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SUMMARY
We investigated the effects of histone H1s on DNA replication using Xenopus egg extract. Mouse variants H1c and
H10 were assembled onto Xenopus sperm chromatin by the
extract during the remodeling that accompanies nuclear
decondensation. The association of H1 with chromatin was
rapid and concentration dependent. H1-associated
chromatin displayed a typical nucleosomal repeat pattern
indicating that linker histones are properly positioned
along the DNA. The presence of H1 on sperm chromatin
reduced both the rate and extent of DNA replication in egg
extract. This reduction in rate is due, in part, to a delay in
initiation of replication within individual nuclei. Initiation
in extract is dependent upon nuclear assembly. Analysis of

INTRODUCTION
Major transitions in chromatin structure and function occur
during development in Xenopus laevis. These transitions are
accompanied by programmed changes in individual chromosomal proteins (Newport and Kirschner, 1982; Dimitrov et al.,
1993). Individual linker histone variants, which serve as
important structural components and organizers of chromatin,
are one example (reviewed by Khochbin and Wolffe, 1994). In
early embryonic chromatin, the predominant linker histone is
the cleavage stage variant B4 (H1M) (Smith et al., 1988; Hock
et al., 1993; Dimitrov et al., 1993; Dworkin-Rastl et al., 1994).
However, by the mid blastula transition (MBT), somatic-type
linker histones, such as H1A, progressively accumulate and by
the end of gastrulation have completely replaced B4 within
embryonic chromatin (Dimitrov et al., 1993; Hock et al., 1993;
Dworkin-Rastl et al., 1994). This transition is temporally correlated with the appearance of prolonged and asynchronous
cell cycles (Newport and Kirschner, 1982). By stage 45, the
differentiation-specific variant, H10, accumulates when the
majority of cells are in the G0/G1 phase of the cell cycle
(Grunwald et al., 1995).
Differential expression of linker histone variant genes during
development may have important functional significance.
Recent in vitro reconstitution studies have shown that both
protein B4 and another chromosomal protein, HMG1, can bind
specifically to linker DNA in a similar way as histone H1,
although with lower affinity (Nightingale et al., 1996; Ura et
al., 1996). B4 and HMG1 are present in Xenopus early

the assembly process revealed that H1 does not inhibit
nuclear membrane formation or the import of nuclear
protein, however, it does slow the rate of nuclear lamina
formation. This H1-induced delay in lamina assembly is
responsible for the delay in initiation as pre-assembled H1containing nuclei initiate replication at the same time as
control nuclei. However, H1 inhibits replication even when
lamina assembly is complete suggesting that H1 also affects
replication directly. These data indicate that H1 modulates
DNA replication through multiple pathways in egg extract.
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Nuclear lamina, Xenopus egg extract

embryonic chromatin at approximately one molecule for every
two nucleosomes (Dimitrov et al., 1994) and it has been
suggested that weak interaction of these proteins with linker
DNA and core histones may induce the formation of less stable
and more extended cleavage stage chromatin. These interactions may facilitate the exceptionally rapid early embryonic
cell cycles when frequent reorganization of chromatin is
essential (Nightingale et al., 1996; Ura et al., 1996). This view
is consistent with the fact that replacement of B4 and HMG1
with the somatic-type linker histone, H1, is temporally correlated with the appearance of elongated and asynchronous cell
cycles (Newport and Kirschner, 1982) and the formation of
more compact embryonic chromatin at the MBT (Gurdon,
1968). By stage 45, there is a dramatic reduction in the number
of proliferating cells within the embryo, and this reduction is
correlated with the accumulation of the differentiation-specific
linker histone, H10 (Grunwald et al., 1995).
There is clear evidence that the replacement of B4 and
HMG1 with somatic H1 leads to dominant and specific repression of oocyte 5S rRNA gene transcription in vivo (Bouvet et
al., 1994; Kandolf, 1994). This accumulation of H1 reduces
accessibility of transacting factors to the oocyte genes (Chipev
and Wolffe, 1992) possibly through chromatin compaction and
stabilization of higher-order structure (Wolffe, 1989) or by a
reduction in nucleosome mobility (Ura et al., 1995). Moreover,
replacement of the somatic linker histones, H1 and H10, with
the cleavage-stage linker protein B4 and HMG1 results in the
acquisition of transcriptional competence in nuclei from terminally differentiated cells (Dimitrov and Wolffe, 1996). Col-
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lectively, these studies support the view that somatic H1 can
repress transcriptional activity both in vivo and in vitro;
however, to what extent modulation of this activity by H1
affects the embryonic cell cycle during development is not
clear. It is possible that somatic H1 variants also affect other
important processes in the embryonic cell cycle such as DNA
replication, and that these effects alter the timing and duration
of the embryonic cell cycle during development.
The question of whether or not individual H1 variants play
specific roles in regulating the embryonic cell cycle in Xenopus
laevis has not been addressed experimentally. However,
evidence supporting a regulatory role for H1 variants in cell
cycle progression has been reported in studies with avian and
mammalian somatic cells (Bergman et al., 1988; Sun et al.,
1989; Aubert et al., 1991; Brown et al., 1996). For example,
overexpression or microinjection of the differentiation-specific
linker histone, H5, in proliferating somatic cells leads to a
transient inhibition of DNA replication and arrest of cell proliferation (Sun et al., 1989; Berman et al., 1988; Aubert et al.,
1991). Furthermore, differential effects of H1 variant overexpression on cell cycle progression were recently demonstrated
in mammalian cells by Brown et al. (1996) who found that
overexpression of the apparent histone H5 homologue in
mammals, H10, results in a transient inhibition of both G1 and
S phase progression in mouse fibroblasts. H1c had no
inhibitory effect on cell cycle progression. Although transcriptional effects are implicated in the inhibition of cell cycle progression by these H1 variants, the molecular mechanism(s)
responsible for these effects are not known (Sun et al., 1989;
Brown et al., 1996).
Extracts derived from Xenopus laevis eggs are capable of
carrying out many of the cellular activities that occur in early
embryos such as rapid chromatin assembly (Laskey et al.,
1977), pronuclear formation (Lohka and Masui, 1983, 1984),
DNA replication (Lohka and Masui, 1983; Blow and Laskey,
1986, 1988) and mitotic entry and exit (Murray and Kirschner,
1989). It is now clear that nuclear structure plays a major role
in regulating DNA replication in this system (reviewed by
Laskey and Madine, 1996) and therefore, egg extracts can be
used to study the effects of individual linker histones on DNA
replication as well as those processes that lead to the establishment of replication competence, namely chromatin and
nuclear assembly. Such studies should provide insights into the
role(s) H1 plays in establishing higher order chromatin
structure and the developmental regulation of DNA replication.
In this report, we have investigated the effects of H1 variants
on nuclear assembly and DNA replication in Xenopus egg
extract. Xenopus sperm nuclei were incubated in egg extract
supplemented with the H1 variants, H1c and H10, that were
purified from H1 variant overexpressing mouse fibroblasts
(Brown et al., 1996). H1 was assembled onto sperm chromatin
by the extract during the remodeling that normally accompanies nuclear decondensation. Micrococcal nuclease digestion
revealed that H1-associated chromatin displays a typical nucleosomal repeat pattern indicating that linker histones are
properly positioned along the DNA. The presence of H1 on
sperm chromatin significantly reduced both the rate and extent
of DNA replication in egg extract. This reduction in rate is due,
at least in part, to a delay in the initiation of replication within
individual nuclei. An analysis of nuclear assembly revealed
that H1 does not inhibit nuclear membrane formation or the

import of nuclear protein, however, it does slow the rate of
nuclear lamina formation. This H1-induced delay in lamina
assembly is responsible for the delay in replication initiation
as pre-assembled H1-containing nuclei initiate replication as
efficiently as control nuclei. However, the extent to which these
H1-containing nuclei replicate is still dramatically reduced
relative to control nuclei. These data indicate that H1
modulates DNA replication through multiple pathways in egg
extract. Variant-specific differences were not observed
regarding the effects of H1 on nuclear lamina assembly or
DNA replication, however, variant-specific differences in
apparent nucleosome repeat length were observed.

MATERIALS AND METHODS
Purification of histone H1
The histones H1c and H10 were purified from their respective H1
variant overexpressing mouse cell lines according to the method of
Brown et al. (1996) with the following modifications. The H1-containing HPLC fractions were pooled and dried by vacuum centrifugation. Dried samples were dissolved in deionized water prior to use.
[35S]Met-labeled H1 histones were prepared as described by Brown
and Sittman (1993). Purity of isolated H1c and H10 was verified by
SDS-polyacrylamide gel electrophoresis. A molar extinction coefficient of 17.84 M−1 cm−1 at 210 nm was used to determine the protein
concentration of each sample.
Remodeling and decondensation of sperm nuclei
Egg extracts were prepared from activated eggs of Xenopus laevis
essentially as described by Leng and Leno (1997) but without the
addition of EGTA. Demembranated Xenopus sperm nuclei were
prepared as described (Leng and Leno, 1997) and incubated at 77 ng
DNA per microliter egg extract which was supplemented with an
energy regenerating system (150 µg/ml creatine phosphokinase, 60
mM phosphocreatine), 100 µg/ml cycloheximide, 2 mM ATP, and
histone H1 variants or an equivalent volume of water. Incubations
were performed at 22°C for the times indicated for each experiment.
The extent of extract dilution was kept constant at 30% for all
chromatin remodeling and decondensation experiments.
Electrophoretic analysis of chromatin-bound proteins
Remodeled sperm chromatin was diluted 70-fold with buffer A (15
mM Tris-HCl, pH 7.4, 60 mM KCl, 15 mM NaCl, 1 mM β-mercaptoethanol, 0.5 mM spermidine, 0.15 mM spermine) and pelleted by
centrifugation at 1,450 g for 10 minutes at 4°C in a Juan CR4-22 centrifuge. The chromatin pellet was washed once in buffer A, and repelleted by centrifugation at 1,450 g for 10 minutes at 4°C. Basic
proteins were extracted from the isolated chromatin by addition of
HCl to a final concentration of 0.5 M. Samples were spun in a bench
top centrifuge for 10 minutes at 4°C and the resultant supernatant was
frozen in liquid nitrogen and lyophilized. The proteins were resolved
on 17% SDS-polyacrylamide gels using the Laemmli buffer system
(Laemmli, 1970) and visualized using a Silver Stain Plus kit (BioRad). For experiments involving [35S]Met-labeled H1 variants, the
polyacrylamide gels were dried and radioactivity was quantitated
using a phosphorimager (Molecular Dynamics). The ratio of
chromatin-bound radioactivity to total input radioactivity was used to
calculate the H1/nucleosome (220 bp of DNA) ratio of H1-containing chromatin. Analysis of chromatin-associated proteins by Tritonacid-urea (TAU)/SDS 2-dimensional (2-D) gel electrophoresis was
carried out as previously described (Leno et al., 1996).
Micrococcal nuclease digestion of chromatin
Micrococcal nuclease (MN) digestion of chromatin was performed
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according to the method described by Philpott and Leno (1992) with
minor modifications. Sperm nuclei at 77 ng DNA/µl were incubated
in egg extract without or with varying amounts of either H1c or H10
for 3 minutes. The remodeled chromatin was then diluted 10-fold with
buffer A and centrifuged onto a cushion of 90% Percoll in buffer A
(Sigma). Chromatin (5 µg DNA) was resuspended in 200 µl MN
digestion buffer (15 mM Tris-HCl, pH 8.5, 60 mM KCl, 15 mM NaCl,
0.34 M sucrose, 15 mM β-mercaptoethanol, 0.5 mM spermidine, 0.15
mM spermine, 2 mM CaCl2) and incubated with 0.05 U of micrococcal nuclease (Sigma) at 22°C for 3 minutes. 200 µl of MN termination
buffer (20 mM Tris-HCl, pH 8.0, 20 mM EDTA, 0.5% SDS) was added
along with 0.5 mg/ml proteinase K (Sigma) followed by incubation for
16 hours at 37°C. DNA was then purified by phenol-chloroform extraction followed by ethanol precipitation. Dried samples were dissolved
in TE buffer containing 1 µg/µl RNase A and incubated at 37°C for 1
hour. DNA fragments were resolved on a 1.8% Metaphor agarose gel
(FMC) with 1× TBE buffer in an 8 volt/cm electric field. Nucleosome
repeat length was determined by estimating the size of DNA fragments
on the basis of electrophoretic mobility. DNA molecular mass markers
at 100 bp intervals were used to plot the standard electrophoretic
mobility vs DNA fragment size interpolation curve. For each individual digestion, the sizes of 5 sequential fragments corresponding to
nucleosome monomer through pentamer were determined and normalized to the number of nucleosomes. The nucleosome repeat length
is the average of these five values.
In vitro nuclear assembly and DNA replication
Sperm nuclei at 77 ng/µl were incubated in egg extract without or
with 5.68 µM H1c or H10 for 3 minutes at 22°C. Remodeled sperm
chromatin was then diluted to 1 ng DNA/µl with fresh egg extract supplemented with 100 µCi/ml [α-32P]dATP (NEN) or 20 µM 5-biotin16-deoxyuridine
triphosphate
(biotin-16-dUTP;
Boehringer
Mannheim) and 5.68 µM H1c or H10 when appropriate. The extent
of extract dilution was kept constant at 20% for all nuclear assembly
and DNA replication experiments. dNTPs were added to a final concentration of 50 µM to re-adjust pool sizes following dilution. Incorporation of [α-32P]dATP was determined as previously described
(Leno and Munshi, 1994). DNA replication was expressed as a percentage of the control sample at the final time point.
To determine H1 specificity, sperm nuclei at 77 ng/µl were
incubated in egg extract with 157 µg/ml H1c or H2A/H2B for 3
minutes. The H2A/H2B was purified from bovine kidney as previously described (Philpott and Leno, 1992). Remodeled sperm
chromatin was then diluted to 1 ng DNA/µl with fresh egg extract supplemented with 100 µCi/ml [α-32P]dATP (NEN) and 157 µg/ml H1c
or H2A/H2B when appropriate. The extent of extract dilution was kept
constant at 30% for all experiments. dNTPs were added to a final concentration of 50 µM to re-adjust pool sizes following dilution. Incorporation of [α-32P]dATP was determined as described above and DNA
replication was expressed as a percentage of the control sample at the
final time point.
To assemble nuclei without initiation of replication, 400 to 500 nM
microcystin-LR was added to egg extract without or with 5.68 µM
H1c. Sperm nuclei were then added at 77 ng/µl and incubated in egg
extract for 3 minutes at 22°C. Remodeled sperm chromatin was then
diluted to 1 ng DNA/µl with fresh egg extract supplemented with 20
µM 5-biotin-16-deoxyuridine triphosphate (biotin-16-dUTP;
Boehringer Mannheim), with or without 5.68 µM H1c and 400 to 500
nM microcystin-LR. After a 3 hour incubation, an aliquot of nuclei
from each sample was removed and stained with anti-lamin LIII antibodies to confirm lamina assembly and fluorescent streptavidin to
detect incorporated biotin dUTP. The remaining portion of each
sample was then diluted with 990 µl extraction buffer (Blow and
Laskey, 1986) and transferred to fresh extract containing 100 µCi/ml
[α-32P]dATP (NEN) or 20 µM 5-biotin-16-deoxyuridine triphosphate
(biotin-16-dUTP; Boehringer Mannheim) with or without H1c and
incubated for various times as indicated in Fig. 8.

Microscopy
Decondensation of sperm chromatin was monitored by staining
unfixed nuclei in egg extract with Hoechst 33258 (5 µg/ml). Nuclear
membranes were visualized by staining unfixed, extract-assembled
nuclei with the lipid dye, Nile Red (0.15 µg/ml) and total DNA was
visualized with Hoechst 33258. Nile Red fluorescence was viewed
and photographed with an Odyssey laser confocal microscope (Noran
Instruments). Microscopic detection of biotinylated dUTP incorporation was performed as previously described (Leng and Leno, 1997).
T7 RNA polymerase with or without the SV40 large T-antigen
nuclear localization sequence (NLS) was expressed in Escherichia
coli BL21 (Grodberg and Dunn, 1988) and purified according to the
procedure described by Zawadzki and Gross (1991). Protein concentrations were determined using the DC protein assay kit (Bio-Rad).
Nuclear protein import was assessed by incubating sperm chromatin
at 77 ng/µl in egg extract with or without 5.68 µM H1c. After 3
minutes in extract, remodeled sperm chromatin was diluted to 1 ng
DNA/µl with fresh extract and incubated for an additional 27 minutes
to allow for nuclear membrane assembly. The final reaction mixture
was 12 µl. 500 ng T7 RNA polymerase, either with or without an
NLS, was added to control and H1c-containing samples which were
then incubated an additional 30 minutes giving a total time in extract
of 60 minutes. Samples were diluted, centrifuged onto coverslips, and
processed as previously described (Leno and Munshi, 1997).
To assay nuclear lamina assembly around sperm chromatin
remodeled in the presence or absence of H1, nuclear assembly and
replication reactions (see above) were diluted 70-fold with buffer A,
spun onto coverslip at 770 g at 4°C in a Juan CR4-22 centrifuge, and
fixed by incubation for 15 minutes in methanol at −20°C. The nuclei
were washed in buffer A, TTBS-BSA (0.1% Tween-20, 25 mM TrisHCl, pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1.5% BSA), stained for 1
hour with mouse anti-lamin LIII monoclonal antibody, L046F7
(Lourim et al., 1996), diluted 1:250 in TTBS-BSA, and washed and
stained with Texas Red-conjugated sheep anti-mouse secondary
antibody for 1 hour. DNA was stained with Hoechst 33258.

RESULTS
The association of histone H1 with sperm chromatin
is rapid and concentration dependent
The purpose of this study was two-fold. First, to determine the
effects of somatic histone H1 on the early embryonic cell cycle,
in particular, the process of DNA replication, and second, to
determine the extent to which the differential effects of H1c
and H10 on cell cycle progression, as previously observed
(Brown et al., 1996), were mediated by differential effects on
DNA replication. As the first step in addressing these
questions, it was necessary to determine if exogenous H1 could
be assembled on Xenopus sperm chromatin by Xenopus egg
extract. Previous studies have shown that incubation of sperm
nuclei in egg extract results in the decondensation and remodeling of the highly condensed chromatin. This remodeling is
mediated by the acidic protein nucleoplasmin which removes
sperm-specific basic proteins while assembling histones H2A
and H2B onto the DNA, forming nucleosome cores (Laskey et
al., 1977; Philpott et al., 1991; Philpott and Leno, 1992). The
cleavage-stage linker histone B4 and HMG1 also associate
with the decondensed chromatin (Dimitrov et al., 1994)
possibly organizing linker DNA in the nucleosome (Nightingale et al., 1996).
Mouse somatic linker histone variants, H1c and H10, were
used to study the kinetics of H1 association with sperm
chromatin during remodeling in egg extract. Demembranated
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sperm nuclei at 77 ng/µl were incubated in extract supplemented with 5.68 µM purified H1c or H10, or in control extract
without exogenous H1, for various periods of time. The amount
of H1 added to extract is comparable to the estimated amount
of somatic linker histone present in a Xenopus embryo at the
gastrula-neurula transition (GNT) stage, i.e. >45 ng/embryo
(Dworkin-Rastl et al., 1994). At this concentration, the total
H1/nucleosome ratio was estimated to be 10. After various
times of incubation, chromatin was isolated and chromosomal
proteins were extracted with acid, lyophilized, resolved on a
SDS-polyacrylamide gel and visualized by silver staining (Fig.
1A). As previously reported, major changes in chromatin
protein composition occurs within 3 minutes of incubation in
the control extract (compare C/3 minute profile with profile of
unincubated Xenopus sperm nuclei, ‘XSN’; also see Philpott
and Leno, 1992). Comparison of the basic protein profiles from
control and H1c-containing nuclei reveals that chromatin
remodeling occurs equally rapidly in the presence of histone
H1 (compare C/3 minute profile with H1c/3 minute profile).
Furthermore, analysis of the remodeled chromatin by Tritonacid-urea (TAU)/SDS 2-D gel electrophoresis demonstrated
that the removal of sperm-specific basic proteins, X and Y, and
the addition of core histones H2A and H2B to the chromatin
occur at the physiological rate in the presence of H1c (data not
shown). Most of the exogenous H1 that eventually associates
with chromatin under these conditions does so within this
initial 3 minute incubation period (open arrowhead). After 3
minutes, only a minor increase in associated H1 is observed
(H1c/3 minutes-60 minutes). To quantitate the kinetics of association of H1 with chromatin, parallel experiments using
[35S]Met-labeled H1c were performed as described in
Fig. 1. Association of histone H1c with sperm
chromatin is rapid and concentration dependent.
(A) Permeable Xenopus sperm nuclei were incubated
at 77 ng/µl extract, either lacking or containing 5.68
µM histone H1c. The reactions were incubated for 3
minutes in control extract lacking H1c (C) and for 3,
15, 30, and 60 minutes in H1-containing extract
(H1c). Unincubated Xenopus sperm nuclei (XSN)
and the remodeled chromatin samples were then
pelleted, rinsed, and chromatin-associated proteins
were extracted with acid, resolved by SDS-PAGE and
visualized by silver-staining as described in Materials
and Methods. (B) The same experiment as described
in A was carried out except that [35S]Met-labeled
H1c was used. The kinetics of H1c association with
chromatin is expressed as a percentage of the endpoint chromatin-associated radioactivity.
(C) Permeable sperm nuclei (77 ng/µl) were added to
egg extract supplemented with H1c to the following
concentrations: 0, 1.14, 2.84, 5.68 µM corresponding
to H1/nucleosome ratios of 0, 2, 5, 10. The reactions
were incubated for 3 minutes and processed as
described in A. (D) The same experiment as
described in C was carried out except that [35S]Metlabeled H1c was used. Chromatin-associated
radioactivity was used to assess the amount of H1c
that was bound to chromatin. Association of H1c
with chromatin is expressed as the ratio of bound
H1c/nucleosome. (A and C) The positions of B4
(closed arrowheads), HMG1 (asterisk), and histone
H1c (open arrowhead) are indicated.

Materials and Methods. As shown in Fig. 1B, the association
of H1c with chromatin was biphasic, with 72% of the total
bound H1 associating with sperm chromatin within the initial
3 minute remodeling period. These data demonstrate that H1
associates with chromatin at a rate comparable to that of the
endogenous basic proteins B4 (closed arrowheads) and HMG1
(asterisk) (C/3 minutes) whose identity was confirmed by
TAU/SDS 2-D gel electrophoresis (see below). The association
of H1 observed at later times may reflect the gradual maturation of the nascent chromatin (Philpott and Leno, 1992).
The association of H1c with sperm chromatin is accompanied by a small reduction in two major proteins (Fig. 1A;
compare C/3 minutes with H1c/3 minutes and Fig. 1C;
compare 0/1 with 10/1, closed arrowheads and asterisk). By
comparing Fig. 1A with TAU/SDS 2-D polyacrylamide gels of
identical samples (data not shown) we were able to identify
these two displaced proteins as the linker histone B4 (closed
arrowheads) and HMG1 (asterisk) (Dimitrov et al., 1993, 1994;
Dworkin-Rastl et al., 1994). These results are not too surprising given that both B4 and HMG1 specifically bind to linker
DNA in a similar fashion as histone H1 (Ura et al., 1996) and
therefore, competition among these proteins for linker DNA
sites would be expected. However, the limited extent to which
endogenous proteins are displaced by H1 suggests that other
factors may regulate this process. The identity of the protein
just below HMG1 (asterisk) in Fig. 1A (H1c) and 1C (10/1) is
a modified form of H1c, which coelutes with H1c in reversephase HPLC (Brown and Sittman, 1993).
The association of H1 with sperm chromatin is concentration dependent. This is illustrated qualitatively in Fig. 1C
which shows basic protein profiles from sperm chromatin
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remodeled in extract for 3 minutes following addition of
varying amounts of exogenous H1c. The same experiment was
also carried out with [35S]Met-labeled H1c and the results
quantitated with a phosphorimager (Fig. 1D). The association
of H1c with chromatin was nearly linear up to an estimated
input H1/nucleosome ratio of 5, an amount of H1 nearly equivalent to that found in the Xenopus embryo at the end of gastrulation, i.e. ~45 ng (Dworkin-Rastl et al., 1994). A higher
concentration of H1c (5.68 µM) leads to only a minor increase
in the ratio of bound H1/nucleosome. Thus, at an input H1 to
nucleosome ratio of 10 (5.68 µM), the estimated ratio of bound
H1c per nucleosome was actually less than 3. Results virtually
identical to those described in Fig. 1 were obtained when H10
was used in place of H1c (data not shown).
Association of histone H1 promotes compaction of
remodeled sperm chromatin
Histone H1 does not prevent the remodeling of sperm
chromatin that normally accompanies decondensation in egg
extract (Fig. 1). However, previous studies have shown that H1
can induce compaction of chromatin both in vivo and in vitro
(Nelson et al., 1979; Allan et al., 1981; Affolter et al., 1987;
Wolffe, 1989; Matsuoka et al., 1994; Halmer and Gruss, 1995).
Therefore, we examined the effects of H1 on extract-mediated
chromatin decondensation. Sperm nuclei were incubated in
extract with or without 5.68 µM H1c and aliquots of remodeled
chromatin were removed at various times for microscopic
examination of total DNA (Fig. 2). Nuclei were photographed
without extract incubation (‘Sperm’) or following 3, 15, and
30 minute incubations in H1c-free (‘Control’) or H1c supplemented extract (‘H1c’). A clear difference in the extent of
chromatin decondensation was observed between nuclei from
control and H1c samples after only 3 minutes in the extract.
Nuclei containing H1c (Fig. 1A, H1c/3 minutes) were consistently more compact than control nuclei. This is most evident
when examining nuclear length. Even after 30 minutes in
extract, nuclei containing H1c were more compact than control
nuclei, however, in this case, a difference in nuclear width is
most apparent. Taken together, these data demonstrate that
histone H1 limits the extent of sperm decondensation in egg
extract without disrupting the normal process of chromatin
remodeling.
Histone H1 increases the nucleosome repeat length
on sperm chromatin remodeled in egg extract
To determine if histone H1 alters the subunit structure of sperm
chromatin following remodeling by egg extract, we incubated
sperm nuclei for 3 minutes in extract either without H1 or with
various amounts of H1c or H10. The chromatin was then
isolated, digested with micrococcal nuclease and the endonuclease-resistant DNA fragments were resolved by agarose gel
electrophoresis. A ladder of fragments, representing nucleosome monomers, dimers, trimers, tetramers, etc., were present
in both control chromatin (lane 0/1; Fig. 3A and B) and H1containing chromatin (lanes 2/1-10/1; Fig. 3A and B).
However, in the presence of H1, the nucleosome repeat length
increased relative to the control, and this increase was both
concentration and variant dependent. A repeat length of 186 to
192 base pairs (bp) was observed in control chromatin (Fig.
3C), a range that is consistent with previous reports (Laskey et
al., 1977; Almouzni and Mechali, 1988). In H1-containing

Fig. 2. Association of histone H1 induces compaction of sperm
chromatin. Permeable sperm nuclei were added to egg extract either
lacking (Control) or containing 5.68 µM H1c (H1c) corresponding to
an H1/nucleosome ratio of 10. The reactions were incubated for 3,
15, and 30 minutes. Unincubated sperm nuclei (Sperm) or unfixed
remodeled chromatin was stained with the DNA dye, Hoechst 33258
and viewed by fluorescence microscopy. The extent of
decondensation is judged by changes in both the length and the width
of chromatin.

chromatin, however, the nucleosome repeat length increased
progressively with increasing H1 concentration. While this
effect was observed with both H1 variants, the greatest change
was observed with H10 (Fig. 3C). A reduced sensitivity to
micrococcal nuclease digestion was also observed at high
H1/nucleosome ratios, i.e. >5/1, the most dramatic change
occurring with H10 (Fig. 3B, lane 4).
Histone H1 inhibits DNA replication in Xenopus egg
extract
Exogenous histone H1 associates with sperm chromatin during
remodeling (Fig. 1) and modulates nucleosome repeat length
in a concentration and variant dependent manner (Fig. 3). Collectively, these results suggest that H1 is properly assembled
on sperm chromatin by egg extract and argue that this H1-containing chromatin can be used to study the effects of somatic
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Fig. 3. Histone H1 preserves normal nucleosome structure but
increases nucleosome repeat length in remodeled sperm chromatin.
Permeable sperm nuclei were incubated at 77 ng DNA/µl egg extract
containing H1c (A) or H10 (B) to the following concentrations: 0,
1.14, 2.84, 5.68 µM corresponding to H1/nucleosome ratios of 0, 2,
5, 10. After 3 minutes, samples were diluted and chromatin was
isolated by centrifugation and digested with micrococcal nuclease at
room temperature for 3 minutes. The DNA was purified, resolved on
a 1.8% metaphor agarose gel with 1× TBE buffer as described in
Materials and Methods. Molecular mass markers at 100 bp intervals
are shown. (C) Nucleosome repeat lengths for control (0/1) and H1containing chromatin, at H1/nucleosome ratios of 2/1, 5/1 and 10/1,
are shown. In each experiment, the sizes of five sequential DNA
fragments, corresponding to nucleosome monomer through
pentamer, were determined on the basis of electrophoretic mobility
and subsequently normalized to the number of nucleosomes. The
average of these five values is considered the nucleosome repeat
length for each sample.

H1s on DNA replication in this system. However, the conditions used to assemble H1 on sperm chromatin are not
favorable for replication studies due to the high concentration
of DNA present in the extract. To circumvent this problem, we
diluted the remodeled chromatin with fresh egg extract prior to
incubation, thus reducing the DNA concentration to a level that
was suitable for replication assays. We also found that it was
necessary to supplement the fresh extract with H1 in order to
prevent its rapid loss from the remodeled chromatin upon
dilution. This displacement of assembled H1 may be facilitated
by the molecular chaperone, nucleoplasmin, which selectively
removes H1 and H10 from Xenopus erythrocyte chromatin
(Dimitrov and Wolffe, 1996).

To study the effects of H1 variants on the kinetics of DNA
replication in egg extract we carried out time course experiments in which nascent DNA was labeled with [α-32P]dATP
(Fig. 4A). Specifically, sperm chromatin was added to egg
extract and remodeled either in the absence of exogenous H1
(Control), or in the presence of purified H1c or H10 at a final
concentration of 5.68 µM. After 3 minutes, the remodeled
chromatin was diluted with fresh extract either without
(Control) or with additional H1c or H10. In order to retain the
assembled H1 on the chromatin after extract dilution, it was
necessary to add H1 to the extract to a final concentration of
5.68 µM. The samples were then incubated for various times
and processed as described in Materials and Methods. Fig. 4A
shows the mean values along with the standard error of the
mean from three separate experiments in which three different
extracts were used. DNA replication is expressed as a percentage of the control sample at 210 minutes. Following a 30
minute delay, during which nuclear assembly occurs, incorporation of label in the control sample increased rapidly
reaching a plateau by 90 to 150 minutes. The mass of DNA
synthesized during this period is approximately equal to the
mass of input DNA, i.e. ~1.0 ng/µl extract, demonstrating that
virtually all nuclei underwent complete replication in the
extract. In contrast, the presence of H1 reduced both the rate
and the extent of replication by the extract. Thus, by 90
minutes, the time required to replicate nearly all of the DNA
in the control sample, only ~30 % of the input DNA was replicated in the H1c and H10 samples.
Sperm nuclei act as individual and integrated units of DNA
replication in egg extract (Blow and Watson, 1987). Thus, H1
could inhibit DNA replication in this system by delaying the
timing of initiation within individual nuclei. To determine if
the timing of initiation is affected by H1, we carried out time
course studies in which nascent DNA was labeled with
biotinylated dUTP and visualized by staining with fluorochrome-conjugated streptavidin (Blow and Watson, 1987).
Specifically, nuclei were incubated in egg extract as described
for Fig. 4A except that the extract was supplemented with
biotinylated dUTP instead of [32P]dATP. Incubated nuclei
were isolated at 30, 60 and 180 minutes, fixed, stained with
Hoechst 33258 to label total DNA, and with fluoresceinstreptavidin to detect incorporated biotin-dUTP. The percentages of biotin-labeled nuclei in each sample are shown in Fig.
4B. After 30 minutes in the extract, only 11% of the control
nuclei had incorporated biotin (Fig. 4B, 30 minutes, C) consistent with the fact that initiation of replication occurs only
after nuclear assembly is complete and that completion of the
assembly process requires approximately 30 minutes in our
extracts (data not shown, see Leng and Leno, 1997).
However, after 60 minutes in extract, over 90% of control
nuclei were labeled with biotin demonstrating that most
nuclei initiate replication during the 30 minute period
following completion of the assembly process (Fig. 4B, 60
minutes, C). In contrast, only 2% of the H1-containing nuclei
were labeled with biotin at 30 minutes (Fig. 4B, 30 minutes,
H1c and H10) and less than 60% were labeled after 60
minutes in extract (Fig. 4B, 60 minutes, H1c and H10). By
180 minutes, however, 99% of control nuclei (Fig. 4B, 180
minutes, C) and most (91% H1c and 89% H10) H1 nuclei
were biotin-labeled (Fig. 4B, 180 minutes, H1c and H10).
Taken together, these data demonstrate that histone H1 delays
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Fig. 4. Histone H1 inhibits DNA replication in egg extract.
Permeable sperm nuclei were incubated at 77 ng DNA/µl extract
either without (control, C) or with H1c (H1c) or H10 (H10) at an
H1/nucleosome ratio of 10 for 3 minutes. The remodeled chromatin
was then diluted to 1 ng DNA/µl in fresh extract containing [α32P]dATP (A) or 20 µM biotinylated dUTP (B) for various times as
indicated. In the H1-containing samples, H1c or H10 were added to
the fresh extract to a final concentration of 5.68 µM before dilution.
The reactions were processed as described in Materials and Methods.
(A) The mean values, along with the standard error of the mean,
from three separate experiments in which three different extracts
were used. DNA replication is expressed as a percentage of the
control sample at 210 minutes. (B) Nuclei were stained with Hoechst
33258 to label total DNA and with Texas Red-streptavidin to detect
biotin-dUTP incorporated into nascent DNA. Two hundred nuclei
from each sample were examined for streptavidin fluorescence and
the percent of biotin-labeled nuclei in each sample is shown.

the timing of initiation within individual nuclei in a variant
independent manner.
To confirm that the inhibition of replication observed in Fig.
4A is specific for histone H1, we carried out virtually identical
experiments in which the core histones, H2A and H2B, were
added to egg extract in place of H1. All three histones have
very similar isoelectric points and each interacts with the
molecular chaperone, nucleoplasmin (Dilworth et al., 1987;
Dimitrov and Wolffe, 1996), making these core histones a good
control for H1 specificity. Fig. 5 shows the mean values along
with the standard error of the mean from two experiments using

Fig. 5. Somatic core histones, H2A and H2B, do not inhibit DNA
replication in egg extract. Permeable sperm nuclei were incubated at
77 ng DNA/µl in control extract (C) or extract containing 157 µg/ml
H1c (H1c) or H2A/H2B (H2A/H2B) for 3 minutes. The remodeled
chromatin was then diluted to 1 ng DNA/µl extract containing [α32P]dATP and exogenous histones as described in the remodeling
reaction. Nuclei were incubated for various times as indicated. The
reactions were processed as described in Fig. 4. DNA replication is
expressed as percentage of the DNA synthesized in the control
sample at 180 minutes.

two different egg extracts supplemented with 157 µg/ml of
H2A/H2B or H1. DNA replication is expressed as a percentage of the control sample at 180 minutes. Unlike H1c, H2A
and H2B had no inhibitory effect on DNA replication in the
extract. Thus, histone H1 reduces replication in egg extract
while core histones of nearly identical charge do not demonstrating that inhibition is specific for H1.
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Fig. 6. H1 does not inhibit nuclear membrane assembly or nuclear
protein import. (A) Permeable sperm nuclei were remodeled and
diluted with extract either without or with H1c as described in Fig. 4.
The reactions were incubated for 30 minutes. Unfixed nuclei were
stained with Nile Red and viewed by confocal microscopy. A typical
nucleus assembled in control extract without H1 (a) or extract with
H1c (b, inset) is shown. A bright, continuous fluorescence was
observed around virtually all sperm nuclei in both samples indicating
the presence of complete nuclear membranes. Bar, 3 µm.
(B) Permeable sperm nuclei were remodeled for 3 minutes in extract
without (control, C) or with H1c (5.68 µM) and then diluted in fresh
extract supplemented with biotin-dUTP and H1c (5.68 µM) when
appropriate. The samples were incubated for 27 minutes to allow
nuclear membrane formation. T7 RNA polymerase tagged with the
SV40 large T antigen nuclear localization sequence (NLS) was then
added to all reactions and incubated for another 30 minutes. Nuclei
were isolated, fixed and stained with rabbit anti-T7 polyclonal
antiserum and with fluorescein-conjugated anti-rabbit antibody. The
incorporated biotin-dUTP was detected with Texas Red-streptavidin.
Two hundred nuclei from each sample were examined for both T7
and streptavidin fluorescence. The percentages of T7 RNA
polymerase-labeled nuclei (T7 RNA pol. +NLS) and biotin-labeled
nuclei (Biotin) are shown.

Histone H1 does not inhibit nuclear membrane
formation or nuclear protein import
The nuclear membrane determines the timing of initiation of
replication in egg extract (Leno and Laskey, 1991). Therefore,
the H1-dependent delay in initiation described above could be
due to disruption of nuclear membrane assembly. To test this
hypothesis, we remodeled sperm nuclei in egg extract for 3
minutes, either in the absence (control) or presence of H1c
(5.68 µM). Following remodeling, samples were diluted with
unsupplemented extract (control) or extract containing H1
(5.68 µM) and incubated for an additional 27 minutes. Fresh,
unfixed nuclei from each sample were then stained with the
lipid dye, Nile Red and viewed by confocal microscopy (Fig.
6A). A continuous, peripheral Nile Red fluorescence was
observed in virtually all control (a) and H1-containing nuclei
(inset, b) after 30 minutes in the extract indicating complete
nuclear membrane assembly around sperm chromatin (Cox and

Leno, 1990; Leng and Leno, 1997). Thus, under these conditions, histone H1 does not delay the initiation of replication
by preventing formation of a complete nuclear membrane.
H1 does, however, have a dramatic effect on nuclear size
(Fig. 6A). Control nuclei (a) were consistently larger than H1containing nuclei (inset, b) raising the possibility that H1 limits
membrane-dependent nuclear swelling, and the initiation of
replication, by disrupting nuclear protein import. To test this
hypothesis, sperm nuclei were remodeled for 3 minutes
without H1c (control) or with H1c (5.68 µM) as previously
described. Each sample was then diluted with fresh extract containing biotin-dUTP with H1c (5.68 µM) or without H1c
(control). The diluted samples were incubated in extract for an
additional 27 minutes to allow nuclear membrane formation to
occur. Purified T7 RNA polymerase, constructed with the
nuclear localization signal (NLS) from the SV40 large T
antigen (Benton et al., 1990), was then added to each sample
and all samples were incubated an additional 30 minutes.
Natural T7 RNA polymerase is too large to diffuse through the
nuclear pore complex and, as such, is excluded from an intact
nucleus. However, the polymerase containing the NLS is
actively transported through the pore complex and accumulates
within an intact nucleus (Dunn et al., 1988). Nuclei were
isolated, fixed, and stained with Hoechst 33258, anti-T7 polymerase polyclonal antiserum and fluorescein-conjugated
secondary antibody and Texas Red-streptavidin. Two hundred
nuclei from each sample were examined for both polymerase
and biotin fluorescence, and the percent labeled nuclei in each
category is shown in Fig. 6B. Nearly all control nuclei accumulated T7 polymerase after the 60 minute extract incubation
(99%) (Fig. 6B, T7 RNA pol. +NLS, C and H1c) and most of
these transport competent nuclei also initiated replication
(95%). In contrast, only 46% of the H1c nuclei replicated in a
parallel incubation, even though most (96%) of these nuclei
were capable of nuclear protein import. These data indicate that
H1 does not delay initiation by inhibiting nuclear protein
import within individual nuclei. However, we cannot rule out
the possibility that H1 may have more subtle effects on nuclear
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import and that these effects could contribute to the delay in
initiation that we observe.
Histone H1 slows assembly of the nuclear lamina
The formation of a complete nuclear lamina by egg extract is
a late event in the process of nuclear assembly (Hutchison et
al., 1988; Hutchison and Kill, 1989). Thus, following
formation of a transport-competent nuclear membrane, lamin
LIII, the most abundant lamin species in egg extract, accumulates within the nucleus leading to the formation of a complete
lamina structure and the initiation of DNA replication
(Hutchison et al., 1994). However, if the majority of lamin LIII
is removed from egg extract by immunodepletion, the resultant
nuclei are incompetent for initiation (Newport et al., 1990;
Meier et al., 1991; Jenkins et al., 1993). Thus, the initiation of
DNA replication in egg extract requires the formation of a
complete nuclear lamina. Therefore, we investigated the possibility that histone H1 delays the timing of initiation within
individual nuclei by delaying the assembly of the nuclear
lamina.
Sperm nuclei were remodeled in extract either without
(control) or with H1c or H10 (bound H1/nucleosome ratio <3)
for 3 minutes. Remodeled chromatin was then diluted to 1 ng
DNA/µl with extract containing biotin dUTP and either H1c or
H10 (5.68 µM) or without H1 (control). Samples were
incubated for up to 180 minutes. At 30, 60 and 180 minute time
points, the nuclei were isolated, fixed, stained with Hoechst
33258, the monoclonal antibody L046F7, which recognizes
Xenopus lamin LIII (Lourim et al., 1996), and fluorochromeconjugated streptavidin. Fig. 7A shows a single nucleus
following incubation in the control extract for 180 minutes.
Lamin LIII staining is clearly visible, lining the boundary of the
nuclear membrane (Fig. 7A, compare panels c and a). Streptavidin fluorescence is also evident within this nucleus demonstrating the incorporation of biotin dUTP into nascent DNA
(Fig. 7A, compare panels d and b). The results from a typical
time course experiment are shown in Fig. 7B. Two hundred
nuclei from each time point were classified as either lamin
negative/biotin negative (LIII−B−, open bars), lamin
positive/biotin negative (LIII+B−, stippled bars) or lamin
positive/biotin positive (LIII+B+, filled bars). No nuclei showed
biotin fluorescence alone, consistent with the notion that
initiation of replication requires an intact nuclear lamina. Populations of control and H1-containing nuclei differed from one
another in their rate of lamina assembly. Less than 59% of the
H1-containing nuclei were lamin positive after 60 minutes in
the extract as compared to over 80% of the control nuclei (Fig.
6B, 60 minutes, C, H1c and H10). Similar differences in the
rate of DNA replication were also observed between control
and H1-containing nuclei (Fig. 7B) consistent with the data
shown in Fig. 4B. Although in the experiment described here,
the actual rates of replication in both the control and H1
samples were somewhat lower than previously observed
(Compare Fig. 7B with Fig. 4B). No variant-specific differences in the rate of lamin accumulation were observed between
H1c- and H10-containing nuclei. Thus, histone H1 delays
nuclear lamina assembly in egg extract.
The H1-induced delay in initiation is due to
incomplete nuclear lamina assembly
The initiation of DNA replication in egg extract is dependent

Fig. 7. Histone H1 slows assembly of the nuclear lamina. Permeable
sperm nuclei were remodeled in extract without or with H1 variants
to a final concentration of 5.68 µM for 3 minutes. Samples were then
diluted to 1 ng DNA/µl extract supplemented with biotin dUTP and
additional H1 (5.68 µM) when appropriate. Samples were incubated
for various times as indicated. Nuclei were isolated and stained with
mouse anti-lamin LIII monoclonal antibody, L046F7 and with Texas
Red-conjugated anti-mouse secondary antibody. The incorporated
biotin-dUTP was detected with fluorescein-streptavidin. (A) A single
nucleus from the control extract incubated for 180 minutes. (a) Phase
contrast, (b) DNA, (c) lamin LIII, (d) biotin. Bar, 5 µm. (B) Two
hundred nuclei from each sample were examined for lamin and
streptavidin fluorescence. Lamin LIII negative, biotin negative (LIII−
B−); lamin LIII positive, biotin negative (LIII+ B−); lamin LIII
positive, biotin positive (LIII+ B+).
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upon the assembly of a nuclear lamina. Thus, the H1-induced
delay in lamina assembly that we observe (Fig. 7) could alone
account for the delay in the timing of initiation within individual nuclei (Figs 4 and 7). To test this hypothesis, we carried
out experiments using the protein phosphatase inhibitor, microcystin. Microcystin reversibly inhibits the initiation of replication in egg extract without disrupting nuclear assembly
(Murphy et al., 1995). Specifically, sperm nuclei were
remodeled in extract supplemented with microcystin and either
without (control) or with H1c (bound H1/nucleosome ratio <3)
for 3 minutes. Remodeled chromatin was then diluted to 1 ng
DNA/µl with extract containing biotin dUTP, microcystin, and
either with H1c (5.68 µM) or without H1c (control). Samples
were incubated for an additional 180 minutes, the time required
for complete lamina assembly in the presence of H1 (Fig. 7B).
Virtually all control and H1-containing nuclei possessed
nuclear lamina after this 3 hour incubation; however, no
initiation of replication was observed in nuclei from either
sample (data not shown). Control and H1 samples were then
diluted and the nuclei transferred to fresh extract without
microcystin but containing biotin dUTP with or without H1.
Aliquots were removed after 15, 30 and 90 minutes and the
percent of biotin-labeled nuclei at each time point was determined (Fig. 8A). No significant difference in the number of
biotin-labeled nuclei was observed between control and H1containing samples at any time point examined demonstrating
that H1 does not delay the initiation of replication once nuclear
lamina assembly is complete. Thus, the H1-induced delay in
initiation that we observe (Figs 4 and 7) is due, at least in part,
to H1s affect on nuclear lamina assembly. However, a striking
difference in the intensity of biotin fluorescence was observed
between control and H1-containing nuclei in these experiments. Nearly all control nuclei showed bright streptavidin fluorescence at the 30 minute time point while fluorescence in
H1-containing nuclei was significantly reduced relative to
control nuclei even after 90 minutes in extract (data not
shown). These data suggest that H1 inhibits replication even
after nuclear lamina assembly is complete. To test this hypothesis, we carried out experiments essentially as described above
except that [α-32P]dATP was added to extract to label nascent
DNA. Reactions were stopped after 15, 30, 45, 60 and 90
minutes in extract. Fig. 8B shows the mean values along with
the standard error of the mean from three separate experiments
in which three different extracts were used. DNA replication is
expressed as a percentage of the control sample at 90 minutes.
Clear differences in both the rate and extent of replication were
observed between control and H1-containing nuclei. While
>80% of H1-containing nuclei initiated replication after 15
minutes in the extract (Fig. 8A), <5% of the total DNA was
replicated by this time (Fig 8B). By contrast, ~20% of the DNA
was replicated in the control sample after 15 minutes in extract
(Fig. 8B). Even after 90 minutes, <40% of the total DNA was
replicated in the presence of H1 while replication was complete
in control samples. Taken together, these data demonstrate that
H1 modulates DNA replication through multiple pathways in
egg extract.
DISCUSSION
The major conclusions of this work are four-fold. First, somatic

Fig. 8. Histone H1 inhibits DNA replication in pre-assembled
nuclei. The protein phosphatase inhibitor, microcystin-LR, was
added to egg extract at a final concentration of 400 to 500 nM.
Permeable sperm nuclei were then added at 77 ng DNA/µl extract
either without (Control, C) or with H1c (Hlc) at a final
concentration of 5.68 µM. Samples were incubated for 3 minutes.
The remodeled chromatin was then diluted to 1 ng DNA/µl with
fresh microcystin-treated extract and incubated for 3 hours. The
nuclei were then diluted with buffer and transferred to fresh extract
containing 20 µM biotinylated dUTP (A) or [α-32P]dATP (B) for
various times as indicated.
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histone H1 can be assembled on sperm chromatin by egg
extract. This assembly is rapid and concentration dependent
(Fig. 1). H1-assembly promotes compaction of sperm
chromatin (Fig. 2) and alters apparent nucleosome repeat
length (Fig. 3). Second, histone H1 delays the timing of
initiation of DNA replication within individual nuclei (Fig. 4).
This delay in initiation is not due to disruption of nuclear
membrane assembly (Fig. 6A) or nuclear protein import (Fig.
6B) but rather due to a delay in nuclear lamina assembly (Figs
7 and 8A). Third, H1 inhibits replication even when nuclear
lamina assembly is complete (Fig. 8B) demonstrating that H1
also modulates replication by lamina-independent mechanisms. Fourth, variant-specific differences were not observed
regarding the effects of H1 on nuclear lamina assembly or
DNA replication, however, variant-specific differences in
apparent nucleosome repeat length were observed (Fig. 3).
Effects of somatic H1 on chromatin structure
We have demonstrated that the somatic histone variants, H1c
and H10, rapidly associate with sperm chromatin during
remodeling by egg extract (Fig. 1 and data not shown). Our
data indicate that H1 is properly assembled into chromatin. The
evidence for this is twofold. First, assembly of H1 results in a
specific displacement of the endogenous linker histone, B4,
and HMG1 from chromatin without the loss of nucleosome
cores (Fig. 1 and data not shown). It has recently been
suggested that B4 and HMG1 play a role in the organization
of Xenopus cleavage-stage chromatin by interacting with linker
DNA (Dimitrov et al., 1994; Nightingale et al., 1996; Ura et
al., 1996). Therefore, the displacement of B4 and HMG1 by
H1 argues that the H1 is correctly positioned on the linker DNA
in remodeled chromatin. However, not all B4 and HMG1 are
displaced by H1, even when H1 is present in high concentration. This is somewhat surprising given that H1 has a higher
affinity for linker DNA than either B4 or HMG1 (Ura et al.,
1996). However, the proper positioning of linker histones on
DNA during chromatin remodeling may involve extractspecific factors such as spacing factor (Tremethick and
Frommer, 1992) or nucleoplasmin (Dimitrov and Wolffe,
1996) and these factors may alter the equilibrium of linker
histone binding to DNA. Second, our micrococcal nuclease
digestion studies indicate that H1 binding to chromatin does
not disrupt normal nucleosome structure, i.e. the regular
spacing of nucleosomes (Fig. 3). Interestingly, the nucleosome
repeat length increased with increasing concentration of H1
and this change was variant-specific. In vitro reconstitution
studies have provided evidence for a two-step model for the
assembly of nucleosome structure in Xenopus oocyte and egg
extracts. In this model, a nucleosome spacing activity, along
with nucleosome cores, first establishes a primary nucleosomal
array of about 165 bp repeat length. Addition of histone H1
then increases the repeat length to approximately 190 bp
(Tremethick and Frommer, 1992). Proteins B4 and HMG1 may
replace H1 function in oocyte and egg extracts, establishing a
regularly spaced nucleosomal repeat length of approximately
180 bp (Dimitrov et al., 1994). Our results demonstrating that
H1 variants alter nucleosomal spacing in egg extract are consistent with earlier work showing that the addition of somatic
H1 to oocyte extract can increase the nucleosome repeat length
of chromatin (Rodriguez-Campos et al., 1989; Shimamura et
al., 1989).

There are a number of ways in which H1 could increase
nucleosome repeat length. First, H1 may protect a more
extended linker DNA than B4 and HMG1. This difference may
be due to the fact that H1 has a higher affinity for linker DNA
than the cleavage-specific linker proteins. Second, H1 may
increase repeat length by restricting nucleosome sliding.
During chromatin assembly, nucleosome cores are free to slide
along the DNA until the binding of linker histone restricts their
movement (Ura et al., 1995). H1 may be more efficient than
B4 or HMG1 at restricting nucleosome movement by virtue of
its greater binding affinity (Ura et al., 1996). Nucleosome
repeat length has previously been shown to decrease during
micrococcal nuclease digestion as a consequence of nucleosome sliding (Lohr et al., 1977). Thus, restricted sliding may
lead to less trimming of H1-containing nucleosome arrays and
generation of apparent longer repeat lengths (Lohr et al., 1977;
Trieschmann et al., 1995). Third, an increase in repeat length
could be due to H1-induced compaction of the chromatin. At
higher H1 concentrations, an overall decrease in the amount of
digested chromatin is observed (Fig. 3). Resistance of H1-containing chromatin to micrococcal nuclease could result in
apparent longer repeat lengths due to limited trimming by the
nuclease (Fig. 2) (Trieschmann et al., 1995).
Collectively, these data argue that the histone variants, H1c
and H10, are properly assembled on sperm chromatin by egg
extract and indicate that this H1-containing chromatin can be
used to study the effects of somatic H1s on DNA replication
in this system.
Effects of somatic H1 on DNA replication
We have shown that the somatic linker histone, H1, reduces
both the rate and extent of DNA replication in egg extract (Fig.
4A). This effect is not variant specific however, as both H1c
and H10 inhibit replication to the same extent. The reduction
in replication rate is due, at least in part, to a delay in the
initiation of replication within individual nuclei (Fig. 4B).
Numerous studies have shown that initiation of replication in
egg extract is dependent upon nuclear structure (reviewed by
Laskey and Madine, 1996). For example, initiation requires an
intact nuclear membrane (Newport, 1987; Sheehan et al., 1988;
Blow and Sleeman, 1990; Leno et al., 1992; Coverley et al.,
1993) that is capable of nuclear protein import (Cox, 1992). In
addition, initiation of replication also requires the formation of
a nuclear lamina, a late event in the assembly process (Newport
et al., 1990; Meier et al., 1991; Jenkins et al., 1993). An
analysis of the assembly process showed that H1 does not
inhibit nuclear membrane formation or the import of nuclear
protein (Fig. 6), however, it does slow the rate of nuclear
lamina formation within individual nuclei (Fig. 7). This delay
in lamina assembly is responsible for the delay in initiation as
pre-assembled H1-containing nuclei initiate replication at the
same time as control nuclei (Fig. 8A).
Assembly of a nuclear membrane, with functional pore
complexes, precedes the formation of a nuclear lamina in
Xenopus egg extract (Hutchison et al., 1988; Hutchison and
Kill, 1989). Thus, the majority of lamin LIII enters the sperm
nucleus by active transport through the nuclear pores and
resides as a polymerized network of filaments underlying the
inner nuclear membrane (Goldberg et al., 1995). In mammalian
cell nuclei, lamins are also structural components of the
nucleoskeleton (Hozak et al., 1995) and DNA replication
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centers (Moir et al., 1994). However, in sperm nuclei, lamin
LIII does not appear to be a component of the nuclear matrix,
nor is a nuclear lamina required for matrix filament formation
(Zhang et al., 1996). A nuclear lamina is necessary for matrix
stabilization, however, and this stabilization appears to be
required for initiation of replication by egg extract (Zhang et
al., 1996). We have not investigated nuclear matrix assembly
in our studies, but in light of the results of Zhang et al. (1996),
it seems reasonable to speculate that the H1-induced delay in
initiation that we observe may be due, in part, to the lack of a
stable nuclear matrix.
The mechanism(s) by which histone H1 slows lamina
assembly is not clear. One possibility is that H1 disrupts laminchromatin associations that are required for lamina assembly.
This disruption could be due to global changes in chromatin
structure, such as the H1-induced compaction of sperm
chromatin that we observe (Fig. 2) or alternatively, to binding
of H1 to specific regions of the DNA that are necessary for
lamin interaction and lamina assembly. Interestingly, both
histone H1 (Zhao et al., 1993) and lamins (Luderus et al., 1992)
have been shown to interact with A/T rich scaffold or matrix
attachment region DNA sequences. However, what role, if any,
these interactions play in lamina assembly is not clear.
Histone H1 inhibits replication even when nuclear lamina
assembly is complete (Figs 7B and 8) suggesting that H1 also
modulates replication directly. This idea is supported by the
observations of Halmer and Gruss (1995) who showed that H1
inhibits replication of reconstituted SV40 mini chromosomes
in HeLa cell extract, a system that does not require nuclear
lamina assembly for initiation (Halmer and Gruss, 1995).
Moreover, we have found that H1 reduces the number of RPA containing foci assembled on sperm chromatin by the extract
(our unpublished observation). Assuming that RP-A foci are
the precursors of replication foci (Adachi and Laemmli, 1992)
and that each replication focus contains from 300 to 1,000
replication forks (Mills et al., 1989), it seems likely that even
a small reduction in the number of RP-A foci would constitute
a significant drop in the number of functional origins of replication. This raises the interesting possibility that H1 may limit
replication by limiting origin use within each nucleus.
Recently, however, it has been shown that RP-A foci can form
efficiently on sperm chromatin depleted of Xorc2 or Xcdc6
(Coleman et al., 1996) suggesting that RP-A foci may not be
the immediate precursors of replication foci as first thought.
Therefore, we are currently investigating the effects of H1 on
the binding of known pre-initiation complex proteins to
chromatin.
A differential effect on cell cycle progression has been
observed in mouse cells overexpressing H10 and H1c (Brown
et al., 1996). H10 delayed cell cycle progression, but H1c did
not. This difference was explained, in part, by a differential
effect of these two variants on gene expression. However, differential effects on DNA replication could also contribute to
this cell cycle delay. In somatic cells, S phase entry is
dependent upon transcription and therefore, a direct effect of
H1 variants on replication is difficult to demonstrate. In egg
extract, however, replication occurs in the absence of transcription making this system useful for determining the effects
of somatic H1 variants on replication apart from their effects
on transcription. We found that both H1 variants inhibit DNA
replication equally in egg extract (Fig. 4). This result was

somewhat surprising given that H1c does not delay cell cycle
progression in vivo (Brown et al., 1996). However, these differential effects on replication may simply relate to fundamental differences between embryonic and somatic cell cycles.
Thus, in egg extract, H1c may affect both nuclear assembly and
DNA replication creating a more extended S-phase, similar to
S-phase in somatic cells.
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