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SUMMARY

Despite minimal disparity at the sequence level, mammalian H3 variants bind to distinct sets of
polypeptides. Though histone H3.1 predominates in cycling cells, our knowledge of the soluble
complexes that it forms en route to deposition or following eviction from chromatin remains
limited. Here, we provide a comprehensive analysis of the H3.1-binding proteome, with emphasis
on its interactions with histone chaperones and components of the replication fork. Quantitative
mass spectrometry revealed 170 protein interactions, whereas a large-scale biochemical
fractionation of H3.1 and associated enzymatic activities uncovered over twenty stable protein
complexes in dividing human cells. The SNASP and ASF1 chaperones play pivotal roles in the
processing of soluble histones, but do not associate with the active CDC45/MCM2-7/GINS
(CMG) replicative helicase. We also find TONSL-MMS22L to function as a H3-H4 histone
chaperone. It associates with the regulatory MCMB5 subunit of the replicative helicase.

INTRODUCTION

Nucleosomal histones are subject to an extraordinary array of chemical modifications, many
of which have profound effects on chromatin structure and gene expression (Campos and
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Reinberg, 2009). While such posttranslational modifications (PTMs) can alter the epigenetic
landscape, histones are systematically displaced from chromatin as DNA is transcribed,
replicated or repaired (Annunziato, 2012; Campos et al., 2014). A number of histone
deposition pathways are relatively well understood, but we have yet to fully understand the
means by which nuclear histones are evicted and chaperoned as biological processes take
place on chromatin.

While human histone H4 is invariant, the genome encodes a number of histone H3 variants.
Studies identified three principal somatic forms of which the ‘replication-coupled’ H3.1 and
H3.2 are highly transcribed in S-phase (Wu and Bonner, 1981; Wu et al., 1982) and serve to
complement the dilution of nucleosomal histones that segregate onto nascent DNA.
‘Replication-independent’ H3.3 histones are expressed throughout interphase (Wu and
Bonner, 1981; Wu et al., 1982) and thus viewed as ‘replacement histones’. Recent seminal
studies described molecular pathways overseeing the deposition of these variants (Drane et
al., 2010; Goldberg et al., 2010; Tagami et al., 2004; Wong et al.). In the cytoplasm, heat-
shock proteins fold and pair newly translated H3-H4 histone polypeptides (Alvarez et al.;
Campos et al.). The resultant histone dimer is then bound by the somatic Nuclear
Autoantigenic Sperm Protein (SNASP) histone chaperone (Campos et al., 2010) to protect
histones from targeted proteolysis (Cook et al., 2011), and to promote the di-acetylation of
histone H4 at lysines 5 and 12 by the Histone Acetyltransferase 1 (HAT1) holoenzyme
(Campos et al., 2010; Kleff et al., 1995; Parthun et al., 1996; Verreault et al., 1998). These
di-acetyl marks, concomitant with the monomethylation of H3 lysine 9 (H3K9mel),
constitute a key signature of newly synthesized histones (Loyola et al., 2006). The mature
histone pair is finally shuttled into the nucleus while bound to the Anti-silencing Factor 1
(ASF1) histone chaperone and the importin-4 karyopherin (Alvarez et al., 2011; Campos et
al., 2010).

In the nucleus, replication-coupled H3-H4 dimers are transferred from ASF1 to the
Chromatin Assembly Factor 1 (CAF-1) histone chaperone for (H3-H4), tetramer formation
(Liu et al., 2012; Winkler et al., 2012) and deposition (Mello et al., 2002; Tagami et al.,
2004; Tyler et al., 2001). CAF-1 binds PCNA and is found directly behind the replicative
helicase on replicating DNA (Shibahara and Stillman, 1999). Tetrasomes are subsequently
flanked by two H2A-H2B histone dimers to complete the mature nucleosome (Annunziato,
2012). Replication-independent histones are channeled through a number of distinct histone
chaperones including HIRA (Tagami et al., 2004) and DAXX-ATRX (Drane et al., 2010;
Goldberg et al., 2010; Wong et al., 2010). Despite these important developments, it remains
unclear how nucleosomal histones carrying potential epigenetic information are chaperoned
upon eviction from chromatin, especially as they encounter the replicative helicase.

In eukaryotes, the processive replicative helicase is composed minimally of the CDC45/
MCM2-7/GINS (CMG) complex (Gambus et al., 2006; Ilves et al., 2010; Kang et al., 2012;
Pacek et al., 2006). GINS/CDC45 activates the MCM2-7 helicase activity by bridging a gap
between the MCM2 and MCMS5 subunits (Costa et al., 2011). The MCM2 subunit of the
CMG complex has been shown to cooperatively bind histones and the FACT histone
chaperone (Foltman et al., 2013; Tan et al., 2006). This likely constitutes an early step in
nucleosome disassembly at replication forks (Campos et al., 2014). The H3-H4 histone
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chaperone ASF1 has also been proposed to associate with the replicative helicase (Groth et
al., 2007). While ASF1 dissociates (H3-H4), tetramers into H3-H4 dimers (English et al.,
2006; Natsume et al., 2007), the bulk of H3.1-H4 histones segregate at the fork as tetrameric
units (Xu et al., 2010). This suggests that histones are either transiently dissociated into
dimers at the fork, or are alternatively segregated independently of ASF1.

To better understand replication-coupled histone eviction and the stable protein complexes
that ensue, we performed a comprehensive biochemical purification resulting in a detailed
description of the soluble replication-coupled human H3.1 interactome. H3.1 protein
complexes were analyzed for intrinsic enzymatic activities, with a particular focus on
complexes formed in S-phase. We further surveyed the purified fractions for their ability to
disassemble nucleosomal histones and identified TONSL-MMS22L as a histone chaperone
with a preference for histone H3 monomethylated at lysine 9. TONSL-MMS22L was
previously shown to promote homologous recombination (HR) during S-phase (Duro et al.,
2010; O’Connell et al., 2010; O’Donnell et al., 2010; Piwko et al., 2010). Disruption of
either TONSL or MMS22L results in the accumulation of DNA damage, activation of the
ATM/ATR checkpoint response, and accumulation of cells in G, (Duro et al., 2010;
O’Connell et al., 2010; O’Donnell et al., 2010; Piwko et al., 2010). In this study we further
demonstrate that purified fractions containing TONSL-MMS22L enhance histone eviction.
Importantly, TONSL interacts with the regulatory MCM5 subunit of the replicative helicase,
normally employed by GINS/CDC45 to bridge the MCM2-MCMS5 junction and activate the
MCM2-7 helicase (Costa et al., 2011).

Quantitative MS analysis of the Soluble Human H3.1 Proteome

A comprehensive biochemical analysis of the soluble H3.1 proteome was performed from
HelLa S3 spinner cultures (Figure 1A). The cells expressed low levels of epitope-tagged
H3.1 (eH3.1) thus averting the co-purification of closely related histone variants (Tagami et
al., 2004). In order to gain confidence in the validity of putative interacting partners, a label-
free quantitative mass spectrometry (MS) approach (Smits et al., 2013) was first exploited to
compare affinity-purified eH3.1 to mock purifications from different subcellular
compartments in S-phase as well as from an asynchronous state. Protein hits were
considered to be of interest if reproduced across at least three independent
immunoprecipitations and statistically enriched over matching mock purifications (Figure
1B, Table S1). Two thirds of the 170 statistically enriched proteins were unique to one of the
three examined subcellular compartments (Figure 1C), highlighting variances in the
subcellular handling of histones. As expected, ontology-based classification of the
associated proteins revealed a prevalence of proteins involved in complex assembly and
organization in the cytoplasm, whereas ontology terms relating to transcription, and
chromatin assembly, organization and modification abounded in the nuclear compartments
(Figure S1A).

MCMZ2, sNASP, and UBR7 were the most enriched proteins co-purifying with nuclear H3.1,
exhibiting over a thousand-fold enrichment in label-free quantification intensities relative to
mock IPs, closely followed by an array of histone chaperones and transcription factors
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(Table S1). UBRY belongs to the N-recognin family of E3 ligases but harbors a PHD
domain in lieu of a RING domain (Tasaki et al., 2005). Unlike the other highly enriched
proteins, UBR7 did not stably co-purify with H3.1 upon further fractionation (see below),
suggesting that the interaction is abundant but unstable. Nonetheless, the observation is
interesting given that the related UBR2 protein targets H2A-H2B for ubiquitination (An et
al., 2012) and that the UBR7-related Mlo2 protein is involved in mitotic chromosome
segregation in S. pombe (Javerzat et al., 1996).

In line with our report on cytosolic histone protein complexes (Campos et al., 2010), SNASP
was the most enriched histone chaperone co-purifying with H3.1, an observation that was
particularly evident in S-phase (Figure 1B, D). This was closely followed by SUPTHS,
CAF-1, FACT, and TONSL, all of which co-purified with over a hundred-fold enrichment
over mock IPs. In all, a total of ten known histone chaperone polypeptides were identified
with H3.1.

A direct comparison between the H3.1 proteome from asynchronously growing cells and a
synchronized population in S-phase yielded surprisingly little differences (Figure S1 B-C).
Specifically, MCM subunits of the replicative helicase were enriched with H3.1 in S-phase,
along with the NASP and ASF1B chaperones. In comparison, the SUPT6H histone
chaperone that is implicated in transcription (Bortvin and Winston, 1996) was inversely
enriched in asynchronous cells (Figure S1C). While transient interactions are widely
expected to change through the cell cycle and in response to different stimuli, the overall
stable interactions formed with histone H3.1 underwent little change. By implication, the
observation underscores the close coupling of soluble histone complexes and the replication
machinery. The noisy distribution of proteins in and out of S-phase may, however, also have
hindered our ability to discern statistical changes over the H3.1 interactions.

Biochemical Characterization of Soluble H3.1 Protein Interactions

To further substantiate the identified H3.1 interactions and to dissect these into separate
complexes, we performed successive biochemical fractionations on the affinity purified
eH3.1 extracts. The eH3.1 affinity purified material was first resolved based on charge over
an anion exchange chromatography column, and the protein fractions analyzed over silver
stained SDS-PAGE and western blots (Figure 2A, top panels). These fractions were also
assayed for H3.1-associated enzymatic activities (acetyltransferase, methyltransferase,
kinase, ATPase) with free or nucleosomal histones as substrates (Figure 2A, bottom panels).
Polypeptides co-eluting with H3.1 peak fractions, or with these enzymatic activities, were
subjected to further biochemical fractionations based on the solubility and size of the protein
complexes to reveal stable H3.1 interactions and identify the enzymes acting on histones
(Figure S2, Figure S3). Proteins were identified by MS after excision from silver stained
gels, and confirmed by western blotting when possible. No less than 39 soluble nuclear
proteins remained stably associated with eH3.1 following a number of chromatography
steps, the majority of which were detected in the quantitative MS analyses above. These
polypeptides distributed over 20 putative histone protein complexes (Figure 2B, Table S2).

Nearly half of these protein complexes harbored proteins implicated in DNA replication
despite being processed from asynchronous cells (Figure 2B). Few polypeptides pertained to
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transcription, suggesting that the most stable interactions formed with histone H3.1
primarily concerned cell cycle regulation. We observed H3.1 in association with an
assortment of prominent MCM protein complexes, likely involved at different stages of the
cell cycle. However, in spite of being detected in the input extracts, CDC45 and the GINS
sub-complex, both of which are required to activate the MCM2-7 helicase (Gambus et al.,
2006; llves et al., 2010; Kang et al., 2012; Pacek et al., 2006), did not co-purify with histone
H3.1 nor were they observed in the quantitative MS analyses of the H3.1 S-phase proteome
(Figure S2C-D, Figure S3 B-C). This finding suggests that histone interactions with active
CMG helicase complexes, as those reported in yeast (Foltman et al., 2013), are
biochemically unstable if occurring in mammalian cells.

Excluding enzymatic activities, eH3.1 co-eluted either with protein complexes that
contained a known histone chaperone, with TONSL-MMS22L, or with the uncharacterized
C190RF43 proteins (Table S2, Figure S2, Figure S3). The one fraction with seemingly
unchaperoned histones represents minute amounts of nucleosomes (Figure S3G), as histones
would not have strongly bound our anion exchange resin in the absence of DNA. Indeed,
free histones are seldom left unchaperoned in vivo (Campos et al., 2010) as their charged
nature would result in adverse electrostatic interactions. Akin to cytosolic purifications
(Alvarez et al., 2011; Campos et al., 2010), nuclear eH3.1 co-eluted with a broad range of
interacting proteins with no free histones left to passively diffuse inside of cells (Figure 2,
Figure S2, Figure S3).

Methyltransferase, kinase, and acetyltransferase activities towards core nucleosomal
histones also co-fractionated with the soluble, nuclear, eH3.1 (Figure 2A). Despite the
statistical enrichment of NuRD and BAF components in the quantitative MS analyses (Table
S1), ATPase activity towards nucleosomal substrates was not detected (Figure S3H) nor did
the complexes co-purify with soluble eH3.1 (Figure S2, Figure S3). The methyltransferase
activity directed towards histone H4 (Figure 2A) originated from PRMT5 (Figure S3B-C), a
contaminant common to FLAG affinity purifications (Mellacheruvu et al., 2013). In
contrast, the acetyltransferase activity (Figure 2A) originated from nuclear HAT1 and
associated with the SNASP histone chaperone (discussed below). Kinase activity towards
histones (Figure 2A) in turn emanated from the STK38 (NDRL1) protein kinase (Figure
S2G). Although STK38 is a contaminant in FLAG purifications (Mellacheruvu et al., 2013),
the recombinant protein does phosphorylate soluble but not nucleosomal histones in vitro
(Figure S2H). The kinase however preferentially targeted H2A-H2B dimers for
phosphorylation (Figure S21).

Fractions Containing ASF1B, TONSL-MMS22L, or Nucleophosmin Promote Histone

Eviction

To further understand the role of the eH3.1 protein-protein interactions, a quantitative
nucleosome disassembly test was designed to screen for fractions capable of histone eviction
invitro, in the absence of ATP (Figure 3A, Figure S4). In this experiment, a [32P]-labeled
PCNA ring was loaded onto a linear DNA fragment flanked by a single nucleosome at one
extremity and a streptavidin-biotin block on the opposite end. The radiolabeled ring was free
to slide on DNA but was locked onto the template by the nucleosome and the streptavidin
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(Figure 3A, Figure S4F). The PCNA probe co-eluted from a size exclusion spin column with
the bulky DNA if the nucleosome was intact. The small radioactive ring however remained
in the column when histones were removed. Thus, histone retention correlated with
Cherenkov counts from the exclusion volume.

Surprisingly, a titration of eH3.1-purified proteins revealed that the nuclear extracts evicted
nucleosomal histones more aptly than chromatin-associated proteins (Figure S4H). The
activity reflected an active loss of nucleosomes as no nuclease or phosphatase activity was
detected in these extracts, under the same conditions (Figure S41-J). Three of the eH3.1
mono Q fractions shown in Figure 2, consistently yielded a reproducible nucleosome loss
(Figure 3B). These fractions were re-analysed by MS (Figure 3C) and corresponded to
eH3.1 bound by either: ASF1B, RAN, importin-4 (Figure S2A); MCM2-7, TONSL-
MMS22L (Figure S2C); or nucleophosmin (Figure S2F). Since the assay was performed in
the absence of ATP, the resultant disassembly likely arises from the action of histone
chaperones rather than molecular chaperones present in the samples. Amongst the former,
FACT and NASP were also detected within the MCM2-7-TONSL-MMS22L-containing
fraction.

Focus on Histone Chaperone Complexes

Nuclear sSNASP—We previously found sSNASP to be a major H3-H4 histone chaperone
associating with the histone acetyltransferase (HAT) holoenzyme (HAT1 and RbAp46) in
the cytosol (Campos et al., 2010). The complex was again isolated from the nuclear
compartment (Figure 4A). Two distinct forms of the SNASP-HAT1 complex co-eluted by
ion exchange chromatography but were resolved based on their solubility in the presence of
ammonium sulfate (Figure S2E, Figure 4A). The first was identical to the abundant
cytoplasmic complex in that it comprised di-acetylated newly-synthesized histones that were
otherwise largely unmodified, and likely leached from the cytosol (Figure S2E). The second,
however, contained histones heavily decorated with PTMs typical of both eu- and hetero-
chromatin (Figure 4A). Both protein complexes harbored catalytically active HAT1 and
were the source of the nuclear acetyltransferase activity (Figure 4B), demonstrating that H4
di-acetylation is not restricted to newly synthesized histones. Remarkably, nearly all of the
soluble eH3.1 complexes isolated from the nucleus harbored H4K12ac regardless of whether
they physically co-purified with HAT1 or whether they encompassed other histone PTMs
(Table S2, Figure S2). The ubiquitous HAT1 activity from soluble nuclear extracts suggests
that evicted histones are re-acetylated when bound and recycled by SNASP.

Association of SNASP with evicted histones was confirmed by immunoprecipitating epitope
tagged sSNASP from 293 cell extracts and immunoblotting against tri-methyl marks on
histone H3 (Figure 4C). SNASP protects soluble histones from degradation in vivo (Cook et
al., 2011) and likely stores a soluble pool of histones for deposition. Inhibition of DNA
replication or transcription by targeting the appropriate polymerase with aphidicolin or a—
amanitin, respectively, reduced H3 trimethyl marks but not acetylation of histone H4 on
sNASP-bound histones (Figure S5), suggesting that histones can be captured by SNASP
during both transcription and DNA replication. To further ensure that the di-/tri-methylation
on sNASP-bound histones were acquired in the context of chromatin and not modified on
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the chaperone proper, we tested for the ability of the PRC2 methyltransferase to methylate
SNASP-bound histone H3, given that its preferred substrates are nucleosomal histones (Cao
et al., 2002). SNASP-bound histones were poor substrates for PRC2, even when compared to
unbound counterparts, further confirming histone eviction as the source of SNASP-bound
histone PTMs (Figure 4D). Altogether these findings suggest a model in which evicted
histones are captured and protected from proteolytic degradation by SNASP (Cook et al.,
2011) and re-acetylated by HAT1 prior to re-incorporation onto chromatin. We cannot
however rule out the possibility that SNASP-HAT also directly acts on histones during
deposition and eviction events as they occur on chromatin.

ASF1 and the replicative helicase—Two ASF1B-containing H3.1 complexes were
purified in this study. We and others have reported that cytosolic histones associate with
importin-4 karyopherin along with ASF1 (Alvarez et al., 2011; Campos et al., 2010) and
now observe the ASF1-importin-4 complex in nuclear extracts with the addition of sub-
stoichiometric levels of the RAN GTPase (Figure S2A). Furthermore, we isolated the
ASF1B isoform along with the MCM2, -3, -5 proteins in association with eH3.1 (Figure
S2D) but not with the CDC45 and GINS subunits of the CMG helicase. It is known that
ASF1 co-localizes and co-purifies with MCM proteins (Groth et al., 2007; Schulz and Tyler,
2006) and this interaction increases with replicative stress (Jasencakova et al., 2010).
Therefore, the detection of ASF1 with the eH3.1 fractions containing MCM proteins but not
CDC45/GINS, suggests that the H3.1-associated pool of ASF1B does not associate with the
active CMG complex. To ensure that this was not due to the experimental processing of the
samples, 293 cells expressing epitope tagged ASF1B were synchronized, released in S-
phase, and treated with the cell-permeable amine-reactive crosslinking agent disuccinimidyl
suberate (DSS). The DNA was then digested with benzonase and ASF1B was
immunoprecipitated. Slow-migrating (crosslinked) species were excised from SDS-PAGE
gels and the interacting proteins identified by MS (Figure 4E). Although MCM proteins
were well represented in ASF1B immunoprecipitates, ASF1B did not interact with CDC45
and vice-versa, indicating that it does not interact with the replicative helicase. ASF1B did
however interact with the HIRA and CAF-1 chaperones (Figure 4E), as expected through its
role in histone deposition (Tagami et al., 2004). Thus, while the ASF1B chaperone would be
well positioned to recycle histones through CAF-1 (Mello et al., 2002; Tyler et al., 2001)
and the complex does form in S-phase (Groth et al., 2007), our data implicates ASF1B with
an inactive phase of the replicative helicase.

TONSL-MMS22L: A Histone Chaperone at Stalled Replication Forks

In addition to purifying soluble eH3.1 with known histone chaperones, we were quite
intrigued in the isolation of histones with MCM2-7 and TONSL-MMS22L (Figure S2C).
The TONSL-MMS22L complex promotes homologous recombination at stalled or stressed
replication forks (Duro et al., 2010; O’Connell et al., 2010; O’Donnell et al., 2010; Piwko et
al., 2010). Knockdown of either TONSL or MMS22L results in spontaneous DNA double-
strand breaks in S-phase, checkpoint activation and accumulation of cells in G, (Duro et al.,
2010; O’Connell et al., 2010; O’Donnell et al., 2010; Piwko et al., 2010). Our TONSL-
MMS22L-MCM2-7 complex harbored both endogenous and exogenous H3.1 as well as
PTMs normally found on chromatin, suggesting that the proteins bind evicted (H3-H4),
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tetramers (Table S2). In comparison to the replication-dependent CAF-1 histone deposition
machinery, which was enriched in MS but barely visible by silver staining (Figure S2F),
TONSL-MMS22L was relatively abundant and stable. Despite its association with
MCM2-7, the H3.1-associated complex was readily detected in soluble nuclear extracts but
was not found in chromatin extracts nor with GINS/CDC45 (Figure S2C-D). To rigorously
test whether MMS22L-TONSL interacts with CMG, a crosslinking experiment was again
performed: replicating cells were exposed to the DSS cell permeable crosslinker, the DNA
digested, and TONSL immunoprecipitated for MS analysis. Again, we observed a TONSL-
MMS22L interaction with MCM2-7 but failed to detect peptides derived from CDC45/GINS
(Table S3), indicating that like ASF1, TONSL-MMS22L does not associate with an active
replicative helicase or the association is of very low abundance.

Since the soluble eH3.1 fractions containing TONSL-MMS22L poorly co-eluted with
known histone chaperones, we sought to determine whether TONSL-MMS22L has histone
chaperone activity. While MMS22L lacks recognizable histone binding domains, TONSL
contains many protein modules including an acidic region—a feature that is common to
histone chaperones (Figure 5A). The presence of an acidic region, the co-elution of TONSL
with histones, and its enrichment in fractions that disassemble nucleosomes, led us to
explore the possibility that TONSL-MMS22L functions as a histone chaperone. In order to
be considered a histone chaperone, the proteins must be capable of binding histones and
promote nucleosomal assembly in vitro in the absence of ATPase activity. Isopycnic
centrifugation over a sucrose gradient revealed that recombinant TONSL-MMS22L was
capable of binding all four core nucleosomal histones (Figure S6A). Histone-binding was
mediated through two domains: the short acidic patch and the neighboring ankyrin repeats
(Figure S6B). Furthermore, TONSL-MMS22L was able to assemble chromatin in a
supercoiling assay used to gauge histone deposition in vitro (Figure 5B). The full-length
TONSL protein and a protein fragment encompassing the acidic region and ankyrin repeats
of TONSL bound histones equally well (Figure S6C, left panel). However, only the full-
length TONSL protein exhibited histone chaperone activity in vitro (Figure S6C, right
panel). Since neither TONSL nor MMS22L possess a recognizable ATPase domain, our
results indicate that TONSL-MMS22L is a bona fide histone chaperone.

The ankyrin repeats of the GLP and G9a methyltransferase proteins were recently found to
form an aromatic cage that binds mono and di-methylated H3K9 (Collins et al., 2008). We
therefore assessed whether TONSL displayed any binding preference towards methylated
histones. We found that recombinant TONSL-MMS22L binds to unmodified recombinant
histones but preferentially bound to hyper-methylated H3 when incubated with histones
purified from HelLa cells (Figure S6D). A similar result was obtained with recombinant
TONSL in the absence of MMS22L (Figure S6E). Furthermore, we found that TONSL
immunoprecipitates both methyl-H3 and -H4 in vivo and binding of hyper-methylated H3
was augmented upon treating U20S cells with DNA-damaging doses of camptothecin
(Figure S6F), a drug previously shown to mobilize the TONSL-MMS22L proteins onto
chromatin (Duro et al., 2010; O’Connell et al., 2010; O’Donnell et al., 2010; Piwko et al.,
2010). Recombinant TONSL was therefore incubated with an array of H3 histone peptides,
spanning all known methyl-lysine modifications. TONSL exhibited preferential binding for
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H3K9mel (Figure 5C, Figure S6G), an observation further confirmed by
immunoprecipitation of TONSL from U20S cells (Figure S6H).

While monomethylation of histone H3 on lysine 9 has not been implicated in the DNA
damage response, recent studies suggest that the H3K9me2/3 demethyltransferase KMD4B
is mobilized within seconds to sustain DNA repair, whereas the SUV39H1
methyltransferase that is responsible for H3K9mel catalysis is downregulated at the
transcriptional level (Young et al., 2013; Zheng et al., 2014). Laser microirradiation of cells
confirmed a rapid recruitment of TONSL on damaged chromatin with peak accumulation
occurring 10-20 minutes after irradiation, followed by a constant decline in chromatin-
bound TONSL levels thereafter (Figure S61). This suggests a dynamic mode of action, as
TONSL promptly and transiently acts on chromatin to maintain the integrity of replicating
DNA. However, we did not observe H3K9mel accumulating on irradiated chromatin
(Figure S6J). Instead, H3K9mel levels markedly increased on the soluble pool of TONSL as
evidenced by TONSL immunoprecipitation after induction of DNA damage (Figure S7A).
This indicates that methyl H3 alone is not a critical component of TONSL recruitment to
DNA damage.

TONSL was highly enriched in two of the three eH3.1-purified nuclear extracts exhibiting
nucleosome disassembly (Figure 3B—C). We therefore repeated the assay shown in Figure 3,
but directly titrating recombinant TONSL over the nucleosomal substrate. The addition of
TONSL in itself had little effect on the stability of nucleosomes (Figure S7B, left panel).
Recombinant FACT also lacked any effect by itself. A similar titration of FACT over the
nucleosome substrate resulted in negligible disassembly (Figure S7B, right panel), meaning
that any electrostatic interactions between nucleosomal histones and these histone
chaperones is not sufficient to dissolve nucleosomes. Since H3.1-purified nuclear extracts
contained nucleosome disassembly activities (Figure S4H), we re-titrated TONSL over 1.5
ug of the H3.1-purified nuclear extracts—the amount needed to dissociate roughly half of
the nucleosomes (Figure S4H). The effect was modest, but TONSL enhanced disassembly
until a 1:1 stoichiometric point was reached between TONSL and the nucleosomal octamers
(100 fmoles), after which a plateau was reached (Figure S7B, left panel). This suggests that
TONSL in itself lacks chromatin disassembly activities but may indirectly support the
process.

To explore the role of TONSL at stalled forks, we further sought to identify the TONSL-
MCM protein-protein interactions. The recombinant TONSL-MCM2-7 complex was pre-
incubated, crosslinked in vitro using an amine-reactive crosslinker (Figure 5D), digested
with trypsin, and the peptides analyzed by MS to map interacting surfaces (Yang et al.,
2012). Numerous intra-protein crosslinked peptides were observed, along with crosslinks
between MCM5-MCM3, MCM7-MCM4, MCM4-MCM®6 and MCM6-MCM2 (Figure S7C),
which is consistent with electron microscopy tomography analyses of the MCM2-7 complex
(Costa et al., 2011). Of note, the sixth TPR repeat of TONSL crosslinked to the extreme
carboxyl terminus of MCMS5 near its AAA+ ATPase domain (Figure 5D). The finding is
important since the same surface is utilized by CDC45/GINS (Costa et al., 2011) and
suggests that TONSL can potentially maintain MCM2-7 in an inactive state. To confirm the
TONSL-MCMS5 interaction, immobilized TONSL was incubated with in vitro translated
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MCM2-7 subunits. The MCMS5 subunit clearly remained bound to TONSL (Figure 5E). In a
similar experiment, we again reproduced the TONSL-MCMS5 interaction using bacteria-
expressed MCM subunits (Figure S7D). Weak binding to MCM3 was also observed
(Figures 5E, Figure S7D). Altogether these results illuminate the need for specialized
histone chaperones taking on distinct functions through the course of DNA replication for
histone processing, deposition, eviction and repair.

DISCUSSION

The pathway leading to the deposition of newly-synthesized histones on replicated DNA
intimately involves histone chaperones (Annunziato, 2012; Campos et al., 2014). Thus, the
hypothesis emerged that histones confronting a replication fork are similarly chaperoned, as
nucleosomes are being dismantled and histones are being recycled within replication
bubbles. Indeed, the cooperative histone binding by FACT and MCM2-7 (Foltman et al.,
2013; Tan et al., 2006) as well the interaction between ASF1 and MCM proteins (Groth et
al., 2007) substantiate this hypothesis. However, the question remains as to how histones are
chaperoned at the forefront of the replication fork and throughout the remainder of the cell
cycle. In this study we surveyed stable interactions between the replication-coupled histone
H3.1 and histone chaperone protein complexes. We identified 11 histone chaperones that
interact with histone H3.1, including the histone chaperone TONSL (Figure 1D). The results
showcase the diverse roles of chaperones at the forefront of replication.

We previously identified SNASP as a key H3—-H4 histone chaperone in the processing of
cytoplasmic histones (Campos et al., 2010). Here, we demonstrated that regardless of its
subcellular localization, SNASP stably associates with the catalytically-active HAT1
holoenzyme (Campos et al., 2010) (Figure 4A). Albeit ubiquitous in the cytosol, a pool of
the type B acetyltransferase is also found in the nucleus in S-phase (Parthun et al., 1996;
Verreault et al., 1998). Nuclear localization of SNASP has also been reported (Richardson et
al., 2000), but we now observed a pool of nuclear SNASP in association with HAT1 and
evicted histones (Figure 4A—C). Our quantitative MS analyses confirmed the ubiquitous and
abundant nature of this histone chaperone (Figure 1B, D). The catalytic activity of the
purified SNASP-histone complex (Figure 4B), along with the acetylation of bound histone
H4 (Figure 4A-C), argues for a re-acetylation of evicted histone H4 prior to re-deposition.
Like sSNASP (Cook et al., 2011), loss of HAT1 has a limited impact on cell cycle dynamics
(Nagarajan et al., 2013). However, absence of HAT1 results in hypersensitivity to DNA
damage and increased global genomic instability (Nagarajan et al., 2013), stressing the
significance of its histone acetylation activity. Thus, the pool of evicted SNASP-bound
acetylated histones may help sustain genomic stability.

Evidence strongly suggests that H2A-H2B histone chaperone FACT initiates hucleosome
disassembly at replication forks. FACT was identified as a factor that facilitates transcription
through chromatin in vitro (LeRoy et al., 1998; Orphanides et al., 1998). It does so by
interacting with the DNA-binding surfaces of H2A-H2B to displace histone dimers (Hsieh et
al., 2013). Mammalian FACT directly interacts with MCM4 (Tan et al., 2006), and the yeast
CMG cooperatively binds histones via Mcm2, in the presence of FACT (Foltman et al.,
2013). FACT is also enriched in mammalian replication foci (Hertel et al., 1999), and loss of
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FACT results in S-phase delays across species (Abe et al., 2011; Okuhara et al., 1999;
Schlesinger and Formosa, 2000), likely due to impaired replication fork progression (Abe et
al., 2011). While mechanistic evidence of H2A-H2B segregation accumulates, the
mechanistic segregation of nucleosomal histones (H3-H4), remains elusive.

We purified two H3-H4 histone chaperones in stable association with MCM proteins (Figure
2B). However, H3.1-CMG interactions were biochemically unstable in our conditions. Only
upon chemical crosslinking were histones detected by MS in association with CDC45
(Figure 4E). Eukaryotic MCM proteins are abundant in cycling cells, and only a minute
population is incorporated into the CMG complex (Moyer et al., 2006)—a severe limitation
to our biochemical approach. Indeed, the lack of histone chaperone-CMG interaction could
suggests that such transaction is transient and scant. Other factors may alternatively
contribute to the recycling of nucleosomal H3.1-H4 histones within replication bubbles
averting detectable histone-CMG interactions. These could be mediated by other
components of the replication machinery, perhaps aided by the force of the helicase, ATP-
dependent chromatin remodelers, or other transiently binding proteins. Therefore histone
chaperone-MCM2-7 interactions hold specialized functions that need not be connected to
the normal elongation phase of the CMG helicase, a notion well exemplified by ASF1 and
TONSL.

Histone H3.1 purified with two ASF1B protein complexes, the first co-eluted with a
karyopherin, importin-4, and RAN GTPase (Figure S2A). RAN modulates cargo binding in
the nucleus (Pemberton and Paschal, 2005) and hence, presumably releases the ASF1B-H3-
H4 complex coming from the cytoplasm. The latter protein complex, in association with
MCM proteins (Figure S2D), is intriguing. ASF1 has been singled as a candidate to recycle
histones encountering replication forks (Groth et al., 2007). Like FACT, evidence does
intimately associate ASF1 with the replication process. ASF1 is detected over DNA
replication foci in both mammals and fruit flies, and a loss of ASF1 results in delayed S-
phase progression (Groth et al., 2007; Schulz and Tyler, 2006). The role of ASF1 in the
transport (Alvarez et al., 2011; Campos et al., 2010) and handover of new histones to CAF-1
(Mello et al., 2002; Tyler et al., 2001) is well described and required for normal fork
progression (Mejlvang et al., 2014). However, ASF1B interactions ahead of the replication
fork are less clear, and whether ASF1 travels with active CMG helicases has remained
controversial.

H3.1-associated ASF1B lacked components of the CMG other than MCM proteins (Figure
S2D). We further used cell permeable DSS crosslinker and MS to univocally answer the
question of whether ASF1 binds to an active CMG or inactive MCM2-7 helicase in the
absence of stress. As such, MCM proteins crosslinked and were detected by MS from both
immunoprecipitated ASF1B and CDC45 (Figure 4E). However, ASF1 and CDC45 did not
crosslink to the same protein complexes regardless of whether ASF1B or CDC45 was
immunoprecipitated. The results demonstrate that under normal growth conditions, ASF1-
MCM interactions are limited to inactive helicase complexes. Since MCM proteins levels
greatly exceed the number of replication origins, a biological function for this interaction
remains to be fully determined.
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Unlike ASF1, TONSL-MMS22L is not required for normal replication fork progression
(O’Donnell et al., 2010). It instead promotes homologous recombination at stressed
replication forks (Duro et al., 2010; O’Donnell et al., 2010). We found TONSL to have
histone chaperone activity (Figure 5B, Figure S6A-C), and speculate a further supportive
role in nucleosome disassembly (Figure 3B—-C, Figure S7B, left panel). An attractive model
entails TONSL recruitment to stalled or colliding replication bubbles, perhaps aided by
transient accumulation of H3K9mel alongside other factors associating with ssSDNA. Once
recruited, TONSL would subsequently contribute to the resolution of the stressed forks by
binding to surfaces on MCM5/3, normally used by GINS/CDCA45, resulting in the
inactivation of CMG helicase activity (Figure 5F). A related role has been demonstrated for
the yeast Dia2 protein, which shares a similar structure with TONSL but harbors an F-box in
lieu of the ankyrin repeats (Figure 5A). The yeast protein interacts with MCM proteins via
its TPR repeats (Mimura et al., 2009; Morohashi et al., 2009), and acts as a substrate-
targeting subunit of the Skp1-Cdc53-F-box SCFPa2 E3 ligase complex (Koepp et al., 2006).
The complex targets MCM7, which in turn causes the Cdc48/p97 segregase protein to
dismantle the CMG complex at the end of replication (Maric et al., 2014). While TONSL-
MMS22L was not part of an E3 ubiquitin-conjugating complex, we did detect a co-elution
of TONSL with the CDC48/VVCP ATPase (Figure S2F), which may help dismantle stalled
replication forks as well. Furthermore, like TONSL, Dia2-defective cells are susceptible to
DNA damage in S-phase (Blake et al., 2006; Koepp et al., 2006). Regardless of whether
TONSL is involved in the inactivation of the CMG complex, its interaction with the MCM5
subunit of MCMZ2-7 is highly intriguing. Further experiments will now be required to
determine whether there is competition between TONSL and CDC45/GINS over the same
binding surfaces of the MCM hexameric ring (Figure 5F), and what it entails during
homologous recombination.

Biochemical purification schemes are limited by the abundance of the material. While
nucleosomal histones play profuse structural and regulatory epigenetic roles, the amount of
soluble proteins complexes containing non-nucleosomal histones is highly limiting. The
technicality severely impedes our ability to follow chromatin transactions in an unbiased
manner. The large-scale analysis of the replication-coupled H3.1 protein revealed a number
of unexpected roles for new and old histone chaperones. The purifications and experiments
described herein not only provide a reference to the large number of soluble H3.1 protein
complexes that exist in vivo, but also insights into the diverse functions undertaken by
histone chaperones.

EXPERIMENTAL PROCEDURES

Biochemical Fractionation

The fractionation of HeLa S3 cells proceeded at 4°C, as described (Campos et al., 2010).
Chromatin pellets were solubilized as described in the Extended Experimental Procedures.

Label-free Quantitative Mass Spectrometry

Briefly, raw MS data was analyzed with MaxQuant 1.3.0.5, with the options ‘label-free
quantification’ (LFQ), ‘match-between-runs’ and ‘iBAQ’ enabled. The identified proteins
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were filtered for contaminants and reverse hits. Additionally, proteins were filtered to be at
least detected in all replicates of the Flag IP or control. Significant interactors were
identified based on the difference of LFQ intensity between Flag and control IPs using a
permutation-based false discovery rate (FDR) adapted t-test (Perseus). The resulting FDR (-
log10) was plotted against the Flag/control ratio (Iog2) in volcano plots and significance
thresholds (minimal FDR and fold change (FC)) were empirically set for every experiment.
Full experimental details are found in the Extended Experimental Procedures.

Nucleosome Disassembly

BsmBI cut pS601x1 plasmid was filled-in with biotinylated dNTPs (Thermo Scientific), and
the gel purified Scal-BsmBI fragment nicked with Nb.BbvClI. Nucleosomes were assembled
by salt dialysis (Extended Experimental Procedures) after which 4 molar equivalents of
streptavidin (NEB) was added. Three molar ratios of radiolabeled PCNA were loaded per
mole DNA as previously described (Zhang et al., 1999), after which ATP was quenched
with glucose and hexokinase. The radiolabeled substrate was then incubated at 37°C for 15
min with 1 pl of the eH3.1 fractions after which it was applied on top of a 2 ml sephacryl
S-400 (GE Life Sciences) gel filtration column (packed by gravity flow on disposable 2 ml
columns (Pierce) pre-equilibrated with Gel Filtration buffer (50 mM tris, pH 7.6, 150 mM
NaCl, 50 mM EDTA, 0.1% NP-40 (v/v), 0.5 mM DTT, 1 mM NaF, 0.5 mM Na3zVOy)).
Samples were immediately centrifuged for 30 sec at 800 x g. 800 ul of Gel Filtration buffer
was then added and samples re-centrifuged to collect the exclusion volume. An additional
1.2 ml of buffer was added to collect the inclusion volume. Radioactive signals were
measured by Cherenkov counting.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Quantitative mass spectrometry (MS) analyses of H3.1-interacting proteins. (A) Purification
Scheme. (B) Quantitative MS analysis of affinity-purified eH3.1 isolated from asynchronous
or synchronized, replicating cells. Each volcano plot represents three independent eH3.1
(FLAG) pull-downs plotted against matching mock purifications. The x axis denotes the
eH3.1 over mock ratio of MS intensity whereas a false discovery rate (FDR) adapted t-test is

plotted on the y axis. (C) Distribution of H3.1-interacting proteins across subcellular

compartments. (D) Relative enrichment of histone chaperones, components of the
replication fork, and proteins with enzymatic activity within the eH3.1 immunoprecipitates.
Data is presented as mean Label-free Quantification (LFQ) ratio +/- SD.
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Figure 2.
Biochemical isolation of soluble eH3.1 protein complexes. (A) Anion exchange

chromatography of eH3.1 affinity purified from either nuclear extracts (left panel) or
solubilized chromatin (right panel). Silver stained SDS-PAGE and western analyses
revealed co-eluting proteins (top panels), whereas the extracts were further essayed for
intrinsic enzymatic activities towards histones using radiolabeled acetyl-CoA, SAM and
ATP (bottom panels). The elution points above the gels denote fractions where eH3.1
protein levels peaked. These fractions, as well as fractions containing enzymatic activities
towards histones were further fractionated (see Figure S2, Figure S3). (B) H3.1 interactome
based on the biochemical purification of soluble eH3.1 protein complexes. Proteins
validated in the quantitative MS analysis are highlighted in yellow. Solid grey and dashed
red lines respectively represent interactions reported in STRING, and interactions found
through the biochemical purification of soluble eH3.1. NC: negative control, PC: positive
control, KAT: lysine acetyltransferase, KMT: lysine methyltransferase, CBB: Coomassie
Brilliant Blue.
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ATP-dependent
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Nucleosome disassembly. (A) A radiolabeled PCNA probe is loaded onto a linear DNA
template, flanked by a single nucleosome at one extremity and a biotin-streptavidin block at
the other. DNA flows into the exclusion volume when applied onto a gel filtration spin
column, along with the radiolabeled PCNA trapped by the nucleosome. The radioactive
probe is free to slide on DNA but falls off and remains in the inclusion volume if histones
are removed. The assay quantifies the amount of radioactive PCNA in the exclusion volume
by Cherenkov counting. (B) Testing nucleosome disassembly activity within affinity-
purified eH3.1 from nuclear fractions (Figure 2). Data represents mean [32P]-PCNA
retention +/— SD. (C) Mass spectrometry analysis (peptide counts) of the three fractions

exhibiting histone eviction.
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Figure 4.
Molecular functions of nuclear SNASP and ASF1B. (A) Nuclear SNASP co-elutes with

HAT1 and evicted histones. (B) Both SNASP-HAT1 complexes (with or without evicted
histones) are enzymatically active. Left panel: Western analysis of peak eH3.1 fractions
containing SNASP with evicted or new histones (precipitated at 3.4 and 2.8 M ammonium
sulfate, respectively). Right panel: Acetyltransferase activity towards histones demonstrated
by autoradiography of acetyl-[3H] incorporation. (C) Nuclear, but not cytosolic SNASP co-
precipitates histones with marks characteristic of eu- and hetero-chromatin. (D) In vitro
PRC2 methyltransferase assay. SNASP-bound histones are poor substrates for the PRC2
complex compared to free soluble (H3-H4), tetramers. (E) In vivo crosslinking of replicating
293 cells (left panel), and mass spectrometry analysis of crosslinked, immunoprecipitated,
ASF1B.
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Figure 5.
TONSL is a histone chaperone that binds H3K9me1. (A) Primary structures of human

TONSL and the similar yeast protein, Dia2. (B) Supercoiling assay demonstrating the
histone chaperone ability of TONSL. (C) Pull-down assay utilizing immobilized histone
peptides testing binding preference by recombinant TONSL and HP1. (D) MS/MS HCD
spectrum of the (M + H)™ ion of cross-linked peptides between TONSL (TRP repeat) and
the C-terminus of MCM5. N-terminal fragment ions (b) are indicated in blue and C-terminal
fragment ions (y) are indicated in green and red. The mass accuracy for precursor ion is
better than 1 ppm and mass accuracy of all the fragment ions is better than 10 ppm. (E)
Immobilized TONSL binds to in vitro translated MCMD5. (F) Model for TONSL-MMS22L
at the replication fork: Upon recruitment to stalled replication forks TONSL-MMS22L may
maintain the CMG helicase inactive by binding to MCMB5.
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