was saved after centrifuging at 14,000 rpm for 1 min, 75 pl for
the input sample and 25 pl for the ChIP sample. Next, 50 pl 2x TE was
added, followed by centrifuging at 14,000 rpm for 1 min. The 50 pl
supernatant was saved and mixed with the previous one. For the ChIP
sample, 35 pl 1xTE was also added, with 35 pl supernatant saved after
centrifugation. For both input and ChIP samples, 90 pl of the total
supernatant was taken for BrdU IP to get MNase-BrdU-IP and eSPAN
samples, respectively.

For BrdU IP, the 90 pl sample was denatured by snap-cooling in an
ice-water mixture for 5 min after 5 min of boiling at 100 °C. Then,
10 pl10x PBS, 800 pl BrdU IP buffer (1x PBS, 0.0625% Triton X-100)
with 0.3 pl Escherichia coli tRNA (Roche, 10109541001) and 0.36 pl
anti-BrdU antibody (BD Biosciences, BD555627) were added into each
sample, followed by 2 h of incubation at 4 °C. The BrdU-labelled nascent
DNA bound to antibodies was then enriched using 15 pul prewashed
protein G Sepharose agarose beads with another 2 h of incubation
at4 °C. The binding system was then washed with ice-cold BrdU IP
buffer three times and with 1x TE once, with 4-5 min of incubation at
4 °Corroomtemperature, respectively. After washing, the remaining
liquid was removed using fine syringe needles. Then, 100 pl elution
buffer (1XTE, 1% (w/v) SDS) was added, and the sample was incubated
at 65 °C for15min at 1,300 rpm on the Eppendorf Thermomixer C.
Next, 85 pl supernatant was collected after centrifuging at 14,000 rpm
for 1 min. Another 40 pl elution buffer was added, with incubation at
65 °C for 5min at 1,300 rpm. Next, 35 pl supernatant was collected
after centrifuging at 14,000 rpm for 1 min and mixed with the previ-
ousone. Together, six samples were generated: input, H3K4me3-ChlP,
H3K56ac-ChIP, MNase-BrdU-IP, H3K4me3-eSPAN and H3K56ac-eSPAN.
All of the samples were purified using the MinElute PCR Purification
Kit (Qiagen) to prepare DNA for library construction. The quality of
DNA was evaluated using quantitative PCR.

The single-stranded DNA libraries were constructed using the
Accel-NGS 1S Plus DNA Library Kit for lllumina (Swift) and sequenced
by the Novogene Genome Sequencing Company on the Illumina
NovaSeq 6000 system. After quality control, the adapter and sequenc-
ing reads with low quality were removed using Trimmomatic®>. Clean
reads were mapped to the S. cerevisiae reference genome (sacCer3)
using Bowtie2 (v.1.2.0)**. Only paired-end reads correctly mapped on
both ends were selected for further analysis. On the basis of the flag
inthe SAM files, each read was assigned to the Watson or Crick strand
using a custom Perl program. BrdU-enriched regions were called using
MACS25%. DANPOS (v.2.2.2) was used to call nucleosome positions and

occupancy*®. The eSPAN bias was defined as the average log, ratio of
the Watson strand reads over the Crick strand reads around 139 early
DNA replication origins. To reduce the impact of the difference in the
incorporation of BrdU among different strains, the eSPAN data were
normalized to MNase-BrdU-IP-Seq data. The normalized eSPAN bias
could represent the relative amount of histone modifications on the
leading or lagging strand at the replication forks. The eSPAN density
was calculated as the eSPAN signals at Watson or Crick strands around
139 early replication origins, after normalization to MNase-BrdU-IP-Seq
data, which could measure the efficiency of parental histone recycling
onleadingor lagging strands. Statistical significance was tested using
rank-sum Wilcoxon tests.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability
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replication origins ARS1309 and ARS1310 in wild-type (WT), tofI-3A, tofIAHTH, intwoindependent experiments. See Methods for more details.
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and mcm2AL cells (n=139). g-h, Heatmap analysis of the H3K56ac-eSPAN bias
around 139 ACSsin WT, tof1-3A, tofIAHTH (g), mcm2-6A, and mcm2AL (h) cells.
Box plots (b, c, e, f) show the median, minimal, maximal, and 25% and 75%
quartiles values. Pvalues calculated using two-sided rank-sum Wilcoxon test.
Similar results were obtained intwo independent experiments. See Methods
for more details.
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Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

Composite map  Global map Global map Local map of
(EMDB-38317)  (Conformation-1)  (Conformation-2)  Sptl6/histones
(PDB 8XGC) (EMDB-38316) (EMDB-38314) (EMDB-38313)

Local map
of Pole
(EMDB-38315)

Data collection and processing

Electron micrograph
Camera
Magnification
Voltage (kV)
Electron exposure (e /A2)
Total frames
Dose rate (e 7A%/s)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)
Map resolution (A)

FSC threshold
Map resolution range (A)

Refinement

Initial model used (PDB code)

Model resolution (A)
FSC threshold
Model resolution range (A)

Map sharpening B factor (A?)

Model composition
Non-hydrogen atoms
Protein residues
Nucleotides
Ligands (Zn?")
Ligands (ADP)

B factors (A?)
Protein
Ligand

R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

FEI Titan Krios G3i TEM
Gatan GIF K3
81,000x
300
50
40
12.5
-1.0 to -2.5
1.06
Cl
1542K
n/a 72K 246K 108K
3.7 3.8 3.8 3.5
0.143
3.4-16.1 3.5-20.3 3.5-17.3 3.3-8.9

11D3, 5BNV, 6SKL, 7NKY

3.7

0.143

3.6-16.1

n/a 116 n/a 50

82765
10319
90

7

5

72
87

0.0045
0.93

1.45
5.28
0.02

97.06
2.94
0.00

25K
3.9

3.8-10.6

100
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Genome browser session No longer applicable.
(e.g. UCSC)
Methodology
Replicates 2 for all experiments
Sequencing depth All samples were sequenced as pair-end, 150 nt reads.

sample | Total reads (M) | Alignment rate
i5]7.93|93.8%

B5 | 6.80 | 95.2%
Cm5 | 11.9 | 92.9%
Ca5 | 7.99 | 93.6%
Ems5 | 15.1 | 93.2%
Ea5 | 17.8 | 94.2%
i9]7.92]93.7%

B9 | 13.1 | 94.8%
Cm9 | 8.57 | 93.8%
Ca9]12.0]92.7%
Em9 | 16.1 | 92.6%
Ea9 | 12.5 | 92.6%
it16 | 6.50 | 95.4%
Bt16 | 8.58 | 96.9%
Cmt16 | 9.05 | 94.6%
Catl6 | 5.04 | 96.4%
Emt16 | 10.0 | 96.0%
Eatl6 | 12.7 | 96.0%
it21 | 4.85 | 95.6%
Bt21 | 4.52 | 97.2%
cmt21 | 13.0 | 95.6%
Cat21]17.2 | 95.1%
Emt21 | 13.1 | 89.2%
Eat21 | 19.4 | 93.1%
it15 | 5.01 | 95.4%
Bt15 | 5.62 | 97.3%
cmtl15 | 14.2 | 95.1%
Catl5 | 12.8 | 96.2%
Emt15 | 18.6 | 95.6%
Eatl5 | 7.92 | 97.0%
it17 | 7.13 | 93.8%
Bt17 | 5.73 | 96.3%
Cmtl7 | 14.7 | 94.4%
Catl7 | 14.6 | 96.0%
Emt17 | 13.2 | 93.7%
Eatl7 | 12.6 | 94.0%
it18 | 7.46 | 94.8%
Bt18 | 6.07 | 96.9%
cmt18 | 9.18 | 95.3%
Catl8 | 17.2 | 96.2%
Emt18 | 10.6 | 93.6%
Eat18 | 15.8 | 94.7%




it22 | 4.40 | 96.0%
Bt22 | 7.24 | 97.2%
Cmt22 | 11.0 | 95.9%
Cat22 | 20.4 | 95.0%
Emt22 | 11.2 | 83.2%
Eat22 | 16.4 | 92.6%
it19 | 8.23 ] 95.2%
Bt19 | 5.90 | 97.0%
Cmt19 | 16.3 | 94.0%
Cat19 | 13.3 | 96.3%
Emt19 | 16.2 | 94.3%
Eat19 | 13.4 | 95.4%
it23 | 6.65 | 96.0%
Bt23 | 6.40 | 97.3%
Cmt23 ] 16.5 | 95.4%
Cat23 | 11.9 | 94.0%
Emt23 | 15.3 | 92.4%
Eat23 ] 10.9 | 93.9%

Antibodies H3K4me3: Abcam ab8580, see above for validation
H3K56ac: developed in-house, see above for validation

Peak calling parameters  Peaks were called using MACS2 with --nomodel --broad.

Data quality Sequences with low quality score were removed with Trimmomatic. Only paired-end reads correctly mapped on both ends were
selected for further analysis. Replicated were examined to ensure reproducibility.

Numbers of peaks FDR<5%
B5w 911
B5c 1091
B9w 1083
B9c 1311
Btl6w 1382
Btl6c 1548
Bt21w 1547
Bt21c 1572
Bt15w 1252
Bt15c 1362
Bt17w 1507
Bt17c 1519
Bt18w 1379
Bt18c 1363
Bt22w 1505
Bt22c 1519
Bt19w 1361
Bt19c 1391
Bt23w 1507
Bt23c 1496

Software Trimming of adaptor sequences and removal of reads with low quality: Trimmomatic
Alignment to the reference genome: Bowtie2
Filtering: SAMtools
Peak calling, generation of fold enrichment tracks: MACS2
Calling of nucleosome position and occupancy: DANPOS

Flow Cytometry

Plots

Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
|Z All plots are contour plots with outliers or pseudocolor plots.

|Z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Cells were fixed in 75% of ethanol. After washing with 1xPBS twice, cells were suspended in Propidium iodide (PI) and RNase
A, and incubated for 30 minutes at room temperature in the dark.

Instrument Flow Cytometer and Cell Sorter workstation (BD FACSAriallll)
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Software FlowJo
Cell population abundance No flow sorting was applied.
Gating strategy No gating strategy is applied for the yeast cells.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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