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We have studied the role of individual histone
N-termini and the phosphorylation of histone H3 in
chromosome condensation. Nucleosomes, reconsti-
tuted with histone octamers containing different com-
binations of recombinant full-length and tailless
histones, were used as competitors for chromosome
assembly in Xenopus egg extracts. Nucleosomes recon-
stituted with intact octamers inhibited chromosome
condensation as efficiently as the native ones, while
tailless nucleosomes were unable to affect this process.
Importantly, the addition to the extract of particles
containing only intact histone H2B strongly interfered
with chromosome formation while such an effect was
not observed with particles lacking the N-terminal tail
of H2B. This demonstrates that the inhibition effect
observed in the presence of competitor nucleosomes is
mainly due to the N-terminus of this histone, which,
therefore, is essential for chromosome condensation.
Nucleosomes in which all histones but H3 were tailless
did not impede chromosome formation. In addition,
when competitor nucleosome particles were reconsti-
tuted with full-length H2A, H2B and H4 and
histone H3 mutated at the phosphorylable serine 10 or
serine 28, their inhibiting efficiency was identical to
that of the native particles. Hence, the tail of H3,
whether intact or phosphorylated, is not important
for chromosome condensation. A novel hypothesis,
termed ‘the ready production label’ was suggested to
explain the role of histone H3 phosphorylation during
cell division.
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Introduction

Although mitotic chromosomes were described more
than a century ago, their structure and assembly are
still poorly understood. However, during the last few
years real progress towards the understanding of the
complex process of chromosome formation has been
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made thanks to two complementary approaches: gen-
etics in yeast and biochemical manipulations in
extracts isolated from Xenopus eggs (for a recent
review see Hirano, 2000). This last approach has been
extremely useful since the in vitro condensed chromo-
somes can be manipulated in their natural conditions
allowing a causal relationship between the different
events involved in their assembly to be studied. In
addition, the structure and properties of these chromo-
somes are identical to those formed in cells in culture
(Houchmandzadeh et al., 1997, Houchmandzadeh and
Dimitrov, 1999; Poirier et al., 2000). Therefore, the
dissection of the mechanism of chromosome conden-
sation in the Xenopus egg extract is relevant to the
study of physiological mechanisms operating in vivo.
Indeed, the wuse of the extracts has allowed the
identification and isolation of the condensin complex,
which is required for chromosome condensation
(Hirano and Mitchison, 1994; Hirano et al., 1997,
Hirano, 2000). This complex exists in vertebrate
somatic cells and in yeast and is associated with
chromatin exclusively during mitosis, as observed in
the case of Xenopus egg extracts (Hirano and
Mitchison, 1994; Saitoh et al., 1994; Sutani et al.,
1999). Moreover, the study of chromosome assembly
in these extracts showed that topoisomerase II had an
enzymatic but not a structural role in the maintenance
of mitotic chromosome organization (Hirano and
Mitchison, 1993).

The basic unit of chromatin, the nucleosome,
contains an octamer of core histones (two each of
H2A, H2B, H3 and H4) around which two superhelical
turns of DNA are wrapped. The crystallographic
structure of both the histone octamer and the whole
nucleosome has been solved. Each histone within the
octamer consists of a structured domain (the histone
fold) and non-structured N-terminal tails (Arents et al.,
1991; Luger et al., 1997). The linker histone interacts
mainly with the linker DNA between the nucleosomes.

Since the early seventies it has been assumed that linker
histones were main players in chromosome condensation
(Bradbury et al., 1973; Bradbury, 1992). However, more
recent experiments have shown that their absence affected
neither chromosome condensation nor nucleus assembly
both in Xenopus egg extract (Ohsumi et al., 1993; Dasso
et al., 1994) and in vivo (Shen et al., 1995; Shen and
Gorovsky, 1996; Barra et al., 2000). These data argued
strongly against the above hypothesis. In contrast, it has
recently been reported that the flexible N-termini of core
histones play an essential role in chromosome assembly
(de la Barre et al., 2000).

The N-terminal tails of histones are subjected to a
large number of post-translational modifications, which
are believed to have important functions in numerous

6383



A.-E.de la Barre et al.

cellular processes (reviewed in Wolffe and Hayes,
1999; Cheung et al., 2000; Strahl and Allis, 2000;
Turner, 2000). During the last few years particular
attention has been paid to the phosphorylation of the
histone H3 tail at serine 10. In fact, this modification
was observed in two different processes: the first is the
activation of transcription (Mahadevan et al., 1991;
Thomson et al., 1999a,b), which requires substantial
chromatin decompaction, and the second is chromo-
some assembly during mitosis and meiosis (Hendzel
et al., 1997, Van Hooser et al., 1998, Wei et al.,
1998, 1999; de la Barre et al., 2000; Hsu et al., 2000;
Kaszas and Cande, 2000; Adams et al., 2001; Giet and
Glover, 2001). The function of histone H3 phosphoryl-
ation is not clear. Indeed, during cell division
histone H3 phosphorylation was related either to
chromosome condensation (Hendzel et al., 1997, Wei
et al., 1998, 1999; Hsu et al., 2000) or to chromosome
cohesion (Kaszas and Cande, 2000). However, in both
cases the evidence was mostly correlative. For
example, during mitosis in cultured vertebrate cells,
the phosphorylation of histone H3 occurred in a
precise spatio-temporal order (Hendzel et al., 1997,
Van Hooser et al., 1998; Sauve et al., 1999). Indeed,
initially detected in late G, phase on pericentromeric
heterochromatin, it spreads along the chromosome arms
as mitosis proceeds. A correlation was observed
between the initial chromatin condensation and the
phosphorylation of histone H3 (Hendzel et al., 1997,
Van Hooser et al., 1998). In plants, however, H3
phosphorylation in both mitosis and meiosis was
initiated on already compacted chromosomes, a finding
arguing against a role of this H3 modification in
chromosome condensation (Kaszas and Cande, 2000).
Instead, experiments with wild-type and mutant maize,
where chromatid cohesion at metaphase II was absent,
strongly suggested an association of histone H3 phos-
phorylation with chromosome cohesion (Kaszas and
Cande, 2000).

The Xenopus sperm nucleus DNA is tightly packaged
through interactions with the histones H3 and H4 (present
in equimolar amounts in sperm nuclei, for details see
Dimitrov and Wolffe, 1995) and protamine-like proteins
(Philpott et al., 1991; Dimitrov et al., 1994). Upon
incubation in the egg extract, the demembranated sperm
nuclei undergo a complete remodeling (Dimitrov and
Wolffe, 1995, 1996). During the first 5-10 min, a dramatic
decondensation takes place, followed by a series of well
defined condensation steps culminating in the formation of
compact chromosomes (Lohka and Masui, 1983; Hirano
and Mitchison, 1993; de la Barre et al., 1999). The
chromosome assembly is accompanied by phosphoryl-
ation of histone H3 at serine 10 (de la Barre et al., 2000).

In this work, the role of the N-terminal tails of the
different histone species was studied in chromosome
condensation by using nucleosome-mediated competitive
inhibition of chromosome assembly. Chromosomes were
formed in Xenopus egg extracts in the presence of
reconstituted chimeric nucleosomes containing different
combinations of recombinant full-length and tailless
histones. Evidence is presented here that the N-terminus
of histone H2B is a main player in the process of
chromosome formation. On the contrary, the tail of
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histone H3, whether intact or phosphorylated, did not
interfere with chromosomal condensation.

Results

Inhibition of chromosome assembly by

trypsin- and clostripain-digested nucleosomes
Incubation of demembranated sperm nuclei in extracts
isolated from Xenopus eggs allowed the assembly of
mitotic chromosomes (Lohka and Masui, 1983; Hirano
and Mitchison, 1993). Recently, we have demonstrated
that adding exogenous native nucleosomes to the assembly
reaction resulted in the inhibition of chromosome forma-
tion (de la Barre et al., 2000). Importantly, tailless
nucleosomes, prepared by trypsin digestion, failed to
inhibit the formation of mitotic chromosomes. This
suggests that the flexible histone tails are involved in the
recruitment of the putative chromosome assembly fac-
tor(s) and consequently play an essential role in chromo-
some assembly (de la Barre et al., 2000). The main
objective of this study was to determine which of the tails
of the individual histones within the nucleosome is/are
required for this inhibition process and, therefore, is/are
important for the assembly itself.

First, we produced ‘partially’ tailless nucleosomes by
digestion of native particles with the protease clostripain
(Figure 1). Indeed, it was reported that clostripain was able
to cleave the N-termini of histones H3 and H4, leaving
H2A and H2B essentially intact (Encontre and Parello,
1988). However, we have not been able to completely
reproduce these data (Figure 1B, 1/200 and other results
not shown). The full elimination of the tails of H3 and H4
was always accompanied by significant digestion of
histone H2B (>60%) and some cleavage of H2A with
probably the first three amino acids being removed from
the N-terminus (Encontre and Parello, 1988; Banéres et al.,
1997). Upon digestion with higher amounts of clostripain
(enzyme/nucleosomes ratio of 1/40; Figure 1B), the
histone tails were completely cleaved (Encontre and
Parello, 1988; Banéres et al., 1997). Chromosome forma-
tion was inhibited in the presence of 16 pmol of ‘partially’
tailless nucleosomes (compare Figure 1C with Figure 1D,
ratio 1/200) while 26 pmol of clostripain-prepared tailless
nucleosomes were necessary to observe the same effect
(Figure 1D, ratio 1/40). Inhibition of chromosome con-
densation by tailless nucleosomes prepared by trypsin
digestion took place at 33 pmol (Figure 1D and de la Barre
et al., 2000). We attributed the slight difference (1.25X) in
the inhibitory efficiency of the two types of tailless
nucleosomes, respectively obtained by cleavage with each
of the two proteases to the fact that trypsin digestion of the
histone octamer was less controlled (for details see
Encontre and Parello, 1988).

Two conclusions can be drawn from these results: (i) the
inhibitory amounts of the two types of tailless nucleo-
somes are very close and are much higher than that of
native nucleosomes (2 pmol, Figure 1D and de la Barre
et al., 2000). Thus, regardless of how the tails were
removed, the tailless nucleosomes have lost their capacity
to inhibit chromosome condensation. These findings
confirmed our previous data showing the important
function of the histone tails in chromosome condensation
(de la Barre et al., 2000). (i1)) A removal of the histone



N-termini, total for H3 and H4 and in high proportions of
H2B, has led to the loss of the inhibiting effect, suggesting
that the tail(s) of some of these histones (or the tails of all
three) within the nucleosome is/are essential for chromo-
some assembly.

The N-termini of histones H2A and H2B interfere
with chromosome condensation

The above results, however, do not discriminate between
these different possibilities. In addition, the degree of
proteolysis of the histones is experimentally difficult to
control, i.e. particles containing histones digested to
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different extents may be present in the nucleosome
preparations. In order to overcome these difficulties, we
have then reconstituted ‘chimeric’ nucleosomes by using
bulk nucleosomal DNA and different combinations of well
defined recombinant full-length and mutant histones
(Figure 2). The recombinant proteins were expressed in
bacteria and purified to homogeneity (Figure 2B). A trace
amount of 32P-end-labeled 152 bp EcoRI-Rsal fragment
comprising a Xenopus borealis somatic 5S RNA gene was
added to the reconstitution reactions. In this way the
efficiency of reconstitution and the structure of the
reconstituted particles could be checked (Figure 2A and
C). Under the conditions used, all added DNA had formed
a complex with the histones: no free DNA was detected
by electrophoretic mobility shift analysis (EMSA)
(Figure 2A). The DNase I footprinting demonstrated a
clear 10 bp nucleosomal repeat (Figure 2C), an evidence
for well-structured particles. Therefore, the reconstituted
nucleosomes showed an organization which was highly
similar to the native ones, a result which was in agreement
with the available data (Luger et al., 1999).

Further on, the reconstituted structures were used
in chromosome assembly inhibition experiments. The
nucleosomes reconstituted with tailless histones (ZGH)
did not affect chromosome condensation, whereas those
assembled with full-length proteins (XH) completely
inhibited the process (Figure 3). Importantly, the inhib-
ition was observed at 2 pmol, an inhibitory amount equal
to that of native nucleosomes. Thus, the reconstituted
particles not only showed very close structure to the native
ones, but they also behaved functionally like them. This
validated the use of nucleosome particles reconstituted
with several combinations of full-length and mutant
histones to study their inhibition properties. Surprisingly,
the particles (H2A/H2B) containing intact histones H2A
and H2B and the globular domains GH3 and GH4 of H3
and H4 respectively, demonstrated a very strong inhibitory
effect (Figure 3): 3.5 pmol only were sufficient to arrest
the chromosome assembly process. Thus, the tails of H2A
and H2B are likely to be major players in chromosome
assembly.

The N-terminus of histone H2B is a main player in
chromosome condensation

To understand whether the tails of both histones H2A and
H2B, or the terminus of only one of these histones are

Fig. 1. Effect of native as well as trypsin- and clostripain-digested
nucleosomes on chromosome condensation. (A) An 18% SDS-PAGE
of histones isolated from native (a) and trypsin-digested (b) nucleo-
somes. P;_s designate the trypsin resistant peptides (mainly the histone
fold domains, see van Holde, 1988). (B) As (A), but for histones
isolated from clostripain-digested nucleosomes at histone: clostripain
molar ratio 1:200 (b) and 1:40 (c). On (a) are shown the histones
prepared from the control non-digested nucleosomes. (C) Controls.
Demembranated sperm nuclei and chromosomes assembled after

180 min of incubation of sperm nuclei in Xenopus egg extract. (D) A
high concentration of proteolized nucleosomes is required for inhibition
of chromosome condensation. Demembranated sperm nuclei were
incubated in the extract in the absence (control) or in the presence of
native or trypsin- (upper part of the panel) or clostripain-digested
nucleosomes (lower part of the panel) at the indicated amounts.
Chromosome assembly was carried out for 180 min, the samples were
fixed, stained with Hoechst 33258 and observed by fluorescence
microscopy. Bars, 5 um.
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Fig. 2. Characterization of the reconstituted ‘chimeric’ nucleosomes.
Nucleosomes were reconstituted by using bulk DNA isolated from
mononucleosomes and different combinations of recombinant histones
and their mutants. A tracer amount of 3?P-end-labeled 152 bp
EcoRI-Rsal fragment containing a Xenopus borealis 5S RNA gene was
present in the reconstitution mixture; (XH): nucleosomes, reconstituted
with intact histones; (XGH): particles containing only the globular
domains of the four histones; (H2B), (H3): chimeric nucleosomes,
containing either intact H2B, or H3 and the globular parts of the three
remaining histones; (H3/H4) and (H2A/H2B): particles reconstituted
either with intact H3 and H4 or H2A and H2B and the two other
histones tailless; (GH3), (GH2B): reconstituted nucleosomes either with
the histone fold domain of H3 or that of H2B and the three remaining
histones intact. (A) EMSA of the reconstituted nucleosomes in 2%
agarose gel. After completion of the electrophoresis the gel was stained
with ethidium bromide. (B) SDS-PAGE (18%) of the recombinant
histones, isolated from the reconstituted chimeric nucleosomes.

(C) DNase I footprinting of the reconstituted samples. The arrow
shows the dyad axis of the nucleosomes. For simplicity the biochemical
and structural characterization of only some of the used chimeric
nucleosomes are shown.
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essential for chromosome condensation, nucleosomes
were prepared which contained either intact H2A (H2A
particles) or intact H2B (H2B particles), the other three
histones being tailless. Under these conditions, only the
H2B particles were able to inhibit chromosome assembly
(Figure 4A), demonstrating that the tail of histone H2B is
essential for this process. This conclusion was further
confirmed by the experiments with particles reconstituted
with tailless H2B (GH2B) and the three other full-length
histones (Figure 3B, GH2B particles). Indeed, these
reconstitutes were unable to inhibit chromosome
assembly.

Interestingly, the H2B nucleosome inhibition was
observed at 6 pmol, an amount about two times higher
than that of the H2A/H2B particles (see Figure 3)
suggesting that the presence of intact H2A terminus,
although dispensable, increased the inhibitory properties
of the chimeric particles.

The tail of histone H3, whether intact or
phosphorylated, is not essential for

chromosome condensation

A widely held hypothesis claimed that the phosphorylation
of histone H3 at serine 10 and hence the tail of histone H3
are required for chromosome condensation during mitosis
(for recent reviews see Cheung et al., 2000; Hans and
Dimitrov, 2001). However, this hypothesis was essentially
based on correlative evidence. Our experimental proced-
ure is a unique approach allowing the direct study of a
causal relationship between these two events. We have
found that chromosome formation was not inhibited by
chimeric nucleosomes containing intact H3 and/or intact
H4 and the other tailless histones (Figures 3 and 4), which
strongly suggested that the tails of these proteins were not
important for chromosome assembly. This was further
confirmed by the properties of the GH3 and GH4 particles
(comprising the globular domain of H3 or of H4 and the
three other full-length histones, Figure 4B and C): the lack
of the N-terminus of H3 or of H4 had no effect on the
inhibitory ability of these reconstituted nucleosomes.
Besides, the degree of phosphorylation of histone H3 of
the exogenous nucleosomes added to the extract was
essentially the same as that of the endogenous nucleo-
somes of the remodeled sperm nuclei (Figure 5A). Thus,
the presence of nucleosomes with a phosphorylated H3 tail
exhibited the same inhibition capacity as nucleosome
samples devoid of a H3 tail, demonstrating that the tail of
histone H3, whether intact or phosphorylated, does not
play an important role in chromosome condensation. This
was further confirmed by experiments with particles
containing the four histones full length but with H3
mutated either at serine 10 or at serine 28 (the two sites of
phosphorylation of H3 during cell division): the inhibition
with both XH(S10A) and XH(S28A) reconstitutes was
observed with the same amount (2 pmol) as that of
phosphorylated native nucleosomes (Figure 5).

Effect of competitor nucleosomes on the kinetics
of chromosome assembly

Above, we have demonstrated that some of the reconsti-
tuted nucleosomes did not affect the final compact state of
mitotic chromosomes. Nonetheless, a possibility exists
that these particles could be able to interfere with the time
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course of chromosome assembly. To check this hypoth-
esis, the kinetics of chromosome condensation in the
presence of such different reconstitutes was followed. As
seen in Figure 6, all reconstitutes were able to slightly
delay the time course of chromosome formation. It should
be pointed out that even the tailless nucleosomes were able
to induce the same delay in the kinetics of chromosome
condensation.

Phosphorylation of histone H3 correlates with the
initial stages of sperm nucleus decondensation in
Xenopus egg extracts

We have recently shown that the assembly of chromo-
somes in the Xenopus extract is accompanied by phos-
phorylation of histone H3 at serine 10 (de la Barre et al.,
2000). However, it is not known whether this histone H3
modification correlates with chromosome condensation in

Fig. 3. (A) The tails of histones H2A and H2B, but not those of H3
and H4 interfere with chromosome condensation. Chromosome
assembly was performed as described in Figure 1 in the presence of the
different chimeric nucleosomes. After fixation and staining with
Hoechst 33258, the structures formed were observed by fluorescence
microscopy. The amount of the competitor particles is shown on the
left upper corner of each picture. The reconstituted particles are
schematically drawn on the left side of the respective panels. The tails
of the histones are presented in grey. For simplicity the tail of only one
of the two homologous histones is shown. Bar, 5 um. (B) Quantification
of the data presented in (A).

the extract. To address this question the kinetics of
chromosome assembly was followed and histone H3
phosphorylation was visualized by both immunofluores-
cence and western blotting (Figure 7). The decondensation
of sperm nuclei was accompanied by histone H3 phos-
phorylation. Importantly, upon completion of the decon-
densation (at ~10 min after the initial incubation), a
saturation of the histone H3 phosphorylation was recorded
(Figure 7B). Therefore, in contrast to cells in culture, a
straightforward correlation between sperm decondensa-
tion and phosphorylation of histone H3 at serine 10 is
observed.

Discussion

Chromosome assembly in Xenopus egg extracts was used
to assess the role of each individual N-terminal histone tail
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Fig. 4. The tail of histone H2B is responsible for the nucleosome-induced inhibition of chromosome assembly. (A) The experiments were carried out
as described in Figure 1, but in the presence of nucleosomes containing either full-length histone H2A, or H2B, or H3 or H4 and the globular domains
of the three remaining histones. The assembled structures were visualized by fluorescence microscopy. (B) Same as (A), but in the presence of
reconstituted nucleosomes comprising either the globular domain of histone H2B (GH2B) or that of histone H3 (GH3) and the three other full-length
histones. (C) Quantification of the data presented in (A) and (B). For comparison the inhibition effect of (XH) and (XGH) reconstituted nucleosomes

are also shown. Bar, 5 um.

in chromosome condensation. Initially, tailless nucleo-
some particles were prepared by digestion of native
nucleosomes either with trypsin or with clostripain. Both
types of tailless nucleosomes lost their ability to inhibit
chromosome assembly, confirming that the N-histone
termini play an essential role in chromosome condensation
(de 1a Barre et al., 2000).

Effect of the individual histone tails on
chromosome assembly

This question was addressed by using chimeric nucleo-
somes reconstituted with full-length and tailless histones
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in different combinations. The (H2B) particle, containing
intact H2B and the three other tailless histones, was the
only one able to inhibit chromosome condensation,
identifying the N-terminus of this histone as a main player
in this process. This was further confirmed by an
experiment with the G2B nucleosome (reconstituted with
the globular domain of H2B and the remaining histones
intact), which was unable to interfere with chromosome
assembly. Interestingly, the inhibition with H2B reconsti-
tute was observed at 6 pmol, an amount three times higher
than the inhibitory amount of native or reconstituted with
intact histone XH particles. Furthermore, (H2A/H2B)
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Fig. 5. The mutation of the phosphorylable serines of histone H3 tail
does not interfere with the nucleosome inhibition effect on
chromosome assembly. (A) The degree of phosphorylation of
exogenous nucleosomes is the same as that of the nucleosomes of the
remodeled sperm nuclei. Identical amounts of bulk nucleosomes and
sperm nuclei were added to equal volumes of extract and, after
incubation for 30 min at 22°C, the samples were run on an 18%
SDS-PAGE gel. The phosphorylation of histone H3 was visualized by
western blotting. The results of two independent experiments are
shown. (B) Effect on the mutation of the phosphorylable serines of
histone H3 on the nucleosome inhibition efficiency. Chromosome
assembly was carried out in the presence of nucleosomes reconstituted
either with histone H3 mutated at serine 10, ZH(S10A), or with H3
mutated at serine 28, ZH(S28A), and the three remaining non-mutated
full-length histones. The experiments as well as the visualization of the
formed structures were as in Figure 3.

chimeric nucleosomes containing full-length H2A and
H2B were found to inhibit chromosome formation at 3.5
pmol. Since the H2A N-terminus alone did not have the
ability to interfere with chromosome assembly, these data
showed that its presence in the nucleosome containing
intact H2B increased the inhibitory capacity of the
particle. The nucleosomes GH3 (intact H2A, H2B and
H4, and tailless H3) impeded chromosome condensation at
2.5 pmol, i.e. almost as efficiently as the XH structures,
further demonstrating that histone H4 can also contribute
to the inhibitory properties of the particles.

How does the tail of histone H2B fulfill its inhibitory
function in these competition assays? Our previous work
showed that the exogenous nucleosomes added to the
extract recruited some unknown chromosome assembly
factors, which were different from the condensin com-
plexes or topoisomerase II (de la Barre et al., 2000). Since
the tailless nucleosomes have lost this property, it was
concluded that the histone N-termini were responsible for
the recruitment of these factors (de la Barre ef al., 2000). In

Histones and chromosome assembly
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Fig. 6. Chromosome assembly kinetics is delayed in the presence of
competitor nucleosomes. Chomosome assembly was carried out under
standard conditions (Figure 3) in the absence (A) or the presence (B)
of different types of reconstituted nucleosomes. At the times indicated
an aliquot of the reaction was removed, fixed and stained with
Hoechst 33258. Bar, 5 um.

the light of the data presented here, one could assume that
the tail of histone H2B is a main target for (an) essential
and yet unknown chromosomal assembly factor(s).

The effect of histone H3 tail and its
phosphorylation on chromosome condensation
During both mitosis and meiosis, chromosome assembly is
accompanied by phosphorylation of histone H3 at serine
10 (reviewed in Hans and Dimitrov, 2001). It was claimed
that histone H3 phosphorylation is required for chromo-
some condensation (Hendzel er al., 1997; Van Hooser
et al., 1998; Wei et al., 1998, 1999; Hsu et al., 2000).
Indeed, in some organisms and cells in culture, chromo-
some condensation was shown to be accompanied by this
histone H3 modification (for recent reviews see Cheung
et al., 2000; Hans and Dimitrov, 2001). In addition,
depletion of the histone H3 mitotic kinase aurora B in
Drosophila (Giet and Glover, 2001) and in Caenorhabditis
elegans (Speliotes et al., 2000) resulted in only partial
chromosome condensation at mitosis as well as in reduced
levels of H3 phosphorylation. This evidence, however,
was essentially correlative. Another set of such correlative
data suggested that histone H3 phosphorylation was not
related to chromosome condensation. For example, during
cell division no relationship between chromosome con-
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Fig. 7. Decondensation of sperm nuclei in Xenopus egg extract is accompanied by phosphorylation of histone H3 at serine 10. (A) Chromosomes were
assembled under standard conditions in mitotic egg extract and aliquots were removed and fixed at the times indicated. Chromosomal DNA was
stained with Hoechst 33258. Phosphorylation of histone H3 was visualized by indirect immunofluorescence using an antibody against phosphorylated
histone H3 at serine 10. Bar, 5 um. (B) Immunoblotting analysis of the kinetics of histone H3 phosphorylation during chromosome assembly. Sperm
nuclei were incubated in the extract for the times indicated and the chromosome intermediates were pelleted by centrifugation on a bench-top
centrifuge. The proteins from the pellet were separated on a 15% SDS-PAGE gel and after transfer the phosphorylated histone H3 was detected using

anti-phosphorylated histone H3 antibody.

densation and histone H3 phosphorylation was observed in
plants (Kaszas and Cande, 2000). Instead, a correlation
between H3 phosphorylation and the maintenance of sister
chromatid cohesion was reported (Kaszas and Cande,
2000). In mice meiotic spermatocytes, the initial strong
chromosome compaction did not correlate with H3
phosphorylation (Cobb et al., 1999). All the above-
described data demonstrate that the role of histone H3
phosphorylation during cell division is still controversial.

We have directly addressed this question by using
competition experiments in the Xenopus system for in vitro
assembly of mitotic chromosomes. The presence in the
Xenopus egg extract of chimeric nucleosomes (H3)
containing intact H3 and the other tailless histones did
not affect chromosome condensation, suggesting that the
tail of H3 played, if any, a minor role in this process. This
was further confirmed by the experiments with GH3
particles made of three intact histones and the globular
domain of H3: these particles were as efficient as the
native ones in inhibiting of chromosome assembly.
Besides, the extract kinase activities heavily phosphoryl-
ated the tail of histone H3 when the competitor bulk
nucleosomes were added to the extracts. Hence, the
competitor phosphorylated nucleosomes exhibited identi-
cal inhibition efficiency as did the histone H3 tailless
nucleosomes. One can, therefore, conclude that neither
histone H3 tail nor its phosphorylation is important for
chromosome condensation. In addition, the presence of
histone H3 mutated at serine 10, and thus, non-phosphor-
ylable, had no effect on the inhibitory properties of the
competitor nucleosomes, further confirming the above
conclusion.

This finding is in agreement with the genetics data in
yeast where it was shown that a strain containing a single
mutation within histone H3 at serine 10 exhibited gener-
ation times and cell-cycle progression indistinguishable
from these of the wild-type strain (Hsu et al., 2000).
However, our results do not fit with the conclusions from

6390

other sets of genetics data in Tetrahymena thermophila
(Wei et al., 1999). A Tetrahymena strain S10A, with a
mutant H3 gene at serine 10 as the only H3 gene, was
shown to display abnormal mitosis and meiosis (Wei et al.,
1999). The absence of H3 phosphorylation in S10A cells
was associated with a difficulty for these cells to go
through anaphase, with major abnormalities of chromo-
some segregation. Because some of the SIOA chromo-
somes seemed to be in a more extended form, it was
suggested that the abnormal segregation could be preceded
by defects in chromatin condensation. However, a recent
report clearly demonstrated that the phospho-H3 deficient
chromosomes in aurora-B depleted Drosophila exhibited
dumpy morphology, but normal compaction (Adams et al.,
2001). Since histone H3 phosphorylation is involved not
only in cell division but also in transcription (reviewed in
Cheung et al., 2000; Strahl and Allis, 2000), it is possible
that the somewhat lower degree of condensation and
different shape of chromosomes in S10A cells could
reflect the outcome of other processes involving H3
phosphorylation and taking place before cell division,
rather than the direct effect of this H3 modification on
chromosome compaction.

It should be noted that all reconstituted nucleosome
particles studied here, which were not able to inhibit
chromosome condensation, had the capacity to slightly
delay the time course of chromosome formation. This
slight decrease in the kinetics of chromosome condensa-
tion was even observed with tailless nucleosomes. Such a
delay in the time course of chromosome formation was
also seen in the presence of naked DNA (de la Barre et al.,
2000). Therefore, this weak effect is not related to the
histone tails, but rather reflects a temporary perturbation of
the chromosome assembly properties of the Xenopus egg
extract due to the presence of DNA or protein-DNA
complexes. The above effect may reflect a non-specific
and transient association of some chromosome assembly
factors with the H2B tailless nucleosomes or with DNA.



In the past we have reported that, when used as
competitors, the glutathione S-transferase (GST) fusions
of the N-termini of core histones were able to inhibit
chromosome condensation in Xenopus egg extracts
(de la Barre et al., 2000). The GST-H3 tail fusion was
found to be twice as efficient as the other fusions.
Nonetheless, the inhibitory amount of the fusions was in
the range of hundreds of picomols (de la Barre et al.,
2000). Importantly, a micromolar amount of the chemic-
ally synthesized peptide containing the first 20 amino acids
of the N-terminus of histone H3 was necessary to arrest
chromosome condensation (A.-E.de la Barre and
S.Dimitrov, unpublished results). Thus, the inhibition of
chromosome condensation requires amounts of histone
tails free in solution several orders of magnitude higher
than the tails within nucleosomes. Hence, the individual
histone tails within the nucleosomes (the natural substrates
for factors involved in chromosome assembly) behaved
differently than the free ones. They were not only much
better inhibitors but also showed distinct specificity in
arresting chromosome formation. In this context, it should
be stressed that our previous results on histone H3 tail
reflected the inhibition of the mitotic histone H3 kinase(s),
and not the effect of H3 phosphorylation by itself on
chromosome condensation (de la Barre et al., 2000).

The role of histone H3 phosphorylation during cell
division: the ‘ready production label’ model

Why is histone H3 specifically phosphorylated at serine 10
during cell division? No definite answer to this question
can be given to date. Our results clearly demonstrate the
lack of causal relationship between H3 phosphorylation
and chromosome condensation.

Histone H3 phosphorylation is highly ordered in the
different organisms studied, shows a distinct pattern and
takes place at different phases in both mitosis and meiosis
(summarized in Hans and Dimitrov, 2001). As discussed
earlier, during mitosis in vertebrate cells in culture this H3
modification accompanied chromatin condensation: it is
first detected in G, on pericentromeric chromatin and then
spreads further along the chromosome arms (Hendzel
et al., 1997; Van Hooser et al., 1998; Sauve et al., 1999).
By contrast, in plants, H3 phosphorylation first occurred at
late prophase on already quite compact chromosomes and
is restricted to pericentromeric chromatin only (Kaszas
and Cande, 2000). However, all the experimental systems
described exhibited a common feature: chromosomes were
heavily phosphorylated at metaphase and dephosphory-
lated upon exit of cell division (reviewed in Hans and
Dimitrov, 2001). Thus, the cell might use the phosphoryl-
ation of H3 to mark the chromosomes when they are ready
to progress through anaphase and telophase, i.e. histone H3
phosphorylation could be viewed as some type of ‘ready
production label’. This label would have to be ‘attached °
to histone H3 once the chromosomes had passed through
the various checkpoints and have reached metaphase. It
could be used by the cell in processes subsequent to
metaphase. In agreement with this, the available data
showed that the main defects associated with H3 phos-
phorylation deficiency occurred after metaphase (Hans
and Dimitrov, 2001).

According to the ‘ready production label’ hypothesis, if
the chromosomes have reached metaphase they would

Histones and chromosome assembly

have to be phosphorylated independently from their state
of compaction. Thus, even partially condensed chromo-
somes should be highly phosphorylated at metaphase. One
such example is reported for mammalian chromosomes
(Van Hooser et al., 1998). When metaphase mammalian
chromosomes were incubated in a hypotonic solution, they
strongly decondensed and were dephosphorylated. Upon
release in the culture medium, although the chromosomes
did not recondense they became again heavily phos-
phorylated and were able to enter anaphase (Van Hooser
et al., 1998).

The kinetics of histone H3 phosphorylation during
in vitro chromosome assembly described in this study
could be viewed as a second example. Histone H3 within
the sperm nuclei was not phosphorylated. Incubation of the
sperm nuclei into the Xenopus egg extract resulted in a
massive phosphorylation of H3 at serine 10. Importantly,
the time course of phosphorylation strictly paralleled
sperm nucleus decondensation. This phenomenon is
apparently in contradiction with the currently accepted
hypothesis that H3 phosphorylation is required for
chromosome condensation. How could this observation
be explained? The following explanation is suggested. The
egg extract is arrested at metaphase where the mitotic H3
kinases are very active (Murnion et al., 2001; Scrittori
et al., 2001) and, according to the ‘ready production label’
model, any chromosomal substrate has to be phosphoryl-
ated. However, the sperm nuclei are highly condensed and
histone H3 is not accessible to the enzymes. During
nucleus decondensation in the extract histone H3 becomes
accessible and thus, phosphorylated with kinetic identical
to that of the decondensation process.

In conclusion, we have used the advantages of extracts
isolated from Xenopus eggs to study the function of
individual histone N-termini in chromosome condensa-
tion. The experiments with competitor chimeric nucleo-
somes have shown that neither histone H3 tail, nor its
phosphorylation was important for this process. A novel
hypothesis termed the ‘ready production label’ model,
explaining the role of histone H3 phosphorylation during
cell division was proposed. In addition, an essential role
for histone H2B N-terminus in chromosome condensation
was demonstrated. It is suggested that the H2B tail could
recruit an unknown chromosome assembly factor(s). The
identification of this factor(s) remains a challenge for
future studies.

Materials and methods

Mitotic extract preparation

Mitotic extracts from Xenopus eggs were prepared essentially by using
the protocol of Losada er al. (2000). After dejellying, the eggs were
resuspended in XBE2 buffer (100 mM KCl, 2 mM MgCl,, 0.1 mM CaCl,,
10 mM K-HEPES pH 7.7, 5 mM K-EGTA, 0.05 M sucrose)
supplemented with 10 pg/ml leupeptin and apoprotin and 100 pg/ml
cytochalasin D and crushed at 16°C by centrifugation for 20 min at 15 000
r.p.m. in an SW41 rotor (Beckman Instruments). The cytoplasmic fraction
was collected and kept on ice. Following the addition of leupeptin,
apoprotin and cytochalasin D at a final concentration of 10 pg/ml and
1/20 volume of 20 X energy mix (20 mM phosphocreatine, 2 mM ATP,
5 pg/ml creatine kinase, final concentration) the extract was
recentrifugated at the same speed as above, but at 4°C. The clarified
golden layer was spinned at 52 000 r.p.m. for 2 h at 4°C in a TLS-55 rotor
(Beckman Instruments). After removing the top lipid fraction by
aspiration under vacuum, the cytoplasmic fraction was centrifuged
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under the same conditions, but for 30 min only. The supernatant was
carefully collected, aliquoted in 20 pl fractions and frozen immediately in
liquid nitrogen. The aliquots were stored at —80°C until use.

Isolation of demembranated sperm nuclei

Demembranated sperm nuclei were isolated essentially as described
(de la Barre et al., 1999). The demembranated sperm nucleus suspension
was brought to about 1 pg/ul DNA, aliquoted in 5 ul fractions and stored
at —80°C.

Preparation of native nucleosomes and proteinase digestion
The protocol of Mirzabekov et al. (1990) was used for the isolation of hen
erythrocyte nuclei. To prepare nucleosomes, the nuclei were resuspended
in 10 mM Tris—HCI pH 7.8, 80 mM NaCl, 2 mM CaCl,, 0.1 mM phenyl
methylsulfonyl fluoride and digested for 40-45 min at 37°C with
microccocal nuclease (5 U of nuclease/50 pg DNA). The digestion was
stopped with S mM EDTA pH 8.0 and the solution dialyzed overnight at
4°C against 50 mM Tris—-HCI pH 8.0, 5 mM EDTA, 0.65 M NaCl. After
bench top centrifugation, the supernatant was loaded on 5-25% sucrose
gradient, containing 0.65 M NaCl and centrifuged for 20 h at 4°C in an
SW41 rotor (Beckman Instruments) at 35 000 r.p.m.. The gradients were
fractionated and the linker histone depleted nucleosome fraction dialyzed
against the appropriate buffer. The nucleosomes were treated with trypsin
as described (Speliotes et al., 2000). Diisopropylfluorophosphate (Sigma)
was used to stop the reaction.

Clostripain digestion was carried out as follows. Linker depleted
nucleosomes (200 pg) were cleaved with 1 pg (1/200 ratio) or 5 pg (ratio
(1/40) clostripain (endoproteinase Arg-C; Boehringer) in a digestion
buffer (90 mM Tris—HCI, 8.5 mM CaCl,, 5 mM dithiothreitol, 0.5 mM
EDTA pH 7.6) for 1-3 h at 37°C. The reaction was stopped by adding
N-o-p-tosyl-lysine chloromethylketone (TLCK; Sigma) at a final
concentration of 10 mM. The cleaved histones were visualized on an
18% SDS-PAGE gel.

Preparation of recombinant histones

The procedure of Luger et al. (1999) was used to express and purify full-
length Xenopus laevis histones and their globular domains. A standard
site-directed mutagenesis was performed to create histone H3 mutated to
alanine at serine 10 or at serine 28. The mutation at serine 10 was
achieved by using the QuickChangeTM mutagenesis kit (Stratagene) and
the oligonucleotides pet3aH3S10A (CAGACCGCCCGTAAAGCTACC-
GGAGGGAAGG) and pet3bH3S10A (CCTTCCCTCCGGTAGCTTT-
ACGGGCGGTCTG), while that at serine 28 was performed with
pet3aH3S28A (CACCAAGGCAGCCAGGAAGGCTGCTCCTGCTA-
CC) and pet3bH3S28A (GGTAGCAGGAGCAGCCTTCCTGGCTG-
CCTTGGTG) oligonucleotides. The expression and purification of the
mutant proteins were carried out as for the intact ones. The recombinant
histones were dialyzed against 10 mM HCI and stored at —20°C.

Reconstitution of ‘chimeric’ nucleosomes

The nucleosomes were reconstituted by using ‘bulk’ nucleosomal DNA
and recombinant histones. The DNA was prepared from isolated hen
erythrocyte nucleosomes. Briefly, a stochiometric amount of recombinant
histones in a solution of 10 mM HCI was mixed and dialyzed overnight at
4°C against 2 M NaCl, 50 mM Tris—HCI pH 7.8, 1 mM EDTA (this long
dialysis allowed the formation of proper histone octamers). Next
morning, the dialysis tubing was opened and a bulk nucleosomal DNA,
containing a trace amount of a 3?P-end-labeled 152 bp EcoRI-Rsal
fragment comprising the Xenopus borealis somatic 5S RNA gene, was
added to it. The ratio of the recombinant octamers to the DNA was 1:0.8.
The reconstitution was carried out by decreasing the concentration of the
NaCl (Mutskov et al., 1998). The integrity and the structure of the
reconstituted particles were checked by EMSA and DNase I footprinting.

EMSA and DNase I footprinting

Two percent non-ethidium bromide-containing agarose gels were used
for EMSA. The electrophoresis was carried out at room temperature
in 0.5X TBE (Tris—Borate—-EDTA) buffer. Once the electrophoresis
completed, the gels were stained with ethidium bromide and after
destaining observed under UV light.

The DNase I footprinting of the reconstituted nucleosomes was
performed for two min at room temperature with 10 ng of DNase I per
10 pl of nucleosome solution in 10 mM Tris—HCI pH 7.6, 5 mM MgCl,.
The reaction was arrested with stop solution (10 mM EDTA, 0.1% SDS,
50 ng/ul proteinase K) and the samples further incubated for 30 min at
37°C. After phenol extraction and ethanol precipitation, the digested
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DNA was run on an 8% polyacrylamide sequencing gel containing urea.
The gel was dried and exposed on a PhosphorImager screen.

Assembly of mitotic chromosomes in the Xenopus egg
extract

A standard protocol (de la Barre et al., 1999) was used for chromosome
assembly in the Xenopus egg extract. Demembranated sperm nuclei
(10°-2 X 10°) were incubated at 22-24°C in 20-30 pl of extract. In some
cases the extract was supplemented with cyclin BA90 (the non-
degradable form of cyclin B). For the nucleosome-induced inhibition of
chromosome assembly, a selected amount of native or reconstituted
particles (expressed as picomols of nucleosomes per miroliter of extract)
were added to the extract followed by the addition of the sperm nuclei. To
observe the chromosome intermediates, aliquots from the reaction
mixture were taken at selected times since the beginning of the assembly
and fixed with fix/stain solution (Hoechst 33258 at 1 pg/ml in 200 mM
sucrose, 10 mM HEPES pH 7.5, 7.4% formaldehyde, 0.23% DABCO,
0.02% NaN3, 70% glycerol). Chromosome formation was followed by
conventional fluorescence microscopy.

Immunoblotting and immunofluorescence

The immunoblotting was carried out according to the protocol described
in Mutskov et al. (1998). The serum against phosphorylated H3 was
diluted 1:3000. The enhanced chemiluminescence system (ECLI
Amersham) was used for the development of the reaction.

For immunofluorescence studies, a dilution of 1:5000 of the anti-
phosphorylated histone H3 antiserum was made. A standard procedure
(de la Barre et al., 2000) allowed the visualization of the kinetics of
histone H3 phosphorylation during chromosome assembly.
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