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Histone H3.1 and H3.3 Complexes
Mediate Nucleosome Assembly Pathways
Dependent or Independent of DNA Synthesis

placement histones, were originally identified as prod-
ucts of histone genes whose synthesis occurs outside
of S phase (Zweidler, 1984). This is in contrast with the
tight regulation imposed on the synthesis of the vast
majority of histones (S phase histones). Indeed, S phase
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The critical question becomes how these variant his-26 Rue d’Ulm
tones are incorporated into nucleosomes during the life75248 Paris Cedex 05
of the cell. Their expression both during and outside ofFrance
S phase suggests that they can be deposited onto DNA
at either time. In light of the fact that, to date, the most
information is available concerning the control of H3–H4Summary
deposition onto DNA, we focused our attention on vari-
ants of histone H3. In mammals, in addition to the CENP-ADeposition of the major histone H3 (H3.1) is coupled
variants, three isotypes of histone H3 have been identi-to DNA synthesis during DNA replication and possibly
fied. Two of them, H3.1 and H3.2, are closely relatedDNA repair, whereas histone variant H3.3 serves as
(only differing in a Cys-Ser substitution at amino acidthe replacement variant for the DNA-synthesis-inde-
position 96) and belong to the family of S phase subtypespendent deposition pathway. To address how histones
(Franklin and Zweidler, 1977). In contrast, the third one,H3.1 and H3.3 are deposited into chromatin through
H3.3, is expressed during S phase but also in G1, G2,distinct pathways, we have purified deposition ma-
and G0 stages in Chinese hamster ovary cells (Wu etchineries for these histones. The H3.1 and H3.3 com-
al., 1982). Furthermore, H3.3 synthesis is maintainedplexes contain distinct histone chaperones, CAF-1 and
throughout differentiation, whereas the levels of H3.1HIRA, that we show are necessary to mediate DNA-
and H3.2 transcripts decrease as cell division slowssynthesis-dependent and -independent nucleosome
down during the process of differentiation (Brown et al.,assembly, respectively. Notably, these complexes pos-
1985; Wunsch and Lough, 1987). In accordance withsess one molecule each of H3.1/H3.3 and H4, sug-
this observation, an increased proportion of H3.3 is de-gesting that histones H3 and H4 exist as dimeric units
tected in murine tissues that produce long-lived differ-

that are important intermediates in nucleosome for-
entiated cells with very low rates of cell division in the

mation. This finding provides new insights into possi- adult (Zweidler, 1984). Histone H3.3 differs at 4 and 5
ble mechanisms for maintenance of epigenetic infor- amino acid positions compared with H3.2 and H3.1,
mation after chromatin duplication. respectively. In all vertebrates studied so far, both H3.2

and H3.3 are expressed, yet in budding yeast only one
Introduction H3 histone is expressed which is most similar to the

vertebrate H3.3 variant (Baxevanis and Landsman, 1998).
The basic module of chromatin, the nucleosome, con- A recent study in Drosophila, using GFP-tagged H3
sists of 146 base pairs of DNA wrapped around an (closely related to mammalian H3.2) and GFP-tagged H3.3,
octamer of four core histones and exists in a variety showed that H3 is exclusively incorporated during repli-
of forms that contribute to the definition of distinct cation whereas H3.3 can be deposited both during and
functional domains within the nucleus (Wolffe, 1998). outside of S phase (Ahmad and Henikoff, 2002). Further-
Covalent modifications of the canonical core histones, more, H3.3 deposition appeared to be targeted to spe-
including acetylation, phosphorylation, methylation, and cific loci, including active rDNA arrays, suggesting a link

between its deposition and specific transcription states.monoubiquitination, are used to mark nucleosomes to
To identify the associated partners of the major andcreate chromatin domains with a range of functions. The

variant histone H3, we used a biochemical strategy toinformation encoded by the modifications can contrib-
purify H3.1 and H3.3 complexes. We found that the puri-ute to the formation and/or maintenance of transcrip-
fied complexes contain predeposited forms of histonestionally active and inactive chromatin in response to
H3.1/H3.3 and H4. Importantly, the H3.1 complex con-various signaling pathways (Turner, 2000; Jenuwein and
tains the CAF-1 histone chaperone, whereas the H3.3Allis, 2001). The discovery of histone variants has led to
complex contains the HIRA histone chaperone. Giventhe emerging notion that these other histones could
that CAF-1 and HIRA mediate DNA-synthesis-depen-also be used to mark nucleosomes and contribute to
dent and -independent histone deposition, respectively,chromatin regulation. Histone variants, also called re-
our data suggest mechanisms whereby major and vari-
ant histone H3 are deposited via distinct pathways. Sur-

*Correspondence: yoshihiro_nakatani@dfci.harvard.edu
prisingly, we also found that histones H3 and H4 in3 These authors contributed equally to this work.
these complexes exist as a heterodimer, suggesting that4 Present address: Division of Biological Science, Graduate School
histone H3 and H4 are deposited in chromatin as a dimericof Science, Nagoya University, Chikusa, Nagoya, Aichi 464-8602,

Japan. unit, rather than as a tetrameric unit. Based on these

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/82528266?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Cell
52

Figure 1. Identification of the H3.1 and H3.3 Complexes

(A) e-H3.1 and e-H3.3 colocalizations with mitotic chromosomes. HeLa cells expressing e-H3.1 (top), e-H3.3 (middle), and e-DDB2 (bottom)
are stained with anti-HA antibody (left) and DAPI (right).
(B) Silver staining of the H3.1 and H3.3 complexes (H3.1 com and H3.3 com). The polypeptides identified by mass spectrometric analyses
are indicated.
(C) The H3.1 and H3.3 complexes lack histones H2A and H2B. The H3.1 (lane 2) and H3.3 (lane 3) complexes as well as mononucleosomes purified
from HeLa cells (lane 1) were analyzed by immunoblotting with antihistone H3 (top), antihistone H2A (middle), and anti-H2B (bottom) antibodies.
(D) CAF-1 p150 and HIRA are specific to the H3.1 and H3.3 complexes, respectively. The H3.1 (lane 1) and H3.3 (lane 2) complexes were
analyzed by immunoblotting with anti-ASF1 (top), anti-CAF-1 p150 (middle), and anti-HIRA (bottom) antibodies.

data, we discuss mechanisms of chromatin duplication purification from untransduced HeLa cells, which do
not express epitope-tagged proteins, and detected noand maintenance.
polypeptides by silver staining (data not shown) (Ikura
et al., 2000; Ogawa et al., 2002), indicating that any poly-

Results
peptides copurifying with e-H3.1 or e-H3.3 could be spe-
cific interactors. Although H3.1 and H3.3 differ by only

Purification of Predeposited Histones H3.1
five amino acid residues in humans, SDS-PAGE analysis

and H3.3
of the purified complexes revealed that the subunit com-

To explore the mechanisms whereby histones H3.1 and
positions of the histone H3.1 and H3.3 complexes are

H3.3 are deposited into chromatin, we purified these
distinct (Figure 1B).

histones and their associated proteins by our immuno-
Mass spectrometric and immunoblotting analyses

affinity purification method (Nakatani and Ogryzko, 2004).
identified histone H4 as a common component in both

Histones H3.1 and H3.3 were each stably expressed as
the H3.1 and H3.3 complexes (Figures 1B). Although the

fusion proteins with C-terminal FLAG- and HA-epitope
intensity of e-H3.1/e-H3.3 staining appears to be higher

tags (e-H3.1/e-H3.3) in HeLa cells by retroviral transduc-
than that of H4 in silver-stained gels, we observed that

tion. Immunofluorescent staining of e-H3.1 or e-H3.3 in
recombinant e-H3.1/e-H3.3 and H4 proteins loaded with

these cells reveals that the tagged histones colocalize
equal molar absorptivities showed similar ratios of sil-

with mitotic chromosomes, indicating that the presence
ver-staining intensities (data not shown). Thus, e-H3.1/

of the epitope tag does not interfere with the deposition
e-H3.3 and H4 in the purified complexes could be pres-

of H3 in vivo (Figure 1A, top and middle). In control experi-
ent in stoichiometric amounts.

ments, e-DDB2, the 48 kDa subunit of DDB tagged with
In contrast to their presence in nucleosomes, histones

the same epitopes and which binds to chromatin in a
H2A and H2B were not detected in either complex (Fig-

UV damage-dependent manner (Groisman et al., 2003),
ure 1C). Thus, the e-H3.1/e-H3.3 and H4 subunits in

did not colocalize with mitotic chromosomes (Figure 1A,
these complexes could represent predeposited forms

bottom). We conclude from these data that e-H3.1 and
of these histones.

e-H3.3 are functionally deposited into nucleosomes in
vivo.

To analyze predeposited forms of e-H3.1 and e-H3.3, Histone Chaperones in the H3.1
and H3.3 Complexeswe purified them from nuclear extracts by sequential

immunoprecipitation with anti-FLAG antibody followed Consistent with the hypothesis that the purified com-
plexes contain predeposited histones, several knownby anti-HA antibody. As a control, we performed mock
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histone chaperones (or histone binding proteins) were The H3.1 and H3.3 Complexes Are Involved
in Distinct Nucleosome Assembly Pathwaysfound in the H3.1 and H3.3 complexes. Two closely
The H3.1 and H3.3 complexes contain distinct histonerelated histone chaperones, antisilencing factor 1A
chaperones: all three subunits of CAF-1, p150, p60, and(ASF1A) and ASF1B, were found in both complexes (Fig-
p48, are associated with H3.1, whereas HIRA is associ-ures 1B and 1E). ASF1 proteins have been shown to
ated with the H3.3 complex (Figure 1). These two chaper-interact with histones H3 and H4 and to synergize with
ones have been shown to be involved in distinct nucleo-CAF-1 to assemble nucleosomes in a pathway coupled
some assembly pathways in higher eukaryotes. HIRA isto DNA synthesis during replication in Drosophila em-
critical for a DNA-synthesis-independent nucleosomebryo extracts (Tyler et al., 1999, 2001) or repair in human
assembly process (Ray-Gallet et al., 2002), while CAF-1cell extracts (Mello et al., 2002). Intriguingly, the histone
mediates nucleosome formation coupled to DNA syn-H1 binding protein, NASP, a human homolog of Xenopus
thesis during DNA replication (Smith and Stillman, 1989)N1/N2, was also a common component of both com-
or DNA repair (Gaillard et al., 1996). To analyze theplexes (Figure 1B) (Richardson et al., 2000; Alekseev et
nucleosome assembly activity of the H3.1 and H3.3 com-al., 2003). A shorter form of NASP was also detected;
plexes in vitro, we used a Xenopus egg extract systemalthough it is uncertain if this form corresponds to the
(HSE) that is highly efficient for nucleosome assemblypreviously reported alternatively spliced product, sNASP
using either histone deposition pathway (Almouzni and(Alekseev et al., 2003).
Mechali, 1988; Ray-Gallet and Almouzni, 2004).Remarkably, the entire set of CAF-1 subunits, p150,

Endogenous HIRA or CAF-1 p150 was immunode-
p60, and p48, was specifically identified only in the H3.1

pleted from HSE, resulting in extracts that were �90%
complex (Figure 1B). Immunoblotting of the purified depleted for HIRA or CAF-1 p150 (Figure 2A). These
complexes showed that CAF-1 p150 is highly specific depleted extracts were then used to assay nucleosome
to the H3.1 complex (Figure 1E), supporting the view assembly on either mock-treated, intact plasmid DNA
that CAF-1 is a DNA replication-dependent histone (p0) to follow nucleosome formation in the absence of
chaperone. While CAF-1 p150 and p60 are highly spe- DNA synthesis or on UV-treated plasmid DNA (pUV) to
cific to the H3.1 complex, p48 was present in both com- follow nucleosome assembly in the presence of DNA
plexes (Figure 1B). p48, which was originally identified synthesis during nucleotide excision repair (NER).
as retinoblastoma binding protein p48 (RbAp48), co- After three hr in the presence of HIRA-depleted ex-
purifies with a variety of chromatin-related complexes, tracts, the p0 plasmid was mainly in the relaxed form
including histone deacetylase and nucleosome-remod- (Ir) (Figure 2B, lane 2 and Figure 2C top, lane 3), reflecting
eling complexes (Ridgway and Almouzni, 2000), sug- a defect in nucleosome deposition on DNA not undergo-
gesting that p48 could perform a non-CAF-1 function in ing replication. In contrast, after incubation with mock
the H3.3 complex. or CAF-1 p150 depleted extracts, the p0 plasmid was

Importantly, HIRA was found in the H3.3 complex (Fig- almost fully supercoiled (form I) (Figure 2C top, lanes
ure 1B). Immunoblotting of the purified complexes re- 2 and 6), showing that both extracts are efficient in
vealed that HIRA is highly specific to the H3.3 complex promoting nucleosome formation on a template not un-
(Figure 1E). HIRA is the human homolog of the Saccharo- dergoing DNA synthesis.

With the pUV plasmid the reverse situation was ob-myces cerevisiae proteins Hir1p and Hir2p, which func-
served. After incubation with CAF-1 p150-depleted ex-tion as cell-cycle-regulated transcriptional repressors
tracts, the plasmid remained essentially nucleosome-of histone genes (Lamour et al., 1995; Lorain et al., 1996).
free (relaxed form Ir) (Figure 2B, lane 5 and Figure 2CHIRA has recently been identified as a histone chaper-
bottom, lane 14). However, after incubation with mock-one for a DNA-synthesis-independent nucleosome as-
or HIRA-depleted extracts, the repaired plasmid wassembly pathway (Ray-Gallet et al., 2002). Our results
efficiently assembled into nucleosomes (form I) (Figuredemonstrate the first link between histone H3.3 and
2C bottom, lanes 10 and 11).HIRA, suggesting a model for how histone H3.3 could

In order to attempt to rescue the nucleosome assem-be deposited in a DNA-synthesis-independent manner.
bly activities of HIRA- and CAF-1 p150-depleted ex-In addition to histone chaperones, HAT1 was identi-
tracts, complementation experiments were carried outfied by mass spectrometric analyses in both the H3.1
with recombinant Xenopus HIRA or CAF-1 p150 (Figureand H3.3 complexes (Figure 1B). Newly synthesized his-
2B, lanes 3 and 6). In both cases the complementation

tones H3 and H4 are transiently acetylated by HAT1,
failed, suggesting that the addition of the depleted poly-

and then deacetylated shortly after the deposition of peptide is not sufficient to reconstitute the nucleosome
the histones into chromosomes (Verreault, 2000). The assembly capacities of the depleted HSEs.
presence of HAT1 in these complexes supports the link The purified H3.1 and H3.3 complexes were tested
between acetylation and deposition of histones H3 and for their ability to rescue the defect in nucleosome as-
H4 and supports our hypothesis that histones e-H3.1/ sembly of the depleted extracts. Addition of the H3.3
e-H3.3 and H4 present in these complexes are prede- complex to the HIRA-depleted extracts significantly re-
posited forms. stored the nucleosome assembly activity of the extract.

Both the H3.1 and H3.3 complexes also contain im- Indeed, in the presence of the H3.3 complex there is an
portin 4 (Figure 1B), a recently identified importin increase of p0 supercoiled DNA as compared to the
�-related receptor that mediates translocation through HIRA-depleted extract alone (Figure 2C top, compare
nuclear pore complexes (Jakel et al., 2002), suggesting lanes 3 and 5). In contrast, no change in the p0 plasmid
that importin 4 plays a role in nuclear transport of the migration was observed when the H3.1 complex was

added (Figure 2C top, compare lanes 3 and 4).H3.1 and H3.3 complexes.
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Figure 2. The H3.1 and H3.3 Complexes Me-
diate DNA-Synthesis-Dependent and -Inde-
pendent Nucleosome Assembly, Respec-
tively

(A) Immunodepletion of HSEs. Two aliquots
(1 and 2 �l; odd and even lanes, respectively)
of mock- (lanes 1 and 2), HIRA- (lanes 3 and
4), and CAF-1 p150- (lanes 5 and 6) depleted
HSEs were analyzed by immunoblotting with
anti-HIRA (top) and anti-CAF-1 p150 (bot-
tom) antibodies.
(B) Recombinant HIRA and CAF-1 p150 are
unable to rescue nucleosome assembly ac-
tivities in immunodepleted HSEs. Nucleo-
some assembly reactions in the absence of
DNA synthesis were carried out with un-
treated plasmid (p0) in mock- (lane 1) or HIRA-
depleted (lanes 2 and 3) HSEs in the absence
(lanes 1 and 2) and presence (lane 3) of re-
combinant HIRA. The DNA products were vis-
ualized by ethidium bromide. Nucleosome
assembly reactions coupled to DNA repair
were carried out with UV-treated plasmid
(pUV) in mock- (lane 4) or CAF-1 p150-depleted
(lanes 5 and 6) HSEs in the absence (lanes 4
and 5) and presence (lane 6) of recombinant
CAF-1 p150. Reactions were performed in the
presence of [�-32P]dCTP to follow nucleo-
some assembly coupled to DNA repair and
visualized by autoradiography. The positions
of plasmid DNA form I (supercoiled), form II
(nicked circular), and form Ir (closed circular)
are indicated.
(C) The histone H3.1 and H3.3 complexes me-

diate DNA-synthesis-dependent and -independent nucleosome assembly, respectively. Nucleosome assembly assays were performed in the
presence of [�-32P]dCTP by incubating either mock (lanes 2 and 10), HIRA- (lanes 3�5 and 11�13) or p150- (lanes 6�8 and 14�16) depleted
HSE with either untreated plasmid (p0) (lanes 2�9) or UV-irradiated plasmid (pUV) (lanes 10�16). The H3.1 (lanes 4, 7, 12, and 15) or H3.3
(lanes 5, 8, 13, and 16) complexes were added to the reactions to examine their ability to complement nucleosome assembly activities in
immunodepleted HSEs. The DNA products were visualized by ethidium bromide (top) and autoradiography (bottom). Input plasmids, p0 (lane
1) and pUV (lane 9), were also analyzed.

Conversely, the nucleosome assembly defect of the mal assembly, UV-damaged DNA immobilized onto
magnetic beads was incubated with HIRA-depleted HSECAF-1 p150-depleted extracts was efficiently rescued

by the addition of the H3.1 complex to the pUV nucleo- in the presence of cytosolic extracts containing e-H3.1
or e-H3.3. These HIRA-depleted extracts are still func-some assembly reaction (Figure 2C bottom, compare

lanes 14 and 15), whereas the H3.3 complex failed to tional for the CAF-1 dependent pathway as shown in
Figure 2. After nucleosomal assembly reactions, his-complement the defect (Figure 2C, bottom, compare

lanes 14 and 16). We conclude from these data that tones bound to immobilized DNA were analyzed by im-
munoblotting. As expected, e-H3.1 was recovered ontothe histone H3.1 and H3.3 complexes mediate DNA-
immobilized UV-damaged DNA in a CAF-1- (from thesynthesis-dependent and DNA-synthesis-independent
HSE) dependent manner (Figure 3B, lanes 2 and 4). Innucleosomal assembly, respectively.
contrast, only the background level of e-H3.3 was de-
tected on the immobilized DNA (lane 8). Taken together
with the data in Figure 2, we conclude that histone H3.1,Histones H3.1 and H3.3 Are Deposited through

Distinct Nucleosomal Assembly Pathways rather than H3.3, is utilized by the DNA-synthesis-
dependent nucleosome assembly pathway.Our data strongly suggest that histones H3.1 and H3.3

are deposited by independent histone chaperone com- We also examined the deposition of histone H3 in
a DNA-synthesis-independent nucleosomal assemblyplexes via distinct nucleosomal assembly pathways. To

obtain direct evidence that histones H3.1 and H3.3 are pathway. We used immobilized intact DNA as a template
and a CAF-1 p150 depleted HSE in which only the HIRAindeed assembled by distinct assembly pathways, we

performed the following experiments. First, we prepared dependent pathway is functional. In contrast to the DNA-
synthesis-dependent deposition, e-H3.3, but not e-H3.1,cytosolic extracts from HeLa cells expressing e-H3.1 or

e-H3.3. Immunoblotting data show that these cytosolic was recovered onto immobilized intact DNA (Figure 3C,
lanes 4 and 8), indicating that histone H3.3 is specificallyextracts contain no detectable CAF-1 or HIRA (Figure

3A), so we employed these extracts as the source of deposited in DNA-synthesis-independent nucleosome
assembly. Taken together, we conclude that histonefree-tagged histones for nucleosomal assembly reac-

tions. To examine DNA-synthesis-dependent nucleoso- H3.1 and H3.3 are assembled into nucleosomes via



Nucleosome Assembly Mechanisms
55

CAF-1 p48, and ASF1, which might dissociate from the
parental complex, were also detected in fraction 3.
CAF-1 p150, p60, and p48, ASF1, NASP, HAT1, and
importin 4, as well as e-H3.1 and H4, are found in the
fraction 5, consistent with the idea that these factors are
stably associated as components of a single complex, or
tightly associated subcomplexes that could dynami-
cally exchange.

The fractions collected from the glycerol gradient
were pooled as indicated (Figures 4A and 3B), concen-
trated by HA-antibody immunoprecipitation, and tested
for complementation of the nucleosome assembly de-
fect of CAF-1 p150-depleted extracts. As shown in Fig-
ure 4D, pools 2 and 3 rescued the defect of CAF-1 p150-
depleted extract, and the complementation activity
appears to correlate with the amount of CAF-1 in the
pools (Figure 4C), as expected.

DNA-Synthesis-Independent
Nucleosome Assembly
The histone H3.3 complex was similarly fractionated
on a glycerol gradient. Unlike with the H3.1 complex,
fractionation of the H3.3 complex gave rise to several
subcomplexes (Figure 5A). Immunoblotting of each frac-
tion showed that fractions 15–23, near the bottom of
the glycerol gradient, contained HIRA (data not shown).
The gradient fractions were pooled, concentrated by
HA-antibody immunoprecipitation, and tested for com-
plementation of the nucleosome assembly defect ofFigure 3. Histones H3.1 and H3.3 Are Specifically Deposited via

DNA-Synthesis-Dependent and -Independent Nucleosome Assem- HIRA-depleted extracts. Immunoblotting of the pooled
bly Pathways, Respectively fractions confirmed that HIRA is specifically found in
(A) Cytosolic extracts contain no detectable CAF-1 and HIRA. 20 pool 4 (Figures 5B and 5C). Complementation assays
�g of cytosolic (lanes 1 and 3) and nuclear (lanes 2 and 4) extracts with the pooled fractions revealed that only pool 4 effi-
prepared from HeLa cells expressing e-H3.1 (lanes 1 and 2) and

ciently rescued the deposition defect of HIRA-depletede-H3.3 (lanes 3 and 4) were analyzed by immunoblotting with anti-
extracts (Figure 5D).CAF-1 p150 (top), anti-HIRA (middle), and anti-HA (bottom) anti-

To gain insight into the mechanisms of DNA-synthe-bodies.
(B) Histone H3.1 is deposited during DNA-synthesis-dependent sis-independent histone deposition, we further charac-
nucleosome assembly. Magnetic bead-linked UV-irradiated DNA terized the HIRA-containing H3.3 subcomplex. In the
was incubated with cytosolic extracts containing e-H3.1 (lanes 1�4) glycerol gradient fractionation, 200 kDa and 150 kDa
or e-H3.3 (lanes 5�8) in presence (lanes 3, 4, 7, and 8) or absence

polypeptides cosedimented with HIRA (Figure 5A). A(lanes 1, 2, 5, and 6) of HIRA-depleted HSE. 10% input (odd lanes)
similar subcomplex, including the 200 kDa and 150 kDaand bound materials (even lanes) were analyzed by immunoblotting
polypeptides, was immunoprecipitated from HeLa nu-with anti-HA antibody.

(C) Histone H3.3 is deposited during DNA-synthesis-independent clear extracts using an anti-HIRA antibody (data not
nucleosome assembly. Magnetic bead-linked intact DNA was used shown), so we conclude that these polypeptides are
as in (B) except using incubated with cytosolic extracts containing bona fide subunits of the HIRA-containing H3.3 sub-
e-H3.1 (lanes 1�4) or e-H3.3 (lanes 5�8) in presence (lanes 3, 4, 7,

complex.and 8) or absence (lanes 1, 2, 5, and 6) of CAF-1 p150-depleted
The 200 kDa band was found to contain Cabin1, andHSE. 10% input (odd lanes) and bound materials (even lanes) were

the 150 kDa band was found to contain ubinuclein, asanalyzed as in (A).
determined by mass spectrometric analysis (Figures 5A
and 5B). Cabin1 has been shown to act as a repressor
of the transcription factor MEF2, whose activation byDNA-synthesis-dependent and -independent nucleo-

some assembly pathways, respectively. calcium signaling causes apoptosis of T cells (Sun et
al., 1998). Activation of calcium signaling leads to disso-
ciation of Cabin1 from MEF2, as a result of the bindingDNA-Synthesis-Dependent Nucleosome Assembly

To determine if a subcomplex is sufficient for the in vitro of active calmodulin to Cabin1 (Youn et al., 1999). These
results suggest that Cabin1 may function in the HIRA-nucleosome assembly complementation activity, the

H3.1 complex purified by FLAG-antibody immunopre- containing H3.3 subcomplex by responding to calcium-
signaling pathways. Ubinuclein is a ubiquitously expressedcipitation was separated on glycerol gradient by ultra-

centrifugation. The fractions from glycerol gradient sedi- nuclear protein that binds to various transcription fac-
tors, including EB1 and c-jun (Aho et al., 2000), althoughmentation were individually purified by HA-antibody

immunoprecipitation and analyzed by SDS-PAGE. As the biological roles of ubinuclein remain unclear. In addi-
tion to Cabin1 and ubinuclein, ASF1 was found in theshown in Figure 4A, most major polypeptides in the

H3.1 complex cosediment in fraction 5, although NASP, HIRA-containing H3.3 subcomplex. Immunoblotting anal-
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Figure 4. Glycerol Gradient Sedimentation of the H3.1 Complex

(A) Silver staining of the H3.1 complex separated on a glycerol gradient. The H3.1 complex purified by FLAG-antibody immunoprecipitation
was separated on a glycerol gradient by ultracentrifugation. Fractions were collected from the top of the gradient, and an aliquot of each
fraction (Fr), as well as the input (IP), was immunoprecipitated with anti-HA antibody. The fractions collected from the glycerol gradient were
pooled as indicated on the top.
(B) Silver staining of the pooled fractions. Each pool (lanes 2�5), as well as the input (lane 1), was immunoprecipitated with HA-antibody.
(C) Immunoblotting of the pooled fractions. Each pool (lanes 2�5), as well as the input (lane 1) was analyzed by immunoblotting with anti-
CAF-1 p150 (top), anti-ASF1 (middle), and anti-HA (bottom) antibodies.
(D) Complementation of nucleosome assembly coupled to DNA repair in CAF-1 p150-depleted HSEs. Nucleosome assembly reactions were
carried out with pUV in mock- (lane 2) or CAF-1 p150-depleted (lanes 3�8) HSEs. The H3.1 complex (lane 4) and pooled fractions (lanes 5�8)
were added to determine their ability to complement the nucleosome assembly defect of CAF-1 p150-depleted HSEs. Input plasmid, pUV
(lane 1), was also analyzed in parallel.

Figure 5. Identification of the HIRA-Containing H3.3 Complex

(A) Glycerol gradient sedimentation of the H3.3 complex. Experiments were performed as in Figure 4A.
(B) Silver staining of the pooled fractions. Experiments were done as in Figure 4B.
(C) Immunoblotting of the pooled fractions. Each pool (lanes 2�5), as well as the input (lane 1) was analyzed by immunoblotting with anti-
HIRA (top), anti-ASF1 (middle), and anti-HA (bottom) antibodies.
(D) Complementation of nucleosome assembly independent of DNA synthesis in HIRA-depleted HSEs. Nucleosome assembly reactions were
performed with p0 in mock- (lane 2) or HIRA-depleted (lanes 3�8) HSEs. The H3.3 complex (lane 4) and pooled fractions (lanes 5�8) were
added as indicated to determine their complementation ability. Input plasmid, p0 (lane 1), was also analyzed in parallel.
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Figure 6. The H3.1 and H3.3 Complexes Pos-
sess Only One Molecule of Histone H3

(A) Coomassie blue staining of e-H3.1- and
e-H3.3-containing mononucleosomes. e-H3.1-
(lane 2) and e-H3.3- (lane 3) containing mono-
nucleosomes purified from nuclear pellets of
transduced HeLa cells, as well as control
mononucleosomes purified from nontrans-
duced HeLa cells (lane 1) were analyzed by
SDS-PAGE.
(B) Immunoblotting of mononucleosomes
and deposition complexes. Control mono-

nucleosomes (lane 1), e-H3.1- (lane 2), and e-H3.3- (lane 4) containing mononucleosomes, and the H3.1 (lane 3) and H3.3 (lane 5) complexes
were analyzed by immunoblotting with antihistone H3 antibody. The loaded samples were normalized by the amount of histone H4 in a silver-
stained gel. The positions for epitope-tagged histone H3 (e-H3.1 or e-H3.3) and native H3 are indicated.

ysis revealed that this complex preferentially contains The critical question becomes whether H3.1–H4 and
H3.3–H4 dimers are randomly deposited, resulting in theASF1A rather than ASF1B (Figure 5C, lane 5). These

data suggest that ASF1 proteins may assist nucleosome presence of both types of dimers in a single mono-
nucleosome, or whether mononucleosomes are uniformassembly by HIRA.
in their H3 composition. To address this question, we
analyzed the untagged histone H3 in the e-H3.1- andDeposition of Histones H3 and H4
e-H3.3-containing mononucleosomes (the bands labeledas a Dimeric Unit
as H3 in Figures 6A) by mass spectrometry. Semiquanti-To obtain further insights into nucleosomal assembly
tative analyses of tryptic peptides specific to histonesmechanisms of histones H3.1 and H3.3, we purified
H3.1 and H3.3 revealed that there was no detectablee-H3.1/e-H3.3-containing mononucleosomes from nu-
histone H3.3 (�0.1% of H3.1) in e-H3.1-containing mo-clear pellets. The nuclear pellets prepared from e-H3.1/
nonucleosomes. Similarly, only a negligible amount ofe-H3.3-expressing cells were homogenized with a dounce
histone H3.1 (0.5% of H3.3) was found in e-H3.3-con-grinder to solubilize chromatin. After micrococcal nuclease
taining mononucleosomes. These results suggest thatdigestion, e-H3.1/e-H3.3-containing nucleosomes were
histones H3.1 and H3.3 are homogenously deposited inpurified by anti-FLAG antibody immunoprecipitation.
mononucleosomes, consistent with our data that his-The resulting material was contaminated with �5% di-
tones H3.1 and H3.3 are deposited via distinct nucleo-nucleosomes and was further purified by glycerol gra-
some assembly pathways in vitro (Figure 3).dient centrifugation, yielding e-H3.1/e-H3.3–containing

mononucleosomes at �99% purity, as estimated from
the analysis of a SYBR green-stained DNA gel (data Discussion
not shown).

The Coomassie blue-stained SDS-PAGE gel showed Mechanisms of Nucleosome Assembly
Various experimental results, both in vitro and in vivo,that these mononucleosomes contain e-H3.1/e-H3.3,

untagged histone H3, H2A, H2B, and H4 at an approxi- have culminated in the conclusion that nucleosome core
particles are assembled in two steps (reviewed in Wolffe,mate ratio of 1:1:2:2:2 (Figure 6A). Note that although

the intensity of the epitope-tagged H3 appears to be 1998). First, a tetramer of histones H3 and H4, (H3–H4)2,
is deposited on DNA, organizing the central 120 basehigher than that of untagged H3, this could be due to

the higher sensitivity of the epitope-tagged H3 to Coo- pairs of DNA identically to that found in the nucleosome.
Subsequently, two H2A–H2B dimers associate with themassie blue staining. The presence of untagged H3 and

the lower representation of e-H3.1 and e-H3.3 compared deposited (H3–H4)2, completing formation of a nucleo-
some core particle and organizing 146 base pairs ofto native histones H2A, H2B, and H4 are consistent

with the expression levels of e-H3.1 and e-H3.3 in the DNA. Based on the observation that histones H3 and H4
exist as a stable (H3–H4)2 tetramer in solution in thetransduced cells relative to endogenous H3.1 and H3.3

(�10% of endogenous H3.1 and H3.3, respectively; data absence of DNA (Baxevanis et al., 1991), it was hypothe-
sized that histones H3 and H4 are deposited as a tetra-not shown). However, surprisingly, in the purified e-H3.1/

e-H3.3 predeposition complexes, untagged histone H3 meric unit in vivo. In contrast, we show that in predepos-
ited form, histones H3 and H4 exist as a heterodimer,was not detected by silver staining or mass spectromet-

ric analyses (Figure 1B). Consistent with these results, not as a heterotetramer, in both the H3.1 and H3.3 com-
plexes. Accordingly, we predict that histones H3 anduntagged H3 was not detected in these complexes by

immunoblotting with antihistone H3 antibody (Figure H4 are deposited on DNA as a dimeric unit.
If our prediction is true, then a crucial question be-6B). Given that untagged H3 is far more abundant than

epitope-tagged H3, if histones H3–H4 in the predeposi- comes from where do the remaining H3–H4 molecules
come to complete the (H3–H4)2 tetramer on DNA? It istion complexes are tetramers, untagged H3 should

be detected in the complexes. Nevertheless, untagged possible that two H3.1 (or H3.3) complexes deposit their
H3–H4 dimers onto DNA strands simultaneously to as-histone H3 was not detected in the predeposition

complexes, leading us to conclude that the H3.1/H3.3 semble a (H3–H4)2 tetramer (Figure 7A, left). This would
perhaps explain the dimerization properties of CAF-1predeposition complex includes an e-H3.1/e-H3.3–H4

heterodimer, rather than a heterotetramer. p150 (Quivy et al., 2001), which is critical for its function.
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H4 (Verreault et al., 1996; Tyler et al., 1999), it is yet
unclear if a H3–H4 dimer associates directly with ASF1
or CAF-1 in the H3.1 complex. However, since both
chaperones are present, a given H3.1 complex could
potentially bind H3–H4 dimers through each histone
chaperone and deposit two H3–H4 dimers simultane-
ously to form the (H3–H4)2 tetramer on DNA. While the
recruitment of a free H3–H4 dimer might be an intermedi-
ate step for nucleosome formation, this intermediate
complex would be very unstable since we did not detect
a second H3–H4 dimer in the purified complex (Figure 6).

A similar mechanism might be involved in nucleoso-
mal assembly by the HIRA-containing H3.3 subcomplex,
i.e., ASF1 and HIRA may each hold a H3–H4 dimer and
cooperatively deposit the two dimers into a single nucleo-
some. However, a significant difference compared to
the H3.1 complex is that the HIRA-containing complex
mediates DNA-synthesis-independent nucleosome as-
sembly. In DNA-synthesis-dependent nucleosome as-
sembly, the H3.1 complex appears to be recruited near
target sites via interaction of CAF-1 with PCNA (Shiba-
hara and Stillman, 1999; Moggs et al., 2000), while it is
unknown how the assembly machinery is targeted in the
DNA-synthesis-independent pathway. One possibility is
that histone H3.3 is preferentially deposited in transcrip-
tionally active loci, marking active chromatin (Vermaak
et al., 2003). In this context, ubinuclein in the complex
may play a role in targeting active chromatin through
its interaction with various transcription factors (Aho
et al., 2000). We have demonstrated that histone H3.3
belongs to several subcomplexes in addition to the
HIRA-containing subcomplex (Figure 4), suggesting that
histone H3.3 may be assembled to different loci via
distinct pathways.

Figure 7. Possible Mechanisms for Nucleosomal Assembly Semiconservative Model for Nucleosomal Assembly
(A) Models for nucleosomal assembly. Given that the H3.1/H3.3 Chromatin is a heterogeneous and diverse array that
complex contains only a H3–H4 dimer, deposition of an additional contains epigenetic information, encoded by histone
H3–H4 dimer would be required for formation of the (H3–H4)2 tetra- modifications, nucleosomal positions, and histone vari-
mer on DNA. (Left) One possibility is that two H3.1/H3.3 complexes

ants (Turner, 2000; Jenuwein and Allis, 2001). Althoughdeposit their H3–H4 dimers simultaneously to assemble a (H3–H4)2
some epigenetic information could be maintained aftertetramer. (Right) An alternative possibility is that a single H3.1/H3.3
DNA replication or nucleotide excision repair, the mech-complex deposits its H3–H4 dimer, together with a free H3–H4 dimer,

possibly coming from parental nucleosomes. anisms for this maintenance remain unclear. Here, we
(B) Models for chromatin replication. (Top) The tetrameric model: propose a semiconservative model for nucleosomal as-
parental (H3–H4)2 tetramers are dissociated from nucleosomes and sembly.
deposited onto one of the daughter DNA strands stochastically.

According to the well-accepted model, newly repli-Newly synthesized (H3–H4)2 tetramers are deposited on the daugh-
cated DNA is assembled into chromatin using parentalter DNA strands in a CAF-1-dependent manner. In this model, paren-
histones or de novo synthesized histones in separatetal and newly synthesized (H3–H4)2 tetramers are deposited into

distinct nucleosomes. (Bottom) The dimeric model: parental (H3– pathways (Figure 7B, top) (reviewed in Wolffe, 1998). The
H4)2 tetramers are dissociated into H3–H4 dimers and are paired first pathway involves transfer of the parental (H3–H4)2
with newly synthesized H3–H4 dimers on each daughter DNA strand tetramers onto one of the daughter DNA strands. Each
by the action of the H3.1 deposition complex. In this model, H3–H4

parental nucleosome is postulated to be transiently dis-dimers from parental nucleosomes are segregated evenly onto
rupted into a (H3–H4)2 tetramer and two H2A-H2B dimersdaughter DNA strands.
during passage of the replication fork (Gruss et al., 1993).
Subsequently, each parental (H3–H4)2 tetramer is segre-
gated randomly onto either of the daughter DNA strandsAlternatively, another likely possibility is that a single

complex deposits its H3–H4 dimer, together with either by unknown mechanisms (Cusick et al., 1984; Sogo et
al., 1986; Burhans et al., 1991). The second pathwaya free H3–H4 dimer or a H3–H4 dimer from another

source (Figure 7A, right). In this context, the presence involves deposition of newly synthesized (H3–H4)2 tetra-
mers on daughter DNA strands in a CAF-1-dependentof two chaperones for histones H3–H4, CAF-1, and ASF1

(or HIRA and ASF1) in the H3.1 (or H3.3) complex, may manner (Kaufman and Almouzni, 2000; Verreault, 2000;
Krude and Keller, 2001). By this model, old parentalbe a key issue. Although ASF1 and CAF-1 have been

shown to independently interact with histones H3 and histones and newly synthesized histones are deposited
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in a Beckman SW55Ti rotor for 2 hr. 200 �l fractions were collectedinto distinct nucleosomes. If two H3 complexes deposit
from the top of the gradient using a fractionator (model 184; Brandel,their H3–H4 dimers to assemble nucleosomes, this
Maryland) connected to a fraction collector (model 2128; Bio-Rad,model would be supported by our data.
California). H3.1 or H3.3 complexes were immunoprecipitated from

We propose an alternative model in which parental individual or pooled fractions with anti-HA antibody-conjugated
(H3–H4)2 tetramers are disrupted and segregated evenly agarose and eluted with HA peptide.
onto daughter DNA strands as H3–H4 dimers, which are
then paired with newly synthesized H3–H4 dimers by Purification of Mononucleosomes Containing e-H3.1

or e-H3.3the action of the H3.1 complex (Figure 7B, bottom). By
Oligonucleosome fragments were prepared from the nuclear pelletsthis model, the leading and lagging strands of replicating
and digested with micrococcal nuclease as described (Utley et al.,DNA would each bind a H3.1 complex, trap a parental
1996). Nucleosomes containing e-H3.1 or e-H3.3 were purified from

H3–H4 dimer, and deposit the two H3–H4 dimers onto the resulting material by immunoprecipitation with anti-FLAG anti-
daughter DNA strands to complete the tetramer. This body and eluted with FLAG peptide as described (Nakatani and

Ogryzko, 2004). After glycerol gradient centrifugation of the immuno-model allows deposition of mixed parental and de novo-
purified materials, fractions containing pure mononucleosomessynthesized histones in the same nucleosome particle,
were pooled.ensuring inheritance of parental H3–H4 dimers in all

nucleosome core particles formed on newly synthesized
Immunofluorescence MicroscopyDNA strands. Considering that we find only mono-
Cells were fixed by incubating in 3% paraformaldehyde for 5 min

nucleosomes homogeneous in their H3 composition, the at room temperature, followed by methanol, cooled at �20�C for 5
existence of mixed H3.3/H3.1 mononucleosomes can min. Then cells were treated with rabbit polyclonal HA-antibody

(Covance Inc., NJ) in TBST (20 mM Tris-HCl buffer, [pH 8.0], 150only be transient or nonexistent. We can speculate that
mM NaCl, 0.5% Triton X-100) containing 5% calf serum for 1 hrwhen duplication occurs in H3.3-containing nucleo-
followed by three washes and incubation with Alexa488-conjugatedsomes, a CAF-1 pathway first deposits an H3.1–H4 di-
antirabbit IgG antibody (Molecular Probe) for 1 hr. After beingmer, together with a parental H3.3–H4 dimer, and H3.1 is
washed with TBST three times, cells were stained with DAPI and

replaced with H3.3 by HIRA in a postreplicative pathway. examined using DeltaVision deconvolution microscope.
Alternatively, it is possible that an uncharacterized H3.3
subcomplex plays a role in duplication of H3.3-con- Mass Spectrometry

Protein bands were cut out from SDS-PAGE gels, digested withtaining nucleosomes. Future experiments will address
trypsin in situ, and analyzed by MALDI-TOF mass spectrometry and/this issue.
or by microcapillary LC-MS with automated switching to MS/MSThe semiconservative model can also be applied to
mode for peptide fragmentation and sequence analysis (Gygi et al.,nucleosome assembly coupled to NER. To overcome
1999). For mass spectrometric analyses of histones H3.1 and H3.3,

the inhibition imposed by nucleosomal structure, dam- only the m/z of the doubly charged peptides SAPATGGVK (m/z �
aged nucleosomes are thought to be temporally dis- 394.2) and SAPSTGGVK (m/z � 402.2), specific to H3.1 and H3.3,

respectively, were selectively analyzed. To gain better selectivity,rupted, permitting access of NER machinery to DNA
MS3 fragmentation was performed on an ion trap mass spectrome-lesions. During NER, CAF-1 appears to target the repair
ter. The mass spectrometer was programmed to do fragmentationsite by interacting with PCNA (Shibahara and Stillman,
on the peak within the MS/MS (MS2) fragmentation to produce an1999; Moggs et al., 2000; Green and Almouzni, 2003),
MS3 fragmentation pattern. Peptides were identified from the frag-

and allowing for the rebuilding of nucleosomes on mentation pattern of the ms/ms and the ms3 data. To determine the
the repaired DNA. Based on our data, we propose that ratio between H3.1 and H3.3, the peaks corresponding to the above

mentioned peptides were compared based on the assumption thatthe H3.1 complex, recruited near DNA lesions through
both peptides have similar response factors, since they only differCAF-1 interaction with PCNA, traps an H3–H4 dimer
by one amino acid.from damaged nucleosomes. The H3.1 complex would

then deposit this dimer rescued from the original nucleo-
Nucleosome Assembly Assaysome with one newly synthesized dimer on the repaired
High-speed egg extracts (HSEs) were prepared as described (Al-

DNA. This mechanism would allow for the preservation mouzni, 1998). For immunodepletion of the HSEs, antibodies against
of an original H3–H4 dimer, with its epigenetic informa- Xenopus HIRA (Ray-Gallet et al., 2002) and Xenopus CAF-1 p150

(Quivy et al., 2001) were conjugated to protein A Sepharose (Amer-tion, after NER. Our semiconservative histone deposi-
sham Biosciences) and were incubated with HSEs for 1.5 hr at 4�C.tion model, allowing deposition of mixed parental and
As templates for nucleosome assembly reactions, pBS plasmid withde novo synthesized histones in the same nucleosome
no lesion induced (p0) was used for DNA-synthesis-independentparticle, provides new insights into possible mecha-
nucleosome assembly, while UV-irradiated (500 J/m2) pBS (pUV)

nisms for maintenance and transmission of epigenetic was used for DNA-synthesis-dependent nucleosome assembly. The
information to nascent chromatin after DNA replication reaction mixture consisted of 10 �l HSE (depleted or mock-depleted)

and 15 �l p0 or pUV (150 ng) in a reaction buffer containing 5 mMas well as after NER.
MgCl2, 40 mM HEPES-KOH, [pH 7.8], 0.5 mM DTT, 4 mM ATP, 40
mM phosphocreatine, 2.5 �g of creatine phosphokinase, and 5 �CiExperimental Procedures
[�-32P]dCTP, and the reaction was carried out for 3 hr at 23�C (Gail-
lard et al., 1999; Ray-Gallet and Almouzni, 2004). The purified plas-Purification of the H3.1 and H3.3 Complexes

The H3.1 and H3.3 complexes were purified from nuclear extracts mid DNA was subjected to agarose gel electrophoresis and analyzed
by staining with ethidium bromide (to assess topological changes inprepared from HeLa cells expressing the H3.1 or H3.3 proteins fused

with C-terminal FLAG- and HA-epitope tags (e-H3.1/e-H3.3) by im- total DNA) and by autoradiography (to detect labeled repaired DNA).
Immobilized DNA templates was carried out as previously de-munoprecipitation on anti-FLAG antibody-conjugated agarose. The

bound polypeptides were eluted with the FLAG peptide and were scribed (Moggs et al., 2000). To obtain the epitope-tagged histones,
cytosolic extracts from HeLa cells expressing either e-H3.1 or e-H3.3further affinity purified by anti-HA antibody-conjugated agarose as

described (Nakatani and Ogryzko, 2004). For density gradient sedi- were prepared as described (Martini et al., 1998). Magnetic bead-
linked UV-irradiated or intact DNA (150 ng) was incubated with eithermentation, 0.5 ml of the FLAG peptide-eluted material was loaded

onto a 4 ml glycerol gradient (10%–40%) and spun at 368,000 	 g e-H3.1 or e-H3.3 cytosolic extracts (30 �g) in presence of HIRA-
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depleted or CAF-1-depleted HSE (8 �l). After 3 hr incubation at room E., and Almouzni, G. (1996). Chromatin assembly coupled to DNA
repair: a new role for chromatin assembly factor I. Cell 86, 887–896.temperature, the bead-linked DNA was washed 3 times in a washing

buffer containing 40 mM HEPES-KOH, [pH 7.8], 300 mM KCl and Gaillard, P.H., Roche, D., and Almouzni, G. (1999). Nucleotide exci-
0.5% NP40, and resuspended in Laemmli buffer. sion repair coupled to chromatin assembly. In Methods of Mol. Biol.,

P.B. Becker, ed. (Totowa, NJ: Humana Press), pp. 231–243.
Antibodies Green, C.M., and Almouzni, G. (2003). Local action of the chromatin
Antibodies employed are as follows: anti-p150 antibody (H300; assembly factor CAF-1 at sites of nucleotide excision repair in vivo.
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