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ABSTRACT  Simian virus 40 chromosomes can be repli-
cated in vitro with the same set of purified proteins required for
the replication of naked DNA containing the viral origin. With
these reconstituted systems, the fate of parental histones during
replication was examined in vitro. The assembly of nucleosomes
on replicating chromosomes was hardly affected by the pres-
ence of simultaneously replicating naked DNA competitor,
suggesting that replication forks can traverse nucleosomes
without the displacement of histones. Moreover, we demon-
strate that the nascent nucleosomes were distributed almost
equally between the leading and lagging strands. This distrib-
utive mode of nucleosome segregation favors the propagation of
parental chromatin structures to both daughter cells, which
can maintain cellular functions dictated by these structures
during cell proliferation.

Eukaryotic gene activation is associated with changes in the
structure of chromosomes. This implies that properties lead-
ing to the active or inactive state of chromatin must be
reproduced after DNA replication to maintain patterns of
gene expression during cell proliferation. However, the mo-
lecular mechanism involved in the propagation of chromatin
structures is unknown. Since histones are metabolized at low
rates, almost all of the parental histones are found in daughter
chromatin with an equivalent amount of newly synthesized
histones. Several in vivo studies suggest that conservative
segregation of nucleosomes during chromosome replication
contributes to the propagation of chromatin structures (1-5),
whereas other studies indicate that parental nucleosomes are
segregated to both daughter DNA helices (6-11).

What is the fate of parental nucleosomes during DNA
replication? Since data from in vivo studies have been con-
tradictory, we thought that the replication of chromatin in
vitro would be more informative. Recently developed cell-
free systems for simian virus 40 (SV40) DN A replication have
permitted detailed examination of the molecular mechanisms
involved in mammalian DNA replication. Although most of
these studies have used nucleosome-free DNA as the tem-
plate, cell-free systems supporting faithful replication of
SV40 chromosomes using crude cell extracts have been
developed (12-14). By reconstituting these systems with
purified components required for SV40 DNA replication (15),
we have examined the fate of parental nucleosomes. Here we
show that parental histones are not dissociated from the
replicating DNA after passage of replication forks. We have
also demonstrated that nucleosomes are segregated to daugh-
ter DNA strands in a distributive manner and not in the
conservative mode. This mode of segregation would favor the
maintenance of the parental nucleosome structure in the two
functionally identical daughter cells.
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MATERIALS AND METHODS

Preparation of Replication Proteins and SV40 Chromo-
somes. SV40 large tumor antigen was prepared from insect
cells (SF9) infected with a recombinant baculovirus (16) as
described (17). The other replication proteins, DNA poly-
merase a (pol a)-primase complex (18), topoisomerase 11
(18), proliferating-cell nuclear antigen (PCNA) (19), human
single-stranded DNA binding protein (also designated RF-A)
(20), activator 1 (Al, also designated RF-C) (21), and pol é
(22), were prepared from HeLa cells as described. SV40
chromosomes were prepared as described (14).

Replication Reactions. Reaction mixtures (40 ul) for the
replication of SV40 chromosomes contained 40 mM creatine
phosphate-Tris (pH 7.6), 3.5 mM MgCl,, 0.5 mM dithiothrei-
tol,2mM ATP, 200 uM CTP, 200 uM GTP, and 200 uM UTP,
100 uM dATP, 100 xM dGTP, and 100 uM dTTP, 20 uM
[-*?P]dCTP (=30 cpm/fmol), creatine phosphokinase (1 ug),
bovine serum albumin (12 ug), SV40 chromosome (100 ng of
DNA), SV40 large tumor antigen (0.8 pg), human single-
stranded DN A binding protein (0.2 ug), topoisomerase I (100
units), and the indicated amounts of pol a—primase complex;
pol & (0.16 unit), Al (0.06 unit), and PCNA (0.1 ug) were
added as noted. For replication of naked SV40 DNA, 100 ng
of SV40 replicative form DNA was substituted for SV40
chromosomes. Reaction mixtures were incubated at 37°C for
2 h and samples were assayed for incorporation of radioac-
tivity into acid-insoluble materials. The remaining replication
products were purified and analyzed in 1.5% agarose gels
with 30 mM NaOH/1 mM EDTA as described (23).

Micrococcal Nuclease (MNase) Digestion. After incubation,
samples of the reaction mixtures were adjusted to 1 mM
CaCl, and digested at 37°C for 3 min with MNase as indicated.
Digestion was terminated by the addition of SDS and EDTA
to 0.5% and 10 mM, respectively. The resulting products
were electrophoresed through 5% polyacrylamide gels with
TBE buffer (23) and autoradiographed. For purification of
mononucleosome DNA (MN-DNA), the bands correspond-
ing to MN-DNA, located by autoradiography, were excised
from the gels. The MN-DNA was eluted from the gel slices
by overnight incubation at 37°C in elution buffer [0.5 M
NH,OAc/10 mM Mg(OAc),/1 mM EDTA/0.1% SDS] and
then recovered by phenol/chloroform-extraction and etha-
nol-precipitation.

Hybridization Analysis. Strand-specific M13 DNA probes
for SV40 were constructed as described (24). The resulting
mpl8 SVEC and mpl9 SVENC contain the coding and
noncoding strands, respectively, in the early transcribed
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DNA, mononucleosome DNA; PCNA, proliferating-cell nuclear
antigen; pol, DNA polymerase; SV40, simian virus 40.
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region of SV40 DNA, and mpl8 SVLNC and mp19 SVLC
contain the noncoding and coding strands, respectively, in
the late region. To prepare probes specific for pSVO1AEP
(17), the plasmid was cut with EcoRI and the resulting longer
fragment, which was derived from pBR322 DNA, was in-
serted into the EcoRlI site of M13mp18 in both orientations.
As aresult, mp18 pBR1 and mp18 pBR2 contained the coding
and noncoding strands with respect to the ampicillin-
resistance gene of pBR, respectively. For hybridization with
MN-DNA, purified MN-DNA (=10 ng) and the indicated sets
of single-stranded DNA probes (total 5 ug) were added to 10
ul of 1 standard saline citrate, heated for S min at 90°C, and
then cooled slowly to 50°C. Unhybridized MN-DNA and
MN-DNA hybridized to the added probes were separated by
electrophoresis in 1% agarose gels with TAE buffer (23).
Filter hybridization analysis was carried out as described (23)
by using nitrocellulose membrane filters (BA85) and an
apparatus (Minifold II) from Schleicher & Schuell.

RESULTS

SV40 Chromosome Replication with Purified Proteins. Two
kinds of reconstituted systems for SV40 DNA replication
have been established: one is the ‘‘monopolymerase’’ system
containing a single DNA polymerase, pol « (18), and the other
is the ‘‘dipolymerase’’ system containing pol « and another
DNA polymerase, pol 8, with its accessory proteins, Al and
PCNA (25-27). In the monopolymerase system, both leading
and lagging strands are synthesized by pol a, whereas in the
dipolymerase system, pol 8 plays a major role in synthesis of
the leading strand. The dipolymerase system appears to be
more physiological, because the involvement of pol 8§ in
eukaryotic DNA replication has been strongly suggested
from biochemical studies with the SV40 replication systems
(25, 28, 29) and from genetic studies with Saccharomyces
cerevisiae (30-32).

SV40 chromosomes prepared from infected CV1 cells were
incubated in reaction mixtures corresponding to the mono-
and dipolymerase systems with various amounts of the pol
a—primase complex. The replication products were analyzed
by alkaline agarose gel electrophoresis (Fig. 1a). In the
monopolymerase system using 0.4 unit of pol a, two main
DNA species were synthesized: one was an Okazaki-
fragment-like short (=150 bases) DNA and the other was
much longer DNA (lane 13). The addition of pol 8 with A1 and
PCNA caused insignificant changes in the pattern of repli-
cation products except for the slight increase in length of the
shorter DNA species (lane 16). However, when lower levels
of pol a-primase were used, synthesis of the longer DNA
species was completely dependent on the presence of pol 5,
Al, and PCNA (compare lanes 4 and 8 with lanes 1 and 5,
respectively). Parallel analysis by slot-blot hybridization with
strand-specific DNA probes revealed that leading strands
could be synthesized by high levels of pol a-primase complex
alone, whereas pol 8, Al, and PCNA were required with
limiting levels of the pol a—primase complex (Fig. 1). Thus,
as shown in the studies on naked SV40 DNA replication,
SV40 chromosomes also can be replicated in both the mono-
and dipolymerase systems.

Assembly of Replicated DNA into Nucleosomes. To examine
the chromatin assembly of nascent DNA produced in these
reconstituted systems, replication products were digested
with various levels of MNase before deproteinization. When
replicated chromosomes were digested and then DNA was
separated by nondenaturing polyacrylamide gel electropho-
resis, a strong digestion barrier was observed at =150 base
pairs (bp) (Fig. 2 c—f, most obvious with MNase at 3 units/
ml). More extensive digestion (with MNase at 10 units/ml)
generated one major band of 145 bp and two minor bands of
165 bp and 120 bp. This pattern of digestion is typical for
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FiG.1. Replication of SV40 chromosomes with purified proteins.
(a) SV40 chromosomes were replicated at 37°C for 2 h in the presence
of various amounts of pol a-primase complex as shown at the top.
pol 8, Al, and PCNA were added (+) or omitted (—) from the reaction
mixtures as indicated above each lane. The replication products that
were labeled with 32P were purified and subjected to alkaline agarose
gel electrophoresis and autoradiography. The DNA size markers
(lanes M) are a l-kilobase DNA ladder (BRL) labeled with
[a-32P)dCTP and the Klenow fragment of pol I. (b) Samples of the
products from some reaction mixtures shown in a were digested with
BamHI and hybridized to nitrocellulose filters blotted with strand-
specific M13 DNA probes (1 ug per slot) containing the individual
strands of the early and late transcribed regions of SV40 DNA. The
hybridization signals were constant with more than 0.1 ug per slot of
the probes blotted. nt, Nucleotide(s).

DNA organized into nucleosomes lacking histone H1 (33—
35). Although a small amount of dinucleosome DNA was
observed after exhaustive digestion, more limited digestion
(MNase at 1 unit/ml) produced a smear of DNA products
rather than the characteristic ladder-like pattern. These re-
sults indicated that SV40 chromosomes replicated in the in
vitro systems were partially organized into nucleosomes that
were not tandemly arranged in a typical regularly spaced
manner. These results were unaffected by the presence of pol
& or by changes of the pol « level (compare Fig. 2 c-f). On
the other hand, protection of nascent DN A was not observed
with the naked DN A template (Fig. 2 a and b), indicating that
the nascent nucleosome assembly was specific for chromo-
some replication.

Competition Between Replicating Chromosomes and Naked
DNA for Nucleosome Assembly. Since our purified protein
fractions contained no detectable activity for de novo nucleo-
some assembly, the nascent nucleosomes observed in Fig. 2
c—f were probably derived from parental histones, which
were originally constituents of the chromosome template.
However, other possibilities had to be considered: one was
that the chromosome preparations used might contain soluble
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FiG.2. MNase digestion of replicated SV40 chromosomes. Naked SV40 DNA (a and b) or SV40 chromosomes (c—f) were incubated at 37°C
for 2 h in the mono- and dipolymerase systems as indicated. Samples of the reaction mixtures were digested at 37°C for 3 min with the indicated
final concentrations of MNase. The resulting products were purified, electrophoresed on nondenaturing polyacrylamide gels, and autoradio-
graphed. The DNA size markers are 32P-end-labeled Hae III digests of $X174 replicative form DNA. The positions of DNA bands excised for

purification of MN-DNA are shown by arrowheads.

histones available for the nucleosome assembly, and another
possibility was that some histones could be transferred from
nonreplicating chromosomes to nascent DNA. These possi-
bilities were eliminated by competition experiments. SV40
chromosomes and various amounts of pSVO1AEP (a plasmid
containing the replication origin of SV40), as a competitor,
were mixed and replicated in the dipolymerase system con-
taining 0.012 unit of pol a. After MNase digestion of the
labeled products, the resulting MN-DNA corresponding to
the bands of 165 bp and 145 bp was purified. To distinguish
between nascent nucleosomes on chromosomes and those on
competitor DNA, the MN-DNA was heat-denatured and then
annealed to a molar excess of single-stranded circular DNA
probes bearing sequences specific for either the SV40 chro-
mosome DNA or the competitor DNA. The distribution of
nascent nucleosomes between chromosomes and competitor
DNA was examined by separating hybridized and unhybrid-
ized MN-DNAs by native agarose gel electrophoresis and
determining the radioactivity hybridized to the individual
probes. If nascent nucleosomes were assembled by some
nonspecific mechanisms (i.e., assembly with contaminating
soluble histones or histone exchange between DNA helices),
they should be distributed randomly on newly synthesized
DNA, regardless of chromosomes or competitors.

Slot-blot hybridization analysis showed that, in the pres-
ence of increasing levels of competitor, replication of the
competitor DNA predominated over chromosome replica-
tion (Fig. 3 d=f). On the other hand, the vast majority of the
nascent MN-DNA hybridized to the chromosome-specific
DNA probes regardless of the amount of the competitor used
(Fig. 3 a—). As summarized in Table 1, =90% of the nascent
nucleosomes were assembled on the chromosomes even
under conditions where the competitor DNA replicated four
times more efficiently (i.e., 30 ng of pSVO1AEP). Thus, the
replicating chromosomes were assembled into nucleosomes
with at least a 40-fold preference over the simultaneously
replicating naked DNA. Similar results were also obtained

with the monopolymerase system and dipolymerase systems
using different levels of pol a—primase (data not shown).
From these results, we conclude that nascent nucleosomes
were not formed by assembly of contaminating soluble his-
tones or by nonspecific histone exchange. In addition, these
results suggest that the parental histones did not completely
detach from DNA at replication forks and then rebind to
nascent DNA but that they remained physically bound to the
template DNA even during the translocation of replication
forks through the complex.

Nucleosome Segregation During Chromosome Replication.
Based on the results of the competition experiments de-
scribed above, we measured the ratio of radioactivity recov-
ered as MN-DNA to that incorporated into total replicated
DNA in Fig. 2 to assess the percentages of parental histones
utilized for the nascent nucleosome assembly. In all recon-
stituted systems used, 20-25% of the replicated DNA was
protected from MNase digestion. If the chromosome tem-
plate contained one nucleosome per 200 bp and if =150 of 400
bases synthesized (=35%) were protected from MNase ac-
tion, then at least 60-70% of the parental histones were
utilized as octamers for the nascent nucleosome assembly.

We have also examined the mode of segregation of parental
nucleosomes between the leading and lagging strands during
chromosome replication in the reconstituted systems. For
this purpose, SV40 chromosomes alone were replicated in the
mono- or dipolymerase system. Nascent MN-DNA was
obtained by MNase digestion and samples were hybridized
with each of the four strand-specific M13 DNA probes for
SV40 DNA. As shown in Fig. 4, the nascent MN-DNAs
hybridized to each of the four strands almost equally. These
results were hardly affected by the presence of pol 8 or by
changes in the level of pol a, although the ratio of nucleosome
assembly on the leading and lagging strands varied slightly
between 1.0 and 1.4. These results suggested that the parental
histone octamers were segregated distributively between the
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FiG.3. Competition between replicating SV40 chromosomes and
naked DNA for nucleosome assembly. SV40 chromosomes (con-
taining 100 ng of DNA) were mixed with 0 ng (@ and d), 10 ng (b and
e), or 30 ng (c and f) of pSVO1AEP and replicated at 37°C for 2 h in
the dipolymerase system containing 0.012 unit of pol a. (a-c) The
reaction mixtures were digested at 37°C for 3 min with MNase at 10
units/ml, and the resulting MN-DNA was purified by gel electro-
phoresis. Samples of the MN-DNA were denatured and hybridized
in solution to single-stranded M13 DNA probes specific for either
SV40 DNA or pSVO1AEP. The hybridized and unhybridized MN-
DNAs were separated by native agarose gel electrophoresis and
located by autoradiography. The probes used for each lane were as
follows. Lanes: 1, mpl8 SVEC and mp18 SVLNC (1:1 mixture); 2,
mp19 SVENC and mp19 SVLC (1:1 mixture); 3, mp18 pBR1; 4, mp18
pBR2; 5, mp18; 6, mpl9. (d-f) Samples of the replication products
were removed before MNase digestion and hybridized to nitrocell-
ulose filters blotted with the same set of single-stranded DNA probes
(1 pg per slot) as used in a-c. The filters were washed, dried, and
autoradiographed.

leading and lagging strands during chromosome replication
with the purified proteins.

DISCUSSION

In the present study, SV40 chromosomes were replicated
with the same set of purified proteins required for the
replication of naked SV40 DNA. Cheng and Kelly (13)
recently showed that the prebinding of nuclear factor I to its

Table 1. Preferential nucleosome assembly of replicating
SV40 chromosomes

Relative nucleosome Relative DNA
formation* synthesist
pSVO1AEP (pPSVO1AEP/ (pSVO1AEP/
added, ng chromosome) chromosome)
0 — —
10 0.06 1.17
30 0.12 4.52

*Regions corresponding to hybridized and unhybridized MN-DNAs
were excised from each lane of the dried gels shown in Fig. 3 a-c,
and radioactivity was measured by liquid scintillation counting. The
ratios of radioactivity hybridized to the M13 probes for pSVO1AEP
(the sum of lanes 3 and 4) and for chromosomes (the sum of lanes
1 and 2) were calculated for the individual panels.

TEach slot shown in Fig. 3 d—f was excised from the nitrocellulose
strips and radioactivity was quantified in a liquid scintillation
counter. Ratios of radioactivity hybridized to probes specific for
pSVO1AEP (the sum of slots 3 and 4) and chromosome (the sum of
slots 1 and 2) were calculated. )
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FiG. 4. Segregation of parental histone octamers during SV40
chromosome replication. SV40 chromosomes were replicated at
37°C for 2 h in either the monopolymerase system (a) or the
dipolymerase systems (b-d) containing various amounts of pol a.
After MNase digestion (10 units/ml, 37°C, 3 min), the resulting
MN-DNA was purified and samples were hybridized in solution to 5
pug each of the strand-specific M13 probes for SV40 DNA. The
hybridized and unhybridized MN-DNAs were separated by native
agarose gel electrophoresis and subjected to autoradiography. The
percentage of hybridized radioactivity was determined by liquid
scintillation counting. The ratio of labeled MN-DNA hybridized to
leading and lagging probes was calculated for the early and late sides,
respectively, and the results, normalized for the deoxycytidine
content of the individual strands, are shown at the right.

DNA binding site situated adjacent to the replication origin of
SV40 prevented nucleosomes from covering the origin and
increased the template activity of minichromosomes assem-
bled in vitro with Xenopus oocyte extracts. Since we used
SV40 chromosomes prepared from infected cells, the chro-
mosomes that contain a nucleosome-free region around the
replication origin may be selectively replicated in our repli-
cation system. This would obviate the requirement for a
factor to maintain a nucleosome free origin.

Our results suggest that parental histones remain associ-
ated with DNA even during passage of replication forks.
Similar results were obtained by Bonne-Andrea et al. (36), in
studies in which an artificial chromosome containing nucle-
osomes assembled on a circular plasmid DNA containing the
M13 origin was replicated with purified T4 proteins. We, on
the other hand, have used native SV40 chromosomes as the
template and a bidirectional eukaryotic replication system. In
spite of the marked differences between the prokaryotic and
eukaryotic proteins that constitute the replication fork, his-
tone octamers were not displaced as the replication fork
traversed the parental chromosomes. These observations
suggest that the retention of the nucleosomes is a property
intrinsic to this multiple protein complex. These findings are
in keeping with in vivo observations. Almost all of parental
histones are utilized to form daughter chromatin and newly
replicated DNA is rapidly organized into nucleosomes.

Both conservative and nonconservative modes of nucleo-
some segregation have been reported. In many in vivo studies
concerned with nucleosome segregation, inhibitors of protein
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synthesis, such as cycloheximide and emetine, were used to
block de novo synthesis of histones. Recently, it was shown
that emetine selectively blocked the lagging-strand synthesis
and caused an apparent bias in the segregation of nucleo-
somes to leading strands (37). This effect of protein synthesis
inhibitors may explain the controversial results obtained in
vivo. On the other hand, in vitro studies carried out so far
agree that parental histone octamers are segregated to both
daughter strands. However, Bonne-Andrea et al. (36) ob-
served that segregation of histone octamers was biased
toward the leading strands, whereas our resulits indicate that
histone octamers were segregated almost equally. This dif-
ference may be due to the replication systems used. In
prokaryotic replication systems, Okazaki fragments are
much longer (>1000 bases) than those in eukaryotes (=200
bases). Therefore, relatively long stretches of single-stranded
regions should be present behind prokaryotic replication
forks. Because of this, histone octamers may tend to be
transferred toward the leading strands at replication forks.
Another question is whether the parental histone octamers
are segregated to both daughter strands without disruption
even when newly synthesized soluble histones can be added
to nascent chromatin. Several investigators have suggested
that parental histone octamers may not be conserved at
replication forks in vivo (11, 38—40). The supplementation of
the present replication systems with histones and nucleo-
some assembly factors, such as chromatin assembly factor
(41) and nucleosome assembly factor (42), should shed light
on this question.

In conclusion, SV40 chromosomes can be replicated with
purified proteins without the displacement of parental histone
octamers, which are segregated equally between leading and
lagging strands. This implies that parental histone octamers
are inherited and directly involved in the reconstruction of
chromatin structures on both daughter DNA helices. Indi-
vidual nucleosomes may impart higher-order structures that
render chromatin transcriptionally active or inactive, by
histone modifications such as acetylation, binding of histone
H1 and high mobility group proteins, and positioning on the
DNA sequences. If this was the case, the direct inheritance
and distributive segregation of parental nucleosomes may be
important in the propagation of chromatin structures and the
production of two daughter cells that are functionally indis-
tinguishable from each other as well as from their mother cell.
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