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Much progress has been made concerning histone function in
the nucleus; however, following their synthesis, how their marking
and subcellular trafficking are regulated remains to be explored. To
gain an insight into these issues, we focused on soluble histones and
analyzed endogenous and tagged H3 histones in parallel. We dis-
tinguished six complexes that we could place to account for matu-
ration events occurring on histones H3 and H4 from their synthesis
onward. In each complex, a different set of chaperones is involved,
and we found specific post-translational modifications. Interest-
ingly, we revealed that histones H3 and H4 are transiently poly-
(ADP-ribosylated). The impact of these marks in histone metabo-
lism proved to be important as we found that acetylation of lysines
5 and 12 on histone H4 stimulated its nuclear translocation. Fur-
thermore, we showed that, depending on particular histone H3
modifications, the balance in the presence of the different translo-
cation complexes changes. Therefore, our results enabled us to
propose a regulatory means of these marks for controlling cyto-
plasmic/nuclear shuttling and the establishment of early modifica-
tion patterns.

Eukaryotic DNA in the form of chromatin utilizes two copies
of each of the four histones, H2A, H2B, H3, and H4, to wrap 147
bp of DNA for each basic unit, the core nucleosome (1-3).
Besides compaction of the genetic material, the nucleosome
also provides information that can regulate many functions
operating on the DNA. Part of this information is conveyed via
the choice of histone composition, as histone variants, and
through distinct combinations of post-translational modifica-
tions that can mark specific chromatin domains, enabling key
regulatory regions to be identified (4, 5).

In mammals, histone H3 is present in five major forms. H3.1
and H3.2, the replicative histones, are expressed in the S phase
and provide the main supply for chromatin assembly during
DNA replication. Histone H3.1 is incorporated into chromatin
in a DNA replication-dependent manner by the histone chap-
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erone CAF-1° (chromatin assembly factor 1) (6). In contrast,
H3.3, the replacement histone, is synthesized throughout the
cell cycle and is incorporated into the chromatin independently
of DNA replication by the histone chaperones HIRA (histone
regulation A) (7, 8) and Daxx (death-associated protein)
(8-10), and it is enriched in marks associated with transcrip-
tional activation (6). Much has been learned about the nuclear
complexes containing H3; however, a current challenge is to
gain an understanding of how these histones are taken care of
before becoming incorporated into these complexes to obtain a
clearer picture concerning the cellular trafficking of histones.

After synthesis in the cytoplasm histone proteins are trans-
ported into the nucleus. Thus, a cytoplasmic/nuclear shuttling
mechanism should be at work. Accordingly, in yeast, the
nuclear localization signals (NLS) of histones H3 and H4,
located at their N termini, are sufficient for both nuclear accu-
mulation and interactions with the nuclear import proteins
Kap123p (karyopherin 123) and Kap121p (karyopherin 121)
(11). In humans, a recent report showed that after the tagged
histone H3.1 is synthesized it sequentially passes through four
different cytosolic complexes to assemble the H3-H4 dimers, to
acquire the H4 acetylation pattern of newly synthesized H4,
that is, the acetylation of lysines 5 and 12, and finally to interact
with the nuclear translocation protein Importin4 (12). Interest-
ingly, we previously reported that nucleosomal histone H3
modification patterns can be influenced by an earlier modifica-
tion that occurs before histones are incorporated into the chro-
matin, i.e. predeposition histones (13). Although some of the
marks present in predeposited histones have already been char-
acterized, very little is known about their functional impor-
tance. As an example, we showed that histone H3 monomethy-
lated at the residue K9 (H3K9mel), the only methylation mark
detectable on soluble histone H3, is critical for the formation of
the heterochromatic H3K9me3 marking (14). Therefore, the
role of the other soluble post-translational modifications
(PTMs) should be explored, and this is particularly crucial for
our understanding of how these marks may impact on the reg-
ulation of histone traffic in the cell.

Here, we have been able to distinguish six different endoge-
nous soluble histone H3 and H4 complexes. We assigned spe-

3 The abbreviations used are: CAF-1, chromatin assembly factor 1; Asf, anti-
silencing function; Daxx, death-associated protein; EYFP, enhanced yellow
fluorescent protein; HAT, histone acetyltransferase; HIRA, histone regula-
tion A; Hsc, heat shock cognate; Hsp, heat shock protein; NLS, nuclear local-
ization signal; PTM, post-translational modification; SetDB1, SET domain
bifurcated 1.
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cific marks for each of them. We also examined how these
marks influenced the importin/histone interaction that we
uncovered. This enabled us to propose a regulatory means of
these marks for controlling cytoplasmic/nuclear shuttling.

EXPERIMENTAL PROCEDURES

Antibodies—ASFla/b (15), CAF-1/p150 (Abcam ab7655),
Daxx (Santa Cruz Biotechnology sc-7152), HA (Roche Applied
Science 1-867-423), histone acetyltransferase 1 (HAT1)
(Abcam ab12164), His (BD Biosciences 8916-1), histone H3
Abcam ab7834), H3K9K14ac (Upstate 06-599), H3K9mel
Upstate 07-450), histone H4 (Abcam ab10158), H4K12ac
Upstate 06-761), heat shock cognate protein 70 (Hsc70)
Abcam ab19136), heat shock protein 70 (Hsp70) (Cell Signal-
ing 4876), Hsp90 (Santa Cruz Biotechnology sc-7947), Impor-
tin4 (Abcam ab283887), Importin5 (Santa Cruz Biotechnology
sc-11369), and poly(ADP-ribose) (Upstate mAB3192) were
used. For Western blot analysis the primary antibodies were
detected with a horseradish peroxidase-conjugated secondary
antibody, developed with enhanced chemiluminescence (ECL,
Pierce), and exposed onto an x-ray film. For Figs. 34 and 44, the
Western blotting was carried out with the histone H3 antibody
followed by the histone H4 antibody and developed together.

Cell Lines—FLAG-HA-H3.1- and H3.3-expressing HeLa S3
cell lines were grown as described in Ref. 7. HeLa cells grown in
DMEM containing 10% FBS and penicillin/streptomycin were
transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions.

FLAG-tagged Complex Purification—The H3.1 and H3.3
complexes were purified from a cytosolic extract (16) by immu-
noprecipitation using anti-FLAG antibody-conjugated agarose
beads. Peptides derived from the trypsin digestion of the com-
plexes were analyzed by mass spectrometry. For density gradi-
ent sedimentation, the FLAG peptide-eluted material was
loaded onto 5 ml of a 10—40% glycerol gradient and spun at
45,000 rpm in a Beckman SW55Ti rotor for 16 h. Then, 250-ul
fractions were collected.

Endogenous Complex Purification—Approximately 25 mg of
cytosolic HeLa extracts (donated by D. Reinberg) were loaded
onto a Tosoh Bioscience TSK-DEAE-5PW (7.5-mm X 7.5-cm)
column, equilibrated with a buffer containing 50 mm KCl. The
column was washed with the same buffer and eluted with a
linear gradient of salt from 50 to 700 mm KCI. The peak of each
complex was loaded onto a GE Healthcare Superdex 200 10/300
GL column equilibrated with a buffer containing 500 mm KCl
plus 0.01% Nonidet P-40.

Plasmids—The H3- and H4-NLS-EYFP reporter constructs
were made by cloning the histone H3 and H4 NLS residues
1-28 and 1-20, respectively, by PCR into the pEYFP-N1 con-
struct. For bacterial expression, the H3- and H4-NLS-EYFP
sequences were subcloned to the pET28a(+) vector. Mutations
to histones H3- and H4-NLS were performed using the
QuikChange™ Site-directed Mutagenesis kit (Stratagene).

Protein Purification—Bacterially expressed His-tagged Impor-
tind (construct from D. Gorlich) and His-tagged H3- and
H4-NLS-EYFP were purified by standard nickel affinity purifi-
cation. Recombinant FLAG-tagged SET domain bifurcated 1
(SetDB1) was expressed from baculovirus (donated by D.
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Schultz) in Sf9 cells and purified by standard M2 affinity
purification.

Importin/Histone Binding Assay—Immobilized recombinant
His-tagged Importin4 on Ni*"-agarose beads was incubated
with histones H3/H4 for 1 h, after which the beads were washed
as indicated. Bound proteins were loaded directly onto a 5-18%
gradient SDS-PAGE and analyzed by Western blotting.

Competition Assay—10 pmol of immobilized recombinant
His-tagged Importind on Ni**-agarose beads was incubated
with 2000 or 3000 pmol of the unmodified or 1000, 2000, or
3000 pmol of the acetylated histone H4 peptides at lysine 5, 8,
12, and 16, corresponding to amino acids 2—20 (Upstate) for 30
min at4 °C. Then beads were recovered and incubated with 200
pmol of (H3-H4), for 1 h at 4 °C. Beads were then washed twice
with 500 mm KCI, 0.15% Nonidet P-40, and 25 mMm imidazole,
once with 50 mm KCl, and analyzed by Western blotting.

Histone Methyltransferase Assay—This assay was performed
using recombinant SetDB1 and either 4 ug of wild-type
H3-NLS-EYFP or 4 ug of the mutant H3K14K18Q-NLS-EYFP.

Nuclear Translocation Assay—The nuclear translocation
assay was performed according to Ref. 17. In brief, HeLa cells
grown on a Lab-Tek® Chamber Slide™ were washed in cold
translocation buffer (20 mm Hepes, pH 7.3, 110 mMm potassium
acetate, 5 mM sodium acetate, 2 mM DTT, 1 mm EGTA, 1 mm
ATP, 5 mm creatine phosphate, 20 units/ml creatine phospho-
kinase, 1 ug/ml aprotinin, 1 ug/ml leupeptin, 1 ug/ml pepsta-
tin) and permeabilized with 40 ug/ml digitonin for 5 min. After
washing, the cells were incubated with 50% rabbit reticulocyte
extract (Promega), 1 pug of Importin4, and either 1 ug of wild-
type H4-NLS-EYFP or 1 ug of the mutant H4K5K12Q-NLS-
EYFP for 20 min at 28 °C. The cells were then washed and fixed
with 3.7% formaldehyde for 15 min at room temperature and
observed using an Olympus IX71 microscope.

RESULTS

Isolation of Cytosolic Tagged H3.1 and H3.3 Complexes—We
used classical biochemical fractionation to generate cytosolic
and nuclear extracts from epitope-tagged H3.1 and H3.3 his-
tones expressing cell lines (e-H3) from a constitutive viral pro-
moter expressing low levels of histones, as previously described
(13). This way, we could focus on the cytosolic fraction as a
means of identifying novel partners and important modifi-
cations prior to incorporation into chromatin in the early
stages after histone biogenesis. We isolated e-H3.1 or e-H3.3
cytosolic complexes by affinity purification (Fig. 1, A and B).
Combined analysis of Western blot and Coomassie Blue
staining of the isolated complexes followed by mass spec-
trometry allowed the identification of different e-H3-associ-
ated polypeptides (Fig. 1B, supplemental Fig. 14, and data
not shown). In terms of the histones, they only contained
histone H4 and the tagged version of the variant, indicating
that dimeric forms of H3-H4 are established prior to the
formation of the predeposition complex. We also identified
the cytoplasmic/nuclear shuttling proteins Importin4 and
Importin5, the heat shock chaperones Hsp90 and Hsc70, the
histone acetyltransferase HAT1, and the histone chaperone
Asfla/b (anti-silencing function 1). In agreement with a
recent report (8), we found the Daxx protein to be exclu-
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FIGURE 1. Isolation of the cytosolic e-H3.1 and e-H3.3 complexes.
A, scheme illustrating the purification procedure for obtaining the cytosolic
e-H3.1 and e-H3.3 complexes. B, Western blots of the cytosolic and nuclear
e-H3.1and e-H3.3 complex subunits, as indicated. Input corresponded to 10%
of the extract utilized on immunoprecipitation (IP). C, silver staining (top) and
Western blot (bottom) analysis of the fractions derived from the glycerol gra-
dient of cytosolic e-H3.1 (left) and e-H3.3 (right) complexes. Fraction 1 corre-
sponded to the top of the gradient and fraction 19 to the bottom. It should be
pointed out that histone H4 does not stain well in silver staining, and the HA
antibody used to detect e-H3 is more sensitive than the one used to detect
histone H4, explaining why histone H4 is only detected in fraction 9 of the
glycerol gradient.

sively associated with histone H3.3 (supplemental Fig. 14).
Interestingly, the cytosolic and nuclear H3 complexes were
different; whereas nuclear histone H3.1 associated with the
chaperone CAF-1 and H3.3 with HIRA, the cytosolic coun-
terparts did not (Fig. 1B), suggesting distinct functions. To
confirm the stable association of the isolated H3 complexes,
FLAG immunoprecipitates were run on a glycerol gradient.
Silver staining and Western blots of samples derived from
the gradient corroborated the co-migration of Importin,
Asfla/b, e-H3, and H4 at a size of ~250 kDa (Fig. 1C, fraction
9). Interestingly, the elution of e-H3 was broader than the
other proteins analyzed, suggesting the existence of more
than one e-H3 complex. Thus, we concluded that cytosolic
histone H3.1 and H3.3 complexes are different from the
nuclear complexes and are likely to be involved in the proc-
essing of histones and translocation to the nucleus. For sim-
plicity, from now on we will call this histone pool “soluble
histones.”

Endogenous Soluble Histone H3 and H4 Complexes—With
the idea of analyzing endogenous histone H3 complexes and
corroborating our findings with the tagged version of histone
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H3, we fractionated cytosolic HeLa extracts over an anion-ex-
change resin, and the bound material was eluted with a linear
gradient of salt (Fig. 24). We then performed Western blot
analyses of histones H3 and H4 and of the proteins identified in
the tagged-histone H3 purification of samples derived from the
fractionation (Fig. 2B). To our surprise, we found five peaks of
histone H3 eluting at different salt concentrations, and each
peak had a different set of associated proteins. We confirmed
the existence of the complexes by running them through a gel-
filtration column (Fig. 2C). Based on the associated proteins
and the modifications observed in histones H3 and H4, we
deduced the existence of a temporal order of processing of his-
tones H3 and H4. The identified complexes would explain the
proposed cascade of events that would occur to the histones
while they are in the cytoplasm. The events start from their
protein synthesis through to their translocation to the nucleus.
Although our model is based on indirect evidence, it is consis-
tent with the study of Campos et al. describing the existence of
several cytosolic histone H3 complexes (12). For simplicity, we
will thus use the same nomenclature system to refer to the
complexes that we identified in the present study.

We first identified Complex Ia (Fig. 2B, fraction 13, Fig. 2C,
fraction 27, and supplemental Fig. 1B), composed of histone H3
and the chaperone Hsc70, with a size of about 250 kDa. Inter-
estingly, Importin4 is not present in the complex. Then, we
identified Complex II (Fig. 2B, fraction 37, and Fig. 2C, fraction
29), composed of histone H3, histone H4, and the chaperone
Hsp90, with a size of about 250 kDa. Although Hsc70 was
detected on the analyzed fractions, its elution profile did not
correlate with the elution of the complex (Fig. 2C, fraction 29).
Complex III, on the other hand (Fig. 2B, fraction 19, and Fig. 2C,
fraction 33), was of a size of about 180 kDa and was composed of
histone H3, histone H4, and HAT1. In contrast to the previous
report (12), we also identified the chaperone Asfla, but not
Asflb. This was missed most likely because Campos et al. used
an antibody specific for Asflb. Finally, we identified two types
of Complex IV; Complex IVa eluted at a salt concentration of
200 mm KCI (Fig. 2B, bottom, fraction 18) and was composed of
Importin4, Asfla, and histones H3 and H4. On the other hand,
Complex IVb eluted at a salt concentration of 180 mm KClI (Fig.
2B, bottom, fraction 17) and was formed by Importin4, Asflb,
and histones H3 and H4. Interestingly, the H3 histones on
Complexes IVa and IVb had different post-translational modi-
fications (see below).

Given that Complex Ia only had histone H3 and did not show
a significant amount of histone H4, we hypothesized the exis-
tence of a similar complex for histone H4, in which histone H3
would not be present. Therefore, we carefully looked at the
fractionation using the DEAE-5PW column and found a com-
plex with these properties in fraction 29 (Fig. 2B). On a gel-
filtration column, Complex Ib eluted at a size of about 250 kDa
(Fig. 2C, fractions 25-29), apart from Importin4 (Fig. 2C, frac-
tion 17). Mass spectrometry on fraction 29 identified the heat
shock chaperones Hsp90 and Hsp70 as part of the complex
(data not shown), which was confirmed by Western blot anal-
ysis on fractions derived from the gel-filtration column (Fig.
2C). The fact that the endogenous histone H3 complexes had
similar sizes ranging between 180 and 250 kDa explains why we
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FIGURE 2. Isolation of soluble endogenous histone H3 and H4 complexes. A, scheme illustrating the purification procedure for obtaining the endogenous
soluble histone H3 and H4 complexes. B, Western blots of the fractions derived from the DEAE-5PW column, as indicated. The elution of the six different histone
complexes is indicated, with their corresponding names. Below, all of the fractions between fraction 17 and fraction 23 were Western blotted to resolve

Complex IVa and Complex IVb. C, Western blot analysis of the fractions derived
On top, elution of the molecular markers is indicated. D, Western blot analysi
poly(ADP-ribose). Dotted lines indicate different autoradiograms.

did not split the five histone H3 complexes when we purified
the tagged histone H3 complex over the glycerol gradient.
Stepwise Establishment of Soluble Histone H3 and H4 PTMs—
We previously characterized the PTM:s of the predeposited H3
and H4 histones and showed that they are both acetylated and
that histone H3 is methylated at the residue lysine 9 (13).
Therefore, we investigated the histone marks in the different
soluble complexes (Fig. 2, Band D). Interestingly, we found that
each complex had a different set of modifications, of which
H3K9mel was the first mark that we detected, which had
already been observed in Complex Ia (Fig. 2B). A closer look at
this band using Western blotting for histone H3 and its com-
parison with the H3 bands derived from the other complexes
showed an intriguing fact: it was a lower migrating form, indi-
cating that histone H3 from Complex Ia was slightly heavier
than in the rest of the complexes (Fig. 2D). We performed
Western blot analysis of several marks that could possibly
explain the difference in the migration on SDS-polyacrylamide
gels and found that histone H3 in Complex Ia is poly(ADP-
ribosylated), which is a novel predeposition mark (Fig. 2D, frac-
tion 13). Even more interestingly, histone H3 derived from
Complex II was still poly(ADP-ribosylated), but the band had
migrated as usual, indicating that histone H3 had lost some of
its ADP-riboses (Fig. 2D, fraction 37). This modification was
not observed in the following complexes (III and IV). Histone
H4, on the other hand, was also found to be poly(ADP-ribosy-
lated) in Complex Ib (Fig. 2C), and this modification was unde-
tectable in Complex II (data not shown). Therefore, the data
indicated that poly(ADP-ribosylation) is present in the H3 and
H4 histones derived from Complex I and that it is removed
when histones H3 and H4 get together. We then continued the
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from the gel-filtration column: Complexes Ia, Ib, Il, and Ill, blotted as indicated.
s of fractions derived from the DEAE-5PW column, blotted as indicated. PAR,

analysis and found that histone H3 was acetylated in ComplexII
(Fig. 2D). Given that the antibody used was raised against acety-
lated histone H3K9 and lysine 14 and the non-nucleosomal
histone H3 is acetylated at residues lysines 14 and 18 (13, 18),
the H3 acetylation observed corresponded to H3K14ac. Al-
though we performed Western blot analysis on the sizing col-
umn of Complex II, we could not detect H3K14ac because it
was below the detection limit. However, Fig. 2D showed that H3
is acetylated in fraction 37, which corresponded to the input of
the sizing column, indicating that histone H3 in Complex II is
acetylated at lysine 14. Then, we found that histone H4
established its typical H4K5K12ac predeposition pattern in
Complex III, where H4 interacts with the enzyme HAT1 (Fig.
2B). From Complex III, the histones passed to Complex 1V,
where they finally interacted with Importin4 for their nuclear
translocation. However, we found two types of Complex IV
containing different modification patterns: Complex [Va con-
tained H3K14ac, H3K9mel, and H4K5K12ac, whereas Com-
plex IVb contained H3K9mel and H4K5K12ac (Fig. 2B and
supplemental Fig. 1), suggesting the existence of different
nuclear translocation complexes for H3K14ac and H3K9mel.
Taken altogether, we concluded that the establishment of the
histone H3 and H4 marks occurs in a sequential manner from
one complex to the next, in a cascade of maturation events that
start at the time of histone synthesis.

Histones H3 and H4 Interact Directly with Importin4—The
presence of Importin4 in the soluble H3 Complex IV suggested
that the function of this complex is to translocate histones H3
and H4 to the nucleus. To investigate this, we first analyzed how
histones and Importin interact. Pulldown experiments using
His-Importin as bait and either the cytosolic extract or the
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B, top, schemeiillustrating the GST-H4 pulldown assay in the presence of Importin4. Bottom, Western blot of the pulldown assay. Ponceau Red staining provided
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tation assay.

tagged complexes showed that histone H3 interacts with
Importind and Importin5 (supplemental Fig. 24). Pulldown
analysis using His-Importin and recombinant histones H3 and
H4 demonstrated that there is a direct interaction between
Importin4 and Importin5 and histones H3 and H4 (Fig. 34 and
supplemental Fig. 2B). In the case of histone H4, the interaction
occurred through the N-terminal region (Fig. 3B and supple-
mental Fig. 2C). Accordingly, in yeast, the NLS corresponds to
amino acids 1-28 and 1-21 of histones H3 and H4, respectively
(11). Given that these regions are identical in yeast and mam-
mals, we tested whether or not they would correspond to the
mammal NLS. With this aim, we expressed amino acids 1-28
and 1-21 of histones H3 and H4, respectively, as fusion proteins
with the EYFP in HeLa cells. In contrast to the cellular distri-
bution of EYFP, both H3- and H4-NLS efficiently accumulated
the EYFP protein in the nucleus (Fig. 3C). Quantification of the
data showed that the nuclear/cytoplasmic ratio of H3- and
H4-NLS was 6 and 2, respectively. Taken altogether, our results
indicated that, similar to yeast, amino acids 1-28 and 1-21 of
histones H3 and H4, respectively, are sufficient for nuclear
translocation in human cells and correspond to the NLS.

The Interaction between Importin and Histone Is Regulated
by the GDP/GTP Ratio—In the cell, the interaction between
Importin and its cargo protein is regulated by the small GTPase
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Ran, giving the directionality of the transport. Ran is predomi-
nantly bound to GTP in the nucleus and to GDP in the cyto-
plasm. In the nucleus, the association between Importins and
RanGTP results in the dissociation of its cargo (19). To check
whether or not the interaction between Importin and histones
is regulated in this way, we performed an immunoprecipitation
of the tagged H3 complex with antibodies against Importin5 in
the presence and absence of the mutant RanQ69L/GTP, a con-
stitutively GTP-bound form of Ran. We found that histone H3
co-immunoprecipitated with Importin antibodies (Fig. 3D). In
contrast, only Importin was immunoprecipitated in the pres-
ence of the RanQ69L/GTP mutant, indicating that the RanGTP
form competed with histone H3 for the binding of Importins
(Fig. 3D). This finding provides support for the idea that the
soluble H3 Complex IV is involved in nucleo-cytoplasmic
transport and that histones in the nucleus are released from
Importins by RanGTP.

Regulation of Nuclear Translocation by H4 Acetylation—The
newly synthesized H4 histone is acetylated at residues 5 and 12
located within its NLS (13, 20); therefore, we asked whether or
not acetylation regulated the interaction between histones and
Importin and the subsequent nuclear translocation process.
For this, we performed pulldown assays using His-Importin4
and recombinant H3 and H4 histones in the presence of histone
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FIGURE 4. Function of the soluble histone H3 and H4 PTMs. A, top, scheme
illustrating the Importin pulldown assay. Prebound Ni**-agarose beads-Im-
portin4 were incubated with increasing amounts of the unmodified or tetra-
acetylated (K5K8K12K16) histone H4 peptide (residues 2-20), followed by
incubation with the H3-H4 histones. Bottom, Western blot of the pulldown
assay. B, nuclearimport assay performed in the presence of H4-NLS-EYFP (left)
and the mutant H4K5K12Q-NLS-EYFP (right), in the absence (top) or presence
(bottom) of the reticulocyte extract. Middle, images of the cellsincubated with
H4-NLS-EYFP (WT) and the mutant H4K5K12Q-NLS-EYFP (K5K12Q) quantified
to obtain the mean fluorescence intensity of the nucleus. The enrichment fold
was calculated taken the fluorescence intensity of H4-NLS-EYFP as 1. The S.D.
was derived from the quantification of at least 50 cells. The graph is a repre-
sentation of three independent experiments. Right, Coomassie Blue-stained
gel of increasing amounts of H4-NLS-EYFP and the mutant H4K5K12Q-NLS-
EYFP proteins. C, methylation assay performed using H3-NLS-EYFP and
H3K14QK18Q-NLS-EYFP proteins and recombinant SetDB1 and detected by
antibodies against H3K9me1. Ponceau Red is shown as the loading control.
D, model for the establishment of soluble H3 and H4 histone modifications.
PAR, poly(ADP-ribose).

H4 peptides corresponding to the amino acids 2—20 that were
either unmodified or acetylated at lysines 5, 8, 12, and 16. We
found that unmodified H4 peptides competed at some level
with the full-length H3 and H4 histones for the binding to
Importin4 (Fig. 4A). Interestingly, acetylated peptides showed a
strong competition with the full-length H3 and H4 histones for
the binding to Importin4 (Fig. 4A4). This result indicated that
the affinity of Importin4 for the acetylated H4 histone is stron-
ger than for the unmodified H4 histone. We then set out to test
whether or not acetylation of K5 and K12 on the H4 histone
resulted in an improvement of its nuclear translocation process.
For this, we performed an in vitro nuclear translocation assay in
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which HeLa cells were permeabilized with digitonin, which, at
low concentrations, selectively perforates the plasma mem-
brane releasing cytosolic components from the cell while the
nuclear envelope remains intact (17). The NLS-dependent
nuclear protein import could then be observed by complemen-
tation with the reticulocyte extract. We first evaluated the
integrity of the nuclear envelope by incubating the permeabi-
lized cells with the recombinant fusion protein H4-NLS-EYFP.
The plasma membrane of digitonin-treated cells was freely per-
meable to the H4-NLS-EYFP protein, given that H4-NLS-EYFP
surrounded the nuclear envelope (Fig. 4B). When the cells were
incubated with the fusion protein in the presence of the reticu-
locyte extract and recombinant Importin4, H4-NLS-EYFP was
enriched in the nucleus (Fig. 4B). This accumulation was ATP-
dependent, because nuclear accumulation was reduced when
the extract was depleted of ATP by apyrase (supplemental Fig.
3A). In addition, the removal of Importin4, the presence of
RanQ69L, and treatment of the reticulocyte extract at 65 °C
or incubation of the reaction at 4 °C inhibited nuclear trans-
location of the fusion protein, demonstrating the specificity
of the assay (supplemental Fig. 3A). Finally, lectin wheat
germ agglutinin, a specific inhibitor of nuclear transport
(17), blocked the nuclear accumulation of the fusion protein
(supplemental Fig. 3B).

Therefore, we then checked the effect of histone H4 lysine 5
and 12 acetylation on nuclear translocation. We analyzed a
mutant H4-NLS-EYFP fusion protein in which residues 5 and
12 of the H4 histone were mutated to glutamine, which mimics
acetylation (H4K5K12Q-NLS-EYFP). As with the wild-type
H4-NLS, we found that the H4K5K12Q-NLS-EYFP protein
added alone to the permeabilized cells surrounded the nuclear
envelope (Fig. 4B), whereas it accumulated in the nucleus in the
presence of the reticulocyte extract and Importin4 (Fig. 4B).
The quantification of the nuclear fluorescence of several images
from different experiments showed that the H4K5K12Q
mutant was enriched by about 2-fold compared with the wild-
type protein (Fig. 4B, graph) when the same amount of protein
was added in the nuclear transport assay (Fig. 4B, right). Taken
altogether, these results indicated that acetylation of the lysine
5 and 12 residues of the H4 histone stimulates nuclear import
via increasing the affinity of histone H4 to Importin4.

Negative Cross-talk between H3K9mel and H3KI14KI18ac—
Soluble histone H3 is acetylated at lysine 14 and 18, and this
acetylation is enriched in the histone variant H3.3, consistent
with a role in transcriptional activation (13). In contrast,
H3K9mel, enriched in the variant H3.1, is involved in the for-
mation of the heterochromatic H3K9 methylation pattern (14).
We showed here that there are two different H3 nuclear trans-
location complexes, in which the histone H3 in Complex IVa is
both acetylated and K9mel, whereas in Complex IVb it is only
K9mel. Based on all of these observations, we hypothesized the
existence of a negative cross-talk between H3K9mel and
H3K14K18ac that regulates the establishment of these two
modifications. To investigate this, we expressed and purified
the wild-type H3-NLS-EYFP fusion protein and a mutant pro-
tein containing the lysine 14 and 18 mutated to glutamine,
which mimics acetylation (H3K14K18Q-NLS-EYFP). With
these two proteins, we performed an in vitro methylation assay

JOURNAL OF BIOLOGICAL CHEMISTRY 17719


http://www.jbc.org/cgi/content/full/M111.223453/DC1
http://www.jbc.org/cgi/content/full/M111.223453/DC1
http://www.jbc.org/cgi/content/full/M111.223453/DC1
http://www.jbc.org/cgi/content/full/M111.223453/DC1

Establishment of Soluble Histone H3 and H4 Marks

with recombinant SetDB1, the enzyme responsible for the
monomethylation of H3K9 (13). We observed that the wild-
type H3-NLS-EYFP was strongly methylated at lysine 9,
whereas methylation was inhibited on the mutant mimicking
acetylation at lysine 14 and 18 (Fig. 4C). Therefore, we con-
cluded the existence of a negative cross-talk between H3K9mel
and H3K14K18ac.

DISCUSSION

In the present work, we characterized the histone H3 and H4
line of production from histone synthesis through to their
nuclear translocation and defined the steps where the establish-
ment of the soluble modifications occurs. In addition, we inves-
tigated the impact of soluble marks on the metabolism of
histones.

Soluble Histones H3 and H4 Exist in Different Complexes

Our data showed the existence of several soluble human his-
tone H3 and H4 complexes, in agreement with a recent report
(12). Furthermore, our analysis proposes the stepwise matura-
tion events that occur on soluble histones. These maturation
events involve an association with different chaperones that
assist in histone folding. Thus, while histones H3 and H4 are
being synthesized, polypeptides interact with the chaperones
Hsc70 and Hsp90/70, respectively, to keep the histone polypep-
tides folded, avoiding aggregation (Complex I). We showed
here for the first time that newly synthesized histone H4 asso-
ciates first with the chaperone Hsp90/70 to form Complex Ib, in
the absence of histone H3. Then, histones H3 and H4 come
together to form dimers, assisted by the chaperones Hsp90 and,
as shown in a recent report (12), by tNASP (nuclear autoanti-
genic sperm protein) (Complex II). Once the dimer is formed,
the histones interact with the histone chaperone Asfla, HAT1,
and, as shown in Ref. 12, by sSNASP (Complex III), from which
the histones are delivered to Importin4 finally to translocate to
the nucleus (Complex IV). It is worth noting that histones
appear to be constantly under the surveillance of the specific
chaperones involved in each step of histone metabolism, avoid-
ing aggregation of individual polypeptides and supporting the
formation of H3-H4 dimers, the establishment of PTMs, and
nuclear translocation.

Sequential Establishment of Soluble H3 and H4 Marks

We showed that post-translational modifications of the sol-
uble histones H3 and H4 occur in a sequential manner while
passing through each one of the chaperone complexes, as illus-
trated in Fig. 4D. We observed the following marks.

Histones H3 and H4 Poly(ADP-ribosylation)—We showed
here for the first time that soluble histones H3 and H4 are tran-
siently poly(ADP-ribosylated). Intriguingly, we did not observe
poly(ADP-ribosylation) on the tagged histone H3, suggesting
that exogenous H3 is not poly(ADP-ribosylated) and might be
missing a regulatory point. Interestingly, this mark was already
present on Complex I, suggesting that it occurs while the his-
tones are being synthesized. Although, in general, poly(ADP-
ribosylation) is related with cell survival and cell death pro-
grams (21), we do not know the role of this mark. Given that
poly(ADP-ribosylation) is imposed when histones are without
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their partner histone and that it is then removed when histones
H3 and H4 get together and assemble the dimers, we speculate
that poly(ADP-ribosylation) might help to keep histones H3
and H4 folded in the absence of the other histone, a hypothesis
that should be explored in the future.

Histone H3K9mel—The H3K9mel mark was also observed
in Complex Ia, indicating that, like with poly(ADP-ribosyla-
tion), this modification occurs while histone H3 is being syn-
thesized. We previously showed that this mark was enriched in
the histone variant H3.1 (13) and that it is involved in the for-
mation of the heterochromatic H3K9me3 pattern (14). There-
fore, the reason why this modification occurs so early in the line
of histone production is very intriguing. However, we also
showed here the existence of negative cross-talk between
H3K9mel and H3K14K18ac; where H3K14K18ac is a mark
associated with transcriptional activation (22). It is tempting
to speculate that the competition between these two marks
defines an early establishment of histone H3 PTM patterns.
Indeed, the finding of nuclear translocation complexes
(Complex 1V) that differ in histone PTMs is in agreement
with this idea.

Histone H3ac (Lysine 14 and 18)—Histone H3 was acetylated
at the lysine 14 and 18 residues in Complex II. We do not know
whether there is a role for this modification in the cytoplasm; at
least, it does not affect nuclear translocation (data not shown).
We speculate that as H3K9me1, H3K14K18ac helps to establish
nucleosomal histone H3 PTM patterns. In addition, the find-
ings that H3K9mel is put onto histone H3 as the first modifi-
cation and acetylation comes later fit with a recent report show-
ing that the histone H3 associated with cytosolic Asflb was
found monomethylated at the lysine 9, whereas H3 acetylation
(lysine 14 and 18) was stronger in the nuclear Asflb complex
(18).

Histone H4KS and H4K12 Acetylation—The last modifica-
tion to be imposed before histones translocate to the nucleus is
the acetylation of lysines 5 and 12 of histone H4, a pattern that
is conserved in several species and is characteristic of newly
synthesized histone H4 (20). We showed here for the first time
that this acetylation stimulates the interaction between his-
tones and Importin4, which results in enhancement of the
nuclear translocation.

Different Translocation Complexes

The last step in the maturation assembly line of the soluble
H3 and H4 histones is the association of histones with Impor-
tin4 for their translocation to the nucleus (Complex IV). Inter-
estingly, we identified two types of Complex IV. We believed
that they are different complexes because: (i) they showed a
different behavior on the anion-exchange resin DEAE-5PW, as
they eluted at different salt concentrations; (ii) they associated
with different Asfl isoforms; and (iii) the modifications of
histone H3 were different. Complex IVa contained Asfla,
H3K9mel, and H3K14ac, whereas Complex IVb contained
Asflband H3K9mel. This is interesting because a recent report
showed that Asfla and Asflb have different behavior, so that
Asf1b has a specific function in the proliferating capacity of the
cell (23). Studies will need to characterize Asfla and Asflb
complexes.
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On the other hand, it has been reported that HIRA, the H3.3
chaperone, interacts with Asfla, but not Asf1b (24). Therefore,
there might be a link between Complex IVa (H3K14K18ac and
Asfla) and HIRA, and it is tempting to speculate that once
Complex IVais translocated to the nucleus, H3K14K18ac inter-
acting with Asfla will then interact with HIRA. This is consis-
tent with the observation that nucleosomal H3.3 is enriched in
acetylated forms (13, 25). Although we have not characterized
the histone H3 variants present in the complexes, it is tempting
to speculate that Complex IVa translocates the histone variant
H3.3, and experiments will be designed to investigate this.
Taken altogether, our results illustrate the possibility that his-
tone chaperones might have more than a supporting role, by
establishing, integrating and possibly transferring information.
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