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The replisome guides nucleosome assembly
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(Abstract )

Nucleosome assembly during DNA replication is tightly coupled to ongoing DNA synthesis. This process, termed DNA
replication-coupled (RC) nucleosome assembly, is essential for chromatin replication and has a great impact on both
genome stability maintenance and epigenetic inheritance. This review discusses a set of recent findings regarding the
role of replisome components contributing to RC nucleosome assembly. Starting with a brief introduction to the fac-
tors involved in nucleosome assembly and some aspects of the architecture of the eukaryotic replisome, we discuss
studies from yeast to mammalian cells and the interactions of replisome components with histones and histone
chaperones. We describe the proposed functions of replisome components during RC nucleosome assembly and
discuss their impacts on histone segregation and implications for epigenetic inheritance.
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Background

A brief introduction to DNA replication-coupled (RC)
nucleosome assembly

Eukaryotic DNA replication occurs in the context of
the chromatin environment [1]. Chromatin, the carrier
of genetic and epigenetic information and guardian of
genome stability, must be duplicated in daughter cells
to ensure continuity between generations. As the fun-
damental step of this process, chromatin replication is
highly regulated across all species [2—4]. The nucleosome,
as the basic unit of chromatin, is composed of a histone
octamer containing a H3-H4 tetramer and two H2A-
H2B dimers wrapped by approximately 147 base pairs of
DNA [5]. During DNA replication, nucleosomes ahead
of the replication fork must be disassembled to facilitate
the movement of the DNA replication machinery, and
behind the fork, new nucleosomes must be reformed on
daughter strands with both recycled parental histones
and newly synthesized histones to restore the chromatin
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state. This process, called DNA replication-coupled (RC)
nucleosome assembly, is an essential step for chromatin
replication [2, 4, 6].

Nucleosome assembly during DNA replication occurs
in a stepwise fashion. Early studies using a chemical
cross-linking technique combined with radioisotope
labeling methods demonstrated that parental histone
H3-H4, which is one of the major carriers of epigenetic
information, needs to be recycled during replication
[7-9]. Recently, using SILAC (stable isotope labeling
by amino acids in cell culture)-based quantitative mass
spectrometry, it was established that histone H3-H4
tetramers are mainly recycled in a non-split fashion dur-
ing DNA replication [10]. Therefore, H3—H4 is deposited
first in tetrameric form, followed by the rapid deposition
of two H2A-H2B dimers, thus forming an intact nucleo-
some [3, 11-13]. Whether H2A-H2B is recycled dur-
ing replication is less clear, partially due to their highly
dynamic features [14—16]. The histone H3—H4 tetramers
can form stable intermediates with DNA called tetras-
omes under physical conditions in vitro, a process that
is facilitated by other factors or happens spontaneously
[17]. Thus, the formation of tetrasomes is regarded as
the first step of nucleosome assembly. In this review, we
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mainly focus on the discussion of this step during DNA
replication.

Parental histones provide only one-half of the total
histone supply, indicating that the other half comprises
newly synthesized histones deposited onto daughter
strands. It is reported that many factors that regulate the
deposition of new histones have been identified [2, 18].
Moreover, accumulated studies demonstrate that histone
modifications regulate the histone chaperone-mediated
deposition of newly synthesized histones. In general,
newly synthesized histone H3—H4 tends to be acetylated
[19, 20]. In mammals, newly synthesized histone H3.1-
H4 is acetylated by HAT1-RbAp46 acetyltransferase on
lysine residues 5 and 12 of H4 (H4KS5, 12ac) [19, 21-23].
In yeast, in addition to acetylation on histone H3-H4
tails, the newly synthesized histone H3—H4 is acetylated
by Rtt109 acetyltransferase on lysine 56 of H3 (H3K56ac)
[20, 24—-26]. Both H4K5, 12ac and H3K56ac increase the
interactions of histone chaperones with newly synthe-
sized H3—H4 and promote histone chaperone-mediated
RC nucleosome assembly [19, 27, 28].

Histone chaperones are the major players in RC
nucleosome assembly

Histones are a group of highly basic proteins. While the
basic charges of histones can be neutralized by the phos-
phodiester backbone of the DNA in the nucleosome
particle, histones that are free from chromatin require
accompaniment of a group of acidic proteins to prevent
aberrant aggregate formation. The proteins dedicated to
this group are called histone chaperones, and they play
key roles during nucleosome assembly [29, 30]. Over
the last 3 decades, significant progress has been made in
identifying and characterizing the functions of histone
H3-H4 chaperones involved in newly synthesized histone
H3-H4 deposition, such as CAF-1 (chromatin assembly
factor-1) [31], Asfl (anti-silencing factor 1) [32], Rtt106
(regulator of Tyl transposon 106) [27, 33], and FACT
(facilitates chromatin transaction) [34].

The histone chaperone Asfl is shown to facilitate
H3-H4 import into the nucleus via importin proteins in
the nuclear pore complex [35, 36]. In budding yeast, after
entering the nucleus, Rtt109/Vps75 acetylates lysine 56
on H3 only when H3 is bound to Asfl [24-26, 37, 38].
Asfl has been shown to bind H3-H4 dimers and to block
H3-H4 tetramer formation [39—41]. In addition, Asfl has
not been shown to be active in the assembly of histones
on DNA during the formation of nucleosomes in vitro,
indicating that Asfl may not participate in the assembly
event directly [41, 42]. Accumulated evidence suggests
that Asfl delivers histone H3-H4 dimers to other histone
chaperones, such as CAF-1 and Rtt106 [43-45]. Asfl can
bind the Cac2 subunit of the histone chaperone CAF-1,
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and conformational changes allow the delivery of H3-H4
dimers from Asfl to CAF-1, providing direct evidence
for coordination between histone chaperones [44-47].
While H3K56ac and H4K5,12ac increase the interaction
of CAF-1 and Rtt106 with newly synthesized H3-H4,
ubiquitination of H3 at lysine residues 121, 122, and 125
(H3K121, 122, 125ub) decreases the interaction of his-
tone H3-H4 with Asfl, suggesting that histone modifi-
cations are important in regulating the histone transfer
process [27, 28, 43].

CAF-1 was the first identified DNA replication fac-
tor coupled to chromatin assembly [31]. CAF-1 is a het-
erotrimeric complex composed of three subunits, Cacl,
Cac2 and Cac3 (p150, p60 and p48 in human cells). Both
the Cacl and Cac2 subunits are required for binding to
H3-H4, while the Cac3 subunit is not required [27, 48].
Cacl binds histone H3-H4 in one acidic region called the
ED domain [49]. The middle part of Cac2 can also bind
H3-H4 [50]. Moreover, CAF-1 can bind DNA directly
via two domains in the Cacl subunit called WHD and
KER. The results from a structure analysis revealed that
the binding of CAF-1 to one H3-H4 dimer abolishes the
inhibition of the ED domain to the WHD domain. There-
fore, the CAF-1-H3-H4 complex can bind DNA, and the
cooperative DNA binding by CAF-1 promotes the rapid
dimerization of the CAF-1-H3-H4 complex, thus forming
H3-H4 tetramers [50, 51]. Although S phase progression
is delayed, deletion of CACI is not lethal [49], suggest-
ing that other histone chaperones are also involved in RC
nucleosome assembly.

FACT was initially identified as a factor that facilitates
transcription via the disassembly of H2A-H2B [52, 53].
Recently, it was shown that FACT binds both H2A-H2B
and H3-H4 and has both nucleosome assembly activ-
ity and disassembly activity [54—56]. Moreover, FACT
is involved not only in the deposition of newly synthe-
sized H3-H4 but also in the recycling of parental his-
tones during replication [34, 57-59]. In budding yeast,
FACT interacts with both CAF-1 and Rtt106, suggesting
a collaboration among histone chaperones [34]. Rtt106, a
H3-H4 histone chaperone in budding yeast, recognizes
H3K56ac and binds new H3-H4 tetramers, contributing
to the deposition of new histones [27, 60, 61]. Thus, mul-
tiple histone chaperones contribute to the RC nucleo-
some assembly pathway. For a more detailed description
of histone chaperones, we refer the reader to some recent
excellent reviews [29, 36, 62].

Overview of eukaryotic replisome assembly

DNA replication starts at specific DNA elements termed
replication origins. In the budding yeast Saccharomyces
cerevisiae, replication origins contain specific elements
called autonomously replicating sequences (ARSs) [63].
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To date, metazoan replication origins are not well defined
at the DNA sequence level, indicating that chromatin
organization might be critical for replication initiation
[64, 65]. To ensure the efficiency and high fidelity of
DNA replication in eukaryotic cells, the assembly of the
replisome at replication forks is critical during DNA rep-
lication [66, 67]. Replisome assembly not only links the
replicative helicase to DNA polymerases but also incor-
porates many other factors to ensure highly efficient
coordination during the DNA replication process [68,
69].

Eukaryotic replisome assembly is highly conserved
from yeast to human cells [70, 71]. In budding yeast,
when cells exit the last phase of the cell cycle, ORC
(origin recognition complex), containing six subunits
(Orcl-6), recognizes ARS elements on chromatin [11, 72,
73]. Upon cells entering the G1 phase, licensing factors
Cdc6 (cell division control protein 6) and Cdtl (Cdcl0-
dependent transcript 1) load MCM2-7 (minichromo-
some maintenance complex 2-7) to ORC binding sites
to form pre-replication complex (pre-RC) in a process
called origin licensing [74, 75]. The MCM2-7 complex
is loaded as a head-to-head double hexamer, and after it
has been loaded onto DNA, the origin becomes licensed
and is ready to be activated [76]. When the cell enters the
S phase, two S phase-dependent kinases, DDK (Dbf4-
dependent kinase) and CDK (cyclin-dependent kinase),
phosphorylate the MCM2-7 complex and other key
factors. Then, Cdc45 (cell division control protein 45)
and the GINS complex (Sld5, Psfl, Psf2, and Psf3) are
recruited to assemble the CMG complex (Cdc45-MCM2-
7-GINS), which is the active form of the replicative heli-
case [77, 78]. It is believed that Mcm10 is also required
for DNA replication initiation and for the loading of the
DNA polymerase a-primase complex [79-81]. Once acti-
vated, helicase unwinds the DNA duplex, resulting in
single-strand DNA (ssDNA), which is rapidly bound by
RPA (replication protein A) [82]. The homotrimer of Ctf4
(chromosome transmission fidelity 4) serves as a bridge
from Pol o to the CMG complex [83]. Primase generates
a short RNA primer of approximately 10 nucleotides to
provide 3’-OH, and then, the DNA polymerase of Pol a
synthesizes 20 to 30 deoxynucleotides downstream of the
RNA primer. The ring-shaped sliding clamp in eukary-
otes, called PCNA (proliferating cell nucleus antigen), is
loaded such that it surrounds the primer-template junc-
tions by the ATP-dependent clamp loader RFC complex
(replication factor C) [84]. After PCNA is loaded, the
two high processivity DNA polymerases, Pol § and Pol &,
replace Pol a as the main DNA-synthesizing polymerases
on the lagging strand and leading strand, respectively.
These two polymerases both have 3’-to-5’ exonucle-
ase (proofreading) activity to guarantee the maximum
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level of fidelity of DNA synthesis. PCNA dramatically
enhances the processivity of the DNA polymerases, espe-
cially Pol 8 [85]. Due to the 5’-to-3’ direction of DNA
synthesis, the leading strand can be replicated continu-
ously, while the lagging strand is synthesized discontinu-
ously in Okazaki fragments. When Pol § encounters the
5’-end of the previous Okazaki fragment, it moves for-
ward to displace the fragment with a few nucleotides,
thus generating a short flap. Then, several endonucleases
(Fenl, Dna2 and Exol in budding yeast) remove the flap,
and the resulted nick is filled by DNA ligase I (Cdc9 in
budding yeast). This process is called Okazaki fragment
maturation [86]. Recent structural advances and in vitro
reconstitution systems have revealed many details of
these replisome components, showing them cooperating
at replication forks to promote efficient DNA replication
[87-91]. Altogether, the replisome assembly is a funda-
mental process during DNA replication that involves a
number of replisome components functioning in a step-
wise and highly cooperative fashion.

Main text

From the disassembly of parental nucleosomes, unwind-
ing of dsDNA, and DNA synthesis to the assembly of
daughter nucleosomes, chromatin replication is one of
the most complicated molecular events in cells, and it
is mediated by an extensive set of protein machinery. To
ensure the tight coupling of nucleosome assembly with
ongoing DNA replication, this process involves the con-
certed regulation of diverse histone chaperones in col-
laboration with replisome components. Accumulated
evidence suggests that the replisome components inter-
act with histone chaperones, some of which may even
directly interact with histones (Table 1). Those physical
interactions are highly beneficial to the coordination of
events occurring at the replication fork.

PCNA: Marking the replication fork for CAF-1-mediated
nucleosome assembly

A seminal study in the field of RC nucleosome assem-
bly established that PCNA, the sliding clamp on DNA
essential for DNA replication, interacts with the his-
tone chaperone CAF-1 and recruits CAF-1 to the rep-
lication fork, thereby marking replicated DNA for
nucleosome assembly [92, 93]. PCNA is the sliding
clamp for both polymerase 6 and polymerase € dur-
ing DNA replication in eukaryotes [94, 95]. The crystal
structure shows that PCNA is a homotrimer with pseu-
dohexameric symmetry [96]. PCNA is loaded onto the
template-primer junction by the clamp-loading RFC
complex such that the forward side faces the 3’ end of
the primer [97]. Accumulated evidence suggests that
PCNA functions as a critical hub protein for recruiting
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Table 1 Summary of the interactions among replisome components, histones and histone chaperones

Replisome proteins Histone/histone chaperones Methods used

Species

PCNA CAF-1 IP: PCNA-CAF-1 physical interaction Homo sapiens, Saccharomyces cerevisiae
In vitro pull down: Cac1 (p150) subunit binds
PCNA directly via the PIP domain
RFC Asf1 In vitro pull down: Asf1 binds the Rfc1 subunit  Saccharomyces cerevisiae
directly via the Asf1 N-terminal
Rtt106 IP: Rtt106-Elg1-RFC physical interaction Saccharomyces cerevisiae
RPA FACT In vitro pull down: Pob3-M domain binds RPA  Saccharomyces cerevisiae
directly
H3-H4/FACT, CAF-1, Rtt106 In vitro pull down: RPA binds H3-H4 directly.  Saccharomyces cerevisiae
RPA binds FACT, CAF-1 and Rtt106 directly
Pol1 (Pol a) H2A-H2B IP: Yeast Pol1-(H2A-H2B) physical interaction  Saccharomyces cerevisiae, Homo sapiens
In vitro pull down: N-terminal of human and
yeast Pol1 has an H2A-H2B-binding domain
FACT IP: Pol a-FACT physical interaction Saccharomyces cerevisiae
In vitro pull down: Pol1 binds FACT directly
Dpb3-Dpb4 (Pol €) H2A-H28B IP: Yeast Dpb3-Dpb4 has physical interaction  Saccharomyces cerevisiae, Schizosaccharomyces
with H2A-H2B and H3-H4 pombe
H3-H4 Structural analysis and in vitro pull down: Homo sapiens, Saccharomyces cerevisiae, Schizo-
Dpb3-Dpb4 binds H3-H4 directly saccharomyces pombe
Mcm?2 (MCM2-7) H3-H4 IP: Mcm2-(H3-H4) physical interaction Mus musculus, Homo sapiens, Saccharomyces
In vitro pull down: N-terminal terminus of cerevisiae
Mcm?2 has a (H3-H4)-binding domain
Asf1 Structure analysis and in vitro pull down: Homo sapiens, Xenopus laevis
H3-H4 dimer bridges the Asf1-Mcm2-7
interaction
FACT In vitro pull down: FACT binds Mcm2 directly ~ Homo sapiens, Saccharomyces cerevisiae

and organizing proteins with different functions during
DNA replication, damage repair and many other DNA
metabolic events [84, 98]. Fenl and Cdc9 have been
shown to interact with PCNA during Okazaki fragment
maturation during replication [99, 100]. Moreover,
Dnmtl, a DNA methyltransferase in higher eukaryotes,
interacts with PCNA in a replication-coupled mecha-
nism to maintain the DNA methylation pattern during
DNA replication [101-103]. Depletion of PCNA inhib-
ited chromatin assembly mediated by human CAF-1,
indicating that PCNA is required for CAF-1 to perform
nucleosome assembly during chromatin replication in
the SV40 system. PCNA colocalizes with CAF-1 dur-
ing the S phase and directly interacts with CAF-1 [92,
93]. In budding yeast, the mutation of PCNA, which
disrupts the PCNA-CAF-1 interaction, leads to a
derepression state of the telomeric region and loss of
silencing at mating type loci which is similar to the phe-
notypes of caclA [93]. These findings support a model
in which PCNA, the sliding clamp of DNA polymer-
ases, recruits CAF-1 to the replication site to perform
chromatin assembly activity, thus coupling nucleosome
assembly to DNA replication. Notably, PCNA was also
found to recruit CAF-1 to DNA damage sites, which is

critical for nucleosome assembly during DNA damage
repair [104].

Most PCNA-interacting proteins, including yeast CAF-
1, bind PCNA through a canonical PCNA-interacting
peptide (PIP) and display competitive binding proper-
ties [99, 100, 105]. It is worth mentioning that human
CAF-1 binds PCNA using two noncanonical PIPs on
the p150 subunit, which create relatively weak binding
to PCNA compared with the binding through canoni-
cal PIPs. It has been proposed that this weak binding to
PCNA by CAF-1 may promote nucleosome assembly
without disrupting normal DNA replication events [106].
The results from a structural analysis of PCNA mutant
proteins with defective gene silencing showed that the
mutation sites were all located in a cavity at a distance
from canonical binding sites, indicating a second binding
mode for the CAF-1-PCNA interaction [107]. PCNA can
recruit CAF-1, while CAF-1 itself shows DNA-binding
activity. Genetic data showed that the CAF-1 binding
capacities for PCNA and DNA were synergistic because
mutations in both the WHD domain and PIP domain
showed enhanced sensitivity to CPT (camptothecin)
and increased loss of gene silencing [108]. A deficiency
in new histone supply impairs replication fork rates and
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leads to the accumulation of PCNA on chromatin [109].
It has been proposed that the retained PCNA provides
an opportunity for CAF-1 recruitment to accomplish
nucleosome assembly during replication, thus maintain-
ing normal replication rates and genome stability [109]. A
deficiency in PCNA unloading leads to loss of the silent
state at mating type loci, and this phenotype can be res-
cued by overexpression of CAF-1, suggesting a role for
PCNA unloading in regulating chromatin silencing [110].
It has also been reported that several PCNA mutations
disrupting the PCNA-CAF-1 interaction, together with
caclA showed synergistic defects in the silenced state
of the HMR region, suggesting that PCNA may contrib-
ute to the maintenance of heterochromatin silencing,
which is partially independent of the CAF-1-mediated
nucleosome assembly pathway [93]. Similar results were
observed using the CRASH (Cre-reported altered states
of heterochromatin) system, which traced the transient
events of silencing loss to the heterochromatin region
[111]. It would be interesting to test whether there are
other factors that interact with PCNA and that promote
RC nucleosome assembly.

RFC: Potential roles in nucleosome assembly in addition
to serving as a sliding clamp loader
The RFC complex functions as a sliding clamp loader and
unloader, which is conserved from yeast to human cells
[112]. There are three isoforms of RFCs participating in
DNA replication, Rfc1-RFC, Ctf18-RFC and the Elgl-
RFC complex, which differ in their largest subunits [113].
Ctf18-RFC and Elgl-RFEC are also called RFC-like com-
plexes. The Rfc1-RFC complex is the main PCNA loader
in vivo, and it can also unload PCNA in vitro [114]. How-
ever, whether Rfc1-RFC unloads PCNA in vivo remains
unclear. The results of the structure analysis of the Rfcl-
RFC-PCNA complex showed that RFC binds to the
forward side of PCNA in a claw-like manner, drawing
PCNA to the 3’ end of the primer by leveraging the abil-
ity of PCNA to bind RPA-coated ssDNA [97]. With the
hydrolysis of ATP, the PCNA ring closes, and Rfc1-RFC is
released from DNA. The function of the Ctf18-RFC-like
complex remains poorly understood, and Elgl-RFC is
regarded as the main PCNA unloader in vivo [115, 116].
Yeast RFC was found to bind the histone chaperone
Asf1 in vitro, and the N-terminal of Asfl contributes to
the interaction of Asfl with Rfc1-RFC [117]. Asfl was
identified as a factor disrupting chromatin silencing when
overexpressed in budding yeast [118]. Then, Asfl was
reported as a H3-H4 chaperone acting synergistically
with CAF-1 to assemble chromatin [32, 44]. The nega-
tively charged N-terminal of Asfl contributes to H3—H4
binding, and one Asfl molecule binds one H3—H4 dimer,
disrupting the formation of the H3—H4 tetramer [39, 41,
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119, 120]. In addition, Asfl can deliver the H3—H4 dimer
to CAF-1 directly [45]. Asfl participates in replication-
coupled nucleosome assembly by regulating H3K56ac
[121], which is crucial to replication-coupled nucleo-
some assembly and genome stability [27, 37]. The binding
of Asfl to Rtt109 stimulates the activity of the acetylase,
leading to the acetylation of the H3 lysine 56 residue [122,
123]. REC recruits Asfl to DNA containing a template-
primer junction [117]. Deletion of ASFI leads to a loss of
several replisome components at the stalled fork, includ-
ing REC, PCNA and Pol ¢, while the association of Pol a
at the stalled fork is strengthened [117]. These findings
suggest a collaboration between Asfl and the Rfc1-RFC
complex, indicating an impact of nucleosome assembly
factors on DNA synthesis, although the function of this
interaction remains to be explored.

Recently, it was reported that the Elgl-RFC complex
interacts with the histone chaperone Rtt106 and that
this interaction is specific for Elgl-RFC. Deletion of
ELGI leads to enhanced MNase sensitivity and defects
in nucleosome assembly at ARS regions [124], indicating
a potential role of Elgl-RFC in recruiting Rtt106 to the
replication fork, although the function of the Elgl-RFC-
Rtt106 interaction remains to be explored. Deletion of
ELG1 leads to an enhanced silence of telomeric regions
and affects the maintenance of heterochromatin silencing
at mating-type loci [125]. Interestingly, a silencing defect
at the mating type region in elgIA can be rescued by a
PCNA-destabilizing mutation or overexpression of CAF-
1, indicating that the Elgl-RFC complex regulates chro-
matin states via the unloading of PCNA [110]. It would
be interesting to explore the regulatory role of RFC-his-
tone chaperones in the near future.

RPA: A platform for histone chaperone coordination

RPA is a conserved ssDNA-binding protein in eukaryotic
cells and functions in various DNA transactions [126].
During DNA replication, RPA can coat the ssDNA gen-
erated from unwound dsDNA. On the one hand, the
binding of RPA protects ssDNA from nuclease digestion,
secondary structure formation and lesion creation by
damaging agents. On the other hand, the generated RPA-
ssDNA complex provides a binding platform with which
other factors can interact to coordinate downstream
events [126]. RPA contains three subunits named Rfal,
Rfa2 and Rfa3 in budding yeast and RPA70, RPA32 and
RPA14 in humans. RPA binds ssDNA with an extremely
high affinity, up to 10 t0 107 M, in a sequence-inde-
pendent manner [127]. Six OB-folds in the different sub-
units contribute to the ssDNA-binding ability of RPA.
Recently, we found that, in budding yeast, the previously
uncharacterized protein Rtt105 functions as an RPA
chaperone to facilitate RPA entry into the nucleus and to



Zhang et al. Cell Biosci (2020) 10:37

promote the deposition of RPA onto ssDNA [128, 129].
Cells lacking Rtt105 present a dramatic genome insta-
bility phenotype. Remarkably, Rtt105 promotes a fast
and stretching mode of RPA binding to ssDNA, suggest-
ing that regulation of the RPA-ssDNA binding platform
is crucial for DNA replication [128, 129]. In addition to
binding ssDNA, RPA also participates in the regulation
of DNA replication. Early studies on the SV40 system
showed that the T antigen and RPA together promote the
melting of DNA with a viral origin [130]. In a reaction
specific to human RPA, the polymerase a-primase com-
plex is recruited by RPA to the melted DNA [131, 132].
RPA can also stimulate the activity of DNA polymerase
a [133]. Later, studies using in vitro systems showed that
RPA is recruited to the initiation sites after Mcm10 and
that mutations in Mcm10 lead to disruptions in RPA
recruitment [90, 134]. RPA also regulates the maturation
of the Okazaki fragments on the lagging strand according
to the length of the flap and the recruitment of nucleases
[135, 136].

An early study showed that RPA interacts with the his-
tone chaperone FACT [137]. Recently, we found that RPA
can be copurified with not only FACT but also CAF-1
and Rtt106 in budding yeast [138]. Importantly, yeast
RPA preferentially binds H3—H4 directly but not H2A—
H2B. Moreover, RPA preferentially binds free histones
but not nucleosomal histones. Furthermore, preincubat-
ing RPA with ssDNA to form an RPA-ssDNA complex
promotes the binding of histones with RPA, indicating
that RPA binding to histones most likely occurs at the
replication fork [138]. Supporting this idea, our biochem-
ical evidence demonstrates that RPA-ssDNA promotes
histone H3—-H4 assembly immediately on its adjacent
dsDNA. Moreover, in the presence of histone H3-H4,
the association of RPA with FACT, CAF-1 and Rtt106 is
strengthened. Therefore, we proposed that RPA could
function as a platform for histone chaperones to connect
to the replication fork, thereby promoting the coupling
of nucleosome assembly with ongoing DNA replication
[138]. Consistent with this idea, it has been reported that
human RPA can bind the histone chaperone HIRA and
histone H3.3—H4 during gene transcription [139], sup-
porting a role of RPA in DNA replication-independent
nucleosome assembly via collaboration with histone
chaperones. It would be interesting to determine the
regulation of the RPA-ssDNA-binding platform and its
potential impact on RC nucleosome assembly.

DNA polymerases: key players in histone segregation

on daughter strands

There are three different DNA polymerases involved
in eukaryotic DNA replication. Each new DNA mol-
ecule is initiated by the Pol a-primase complex, which
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synthesizes a short RNA-DNA primer to form a primer-
template junction. The resulting primer-template junc-
tion is extended by Pol § and Pol € to produce the lagging
and leading strands [71]. Pol & and Pol € possess 3’ to 5/
exonuclease activity, while Pol o lacks this activity [140—
142]. The Pol a-primase complex is composed of four
subunits: Poll (POLA1l) and Poll2 (POLA2), which
constitute the polymerase part, and Pril (PRIM1) and
Pri2 (PRIM2), which constitute the primase part. Poll
and Pril are catalytic subunits for DNA synthesis and
RNA synthesis, respectively, while the others are regu-
latory subunits [143]. Pol & contains three subunits in
yeast (Pol3, Pol31 and Pol32) and four subunits (POLD1,
POLD2, POLD3 and POLD4) in higher eukaryotes. Pol3/
POLDL1 is the catalytic subunit. Pol € contains four subu-
nits: Pol2 (POLE1), which is the catalytic subunit similar
to Pol3, and Dpb2 (POLE2), Dpb3 (POLE3) and Dpb4
(POLE4) subunits [144]. Accumulated evidence suggests
that Pol & participates in leading strand synthesis, while
Pol & functions on the lagging strand [145, 146]. Recently,
studies monitoring the mutation patterns of daughter
strands in DNA polymerase mutants proposed that Pol
d may function on both leading and lagging strands and
the Pol € proofreads the errors generated by Pol § [147].
In the reconstituted yeast DNA replication system, it was
found that DNA polymerases on the leading strand could
switch from Pol ¢ to Pol 8 [59, 85]. However, the detailed
mechanism of Pol € and Pol § on both strands needs to be
further explored. The results from a genome-wide analy-
sis of the chromatin binding of DNA polymerase using
eSPAN (enrichment and sequencing of protein-associ-
ated nascent DNA) established that the chromatin bind-
ing of DNA Pol € has an apparent leading strand bias,
while the chromatin binding of both DNA pol § and Pol
displays an apparent lagging strand bias [116].

In yeast, all core histones released from chromatin were
detected in the Pol a-associated protein complex [148].
Moreover, H2A-H2B histone-binding sites have been
identified in the N-terminal of the large subunit, Poll, in
both yeast and human cells [148]. In yeast, Pol a connects
to CMG helicase via the homotrimer hub Ctf4 [149].
Using eSPAN method, it was reported that in wild-type
budding yeast cells synchronized in early S phase by HU
treatment, H3K56ac, a mark of newly generated histones,
displays a slight leading strand bias, and H3K4me3, a
parental mark, displays a slight lagging strand bias [150].
The eSPAN method results showed that disrupting the
interaction of Pol a and Ctf4 led to a leading strand bias
for parental histone marker H3K4me3 distribution, indi-
cating that the Mcm2-Ctf4-Pol a pathway is important
for recycling the parental histones and depositing them
onto the lagging strand [150]. It is worth mentioning that
the mutation that abolished the histone-binding activity
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of Mcm?2 disrupted the association between Pol o and
Mcm2 without affecting the interaction of Pol a with
Ctf4. Disrupting the H2A-H2B-binding site of Pol a led
to similar results [148]. Early studies also showed that Pol
a can bind FACT [151-153]. Intriguingly, the amount
of FACT complex copurified with Pol a increased in the
absence of Ctf4 [152]. Moreover, the interaction of Pol a
with FACT was reduced by disrupting the H2A-H2B-
binding activity of Pol a [148]. It would be interesting
to decipher the relationships among Mcm?2, Ctf4, Pola,
FACT and histones and to determine how these interac-
tions are involved in parental histone H3—H4 recycling.

An early proteomic study showed that all four core his-
tones copurified with the Pol € complex in budding yeast
[154]. Recently, it was reported that the two subunits of
Pol &, POLE3 and POLE4, which each possess a H2A—
H2B histone fold motif, formed a stable dimer and could
bind histone H3—H4 directly but not H2A-H2B in mam-
malian cells [155-157]. POLE3-POLE4 could not only
bind H3-H4 dimers and tetramers but also promote the
deposition of H3—H4 tetramers onto DNA directly. Tran-
sient depletion of POLE3-POLE4 affects both the depo-
sition of newly synthesized histones and the recycling
of parental histones. Thus, POLE3-POLE4 has a role in
chaperoning histone H3-H4 [155]. Interestingly, the
eSPAN analysis results showed that deletion of DPB3 or
DPB4 leads to a dramatic increase in lagging strand bias
for parental histones, indicating a pivotal role of Dpb3
and Dpb4 in recycling parental histones and depositing
them onto leading strands [158].

Taken together, both Pol &€ and the Pol a complex
showed histone-binding activity. Moreover, disrupt-
ing the histone-binding ability of either Pol & or Pol
a impaired parental histone segregation on daughter
strands, indicating a direct role of polymerase in RC
nucleosome assembly. Supporting this idea, mutations
disrupting the Pol a-H2A-H2B interaction and the
Pol «-Ctf4 interaction led to silencing loss in telomeric
regions and at mating type loci [148]. Pol a was also
important for heterochromatin silencing maintenance
in fission yeast and the restoration of repressive histone
marks in plants [159, 160]. Similarly, it has been shown
that both the Pol € catalytic subunit Pol2 and the regu-
latory subunits Dpb3-Dpb4 are important for the main-
tenance of epigenetic states in subtelomeric regions and
heterochromatin boundary specificity in budding yeast
[161, 162]. dpb3A and dpb4A cells also showed silencing
loss at mating-type loci [158]. It has also been reported
that Dpb3 and Dpb4 are important for maintaining the
silent state of heterochromatin in fission yeast [163]. It
would be interesting to determine whether Pol § has his-
tone-binding activity and its functions in regulating his-
tone segregation on daughter strands. Furthermore, it has
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been reported that both Pol € and Pol « in budding yeast
are copurified with the FACT complex [57]. However, the
functions of these interactions are not yet understood. It
would be interesting to dissect the collaboration between
FACT and polymerases during RC nucleosome assembly.

Mcm2: Vanguard of nucleosome disassembly and parental
histone recycling

Stimulated when cells enter the S phase, the activated
helicase MCM2-7 starts to unwind and move along
DNA. Nucleosomes ahead of the replication fork act as
barriers for the replication machinery and must be disas-
sembled to allow the fork to pass. The MCM2-7 complex,
the leading replisome protein, has the highest likelihood
of contacting parental nucleosomes. It has been shown
that the MCM2-7 complex can bind H3 and H4 in HeLa
cell extracts [164]. Subsequent studies in mouse cells
demonstrated that the Mcm?2 subunit binds H3—H4 and
assembles the nucleosome-like structure in vitro, sug-
gesting potential chaperone activity for Mcm2 [165].
Moreover, a histone-binding domain (HBD) was identi-
fied in the N-terminus of mouse Mcm?2, and structural
analysis results indicated that two N-terminal domains
can bind H3-H4 tetramers and hijack DNA-binding sites
in intact nucleosomes [165-167]. These studies increase
the likelihood that Mcm?2 is involved in the disassembly
of histone H3—-H4 tetramers on parental nucleosomes.
Consistent with this supposition, yeast Mcm?2 also has an
HBD that associates with all four histones released from
chromatin [57].

Recently, two reports showed that Mcm?2 directly regu-
lates histone segregation on daughter strands[150, 168].
Interestingly, the Mcm2-3A mutation, which disrupts
the interaction between Mcm2 and histones, results
in an apparent lagging strand bias for H3K56ac and an
apparent leading strand bias for H3K4me3. Similarly, a
method called SCAR-seq (sister chromatids after rep-
lication by DNA sequencing) was developed to map the
distribution of both parental histones (i.e., H4K20me2)
and new histones (i.e., H4K5ac) on daughter strands in
mouse ES cells [168]. At active replication forks, the seg-
regation of parental histones was almost symmetrical,
although a slight bias to the leading strand was shown.
Mcm2-2A, the mutation disrupting histone binding to
Mcm?2, resulted in leading strand bias for parental his-
tone mark such as H4K20me2 and a lagging bias for new
histone mark such as H4K5ac. Together, these findings
demonstrated that the histone-binding activity of Mcm2
promotes the transfer of parental histones to the lagging
strand.

In addition to histones, the MCM2-7 complex was
reported to be copurified with histone chaperones such
as Asfl and the FACT complex [57, 166, 169-174].
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In mammalian cells, the interaction of Asfl with the
MCM2-7 complex occurs in the nucleus, forming a
bridge with histone H3—-H4 [169]. The asfI-V94R mutant,
which was shown to disrupt the binding of H3-H4 to
Asfl, failed to bind Mcm2 [169]. Moreover, asfIA led
to impaired DNA unwinding, and the purified histones
separated from this complex lacked marks on newly syn-
thesized histones. Furthermore, the Asfl1-H3-H4-Mcm?2
complex accumulated upon HU treatment, indicating
that this complex is a possible intermediate in paren-
tal histone recycling. The structure of the Asfl-H3-H4-
Mcm2 complex was determined and supported this
notion [166, 167, 170, 172]. In addition, Asfl and Mcm2
were found to function together to cochaperone H3-H4
dimers and assemble them on DNA [166, 167, 170]. Simi-
lar coordination was also discovered using Xenopus egg
extracts [175]. The histone chaperone Asfl was shown
to facilitate the removal of nucleosomes at promoter
regions or gene bodies during transcription [176—178].
However, Asfl could not split the H3-H4 tetramer into
dimers directly in vitro, suggesting that other factors
must cooperate with Asfl to accomplish histone separa-
tion in vivo [179]. Together, these studies established that
Mcm?2 can function as a histone chaperone and partici-
pates in parental histone recycling. Notably, the histone
H3-H4 dimer exists in the Asfl1-H3-H4-Mcm2 complex.
It would be interesting to test whether the tetramer splits
apart during DNA replication.

The FACT complex is another histone chaperone that
was copurified with MCM2-7 [57, 148, 173, 174]. FACT
mainly contains two subunits, Sptl6 and Pob3 (SSRP1
in mammalian cells), and a free HMGB (High mobil-
ity group-box) subunit called Nhp6 [180]. FACT was
previously shown to promote transcription elongation
by facilitating RNA polymerase II movement across the
nucleosomal template in vitro [52, 181]. When RNA Pol
IT approaches a nucleosome, the movement of Pol II leads
to the partial uncoiling of nucleosomal DNA, which is
called nucleosome reorganization [182, 183]. FACT can
remove one H2A-H2B dimer during reorganization and
deposit it onto the H3-H4 tetramer or nucleosome hex-
amer in vitro [184, 185]. A recent study demonstrated
that FACT itself could not disassemble nucleosomes
in vitro [186]. Moreover, DNA replication initiation
was delayed when the FACT-MCM2-7 interaction was
disrupted [173]. FACT promoted DNA unwinding by
MCMs and fork progression on the nucleosomal tem-
plate in vitro, which suggested that FACT could function
together with MCMs to facilitate nucleosome disassem-
bly [59, 173]. Other studies showed that FACT could
maintain the replication fork rates and promote the
progression of the S phase in vivo [174, 187]. In addi-
tion, FACT interacts with the MCM2-7 complex when
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histones are released from chromatin in cell extracts,
suggesting that this interaction occurs after the nucle-
osomes are disassembled [57]. Several amino acids in
the histone-binding domain of Mcm?2 are essential for
the interaction of FACT and MCM, indicating that his-
tones were also bridged during this interaction. Disrup-
tion of the histone-binding activity of Mcm?2 led to loss of
silencing in the subtelomeric region, indicating that the
chromatin states had been altered [57]. These findings
illustrate that FACT functions together with MCM2-7
during replication to regulate nucleosome disassembly,
thus maintaining the chromatin state.

Conclusion

In summary, recent advances have illuminated the con-
tribution of the replisome to RC nucleosome assembly
(Fig. 1). First, several replisome components guide his-
tone chaperones to connect with the replication fork.
For instance, PCNA marks nascent DNA, guiding CAF-
1-mediated nucleosome assembly. When the replicative
helicase approaches the parental nucleosome, Mcm?2
might guide the disassembly of the parental nucleosome
and recycle parental histones in collaboration with his-
tone chaperone Asfl or FACT. Second, RPA serves as a
general platform to promote RC nucleosome assembly.
RPA binds almost all histone chaperones connected to
replication forks, including CAF-1, Rtt106 and FACT.
RPA binds both parental histones and new histones. It
would be interesting to test the regulation of this RPA-
ssDNA platform in the future. Third, replisome compo-
nents regulate histone segregation on daughter strands.
It has been established that the Mcm2-Ctf4-Pol a axis
transfers parental histones onto the lagging strand, while
Pol € regulates the recycling of parental histones, depos-
iting them on the leading strand. Considering that some
replisome components, such as Mcm2 and Pol a, have
histone-binding motifs, it would be interesting to test the
intrinsic chaperone activities of these replisome proteins
directly and to determine the cooperative mechanisms
with histone chaperones. Therefore, the replisome pro-
vides a guide and modulates nucleosome assembly dur-
ing DNA replication.

Recently, it was reported that parental histones are
redeposited locally in repressed chromatin domains
[188]. As a potential carrier of epigenetic information,
the recycling of parental histones after the passage of
the replication fork is important for the inheritance
of chromatin states. Over the past decades, studies
by many investigators have suggested that many RC
nucleosome assembly factors impact heterochromatin
silencing. Consistent with this finding, mutations of the
replisome component genes, such as mcm2-34, poll-
4A, or pol30-879, lead to the loss of histone-binding
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Fig. 1 The replisome provides a guide to modulate DNA replication-coupled nucleosome disassembly and assembly. When the replication fork is
moving forward, the replicative helicase Mcm2 might cooperate with the histone chaperone Asf1 or FACT to facilitate the disassembly of parental
nucleosomes and the recycling of parental histones. Dpb3-Dpb4 (POLE3-POLE4), the subunits of DNA Pol, provide a guide for the assembly of
parental histones on the leading strand. The Mcm2-Ctf4-Pol a axis directs the recycling of the parental histone to the lagging strand. RPA-ssDNA
functions as a general platform that directs the histone chaperones (CAF-1, Rtt106 and FACT) carrying newly synthesized histones to enter the
replication fork, thereby modulating nucleosome assembly on daughter strands. PCNA marks nascent DNA and promotes CAF-1-mediated
nucleosome assembly. In intriguing findings, the main PCNA loader Rfc1-RFC interacts with Asf1, and the PCNA unloader Elg1-RFC interacts with
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activity or histone chaperone-binding activity, often
resulting in loss of heterochromatin silencing [57, 93,
148]. Intriguingly, the degree of loss of silencing in
replisome component mutants was often lower com-
pared with that induced by mutations at histone modi-
fication sites or in nucleosome assembly factors [189,
190]. More recently, structure studies using Cryo-EM
techniques have revealed extensive details on the coop-
eration among replisome components, especially the
cooperation among the replicative helicase and DNA
polymerases [87, 191]. This evidence strongly supports
a model of replisome components that directly contrib-
ute to histone dynamics. Considering the importance
of the inheritance of heterochromatin in preserving
cell identity, dissecting the regulatory role of replisome
components during RC nucleosome assembly is funda-
mentally important.

Abbreviations

ARS: autonomously replicating sequence; SILAC: stable isotope labeling by
amino acids in cell culture; PIP: PCNA-interacting peptide; eSPAN: enrich-
ment and sequencing of protein-associated nascent DNA; SCAR-seq; sister

chromatids after replication by DNA sequencing; IP: immunoprecipitation;
CRASH: cre-reported altered states of heterochromatin.

Acknowledgments
We thank Yujie Zhang, Jiawei Xu and Zhiyun Xu for the discussions and critical
reading of the manuscript.

Authors’ contributions
WSZ, JXF and QL wrote the manuscript. All authors read and approved the
final manuscript.

Funding

This work was supported by funding from the National Natural Science
Foundation of China (NSFC 31725015 to QL) and Beijing Outstanding Young
Scientist Program (BJJWZYJH01201910001005) to QL.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.



Zhang et al. Cell Biosci

(2020) 10:37

Received: 7 December 2019 Accepted: 29 February 2020
Published online: 12 March 2020

References

1.

w

20.

21.

22.

23.

24.

McKnight SL, Miller OL Jr. Electron microscopic analysis of chromatin

replication in the cellular blastoderm Drosophila melanogaster embryo.

Cell. 1977;12(3):795-804.

MacAlpine DM, AlImouzni G. Chromatin and DNA replication. Cold
Spring Harb Perspect Biol. 2013;5(8):a010207.

Gruss C, Sogo JM. Chromatin replication. BioEssays. 1992;14(1):1-8.
Alabert C, Groth A. Chromatin replication and epigenome mainte-
nance. Nat Rev Mol Cell Biol. 2012;13(3):153-67.

Luger K, Mader AW, Richmond RK; Sargent DF, Richmond TJ. Crystal
structure of the nucleosome core particle at 2.8 angstrom resolution.
Nature. 1997;389(6648):251-60.

Serra-Cardona A, Zhang Z. Replication-Coupled nucleosome assembly
in the passage of epigenetic information and cell identity. Trends
Biochem Sci. 2018;43(2):136-48.

Sogo JM, Stahl H, Koller T, Knippers R. Structure of replicating simian
virus 40 minichromosomes. The replication fork, core histone segrega-
tion and terminal structures. J Mol Biol. 1986;189(1):189-204.

Gruss C, Wu JR, Koller T, Sogo JM. Disruption of the nucleosomes at the
replication fork. EMBO J. 1993;12(12):4533-45.

Gasser R, Koller T, Sogo JM. The stability of nucleosomes at the replica-
tion fork. J Mol Biol. 1996;258(2):224-39.

Xu M, Long C, Chen X, Huang C, Chen S, Zhu B. Partitioning of histone
H3-H4 tetramers during DNA replication-dependent chromatin
assembly. Science. 2010;328(5974):94-8.

Worcel A, Han S, Wong ML. Assembly of newly replicated chromatin.
Cell. 1978;15(3):969-77.

Smith S, Stillman B. Stepwise assembly of chromatin during DNA repli-
cation in vitro. EMBO J. 1991;10(4):971-80.

Tyler JK. Chromatin assembly. Cooperation between histone chaper-
ones and ATP-dependent nucleosome remodeling machines. Eur J
Biochem. 2002;269(9):2268-74.

Jackson V. In vivo studies on the dynamics of histone-DNA interaction:
evidence for nucleosome dissolution during replication and transcrip-
tion and a low level of dissolution independent of both. Biochemistry.
1990;29(3):719-31.

Jackson V, Chalkley R. Histone synthesis and deposition in the

G1 and S phases of hepatoma tissue culture cells. Biochemistry.
1985,24(24):6921-30.

Kimura H, Cook PR. Kinetics of core histones in living human cells: little
exchange of H3 and H4 and some rapid exchange of H2B. J Cell Biol.
2001;153(7):1341-53.

Karantza V, Freire E, Moudrianakis EN. Thermodynamic studies of the
core histones: pH and ionic strength effects on the stability of the (H3—
H4)/(H3-H4)2 system. Biochemistry. 1996;35(6):2037-46.

Burgess RJ, Zhang Z. Histone chaperones in nucleosome assembly and
human disease. Nat Struct Mol Biol. 2013;20(1):14-22.

Verreault A, Kaufman PD, Kobayashi R, Stillman B. Nucleosome
assembly by a complex of CAF-1 and acetylated histones H3/H4. Cell.
1996;87(1):95-104.

Masumoto H, Hawke D, Kobayashi R, Verreault A. A role for cell-
cycle-regulated histone H3 lysine 56 acetylation in the DNA damage
response. Nature. 2005;436(7048):294-8.

Sobel RE, Cook RG, Perry CA, Annunziato AT, Allis CD. Conservation of
deposition-related acetylation sites in newly synthesized histones H3
and H4. Proc Natl Acad Sci USA. 1995;92(4):1237-41.

Parthun MR, Widom J, Gottschling DE. The major cytoplasmic histone
acetyltransferase in yeast: links to chromatin replication and histone
metabolism. Cell. 1996;87(1):85-94.

Barman HK, TakamiY, Nishijima H, Shibahara K, Sanematsu F, Nakay-
ama T. Histone acetyltransferase-1 regulates integrity of cytosolic
histone H3-H4 containing complex. Biochem Biophys Res Commun.
2008,373(4):624-30.

Han J, Zhou H, Horazdovsky B, Zhang K, Xu RM, Zhang Z. Rtt109
acetylates histone H3 lysine 56 and functions in DNA replication.
Science. 2007;315(5812):653-5.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Page 10 of 14

Han J, Zhou H, Li Z, Xu RM, Zhang Z. The Rtt109-Vps75 histone acetyl-
transferase complex acetylates non-nucleosomal histone H3. J Biol
Chem. 2007;282(19):14158-64.

Han J, Zhou H, Li Z, Xu RM, Zhang Z. Acetylation of lysine 56 of his-
tone H3 catalyzed by RTT109 and regulated by ASF1 is required for
replisome integrity. J Biol Chem. 2007;282(39):28587-966.

Li Q, Zhou H, Wurtele H, Davies B, Horazdovsky B, Verreault A, et al.
Acetylation of histone H3 lysine 56 regulates replication-coupled
nucleosome assembly. Cell. 2008;134(2):244-55.

Burgess RJ, Zhou H, Han J, Zhang Z. A role for Gen5 in replication-
coupled nucleosome assembly. Mol Cell. 2010;37(4):469-80.
Gurard-Levin ZA, Quivy JP, Almouzni G. Histone chaperones: assist-
ing histone traffic and nucleosome dynamics. Annu Rev Biochem.
2014,83:487-517.

Laskey RA, Honda BM, Mills AD, Finch JT. Nucleosomes are assembled
by an acidic protein which binds histones and transfers them to
DNA. Nature. 1978;275(5679):416-20.

Smith S, Stillman B. Purification and characterization of CAF-1, a
human cell factor required for chromatin assembly during DNA
replication in vitro. Cell. 1989;58(1):15-25.

Tyler JK, Adams CR, Chen SR, Kobayashi R, Kamakaka RT, Kadonaga
JT. The RCAF complex mediates chromatin assembly during DNA
replication and repair. Nature. 1999;402(6761):555-60.

Huang SB, Zhou H, Katzmann D, Hochstrasser M, Atanasova E, Zhang
ZG. Rtt106p is a histone chaperone involved in heterochromatin-
mediated silencing. Proc Natl Acad Sci USA. 2005;102(38):13410-5.
Yang J, Zhang X, Feng J, Leng H, Li S, Xiao J, et al. The histone
chaperone fact contributes to DNA replication-coupled nucleosome
assembly. Cell Rep. 2016;14(5):1128-41.

Campos El, Fillingham J, Li G, Zheng H, Voigt P, Kuo WH, et al. The
program for processing newly synthesized histones H3.1 and H4. Nat
Struct Mol Biol. 2010;17(11):1343-51.

Grover P, Asa JS, Campos El. H3-H4 Histone Chaperone Pathways.
Annu Rev Genet. 2018;52:109-30.

Driscoll R, Hudson A, Jackson SP. Yeast Rtt109 promotes genome
stability by acetylating histone H3 on lysine 56. Science.
2007;315(5812):649-52.

Schneider J, Bajwa P, Johnson FC, Bhaumik SR, Shilatifard A.

Rtt109 is required for proper H3K56 acetylation: a chromatin mark
associated with the elongating RNA polymerase II. J Biol Chem.
2006;281(49):37270-4.

Mousson F, Lautrette A, Thuret JY, Agez M, Courbeyrette R,

Amigues B, et al. Structural basis for the interaction of Asf1 with
histone H3 and its functional implications. Proc Natl Acad Sci USA.
2005;102(17):5975-80.

Dennehey BK, Noone S, Liu WH, Smith L, Churchill ME, Tyler JK. The
C terminus of the histone chaperone Asf1 cross-links to histone H3
in yeast and promotes interaction with histones H3 and H4. Mol Cell
Biol. 2013;33(3):605-21.

English CM, Adkins MW, Carson JJ, Churchill ME, Tyler JK. Struc-

tural basis for the histone chaperone activity of Asf1. Cell.
2006;127(3):495-508.

Mousson F, Ochsenbein F, Mann C. The histone chaperone Asf1 at the
crossroads of chromatin and DNA checkpoint pathways. Chromosoma.
2007;116(2):79-93.

Han J, Zhang H, Zhang H, Wang Z, Zhou H, Zhang Z. A Cul4 E3 ubiquitin
ligase regulates histone hand-off during nucleosome assembly. Cell.
2013;155(4):817-29.

Tyler JK, Collins KA, Prasad-Sinha J, Amiott E, Bulger M, Harte PJ, et al.
Interaction between the Drosophila CAF-1 and ASF1 chromatin assem-
bly factors. Mol Cell Biol. 2001;21(19):6574-84.

Liu WH, Roemer SC, Port AM, Churchill ME. CAF-1-induced oligomeriza-
tion of histones H3/H4 and mutually exclusive interactions with Asf1
guide H3/H4 transitions among histone chaperones and DNA. Nucleic
Acids Res. 2012;40(22):11229-39.

Mello JA, Silljé HH, Roche DM, Kirschner DB, Nigg EA, Almouzni G.
Human Asf1 and CAF-1 interact and synergize in a repair-coupled
nucleosome assembly pathway. EMBO Rep. 2002,3(4):329-34.

Krawitz DC, Kama T, Kaufman PD. Chromatin assembly factor | mutants
defective for PCNA binding require Asf1/Hir proteins for silencing. Mol
Cell Biol. 2002;22(2):614-25.



Zhang et al. Cell Biosci

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.
64.
65.
66.

67.

68.
69.
70.
71.
72.

73.

74.

(2020) 10:37

Sauer PV, Gu 'Y, Liu WH, Mattiroli F, Panne D, Luger K, et al. Mechanistic
insights into histone deposition and nucleosome assembly by the
chromatin assembly factor-1. Nucleic Acids Res. 2018;46(19):.9907-17.
Hoek M, Stillman B. Chromatin assembly factor 1 is essential and cou-
ples chromatin assembly to DNA replication in vivo. Proc Natl Acad Sci
USA.2003;100(21):12183-8.

Liu WH, Roemer SC, Zhou Y, Shen ZJ, Dennehey BK, Balsbaugh JL, et al.
The Cacl subunit of histone chaperone CAF-1 organizes CAF-1-H3/H4
architecture and tetramerizes histones. Elife. 2016;5:e18023.

Liu WH, Roemer SC, Port AM, Churchill MEA. CAF-1-induced oligomeri-
zation of histones H3/H4 and mutually exclusive interactions with Asf1
guide H3/H4 transitions among histone chaperones and DNA. Nucleic
Acids Res. 2017;45(16):9809.

Orphanides G, LeRoy G, Chang CH, Luse DS, Reinberg D. FACT, a fac-
tor that facilitates transcript elongation through nucleosomes. Cell.
1998,92(1):105-16.

Hsieh FK, Kulaeva Ol, Patel SS, Dyer PN, Luger K, Reinberg D, et al. His-
tone chaperone FACT action during transcription through chromatin
by RNA polymerase II. Proc Natl Acad Sci USA. 2013;110(19):7654-9.
Formosa T. The role of FACT in making and breaking nucleosomes.
Biochim Biophys Acta. 2012;1819(3-4):247-55.

Chen P, Dong L, Hu M, Wang YZ, Xiao X, Zhao Z, et al. Functions of FACT
in breaking the nucleosome and maintaining its integrity at the single-
nucleosome level. Mol Cell. 2018;71(2):284-293.e4.

LiuY, Zhou K, Zhang N, Wei H, Tan YZ, Zhang Z, et al. FACT caught in the
act of manipulating the nucleosome. Nature. 2019,577:426-31.
Foltman M, Evrin C, De Piccoli G, Jones RC, Edmondson RD, Katou Y,

et al. Eukaryotic replisome components cooperate to process histones
during chromosome replication. Cell Rep. 2013;3(3):892-904.

Formosa T. The role of FACT in making and breaking nucleosomes.
Biochim Biophys Acta. 2013;1819(3-4):247-55.

Kurat CF, Yeeles JTP, Patel H, Early A, Diffley JFX. Chromatin controls DNA
replication origin selection, lagging-strand synthesis, and replication
fork rates. Mol Cell. 2017;65(1):117-30.

Su D, Hu Q, Li Q, Thompson JR, Cui G, Fazly A, et al. Structural basis for
recognition of H3K56-acetylated histone H3-H4 by the chaperone
Rtt106. Nature. 2012,483(7387):104.

Fazly A, Li Q, Hu Q, Mer G, Horazdovsky B, Zhang Z. Histone chaperone
Rtt106 promotes nucleosome formation using (H3-H4)2 tetramers. J
Biol Chem. 2012;287(14):10753-60.

Hammond CM, Stremme CB, Huang H, Patel DJ, Groth A. Histone
chaperone networks shaping chromatin function. Nat Rev Mol Cell Biol.
2017;18(3):141-58.

Williamson DH. The yeast ARS element, six years on: a progress report.
Yeast. 1985;1(1):1-14.

Antequera F. Genomic specification and epigenetic regulation of
eukaryotic DNA replication origins. EMBO J. 2004;23(22):4365-70.
Prioleau M-N, MacAlpine DM. DNA replication origins—where do we
begin? Genes Dev. 2016;30(15):1683-97.

Davey MJ, O'Donnell M. Mechanisms of DNA replication. Curr Opin
Chem Biol. 2000;4(5):581-6.

Yeeles JTP, Janska A, Early A, Diffley JFX. How the eukaryotic repli-
some achieves rapid and efficient DNA replication. Mol Cell.
2017,65(1):105-16.

Moldovan GL, Pfander B, Jentsch S. PCNA, the maestro of the replica-
tion fork. Cell. 2007;129(4):665-79.

Zhang D, O'Donnell M. The eukaryotic replication machine. Enzymes.
2016;39:191-229.

Costa A, Hood IV, Berger JM. Mechanisms for initiating cellular DNA
replication. Annu Rev Biochem. 2013;82:25-54.

Burgers PMJ, Kunkel TA. Eukaryotic DNA Replication Fork. Annu Rev
Biochem. 2017,86:417-38.

Bell SP. The origin recognition complex: from simple origins to complex
functions. Genes Dev. 2002;16(6):659-72.

Bell SP, Stillman B. ATP-dependent recognition of eukaryotic

origins of DNA replication by a multiprotein complex. Nature.
1992,357(6374):128-34.

Bell SP, Dutta A. DNA replication in eukaryotic cells. Annu Rev Biochem.
2002;71(1):333-74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

Page 11 of 14

Diffley JF. Regulation of early events in chromosome replication. Curr
Biol. 2004;14(18):R778-R786.

Remus D, Beuron F, Tolun G, Griffith JD, Morris EP, Diffley JEJC. Concerted
loading of Mcm2-7 double hexamers around DNA during DNA replica-
tion origin licensing. Cell. 2009;139(4):719-30.

Moyer SE, Lewis PW, Botchan MR. Isolation of the Cdc45/Mcm2-7/GINS
(CMG) complex, a candidate for the eukaryotic DNA replication fork
helicase. Proc Natl Acad Sci USA. 2006;103(27):10236-41.

Li H, O'Donnell ME. The eukaryotic CMG helicase at the replication fork:
emerging architecture reveals an unexpected mechanism. BioEssays.
2018. https://doi.org/10.1002/bies.201700208.

Homesley L, Lei M, Kawasaki Y, Sawyer S, Christensen T, Tye BK. Mcm10
and the MCM2-7 complex interact to initiate DNA synthesis and to
release replication factors from origins. Genes Dev. 2000;14(8):913-26.
Sawyer SL, Cheng IH, Chai W, Tye BK. Mcm10 and Cdc45 cooper-

ate in origin activation in Saccharomyces cerevisiae. J Mol Biol.
2004;340(2):195-202.

Looke M, Maloney MF, Bell SP. Mcm10 regulates DNA replication
elongation by stimulating the CMG replicative helicase. Genes Dev.
2017;31(3):291-305.

Wold MS. Replication protein A: a heterotrimeric, single-stranded DNA-
binding protein required for eukaryotic DNA metabolism. Annu Rev
Biochem. 1997,66:61-92.

O'Donnell M, Li H. The eukaryotic replisome goes under the micro-
scope. Curr Biol. 2016;26(6):R247-R256256.

Boehm EM, Gildenberg MS, Washington MT. The many roles of PCNA in
eukaryotic DNA replication. Enzymes. 2016;39:231-54.

Lujan SA, Williams JS, Kunkel TA. DNA polymerases divide the labor of
genome replication. Trends Cell Biol. 2016,26(9):640-54.

Balakrishnan L, Bambara RA. Okazaki fragment metabolism. Cold Spring
Harb Perspect Biol. 2013;5(2):a010173.

GaoY, CuiY, Fox T, Lin S, Wang H, Val N, et al. Structures and operating
principles of the replisome. Science. 2019;363(6429):eaav7003.
NoguchiY, Yuan Z, Bai L, Schneider S, Zhao G, Stillman B, et al.

Cryo-EM structure of Mcm2-7 double hexamer on DNA suggests

a lagging-strand DNA extrusion model. Proc Natl Acad Sci USA.
2017;114(45):£9529-E95389538.

Georgescu R, Yuan Z, Bai L, Luna Almeida Santos R, Sun J, Zhang D, et al.
Structure of eukaryotic CMG helicase at a replication fork and implica-
tions to replisome architecture and origin initiation. Proc Natl Acad Sci
USA.2017;114(5):697-706.

Yeeles JT, Deegan TD, Janska A, Early A, Diffley JF. Regulated eukary-
otic DNA replication origin firing with purified proteins. Nature.
2015;519(7544):431-5.

Duderstadt KE, Geertsema HJ, Stratmann SA, Punter CM, Kulczyk AW,
Richardson CC, et al. Simultaneous real-time imaging of leading and
lagging strand synthesis reveals the coordination dynamics of single
replisomes. Mol Cell. 2016;64(6):1035-47.

Shibahara K, Stillman B. Replication-dependent marking of DNA

by PCNA facilitates CAF-1-coupled inheritance of chromatin. Cell.
1999;96(4):575-85.

Zhang Z, Shibahara K, Stillman B. PCNA connects DNA replication to
epigenetic inheritance in yeast. Nature. 2000;408(6809):221-5.

Prelich G, Tan CK, Kostura M, Mathews MB, So AG, Downey KM, et al.
Functional identity of proliferating cell nuclear antigen and a DNA
polymerase-delta auxiliary protein. Nature. 1987;326(6112):517-20.

Lee SH, Pan ZQ, Kwong AD, Burgers PM, Hurwitz J. Synthesis of DNA by
DNA polymerase epsilon in vitro. J Biol Chem. 1991,266(33):22707-17.
Krishna TS, Kong XP, Gary S, Burgers PM, Kuriyan J. Crystal structure

of the eukaryotic DNA polymerase processivity factor PCNA. Cell.
1994,79(7):1233-43.

Bowman GD, O’'Donnell M, Kuriyan J. Structural analysis of a

eukaryotic sliding DNA clamp-clamp loader complex. Nature.
2004,429(6993):724-30.

Dieckman LM, Freudenthal BD, Washington MT. PCNA structure and
function: insights from structures of PCNA complexes and post-
translationally modified PCNA. The eukaryotic replisome: a guide to
protein structure and function, vol. 62. Dordrecht: Springer; 2012. p.
281-299.


https://doi.org/10.1002/bies.201700208

Zhang et al. Cell Biosci

99.

100.

102.

103.

104.

106.

107.

108.

109.

110.

112.

114.

115.

117.

119.

120.

(2020) 10:37

Chapados BR, Hosfield DJ, Han S, Qiu J, Yelent B, Shen B, et al. Structural
basis for FEN-1 substrate specificity and PCNA-mediated activation in
DNA replication and repair. Cell. 2004;116(1):39-50.

Vijayakumar S, Chapados BR, Schmidt KH, Kolodner RD, Tainer JA, Tom-
kinson AE. The C-terminal domain of yeast PCNA is required for physical
and functional interactions with Cdc9 DNA ligase. Nucleic Acids Res.
2007;35(5):1624-37.

Hervouet E, Peixoto P, Delage-Mourroux R, Boyer-Guittaut M, Cartron
P-F. Specific or not specific recruitment of DNMTs for DNA methylation,
an epigenetic dilemma. Clin Epigenetics. 2018;10(1):1-18.

Chuang LS, lan HI, Koh TW, Ng HH, Xu G, Li BF. Human DNA-(cytosine-5)
methyltransferase-PCNA complex as a target for p21WAF1. Science.
1997;277(5334):1996-2000.

Hervouet E, Lalier L, Debien E, Cheray M, Geairon A, Rogniaux H, et al.
Disruption of Dnmt1/PCNA/UHRF1 interactions promotes tumorigen-
esis from human and mice glial cells. PLoS ONE. 2010;5(6):e11333.
Moggs JG, Grandi P, Quivy JP, Jonsson ZO, Hubscher U, Becker PB, et al.
A CAF-1-PCNA-mediated chromatin assembly pathway triggered by
sensing DNA damage. Mol Cell Biol. 2000;20(4):1206-18.

Bruning JB, Shamoo Y. Structural and thermodynamic analysis of
human PCNA with peptides derived from DNA polymerase-delta p66
subunit and flap endonuclease-1. Structure. 2004;12(12):2209-19.
Rolef Ben-Shahar T, Castillo AG, Osborne MJ, Borden KL, Kornblatt J,
Verreault A. Two fundamentally distinct PCNA interaction peptides
contribute to chromatin assembly factor 1 function. Mol Cell Biol.
2009;29(24):6353-65.

Kondratick CM, Litman JM, Shaffer KV, Washington MT, Dieckman LM.
Crystal structures of PCNA mutant proteins defective in gene silencing
suggest a novel interaction site on the front face of the PCNA ring. PLoS
ONE. 2018;13(3):e0193333.

Zhang K, GaoY, Li J, Burgess R, Han J, Liang H, et al. A DNA binding
winged helix domain in CAF-1 functions with PCNA to stabilize CAF-1
at replication forks. Nucleic Acids Res. 2016;44(11):5083-94.

Mejlvang J, Feng Y, Alabert C, Neelsen KJ, Jasencakova Z, Zhao X, et al.
New histone supply regulates replication fork speed and PCNA unload-
ing. J Cell Biol. 2014;204(1):29-43.

Janke R, King GA, Kupiec M, Rine J. Pivotal roles of PCNA loading

and unloading in heterochromatin function. Proc Natl Acad Sci USA.
2018;115(9):£2030-E20392039.

Brothers M, Rine J. Mutations in the PCNA DNA polymerase clamp

of Saccharomyces cerevisiae reveal complexities of the cell cycle and
ploidy on heterochromatin assembly. Genetics. 2019;213(2):449-63.
Ohashi E, Tsurimoto T. Functions of multiple clamp and clamp-

loader complexes in eukaryotic DNA replication. Adv Exp Med Biol.
2017;1042:135-62.

Shiomi Y, Nishitani H. Control of genome integrity by RFC complexes;
conductors of PCNA loading onto and unloading from chromatin dur-
ing DNA replication. Genes. 2017;8(2):52.

Yao N, Turner J, Kelman Z, Stukenberg PT, Dean F, Shechter D, et al.
Clamp loading, unloading and intrinsic stability of the PCNA, B and
gp45 sliding clamps of human, E. coli and T4 replicases. Genes Cells.
1996;1(1):101-13.

Kubota T, Nishimura K, Kanemaki MT, Donaldson AD. The Elg1 replica-
tion factor C-like complex functions in PCNA unloading during DNA
replication. Mol Cell. 2013;50(2):273-80.

Yu C, Gan H, Han J, Zhou Z-X, Jia S, Chabes A, et al. Strand-specific
analysis shows protein binding at replication forks and PCNA unloading
from lagging strands when forks stall. Mol Cell. 2014;56(4):551-63.
Franco AA, Lam WM, Burgers PM, Kaufman PDJG. Histone deposition
protein Asf1 maintains DNA replisome integrity and interacts with
replication factor C. Genes Dev. 2005;19(11):1365-75.

Singer MS, Kahana A, Wolf AJ, Meisinger LL, Peterson SE, Goggin C, et al.
Identification of high-copy disruptors of telomeric silencing in Saccha-
romyces cerevisiae. Genetics. 1998;150(2):613-32.

English CM, Maluf NK; Tripet B, Churchill ME, Tyler JK. ASF1 binds to

a heterodimer of histones H3 and H4: a two-step mechanism for

the assembly of the H3-H4 heterotetramer on DNA. Biochemistry.
2005;44(42):13673-82.

Antczak AJ, Tsubota T, Kaufman PD, Berger JM. Structure of the yeast
histone H3-ASF1 interaction: implications for chaperone mechanism,

121.

122.

124.

125.

126.

127.

128.

129.

130.

131.

132.

135.

139.

140.

141.

142.

143.

144.

Page 12 of 14

species-specific interactions, and epigenetics. BMC Struct Biol.
2006;6:26.

Recht J, Tsubota T, Tanny JC, Diaz RL, Berger JM, Zhang X, et al. Histone
chaperone Asf1 is required for histone H3 lysine 56 acetylation, a modi-
fication associated with S phase in mitosis and meiosis. Proc Natl Acad
Sci USA. 2006;103(18):6988-93.

Lercher L, Danilenko N, Kirkpatrick J, Carlomagno T. Structural character-
ization of the Asf1-Rtt109 interaction and its role in histone acetylation.
Nucleic Acids Res. 2018;46(5):2279-89.

Zhang L, Serra-Cardona A, Zhou H, Wang M, Yang N, Zhang Z, et al. Mul-
tisite substrate recognition in Asf1-dependent acetylation of histone H3
K56 by Rtt109. Cell. 2018;174(4):818-30 e11.

Gali VK, Dickerson D, Katou Y, Fujiki K, Shirahige K, Owen-Hughes T, et al.
Identification of Elg1 interaction partners and effects on post-replica-
tion chromatin re-formation. PLoS Genet. 2018;14(11):21007783.
Smolikov S, Mazor Y, Krauskopf A. ELGT1, a regulator of genome stability,
has a role in telomere length regulation and in silencing. Proc Natl Acad
Sci USA. 2004;101(6):1656-61.

Marechal A, Zou L. RPA-coated single-stranded DNA as a platform for
post-translational modifications in the DNA damage response. Cell Res.
2015;25(1):9-23.

Kim C, Snyder RO, Wold MS. Binding properties of replication protein A
from human and yeast cells. Mol Cell Biol. 1992;12(7):3050-9.
LiS,Dong Z,Yang S, Feng J, Li Q. Chaperoning RPA during DNA
metabolism. Curr Genet. 2019;65(4):857-64.

Li S, XuZ XuJ, Zuo L, Yu C, Zheng P, et al. Rtt105 functions as a chap-
erone for replication protein A to preserve genome stability. EMBO J.
2018;37(17):299154.

Bullock PA. The initiation of simian virus 40 DNA replication in vitro. Crit
Rev Biochem Mol Biol. 1997;32(6):503-68.

Iftode C, Daniely Y, Borowiec JA. Replication protein A (RPA): the eukary-
otic SSB. Crit Rev Biochem Mol Biol. 1999;34(3):141-80.

Melendy T, Stillman B. An interaction between replication protein A and
SV40 T antigen appears essential for primosome assembly during SV40
DNA replication. J Biol Chem. 1993,;268(5):3389-95.

Braun KA, Lao Y, He Z, Ingles CJ, Wold MS. Role of protein-protein
interactions in the function of replication protein A (RPA): RPA modu-
lates the activity of DNA polymerase alpha by multiple mechanisms.
Biochemistry. 1997;36(28):8443-544.

Watase G, Takisawa H, Kanemaki MT. Mcm10 plays a role in functioning
of the eukaryotic replicative DNA helicase, Cdc45-Mcm-GINS. Curr Biol.
2012,22(4):343-9.

Bae SH, Bae KH, Kim JA, Seo YS. RPA governs endonuclease switch-

ing during processing of Okazaki fragments in eukaryotes. Nature.
2001;412(6845):456-61.

Zheng L, Shen B. Okazaki fragment maturation: nucleases take centre
stage. J Mol Cell Biol. 2011;3(1):23-30.

VanDemark AP, Blanksma M, Ferris E, Heroux A, Hill CP. Formosa T. The
structure of the yFACT Pob3-M domain, its interaction with the DNA
replication factor RPA, and a potential role in nucleosome deposition.
Mol Cell. 2006;22(3):363-74.

Liu S, Xu Z, Leng H, Zheng P, Yang J, Chen K, et al. RPA binds histone
H3-H4 and functions in DNA replication—coupled nucleosome assem-
bly. Science. 2017,355(6323):415-20.

Zhang HL, Gan HY, Wang ZQ, Lee JH, Zhou H, Ordog T, et al. RPA
Interacts with HIRA and regulates H33 deposition at gene regulatory
elements in mammalian cells. Mol Cell. 2017;65(2):272-84.

Kunkel TA, Sabatino RD, Bambara RA. Exonucleolytic proofread-

ing by calf thymus DNA polymerase delta. Proc Natl Acad Sci USA.
1987,84(14):4865-9.

Byrnes JJ, Downey KM, Black VL, So AG. A new mammalian DNA poly-
merase with 3'to 5'exonuclease activity: DNA polymerase 6. Biochemis-
try. 1976;15(13):2817-23.

Conaway RC, Lehman IR. A DNA primase activity associated with DNA
polymerase alpha from Drosophila melanogaster embryos. Proc Natl
Acad Sci USA. 1982;79(8):2523-7.

Baranovskiy AG, Babayeva ND, Zhang Y, Gu J, Suwa Y, Pavlov Yl, et al.
Mechanism of concerted RNA-DNA primer synthesis by the human
primosome. J Biol Chem. 2016;291(19):10006-200.

Waga S, Stillman B. The DNA replication fork in eukaryotic cells. Annu
Rev Biochem. 1998,67:721-51.



Zhang et al. Cell Biosci

145.

146.

147.

148.

149.

150.

154.

155.

156.

157.

158.

159.

161.

163.

165.

(2020) 10:37

Pursell ZF, Isoz |, Lundstrém E-B, Johansson E, Kunkel TA. Yeast DNA
polymerase € participates in leading-strand DNA replication. Science.
2007,317(5834):127-30.

Langston LD, Zhang D, Yurieva O, Georgescu RE, Finkelstein J, Yao NY,
et al. CMG helicase and DNA polymerase € form a functional 15-subunit
holoenzyme for eukaryotic leading-strand DNA replication. Proc Natl
Acad Sci USA. 2014;111(43):15390-5.

Johnson RE, Klassen R, Prakash L, Prakash S. A major role of DNA poly-
merase & in replication of both the leading and lagging DNA strands.
Mol Cell. 2015;59(2):163-75.

Evrin C, Maman JD, Diamante A, Pellegrini L, Labib K. Histone H2A-H2B
binding by Pol a in the eukaryotic replisome contributes to the mainte-
nance of repressive chromatin. EMBO J. 2018;37(19):€99021.

Villa F, Simon AC, Ortiz Bazan MA, Kilkenny ML, Wirthensohn D, Wight-
man M, et al. Ctf4 Is a hub in the eukaryotic replisome that links multi-
ple CIP-box proteins to the CMG helicase. Mol Cell. 2016;63(3):385-96.
Gan H, Serra-Cardona A, Hua X, Zhou H, Labib K, Yu C, et al. The Mcm2-
Ctf4-Pola axis facilitates parental histone H3-H4 transfer to lagging
strands. Mol Cell. 2018;72(1):140-51.e3.

Gambus A, Jones RC, Sanchez-Diaz A, Kanemaki M, van Deursen F,
Edmondson RD, et al. GINS maintains association of Cdc45 with MCM in
replisome progression complexes at eukaryotic DNA replication forks.
Nat Cell Biol. 2006;8(4):358-66.

Wittmeyer J, Formosa T. The Saccharomyces cerevisiae DNA poly-
merase alpha catalytic subunit interacts with Cdc68/Spt16 and

with Pob3, a protein similar to an HMG1-like protein. Mol Cell Biol.
1997,17(7):4178-90.

Wittmeyer J, Joss L, Formosa T. Spt16 and Pob3 of Saccharomyces
cerevisiae form an essential, abundant heterodimer that is nuclear, chro-
matin-associated, and copurifies with DNA polymerase a. Biochemistry.
1999,38(28):8961-71.

Tackett AJ, Dilworth DJ, Davey MJ, O'Donnell M, Aitchison JD, Rout MP,
et al. Proteomic and genomic characterization of chromatin complexes
at a boundary. J Cell Biol. 2005;169(1):35-47.

Bellelli R, Belan O, Pye VE, Clement C, Maslen SL, Skehel JM, et al.
POLE3-POLE4 Is a histone H3-H4 chaperone that maintains chromatin
integrity during DNA replication. Mol Cell. 2018;72(1):112-26 e5.
Gnesutta N, Nardini M, Mantovani R. The H2A/H2B-like histone-fold
domain proteins at the crossroad between chromatin and different
DNA metabolisms. Transcription. 2013;4(3):114-9.

LiY, Pursell ZF, Linn S. Identification and cloning of two histone fold
motif-containing subunits of HeLa DNA polymerase epsilon. J Biol
Chem. 2000;275(40):31554.

Yu C, Gan H, Serra-Cardona A, Zhang L, Gan S, Sharma S, et al. A mecha-
nism for preventing asymmetric histone segregation onto replicating
DNA strands. Science. 2018;361(6409):1386-9.

Hyun'Y, Yun H, Park K, Ohr H, Lee O, Kim D-H, et al. The catalytic subunit
of Arabidopsis DNA polymerase a ensures stable maintenance of
histone modification. Development. 2013;140(1):156-66.

Nakayama JI, Allshire RC, Klar AJ, Grewal SI. A role for DNA polymerase a
in epigenetic control of transcriptional silencing in fission yeast. EMBO
J.2001;20(11):2857-66.

Ehrenhofer-Murray AE, Kamakaka RT, Rine J. A role for the replication
proteins PCNA, RF-C, polymerase € and Cdc45 in transcriptional silenc-
ing in Saccharomyces cerevisiae. Genetics. 1999;153(3):1171-82.

He H, LiY, Dong Q, Chang A-Y, Gao F, Chi Z, et al. Coordinated regulation
of heterochromatin inheritance by Dpb3-Dpb4 complex. Proc Natl
Acad Sci USA. 2017;114(47):12524-9.

Li F, Martienssen R, Cande WZ. Coordination of DNA replication

and histone modification by the Rik1-Dos2 complex. Nature.
2011;475(7355):244.

IshimiY, Ichinose S, Omori A, Sato K, Kimura H. Binding of human
minichromosome maintenance proteins with histone H3. J Biol Chem.
1996;271(39):24115-22.

Ishimi Y, Komamura-KohnoY, Arai K, Masai H. Biochemical

activities associated with mouse Mcm2 protein. J Biol Chem.
2001,276(46):42744-52.

Clement C, Aimouzni G. MCM2 binding to histones H3-H4 and ASF1
supports a tetramer-to-dimer model for histone inheritance at the
replication fork. Nat Struct Mol Biol. 2015;22(8):587-9.

167.

168.

170.

171.

172.

173.

174.

175.

176.

177.

178.

180.

182.

184.

185.

186.

187.

188.

189.

Page 13 of 14

Richet N, Liu D, Legrand P, Velours C, Corpet A, Gaubert A, et al. Struc-
tural insight into how the human helicase subunit MCM2 may act as a
histone chaperone together with ASF1 at the replication fork. Nucleic
Acids Res. 2015;43(3):1905-17.

Petryk N, Dalby M, Wenger A, Stromme CB, Strandsby A, Andersson R,
et al. MCM2 promotes symmetric inheritance of modified histones dur-
ing DNA replication. Science. 2018;361(6409):1389-92.

Groth A, Corpet A, Cook AJ, Roche D, Bartek J, Lukas J, et al. Regulation
of replication fork progression through histone supply and demand.
Science. 2007;318(5858):1928-31.

Huang H, Stromme CB, Saredi G, Hodl M, Strandsby A, Gonzalez-Aguil-
era C, et al. A unique binding mode enables MCM2 to chaperone his-
tones H3-H4 at replication forks. Nat Struct Mol Biol. 2015,;22(8):618-26.
Jasencakova Z, Scharf AN, Ask K, Corpet A, Imhof A, Aimouzni G, et al.
Replication stress interferes with histone recycling and predeposition
marking of new histones. Mol Cell. 2010;37(5):736-43.

Wang H, Wang M, Yang N, Xu RM. Structure of the quaternary complex
of histone H3-H4 heterodimer with chaperone ASF1 and the replica-
tive helicase subunit MCM2. Protein Cell. 2015;6(9):693-7.

Tan BC, Chien CT, Hirose S, Lee SC. Functional cooperation between
FACT and MCM helicase facilitates initiation of chromatin DNA replica-
tion. EMBO J. 2006;25(17):3975-85.

Tan BC, Liu H, Lin CL, Lee SC. Functional cooperation between FACT
and MCM is coordinated with cell cycle and differential complex forma-
tion. J Biomed Sci. 2010;17(1):11.

Ishikawa K, Ohsumi T, Tada S, Natsume R, Kundu LR, Nozaki N, et al.
Roles of histone chaperone CIA/Asf1 in nascent DNA elongation during
nucleosome replication. Genes Cells. 2011;16(10):1050-62.

Schwabish MA, Struhl K. Asf1 mediates histone eviction and deposition
during elongation by RNA polymerase II. Mol Cell. 2006;22(3):415-22.
Korber P, Barbaric S, Luckenbach T, Schmid A, Schermer UJ, Blaschke

D, et al. The histone chaperone Asf1 increases the rate of histone
eviction at the yeast PHO5 and PHO8 promoters. J Biol Chem.
2006;281(9):5539-45.

Williams SK, Truong D, Tyler JK. Acetylation in the globular core of
histone H3 on lysine-56 promotes chromatin disassembly during
transcriptional activation. Proc Natl Acad Sci USA. 2008;105(26):9000-5.
Donham DC, Scorgie JK, Churchill ME. The activity of the histone
chaperone yeast Asf1 in the assembly and disassembly of histone H3/
H4-DNA complexes. Nucleic Acids Res. 2011;39(13):5449-588.
Formosa T, Eriksson P, Wittmeyer J, Ginn J, Yu Y, Stillman DJ. Spt16-Pob3
and the HMG protein Nhp6 combine to form the nucleosome-binding
factor SPN. EMBO J. 2001;20(13):3506-17.

Belotserkovskaya R, Oh S, Bondarenko VA, Orphanides G, Studitsky

VM, Reinberg D. FACT facilitates transcription-dependent nucleosome
alteration. Science. 2003;301(5636):1090-3.

TsunakaY, Fujiwara Y, Oyama T, Hirose S, Morikawa K. Integrated
molecular mechanism directing nucleosome reorganization by human
FACT. Genes Dev. 2016;30(6):673-86.

LiW, Chen P, Yu J, Dong L, Liang D, Feng J, et al. FACT Remodels the
Tetranucleosomal unit of chromatin fibers for gene transcription. Mol
Cell. 2016;64(1):120-33.

Kemble DJ, McCullough LL, Whitby FG, Formosa T, Hill CP. FACT disrupts
nucleosome structure by binding H2A-H2B with conserved peptide
motifs. Mol Cell. 2015;60(2):294-306.

Winkler DD, Luger K. The histone chaperone FACT: structural insights
and mechanisms for nucleosome reorganization. J Biol Chem.
2011,286(21):18369-74.

Wang T, Liu Y, Edwards G, Krzizike D, Scherman H, Luger K. The histone
chaperone FACT modulates nucleosome structure by tethering its
components. Life Sci Alliance. 2018;1(4):e201800107.

Abe T, Sugimura K, Hosono Y, Takami Y, Akita M, Yoshimura A, et al.

The histone chaperone facilitates chromatin transcription (FACT)
protein maintains normal replication fork rates. J Biol Chem.
2011;286(35):30504-122.

Escobar TM, Oksuz O, Saldana-Meyer R, Descostes N, Bonasio R,
Reinberg D. Active and repressed chromatin domains exhibit distinct
nucleosome segregation during DNA replication. Cell. 2019;179(4):953-
63.e11.

Kouzarides T. Chromatin modifications and their function. Cell.
2007;128(4):693-705.



Zhang et al. Cell Biosci (2020) 10:37 Page 14 of 14

190. Saxton DS, Rine J. Epigenetic memory independent of symmetric Publisher’s Note
histone inheritance. Elife. 2019. https://doi.org/10.7554/eLife.51421. Springer Nature remains neutral with regard to jurisdictional claims in pub-
191. Yuan Z, Georgescu R, Santos RLA, Zhang D, Bai L, Yao NY, et al. Ctf4 lished maps and institutional affiliations.

organizes sister replisomes and Pol alpha into a replication factory. Elife.
2019. https://doi.org/10.7554/elife.47405.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.7554/eLife.51421
https://doi.org/10.7554/eLife.47405

	The replisome guides nucleosome assembly during DNA replication
	Abstract 
	Background
	A brief introduction to DNA replication-coupled (RC) nucleosome assembly
	Histone chaperones are the major players in RC nucleosome assembly
	Overview of eukaryotic replisome assembly

	Main text
	PCNA: Marking the replication fork for CAF-1-mediated nucleosome assembly
	RFC: Potential roles in nucleosome assembly in addition to serving as a sliding clamp loader
	RPA: A platform for histone chaperone coordination
	DNA polymerases: key players in histone segregation on daughter strands
	Mcm2: Vanguard of nucleosome disassembly and parental histone recycling

	Conclusion
	Acknowledgments
	References




