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Summary

Histone posttranslational modifications (PTMs) and

sequencevariants regulate genome function. Although
accumulating evidence links particular PTM patterns

with specific genomic loci, our knowledge concerning
where and when these PTMs are imposed remains

limited. Here, we find that lysine methylation is absent
prior to histone incorporation into chromatin, except

at H3K9. Nonnucleosomal H3.1 and H3.3 show distinct
enrichments in H3K9me, such that H3.1 contains more

K9me1 than H3.3. In addition, H3.3 presents other
modifications, including K9/K14 diacetylated and

K9me2. Importantly, H3K9me3 was undetectable in
both nonnucleosomal variants. Notably, initial modifi-

cations on H3 variants can potentiate the action of en-
zymes as exemplified with Suv39HMTase to produce

H3K9me3 as found in pericentric heterochromatin.
Although the set of initial modifications present on

H3.1 is permissive for further modifications, in H3.3 a
subset cannot be K9me3. Thus, initial modifications

impact final PTMs within chromatin.

Introduction

Patterns of histone PTMs constitute the basis of the his-
tone-code hypothesis (Jenuwein and Allis, 2001; Turner,
2002) and are thought to be important in determining
specific epigenetic states. Another layer of complexity
is added by the differential incorporation of histone var-
iants (Henikoff and Ahmad, 2005; Sarma and Reinberg,
2005). Genome-wide analysis of PTMs and histone var-
iants has led to a simple distinction between transcrip-
tionally active and inactive regions (Mito et al., [2005]
and references therein). Examples of active marks in his-
tone H3 are H3K4me, H3K36me, and H3K9ac (according
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to Turner’s nomenclature [Turner, 2005]). In contrast,
H3K9me and H3K27me and hypoacetylated forms are
generally enriched at transcriptionally silent regions.
Recent studies challenge this simple distinction with a
more complex partitioning of genome marking by spe-
cific PTMs. For example, H3K9me3 is also associated
with several actively transcribed genes (Vakoc et al.,
2005). Although we have made enormous progress in
identifying histone-modifying enzymes, how, when,
and where marks are imposed in relation with a choice
of a specific histone variant is poorly understood.

In mammals, there are three major classes of histone
H3 variants: the replicative histones (H3.1 and H3.2), the
replacement histone (H3.3), and the centromeric histone
(Cenp-A) (Zweidler, 1984). H3.3 accumulates at sites of
active transcription both in Drosophila (Ahmad and
Henikoff, 2002; Schwartz and Ahmad, 2005) and mam-
malian cells (Chow et al., 2005; Janicki et al., 2004; Jin
and Felsenfeld, 2006). Although total H3.3 derived from
Drosophila cells (McKittrick et al., 2004), plant (Johnson
et al., 2004; Waterborg, 1990), and mammals (Benson
et al., 2006; Hake et al., 2006) showed enrichment in
PTMs generally associated with active transcription,
they did not allow a distinction between modifications
present before or after chromatin assembly. The recent
finding that H3 variants use distinct deposition path-
ways, replication independent (RI) for H3.3 and replica-
tion coupled (RC) for H3.2 and H3.1 (Henikoff and
Ahmad, 2005; Kamakaka and Biggins, 2005; Nakatani
et al., 2004) further emphasizes the importance of defin-
ing when PTMs are imposed and whether premodifica-
tions can impact additional marks.

To investigate how and when PTM patterns are im-
posed, we used epitope-tagged H3.1- and H3.3-ex-
pressing cell lines, which have proven helpful to isolate
complexes competent for RC- and RI-variant deposi-
tion, respectively (Tagami et al., 2004). We generated
H3.1 and H3.3 complexes from nonchromatin-bound
histones, mononucleosomes, and oligonucleosomes
and quantitatively analyzed PTMs of histones H3 and
H4. Our study reveals that specific degrees of K9 meth-
ylation exist on nonnucleosomal histone variants. Fur-
thermore, our data support the view that a preexisting
K9 modification impacts the occurrence of H3K9me3,
illustrating the ability of preexisting marks to influence
further modifications.

Results

Isolation of Mononucleosomal, Oligonucleosomal,
and Nonnucleosomal H3.1- and H3.3-Containing

Complexes
We used classical biochemical fractionation to generate
cytosolic, nuclear, and chromatin extracts from epitope-
tagged H3-expressing cell lines (e-H3). We then isolated
e-H3.1 or e-H3.3 complexes in either nonnucleosomal or
nucleosomal forms by affinity purification (Figures 1A,
2A, and 2B). In addition to selectively purifying nucleo-
somal or nonnucleosomal complexes that contain par-
ticular variants, this method ensures reproducibility by
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Figure 1. Analysis of e-H3 and H4 Derived from H3.1 and H3.3 Mononucleosomes

(A) Scheme for the preparation of fractions used for Flag purification. Coomassie blue-stained gels showed typical products used for MS

analysis.

(B) Proportion of histones in cytosolic, nuclear, and chromatin fraction. We loaded cytosolic and nuclear extracts at the same dilution and a

100-fold dilution for chromatin.

(C) Comparison of PTMs on e-H3.1 (light bars) and e-H3.3 (dark bars). The graphs represent MALDI-MS analysis, and error bars were derived

from three independent biological replicates. H3K4 peaks are generally weak and notoriously difficult to quantify, explaining the higher error

bars obtained in their quantitation.

(D) We used two dilutions of H3.1 and H3.3 for western blots as indicated. HA detection provided a loading control (e-H3).

(E) Nanospray sequencing of H4 diacetylated forms. After quantification of the diacetylated species, we plotted these values as a fraction of total

diacetylated H4.
using the same conditions for purification of both vari-
ants. We retrieved only e-H3 from nonnucleosomal
material (dimers) and both tagged and endogenous
H3 in nucleosomal fractions (tetramers) (Figure 1A).
Cellular histones are distributed among chromatin, cyto-
sol, and nuclear extract in a proportion of 99%, 0.4%,
and 0.6%, respectively (Figure 1B). Expression levels
of e-H3 were relatively low (both e-H3.1 and e-H3.3 var-
iants are expressed under the regulation of the same
retroviral promoter, representing about 8% of the en-
dogenous variant) and did not affect the ratio of endog-
enous variants, with H3.3 representing 15% and H3.1,
53% of total histone H3 in HeLa cells (Figures S1A and
S1B in the Supplemental Data available with this article
online).

PTMs on H3 and H4 Derived from H3.1 and H3.3

Mononucleosomes
We analyzed PTMs in individual histone bands in each
isolated complex. Peptides were analyzed by MALDI-
TOF mass spectrometry to determine their individual
mass values. In humans, H3.3 contains a serine at posi-
tion 31, which is substituted to an alanine in H3.1. This
substitution results in a 16 Da mass difference between
H3.1 and H3.3 in the peptide (27–40) generated after di-
gestion with arginine-specific proteases. This distinctive
peptide mass allowed us to confirm the identity and
homogeneity of the tagged histone samples (spectra
for peptide [27–40]; H3.1= 1601.95 amu, H3.3= 1617.83
amu, Figures S2A and S3A).

Samples derived from the nucleosomal fraction
showed a complex pattern of satellite peaks corre-
sponding to different lysine methylation states with dis-
tinct profiles for H3.1 and H3.3 (Figure S2A). In contrast,
cytosolic (data not shown) and nuclear complexes
(Figure S3A) did not show such peaks, indicating these
histones were predominantly unmodified (see below).
We thus investigated whether this difference between
nucleosomal and nonnucleosomal histones was unique
to this peptide or whether this was a general feature
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Figure 2. e-Oligonucleosomes and Associated Proteins

(A) Mono- and oligonucleosome purification scheme.

(B) The top shows the sucrose gradient profiles obtained with MNase-digested samples from H3.1- (1) and H3.3- (2) expressing cells. We pooled

mononucleosomes containing fractions (4–7) and oligonucleosomes (9-13) and Flag purified them (bottom). We loaded products onto 1.3%

agarose (EtBr) and 15% PAGE-SDS (western blots as indicated).

(C) We used two dilutions of H3.1 and H3.3 oligonucleosomes for western blots as indicated. HA detection provided a loading control (e-H3).

(D) Proportion of native variants in e-mono- and e-oligonucleosomes. We analyzed and quantified the diagnostic peptide (27–40) from native H3.

The graphs represent MALDI-MS analysis, and error bars were derived from two independent biological replicates.

(E) Comparison of PTMs on native H3 derived from e-H3.1 (left graph) and e-H3.3 (right graph) oligonucleosomes. Light (e-H3.1) and black

(e-H3.3) bars represent the analysis on the e-H3; white bars on the endogenous H3 associated with the tagged version. The graphs represent

MALDI-MS analysis, and error bars were derived from two independent biological replicates. On the right, we used two dilutions of H3.1 and

H3.3 oligonucleosomes for western blots as indicated. HA detection provided a loading control (e-H3).
(from now on, we will refer collectively to cytosolic and
nuclear histones as nonnucleosomal histones).

MALDI-TOF analysis and western blots on e-H3.1 and
e-H3.3 mononucleosomes (purification, Figures 2A and
2B) indicated these variants are enriched in distinct
PTMs (Figures 1C and 1D, Figures S2A–S2C, and Table
S1). As in previous analysis of total cellular histone H3
variants of Drosophila, Arabidopsis, and humans (Hake
et al., 2006; Johnson et al., 2004; McKittrick et al.,
2004; Waterborg, 1990), we found relative enrichment
of active marks associated with H3.3. H4 isolated with
either e-H3.1 or e-H3.3 mononucleosomes was mainly
K20me2 (Table S1). However, we found a higher propor-
tion of hyperacetylated H4 in mononucleosomes con-
taining H3.3 when compared to H3.1, consistent with
the general association of H3.3 with transcriptionally
active regions. Importantly, a refined MS/MS analysis
of diacetylated H4 N-terminal peptides revealed a bias
for specific acetylation sites, with a significant increase
in peptides acetylated at positions 8 and 16 in H4 de-
rived from H3.3-containing nucleosomes. In contrast,
H4 from H3.1 nucleosomes was mainly acetylated at
K12 and K16 (Figure 1E and Figure S2F). A K5/K12 pat-
tern of acetylation, a hallmark of newly synthesized H4,
was essentially absent in both cases.

In Short Nucleosome Arrays, an H3.3 Nucleosome

Is Flanked by H3.1 Nucleosomes that Accumulate
Active Marks

We next assessed whether the distinct PTM patterns ob-
served in mononucleosomal H3.1 and H3.3 are reflected
in specific chromatin domains. Western blots of short oli-
gonucleosomes containing H3.1 and H3.3 (Figures 2A
and 2B) revealed that although some chromatin-associ-
ated proteins were associated equally with both variants
(including Hp1-g and hSnf2h), others (such as Hp1a,
Mbd1, and Caf-1/p150) were enriched in H3.1 oligonu-
cleosomes (Figure 2C). Accordingly, we found K9me3,
which provides a platform for the binding of Hp1 (Maison
and Almouzni, 2004), in H3.1. In contrast, H3.3 oligonu-
cleosomes were enriched in PTMs generally associated
with transcriptional activation, particularly H3K9ac,
H3K14ac, and H3K4me3 (Figure 2E). We next analyzed
the variant composition and associated PTMs within
the short arrays. The diagnostic peptide (27–40) of the
e-H3 confirmed the purity of the samples (data not
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Figure 3. Analysis of e-H3 and H4 Derived

from H3.1 and H3.3 Nonnucleosomes

(A) Nanospray sequencing of H4 diacetylated

forms. After quantification of the diacetylated

species, we plotted these values as a fraction

of total diacetylated H4.

(B) Histone labeling assay. In the nonnucleo-

somal fraction, we expect radioactivity due

to exchange or storage, but not to new syn-

thesis. Specific activity was obtained as

cpm/histone amount determined by densi-

tometry scanning. The mean value of two in-

dependent experiments was calculated and

plotted.

(C) Comparison of PTMs on e-H3.1 (light bars)

and e-H3.3 (dark bars) from nonnucleo-

somes. The graphs represent three MALDI-

MS analyses, and error bars were derived

from three independent biological replicates.
shown). Analysis of endogenous H3 for this same pep-
tide showed that H3.1 was the predominant variant in
both e-H3.1 and e-H3.3 oligonucleosomes (about 80%
in e-H3.3, Figure 2D). This distribution was not observed
on mononucleosomes, where e-H3.3 was exclusively
associated with native H3.3 and e-H3.1 to native H3.1
(Tagami et al. [2004] and Figure 2D). Because the oligo-
nucleosomes analyzed corresponded to three to four nu-
cleosomes on average (Figure 2B), it ensues that H3.3
is dispersed across domains, with the presence of one
H3.3-containing nucleosome out of three nucleosomes.
Thus, it was important to examine PTMs on native his-
tone H3 associated with e-H3.3 to find out whether mod-
ifications normally found on H3.3 were present on H3.1 in
these regions. Analysis of two peptides corresponding
to amino acids 27–40 and 73–83 revealed that, regard-
less of the endogenous variant, the PTM pattern was
similar to that of the associated e-H3 (Figure 2E). Even
the native H3.1 associated with e-H3.3 showed a PTM
pattern corresponding to H3.3 (Figure 2E, right graph).
Our data demonstrate that active marks can be enriched
on H3.1. Thus, histone PTMs are not necessarily intrinsic
to specific variants and do not segregate in a simple
mode, rather they are influenced by the surrounding
chromatin neighborhood.

Both H3.1 and H3.3 Predeposition Complexes Show
a K5/K12 Diacetylation Pattern on Histone H4

We next wanted to assess whether PTMs could be
found prior to incorporation to DNA and contribute to fi-
nal marking. We thus analyzed nonnucleosomal pools
(from nuclear and cytosolic fractions). Previous studies
showed that in nonnucleosomal pools H3.1 and H3.3
associate with histone chaperones, Caf-1 and Hira, re-
spectively, in complexes competent for RC and RI vari-
ant deposition (Loyola and Almouzni, 2004; Tagami
et al., 2004). The PTM pattern on H4 was particularly
revealing. In agreement with previous reports describing
a unique combination of K5/K12 acetylation on newly
synthesized H4 (Sobel et al., 1995), nonnucleosomal
H4 was diacetylated at these positions in association
with either H3 variant (Figures S3D and S3E). In both
cases, MS/MS analysis showed an exclusive pattern
corresponding to K5/K12 (Figure 3A and Figure S2F),
which differs from the one observed on the nucleosomal
H4 (Figure 1E). In principle, in addition to newly syn-
thesized histones, evicted and stored histones could
also contribute to the nonnucleosomal pool. Indeed, his-
tone eviction has been reported during transcription
(Schwartz and Ahmad, 2005). However, pulse-chase
experiments (Jackson, 1990; Thiriet and Hayes, 2005)
and fluorescent recovery after photobleaching (FRAP)
(Kimura et al., 2002; Phair et al., 2004) showed that H3
exchange is limited. To determine the contribution of
evicted or stored histones versus newly synthesized
histones in the nonnucleosomal fraction, especially
for H3.3, we performed pulse-chase experiments (Fig-
ure 3B). We carried out a short (30 min) pulse with 35S-
Met/Cys and a long (72 hr) chase, corresponding to
two cellular division times. If histone eviction occurs at
a constant and high rate, we would expect comparable
specific activity for both nucleosomal and nonnucleoso-
mal H3 in a steady-state situation. We thus determined
the specific activity of histone H3 in each pool (nucleo-
somal and nonnucleosomal), under conditions in which
labeled histones had time to be incorporated and newly
synthesized histones cannot be labeled. If we consider
the specific activity of nucleosomal histones as 100%,
stored or evicted pools represented less than 10% of
the nonnucleosomal pool, even for H3.3 at a steady-
state level. These values are consistent with the general
low mobility of H3.3 determined by FRAP experiments
both in pluripotent ES cells and lineage-committed cells
(Meshorer et al., 2006). We cannot exclude that in highly
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transcribed regions the local proportion of evicted his-
tones may be higher.

Furthermore, each histone pool may have a different
turnover rate, and evicted/stored pools could be rapidly
degraded compared to the chromatin pool. In this case,
although the eviction mechanism could be active, the
corresponding histones would not be detected under
our conditions. We conclude that nonnucleosomal his-
tones represent a majority of predeposition forms in
which H4 harbors a PTM pattern characteristic of newly
synthesized histones and shows little distinction for the
associated variant.

Absence of Methylation Marks in Both

Nonnucleosomal H3.1 and H3.3, Except for H3K9me
Next, we analyzed the status of nonnucleosomal H3 for
which there has been little information to date. Our data
indicate that, in contrast to nucleosomal H3, no signifi-
cant methylation occurred at H3K4, H3K27, H3K36,
and H3K79 (Figure 3C and Figure S3B). Thus, active
marks are not H3.3 ‘‘predetermined.’’

Interestingly, we observed different patterns of H3K9
modifications in nonnucleosomal H3.1 and H3.3 (Fig-
ure 3C and Figure S3B). H3K9me1 was most prominent
on H3.1 (36% in H3.1 compared to 17% in H3.3). In con-
trast, only H3.3 contained considerable amounts of
H3K9ac. To distinguish between trimethylated and acet-
ylated H3K9, we used tandem MS analysis on the (9–17)
peptide and found acetylation corresponding to K14,
with 20% enrichment in H3.3 and 7% in H3.1 (Table
S1). High-resolution mass spectrometry also showed a
significantly higher proportion of H3.3 molecules that
carry an acetyl group at positions 9 and 14, a modifica-
tion pattern not found in nonnucleosomal H3.1 (Table
S1). Most remarkable was the absence of K9me3 in non-
nucleosomal H3.1 and H3.3 (Table S1). These data imply
that H3K9me3 occurs at the time of or after chromatin
assembly and, if evicted, demethylation occurs immedi-
ately (Trojer and Reinberg, 2006). Given the low propor-
tion of evicted/stored histones in our experimental con-
ditions, H3 PTMs on nonnucleosomal complexes most
likely reflect H3 status prior to incorporation into DNA.

H3.1/H3.3 K9 Premodifications Potentiate
the Activity of Suv39H1

We then wondered whether the preexistence of H3K9me
could potentiate the action of various H3K9 HMTases.
We considered the four H3K9-HMTases identified so
far: Eu-HMTase, G9a, SetDB1, and Suv39H1/H2 (Martin
and Zhang, 2005). These HMTases can be divided into
three groups according to their cellular distribution
(Figure 4A). SetDB1 is both cytosolic and nuclear, Eu-
HMTase and G9a are nuclear and chromatin associated,
and Suv39H1 is mainly chromatin associated. SetDB1,
Eu-HMTase, and/or G9a then could methylate nonnu-
cleosomal histones. The Suv39 family of histone H3K9-
HMTases could act downstream at targeted loci to pro-
mote a specific PTM pattern. Given the importance of
the Suv39 family of HMTases in generating H3K9me3
to recruit Hp1 proteins (Maison and Almouzni, 2004),
we wondered whether they preferentially act on premo-
dified histones and may even be stimulated by specific
preexisting marks. We performed methylation assays
with H3 peptides carrying different K9me states with re-
combinant Suv39H1, SetDB1, and G9a enzymes. Con-
sistent with Rea et al. (2000), our results showed that
me2 peptides are not good substrate for Suv39H1
(Figure 4B). Remarkably, we found that me1 peptides
scored as best substrates for Suv39H1. Tandem MS
analysis showed that the final product of the reaction
is K9me3 (data not shown). In contrast, K9me2 peptides
are good substrates for recombinant G9a and SetDB1
(Figure 4B). This bias of modification on Suv39H1, which
excludes K9me2 peptides and favors K9me1, could help
to define a specific trimethylated state of the H3.1 vari-
ant by the Suv39 enzyme. Thus, although H3.1 K9 pre-
modification is permissive for the generation of active
as well as inactive chromatin marks, the K9me2 and
K9ac present on H3.3 restricts its fate.

We then wondered whether H3K9me1 is the substrate
for Suv39H1. MEFs derived from Suv39 double-null (dn)
mice show that H3K9me3 is no longer enriched in DAPI-
dense spots, which correspond to pericentromeric re-
gions, but rather show an increase in H3K9me1 staining
at these regions (Peters et al. [2003] and Figure 4C). This
profile could be explained by the late action of Suv39,
which would be missing at these sites. Although MEFs
derived from knockout animals may harbor multiple ge-
netic alterations, we hypothesized that Suv39 acts late
in the process of setting up PTM patterns and wondered
whether we could reverse the staining phenotype by re-
introducing a wild-type Suv39. Strikingly, upon transfec-
tion of Suv39H dn cells with Suv39H1, we found that
pericentromeric localization of Suv39H correlated with
recovery of H3K9me3 enrichment, with a corresponding
decrease in H3K9me1 enrichment (Figure 4C). This sup-
ports the idea that a premodified H3K9me1 can indeed
be used as physiological substrate for Suv39H enzymes
to produce H3K9me3. It also emphasizes a remarkable
plasticity in the system, which can reverse the marking
after many divisions in absence of the modifier and,
thus, is likely to act rather late in setting up PTM pattern.
This is clearly different from other marking systems that
can only function during a specific time window, as in X
inactivation (Heard, 2005) or polycomb repression
(Ringrose and Paro, 2004).

Discussion

K9me in Nonnucleosomal H3
We have isolated and characterized in detail PTMs of
histones H3.1 and H3.3, and associated histone H4, at
different steps in the assembly line of chromatin forma-
tion. Our results show that PTMs in the mononucleoso-
mal pool are essentially comparable to total histones, as
documented by others (Benson et al., 2006; Hake et al.,
2006; Johnson et al., 2004; McKittrick et al., 2004; Water-
borg, 1990). Importantly, we found that oligonucleo-
somes containing e-H3.3 associate with H3.1, and in
this context, H3.1 carries the same PTM pattern as
H3.3. The data indicate that H3.1 is permissive for incor-
poration both into ‘‘active’’ and ‘‘repressive’’ domains.
Therefore, we infer that specific PTMs, rather than the
identity of the histone variant, determine the fate of a
given locus.

Our analysis of nonnucleosomal H3.1 and H3.3 com-
plexes revealed that H3K9 is the only methylated residue
prior to deposition. Future studies will aim to identify the
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Figure 4. Nucleosomal and Nonnucleosomal H3K9 HMTases

(A) We detected various H3K9 HMTases by using 15 and 30 mg of cytosolic, nuclear, and chromatin extract by western blots as indicated.

(B) HMTase assay with recombinant Suv39H1, G9a, and SetDB1 enzymes using unmodified, K9me, and K9me2 H3 peptides. Error bars were

derived from three independent experiments.

(C) We revealed by immunofluorescence, H3K9me1, H3K9me3, Hp1a and myc in wild-type and Suv39H dn MEFs. In addition, for dn cells, to

restore wild-type staining patterns, we transfected them with myc-tagged Suv39h1 DNA. Scale bar, 10 mm.

(D) Stepwise model to establish and maintain PTM patterns. The stepwise model proposes that early-acting enzymes modify nonnucleosomal

H3.1 and H3.3, establishing the prenucleosomal PTM pattern. The use of different chromatin assembly pathways, RC (Caf-1 dependent) and RI

(Hira-dependent), will lead to incorporation of each premodified variant. Although premodified H3.1K9me1 is permissive for K9me3 by Suv39

enzymes (late-acting enzyme) during or after DNA incorporation, the H3.3K9me2 and H3K9acK14ac fractions are more restrictive. Thus, the

repertoire of permissive/restrictive initial modifications impacts the fate of a variant in specific chromatin domains.
enzymes involved in the formation of the nonnucleoso-
mal PTM pattern. Based on subcellular distribution, it
is tempting to consider SetDB1 as a prime candidate
for methylation of nonnucleosomal H3, but new en-
zymes that remain to be discovered must also be con-
sidered. Interestingly, nonnucleosomal H3.1 and H3.3
showed a differential K9 modification pattern, which
has the potential to interfere with the action of Suv39.
This raises the issue of other enzymes and/or partners,
which may also have a preferential choice for specific
preexisting modifications to further generate PTMs. It
also emphasizes the fact that H3K9me (at least me1
and me2) can be found in both active and inactive re-
gions. This could explain how H3K9me can be found in
transcribed regions (Vakoc et al., 2005). Future studies
should address this issue under conditions enabling de-
tection of dynamic changes in PTMs and also taking into
account the possibility of demethylation. In any case, an
important conclusion is that K9me can be found in non-
nucleosomal H3 although not in a trimethylated form.
A Stepwise Model to Define Histone PTM Patterns

Our discovery that nonnucleosomal H3.1 and H3.3 com-
plexes carry different levels of H3K9 modifications prior
to their incorporation into chromatin, whereas other
PTMs are found only in nucleosomal histones, provides
the first evidence, to our knowledge, for a stepwise
mechanism that culminates in the final PTM patterns
found in chromatin. Figure 4D illustrates how H3K9-
HMTases would function in a sequential scheme during
the formation of a PTM pattern with (1) early-acting
H3K9-modifying enzymes responsible for me1, me2,
and ac that will give rise to the initial PTM pattern, which
potentially distinguishes H3.1 from H3.3, and (2) later-
acting H3K9-HMTases, responsible for me3. Mamma-
lian Suv39 enzymes would fall into this latter category
to define the typical marking found at pericentric hetero-
chromatin. The question is then whether Suv39 enzymes
are targeted at a later stage or whether they become
functional later. In this respect, it is interesting to note
that, in mice, analysis of heterochromatin marking in
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the male pronucleus after fertilization, which is essen-
tially established ‘‘de novo,’’ showed that the first meth-
ylation mark observed on K9 is K9me1, whereas K9me3
is only detected at later stages (Santos et al., 2005). Thus,
in this context, an uncoupling between H3K9me1 and its
further modification may occur.

The specific preference of Suv39 enzymes for
H3K9me1 would favor the use of H3.1, whereas me2
and ac might prevent their action on H3.3. This could
thus explain the relative enrichment in Hp1a that we
found in H3.1 oligonucleosomes. However, it is interest-
ing to note that a significant fraction of nonnucleosomal
H3.3 is K9me1 (17%). This form could be an intermediate
to obtain K9me2 or, alternatively, could also be a sub-
strate for Suv39 type of enzymes. In the latter case, it
is temping to speculate that this fraction represents a
substrate for the Suv39-dependent hererochromatiniza-
tion occurring at euchromatic genes (Schultz et al.,
2002). The view of a sequential scheme to impose mod-
ification may in fact be a general one whether they are
intrinsic to the enzyme or associated to a specific recog-
nition module in a complex. Indeed, the role of Wdr5 in
the Mll1 complex has recently been described as spe-
cific recognition of H3K4me2 to promote the action of
the Set1 enzymes (Ruthenburg et al., 2006). Therefore,
inaddition to the choice ofan assembly pathway, a differ-
ential premarking might provide another level of regula-
tion in the final definition of PTM patterns.

Additional enzymes, which are locally targeted, might
act after these steps, to obtain the final nucleosomal
PTM pattern characteristic of specific chromatin do-
mains. Clearly, for other modifications, including
H3K4me, H3K27me, H3K36me, and H4hyperac, which
are exclusively found in nucleosomes, the latter sce-
nario is the most plausible. Setting up an active state
most likely requires a mechanism coupled to trans-
cription, and several candidate enzymes have been de-
scribed both for HMTases and HATs (Peterson and
Laniel, 2004; Sims et al., 2003).

In light of these findings, it will be of great importance
to define the optimal substrates for all known chromatin-
modifying enzymes as well as their spatial and temporal
order of action. The reverse reaction should also be con-
sidered now that demethylases have been uncovered. In
this respect, it is intriguing for the K9 demethylases that
me3 and me2 can be removed to produce me1 (Cloos
et al., 2006; Klose et al., 2006). Thus again, a sequential
scheme would also work in this context.

Experimental Procedures

Cell Lines

H3.1 and H3.3 HeLa S3 cell lines were grown as described (Tagami

et al., 2004). We transfected wild-type or Suv39h1 Suv39h2 double-

null MEFs with a myc-Suv39H1-containing construct using Lipofect-

amine-2000 (Invitrogen) and collected cells 48 hr posttransfection.

Histone Labeling Assay

We used 0.25 3 108 cells, pulsed with 150 mCi/mL 35S-Met/Cys

(TRAN35S-Label, MP Biomedicals) for 30 min followed by 72 hr

chase. We measured the radioactivity in nucleosomal and nonnu-

cleosomal fractions by western blots for HA with increasing

amounts of histone e-H3. We cut bands corresponding to e-H3

and counted radioactivity. We compared equivalent amounts of nu-

cleosomal and nonnucleosomal e-H3 (measured as HA intensity by

densitometry scanning), and we set at 100% the radioactivity (cpm)
in nucleosomal histones and determined the corresponding per-

centage in nonnucleosomal histones.

Complex Purification and Antibodies

See the Supplemental Data.

Histone Processing and MALDI-Mass Spectrometry

With three sets of biological material for each analysis, we used

about 5–10 pmole of histones from immunoprecipitated samples

separated by SDS-PAGE. Details are in the Supplemental Data.

Nanospray Sequencing of H4 Acetylation

To determine the position of H4ac, we performed collision-induced

decay (CID) fragmentation of peptides containing amino acids (4–17)

followed by the analysis of the fragment spectra in a Q-STAR mass

spectrometer.

Histone Methyltransferase Assay

We used peptides containing the first 19 amino acids of H3 either

unmodified or containing one or two methyl groups at K9.

Immunofluorescence

We performed immunofluorescence after extraction with Triton X-

100 to remove soluble proteins on wild-type and Suv39h dn MEFs

with a DMR-HC (Leica) epifluorescence microscope with 363 objec-

tive and a camera (CoolSnap Fx. Photometrics) with a resolution of

200 nm for image acquisition.

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures,

Supplemental References, three figures, and one table and can

be found with this article online at http://www.molecule.org/cgi/

content/full/24/2/309/DC1/.
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