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Two complementary two-dimensional gel electrophoretic techniques have recently been developed that allow
initiation sites to be mapped with relative precision in eukaryotic genomes at least as complex as those of yeast
and Drosophila melanogaster. We reported the first application of these mapping methods to a mammalian
genome in a study on the amplified dihydrofolate reductase (DHFR) domain of the methotrexate-resistant CHO
cell line CHOC 400 (J. P. Vaughn, P. A. Dijkwel, and J. L. Hamlin, Cell 61:1075-1087, 1990). Our results
suggested that in this 240-kb domain, initiation of nascent DNA strands occurs at many sites within a 30- to
35-kb zone mapping immediately downstream from the DHFR gene. In the course of these studies, it was
necessary to develop methods to stabilize replication intermediates against branch migration and shear. This
report describes these stabilization methods in detail and presents a new enrichment protocol that extends the
neutral/neutral two-dimensional gel mapping method to single-copy loci in mammalian cells. Preliminary
analysis of replication intermediates purified from CHO cells by this method suggests that DNA synthesis may
initiate at many sites within a broad zone in the single-copy DHFR locus as well.

In the last 25 years, a wealth of information has been
obtained on the mechanisms that regulate DNA replication
in microorganisms. Studies on the simple eukaryotic organ-
ism Saccharomyces cerevisiae have also made enormous
progress recently owing to the availability of a phenotypic
assay for autonomously replicating sequence (ARS) ele-
ments from the yeast genome (26), some of which have been
shown to represent bona fide chromosomal origins (16, 20).
However, virtually nothing is known about the regulatory

switches for initiation of replication in mammalian chromo-
somes. The difficulty in studying origins in mammalian cells
is due primarily to their very large numbers in the genome
(10,000 to 50,000; 15), each one of which could be unique,
and to the lack of a reproducible phenotypic assay for the
identification and isolation of mammalian ARS elements.
Nevertheless, a variety of protocols for following replication
fork movement have suggested that origins of replication in
mammalian chromosomes may be defined sequence ele-
ments (1, 5, 6, 12, 17, 18). To strengthen this proposal,
however, higher-resolution approaches are required that can
localize replication start sites with great precision so that
neighboring cis-regulatory control elements can be identi-
fied.
Two complementary two-dimensional gel replicon map-

ping techniques have been developed recently that appear to
allow the unambiguous identification of initiation sites in
relatively complex genomes (3, 23). Both methods rely on
the unique migration patterns of replication intermediates in
agarose gels, and both utilize defined molecular probes to
examine these intermediates in a genomic region of interest.
Both methods also have the advantage that they can be
applied to cells in exponential growth, in most cases obviat-
ing the need for synchronizing regimens that could introduce
artifacts. The two protocols have been used to study repli-
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cation of the ribosomal DNA locus in yeast cells (4, 20) and
have also been employed to show that some (but not all) of
the previously identified yeast ARS elements represent
legitimate chromosomal initiation sites (27). One of the
two-dimensional gel methods has also been used to analyze
the amplifying chorion locus in the more complex Droso-
phila genome (13).
The application of these powerful replicon mapping tech-

niques to an analysis of mammalian DNA is limited by the
complexity of the mammalian genome and by the small
number of initiations occurring at a given origin of replica-
tion at any moment in a cell population, even in a synchro-
nized culture. Thus, even when 50 to 100 ,ug of mammalian
DNA is loaded into the well of an agarose gel, the small
percentage of any given restriction fragment that actually
contains replication intermediates is below the limits of
detection by standard Southern blotting and hybridization
procedures. Furthermore, both two-dimensional replicon
mapping methods are greatly dependent on the ability to
avoid destabilization and shear forces during the isolation of
DNA.

In our laboratory, we have concentrated on the replication
pattern of a defined locus by taking advantage of a meth-
otrexate-resistant CHO cell line (CHOC 400) that has ampli-
fied the early-replicating dihydrofolate reductase (DHFR)
domain -1,000 times (21). In an in vivo labeling study on
synchronized cells, we showed that replication initiates in
only a small subset of restriction fragments in this locus in
the early S period (14). These fragments define a 28-kb
initiation zone mapping downstream from the DHFR gene
(14). In a higher-resolution study in which an in-gel renatur-
ation technique was used to eliminate background labeling
from single-copy sequences, there actually appeared to be
two rough zones of labeling whose centers lie -22 kb apart
within this 28-kb region (18). Independent evidence for two
separate initiation zones was obtained in our laboratory by
an approach in which nascent chains centered around origins
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were used to probe cloned sequences from the DHFR
amplicon (1). Handeli et al. reached the same conclusion in
a study that determined the rough locations at which the
leading strands of replication switch from one template to
the other (11).

In an effort to obtain a higher-resolution picture of the
replication pattern of the amplified DHFR domain, we
recently applied both two-dimensional gel mapping tech-
niques to an analysis of this locus. By developing methods
for stabilizing forked structures against branch migration and
shear, we were able to analyze replication intermediates in a
defined mammalian chromosomal locus for the first time.
Unexpectedly, our data indicated that replication initiates in
vivo at many sites distributed throughout the previously
defined 28-kb initiation zone in the DHFR locus (although it
was not possible to determine whether the number of initi-
ations is higher near the two peaks of early labeling previ-
ously identified in this region) (28).

Since this rather heterodoxic result could be unique to
amplified DNA, we undertook a study of replication inter-
mediates in the DHFR domain of the parental drug-sensitive
CHO cell line. The detailed isolation procedures used in this
and the previous study are reported here, as well as a
preliminary characterization of replication events in the
single copy DHFR domain.

MATERIALS AND METHODS

Cell culture and synchronization protocols. Methotrexate-
sensitive CHO cells and the methotrexate-resistant Chinese
hamster cell line CHOC 400 (21) were maintained as mono-
layer cultures in 15-cm dishes in minimal essential medium
(MEM) supplemented with nonessential amino acids and
15% fetal calf serum as previously described (14). Cultures
were arrested in early G1 by isoleucine starvation for 45 h
and were then released into complete medium containing 10
p,g of aphidicolin per ml (14). Twelve hours later, when the
cells had collected at the G1/S boundary, aphidicolin was
removed by two successive washes with warm serum-free
MEM, and the cultures were incubated in MEM containing
serum for 20 to 30 min. The cells were then either harvested
immediately or after cross-linking (see below). All tissue
culture media and sera were obtained from GIBCO, and
aphidicolin was purchased from Sigma Chemical Co.
DNA purification by extraction with organic solvents in low

salt (method A). Each 15-cm plate of CHOC 400 cells (three
plates of synchronized or six plates of log-phase cells; 2 x
107 to 3 x 107 cells per plate) was washed once with 40 ml of
ice-cold PSG (136 mM NaCl, 5.3 mM KCI, 0.6 mM KH2PO4,
1 mM Na2HPO4; additionally containing 20 mM sodium
azide for cross-linked samples), the PSG was drained com-
pletely, and 7 ml of lysis buffer was added (100 mM Tris-HCI
[pH 8.0], 300 mM NaCl, 25 mM EDTA, 1% sodium lauroyl
sarkosine, 2 mg of proteinase K [AMRESCO] per ml). After
3 to 4 h of incubation at room temperature, the viscous lysate
was transferred to a 50-ml conical polypropylene tube and
extracted gently with an equal volume of phenol saturated
with 1 M Tris-HCI, pH 8.0. The phases were separated for 5
min in anIEC bench-top centrifuge at setting 7 at 21°C. The
aqueous phase was extracted once more with phenol and
twice with chloroform-isoamyl alcohol (25:1), and 2 volumes
of ice-cold 10 mM Tris-HCI (pH 8.0)-0.1 mM EDTA was
added. The DNA was flocculated by the addition of 2
volumes of cold absolute ethanol and gentle inversion of the
tube, and the white clump of DNA was removed with a glass
hook to a separate tube containing 4 ml of cold TEN buffer

(10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA, 10 mM NaCI).
After 5 min on ice, the solution of DNA received 0.1 volume
of the appropriate lOx restriction buffer, spermidine to 4
mM and, after 10 min of incubation on ice, 1,000 U of the
desired restriction enzyme (Bethesda Research Laborato-
ries). After 45 min at 37°C, an additional 1,000 U of restric-
tion enzyme was added; 2.5 h later, pancreatic RNase A
(Sigma) was added to 100 ,ug/ml, and incubation was contin-
ued for an additional 30 min. Two volumes of cold ethanol
were added to the digest, which was then completely mixed
and centrifuged in a Sorvall HB-4 rotor at 0°C and 10,000
rpm for 90 min. The pellet was dissolved in TEN buffer for
5 min at room temperature, NaCl was added to 250 mM, and
the mixture was applied to a BND-cellulose column (see
below).
DNA purification by extraction with organic solvents at high

ionic strength (method B). Cells from one plate were lysed
and incubated overnight in 0.5% sodium lauroyl sarkosine-
0.5 M EDTA (pH 8.0-100 ,ug of proteinase K per ml at room
temperature, and organic extractions were carried out with-
out inversion by laying the glass tubes on their sides for 12 h.
The DNA was dialyzed at 4°C for 24 h versus two 4-liter
changes of 50 mM NaCI-50 mM Tris-HCI (pH 8.0)-0.1 mM
EDTA. The sample was made to 10 mM MgCl2, and 4 mM
spermidine and 1,000 U of XbaI was added. Approximately
2.5 h later, pancreatic RNase was added to 10 ,ug/ml, and
digestion was allowed to continue for 30 min. Digestion was
terminated by the addition of EDTA to 10 mM. The DNA
was precipitated with 2 volumes of ethanol and was purified
as in method A. Alternatively, the DNA was dialyzed
against 200 mM NaCI-50 mM Tris-HCI (pH 8.0)-i mM
EDTA and was then precipitated as in method A.

Stabilization of DNA by cross-linking (method C). Each
15-cm plate of CHOC 400 cells (three plates of synchronized
or six plates of exponentially growing cells) was washed
twice with PSG-azide and drained well. Subsequent opera-
tions were performed at 4°C in the dark. To each plate was
added 10 ml of PSG-azide and 70 ,ul of trioxsalen (500 ,ug/ml
of absolute ethanol; Sigma). After the plates were swirled,
the cells were allowed to take up the trioxsalen for 2 min in
the dark, after which they were irradiated from above with
365-nm light (two model XX15L 15-W lamps; U.V. Prod-
ucts) at a distance of 10 cm for 2 min. The irradiation
procedure was repeated a total of five times, with addition of
fresh trioxsalen (70 ,ul) each time. The plates were then
washed with 10 ml of PSG, and DNA was isolated as in
method A.

Stabilization of replication intermediates by isolation of
nuclear matrices (method D). For experiments with exponen-
tially growing and synchronized CHOC 400 cultures, 1.5 x
108 and 0.75 x 108 cells were used (eight and four 15-cm
plates, respectively; 2 x 107 cells per plate). For CHO cells,
the corresponding numbers were 1 x 109 and 5 x 108 (40 and
20 15-cm plates, respectively; 3 x 107 cells per plate). The
preparation of matrices was performed entirely in the cold
with the exception of lithium diiodosalicylate (LIS) extrac-
tion, which was carried out at room temperature. Plates
were rinsed twice with cell wash buffer (CWB; 5 mM
Tris-HCI [pH 7.4], 50 mM KCI, 0.5 mM EDTA, 0.05 mM
spermine, 0.125 mM spermidine, 0.5% thiodiglycol, 0.25 mM
phenylmethylsulfonyl fluoride [PMSF]) and were drained
well. Then 5 ml of CWB containing 0.1% digitonin (water-
soluble form; Sigma) was added to the first of each set of two
plates. Cells were immediately scraped off with a rubber
policeman and transferred to the second plate. After scrap-
ing, the suspension was forced three times through a 21-
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gauge hypodermic needle to effect cell lysis and to free
nuclei of cytoplasmic tabs. The two plates were rinsed
sequentially with an additional 5 ml of CWB-digitonin, which
was added to the suspension by forcing it through the needle.
The total nuclear suspension (10 ml) was layered over 4 ml

of 12.5% glycerol in CWB-digitonin in a 15-ml conical plastic
tube. Nuclei were pelletted in an IEC bench-top centrifuge at
setting 4 for 10 min and were then resuspended in 5 ml of
CWB-digitonin by one passage through the needle (an ali-
quot was inspected at this stage by phase-contrast micros-
copy to ascertain that the nuclei had been released and were
largely free of cytoplasmic tabs). Two or three 5-ml suspen-
sions were pooled, and nuclei were again collected by
centrifugation. The nuclei were suspended in 2 ml of CWB-
digitonin by passage through the needle and ejection into 8
ml of stabilization buffer (5 mM Tris-HCI [pH 7.4], 50 mM
KCl, 0.625 mM CUSO4, 0.05 mM spermine, 0.125 mM
spermidine, 0.5% thiodiglycol, 0.25 mM PMSF, 0.1% digi-
tonin) and were incubated on ice for 20 min.
The stabilized nuclei were then ejected into 110 ml of LIS

buffer (10 mM LIS, 100 mM lithium acetate, 0.05 mM
spermine, 0.125 mM spermidine, 0.25 mM PMSF, 0.05%
digitonin, 20 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid [HEPES]-KOH, pH 7.4). Note that if this
procedure is to be scaled up or down, the concentration of
nuclei in LIS buffer should not exceed -1.5 x 106/ml.
Extraction of histones and soluble nuclear proteins by LIS
was allowed to proceed for 5 min at room temperature. The
slightly turbid suspension was then divided among four
30-ml Corex tubes, and matrices were collected by centrif-
ugation at 4,000 rpm for 15 min at 0°C in a Sorvall HB-4
rotor. The supernatants were discarded, and the pellets,
which appear as gelatinous sheets adhering to the bottom of
the tubes, were dislodged by forcible delivery of 3 ml of the
appropriate lx restriction buffer supplemented with 0.1%
digitonin.
At this point, two pellets were combined (-0.5 x 10' to

1.0 x 108 nuclei), the volume was adjusted to 30 ml with
restriction buffer containing 0.1% digitonin, and the matrices
were centrifuged for 5 min at 4,000 rpm in the HB-4 rotor at
4°C. This washing procedure was repeated twice with re-
striction buffer only. Both pellets were then combined (i.e.,
all of the matrices from one 120-ml LIS extract) and were
resuspended in 2 ml of the appropriate restriction buffer.
When examined by fluorescence microscopy in the presence
of 4 ,ug of ethidium bromide per ml, a brightly fluorescing
matrix core surrounded by a fluorescent halo was observed.
Restriction enzyme (2,000 U) was added, and the tube was
placed at 37°C and swirled occasionally. After 5 min, the
suspension was triturated through a wide-bore (2-mm) Gil-
son-1000 pipette tip until the large clumps were dispersed.
After 15 min, the reaction was terminated by addition of
EDTA to 20 mM. Then 13 ml of proteinase K buffer (PK
buffer; 60 mM Tris-HCl [pH 7.9], 460 mM NaCl, 40 mM
EDTA, 1% sarkosine) and 5 ml of a 10-mg/ml solution of
proteinase K (in 10 mM Tris-HCl [pH 8], 0.1 mM EDTA)
were added, and incubation was continued for 3 h at room
temperature.
CsCl was then added to a refractive index of 1.4, and the

sample was divided between two 25-ml tubes and centri-
fuged for 48 h at 30,000 rpm in a Beckman 50.2 Ti rotor at
20°C. Gradients were fractionated, and the tubes containing
the majority of the DNA were pooled and dialyzed overnight
at 4°C against 10 mM Tris-HCl (pH 7.9)-300 mM NaCl-1
mM EDTA-0.05 mM PMSF. After ethanol precipitation, the
DNA was pelleted and dissolved in TEN (3 to 5 ml at 0°C for

7 min), 0.1 volume of lOx restriction buffer was added, and
the DNA was digested to completion with 2,500 U of
restriction enzyme for 45 min at 37°C.

Stabilization and purification of replication intermediates on
the nuclear matrix (method E). Nuclei were isolated and
extracted with LIS exactly as described above. The matrices
from one 120-ml LIS extraction were brought up in 7.5 ml of
the appropriate 1 x restriction buffer. Restriction enzyme
(1,000 U) was added, and the tube was placed at 37°C for 30
min. The matrices were pelleted (10 min at 4,000 rpm in the
HB-4 rotor) and resuspended in 5 ml of fresh restriction
buffer by trituration through the cut tip of a Gilson-1000
pipette. Another 1,000 U of restriction enzyme was added
(meanwhile, the supernatant was transferred to a second
tube and also placed at 37°C). After 15 min, RNase A
(Sigma) was added to 100 p.g/ml from a 10-mg/ml stock
solution made up in 10 mM Tris-0.1 mM EDTA, pH 8.0. At
30 min, EDTA was added to 20 mM and the volume was
adjusted to 15 ml with lx restriction buffer.

Matrices were collected by centrifugation (10 min at 5,000
rpm in the HB-4 rotor at 0WC). The first and second super-
natants were combined, and half of this sample was precip-
itated with 2 volumes of absolute ethanol to give the loop
DNA fraction. The matrices and the loop DNA were each
resuspended in 0.5 ml of dialysis buffer (10 mM Tris-HCl [pH
8.0], 300 mM NaCl, 1 mM EDTA) by trituration through the
cut tip of a Gilson micropipette, after which 6 ml of PK
buffer and 1.5 ml of proteinase K (10 mg of 10 mM Tris [pH
8.0]-0.1 mM EDTA per ml) were added. After 3 h at room
temperature, the samples were dialyzed and ethanol precip-
itated as described above. The precipitates were dissolved in
ice-cold TEN for 7 min, after which NaCl was added to 300
mM.

BND-cellulose chromatography. DNA samples prepared by
methods A to E were applied to BND-cellulose columns
(Sigma; 1.0-ml bed volume in a 0.8- by 4-cm Bio-Rad
Polyprep column) equilibrated in 10 mM Tris (pH 8.0)-0.3 M
NaCl-1 mM EDTA (19). Usually, no more than 100 ,ug of
DNA digest was applied to each column to avoid overload-
ing; however, for DNA prepared either by stabilization on
the matrix or by organic extraction only (in which the
percentage of replication intermediates is small), as much as
250 ,ug of DNA was sometimes applied to the column.
Nonreplicating double-stranded DNA was eluted by gravity
flow at room temperature with 3 ml 10 mM Tris-HCl (pH
7.9)-800 mM NaCl-1 mM EDTA (salt wash). The replication
intermediates were then eluted with 3 ml of 1.8% caffeine in
10 mM Tris-HCI (pH 7.9)-i mM EDTA-1 M NaCl (caffeine
wash).
Both the salt and caffeine washes were centrifuged at

room temperature for 10 min at setting 7 in an IEC bench-top
centrifuge to remove any suspended BND-cellulose, after
which the DNA was precipitated in 30-ml Corex tubes either
with 2 volumes of absolute ethanol or, if the total volume
was too large, with 1 volume of isopropanol. The precipi-
tates were collected immediately by centrifugation (45 min at
10,000 rpm in the HB-4 rotor at 0°C) and were dissolved in
0.7 ml of TEN at 0°C. After 7 min, NaCl was added to 0.3 M
and the samples were reprecipitated with 1.4 ml of ethanol.
DNA was collected by centrifugation and redissolved in an
appropriate volume of TEN, which was made 0.3 M in NaCl
after 7 min at 0°C. Usually, the entire caffeine fraction was
then loaded into a single well of a two-dimensional gel, and
an equal amount of DNA from the salt wash was run as a
control for the efficacy of the BND-cellulose fractionation.
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More than 95% of replication intermediates routinely parti-
tion with the caffeine wash (29; data not shown).

Two-dimensional neutral/neutral gel electrophoretic analy-
sis (3). Restriction digests were separated in the first dimen-
sion on a 0.4% agarose gel that was run for 40 to 60 h at 0.3
to 0.4 V/cm in TBE (89 mM Tris-HCl [pH 8.0], 89 mM boric
acid, 2 mM EDTA) at room temperature (Bethesda Research
Laboratories large horizontal gel apparatus). The gel was

stained for 30 min in TBE containing 0.3 ,ug of ethidium
bromide per ml, after which it was briefly illuminated with
long-wavelength UV light to enable individual lanes to be
excised with a scalpel. The excised lane, which was 1 by 10
cm and spanned DNA fragments 2 to 25 kb in length, was
turned through a 900 angle and placed at the top of a 1%
agarose gel made up in TBE containing 0.3 ,ug of ethidium
bromide per ml. Separation in the second dimension was
performed in the cold room for 12 h at 3 to 4 V/cm with buffer
recirculation.
The gel was then soaked in 0.25 M HCI for 15 min and 0.5

M NaOH for 20 min. DNA was transferred to either Gene-
Screen or GeneScreen Plus (Dupont/New England Nuclear
Corp.) by a modification of an alkaline blotting procedure
(24). When GeneScreen Plus was used, 1.5 M NaCl was
included in the NaOH solution. The GeneScreen transfers
were then illuminated with UV light to cross-link DNA to the
membrane (7), after which they were airdried. Prehybridiza-
tions and hybridizations were performed in the presence of
50% formamide and 10% dextran sulfate, as described in
New England Nuclear bulletin NEF-976 for GeneScreen
Plus, except that sonicated salmon sperm DNA was added to
the probe before boiling and addition to the hybridization
fluid (to a final concentration in the bag of 200 ,ug/ml).
Specific hybridization probes were labeled with [32P]dCTP
by the random priming method (10). After 24 to 48 h of
hybridization, the blots were washed sequentially with 2x
SSC ( x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at
room temperature for 5 min, with 2x SSC-1% sodium
dodecyl sulfate (SDS) at 65°C for 20 min, with 0.5 x SSC-1%
SDS at 65°C for 30 min, and with 0.2x SSC at room
temperature for 20 min (sometimes the intervening wash
with 0.5x SSC-1% SDS was omitted). The blots were then
exposed to X-ray film (Kodak X-Omat AR) at -70°C with
the aid of an intensifying screen. If the transfers were to be
reprobed, the previous probe was removed from Gene-
Screen by boiling twice for 10 min in 0.1 x SSC-1% SDS or
from GeneScreen Plus by washing for 30 min at 42°C, first
with 0.4 M NaOH and then with 0.2x SSC-0.2 M Tris-HCl
(pH 7.4)-0.1% SDS.

RESULTS

Two-dimensional analysis of replication intermediates in
DNA purified by organic extractions. In the neutral/neutral
two-dimensional replicon mapping method (3), DNA is di-
gested with a restriction enzyme and the fragments are
separated on a neutral, low-percentage agarose gel according
to molecular mass (Fig. 1). Nonreplicating fragments migrate
as a single band, whereas replicating fragments migrate at a
slower rate according to the extent to which the fragment has
been replicated. In the second dimension, the fragments are
separated on a higher-percentage gel under conditions in
which shape contributes significantly to migration rate. Each
class of replication intermediates traces a characteristic
pattern, and fragments that contain initiation bubbles (Fig.
lB and C) can be distinguished from fragments replicated
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FIG. 1. Patterns of typical replication intermediates separated by
two-dimensional neutral/neutral gel electrophoresis. Each panel
shows an idealized autoradiographic image that would be obtained
when a restriction digest of replicating DNA is hybridized with
probes for fragments that contain different intermediates. (A) A
complete simple Y or fork arc (b) resulting from a fragment that is
replicated passively from an outside origin. Curve a represents the
diagonal of nonreplicating fragments from the genome as a whole.
(B) Pattern obtained when a fragment with a centered origin of
replication is probed (curve c). Bubbles migrate more slowly at all
extents of replication than do forks in a fragment of equal mass (b).
(C) The presence of an off-centered origin in a fragment gives rise to
an incomplete bubble arc (c), which then reverts to the fork arc
when the bubble expands beyond the right-hand restriction site,
resulting in a fork arc break. (D) When two forks approach each
other in a fragment either symmetrically or asymmetrically, curve e
or d, respectively, is obtained. If there is a fixed terminus in a
fragment, the collected X-shaped structures would result in a
concentrated spot somewhere on curve f. Recombination structures
would also fall along curve f (3). The triangle formed between the
simply Y arc and curves e and f contains a collection of double-
forked structures differing in the extents of replication and the
positions of the fork within the fragment.

passively by forks entering from flanking regions (Fig. 1A
and D).

In principle, this method has the potential to localize a
fixed origin to within several hundred base pairs (3). In fact,
we were readily able to map the initiation site in a cloned
minimal polyomavirus origin with the neutral/neutral two-
dimensional method after purifying the replicating DNA by a
relatively standard method involving SDS-proteinase K
treatment followed by organic extractions (method A, Ma-
terials and Methods) (28).
However, when genomic DNA was purified by the same

method from synchronized CHOC 400 cells, the initial
results of two-dimensional gel analysis were uninterpretable
(Fig. 2; 28). When a transfer of an XbaI digest was probed
specifically for a 4.3-kb XbaI fragment that is centered over
the upstream zone of early labeling (Fig. 3E), we did not
observe either of the patterns that indicate the presence of a
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A B

FIG. 2. Detection of bubble arcs under conditions that prevent branch migration. (A) Synchronized CHOC 400 cells were harvested 30 min
after entry into S phase, and DNA was purified under low-ionic-strength conditions according to method A. After digestion with XbaI and
fractionation on a BND-cellulose column, the DNA was separated on a two-dimensional gel and transferred to GeneScreen as described in
Materials and Methods. (B) DNA was purified under conditions of high ionic strength during the organic extraction steps according to method
B. (C) As in panel A except that DNA was cross-linked in vivo prior to entry into S phase and was purified 60 min after release from
aphidicolin by method A. All of the DNA samples shown were analyzed by hybridization with a small probe from the center of the 4.3-kb
XbaI fragment (see Fig. 3E).

fixed origin. Instead, an intense fork arc
extended all the way from the ln to the
mass dimension (Fig. 2A; 28). After ve
sures, we did not observe even a faint bu
suggest infrequent initiations in this fragi
copies of the amplicon. At face value, tI
that the 4.3-kb XbaI fragment is usually i
by forks emanating from an initiation sit(
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FIG. 3. Detection of replication initiatioi
fragments in DNA prepared on the nuclear
nized CHOC 400 cells. Replicating DNA was

using HindIII to release loop DNA from the
ration on a two-dimensional gel and transfer to
membrane was hybridized sequentially with a
of the DHFR gene (A) and with three pr

indicated fragments from the initiation locus (]
of fragments used as probes.

was observed that the fragment. However, we were also not able to detect
2n positions in the bubble arcs in any of several other overlapping and flanking

firy long film expo- fragments in the previously defined 28-kb initiation locus;
ibble arc that would instead, all fragments analyzed displayed only complete fork
ment in some of the arcs (data not shown).
his result suggested Specific probing for the 4.3-kb XbaI fragment, as well as
replicated passively for several other neighboring fragments, displayed promi-
e or sites outside of nent signals at the position expected of either recombination

intermediates or fragments containing converging replication

75 Kb Hind'X
forks (triangular smear indicated by the upper arrow in Fig.
2A). This signal did not appear to result from simple recom-
bination in the amplified domain, since it was absent from
fragments that were not actively replicating at the time of
sampling (data not shown). Furthermore, the triangular
smear was unlikely to have resulted from replication forks
converging on a terminus in this fragment (Fig. 1D), since
every fragment analyzed, whether from within or outside of
the initiation locus, displayed a similar pattern (data not
shown).

In addition to the triangular smear, there was a large but
variable amount of hybridization on the diagonal below the

3 Kb Hind E ln spot (Fig. 2A, lower arrow). Since the amount of both this
material and the triangular smear relative to the fork arc was
extremely variable from experiment to experiment, it
seemed likely that both signals resulted from destabilization
that occurred during DNA isolation, possibly by branch
migration or shear. The triangular smear and the <1n
material were not unique to phenol-chloroform extraction,
since both signals were also observed when the same DNA
sample was purified by a guanidine chloride method that
avoids organic extractions completely (27a). These two
novel signals were also not observed in a previous analysis
of the cloned polyomavirus origin (28), probably because the
plasmid is relatively small (-7 kb) and is therefore not

2.3 particularly subject to shear forces. Second, the plasmid1|.0 2.321 probably remains supercoiled during isolation, which should
- D-cJ4 Hind E suppress branch migration (31).

4.8 Reduction of branch migration and shear preserves the
integrity of replication bubbles. Several different protocols

n in several adjacent were tested for their ability to stabilize replication interme-
matrix from synchro- diates in high-molecular-weight genomic DNA. In the first
purified by method D, approach (method B), the ionic strength was increased to 0.5matrices. After sepa- M with EDTA in the standard purification scheme involving
eprobe from the body organic solvent extractions, and DNA was digested without
obes specific for the a prior ethanol precipitation step. When the 4.3-kb XbaI
B through D). (E) Map fragment from the upstream initiation zone was analyzed in

this DNA preparation, the triangular smear was, in fact, not

I

C.
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greatly reduced in intensity relative to the fork arc. How-
ever, a faint bubble arc was now visible (although the smaller
bubbles in this particular preparation were lost; Fig. 2B).
To attempt to eliminate loss of replication bubbles com-

pletely, the DNA of CHOC 400 cells was cross-linked in vivo
with trioxsalen and UV light at -1-kb intervals 30 min after
entry into the S period (method C). The DNA was then
isolated by the standard low-ionic-strength phenol-chloro-
form extraction procedure (method A) and was digested with
XbaI. When a transfer of this digest was probed for the
4.3-kb XbaI fragment (Fig. 2C; 28), the bubble arc, though
faint, now seemed complete (i.e., extended all the way from
the ln to the 2n positions). Moreover, the triangular smear
was greatly reduced in intensity relative to the fork arc when
compared with the pattern observed in Fig. 2A. Again,
however, the most prominent signal emanating from this
fragment was the simple Y arc, suggesting that although
initiation sometimes occurs in the 4.3-kb XbaI fragment, it is
primarily replicated passively by forks from flanking regions.
We were concerned that cross-linking per se might induce

artifactual bubblelike structures in genomic DNA. In addi-
tion, cross-linking often results in incomplete digestion by
restriction enzymes (notice the shadow arcs in Fig. 2C).
Alternative stabilization methods were therefore investi-
gated. In one approach, synchronized CHOC 400 cells were
harvested 30 min after entry into the S period by encapsu-
lation in agarose beads according to the method of Cook (8).
When a transfer of this DNA preparation was probed spe-
cifically for a 6.2-kb EcoRI fragment that straddles the
upstream peak of labeling (Fig. 3E), the triangular smear
virtually disappeared and the signal on the diagonal at the
>ln position was reduced (27a). This result again suggested
that most, if not all, of the material migrating at this position
is an artifact of destabilization processes that occur during
standard DNA purification protocols.
An independent purification scheme was developed in

which nuclear matrices were isolated and the associated
DNA was digested with restriction enzymes in loco (method
D). This method and an important variation (method E)
proved to be the most reliable for the retention of bubble
structures and the elimination of artifactual signals resulting
from branch migration or shear. Nuclei were isolated from
synchronized CHOC 400 cells 30 min after entry into the S
period, and histones and other chromosomal proteins were
extracted with LIS detergent to yield matrix-halo structures
(22, 29). The genomic DNA, which remains supercoiled by
virtue of periodic attachment to the matrix, was then briefly
digested with HindlIl, which reduces the size of the DNA
and eliminates most of the effects of shear during subsequent
manipulations. After proteinase K-SDS treatment, the DNA
(matrix-associated and loop fractions combined) was puri-
fied further on a CsCl density gradient. After a second
digestion to completion with HindIlI, replication intermedi-
ates were purified by BND-cellulose chromatography and
were separated on a two-dimensional gel. The transfer was
then hybridized consecutively with probes specific for three
HindIlI fragments in the initiation locus and, finally, with a
probe for a fragment in the DHFR gene. The latter probe lies
-5 kb upstream from the 3' end of the gene, which, in turn,
lies -12 kb upstream from the 5' end of the map shown in
Fig. 3E.
The triangular smear was virtually eliminated by the use of

this novel isolation method. In addition, in the examples
shown in Fig. 3B to D, the <in material was considerably
reduced (the transfer in Fig. 3A was purposely overexposed
and is therefore not representative). In each of the four

fragments analyzed, prominent and complete fork arcs were
observed, suggesting that all four are replicated primarily by
forks emanating from initiations in flanking fragments. How-
ever, less prominent but complete bubble arcs were also
detected in the three fragments from the initiation locus (Fig.
3B to D). In contrast, no trace of a bubble arc was seen in the
fragment from the DHFR gene, even at extremely long film
exposures.
We conclude from this experiment that the bubble arcs

observed in previous experiments were not artifacts of
organic extractions or of cross-linking, but rather represent
legitimate replication intermediates that result from initia-
tions occurring in this region of the DHFR amplicon.
The matrix isolation procedure facilitates enrichment for

stable replication intermediates. A complete bubble arc re-
sults from the presence of a centered origin in a fragment
(Fig. 1B). However, combining the data in Fig. 3 with the
results of previous studies (28), we have now observed faint
but complete bubble arcs in several contiguous and overlap-
ping fragments in a 30- to 35-kb region of the DHFR
amplicon that completely encompasses the two zones of
early labeling defined in previous studies (1, 18). The chance
that each of these fragments contains a centered origin is
extremely unlikely. A more likely explanation is that repli-
cation initiates at many sites scattered over a broad zone
surrounding each of the two early-labeled zones. In this
model, a composite pattern containing both a complete
bubble arc and a complete fork arc results when a given
restriction fragment is replicated passively in one amplicon
or cell but contains an active initiation site at different
positions in different amplicons or cells.

This unexpected result raised the possibility that an un-
usual form of delocalized initiation might have been induced
by the amplification process per se. To address this possi-
bility, it was necessary to analyze the pattern of replication
of the single-copy DHFR locus in parental CHO cells.
However, this would be impossible on theoretical grounds
without some form of additional enrichment of replication
intermediates, particularly if initiation is delocalized in CHO
cells as well.
We took advantage of the observation that replication

forks appear to partition preferentially with the nuclear
matrix when matrix-halo structures are digested with either
DNase I or restriction enzymes (9, 29). The method that we
devised (method E) is as follows. Nuclei are isolated and
extracted with LIS detergent, after which the matrix-halo
structures are subjected to two sequential digestions with an
appropriate restriction enzyme. The DNA that remains
attached to the nuclear matrix (4 to 5% of total with a
restriction endonuclease that has a 6-bp recognition se-
quence) is separated from the loop fraction by centrifuga-
tion. This matrix-attached DNA fraction is then further
enriched in replication intermediates by fractionation on a
BND-cellulose column (19).

Figure 4 shows the results of this enrichment scheme with
DNA from an exponentially growing culture of CHOC 400
cells. Ten micrograms of an EcoRI digest of total, nonen-
riched DNA was separated on a two-dimensional gel, trans-
ferred to GeneScreen Plus, and hybridized with a probe
specific for the 6.2-kb EcoRI fragment (Fig. 3E). In Fig. 4A,
the ln spot is clearly visible at this film exposure, but no
replication intermediates can be detected.
A second aliquot of the total DNA fraction was subjected

to BND-cellulose chromatography, and a 10-R.g sample of
the caffeine wash was analyzed on a two-dimensional gel. As
seen in Fig. 4B, a fork arc is now detectable in this
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FIG. 4. Evidence that replication intermediates can be highly
purified by a combination of isolation on the nuclear matrix and
fractionation on BND-cellulose. Matrices were prepared from ex-

ponentially growing CHOC 400 cells, the DNA loops were digested
in situ, and the digest was divided into four parts. (A) DNA was
purified as in method E, and a 10-,ug sample (total DNA) was
separated on a two-dimensional gel. (B) After purification as de-
scribed above, the DNA was subjected to fractionation on BND-
cellulose prior to separation on a gel. (C) Matrix-attached DNA was
purified as in method E and was then separated on a gel. (D)
Matrix-attached DNA purified as in method E was fractionated on
BND-cellulose and separated on a two-dimensional gel. After trans-
fer to GeneScreen Plus, all DNA samples were hybridized with a

probe located in the middle of the 6.2-kb EcoRI fragment that
straddles the upstream initiation zone (see Fig. 3E).

BND-cellulose-enriched sample. A similar pattern was ob-
served when 10 p,g of the matrix-attached DNA fraction was
analyzed (Fig. 4C). Therefore, replication intermediates do
indeed partition with the nuclear matrix, and enrichment by
the latter method is comparable to that achieved with
BND-cellulose chromatography.

Finally, an aliquot of matrix-attached DNA was passed
over BND-cellulose, and 10 ,ug of the DNA eluted with
caffeine was subjected to two-dimensional gel analysis. A
clear bubble arc is now detectable when the 6.2-kb EcoRI
fragment is probed, and the intensity of the fork arc relative
to the ln spot is considerably greater than with either of the
two enrichment procedures alone. The same enrichment
factor is not attained by simply running the same DNA digest
through the BND-cellulose column a second time (14a).
Thus, the mechanism by which replicating DNA binds to
BND-cellulose (presumably at single-stranded gaps between
Okazaki fragments and at the replication fork; 19) is distinct
from the mode by which replicating DNA binds to the
nuclear matrix. In the best preparations, the matrix isolation
and BND-cellulose procedures can be used sequentially to
obtain a DNA fraction that is enriched in replication inter-
mediates 200 to 250 times.
To address the possibility that any replication intermedi-

ate not partitioning with the nuclear matrix (e.g., a termina-
tion structure) might be lost from analysis, the experiment
described above was repeated in a slightly different way.
Instead of loading an equal number of micrograms of each
DNA fraction for comparison, DNA samples from equiva-

FIG. 5. Detection of initiation in the single-copy DHFR locus in
CHO cells. Matrices were isolated from synchronized CHO cells 20
min after entry into the S period (A) or from exponentially growing
cells (B). The DNA was released from the matrices with XbaI, and
DNA was isolated according to method E. After separation on a gel
and transfer to GeneScreen Plus, the transfers were hybridized with
a probe from the middle of the 4.3-kb XbaI fragment that straddles
the upstream initiation zone (see Fig. 3E).

lent cell numbers were compared. When the transfers of
these gels were hybridized with a probe specific for the
6.2-kb EcoRI fragment, all detectable replication intermedi-
ates again partitioned with the matrix and virtually none
were detected in the detached DNA fraction (data not
shown). It is therefore unlikely that selective loss of partic-
ular replication intermediates during the enrichment proce-
dures significantly affects the outcome of two-dimensional
gel electrophoretic analysis.

Analysis of the single-copy DHFR locus in CHO cells. The
ability to purify replication intermediates more than 100-fold
from total genomic DNA suggested that it would be possible
to detect replication intermediates in the single-copy locus of
parental CHO cells if sufficient numbers of cells were used as
starting material. Matrices were therefore prepared from 5 x
108 synchronized CHO cells 20 min after entry into the S
period, and the matrix-attached DNA was separated from
loop DNA by XbaI digestion. After passage through BND-
cellulose, the digest was subjected to two-dimensional gel
analysis and transferred to GeneScreen Plus. Figure 5A
shows the autoradiogram obtained when the transfer was
hybridized with a probe specific for the 4.3-kb XbaI fragment
that straddles the upstream early-labeled zone. Just as in
CHOC 400 cells, a faint and complete bubble arc is observed
in addition to an intense, complete fork arc.
To control for any artifacts caused by the cell-synchroniz-

ing regimen, the same double-enrichment procedure was
applied to CHO cells in exponential growth (109 cell equiv-
alents per well). As shown in Fig. SB, a complete fork arc
was again observed, indicating that this fragment is probably
usually replicated passively and does not contain a fixed
initiation site by the criterion of two-dimensional gel analy-
sis. Note, however, that the left half of the fork arc is more
intense than the right half, because a small centered hybrid-
ization probe was used that will detect two probe equivalents
in any fragment replicated by more than 50%. Note also that
a bubble arc could not be detected in this experiment, even
after prolonged film exposures, because not enough DNA
was loaded onto the gel.

DISCUSSION

In this report, we have described methods for stabilizing
branched replication intermediates in mammalian genomic
DNA. This study was initiated because replication interme-
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FIG. 6. Predicted patterns of branch-migrated intermediates on

two-dimensional gels. The structures that would be expected as a

result of branch migration of small (case 1), medium (cases 2 to 4),
and large (cases 5 to 8) replication bubbles are shown. (A) Beginning
stages of branch migration; (B) expected resulting structures; (C and
D) predicted patterns on two-dimensional gels of stable and unstable
replication intermediates, respectively.

diates proved to be unstable in DNA purified by standard
isolation protocols. No bubble arcs could be detected in any

fragments from the previously defined initiation locus in the
DHFR domain of CHOC 400 cells, and two novel signals
appeared in autoradiograms that did not correspond to the
patterns expected for known replication intermediates: (i)
material traveling on the diagonal below the ln spot and (ii)
a prominent triangular smear situated above the usual posi-
tion of termination structures (Fig. 2). The former material
must be due to shear forces generated during the manipula-
tions involved in purifying long, relaxed DNA strands. The
triangular smear most likely results from branch migration of
replication intermediates, since it was not observed in DNA
prepared by a variety of methods designed to stabilize DNA
(e.g., cross-linking and isolation on the nuclear matrix).

Figure 6A and B show some of the variant structures that
could be generated by branch migration; Fig. 6C and D show
the expected two-dimensional gel patterns of normal and
branch-migrated intermediates, respectively. Replication in-
termediates will generate different variant structures de-
pending on the position of the fork(s) relative to the restric-
tion sites defining the fragment ends.

Branch-migrated nascent strands from very small bubbles
would be completely lost from analysis (case 1), while large

bubbles completely contained within the fragment would
probably be stable. Intermediate-size bubbles could travel
on the bubble arc if the bubble is still partly intact and branch
migration is limited (case 2). If branch migration is more
extensive, rendering the bubble small and the new fork
relatively large (case 3), the resulting intermediate could
behave as a single-forked structure; intermediate levels of
branch migration would result in a series of curves between
the bubble and Y arc (not shown). If both ends of the nascent
strands branch migrate (case 4), the intermediate could
travel as a double-forked structure.
Branch migration in single-forked fragments will generate

aberrant double-forked structures in which only the arms of
the original fork (designated a and b in case 6) will be equal
in length. If branch migration occurs when the replication
forks are small (case 5), the resulting variant forms will
probably lie along (or close to) the single-forked arc. How-
ever, as the fragment replicates more extensively (cases 6
and 7), the branch-migrated double-forked structures will
trace a unique triangular smear in the gel that results from
different extents of replication and branch migration in the
same fragment. The aberrant 2n spike diagrammed in Fig.
6D results from nascent strands annealing with each other in
a region that crosses a restriction site, with the result that
both the parental and the nascent double strands are cut by
the enzyme (Fig. 6B, case 8). Digestion therefore generates
a 2n X-shaped molecule similar to true double-forked termi-
nation or recombination structures.

It should be noted that we have observed patterns that
probably represent legitimate termination structures (e.g.,
Fig. 3C and D and 4D). A triangular pattern is also generated
by forks colliding at random positions within a restriction
fragment (3). In this case, however, the upper side of the
triangle actually emerges from the single fork arc below its
highest point (compare Fig. 6C and D). We assume that in
synchronized cells, these double-forked structures result
from the collision of two replication forks emanating from
adjacent initiation sites located in the same DHFR amplicon.
In exponentially growing cells, double-forked fragments
could additionally result from the collision of forks from two
different amplicons.
When DNA was stabilized (e.g., by cross-linking or by

isolation on the nuclear matrix), bubble arcs could be
detected in the DHFR amplicons of CHOC 400 cells after
only a single enrichment step on BND-cellulose (Fig. 3; 27b).
This experiment is possible because the copy number of the
DHFR locus (1,000) per cell is approximately equal to a
single-copy fragment in the yeast genome.

This introduces the important point that two-dimensional
gel mapping methods are limited by the amount of DNA in
micrograms that can be fractionated in an agarose gel
without trailing (as is observed in Fig. 3A and 5) or distortion
of the patterns on subsequent autoradiograms (-50 ,ug per
well in our experience). The more complex the genome, the
more DNA has to be loaded in order to detect replication
intermediates in a particular fragment. Thus, without a
further enrichment step, it would not be possible to analyze
replication intermediates in a single-copy locus of a mam-
malian genome. A necessary consequence of the complexity
problem is that even after the double-enrichment scheme,
replication intermediates must be prepared from large num-
bers of mammalian cells in order to be detected by standard
hybridization procedures (0.5 x 109 to 1.0 x 109 cell equiv-
alents per well).
Although all three stabilization methods that we have

attempted (cross-linking, encapsulation in agarose beads,
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and isolation on the nuclear matrix) yield comparable pat-
terns of replication intermediates on gels, the latter method
is preferable for several reasons. In the cross-linking proce-
dure (method C), cells are maintained in a nonphysiological
condition for up to 1 h during treatment with trioxsalen and
UV light, which could activate nucleases and affect the
stability of replication intermediates. In addition, the prefer-
ential introduction of cross-links into DNA at thymidines (1,
25) interferes with the action of several common restriction
enzymes, usually resulting in partial digests (e.g., Fig. 2C).
Finally, only limited numbers of cells can be conveniently
processed in each experiment because of the many manipu-
lations involved, which effectively precludes the use of this
method for the analysis of single-copy loci in mammalian
genomes. The encapsulation method (8) is also practically
limited for this reason.
The matrix stabilization procedure has the advantage that

large numbers of cells can be conveniently processed, and
the procedure can be modified to allow for enrichment of
replication intermediates (method E). Theoretically, when a
restriction endonuclease that has a 6-bp recognition se-
quence is used to remove loop DNA from matrix-halo
structures, 4 to 5% of total DNA should remain attached to
the matrix, assuming an average fragment size of 4 kb and an
average loop size of -100 kb (30). If all replicating DNA
partitions with the nuclear matrix, as our previous studies
show (9, 29), then matrix-attached DNA should be enriched
in replication intermediates by a factor of 20 to 25. However,
some nascent DNA is invariably lost because of detachment
from the matrix during the washing procedures or because a
fraction of the matrices may disintegrate. Consequently, the
average enrichment factor is usually only 10 to 20. After the
matrix-attached DNA is fractionated on BND-cellulose,
which can enrich for replicating DNA from log-phase cells
by 20- to 30-fold (19), a total enrichment of 200- to 600-fold
should still be possible. This assumes that the mechanisms
by which the matrix and BND-cellulose bind replication
intermediates are distinct. The data in Fig. 5 argue that they
are. Generally, however, enrichment factors of 150 to 200
are obtained (as in the experiment shown in Fig. 5B).
The matrix enrichment procedure has an additional advan-

tage. In a recent modification of the neutral/neutral two-
dimensional gel electrophoretic technique in which it is
possible to determine the direction of replication fork travel
through a region of interest (4a), DNA has to be digested to
completion with a second restriction enzyme in the agarose
gel after separation in the first dimension. This may prove to
be difficult to accomplish when there is a large amount of
DNA in the gel. By analyzing matrix-enriched DNA, the
amount of material loaded can be reduced by a factor of
-200-fold (27b).
When replicating DNA from synchronized CHOC 400

cells was purified by the matrix stabilization scheme and
analyzed on two-dimensional gels, several contiguous and
overlapping fragments were found to display faint but repro-
ducible bubble arcs (Fig. 2 and 3), in agreement with earlier
studies (28). We also showed previously that forks move in
both directions in fragments analyzed in the initiation locus
of CHOC 400 cells by the neutral/alkaline two-dimensional
gel mapping method (28). The simplest interpretation of
these data is that in different amplicons or cells, replication
initiates at different (possibly random) sites scattered
throughout a broad region encompassing both zones of early
labeling (28).
To exclude the possibility that this unusual delocalized

form of initiation might be induced by the amplification

process per se, it was necessary to analyze initiation reac-
tions in the parental single-copy DHFR locus. Using the
double-enrichment procedure, we were able to detect bubble
arcs in the 4.3-kb XbaI fragment from the initiation locus in
synchronized CHO cells (Fig. SA). Again, this fragment
appeared to be replicated mainly by forks entering from
flanking regions, since the fork arc is so intense relative to
the faint bubble arc. Unfortunately, the signals were not
strong enough to detect bubble arcs in the DNA from
exponential-phase CHO cultures, in which only a very low
percentage of fragments is being replicated at the time of
sampling (Fig. SB). However, the presence of a complete
fork arc in the 4.3-kb XbaI fragment also argues that
replication may initiate at many sites in this locus in parental
CHO cells.
On the surface, the results reported here and previously

(28) seem to contradict a recent report in which most
Okazaki fragments were observed to switch from one tem-
plate strand to another within a single 400-bp fragment in the
upstream peak of early labeling in the DHFR amplicon,
implying the existence of a well-defined initiation site (6).
Although it is difficult to quantitate the actual number of
initiations occurring per unit length of DNA in the neutral/
neutral two-dimensional technique used in the study re-
ported here, qualitatively our data do not suggest a strongly
preferred initiation site in this region of the previously
defined initiation locus. However, recent experiments on
CHO cells seem to suggest a slight preference for initiation in
a 4.3-kb XbaI fragment that includes the proposed strand-
switching site (8a).
These seemingly disparate results can be accommodated

by a replication model for higher eukaryotic cells in which
melting of large stretches of the helix occurs prior to the
actual initiation of nascent strands (2). Since the strand-
switching study (6) examined replication intermediates syn-
thesized in vitro under circumstances that would not be
expected to maintain nuclear architecture, initiation may
actually occur in that system within a small zone encompass-
ing a true cis-regulatory origin of replication. However, in
the in vivo situation (as in our study), the subtleties of
chromatin architecture may result in the melting of large
regions of DNA surrounding a cis-regulatory origin as a
consequence of the binding of an initiation protein. Initiation
of nascent chains could then begin at any site within the
melted region, resulting in the pattern of delocalized random
initiation that we have observed in the mammalian DHFR
initiation locus. Of course, as soon as the cells are lysed for
preparation of the DNA, those parts of the melted DNA that
have not yet replicated will reanneal to form double-stranded
intermediates again and thus would not appear as single-
stranded intermediates anywhere in the neutral/neutral gel
system.
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