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Abstract

Genomic DNA, the blueprint of cellular life, is intricately packaged into chromatin within each
cell. Chromatin is a complex of DNA and histone proteins that together form the iconic “beads on
a string” structure, providing a structural scaffold to the genome. Furthermore, through the use of
Post Translational Modifications (PTMs) and histone variants, chromatin provides a sophisticated
regulatory layer known as epigenetics. Epigenetic information plays a pivotal role in modulating
genomic mechanisms and it defines the transcriptionally active “open” euchromatin from the
transcriptionally silenced “closed” heterochromatin.

During cell division, preserving epigenetic information is paramount for maintaining chromatin
structures and cellular identity. This occurs through chromatin replication, a process intricately
linked to DNA replication, which in turn ensures the faithful inheritance of epigenetic marks.
Due to the highly charged nature of histones, the specialized family of the histone chaperones
dynamically controls the deposition of histones during this process. Among the vast and growing
family of histone chaperones, Chromatin Assembly Factor 1 (CAF-1) emerges as a central player
with critical roles in cell differentiation, homeostasis, and cancer development. CAF-1 deposits
histone onto newly synthesized DNA, contributing to the genomic packaging following DNA
replication. Its recruitment to DNA replication forks is orchestrated by Proliferating Cell Nuclear
Antigen (PCNA), a versatile protein central to numerous cellular functions. Despite the recognized
crucial significance of the CAF-1-PCNA pathway in health and disease, the precise coordination
of their activities remains elusive. Here, we review the intricate components of chromatin and
its regulations in the context of epigenetic inheritance, with a specific focus on deciphering the
role of the CAF-1-PCNA pathway.
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Chromatin structure and dynamics

Chromatin organization

Chromatin serves as the primary structure for the storage and compaction of genetic
information within eukaryotic cells. It comprises genomic DNA intricately associated with histone
proteins, forming fundamental units referred to as nucleosomes (7) (Figure 1A ). A nucleosome
is composed of an octamer of histones wrapped by approximately 147 base pairs (bp) of DNA
(2) (Figure 1B). The four major histone types involved in nucleosome formation are H3, H4,
H2A, and H2B, with H3 and H4 forming a heterodimer, and similarly, H2A pairs with H2B (2).
The nucleosome assembly process initiates with the association of two H3-H4 dimers to form
a (H3-H4), tetramer, which is deposited onto DNA, marking the formation of a tetrasome, the
pivotal first step in nucleosome assembly (Figure 1C). Following this, two H2A-H2B dimers are
incorporated, completing the octameric structure, which is then wrapped by DNA (Figures 1B
and 1C) (2). This intricate assembly is facilitated by the electrostatic compatibility between the
positively charged histone core and the negatively charged DNA. Notably, nucleosomes exhibit
a preference for assembling onto negatively supercoiled DNA (3, 4), which is the predominant
conformation of DNA within the cell nucleus (5).

Chromatin exists in diverse states that govern the accessibility of the underlying DNA,
and these states vary across different chromosomal regions. Two primary states exist: open
chromatin, or euchromatin, which allows easy access to DNA and contains active genes as
well as promoters and replication origins (6), and closed chromatin, known as heterochromatin,
which exhibits limited access to the underlying DNA and is associated with silenced genes and
non-coding DNA (6). Heterochromatin is notably concentrated at specific regions in the genome,
including centromeres, pericentromeric regions and telomeres (6). Historically, we distinguish
two types of heterochromatin in human cells: facultative heterochromatin, whose location
varies by cell type, and constitutive heterochromatin, which is conserved in all cell types (7).
To achieve limited access to DNA within heterochromatin, nucleosomes are tightly stacked, a
process mediated by specific proteins such as linker histone H1 and Heterochromatin Protein
1 (HP1) (8). These proteins facilitate tight associations between neighboring nucleosomes (8).

In addition to these structural features, cells have evolved further regulatory layers by
modulating the state of histones within nucleosomes, contributing to the dynamic control and
organization of chromatin.Further discussed below.
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Figure 1: (A) Electron microscopy picture of chromatin in low ionic strength, displaying the so-called
“beads on a string” pattern (7). The beads represent nucleosomes that are connected by genomic DNA.
(B) Crystal structure of the nucleosome (PDB: TAQI), composed of 147bp of DNA wrapped around a
histone octamer (2). Histone dimers H3-H4 and H2A-H2B are respectively colored in green and beige.
(C) Stepwise assembly of histones proteins into a nucleosome. Two H3-H4 dimers associate into a
(H3-H4), tetramer. It is then deposited on DNA to form the tetrasome, the core structure of the final
nucleosome. Two H2A-H2B dimers are then incorporated, and 147bp of DNA wrap the entire histone
octamer. This image was created with BioRender.com.

Chromatin regulates gene expression and genome accessibility using
histone PTMs and variants

Chromatin compaction is crucial in the regulation of DNA accessibility, defining the boundaries
between euchromatin and heterochromatin. Cells have evolved regulated mechanisms
for fine-tuning these dynamic chromatin structures. These mechanisms encompass DNA
modifications (9), the use of histone variants (70), and the deposition of post-translational
modifications (PTMs) on histone tails (Figure 2A). Collectively, these mechanisms create a
complex, multi-layered network of regulation that lies at the core of nearly all vital cellular
processes. These processes include transcription, DNA replication, DNA repair and chromatin
organization, among others (77).

Histone PTMs, predominantly located on lysine residues of histone tails, serve as pivotal
regulators of chromatin organization (17) (Figure 2A). Major histone PTMs include methylation
(mono, di, or tri), acetylation, phosphorylation, ubiquitination, and SUMOylation (17). Of note, distinct
PTMs are associated with heterochromatin and euchromatin, contributing to the organization of
chromatin within the nucleus. In facultative heterochromatin, Polycomb Repressive Complexes
(PRC) PRCT and PRC2 catalyze H2AK119 monoubiquitination and H3K27 trimethylation
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respectively, leading to transcription silencing (72). In contrast, constitutive heterochromatin is
characterized by H3K9 di- and tri-methylation, with several enzymes facilitating the establishment
of these marks in mammals (73). These include the methyltransferases SUV39H1, SUV39H2,
SETDB1, SETDB2, and G9A (also known as EHMT?2) (reviewed in (13)). The intricate interplay
between these various methyltransferases remains a subject of ongoing research.

Euchromatin also harbors specific histone PTMs that promote recruitment of transcription
factors and gene expression (74). H3K27ac is found at enhancers while H3K4me3 localizes to
promoters and transcription start sites, and directly impacts the activity of RNA polymerase
[l (15). On the other hand, H3K36me3, another euchromatin-specific mark, is predominantly
enriched within gene bodies and is thought to directly regulate transcription elongation, and
MRNA splicing (76).

In addition to PTMs, histone variants serve as a powerful tool to modulate chromatin
structures. Histone H3 and histone H2A exhibit a remarkable diversity of variants, in contrast
to the relatively fewer variants known for histones H4 and H2B (70). These variants add another
layer of regulation for chromatin structure and they govern essential cellular processes such as
transcription and DNA repair (70).

Histone H3 variants have been extensively characterized, and three primary variants are
distinguished. The DNA replication-dependent variants H3.1/H3.2 are specifically deposited
genome-wide during DNA synthesis on the nascent sister chromatids (Figure 2B) (17) H3.1 is
also deposited following DNA repair and is frequently enriched in heterochromatin (Figure 2B)
(17). Concurrently, the H3.3 variant is deposited independently of DNA replication, primarily during
transcription (77), although it is also found in specific heterochromatic regions, such as telomeres
(Figure 2B) (18). CENP-A is the most divergent of H3 variants and it is exclusively located at
centromeres (Figure 2B) where it plays a particularly important role during mitosis (79, 20).

Much like H3 variants, H2A variants have a significant influence on chromatin organization,
although our understanding of their functions remains limited. For instance, H2A.Z originally
found to be enriched in active genes, play essential roles in the regulation of a wide range of
nuclear processes with diverse and contrasting functions such as activation and repression of
transcription (27). This has made its characterization more complex, despite very active research.
On the other hand, H2A X is specifically important at sites of DNA damage and is pivotal in
regulating DNA repair processes (22). Lastly, macroH2A is the most divergent histone variant,
and is particularly enriched on the inactive X chromosome (23). However, the precise function
of the macroH2A variant remains poorly understood (24). Importantly, these histone variants
can undergo various PTMs, and multiple isoforms exist for several of them. This intricate and
extensive regulation of chromatin underscores the need for further in-depth research to fully
elucidate the exact roles of each variant and their PTMs.

Histone chaperones control chromatin dynamics

So far, we have highlighted the complex organization of chromatin and the several layers of
regulation that modulate its structure and function. These intricate mechanisms require precise
control over histone proteins throughout the cell cycle and across all chromatin structures.
Histone chaperones effectively control histone dynamics within the cell, preventing unintended
interactions arising from the highly basic nature of histones (isoelectric point > 10) (25, 26). These
chaperones oversee the trafficking of histones within the cell and govern their deposition onto or
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Figure 2: (A) Left panel: Nucleosome cartoon highlighting the sites of important PTMs on the tails of
H3, H4 and H2A. Right panel: Details of the genomic functions related to the PTMs highlighted in the
left panel (TSS: Transcription Start Site). This image was created with BioRender.com. (B) Overview of
H3 variants dynamics along the chromosome, and the histone chaperone involved (copied from (26)
with permission granted from springer nature).

removal from the chromatin on a genome-wide scale. Notably, histone chaperones are
characterized by intrinsically disordered and negatively charged acidic domains, making
them well-suited for histone binding (25, 26). Furthermore, they perform their functionsin a
non-catalytic manner (in an ATP-independent manner,) setting them apart from other his-
tone-binding proteins such as chromatin remodelers (25). While some histone chaperones
facilitate the transfer of histones to other chaperones, others can deposit histone on DNA
to form bona fide nucleosomes (25). Distinct types of histone chaperones exist, including
those specific to H3-H4 (Figure 2B), some with promiscuity for both H3-H4 and H2A-H2B,
and others that chaperone entire histone octamers (26, 27).

H3-H4 chaperones are the most widely studied since the identification of the first histone
chaperone in Xenopus oocytes, 45 years ago (28). Subsequently, a multitude of other H3-H4
chaperones have been identified, each playing roles in numerous vital cellular processes
(25, 29). These H3-H4 chaperones can be categorized into different groups (Figure 2B): DNA
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replication-dependent chaperones, which manage and deposit H3.1-H4 onto DNA during DNA
synthesis, DNA replication-independent chaperones, which promote the exchange of H3.1 with
H3.3 in specific genomic loci, and chaperones involved in histones trafficking and nuclear import
(25, 26, 29, 30).

Following their synthesis in the cytoplasm, histones are rapidly chaperoned to form H3-H4
and H2A-H2B heterodimers by the NASP/HSC70/HSP90 and IPO9/NAPT complexes, respectively
(29). These heterodimers are subsequently imported into the nucleus, where distinct chaperoning
pathways regulate their dynamics.

Once inside the nucleus, the histone chaperone ASF1 binds to H3-H4 and governs its
distribution within the nucleoplasm (29). Structural studies have shown that ASF1 binding to
H3-H4 is not compatible with H3-H4 tetramerization (37). Therefore, ASF1 is presumed to act
as a regulator of H3-H4 availability and distribution within the nucleus. Notably, there are two
isoforms of ASF1 in humans, namely ASF1A and ASF1B (32). The current model suggests that
ASF1B provides H3.1-H4 to the histone chaperone Chromatin Assembly Factor 1 (CAF-1) during
DNA replication (33), whereas ASF1A supplies H3.3-H4 to the chaperone HIRA and DAXX in
DNA replication-independent pathways (33, 34). However, this model remains speculative as
cell-based experiments have shown that both ASF1 isoforms are promiscuous towards H3.1
and H3.3 (35) and other studies found that CAF-1 binds both ASF1A and ASF1B (36). Therefore,
further studies need to decipher the precise pathways regulating the distribution of H3.1 and
H3.3 to their respective chaperones.

The DNA replication-independent pathway is characterized by different chaperones that
regulate H3-H4 incorporation along the chromosome. HIRA deposits H3.3-H4 dimers at active
regulatory elements such as enhancers, and promoters, as well as within gene bodies (37)
(Figure 2B). While its function is essential for development in mice (38) and the enrichment of
H3.3 across the genome (39), the regulation and precise mechanism of action of HIRA remains
largely unknown. Future studies are required to elucidate the precise role of this chaperone and
its contribution to cellular homeostasis. During transcription, the chaperones FACT and SPT6
facilitate transcription, where they cooperate with the chromatin remodelers CHD1 to disrupt
chromatin ahead of the transcription machinery and promote histones recycling following the
passage of RNA polymerase Il (Figure 2B) (40—43). In certain heterochromatic regions, specialized
histone chaperones have evolved to promote the deposition of H3.3. DAXX associates with the
chromatin remodeler ATRX and deposits H3.3 at telomeres (Figure 2B) (78), which is thought to
be important for proper development of mammalian gametes (44). Centromeres, on the other
hand, are heterochromatic regions with unique chromatin content. Here, the chaperone HJURP
deposits the H3 variant CENP-A (Figure 2B), which is essential for kinetochore assembly during
mitosis (45). While H3.1 and H3.3 are better characterized, there is limited knowledge about the
trafficking of CENP-A within the cell and its incorporation into nucleosomes. Further studies are
needed to determine the precise mechanisms governing its deposition on DNA and to identify
other chaperones involved upstream of HJURP.

As of today, H2A-H2B are less extensively characterized, and rarely exhibit the same level
of specificity as observed for H3-H4 in DNA replication-independent and -dependent pathways.
Instead, they often share histone chaperones with H3-H4 such as FACT and NAP1 that control
their incorporation without distinctions between transcription, DNA replication or other cellular
programs (41, 46—50).
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In budding yeast, the Chz1 chaperone was found to specifically interact with the H2A.Z variant
(57). In mammals ANP32E removes H2A.Z from chromatin (52), while YL1 is thought to deposit
this variant (563). Interestingly, all H2A.Z chaperones are thought to cooperate with the chromatin
remodelers SRCAP or p400/TIP60 to efficiently mediate H2A.Z deposition on chromatin (562-54).
This collaboration is reminiscent of the observed partnership between DAXX and the chromatin
remodeler ATRX for the deposition of H3.3 at telomeres (18). Future studies will need to explore
the interplay between histone chaperones and chromatin remodelers during chromatin dynamics.

APLF and recently ANP32B have been proposed to chaperone the macroH2A variants (55, 56),
albeit the precise mechanisms used by these chaperones to control macroH2A incorporation is
still unknown. Notably, APLF has also been shown to chaperone the entire histone octamer (57).
To date, this is the only histone chaperone known to handle an entire octamer.

Chromatin replication

Eukaryotic genomes are packaged into chromatin, a structural framework that governs
fundamental cellular processes such as DNA replication, gene expression, or DNA repair.
Maintaining the integrity of chromatin through mitosis is critical to safeguard transcriptional
programs that define homeostasis and cellular identity. Consequently, prior to cell division,
chromatin information is accurately reestablished on the newly synthesized sister chromatids

mirroring that of the mother cell. Safeguarding this process preserves the cellular identity and
overall functionality of the future daughter cells. Complex mechanisms have evolved to safeguard
chromatin information throughout cell division, occurring concurrently with DNA replication during
the S phase of the cell cycle.

DNA replication

General principles

Chromatin replication is intricately linked to the process of DNA replication itself. When cells
divide in mitosis, their genome must first be faithfully duplicated to provide a copy of the “manual”
for the future daughter cells. This critical process, known as DNA replication, involves the faithful
duplication of a DNA molecule (the parental DNA) into two identical DNA strands (the daughter
strands or sister chromatids) (Figure 3A) (reviewed in (58)).

DNA replication begins during the G1 phase with the licensing of replication origins (59).
Multiple origins exist within each chromosome to facilitate the rapid and efficient duplication of
the genome. In budding yeast, a well-defined consensus sequence governs this process, while
in metazoans, origins are less intrinsically defined, and epigenetic factors are thought to play a
significant role (60). The replication machinery assembles in the multiple step process that begins
with origin licensing. There, several proteins, including the Origin Recognition Complex (ORC)
assemble at replication origins, facilitating the loading of two Mini Chromosome Maintenance
(MCM2-7) helicases in a head-to-head configuration, with each helicase encircling the DNA (67,
62). Then, a subset of these licensed origins enters the next phase known as origin firing, which
activates the helicases for DNA unwinding and subsequent synthesis. This step is tightly regulated
by CDK and DDK kinases as the cell transitions from G1 to S phase (59). Following origin firing,
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each helicase encircles one of the two DNA strands, and the exposed single-stranded DNA
(ssDNA) is subsequently protected by Replication Protein A (RPA) (Figure 3A). Accessory factors
GINS and Cdc45 combine with MCM2-7 to form the active CMG helicase (Cdc45-MCM2-7-GINS)
(63, 64). They are followed by DNA polymerase epsilon (Pole) that forms a tight association
with the CMG, marking the future site of DNA synthesis for the leading strand (65, 66) (Figure
3A). This newly formed structure induces the recruitment of several factors, including DNA
polymerase alpha (Pola), which initiates DNA synthesis on both the leading and lagging strands by
synthesizing a short RNA that primes DNA synthesis for the replicative DNA polymerases (Figure
3A) (67). Two distinct DNA polymerases function on the two daughter strands: as mentioned
earlier, Pole acts on the leading strand, while DNA polymerase delta (Pold) operates on the
lagging strand (67) (Figure 3A). Notably, the initial unwinding of the replication origin results in
short under-replicated regions on the leading strand, and it is thought that Pold is responsible
for filling these gaps, highlighting its unique role on the leading strand during DNA replication
initiation (68-70).

Both Pole and Pold exhibit limited intrinsic activity for DNA synthesis. Biochemical
reconstitutions revealed that Pold has no intrinsic processivity, while Pole shows minimal
activity (77) that is further increased by its interaction with the CMG (72). To circumvent this
inherent lack of processivity, both polymerases utilize a DNA replication processivity factor called
Proliferating Cell Nuclear Antigen (PCNA) that tethers the polymerases onto the DNA, enabling
rapid and efficient DNA synthesis (Figure 3A) (73). PCNA is a homotrimeric protein that encircles
double-stranded DNA at replication forks (74) and directly interacts with the polymerases,
anchoring and stabilizing them on the template DNA (Figure 3A). Biochemical studies found
that while PCNA has a high binding affinity for Pold, the interaction with Pole is 30-fold weaker
(75), emphasizing the importance of the Pole-CMG interaction for the full processivity of the
leading strand polymerase (76). While little is known on the interaction between PCNA and Polg,
the structure of a PCNA-Pold complex has revealed that a single anchor point between PCNA
and Pold is mediating their interaction (77, 78), leaving the other two PCNA monomers available
for recruiting additional factors.

Following origin firing, DNA replication transitions to the elongation phase, where the two
assembled DNA replication machineries (also known as replisomes) move in opposite directions,
creating two replication forks. Within each replisome, DNA polymerases € and 6 synthesize
DNA in the 5-3" direction on each strand. However, due to the antiparallel orientation of the DNA
double helix, the two native strands are synthesized in opposite directions, leading to two distinct
mechanisms of DNA synthesis. On the leading strand, Pole directly interacts with the CMG and
synthesizes DNA in a continuous manner, following the translocation of the CMG on parental DNA
(Figure 3A). However, on the lagging strand, Pold synthesizes DNA in a discontinuous manner
in short DNA fragments (~200 bp) called Okazaki fragments (Figure 3A) (79). Each of these
fragments are primed by Pola and subsequently extended by Pol&. They are later processed
and ligated together during Okazaki fragments maturation, a process orchestrated by PCNA
(Figure 3A) (80). Indeed, PCNA recruits the endonuclease FENT which removes the RNA
primer (previously synthesized by Pola), and the ligase LIG1/Cdc9 that joins Okazaki fragments
together (Figure 3A) (80). Replication elongation then proceeds along the chromosome until two
replisomes converge, leading to DNA replication termination (reviewed in (87)).
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Figure 3: (A) Schematic of the eukaryotic replication machinery. The CMG helicase (Cdc45, MCM2-7,
GINS) translocates on the leading strand template and unwinds the parental DNA. The exposed ssDNA
in the process is protected by RPA. Pola primes DNA synthesis by synthesizing a short RNA primer.
On the leading strand, Pole directly binds the CMG and synthesizes DNA following the translocation
of the CMG. On the lagging strand, Pold synthesizes DNA in the opposite direction and produces short
discontinuous Okazaki fragments. Both polymerases are stabilized on DNA by the ring-shaped ho-
motrimer PCNA. PCNA also mediates Okazaki fragments maturation by recruiting the endonuclease
FEN1 and a ligase. This image was created with BioRender.com. (B) PCNA structure (PDB: 1PLQ) (74).
Right panel: Front face of PCNA that harbors the PIP binding regions on each monomer (magenta).
The RD regions, an additional interface known to be important for PCNA function in yeast, is colored
in purple (88). (C) CryoEM structure of a human PCNA homotrimer simultaneously bound to Pol6 and
FENT (PDB: 6TNZ) (78). Both the polymerase and FENT engage a single PCNA monomer, leaving the
third one available for additional interactions. This structure highlights the ability of PCNA to mediate
several functions at the same time.
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PCNA is a master regulator of DNA replication forks

As previously mentioned, PCNA is central to DNA replication by providing processivity to DNA
polymerases and by coordinating Okazaki fragment maturation on the lagging strand. PCNA was
originally identified as an essential protein for DNA replication in the SV40 system (82), and as an
auxiliary protein for Pold (83) and Pole (76) during DNA synthesis. Since then, it has been shown
that PCNA is involved in several key cellular processes such as, DNA repair, chromatin assembly,
epigenetic inheritance, sister chromatid cohesion and cell cycle regulation (73).

As a ring-shaped homotrimer (Figure 3B) (74) belonging to the sliding clamp family, PCNA
encircles double-stranded DNA, sliding bidirectionally in an ATP-independent manner (84). The
inner surface of the ring is enriched in positively charged amino acids, providing a suitable surface
for sliding on DNA (85). The front side of the PCNA ring, facing DNA synthesis and binding
polymerases, features the Inter Domain Connected Loop (IDCL), defining the PCNA Interacting
Peptide (PIP) binding pocket on each monomer (Figure 3B) (73). This region is highly conserved
and serves as the primary interaction site for binding partners carrying PIPs, a conserved domain
found in PCNA interactors, with the consensus sequence Q-x-x-W-x-x-3-8, in which ¥ is a small
amino acid with an aliphatic chain (L, V, or I), & is an aromatic residue (Y or F), and x is any residue
(86). Yet, recent studies revealed that many proteins that bind PCNA via the PIP binding pocket use
degenerate PIP motifs not strictly following the consensus sequence (87). Moreover, while the PIP
binding pocket mediates numerous crucial interactions, PCNA also employs additional surfaces
to bind proteins. This is notably the case of the RD region on the back side of PCNA (Figure 3B).
Indeed, mutations on the PCNA surface, outside the PIP binding pocket, significantly impact
PCNA functions, emphasizing a complex interaction network throughout its diverse functions
(Figure 3B) (88). Due to its homotrimeric configuration, PCNA harbors three distinct binding sites
for PIPs, allowing multiple interactions simultaneously. A recent structural analysis of a complex
involving PCNA on DNA, binding Pold and FEN1 simultaneously (Figure 3C) (78) confirmed that
PCNA uses a so-called toolbelt mechanism during Okazaki fragment maturation (73).

PCNA abundance on DNA is tightly regulated by clamp loaders, enzymatic complexes whose
activity relies on ATP hydrolysis (89). Two distinct types of clamp loaders are recognized based
on their capacity to either load or unload PCNA. The RFC1-5 pentamer is the consensus clamp
loader that loads PCNA at single-stranded/double-stranded DNA junctions (more specifically
at free 3'OH termini) (90, 97). Other clamp loaders are referred to as RFC-like clamp loaders
(RLC) as they all share the RFC2-5 subunits, with RFC1 being the differing subunit (89). For
instance, heptameric clamp loader CTF18-RFC directly binds Pole on the leading strand during
DNA replication, where it is thought to specifically load PCNA (92-95). While CTF18-RFC plays
an important role during unperturbed DNA synthesis (92, 93) and sister chromatid cohesion (96),
itis plausible that it further regulates PCNA-mediated function on the leading strand. In contrast,
the only PCNA unloader known is ATAD5-RFC (Elg1 in yeast) that removes PCNA from DNA,
following DNA replication (97, 98). This enzyme is pivotal, as it tightly controls PCNA-mediated
processes on DNA. It is worth noting that most biochemical studies on PCNA have employed
reconstitutions that lack the DNA loading component, leaving a significant gap in understanding
how PCNA-mediated reactions occur on DNA.

As previously mentioned, PCNA plays various roles beyond DNA replication. This comprises
DNA repair where it recruits repair factors during Translesion Synthesis (TLS), Nucleotide
Excision Repair (NER), Base Excision Repair (BER) and Mismatch Repair (MMR) (73, 86).
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PCNA also controls cell cycle progression, notably by binding to p21 that negatively regulates
cell cycle entry in S phase. (99). Furthermore, PCNA is at the heart of chromatin control and
epigenetics inheritance where it promotes DNA and histones methylation in heterochromatin
(700, 101), sister chromatids cohesion following DNA replication (102) and where it recruits the
chromatin remodelers SMARCAD1 (703). Importantly, PCNA controls chromatin assembly on
newly-synthesized DNA, by recruiting the histone chaperone CAF-1 to replication forks, where
nucleosomes are subsequently assembled (further discussed below) (88, 104). In essence,
PCNA stands out as an exceptionally multifaceted protein, engaging with dozens of proteins
that collectively govern multiple essential cellular processes (86). Consequently, mechanisms
are in place to regulate these interactions and prevent uncontrolled processes. Indeed, PCNA is
subject to several modifications that modulate its ability to interact with certain proteins (reviewed
in (86)). A few examples are the ubiquitination of K164 that leads to recruitment of low fidelity
polymerases during TLS, while its SUMOylation inhibit homologous recombination (73) and
favor interaction with CAF-1 during transcription-DNA replication conflict in human cells (705).
Despite intense research efforts, the full extent of the regulation of PCNA function throughout
the cell cycle remains poorly understood. This is due to the overlap and complexity of the various
pathways converging to PCNA. Although several PCNA inhibitors are already used as cancer
treatments (73), a better understanding of the regulation of its activity is promising for more
targeted therapies.

Recycling of epigenetic information

DNA replication occurs in the context of chromatin in cells and the passage of the replisome
is a disruptive process for chromatin (Figure 4A) (106-108). Indeed, the histones on parental
DNA (parental histones) are evicted by histone chaperones, an essential process for replisome
passage. However, these parental histones carry vital PTMs that dictate chromatin organization
and function, including methylation marks such as H4K20me2 or H3K27me3 (106, 107).
Consequently, histones with their PTMs are recycled and redeposited onto each daughter strand
(109), ensuring that the chromatin organization on sister chromatids mirrors that of the parental
chromatin (Figure 4A).

As previously mentioned, histone dynamics are controlled by histone chaperones. When the
replisome encounters a nucleosome, the chaperone FACT initiates its disassembly (170) (Figure
4B). Subsequently, recycled H2A-H2B dimers remain intact, and the remaining H3-H4 tetramer is
extracted from chromatin and recycled without dissociation, preserving its tetrameric structure
(117). Using genomic-based methods in yeast and mouse embryonic stem cells, two distinct
H3-H4 recycling pathways were identified (172-114).

In the first pathway, H3-H4 recycling towards the leading strand is facilitated by the Pole
chaperone (Figure 4B) (114). Pole is made out of four subunits: Pol2, Dpb2, Dpb3 and Dpb4 in
yeast (POLET, POLE2, POLE3 and POLE4 in human respectively). Notably, Dpb3-Dpb4 harbors a
long acidic domain and a histone fold that resembles H2A-H2B, providing an ideal docking site for
H3-H4 (115). Whether Pole directly redeposits H3-H4 onto the newly synthesized DNA or involves
another chaperone remains unknown. In the second pathway, parental H3-H4 are recycled toward
the lagging strand, involving multiple chaperones such as MCM2, Pola, and RPA, which are all
part of the replisome (Figure 4B) (113, 716-119). Similarly to the leading strand, we ignore whether
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Figure 4: (A) Electron microscopy picture of a “replication bubble” in the context of chromatin (177).
The red rectangle indicates a replication fork progressing through chromatin. (B) Schematic of chro-
matin replication dynamics at replication forks, as happening in the red rectangle in panel A (reviewed
in (106, 107)). Histone chaperones that are part of the replisome are highlighted in light purple, while
external chaperones are colored in orange. FACT disassembles nucleosomes upstream of the repli-
some. Pole promotes recycling of H3-H4 towards the leading strand. MCM2, Pola, and RPA facilitate
H3-H4 recycling towards the lagging strand. Pola also contributes to H2A-H2B recycling towards the
lagging strand. CAF-1 directly assembles nucleosomes on newly replicated DNA, using new H3-H4
handed over by ASF1. This image was created with BioRender.com.

these chaperones are simply handling the histones towards the lagging strand or if some may
be able to redeposit them onto the newly-synthesized DNA. Importantly, both pathways are
simultaneous and allow to recycle H3-H4 in a symmetrical manner, ensuring that each chromatid
receives about 50% of parental histones (Figure 4B) (779). In addition to histone chaperones
that are part of the replisome, FACT is known to contribute to H3-H4 recycling towards both
the leading and lagging strands (720). Furthermore, multiple interactions between FACT and
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other chaperones embedded in the replisome have been identified (117,118, 121, 122) and FACT
is known to deposit histones on DNA to form nucleosomes (123-125). Therefore, FACT is a
prominent candidate as the chaperone that coordinates parental histone recycling with their
reassembly on newly synthesized DNA.

A recent study suggests that the recycling of parental H3-H4 specifically occurs on
heterochromatin, while histones carrying active PTMs on euchromatin inefficiently recycle (126).
Yet, other studies showed that active marks such as H3K4me3 and H3K36me3 are efficiently and
symmetrically recycled at replication forks (109, 127, 128). Despite these discrepancies, all studies
converge to the idea that in euchromatin, the inheritance of chromatin marks also depends on
epigenetic components, such as transcription factors and transcription itself, that in turn, promote
the re-establishment of active chromatin marks.

H2A-H2B recycling is a less explored and poorly understood aspect of chromatin dynamics.
Yet, it has been shown that the proper recycling of H2A-H2B is crucial for maintaining
heterochromatin domains (729). Recent findings indicate that, similarly to H3-H4, H2A-H2B is
recycled symmetrically between leading and lagging strands (729). To date, Pola is the sole
replisome component known to chaperone H2A-H2B towards the lagging strand, while no
chaperone has been identified for recycling towards the leading strand (729, 130). While other
chaperones such as FACT are hypothesized to contribute to H2A-H2B recycling during DNA
replication (42, 48), comprehensive testing and further investigations are required to establish
the complete network of histone chaperones regulating H2A-H2B recycling at replication forks.

De novo histone deposition

Newly synthesized histone supply

During DNA replication, parental histones are recycled towards the two sister chromatids,
resulting in a 2-fold dilution of histone abundance on DNA (706). In order to maintain chromatin
density on both sister chromatids, new histones must be deposited (Figure 4B) (106). Therefore,
a burst in the production of new H3.1-H4 dimers as well as H2A-H2B occurs during the G1/S
transition of the cell cycle (17). These histones are marked by hyperacetylation and the absence
of methylation marks typical of parental histones (e.g. H4K20meO, H3K9me0) (737). Following
synthesis and nuclear import of H3.1-H4 dimers, the ASF1 chaperone regulates their intranuclear
dispatch, with the ASF1B isoform specifically handling H3.1-H4 (33). Subsequently, the histone
dimers are handed over from ASF1 to CAF-1, the histone chaperone responsible for depositing
new histones on newly replicated DNA (Figure 4B) (132). Once loaded with histones, CAF-1
is guided to sites of ongoing DNA synthesis, where it directly deposits H3.1-H3 on the newly
replicated DNA (Figure 4B) (104). Importantly, this process is mediated through a direct interaction
between CAF-1 and the DNA polymerase processivity factor PCNA, enriched at the back of the
replisome (Figure 4B) (88, 104).

The function of CAF-1 during DNA replication impacts several fundamental processes, playing
a crucial role in cellular differentiation and preserving cell identity (133, 134). Additionally, CAF-1 is
involved in DNA repair pathways such as homologous recombination (HR) (735), non-homologous
end joining (NHEJ) (136), and transcription replication conflict (7105), and its genetic depletion
is lethal in metazoans (137-141). Therefore, due to its crucial role in S phase, CAF-1 plays a
significant part in maintaining homeostasis in cycling cells, especially in highly proliferative cells
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like cancer cells. For this reason CAF-1 has become a potential therapeutic target in the past
decade (742, 143).

CAF-1 architecture

CAF-1 is a heterotrimer consisting of large (Cac1/p150), middle (Cac2/p60), and small (Cac3/
p48) subunits in yeast and human respectively (Figure 5A) (144-146). Due to a high degree of
disorder in the large subunit, it has been historically difficult to characterize the structure of
CAF-1 (147-149). However, a recent study succeeded to solve the structure of a human CAF-1
subcomplex (lacking the N and C termini of p150) bound to the histones H3-H4 (150). Their
results align with several biochemical studies, indicating that both the middle and small subunits
have a similar globular fold with WD40 repeats (147-149). The large subunit binds the other two
subunits with independent interfaces. The small and middle subunits do not interact with each
other (Figure 5A). The N terminus of the large subunit contains two PIP domains (PIP1 and PIP2)
and a DNA binding “KER" domain, while the acidic domain lies between the binding interfaces for
the middle and small subunits (Figure 5A) (147, 151-154). Interestingly, a small globular Winged
Helix Domain (WHD), crucial for chromatin assembly and the association of two CAF-1 on DNA,
engages in an intramolecular interaction with the acidic domain (147, 151, 155) (Figure 5A). This
interaction is relieved when histones bind to the acidic domain, making the WHD available for
DNA interactions (Figure 5A) (155).

In humans, the large subunit of CAF-1 (p150) exhibits additional domains not identified in
yeast. Specifically, it directly interacts with the heterochromatin protein HP1 through a conserved
domain inits N-terminus (PxVxL) (156, 157). While CAF-1 is functionally linked to heterochromatin
maintenance (158), the role and regulatory mechanisms of the interaction with HP1 are not fully
understood. Furthermore, the p150 subunit also features a SUMO interacting motif (SIM), believed
to facilitate the SUMOylation of binding partners such as PCNA (705, 159). Interestingly, it has
been suggested that CAF-1 also functions with ubiquitin moieties, particularly during unperturbed
DNA synthesis (160) and translesion synthesis (7167). However, the role and impact of these
moieties on human CAF-1 remain elusive, requiring further investigation for a comprehensive
understanding of their function.

Mechanism of CAF-1-mediated chromatin assembly

CAF-1 plays a crucial role in depositing histones on newly replicated DNA. In yeast, this process
depends on the acetylation of H3K56 by Rtt109 (762), a step that promotes the transfer of H3-H4
from ASF1 to CAF-1. Although the details of this handover mechanism are not well-characterized,
it is known to occur through an interaction between ASF1 and the C-terminus of the Cac2/
p60 subunit (163) resulting in a H3-H4 dimer being chaperoned by CAF-1. The acidic domain,
located in the large subunit, neutralizes positive charges along the H3-H4 dimer, particularly on
the side where DNA binds in a nucleosome (750). The middle subunit also contributes to H3-H4
chaperoning, although to a lesser extent, and its precise contribution to chromatin assembly
remains unclear. On the other hand, the small subunit forms contacts with the N-terminus tail of
H3 (sites of vital PTMs such as H3K4 and H3K9). This is particularly interesting in light of CAF-1
function in the establishment of heterochromatin domains bearing H3K9me3 (758).

The mechanism of CAF-1-mediated nucleosome assembly is only partially understood,
primarily because it was studied in absence of other factors (Figure 5B). Upon receiving an H3-H4



22| Chapter 1

A

acidic

Nucleosome
S \®
O
H2A-H2B
g ® 1
Tetrasome t t

N

Figure 5: (A) Left panel: Overall architecture of the CAF-1 heterotrimer (the nomenclature refers to
S.cerevisiae). Cac2 and Cac3 are globular subunits, while Cac1 is highly disordered. Cac1 harbors two
PIPs in its N terminus (namely PIP1 and PIP2), interspaced by a KER DNA binding domain. At the C
terminus, a WHD DNA binding domain engages in an intramolecular interaction with an acidic domain
located in the middle of CacT. This acidic domain and the Cac2 subunit are the primary binding sites for
H3-H4 dimers. Right panel: H3-H4 binding to the acidic domain destabilizes its own interaction with the
WHD, which becomes exposed and available for DNA binding. This image was created with BioRender.
com. (B) Mechanism of nucleosome assembly by CAF-1 in absence of other factors (reviewed in (172)).
1. Free CAF-1 is in an auto-inhibitory configuration, where the WHD domain engages with the acidic
domain of Cacl. 2. H3-H4 binding to the acidic domain destabilizes the WHD interaction. The WHD is
then available for DNA interaction. Two CAF-1-H3-H4 complexes associate on DNA via their WHD. 3.
The association of two CAF-1-H3-H4 on DNA promotes the formation of a (H3-H4), tetramer. 4. The
(H3-H4), tetramer is wrapped by 80nt of DNA, forming the tetrasome. Two H2A-H2B dimers are then
incorporated, forming the full histone octamer. The DNA further wraps itself (147 bp) around the histone
complex to form a nucleosome. This image was created with BioRender.com.
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dimer from ASF1, CAF-1 chaperones it with its acidic domain. CAF-1 binding to the H3-H4 dimer
exposes the tetramerization interface on H3, allowing the formation of a (H3-H4)2 tetramer later
(Figure 5B). This was recently confirmed by the first Cryo-EM structure of the core CAF-1 complex
with H3-H4 (7150). The binding of H3-H4 to the acidic domain destabilizes the intramolecular
interaction with the WHD, which becomes available for DNA interaction (Figure 5B). Finally,
two CAF-1-H3-H4 complexes associate on DNA, in a step that is promoted by the WHD (Figure
5B). The histone tetramer is then enveloped by 80 bp of DNA through electrostatic interactions,
resulting in tetrasome assembly (Figure 5B) (144, 152).

While informative, this mechanism does not consider the PCNA requirement observed in cells
(88, 152), and more sophisticated reconstitutions are being developed to study the effect of PCNA.
Early studies revealed that CAF-1 is recruited to replication forks by the DNA replication factor
PCNA through the PIP domains in the large subunit (88). PIP2 was shown to have a prominent
role in nucleosome assembly, whereas the role of PIP1 remains unclear and unexplored (757,
152). Furthermore, at replication forks, PCNA is engaged in interaction with DNA polymerases or
Okazaki fragment maturation machineries. How CAF-1 positions itself in these PCNA moieties is
unclear. Therefore, the actual mechanism employed by CAF-1 and PCNA in replication-coupled
chromatin assembly remains largely unknown.

Chromatin maturation

In the wake of DNA replication, sister chromatids carry a mixture of newly-synthesized and
recycled parental histones (7106, 107). Recycled parental histones, enriched with essential PTMs
and variants, contrast with the “naive” new histones deposited by CAF-1, which lack pertinent
epigenetic information. Therefore, a process known as chromatin maturation occurs to maintain
the pre-replicative epigenetic landscape on all nucleosomes (106, 107). Because chromatin
maturation occurs differently across diverse chromatin domains as well as between different
species, it has been particularly difficult to study (73, 706)

Research on chromatin maturation has primarily focused on heterochromatin domains,
which remains a very active field of research. Following replisome passage, key facultative
heterochromatin marks such as H2A-K119 ubiquitination (Ub) and H3K27me3 are uniformly
distributed on both leading and lagging strands (127, 129). H2A-K119Ub and H3K27me3 engage
in a positive feedback loop with PRC1 and PRC2 respectively, facilitating their propagation in cis,
to neighboring naive histones (729).

In constitutive heterochromatin, the re-establishment of H3K9me3 on nascent DNA involves
an intricate network of histone methyltransferases (73). Recent discoveries suggest that the
histone chaperone DAXX recruits histone methyltransferases to facilitate H3.3K9me3 deposition
on chromatin suggesting that chromatin assembly and maturation may happen concurrently
(164). Interestingly, in mouse cells, while H3K9me2 is symmetrically distributed at DNA replication
forks, H3K9me3 is only recycled towards the leading strand, raising questions as to how this mark
is re-established on lagging strand (7165). This evidence suggests that chromatin maturation may
also occur in trans between sister chromatids. Future work needs to decipher the complexity
of H3K9me3 establishment on nascent DNA amid the high redundancy of methyltransferases
regulating this pathway.

Maturation in euchromatin domains is relatively understudied. It is thought that the recycling
of H3K4me3 and H3K36me3 during DNA replication facilitates re-entry of RNA polymerase ||
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and the binding of transcription factors (728). Therefore, active transcription may subsequently
lead to the maturation of native histones with active marks. Further investigations are essential
to elucidate the precise mechanisms governing the restoration of active marks in euchromatin
and the precise role of transcription in this pathway.

Aim and Outline of the thesis.

In the last decade, the histone chaperone CAF-1 has emerged as a new marker of several
cancers and tumor proliferation (142, 143, 166-168). Yet, we do not understand how CAF-1
exerts its primary function in our cells, leaving a gap in our knowledge of its role in health and
disease. Early studies identified CAF-1 as a chromatin assembly factor that collaborates with
the DNA replication factor PCNA to achieve chromatinization of naked DNA during S phase
(88, 104, 145). However, the mechanism used by CAF-1 and PCNA to propagate epigenetic
information through cell division remains unknown. Investigating the precise molecular
mechanisms employed by CAF-1 and PCNA during chromatin assembly would greatly advance
our understanding of chromatin replication. In this thesis, we present an in-depth study of this
mechanism. In Chapter 2, we combined biochemical reconstitutions with genomic approaches
to describe the mechanism of CAF-1-mediated new histone deposition in S phase. Our work
highlighted the complex interplay between DNA synthesis and chromatin assembly revealing the
physical uncoupling of de novo histone deposition pathway from the replisome. This work has
prompted further questions into the assembly of the CAF-1-PCNA complex, leading us to develop
single-molecule-based assays due to the limitations of conventional in-bulk methods (Chapter 3).
Given the notorious challenges associated with studying PCNA-mediated reactions on DNA, most
previous single-molecule studies of PCNA excluded DNA from their reconstitutions. In Chapter
3, we extensively troubleshooted the fluorescent labeling of PCNA to obtain a suitable method
that does not affect the stability of the protein on DNA. Our collaboration with Pr. Nynke Dekker
(TU Delft) resulted in the establishment of a novel setup that enables the observation of PCNA
reactions on DNA at the single-molecule level. Our lab will now use this tool to gain insights into
the assembly of CAF-1-PCNA complexes and the kinetics of chromatin assembly in this context.

While CAF-1 is emerging as a promising therapeutic target (143), we still lack high resolution
structural information of the CAF-1-PCNA complex. Solving the structure of this complex would
pave the way for the development of inhibitors aimed at targeting CAF-1 function in diseases.
In Chapter 4, we combine AlphaFold and biochemical reconstitutions to gain insights into the
assembly of CAF-1-PCNA complexes at DNA replication forks. Our work highlights a complex and
extensive interaction between CAF-1 and PCNA. Notably, we identify a novel binding interface
between these proteins that we believe to be unique among the various interactions mediated
by PCNA. This discovery holds promise for the development of therapies focused on CAF-1, as
this newly identified interaction may offer means to selectively target CAF-1 function with PCNA
without interfering with the numerous other essential processes mediated by PCNA.

Our work in Chapters 2, 3 and 4 using yeast proteins brought tremendous insights in the
CAF-1-PCNA-mediated chromatin assembly mechanism. However, in order to translate this
knowledge into potential health improvement, it is imperative to validate these findings using
human proteins. Importantly, these mechanisms in humans are regulated by PTMs and protein
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variants (35, 169, 170) and these differences may well regulate CAF-1 activity in cells. In Chapter
5, we set up biochemical reconstitutions with human proteins and demonstrated that the
mechanism of chromatin assembly on PCNA is conserved. Furthermore, our research indicates

that CAF-1 exhibits relatively low specificity in its interactions with binding partners, particularly

concerning certain PTMs and histone variants. Our work sheds lights on how cells regulate the

function of CAF-1 at DNA replication forks.
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Abstract

During every cell cycle, both the genome and the associated chromatin must be accurately
replicated. Chromatin Assembly Factor-1 (CAF-1) is a key regulator of chromatin replication, but
how CAF-1 functions in relation to the DNA replication machinery is unknown. Here, we reveal
that this crosstalk differs between the leading and lagging strand at replication forks. Using
biochemical reconstitution, we show that DNA and histones promote CAF-1 recruitment to its
binding partner PCNA and reveal that two CAF-T complexes are required for efficient nucleosome
assembly under these conditions. Remarkably, in the context of the replisome, CAF-1 competes
with the leading strand DNA polymerase epsilon (Pole) for PCNA binding. However, CAF-1 does
not affect the activity of the lagging strand DNA polymerase Delta (Pold). Yet, in cells, CAF-1
deposits newly synthesized histones equally on both daughter strands. Thus, on the leading
strand, chromatin assembly by CAF-1 cannot occur simultaneously to DNA synthesis, while on the
lagging strand these processes may be coupled. We propose that these differences may facilitate
distinct parental histone recycling mechanisms and accommodate the inherent asymmetry of
DNA replication.
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Introduction

During every cell cycle, a new copy of the genome is made. At the same time, genomic
chromatin organization must be replicated to ensure faithful transmission of the parental
epigenetic state to both daughter cells after cell division. Therefore, genome and chromatin
replication are tightly coupled and regulated by the concerted action of several dozens of proteins.
Errors in both processes affect cell function; they can derail developmental programs or cause
diseases, such as cancer (1-4).

DNA is replicated by the replisome, which is comprised of a core Cdc45-MCM-GINS (CMG)
helicase complex, DNA polymerases and regulatory factors (5-9). Two distinct DNA polymerases
function on the two daughter strands: DNA polymerase epsilon (Polg) acts on the leading strand,
whereas DNA polymerase delta (Pold) acts on the lagging strand (10-14). Because both DNA
polymerases synthesize DNA in the 5-3" direction, the two strands are replicated via distinct
mechanisms. Pole tightly binds the CMG and continuously extends the leading strand, while Pold
discontinuously synthesizes short Okazaki fragments, which are later processed and ligated on
the lagging strand (13-17). Despite their mechanistic differences, both DNA polymerases require
the processivity factor Proliferating Cell Nuclear Antigen (PCNA) for their function. PCNA is an
essential homotrimeric clamp that encircles newly synthesized double-stranded DNA, tethering
the DNA polymerases to DNA. It is abundant at replication forks where, in addition to the DNA
polymerases, it binds many other factors involved in genome replication, chromatin assembly
and the response to stress and damage (18-20).

Chromatin replication requires proteins that function as histone chaperones, which include
replisome components with histone binding properties (i.e. MCM2, Pole, Pola and RPA) and
bona fide histone chaperones that are recruited to the replisome (i.e. FACT, CAF-1 and ASF1)
(4). These proteins coordinate the recycling of parental histones to spatially maintain the
landscape of histone post-translational modifications. They also promote the incorporation of
newly synthesized histones to preserve nucleosome density on the daughter DNA strands (2,
4). Replicated DNA is readily assembled into chromatin (21, 22), a process that constitutes the
first critical step to the re-establishment of epigenetic modifications on histones genome-wide
(2, 4,23-27).

Chromatin Assembly Factor-1 (CAF-1) is a key regulator of chromatin assembly during
DNA replication (28). CAF-1 deletion is lethal during vertebrate development (29-31), and
transient CAF-1 depletion affects cell cycle progression and cell fate (26, 32-41). CAF-1 forms
a heterotrimeric complex consisting of Cac1, Cac2 and Cac3 in yeast and p150, p60 and p48
in mammals. The complex chaperones newly synthesized histones H3-H4 and deposits them
onto DNA at sites of DNA synthesis (42-47). CAF-1 activity at replication forks depends on its
interaction with PCNA, which occurs via canonical PCNA Interacting Peptides (PIPs) present on
the large CAF-1 subunit (48-52). While the function of CAF-1 has been studied in cells and in
the SV40 systems, a detailed bottom-up biochemical reconstitution to address the molecular
mechanism by which CAF-T assembles chromatin during DNA replication and its interplays with
the replisome is still lacking.

Here we developed biochemical systems to study the crosstalk between CAF-1 and
key components of the DNA replication machinery, combining our previous CAF-1 histone
chaperone assays (53, 54) with primer extension assays and the recent in vitro reconstitutions
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of the eukaryotic replisome (8, 9). We find that CAF-1 recruitment to PCNA requires DNA and is
modulated by histones. Two CAF-1 complexes bind PCNA and are necessary for PCNA-dependent
nucleosome assembly. CAF-1 interaction with PCNA inhibits the activity of the leading-strand
DNA polymerase Pole, but not of the lagging-strand polymerase Polb. Yet, in cells, we show
that CAF-1 deposits histones equally on the leading and lagging strands during DNA replication.
Thus, our work reveals an unexpected difference in the crosstalk between CAF-1, PCNA and the
two replicative polymerases, suggesting different mechanisms for the coupling of nucleosome
assembly to DNA synthesis on the two daughter strands.

Results

CAF-1 recruitment to PCNA requires DNA

We first set out to study the interaction between CAF-1 and PCNA in the context of DNA, as
this is the context in which the CAF-1-PCNA interaction occurs during DNA replication. Therefore,
we loaded PCNA onto nicked plasmids using the ATP-dependent clamp loader RFC1-5 (70),
and separated DNA-loaded from free PCNA on a size exclusion column (SEC) (Supplementary
Figure S1A) (71). When adding CAF-1, we observed that the three CAF-1 subunits co-eluted
with DNA-loaded PCNA, suggesting the formation of a CAF-1-PCNA-plasmid complex (Figure
1A and Supplementary Figure S1B-C). As CAF-1 uses PIPs to bind PCNA in cells (38, 50-52),
we introduced mutations in these domains to test their importance in our in vitro system
(Supplementary Figure S1D). The mutant CAF-1_PIP** no longer bound to DNA-loaded PCNA
(Figure 1B and Supplementary Figure S1C), confirming that our in vitro reconstitution recapitulates
the physiological determinants of the CAF-1-PCNA interaction.

Next, we investigated how DNA contributes to the CAF-1-PCNA interaction. CAF-1 did not
co-elute with PCNA in the absence of DNA (Supplementary Figure STE) or when PCNA was not
loaded onto DNA (i.e. by omission of ATP) (Figure 1C and Supplementary Figure S1C), suggesting
that DNA is required for the CAF-1-PCNA interaction. To confirm that the interaction between
CAF-1 and PCNA is DNA-dependent, we crosslinked CAF-1 to fluorescently labeled PCNA on
nicked DNA plasmids using glutaraldehyde, followed by nuclease digestion and SDS-PAGE
analysis to determine if more transient protein-protein complexes are formed in solution, which
may be lost during the SEC purification. Again, we observed significant CAF-1-PCNA complexes
only when PCNA was loaded onto DNA (Figure 1D). These results indicate that DNA is required
for a stable interaction between CAF-1 and PCNA.

CAF-1 contains two DNA binding regions in its large Cac1 subunit: the Lys-Glu-Arg rich
(or KER) region located at the N-terminus, which is flanked by the PIPs, and the winged-helix
domain (WHD) at the C-terminus (Supplementary Figure S1D). Either domain is required for
CAF-1 function in cells (46, 51, 72, 73), but their relative role in CAF-1T mechanism remains
unclear, as both domains must be mutated simultaneously in order to disrupt CAF-1 activity
in vitro in the absence of PCNA (53). We thus tested whether these domains contributed to the
DNA-dependent interaction of CAF-1 to PCNA. Deletion of the KER domain or its mutation into
a neutral unstructured sequence (CAF-1_AKER and CAF-1_KER*, respectively) abrogated the
interaction between CAF-1 and DNA-loaded PCNA, similarly to the effect of the CAF-1_PIP**
mutant (Figure 1E and Supplementary Figure S1F). However, mutations in the WHD (CAF-1_
WHD*) had no effect on binding to DNA-loaded PCNA (Figure 1F). These results indicate that
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Figure 1: DNA and histones control CAF-1 recruitment to DNA-loaded PCNA.

A-C) SDS PAGE following separation on SEC of a CAF-1-PCNA binding reaction on DNA plasmids using
WT CAF-1 (A), a CAF-1_PIP** mutant (B), or WT CAF-1 in absence of ATP (C). The grey arrow indicates
the elution volume of the plasmid DNA. Chromatograms are shown in Supplementary Figure S1C. D)
SDS PAGE of glutaraldehyde crosslinking reactions of fluorescent PCNA (3 uM), CAF-1 (1.5 uM), RFC
(150 nM) and nicked pUC19 plasmid (300 nM) after nuclease digestion. Fluorescence scan for PCNA
(546 nm) and Coomassie staining are shown. The CAF-1 and PCNA interaction is dependent on PCNA
loading onto DNA. E-F) Coomassie-stained SDS PAGE following SEC of a CAF-1-PCNA binding reaction
on DNA plasmids using CAF-1_KER* (E) and CAF-1_WHD* (F) mutants. G) Crosslinking experiment
between CAF-1 (3 uM) and labeled PCNA (4.5 uM) on DNA fragments (1.5 pM) of various sizes. RFC
and ATP were not added to actively load PCNA and DNA was not digested in these reactions. Full gels
re shown in Supplementary Figure S1I.

Having established that DNA is required for the CAF-1-PCNA interaction, we investigated whether
there is a minimum DNA length required to promote this interaction. We first confirm that CAF-1
binds 10-fold more weakly to a 18 bp DNA (Kd > 2 uM) than to a 33, 43 or 53 bp DNA (Kd = 0,33,
0,23 and 0,18 uM respectively) (Supplementary Figure S1G), in line with previous observations (74).
Mutations in the KER domain strongly inhibit the CAF-1-DNA interaction, while WHD mutations
have a minor effect (Supplementary Figure STH). Complex formation was less efficient on the 18
bp DNA fragment, where PCNA can load in the absence of RFC, than on the longer 43 and 53 bp
DNAs (Figure 1G and Supplementary Figure S11). This suggests that a minimum of +30 bp need to
be exposed for CAF-1 to stably bind PCNA on DNA. Notably, the Alphafold model of the Cac1-KER
domain (residues 128-226) predicts a long helical structure of ~145 A, which is confirmed by a very
recent crystal structure (75) and corresponds to the length of ~44 bp of duplex DNA (Supplementary
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Figure S1J). This domain displays a positively charged surface along its helical arrangement, which
may structurally explain the link we observe between DNA length and CAF-1 binding, assuming that
this surface interacts with the negatively charged phosphate backbone of the DNA via electrostatic
interactions. Overall, these observations suggest that the CAF-1-PCNA interaction on DNA is
stabilized by DNA of at least ~30 bp via the KER domain in CAF-1.

Reconstitution of PCNA-dependent nucleosome assembly by CAF-1

In cells, PCNA directs CAF-1-mediated chromatin assembly (42, 48-50). However, we and
others have recently shown that CAF-1 is able to assemble nucleosomes in vitro in the absence of
other factors (53, 74, 76). To determine how the presence of PCNA affects the histone chaperone
activity of CAF-1, we set out to develop a nucleosome assembly assay that recapitulates the
PCNA dependency of CAF-1 activity observed in vivo. The challenge is to differentiate between
PCNA-dependent and PCNA-independent (i.e. purely DNA driven (53)) activity of CAF-1.
To overcome this challenge, we mixed a nicked plasmid where PCNA can be loaded, with a
competitor negatively supercoiled plasmid where PCNA-independent CAF-1 activity takes
place efficiently. Following a PCNA loading step, we added CAF-1-H3-H4 complexes to promote
tetramer deposition followed by the addition of fluorescently labeled H2A-H2B, which associate
with tetrasomes in vitro to form nucleosomes. To measure PCNA-dependent nucleosome
assembly, we quantify the histones fluorescence signal on the nicked plasmid relative to the
total histone signal on both plasmids in each lane. Micrococcal nuclease (MNase)-based analysis
of nucleosome fragments (+150 bp) are also used to assess nucleosome formation. We named
this setup PCNA-NAQ assay, based on our previously established Nucleosome Assembly and
Quantitation (NAQ) assay (53, 62).

We first established that the PCNA-NAQ assay measures PCNA-dependent and -independent
CAF-1 activity. Efficient nucleosome assembly (monitored by an increase in H2B fluorescence)
on the nicked plasmid was observed only when PCNA is loaded on DNA and CAF-1 is present
(Figure 2A). When PCNA loading was blocked by the omission of ATP, PCNA or RFC (Figure 2A),
the histone fluorescence signal shifted to the supercoiled plasmid, confirming that the signal on
the nicked plasmid is largely dependent on PCNA. As expected, omission of CAF-1 led to a drastic
reduction of histone deposition (Figure 2A and Supplementary Figure S2A), reinforcing that CAF-1
is the nucleosome assembly machinery on both plasmids in our reconstitution. No nucleosomes
were formed upon omission of either histones H3-H4 or H2A-H2B (Supplementary Figure S2B).
Moreover, using labeled H3-H4 instead of H2A-H2B did not affect these results (Supplementary
Figure S2C), confirming that our signal is a bona fide measure of assembled nucleosomes.
Quantification of the histone fluorescence signal on the nicked plasmid compared to total histone
signal showed that roughly 50% of the nucleosomes are assembled in a PCNA-dependent manner,
when PCNA is loaded (Figure 2B). This is reduced to roughly 20% when PCNA was not loaded
onto DNA (Figure 2B). These observations were confirmed using next generation sequencing
approaches of the MNase products, when we used plasmids with distinct DNA sequences which
allowed us to map relative nucleosome assembly and positioning (Supplementary Figure S2D-G).
Thus, we developed a new method to study the PCNA-dependent nucleosome assembly function
of CAF-1, where we can distinguish and quantify the PCNA-dependent or PCNA-independent
activities of this histone chaperone complex.
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Figure 2: The WHD of CAF-1 controls PCNA-dependent nucleosome assembly.

A) (Left) Native agarose gel of PCNA-NAQ assay reactions. A reaction containing all components, and
reactions where we removed either ATP, RFC, PCNA or CAF-1 are shown. Fluorescence signals for H2B-
T112C labeled with AF647 (H2B-AF647) or DNA (SybrGOLD), and their overlay are shown. H2B fluores-
cence on the nicked plasmid (top panel) represents PCNA-dependent histone deposition. (Right) Native
PAGE stained with SybrGOLD to detect protected DNA fragments following MNase digestion of samples
in A. 150bp DNA fragments are characteristic of nucleosomal DNA, a 621bp loading control is used to
monitor DNA retrieval during the purification procedure. Bands around 120bp represent hexasomes.
B) Quantification of the H2B fluorescence signal on the nicked plasmid relative to the total H2B signal
in each lane in panel A as a measure of PCNA-dependent nucleosome assembly. C) Quantification of
the PCNA-dependent nucleosome assembly activity for CAF-1_PIP** CAF-1 KER* and CAF-1_WHD*.
Means +SD is shown, * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001 (one-way ANOVA comparing
WT CAF-1 to control conditions (B) or each mutant (C)). Gels are shown in Supplementary Figure S2H.
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We then used this method to understand how CAF-1 assembles nucleosomes when bound
to PCNA. We first tested if mutations in the KER domain or PIPs of Cacl, which are important
for recruitment to DNA-loaded PCNA (Figure 1B, 1E), affected its PCNA-mediated activity. As
expected, CAF-1_KER* and CAF-1_PIP** showed a reduction specifically in PCNA-dependent
nucleosome assembly (Figure 2C and Supplementary Figure S2H), while the overall activity of
the mutant complexes was not affected as seen by the consistent level of MNase-protected
nucleosome fragments (Supplementary Figure S2H). This confirms that CAF-1 recruitment is
necessary for PCNA-dependent nucleosome formation in our PCNA-NAQ assay, further validating
the role of these domains in the CAF-1-PCNA interaction. Strikingly, the CAF-1_WHD* mutant
also showed a decrease in PCNA-dependent nucleosome assembly activity (Figure 2C and
Supplementary Figure S2H), despite being able to bind DNA-loaded PCNA (Figure 1F) and being
fully active in nucleosome assembly in absence of PCNA as shown by the MNase digestion
products (Supplementary Figure S2H). This demonstrates that the WHD domain is important for
PCNA-dependent CAF-1 activity specifically. Our observations explain why WHD mutations affect
chromatin assembly during DNA replication in yeast cells (51, 53, 73), and why previous in vitro
reconstitutions that omitted PCNA were unable to recapitulate loss of function of this mutant (53,
74). In summary, we show that the WHD domain in CAF-1 is important for the PCNA-dependent
nucleosome assembly function of the complex.

Two CAF-1 complexes bind PCNA to assemble nucleosomes

Two CAF-1 complexes are required to assemble one nucleosome in the absence of PCNA
(53, 74). To understand how CAF-1 assembles nucleosomes when bound to PCNA, we therefore
set out to study the stoichiometry of the CAF-1-PCNA complex on DNA. To this end, we used
protein-protein crosslinking followed by nuclease digestion and SEC to analyze complexes
in solution. These reaction products elute in two peaks of equal distribution (Figure 3A). We
collected fractions from these peaks and analyzed them by mass photometry to determine
their composition (77). We found that Peak1 (Figure 3A) contained CAF-1-PCNA complexes
corresponding to predominantly two CAF-1 per PCNA trimer (~430 kDa), and a lower amount of
three CAF-1 per PCNA trimer (~590 kDa) (Figure 3B), while Peak2 contained mostly free unbound
CAF-1 (~190 kDa) and a small fraction of complexes containing one CAF-1 per PCNA trimer (~285
kDa) (Figure 3B). In line with RFC being present at substoichiometric concentrations in these
samples, no RFC-containing complexes are detected in these experiments (RFCAN weights
220 kDa). These data indicate that the CAF-1-PCNA complex mainly assembles in a 2:1 (CAF-1
to PCNA trimer) stoichiometry on DNA, and to a lesser extent can form 3:1 or 1:1 assemblies.

To further evaluate the stoichiometry of CAF-1-PCNA-DNA complexes, we monitored complex
formation using crosslinking at limiting concentrations of fluorescently labeled PCNA loaded onto
DNA, which also allows us to estimate binding affinities. Without CAF-1, PCNA crosslinks with the
clamp loader RFC. On gel, this complex runs at the same height as the 2xCAF-1-PCNA complex
(Figure 3C and Supplementary Figure S3A). As we titrate CAF-1 above 100 nM, while maintaining
RFC constant at 15 nM, this band increases in intensity (Figure 3C-D and Supplementary Figure
S3A), indicating the formation of the CAF-1-PCNA complex. Interestingly, above 350 nM, we
observed that 3xCAF-1-PCNA complexes formed while the 2xCAF-1-PCNA band became less
pronounced (Figure 3C-D and Supplementary Figure S3A). We observed only a small fraction of
TXCAF-1-PCNA complexes (Figure 3C-D and Supplementary Figure S3A) in line with the mass
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Figure 3: Two CAF-1 complexes bind to DNA-loaded PCNA and histones regulate this interaction.
A) (Left) SEC of crosslinked CAF-1-PCNA complexes after DNA digestion using T uM PCNA, 0.15 uM
RFC, 1.5 uM WT CAF-1 and 0.3 uM nicked pUC19. After crosslinking with 0.2% glutaraldehyde and
quenching, the samples were treated with nuclease to digest the DNA plasmid. (Right) Coomassie
SDS-PAGE of the collected fraction. The fractions that were used to prepare mass photometry sam-
ples are shown as Peak1 and Peak2. B) Mass photometry data of pooled fractions of Peak1 (left) and
Peak? (right) from experiment in panel A. Theoretical masses are listed and calculated masses from
the fitted data are shown in each graph. Normalized counts are shown. C) SDS PAGE of protein-protein
crosslinking reactions after DNA digestion. These reactions contain 50 nM fluorescently labeled PCNA,
15 nM full-length RFC, 15 nM pUC19 and increasing CAF-1 concentrations. PCNA fluorescence signal
is shown. Full gels are shown in Supplementary Figure S3A. D) Quantification of the fluorescence
intensity of bands in C. Data are shown as mean +/- SD of three independent experiments. E) SEC and
SDS-PAGE of crosslinked CAF-1-PCNA complexes after DNA digestion with CAF-1_WHD#, as in panel
A. WT curved is shown in dashed gray line for comparison. F) SDS PAGE of crosslinking reactions
containing fluorescent PCNA (5.5 uM) and H3-H4 (H4-E63C, 1.5 uM dimer concentration), CAF-1 or
tCAF-1 (1.5 uM). DNA or RFC are not present in these reactions. G) SDS PAGE of crosslinking reactions
containing fluorescent PCNA (5.5 uM) and H3-H4 (H4-E63C, 1.5 pM dimer concentration), CAF-1 or
CAF-1_AAD (1.5 uM). DNA or RFC are not present in these reactions.
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photometry results (Figure 3B). Together, these experiments demonstrate that CAF-1 prefers to
bind PCNA on DNA with a 2:1 stoichiometry at concentrations around 100 nM. Above 350 nM,
additional CAF-1 complexes can associate with DNA-loaded PCNA. Interestingly, only a very
small fraction of CAF-1-PCNA complexes at a 1:1 stoichiometry is observed. This is in line with
our previous observation that two CAF-1 complexes cooperatively associate on DNA (53, 74),
and it shows that it also applies to PCNA-dependent CAF-1 chromatin assembly.

To ask if this assembly is important for CAF-1 histone chaperone function, we tested if
mutations in the WHD domain affected the stoichiometry of CAF-1-PCNA complexes. Indeed,
the WHD is important for the cooperative DNA binding of CAF-1 and for its function in cells (53),
and mutations in the WHD affect the PCNA-dependent nucleosome assembly activity of CAF-1
in the PCNA-NAQ assay (Figure 2C). CAF-1_WHD* affected the composition of CAF-1-PCNA
complexes, with a reduction in the formation of 2:1 or 3:1 CAF-1-PCNA complexes in solution
(Figure 3E). This explains why this complex is inactive in PCNA-dependent nucleosome assembly
(Figure 2C) and argues that two CAF-T complexes are required for histone deposition also in the
context of PCNA.

Histones further promote the CAF-1-PCNA interaction

Although histones are not strictly required for the formation of a CAF-1-PCNA complex on
DNA (Figure 1), CAF-1 tightly binds H3-H4 during DNA replication. Thus, we set out to investigate
if histones affect CAF-1 binding to PCNA. To this end, we investigated the role of histones on the
CAF-1-PCNA interaction in the absence of DNA, because in DNA-containing reactions histones
would be immediately deposited onto DNA, making it impossible to assess their effect on the
CAF-1-PCNA interaction. As shown above, CAF-1 does not bind to PCNA when DNA is missing from
the reaction (Supplementary Figure STE). However, pre-incubation of CAF-1 with H3-H4 promotes
the interaction between CAF-1 and PCNA in the absence of DNA in crosslinking experiments
(Figure 3F). Deletion of the N-terminal region in Cac1, which contains the PIPs and KER domain
(as in the truncated tCAF-1 construct, Supplementary Figure S1D), prevents the CAF-1-PCNA
interaction (Figure 3F), confirming that this region is responsible for binding to PCNA within the
complex. Interestingly, the interactions between CAF-1-H3-H4 and PCNA in the absence of DNA
could not be observed from a SEC purification (Supplementary Figure S3B), suggesting that it is
more dynamic than the interaction that is mediated by DNA.

Previous work has shown that H3-H4 binding to the CAF-1 acidic domain induces
conformational changes at the PIPs, KER and WHD regions, that are important for CAF-1 histone
chaperone function (53, 76). These conformational changes could be mimicked by deleting the
acidic domain in CAF-1 (53), we thus generated a mutant carrying such deletion (CAF-1_AAD) to
test if these conformational changes control the CAF-1-PCNA interaction. Strikingly, crosslinking
between full-length CAF-1_AAD and PCNA shows efficient complex formation in absence of
DNA and histones in crosslinking experiments (Figure 3G). Moreover, CAF-1_AAD efficiently
forms complexes with PCNA on DNA at lower concentrations than WT CAF-1 (below 100
nM, Supplementary Figure S3C), suggesting an increase in binding affinity for this mutant to
DNA-loaded PCNA. These data argue that changes that occur upon neutralization of the acidic
domain (i.e. mimicking histone binding) in CAF-1 promote interactions with PCNA. Together these
data suggest that histones are not required per se for PCNA binding on DNA, however they may
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promote the CAF-1-PCNA interaction via conformational changes that involve the N-terminal
region in Cacl.

CAF-1 inhibits DNA synthesis by Polg, but not Pold, via PCNA

At replication forks PCNA binds several proteins, most prominently the replicative DNA
polymerases on both daughter strands. As replicated DNA is readily assembled into chromatin
at replication forks (21, 22), we next asked how DNA polymerases and CAF-1 may share or
compete for binding to PCNA.

To this end, we first investigated the effects of CAF-1 on PCNA-mediated DNA synthesis by
the leading- and lagging-strand DNA polymerases Pole and Polb, in a primer extension assay. In
this assay, the extension of a fluorescent DNA primer that is annealed to an RPA-coated single
stranded plasmid is monitored over time. As previously shown, yeast Pold and Pole efficiently
synthesized DNA in a PCNA-dependent fashion with distinct kinetics (Supplementary Figure
S4A) (1517, 78). We found that adding CAF-1 had minimal effects on DNA synthesis by Pol&
in this primer extension assay (Figure 4A). However, CAF-1 had a strong inhibitory effect on
DNA synthesis by Polg, at concentrations of 150 nM where CAF-1 may bind PCNA with a 2:1
stoichiometry (Figure 4B, 3D). This effect was dose-dependent and indicative of competitive
inhibition (Figure 4B and Supplementary Figure S4B). This suggests a dynamic and steric effect
of CAF-1 on Pole-mediated DNA synthesis, and not on Pold. To test if the inhibition of Pole
involved a crosstalk on PCNA, we used CAF-1 mutants that do not bind to DNA-loaded PCNA
(i.e. CAF-1_PIP** and CAF-1_KER*). These mutants did not inhibit Pole activity (Figure 4C-D),
demonstrating that the inhibitory effect of CAF-1 on Pole is exerted via PCNA. These data are
consistent with CAF-1 and Pole competing for binding on PCNA.

Previous studies have shown that Pold has a higher binding affinity for PCNA (Kdapp:13,7
nM) than Pole (Kd, =326 nM) (17). We found that CAF-1 binds PCNA on DNA with intermediate
binding affinity (~100 nM) (Figure 3C-D). Therefore, we tested whether Pold might simply
outcompete CAF-1 on PCNA, unlike Pole. To this end, we first used the CAF-1_AAD mutant which
shows tighter binding to DNA-loaded PCNA (estimated Kd <50 nM, in the same range as Pold)
(Supplementary Figure S3C). While inhibiting Pole even more strongly than WT CAF-1, this mutant
had a minor effect on Pold activity when added at 300 nM (Supplementary Figure S4C). This
suggests that interactions of CAF-1 with PCNA are possible during Pol&-dependent synthesis,
and Pol§ is largely unaffected by these CAF-1 interactions. In addition, we wanted to test if other
PIP-containing proteins that bind PCNA with similar affinities could phenocopy the CAF-1 effects
on the two polymerases. To this end, we used a catalytic-dead version of Xenopus laevis FEN1
D181A (FEN1_DA), which binds yeast PCNA as a monomer in a PIP-dependent manner and with
affinities that are comparable to CAF-1 (Supplementary Figure S4D) (79). FEN1 did not inhibit
Pol6 (80) or Pole in primer extension experiments (Figure 4E-F and Supplementary Figure S4E).
This indicates that the observed CAF-1 effect cannot be generalized to other PIP-containing
proteins and that simple PIP-binding competition does not explain the differential CAF-1 effect
on the DNA polymerases. Therefore, we concluded that differences in PCNA binding affinities
between the two polymerases do not solely explain the differences in their crosstalk to CAF-1,
and we propose that additional (e.g. steric) effects by CAF-1 may play a role in the specific Pole
inhibition. Together, these results support a model in which CAF-1 differentially affects DNA
synthesis by the replicative polymerases on the two daughter strands.
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Figure 4: CAF-1 competes with Polg, not with Pol, for PCNA binding.

A-B) (Top) Fluorescence scan of a denaturing alkaline agarose gel of primer extension reactions with
Pold (A) or Pole (B). The fluorescently labeled primer signal is shown. The polymerases were at 120
nM, PCNA 480 nM and CAF-1 concentrations as shown. (Bottom) Quantification of the full-length
product band relative to the total fluorescence in each lane (expressed as percentages) from the top
panels. Mean +SD are shown for independent experiments (Pold n=2 - Pole n=4). C) Fluorescence
scan of denaturing alkaline agarose gel of primer extension reactions with Pole with CAF-1_PIP**
and CAF-1_KER* mutants (300 nM). D) Quantification of primer extension by Pole in the presence of
CAF-1 mutants. Mean +SD are shown for three independent experiments. E) Fluorescence scan of
denaturing alkaline agarose gel of primer extension reactions with Pole with FENT_DA, FEN1_DA PIP*
and CAF-1 (300 nM). F) Quantification of primer extension by Pole in the presence of FENT_DA and its

PIP* mutant version. Mean +SD are shown for three independent experiments.



CAF-1 deposits newly synthesized histones during DNA replication using distinct mechanisms on the leading and lagging strands | 51

Pole function and interplay with CAF-1 are independent of histone binding

During DNA replication in cells, Pole and CAF-1 both bind H3-H4 (72, 81, 82). Thus, we set
out to test whether histones regulate the crosstalk between CAF-1 and the DNA polymerases
on PCNA.

First, we used fluorescence polarization assays to determine the binding affinity of Pole for
H3-H4 and find that Pole binds H3-H4 with a Kd of 28 nM. This is a 25 times lower affinity than
that of CAF-1 (Kd=1,1 nM) (Supplementary Figure S5A). Nevertheless, this would be sufficient
to efficiently bind histones in our assay, where Pole is present at 120 nM. Pold has background
binding to H3-H4 (Kd>300 nM), similarly to RPA which is also present in the reactions (Kd>300
nM) (Supplementary Figure S5A). These data show that Pole and CAF-1 efficiently bind H3-H4,
while Pold and RPA do not bind histones in our assays.

To test the effect of histone binding in the crosstalk between CAF-1 and the DNA polymerases,
we pre-incubated either the DNA polymerase or CAF-1 with H3-H4 and monitored how this
affected DNA synthesis in primer extension assays. Pole activity was not affected by the addition
of H3-H4 (Figure 5A) and the CAF-1-dependent inhibition of Pole was also largely unaffected by
the presence of H3-H4 (Figure 5A). As expected, the addition of histones to reactions containing
Pold had no effect on DNA synthesis or on its crosstalk with CAF-1 (Figure 5B). These data
demonstrate that histones do not alter the differential effects that CAF-1 has on Pol6 and Pole
via PCNA. This is in line with the limited role of histones in regulating the CAF-1-PCNA interaction
on DNA (Figure 1, 3F and Supplementary Figure S3B), confirming that DNA is a dominant effector
of the CAF-1-PCNA interaction and thus of the CAF-1 interplay with DNA synthesis. Together, this
argues that the effects of CAF-1 on the DNA polymerases is relevant during chromatin assembly
at replication forks when histones are bound to the histone chaperones.

Previous studies have shown that CAF-1, Pole and RPA can assemble chromatin during DNA
replication (53, 81-83). As these proteins are all present in our assays, we set out to directly
test which of these histone chaperones can assemble nucleosomes in these reconstitutions.
To this end, we combined primer extension reactions with NAQ-based readouts to measure
histone deposition (i.e. nucleosome assembly). Because in this assay the substrate is RPA-coated
single-stranded DNA, nucleosome formation occurs only after DNA synthesis. In the absence
of CAF-1, Pole containing reactions show background levels of nucleosome assembly (Figure
5C). These levels are even lower than the histone deposition that we observe with Pold, which
we used as a negative control because it can synthesize DNA but does not bind histones
(Figure 5C). Both reactions contain RPA, indicating that this complex also does not stimulate
nucleosome assembly in these primer extension conditions. However, the addition of CAF-1
strongly increases nucleosome assembly in both conditions (Figure 5C). Similar results were
observed when we measure nucleosome assembly on double-stranded DNA fragments using
each histone chaperone complex in isolation (Supplementary Figure S5B), which shows that only
CAF-1 can stimulate nucleosome assembly. Together, our data demonstrates that Pole and RPA
are not intrinsically capable of nucleosome assembly in a replication-coupled manner, suggesting
the main histone assembly factor in these reconstitutions is CAF-1.
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Figure 5: Pole function and interplay with CAF-1 are independent of histone binding

A-B) (Left) Fluorescence scan of denaturing alkaline agarose gel of primer extension reactions with
Pole (A) or Pold (B) in the presence of H3-H4. H3-H4 were either preincubated with the DNA polymerase
or with CAF-1, as indicated by the . The fluorescently labeled primer signal is shown. (Right). C) (Left)
Native PAGE stained with SybrGOLD to detect protected DNA fragments following MNase digestion
during primer extension reactions with Pole or Pol& in presence of CAF-1. H3-H4 were co-incubated
with the polymerase or with CAF-1 throughout the reaction, H2A-H2B were added at 16min and samples
were immediately treated with 80 units MNase. (Right) Bioanalyzer-based quantification of protected
nucleosomal fragments from samples on the left, relative to the loading control band in each lane.
Mean + SD is shown for three independent experiments. * p<0.05, ** p>0.01 (unpaired t-test comparing
Pole or Pol® to the condition containing CAF-1).
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CAF-1 deposits newly synthesized H3-H4 on both daughter strands in cells

We identified a differential crosstalk of CAF-1 with Pole and Pold, likely through their
differential interaction with PCNA. As CAF-1 and Pole compete for binding on PCNA, we wondered
whether CAF-1 is able to assemble nucleosomes on the leading strand. To address this question
directly in cells, we used mouse embryonic stem cells (MESCs) and employed Sister Chromatid
after Replication Sequencing (SCAR-seq) (67, 68). This is a genomic method that measures
relative protein abundance on the two newly replicated daughter DNA strands, which allowed us
to investigate whether depletion of CAF-1 results in a bias in deposition of new histones towards
the leading strand.

We first generated a mESC line expressing a CAF-1 p150 subunit that is N-terminally tagged
with FKBP12 (named dTAG-ChafTa). dTAG-ChafTa is targeted for proteasomal degradation in the
presence of the degrader compound dTAG (84). In these cells, CAF-1 p150 is degraded within
1-2 hour of dTAG treatment (Supplementary Figure S6A), allowing acute depletion of CAF-1
during DNA replication to study its function with minimal pleiotropic effects. We observed that
CAF-1 degradation led to a marked reduction of new histones, identified by H4 unmethylated at
lysine 20 (H4K20me0), and DNA synthesis, recapitulating known effects of CAF-1 insufficiency
(Supplementary Figure S6B-E) (35, 36, 85, 86).

Parental H3-H4 are recycled in a quasi-symmetrical fashion at replication forks, where each
newly replicated DNA strand receives about 50% of these histones (67, 82). Simultaneously, newly
synthesized histones are also symmetrically assembled on the two daughter strands to maintain
nucleosome density on replicated DNA (67, 82). Control SCAR-seq experiments in untreated
dTAG-Chafla mESCs confirmed these observations, using H3K27me3 as a marker of parental
histones (23) and H4K20me0 to mark new histones (87, 88) (Figure 6A). Upon dTAG treatment, the
total reads in the EdU inputs decreased, consistent with reduced DNA synthesis (Supplementary
Figure S6F). Moreover, we observed a 2-fold reduction in reads for the H4K20meO0 pulldown upon
CAF-1 depletion (Figure 6B), with the H3K27me3-marked parental histones showing a comparable
increase (Figure 6B). This could be due to increased MNase accessibility or to effects on parental
histones dynamics. This demonstrates that CAF-1 is required for deposition of newly synthesized
histones, while parental histone recycling occurs independently of CAF-1. Consistently, parental
histones were distributed nearly symmetrically to both daughter strands in the absence of CAF-1
(Figure 6A). Moreover, depletion of CAF-1 did not result in an asymmetric distribution of the
new histones that were deposited in this context. This argues that CAF-1 is active on both the
leading and lagging strands of active replication forks in mESCs, as are backup systems such
as HIRA-dependent gap filling (89).

Together, these data show that CAF-1 functions on both the leading and lagging strand of
replication forks in mESCs, where it primarily deposits newly synthesized histones. CAF-1 removal
affects the incorporation of these histones on both daughter strands equally without challenging
parental histone recycling. This indicates that although CAF-1 and Pole compete for PCNA, both
machineries efficiently function on the leading strand.
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Figure 6: CAF-1 deposits newly synthesized H3-H4 on both leading and lagging strands.

A) Average SCAR-Seq profile of parental (H3K27me3) (left) or newly synthesized (H4K20meO0) (right)
histones across all replication initiation zones (N(IZ) = 2102) in control (DMSO) or dTAG treated sam-
ples. Partition is calculated as the proportion of forward (F) and reverse (R) read counts. Replication
fork directionality (RFD) in WT cells measured by Okazaki fragment sequencing (OK-Seq) is shown for
comparison. B) Spike-in normalized values for parental (H3K27me3) and new (H4K20meO0) histone
modification shows a significant reduction in H4K20me0 samples when CAF-1 is depleted. n=3 inde-
pendent experiments. * p<0.05, ** p<0.01 (two-way ANOVA).

CAF-1 and Pole compete for PCNA within the replisome

As both CAF-1 and Pole function on the leading strand, we used biochemical reconstitutions to
investigate the role of replisome proteins in the interplay between CAF-1 and Pole. Pole is an integral
and essential component of the CMG complex at replication forks (10, 16, 17,90, 91). We purified the
yeast replisome components that were previously shown to recapitulate physiological DNA replication
in vitro (8, 9) (Supplementary Figure S7A). Our preparations are active as they promote replication of
ARS1-containing DNA plasmids in a manner that depends on the presence of the Dbf4-dependent
kinase (DDK) (Supplementary Figure S7B) (9).

To focus on Pole activity, we used a pulse-chase setup in which we omitted Pol&. This allowed us
to quantify replication rates of the leading strand only (9), by monitoring replication rates (methods and
Supplementary Figure S7B-C). In this assay, Pole is capable of DNA synthesis in the absence of PCNA
with a rate of ~0.47 kb/min (Figure 7A-C) (9). The addition of PCNA and its loader RFC increases the
rate to ~1.09 kb/min, recapitulating physiological speeds (Figure 7A-C) (9). Strikingly, the addition of
CAF-1 led to a reduction in the rate to ~0,85 kb/min (Figure 7A-C), suggesting an inhibitory effect of
CAF-1 towards Pole in the context of an active replisome. Consistently, the CAF-1_PIP** mutant did
not reduce the speed of DNA replication (Figure 7A-C), confirming that this effect Is PCNA-dependent.
Moreover, a different PIP-containing protein (i.e. FENT_DA) displayed no effect on Pole replication
speed within the replisome (Figure 7D-F), suggesting that the observed PCNA-dependent effect of
CAF-1 is not due to an unspecific effect on the availability of binding sites on PCNA.

Together, these data, combined with the observation that CAF-1 acts on both daughter strands
(Figure 6A), support a competition between CAF-1 and Pole on PCNA may occur at physiological
replication forks, with potential consequences for the control of replication speed of active CMG-Pole
complexes.
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Figure 7: CAF-1 and Pole compete for PCNA binding within the replisome

A) Autoradiography scan of a denaturing agarose gel of DNA replication products from a pulse-chase experi-
ment in presence of the yeast replisome (Pol and Topoll are omitted), to test the PCNA-dependent effect of
CAF-1 on Pole. All proteins were present during the pulse step (3 minutes 20 seconds). After addition to the
chase solution, reactions were stopped at the indicated time points (4, 5, 6 and 7 minutes). B) Quantification
of the maximum replication fork rate for pulse-chase experiments in A. Data are shown as mean +/- SD of four
independent experiments. C) Graph of normalized replication rates in relation to the +RFC/PCNA sample for
each repeat. n=4 independent experiments. * p<0.05, **** p<0.0001, ns=not significant (one-way ANOVA). D)
Autoradiography scan of a denaturing agarose gel of DNA replication products from a pulse-chase experi-
ment in presence of the yeast replisome (Pol and Topoll are omitted), to test the PCNA-dependent effect of
CAF-1 and FEN1_DA on Pole. All proteins were present during the pulse step (3 minutes 20 seconds). After
addition to the chase solution, reactions were stopped at the indicated time points (4, 4.8 and 5.4 minutes).
E) Quantification of the maximum replication fork rate for pulse-chase experiments in D. Data are shown
as mean +/- SD of three independent experiments. F) Graph of normalized replication rates in relation to the
+RFC/PCNA sample for each repeat. n=3 independent experiments. * p<0.05, ns=not significant (unpaired
t-test). G) The crosstalk of CAF-1 mediated nucleosome assembly with the DNA replication machinery differs
between the leading and lagging strand of replication forks. Two CAF-1 complexes associate with PCNA on
DNA to assemble a nucleosome. CAF-1 competes with the leading strand DNA polymerase Pole for PCNA
binding, but not with the lagging strand polymerase Pol6. Nevertheless, CAF-1 deposits newly synthesized
histones on both daughter strands. This means that on the leading strand, chromatin assembly by CAF-1
cannot occur on the same PCNA that is occupied by Pole. On the lagging strand, CAF-1 may share PCNA
with Pold, but other scenarios could also be envisioned. A direct isolation of the CAF-1-PCNA-Pold complex
is required to prove this hypothesis. The model was created with BioRender.com.
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Discussion

Our work provides insights into how the essential histone chaperone CAF-1 functions during
genome replication. We show that CAF-1 recruitment and its PCNA-dependent nucleosome
assembly activity are regulated by a complex set of interactions between CAF-1 and PCNA, DNA
and histones. Our results argue that several structural transitions regulate CAF-1, and we anticipate
that these control the timing of CAF-1 arrival to, action on and departure from replication forks.
This is linked with the interplay between CAF-1, PCNA and the DNA polymerases. CAF-1 competes
with Pole for PCNA binding, while it has no effect on Pold. Yet, CAF-1 deposits newly synthesized
histones equally on both strands in mESCs. Therefore, the competition between CAF-1 and Pole
appears to be an integrated part of coordinating replication and nucleosome assembly and does
not limit CAF-1 function. Our work suggest that different mechanisms are in place on the leading
and lagging strand to couple DNA synthesis with CAF-1 mediated nucleosome assembly, in line
with the inherent asymmetry of DNA replication and its chromatin assembly mechanisms.

CAF-1 effects on DNA synthesis on the two daughter strands

On the leading strand, we propose that CAF-1 and Pole either interact with distinct PCNA
clamps or that they dynamically alternate in binding to PCNA, due to their competition (Figure 7G).
The first model argues for a controlled spatial separation between DNA synthesis and chromatin
assembly, raising questions on how this is enforced at replication forks where all these factors
are enriched at the same site and nucleosomes are assembled almost immediately after DNA
synthesis (92, 93). The second model instead evokes an attractive PCNA hand-off mechanism
between Pole and CAF-1. In this mechanism, only when enough DNA has been synthesized by
Pole (+30 bp, Figure 1G), CAF-1 is recruited and its arrival destabilizes Pole from PCNA (Figure
4B) (15, 94). This allows CAF-1 to use PCNA for nucleosome assembly, and a new PCNA must
be loaded for Pole to proceed with leading strand synthesis (19). This mechanism may enable
continued PCNA loading on the leading strand during elongation (19), and the immediate coupling
of chromatin assembly on newly replicated DNA (21, 22,92, 93). It is also interesting to note that
this molecular interplay could have direct effects on the speed of leading-strand DNA synthesis
in vivo. Both models imply the need for regulatory steps in PCNA accessibility and loading on
the leading strand, where the CTF18 clamp loader that binds Pole may well play a role (19, 95).

On the lagging strand, CAF-1 does not affect Pold activity (Figure 4A). Since Pold occupies
only one of the PCNA monomers on the DNA-loaded clamp (96, 97) (Supplementary Figure S7D),
and it allows binding of other PIP containing proteins (i.e. FENT) (96), we speculate that CAF-1
and Pold may share the same PCNA clamp (Figure 7G). This is also consistent with cellular
evidence that closely links Okazaki fragment size with nucleosome assembly by CAF-1 (53, 98).
However, a direct isolation of the CAF-1-PCNA-Pold complex is required to conclusively prove
this hypothesis. It will also be interesting to see if CAF-1 affects the Pol&-dependent activities
on the leading strand (9, 99).

De novo chromatin assembly during DNA replication

We show that CAF-1 primarily deposits newly synthesized histones H3-H4 equally on both
daughter strands in cells (Figure 6). As Pole is a histone chaperone for parental H3-H4 (81, 82),
the competition between CAF-1 and Pole on PCNA may further control the alternation of parental
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and new histones incorporation on newly replicated leading strand DNA. Interestingly, we did not
detect histone deposition activity by Pole in our assays, indicating that additional factors may
be functioning on the leading strand to promote parental nucleosome assembly. On the lagging
strand instead, as Pold does not have histone chaperone activity (Supplementary Figure S5A),
CAF-1 may be required to be in close proximity to assemble chromatin. However, this activity
needs to intercalate with parental histone deposition, for which the responsible histone chaperone
still needs to be clearly defined. RPA is a good candidate (83) but we observe no activity for this
complex in our primer extension assays. DNA polymerase alpha (Pola) histone-binding is required
for parental histone recycling to lagging strand (100-102), but it remains unclear how it could
deposit histones in relation to PCNA loading and Pol6 function.

Interestingly, this and previous work highlight that CAF-1 does not strictly require PCNA for
nucleosome assembly (Figure 2) (53, 74). This suggests that CAF-1 may use PIP-independent
activities at replication forks after the initial PCNA-dependent recruitment, which should be
considered when building models of chromatin assembly during DNA replication. To unravel
these mechanisms, biochemical reconstitutions with integrated readouts for DNA synthesis
and chromatin assembly at high spatial and time resolution, together with the use of CAF-1
separation-of-function mutants are required. Our work provides tools to build such complex
reconstitutions, which will enable a complete understanding of how parental and new histone
deposition pathways are integrated during ongoing DNA replication.

Material And Methods

Protein expression and purification

CAF-1 and PCNA mutants were made using standard mutagenesis procedures and purified
following the wild-type purification protocols. We used yeast proteins, with the exception of
X.laevis histones and FENT1. Several proteins used in our study were expressed and purified
as previously described. This includes PCNA (55), Pol and Pole (8, 9), CAF-1 and its mutants
(53). Lyophilized Xenopus laevis histones were purchased from the Histone Source at CSU, Fort
Collins, CO, USA. These were labeled with maleimide dyes (when required) and refolded as in
(56, 57). ORC, cdc6, Mcm?2/7-cdt1, DDK, cdc45, Dpb11, GINS, S-CDK, Mcm10, RPA, Pola, Ctf4,
SId3/7, SId2 and Topoll were purified as in (8). Csm3/Tof1, Topo |, RFC and PCNA were purified
as described in (9). Mrc1 was expressed and purified following the procedure described in (58).
PCNA-C4S-K164C from Zhihao Zhuang (59) does not contain a His-tag and it was purified with
two HiTrapQ rounds of purification before gel filtration. All the concentrations for PCNA reported
here refer to the monomer concentration. Additional purification protocols are:

RFCAN: Rosetta? cells (Novagen) containing pBL481-RFCAN from Peter Burgers (60) were
grown in 4 liters of Terrific Broth at 37°C to A, ,=1.6. The temperature was shifted to 18°C and cells
were incubated for 30 more minutes before adding 0.3 mM Isopropy! 3-D-1-thiogalactopyranoside
(IPTG). The expression was incubated for 16 hours and cells were harvested by centrifugation
at 3200 x g for 15min. Cells were resuspended in 30 mM HEPES pH 7.5, 0,5 mM EDTA, 10%
Glycerol, 200 mM NaCl, TmM DTT, 0,5 mM p-methylphenyl-sulfonyl fluoride (PMSF) in presence
of COMPLETE EDTA-free protease inhibitor (Roche). Cells were lyzed with sonication. DNA was
precipitated with 0.5% of poly(ethyleneimine) (PEI) and the lysate was clarified by centrifugation



58 | Chapter 2

for 30 minutes at 21000xg. RFCAN was precipitated with 0.28 g/ml of AmSO,. The precipitates
were collected by centrifugation at 12000xg for 45 minutes. Pellets were resuspended in 50m|
of 30 mM HEPES pH 7.5, 0,5 mM EDTA, 10% Glycerol + TmM DTT, 0.5mM PMSF in presence
of COMPLETE EDTA-free protease inhibitor. The lysate was next dialyzed (using 12-14 MWCO
membrane) against 2 liters of 30 mM HEPES pH 7.5, 0,5 mM EDTA, 10% glycerol + 100 mM NacCl,
TmM DTT for 2 hours. RFCAN was injected on HiTrap SP HP 5ml column (Cytiva) equilibrated in
buffer SP-A (30 mM HEPES pH 7.5, 10% Glycerol, 100 mM NaCl, TmM TCEP). The column was
washed with 25ml of SP-A buffer and eluted in a gradient of SP-B buffer (30 mM HEPES pH 7.5,
10% Glycerol, 800 mM NaCl, TmM TCEP) along 60ml. Fractions containing RFCAN were analyzed
by SDS-PAGE and were pooled together. RFCAN was then mixed with 3 ml of nickel beads
equilibrated in His-A buffer (20mM HEPES 7.5, 200mM NaCl, 20 mM Imidazole, 10% Glycerol, 1
mM TCEP). Beads were washed with 100 ml of His-A buffer and RFCAN was eluted with His-B
buffer (20mM HEPES 7.5, 300mM NaCl, 300 mM Imidazole, 10% Glycerol, 0.05% ampholytes, 1
mM TCEP). Fractions containing RFC were concentrated and further purified on HiLoad 16/600
Superdex 200 (Cytiva) in 20mM HEPES 7.5, 200mM NaCl, 10% Glycerol, T mM TCEP, 0.05%
ampholytes. RFCAN was concentrated and stored at -80°C.

RPA from bacterial expression: Rosetta2 cells transformed with pRSF-Duet, RPA, a gift from
Xiaodong Zhang (61), were grown in 2 liters of Terrific Broth at 37°C for 16 hours until A600=1.8.
Cells were placed at 25°C and RPA expression was induced with 0.3 mM IPTG for 3 hours. Cells
were harvested by centrifugation at 3200 x g for 15min and resuspended in lysis buffer (50 mM
HEPES pH 7.5, 500 mM NaCl, 5% glycerol, 0.01% IGEPAL CA-630, TmM TCEP) in presence of
COMPLETE EDTA-free protease inhibitor (Roche). Cells were sonicated and the lysate was clarified
by centrifugation at 50000xg for 50 minutes. The supernatant was recovered and injected on
HisTrap HP 5ml column (Cytiva) equilibrated in lysis buffer. The column was washed with 50 ml
of lysis buffer, 100 ml of His-A buffer (50 mM HEPES pH 7.5, 750 mM NaCl, 5% glycerol, 0.01%
IGEPAL CA-630, TmM TCEP, 30 mM Imidazole), and 25 ml of lysis buffer respectively. RPA was
then eluted in a gradient of His-B buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 0.01%
IGEPAL CA-630, TmM TCEP, 250 mM Imidazole) along 50ml. Fractions containing RPA were
pooled and diluted in 50 mM HEPES pH 7.5, 5% glycerol, 0.01% IGEPAL CA-630, TmM TCEP to
bring the salt concentration to 150 mM NaCl. RPA was next injected on HiTrap Heparin HP 1ml
(Cytiva) equilibrated in QA buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 0.01% IGEPAL
CA-630, TmM TCEP). The column was washed with 20 ml of QA buffer and RPA was eluted in a
gradient of QB buffer (50 mM HEPES pH 7.5, 71000 mM NaCl, 5% glycerol, 0.01% IGEPAL CA-630,
TmM TCEP) along 40ml. Fractions containing RPA were pooled together and injected on HiLoad
16/600 Superdex 200 (Cytiva) and eluted in 50 mM HEPES pH 7.5, 300 mM NacCl, 5% glycerol,
0.01% IGEPAL CA-630, TmM TCEP. RPA was concentrated and stored at -80°C.

FENT_DA from bacterial expression: The cDNA encoding the full-length Xenopus laevis FEN1
(S-form) D18TA mutant was codon-optimized, synthesized (gBlocks Gene Fragments, Integrated
DNA Technologies), and ligated into the BamHI-Xhol sites of the pGEX6P-1 vector. BL21 (DE3)
RIL cells transformed with pGEX6P-1-xIFEN1.S_DA were grown in 2.4 liters of LB + Ampicillin at
30°C until A600=0.7. Cells were placed at 18°C and FENT_DA expression was induced with 0.5 mM
IPTG for overnight. Cells were harvested by centrifugation at 3200 x g for 15min and resuspended
in 40 mL lysis buffer (50 mM TRIS-HCI pH 8, 500 mM NaCl, 10% glycerol, 1T mM EDTA, 1 mM
PMSF, 0.1% IGEPAL CA-630,2 mM DTT) in presence of COMPLETE EDTA-free protease inhibitor
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(Roche). Cells were sonicated and the lysate was clarified by centrifugation at 26500xg for 20
minutes. The supernatant was recovered and added to Glutathione Sepharose 4B beads (Cytiva)
equilibrated in lysis buffer. After incubation for 90 minutes, the beads were washed with 100 ml
of wash buffer 1 (50 mM TRIS-HCI pH 8,1 M NaCl, 10% glycerol, T mM EDTA, T mM PMSF, 0.1%
IGEPAL CA-630,2 mM DTT. Beads were then washed with 50 mL wash buffer 2 (50 mM TRIS-HCI
pH 8, 300 mM NaCl, 10% glycerol, 0.1% IGEPAL CA-630, 2 mM DTT). Resuspended beads in
2 mL wash buffer 2 and cleaved protein from beads overnight at 4 °C using 100 U PreScission
protease. Concentrated FEN1_DA was injected on Superose 6 Increase 10/300 GL (Cytiva) and
eluted in Superose 6 buffer (20 mM HEPES-KOH pH 7.4, 300 mM NacCl, 10% glycerol, 2 mM DTT).
Fractions were selected and FENT_DA was concentrated and stored at -80°C.

Protein labeling with fluorescent dyes

Histones H2A-H2B (containing H2B-T112C) and H3-H4 (containing H4-E63C) were labeled
with maleimide AlexaFluor-647 (AF647) or AlexaFluor-488 (AF488) respectively (56, 57), as
indicated.

PCNA-C4S-K164C and PCNAK164C were labeled with Alexa Fluor 546. PCNA was diluted
in labeling buffer (50 mM MOPS pH 7.0, 125 mM NaCl, 5 mM Sodium Acetate, T mM EDTA, 1
mM TCEP) to a final concentration of Tmg/ml. A 10-fold excess of TCEP was added to PCNA to
ensure that all cysteines are effectively reduced. PCNA was then incubated with a 10-fold excess
of AlexaFluor546. The reaction was incubated for 2 hours at room temperature, then quenched
with 20 mM DTT final concentration for 30 minutes. labeled PCNA was then concentrated and
injected on a Superdex 75 increase 10/300 column to remove free dye. PCNA was eluted in 20
mM HEPES pH 7.5, 125 mM NaCl, 1 mM TCEP. Fractions containing labeled PCNA were pooled
and concentrated, and the protein was stored at -80°C.

Annealing of linear DNA fragments

Single-stranded DNA oligos of different lengths were purchased from IDT, either desalted
(unlabeled oligos) or HPLC-purified (Alexa Fluor 647-conjugated oligos). For each length (18mer,
33mer, 43mer, 53mer) a forward oligo and a reverse oligo in reverse complement sequence were
ordered. The 18mer and 33mer forward oligos included a 5" Alexa Fluor 647 label. Forward and
corresponding reverse oligos were mixed in a 1:1 stoichiometric ratio at 20 pM each (18mer and
33mer) or 40 pM each (43mer and 53mer) with a final of 20 MM HEPES pH 7.5 and 25 mM NaCl.
The mixed oligos were annealed by heating up to 95 C for 3 min, and then slowly cooled to room
temperature over several hours. Annealed DNA was stored at -20 C.

EMSA

Native DNA-protein complexes were allowed to form in NA buffer: 25 mM TRIS pH 7.5, 150
mM NaCl, T mM EDTA, 0.02% Tween-20, 1T mM TCEP. Increasing amounts of CAF-1 (0 to 5 uM)
were incubated in buffer for 10 min before addition of DNA (50 nM). Single stranded DNA oligos
for 18bp, 33bp, 43 or 53 bp were purchased from IDT (labeled with AlexFluor647 at their 5" end,
Supplementary Table S1) and annealed prior to the EMSA experiments. 10% final concentration
of glycerol was added before loading the samples into a 6% PAGE. Gels were scanned for
fluorescence and then stained with SybrGOLD before imaging with Amersham Image Quant 800.
The data was analyzed and plotted using FIJI and GraphPad Prism. We quantified the fluorescent
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signal of the unbound DNA band. We calculate the percentage of unbound DNA relative to the
no CAF-1 condition. %bound DNA is then expressed as 100 - percentage of unbound DNA. The
Kd values were calculated using a one site binding curve with hill slope in GraphPad Prism. The
18bp data was fitted to a one site binding curve with a Hill coefficient constrained to 1.

PCNA-CAF-1 binding experiments on SEC

We used pUC19 plasmid as DNA template for PCNA loading. This plasmid was nicked using
the restriction enzyme Nt.BspQl for 8 hours at 50°C, and was subsequently purified via phenol
chloroform extraction. Reactions were performed in PCNA loading buffer 50mM HEPES pH 7.5,
200 mM NaCl, 0.01% IGEPAL CA-360, TmM TCEP. PCNA (30 uM) was incubated for 5 minutes at
30°C with nicked pUC19 (0.3 uM) and RFCAN (0.5 pM), in the presence of MgCl, (10 mM) and ATP
(3 mM). Next, CAF-1 (5uM) was added to these reactions and incubated for 15 minutes at room
temperature. Samples were next spun down for 5min at 17000xg before injection on Superose
6 increase 3.2-300 columns connected to an AKTA pure system fitted with PEEK [.D. 0.25 mm
tubing. Fractions were analyzed on 4-12% gradient SDS-PAGE run in MES buffer.

PCNA-NAQ assay

We used pRC1765 (Addgene #141346, a gift from Rafael Ferndndez Leiro) as template for
PCNA loading and nucleosome assembly. pRC1765 was nicked using the restriction enzyme
Nt.BbvCl for 6 hours at 37°C, and was subsequently purified via phenol chloroform extraction.
PCNA was loaded on DNA in PCNA loading buffer, in a final volume of 11ul: PCNA (10.9 uM)
was added to an equimolar mixture of nicked and supercoiled pRC1765 (47.3 nM each), RFCAN
(1.1uM) in presence of MgCl, (8 mM) and ATP (10.9 mM). This reaction was incubated at 30°C
for 5 minutes. First, samples were diluted with 25ul of NA buffer in order to decrease the high
concentration of MgClI, which hinder proper nucleosome assembly, followed by addition of
CAF-1-H3-H4 (0.1 uM final concentration for each — H3-H4 dimer concentration) to a final volume
of 40 pl total. This tetrasome assembly step is incubated at room temperature for 15 minutes.
Then, we added fluorescently labeled H2A-H2B dimers and incubated for 15 minutes at room
temperature, to complete nucleosome formation (62). Samples were spin down for 5 minutes at
17000xg. Tl of each reaction was mixed with 5ul of NA buffer and 5% sucrose final concentration
for loading on 0.8% agarose gel and run for 90 minutes in 1X TAE (TRIS-Acetate EDTA) at 90 volts.
25ul of each reaction was digested with 80 units of MNase in a total volume of 100 pl (containing
50 MM TRIS pH 7.9, 5 mM CaCl,) at 37°C for 10 minutes. MNase was inactivated by addition of
EDTA. A 621bp DNA fragment was added as loading control and the DNA was further purified
as in (62). MNase-digested samples were loaded on 6% PAGE and stained with SybrGOLD. The
data was analyzed and plotted using FIJI, and GraphPad Prism. The PCNA-mediated activity
of CAF-1 is quantified as the percentage of fluorescence on nicked plasmid relative to the total
intensity (nicked + supercoiled) for each condition. The amount of MNase-protected fragments
in each condition was quantified using Bioanalyzer (Agilent) on DNA High sensitivity chips. The
bioanalyzer data was analyzed by normalizing the nucleosome band (140-160 bp) to the loading
control at 621 bp within each lane, as in (62). Data was then plotted using GraphPad Prism.
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MNase-seq of PCNA-NAQ assay

MNase-seq was used to quantify nucleosome assembly in the PCNA-NAQ assay. In order to
distinguish nicked and supercoiled DNA, we used two plasmids with different sequences: pRS415
and pLox3 (Supplementary Table S2). After MNase inactivation a 207 bp DNA fragment was
added as loading control in these experiments. Purified MNase-digested products (containing
the loading control DNA) were used to prepare a lllumina sequencing library. First, samples were
purified using the CleanNGS kit (GC biotech #CNGS-0008), according to the manufacturer’s
protocol. Next, the CleanNGS elute was adjusted to 25ul with 10mM TRIS pH 7.5 and the
ends of the digested DNA were repaired and phosphorylated at their 5" end using the End-It
DNA End-repair kit (Lucigen #ER0720). DNA was purified using MinElute PCR Purification Kit
(QIAGEN #28006). Next, 3'A overhangs were added to each fragment using the Klenow fragment
(NEB #M0212M) and DNA was purified using MinElute PCR Purification Kit (QIAGEN #28006).
Next, unique indexed DNA adapters (Supplementary Table S3) were ligated overnight at room
temperature T4 DNA ligases (NEB # M0202L) to all fragments with A-overhangs and DNA was
purified using MinElute PCR Purification Kit (QIAGEN #28006). Finally, all samples were amplified
by a 8-cycle PCR-program using Phusion High-Fidelity DNA Polymerase (NEB #M0530L)
using primers 5- TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTCGGCATTCCTGCTGAAC-
CGCTCTTCCGATCT-3'and 5'- GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTACACTCTTTC-
CCTACACGACGCTCTTCCGATCT-3', prior to a final clean up using the MinElute Purification Kit
(QIAGEN #28006). Samples were pooled with a total concentration of 100ng. The library was
submitted for paired-end Illumina 150bp PE sequencing at Macrogen (Amsterdam). fastaq files
are uploaded to OSF (https://osf.io/2vd4z/?view_only=5ffale0b749445dadb22a11577f3d47f).
PCNA-NAQ-seq analysis was performed using custom scripts (https://github.com/del aatLab/
PCNA-NAQ-seq). The sequence data was demultiplexed by extracting reads that contained the
ligated adapter index in both read ends and trimmed by removal of the 5" adapter sequence from
the reads. Demultiplexed reads were mapped against the pLox3, pRS415 and loading control DNA
sequences using BWA mem v0.7.17 and filtered using samtools with SAM flag 780 and mapping
quality 60 and saved as bam files. The bam files were imported in R and fragments mapping
to pLox3 and pRS415 with fragment lengths between 125 and 160bp were selected for further
analysis. The percentage of reads mapping to the nicked plasmid was calculated based on the
total amount of reads found on both nicked and supercoiled plasmids. For coverage analysis
pLox3 and pRS415 fragments were normalized for the total number of fragments mapping to
the loading control sequence.

Primer extension assays

Experiments with Pole were performed in 25 mM HEPES-KOH pH 7.5, 150 mM potassium
acetate, 8 MM magnesium acetate T mM TCEPR, T mM ATP and 0.2 mg/ml BSA. Experiments with
Pol6 were performed in 25 mM TRIS-HCI pH 7.5, 150 mM NaCl, 8 mM MgCl,, T mM TCEP, T mM
ATP and 0.2 mg/ml BSA. We used single stranded plasmid DNA as template for DNA synthesis,
and it was produced as previously described (63). The concentrations reported here are for the
final reaction that contains all components.

Single-strand pBluescript SK(-) (Supplementary Table S4) was incubated for 5min at 80°C
with a 5x excess of a 15bp oligonucleotide and allowed to slowly cool down. The primer sequence
is: G*G*G* T*T*C*GTGCACACA conjugated to an Alexa Fluor 647 dye at the 5" end (* indicates
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nucleotides containing phosphorothioate bonds). The annealing reaction was coated with RPA
(0.6-1.5 uM) for 5 minutes at 30°C. Next, PCNA (0.48 uM) was loaded in presence of RFCAN
(0.12 uM) for 5 minutes at 30°C on DNA (12nM). Pole or Pold (0.12 pM) were primed onto the
primer-template DNA in presence of dCTP, dGTP and dATP (75 uM of each) for 5 minutes at
30°C. Finally, dTTP (75 uM) was added to start the reaction. CAF-1 or FEN1 were also added at
this step, at 300 nM unless stated otherwise in the figures. Reactions were quenched at various
timepoints with 10 MM EDTA final concentration. Samples were mixed with 2% sucrose, 100 mM
NaOH final concentrations and were loaded on denaturing alkaline 1.2% agarose gel. Gels were
run for 16 hours at 40V, and imaged on a Typhoon. The data was analyzed and plotted using FIJI,
and GraphPad Prism. DNA synthesis is quantified as the intensity of the full-length plasmid band
relative to the total intensity in the entire lane.

For MNase analysis, 30 L of primer extension reactions at the final time point (16 minutes
for Pole and minutes for Pold) were mixed with 80 U of MNase in a total of 100 pL (containing
50 mM TRIS pH 7.9, 5 mM CaCl,) at 37°C for 10 minutes. MNase was inactivated by addition of
EDTA. A 621bp DNA fragment was added as loading control and the DNA was further purified as
in (62). MNase-digested samples were loaded on 6% PAGE and stained with SybrGOLD and run
on a Bioanalyzer (Agilent) using DNA High sensitivity chips. The bioanalyzer data was analyzed
by normalizing the nucleosome band (140-150 bp) to the loading control at 621 bp within each
lane, as in (62). Data was then plotted in excel and GraphPad Prism.

In-solution crosslinking experiments

CAFE-1-PCNA on nicked plasmid: To buffer containing 20 mM HEPES pH 7.5, 200 mM NaCl,
1T mM TCEP, the following components were added in order at room temperature: 10 mM MgCI2
(from 1700 mM stock), 3 uM PCNA K164C, 0.15 uM RFCAN, 0.3 uM nicked (with Nt.BspQ1) pUC19
plasmid (from T uM stock), T mM ATP. This mixture was incubated at 30 °C for 5 min to increase
the efficiency of PCNA loading onto DNA. Then, 1.5 uM CAF-1 was added and incubated for 10
min at room temperature. The total NaCl concentration during the loading reaction and after
adding CAF-1, taking into account the contributions from each component, ranged between
100 and 110 mM. Samples were diluted 2-fold in buffer containing 20 mM HEPES pH 7.5, 100
mM NaCl, T mM TCEP, 0.02% IGEPAL CA-630, and incubated at room temperature for 10 min.
Samples were subjected to chemical crosslinking by addition of a final concentration of 0.2%
glutaraldehyde (from a 2.5% stock in water). The samples were incubated at room temperature
for 20 min before quenching the crosslinker by addition of 100 mM TRIS pH 7.5 (from 1 M stock).
To release the crosslinked complexes from the DNA, 10% of the sample volume Pierce universal
nuclease, diluted 1:20 in buffer containing 20 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCI2,
and T mM TCEP, was added. After incubation at room temperature for 10 min, 50 mM EDTA was
added to quench the nuclease. Samples were spun down for 15 min at 13,000 xg at 4 °C and the
supernatant was transferred to a new tube.

Complex formation of CAF-1 and PCNA on linear DNA: Linear DNA fragments with lengths
of 18, 33, 43 or 53 bp were mixed with PCNA-C4S-K164C and CAF-1 in buffer containing 20
mM HEPES-KOH pH 7.6, 100 mM KCI, 0.01% IGEPAL CA-630 and T mM TCEP, and incubated
on ice for 10 min. The final mixture contained 1.5 uM DNA, 4.5 uM Alexa Fluor 456 -labeled
PCNA (concentration for a monomer), and 3 uM CAF-1. Samples were subjected to chemical
crosslinking by diluting 3-fold in the same buffer and addition of a final concentration of 0.2%
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glutaraldehyde (from a 2.5% stock in water). The samples were incubated at room temperature
for 20 min before quenching the crosslinker by addition of 100 mM TRIS (from a 25x TAE stock
containing 1 M TRIS). Samples were spun down for 5 min at 13,000 xg at 4°C and the supernatant
was transferred to a new tube.

Complex formation of CAF-1-H3-H4 and PCNA without DNA: Histones H3-H4 (C110A, T71C)
tetramers, labeled with AlexaFluor 488, were concentrated in 20 mM HEPES pH 7.5,2 M NaCl, 1
mM EDTA, 1 mM TCEP to a final concentration of 79.4 uM using an Amicon Ultra-0.5 centrifugal
concentrator with a molecular weight cut off of 10 kDa. CAF-1 WT or mutants were diluted to
a concentration of 27.1 uM in 20 mM HEPES pH 7.5, 200 mM NaCl, T mM EDTA, 1 mM TCEP.
CAF-1 was then mixed with the histones in a volumetric ratio of 3:1 to obtain samples with final
concentrations of 20 uM CAF-1 and 10 uM H3-H4 tetramers. The NaCl concentration in these
samples was around 650 mM._CAF-1-H3-H4 samples were mixed in order with buffer containing
20 mM HEPES pH 7.5, 60 mM NaCl, T mM TCEP and then PCNA-C4S-K164C (labeled with
AlexaFluor 546, 185 uM stock) to obtain final concentrations of 1.5 uyM CAF-1-H3-H4, 5.55 uM
PCNA with a total of about 105 mM NaCl. Samples were diluted 2-fold in buffer containing 20
mM HEPES pH 7.5, 100 mM NaCl, T mM TCEP, 0.02% IGEPAL CA-630, and incubated at room
temperature for 10 min. Samples were subjected to chemical crosslinking by addition of a final
concentration of 0.2% glutaraldehyde (from a 2.5% stock in water). The samples were incubated at
room temperature for 20 min before quenching the crosslinker by addition of 700 mM TRIS pH 7.5
(from 1 M stock). Samples were spun down for 15 min at 13,000 x g at 4 °C and the supernatant
was transferred to a new tube.

Crosslinking of CAF-1-PCNA on DNA at limiting PCNA concentrations: AlexaFluor546-labeled
PCNA K164C (50 nM) was loaded onto nicked (with Nt.BspQ1) pUC19 plasmids (15 nM) by
RFC (15 nM). The reaction was conducted at 30 °C for 5 minutes in buffer containing 20 mM
HEPES-KOH pH 7.6, 130 mM NaCl, 0.01% IGEPAL CA-630, T mM TCEP, 10 mM MgCI2, T mM ATP.
Then, CAF-1 or buffer control was titrated between 0-1 uM. The total NaCl concentration during
the loading reaction and after addition of CAF-1, taking into account the contributions from each
component, ranged between 100 and 110 mM. After 10 min at room temperature, the samples
were diluted 4.5-fold by adding buffer containing 20 mM HEPES-KOH pH 7.6, 100 mM NaCl, 0.01%
IGEPAL CA-630, T mM TCEP, before cross-linking with 0.2% glutaraldehyde. The cross-linking
reaction took place at room temperature for 20 minutes, after which, it was quenched with a final
concentration of 100 mM TRIS-HCI pH 7.5. DNA was digested using Pierce™ Universal Nuclease
for Cell Lysis (Thermo Fisher Scientific) diluted to 1:20 in 20 mM HEPES-KOH pH 7.6, 100 mM
NaCl, 5 mM MgCl,, T mM TCEP and added to 10% of the crosslinking reaction volume. The
digestion was quenched with 50 mM EDTA and immediately spun down for 5 minutes at 13,000
xg and 4°C to remove precipitates.

Crosslinking of FENT-PCNA at limiting PCNA concentrations: AlexaFluor546-labeled PCNA
K164C (50 nM) and FEN1_DA (0-0.6 mM) were mixed in buffer containing 20 mM HEPES-KOH
pH 7.6, 700 MM NaCl, 0.01% IGEPAL CA-630, T mM TCEP. After 10 min at room temperature, the
samples were diluted 4.5-fold by adding buffer containing 20 mM HEPES-KOH pH 7.6, 100 mM
NaCl, 0.01% IGEPAL CA-630, T mM TCEP, before cross-linking with 0.2% glutaraldehyde. The
crosslinking reaction took place at room temperature for 20 minutes, after which, it was quenched
with a final concentration of 100 mM TRIS-HCI pH 7.5. Crosslinked samples were immediately
spun down for 5 minutes at 13,000 g and 4°C to remove precipitates.
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SDS-PAGE analysis of crosslinked samples: Crosslinked samples were mixed with 4x XT
sample buffer and 20x XT reducing agent in appropriate volumetric ratios. These samples were
loaded on 12% Criterion XT Bis-TRIS gels in XT MOPS buffer. Gels were run at 20 mA until the
samples have completely entered the gel and then at 40 mA until the gel run was complete
(typically between 2 and 3 hours). Gels were run at room temperature, and additionally in the
dark if components contained fluorophores. Gels were scanned for histones H3-H4 and/or PCNA
fluorescence (depending on the assay) on an AMERSHAM ImageQuant 800 imager (Cytiva). Band
intensity was calculated using the ROl manager tool in Image J/Fiji and plotted using GraphPad
Prism. Where applicable, gels were subsequently stained with Coomassie blue and scanned on
AMERSHAM ImageQuant 800 imager (Cytiva).

Mass Photometry

Samples were prepared using crosslinking at stoichiometric conditions, the reactions (+1.2 mL
final volume after EDTA quenching) were concentrated to 500 pL and loaded on a pre-equilibrated
Superose 6 10/300 GL (Cytiva) column in buffer 20 mM HEPES-NaOH pH 7.5, 200 mM NaCl, 1
mM TCEP. Fractions were analyzed on SDS PAGE, the ones containing the complex of interest
(Peakl or Peak?2) were pooled and concentrated to about 40 pL (Abs280 close to 0.5). The
samples were diluted 10 to 20-fold in 20 MM HEPES-NaOH pH 7.5, 100 mM NaCl, T mM TCEP
right before measuring on a Refeyn OneMP instrument (Refeyn Ltd.). For each measurement,
13 pL of this buffer was first placed into the CultureWell gaskets wells (Grace Biolabs) placed
into the Microscope coverslips (24 mm x 50 mm; Paul Marienfeld GmbH). After adjusting the
focus, 2 pL of sample was mixed in. Movies were recorded for 60 seconds at 100 frames per
second. A calibration measurement under the same conditions was performed roughly every
15 measurements using an in-house prepared protein standard mixture: IgG4Ahinge-L368A (73
kDa), IgG1-Campath (149 kDa), apoferritin (479 kDa), and GroEL (800 kDa). Data was processed
using DiscoverMP (Refeyn Ltd.) with bin width adjusted to 10, and each sample retrieved about
1500-3000 counts. Figures were prepared with the Refeyn instrument and edited in lllustrator.

Fluorescence polarization

Fluorescence Polarization assays were carried out in 25 mM TRIS pH 7.5, 300 mM Nacl,
5% glycerol, T mM EDTA, 0.01% NP-40 (added fresh), 0.01% CHAPS (added fresh), T mM DTT
(added fresh). Binding reactions were prepared by mixing 10 nM of Alexa488-labeled H3-H4 (H3
C110A-H4 E63C) and increasing amounts of CAF-1, Pole, Pold or RPA in a final volume of 30 pL in
CORNING low flange 384 well black microplates (CLS3575). Binding data were measured using a
CLARIOStar (BMG LabTech) plate reader. The data was analyzed and plotted using Microsoft Excel
and GraphPad Prism. The binding affinity was determined using a One Site binding curve (not
accounting for fluorescent label depletion) in GraphPad PRISM (y=Bmax*x/K+x + Background,
where Bmax is the maximum specific binding, K, is the equilibrium dissociation constant and
Background is the measured binding with no added ligand). Fluorescence Polarization was
measured three times over the course of 15 minutes for each sample, to ensure equilibration of
the binding. Each experiment was performed in triplicate.



CAF-1 deposits newly synthesized histones during DNA replication using distinct mechanisms on the leading and lagging strands | 65

NAQ assay

This refers to Supplementary Figure S5B. The nucleosome assembly reaction was carried
out at 200 nM of 207 bp DNA, 200 nM xenopus octamer maleimide AlexaFluor-647 (AF647)
labeled on H2B T112C (containing H3 C110A mutant) and 500 nM CAF-1, Pole or RPA. After the
assembly reaction, the samples were diluted to a DNA concentration of 50 nM in 100 pl digestion
reactions. 25U of MNase enzyme was added in a final buffer containing 50 mM TRIS pH 7.9, 5
mM CaCl2. After incubation at 37°C for 10 min, the reactions were quenched with 10 ul of 500
mM EDTA, pH 8. The DNA was then purified using a modified protocol of the MinElute kit from
QIAGEN. 550 pl of PB buffer and 10 pl of 3 M sodium acetate were added to each sample and
they were incubated at room temperature for 10 min. At this point, 50 ng of DNA loading control
(or reference band, a 621 bp DNA fragment) was added to each tube. The samples were applied
to the MinElute spin column and washed as prescribed by QIAGEN. The DNA was eluted with
10 pl of water. 2.5 pl were loaded on a 6% PAGE gel. The gel was run for 45 min at 200 V in 0.5x
TBE buffer at room temperature. Gels were stained with SybrGOLD for DNA and imaged on an
AMERSHAM ImageQuant 800 (Cytiva).

Cell culture, genome editing and western blot

Mouse ESCs used in this study were derived from the E14JU cell line with a 129/0la
background. For genome editing and next-generation sequencing experiments, ESCs were grown
on gelatin-coated dishes (0.2 %) in serum+LIF conditions at 37 °C with 5 % CO2. Media was
prepared by supplying DMEM-GlutaMAX-pyruvate with fetal bovine serum (15 %), LIF (made in
house), 1x non-essential amino acids (Gibco), 1x penicillin/streptomycin (Gibco) and 2-beta-ME
(0.1 uM). Cells were passaged using Trypsin-EDTA (Gibco) or TrypLE (Gibco). Cells were routinely
tested for mycoplasma contamination. For genome editing Chaf1a-dTAG cells were generated
by CRISPR-Cas9 using the SpCas9(BB)-2A-Puro (PX459) V2.0 plasmid (Addgene #62988) as
described in (64) with sgRNA#1 (Supplementary Table S5), which targets the Chaf1a gene at the
beginning of the ORF and a Chaf1-linker-dTAG homology donor plasmid. Cells were transfected
using Lipofectamine 3000 reagent (Invitrogen) using 0.5 pg of sgRNA-plasmid and 2 ug of donor
plasmid. Cells were sparsely seeded on a 10 cm dish 24 hours post transfection and selected
with Puromycin (2 ug/mL) for 48 h. Thereafter, cells were expanded and genotyped with primers
#1 and #2 (Supplementary Table S5). Positive clones were analyzed by Sanger sequencing with
primers #3 and #4 (Integrated DNA Technologies, Supplementary Table S5) and degradation
upon dTAG-13 (Tocris, 6605) treatment was confirmed by Western Blot by a-Chafla antibody
(65). Fractionation cell extracts were prepared as in (66). Western Blotting was performed as
described in (67).

Immunofluorescence

Cells treated with DMSO or dTAG-13 for 4 hours, were pulsed in EdU-containing media (10 uM)
for 10 min and immediately fixed for 15 min in 4% PFA at RT and stored in PBST (PBS with 0.3%
Triton X-100). Primary antibody H4K20me0O was added at the concentration of 1:1000 in PBST
with 5% donkey serum and incubated overnight. Incubation was followed by 3 washes in PBS
and secondary antibody was then added in PBST. Samples were incubated with the secondary
antibody in the dark at RT for 1h. After 3 washes, samples were stained with DAPI (1:10000)
in PBST. Images were acquired with a ScanR high-content screening microscope (Olympus).
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Automated and unbiased image analysis was carried out with the ScanR analysis software
(version 2.8.1). Individual cells were identified based on DAPI staining and mean pixel intensity
was measured for each channel. Data was exported and processed using Spotfire software
(version 10.5.0; Tibco). Statistical analysis and visualization of results was done using R (v4.1.2)
in RStudio (v2021.9.2.382).

SCAR-seq

A step-by-step protocol is available (68). Briefly, nascent SCAR-seq samples were prepared
from Chaf1a-dTAG cells in three biological replicates for each histone PTM. Cells treated with
DMSO or dTAG-13 for 2 hours, were pulsed in EdU-containing media (10 yM) for 30 min and
harvested immediately. For sample collection, media was aspirated, plates washed 2x with RT
PBS and ice-cold PBS was added to the dishes. Cells were scraped in a cold room and collected
by centrifugation, followed by nuclei isolation. Nuclei were aliquoted, snap-frozen and stored at
-80° C until further use. For MNase digest, nuclei were counted manually using Kova Glasstic
Slides and 2 U MNase (Worthington) were added per 1x106 nuclei. Digests were performed at
30° C for 20 minutes. For native ChIP, 30-50 pg of chromatin was used per sample and incubated
with antibodies in a total volume of 600 pL overnight at 4° C with H3K27me3 antibody (Cell
Signaling, 9733) or H4K20me0 antibody (Abcam, ab227804). Magnetic beads (anti-rabbit
IgG Dynabeads, invitrogen) were added the next morning and samples were incubated for 2
hours. After three washes each with ice-cold RIPA buffer and RIPA 0.5M NaCl buffer, DNA was
eluted and purified using the MinElute Reaction Cleanup kit (Qiagen). Mononucleosomal-sized
fragments were isolated by double sided size selection with AMPure XP beads (Beckman Coulter).
EdU-labeled DNA fragments were biotinylated using Click-iT chemistry as reported above but
using Biotin-TEG-Azide (Berry & Associates) instead of Picolyl-azide-PEG4-Biotin. Libraries were
prepared using the KAPA Hyper Prep Kit (Roche). Biotinylated fragments were captured using
Dynabeads MyOne Streptavidin (Invitrogen) and EdU strands were purified by performing NaOH
washes. Libraries were amplified in 9-11 PCR cycles. Libraries with mononucleosomal-sized
inserts were isolated by double-sided size selection with AMPure XP beads (Beckman Coulter),
followed by a second clean-up with 1.0x AMPure XP beads. Fragment distribution of libraries was
checked on a a Fragment Analyzer system (Agilent). Stranded input samples were prepared in
parallel with SCAR-seq samples. Samples were sequenced single end (75bp) on a NextSeq500
instrument (Illumina).

Reads were processed, mapped and histone partition signal was computed as described
previously (68). Briefly, for each strand the SCAR normalized signal (CPM) was computed in
Tkb bins and smoothed in a uniform blur considering the neighboring 30 bins on each side. For
each 1kb window, the signal from its corresponding SCAR input was subtracted and negative
values were set to zero. Input corrected windows with CPM < 0.3 on both strands were filtered
out and not considered for further analyzes. The final partition score for each 1kb window was
calculated as: Partition = (F - R)/(F + R) where F and R correspond to the number of normalized
and input-corrected reads for the forward and reverse strand, respectively. The partition value
relates to the ratio of histones with a specific modification being segregated to the nascent
forward (Partition > 0) or nascent reverse (Partition < 0) strand within each window respectively.
Okazaki-seq replication fork directionality (RFD) scores and filtered initiation zones (1Zs) for mESC
were taken from (67) and used to define replication via leading or lagging strand mechanism. The
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RFD score in Okazaki-seq is calculated like SCAR-seq partition scores but subtracting the forward
(F) strand signal from the reverse (R) strand signal instead: RFD = (R - F)/(F + R).

The average partition signal from replicate 1 was used for visualization purposes in Partition
line plots (Figure 6). To visualize the total reads in SCAR-seq, total mm10 mouse read counts were
spike-in normalized to dm6 drosophila read counts as described in (69) By using the uniquely
mapping, deduplicated reads in millions, the EdU-enriched Input samples (“Clickedinputs”) was
used as reference for relative spikeln abundance and EdU labeling efficiency. To visualize global
signal in SCAR-seq, number of uniquely mapped, deduplicated mm10 reads of the SCAR sample
(in million reads) were normalized to DMSO for each mark and replicate and plotted in replicates
using R (v4.1.2) in RStudio (v2021.9.2.382).

End-point DNA replication with yeast replisome

These were carried out as in (9), all stock protein concentrations were determined by
Bradford analysis. MCM was loaded onto 5.8 Kb ARST plasmid in 30 pL reaction volumes, to
final concentrations of 22.5 nM ORC, 100 nM Mcm?2/7-cdt1, 45 nM Cdcé and 4 nM plasmid
DNA template, in buffer containing 25 mM HEPES-KOH pH 7.6, 100 mM potassium glutamate,
10 mM magnesium acetate, 0.02% IGEPAL CA-630, 5% glycerol, 5 mM ATP, 0.1 mg/mL BSA, 1
mM DTT. This reaction was incubated at 30°C for 20 minutes. After origin licensing, DDK was
added to 25 nM and further incubated at 30°C for 30 minutes. The replication reaction was
initiated by addition of FF500 buffer (50 mM HEPES-KOH pH 7.6, 500 mM potassium glutamate,
20 mM magnesium acetate, 0.02% IGEPAL CA-630, 2 mM DTT, 6 mM ATP, 0.2 mg/mL BSA, 0.4
mM CTP, GTP, UTP each, 0.16 mM dGTP, dATP, dTTP, dCTP and 40 nM a32P-dCTP), followed
by replication proteins in a master mix added to final reaction concentrations of 30 nM Dpb11,
40 nM cdc45, 210 nM GINS, 20 nM S-CDK, 5 nM Mcm10, 25 nM SId3/7, 50 nM SId2, 20 nM Pole,
100 nM RPA, 20 nM Pola, 20 nM Ctf4, 20 nM Topoll, and another protein master mix added to
final reaction concentrations of 20 nM Mrc1, 20 nM Csm3/Tof1, 10 nM Topol, 20 nM RFC, 20 nM
PCNA, 10 nM Polb. The replication reaction was conducted at 30 °C for 40 minutes. After this,
the reaction was quenched by addition of 50 mM EDTA to 2x dilution. Samples were cleaned-up
for unincorporated nucleotides using MicroSpin G-50 columns (Cytiva), after which they were
denatured in 100 mM NaOH, 2% sucrose, bromocresol green as loading dye and 15 uL samples
were run on 0.7% alkaline agarose gels for 18 hours at 45 V. The next day, DNA was precipitated
on gel by treatment with ice cold 5% TCA for 2 cycles of 15 minutes with TCA refreshment. The
gel was dried in 2x chromatography Whatman paper and towel paper sandwich with a weight
on top for 30 minutes, to remove excess moisture. After that, the Whatman paper gel sandwich
was moved to a gel dryer for 2.5 hours at 55 °C. Gel was exposed to a phosphor screen for 2 days
using Amersham Typhoon Biomolecular Image.

Pulse-chase experiments

These were carried out as in (9), all stock protein concentrations were determined by Bradford
analysis. MCM was loaded onto 5.8 Kb ARS1 plasmid in 150-300 L reaction volumes, to final
concentrations of 22.5 nM ORC, 100 nM Mcm2/7-cdt1, 45 nM Cdc6 and 4 nM plasmid DNA
template, in buffer containing 25 mM HEPES-KOH pH 7.6, 100 mM potassium glutamate, 10
nm magnesium acetate, 0.01% IGEPAL CA-630, 5 mM ATP, 0.1 mg/mL BSA, T mM DTT. This
reaction was incubated at 30°C for 30 minutes. After origin licensing, DDK was added to 25 nM
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and further incubated at 30°C for 30 minutes. Replication proteins in a master mix were added to
final pulse reaction concentrations of 30 nM Dpb11, 40 nM cdc45, 210 nM GINS, 20 nM S-CDK,
5 nM Mcm10, 25 nM SId3/7, 50 nM SId2, 20 nM Polg, 100 nM RPA, 40 nM PolA, 20 nM Ctf4,
followed by another protein master mix added to final pulse reaction concentrations of 20 nM
Mrc1, 20 nM Csm3/Tof1, 10 nM Topol. This reaction was then split into the pulse mixes containing
20 nM RFC, 20 nM PCNA, 180 nM CAF-1 or FENT (or corresponding storage buffers for control
reactions), FF500 pulse buffer (50 mM HEPES-KOH pH 7.6, 500 mM potassium glutamate, 20 mM
magnesium acetate, 0.02% IGEPAL CA-630,2 mM DTT, 6 mM ATP, 0.2 mg/mL BSA, 0.4 mM CTP,
GTP,UTP each, 0.16 mM dGTP, dATP, dTTP, 4 uM dCTP and 66 nM a32P-dCTP. Pulse reaction
was conducted at 30 °C for 3 min 20 sec, when the chase (0.6 mM dCTP, dGTP, dATP, dTTP)
was added. Time points were taken (15 pL) at 4, 5, 6 and 7 min and replication reactions were
quenched by addition to 2x dilution in 50 MM EDTA. Samples were cleaned-up for unincorporated
nucleotides using MicroSpin G-50 columns (Cytiva), after which they were denatured in 10 mM
NaOH, 2% sucrose, bromocresol green as loading dye and 14 uL samples were run on 0.7%
alkaline agarose gels for 18 hours at 45 V. The next day, DNA was precipitated on gel by treatment
with ice cold 5% TCA for 2 cycles of 15 minutes with TCA refreshment. The gel was dried in 2x
chromatography Whatman paper and towel paper sandwich with a weight on top for 30 minutes,
to remove excess moisture. After that, the Whatman paper gel sandwich was moved to a gel
dryer for 2.5 hours at 55°C. Gel was exposed to a phosphor screen for 2 days using Amersham
Typhoon Biomolecular Image.

Max replication rate quantification

Data analysis was performed using the ImageQuant TL software. The raw data was
analyzed using the 1D gel analysis option. Lanes were created manually with a 95% lane width.
The background subtraction was done automatically using the minimum profile option. The
peak of leading strand signal was selected manually under band detection in each lane. The
upper boundary of the leading strand products, i.e. the front of the peak (created automatically
by ImageQuant), was used as the max size of replicated products (example is shown in
Supplementary Figure S7C). To convert mm to bp, a lane was created for the marker. The
molecular size calibration was done using the standard ladder product sizes of Lambda DNA
digested with Hindlll. The conversion was computed automatically within the software using
a log curve and Retardation factor (Rf) to propagate the values. The bp values calculated by
ImageQuant for the earliest three time-points after addition of the chase were used in GraphPad
prism to fit a linear regression, whose slope determined the max replication rates reported. To
compare these rates independently on the variability of replication speed between experiments,
we also normalized within each repeat the max replication rate of all conditions to the one of the
+RFC/PCNA (no CAF-1) sample.

Availability
Fastaq files from MNase-seq are uploaded to OSF and can be accessed with the following
link: https://osf.io/2vd4z/?view_only=5ffale0b749445da9b22a11577f3d47f

Supplementary Data
Supplementary Data are available at NAR online.
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Supplementary Figure S1

A) SDS PAGE following separation on SEC of a PCNA loading reaction on DNA plasmids (on the left) and
the control omitting ATP (on the right). The grey arrow indicates the elution volume of the plasmid DNA.
B) SDS PAGE following separation on SEC of WT CAF-1 only. C) Chromatogram (230 nm signal) of the
Superose 6 runs whose SDS PAGE gels are shown in Figure TA-C. The grey arrow indicates the elution
volume of the plasmid DNA. Elution volume for CAF-1, PCNA and ATP are marked by black arrows. D)
Cartoons of the Cac1 (large CAF-1 subunit) domains and the mutants used in this study. All complexes
contain Cac2 and Cacg, in addition to the indicated Cac1 construct. E) SDS PAGE following separation
on SEC of a control reaction where the DNA plasmid was omitted, from a CAF-1-PCNA binding exper-
iment as in Figure 1A. F) SDS PAGE following separation on SEC of a CAF-1-PCNA binding reaction
on nicked DNA plasmid using a CAF-1_AKER mutant. The grey arrow indicates the elution volume
of the plasmid DNA. G) EMSA experiments and quantification of CAF-1 binding to double-stranded
DNA fragments. Each 18-33-43-53 bp DNA fragment carries a AF647 fluorophore for detection and
quantification. Disappearance of the unbound DNA band was used to calculate binding at different
CAF-1 concentrations. Binding affinities Kd result from fitting the calculate data in GraphPad. 18 bp data
is fitted with a One Site total binding curve, while the data with 33-43-53 bp DNA was fit accounting
for cooperativity. The Hill coefficients obtained for these curves are 1.6, 2.7, 2.4 respectively. Means
+SD is shown for each data point. At least three replicates were done for each experiment. H) EMSA
experiments and quantification of binding to a 33-bp double-stranded DNA fragment of CAF-1_KER*
and CAF-1_WHD* mutants. Disappearance of the unbound DNA band was used to calculate binding
at different CAF-1 concentrations. Means +SD is shown for each data point. At least three replicates
were done for each experiment. 1) Crosslinking experiment between CAF-1 (3 mM) and labeled PCNA
(4.5 mM) on DNA fragments (1.5 mM) of various sizes. DNA was not digested in these reactions. RFC
and ATP were not added to actively load PCNA. These are the full gels of Figure 1G. J) Alphafold model
of the KER domain in Cac1 (residues 128-226). Cartoon with sticks and electrostatics are shown. The
electrostatics are calculated with the APBS plugin in Pymol. Blue is +5kEV and Red is -5kEV. A 12bp
structure of B-DNA (PDB: 1BNA) is shown at the same scale of the KER domain for length comparison.
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Supplementary Figure S2

A) Bioanalyzer-based quantification of nucleosome assembly (140-160 bp fragments) relative to the
621 bp loading control shows that CAF-1 is the main nucleosome assembly factor in our reactions.
B) Left panel: Native agarose gel of control PCNA-NAQ assay conditions. Fluorescence signal for
H2B-T112C labeled with AF647 (H2B-AF647) or DNA (SybrGOLD), and their overlay are shown. H2B
fluorescence on the nicked plasmid (top panel) represents PCNA-dependent histone deposition. Right
panel: Native PAGE stained with SybrGOLD of protected DNA fragments following MNase digestion.
150bp DNA fragments are characteristic of nucleosomal DNA, a 621bp loading control is used to
monitor DNA retrieval during the purification procedure. C) Top panels: Native agarose gel of control
PCNA-NAQ assay conditions where instead of fluorescently labeled H2A-H2B, we used labeled H3-H4.
Fluorescence signal for H4-E63C labeled with AF488 (H4-AF488) is shown. Subsequently we stained
with SybrGOLD to image DNA. H4 fluorescence on the nicked plasmid (top panel) represent PCNA-de-
pendent histone deposition. Bottom panels: Native PAGE stained with SybrGOLD of protected DNA
fragments following MNase digestion. 150bp DNA fragments are characteristic of nucleosomal DNA,
a 621bp loading control is used to monitor DNA retrieval during the purification procedure. D) MNAse
digestion gel of PCNA-NAQ assay samples obtained for NGS analysis. These reactions contained a
nicked and supercoiled plasmid with different sequences (pRS415 or pLox3). We used a 207 bp DNA
loading control containing a 601-widom sequence. E) Fragment size distribution of the sequenced
reads confirms the dominance of a 150 bp size after MNase digestion and sequencing. F) Example
of reads coverage on the nicked plasmid when pRS415 was used in the full reaction or in a negative
control reaction omitting PCNA. Dashed lines show the sites of nicking. G) Quantification of the PC-
NA-dependent nucleosome assembly activity based on the NGS reads of WT CAF-1 and a no-PCNA
control reaction. The percentage of reads on the nicked plasmid is shown over the total number of reads
(for both plasmids). Means +SD is shown, and an unpaired t-test was applied to determine statistical
significance, *** p>0,001. H) Native agarose gel (top) of control PCNA-NAQ assay conditions with CAF-1
mutants. Fluorescence signal for H2B-T112C labeled with AF647 (H2B-AF647) or DNA (SybrGOLD),
and their overlay are shown. H2B fluorescence on the nicked plasmid (top panel) represents PCNA-de-
pendent histone deposition. Bottom: Native PAGE stained with SybrGOLD of protected DNA fragments
following MNase digestion. 150bp DNA fragments are characteristic of nucleosomal DNA, a 621bp
loading control is used to monitor DNA retrieval during the purification procedure. Quantifications of
H2B fluorescence are shown in Figure 2C.



74| Chapter 2

A Crosslinking at 50 nM PCNA - full gels

no DNA

é?‘
QO CAF-1+H3-H4-AF488 + PCNA
O )
& SEC fractions
QSOV‘SQ 'Q~ o WS v » Coomassie
558 288 828 [CAF-1]nM z
ooo% o%ggmmm‘—[_']n 150 {=
g | /31 ratio sl mmee- —gac;
- s ) [© 2:14RFC-PCNA . - Cac
- == \1‘1" CAF-1:PCNA  50{¢ T G583
: 374w
PCNA trimer 2514 ~mmm=~ |- PCNA
] N 201e
PCNA dimer 15 .
oal®
| PCNA monomer S HA-AF488
A . 75w
SDS PAGE - PCNA - AF546
254
- - Ha
kDa
SDS PAGE
coo8 CAF-1_AAD
o & 883K B 2 [CAF-1_AAD]nM 1XCAF-1-PCNA
; +f 3:1 ; —e—2xXCAF-1-PCNA
ratio
RS 21srrorona |eappona S0 —o— 3XCAF-1-PCNA
1:1 S
PCNA trimer §~1 0000
\PCNAdlmer g
€ 5000
|— PCNA monomer kel
[=
S
m 0 T T T T
SDS PAGE - PCNA - AF546 0 100 200 400500
et [CAF-1]nM

Supplementary Figure S3

A) Full gels of data in Figure 3C. PCNA fluorescence scan of SDS-PAGE of crosslinking experiment after
DNA digestion, of reactions containing 50 nM PCNA, 15 nM RFC, 15 nM pUC19 and increasing CAF-1
concentrations. B) SDS PAGE after SEC of a reaction containing PCNA (30 M), and CAF-1 preloaded
with labeled H3-H4 (5 M). No DNA or RFC is present in these reactions. After SDS PAGE run, we scan
the gel for the H4-488 nM fluorescence (bottom), followed by staining with Coomassie (top). C) PCNA
fluorescence scan of SDS-PAGE following protein-protein crosslinking after DNA digestion. These
reactions contain 50 nM PCNA, 15 nM RFC, 15 nM pUC19 and increasing CAF-1_AAD concentrations.
On the right: quantification of the CAF-1-PCNA bands. Mean + SD is shown of three replicates.
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Supplementary Figure S4

A) Fluorescence (primer signal) scan of denaturing alkaline agarose gel of primer extension reactions
with Pold or Pole. The polymerases were at 120 nM, PCNA 480 nM. Both polymerases are active with
different kinetics. Both polymerases depend on PCNA for activity. The NO-PCNA control lanes contain
reactions that incubated for 20 minutes. B) Fluorescence (primer signal) scan of denaturing alkaline
agarose gel of primer extension reactions with Pole in the presence of increasing amounts of WT
CAF-1 (150-300-600 nM). C) Fluorescence (primer signal) scan of denaturing alkaline agarose gel of
primer extension reactions with Pole (left) or Pold (right) in the presence of CAF-1 WT or CAF-1_AAD
(300 nM). Bottom: Quantification of the full-length product band relative to the total fluorescence in
each lane (expressed as percentages). Mean +SD are shown for three replicates. D) PCNA fluorescence
scan of SDS-PAGE following protein-protein crosslinking. These reactions contain 50 nM PCNA and
increasing FENT_DA or FENT_DA PIP* concentrations. E) Left panel: fluorescence (primer signal)
scan of denaturing alkaline agarose gel of primer extension reactions with Pold in the presence of
WT CAF-1, FENT_DA and FEN1_DA PIP* (all at 300 nM). Right panel: Quantification of the full-length
product band relative to the total fluorescence in each lane (expressed as percentages). Mean +SD

are shown for three replicates.
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Supplementary Figure S5

A) Fluorescence polarization experiment to test binding to H3-H4 (where H4 is labeled at E63C using
AF488). CAF-1, Pole, Pold, RPA expressed in yeast (used in Figure 7A) and RPA expressed in bacteria
(used in Figure 4-5) were titrated to a solution containing 10 nM of labeled H3-H4. The data points were
fit to a one site binding curve and the Kd were calculated in GraphPad. B) MNase digestion of a NAQ
reaction where each histone chaperone was incubated with the histone octamer and subsequently with
207 bp DNA. Bands at 150 bp represent nucleosomes and these are observed only in the presence of
CAF-1. RPA produced from yeast cells was used. A 621 bp loading control DNA is used to control for
sample retrieval during the DNA purification step.
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Supplementary Figure S6

A) Western blot analysis of soluble and chromatin fractions of mES cells treated with DMSO and dTAG
for the indicated times. A WT cell line is shown as a control. B) Immunofluorescence results of mean
H4K20meO intensities in MESC upon CAF-1 depletion with dTAG shows a decrease in H4K20meO.
C) Immunofluorescence results of mean EdU intensity vs total DAPI intensity. D) Mean EdU intensity
in DMSO vs dTAG treated cells. E) Cell cycle distribution based on mean EdU intensity and total EAU
intensity. Immunofluorescent data are represented from two replicates. F) Spike-in normalized input
reads shows decreased EdU incorporation after depletion of CAF-1.
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Supplementary Figure S7

A) SDS PAGE of protein preps that were used to reconstitute the yeast replisome. B) Autoradiography
scan of denaturing agarose gel separation using DNA replication products, from an end-point plasmid
replication experiment containing all yeast replisome components or, as control, omitting DDK. C)
Example of lane profiles during pulse-chase experiment after 5 minutes of addition of the chase, as
obtained by ImageQuant. The arrows indicate the front of the leading strand (created automatically
by ImageQuant), used as the max size of replicated products to calculate the max replication rates.
D) Surface visualization of yeast Pold (in white) bound to PCNA (blue) on DNA (dark gray) from PDB
7KCO. In wheat we show the PCNA residues involved in the Pol interaction. On the right panel Pold is
not displayed.



CAF-1 deposits newly synthesized histones during DNA replication using distinct mechanisms on the leading and lagging strands | 79

Supplementary Information

Supplementary Table S1: Primers used for EMSA.

DNA primers Reference

DNA oligo 18mer forward: Mattiroli et al., 2017
GTCTACGAGCAATTGAGC

DNA oligo 18mer reverse: Mattiroli et al., 2017
GCTCAATTGCTCGTAGAC

DNA oligo 33mer forward: Mattiroli et al., 2017
GCTGTCTACGAGCAATTGAGCGGCCTCGGCACC

DNA oligo 33mer reverse: Mattiroli et al., 2017
GGTGCCGAGGCCGCTCAATTGCTCGTAGACAGC

DNA oligo 43mer forward, 5’ conjugated to AlexaFluor 647: This paper
CTAGAGCTGTCTACGAGCAATTGAGCGGCCTCGGCACCGGGAT

DNA oligo 43mer reverse: This paper
ATCCCGGTGCCGAGGCCGCTCAATTGCTCGTAGACAGCTCTAG

DNA oligo 53mer forward, 5’ conjugated to AlexaFluor 647: This paper

CGGTGCTAGAGCTGTCTACGAGCAATTGAGCGGCCTCGGCACCGGGATTCTGA

DNA oligo 53mer reverse: This paper
TCAGAATCCCGGTGCCGAGGCCGCTCAATTGCTCGTAGACAGCTCTAGCACCG

Supplementary Table S2, DNA sequences for plasmids and linear fragments used in MNase-seq

Name DNA sequence

pLox3 AACGACCTACACCGAACTGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCG
AAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGA
GGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGAC
TTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAAACGCCAGCAAC
GCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTA
TCCCCTGATTGACTTGGGTCGCTCTTCCTGTGGATGCGCAGATGCCCTGCGTAAGCGGGTGTG
GGCGGACAATAAAGTCTTAAACTGAACAAAATAGATCTAAACTATGACAATAAAGTCTTAAAC
TAGACAGAATAGTTGTAAACTGAAATCAGTCCAGTTATGCTGTGAAAAAGCATACTGGACTTT
TGTTATGGCTAAAGCAAACTCTTCATTTTCTGAAGTGCAAATTGCCCGTCGTATTAAAGAGGG
GCGTGGCCAAGGGCATGTAAAGACTATATTCGCGGCGTTGTGACAATTTACCGAACAACTCCG
CGGCCGGGAAGCCGATCTCGGCTTGAACGAATTGTTAGGTGGCGGTACTTGGGTCGATATCAA
AGTGCATCACTTCTTCCCGTATGCCCAACTTTGTATAGAGAGCCACTGCGGGATCGTCACCGTA
ATCTGCTTGCACGTAGATCACATAAGCACCAAGCGCGTTGGCCTCATGCTTGAGGAGATTGAT
GAGCGCGGTGGCAATGCCCTGCCTCCGGTGCTCGCCGGAGACTGCGAGATCATAGATATAGAT
CTCACTACGCGGCTGCTCAAACTTGGGCAGAACGTAAGCCGCGAGAGCGCCAACAACCGCTT
CTTGGTCGAAGGCAGCAAGCGCGATGAATGTCTTACTACGGAGCAAGTTCCCGAGGTAATCGG
AGTCCGGCTGATGTTGGGAGTAGGTGGCTACGTCTCCGAACTCACGACCGAAAAGATCAAGA
GCAGCCCGCATGGATTTGACTTGGTCAGGGCCGAGCCTACATGTGCGAATGATGCCCATACTT
GAGCCACCTAACTTTGTTTTAGGGCGACTGCCCTGCTGCGTAACATCGTTGCTGCTGCGTAAC
ATCGTTGCTGCTCCATAACATCAAACATCGACCCACGGCGTAACGCGCTTGCTGCTTGGATGC
CCGAGGCATAGACTGTACAAAAAAACAGTCATAACAAGCCATGAAAACCGCCACTGCGCCGT
TACCACCGCTGCGTTCGGTCAAGGTTCTGGACCAGTTGCGTGAGCGCATACGCTACTTGCATT
ACAGTTTACGAACCGAACAGGCTTATGTCAACTGGGTTCGTGCCTTCATCCGTTTCCACGGTG
TGCGTCACCCGGCAACCTTGGGCAGCAGCGAAGTCGCCATAACTTCGTATAGCATACATTATA
CGAAGTTATCTGCCAGGCACATGGGTTTTACTAGTATCGATTCGCGACCTACTCCGGAATATTA
ATAGATCATGGAGATAATTAAAATGATAACCATCTCGCAAATAAATAAGTATTTTACTGTTTTC
GTAACAGTTTTGTAATAAAAAAACCTATAAATATTCCGGATTATTCATACCGTCCCACCATCGG
GCGCGGATCCCGACCATGCATCACCATCACCATCACCATAATCAGTGCGCGAAGGACGCGCG
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Name

DNA sequence

GATCCCGACCATGCATCACCATCACCATCACCATAATCAGTGCGCGAAGGACATAACTCATGAA
GCCTCCAGTATACCCATCGATTTGCAAGAAAGATACTCGCACTGGAAGAAAAACACTAAACTA
CTTTATGATTACCTAAACACGAATTCAACAAAGTGGCCGTCCTTAACGTGCCAGTTCTTTCCT
GATTTAGATACCACTTCGGATGAGCATCGCATCTTGTTATCCTCATTTACATCTTCCCAAAAAC
CTGAAGATGAGACCATATATATTAGCAAAATATCCACGTTGGGTCATATAAAATGGTCATCTTT
AAATAATTTCGACATGGACGAAATGGAATTCAAACCGGAGAACTCGACAAGGTTTCCCTCCA
AACACTTAGTAAATGACATCAGTATTTTCTTCCCAAACGGGGAATGCAATAGGGCAAGATATT
TGCCTCAAAATCCAGATATTATAGCCGGCGCCTCTTCAGATGGTGCAATCTACATATTCGATAG
AACAAAACACGGCTCTACTAGAATAAGACAGTCCAAAATTTCACATCCCTTTGAGACAAAGCT
GTTTGGTTCACATGGTGTTATTCAAGACGTGGAGGCAATGGATACTTCTTCGGCAGATATAAAT
GAGGCGACTTCTTTAGCCTGGAACTTGCAGCAGGAGGCCCTTTTACTTTCTTCTCACTCCAAC
GGCCAAGTTCAAGTTTGGGACATTAAACAATATTCGCATGAGAACCCTATAATAGATTTACCC
TTAGTGTCAATAAACAGCGACGGAACAGCGGTGAATGATGTAACTTGGATGCCAACACACGAT
TCCCTCTTTGCTGCTTGTACTGAAGGAAATGCGGTCTCCCTATTAGATCTGAGGACTAAGAAA
GAGAAGCTCCAGAGTAACCGTGAAAAACACGATGGTGGAGTAAACTCCTGTAGATTTAACTAT
AAGAACTCTTTAATTCTAGCATCTGCAGATTCAAATGGGAGGCTAAATTTATGGGATATTAGAA
ACATGAACAAAAGCCCAATCGCTACCATGGAGCACGGTACTTCCGTTTCAACTTTAGAATGGA
GTCCAAATTTCGATACTGTATTGGCAACGGCTGGCCAAGAAGATGGGTTAGTCAAGCTATGGG
ATACCTCCTGCGAAGAAACTATATTTACCCATGGTGGTCATATGCTCGGTGTGAACGACATTTC
GTGGGACGCTCATGACCCTTGGTTAATGTGCAGTGTGGCAAATGATAATTCAGTTCACATATGG
AAACCTGCAGGAAACCTTGTTGGACATTCGTGAGCTCTAGAGCCTGCAGTCTCGACAAGCTTG
TCGAGAAGTACTAGAGGATCATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAA
AAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTT
GTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCA
TTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGGA
TCTGATCACTGCTTGAGCCTAGAAGATCCGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTT
GGCTGCTGCCACCGCTGAGCAATAACTATCATAACCCCTAGGTGCCATTTCATTACCTCTTTCT
CCGCACCCGACATAGATCTGGGCCAACTTTTGGCGAAAATGAGACGTTGATCGGCACGTAAG
AGGGTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTTGAGTTATCGAG
ATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCACTGGATATACCACCGTTGATAT
ATCCCAATGGCATCGTAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAAC
CAGACCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCACAAGTTT
TATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCGGAATTCCGTATGGCAA
TGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGC
AAACTGAAACGTTTTCATCGCTCTGGAGTGAATACCACGACGATTTCCGGCAGTTTCTACACA
TATATTCGCAAGATGTGGCGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTG
AGAATATGTTTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGG
CCAATATGGACAACTTCTTCGCCCCCGTTTTCACCATGGGCAAATATTATACGCAAGGCGACA
AGGTGCTGATGCCGCTGGCGATTCAGGTTCATCATGCCGTTTGTGATGGCTTCCATGTCGGCA
GAATGCTTAATGAATTACAACAGTACTGCGATGAGTGGCAGGGCGGGGCGTAATTTTTTTAAG
GCAGTTATTGGTGCCCTTAAACGCCTGGTTGCTACGCCTGAATAAGTGATAATAAGCGGATGA
ATGGCAGAAATTCGAAAGCAAATTCGACCCGGTCGTCGGTTCAGGGCAGGGTCGTTAAATAG
CCGCTTATGTCTATTGCTGGTTTACCGGTTTATTGACTACCGGAAGCAGTGTGACCGTGTGCTT
CTCAAATGCCTGAGGCCAGTTTGCTCAGGCTCTCCCCGTGGAGGTAATAATTGACGATATGAT
CATTTATTCTGCCTCCCAGCTGACATTCATCCGGGGTCAGCACCGTTTCTGCGGACTGGCTTT
CTACGTGTTCCGCTTCCTTTAGCAGCCCTTGCGCCCTGAGTGCTTGCGGCAGCGTGAAGCTAA
TTCCCATGTCAGCCGTTAAGTGTTCCTGTGTCACTCAAAATTGCTTTGAGAGGCTCTAAGGGC
TTCTCAGTGCGTTACATCCCTGGCTTGTTGTCCACAACCGTTAAACCTTAAAAGCTTTAAAAG
CCTTATATATTCTTTTTTTTCTTATAAAACTTAAAACCTTAGAGGCTATTTAAGTTGCTGATTTA
TATTAATTTTATTGTTCAAACATGAGAGCTTAGTACGTGAAACATGAGAGCTTAGTACGTTAGC
CATGAGAGCTTAGTACGTTAGCCATGAGGGTTTAGTTCGTTAAACATGAGAGCTTAGTACGTTA
AACATGAGAGCTTAGTACGTGAAACATGAGAGCTTAGTACGTACTATCAACAGGTTGAACTGC
TGATCAACAGATCCTCTACGCGGCCGCGGTACCATAACTTCGTATAGCATACATTATACGAAGT
TATCTGTAACTATAACGGTCCTAAGGTAGCGAGTTTAAACACTAGTATCGATTCGCGACCTACT
CCGGAATATTAATAGATCATGGAGATAATTAAAATGATAACCATCTCGCAAATAAATAAGTATT
TTACTGTTTTCGTAACAGTTTTGTAATAAAAAAACCTATAAATATCATAATCAGCCATACCACA
TTTGTAGAGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAA
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Name DNA sequence

ATGAATGCAATTGTTGTTGTTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAA
TAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCC
AAACTCATCAATGTATCTTATCATGTCTGGATCTGATCACTGCTTGAGCCTAGAAGATCCGG
CTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACTAT
CATAACCCCTAGGGTATACCCATCTAATTGGAACCAGATAAGTGAAATCTAGTTCCAAACTA
TTTTGTCATTTTTAATTTTCGTATTAGCTTACGACGCTACACCCAGTTCCCATCTATTTTGTC
ACTCTTCCCTAAATAATCCTTAAAAACTCCATTTCCACCCCTCCCAGTTCCCAACTATTTTG
TCCGCCCACAACCGGTTGACTTGGGTCAACTGTCAGACCAAGTTTACTCATATATACTTTAG
ATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTC
ATGACCAAAATCCCTTAACGTGAGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGA
TCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAA
ACCACCGCTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAG
GTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTTCTTCTAGTGTAGCCGTAGTTAGG
CCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAG
TGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCGGGTTGGACTCAAGACGATAGTTACC
GGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCG

pRS415 CGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGT
AACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTA
ACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTA
CGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAA
AGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGC
AAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGG
TCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGG
ATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTA
AACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTC
GTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATC
TGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATA
AACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAG
TCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTG
TTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGG
TTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTT
CGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCA
CTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAAC
CAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGAT
AATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGA
AAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACT
GATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATG
CCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAAT
ATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAA
AATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGGGTCCTTTTCATCA
CGTGCTATAAAAATAATTATAATTTAAATTTTTTAATATAAATATATAAATTAAAAATAGAAAGT
AAAAAAAGAAATTAAAGAAAAAATAGTTTTTGTTTTCCGAAGATGTAAAAGACTCTAGGGGG
ATCGCCAACAAATACTACCTTTTATCTTGCTCTTCCTGCTCTCAGGTATTAATGCCGAATTGTT
TCATCTTGTCTGTGTAGAAGACCACACACGAAAATCCTGTGATTTTACATTTTACTTATCGTTA
ATCGAATGTATATCTATTTAATCTGCTTTTCTTGTCTAATAAATATATATGTAAAGTACGCTTTT
TGTTGAAATTTTTTAAACCTTTGTTTATTTTTTTTTCTTCATTCCGTAACTCTTCTACCTTCTT
TATTTACTTTCTAAAATCCAAATACAAAACATAAAAATAAATAAACACAGAGTAAATTCCCAA
ATTATTCCATCATTAAAAGATACGAGGCGCGTGTAAGTTACAGGCAAGCGATCCGTCCTAAGA
AACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCACGAGGCCCTTTCGTCTCGCG
CGTTTCGGTGATGACGGTGAAAACCTCTGACACATGCAGCTCCCGGAGACGGTCACAGCTTG
TCTGTAAGCGGATGCCGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGG
TGTCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGTGCACCATATCGAC
TACGTCGTTAAGGCCGTTTCTGACAGAGTAAAATTCTTGAGGGAACTTTCACCATTATGGGAA
ATGGTTCAAGAAGGTATTGACTTAAACTCCATCAAATGGTCAGGTCATTGAGTGTTTTTTATT
TGTTGTATTTTTTTTTTTTTAGAGAAAATCCTCCAATATATAAATTAGGAATCATAGTTTCATG
ATTTTCTGTTACACCTAACTTTTTGTGTGGTGCCCTCCTCCTTGTCAATATTAATGTTAAAGTG
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Name

DNA sequence

CAATTCTTTTTCCTTATCACGTTGAGCCATTAGTATCAATTTGCTTACCTGTATTCCTTTACATCCT
CCTTTTTCTCCTTCTTGATAAATGTATGTAGATTGCGTATATAGTTTCGTCTACCCTATGAACATATT
CCATTTTGTAATTTCGTGTCGTTTCTATTATGAATTTCATTTATAAAGTTTATGTACAAATATCATAA
AAAAAGAGAATCTTTTTAAGCAAGGATTTTCTTAACTTCTTCGGCGACAGCATCACCGACTTCGG
TGGTACTGTTGGAACCACCTAAATCACCAGTTCTGATACCTGCATCCAAAACCTTTTTAACTGCAT
CTTCAATGGCCTTACCTTCTTCAGGCAAGTTCAATGACAATTTCAACATCATTGCAGCAGACAAGA
TAGTGGCGATAGGGTTGACCTTATTCTTTGGCAAATCTGGAGCAGAACCGTGGCATGGTTCGTACA
AACCAAATGCGGTGTTCTTGTCTGGCAAAGAGGCCAAGGACGCAGATGGCAACAAACCCAAGGA
ACCTGGGATAACGGAGGCTTCATCGGAGATGATATCACCAAACATGTTGCTGGTGATTATAATACCA
TTTAGGTGGGTTGGGTTCTTAACTAGGATCATGGCGGCAGAATCAATCAATTGATGTTGAACCTTC
AATGTAGGGAATTCGTTCTTGATGGTTTCCTCCACAGTTTTTCTCCATAATCTTGAAGAGGCCAAA
ACATTAGCTTTATCCAAGGACCAAATAGGCAATGGTGGCTCATGTTGTAGGGCCATGAAAGCGGCC
ATTCTTGTGATTCTTTGCACTTCTGGAACGGTGTATTGTTCACTATCCCAAGCGACACCATCACCA
TCGTCTTCCTTTCTCTTACCAAAGTAAATACCTCCCACTAATTCTCTGACAACAACGAAGTCAGTA
CCTTTAGCAAATTGTGGCTTGATTGGAGATAAGTCTAAAAGAGAGTCGGATGCAAAGTTACATGGT
CTTAAGTTGGCGTACAATTGAAGTTCTTTACGGATTTTTAGTAAACCTTGTTCAGGTCTAACACTA
CCGGTACCCCATTTAGGACCACCCACAGCACCTAACAAAACGGCATCAGCCTTCTTGGAGGCTTC
CAGCGCCTCATCTGGAAGTGGAACACCTGTAGCATCGATAGCAGCACCACCAATTAAATGATTTTC
GAAATCGAACTTGACATTGGAACGAACATCAGAAATAGCTTTAAGAACCTTAATGGCTTCGGCTG
TGATTTCTTGACCAACGTGGTCACCTGGCAAAACGACGATCTTCTTAGGGGCAGACATAGGGGCA
GACATTAGAATGGTATATCCTTGAAATATATATATATATATTGCTGAAATGTAAAAGGTAAGAAAAG
TTAGAAAGTAAGACGATTGCTAACCACCTATTGGAAAAAACAATAGGTCCTTAAATAATATTGTCA
ACTTCAAGTATTGTGATGCAAGCATTTAGTCATGAACGCTTCTCTATTCTATATGAAAAGCCGGTTC
CGGCGCTCTCACCTTTCCTTTTTCTCCCAATTTTTCAGTTGAAAAAGGTATATGCGTCAGGCGACC
TCTGAAATTAACAAAAAATTTCCAGTCATCGAATTTGATTCTGTGCGATAGCGCCCCTGTGTGTTC
TCGTTATGTTGAGGAAAAAAATAATGGTTGCTAAGAGATTCGAACTCTTGCATCTTACGATACCTG
AGTATTCCCACAGTTAACTGCGGTCAAGATATTTCTTGAATCAGGCGCCTTAGACCGCTCGGCCAA
ACAACCAATTACTTGTTGAGAAATAGAGTATAATTATCCTATAAATATAACGTTTTTGAACACACAT
GAACAAGGAAGTACAGGACAATTGATTTTGAAGAGAATGTGGATTTTGATGTAATTGTTGGGATTC
CATTTTTAATAAGGCAATAATATTAGGTATATGGATATACTAGAAGTTCTCCTCGACCGGTCGATATG
CGGTGTGAAATACCGCACAGATGCGTAAGGAGAAAATACCGCATCAGGAAATTGTAAGCGTTAAT
ATTTTGTTAAAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATC
GGCAAAATCCCTTATAAATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGTTCCAGTTTGGAA
CAAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCAAAGGGCGAAAAACCGTCTATCAGGGCG
ATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTA
AATCGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGA
GAAAGGAAGGGAAGAAAGCGAAAGGAGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGC
TGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCATTCGCCATTCA
GGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAA
GGGGGATGTGCTGCAAGGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAA
AACGACGGCCAGTGAGCGCGCGTAATACGACTCACTATAGGGCGAATTGGGTACCGGGCCCCCCC
TCGAGGTCGACGGTATCGATAAGCTTGATATCGAATTCCTGCAGCCCGGGGGATCCACTAGTTCTA
GAGCGGCCGCCACCGCGGTGGAGCTCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTT
GGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATA
CGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGC
GTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCC
AACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTG
CGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCAC
AGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCG
TAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAAT
CGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTG
GAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTC
CCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTT

207bp
loading
control

ATCTAGTATTAATTAATATGAATTCGGATCCACATGCACAGGATGTATATATCTGACACGTGCC
TGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTT
TAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGC
GGCCGCGTATAGGGTCCGAT
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Abstract

PCNA is an indispensable protein for cell viability, with roles in DNA replication, DNA repair,
sister chromatids cohesion, and chromatin assembly. During these processes, PCNA functions
as a homotrimeric ring that is loaded onto DNA, where it binds a multitude of proteins. However,
the regulation of these interactions on DNA-loaded PCNA remains unclear. This is technically
challenging because of the complexity of the DNA loading process and the high mobility of PCNA
on DNA, which has hampered the development of quantitative assays. Here, we established a
biochemical in bulk readout for PCNA loading and stability on DNA. Moreover, we developed
a single-molecule assay using TIRF (Total Internal Reflection Fluorescence)-based CoSMoS
(Colocalization Single Molecule Spectroscopy) to visualize individual DNA-loaded PCNA. In the
development of these approaches, we found that previous methods used to fluorescently label
PCNA render the protein unstable on DNA. Therefore, we set up a sortase-based labeling method
that relies on a fluorescent N-terminal extension of PCNA, which instead leads to a stable PCNA
homotrimer on DNA, in bulk and in single-molecule CoSMoS. Thus, we have found a new strategy
that significantly improves the physiological traits of labeled PCNA, which can now be used to
study its interactions at the single-molecule level. This work also underscores the power of
comprehensive biochemical reconstitutions that here revealed effects on DNA that were not
appreciated with simplified biochemical assays.
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Introduction

In the cell, Proliferating Cell Nuclear Antigen (PCNA) plays a pivotal role in various essential
processes. This ring-shaped homotrimer is involved in DNA replication, DNA repair, chromatin
assembly, and sister chromatid cohesion (reviewed in 7). During DNA replication, it serves as an
essential cofactor for DNA polymerases, tethering them to the DNA template (7). On the lagging
strand, PCNA recruits multiple proteins that facilitate the maturation of Okazaki fragments (2).
Subsequently, it recruits CAF-1 and cohesion factors on both sister chromatids, thereby promoting
the essential process of chromatin assembly and chromosome cohesion on the daughter strands
(3). This places PCNA at the heart of chromosome replication.

PCNA is only functional when loaded onto double-stranded DNA (Figure S1A) (4). Indeed,
PCNA encircles the DNA within the central hole of its homotrimeric structure (5). PCNA is
loaded onto DNA by ATP-dependent enzymes named clamp loaders that temporarily open the
homotrimeric ring and load it onto DNA (6). The most studied clamp loader responsible for PCNA
loading is the RFC1-5 complex (6, 7), but additional homologues have been described to date,
including CTF18-RFC (8) and ATAD5 (9). CTF18-RFC loads PCNA specifically on the leading strand
during DNA replication (70), while ATADS5 unloads PCNA from chromatin following DNA synthesis
(9). The distribution of functions between the various loaders is being heavily investigated.

Once loaded onto DNA, the homotrimeric nature of PCNA allows it to bind multiple proteins
simultaneously (Figure STA). These interactions are challenging to dissect using conventional in
bulk biochemical methods. Moreover, multiple PCNA molecules can be loaded closely together
on DNA (77), adding complexity to understanding its roles in cells and in vitro. This limits our
understanding of how PCNA coordinates all its functions at replication forks. To overcome this
challenge, we developed a single-molecule assay, enabling the real-time visualization of individual
PCNA molecules loaded onto DNA. To visualize single DNA-loaded PCNA, it is paramount to use
fluorescently labeled PCNA at high degree and in controlled positions, and the labeling must not
alter the function of the protein. This enables quantitation of stoichiometry and binding kinetics.
In parallel, to test functionality of the labeled proteins, we set up in bulk biochemical assays that
recapitulate PCNA loading on DNA plasmid. Previous single molecule and biochemical studies
using fluorescent PCNA did not use DNA, but rather studied PCNA interactions outside the
context of DNA (72, 13). Here, we find that these previous labeling approaches (17-16) lead to
instability of PCNA on DNA. Sortase-based labeling (77) instead preserves the structural integrity
of PCNA on DNA and also ensures its functionality, making this labeling strategy suitable for
moving into single-molecule analysis.
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Results

Fluorescent labeling or mutations of the native cysteines of PCNA
strongly impairs its stability on DNA

Previous biophysical studies that focused on PCNA outside the context of DNA, employed
maleimide chemistry that selectively attaches dyes to sulphur groups found in cysteine residues
(13-16). A yeast PCNA monomer contains four cysteines (Figure S1B): C22, C30, C62, and
C81. We used a PCNA-C4S-K164C mutant (Figure S1B) where all cysteines are mutated into
serines (C22S, C30S, C62S, C81S) and an additional cysteine is added at the surface of the
protein, which was previously used in biochemical bulk assays (79). We hypothesized that this
mutant may still form a stable trimer due to similarities between cysteine and serine, while
allowing for the site-specific labeling on K164C, the sole substrate for maleimide reactions. This
PCNA-C4S-K164C mutant (Figure S1B and S1C) behaved similarly to WT-PCNA during protein
purification demonstrating that the protein intrinsic stability remained unaffected. We labeled this
PCNA with Alexa Fluor 546 (AF546), leading to labeling efficiencies varying between 50-100%
across different preparations (Table 1).

To verify that the labeling of PCNA did not affect its loading onto DNA, we used size exclusion
chromatography (SEC) and SDS-PAGE to test whether PCNA-C4S-K164C-546 is efficiently loaded
on plasmid DNA by the clamp loader RFC1-5 complex, using a previously established assay (18).
This assay allows us to also determine the stability of PCNA on DNA over a relatively long time
(30-60 minutes). We used unlabeled WT-PCNA as control which is efficiently loaded on DNA,
as shown by the co-elution of PCNA with the DNA plasmid that only occurs in the presence
of ATP (Figure S1D). Of note, WT-PCNA remained stably loaded throughout the experiment.
Interestingly, both labeled and unlabeled PCNA-C4S-K164C (Figure 1A and STE respectively)
showed no co-elution with DNA, suggesting that mutating cysteines into serines, which share
chemical properties, is deleterious for the protein stability or loading on DNA. Notably, because
these residues do not seem to be crucial for RFC1-5 function (74), we speculate that the native
cysteines of PCNA are important for its stability on DNA. On this line, previous work has shown
that C81 in PCNA is positioned at the interface between PCNA monomers and that a C81R
mutation affects protein stability (20). These data suggest that the PCNA-C4S-K164C construct
is not suitable for studying PCNA on DNA.

We therefore engineered a PCNA-K164C mutant (Figure S1B), where all native cysteines were
maintained, and K164 was mutated to Cys. We hypothesized that this surface-exposed cysteine
might constitute the primary target for dye attachment during labeling procedures, leaving the
other cysteines of PCNA non or minimally conjugated. PCNA-K164C protein was purified at a
high level of purity (Figure S1C) and behaved as wild-type PCNA (WT-PCNA) during size exclusion
chromatography, confirming that it efficiently forms a PCNA homotrimer. Unlabeled PCNA-K164C
efficiently loaded onto DNA and was stable throughout the experiment (Figure 1B), suggesting
that the added cysteine does not interfere with loading or stability, and confirming that the native
cysteines are important for loading or stability on DNA.

We then labeled this mutant with AlexaFluor546 (AF546) at high labeling efficiency (Table 1).
Surprisingly, labeled PCNA-K164C displayed poor loading and stability onto DNA (Figure 1C). This
result suggests two hypotheses: 1) labeling at the K164C reduces DNA loading or stability, 2) the
native cysteines on PCNA can be also (partially) conjugated, leading to destabilization of PCNA.
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Figure 1: The native cysteines of PCNA play an essential role for its stability on DNA. (A-D) SDS-
PAGE analysis following SEC separation of PCNA loading reactions on DNA using (A) labeled PCNA-
C4S-K164C-546, (B), PCNAK164C, (C) labeled PCNA-K164C-546, (D) and labeled WT-PCNA-546. Grey
arrows indicate the elution volume of the plasmid DNA used for PCNA loading. (E) Top panel: Native
agarose gel analysis of PCNA-NAQ assay reactions with different labeled PCNA. The first gel shows
H2B fluorescence, with the signal on nicked plasmid representing PCNA-mediated chromatin assembly.
Bottom panel: Native PAGE stained with SybrGOLD following MNase digestion of the samples shown
in the top panel. (F) Quantification of H2B fluorescent signal on nicked plasmid, reflecting PCNA-me-
diated chromatin assembly.
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To test these hypotheses, we labeled WT-PCNA with AF546, which cannot be labeled
at position 164, where the native lysine is present. We found that the labeling efficiency was
low (below 20%) (Table 1), in line with the native cysteines being poorly accessible. labeled
WT-PCNA-546 did not co-elute with the DNA plasmid, and analysis of the SDS PAGE revealed
that only an unlabeled fraction was present on DNA (Figure 1D). This shows that attaching dyes or
modifying the native cysteines of PCNA disrupt its stability on DNA, which renders this approach
invalid to study DNA-loaded PCNA.

PCNA facilitates CAF-1 mediated chromatin assembly with fast kinetics

Our findings indicate that labeling PCNA has an impact on its stability on DNA in the 30-60
minutes time-frame. To understand whether this is caused by a defect in loading by RFC1-5
or by destabilization of PCNA after DNA loading, we used a functional PCNA-dependent
nucleosome assembly assay, named PCNA-NAQ assay. The PCNA-NAQ assay measures
the PCNA-dependent nucleosome assembly activity of the histone chaperone CAF-1 in bulk
conditions (78). This PCNA-dependent activity occurs at short-time frames (within 1 minute),
allowing us to differentiate between PCNA loading defects, (which should inactivate CAF-1), or
PCNA stability defects, which should not affect its rapid (<Tminute) activity at PCNA.

We compared the labeled PCNA variants to WT-PCNA. As previously shown, WT-PCNA
facilitates chromatin assembly in a PCNA-dependent manner (i.e., on the nicked plasmid).
Inhibition of PCNA loading, by omission of ATP, leads to nucleosome assembly only on the
supercoiled plasmid in a PCNA independent manner (Figure 1E and 1F). All labeled PCNA variants
successfully facilitated PCNA-dependent CAF-1 activity, as seen by histone deposition on the
nicked plasmid, to an extent that is comparable with WT-PCNA (Figure 1E and 1F). Importantly,
this activity was dependent on ATP, indicating that PCNA loading by RFC1-5 occurs in these
reactions. These data show that fluorescently labeled WT-PCNA PCNA-K164C, PCNA-C4S-K164C
are being loaded onto DNA by RFC, confirming that neither PCNA cysteines mutations or labeling
significantly affects RFC1-5 activity. We speculate that the fluorescent labels are affecting their
stability after loading. Since RFC continuously loads PCNA in the PCNA-NAQ assay, this implies
that the instability of PCNA on DNA occurs at a slower rate than the mechanism of chromatin
assembly mediated by CAF-1 and PCNA. Interestingly, labeled PCNA-C4S-K164C consistently
exhibited enhanced CAF-1 activity on DNA in comparison to WT-PCNA (Figure 1E-F).

An alternative method for the efficient labeling of PCNA

In order to label PCNA and preserve its activity, we tested a protocol based on the sortase
enzyme that facilitates the covalent attachment of peptides to protein N-termini (17). This method
was previously used for labeling of proteins to be used in CoSMoS (21, 22). We first purified
PCNA,_ carrying a sortase-compatible N-terminal sequence (CHHHHHHHHHLPETGG). Using
sortase (made in house), we fused this PCNA variant to a short peptide harboring a labeled (Cy5)
cysteine (Figure 2A). We obtained about 70% of labeling of PCNA (named PCNA_..-Cy5) (Figure
2A, Table 1), which could be visible also on SDS-PAGE gel, due to the relatively large change in
molecular weight because of peptide conjugation (Figure 2A).
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Figure 2: Sortase-mediated labeling of the N-terminal of PCNA produces a robust construct for
studying PCNA reactions on DNA. (A) Workflow of the sortase-based labeling of PCNA. A Cy5 labeled
peptide is first conjugated to the sortase enzyme and next transferred onto the N-terminus of PCNA.
The labeled protein is then purified via SEC and the degree of labeling is determined via SDS PAGE. This
image was created with BioRender.com. (B-C) SDS-PAGE analysis following SEC separation of PCNA
loading reactions on DNA using (B) sortase-labeled PCNA-Cy5 with ATP, (C) or without. In each case, the
coomassie staining and fluorescent scan of the SDS PAGE is shown. Grey arrows indicate the elution
volume of the plasmid DNA used for PCNA loading. (D) Left panel: Native agarose gel analysis of PC-
NA-NAQ assay reactions with different labeled PCNA. The first gel shows H4 fluorescence, with the signal
on nicked plasmid representing PCNA-mediated chromatin assembly. Right panel: Native PAGE stained
with SybrGOLD following MNase digestion of the samples shown in the left panel. (E) Quantification of
H4 fluorescent signal on nicked plasmid, reflecting PCNA-mediated chromatin assembly. Due to limited
resources, this experiment was performed only once.
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PCNA_..-Cy5 efficiently loaded onto DNA in an ATP-dependent manner (Figure 2B and 2C).
Notably, both the labeled (top band) and unlabeled PCNA (bottom band) exhibited comparable
stability on DNA (Figure 2B), thus reinforcing the assertion that this labeling approach yields a
functional construct. This was confirmed when we tested functionality of PCNA_.,-Cy5 in the
PCNA-NAQ assay. PCNA,,,-Cy5 enabled PCNA-dependent nucleosome assembly by CAF-1
(Figure 2D and 2E). Together, our results show that sortase-based labeling of PCNA is most
suitable for retaining PCNA protein stability on DNA and its functionality.

Single molecule TIRF analysis reveals that PCNA labeling can affect its
stability on DNA

Our ultimate aim is to develop a single molecule assay to study PCNA interactions at
high-temporal resolution. Therefore, we tested if PCNA.....-Cy5 would be amenable for such
studies.

We opted for a TIRF-based CoSMoS assay, enabling real-time monitoring of PCNA loading
events on tethered DNA oligos (Figure 3A). A 79mer DNA oligos was tethered on a passivated
surface via biotin-streptavidin. The DNA was conjugated to Digoxigenin (DIG) which was used
to block this end with a fragment antigen-binding (Fab). This side of the DNA also harbors an
intra-molecular Cy3 fluorophore (Figure 3A). Notably, this setup enables the loading of PCNA
by RFC1-5 at the only available 3'-OH end. Subsequently, PCNA slides along the DNA without
dissociating due to the blocking complexes on both ends. After incubation with RFC1-5, PCNA
and ATP, the surface is washed with buffer to retain the PCNA molecules loaded on DNA, which
are then imaged. Sortase-labeled PCNA,...-Cy5 showed a substantial level of colocalization
between PCNA and DNA (close to 20%, Figure 3B). This was strongly reduced when either ATP
or RFC1-5 were omitted from the reaction (Figure 3B), indicating that the signal is dependent on
active PCNA loading on DNA by RFC1-5. From this we concluded that the colocalization events
indeed represent PCNA loaded onto DNA.

Because residual proteins are washed following PCNA loading, we are able to monitor
the stability of PCNA on DNA over time by fitting our data to a linear model. Sortase-labeled
PCNA_,,-Cy5 exhibited remarkable stability throughout the course of the experiment (indicated
by the near null slope of the curve), which lasted 20 minutes (Figure 3C). As a control, we used
PCNA-K164C-546, which in biochemical experiments showed decreased stability on DNA (Figure
1C). Indeed, this PCNA variant showed a progressive loss of colocalization with DNA over time
(20 minutes) in CoSMoS, confirming a decrease in stability on DNA (supported by the negative
slope of the curve) (Figure 3D).

In conclusion, the use of sortase-labeled PCNA_.-Cy5 enabled monitoring of the stability
of individual PCNA molecules on DNA, highlighting the suitability of this labeling approach for
precise single-molecule measurements. This method holds great potential for future studies
unravelling the biophysical properties of PCNA interactions that occur on DNA, to understand
their functional implications.

GGGG
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Figure 3: Sortase-mediated labeling of the N-terminal of PCNA produces a robust construct for
studying PCNA reactions on DNA. (A) Workflow of the CoSMoS assay for PCNA loading on DNA.
The DNA template was attached to a streptavidin-coated surface using a biotin. It was conjugated to
an anti-DIG Fab fragment to block the end of the template, preventing PCNA to slide off during experi-
ments. RFC1-5and PCNA were injected with imaging buffer and loading reactions were allowed to take
place for 5 minutes at 30°C in presence of ATP, before washing away unbound protein with imaging
buffer. PCNA and DNA were imaged with excitation at 660 nm and 532 nm respectively. Examples of
field of view of a CoSMoS experiment are shown on the right panel (White circles highlight colocaliza-
tion between PCNA and DNA). (B) Quantification of colocalization between PCNA and the total DNA
signal. Each data point is the average colocalization over the course of the experiment (between 15
and 20 minutes) (C-D) Quantification of the colocalization between PCNA and the total DNA signal
over time using (C) sortase-labeled PCNA, and (D) PCNA-K164C-546 (Cy5-labeled DNA was used for
the PCNA-K164C-546 experiment). A linear regression model was fitted to the data, and the slope of
the curve (a) is used to represent the stability of PCNA on DNA over time.
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Discussion

Our study reveals the complexity and challenges associated with PCNA reactions occurring
on DNA using fluorescently tagged proteins. In particular, we explored various labeling methods
and their impacts on PCNA stability. The ultimate goal was to be able to monitor PCNA at high
temporal resolution in a single molecule-based assay.

We have recently shown that PCNA-based assays must be performed in the physiological
context of loading on DNA, as this severely affects the interactions of PCNA with its binding
partners (18). Here, we show that the stability of PCNA on DNA is greatly affected by traditional
fluorescent labeling. Indeed, several studies have employed maleimide-based methods for the
labeling of yeast PCNA (13-16). These results should be interpreted carefully when examining
reactions occurring on DNA as we show that these labeled proteins display low stability once
loaded. Our work underscores the essential role of native cysteines in maintaining PCNA stability
on DNA. Indeed, previous work showed that a C81R mutation results in a deficiency in the
homotrimer intrinsic stability (20). Moreover, structural analysis revealed that a C22Y mutation
disrupts the structure of the central DNA binding hole of PCNA (20). Here, we demonstrate that
mutating all cysteines into serines is not deleterious for the native assembly of the protein, as
the mutants behaved like the wild type protein in gel filtration. However, it affects the stability of
PCNA on DNA, despite the shared chemical properties between cysteines and serines. Of note,
several studies involving human PCNA have used labeling methods targeting the native cysteines
of PCNA (6, 11, 12). Although C22 is not evolutionarily conserved, C81 is highly conserved in this
context. Future studies will need to determine whether maleimide approaches are suitable for
the fluorescent tagging of human PCNA, and consider sortase-based tagging in that context.

Others have also employed sortase-based methods for the labeling of proteins (27, 23, 24).
While this method is powerful and leads to high labeling efficiencies, there are some limitations
to this approach. The sortase enzyme facilitates the transfer of a labeled peptide onto PCNA by
recognizing the LPXTG/A signal peptide motif (17), where "X’ represents any amino acid (17). This
reaction is also reversible as the enzyme recognizes the signal peptide once fused to PCNA. This
presents a challenge in achieving nearly complete labeling efficiency, which is a requirement for
specific single molecule-based experiments, such as those concerning stoichiometry. Future
studies should focus on optimizing this protocol to establish a unidirectional equilibrium, enabling
us to bias the reactions toward exclusive PCNA labeling.

Altogether, we established a method to achieve fluorescent labeling of PCNA while preserving
the stability of the protein on DNA. This PCNA can be observed at the single molecule level in
our CoSMoS-based setup, paving the way for a better understanding of how PCNA regulates its
multiple interactions on DNA. Notably, we've recently demonstrated that CAF-1 may not share
PCNA with DNA polymerases at DNA replication forks. Our system allows us to monitor these
dynamics on individual PCNA homotrimers loaded onto DNA, shedding light on the regulation
of interactions on PCNA at replication forks.
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Methods

Cloning of PCNA mutants for fluorescent labeling.

For sortase-based labeling, PCNA was mutated in order to harbor 4 glycines at its N-terminus
(PCNA_,.o)- PCNA__ . plasmid was generated from a WT-PCNA plasmid using the Q5 Site direct
mutagenesis kit (NEB # E0554S). The N-terminal insertion consists of a Histidine affinity tag,
followed by a TEV protease recognition site, followed by a GGGG sequence used for peptide
attachment by the sortase enzyme (HHHHHHHENLYFQGGGG).

Protein expression and purification
CAF-1, PCNA, PCNA-C4S-K164C, PCNA-K164C, RFCAN (hereafter referred to as RFC1-5)
and histones were expressed and purified as previously described (78).

Tobacco Etch Virus (TEV) protease:

The plasmid for expression of TEV protease was a generous gift from Titia Sixma. Rosetta2
cells (Novagen) containing the expression plasmid were grown at 37°C in LB mediumto OD, =0.8.
Cultures were incubated at 15°C overnight with 0.2 mM Isopropy! B-D-1-thiogalactopyranoside
(IPTG). Cells were harvested by centrifugation at 3200 x g for 15min, and resuspended in Lysis
buffer (50 mM Tris pH 8.0, 150 mM NaCl, T mM TCEP) in presence of COMPLETE EDTA-free
protease inhibitor (Roche) and DNase (Thermo Fischer #88700). Cells were sonicated and the
lysate was clarified by centrifugation at 35000xg for 40 min. The lysate was incubated with 2
ml of TALON beads (Takarbio #635502) for 1 hour at 4°C. The flow-through was collected and
beads were washed with 40 ml of wash buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM Imidazole
and T mM TCEP). The beads were incubated for one hour at 4°C in 4 ml of elution buffer (50
mM Tris pH 8.0, 150 mM NaCl, T mM TCEP, 250 mM imidazole). The eluate was then dialyzed
for 2 hours at 4°C (using 12-14 MWCO membrane) against 1L of storage buffer (50 mM Tris pH
8.0, 150 mM NaCl, 5 mM DTT, T mM EDTA, 25% glycerol). The buffer was changed and further
incubated overnight. The next day the sample was concentrated using AMICON 10 MWCO and
stored at -80°C.

PCNA . for sortase labeling:

Rosetta2 cells (Novagen) containing the expression plasmid were grown at 37°C in LB
medium to exponential phase (0D, ,=0.4). Cultures were incubated at 16°C overnight with 0.4
mM IPTG. Cells were harvested by centrifugation at 3200 x g for 15min, and resuspended in
Lysis buffer (50 mM TRIS pH 7.5, 300 mM NacCl, 10 mM imidazole, T mM TCEP) in presence
of COMPLETE EDTA-free protease inhibitor (Roche) and DNase (Thermo Fischer #88700).
Cells were sonicated and the lysate was clarified by centrifugation at 35000xg for 40 min. The
supernatant was recovered and injected on a HisTrap HP 5 ml column (Cytiva) equilibrated in
lysis buffer. The column was washed with 50 ml of lysis buffer, and 25 ml of wash buffer (50 mM
TRIS pH 7.5,300 mM NaCl, 20 mM imidazole, T mM TCEP). The protein was eluted in a gradient of
Buffer B (50 mM TRIS pH 7.5, 300 mM NacCl, 300 mM imidazole, T mM TCEP) along 100 ml. Next,
the histidine affinity tag was removed using a 1:100 ratio of homemade TEV protease per PCNA
for 2 hours at 4 C while dialyzing (using 12-14 MWCO membrane) against 2L of dialysis buffer
(20 MM TRIS pH 7.5, 125 mM NaCl, 10 mM Imidazole, T mM TCEP). This step was performed to
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remove excess imidazole that inhibits the TEV protease. The dialysis buffer was changed for 2L
of fresh buffer and further incubated overnight at 4°C. The next day, the sample was purified via
a second nickel pull down in order to remove undigested PCNA and TEV protease. The sample
was mixed with 10 ml of nickel-shepharose beads equilibrated in lysis buffer (without imidazole),
and the flow through containing PCNA .. was recovered and the beads were further washed
with 15 ml of lysis buffer (no imidazole). Flow through and wash samples were pooled and
diluted with lysis buffer (no imidazole and NaCl) to reach a NaCl concentration of 160 mM. The
sample was injected on HiTrap Q HP 5 ml (Cytiva) equilibrated in QA buffer (20 mM Tris pH 7.5,
125 mM NaCl, T mM TCEP). The column was washed with 50 ml of QA buffer and PCNA ., was
eluted in a gradient of QB buffer (20 mM Tris pH 7.5, 7000 mM NaCl, T mM TCEP) along 100 ml.
Fractions containing PCNA_ .. were pooled together, concentrated using AMICON 10 MWCO
and injected on Superdex 200 10-300 increase GL (Cytiva), prior to elution in 20 mM HEPES pH
7.5, 125 mM NaCl, and 1T mM TCEP. PCNA_... was concentrated using AMICON 0.5mlI MWCO
and stored at —80°C.

GGGG

Sortase A

Sortase A was expressed in BL21(DE3) from plasmid pET30b-7m SrtA (Addgene #51141).
Cells were harvested by centrifugation at 3200 x g for 15min and resuspended in lysis buffer (50
MM TRIS-HCI pH 7.2, 150 mM NaCl, 10% glycerol and 10 mM imidazole) and lyzed by sonication.
The lysate was cleared in an Avanti JXN-26 centrifuge for 25 minutes at 16000 x g.

Sortase A was pulled-down with Ni-NTA agarose beads, eluted from the beads with elution
buffer (50 mM TRIS-HCI pH 7.2, 150 mM NaCl, 10% glycerol and 500 mM imidazole) and
subsequently dialyzed (using 7-8 MWCO membrane) against dialysis buffer (50 mM TRIS-HCI
pH 7.2, 150 mM NaCl and 10% glycerol). Protein concentration was determined using Bradford.

Maleimide-based labeling of PCNA variants

PCNA-C4S-K164C and PCNA-K164C were labeled with AlexaFluor546 (AF546) as previously
described (18).

For each reaction, the degree of labeling was assessed as follows. PCNA concentration was
determined by SDS-PAGE using a gradient of BSA as standard. The molarity of AF546 in the
sample was measured with a nanodrop. The degree of labeling was defined as the molar ratio
of dye per PCNA monomer.

Sortase labeling of PCNA .. (PCNA__ . .-Cy5)

10 uM of PCNA_,, was subjected to a labeling procedure using 600 uM of labeled peptide
bearing a Cy5 fluorophore and a N-terminal His-tag (Cy5-CHHHHHHHHHLPETGG - Lifetein). The
labeling reaction was catalyzed by sortase enzyme (10 uM) in the presence of 5 mM CaCl2. The
reaction was incubated for 20 minutes at room temperature and subsequently quenched with
20 mM EDTA. To purify the labeled protein, size exclusion chromatography was employed using
a Superose 6 Increase 10/300 GL column. The chromatographic separation was performed in a
buffer composed of 50 MM HEPES at pH 7.5, 150 mM NaCl, 10% glycerol, and T mM TCEP. This
step ensured the isolation of the labeled PCNA from unreacted components and reaction
by-products.

GGGG
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Degree of labeling: Because the labeled protein runs slower than unlabeled PCNA on
SDS-PAGE (Figure 2A), we determine the degree of labeling as the ratio of the labeled PCNA
over the total signal within a lane on SDS-PAGE.

PCNA loading on SEC

These experiments were performed as previously described (18). We used a nicked pUC19
plasmid as template for PCNA loading. The plasmid was incubated with Nt.BspQl for 8 h at
50°C, and subsequently purified via phenol chloroform extraction. PCNA (30 uM monomer) was
incubated with RFC1-5 (0.5pM) and nicked pUC19 (0.3uM) in presence of 10 mM MgCl,and 3
mM ATP in PCNA loading buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 0.01% IGEPAL CA-360,
1TmM TCEP). This reaction was incubated for 5 minutes at 30°C before injection on Superose 6
increase 3.2—-300 columns connected to an AKTA pure system fitted with PEEK I.D. 0.25 mm
tubing. The reaction was eluted in PCNA loading buffer supplemented with 10 mM MgCl,, and
samples were analyzed on 4-12% gradient SDS-PAGE run in MES buffer.

PCNA-NAQ assay

These experiments were performed as previously described (18). We used pRC1765 (Addgene
#141346) for PCNA loading and chromatin assembly. pRC1765 was nicked using Nt.BbvCl for 6
h at 37°C, and was then purified via phenol chloroform extraction.

Briefly, the following components were incubated together in 11 pl using PCNA loading buffer:
50 nM of supercoiled pRC1765, 50 nM of nicked pRC1765, 1.1uM of RFC1-5, 10.9 uM of PCNA
monomer, 10.9 mM ATP and 8 mM MgCl,. This reaction was incubated for 5 minutes at 30°C.
Subsequently, 25 pl NA buffer were added (25 mM Tris pH 7.5, 150 mM NaCl, T mM EDTA, 0.02%
Tween-20, T mM TCEP). CAF-1 prebound to H3-H4 dimers (100 nM each) were added to the
reaction and incubated 15 minutes at room temperature. Fluorescently labeled H2A-H2B dimers
(100 nM) were then added to allow full nucleosome assembly, and incubated for 15 minutes at
room temperature. Samples were spun down for 5 minutes at 1770000xg to remove potential
precipitates. Tyl of reactions was mixed with 5pl of loading buffer (NA buffer + 5% sucrose).
Samples were separated on 0.8% native agarose gel, run in 1X TAE (Tris-Acetate EDTA) for 90
minutes.

MNase reactions were then performed with the rest of the PCNA-NAQ reactions. Briefly, 25p1
of sample was incubated with 80 units of MNase (NEB #M0247S) in 100yl final volume of 50 mM
Tris pH 7.9, 5 mM CaCl,. Samples were incubated 10 minutes at 37°C prior to inactivation using 20
mM EDTA. Proteins were then digested with ProteinaseK (NEB #P8107S) for 20 minutes at 50°C.
A 621 bp DNA fragments was added as loading control, and the digested DNA was purified using
the MinElute PCR purification kit (Qiagen #28006) according to the manufacturer’s instructions.
MNase-digested samples were run on 6% native PAGE, and stained with SybrGOLD.

Single molecule measurements

Experiments were performed in the imaging buffer (10 mM Tris pH 7.4, 150 mM NacCl, 10 mM
MgCl2,0.01% NP-40, T mM DTT, 10% glycerol, T mM ATP). Trolox and glucose oxidase/catalase
with 7% glucose were added as dye protection solutions.

The DNA template was annealed at 98°C for 5 minutes and allowed to cool down until it
reached room temperature. 50 nM PCNA was incubated alone or with 50 nM RFC1-5, with or
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without ATP as appropriate, for 5 minutes at room temperature. Samples were then introduced
to a flow cell containing Cy3-labeled 79mer DNA with a 14 nt single-strand overhang (Table 2),
terminally blocked with anti-DIG Fab fragment (Figure 3A). After 5 minutes of incubation, excess
protein was flushed out using imaging buffer.

Experiments were conducted on a micromirror TIRF microscope with red excitation at 660
nm, 6 MW, and green excitation at 532 nm, 6 mW, and integration time 100 ms/frame.

The red and green channels were registered using polynomial decomposition (Global
correction of optical distortions in multicolor single-molecule microscopy using Zernike
polynomial gradients) and fluorophores were detected using custom Python scripts.

The results were analyzed using GraphPad prism and a linear regression model was fitted to
the data. We use the slope of the curve to assess the stability of PCNA on DNA.

Table 1
Constructs labeling Efficiencies Stability on DNA
PCNA-C4S-K164C-546 50-100% Poor
PCNAK164C-546 100% Poor
WT-PCNA-546 <20% Poor
PCNA,,.-CY5 70% Good

Table 2

short 3'-CAATCCGGCTAGGTTGAATACGAGTTTGCTTAGCCTACAAACAGAGCGCATA
GTAGCCCGATTTCGGTTACGGTGCACAT-5

long SDigN/TTTTTTT/iCy3N/TTTTTTTGTTAGGCCGATCCAACTTATGCTCAAACGAATCGGATGT
TTGTCTCGCGTAT CATCGGGCTA AAGCCAATGCCACGTGTATTTTTTT/3Bio/
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Figure S1: (A) Structure of the PCNA homotrimer loaded on dsDNA (PDB: 6GIS). Black arrows indicate
the PIP binding region on each monomer. This image was created with BioRender.com. (B) Structure
of PCNA homotrimer where the native cysteines of the protein are highlighted in green and additional
ones in blue. Only one monomer is detailed for clarity. This image was created with BioRender.com. (C)
SDS-PAGE of purified WT-PCNA, PCNA-K164C and PCNA-C4S-K164C. WT-PCNA and PCNA-K164C
harbor a N-terminal Histidine affinity tag, resulting in a slower migration on SDS-PAGE. (D) SDS-PAGE
analysis following SEC separation of WT-PCNA loading reactions on DNA with (left panel) and without
ATP (right panel). Grey arrows indicate the elution volume of the plasmid DNA used for PCNA loading.
(E) SDS-PAGE analysis following SEC separation of unlabeled PCNA-C4S-K164C loading reactions on
DNA. Grey arrows indicate the elution volume of the plasmid DNA used for PCNA loading.
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Abstract

Before cells divide, they must duplicate their genetic content to provide a copy of the genome
to the future daughter cells. In addition, the epigenetic cell memory must be preserved as it
controls vital cellular processes and controls cell fate. The histone chaperone CAF-1 is essential in
this process as it propagates chromatin information on sister chromatids during DNA replication.
Its action is regulated by PCNA, a core component of the DNA replication machinery. How the
CAF-1-PCNA complex assembles and how this interaction is regulated at replication forks remain
unclear. Structural information of these complexes would greatly advance our understanding
of chromatin replication. Here we use AlphaFold-Multimer modelling, and biochemical assays
to investigate the structural properties of the CAF-1-H3-H4 complex and its interaction with
PCNA. This interaction involves an interplay between the two canonical PCNA Interacting
Peptides (PIPs) in CAF-1 and a new interface between PCNA and the small subunit of CAF-1.
The latter occurs through a unique PCNA surface, whose mutation was previously described to
partially phenocopy CAF-1 deletion in yeast cells. This work highlights the complex nature of the
CAF-1-PCNA interaction, where multiple domains are involved. This paves the way for structural
studies that will visualize this complex at high spatial resolution.
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Introduction

Chromatin dynamics control fundamental processes in our cells, including transcription, DNA
replication and DNA repair. Moreover, mutations in factors that govern chromatin homeostasis
often lead to cancer (1, 2). Therefore, structural studies are required to better characterize the
impact of these mutations, and for the development of inhibitors targeting these proteins during
tumorigenesis (3). To ensure that chromatin information is preserved when cells divide, epigenetic
information carried by histone proteins must be faithfully transmitted (4, 5). In S phase, the
chromatin structure is disrupted by DNA replication, and parental histones are removed from DNA
and redeposited on each sister chromatid (4, 5). In addition, newly synthesized histones are de
novo incorporated on replicated DNA to maintain chromatin density. This is a stepwise process
known as nucleosome assembly, where two H3-H4 histone dimers are brought together as a
(H3-H4), tetramer (6). It is next deposited onto DNA where two H2A-H2B dimers get incorporated,
resulting in an octamer of histones wrapped by about 150bp of DNA (6).

These histone dynamics depend on a complex network of proteins known as histone
chaperones, that bind histones using acidic domains, and control their deposition throughout
the cell cycle (7). CAF-1 is the key histone chaperone that assembles newly synthesized histones
on replicated DNA (8). It is a heterotrimer made of the large subunit Cac1, the middle subunit Cac2
and the small subunit Cac3 in S.cerevisiae, and this composition is highly conserved through
evolution (9-17). Modelling of the Cac2 and Cac3 subunits results in globular proteins harboring
a typical WD40 fold (12, 13), while Cac1 has an elongated shape suggesting a high degree of
disorder (12, 14, 15). It was shown that CAF-1 binds H3-H4 via a composite interface that involves
the Cac2 subunit and the acidic domain in Cac1 (12, 14, 15). Recent work determined the structure
of a human CAF-1 subcomplex bound to H3-H4 (76), whose features are in line with previous
biochemical data using the yeast complex (reviewed in (9)).

In the course of DNA synthesis, CAF-1 assembles chromatin on both leading and lagging
strands (717) through its recruitment by PCNA. During chromatin assembly, two CAF-1-H3-H4
complexes assemble on PCNA (717). They coordinate their action on PCNA via DNA binding by
the WHD domain to promote the assembly of a (H3-H4), tetramer, and its deposition onto DNA
(14,15,17).

PCNA is a ring-shaped homotrimer (18) (Figure S1A) that encircles DNA during DNA
synthesis (719), where it acts as the processivity factor for DNA polymerases € and 6 (20). Due
to its asymmetry, we distinguish the front side of PCNA where the polymerases bind (27), and
the back side of the protein (Figure S1A). PCNA interactors carry conserved PCNA Interacting
Peptides (PIPs) that bind in a conserved pocket located on the front side of PCNA (hereafter
referred to as the PIP binding region) (Figure STA).

CAF-1 is recruited to PCNA via a direct interaction mediated by its two PIPs, PIP1 and PIP2,
and via DNA binding by the KER domain (77, 22-24). An early study in yeast found a PCNA
mutation that phenocopies CAF-1 mutations (PCNA-RD; R61A, D63A) (22), without affecting
the PCNA trimer structure (25). Interestingly, the mutated amino acids are protruding on the
back side of PCNA (far from the PIP binding region) where nucleosomes are thought to be made
(17) (Figure S1A). Recent work established that PCNA-RD leads to transient loss of silencing in
heterochromatin (26), further linking this mutation to CAF-1-related mechanisms. Due to these
studies, CAF-1 is thought to bind the back side of PCNA, but this remains to be directly tested.
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Here, we combine AlphaFold-Multimer (AF-Multimer) structure prediction on the
CAF-1-PCNA-H3-H4 complex with biochemical reconstitutions to study how CAF-1 and PCNA
interact. We found that CAF-1 binds PCNA in a unique mode involving PIP domains and a novel
interface between the Cac3 subunit and the RD region in PCNA, which is indeed mutated in
the PCNA_RD mutant. CAF-1 seems to embrace PCNA in a unique way from the known PCNA
interactors. This organization favors the positioning of the histone binding core of CAF-1 towards
the back of the PCNA ring, where we hypothesize that histones must be deposited during DNA
replication. Using biochemical reconstitution, we tested these structural hypotheses. First, we
confirmed individual roles for both PIP domains in CAF-1 recruitment to PCNA and chromatin
assembly activity. Interestingly, mutations of PCNA at the RD region lead to no significant defects
in PCNA binding and PCNA-dependent chromatin assembly in vitro. This work shows that CAF-1
uses a complex set of interactions on PCNA.

Results

The PIPs of CAF-1 have distinct functions in PCNA recruitment and activity

Previous work in cells determined that the CAF-1-PCNA interaction is primarily occurring through
the PIP2 domain in Cac1 (17, 24). Yet, Cacl harbors a second canonical PIP domain in its N-terminus
named PIP1 (Figure S1B), and we sought to determine the individual role of both PIPs in PCNA
recruitment using recombinant yeast proteins.

As previously shown, CAF-1 forms a stable interaction with DNA-loaded PCNA (Figure 1A) and we
have shown that this interaction is dependent on the integrity of both PIP domains (Figure 1B) (17).
We next introduced mutations in either PIP1 or PIP2 to study their contribution separately (Figure
S1B and S1C). PIPT mutations did not affect CAF-1 recruitment to DNA-loaded PCNA (Figure 1C).
Mutating the PIP2 domain did not abrogate the CAF-1-PCNA interaction either (Figure 1D). This was
unexpected as previous work in yeast cells showed that this mutation impacts CAF-1 activity on
chromatin (24). This indicates that either PIPs on CAF-1 can promote CAF-1 recruitment to PCNA.

We find that either PIP1 or PIP2 can promote CAF-1 recruitment to PCNA, and we hypothesized
that their role may differ during chromatin assembly, based on their different phenotypes in cells
(23). Therefore, we used the recently developed PCNA-NAQ assay that specifically measures the
PCNA-dependent activity of CAF-1 (77). In this assay, PCNA is loaded on plasmid DNA and recruits
CAF-1 where chromatin assembly reactions take place (Figure 1E and 1F). As previously shown,
WT-CAF-1 efficiently assembles chromatin on DNA where PCNA is loaded, while CAF-1_PIP** shows
a drastic loss of activity (Figure 1E and 1F). Consistent with binding experiments (Figure 1C), the
chromatin assembly efficiency of CAF-1_PIP1* was comparable to WT-CAF-1 (Figure 1E and 1F).
Surprisingly, CAF-1_PIP2* failed to assemble chromatin on PCNA (Figure 1E and 1F), while retaining
its chromatin assembly activity independently of PCNA (Figure 1E, right panel), indicating that PIP2
is required for the activity of CAF-1T on PCNA.

Overall, these results show that the two CAF-1 PIPs have distinct activities. Either PIP is
dispensable for CAF-1 recruitment to PCNA, suggesting that they each are able to mediate this
interaction. Yet, only PIP2 is essential to mediate CAF-1 activity on PCNA. This suggests that PIP2
may control other aspects of the CAF-1-PCNA interaction such as the stoichiometry of the complex,
its organization or its binding properties.
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Figure 1: CAF-1 uses several PIP domains to bind DNA-loaded PCNA. (A-D) SDS-PAGE following SEC
analysis of PCNA loading experiments in presence of ATP and RFC with (A) CAF-1 WT, (B) CAF-1_PIP**,
(C) CAF-1_PIP1* and (D) CAF-1_PIP2*. Grey arrows indicate the elution volume of the plasmid DNA
used for PCNA loading. (E) Left panel: Native agarose gel analysis of PCNA-NAQ assay reactions with
CAF-1_PIP1*, CAF-1_PIP2* or CAF-1_PIP** The first gel shows H2B fluorescence, with the signal on
nicked plasmid representing PCNA-mediated chromatin assembly. Right panel: Native PAGE stained
with SybrGOLD following Micrococcal Nuclease (MNase) digestion of the samples shown in the left
panel. (F) Quantification of H2B fluorescent signal on nicked plasmid in (E), reflecting PCNA-mediated
chromatin assembly.
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Additional low affinity interfaces exist between CAF-1 and PCNA

We further studied this interaction outside of the context of DNA, using crosslinking
experiments and fluorescence polarization. We and others previously showed that in absence
of DNA, histone binding to CAF-1 further promotes interaction with PCNA (70, 17) (Figure S1D).
We wondered if this DNA-independent and histone-dependent interaction is also promoted by
the PIPs on CAF-1.

Interestingly, crosslinking experiments revealed that this interaction is not dependent on
the PIPs of CAF-1 (Figure S1D). Using fluorescence polarization experiments, we found that the
affinity of this PIP-independent interaction is low (K_>8puM, K was estimated using the equation
provided due to lack of a clear maximal response) (Figure STE), compared to the binding affinity
that we previously estimated between CAF-1 and PCNA in the presence of DNA (~100 nM) (17),
suggesting that it plays a minor role in driving the assembly of a CAF-1-PCNA complex. These
data suggest that histone binding to CAF-1 may unmask low-affinity additional interfaces that
are distinct from the PIPs to bind PCNA. These interfaces may finetune the interaction and
organization of the CAF-1-PCNA complex.

AlphaFold predicts an extended interaction between CAF-1 and PCNA

In order to obtain a comprehensive model of how CAF-1 and PCNA interact, we performed
structure predictions using AF-Multimer. The resulting model of an isolated CAF-1 complex
(Figure S2A-G) confirms previous biochemical findings showing that it is a highly flexible
heterotrimeric complex, where the large subunit (CacT) is highly disordered, while the small and
middle subunits (Cac3 and Cac?2 respectively) are globular and spatially separated (Figure S2A-G)
(14, 15). Moreover, the global organization of the Cac1 subunit is in line with previous work from
several groups (12, 14, 15, 17, 24, 29, 30), increasing the likelihood of this predicted organization.
This organization was also confirmed by a recent structure of a human CAF-1 sub-complex (76).

We previously reported that two CAF-1 assemble on DNA-loaded PCNA using biochemical
analysis with mass photometry of the isolated complex (77). We also found that the interaction
of CAF-1 with PCNA is regulated by the binding of H3-H4 to the acidic domain in the large subunit
of CAF-1 (17). Therefore, we used AF-Multimer to predict the organization of two CAF-1-H3-H4
complexes on a PCNA homotrimer. The predicted assembly of these complexes largely aligns
with previously published work (12, 14, 15, 17, 24, 29, 30). The two H3-H4 dimers associate in a
(H3-H4), tetramer (6) that is wrapped on each side by the disordered acidic domains of the two
Cac1 subunits. As previously reported, the Cac2 subunit is also predicted to bind to H3-H4 (72).

AF-Multimer successfully predicted an interaction between PCNA and the two CAF-1 (Figure
2A-B, and Figure S3A-E). CAF-1 sits on the edge of PCNA, and extends on the front and the back
side of the ring, suggesting an extended interaction that, to our knowledge, has not yet been seen
in other PCNA-binding proteins (Figure 2A-B and S3A-E). CAF-1 wraps PCNA and DNA on the
front side of PCNA, while the back side consists of the histone binding and chromatin assembly
module. Notably, PCNA and histones mediate the association of the two CAF-1 complexes and no
interactions are predicted between the two CAF-1, in line with previous data showing that CAF-1
complexes do not dimerize (14, 15). Each CAF-1 binds PCNA via the PIP2 domains in Cacl, in
line with our experimental data (Figure 1A-D). Interestingly, PIPT was not predicted to interact
with PCNA in those conditions.
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Figure 2: CAF-1 uses an extended interface to bind PCNA. (A) Top panels: AlphaFold-Multimer
prediction of a PCNA homotrimer and two CAF-1-H3-H4 complexes (S.cerevisiae). The residues Q149
to L606 are shown for each Cac1 subunit (including KER, PIP2, Cac3 and Cac? binding site, the acidic
domain and the WHD) and the N-termini and C-termini are indicated for each Cac1. Due to their high
degree of disorder, the Cacl subunits are shown using a cartoon style, while all other subunits are
depicted using a surface style. The front side refers to the PCNA interface where the PIP binding pocket
is, while the back side refers to the opposite side. Bottom panel: The Predicted Alignment Error (PAE)
matrix is shown for the highest-ranked prediction (ranked_0). An example of the low expected position
error between PCNA and Cac3 is indicated by an arrow. (B) Cartoon representation depicting two CAF-
1-H3-H4 complexes assembling on DNA-loaded PCNA. PIP1 is predicted unstructured, while each
PIP2 are bound to distinct PCNA monomers. The KER and the WHD bind DNA as previously described
(14, 15, 17, 30). Both Cac3 bind PCNA in the RD region, placing the acidic domains face to face. The
acidic domains cooperate with Cac2 for the binding of (H3-H4), as previously described (72, 74, 15).
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We find that the relative orientation of the two CAF-1 to each other ideally positions the acidic
domains “face to face” allowing for H3-H4 tetramerization, the first step of chromatin assembly
(Figure 2A-B and S3A-E). This optimal orientation is largely due to a novel predicted interaction
between Cac3 and PCNA (Figure 2A-B and S3A-E). The novel PCNA-Cac3 interaction occurs
near the RD residues on PCNA, which are mutated in PCNA-RD (22). This interaction was found
in all 5 predictions, increasing its likelihood (Figure 2A-B and S3A-E). Further analysis of the
interfaces involved (using PDBePISA) indicates that PCNA uses an extended set of residues
for this interaction. It includes its N-terminus (residues 1-5), the RD region (residues 59-64) and
residues 89 to 94. On the other hand, Cac3 uses a unique sequence that encompasses residues
159 to 172. Taken together, these residues form 14 ionic bonds over 500 A2 Sequence alignment
of Cac3 and PCNA across several species revealed a high degree of conservation of the interfaces
involved in this interaction (Figure S4A-B). This strongly suggests that the RD residues may
regulate CAF-1 recruitment to PCNA, explaining the cellular phenotypes observed previously (22,
26). Based on this AF prediction, CAF-1 thus binds PCNA using an extended interface: beyond the
canonical PIP interaction, CAF-T may bind via the Cac3 subunit the RD region on PCNA.

PCNA_RD does not influence CAF-1 function in vitro

We directly tested the effect of the PCNA_RD mutation on CAF-1 function. We expressed and
purified PCNA-RD (Figure S4C), and tested its ability to recruit CAF-1 on DNA using size exclusion
chromatography. PCNA-RD was efficiently loaded on DNA by RFC (Figure 3A), suggesting that
defects previously observed with this mutant are not due to deficiencies in DNA loading or
PCNA instability on DNA. Moreover, PCNA-RD recruited CAF-1 on DNA (Figure 3B) with a similar
efficiency to wild type PCNA (Figure 1A), suggesting that this interface is dispensable for the
interaction of CAF-1 and PCNA on DNA, again supporting the primary role of the PIPs in CAF-1
recruitment

It was previously shown that the CAF-1-PCNA interaction competes with DNA polymerase
epsilon (Pole) binding to PCNA, and therefore slows down DNA synthesis (77). Therefore, we
wondered if PCNA-RD also promotes the CAF-1-mediated inhibition of the polymerase, as an
independent way to further test that PCNA-RD can efficiently bind CAF-1. Both WT and PCNA-RD
stimulated DNA synthesis by Polg, indicating that this mutation does not affect the PCNA
function towards DNA polymerases (Figure 3C). Moreover, CAF-1 inhibited Pole activity also in
the presence of the PCNA-RD mutant (Figure 3C). This confirms that the RD mutation does not
significantly affect CAF-1 recruitment to PCNA, consistent with the results of the binding assay
(Figure 3B). Therefore, we show that the Cac3-PCNA interaction is not a strong drive of the
CAF-1-PCNA complex assembly.

Next, we tested the ability of PCNA-RD to stimulate CAF-1 nucleosome assembly activity
using the PCNA-NAQ assay. PCNA-RD leads to no significant differences (Figure 3D and 3E).
This indicates that the PCNA-RD mutation does not affect the PCNA-mediated activity of CAF-1,
which is mostly driven by PIP interactions.

Overall, from our data it remains unclear what is the role of the Cac3-PCNA interface for
CAF-1 function. Experimental determination of the CAF-1-PCNA structure is required to confirm
this interface and understand its function.



CAF-1 uses an extended binding interface on PCNA for its recruitment on newly synthesized DNA | 117

A PCNA-RD C —=—  NO CAF-1+WT-PCNA
¥ SEc fractions —B- CAF-1+WT-PCNA
- 100 —&— NO CAF-1+ PCNA-RD
i CAF-1 + PCNA-RD
150 -|= c
75 -[% o 80
50 -fw T 60
37| 9
25 |l e b e e -PCNARD ‘& 40
20 -/~ [0)
15-[8 : X 5o
10-n N
kDa ° 0
SDS PAGE - Coomassie Blue J T T |
B 0 5 10 15 20
time (min)
PCNA_RD +CAF-1 WT-PCNA PCNA-RD
v SEC fractions +CAF-1 +CAF-1
2 CrNY® OrNT®O-NTOO—NT® time (min)
150 =
758 W= - Cac1 .. - - » =|— Full-length
uy - Cac2 product
50-w ki
N - Cac3 .
25 g e - PCNA-RD
20 -|s
15
K N
SDS PAGE - Coomassie Blue Alkaline agarose gel - primer AF647
< 0 <
D s g < o E
O v &) T
a < a <
= Z 0 pd
O = O
R e
+ -+ - ATP + -+ - ATP PCNA-dependent
H2B-AF647 bp nucleosome assembly
-
766-| —s b L |- i c
B . - nicked plasmid gy | wf | Lc:)é:\ctl:‘r(;lg 370
I 350 | ~— £ 60 .
. ) 300 -| wet @©
J “ - supercoiled 250 -| st g 50 3 Q
plasmid fzg : v ' (= ' - nucleosome g 40 ﬁk
Kbp v v} SybrGOLD 2 30
| wBRR - 100 -| Wt © -
10-| . . - nicked plasmid 5| o 2 20 B
YSEN e 2 10
6-| - . . . =
5- we - supercoiled 50 - T 0
4| - plasmid Native PAGE - SybrGOLD & + - + - ATP
merge i i -_— —
MNase digestion < ®
- nicked plasmid 5 <Cv>>
o ©
! o
- supercoiled E <
plasmid z
O
Native agarose gel o

Figure 3: PCNA-RD promotes CAF-1 recruitment on DNA and stimulates its chromatin assembly
activity. (A-B) SDS-PAGE following SEC analysis of PCNA loading experiments in presence of ATP
and RFC with (A) PCNA-RD alone, and (B) PCNA-RD with CAF-1. Grey arrows indicate (C) Top panel:
Quantification of the % of replication following a primer extension experiment with Pole. %Replication
represents the intensity of the full-length product band relative to the total fluorescence in each lane
(expressed in percentages) from the bottom panels. Bottom panel, Fluorescence scan of a denaturing
alkaline agarose gel of primer extension reactions with Pole, comparing WT-PCNA to PCNA-RD in
presence or absence of CAF-1. The experiment was only performed once and should be repeated for
statistical significance. (D) Left panel: Native agarose gel analysis of PCNA-NAQ assay reactions with
WT-PCNA or PCNA-RD. The first gel shows H2B fluorescence, with the signal on nicked plasmid repre-
senting PCNA-mediated chromatin assembly. Right panel: Native PAGE stained with SybrGOLD follow-
ing Micrococcal Nuclease (MNase) digestion of the samples shown in the left panel. (E) Quantification
of H2B fluorescent signal on nicked plasmid in (D), reflecting PCNA-mediated chromatin assembly.
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Discussion

In this work, we investigate the molecular assembly of the CAF-1-PCNA complex using
structure prediction tools and biochemical reconstitutions. We show that similarly to other PCNA
interactors (37), CAF-1 carries multiple PIP domains that each regulate its function on PCNA.
Moreover, we provide evidence for a novel extended interface between CAF-1 and PCNA, involving
the small CAF-1 subunit Cac3 and the RD region on PCNA. Our work highlights the complexity of
this critical interaction for epigenome stability, identifying a novel interface in this process, and
enabling a structural understanding of this mechanism.

CAF-1 uses several PIP domains with distinct functions during chromatin
assembly

We report here that additionally to PIP2, the PIPT domain (unknown in yeast so far) is
involved in recruiting CAF-1 to PCNA. Previous works has shown that it is common for PCNA
binding protein to use several PIP domains to act on PCNA (32): One (at least) is localized in long
disordered region similarly to PIP1, and a second one like PIP2, is in the core of the protein. So
why does CAF-1 have two PIPs and how do these regulate its function? Several hypotheses can
be envisioned. PIPT may be used for the initial recruitment of CAF-1 to PCNA and is then replaced
by PIP2. Yet, three PIP binding sites are available on PCNA, so replacing might not be necessary
per se. As two CAF-1 complexes are required for nucleosome assembly, it is possible that these
interactions coordinate CAF-1 stoichiometry on PCNA. Another attractive model suggests that
CAF-1 may bind distinct PCNA trimers at the same time using both PIP1 and PIP2. Further studies
are needed to disentangle these hypotheses, using high resolution methods such as CryoEM and
single molecule-based assays.

Previous work in yeast and human cells found that a single mutation of PIP1 or PIP2 is
not sufficient to fully abrogate CAF-1 recruitment to PCNA (23, 24). Here, our biochemical
reconstitutions show a redundancy of PIP1 and PIP2 in CAF-1 recruitment to PCNA. Interestingly
we find that only PIP2 is essential during PCNA-dependent chromatin assembly, while it is
dispensable for CAF-1 recruitment to PCNA. Previous work showed similar phenotypes when
mutating the WHD in Cac1 (17). Using mass photometry, it was shown that this domain may
control the stoichiometry of CAF-1 on DNA-loaded PCNA. Therefore, we speculate that the PIP2
domain may affect the association of a second CAF-1 with PCNA on DNA. This hypothesis
would suggest that one CAF-1 complex must be bound to DNA-loaded PCNA in order to recruit
a second one.

An interaction between Cac3 and PCNA may promote the positioning of
CAF-1 that drives H3-H4 tetramerization

Using AF-Multimer and biochemical evidences (22, 26, 33), we identified a new binding
interface between PCNA and the Cac3 subunit of CAF-1. This novel interaction optimally positions
both CAF-1-H3-H4 on PCNA, therefore promoting H3-H4 tetramerization, and subsequent
nucleosome assembly. This work allows us to get a first glance at how CAF-1 deposits histones
on DNA.

It has been shown in cells that PCNA-RD strongly impedes CAF-1 function (22, 26, 33). Here,
we show that this mutant does not affect CAF-1 recruitment, nor its PCNA-dependent activity.
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Therefore, the phenotypes observed in cells emerge from problems that our reconstitutions
do not yet recapitulate. Here, we show that the Cac3-PCNA interaction at the RD interface
optimally positions the chromatin assembly modules of CAF-1 on the back side of PCNA. It
is conceivable that mutating the RD region could result in a reverse binding of CAF-T to PCNA,
leading to chromatin assembly on the front side of PCNA. Future studies need to develop suitable
experiments to investigate this possibility and how this may affect other chromatin processes,
such as recycling of parental histones for instance.

The predicted assembly of a CAF-1-PCNA complex leads us to reconsider
the model of how new histones are deposited at forks.

Current models of chromatin assembly during DNA replication suggest that CAF-1 function
is physically coupled to DNA synthesis (4, 5). This means that PCNA binds CAF-1 and the DNA
polymerases €/6 at the same time (37). This allows replicated DNA to be readily assembled
into chromatin. Recently, we have demonstrated that PCNA is unable to share simultaneously
CAF-1 and Pole, the DNA polymerase of the leading strand (717), indicating that more complex
dynamics are at play on PCNA molecules at replication forks. In light of the data presented here,
where CAF-1 has extensive contacts with the back and front side of PCNA, we hypothesize that
PCNA sharing may not be possible with Pold on the lagging strand, and likely with many more
PCNA-binding proteins that are present at forks. Therefore, additional mechanisms need to be
investigated to understand the integration of DNA and chromatin replication. The availability of
PCNA molecules at fork may well regulate such integration, placing PCNA loading and unloading
at the heart of these processes.

Methods

Protein expression and Purification

All proteins used in this study were expressed, purified as previously described (17). All
fluorescent labeling reactions were conducted as reported in (17). PCNA-RD (R6TA, D63A),
CAF-1_PIP1* (F22A, F23A) and CAF-1_PIP2* (F233A, F234A) were generated using standard
mutagenesis protocols, and they were expressed and purified with the same protocol that the
wild type proteins used in (17).

PCNA-CAF-1 binding experiments on SEC

We used nicked pUC19 as template for PCNA loading. The plasmid was digested with the
nicking enzyme Nt.BspQl for 8 h at 50°C, before being purified via phenol chloroform extraction.
Nicked pUC19 (0,3 M) was then incubated with PCNA (30uM monomer), RFC (0.5 uM), ATP (3
mM), and MgCl, (10 mM), in PCNA loading buffer (50 mM HEPES pH 7.5, 200 mM NaCl, 0.01%
IGEPAL CA-360, TmM TCEP). After 5 minutes at 30°C, CAF-1 was added to the reactions (5
pM) and further incubated at room temperature for 15 minutes. Samples were then injected on
Superose 6 increase 3.2-300 columns connected to an AKTA pure system fitted with PEEK |.D.
0.25 mm tubing. The reaction was eluted in PCNA loading buffer supplemented with 10 mM
MgCl,, and samples were analyzed on 4-12% gradient SDS-PAGE run in MES buffer.
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PCNA-NAQ assay

We used nicked pRC1765 (Addgene #141346) for PCNA loading and chromatin assembly.
The plasmid was digested with the nicking enzyme Nt.BbvCl for 6 h at 37°C, and was then
purified via phenol chloroform extraction. The nicked plasmid (50 nM) was mixed with supercoiled
pRC1765 (50 nM), 1,1 uM of RFC, 10,9 pM of PCNA monomer, 10,9 mM ATP and 8 mM MgCl, in
PCNA loading buffer. Typically, this reaction was performed in 11 pl final volume. The reactions
were incubated for 5 minutes at 30°C. Samples were then diluted 3-fold with NA buffer to lower
the MgCl, concentration that otherwise inhibits chromatin assembly. CAF-1 prebound to H3-H4
dimers (100 nM each) were added to the reaction and incubated 15 minutes at room temperature.
Fluorescently labeled H2A-H2B dimers (100 nM) were then added to allow full nucleosome
assembly, and incubated for 15 minutes at room temperature. Samples were spun down for 5
minutes at 170000 x g to remove potential precipitates. Tul of reactions was mixed with 5pl of
loading buffer (NA buffer + 5% sucrose). Samples were separated on 0.8% native agarose gel,
run in TX TAE (Tris-Acetate EDTA) for 90 minutes.

MNase reactions were then performed with the rest of the PCNA-NAQ reactions. Briefly, 25ul
of sample was incubated with 80 units of MNase (NEB #M0247S) in 100 pl final volume of 50 mM
Tris pH 7.9, 5 mM CaCl,. Samples were incubated 10 minutes at 37°C prior to inactivation using 20
mM EDTA. Proteins were then digested with ProteinaseK (NEB #P8107S) for 20 minutes at 50°C.
A 621bp DNA fragments was added as loading control, and the digested DNA was purified using
the MinElute PCR purification kit (Qiagen #28006) according to the manufacturer’s instructions.
MNase-digested samples were run on 6% native PAGE, and stained with SybrGOLD

AlphaFold, Structure analysis and Sequence alignment

AlphaFold-Multimer (v2.3.2) predictions (27) were run on a Linux cluster using a GPU NVIDIA
A100 80GB PCIE, at the High Performance and Cloud computing centre of Utrecht University,
through a wrapper script from https://github.com/kalininalab/alphafold_non_docker. Databases
and software were downloaded on October 31st, 2024. Predicted structures were relaxed, and
the maximum template release data used was 09-11-2023. For each AlphaFold-Multimer run,
5 predictions are shown from ranked_0 to ranked_4, where ranked_0 is the best. The novel
Cac3-PCNA interaction was analyzed using PDBePISA from the EMBL-EBI. Protein sequence
alignments were performed using Cluster Omega from the EMBL-EBI using the standard
procedure, and results of these alignments were further assessed in ChimeraX.

Primer extension

Primer extensions experiments with Pole were performed as previously described (17).
Reactions were performed in 25 mM HEPES-KOH pH 7.5, 150 mM potassium acetate, 8 mM
magnesium acetate, TmM TCEP, T mM ATP and 0.2 mg/ml BSA. The DNA template was coated
with RPA, and incubated for 5 minutes at 30°C. Next, PCNA and RFCAN were added and loaded
onto RPA-coated DNA and incubated 5 minutes at 30°C. Pole was added with dCTP, dATP and
dGTP and incubated for 5 minutes at 30°C. Finally, CAF-1 and dTTP were added to fully start
DNA synthesis. Samples were quenched in 10 mM EDTA final concentration at the reported time
points, and separated on 1.2% denaturing (alkaline) agarose gel.
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In-solution crosslinking experiments

Crosslinking experiments were performed in 50 mM HEPES pH 7.5, 200 mM NaCl, 0.01%
IGEPAL CA-360, TmM TCEP. PCNA (6uM monomers) was incubated with CAF-1 (2uM) for 10
minutes at room temperature. Complexes were crosslinked with TmM disuccinimidyl suberate
(DSS) for 10 minutes at room temperature, prior to quenching with 150 mM TRIS pH 8.0. Samples
were separated on 12% SDS-PAGE (BioRad - Criterion), and stained with Coomassie Blue.

Fluorescence Polarization

Fluorescence polarization experiments were performed as previously described (17) in 25mM
TRIS pH 7.5,300 mM NaCl, 5% glycerol, T mM EDTA, 0.01% IGEPAL ca-630 (added fresh), 0.01%
CHAPS (added fresh), T mM DTT (added fresh). 40 nM of PCNA-C4S-K164C labeled with Alexa
Fluor 488 (17) were incubated with increasing concentrations of CAF-1 in CORNING low flange
384 well black microplates. Fluorescence polarization was measured with a CLARIOstar (BMG
LabTech) plate reader. The binding affinity was determined using a One Site binding curve (not
accounting for fluorescent label depletion) in GraphPad PRISM (y=Bmax*x/K +x + Background,
where Bmax is the maximum specific binding, K, is the equilibrium dissociation constant and
Background is the measured binding with no added ligand). When no maximal response could
be achieved due to low binding affinity, we estimated a minimal K based on the One Site binding
curve equation. Fluorescence Polarization was measured three times over the course of 15
minutes for each sample, to ensure equilibration of the binding. Each experiment was performed
in triplicate.
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Figure S1: (A) Structure of yeast PCNA homotrimer (PDB: 1PLQ). The front side harbors the PIP binding
pocket (cyan) while the RD region (magenta) protrudes towards the back side of PCNA. (B) Cartoons
of the Cac1 (large CAF-1 subunit) domains and the mutants used in this study. All complexes contain
Cac?2 and Cac3, in addition to the indicated Cac1 construct. (C) SDS-PAGE of the purified WT CAF-1
mutants shown in (B). (D) SDS-PAGE of crosslinking reactions containing PCNA, and CAF-1 prebound
to H3-H4 dimers as previously described (17). WT CAF-1 and CAF-1_PIP** are compared here. (E) Flu-
orescence Polarization experiments using fluorescently labeled PCNA and increasing concentrations of
CAF-1 or CAF-1 prebound to H3-H4 dimers. The data points were fitted to a one site binding curve and
the K, were calculated in GraphPad. KD were estimated due to the lack of a clear maximal response.



CAF-1 uses an extended binding interface on PCNA for its recruitment on newly synthesized DNA | 123

acidic
Cac2
gpp1 FIP2
KER WHD
Cacl
C ranked_0

Expected Position Error (A)

Cac2
[l pLDDT > 90
& pLDDT >70 Cac3
[ pLDDT > 50

] pLDDT < 50 N | ol
o} @ ol
o © o
Model confidence (ranked_0)
ranked_1

Cac1

Cac2
B pLDDT > 90

Expected Position Error (A)

I pLDDT > 70 -
[] pLDDT > 50 e ‘ =
[ pLDDT < 50 - ~ -
8 8 ®
Model confidence (ranked_1) o o o

Figure S2: (legend on next page)



124 | Chapter 4

ranked_2

Cac1

Il pLDDT > 90 Cac2

Expected Position Error (A)

[ pLDDT > 70

[J pLDDT > 50 Cac3 L

] pLDDT < 50 ’
~ N [5¢
[s] [$] |
© © ©
O O O

F ranked_3

<
Cac1 g
I}
[ pLDDT > 90 s
LDDT > 70 @
| p Cac2 &
[] pLDDT > 50 =
[ pLDDT < 50 I 2
@
Cac3 £
] 5

o ) ]

S S S

Model confidence (ranked_3)
G ranked_4

Il pLDDT > 90
W pLDDT>70  Cact
[ pLDDT > 50
[ pLDDT < 50

Expected Position Error (A)

- [5\]
© [$)
® ®
O O

Model confidence (ranked_4)

Figure S2: (A) AlphaFold-Multimer prediction of the CAF-1 complex (S.cerevisiae). The Cac1 subunit
is largely disordered while Cac2 and Cac3 are globular. Due to its high degree of disorder, the Cacl
subunit is shown using a cartoon style, while Cac2 and Cac3 are depicted using a surface style. (B)
Cartoon representation of the AF-Multimer prediction shown in (A). In its N-terminus, Cac1 harbors two
PCNA Interacting Peptides (PIPs) that flank the KER DNA binding domain, while the C-terminus folds
as a WHD DNA binding domain. (C-G) Assessment of the AF-Multimer predictions from ranked_0 to
ranked_4 (respectively). Left panels: Cartoon style of the AF-Multimer predictions colored by pLDDT
(Local Distance Difference Test). Right panels: PAE matrices indicating the expected position error
between CacT, Cac2 and Cac3.
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Figure S3: (A) Cartoon style of the AF-Multimer prediction from Figure 2. Prediction ranked_0 colored
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Figure S4: (A) Surface representation of the AF-Multimer prediction ranked_0, colored by level of con-
servation for Cac3 (left panel) and PCNA (right panel). Cac3 and PCNA were analyzed for conservation
between S.cerevisiae, H.Sapiens, M.Musculus, D.Melanogaster and S.Pombe, and results were imported
in ChimeraX. For each protein, the residues involved in the Cac3-PCNA interaction are indicated. (B)
Protein sequence alignment of the domain involved in the newly predicted interaction between Cac3
and the RD region of PCNA. Residues highlighted in green are predicted to directly mediate this inter-
action. (C) SDS-PAGE of purified WT-PCNA and PCNA_RD (yeast).
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Abstract

In human cells, the histone chaperone CAF-1 acts on H3-H4 dimers carrying specific
modifications (H4K20meO0) and containing variants (H3.1) during DNA replication and repair.
How this selectivity is achieved remains unclear. To tackle this question, we use biochemical
reconstitutions with human proteins. First, we were able to purify the human CAF-1 complex
at high purity and yield. Human CAF-1 binds histones at high affinity and deposits them onto
DNA to form nucleosomes, using a similar mechanism as the yeast complex. Histone variants
(H3.1 or H3.3) as well as post-translational modifications (methylation of H3K9 or H4K20) do
not affect the binding affinity of CAF-1. These data argue that CAF-1 does not intrinsically select
for specific H3-H4 dimers, but that the observed binding specificity in cells is likely the result
of additional regulatory factors (e.g. interactors or localization). CAF-1 is recruited by PCNA
during DNA replication and repair, and a subset of PCNAs are post-translationally modified in
these processes. These molecules may localize CAF-1 to specific sites, functioning as such
regulatory factors. We thus used purified and homogeneously monoubiquitinated PCNA to test
if this would affect the interaction with CAF-1. We find that PCNA ubiquitination does not affect
CAF-1 binding on DNA. This suggests that CAF-1 can function on PCNA molecules that are
modified by ubiquitin at lysine 164, and that this modification cannot act as a discriminatory
signal for CAF-1 localization. Future studies in more comprehensive reconstitutions will address
how other modifications on PCNA or histones may directly affect CAF-1 function, to explain how
the cellular specificity of CAF-1 is achieved.
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Introduction

Eukaryotic cells replicate their DNA and the associated chromatin before each cell division.
Faithful inheritance of chromatin domains ensures homeostasis and maintenance of transcriptional
programs that in turn safeguard cell fate. Consequently, failure to properly transmit chromatin
information during mitosis results in developmental defects (7, 2) and diseases such as cancer (3-5).

The histones within chromatin carry post translational modifications (PTMs) that control the
structure and the function of the genome. In order to properly copy the epigenetic landscape,
these PTMs must be accurately re-established at the right genomic location in both daughter
cells. This process begins in the mother cell during DNA replication, where a complex machinery
called the replisome copies the DNA. The passage of the replisome disrupts the chromatin ahead
of the fork via the controlled actions of histone chaperones (6). The parental histones are then
recycled with their modifications on the two sister chromatids. These histones are notably marked
by local PTMs, such as H3K9me3 and H4K20me2 (6). H3K9me3 marks the compact constitutive
heterochromatin and provides specificity for heterochromatin protein 1 (HP1) binding in human
cells. Inheritance of H3K9me3 constitutes a critical step for cell fate control (7). On the other
hand, H4K20me2 marks the age of histone proteins as it accumulates over time following protein
synthesis and histone deposition (8). This mark also regulates recruitment of DNA repair factors
on chromatin (9).

Distinct histone chaperones control parental histone recycling on leading and lagging strands.
The MCM2 subunit of the MCM helicase, the primase Pola and the ssDNA binding protein RPA
mediate parental histones recycling towards the lagging strand (8, 70, 77). DNA polymerase Pole
controls parental histones recycling to the leading strand (72), where additional factors may well
be involved (73). Concurrently to parental histone recycling, the histone chaperone CAF-1 deposits
newly synthesized H3-H4 histones on both leading and lagging strands (73, 74), in order to maintain
chromatin density on both strands. These new histones contain the H3.1 variant (15) and are
characterized by lack of methylation marks, particularly on H4K20 (6, 76). As a result, the newly
synthesized chromatin harbors a mixture of old and new histones. Here, enzymes responsible
for chromatin modification identify marks on the recently recycled parental histones and copy
these marks to the new histones, leading to chromatin maturation and the re-establishment of the
epigenome. This mechanism ensures the preservation of local chromatin marks at their correct
genomic location. Of note, various studies have linked CAF-1 function to the stability of H3K9me3
domains after DNA replication (17-19).

Interestingly, the recent structure of the human CAF-1-H3-H4 complex shows that the few
amino acids that differ H3.1 from H3.3 do not interact with CAF-1 (20). This raises questions as
to how CAF-1 controls its interaction with the H3.1 variant during S phase. Because CAF-1 acts
at replication forks after recruitment by the DNA polymerase processivity factor called PCNA (13,
21), this suggests that this factor may contribute to regulating CAF-1 specificity for unmethylated
H3.1-H4. PCNA is involved in several essential functions at replication forks (22), which are further
regulated by PTMs on PCNA itself. A key PTM is the mono-ubiquitination at lysine 164 by the
RAD6-RAD18 complex which facilitates TransLesion Synthesis (TLS) on damaged DNA (23).
Recent studies in human and S.pombe have revealed that PCNA is also ubiquitinated at K164
during unperturbed DNA replication, and that this modification is functionally linked to Okazaki
fragments maturation and CAF-1-