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Summary  

Although essential for epigenetic inheritance, the transfer of parental histone (H3-H4)2 tetramers 

that contain epigenetic modifications to replicating DNA strands is poorly understood. Here, we 

show that the Mcm2-Ctf4-Pola axis facilitates the transfer of parental (H3-H4)2 tetramers to 

lagging-strand DNA at replication forks. Mutating the conserved histone-binding domain of the 

Mcm2 subunit of the CMG (Cdc45-MCM-GINS) DNA helicase, which translocates along the 

leading-strand template, results in a marked enrichment of parental (H3-H4)2 on leading-strand, 

due to the impairment of the transfer of parental (H3-H4)2 to lagging strands. Similar effects are 

observed in Ctf4 and Pola primase mutants that disrupt the connection of the CMG helicase to 

Pola that resides on lagging strand template. Our results support a model whereby parental (H3-

H4)2 complexes displaced from nucleosomes by DNA unwinding at replication forks are 

transferred by the CMG-Ctf4-Pola complex to lagging-strand DNA for nucleosome assembly at 

the original location.  
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Introduction  

Chromatin, an organized complex of DNA, RNA and proteins, encodes epigenetic 

information and maintains genome integrity. The basic repeating unit of chromatin is the 

nucleosome, consisting of 147 base-pairs of DNA wrapped around a histone octamer, comprised 

of one histone (H3-H4)2 tetramer and two histone H2A-H2B dimers (Luger et al., 1997). Histone 

posttranslational modifications have a profound impact on gene expression during the response 

to environmental stimuli and development (Campos et al., 2014; Martin and Zhang, 2007). 

Recently, it has been shown that some of these modifications are inherited during mitotic cell 

division and meiosis (Coleman and Struhl, 2017; Laprell et al., 2017; Ragunathan et al., 2015; 

Wang and Moazed, 2017). DNA as well as DNA methylation is inherited through a “semi-

conservative mechanism,” and many proteins participate in this process (Bell and Labib, 2016; 

Burgers and Kunkel, 2017). However, how parental histones that carry epigenetic modifications 

are propagated to daughter cells remains largely unknown (Groth et al., 2007; Ransom et al., 

2010; Serra-Cardona and Zhang, 2018). Moreover, it has become increasingly clear that 

alterations in chromatin states drive tumorigenesis in many organs (Chan et al., 2013; Lewis et 

al., 2013). Therefore, it is important to determine how chromatin states are inherited during 

mitotic cell divisions. 

 

The “first step” in the transmission of chromatin states to daughter cells is the formation 

of nucleosomes on replicating DNA. To allow DNA replication machinery access to 

nucleosomal DNA, nucleosomes ahead of DNA replication forks are first disassembled likely by 

the action of the replicative helicase in association with chromatin remodeling complexes and 

histone chaperones (Devbhandari et al., 2017; Kurat et al., 2017). Immediately following DNA 
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replication, nascent DNA is assembled into nucleosomes via two distinct pathways, the transfer 

of parental histones disassembled through the passage of replication forks and de novo 

deposition of newly synthesized histones onto replicating DNA strands. It is known that 

nucleosomal H2A-H2B dimers can rapidly exchange with cytoplasmic H2A-H2B during the cell 

cycle (Xu et al., 2010). Therefore, it is thought that the transfer of parental (H3-H4)2 tetramers 

and the deposition of new (H3-H4)2 tetramers are the rate-limiting steps in nucleosome 

formation during DNA replication. Over the years, various studies have shown that histone 

chaperones and histone modifications regulate the de novo deposition of new H3-H4. However, 

the molecular mechanisms governing the transfer of parental histone (H3-H4)2 tetramers to 

replicating DNA strands remain enigmatic (Groth et al., 2007; Ransom et al., 2010; Serra-

Cardona and Zhang, 2018).  

 

Eukaryotic DNA replication initiates from multiple replication origins during the S phase 

of the cell cycle (Bell and Dutta, 2002; Bell and Labib, 2016; Burgers and Kunkel, 2017). During 

G1-phase, the origin recognition complex (ORC) loads an inactive double-hexamer of the 

Mcm2-7 proteins around double-stranded DNA (dsDNA) at origins. Subsequently, the activation 

of CDK (cyclin-dependent kinases) and DDK (Dbf4-dependent kinase) in S-phase leads to 

splitting of the MCM2-7 double hexamer and recruitment of the Cdc45 protein and the GINS 

complex, thereby producing two active CMG helicases at a pair of bi-directional replication 

forks. Each CMG helicase travels along the template of the leading strand (Fu et al., 2011; Yu et 

al., 2014), unwinding the parental dsDNA template and producing single-strand DNA (ssDNA) 

that is stabilized by the heterotrimeric complex RPA. Subsequently, DNA polymerase α (Pol α) 
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synthesizes primers that are used by Pol e for synthesis of the leading strand and by Pol d for 

lagging strand synthesis. 

Many factors assemble around the CMG helicase to form the replisome. Whereas Pol e 

binds directly to the CMG helicase and couples the rate of fork progression to leading strand 

synthesis (Yeeles, et al., 2017;(Langston et al., 2014), Pol a is linked to the helicase by the Ctf4 

adaptor protein (Gambus et al., 2009; Simon et al., 2014; Villa et al., 2016; Zhu et al., 2007) and 

is enriched on lagging-strand template (Yu et al., 2014). Although Ctf4 was originally thought to 

facilitate primer synthesis by Pol a at replication forks, Ctf4 is dispensable for efficient lagging 

strand DNA synthesis in a reconstituted in vitro DNA replication system based on purified 

budding yeast proteins (Yeeles et al., 2017), suggesting that tethering Pola by Ctf4 to the CMG 

helicase may have other functions in chromatin replication.  

 

Genetic evidence accumulated over the years indicates a tight connection between the 

DNA replication machinery and the inheritance of chromatin states. For instance, mutations in 

many DNA replication machinery components, including Pol α and Pol ɛ (Ehrenhofer-Murray et 

al., 1999; Nakayama et al., 2001; Zhang et al., 2000), affect transcriptional silencing at 

heterochromatin loci, suggesting that the replisome has a role in the inheritance of chromatin 

states. Consistent with this idea, nucleosome assembly is tightly coupled to lagging strand 

synthesis (Smith and Whitehouse, 2012). Moreover, the Mcm2 subunit of the CMG helicase, 

contains a conserved histone-binding domain (Foltman et al, 2013), which in human cells was 

shown to bind specifically to H3-H4. Mutations in the histone-binding domain of budding yeast 

Mcm2 (e.g. mcm2-3A that replaces conserved tyrosines with alanines) result in a loss of 

heterochromatin silencing at sub-telomeres and mating type loci (Foltman et al., 2013). 
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Therefore, it was proposed that the histone-binding activity of Mcm2 functions in the transfer of 

parental histones, consistent with the association of Mcm2 with histone proteins released from 

chromatin by nuclease digestion (Foltman et al., 2013). In addition, human Mcm2 was proposed 

to function as a chaperone for both parental and newly synthesized H3-H4 (Huang et al., 2015; 

Richet et al., 2015). However, the mechanism by which Mcm2 functions in nucleosome 

assembly is not well understood.  

We have shown recently that Dpb3 and Dpb4, two auxiliary and non-essential subunits of 

Pol e, facilitate the transfer of parental histones (H3-H4)2 to leading strands (Yu et al., 2018), 

implying that other proteins likely help the transfer of parental (H3-H4)2 tetramers to lagging 

strands to maintain chromatin states during DNA replication. Here, we report the finding that, 

surprisingly, Mcm2 facilitates the transfer of parental H3-H4 to lagging strands, in association 

with the Ctf4 adaptor protein and Pola axis, which are linked together within the replisome to 

form the Mcm2-Ctf4-Pola axis. 

 

Results 

Mutating the H3-H4 binding domain of Mcm2 impairs the transfer of H3K4me3-H4 to 

lagging strands 

To understand how Mcm2 is involved in nucleosome assembly, we analyzed the impact 

of the histone-binding defective mcm2-3A allele on nucleosome assembly (Figure S1A and 

Figure 1A), using surrogate marks of newly synthesized histones (H3 lysine 56 acetylation: 

H3K56ac) and of parental histones (tri-methylation of H3 lysine 4: H3K4me3) as reported 

previously (Yu et al., 2018). Briefly, G1 arrested yeast cells were released into medium 

containing BrdU (to label newly synthesized DNA) and hydroxyurea (HU) for 45 minutes. HU 
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has no apparent effect on the initiation of DNA replication from early replication origins, but 

slows DNA synthesis and thereby enables monitoring of histone segregation during early S 

phase (Liu et al., 2017; Yu et al., 2018). To map nucleosomes at single nucleosome resolution, 

chromatin from early S phase cells was digested with micrococcal nuclease (MNase), which 

cleaves DNA between nucleosomes, and analyzed by deep sequencing (MNase-ssSeq). The 

digested chromatin was also used for chromatin immunoprecipitation (ChIP) using antibodies 

against H3K56ac and H3K4me3 and subsequent strand-specific sequencing (ChIP-ssSeq) and 

eSPAN (enrichment and Sequencing of Protein Associated Nascent DNA; Figure S1A), which 

detects a protein including histone enrichment at leading or lagging strands of DNA replication 

forks (Yu et al., 2014). The mcm2-3A mutant had no apparent effect on overall nucleosome 

occupancy and positioning surrounding early DNA replication origins based on MNase-ssSeq, 

H3K56ac and H3K4me3 ChIP-ssSeq datasets (Figure S1B-E), suggesting that Mcm2 is unlikely 

to be involved in nucleosome assembly of new H3-H4 in budding yeast. 

 

We recently showed that parental histones are assembled onto nascent DNA with a slight 

preference for the lagging strand, whereas assembly of new histones shows a slight preference 

for the leading strand (Yu et al, 2018).  Inspection of H3K56ac and H3K4me3 eSPAN in mcm2-

3A cells at individual origins such as ARS1309 revealed, unexpectedly, that H3K56ac eSPAN 

peaks showed a strongly enhanced lagging strand bias, whereas H3K4me3 eSPAN peaks showed 

a strong bias towards leading strands (Figure 1B). These mutant bias patterns of H3K56ac and 

H3K4me3 eSPAN peaks were opposite to those observed in wild type cells (Figure 1 C-F) as 

well as opposite to those observed in dpb3∆ cells defective in the transfer of parental (H3-H4)2 to 

leading strands (Yu et al., 2018). To analyze the bias ratio and pattern of H3K56ac and 
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H3K4me3 eSPAN peaks quantitatively, we calculated the log2 ratio of sequence reads of the 

Watson over Crick strand at 20 individual nucleosomes surrounding each of the 134 early 

replication origins, which spans the replicated region (about 2 kb in each direction) under the 

experimental conditions. We observed a strong lagging- and leading-strand bias for the H3K56ac 

and H3K4me3 eSPAN peaks, respectively, in mcm2-3A cells at individual nucleosomes 

surrounding each of the 134 early replication origins (Figure 1C-F), except at the +1 and -1 

nucleosomes of the H3K4me3 eSPAN peaks (Figure 1E-F). More remarkably, the bias ratio of 

both the H3K56ac and the H3K4me3 eSPAN peaks in mcm2-3A cells was increased dramatically 

compared to the mild bias observed in wild type cells (Figure 1D and 1F). These results 

demonstrate that the mcm2-3A mutation radically impacts the distribution of parental and new 

H3-H4 at replicating DNA strands, while having little impact on the overall nucleosome 

occupancy on replicated chromatin. 

 

The average bias ratio of the histone eSPAN peaks at 134 early replication origins, 

defined by log2 ratio of sequence reads of the Watson over the Crick strand, reflects the relative 

amount of histones on the leading strand vs the corresponding lagging strand (Yu et al., 2014; Yu 

et al., 2018). Therefore, two models could explain the changes in H3K4me3 eSPAN peak bias in 

mcm2-3A mutant cells compared to wild type cells. First, more H3K4me3-H4 (parental) 

tetramers might be deposited onto leading strands in mcm2-3A cells. Second, less H3K4me3-H4 

(parental) tetramers might be transferred to lagging strands compared to wild type cells. To 

differentiate between these two possibilities, we calculated the relative amounts of H3K4me3 in 

mcm2-3A cells on leading and lagging strand compared to wild type cells, using the formula in 

Figure S2A (bottom panel). We observed that H3K4me3 on lagging strands was dramatically 
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reduced, whereas H3K4me3 on leading strands was increased in mcm2-3A cells compared to 

wild type, with the reduction of H3K4me3 on lagging strands being more pronounced than the 

increase of H3K4me3 on leading strands (Figure 1G). A similar analysis of H3K56ac eSPAN 

indicated that the mcm2-3A mutation had a minor impact on the relative amount of H3K56ac 

compared to wild type (Figure S2B). These results indicate that the primary defect observed in 

mcm2-3A cells is the impairment of the parental (H3-H4)2 transfer onto lagging strands (Figure 

S2C). 

 

Effect of mcm2-3A on parental histone transfer using the recombination-induced tag switch 

system 

To validate the impact of mcm2-3A on histone distribution using an independent 

approach, we used the published Recombination-Induced Tag Exchange (RITE) system 

(Verzijlbergen et al., 2010), which makes it possible to mark parental and new histone H3 with 

two different tags. Briefly, the engineered H3 gene initially expresses the HA-tagged H3 (H3-

HA), but then undergoes homologous recombination during induction of the Cre recombinase in 

G0-arrested cells, thus replacing the HA tag with the T7 tag. Therefore, H3-HA and H3-T7 

represent parental and newly synthesized H3 (Figure 2A), respectively, when cells are 

subsequently released into S phase from G0. The H3-T7 and H3K56ac eSPAN peaks in mcm2-

3A cells at early S phase showed a strong lagging-strand bias (Figure 2 C-F and Figure S2D), 

whereas the H3-HA and H3K4me3 eSPAN peaks exhibited a strong bias towards leading strands 

(Figure 2G-J and Figure S2D). Thus, using different antibodies and two different yeast 

backgrounds (W303 and S288C; Table S1), we could confirm that Mcm2 regulates the transfer 

of parental (H3-H4)2 to lagging strands.  
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Ctf4 associates with both sides of the replication fork 

The Mcm2 histone-binding domain is attached to the N-tier ring of the MCM2-7 complex 

within the CMG helicase, which moves at the heart of the replisome along the leading-strand 

template (Douglas et al., 2018; Georgescu et al., 2017; Noguchi et al., 2017). The CMG helicase 

is connected to the Pol a primase on lagging strands via Ctf4, which interacts with the Sld5 

subunit of GINS in the CMG helicase and with Pol1, the catalytic subunit of Pol a primase 

(Simon et al., 2014; Villa et al., 2016; Zhu et al., 2007). Therefore, we hypothesized that Mcm2 

facilitates the transfer of parental (H3-H4)2 onto lagging strands via the CMG-Ctf4-Pol1 

complex. To test this hypothesis, we first analyzed the location of Ctf4 at DNA replication forks 

using Ctf4 ChIP-ssSeq and eSPAN. Like Pol1 (Yu et al., 2017), Ctf4 ChIP-ssSeq peaks showed 

(+) strand bias, suggesting that Ctf4 is enriched on lagging-strand template (Figure 3A and 3B, 

see Fig. 3D for explanation). However, in contrast to Pol1, the Ctf4 eSPAN peaks showed a bias 

towards the leading strand side of the fork (Figure 3A and 3C), a bias pattern similar to the 

Mcm6 subunit of the CMG helicase (Yu et al., 2014). These results indicated that Ctf4 is not 

only cross-linked to lagging-strand templates, possibly via Pol1 and/or other proteins on lagging 

strands, but also to replicating leading strand, possibly via the CMG helicase (Figure 3D). 

Consistent with this interpretation, the ctf4-4E mutant, which contains four amino acid 

substitutions in the Ctf4 domain that disrupts the binding to its partners including Sld5 and Pol1 

(Villa et al., 2016), showed no apparent binding to DNA replication origins (Figure 3A and 

Figure 3E). These results indicate that the unique binding pattern of Ctf4 with DNA replication 

forks is likely mediated through its interactions with proteins on both leading and lagging strand 

sides of the fork. The association of Ctf4 with DNA replication origins (Figure 3E) and with 
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lagging-strand templates (Figure 3F) was not affected to a detectable degree in the pol1-4A 

mutant that is defective in Ctf4 binding (Villa et al., 2016). These results suggested that in 

addition to Pol1, Ctf4 might also interact with another protein(s) on lagging-strand template. 

Thus, Ctf4 connects the CMG helicase on the leading strand to Pola on the lagging strand side of 

replication forks, possible also interacting with another protein on lagging strands (Figure 3D), 

or else simply projecting from CMG towards lagging-strand template. 

 

Deletion of CTF4 impairs the transfer of parental H3-H4 to lagging strands 

Next, we analyzed how ctf4∆ mutants affected the distribution of H3K56ac and 

H3K4me3 on replicating DNA. The overall nucleosome occupancy surrounding DNA 

replication origins detected by MNase-ssSeq and H3K4me3 ChIP-ssSeq in ctf4∆ cells was not 

affected to a detectable degree compared to wild type cells (Figure S3A-B). We noticed, 

however, that nucleosome occupancy as detected by H3K56ac ChIP-ssSeq and BrdU-IP-ssSeq in 

ctf4∆ cells was markedly reduced compared to wild type cells (Figure S3C-D). Moreover, DNA 

synthesis in ctf4∆ cells proceeded further than wild type cells (Figure S3E), which is likely due 

to increased dNTP concentrations (Poli et al., 2012). Therefore, when normalized against total 

sequence reads, the peak height of H3K56ac ChIP-ssSeq and BrdU-IP-ssSeq was reduced, which 

contributes, at least partly, to the apparently reduced nucleosome occupancy at replicated 

chromatin as detected by H3K56ac ChIP-ssSeq and BrdU-IP-ssSeq in ctf4∆ cells. The impact of 

ctf4∆ on DNA synthesis is distinct from mcm2-3A, consistent with the idea that Ctf4 likely has 

roles in other processes, such as sister chromatin cohesion (Samora et al., 2016), which are not 

shared with the Mcm2 histone-binding domain. 
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Like mcm2-3A cells, we observed that H3K56ac and H3K4me3 eSPAN peaks in ctf4∆ 

cells showed a strong lagging and leading strand bias, respectively (Figure 4A-E). We also 

analyzed the relative amount of H3K56ac and H3K4me3 at leading and lagging strands in ctf4∆ 

cells compared to wild type cells using eSPAN datasets and observed that H3K4me3 at lagging 

strands was markedly reduced, with a slight increase at leading strands in ctf4∆ cells (Figure 4F). 

Loss of Ctf4 had minimal impact on the relative amount of H3K56ac at both leading and lagging 

strands (Figure S3F). The effect of ctf4∆ on the H3K4me3 distribution was highly correlated 

with that caused by the mcm2-3A allele (Figure 4G). Taken together, these results indicate that 

Ctf4 also has a role in the transfer of parental (H3-H4)2 to lagging strands, most likely through 

same pathway as the Mcm2 histone-binding domain. 

 

Analysis of the impact of ctf4∆ on histone segregation onto replicating DNA during 

unperturbed S phase 

All the experiments presented above utilized cells released from G1 into early S phase in 

the presence of HU. We have shown that HU has no apparent effect on the distribution of 

histones onto leading and lagging strand DNA in dpb3∆ mutant cells (Yu et al., 2018). To test 

whether HU affects histone distribution in ctf4∆ cells, we performed H3K56ac and H3K4me3 

eSPAN experiments using ctf4∆ mutant cells released into S phase at 25 °C for 30 and 40 

minutes in the absence of HU. We observed that H3K56ac and H3K4me3 eSPAN peaks in ctf4∆ 

in the absence of HU showed the same bias pattern as those in the presence of HU (Figure 5 and 

Figure S4). Moreover, the impact of ctf4∆ mutation on H3K4me3 eSPAN peaks in the absence 

of HU was highly correlated with that in the presence of HU (Figure S4F), indicating that the 



	
13	

presence of HU does not have a major impact on the histone distribution in ctf4∆ cells, and 

possibly also in mcm2-3A cells. 

 

Effect of ctf4-4E and pol1-4A mutants on parental histone transfer and epigenetic silencing  

  To gain additional insight into the impact of ctf4∆ on parental H3-H4 transfer, we tested 

nucleosome assembly of H3K56ac and H3K4me3 in the ctf4-4E mutant, defective in binding to 

both the CMG helicase and Pol1 (Simon et al., 2014; Villa et al., 2016) (Figure 6A). The ctf4-4E 

mutant cells showed almost identical effects as ctf4∆ on the distribution of H3K56ac and 

H3K4me4 based on MNase-ssSeq, H3K56ac and H3K4me3 ChIP-ssSeq and eSPAN (Figure 6B-

C and Figure S5) at replicating chromatin. These results strongly supported the idea that the 

ability of Ctf4 to associate with the CMG helicase, and with other partners such as Pol a, is 

critical for Ctf4 to perform its function in histone transfer to lagging strands. To test this idea 

further, we analyzed the impact on nucleosome assembly at replicating chromatin in pol1-4A 

mutant cells where Pol1 is defective in binding to Ctf4. Like mcm2-3A cells, the pol1-4A 

mutation had little impact on the overall nucleosome occupancy in replicating chromatin as 

compared to wild type cells (Figure S6A-D). Moreover, the H3K4me3 eSPAN peaks showed a 

strong leading-strand bias in pol1-4A cells (Figure 6D-E), albeit a smaller bias ratio than that 

observed in ctf4∆ or mcm2-3A cells. Interestingly, H3K56ac eSPAN peaks in pol1-4A cells did 

not show a significant bias towards either leading or lagging strands (Figure S6E). These results 

indicate that the ability of Pol1 to interact with Ctf4 is important for its role in the transfer of 

parental (H3-H4)2 to lagging strands. Consistent with this interpretation, the impacts of ctf4-4E 

and pol1-4A on the H3K4me3 transfer were highly correlated with each other and with that of 

mcm2-3A mutant (Figure 6F-H). Finally, using an assay monitoring the transient loss of 
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heterochromatin silencing during cell division (Dodson and Rine, 2015; Janke et al., 2018), 

mcm2-3A, ctf4∆ and pol1-4A cells also showed increased rates of loss of HML silencing (Figure 

S6F), with pol1-4A showing the smallest effect among these three mutants. The silencing defects 

reported here are consistent with the silencing defects previously observed in ctf4∆ and pol1-4A 

mutant cells (Evrin et al., 2018; Suter et al., 2004). These results support the idea that a defect in 

the transfer of parental (H3-H4)2 to lagging strands in these mutant cells compromises the 

inheritance of silent chromatin at the HML locus. Taken together, these results indicate that 

Mcm2, Ctf4 and Pol1 function together to transfer parental histones (H3-H4)2 to lagging strands 

(Figure 6I). 

 

Discussion 

The Mcm2-Ctf4-Pol a axis facilitates the transfer of parental H3-H4 to lagging strands 

The Mcm2 histone-binding domain is located at the front of the replisome, facing the 

parental chromatin (Georgescu et al., 2017; Noguchi et al., 2017). Therefore, it is likely that 

parental (H3-H4)2 tetramers dissembled from nucleosomes, by chromatin remodeling complexes 

and/or by the action of the CMG helicase, will first encounter and bind to the Mcm2 histone-

binding domain, together with other proteins such as FACT. Since the CMG helicase travels on 

the leading-strand template at replication forks, one might expect that Mcm2 facilitates the 

transfer of parental (H3-H4)2 to leading strands. Surprisingly, we observed that the histone-

binding mcm2-3A mutant impairs the transfer of parental (H3-H4)2 to lagging strands in two 

different yeast backgrounds. We present several lines of evidence supporting the model that 

parental (H3-H4)2 tetramers, once bound to Mcm2, are transferred to lagging strands via Ctf4 

and Pol a, possibly requiring contact with another protein on lagging strands as well (Figure 6I). 
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First, deletion of CTF4, or mutation of its domain that binds to the CMG helicase and Pol1, 

produces the same defect in parental H3-H4 transfer as the mcm2-3A mutant. Second, pol1-4A 

mutant cells, which cannot bind to Ctf4, also show a defect in the transfer of parental (H3-H4)2 to 

lagging strands. Finally, we show that the effect of the ctf4∆, ctf4-4E and pol1-4A mutants on 

parental histone (H3-H4)2 transfer to lagging strands is highly correlated with the phenotype of 

mcm2-3A cells. Thus, the Mcm2-Ctf4-Pol a axis participates in the transfer of parental histone 

(H3-H4)2 to lagging strands, revealing a previously undocumented role for this complex in this 

poorly understood but important process. Recently, it has been shown that the Pol a also 

contains a conserved histone-binding motif, which in the human orthologue is specific for H2A-

H2B (Evrin et al., 2018). Mutations of conserved residues in this domain produce the same 

silencing defects as seen in mcm2-3A budding yeast cells (Evrin et al., 2018). In the future, it 

would be interesting to determine whether mutating the Pol1 histone-binding motif affects the 

transfer of parental (H3-H4)2. We note that human Mcm2 also contains the conserved histone-

binding domain at its N-terminus (Huang et al., 2015; Richet et al., 2015). Moreover, human 

CTF4/And-1 interacts with both the MCM helicase and the catalytic subunit of Pol a primase 

(Zhu et al., 2007). Therefore, we suggest that the function of the Mcm2-Ctf4-Pol a axis in the 

transfer of parental (H3-H4)2 is likely conserved from yeast to human cells. Supporting this idea, 

while the current manuscript is under review, skewed histone deposition was detected in the 

Mcm2 mutant defective in binding to H3-H4 in mouse embryonic stem (ES) cells  (Petryk et al., 

2018). It would be interesting to determine whether the skewed histone deposition in ES cells is 

due to impaired transfer of parental H3-H4 to lagging strands and whether Ctf4 and Pola also 

have roles in this process in the future.  
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We observed that Ctf4 remains associated with lagging-strand template in pol1-4A 

mutant cells. This association is unlikely due to Ctf4’s interaction with the CMG helicase, which 

travels on the leading-strand template. Consistent with this idea, the impacts of the pol1-4A 

mutation in parental H3-H4 transfer, as well in HML silencing, is smaller than that observed in 

mcm2-3A, ctf4∆ or ctf4-4E cells. This suggests that in addition to Pol1, Ctf4 might interact with 

another protein(s) at lagging strands for the transfer of parental H3-H4 to lagging strands. In 

addition to Sld5 and Pol1, Ctf4 interacts with the Chl1 helicase for the establishment of sister-

chromatid cohesion (Samora et al., 2016), and with the Dna2 and Tof2 proteins that help 

maintain the integrity of rDNA repeats (Villa et al., 2016). Moreover, RPA co-purified with Ctf4 

(Luciano et al., 2015). Dna2 is best known for its role in lagging-strand maturation (Ayyagari et 

al., 2003). RPA is enriched at lagging-strand template as Pol1 (Yu et al., 2017). Therefore, it 

would be interesting to determine whether Dna2, RPA and/or another protein at lagging strands 

might also aid the transfer of parental (H3-H4)2 tetramers to lagging strands during chromatin 

replication. 

 

How are parental (H3-H4)2 tetramers returned to their “original nucleosome positions” on 

replicating chromatin? 

We observed that the average bias ratio of H3K4me3 eSPAN peaks in wild type cells 

(compare Figure 1F to 1D) (Yu et al., 2018), mcm2-3A (compare Figure 1F to 1D, compare 

Figure 2H to 2D), ctf4∆ (Figure 4E to 4C), and pol1-4A cells (Figure 6E to Figure S6E) is 

significantly larger than that of the H3K56ac eSPAN peaks in the corresponding mutant cells. 

We suggested previously that this could be due to the fact that nucleosomes formed with parental 

(H3-H4)2 tetramers are more stable and resistant to MNase digestion than nucleosomes formed 
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with new (H3-H4)2 tetramers (Yu et al., 2018). Nucleosome stability in newly replicated 

chromatin is likely linked to nucleosome positions, because in order to maintain chromatin 

states, newly-formed nucleosomes irrespective of containing parental (H3-H4)2 or new (H3-H4)2 

must assume the original/starting nucleosome positions. Therefore, the large bias ratio of 

H3K4me3 eSPAN peaks likely suggests that nucleosomes formed with parental H3K4me3-H4 

are more likely to be transferred to their starting positions immediately following DNA 

replication, whereas nucleosomes formed with newly synthesized (H3-H4)2 need longer time to 

return to the original/starting position, possibly with the help of chromatin remodeling 

complexes. Consistent with this idea, it has been shown previously that in the Xenopus laevis 

extract DNA replication system, a high fraction of parental histones (H3-H4)2 are retained at 

their starting positions following DNA replication (Madamba et al., 2017). In contrast, in the 

SV40 DNA replication system, parental (H3-H4)2 are dispersed from the original location onto 

newly replicating chromatin. It was proposed that the CMG helicase, which is replaced by large 

T antigen in SV40 DNA replication system, is one of the factors involved in directing parental 

(H3-H4)2 to its starting position. We speculate that the CMG-Ctf4-Pol1 complex may serve as a 

“molecular ruler” that directs parental (H3-H4)2 tetramers to their original locations on lagging 

strands, whereas other proteins such as Pol e help parental (H3-H4)2 assume the original 

nucleosome position at leading strands. 

 

Functional implications of the utilization of distinct factors for the transfer of parental (H3-

H4)2 to replicating DNA strands  

In addition to Mcm2, we have recently shown that Dpb3 and Dpb4, two subunits of the 

leading strand DNA polymerase, Pol e, facilitate the transfer of parental (H3-H4)2 to leading 
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strands (Yu et al., 2018). Thus, replisomes may serve as the distribution center for parental 

histones to both replicating leading and lagging strands. The division of labor in the transfer of 

parental (H3-H4)2 to leading and lagging strands likely has two implications. First, this will 

ensure that parental (H3-H4)2 complexes are stably transferred to both leading and lagging 

strands. In this way, chromatin states marked by modifications on parental (H3-H4)2 will be 

maintained following DNA replication in both daughter cells. Second, we speculate that the 

utilization of different factors in parental histone transfer for leading and lagging strands will 

endow cells with the ability to switch chromatin states during development and/or during 

asymmetric cell division. Stem cells including cancer stem cells undergo asymmetric cell 

divisions (Morrison and Kimble, 2006). During the asymmetric division of Drosophila male 

germ cells, which is an extreme case, it has been shown that the daughter cell harboring 

‘stemness’ properties will receive mostly parental (H3-H4)2 and the differentiated daughter cell 

contains mostly new (H3-H4)2 (Tran et al., 2012). If the Mcm2-Ctf4-Pol a pathway were 

somehow inactivated during replication of a particular domain, this would lead to high 

enrichment of parental histone (H3-H4)2 complexes onto leading strands, which would provide a 

mechanism for one daughter cell to receive more parental (H3-H4)2 than the other cell at that 

specific locus, thus establishing asymmetric histone distribution in the particular part of the 

genome. 
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Figure legends 
 

Figure 1. Mutation of the histone-binding domain of Mcm2 impairs the transfer of parental 

histone H3-H4 to lagging strands. (A) Graphic explanation of the strand bias calculation of the 

eSPAN procedure based on a hypothetical enrichment of new and parental (H3-H4)2 tetramers at 

the lagging and leading strands, respectively (B) Snapshot of BrdU IP-ssSeq, H3K56ac, and 

H3K4me3 eSPAN peaks at individual nucleosomes surrounding the ARS1309 origin in mcm2-3A 

mutant cells. (C) Heatmap representing the bias ratio and pattern of H3K56ac eSPAN peaks in 

mcm2-3A mutant cells at each of the 20 individual nucleosomes surrounding each of the 134 early 

DNA replication origins ranked from top to bottom based on replication efficiency. Individual 

nucleosomes are represented by a circle and their positions are indicated (-10 to +10). Each row 

represents the average log2 Watson/Crick ratio of H3K56ac eSPAN sequence reads at one origin. 

(D) The average bias ratio of H3K56ac eSPAN peaks in wild type and mcm2-3A mutant cells at 

each of the 20 individual nucleosomes of the 134 early replication origins. Data are represented as 

mean ± SEM from three independent experiments. (E-F) H3K4me3 eSPAN peaks at newly 

replicated chromatin show a marked leading strand bias in mcm2-3A mutant cells compared to 

wild type cells. (E) Data are represented as mean ± SEM from two independent experiments. (G) 

Top: heatmap representing the relative levels of H3K4me3 at leading and lagging strands, 

calculated using the formula shown in Figure S2A, in mcm2-3A mutant cells compared to wild 

type cells at each of the 134 individual origins coded in with color. Bottom: the average of relative 

amount of H3K4me3 at lagging and leading strands of 134 replication origins in mcm2-3A cells 

compared to wild type cells. See also Figure S1. 
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Figure 2. Analysis of new and parental histone H3 at leading and lagging strands in mcm2-

3A mutant cells using the Recombination-Induced Tag Exchange (RITE) system. (A) Outline 

of the experimental conditions employed for tagging parental and new histone H3 with the HA 

epitope (H3-HA) and T7 (H3-T7), respectively. (B) Snapshot of BrdU IP-ssSeq, H3-HA (parental), 

and H3-T7 (new) eSPAN peaks at individual nucleosomes surrounding ARS1309 in mcm2-3A 

mutant cells. (C-F) Analysis of the bias ratio and pattern of new H3 eSPAN peaks, representing 

by H3-T7 (C-D) and H3K56ac (E-F) in mcm2-3A mutant cells. (G-J) Parental H3 eSPAN peaks 

in mcm2-3A mutant cells as detected by both H3-HA (G-H) and H3K4me3 (I-J) show a strong 

leading-strand bias. See also Figure S2. 

 

Figure 3. Ctf4 is cross-linked to both lagging-strand template and replicating leading 

strand. (A) Snapshot of Ctf4 ChIP-ssSeq peaks in different strains with the indicated genotype 

(top) and of Ctf4, Pol1 (catalytic subunit of Pola), and Mcm6 ChIP-ssSeq and eSPAN peaks in 

wild type cells (bottom) at the region surrounding replication origin ARS1309. (B) Average bias 

of Ctf4, Pol1, and Mcm6 ChIP-ssSeq peaks at 134 early replication origins in wild type cells, 

which shows that Ctf4 and Pol1, but not Mcm6, bind to lagging-strand template. (C) Average 

bias of Ctf4, Pol1, and Mcm6 eSPAN peaks showing that Ctf4 and Mcm6, but not Pol1, bind 

nascent leading strands. (D) A model for the homotrimer Ctf4 interacting with replicating 

leading strand and lagging-strand template indirectly via protein-protein interaction. (E) Analysis 

of the average Ctf4 ChIP-ssSeq read density in wild type, ctf4-4E, pol1-4A, and ctf4Δ cells at 134 

early replication origins. (F) Average bias of Ctf4 ChIP-ssSeq peaks in wild type, ctf4-4E, pol1-

4A, and ctf4Δ cells at 134 early replication origins. 
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Figure 4. Deletion of CTF4 impairs the transfer of parental H3-H4 to lagging strands. (A) 

Snapshot of BrdU-IP-ssSeq, H3K56ac and H3K4me3 eSPAN peaks at ARS1309 in ctf4∆ mutant 

cells. (B-E) Analysis of the average bias ratio and pattern of H3K56ac (B-C) and H3K4me3 (D-

E) eSPAN peaks in ctf4∆ mutant cells. H3K4me3 eSPAN peaks in ctf4∆ mutant cells show a 

strong leading-strand bias. Data in C and E are represented as mean ± SEM from two 

independent experiments. (F) Analysis of the relative levels of H3K4me3 at leading and lagging 

strands of newly replicated chromatin in ctf4∆ mutant cells compared to wild type cells. The 

representation and calculation methods are the same as in Figure 1F. (G) The effect of mcm2-3A 

mutation on H3K4me3 eSPAN peaks is highly correlated to that of ctf4D cells. One dot 

represents the bias ratio of eSPAN peaks at individual nucleosomes (±10 nucleosomes) 

surrounding each of 134 early DNA replication origins. See also Figure S3. 

 

Figure 5. The ctf4∆ mutation also impacts the transfer of parental H3-H4 to lagging strands 

during normal S phase without HU. (A) Snapshot of BrdU IP-ssSeq, H3K56ac and H3K4me3 

eSPAN peaks at ARS1309 in ctf4∆ mutant cells during normal S phase. (B-E) Analysis of the 

average bias pattern of H3K56ac (B-C) and H3K4me3 (D-E) eSPAN peaks in ctf4∆ mutant cells 

using early S phase cells 30 minutes after release from G1 block without HU. The same bias pattern 

is observed in ctf4∆ mutant cells 40 minutes after release from G1 (see also Figure S4). 

 

Figure 6. Disruption of the CMG-Ctf4-Pol1 interaction impairs the transfer of parental 

histone (H3-H4)2 to lagging strands. (A) Mutation of the Ctf4-interacting-peptide of Pol1 (pol1-

4A) or the Ctf4 mutant defective in binding to both CMG and Pol1 (ctf4-4E) uncouples the CMG 

helicase from the Pola primase at lagging strand. (B-E) Analysis of the average bias pattern of 
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H3K4me3 eSPAN peaks in ctf4-4E (B-C) or pol1-4A (D-E) mutant cells. The leading strand bias 

ratio of H3K4me3 eSPAN in pol1-4A cells is smaller than that of mcm2-3A, ctf4∆, or ctf4-4E cells. 

(F-H) The dot scatter plots show the H3K4me3 bias pattern in ctf4-4E vs mcm2-3A (F), pol1-4A 

vs mcm2-3A (G), and pol1-4A vs ctf4-4E (H). Each dot represents bias ratio of H3K4me3 eSPAN 

peaks at a single nucleosome among 134 early DNA replication origins (from -10 to +10, n=2680). 

(I) Model depicting how the MCM helicase and Pol1, connected by Ctf4, regulate the transfer of 

parental (H3-H4)2 to the lagging strand. See also Figures S5 and S6. 

  



	
28	

STAR Methods 
 
 
CONTACT FOR REAGENT AND RESOURCE SHARING 
 
Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Zhiguo Zhang (zz2401@cumc.columbia.edu). 

 
 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
 

All yeast strains used in this study were of the W303 (leu2-3, 112 ura3-1 his3-11, trp1-1, ade2-1 

can1-100) genetic background except the histone H3-tag switch strain (CYC662, which is S228C 

background, see Table S1). Mutagenesis was performed using PCR-based methods (Noguchi et 

al., 2008) or using the CRISPR/Cas9 plasmid pML104 (Laughery et al., 2015) along with the 

primers described in Table S2 for strains ASC118 and ASC131. 

 

 

METHOD DETAILS 
 
Yeast cell culture, chromatin immunoprecipitation (ChIP) and eSPAN 

Yeast cells were synchronized and cultured following the standard protocol (Dunham et al., 2015). 

ChIP and eSPAN sample collection was performed following as described briefly below (Gan et 

al., 2017; Yu et al., 2014). Yeast cells were synchronized by adding alpha factor at 5µg/ml to an 

exponentially growing culture in YPD medium at OD600 = 0.4-0.5. Cells were arrested for 3 hours 

at 25°C and then released into fresh YPD medium containing 400 µg/ml BrdU with 200 mM HU 

for 45 minutes or without HU for 40 minutes. For the histone H3 Recombination-Induced Tag 

Exchange (RITE) experiments, overnight cultures grown in YPD in the presence of hygromycin 

B (200 µg/mL, Invitrogen) were diluted 1:10 into two fresh YPD flasks, with or without 

hygromycin B. After a 32h incubation to reach the G0 state, cells were collected by centrifugation 

at 3000 rpm for 10 minutes and the culture with hygromycin B was transferred to another flask 
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containing depleted medium without hygromycin B. To induce recombination of the H3 tag, 1 µM 

β-estradiol (E-8875, Sigma-Aldrich) was added to the culture, and cells were grown for 16 

additional hours. Cells were then diluted 1:25 in fresh YPD media containing 200 mM HU and 

400 µg/ml BrdU at 30°C for 90 minutes.  

 

Freshly-made formaldehyde was added to each culture at 1% at 25°C for 20 minutes and then 

quenched with 0.125M glycine for 5 minutes. After harvesting by centrifugation, cells were lysed 

with glass beads in ChIP lysis buffer (50 mM HEPES, pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% 

Triton X-100, and 0.1% sodium deoxycholate). For the H3K4me3 and H3K56ac ChIP and eSPAN 

experiments, chromatin was fragmented using MNase digestion to map nucleosomes (Wal and 

Pugh, 2012). Briefly, the pellet was washed twice with NP buffer (1.6 M sorbitol, 2 mM CaCl2, 

5mM MgCl, 50 mM NaCl, 14 mM β-mercaptoethanol, 10 mM Tris-HCl (pH 7.4), 0.075% NP-40, 

5 mM spermidine). A proper amount of MNase was added to each sample with incubation at 37°C 

for 20 minutes to ensure that the majority of chromatin was mono- and di-nucleosomes. The 

reaction was stopped with the addition of 5µl 0.5M EDTA. ¼ volume 5X ChIP lysis buffer was 

added to the digested chromatin and samples were incubated on ice for 30 minutes. For the Ctf4, 

Pol1, and Mcm6 ChIP and eSPAN experiments, chromatin was fragmented using sonication (12 

cycles at 15 seconds on, 30 seconds off, Bioruptor Pico, Diagenode). In all cases, after clarification 

by centrifugation, soluble chromatin was immunoprecipitated with specific antibodies, including 

anti-H3K4me3 antibody (ab8580), anti-H3K56ac antibody (Han et al., 2007), anti-Ctf4 antibody 

(Karim Labib), and antibodies against epitopes fused with H3, MCM6, or Pol1 (anti-HA antibody: 

12CA5, anti-T7 antibody: A190-117A BETHYL, and anti-Flag antibody: F1804). ChIP DNA was 

recovered using Chelex-100 (Nelson et al., 2006).  
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BrdU immunoprecipitation was performed as briefly described below (Gan et al., 2017; Yu et al., 

2014). ChIP or total DNA was first incubated for 5 minutes at 100°C for denaturation and then 

immediately placed on an ice water bath for 5 minutes. DNA was diluted ten times with BrdU IP 

solution (PBS, 0.0625% Triton X-100(v/v), 6.7 µg/mL Escherichia coli tRNA, 0.17 µg/mL BrdU 

antibody (BD Bioscience)) and incubated for two hours at 4°C. Afterward, 20 µl of Protein G 

beads (GE Healthcare) were added to each sample and incubated for an additional hour at 4°C. 

After washing Protein G beads extensively, DNA was eluted with 100 µl of 1XTE buffer 

containing 1% SDS and incubation at 65°C for 15 minutes. Eluted DNA was purified using a 

Qiagen MinElute PCR Purification kit. Quantitative PCR method was used to test ChIP or eSPAN 

DNA using primers amplifying the early replication origin ARS607 and distal site ARS607+14kb 

primers (Han et al., 2010). The ssDNA libraries were prepared using the Accel-NGS 1S Plus (Cat 

no. 10096 Swift Bioscience) kit.  

 

Sequence mapping and data analysis 

The sequence mapping, nucleosome mapping, ChIP-ssSeq and eSPAN analysis was performed as 

described briefly below (Gan et al., 2017; Yu et al., 2018). The ssDNA libraries were sequenced 

using the paired-end method by Illumina sequencing platforms (Hi-seq 2000 and 2500 machine) 

at Mayo Clinic and Columbia University.  

Sequence reads were first mapped to the yeast reference genome (sacCer3) with the Bowtie2 

software (Langmead and Salzberg, 2012). Only paired-end reads with both ends mapped correctly 

were selected for continued analysis. Self-developed Perl programs were used to separate the 

forward and reverse reads following the reference genome. Genome-wide read coverage was 

calculated by BEDTools (Quinlan and Hall, 2010) and in-house Perl programs.  
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To obtain the nucleosome occupancy, 120-170bp DNA fragments calculated by the paired-reads 

were used. In order to increase sensitivity, DNA fragment length was then shortened to half of the 

nucleosome size (74bp) following the previous reference (Zhang et al., 2008). Finally, the count 

number of shortened DNA fragments across the whole genome was used to calculate nucleosome 

occupancy. Total sequence reads, including both Watson and Crick strands reads, were used to 

call BrdU-IP-ssSeq peaks using SICER software with a false discovery rate (FDR) cut-off of 0.01 

(Zang et al., 2009). To calculate the average bias pattern of individual nucleosomes, total eSPAN 

sequence reads at each individual nucleosomes (±10 nucleosomes) surrounding the 134 early DNA 

replication origins were counted separately and were assigned to individual nucleosome positions 

determined previously (Brogaard et al., 2012). The log2 ratio of Watson strand reads over Crick 

strand reads at each nucleosome position was used to obtain the average bias pattern of eSPAN 

after normalization against the corresponding BrdU-IP-ssSeq. Similarly, to analyze the bias pattern 

of eSPAN peaks at individual origins, we calculated the log2 ratios of the Watson strand reads over 

Crick strand reads at each nucleosome position of each of the 134 early replication origins (±10 

nucleosomes).  

 

The calculation of relative amounts of parental or new histones at leading or lagging strands 

between mutant strains and WT determined was as follows: the corresponding BrdU-IP-ssSeq 

peaks were used to identify replication regions; the eSPAN reads were split into left and right 

halves on the basis of the location of the replication origin; each replication origin was separated 

into the following four quadrants: Watson strand at the left (WL) and the right (WR) of each origin; 

Crick strand at the left (CL) and the right (CR) of each origin; finally, the equation: log2 (number 
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of sequencing reads in mutant strain divided by number of sequence reads in wild type) was used 

to calculate the relative amount of parental and new H3 in mutant cells compared to wild type cells. 

 
 
Analysis of silencing-loss at the HML locus using the CRASH assay 

The apparent silencing-loss rate at the HML loci was measured in wild-type (JRY9628), mcm2-3A 

(ASC118), ctf4∆ (ASC127), and pol1-4A (ASC131) strains using the CRASH (Cre-reported 

altered states of heterochromatin) assay (Dodson and Rine, 2015; Janke et al., 2018). Briefly, 10 

colonies of each strain were grown separately in YPD medium to saturation, diluted to 

OD600=0.01 in YPD, and grown for 5 hours at 30°C. For each colony, 50,000 events were 

collected using a BD Fortessa cytometer. The apparent silencing-loss rate at the HML locus was 

calculated by dividing the number of RFP+ GFP+ cells (cells that have recently undergone the Cre-

mediated recombination leading to GFP expression but still contain RFP) by the total number of 

cells with the potential to lose silencing (RFP+ GFP- and RFP+ GFP+).  

 

QUANTIFICATION AND STATISTICAL ANALYSIS 

 

For peak calling, the false discovery rate (FDR) was calculated by SICER software (Zang et al., 

2009), and the cut-off value was set to 0.01. For the bias quantification, the binomial distribution 

was used to calculate the p value, and the cut-off value was set to 1x10-5. For the silencing-loss 

assay, p values were calculated using Welch’s t-test. The coefficient of correlation was calculated 

using Pearson's Correlation Coefficient method. Table S3 lists the number of repeats for each 

dataset including MNase-ssSeq, ChIP-ssSeq and eSPAN in wild type and different mutant yeast 

background. 

 



	
33	

DATA AND SOFTWARE AVAILABILITY 

All raw and analyzed sequencing data have been deposited in the NCBI with a GEO number 

(GSE118580).  
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Supplemental Information 
 

Figure S1. The mcm2-3A mutation has no apparent effect on overall nucleosome occupancy and 
positioning surrounding early DNA replication origins. 

Figure S2. H3K4me3 and H3K56ac eSPAN peaks in mcm2-3A mutant cells display a leading and 
lagging strand bias pattern, respectively, in the Recombination-Induced Tag Exchange (RITE) 
strain. 

Figure S3. Deletion of CTF4 has little impact on nucleosome occupancy at replicating chromatin 
as detected by MNase-ssSeq and H3K4me3 ChIP-ssSeq compared to wild type cells. 

Figure S4. The H3K4me3 eSPAN peaks in ctf4∆ mutant cells show a marked leading strand bias 
under normal cell cycle progression.  

Figure S5. Nucleosome occupancy in ctf4-4E cells as detected by MNas-ssSeq and H3K4me3 
ChIP-ssSeq is not affected, similar to ctf4∆ cells.		

Figure S6. Cells with mcm2-3A, ctf4Δ, or pol1-4A mutation display an increased loss of silencing 
at the HML locus.	

 

Table S1. Related to STAR methods. Yeast strains used in this study. 

Table S2. Related to STAR methods. Primers used in this study for CRISPR/Cas9 mutagenesis. 

Table S3. Related to STAR methods. The number of repeats for each dataset 
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