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Summary

Mechanistically, an origin of bidirectional DNA replica-
tion (OBR) can be defined by the transition from dis-
continuous to continuous DNA synthesis that must
occur on each template strand at the site where repli-
cation forks originate. This results from synthesis of
Okazaki fragments predominantly on the retrograde
arms of forks. We have identified these transitions at
a specific site within a 0.45 kb sequence approxi-
mately 17 kb downstream from the 3' end of the di-
hydrofolate reductase gene in Chinese hamster ovary
chromosomes. At least 80% of the replication forks in
a 27 kb region emanated from this OBR. Thus, initia-
tion of DNA replication in mammalian chromosomes
uses the same replication fork mechanism previously
described in a variety of prokaryotic and eukaryotic
genomes, suggesting that mammalian chromosomes
also utilize specific cis-acting sequences as origins of
DNA replication.

Introduction

Initiation of DNA replication in a number of bacterial, plas-
mid, bacteriophage, and animal virus genomes is medi-
ated through the interaction of specific proteins with a
unique, genetically defined DNA sequence commonly re-
ferred to as the origin of replication (“ori”). This interaction
serves to unwind the DNA templates and initiate DNA syn-
thesis. In eukaryotic cell chromosomes, replication can
then proceed by two possible mechanisms. In the replica-
tion fork mechanism, DNA synthesis occurs concomi-
tantly on both DNA template strands as rapidly as they are
unwound. Since the two template strands are antiparallel,
and all DNA polymerases synthesize DNA only in the &
to 3' direction, the direction of synthesis on one template
must be opposite that of fork movement (retrograde). This
is accomplished by the repeated initiation of short na-
scent DNA chains, referred to as “Okazaki fragments,’ that
are eventually joined to the 5’ ends of long nascent DNA
chains (Figure 1, Discontinuous DNA Synthesis). When
DNA replication proceeds bidirectionally from specific
sites, the resulting transition from discontinuous to con-
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tinuous DNA synthesis that occurs on each strand of DNA
defines an origin of bidirectional replication (OBR) as di-
agrammed in Figure 1.

OBRs have been identified in the mammalian viruses
SV40 (Hay and DePamphilis, 1982) and polyomavirus
(Hendrickson et al., 1987a, 1987b; DePamphilis et al.,
1988), as well as in the prokaryotic genomes of Esche-
richia coli (Kohara et al., 1985; Seufert and Messer, 1987)
and the bacteriophages T7 (Rabkin and Richardson,
1988) and A (Tsurimoto and Matsubara, 1984). In these ex-
amples, the OBR coincides closely with ori, but it may also
occur some distance from ori, as suggested from the loca-
tion of DNA bubbles in the Drosophila chorion gene locus
(Delidakis and Kafatos, 1989; Heck and Spradling, 1990).
Analysis of DNA replication in vitro has further shown that
DNA synthesis on the forward template of SV40 replication
forks is carried out by a DNA polymerase-8/PCNA com-
plex, a highly processive enzyme that lacks DNA primase,
suggesting that synthesis on the forward arm is entirely
continuous (for reviews see Blow, 1989; Stillman, 1989).
The presence of similar proteins in yeast furthef suggests
that the same is true for all eukaryotic replication forks.

Although the replication fork mechanism is often in-
voked to explain DNA replication in eukaryotic cell chro-
mosomes, only two of its features have ever been demon-
strated: the presence of Okazaki fragments and the
presence of replication bubbles (DePamphilis and Was-
sarman, 1980; Benbow et al., 1985; Umek et al., 1989). In
fact, the general lack of evidence for replication forks in
mammalian chromosomes has suggested a strand sepa-
ration mechanism as an alternative model (Micheli et al.,
1982; Benbow et al., 1985). In this model, DNA templates
are unwound in the absence of DNA synthesis, simultane-
ously exposing both templates as extensive regions of
single-stranded DNA. DNA synthesis can then be initiated
at many sites throughout both templates, resulting in a
mixture of Okazaki fragments and long nascent DNA
chains appearing on both DNA strands. Consequently, no
transition from discontinuous to continuous DNA synthe-
sis appears at any specific site. Structures consistent with
this mechanism have been observed in DNA from a vari-
ety of eukaryotes (Michelietal., 1982; Benbow et al., 1985;
Gaudette and Benbow, 1986).

We have attempted to distinguish between these two
mechanisms for DNA replication in mammalian chromo-
somes by searching for an OBR within a single copy se-
quence. Previous studies with Chinese hamster ovary
cells (CHOC 400) containing 1000 tandemly repeated
copies of the dihydrofolate reductase (DHFR) gene region
revealed that DNA replication begins within a 4.3 kb se-
quence centered approximately 16 kb downstream from

- the DHFR gene (Burhans et al., 1986a; Leu and Ham-

lin, 1989; Anachkova and Hamlin, 1989). Therefore, we
searched for an OBR in this locus, using CHO K1 cells
containing the original unamplified copy of the DHFR
gene region. Our approach was to measure the fraction
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Figure 1. Experimental Protocol for Identifying an OBR in Mammalian
Cells

of Okazaki fragments synthesized on the retrograde arm
of replication forks relative to the forward arm by hybridiz-
ing labeled Okazaki fragments to cloned single-stranded
DNA templates representing unigque segments of this re-
gion. A similiar strategy was used previously in this labo-
ratory to identify the OBR in SV40 (Hay and DePamphilis,
1982) and polyomavirus (Hendrickson et al., 1987a,
1987b). The results reveal that Okazaki fragments in mam-
malian chromosomes, like those in SV40 and polyoma-
virus chromosomes, originate predominantly, if not ex-
clusively, from the retrograde arm of replication forks.
Furthermore, the transitions from discontinuous to con-
tinuous DNA synthesis that were previously demonstrated
to mark an OBR in these viral genomes also exist in mam-
malian chromosomes. We identified an OBR within a pre-
viously described initiation zone for DNA synthesis near
the DHFR gene in CHO cells, by demonstrating that at
least 80% of the forks in this region originated within a
045 kb sequence approximately 17 kb downstream from
the 3" end of the DHFR gene. Thus, mammalian cells can
initiate replication at specific DNA sites using a mecha-
nism that generates the same types of replication forks
previously recognized only in bacierial, plasmid, bacterio-
phage, and animal virus genomes.

Results

Experimental Strategy

Assuming that DNA replication in mammalian chromo-
somes is initiated bidirectionally at a specific site using
the replication fork model, hybridization of Okazaki frag-
ments to cloned sirand-specific DNA templates that span
the initiation site will reveal the expected transitions be-
tween discontinuous and continuous DNA synthesis (Fig-
ure 1). In discontinuous DNA synthesis, Okazaki irag-
ments are repeatedly initiated, elongated, and joined to
the 5’ ends of long nascent DNA strands. Under our ex-
perimental conditions, the ligation step occurs within 1
min of completing synthesis (Tseng and Goulian, 1975),

resulting in long nascent DNA strands labeled at both
ends. However, the amount of label incorporated at each
end depends on the kinetic parameters of each step in
DNA synthesis, which are subject to change with ex-
perimental conditions. Therefore, the template specificity
for fragments of high molecular weight nascent DNA is too
complex to predict with confidence. In contrast, the repli-
cation fork model predicts that Okazaki fragments anneal
predominantly, if not exclusively, to the retrograde arm un-
der all conditions of labeling. For this reason, and be-
cause of the difficulties in separating long nascent DNA
chains from the large excess of unlabeled DNA that inter-
feres with hybridization to immobilized DNA, we used the
template specificity of Okazaki fragment synthesis as are-
liable assay for deiecting an OBR.

Six DNA segments from the initiation locus of the single
copy DHFR gene in CHO K1 cells were cloned into M13
phage. These represented unique strand-specific DNA
templates from both arms of replication forks within a 27
kb region. CHO K1 cells were synchronized at their G1/S
border under conditions that accumulate early replicating
intermediates (Decker et al., 1986). Okazaki fragments
were then labeled for 1.5 min, by treating the cells with
NP40 to make them permeable to dNTPs and releasing
them into S phase in the presence of [a-*?P]dATP and
BrdUTP under conditions that permit faithful continuation
of DNA replication events initiated in vivo (for review see
DePamphilis and Wassarman, 1982). For example, the
same “early labeled fragment” observed by labeling na-
scent DNA in intact cells (Heintz and Hamlin, 1982) is also
labeled first in NP40 treated cells (Burhans et al., 1986a;
this paper) and in isolated nuclei (Heintz and Stillman,
1988).

In a randomly proliferating population of cells, the quan-
tity of Okazaki fragments from the DHFR region that could
be isolated from a reasonable number of cells was insuffi-
cient to detect a hybridization signal. Therefore, it was
necessary 1o synchronize cells at their G1/S boundary in
order to obtain a large population of replication forks
within the initiation zone. Furthermore, if origins are not

Figure 2. Consequence of Overlapping Replication Bubbles in Map-
ping Origins of Replication

Discontinuous (broken lines) and continuous (solid lines) DNA synthe-
sis patterns that result when two independent origins of replication (ori)
located in separate cells are activated at the onsel of S phase. Large
arrows indicate passing of time.
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Figure 3. Analysis of Okazaki Fragments Synthesized in NP40-Treated
CHO Cells

Synchronized cultures of CHO cells were released into S phase for 3
to 5 min, treated with NP40, and incubated with [a-**P]dATP for 1.5
min (Pulse) or for 1.5 min followed by 30 min in the presence of excess
unlabeled dATP (Chase). DNA was purified, heat denatured, and frac-
tionated either in urea—polyacrylamide gels (A), as described by An-
derson and DePamphilis (1978), or in alkaline agarose gels (B) (Ex-
perimental Procedures). Agarose gels were sliced into equal frac-
tions, and radioactivity was quantified by liquid scintillation counting.
Shaded areas comespond lo fraclions containing high molecular
weight DNA (fractions 1-5) and Okazaki fragments (fractions 14-22)
that were used in subsequent hybridization experiments.

separated by termination sites in an unsynchronized cell
population, a specific sequence may be replicated at any
particular time in some of the cells of the population by
different origins that lie in adjacent regions, destroying
any strand bias that may exist during Okazaki fragment
synthesis (Figure 2).

To obtain highly purified populations of Okazaki frag-
ments, DNA was fractionated according to its size by gel
electrophoresis, recovered by electroelution, and labeled
nascent DNA was separated from unlabeled parental
DNA by immunoprecipitating single-stranded Br-DNA with
anti-BrdU antibodies. This purification scheme eliminated
unlabeled parental DNA strands that could potentially in-
terfere with subsequent hybridization. Nascent DNA was
then hybridized to individual complementary template
strands that had been cloned into single-stranded Mi3
DNA and immobilized on nitrocellulose membranes (dot
blots). The orientation of template strands was determined
either from the directionality of restriction fragments used
in cloning or by sequence analysis of the cloned DNA
(Caddle et al., 1990). Hybridization signals were quanti-
fied by scanning densitometry of autoradiographs. Con-
trol experiments demonstrated that the response of the
film to radioactive decay was linear within the range of sig-
nals obtained.

Identification of Okazaki Fragments

One characteristic of Okazaki fragments in mammalian
cells is their size, which ranges from 25 to 300 nucleo-
tides (DePamphilis and Wassarman, 1980). To determine
whether pulse-labeled DNA synthesized in CHO K1 cells
was of this size, DNA pulse-labeled for 1.5 min was puri-

fied, denatured, and then fractionated by electrophoresis
in denaturing 5% polyacrylamide-urea gels (Figure 3A).
Two size classes of pulse-labeled nascent DNA were ob-
served. One was high molecular size (>5000 bp) and re-
mained at the gel's origin, and the other was a broad peak
of low molecular weight DNA. The median weight/average
length of these molecules was 105 nucleotides, with a
range of 40-250 nucleotides, as expected if these mole-
cules are Okazaki fragments.

A second characteristic of Okazaki fragments is their
transient nature; after synthesis, they are rapidly ligated
to the long growing chains of nascent DNA (Tseng and
Goulian, 1975). When DNA was pulse-labeled for 1.5 min
and then incubated for 30 min with an excess of unlabeled
dATP (“chase”), at least 90% of the small molecular weight
DNA was converted into high molecular weight DNA (Fig-
ure 3A), consistent with their designation as Okazaki frag-
ments. The possibility that these DNA fragments resulted
from dUTP incorporation and subsequent dUTP glycosy-
lase activity (Grafstrom et al., 1978) is excluded by the fact
that the fraction of Okazaki fragments observed by heat
denaturation (Figure 3A) was equivalent to the fraction ob-
served by alkaline denaturation (Figure 3B).

A third characteristic of Okazaki fragments is that they
originate predominantly, if not exclusively, from the retro-
grade template (see Figure 1). This results from the an-
tiparallel organization of the two strands in DNA and the
fact that all DNA polymerases synthesize nascent DNA
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Figure 4. Hybridization of Okazaki Fragments to Large DNA Seg-
ments in the DHFR Gene Region

Okazaki fragments were labeled at the onset of S phase as described
in Figure 3. Purified Okazaki fragment [*P]DNA was hybridized to
cosmid DNA clones containing sequences spanning the genomic re-
gion containing the DHFR gene (A) and the relative amounts of hybrid-
ization shown in (B). The eariest labeled fragment identified in CHOC
400 cells by Burhans et al. (1986a) is indicated by a solid box.



Cell
958

in one direction (5' to 3. Thus, although synthesis of
Okazaki fragments on the forward arm is neither required
nor excluded, any template preference observed by Oka-
zaki fragments must be for the retrograde arm. As de-
scribed below, the short, transient nascent DNA chains
isolated from CHO K1 cells hybridized predominantly to
the predicted retrograde template. This prediction was
based on the position of the origin from previous results
(see Figure 7) and confirmed by identification of an OBR.
Accordingly, they are referred to as Okazaki fragments.

Distribution of Okazaki Fragments in the DHFR
Gene Locus

Previous studies have shown that replication of the ampli-
fied DHFR gene in CHOC 400 cells containing 1000 cop-
ies of the DHFR locus begins at a specific site down-
stream from the DHFR gene (Heintz and Hamlin, 1982;
Burhans et al., 1986a, 1986b; Heintz and Stillman, 1988;
Leu and Hamlin, 1989; Anachkova and Hamlin, 1989). To
determine whether these observations also hold true in
CHO K1 cells containing two copies of this locus, Okazaki
fragments were labeled in synchronized cultures 3 to 5
min after release of cells into S phase and then hybridized
to cosmid DNA-containing sequences extending over
more than 150 kb of the DHFR locus (Figure 4A). The
largest hybridization signal was obtained from the cosmid
clone (cSC26) containing the earliest labeled fragment
identified in CHOC 400 cells (Burhans et al., 1986a,

1986b; Figure 4B). This signal did not result from a non-
random distribution of repetitive DNA, because repetitive
DNA is distributed randomly throughout this region (Fore-
man and Hamlin, 1989) and DNA from unsynchronized
cells hybridized equally well to each cosmid (data not
shown; Anachkova and Hamlin, 1989; Ma et al., 1990).
These results show that the DHFR initiation locus identi-
fied in CHOC 400 cells also functions in CHO K1 cells, and
that Okazaki fragments labeled near the onset of S phase
were enriched for sequences from this locus, consistent
with the presence of an OBR within cSC26.

The distribution of Okazaki fragments between the two
arms of replication forks in the DHFR initiation locus was
determined by hybridizing them to unique templaie DNA
segments cloned into M13 vectors (Figure 5). Six template
segments (A to F) were chosen to span a 27 kb region that
contained the “earliest labeled DNA fragment” identified
in previous studies (Burhans et al., 1986a, 1986b). Dupli-
cate samples of each M13 clone, as well as duplicate sam-
ples of M13 vector DNA that did not contain CHO K1 se-
quences, were immobilized on membrane supports (dot
blots). The amount of DNA in each dot that corresponded
to CHO K1 sequences was at least 1000-fold greater than
the expected mass of homologous sequences present in
the DNA probe. DNA on the dot blots was hybridized with
large scale preparations of either 32P-labeled Okazaki
fragments or high molecular weight DNA, or with ran-
domly labeled M13 [*2P]DNA. Blots were subsequently

' N e —— g Figure 5. Hybridization of Nascent DNA
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ment CHO DNA and high molecular weight
K CHO DNA were labeled at the onset of S phase
as described in Figure 3. Purified [<P]DNA
was then hybridized to M13 DNA cloned tem-
plates representing either the 5-3' or 3-5' com-
plementary strands of DNA segments A
through F. M13 vector [**P]DNA was used to
measure the relative amounts of cloned tem-
plate available for hybridization. These three
[**P]DNA probes were also hybridized with
M13 vector DNA. Each of the cloned templates
as well as the M13 vector DNA were applied to

the membrane in duplicate.
The proximity to the DHFR gene of seg-

ments A through F is indicated in reference to
restriction sites Xbal (X), Kpnl (K), EcoRlI (E),
BamHI (B), and Hind3 (H). Segment Aisa 1 kb
sequence corresponding to DHFR cDNA. Seg-
ments B (1.6 kb), C (230 bp), D (250 bp), and

E (355 bp) were subcloned from S13X-24 (Bu-
rhans et al., 1986a) into M13mp18 and mp19
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using standard techniques (Sambrook et al.,
1989). Segments C and D correspond to Hae3
fragments from nucleotides 2431 to 2661 and
2662 to 2914, respectively, in the 6157 bp re-
gion sequenced by Caddle et al. (1990), and

segment E corresponds to nucleotides 3947 to
4301. Segment F (1.2 kb) corresponds to an
EcoRI-Xbal fragment subcloned from cosmid

cSC26 (Looney and Hamlin, 1987). Orientation
was determined by sequence analysis and by
the polarity of restriction sites used in cloning.
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washed under high stringency conditions, exposed to
X-ray film, and the hybridization signals obtained were
quantified by densitometry.

In each of the six clones, 3P-labeled Okazaki frag-
ments hybridized preferentially to the predicted retrograde
templates (Figure 5). In contrast, signals obtained with
CHO K1 high molecular weight [*2P]DNA probe were ei-
ther equivalent for complementary strand templates or
slightly biased to the predicted forward DNA template
(Figure 5), as previously observed with SV40 and poly-
omavirus replicating DNA (Perlman and Huberman, 1977,
Kaufmann et al., 1978; Cusick et al., 1981; Hendrickson et
al., 1987b). Similarly, *2P-labeled DHFR region DNA iso-
lated from recombinant plasmids containing segments A
and F annealed equally well to both template strands (data
not shown). In addition, M13 [¥2P|DNA probe annealed
equally well to each of the cloned template DNAs, confirm-
ing that equivalent amounts of the template sequences
immobilized on the membrane were available for hybrid-
ization. Therefore, the biases observed with *2P-labeled
Okazaki fragments were specific for the Okazaki fragment
fraction of the pulse-labeled DNA.

Two observations indicate that the hybridization sig-
nals observed with CHO K1 DNA probe represented se-
quence-specific hybridization. First, little or no hybridiza-
tion was observed to M13 DNA. Second, the total signal
from both strands in each maiched setl were generally
proportional to the size of the cloned segment. These
results reveal that Okazaki fragments are synthesized pre-
dominantly on one side of replication forks in CHO K1
cells.

Identification of an OBR

The hybridization biases observed with clones A through
C were to the 3-5' templale, whereas the biases observed
with clones D through F were to the 5-3' template (Figure
5). This transition between the presence and absence of
Okazaki fragments on each template strand defines an
OBR within segments C and D. Data from several inde-
pendent experiments were quantified and averaged to-
gether (Figure 6). Since the strength of the sequence-
specific signal observed was proportional to the length of
the cloned CHO K1 DNA segment (data not shown), the
fraction of the signal due to nonspecific hybridization with
M13 vector DNA increased with decreasing probe length.
This background was significant only with the two small-
est probes (Figure 6, probes C and D). These data re-
vealed that Okazaki fragments annealed, on average,
three (not corrected for background) or four (corrected for
background) times more frequently to the retrograde tem-
plate than to the forward template, consistent with similar
studies on SV40 and polyomavirus replication forks (Hen-
drickson et al., 1987b). Therefore, 80% of replication forks
originated from a 0.45 kb locus that maps approximately
17 kb downstream from the 3’ end of the DHFR gene, iden-
tifying an OBR within this locus. Hybridization of Okazaki
fragments labeled in synchronized or unsynchronized
CHOC 400 cells containing 1000 copies of the DHFR lo-
cus yielded results similar to those described above for
single copy CHO K1 cells.
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Figure 6. ldentification of an OBR in the DHFR Locus of CHO Cells
The hybridization signals for Okazaki fragments synthesized in CHO
and CHOC 400 cells were quantified by densitometry. The ralios be-
tween complemenlary strands of DNA segments A through F were cal-
culated for two to nine independent experiments, and the average

‘wvalues = standard error of the mean were plotted, Autoradiographs

were selected in which the intensity of the signal was proportional to
the amount of [**P]DNA present. This was determined using known
amounts of [*3P]DNA spotted on a membrane. For radioactivity be-
tween 20 and 100 cherenkov cpm per dot, exposure times of ~20 hr
revealed a linear response. The line across the bar in probes C and
D represents the ratio calculated before substraction of nonspecific hy-
bridization to M13 vector DNA; background for the other probes was
always undetectable.

Inability of Origin Sequences to Promote
Replication of Plasmid DNA

In a variety of prokaryotic and eukaryotic genomes, OBRs
include unique cis-acting sequences that are necessary
for initiation of DNA replication. In general, these se-
quences promote autonomous replication of plasmid DNA
when plasmids are provided with the necessary trans-
acting factors either in vivo or in vitro. Therefore, three
DNA fragments containing the DHFR region OBR were
tested for their ability to promote autonomous replication
in circular DNA molecules: cosmid cSC26 (see Figure 4),
a plasmid containing a 54 kb fragment spanning the
BamHI site 16 kb from the DHFR gene to the next Kpnl
site, and a plasmid containing a 4.3 kb Xbal fragment from
the Xbal site at 14.5 kb to the next Xbal site. Sequences
that did not contain the origin region defined in this study
were also evaluated. These included pML-1 vector DNA,
cosmid cH2 DNA (see Figure 4), a plasmid conlaining a
4.8 kb fragment extending from the Xbal site 8 kb from the
DHFR gene to the next Xbal site (see Figure 5), ors12
(Frappier and Zannis-Hadjopoulos, 1987), and pARS65
(Iguchi-Ariga et al., 1987).

Replication activity was first tested by transfecting from
10 ng to 10 ug of each DNA into ~10% CHO K1, Hela,
293, or HL-60 cells. HelLa and 293 cells are transformed
human cell lines that replicate SV40 DNA efficiently in vivo
and in vitro. Human HL-60 cells contain high levels of
c-myc protein and have been reported to replicate putative
mouse and human origin sequences. Transfection was
performed using calcium phosphate precipitation (Wigler
et al., 1978), DEAE dextran (Guo et al., 1989), and lipo-
some fusion (Felgner et al., 1987) protocols. Replication
was measured between 24 and 96 hr postiransfection
using resistance of newly replicated DNA to cleavage by
Dpnl as an assay for a single round of DNA replication
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(Peden et al., 1980). DNA replication was also evaluated
by incubating circular DNA molecules in extracts of each
cell line as described by Decker et al., 1987; Li and Kelly,
1985; or lguchi-Ariga et al., 1987.

In general, none of the cosmid or plasmid DNAs was ob-
served to replicate under any of these conditions. Our
level of detection was 1 pg of DNA per 10° cells. In con-
trast, plasmids containing the SV40 origin and T-ag gene
always replicated efficiently when either transfected con-
currently into Hela cells or incubated in parallel extracts
of Hela, 293, or HL-60 cells. Occasionally, however, small
amounts of Dpnl-resistant material (~10 pg/10® cells)
were observed with both ori* and ori- DNA molecules,
particularly in calcium phosphate transfections or when
cosmid DNA was replicated in extracts of 293 cells.
Regardless of the mechanism by which this replication oc-
curred, it did not require the OBR identified in our experi-
ments.

Discussion

DNA Replication in Mammalian Chromosomes
Begins within a Limited Initiation Locus

Initial efforts to locate the site where DNA replication be-
gins in the DHFR gene region used CHOC 400 cells, con-
taining 1000 amplified copies of the DHFR domain syn-
chronized at the G1/S border by isoleucine starvation and
arrest of DNA synthesis with metabolic inhibitors (Figure
7). Heintz and Hamlin (1982) identified three specific DNA
fragments that rapidly incorporated radioactive precur-

el

sors when cells were released into S phase. One of these
early labeled fragments is located between 12 and 24 kb
downstream of the DHFR gene and was later shown to
replicate first (Burhans et al., 1986a; Heintz and Stillman,
1988). Hybridization of labeled DNA to unique genomic
sequences localized the earliest replicating DNA to a 4.3
kb sequence (Burhans et al., 1986a, 1986b). Further tech-
nical improvements (“in-gel renaturation”) resolved the po-
sition of this initiation locus to about 1.8 kb (Leu and
Hamlin, 1989), later refined to approximately 500 bp (Anach-
kova and Hamlin, 1989). Additional initiation loci may also
exist further downstream of the DHFR gene (Leu and
Hamlin, 1989; Anachkova and Hamlin, 1989; Handeli et
al., 1989).

A new approach for mapping OBRs at single copy loci
was reported recently based on the assumption that pre-
fork histones segregate to the forward arm of replication
forks (Handeli et al., 1989). In these experiments, ex-
ponentially proliferating CHO K1 cells were incubated for
24 hr in the presence of a protein synthesis inhibitor, and
then nuclei were digested with micrococcal nuclease to
destroy all unprotected nascent DNA. The results were
consistent with an OBR contained within a 15 kb segment
that encompasses the initiation zone described in CHOC
400 cells (Figure 7). Furthermore, this DNA segment
could be moved to other regions of the genome and still
act as an ori, consistent with the presence of an ori se-
quence. We have recently confirmed these observations,
but in our experiments, presumptive nucleosomes pro-
tected the retrograde arm rather than the forward arm:

Figure 7. Initiation of DNA Replication in the
DHFR Gene Region of CHO and CHOC 400
Cells

The outer limits of the OBR determined in this
paper are compared with those of initiation loci
(stippled bars) identified by a variety of other
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Okazaki fragments as well as nascent DNA protected from
micrococcal nuclease digestion annealed to the same
DNA template (unpublished data). This surprising obser-
vation questions the premise that asymmetrical nucleo-
some segregation is responsible for the observed bias.

In marked contrast to these resulls, analysis of DNA
structures in this region by 2-D gel electrophoresis led to
the conclusion that initiation of replication occurs ran-
domly throughout a 30 kb region that includes our OBR
(Vaughn et al., 19290). This would mean that, at any point
within this 30 kb region, an equal number of forks are
traveling in either direction. Under these conditions, one
could not distinguish any asymmetry in replication forks
from this region of the genome, because forks traveling in
one direction cannot be separated from those traveling in
the opposite direction. Therefore, the conclusion of Vaughn
et al. (1990) is difficult to reconcile with the results of
Handeli et al. (1989) and our observations on Okazaki
fragments: the majority (80% or greater) of replication
forks originate at a specific locus. In addition, their conclu-
sion is contrary to data previously published by several
laboratories including those of Vaughn et al. (Figure 7).

How might this paradox be resolved? As Vaughn et al.
(1990) suggest, difficulties in quantifying the relative sig-
nals of the bubble arcs and fork arcs in different fragments
from this locus may have prevented detection of a nonran-
dom pattern of initiation events. In addition, DNA struc-
tures referred to as replication intermediates may not have
been correctly identified. The putative replication bubbles
in Vaughn et al. (1990) consist of faint signals against a
background rich in replication forks, indicating a paucity
of initiation events in this 30 kb region relative to the
amount of DNA replication activity. Fractionation of cellu-
lar DNA by 2-D gel electrophoresis does not identify newly
synthesized DNA; it examines total DNA and identifies
DNA structures based on theoretical considerations sup-
ported by analysis of model systems. While this approach
has proven a powerful technique with yeast chromosomes
and plasmids, the increased complexity of mammalian
chromosomes (10° > plasmid, 2 x 10? > yeast) may yield
DNA structures not currently understood and that are not
transient intermediates in replication. Perhaps the in-
terpretation derived from analysis of simpler genomes
should not be superimposed on data from complex ge-
nomes until the putative replication structures have been
confirmed by other technigues.

In this light, it is worth noting that application of the 2-D
gel technique to the amplified Drosophila chorion gene lo-
cus, which is ~1000-fold less complex than single copy
mammalian sequences, gave results consistent both with
those of Vaughn et al. (1990) and those described in this
paper. Heck and Spradling (1990) concluded that, al-
though multiple initiation sites may exist within a 12 kb lo-
cus, “a model in which usually a single origin fires per
strand, and in which the p-origin is preferred 70% to 80%
of the time can explain most of the observed replicative
intermediates” Thus, one would predict that analysis of
the distribution of Drosophila Okazaki fragments would
identify an OBR at the [B-origin.

Identification of an OBR within the Initiation Locus
In this study, we searched for an OBR in the same DHFR
gene region that previous studies suggested contained an
ori (Figure 7), by measuring the distribution of Okazaki
fragments between the two arms of replication forks (Fig-
ure 1). This was accomplished using NP40-treated CHO
K1 and CHOC 400 cells to label Okazaki fragments to a
high specific activity and then annealing them to cloned
DNA templates under highly efficient hybridization condi-
tions. Our data showed that DNA replication through sin-
gle as well as amplified copies of the DHFR region of a
mammalian chromosome was indistinguishable from rep-
lication in SV40 and polyomavirus chromosomes, in that
Okazaki fragments originated predominantly, if not exclu-
sively, from the retrograde arm of replication forks. Fur-
thermore, the transitions from discontinuous to continu-
ous DNA synthesis that were previously demonstrated to
mark an OBR in these viral genomes also marked an OBR
within a previously described initiation zone for DNA syn-
thesis near the DHFR gene in CHO cells. About 80% of
the replication forks in this region originated within a 0.45
kb sequence approximately 17 kb downstream from the 3’
end of the DHFR gene. Thus, this segment contains an
OBR that is active in both the normal and amplified copies
of this region. The position of this OBR is consistent with
all previously published results identifying an initiation lo-
cus in this region of the CHO genome (summarized in Fig-
ure 7). Since this initiation locus has been identified in
both single copy and multicopy cell lines, in synchronized
as well as unsynchronized cells, and in cells treated or un-
treated with various metabolic inhibitors, it is not likely an
artifact of experimental conditions. In particular, Vassilev
et al. (1990) have recently shown that CHO Ki cells pro-
liferating under normal physiological conditions initiate
DNA replication in a 2 kb segment that contains the OBR
described here.

Okazaki fragmenis may, in fact, originate exclusively
from the retrograde arm. About 10% of the pulse-labeled
DNA in our experiments migrated as Okazaki fragments
even after a 30 min “chase” period (Figure 3B), indicating
the presence of fragmented [**P]DNA that would anneal
randomly to both template strands. This artifact would re-
duce the extent of asymmetry measured in these experi-
ments. Furthermore, the appearance of Okazaki frag-
ments from what should be the forward arm of replication
forks can result when the same DNA template appears as
the retrograde arm of some forks but the forward arm of
others. For example, while most SV40 and polyomavirus
chromosomes initiate bidirectional replication at the same
site, a small fraction replicates unidirectionally. In addi-
tion, some molecules that replicate bidirectionally contain
deletions between the origin and the normal termination
site for replication, resulting in Okazaki fragments being
synthesized on both DNA templates through a unique se-
quence in a population of molecules (discussed in Hen-
drickson et al., 1987b). In mammalian chromosomes, this
would be equivalent to replication forks from one origin
passing through an adjacent origin (Figure 2) and genetic
alterations that change the distance between adjacent ori-
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gins, which may. in turn, increase the frequency of replica-
tion through adjacent origins. Small numbers of Okazaki
fragmenis synthesized on forward arms of replication
forks could also be explained by a small fraction of initia-
tion evenis occurring ouiside the primary OBR, as previ-
ously observed during SV40 DNA replication (Martin and
Setlow, 1980; Tack and Proctor, 1987) and Drosophila
chorion gene amplification (Heck and Spradling, 1990).
This could account for the trace amounts of replication
bubbles relative to a large amount of replication forks ob-
served throughout a 30 kb region that includes the OBR,
as suggested by Vaughn et al. (1990).

One implication of the fact that at least 80% of Okazaki
fragments originate from the retrograde arm of forks in
exponentially proliferating CHOC 400 cells is that most
copies of the OBR in these cells are active during each
cell cycle. Otherwise, Okazaki fragments would appear to
originate equally from both DNA templaies, because repli-
cation forks emanating from adjacent origins would travel
through an inactive OBR (Figure 2). However, since every
amplified initiation locus in CHOC 400 cells is not acti-
vated at the same time (Leu and Hamlin, 1989; W. C. B.,
unpublished data), one can also infer from our results that
mammalian cells have some mechanism to prevent forks
from entering adjacent replicons. Otherwise, the rate of
fork travel would have allowed forks from one origin to
replicate through adjacent origins that had not yet been
activated.

Initiation of Replication in Mammalian
Chromosomes Shares Structural Features
with Initiation in Other Genomes

Three different mechanisms have been identified by

which duplex DNA is replicated: replication forks, strand
separation, and strand displacement. The strand dis-
placement mechanism, exemplified by adenovirus and
mitochondrial DNA replication, does not involve synthesis
of Okazaki fragments (Stillman, 1989) and. therefore, is
not applicable to eukaryotic chromosome replication. The
sirand separation mechanism, described in the Introduc-
tion and suggested as a general model for replicating eu-
karyotic chromosomes (Micheli et al., 1982; Benbow et al.,
1985), is not consistent with the data presented here for
Okazaki fragment synthesis in CHO K1 and CHOC 400
cells. These data demonsirate that DNA replication in
mammalian chromosomes occurs by the replication fork
mechanism described in Figure 1.

Previous studies have suggested that replication forks
in mammalian chromosomes are similar, if not identical,
to those in SV40 and polyomavirus chromosomes that rely
on their cellular host for all proteins involved in replication
except viral T-antigen (DePamphilis and Wassarman,
1982; DePamphilis, 1987). Replication in all three ge-
nomes involves repeated synthesis of RNA-primed na-
scent DNA chains with indistinguishable structures that
are synthesized by the same enzyme, DNA primase-DNA
polymerase-a. In addition, Okazaki fragments synthe-
sized at replication forks in SV40 and polyomavirus origi-
nate predominantly, if not exclusively, from the retrograde
template. From 75% to 92% of polyomavirus and SV40

Okazaki fragments hybridized specifically to the retro-
grade template (Hunter et al., 1977; Perlman and Huber-
man, 1977; Kaufmann et al., 1978; Cusick et al., 1981; Hen-
drickson et al., 1987b), and 95% to 97% of the RNA
primers were located on this template (Hendrickson et al.,
1987b), in excellent agreement with the results presented
here for mammalian chromosomes.

Does initiation of DNA replication in mammalian chro-
mosomes require ori sequences? So far, “autonomously
replicating sequences” in yeast (Newlon, 1988) and “am-
plification control elements” in Drosophila (Delidakis and
Kafatos, 1989; Heck and Spradling, 1990) are the only
clear examples of ori sequences in the replication of eu-
karyotic chromosomes. However, their mechanism of ac-
tion is not clear, and the presence or absence of an OBR
has not yet been addressed (Kipling and Kearsey, 1990).
Replication also originates at specific sites in other eu-
karyotes (Benbow et al., 1985), and several mammalian
DNA sequences have been reported to promote replica-
tion of plasmids in mammalian cells (Frappier and Zannis-
Hadjopoulos, 1987; Iguchi-Ariga et al., 1987, 1988a, 1988b;
Krysan et al., 1989; McWhinney and Lefiak, 1990). How-
ever, interpretation of these latter results in terms of ori se-
quences is controversial (Laskey et al., 1989; Umek et al.,
1989).

In the present study we have shown that at least one
mammalian chromosomal initiation locus contains an
OBR analogous to those previously identified in SV40
(Hay and DePamphilis, 1982), polyomavirus (Hendrickson
et al., 1987a, 1987b), E. coli (Kohara et al., 1985; Seufert
and Messer, 1987), bacteriophage T7 (Rabkin and Rich-
ardson, 1988), and bacteriophage A (Tsurimoto and Mat-
subara, 1984), suggesting that initiation of mammalian
chromosomal DNA replication also utilizes ori sequences.
The fact that the DHFR initiation locus described here
also acts as an ori when transferred to other chromosomal
locations (Handeli et al., 1989; W. C. B., unpublished data)
strongly supports this hypothesis. However, in our hands,
this putative ori, like others we tested, was not active when
placed in circular 3 to 30 kb DNA molecules, suggesting
that mammalian origins, in contrast to yeast origins (au-
tonomously replicating sequence elements), may function
only in the context of a large chromosome.

Experimental Procedures

Culture and Synchronization of Cells

CHO K1 (American Type Culture Collection) and CHOC 400 (Heintz
and Hamlin, 1982) cells were seeded in 150 mm tissue culture dishes
and grown in Dulbecco’s modified Eagle’'s medium supplemented with
5% fetal bovine serum and nonessential amino acids. When cell
monolayers reached 80%96-80% confluency, approximately 9036-95%
of the cells were synchronized at the G1/S phase boundary by first col-
lecting them in the GO phase by isoleucine deprivation as described
by Heintz and Hamlin (1982) (except that deprivation was for 36 hr), fol-
lowed by release into complete medium containing 10 pg/ml aphidico-
lin for 12 hr. The efficacy of this synchronization regimen was deter-
mined by fluorescent-activated cell sarting of propidium iodide—stained
nuclei (Vindelov et al., 1983).

Labeling of Nascent Cell DNA

Cells collected at the G1/S boundary were washed three times with ice-
cold medium without serum to remove the aphidicolin. Cells were then
allowed to transit into 5 phase by adding warm complete medium and
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reincubating them at 37°C for 3 to 5 min. They were washed once again
with ice-cold medium without serum. Excess medium was aspirated,
and the cells were scraped into the residual medium (~1 mIA50 mm
dish per ~2 x 107 cells). The cell suspension from each dish (main-
tained at 0°C to 4°C until the labeling period began) was transferred
into a 1.5 ml microcentrifuge tube, and the cells were pelleted by cen-
trifugation for 3 min in a Beckman microfuge (setting 3). Supernatants
were aspirated, leaving 50-100 ul of packed cells per tube.

Each 100 yl of packed cells was resuspended in 120 ul of ice-cold
2x replication cocktail (60 mM potassium HEPES [pH 78], 0.2 mM
each dGTP, dCTP, and BrdUTP, 0.4 mM each GTP, CTP. and UTP, 8 mM
ATP, 20 mM MgCl;, 0.2 mg/ml nuclease-free bovine serum albumin, 2
mM dithiothreitol, and 30% [viv] glycerol). The volume of each suspen-
sion was adjusted to 200 pl per tube in order that the temperature of
each reaction was equilibrated rapidly at the same rate, and 20 pl of
[a-*P]dATP (10 mCi/ml, 3000 Cifmmol, Amersham) was added to
each tube. NP40 was then added to a final concentration of 0.4%6.
Labeling reactions were started by transferring the tubes to a 34°C wa-
ter bath. Reactions were stopped after precisely 1.5 min of incubation
by adding BOOF_pI of 50 mM Tris-HCI (pH 7.8), 10 mM EDTA, 0.4 M NaCl,
06% sodium dodecyl sulfate, 0.2 mg/m| proteinase K (Boehringer
Mannheim). Proteins were digested by incubating reactions for 1to 2
hr in a 37°C water bath. For chase experiments, dATP was added at
the end of the labeling period to give a final concentration of 0.1 mM,
and the incubation continued for 30 min, at which point reaclions were
stopped and proteins were digested as described above.

Isolation and Analysis of DNA
Residual peptides were precipitated by adding 330 ul of saturated
NaCl to each 1 ml of lysate. Tubes were gently mixed until an even
precipitate formed. Precipitates were removed by centrifugation at
2,000 x g for 15 min at room temperature, and supemnatants were com-
bined. DNA was precipitated from the supernatant with 2 vol of abso-
lute ethanol at room temperature. The visible precipitate was collected
by centrifuging for 30 min at 10,000 rpm in a Sorvall HB4 rotor at 4°C.
The DNA peliet was rinsed twice with 5 to 10 ml of 7096 ethanol, redis-
solved in 10 mM Tris-HCI (pH 7.8) and 1 mM EDTA using 50 ul per 150
mm dish of cells, and then denalured in boiling water for 3 min. DNA
was fractionated by electrophoresis through 1.8%6 agarose alkaline
gels (Maniatis et al., 1982) at 2 Vicm for 16 hr at room temperature. A
123 bp ladder of DNA standards (Gibeo Life Sciences) was runin a par-
allel lane and visualized by excising the lane and staining it for 30 min
in 300 ml of 30 pug/ml ethidium bromide in 05 M Tris—HCI (pH 7.8).
[*3P]|DNA was localized by covering the wet gels with Saran Wrap
and exposing them to individually wrapped Kodak X-Omat AR films for
1 hr through the film wrapping. Appropriate regions of the gel were ex-
cised, and the labsled DNA was electroeluted into 05 ml of 05x TBE
buffer (Maniatis et al., 1982) using an electroelution trap (Schleider
and Schuell) according to the manufacturer’s instructions. Greater
than 9996 of the DNA was recovered at this step. Contaminating RNA
was then hydrolyzed by adjusting the solutions to 0.2 N NaOH and in-
cubating at 37°C for 24 hr. Solutions were neutralized by adding
Tris-HCI (pH 7.8) to a final concentration of 100 mM and adjusting the
pH to 7.2 with dilute HCL

Immunoprecipitation of Nascent DNA
The high molecular weight DNA fraction was sonicated to an average
length of 300 bp, and both fractions of labeled DNA were heat dena-
tured in boiling water for 5 min and then rapidly cooled to 0°C in an
ice bath. Solutions were adjusted to .05% Triton X-100 and .15 M NaCl,
and incubated with 10 pl of mouse anti-BrdU monoclonal antibody
(Becton-Dickinson, 25 ug/ml) per 150 mm dish of cells for 45 min at
4°C with constant agitation (Vassilev and Russev, 1988). Rabbit IgG
directed against mouse 1gG (2 pl per dish of 2.3 mag/ml, Sigma) was
then added to precipitate BrdU-DNA-Ab complexes under the same
conditions. Immunoprecipitates were collected by centrifugation at 4°C
for 5 min at 12,000 rpm in an Eppendorf microfuge and then resus-
pended in 0.2 ml of 10 mM Tris-HCI (pH 7.8) and 1 mM EDTA.
Generally, about 5034 of the [*2P]DNA was precipitaied, and its
specific activity was increased by about 100-fold. Typical preparations
of labeled, nascent DNA for hybridization analysis were performed
with cells from ten 150 mm dishes. Yields of labeled Okazakifragments

or high molecular weight DNA were at least 1 x 10° cherenkov cpm
per ten 150 mm dishes of cells or ~2 x 10° cells.

Blotting and Hybridization of DNA

M13 clones of various DNA segments from the DHFR initiation locus
(Figure 5) were subcloned from previously constructed plasmids (Bur-
hans et al., 1986a) or from cosmid DNA (Looney and Hamlin, 1987).
M13 virus stocks were propagated and large scale preparations of
cloned ssDNA prepared from virions as described previously (Hay and
DePamphilis, 1982), except that deproteinized virion DNA was fraction-
ated by electrophoresis in 0.8 agarose/TBE gels run at 2 Vicm for 16
hr, and the full-length circular molecules were electrosluted into 05x
TBE. They were then precipitated with ethanol and redissolved in 10
mM Tris-HCI (pH 7.8) and 1 mM EDTA. Complementary strand clones
were “C-lested” as described in Howarth et al..(1981) to canfirm their
complementary nature.

Blots were prepared using M13 cloned DNA or sonicated cosmid
DNA dissolved in 0.4 N NaOH at 6 pg/ml. Each solution (0.5 ml) was
applied in duplicate to prewetted Zeta-Probe membranes (Bio—Rad)
using & Schleicher and Scheull dot blot manifold. The membranes
were rinsed briefly in 2x S5C (Maniatis et al., 1982), air dried, and
baked under vacuum for 05 hr at 80°C.

Membranes containing immobilized cosmid or M13 DNA were in-
cubated in 5 ml of prehybridization buffer (Church and Gilbert, 1984).
The large excess of inorganic phosphate in this buffer improves hybrid-
ization efficiency (Mahmoudi and Lin, 1989). Labeled Okazaki frag-
ments and high melecular weight DNA (0.2 ml samples) were dena-
tured in boiling water for 3 min and then added directly to the
prehybridization buffer. For M13 [Z2P]DNA probes, M13 vector DNA
was labeled with [a-**P]dCTP by random primer extension (Feinberg
and Vogelstein, 1984), heat denatured, and then added to the pre-
hybridization buffer (final concentration = 10° cpm/ml). Hybridization
was carried out for 16 hr at 65°C with agitation. Membranes were then
washed in 2x SSC and 2% SDS once at room temperature for 5 min
and once ai 68°C for 05 hr. This was followed by washing them in 0.2x
SSC and 0.2% SDS once at 68°C for 0.5 hr and five times at room tem-
perature for 1 min. [*2P]DNA was detected by exposing membranes fo
Kodak X-Omat AR film with a Dupont Cronex Lightning Plus intensify-
ing screen for up to 2 weeks at —80°C, and autoradiographic signals
were quantified by densitometry.
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