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Somatic histone H1 reduces both the rate and extent of DNA replication in Xenopus egg
extract. We show here that H1 inhibits replication directly by reducing the number of
replication forks, but not the rate of fork progression, in Xenopus sperm nuclei. Density
substitution experiments demonstrate that those forks that are active in H1 nuclei
elongate to form large tracts of fully replicated DNA, indicating that inhibition is due to
a reduction in the frequency of initiation and not the rate or extent of elongation. The
observation that H1 dramatically reduces the number of replication foci in sperm nuclei
supports this view. The establishment of replication competent DNA in egg extract
requires the assembly of prereplication complexes (pre-RCs) on sperm chromatin. H1
reduces binding of the pre-RC proteins, XOrc2, XCdc6, and XMcm3, to chromatin.
Replication competence can be restored in these nuclei, however, only under conditions
that promote the loss of H1 from chromatin and licensing of the DNA. Thus, H1 inhibits
replication in egg extract by preventing the assembly of pre-RCs on sperm chromatin,
thereby reducing the frequency of initiation. These data raise the interesting possibility
that H1 plays a role in regulating replication origin use during Xenopus development.

INTRODUCTION

After fertilization, Xenopus laevis eggs undergo rapid
and synchronous cell divisions until the early embryos
reach the midblastula transition (MBT). At the MBT,
slower, asynchronous cell division cycles appear ac-
companied by the onset of transcription (Newport and
Kirschner, 1982). In the early cleavage stages, S-phase
lasts only about 15 min but lengthens substantially
after the embryo reaches the MBT. This lengthening of
S-phase is thought to result from a reduction in the
number of active origins of replication (Hyrien and
Mechali, 1993; Hyrien et al., 1995). The mechanisms
governing origin use during development are at
present unclear, although at least two hypotheses
have been proposed. According to one view, the in-
crease in the nucleo-cytoplasmic ratio that occurs dur-
ing early embryogenesis limits an unidentified factor
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that controls origin use. Less factor would result in a
reduction in the number of initiations and an increase
in replicon size (Newport and Kirschner, 1982). In-
creasing nuclear concentration in Xenopus egg extract
results in a lower frequency of initiation and an ex-
tended S-phase within individual nuclei, supporting
this view (Dasso and Newport, 1990; Walter and New-
port, 1997). The second hypothesis contends that high-
er-order chromatin structure, which is established
during embryogenesis (Wolffe, 1989; Dimitrov et al.,
1993; Micheli et al., 1993), restricts the binding of ini-
tiation proteins to the DNA, thereby limiting origin
use (Stillman, 1996). Higher-order chromatin structure
can determine site-specific initiation of replication
within the dihydrofolate reductase gene locus in egg
extract (Lawlis et al., 1996), although precisely how
specific origins are selected in this system is not clear.
It has been suggested that other chromosomal ele-
ments, such as enhancers, may be required for origin
selection after the MBT (Stillman, 1996). This view is
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supported by the fact that initiations within transcrip-
tion units of ribosomal DNA are specifically repressed
while intergenic origins are apparently unaffected at
the late blastula stage. This suggests that chromatin is
actively remodeled to tightly coordinate DNA replica-
tion with transcription, both temporally and spatially
throughout the cell cycle (Hyrien and Mechali, 1993;
Hyrien et al., 1995).

It is well documented that establishment of higher-
order chromatin structure during development is me-
diated primarily by programmed changes in individ-
ual chromatin components (Dimitrov et al., 1993;
Bouvet, et al., 1994; Kandolf, 1994). This developmen-
tal course can be reversed, however, by introducing
nuclei from differentiated cells into Xenopus eggs (Gur-
don and Uehlinger, 1966) or egg extracts (Dimitrov
and Wolffe, 1996). These remodeled nuclei resemble
embryonic nuclei both structurally and functionally.
As an important structural and functional organizer of
chromatin, individual linker histone variants are ex-
pressed under developmental control (reviewed by
Khochbin and Wolffe, 1994). Xenopus cleavage-stage
linker histone variant B4 (H1 M) appears late in oo-
genesis and persists in early embryonic chromatin
through the MBT when somatic-type Hls gradually
accumulate. By the end of gastrulation, somatic-type
H1 has completely replaced B4 within embryonic
chromatin (Dimitrov et al., 1993; Hock et al., 1993;
Dworkin-Rastl et al., 1994). There is substantial evi-
dence supporting the view that differential expression
of linker histone genes during development may have
important functional significance. The linker histone
B4 and HMG1, another chromosomal protein found in
early embryonic chromatin, bind to nucleosomal core
and linker DNA at much lower affinity than somatic
H1 variants and have been implicated in the genesis of
more dynamic and extended embryonic chromatin to
facilitate the exceptionally rapid early embryonic cell
cycles (Dimitrov ef al., 1994; Nightingale ef al., 1996;
Ura et al., 1996). Replacement of B4 and HMG1 with
somatic linker histones fixes the position of nucleo-
somes on the DNA (Ura ef al., 1995) and leads to
chromatin compaction and the formation of higher-
order structure (Wolffe, 1989). Such chromatin specif-
ically represses 5S rRNA gene transcription by reduc-
ing accessibility of the oocyte genes to transcription
factors (Chipev and Wolffe, 1992; Bouvet et al., 1994;
Kandolf, 1994). Furthermore, recent work has shown
that somatic linker histones cause the loss of mesoder-
mal competence in Xenopus by the selective repression
of regulatory genes required for mesodermal differen-
tiation pathways (Steinbach et al., 1997). Alternatively,
replacement of the somatic Hls with B4 and HMGI1
reverses the repressive effects of the somatic Hls,
thereby promoting transcriptional competence in nu-
clei from terminally differentiated cells (Dimitrov and
Wollffe, 1996). Collectively, these data suggest that H1
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variants can exert dominant effects on nuclear activity,
such as transcription, by modulating chromatin struc-
ture during development.

What role, if any, the cleavage stage linker B4 and
somatic H1s play in regulating DNA replication dur-
ing Xenopus development is not clear. Differential ef-
fects of H1 variants on S-phase progression have been
reported in avian and mammalian somatic cells (Berg-
man et al., 1988; Sun et al., 1989; Brown et al., 1996),
although a direct role for Hls in regulating DNA
replication in these systems has not been established.
We have recently developed a system to determine the
effects of somatic H1 variants on nuclear assembly and
DNA replication using cell-free extracts derived from
Xenopus eggs (Lu et al., 1997). Somatic H1s added to
the extract are correctly assembled onto sperm chro-
matin, thereby preserving normal nucleosomal orga-
nization but promoting the formation of higher-order
chromatin structure. Hl-containing chromatin in the
extract resembles somatic-type chromatin, both struc-
turally and functionally, in many ways (Shimamura et
al., 1989; Wolffe, 1989; Chipev and Wolffe, 1992). Un-
der these conditions, H1 delays the initiation of repli-
cation within individual nuclei, at least in part, by
slowing assembly of the nuclear lamina. However, H1
inhibits replication even when lamina assembly is
complete, suggesting that H1 may also affect replica-
tion directly (Lu ef al., 1997).

Somatic H1 could inhibit DNA replication in egg
extract in at least three ways. First, it could reduce
replication competence by limiting the assembly of
prereplication complexes (pre-RCs)! on sperm chro-
matin. The pre-RC is formed by the sequential binding
of origin recognition complex (ORC) proteins, XCdc6,
and the minichromosome maintenance (MCM) pro-
teins to chromatin and is required for initiation of
replication (Carpenter et al., 1996; Coleman et al., 1996;
Romanowski et al., 1996; Rowles et al., 1996; for review
see Romanowski and Madine 1996, 1997; and Stillman,
1996). Second, H1 could inhibit initiation through
mechanisms that prevent cyclin-cdk activation. In this
case, pre-RCs may be formed but they would remain
inactive. Third, H1 could inhibit replication elonga-
tion, thereby arresting replication forks shortly after
initiation.

In this report we have investigated the mechanism
by which somatic H1 inhibits replication of sperm
nuclei in egg extract. We find that H1 reduces the
number of replication forks, but not the rate of fork
progression, in preassembled Xenopus sperm nuclei.
H1 does not inhibit second-strand synthesis on single-
strand M13 DNA, which confirms that replication

! Abbreviations used: Ara-CTP, Cytosine B-p-arabinofuranoside 5'-
triphosphate; 6-DMAP, 6-dimethylaminopurine; MCM, minichro-
mosome maintenance; ORC, origin recognition complex; Pre-RC,
pre-replication complex; RP-A, replication protein A.
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elongation is unaffected by this somatic linker histone.
H1 reduces the assembly of pre-RCs on sperm chro-
matin and the number of replication foci after initia-
tion. Replication competence is restored in these nu-
clei only under conditions that promote the loss of H1
from chromatin and licensing of the DNA. Thus, H1
inhibits replication in the extract by preventing
pre-RC assembly on sperm chromatin and thereby
reducing the frequency of initiation. These data raise
the interesting possibility that H1 may play a role in
regulating replication origin use during development.

MATERIALS AND METHODS
Purification of Histone H1

Histone Hlc was purified from its overexpressing mouse cell line as
described by Lu et al. (1997). Purity of isolated H1 was verified by
silver staining of SDS-polyacrylamide gels. An extinction coefficient
of 18.76 mlI'mg~':cm ™! at 210 nm was used to determine the protein
concentration of each sample.

Preparation of Xenopus Egg Extracts and Permeable
Sperm Nuclei

Metaphase-arrested and interphase extracts were prepared from
Xenopus laevis eggs as previously described (Blow, 1993; Lu et al.,
1997). For preparation of 6-dimethylaminopurine (6-DMAP)-treated
interphase extract, metaphase extract was supplemented with 3 mM
6-DMAP, and then mixed with 0.3 mM CaCl,. Permeable Xenopus
sperm nuclei (“sperm chromatin”) were prepared according to Lu et
al. (1997).

In Vitro DNA Replication

Sperm chromatin was incubated at 1-3 ng DNA /ul extract supple-
mented with an energy-regenerating system (Blow and Laskey,
1986), 100 pg/ml cycloheximide, 2 mM ATP, and 5.68 uM histone
Hic or an equivalent volume of water. 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 tran-
sition, i.e., >45 ng/embryo (Dworkin-Rastl et al., 1994). De-
oxynucleoside triphosphates were added to a final concentration of
50 uM to readjust pool sizes after dilution (Blow and Laskey, 1986).
All incubations were performed at 22°C. The extent of extract dilu-
tion was kept constant at 30% for all experiments. M13 replication
was performed essentially as described above except that 10 ng M13
mp19 phage (GIBCO/BRL, Gaithersburg, MD) was used per micro-
liter of extract. Nascent DNA was detected by adding 100 uCi/ml
[a-32P]deoxy-ATP (dATP) or 20 uM 5-biotin-16-deoxyuridine
triphosphate (Biotin-dUTP; Boehringer Mannheim, Indianapolis,
IN) to the extract. Quantitation of DNA replication was carried out
as previously described (Lu et al., 1997).

For nuclear transfer, samples were diluted with 50-fold ice-cold
buffer A and underlayed with fresh extract. Diluted nuclei were
centrifuged into fresh extract at 770 g for 10 min at 4°C in a Jouan
CR4-22 swing-out centrifuge. The supernatant was carefully re-
moved, and the remaining extract was gently mixed to promote
suspension of the chromatin or nuclei. Samples were then incubated
at 22°C for various times at indicated in Figure 7.

Cytosine B-p-arabinofuranoside 5'-triphosphate (Ara-CTP) was
added to egg extract to a final concentration of 200 uM. Stalled forks
were released by addition of deoxycytosine triphosphate (dCTP) to
a final concentration of 1 mM. Density substitution experiments
were performed essentially as described by Leno and Munshi
(1994). Sperm chromatin was incubated at 1 ng DNA/ul extract
supplemented with 0.25 mM bromodeoxyuridine triphosphate (Br-
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dUTP) and 100 uCi/ml [a-*?P]JdATP for 3 h at 22°C. Samples were
stopped by digesting with stop mix C containing 500 ug/ml pro-
teinase K for 1 h at 37°C. The DNA was extracted three times with
phenol-chloroform and separated by centrifugation to equilibrium
in a cesium chloride gradient. Individual fractions were collected,
and the refractive index of every fifth sample was determined. All
fractions were counted by liquid scintillation.

Immunofluorescence Microscopy

Control and H1 samples were diluted 50-fold with ice-cold buffer A
(Leno and Laskey, 1991), spun through 30% sucrose in buffer A onto
polylysine-coated coverslips, and incubated in buffer A containing
0.5% Triton X-100 for 10 min. Samples were rinsed in PBS, fixed in
PBS containing 4% paraformaldehyde for 10 min, and blocked for 10
min in PF buffer (0.75XPBS, 0.1% Triton X-100, 0.02% SDS, 2% BSA)
containing 10% FCS. Coverslips were incubated in primary anti-
body in PF buffer for 1 h. Affinity-purified antibodies recognizing
XOrc2, XCdc6, and Mcm3 were used at a dilution of 1:500, 1:50, and
1:1000, respectively. The coverslips were then washed twice in PF
buffer, incubated with fluorescein-conjugated donkey anti-rabbit
secondary antibody (Amersham, Arlington Heights, IL) for 1 h, and
finally washed twice in PF buffer. Bulk DNA was visualized with
Hoechst 33258 (Sigma, St. Louis, MO). Incorporated biotin-dUTP
was detected with Texas-red streptavidin (Lu et al., 1997). Samples
were viewed with an Odyssey laser confocal microscope (Noran
Instruments, Middleton, WI).

Alkaline and Neutral Agarose Gel Electrophoresis

Alkaline agarose gel electrophoresis was performed as described
previously (Mahbubani ef al., 1997; Walter and Newport, 1997) with
minor modifications. Replication reactions were mixed with 500 ul
of ice-cold buffer A, and nuclei were pelleted by centrifugation at
770 X g for 5 min at 4°C in a Juan CR4-22 swing-out centrifuge.
Pellets were digested with stop mix N (20 mM Tris-HCl, 200 mM
NaCl, 5 mM EDTA, 0.5% SDS, pH 8.0) supplemented with 2 ug/ml
RNase A and 200 pg/ml Proteinase K for 1 h at 37°C. DNA was
extracted twice with phenol-chloroform, then with chloroform, and
then precipitated with ethanol. Dried samples were dissolved in
alkaline gel loading buffer (50 mM NaOH, 1 mM EDTA, 1.25%
Ficoll, 0.0125% bromocresol green) and separated on a 0.8% alkaline
gel as described by Mahbubani et al. (1997). Autoradiographs were
scanned as previously described (Lu ef al., 1997).

Neutral agarose gel electrophoresis was performed as described
by Jackson et al. (1995). Briefly, replication reactions were incubated
with stop mix C containing 0.5 mg/ml Proteinase K for 1 h at 37°C.
DNA was then extracted twice with phenol-chloroform, then with
chloroform, and precipitated with ethanol. Dried samples were
dissolved in Tris-EDTA buffer containing 1 ug/ul RNase A and
incubated at 37°C for 1 h. DNA fragments were resolved on a 1.0%
nusieve agarose gel (FMC BioProducts, Rockland, ME) using a
1XTris-borate-EDTA buffer system run at 6 V/cm.

RESULTS

H1 Reduces the Rate and Extent of DNA Replication
but Does Not Affect the Length of S-Phase in Egg
Extract

Somatic histone H1 slows assembly of the nuclear
lamina and delays the initiation of DNA replication
within individual sperm nuclei in Xenopus egg extract
(Lu et al., 1997). This Hl-induced delay in lamina
assembly is responsible, at least in part, for the delay
in initiation because preassembled H1 nuclei initiate
replication at the same time as control nuclei. How-
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Figure 1. HI reduces the rate and extent of DNA replication but
does not affect the length of S-phase in egg extract. Xenopus sperm
chromatin was incubated for 90 min at 1 ng DNA/ul egg extract
supplemented with 200 uM Ara-CTP, [a-*’P]dATP, and with his-
tone H1 (H1) or without H1 (Control). Parallel experiments showed
that >95% of both control and H1 nuclei initiated replication during
this initial incubation period, as judged by the incorporation of
biotin-dUTP into nascent DNA (our unpublished observations).
Stalled replication forks were then released by addition of dCTP to
a final concentration of 1 mM, and the extent of DNA synthesis was
determined at 10-min intervals up to 80 min. DNA replication is
expressed as a percentage of the control sample at 80 min. Shown
are the mean values, along with the SEM, from three separate
experiments in which three different extracts were used.

ever, H1 inhibits replication even when lamina assem-
bly is complete, suggesting that H1 modulates repli-
cation through multiple pathways in egg extract (Lu et
al., 1997). As an initial step toward determining the
mechanism by which H1 inhibits replication of Xeno-
pus sperm nuclei in egg extract, we have used the
elongation inhibitor Ara-CTP, a dCTP analog (Cozza-
relli, 1977), to arrest nuclei early in S-phase and sub-
sequently determine the effects of H1 on S-phase
progression following release from inhibition. Specif-
ically, sperm chromatin was incubated in egg extract
supplemented with Ara-CTP and [a-*?P]dATP either
without (Control) or with histone H1 (H1) for 90 min.
In parallel experiments, >95% of both control and H1
nuclei initiated replication during this initial incu-
bation period, as judged by the incorporation of bi-
otin-dUTP into nascent DNA (our unpublished obser-
vations). Stalled replication forks were then released
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by the addition of excess dCTP to the extract, and the
extent of replication was measured by incorporation
of radioactivity into acid-insoluble material at various
times. The results from three separate experiments in
which three different extracts were used are shown in
Figure 1. Control nuclei completed replication 40 min
after release with dCTP; however, the rate of elonga-
tion after release is approximately 2.25-fold lower than
that observed in the absence of Ara-CTP (Walter and
Newport, 1997) and, therefore, the actual duration of
S-phase in our extracts, in the absence of Ara-CTP, is
approximately 18 min. This is very similar to the
length of S-phase in the embryo before the MBT (i.e.,
from 10 to 15 min; Hyrien and Mechali, 1993). The rate
of replication in H1 nuclei is markedly reduced rela-
tive to control nuclei, and the extent of synthesis after
release from elongation arrest is only 40% of the input
DNA. Interestingly, the presence of H1 on sperm chro-
matin does not increase the length of S-phase in the
extract. Thus, H1 reduces both the rate and extent of
DNA replication without affecting the length of S-
phase in egg extract.

The amount of H1 added to extract in these experi-
ments is comparable to the estimated amount of so-
matic linker histones present in a Xenopus embryo at
the gastrula—neurula transition stage, i.e., >45 ng/
embryo (Dworkin-Rastl et al., 1994). However, the fi-
nal concentration of H1 in the extract is in excess of the
final concentration of DNA (5.7 uM H1 vs. ~20 nM
DNA in nucleosome lengths). Addition of excess H1 is
necessary for its assembly onto sperm chromatin, pre-
sumably because of the high concentration of nucleo-
plasmin and RNA in the extract. The molecular chap-
erone nucleoplasmin removes somatic H1 variants
from somatic chromatin (Dimitrov and Wolffe, 1996)
whereas RNA has been shown to compete with DNA
for the binding of somatic H1 (Halmer and Gruss,
1995). However, this excess of H1 does not cause
large-scale precipitation or aggregation of sperm chro-
matin since normal nucleosomal organization is pre-
served (Lu et al., 1997) and DNA replication does take
place in H1 chromatin (Figure 1).

H1 Reduces the Frequency of Initiation but Not the
Rate of Elongation in Egg Extract

H1 could reduce the rate of DNA replication by re-
ducing the number of active replication forks or by
reducing the rate at which individual forks elongate,
although the latter seems less likely given the fact that
H1 does not increase the length of S-phase. To deter-
mine which of these two possibilities is correct, we
incubated sperm chromatin in egg extract under the
conditions described in Figure 1 and collected sam-
ples, at 2-min intervals, after release with dCTP. Nas-
cent DNA was then resolved by alkaline agarose gel
electrophoresis, and the resultant gel was subjected to
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Figure 2. H1 reduces the number of replication forks in sperm nuclei but not the rate of fork movement. (A) Xenopus sperm chromatin was

incubated for 90 min at 1 ng DNA/ul egg extract supplemented with Ara-CTP, [a-**P]dATP, and histone H1 (H1) or without H1 (Control).
Stalled replication forks were then released by addition of dCTP to a final concentration of 1 mM, and samples were collected at 2-min
intervals for up to 8 min. The purified **P-labeled replication products were resolved on a 0.8% alkaline agarose gel that was subjected to
autoradiography. The positions of DNA molecular mass markers are indicated. (B) The relative amount of radioactivity in the center of each
lane in panel A was determined by densitometry, and these values were plotted as a function of molecular size in kilobases (kb). Data from
samples collected immediately after dCTP addition to extract (0’), and after a 4-min (4') and 8-min (8') release are shown. The amplitudes

of the control samples on the graph were reduced to facilitate comparison with the H1 samples.

autoradiography (Figure 2A). The relative amount of
radioactivity in the center of each lane was determined
by densitometry, and these values were plotted as a
function of molecular size in kilobases (kb). Data from
samples collected immediately after dCTP addition to
extract (0'), and after a 4-min (4') and 8-min (8') re-
lease are shown in Figure 2B. The amplitudes of the
control samples on the graph were reduced to facili-
tate comparison with the H1 samples.

The rate of replication fork movement, calculated to
be approximately 7 = 1 nucleotides per second, was
virtually identical in both control and H1 nuclei (Fig-
ure 2B). This value is in close agreement with the fork
rates previously reported for Xenopus embryos, egg
extracts, and Xenopus somatic cells, i.e., 8-10 = 2 nu-
cleotides per second (Callan, 1972; Mahbubani et al.,
1992; Hyrien and Mechali, 1993). The fact that H1 does
not alter the rate of fork progression argues that the
reduction in the rate of DNA replication that we ob-
serve (Figure 1) is due to a reduction in the number of
replication forks in sperm nuclei (Figure 2A). The
relative amount of radioactivity incorporated into nas-
cent DNA in this experiment was determined by ex-
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cising and combining all control or H1 lanes from the
agarose gel after autoradiography (Figure 2A) and
counting the samples by liquid scintillation. Incorpo-
ration in the H1 sample was ~30% of that observed in
the control sample, indicating that ~70% fewer repli-
cation forks are active in H1 nuclei than in control
nuclei. Within individual sperm nuclei, all initiation
events occur synchronously, at the beginning of S-
phase, in egg extract (Blow and Watson, 1987). The
fact that H1 does not increase the length of S-phase in
our experiments (Figure 1) suggests that all active
origins in H1 nuclei also fire in synchrony with one
another. Furthermore, this synchrony of initiation cou-
pled with a virtually identical rate of elongation (Fig-
ure 2B) argues that the average size of replicons in H1
nuclei are the same as that in control nuclei. Indeed,
we estimate the average replicon size in both control
and H1 nuclei to be approximately 15 kb, within the
range determined previously for replication in Xeno-
pus eggs and egg extracts, i.e., 7-20 kb (Mahbubani et
al., 1992; Hyrien and Mechali, 1993; Walter and New-
port, 1997).
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When nascent DNA from both control and H1 nu-
clei is substituted with the thymidine analog BrdUTP
and labeled with [a->?P]dATP, a single peak of radio-
activity is observed at a density of ~1.75 g/ml after
centrifugation to equilibrium in a cesium chloride gra-
dient (Figure 3A). The appearance of a single heavy/
light (HL) peak demonstrates that the DNA in H1
nuclei undergoes a single round of semiconservative
replication in the extract. Thus, those origins that do
fire in the presence of H1 produce forks that elongate
to form large tracts of fully replicated DNA, support-
ing the view that H1 inhibits initiation, but not elon-
gation, of replication in the extract. Second-strand syn-
thesis on single-strand (ss) M13 DNA mimics
replication elongation on double-strand DNA after
replication origins unwind to form single-stranded
replication bubbles (Mechali and Harland, 1982; Jack-
son et al., 1995). Although it might not be expected a
priori that H1 would influence second-strand synthe-
sis on ss M13, we nevertheless tested this possibility
by incubating M13 DNA in egg extract, with or with-
out H1l, for up to 150 min in the presence of
[a-3?P]dATP. The extent of DNA synthesis, from three
separate experiments in which three different extracts
were used, is shown in Figure 3B. Virtually no differ-
ences in the rate or extent of DNA synthesis were
observed between control and Hl-containing extract.
Nascent DNA was purified from the samples shown
in Figure 3B and resolved by neutral agarose gel elec-
trophoresis, after which the resultant gels were sub-
jected to autoradiography. A typical autoradiograph is
shown in Figure 3C. Virtually identical replication
products, including double-stranded supercoiled (I),
double-stranded circular relaxed (II), and double-
stranded linear (III) forms of DNA, were observed in
both control and H1 samples. Taken together, these
data indicate that H1 does not inhibit replication elon-
gation, but rather reduces the number of active repli-
cation forks in sperm nuclei, possibly by inhibiting a
step that precedes the unwinding of replication ori-
gins.

Histone H1 Reduces the Number of Replication Foci
in Sperm Nuclei

Replication forks are clustered in discrete sites or foci,
uniformly distributed throughout nuclei replicating in
Xenopus egg extract (Mills et al., 1989; Leno and Las-
key, 1991; Cox and Laskey, 1991). It has been esti-
mated that there are from 300 to 1000 forks clustered
within each replication focus and from 100 to 300 foci
within each sperm nucleus (Mills et al., 1989). Our data
suggest that H1 may reduce the number of replication
forks in sperm nuclei by as much as 70% and, there-
fore, we sought to determine whether H1 also reduces
the number of replication foci in these nuclei. To vi-
sualize replication foci, control (Control) and H1 (H1)
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chromatin was incubated with biotin-dUTP for 3 h in
egg extract treated with the protein kinase inhibitor
6-DMAP. Even though 6-DMAP inhibits most initia-
tion events in unlicensed sperm nuclei (Blow, 1993;
Mahbubani et al., 1997; Munshi and Leno, 1998), those
origins that escape inhibition are distributed in ap-
proximately the same number of foci present through-
out nuclei incubated in extract without kinase in-
hibition (Munshi and Leno, 1998). Furthermore,
replication foci were more easily resolved, microscop-
ically, within nuclei incubated in 6-DMAP-treated ex-
tract than in untreated extract, presumably because of
the reduced number of initiations within each focus in
6-DMAP extract (Munshi and Leno, 1998). Figure 4
shows a confocal series of optical sections taken at
0.5-um intervals through two control nuclei and two
H1 nuclei stained with Texas-Red streptavidin. H1
nuclei are highly condensed (Lu et al., 1997) and con-
sistently contained far fewer replication foci than con-
trol nuclei. Taken together, these data demonstrate
that H1 reduces the number of replication forks and
the number of replication foci within sperm nuclei
incubated in egg extract.

Replication protein A (RP-A) is localized within foci
on sperm chromatin incubated in egg extract (Adachi
and Laemmli, 1992). These RP-A-containing foci are
thought to be the precursors of replication foci in this
system (Adachi and Laemmli, 1992, 1994; Yan and
Newport, 1995). We found that H1 reduces the num-
ber of RP-A-containing foci in untreated extract (our
unpublished observations) to vitrually the same extent
as it reduces replication foci in 6-DMAP-treated ex-
tract (Figure 4), indicating that H1 limits both prerep-
lication and replication focus formation on sperm
chromatin.

H1 Restricts Prereplication Complex Assembly on
Sperm Chromatin

A reduction in the number of replication forks implies
a reduction in the number of active replication origins.
One way in which H1 could restrict origin use in the
extract is by preventing the formation of pre-RCs on
sperm chromatin. The pre-RC is formed by the se-
quential binding of ORC proteins, Cdc6, and the MCM
proteins to chromatin (Carpenter ef al., 1996, Coleman
et al., 1996; Romanowski et al., 1996, Rowles et al.,
1996), and it has been shown that assembly of this
complex is essential for establishing replication-com-
petent DNA ( Chong et al., 1995; Kubota et al., 1995;
Madine et al., 1995a,b; Coleman et al.,, 1996, Ro-
manowski et al., 1996). To determine whether H1 af-
fects pre-RC assembly, sperm chromatin was incu-
bated in egg extract supplemented with biotin-dUTP,
with H1 (H1), or without H1 (Control), for up to 90
min. The nuclei from each sample were then probed
with Texas-Red streptavidin, to detect nascent DNA,
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and with antibodies to three components of the pre-
RC, namely, XOrc2 (Figure 5A), XCdc6 (Figure 5B), or
XMcem3 (Figure 5C). All three associated with sperm
chromatin within 15 min in the control sample (Figure
5, A-C, Control 15"). By 45 min, most control nuclei
had entered S-phase (Figure 5C, Control Biotin 45’),
which was accompanied by the apparent redistribu-
tion of XCdc6 to the nuclear envelope (Figure 5B,
Control 45’) and the loss of XMcm3 from the chroma-
tin (Figure 5C, Control 45') consistent with previous
reports (Carpenter ef al., 1996; Coleman et al., 1996;
Romanowski et al., 1996; Rowles et al., 1996). The pres-
ence of H1 dramatically reduced the association of all
three pre-RC proteins with sperm chromatin after 15
min in the extract (Figure 5, A-C, H1 15’). Even after
30 min, when nuclear assembly was complete, the
levels of XOrc2, XCdc6, and XMcm3 were still mark-
edly reduced in H1 nuclei (Figure 5, A-C, H1 30").
This difference in pre-RC protein levels between con-
trol and H1 nuclei was confirmed by Western blot,
although XMcm3 levels were higher than expected in
both control and H1 nuclei at all time points examined
(our unpublished observations). H1 did not inhibit
replication completely, nor did it prevent the loss of
XMcm3 from sperm chromatin after S-phase entry
(Figure 5C, H1 XMcm3 45" and 90') demonstrating
that pre-RCs assembled in the presence of H1 are
functional. These data raise the interesting possibility
that H1 limits origin use, and the extent of DNA
replication, by restricting the assembly of pre-RCs on
sperm chromatin.

Restricting Pre-RC Formation Limits the
Replication Capacity of H1 Nuclei

H1 restricts the assembly of pre-RCs on sperm chro-
matin by egg extract (Figure 5, A-C). In light of the

Figure 3. Histone H1 does not inhibit replication elongation. (A)
Sperm chromatin was incubated in egg extract containing BrdUTP,
[a-*2P]dATP, and H1 (H1), or without H1 (Control), for 3 h. A
separate sample without sperm chromatin was included as a control
(—DNA). DNA was purified from each sample and centrifuged to
equilibrium in a cesium chloride gradient. Fractions from each
sample were analyzed by liquid scintillation, and the counts per min
(cpm) were determined. The expected densities of heavy-light (HL,
1.75 g/ml) and heavy-heavy (HH, 1.79 g/ml) DNA are indicated.
(B) Single-stranded M13 DNA was incubated at 10 ng/ul in control
extract (lane C) or extract containing H1 (lane H1) supplemented
with [a-*?P]dATP for various times as indicated. DNA replication is
expressed as nanograms of DNA synthesized per microliter of
extract. Shown are the mean values along with the SEM from three
separate experiments in which three different extracts were used.
(C) DNA from an experiment shown in panel B was purified and
resolved on a 1% neutral agarose gel, which was then subjected to
autoradiography. The position of different forms of double-stranded
DNA are indicated: form I, double-stranded supercoiled; form II,
double-stranded circular relaxed; form III, double-stranded linear.
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Biotin Fluorescence

Figure 4. H1 reduces the number of replication foci in sperm nuclei. Metaphase-arrested egg extracts were treated with the protein kinase
inhibitor 6-DMAP and released into interphase by Ca®>* addition. Sperm chromatin was then added to released extract supplemented with
biotin-dUTP and H1 (H1) or without H1 (Control) and incubated for 3 h. A confocal series of optical sections taken at 0.5-um intervals
through two control nuclei and two H1 nuclei stained with Texas-Red streptavidin are shown.

essential role that pre-RCs play in establishing repli-
cation competence in this system, we sought to deter-
mine whether reduced pre-RC formation is responsi-
ble for the observed reduction in DNA replication in
H1 nuclei (Figure 1). To answer this question, we
carried out experiments as shown in Figure 6. Sperm
chromatin was incubated in egg extract supplemented
with Ara-CTP and [a-*?P]dATP without H1 (lane a) or
with H1 (lanes b—d). After 20 min (lane ¢) or 60 min
(lanes a, b, and d) in extract, four volumes of extract
containing Ara-CTP and [a-*’P]dATP without H1
(lanes a, ¢, and d), or with H1 (lane b) were added.
After a total incubation time of 90 min, dCTP was
added to all samples, which were then incubated for
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an additional 50 min. Control nuclei replicated com-
pletely under these experimental conditions (lane a)
whereas replication was reduced nearly 5-fold in nu-
clei containing H1 (lane b) consistent with our earlier

Figure 5 (facing page). H1 restricts the assembly of prereplication
complexes on sperm chromatin. Xenopus sperm chromatin was in-
cubated at 1 ng DNA/pul in extract containing biotinylated dUTP
and H1 (H1) or without H1 (Control) for up to 90 min. After 15, 30,
45, and 90 min in extract, the samples were processed as described
in MATERIALS AND METHODS. XOrc2 (A), XCdc6 (B), and
XMcm3 (C) were visualized by indirect immunofluorescence, and
biotin incorporation was detected with fluorescent streptavidin (C).
Samples were examined by confocal microscopy.
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Figure 6. HI nuclei replicate when diluted with fresh extract if
fresh extract lacks H1 and dilution occurs before nuclear envelope
assembly. Sperm chromatin was incubated in extract supplemented
with [@-*2P]dATP and Ara-CTP either without H1 (lane a) or with
H1 (lanes b, ¢, and d) for 20 (lane c¢) or 60 min (lanes a, b, and d).
Four volumes of fresh extract supplemented with [a-*’P]dATP and
Ara-CTP either without H1 (lanes a, ¢, and d) or with H1 (lane b)
were then added. By 90 min, all samples were released from Ara-
CTP arrest with dCTP and incubated for an additional 50 min. DNA
replication is expressed as a percentage of the control sample (lane
a).

results (Figures 1 and 2A). However, replication was
restored to ~80% of control levels when H1 chromatin
was exposed to fresh Hl-free extract after an initial
20-min incubation (lane c). H1 is rapidly lost from
sperm chromatin after dilution with extract lacking
H1 (Lu et al., 1997), demonstrating that loss of H1 from
chromatin is associated with the acquisition of repli-
cation competence (lane c). If H1 chromatin is incu-
bated in the extract for 60 min before dilution with
H1-free extract, however, replication is not restored
(lane d), demonstrating that the timing of extract ad-
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dition is critical for establishing replication compe-
tence in H1 nuclei.

Under the experimental conditions described here,
sperm chromatin does not possess an intact nuclear
envelope after 20 min in the extract; however, by 60
min, envelope assembly is complete in virtually all
nuclei (our unpublished observations). Therefore, it
is possible that an intact nuclear envelope prevents
the restoration of replication competence in H1 nuclei.
One way in which an intact nuclear envelope can
prevent replication in egg extract is by preventing the
licensing of unlicensed DNA, i.e., DNA that lacks
essential components of the pre-RC (Blow, 1993; Kub-
ota et al., 1995; Madine et al., 1995b; Romanowski et al.,
1996). We have already established that H1 reduces
the extent to which one licensing protein, namely
XMcm3, binds to sperm chromatin (Figure 5C); how-
ever, it is not clear whether reduced levels of XMcm3,
or other pre-RC proteins, contribute to the reduction
in replication capacity that we observe in H1 nuclei
(Figure 1). To investigate this possibility, we per-
formed experiments essentially as described in Figure
6, except that control and H1 chromatin (20 min) or
nuclei (60 min) were transferred to fresh extracts
treated with 6-DMAP (Figure 7). Metaphase-ar-
rested egg extracts treated with 6-DMAP and sub-
sequently released into interphase are incapable of
completely replicating nuclei with unlicensed DNA,
but these extracts are fully capable of replicating nu-
clei with licensed DNA (Blow, 1993; Chong et al., 1995;
Mahbubani et al., 1997). In theory, if the Hl-induced
reduction in pre-RC assembly is responsible for the
inhibition of replication in egg extract, and if an intact
nuclear envelope prevents complete pre-RC assembly
on DNA by H1-free extract, then replication should be
inhibited in 6-DMAP extract even if H1 chromatin is
transferred before nuclear envelope assembly is
complete. On the other hand, if H1 chromatin con-
tains sufficient pre-RCs for complete replication of
all sperm DNA, and other features associated with an
intact nuclear envelope prevent replication of H1 nu-
clei (Figure 6, lane d), then H1 chromatin should rep-
licate when the chromatin is transferred before nuclear
envelope assembly even in 6-DMAP extracts. Our re-
sults clearly show that replication is inhibited in
6-DMAP extract even when H1 chromatin is trans-
ferred to Hl-free extract before nuclear envelope as-
sembly (Figure 7, lane d). Thus, when H1 chromatin is
transferred to Hl-free extract, replication will only
occur if that extract is capable of assembling complete
pre-RCs on the DNA (compare Figure 7, lane d, with
Figure 6, lane c). Taken together, these data indicate
that H1 inhibits DNA replication in the extract by
preventing the assembly of pre-RCs on sperm chro-
matin.
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Figure 7. HI nuclei do not replicate in Hl-free extract that lacks
licensing activity. Sperm chromatin was incubated in extract in the
presence of [a-*’P]dATP and Ara-CTP either without H1 (lanes a
and b) or with H1 (lanes ¢, d, and e) for 20 (lane d) or 60 min (lanes
a, b, ¢, and e). Sperm chromatin (lane d) or nuclei (lanes a, b, ¢, and
e) were then transferred to untreated extract without H1 (lane a), to
6-DMAP extract without H1 (lanes b, d, and e) or to 6-DMAP extract
with H1 (lane ¢), all containing Ara-CTP. After 90 min, all samples
were released from Ara-CTP arrest with dCTP and incubated for an
additional 50 min. DNA replication is expressed as a percentage of
the control sample (lane a).

DISCUSSION

We have recently developed a system to assemble
somatic H1 histones onto Xenopus sperm chromatin
using cell-free extracts derived from activated Xenopus
eggs. Somatic Hls added to the extract are correctly
assembled onto sperm chromatin, thereby preserving
normal nucleosomal organization but promoting the
formation of higher-order chromatin structure (Lu et
al., 1997). Somatic histone H1 reduces both the rate
and extent of DNA replication in Xenopus egg extract
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(Figure 1). We have investigated the mechanism(s) by
which H1 exerts these effects on sperm chromatin and
found that although H1 has little or no effect on rep-
lication elongation (Figures 2 and 3), it does reduce the
frequency of initiation events (Figure 2), presumably
by affecting a step before the formation of replication
bubbles (Figure 3). H1 also reduces the assembly of
pre-RCs on sperm chromatin (Figure 5) and the num-
ber of replication foci within sperm nuclei (Figure 4).
This reduction in pre-RC assembly is responsible for
the inhibition of replication by H1 inasmuch as repli-
cation competence is restored only under conditions
that promote the loss of H1 from chromatin and the
licensing of sperm DNA (Figures 6 and 7). Taken
together, these data raise the interesting possibility
that H1 reduces the replication capacity of sperm nu-
clei in the extract by limiting the assembly of pre-RCs
on sperm chromatin and thereby reducing the fre-
quency of initiation within the genome.

Studies with Xenopus egg extracts have shown that
assembly of pre-RCs is a highly coordinated process
involving a number of essential replication proteins.
The multisubunit ORC is first assembled onto sperm
chromatin, thereby facilitating the sequential binding
of XCdc6 and the MCM complex of proteins (Chong et
al., 1995; Kubota et al., 1995; Madine et al., 1995a,b;
Coleman et al., 1996; Romanowski et al., 1996; Rowles
et al.,, 1996; Thommes et al., 1997). It is now well
established that replication competence is dependent
upon the assembly of pre-RCs on chromatin (reviewed
by Romanowski and Madine, 1996, 1997) as immu-
nodepletion of ORC, XCdc6, or MCM proteins from
extract renders sperm nuclei incompetent for initiation
(Madine et al., 1995a,b; Carpenter et al., 1996; Coleman
et al., 1996, Romanowski et al., 1996). Furthermore,
studies in the yeast Saccharomyces cerevisine show that
reduced levels of functional ORC and Cdc6 lead to a
reduction in origin use, suggesting that pre-RC assem-
bly determines the frequency of initiation events
throughout the genome (Liang et al., 1995). The mech-
anism(s) by which H1 limits pre-RC assembly on
sperm chromatin is not clear. However, given the
sequential binding of pre-RC proteins to sperm chro-
matin, it seems reasonable to speculate that the re-
duced binding of XCdc6 and XMcm3 that we observe
(Figure 5, B and C) is due to the reduction in chroma-
tin-bound ORC (Figure 5A), and, therefore, H1 limits
replication competence by reducing the binding of
ORC to chromatin. One way in which H1 could limit
ORC binding is by masking replication origins. This
masking could result from changes in chromatin
structure, such as compaction of the DNA (Figures 4
and 5; also see Lu et al., 1997). Hl-induced changes in
chromatin structure are known to regulate transcrip-
tion by modulating transcription factor binding in egg
extracts (Shimamura et al., 1989; Chipev and Wolffe,
1992; Bouvet et al., 1994; Kandolf, 1994; Trieschmann et
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al., 1995). In Xenopus eggs or egg extracts, DNA repli-
cation initiates at multiple sites that are randomly, but
evenly, distributed on chromatin, apparently due to a
relaxed DNA sequence requirement (Mechali and
Kearsey, 1984; Mahbubani et al., 1992). Moreover, im-
munodepletion of the embryonic linker histone B4 has
no apparent effect on DNA replication in egg extract
(Dasso et al., 1994), implying that B4, unlike somatic
H1, may not restrict the binding of pre-RC proteins to
embryonic chromatin. This may be due to the fact that
B4-chromatin already adopts a dynamic and extended
structure (Dimitrov ef al., 1994; Nightingale et al., 1996;
Ura et al.,, 1996) in which potential binding sites are
easily accessible for assembly of pre-RCs.

Immunodepletion of ORC from egg extract causes a
substantial reduction in the rate of DNA replication
and an extended S-phase due to a reduction in the
number of initiation events in sperm nuclei (Walter
and Newport, 1997). Furthermore, an increase in nu-
cleo—cytoplasmic ratio also reduces the number of
initiations in sperm chromatin, leading to an increase
in replicon size (Walter and Newport, 1997). However,
replicon size increases even when ORC, MCM, and
cdk2-cyclin E are not limiting, which suggests that
another positive activity determines replicon size in
this system and that not all ORC binding sites are used
as replication origins in sperm nuclei (Walter and
Newport, 1997). Thus, both ORC density and an un-
identified positive activity could regulate the fre-
quency of initiation and replicon size in egg extract.
The H1-induced reduction in pre-RC binding to sperm
chromatin that we observe (Figure 5) is accompanied
by a reduction in the number of initiation events (Fig-
ure 2), a reduction in the number of replication foci
(Figure 4), and an overall reduction in the extent of
DNA replication (Figure 1) in egg extract. However,
no change in the length of S-phase was observed
(Figure 1). Thus, the reduction in the frequency of
initiation within H1 nuclei occurs without a corre-
sponding increase in replicon size (Figures 2 and 3).
These results are surprising, especially in light of the
work of Walter and Newport (1997). One possible
explanation for our results is that H1 is not uniformly
distributed along sperm chromatin and that replica-
tion is inhibited where H1 is present above a critical
threshold level but unaffected where H1 levels fall
below this threshold. In theory, this differential bind-
ing by H1 could lead to regional changes in chromatin
structure that could serve to regulate the timing of
initiation within large chromatin domains. It is impor-
tant to note, however, that the failure of any DNA to
replicate during S-phase would be lethal to the early
embryo; therefore, other factors, absent from egg ex-
tract but present at the MBT, may regulate H1 binding,
resulting in a reduction in origin use but complete
replication of all DNA.
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H1 reduces the number of foci that contain RP-A
(our unpublished observations), the precursors of rep-
lication foci (Adachi and Laemmli, 1992, 1994; Yan
and Newport, 1995). H1 also reduces the number of
replication foci within sperm nuclei incubated in egg
extract (Figure 4). Precisely how H1 affects replication
focus formation is not clear. One possibility is that a
reduction in pre-RC formation leads to a reduction in
the number of initiations, and fewer initiations may
limit the extent of DNA synthesis by imposing topo-
logical constraints upon the replication machinery. In
theory, such constraints could also reduce the number
of replication foci in sperm nuclei. However, while
6-DMAP dramatically reduces the levels of XMcm3
(Chong et al., 1995; Rowles et al., 1996; Mahbubani et
al., 1997), the number of initiation events (Mahbubani
et al., 1997), and the extent of DNA replication in
sperm nuclei (Blow, 1993), it does not substantially
reduce the number of replication foci within these
nuclei (Munshi and Leno, 1998; also compare Figure 4
[Control] in this paper with Mills et al., 1989). Thus,
incomplete pre-RC assembly and a reduced frequency
of initiation cannot account for the reduced number of
replication foci that we observe in H1 nuclei (Figure
4). An alternate possibility is that H1 induces global
changes in chromatin structure and that these changes
may limit the formation of prereplication foci and
replication foci as well as the assembly of pre-RCs.

The results presented here raise the interesting pos-
sibility that linker histones play a role in regulating the
initiation of DNA replication during Xenopus develop-
ment. Somatic H1 could modulate replication origin
use by promoting changes in chromatin structure after
the MBT. In theory, localized changes in chromatin
structure could be part of a general mechanism that
serves to coordinately regulate the timing of DNA
replication between multiple adjacent replicons in so-
matic cells. Further investigation into the mechanisms
by which H1 restricts pre-RC assembly and origin use,
along with the identification of other factors that par-
ticipate in this process, will help us understand how
DNA replication is regulated during development.
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