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GENETICS

H3K4me3 recognition by the COMPASS complex
facilitates the restoration of this histone mark following

DNA replication

Albert Serra-Cardona't#, Shoufu Duan't, Chuanhe Yu?, Zhiguo Zhang’*

During DNA replication, parental H3-H4 marked by H3K4me3 are transferred almost equally onto leading and
lagging strands of DNA replication forks. Mutations in replicative helicase subunit, Mcm2 (Mcm2-3A), and leading
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strand DNA polymerase subunit, Dpb3 (dpb3A), result in asymmetric distributions of H3K4me3 at replicating DNA
strands immediately following DNA replication. Here, we show that mcm2-3A and dpb3A mutant cells markedly
reduce the asymmetric distribution of H3K4me3 during cell cycle progression before mitosis. Furthermore, the
restoration of a more symmetric distribution of H3K4me3 at replicating DNA strands in these mutant cells is driven
by methylating nucleosomes without H3K4me3 by the H3K4 methyltransferase complex, COMPASS. Last, both
gene transcription machinery and the binding of parental H3K4me3 by Spp1 subunit of the COMPASS complex
help recruit the enzyme to chromatin for the restoration of the H3K4me3-marked state following DNA replication,
shedding light on inheritance of this mark following DNA replication.

INTRODUCTION

Eukaryotic DNA is packaged into chromatin, which regulates all
DNA-related processes such as transcription, replication, or repair
(1-3). The nucleosome, the basic repeating unit of chromatin, is
composed of two histone H2A-H2B dimers and one H3-H4 tetramer
wrapped by 147 base pairs (bp) of DNA. Histone posttranslational
modifications (PTMs), such as methylation, acetylation, or phos-
phorylation, play an important role in the establishment and main-
tenance of chromatin states (4, 5). Moreover, perturbations in the
epigenetic information encoded in nucleosomes can lead to tumori-
genesis (6). Therefore, the preservation of histone PTMs and their
transmission to the next generation of cells are crucial and yet elusive
cellular processes.

DNA replication-coupled nucleosome assembly plays a critical
role in the maintenance of chromatin states following DNA replica-
tion (1, 4). DNA replication initiates from DNA replication origins
followed by continued DNA synthesis of leading strand and discon-
tinued synthesis of lagging strands (Okazaki fragments) (7). Before
DNA synthesis, nucleosomes ahead of DNA replication forks are
temporarily disassembled to allow the DNA replication machinery
to replicate nucleosomal DNA (1, 8). Immediately following DNA
replication, replicated DNA is assembled into nucleosomes using
both parental histones and newly synthesized histones, which con-
tain modifications distinct from those in parental histones. More-
over, parental and new H3-H4 tetramers form distinct nucleosomes
following DNA replication (9). A parental H3-H4 tetramer, which
could, in principle, be transferred either to leading or lagging strands
of DNA replication forks, can memorize its position along DNA
during mitotic cell division (10, 11). Once assembled into nucleo-
somes using both parental and new H3-H4 tetramers, a “read
and write” mechanism plays an important role in the restoration of
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repressive histone marks, including H3K9me3 or H3K27me3 (12-14).
The essence of this mechanism is that the recognition of H3K9me3
or H3K27me3 on nucleosomes with parental H3-H4 by its cognate
modifying enzyme helps direct the enzyme to modify neighboring
nucleosomes containing newly synthesized H3-H4. However, it
remains in debate whether this mechanism also applies to active
histone marks such as H3K4me3 (15-17).

In both yeast and mammalian cells, parental H3-H4 tetramers are
almost symmetrically distributed onto leading and lagging strands
of DNA replication forks (18, 19). In contrast, asymmetric distribu-
tion of parental H3-H4 proteins at leading and lagging strands
detected in cells that will undergo asymmetric cell division is trans-
mitted into two daughter cells with distinct properties (20). Recently,
we and others found two pathways involved in the transfer of pa-
rental histone H3-H4 to leading and lagging strands of DNA repli-
cation forks (18, 19, 21, 22). The Mcm2-Ctf4-Polo, axis facilitates
the transfer of parental H3-H4 tetramers onto lagging strands of
DNA replication forks (21). Mcm2, a subunit of the replicative helicase
CMG, contains a histone-binding motif (HBM) (23). Mutations at
the HBM that impair the interaction between Mcm2 and H3-H4
compromise the transfer of parental H3-H4, marked by H3K4me3,
to lagging strands, resulting in a marked enrichment of H3K4me3
at leading strands compared to lagging strands during early S phase
of the cell cycle. In contrast, mutations at Dpb3 and Dpb4, two sub-
units of leading strand DNA polymerase, Pole, lead to defects in the
transfer of parental histones to leading strands and thereby an
enrichment of H3K4me3 at lagging strands in dpb3A or dpb4A cells
(18). However, it is not clear whether this asymmetric distribution
of H3K4me3 is maintained during cell cycle progression and then
transmitted into daughter cells during mitotic cell divisions. To ad-
dress these questions, we analyzed the distribution of H3K4me3 at
replicating DNA strands during cell cycle progression. We found
that the asymmetry of H3K4me3-marked parental histones de-
creases in both mcm2-3A and dpb3A cells, with this mark reaching
similar levels between leading and lagging strands during cell cycle
progression. While the restoration of H3K4me3 at highly tran-
scribed genes occurs faster than at lowly expressed genes, the H3K4
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methyltransferase COMPASS complex (24) is essential for the
restoration, irrespective of gene transcription status. Last, we found
that the plant homeodomain (PHD) finger of Spp1 (a subunit of the
COMPASS complex), which binds to H3K4me3, also plays an
important role in the restoration of this histone mark, especially at
lowly transcribed regions, following DNA replication.

RESULTS

Parental histone asymmetry between nascent strands
decreases after early S phase in mecm2-3A cells

We have previously shown that mutations at the HBM of Mcm2
(Mcm2-3A), a member of the CMG replicative helicase, result in an
asymmetrical histone distribution of both parental and newly syn-
thesized histones between leading and lagging strands of DNA rep-
lication forks (21, 22) due to the defect in the transfer of parental
histone H3-H4 to lagging strands. However, it is not known whether

this asymmetric distribution of parental and new H3-H4 at replication
forks is transmitted into daughter cells. Therefore, we analyzed DNA
synthesis using bromodeoxyuridine (BrdU)-immunoprecipitation
(IP)-single-stranded DNA sequencing (ssSeq) and the distributions
of parental (H3K4me3) and newly synthesized (H3K56ac) histone
H3 at leading and lagging strands over time using eSPAN (18).
Briefly, we synchronized wild-type (WT) and mcm2-3A cells at G;
phase using o factor and then released these cells into S phase in the
presence of the nucleotide analog BrdU to label nascent chromatin
(Fig. 1A). Thirty minutes after release, we added thymidine to each
culture to block further BrdU incorporation, and we harvested cells
for H3K4me3 and H3K56ac eSPAN at 30, 60, and 90 min after the
release into S phase, which correspond to early S phase, late S phase,
and G; phase according to flow cytometry analysis of DNA content
(fig. S1A). In this way, we were able to analyze the distribution of
both H3K4me3 and H3K56ac in the same chromatin regions marked
by BrdU over time. We observed that H3K4me3 levels in mcm2-3A
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ring the cell cycle progression. (A) Outline of experimental procedures to monitor

the distribution of H3K4me3 and H3K56ac at replicating chromatin during cell cycle progression. (B) Immunoblot analysis of the indicated proteins at G; and at the indi-

cated time points after release from G; in mecm2-3A mutant cells. (C) Snapshots of H3

K4me3 and H3K56ac eSPAN signals at Watson and Crick strands around early-firing

origin ARS913 in mcm2-3A cells. Y axis indicates reads per million reads. (D) Average bias of H3K4me3 (left) and H3K56ac eSPAN (right) within 4 kb of 134 early-firing
replication origins at the indicated time points after release from G; phase in mcm2-3A mutant cells. One representative experiment is shown with correlation of two in-

dependent repeats shown in fig. S1B.
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cells showed a mild increase at later time points, likely because of
increase in histone levels during S phase, while H3K56ac signals
peaked at 60 min (Fig. 1B), consistent with the idea that H3K56ac is
a mark on newly synthesized H3, peaking during S phase and being
removed during G; phase (25, 26). As expected, H3K4me3 eSPAN
signals, which measure the relative amount of H3K4me3 between
leading and lagging strands, at early-firing replication origins in
mcm2-3A mutant cells displayed a clear leading strand bias at early
S phase (30 min) (Fig. 1, C and D, and fig. S1B). However, at later
time points, the bias of H3K4me3 eSPAN signals in mcm2-3A de-
creased considerably, indicating a reduction of the biased distribution
of H3K4me3 between leading and lagging strands (Fig. 1, C and D,
60 and 90 min). On the other hand, H3K56ac eSPAN peaks showed
a bias toward lagging strands, and this lagging strand bias was also
reduced, but to lesser extent than the reduction of leading strand bias
of H3K4me3 eSPAN peaks during the time course (Fig. 1, C and D,
and fig. SIC). In WT cells, both H3K4me3 and H3K56ac histone
marks stayed evenly distributed between the two nascent strands as
the cell cycle progresses (fig. S1D). These results indicate that in
mcm2-3A, after the initial asymmetric segregation of parental H3-H4
at replication forks due to defects in transferring parental H3-H4 to
lagging strands, the differences in H3K4me3 between leading and
lagging strands decrease as chromatin matures. This suggests that
some mechanism(s) is acting on this histone mark to achieve a
more symmetrical occupancy between nascent leading and lagging
strands before cell division.

Both transcription-dependent and transcription-independent
mechanisms facilitate the restoration of H3K4me3 symmetry
The H3K4me3 modification is enriched at the 5" end of eukaryotic
genes, with high levels of H3K4me3 at the promoters of actively
transcribed genes (24). Therefore, we wondered whether gene tran-
scription could be influencing H3K4me3 distribution between lead-
ing and lagging strands during cell cycle progression. To test this idea,
we performed elongating RNA Pol II [RNA Pol II phosphorylated
at its C-terminal repeat domain (CTD) Ser5] chromatin IP se-
quencing (ChIP-seq) following the same time course, which allows
us to capture the transcriptional state of each gene at a given time
point. Moreover, we focused on our H3K4me3 eSPAN analysis at the
gene level (Fig. 2A). Briefly, we first defined genomic regions that
had already been replicated in the early S phase time point (30 min)
based on the density of BrdU-IP-ssSeq. We then selected all genes
inside these replicated regions except those whose expression is reg-
ulated during cell cycle progression (640 early-replicated genes in
table S3; see Materials and Methods), separated sequencing reads
mapping at leading and lagging strands, and calculated H3K4me3
signals over the gene body of each early-replicated gene at each
strand. At early S phase, H3K4me3 eSPAN signals were clearly en-
riched downstream of the transcription start site (TSS) on the leading
strand compared to the same regions of the lagging strand, consistent
with the strong leading strand bias of this mark in mcm2-3A cells
(Fig. 2B). Notably, 1 hour later, the H3K4me3 eSPAN signals at both
leading and lagging strands displayed a very similar profile (Fig. 2B,
90 min). This implies that after the initial defects in the transfer of
H3K4me3 on lagging strands in mcm2-3A cells, the relative levels of
H3K4me3 between both leading and lagging strands become similar.

Inspection of several early-firing replication origins suggested
that gene transcription played a critical role in the restoration of
H3K4me3 symmetric distribution. For instance, at the ARSI1211 locus,
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we observed that, at 30 min after release, H3K4me3 eSPAN signals
atreplicated genes had a clear leading bias pattern with higher Crick
signals on the left side of the origin and higher Watson signals on its
right side (Fig. 2C). At later time points, H3K4me3 at genes with
higher elongating RNA Pol II signals (TRX1 and PDCI) became
more symmetrical (less differences between Watson and Crick
sequence reads), whereas H3K4me3 at genes with low elongating
RNA Pol II signals (AFBI and YLR042C) retained a clear bias toward
leading strand, suggesting that gene transcription helps restore a
more symmetric distribution of H3K4me3 at the right but not the
left fork. We extended the analysis to a genome-wide scale by classi-
fying all early-replicated genes into four quartiles, with Q4 repre-
senting the top 25% highly transcribed genes and Q1 the lowest
25% transcribed genes, based on the levels of RNA Pol II CTD Ser5p
ChIP-seq (Fig. 2A and fig. S2A). As expected, H3K4me3 was en-
riched at the 5’ end of genes compared to the gene bodies, irrespective
of gene expression levels, with highly expressed genes (Q4) containing
more H3K4me3 than lowly expressed ones (Q1) (fig. S2B). Genome-
wide, H3K4me3 eSPAN at both Q4 and Q1 genes displayed a strong
leading bias at 30 min (Fig. 2D). However, at later time points,
H3K4me3 eSPAN at highly active genes showed considerably smaller
bias than that at less active genes. This becomes more apparent
when we analyze the bias change over time. While the H3K4me3
eSPAN bias at Q1 genes decreased mildly between 30 min and late S
phase (60 min) or between 30 min and G; phase (90 min), the
H3K4me3 eSPAN bias at Q4 genes decreased much more pro-
nouncedly (fig. S2C). Moreover, H3K4me3 eSPAN bias change over
time showed a negative correlation with elongating RNA Pol II sig-
nals on each gene (Fig. 2E). In WT cells, the H3K4me3 strand bias
at early S phase was practically nonexistent (fig. S1D) regardless of
gene expression (fig. S2D). These results suggest that transcrip-
tion is a driving force to restore a more symmetric distribution of
H3K4me3 between leading and lagging strands after the passing of
the replication fork in mcm2-3A cells. Furthermore, as transcrip-
tion was barely detectable at lowly expressed genes (fig. S2A), a
transcription-independent mechanism may also exist to promote
the restoration of H3K4me3 at lowly transcribed regions.

The COMPASS complex restores H3K4me3 at lagging
strands in mecm2-3A cells

As stated above, eSPAN measures the relative abundance of a histone
mark between the leading and lagging DNA strands and cannot be
used to estimate the abundance of H3K4me3 at either leading or
lagging strands between different time points. Thus, the decrease
of H3K4me3 leading bias we observed in mcm2-3A cells over time
could be due to either a gain of H3K4me3 at lagging strands or a loss
of H3K4me3 at leading strands. To differentiate these two possibil-
ities, we decided to analyze the H3K4me3 distribution at replicating
DNA strands using eSPAN in mcm2-3A cells where the H3K4
methyltransferase is inactivated during S phase. Specifically, we
generated an mcm2-3A strain in which Swdl, a subunit of the
COMPASS complex that is essential for the methylation of H3K4
(24), is tagged with the auxin-inducible degron (Swd1-AID). This
allowed us to deplete Swd1 with the addition of indole-3-acetic acid
(IAA), a plant hormone that induces the degradation of AID-tagged
proteins. As shown in fig. S3A, after prolonged addition of IAA,
Swd1l-AID was degraded and H3K4me3 was markedly reduced,
consistent with the results that Swdl is essential for H3K4me3. To
monitor the effect of Swdl depletion during the progression of the
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cell cycle, we split yeast cultures near the end of the G, arrest into  for H3K4me3 eSPAN (fig. S3B). We observed that at the moment of
two and added TAA to only one culture to trigger the degradation of  release (0 min) and during all the time points of the experiment,
Swdl for 30 min (fig. S3B). We then released these G; phase cells Swd1-AID was depleted in the presence of IAA (Fig. 3A). Moreover,
into free medium either with IAA or without IAA based on the the slight increase in H3K4me3 over time in the culture without IAA
original G cultures and collected cells at the indicated time points  was not detectable in cultures in the presence of IAA (compared —-IAA

A mcm2-3A SWD1-AID B -IAA +IAA
-IAA +IAA T " !
G1 0 30 60 90 0 30 60 90 min i d
—— — — — — . a— | H3K4Me3 E:sr}gk ! 2kb E;ﬁgk ' ! 2kb
30 min
—— e— o o | H3K56aC  Watson ; Watson
338 . 350
e
T S — A — a——_—— | H3 |
-338 ,
Crick

B S S S S e e s e | OSTIRT

ARS913 90 min ARS913
C D
064 —-1AA ; 064 +IAA ;
8 04 : & 047 :
e} s}
Z 0.2+ ! Z o2 I
< I P I
g @
% 0 o 0
2 | . 2 | .
£ -0.2 1 30 min €02 I 30 min
N I = 60 min S | = 60 min
P-04 | == 90 min P-04 I = 90 min
| |
-0.6 o | -0.6 o |
-2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000
Position from replication origin (bp) Position from replication origin (bp)
E F
1 14
-1AA +lAA
8.6e-3 0.53

2., 2e-1 5

+4 44

E 60 min - 30 min

0.5 «

o
2]
M

vt

E 60 min - 30 min

-0.5 <

s
&
H3K4me3 bias change

H3K4me3 bias change

& 90 min - 30 min = 90 min - 30 min
-1 -1
Qi Q4 Qi Q4
Expression quartile Expression quartile

Fig. 3. The COMPASS complex is essential for restoring H3K4me3 at lagging strands in mecm2-3A cells. (A) Inmunoblot analysis of the indicated proteins at G; and
at the indicated time points after release into S phase in mecm2-3A SWD1-AID mutant cells. —IAA, culture supplemented with ethanol; +IAA, culture supplemented with
IAA. (B) Snapshots of H3K4me3 eSPAN signals around early-firing origin ARS913 in mecm2-3A SWD1-AID cells with (right) and without (left) IAA. Y axis indicates reads per
million reads. (C and D) Average bias of H3K4me3 eSPAN within 4 kb of 134 early-firing replication origins at the indicated time points after release from G; into S phase
in mcm2-3A SWD1-AID mutant cells without IAA (C) or with IAA (D). One representative experiment is shown. (E and F) Median H3K4me3 eSPAN bias change between the
indicated time points at 640 early-replicated genes classified by RPB1 CTD Ser5p ChiP-seq signal (Q1, bottom 25%; Q4, top 25%) in mcm2-3A SWD1-AID cells without IAA
(E) or with IAA (F). P values from Student'’s t test are indicated. The average of two biological replicates is represented.
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90 min with +IAA 90 min, Fig. 3A). Under these experimental con-
ditions, we observed that the leading bias of H3K4me3 eSPAN signals
at early replication origins was reduced over time in cells without
IAA (Fig. 3, B, left, and C, and fig. S3C), similar to what we have
previously shown (Fig. 1). On the other hand, in the presence of
IAA, there was no apparent change in the distribution of H3K4me3
between leading and lagging strands over time (Fig. 3, B, right, and D,
and fig. S3D). These results indicate that when Swdl is depleted in
mcm2-3A cells, the asymmetric distribution of H3K4me3 at leading
and lagging strands remains even when cells reach G, phase of the
cell cycle. Furthermore, we also observed that in the absence of IAA,
the decrease of leading bias of H3K4me3 eSPAN signals at highly
expressed genes was more marked than that at lowly expressed genes
(Fig. 3E). However, in the presence of IAA, the H3K4me3 eSPAN
bias remained unaltered regardless of the transcriptional state of each
gene (Fig. 3F). Overall, these results demonstrate that the COMPASS
complex is essential to restore H3K4me3 to lagging strands in
mcm2-3A cells after the initial enrichment of this mark at leading
strands following the passage of DNA replication forks, irrespective
of transcription.

The COMPASS complex restores H3K4me3 at leading
strands in dpb3A cells

We have shown previously that because of defects in the transfer of
parental H3-H4 to leading strands in cells lacking Dpb3, a subunit
of Pol €, H3K4me3 eSPAN signals in dpb3A cells show a strong
lagging strand bias (18). We therefore determined whether the
asymmetric distribution of H3K4me3 in dpb3A cells at early S phase
is also reduced during cell cycle progression and, if it is, whether the
reduction is mediated by a functional COMPASS complex. To this
end, we generated the dpb3ASWDI-AID strain and followed the
same procedures outlined in fig. S3 to degrade SWD1-AID with the
addition of IAA before release into S phase. As the most marked
changes of H3K4me3 eSPAN bias in mcm2-3A cells occurred between
30 and 90 min (Fig. 3), we analyzed the distribution of H3K4me3 at
replication forks in dpb3A cells in the presence and absence of IAA
at these two time points. As shown in Fig. 4A, Swdl was depleted at
G; upon addition of IAA, and depletion of Swdl had minor effects
on total levels of H3K4me3 in cells during this short time course.
Moreover, consistent with published results (18), H3K4me3 eSPAN
signals at 30 min exhibited a strong lagging strand bias, irrespective
of the status of Swdl (Fig. 4, B to F). In the absence of IAA, the
leading strand bias of H3K4me3 eSPAN decreased markedly at
90 min compared to 30 min (Fig. 4, B, left, and C). In contrast, in
the presence of IAA, the leading strand bias of H3K4me3 eSPAN
signals at 90 min showed only a slight reduction compared to 30 min
(Fig. 4, B, right, and D). One potential reason for the slight variation
in effects of Swdl depletion on H3K4me3 eSPAN bias observed
in dpb3A compared to those in mcm2-3A mutant cells (unaltered
H3K4me3 eSPAN bias upon depletion of Swdl in Fig. 3D) is that
the depletion of Swdl was slightly different between these two ex-
perimental settings. We also analyzed the changes in H3K4me3
eSPAN bias in dpb3A cells at lowly expressed genes (Q1) and highly
expressed genes (Q4). We found that the H3K4me3 eSPAN bias
was reduced much more at Q4 genes than Q1 genes in the absence
of IAA (Fig. 4G). In the presence of IAA, the reduction of H3K4me3
lagging strand bias at Q4 genes from 90 to 30 min was similar to that
of Q1 (Fig. 4H), consistent with the idea that depletion of Swdl
inhibits the restoration of H3K4me3 in dpb3A cells following DNA
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replication. Together, these results indicate that the asymmetric dis-
tribution of H3K4me3 at early S phase in dpb3A cells is also reduced
markedly before cells enter mitosis, and the COMPASS complex
also plays a critical role in this process.

Spp1 is important for H3K4me3 restoration after

DNA replication

We have shown that in mcm2-3A cells the initial defect in H3K4me3
levels at lagging strands is reverted by the COMPASS complex, which
likely acts on the nucleosomes containing newly synthesized H3
without this histone mark. Because genes showing low or no elon-
gating RNA Pol IT also showed recovery of H3K4me3 at lagging
strands (Fig. 2D, Q1 genes), we wondered whether, in addition to
gene expression, some other mechanism promotes H3K4 methylation
restoration after the passing of the replication fork. A common mode
of histone PTM reestablishment such as H3K9 methylation and
H3K27 methylation is by a read-write mechanism whereby their
corresponding enzymes can specifically recognize their cognate
modifications (read), which in turn direct the enzymes to modify
neighboring nucleosomes without this mark (write) (12-14). It has
been recently shown that Spp1, another member of the COMPASS
complex, contains a PHD finger that specifically binds to H3K4me3
(27). Moreover, the recognition of H3K4me3 by Spp1 helps to recruit
the Rec114-Mei4-Mer2 complex to double-strand breaks during
meiosis (28-30). However, to what extent the recognition of H3K4me3
by Spp1 helps the restoration of this mark following DNA replica-
tion was not known. Therefore, we performed multiple sets of ex-
periments described below to test whether Spp1 could help recruit
the COMPASS complex for the restoration of H3K4me3, especially
at regions with low gene transcription. First, we investigated the
effects of acute Sppl depletion on the distribution of this mark be-
tween leading and lagging DNA strands in mcm2-3A cells during
cell cycle progression. Addition of IAA for 8 hours led to a notable
reduction of Spp1-AID and a reduction of H3K4me3, but to a lesser
extent than Swd1-AID depletion (Fig. 5A), consistent with a previ-
ously published report that Spp1 is not essential for H3K4 methylation
(31). We then analyzed the distribution of H3K4me3 in mcm2-3A
cells with or without Spp1 depletion during G, phase of the cell cycle
following the similar procedures as in Fig. 3 and fig. S3B (Fig. 5B).
In cells without IAA, we observed a marked decrease in leading
strand bias of H3K4me3 eSPAN during cell cycle progression
(Fig. 5, C and E). In contrast, this reduction was much less pro-
nounced with the addition of IAA (Fig. 5, D and F). The small re-
duction of H3K4me3 leading strand bias after Spp1 depletion likely
reflects the fact that cells lacking Spp1 contain residual H3K4me3
activity (Fig. 5A). Last, under these conditions, without IAA, we ob-
served an obvious strong decrease in H3K4me3 eSPAN bias at highly
expressed genes (Q4) compared to lowly expressed genes (Q1),
while in the presence of IAA both highly and lowly expressed genes
showed a similar bias change over time (Fig. 5, G and H). These
results indicate that Spp1 is important, but not essential, for the
restoration of H3K4me3 during cell cycle progression.

The PHD finger of Spp1 is important for H3K4me3
restoration after DNA replication

It has been shown that mutations at PHD finger of Spp1 resulted in
reduced H3K4me3 levels (31). Therefore, we generated a strain with
the W45A mutation at SPP1, which abrogates the ability of the
PHD domain of Spp1 to bind H3K4me3 (27), and analyzed how
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Fig. 4. The COMPASS complex is essential for restoring H3K4me3 at leading strands in dpb3A cells. (A) Immunoblot analysis of the indicated proteins at G; and at
the indicated time points after release into S phase in dpb3A SWD1-AID mutant cells. —IAA, culture supplemented with ethanol; +IAA, culture supplemented with IAA.
(B) Snapshots of H3K4me3 eSPAN showing Watson and Crick sequence read densities around early-firing origin ARS913 in dpb3ASWD1-AID cells with (right) and without
(left) IAA. Y axis indicates reads per million reads. (C and D) Average bias of H3K4me3 eSPAN within 4 kb of 134 early-firing replication origins at the indicated time points
after release from G, into S phase in dpb3ASWD1-AID mutant cells without IAA (C) or with IAA (D), with one presentative experiment shown. (E and F) Correlation matrix
of two biological replicates of H3K4me3 eSPAN signals within 4 kb of 134 early-firing replication origins at the indicated time points after release into S phase in dpb3A
SWD1-AID cells without IAA (E) or with IAA (F). Values indicate Pearson’s correlation. (G and H) Median H3K4me3 eSPAN bias change between the indicated time points
at 640 early-replicated genes classified by RPB1 CTD Ser5p ChIP-seq signal (Q1, bottom 25%; Q4, top 25%) in dpb3ASWD1-AID cells without IAA (G) or with IAA (H).
P values from Student’s t test are indicated. The average of two biological replicates is represented.
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Fig. 5. Role of Spp1 subunit of the COMPASS complex in the restoration of H3K4me3 following DNA replication. (A) Immunoblot analysis of the indicated proteins
in mcm2-3A SPP1-AID mutant cells. Exponentially growing cells were divided into two and treated with ethanol (-IAA) or with IAA for 8 hours. (B) Immunoblot analysis of
the indicated proteins in mecm2-3A SPP1-AID mutant cells at G; and at the indicated time points after release into S phase from the G; arrest in the absence (—-IAA) or
presence (+IAA) of IAA. (C and D) Average H3K4me3 eSPAN strand bias within 4 kb of 134 early-firing replication origins in mecm2-3A SPP1-AID cells at the indicated time
points after release into S phase without IAA (C) or with IAA (D). One representative experiment is shown. (E and F) Correlation matrix of two biological replicates of
H3K4me3 eSPAN signals within 4 kb of 134 early-firing replication origins at the indicated time points after release into S phase in mecm2-3A SPP1-AID cells without IAA (E)
or with IAA (F). Values indicate Pearson’s correlation. (G and H) Median H3K4me3 eSPAN bias change between 90 and 30 min at 640 early-replicated genes classified by
CTD Ser5p ChiP-seq signals (Q1, bottom 25% in RPB1; Q4, top 25%) in mcm2-3A SPP1-AID cells without IAA (G) or with IAA (H). P values from Student’s t test are indicated.
The average of two biological replicates is represented.
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this mutation affected H3K4me3 using the following assays. First,
Western blot analysis showed that this mutation led to a mild but
significant reduction of overall levels of H3K4me3 compared to WT
(Fig. 6A) (31). Next, we compared the H3K4me3 levels on chromatin
between WT and sppl-W45A mutant at G; phase to eliminate the
effects of cell cycle and normalized H3K4me3 levels using spike-in
H3K4me3 ChIP-seq. We observed that H3K4me3 around the TSS
at G; in sppl-W45A cells was markedly reduced compared to WT
cells (Fig. 6B), supporting the idea that the PHD finger of Sppl1 is
needed for H3K4me3 methylation. Third, to determine whether the
PHD finger is needed for H3K4me3 restoration during cell cycle
progression, we arrested WT and sppl1-W45A cells at Gy, released
these cells into the cell cycle, and analyzed H3K4me3 levels every
30 min following release using ChIP-seq (fig. S4A). To accurately
compare H3K4me3 ChIP-seq signals at different time points between
WT and sppl-W45A, we added Schizosaccharomyces pombe cells
into each sample as spike-in. Moreover, as the levels of H3K4me3 at
G; in WT were different from those in sppI-W45A cells (Fig. 6B),
we analyzed H3K4me3 density at early-replicated genes as a ratio
between H3K4me3 ChIP-seq signals at each time point and those at
G (fig. S4B). After release into S phase, both WT and spp1-W45A
showed a similar pattern of H3K4me3 signal at the TSS of early-
replicated genes. H3K4me3 density decreases during S phase, reaching
its lowest point 60 min after release (end of S phase), corresponding
to around half of the initial G; density, which reflects the dilution of
this mark due to an increase in DNA content from G, to S phase
during DNA replication (see Materials and Methods). Afterward, in
WT cells, H3K4me3 levels started to increase, reaching their maxi-
mum density at the G,-M phase (120 min), without increasing fur-
ther in the next G; phase (150 min). This maturation dynamics are
consistent with H3K4me3 restoration in human cells in that resto-
ration of H3K4me3 also occurs at G before cells enter the next
S phase (32). In contrast, sppl1-W45A mutant cells show a slower
recovery of H3K4me3 than WT cells, reaching the maximum levels
at the next G; phase (150 min). These results indicate that the PHD
finger of Spp1 is important for the restoration of H3K4me3 levels
following DNA replication.

It is possible that the reduced recovery in H3K4me3 in spp1-W45A
mutant cells detected above is due to the initially reduced levels of
H3K4me3 at G; phase compared to WT cells (Fig. 6B). To rule out
this possibility and to monitor the impact of spp1-W45A mutation
on the restoration of H3K4me3 during cell cycle more accurately,
we decided to induce the expression of either Sppl or Sppl-W45A
at the same time as we depleted the endogenous Spp1-AID protein
before release from G arrest. In this way, initial H3K4me3 levels
would be similar in cells expressing Sppl or Sppl-W45A proteins
during cell cycle progression. Briefly, we inserted a hemagglutinin
(HA)-tagged copy of WT or mutant Sppl-W45A under a galactose-
inducible promoter (GAL-SPP1-HA or GAL-spp1-W45A-HA) into
the SPP1-AID strain described above. To study H3K4me3 recovery
during cell cycle progression, we arrested cells at G; with o factor
and, during the second half of the arrest, we added IAA to deplete
endogenous Sppl-AID and galactose to induce the expression of
Sppl-HA or Sppl-W45A-HA (Fig. 6C). Cells were then released
into fresh medium also containing IAA and galactose and collected
periodically for H3K4me3 ChIP. Western blot analysis indicated
that pre-Gj cells only expressed Spp1-AID (pre-G;), whereas, after
adding TAA and galactose, Spp1-AID was depleted, and Sppl-HA
and Spp1-W45A-HA were expressed at similar levels (Fig. 6D). Cell
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cycle analysis showed that although almost all cells were arrested at
Gj, only half the cells are released into the cell cycle under the ex-
perimental conditions with galactose as the main carbon source for
yeast growth as compared to glucose, the preferred carbon source
for yeast (fig. S4C). Likewise, under these conditions, it took longer
(45 min compared to 30 min) for cells to start S phase from G arrest
than when growing in the presence of glucose (fig. S4C). H3K4me3
ChIP-seq density at the TSS in GAL-sppI-W45A cells at G, was very
similar to cells expressing GAL-SPP1 before release into S phase
(Fig. 6E). However, after release from G,, H3K4me3 density at early-
replicated genes in spp1-W45A cells was lower than WT, and this
difference increased over time until 105 min. Furthermore, H3K4me3
levels at early-replicated genes as a ratio of the G; sample were
reduced more markedly in Spp1-W45A mutant compared to Sppl
WT cells in all time points after 45 min (Fig. 6F). These results indi-
cate that the W45A mutation impairs the recovery of H3K4me3
at early-replicated genes. Last, we also analyzed recovery rate of
H3K4me3 at early-replicated genes with different expression levels
after normalization against H3K4me3 at G;. Shortly after release
(45 min), H3K4me3 density at both lowly (Q1) and highly (Q4) ex-
pressed genes was similar between Spp1 and Spp1-W45A (Fig. 6G).
However, the recovery rate of H3K4me3 at lowly and highly ex-
pressed genes at replication forks in sppI-W45A mutant cells was
reduced compared to WT cells, with more pronounced defects at
lowly expressed genes. These results support the idea that the bind-
ing of H3K4me3 by Spp1 contributes to the restoration of H3K4me3
at both highly and lowly expressed genes, with a more pronounced
role for lowly expressed genes.

To provide additional evidence that Spp1 binding to H3K4me3
is important for the restoration of H3K4me3 at inactive genes, we
analyzed the effects of sppI-W45A mutant on the restoration of
H3K4me3 at genes regulated by o factor. On the basis of the density of
elongating RNA Pol IT and published microarray data sets (GSE8982),
we identified 79 genes that are up-regulated compared to other
phases of the cell cycle in the presence of a factor (fig. S5A). The
expression of these genes was reduced markedly when cells enter
S phase of the cell cycle (fig. S5, B and C). Please note that most of
these genes are located further from early replication origins and
were not included in the 640 early-replicated genes listed in table S3.
We then calculated H3K4me3 density compared to G, at these genes
in Sppl WT and spp1-W45A cells during the cell cycle progression.
We found that H3K4me3 levels at these genes in spp1-W45A mutant
cells were lower than in Sppl WT cells during cell cycle progression,
suggesting that the H3K4me3 binding by Spp1 is also important for
restoration of this mark at inactive genes under vegetative growth
(fig. S5, D and E). Together, these results strongly support the idea
that recognition of H3K4me3 by Spp1 helps restore H3K4me3 fol-
lowing DNA replication, particularly at inactive genes.

The recognition of H3K4me3 by the Spp1 PHD domain helps
recruit the COMPASS complex to chromatin

To further test the idea that recognition of H3K4me3 by Spp1 facil-
itates the restoration of this mark following DNA replication, we
analyzed whether the levels of the COMPASS complex at regions
with different recovery rate in mcm2-3A and dpb3A mutant cells are
different. Toward this end, we first calculated changes in H3K4me3
eSPAN bias at 640 early-replicated genes listed in table S3 between
90 and 30 min in mcm2-3A or dpb3A mutant cells and selected the
top 25% genes with the least reduction in H3K4me3 eSPAN bias
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Fig. 6. Spp1 PHD finger domain is important for restoration of H3K4me3 levels during cell cycle progression. (A) Effects of spp1-W45A mutation on H3K4me3
levels. Left: representative immunoblot analysis of H3K4me3 and H3 at serial dilutions of the same protein extracts in SPP1 and spp 1-W45A cells. Right: average H3K4me3
normalized against H3 in WT and spp1-W45A cells. The average ratio was calculated from eight different data points corresponding to three biological replicates. Error bars
represent the SD and P value of Wilcoxon's one-sided test. (B) Spike-in normalized H3K4me3 ChIP-seq signal at 2 kb around the TSS of all genes in SPP1 and spp1-W45A cells
synchronized at G;. RPKM, reads per kilobase per million reads. The average of two biological replicates is represented. (C) Experimental outline to analyze H3K4me3
levels by Western blot and by ChIP assays during cell cycle progression after depletion of SPP1-AID and induced expression of GAL-SPP1 or GAL-spp 1-W45A. WB, Western blot.
(D) Immunoblot analysis of the indicated proteins at the indicated time points in GAL-SPP1 and GAL-spp1-W45A cells. (E) Spike-in normalized read density of H3K4me3
ChIP signals at 2 kb around the TSS of 640 early-replicated genes in GAL-SPP1 and GAL-spp1-W45A cells at G, or the indicated time point after release into S phase. RPKM,
reads per kilobase per million reads, with the average of two biological replicates shown. (F and G) Ratio of H3K4me3 spike-in normalized read density at the promoters
(between 200 bp upstream and 500 bp downstream of TSS) of 640 early-replicated genes between each time point after release into S phase and Gy phase in GAL-SPP1
and GAL-spp1-W45A cells. Q1 and Q4: bottom and top 25% genes classified by transcription elongation as in Fig. 2A (G). P values from Student’s t test are indicated. The
average of two biological replicates is represented.
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(group I, 160 genes) and the 25% genes with the most reduction of
H3K4me3 eSPAN bias (group II, 160 genes) (Fig. 7A). We then
calculated the levels of Setl, the catalytic subunit of the COMPASS
complex, at these two groups of genes using published Setl ChIP-seq
dataset (33). We found that Set1 levels were higher at group II genes

compared to group I genes (Fig. 7B). Similar results were obtained
when compared to group I and group II genes identified in dpb3A
mutant cells (Fig. 7C). To extend this analysis, we performed Swd1l
ChIP-seq using yeast cells synchronized at G, and Sppl ChIP-seq
using asynchronous yeast cells and compared the levels of Swd1 and
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Fig. 7. Recognition of H3K4me3 by Spp1 helps recruit the COMPASS complex to chromatin for the restoration of this mark. (A) Outline for the classification group |
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Sppl at these two groups of genes. We found that the Swdl and Sppl
levels were also higher at group II genes, with the most reduction in
H3K4me3 eSPAN bias, compared to group I genes with the least
reduction. Together, these results support the idea that the amount
of the COMPASS complex plays an important role in determining
the rate of restoration of H3K4me3 levels following DNA replication.
Next, we tested whether recognition of H3K4me3 by Spp1 helps
recruit Spp1 to chromatin. To do this, we performed Spp1 ChIP-seq
in WT and H3K4R mutant cells and compared the levels of Spp1 at
lowly expressed and highly expressed genes. The association of Sppl
with lowly expressed genes was reduced in H3K4R mutant cells
compared to WT cells (Fig. 7D). In contrast, the levels of Spp1 at
highly transcribed genes were similar between WT and H3K4R mu-
tant. The inability to detect the effects of H3K4R mutation on the
binding of Spp1 at highly transcribed genes is likely due to the fact
that the driving force for the recruitment of the COMPASS complex
to these regions is through transcription machinery, which could
potentially mask smaller defects caused by the H3K4R mutation.
Nonetheless, these results are consistent with the idea that Sppl
binding to H3K4me3 helps the recruitment of the COMPASS
complex, including Spp1 to chromatin, and this mechanism is likely
more important at chromatin regions without ongoing transcription.
Last, we tested the effects of sppI-W45A mutation on Swdl chro-
matin binding. To do this, we performed Swd1 ChIP-seq in WT and
spp1-W45A mutant cells using cells at G; phase of the cell cycle for
two reasons. First, in mammalian cells, the recovery of H3K4me3
starts with S phase and continues at G, phase of the cell cycle (32, 34).
Second, by analysis of the levels of Swd1 at G;, we can reduce poten-
tial artifacts arising from normalization from different DNA content
during different phases of the cell cycle. We found that Swdl levels
at both lowly transcribed and highly transcribed genes were reduced
in spp1-W45A compared to WT cells (Fig. 7E). Together, these re-
sults support the idea that recognition of H3K4me3 by Spp1 facilitates
the recruitment of the COMPASS complex to chromatin, with a more
pronounced role at lowly transcribed regions, for the restoration of
H3K4me3 to newly synthesized H3 following DNA replication.

DISCUSSION
In recent years, several members of the replisome have been found
to be involved in the transfer of parental H3-H4 to replicating DNA
strands. Mutations at the HBM of Mcm?2 or Poll or loss of Dpb3/
Dpb4 results in a marked asymmetry in parental H3-H4 segregation
between leading and lagging strands immediately following DNA
synthesis (18, 19, 21, 22). These studies focused on the segregation
of parental histones on newly replicated chromatin without moni-
toring its maturation outside of S phase. Here, we analyzed the
changes in H3K4me3 distribution between leading and lagging
strands at early-replicated chromatin into late S phase and G; phase.
We found that the enrichment of parental H3K4me3 at leading and
lagging strands in mcm2-3A and dpb3A cells, respectively, is reduced
to half from early S phase to G, phase, suggesting that the disparities
between leading and lagging strands become considerably smaller
before cell division. We suggest that the asymmetrical parental
histone distribution with their specific modifications during DNA
replication is not a preferred outcome for cells undergoing symmetric
cell division.

We show that depletion of Swdl in mcm2-3A or dpb3A mutant
cells, a subunit of the COMPASS complex that is essential for
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H3K4me3 enzymatic activity, largely inhibits the restoration of
H3K4me3 symmetry, irrespective of transcription status. These
results indicate that the primary mechanism for the restoration of
H3K4me3 at replicated DNA strands to a more symmetric distribu-
tion in these mutant cells is methylation of nucleosomes without
H3K4me3, not by demethylation of this mark on parental histones.

Our results indicate that at least two mechanisms contribute to
the recruitment of the COMPASS complex to restore H3K4me3.
First, we observed that H3K4me3 at highly transcribed genes is re-
covered faster than at lowly expressed genes, suggesting that gene
transcription plays a role in the restoration of this mark between
leading and lagging strands. It is known that the COMPASS com-
plex is recruited to active genes by its interaction with RNA Pol II
(35). Therefore, it is likely that the COMPASS complex is recruited
to actively transcribed regions following DNA replication, contrib-
uting to the restoration of H3K4me3 at these regions (fig. S6A).
Supporting this idea, we found that the levels of three components
(Spp1, Setl, and Swd1) of the COMPASS complex analyzed at genes
with the most reduction in H3K4me3 eSPAN asymmetry were
higher than at genes with least reduction. Second, we show that recog-
nition (read) of H3K4me3 by the PHD finger of Sppl, a subunit of
the COMPASS complex, also contributes to the restoration of this
mark on unmodified nucleosomes (write) during cell cycle progres-
sion (fig. S6, B to D). Supporting this idea, we found that H3K4me3
eSPAN bias at genes with practically no elongating RNA Pol II signals
in mcm2-3A or dpb3A cells is also reduced over time. Furthermore,
a single point mutation in Spp1 (sppI1-W45A) that impairs H3K4me3
binding results in a delayed recovery of H3K4me3 on chromatin,
especially at lowly transcribed regions, following DNA replication.
We observed that the chromatin binding of Spp1 is reduced at lowly
expressed genes in H3K4R mutant cells, and the levels of Swdl at
chromatin are reduced in spp1-W45A mutant cells. Together, these
results strongly support the idea that recognition of H3K4me3 by
the Sppl PHD domain helps recruit the COMPASS complex to
chromatin for the restoration of this mark on newly synthesized
histones following DNA replication.

In the mcm2-3A mutant cells, H3K4me3 levels at lagging strand
are lower than the corresponding leading strand. One would expect
that the read-write mechanism by Sppl would be less efficient at
lagging strands because of potential gaps from missing H3K4me3
nucleosomes in the mutant cells. Why is then H3K4me3 at lagging
strand recovered faster than that at leading strand during the cell
cycle progression? We discuss the following possibilities. First,
it is possible that the restoration of H3K4me3 at lagging strand
in mcm2-3A mutant cells relies on reading of H3K4me3 on leading
strand of the second fork originated from the same replication origin.
Second, alternatively, Spp1 reads H3K4me3 on leading strand of the
same fork at different chromatid (fig. S6, B to D). Third, we suggest
that the faster recovery at lagging strands of mcm2-3A mutant cells
is likely due to an increase in nucleosomes with H3K56ac. Consistent
with this idea, we observed that H3K56ac eSPAN shows a lagging
strand bias. Therefore, the local concentration of nucleosomes to be
methylated by the COMPASS complex on lagging strands is higher
than that at corresponding leading strand, which, in principle, can
compensate for lower levels of H3K4me3 recognized by Sppl. Future
studies are needed to test these and other hypotheses.

The “read and write” mechanism has been shown previously
to mediate the inheritance of two silent marks (H3K9me3 and
H3K27me3) from fission yeast to mammalian cells (12-14). In general,
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the distribution of H3K9me3 and H3K27me3 is broad at these
heterochromatin regions. In addition to the enrichment at the
promoter-proximal regions of actively transcribed genes, H3K4me3
is also found, albeit at lower levels, at lowly expressed genes (fig. S2B)
(36). Moreover, it has been shown that there exists a noncanonical
form of H3K4me3 consisting of broad H3K4me3 peaks at the pro-
moters and distal loci. These broad H3K4me3 domains can be in-
herited in preimplantation embryos before being erased at two-cell
embryo stages (37, 38). Therefore, it is possible that the read-write
mechanism for H3K4me3 described here plays a large role in the
restoration of this mark at these chromatin regions.

The mechanisms for the restoration of H3K4me3 described here
may also contribute to epigenetic memory of active gene transcrip-
tion states during reprograming. It has been shown that active gene
states of donor cell nuclei are retained for 24 cell divisions when an
endoderm cell nucleus is transplanted to an enucleated egg in the
absence of the conditions for the induction of the active gene states.
This memory of active gene transcription depends on histone H3
variant H3.3 and status of histone H3 lysine 4. Mutating H3 lysine 4
eliminates this memory, suggesting that H3 lysine 4 methylation,
the dominant form of H3 modification at this position, likely plays
a role in the memory of the active gene transcriptional states (39).
Consistent with this idea, it has been shown that H3K4 methylation-
mediated memory of active transcriptional states in somatic cells is
a roadblock that limits transcriptional reprogramming (40). At
organismal levels, H3K4me3 methylation complex and its associated
gene expression in Caenorhabditis elegans are linked to transgener-
ational epigenetic inheritance of life span (41). In mouse, histone
H3K4 methylation plays a role in learning and memory (42). We
suggest that molecular mechanisms on restoration of H3K4me3
after DNA replication described here, including the read and write
mechanism, may facilitate the maintenance of H3K4me3 levels and
the transcriptional states in these settings.

MATERIALS AND METHODS

Yeast strains

All yeast strains used in this study are of the W303-1A genetic back-
ground (MATa leu2-3, 112 ura3-1 his3-11, trp1-1, ade2-1 can1-100)
and listed in table S1. Mutagenesis was performed using polymerase
chain reaction (PCR)-based methods (43) or by CRISPR-Cas9-
mediated editing using the pML104 plasmid (44) with the primers
described in table S2 for the strain ASC379. Strains ASC387 and
ASC389, containing the SPP1 or sppl-W45A gene under the GALI
promoter and followed by 3HA tags, were constructed as follows:
The 3HA tags were introduced into strains CYC520 and ASC379
using PCR-based methods. The SPP1/sppl-W45A-3HA gene was
PCR-amplified and cloned into p414GALI (45) with Eco RI/Xho L.
Last, the TRPI-GAL1-SPP1/sppl-W45A-3HA cassette was inserted
into the trpI-1 locus of strain ASC371 following PCR-based methods.

Yeast culture conditions

Yeast cells were grown in rich medium (1% yeast extract, 2% peptone)
supplemented with 2% glucose (YPD) or, for galactose induc-
tion experiments, with 2% raffinose (YPRaff). Exponentially grow-
ing cells were arrested at G, phase with o factor (5 ug/ml; EZBiolab)
for 3 hours (YPD) or 3.5 hours (YPRaff). Degradation of AID-
tagged proteins was achieved with the addition of 1 mM IAA
(12886, Sigma-Aldrich) into the medium. Induction of proteins
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under the GALI promoter was achieved with the addition of
2% galactose into YPRaff.

Chromatin IP

For time course ChIP experiments, exponentially growing cells in
YPD were arrested at G; with a factor as described above. For Spp1
complementation experiments, exponentially growing cells in YPRaff
were arrested at Gy, induction of GAL-SPPI or GAL-SPP1-W45A
was accomplished with the addition of 2% galactose, and degra-
dation of AID-tagged proteins was performed by supplementing
TAA. Arrested cells were collected by centrifugation, washed twice
with cold H,O, and released in fresh medium at 25°C (YPD) or
30°C (YPRaff + 2% galactose) in the presence of BrdU (400 pg/ml;
B5002, Sigma-Aldrich) when indicated. To block further BrdU in-
corporation, thymidine (3.15 mg/ml; T1895, Sigma-Aldrich) was
added 30 min after release. At the indicated time points, 50 ml of
culture was cross-linked with 1% paraformaldehyde for 20 min at
room temperature followed by quenching with 125 mM glycine
for 5 min at room temperature. For experiments using spike-in
normalization, cross-linked S. pombe cells corresponding to 10%
of OD (optical density) of each sample were added. Cells were col-
lected by centrifugation, resuspended in ChIP lysis buffer [50 mM
Hepes/KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton
X-100, and 0.1% Na-deoxycholate containing 1x SIGMAFAST
Protease Inhibitor cocktail (58830, Sigma-Aldrich)], and lysed with
glass beads.

For H3K4me3 and H3K56ac ChIP, chromatin was pelleted,
washed twice with NP buffer [1.6 M sorbitol, 2 mM CaCl,, 5 mM
MgCl, 50 mM NaCl, 14 mM B-mercaptoethanol, 10 mM tris-HCI
(pH 7.4), 0.075% NP-40, and 5 mM spermidine], resuspended in
the same buffer, and digested with MNase (micrococcal nuclease)
(9013-53-0, Worthington Biochemical) for 20 min at 37°C, yielding
most of the mono- and di-nucleosome fragments. Digestion was
stopped with the addition of 5 ul of 0.5 M EDTA and one-fifth vol-
ume of 5x ChIP lysis buffer and incubation for 10 min on ice. For
RNA Pol IT CTD Ser5p ChIP, chromatin was sheared by sonication
using Bioruptor Pico (15 s ON, 30 s OFF, 10 cycles) (Diagenode) to
yield fragments of an average size of 300 bp.

Sonicated or MNase-digested chromatin was cleared by centrif-
ugation and immunoprecipitated with the appropriate antibody
[anti-H3K4me3 (ab8580, Abcam), anti-H3K56ac (46), or anti-RPB1
CTD Ser5p (04-1572, Millipore)] and protein G Sepharose beads
(17-0618-02, GE Healthcare). After washing the beads extensively,
DNA from both input and ChIP was recovered with the Chelex-100
protocol (47) and used for BrdU IP/eSPAN or purified with a
MinElute PCR Purification kit (28004, Qiagen). ssSeq libraries
were prepared using an Accel-NGS 1S Plus DNA library kit (10096,
Swift Biosciences).

BrdU IP and eSPAN

Input and ChIP DNA was used for BrdU IP to prepare BrdU IP and
eSPAN samples, respectively. Recovered DNA from the Chelex-100
extraction was incubated at 100°C for 5 min and immediately
chilled on ice for 5 min. BrdU IP was performed by diluting DNA
10-fold with BrdU IP buffer [phosphate-buffered saline, 0.0625% (v/v)
Triton X-100, Escherichia coli transfer RNA (6.7 ug/ml), and BrdU
antibody (0.17 ug/ml; 555627, BD Biosciences)] and incubated for
2 hours at 4°C. Protein G Sepharose beads were added to each sample
for 1 additional hour at 4°C. Beads were washed extensively, and
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DNA was recovered with TE (Tris-EDTA buffer) + 1% SDS at 65°C
for 15 min and purified with a MinElute PCR Purification kit (28004,
Qiagen). ssSeq libraries were prepared using an Accel-NGS 1S Plus
DNA library kit (10096, Swift Biosciences).

Protein extracts and immunoblotting

For immunoblotting, 5 ml of each culture was used to prepare pro-
tein extracts with trichloroacetic acid, as described previously (48).
The following primary antibodies were used for protein detection:
anti-H3K4me3 (ab8580, Abcam), anti-H3K56ac (46), anti-H3
(ab1791, Abcam), anti-myc (9E10), anti-HA (12CA5), and anti-AID
(5880D, MRC PPU Reagents and Services, UK).

To calculate the H3K4me3/H3 ratio, the indicated strains were
exponentially grown for 8 hours at 30°C in YPD. Protein extracts
from three biological replicates were serially diluted, immuno-
blotted, and captured with an Odyssey Fc camera (Li-Cor), and
H3K4me3 and H3 signals were measured using Image] (49). The
H3K4me3:H3 ratio was calculated in WT and mutant strains for
each dilution and represented as a proportion of the mutant ratio
over the WT ratio.

Cell cycle analysis

For cell cycle analysis, 0.5 ml of yeast culture was harvested by cen-
trifugation at the indicated times, washed with H,O, and fixed with
70% ethanol. Yeast cells were then washed with 50 mM Na-citrate
(pH 7.4), resuspended in the same buffer, and sonicated with three
1-s pulses at 30% amplitude (VCX-500, Sonics Vibra Cell). RNA
was degraded with ribonuclease A (0.25 mg/ml; R6513, Sigma-
Aldrich) at 50°C for 1 hour, and samples were then treated with
proteinase K (1 mg/ml; 25530015, Invitrogen) for 1 hour at 50°C.
DNA was stained with propidium iodide (20 ug/ml; P4170, Sigma-
Aldrich), and DNA content was analyzed using the Attune Nxt
Flow Cytometer (Thermo Fisher Scientific).

Data analysis of ChIP-seq, BrdU-IP-ssSeq,

and eSPAN datasets

BrdU-IP-ssSeq, ChIP-seq, and eSPAN libraries were sequenced using
the paired-end methods with Illumina NextSeq 500 platforms. Raw
reads were trimmed to remove sequencing adaptors using Trim
Galore (v0.6.7) (developed by F. Krueger at the Babraham Institute)
with default parameters. Reads with an average quality score below
20 and reads shorter than 20 bp after trimming were discarded.
Filtered reads were aligned to the Saccharomyces cerevisiae reference
genome (UCSC sacCer3) using the short reads aligner Bowtie 2
(v2.2.4) (50) with --no-mixed --no-discordant --no-dovetail --no-
contain --local parameters. Only paired-end reads with both ends
aligning uniquely to the reference genome were used for further
analysis after removing multi-mapped reads via SAMtools (v1.11)
(51). Reads arising from PCR duplication were removed with Picard
(v2.23.8) (Broad Institute). Generated BAM files were converted
to Genome Browser visualization files (bigwig format) with score
in 1-bp bins using the bamCoverage function from deepTools
(v3.2.1) (52).

We determined early-replicated genes (genes that have already
been replicated 30 min after release into S phase in the time course
in Fig. 1) as follows. MACS2 (v.2.2.5) (53) was used to perform
BrdU peak calling (--broad-cutoff 0.001) in the BrdU-IP-ssSeq sam-
ples relative to the corresponding control samples (input). Early-
replicated regions were determined on the basis of BrdU peaks
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in the 30 min time point samples (corresponding to early S phase)
centered around predefined early-firing replication origins (54).
Next, we determined which genes were inside these replicated regions.
To eliminate the complications of increased or decreased gene
expression on downstream analysis, we selected 640 genes whose
expression was not significantly changed between different time
points of the cell cycle progression based on the levels of elongat-
ing RNA Pol IT (RNA Pol II CTD Ser5p ChIP-seq) with the
exactTestDoubleTail function from edgeR (55). TSS and termination
sites (TTSs) were annotated from the Saccharomyces Genome
Database (SGD) (56) and a previous report (57). BEDTools (v2.29.0)
(58) coverage function was used for elongating RNA Pol II read
counting from TSS to TTS. Reads per kilobase per million reads
(RPKM) values for RNA Pol IT ChIP-seq were calculated as follows:
[(read counts)/(gene length in kb)]/(total uniquely mapped reads in Mb).
Metagene (“plotProfile”) and heatmap (“plotHeatmap”) plots were
created using deepTools to display ChIP-seq density.

For BrdU-IP-ssSeq and eSPAN strand bias calculations, con-
sistent paired-end reads mapped to Watson (W) and Crick (C)
strands of the reference genome were separated with the bamtobed
function from BEDTools and in-house Perl programs. Strand bias
was calculated in 10 bp bins from these separated Watson and
Crick reads using the formula Bias = (W — C)/(W + C) across the
whole genome. Bins with less than 10 sequencing reads were dis-
carded. For eSPAN experiments, strand bias was normalized using
the corresponding BrdU-IP-ssSeq strand bias as described previ-
ously (54). Strand bias was smoothed by flanking five bins for
further visualization. For strand bias analysis on early-replicated
genes, bias was calculated as described above but using the whole
gene body as a single bin. To calculate the average bias values from
all early-replicated genes, the bias of those genes located at the left
side of an origin of replication were converted to opposite values so
that a leading and lagging bias would correspond to positive and
negative values, respectively.

For spike-in normalization, we first followed the same procedure
as above to align FASTQ files to the S. pombe reference genome
(www.pombase.org/ on 10 March 2018). S. cerevisiae genome
coverage at each base pair was multiplied by a scaling factor based
on S. pombe reads as described previously (59). Briefly, the scaling
factor was calculated as follows: [(S. pombe read counts from input
sample)/(S. cerevisiae read counts from input sample)]/(S. pombe read
counts from IP sample in Mb). Then, we calculated the H3K4me3
density from 200 bp upstream to 500 bp downstream of the TSS for
genes longer than 500 bp, or to the TTS for genes shorter than
500 bp. Last, these densities were multiplied by the scaling factor
and then scaled to 1-kb length. To account for differences between
sequencing depth among different samples, the S. pombe-scaled
S. cerevisiae read counts were then scaled to 1 million reads. Since
our experiments are performed with synchronized S. cerevisiae cells
over a time course starting at G; phase and going through S phase,
we would expect the total DNA amount per cell to increase over
time. On the other hand, since S. pombe cells were not synchronized,
the average DNA amount per cell remained constant. Therefore,
although we added the same proportion of S. pombe cells at each
time point based on OD, the proportion of S. pombe reads in input
samples decreases over the time course. By accounting for input
samples in the spike-in normalization calculation of IP samples, we
can observe replication-dependent dilution of H3K4me3 in early
S phase of the cell cycle.
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Define a factor-dependent genes

RNA Pol II Ser5p ChIP-seq read counts of all genes were collected
on the basis of the whole gene body (TSS-TTS) using BEDTools
(version 2.29.2) (58). Then, differentially expressed genes (DEGs)
between G; and S phase were identified via edgeR (version 3.34.0)
(55) with the cutoff of adjusted P value < 0.05 and fold change > 1.5.
Separately, a DEG set between control and 60 nM a-factor treat-
ment was downloaded from GEO (Gene Expression Omnibus)
database (GSE8982). We defined 79 o factor-dependent genes by
selecting the overlap gene set between DEGs of RNA Pol II Ser5p
ChIP-seq and DEGs of the published microarray.

Statistical analysis

All statistical analyses were performed using R software (v3.6.3).
Statistical parameters, statistical test used, error bar definitions,
and sample sizes are reported in the figures and corresponding
figure legends.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm6246

View/request a protocol for this paper from Bio-protocol.
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