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The PCNA-Pol 6 complex couples lagging strand DNA
synthesis to parental histone transfer for

epigenetic inheritance

Albert Serra-Cardona't, Xu Hua't, Seth W. McNutt?, Hui Zhou', Takenori Toda®, Songtao Jia>,

Feixia Chu?, Zhiguo Zhang'*

Inheritance of epigenetic information is critical for maintaining cell identity. The transfer of parental histone H3-H4
tetramers, the primary carrier of epigenetic modifications on histone proteins, represents a crucial yet poorly under-
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stood step in the inheritance of epigenetic information. Here, we show the lagging strand DNA polymerase, Pol §,
interacts directly with H3-H4 and that the interaction between Pol § and the sliding clamp PCNA regulates parental
histone transfer to lagging strands, most likely independent of their roles in DNA synthesis. When combined, muta-
tions at Pol § and Mcm2 that compromise parental histone transfer result in a greater reduction in nucleosome
occupancy at nascent chromatin than mutations in either alone. Last, PCNA contributes to nucleosome positioning
on nascent chromatin. On the basis of these results, we suggest that the PCNA-Pol 8 complex couples lagging strand
DNA synthesis to parental H3-H4 transfer, facilitating epigenetic inheritance.

INTRODUCTION

Inheritance of epigenetic information encoded by chromatin plays a
critical role in the maintenance of gene expression states and cell
identity in multicellular organisms (I, 2). The basic repeating unit of
chromatin is the nucleosome, composed of 147 bp of DNA wrapped
around a histone octamer containing one (H3-H4), tetramer and
two histone H2A-H2B dimers (3). Unique posttranslational modifi-
cations on histone proteins organize chromatin into different do-
mains including euchromatin and heterochromatin. During mitotic
cell division, both the positioning of nucleosomes along DNA and
specific histone modifications in each chromatin domain can be
transmitted into two daughter cells for the inheritance of cell iden-
tity. Misregulation in this process is linked to many human diseases
including cancer (4). However, how this fundamental cellular pro-
cess is achieved remains elusive.

DNA replication-coupled nucleosome assembly is the initial step
in the inheritance of epigenetic information (5-7). Nucleosomes
ahead of DNA replication forks are transiently disassembled to allow
the DNA replication machinery to replicate DNA. Immediately fol-
lowing DNA replication, parental histones H3-H4 tetramers are
transferred to either the leading or lagging strand of the DNA repli-
cation fork for nucleosome formation. In the meantime, newly syn-
thesized H3-H4 tetramers, which have distinct modifications from
parental H3-H4, are also deposited to the replicating DNA strands
for nucleosome formation to accommodate the duplication of DNA
such that parental and newly synthesized H3-H4 tetramers form dis-
tinct nucleosomes on nascent chromatin (8). Subsequently, a read-
write mechanism helps restore some histone modifications: The
enzyme responsible for a particular modification first binds to
nucleosomes formed with parental H3-H4 carrying the modification
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and then modifies neighboring nucleosomes formed with new H3-
H4 tetramers (9-13). Recently, it has been shown that parental H3-
H4 tetramers, when transferred to either leading or lagging strands
of DNA replication forks, can remember their positions along the
DNA (14, 15), possibly through the aid of chromatin remodelers.
Therefore, the transfer of parental histone H3-H4 tetramers is a key
step in the inheritance of epigenetic information. However, it re-
mains largely unknown how this process is regulated. Furthermore,
it is largely unexplored how two nucleosome assembly pathways,
parental histone transfer and deposition of new H3-H4, are coordi-
nated for the inheritance of epigenetic information.

Chromatin assembly factor 1 (CAF-1) is the primary histone
chaperone that deposits newly synthesized H3-H4 onto replicating
DNA for nucleosome assembly (16-20). Recent studies have shown
that CAF-1 facilitates right-handed DNA wrapping of H3-H4 tetra-
mer, a conformation in contrast to the left-handed DNA wrapping
in the nucleosome (21). Furthermore, CAF-1 interacts with prolifer-
ating cell nuclear antigen (PCNA) (17, 22), and this interaction is
important for CAF-1 to deposit newly synthesized H3-H4 onto rep-
licating DNA. PCNA is essential for DNA replication and DNA
repair and interacts with many proteins in these processes (23). Last,
PCNAS role in regulating nucleosome assembly of newly synthe-
sized H3-H4 is conserved from yeast to human cells (16-19).

We and others have discovered two conserved pathways mediat-
ing the transfer of parental histones onto the leading and lagging
strands of DNA replication forks (24-27). Specifically, yeast Dpb3
and Dpb4 (POLE3 and POLE4 in mammalian cells), the non-
essential subunits of leading strand DNA polymerase &, interact
with H3-H4 and promote the transfer of parental (H3-H4), to the
leading strands (24, 26). On the other hand, minichromosome
maintenance complex component 2 (Mcm?2), a member of the mini-
chromosome maintenance complex (MCM) helicase, participates in
the transfer of parental (H3-H4), to the lagging strands along with
the adaptor protein chromosome transmission fidelity (Ctf) 4 and
DNA polymerase o (25-27). However, our understanding of this
critically important process is far from complete. For instance,
Mcm?2 is far removed from Okazaki fragments synthesized on lagging
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strand. Furthermore, after Pol a synthesizes a RNA-DNA primer to
initiate synthesis of a Okazaki fragment, PCNA-DNA polymerase
(Pol 8) replaces Pol a and uses the RNA-DNA primer to continue
DNA synthesis of the Okazaki fragment followed by strand dis-
placement synthesis for the generation of 5'-RNA flap of the pro-
ceeding Okazaki fragment and the removal of this flapped RNA
primer by flap structure-specific endonuclease 1 (Fenl) and DNA
replication helicase/nuclease 2 (Dna2) nucleases and subsequent
ligation of these two Okazaki fragments (28). Replacement of Pol o
by Pol & for Okazaki fragment synthesis suggests that other factors
following Pol @ may help deposit parental H3-H4 on lagging strands.
Furthermore, these repeated cycles of primer synthesis by Pol a,
Okazaki fragment synthesis by Pol 8, and processing and matura-
tion of Okazaki fragments on lagging strand make it challenging to
envision how parental (H3-H4), tetramers are deposited on Okazaki
fragments to remember their positions along the DNA.

Here, we show that PCNA is also important for parental histone
transfer in budding yeast. Furthermore, the mutant allele of PCNA
(pol30-79) that affects parental histone transfer is different from the
mutant allele of PCNA (pol30-8) that impairs CAF-1-mediated
nucleosome assembly of newly synthesized H3-H4. We also show
that PCNA regulates parental histone transfer, most likely through
its interaction with DNA Pol 8. Last, we report that PCNA also con-
tributes to nucleosome positioning at nascent chromatin. On the
basis of these studies, we propose that the PCNA-Pol & complex
couples lagging strand DNA synthesis to parental histone transfer.

RESULTS

The pol30-79, but not pol30-8 and pol30-6, mutant allele
affects parental histone transfer

We have shown previously that three site-specific mutants of PCNA
(called pol30-8, pol30-79 and pol30-6 as PCNA is encoded by the
POL30 gene in Saccharomyces cerevisiae) affect heterochromatin
silencing in budding yeast (19). While the pol30-8 mutant allele re-
duces heterochromatin silencing through its impact on the interac-
tion between PCNA and CAF-1, a histone chaperone involved in
deposition of newly synthesized H3-H4 onto replicating DNA,
genetic evidence suggests that pol30-79 and pol30-6 mutants reduce
heterochromatin silencing through a mechanism independent of
CAF-1 (19). As mutations defective in parental histone transfer
discovered so far also show a defect in heterochromatin silencing in
yeast and in mouse embryonic stem (ES) cells (24-26), we analyzed
the impact of each of these three alleles (Fig. 1A) on the distribu-
tion of histone trimethylation of histone H3 lysine 4 (H3K4me3)
and acetylation of histone H3 lysine 56 (H3K56ac), which are sur-
rogate marks on parental and newly synthesized H3, respectively,
between the leading and lagging DNA strands using eSPAN (en-
richment and sequencing of protein-associated nascent DNA) (24,
29). Briefly, to perform H3K4me3 and H3K56ac eSPAN, yeast cells
arrested at G using alpha-factor were released into early S phase
in the presence of nucleotide analog 5-bromo-2’-deoxyuridine (BrdU),
which is incorporated into newly synthesized DNA. Chromatin was
then digested with micrococcal nuclease (MNase), which cleaves
DNA between nucleosomes. A small fraction of the processed
chromatin was collected for library preparation as the input sample
and for analyzing DNA synthesis by using BrdU immunoprecipi-
tation followed by strand-specific sequencing (MNase BrdU-IP-
ssSeq). The rest of chromatin samples was immunoprecipitated with
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antibodies against H3K56ac or H3K4me3 [chromatin immunopre-
cipitation (ChIP)]. The ChIP DNA was then denatured into
single-stranded DNA for BrdU immunoprecipitation to enrich
H3K56ac- and H3K4me3-associated nascent DNA and subsequent
strand-specific sequencing (eSPAN) (Fig. 1B). To analyze the eSPAN
results, the eSPAN bias, which measures the relative amount of
H3K4me3 and H3K56ac at the leading and lagging strands, was
calculated by comparing sequencing reads of Watson and Crick
strands at each origin. Furthermore, to mitigate the potential con-
tributions to the H3K56ac and H3K4me3 eSPAN bias from the de-
fects in DNA synthesis, we normalized the eSPAN reads against
BrdU-IP-ssSeq reads. If H3K56ac and H3K4me3 are equally dis-
tributed to leading and lagging strands, then H3K56ac and H3K-
4me3 eSPAN bias would be close to zero (Fig. 1B). H3K4me3 and
H3K56ac eSPAN signals in pol30-6 and pol30-8 mutant strains
showed a relatively similar distribution between the leading and
lagging strands based on the inspection of sequence reads at indi-
vidual origins such as ARS508, as well as analysis of eSPAN bias
at each of the 20 individual nucleosomes surrounding each of 134
early replication origins (fig. S1, A to D), indicating that like wild-
type (WT) cells, H3K4me3 and H3K56ac are almost equally dis-
tributed to leading and lagging strands of DNA replication forks in
these two PCNA mutant cells. On the other hand, H3K4me3 and
H3K56ac eSPAN peaks in pol30-79 mutant cells displayed a lead-
ing- and lagging-strand bias, respectively, based on the inspection
of the eSPAN signals at individual origins such as ARS508 (Fig. 1C)
as well as on the analysis of eSPAN bias at each of 20 individual
nucleosomes at each of 134 early replication origins (Fig. 1, D and
E), indicating that parental H3-H4 and newly synthesized H3-H4
are enriched at leading and lagging strands, respectively, in pol30-
79 mutant cells. We also analyzed the average bias ratio of each of
the 20 nucleosomes around 134 early replication origins in these
three mutant cells (Fig. 1, F and G). Both pol30-6 and pol30-8
showed a very small bias ratio for H3K4me3 and H3K56ac eSPAN,
similar to the WT strain. In contrast, H3K4me3 and H3K56ac eSPAN
signals in pol30-79 displayed a consistent leading and lagging bias,
respectively. This bias pattern is similar to what we observed in mu-
tations at the histone-binding domains of Mcm2 and Poll (the
catalytic subunit of Pol a primase) that compromise the histone
transfer to lagging strands (25). Together, these results indicate that
the pol30-79 mutation, but not pol30-6 and pol30-8 mutations, im-
pairs the transmission of parental H3-H4 to lagging strands during
DNA replication.

The effects of pol30-79 mutation on parental histone
transfer are unlikely due to its impact on DNA synthesis

The two residues mutated in pol30-79 are at the interdomain con-
necting loop where almost all of PCNAs known partners could
bind, including DNA polymerases € and 8 (23). Therefore, it would
be possible that the compromised parental H3-H4 segregation to
lagging strands observed in pol30-79 was due to a defect in lagging
strand synthesis. Arguing against this idea, we observed that defects
in DNA synthesis detected by BrdU-IP-ssSeq, which was generated
for the normalization of H3K56ac and H3K4me3 eSPAN results in
Fig. 1, in pol30-79 cells, while larger than W' cells, were slightly less
pronounced than in pol30-6 mutant cells (fig. S2A). This result is
consistent with previously published studies indicating that the
pol30-6 mutation compromises DNA synthesis more markedly than
pol30-79 mutation in vitro and that pol30-6 mutant cells were more
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Fig. 1. The pol30-79, but not pol30-6 and pol30-8 mutations, reduces the transfer of parental histone transfer to lagging strands during DNA replication. (A) Represen-
tation of the PCNA homotrimer structure and the location of residues mutated in pol30-6, pol30-8, and pol30-79 (Protein Data Bank entry 20D8.pdb). Each monomer is repre-
sented in a different color. (B) An experimental outline of eSPAN procedures. In this hypothetic model, both parental and new H3-H4 are equally distributed to leading and
lagging strands of DNA replication forks. Therefore, eSPAN bias is close to zero. ssDNA, single-stranded DNA. (C) Snapshots of H3K4me3 (left) and H3K56ac (right) eSPAN read
density around early replication origin ARS508 in pol30-79 cells. Red and blue represent eSPAN sequence reads at Watson and Crick strands, respectively. (D and E) Heatmap of
H3K4me3 (D) and H3K56ac (E) eSPAN bias at each of the 20 individual nucleosomes around each of 134 early replication origins in pol30-79 cells. The average of two biological
replicates is presented. The eSPAN bias at each of the 20 nucleosomes surrounding each of 134 early replication origin was calculated using the formula: (W — O)/(W + C). W and
C, sequence read of Watson and Crick strand at each nucleosome, respectively. (F and G) The average H3K4me3 (F) and H3K56ac (G) eSPAN bias at each of 20 individual nucleo-
somes of 134 early replication origins in WT and three PCNA mutant cells. The average of two biological replicates is represented as mean + SEM.
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sensitive to DNA damage agents than pol30-79 cells (30, 31). To-
gether, these results argue that a defect in DNA synthesis may not
directly impair parental histone transfer to lagging strands.

Because BrdU-IP-ssSeq results in fig. S2A were generated using
chromatin sheared by MNase digestion, the large leading strand bias
of BrdU-IP-ssSeq in pol30-79 cells compared to WT cells could be
due to either defects in nucleosome assembly and/or DNA synthe-
sis. Therefore, to measure the potential effects of pol30-79 mutation
on nucleosome assembly alone, we compared the bias of BrdU-IP-
ssSeq using DNA fragmented by sonication (sonication-BrdU-IP-
ssSeq) to that of BrdU-IP-ssSeq using chromatin digested with
MNase (MNase-BrdU-IP-ssSeq). In this way, sonication-BrdU-IP-
ssSeq allows us to monitor the impact of the pol30-79 mutation on
DNA synthesis without the complications from defects in nucleo-
some assembly. As shown in Fig. 2 (A, C, and E), in WT cells, soni-
cation- and MNase-BrdU-IP-ssSeq displayed a small leading strand
bias, indicating that the synthesis of the leading strand is slightly
ahead of the lagging strand. Furthermore, the bias of sonication-
BrdU-IP-ssSeq was similar to that of MNase-BrdU-IP-ssSeq, consis-
tent with the idea that DNA replication and nucleosome assembly
are tightly coupled in WT cells (5, 32). In contrast, in pol30-79 cells,
the leading-strand bias of MNase-BrdU-IP-ssSeq was much larger
than that of sonication-BrdU-IP-ssSeq (Fig. 2, B, D, and F), indicat-
ing that nucleosome assembly on lagging strand in pol30-79 mutant
cells is compromised, making the nascent chromatin of lagging
strands in the pol30-79 cells more susceptible to digestion by MNase.
We also calculated the replication-intermediate (ReIN) score, which
normalizes the MNase-BrdU-IP-ssSeq signals against the corre-
sponding sonication-BrdU-IP-ssSeq signals to minimize the poten-
tial contribution of each mutation on DNA synthesis to nucleosome
occupancy (33). As shown in Fig. 2 (G and H), we observed an
almost equal nucleosome occupancy between leading and lagging
strands at early replication origins in WT cells. On the other hand,
nucleosome occupancy at nascent chromatin of lagging strands was
much lower than that of leading strands in the pol30-79 mutant cells
(Fig. 2, T and J), likely due to defects in parental histone transfer to
lagging strands. Together, these results strongly indicate that the
defects in the transfer of parental H3-H4 to lagging strands in pol30-
79 are unlikely caused by a defect in DNA synthesis, but at the same
time, these results cannot completely rule out this possibility.

Mutations at the PCNA binding site of two subunits of Pol §

(Pol3 and Pol32) lead to defects in parental histone transfer

PCNA interacts with proteins involved in almost all steps of Okazaki
fragment processing and maturation (23). After the ligation of an
Okazaki fragment with the preceding one, PCNA is unloaded by
the enhanced level of genome instability (Elgl) replication factor
C-like complex (29, 34). To understand how PCNA functions in
parental histone transfer, we tested whether mutating any of these
factors affects parental histone transfer. Deletion of the 5 flap endo-
nuclease Fenl/Rad27, which is not essential, or depletion of the
essential helicase Dna2 using the auxin-inducibledegron system,
did not affect the eSPAN bias of H3K4me3 and H3K56ac (fig. S2, B
to I), indicating that the effects of pol30-79 mutation on parental
histone transfer are unlikely due to the reduced PCNA-Rad27 or the
PCNA-Dna2 interaction. Moreover, we observed that H3K4me3
eSPAN signals in elgIA cells showed little preference for leading or
lagging strands (fig. S3, A, C, and E), suggesting that the transfer of
parental histone H3-H4 to lagging strands in elgIA cells, unlike
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pol30-79 cells, is not affected to a detectable degree. H3K56ac eSPAN
peaks in elgIA exhibited a bias to lagging strands (fig. S3, B, D, and
F), indicating an enrichment of newly synthesized H3K56ac on
lagging strands compared to leading strands. These results are con-
sistent with the previous study showing that retention of PCNA at
lagging strands in elgIA cells results in increased chromatin binding
of CAF-1 (35), which may deposit more H3K56ac-H4 on lagging
strands. Together, these results indicate that the impact of pol30-79
mutation on parental histone transfer is most likely independent of
its effect on the interaction between PCNA and each of the three
proteins tested (Fenl, Dna2, and Elgl).

Next, we tested whether the PCNA-Pol § interaction may have a
role in parental histone transfer. Pol & is composed of the catalytic
subunit Pol3 and two accessory subunits, Pol31 and Pol32, with Pol3
and Pol31 being essential for cell viability. All three proteins contain
a PCNA-interacting protein (PIP) motif that interacts with PCNA
through the interdomain connecting loop (Fig. 3A), and all three
PIP motifs are required for proper DNA synthesis as mutations at each
single PIP motif have minor effects on enzymatic activities of Pol § in
vitro (36, 37). Therefore, we mutated the PIP motif of each protein
and tested how each mutation affects the distribution of H3K4me3
and H3K56ac at replicating DNA strands using eSPAN. Mutating the
Pol3 PIP and, to a lesser extent, the Pol32 PIP resulted in a H3K4me3
eSPAN bias toward the leading strand and a H3K56ac eSPAN bias
toward the lagging strand (Fig. 3, B to G, and fig. S4). In contrast,
mutating the PIP box of Pol31 had no apparent effects on the bias of
H3K4me3 eSPAN or H3K56ac eSPAN signals (Fig. 3, F and G, and
fig. S4). Furthermore, on the basis of sonication-BrdU-IP-ssSeq,
pol3-pip mutation did not affect DNA synthesis to a detectable degree
compared to WT cells (fig. S4E). These results indicate that muta-
tions at the PIP box of Pol3 and Pol32, but not Pol31, affect parental
histone transfer.

A separation of function po/32 mutant affects parental
histone transfer

The POL32 gene is not essential. Therefore, we further analyzed the
impact of pol32A on H3K4me3 and H3K56ac distribution at repli-
cating DNA strands using eSPAN. Notably, H3K4me3 and H3K56ac
eSPAN in pol32A cells displayed a robust bias for the leading and
lagging strand, respectively (Fig. 4, A to F), with a bias ratio more
pronounced than pol30-79. Moreover, like in pol30-79 cells, the lead-
ing strand bias of MNase-BrdU-IP-ssSeq peaks in pol32A cells was
stronger than the bias of sonication-BrdU-IP-ssSeq (Fig. 4, G to I),
indicating that the leading strand bias of H3K4me3 eSPAN in pol32A
reflects a defect in parental histone transfer to lagging strands rather
than in DNA synthesis.

Inspection of Pol32 protein sequence identified two stretches of
amino acids resembling the histone binding motif found in Mcm2
and Poll, respectively (Fig. 4]). The residues highlighted in red in
Mcm?2 and Poll are known to be critical for binding H3-H4 and
affect parental histone transfer when mutated (25, 26). Therefore, we
mutated the corresponding residues in Pol32 and tested how each
mutant affects parental histone transfer. We found that the pol32-
2A2 mutation, but not pol32-2A mutation, impaired parental his-
tone transfer based on analysis of H3K4me3 and H3K56ac at DNA
replication forks using the eSPAN (Fig. 4K and fig. S5, A to C). Un-
like pol32A mutant cells, pol32-2A2 mutant cells were not sensitive
to hydroxyurea (HU), an inhibitor against ribonucleotide reductase
and an agent inducing replication stress (Fig. 4L). We also noticed
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Fig. 2. Effects of the po/30-79 mutation on DNA synthesis and nucleosome occupancy at nascent chromatin. (A and B) Average bias of sonication-BrdU-IP-ssSeq signals and
MNase-BrdU-IP-ssSeq in WT (A) and pol30-79 (B) cells at 134 early replication origins. Chromatin was sheared with sonication (sonication-BrdU-IP-ssSeq) or digested with MNase
(MNase-BrdU-IP-ssSeq) before used for BrdU-IP and subsequent strand-specific sequencing. The bias was calculated using the formula: (W — Q)/(W + ), with an average of two
biological replicates shown as mean + 95% confidence interval. (C and D) Heatmap of bias of sonication- and MNase-BrdU-IP-ssSeq signals in WT (C) and pol30-79 cells (D). The
BrdU-IP-ssSeq bias at each origin was calculated using the same formula in (A) and (B). Each row represents one origin. (E and F) Statistical analysis of leading strand bias at 134
early replication origins between MNase-and sonication-BrdU-IP-ssSeq in WT (E) and pol30-79 cells (F). Each origin region was split into left fork and right fork to calculate their
leading bias separately using the same formula in (A) and (B), which were then averaged to represent the leading bias of each origin. P values were calculated by Wilcoxon signed-
rank test using two biological replicates. (G and I) Average RelN score in WT (G) and pol30-79 (1) cells at leading and lagging strands of DNA replication forks of 134 early replication
origins. Sequence reads mapped to leading or lagging strands were separated for the analysis. The average of two biological replicates is represented. (H and J) Statistical analysis
of the RelN score at 134 early replication origins between lagging and leading strands in WT (H) and pol30-79 cells (J). The RelN score was calculated the same way as (G) and (1),
and the score flanking (—1000 and 1000 bp) of each origin was averaged. P values were calculated by Wilcoxon signed-rank test using two biological replicates.
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that pol3-pip mutant cells were not sensitive to HU, like those of
mem2-3A and dpb3A cells known to be defective in parental histone
transfer (Fig. 4L). Last, pol32-2A2 mutant cells did not show detect-
able defects in DNA synthesis (fig. S5D). Of note, we could not be
certain that the pol32-2A mutation affects histone binding despite
repeated attempts. Now, we could not identify mutations in Pol &
that compromise its interactions with H3-H4 despite repeat at-
tempts using multiple approaches, suggesting that it is likely that Pol
d interacts with H3-H4 through multiple interfaces at different sub-
units. Nonetheless, these results indicate that pol32-2A and pol3-pip
mutations likely impair DNA synthesis in cells marginally at most.
Together, these results provide additional support to the idea that
Pol & likely has a direct role in parental histone transfer in addition
to its classical role in DNA synthesis.

Relationships between Mcm2 and the PCNA-Pol 6 complex
in parental histone transfer

Mutations at histone-binding domain of Mcm2 (Mcm2-3A) also re-
sult in a defect in the parental histone transfer to lagging strands (25).
To discern the genetic relationship of mcm2-3A, pol30-79, pol3-pip,
and pol32A on parental histone transfer, we compared nucleosome
occupancy at nascent chromatin in these mutant strains using BrdU-
IP-ssSeq with spike-in DNA from BrdU-labeled Schizosaccharomyces
pombe cells (Fig. 5A). This allows us to normalize both sonication-
and MNase-treated BrdU IP samples with spike-in DNA to obtain a
normalized ReIN score (33). Using this method, we first analyzed the
effects of mem2-3A and pol30-79 mutations on nucleosome occupan-
cy at nascent chromatin. The mcm2-3A mutant showed a slightly but
significantly reduced nucleosome occupancy at nascent chromatin
compared to WT (Fig. 5, B and C). However, nucleosome occupancy
at nascent chromatin in pol30-79 was markedly lower than WT and
mem2-3A cells (Fig. 5, B and C). We noticed that the H3K4me3 eSPAN
bias in pol30-79 is not as pronounced as in mcm2-3A, suggesting that
defects in DNA synthesis in pol30-79, not detected in mcm2-3A cells,
may also contribute to the reduced total nucleosome occupancy on
nascent chromatin in pol30-79 cells. Because of the growth defects of
the mcm2-3A pol30-79 mutant cells, we could not obtain reliable and
consistent ReIN score in these double-mutant cells from multiple in-
dependent repeats. We also observed that the pol3-pip mutation
slightly but significantly reduced nucleosome occupancy on nascent
chromatin, with additional defects detected in pol3-pip mcm2-3A
double-mutant cells (Fig. 5, D and E). Similarly, deletion of POL32
resulted in a reduced nucleosome occupancy at nascent chroma-
tin, which became even more pronounced in the mcm2-3A pol32A
double-mutant cells than either single mutant alone (fig. S6, A and B).
Together, these results indicate that mutations at Mcm2, PCNA, and
Pol3 impairing parental histone transfer also affect nucleosome
occupancy on nascent chromatin and suggest that Pol  likely func-
tions in a pathway that is not completely overlapped with Mcm?2 in
the transfer of parental histones to lagging strands.

Pol § interacts with H3-H4 and functions in heterochromatin

silencing in budding yeast

We have shown previously that the non-essential subunits of DNA
polymerase &, Dpb3 and Dpb4, bind to H3-H4 histones (24). More-
over, mass spectrometry analysis indicates that Pol § copurified with
H3-tandem affinity purification (TAP) or H4-TAP (38). Therefore,
we hypothesized that DNA Pol § might have histone-binding capa-
bilities to help shuttle H3-H4 tetramers to the lagging strand in a

Serra-Cardona et al., Sci. Adv. 10, eadn5175 (2024) 5 June 2024

manner similar to DNA polymerase € for the leading strand. To test
this idea, we first performed glutathione S-transferase (GST) pull-
down assays to study a possible interaction between DNA Pol 6 and
H3-H4 tetramers in vitro. As shown in Fig. 5F, Pol32 copurified with
Pol3-GST but not with GST alone, indicating that DNA Pol § com-
plex remained stable during the purification process. Significantly
more H3 was pulled down from GST-Pol3 than the GST control,
even at high salt concentrations. Together, these results indicate that
Pol § interacts with H3-H4 in vitro, which, in turn, promotes paren-
tal H3-H4 transfer following DNA replication.

Last, we analyzed the effects of pol32A and pol3-pip alone and in
combination with mcm2-3A mutation on silencing at the HML locus.
We observed that like pol30-79, pol32A and pol3-pip mutations re-
duced heterochromatin silencing at the HML locus compared to WT
cells (Fig. 4G and fig. S6C). Moreover, mcm2-3A pol3-pip mutant cells
exhibited a significantly higher silencing loss than either mcm2-3A
or pol3-pip mutant alone (Fig. 5G). Furthermore, as reported (30),
pol30-79 mcm2-3A double-mutant cells also showed a marked loss of
silencing compared to either pol30-79 or mcm2-3A mutant alone
(fig. S6D). The loss of HML silencing was not increased in pol32A
mcm2-3A strain compared to either pol32A or mcm2-3A single
mutant alone (fig. S6C), although the double-mutant cells showed a
marked reduction in nucleosome occupancy on nascent chromatin.
Together, these results indicate that Pol 8 is important for the inheri-
tance of heterochromatin silencing, likely through its impacts on
parental histone transfer.

PCNA is important for nucleosome positioning at

nascent chromatin

We observed that nucleosome positions on nascent lagging strands
appears to be compromised in pol30-79 mutant cells compared to
leading strands (Fig. 2I). To systematically analyze the effects of
pol30-79 on nucleosome position, we used “Nucleosome Dynamics,”
a latest tool to analyze nucleosome dynamics (39) and analyzed nu-
cleosome position surrounding acetyl-coenzyme A synthase (ACS)
of total DNA (input) and BrdU-IP samples digested with MNase in
WT, mcm2-3A and pol30-79. As shown in Fig. 6 (A and B), there was
a slight shift in nucleosome position based on analysis of input sam-
ples of pol30-79 compared to those of WT. The changes in nucleo-
some position in pol30-79 cells compared to WT were much more
evident when MNase-BrdU-IP-ssSeq samples, which measure nu-
cleosome occupancy and positions at nascent chromatin, were ana-
lyzed (Fig. 6, C and D). In contrast, mcm2-3A mutation did not have
apparent effects on nucleosome positioning (Fig. 6, A and C). These
results suggest that the pol30-79 mutation affects nucleosome posi-
tioning at nascent chromatin. To test this idea further, we analyzed
the percentage of well-positioned nucleosomes surrounding ACS
in WT, mcm2-3A, and pol30-79 cells using both input and MNase-
BrdU-IP-ssSeq samples. In general, we observed that the percentage
of well-positioned nucleosomes determined by input samples was
markedly higher than the corresponding BrdU-IP-ssSeq samples,
consistent with the idea that nucleosome positioning at nascent
chromatin is likely disrupted following DNA replication and could
be restored afterward (Fig. 6, E and F). Furthermore, the percentage
of well-positioned nucleosomes of input samples was similar among
WT, mcm2-3A, and pol30-79 samples (Fig. 6C). In contrast, the
percentage of well-positioned nucleosomes at nascent chromatin in
pol30-79 cells was significantly lower than WT cells, whereas mcm2-3A
mutant cells had similar amounts well-positioned nucleosomes at
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Fig. 6. PCNA is important for nucleosome position at nascent chromatin. (A to D) Average of nucleosome density at 2-kb regions surrounding 139 ACS sites defined by
Eaton et al. (49) of the input samples [WT and mcm2-3A (A) and WT and po/30-79 (B)] and MNase-BrdU-IP-ssSeq samples [WT and mcm2-3A (C) and WT and pol30-79 (D)]. The
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IP-ssSeq (F) samples at 127 shared replicated regions from WT, mcm2-3A, and pol30-79 strains. P values were calculated by Wilcoxon signed-rank test. Well-positioned nucleo-
somes at each strain surrounding 139 ACS sites were calculated as described in the experimental procedures and normalized against total nucleosomes in the regions.

nascent chromatin compared to WT (Fig. 6D). Together, these re-
sults reveal a previously unknown role of PCNA in nucleosome
positioning at nascent chromatin. Because mcm2-3A mutation also
compromises parental histone transfer to lagging strands, these re-
sults also suggest that the effects of pol30-79 on nucleosome position-
ing at nascent chromatin may not be directly linked to its impact on
the transfer of parental histones.

Serra-Cardona et al., Sci. Adv. 10, eadn5175 (2024) 5 June 2024

We also performed the same analysis on the effects of pol3-pip
and pol32A on nucleosome positioning using both input and BrdU-
IP-ssSeq samples. We found that the pol3-pip mutation did not have
a significant impact on nucleosome positions as measured using
both input and BrdU-IP-ssSeq samples (fig. S7). In contrast, the
pol32A mutation slightly affected nucleosome positions, and the
percentage of well-positioned nucleosomes of nascent chromatin
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(BrdU-IP-ssSeq samples) was reduced slightly in pol32A cells com-
pared to WT cells (fig. S7D). The percentage of well-positioned nu-
cleosomes increased in the input samples of pol32A compared to
WT cells. Now, we do not know the discordance between the input
and BrdU samples of pol32A cells. Because the H3K4me3 eSPAN
bias in pol32A cells is larger than that of pol30-79 cells (Figs. 1 and
4), these results provides additional support to the idea that the
effects of pol30-79 on nucleosome position at nascent chromatin
may not be directly linked to its impact on parental histone transfer.

DISCUSSION

PCNA, a protein known to mediate nucleosome assembly of
new H3-H4, also regulates parental histone transfer

PCNA is essential for DNA replication and DNA repair. Here, we
show that PCNA also plays an important role in regulating the
transfer of parental histones H3-H4 to lagging strands of DNA rep-
lication forks. Using the eSPAN method that can monitor the distri-
bution of parental H3K4me3 and new H3K56ac at replicating DNA
strands, we found that the PCNA mutant pol30-79 shows defects in
the transfer of parental histones to lagging stands of DNA replica-
tion forks. The residues mutated in the pol30-79 are located at the
interdomain connecting loop where many proteins involved in
DNA replication including DNA polymerases and enzymes in-
volved in the processing and maturation of Okazaki fragments bind
(23). Therefore, it is possible that defects in parental histone transfer
in pol30-79 mutant cells arise from DNA synthesis defects. We pres-
ent multiple lines of evidence indicating that this is unlikely the case
despite the fact that we could not completely rule out this possibility.
First, we found that the effect of pol30-79 mutant on DNA synthesis
is less than that of pol30-6 mutant based on analysis of DNA synthe-
sis by BrdU-IP-ssSeq, which can measure relative amount of leading
and lagging strand DNA synthesis (fig. S2A). Consistent with this
result, previous studies indicate that the pol30-6 mutation impairs
the PCNASs ability to stimulate Pol § activity more than pol30-79
in vitro. Furthermore, the pol30-6 mutant cells are much more sen-
sitive to DNA damage agents than pol30-79 cells (30, 31). However,
the pol30-6 mutant cells did not exhibit defects in parental histone
transfer to lagging strand as in pol30-79 cells. Second, H3K4me3
eSPAN signals in each sample including pol30-79 mutation were
normalized against corresponding BrdU-IP-ssSeq signals. There-
fore, the impact of DNA synthesis defects induced by pol30-79 mu-
tation on the eSPAN bias was in principle minimized. Third, we
compared BrdU-IP-ssSeq signals in WT and pol30-79 cells using
chromatin sheared by sonication (sonication-BrdU-IP-ssSeq) to
that prepared by digestion with MNase (MNase-BrdU-IP-ssSeq). In
WT cells, we found that sonication- and MNase-BrdU-IP-ssSeq sig-
nals were similar, consistent with the idea that DNA replication is
coupled to nucleosome assembly in WT cells. In contrast, in pol30-
79 cells, MNase-BrdU-IP-ssSeq signals at lagging strands were re-
duced significantly compared to those of sonication-BrdU-IP-ssSeq
(Fig. 2B), an indication for defects in nucleosome assembly. Last,
nucleosome occupancy at lagging strands is reduced compared to
leading strand in pol30-79 cells based on analysis of nucleosome oc-
cupancy on nascent chromatin using ReIN-Map (Fig. 2E). All these
results indicate that nucleosome assembly on nascent chromatin is
defective in pol30-79 cells compared to WT cells, supporting the
idea that PCNA regulates the transfer of parental histones to lagging
stands at DNA replication forks.

Serra-Cardona et al., Sci. Adv. 10, eadn5175 (2024) 5 June 2024

In both yeast and mammalian cells, it has been shown that PCNA
interacts with CAF-1 (17, 19, 22), the classic histone chaperone in-
volved in the deposition of newly synthesized H3-H4 onto replicat-
ing DNA for nucleosome formation. Furthermore, we have shown
that pol30-8 mutant allele affects CAF-1-mediated nucleosome as-
sembly pathway in budding yeast (19). More recently, it has been
shown that mouse ES cells with the same PCNA mutation (PCNA-
8) as the yeast pol30-8 mutation also reduces the PCNA-CAF-1 in-
teraction, and PCNA-8 mouse ES cells show similar phenotypes as
deletion of CAF-1/p150 in terms of growth and differentiation. Last,
the homozygous PCNA-8 mutation is embryonic lethal (40), a phe-
notype shared by knockout CAF-1 p150 (41). Together, these results
indicate that the effect of pol30-8 mutation on CAF-1-nucleosome
assembly is conserved from yeast to mammalian cells. However, the
pol30-8 mutant allele has little impacts on the transfer of parental
histones onto replicating DNA strands in budding yeast (Fig. 1).
Residues mutated in pol30-8 and pol30-79 are localized at different
surfaces of PCNA (Fig. 1A). Therefore, it is possible that PCNA uses
these two different surfaces to bind different proteins (CAF-1 and
Pol ) to coordinate the transfer of parental histones and deposition
of new H3-H4, two pathways that are critical for the assembly of
replicating DNA into nucleosomes.

The PCNA-Pol § complex couples lagging strand DNA
synthesis to parental histone transfer

How does PCNA regulate the parental histone transfer? PCNA in-
teracts with several proteins involved in lagging strand DNA syn-
thesis, processing, and maturation. We have provided evidence
supporting the idea that PCNA regulates the transfer of parental
histones to lagging strands via its interaction with Pol 8. By analyz-
ing mutations at the PIP box of each of the Pol & subunit, we found
that mutations at the PIP box of Pol3 and, to lesser extent, Pol32,
affected the parental histone transfer to lagging strands. Moreover,
deletion of POL32, which is not essential, also affects parental his-
tone transfer to lagging strands. In contrast, mutations at the PIP
box of Pol31, another subunit of Pol §, have no apparent effects on
parental histone transfer. Furthermore, depletion/deletion of two
other proteins (Rad27 and Dna2), which interact with PCNA for
lagging strand processing, as well as Elgl, a PCNA unloader, does
not affect parental histone transfer. Last, we identified that a pol32-
2A2 mutant, with mutations at the region resembling the histone
binding motif of Poll, affects parental histone transfer. Unlike
pol32A mutant cells, the pol32-2A2 mutant cells were not sensitive
to HU, suggesting that this mutation has little impact on DNA syn-
thesis in vivo. Of note, we could not be certain that the pol32-2A2
mutation affects histone binding. Nonetheless, this separation of
function of pol32 mutant provides additional evidence that Pol § has
arole in parental histone transfer.

Lagging strand DNA synthesis involves repeated cycles of RNA-
DNA primer synthesis by Pol a, strand displacement synthesis by
Pol & for the generation of 5'-RNA flap of the proceeding Okazaki
fragment, and the subsequent removal of the RNA-DNA primer for
the ligation of Okazaki fragments. Nucleosome assembly during S
phase is intrinsically coupled to lagging strand DNA synthesis by
unknown mechanisms (32). Furthermore, multiple lines of evidence
suggest that nucleosomes are already formed on Okazaki fragments
before processing and ligation. For instance, purified Okazaki frag-
ments before ligation are sized like nucleosome repeats (32), and
Fenl and DNA ligase 1 can process and ligate nucleosomal substrates

110f13

202 ‘2T 8ung uo A1S,eAIUN BIGUIN|0D Te BI080Us 195 MMM//SANY WO | PaPe0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

efficiently (42, 43). In addition, the nucleosome on the proceeding
Okazaki fragment likely acts as a barrier to prevent Pol 8 from ex-
cessive strand displacement synthesis (32). Therefore, it is not unex-
pected that Fen 1 and DNA2 mutant cells, which are only defective
in the processing of Okazaki fragments, do not affect parental his-
tone transfer (fig. S2). Therefore, we speculate that Pol 6 deposits
a parental H3-H4 tetramer on an Okazaki fragment only when it
reaches the nucleosome on the proceeding Okazaki fragment. In ad-
dition to its role in DNA replication, the PCNA-Pol 8 complex is
involved in break-induced DNA replication and DNA repair (44,
45). Because chromatin states, like those in DNA replication, need
to be maintained following DNA repair (46), we suggest that the
PCNA-Pol 6 complex may also function in parental histone recy-
cling in DNA repair.

Previously, we have shown that Mcm2-Ctf4-Pol a axis promotes
the parental histone transfer to lagging strands. Through analysis of
nucleosome occupancy at nascent chromatin in mcm2-3A mutant
cells alone and in combination with pol3-pip mutant and pol32A, we
found that the PCNA-Pol & axis and Mcm?2 likely regulate parental
histone transfer not only in overlapping but also independent path-
ways. PCNA-Pol § replaces Pol a for the synthesis of Okazaki frag-
ments. We suggest that parental histones passage through Mcm2-Cft4
Pol « first and to PCNA-Pol & and other proteins before assembled
into nucleosomes at Okazaki fragment. Moreover, like Mcm2, Dpb3-
Dpb4, and Poll that can bind H3-H4, Pol § also interacts with H3-
H4 in vitro. Therefore, multiple replisome components are involved
in the transfer of parental histones to replicated DNA for nucleosome
assembly. In the future, it would be interesting to determine how
these pathways coordinate for faithful transfer of parental histones
for epigenetic memory and how Pol & interacts with histones.

A role for PCNA in nucleosome position

We found that nucleosome positions at nascent chromatin in
pol30-79 mutant cells are altered. Furthermore, the number of
well-positioned nucleosomes at nascent chromatin is reduced in
the mutant cells compared to WT cells. Unexpectedly, we did not
observe a marked defect in nucleosome position in mcm2-3A,
pol3-pip, and pol32A mutant cells, all of which impair parental his-
tone transfer to lagging strand to a degree similar or larger than
the pol30-79 cells. Previously, it has been shown that parental his-
tones H3 can memorize their nucleosome positions along the
DNA following DNA replication (14), likely through the aid of
chromatin remodelers (47). Furthermore, in mcm2-3A mutant
cells, no local movement of nucleosomes following DNA replica-
tion was detected. However, the number of nucleosomes is re-
duced in mcm2-3A mutant cells alone and when combined with
dpb3A cells (14). These results obtained using independent assays
were consistent with our analysis of the impact of mcm2-3A muta-
tion on nucleosome positions. Therefore, the effects of pol30-79 on
nucleosome positioning are unlikely due to its impact on parental
histone transfer. We suggest that PCNA may interact with chroma-
tin remodelers (47, 48) to facilitate nucleosome positioning at na-
scent chromatin, a hypothesis that will be tested in future studies.
Furthermore, it would be interesting to determine the functional
significance of the impact of PCNA on nucleosome positioning.

Limitation of the study
While we presented multiple lines of evidence indicating that the
defects in parental histone transfer in pol30-79, pol3-pip, and pol32A

Serra-Cardona et al., Sci. Adv. 10, eadn5175 (2024) 5 June 2024

mutant cells are unlikely due to defects in lagging strand DNA syn-
thesis in these mutant cells, we cannot completely exclude this pos-
sibility. Nonetheless, the fact that the PCNA-DNA Pol § interaction
is important for faithful segregation of nucleosomes at replication
forks suggests that the stimulation of DNA synthesis processivity of
Pol 8 by PCNA allows for the timely deposition of parental histones
onto lagging strands.

MATERIALS AND METHODS
For more information regarding the experimental design, see “Experi-
mental procedures” in the Supplementary Materials.

Supplementary Materials
This PDF file includes:

Experimental procedures

Figs.S1to S7

Tables S1and S2
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