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Quiescent nuclei from differentiated somatic cells can reacquire pluripotence, the capacity to
replicate, and reinitiate a program of differentiation after transplantation into amphibian eggs. The
replication of quiescent nuclei is recapitulated in extracts derived from activated Xenopus eggs;
therefore, we have exploited this cell-free system to explore the mechanisms that regulate
initiation of replication in nuclei from terminally differentiated Xenopus erythrocytes. We find that
these nuclei lack many, if not all, pre-replication complex (pre-RC) proteins. Pre-RC proteins from
the extract form a stable association with the chromatin of permeable nuclei, which replicate in
this system, but not with the chromatin of intact nuclei, which do not replicate, even though these
proteins cross an intact nuclear envelope. During extract incubation, the linker histones H1 and
H1° are removed from erythrocyte chromatin by nucleoplasmin. We show that H1 removal
facilitates the replication of permeable nuclei by increasing the frequency of initiation most likely
by promoting the assembly of pre-RCs on chromatin. These data indicate that initiation in
erythrocyte nuclei requires the acquisition of pre-RC proteins from egg extract and that pre-RC
assembly requires the loss of nuclear envelope integrity and is facilitated by the removal of linker

histone H1 from chromatin.

INTRODUCTION

During development of the vertebrate organism, a majority
of cells eventually exit the cell cycle early in G1 phase and
enter an “out-of-cycle” or quiescent state often referred to as
GO (Pardee, 1989). Exit from the cell cycle is reversible in
certain cell types; however, in others, such as terminally
differentiated frog and avian erythrocytes, it is not (Leonard
et al., 1982). The mechanisms underlying this loss of prolif-
erative capacity have not been clearly defined; however, it
seems likely that many of the changes that accompany dif-
ferentiation in these cells collectively contribute to this irre-
versible arrest. In the adult animal, major transitions in
chromatin composition and structure occur during erythro-
cyte differentiation, and these changes have been implicated
in the generation and/or maintenance of the quiescent state.
In the frog, for example, histone H1° gradually accumulates
during differentiation, leading to a high content of linker
histones on the chromatin (Allan et al., 1981; Dimitrov and
Wolffe, 1996), and it has been suggested that this high linker
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histone content promotes the hypercondensation and inac-
tivation of erythrocyte chromatin (Thomas and Maclean,
1975; Allan et al., 1981; Wolffe, 1989). Indeed, this idea is
supported by studies that demonstrate that the overexpres-
sion of chicken histone H5 (H1°) in proliferative somatic
cells results in chromatin compaction and the inhibition of
DNA replication and transcription (Sun et al., 1989; Aubert et
al., 1991). Importantly, the overall level of H1 in these over-
expressing cells was similar to that observed in terminally
differentiated erythrocytes.

Although the proliferative arrest of nucleate Xenopus laevis
erythrocytes is irreversible in vivo, reactivation of DNA
replication and transcription does occur when isolated
erythrocyte nuclei are introduced into an activating environ-
ment such as enucleated Xenopus eggs (for review, see Gur-
don, 1986). These reactivated nuclei resemble embryonic
nuclei both structurally and functionally, becoming pluripo-
tent for frog development (Gurdon and Uehlinger, 1966;
Brun, 1978). The reactivation of mature erythrocyte nuclei
has been recapitulated in vitro using Xenopus egg extracts
(Coppock et al., 1989; Wolffe, 1989), and in this system,
quiescent nuclei decondense (Leno and Laskey, 1991; Blank
et al., 1992; Leno and Munshi, 1997), regain transcriptional
competence (Wolffe, 1989; Dimitrov and Wolffe, 1996), and
initiate DNA replication (Coppock et al., 1989; Leno and
Laskey, 1991; Blank et al., 1992; Wangh et al., 1995; Leno and
Munshi, 1997).
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A general requirement for initiation of cellular DNA rep-
lication in eukaryotes is the coordinated assembly of a pre-
replication complex (pre-RC) at origin sites. In Xenopus egg
extracts, pre-RC assembly on sperm chromatin and even
purified DNA occurs before nuclear envelope assembly and
involves the sequential binding of origin recognition com-
plex (ORC) proteins, Cdc6, and minichromosome mainte-
nance (MCM) proteins to DNA (see review by Romanowski
and Madine, 1996, 1997; Walter et al., 1998). S-phase—pro-
moting factors, such as cdk2/cyclin E, subsequently accu-
mulate within the intact nucleus and are thought to trigger
initiation at sites where pre-RCs are assembled (Jackson et
al., 1995; Hua et al., 1997; Walter et al., 1998). Initiation of
replication is accompanied by the loss of Cdc6 (Coleman et
al., 1996; Hua and Newport, 1998) and MCM proteins from
chromatin (Chong et al., 1995; Kubota et al., 1995; Madine et
al., 1995a,b; Romanowski et al., 1996a), whereas ORC re-
mains bound to DNA until chromosome condensation at
mitosis (Carpenter et al., 1996, Romanowski et al., 1996b;
Rowles et al., 1996). It appears that reinitiation of replication
is blocked during S and G2 phases by the nuclear envelope,
which prevents the reassociation of MCM proteins with
chromatin until passage through mitosis and entry into the
next cell cycle (Madine et al., 1995b).

The molecular mechanisms regulating the reactivation of
replication in quiescent nuclei have not been determined.
However, several observations indicate that nuclear enve-
lope integrity plays an important role. Indeed, nuclei iso-
lated from contact-inhibited cultured cells (Leno and Mun-
shi, 1994; Fang and Benbow, 1996), and avian erythrocytes
(Leno and Munshi, 1997) require nuclear envelope perme-
abilization for initiation in egg extract. Although the molec-
ular basis for this requirement is unknown, the recent dem-
onstration that restoration of replication competence in
nuclei from quiescent fibroblasts requires an activity from
egg extract (Munshi and Leno, 1998) coupled with the ob-
servation that the level of Mcm3, an essential member of the
pre-RC, is reduced in quiescent cells both in vivo (Musahl et
al., 1998) and in vitro (Stoeber et al., 1998) raises the inter-
esting possibility that permeabilization of quiescent nuclei
may be required for the reassembly of pre-RCs on chroma-
tin, much like it is in G2-phase nuclei (Madine et al., 1995b).
Thus, nuclear envelope integrity could also play a role in
regulating initiation within quiescent cell nuclei by modu-
lating pre-RC assembly on chromatin.

Accompanying the reactivation of replication in erythrocyte
nuclei by egg extract is the replacement of somatic H1 histones
with the embryonic linker histone B4 and HMGI, another
chromosomal protein found in early embryonic chromatin
(Blank et al., 1992; Dimitrov and Wolffe, 1996). These transitions
in chromatin composition are mediated by the molecular chap-
erone nucleoplasmin (NPL) and play an essential role in the
reacquisition of transcriptional competence in these nuclei
(Dimitrov and Wolffe, 1996). What role, if any, these changes in
chromatin structure play in the reactivation of DNA replication
is not clear. However, recent work showing that the assembly
of somatic H1 on embryonic chromatin reduces the frequency
of initiation in egg extract by limiting pre-RC assembly (Lu et
al., 1998) raises the interesting possibility that efficient initiation
also requires the removal of H1 from erythrocyte chromatin.

In this report we have used Xenopus egg extract to inves-
tigate the mechanisms regulating the reactivation of replica-
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tion in nuclei from terminally differentiated Xenopus eryth-
rocytes. We find that these nuclei lack essential components
of the pre-RC, including XORC, XCdc6, and XMCM pro-
teins. Pre-RC proteins from the extract form a stable associ-
ation with the chromatin of permeable nuclei, which repli-
cate in this system, but not with the chromatin of intact
nuclei, which do not replicate, even though these proteins
are able to cross an intact nuclear envelope. Thus, an intact
nuclear envelope prevents initiation in quiescent nuclei, at
least in part, by preventing the assembly of pre-RCs on
chromatin. Erythrocyte nuclei contain histone H1 and H1°
that are removed from the chromatin by the molecular chap-
erone NPL during reactivation in the extract. Immunodeple-
tion of NPL from the extract prevents the removal of H1
from chromatin, limits pre-RC assembly, and reduces the
frequency of initiation within permeable nuclei, all of which
are restored by readdition of NPL to the depleted extract.
Furthermore, restoring the overall H1 content on erythro-
cyte chromatin in control (NPL-containing) extract inhibits
replication to the same extent as that observed in NPL-
depleted extract. Thus, a high level of somatic H1 on eryth-
rocyte chromatin, whether the result of NPL depletion or the
addition of exogenous H1 to NPL-containing extract, inhib-
its replication to a similar extent. Moreover, intact G1-phase
tissue culture nuclei, which contain fully assembled pre-
RCs, replicate to very similar levels in mock-depleted and
NPL-depleted extracts, suggesting that once pre-RC assem-
bly is complete, removal of H1 may no longer be required
for replication in the extract. Taken together, these data
indicate that loss of nuclear envelope integrity and the re-
moval of somatic linker H1 from erythrocyte chromatin are
required for the acquisition of essential pre-RC proteins
from the extract and the reactivation of DNA replication in
this system.

MATERIALS AND METHODS

Preparation of Xenopus Egg Extract and Xenopus
Erythrocyte Nuclei

Interphase extracts were prepared from activated eggs of X. laevis as
previously described (Lu et al., 1997). Blood (2.7 ml), obtained from
anesthetized X. laevis adults by cardiac puncture, was collected in a
tube containing 0.3 ml of ice-cold anticoagulant solution (0.14 M
NaCl, 0.1 M trisodium citrate, 10 mM Tris-HCl, pH 7.4) and then
diluted in 30 ml of ice-cold buffer C (0.14 M NaCl, 15 mM trisodium
citrate, 0.25 mM PMSF, 2.5 ug/ml leupeptin, pepstatin, and aproti-
nin, 10 mM Tris-HCl, pH 7.4). Erythrocytes were sedimented by
centrifugation at 1500 rpm for 5 min at 0°C in a Jouan (Winchester, VA)
CR4-22 swing-out centrifuge and rinsed twice in buffer C. The “buffy
coat” containing nonerythroid cells was removed after each rinse. More
than 99% of the cells in the final sediment were mature erythrocytes.
For permeabilization of cells with streptolysin-O (SLO), freshly
isolated erythrocytes were resuspended in 1,4-piperazinediethane-
sulfonic acid (PIPES) buffer (50 mM KCl, 2 mM EGTA, 5 mM MgCl,,
1 mM DTT, 1 pg/ml leupeptin, pepstatin, and aprotinin, 50 mM
PIPES-KOH, pH 7.0) to a final concentration of 4 X 10° cells/ml. An
equal volume of PIPES buffer containing 1.6 IU/ml SLO (Murex
Diagnostics, Norcross, GA) was added, and the cells were incubated
on ice for 10 min with gentle inversion of the tubes every minute.
The cells were then sedimented by centrifugation as described
above, rinsed twice in PIPES buffer to remove unbound SLO, and
finally resuspended at room temperature in PIPES buffer. The per-
meable cells (intact nuclei) were counted in a hemacytometer.
Permeable nuclei were prepared using lysophosphatidylcholine
(LPC). Sedimented erythrocytes were resuspended in 5 ml of buffer
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Figure 1. Permeabilization of the nu-
clear envelope is required for replica-
tion of Xenopus erythrocyte nuclei by
egg extract. (A) Nuclei were prepared
by treating erythrocytes with LPC or
SLO, and nuclear envelope integrity
was determined by incubating nuclei
with TRITC-labeled IgG (Tritc-IgG).
Total DNA (DNA) was stained with
Hoechst 33258. (B) Permeable (LPC)
and intact (SLO) nuclei were incubated
in egg extract, supplemented with
[a-*2P]dATP, for various times as indi- c
cated. DNA replication is expressed as
a percentage of incorporated label in
the permeable sample at 10 h. The
mass of DNA synthesized in this sam-
ple was 0.89 ng/ul of extract, repre-
senting ~30% of the input DNA. (C)
Permeable and intact nuclei were incu-
bated in extract supplemented with 20
uM biotinylated dUTP for 4 h. Nuclei
were isolated and stained for total
DNA (DNA) and with Texas Red-
streptavidin to detect biotin-dUTP in-
corporation into nascent DNA (Biotin).
A representative field of nuclei is
shown. (D) Two hundred nuclei from
each sample in C were examined for
Texas Red fluorescence. The percent-
ages of Dbiotin-labeled nuclei are
shown.

Trite-IgG

DNA

Biotin

P (60 mM KCl, 15 mM NaCl, 340 mM sucrose, 15 mM B-mercapto-
ethanol, 0.5 mM spermidine, 0.15 mM spermine, 2.5 ug/ml leupep-
tin, pepstatin, and aprotinin, 15 mM HEPES-KOH, pH 7.5). An
equal volume of buffer P containing 2 mg/ml LPC (Sigma, St. Louis,
MO) was added, and the cells were incubated for 20 min at room
temperature with gentle inversion of the tubes every minute. Per-
meabilization was stopped by adding 5 ml of ice-cold buffer P
containing 3% BSA, and the resultant permeable nuclei were sedi-
mented by centrifugation at 2750 rpm for 10 min at 0°C in a Jouan
CR4-22 centrifuge. The nuclei were then rinsed in buffer P, sedi-
mented, resuspended, and counted in a hemacytometer. Both intact
and permeable nuclei were diluted with buffer to a final concentra-
tion equivalent to 1 pug of DNA/ ul, assuming a DNA mass of 6.3 pg
per diploid nucleus (Dawid, 1965). The permeability of plasma and
nuclear membranes was determined by incubating an aliquot of
SLO- or LPC-treated cells with affinity-purified TRITC-labeled im-
munoglobulin G (IgG) for 5 min. The percentage of nuclei excluding
the labeled IgG was determined by fluorescence microscopy (Leno
and Munshi, 1994).

Cell Culture and Synchronization

BALB/c 3T3 cells (CCL 163; American Type Culture Collection,
Manassas, VA) were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% calf serum, 100 U/ml penicillin G, 100
png/ml streptomycin sulfate, and 0.25 ug/ml amphotericin B (all
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from Life Technologies, Gaithersburg, MD). Cells were synchro-
nized in G1 phase by release from a nocodazole-induced mitotic
arrest. Nocodazole was added to the culture medium at 0.04 ug/ml
for 3 h; mitotic cells (mitotic index > 95%) were collected on ice, and
nocodazole was washed out with two rinses of ice-cold complete
growth medium. Cells were resuspended and replated for 3 h at
which time ~85% of the cells were in G1 as determined by flow
cytometry. S-phase contaminants in these cultures were identified
by pulsing with 100 uM bromodeoxyuridine (BrdU) for 15 min
before nuclear isolation.

In Vitro DNA Replication

Freshly isolated intact or permeable erythrocyte nuclei or intact
Gl-phase mouse 3T3 cell nuclei (Munshi and Leno, 1998) were
incubated at 3 ng of DNA/ul of extract supplemented with an
energy-regenerating system (60 mM creatine phosphate, 150 ug/ml
creatine phosphokinase), 100 ug/ml cycloheximide, 2 mM ATP, and
either 100 uCi/ml [a-*?P]dATP (800 Ci/mmol; New England Nu-
clear, Boston, MA) or 20 uM 5-biotin-16-dUTP (Boehringer Mann-
heim, Indianapolis, IN). dNTPs were added to a final concentration
of 50 uM to readjust pool sizes after dilution (Cox and Leno, 1990).
Mouse somatic linker histone Hlc was prepared as described (Lu ef
al., 1997) and, where indicated, added at 5.68 uM to egg extract. An
equivalent volume of water was added in control reactions. All
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Figure 2. An intact nuclear envelope prevents the assembly of pre-RCs on erythrocyte chromatin. (A) Permeable erythrocyte nuclei were
incubated in egg extract for 45 min, diluted with buffer, sedimented on coverslips, and treated with either 0.1% or 0.5% Triton X-100 before
fixation with paraformaldehyde. Intact nuclei were incubated in extract for 4 h, diluted, sedimented, and treated with 0.1 or 0.5% Triton X-100
before fixation or with 0.5% Triton X-100 after fixation. Incubated (Extract) and unincubated (XEN) nuclei were then probed with antibodies
to the pre-RC XOrc2, XCdc6, and XMcm3. Primary antibodies were detected with fluorochrome-conjugated secondary antibody, which was
visualized by fluorescence microscopy. Total DNA (DNA) was stained with Hoechst 33258. (B) Permeable and intact nuclei were incubated
in extract as described in A. Incubated (EXT) and unincubated (XEN) nuclei were diluted with buffer containing 0.1% Triton X-100 and
sedimented, and the chromatin proteins were separated by SDS-PAGE and transferred to nitrocellulose. Western blots were probed with
antibodies to XOrcl, XOrc2, XCdc6, XMcm3, and XMcem?7, incubated with enzyme-conjugated secondary antibody, and developed with
enhanced chemiluminescence using the ECL immunoblotting kit.

incubations were performed at 22°C. Incorporation of [a-**P][dATP essentially as described (Lu ef al., 1998), except that reactions were
or biotinylated dUTP was determined as previously described (Lu et diluted with ice-cold buffer A, and the nuclei were sedimented
al., 1997, 1998). Density substitution experiments were performed before DNA extraction.
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Figure 2. (cont).

Immunofluorescence Microscopy and Western
Blotting

The detection of individual pre-RC proteins by immunofluores-
cence microscopy was carried out as described (Lu et al., 1998) with
modifications as specified in each experiment. For Western blotting
of chromatin-associated pre-RC proteins, erythrocyte nuclei, with or
without extract incubation, were diluted with HE' buffer (50 mM
HEPES-KOH, pH 7.6, 50 mM KCl, 5 mM MgCl,, 2 mM B-mercap-
toethanol, 0.5 mM spermine, 0.15 mM spermidine, 1 ug/ml leupep-
tin, pepstatin, and aprotinin, 0.1% Triton X-100) and sedimented
through 15% sucrose in NIBS buffer (50 mM HEPES-KOH, pH 7.6,
50 mM KCl, 5 mM MgCl,, 2 mM B-mercaptoethanol, 0.5 mM sperm-
ine, 0.15 mM spermidine) at 2750 rpm for 10 min at 0°C in a Jouan
CR4-22 centrifuge. Proteins from each sample were separated on
7.5% SDS-PAGE gels and transferred to a nitrocellulose membrane
(Micron Separations, Westboro, MA) by electroblotting. Membranes
were blocked in TTBS-M (25 mM Tris-HCI, pH 8.0, 137 mM NaCl,
2.7 mM KCl, 10% dried milk, 0.5% Tween-20) and incubated for 1 h
in primary antibody. Membranes were then incubated in goat anti-
rabbit HRP-conjugated secondary antibody in TTBS-M. Blots were
developed with enhanced chemiluminescence using the ECL immu-
noblotting kit (Amersham Pharmacia Biotech, Uppsala, Sweden).
To determine the levels of NPL in egg extract by Western blotting,
1 ul of extract was diluted with 4 ul of extraction buffer (50 mM
HEPES-KOH, pH 7.6, 50 mM KCl, 5 mM MgCl,, 2 mM pB-mercap-
toethanol) and then with 5 ul of 2X SDS-PAGE sample buffer (125
mM Tris-HCl, pH 6.8, 10% SDS, 50% glycerol, 100 mM pB-mercap-
toethanol). Samples were run on 15% polyacrylamide gels and
blotted onto nitrocellulose membranes. Membranes were processed
as described above, except that PA3C5 hybridoma culture superna-
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tant, containing 10% dried milk, was used directly as the source of
primary antibody.

Purification of NPL and Monoclonal Antibody
Production and Purification

NPL was purified from Xenopus eggs essentially as described by
Dingwall et al. (1982), and a molar extinction coefficient of 13,980
M/cm at 280 nm was used to determine the final concentration of
protein (Pace et al., 1995). Mouse anti-NPL monoclonal antibody
was derived from the hybridoma clone PA3C5 (Dilworth et al.,
1987). Production and purification of antibody were as previously
described (Philpott et al., 1991). An extinction coefficient of 1.35
g/cm at 280 nm (IgG) was used to determine the protein concen-
tration (Harlow and Lane, 1988).

Immunodepletion of NPL

Immunodepletion of NPL from egg extract was performed essen-
tially as described (Philpott and Leno, 1992). Anti-NPL monoclonal
antibody PA3C5 was incubated at 2.5 ug/ul with protein A-Sepha-
rose beads (Amersham Pharmacia Biotech) in HEPES buffer for 30
min at room temperature. The beads were rinsed three times in
extraction buffer to remove unbound antibody. Egg extract was
thawed, supplemented with an energy-regenerating system and 100
g/ ml cycloheximide, mixed with a half-volume of antibody-coated
beads, and incubated on ice for 25 min. Beads were then sedimented
to the bottom of a pipette tip (Chong et al., 1997), and the flow-
through extract was subjected to a second round of immunodeple-
tion. Mock-depleted extract was prepared using HEPES buffer with-
out PA3C5 antibody. For reconstituted samples, NPL was added to
the depleted extract to a final concentration of 500 ng/ul, the
physiological concentration in egg extracts (Philpott and Leno,
1992).

Isolation of Chromatin-bound Proteins

To isolate chromatin-bound basic proteins, samples were diluted
with buffer A, and the nuclei were sedimented by centrifugation at
2000 rpm for 10 min at 0°C in a Jouan CR4-22 centrifuge. Basic
proteins were extracted from chromatin by addition of HCl to a final
concentration of 0.5 M, lyophilized, and analyzed by SDS-PAGE as
previously described (Lu et al., 1997).

Alkaline Agarose Gel Electrophoresis

Alkaline agarose gel electrophoresis was performed essentially as
described (Lu et al., 1998). Samples were run on a 1% Nusieve 3:1 gel
(FMC Bioproducts, Rockland, ME) in alkaline running buffer (30
mM NaOH, 1 mM EDTA), fixed in 5% trichloroacetic acid solution,
dried, and subjected to autoradiography.

RESULTS

An Intact Nuclear Envelope Prevents Replication of
Xenopus Erythrocyte Nuclei in Egg Extract by
Preventing the Assembly of Prereplication
Complexes on Chromatin

In Xenopus egg extracts, permeabilization of the nuclear
envelope is required for the initiation of replication in nuclei
from quiescent cultured cells (Leno and Munshi, 1994; Fang
and Benbow, 1996; Munshi and Leno, 1998) and from ter-
minally differentiated chicken erythrocytes (Leno and Mun-
shi, 1997). The molecular basis for this requirement is not
clear. Our hypothesis is that quiescent nuclei are incompe-
tent for replication because they lack functional pre-RCs and
that envelope permeabilization is required for assembly of
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pre-RCs by egg extract. We have used Xenopus erythrocyte
nuclei to test this hypothesis to exploit the availability of
antibodies that recognize Xenopus pre-RC proteins (Madine
et al., 1995a,b; Romanowski et al., 1996a,b; Lu et al., 1998).
However, an essential first step in our approach was to
confirm that loss of nuclear envelope integrity is also a
requirement for initiation in erythrocyte nuclei from Xeno-
pus.

Nuclei were obtained by treating Xenopus erythrocytes
with the bacterial exotoxin SLO or with LPC, and nuclear
envelope integrity was determined by incubating treated
cells with TRITC-labeled IgG (Leno et al., 1992; Leno and
Munshi, 1997). IgG is excluded from nuclei with intact nu-
clear envelopes but not from nuclei with detergent-damaged
(permeable) envelopes. We consistently found that >90% of
SLO-prepared nuclei excluded IgG (Figure 1A, SLO),
whereas >99% of the LPC-prepared nuclei did not (Figure
1A, LPC). To determine the replication competence of SLO
(intact) and LPC (permeable) nuclei, we incubated each at 3
ng of DNA/ul of extract supplemented with [a-3?P]dATP
(Figure 1B) or biotinylated dUTP (Figure 1, C and D) for
various periods as described in MATERIALS AND METH-
ODS. As expected, permeable nuclei replicated to a much
greater extent than intact nuclei in our time course experi-
ments (Figure 1B). Furthermore, the limited replication
within the intact sample was restricted to very few nuclei
(<10%; Figure 1, C, INTACT, and D, Int), whereas virtually
all permeable nuclei initiated replication under identical
conditions (Figure 1, C, PERMEABLE and D, Perm). Density
substitution experiments confirmed that incorporation of
label was the result of a single round of semiconservative
DNA replication (our unpublished observation). Thus, per-
meabilization of the nuclear envelope is required for repli-
cation of Xenopus erythrocyte nuclei by egg extract.

We next examined intact and permeable erythrocyte nu-
clei for the presence of pre-RC proteins both before and after
extract incubation. Permeable nuclei were incubated in ex-
tract for 45 min, before initiation of replication (our unpub-
lished observation), whereas intact nuclei, which do not
initiate replication in the extract (Figure 1, C and D), were
incubated for up to 4 h. Nuclei were sedimented onto cov-
erslips, treated with different concentrations of Triton X-100,
before or after fixation with paraformaldehyde, and probed
with antibodies that recognize the Xenopus pre-RC proteins
XOrc2, XCdc6, and XMcm3. The immunofluorescence re-
sults are shown in Figure 2A. Pre-RC proteins were unde-
tectable within erythrocyte nuclei in the absence of extract
incubation (XEN), irrespective of the method of nuclear
isolation. However, after incubation in the extract, all three
pre-RC proteins were found to stably associate with the
chromatin from permeable nuclei (PERMEABLE, 0.5%
T | FIX) but not with the chromatin from intact nuclei
(INTACT, 0.5% T | FIX), even though all were able to cross
an intact nuclear envelope (INTACT, FIX | 0.5% T). Low
levels of XOrc2 and XCdc6 were detected within intact nu-
clei after low-stringency detergent extraction (INTACT,
0.1% T | FIX) but not after high-stringency extraction (IN-
TACT, 0.5% T | FIX). By contrast, an increase in stringency
had no observable effect on the association of pre-RC pro-
teins with chromatin from permeable nuclei (PERMEABLE,
compare 0.1% T | FIX with 0.5% T |, FIX). The differential
association of pre-RC proteins with chromatin from intact
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and permeable nuclei was confirmed by Western blot (Fig-
ure 2B). In this case, nuclei incubated in egg extract (EXT)
were treated under low-stringency conditions (0.1% Triton
X-100) before analysis by PAGE. All five pre-RC proteins
examined (XOrcl, XOrc2, XCdc6, XMcm3, and XMcm?7)
were stably associated with chromatin from permeable nu-
clei (PERMEABLE, EXT) but not with chromatin from intact
nuclei (INTACT, EXT). Taken together, these data illustrate
several important points. First, terminal differentiated eryth-
rocyte nuclei lack essential components of the pre-RC. Sec-
ond, reactivation of DNA replication by egg extract involves
the assembly of pre-RC proteins on erythrocyte chromatin.
Third, an intact nuclear envelope prevents initiation in these
quiescent nuclei at least in part by preventing the assembly
of pre-RCs on chromatin.

An Intact Nuclear Envelope Reduces the Rate and
Extent of H1 Removal and B4 Assembly on
Erythrocyte Nuclei by Egg Extract

The replacement of somatic linker histones H1 and H1° with
the embryonic linker histone B4 and HMGI facilitates the
acquisition of transcriptional competence in erythrocyte
chromatin by egg extract (Dimitrov and Wolffe, 1996). Fur-
thermore, the replacement of B4 with somatic H1 reduces
the frequency of initiation of replication in egg extract by
limiting the assembly of pre-RCs on embryonic chromatin
(Lu et al., 1997, 1998). Therefore, if the removal of H1 from
erythrocyte chromatin is required for pre-RC assembly, then
an intact envelope could prevent this assembly by prevent-
ing the removal of H1. The selective removal of H1s from
erythrocyte chromatin is mediated by the molecular chap-
erone NPL (Dimitrov and Wolffe, 1996). NPL accumulates
within both intact and permeable erythrocyte nuclei after a
2-h incubation in egg extract (Figure 3, NPL, 2h). By 4 h (4h),
no clear difference in the extent of import was observed
between these nuclei. Treatment with Triton X-100 before
fixation resulted in the loss of NPL from all nuclei
(4h + Triton), consistent with its role as a soluble nucleo-
plasmic protein. Thus, NPL can cross an intact erythrocyte
nuclear envelope, allowing us to determine whether H1
removal occurs within intact nuclei under conditions in
which pre-RC assembly does not (Figure 2, A and B).
Intact and permeable nuclei were incubated in the extract
for various times and isolated, and the acid-soluble nuclear
proteins were separated by SDS-PAGE and stained with
Coomassie blue (Figure 4A). The levels of H1, H1°, and B4
proteins were quantitated by densitometry, normalized with
the core histones in each sample, and a mean value was
derived from three independent experiments in which three
different egg extracts were used (Figure 4B). The replace-
ment of H1ls with B4 on erythrocyte chromatin within per-
meable nuclei reached a plateau by 15 min, whereas replace-
ment within intact nuclei required >2 h to reach a plateau.
Furthermore, the replacement within intact nuclei was less
extensive than that observed within permeable nuclei for
each of the linker histones, i.e., ~40 versus ~60% for loss of
H1, ~50 versus ~70% for loss of H1°, and ~50 versus 100%
for acquisition of B4. The amounts of H1 and H1° on unin-
cubated XEN and the amount of B4 assembled on the chro-
matin of permeable nuclei after 60 min were designated as
100%. Virtually identical protein profiles were obtained
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Figure 3. NPL accumulates within intact and permeable erythrocyte nuclei incubated in egg extract. Intact (INTACT) and permeable
(PERMEABLE) erythrocyte nuclei were incubated in egg extract for 2 h (2h) and 4 h (4h) and subsequently isolated, fixed, and labeled with
anti-NPL monoclonal antibdy PA3C5 and with fluorescein-conjugated goat anti-mouse secondary antibody. Total DNA was stained with
Hoechst 33258 (DNA). A typical nucleus from each sample shows the intranuclear accumulation of NPL (NPL). In parallel 4-h samples, nuclei
were treated with Triton X-100 before fixation (4h + Triton), resulting in the complete loss of protein, consistent with NPL’s role as a soluble

nucleoplasmic protein.

when intact or permeable nuclei were treated with detergent
after extract incubation but before acid extraction (our un-
published observation), demonstrating the stable association
of these linker histones with chromatin. Thus, these data
demonstrate that an intact nuclear envelope reduces both
the rate and extent of H1 removal and B4 assembly in
erythrocyte nuclei by egg extract. The protein observed di-
rectly above H1 in the permeable XEN sample (Figure 4A,
XEN, PERMEABLE, lane 1) is most likely BSA, which is used
to stop membrane permeabilization by LPC. It is important
to note, however, that no experimental differences were
observed between permeable nuclei with or without this
protein.

The Removal of Somatic H1 from Erythrocyte
Chromatin Facilitates DNA Replication in Egg
Extract

The extent to which H1s are removed from chromatin within
intact erythrocyte nuclei (Figure 4) could account for the
failure of pre-RC proteins to stably bind chromatin (Figure
2) and initiate DNA replication (Figure 1) if, for example, it
were below a critical threshold required for the assembly of

Vol. 10, December 1999

functional pre-RCs. If this idea is correct, then limiting the
removal of Hls from chromatin within permeable nuclei
should have the same effect. Inmunodepletion of NPL from
the extract prevents the removal of H1 from chromatin,
whereas addition of purified NPL back to a depleted extract
restores this activity (Dimitrov and Wolffe, 1996). Therefore,
we used NPL-depleted egg extracts to determine the repli-
cation competence of permeable erythrocyte nuclei in the
absence of H1 removal.

The monoclonal antibody PA3C5 was used to deplete
virtually all of the NPL from our extracts (Figure 5A, com-
pare lane 3 with lanes 1 and 2), consistent with earlier
reports (Philpott et al., 1991; Philpott and Leno, 1992). The
Western blot shown in Figure 5A was also probed with
anti-XMcm3 to demonstrate equal loading among the sam-
ples and to show that at least one pre-RC protein is not
codepleted with NPL (Figure 5A, ANPL, lane 3). Incubation
of permeable erythrocyte nuclei in depleted extract pre-
vented the loss of H1s from chromatin as well as the assem-
bly of B4 (Figure 5B, compare lanes 2 and 3 with lane 4).
Addition of purified NPL back to depleted extracts restored
the levels of H1s to control and mock depletion levels (Fig-
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Figure 4. An intact nuclear envelope reduces the
remodeling of erythrocyte chromatin by egg extract.
1 2 3 4 5 6 7 8 (A) Permeable and intact erythrocyte nuclei were
incubated in extract for various times as indicated.
B Incubated and unincubated (XEN) nuclei were then
diluted and sedimented, and the chromatin-associ-
ated proteins were extracted with acid, resolved by
H1 H10 B4 SDS-PAGE, and visualized with Coomassie blue.
= The positions of the embryonic linker histone B4,
g ~ 100 -n-m'hh somatic linker histones H1 and H1° and core his-
g § e tones H3, H2B, H2A, and H4 are indicated. (B) The
":' 80 chromatin-bound H1, H1° and B4 proteins were
2.8  60- quantitated by densitometry and normalized with
< Q the core histones in each sample shown in A. Shown
g e 404 are the mean percentages of each chromatin-bound
..E [a W 204 protein, along with the SEM, from three separate
= experiments in which three different extracts were
0-r—Tr—r—T—T"TT 7T == . used. The amounts of H1 and H1° on unincubated
1 2 3 40 1 2 3 40 1 2 3 4 XEN and the amount of B4 assembled on the chro-

ure 5B, compare lane 5 with lanes 2 and 3). Permeable
erythrocyte nuclei were then incubated in undepleted “con-
trol” extract (CON), mock-depleted extract (MOC), NPL-
depleted extract (ANPL), and depleted extract reconstituted
with NPL to the physiological concentration (ANPL-+NPL)
and assayed for DNA replication by the incorporation of
[a-*?P]dATP (Figure 6A). Shown are the mean values from
three separate experiments in which three different extracts
were used. In the absence of NPL, replication was reduced
nearly 50% relative to the control sample (Figure 6A, com-
pare ANPL with CON). Furthermore, replication was re-
stored to control levels in depleted extract reconstituted with
NPL (compare ANPL+NPL with CON). Replication was not
inhibited in mock-depleted extract (MOC). Interestingly,
>95% of nuclei initiate replication in NPL-depleted extract
as judged by the incorporation of biotin-dUTP into nascent
DNA (Figure 6D). However, the intensity of streptavidin
fluorescence within these nuclei was markedly reduced rel-
ative to nuclei incubated in control extract, mock-depleted
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matin of permeable nuclei after 60 min were desig-
nated as 100% bound protein.

extract, and depleted extract reconstituted with NPL, con-
sistent with the data shown in Figure 6A.

The immunodepletion data shown in Figures 5 and 6A
demonstrate two important points. First, NPL is required for
the removal of somatic H1 from erythrocyte chromatin and
for the deposition of the cleavage stage linker histone B4.
Second, NPL facilitates the replication of erythrocyte nuclei
in egg extract. To investigate whether NPL facilitates repli-
cation by removing somatic H1 from chromatin, we added
increasing concentrations of purified H1 to NPL-containing
(control) extract and assayed the extent of inhibiton of rep-
lication at each concentration (Figure 7). We found that
addition of H1 to a final concentration of 5.68 uM restored
the overall linker histone content on chromatin to the level
observed in unincubated erythrocyte nuclei (Figure 7A,
compare H1 with XEN). Chromatin-bound H1 levels were
determined by densitometry and normalized to the core
histones in each sample. Purified somatic H1 (mouse Hlc)
migrates between Xenopus H1 and H1° in our SDS-PAGE
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Figure 5. NPL mediates the removal of Hls from erythrocyte
chromatin in egg extract. (A) NPL-depleted (ANPL) and mock-
depleted (MOC) extracts were prepared as described in MATERI-
ALS AND METHODS. Purified NPL was added to depleted extract
at a final concentration of 500 ng/ul (ANPL+NPL), the concentra-
tion of NPL in our extracts. Control extract (CON) was stored on ice
during the depletion procedure. Proteins from 1 ul of each extract
were separated by SDS-PAGE and transferred to nitrocellulose.
Shown is a Western blot probed with the anti-NPL monoclonal
antibody PA3C5 and with anti-XMcm3 polyclonal antibody. (B)
Permeable erythrocyte nuclei were incubated in control (CON),
mock-depleted (MOC), NPL-depleted (ANPL), or depleted extract
reconstituted with NPL (ANPL+NPL) for 15 min. Incubated and
unincubated (XEN) chromatin samples were sedimented and
rinsed, and the chromatin-bound basic proteins were extracted with
acid, resolved by SDS-PAGE, and visualized with Coomassie blue.
The positions of the embryonic linker histone B4, somatic linker
histones H1 and H1°, and core histones H3, H2B, H2A, and H4 are
indicated.

gels. The association of H1 with erythrocyte chromatin in-
hibited replication in control extract in a dose-dependent
manner (Figure 7B). Thus, a high level of somatic H1 on
erythrocyte chromatin, whether the result of NPL depletion
(Figure 5B) or the addition of exogenous H1 to NPL-con-
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taining (control) extract (Figure 7A), results in the inhibition
of replication (compare Figure 6A, ANPL, with Figure 7B,
5.68 uM H1). Taken together, these data argue that NPL
facilitates replication in egg extract by removing somatic H1
from erythrocyte chromatin.

Histone H1 on Erythrocyte Chromatin Reduces Pre-
RC Assembly and the Frequency of Initiation in Egg
Extract

The data presented so far indicate that removal of somatic H1s
from chromatin facilitates the replication of erythrocyte nuclei
in egg extract (Figures 4, 5, 6, A and D, and 7). In theory, H1
could inhibit replication in at least two ways: first, by reducing
the number of active replication forks, i.e., the frequency of
initiation; or second, by preventing fork movement, i.e., elon-
gation. To distinguish between these possibilities, we first in-
cubated permeable nuclei in NPL-depleted extract supple-
mented with BrdUTP and [e-**P]dATP for 8 h and separated
the nascent DNA by centrifugation to equilibrium in a cesium
chloride gradient. A typical density substitution profile is
shown in Figure 6B. A single peak of radioactivity was de-
tected at a density of ~1.75 g/ml (heavy/light DNA, HL),
demonstrating that erythrocyte nuclei undergo a single round
of semiconservative DNA replication in NPL-depleted extract
and ruling out extensive DNA repair. These data also argue
against partial strand synthesis, which would resolve at den-
sities between hemisubstituted (HL) and unsubstituted DNA
(Krude et al., 1997; Mahbubani et al., 1997).

The relative size of nascent DNA strands produced in
NPL-depleted extracts was determined by alkaline agarose
gel electrophoresis (Figure 6C). Virtually all nascent DNA
was found in a high-molecular-weight form (ANPL) indis-
tinguishable from that observed in mock-depleted extract
(MOC). In contrast, a range of lower-molecular-weight
forms was observed when replication forks were arrested
with aphidicolin shortly after initiation in mock-depleted
extract (MOC+APH). Results essentially identical to those
described in Figure 6C were obtained when the concentra-
tion of DNA was increased 10-fold, i.e., from 3 to 30 ng/pul
of extract, demonstrating that even at high DNA concentra-
tion, replication elongation occurs in NPL-depleted extract
(our unpublished observations). Taken together, these data
demonstrate that elongation does occur in the presence of
histone H1 and suggest that the inhibition of replication we
observe in NPL-depleted extract is due to a reduction in the
frequency of initiation.

The assembly of somatic histone H1 on embryonic chro-
matin has been shown to reduce the frequency of initiation
in egg extract by limiting the assembly of pre-RCs on DNA
(Lu et al., 1998). To determine whether pre-RC assembly on
erythrocyte chromatin is limited in NPL-depleted extract, a
Western blot, containing the chromatin-bound proteins from
permeable erythrocyte nuclei incubated for 45 min in control
(CON), mock-depleted (MOC), NPL-depleted (ANPL), and
depleted extract reconstituted with NPL (ANPL+NPL), was
probed with antibodies to several pre-RC proteins (Figure
8A). In each case, the level of the pre-RC protein in the
NPL-depleted extract was reduced relative to that observed
in control and mock-depleted samples. Protein levels were
restored to control levels when NPL was added back to the
depleted extract. Thus, NPL facilitates the assembly of pre-
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RCs on erythrocyte chromatin in egg extract. Given the
essential role of pre-RCs in the establishment of replication
competence, the data presented here raise the interesting
possibility that removal of H1 from erythrocyte chromatin
by NPL facilitates pre-RC assembly on DNA, thereby in-
creasing the frequency of initiation and the overall extent of
replication in egg extract.

Alternatively, NPL could facilitate replication of perme-
able erythrocyte nuclei by some other mechanism, such as a
direct effect on replication proteins themselves. Our demon-
stration that the maintenance of somatic linker histone con-
tent on erythrocyte chromatin inhibits replication, even in
the presence of NPL, argues against this possibility (Figure
7). Furthermore, intact G1-phase tissue culture nuclei, which
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Figure 6. Immunodepletion of NPL
from egg extract inhibits initiation but
not elongation in erythrocyte nuclei.
(A) Permeable erythrocyte nuclei were
incubated in control (CON), mock-de-
pleted (MOC), NPL-depleted (ANPL),
or depleted extract reconstituted with
NPL (ANPL+NPL) containing [a-32P]-
dATP for 8 h. The samples were pro-
cessed as described in MATERIALS
AND METHODS. DNA replication is
expressed as a percentage of the control
sample that was designated as 100%.
The data shown are mean values * SE
from three separate experiments in
which three different extracts were
used. (B) Permeable erythrocyte nuclei
were incubated for 8 h in NPL-depleted
extract supplemented with BrdUTP
and [a-3?P]dATP. DNA was purified
from each sample and centrifuged to
equilibrium in a cesium chloride gradi-
ent. The refractive index of every fifth
fraction was determined. The radioac-
tivity in each fraction was measured by
liquid scintillation, and the counts per
minute (cpm) are shown. The expected
densities of heavy/light DNA (HL, 1.75
g/ml) and heavy/heavy DNA (HH,
1.79 g/ml) are indicated. (C) Permeable
erythrocyte nuclei were incubated for
8 h in mock-depleted extract (MOC),
NPL-depleted extract (ANPL), or
mock-depleted extract supplemented
with aphidicolin at 20 ug/ml (MOC+
APH), each containing [a->*P]dATP. DNA
was precipitated and separated on a 1%
agarose gel under alkaline denaturing con-
ditions. An autoradiogram of the nascent
DNA is shown. (D) Permeable erythrocyte
nuclei were incubated in control (CON),
mock-depleted (MOC), NPL-depleted
(ANPL), or depleted extract reconstituted
with NPL (ANPL+NPL) containing 20 uM
biotinylated dUTP for 8 h. Bulk DNA was
stained with Hoechst 33258 (DNA), and
nascent DNA was labeled with fluoresce-
in-conjugated streptavidin (Biotin). An un-
incubated nucleus is also shown (XEN).
The samples were processed as described
in MATERTALS AND METHODS.

MOC
MOC ANPL +APH

contain fully assembled pre-RCs, replicate to similar levels
in mock-depleted (MOC) and NPL-depleted (ANPL) extracts
(Figure 8B), indicating that once pre-RC assembly is com-
plete, NPL’s role in facilitating replication is reduced. There-
fore, these results strongly support the notion that NPL
increases the frequency of initiation in the extract by pro-
moting pre-RC assembly on chromatin.

DISCUSSION

We have used Xenopus egg extract to investigate the roles of
chromatin structure and nuclear envelope integrity in the
reactivation of DNA replication in nuclei from terminally
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XEN

Biotin

Control

Mock

ANPL
+NPL

nnu. U
Z
>

Figure 6. (cont).

differentiated Xenopus erythrocytes. We find that erythrocyte
nuclei lack essential components of the pre-RC, including
XOrcl, XOrc2, XCdc6, XMcm3, and XMcm?7 (Figure 2).
These proteins stably associate with the chromatin of per-
meable nuclei, which initiate replication in the extract, but
not with the chromatin of intact nuclei, which do not initiate
under identical conditions. The failure of pre-RC proteins to
bind chromatin from intact nuclei is not due to restricted
nuclear access, however, because XOrc2, XCdc6, and
XMcm3 are all able to cross an intact nuclear envelope
(Figure 2). Therefore, given that ORC, Cdc6, and MCM
proteins are all essential for DNA replication in eukaryotic
cells (reviewed by Stillman, 1996), these data argue that an
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Figure 7. Assembly of somatic H1 on erythrocyte chromatin in-
hibits replication in extracts containing NPL. (A) Permeable eryth-
rocyte nuclei were incubated (140 ng of DNA/ul of extract) in
extract without (CON) or with histone Hlc (H1; 5.68 uM) for 15 or
60 min as indicated. The chromatin-associated proteins from unin-
cubated nuclei (XEN) and from incubated nuclei were isolated and
analyzed as described in Figure 4. The positions of the embryonic
linker histone B4, somatic linker histones H1 and H1° somatic
mouse linker histone H1c, and core histones, H3, H2B, H2A, and H4
are indicated. Protein levels were quantitated by densitometry and
normalized to the core histones in each sample. (B) Permeable
erythrocyte nuclei were incubated for 8 h in extract without (0 uM
H1) or with increasing concentrations of Hlc (3.41, 4.54, and 5.68
uM H1). The samples were processed as described in MATERIALS
AND METHODS. DNA replication is expressed as a percentage of
the control sample that was designated as 100%.

intact nuclear envelope prevents initiation in erythrocyte
nuclei at least in part by preventing the assembly of pre-RCs
on chromatin.
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Figure 8. NPL facilitates pre-RC as-
sembly on erythrocyte chromatin in egg
extract. Permeable erythrocyte nuclei
were incubated in control (CON),
mock-depleted (MOC), NPL-depleted
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(ANPL), or depleted extract reconsti-
tuted with NPL (ANPL+NPL) for 45
min. Initiation events occurred within
virtually all nuclei in both mock-de-
pleted and NPL-depleted extracts by 60
min, as judged by the incorporation of
biotin-dUTP into nascent DNA (our un-
published observation). Each sample
was diluted with buffer containing
0.1% Triton X-100 and sedimented, and
the chromatin proteins were separated
by SDS-PAGE and transferred to nitro-
cellulose. Western blots were probed
with antibodies to XOrcl, XOrc2, XCdc6,
XMcm3, and XMcm7, incubated with en-
zyme-conjugated secondary antibody,
and developed with enhanced chemilu-
minescence using the ECL immunoblot-
ting kit. (B) Intact Gl-phase 3T3 nuclei
were incubated in mock-depleted (MOC)
or NPL-depleted (ANPL) extract for 6 h.
The samples were pro-cessed as de-

MOC

ANPL

scribed in MATERIALS AND METHODS. DNA replication in the NPL-depleted sample represents a mean value derived from eight separate
experiments in which two different extracts were used and is expressed as a percentage of the mock-depleted sample that was designated as 100%.

The SEM for the depleted sample is shown.

The absence of XCdc6 and XMcm3 from the chromatin of
terminally differentiated erythrocytes is consistent with the
observations that these proteins are virtually undetectable in
cultured mammalian cells induced to exit the cell cycle by
serum deprivation (Williams et al., 1997; Musahl ef al., 1998;
Yan et al., 1998). Our data are also consistent with studies in
yeast that show a dramatic reduction in Mcm3, and the
disappearance of the prereplicative footprint from origin
DNA, after induction of a GO-like state (Diffley et al., 1994;
Young and Tye, 1997). However, the presence of a postrep-
licative footprint in GO yeast cells (Diffley et al., 1994) along
with relatively high levels of Orc2 in quiescent mammalian
cells (Musahl et al., 1998; Stoeber et al., 1998) indicate that
ORC proteins remain associated with chromatin during re-
versible growth arrest. In contrast, XOrcl and XOrc2 are
undetectable within terminally differentiated erythrocyte
nuclei (Figure 2), which, in vivo, are permanently with-
drawn from the cell cycle (Leonard et al., 1982). Conceivably,
the chromatin-bound ORC that remains during reversible
arrest could serve to target other pre-RC proteins back to
their original sites, thereby ensuring the preservation of
origin specificity (Gilbert et al., 1995; Lawlis et al., 1996;
Stoeber et al., 1998) and the replication timing program
(Fangman and Brewer, 1992; Jackson and Pombo, 1998) dur-
ing S-phase reentry. In the absence of cell cycle reentry,
however, marking origins of replication would appear to be
unnecessary.

The absence of pre-RC proteins from erythrocyte chroma-
tin could be explained in two ways. First, these proteins may
fail to assemble on erythrocyte chromatin during the final
cell cycle of the differentiation program. This idea is intrigu-
ing in light of the fact that terminal differentiation of avian
erythroid progenitors proceeds in precise synchrony, sug-
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gesting that the decision to enter GO may be programmed in
advance by a “master switch” rather than in response to
environmental conditions in early G1 phase (Dolznig et al.,
1995). Second, pre-RCs may be disassembled during exit
from the cell cycle, as has been suggested for quiescent
cultured cells (Leno and Munshi, 1994, Wu and Gilbert,
1997). Additional work is required to distinguish between
these two possibilities.

Permeabilization of the nuclear envelope appears to be a
general requirement for initiation of replication in nuclei
from post-S-phase cells (Blow and Laskey, 1988; Leno et al.,
1992; Coverley et al., 1993; Madine et al., 1995b) and quies-
cent cells (Leno and Munshi, 1994, 1997; Fang and Benbow,
1996; Munshi and Leno, 1998; this paper, Figure 1) by egg
extract. The results presented here demonstrate that an in-
tact nuclear envelope prevents replication of erythrocyte
nuclei, at least in part, by preventing the assembly of func-
tional pre-RCs on chromatin (Figures 1 and 2), the same
general mechanism by which an intact envelope prevents
rereplication within G2-phase nuclei (Madine et al., 1995b;
Romanowski ef al., 1996b; Hua et al., 1997). However, the
specific requirements for generating functional pre-RCs
within erythrocyte nuclei and G2-phase nuclei are different.
In the latter case, XCdc6 and XMCM proteins must rebind to
replicated DNA, which retains XORC, and it is the loading
of XMCM proteins on chromatin that is prevented by an
intact nuclear envelope (Madine et al., 1995b; Romanowski et
al., 1996b; Hua et al., 1997). By contrast, many, if not all,
pre-RC proteins must be assembled on erythrocyte nuclei,
including XOrcl and XOrc2 (Figure 2), all of which are
prevented from stably binding to chromatin by an intact
envelope. The failure of XCdc6 and XMCM proteins to bind
erythrocyte chromatin in the absence of XORC is not sur-
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prising given the stepwise assembly of the pre-RC by egg
extract (reviewed by Romanowski and Madine, 1996, 1997).
However, it is surprising that assembly of XORC requires
envelope permeabilization (Figure 2).

There are at least four general ways in which an intact
nuclear envelope could prevent XORC assembly on eryth-
rocyte chromatin. First, differentiation-specific changes in
the nuclear envelope, such as a reduction in the density of
nuclear pore complexes or changes in the capacity for nu-
clear protein import (Feldherr and Akin, 1990, 1991, 1993),
could prevent the localization of ORC proteins within intact
nuclei. Our data demonstrating that XOrc2 accumulates
within intact nuclei (Figure 2) argue against this idea. How-
ever, we cannot rule out the possibility that other XORC
proteins fail to cross an intact envelope, thereby preventing
complete XORC assembly. Second, unique features of chro-
matin or nuclear structure (Thomas and Maclean, 1975;
Brun, 1978; Wolffe, 1989; Chen et al., 1996), which are pre-
served within intact erythrocyte nuclei, could prevent the
stable binding of nucleoplasmic XORC proteins to DNA.
Indeed, our results demonstrate that an intact envelope re-
duces both the rate and the extent of removal of H1s from
erythrocyte chromatin (Figure 4); however, this reduction
cannot adequately explain the absence of XORC from chro-
matin, because functional pre-RCs form on the chromatin
from permeable nuclei even in the absence of H1 removal
(Figures 5 and 6), although to a much lesser extent (Figure
8). Yet, other features of chromatin or nuclear structure,
which have not been investigated here, could prevent the
assembly of XORC on erythrocyte DNA. Third, an intact
envelope could exclude a factor that is required for XORC
binding to DNA similar to the hypothetical loading factor
for MCM proteins (Madine et al., 1995b). Fourth, an intact
nuclear envelope could prevent XORC binding by concen-
trating, within the nucleus, an inhibitor of pre-RC assembly.
This inhibitor could be a cyclin-dependent kinase, given that
addition of moderate levels of cyclin A to egg extract pre-
vents the binding of XORC to chromatin, possibly by reduc-
ing its affinity for DNA (Hua and Newport, 1998). If correct,
the inhibitory concentration of kinase, or other factor, must
be reached before XORC is assembled. This would not hap-
pen with permeable nuclei, because pre-RCs form on eryth-
rocyte chromatin before an intact nuclear envelope is reas-
sembled by the extract (our unpublished observations).
Interestingly, we have found that H1 kinase activity is much
higher within intact nuclei than within permeable nuclei
after a 45-min incubation in the extract (our unpublished
data). The identity of this kinase and its possible effects on
XORC assembly are currently under investigation.

The hypercondensed erythrocyte chromatin (Thomas and
Maclean, 1975; Brun, 1978; Wolffe, 1989) is decondensed and
remodeled into embryonic-like chromatin by the replace-
ment of somatic linker histones H1 and H1° with the cleav-
age-stage linker histone B4 and HMGI from egg extract
(Dimitrov and Wolffe, 1996; this paper, Figure 4). These
transitions in chromatin composition and structure play a
dominant and essential role in the reacquisition of transcrip-
tional competence in erythrocyte nuclei (Dimitrov and
Wollffe, 1996). The data shown here indicate that these tran-
sitions in composition and structure of erythrocyte chroma-
tin also facilitate the initiation of replication (Figure 6) ap-
parently by promoting the assembly of pre-RCs on DNA
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(Figure 8A). The molecular mechanism(s) by which such
transitions in chromatin structure promote pre-RC assembly
is unknown. The association of XORC with replication ori-
gins may involve the reorganization and displacement of
nucleosomes surrounding the origin DNA, which appears to
be the case in yeast (Bell and Stillman, 1992; Diffley and
Cocker, 1992). Accordingly, the replacement of somatic H1s
with embryonic B4 would induce a global reorganization of
inactive chromatin, thereby unmasking potential XORC
binding sites on the DNA. Once unmasked, other regulatory
factors could facilitate a more localized reorganization at
specific sites (Gavin ef al., 1998), eventually leading to XORC
binding. A component of this global reorganization may be
an increase in nucleosome mobility, such as that which
accompanies the replacement of somatic Hls with B4
(Nightingale et al., 1996; Ura et al., 1996), generating a more
dynamic and extended chromatin structure (Dimitrov et al.,
1994; Nightingale et al., 1996; Ura et al., 1996) in which
potential binding sites become accessible to ORC.

Another protein that plays an important role in the com-
paction of erythrocyte chromatin is the mature erythrocyte
nuclear termination stage-specific protein (MENT) (Grigor-
yev et al., 1992). MENT is a non-histone protein that is
associated with condensing chromatin in terminally differ-
entiating avian erythrocytes (Grigoryev and Woodcock,
1993). This heterochromatin protein has recently been
shown to mediate higher-order chromatin folding in avian
granulocytes (Grigoryev et al., 1999) presumably by acting as
a glue within and between nucleosome chains (Grigoryev
and Woodcock, 1998). It seems likely that the remodeling of
erythrocyte chromatin in egg extract would also involve the
removal of MENT from compact chromatin, leaving a more
decondensed and open conformation, which could also con-
tribute to the availability of potential ORC binding sites.

NPL mediates the decondensation and remodeling of
sperm chromatin in egg extract (Philpott et al., 1991; Philpott
and Leno, 1992; Leno ef al., 1996). Interestingly, NPL also
brings about the decondensation of nuclei from cultured
somatic cells, although, in this case, limited decondensation
does occur even in NPL-depleted extract (Philpott et al.,
1991). We also observed residual decondensation of eryth-
rocyte nuclei in NPL-depleted extract (our unpublished
data), and it is possible that this level of decondensation
allows for limited pre-RC assembly (Figure 8A) and DNA
replication (Figure 6). The factor or factors responsible for
this NPL-independent decondensation of erythrocyte chro-
matin have not been identified; however, it is intriguing to
speculate that this process may be mediated by a protein
complex similar to the chromatin accessibility complex
(CHRAC), isolated from Drosophila embryo extracts, that
increases nucleosome mobility even in the presence of his-
tone H1 (Varga-Weisz et al., 1995, 1997). This complex has
been implicated in the stimulation of SV40 replication by
facilitating the binding of large T-antigen to origin DNA
(Alexiadis et al., 1998).

In conclusion, the data presented here indicate that loss of
nuclear envelope integrity and the removal of somatic linker
H1 from erythrocyte chromatin are required for the acqui-
sition of essential pre-RC proteins from the extract and the
reactivation of DNA replication in this system. Furthermore,
these data also suggest that reactivation is an ordered pro-
cess, requiring, first, envelope permeabilization to remove a
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“block” to pre-RC assembly and, second, the removal of H1
to regulate the frequency of pre-RC assembly and initiation
of replication. Further analysis is required for a more precise
definition of these mechanisms and to determine the role(s)
they may play in the establishment and/or maintenance of
the quiescent state in eukaryotic cells.
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